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mice 


Short Communications 


Jack A. Hinson, Jerry R. MitcHect and Daviv J. Jo.cow: N-hydroxylation of p-chloro- 
acetanilide in hamsters 





MARCH - continued 


TADASH! WATABE and TADASH! SAWAHATA: Metabolism of the carcinogenic bifunctional 
olefin oxide, 4-vinyl-1-cyclohexene dioxide, by hepatic microsomes 


YOSHINAO KATSUMATA and Kunio Yaar: Distribution of adenyl cyclase sensitive to histamine 
in rabbit gastric mucosa 


Preliminary Communications 


Gary E. Isom and James L. Way: Lethality of cyanide in the absence of inhibition of liver 
cytochrome oxidase 


D. Mansuy, P. BEAUNE, J. C. CHOTTARD, J. F. BARTOLI and P. Gans: The nature of the “455 
nm absorbing complex” formed during the cytochrome P-450 dependent oxidative metabolism 
of amphetamine 


DorOTHEE JOSTING, DiETRICH WINNE and Kart WALTER Bock: Glucuronidation of para- 
cetamol, morphine and I-naphthol in the rat intestinal loop 


15 MARCH 


Commentary 


SAuL M. SCHANBERG and NORMAN KiIRSHNER: Serum dopamine-f-hydroxylase as an indicator 
of sympathetic activity and primary hypertension 


Research Papers 


A. Pine, A. Cocomso, D. FUMAGALLi and O. Toranetti: 5-Aminolevulinic acid synthetase 
induction: inhibitory effect exerted by administration or uridine diphosphate glucose 


SALVADOR MITJAVILA, CHRISTIANE LACOMBE and GrorGES CARRERA: Changes in activity 
of rat brush border enzymes incubated with a homologous series of aliphatic alcohols 


Masao NAKAHARA: Activation of dog plasma kallikrein with glass and acetone 


YASUKO Murakami and Makoto Matsupa: The effect of castrix (2-chloro-4-dimethylamino- 
6-methyl pyrimidine) on the distribution of B, vitamers in mouse brain 


HELMWARD ZOLLNER: Effects of cinnabarinic acid on mitochondrial respiration 
JupITH R. WALTERS and Rosert H. RotH: Dopaminergic neurons—alteration in the sensiti- 


vity of tyrosine hydroxylase to inhibition by endogenous dopamine after cessation of impulse 
flow 


Victor H. MorcenrortH, II, JubitH R. WALTERS and RoBERT H. RoTtH: Dopaminergic neu- 
rons—alteration in the kinetic properties of tyrosine hydroxylase after cessation of impulse 
flow 

YUKIHIKO ADACHI and TosHio YAMAMOTO: Influence of drugs and chemicals upon hepatic 
enzymes and proteins—I. Structure-activity relationship between various barbiturates and 
microsomal enzyme induction in rat liver 

DEAN R. HausricH and PAULINA F. L. WANG: Inhibition of acetylcholine synthesis by juglone 
and 4-(1-naphthylvinyl) pyridine 

M. Wess and R. D. VeRSCHOYLE: An investigation of the role of metallothioneins in protec- 
tion against the acute toxicity of the cadmium ion 

Davip Kirk, UrRsuLA Mittwocu, ALAN B. Stone and Davip Witkie: Limited ability of 
thymidine to relieve mitotic inhibition by pyrimethamine in human fibroblasts 

PeTER W. F. FISCHER, REGINALD O. MORGAN, VINCENT KRUPA and GERALD S. Marks: Drug- 
induced porphyrin biosynthesis—X¥Y. Induction of porphyrin biosynthesis in chick embryo 
liver cells maintained in serum-free Waymouth medium 

MICHAEL CoLvin, ROBERT B. BRUNDRETT, WAYNE COWENS, IAN JARDINE and Davip B. 
Lup.tum: A chemical! basis for the antitumor activity of chloroethylnitrosoureas 

Cetso E. Menvoza, KLAS-BERTIL AUGUSTINSSON and BENNY AXENFORS: Some properties of 
isolated pig plasma esterases sensitive to 3,5-di-/-butylphenyl methylcarbamate (butacarb) 





MARCH - continued 


BRUCE RONSEN and PauL GorvON: Methisoprinol enhancement of nucleocytoplasmic trans- 
port of putative messenger RNA in rat liver. Its relation to host defense against virus infection 


JOHN B. LomBARDINI: Enzymatic formation of a cholic acid derivative of isethionic acid 


Short Communications 


WILLIAM A. WarRREN, FREDERICK D. BAKER and JANIS BELLANIONI: Enzymatic defluorination 
of methoxyflurane 


Tu:.tio GigALpi, LUCIANO BALDINi and GIANNI SAVA: Effects of N-diazoacetyl-glycine amide 
on the pool of 5-phosphoribosyl |-pyrophosphate in Ehrlich ascites tumour cells 


Racpo A. Nixon: Neurotoxicity of a non-metabolizable amino acid, 1-aminocyclopentane- 
1-carboxylic acid (ACPC): ACPC transport mechanisms in tissues 


Lewis LaANpsrerG: Extraneuronal uptake and metabolism of [°H] L-norepinephrine by the 
rat duodenal mucosa 


WILLIAM P. Norrtb and FRANK J. AKIN: Induction of aryl hydrocarbon hydroxylase and 
carbon monoxide-binding hemoproteins in mouse epidermis by tobacco carcinogens 


Preliminary Communication 
M. J. RANcE and J. S. SHILLIGroRD: The role of the gut in the metabolism of strong analgesics 


1 APRIL 


Commentary 


HUGH STANLEY A. SHERRATT and HARALD OSMUNDSEN: On the mechanisms of some pharma- 
cological actions of the hypoglycaemic toxins hypoglycin and pent-4-enoic acid. A way out 
of the present confusion 


Research Papers 
MICHAEL W. RAMPLING: Interactions between dextran, fibrinogen and plasma membranes 


JOHN L. Meco: Inhibition of intralysosomal proteolysis in mouse liver and kidney phago- 
lysosomes by zinc 


Nick H. Proctor, A. Davip Moscioni and JOHN E. Casipa: Chicken embryo NAD levels 
lowered by teratogenic organophosphorus and methylcarbamate insecticides 


ArpAp Grcsr. Caroi M. WILSON and Ervin G. Ervos: Induction of particle-bound renin 
and arginine esterase by testosterone in the mouse 


Henry K. J. HAHN, DEAN J. TUMA, ANTHONY J. BARAK and MICHAEL F. Sorre LL: Effect of 
phenobarbital on lipid peroxidation in the liver 


KATHRYN M. IVANETICH, JEAN J. BRADSHAW, JULIA A. MARSH, GAISFORD G. HARRISON and 
LAURENCE S. KAMINSKY: The role of cytochrome P-450 in the toxicity of fluroxene (2,2,2- 
trifluoroethyl vinyl ether) anaesthesia in vivo 


KATHRYN M. IVANETICH, JEAN J. BRADSHAW, JULIA A. MARSH and LAURENCE S. KAMINSKY: 
The interaction of hepatic microsomal cytochrome P-450 with fluroxene (2,2,2-trifluoroethyl 
vinyl ether) in vitro 

MICHAEL C. POWANDA, ERIC L. HENRIKSEN, ELEANOR AYALA and PETER G. CANONICO: 
Clofibrate-induced alterations in serum protein patterns 


D. S. R. SARMA, S. RAJALAKSHMI and T. S. ANANTHA Samy: Studies on the interaction of 
neocarzinostatin with rat liver DNA in vivo and in vitro 


Prince K. ZACHARIAH, QwiHEE P. LEE, KENNETH G. Symms and Mont R. JucHAU: Further 
studies on the properties of human placental microsomal cytochrome P-450 


Jose A. FUENTES, MARVIN A. OLESHANSKY and Norton H. NerFr: Comparison of the apparent 
antidepressant activity of (—) and (+) tranylcypromine in an animal model 





APRIL - continued 


Iba S. Owens and DANiEL W. Nepert: Aryl hydrocarbon hydroxylase induction in mam- 
malian liver-derived cell cultures. Effects of various metabolic inhibitors on the enzyme acti- 
vity in hepatoma cells : 

Louise L. Hsu, MARK A. Geyer and ARNOLD J. MANDELL: Extrapineal amine N-acety- 
lation in rat brain. Regional and subcellular distribution and enzyme kinetics 

PeTeR E. MIKELENS, BRUCE A. WoopsON and Warren E. LEvINSON: Association of nucleic 
acids with complexes of N-methyl isatin-8-thiosemicarbazone and copper 

ILMAR Merits: Formation and metabolism of ['*C] dopamine 3-O-sulfate in dog, rat and 
guinea pig 

NEAL BINDER, ERWIN J. LANDON, LYNN WeCKER and Wott-D. DetTBArRN: Effect of parathion 
and its metabolites on calcium uptake activity of rat skeletal muscle sarcoplasmic reticulum 
in vitro 

YuicHt SAITOH and MicuHio Ut: Stimulation of glycogenolysis and gluconeogenesis by epi- 
nephrine independent of its beta-adrenergic function in perfused rat liver 

CANDACE B. PERT and SOLOMON H. Snyper: Opiate receptor binding—enhancement by 
Opiate administration in vivo 


Short Communications 
H. T. NAGASAWA. T. H. Kuo, F. N. SHirota and C. S. ALEXANDER: An intestinal ary!lamidase 
that selectively hydrolyzes certain aromatic amides 

. Davip A. DURDEN, STEPHEN R. PHiLips and ALAN A. BOULTON: Identification and distribu- 
tion of benzylamine in tissue extracts isolated from rats pretreated with pargyline 
JOHN H. Carter and Peter GOLDMAN: Pentaerythritol tetranitrate metabolism: a non- 
essential role for the flora 
RoBerT A. CorRRADINO: Diphenylhydantoin: direct inhibition of the vitamin D3-mediated 
calcium absorptive mechanism in organ-cultured duodenum 


JonG S. Hornc and Davip T. Wonca: Effects of serotonin uptake inhibitor, Lilly 110140, on 
transport of serotonin in rat and human blood platelets 


15 APRIL 


Commentary 
EsTEBAN Mezey: Ethanol metabolism and ethanol-drug interactions 


Research Papers 

P. CHANDRA and M. Wo ctersborF: Tilorone hydrochloride—a specific probe for A-T regions 
of duplex deoxyribonucleic acid 

G. Simon and M. Winter: The Effect of Sympatholytic and Sympathominetic Agents on 
Acetylcholinesterase and Cholinesterase Activity, in Vitro 

RicHARD L. MILLER and Davin L. ADAMCzyYK: Inosine 5’-monophosphate dehydrogenase 
from Sarcoma 180 cells—substrate and inhibitor specificity 

Pau L. CHELLO and JosePH R. BERTINO: Effect of methionine deprivation on L5178Y murine 
leukemia cells in culture. Interference with the antineoplastic effect of methotrexate 

JosePH T. CUMMINS and HENRY W. ELLioTT: Effect of morphine on the potassium-induced 
change in the level of reduced pyridine nucleotides and cytochromes in brain slices 

James A. C. HARROW and NARANJAN S. DHALLA: Effects of quinidine on calcium transport 
activities of the rabbit heart mitochondria and sarcotubular vesicles 

MARTIN ZATZ, JORGE A. ROMERO and JULIUS AXELROD: Diurnal variation in the requirement 
for RNA synthesis in the induction of pineal N-acetyltransferase 





APRIL - continued 


RICHARD A. SALVADOR, IRENE TSAI and Frans L. H. STass—eN: On the mechanism of the in- 
crease in prolyl hydroxylase activity in the uterus of the rat given estradiol-17B 


DENNIS J. PILLION, ARTHUR H. JeSKE and FREDERICK H. LeIBACH: y-Glutamy] transpeptidase 
in the urine from an isolated rabbit kidney perfused with and without DMSO 


Epwin A. Zepp and JOHN A. THomas: Effect of isoproterenol and acetylcholine treatment in 
vitro on cyclic nucleotides in mouse sex accessory organs 


Maria K. SpassovaA, GEORGE F. Russev and EuGeNny V. GOLOvINSKY: Some pyrazoles as inhi- 
bitors of purine biosynthesis de novo 


N. N. Ossorne, P. B. GUTHRIE and V. NEuHoFF: Tyrosine hydroxylase in snail (Helix pomatia) 
nervous tissue 


ANNA A. DE PAOLI, PELLEGRINO MASIELLO and Ettore BERGAMINI: Early effects of the admini- 
stration of streptozotocin on muscle glycogen 


YOSHIKAZU YANAGI and TOSHIAKI Komatsu: Inhibition of prostaglandin biosynthesis by SL- 
573 

DomINIQUE PessAyrE and PAuL MaAze!,: Induction and inhibition of hepatjc drug metaboli- 
zing enzymes by rifampin 

J. W. Greiner, R. E. KRAMER, D. A. RoBINSON, W. J. CANADY and H. D. Cosy: Interaction 
of aromatic hydrocarbons and drugs with adrenal microsomal cytochrome P-450 in the 
guinea pig 

Davip S. Grosso and ANTHONY M. GAWIENOWSKI: Inhibition of mitochondrial monoamine 
oxidase of the rat uterus and liver by clorgyline, pargyline and harmine 


ARTHUR I. CEDERBAUM and EMANUEL RUBIN: Protective effect of cysteine on the inhibition of 
mitochondrial functions by acetaldehyde 


Short Communications 


RICHARD A. BENDER and Davip R. Makucu: Relationship between intracellular dihydrofo- 
late reductase and tightly bound intracellular methotrexate in human neoplastic cells 


Rosert A. Hownb, Karen S. Sto and RICHARD J. WURTMAN: Rat liver N-acetyltransferase : 
inhibition by melatonin 


JOAN BooTH and Peter Sims: Different pathways involved in the metabolism of the 7,8- and 
9,10-dihydrodiols of benzo(a)pyrene 

Ditta BULIEN and BEAUMONT P. HuGHEs: The effect of indomethacin on serum and skeletal 
muscle enzyme activities of dystrophic hamsters 

J. Damas and C. Desy: Correlation between inhibition by anti-inflammatory substances, 
of arachidonic acid-induced hypotension and of prostaglandin biosynthesis in vitro 


Epwaro I. Ciaccio and HERMAN DE VERA: Effect of benzo(a)pyrene and chlorpromazine on 
aryl hydrocarbon hydroxylase activity from rat tissues 


Preliminary Communications 


GERALD ZON, WILLIAM EGAN and Jerry B. Stokes: Observations of 1,1’,1’’-phosphinothio- 
ylidyne trisaziridine (thiotepa) in acidic and saline media. A 'H-NMR study 


P. J. Cox, P. B. FARMER, M. JARMAN, M. Jones, W. J. Sec and R. Kinas: Observations on the 
differential metabolism and biological activity of the optical isomers of cyclophosphamide 


Commentary 


WERNER LENK: Application and interpretation of kinetic analyses from the microsomal drug 
metabolizing oxygenases 
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MAY - continued 


Research Papers 
Opp G. NILSEN: Serum albumin and lipoproteins as the quinidine binding molecules in normal 
human sera 


LAURENCE R. MEYERSON, KENNETH D. MCMurtrey and VIRGINIA E. Davis: Neuroamine- 
derived alkaloids: substrate-preferred inhibitors of rat brain monoamine oxidase in vitro 


FRANK WELSCH: Studies of accumulation and metabolic fate of [N-Me?H] choline in human 
term placenta fragments 

STEVE GURCHINOFF, PHILIP A. KHAIRALLAH, MARIE AUDE DEvYNCK and PHILIPPE MEYER: 
Angiotensin II binding to Zona glomerulosa cells from rabbit adrenal glands 


Rosert L. PERLMAN: The permeability of chromaffin granules to non-electrolytes 

GREGORY QUARFOTH, KHALIL AHMED, DONALD Foster and LEstie Zieve: Action of methane- 
thiol on membrane (Na*, K*)-ATPase of rat brain 

Gab SHTACHER, HERMAN J. CROWLEY and COLIN DaLtTon: Inhibition of platelet aggregation 
by papaverine-like drugs: evidence for a novel mechanism of action 

RAYMOND A. CARDONA and CHARLES M. KING: Activation of the O-glucuronide of the 
carcinogen N-hydroxy-N-2-fluorenylacetamide by enzymatic deacetylation in vitro: formation 
of fluorenylamine-tRNA adducts 

RICHARD E. SHAFF and MICHAEL A. BEAVEN: Turnover and synthesis of diamine oxidase 
(DAO) in rat tissues. Studies with heparin and cycloheximide 

ALLAN K. WILLINGHAM, RONALD E. LALIBERTE, ROBERT G. BELL and JOHN T. MATSCHINER: 
Inhibition of vitamin K epoxidase by two non-coumarin anticoagulants 

Ropert G. Bett, PAUL T. CALDWELL and Eric E. T. HoLm: Coumarins and the vitamin K-K. 
epoxide cycle. Lack of resistance to coumatetralyl in warfarin-resistant rats 

Tuomas R. ANDERSON and THEODORE A. SLOTKIN: The role of neural input in the effects of 
morphine on the rat adrenal medulla 

Davip L. RoERIG, CONSTANCE J. REAK and RICHARD I. H. WANG: Enzymatic conversion of 
morphine to pseudomorphine 

HASAN MUKHTAR and EDWARD BRESNICK: Effects of phenobarbital and 3-methylcholathrene 
administration on glutathione-S-epoxide transferase activity in rat liver 

RICHARD E. HEIKKILA, BRADLEY WINSTON, GERALD COHEN and HERBERT BARDEN: Alloxan- 
induced diabetes—evidence for hydroxyl radical as a cytotoxic intermediate 

Peter P. RowELL and C. Y. Cuiou: Inhibition of choline acetyltransferase by tertiary alkyl- 
aminoethyl esters 

MALCOLM B. BairD, HARVEY V. SAM1S, HAROLD R. Massie, JAY A. ZIMMERMAN and GEORGE 
A. Sreir: Evidence for altered hepatic catalase molecuies in allylisopropylacetamide-treated 
mice 

SEI-ITSU MUROTA, YASUKO KOSHIHARA and SusuMu TsuruFuJ!: Effects of cortisol and tetra- 
hydrocortisol on the cloned fibroblast derived from rat carrageenin granuloma 


Short Communication 


AMAL K. GHOosH, TATSUJI ITO, SABITA GHOSH and Henry A. SLoviter: Effects of dimethyl- 
sulfoxide on metabolism of isolated perfused rat brain 


Preliminary Communication 


B. G. Reppy, L. R. PoHLt and G. KRISHNA: The requirement of the gut flora in nitrobenzene- 
induced methemoglobinemia in rats 


Commentary 
GERALD COHEN: Alkaloid products in the metabolism of alcohol and biogenic amines 





MAY - continued 


Research Papers 


HipEO NAKAGAWA, KENJI OHKOSHI and SusuMU TsuRUFUJI: Effect of D-penicillamine and 
8-aminopropionitrile on collagen breakdown of carrageenin granuloma in rats 


BERTIL EKSTEDT: Substrate specificity of the different forms of monoamine oxidase in rat liver 
mitochondria 


P. WorKMaAN, C. R. BALL and J. A. DouBLe: Enzyme activated anti-tumour agents—II. The 
role of alkaline phosphatase in the release of p-hydroxyaniline mustard from its phosphate 
conjugate in cells in culture , 


K. H. SREEDHARA Swamy, M. Sirsi and G. RAMANANDA Rao: Studies on the mechanism of 
action of miconazole—II. Interaction of miconazole with mammalian erythrocytes 


MICHAEL N. EAKINS, PETER J. CONROY, ANDREW J. SEARLE, TREVOR F. SLATER and Rosin L. 
WILLSON: Metronidazole (Flagyl), a radiosensitiser of possible clinical use in cancer chemo- 
therapy: some biochemical and pharmacological considerations 


MaryYKA Quik and THEopore L. SourkeEs: Regulation of adrenal tyrosine hydroxylase activity : 
neuronal versus local control studied with apomorphine 


James C. Orcutt and Perry B. MOLinorF: Endogenous inhibitors of dopamine-8-hydroxylase 
in rat organs 


KENNETH F. BROWN and MICHAEL J. Crooks: Displacement of tolbutamide, glibenclamide 
and chlorpropamide from serum albumin by anionic drugs 


WILBUR LIPPMANN and THomas A. PuGsLey: The effects of tandamine, a new potential anti- 
depressant agent, on biogenic amine uptake mechanisms and related activities 


TAKASHI UesuG!, JOHN BOGNACKI and WALTER G. Levine: Biliary excretion of drugs in the 
rat during liver regeneration 


ZENON M. Baca, ASA G. H. BLAKELEY and RoGerR J. Summers: The effects of amiodarone 
an a and £ receptor antagonist, on adrenergic transmission in the cat spleen 


AVITAL SCHURR and AVINOAM LIvNeE: Differential inhibition of mitochondrial monoamine 
oxidase from brain by hashish components 


INGVAR SJOHOLM, ANITA KoBER, INGEGERD ODAR-CEDERLOF and OLOF BorGA: Protein 
binding of drugs in uremic and normal serum: the role of endogenous binding inhibitors 


Short Communications 


Epwarp G. Rippi£E: Thermodynamics of fatty acid anion displacement of warfarin and 
phenylbutazone from human albumin 


Hans-Hasso Frey: Elevation of central y-aminobutyric acid levels by isoniazid in mice and 
convulsant thresholds 


Preliminary Communications 


Nosuo Nemoto and Harry V. GELBOIN: Enzymatic conjugation of benzo (a) pyrene oxides, 
phenols and dihydrodiols with UDP-glucuronic acid 


SANDRA A. MuRPHREE, LINDA S. CUNNINGHAM, Kou M. Hwan and ALAN C. SARTORELLI: 
Effects of adriamycin on surface properties of Sarcoma 180 ascites cells 


1JUNE 


Commentary 
WILLIAM H. PrusorF and Davip C. WarD: Nucleoside analogs with antiviral activity 


Research Papers 


DIANA BACH, AVRAHAM RAZ and RACHEL GOLDMAN: The interaction of hashish compounds 
with planar lipid bilayer membranes (BLM) 





JUNE - continued 


SUWANNA NIMMANPISUT, PRAKORN CHUDAPONGSE and KAVI RATANABANANGKOON: Effects 
of 2,4,3’,5’-tetrahydroxystilbene on oxidative phosphorylation by rat liver mitochondria 

Bess FUNG and CHESTER E. HOLMLUND: Effect of triparanol and 38-(8-dimethylaminoethoxy)- 
androst-5-en-17-one on growth and non-saponifiable lipids of Saccharomyces cerevisiae 

Kozo IsHIDATE and YASUO NAKAZAWA: Effect of polychlorinated biphenyls (PCBs) administra- 
tion on phospholipid biosynthesis in rat liver 

Opp G. NILSEN and STEN JACOBSEN: The influence of salts and differences in protein isolation 
procedure on the binding of quinidine to human serum albumin 

Peter C. JocELYN: The autoxidation of a thiol agent, methyl phenylazoformate, induced by 
rat tissue extracts 

Davip N. TELLER, TERESITA DEGUZMAN and ABEL LasTHA: Factors affecting morphine uptake 
into kidney slices 

ARTHUR I. CEDERBAUM, THIRUMALAI V. MADHAVAN and EMANUEL RUBIN: Effect of chronic 
clofibrate administration on mitochondrial fatty acid oxidation 

GENJI OTANI, MAHMUD M. ABOuU-EL-MAKAREM and KARL WALTER Bock: UDP-glucuronyl- 
transferase in perfused rat liver and in microsomes—III. Effects of galactosamine and carbon 
tetrachloride on the glucuronidation of 1-naphthol and bilirubin 

KUMARASWAMY PREMA and K. P. GoPINATHAN: Distribution, induction and purification of a 
monooxygenase catalyzing sulphoxidation of drugs 

Boris TABAKOFF, ROBERT A. ANDERSON and RONALD F. RITZMANN: Brain acetaldehyde after 
ethanol administration 

THEODORE A. SLO1KIN, FREDERIC J. SEIDLER, CHRISTOPHER LAU, JORGE BARTOLOME and SAUL 
M. SCHANBERG: Effects of chronic chlorisondamine adminstration on the sympatho-adrenal 
axis 


DANIEL S. ZAHARKO, ROBERT L. Deprick, Davip M. YOUNG and ANN L. PEALE: Tolerance 
of long-term methotrexate infusicns by mice 


Preliminary Communications 

RONALD TALCOTT, Monica HOLLSTEIN and Eppit We1: Mutagenicity of 8-hydroxyquinoline 
and related compounds in the Salmonella typhimurium bioassay 

GERALD M. RosEN and Emer J. RAUCKMAN: Effect of temperature upon the conformation 
of acetylcholine receptors 


15 JUNE 


Commentary 
GEORGE LIPKIN, MARTIN ROSENBERG and MARGARETE E. KNECHT: Factors affecting growth 
of normal and malignant cells in vitro 


Research Papers 

F. Marcucci, L. Airotpi, R. Riva, E. Mussint and S. Garattini: Effect of estrogen- 
progestin combinations on the hepatic microsomal metabolism of mestranol 

F. J. MCPHERSON, J. W. BripGes and D. V. PaRKE: Studies on the nature of the in vitro en- 
hancement of biphenyl 2-hydroxylation provoked by some chemical carcinogens 

Francis R. MurpHy, VINCENT Krupa and Geratp S. Marks: Drug-induced porphyrin 
biosynthesis—XIV. Role of lipophilicity in determining porphyrin-inducing activity of esters 
and amides after blockade of their hydrolysis by bis- [p-nitrophenyl] phosphate 

MicHaet A. ZemaiTis and FRANK E. GREENE: Impairment of hepatic microsomal drug 
metabolism in the rat during daily disulfiram administration 

TAKASHI UesuG! and MARIKO IKEDA: Studies on biliary excretion mechanisms of drugs—IV. 
Inhibitory studies on sulfobromophthalein and glucuronides in the rat 





JUNE - continued 


DorotHy DemBiec and GERALD COHEN: Effect of carbonyl-binding agents and oxidative 
phosphorylation uncouplers on the release of [>H) norepinephrine from mouse heart 

KENICH! KITANI, SETSUKO TSURUOKA, REIKO MiurRA and YosHiko Morita: The effect of 
Bucolome on the canalicular bile formation and sulfobromophthalein transport maximum 
in the dog 

Tuomas J. FitzGeracp: Molecular features of colchicine associated with antimitotic activity 
and inhibition of tubulin polymerization 

NEAL A. PETERSON, E. RAGHUPATHY and S. J. Estey: Effects of vinca alkaloids on uptakes 
of amino acids by rat brain synaptosomes 

GERARD VAN DEN BERG, Marius L. DE WINTER, WyBo A. DE BoER and WBE TH. NAUTA: 
Inhibition of B-glucuronidase by:2-diarylmethyl-1,3-indandiones 

DoNaALD D. Kostin and Howarp H. WANG: The effect of chemical modifiers on the inter- 
action of a spin-labeled local anesthetic with human erythrocyte membranes 

VERNON J. PEREZ, JOHN W. OLNEY, CONSTANCE F. FROLICHSTEIN, JULIE F. MARTIN and 
WLLIAM O. CANNON: Regional uptake of neurotoxic and nontoxic amino acids in vivo by 
the infant mouse brain 

Erik Dysinc: Inhibition of acetaminophen glucuronidation by oxazepam 


TERESA WRONSKA-NOFER and MariA OBREBSKA: Studies on the rate of incorporation of tryp- 
tophan into nicotinamide—adenine dinucleotides in rats chronically exposed to carbon disul- 


phide + 

, 
Short Communications 
SHAMSHAD S. JAFFERJI and Ropert H. MICHELL: Stimulation of phosphatidylinositol turn- 
over by histamine, 5-hydroxytryptamine and adrenaline in the longitudinal smooth muscle 
of guinea pig ileum 
FRIEDRICH J. WiEBEL, HAYWoop L. WATERS, SANDRA ELLIoT and Harry V. GELBOIN: Effect 
of 7,8-benzoflavone on the duration of zoxazolamine paralysis and hexobarbital hypnosis in 
rats 
J. Y. Lew, T. Miyamoto and M. Go tpsteIN: Inhibition of PNMT activity in the adrenal 
glands and brain stem of rats 
Davip A. Lewis, RICHARD B. Capstick and RALPH Best: The control of rheumatic disease 
by endogenous protein 
MARGARET WARNER and ALLEN H. Neims: The presence of EDTA in commercial preparations 
of isocitrate dehydrogenase 
Hipemi IsHit, TETSUYA SUGA and SHINKICHI NitNoBE: Effect of 3-amino-1,2,4-triazole on lipid 
metabolism in the rat 


Preliminary Communication 


Davip G. JoHNS and RICHARD H. ADAMSON: Enhancement of the biological activity of 
cordycepin (3’-deoxyadenosine) by the adenosine deaminase inhibitor 2’-deoxycoformycin 


I JULY 


Commentary 
RALPH A. BRADSHAW and MICHAEL YOUNG: Nerve growth factor—recent developments and 
perspectives 


Research Papers 

Ezz-Expin S. M. EL-DENSHARY and WILLIAM MONTAGUE: Effects of drugs on glucose and 
tolbutamide-stimulated insulin release from isolated rat islets of Langerhans 

EpDwarbD A. Lock: Increase in cerebral fluids in rats after treatment with hexachlorophane or 
triethyltin 





JULY - continued 


WALTER E. MULLER and Uwe WOL_L_eRT: Circular dichroism studies on the interaction of four 
structurally related long-acting sulfonamides with human and bovine serum albumin 


YOSHIHIKO OYANAGUI: Participation of superoxide anions at the prostaglandin phase of 
carrageenan foot-oedema 
‘ YOSHIHIKO OYANAGUI: Inhibition of superoxide anion production in macrophages by anti- 
inflammatory drugs 
FRED A. OPMEER, VOLKER DINNENDAHL and KLAus Stock: Catecholamine-induced lipolysis: 
only via cyclic AMP? 
RoserT E. KATES, THOMAS N. ToZzER and DonaLD L. Sorsy: Increased methotrexate toxicity 
due to concurrent probenecid administration 
PETER G. W. PLAGEMANN and JOHN ERBE: Glucocorticoids—uptake by simple diffusion by 
cultured Reuber and Novikoff rat hepatoma cells 
J. Scott Hayes and KLaus BRENDEL: N-demethylation as an example of drug metabolism in 
isolated rat hepatocytes 
RICHARD R. ERICKSON and JORDAN L. HOLTZMAN: Kinetic studies on the metabolism of ethyl- 
morphine by isolated hepatocytes from adult rats 
R. W. STEPHENS, J. SUTHERLAND, P. GHOSH and T. K. F. TayLor: Human serum and synovial 
fluid hyaluronidase—bovine testicular hyaluronidase is not a valid substitute in drug evaluation 
studies - 
JORGE BARTOLOME and THEODORE A. SLOTKIN: Effects of postnatal reserpine administration on 
sympatho-adrenal development in the rat 
L. J. WANG Lu and Epwarp F. Domino: Effects of iproniazid and tranylcypromine on the 
half-life of N,N-dimethyltryptamine in rat brain and liver 
DaviD FARQUHAR, T1 Li Loo, JORDAN U. GUTTERMAN, EVAN M. HErRSH and Mario A. LUNA: 
Inhibition of drug-metabolizing enzymes in the rat after bacillus Calmette-—Guérin treatment 
MITCHELL N. CAYEN, JEAN Dusuc and DusHAN Dvornik: Hypolipidemic activity of 2,8- 
dibenzylcyclooctanone in rats 


Short Communications 

MITCHELL N. CayYeN, JEAN DuBuc, Morris L. GIVNER, ERMINIO GRESELIN and CLARA REVESZ: 
Studies on the hypolipidemic and estrogenic activities of 2,8-dibenzylcyclooctanone and its 
analogues 

ANDREW M. Symons: The effect of sodium carbenoxolone on the permeability of phospha- 
tidylcholine: cholesterol liposomes 

THoMAS R. ANDERSON and THEODORE A. SLOTKIN: p-Chlorophenylalanine-induced enhance- 
ment of the effects of morphine on the adrenal medulla 

LUEAN E, ANTHONY and ALBERT L. Jones: Lack of enhanced microsomal enzyme activity by 
oxandrolone, an inducer of hepatic smooth endoplasmic reticulum 

YA-CHEN Wu, TAE Mook Cuo, Horace H. Lou and E. LEONG Way: Binding of narcotics 
and narcotic antagonists to triphosphoinositide 

Hast BERA and GORA CHAND CHATTERJEE: Effect of lithium administration on neural enzymes 
in rats 

HERBERT S. ROSENKRANZ and WILLIAM T. Speck: Activation of nitrofurantoin to a mutagen 
by rat liver nitroreductase 


Preliminary Communication 
EtseE ACKERMANN, KLAUS RICHTER and SieGFrRieD SAGE: Diazepam metabolism in human 
cortex kidney microsomes 


Erratum 





IS JULY 


Commentary 
Ervin G. Erpos: The Kinins. A status report 


Research Papers 


HIREMAGALUR N. JAYARAM, DaviD A. COONEY, HARRY A. MILMAN, ELTON R. HOMAN and 
RICHARD J, ROSENBLUTH: DON, CONV and DONV—I. Inhibition of L-asparagine synthetase 
in vitro 

BerTIL B. FREDHOLM, IGOR GUSCHIN, KERSTIN ELWIN, GEORGE SCHWAB and BOrJE UvNAs: 
Cyclic AMP independent inhibition by papaverine of histamine release induced by compound 
48/80 


DaviD BRADSHAW and BRIAN A. HEMSwoRTH: The acetylation of hemicholinium-3 by choline 
acetyltransferase 


Craic V. Byus and DIANE H. RusseLL: Possible regulation of ornithine decarboxylase activity 
in the adrenal medulla of the rat by acAMP-dependent mechanism 


Norio Hosara and KAZUHISA TAKETA: Electrophoretic studies of clioquinol binding to 
human serurn proteins 


NARENDRA B. OzA, VASUDEV M. AMIN, RANDALL K. McGreGor, ALFONSO G. SCICLI and 
Oscar A. CARRETERO: Isolation of rat urinary kallikrein and properties of its antibodies 


Ho CHuNG and Davip R. Brown: Mechanism of the effect of acute ethanol on hexobarbital 
metabolism 


MICHAEL R. BisHop, B. V. RAMA SASTRY, DENNIS E. SCHMIDT and RAYMOND D. HARBISON: 
Occurrence of choline acetyltransferase and acetylcholine and other quaternary ammonium 
compounds in mammalian spermatozoa 


GERALD M. COHEN and BRIAN P. Moore: Metabolism of [3H]benzo(a)pyrene by different 
portions of the respiratory tract 
JosEPH J. KRZANOWSKI, JAMES B. POLSON and ANDOR SZENTIVANY!: Pulmonary patterns of 


adenosine-3’,5’-cyclic monophosphate accumulations in response to adrenergic or histamine 
stimulation in Bordetella pertussis-sensitized mice 


CYNTHIA H. DONNELLY, ELLIOT RICHELSON and DENNIs L. MuRPHY: Properties of monoamine 


oxidase in mouse neuroblastoma NIE-115 cells 


SAMUEL MALLov: Effect of sympathomimetic amines and monoamine oxidase inhibitors on 
protein synthesis in rat heart 


Dennis K. J. GoreCKI, SYLVESTER J. PEESKER and JAmes D. Woop: 3-Isoxazolidone—an 
inhibitor of GABA metabolism 


ROGER Drew and BRIAN G. Priest_y: Hexobarbital sleeping time and drug metabolism in 
rats with ligated bile ducts—a lack of correlation 


YousseF S. MOHAMMED, MOHAMMED Y. OSMAN and MOHAMEDAIN M. MAHFOoUz: Effect of 
acetylcholine on monoamine oxidase 


JACKSON T. WRIGHT, JR., CLINTON N. CorpDeR and RENEE TAYLOR: Studies on rat kidney 
15-hydroxy-prostaglandin dehydrogenase 


Short Communications : 
S. RoBert SNopGrRass: Effect of 6-hydroxydopamine on dopa and tyrosine entry into brain 


ROBERT L. BRONAUGH, GALEN R. WENGER, Davip L. GAR‘FR and CHARLES O. RUTLEDGE: 
Effect of carbidopa on the metabolism of L-dopa in the pigtail monkey 

ROsERT G. KNODELL and Epwarp E. Ho.ttoway: Increased biliary excretion of pentobarbital 
with bile salt-induced hepatic choleresis 


Davip A. BRrASse and Horace H. Lou: Comparison of the inhibition of 5-hydroxytryptamine 
uptake by methadone and its congeners in human platelets 





JULY - continued 


Preliminary Communication 


Ep J. M. PENNINGS, REIN VRIELINK and GopFriED M. J. VAN KEMPEN: Anomalous effect of 
probenecid on rat brain phenolsulphotransferase 1687 


1 AUGUST 


Commentary 


RICHARD J. WURTMAN and JOHN D. Fernstrom: Control of brain neurotransmitter synthesis 
by precursor availability and nutritional state 


Research Papers 

Ata A. AsbDeEL-LaTiF and Jack P. SmitH: Effects of DL-propranolol on the synthesis of 
glycerolipids by rabbit iris muscle 

E. J. HipveG!, JUDITH SeBESTYEN, L. D. SzABo, G. J. KOTELES and L. INstiToris: The effect of 
dibromodulcitol, diepoxy-dulcitol and various new cytostatic hexitol derivatives on the 
metabolic activities of nucleic acids and proteins—IlI 


Betty Cooper, MICHAEL N. EAKINS and T. F. SLater: The effect of various anaesthetic 
techniques on the flow rate, constituents and enzymic composition of rat bile 


ULF-W. WIEGAND, HELMUT KUHNEN and ROLF HAL ter: Interactions of some parasympatho- 
lytics and structurally related drugs with acetylcholinesterases: kinetic studies 


Darryc R. QuiRAM and.RICHARD M. WEINSHILBOUM: inhibition of rat liver catechol-O- 
methyltransferase by lanthanum, neodymium and europium 

J. PATELSKI, B. ZGORZALEWICZ, S. SZULC, Z. WALIGORA and J. JELJASZEWICZ: Jn vivo and in 
vitro effects of staphylococcal alpha-toxin an amino acid activation in the aorta 


THomas T. LEE and Myron R. Karon: Inhibition of protein synthesis in 5-azacytidine- 
treated HeLa cells 


Davip A. BENDER: The effects of chlorpromazine on serum tryptophan, brain tryptophan 
uptake and brain serotonin synthesis in the rat 


WACLAW KAZIMIERCZAK, MIECZYSLAW PERET and CZESLAW MASLINSKI: The action of local 
anaesthetics on histamine release 


CHENG-Y1 Lee, TAl AKERA and THEODORE M. BroDy: Comparative effects of chlorpromazine 
and its free radical on membrane functions 


NICOLAS ZENKER, ROGER TRUCHOT, HERVE GOUDONNET, BERNARD CHAILLOT and RAYMOND 
MICHEL: Isopropyldiiodothyronine and a-methylthyroxine: comparison of their in vitro and 
in vivo effects with those of thyroid hormones 

MICHAEL S. Rose, Lewis L. SMitH and IAN Wyatt: The relevance of pentose phosphate path- 
way stimulation in rat lung to the mechanism of paraquat toxicity 

Epwarb A. Lock, Lewis L. SMITH and MICHAEL S. Rose: Inhibition of paraquat accumula- 
tion in rat lung slices by a component of rat plasma and a variety of drugs and endogenous 
amines 

D. Branca, G. ScuTarRi and N. SiLipRANDI: Uptake and metabolic rate of liposome-entrapped 
(U-'*C]glutamate in rats 

GeorGce H. LamBerT and Snorri S. THORGEIRSSON: Glutathione in the developing mouse 
liver—I. Developmental curve and depletion after acetaminophen treatment 

C. P. BLom and F. A. DeleRKAuF: The action of anesthetics on the phosphatide pattern of 
red blood cell and yeast membranes 

Mitos CuHvapiL, JANET C. Lubwic, I. GLENN Sipes and RONALD L. Misiorowsk!: Inhibition 
of NADPH oxidation and related drug oxidation in liver microsomes by zinc 

MicuHaec J. TisDALe and Barry J. PHiLvips: The effect of alkylating agents on adenosine 
3’,5’-monophosphate metabolism in Walker carcinoma 





AUGUST - continued 


PauL A. CAMMER and RoBEerRT M. HOLLINGWORTH: Unusual substrate specificity in the 
oxidative dearylation of paraoxon analogs by mouse hepatic microsomal enzymes 


Short Communications 

KAILASH K. Gauri, ILAN SHiF and RONALD G. Wo Foro: Failure of 5-ethyl-2’-deoxyuridine 
to induce oncogenic RNA (oncorna) viruses in Fischer rat embryo cells and in Balb/3T3 mouse 
cells 

O. P. SHARMA: Antioxidant activity of curcumin and related compounds 

GEORGE R. PETERSON, LAWRENCE W. MASTEN; ALAN BURKHALTER and E. LEONG Way: 
Species differences in the effects of chronic, oral administration of methadone on oxidative 
drug metabolism 


. 


15 AUGUST 


Commentary 
G. ZeETLER: The peptidergic neuron: a working hypothesis 


Research Papers 

MorTON SCHMUKLER, PHILIP D. ZievE and PHILLIP B. JEweTT: Induction of the platelet 
release reaction by concanavalin A—relation of con A binding to release and modification of 
release by ATP, PGE, and amantadine 

Barry I. GOLD and LADISLAV VOLICER: Adenosine triphosphate-derived nucleotide formation 
in the presence of ethanol ' 

MICHAEL J. TISDALE and Barry J. PHILLips: Alterations in adenosine 3’,5’-monophosphate- 
binding protein in Walker carcinoma cells sensitive or resistant to alkylating agents 


Sei Morita, YASUO IRIE, YUICHI SAITOH and HIDEAKI Kouri: Evaluation of a new beta- 
adrenergic blocking agent, carteolol, based on metabolic responses in rats—I. Blockade in 
vivo of epinephrine- and isoproterenol-induced alterations of blood concentrations of carbo- 
hydrate and lipid intermediary metabolites 

Yuicut Saitou, Sei Morita, YAsuo IrR1eE and HIDEAKI KoHRI: Evaluation of a new beta- 
adrenergic blocking agent, carteolol, based on metabolic responses in rats—II. Blockade by 
carteolol of the epinephrine- and isoproterenol-induced increases of tissue and blood cyclic 
AMP in tivo 

RICHARD J. ROSENBLUTH, Davip A. COONEY, HIREMAGALUR N. JAYARAM, HARRY A. MILMAN 
and ELTon R. Homan: DON, CONV and DONV—II. Inhibition of L-asparagine synthetase 
in vivo 

Davip A. Cooney, HIREMAGALUR N. JAYARAM, HARRY A. MILMAN, ELTON R. HOMAN, 
ROBERT PITTILLO, RUTH I. GERAN, JOAN RYAN and RICHARD J. ROSENBLUTH: DON, CONV 
and DONV—III. Pharmacologic and toxicologic studies 

Ernst HEINEN and ROGER BASSLEER: Mode of action of cis-dichloro-diammine platinum(II) 
on mouse Ehrlich ascites tumour cells 

Rotr A. LovstapD: Interaction of some neuroleptic and antidepressive agents with human 
coeruloplasmin 

STEPHEN K. FisHeR and W. Ewart Davies: The effect of the convulsant allylglycine (2-amino- 
4-pentenoic acid) on the activity of glutamic acid decarboxylase and the concentration of 
GABA in different regions of guinea pig brain 

WILLIAM A. Creasty: Biochemical effects of d-tetrandrine and thalicarpine 

Davip KesseL, GWYNNE SMITH and JOANNE BLAHNIK: Effects of S-(trityl)-L-cysteine and its 
analogs on cell surface properties of leukemia L1210 cells 


R. SaBLe-AmpPLis and R. Acip: Effect of aminoglutethimide and adreno-blocking agents on 
morphine-induced hyperglycemia 





AUGUST - continued 


IAN A. NIMMO and ANNE BAUERMEISTER: Co-operativity in the cyclic model for drug—receptor 
interaction 

HipDeEYA HayYASHI, ATSUSHI ICHIKAWA, TERUMI SAITO and KENKICHI TomiTA: Inhibitory role 
of cyclic adenosine 3’5’-monophosphate in histamine release from rat peritoneal mast cells in 
vitro 


Short Communications 

J. FRANK HENDERSON and Mary L. BATTELL: Metabolic effects of ethyl adenosine 5’- carboxy- 
late in Ehrlich ascites tumor cells in vitro 

A. M. Fiecpinc and R. E. HuGues: Changes in liver microsomal cytochrome P-450 induced 
by dietary proteins and lipid material 

M. G. N. Bourne, S. K. SHARMA and R. G. Spector: The effects of folate on neurotransmitter 
uptake into rat cerebral cortex slices 

ANTERO AITIO, JAAKKO HARTIALA and PEKKA UotiLa: Glucuronide synthesis in the isolated 
perfused rat lung 


Preliminary Communications 

ARTHUR E, CHIN and H. Bruce BOSMANN: Microsome-mediated methylation of DNA by 
N,N-dimethylnitrosamine in vitro 

CHARLES E. Morrea., ViTAuTS ALKS and ARTHUR J. Spiess: Identification of 8,9-dihydro- 
8,9-dihydroxy-7,12-dimethylbenz(a)anthracene as a rat liver metabolite of 7,12-dimethyl- 
benz(a)anthracene 

Louis A. BARKER and THOMAS W. MittaG: Synaptosomal transport and acetylation of 3- 
trimethylaminopropan-|!-ol 


1 SEPTEMBER 


Commentary 


FRANZ OEscH: Metabolic transformation of clinically used drugs to epoxides: new perspectives 
in drug—drug interactions 


Research Papers 


B. E. LEONARD and W. F. Karoe: A comparison of the acute and chronic effects of four 
antidepressant drugs on the turnover of serotonin, dopamine and noradrenaline in the rat 
brain 

GreGory A. Curt, JEFFREY S. ToBiAS, ROBERT A. KRAMER, ANDRE Rosowsky, LEROY M. 
PARKER and MartTIN H. N. TATTERSALL: Inhibition of nucleic acid synthesis by the di-n-buty| 
ester of methotrexate 


C. CHoo HOFFMANN, Yiu K. Ho, RAYMOND L. BLAKLEY and JOHN S. THomPSON: Comparative 
effects of selected antifolates on transforming human lymphocytes and on established human 
lymphoblastic cell lines 

Kaus SCHOENE, JURGEN STEINHANSES and HUBERT OLDiGEs: Protective activity of pyridinium 
salts against soman poisoning in vivo and in vitro 

K. SUSSKAND, M. Stess and J. SCHULTZ: Morphine antagonizes the positive chronotropic effect 
of prostaglandins in guinea pig atria but not the increase in cyclic AMP content 


Rosert M. Levin, NiELS HAUGAARD and MaARYLIN E. Hess: Opposing actions of calcium and 
magnesium ions on the metabolic effects of epinephrine in rat heart 


HANSON Y. K. CHUANG, S. FAZAL MOHAMMAD and REGINALD G. Mason: Acetylcholin- 
esterase, choline acetyltransferase, and the postulated acetylcholine receptor of canine platelets 


Davip T. WonG and FRANK P. ByMastTeR: Effect of nisoxetine on uptake of catecholamines in 
synaptosomes isolated from discrete regions of rat brain 





SEPTEMBER - continued 


BENJAMIN K. TSANG, SAM Kacew and RADHEY L. SINGHAL: Possible involvement of cyclic 
AMP-dependent protein kinase in p,p’-DDT-induced changes in hepatic metabolism 


ALAN S. Nies, GRANT R. WILKINSON, Bos D. RUSH, JERRY T. STROTHER and Denis G. 
McDevitt: Effects of alteration of hepatic microsomal enzyme activity on liver blood flow in 
the rat 


JEAN-GIL JoLy, CLAUDE HETU, PHILIPPE MAviER and JEAN-PIERRE VILLENEUVE: Mechanism 
of induction of hepatic drug-metabolizing enzymes by ethanol—I. Limited role of microsomal 
phospholipids 

Short Communication 


SUMNER BURSTEIN, PAMELA TAYLOR, FAROUK S. EL-FeERALY and CARLTON TURNER: Prosta- 
glandins and cannabis—V. Identification of p-vinylphenol as a potent inhibitor of prostaglan- 
din synthesis 


15 SEPTEMBER 


Commentary 


G. SCHAFER: On the mechanism of action of hypoglycemia-producing biguanides. A reevalua- 
tion and a molecular theory 


Research Papers 


G. SCHAFER: Some new aspects on the interaction of hypoglycemia-producing biguanides with 
biological membranes 


Wit J. M. Tax, JACQUES H. VEERKAMP, FRANS J. M. TRUBELS and EGBert D. A. M. SCHRETLEN: 


Mechanism of allopurinol-mediated inhibition and stabilization of human orotate phospho- 
ribosyltransferase and orotidine phosphate decarboxylase 


Peter A. GULLIVER and CHRISTOPHER W. WHARTON: Novel ligands for the purification of 
catechol-O-methyl transferase by affinity chromatography 


NIALL S. DoHerTY and BRYAN V. ROBINSON: Lysosomal stabilisation as the possible mechan- 
ism of action of an endogenous anti-inflammatory protein 


WeEN-CHANG CHANG, Sei-iITSsU MurROTA and Susumu TsuRuFUsI: Role of prostaglandin E in 
carrageenin-induced inflammation in rats 


JUDSON W. SPALDING, ELIZABETH FORD and Diane Lane: Effect of 4-chlorobiphenyl on 
substrate transport and phospholipid metabolism in mouse L5178Y lymphoma cells 


Youcer M. RustuMm and HERBERT S. SCHWARTZ: Organ-specific differences in the metabolism 
of N®-(\?-isopentenyl)-adenosine 


MariA CeMPEL and M. Wess: The time-course of cadmium-thionein synthesis in the rat 
TimotHy J. MANTLE, KeiTtH F. Tipton and Nicer J. Garrett: Inhibition of monoamine 
oxidase by amphetamine and related compounds 

Mark A. GOLDBERG and THEODORE ToDOROFF: Diphenylhydantoin binding to brain lipids 
and phospholipids 


KaTHLEEN MaiLer and Davipd H. PEeTEeRING: Inhibition of oxidative phosphorylation in 
tumor cells and mitochondria by daunomycin and adriamycin 


YosHio UENO, HirOKO MATSUMOTO, KAZUKO IsHu! and KEN-ICH!I KUKITA: Inhibitory effects 
of mycotoxins on Na+-dependent transport of glycine in rabbit reticulocytes 


Short Communications 


CarRTER J. GRANDJEAN and ArPAD SomoGy!: Effect of pregnenolone-1|6a-carbonitrile on the 
metabolism of dimethylnitrosamine and binding to rat liver macromolecules 


Toru Tapet and W. Leroy Heinricus: Hepatic steroid hydroxylase and aminopyrine 
N-demethylase activities in pregnant rats and rabbits, and the effect of phenobarbital 


2097 


2099 





SEPTEMBER - continued 


MicHaEL A. Pass, ALAN A. SEAWRIGHT and TREVOR HEATH: Effect of ingestion of Lantana 
camara L.. on bile formation in sheep 


VINCENT Lam and HANs-Pt1FR BAR: Adrenaline-induced desensitization of liver adenylate 
cyclase 


Davip R. Mottram: Non-specificity of sulphydry! inhibition of the alpha adrenergic response 


ROBERT V. SMITH, PAUL W. ERHARDT, JOHN L. NEUMEYER and RoBerT J. BORGMAN: Metabol- 
ism in vitro of potential apomorphine prodrugs 


Preliminary Communications 


MICHAEL R. BOARDER, MicHaktL C. H. OoN and RICHARD RODNIGHT: Mass spectrometric 
identification of N-monomethyltryptamine following incubation of tryptamine with brain 
protein and S-adenosylmethionine or 5-methyltetrahydrofolic acid 


HiROMU SAKURAI and Masauiro Kito: Polarity in aromatic hydroxylation by hemin-thiol 
model systems for cytochrome P-450 


1 OCTOBER 


Commentary 
A. H. W. Nias: Interactions of ionising radiation and cancer chemotherapy agents 


Research Papers 


JORG M@rRLAND and ANNE E. SJETNAN: Effect of ethanol intake on the incorporation of 
labelled amino acids into liver protein 


TorGNY SjJODIN, NiEK RoosporP and INGVAR SJOHOLM: Studies on the binding of benzo- 
diazepines to human serum albumin by circular dichroism measurements 


NiEK RoosporP and INGVAR SJOHOLM: Determination of binding constants from continuous 
circular dichroism titration data by numerical analysis 


JAMES S. Woops: Developmental aspects of hepatic heme biosynthetic capability and hema- 
totoxicity | 
LANCE R. POHL, SIDNEY D. NELSON, WILLIAM R. PORTER, WILLIAM F. TRAGER, MICHAEL J. 


Fasco, FREDERICK D. BAKER and JOHN W. FENTON, II: Warfarin—stereochemical aspects of 
its metabolism by rat liver microsomes 

Eric A. GLENDE, JR., ANDREW M. HRUSZKEWyYCZ and RICHARD O. RECKNAGEL: Critical 
role of lipid peroxidation in carbon tetrachloride-induced loss of aminopyrine demethylase, 
cytochrome P-450 and glucose 6-phosphatase 

RoBERT J. SMITH, CRAWFORD SABIN, HELEN GILCHREST and SHIRLEY WILLIAMS: Effect of 
anti-inflammatory drugs on lysosomes and lysosomal enzymes from rat liver 

ARTHUR I. CEDERBAUM and EMANUEL RUBIN: Mechanism of the protective action of cysteine 
and penicillamine against acetaldehyde-induced mitochondrial injury 

M. DANNY BurKE and Russet A. PROUGH: Some characteristics of hamster liver and lung 
microsomal aryl hydrocarbon (biphenyl and benzo(a)pyrene) hydroxylation reactions 

GarTH Powis and Linpsay GRANT: The effect of inhibitors of alcohol metabolism upon the 
changes in the hepatic microsomal metabolism of foreign compounds produced by the acute 
administration of some alcohols to the rat 

Douc.as E. BELL, KALMAN GREENSPAN and WALTER X. BALCAVAGE: Inhibitory effects of 
C-3 on membrane-associated enzymes 


Short Communications 


CoLIN DALTON, HERMAN J. CrowLey and Leo B. Czyzewsk1: Trimethoquinol—different 
pharmacological properties of optical isomers 





OCTOBER - continued 


SHEAN-JANG Liu and RICHARD I. H. WANG: Enhanced development of. tolerance to pento- 
barbital by desipramine inhibition of pentobarbital metabolism 


Roy McCau ey: 7['*C]pargyline binding to mitochondrial outer membranes 


Preliminary Communications 
D. J. Harvey, B. R. MARTIN and W. D. M. Paton: Identification of the glucuronides of 
cannabidiol and hydroxycannabidiols in mouse liver 


SHEN K. YANG and Harry V. GELBOIN: Microsomal mixed-function oxidases and epoxide 
hydratase convert benzo(a)pyrene stereospecifically to optically active dihydroxydihydro- 
benzo(a)pyrenes 


15 OCTOBER 


Commentary 
Davip S. Grosso and RuBIN BReESSLER: Taurine and cardiac physiology 


Research Papers 

JAvwiGA RoBAK and BARBARA SOBANSKA: Relationship between lipid peroxidation and 
prostaglandin generation in rabbit tissues 

Victor J. NICKOLSON and Otto L. WoLTHIUus: Protein metabolism in the rat cerebral cortex 
in vivo and in vitro as affected by the acquisition-enhancing drug Piracetam 

Victor J. NICKOLSON and Otto L. WoLtuius: Effect of the acquisition-enhancing drug Pira- 
cetum on rat cerebral energy metabolism. Comparison with Naftidrofuryl and metham- 
phetamine 

JOACHIM RAESE, ROBERT L. PATRICK and JACK D. BARCHAS: Phospholipid-induced activation 
of tyrosine hydroxylase from rat brain striatal synaptosomes 

Lewis R. MANDEL: Inhibition of indoleamine-N-methyltransferase by 2,3,4,6,7,8-hexahydro- 
pyrrolo [1,2-a] pyrimidine 

ANNE L. CAHILL and FEDOR MEDZIHRADSKY: Interaction of central nervous system drugs with 
synaptosomal transport processes 

Oscar A. CARRETERO, NARENDRA B. OZA, ALEKSANDRA PIWONSKA, THERESA OCHOLIK and 
ALFONSO G. ScicLi: Measurement of urinary kallikrein activity by kinin radioimmunoassay 
CHARLES W. TOMLINSON, ANIKO M. BERNATSKY and NARANJAN S. DHALLA: Modification of 
skeletal muscle sarcotubular Ca?+-stimulated adenosine triphosphatase activity by various 
agents 

GeorGE I. HENDERSON, MARGO DILLON and STEVEN SCHENKER: Effect of diet-induced thiamine 
deficiency on visceral DNA synthesis and tissue composition 

Douc.as A. Hes and Loreta M. RopriGues: Inhibition of kidney cortex gluconeogenesis 
by adrenochrome and indole 2-carboxylic acid 

Roy A. Henry and KEITH H. ByInGcTOoN: Inhibition of glutathione-S-aryltranferase from rat 
liver by organogermanium, lead and tin compounds 

MASAYOSHI TACHIBANA, OSAMU MIZUKOSHI and KINYA Kuriyama: Inhibitory effects of kana- 
mycin on glycolysis in cochlea and kidney—possible involvement in the formation of oto- and 
nephrotoxicities 

JOHN PANAGIDES: Effects of fenbufen and other anti-inflammatory drugs on rat liver lysosomes 
F. HOWARD SCHNEIDER: Effects of sodium butyrate on mouse neuroblastoma cells in culture 


Short Communications 


Neit S. BUCKHOLTZ and WILLIAM O. BOGGAN: Effects of tetrahydro-8-carbolines on mono- 
amine oxidase and serotonin uptake in mouse brain 





OCTOBER - continued 


Preliminary Communications 


PEKKA UoTILA and JUKKA MARNieEMI: Variable effects of cigarette smoking on aryl hydro- 
carbon hydroxylase, epoxide hydratase and UDP-glucuronosyltransferase activities in rat lung, 
kidney and small intestinal mucosa 


J. H. PERRIN, M. OTaGciri and M.TH. VAN WILGENBURG-BEERNINK: The effect of fatty acids 
and sodium dodecyl sulfate on the induced optical activity of sulfaethidole-BSA complexes 


A. McLean, D. NEwect and G. BAKER: The metabolism of chlorambucil 


1 NOVEMBER 


Commentary 


XANDRA QO. BREAKEFIELD and EARL L. GILLER, JR.: Neurotransmitter metabolism in cell 
culture 


Research Papers 
CHRISTOPER J. DANPURE: The interaction of aurothiomalate and cysteine 


PAUL WORKMAN, JOHN A. DOUBLE and Derry E. V. WILMAN: Enzyme activated anti-tumour 
agents—III. Hydrolysis of conjugates of p-hydroxyaniline mustard in aqueous solution 

KARL WALTER BOCK, GERHARD VAN ACKEREN, FRIEDRICH LORCH and FRANZ W. BIRKE: 
Metabolism of naphthalene to naphthalene dihydrodiol glucuronide in isolated hepatocytes 
and in liver microsomes 


JOACHIM K. SEYDEL and OTMAR WASSERMANN: NMR-studies on the molecular basis of drug- 
induced phospholipidosis—II. Interaction between several amphiphilic drugs and phospho- 
lipids 

MICHAEL J. TISDALE and BARRY J. PHILLIPS: The effect of alkylating agents on the activity of 
adenosine 3’,5’-monophosphate-dependent protein kinase in Walker carcinoma cells 


KaAzuTA OGuri, NANCY M. LEE and Horace H. Lon: Apparent protein kinase activity in 
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ae 
inhibition of pyrimidine ribo- 
nuclectide reduction in 
L5178Y cells, 73 


arachidonic acid, 


Arachidonic acid(contd. ) 
induced hypotension, inhibition by 
anti-inflammatory drugs, 983 
effect on lipid peroxidation in 
rabbit tissues, 2233 
Arcuate nucleus of the hypothalamus, 
uptake of amino acids in vivo, 1415 
Arginine esterase, 
induction by testosterone in mice, 
763 
Aroclor 1221 constituents, 
toxicity to L5178Y cells, 2051 
Aromatic amines, 
metabolic N-oxidation, 211 
Aromatic amino acid decarboxylase, 
in liver, inhibition by MK 486, 222 
Aromatic hydrocarbons, 
interaction with adrenal cytochrome 
P=450, 951 
Arylamidase, 
in brush border, effect of aliphatic 
alcohols, 625 
intestinal, selective hydrolysis of 
aromatic amides, 855 
Arylesterase, 
in human plasma, hydrolysis of 
heroin, 367 
in pig plasma, 701 
Arylhydrocarbon, 
hydroxylation reactions in liver 
and lung microsomes, 2187 
Arylhydrocarbon hydroxylase, 
induction in hepatoma cultures, 805 
in lung, kidney and small intestine, 
effect of cigarette smoking, 2323 
in rat tissues, effect of benzo(a) 


pyrene and chlorpromazine, 985 
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Aryl hydrocarbon hydroxylase(contd, ) 5-Azacy tidine(contd. ) 
in skin, induction by tobacco effect of txNA from on protein 
carcinogens, 732 synthesis in vitro, 389 
Arylsulphatase, Azathioprine, 
in brain subcellular fractions, enzymatic thiolysis in vitro, 2421 
effect of lithium administration, 6-Azauridine, 
1554 antiviral activity, 1233 
in liver lysosomes, effect of 5-Aziridinyl-2,4-dinitrobenzamide, 
ethanol administration, 2663 cyclic AMP-binding protein in 
release from liver lysosomes, effect Walker carcinoma cells, 1831 
of anti-inflammatory drugs, 2171 effect on cyclic AMP-dependent 
L-Asparagine synthetase, protein kinase in Walker 
inhibition in vitro, 1571 carcinoma cells, 2365 
inhibition in vivo by ketoamino effect on cyclic AMP metabolism in 
acids, 1851 Walker carcinoma cells, 1793 
Aspirin, cytotoxicity, protection by 
inhibition of superoxide anion imidazoles, 2489 
production in macrophages, 1473 metabolism in rats, 2475 
effect on liver lysosomes, 2171 2-Azo-purine nucleosides, 
Astroblasts, cytotoxicities and activities as 
barbiturate tolerance and enzyme substrates, 517 
dependence, 563 Azoreductase, 
Atropine, in liver microsomes, effect of 
effect on action of oxotremorine endotoxin administration, 351 
in mouse brain, 135 
effect on glucagon in plasma, 2703 Bacillus Calmette-Guérin, 
Atropinesterase, inhibition of hepatic drug 
in rabbit serum, 181 metabolizing enzymes in rat liver, 
Audiogenic seizures, 1529 
effect of anticonvulsant drugs on Bacteria, 
GABA metabolism, 413 effect of folate and catecholamines 
Aurothiomalate, on respiration, 487 
interaction with cysteine, 2343 Barbiturates, 


5-Azacytidine, hepatic microsomal enzyme induction, 


inhibition of protein synthesis in structure-activity relationships, 


HeLa cells, 1737 663 


treated hamster fibrosarcoma cells, Benzamide analogues, 





BIOCHEMICAL PHARMACOLOGY 


Benzamide analogues(contd. ) 
role of lipophilicity in porphyrin- 
inducing activity, 1351 
Benz[a]anthracene, 
induction of aryl hydrocarbon 
hydroxylase, 805 
Benzimidazole derivatives, 
effect on hepatic microsomal mixed 
function oxidases, 2747 
DL=-3-(5-Benzimidazolyl )-2-methyl- 
alanine, 
effect on brain and heart 
catecholamines, 585 
Benzodiazepines, 
binding to bovine serum albumin, 
circular dichroism studies, 147 
gel filtration studies, 141 
binding to human serum albumin, 
circular dichroism studies, 
2131, 2141 
7 ,6=Benzoflavone, 
effect on zoxazolamine paralysis 
and hexobarbital hypnosis in 
rats, 1431 
Benzo(a)pyren?, 
effect on aryl hydrocarbon 
hydroxylase in rat tissues, 985 
enhancement of biphenyl 2-hydroxyl- 


ation in vitro, 1345 


an ethyl acetate-extractable 
metabolite in lung cultures ,2561 

metabolism by areas of respiratory 
tract, 1623 

stereospecific conversion to 
optically active dihydroxydihydro 
benzo(a)pyrenes, 2221 


Benzo(a)pyrene 7,8=- and 9,10- 


dihydrodiols, 
metabolic pathways, 979 
Benzo(a)pyrene oxides, phenols and 
dihydrodiols, 
enzymatic conjugation with UDP- 
glucuronic acid, 1221 
Benzo(a)pyrene phenols, 
separation by recycle high pressure 
liquid chromatography, 227 
Benzo(a)pyrene hydroxylase, 
in liver and lung microsomes, 2187 
Bpenzo(a)pyren-3-yl hydrogen sulphate, 
a benzo(a)pyrene metabolite in 
lung, 2561 
Benzoquinone derivatives, 
relationship between redox potentials 
and antitumour activity, 206 
Benzothiazole derivatives, 
effect on hepatic microsomal mixed 
function oxidases, 2747 
Benzoxazole derivatives, 
effect on hepatic microsomal mixed 
function oxidases, 2747 
Benzphetamine N-demethylation, 
by liver microsomes, effect of 
phospholipid, 1995 
3,4-Benzpyrene, 
effect on liver blood flow, 1991 
Benzpyrene hydroxylase, 
in liver microsomes, effect of 
endotoxin administration, 351 
Benzydamine, 
inhibition of superoxide anion 
production in macréphages, 1473 
effect on the lipolytic system of 
fat cells, 299 


Benzylamine, 
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Benzylamine (contd, ) 
interaction with phospholipids, 
NMR-studies, 2357 
in tissues from rats pretreated 
with pargyline, 858 
2-Benzylhydryl-1 ,3-indandione, 
inhibition of B-glucuronidase, 1397 
Benzylisoquinoline alkaloids, 
biochemical effects of, 1887 
Betamethasone acetate, 
effect on drug metabolism and 
response, 477 
Betazole, 
inhibition of paraquat accumulation 
in lung, 1769 
Biguanides, 
mechanism of hypoglycaemic activity, 
2005, 2015 
membrane interaction, 2015 
Bile, 
effect of anaesthetic technique on 
flow rate, constituents and 
enzymic composition, 1711 
Bile duct ligation, 
effect on drug metabolism in vivo 
and in vitro, 1659 
Bile flow, 
effect of bucolome, 1377 
Bile formation, 
in sheep, effect of lantana, 2101 
Bile salts, 
effect on biliary excretion of 
pentobarbital, 1682 
Biliary excretion, 
of allylisopropylacetamide and 
metabolites, 2429 


during liver regeneration, 1187 
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Biliary excretion(contd. ) 
hepatic interaction between 
sulphobromophthalein and 
glucuronides, 1361 
Bilirubin, 
glucuronidation in perfused liver 
and microsomes, effect of 
galactosamine and carbon 
tetrachloride, 1293 
Biphenylacetic acid, 
effect on rat liver lysosomes, 2303 
Biphenyl hydroxylase, 
in liver and lung microsomes, 2187 
3iphenyl 2-hydroxylation, 
in vitro enhancement by carcinogens, 
1345 
1,1-3is[4'-(1"-carboxy-1"-methylprop- 
oxy )phenyl]cyclohexane, 
effect on cholesterol and lipo- 
protein metabolism in rats, 325 
1 ,3-3is-chloroethyl-l-nitrosourea, 
analogues, antitumour activity, 695 
Black lipid membranes, 
interaction with hashish compounds, 
1241 
Blood, 
kallikrein-kinin-kininase system in, 
1563 
Blood flow, 
in liver, effects of alteration in 
hepatic enzyme activity, 1991 
Body temperature, 
effects of tranylcypromine and 
pargyline, 2555 
Bone, 
calcium resorption, effect of 


phenobarbital on response to 





BIOCHEMICAL PHARMACOLOGY 


Bone (conta. ) 
vitamin D, 163 
Bone marrow, 
effect of oximes on inhibition of 
acetylcholine by neostigmine ,353 
Bone marrow cell culture, 
effect of antiblastic hexitols on 
DNA synthesis in, 1705 


Bordetella pertussis, 





sensitized mice, alterations in 
pulmonary cyclic AMP by histamine 
and catecholamines, 523, 1631 

BradyKinin, 

in human urine, 2499 

inactivation by chymotrypsin,2391 

influence on metabolic effects of 
catecholamines, 2593 

pulmonary disposition, 2547 

radioimmunoassay, application to 
plasma kininogen determination, 
543 


Bradykininase, 


activity of aloe extract, 205 


Bradykinin-receptor interaction, 
in ileum, hormonal influences, 433 
Bromazepan, 
binding to bovine serum albumin, 
141, 147 
Bromhexine, 
interaction with phospholipids, 
NMR-studies, 2357 
Bronchi, 
benzo(a)pyrene metabolism by, 1623 
Brush border enzymes, 
effect of aliphatic alcohols, 625 
Bucolome , 


effect on canalicular bile 


Bucolome (contd. ) 
formation and sulfobromophthalein 
transport maximum in dogs, 1377 
microsomal enzyme induction, 663 
Buprenorphine, 
role of the gut in the metabolism 
of, 735 
Buquinolate, 


inhibition of Eimeria tenella 





respiration, 343 
Burimamide, 
inhibition of paraquat accumulation 
in lung, 1769 
Butacaine, 
interaction with rat liver 
mitochondria, 2461 
N-a-Butyl ,N'-3-(4H-1,2,4-triazolyl) 
thiourea, 
inhibition of dopamine f-hydroxylase, 
277 
§-Butyrolactone, 
effect on striatal tyrosine 


hydroxylase, 649, 655 


Cadmium-thionein, 
synthesis in rats, time-course ,2067 
Cadmium toxicity, 
effect of metallothioneins, 673 
Caffeic acid, 
effect on lipid peroxidation in 
brain, 1811 
Calciun, 
accumulation by brain microsomes, 
effect of chlorpromazine, 1751 
influence on effect of adrenaline 
in rat heart, 1963 


influx into mast cells after 
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Calcium(contd. ) 


histamine-releasing stimulus, 


effect of sodium cromoglycate ,505 


inhibition of catechol-Q-methyl- 


transferase in rat liver, 573, 
1727 


intestinal transport, effect of 


phenobarbital on response to 
vitamin D, 163 


‘mitochondrial release as a 


mechanism for quinidine contract- 


ure in skeletal muscle, 2631 
role in regulation of striatal 
tyrosine hydroxylase, 655 
stimulated ATPase, skeletal muscle 
sarcotubules, 2271 
transport in heart mitochondria and 
sarcotubular vesicles, effect of 


quinidine, 897 


Cannabidiol (contd. ) 
interaction with black lipid 
membranes, 1241 
mode of action in reducing blood 
platelet count, 359 
Cannabis, 
p-vinylphenol as a inhibitor of 
prostaglandin synthesis, 2003 
Cannabis extract, 
effect on uterine monoamine oxidase 
activity, 377 
Carbamazepine, 
biological effect of metabolically 
produced epoxides, 1935 
Carbaryl, 
inhibition of esterases in pig 
plasma, 701 
effect on NAD levels in chick 


eabryo, 757 


uptake by iris muscle and microsomes ,Carbidopa, 


effect of propranolol, 1697 
vitamin D3-mediated intestinal 
absorption, effect of 
diphenylhydantoin, 863 
Canalicular bile flow, 
effect of buolome, 1377 
Cancer chemotherapy agents, 
interactions of ionising 
radiation, 2117 
Cancer treatment, 
effect on drug metabolism in mice, 
153 
Cannabidiol, 
identification of glucuronides of 
in mouse liver, 2217 
inhibition of monoamine oxidase 


in brain, 1201 


effect on L-dopa metabolism in 
pigtail monkey, 1679 
Carbohydrate, 
metabolism in liver, activation by 
adrenaline, 841 
Carbon disulphide, 
effect on tryptophan incorporation 
into nicotinamide-adenine 
dinucleotides in liver, 1427 
Carbon-germanium, -tin and -lead 
compounds , 
inhibition of glutathione-S-aryl- 
transferase from rat liver, 2291 
Carbon tetrachloride, 
effect on glucuronidation in 
perfused liver and microsomes, 


1293 
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Carbon tetrachloride(contdad. ) 
hepatotoxicity, effect of 
phenobarbital, 557 


induced loss of microsomal enzymes, 


Catalase(contd., ) 
1438 
in small intestine, effect of 


a-chlorophenoxyisobutyrate, 2750 


role of lipid peroxidation, 2163 Cataracts, 


Carbonyl reagents, 
effect on release of noradrenaline 
from mouse heart, 1369 
Carboxylesterase, 
hepatic microsomal and plasma, 
effect of disulfiram and 
diethyldithiocarbamate, 453 
Carcinogens, 
in vitro enhancement of biphenyl 
2-hydroxylation, 1345 
Carrageenan foot-oedema, 
participation of superoxide anions 
at prostaglandin phase, 1465 
Carrageenin granuloma, 
cortisol effects on the cloned 
fibroblast from, 1107 
effect of D-penicillamine and 
P-aminopropionitrile on 
collagen breakdown, 1129 
effect of plasma proteins, 1435 
role of prostaglandin E, 2045 
Carteolol, 
metabolic response in rat, 1836, 
1843 
Castrix, 
effect on distribution of 3¢ 
vitamers in mouse brain, 639 
Catalese, 


in liver, 


effect of allylisopropylacetamide 


treatment, 1101 


effect of 3-amino-1,2,4-triazole, 


in diabetes, inhibition of lens 
aldose reductase by flavenoids, 
2505 

Catecholamines, 

in adrenal, 
effect of apomorphine, 1157 
effect of chlorisondamine, 1131 
p-chlorophenylalanine enhancement 
of effects of morphine, 1547 
during development, effects of 
reserpine, 1513 
effect of guanethidine, 2387 
role of neural input in effect 
of morphine, 1071 

alkaloid products from, 1123 

effect on bacterial respiration,487 

in brain and heart, effect of DL-3- 
(5-benzimidazolyl )-2-methyl- 
alanine, 585 

induced lipolysis in lipid micelles, 
1481 

influence of kinins on metabolic 
effects of, 2593 

metabolism in cell culture, 2337 

release from chromaffin granules by 
non-electrolytes, 1035 

stimulation of carbohydrate 
metabolism in liver, 841 

synaptosomal uptake, 
effect of chlorpromazine, 1751 
effect of nisoxetine, 1979 


synthesis in brain, control by 
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Catecholamines(contd. ) 
precursor availability and 
nutritional state, 1691 
synthesis, storage and release in 
adrenal and brain, effects of 
methadone, 2523 
synthesis in synaptosomes, 91 
Catechol-OQ-methyltransferase, 
affinity chromatography of, 2033 
in liver, 
calcium inhibition, 573, 1727 
inhibition by lanthanun, 
neodymium and europium, 1727 
soluble and particulate prepar- 
ations from rat red blood cells, 
208 
Catechols, 
metabolic disposition in gut, 729 
cell culture, 
neurotransmitter metabolism in,2337 
Cell growth, 
in vitro, factors affecting, 1333 
Cerebellum, 


cyclic GMP in, effects of morphine 


and pentobarbital, 2543 


effect of oxotremorine on acetyl- 
choline synthesis, 135 
subcellular distribution of 
Neacetyltransferase, 815 
cerebrospinal fluid, 
human, inhibition of phenylethanol- 
amine-N-methyltransferase, 2537 
Chemotherapy , 
enzyme pattern directed, 2613 
Chick embryo liver cells, 
porphyrin biosynthesis in serun- 


* 


free medium, 687, 2609 


Chlorambucil, 
cyclic AMP=-binding protein in 
Walker carcinoma cells, 1831 
effect on cyclic AMP-dependent 
protein kinase in Walker 
carcinoma cells, 2365 
effect on cyclic AMP metabolism in 
Walker carcinoma cells, 1793 
metabolism in rats, 2331 
Chlorcyclizine, 
interaction with phospholipids, 
NMR-studies, 2357 
Chlordiazepoxide, 
binding to bovine serum albumin, 
141, 147 
binding to human serum albumin, 2131 
Chloresis, 
bile salt induced, biliary excretion 
of pentobarbital, 1682 
Chlorimipramine, 
effect on 5-<hydroxytrypramine 
transport in platelets, 865 
Chlorisondamine , 
sympatho-adrenal effects, 1311 
chlormerodrin, 
effect on kidney and liver 
mitochondria, 2649 
p-Chloroacetanilide, 
N-hydroxylation in hamsters, 599 
1-Chloro-amitriptyline, 
interactioi with phospholipids, 
NMRestudies, 2357 
p-chloroamphetamine, 
depletion of brain 5-hydroxyindoles, 
effect of methadone, 360 
inhibition of rat brain tryptophan 
hydroxylation, 31 
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4-Chloro-benzylamine, 


interaction with phospholipids, 
NMR-studies, 2357 
4-Cchlorobiphenyl, 
effect on phospholipid metabolism 
in L5178Y lymphoma cells, 2051 
2-[ (2-chloroethyl )methylamino]ethyl 


Chloroquine (contd, ) 


interaction with phospholipids, 
NMR-studies, 2357 
effect on liver lysosomal enzymes, 
2171 
stabilization of retinol-induced 


release of lysosomal enzymes ,471 


5-methyl-2-furoate hydrochloride, 3'Chloro-4-stilbazole, 


effect of temperature on 
acetylcholine receptors, 1329 
Chloroethylnitrosoureas, 
chemical basis for antitumour 


activity, 695 


3=(3',3'=bis-B-chloroethyltriazenyl- 


1' )-4-carbethoxypyrazole, 
inhibition of purine biosynthesis, 
923 
5-Cchloro-4-oxo0-L-norvaline, 
inhibition of L-asparagine 
synthetase in vitro, 1571 
inhibition of L-asparagine 
synthetase in vivo, 1851 
pharmacologic, toxicologic and 
oncolytic properties, 1859 
a=Chlorophenoxyisobutyrate, 
effect on microperoxisomes in 
small intestinal mucosa, 2750 
p-Chlorophenylalanine, 
enhancement of effects of morphine 
on adrenal medulla, 1547 


m-Chlorophenyl piperazine, 


effect on 5=hydroxytryptamine in rat 


brain and platelets, 13 


2-Chloro-3-phytyl-1,4-naphthoguinone, 


inhibition of vitamin x epoxidase, 
1063 


chloroquine, 


effect on brain acetylcholine 


metabolism, 195 


chlorothiazide, 


effect on kidney and liver 


mitochondria, 2649 


chlorphentermine, 


interaction with phospholipids, 
NMR-studies, 2357 


Chlorpromazine, 


and analogues, action on adenylate 
cyclase in neurons and glia, 63 

effect on aryl hydrocarbon 
hydroxylase in rat tissues, 985 

effect on brain 5-hydroxytryptamine 
synthesis, 1743 

effect on glucose and tolbutamide- 
stimulated insulin release, 1451 

effect on hormone stimulated 
adenylate cyclase, 537 

inhibition of ethanol metabolism 
in vivo, 869 

interaction with biological 
membranes, photochemical study, 
2469 

mechanism of inhibition of 
sarcotubular ATPase, 21 

effect on membrane functions, 1751 

effect on output of adenine 


derivatives from superfused 
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Chlorpromazine(contd. ) 
brain tissue, 293 
effect on phosphatides in 
membranes, 1783 
Chlorpromazine free radical, 
effect: on membrane function, 1751 
Chlorpropamide, 
displacement from serum albumin by 
anionic drugs, 1175 
a-Chlorprothixene, 
effect on hormone stimulated 
adenylate cyclase, 537 
Cholecalciferol, 
action in chicks, effect of 
phenobarbital, 163 
Choleresis, 
bucolome induced, 1377 
Cholestasis , 
hexobarbital sleeping time and 
drug metabolism in vitro, 1659 
Cholesterol, 
composition of iris muscle, 461 
in human kidney, effect on kidney 
renin activity, 2443 
metabolism in rats in vivo and 
in vitro, effects of S-8527, 325 
effect on rat liver lysosomes, 2303 
in serun, 


effect of clofibrate, 785 


Choline (contd. ) 
in brain, effect of 3'chloro-4- 
stilbazole, 195 
control of acetylcholine synthesis 
in brain, 1691 
incorporation into microsomal 
phospholipids, effect of 
polychlorinated biphenyls, 1255 
uptake and transformation in brain 
regions, effect of oxotremorine, 
135 
Choline acetyltransferase, 
acetylation of hemicholinium-3 ,1589 
in brain, inhibition by juglone and 
4-(1-naphthylvinyl )pyridine, 669 © 
in canine platelets, 1971 
in cell cultures, 2337 
inhibition of tertiary alkylamino- 
ethyl esters, 1093 
in spermatozoa, 1617 
Choline analogue, 
synaptosomal transport and 
acetylation, 1931 
Cholinergic antagonism, 
use of spin-labelled analogue of 
acetylcholine, 2761 
Cholinergic stimulation, 
of 32>_labelling of phospholipids 
in iris muscle, +61 


effect of 2,8-dibenzylcyclooctane Cholinergic system, 


1537, 1543 
effect of oxandrolone, 1549 


Cholesterol 7a-hydroxylase, 


in liver, effect of clofibrate ,2403 
Choline, 
accumulation and metabolism in 


human term placenta, 1021 


in human placenta, 425 
Cholinesterases, 
effect of disulfiram and diethyldi- 
thiocarbamate, 453 
in serum, effect of sympatholytic 
and sympathomimetic agents, 881 
Cholyl-isethionic acid, 
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Cholyl-isethionic acid(contd. ) 
enzymatic formation, 717 
Chromaffin granules, 
nucleotide uptake, 311 
permeability to non-electrolytes, 
1035 
Chromatin protein, 
effect of cyclic AMP and morphine 
on phosphorylation of, 2371 
Chymotrypsin, 
inactivation of kinins, 2391 
Cigarette smoke condensate, 
induction of skin microsomal aryl 
hydrocarbon hydroxylase and 
carbon monoxide-binding 
hemoproteins, 732 
Cigarette smoking, 
effect on drug metabolizing enzymes 
in lung, Kidney and intestine, 
2323 
Cinnabarinic acid, 
effect on mitochondrial respiration, 
643 
Cinnamic acid, 
effect on lipid peroxidation in 
brain, 1811 


Circular dichroism, 


binding of benzodiazepines to human 


serum albumin, 2131 
determination of binding 
constants, 2141 
Cirrhosis, 
effect on drug disposition, 2675 
Clioquinol, 
binding to human serum proteins ,1601 
Clofibrate, 


effect on cholesterol metabolism in 


Clofibrate(contd. ) 
rats, comparison with S-8527, 325 
effect of chronic administration on 
mitochondrial fatty acid 
oxidation, 1285 
differential effect on hepatic drug 
oxidation and cholesterol 
7a-hydroxylation, 2403 
effect on hepatic triglyceride 
lipases, 2657 
induced alterations in serum protein 
patterns, 785 
Clonazepan, 
binding to bovine serum albumin, 
141, 147 
Clorgyline, 
inhibition of monoamine oxidase, 
in brain, 1013 
in liver, 1133, 2583 
in neuroblastoma N1E=-115 cells, 
1639 
in uterus, 957 
L(+)-Cobefrin, 
effect on noradrenaline flux in 
vas deferens, 399 
Cocainesterase, 
in rabbit serum, 181 
Coccidiostats, 
quinolones, inhibition of Eimeria 
tenella respiration, 343 
Cochlea, 
effect of kanamycin on glycolysis 
in, 2297 
Cochlear nucleus, 
effect of allylglycine on GABA 
metabolism in, 1881 


Codeine, 
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Codeine(contd. ) 
effect on synaptosomal transport 
processes, 2257 
Coeruloplasmin, 
interaction with tricyclic drugs, 
1877 
Coformycin, 
inhibition of adenosine deaminase, 
kinetics, 2695 
Colchicine, 
inhibition of superoxide anion 
production in macrophages, 1473 
molecular features associated with 
antimitotic activity and 
inhibition of tubulin polymer- 
ization, 1383 
Collagen, 
breakdown of carrageenin granuloma, 
effect of D-penicillamine or 
B-aminopropionitrile, 1129 
produced by cloned fibroblasts from 
carrageenin granuloma, 1107 
compound 48/80, 
effect of disodium cromoglycate on 
histamine release from mast cells 
505 
induced histamine release, cyclic 
AMP independent inhibition by 
papaverine, 1583 
Concanavalin A, 
induction of platelet release 
reaction, 1819 
Contraceptive steroids, 
effect on mestranol metabolism by 
liver microsomes, 1339 
Convulsant thresholds, 


correlation with central GABA, 1216 
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Copper-daunomycin complex, 
stability in vivo, 2085 
Copper-N-methyl isatin-f-thiosemi- 
carbazone complexes, 821 
Cordycepin, 
effect on aryl hydrocarbon 
hydroxylase induction, 805 
enhancement of activity by 
2'=deoxycoformycin, 1441 
inhibition of RNA tumour viruses ,491 
effect on viral cytopathy, 707 
Corpus striatum, 
effect of ethanol on dopamine 
synthesis and release, 157 
stereoselectivity towards 
amphetamine, 447 


Corticosteroid, 


in plasma, early effects of diquat, 
65 


Corticosterone, 


inhibition of hexobarbital metabol- 
ism, effect of ethanol, 1613 
Cortisol, 
effect on the cloned fibroblast 
derived from rat carrageenin 
granuloma, 1107 
Cortisone, 
effect on rat liver lysosomes, 2303 
Coumarins, 
effect on vitamin K-K epoxide cycle, 
1067 
Coumatetralyl, 
lack of resistance in warfarin- 
resistant rats, 1067 
Creatine kinase, 
in serum and skeletal muscle of 


dystrophic hamsters, 981 
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Creatinol O-phosphate, 
effect on cardiac distribution of 
Deslanatoside C, 371 
Curcumin, 
and related compounds, antioxidant 
activity, 1811 


Cyanamide, 


inhibition of aldehyde dehydrogenase 


in brain and liver, 2733 
Cyanide, 
lethality in the absence of 
inhibition of liver cytochrome 
oxidase, 605 


Cyclic nucleotide phosphodiesterase, 


Cycloheximide(contd. ) 


effect on plasma and cellular 
enzyme and protein levels, 2407 
effect on turnover and synthesis of 


diamine oxidase in intestine ,1057 


N-Cyclohexylbarbiturates, 


hepatic microsomal enzyme induction, 


663 


Cyclophosphamide, 


metabolism and biological activity 
of optical isomers, 993 


Cyclopropylamines , 


substrate-selective inhibition of 


monoamine oxidase, 247 


in fat cells, effect of benzydamine, 1-cyclopropylmethyl-4-phenyl-6-methoxy 
299 


in heart of spontaneously hyper- 


tensive rats, 223 
in liver, 


effect of c-3, 2203 


high molecular weight, inhibition 


of, 97 


in Walker carcinoma cells, 


effect of alkylating agents, 1793 


resistant and sensitive to 
alkylating agents, 1831 
Cyclic nucleotide phosyhodiesterase 
inhibitors, 
effect on carbohydrate metabolism 
in skeletal muscle, 439 
Cyclizine, 
interaction with phospholipids, 
NMRestudies, 2357 
Cyclobenzaprine, 
biological effect of metabolically 
produced epoxides, 1935 


cycloheximide, 


-2-(1H)-quinazolinone, 
inhibition of prostaglandin 
biosynthesis, 937 


D-Cycloserine, 


inhibition of metabolism of B-alanine 


and D-f-aminoisobutyric acid, 253 


Cyproheptadine, 


biological effect of metabolically 


produced epoxides, 1935 


Cysteate, 


neurotoxicity, 1415 


Cysteine, 


interaction with aurothiomalate , 2343 
irreversible inhibition of dopamine 
| B-hydroxylase, 488 
protection against acetaldehyde- 
induced mitochondrial injury, 


963, 2179 


Cystinuria, 


D-penicillamine metabolism, 259 


Cytochromes, 


in skin microsomes, induction by 
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Cytochromes (contd. ) 
tobacco carcinogens, 732 
Cytochromes a-a3, b, c, 
in brain slices, effect of morphine 
on potassium induced changes ,893 
Cytochrome bs, 
in liver microsomes, 
effect of barbiturates, 663 
effect of chronic disulfiram 
administration, 1355 
‘effect of a volatile hydrocarbon- 
“containing disinfectant, 100 
Sytochrome c reductase, 
in liver microsomes, 
effect of chronic disulfiram 
administration, 1355 
effect of rifampin, 943 


effect of a volatile hydrocarbon- 


containing disinfectant, 100 
Cytochrome oxidase, 
in liver and brain, effect of 
cyanide, 605 
Cytochrome P=448, 
involvement in fluroxene 
metabolism, 779 
Cytochrome P-450, 
in adrenal microsomes, interaction 
with aromatic hydrocarbons and 
drugs, 951 
in human placental microsomes, 793 
Kinetic analysis of microsomal 
drug metabolizing oxygenases ,997 
liver microsomes, 
effect of adjuvant-induced 
arthritis, 2683 
allylisopropylacetamide 


interaction, 2415 


Cytochrome P=450(contd, ) 


effect of allylisopropylacetamide 

in phenobarbital treated rats, 

2429 

effect of Bacillus Jalmette- 

Guérin administration, 1529 

effect of barbiturates, 663 

effect of chronic disulfiram 

administration, 1355 

effect of dietary lipids and 

vitamin =, 175 

effect of dietary proteins and 

lipids, 1916 

effect of endotoxin administrat- 

ion, 351 

effect of ethanol, 1995 

effect of ethanol and dietary 

fat, 337 

interaction with fluroxene, 779 

effects in vivo of lymphoma 

ascites tumours and procarbazine, 

153 

pregnant rats and rabbits, effect 

of phenobarbital, 2099 

effect of rifampin, 943 

role of lipid peroxidation in 

carbon tetrachloride-induced loss, 

2163 

toxicity of fluroxene anaesthesia 

in vivo, 773 

effect of a volatile hydrocarbon- 

containing disinfectant, 100 
oolarity in aromatic hydroxylation 

by hemin-thiol model systems for, 


2113 


Cytochrome P-450 system, 


in liver microsomes, association 
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Cytochrome P=450 system(contd. ) 
with membrane lipids, 109 


Daunomycin, 
effect on cardiac distribution of 
Deslanatoside C, 371 
inhibition of oxidative phosphoryl- 
ation in tumour cells and 
mitochondria, 2085 
[1-Deamino-8-D-arginine]vasopressin, 
effect on glycogen metabolism in 
perfused liver, 405 
Dearylating enzyme system, 
in mouse liver microsomes, 1799 
3-Deazaguanine, 


51 


nucleoside and 5'-nucleotide, 
inhibition of purine nucleotide 
biosynthesis, 2413 
Decamethonium, 
uptake by mouse kidney cortex slices 
effect of sodium, 2401 


Decoquinate, 


inhibition of Eimeria tenella 





respiration, 343 
Dehydroepiandrosterone hydroxylase, 
in liver of pregnant rats and 
rabbits, effect of phenobarbital, 
2099 
Dihydromorphine, 
binding in somatic cell hybrids, 
2395 
Demethylation, 
in isolated hepatocytes, 1495, 1501 
in liver microsomes, effect of 
dietary lipids and vitamin 2, 175 
Demoxepam, 


binding to bovine serum albumin, 


Demoxepam/( contd. ) 


141, 147 


2'-Deoxycoformycin, 


enhancement of cordycepin 


activity, 1441 


Deoxycytidine, 


inhibition of pyrimidine ribo- 
nucleotide reduction in L5178Y 
cells, 73 

uptake by L5178Y cells, effect of 
5-fluorodeoxyuridine, 355 


bDeoxyribonuclease, 


release from liver lysosomes, effect 
of vitamin A compounds and 


analogues, 471 


Deoxyribonucleic acid, 


alteration by 5-(3-methyl-l-triazeno) 


imidazole-4+-carboxamide, 2643 


inhibition of synthesis by dibutyl 
methotrexate, 1943 

microsome-mediated methylation by 
N,N-dimethylnitrosamine in vitro, 
1921 
liver, interaction with neocarz- 
inostatin in vivo and in vitro, 
789 

reaction with N-methyl isantin-p- 
thiosemicarbazone-copper 
complexes, 821 

synthesis in bone marrow cell 
culture, effect of antiblastic 
hexitols, 1705 

synthesis in heart, kidney, pancreas 
and liver, effect of diet-induced 
thiamine deficiency, 2275 

synthesis in herpes simplex virus, 


effect of 2,3-dihydro-lH-imidazo 
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Deoxyribonucleic acid(contd. ) (+)-Desoxymetaraminol (contd. ) 
[1,2-b]pyrazole, 2377 effect on noradrenaline flux in 
synthesis in liver, effects of vas deferens, 399 
phenobarbital and carbon Develonment, 
tetrachloride, 557 glutathione in liver, effect of 
tilorone binding, 877 acetaminophen, 1777 
Deprenyl, effects of guanethidine on adrenal 


inhibition of monoamine oxidase, medulla and brain, 2387 


in brain, 1013 heme biosynthetic capability and 


in liver, 1133, 2583 hematotoxicity, 2147 


in neuroblastoma N1E-115 cells, effect of reserpine on catecholamine 
1639 metabolism in adrenal, 1513 
Depression, Dexamethasone, 


effects of melanocyte-stimulating effect on liver lysosomal enzymes, 


hormone release inhibiting factor 2171 
and thyrotropin-releasing Dexamethasone acetate, 
hormone, 363 | effect on drug metabolism and 
Desipramine, response, 477 
effect on 5-hydroxytryptamine Dextran, 
transport in platelets, 865 interaction with fibrinogen and 
interaction with human plasma membranes, 751 
coeruloplasmin, 1877 Dextrorphan, 
effect on output of adenine effect on synaptosomal transport 
derivatives from superfused processes, 2257 
brain tissue, 293 Diabetes, 
effect on synaptosomal transport alloxan induced, mechanism, 1085 
processes, 2257 Diabetic cataracts, 
effect on tolerance to pentobarbital inhibition of lens aldose reductase 
2211 by flavenoids, 2505 
effect on turnover of brain amines, Diacetylmorphine, 
1939 hydrolysing enzyme in human 
Deslanatoside C, plasma, 367 
cardiac distribution, 371 Diacridines, 
(+)Desoxycobefrin, double intercalators as chemo- 
effect on noradrenaline flux in therapeutic agents, 231 
vas deferens, 399 Dialkylnitrosamines, 


(+)=Desoxymetaraminol, effect on dimethylnitrosamine 
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Dialkylnitrosamines (contd. ) 
demethylase in liver, 2709 
Diamine oxidase, 
in human kidney, inhibition, 2689 
in rat tissues, turnover and 
release, 1057 
2-Diarylmethyl-1 ,3-indandiones, 
inhibition of 8-glucuronidase, 1397 
Diazepam, 
binding to bovine serum albumin, 
141, 147 
binding to human serum albumin,2131 
effect on mescaline-induced 
behaviour, 591 
metabolism in human kidney cortex 
microsomes, 1557 
protein binding in uremic serum, 
1205 
Diazinon, 
effect on NAD levels in chick 
embryo, 757 
N-Diazoacetyl-glycine amide, 
effect on pool of 5-phosphoribosyl 
l-nyrophosphate in Ehrlich 
ascites tumour cells, 725 
6=Diaz0-5-oxo0-L-norleucine, 
inhibition of L-asparagine 
synthetase in vitro, 1571 
inhibition of L-asparagine 
synthetase in vivo, 1851 
5-biazo-4-o0xo-L-norvaline, 
inhibition of L-asparagine 
synthetase in vitro, 1571 
inhibition of L-easparagine 
synthetase in vivo, 1851 
pharmacologic, toxicologic and 


oncolytic properties, 1859 


6-Diazo-5-oxo-L-norvaline, 
pharmacologic, toxicologic and 
oncolytic properties, 1859 
Dibenamine, 
effect on acetylcholinesterase and 
cholinesterase in vitro, 881 
2,8-Dibenzylcyclooctane, 
and analogues, hypolipidemic and 
estrogenic activities, 1543 
hypolipidemic activity, 1537 
Dibromo-dulcitol, 
effect on nucleic acid and protein 
synthesis, 1705 
bi-n-butyl methotrexate, 
inhibition of nucleic acid 
synthesis, 1943 
3,5-bi-t-butylphenyl methylcarbamate, 
sensitive pig plasma esterases, 701 
cis-Dichloro-diammine platinum(II), 
inode of action on Ehrlich ascites 
tumour cells, 1871 
2,3-Dichloro-c-methyl benzylamine, 
inhibition of phenylethanolamine 
Nemethyltransferase in adrenals 


and brain stem, 1433 


Diclophenac sodium, 


inhibition of superoxide anion 


production in macrophages, 1473 


Dicrotophos, 


effect on NAD levels in chick 


embryo, 757 


Diepoxy-dulcitol, 


effect on nucleic acid and protein 


synthesis, 1705 


3,5-Diethoxycarbonyl-1 ,4-dihydro- 


2,4,6-trimethylpyridine, 


induced porphyria, effect of 
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3,5-Diethoxycarbonyl-1 ,4-dihydro- 
2,4,6-trimethylpyridine(contd. ) 
SKF 525-A, 511 
effect on porphyrin biosynthesis in 
cells in serum-free medium, 687 
3,5-Diethoxycarbonyl-2,4,6- 
trimethylpyridine, 
effect on porphyrin biosynthesis in 
cells in serum-free medium, 687 
Diethyldithiocarbamate, 
effect on hepatic microsomal and 
plasma esterases, 453 
Digitalis, 

ATPase as a receptor for, 237 
Digoxin antibodies, 2427 
Dihydrodiols, 

of benzo(a)pyrene, metabolic 

pathways, 979 
Dihydroergotoxine, 
‘effect on acetylcholinesterase and 
cholinesterase in vitro, 861 
Dihydrofolate reductase, 


in mouse tissues, effect of chronic 


methotrexate administration, 1317 


relationship with methotrexate in 


human neoplastic cells, 975 


2,3-Dihydro-lH-imidazof[1,2-b]pyrazole, 


antiviral activity in mammalian 


cells, 2377 


Dihydromorphine, 


binding in brain, effect of opiate 
administration, 847 
role of the gut in the metabolism 
of, 735 
bis-3,4-Dihydroxycinnamoyl methane, 
effect on lipid peroxidation in 
brain, 1811 


Diisoprovyl phosphofluoridate, 
effect on acetylcholinesterase and 
its isoenzymes in brain, 2739 
3P-(f-Dimethy laminoethoxy )androst-5- 
en-17-one, 


effect on growth of Saccharomyces 





cerevisiae, 1249 
Dimethylaminoethyl esters, 
inhibition of choline acetyltrans- 
ferase, 1093 
p-Dimethylaminomethylbenzylamine, 
oxidation by human kidney diamine 
oxidase, 2689 
7,12-Dimethylbenz(a)anthracene, 
metabolism by rat liver, 1927 
N,N-Dimethylnitrosamine, 
microsome-mediated methylation of 
DNA, 1921 | 
effect of pregnenolone-l6a-carbo- 
nitrile on metabolism and binding 
to liver macromolecules, 2097 
Dimethylnitrosamine demethylase, 
in liver, inhibition by nitrosamines, 
2709 
Dimethylsulfoxide, 
effect on ¥-glutamyl transpeptidase 
in urine from isolated rabbit 
kidney, 913 
effect on metabolism of isolated 
verfused rat brain, 1115 
5-(3,3-bimethyl-1-triazeno )imidazole 
-+-carboxamide demethylase, 
in liver microsomes, effect of 
Bactllus Calmette-Guérin 
administration, 1529 
N,N-Dimethyltryptamnine, 


half-life in brain and liver, 1521 





BIOCHEMICAL 


Diphenylhydantoin, 
binding to brain lipids and 
ohospholipids, 2079 
inhibition of vitamin D3-mediated 
calcium absorption in organ- 
cultured duodenum, 863 
effect on output of adenine 
derivatives from superfused 
brain tissue, 293 
effect on protein metabolism in 
rat brain, 53 
Diphenhydramine, 
interaction with acetylcholinester- 
ase, 1719 
Diphosphatidylglycerol, 
in erythrocyte and yeast membranes, 
effect of anaesthetics, 1783 
Dipotassium clorazepate, 
binding to bovine serum albumin, 
141, 147 
Di-n-propylacetate, 
effect on GABA metabolism in mice 
with audiogenic seizures, 413 
biquat, 
accumulation, tissue and species 
specificity, 419 
early effects on plasma cortico- 
steroid concentrations, 2465 
effect on pentose phosphate 
pathway in lung, 1763 
Disodium cromoglycate, 
mechanism of action, 505 
bisulfiram, 
effect on henatic microsomal and 
plasma esterases, 453 
impairment of microsomal drug 


metabolism, 1355 
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Diuretics, 
renal and hepatic mitochondrial 
effects, 2649 
Diurnal variation, 
in requirement for RNA synthesis in 
the induction of pineal 
N-acetyltransferase, 903 
Dog, 
acetylcholine receptor in platelets, 
1971 
Dopa, 
alteration of metabolism by MK 486, 
222 
entry into brain, effect of 
6-hydroxydopamine, 1675 
metabolism in duodenal mucosa, 729 
metabolism in pigtail monkey, 
effect of carbidopa, 1679 
tyrosinase- and ceruloplasmin- 
catalysed oxidation to dopachrome, 
effect of penicillamine, 533 
Dopachrome , 
effect of penicillamine on 
production of, 533 
Dopamine, 
activation of adenylate cyclase in 
neuronal and glial enriched 
fractions of rat brain, 63 
acute and chronic effects of 
antidepressant drugs on turnover 


in brain, 1939 


stimulated adenylate cyclase, effect 


of neuroleptic drugs, 537 
synthesis in brain, 

effect of p-chloroamphetamine, 31 

control by precursor availability 


and nutritional state, 1691 





BIOCHEMICAL PHARMACOLOGY 


Dopamine (contd. } 

synthesis and release in rat corpus 
striatum, effect of ethanol, 157 

synthesis in snail nervous 
tissue, 925 

turnover in brain, effect of 
Org GB94, 2455 

tyrosine hydroxylase sensitivity 
to, 649, 655 

uptake and binding in murine 
neuroblastoma and fibroblast 
cells, 383 

uptake and release in brain, effect 
of amphetamine isomers, 447 

uptake by synaptosomes, 
effect of nisoxetine, 1979 
effect of shock-induced 
fighting, 2752 

Dopamine B-hydroxylase, 

in adrenal, 
effect of chlorisondamine, 1311 
p-chlorophenylalanine enhance- 
ment of effects of morphine ,1549 
during development, effect of 
reserpine, 1513 
effect of guanethidine, 2387 
effect of methadone, 2523 
role of neural input on effect 
of morphine, 1071 
brain, inhibition by thiourea 
derivatives, 277 

endogenous inhibitors in rat 
organs, 1167 

irreversible inhibition by 
cysteine, 488 

in serum, indicator of sympathetic 


activity and hypertension, 617 


Dopamine receptors, 


in brain, effect on tyrosine 


hydroxylase in adrenal, 1157 


Dopamine 3-Q-sulfate, 
formation and metabolism in dog, rat 
and guinea pig, 829 
Drug-drug interactions, 
new perspectives, 1935 
Drug-radiation interaction, 2117 
Drug-receptor interaction, 
cyclic model for, 1903 
Duodenal mucosa, 
noradrenaline uptake and metabolism, 
729 
Duodenun, 
organ culture, diphenylhydantoin 
inhibition of vitamin D3- 


mediated calcium absorption, 863 


Enrlich ascites tumour cells, 

effect of N-diazoacetyl-glycine 
amide on pool of 5-phosphoribosyl 
l-pyrophosphate, 725 

inhibition of purine nucleotide 
biosynthesis by 3-deazaguanine, 
2413 

metabolic effects of etnyl adenosine 
5'-carboxylate, 1915 

mode of action of cis-dichloro- 
diammine platinum(II), 1871 

effect of nitrofurans on electron 
transfer, 393 


fimeria tenella, 





inhibition of respiration by 
quinolone coccidiostats, 343 
Electron transfer, 


in Ehrlich ascites tumour cells 





BIOCHEMICAL PHARMACOLOGY 


Electron transfer(contd. ) 
in the presence of nitrofurans, 
393 
Eleetroshock, 
effect of isoniazid on convulsion 
threshold, 1216 
Endotoxin, 
effect on hepatic microsomal drug 
metabolism, 351 
Enterocytes, 
effect of alcohols on brush border 


enzymes, 625 


L(+)-p-Ephidrine, 


effect on noradrenaline flux in 
vas deferens, 399 
Epidermal growth factor, 


inhibition of effects on human 


fibroblasts by trimethoprim, 2755 


Epoxides, 
nepatic and extrahevatic metabolism 
in vitro, 187 
metabolic transformation of 
clinically used drugs, 1935 
inetabolism by liver microsomes, 601 
Epoxide hydratase, 
in lung, Kidney and small intestine, 
effect of cigarette smoking, 2323 
in rabbit tissues, 187 
stereospecific conversion of benzo 
(a)pyrene to optically active 
dihydroxydinydrobenz(a)pyrenes, 
2221 
Ergometrine, 
effect on acetylcholinesterase and 
cholinesterase in vitro, 881 
Ergotamine, 


effect on acetylcholinesterase and 


Ergotamine(contd. ) 


cholinesterase in vitro, 861 


Erythrocytes, 


action of anaesthetics on 
phosphatide pattern, 1783 
effect of allopurinol on pyrimidine 
metabolism, 2025 
catechol-Q-methyltransferase in 
soluble and particulate 
preparations, 208 
inhibition of ATPase by tetracaine, 
267 
interaction with miconazole, 1145 
Erythrocyte membranes, 
interaction with a spin-labelled 
local anaesthetic, 1405 
Eserine sulfate, 
effect on NAD levels in chicken 
embryo, 757 
Esterases, 
hepatic microsomal and plasma, 
effect of disulfiram and 
diethyldithiocarbamate, 453 
in pig plasma, inhibition by 
butacarb, 701 
B-Estradiol, 
binding to human placental 
microsomal cytochrome P-450, 793 
binding by nuclei in a cell-free 
system, 2571 
effect on bradykinin-receptor 
‘ interaction, 433 
effect of cannabis on uterine 
monoamine oxidase activity, 377 
inhibition of kynurenine amino- 
transferase, effect of progest- 


erone or pyridoxal phosphate, 
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Estradiol(contd. ) 
2411 
metabolism by liver microsomes, 
effect of rifampin, 943 
effect on propyl hydroxylase activ- 
ity in uterus, 907 
Estrogens, 
nuclear binding sites, l 
Estrogen-progestin combinations, 
effect on hepatic microsomal 
metabolism of mestranol, 1339 
Ethacrynic acid, 
‘inhibition of kidney 15-hydroxy- 
prostaglandin dehydrogenase, 1669 
effect on kidney and liver 


mitochondria, 2649 


Ethanol, 
effect on acetaldehyde in brain 
and blood, 1305 
effect on activation of tyrosine 
hydroxylase by K*t-depolarization, 
24.93 
ATP-derived nucleotide formation in 
the presence of, 1825 
effect on dopamine syntnesis and 
release from rat corpus striatum, 
157 
effect drug metabolism in vivo 
and in vitro, 329 
effect hepatic lysosomal 
enzymes, 2663 
effect on hepatic protein synthesis, 
2125 
effect on hexobarbital metabolism, 
1613 


induced alterations in brain 


noradrenaline metabolites, 93 
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Ethanol(contd. ) 
induced changes in microsomal 
metabolism of pyrazole and 
acetaldehyde oxime, 2197 
effect on leucine incornoration into 
cerebral proteins, 220 
metabolism and drug interactions ,869 
metabolism by monkey liver slices, 
2757 
metabolism in vivo and in vitro, 
effect of propranolol, 169 
effect on microsomal drug metabolism, 
337 
effect on microsomal phospholipids, 
1995 


pre=- and postnatal exposure, effect 


action of dietary fat, 


on ethanol-metabolizing enzymes 
in mice, 215 
effect on protein kinase activity 
in brain, 2541 
Ethanolamine-Q-sulphate, 
effect on GABA netabolism in mice 
with audiogenic seizures, 413 
Ether, 
effect on bile production, 1711 
Ethidium bromide, 
effect on aryl hydrocarbon 
hydroxylase induction, 805 
Ethionamide, 
enzymatic sulphoxidation, 1299 
Ethyl adenosine 5'-carboxylate, 
metabolic effects in Ehrlich ascites 
tumour cells in vitro, 1915 
5-Ethyl-2'-deoxyuridine, 
antiviral activity, 1233 
inductive potential on RNA(oncorna) 


viruses, 1809 
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1-Ethyl1-4-(isopropylidine-hydrazino)- 
1H-pyrazolo-(3 ,4-b)-pyridine-5- 
carboxylic acid, 
effect on carbohydrate metabolism 
in skeletal muscle, 439 
Ethylmorphine, 
metabolism in adrenal, 951 
metabolism by liver microsomes, 
effect of chronic disulfiram 
administration, 1355 
effect of morphine administration 
357 
Ethylmorphine N-demethylase, 
in liver microsomes, 
effects in vivo of lymphoma 
ascites tumours and procarbazine, 
153 
effect of rifampin, 943 
effect of a volatile hydrocarbon- 
containing disinfectant, 100 
effect of zinc, 1787 
Ethynylestradiol, 
inhibition of kynurenine amino- 
transferase, effect of progester- 
one or pyridoxal phosphate, 2411 
Etorphine, 
accumulation by brain slices, 47 
role of the gut in the metabolism 
of, 735 
Europiua, 
inhibition of rat liver catechol-0- 


methyltransferase, 1727 


Fat, 
dietary, 
effect on inductive action of 


phenobarbital and ethanol on 


Fat(contd. ) 
microsomal drug metabolism, 337 
effect on microsomal phospholipids 
and cytochrome ?=450, 1995 
Fat cells, 
effects of benzydamine on the 
lipolytic system in, 299 
effect of glucagon and its 1-23 
peptide fragment on lipolysis in, 
210 
Kinetics of adrenaline-stimulated 
lipolysis, 103 
effect of quinterenol on metabolism 
of, 409 
Fatty acids, 
effect on binding of warfarin to 
bovine serum albumin, 2515 
effect on chronic clofibrate 
administration on mitochondrial 
oxidation, 1285 
displacement of warfarin and phenyl- 
butazone from human albumin, 
thermodynamics, 1215 


epididymus, effect of kinins 


in vivo and in vitro, 2953 


plasma, 
effect of clofibrate and 
halofenate, 2657 
effect of Kinins and catechol- 
amines, 2593 
Fatty liver, 
effect of ohnenobarbital on lipid 
peroxidation, 769 
Fenbufen, 
effect on rat liver lysosomes, 2303 
Fenfluramine, 


induced depletion of brain 5-hydroxy 
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Fenfluramine (contd. ) 
tryptamine, effect of trazodone, 
13 
interaction with phospholipids, 
NMR-studies, 2357 
Ferulic acid, 
effect on lipid peroxidation in 
brain, 1811 
Fibrinogen, 
interaction with dextran, 751 
Fibroblasts, 
human skin, 
inhibition by trimethoprim of 
some effects of epidermal growth 
factor, 2755 
effect of 6-mercaptopurine on 
inosinic acid dehydrogenase, 527 
mitotic inhibition by 
oyrimethamine, 681 
uptake and binding of dopamine and 
6-nydroxydopamine, 383 
Fibroblast clone SM-Cl, 
derived from rat carageenin 
granuloma, effects of cortisol, 
1107 
Fibrosarcoma cells, 
5-azacytidine treated, effect of 


tRNA from on protein synthesis 


in vitro, 389 


Fighting, 
effect on dopamine uptake by 
striatal synaptosomes, 2752 
Flavenoids, 
inhibition of lens aldose 
reductase, 2505 
Flufenamic acid, 


effect on liver lysosomes, 2171 
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Flufenamic acid(contd. ) 
inhibition of suneroxide anion 
production in macrophages, 1473 
Fluorenylamine-txNA adducts, 
formation following deacetylation 
of N-hydroxy-N-2-fluorenylacet- 
amide Q-glucuronide, 1051 
N-2-?luorenylbutyramide, 
hydrolysis by intestinal 
arylamidase, 855 
5-Fluorodeoxyuridine, 
effect on cell viability and uptake 
of deoxycytidine and cytosine 
arabinoside by L5178Y cells, 355 
toxicity to hepatoma cells, effect 
of thymidine and methotrexate, 
2613 
Fluorosteroids, 
effect on drug response and 
metabolism, +77 
a- and P-?lupenthixol, 
effect on hormone stimulated 
adenylate cyclase, 337 
Flupnenazine, 
action on adenylate cyclase in 
neurons and glia, 63 
Flurazepan, 
binding to bovine serum albumin, 
141, 147 
Folate, 
effect on bacterial respiration, 487 
effect on neurotransmitter untake 
into cerebral cortex slices,1917 
Fonfos, 
stereospecificity in metabolism of 
chiral isomers, 2671 


Fructose, 
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Fructose(contd. ) 
effect on ethanol metabolism 
in vivo, 869 
Fungizone, 
alteration of cell permeability 
barriers, 483 
Furosemide, 
inhibition of kidney 15-hydroxy- 
prostaglandin dehydrogenase ,1669 
effect on kidney and liver 


mitochondria, 2649 


Galactosamine, 
effect on glucuronidation in 
perfused liver and inicrosomes , 
1293 
Gastric mucosa, 
distribution of histamine sensitive 
adenyl cyclase, 603 
Gastro-intestinal tract, 
role in metabolism of strong 
analgesics, 735 
gene transcription, 
effect of hormone-receptor 
complex, 1 
Glial cells, 
cultured, 
barbiturate tolerance and 
dependence, 563 
neurotransmitter metabolism in, 


2337 


Glucagon(contd. ) 
in plasma, compounds affecting,2703 
and its 1-23 peptide fragment, effect 
on lipolysis in isolated rat and 
human fat cells, 210 
stimulated adenylate cyclase, effect 
of neuroleptic drugs, 537 
Glucocorticoids, 
nuclear binding sites, l 
uptake by hepatoma cells, 1489 
Gluconeogenesis , 
inhibition by biguanides, 2005,2015 
in kidney, inhibition by indoles, 
2285 
stimulation by catecholamines, 841 
Glucose, 
in blood, 
adrenalectomized rabbits, effect 
of morphine, 1899 
effect of hypoglycin and 
pent-4-enoic acid, 743 
effect of streptozotocin, 933 
brain water, effect of hexachloro- 
phane and triethyltin, 1455 
metabolism in skeletal muscle, 
effect of adrenaline and 
ohosphodiesterase inhibitors ,439 
oxidation in lung, effect of 
paraquat and diquat, 1763 


stimulated insulin release, effect 


| of drugs, 1451 


ohenothiazine action on adenylate Glucose 6-phosphatase, 


cyclase, 63 
Glibenclamide, 
displacement from serum albumin by 
anionic drugs, 1175 


Glucagon, 


in liver microsomes, role of lipid 
peroxidation in carbon tetra- 


chloride induced loss, 2163 


B-Glucuronidase, 


in bile, effect of anaesthetics, 
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R-Glucuronidase (contd. ) 
1711 
inhibition by 2-diarylmethyl-1 ,3- 
indandiones, 1397 
in liver lysosomes, effect of 
ethanol administration, 2663 
release from liver lysosomes, 
effect of anti-inflammatory 
drugs, 2171 
effect of endogenous anti- 
inflammatory protein, 2039 
effect of vitamin A compounds 
and analogues, 471 
Glucuronidation, 
of benzo(a)pyrene oxides, phenols 
and dihydrodiols, 1221 
naohthalene dihydrodiol in 
‘hepatocytes and microsomes, 2351 
perfused liver and microsomes, 


effect of galactosamine and 


carbon tetrachloride, 1293 


in rat intestinal loop, 613 


Glucuronides, 
mechanism of biliary transport,1361l 
synthesis in isolated perfused 
rat lung, 1919 
Glutamate, 
in brain, effect of oral contra- 
ceptive steroids, 115 
liposome-entrapoed, uptake and 
metabolic rate in rats, 1773 
neurotoxicity, 1415 
_ uptake into brain Slices, effect 
of. folate, 1917 
Glutamate decarboxylase, 
in brain, 


effect of allylglycine, 1881 


Glutamate decarboxylase(contd. ) 
effect of isoniazid, 1216 
effect of isoxazolidone, 1653 
effect of oral contraceptive 
steroids, 115 

Glutamate dehydrogenase, 

inhibition by thyroid hormones and 
their analogues, 1757 

L-Glutamine, 

analogues, inhibition of L-asparag- 
ine synthetase in vitro, 1571 

§-Glutamyl transpeptidase, 

in urine from isolated rabbit 
kidney, 913 

Glutathione, 

interaction with azathiopurine,2421 

in liver during development, effect 
of acetaminophen, 1777 

Glutathione-G-aryltransferase, 

in liver, inhibition by organo- 
germanium, lead and tin 
compounds, 2291 

Glutathione-S-epoxide, 

in rabbit tissues, 187 

Glutathione-S-epoxide transferase, 

in liver, effects of phenobarbital 
and 3-methylcholanthrene, 1081 

Glycerolipids, 

synthesis’ by rabbit iris muscle, 
effect of propranolol, 1697 

Glycine, 

Nat-dependent transport in 
reticulocytes, effects of 
mycotoxins, 20°01 

Glycogen, 

metabolism in perfused liver, effect 


of vasopressin-related peptides, 
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Glycogen(contd. ) 
4O5 
in muscle, early effects of 
streptozotocin, 933 
synthetic pathway in skeletal muscle 
effect of adrenaline and 
phosphodiesterase inhibitors ,439 
Glycogenolysis, 
adrenaline-induced in rat heart, 
effect of calcium and 
magnesium, 1959 
stimulation by catecholamines, 841 
Glycolysis, 
in cochlea and kidney, effect of 
Kanamycin, 2297 
in isolated perfused rat brain, 
effect of dimethylsulfoxide,1115 
Glycoproteins, 
effect on cell growth, 1333 
Glycosidases, 
release from platelets by thrombin 
and concanavalin A, 1819 
Glyoxylate, 
oxidation in rat liver cytosol, 
effect of xylitol, 27 
Gonadotropin-releasing hormone, 
neuropharmacology, 363 
sranulomatous inflammation, 
role of prostaglandin E, 2045 
Growth fectors, 
normal and malignant cells in vitro, 
1333 
Growth hormone release inhibiting 
hormone, 
neuropharmacology, 363 
Guanethidine, 


effect on developing adrenal 


Guanethidine(contd. ) 
medulla and brain, 2387 
Guanosine 3',5'-aonophosphate, 
in cerebellum, effects of morphine 
and pentobarbital, 2543 
in sex accessory organs, effect of 
isoproterenol and acetylcholine, 


919 


Hageman factor, 1563 
Halofenate, 
effect on hepatic triglyceride 
lipases, 2657 
HKaloperidol, 
effect on hormone stimulated 
adenylate cyclase, 537 
Halothane, 
effect on bile flow and composition, 
1711 
Harmine, 
inhibition of monoamine oxidase in 
uterus mitochondria, 957 
Hashish components, 
differential inhibition of brain 
monoamine oxidase, 1201 
interaction with black lipid 
membranes, 1241 
mode of action in reducing blood 
platelet count, 359 


Heart, 


effect of adenosine on cyclic AMP 


accumulation, 2713 

effect of adriamycin on energy 
metabolism and mitochondrial 
oxidations, 125 

effect of amines and monoamine 


oxidase inhibitors on protein 
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Heart (contd. ) 
synthesis, 1645 
effect of DL-3-(5-benzimidazolyl ) 
-2-methylamine on catecholamines 
in, 585 
effect of diet-induced thiamine 
deficiency on DNA synthesis ,2275 
influence of calcium and magnesium 
on effects of adrenaline, 1963 
mechanism of action of perhexiline 
maleate on mitochondria, 2383 
morphine antagonism of effect of 
prostaglandins, 1959 
NADPH=linked aldehyde reductase in, 
317 


effect of quinidine on microsomal 


and mitochondrial calcium uptake, 


897 

spontaneously hypertensive rats, 
cyclic AMP metabolism in, 223 

subcellular distribution of 
bDeslanatoside C, 371 

effect of taurine on physiology, 
2227 

HeLa cells, 

drug activation by alkaline 
phosphatase in, 1139 

inhibition of protein synthesis by 
« 


5eazacytidine, 


1737 


inhibition of protein and RNA 


synthesis by 5-mercaptopyridoxine, 


547 
Heme , 
biosynthetic capability and hemato- 
toxicity, developmental aspects, 
2147 


biosynthesis in liver, effect of 


Heme (contd. ) 
adjuvant-induced arthritis, 2683 
Hemicholinium-3, 
acetylation by choline acetyl- 
transferase, 1589 
Hemin-thiol systems, 
formation of p- and o-aminophenol, 
2113 
HeEp. No. 2 cells, 
effect of nucleosides of 2-aza- 
purines, 517 
Heparin, 
effect on histaminase in rat 
tissues, 1057 


Hepatectomy, 


effect on biliary excretion of 


drugs, 1187 
Hepatitis, 
effect on drug disposition, 2675 
Hepatocytes, 
N-demethylation as an example of 
drug metabolism, 1495 
Kinetics of ethylmorphine 
metabolism by, 1501 
nicotine metabolism by, 281 
Hepatoma cells, 
effect of combinations of metho- 
trexate, 5-fluorodeoxyuridine 
and thymidine in vitro, 2613 
glucocorticoid uptake, 1489 
induction of aryl hydrocarbon 
hydroxylase, 805 
Heroin, 
hydrolysing enzyme in human plasma, 
367 
Herpes simplex virus, 


activity of 2,3-dihydro-lH-imidazo 
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Herpes simplex virus(contd. ) Histamine, 
(1,2-b] pyrazole in mammalian effect on adenyl cyclase in gastric 
cells, 2377 mucosa, 603 
Hexachlorophene, effect on cyclic AMP in lung of 
effect on cerebral fluids, 1455 pertussis-sensitized mice, 
inhibition of adenylate cyclase and 523, 1631 
ATPase from rat liver plasma inhibition of paraquat accumulation 
membranes, 305 in lung, 1769 
2,3,4,6,7,8-Hexahydropyrrolo[1,2-a]- release from mast cells, 
pyrimidine, effect of disodium cromoglycate, 
inhibition of indolamine-N- 505 
methyltransferase, 2251 inhibition by papaverine, 1583 
Hexitols, effect of local anaesthetics ,1747 
effects on nucleic acid and role of cyclic AMP, 1907 
protein synthesis, 1705 stimulation of phosphatidylinositol 
Hexobarbital, turnover in ileum smooth muscle, 
induced porphyria, effect of 1429 
SKF 525-A, 511 Homocysteate, 
lack of correlation between sleeping neurotoxicity, 1415 
time and drug metabolism in vitroyorseradish peroxidase, 
during bile duct ligation interaction with morphine, 1075 
cholestasis, 1659 Hyaluronidases, 
metabolism by liver microsomes, human serum, synovial fluid and 
effect of acute ethanol bovine testicular, 1507 
treatment, 1613 Hycanthone, 


Sleeping time, anticholinergic agent in Schistosoma 





effect of 7,8-benzoflavone, 1431 mansoni, 2529 


effect of rifampin, 943 Hydrocortisone, 
Hexokinase, effect on liver lysosomal enzymes, 
inhibitory effect of kanamycin on 2171 
cochlea and kidney enzyme, 2297 effect on metabolism of a tryptophan 
Hippocampus , load in brain and liver, 2599 
effect of oxotremorine on p-Hydroxyaniline mustard, 
acetylcholine synthesis, 135 role of alkaline phosphatase in 
Histaminase, release from its phosphate 
in rat tissues, effect of heparin, conjugate in HeLa cells, 1139 


1057 Hydroxybutyrate dehydrogenase, 
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Hydroxybutyrate dehydrogenase(contd. ) 


in serum and skeletal muscle of 
dystrophic hamsters, 981 
Hydroxycannabidiols, 
identification of glucuronides of 
in mouse liver, 2217 
o-Hydroxycinnamic acid, 
effect on lipid peroxidation in 
brain, 1811 
6-Hydroxydopamine, 
effect on dopa and tyrosine entry 
into brain, 1675 
effect on noradrenaline and dopa 
‘metabolism in duodenal mucosa, 
729 
uptake and binding in murine 
neuroblastoma and fibroblast 
cells, 383 
N-Hydroxy-N-2-fluorenylacetamide 
Q-glucuronide, 
activation by enzymatic deacetyl- 
ation in vitro, 1051 
5-Hydroxyindoleacetic acid, 
in brain, 


following tryptophan load, 2599 


effect of methadone on p-chloro- 


amphetamine induced depletion, 
360 
effect of trazodone, 13 
Hydroxyindole-Q-methyltransferase, 
in pineal gland, inhibition by 
pyridoxal-5'-phosphate, 581 
Hydroxylamine, 
effect on noradrenaline release 
from mouse heart, 1369 
p-Hydroxymercuribenzoate, 


effect on membrane function, 1751 


3-Hydroxy-3-methylglutaryl-coenzyme A 


reductase, 
in liver microsomes, effect of 


clofibrate, <4+03 


15-Hydroxy-prostaglandin dehydrogenase 


in rat kidney, 1669 


Hydroxyquinidine, 


effect on glucagon in plasma, 2703 


€-Hydroxyquinoline, 


and related compounds, mutagenicity 


in Salmonella typhimurium 





bioassay, 13<3 


5-Hydroxytryptamine, 


acute and chronic effects of anti- 
depressant drugs on turnover in 
brain, 1939 

in brain, 
following tryptophan load, <599 
effect of methadone on p-chloro- 
amphetamine induced depletion, 
360 
effects of trazodone, 13 

inhibition of paraquat accumulation 
in lung, 1769 

metabolism in cell culture, <337 

in platelets, effect of trazodone, 
13 

pulmonary disposition, 2547 

release from platelets oy thrombin 
and concanavalin a, 1819 

stimulation of phosphatidylinositol 
turnover in ileum smooth 
muscle, 1429 

synaptosomal uptake, effect of CNs 
drugs, 2257 

synthesis in brain, 


effect of p-chloroamphetamine ,31 
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5-Hydroxytryptamine(contd. ) 
effect of chlorpromazine, 1743 
control by precursor availability 
and nutritional state, 1691 
differential effects of tranyl- 
cypromine and pargyline, <555 
effect of tandamine on uptake 
mechanisms, 1179 
transport in platelets, 
inhibition by methadone and its 
congeners, 1684 
effect of Lilly 110140, 865 
turnover in brain, effect of 
Org GB94, 2455 
uptake by brain, 
effect of amphetamine isomers, 
447 
effect of tetrahydro-[-carboline, 
2319 
uptake by rat lung, relationship 
with paraquat accumulation, 2485 
Hydroxyurea, 
inhibition of pyrimidine ribonucleo- 
tide reduction in L5178Y cells, 
73 
Hypertension, 
serum dopamine p-hydroxylase as an 
indicator of, 617 
Hypertensive rats, 
cyclic AMP metabolism in heart, 223 
Hypoglycaemia, 
insulin induced, effect on 
glucagon in plasma, 2703 
Hypoglycin, 
mechanisms of some pharmacological 
actions, 743 


Hypothalamic releasing factors, 


Hypothalamic releasing factors(contd. ) 


neuropharmacology of, 363 


Ibuprofen, 
effect on liver lysosomal enzymes, 
2171 
Ileun, 
bradykinin-receptor interaction, 
hormonal influences, 433 
Imidazoles, 
protection against cytotoxicity of 
melphalan and 5-(l-aziridinyl)- 
2,4-dinitrobenzamide, 2489 
Imipramine, 
acute and chronic effects on 
turnover of brain amines, 1939 
inhibition of paraquat accumulation 
in lung, 1769 
interaction with human coerulo- 
plasmin, 1877 
effect on phenylethylamine 


metabolism in brain in vivo, 217 


Immunopharmacology, 2427 
Indoleamines, 
in brain, differential effects of 
tranylcypromine and pargyline, 


2559 


Indoleamine-ji-metnyltransferase, 


inhibition by 2,3,4,6,7,8-hexahydro- 


pyrrolo[1,2-alpyrimidine, 2251 
Indole 2-carboxylic acid, 
inhibition of renal gluconeogenesis, 
2285 
Indomethacin, 
effect on liver lysosomes, 2171,2303 
inhibition of superoxide anion 


production in macrophages, 1473 
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Indomethacin(contd. ) 
modification of activity by 
SL-573, 937 
protein binding in uremic serun, 
1205 
effect on serum and skeletal auscle 
enzymes of dystrophic hamsters, 
981 
Inflammation, 
role of superoxide anions, 1465 
Inosine 5'-monophosphate dehydrogenase 
in cultured human fibroblasts, 
effect of O-mercaptopurine, 327 
from sarcoma 180 cells, substrate 
and inhibitor specificity, 883 
Insecticides, 
mechanism of teratogenicity, 757 
Insulin, 
effect on glucagon in plasma, 2703 
glucose and tolbutamide-stimulated 
release, effect of drugs, 1451 
Intestinal flora, 
roie in metabolism of pentaeryth- 
ritol tetranitrate, 060 
Intestine, 
arylamidase in, 855 
effect of cigarette smoking on drug- 
metabolizing enzymes in, <323 
cyclic aMP-dependent amino acid 
uptake, 2727 
epoxide metabolism in, 187 
glucuronidation of paracetamol, 
morphine and l-naphthol, 613 
turnover and release of diamine 
oxidase, 1057 
vitamin D3-mediated calcium absorpt- 


ion, effect of diphenylhydantoin, 


Intestine(contd. ) 
803 
5-Iodo-2'-deoxycytidine, 
antiviral activity, k<33 
5-Iodo-2'-deoxyuridine, 
antiviral activity, 1233 
Ionising radiation, 
interactions with cancer chemo- 
therapy agents, <117 
Iprindol, 
acute and cnronic effects on 
turnover of brain amines, 1939 
effect on phenylethylamine metabol- 
ism in brain in vivo, 217 
effect on 4-phenyl-bicyclo(2,2,2) 


octan-l-amine hydrochloride 


mononydrate in brain and heart, 


2409 
Iproniazid, 
effect on half-life of N,N-dimethyl- 
tryptamine in brain and liver, 
15¢l 
Iris, 
effect of propranolol on pnospho- 


lipid synthesis, 1697 


Iris muscle, 


adrenergic and cholinergic stimul- 
ation of 3<p_labelling of 
phospholipids, 461 
Isetnionic acid, 
conjugation witn cholic acid, 717 
Isobornyl acetate, 
effect on induction of liver mixed- 
function oxidase system, 100 
Isocitrate dehydrogenase, 
3UTa in commercial preparations ,1436 


lsoniazid, 
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Isoniazid(contd. ) 
effect on brain GABA and monoamines 
and on convulsant threshold,12l6 
°-(a%-Isopentenyl )-adenosine, 
organ-specific differences in 
metabolism, 2059 
Isoprenaline, 
influence of kinins on metabolic 
effects of, <593 
Isoprinosine, 
antiviral activity, 1<33 
4-Isopropyl-benzylamine, 
interaction with phospholipids, 
NMR-studies, 2357 
Isopropyldiiodothyronine, 
comparison of in vitro and in vivo 
effects witn those of thyroid 
normones, 1757 
Isoproterenol, 
activation of carbohydrate 
metabolism in liver, 841 
blockade of effects by carteolol, 


1830, 1843 


effect on cyclic nucleotides in sex 


accessory organs, 919 

induction of aryl hydrocarbon 
hydroxylase, 805 

inhibition of chronotropic effect 
by amiodarone, 131 

effect on protein syntnesis in 
rat heart, 1045 


3-Isoxazolidone, 


effect on Ga3a metabolism, 1053 


Jellyfish toxin, 
effect on ATPase, 951 


Juglone, 


Juglone(contd. ) 
inhibition of acetylcholine 


synthesis, 069 


Kallikrein, 
dog plasma, activation with glass 
and acetone, 631 
influence on metabolic effects of 
catecholamines, 2593 
tissue and urinary, recent 
developments, 1563 
urinary, 
isolation and properties of its 


antibodies, 1607 


measurement by Kinin radioimmuno- 


assay, 2265 
Kallikrein inactivator, 
in human plasma, 201 
Kanamycin, 
effect on glycolysis in cochlea 
and kidney, 2297 
Kidney, 
effect of cigarette smoking on 
drug-metabolizing enzymes in, 
2323 
effect of diet-induced thiamine 
deficiency on DNA synthesis in, 
2275 
epoxide metabolism in, 187 
¥-glutamyl transpeptidase in urine 
during perfusion with dimethyl- 
sulfoxide, 913 
human, 
diazepam metabolism in cortex 
microsomes, 1557 
effect of lipids on renin 


activity, 2443 
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Kidney (contd. ) Kininogen(contd. ) 
15-nydroxy-prostaglandin in plasma, application of bradykinin 
dehydrogenase in, 1669 radioimmunoassay to determination 
induction of aryl hydrocarbon of, 543 
hydroxylase, 985 Kynurenine aminotransferase, 
induction of renin and arginine counteraction of inhibitory effect 
esterase by testosterone, 763 of f-estradiol and ethynyl- 
inhibition of gluconeogenesis by estradiol, 2411 
indoles, 2285 
inhibition of intralysosomal Lactate, 
proteolysis by zinc, 753 in blood and tissues, effect of 
effect of kanamycin on glycolysis kinins and catecholamines, 2953 
in, 2297 Lactate dehydrogenase, 
mercury binding by metallothionein, in serum and skeletal muscle of 
effect of selenium, 2539 dystrophic hamsters, 981 


mitochondrial effects of diuretics, [Lantana camara L., 





2649 effect on bile formation in sheep, 
morphine uptake by slices, 1271 2101 
relationship between lipid peroxid- Lanthanun, 
. ation and prostaglandin inhibition of rat liver catechol-0- 
generation, 2233 methyltransferase, 1727 
effect of sodium on quaternary amine Lecithin bilayer membranes, 
uptake by cortex slices, 2401 interaction with hashish compounds, 
stimulation of p-aminohippuric 1241 
acid transport by parathyroid Lens, 
hormone and cyclic AMP, -19 inhibition of aldose reductase by 
Kinetic analysis, flavenoids, 2505 


of drug metabolism, 997 Leucine, 


Kinins, incorporation into cerebral 


forming system in dog plasma, 631 proteins, effect of ethanol, 220 
inactivation by chymotrypsin, 2391 metabolism in rat brain, effects of 
influence on metabolic effects of diphenylhydantoin and 
catecholamines, 2593 phenobarbital, 53 
origin and content in human urine, effect of vinca alkaloids on 
2499 synaptosomal uptake, 1389 
recent developments, 1563 Leukemia cells, 


Kininogen, human, relationship between dihydro- 
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Leukemia cells(contd. ) Levorphanol (contd. ) 


folate reductase and methotrexate processes, 2257 


975 Lidocaine, 


Ll2lo, 
antitumour activity of chloro- 
ethylnitrosoureas, 695 
effect of Fungizone on 
permeability of, 483 
effects of s-(trityl)-L-cysteine 
and its analogues on cell 
surface properties, 1893 
L5178Y, 
effect of 4-chlorobiphenyl on 
phospholipid metabolism in, 2051 
effects of 5-fluorodeoxyuridine 
on cell viability and uptake of 
deoxycytidine and cytosine 
arabinoside, 355 
effect of Fungizone on 
permeability of, 483 
inhibition of pyrimidine ribo- 
nucleotide reduction, 73 
effect of methionine deprivation 
on viability and action of 
methotrexate, 889 
and procarbine, effects in vivo 
on drug metabolism in mice, 153 
5178Y/AR , 
inhibition of L-asparagine 
synthetase from, 1571 


inhibition in vivo of L-asparag- 


ine synthetase by ketoamino 
acids, 1851 
uptake of ketoamino acids, 1859 


Levorphanol, 


binding to triphosphoinositide ,1551 


effect on synaptosomal transport 


effect on histamine release, 1747 


Light, 


effect on pineal N-acetyltransferase 


activity, 903 


Lipases, 


in liver, effect of clofibrate ,2657 


Lipids, 


in brain, diphenylhydantoin 
binding, 2079 

effect of 2,8-dibenzylcyclooctane 
on metabolism in rats, 1537,1543 

dietary, effect on lipid peroxide 
formation, cytochrome P=450 and 
oxidative demethylation in endo- 
plasmic reticulum, 175 

human kidney, effect on kidney 
renin activity, 2443 

metabolism in rats, effect of 
3-amino-1,2,4-triazole, 1438 


metabolism in saccharomyces cerevis- 





iae, effect of triparanol and 
3f-(f-dimethyl-aminoethoxy )- 
androst-5-en-l7one, 1249 
in serum, effect of oxandrolone ,1549 
synthesis in fat cells, effect of 


quinterenol, 409 


Lipid-depletion, 


effect on different forms of 
monoamine oxidase in rat liver 


mitochondria, 119 


Lipid material, 


and dietary protein, effect on liver 


microsomal cytochrome P-450, 1916 


Lipid membranes, 
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Lipid membranes (contd. ) 
drug interactions, 109 
Lipid micelles, 
catecholamine-induced lipolysis in, 
1481 
Lipid peroxidation, 
in brain, effect of curcumin and 
related compounds, 1811 
effect of dietary lipids and 
vitamin E, 175 
in liver, effect of phenobarbital, 
769 
presence of EDTA in commercial 
isocitrate dehydrogenase, 1436 
and prostaglandin generation in 
rabbit tissues, 2233 
role in carbon tetrachloride 
induced loss of microsomal 
enzymes, 2163 
Lipolysis, 
in fat cells, 
effects of benzydamine, 299 
effect of glucagon and its 1-223 
peptide fragment, 210 
lipid micelles, catecholamine 
induced, 1481 
perifused fat cells, kinetic 
analysis of adrenaline 
stimulation, 103 
effect of quinterenol, 409 
Lipoprotein, 
metabolism in rats, effect of 


S-8527, 325 


in serum, quinidine binding, 1007 


Liposomes , 
effect of sodium carbenoxolone on 


permeability of, 1545 


Liposome-entrapped glutamate, 
uptake and metabolic rate in rats, 
1773 
Liver blood flow, 
effects of alteration ae hepatic 
microsomal enzyme activity, 1991 
Liver disease, 
effect on drug disposition in man, 
2075 
Liver regeneration, 
biliary excretion of drugs, 1187, 
Lithiun, 
effect on neural enzymes, 155% 
Local anaesthetics, 
effect on histamine release, 1747 
effect on phosphatide pattern in 
erythrocyte and yeast membranes, 
1783 
spin-labelled, interaction with 
human erythrocyte membrane, 1405 
Lorazepam, 
binding to bovine serum albumin, 
141, 147 
Lung, 
aryl hydrocarbon hydroxylase 
reactions, 2187 
induction, 985 
benzo(a)pyrene metabolism by, 1623 
effect of cigarette smoking on 
drug-metabolizing enzymes in, 
2323 
cultured, production of benzo(a)- 
pyren-3-yl nydrogen sulphate from 
benzo(a)pyrene, 2561 
disposition of circulating vaso- 
active hormones, 2547 


epoxide metabolism in, 187 
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Lung(contd. ) 

glucuronide synthesis in, 1919 

effect of histamine on cyclic AMP 
levels, normal and pertussis- 
vacinated mice, 523, 1631 

inhibition of indoleamine-N-methyl- 
transferase by 2,3,4,6,7,3-hexa- 
hydropyrrolo[1,2-a] pyrimidine, 
2251 

inhibition of paraquat accumulation 


in, 1769 


parathion metabolism in vitro, 37 


relationship between 5-hydroxy- 
tryptamine and paraquat 
accumulation, 2435 
relevance of pentose phosphate 
pathway stimulation to paraquat 
toxicity, 1763 
Lymphocytes, 
effect of antifolates on transform- 
ation of, 1947 
Lymphoma TLX5, 


metabolism and antitumour properties 


of triazenes, 241 
Lynestrenol, 
plus mestranol, effect on 
microsomal metabolism of 
mestranol, 1339 
effect on rat liver GABA system,115 
| $-Lysine ]vasopressin, 
effect on glycogen metabolism in 
perfused liver, 405 
Lysolecithin, 
stimulation of striatal tyrosine 
hydroxylase, 2245 
Lysosomes , 


liver, 


Lysosomes (contd. ) 
effect of anti-inflammatory 
drugs, 2171, 2303 
destabilization by vitamin A 
compounds and analogues, 471 
effect of endogenous anti- 
inflammatory protein, 2039 
effect of ethanol administration 
on enzymes in, 2663 

Lysyl-bradykinin, 


in human urine, 2499 


Macrophages , 
inhibition of superoxide anion 
production by anti-inflammatory 
drugs, 1473 
role in carrageenan foot oedema,1465 
Magnesiun, 
influence on effect of adrenaline 
in rat heart, 1963 
effect on novobiocin inhibition of 
microsomal bilirubin UDP-glucur- 
onyltransferase, 2587 
Malignant cells, 
factors affecting growth in vitro, 
1333 
Man, 
acetylcholine uptake by placenta, 81 
effect of kidney lipids on kidney 
renin activity, 2443 
origin and content of kinins in 
urine, 2499 
Mast cells, 
effect of disodium cromoglycate on 
calcium influx after histamine- 
releasing stimulus, 505 


papaverine inhibition of histamine 
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Mast cells(contd. ) 
release, 1583 
Medazepam, 
binding to bovine serum albumin, 
147 
Mefenamic acid, 
inhibition of superoxide anion 
production in macrophages, 1473 
effect on liver lysosomal enzymes, 


2171 


Melanocyte-stimulating hormone release 


inhibiting factor, 
neuropharmacology, 363 
Melanogenesis, 
in schizophrenic patients, effect 
of penicillamine, 533 
Melatonin, 
inhibition of rat liver 
N-acetyltransferase, 977 
Melphalan, 
cytotoxicity, protection by 
imidazoles, <489 
Membrane function, 
effects of chlorpromazine and its 
free radical, 1751 
Jeprobamate, 
metabolism in liver microsomes, 
effect of ethanol and dietary 
fat, 357 
metabolism in vitro and in vivo, 
effect of chronic ethanol 
treatment, 329 
6-Mercaptopurine, 
effect on inosinic acid dehydrogen- 
ase in cultured human fibroblasts 
3¢7 


>-Mercaptopyridoxine, 


5-Mercaptopyridoxine(contd. ) 
inhibition of protein and Na 
synthesis, 547 
Mercury, 
binding by metallothionein in 
kidney and liver, effect of 
selenium, 2539 
Merophan, 
effect on cyclic aMP-dependent 
protein kinase in walker 
carcinoma cells, <365 
effect on cyclic AMP metabolism in 
Walker carcinoma cells, 1793 
Mescaline, 
induced behaviour, effect of psycho- 
tropic drugs and Si 39<5-a, 591 
Mesoridazine, 
effect on mescaline-induced 
behaviour, 591 
mestranol, 
effect of estrogen-progestin 
combinations on microsomal 
metabolism of, 1339 
effect on rat brain GA3A system, 115 
Metallothioneins, 
effect on cd“+ toxicity, 673 
mercury binding in kidney and liver, 
effect of selenium, 2539 
L(+)-“Metaraminol, 
effect on noradrenaline flux in 
vas deferens, 399 
methadone, 
effect on adrenal and brain 
catecholamine metabolism, 2534 
and congeners, inhibition of 
5-hydroxytryptamine uptake by 
platelets, 1684 
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Methadone (contd. ) 
effect on depletion of brain 
j-hydroxytryptamine by 
p-chloroamphetamine, 360 
interaction with acetylcholinester- 
ase, 1719 
species differences in effect on 


oxidative drug metabolism, 1813 


effect on synaptosomal transport 


precesses, <257 
Methamphetamine, 
effect on cerebral energy 
metabolism, 2241 
effect on noradrenaline uptake by 
vas deferens, 399 
Methanethiol, 
effect on rat brain ATPase, 1039 
iMfethaqualone, 
effect on warfarin metabolism in 
the rat, 379 
Methemoglobinemia, 
nitrobenzene-induced, requirement 
of gut flora, 1119 
Methionine deprivation, 
effect on L5178Y cells, 889 
Methionyl-lysyl-bradykinin, 
origin and content in human urine, 
2499 
Methisoprinol, 
effect on mkNA transport in rat 
liver, 707 
Methotrexate, 
antineoplastic effect on L5178Y 
cells, effect of methionine 


deprivation, 8&9 


and its di-n-butyl ester, inhibition 


of vNA synthesis, 1943 


Methotrexate(contd. ) 
effect on human lymphocytes and on 


lymphoblastic cell lines, 1947 


increased toxicity due to probenecid 


administration, 1485 
relationship with dihydrofolate 
reductase in human neoplastic 
cells, 975 
tolerance to long-term infusions in 
mice, 1317 
toxicity to hepatoma cells, effect 
of thymidine and 5-fluorodeoxy- 
uridine, 2613 
Methoxyflurane, 
enzymatic defluoridation, 723 
Methylatropine, 
effect on action of oxotremorine in 
mouse brain, 135 
Methyl benzoquate, 


inhibition of EHimeria tenella 





respiration, 343 
dl-a-Methylbenzylamine, 
inhibition of monoamine oxidase in 
liver, 2073 
Methylcarbamate insecticides, 
lowering of NAD levels in chicken 
embryo, 757 
3-Methylcholanthrene, 
effect on adrenal and hepatic 
ethylmorphine metabolism, 951 
effect on fluoroxene binding and 
metabolism, 779 
effect on fluoroxene toxicity, 773 
effect on glutathione-3s-epoxide 
transferase in liver, 1081 
effect on liver blood flow, 1991 
3-Q-Methyldopa, 
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3-0-Methyldopa, 
metabolism by isolated perfused 
rat liver, 2631 
L-4-0-Methyldopa, 
urinary metabolites in rat and 
man, 497 
3-0-Methyldopa aminotransferase, 
in liver, inhibition by mk 486, 222 
f,¥%-Methylene ATP, 
binding to sarcoplasmic reticulun, 
effect of chlorpromazine, 2l 
a-Methyl-a-hydrazino 3,4-dihydroxy- 
phenylpropionate, 
alteration of dopa metabolism, <2¢ 
N-Methyl isatin-f-thiosemicarbazone- 
copper complexes, 821 
S-Methyl-b-penicillamine, 
in urine following penicillin 
administration, 259 
Methyl phenylazoformate, 
autoxidation induced by rat tissue 
extracts, 1267 
Methyl prednisolone, 
effect on liver lysosomal enzymes, 
2171 


l-Methyl pyridinium-c-aldoxime, 


effect on inhibition of bone marrow 


acetylcholinesterase by 
neostigmine, 353 
5-Methyltetrahydrofolic acid, 
tryptamine N-methylation, -109 
2-[N-Methyl-N-(2,2,6,6-tetramethyl- 
piperidinooxyl)Jethyl p-hexyl- 
oxybenzoate, 


interaction with erythrocyte 


membranes, effect of chemical 


modifiers, 1405 


a-Methylthyroxine, 
comparison of in vitro and in vivo 
effects with those of thyroid 
hormones, 1757 
5-(3-Methyl-1-triazeno)imidazole-4- 
carboxamide, 
alteration of DNA, 2643 
dl-a-Methyltryptamine, 
inhibition of monoamine oxidase in 
liver, 2073 
4-Methylumbelliferylglucuronide, 
synthesis in isolated perfused 
rat lung, 1919 
Metronidazole, 
in cancer radiotherapy, 1151 
Miconazole, 
interaction with mammalian 
erythrocytes, 1145 


Microperoxisomes, 


in small intestinal mucosa, response 


to a-chlorophenoxyisobutyrate, 
2750 
Microsomal drug metabolizing 
cxygenases, 
application and interpretation of 
Kinetic analyses, 997 
Microsomes , 
liver, lipid structure and drug 
metabolizing enzymes, 109 
Mitochondria, 
neart, 
effect of adriamycin on energy 
metabolism and oxidations in, 125 
effect of cinnabarinic acid on 
respiration, 643 


effect of daunomycin and adria- 


mycin on oxidative phosphorylation 
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Mitochondria(contd. ) 
2085 
effect of quinidine on calcium 
transport, 897 
Kidney, effect of diuretics, 2649 
liver, 
effect of cinnabarinic acid on 
respiration, 643 
effect of cysteine on aldehyde - 
induced inhibition of function, 
963 
interaction with butacaine, 246l 
effect of lipid depletion on 
different forms of monoamine 
oxidase in, 119 
effect of 2,4,3',5'-tetrahydroxy- 
stilbene on oxidative 
phosphorylation, 1245 
muscle, calcium release during 
quinidine contracture, 2631 
Mitosis, 
effect of colchicine analogues ,1383 
inhibition by pyrimethamine, 681 
Mixed function oxidase, 
stereospecific conversion of benzo 


(a)pyrene to optically active 


dinydroxydihydrobenzo(a)pyrenes, 


2221 
Monkey , 
subcellular site of acetaldehyde 
oxidation in liver, 2757 
Monoamine oxidase, 
in brain, 
effect of acetylcholine, 1665 
differential innibition by 
hashish components, 1201 


inhibition by neuroamine-derived 


Monoamine oxidase(contd. ) 


alkaloids, 1013 
inhibition by (+) and (-) 
tranylcypromine, 801 
effect of tetrahydro-f-carbolines, 
2319 
effect of tranylcypromine and 
pargyline, 2555 

in liver, 
inhibition by amphetamine and 
related compounds, 2073 
inhibition by clorgyline and 
deprenyl, 2583 
effect of lipid depletion, 119 
substrate specificity of A and B 
forms, 1133 
lung, 2547 
mouse neuroblastoma N1E-115 cells, 
1639 

substrate-selective inhibition by 
some cyclopropylamino substituted 
oxadiazoles, 247 

type B, micro-determination, 2759 

in uterus, 957 


effect of cannabis extract, 377 


Monoamine oxidase inhibitors, 


effect on human kidney diamine 
oxidase, 2689 
effect on phenylethylamine metabol- 
ism in brain in vivo, 217 
effect on protein synthesis in rat 
heart, 1645 
N-Monomethyltryptamine, 
mass spectrometric identification, 
<109 
Morphine, 


effect on adrenal medulla, role of 
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Morphine(contd. ) 

neural input, 1071 

antagonism of chronotropic effect of 
prostaglandins, 1959 

effect on cyclic GMP in cerebellum, 
2543 

enhancement of opiate binding, 847 

enzymatic conversion to 
pseudomorphine, 1075 

glucuronidation in rat intestinal 
loop, 613 

induced hyperglycaemia, effect of 
aminoglutethimide and adreno- 
blocking agents, 1899 

“involvement of GABA in analgesia, 
2669 

metabolism by liver microsomes, 
effect of chronic ethanol 
treatment, 3<9 

effect on microsomal drug metabolism 
in vitro and in vivo, 357 

effect on potassium-induced changes 
in NAU(P)H and cytochromes in 
brain slices, 893 

effect on protein kinase activity in 


oligodendroglial chromatin, 2371 


stimulation of adrenal medulla, 


effects of p-chlorophenylalanine, 
1547 
effect on synaptosomal transport 
processes, 2257 
uptake by kidney slices, 1271 
Morphine antibodies, 2427 
Muscle, 
ileum, phosphatidylinositol 
turnover, 1429 


skeletal, 
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Muscle(contd. ) 
calcium uptake by microsomes, 
effect of parathion and its 
metabolites, 835 
dystrophic hamsters, effect of 
indomethacin on enzyme activities 
981 
mitochondrial calcium release 
during quinidine contracture ,2631l 
sarcotubular Ca¢+-stimulated 
ATPase, 2271 
effect of streptozotocin on 
glycogen in, 933 

Muscular dystrophy, 

hamster, effect of indomethacin on 

serum and skeletal muscle 
enzymes, 981 

Mycotoxins, 

inhibitory effect on Na*t-dependent 

transport of glycine in 


reticulocytes, 2091 


NAD, 
in chicken embryo, effect of terato- 
genic organophosphorus and 
methylcarbamate insecticides ,757 
NADH , 
oxidation, role in hepatic ethanol 
metabolism, 169 
NAD(P)H, 
in brain slices, effect of morphine 
on potassium-induced changes ,893 
oxidation in liver microsomes, 
inhibition by zinc, 1787 
NavPH=linked aldehyde reductase, 
in heart, purification and 


characterization, 317 
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Naftidrofuryl, 
effect on cerebral energy 
metabolism, 2241 
Naloxone, 
binding in brain, effect of opiate 
administration, 847 
binding in somatic cell nybrids, 
2395 
binding to triphosphoinosotide ,1551 
effect on synaptosomal transport 
processes, 2257 
Naphthalene, 
metabolism to naphthalene dihydro- 
diol glucuronide in isolated 


hepatocytes and microsomes, <351 


glucuronidation in rat intestinal 
loop, 013 
Naphthoquinones , 
relationship between redox potent- 
ials and antitumour activity ,206 
4-(1-Naphthylvinyl )pyridine, 
inhibition of acetylcholine 
Synthesis, 669 
Naproxen, 
effect on liver lysosomal enzymes, 
<171 
Narcotics, 
and their antagonists, binding to 
triphosphoinositide, 1551 
Neocarzinostatin, 
interaction with rat liver DNA 
in vivo and in vitro, 789 
Neodymium, 
inhibition of rat liver catechol-0- 
methyltransferase, 17¢7 


Neostigmine, 
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Neostigmine (contd. ) 
inhibition of bone marrow acetyl- 
cholinesterase, effect of oximes, 
353 
Nerve growth factor, 
recent developments, 1445 
Neuroamine-derived alkaloids, 
inhibition of rat brain monoamine 
oxidase, 1013 
Neuroblastoma cells, 
N1E-115, 
properties of monoamine oxidase 
in, 1639 
uptake and binding of dopamine 
and 6-hydroxydopamine, 383 
T59, NBAg, cultured, effects of 
sodium butyrate, 2309 
Neuroblastoma x sympathetic ganglion 
cell hybrids, 
Opiate receptors in, 2395 
Neuroleptic drugs, 
effect on hormone stimulated 
adenylate cyclase, 537 
interaction with human coerulo- 


plasmin, 1877 


leurons , 
brain, phenothiazine action on 
adenylate cyclase, 63 
cultured, neurotransmitter 
metabolism in, <337 
Neurotensin, 1817 
Neurotransmitters, 
effects of amiodarone on overflow 
from spleen, 1195 
control of synthesis by precursor 
availability and nutritional 
state, 1691 
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Neurotransmitters (contd. ) Nitrogen mustards (contd. ( 


metabolism in cell culture, 2337 rates of hydrolysis, 2347 


uptake into brain slices, effects p-Nitrophenol, 


of folate, 1917 effect on skeletal muscle microsomal 


Nialamide, 


effect on phenylethylamine metabol- 


ism in brain in vivo, 217 
Nicotinamide-adenine dinucleotides, 
in liver of carbon disulphide- 

intoxicated rats, tryptophan 
incorporation, 1427 
Nicotine, 
metabolism by monkey hepatocytes 
in vitro, 281 
Nisoxetine, 
effect on catecholamine uptake by 
synaptosomes from discrete 
brain regions, 1979 
Nitrazepan, 
binding to bovine serum albumin, 
141, 147 
binding to human serum albumin, 
2131 
Nitrobenzene, 
induced methemoglobinemia, 
requirement of gut flora, 1119 


Nitrobenzoate reductase, 


in liver microsomes, effects in vivo 


of lymphoma ascites tumours and 


procarbazine, 153 
Nitrofurans, 


effect on electron transfer in 


Enarlich ascites tumour cells, 393 


Nitrefurantoin, 


activation to a mutagen by rat liver 


nitroreductase, 1555 


Nitrogen mustards, 


calcium uptake, 835 


p-Nitrophenol glucuronyltransferase, 


in liver microsomes, effect of 


barbiturates, 663 


Nitroreductase, 


in liver microsomes, effect of 


endotoxin administration, 351 


Nitrosarcosine, 


inhibition of dimethylnitrosamine 


demethylase in liver, 2709 


Noradrenaline, 


effect on acetylcholinesterase and 
cholinesterase in vitro, 581 

activation of carbohydrate metabol- 
ism in liver, 341 

acute and chronic effects of 
antidepressant drugs on 
turnover in brain, 1939 

in adrenal, effect of apomorphine, 
1157 

effect of DL-3-(5-benzimidazolyl)- 
2-methylalanine on levels in 
brain and heart, 585 

in brain, effect of thiourea 
derivatives, 277 

extraneuronal uptake and metabolism 
by rat duodenal mucosa, 729 

induced contractions of aortic 
strips, effect of amiodarone, 131 

influence of kinins on metabolic 
effects of, 2593 

inhibition of paraquat accumulation 


in lung, 1769 
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Noradrenaline (contd. ) 
metabolism in brain, ethanol- 
induced alterations, 93 
non-specificity of sulphydryl 
inhibition of a-adrenergic 


response, 2104 


effect on 32>-1abelling of iris 


phospholipids, 461, 1697 

effect on protein synthesis in rat 
heart, 1645 

pulmonary disposition, 2547 

release from heart, effect of 
carbonyl-binding agents and 
oxidative phosphorylation 
uncouplers, 1369 

stimulated adenylate cyclase, effect 
of neuroleptic drugs, 537 

synaptosomal uptake, 

effect of CNS drugs, 2257 

effect of nisoxetine, 1979 

synthesis in brain, control by 

precursor availability and 
nutritional state, 1691 

turnover in brain, effect of 
Org GB94, 2455 

uptake into brain slices, effect of 
folate, 1917 

uptake and release in brain, effect 
of amphetamine isomers, 447 

uptake by heart, effect of tandamine 
1179 

uptake by spleen, effect of 
amiodarone, 1195 

uptake by vas deferens, effect of 
L(+)-isomers and f-desoxy- 


sympathomimetic amines, 399 


Norethindrone, 


Norethindrone (contd. ) 
plus mestranol, effect on microsomal 
metabolism of mestranol, 1339 
Norethynodrel, 
plus mestranol, effect on microsomal 
metabolism of mestranol, 1339 
Norfenfluramine, 
interaction with phospholipids, 
NMR-studies, 2357 
Novobiocin, 
inhibition of liver microsomal 
bilirubin UDP-glucuronyltrans- 
ferase, magnesium interaction, 
2587 
Nuclei, 
steroid hormone receptor 
interaction, l 
tumour, uterus and liver, estradiol 
binding, 2571 
Nucleoside analogues, 
antiviral activity, 1233 
Nucleoside cleaving enzymes, 
in H.Ep. No. 2 cells, effect of 
2-aza-purine nucleosides, 517 
5 '-Nucleotidase, 
in bile, effect of anaesthetics, 1711 
Nucleotides, 
synthesis in adrenal medulla, 31l 
Nutrition, 
effect on brain neurotransmitter 


synthesis, 1691 


Octopamine, 
synthesis in brain, effect of 
methadone, 2523 
Oligodendroglial chromatin, 
protein kinase activity in after 





BIOCHEMICAL PHARMACOLOGY 


Oligodendroglial chromatin(contd. ) 
chronic morphine treatment, 2371 
Opiate receptors, 
in somatic cell hybrids, 2395 


Opiate receptor binding, 


enhancement by opiate administration 


in vivo, 847 
Opipramol, 
interaction with human coerulo- 
plasmin, 1877 
Oral contraceptive steroids, 
effect on rat brain GABA system, 115 
Org GB94, 
effect on turnover of biogenic 
amines in brain, 1939, 2455 
Organometals, 
effect on glutathione-S-aryl- 
transferase from rat liver, 2291 
Organophosphorus insecticides, 
lowering of NAD levels in chicken 
embryo, 757 
Ornithine decarboxylase, 
in adrenal medulla, regulation of 
activity by a cyclic AMP- 
dependent mechanism, 1595 
in brain, effect of guanethidine, 
2387 
Orotate phosphoribosyltransferase, 
in human erythrocytes, effect of 
allopurinol, 2025 
Orotidine phosphate decarboxylase, 
in human erythrocytes, effect of 
allopurinol, 2025 
Ouabain, 
effect on cardiac distribution of 
Deslanatoside C, 371 


Oxadiazoles, 


Oxadiazoles (contd. ) 
cyclopropylamino substituted, 
substrate-selective inhibition of 
monoamine oxidase, 247 
Oxalate, 
effect of xylitol on the formation 
of, 27 
Oxandrolone, 
lack of effect on microsomal 
enzyme activity, 1549 


Oxazepam, 


binding to bovine serum albumin, 


141, 147 
binding to human serum albumin,2131 
inhibition of acetaminophen 
glucuronidation, 1421 


N-Oxidation, 


of secondary and primary aromatic 

amines, 211 
Oxidative phosphorylation, 

heart mitochondria, effect of 
adriamycin, 125 

liver mitochondria, effect of 2,4, 
3',5'-tetrahydroxystilbene, 1245 

in mitochondria and tumour cells, 
effect of daunomycin and 


adriamycin, 2085 
Oxidative phosphorylation uncouplers, 


effect on noradrenaline release ,1369 
Oximes , 
effect on inhibition of bone marrow 
acetylcholinesterase by 
neostigmine, 353 
Oxotremorine, 
effect on endogenous acetylcholine 
and uptake and biotransformation 


of choline in brain regions, 135 
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Oxygen, 
consumption by kidney and liver 


mitochondria, effect of diuretics 


2649 
Oxygenases, 
drug metabolizing, application and 
interpretation of kinetic 
analyses, 997 
Oxyphenbutazone, 
inhibition of superoxide anion 
production in macrophages, 1473 
Oxytocin, 
effect on glycogen metabolism in 


perfused liver, 405 


Pancreas, 


effect of diet-induced thiamine 


deficiency on DNA synthesis ,2275 


effect of drugs on glucose and 
tolbutamide-stimulated insulin 
release, 145} 


Papaverine, 


Paraquat(contd. ) 


accumulation in rat lung, 
inhibition, 1769 
relationship with 5-hydroxy- 
tryptamine uptake, 2485 
accumulation, tissue and species 
specificity, 419 
toxicity, relevance of pentose 
phosphate pathway stimulation in 
rat lung, 1763 
Parasympatholytics, 
interaction with acetylcholinester- 
ase, 1719 
Parathion, 
effect on calcium uptake by 
skeletal muscle sarcoplasmic 
reticulum, 835 
metabolism in rat lung and brain 
in vitro, 37 
Paratnyroid hormone, 
stimulation of p-aminohippuric acid 


transport in kidney cortex, 219 


cyclic AMP independent inhibition of Pargyline, 


histamine release, 1583 
Papaverine-lixe drugs, 
inhibition of platelet aggregation, 
1045 
Paracetamol, 
glucuronidation in rat intestinal 
loop, 613 
Paraoxon, 
effect on calcium uptake by 
skeletal muscle sarcoplasmic 
reticulum, 835 
Paraoxon analogues, 
Oxidative dearylation, 1799 


Paraquat, 


binding to mitochondrial outer 


membranes, 2214 


effect on distribution of benzylamine 


in rat tissues, 858 
effect on indoleamines in brain,2555 
inhibition of monoamine oxidase in 

uterus mitochondria, 957 
effect on phenylethylamine metabol- 

ism in brain in vivo, 217 

Parkinson's disease, 
effects of hypothalamic releasing 
factors, 363 
Patulin, 


inhibition of Na*t-dependent transport 
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Patulin(contd. ) 
of glycine in reticulocytes ,-091 
b=-Penicillamine, 
effect on collagen breakdown of 
carrageenin granuloma in rats, 
1129 
metabolism in cystinuria, rheumatoid 
arthritis and Wilson's disease, 
259 
protection against acetaldehyde- 
induced mitochondrial injury, 
2179 
effect on tyrosinase- and cerulo- 
Dlasmin-catalysed oxidation of 
dopa to dopachrome, 533 
Pentaerythritol tetranitrate, 
role of intestinal flora in 
metabolism of, 860 
Pentamidine, 


transport by Trypanosoma brucei, -7l 





Pentazocine, 
effect on synaptosomal transport 
processes, 2257 
Pent=-4+-enoic acid, 
mechanisms of some pharmacological 
actions, 743 
Pentobarbital, 
effect on bile flow and composition, 
1711 
effect on cyclic GMP in cerebellun, 
2543 
effect 6f desipramine on tolerance 
to, 2ell 
increasing biliary excretion with 
bile salt induced hepatic 
chloresis, 1682 


metabolism in vivo and in vitro, 


Pentobarbital (contd. ) 
effect of chronic ethanol 
treatment, 329 
sleeping time, 
effect of Bacillus Calmette- 
Guérin administration, 1529 
effect of chronic administration 
of morphine, 357 
species differences in effect of 
methadone, 1813 
tolerance and dependene in cultured 
glial cells, 563 
Pentose phosphate pathway, 
in lung, effect of paraquat and 
diquat, 1763 
peptidergic neuron, 1817 


perazine, 


half-life and distribution of 


metabolites in the rat, effect of 
phenobarbital, 2623 
perhexiline maleate, 
mechanism of action on heart 
mitochondria, 2383 
Perphenazine, 
action on adenylate cyclase in 
neurons and glia, 63 
Pertussis-vaccinated mice, 
effect of histamine on lung cyclic 
AMP levels, 523, 1631 
Phagolysosomes, 
inhibition of proteolysis by zinc, 
753 
1,10-Phenanthroline, 
efrect on bradykinin inactivation by 
chymotrypsin, 2391 
Phenelzine, 


effect on amine elevation of protein 
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phenelzine (contd. ) 
synthesis in heart, 1645 
Phenobarbital, 
effect on adrenal and hepatic 
ethylmorphine metabolism, 951 
effect on cardiac distribution of 


Deslanatoside C, 371 


effect on ethanol metabolism in vivo 


869 

effect on fluoroxene binding and 
metabolism, 779 

effect on fluoroxene toxicity, 773 

effect or glutathione-s-epoxide 
transferase in liver, 1081 

effect on half-life and distribution 
of perazine metabolites in rat 
heart, 2623 

hepatic microsomal enzyme induction, 
663 

effect on hepatic steroid hydroxyl- 
ase and aminopyrine N-demethylase 
during pregnancy, -099 

effect on hepatotoxicity of carbon 
tetrachloride, 557 

induction of aryl hydrocarbon 
hydroxylase, 805 

induction of microsomal drug 
metabolism, effect of dietary 
fat, 337 

effect on lipid peroxidation in 

769 

liver blood flow, 1991 


liver, 
effect on 
effect on phospholipid biosynthesis 
in rat liver, 1255 
effect on protein metabolism in rat 
53 


response to vitamin D in 


brain, 


effect on 


Phenobarbital (contd. ) 
the chick, 163 
tolerance following central 
administration, 501 
effect on warfarin metabolism in the 
rat, 379 
Phenolsulphotransferase, 
in brain, anomolous effect of 
probenecid, 1687 
Phenothiazenes, 
actions on dopamine-sensitive 
adenylate cyclase in neuronal 
and glial fractions of brain, 63 
interaction with biological 
membranes, photochemical study, 
2469 
interaction with human coerulo- 
plasmin, 1877 
u-({¥-(Phenothiazinyl-10 )-propyl]- 
ethylenediamine, 
half-life and distribution in the 
- pat, effect of phenobarbital, 
2623 
Phenoxybenzamine , 
effect on acetylcholinesterase and 
cholinesterase in vitro, 881 
Phentermine, 
interaction with phospholipids, 
NMR-studies, 2357 
Phentolamine, 
effect on acetylcholinesterase and 


cholinesterase in vitro, Stl 


effect on 3¢p-labelling of iris 


phospholipids, 461 
N-?henylbarbiturates, 
hepatic microsomal enzyme induction, 


663 





BIOCHEMICAL 


4-Phenyl-bicyclo(2,2,2)octan-l-amine 
hydrochloride monohydrate, 
inhibition of amine uptake in rats, 
2409 
Phenylbutazone, 
displacement from human albumin by 
fatty acids, thermodynamics ,1215 
displacement of sulphonylureas from 
serum albumin, 1175 
effect on glucose and tolbutamide- 
stimulated insulin release, 1451 
inhibition of kidney 15-hydroxy- 
prostaglandin dehydrogenase ,1669 
inhibition of superoxide anion 
production in macrophages, 1473 
effect on rat liver lysosomes, 
2171, 2303 
5 -Phenyl-3-(N-cyclopropyl )ethylamine- 
1,2,4-oxadiazole, 
substrate-selective inhibition of 


monoamine oxidase, 247 


Phenylethanolamine-N-methyltransferase, 


inhibition by human CSF, 2537 
inhibition in vivo and in vitro,1433 
f-Phenylethylamine, 
N-acetylation in rat brain, 815 
metabolism in brain in vivo, effect 
of antidepressants, 217 
Phenylethylbiguanide, 
membrane interaction, 2015 
Phenylhydrazine, 
effect on noradrenaline release 
from mouse heart, 1369 
N-Phenyl ,N'-3-(4H-1,2,4-thrazolyl )- 
thiourea, 


inhibition of dopamine f-hydroxylase, 
277 
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Phetharbital, 
microsomal enzyme induction, 663 
Phosphatides, 
in erythrocyte and yeast membranes, 
effect of anaesthetics, 1783 
Phosphatidylinositol, 
turnover in ileum smooth muscle ,1429 
Phosphatidyl serine membranes, 
interaction with hashish compounds, 
1241 
1,1' ,1"-Phosphinothiolylidynetris- 
aziridine, 
reactions in acid and saline media, 
989 
Phosphofructokinase, 
inhibitory effect of kanamycin on 
cochlea and kidney enzymes, 2297 
Phospholipase-A2, 
importance in prostaglandin 
biosynthesis, 285 
Phospholipids, 
adrenergic and cholinergic stimul- 
ation of 3@p-labelling in iris 
muscle, 461 
biosynthesis in rat liver, effect of 


polychlorinated biphenyls, 1255 


in brain, diphenylhydantoin 


binding, 2079 

in human kidney, effect on kidney 
renin activity, 2443 

induced activation of tyrosine 
hydroxylase from striatal 
synaptosomes, 2245 

in liver microsomes , role in 
enzyme induction by ethanol, 1995 

metabolism in L5178Y lymphoma cells, 
effect of 4-chlorobiphenyl ,2051 
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Phospholipids (contd. ) 
role in genesis of different forms 
of monoamine oxidase, 119 
synthesis by rabbit iris muscle, 
effect of propranolol, 1697 
Phospholipid:cholesterol liposomes, 
effect of sodium carbenoxolone on 
permeability of, 1545 
Phospholipidosis, 
drug-induced, NMR-studies, 2357 
5-Phosphoribosyl l-pyrophosphate, 
in Ehrlich ascites tumour cells, 
effect of N-diazoacetyl-glycine 
amide, 725 
Phosphorylase a, 
in heart, effect of kinins and 
catecholamines, 2593 
Pig, 
plasma esterases sensitive to 
butacarb, 701 
Pimozide, 


effect on hormone stimulated 


adenylate kinase, 537 


Pindolol, 
comparison with carteolol, 1836, 
1843 
Pineal gland, 
diurnal variation in requirement 


for RNA synthesis in the 


induction of N-acetyltransferase, 


903 


inhibition of hydroxyindole-O-methyl 


transferase by pyridoxal-5'- 
phosphate, 581 
Piperonyl butoxide, 
effect on hepatic §-aminolevulinic 
acid synthetase in mice, 2418 


Piperonyl butoxide(contd. ) 
effect on parathion metabolism by 
brain and lung microsomes, 37 
Piracetan, 
effect on cerebral energy metabolism 
2241 
effect on protein metabolism in 
brain in vivo and in vitro, 2237 
Placenta, 
human, 
accumulation and metabolism of 
choline, 1021 
acetylcholine uptake, 81 
occurrence and distribution of 
acetylcholine, 425 
properties of microsomal! 
cytochrome P=450, 793 
Plasma membranes, 
dextran binding, 751 
effect of hexachloropnene on 
enzymes in, 305 
Platelets, 
comparative activity of trimetho- 
quinol optical isomers on 
aggregation of, 2209 
dog, acetylcholine receptor, 1971 
5-hydroxytryptamine transport, 
inhibition by methadone and its 
congeners, 1684 
effect of Lilly 110140, 865 
inhibition of aggregation by 
papaverine-like drugs, 1045 
Platelet count, 
reduction by hashish components ,359 
Platelet release reaction, 


induction by concanavalin A, 1819 


cis-Platinum diammine dichloride, 
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cis-Platinum diammine dichloride 
(contd. ) 
combined therapy with ionising 
radiation, 2117 
Polychlorinated biphenyls, 
effect on phospholipid biosynthesis 
in rat liver, 1255 
Porphyrin, 
biosynthesis in chick embryo liver 
cells, 687 
effect of thyroid hormone, 2609 
Porphyrin-inducing drugs, 
aromatic esters, role of 
lipophilicity, 1351 
effect of SKF 525=-A on activity of, 
511 
effect of UDP glucose on 5-amino- 
levulinic acid synthetase 
induction, 623 
Potassium, 
activation of tyrosine hydroxylase, 
effect of ethanol, 2493 
induced changes in NAD(P)H and 
cytochromes in brain slices, 
effect of morphine, 893 
Prednisolone, 
uptake by hepatoma cells, 1489 
Pregnancy, 
steroid hydroxylase and aminopyrine 
N-demethylase in liver, effect 
of phenobarbital, 2099 
Pregnenolone-l6a-carbonitrile, 
effect on drug response and 
metabolism, +77 
effect on metabolism of dimethyl- 
nitrosamine, 2097 


Probenecid, 


Probenecid(contd. ) 
anomolous effect on rat brain 


phenolsulphotransferase, 1687 


effect on methotrexate toxicity ,1485 


Procaine, 
effect on glucagon in plasma, 2703 
effect on histamine release, 1747 
effect on phosphatides in membranes, 
1783 
Procarbiney 
and lymphoma ascites cells, effect 
in vivo on drug metabolism in 
mice, 153 
Prochlorperazine, 
action on adenylate cyclase in 
neurons and glia, 63 
Progesterone, 
effect on inhibitory action of 
peestradiol and ethynylestradiol 
on Kynurenine aminotransferase, 
2411 
nuclear binding sites, l 
Promazine, 
action on adenylate cyclase in 
neurons and glia, 63 
interaction with human coerulo- 
plasmin, 1877 
effect on mescaline-induced 
behaviour, 591 
Promethazine, 
effect on adenylate cyclase in 
neurons and glia, 63 
effect on phosphatides in 
membranes, 1783 
Propantheline, 
interaction with acetylcholinester- 


ase, 1719 
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D-Propoxyphene , 
interaction with acetylcholinester- 
ase, 1719 
Propranolol, 
comparison with carteolol, 1836, 
1843 
effect on ethanol metabolism, 169 
effect. on glycerolipid synthesis by 
rabbit iris muscle, 1697 
inhibition of paraquat accumulation 
in lung, 1769 
effect on morphine-induced 
hyperglycaemia, 1899 
effect on 32>_1abelling of iris 
phospholipids, 461 
Propyl hydroxylase, 
in uterus, effect of estradiol-176, 
907 
Propylisopropylacetamide, 
induced porphyria, effect of 
SKF 525<A, 511 
effect on porphyrin biosynthesis 


by cells in serum-free medium,687 


Prostaglandins, 

effect on cell growth, 1333 

importance of phospholipase-adc in 
biosynthesis of, 285 

inhibition of biosynthesis by anti- 
inflammatory drugs, correlation 
with arachidonic acid-induced 
hypotension, 983 

inhibition of biosynthesis by 
SL-573, 937 

phase of carrageenan foot-oedema, 
effect of superoxide dismutase, 
1465 

pulmonary disposition, 2547 


Prostaglandin Ej, 
effect on binding of concanavalin A 
to human platelets, 1819 
effect on histamine release and 
cyclic AMP accumulation in mast 
cells, 1907 
role in carrageenin-induced 
inflammation in rats, 2045 
Prostaglandins Ej and Eo, 
morphine antagonism of chronotropic 
effect, 1959 
Prostaglandin Eo, 
effect of p-vinylphenol on 
synthesis of, 2003 
Prostaglandin synthetase, 
in rabbit tissues, relationship 
with lipid peroxidation, 2233 


in seminal vesicle microsomes, 


inhibition by tolmetin, 2479 


Prostate gland, 
effect of isoproterenol and acetyl- 
choline on cyclic nucleotides in, 
919 
Protein, 
dietary, effect on liver microsomal 
cytochrome P-450, 1916 
drug binding in uremic and normal 
serum, 1205 
in heart, kidney, pancreas and 
liver, effect of diet-induced 
thiamine deficiency, 2275 
metabolism in brain in vivo and 
in vitro, effect of Piracetam, 
2237 
in microsomes, effect of barbitur- 
ates, 663 


in plasma and liver cytosol after 
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Protein(contd. ) 

‘eycloheximide administration, 2407 
quinidine binding, 1007, 1261 
effect of taNA from 5-azacytidine- 

treated fibrosarcoma cells on 

synthesis in vitro, 389 
in serum, effect of clofibrate, 785 
steroid induction of synthesis, l 
synthesis in brain, 

effects of diphenylhydantoin and 

phenobarbital in vivo, 53 

effect of ethanol consumption,220 
synthesis in heart, effect of 

sympathomimetic amines and 

monoamine oxidase inhibitors ,1645 
synthesis in HeLa cells, 

inhibition by 5-azacytidine, 1737 

inhibition by 5-mercaptopyridox- 

ine, 547 
synthesis in human tonsillar cells, 

effect of antiblastic hexitols, 

1705 
synthesis in liver, effect of 

ethanol, <125 

Protein binding, 
drug displacement by anionic drugs, 
1175 
Protein kinase, 
in brain, effect of ethanol, 2541 


in 


liver, effect of p,p'=-DDT, 1985 


in oligodendroglial chromatin after 
chronic morphine treatment, 2371 
walker carcinoma cells, effect of 
alkylating agents, 2365 
Proteolysis, 


intralysosomal, inhibition by zinc, 


753 


Prothipendyl, 
interaction with human coerulo- 


plasmin, 1877 


_ Prothrombin, 


synthesis in warfarin-resistant 
rats, 1067 
Prothrombin precursor, 
effect of non-coumarin anticoagul- 
ants, 1063 
proton magnetic resonance spectroscopy, 
interaction between butacaine and 
liver mitochondria, 2461 
Purine, 
biosynthesis in pigeon liver cell- 
free system, effect of pyrazoles, 
923 
Purine analogues, 
effect on inosinic acid dehydrogen- 
ase in cultured human fibroblasts, 
527 
nucleosides of, cytotoxicities, 517 
Purine nucleotide, 
inhibition of biosynthesis by 
3-deazaguanine, its nucleoside 
and 5'-nucleotide, 2413 
Puromycin aminonucleoside, 
effect on aryl hydrocarbon hydroxyl- 
ase induction, 805 
Pyrano[3,4-bJindoles, 
effect on biogenic amine uptake 
mechanisms, 1179 
Pyrazole, 
effect on alcohol induced changes in 
hepatic microsomal metabolism, 
2197 
effect on ethanol metabolism in vivo, 


869 
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Pyrazoles, 


as inhibitors of purine biosynthesis 


de novo, 9<3 
Pyridinium salts, 
protective activity against soman 
poisoning in vivo and in vitro, 
1955 
Pyri.doxal phosphate, 
distribution in brain, effect of 
castrix, 639 
effect on B-estradiol and ethynyl- 
estradiol inhibition of 


Quaternary ammonium compounds, 
in spermatozoa, 1617 
quercitrin, 
inhibition of lens aldose 
reductase, 2505 
Quinacrine, 
effect on synaptosomal transport 
precesses, 2257 
Quinalbarbitone, 
sleeping time, effect of aryl- 
imidazoles, 2747 ( 


Quinidine, “ 
4X 


kynurenine aminotransferase, 2411+ ajpumin and lipoprotein binding ,1007 


inhibition of pineal hydroxyindole- 
Q-methyltransferase, 581 
Pyridoxamine phosphate, 
distribution in brain, effect of 
castrix, 639 
Pyridylisatogen, 
effect on output of adenine deriv- 
atives from superfused brain 
tissue, 293 
Pyrimethamine, 
mitotic inhibition, effect of 
thymidine, 681 
pyrimidine, 
metabolism by human erythrocytes, 
effect of allopurinol, <025 
Pyrimidine nucleotides, 
in L5178Y cells, inhibition of 
reduction by deoxycytidine, 
arabinosylcytosine and hydroxy- 


urea, 73 


Quaternary amines, 
uptake by kidney cortex slices, 
effect of sodium, 2401 


binding to human serum albumin, 


variability, 1261 

effect on calcium transport in 
heart mitochondria and sarco- 
tubular vesicles, 897 

mechanism of inhibition of sarco- 
tubular ATPase, 21 

mitochondrial calcium release during 
muscle contracture, 2631 

Quinoline, 

mutagenicity in Salmonella 

typhimurium bioassay, 1323 


quinolone coccidiostats, 
inhibition of Eimeria tenella 





respiration, 343 
quinones, 
relationship between redox potentials 
and antitumour activity, 206 
Quinterenol (1-(5-(8-hydroxyquinolyl1) )- 
2-isopropylaminoethanol), 
effect on metabolism of adipose 


tissue, 409 
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Radiotherapy , 
use of metronidazole, 1151 
Renin, 
in human Kidney, effect on human 
kidney lipids, 2443 
induction by testosterone in mice, 
763 
Renin-angiotensin system, 1817 
Reserpine, 
effect on glucagon in plasma, 2703 
effect on sympatho-adrenal 


}development in the rat, 1513 


Reserpine syndrome, 


effect of (+) and (-)tranylcypromine, 


801 
Respiratory tract, 
benzo(a)pyrene metabolism by, 1623 
Reticulocytes, 
effect of mycotoxins on glycine 
transport in, <091 


Retinol, 


compounds and analogues, destabiliz- 


ation of liver lysosomes, +71 


Rheumatic disease, 


Ribonucleic acid(contd. ) 
inhibition by 5-azacytidine ,1737 
inhibition by 5-mercapto- 
pyridoxine, 547 
synthesis in human tonsillar cells, 
effect of antiblastic hexitols, 
1705 
mRibonucleic acid, 
transport in rat liver, effect of 
methisoprinol, 707 
tRibonucleic acid, 
from azacytidine-treated hamster 
fibrosarcoma cells, effect on 
protein synthesis in vitro, 389 
Ribonucleic acid tumour viruses, 
biologic ahd pharmacologic 
inhibition, 491 
inductive potential of 5-ethyl-2'- 
deoxyuridine, 1809 
Rifampin, 
induction and inhibition of drug 


metabolism, 943 


Ro 5-0882, 


binding to human serum albumin,2131 


control by endogenous protein, 1435 ko 5-0991, 


Rheumatoid arthritis, 
D-penicillamine metabolism, 259 


Ribonuclease, 


in bile, effect of anaesthetics ,1171 


Ribonucleic acid, 


in heart, kidney, pancreas and liver, 


effect of diet-induced thiamine 


deficiency, 2275 


requirement for synthesis in induct- 


binding to human serum albumin, 
circular dichroism measurements, 


2131, 2141 


aaccharomyces cerevisiae, 





effect of triparanol and 3f-(f- 
dime thylaminoethoxy )-androst-5- 
en-l17-one on growth and lipid 


metabolism, 1249 


ion of pineal N-acetyltransferase, Safrole, 


diurnal variation, 903 


synthesis in HeLa cells, 


enhancement cf biphenyl ¢-nydroxyl- 
ation in vitro, 1345 
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salicylate, 


displacement of sulphonylureas from 


serum albumin, 1175 


protein binding in uremic serum,1205 


salmonella typhimuriua, 





mutagenicity of hydroxyquinolines, 
1323 
mutagenicity of nitrofurantoin,1555 
Salsolinol, 
formation in the metabolism of 
alcohol and biogenic amines ,1123 
inhibition of rat brain monoamine 
oxidase, 1013 
Sarcoma 180 ascites cells, 
effect of adriamycin on surface 
properties, 1227 
redox potentials and antineoplastic 
activities of bioreductive 
alxylating agents, <06 
substrate and inhibitor specificity 
of IMP dehydrogenase, 883 
Sarcoplasmic reticulun, 
inhibition of ATPase activity by 
quinidine and chlorpromazine, <-l 


Schistosoma mansoni, 





fluorescent probes of acetylcholine 
binding sites, <529 
Schizophrenic patients, 
effect of penicillamine on skin 
pigmentation, 533 
SD 1601, 
effect on cardiac distribution of 
beslanatoside C, 371 
Seleniun, 
effect on binding of inorganic 
mercury by metallothionein in 


kidney and liver, <539 


seminal vesicles, 


effect of 2,8-dibenzylcyclooctane 
on weight of, 1537, 1543 
effect of isoproterenol and acetyl- 
choline on cyclic nucleotides 
in, 919 
serine, 
effect of vinca alkaloids on 
Synaptosomal uptake, 1389 
serum proteins, 
clioguinol binding, 1601 
oex accessory organs, 
effect of isoproterenol and acetyl- 
choline on cyclic nucleotides 
in, 919 
Sex differences, 
in bradykinin-receptor interaction 
in ileum, 433 
Sheep, 
effect of lantana on bile 
formation, 2101 
SKF 525-a, 
effect on activity of porphyrin- 
inducing drugs, 511 
effect on liver blood flow, 1991 
effect on mescaline-induced 
behaviour, 591 


effect on parathion metabolism by 


brain and lung microsomes, 37 


SKF 7698, 
inhibition of phenylethanolamine 
N-methyltransferase in adrenals 
and brain stem, 1433 
Snail(delix pomatia), 
tyrosine hydroxylase in nervous 
tissue, 925 


sodium, 





BIOCHEMICAL PHARMACOLOGY 


Sodium(contd. ) 
effect on quaternary ammonium 
uptake by mouse Kidney cortex 
slices, 2401 
Sodium bisulfite, 
effect on noradrenaline release 
from mouse heart, 1369 
Sodium butyrate, 
effect on neuroblastoma cells in 
. culture, 2309 
Sodium carbenoxolone, 
effect on permeability of phospho- 
lipid : cholesterol liposomes, 
1545 
Sodium thiosulfate, 
effect on cyanide inhibition of 
cytochrome oxidase, 605 
Soman poisoning, 
protective effect of pyridinium 
salts, 1955 
Somatic cell hybrids, 
opiate receptors in, 2395 
Spermatozoa, 


cholinergic system in, 1617 


Spin-labelled local anaesthetic, 


interaction with human erythrocyte 
membranes, effect of chemical 
modifiers, 1405 
Spin-labelled membranes, 
interaction with phenothiazines, 
2469 : 
Spironolactone, 
effect on adrenal and hepatic 
ethylmorphine metabolism, 951 
effect on drug response and 
metabolism, 477 


spleen, 


Spleen(contd. ) 
effects of amiodarone on adrenergic 
transmission, 1195 
> in 


importance of phospholipase-ap 


prostaglandin biosynthesis, 285 
Staphylococcal alpha-toxin, 
in vivo and in vitro effects on 
amino acid activation in aorta, 
1733 
sterigmatocystin, 
biliary excretion by vervet monkeys, 


265 


Steroids, 
reduction by aldehyde reductase,<72l 
Steroid hormone receptor, 
interaction with the eukaryotic 
nucleus, 1 
Streotozotocin, 
early effects on muscle glycogen,933 
Striatun, 
effect of ethanol on activation of 
tyrosine hydroxylase by x*. 
depolarization, 2493 
effect of oxotremorine on 
acetylcholine synthesis, 135 
phospholipid-induced activation of 
tyrosine hydroxylase, 2245 
Styrene oxide, 
hepatic and extrahepatic metabolism 
in vitro, 187 
Submaxillary gland, 
induction of renin and arginine 
esterase by testosterone, 763 
Substance P, 1817 
Succinic semialdehyde dehydrogenase, 
in brain, effect of anticonvulsant 


drugs, 413 
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sulfadimetoxine, 
protein binding in uremic serum,1205 
sulfaethidole-bovine serum albumin 
complexes, 
effect of fatty acids and sodium 
dodecylsulfate on optical 
activity, 2329 
Sulphadimidine, 
effect on glucose and tolbutamide- 
stimulated insulin release, 1451 
Sulphobromophthalein, 
biliary excretion during liver 
regeneration, 1187 
biliary excretion, interaction with 
glucuronides, 1361 
effect of bucolome on transport 
maximum, 1377 
Sulphonamides, 
interaction with serum albumin, 
circular dichroism studies, 1459 


sulphonylureas, 


displacement from serum albumin by 


anionic drugs, 1175 
sulphoxidation, 
distribution, induction and 
purification of enzymes, 1299 
sulphur amino acids, 
reaction with acetaldehyde, <179 
sulphydryl groups, 
non-specificity of inhibition of 
a-adrenergic response, 2104 
superoxide anions, 
inhibition of production in macro- 
phages by anti-inflammatory 
drugs, 1473 
participation at prostaglandin 


phase of carrageenan foot-oedema, 


Superoxide anions(contd. ) 
1405 
sympathetic activity, 
serum dopamine f-hydroxylase as an 
indicator of, 617 
Sympathetic ganglion cell x neuro- 
blastoma hybrids, 
opiate receptors in, 2395 
sympatho-adrenal axis, 
action of methadone, 2523 
effect of chlorisondamine, 1311 
development, effect of reserpine, 
1513 
stimulation by morphine, effects of 
p-chlorophenylalanine, 1547 
Sympathomimetic amines, 
L(+)-isomers and f-desoxy derivat- 
ives, pharmacological effects ,399 
Synaptosomes, 
catecholamine uptake, 
effect of chlorpromazine and its 
free radical, 1751 
effect of nisoxetine, 1979 
effect of diisopropyl phosphofluor- 
idate on acetylcholinesterase in, 
2739 
interaction of CNS drugs with 
transport processes, <<57 
striatal, effect of fighting on 
dopamine uptake, 2752 
transport and acetylation of 3- 
trimethylaminopropan-l-ol, 1931 
tyrosine hydroxylase activity in, 91 
effects of vinca alkaloids on amino 
acid uptake, 1389 
Synovial fluid, 
properties of hyaluronidase, 1507 
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Tandamine, 
effect on biogenic amine uptake 
mechanisms, 1179 


Tardive dyskinesia, 


catecholamine metabolites in CsF,941 


Tartrazine, 
biliary excretion during liver 
regeneration, 1157 
Taurine, 
effect on cardiac and skeletal 
muscle physiology, <<<7 
Tazolol, 
as a Beadrenergic blocker, 2605 
Teratogenesis, 
caused by organophosphorus and 
methylcarbamate insecticides ,757 
Terpenes, 
effect on liver microsomal mixed- 
function oxidases, 100 
Testosterone, 
‘effect on bradykinin-receptor 
interaction, 433 
induction of renin and arginine 
esterase in mice, 763 
Tetracaine, 
effect on histamine release, 1747 
inhibition of aTPase in human red 
cell membranes, 267 
Tetrachloro-4-pyridinol, 
inhibition of vitamin K epoxidase, 
1063 
Tetraethylammoniun, 
uptake by mouse kidney cortex 


slices, effect of sodium, <401 


Tetragastrin, 


effect on adenyl cyclase in gastric 


mucosa, 603 


‘ial -Tetrahydrocannabinol, 


inhibition of monoamine oxidase in 
brain, 1201 
interaction with blac« lipid 
membranes, 1241 
mode of action in reducing blood 
platelet count, 359 
A?9-tetrahydrocannabinol, 
effect on uterine wxonoanine 
Oxidase, 377 
Tetrahydro-p-carbolines, 
effect on monoamine oxidase and 
5-nydroxytryptamine uptake in 
mouse brain, 2319 
Tetrahydroccrtisol, 
effect on the cloned fibroblast 
derived from rat carrageenin 
granuloma, 
Tetrahydroisoyuinoline alkaloids, 
inhibition of rat brain monoamine 
oxidase, 1013 
products in the metabolism of 
alcohol and biogenic amines ,11<3 
Tetrahydropapaveroline, 
inhibition of rat brain monoamine 
oxidase, 1013 
Tetrahydroprotoberberine alkaloids, 
inhibition of rat brain monoamine 
oxidase, 1013 
2,4,3',5'-Tetrahydroxystilbene, 
effect on oxidative phosphorylation 
by rat liver mitochondria, 1<45 
d-Tetrandrine, 
biochemical effects of, 1867 
Tetrazepam, 
binding to bovine serum albumin, 


141, 147 
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Thalicarpine, 
biochemical effects of, 1887 
Theophylline, 
effect on carbohydrate metabolism 
in skeletal muscle, 439 
influence of kinins on metabolic 
effects of, 2593 
Thiamine, 


dietary deficiency, effect on 


visceral DNA synthesis and tissue 


composition, 2275 
Thiol agents, 
autoxidation induced by rat tissue 
extracts, 1267 
Thiopyrano[3,4-bjindoles, 
effect on biogenic amine uptake 
mechanisms, 1179 
Thioridazine, 
action on adenylate cyclase in 
neurons and glia, 63 
Thiosemicarbazone-copper complexes, 
association with nucleic acids, 821 
Thiothixene, 
action on adenylate cyclase in 
neurons and glia, 63 
Thiourea, 
derivatives, inhibition of dopamine 
b-hydroxylase, 277 
Thymidine, 
incorporation into DNA in bone 
marrow cell culture, effect of 
antiblastic hexitols, 1705 
effect on mitotic inhibition by 
pyrimethamine, 681 
effect on toxicity of methotrexate 
and 5-fluorodeoxyuridine to 


hepatoma cells, 2613 


Thyroid hormones, 


comparison of in vitro and in vivo 
effects with those of isopropyl- 
diiodothyronine and a-methyl- 
thyroxine, 1757 
nuclear binding sites, l 
effect on porphyrin biosynthesis in 
chick embryo liver cells, 2609 
Thyrotropin-releasing hormone, 
neuropharmacology, 363 
Tight-binding inhibitors, 
inhibition of adenosine deaminase 
by coformycin, 2695 
Tilorone hydrochloride, 
binding to DNAS and synthetic 
polydeoxynucleotides ,877 
Toad, 
effect of angiotensin II on short- 
circuit current in skin, 106 
Tobacco carcinogens, 
induction of skin microsomal aryl 
hydrocarbon hydroxylase and 
carbon monoxide-binding 
hemoproteins, 732 
Tolazoline, 


effect on acetylcholinesterase and 


cholinesterase in vitro, 881 


Tolbutamide, 
displacement from serum albumin by 


anionic drugs, 1175 


effect of liver disease on disposit- 


ion of, 2675 
stimulated insulin release, effect 
of drugs, 1451 
Tolmetin, 
inhibition of prostaglandin 
synthetase, 2479 
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2,4-Toluenediamine, 
N-acetylation by hamster liver 
cytosol, 95 
Tonsillar cells, 
effect of antiblastic hexitols on 
RNA and protein synthesis, 1705 
Toxogonin, 
effect on inhibition of bone marrow 
acetylcholinesterase by 
neostigmine, 353 
Trachea, 
benzo(a)pyrene metabolism by, 1623 
Tranylcypromine, 
antidepressant activity, 601 
effect on half-life of Ni,N-dimethyl- 
tryptamine in brain 
1521 


and liver, 


effect on indoleamines 


2555 
effect on phenylethylamine metabol- 


in brain, 


ism in brain in vivo, 217 
Trazodone, 
effects on 5-hydroxytryptamine in 
rat brain and platelets, 13 
Triazenes, 
metabolism and anti-tumour 
properties, 241 
P»p'-1,1,1-Trichloro-2,2-bis(p-chloro- 
phenyl )ethane, 
effect on cyclic AMP-dependent and 
independent protein kinases in 
liver, 1985 
Triethyltin, 
effect on cerebral fluids, 1455 
Trifluoperazine, 
effect on mescaline-induced 


behaviour, 591 


2,2,¢-Trifluoroetnyl ethyl ether, 


interaction with cytochrome P-450 
in vitro, 779 
toxicity, 773 


2,2,2-Trifluoroethyl vinyl ether, 


interaction with cytochrome P-450 
in vitro, 779 

role of cytochrome P=450 in toxicity 
of, 773 


5-Trifluoromethyl-2'-deoxyuridine, 


antiviral activity, 1233 


3-(p-Trifluoromethylphenoxy )-N-methyl- 


3-phenylpropylamine hydrochloride, 
effect on 5-hydroxytryptamine 


transport in rat and human blood 


platelets, 865 
Triglycerides, 
in human kidney, effect on kidney 
renin activity, 2443 
liver, effect of 3-amino-1,2,4- 
triazole, 1438 
serum, 
effect of 3-amino-1,2,4-triazole, 
1438 
effect of 2,8-dibenzylcyclo- 
octane, 1537, 1543 
effect of oxandrolone, 1549 
Triglyceride lipases, 
in liver, effect of clofibrate and 
halofenate, 2657 
Trimethoprin, 
inhibition of effects of epidermal 
growth factor on human fibro- 
blasts, 2755 
Trimethoquinol, 
inhibition of platelet aggregation, 
1045 
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Trimethoquinol (contd. ) 
pharmacological properties of 
optical isomers, 2209 
3,4,5-Trimethoxybenzoyl-¢€-amino- 
Ccaproic acid, 
inhibition of membrane-associated 
enzymes, 2203 
3-Trimethylaminopropan-l-ol, 
synaptosomal transport and 
acetylation, 1931 
{riparanol, 
effect on growth of saccharomyces 
cerevisiae, 1249 
Triphosphoinositide, 
binding of narcotics and narcotic 
antagonists, 1551 
3-(Trityl )-L-cysteine, 
and its analogues, effects on cell 
surface properties of leukemia 
L1210 cells, 1893 
Trypanosoma brucei, 
pentamidine transport in, 271 


Tryptamine, 


N-acetylation in rat brain, 815 


N-methylation, mass spectrometric 

assay, <109 
Tryptophan, 

in brain, 
differential effects of tranyl- 
cypromine and pargyline, <555 
following tryptophan load, 2599 

brain uptake, effect of 
chlorpromazine, 1743 

control of 5-hydroxytryptamine 
synthesis in brain, 1691 


incorporation into nicotinamide- 


Tryptophan(contd. ) 
carbon disulphide-intoxicated 
rats, 1427 
in serum, effect of chlorpromazine, 
1743 
{ryptophan hydroxylase, 
in rat brain, inhibition by 
p-chloroamphetamine, 31 
Tryptophan load, 
metabolism in rat brain and liver, 
2599 
Tryptophan oxygenase, 
in liver, effect of adjuvant- 
induced arthritis, 2683 
Tryptophan pyrrolase, 
in liver, effect on availability of 
tryptophan to brain, 2599 
Tubulin polymerization, 
effect of colchicine analogues ,1383 
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The precise molecular mechanism by which steroid 
hérmones induce differential gene activity is not 
known. However, an ever-increasing body of inferen- 
tial evidence suggests that steroids, including vitamin 
PD, act via similar pathways to produce a similar set 
of general effects. With the exception of the glucocor- 


ticoids which produce both anabolic and catabolic | 


_ effects, tissue responses to steroid hormones are char- 
acterized by overall increases in metabolism which 
include increased RNA, DNA and protein synthesis. 
However, even glucocorticoid-induced catabolic 
events require prior synthesis of RNA and _ pro- 
tein. In some cases, the hormone-induced de novo syn- 
thesis of specific proteins has been described. These 
changes are initiated by the entry of small effector 
molecules, i.e. steroids, probably by passive diffusion, 
into a target cell. The effector molecules combine in 
a highly specific, noncovalent fashion with a limited 
number of cytoplasmic proteins termed receptors. The 
binding of the ligand promotes one or more confor- 
mational or enzymatic changes in the receptor mole- 
cule which then translocates to the nuclear compart- 
ment and affixes itself to acceptor sites located on 
the interphase chromosomes. As a result of this infor- 
mation transfer, a chain of nuclear events ensues. 
Although the initial cytoplasmic reactions may not 
be identical, thyroid hormone action is also character- 
ized by such a sequence of nuclear events. The pur- 
pose of this review is to discuss the evidence which 
points to the above model of steroid hormone action, 
with particular emphasis on the nucleus as the pri- 
mary site of steroid hormone action. In addition, we 
will offer some mechanistic models which may explain 
how this chain of molecular events could initiate tran- 
scription of specific genes. 


Autoradiography 


Injection of [*H]estradiol into rats by Jensen and 
Jacobson [1,2] resulted in the observation that the 
steroid was retained preferentially by some tissues. 
Similar experiments with other hormones revealed that 
estrogens were retained by the uterus and vagina [1- 
3]; progesterone was retained by the oviduct [4, 5]; 
testosterone was retained by the ventral prostate and 
seminal vesicles [6-8]; aldosterone was retained by 
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the kidney and urinary bladder [9, 10]; and vitamin 
D was retained by the intestine [11]. Thyroxine was 
retained by nuclei of several tissues [12, 13]. 

To determine the subcellular distributions of ster- 
oid hormones, two lines of research have been pur- 
sued. After injections in vivo of labeled hormone, tar- 
get tissues were isolated and various subcellular frac- 
tions prepared. The evidence suggested nuclear and 
cytoplasmic localization of radioactivity [14-17]. No 
specific binding to nucleoli was found [18]. Because 
of the inherent difficulty in preparing pure subcellular 
fractions and the possibility of isolation artifacts 
pointed out by Williams and Gorski [19], evidence 
from a second line of investigation has been extremely 
important in the unequivocal determination of the 
nucleus as the subcellular site of preferential hormone 
retention. The technical aspects of this second 
method, autoradiography, have been discussed by 
Stumpf [20]. Using autoradiography, several workers 
have observed the selective concentration of [*H]17p- 
estradiol by various anterior pituitary cell nuclei 
[21, 22], certain hypothalamic nuclei [22, 23], and nu- 
clei of uterine endometrial, stromal and myometrial 
cells [24~26]. Similar results have been obtained from 
autoradiographic studies of the intracellular localiza- 
tion of [*H]aldosterone by the nuclei of kidney and 
bladder epithelia [27], and the nuclear accumulation 
of [*H]progesterone by the uterus [28] and certain 
neurons of the hypothalamus [29]. Nuclear localiza- 
tion of steroid was shown to be specific in that the 
concomitant administration of the same steroid, unla- 
beled and in excess, blocked the nuclear accumulation 
of the tritium label. Co-administration of unrelated 
steroids did not block nuclear accumulation of 
labeled steroid by target tissues [29]. These experi- 
ments provided direct visual evidence that steroids 
are preferentially accumulated by nuclei of target 
cells. 


Receptor-mediated steroid translocation to nuclei 


The discovery of receptor proteins shed consider- 
able light on the mechanism by which target cell nu- 
clei selectively accumulate steroids. Classical pharma- 
cology defines a receptor as a biological transducer 
which converts input information, in this case, circu- 
lating hormones, into a biologic response (e.g. in- 
creased RNA and protein synthesis). Biochemically, 
a receptor is a protein molecule which selectively 
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binds a ligand in a saturable fashion and with high 
affinity (K, ~ 10°° to 10° '°M). Jensen [30,31] first 
postulated the existence of such a binding molecule 
for estrogen in the rat uterus. His observations were 
substantiated and extended by other researchers [14 

17]. Similar steroid-specific binding proteins have 
been described for progesterone [32, 33], dihydrotes- 
tosterone [34-36], glucocorticoids [37, 38], aldosterone 
[ 39, 40], and most recently for vitamin D [41, 42] and 
thyroxine [13,43-52]. These receptor proteins are 
cytoplasmic in the absence of hormone with one 
exception. Studies to date indicate that specific nuc- 
lear receptors exist for triiodothyronine (T3) [43 

45, 52]. Moreover, these nuclear receptors are present 
in thyroidectomized animals [48, 49]. Although cyto- 
plasmic thyroid hormone receptors have also been 
described [47, 50, 51], their relationship to the nascent 
nuclear receptors and thyroid hormone binders of 
serum has yet to be clearly resolved. 

When whole tissues are incubated with labeled ster- 
oid under appropriate conditions in vitro, subsequent 
examination of nuclear and cytoplasmic fractions 
shows that much of the label has been accumulated 
by the nuclear fraction and that the cytoplasmic frac- 
tion has been depleted of its original capacity to 
specifically bind hormone [53, 54]. Alternatively, tar- 
get tissues can be homogenized and binding studies 
carried out on purified cytoplasmic and nuclear frac- 
tions. In unstimulated target cells, selective high 
affinity binding of steroid occurs only in the cytoplas- 
mic fraction. The addition of labeled hormone-recep- 
tor complexes to nuclei under appropriate conditions 
in vitro results in a selective nuclear accumulation of 
hormone-receptor complexes coupled with a con- 
comitant decrease in cytoplasmic hormone-receptor 
complex. These observations are highly suggestive of 
a receptor-mediated nuclear accumulation of steroid. 

Various model systems have been used to provide 
additional evidence that receptor proteins are 
required to effect specific binding of hormones to nu- 
clei. Cytoplasmic receptors are present in lympho- 
blasts which are sensitive to the cytolytic actions of 
glucocorticoids [55, 56]. Conversely, cells resistant to 
the cytolytic actions of glucocorticoids contain few 
cytoplasmic receptor sites [55,57]. Similarly, gluco- 
corticoid-sensitive fibroblasts contain receptors 
[ 58, 59], whereas insensitive fibroblasts contain mark- 
edly diminished numbers of cytoplasmic glucocorti- 
coid-binding molecules [59]. Diminished cytoplasmic 
levels of androgen receptor protein in the kidney of 
the adult Tfm mouse have been reported by Bullock 
et al. [60] and Ghering et al. [61]. Hepatic responses 
to 5zx-dihydrotestosterone have been shown to be 
receptor mediated in a particularly nice study recently 
reported by Roy et al. [62]. A useful observation cor- 
relating the presence of cytoplasmic receptor proteins 
with tissue responsiveness to steroids has been made 
with respect to estrogen receptors in human breast 
cancers [63-65]. Tumors which contain significant 
titers of estrogen receptor stand a good chance of 
responding favorably to endocrine manipulations; 
those tumors with low receptor titers inevitably fail 
to respond to hormonal therapy. 

Recently, evidence has been presented which sug- 
gests that deoxycorticosterone (DOC)-induced hyper- 
tension in the rat may be mediated via receptor pro- 


teins [66]. Sprague-Dawley rats with lesions in the 
lateral hypothalamus cannot be made hypertensive 
by DOC, whereas control rats are susceptible to 
DOC-induced hypertension. The Long-Evans strain 
of rats is resistant to DOC-induced hypertension. 
Comparison of DOC receptor content in various 
regions of the brain shows that both strains of ani- 
mals have similar levels of receptor in all areas of 
the brain except in the hypothalamus, where the Long- 
Evans animals contain significantly less receptor than 
the Sprague-Dawley strain. Thus, several lines of evi- 
dence from many different model systems indicate 
that steroid hormones bind to nuclear acceptor sites 
through reactions dependent upon specific receptors. 


Quantitation of nuclear receptors by nuclear exchange 

The nuclear exchange assay for estradiol has been 
a particularly useful methodological advance [67-72]. 
Injection of estradiol (E,) in vivo drives cytoplasmic 
estrogen receptors into target tissue nuclei in a dose- 
dependent fashion. The extent to which nuclear trans- 
location of cytoplasmic receptor has occurred is 
assayed in vitro by “exchange” of tritium-labeled 
estradiol with the cold estradiol complexed with 
receptor in the nuclei. Using this assay, tissues which 
did not contain cytoplasmic estrogen receptor were 
shown to be devoid of specifically bound nuclear E, 
in an exchangeable form [67]. 

The sensitivity of the nuclear exchange assay is 
such that variations in nuclear estrogen—receptor 
complex are detected in response to physiologic vari- 
ations in circulating estrogens. A 6-fold increase in 
nuclear-bound receptor occurs cyclically between 
metestrus and proestrus in the cycling female rat [68]. 
This variation in nuclear receptor closely parallels the 
secretion of estrogen during the estrous cycle [68]. 

Because the exchange assay depends upon the bind- 
ing in vivo of unlabeled steroid—receptor complexes 
to nuclei,. it was possible to examine the actions of 
various anti-estrogens. While evidence from other 
laboratories has documented the fact that some ster- 
oid antagonists function by binding to the cytoplas- 
mic receptor and preventing nuclear uptake of the 
complex [73, 74], this cannot be the only mechanism 
of steroid hormone antagonism. Clark et al. [71,72] 
have used the nuclear exchange assay tg examine the 
anti-estrogenic actions of CI-628, nafoxidine and clo- 
miphene. These three compounds apparently bind to 
uterine cytoplasmic estrogen receptor and are then 
translocated to the nuclear compartment in a normal 
fashion [71,72]. Initial uterotrophic responses were 
observed, and these responses were maintained over 
prolonged periods of time. However, a subsequent 
restimulation or challenge with estradiol was com- 
pletely ineffective. This result was explained by the 
observation that, in addition to the prolonged nuclear 
retention of estrogen receptor mediated by these anti- 
estrogens, cytoplasmic receptor resynthesis may have 
been blocked [72]. 


Cell-free binding studies 

Measurement of nuclear binding or acceptor site 
capacity and binding constants has been achieved in 
several laboratories. Binding of hormone-receptor 
complex to chromatin or nuclei appears to involve 
high affinity binding to several thousand sites per cell 
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Table 1. Literature summary of nuclear binding sites and dissociation constants (K,) 





Ky 
Hormone Model system Binding sites (M) Ref. 





Estrogens 
Rat uterine (immature) nuclei 7,700/cell 2:8 x 10 [75] 
Rat uterine (ovex, mature) nuclei No saturable binding [ 76, 77] 
Rat uterus 
Nuclei, in vivo 10’ nucleotides 0 x 10 [78] 
Chromatin, in vivo 10’ nucleotides ‘Ox 10 [78] 
Chromatin, in vitro 10’ nucleotides 2-0 x 10 [78] 
Rat uterus: physiological 
binding by exchange assay 
Metestrus 930/cell : 10~° [68] 
Diestrus 3,300/cell . 19-* [68] 
Proestrus 4,700/cell : 1 [68] 
Estrus 1,000/cell ex io [68] 
Rat uterus: DNA 
binding 
Rat uterus DNA 1/base pair [79] 
Calf thymus DNA 1/base pair [79] 
E. coli DNA 1/base pair [79] 
Poly dAT 1/base pair x [79] 
Reovirus RNA No binding [79] 
Chicken liver 1,000/cell 10° [80] 
Progesterone 
Chick oviduct nuclei 8.600/cell 1-4 x 
Chick oviduct chromatin 3,400/cell 40 x 
Androgens 


Rat ventral prostrate 
In vivo 2,000/cell 
Tissue incubation 2,000/cell 
Nuclei, in vitro 2,000/cell 
Rat ventral prostrate nuclei 
In vitro 6,000/cell 


Aldosterone 
Rat kidney chromatin 600/cell 
Glucocorticoids 
Rat liver nuclei 10,000/cell 
HTC cell nuclei 15,000/cell 
Thyroid hormones 
Thyroxine 
Whole GH, cell incubation 5,000/cell 
GH, cell nuclear extracts 8,000/cell 
Triidothyronine 
Whole GH, cell incubation 5,000/cell 
GH, cell nuclear extracts 8,000/cell 
Rat (thyroidectomized) liver 10,400/cell 
nuclei 
Rat (euthyroid) liver nuclei 1:7 pmoles 
g tissue 
Rat (euthyroid or thyroidec- 5 pmoles 
tomized) liver nuclei mg DNA 
Vitamin D 
Rachitic chicks, in vivo 460/cell 
Rachitic chick intestinal homogenates, 2,500/cell 
in vitro 





*R. B. Jaffe, S. H. Socher and B. W. O'Malley, manuscript submitted for publication. 


(Table 1). We have recently studied the kinetics of obtained essentially the same results using receptor 
chick oviduct progesterone receptor interaction with purified to homogeneity by affinity chromatography 
nuclei [81] and chromatin.* The results were remark- [88*]. Oviduct contained more binding sites than 
ably similar and suggest that the nuclear membrane _ other tissues, but the binding affinity varied little from 
does not play an essential role in the equilibrium- _ tissue to tissue. High ionic conditions decreased nuc- 
binding distribution of receptors. Moreover, we lear binding capacity but not the binding affinity for 
steroid hormone receptors. Such a finding was consis- 

*R. B. Jaffe, S. H. Socher and B. W. O'Malley, manu- tent with chromatin conformation changes masking 
script submitted for publication. possible acceptor sites at higher salt concentrations. 
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One surprising finding involved the elucidation of 
apparent nuclear binding site heterogeneity. In addi- 
tion to a large number ( ~ 9000) of high affinity bind- 
ing sites (K, ~ 10° * M), Scatchard analysis suggested 
the presence of at least one other class of binding 
sites of even higher affinity. Because this very high 
affinity binding component was present in such low 
titers, it was difficult to quantitate binding parameters 
for it. The K, approximated 10~'' M, and the sites 
per nucleus may have been on the order of a few 
hundred. The implications of nuclear binding site 
heterogeneity will be discussed in greater detail later 
in this commentary. 

The extent to which DNA participates in the bind- 
ing of hormone-receptor complexes to chromatin 
varies somewhat, depending upon the hormone stud- 
ied, and has not yet been adequately explained. The 
regions of the genome to which aldosterone, glucocor- 
ticoid and estrogen receptors [75, 78, 89-91] bind are 
apparently much more susceptible to digestion by 
DNase than the corresponding regions to which pro- 
gesterone receptors bind in the chick oviduct [92]. 
In the latter case, both the number of acceptor sites 
and the binding constant remain constant even with 
prior digestion of up to 60 per cent of the nuclear 
DNA content.* Moreover, neither pretreating oviduct 
chromatin with mung bean nuclease, which is specific for 
single strand DNA, nor incubation with specific anti- 
body for single strand DNA blocked subsequent 
chromatin binding of progesterone receptors.t Thus, 
chick oviduct progesterone receptors do not bind to 
single strand DNA, or to double strand regions which 
are accessible to digestion by DNase I. These findings 
do not support Crick’s general model for gene control 
which requires that regulatory macromolecules inter- 
act with single strand regions of the genome [93]. 

It seems difficult, if not impossible, for DNA to 
be the sole determinant of receptor binding to the 
genome. While it is true that not all tissues contain 
receptors, mixing experiments performed in cell-free 
systems have shown that receptors isolated from target 
tissues bind preferentially to target tissue nuclei and 
chromatin [82, 83, 92, 94, 95+]. Since within a given 
animal all tissues contain the same DNA, such a find- 
ing would require that specific regions of the DNA 
in nontarget tissues be masked by nuclear 
proteins or that nuclear proteins participate in a co- 
operative fashion with DNA in defining specific nuc- 
lear acceptor sites. Evidence in support of the first 
possibility comes from reports of saturable binding 
of hormone-receptor complexes to purified DNA 
[78,90]. Baxter et al. [90] found that chromatin with 
receptors bound to it was more resistant to digestion 
by DNase, which suggested that receptors were cover- 
ing up exposed DNA. Receptor interaction with DNA 
has even been shown to be hormone dependent [96]. 


However, except for the preliminary suggestion that. 


unique and middle repetitive sequence DNA may be 
involved in receptor binding [97], no firm proof exists 





*R. E. Buller, unpublished. 
+R. B. Jafe, S. H. Socher and B. W. O'Malley, manu- 
script submitted for publication. 


that specific acceptor sites are defined by a specific 
sequence of nucleotides. Indeed, glucocorticoid recep-_ 
tors apparently bind equally well to single and double 
strand homologous DNA as well as to Escherichia 
coli DNA [18]. Estrogen receptor binding to DNA 
has been similarly characterized [78, 79, 98, 99]. 
Yamamoto and Alberts [79] showed that estrogen 
receptors bind equally well to heterologous DNA and 
synthetic polynucleotides, but not to double strand 
RNA. The binding affinity these authors reported was 
much lower than that reported by other workers 
(Table 1). Thus, it would seem likely that chromoso- 
mal proteins play an active role in receptor interac- 
tions with the genome. Strong evidence in support 
of this hypothesis has been offered by two labora- 
tories working independently on different hormone 
systems. 

Puca et al. [100] have recently reported the identifi- 
cation of a high affinity nuclear acceptor site for the 
estrogen receptor of calf uterus. The apparent accep- 
tor fractionated with the basic proteins and was pres- 
ent at levels five to ten times in excess of cytoplasmic 
receptors. Studies of receptor interactions with accep- 
tor were carried out by means of affinity chromat- 
ography. These studies revealed that the interactions 
were influenced by salt and dependent upon hormone 
[100]. 

Our laboratories have previously implicated non- 
histone (acidic) protein involvement in the nuclear 
acceptor site for the progesterone receptor of chick 
oviduct [101-103]. Several lines of reasoning suggest 
that acidic proteins are a logical choice to confer 
acceptor site specificity. First, they are a very hetero- 
geneous class of proteins resolved by size, charge and 
immunological procedures. This contrasts with the 
relative homogeneity of the histones. Second, unlike 
histones, nonhistone chromosomal proteins turn over 
rapidly. Third, tissue specificity of nonhistones has 
been shown [104]. Fourth, specific changes in the 
nonhistone protein population of cells have been 
demonstrated in response te hormone administration 
[ 105, 106]. Finally, Spelsberg et al.- [102,103] have 
performed chromatin reconstitution studies which 
demonstrate that chromatin-associated receptor bind- 
ing capacity can be transferred to nontarget tissue 
chromatin by. transfer of a particular fraction of the 
nonhistone chromosomal proteins. Thus, it seems 
probable that the actual chromatin-associated accep- 
tor sites consist of a DNA backbone which is struc- 
turally modified by chromatin-associated nonhistone 
proteins. 


Nuclear binding of receptor is hormone dependent 
Analogous to the receptor requirement for hor- 
mone accumulation by nuciei, there is a hormone re- 
quirement for nuclear retention of receptors. High salt 
extracts prepared from highly purified estrogen- 
primed chick oviduct nuclei contain little progester- 
one binding activity [53]. The same observation has 
been made with regard to the absence of receptors 
in nuclei prepared from immature rat uterus [24] and 
adrenalectomized rat liver [107]. Similarly, incuba- 
tion of receptors in vitro with chromatin or purified 
nuclei in the absence of hormone results in little high 
affinity binding of receptor to the genome 
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[82, 92, 108]. In contrast, significant quantities of 
receptors are retained by nuclei or chromatin when 
the incubation is carried out in the presence of hor- 
mone. Such studies strongly suggest an absolute hor- 
mone requirement for nuclear and chromatin binding 
of receptors. It is possible that, in vitro, receptors are 
distributed freely throughout both the cytoplasm and 
nucleoplasm but are only retained by nuclei in the 
presence of hormone. Such a distribution would sug- 
gest a hormone-induced modification of receptors 
which effects an alteration in the equilibrium distribu- 
tion of receptors in favor of the nuclear compartment. 


Receptor activation for nuclear binding 

Virtually all steroid hormone-receptor complexes, 
including vitamin D_ receptor-hormone complex 
[109], undergo temperature-sensitive nuclear binding. 
Experiments under cell-free, low-salt conditions indi- 
cate very little receptor binding to nuclei or chro- 
matin at 0° [84, 85, 89,92]. In contrast, incubation of 
receptors with nuclei at 22-37° results in significant 
binding to nuclei or chromatin. This finding is consis- 
tent with the observation that incubation of hormone 
in vitro with tissue slices requires elevated tempera- 
tures (37°) for the nuclear localization of hormone 
to occur [24, 47,110]. Several possible explanations 
for these observations may be offered. First, tempera- 
ture may induce changes in cytoplasmic receptors 
which facilitate nuclear binding. Second, the nuclear 
uptake process itself may be influenced by tempera- 
ture. Third, temperature may influence the availability 
of nuclear acceptor sites. Fourth, the interaction of 
receptor with acceptor may be facilitated by elevated 


temperatures. Finally, some combination of the above 
effects may occur in vivo. 

Jensen et al. [111] were the first to observe that 
warming estrogen receptors in the absence of nuclei 


and subsequent incubation with nuclei at 0° com- 
pletely removed the temperature requirement for nuc- 
lear binding. These receptors were termed tempera- 
ture activated. We recently reported that, under simi- 
lar conditions, the temperature requirement for pro- 
gesterone receptor uptake by purified oviduct nuclei 
was only partially obviated by prewarming the recep- 
tor fraction [92]. Thus, temperature involvement in 
a subsequent step of nuclear binding of progesterone 
receptor was not completely ruled out. To define such 
a step, we studied the binding of receptors to nuclei 
at both 0° and 25°. Receptors activated by precipi- 
tation with ammonium sulfate were used because 
such a method removed free hormone and effected 
a simple, single-step partial purification [92,112]. 
Most _ significantly, ammonium _ sulfate-activated 
receptor did not undergo subsequent temperature ac- 
tivation, so we had a fixed pool size for binding 
studies at both 0° and 25° [81]. Kinetic studies 
revealed the presence of more acceptor sites at 25 
than at 0° [81]. Since these sites had the same appar- 
ent K, values, they were assumed to be equivalent. 
While nuclear binding at 25° appeared to be more 
rapid than binding at 0°, this increase in apparent 
rate was due to the presence of twice as many accep- 
tor sites at 25° than at 0°. Thus, the overall rate of 
the nuclear binding process showed minimal tempera- 
ture dependency over the range of 0-25”. Such a find- 
ing is consistent with a diffusion limited up- 


take of oviduct progesterone receptors. This result 
contrasts with an active transport process suggested 
by other authors [113]. 

Both salt and temperature activation of estrogen 
receptor results in a conformation change which is 
detectable on high-salt sucrose gradients as a shift 
in sedimentation constant from 4S to 5S [114, 115]. 
Some authors note that this shift follows bimolecular 
kinetics and suggest it occurs by the addition of a 
subunit [98, 116]. However, Erdos and Fries [117] 
found no difference between the 4S unactivated cyto- 
plasmic form and the 5S activated, or nuclear form 
of the estrogen receptor when analyzed by gel 
filtration under extreme denaturing conditions. Acti- 
vated progesterone receptors do not sediment any dif- 
ferently from unactivated receptors in high salt [92]. 
Kalimi et al. [118] have made a similar observation 
with regard to glucocorticoid receptor activation. 
However, while gross conformational changes may 
not occur during progesterone and glucocorticoid 
receptor activation, more subtle electrostatic changes 
most certainly do occur. Heating hepatic glucocorti- 
coid receptor for 30 min at 25° not only increases 
the receptor’s ability to bind to nuclei and to DNA- 
cellulose, but also results in a dramatic shift in the 
receptor’s isoelectric point from a pI of 7:1 to a pl 
of 61 [118]. Mainwaring and Irving [119] have 
reported that heating the DHT-receptor complex 
effects a similar shift in this receptor’s isofocusing 
characteristics. Moreover, Miigrom et al. [108] found 
that increased receptor affinity for several polyamines 
following activation may be a general receptor pro- 
perty. We have recently observed that warmed pro- 
gesterone receptors bind more readily to phosphocel- 
lulose [120]. Such an effect may also be induced by 
precipitation with ammonium sulfate. These results 
correlated remarkably well with an increased affinity 
of receptor for nuclear binding and with a shift in 
the receptor’s sedimentation pattern on sucrose gra- 
dients run under low-salt conditions. In the latter case, 
there was a decrease in 6S and 8S material coupled 
with the appearance of 4S receptors. Such a finding 
suggests that receptor activation may merely involve 
disaggregation back to the original monomeric forms 
present in vivo. In any case, all of the above findings 
are consistent with an activation process in vitro 
which results in the 2xposure of increased regions of 
positive charge on the receptor. 

While a large body of information has been accu- 
mulated which would tend to explain activation as 
a temperature or salt-induced conformation change 
in receptor molecules, there is also evidence that acti- 
vation may be an enzymatic process. Puca et al. [121] 
have isolated and partially characterized a calcium- 
sensitive factor of calf uterine cytosol which may be 
involved in conversion of estrogen receptor from 5:3S 
to 45S in this system. A calcium-mediated alteration 
of the chick progesterone receptor has also been 
reported [122]. The significance of this observation 
is uncertain in that the altered form of the receptor 
is inactive in nuclear and chromatin binding in vitro. 

A protease has also been described in human uter- 
ine cytosol which may be involved in estrogen recep- 
tor activation [123]. This protease, unlike the “Recep- 
tor Transforming Factor” of Puca et al. [121] de- 
scribed above, is a member of the trypsin group of 
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proteases because its action is inhibited by diisopro- 
pyl fluorophosphate, tosyl-lysine chloromethyl ketone 
and hydrolyzed benzoyl-arginine nitroanilide. Signifi- 
cantly, the human uterine protease described by 
Notides et al. [123] only acted on an estrogen—recep- 
tor complex. Such a hormone dependency would be 
required to explain temperature activation of estrogen 
receptors in light of the data presented earlier. 

In summary, the important observation that the in- 
teraction of receptors in vitro with the genome is faci- 
litated by elevated temperatures has led to publica- 
tion of a large number of papers concerning “activa- 
tion processes” which may be temperature, salt, and 
or enzymatically mediated. It is essential to realize 
that activation is simply any process which facilitates 
the rate or extent of nuclear binding in vitro. It may 
have no significant relevance in vivo. Thus, one must 
beware of entanglement in elaborate activation 
mechanisms when activation may only be a disaggre- 
gation phenomenon experimentally required because 
of receptor preparation in hypophysiologic salt solu- 
tions. 


Correlation of nuclear binding with biologic response 


Studies which have attempted to correlate nuclear 
binding with biological responses have been inferen- 
tial. Two recent lines of work have been strongly 
suggestive that such a correlation is indeed appro- 
priate. Spirolactones are known antagonists of aldo- 
sterone. Normally, aldosterone promotes renal tubular 


readsorption of Na*. However, in the presence of 


spirolactones, the antinatriuretic effects of aldosterone 
are greatly diminished. Marver et al. [73] have 
recently demonstrated that the spirolactone SC-26304 
can competitively bind to kidney cytoplasmic aldo- 
sterone receptors, thus creating a spirolactone-recep- 
tor complex which is incapable of binding to nuclear 
acceptor sites. Thus, in the absence of the receptor 


acceptor interaction, the 
aldosterone were blocked. These findings were exactly 
analogous to those reported by Kaiser et al. [74] with 
regard to the inhibition of nuclear binding of gluco- 
corticoid receptors and the absence of glucocorticoid 
responses in the presence of cortexolone. 

A second line of evidence which argues strongly 
for a correlation between nuclear binding of receptors 


and biologic response resulted from the studies of 


Anderson et al. [69], using nuclear exchange methods. 
The details of this method have been outlined already. 
These authors correlated estrogen-induced uterotro- 
phic and growth responses with nuclear receptor con- 
tent. They found that cytoplasmic receptor was pres- 
ent in excess of that required to produce maximal 
uterotrophic responses. In general, growth responses 
were proportional to the quantity of estrogen—recep- 
tor complex which remained bound to the nucleus 
for 6 hr and not to the amount of complex which 
was driven into the nucleus immediately after 
administration of large doses of estradiol in vivo. Ana- 
logous work with anti-estrogens [71.72] showed that 
prolonged nuclear retention of anti-estrogen-receptor 
complex resulted in prolonged uterotrophic re- 
sponses. Also, exchangeable nuclear estradiol has 
been shown to correlate with induction of a specific 
protein, IP [124]. Thus, nuclear retention, rather than 


antinatriuretic effects of 


just nuclear binding, of receptors probably determines 
cellular responses. 


Cell genetic variants in hormone response 

Recent work has demonstrated that even nuclear 
retention of hormone-receptor complexes does not 
guarantee responses. Cell hybridization studies pro- 
duced cells which contain glucocorticoid receptors in- 
distinguishable from. parental receptors [125]. Nu- 
clear binding in the hybrid clones was also observed; 
however, TAT (tyrosine aminotransferase) induction 
did not occur. Such a finding suggests several possible 
explanations. Because glucocorticoids do more than 
induce TAT, production of hybrid clones may simply 
have resulted in the deletion of the TAT gene, leaving 
behind many other genes whose expression is in- 
fluenced by glucocorticoids. Alternatively, the nuclear 
acceptor site whose occupance by receptor induces 
TAT may have been altered so that TAT becomes 
uninducible. Isolation of TAT mRNA and hybridiza- 
tion studies could differentiate between these hypo- 
theses. 

A most interesting finding has been reported by 
Lippman et al. [126]. They have cloned human and 
mouse leukemic cell lines which contain glucocorti- 
coid receptors in amounts comparable to those of 
normal tissues. No unusual findings were made with 
regard to affinity and specificity of these receptors. 
Saturable high affinity nuclear binding of receptors 
was also demonstrated. Yet the cells were totally un- 
responsive to steroid administration. No changes in 
growth, macromolecular synthesis, amino acid 
uptake, or glucose utilization were detected. These 
results expanded upon an earlier observation by 
Gehring et al. [127] of a mouse lymphoma cell line, 
containing glucocorticoid receptors, which was unre- 
sponsive to the steroid. Using special techniques to 
isolate lymphoma cell variants resistant to killing by 
glucocorticoids [128], Sibley and Tomkins [129] have 
succeeded in characterizing cell lines whose steroid 
resistance can be attributed to each of the following 
three classes of defects: (1) absence of a cytoplasmic 
receptor; (2) deficient nuclear transfer of apparently 
normal cytoplasmic receptors; and (3) failure of reac- 
tions subsequent to nuclear localization of receptor— 
hormone complex. Yamamoto et al. [130] have gone 
one step further and shown altered DNA-binding 
properties of glucocorticoid receptors which could 
not be driven to the nucleus by glucocorticoid 
administered to whole cells in culture. Thus, presence 
of receptors is a necessary, but not sufficient condition 
for hormone responsiveness. 


Steroid induction of protein synthesis 

Steroid-induced proteins have been identified in 
several systems. Glucocorticoids specifically induce 
the production of tryptophan pyrrolase [131], tyro- 
sine amino transferase [132, 133], and glutamine syn- 
thetase [134, 135]; estrogens induce a specific protein 
in the rat uterus [136,137]; vitamin D causes in- 
creased synthesis of a Ca’* transport protein 
[ 138, 139]; aldosterone-induced alterations of Na* 
adsorption apparently result from increased synthesis 
of aldosterone-induced proteins [140]. The study of 
estrogen-mediated synthesis of ovalbumin in the chick 
oviduct has shed much light on the mechanism of 
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induction of specific protein synthesis by steroid hor- 
mones. Two responses to the estrogen diethylstilbes- 
trol (DES) have been studied. The primary response 
is elicited by injection of DES into newly hatched 
chicks and results in oviduct growth and differentia- 
tion toward cell types which produce ovalbumin. 
When these animals are withdrawn from daily DES 
injections, ovalbumin synthesis stops and the tissue 
shrinks in size. Re-stimulation with DES (secondary 
response) results in a much more rapid sequence of 
estrogen responses including ovalbumin synthesis. 


Primary site of hormone action 


While some attention has been directed toward 
methods of post-transcriptional control of steroid- 
induced protein synthesis [141], it seems likely that 
steroid hormones exert their primary effects at the 
level of transcription. Administration of aldosterone 
[142], glucocorticoids [143, 144], estrogen [145-147], 
progesterone [148], dihydrotestosterone [ 149, 150], vit- 
amin D [151,152] or thyroid hormones [153] under 
conditions which favor localization of hormones in 
vivo results in increased RNA synthesis. 

A number of possible mechanisms can be offered 
which would explain steroid-induced increases in 
RNA synthesis. The activity of RNA polymerase may 
be directly modified by interactions with receptor- 
hormone complexes. New initiation sites for RNA 
polymerase may be created on the genome. Alternati- 
vely, the rate of RNA chain elongation may be greatly 
enhanced. To distinguish between these and other 
possibilities, it has been necessary to use various tech- 
niques in vitro. Ultimate proof of the mechanism by 
which steroids modify RNA synthesis will require the 
use of receptor purified to homogeneity. The step-by- 
step details of a hormone-dependent, tissue-specific 
increase in RNA synthesis can then be elucidated. To 
date, no model has been proven, although much excit- 
ing preliminary data have been accumulated. Two 
types of data exist: that which describes changes in 
nucleolar RNA polymerase activity (polymerase I) and 
that which describes changes in nucleoplasmic RNA 
polymerase activity (polymerase II). 

The findings of Sajdel and Jacob [154] indicate 
that administration in vivo of a single dose of hydro- 
cortisone to adrenalectomized rats results in a drama- 
tic increase in nucleolar, but not nucleoplasmic, RNA 
polymerase activity assayed in vitro. They determined 
that hormone treatment resulted in increased enzy- 
matic activity rather than increased amount of enzyme. 
Such a finding was consistent with a model of allo- 
steric modification of nucleolar polymerase. However, 
their data do not necessarily imply that such an alter- 
ation is the primary event in steroid hormone action. 

Some of the best studies on endogenous polymerase 
activity have been conducted by Davies and Griffiths 
[155-157] who incubated androgen receptors with 
prostatic nuclei and chromatin in vitro. They demon- 
strated a putative receptor-mediated, hormone-depen- 
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dent, tissue-specific enhancement of prostatic nucleo- 
lar polymerase activity. More recently these investiga- 
tors have also described increases in nucleoplasmic 
RNA polymerase activity [157]. This latter finding 
is consistent with work from other laboratories who 
have reported hormone-mediated specific increases in 
DNA-like RNA synthesis. A specific inhibitor of nu- 
cleoplasmic RNA polymerase, z-amanitin, blocks the 
induction of RNA synthesis by 1,25-dihydroxy-chole- 
calciferol in organ-cultured chick intestinal mucosa 
cells [158]. Zerwekh et al. [159] have reported a 2- 
fold increase in nucleoplasmic RNA polymerase acti- 
vity within 2-3 hr of administration of an oral dose 
of 1,25-dihydroxy-vitamin D, to rachitic chicks. 
Mainwaring and Jones* report that similar increases 
in nucleoplasmic RNA polymerase activity in studies 
in vitro of androgen-stimulated rat prostatic chro- 
matin are predominantly due to elongation of nascent 
RNA chains. 

The antibiotic rifampicin binds to E. coli RNA 
polymerase molecules not involved in chain elonga- 
tion [160]. Thus, under appropriate conditions [161 
164], it is possible to further subdivide general in- 
creases in RNA synthesis between those due to rates 
of chain elongation and those due to increased tem- 
plate capacity. Tsai et al. [164] and Schwartz et al. 
[165] have recently applied these techniques to study 
the estrogen-induced increase in RNA synthesis in the 
chick oviduct [166]. Administration of estrogen in 
vivo to immature chicks results in an increase in RNA 
chain initiation sites on oviduct chromatin as mea- 
sured with E. coli RNA polymerase under rifampicin 
challenge conditions, while the rate of chain elonga- 
tion remains unchanged. 

Using viral reverse transcriptase and purified oval- 
bumin mRNA, Harris et al. [167] have prepared 
highly radioactive copies of part of the gene respon- 
sible for ovalbumin mRNA synthesis. This can be an 
extremely sensitive probe for RNA-[*H ]cDNA hybrid- 
ization and was, therefore, used to determine the 
ovalbumin messenger RNA content of oviduct cells 
during estrogen stimulation. They found essentially 
no copies of the ovalbumin mRNA in the unstimu- 
lated oviduct or in the oviduct of an animal which 
had been estrogen stimulated but subsequently with- 
drawn from hormone [167]. Moreover, readily mea- 
sured increases in ovalbumin mRNA were detected 
as early as 30 min after secondary stimulation with 
estrogen. The absence of blocked or partially 
degraded ovalbumin mRNAs in unstimulated and 
stimulated-withdrawn animals suggested _ that 
estrogen induces de novo synthesis of ovalbumin 
message. Finally, the observation that E. coli RNA 
polymerase transcribes ovalbumin message from 
chromatin made from estrogen-stimulated animals 
but not from chromatin isolated from unstimulated 
animals strongly argues in favor of a derepression of 
template sites as a result of hormone treatment.t This 
finding is incompatible with the original model of 
post-transcriptional control which called for con- 
tinous synthesis of mRNA produced from an “open 
gene”. The intracellular concentration of this mRNA 
would then increase via subsequent steroid hormone 
control of its degradation [141]. Our data obtained 
in chick oviduct, however, are more consistent with 
a pure transcriptional stimulation. 
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Fig. 1. Secondary response of chick oviduct to estrogen 
stimulation (with permission of S. Y. Tsai, M. J.. Tsai, R. 
Schwartz, M. Kalimi, J. H. Clark and B. W. O'Malley, 
manuscript submitted for publication). Withdrawn chicks 
were injected with saline or DES (2:5 mg) and killed at 
the indicated times. Nuclear estradiol receptor was mea- 
sured by the *H-estradiol exchange assay. Initiation sites 
for RNA synthesis were quantitated using E. coli polymer- 
ase under rifampicin conditions. Ovalbumin mRNA titers 
were determined by RNA hybridization to [7H]cDNA. 


Recently, we have established a temporal relation- 
ship between levels of nuclear bound estrogen recep- 
tor, polymerase binding and RNA chain initiation 
sites on chromatin, and ovalbumin message produc- 
tion in the stimulated-withdrawn chick given a 
secondary estrogen challenge [164, 165*]. This rela- 
tionship is illustrated in Fig. 1. The figure shows a 
rapid increase in nuclear-bound estrogen receptor 
(measured by hormonal exchange methods) which 
peaks at 20 min after administration of DES. The 
number of chromatin-associated initiation sites per pg 
of DNA has also increased significantly by 30 min 
and continues to rise gradually thereafter. An increase 
in the ovalbumin message content of tubular gland 
cells begins after | hr. Thus, it would seem that hor- 
mone administration results in a cascade of effects 
in responsive tissues. The earliest response after recep- 
tor hormone binding to chromatin is initiation of 
mRNA synthesis [168]. This results from an increased 
availability of RNA polymerase binding and initiation 
sites. Subsequent increases in rRNA synthesis may 
occur - via allosteric modifications of nucleolar 
polymerase [154], perhaps by the addition of newly 
resynthesized regulatory factors. 


Models for receptor-mediated transcriptional control 
Assuming that protein interactions with nucleic 

acids are determined intrinsically by primary struc- 

ture, one may be justified in drawing certain parallels 
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between transcriptional regulation in prokaryotes and 
steroid hormone effects in eukaryotes. Three specific 
regulatory mechanisms have been described in pro 
karyotes (see Refs. 169 and 170 for review): (1) direct 
regulation of RNA polymerase activity; (2) gene 
repression; and (3) gene induction. 

The sigma regulatory molecule has been well char- 
acterized with respect to its influence on the increase 
in selective gene transcription by E. coli RNA poly- 
merase [170,171]. Certainly receptors may function 
by binding to eukaryotic RNA polymerase and thus 
signal the polymerase to bind to and transcribe a spe- 
cific portion of the genome which had been previously 
shut down. This model is consistent with the in- 
creased RNA polymerase I activity observed by Saj- 
de! and Jacob [154]. Moreover, it is interesting that 
Miiller et al. [171] have recently obtained preliminary 
data suggestive of association between estradiol 
receptor and quail oviduct RNA polymerase I as 
determined by DEAE-cellulose chromatography, gel 
filtration and sucrose-gradient centrifugation. How- 
ever, to date there is no conclusive proof of associ- 
ation between RNA polymerase and steroid hormone 
receptors. Moreover, the inferential evidence which 
has been accumulated [154, 171] suggests a relation- 
ship only with RNA polymerase I. Thus, we must 
look elsewhere to explain the increased RNA poly- 
merase II activity which apparently precedes [168] 
the increase in polymerase I activity and is probably 
responsible for the transcription of new RNA 
sequences. 

The catabolic gene activator protein (CAP protein) of 
E. coli is the best studied example of a positive regula- 
tory factor responsible for induction of specific gene 
activity. Cyclic adenosine monophosphate (cAMP) 
binds specifically to the CAP protein to facilitate in- 
teraction between this regulatory receptor protein and 
DNA [172-174]. Activation of the catabolite sensitive 
genes (lac operon, gal operon and ara operon) is faci- 
litated by this interaction. The role of cAMP and 
CAP can be replaced by agents such as glycerol, di- 
methylsulfoxide and other nonprotein agents 
[ 175. 176]. One characteristic of the DNA which is 
changed as a result of this interaction is the transition, 
or melt temperature (T,,,), for the DNA duplex [176]. 
The transition temperature may be considered to be 
a measure of the activation energy for unwinding the 
DNA duplex. For the melting of the T7 early promoter 
region, the enthalpy of this conformation change has 
been measured. It is about 58 kcal/mole, consistent 
with a melting of about eight base pairs [177]. The 
energy of this reaction comes from the very tight 
binding of polymerase to the promoter region. Thus, 
by analogy, one many suggest that the energy released 
by the tight binding of the cAMP-—CAP complex to 
promoter regions of affected operons is used to melt 
out the nearby DNA duplex, thus facilitating increased 
polymerase binding and transcription. That CAP 
binding results in increased polymerase binding sites 
is an established fact [178]. To carry the analogy one 
step further, one may surmise that steroid hormone- 
receptor complexes interact with the eukaryotic 
genome in a similar fashion. However, the binding 
of steroid hormone receptors to DNA is modified by 
chromosomal proteins; thus local melt-out effects 
may not be reflected in finite overall differences in 
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T,,S for total nuclear DNA. Indeed, the temperature 
requirement for the formation of an initiation com- 
plex is less for chromatin than for DNA [164]. We 
may interpret this result to be an effect of the chromo- 
somal proteins bound to DNA. 

Perhaps some of the most critical chemical work 
on the nature of protein-DNA interactions has 
resulted from the study of the interaction of the lac 
[179-185] and gal repressor [172, 178, 186] proteins 
with DNA. Again, some striking similarities exist 
between these repressors and steroid hormone recep- 
tors. Both repressors are multimeric [174, 185]. 
Whether or not steroid hormone receptor proteins 
are multimeric in vivo is not yet resolved; however, 
the ability to permute the sedimentation constant of 
steroid hormone receptors in vitro [120,187] is con- 
sistent with a capacity to form multimers. The proges- 
terone receptor of chick oviduct has been shown to 
have a frictional ratio of about 20, consistent with 
the shape of a prolate ellipsoid [32]. Recently, the 
X-ray crystallographic study of lac repressor has 
shown that this tetramer is also quite asymmetric in 
shape [185]. perhaps a common mechanism describes 
the interacting of all these regulatory molecules with 
the genome. 

Riggs et al. [183,184] have found that the lac 
repressor interacts with both nonoperator and opera- 
tor DNA. Similarly, we have found that chick oviduct 
' progesterone receptors apparently bind to more than 
one class of nuclear acceptor sites [81]. The apparent 
association rate constant for lac repressor binding to 
operator DNA was such that the reaction was prob- 
ably not diffusion limited [183]. We have preliminary 
data which indicate that the rate of interaction 
between progesterone receptor and the predominant 
class of nuclear acceptor sites (K, ~ 10° M) can be 
a diffusion-limited process. However, no association 
rate kinetics have been carried out on the very high 
affinity nuclear binding sites (K,~ 10~''M). It is 
possible that receptors bind to these very high affinity 
sites following one-dimensional diffusion along the 
chromatin away from the lower affinity sites. 

The data presented above obtained from studies 
with prokaryotic organisms can be combined with the 
known details of steroid hormone receptor interaction 
with the eukaryotic genome and subsequent modifica- 
tion of transcriptional events to propose the following 
two models for receptor-mediated transcriptional 
control in eukaryotic organisms. 

The first model, presented in Fig. 2, shows hormone 
(H) combining with cytoplasmic receptor (R,). The 
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Fig. 2. Hypothetical model detailing steroid hormone- 
receptor modification of gene activity I. 
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Fig. 3. Hypothetical model detailing steroid hormone 
receptor modification of gene activity II. 


complex somehow is altered by a process termed “ac- 
tivation”, which facilitates intranuclear accumulation 
of the altered hormone receptor complex (H-R,,). The 
chromatin, consisting of DNA, histone and nonhis- 
tone proteins (NHP), contains specific acceptor sites 
for H-R,,. Perhaps specific acidic proteins (a) serve 
to concentrate the H-R,, complexes at acceptor sites. 
Binding of H-R,, to the chromatin induces a local 
melt out or unwinding of the DNA duplex which faci- 
litates RNA polymerase binding (E) in the promoter 
region (P). Transcription through the structural gene 
(SG,) ensues. The model would be independent of the 
exact number of receptors bound at each promoter 
site. Hormone response would likely be terminated 
by dissociation of the hormone from the receptor. 
Such a control mechanism is likely employed to turn 
off the hormone response because the dissociation 
constants for most hormone-receptor complexes 
(Kz ~ 10~® to 10° '° M) approximate the dissociation 
constants measured for nuclear binding of receptors 
(Table 1). 

A second model for receptor interaction with the 
genome is shown in Fig. 3. Nuclear binding site hetero- 
geneity is required by this model. Significantly, we 
have recently made the observation that progester- 
one-receptor binding to nuclei shows just such hetero- 
geneity [81]. In this model, hormone-receptor com- 
plexes gain access to the nuclear compartment exactly 
as in the first model (Fig. 2). The high affinity of 
receptor for chromatin results in receptor localization 
at chromatin acceptor sites. These sites may be pres- 
ent in both target and nontarget tissue and consist 
of DNA and associated nonhistone chromosomal 
proteins. The receptor may then undertake a one- 
dimensional search along the chromatin until an 
actual “effector” site is reached where receptors may 
bind with a different affinity (K, ~ 10°”M). The 
ensuing enzyme binding and specific gene transcrip- 
tion would be as in Fig. 2. The significance of this 
model lies in the fact that a three-dimensional search 
for effector sites located on a one-dimensional lattice 
is intrinsically longer than one conducted on the lat- 
tice itself [188]. Thus, the existence of thousands of 
moderately high affinity sites (K,~ 10° *M) would 
facilitate chromatin trapping of receptor, a_three- 
dimensional search process, and ensure rapid localiza- 
tion to a very few effector sites (K, ~ 10°’M) via 
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a one-dimensional random walk along the chromatin 
lattice. Thereafter, because of the extremely tight 
binding at the effector site, the additional receptors 
bound at the (K, ~ 107° M) lower affinity sites would 
no longer be needed to ensure continued hormone 
response. Such a model could explain the decrease 
in nuclear bound estrogen after 20 min of estrogen 
challenge. while continued ovalbumin _ synthesis 
occurs (Fig. 2). A specific “off mechanism” would have 
to be described to complete this model. Such an off 
mechanism would include the observation that the 
dissociation of hormone from receptor is prolonged 
when the complex is chromatin associated [189*]. 
Both of these models are really quite hypothetical at 
this time. The sole purpose in presenting them is to 
motivate investigators to think mechanistically in 
terms of how nuclear accumulation of steroid hor- 
mones elicits specific new RNA synthesis. 
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Abstract—Trazodone, a novel antidepressant with a structure different from the tricyclic compounds, 
inhibits the release of brain 5-HT induced by fenfluramine and blocks the uptake of 5-HT by rat 
platelets. Two known metabolites of trazodone. oxatriazolepyridin propionic acid and trazodone-N- 
oxide. do not share the properties ‘of trazodone. A suggested but unproven metabolite of trazodone, 
m-chlorophenyl piperazine. is however more active than trazodone as an inhibitor of 5-HT uptake. 
Trazodone and its derivatives are devoid of activity as releasers of 5-HT from rat platelets. 


Trazodone, _2-{3-[4(m-chlorophenyl)|-piperaziny]]- 
propyl}-s-triazolo [4,3-a]-pirydin-3-(2H)one, is a new 
psychoactive drug [1-4] with a spectrum of pharma- 
cological activities different from that shown by any 
known drug acting on the central nervous system 
[5,6]. 

It has also been reported that trazodone possesses 
a peculiar neurochemical profile with regard to its 
action on brain monoamines [7]. Particular attention 
has been devoted to the effect of trazodone on brain 
serotonin and it was suggested that this effect could 
be of some importance for the clinical, particularly 
antidepressant, effects of this drug [7-9]. The tricyclic 
antidepressants, mainly the tertiary amines, are potent 
blockers of serotonin ({5-HT) neuronal uptake 
mechanism [10-12] and it was recently shown that 
these drugs prevent the depletion of brain serotonin 
induced by 4-methyl-ethyl-m-tyramine (H 75/12) [10] 
or by fenfluramine in the rat [13]. This. effect was 
attributed to a blockade by thymoleptics of the ac- 
cumulation of H 75/12 or fenfluramine into the sero- 
tonergic neurons. 

In the present experiments the effect of trazodone 
on the depletion of brain 5-HT induced by fenflura- 
mine in rats was studied in an attempt to investigate 
further the possible interaction between trazodone 
and brain serotonin. The effect of trazodone on the 
uptake and release of ['*C]5-HT was also studied 
in blood platelets. which are considered to be a useful 
pharmacological model for serotonergic neurons [14 
17]. Finally, the effects of three proposed metabolites 
of trazodone, m-chlorophenylpiperazine (CPP), oxo- 
triazolepyridinpropionic acid (OTPA) and the N- 
oxide of trazodone [18] were studied under the same 
experimental conditions. 


MATERIALS AND METHODS 


Brain serotonin. Female Charles River rats (180-200 
g b.w.) were kept at constant room temperature 
(22 + 1°) and relative humidity (60°) for all exper- 
iments. 

The animals were injected intraperitoneally with 
various doses of trazodone and sacrificed 2 hr after 
the injection. Another group received 50 mg/kg ip. 
of trazodone and were sacrificed at various times after 


the injection. In a third experiment the animals were 
injected i.p. with one of the following drugs: chlorimi- 
pramine (CI-IMI), desipramine (DMI) and various 
doses of trazodone. Thirty min later they received 15 
mg/kg i.p. of d,l-fenfluramine and were sacrificed 2 
hr after the fenfluramine injection. Finally, the effects 
of CPP, OTPA and the N-oxide of trazodone were 
studied under the same experimental conditions uti- 
lized for trazodone. After animal sacrifice the brains 
were quickly removed and frozen for the bio-chemical 
assay. Serotonin and 5-hydroxyindoleacetic acid 
(S-HIAA) were estimated fluorimetrically according to 
the method of Giacalone and Valzelli [19]. 

Studies with platelets. Platelet-rich plasma (PRP) 
and platelet-poor plasma (PPP) were prepared and 
['*C]5-HT uptake and release measured essentially 
as described previously [16,17]. The uptake of 
['4C]5-HT by rat platelets in vitro was stopped (by 
placing the test tubes in melting ice) after 2 min incu- 
bation at 37°. Previous experiments had shown that 
the saturation level for ['*C]5-HT in rat platelets is 
reached within 1-2 min [17]. ['*C]5-HT was used 
at a final concentration of 5-5 x 10°’ M, correspond- 
ing to 0-028 wCi/ml. Compounds to be tested were 
dissolved, just before use, in isotonic saline. Final con- 
centrations are indicated throughout for in vitro ex- 
periments. 

For in vivo experiments, rats were injected i.p. with 
various doses of test compounds. Blood was obtained 
from ether anesthetized animals 15 min after drug 
administration. Preliminary experiments had_indi- 
cated the absence of any significant effect in blood 
collected 60 min after drug administration. The 
uptake of ['*C]5-HT by platelets was studied in PRP 
as described above. 


RESULTS 
Brain serotonin. As shown in Table 1, trazodone, 
even at a dose of 50 mg/kg, does not significantly 
affect the levels of 5-HT and 5-HIAA in the brain. 
Moreover, no significant changes of brain 5-HT and 
5-HIAA were found at various times after the intra- 
peritoneal injection of trazodone, 50 mg/kg (Table 2). 
Table 3 shows the effect of trazodone on the deple- 
tion of brain serotonin induced by fenfluramine. It 
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Table |. Effect of various doses of trazodone on the levels 
of 5-HT and 5-HIAA in the rat brain 





Brain levels 
(ugg + S.E.) 
Treatment 
(mg kg. Lp.) 


5-HT 5-HIAA 





Saline 38 + 0-02 0-32 + 002 
Trazodone 625 31 + 002 0-35 + OO! 
12-50 33 + 0-02 031 + 001 
25-00 14+ 001 0-27 + 0-01 
32 + OI 0-29 + 0-04 


i7odone 


I 
Trazodone 
Tr 


izodone 50-00 





Each value represents the mean + S.E. of six animals. 
Brain indoles were estimated 2 hr after the drug injec- 
tion. 
Table 2. Brain levels of 5S-HT and 5- 
HIAA at various times after injection of 
trazodone 





Brain levels 
S.E.) 
5S-HIAA 


Time alts 
injection (min) 


(ug/g + 





0-41 + OO! 030 + O-O1 
0-42 + 0-02 0-33 + O01 
0-46 + 0-02 0-34 + 0-01 
0-44 + 0-01 030 + OO! 
lrazodone was injected Lp. at a dose 
of 50 mg/kg. 
Each value is the mean +S.E. of six 
animals. 
can be observed that trazodone even at relatively low 
doses (6:2 mg/kg), is significantly able to antagonize 
the depletion of brain 5-HT induced by fenfluramine. 
This effect is also shown by CI-IMI but not by DMI, 
when used at the same dose. As shown in Table 4 
CPP but not OTPA or trazodone N-oxide signifi- 
cantly antagonized the effect of fenfluramine on brain 
serotonin. 

Studies with platelets. Figure 1 shows that both tra- 
zodone and CPP when added in vitro to PRP inhi- 
bited the uptake of ['*C]5-HT by rat platelets. The 
degree of inhibition was concentration-dependent. 
CPP was slightly more active than trazodone. 

The other two possible metabolites of trazodone 
(OTPA and N-oxide) were completely ineffective 
(data not reported in the figure). For the sake of com- 
Table 3. Effect of chloroimipramine (CI-IMI), desipramine 


(DMI) and trazodone on the depletion of brain 5-HT in- 
duced by d,]-fenfluramine 


5-HT 
(ug/g + SE 


Dose 
Treatment (mg/kg. ip.) 





Saline 0:33 + 0-22 
d.j-fenfluramine 5 O14 + 0-01* 
Cl-IMI 0-28 + 0-01 
DMI 0-28 + 0-02 
Trazodone 25 0:30 + 0-02 
Trazodon 2-5 0-33 + 0-02 
Trazodone 25 0-33 + 0-01 
CI-IMI + d./-fenfluramine + 15 0-23 + 002+ 
+ d.l-fenfluramine + 15 O18 + 0-02 

> + dJ-fenfluramine 25 + 15 023 + 002+ 

vodone + d./-fenfluramine 2:50 + 15 0-24 + OOI* 


odone + d./-fenquramine 25 + 15 0-25. + 0-03+ 





Each figure is the mean + S.E. of six animals. Drugs 
were injected 30 min before d,/-fenfluramine and 5-HT was 
estimated 2 hr after fenfluramine injection. Analysis of vari- 
ance and the extension of Duncan’s test have been used 
for the statistical evaluation of the data. 

* P < (0-01 in respect to saline-treated animals. 

+ P < 0-01 in respect to fenfluramine-treated animals. 


Table 4. Effect of m-chlorophenylpiperazine HCl (CPP), 

oxotriazolepyridin propionic acid (OTPA) and N-oxide of 

trazodone on the depletion of brain serotonin (5-HT) by 
d,|-fenfluramine 





Dose: 
(mg/kg. ip.) 


5-HT 


Treatment (ug/g + S.E.) 





Saline 0-43 
d.l-fenfluramine s 0-24 
CPP 25 0-46 
OTPA s 0-42 
Trazodone N-oxide - 0-37 
CPP + d.l-fenfluramine 25 ~ 0-43 
OTPA + d.l-fenfluramine 2s 2 0-23 
Trazodone N-oxide + d./-fenfluramine 25 5 0-24 


0-03 
0-003* 
0-02 
0-02 
0-02 
0-02+ 
0-01 
0-01 


+ H+ i+ 1+ I+ I+ 1+ 





Each figure is the mean + S.E. of six animals. 

Drugs were injected 30 min before d.l-fenfluramine and 
5-HT was estimated 2 hr after fenfluramine injection. 

Analysis of variance and the extension of Duncan’s test 
have been used for the statistical evaluation of the data. 

*P < 0-01 with respect to saline-treated rats. 

+P < 0-01 with respect to fenfluramine-treated animals. 


parison, the effect of CI-IMI in the same experimental 
condition is represented in Fig. 1: it was about 10 
times more active than CPP. 
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Fig. 1. Dose-response curves for the in vitro inhibitory 
activity of trazodone (curve A), m-chlorophenylipiperazine 
(curve B) and chliorimipramine (curve C) on ['4*C]5-HT 
uptake by rat platelets. Each point represents the mean 
+ S.E. of at least four duplicate experiments. Drugs were 
preincubated with platelets for 15 min before an additional 

incubation period of 2 min with ['*C]5-HT. 
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Fig. 2. Dose-response curves for the in vivo inhibitory acti- 
vity of trazodone (curve A), m-chlorophenylpiperazine 
(curve B) and chlorimipramine (curve C) on subsequent 
in vitro ['*C]5-HT uptake by rat platelets. Each point 
represents the mean + S.E. of at least four duplicate exper- 
iments. Drugs were given intraperitoneally to rats 15 min 
before blood collection. Platelets were subsequently incu- 
bated in vitro for 2 min with ['*C]5-HT. 
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Table 5. Dose-response curve for in vitro activity of trazo- 
done and its proposed metabolites on ['*C]5-HT release 
from rat platelets 





*., Release (mean + S.E.) at 
final concentration of 





Drug 2-5 x } 5x 10°°M 10°* M 





<5(8)* 
5-7 + 05 (4) 


5-5 + 10(6) 
11-8 + 0-7 (2) 


Trazodone 
m-chlorophenyl- 
piperazine 
oxo-triazole-pyridin- <5(4) <5(2) 


12:3 + 0-1 (4) 
15-8 + 0-6 (4) 


propionic acid 

Trazodone N-oxide <5(4) 
Chlorimipramine <5(4) 
(+ )-Fenfluramine 30-6 + 1-0(14) 52:7 


<5(2) 
14:3 + 0-3(4) 
+ 3-0(4) 





* Number in brackets is the number of experiments per- 
formed. 


Figure 2 shows that trazodone, CPP and Cl-IMI 
given intraperitoneally to rats, inhibited the sub- 
sequent in vitro uptake of ['*C]5-HT by platelets. 
The inhibitory activity was dose-dependent and 
showed the same rate of potency as observed in the 
in vitro experiments. 

Table 5 shows that neither trazodone, nor any of 
its proposed metabolites, induced an appreciable 
release of platelet-bound ['*C]5-HT after 2 hr of in- 
cubation at 37°. As previously reported [17]. under 
similar experimental conditions, Cl-IMI was also inef- 
fective, whereas d-fenfluramine induced significant 
release. 


DISCUSSION 


The present data demonstrate that trazodone, like 
CI-IMI, does not affect the levels of 5-HT and 5- 
HIAA in the rat brain. At the same time, they show 
that trazodone is able to antagonize the decrease of 
brain 5-HT induced by fenfluramine. This effect is 
shared also by tricyclic antidepressant agents mainly 
the tertiary amines [13] and it has been interpreted 
as a consequence of the blockade exerted by these 
drugs on the membrane pump for transport into the 
brain serotonergic neurons of compounds able to 
release 5-HT [10, 12]. Assuming that fenfluramine uti- 
lizes this membrane pump, CI-IMI would inhibit the 
entry of fenfluramine into the serotonergic neurons, 
therefore blocking the depletion effect of this drug 
on 5-HT stores. : 

Therefore. the present experiments indicate that 
trazodone and its congener m-chlorophenylpiperazine 
can share with tricyclic antidepressants the property 
of blocking the membrane uptake for serotonin in 
the brain. This possibility is supported by the obser- 
vation that trazodone and m-chlorophenylpiperazine, 
similarly to tricyclic antidepressant agents [16], in- 
hibit the uptake of 5-HT by platelets both in vitro 
and in vivo. It cannot be excluded however at the 
present time that the interaction between trazodone 
and fenfluramine is the result of a reduced availability 
of fenfluramine in the brain due to an alteration of 
its disposition and/or its metabolism. 

The storage and the release mechanism for sero- 
tonin in the brain does not seem to be affected by 
either of the drugs. since no significant changes of 
5-HT or 5-HIAA concentrations in the brain were 


\ 


observed following the administration of these com- 
pounds. Accordingly, in vitro studies show that neither 
trazodone nor m-chlorophenylpiperazine release sig- 
nificant amounts of 5-HT from platelets. It should 
be recalled that while m-chlorophenylpiperazine has 
never been detected after trazodone administration, 
two other compounds, oxatriazolepyridinpropionic 
acid [18] and trazodone N-oxide [1] identified as 
metabolites of trazodone are inactive as inhibitors of 
5-HT uptake or as releasers of 5-HT on rat platelets. 
The potentiation of the central effects of 5-hydroxy- 
tryptophan, a precursor of serotonin, observed after 
the administration of trazodone [5,6] may be related 
to the fact that trazodone inhibits the uptake of 5-HT. 

In conclusion, it appears that trazodone and m- 
chlorophenylpiperazine inhibit the membrane uptake 
mechanism for serotonin. This finding may be of im- 
portance for interpreting the clinical antidepressant 
properties shown by trazodone [20, 21]. 
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Abstract 


Slices of rat liver were incubated with (R)ethanol-1-°H and (S)ethanol-1-*H at a concentration 


of | mg/ml. During the course of the incubation, the ethanol in the flask containing the (S) isomer. 
but not the (R) isomer. was enriched with *H. For the same quantity of 7H metabolized from the 
(R)ethanol-1-H as from the (S)ethanol-1-7H. much less 7H from the (S) than from the (R) isomer 
was incorporated into the lactate formed during the incubation. This indicates that the (R) hydrogen 
has a much greater access than the (S) hydrogen to the pool of NADH in the cytosol utilized in 
the reduction of pyruvate to lactate. It is concluded that the formation of NADH from acetaldehyde 
occurs under these conditions. primarily in a compartment other than the cytosol. It is presumed 


that this compartment is mitochondrial. 


Until recently, acetaldehyde oxidation by the hepato- 
cyte was generally believed to occur in the cytosol 
so that two equivalents of NADH were formed in 
the cytosol per mole of ethanol utilized. Reducing 
equivalents formed were assumed to be rapidly trans- 
ported from the cytosol to the mitochondria via the 
malate—aspartate cycle to account for the rapid reduc- 
tion of pyridine nucleotides occurring in the mito- 
chondria of liver oxidizing ethanol [1]. More 
recently, the major portion of aldehyde dehydro- 
genase activity in rat liver has been localized to its 
mitochondria [2-4]. Most recently, Parrilla et al. [5] 
showed that inhibition of the extra mitochondrial 
reactions associated with the malate—aspartate cycle 
did not alter the reduction of mitochondrial pyridine 
nucleotides occurring in rat hepatocytes incubated 
with low concentrations of acetaldehyde but did to 
some extent with higher concentrations of acetalde- 
hyde. They [5, 6] concluded that acetaldehyde at con- 
centrations below 0:2 to 0-4 mM was oxidized predo- 
minantly in the mitochondria. 

The present study was intended to localize the site 
of formation of NADH during acetaldehyde oxi- 
dation in the intact liver cell without recourse to inhi- 
bitors. The approach depends upon the stereospecifi- 
city of hydrogen removal in the oxidation of ethanol 
to acetaldehyde [7,8]. The oxidation of | mole of 
(R)ethanol-1-*H to acetaldehyde catalyzed by alcohol 
dehydrogenase will yield one equivalent of *H-labeled 
NADH, while the oxidation of (S)ethanol-1-3H will 
yield one equivalent of unlabeled NADH. One equiv- 
alent of unlabeled NADH will be produced on oxi- 
dation of the unlabeled acetaidehyde formed from the 
(R)ethanol-1-*H and one equivalent of *H-labeled 
NADH produced from the labeled acetaldehyde 
formed from (S)ethanol-1-7H. Thus, for the same 
quantities of the (R) and (S) ethanols oxidized to ace- 
tate. the same quantities of labeled NADH will be 
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formed. The *H should be on the same side of the 
pyridine ring of the nucleotide. whether from the (R) 
or (S) ethanol. since alcohol dehydrogenase and ace- 
taldehyde dehydrogenase are A-type enzymes [9]. 

Therefore. if acetaldehyde oxidation. like ethanol 
oxidation, occurs in the cytosol, the cytosolic pool 
of NADH should be identically labeled with *H. The 
specific activity of the NADH pool formed from 
(S)ethanol-1-°H relative to that from (R)ethanol-1-°H 
should then reflect the extent of formation of NADH 
from acetaldehyde in the cytosol. These relative speci- 
fic activities can be determined from the relative spe- 
cific activities of the *H-labeled lactate formed during 
the metabolism of the (R) as compared to the (S)eth- 
anol-1-7H. since lactic dehydrogenase is localized to 
the cytosol and is also an A-type enzyme. 


EXPERIMENTAL PROCEDL RE 


Materials. (R)ethanol-1-3H. (S)ethanol-1-°H and 
acetaldehyde-1-*H were prepared and purified as pre- 
viously described. Ethanol-1-'*C was purchased from 
New England Nuclear Corp., Boston, Mass., and 
Amersham/Searle Corp., Arlington Park, Ill. and also 
purified as previously described [8]. 

Animals. Sprague-Dawley white female rats weigh- 
ing 260-300 g were fed ad lib. until the time of killing 
by decapitation. 

Incubation. Five experiments were performed. In 
each experiment, six flasks with content were incu- 
bated. Each of the 500-ml Erlenmeyer flasks con- 
tained 30 ml medium. The medium [10] contained 
in m-moles/liter: K*, 110; Mg?*. 20; Ca**. 10; 
HCO, . 40; Cl”, 130; and glucose and ethanol, each 
at a concentration of | mg/ml. Ethanol-1-'*C (0-2 to 
1-5 wCi) was added to all the flasks, (R)ethanol-1-°H 
(1-5 pCi) to three of the flasks, and (S)ethanol-1-*H 
(1-5 pCi) to the remaining three flasks. Flasks con- 
taining the (R) and (S) ethanols were paired. One pair. 
serving as controls. was incubated without addition 
of liver slices. Liver slices from two rats were ran- 
domly distributed into the second pair of flasks and 
liver slices from two other rats were distributed into 
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the third pair. Between 3-6 and 4-4 g of slices was 
added to each flask. Paired flasks differed in weight 
of slices by no more than 0-1 g. The contents of the 
flasks were gassed with 95°,, O,-5°, CO, for 10 min 
and then stoppered and incubated at 37° with shaking 
for 90 min. To terminate incubation, 3 ml of 2 N 
H,SO, was injected into each flask through a rubber 
inlet in the stopper. CO, evolved was collected in 
a vial which was suspended from each stopper and 
into which 3 ml of | N CO,-free NaOH was intro- 
duced by injection through the inlet. In three of the 
experiments, 32 mg acetaldehyde in aqueous solution 
was injected through the inlet into each of the flasks 
after addition of the sulfuric acid. 

Inalyses. The sealed flasks were stored 12 hr to 
complete absorption of the '*CO, into the sodium 
hydroxide. The acidified medium with slices from 
each flask was then cooled in ice and homogenized. 
The homogenate in a closed bottle was centrifuged 
at 4. The supernatant was neutralized, | ml of 03 
N Ba(OH), and | ml of 5°, Zn(SO), were added and 
the mixture was recentrifuged at 4. The con- 
centrations of ethanol in an aliquot of the supernatant 
and the initial medium were determined enzymati- 
cally [11]. From these determinations, the volume of 
medium incubated. and the volumes of the superna- 
tant (corrected to the volume of the homogenate), the 
quantity of ethanol taken up during the incubation 
was determined. There was no disappearance of eth- 
anol in flasks without added slices. A 10-ml aliquot 
of each supernatant was made alkaline with NaOH 
and distilled. The first ml of distillate was used to 


determine the amount of 4H that remained in ethanol 
at the completion of incubation, the next 5 ml of dis- 
tillate was discarded. and the next ml (the seventh 
mlj was used to determine incorporation of *H into 
water. 

To the first ml of distillate and to an aliquot of 


the initial medium. carrier unlabeled ethanol was 
added and the p-nitrobenzoate derivative of ethanol 
was prepared from these aqueous solutions [12]. In 
the first three experiments. ethanol was then regener- 
ated from each p-nitrobenzoate by refluxing it in | 
N NaOH and then distilling the resulting solution. 
An aliquot of the first portion of each of these distil- 
lates was added to scintillation fluid (Aquasol pur- 
chased from the New England Nuclear Corp.) and 
assayed for *H and '*C. Internal standards were used 
in these and in all other assays of radioactivity. Eth- 
anols assayed after formation of the p-nitrobenzoate 
from the distillate of the supernatants obtained in the 
incubations without slices had *H/'*C ratios identical 
to the ratios in the ethanols initially present in the 
incubation medium, providing evidence for the ade- 
quacy of the procedure. 

The ratio of *H to '*C in dis./min in the ethanol 
of each flask at the completion of incubation was cal- 
culated as follows. Aliquots of the initial solution 
were assayed for *H and '*C and from these data 
the total *H and '4C in dis./min added as ethanol 
was calculated. The *H present in the ethanol at the 
completion of incubation was calculated from the 4H 
'$C ratio in the ethanol at the completion of incuba- 
tion, the '*C in the ethanol at the beginning of incu- 
bation. and the fraction of ethanol that was not uti- 
lized as determined from the uptake of ethanol. For 


this calculation it is assumed that there is no isotope 
discrimination between '*C and '°C so that the per- 
centage uptake of ethanol and of the '*C of the eth- 
anol-1-'*C is the same. In the last two experiments. 
the p-nitrobenzoates were oxidized to '*CO, and 
3H,O in an oxidizer (model 306, Packard Instrument 
Co.. Downers Grove, IIl.). Uptake of '*C and 7H 
could then be calculated directly from the aliquot 
taken, the quantity of nitrobenzoate oxidized, and its 
activity. The uptake of '*C of ethanol-1-'*C was in 
good agreement with the uptake of ethanol deter- 
mined enzymatically [11]. 

An aliquot of the seventh ml of the distillate was 
assayed for 7H and '4C content. All '*C in this distil- 
late was assumed to be in ethanol, and all *H other 
than that in ethanol was assumed to be in water. 
The *H in ethanol was estimated from the *H/'*C 
ratio in ethanol in the distillate, as just detailed, and 
the '*C in the distillate. In the seventh ml of distillate. 
about 25 per cent of the total °H was thus found 
to be due to ethanol with the remainder ascribed to 
3H,O. Negligible *H was found in 7H,O in the incu- 
bations without slices. When *H,O was distilled in 
a control experiment, the specific activity of the initial 
and final distillate was the same. The total incorpor- 
ation of °H into water has. therefore, been calculated 
from the *H in the aliquot of the distillate and the 
total volume of the supernatant. 

To another aliquot of each supernatant, carrier lac- 
tate was added. The aliquot was acidified with H,SO, 
and the lactate extracted with ether. The lactate in 
the ether was isolated as its sodium salt and purified 
on a Celite column [13]. Lactate from the column 
was converted to its phenacyl derivative [14]. which 
was assayed for 7H and '*C. The incorporation of 
3H and '4C into lactate was calculated from this 
ratio, the weight of the phenacyl lactate assayed, the 
quantity of lactate added as carrier, and the volume 
of the aliquot of the supernatant. Again in the last 
two experiments, the phenacyl! lactates were oxidized 
and the '*CO, and 7H,O counted. 

In the three experiments in which carrier acetalde- 
hyde was added, an aliquot of the supernatant from 
each flask was distilled in vacuo at room temperature 
into dimedone reagent [8] contained in a glass- 
jointed tube immersed in ice water. After the collec- 
tion of a few ml of distillate. the tube was stoppered 
and warmed to complete the formation of acetaldime- 
done, which was collected and assayed for '*C and 
*H. The quantities of *H and '4C in acetaldehyde 
in the incubation medium plus slices at the comple- 
tion of incubation were calculated from the 32 mg 
acetaldehyde added as carrier and the weight of ace- 
taldimedone assayed for radioactivity. Negligible *H 
and '*C radioactivity was in the acetaldimedone iso- 
lated from the incubations without slices, except in 
one experiment where there was a quantity of '*C, 
despite purification of the ethanol-1-'*C used. The 
ethanol-I-'*C was a new batch which. when pur- 
chased, had several per cent of its activity precipitated 
with dimedone reagent. The quantity of acetaldehyde 
present in the slices and incubation medium of each 
flask at the completion of incubation for the two ex- 
periments where there was no contamination was cal- 
culated from the total '*C in acetaldehyde at the 
completion of incubation and the molar specific acti- 
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vity of the acetaldehyde-1-'*C formed during the in- 
cubation, assumed to be the same as that of the eth- 
anol-1-'*C incubated. 

A control experiment showed that no significant 
quantity of acetaldehyde was lost during the course 
of the incubation. Acetaldehyde-1-*H (5 mg) was in- 
jected into medium with slices immediately after aci- 
dification and without incubation. It was then incu- 
bated for 90 min, carrier acetaldehyde (32 mg) was 
added and the above procedure was followed. 
Twenty-six mg acetaldimedone was recovered. Its spe- 
cific activity was such that the theoretical yield of 
acetaldimedone from 37 mg acetaldehyde (257 mg) 
would have contained 97 per cent of the dis./min 
added to the flask. 

The '*CO, absorbed into the sodium hydroxide 
was precipitated as Ba'*CO;. The Ba'*CO, was 
weighed and then treated with H,SO, and the '*CO, 
evolved collected in ethylenediamine in methylcellu- 
solve [15] and assayed for '*C. Incorporation into 
'4CO, was calculated from the specific activity of the 
'$CO, and the quantity of CO, estimated to be pres- 
ent in the medium and gas phase of each flask. 


RESULTS 


Results of the five experiments are presented in 
Table 1. Uptake of ethanol. measured enzymatically, 
was about 50 per cent of the added ethanol with very 
similar uptakes in the paired incubations. The per 
cent uptake of *H from (R)ethanol-1-*H was similar 
to the per cent uptake of ethanol determined enzyma- 
tically. ic. the 7H/'*C ratio in the ethanol remaining 


at the completion of incubation was similar to, 
although somewhat higher than, the ratio in the eth- 
anol at the beginning of the incubation. In contrast, 
the uptake of *H from (S)ethanol-1-*H was only 
about half of the uptake of ethanol, i.e. enrichment 
of 3H in ethanol occurred. so that the *H/'*C ratio 
in ethanol at the end of incubation was higher than 
that in ethanol at the beginning of incubation. 

In support of a similar metabolism of ethanol-1- 
'$C in the flasks containing the (S) and (R) isomers 
are the similar yields of '*C in '*CO,. About four 
times as much of the uptake of *H from (R)ethanol-1- 
5H as from (S)ethanol-1-*H was recovered in lactate. 
However. of the uptakes of *H, a similar amount, 
about 60 per cent, was recovered in water from both 
isomers. The per cent of the *H uptake recovered 
in acetaldehyde was very small with the (R)ethanol-1- 
°H. It was more with the (S)ethanol-1-°H, but of the 
uptake of *H it was still a small percentage. In Table 
2 are recorded the *H/'*C ratios in ethanol and ace- 
taldehyde for the two experiments with the (S) isomer. 
The ratios in ethanol, as already noted, were higher 
at the completion than initiation of incubation. The 
ratios in acetaldehyde were the same as or greater 
than those in the ethanol remaining in the medium 
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Table 2. 3H/'*C Ratio in ethanol at the beginning and 
completion and in acetaldehyde at the completion of incu- 
bation with (S)ethanol-1-*H and ethanol-1-'*C 





Ethanol 
Initial Final 


Acetaldehyde 


Expt. Final 





I 253 3-27 
2:53 3-37 
2 2:14 3-30 
2:14 2:80 


3-28 
3-62 
3-44 
2-81 





at the completion of incubation. Acetaldehyde in the 
reaction mixture at the completion of incubation 
in these experiments contained 0-1 to 0-4 per cent 
of the added '*C; assuming that the specific activity 
of the acetaldehyde had the same molar specific acti- 
vity as that of the ethanol-1-'*C. this calculates to 
a total acetaldehyde content of 30-120 jug. 


DISCUSSION 


Our major conclusion is that the (S) hydrogen of 
ethanol has much less access to the NADH pool used 
in pyruvate reduction than does the (R) hydrogen, 
when the ethanol is metabolized by rat liver slices 
at concentrations between 1:0 and about 0-5 mg/ml. 
the initial and final concentrations in the medium. 
This is concluded from the fact that for the same 
quantity of *H in ethanol-1-*H utilized, much less 
3H from the (S) *H-labeled than from the (R) *H- 
labeled hydrogen is incorporated into lactate. Since 
lactate dehydrogenase is well documented to be in 
the cytosol, the specific activity of lactate must reflect 
the specific activity of this NADH pool. 

Several explanations for the above observation are 
possible. Acetaldehyde could be oxidized by a process 
not involving NADH formation or by a dehydro- 
genase of the B-type. There are several aldehyde 
dehydrogenases in liver, including one with NADPH 
as a cofactor [3. 4, 16], and xanthine oxidase has, for 
example. been reported to catalyze the oxidation of 
acetaldehyde [17]. However. specificity, affinity and 
activity data would indicate that it is the NADH- 
dependent aldehyde dehydrogenases that are func- 
tionally important and the acetaldehyde dehydro- 
genase from bovine liver that has been examined has 
proven to be of the A-type [18]. 

The decreased incorporation of *H into lactate 
from the (S) compared to the (R) ethanol cannot be 
explained by an isotopic effect, since only a small 
amount of *H from the (S) ethanol that was utilized 
was recovered in acetaldehyde, while large, similar 
percentages of 7H were recovered in water from the 
(S) and the (R) ethanol. Conceivably, separate NADH 
pools in the cytoplasm could exist, one having greater 
access to the hydrogen removed from ethanol than 
acetaldehyde, but there is a considerable amount of 


Table 1. Metabolism by rat liver slice of (R)ethanol-1-*H and (S)ethanol-1-*H each in the presence of ethanol-1-'*C* 





yf 3H 
uptake 


Ethanol °” Ethanol 


isome! 


to CO, 


° '4C uptake 


°, 3H uptake to 


Lactate Water Acetaldehyde 





11-4 
25 


44-2 
27:4 


R S29 + 
S 50-8 + 


+ 36 
+19 


59-4 + 45 
62:0 + 33 


0-07 + 0-01 
1-6 + 0-6 








*Mean +S. E. 
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data’ to support the presence of a single pool of 


NADH in the cytosol [19]. 

The most likely explanation is that the conversion 
of ethanol! to acetaldehyde occurs in the cytosol, but 
the acetaldehyde oxidation occurs primarily in 
another compartment. presumably the mitochondrial 
compartment. The data indicate that under the condi- 
tions of our study at most one-quarter of the oxi- 
dation of acetaldehyde occurred in the cytosol. 

In this discussion we have assumed ethanol oxi- 
dation to be catalyzed solely by alcohol dehydro- 
genase. There is evidence that catalase and a microso- 
mal oxidizing enzyme system may contribute, at least 
to a degree. to the conversion of ethanol to acetalde- 
hyde. In these oxidations the (R) hydrogen of ethanol 
is removed. but NADH is not formed [8. 20]. To the 
extent that these reactions occur rather than oxi- 
dation via alcohol dehydrogenase. the extent of the 
compartmentation determined with the (R) and (S) 
isomers would be underestimated. 

As noted, the data of Parrilla et al. [5] and Lindros 
et al. [6] indicate that the oxidation of acetaldehyde 
occurs almost entirely in the mitochondrial compart- 
ment at aldehyde concentrations below 0:2 and 0-4 
mM. concentrations normally encountered in ethanol 
metabolism. The 30 120 jug acetaldehyde estimated 
to be in the medium plus liver slices at the termina- 
tion of incubation, even if present solely in the ap- 
proximately 3 ml water in the slices. would give an 
acetaldehyde concentration of 0-2 to 0:8 mM. 

The enrichment of ethanol with *H relative to '*C 
during the incubation with the (S) isomer presumably 
reflects a primary isotopic effect during the dehydro- 
genation of acetaldehyde-1-*H. since. as shown in 
Table 2. the acetaldehyde is enriched with 7H relative 
to '*C. Since the dehydrogenation of ethanol to form 
acetaldehyde. catalyzed by alcohol dehydrogenase, is 
readily reversible. resynthesis of ethanol from acetal- 
dehyde would explain the enrichment of *H in the 
ethanol. We (P. Havre and B. Landau. unpublished 
observations) have performed experiments identical to 
those described in this study but with ethanol unla- 
beled and sorbitol-2-*H added to the medium at a 
concentration of 0-1 mg/ml. Between 10 and 20 per 
cent of the “=H taken up was recovered in ethanol. 
supporting the reversibility of the alcohol dehydro- 
genase-catalyzed dehydrogenation under the condi- 
tions employed. 

Rognstad and Clark [21]. using a_ theoretical 


approach similar to ours, compared the specific yield. 


of *H in water and glucose formed by liver cells from 
(R) and (S)ethanol-1-*H. with the specific yields from 
substrates oxidized by dehydrogenases with known 
cytoplasmic and mitochondrial locations. They also 
concluded that ethanol is oxidized predowinantly in 
the mitochondria. Lactate was present in their incu- 


bation media at a concentration of 0:72 mg/ml (in one 
experiment pyruvate was substituted at a concen- 
tration of 1-32 mg/ml), and the (R) and (S) ethanols 
at the beginning of the 1-hr incubations were at con- 
centrations between 0-001 and 0-01 mg/ml. 
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Abstract 


Quinidine and chlorpromazine in concentrations ranging from 9-25 to 1-2mM _ inhibited 


sarcotubular ATPase activity by distinctly different mechanisms. The noncompetitive inhibition pro- 
duced by quinidine was entirely due to its effects on hydrolysis of the phosphorylated intermediate. 
Formation of the phosphorylated intermediate from y-AT*?P was unaffected by quinidine. In contrast 
to these results, chlorpromazine was found to have no effect on the hydrolysis of phosphorylated 
intermediate but to depress its levels. Using the £,y-methylene analogue of ATP, it was possible to 
show that chlorpromazine lowers the phosphorylated intermediate levels by depressing the affinity 
of the enzyme for its substrate. Chlorpromazine inhibition of substrate binding was non-competitive. 


The sarcotubular catalyzed hydrolysis of ATP in- 
volves lipid-independent and -dependent phases. It is 
the formation of the phosphorylated intermediate 
which can progress independently of lipid [1, 2]. The 
hydrolysis of the intermediate, on the other hand, 
requires phospholipid [1]. Although numerous drugs 
are known to depress sarcotubular ATPase activity 
[3], little attempt has been made to determine 
whether they act on lipid-dependent or -independent 
steps, although both the understanding of drug action 
and the mechanism of sarcotubular catalysis of ATP 
would be increased if drugs were found which would 
act on one class of steps or the other. An example 
of the use of a drug to study the mechanism of ATP 
hydrolysis, once the phase on which it acts is known, 
has been demonstrated by Pang et al. [4], who used 
their observation [5} that propranolol blocks ATP 
breakdown by interfering with the hydrolysis of the 
phosphorylated intermediate to demonstrate that an 
ATP-induced conformational change in sarcoplasmic 
reticulum membrane structure depends upon the hy- 
drolysis of the phosphorylated intermediate rather 
than its formation. Since most, if not all, drug inhibi- 
tors of sarcotubular ATPase activity are amphoteric 
with partition coefficients favoring distribution into 
lipid, one might predict that the action of all would 
be limited to the lipid-dependent phase of ATP hy- 
drolysis. The object of the present study was to find 
a drug which would disprove this prediction and pro- 
vide a tool for probing the steps involved in the for- 
mation of the phosphorylated intermediate. The drugs 
chosen were quinidine and chlorpromazine. Quini- 
dine was chosen because of its ability to depress the 
phosphorylated intermediate levels in the (Na~ + 
K*) ATPase [6]. Chlorpromazine was _ chosen 
because of its demonstrated ability to inhibit enzymes 
whose catalytic activities do not depend upon lipid. 
Glutamate dehydrogenase [7] and muscle aldolase 
[8] have been shown to be inhibited by chlorproma- 
zine. 





* A preliminary report has been presented at the Sixth 
Annual Meeting of the International Study Group for 
Research in Cardiac Metabolism in Freiburg, Germany, 
1973. 


METHODS AND MATERIALS 

Cardiac sarcoplasmic reticulum was prepared from 
canine ventricular muscle as described by Pang and 
Briggs [9]. y-AT**P prepared by Amersham-Searle 
was used to measure ATPase activity and to form 
the >*P intermediate of ATP hydrolysis [9]. The *?P 
content of the phosphorylated intermediate was deter- 
mined as described by Pang and Briggs [9]. Isolation 
of the phosphorylated intermediate from substrate 
and reaction products was also carried out with car- 
diac sarcoplasmic reticulum as described previously 
[9]. Inorganic *?Pi was extracted by the method of 
Wahler and Wollenberger [10] and counted by liquid 
scintillation. Neither quinidine nor chlorpromazine 
interfered with the extraction. [,y-Methylene 
[8.7H]JATP was obtained from Amersham-Searle. 
The unlabeled analogue was obtained from Sigma. 
The free analogue was separated from the bound by 
a centrifugation technique similar to that described 
by Fuchs and Briggs [11]. Binding was measured 
from the loss of analogue in the supernatant. 


RESULTS 

Although quinidine [12,13] and chlorpromazine 
[14] have been shown to be inhibitors of sarcotubu- 
lar ATPase, the conditions used to demonstrate inhi- 
bition were quite different from those we use to ana- 
lyze the formation and breakdown of the phosphory- 
lated intermediate. Our first experiments (Fig. 1) were 
thus designed to determine if these drugs are inhibi- 
tors of ATPase activity under the conditions we use 
to study the formation and breakdown of the interme- 
diate. The conditions employed are shown in the 
legend to Fig. 1. Both drugs were effective inhibitors 
at concentrations ranging from 0-3 to 2:4mM. 

The next series of studies was designed to deter- 
mine if either drug affects intermediate level. Calcium 
(5mM) was used to promote the formation of the 
phosphorylated intermediate and inhibit its break- 
down [9]. Figure 2a shows that | mM quinidine had 
no effect on the phosphorylated intermediate level, 
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Fig. 1. Effect of chlorpromazine and quinidine on Ca- 
ATPase activity of cardiac sarcoplasmic reticulum. Quini- 
dine (A), chlorpromazine (@). Sarcoplasmic reticulum (0°8 
to 1-0mg/ml) was incubated with 24M y-AT*?P in the 
presence of 5mM MgCl,, 10mM _ imidazole, pH 7-0, 
50mM KCI and 10 mM sodium azide at 2°. The liberated 
*°Pi at 0-2 min was extracted and measured by liquid 
scintillation. Values are expressed as mean +S.E.M. 


while Fig. 2b shows that chlorpromazine in con- 
centrations ranging from 0-25 to 5mM increasingly 
depressed the phosphorylated intermediate levels. The 
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Fig. 2. Effect of quinidine (a) and chlorpromazine (b) on 
the level of phosphoprotein. (a) Control (@); quinidine, 
1 mM (A). (b) Control (@); chlorpromazine, 0-25 mM (A); 
0:50mM (0); 0:75mM (M); |1mM (A); and 5mM (0). 
Conditions same as in Fig. | except that 5mM CaCl, was 
added instead of MgCl). 


study presented in Fig. 2b also indicates that the effect 
of chlorpromazine was not due simply to a decrease 
in the rate of formation of the phosphorylated inter- 
mediate, for the intermediate levels did not change 
significantly between 0:2 and 1-8 min. This suggests 
that the reaction had virtually come to equilibrium 
by 0:2 min and that chlorpromazine shifts the equilib- 
rium between substrates and products. 

The results presented in Figs. | and 2 suggest that 
the inhibition of ATPase activity by quinidine is due 
to an effect on the breakdown of the phosphorylated 
intermediate, while that by chlorpromazine is due to 
some step involved in the formation of the interme- 
diate. In order to test these conclusions, phosphoryla- 
ted sarcoplasmic reticulum was isolated [9], and the 
effects of quinidine and chlorpromazine on the rate 
constants for its hydrolysis (K,) were determined. The 


"Th (a) 











4 


025 





0:50 075 


Chlorpromazine concentration, mM 
Fig. 3. Effect of quinidine (a) and chlorpromazine (b) on 
the hydrolysis of phosphoprotein. MgCl, (0-11 mM) and 
EGTA (2 mM) were added to the purified phosphorylated 
intermediate fraction (0-3 to 0-6 nmole **Pi/mg of protein 
and 0:5 mg protein/ml) in 10mM CaCl,, 10mM_ imida- 
zole, pH 7-0, at 2°. Samples were taken at 0, 0-2, 0-4, 0-6, 
0-8 and 1-0 min after addition of MgCl, and EGTA. K, 

was measured as described previously [9]. 
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Fig. 4. Effect of quinidine on the magnesium-facilitated hy- 

drolysis of phosphoprotein. Control (@); quinidine, 

0:05 mM (@): 0-SmM (A). Conditions were the same as 
in Fig. 3. 


r (a) 


‘aie i 


EP x ADP 


Kea~ ~ExATP 








1 
0-25 


Quinidine concentration, mM 


“ee EPx ADP 
eq EXxATP 





1 


1 
(o) 0-25 


1 J 


0-75 100 





A. 
0:50 


Chlorpromazine concentration, mM 


Fig. 5. Effect of quinidine (a) and chlorpromazine (b) on 
the apparent equilibrium constant (K,,) for the phosphory- 
lation reaction. Conditions were the same as in Fig. 3 
except that ADP (5 uM) was added instead of MgCl, and 
EGTA. K,, was calculated as described previously [9]. 


results of these studies, shown in Fig. 3b, indicate 
that chlorpromazine has no effect on the hydrolysis 
of the phosphorylated intermediate. On the other 
hand, quinidine, in the concentrations comparable to 
those inhibiting ATPase activity, produced compar- 
able inhibitions of the hydrolysis of the intermediate 
(Fig. 3a). Since the hydrolysis of the phosphorylated 
intermediate is magnesium dependent, we carried out 
a series of experiments to determine if the action of 
quinidine involves competition between quinidine and 
magnesium. The data presented in Fig. 4 show that 
quinidine is indeed a noncompetitive inhibitor of the 
magnesium-facilitated hydrolysis of the phosphory- 
lated intermediate. The dissociation constant of the 
enzyme—magnesium complex in this study was 1:5 x 
10°*M. The dissociation constant for the enzyme 

quinidine complex was 9 x 10°°M, and the Ky was 
3-72 min '. 

The inhibition of ATPase activity by chlorproma- 
zine appears due to a shift in the equilibrium between 
the substrate, ATP, and the product, ADP. Quinidine 
appeared not to influence this equilibrium. This con- 
clusion was tested by isolating the phosphorylated in- 
termediate and determining the effect of ATP on its 
level. The experiments were carried out under condi- 
tions (1 mM CaCl,, 50mM KCI and 10mM imida- 
zole, pH 7:0) which block the hydrolysis of the phos- 
phorylated intermediate [9]. Figure 5 shows that the 
equilibrium constant was unaffected by quinidine and 
depressed by chlorpromazine. 

The data presented in Fig. 5b suggest that chlor- 
promazine shifts the reaction between the interme- 
diate and ADP toward E and ATP. One explanation 
for this shift would be a decrease in the affinity of 
E for ATP. To determine if this is the case, we studied 
the effect of chlorpromazine on the binding of the 
f.y-methylene analogue of ATP to sarcoplasmic reti- 
culum [15]. The effect of analogue concentration and 
0-2mM _ chlorpromazine on analogue binding is 
shown in Fig. 6. Binding saturated at an analogue 


nmoles/mg 
w 
° 


N 
°o 


}- 


x Control 


@ O2mM chlorpromazine 





B,y-methylene ATP bound, 
3 


rs 


1 L 
10 20 





°o 


[ B,y- methylene ATP] ym 


Fig. 6. Effect of chlorpromazine on the binding of [.7- 
methylene ATP to cardiac sarcoplasmic reticulum. Control 
(x); chlorpromazine, 0-2mM_ (@). — f,y-Methylene 
[8 .7HJATP was added to the incubation medium contain- 
ing 5mM CaCl,, 50mM KCl, 10mM imidazole, pH 7:0, 
and sarcoplasmic reticulum (2 mg/ml) at 2. Bound ana- 
logue was separated from free by ultracentrifugation. 
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Table 1. Effect of chlorpromazine on f,y-methylene ATP 
binding to cardiac sarcoplasmic reticulum* 





B.y-Methylene ATP bound 
(nmoles/mg) 


Chlorpromazine concn 
(mM) 





0 0-42 + 0:03 
0:25 0-24 + 0:06 
0:50 0:09 + 0-02 
0.75 0-02 + 0-00 
1-00 0-05 + 0-01 





_* Cardiac sarcoplasmic reticulum (2 mg/ml) was incu- 
bated with | uM f.-methylene [8 .*HJATP, 5mM CaCl, 
50mM KCl. 10mM _ imidazole, pH 7-0, and 10mM azide 
at 2°. Bound ATP analogue was separated from free 
through centrifugation. 


concentration of 20 uM. Chlorpromazine depressed 
binding in a fashion which appeared to be noncompe- 
titive. A double reciprocal plot of these data (not 
shown) confirmed this conclusion. The dissociation 
constant for the enzyme complex with chlorproma- 
zine was 6 x 10°-*M and for the complex with f.y- 
methylene-ATP was 7:4 x 10°°M. Although not 
shown, quinidine (1 mM) had no effect on analogue 
binding. Table | shows that chlorpromazine in con- 
centrations ranging from 0:25 to 1-0 mM inhibited the 
binding of | uM f,y-methylene-ATP from 40 to 88 
per cent. It thus appears that the chlorpromazine in- 
hibition of the sarcotubular ATPase activity and the 
shift in the equilibrium constant, K,,, are due to the 
effect of chlorpromazine on the affinity of the sarco- 


plasmic reticulum for ATP. 


DISCUSSION 


Since the rate-limiting step in sarcotubular cata- 
lyzed hydrolysis of ATP is the magnesium-dependent 
hydrolysis of the phosphorylated intermediate [9], a 
substance acting at this step should produce equal 
inhibitions of the rate of the phosphorylated interme- 
diate and ATP hydrolysis. This proved to be the case 
for quinidine in the present study. We have also found 
this to be the case for propranolol, another drug 
which blocks ATP hydrolysis [12, 13] by inhibiting 
the hydrolysis of the phosphorylated intermediate [5]. 

Since lipid is required for the hydrolysis of the 
phosphorylated intermediate [1] and quinidine is 
lipid soluble, it is tempting to speculate that its effects 
are related to interaction with the lipid portion of 
the membrane. Lipid solubility and the requirement 
of lipid for enzymatic activity do not however, pro- 
vide compelling evidence for lipid as the site of action 
of lipid-soluble drugs. The lipid solubility of drugs 
simply indicates their preference for a hydrophobic 
environment. Such an environment can, however, be 
provided by proteins. This is particularly true for 
enzymes like the ATPase investigated in this study, 
which is a lipoprotein [16]. We think that it can be 
hypothesized that drugs like quinidine and proprano- 
lol, which inhibit a lipid-dependent phase of ATPase 
activity, do so by directly interacting with the protein 
portion of the enzyme. One argument in favor of this 
possibility is the virtual equality of the effects of 
quinidine and ouabain on (Na*~ + K*) ATPase [6]. 
Since there is excellent evidence [17] that ouabain 


interacts with the protein portion of the (Na~ + K”*) 
ATPase and quinidine and ouabain have similar 
effects, it is not unreasonable to hypothesize that 
guinidine is also acting directly on the protein. 
Further evidence that quinidine might act directly on 
protein rather than indirectly through effects on lipid 
is provided by studies by Pang et al. [4] with pro- 
pranolol, a drug which has effects on sarcotubular 
ATPase activity identical to those of quinidine. Pang 
et al. [4], using fatty acid and SH group-directed spin 
labels, found that the concentration of propranolol 
required to produce a measurable change in the lipid 
environment was much greater than that required to 
inhibit the ATPase or to alter ATP-induced changes 
in the motility of the SH-directed spin label. It 
remains entirely possible, therefore, that drugs like 
quinidine and propranolol depress the hydrolysis of 
the phosphorylated intermediate by interacting with 
hydrophobic portions of the membrane proteins 
rather than by a direct effect on the membrane lipids. 
On the basis of indirect evidence, Balzer et al.[14] 
have proposed that chlorpromazine inhibits calcium 
accumulation by blocking the hydrolysis of the phos- 
phorylated intermediate, a conclusion entirely differ- 
ent from ours. They based this conclusion on their 
observations that 0-1 mM _ chlorpromazine had little 
effect on either the phosphorylated intermediate level 
or on the rate of ATP-AD*’P exchange. Inspection 
of their data shows that chlorpromazine produced a 
12 per cent decrease in the phosphorylated interme- 
diate level and stimulated the rate of phosphate 
exchange. Extrapolation of our phosphorylated inter- 
mediate data to a 0:1mM_ chlorpromazine con- 
centration indicates that we would have expected a 
10-20 per cent reduction in the level of the phosphory- 
lated intermediate at that dose. The data of Balzer 
et al., are thus consistent with ours. Since they failed 
to go to higher concentrations of chlorpromazine, 
they failed to observe the marked effect of chlorpro- 
mazine on the phosphorylated intermediate. Our data 
are not incompatible with an increased rate of phos- 
phate exchange. In order to find a decreased level 
of substrate binding at equilibrium and an increased 
rate of exchange, the rate constant, k, in the following 
reaction sequence: 
“— E-ATP — EP + ADP 


k ka 


E+ ATP 


would, however, have to be increased. Studies by 
Holmes and Piette [18] may indicate how k, could 
be increased. This group found that the environment 
around one of the SH groups in the erythrocyte 
member is changed by chlorpromazine in such a way 
that the mobility of a spin label probing that environ- 
ment is decreased. They concluded on the basis of 
this and other data that the drug buries the SH 
groups in the membrane. This might account for the 
decrease in the apparent number of substrate binding 
sites and the decrease in substrate affinity observed 
in our studies and might be related to the hypothe- 
sized increase in k,. 
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Abstract—The excretion of ['*C]oxalate after parenteral administration of [U-'*C]xylitol, [U-'*]fruc- 
tose, [U-'*C]glucose [U-'*C]sorbitol and [U-'*C]glycine has been studied in normally fed rats. All 
of these compounds were about equally effective as precursors of the urinary oxalate. The effect of 
xylitol on the NAD“ -dependent catalytic oxidation of glyoxylate to oxalate has also been investigated 
in rat liver cytosol, this reaction being the last step on the oxalate biosynthetic pathway. Xylitol 
slightly decreased oxalate production from glyoxylate in this system. These results are discussed in 
relation to the observation that the clinical use of xylitol for parenteral nutrition is sometimes compli- 


cated by renal failure with deposits of calcium oxalate in the renal tubules. 


Large intravenous doses of xylitol have been used 
therapeutically as a source of parenteral nutrition in 
severely ill patients. This practice has been compli- 
cated by lactic acidosis, oliguric renal failure after a 
diuresis during the xylitol infusion, and extensive in- 
tratubular deposits of calcium oxalate crystals [1,2]. 
Similar intratubular calcium oxalate deposits occur 
in ethylene glycol poisoning [3]. and in the terminal 
stages of primary hyperoxaluria [4], oxalate produc- 
tion and excretion being increased in both of these 
conditions. 

Theoretically, xylitol could increase oxalate pro- 
duction either by providing extra carbon atoms for 
oxalate biosynthesis, or by changing the balance of 
the NAD*-dependent coupled oxidation and reduc- 
tion of glyoxylate to oxalate and glycollate respect- 
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ively. This communication reports a study of both 
of these possible mechanisms. 

The first step in the metabolism of xylitol, is cata- 
lytic oxidation to D-xylulose by D-xylulose reductase 
[Xylitol: NAD* oxidoreductase (D-xylulose forming) 
EC 1.1.1.9]. Carbon atoms numbers | and 2 of xylitol 
could then be converted to oxalate via the active gly- 
colaldehyde fragment, which is transferred from D- 
xylulose phosphate to p-ribose phosphate by transke- 
tolase (sedoheptulose-7-phosphate:b-glyceraldehyde- 
3-phosphate glycolaldehyde transferase, EC 2.2.1.1). 

The D-xylulose reductase reaction generates NADH 
which can be reoxidised to NAD” concomitantly 
with the reduction of pyruvate to lactate which is 
catalysed by lactate dehydrogenase (L-lactate: NAD* 
oxidoreductase EC 1.1.1.27), and although the NAD* 
could be recycled by D-xylulose reductase, its presence 
around the active site of lactate dehydrogenase could 
promote the oxidation of glyoxylate to oxalate (Fig. 
1). This has been investigated by studying the effect 
of xylitol and pyruvate on the NAD* -dependent cata- 
lytic oxidation of glyoxylate to oxalate in rat liver 
cytosol, which is due to lactate dehydrogenase [5]. 


> 0-Xylulose ——————® °-Xylulose -6-phosphate 


0-Ribose-5- phosphate 


o-Glyceraldehyde-3-phosphate 


o-Sedoheptulose -7-phosphate 


Fig. 1. Schematic representation of the possible coupling of xylitol oxidation to glyoxylate oxidation 

through pyruvate reduction, and of the possible direct metabolic pathway from carbon atoms numbers 

1 and 2 of xylitol via glycollic aldehyde. Glyoxylate is also derived from glycine by transamination 
and via the glycine-serine-ethanolamine metabolic pathway [19]. 
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Table 1. Conversion of [U-'*C]xylitol, [U-'*C }fructose, [U-'*C]glucose, [U-'*C]sorbitol and [U-'*C]glycine to urinary 
['*C]oxalate in the rat 





Injected material 





pumoles Route 


Conversion to oxalate 





°., Injected dose 





Day | Day 2 Day 3 Day 4 





0-303 

0-303 
213-6 
658-2 
490-0 
529-0 
549-5 

3990 


Xylitol intravenous 
intraperitoneal 
intravenous 
intravenous 
intravenous 
intravenous 
intravenous 
intravenous 


Fructose 
Glucose 
Sorbitol 
Glycine 


0-013 
0-024 
(0-007 
0-003 
0-003 
0-001 

0-002 
0-007 


0-037 
0-014 
0-005 
0-105 
0-064 
0-029 
0-109 
0-179 


0-08 | 
0-052 
0-021 
0-007 
0-004 
0-004 
0-007 
0-011 


0-080 
0-014 
0-033 
0-004 
0-007 


0-006 
0-006 





MATERIALS AND METHODS 


Analytical grade reagents and glass distilled water 
were used throughout, [U-'*C]xylitol (3-3 mCi/m- 
mole), [U-'*C]fructose (165mCi/m-mole), [U- 
'$C]glucose (281 mCi/m-mole), [U-'*C]sorbitol 
(8:7 mCi/m-mole), [U-'*C]glycine (114 mCi/m-mole) 
and sodium [1-'*C]glyoxylate (7-63 mCi/m-mole) 
were purchased from the Radio Chemical Centre. 
Amersham, Bucks. Catalase was purchased from the 
Boehringer corporation. Sprague-Dawley rats, weigh- 
ing approx 100g, were used and housed in separate 
metabolism cages during the in vivo studies. The urine 
from pairs of similarly treated animals was pooled. 


EXPERIMENTAL AND RESULTS 


The possible direct conversion of injected xylitol to 
urinary oxalate in the intact rat. Eight pairs of normal 
rats were injected with the amounts of '*C-labelled 
and non radioactive xylitol, fructose, glucose, sorbitol 
and glycine shown in Table |. The animals were 
allowed free access to food and water before and dur- 
ing the studies. Four successive 24-hr urine collections 
were made, residual urine was washed from the cages 
with 5 ml HCI (approx 2:3 M) containing sodium oxa- 
late (0-15 m-mole). H,SO, (approx 9-5 M, 0-06 ml/ml 
urine) was added and calcium oxalate isolated, puri- 
fied, and its '*C content measured [6]. 

Only traces of ['*C oxalate were formed when [U- 
'4C)xylitol was given either intraperitoneally or intra- 
venously, and although this was somewhat greater 
when the amount of non radioactive carrier xylitol 
was increased, it was still only equivalent to about 
0-1 per cent of the total dose. Xylitol was not mater- 
ially superior to fructose, glucose or sorbitol, and 
somewhat inferior to glycine, as a urinary oxalate pre- 
cursor in these studies (Table 1). 

The effect of xylitol and pyruvate on the NAD*- 
dependent catalytic oxidation of glyoxylate to oxalate 
in rat liver cytosol. The cytosol fraction (100,000 g 
supernatant) of rat liver was prepared as described 
previously [5]. A portion (0-5 ml) of this was incu- 
bated (45min, 37°) with: sodium [1-'*C]glyoxylate 
(0-64 wCi, 0-2 umole), non radioactive sodium glyoxy- 
late (10°87 umole), catalase (390 international units), 
and sodium pyrophosphate buffer (0-1 M,. pH 7-4), 





*D. W. Thomas et al. Personal communication (1974). 
+S. Hauschildt, Unpublished data. 


together with NADH (11 umole), sodium pyruvate 
(11 zmole), NAD~ (11 umole) and non radioactive 
xvlitol (i 1 mole) in the combinations shown in Fig. 
2. The final total vol was 2:2 ml in each case. 

Xylitol alone did not change the amount of oxalate 
which was formed from glyoxylate in the cytosol. 
Adding pyruvate and NADH, in order to increase 
pyruvate reduction with concomitant NAD™ gener- 
ation, increased the oxidation of glyoxylate to oxa- 
late, but this was slightly reduced in the presence of 
xylitol. The increased oxalate formation produced by 
adding NAD~ only or NAD” together with pyruvate 
to the cytosol was also slightly reduced by xylitol 
(Fig. 2). 


DISCUSSION 


The present observation that less than about 0:1 
per cent of the '*C injected as [U-'4C]xylitol was 
recovered in the urinary oxalate over the course of 
4 days even when relatively large amounts of non 
radioactive xylitol were also injected into normally 
fed rats shows that. under these conditions, xylitol 
is not a significant or specific precursor of the urinary 
oxalate. This conclusion is strengthened by the obser- 
vation that similar amounts of '*C were recovered 
in the urinary oxalate after injecting [U-'*C]glucose, 
[U-'*C]fructose. [U-'*C]sorbitol and [U-'*C]gly- 
cine. The rate of xylitol infusion which is used thera- 
peutically corresponds to about 1-644 m-mole/kg per 
hr. which is about one third of the largest dose used 
as a single injection in the present study. The present 
findings do not support the suggestion of Thomas 
et al. [1], that xylitol is converted to oxalate via gly- 
colaldehyde to any significant extent. These investiga- 
tors have recently observed that xylitol increased the 
urinary oxalate excretion in severely pyrodoxine defi- 
cient rats.* Other workers have shown that severe 
pyridoxine deficiency alone increases the urinary oxa- 
late excretion [7-9]. Hauschildt? found that human 
subjects, in the clinical situations where xylitol is 
used, sometimes show minor biochemical evidence of 
pyridoxine deficiency (activation of erythrocyte gluta- 
mate-oxaloacetate aminotransferase by pyridoxal-5S’- 
phosphate). However, these patient. lid not tend to 
excrete increased amounts of urinary oxalate. 
Although very large doses of pyridoxine sometimes 
reduce the urinary oxalate excretion in primary 
hyperoxaluria, this has been shown to be unrelated 
to correction of pyridoxine deficiency [10]. Also, 
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Fig. 2. The effect of xylitol and pyruvate on the NAD*-dependent catalytic oxidation of glyoxylate to 
oxalate in rat liver cytosol (see text for further details). 


there have been no reports of increased oxalate pro- 
duction ‘in the known pyridoxine deficiency syn- 
dromes: cystathioninuria, sideroblastic anaemia, xan- 
thurenic aciduria, and infantile convulsions associated 


with suboptimal pyridoxine intake. Thus, studies of 


xylitol metabolism in severely pyridoxine deficient 
animals may not be directly relevant to the problem 
of the nephrotoxicity of xylitol in clinical practice. 

Lactate dehydrogenase catalyses the reduction of 
glyoxylate to glycollate simultaneously with the oxi- 
dation of another molecule of the substrate to oxalate, 
NAD* generated by the reductive reaction participat- 
ing in the oxidative reaction [11]. Pyruvate [11] and 
hydroxypyruvate [12], which are alternative sub- 
strates for the reductive reaction increase oxalate for- 
mation. The possibility that a perturbation of the 
[NAD~ ]/[NADH] ratio concomitant with the oxi- 
dation of xylitol to D-xylulose might increase oxalate 
formation indirectly by affecting the lactate dehydro- 
genase catalysed oxidation of glyoxylate to oxalate, 
which is the final step in oxalate biosynthesis [5, 13] 
was investigated because of the negative results 
obtained in the studies with '*C-labelled xylitol and 
other compounds (Table 1). The effect of NAD”, pyr- 
uvate, and NADH. were those which were predicted 
from a consideration of the scheme shown in Fig. 
1, and from previous work [5, 11, 12], but xylitol de- 
creased rather than increased oxalate formation pre- 
sumably by competing for NAD“. This finding agrees 
with the recent report [14] of reduced cytoplasmic 
[NAD* ]/[NADH] ratios when the rat’s liver is per- 
fused with a medium contining xylitol. 

The present results suggest that xylitol induced cal- 
cium oxalate nephropathy is related to cither the indi- 
vidual patient's clinical state or to his genetic consti- 
tution. In the latter case, an enzyme, which catalyses 
one of the metabolic reactions of glyoxylate other 
than oxidation to oxalate might be abnormally sensi- 


tive to inhibition by xylitol or a xylitol metabolite. 

The adverse reactions to methoxyflurane in which 
there is renal tubule damage and calcium oxalate 
nephrophathy [15, 16] present a similar problem and 
are also unexplained in biochemical terms [13]. 
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Abstract 


p-Chloroamphetamine (PCA) at high concentrations (0.0025 to 0-02 M) inhibited rat brain- 


stem tryptophan hydroxylase and, to a lesser extent, rat corpus striatum tyrosine hydroxylase. Hog 
kidney aromatic L-amino acid decarboxylase was not affected. Inhibition of tryptophan hydroxylase 
by p-chloroamphetamine was competitive with tryptophan and noncompetitive with 6,7-dimethyl- 
5.6,7,8-tetrahydropterine (DMPH,). In rats given p-chloroamphetamine, brainstem tryptophan-hydroxy- 
lating activity was only slightly reduced, whereas striatal tyrosine-hydroxylating activity was not altered. 
Synthesis rates of brain serotonin and dopamine in rats treated with p-chloroamphetamine, estimated 
by measuring the accumulation of 5-hydroxytryptophan and dopa, respectively, after blockade of decar- 
boxylase, were both decreased. In view of the high concentrations of p-chloroamphetamine required 
to inhibit tryptophan and tyrosine hydroxylases in vitro, mechanisms other than inhibition of enzyme 
by PTA might be responsible for the decelerated synthesis of serotonin and dopamine in brain (e.g. 


blockade of monoamine re-uptake). 


Investigations into the biochemical effects of p-chloro- 
amphetamine (PCA) on serotonin (5-HT) levels in 
the central nervous system have suggested several 
sites of action for this compound [1-3]. These include 
the inhibition of tryptophan hydroxylase in vivo [4], 
membrane phenomena relative to 5-HT release 
[1, 5,6] and blockade of 5-HT uptake [5], and mono- 
mine oxidase inhibition in vitro [7] and in vivo [8]. 
The question of mode of action of PCA is further 
complicated by differences between species [9, 10], 
variability of activity among organs [1,9] and among 
different regions of the same organ [11], and the 
extreme duration of effects on brain 5-HT metabolism 
[12,13]. The present study investigates one of the 
possible mechanisms—blockade of tryptophan hyd- 
roxylation—by examining some effects of PCA on 
brain tryptophan hydroxylase and the accumulation 
of 5-hydroxytryptophan (5-HTP) in brain after inhibi- 
tion of aromatic L-amino acid decarboxylase. 


MATERIALS AND METHODS 


Animals. Sprague-Dawley male rats (180-220 g) 
were CD animals from Charles River Breeding 
Laboratories, Wilmington, Mass. 

Chemicals. Commercial chemicals included DL-3,4- 
dihydroxyphenylalanine (dopa)-1-'*C (10 mCi/m- 
mole), L-tryptophan-1-'*C (8-98 mCi/m-mole) and L- 
tyrosine-1-'4C (54-7 mCi/m-mole) from New England 
Nuclear; DL-p-chloroamphetamine (PCA) hydrochlo- 
ride from Regis Chemical Co.; and 6,7-dimethyl- 
5.6.7,8-tetrahydropterine (DMPH,) from CalBiochem. 
z-n-Propyldopacetamide (H 22/54) was obtained 
courtesy of AB Hassle. 

Enzymes. Tryptophan hydroxylase was prepared by 
homogenizing fresh brainstems (medulla—pons region, 
250 mg wet wt/rat) in 0:05 M Tris hydrochloride 
(Fisher Tris[ hydroxymethyl ]aminomethane + hy- 
drochloric acid) buffer, pH 7-5, using 3-0 ml buffer/g 
of tissue; centrifuging the homogenate at 30,000 g for 
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15 min at 4°; and dialyzing the supernatant obtained 
against 3 liters of 0-05 M Tris-HCl, pH 7:5, containing 
0-1 M 2-mercaptoethanol for 18-20 hr at 4 [14]. The 
tryptophan hydroxylase system consisted of: 200 yl 
enzyme (1-8 mg protein/200 ul); 200 ul hog kidney 
aromatic L-amino acid decarboxylase; 40 yl of 0-05 
M Tris acetate buffer, pH 7-5, containing 0:05 M 2- 
mercaptoethanol and 2:9 mg DMPH,/ml; 10 yl of 0:5 
M pyridoxal phosphate; 10 yl of 40mM FeSO,; 20 
ul L-tryptophan-1-'*C (60 nmoles); and inhibitor or 
H,O to make; 500 yl. All reactions were carried out 
for 1 hr at 37° with mild shaking. The '*CO, evolved 
from decarboxylation of the labeled 5-HTP product 
was trapped by a wick saturated with 0-2ml NCS 
tissue solubilizer (Amersham/Searle) contained in a 
well within each stoppered vial. Reactions were ter- 
minated by injection of 0-5 ml of 10°, trichloroacetic 
acid, and distillation of CO, proceeded for 2hr at 
37°. Wells were removed and counted in 15ml 
Toluene-Omnifluor (New England Nuclear) in a 
Nuclear Chicago Mark I scintillation counter. Protein 
was assayed by the method of Lowry et al. [15]. The 
effects of standard inhibitors on this tryptophan 
hydroxylase preparation (10-min _ preincubation) 
expressed as mean per cent inhibition +S.E. (five 
runs) were: z-n-propyldopacetamide 10° * M, 85 + 1 
per cent; L-arterenol bitartrate 10°* M, 47 + 3 per 
cent; DL-p-chlorophenylalanine methyl ester hydro- 
chloride 10°* M, 74 + 3 per cent; and pL-6-fluoro- 
tryptophan 10-7 M, 74 + 2 per cent. 

Tyrosine hydroxylase was prepared just prior to 
assay by homogenizing rat corpus striatum, which 
had been dissected free of adjacent cortex (90 mg wet 
wt/rat), in 10 ml water/g of tissue. The assay procedure 
was that described by Waymire et al. [16] and con- 
sisted of measuring the '*CO, evolved from labeled 
dopa derived enzymatically from L-tyrosine-1-'*C. 
This enzyme preparation was inhibited 64 and 91 per 
cent in the presence of x-n-propyldopacetamide 2 x 
10°-° M and 1-3-iodotyrosine 10°° M, respectively. 
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Hog kidney aromatic L-amino acid decarboxylase 
was prepared and assayed by the method of Waymire 
et al. [16], using pL-dopa-1-'*C as substrate. This 
enzyme preparation was inhibited 94 per cent in the 
presence of NSD-1024 (3-hydroxy-O-benzylhydroxyl- 
amine hydrochloride) 10° * M. 

Determination of monoamines and monoamine pre- 
cursors. Concentrations of 5-HT, tryptophan and 
dopamine (DA) in rat brain were estimated by the 
method of Neff et al. [17], using strong acid cation 
exchange for the preliminary separations. The latter 
method was also employed for recovering 5-HTP and 
dopa; the resin columns were washed with 60° meth- 
anol before eluting dopa or 5-HTP with 0-1 M Na 
acetate buffer, pH 6-0 [18, 19]. Dopa and 5-HTP were 
further purified by alumina adsorption and butanol 
extraction respectively. Measurement of dopa and DA 
via formation of fluorophores by oxidation with 
iodine was accomplished in the Technicon AutoAna- 
lyzer by a modification of the method of Craig et 
al. [20]. 5-Hydroxytryptophan was determined by its 
native fluorescence in 3 N HCl. 

Accumulation of dopa and 5-hydroxytryptophan in 
brain. After blockade of aromatic L-amino acid decar- 
boxylase in brain, the monoamine precursors, dopa 
and 5-HTP, which are normally absent or present 
in, very low concentrations, accumulate. The rate of 
dopa or 5-HTP accumulation has been shown to be 
an index of the synthesis rate of DA or 5-HT, respect- 
ively, by Carlsson et al. [21], who developed this 
method to investigate regulation of monoamine meta- 
bolism. Measurement of precursor accumulation is 
also a facile method for assessing the effects of drugs 
on the synthesis rate of brain DA or 5-HT [22, 23}. 
3-Hydroxy-O-benzylhydroxylamine hydrochloride 
(NSD-1024), an effective 5-HTP/dopa decarboxylase 
inhibitor in vivo [24], was used to block this enzyme. 
After the appropriate pretreatment with the test com- 
pound, two intraperitoneal doses of NSD-1024, 1-0 
m-mole/kg (176 mg/kg) and 0-5 m-mole/kg (88 mg/kg), 
were administered 30 min apart. Thirty min after the 
second NSD-1024 injection, rats were sacrificed. 
Dopa accumulation in the corpus striatum and 5- 
HTP accumulation in the midbrain + hindbrain 
region were determined as described above. 


RESULTS 


Inhibition in vitro. Although prior reports have 
shown no activity in vitro of PCA against tryptophan 
hydroxylase, concentrations have not exceeded 107? 
M [4]. In the present study, increasing inhibition of 
brain tryptophan hydroxylase was observed as con- 


centrations of PCA were raised from 10°? to 2 x 
10 * M (Fig. 1). Under similar assay conditions with 
pL-dopa-1l-'*C as substrate. aromatic L-amino acid 
decarboxylase was not affected by PCA in this con- 
centration range. Tyrosine hydroxylase (particulate 
preparation) was also inhibited but to a lesser extent 
than tryptophan hydroxylase. 

Kinetic studies. Further studies were undertaken to 
determine the nature of the blockade of tryptophan 
hydroxylase. Variation of tryptophan concentration 
suggested competitive inhibition of the enzyme by 
PCA (Fig. 2A). The apparent K,, is 38 x 10°* M 
for tryptophan. The common YV,,,, value is 2:0 nmoles/ 
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[p-CHLOROAMPHETAMINE] M 
Fig. 1. Inhibition of rat brainstem tryptophan hydroxylase, 
rat corpus striatum tyrosine hydroxylase, and hog kidney 
aromatic L-amino acid decarboxylase as a function of p- 
chloroamphetamine concentration. Each point is the mean 
of duplicate determinations. 


mg of protein/hr. Variation of DMPH, cofactor con- 
centration over a 10-fold range showed a noncompeti- 
tive pattern of inhibition by PCA (Fig. 2B). The 
apparent K,, for DMPH is 1-7 x 10°* M. The re- 
spective V.,, values are 0-71 and 0-36 nmoles/mg of 
protein/hr for control enzyme and enzyme containing 
10-7 M PCA. 

Activity of brain enzymes of rats treated with p- 
chloroamphetamine. Tryptophan-hydrox:ating acti- 
vity of brainstem extracts from rats treated with PCA 
(73 umoles/kg) 18 hr before sacrifice was 23 per cent 
lower than the corresponding enzyme preparation 
from control rats (Table 1, part A). The undialyzed 
enzyme from PCA-treated rats also showed the same 
degree of loss inactivity. We observed less than 20 
per cent decrease in control enzyme activity on dialy- 
sis, in contrast to the greater loss of activity reported 
by other workers [4, 25]. Tyrosine-hydroxylating acti- 
vity of corpus striatum preparations from rats treated 
18 hr prior to sacrifice with PCA (73 umoles/kg, 1.p.) 
was virtually the same as that of the corresponding 
enzyme from control rats (10 rats/treatment). Mean 
tyrosine hydroxylase activities (nmoles/g wet wt/ 
hr + S.E.) were: controls (N = 5), 594 + 11; PCA- 
treated rats (N = 5), 644 + 11 (P > 0-05). 

Activity of tryptophan hydroxylase after incubation 
with p-chloroamphetamine. Brainstem tryptophan 
hydroxylase preincubated for 6 hr (0°) in the presence 
of 10°? M PCA and untreated (control) enzyme was 
handled in two ways: one portion of each was dia- 
lyzed overnight, while the remainder was kept at 0 
overnight without dialysis. The dialyzed enzyme 
showed no effects of the preincubation with PCA, 
whereas the preparation standing for 6 hr in addition 
to overnight at 0° with PCA was inhibited by 39 per 
cent (Table 1, part B). 

Accumulation of brain dopa and 5-hydroxytryptophan 
inrats treated with p-chloroamphetamine. After blockade 
of aromatic L-amino acid decarboxylase with NSD- 
1024, 5-HTP accumulation (i.e. 5-HT synthesis rate) 





Inhibition of tryptophan hydroxylation 


[DMPH,] = 1x 109M 


PCA 








(Trp] = 1.2 x 104m 








([DMPH4]“'m"? x 102 
Fig. 2. Kinetics of inhibition of rat brainstem tryptophan 
hydroxylase by p-chloroamphetamine (0:01 M). (A) Inhibi- 
tion competitive with tryptophan. K,, is 3-8 x 10°* M:; 
Vinax IS 2-0 nmoles/mg of protein/hr. (B) Inhibition non- 
competitive with DMPH,. K,, is 1:7 x 10°* M; V,,,, in 
nmoles/mg of protein/hr: control, 0-71; PCA. 0-36. Each 
point is the mean of duplicate determinations. 


in midbrain + hindbrain region decreased by 50 per 
cent in rats treated 16 hr earlier with PCA (73 ymoles/ 
kg, ..p.). This drop was in good agreement with the 
53 per cent decrease in S5S-HT concentration elicited 
by PCA (Table 2A). The tryptophan content of the 
same brain region was not altered by the PCA treat- 
ment. Dopa accumulation (i.e. DA synthesis rate) in 
corpus striatum after blockade of decarboxylase de- 
creased by 30 per cent in the PCA-treated rats. In 
contrast, striatal DA concentration was unaffected by 
this dose of PCA (Table 2B). 


DISCUSSION 


The mechanism of action of p-chloroampheta- 
mine—of considerable interest because of the selec- 
tive. long-term lowering of brain serotonin content 

so far remains unresolved, possibly because of 
the multiple neurochemical actions exerted by this 


Table 1. Rat brainstem trytophan hydroxylase activity 





Treatment Dialyzed Nondialyzed 


(nmoles, mg protein, hr) 





Part A. Brain extracts of rats treated with p-chloroamphetamine* 
Control 0-561 + 0-028 (4) 0-682 + 0-036 
p-Chloroamphetamine 0-428 + 0-029 (4) 0-525 + 0-027 


ym Decrease 23-7 23-2 


Part B. Brain extracts preincubated with p-chloroamphetaminet 

Control 0-433 + 0-009 (4) 0-471 + 0-006 (4) 
p-Chloroamphetamine 0-431 + 0-010 (4) 0-287 + 0-014 (4p 
®., Decrease <1 9] 

*Rats in groups of 30 received water (control) or p- 
chloroamphetamine, 73 pmoles/kg (15mg PCA-HCI/kg) 
i.p., 18 hr before sacrifice. Six brainstems were pooled per 
enzyme preparation. Part of each brainstem extract was 
dialyzed overnight as usual before determining tryptophan- 
hydroxylating activity. The remainder was assayed without 
the dialysis step. Entries are mean activity + S. E.; number 
of brainstem extracts is given in parentheses. Each extract 
was assayed in duplicate. 

+ P < 0-05 compared to controls. 

t Rat brainstem tryptophan hydroxylase (before dialysis) 
was incubated for 6 hr with p-chloroamphetamine (0-01 M). 
One portion of this preparation was dialyzed overnight. 
while the remainder stood overnight at the same tempera- 
ture. The control enzyme was subjected to the same prein- 
cubation (no inhibitor) followed by dialysis or standing 
overnight. 

§ P < 0-001 compared to controls. 


drug [1-3]. One mechanism suggested is the specific 
inhibition of brain tryptophan hydroxylase in vivo 
[4]. This proposal is intriguing because of the failure 
to demonstrate effects of PCA in vitro on this enzyme 
or any antagonism, in vitro or in vivo, of PCA on 
the somewhat similar enzymes, tyrosine hydroxylase 
[26]. phenylalanine hydroxylase [9] and intestinal 
tryptophan hydroxylase [1]. In the present work, we 
have investigated the effect of high concentrations of 
PCA on brainstem tryptophan hydroxylase by means 
of an assay system which does not require isolating 
and purifying serotonin formed from labeled trypto- 
phan [27, 28]. The lack of inhibition of tryptophan 
hydroxylase by 10°* M PCA confirms previous find- 
ings in the literature. However, at higher con- 
centrations, PCA exhibits dose-related inhibition 
which apparently is competitive with tryptophan and 
noncompetitive with DMPH,. Aromatic L-amino 
acid decarboxylase is not inhibited up to 0:02 M 
PCA. Because inhibition of tryptophan is competitive 
with tryptophan, one might speculate that at very 
high PCA concentrations, this z-methylphenethyl- 
amine is mimicking aromatic 7-amino acid inhibitors, 
such as p-chlorophenylalanine, which competes with 
substrate in vitro [28.29]. Tyrosine hydroxylase of 
corpus striatum is also blocked by high PCA con- 
centrations, -although to a much lesser degree. The 
antagonism of both hydroxylases in vitro suggests that 
PCA is a weak nonspecific inhibitor. 

A decrease of 60 per cent in tryptophan-hydroxylat- 
ing activity of brain extracts has been reported for 
rats given PCA (10 mg/kg, ip.) and sacrificed 16 hr 
later [4]. Our results with PCA confirm a diminution 
in tryptophan-hydroxylating activity, but this reduc- 
tion is much less (23 per cent). This difference prob- 
ably reflects the fact that our preparations are derived 
from brainstem (medulla-pons), a region more resis- 
tant to the effects of PCA on 5-HT metabolism [11] 





B. K. Kore and R. F. Corkey, Jr. 


Table 2. Effect of p-chloroamphetamine on accumulation 
of 5-hydroxytryptophan and DOPA and on concentration 
of serotonin and dopamine in rat brain 
Part A. 5-Hydroxytryptophan accumulation and serotonin 

content in midbrain + hindbrain 





5-HTP 


accumulation* 


5-HT 
contentt 
Treatment 


(ng g) (ng, g) 





| 303 + 1110) 2kR + 
loroamphetamine 151 +5 (10) 134 + 
Control 50-0 465 


21 (5) 


S$ (S% 


Part B. Dopa accumulation and dopamine content 
corpus striatum 





Dopa DA 
iccumulation* content? 


ecatment 2£ (ng g) 





2956 + 54(5) 


+ 28 (5) 
100-2 


Tt + 15 (10) 
Chloroamphetamine + 15 (10)3 2961 
Contr 69-6 





* Rats received water (control) or p-chloroamphetamine, 
73 umoles/kg (15mg PCA-HCl/kg) ip. Sixteen hr later, 
two intraperitoneal doses of NSD-1024 (3-hydroxy-O-ben- 
zylhydroxylamine hydrochloride) were administered: 1-0 
m-mole/kg (176 mg/kg) and 0-5 m-mole/kg (88 mg/kg) 60 
and 30 min before sacrifice respectively. Midbrain + hind- 
brain for 5-HTP determinations consisted of regions left 
after removing cerebellum, cortex and corpus striatum 
from whole brain. The corpus striatum of the same rats 
was assayed for dopa. Tissues from two rats were pooled 
for assays; mean wet wt + S. E. of pairs: midbrain + hind- 
brain, 1-007 + 0-007 g; corpus striatum, 0-677 + 0-005 g 
(N = 45). Entries are mean concentrations + S. E.; 
number of assays is given in parentheses. 

* In a separate experiment, rats receiving water (control) 
or the same dose of p-chloroamphetamine were sacrificed 
l6hr later for the 5-HT and DA determinations. Entries 
are mean concentrations + S. E. with the number of assays 
in parentheses. The tryptophan content of the midbrain + 
hindbrain’ region from the PCA-treated _ rats 
(2704 + 83ng/g) did not differ from that of controls 
(2466 + 77 ng/g) (P > 0:05). 

t P < 0-001 compared to controls. 


than is_the tissue (brain minus cerebral hemispheres 
and cerebellum) used in the former study [4]. The 
decrease in brain tryptophan-hydroxylating activity of 
PCA-treated rats in our experiments is detectable 
with or without dialysis of the enzyme extracts, an 
observation in agreement with that reported by 
Sanders-Bush et al. [4]. However. we have not en- 
countered the large loss in enzyme activity on dialysis 
found by others [4,25]. The persistence of inhibition 
after dialysis in brain extracts from PCA-treated rats 
indicates that the diminished hydroxylating activity 
is not caused by the type of inhibition in vitro de- 
scribed in our present study. Possibly, irreversible in- 
activation of tryptophan hydroxylase is induced by 
PCA as proposed by Sanders-Bush et al. [4]. 
However, the relatively modest antagonism of trypto- 
phan hydroxylase activity observed in our exper- 
iments in vivo and the fact that tryptophan-hydroxy- 
lating capability in vivo with a tryptophan challenge 
is not altered by PCA treatment [9,13] suggest that 
PCA might induce a decrease in brain tryptophan 
hydroxyiation by a mechanism other than specific in- 
hibition of the enzyme in the manner of p-chloro- 
phenylalanine. Our 5-HTP accumulation studies indi- 


cate that the rate of tryptophan hydroxylation in 
brain is reduced by 50 per cent 16 hr after 73 sumoles 
kg of PCA. Similar decreases in tryptophan-hydroxy- 
lating activity [4] and 5-HT turnover rate [11] have 
been detected in comparable brain regions of rats 
treated with PCA. As pointed out by several authors, 
tryptophan hydroxylation may be decreased because 
PCA is a strong blocker of neuronal 5-HT re-uptake 
[1.2.5]. The resulting activation of serotoninergic 
function would be expected to induce a compensatory 
negative feedback deceleration of 5-HT synthesis and 
turnover as in the case of imipramine and chlorimi- 
pramine [30]. Support for this view is provided by 
the findings of Sheard [31] on the effects of PCA 
on firing rates of single cells in the rat raphe. p-Chloro- 
amphetamine decreases the firing rate and thus 
resembles chlorimipramine, a potent 5-HT uptake 
blocker. The concentrations of PCA, imipramine and 
chlorimipramine inhibiting 5-HT (0-1 uM) uptake 
into rat striatal synaptosomes by 50 per cent are 0-6, 
0-8 and 0-1 4M respectively (unpublished data). On 
the other hand, the tryptophan hydroxylase inhibitor 
p-chlorophenylalanine does not affect the firing rate 
[31]. 

In the present study, the tyrosine-hydroxylating 
activity of corpus striatum of rats given PCA (73 
pmoles/kg) 18 hr earlier is not different from that of 
control rats. Nevertheless, dopamine synthesis in 
corpus striatum is decelerated by PCA (l6hr after 
the same dose), as indicated by the decreased’ rate 
of dopa accumulation after blockade of decarboxy- 
lase. It is noteworthy that 15 min after a PCA dose 
(3-5 umoles/kg, i.v.) which increases motor activity, 
the turnover rate of DA in rat striatum is reported 
to increase [30]. Possibly, the slower synthesis of DA 
after PCA (Table 2B) is a compensatory reaction to 
the initial activation of dopaminergic function (lead- 
ing to-increased motor activity [26, 32]) elicited by 
p-chloroamphetamine’s release and blockade of re-up- 
take of DA. The concentration of PCA inhibiting DA 
(0-1 uM) uptake into rat striatal synaptosomes by 50 
per cent is 4M (unpublished data). 

Although blockade of neuronal re-uptake of 
monoamines by PCA might contribute to the 
diminished tryptophan-hydroxylating activity and the 
lower synthesis rates of 5-HT and DA observed in 
rat brain, it is possible that these effects are also eli- 
cited in part by the ability of PCA to enhance mono- 
aminergic function at synapses by other mechanisms, 
such as release of monoamines and blockade of 
monoamine oxidase [3]. 
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Abstract—These studies have indicated there is present in rat lung microsomes a mixed-function oxidase 
enzyme system capable of metabolizing parathion to paraoxon and to diethyl phosphorothioic acid. 
In addition. analogous to previous results using rat liver microsomes, the sulfur atom released in 
the metabolism of parathion to paraoxon was found to covalently bind to lung microsomes. In 
contrast to liver, the metabolism of parathion by rat lung microsomes is not inducible by pretreatment 
of the animals with phenobarbital or 3-methylcholanthrene. The metabolism of parathion by lung 
microsomes is stimulated by NADPH and oxygen and is inhibited by carbon monoxide, anaerobic 
conditions, SKF-525A and piperonyl butoxide. There is also present in a particulate fraction of rat 
brain equivalent to microsomes an enzyme or enzyme system capable of metabolizing parathion to 
paraoxon and to diethyl phosphorothioic acid. The metabolism of parathion to paraoxon by rat brain 
microsomes is also accompanied by the release and covalent binding of the sulfur atom of parathion. 
The activity in rat brain microsomes is stimulated by oxygen and NADPH and inhibited by carbon 
monoxide, anaerobic conditions, SKF-525A and piperonyl butoxide. These data suggest that cytoch- 
rome P-450-containing mixed-function oxidase enzyme systems are responsible for the NADPH-stimu- 


lated catalytic activity toward parathion found in rat lung and rat brain microsomes. 


The organophosphate insecticide parathion (diethyl p- 
nitrophenyl phosphorothionate) is metabolized by 
mammalian hepatic mixed-function oxidase enzyme 
systems to its toxic metabolite paraoxon (diethyl p- 
nitropheny! phosphate) [1-3] and to its essentially 
nontoxic metabolites diethyl phosphorothioic acid 
plus p-nitrophenol [4,5]. 

The principal cause of death in mammals exposed 
to parathion is respiratory failure. It has been gener- 
ally assumed that the sequence of events leading to 
respiratory failure is the hepatic mixed-function oxi- 
dase catalyzed metabolism of parathion to paraoxon, 
a potent inhibitor of acetylcholinesterase, followed by 
transfer of the paraoxon via the circulatory system 
to the lung and brain, where inhibition of this enzyme 
results in respiratory failure. However, it has recently 
been suggested that the metabolism of parathion and 
other cholinergic phosphorothionate triesters to their 
toxic oxygen analogues in extrahepatic tissue may be 
of greater importance in regards to the toxicity of 
this compound [6,7]. 

There have been relatively few studies of the extra- 
hepatic metabolism of parathion in mammals. Kubis- 
tova [8], using an anticholinesterase assay for para- 
oxon, found evidence for the metabolism in vitro of 
parathion to paraoxon in tissue slices from the small 
intestine, lung, kidney and suprarenal gland of the 
adult female rat. However, no activity was detectable 
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in slices of heart muscle, diaphragm, spleen, pancreas, 
brain or ovaries. Neal [4] and Nakatsugawa et al. 
[9], using 9000g supernatants and whole homo- 
genates, respectively, of various tissues of the rat, were 
able to detect significant metabolic activity toward 
parathion in the lung and kidney but found only ques- 
tionable activity in the brain, intestine, spleen, pan- 
creas and heart. Alary and Brodeur [10], using homo- 
genates of various tissues of the rats, detected parath- 
ion-metabolizing activity in the intestine, lung and 
kidney but not in the brain, serum or skeletal muscle. 

Of the various extrahepatic tissues, the metabolism 
of parathion to paraoxon in the brain and lungs is 
most likely to be of importance in regard to its toxi- 
city [6]. The lung appears to be a particularly impor- 
tant tissue in this regard since the cause of death in 
acute poisoning is respiratory failure resulting from 
the paralysis of the muscles of respiration, bronchio- 
constriction, accumulation of fluid in the lungs as well 
as central nervous system effects [11]. 

Although detailed studies of the metabolism of par- 
athion by rabbit lung microsomes have been carried 
out [6], no comparable studies using rat lung micro- 
somes have yet been conducted. The purpose of this 
study was to examine in detail the metabolism of par- 
athion by rat lung microsomes. In addition, a particu- 
late fraction from rat brain equivalent to micro- 
somes was examined for its ability to metabolize 
parathion. 


METHODS 


The ethyl-['*C]- and [*°S]parathion (6-10 pCi/ 
umole) used in these studies were products of the 
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Amersham-Searle Corp. NADP, glucose 6-phosphate 
and glucose 6-phosphate dehydrogenase were pro- 
ducts of Boehringer-Mannheim. SKF-525A was a gift 
of Smith, Kline & French. Piperonyl butoxide was 
obtained from the K & K Laboratories. 

Adult male Sprague-Dawley rats weighing between 
150 and 250 g were used in these studies. Pooled 
lungs from eight rats were homogenized in 3 vol. ice- 
cold 0:25 M sucrose, first in a Waring blender (10 
sec at top speed) and then in an all glass Potter 
Elvehjem homogenizer using twelve passes. The 
pooled brains of eight rats were homogenized in 0-25 
M sucrose using eight passes of a Teflon-glass Potter 
Elvehjem homogenizer. These homogenates were cen- 
trifuged at 9000 g for 10 min. The supernatants were 
removed using a large syringe and recentrifuged at 
9000 g for 10 min. The resulting supernatant was cen- 
trifuged at 250,000 g for 30 min. The precipitates from 
these centrifugations were resuspended in 0:25 M suc- 
rose and centrifuged again at 250,000 g for 30 min. 
The precipitates were resuspended in 0-05 M Hepes 
buffer (pH 7-8) and used immediately. All operations 
were carried out at 0-4’. No attempt was made to 
determine the homogeneity of these preparations as 
regards contamination with particulate matter other 
than endoplasmic reticulum. However, for the sake 
of simplicity, the precipitates from the centrifugation 
at 250,000 g will be referred to throughout the 
remainder of this manuscript as microsomes. 

Microsomes isolated from the lungs and _ brains 
were incubated in 0-05 M Hepes buffer (pH 7:8) with 
labeled parathion in the absence or presence of an 
NADPH-generating system (5 ymoles NADP, 15 
umoles glucose 6-phosphate and | unit glucose 6- 
phosphate dehydrogenase). The incubations were car- 
ried out in serum stoppered 50-ml Erlenmeyer flasks 
at 37 using a reciprocating shaker bath. The total 
volume of the incubations was 2:0 ml containing 1-5 
to 2:5 mg brain or lung microsomal protein/ml. Par- 
athion concentrations of 5 x 10°° and 15 x 10°° M 
were used in the incubations containing lung and 
brain microsomes respectively. The incubation time 
was 2 min after a 5-min temperature equilibration 
period using lung microsomes and 5 min after a 5-min 
temperature equilibration period using brain micro- 
somes. In both cases the reactions were started by 
injecting parathion dissolved in 50 yl methanol 
through the stopper and terminated by injecting 100 
ul concentrated HCl. The procedures used for mea- 
suring paraoxon and diethyl phosphorothioic acid 
formation as well as those used to quantitate the 
covalent binding of sulfur to the microsomes have 
been described previously [4,12]. 

In the incubations examining the effect of atmos- 
pheres of carbon monoxide and nitrogen on the rates 
of metabolism of parathion, serum stoppered 50-ml 
Erlenmeyer flasks containing microsomes and_ the 
NADPH-generating system, if applicable, were held 
on ice, and the appropriate mixture of carbon monox- 
ide and air or nitrogen and air was bubbled through 
the solutions for 5 min. After a 5-min period of tem- 
perature equilibration, the reactions were started by 
injecting labeled parathion dissolved in methanol 
through the stopper. Oxygen-free nitrogen and car- 
bon monoxide were obtained by passing these gases 
through deoxygenating towers, each of which con- 


tained 200 ml of 0-:09°,, sodium anthroquinone-2-sul- 
fonate and 5°, sodium dithionite in 0-1 N NaOH. 

Rats pretreated with phenobarbital received intra- 
peritoneal injections of 50 mg/kg of sodium pheno- 
barbital in distilled water daily for 5 days followed 
by sacrifice 24 hr after the last injection. Animals pre- 
treated with 3-methylcholanthrene received a single 
intraperitoneal injection of 20 mg/kg of 3-methylcho- 
lanthrene in corn oil followed by sacrifice 72 hr after 
the injection. 

The estimates of the apparent K,, and V,,,, values 
and the standard deviations of these estimates were 
calculated using a computer program written for this 
purpose [13]. The standard normal deviate test was 
used to test for significant differences between the 
apparent K,, and V,,,, values. 


RESULTS 


Various particulate fractions of rat lung were exam- 
ined for their ability to metabolize parathion to para- 
oxon and diethyl phosphorothioic acid. In_ these 
studies the rat lung was homogenized in 3 vol. of 
0-05 M Hepes buffer, and the supernatant remaining 
after a 20-min centrifugation of the homogenate at 
600 g (600 g supernatant), the precipitate from a 10- 
min centrifugation at 8000 g (mitochondria), the pre- 
cipitate from a centrifugation of the 8000 g superna- 
tant for 30 min at 250,000 g (microsomes) and the 
supernatant from the final centrifugation (soluble) 
were incubated with ['*C]parathion as described in 
Methods. The results are shown in Table 1. As can 
be seen, the rat lung is capable of catalyzing the meta- 
bolism of parathion to paraoxon and diethyl phos- 
phorothioic acid. In addition, the data in Table | in- 
dicate that the enzyme activity is located primarily 
in the microsomal fraction. The small amount of acti- 
vity in the mitochondrial and soluble fractions is 
thought to be the result of microsomal contamination 
of these fractions. However, no attempt was made 


Table 1. Examination of the rate of formation of paraoxon 
and diethyl phosphorothioic acid using various particulate 
fractions of the lungs of adult male rats* 





Metabolitet 
(pmoles formed/min/0-5 g 
wet wt lung) 
Diethy] 
phosphorothioic 
acid 


Cell fraction Paraoxon 





600 g Supernatant 911 + 119 
Mitochondria 199 + 9 

Microsomes 711 101 
Soluble 132 + 19 





*A 5 x 10°° M concentration of ['*C]parathion was 
incubated with the various particulate fractions equivalent 
to 0-5 g wet wt of the pooled lungs of eight rats for 2 
min as described in Methods. All incubations contained 
the NADPH-generating system described in Methods. The 
rates of formation of paraoxon and diethyl phosphoroth- 
ioic acid were estimated as described previously [12]. 

* Means + standard deviations of the means of dupli- 
cate determinations using microsomes isolated from a 
pooled sample of eight rat lungs. 
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Table 2. Effect of the presence or absence of NADPH on 
$°§ binding, paraoxon and diethyl phosphorothioic acid 
formation* 





NADPH* 
Plus Minus 


Reaction measured 
(pmoles/min/mg protein) 





3°§ binding 
Paraoxon formation 158 
Diethyl phosphorothioic 

acid formation 





*TheS x 10° * Mconcentrations of [*°S]- (determination 
of 3°S binding) or ['*C]parathion (determination of para- 
oxon and diethyl phosphorothioic acid formation) were 
incubated with microsomes isolated from the pooled lungs 
of eight adult male rats in the presence and absence of 
an NADPH-generating system, and the rates of 2°S bind- 
ing, paraoxon and diethyl phosphorothioic acid formation 
determined as described in Methods. The procedures used 
to estimate metabolite formation or sulfur binding have 
been described previously [12]. 

+ Means + standard deviations of the means of dupli- 
cate determinations using microsomes isolated from a 
pooled sample of eight rat lungs. 


to verify this by measurement of the activity of micro- 
somal marked enzymes in these fractions. All sub- 
sequent studies with rat lung were carried out using 
the microsomal fraction. 

When [*°S]parathion is incubated with micro- 
somes isolated from rat liver in the presence of 
NADPH. an amount of sulfur, roughly equivalent to 
the amount of paraoxon formed in these incubations, 
becomes covalently bound to the microsomes [12]. 
It has been shown that the bound sulfur is that which 
is released in the mixed-function oxidase catalyzed 
metabolism of parathion to paraoxon. These studies 
have also shown that the rate of the mixed-function 
oxidase catalyzed metabolism of parathion to para- 
oxon may be estimated by measuring either the 
amount of paraoxon in the incubation mixture at the 
end of the incubation or the amount of sulfur cova- 
lently bound to the microsomes. In light of these 
results, it was of interest to incubate [*°S]parathion 
with lung microsomes, in the presence and absence 
of NADPH, and to compare the rate of sulfur binding 
to these microsomes with the rate of formation of 
paraoxon in equivalent incubations containing 
['*C]parathion. In addition, the rate of formation of 
diethyl phosphorothioic acid in the incubations con- 
taining ['*C]parathion was also measured. The 
results of these experiments are shown in Table 2. 
In all cases, the rates of the three reactions in the 
absence of NADPH were less than 10 per cent of 
those seen in the presence of NADPH. Consequently, 
the rates of these reactions in the absence of NADPH 
were disregarded in subsequent experiments. Analo- 
gous to the results obtained using rat liver microsomes 
[12], the rate of sulfur binding was very similar to 
that of paraoxon formation using equal aliquots of 
the same preparation of lung microsomes. 

['*C]parathion was incubated with lung micro- 
somes in the presence of NADPH, and the amount 
of ['*C] covalently bound was compared with the 
amount of [*°S] bound in an equivalent incubation 
containing [*°S]parathion. The results showed that 
the amount of ['*C] bound was only 10 per cent 


that of [°°S] (data not shown). Thus, the majority. 
if not all, of the sulfur bound to the lung microsomes 
is free of the remainder of the parathion molecule. 

Using rat liver microsomes [14] or rabbit lung mic- 
rosomes [6], the rate of formation of diethyl phos- 
phorothioic acid is approximately 50 per cent that 
of paraoxon formation. As shown in Table 2, rat lung 
microsomes appear to metabolize parathion to 
diethyl phosphorothioic acid at a rate which is only 
about 25 per cent that of paraoxon formation. 

The pH optimum for the metabolism of parathion 
to paraoxon using rat lung microsomes was exam- 
ined. The results showed a broad pH optimum with 
the maximal rate occurring between pH values of 7 
and 8:5. 

The effect of heating the rat lung microsomes on 
their ability to metabolize parathion to paraoxon was 
also examined. It was found that heating of the micro- 
somes to 100° for 5 min completely abolished the 
NADPH-stimulated metabolism of parathion to para- 
oxon. 

The apparent K,, and \,,,, values for parathion 
metabolism by rat lung microsomes as measured by 
the rate of sulfur binding, paraoxon and diethyl phos- 
phorothioic acid formation are given in Table 3. 
There is not a statistically significant difference 
bétween the apparent K,, or V,,,, values for paraoxon 
formation and the analogous kinetic constants for sul- 
fur binding. As was the case with liver microsomes 
[12], the sulfur bound when parathion is incubated 
with rat lung microsomes is most likely that released 
in the metabolism of parathion to paraoxon. Also, 
analogous to the experiment using hepatic micro- 
somes [12], the rate of binding of sulfur to lung mic- 
rosomes is apparently equal to or greater than the 
rate-limiting step in the series of reactions leading to 
the release of sulfur from parathion. The data shown 
in Tables 2 and 3 indicate that the rate of metabolism 
of parathion to paraoxon by rat lung can be esti- 
mated by measuring either sulfur binding or para- 
oxon formation. The measurement of sulfur binding 
has the advantage of being faster and requiring less 
expenditure of effort than the measurement of the 


Table 3. Apparent K,, and V,,,, values for the metabolism 

of parathion to diethyl phosphorothioic acid and to para- 

oxon measuring either °°S binding or paraoxon forma- 
tion directly* 





Foigg q 
(pmoles/min 
mg protein) 


Apparent K,,, 


Reaction measured (x 10°° M) 





3°§ binding 53+ 18 184 + 
Paraoxon formation 79 + 2:1 206 + 
Diethyl phosphorothioic 


acid formation 9-() + 4-2 57 + 





* [°°S]- or ['*C]-labeled parathion in concentrations of 


0:25 x 10°° M, 05 x 10°° M, | x 10°? M, 2 x 10°° M 
and 4 x 10°° M was incubated in duplicate for 2 min 
with microsomes isolated from the pooled lungs of eight 
adult male Sprague-Dawley rats as described in Methods. 
The procedures used to estimate the rate of *°S binding, 
paraoxon and diethyl phosphorothioic acid formation have 
been described previously [12]. The apparent K,, and V,,,. 
values were determined as described in Methods. 
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Fig. |. Linearity with time of parathion metabolism by 
rat lung microsomes as measured by sulfur binding. Each 
point represents the mean + standard deviation of the 
means of duplicate determinations at each time point. 
[°°S]parathion (5 x 10°*> M) was incubated with lung 
microsomes and an NADPH-generating system as de- 
scribed in Methods. The procedures used to estimate the 
sulfur binding have been described previously [12]. 


amount of paraoxon present at the end of the incuba- 
tion period. 

The linearity of parathion metabolism with tire 
as measured by sulfur binding to lung microsomes 
is shown in Fig. 1. The reaction appears to be linear 
for only 2 min or less. Because of the technical diffi- 
culties involved in carrying out the simultaneous in- 
cubation of a number of samples with reaction times 
of less than 2 min, the experiments described in this 
paper were carried out using incubation times of 2 
min. 

‘Figure 2 compares the amount of sulfur bound to 
lung microsomes using increasing concentrations of 
microsomal protein and a constant amount of 
[*°S]parathion (5 x 10°°> M). As can be seen, the 
binding of sulfur is linear in the range of 05 to 3-0 
mg protein/ml. A range of 1-5 to 2:5 mg lung microso- 
mal protein/ml was used throughout these studies. 

The effect of pretreatment of rats with phenobarbi- 
tal or 3-methylcholanthrene on the NADPH-stimu- 
lated release and binding of labeled sulfur to rat lung 
microsomes was examined. The data from these ex- 


periments indicated there were no significant differ- 
ences in the rate of the release and covalent binding 
of the labeled sulfur to microsomes isolated from the 
phenobarbital- or 3-methylcholanthrene-pretreated 
animals compared to untreated. It thus appears that, 
in contrast with rat liver microsomes [12], the 
enzyme or enzyme system in rat lung microsomes 
which catalyzes the metabolism of parathion to para- 
oxon with the release of a reactive form of sulfur 
is not subject to induction by phenobarbital or 3- 
methylcholanthrene. An experiment in which the rates 
of paraoxon and diethyl phosphorothioic acid forma- 
tion were measured was also carried out. Again, no 
significant difference in the rate of metabolism of par- 
athion to these two metaboiites by lung microsomes 
was detected in animals pretreated with phenobarbi- 
tal or 3-methylcholanthrene compared to untreated. 

The effect of atmospheres containing varying con- 
centrations of carbon monoxide, nitrogen and oxygen 
on the rate of sulfur binding and the rate of formation 
of paraoxon and diethyl phosphorothioic acid using 
rat lung microsomes is shown in Table 4. When the 
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Fig. 2. Examination of sulfur binding using increasing 
lung microsomal protein concentrations. Each point repre- 
sents the mean + standard deviation of the means of dupli- 
cate determinations at each protein concentration. The in- 
cubation time was 2 min and the [*°S]parathion con- 
centration was 5 x 10°° M. The data are presented as 
the total pmoles of *°S bound/min at each protein 
concentration. 


Table 4. Effect of atmospheres of carbon monoxide, nitrogen and oxygen compared to air 
on the binding of *°S and the formation of paraoxon and diethyl phosphorothioic acid* 





Atmosphere 35§ bindingt 
I 2 


Paraoxon formationt 


Diethyl phosphorothioic 
acid formationt 


(pmoles/min/mg protein) 





{+ 


CO-air (90: 10) 
N,-air (90: 10) 
N, 
O, 


I+ I+ I+ I+ 


t 
He OIE I+ I+ I 
— fry ow 
a= 


aN 
—-bhwhy- 
I+ I+ I+ I+ I+ 


ws) 
w 
w 





*The atmospheres were created as described in Methods. Incubations were done with 


5x 10 


M [*°S]parathion to estimate the rate of *°S binding and with 5 x 10°° M 


['*C]parathion to estimate the rate of paraoxon and diethyl phosphorothioic acid formation. 
The incubation procedures are described in Methods. The procedures used to estimate sulfur 
binding, paraoxon and diethyl phosphorothioic acid formation have been described pre- 
viously [12]. 

+ Means + standard deviations of the means of duplicate determinations using microsomes 
isolated from a pooled sample of eight adult male rat lungs. 
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Table 5. Effect of SKF-525A, piperonyl butoxide and ben- 
zopyrene on the metabolism of parathion to paraoxon* 





Paraoxon 

formationt 
(pmoles/min 
mg protein) 


Additions °*, Inhibition 





148 + 21 
62+0 58 


None 
SKF-525A (3 mM) 
Piperonyl butoxide 
(1 mM) 
'3,4-Benzopyrene 
(1 mM) 


87 + | 41 


147+ 1 0 





* Acetone (0-1 ml) was used as the solvent for the inhibi- 
tors. An equivalent amount of acetone was added to the 
incubations containing no inhibitor. ['*C]parathion (5 x 
107° M) was incubated with lung microsomes in the pres- 
ence and absence of the inhibitors. In these experiments, 
both the inhibitors and parathion were present in the incu- 
bation mixture along with lung microsomes during the 5- 
min temperature equilibration period. The reactions were 
started by adding the NADPH-generating system. Other 
details of these incubations are described in Methods. The 
procedures used to estimate paraoxon formation have been 
described previously [12]. 

+ Means + standard deviations of the means of dupli- 
cate determinations using microsomes isolated from a 
pooled sample of eight adult male rat lungs. 


incubations were carried out in an atmosphere con- 
taining carbon monoxide-air (90:10), the rate of 
binding of labeled sulfur as well as the rate of forma- 
tion of paraoxon and diethyl phosphorothioic acid 
was strongly inhibited compared to those incubations 


carried out in air. When the lung microsomes were 
incubated with labeled parathion in an atmosphere 
of nitrogen—air (90 : 10) the rate of formation of these 
three metabolites was consistently increased com- 
pared to incubations carried out in air. On the other 
hand, when the incubations were carried out in 
oxygen-free nitrogen, the rate of metabolism of par- 
athion was strongly inhibited. When the incubations 
were carried out in an atmosphere of pure oxygen, 
the rate of formation of these three metabolites was 
decreased in comparison with incubations carried out 
in air. These data suggest that some optimal level 
of oxygen is required for the maximal rates of meta- 
bolism of parathion by lung microsomes and that 
concentrations above and below this level inhibit 
these reactions. 

The mixed-function oxidase catalyzed metabolism 
of parathion using rat liver microsomes is inhibited 
when the incubation is carried out in the presence 
of certain alternate substrates for this enzyme system 
[14]. Two.of these inhibitory alternate substrates are 
SKF-525A [14] and piperonyl butoxide (R. A. Neal, 
unpublished observations). The ability of SKF-525A 
or piperonyl butoxide to inhibit the metabolism of 
parathion by lung microsomes was examined. In 
addition, the ability of 3,4-benzopyrene to inhibit 
parathion metabolism by lung microsomes was also 
examined. The results of these studies are shown in 
Table 5. As can be seen, both SKF-525A and piper- 
onyl butoxide inhibited the metabolism of parathion 
by lung microsomes. However, 3,4-benzopyrene, a 
good substrate for the mixed-function oxidase system 
referred to as arylhydrocarbon hydroxylase, did not 


exhibit any inhibitory effect on parathion metabolism. 
These latter data suggest that the enzyme system in 
rat lung which is responsible for parathion metabo- 
lism is distinct from arylhydrocarbon hydroxylase. 

It has been shown previously that sulfur becomes 
covalently bound to brain tissue after administration 
in vivo of [?°S]parathion to adult male rats [15]. It 
was, therefore, of interest to examine if the metabo- 
lism of parathion to paraoxon and to diethyl phos- 
phorothioic acid could be demonstrated using a par- 
ticulate fraction from rat brain equivalent to micro- 
somes. In addition, the ability of brain microsomes 
to catalyze the release and covalent binding of the 
sulfur atom of parathion was also examined. The 
results of these experiments are shown in Table 6. 
From these data, it appears that there is a measurable 
conversion of parathion to paraoxon and to diethyl 
phosphorothioic acid in the absence of NADPH. 
However, in the presence of NADPH there was a 
small but significant increase in the formation of these 
two metabolites. The data from the experiment mea- 
suring the rate of labeled sulfur binding are nearly 
identical to those seen when the formation of para- 
oxon was measured. 

An examination of the effect of pH on the 
NADPH-stimulated metabolism of parathion to para- 
oxon by rat brain microsomes revealed a broad pH 
optimum with the maximum rate occurring between 
pH values of 7-2 and 8°5. 

The linearity with time of the NADPH-stimulated 
parathion metabolism by brain microsomes, as mea- 
sured by sulfur binding, is shown in Fig. 3. The reac- 
tion appears to be nearly linear for about 5 min. Con- 
sequently, a 5-min incubation time was used in those 
experiments involving rat brain microsomes. 

The apparent K,, and V,,,, values for the NADPH- 
stimulated metabolism of parathion by rat brain mic- 
rosomes as measured by sulfur binding, paraoxon and 
diethyl phosphorothioic acid formation are shown in 
Table 7. The apparent K,, or V,,, values for the 
NADPH-stimulated sulfur binding using rat brain 
microsomes are not significantly different from these 
same constants for paraoxon formation. This suggests 


Table 6. Effect of the presence and absence of NADPH 
on 3°S binding, paraoxon and diethyl phosphorothioic 
acid formation* 





NADPH?t 





Reaction measured 


(pmoles/min/mg protein) Plus Minus 





°§ binding 72 48 +4 
Paraoxon formation 78 48 + 0 
Diethyl phosphorothioic 


acid formation 6 2+ 1 





* The 15 x 10-5 M concentrations of *°S- (sulfur bind- 
ing) or ['*C]parathion (paraoxon and diethyl phosphor- 
othoic acid formation) were incubated with microsomes 
isolated from the pooled brains of eight adult male rats 
in the presence and absence of an NADPH-generating sys- 
tem as described in Methods. The procedures used to esti- 
mate *°S binding, paraoxon and diethyl phosphorothioic 
acid formation have been described previously [12]. 

+ Means + standard deviations of the means of dupli- 
cate determinations using microsomes isolated from a 
pooled sample of eight rat brains. 
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Fig. 3. Linearity with time of parathion metabolism by 
rat brain microsomes as measured by NADPH-stimulated 
sulfur binding. Each point represents the mean + standard 
deviation of the means of two determinations. [7°S]parath- 
ion (15 x 10°° M) was incubated with brain microsomes 
for varying time periods in the presence and absence of 
NADPH as described in Methods. The NADPH-stimu- 
lated binding of sulfur in each incubation was determined 
by subtracting the amount bound in the absence from that 
bound in the presence of an NADPH-generating system. 


that as was the case with rat liver [12] and rat lung 
microsomes, the sulfur bound to brain microsomes 
is that released in the metabolism of parathion to 
paraoxon. 

The effect of pretreatment of rats with phenobarbi- 
tal and 3-methylcholanthrene in vivo on the rate of 
NADPH-stimulated binding of sulfur to brain micro- 
somes in vitro was also examined. As with rat lung 
microsomes, there was not a significant difference in 
the rate of labeled sulfur binding to the microsomes 
of the brains of the phenobarbital-pretreated and 3- 
methylcholanthrene-pretreated animals compared to 
untreated (data not shown). 

The effect of incubation of parathion with rat brain 
microsomes in atmospheres containing varying con- 
centrations of carbon monoxide, nitrogen and oxygen 
is shown in Table 8. Compared to incubations carried 
out in air, incubations conducted in atmospheres of 
90:10 carbon monoxide-air or nitrogen—air had no 
significant effect on the rate of NADPH-stimulated 


Table 7. Apparent K,, and V,,,, values for the NADPH- 
sumulated metabolism of parathion to paraoxon and to 
diethyl phosphorothioic acid* 





sat : 
(pmoles/min 
mg protein) 


Km, 
(x 107° M) 


Reaction measured 





4 


*°§ binding 3-0 + 03 40 
7 


Paraoxon formation + 0:3 41 
Diethyl phosphorothioic 
acid formation 59+ 09 6+ 1 


+ 
= 





* [3°S]- or ['*C]-labeled parathion in concentrations of 
1 x.10°° M, 2 x 107° M, 4x 10°* M and 8 x 107° 
M was incubated in duplicate for 5 min in the presence 
and absence of an NADPH-generating system, with micro- 
somes isolated from the pooled brains of eight adult male 
Sprague-Dawley rats as described in Methods. The 
amounts of sulfur bound, paraoxon or diethyl phosphoro- 
thioic acid formed in the absence of NADPH were sub- 
tracted from the amounts found in the presence of 
NADPH and the differences used to calculate the apparent 
K,, and } values. 


max 


Table 8. Effect of atmospheres of nitrogen, carbon monox- 
ide and oxygen, compared to air, on paraoxon formation* 





NADPH-stimulated 
paraoxon formationt 


Atmosphere (pmoles/min/mg protein) 





10 
10 
+ Il 
20 
2 
8 
5 


Air 6 
N,-air (90 : 10) 9 
CO-air (90 : 10) QO 
N,-air (99 : 1) 

CO-air (99 :1) 

N, 10 
O, 


I+ I+ 


H+ H+ H+ 


~ 
- 
+ 





* The various atmospheres were created as described in 
Methods. The incubations were carried out using 15 x 
10°°M concentrations of ['*C]parathion as described 
in Methods and paraoxon formation was estimated as de- 
scribed previously [12]. 

+ Means + standard deviations of the means of dupli- 
cate determinations using microsomes isolated from a 
pooled sample of eight adult male rat brains. The values 
represent the difference in the rate of formation of para- 
oxon in the presence compared to the absence of an 
NADPH-generating system. 


metabolism of parathion to paraoxon. However, 
when the incubations were carried out in an atmos- 
phere of 99:1 nitrogen—air there was a significant in- 
crease in the rate of paraoxon formation in the pres- 
ence but not the absence of NADPH. In contrast, 
when the incubations were carried out in an atmos- 
phere of 99:1 carbon monoxide-air there was a sig- 
nificant decrease in the rate of metabolism of parath- 
ion to paraoxon in the presence of NADPH. This 
concentration of carbon monoxide did not affect the 
rate of formation of paraoxon in the absence of 
NADPH. When the incubations were carried out in 
an atmosphere of oxygen-free nitrogen, there was a 
marked inhibition of the rate of metabolism of par- 
athion to paraoxon both in the presence and, to a 
lesser extent, in the absence of NADPH. When the 
reaction was carried out in an atmosphere of 100°, 
oxygen, the rate in the presence of NADPH was inhi- 
bited. These data indicate that there is a requirement 
for oxygen for the NADPH-stimulated metabolism 
of parathion to paraoxon by rat brain microsomes, 
although the concentration of oxygen required for the 
optimal rate of this reaction is low. 

If, as the previous results suggest, the NADPH- 
stimulated metabolism of parathion by brain micro- 
somes is catalyzed by a cytochrome P-450-containing 
enzyme system, it appeared possible that SKF-525A 
and piperonyl butoxide might be inhibitors of these 
reactions. Recall that these compounds are inhibitors 
of parathion metabolism by rat liver [14] and rat 
lung. Table 9 shows the effect of simultaneous incuba- 
tion of SKF-525A or piperonyl butoxide and parath- 
ion with rat brain microsomes on the rate of forma- 
tion of paraoxon from parathion. The NADPH- 
stimulated rate of paraoxon formation by rat brain 
microsomes was markedly or completely inhibited in 
those reactions containing both SKF-525A or piper- 
onyl butoxide and ['*C]parathion. The rate of forma- 
tion of paraoxon seen in the absence of NADPH was 
not affected by the presence of SKF-525A or piper- 
onyl butoxide. 
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Table 9. Effect of SKF-525A and pipéronyl butoxide on 
the metabolism in vitro of parathion to paraoxon by rat 
brain microsomes* 





NADPH 
stimulated 
paraoxon 

formationt 
(pmoles/min/ 
mg protein) 


Addition °* Inhibition 





None 
SKF-525A (3 mM) 9 
Piperonyl butoxide 

(1 mM) + 100 





* Acetone was used as the solvent for the inhibitors. An 
equivalent amount of acetone was added to the incuba- 
tions containing no inhibitor. ['*C]parathion (15 x 
10° > M) was incubated with brain microsomes in the pre- 
sence and absence of the inhibitors and in the presence 
and absence of an NADPH-generating system as described 
in Methods. Additional details of the procedures used in 
these experiments are described in Table 5. 

+ Means + standard deviations of the means of dupli- 
cate determinations using microsomes isolated from a 
pooled sample of eight rat brains. These values represent 
the difference in the rate of paraoxon formation in the 
presence compared to the absence of an NADPH-generating 
system. 


When the brain microsomes were heated to 100 
for 5 min prior to incubation with parathion, the 
NADPH-stimulated metabolism of parathion to para- 
oxon was completely eliminated. However, the heat- 


ing of the microsomes did not affect the conversion 
of parathion to paraoxon seen in the absence of 
NADPH. 


DISCUSSION 


The results of these experiments have shown that 
parathion is metabolized by rat lung and rat brain 
microsomes in a manner which is qualitatively similar 
to that previously shown using rat liver microsomes 
[4,5]. As with liver microsomes, both paraoxon and 
diethyl phosphorothioic acid are products of the 
NADPH-stimulated metabolism of parathion by rat 
lung and rat brain microsomes. There are some major 
quantitative differences, however. The maximal rates 
of metabolism of parathion by rat lung and rat brain 
microsomes are about 20 and 3 per cent respectively, 
of those seen using rat liver microsomes when the 
rates are calculated on the basis of microsomal pro- 
tein concentration. In addition, a lesser percentage 
of the parathion is metabolized to diethyl phosphoro- 
thioic acid by rat lung and rat brain microsomes 
compared to rat liver microsomes. 

The apparent K,, values for parathion for metabo- 
lism to paraoxon and to diethyl phosphorothioic acid 
using rat brain microsomes are quite similar to those 
determined using rat liver microsomes [12,14]. How- 
ever, the K,, values for parathion for formation of 
these two metabolites using rat lung microsomes are 
about five times less than those determined using rat 
liver microsomes. The higher affinity of the enzyme 
system in rat lung microsomes for parathion may be 
of importance concerning the comparative rate of 


metabolism of parathion to paraoxon in vivo. Using 
saturating substrate concentrations, the rate of meta- 
bolism of parathion to paraoxon by rat liver micro- 
somes is about five times that using rat lung micro- 
somes. However, under conditions in vivo one would 
not expect to achieve saturating parathion con- 
centrations at the active sites of these enzymes. There- 
fore, the differential in the rate of metabolism of par- 
athion by the endoplasmic reticulum in these two 
organs in vivo would probably be less than that seen 
at saturating substrate concentrations under conditions 
in vitro. This, of course, assumes that the affinity for 
parathion determined in vitro is similar to that in vivo, 
a question which it is not possible to answer. 

The metabolism of parathion by both rat lung and 
rat brain microsomes is stimulated by NADPH and 
inhibited by carbon monoxide, by anaerobic condi- 
tions and by SKF-525A and piperonyl butoxide, both 
of which are substrates for the hepatic mixed-function 
oxidase enzyme system. These data, coupled with the 
fact that the NADPH-stimulated metabolism of par- 
athion by these two enzyme preparations is abolished 
by heating to 100° for 5 min and inhibited by incuba- 
tion at pH values less than 7 and greater than &°5, 
imply that cytochrome P-450-containing mixed-func- 
tion oxidase enzyme systems are responsible for the 
metabolic activity seen. We were able to detect the 
presence of cytochrome P-450 in lung but not in rat 
brain microsomes. The failure to detect cytochrome 
P-450 in brain microsomes may have been because 
the concentration is too low to be detectable by the 
conventional method [16] used to quantitate this 
enzyme. 

The apparent K,, and V,,,, values for sulfur binding 
to rat lung and rat brain microsomes were not signifi- 
cantly different from the analogous constants for para- 
oxon formation. Similar results were obtained using 
rat liver microsomes [12]. These and other data led 
to the conclusion that the sulfur bound to rat liver 
microsomes incubated with [*°S]parathion was that 
released in the mixed-function oxidase catalyzed 
metabolism of parathion to paraoxon [12]. The 
results of the present study imply that a similar con- 
clusion is applicable to the binding of sulfur to rat 
lung and rat brain microsomes incubated with 
[°S]parathion. The release and binding of sulfur to 
these microsomes may be the reason for the rapid 
departure of the rate of metabolism of parathion from 
linearity (Figs. | and 3). A previous study [12] has 
shown that incubation of parathion with rat liver mic- 
rosomes in the presence of NADPH leads to a de- 
crease in the concentration of cytochrome P-450 
detectable as its carbon monoxide complex and a 
decrease in the rate of metabolism of benzphetamine 
compared to microsomes incubated with parathion 
in the absence of NADPH. Carbon disulfide (CS,) 
is metabolized by rat liver microsomes to carbonyl 
sulfide (COS) [17]. As with parathion [12], the sulfur 
atom released becomes covalently bound to the mic- 
rosomes. The mechanism of metabolism of CS, [17] 
is thought to be analogous to that proposed for the 
metabolism of parathion to paraoxon [18,19]. Ad- 
ditional studies with CS, [20] have shown that incu- 
bation of CS, with rat liver microsomes for varying 
periods of time in the presence of NADPH leads to 
a rapid (2 min or less) and progressive decrease in 
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the level of cytochrome P-450 detectable as its carbon 
monoxide complex and a comparable decrease in the 
ability of these microsomes to metabolize CS, and 
benzphetamine compared to controls incubated with 
NADPH but without CS, or CS, in the absence of 
NADPH. Incubation of rat liver microsomes with 
paraoxon [12] or COS [20] does not affect the level 
of cytochrome P-450 or metabolic activity toward 
benzphetamine. Thus, it appears that the binding of 
sulfur released in the metabolism of parathion to para- 
oxon or CS, to COS by rat liver microsomes rapidly 
inhibits the metabolism of these substrates. It appears 
quite possible that the rapid departure from linearity 
of the metabolism of parathion by rat lung and rat 
brain microsomes is also the result of the binding 
of the sulfur atom released in the metabolism of par- 
athion to paraoxon, leading to an inactivation of the 
mixed-function oxidase enzyme system catalyzing the 
reaction. 

Prior treatment of rats with compounds known to 
induce hepatic mixed-function oxidase activity toward 
parathion has been shown to decrease the toxicity 
of parathion in these animals [10,21—23]. In addition, 
male rats have a higher hepatic mixed-function oxi- 
dase activity toward parathion in vitro than females 
but are less susceptible to the acute toxic effects of 
parathion than are females. It has been postulated 
[10] that the decreased toxicity of parathion in 
phenobarbital-pretreated rats was a result of selective 
induction of the metabolism of parathion to its non- 
toxic metabolite diethyl phosphorothioic acid rather 
than to the anticholinesterase metabolite paraoxon. 
Thus, the amount of paraoxon formed in the liver 
of the phenobarbital-pretreated animals was less than 
in untreated animals, and the amount of paraoxon 
available to inhibit acetylcholinesterase in the lung 
and brain was decreased. This postulate was based 
on the finding that less diethyl phosphate, a product 
of the action of esterases on paraoxon, was excreted 
in the urine of phenobarbital compared to untreated 
rats. However, as has been pointed out previously 
[24]. the actual concentration of paraoxon excreted 
in the urine was not measured in this study. and 
no attempt was made to determine how much of the 
paraoxon formed in the liver of these two treatment 
groups had been inactivated by reaction with proteins 
in the liver and serum. The work of Lauwerys and 
Murphy [25] and of Triolo et al. [26] has shown 
that “binding” and subsequent inactivation of para- 
oxon by proteins in the liver and plasma is a 
reaction important for the toxicity of this compound. 
The most probable explanation for this “binding” is 
the reaction of paraoxon with “serine active center” 
esterases and amidases in liver and serum leading to 
the formation of diethyl phosphate derivatives of these 
enzymes. This conclusion is supported by the finding 
that this “binding” is rapid and irreversible and is 
abolished by the heating of serum to 100° [26]. The 
examination of the metabolism of parathion by hepa- 
tic microsomes from phenobarbital-pretreated rats in 
vitro [4] also does not support the postulate of the 
selective induction of diethyl phosphorothioic acid 
formation in vivo [10]. These studies [4] showed an 
equal induction of the metabolism of parathion to 
paraoxon and to diethyl phosphorothioic acid. In 
addition, the apparent K,, value for the metabolism 


of parathion to diethyl phosphorothioic acid using 
hepatic microsomes from phenobarbital-pretreated 
rats was slightly but significantly greater than the 
apparent K,,, value for parathion for formation of para- 
oxon [14]. Therefore. even at less than saturating 
parathion concentrations, as will be encountered in 
vivo, the rate of metabolism of parathion to diethyl 
phosphorothioic acid compared to paraoxon would 
not be expected to be greatly different than that seen 
in vitro. 

An alternate hypothesis for the increased resistance 
to parathion of rats which have been pretreated with 
inducers of the hepatic mixed-function oxidase 
enzyme system is that there is an increase in the rate 
of the metabolism of parathion in the induced ani- 
mals to both paraoxon and diethyl phosphorothioic 
acid, followed by hydrolysis of a portion of the para- 
oxon to diethyl phosphate by various esterases and 
a “binding” of the remainder of the paraoxon to spe- 
cific proteins in the liver and serum [25,26]. Thus, 
any paraoxon formed in the liver is either hydrolyzed 
to inactive products or is bound to proteins in the 
serum and liver and never reaches sensitive tissues 
such as the lung or brain. The overall effect of this | 
increased rate of hepatic metabolism of parathion in 
induced animals compared to noninduced would be 
lower concentrations of parathion at the active 
centers of enzymes in the lungs and brains capable 
of metabolizing parathion to paraoxon, which would, 
in turn, inhibit acetylcholinesterase in these organs. 
Inherent in this alternative hypothesis is the proposal 
that any paraoxon formed in the liver of non induced 
rats is also hydrolyzed or bound and never reaches 
the lung or brain. However, in the noninduced rats 
the rate of hepatic metabolism of parathion ‘is less 
than in induced animals, and the concentration of 
parathion at the active centers of enzymes in the lungs 
and brains of these animals capable of metabolizing 
parathion to paraoxon is greater than in induced ani- 
mals and the toxicity of a particular dose of parathion 
is greater. 

The livers and plasma of rats have a large capacity 
for hydrolyzing paraoxon [10,27]. In fact, the rate 
of hydrolysis of paraoxon by these enzymes in the 
liver greatly exceeds the rate of formation of this 
metabolite by the mixed-function oxidase enzyme sys- 
tem in this organ [10]. However, the differences in 
the apparent K,,, values for parathion for paraoxon 
formation in the liver (approximately 10°° M) and 
for paraoxon for its hydrolysis by the various ester- 
ases (approximately 10° * M) probably reduce the dif- 
ferential in the rate of formation and the rate of hy- 
drolysis of paraoxon in vivo. However, when the com- 
bination of hydrolysis and binding to specific proteins 
in the liver and serum is considered, it appears un- 
likely that any paraoxon formed in the liver reaches 
the lung and brain. 

Evidence supporting the view that the formation 
of paraoxon in the liver is not the mechanism by 
which parathion exerts its toxicity comes from the 
work of Jacobsen et al. [7]. These workers have found 
that parathion is five times more toxic to partially 
hepatectomized rats than to sham-operated controls. 
If the liver is the organ primarily responsible for the 
toxicity of parathion, one would expect that animals 
with a decreased hepatic capacity to metabolize par- 
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athion to paraoxon would be less rather than more 
susceptible to the toxic action of this compound. 

Considering these various data, it appears likely 
that the mechanism of acute toxicity of parathion 
and, perhaps, other cholinergic phosphorothionate 
insecticides to mammals is the result of metabolism 
to their toxic oxygen analogues in the lung and brain. 
The toxic oxygen analogues. for example, paraoxon, are 
likely to be more persistent in these organs since no 
enzyme capable of the hydrolysis of paraoxon was 
detectable in these tissues [10]. The clear 
demonstration of the ability of mammalian lung and 
brain to catalyze the metabolism of parathion to para- 
oxon is essential to this hypothesis. This study and 
a previous study using rabbit lung microsomes [6] 
have, in fact, established that these organs are capable 
of this reaction. 
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A system in slices of cerebral cortex and corpus striatum is described which concentrates 


etorphine at very low concentrations (<5 nM) but does not appear to require metabolic energy for 
this process. At higher concentrations of etorphine, the accumulation is by passive diffusion. The ac- 
cumulation at low concentrations is saturable and relatively stereospecific. This saturable accumulation 
may be related to the stereospecific binding material (putative receptors) described by others. 


Taking advantage of the fact that most active syn- 
thetic narcotic analgesics are the /-isomers while their 
d-isomers are either inactive or very much less active, 
Goldstein et al. [1] demonstrated that stereospecific 
binding of levorphanol to brain fractions and specu- 
lated that the binding material might be the opiate 
recepicr. The availability of radiolabeled narcotics 
and antagonists with high specific activity has made 
possible the demonstration of stereospecific binding 
of these compounds to brain homogenates or frac- 
tions with very low dissociation constants [2-4]. 
These authors also believe that the binding repre- 
sented the demonstration of the narcotic or opiate 
receptor. Numerous groups are now actively engaged 
in the study of stereospecific binding of narcotics to 
homogenates and fractions of brain [5-15]. 

In conjunction with our continued interest in the 
uptake and transport of narcotics into the central ner- 
vous system, we felt that the study of a possible ster- 
eospecific uptake or binding to putative receptors 
using preparations with relatively intact cells such as 
slices would be of interest. The active uptake of 
several narcotic drugs by cerebral cortical slices has 
been reported [16]. The acquisition of the potent nar- 
cotic, etorphine, in radioactive form with high specific 
activity made it possible in the present communica- 
tion to study the narcotic uptake at the very low con- 
centrations which one would expect to find in vivo 
after pharmacologic doses. The data indicate a system 
in slices of cerebral cortex and corpus striatum which 
accumulates etorphine stereospecifically but does not 
appear to require energy for this process. 


METHODS 
Animals. Male Holtzman (Madison, Wis.) rats 
weighing between 180 and 250g were used in all ex- 
periments. Animals were made morphine dependent 





*This investigation was supported by U.S. Public 
Health Service Grant DA 00289. 

+ U.S. Public Health Service Postdoctoral Trainee (GM 
01117). 


47 


by implanting s.c. two morphine pellets, each contain- 
ing 75 mg of the free base, for 72 hr [17]. 

Dissection of brain areas. After the animals were 
decapitated, brains were removed rapidly and various 
brain areas were separated and sliced by the tech- 
nique described previously [18]. Slices of cerebral 
cortex were prepared from the dorsal and lateral sur- 
faces of each hemisphere. The corpus striatum was 
isolated after removal of the corpus callosum as dia- 
grammed by Marcucci et al. | 19], and two slices were 
cut from the medial surfaces of each striatum. Slices 
were placed on a filter paper moistened with saline 
solution and put in an ice-cold chamber until they 
were ready for use. The slices were weighed just prior 
to incubation. The mean weight + S. E. of 200 repre- 
sentative slices of cerebral cortex was 9-7 + 0-2 mg 
and that of corpus striatum was 5-9 + 0-1 mg. 

Tissue incubation and estimation of etorphine ac- 
cumulation. The incubation medium consisted of a 
modified Krebs-Ringer solution which contained 
12 mM glucose and 0-05 M Tris [tris(hydroxymethy])- 
aminomethane] buffer, pH 7:4 [20]. The medium 
was saturated with oxygen and the desired amount 
of radioactive etorphine was added just before the 
start of incubation. Twenty-ml beakers containing 
5 ml medium with and without various drugs and in- 
hibitors were placed in a metabolic shaker-incubator 
and warmed to 37° before the slices were put into 
the medium. After various times of incubation under 
an atmosphere of 100% oxygen, the slices were 
removed from the medium and washed twice by dip- 
ping the slices in two 30-ml portions of 0:32M_ suc- 
rose. The slices were then placed in counting vials 
and solubilized in 1 ml NCS (Nuclear Chicago: Solu- 
bilizer, Amersham/Searle Corp.). The radioactive con- 
tent of the resulting solution was determined by 
adding 10ml PPO-POPOP solution (6g/1. of 2,5- 
diphenyloxazole and 75 mg/l. of p-bis-[2-(5-phenyl- 
oxozolyl)]-benzene in toluene) and counting in a 
liquid scintillation spectrometer after the solution was 
kept in the dark for several hr. Since thin-layer chro- 
matograms of the extracts of incubated slices revealed 
that etorphine was not metabolized in the tissue. the 
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radioactivity represented only the parent compound 
under the described experimental conditions. 
Although radioactivity of an aliquot (0-1 ml) of the 
incubation medium was also determined in every ex- 
periment, the concentration remained constant since 
the volume of the medium was so much greater than 
that of the slices. Most of the results were calculated 
as (dis./min/g _ tissue)/dis./min/ml medium) and 
expressed as T/M (tissue/medium) concentration 
ratios. 

In all experiments in which the effect of various 
compounds on etorphine accumulation was studied, 
each animal served as its own control and the slices 
were paired, i.e. slices from each animal were incu- 
bated with and without the compounds and the differ- 
ences in the uptake were compared. 

Statistics. The paired t-test was used to evaluate 
the effect of various compounds added in vitro. In 
the double-reciprocal plots [21], the regression lines 
were analyzed by the method of Wilkinson [22]. 

Chemicals. [*H]etorphine (3-4 Ci/m-mole) was 
kindly supplied by Dr. Horace H. Loh, University 
of California, San Francisco Medical Center. Drugs 
which were received as gifts were etorphine hydro- 
chloride from American Cyanamid Co., verapamil 
from Knoll Pharmaceutical Co., naloxone hydrochlo- 
ride from Endo Laboratories, Inc., pentazocine from 
Sterling-Winthrop Research Institute and levorphanol 
and dextrorphan tartrates from Hoffmann-La Roche, 
Inc. All other chemicals were reagent grade obtained 
from commercial sources. 


RESULTS 


Etorphine accumulation by slices of cerebral cortex 
and corpus striatum. The two brain areas under study 
were chosen because an active uptake of various nar- 
cotics by cerebral cortical slices has been reported 
by Scrafani and Hug [16], and the highest density 
of stereospecific opiate binding material has been 
demonstrated in the striatum by Pert and Snyder [2]. 

Slices from both brain areas in the presence of 
1:5 x 10°” M etorphine were able to accumulate 
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Fig. 1. Rate of accumulation of etorphine by slices of cere- 

bral cortex and corpus striatum. Each point represents the 

mean + S. E. of four animals. The concentrations of etor- 
phine in the medium was 1-5 x 107° M. 
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Fig. 2. Influence of etorphine concentration in the medium 
on its accumulation by cerebral and striatal slices. Ac- 
cumulation of etorphine was determined after slices were 
incubated for 15 min. Each value represents the mean + 
S. E. of four animals. Slices from morphine-dependent rats 
showed essentially the same accumulative properties. 


etorphine, as seen by the T/M ratio for the accumula- 
tion which increased with increasing time of incuba- 
tion and appeared to approach a maximum in about 
30 min. (Fig. 1). The maximum T/M attained was 
about 13 by cerebral slices and about 16 by slices 
of corpus striatum. When the slices were incubated 
at 0° instead of the usual 37°, the capacity to concen- 
trate etorphine was inhibited by about 55 per cent 
in the cerebral slices and by about 70 per cent in 
the striatal slices. However, the slices still had con- 
siderable concentrative capacity at 0° as seen by the 
T/M of 5:8 by cerebral slices and 46 by striatal slices. 

Influence of etorphine concentration on the accumu- 
lation. There appeared to be a biphasic accumulation 
by both cerebral and striatal slices as the medium 


_ concentration of etorphine was varied over a range 


of five orders of magnitude (Fig. 2). At very low con- 
centrations up to about 3-4 nM for cerbral slices and 
4-9 nM for striatal slices (extrapolated values), the ac- 
cumulation appeared to be saturable. Above these 
concentrations, the T/M ratio remained constant as 
the concentration was raised by four orders of magni- 
tude to 2 x 10°° M. Thus, the latter accumulative 
process did not appear to be saturable. Slices from 
animals dependent on morphine did not show uptake 
characteristics different from those observed in slices 
from control rats. When the accumulation contri- 
buted by the non-saturable process, which was 40-70 
per cent of the total accumulation in the low con- 
centration range, was subtracted from the total ac- 
cumulation and the kinetic constants of the saturable 
accumulation were estimated by double-reciprocal 
plots, there was no difference between cerebral and 
striatal slices from morphine-dependent and control 
rats with respect to the maximal accumulation of 
etorphine or the uptake affinity (Table 1). Although 
the affinity for etorphine was similar in cerebral and 
striatal slices, the striatal slices had a higher maximal 
capacity to take up etorphine. 

Effect of metabolic inhibitors and organic basic com- 
pounds on the saturable etorphine accumulation. The 
results of these experiments using 5 x 10° '° M etor- 
phine in the medium are tabulated in Table 2. Except 
for N-ethylmaleimide, none of the usual inhibitors 
of active transport systems inhibited the accumulation 
of etorphine. N-ethylmaleiniide caused a 69 and 91 
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Table !. M etorphine. This concentration of etorphine is simi- 
lar to the K,, value for dihydromorphine uptake de- 


scribed by Scrafani and Hug. The data revealed that 


Kinetics of the saturable accumulation of 
etorphine* 





Vinax + S. E.t 


Treatment of 


Slice animals 


K, +S. E+ 
(nM) 


(moles/g/15 min 
se 10'°) 





Control 
M-dependentt 
Control 
M-dependentt 


Cerebral cortex 


Corpus striatum 


1:34 + 0-03 
1-25 + 0-50 
2:36 + 0-82 
1-69 + 0-13 


0-07 + 001 
0-09 + 0-03 
0-20 + 0-058 
0-13 + 0-01 





* Kinetic constants were determined from the saturable 
accumulation of etorphine after the non-saturable portion 
had been subtracted. The non-saturable accumulation of 
etorphine by the cerebral slices was estimated to be 60 
pmoles/g of tissue/nM etorphine in the medium and that 
by striatal slices was 5-1 pmoles/g of tissue/nM etorphine. 
’ +K,= concn of etorphine at half-maximal accumu- 
lation. V,,,, = maximal accumulation of etorphine by the 
slices. Values were estimated by double-reciprocal plots 
and represent mean + S. E. of four animals for each group. 
Values for both K, and V,,,, did not differ between control 
and morphine-dependent animals. 

{Rats were implanted s.c. with two morphine pellets 
for 3 days. 

§ Value for corpus striatum is significantly greater than 
that for cerebral cortex (P < 0-05, Student t-test). 


per cent inhibition of the saturable accumulation in 
cerebral and striatal slices respectively. The usual 
basic transport competitors, hexamethonium and N- 
methylnicotinamide, also failed to affect the saturable 
accumulation of etorphine. Verapamil, a compound 
reported to specifically block calcium transport 
through cell membranes, completely inhibited the cere- 
bral and striatal accumulation at a concentration of 
2x 10°3M. ’ 

Since an active transport system for dihydromor- 
phine had been reported by Scrafani and Hug [16] 
using much higher concentrations than those used in 
our study, the effect of the same inhibitors as above 
was tested with a higher concentration of 2 x 10°° 


none of the six inhibitors including N-ethylmaleimide 
and the basic amines had any influence on the ac- 
cumulation of etorphine by both cerebral and striatal 
slices. 

Effect of calcium ion on the saturable etorphine ac- 
cumulation. Since calcium ions are involved in nar- 
cotic transport by choroid plexus [20] and inhibit 
both stereospecific narcotic binding to putative recep- 
tor material [2, 13,23] and morphine analgesia [24], 
the effect of medium containing no calcium, no cal- 
cium plus the calcium chelator, EGTA (ethylenegly- 
col-bis-(S-aminoethyl ether)N,N’-tetraacetic acid), and 
high concentrations of calcium on etorphine accumu- 
lation was studied. It can be seen from the results 
in Table 3 that neither the omission of calcium nor 


'10- to 100-fold increases in the normal calcium con- 


centration of the incubation medium inhibited the 
saturable accumulation of etorphine by either cere- 
bral or striatal slices. 

Effect of narcotics and narcotic antagonists on the 
saturable etorphine accumulation. Relatively high con- 
centrations (2 x 10° ° M) of narcotic analgesics, mor- 
phine, methadone and levorphanol inhibited by vary- 
ing degrees the saturable accumulation of etorphine 
by cerebral and striatal slices (Table 4). The narcotic- 
antagonist analgesic, pentazocine, and the narcotic 
antagonist, naloxone, were potent inhibitors of the 
etorphine accumulation by cerebral and striatal slices, 
and naloxone appeared to be the best inhibitor 
among the compounds employed. The use of dextror- 
phan, the inactive isomer of levorphanol, as an inhibi- 
tor revealed that the saturable accumulation of etor- 
phine was relatively stereospecific. At a comparable 
degree of inhibition by both isomers, levorphanol was 
about 100 times more potent than dextrorphan as 
an inhibitor of etorphine accumulation. 


Table 2. Effect of metabolic inhibitors and organic basic compounds on the saturable accumulation of etorphine 





Cerebral cortext 


Corpus striatumt 





Concn 
of 
compound 
(M) 


Mean 
difference 
+S.F 


T/M (mean)t 


Control Experimental 


Per cent 
of 
control 


Mean 
difference 
+ S& E. 


Per cent T/M (mean)t 


of 
control 


Control Experimental 





2.4-Dinitrophenol +044 + 0-71 

(2x 1074) 
N-ethylmaleimide 

(2 x 1074) 
lodoacetamide 

(2 x 1074) 
Ouabain 

(2 x 1074) 
Sodium fluoride 

(2 x 1074) 
Sodium azide 

(2 x 1074) 
Hexamethonium 

(2 x 1074) 
N-methylnicotinamide 

Gat) * 
Verapamil 

(2 x 107%) 


—331 + 063s 


+0:52 + 0:74 
—0-96 + 1-19 
~0-56 + 0-72 
+045 + 0-77 
—0-37 + 1-04 
+031 


+ 0-47 


—~385 + 0533 


81-4 6:30 5-02 — 2:34 + 1:35 78-9 


30-5 0-58 — 590 + 1-028 90 


6-44 


115-7 5-47 +111 + 097 


80-6 5-63 —0:26 + 058 


7-19 ~ 2-88 + 1-70 


—2:10 + 2-05 
~031 + 
+0-88 + 1-74 


~ 5-90 + 0-708 





* Number of animals. 


+ Slices were incubated with 5 x 10~'° M etorphine for 15 min. 
t These values represent the saturable accumulation of etorphine after the non-saturable portion of the total uptake 
was subtracted. Saturable accumulation of cerebral slices was 43 per cent of the total uptake and that of striatal 


slices was 57 per cent of the total uptake. 
$P < 0-05 (paired t-test). 
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Table 3. Effect of calcium ion on the saturable accumulation of etorphine 





Cerebral cortext 


Corpus striatumt 





T/M (mean)t Mean 


difference 


Condition N* Controls Experimental + SF 


Per cent 
of 
control 


Mean 
difference 
+S.E. 


Per cent 
of 


control 


T/M (mean)t 


Controls Experimental 





+032 4 
+038 4 


Calcium-free 
Calcium-free 
+ EGTA) (2 mM) 
High calcium 

(13 mM) 
High calcium 

(130 mM) 


+0-05 + 


+085 + 


105-7 
113-8 


431 
431 


—0-73 + O88 
~0-65 + 0-90 


83-1 
84:7 


101-8 423 +006 + 1-04 101-2 


103-4 4:57 —0-90 + 1-00 80-3 





* Number of animals. 


+ Slices were incubated with 5 x 10~'° M etorphine for 15 min. 
t These values represent the saturable uptake of etorphine after the non-saturable portion of the total uptake was 


subtracted. Saturable uptake of cerebral slices was 43 per 


cent of the total uptake and that of striatal slices was 


57 per cent of the total uptake. None of the changes in the calcium concentration altered the accumulation of etorphine 


by either cerebral or striatal slices. 


§ Control slices were incubated in medium containing the usual 1-3 mM of Ca?*. 
EGTA = ethyleneglycol-bis-(f-aminoethyl ether)N,N’-tetraacetic acid. 


DISCUSSION 

The data in the present study indicate that there 
is a biphasic accumulation of etorphine by slices of 
cerebral cortex and corpus striatum. At very low con- 
centrations, the slices take up etorphine against an 
apparent concentration gradient and the process is 
saturable. However, above a concentration of about 
5nM of etorphine in the medium, the uptake of etor- 
phine by the slices appears to be non-saturable. Scra- 
fani and Hug [16] also reported a similar biphasic 
uptake system in cerebral cortical slices using dihyd- 
romorphine, but they used much higher con- 
centrations of the drug. At concentrations they 
employed of 5 x 10~’ to 1 x 10°* M, we were un- 
able to detect saturable uptake of either etorphine 
or dihydromorphine (unpublished data). 

Scrafani and Hug [16,25] also described their 
uptake system as an energy-requiring one which satis- 
fied the usual criteria for an active transport system. 
Our results indicate that concentrative capacity and 
saturability of the slices satisfy some of the criteria 
of a carrier-mediated process, but except for one in- 
hibitor which we shall discuss later, none of the usual 


metabolic inhibitors had any effect on the saturable 
accumulation of etorphine. The accumulation of etor- 
phine was, however, inhibited by narcotics and nar- 
cotic antagonists which have structural similarities to 
etorphine. Additionally, by usage of levorphanol and 
dextrorphan as competitive inhibitors, saturable ac- 
cumulation of etorphine was shown to be relatively 
stereospecific. Lowering the incubation bath tempera- 
ture to 0° inhibited the accumulation of etorphine 
by the slices, but the slices still retained a substantial 
concentrative capacity. Although some of the criteria 
for an active transport system have been demon- 
strated by the accumulative process in cerebral and 
striatal slices, conclusion as to the active nature of 
the uptake should be drawn with caution since the 
important criterion of the requirement of metabolic 
energy is not totally met. 

Other investigators have reported the non-satur- 
able, passive uptake of narcotics such as dihydromor- 
phine [26] and morphine [27, 28]. However, the con- 
centrations used by these investigators were again in 
a high range where the saturable component of nar- 
cotic accumulation probably would have been 


Table 4. Effect of various narcotics and narcotic antagonists on the saturable accumulation of etorphine 





Cerebral cortext 


Corpus striatumt 





Conen 
of Mean 
difference 
+ SE 


T/M (mean)} 
compound 
(M) 


Control Experimental 


Mean 
difference 
+6. £ 


Per cent 
of 
control 


Per cent 
of 
control 


T/M (mean)t 


Control Experimental 





3-54 
431 
311 
411 
451 
2-95 
451 
2-95 
2:97 


1:10 
1-27 
—0-40 
O19 
0-70 
- 1-03 
3-55 
1-98 
0-49 


Morphine (2 x 107°) 
Methadone (2 x 10° °) 
Naloxone (2 x 10°°) 
Pentazocine (2 x 10°°) 
Levorphanol (2 x 10° °) 
(2 x 10~*) 
Dextrorphan (2 x 10°°) 
(2 x 107°) 
(2 x 10-4) 


—2-44 + 0-698 
- 3-04 + 0618 
3-14 + 0-288 
+ 0-558 

+ 0-698 

& + O418 

+ 1:22 
—0-96 + 1-68 
-2:47 + 0-748 


6:64 
7-49 
6-03 
7:29 
690 


3h 





* Number of animals. 


+ Slices were incubated with 5 x 10°'° M etorphine for 15 min with and without various compounds. 
t These values represent the saturable accumulation of etorphine after the non-saturable portion of the total uptake 
was subtracted. Saturable accumulation of cerebral slices was 43 per cent of the total uptake and that of striatal 


slices was 57 per cent of the total uptake. 
§ P < 0-05 (paired t-test. 
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masked. Our data agree with those of the above 
authors as to the passive nature of the etorphine 
uptake system in cerebral and striatal slices at high 
narcotic concentrations, but at low concentrations, 
there is a separate, saturable accumulative system 
which apparently requires no metabolic energy. 

The question arises as to whether or not the satur- 
able etorphine accumulation is related to the stereo- 
specific narcotic binding to putative receptor material 
described by others [1-15]. There are several similari- 
ties between the narcotic binding and uptake systems 
which point positively toward such a relationship. 
The high accumulative capacity is associated with the 
brain area which has been reported to contain the 
highest density of binding material [2]. A biphasic 
accumulation of etorphine was observed with a satur- 
able and non-saturable component. A similar biphasic 
stereospecific binding of dihydromorphine to mem- 
branes of corpus striatum and brainstem homo- 
genates has also been demonstrated [8,9]. Both the 
binding and accumulative systems are saturable with- 
out the requirement of metabolic energy and the kine- 
tic constants of both systems are in similar ranges, 
i.e. binding constant [2, 6,9, 13] (cf. uptake constant) 
and maximal binding capacity [2, 6,9, 13] (cf. maxi- 
mal accumulative capacity). Etorphine binding [6] 
and accumulation of etorphine are stereospecific in 
that the pharmacologically active isomer, levor- 
phanol, inhibits etorphine binding and accumulation 
relatively more than the inactive isomer, dextrorphan. 
Both accumulation and binding of etorphine are inhi- 
bited by other narcotics and narcotic antagonists, and 
the accumulation is not inhibited by the usual basic 
transport competitors. 

Although the above comparisons suggest a rela- 
tionship between narcotic binding to putative recep- 
tor material and narcotic accumulation by cerebral 
and striatal slices, there are some differences between 
the two systems. The degree of inhibition of narcotic 
binding by various narcotics has been shown to 
parallel the pharmacologic potencies of the drugs 
[2,6, 12], but such a correlation between inhibition 
of etorphine accumulation and _ pharmacologic 
potency of the inhibitors (other narcotics) was not 
apparent. The number of binding sites (V,,,, for bind- 
ing) for narcotics and narcotic antagonists has also 
been reported to be greater in morphine-dependent 
animals than in control animals [5, 13], whereas such 
an increase in the maximal accumulative capacity of 
etorphine in morphine-dependent animals was not 
observed. One laboratory has reported that neither 
the binding affinity nor the maximal binding capacity 
is altered as a result of the development of narcotic 
dependence [10]. However, there appears to be 
general agreement among the investigators that 
changes in binding affinity or capacity are not related 
or correlated with the development of tolerance or 
dependence. 

Several laboratories have reported that calcium 
ions inhibit the binding of narcotics to putative recep- 
tor material [2, 13,23]. Yet, neither large excess of 
calcium ions nor calcium deficit affected the accumu- 
lation of etorphine. Interestingly, verapamil, a specific 
calcium transport inhibitor, had a substantial inhibi- 
tory effect on the accumulation of etorphine. We have 
suggested that verapamil may act as a tertiary amine 


competitor of methadone uptake by the choroid 
plexus [29], and there is a possibility that verapamil 
may act on etorphine accumulation in a similar man- 
ner. 

The differences between the binding and accumula- 
tive systems indicate that further experimentation is 
necessary to firmly establish a possible relationship 
between binding and accumulation of narcotics. Even 
if the accumulation process was distinctly separate 
from that of binding, an accumulative system with 
no energy requirements and high concentrative capa- 
city would not be expected to limit the access of nar- 
cotics to their receptors. The accumulative system 
would represent a means for concentrating narcotics 
near the receptor sites; however. whether the binding 
system represents association with pharmacologic 
receptors remains to be proven. 
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Abstract—The effects of the anticonvulsant drugs diphenylhydantoin and phenobarbital on the incor- 
poration in vivo of L-[4.5-*H]leucine into trichloroacetic acid-precipitable rat cerebral cortical protein 
were investigated. Protein specific activities were corrected for differences in precursor leucine specific 
activities. Plasma diphenylhydantoin levels of about 10 ug/ml were associated with a 41 per cent depres- 
sion when radioisotope incorporation was conducted for 5 min; phenobarbital concentrations of ap- 
proximately 28 g/ml resulted in a 42 per cent depression after incorporation for the same period. 
A 3-fold increase in the diphenylhydantoin plasma levels and a 6-fold increase in the phenobarbital 
levels were found to invoke little, if any, additional effect. The induction period for the diphenylhydan- 
toin effect was short (less than | hr), whereas a relative latency was associated with the phenobarbital 
effect. Simultaneous alterations in cortex and plasma concentrations of several amino acids were de- 
tected. Dose-related increases in cortex leucine. isoleucine and valine levels occurred after treatment 
with either drug. Cortex glycine concentrations were elevated only in response to the largest doses 
administered. Plasma leucine. isoleucine and valine levels were also elevated. but there was no change 
in plasma glycine concentration at any dose of either drug. The results indicate that diphenylhydantoin 
and phenobarbital inhibit the incorporation in vivo of radioactive leucine in the rat cortex when plasma 
drug levels have been attained that are therapeutically rational in the human, and substantia! inhibitions 
would probably occur after much lower doses in the rat. The relationship of the altered amino acid 


levels to the effects on protein metabolism remains uncertain. 


The involvement of protein synthesis as an integral 
process regulating the functional state of the nervous 
system is widely recognized [1—4]. The rate of protein 
synthesis in the brain is considerably greater than in 
most other organs, and it approximates that in secret- 
ing glandular tissue [5,6]. The finished protein, how- 
ever, is destined to be utilized and metabolized 
locally, having no egress to the periphery. The most 
likely explanation for such active protein metabolism 
concerns its involvement in the mechanisms of synap- 
tic transmission [1]. Therefore, the functional state 
of the nervous system should be especially sensitive 
to agents which modify brain protein synthesis. The 
purpose of the present study was to evaluate the 
effects of the anticonvulsants diphenylhydantoin 
(DPH) and phenobarbital (PB) on the incorporation 
in vivo of radioactive leucine into rat cerebral cortical 
(total) protein. Protein specific activities were adjusted 
for differences in the precursor specific activity. Since 
fluctuations in the pool size of various amino acids 
have been strongly implicated in alterations of cere- 
bral protein synthesis [7,8], additional information 
was sought concerning changes in cerebral amino 
acid levels associated with the various treatment sche- 
dules. 

The concurrent evaluation of DPH and PB was 
of interest because the two drugs have extensive appli- 
cation in the therapy of grand mal seizures, and a 
similarity with respect to their effects on cerebral pro- 
tein metabolism could have practical as well as func- 
tional significance. Although a DPH-induced depres- 
sion of cerebral protein synthesis has already been 
characterized in incubated tissue slice preparations 
[9-11], experiments in vivo have not been reported. 
The barbiturates have been shown to inhibit protein 


synthesis in numerous systems [12-15], but no infor- 
mation is available on the effects of PB on cerebral 
protein synthesis in vivo. Techniques in vivo avoid 
many of the uncertainties associated with the inter- 
pretation of data obtained from studies in vitro (e.g. 
the duplication of the complex aqueous environment 
and diffusion problems in cortical slices). The results 
indicate that both drugs, in therapeutic concen- 
trations, inhibit the incorporation in vivo of radioac- 
tive leucine in the rat cortex. 


MATERIALS AND METHODS 

General experimental procedures. Male Sprague— 
Dawley rats, 28-30 days old (weight range 90-100 g), 
were used in all experiments. Animals for both the 
drug treatment and control groups within a given ex- 
periment were obtained simultaneously and kept in 
a room equipped with a diurnal lighting system and 
having free access to standard rat food and water. 
The sodium salts of DPH (Sigma Chemical Co.) and 
PB (Parke, Davis & Co.) were prepared fresh daily 
in aqueous 10% gum arabic, the control solution. 

Each experiment consisted of a control group, a 
DPH-treated group and a PB-treated group. Animals 
received intraperitoneal injections according to one 
of three schedules. Schedule I animals received a 
single 100-mg/kg dose. Schedule II animals received 
three 100-mg/kg doses at 12-hr intervals. Schedule III 
animals received three injections at 12-hr intervals. 
DPH was administered in 100, 50 and 50 mg/kg doses 
and PB was administered in 50, 25 and 25 mg/kg 
doses. Plasma drug levels were determined by gas- 
liquid chromatography [16]. 

One hr after a single dose (schedule I) or 2 hr after 
the last of a multiple dose (schedules II and III), each 
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animal received intravenously 200 wCi/kg* of L-[4,5- 
’H]leucine (ICN isotope and Nuclear Division; sp. 
ac., 47-6 Ci/m-mole) in isotonic saline. The injections 
were made with a 100-yl syringe via the right jugular 
vein while the animals were under light ether anesthe- 
sia. Radioisotope purity was routinely evaluated by 
paper chromatography using a butanol-acetic acid 
water (4:1:1. v/v) solvent system and Whatman No. 
41 paper. At various times after the radioisotope in- 
jection, the rats were sacrificed for subsequent bio- 
chemical analyses. 

Measurement of radioactivity. Most samples, re- 
gardless of protein content, were prepared for count- 
ing with the Unisol, Unisol-Complement (Isolab Inc.) 
tissue solubilization system. (Exceptions are the 
effluent fractions collected from the amino acid ana- 
lyzer; these were dissolved in Handifluor, a product 
of Mallinckrodt Chemical Works.) The radioactivity 
was measured with a Nuclear-Chicago PDS/3-ISO- 
CAP/300 liquid scintillation data reduction system. 
Efficiency-quench correlation was accomplished by 
the extermal standard ratio method. Counting effi- 
ciency was 35-40 per cent and the cpm. were con- 
verted to dis/min using a suitable program for the 
PDS/3 computer. Samples were counted until the sta- 
tistical uncertainty associated with the dis/min was 
less than 2 per cent. 

Protein specific activity. Prior to decapitation, each 
animal was anesthetized lightly with ether and exsan- 
guinated with a heparinized syringe via the dorsal 
aorta. Upon decapitation, the brain was removed and 
the cerebral cortices were dissected free on a cold 


plate, weighed and homogenized at 0-4 in 10 ml of 


0-1 M Tris buffer, pH 7-5. Aliquots of cortical homo- 
genate were treated with equal volumes of cold 10°, 
(w/v) trichloroacetic acid (TCA) and centrifuged. The 
acid-soluble supernatants thus obtained were ana- 
lyzed for radioactivity. The TCA-insoluble fractions 
were collected under vacuum on Whatman glass-fiber 
paper (GF/C grade, 24cm diameter). The precipitates 
were washed on the filter three times with cold 5°, 
TCA, extracted twice with ethanol-ether (1:1 v/v) and 
once with ether. The samples were then dried under 
an infrared lamp, transferred to a scintillation vial 
and processed for counting as described above. 

The methanol solubility of TCA-precipitated liver 
proteins has been cited as a potential source of error 
when the precipitates are washed with this solvent 
[17]. However, a series of experiments designed to 
evaluate the magnitude of such a loss in the present 
system revealed virtually no decrement in the radioac- 
tivity associated with the TCA-precipitated cerebral 
proteins. (These data are not presented.) 

The cortical homogenates were sampled directly for 


protein determination according to the method of 


Lowry et al. [18] with bovine serum albumin as a 
standard. Protein was collected (GF/C glass-fiber 
discs, 10mm diameter) and processed as described 
above for radioactivity determinations. Results were 
expressed as dis./min/mg of protein. 

Amino acid analyses and leucine specific activity. 
Plasma and cerebral cortical tissues were processed 





* Animals for schedule III experiments and leucine speci- 
fic activity experiments were given 560 pCi/kg of L-[4,5- 
3H Jleucine. 


for amino acid extraction according to the perchloric 
acid procedure described by Saifer [19]. The amino 
acid analyses were performed with a Beckman model 
121 amino acid analyzer, employing a single column 
and a programmed elution sequence designed: to 
exclude resolution of the basic amino acids. The 
sodium citrate buffer elution procedure [20] 
employed failed to resolve adequately many of the 
acidic amino acids and their derivatives (particularly 
in the threonine to glutamic acid region of the chro- 
matogram). Considerable improvement of resolution 
in this region has been claimed by others using a 
lithium citrate buffer gradient [21]. Amino acid con- 
centrations were expressed as yumoles per g wet wt 
of cortex or per ml of plasma. The radioactivity in 
leucine and its metabolites was determined by collect- 
ing the column effluent at 2-min intervals and analyz- 
ing for radioactivity as described above. Specific ac- 
tivities were expressed as dis./min/ymole of amino 
acid. 

Relative protein specific activity. Relative specific 
activities were derived by dividing the uncorrected 
values by the corresponding free leucine specific ac- 
tivities [22]. Although the free leucine specific activity 
is a complex function of cerebral blood flow, oppos- 
ing transport rates of the label through brain cell 
membranes, fate of the label in other parts of the 
organism. etc.. the assumption was made that the 
measured parameter accurately represents the isotope 
concentration at the site of protein synthesis. 

Statistical analysis. Differences between control and 
experimental groups of animals were analyzed by 
one-way analysis of variance or the “Studentized” 
range test [23]. 


RESULTS 

The plasma concentrations of DPH and PB at 
various times after intraperitoneal injection are pre- 
sented in Table | for the specified treatment sche- 
dules. Substantial variability was observed in DPH 
concentrations after the administration of identical 
doses, particularly for the ‘chronic’ high dose exper- 
iments (schedule II). The overt symptoms of neuro- 
toxicity (ataxia, graded on an arbitrary scale), which 
became apparent when plasma _ concentrations 
exceeded approximately 15 ug/ml, were also charac- 
terized by a large variability within a given treatment 
schedule. (These data are not presented.) PB plasma 
concentrations were much less variable, as were the 
overt symptoms of toxicity. Although schedule I PB 
levels are clearly within a range compatible with the 
comatose state in humans [24], the majority of rats 
used in these experiments were arousable upon stimu- 
lation. Schedule II levels, however, were consistent 
with a uniform production of coma. No overt symp- 
toms of toxicity were associated with schedule III] 
plasma levels at the time of measurement. 

The therapeutic serum DPH concentration in 
humans is probably between 15 and 20 pg/ml; intoxi- 
cation (ataxia, nystagmus, etc.) becomes frequent with 
concentrations greater than about 30yg/ml [25]. 
Control of seizures with PB is generally thought to 
require serum concentrations greater than 10 ug/ml. 
Toxicity is usually not apparent at levels below 30 yg, 
ml and much higher levels have been compatible with 
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Table 1. Plasma drug levels after specified treatment schedules* 





Diphenylhydantoin 
(ug/ml) 


Phenobarbital 
(ug/ml) 





Time after final injection (hr) 





Schedulet I 2 3 


+ 1 2 3 





17-0 + 0-7 129 + 20 
314+ 56 


10-2 + 0-5 


161 + 06 
27-6 + 3-9 


Il 17-9 + 06 


33-6 + 0-4 


113+38 928419 
162-0 (S) 


28:2 + 1:5 


826+ 10 
1862+44 
29-8 + O1 


1675 + 60 





* Plasma drug levels were determined by gas chromatography [16]. Each value represents 
the mean + S.E.M. of three to four determinations on separate animals, except where a 


single determination (S) is noted. 


+ Schedule I: single 100-mg/kg intraperitoneal injection; schedule II: three 100-mg/kg intra- 
peritoneal injections at |2-hr intervals; schedule III: three intraperitoneal injections at 12-hr 
intervals; 100-, 50- and 50-mg/kg of diphenylhydantoin and 50, 25 and 25 mg/kg of phenobar- 


bital. 


a Clear sensorium [24]. Thus, the DPH concentrations 
after the schedule I and III experiments were in a 
range clearly consistent with a therapeutic level in 
humans, whereas after schedule II treatments the 
plasma levels approached the range of minimal toxi- 
city. The PB plasma levels were in a therapeutic range 
,only after schedule II] treatments; schedules I and 
II levels would produce variably light or deep coma, 
respectively, in humans. 

The acute (schedule I) effects of DPH and PB on 
the specific activity (dis./min/mg of protein) of total 
cerebral cortical protein are depicted in Fig. la. These 
data are uncorrected for differences in the precursor 
leucine specific activity. The very rapid incorporation 
during the initial 15 min, and the gradual tapering 
off thereafter, are characteristic for such measure- 
ments in brain [26]. Specific activities in the drug- 
treatment groups exceeded those in the control 
groups when radioisotope incorporation was con- 


(a) 


dis/min per protein 





ducted for periods between 15 and 120 min. The 
‘chronic’ (schedule II) effects illustrated in Fig. 1b, 
likewise uncorrected for differences in the free leucine 
specific activity, demonstrate an approximate reversal 
of the specific activities in the drug-treated groups 
relative to the control groups seen in Fig. la. Concur- 
rent measurements of the cortex TCA-soluble 
radioactivity (Fig. 2, a and b) showed no such rever- 
sal. The drug-associated increase in radioactivity 
observed early in the acute experiments persists (and 
intensifies) in the ‘chronic’ experiments. Therefore, 
although the elevated protein specific activities 
observed acutely after drug treatment (Fig. la) might 
be due to an elevated free leucine specific activity, 
the lower drug-associated specific activities observed 
after ‘chronic’ administration (Fig. 1b) are unlikely 
to be due to a decrease in specific activity of the pre- 
cursor. 

The relationship between the precursor (free leu- 


4 (b) 


~ 





J 


L 





T 


60 


Time after 


120 5 10 15 
injections, min 


Fig. 1. Schedule I(a) and schedule II(b) effects of diphenylhydantoin (A) and phenobarbital (O) on 

the specific activity (dis./min/mg of protein) of the trichloroacetic acid-precipitable fraction of rat cere- 

bral cortex measured at various times after L-[4,5-*H]leucine injection. Values are not corrected for 

differences in the precursor leucine specific activity. Each point represents the mean of three to six 

determinations on separate animals. The vertical bars represent the standard errors of the mean. Control 
data (0). 
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per gram wet weight cortex 


3 





dis/min x 10 


(b) 








Time after injection, 


Fig. 2. Schedule I(a) and schedule II(b) effects of diphenylhydantoin (4) and phenobarbital (@) on 

the radioactivity contained in the trichloroacetic acid-soluble fraction (dis./min/g wet wt) of rat cerebral 

cortex measured at various times after L-[4.5-*H]leucine injection. Each point represents the mean 

of three to six determinations on separate animals. The vertical bars represent the standard errors 
of the mean. Control data ().: 


cine) and product (total protein) specific activities was 
investigated directly by quantitative analyses of the 
perchloric acid-extractable cortical leucine and _ its 
associated radioactivity (see Materials and Methods). 
An apparent dose-related increase (P < 0-01) in cere- 
-bral leucine (ymoles/g wet wt of cortex) associated 
with the various treatments is shown in Table 2. 
When concentrations of the individual leucine frac- 
tions were related to the radioactivity contained 
therein, it was found that the specific activities of the 
amino acid were elevated by both drugs under all 
- experimental conditions (Table 3). Thus, a portion of 
the increase in the total TCA-soluble radioactivity 
depicted in Fig. 2 might be due to whatever 
mechanisms are responsible for elevating cerebral leu- 
cine levels (vide infra); however, there is a net increase 
in the ratio of radioactive leucine to the unlabeled 
amino acid. The increase in free leucine specific acti- 
vity was consistently greater than the increase in pro- 
tein specific activity. Therefore, the elevated protein 
specific activities illustrated in Fig. la are a conse- 
quence of an elevated free leucine specific activity, 
whereas the lower drug-associated specific activities 


displayed in Fig. 1b are, in fact, overestimates of the 
actual values. 

Numerical values for the uncorrected protein speci- 
fic activities are presented for the 5- (or 7:5-) and 15- 
min incorporation periods in the upper half of Table 
4. The lower half of Table 4 contains data derived 
by dividing the uncorrected values by the average of 
the corresponding leucine specific activities in Table 
3 [22]. These corrected (relative) protein specific ac- 
tivities were consistently lower in the drug-treated 
groups than in the control groups. The maximum 
DPH-induced depressions associated with the various 
treatment schedules were quantitatively similar des- 
pite as much as a 3-fold difference in plasma drug 
levels (Tables 1 and 4). The inhibition by PB also 
appeared to be fairly insensitive to dose, since an ap- 
proximate 6-fold increase in plasma drug concent- 
ration was associated with a relatively small incre- 
ment of effect (schedules II and III). It is likely, there- 
fore, that the observed effects approximate the efficacy 
of either drug as an inhibitor of cerebral protein syn- 
thesis. Experiments with lower doses are clearly war- 
ranted to establish a dose-response relationship. 


Table 2. Effects of diphenylhydantoin and phenobarbital on free L-leucine levels in rat plasma and cerebral cortex* 





4. Plasma leucine (jmoles/ml) 


Schedule Control DPH PB 


0-059 + 0-006 
0-104 + O01! 


0-081 + 0-010 
0-147 + 0-O12t 


0-068 + 0-009 
0-072 + 0-005 


Control PB 
0-067 + 0-002 
0-073 + 0-007 
il 0-055 + 0-004 


B/At 


DPH PB 
0-081 + 0-003f.s 0-99 1-12 
0-123 + 0-013 1-01 0-86 
0-063 + 0-009 


B. Cerebral leucine (moles/g) 

Control 
0-091 + 0-004 
0-126 + 0-012 
0-067 + 0-004 








* Animals were sacrificed for amino acid extraction approximately | hr after a single drug injection (schedule I) 
or approximately 2 hr after the last of three drug injections (schedules II and III). Extraction and analytical procedures 
are described in Materials and Methods. Abbreviations: DPH diphenylhydantoin; PB phenobarbital. Each value repre- . 
sents the mean + S. E. M. leucine concentration from amino acid analyses of three to seven extracts involving four 


to five animals per extract. 
* Cerebral leucine/plasma leucine. 


t P < 0-01 for comparison of treatment value with control value. 
§ P < 0-05 for comparison of phenobarbital value with diphenylhydantoin value. 
P < 0-05 for comparison of treatment value with control value. 
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Table 3. Effects of diphenylhydantoin and phenobarbital 
on L-leucine specific activity in rat plasma and cerebral 
cortex precursor pools* 





Diphenylhydantoin Phenobarbital 


Incorporation period (min) 


Control 


5 (7-5)* 15 


Schedule 


5 (7-5)t 





Plasma specific activity (dis..min * 10° * umole leucine) 





212 145 41 
187 


210 


269 
279 


81 
x4 


Cortex specific activity (dis.:min x 10° */yumole leucine) 





159 
204 


226 


242 
298 


41 
Si 
65 
70 


174 
195 


45 
60 


243 
262 
Il 119 
125 


61 
64 


141 
154 





*Specific activities were measured as described in 
Materials and Methods. Values represent raw data for one 
to four determinations per experimental group. Plasma 
specific activities for schedule III experiments were not 
determined. 

+ The incorporation period for schedule III experiments 
was 7:5 min. 


Patel and Balazs [27] have shown that an injected 
dose of radiolabeled leucine is extensively metabo- 
lized in brain tissue proper. Consequently, a general 
inhibition of cerebral protein synthesis should be con- 
sistent with the potential for inhibiting cerebral leu- 
cine metabolism. To evaluate this hypothesis, the 
radioactivity contained in the leucine fraction of the 
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Table 5. Effects of diphenylhydantoin and phenobarbital 
on L-[4.5-*H]leucine metabolism in rat cerebral cortex* 





Control Diphenylhydantoin Phenobarbital 
Incorporation period (min) 


Schedule 





28-0 
39-8 


47-5 
41-7 


38-4 
40-6 


96.9 





* Each value is the per cent of the total acid-soluble 
radioactivity remaining in leucine at the specified time. The 
incorporation periods for schedule III experiments were 
7-5 and 15 min. Raw data are presented for one to three 
determinations per experimental group. 


column effluent (see Materials and Methods) was 
expressed as a percentage of the total effluent radioac- 
tivity. Such data are presented in Table 5 for one 
to three determinations per experimental group. The 
apparent depression in leucine metabolism seems to 
correlate with the extent to which the incorporation 
of .1-[4.5-*H]leucine into cerebral protein was 
depressed. For example, approximately 26 per cent 
of the radioactivity remained in leucine in cerebral 
extracts from animals receiving control injections 
(schedule I, 5-min incorporation); an average 35 per 
cent remained in leucine in animals where incorpor- 
ation was depressed approximately 19 per cent (PB), 
and an average 44 per cent remained in the amino 
acid when incorporation was depressed approxi- 
mately 38 per cent (DPH). 


Table 4. Effects of diphenylhydantoin and phenobarbital on incorporation 
L-[4.5-*H leucine into rat cerebral protein* 





Dirhens thy dantoin 


Inco 


15 5 ( 


Oralion | 


5) 


Phenoharhbital 
yertod (min) 


15 5 (7 


Specific activity. uncorrected (dis./min/mg protein) 


+5 751 + 36 
701 + 89 
2824 + 173 


+ 29 


3973 + 148 


Specific activity. corrected (dis./min/mg protein) 


100 


Ill 3224 + 209 


1915 + 118* 


(40-6) 


1560 + 
1092 + § 


1666 + 74 
1253 + 97 


3487 + 191 


1927 + 85+ + 19t.8 
(24:5) 

1532 + 119+ 
(42-3) 

3984 + 219% 


(37-5) (36:0) 





* Specific activities were measured as described in Materials and Methods. Schedule III 
experiments were conducted with an initial isotope radioactivity approximately three times 
that used in schedule I and schedule II experiments. The incorporation periods for schedule 
III experimants were 7-5 and 15 min. The corrected specific activities were derived by dividing 
the uncorrected values by the corresponding leucine specific activities in Table 3. Each value 
represents the mean + S. E. M. specific activity determined on three to six animals. The 
numbers in parentheses beneath the corrected specific activities depict the per cent depression 
in that respective value relative to its control. 

+P < 0-01 for comparison of treatment value with control value. 

¢ P < 0-05 for comparison of treatment value with control value. 

§ P < 0-05 for comparison of phenobarbital value with diphenylhydantoin value. 

| P < 0-01 for comparison of phenobarbital value with diphenylhydantoin value. 





G. L. Jones and D. M. Woopsury 


Table 6. Effects of diphenylhydantoin and phenobarbital on free amino acid concentrations in rat plasma and cerebral 
cortex* 





Plasma (yumoles/ml) 


Amino acid 


Control 


0-031 
0-058 
0-015 
0-002 
0-007 
0-008 
0-005 


0-295 
0-432 
0-091 
O-O18 
0-046 
0-044 + 
0-033 


0-042 
0-054 
0-013 
0-002 
0-007 
0-005 
+ 0-001 


0-269 
0-500 
O-101 
0-018 
0-051 
0-047 
0-035 


0-256 + 
0-386 
0-084 
0-019 
0-042 + 
0-045 + 
0-026 + 


i Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 
Tyrosine 


I+ I+ I+ 1+ 1+ + 14+ 


Phenylalanine 


0-269 
0-390 
0-122 
0-027 
0-062 
0-048 
0-043 


0-260 
0-463 
O-O86 
0-022 + 0-001 
0-041 + 0-003 
0-048 + 0-004 
0-039 + 0-003 


0-017 
0-031 
0-005 


0-254 
0-233 - 
0-167 
0-026 + 
0-107 

0-052 

0-056 + 


+ 0-019 
0-0488 
O-O1 It 
0-003 
0-007+ 
0-003 
0-004§ 


Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 


Tyrosine 


b+ I+ H+ I+ I+ [4 | 


Phenylalanine 


Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 
Tyrosine 
Phenylalanine 


Cerebral cortex (moles/g) 





DPH PB 


Control 





0-027 
0-037 
0-008 
0-003 
0-003 
0-006 
0-003 


0-644 
1-074 
0-129 
0-019 
0-057 
0-065 
0-042 


0-017 
0-032+ 
0-005 
0-002 
0-0028 
0-005 
0-003 


0-650 
0-834 
0-133 
0-022 
0-054 
0-081 
0-046 


0-014 
0-017+.t 
0-0058 
0-001 
0-002s 
0-008 
0-002 


0-656 + 0-019 
0-969 + 0-028 
0-113 + 0-004 
0-019 0-001 
0-046 + 0-003 
0-070 + 0-005 
0-042 + 0-002 


+ 


I+ + 


H+ 1+ H+ I+ I+ 14+ 
H+ I+ + 1+ + H+ 
I+ lt 1+ 


+ 


0-791 
0-731 
O18 
0-023 
0-O88 
0-067 
0-062 


0-807 
0-601 
0-212 
0-040 
0-084 
0-089 
0-069 


0-021+ 
00347, 
0-020+ 
0-0058, 
0-0128 
0-011 
0-0068 


0-026t 
0-035s 
0-016 
0-002 
0-009 
0-002 
0-002 


0-022 
0-061 
0-01.38, 
0-003 
0-008t 
0-003 
0-003 


0-606 
0-850 
0-121 

0-025 
0-044 
0-068 
0-051 


0-018 
0-019 
0-008 
0-002 
0-004 
0-006 
0-003 


I+ 4+ 1+ 1+ I+ 


I+ I I+ 1+ 1+ I+ I+ 
HH HH HHH 


I+ |+ 


0-662 
O-891 
0-122 
0-015 
0-040 
0-065 
0-044 


0-036 
0-017 
0-005 
0-000 
0-002 
0-009 
0-003 


0-667 
0-777 
0-138 
0-022 
0-045 
0-064 
0-056 


0-026 
0-001+ 
0-010 
0-002s 
0-002 
0-009 
0-006 


0-654 
0-847 
0-129 
0-017 
0-042 
0-073 
0-046 


0-042 
0-016 
0-010 
0-002 
0-002 
+ 0-008 
+ 0-002 


+ |+ 
I+ 1+ I+ 1+ 14+ 


I I+ I+ I+ I+ I+ I+ 


I+ I+ I+ I+ I+ 





* Animals were sacrificed for amino acid extraction as described in the legend to Table 2. Each value 


represents 


the mean + S. E. M. amino acid concentration from analyses of three to seven extracts involving four to five animals 


per extract. 


+P < 0-01 for comparison of treatment value with control value. 
¢ P < 0-01 for comparison of phenobarbital value with diphenylhydantoin value. 
§ P < 0-05 for comparison of treatment value with control value. 

P < 0-05 for comparison of phenobarbital value with diphenylhydantoin value. 


By 15 min, the metabolites of L-[4,5-*H]leucine 
accounted for approximately 91 per cent of the total 
acid-soluble radioactivity in control groups (Table 5). 
This is in close agreement with the data of Banker 
and Cotman [28], which indicated a 94-95 per cent 
metabolism in 16 min. The major radioactive metabo- 
lite eluted with the taurine-urea fractions and, as 
pointed out by Banker and Cotman [28], appears 
to be tritiated water. Substantial radioactivity was 
also found associated with the dicarboxylic amino 
acids (especially glutamic acid) and their derivatives. 
It is unlikely, however, that significant quantities of 
these labeled metabolites found their way into pro- 
tein, since their specific activities were relatively low. 
(This is-because the major dicarboxylic amino acids 
and derivatives thereof are present in exceptionally 
high concentrations in the brain.) The data reported 
by Roberts and Morelos [29] seem to bear this out. 
The radioactivity in a protein hydrolysate obtained 
15 min after the injection of L-[U-'*C]leucine resided 
almost exclusively in leucine. 

. As already described, both DPH and PB appear 
to elevate cerebral leucine levels (Table 2). The con- 
centrations of several other amino acids in the cere- 
bral cortex of animals variably treated are presented 
in Table 6. The response of cerebral isoleucine and 
valine levels to drug treatment paralleled the leucine 
response, i.e. both drugs appeared to elevate both 
amino acids in the cerebral cortex. Glycine levels were 
elevated by both drugs after schedule II treatments 
(P< 0:01), but no change was apparent at lower 
plasma drug levels. The alanine response was not uni- 
form among the various treatment schedules. A sig- 


nificant increase (P <0-01) in cerebral alanine 
occurred after a single 100 mg/kg dose of DPH (sche- 
dule I), whereas after three such doses (schedule II), 
cerebral alanine levels appeared to be lower than 
those of controls (P < 0:05). Lower alanine levels 
(P < 0-01) were also found after schedule III DPH 
treatments. On the other hand, PB appeared to lower 
cerebral alanine levels regardless of the particular 
treatment schedule. Very large doses of PB might be 
responsible for a small elevation in cortex phenyla- 
lanine (P < 0-05, schedule II). Likewise, methionine 
levels appear to be elevated by high plasma PB levels 
(P < 0-05). 

The alterations in plasma free amino acid levels 
did not uniformly parallel those in the cerebral cortex 
(Tables 2 and 6). Plasma leucine levels were signifi- 
cantly elevated after schedule I] DPH (P < 0-01) and 
PB (P < 0-05) treatments; changes after schedule I 
experiments are less certain, and schedule III plasma 
amino acid levels were not determined. The response 
of plasma isoleucine and valine levels to drug treat- 
ment was similar to the leucine response. As in the 
cerebral cortex, plasma levels of both amino acids 
appeared to be elevated by both drugs. Plasma gly- 
cine levels remained constant (unlike the cerebral 
levels) even after schedule II treatments. The alanine 
response was again not uniform among the various 
treatment schedules. Plasma alanine levels might have 
increased slightly after a single injection of DPH 
(schedule I), but ‘chronic’ administration (schedule II) 
was associated with a significant decrease (P < 0-05). 
Plasma alanine concentrations were lower after PB 
treatment regardless of the particular treatment sche- 
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dule. High doses of DPH appear to be responsible 
for a small rise in plasma phenylalanine levels 
(P < 0-05, schedule II). 


DISCUSSION 


Protein synthesis is operationally defined for this 
investigation as the incorporation of L-[4,5-*H]leu- 
cine into the fraction of the cerebral cortex which 
is precipitated in cold 5 per cent TCA. Several 
assumptions are implicit in the interpretation of the 
data. The rates of protein synthesis and degradation 
are in a steady state during the experimental period; 
no significant recycling of the label occurs; the pro- 
tein-bound radioactivity resides exclusively in leucine; 
and the drug treatments do not alter the subcellular 
distribution of free leucine in the cortex [30]. The 
contribution to error in the first three assumptions 
is probably minimized by experimental design (short 
incorporation periods and low specific activities of 
leucine metabolites in the brain). It is not possible 
at present to estimate the error inherent in the fourth 
assumption. Compartmentalization of free leucine 
would hinder the equilibration of the labeled and the 
unlabeled molecules; and since computation of pre- 


cursor specific activities is normally based upon the | 


total extractable tissue amino acid, local differences 
could be overlooked. Thus, the observed precursor 
specific activities might not represent those at the 
actual site of protein synthesis. Problems of interpre- 
tation would arise in comparative studies if the exper- 
imental treatment altered the specific activities of the 
precursor pool in equilibrium with protein synthesis. 
‘The present results provide evidence that DPH and 
PB inhibit cerebral protein synthesis in vivo. The in- 
duction period for the DPH effect is relatively short, 
since an approximate 38 per cent depression in iso- 
tope incorporation was observed in schedule I only 
i hr after a single dose. This is consistent with the 
rapid onset of anticonvulsant action produced by the 
drug. The time of peak effect is about 15 min in the 
rat [31] and is probably related to the facility with 
which it enters the central nervous system (see below). 
The induction period for the PB effect is apparently 
longer than that for DPH. An approximate 19 per 
cent depression was observed | hr after a single dose 
(schedule I) but a 42 per cent depression occurred 
after multiple (schedule III) dosage when plasma drug 
levels were one-fourth those after the single dose 
(Tables | and 4). The relative latency of the PB effect 
can likely be explained in terms of two physical 
properties: the dissociation constant and lipid solu- 
bility. Because of its relatively high degree of dissocia- 
tion at pH 7-4 and its very low partition coefficient, 
PB probably attains a steady state brain con- 
centration much more slowly than DPH [32, 33]. 
Yanagihara and Hamberger [10] have proposed 
that the DPH-induced inhibition may be due partially 
to a decreased tissue uptake of leucine. However, the 
data presented in this paper reveal a net increase in 
total cerebral free leucine after DPH (or PB) treat- 
ment (Table 2). Thus, it appears unlikely that the inhi- 
bition of cerebral protein synthesis by these drugs is 
secondary to a lower free leucine concentration. 
Nevertheless, studies in vitro [7,8] and in vivo [29] 
have indicated that protein synthesis in the brain may 


be unusually sensitive to alterations in the levels of 
various amino acids. Appel [8] has shown in vitro 
that increasing concentrations of leucine were inhibi- 
tory for the incorporation of several unrelated protein 
precursors. In addition, leucine incorporation itself 
was inhibited by increasing valine or isoleucine con- 
centrations in the incubation medium. This is particu- 
larly interesting in the context of the present results 
since, apart from the elevated leucine levels, valine 
and isoleucine were the only amino acids which 
appeared to be consistently elevated after the various 
treatment schedules (Table 6). Thus, the inhibition by 
DPH and PB of cerebral protein synthesis in vivo 
might be due in part to higher concentrations of valine 
and isoleucine. However, it is unlikely that such an 
effect can explain the inhibition in vitro described by 
Yanagihara and Hamberger [10] (since the higher 
brain levels of these amino acids are probably second- 
ary to elevated peripheral concentrations; see below). 
Furthermore, the valine and the isoleucine increases, 
like those of leucine, appeared to be dose related, 
whereas the effects on protein synthesis were not. 

The origin of the elevated cerebral amino acid 
levels is uncertain. Since increases in plasma con- 
centrations also occurred (Tables 2 and 6), it is poss- 
ible that the elevated cerebral levels were secondary 
to higher plasma levels, but Lajtha and Toth [34] 
have observed that brain levels of most amino acids 
are not altered in response to elevated plasma con- 
centrations. Therefore, the mechanism probably in- 
volves a specific effect on amino acid transport. Since 
the transport of L-leucine, L-isoleucine and L-valine is 
presumably mediated by the same system (the L-sys- 
tem proposed by Oxender and Christensen [35]), the 
spectrum of changes described presently is consistent 
with a specific transport effect. 

Although specific mechanisms have been demon- 
strated for the transport of nonmetabolized amino 
acids from the cerebrospinal fluid to plasma [36], the 
locus of this process in vivo has not been clarified; 
both the choroid plexus [37] and brain slices [38] 
have been shown to concentrate amino acids. Leucine 
is very rapidly metabolized in the brain (this paper 
and Refs. 28 and 29), and if a significant proportion 
of this amino acid is transported into the brain, its 
metabolism there may interfere with its further trans- 
port. The studies of Lajtha and Toth [34] did not 
account for this leucine ‘sink’ effect. Thus, an inhibi- 
tion of cerebral protein synthesis might account for 
the elevated levels of this amino acid by inhibiting 
its metabolism. 

The elevated cerebral glycine levels after schedule 
II treatments (Table 6) are probably not related to 
peripheral effects, since plasma concentrations were 
unaltered. This is in agreement with available evi- 
dence that cerebral glycine is not derived from the 
blood but rather from de novo synthesis in the cortex 
[39]. It is doubtful that functional [40,41] signifi- 
cance can be attributed to the elevated glycine levels, 
since the concentrations apparently do not change 
after therapeutically more reasonable doses of either 
drug (schedules I and III, Table 6). 

Van Gelder et al. [42,43] have correlated regions 
of epileptogenicity in the cortex with substantial in- 
creases in glycine concentration. The observation that 
seizure activity is apparently associated with an inhi- 
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bition of protein synthesis in the affected tissue 
[44, 45] has led these investigators to suggest that the 
accumulation of glycine in these tissues is due to a 
diminished reutilization of this amino acid under 
these circumstances. The apparent refractoriness of 
glycine to metabolic degradation at the synaptic cleft 
[39] might contribute to its accumulation. Since par- 
ticularly high concentrations of glycine occur in the 
more slowly metabolized brain proteins [6], the ele- 
vated levels of this amino acid possibly reflect inhibi- 
tion in this fraction. 

Very large doses of DPH can elicit convulsive be- 
havior in the rat; and the schedule II dosage is similar 
to that at which clonic seizure activity has developed 
[11]. Therefore, the increase in cerebral glycine levels 
after schedule II drug treatments (Table 6) might be 
related not to the anticonvulsant effects, but rather 
to the convulsive effects of very large doses. Further- 
more, whereas the lower doses of either drug appear 
to inhibit primarily the more rapidly metabolized 
proteins (schedules I and III, 5-min incorporation, 
Table 4), the higher plasma levels associated with 
schedule II treatments appear to inhibit the more 
slowly metabolized proteins to an equal or greater 
extent (15-min incorporation, Table 4). On the basis 
of these data, it seems possible that seizure activity 
is related to the deficiency of a particular protein with 
a relatively long half-life. The inhibition of this pro- 
tein after large doses of either drug could result in 
the accumulation of glycine for the reason noted 
above. 

DPH and PB might conceivably alter cerebral pro- 
tein synthesis in a more direct way. Recent work has 
shown that certain hydantoins [46] and barbiturates 
[47] form highly specific hydrogen-bonded dimers 
with adenine, or with the adenine moiety of FAD 
and NAD [48]. The affinities of DPH and PB for 
adenine are both greater than those of uracil and thy- 
mine for adenine [49]. Thus, a preferential assiciation 
of these drugs with the recently discovered poly A- 
rich segments of a particular messenger RNA might 
effectively interfere with the transcription of protein. 

Direct evidence for such a phenomenon, however, 


is lacking. Kemp and Woodbury [50] have demon-: 


strated that the microsomal fraction is the major 
binding site for DPH in rat cerebral cortex. Accumu- 
lation in this fraction was noted for periods up to 
12hr after a single intracisternal injection; indirect 
evidence was provided that this accumulation might 
occur as a result of an interaction with membrane- 
bound ribonucleoprotein. Yanagihara and Hamberger 
[10] have reported a prolonged inhibition of leucine 
incorporation into microsomal proteins after DPH 
treatment in the rat. Thus, DPH accumulates and 
appears to inhibit protein synthesis in those subcellu- 
lar structures with which the majority of cellular 
RNA is normally associated. 

A correlation of the results from the present investi- 
gation with a relevant (anticonvulsant) alteration of 
the functional state of the central nervous system 
must remain entirely speculative. Since the most 
active brain protein metabolism appears to be related 
to synaptic function [1], metabolic alterations of the 
proteins involved therein might conceivably be the 
basis for an anticonvulsant effect. However, the in- 
volvement of such an inhibition in the mediation of 


an anticonvulsant effect must be considered in rela- 
tionship to the latency of such an effect. For example, 
the time of peak effect of DPH for protection against 
maximal electroshock is about 15 min in rats [31]. 
Thus, the relevant alterations must occur within this 
time. Although the neuron is a cell with a high capa- 
city for protein synthesis, the preponderance of evi- 
dence indicates that most of the synthesis occurs in 
the soma [51]. Axoplasmic flow is thought to provide 
the bulk of the distal protein requirements, but the 
most rapid flow rates are probably too slow to 
account for a distal protein deficiency within 15 min 
of somal inhibition [52]. An effect on local (synaptic) 
synthesis [53,54], therefore, may be more consistent 
with the latency of the anticonvulsant effect. Since 
the prolonged inhibition of protein synthesis in the 
synaptosomal fraction by DPH appears to be corre- 
lated with the duration of its anticonvulsant effect 
in rats [10], further study of the actions of the drug 
on synaptic protein metabolism appears warranted. 
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Abstract—Dopamine (DA) at 10°*M readily activated adenylate cyclase in homogenates of neuronal 
and glial-enriched fractions prepared from rat cerebral cortex, thalamus, striatum and the total homo- 
genate from the striatum. Several derivatives of phenothiazines were tested for their ability to modify 
either the control component or the DA-sensitive receptor moiety of the enzyme. Dihydroxy analogues 
of chlorpromazine (CPZ), prochlorperazine, perphenazine, promazine and 7,8-dioxo-CPZ exhibited the 
most potent antagonism of either basal or DA-induced activation of the enzyme. In some cases at 
lowest concentrations the basal activity of adenylate cyclase was enhanced by these dihydroxy com- 
pounds. Parent compounds and corresponding monohydroxy metabolites of CPZ, prochlorperazine, 
perphenazine and fluphenazine were less potent toward antagonism of control enzyme preparations, 
but nevertheless exerted rather powerful antagonism at the DA-sensitive receptor site of adenylate 
cyclase. In this regard, 8-hydroxy derivatives were somewhat more potent than respective 7-hydroxy 
derivatives. Likewise, prochlorperazine and corresponding analogues were overall the most potent com- 
pounds. The 7-methoxy derivative of CPZ, along with thiothixene, thioridazine and haloperidol. was 
observed to exert a weaker antagonism of the DA-sensitive enzyme. Weakest inhibitory actions on 
either control or DA-sensitive sites of adenylate cyclase were seen with promazine, 2-OH- and 3-OH- 
promazine, clozapine, promethazine, CPZ-SO and 7,8-diMeO-CPZ. Phenothiazine, 3-OH-phenothia- 
zine and 2-Cl-7,8-dioxo-phenothiazine were without effect. These findings suggest that molecular actions 
of pharmacologically active phenothiazines within the central nervous system are not totally reflected 
by the parent compounds, but may instead be additionally manifested by one or more metabolites. 


present study to investigate the effect of various anti- 
psychotic agents on DA-sensitive adenylate cyclase in 
neuronal and glial-enriched fractions from different 
regions of the rat brain. Furthermore, we wished to 
correlate possible actions of phenothiazine derivatives 
on this enzyme system to the actions observed by 
the respective parent compounds. 


Recent evidence suggests a central role for adenylate 
cyclase-cyclic adenosine 3’,5’'-monophosphate (cyclic 
AMP) in synaptic transmission processes involving 
catecholamines [1.2]. Moreover. the activation of 
adenylate cyclase by neurohumoral agents occurs in 
both neuronal and glial elements [3]. Robison et al. 
[4] have postulated that adenylate cyclase exists as 
an enzyme complex consisting of regulatory and cata- 


lytic components. The enzyme has been additionally 
shown to be an integral component of the adrenergic 


receptor. In this regard, several classes of psychotro- . 


pic drugs which affect mood and behavior have been 
shown to affect central adenylate cyclase-cyclic AMP 
in a manner corresponding to their actions on central 
adrenergic and dopaminergic transmission 
mechanisms [5-15]. The pharmacologically active 
phenothiazines have been demonstrated to antagonize 
central adrenergic receptors [16] as well as the cata- 
lytic and receptor components of adenylate cyclase 
[5-13]. Recent preliminary investigations have shown 
the dopamine (DA)-sensitive receptor component of 
the enzyme to be especially susceptible to inhibition 
by phenothiazines [10-13]. It was the intent of the 
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MATERIALS AND METHODS 


The authors are especially grateful to the following 
companies for generously supplying the analogues of 
phenothiazines used in the present study: chlorpro- 
mazine (CPZ), prochlorperazine, chlorpromazine sul- 
foxide and 3-OH-phenothiazine (Smith, Kline & 
French Laboratories); promethazine and promazine 
(Wyeth Laboratories); haloperidol (McNeill Labora- 
tories); 3-OH-chlorpromazine (Rhone-Poulenc); flu- 
phenazine and perphenazine (Schering Corp.); 8-OH- 
fluphenazine (Squibb Institute for Medical Research); 
thioridazine (Sandoz); and thiothixene (Pfizer). The 
Psychopharmacology Research Branch, N.I.M.H.. 
provided the following derivatives: 7-OH-CPZ; 7,8- 
diOH-CPZ: 7.8-dioxo-CPZ: 8-OH-7-MeO-CPZ; 7- 
OH-8-MeO-CPZ; 7-MeO-CPZ; 7,8-diMeO-CPZ; 7- 
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OH-prochlorperazine; 8-OH-prochlorperazine; 7,8- 
diOH-prochlorperazine; 7-OH-perphenazine; 8-OH- 
perphenazine; 7,8-diOH-perphenazine; 2-OH-proma- 
zine; 3-OH-promazine; 2,3-diOH-promazine: 
phenothiazine; 2-Cl-7,8-dioxo-phenothiazine; and 
clozapine. 

Preparation of neuronal and glial-enriched fractions. 
The brain regions to be studied were rapidly removed 
from young adult male rats (Sprague-Dawley. Holtz- 
man. weighing 60-80 g) and placed into a cold solu- 
tion of 7-5°,, (w/v) polyvinyl pyrrolidone, 1°,, bovine 
serum albumin (Sigma Chemical Co., St. Louis, Mo.. 
U.S.A.) and 10mM CaCl,. The cellular fractions were 
isolated according to the procedure described by Sel- 
linger et al. [17]. The tissue was minced and poured 
into a truncated disposable syringe and eased through 
successive passes of different pore sizes of nylon bolt- 
ing cloth (333, 110 and 75 um, three times each). The 
suspension was layered onto a discontinuous gradient 
consisting of 1-75 and 10M sucrose and centrifuged 
at 20,000 rev/min in an SW 25-1 swinging bucket 
rotor for 30min. Upon examination with phase 
microscopy. the pellet consisted of purified neuronal 
perikarya. The band containing the crude glial frac- 
tion was subjected to one additional density gradient 
centrifugation (1-65M_ sucrose, 1-2M_ sucrose and 
30°, (w/v) Ficoll). The glial-enriched fraction obtained 
at the 1-2 to 165M interface after a 30-min centrifu- 
gation at 20,000 rev/min was contaminated with small 
neuronal nuclei, some broken cellular debris and 
capillaries. For the most part, however, this fraction 
consisted of intact astrocytes. The cells were sus- 
pended in cold glycylglycine buffer (2mM + 1mM 
MgSO,. pH7-4) and gently homogenized (four 
strokes) using a glass homogenizer with a Teflon 
pestle (clearance: 0-004 to 0-006 in.). An aliquot was 
removed for protein determination [18] and adeny- 
late cyclase activity was measured in the remainder 
of the homogenate as previously described [3, 7]. The 
250-y1 incubation mixture consisted of the following 
constituents at final concentrations and volumes: (1) 
50 yl of a buffer containing 3-3 mM _ theophylline and 
40-mM Hepes buffer. pH 7-4, (2) 0-090 to 0-120 mg 
enzyme protein in 125 yl. (3) 50 ul of a mixture con- 
sisting of 2mM ATP-3mM MgSO, and (4) depend- 
ing upon the conditions either 15 yl of a control solu- 
tion or DA (10°*M) and 1041 of varying con- 
centrations of phenothiazine compounds were ‘in- 
cluded. All components of the reaction were mixed 
at 4 and the reaction was initiated by adding the 
Mg ATP mixture. Incubations were mormally con- 
ducted for 12min at 37 for the drug studies and 
for varying time periods in time course studies. Enzy- 
matic reactions were terminated by boiling the sam- 
ples for 5 min followed by cooling on ice and centrifu- 
gation at 1000g for 10min. An aliquot of the super- 
natant was removed (100 sl) and mixed with 25 yl of 
sodium acetate (0-25 M, pH 4-0). Cyclic AMP content 
in the samples was subsequently determined using the 
protein binding assay developed by Gilman [19]. Spe- 
cific activity of adenylate cyclase was expressed as 
pmoles cyclic AMP formed/mg of protein/12 min. An 
ATP-regenerating system was omitted because several 
investigations have revealed that such a system is not 
necessary, provided that saturating amounts of ATP 
are present in the reaction mixture, the amount of 


enzyme protein is kept relatively small and the incu- 
bations are conducted for a short time period 
(3. 7. 10, 11, 13]. 


RESULTS 


Effects of DA on adenylate cyclase Dopamine at 
10°*M readily activated adenylate cyclase in the 
total homogenate of the corpus striatum and in the 
neuronal fractions from the cerebral cortex, thalamus 
and striatum. In the glial-enriched fractions, DA was 
effective in only the cerebral cortex and the thalamus 
(Fig. 1). The lack of stimulatory effect by DA in the 
striatial glial fractions has been noted previously [3]. 
The per cent stimulation of adenylate cyclase by DA 
in the following order of decreasing potency was: tha- 
lamic neurons, 76 per cent; cerebral cortex neurons 
and glia, 43 and 42 per cent; striatial homogenate, 
41 per cent; thalamic glia, 40 per cent; and striatial 
neurons, 27 per cent. The specific enzyme activities 
from the control adenylate cyclase preparations were 
highest in the cortical neurons > cortical glia > tha- 
lamic neurons > striatial glia > striatial _ neur- 
ons > thalamic glia > striatial homogenate (see 
Fig. |). The incubation time selected for the enzyme 
preparations was 12min because preliminary time 
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Fig. 1. Stimulation by DA (10~*M) of adenylate cyclase 
in neuronal (N) and glial-enriched (G) fractions from rat 
cerebral cortex, thalamus, striatum and total homogenate 
of striatum. Mean enzyme activity + S.E.M. is expressed 
as pmoles cyclic AMP produced/12 min/mg of sample pro- 
tein. The number of individual determinations is denoted 
at the base of the individual bar graphs. Significant (Stu- 
dent’s paired t-test) differences between respective control 
and DA-stimulated enzyme preparations are shown as P 
values immediately beneath the respective darkened bars; 

ns = not significant. 
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Fig. 2. Actions by phenothiazine analogues on either basal 
or DA-sensitive adenylate cyclase in disrupted neuronal 
or glial-enriched fractions of rat cerebral cortex. Enzymatic 
activity is expressed as pmoles cyclic AMP produced/ 
12 min/mg of protein in the presence of absence of DA 
(10° * M) along with various concentrations of phenothia- 
zine analogues. The values in the figure represent the mean 
per cent inhibition or stimulation of adenylate cyclase acti- 
vity + S.E.M. of three to five determinations at specific 
drug concentrations. Basal and respective DA-stimulated 
enzyme activities are: 352 + 96, 474 + 102 (N = 4) for the 
neurons and 239 + 14, 300 + 18 (N = 3) for the glia. 


course studies revealed that under the conditions uti- 
lized in our assay system the maximum synthesis of 


cyclic AMP from ATP in the cellular fractions. 


occurred from 12 to 20min. The most detailed inves- 
tigations were conducted using the neuronal and 
glial-enriched preparations from the cerebral cortex. 
The cellular yields from the thalamic glial fractions 
and the striatial preparations were extremely small. 
Therefore, we were only able to conduct limited 
studies with some of the CPZ compounds on these 
cells. The striatial homogenate was used to test a 
larger number of CPZ compounds in this brain area 
in order to verify observations by others [10, 12, 13] 
that this brain region was especially susceptible to 
inhibition by pharmacologically active phenothia- 
zines. 

Actions of phenothiazines in neuronal and glial- 
enriched fractions. The results of these studies are 
shown in Figs.2-10 and Tables 1-3. As a general 
observation, the most potent antagonists toward 
either basal or DA-sensitive adenylate cyclase were 
the dihydroxylated derivatives of CPZ, prochlorpera- 
zine, perphenazine, promazine and 7,8-dioxo-CPZ 
(Figs. 2-4). These dihydroxylated compounds at low- 
est concentrations sometimes acted to elevate basal 
enzyme activity. However, the 2-Cl-7,8-dioxo ana- 
logue of the basic phenothiazine nucleus did not dis- 
play anti-adenylate cyclase actions. Strong but lesser 
degrees of potency were seen with the following par- 
ent compounds and their respective monohydroxy- 
lated metabolites: CPZ, prochlorperazine, perphena- 
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Fig. 3. Basal and respective DA-stimulated enzyme activi- 
ties are: 315 + 113,405 + 127(N = 4) for the neurons and 
163 + 17, 218 + 33 (N = 3) for the glia. For details, see 
legend to Fig. 2. 


zine, and fluphenazine (Table 1, Figs. 5-9). Likewise, 
thioridazine, haloperidol, thiothixene and 7-MeOQ- 
CPZ were effective (Table 1, Figs. 2 and 10). The 
agents demonstrating a lesser inhibitory action on 
adenylate cyclase were promazine and respective 2- 
OH and 3-OH analogues, promethazine, CPZ-SO 
and 7.8-diMeO-CPZ (Table 1, Fig. 10). No effects 
were seen with either phenothiazine or 3-OH- 
phenothiazine when compared to other compounds. 
The most potent actions on the enzyme systems were 
generally seen with prochlorperazine and respective 
derivatives. The individual groups of parent com- 
pounds and derivatives are discussed below in greater 
detail with regard to their actions on the neuronal 
and glial-enriched preparations. 

Actions of parent compounds. With regard to an 
action on the control enzyme preparations, the high- 
est concentrations (10°*M) of CPZ, prochlorpera- 
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Fig. 4. Basal and respective DA-stimulated enzyme activi- 

ties are: 326 + 73, 486 + 90 (N = 5) for the neurons and 

236 + 63, 339 + 72 (N = 3) for the glia. For details, see 
legend to Fig. 2. 
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Table 1. Action of parent compounds of phenothiazines on either basal or DA-sensitive adenylate cyclase in neuronal 
and glial-enriched fractions from rat cerebral cortex* ' 





Per cent inhibition at specific drug concentrations (M) 





Actions on basal activity Actions on DA-stimulation 








Compound 





CPZ + 3 q +25 5 72 + 10 
4 5 45 

Prochlorperazine 14+8 7+ 80 
73 
46 
38 
29 
21 
54 
56 
37 
21 
75 
8 44 + 54 

Thiothixene 48 + 13 F 58 
34 19 2 52 
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Promethazine 


+9 

13 i4+6 
+ 16 37 + 13 
0 


Thioridazine 
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* Disrupted cellular elements from neuronal (n) and glial-enriched (g) fractions were incubated in the absence or 
presence of DA (10°*M) and various concentrations of phenothiazines. Enzymatic activity is expressed as pmoles 
cvclic AMP produced/12 min/mg of protein. The values in the table represent the mean per cent inhibition or stimulation 
(+) of either basal or DA-sensitive activity + S.E.M. of three to four determinations. Basal enzyme activities were 
266 + 43 for the neurons and 218 + 27 for the glia. Dopamine-stimulated enzyme activities were 385 + 57 for the 


neurons and 319 + 40 for the glia of 16 determinations. 


zine, fluphenazine, thioridazine and _ thiothixene 
readily inhibited the enzyme. Prochlorperazine was 
the only compound effective at lower doses. Per- 
phenazine, promazine, haloperidol and promethazine 
were without effects on basal adenylate cyclase acti- 
vity and in some instances actually acted to enhance 
enzyme activity. Only minor differences were seen 
between the actions of these compounds on either 
the neuronal or the glial fractions (Tables 1-3, Fig. 2). 

On the other hand, the DA-sensitive component 
of the enzyme was more susceptible to inhibition by 
the parent compounds. Again, prochlorperazine was 
seen to be the most potent agent (Table 1). Chlorpro- 
mazine,” perphenazine, thioridazine and fluphenazine 
were effective inhibitors of the DA-sensitive enzyme 


Table 2. Action by CPZ analogues on either basal or DA-sensitive adenylate cyclase i 


at concentrations of 10~* to 10°°M (Tables 1 and 
2). Thiothixene and haloperidol were equally effective 
but not to the degree of magnitude as the other com- 
pounds (Table 1, Fig. 2). Promazine and prometha- 
zine exhibited almost no antagonism of the enzyme 
(Table 1), while phenothiazine was completely ineffec- 
tive. 

Actions of dihydroxylated derivatives. These deriva- 
tives of CPZ. prochlorperazine, perphenazine. proma- 
zine and 7,8-dioxo-CPZ exerted the most profound 
antagonism of either basal or DA-stimulated adeny- 
late cyclase from any cellular preparation (Figs. 2-4, 
Tables 2 and 3). With regard to inhibition of basal 
enzyme activity all compounds were active to 10° ° 
10°° M. The DA-sensitive moiety of adenylate cyclase 


neuronal and glial-enriched 


fractions from rat thalamus* 





Per cent inhibition at specific drug concentrations (M) 





Actions on basal activity 


Actions on DA stimulation 





Cell 


Compound type 10° * 





CPZ 


7-OH-CPZ 


8-OH-CPZ 


3-OH-CPZ 


7.8-diOH-CPZ 


7.8-dioxo-CPZ 


I+ I I+ I+ 1+ 14 I+ | 


CPZ-SO 


70 
48 
56 
49 
74 
60 
38 
47 
85 
62 
82 
69 
26 
36 
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* Disrupted cellular elements from neuronal (n) and glial-enriched (g) fractions were incubated in the absence or 
presence of DA (10~*M) and various concentrations of CPZ derivatives. Enzymatic activity is expressed as pmoles 
cyclic AMP produced/12 min/mg of protein. The values in the table represent the mean per cent inhibition or stimulation 
(+) of the basal or DA-sensitive enzyme + S.E.M. of three to four determinations. Respective basal and DA-stimulated 
enzyme activities are shown in Fig. 1. 
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Table 3. Action by CPZ analogues on either basal or DA-sensitive adenylate cyclase in neuronal and glial-enriched 
fractions from rat striatum* 





Per cent inhibition at specific drug concentrations (M) 





Actions on basal activity Actions on D\ stimulation 





Compound id 





CPZ 40 + 13 


7-OH-CPZ 


Skt  +s6 


7.8-diOH-CPZ 


50 +7 40 +6 +20+6 


22+7 +8+4 +30+8 


7.8-dioxo-CPZ 





* Disrupted cellular elements from neuronal (n) and glial-enriched (g) fractions were incubated in the absence or 
presence of DA (10°*M) and various concentrations of CPZ derivatives. Enzymatic activity is expressed as pmoles 
cyclic AMP produced/12 min/mg of protein. The values in the table represent the mean per cent inhibition or stimulation 
(+) of the basal or DA-sensitive enzyme + S.E.M. if three or four determinations were made and + range if only 
two experiments were run. The numbers in parentheses denote the number of determinations for that particular drug. 


Respective basal and DA-stimulated enzyme activities are shown in Fig. 1. 


was more susceptible to inhibition by these analogues. 
Moreover, 7,8-diOH-prochlorperazine and 7,8-diOH- 
perhenazine were active at concentrations as low as 
10-® to 10°°M (Fig. 4). At times basal enzymatic 
activity was enhanced by low concentrations of 7.8- 
diOH-perphenazine (Fig. 4) and 7,8-diOH- and 7,8- 
dioxo-CPZ (Tables 2 and 3). The 2-Cl-7,8-dioxo deri- 
vative of phenothiazine was without any effects on 
either control or DA-stimulated enzyme activity. 
Actions of 7-OH derivatives. The 7-OH metabolites 
of CPZ, prochlorperazine, perphenazine and 7-OH- 
8-MeO-CPZ exhibited weaker inhibitory actions to- 
ward either control or stimulated adenylate cyclase 
when compared to their respective parent compounds 
(Figs. 5 and 6, Table 2). The one exception was 
observed in the cellular preparations from the stria- 
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Fig. 5. Basal and respective DA-stimulated enzyme activi- 

ties are: 353 + 96, 487 + 116 (N = 3) for the neurons and 

214 + 30, 306 + 54 (N = 3) for the glia. For details, see 
legend to Fig. 2. 


tum (Table 3). At the lower drug concentrations. the 
basal enzyme activity was sometimes enhanced as evi- 
denced with 7-OH-perphenazine (neurons) and 7-OH- 
8-MeO-CPZ (glia) (Figs. 5 and 6). In these studies 
on the control enzyme preparations, 7-OH-prochlor- 
perazine was overall the most potent compound (Fig. 
6). 

The weakest antagonism of the DA-sensitive recep- 
tor component of adenylate cyclase occurred with 7- 
OH-8-MeO-CPZ (Fig. 5), while the ramainder of the 
compounds were generally effective from 10°* to 
10°° M (Figs. 5 and 6, Tables 2 and 3). 

Actions of 8-OH derivatives. These derivatives of 
CPZ, prochlorperazine, perphenazine and fluphena- 
zine were more potent than the 7-OH analogues in 
their ability to inhibit either control or DA-induced 
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Fig. 6. Basal and respective DA-stimulated enzyme activi- 

ties are: 290 + 53, 436 + 98 (N = 3) for the neurons and 

255 + 60, 342 + 72 (N = 3) for the glia. For details, see 
legend to Fig. 2. 
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Fig. 7. Basal and respective DA-stimulated enzyme activi- 
ties are: 200 + 15, 312 + 29 (N = 3) for the neurons and 
190 + 21. 273 + 43 (N = 3) for the glia. For details, see 


legend to Fig. 2. 


activation of the enzyme (Figs. 7-9, Table 2). With 
respect to an action on basal enzyme activity, 8-OH- 
prochlorperazine was the most potent compound 
(Fig. 8). 

The DA-activated receptor locus of adenylate cyc- 
lase was diminished by all agents at 10°*M (Figs. 
7-9, Table 2). When the drugs were incubated at 
lower concentrations (10° ° M). an antagonism of DA- 
sensitive cyclase remained evident with 8-OH ana- 
logues of CPZ. prochlorperazine, fluphenazine and 8- 
OH-7-MeO-CPZ (cortical glia) (Figs. 7-9). 

Actions of 2- and 3-OH derivatives. With regard to 
the control enzyme, 3-OH-CPZ inhibited to only a 
small degree adenylate cyclase in the thalamic and 
cortical preparations (Fig. 9, Table 2). The drug acted 
instead to enhance basal adenylate cyclase in the thal- 
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Fig. 8. Basal and respective DA-stimulated enzyme activi- 
ties are: 254 + 47, 384 + 77 (N = 4) for the neurons and 
236 + 63, 339 + 73 (N = 3) for the glia. For details, see 


legend to Fig. 2. 


O—O Neurons 
%*-XK Glia 


~ 8-OH-Fluphenazine 3-OH-CPZ 


Stimulation 


% Action: DA-Sensitivity 
Inhibition 


Stimulation 


Inhibition 








% Action: Basal Activity 


EEE EE 
104 105 10°6 197 104 105 10 6 197 


Conc. (Molar) 


Fig. 9. Basal and respective DA-stimulated enzyme activi- 

ties are: 262 + 65, 544 + 100 (N = 3) for the neurons and 

193 + 38. 375 + 48 (N = 3) for the glia. For details, see 
legend to Fig. 2. 


amic neurons (Table 2). The DA-sensitive sites of the 
enzyme were blocked to a greater extent in the glial 
preparations than in the corresponding neural 
enzymes (Fig. 9, Table 2). Neither 2-OH- nor 3-OH- 
promazine displayed any appreciable degrees of anta- 
gonism toward either basal or DA-sensitive com- 
ponents of the enzyme. Both compounds at 10°*M 
inhibited the stimulation of adenylate cyclase by DA 
only 30 per cent. At lower concentrations these two 
analogues of promazine were relatively ineffective. 3- 
OH-phenothiazine was without any action on either 
cortical cellular preparation. 

Actions of methoxylated and sulfoxide derivatives. 7- 
MeO-chlorpromazine exerted an antagonism of the 
control and DA-sensitive cortical enzyme that was 
especially evident in the neuronal cells (Fig. 10). 
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legend to Fig. 2. 
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Table 4. Action by CPZ analogues on either basal or DA-sensitive adenylate cyclase in total homo- 
genates of rat striatum* 
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*Samples were lightly homogenized and aliquots containing 0-333 ug protein were incubated in 
the absence or presence of DA (10°*M) and various concentrations of CPZ derivatives. Enzymatic 
activity is expressed as pmoles cyclic AMP produced/12 min/mg of protein. The values in the table 
represent the mean per cent inhibition or stimulation (+) of the basal or DA-sensitive enzyme + 
S.E.M. N = number of determinations. Respective basal and DA-stimulated enzyme activities are shown 


in Fig. 1. 


Chlorpromazine-SO and 7.8-diMeO-CPZ were seen 
to be relatively ineffective toward either basal or 
stimulated adenylate cyclase in the cortical fractions, 
but CPZ-SO did exhibit inhibition in the thalamus 
(Fig. 10, Table2). 

Actions of CPZ and derivatives, haloperidol, thio- 
thixene, thioridazine and clozapine on DA-sensitive 
adenylate cyclase in the total homogenate of the stria- 
tum: The results of these studies are shown in Table 
4. Basal activity of the enzyme was considerably lower 
than in the more purified neuronal and glial-enriched 
fractions. The activation of the receptor moiety of 
adenylate cyclase by DA (10° *M) was, however, to 
approximately the same magnitude (41 per cent) as 
observed with the cellular preparations (Fig. 1). Inhi- 
bition of either basal or stimulated enzyme by the 
CPZ analogues was evident at 10°*M_ but did not 
occur to the same extent as seen in the isolated cells. 
The diOH and dioxo derivatives of CPZ were again 
the most potent compounds and effectively inhibited 
the enzyme components at 10° * and 10° ° M. Chlor- 
promazine and respective 7-OH and 8-OH metabo- 
lites were ineffective on control enzyme preparations 
and exhibited antagonism of the DA-sensitive site at 
only 10°*M. The 3-OH analogue was considerably 
more effective, while CPZ-SO was without any 
actions. Haloperidol, thiothixene, thioridazine and 
clozapine have little actions at the control site of 
adenylate cyclase. Haloperidol, thiothixene and thio- 
ridazine equally displayed an inhibition of the DA- 
sensitive enzyme at concentrations from 10°* to 
10°°M. Clozapine, however, exerted a somewhat 
weaker antagonism of the DA-sensitive enzyme. 


DISCUSSION 


Adenylate cyclase is postulated to be an integral 
component of adrenergic receptors [4]. In the rat 
brain, the catecholamines (norepinephrine, epine- 
phrine and isoproterenol) readily stimulate this enzyme 
[8, 9, 15, 20]. Investigations concerning the activation 
of adenylate cyclase by DA have been somewhat con- 


troversial. In the earlier studies utilizing incubated tis- 
sue slice or other intact cellular preparations, the in- 
vestigators were unable to demonstrate the presence 
of a DA-sensitive receptor component for adenylate 
cyclase [15, 21-24]. In subsequent studies, the pres- 
ence of a DA-sensitive enzyme was demonstrated in 
homogenates of bovine superior cervical ganglion [1] 
and several areas of the rat brain including the stria- 
tum [10,12, 13,25], cerebral cortex [11], nucleus 
acumbens [12], olfactory tubercle [12], retina [26] 
and neuronal and glial-enriched fractions from differ- 
ent brain regions [3]. Recently, J. P. Perkins (personal 
communication) and Prasad et al. [27] reported that 
DA would stimulate the accumulation of cyclic AMP 
in tissue slices and neuroblastoma cells, provided that 
adequate concentrations of phosphodiesterase inhibi- 
tors were present. Moreover. recent findings revealed 
that DA would stimulate cyclic AMP production in 
incubated striatial and hypothalamic tissues in vitro 
[28,29]. Our present experiments with broken cellu- 
lar preparations confirm the presence of the DA-sen- 
sitive adenylate cyclase reported in these previous in- 
vestigations [1, 10, 13,25-29]. In our investigations 
we were only able to demonstrate an approximate 
41 per cent increase in enzyme activity when DA was 
added to the cellular homogenates. These results are 
somewhat less than the more than 2-fold stimulation 
of adenylate cyclase in several central preparations 
by DA as reported by previous investigators [1, 10- 
12,28]. At present we are unable to explain this dis- 
crepancy except for the different methodologies in use 
among the various laboratories. 

Studies using histochemical fluorescent and bio- 
chemical techniques demonstrated the presence of 
dopaminergic nerve endings in the cerebral cortex, 
striatum and limbic system [30-32]. The presence of 
dopaminergic endings in the thalamus has not been 
determined; however, we found that DA readily acti- 
vated adenylate cyclase in this region. Whether the 
receptors for DA and norepinephrine are separate in 
these brain areas is not known. However, recent in- 
vestigations with the DA-sensitive adenylate cyclase 
in the bovine superior cervical ganglion and the rat 
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caudate nucleus argue in favor of a separate DA-sensi- 
tive receptor [1. 10]. 

Robison et al. [4] postulated that adenylate cyclase 
existed as an enzyme complex consisting of functional 
components. The receptor moiety is thought to face 
the exterior of the cell and respond to only specific 
hormones. The catalytic site of the enzyme is respon- 
sible for the synthesis of cyclic AMP from ATP. 
Moreover, the catecholamine hypothesis suggests that 
hypersensitive receptors or excess concentrations of 
DA and norepinephrine may be involved in the patho- 
physiology of schizophrenia [33]. In this regard, the 
therapeutic effects of pharmacologically active 
phenothiazines have been attributed to their ability 
to block central adrenergic and dopaminergic recep- 
tors [16,34]. The dopaminergic receptors are ex- 
tremely sensitive to the action of phenothiazines, and 
drug-induced Parkinsonism is a prominent mani- 
festation of DA receptor blockade [35]. A series of 
recent investigations with psychotropic drugs has sug- 
gested an involvement of adenylate cyclase activity 
in changes in mood and behavior [5-15]. In many 
of these investigations, the pharmacologically active 
phenothiazines were found to exert powerful inhibi- 
tory actions at either the catalytic or receptor or both 
sites of the enzyme [5—13. 36-38]. Perhaps some of 
the therapeutic qualities of the psychoactive pheno- 
thiazines are manifested at the level of central adenylate 
cyclase within particular regions of the brain. 

The hydroxylated metabolites or derivatives of 
phenothiazines have been demonstrated to have a 
variety of pharmacological properties, at times minick- 
ing the actions of their parent compounds. These 
properties include actions on various behavioral and 
physiological situations in laboratory animals [39 


41] and influences on a host of central enzymes that . 


include inhibition of ATPases [42], protein kinase 
and phosphodiesterase inhibition,* an evoked Ca** 
efflux and inhibition of oxygen uptake in mitochon- 
dria [43], binding to cellular membranes [44], and 
inhibition of the catalytic and receptor components 
of central adenylate cyclase [6-8, 13]. It is noteworthy 
that the dilvydroxylated analogues are the most 
potent in almost all of these experimental situations. 
With regard to adenylate cyclase actions, the dihyd- 
roxyphenothiazines do not influence to any appreci- 
able extent the norepinephrine-induced accumulation 
of cyclic AMP in intact cells [8]. Furthermore, these 
compounds at specific concentrations actually tend 
to enhance basal activity of the cyclic nucleotide as 
well as adenylate cyclase as observed here and else- 
where [7, 8]. 

In the present experiments, the 8-OH analogues of 
CPZ, prochlorperazine, perphenazine and fluphena- 
zine were somewhat more potent than respective 7- 
OH derivatives in their ability to modify either con- 
trol or DA-incuded activation of the enzyme. This 
is contrasted by previous work on either the catalytic 
Or norepinephrine-sensitive components of the 
enzyme in which the 7-OH compounds were more 
active [6-8]. Likewise, additional observations have 
denoted that the 7-OH metabolites are more active 
in many pharmacological and behavioral investiga- 
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tions [39, 41]. Our data do show that the 8-OH com- 
pounds are more potent toward dopamine-sensitive 
adenylate cyclase receptors and hopefully future 
studies may resolve this conflict. 

Sulfoxide and methoxy analogues of phenothiazines 
are generally less potent than parent compounds in 
actions on adenylate cyclase [6—9, 13]. In our investi- 
gations, the 7-methoxy analogue of CPZ, though not 
a reported metabolite, was a rather potent inhibitor 
of either basal or dopamine-sensitive sites of the 
enzyme in the cerebral cortex. 

Thioridazine, haloperidol and thiothixene have 
been recognized to possess stronger blocking actions 
at central dopaminergic receptors when compared to 
central adrenergic receptors [34, 45-48]. In addition, 
clozapine, a relatively recent antipsychotic drug, is 
reported to be a weaker antagonist of central DA 
receptors (for discussion) [49]. In the present investi- 
gation, the DA-sensitive adenylate cyclase was anta- 
gonized by these compounds and these results sup- 
port recent findings [10-12]. Earlier observations 
revealed that haloperidol did not influence either the 
basal activity or the catalytic site and acted to modify 
to a limited extent the norepinephrine-sensitive com- 
ponent of the enzyme [5,7, 8,10]. Furthermore, 
thiothixene was shown to inhibit the norepinephrine- 
induced accumulation of cyclic AMP in whole cell 
preparations [8]. Promethazine, a phenothiazine 
devoid of antipsychotic activity, was observed in these 
and previous investigations to have limited actions 
at the DA- and norepinephrine-sensitive components 
as well as the catalytic site of the enzyme [7-10, 12]. 

In conclusion, it is highly probable that metabolites 
of the pharmacologically active phenothiazines addi- 
tionally contribute toward the overall antidopaminer- 
gic and anti-adrenergic activities of the parent com- 
pounds. To what degree these metabolites are par- 
tially responsible for either the therapeutic antipsy- 
chotic effects and/or the adverse actions of the parent 
compounds remains to be determined. 
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Abstract 


A correlation has been made between the ability of selected agents to inhibit intracellular 


pyrimidine nucleotide reduction and the ability of these agents to inhibit the growth of L5178Y cells. 
Both deoxycytidine and its analogue, arabinosylcytosine, appeared to inhibit intracellular cytidine phos- 
phate reduction. The depletion of deoxycytidine phosphate pools may play a role in arabinosylcytosine 
toxicity by enhancing the action of arabinosylcytosine at one or more of its proposed sites of action. 
Hydroxyurea inhibited uridine phosphate reduction, and this inhibition correlated well with the growth 
inhibition caused by this agent. The inability of hydroxyurea to affect cytidine phosphate reduction 
suggests that there may be a cytidine phosphate reductase present in L5178Y cells which either is 
insensitive to inhibition by hydroxyurea or is sequestered at an intracellular site which is relatively 


inaccessible to this drug. 


One of the current trends in cancer chemotherapy 
is to elucidate the mechanisms by which the various 
anti-cancer drugs inhibit biochemical targets in the 
cell and then to relate these findings to the death 
of tumor cells. However, many anti-cancer agents 
have been found to have multiple biochemical sites 
of action, most prominently noted at different drug 
levels or periods of exposure to the cell. Also, a single 
biochemical target appears to be of variable signifi- 
cance in different cell lines. It has, therefore, been dif- 
ficult to determine how single anti-cancer agents 
cause tumor cell death. 

Four lines of evidence suggest that one site of 
action of the deoxycytidine analogue, arabinosylcyto- 
sine, is ribonucleoside diphosphate reductase, the 
enzyme responsible for providing deoxyribonucleo- 
tides for DNA synthesis. The incorporation of [*H]- 
uridine into deoxycytidine phosphate pools decreased 
in the presence of arabinosylcytosine with no detect- 
able decrease in incorporation into cytidine phos- 
phate pools of L5178Y cells [1]; arabinosylcytosine 
inhibited conversion of ['*C]adenosine-5’-phosphate 
to ['*C]deoxyadenosine-5’-phosphate by a cell-free 
extract of carcinoma 755 ascites cells [2]; a single- 
step L5178Y cell mutant resistant to arabinosylcyto- 
sine was cross-resistant to thymidine and possessed 
elevated deoxycvtidine phosphate levels, suggesting 
possible elevated reductase activity [3]; and a mutant 
hamster cell line resistant to arabinosyicytosine was 
cross-resistant to hydroxyurea [4]. Contrary to these 
findings, phosphorylated derivatives of both arabino- 
sylcytosine [5] and deoxycytidine [6] acted neither 
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as an allosteric nor as a competitive inhibitor of cyti- 
dine diphosphate reduction by a partially purified 
Novikoff rat tumor reductase, and pool size studies 
employing mouse embryo cells indicated that, while 
arabinosylcytosine initially lowered the deoxycytidine 
triphosphate pools by 50 per cent, this pool returned 
to normal gradually and the other deoxyribonucleo- 
side triphosphate pools doubled in size in 30 min [7]. 

Ribonucleoside diphosphate reductase inhibition 
has been proposed as the mechanism by which hyd- 
roxyurea causes toxicity in mammalian cells on the 
basis of its ability to inhibit partially purified reduc- 
tase from Novikoff rat tumor cells [8,9] and also 
of its ability to deplete the purine deoxyribonucleo- 
side triphosphate pools of mouse embryo cells [7]. 
However, hydroxyurea appeared to have little effect 
on the pyrimidine deoxyribonucleoside triphosphate 
pools of mouse embryo cells [7], even though it was 
able to prevent reduction of cytidine diphosphate to 
deoxycytidine diphosphate by purified Novikoff rat 
tumor reductase [8, 9]. 

From these findings it is difficult to draw a conclu- 
sion as to whether or not arabinosylcytosine and hyd- 
roxyurea cause adverse effects by inhibition of 
ribonucleoside diphosphate reductase within mam- 
malian cells. Consequently, we have investigated the 
ability of deoxycytidine, arabinosylcytosine and hyd- 
roxyurea to inhibit pyrimidine ribonucleotide reduc- 
tion within LS178Y murine leukemia cells and have 
attempted to correlate this inhibition with the inhibi- 
tion of L5178Y cell growth caused by these agents. 


METHODS 
Deoxycytidine (CdR), cytidine-S’-phosphate, deoxy- 
cytidine-5’-phosphate, uridine-5S’-phosphate, deoxyuri- 
dine-5’-phosphate and thymidine-5’-phosphate were 
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obtained from CalBiochem, La Jolla, Calif. Arabino- 
sylcytosine (Ara-C) was obtained from Upjohn Co., 
Kalamazoo, Mich., and hydroxyurea (HU) was 
obtained from K & K Laboratories, Plainview, N. 
Y. Uridine-6-°H (104 mCi/mg) (H-UR) was supplied 
by New England Nuclear Corp., Boston, Mass., and 
diethylaminoethyl (DEAE) thin-layer cellulose plastic 
backed sheets were supplied by Brinkmann Instru- 
ments, Westbury, N. Y. Fischer’s medium and horse 
serum were obtained from GIBCO, Grand Island, N. 
Y., and Reeve Angel glass-fiber filters were obtained 
from Fisher Scientific Co., Medford, Mass. 

Growth inhibition studies. Approximately 2 x 10° 
L5178Y cells were incubated at 37° in replicate 5-ml 
aliquots of Fischer’s medium containing 10%, horse 
sérum (FMS) and increasing concentrations of the 
agent being studied. After 96hr, the cell number in 
each tube was determined with a model B Coulter par- 
ticle counter, and the number of apparent cell gene- 
rations (population doublings) which occurred at each 
concentration of the selected agent was calculated. By 
dividing the apparent cell generations which occurred 
in the control and multiplying by 100, the per cent 
of control cell generations was calculated. 

Incorporation of *H-uridine into intracellular pyrimi- 
dine nucleotide pools and into DNA. After incubation 
with the agent being studied, the cells were incubated 
in [*H Juridine, washed three times with 5 ml cold Fis- 
cher’s medium (FM) to remove unphosphorylated 
derivatives of [*H]uridine and the cell number was 
determined with a model B Coulter counter. The cell 
pellet was then suspended in 0:5 ml of 10°, trichloro- 
acetic acid (TCA), kept for 15 min at 4 and centri- 
fuged. The cold acid-soluble (CAS) supernatant result- 
ing from this treatment was immersed in a boiling 
water bath for 30 min to hydrolyze polyphosphates 
to mornophosphates, followed by the removal of TCA 
by repeated ether extractions of TCA until the pH 
exceeded 3. 

Distribution of radioactivity among the pyrimidine 
monophosphate pools present in the CAS fraction 
was determined by modifying two previously de- 





* POPOP = 1,4-bis-[2-(4-methyl-5-phenyloxazobyl) ]ben- 
zene; PPO = 2,5-diphenyloxazole. 


scribed chromatographic procedures [10,11] and 
combining them in a_ two-dimensional chroma- 
tographic scheme. From each cold acid-soluble frac- 
tion, 20 ul was applied to a thin-layer DEAE cellulose 
plastic backed sheet to which UMP, CMP, dUMP, 
dCMP and TMP (8 yg each) had previously been 
applied as carrier. This sheet was then chromato- 
graphed in 0-2 N formic acid—0-02 M NH, formate 
(50:50). This sheet was then dried and chromato- 
graphed in 5M NH, acetate (pH 10)-saturated potas- 
sium tetraborate-95°,, ethanol-0-25 M EDTA, pH 10 
(5:40:40:0-25). This chromatographic procedure gave 
a clear separation of the various pyrimidine nucleo- 
side monophosphates with the exception of TMP, 
which traveled coincidently with dUMP. The various 
unphosphorylated pyrimidine derivatives traveled 
ahead of the nucleotides in the second dimension and 
thus were well separated from the nucleoside mono- 
phosphates. Nucleotide spots were detected with a 
254-nm u.v. light, and the radioactivity present in 
these spots was determined by cutting them out and 
counting them in a model 3375 Packard Tricarb 
liquid scintillation spectrometer in a POPOP* 
(0:05 g/l.) PPO(4 g/1.)}-toluene liquid scintillation mix- 
ture. 

Radioactive incorporation into DNA was deter- 
mined by modifying a previously described glass-fiber 
filter method [12]. The pellet remaining after the 
TCA treatment was suspended in I ml of 0-1 N 
NaOH and placed in a boiling water bath for 10 min 
to hydrolyze RNA. The tubes were then cooled and 
Sml of 10%, TCA was added to precipitate DNA. 
The contents of each tube were then filtered through 
Reeve Angle glass-fiber filters to trap the DNA; the 
filters were then dried and the radioactivity present 
in the DNA was determined by counting in the liquid 
scintillation mixture described above. 


RESULTS 
Effect of deoxycytidine on intracellular pyrimidine 
nucleotide reduction. The effect of deoxycytidine on 
the incorporation of [*H Juridine into intracellular pyr- 
imidine nucleotide pools is presented in Table 1. In- 
creasing concentrations of deoxycytidine appear to 


Table |. Effect of deoxycytidine on [*H]uridine incorporation into intracellular 
pyrimidine nucleotide pools* 





Activity 
(cpm/10° cells) 





Deoxycytidine 


CMP dCMP UMP dUMP-TMP Total CAS 


concn 





17.440 
21,870 
19.130 
23,990 
21,550 


21,220 


1,210 
1,240 
1.010 
930 
690 
650 


108.540 
99.940 
126,300 
96.990 
112.800 
110,050 


1,050 
690 
1,320 
840 
1,090 
1,100 


128,240 
123,740 
147,740 
122,750 
136,140 
133,010 





* The 5 x 10° to 1 x 10’ L5178Y cells were preincubated in 40 ml FMS contain- 
ing increasing concentrations of deoxycytidine for 70 min at 37°. These cells were 
then incubated in 2 ml FMS containing the appropriate deoxycytidine con- 
centration and 20 wCi of [*H]uridine for 15 min at 37. The incubation was ter- 
minated by addition of 10 ml cold FM, and radioactive incorporation into intracel- 
lular pyrimidine nucleotide pools was determined as described in Methods. Each 
value represents the arithmetic mean of three experiments. 





Inhibition of intracellular pyrimidine ribonucleotide reduction 


have little effect on [*H]uridine incorporation into 
pyrimidine ribonucleotide pools and also had little 
effect on incorporation into the dUMP-TMP pools, 
except at the lowest concentration employed. Incor- 
poration of radioactivity into deoxycytidine phos- 
phate pools, however, appears to decrease with in- 
creasing deoxycytidine levels. 

These incorporation data have been treated to bet- 
ter illustrate the effect of deoxycytidine on intracellu- 
lar pyrimidine nucleotide reduction. Within the cell 
there is a pool of ribonucleotides as well as a pool 
of deoxyribonucleotides, and the ribonucleoside 
diphosphate reductase enzyme is responsible for con- 
verting ribonucleotides to deoxyribonucleotides. The 
amount of radioactivity which accumulates in the 
deoxyribonucleotide pool over the 15-min incubation 
in [°H]-uridine precursor is a function both of the acti- 
vity of the reductase enzyme and of the amount of 
radioactive label which is present in the ribonucleo- 
tide pool. To minimize any fluctuations in deoxyri- 
bonucleotide radioactivity due to fluctuations in 
radioactive incorporation into ribonucieotide pools, 
the ratio of accumulated deoxyribonucleotide 
radioactivity to accumulated ribonucleotide radioacti- 
vity has been taken as an indication of intracellular 
nucleotide reduction. By dividing the ratio occurring 
in the presence of deoxycytidine by the untreated con- 
trol ratio and multiplying by 100, the per cent of con- 
trol ribonucleotide reduction was obtained. 

These data are illustrated graphically in Fig. 1. It 
appears that deoxcytidine effectively inhibits the 
reduction of cytidine phosphate while having little 
effect on uridine phosphate reduction, except at the 
lowest deoxycytidine level employed. 

Effect of arabinosylcytosine on intracellular pyrimi- 
dine nucleotide reduction, radioactive incorporation into 
DNA and L5178Y cell growth. The effect of arabino- 
sylcytosine on the incorporation of [*H]uridine into 
intracellular pyrimidine nucleotide pools and into 
DNA is depicted in Table 2. Arabinosylcytosine has 
little effect on the incorporation of *H-uridine into 
ribonucleotide pools except at the highest con- 
centration employed, where some inhibition of incor- 
poration is apparent. Arabinosylcytosine also has 
little effect on the radioactivity appearing in the 
dUMP-TMP pools, while it inhibits radioactive in- 
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Fig. 1. Effect of deoxycytidine on intracellular pyrimidine 

nucleotide reduction. The data in Table | have been 

treated as described in the text to better illustrate the effect 

of deoxycytidine on intracellular pyrimidine nucleotide 

reduction. Each point represents the arithmetic mean of 

three experiments and the brackets indicate the standard 
error of the mean. 


corporation both into deoxycytidine phosphate pools 
and into DNA. 

These data have been treated to better correlate 
arabinosylcytosine inhibition of cytidine phosphate 
reduction and radioactive incorporation into DNA. 
The data concerning radioactive incorporation into 
pyrimidine nucleotide pools have been treated as de- 
scribed for deoxycytidine. As is the case with the in- 
corporation of radioactivity into intracellular deoxyri- 
bonucleotide pools, radioactive incorporation into 
DNA is a function of several variables. One of these 
variables is the uptake of the radioactive precursor 
into intracellular nucleotide pools, and another vari- 
able is the intracellular metabolism of the nucleotide 
precursor to deoxyribonucleotide triphosphate. To 
minimize an effect on radioactive incorporation into 
DNA due to alteration in uptake, the ratio of the 


Table 2. Effect of arabinosylcytosine on [*H]uridine incorporation into intracellular pyrimidine 
nucleotide pools and into DNA* 





Activity 
(cpm/10° cells) 





Ara-C 


concn CMP dCMP UMP 


dUMP-TMP Total CAS DNA 





159,070 
160,950 
156,060 
136,830 


0 25,850 
1x 10°7M 22.790 
2x10°7M 25,910 
4x10°7M 16,550 


1,480 
930 
660 
310 


187,850 
185,780 
183,590 
154,570 


7,680 
5,670 
3,060 
1,730 


1,060 
1,090 
960 
660 





*The 5 x 10° to 1 x 10’ L5178Y cells were preincubated in 40 ml FMS containing increasing 
arabinosylcytosine concentrations for 60 min at 37°. The cells were then incubated in 2 ml 
FMS containing the appropriate arabinosylcytosine concentration and 20 wCi of [*H]uridine 
for 15 min at 37°. The incubation was terminated by addition of 10 ml cold FM, and radioactive 
incorporation into intracellular pyrimidine nucleotide pools and into DNA was determined 
as described in Methods. Each value represents the arithmetic mean of three experiments. 
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Fig. 2. Effect of arabinosylcytosine on intracellular pyrimi- 
dine nucleotide reduction, radioactive incorporation into 
DNA and L5178Y cell growth. (a) Effect of arabinosylcyto- 
sine on L5178Y. cell growth in culture. Cells were incu- 
bated in increasing arabinosylcytosine concentrations for 
96 hr, and the effect of arabinosylcytosine on growth was 
calculated as described in Methods. Each point represents 
the arithmetic mean of three experiments done in duplicate 
and the brackets indicate the standard error of the mean. 
(b) Effect of arabinosylcytosine on pyrimidine nucleotide 
reduction and radioactive incorporation into DNA. The 
data in Table 2 have been treated as described in the text 
and presented graphically. Each point represents the arith- 
metic mean of three experiments and the brackets indicate 
the standard error of the mean. 


DNA radioactivity to the radioactivity occurring in 
intracellular nucleotide pools has been employed as 
an indication of alteration of radioactive incorpor- 
ation into DNA. By dividing the ratio occurring at 
each level of arabinosylcytosine by the control ratio 
and multiplying by 100, the per cent of control 
radioactive incorporation into DNA is obtained. 

These data are illustrated graphically in Fig. 2b. 
As with deoxycytidine, arabinosylcytosine produces 
definite inhibition of cytidine phosphate reduction 
while having little effect on uridine phosphate reduc- 
tion. In addition, this inhibition of deoxycytidine 
phosphate formation is closely correlated with inhibi- 
tion of radioactive incorporation into DNA. A com- 
parison of these inhibitions with arabinosylcytosine- 
induced LS178Y cell growth inhibition, depicted in 
Fig. 2a, reveals that arabinosylcytosine-induced inhi- 
bition of cytidine phosphate reduction, radioactive in- 
corporation into DNA and L5178Y cell growth all 
occur over the same arabinosylcytosine concentration 
range. 

The effect of 2 x 10°” M arabinosylcytosine on in- 
tracellular pyrimidine nucleotide reduction and 
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. Fig. 3. Time course of arabinosylcytosine effect on intracel- 


lular pyrimidine nucleotide reduction and radioactive in- 
corporation into DNA. The 5 x 10° to 9 x 10° cells were 
incubated at 37° in 40 ml FMS for 0, 30, 60 and 90 min. 
One set of tubes contained 2 x 1077 M arabinosylcytosine 
and the control tubes contained no drug. This was fol- 
lowed by incubation of the cells in 2 ml FMS and 20 
uCi [*H uridine for 15 min. The incubation was terminated 
by addition of 10 ml cold FM, and radioactive incorpor- 
ation into pyrimidine nucleotide pools and into DNA was 
determined as described in Methods. These incorporation 
data have been treated as described in the text and have 
been presented graphically in this figure. Each point repre- 
sents the arithmetic mean of three experiments and the 
brackets indicate the standard error of the mean. 


radioactive incorporation into DNA as a function of 
time is represented by Fig. 3. Inhibition of cytidine 
phosphate reduction and radioactive incorporation 
into DNA coincide at early time intervals, while at 
later time intervals inhibition of radioactive incorpor- 
ation into DNA continues to increase while inhibition 
of cytidine phosphate reduction appears to level off. 

Effect of hydroxyurea on intracellular pyrimidine 
nucleotide reduction, radioactive incorporation into 
DNA and L5178Y cell growth. The effect of hydroxy- 
urea on the incorporation of [*H]uridine into intra- 
cellular pyrimidine nucleotide pools and into DNA 
is depicted in Table 3. Hydroxyurea has little effect 
on[*H uridine incorporation into pyrimidine ribonuc- 
leotide pools and into the deoxycytidine phosphate 
pools while it decreases incorporation into dUMP- 
TMP and into DNA. 

These data have been treated as described for deoxy- 
cytidine and arabinosylcytosine and are depicted 
graphically in Fig. 4b. Hydroxyurea-induced inhibi- 
tion of uridine phosphate reduction and radioactive 
incorporation into DNA are closely correlated while 
this agent has little or no capacity to inhibit cytidine 
phosphate reduction. The effect of hydroxyurea on 
L5178Y cell growth (Fig. 4a) demonstrates that hyd- 
roxyurea-induced inhibition of uridine phosphate 
reduction, radioactive incorporation into DNA and 
inhibition of cell growth all occur over the same hyd- 
roxyurea concentration range. 

A time course of hydroxyurea effect on pyrimidine 
nucleotide reduction and radioactive incorporation 
into DNA is illustrated in Fig. 5. Initially, inhibition 
of uridine nucleotide reduction and inhibition of 
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Fig. 4. Effect of hydroxyurea on intracellular pyrimidine 
nucleotide reduction, radioactive incorporation into DNA 
and LS5178Y cell growth. (a) Effect of hydroxyurea on 
L5178Y cell growth in culture. Cells were incubated in 
increasing hydroxyurea concentrations for 96hr, and the 
effect of hydroxyurea on cell growth was calculated as de- 
scribed in Methods. Each point represents the average of 
two experiments done in duplicate. (b) Effect of hydroxy- 
urea on pyrimidine nucleotide reduction and radioactive 
incorporation into DNA. The data in Table 3 have been 
treated as described in the text and presented graphically. 
Each point represents the arithmetic mean of three exper- 
iments and the brackets indicate the stardard error of the 
mean. 


radioactive incorporation into DNA coincide, and in- 
hibition of radioactive incorporation into DNA only 
exceeds inhibition of uridine nucleotide reduction at 
later time intervals. 
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Fig. 5. Time course of hydroxyurea effect on intracellular 
pyrimidine nucleotide reduction and radioactive incorpor- 
ation into DNA. The 4 x 10° to | x 10’ cells were incu- 
bated at 37° in 2 ml FMS for 0, 10 and 20 min. One 
set of tubes contained 5 x 10~° M hydroxyurea and one 
set contained no drug. The incubation was continued for 
15 more min after the addition of 20 wCi [*H]uridine. The 
incubation was terminated by addition of 10 ml cold FM, 
and radioactive incorporation into pyrimidine nucleotide 
pools and into DNA was determined as described in 
Methods. These incorporation data have been treated as 
described in the text and have been presented graphically 
in this figure. Each point represents the arithmetic mean 
of three experiments and the brackets indicate the standard 

error of the mean. 


DISCUSSION 


Due to the complexity of cellular metabolism, it 
is difficult to draw definite conclusions from the intra- 
cellular effects of deoxycytidine, arabinosylcytosine 
and hydroxyurea described above. However, in addi- 
tion to correlating some of these intracellular effects 
with the toxicity caused by these compounds, the data 
suggest certain interesting possibilities concerning in- 
tracellular nucleotide metabolism which are worthy 
of further investigation. 

The inhibition of intracellular cytidine phosphate 
reduction by deoxycytidine suggests that the ribonuc- 
leoside diphosphate reductase of L5178Y cells, unlike 
that of Novikoff tumor cells [5,8], may be sensitive 
to allosteric inhibition by deoxycytidine triphosphate, 
as was found to be the case in chick brain [13] and 


Table 3. Effect of hydroxyurea on [*H]uridine incorporation into intracellular pyrimidine nucleo- 
tide pools and into DNA* 





Activity 
(cpm/10° cells) 





Hydroxyurea. 


concn CMP UMP 


dUMP-TMP Total CAS DNA 





78,170 
88,000 
87,910 
78,050 


0 14,060 
1x 10°°M 16,050 
22x 10°°M _— 13,730 
5x 10°°M 11,180 


94,000 
105,920 
103,550 

90,450 


5,900 
5,240 
4,340 
2,070 


800 
740 
610 
360 





* The 6 x 10° tot x 10’ L5S178Y cells were incubated for 10 min at 37° in 2 ml FMS contain- 
ing increasing concentrations of hydroxyurea. Twenty Ci of [*H]Juridine was then added and 
the incubation was continued for 15 min. The incubation was terminated by addition of 10 ml 
cold FM, and radioactive incorporation into pyrimidine nucleotide pools and into DNA was 
determined as described in Methods. Each value represents the arithmetic mean of three experi- 


ments. 
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Yaba monkey tumor [14]. Another possible explana- 
tion is that deoxycytidine is metabolized to thymidine 
triphosphate within L5178Y cells and that intracellu- 
lar inhibition of cytidine phosphate reduction is due 
to allosteric inhibition of the reductase enzyme caused 
by intracellular accumulation of thymidine triphos- 
phate. If this were the case, however, intracellular uri- 
dine phosphate reduction would also be inhibited by 
deoxycytidine, since thymidine triphosphate has been 
shown to inhibit both cytidine and uridine diphos- 
phate reduction by ribonucleoside diphosphate reduc- 
tase [5,8]. Thus, our inability to detect significant 
deoxycytidine-induced inhibition of uridine phos- 
phate reduction within L5178Y cells, except at the 
lowest concentration employed, would tend to shed 
doubt on this explanation for deoxycytidine-induced 
inhibition of cytidine phosphate reduction. Kinetic 
studies of L5178Y cell ribonucleoside diphosphate 
reductase are necessary, however, to provide conclu- 
sive evidence that this enzyme is sensitive to allosteric 
inhibition by deoxycytidine triphosphate. 

Arabinosylcytosine appears to have the capacity to 
inhibit the intracellular reduction of cytidine phos- 
phate in LSI78Y cells. Depletion of deoxycytidine 
phosphate pools is implicated in the mechanism of 
arabinosylcytosine toxicity by the close correlation of 
this depletion with inhibition of radioactive incorpor- 
ation into DNA and by the fact that both inhibition 
of cytidine phosphate reduction and incorporation 
into DNA occur over the same arabinosylcytosine 
concentration range at which growth inhibition 
occurs. 

It is possible that arabinosylcytosine inhibits deoxy- 
cytidine phosphate formation indirectly by feedback 
inhibition of ribonucleoside diphosphate reductase 
resulting from elevation of deoxyribonucleotide pools 
due to DNA synthesis inhibition. If this were the case, 
however, inhibition of radioactive incorporation into 
DNA would be initially greater than inhibition of 
radioactive incorporation into deoxyribonucleotide 
pools. Thus, the finding that arabinosylcytosine-in- 
duced inhibition of cytidine nucleotide reduction and 
radioactive incorporation into DNA coincide at early 
time intervals suggests that arabinosylcytosine may 
be acting directly to inhibit cytidine phosphate reduc- 
tion. These time course data do not provide conclu- 
sive evidence, however, because of the necessity of 
employing a 15-min incubation period to detect sig- 
nificant accumulation of radioactivity in the intracel- 
lular deoxyribonucleotide pools; any complex effects 
of arabinosylcytosine during this period would be un- 
detected. An investigation of the ability of phosphory- 
lated derivatives of arabinosylcytosine to affect the 
ability of LS178Y cell homogenates to reduce cytidine 
diphosphate will hopefully provide such conclusive 
evidence. 

The time course of arabinosylcytosine-induced inhi- 
bition of cytidine phosphate reduction and radioac- 
tive incorporation into DNA also reveals that at later 
time intervals the inhibition of radioactive incorpor- 
ation into DNA continues to increase while the inhi- 
bition of cytidine phosphate reduction levels off. This 
suggests that, while at early time intervals inhibition 
of radioactive incorporation into DNA may be a 
function of inhibition of cytidine phosphate reduction, 
at later time intervals arabinosylcytosine-induced in- 


hibition of radioactive incorporation into DNA may 
be independent of inhibition of cytidine phosphate 
reduction. A reasonable explanation for this finding 
is that depletion of deoxycytidine phosphate pools by 
arabinosylcytosine decreases the intracellular con- 
centration of deoxycytidine triphosphate, an anta- 
gonist of arabinosylcytosine, thus allowing arabino- 
sylcytosine to exert its effect at one or more of its 
various proposed sites of action to inhibit DNA syn- 
thesis. Thus, depletion of deoxycytidine phosphate 
pools may play a role in arabinosylcytosine toxicity 
by enhancing the action of arabinosylcytosine at 
other sites within the cell. 

This hypothesis explains the finding that, while ara- 
binosylcytosine initially decreased the intracellular 
deoxycytidine triphosphate pool of mouse embryo 
cells by 50 per cent, this pool gradually returned to 
normal [7]. The initial decrease of deoxycytidine tri- 
phosphate could have been due to a direct effect of 
arabinosylcytosine initially on cytidine phosphate 
reduction. However, when inhibition of DNA syn- 
thesis exceeded inhibition of reduction at later time 
intervals, the deoxycytidine triphosphate pools would 
have gradually increased due to prevention of deoxy- 
cytidine triphosphate incorporation into DNA. 

Hydroxyurea has the capacity to inhibit intracellu- 
lar uridine phosphate reduction and this inhibition 
is closely correlated with inhibition of radioactive in- 
corporation into DNA and inhibition of cell growth. 
The time course data are consistent with the interpre- 
tation that inhibition of dVMP-TMP formation is 
a primary effect of hydroxyurea and is not an indirect 
result of DNA synthesis inhibition. Thus, the inhibi- 
tion of isolated Novikoff tumor ribonucleoside 
diphosphate reductase [8,9], the depletion of purine 
deoxyribonucleoside triphosphate pools in mouse 
embryo cells [7], and the correlation we have found 
between intracellular inhibition of uridine phosphate 
reduction, radioactive incorporation into DNA and 
inhibition of L5178Y cell growth strongly suggest that 
the toxicity caused by hydroxyurea in mammalian 
cells is due at least in part to the intracellular inhibi- 
tion of ribonucleoside diphosphate reductase. 

Our inability to detect significant hydroxyurea-in- 
duced inhibition of intracellular cytidine phosphate 
reduction in L5178Y cells is in agreement with the 
finding that hydroxyurea is without effect on the 
deoxycytidine triphosphate pool of mouse embryo 
cells [7]. However, these results conflict with the find- 
ing that this drug inhibits cytidine diphosphate reduc- 
tion by isolated Novikoff tumor ribonucleoside 
diphosphate reductase [8,9] and with the strong evi- 
dence that hydroxyurea is capable of inhibiting 
ribonucleoside diphosphate reductase within mam- 
malian cells, as described above. 

Since hydroxyurea has been shown to inhibit iso- 
lated soluble mammalian ribonucleoside diphosphate 
reductase by preventing the actual reductive process 
[9], it is difficult to explain why intracellular uridine 
phosphate reduction but not cytidine phosphate 
reduction is inhibited by hydroxyurea unless the pres- 
ence of a cytidine phosphate reductase is postulated 
which is either insensitive to hydroxyurea or is 
sequestered at an intracellular site which is relatively 
inaccessible to this drug. In this case, hydroxyurea- 
induced inhibition of soluble ribonucleoside diphos- 
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phate reductase within L5178Y cells would have little 
effect on deoxycytidine nucleotide levels, since the 
hypothetical cytidine phosphate reductase would con- 
tinue to operate. 

The possibility that more than one reductase is 
present in mammalian cells is supported by the find- 
ing that extracts of regenerating rat liver treated with 
actinomycin D lost the capacity to reduce cytidine 
diphosphate while retaining much of the capacity to 
reduce adenine diphosphate and that, in untreated 
cells, cytidine diphosphate- and adenine diphosphate- 
reducing ability could be separated somewhat during 
the purification of the enzyme [15]. Cytidine diphos- 
pate-reducing activity has also been found associated 
with smooth membrane in Novikoff tumor cells [16] 
and with nuclear and mitochondrial fractions of M1 
sarcoma cells [17], and this enzymatic activity may 
have different allosteric and catalytic properties from 
that found in the cytosol. 


On the other hand, the finding that hydroxyurea 


produced a distinct inhibition of intracellular deoxy- 
cytidine nucleotide formation in human leukemic cells 
[18] suggests that a separate, hydroxyurea-insensitive 
cytidine phosphate reductase does not exist, at least 
in these cells. The hydroxyurea concentration 
employed in this study, however, was 400-fold higher 
than the concentration employed in our investigation, 
and it is possible that this excessive amount may 
affect a cytidine phosphate reductase which is rela- 
tively insensitive to hydroxyurea or which is relatively 
inaccessible to this drug within the cell. 

As a concluding remark, it should be mentioned 
that, due to the intricacy of intracellular nucleotide 
metabolism, our inability to demonstrate hydroxy- 
urea-induced inhibition of intracellular cytidine 
phosphate reduction may be due to a complex effect 
of this drug rather than to the presence of a second 
reductase. Thus, while these intracellular studies sug- 


gest the possibility that such a reductase may be pres- 
ent in L5178Y cells, direct measurement of this 
enzyme activity is necessary to demonstrate conclusi- 
vely the existence of such an enzyme. 
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Abstract—Fragments of human term placenta took up [*H]Jacetylcholine (ACh) into the intracellular 
water fraction against a concentration gradient when incubated in a medium which contained 10 
uM paraoxon as an inhibitor of cholinesterases. Intracellular concentrations rose to levels 3- to 4-fold 
over the concentration in the medium in a time- and temperature-dependent manner. The ACh uptake 
was saturable and followed the Michaelis-Menten equation. It required metabolic energy and was 
markedly reduced by drugs and conditions which decreased cell levels of ATP. Concentrative uptake 
was inhibited by alterations in the ionic environment as introduced by high K*, Li*, Rb” and Cs”. 
Slices from guinea pig placenta reached intracellular concentrations which were only equal to the 
concentration in the incubation medium, suggesting equilibration by diffusion, while rat placenta slices 
concentrated ACh more slowly than human placenta and reached ratios of 2-0. These species variations 
further confirm known differences of the cholinergic system in placenta and stress the need for caution 
in extrapolating findings from the placenta of one species to another. 


Human placenta has been known for a long time to 
contain high concentrations of an acetylcholine 
(ACh)-like material [1,2], although there was no indi- 
cation for any innervation. The tissue levels have been 
reported to be as high as 459 wg ACh chloride (equiv- 
alent to 2500 nmoles)/g of fresh human placenta [1], 
compared with levels of about 25 nmoles/g of rat 
brain [3].More recently, gas-chromatographic analy- 
sis has confirmed the presence of ACh, and the 
amount was stated to be 73 yg/g tissue [4] (based 
on ACh iodide equivalent to 265 nmoles/g). The con- 
centrations of ACh were quite variable depending on 
the length of pregnancy and were much higher in im- 
mature placenta [1,5,6]. Most of the ACh appeared 
to be in a “bound” form [4,7], although no specific 
subcellular site has been identified to date which was 
associated with ACh. Electron micrographs show a 
vast number of vesicles in the syncytio- and cytotro- 
phoblast [8], and by analogy to nervous tissue it 
seems conceivable that some of these structures could 
be storage sites for “bound” ACh. 

It has also been shown that human placenta was 
a rich source of choline acetyltransferase (choline-O- 
acetyltransferase, EC 2.3.1.6, ChAc), the enzyme cata- 
lyzing the biosynthesis of ACh [9-11], which had 
kinetic properties identical to the brain ChAc [12]. 
The tissue also contained acetylcholinesterase (acetyl- 
choline acetylhydrolase, EC 3.1.1.7, AChE) but the 
activity was low [13,14] compared to the strikingly 
high concentrations of ACh and ChAc and was not 
detectable with Koelle’s histochemical method using 
acetylthiocholine [15]. It is noteworthy that high con- 
centrations of ChAc and ACh were unique for human 
placenta and that placentas of common domestic and 
laboratory animals contained little of these two com- 
ponents of the cholinergic system [2,16-18]. Neither 


the significance of the presence of the cholinergic sys- 
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tem nor the meaning of the striking species differences 
is known. 

Although the ACh metabolism of innervated tissue 
has been investigated in many laboratories, little pro- 
gress has been made in understanding the structural 
organization, metabolism and function of ACh in pla- 
centa. In a desire to examine similarities and/or differ- 
ences of the cholinergic system in nervous and non- 
nervous tissue and to obtain more insight into the 
placental handling of ACh, it was of interest to study 
the ability of this organ to take up ACh from the 
surrounding medium or extracellular sites into the in- 
tracellular compartment. Preliminary results of some 
of the findings described in this paper have been 
reported [19,20]. 


METHODS 


Tissue sources. Fresh human placentas derived 
from uncomplicated term pregnancies by vaginal deli- 
very or Caesarean section were obtained from a local 
hospital and transported to the laboratory in an ice 
chest. Guinea pig placentas were taken from guinea 
pigs when they were 50-60 days pregnant, and rat 
placentas were obtained from Sprague-Dawley rats 
close to term. 

Tissue preparation. For human placenta, a method 
which recommended free-hand dissected villous tissue 
fragments was adopted [21]. This procedure allowed 
the required number of fragments to be cut at random 
from the exposed villous tissue after slicing the pla- 
denta disk at about one-third of its total thickness 
parallel to the decidua basalis. The tissue pieces (4- 
to 6-mm) were collected in ice-cold Krebs-Henseleit 
medium (KHM) of pH 7-4 which was continuously 
gassed with 5°, CO, in oxygen. This solution will 
also be referred to as the “standard medium” and 
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had the following composition in mM: NaCl, 118; 
KCl, 48; KH,PO,4, 1; CaCl,, 2:5; MgSo,, 1:2; 
NaHCO,,. 27:2 and glucose 11-1. The solution con- 
tained 10 uM paraoxon (American Cyanamid, Prince- 
ton, N.J.) to inhibit enzymatic breakdown of ACh 
by AChE. The fragments were repeatedly washed with 
KHM until the wash fluid no longer appeared blood 
stained. At this point, one could easily eliminate con- 
nective and vascular tissue and thus use a more 
homogeneous villous material preparation than slices 
could provide. 

In some experiments, it was necessary to modify 
the standard medium. A medium buffered with 50 
mM Tris-HCI proved unsuitable for the experiments 
because it resulted in low uptake rates compared to 
KHM and other buffered media. However, a phos- 
phate-buffered solution (20 mM of either Na or K 
secondary phosphate adjusted to pH 7-4 with | N 
HC}l) was suitable and was used in those experiments 
where either Na* or K~ concentrations were modi- 
fied. 

When the Na* concentration was modified, sucrose 
was used in equivalent amounts to maintain isosmo- 
larity. When K* was raised above the standard 
medium concentration, Na* was reduced by a corre- 
sponding amount. In K~-free medium, NaH,PO, 
was used instead of KH,PO,. Guinea pig and rat 
placentas were sliced with a Stadie-Riggs microtome 
because their composition was much more homo- 
geneous than that of human placenta. 

Incubation medium. Because of the sponge-like 
nature of the placental tissue and the variability of 
tissue water distribution and morphological appear- 
ance from placenta to placenta, it was essential to 
measure the extracellular water (ECW) space in every 
experiment and deduct its size from any uptake values 
obtained. Therefore. inulin (carboxyl-'*C) (Mallinck- 
rodt, St. Louis, Mo., sp. act. 1-71 mCi/g) was added 
to standard and modified media in a concentration 
of 25 nCi/ml. 

The ['*C]inulin-containing solution was used to 
dissolve the carrier ACh (ACh iodide, Sigma Chemi- 
cal Co., St. Louis, Mo.), to which in most of the 
experiments acetyl (N-methyl-[*H])choline chloride 
(Amersham-Searle, Arlington Heights, Ill.; sp. act. 
250mCi/m-mole) and in some experiments acetyl-[*°H ]- 
choline iodide (New England Nuclear, Boston, Mass.:; 
sp. act. 49-5 mCi/m-mole) was added to provide 50 
nCi/ml of medium. 

Incubation of tissue. Quadruplicate samples, each 
containing six fragments taken at random from the 
pooled tissue and comprising 75-100 mg, were incu- 
bated in a final volume of 5 ml KHM in 25-ml Erlen- 
meyer flasks. The room atmosphere was displaced 
with a stream of 5%, CO, in oxygen, and the flasks 
were immediately sealed with silicone rubber stop- 
pers. They were then incubated in a gyratory water- 
bath shaker at 37° (New Brunswick Scientific, New 
Brunswick, N. J.). The pH at the end of the exper- 
iment was 7:45 to 7-49. In experiments with guinea 
pig and rat placentas slices comparable in weight to 
the fragments were used under identical conditions. 
All tissues except rat placenta were subjected to a 
pressure-blotting procedure which employed accu- 
rately controlled pressure to selectively reduce ECW 
and relatively increase intracellular water (ICW). The 


pressure exerted has previously been evaluated in 
relation to intracellular osmotic pressure and was less 
than 2 per cent of that value [21]. All six fragments 
of one experimental flask were then transferred to a 
tared glass vial and their wet weight was determined. 
After lyophilization overnight, the dry weight was 
determined which allowed the calculation of the tissue 
water (TW) content. 

Measurement of radioactivity. The dry tissue was 
homogenized in a total volume of 2 ml of 5° trichloro- 
acetic acid (TCA) by means of a motor-driven Teflon 
pestle in a glass homogenizer (Tri-R Instruments, 
Rockville, N. Y.). The homogenate was left at room 
temperature for at least | hr. After centrifugation, an 
aliquot of 0-5 ml of the supernatant was transferred 
into counting vials and 10 ml of a dioxane based 
counting solution was added [22]. Radioactivity was 
measured in a model 3380 liquid scintillation 
spectrometer equipped with a model 544 absolute 
activity analyzer for automatic external standardiza- 
tion (Packard Instruments, Downers Grove, III.). 

Data calculation. Percentages of TW, ECW as mea- 
sured by ['*C]inulin space, ICW and the con- 
centrations of [7H]ACh in ICW in relation to 7H-ACh 
in the medium (ratio C;:C,) were calculated using 
the formulas described [21]. All required calculations 
were performed with a computer program prepared 
for a CDC central computer. Statistical evaluations 
were done with Student’s t-test and by completely 
randomized analysis of variance, for which the confi- 
dence limit was set at 0-05. Unless otherwise indi- 
cated, all data shown represent the mean value + one 
standard error of eight or more determinations from 
two or more placentas. 


RESULTS 


Stability of ACh. It was important to establish that 
intracellular radioactivity was present as ACh under 
the experimental conditions because N-methyl-[*H]- 
choline generated by enzymatic or spontaneous hy- 
drolysis might be incorporated into various metabo- 
lites and cellular components. This could lead to an 
uptake suggesting concentrating ability of the tissue 
but actually representing metabolic conversion [23]. 
Three methods were used to establish the stability 
of ACh and the presence of radioactivity as ACh in 
ICW under the experimental conditions: 

(1) Homogenate of thoroughly washed placenta 
fragments was incubated with [1-'*C]ACh and [1-'*C]- 
acetyl-f-methylcholine in the presence of various con- 
centrations of paraoxon ranging from 0-1 to 10 uM. 
The hydrolysis of these choline esters was examined 
with a radiometric method [24] and was found to 
be reliably and completely inhibited by 5 and 10 uM 
paraoxon. 

(2) After incubation in ['*C]inulin-free standard 
medium for 2 and 4 hr, tissue fragments were lyophi- 
lized as usual and extracted with acetonitrile contain- 
ing 2°, TCA [25]. The purified aqueous extract was 
lyophilized and subsequently dissolved in a small 
volume and quantitatively spotted for high voltage 
paper electrophoresis. Authentic choline and ACh (30 
ug of their iodide salts) either alone or in combination 
with their isotopic variants (acetyl-[*H]choline and 
methyl-['*C]choline, which were also used alone) were 
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separated on adjacent tracks of the same electrophero- 
gram (CAMAG HVE System, Camag, New Berlin, 
Wis.; Whatman 3 MM paper 19 x 40cm, 100 V/cm for 
25 min in buffer pH 2-0 [26]). The paper was exposed 
to iodine vapor, staining the 30 yg containing authen- 
tic standards, which appeared well separated (2:5 to 
3-cm distance between upper staining limit of authen- 
tic ACh and lower staining extension of choline). Sub- 
sequently |-cm paper sections deriving from the strips 
with tissue extracts and from the authentic radio- 
labeled reference compounds were examined for 
radioactivity by liquid scintillation spectrometry. 
Authentic radiolabeled ['*C]choline overlapped by 
about 3-5 per cent into the [*H]ACh despite the good 
separation suggested by iodine vapor staining. This 
lack of complete separation has been described re- 
peatedly by many laboratories. On the paper strips 
derived from tissue extracts of placenta fragments in- 
cubated with methyl-[7H]ACh under standard condi- 
tions, radioactivity was found only in the region 
which corresponded to the electrophoretic mobility 
of authentic acetyl-[*H]JACh. 

(3) In some experiments, fragments were incubated 
with acetyl-[*H]choline and analyzed by the usual 
procedure. The uptake ratios obtained were some- 
what lower (20 per cent) than those obtained with 
methyl-[*H]choline, but they confirmed that concen- 
trative uptake of radiolabeled ACh was occurring re- 
gardless of which part of the molecule was labeled. 

Time course of uptake of [7H]ACh into ICW. When 
5 x 10°-* M ACh was present in KHM, radioactivity 
was taken up into ICW in a time-dependent manner. 
This concentration of ACh was lower than the tissue 
concentration. If the value of 250 nmoles ACh/g of 
fresh tissue [4] was used to estimate cellular ACh 
concentrations, a value of 250 uM resulted. Such an 


Ratio C\/C, 








= 
360 


1 ! ! i 
120 180 240 300 





Incubation time, min 


Fig. 1. Time course of uptake of [*H]ACh into human pla- 


centa fragments. Fragments were incubated at 0-2 
(@——@) and 37° (0———-() in standard medium contain- 
ing 50uM [*H]ACh for the time periods indicated. 
Ordinate: corrected concentration ratios (dis./min/ml of in- 
tracellular water : dis./min/ml of medium, ['*C]inulin extra- 
cellular water space deducted). The third curve (O——O) 
shows the net concentration ratios calculated by deducting 
the ratios obtained at 0° from those obtained at 37 


assumption is probably incorrect because it would be 
based on an even distribution of ACh. The results 
on the size of the ICW compartment, in agreement 
with other values reported [21,27], indicated 20-45 
per cent of the total tissue wet weight. If ACh was 
restricted to this space only, ICW concentrations 
would be in the range of 550-1250 uM because most 
of the ester seems to be in an intracellular “bound” 
form [4,7]. Therefore, uptake at 5x 10°° M 
occurred against a concentration gradient, and this 
concentration was used routinely in subsequent 
studies. In typical experiments, the ratio of the con- 
centration of radioactivity per ml ICW (C;) over the 
concentration per ml KHM (C,) at 37° reached 1-2 
after 30 min, 1-9 after 60 min. 2-4 at 120 min and 
3-7 at 240 min and did not increase any further there- 
after (Fig. 1). Movement of [7H]ACh into the ICW 
compartment at 0° was markedly lower; it reached 
a ratio of 0-7 after 240 min and remained at this level 
(Fig. 1). In studies of choline uptake into synapto- 
somes, incubation at 0° has been used to estimate 
the contribution of non-saturable diffusion to the 
total uptake [28]. Therefore, the ratios obtained at 
37° were corrected by deducting the values obtained 
at O° in all future experiments (net concentration 
ratios). Other investigators who studied ACh uptake 
into brain slices used the concentration ratios 
obtained at high outside ACh levels to correct for 
diffusion [29]. There was no significant difference 
between the two methods in our experiments once 
the ACh concentration in KHM was at least 100 mM 

Some recent experiments in embryonic and deve- 
loping tissues have resulted in a striking enhancement 
of the uptake of several amino acids by simply prein- 
cubating the tissue for several hours in a balanced 
medium [21,30]. It was of interest to examine whether 
this phenomenon would also occur when ACh was 
to be transported. However, although stimulation of 
amino acid uptake by preincubation in KHM to 
levels comparable to those reported could be easily 
obtained, no such effect on ACh uptake was observed. 

Effects of ACh concentration. The accumulation of 
[*HJACh by fragments of human placenta occurred 
over a wide range of concentrations. The con- 
centration ratios obtained at either 0° or 37° were 
almost identical for a given temperature regardless 
of whether ACh in KHM was 50 nM or 0:5 mM. 
Since the sp. act. of [7H]ACh increased proportionally 
as the concentration of carrier ACh decreased while 
the amount of [7H]JACh per unit volume was kept 
constant at all concentrations (50 nCi/ml of KHM), 
approximately equal ratios meant that ever increasing 
amounts of ACh were moving into ICW as the ACh 
concentration in KHM was raised. There was indeed 
linear uptake over a wide concentration range but 
eventually the curve fell off when ACh was higher 
than 10 mM (Fig. 2A), revealing a typical slope in- 
dicative of a saturable and a non-saturable com- 
ponent. If the data obtained after 120 min of incuba- 
tion during the linear phase of [*H]ACh accumulation 
were plotted according to Schuberth and Sundvall 
[29], a straight line resulted when the reciprocal of 
the ratio of the active uptake component (R,) times 
outside concentration (C.,,) was plotted against the 
reciprocal of C.., (Fig. 2B). This indicated that the 
ACh uptake followed kinetics predicted by the 
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Fig. 2. Effects of ACh concentration on uptake of [7HJACh 
into human placenta fragments. Fragments were incubated 
with [7HJACh concentrations ranging from | to 80mM. 
(A) Ordinate is the uptake expressed in nmoles/ml of intra- 
cellular water x min | based on specific activity of [*H]- 
ACh and calculated from ratios corrected for extracellular 
water. Dashed line ( ) indicates contribution of non- 
saturable diffusion estimated from slope resulting from 
ACh concentrations higher than 40 mM and by extending 
the line to intersect with the ordinate. Total uptake 
8 @) and saturable uptake (O ©) corrected for the 
contribution of non-saturable diffusion by deduction of 
values depicted in lower dashed line. (B) Same data ana- 
lyzed according to Schuberth and Sundvall [29] by plot- 
ting the reciprocal of the active component of the con- 


centration ratio (R,) multiplied by the concentration of 


ACh in the incubation medium (C,,,) against the reciprocal 


of C.,,. The straight line indicated compliance with the 
Michaelis-Menten equation. 


Michaelis-Menten equation with an apparent K,,, ( x 

10-7 M) of 1-49 + 0:35 (mean + S. D.. n = 3) and 

Via, Of 280 + 68 nmoles/ml of ICW x min™! 
Effects of temperature. The concentrative uptake of 
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Fig. 3. Effects of temperature variation on uptake of [*H]- 

ACh into human placenta fragments. Fragments were incu- 

bated with 50 uM [*H]ACh at 17 (@ @), 27 (OC) 

and 37 (A A) for the time periods indicated. Ordinate: 
net concentration ratios (see Fig. 1). 


ACh into ICW showed a marked temperature depen- 
dence. When the incubation temperature was raised 
from 17 to 27° and further to 37°, the amount of 


[*H]JACh taken up just about doubled at each time 
interval examined (Fig. 3). At 0° the ICW radioacti- 


vity of ACh did not equilibrate with the KHM 
radioactivity. The ratio reached values of 0:5 to 0-7 
dependent on the concentration of ACh and remained 
at this level during incubations of up to 6-hr duration 
(Fig. 1). 

Effects of oxygen deprivation. The uptake of ACh 
against a concentration gradient was markedly 
reduced by lack of oxygen (Fig. 4). Strict anaerobic 
conditions had to be maintained, however, in order 


120 
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Fig. 4. Effects of oxygen deprivation on uptake of [7H]ACh 
into human placenta fragments. Fragments were incubated 
with 50 u.M *H-ACh in standard medium gassed with 5°, 
CO, in oxygen (A A) or 5% CO, in nitrogen 
(e @). Ordinate: net concentration ratios (see Fig. 1). 
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to observe this effect. If the fragments were collected 
in KHM saturated with 5%, CO, in oxygen and were 
subsequently transferred to Erlenmeyer flasks, which 
were only charged with N, at the beginning of the 
incubation period, no reduction of the ratio C;/C, was 
observed. Instead, higher values than in oxygenated 
controls resulted on several occasions. On the other 
hand, if the fragments were collected in KHM gassed 
with 5°, CO, in nitrogen and always kept in solutions 
which were also saturated with this gas mixture, the 
concentration ratios reached about the same values 
as the O, controls after 30 and 60 min, but then 
the uptake ceased. The ICW concentration did not 
increase any further after incubation periods of 120 
and 240 min, at which times it reached 58 and 48 
per cent respectively, of the CO,/oxygen-gassed flasks 
(Fig. 4). 

Effects of glucose. Complete omission of glucose 
had no effect on the concentration ratios obtained 
at any of the time intervals examined (Fig. 5). How- 
ever, if glucose was replaced by an equimolar con- 
centration of 2-deoxyglucose, ACh uptake began 
to fall off after 120 min and was reduced to 50 per 
cent of glucose-containing controls after 240 min. 

Effects of drugs which disrupt electron transport and 
or uncouple oxidative phosphorylation. The presence 
of sodium cyanide (NaCN, 5 x 10°23 M and 1 x 
10-3 M) resulted in a profound decrease of the 
uptake of [*H]ACh as reflected by concentration ratios 
which were much lower after 4 hr than those of con- 
trols (Table 1). The drugs were added 15 min prior 
to ACh. An examination of the time course of the 
uptake inhibition revealed that NaCN produced a 40 
per cent reduction within the first 30 min and that 
the inhibition progressively increased (values not 
shown). 2.4-Dinitrophenol (DNP, | x 10°? M, | x 
10°* M, 2 x 10°* M) had no effect after 30 min, 
but it reduced the concentration ratios at every time 
interval thereafter. The degree of inhibition by DNP 
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Fig. 5. Effects of 2-deoxyglucose on uptake of [7HJACh 
into human placenta fragments. Fragments were incubated 
in standard medium containing glucose (0 O), no glu- 
cose ( ®) or equimolar amounts of 2-deoxyglucose 
(O--—-—O). Ordinate: net concentration ratios (see Fig. 1). 


Table 1. Effects of NaCN and 2,4-dinitrophenol on ACh 
uptake by human placenta fragments* 





Molar concentration 


De Sl xO? tx wt ix! Pee 





NaCN 29 32 
DNP 37 75 





*Placenta fragments were incubated in standard 
medium in the presence of NaCN and DNP in the con- 
centrations specified. Values are expressed as per cent of 
the net concentration ratios (dis./min/ml of intracellular 
water: dis./min/ml of medium, corrected for 0° diffusion 
and extracellular water) obtained from control fragments 
after 4 hr of incubation. 


Table 2. Effects of ouabain on ACh uptake by human pla- 
centa fragments* 





QOuabain 
concn (M) 30 60 


Incubation time (min) 
120 





1x 107? 
ix 1¢°-* 3 if 47 
25 x 1075 61 





*Placenta fragments were incubated in standard 
medium in the presence of ouabain for the time period 
and in the concentration indicated. Values are expressed 
as per cent of the net concentration ratios (dis./min/ml 
of intracellular water: dis./min/ml of medium, corrected 
for diffusion and extracellular water) obtained from control 
fragments. 


was related to the concentration of this drug (Table 
1). Inhibition of uptake was still significant at 2 x 
10°° M DNP. 

Effects of ouabain on ACh uptake. Ouabain in con- 
centrations of | mM, 0-1 mM and 25 uM reduced 
the concentration ratios obtained to 35-60 per cent 
of the control values, and the drug’s effects were well 
established within 30 min (Table 2). This observation 
implied that Mg**-dependent Na* and K ~* activated 
ouabain-sensitive adenosine triphosphatase (ATP 
phosphohydrolase, EC 3.6.1.3, ATPase), which has 
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Fig. 6. Effects of variation of K* concentration on uptake 

of [7H]JACh into human placenta fragments. Fragments 

were incubated in modified medium containing the KCl 

concentrations indicated. Ordinate: net concentration 
ratios after 4 hr (see Fig. 1). 
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Fig. 7. Effects of Li, Rb” and Cs” ions on uptake of 
[*H]ACh into human placenta fragments. Fragments were 
incubated in modified medium in which NaCl was replaced 
by equimolar concentrations of the ion under investigation. 
Left ordinate: net concentration ratios fsee Fig. 1). Right 
ordinate: net concentration ratio expressed in terms of per 
cent of NaCl controls. (A) 2-hr incubation. (B) 4-hr incuba- 
tion. Key: * P < 0-001: and ** P < 0-005. 


been identified in human term placenta [31]. exerted 
some influence on the ACh uptake. 

Effects of altgrations in the ionic environment. Grad- 
ual or complete removal of Na*~ and replacement 
by an isosmotic amount of sucrose had no significant 
effect on concentrative uptake of ACh. Variation of 
the calcium or magnesium concentration between 0 
and 8 mM likewise was without effect on the con- 
centration ratios. Maximal accumulation of [*HJACh 
in ICW occurred in potassium-free medium (Fig. 6). 
When KCl was gradually raised while NaCl was 
simultaneously reduced by an equimolar amount to 
maintain isosmolarity, similar concentration ratios 
were obtained with 2:5, 5, 7-5 and 10 mM KCI in 
the modified KHM. However, once KCl reached 25 
mM a significant reduction of the uptake occurred, 
which was even more obvious when the K~ con- 
centration was increased to 100 mM. Several other 
members of the alkali-metal group affected ACh 
uptake (Fig. 7A and 7B). When the NaCl in KHM 
was completely replaced by an equimolar con- 
centration of lithium (LiCl), which in some respects 
closely resembles Na* [32], the concentrative uptake 
of [7H]JACh was significantly depressed. This was wit- 
nessed by concentration ratios which were reduced 
by 37 per cent after 2 hr and 34 per cent after 4 
hr. Rubidium (Rb~) closely resembles K* in some 
of its biologic characteristics [32] and caused effects 
quite similar to those described for high con- 
centrations of K*. Replacement of NaCl by 118 mM 
RbCI resulted in a drastic loss of ACh-concentrating 
ability. After 2 hr, uptake was reduced by 73 per cent 
compared to control values and by 62 per cent after 
4 hr. The presence of an equimolar conceniration of 








180 
Time, min 
Fig. 8. Time course of uptake of [7H]ACh into slices from 
guinea pig placenta. Slices were incubated with 0-5 uM 
3H-ACh in standard medium at 0-2° (@-—--—@) and 37 
(O ©). Ordinate: concentration ratio corrected for '*C- 
inulin extracellular space. 


cesium (CsCl) in KHM instead of NaCl led to a 
reduction of the concentration ratios which was inter- 
mediate in its severity between Li* and Rb”. The 
inhibition amounted to 44 per cent after 2 hr and 
54 per cent after 4 hr. 

Species variability of ACh uptake by placenta. Since 
common laboratory and domestic animals contained 
ACh in much lower concentrations [2,5,16—18], it was 
of interest to examine the ability of two other hemo- 
chorial placentas from guinea pig and rat to take up 
ACh against a concentration gradient. Because of the 
much lower endogenous ACh levels, the con- 
centrations of ACh in the incubation medium were 
reduced to 50 and 500 nM. No concentrative uptake 
was detectable in guinea pig placentas (Fig. 8). Slices 
incubated at 0-2’ reached ECW corrected con- 
centration ratios of 0-5 to 0-6 after 120 min, which 
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Fig. 9. Time course of uptake of [*HJACh into slices from 


rat placenta. Slices were incubated at 0-2 (A A) and 

37° (a @) with 0-5 uM *H-ACh in standard medium 

for the time periods indicated. Net concentration ratios 
@ @). For further details see Fig. 1. 
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remained constant thereafter. At 37 slow equi- 
libration of the concentrations in ICW and in the 
incubation medium occurred. The concentration ratio 
reached 1-0 within about 180 min and did not in- 
crease any further. Rat placenta slices, on the other 
hand, showed a modest concentrating ability com- 
pared to human placenta (Fig. 9). At 0-2° the ECW 
corrected concentration ratio reached 0:5 to 06, 
which was very similar to both other species. How- 
ever, at 37° uptake of [*H]ACh occurred which led 
to a net concentration ratio of 2:0 within 240 min. 


DISCUSSION 

The observations concerning the uptake of ACh in 
three different species revealed striking variations 
between the placentas of man and rat on the one 
hand and guinea pig on the other hand. The results 
obtained with human term placenta suggested that 
this tissue had the capability to take up ACh into 
ICW against a concentration gradient. Placentas from 
guinea pigs lacked the ability to accumulate [*H]ACh 
intracellularly beyond the point of equilibration with 
the surrounding medium, while rat placenta slices 
showed a modest uptake only. 

The uptake by human placentas had at least two 
components. One was the movement of ACh, which 
occurred at 0°, reached a concentration ratio of about 
0-6 to 0-7 and was attributed to diffusion only. The 
other component exhibited a marked temperature 
dependence with a Q,, of 2:0 and reached a diffusion 
and inulin space-corrected intracellular net con- 
centration higher than that in the medium within 30 
60 min. 

As a third potential component, the process of 
exchange diffusion against an existing concentration 
gradient must be considered. By this process radioac- 
tive ACh would exchange with ACh from the tissue. 
Radio labeled ACh would thus appear intracellularly 
without really increasing the total ICW ACh con- 
centration, while nonlabeled endogenous ACh dif- 
fused out of the cell. This event would be the more 
significant the lower the concentration of ACh in the 
medium was, i.e. when the sp. act. of [7HJACh was 
high. Under those circumstances the exchange diffu- 
sion of a small quantity of ACh would lead to an 
exchange influx of an equally small amount of radio- 
labeled ACh. Because of its high sp. act. this [*H]ACh 
movement would bring about the transfer of a rela- 
tively large amount of radioactivity into ICW. Thus, 
radioactivity in ICW could become higher than in 
the surrounding medium, suggesting active transport 
against a concentration gradient. The contribution of 
exchange diffusion to the total ACh uptake in brain 
slices at concentrations of 10 or 80 nM was assumed 
to be significant and resulted in tissue : medium ratios 
‘ of 15-20 [33]. The likelihood of a marked contribu- 
“tion of ACh diffusion in human placenta seemed to 
be ruled out by the observation that there was not 
much difference in the concentration ratios obtained 
when ACh in the medium was varied between 50 nM 
and 500 uM. Also, concentrative uptake of 50 nM 
[*H]JACh was observed in human and rat placentas 
while the concentration ratios in guinea pig placentas 
consistently remained at or below 1-0, indicating slow 


equilibration by diffusion. If exchange diffusion was 
an important factor in explaining what appeared to 
be a time- and temperature-dependent concentrative 
[°H]JACh uptake into ICW, it would also be expected 
to occur in placentas of other species when the out- 
side concentration was as low as 50 nM. Morphologi- 
cal differences among the placentas of the three spe- 
cies examined, which would allow exchange diffusion 
of the charged ACh molecule only in human and rat 
placentas, seemed unlikely because all species exam- 
ined have placentas of the hemochorial type and con- 
tain similar cellular elements [8]. 

The uptake of [7H]ACh by human placenta had 
some properties which were similar to the fate of exo- 
genous ACh in nervous tissue under similar exper- 
imental conditions [29,33-35]. The concentrative 
uptake showed characteristics which are generally 
attributed to active transport and which were ref- 
lected by intracellular concentrations three to four 
times higher than those in the medium and by the 
energy requirements to achieve such coneentrations. 
Continuous functioning of the concentrative ability 
for several hours was clearly dependent on cell metabo- 
lism and synthesis of ATP. This conclusion was vindi- 
cated by the following experimental effects on ACh 
transport. It was decreased by the presence of NaCN, 
a nonspecific inhibitor of electron transfer through 
heme proteins to oxygen, which is a powerful depres- 
sor of cell ATP [36]. Concentrative uptake was mark- 
edly depressed by DNP, which uncouples oxidative 
phosphorylation by inhibition of electron transport 
in mitochondria and thus depletes cell ATP [37]. 
When K* concentrations of modified media were 
high, which has been observed to cause a fall of the 
intracellular levels of ATP [38], uptake was markedly 
reduced. Similar effects were observed during ACh 
and carbachol uptake experiments in mouse and rat 
brain cortex slices [29,33,35,39]. 

Although complete omission of glucose did not 
have any significant effect on the concentration ratios 
obtained, the presence of an equimolar amount of 
2-deoxyglucose led to a marked reduction of uptake. 
It appeared as if the placenta used a stored source 
of metabolic energy, such as glycogen, which was 
broken down and supplied the glucose to maintain 
ATP levels despite lack of exogenous glucose in the 
medium. Therefore, ACh accumulation was not im- 
paired. However, if 2-deoxyglucose was present, this 
compound probably competed with the endogenously 
created glucose for phosphorylation by hexokinase, 
thus leading to a depletion of ATP. This, in turn, 
brought about a decrease of the ACh uptake as wit- 
nessed by the reduced concentration ratios. The delay 
of about 2 hr until the onset of a decline in ACh 
accumulation in the 2-deoxyglucose-containing sam- 
ples may have its explanation in the extraordinary 
ability of the placenta to function under conditions 
which in other tissues rapidly reduce energy produc- 
tion, such as DNP or hypoxia. It has been shown 
that human term placenta contained large stores of 
glycogen which could be mobilized by glycogen phos- 
phorylase during experimental hypoxia or other treat- 
ments which decreased intracellular ATP levels 
[40,41]. The results concerning ACh uptake suggested 
that endogenous glycogen did supply glucose as a 
source of energy for active transport. Under aerobic 
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conditions enough glucose was generated in glucose- 
free medium to leave ACh transport unimpaired 
throughout the period of observation. Glycogen phos- 
phorylase probably also provided glucose under 
strictly anaerobic conditions, thus still allowing con- 
centration ratios greater than unity. This interpre- 
tation of our data was supported by a recent report 
which described how human term placenta took up 
['*C]x-aminoisobutyric acid actively while incubated 
anaerobically or in the presence of DNP. It was 
shown that the required energy derived from glycogen 
mobilization [37]. 

The highest concentration ratios were obtained in 
K *-free medium. This observation agreed with the 
results of Polak [35] obtained during experiments on 
ACh uptake by rat brain slices, but it did not match 
the findings of Liang and Quastel [33]. When brain 
slices were incubated in a medium containing high 
concentrations of K* they were found to lose their 
ability to accumulate carbachol. This was believed to 
be due to the elimination of the resting membrane 
potential resulting from depolarization by high K~* 
thus abolishing the electrochemical gradient which 
provided the driving force for the passive accumu- 
lation of the cationic carbachol [39]. The cationic 
nature of ACh did not seem to be responsible for 
its accumulation by human placenta, because the 
presence of an equimolar concentration or a 10-fold 
molar excess of the quaternary compound tetrameth- 
ylammonium did not alter the concentration ratios. 

The inhibitory effect of ouabain is probably not 
related to the inhibition of Na“, K*-ATPase by this 
drug, because in that case one would expect removal 
of Na* to influence ACh accumulation. It appears 
more likely that the decrease is due to an inhibition 
of giycolysis, which seems to be an important path- 
way for the generation of metabolic energy and ATP 
in human placenta. In human erythrocytes, which 
depend almost exclusively on glycolysis as an energy 
source, ouabain decreases adenosine diphosphate 
(ADP) formation by inhibition of Na*, K*-ATPase. 
The ADP is rate limiting for phosphoglycerate kinase 
and subsequent ATP production. This enzyme has 
been shown to be an important control point linking 
cation transport and glycolysis [42]. 

The functional significance of the concentrative 
uptake of ACh in placenta is as unexplained as 
that observed in brain slices, where ACh appeared 
to be transported by the same uptake system as cho- 
line. Either compound competitively inhibited the 
uptake of the other [43]. It was speculated that the 
active uptake of ACh by brain slices in the presence 
of a cholinesterase inhibitor may indicate the presence 
of an emergency system with the ability to free the 
cholinergic receptor from ACh when AChE is inhi- 
bited [43]. The radioactive ACh taken up by prep- 
arations in vitro was diffusely distributed all over the 
nerve cells [35]. 

The subcellular localization of the large con- 
centrations of ACh in human placenta is not well 
characterized, and the evidence supporting _ its 
“bound” nature only indirect [4]. In view of the low 
AChE activity of placenta homogenates [13,14] and 





* Frank Welsch, unpublished observations. 
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the lack of histochemically demonstrable hydrolysis 
of acetylthiocholine in the placental trophoblast cells 
[15], it is tempting to suggest that ACh uptake 
demonstrated in the placenta fragments might play 
a role in the transport of previously released ACh 
back into the ICW compartment or the suspected tis- 
sue storage site which encloses “bound” ACh. 
Attempts in our laboratory to isolate subcellular 
organelles containing “bound” ACh by differential 
centrifugation have not been successful so far. The 
acid extraction used in the present analyses would 
reveal the total radioactive ACh in ICW. Based on 
our current knowledge of “bound” ACh in human 
placenta it cannot be decided whether the cell plasma 
membrane or a storage vesicle membrane—if it exis- 
ted—was the rate-limiting step in the observed ACh 
uptake. 

The species differences in the ability to take up 

ACh reflected further the known differences of the 
placental ACh system. Guinea pig* and rat placentat 
contained little ACh compared to the striking con- 
centrations in man. Although the significance of these 
differences is still unknown, the current results under- 
line the care necessary when extrapolating exper- 
imental! findings which involve the cholinergic system 
of the placenta. 
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SHORT COMMUNICATIONS 


Characteristics of tyrosine hydroxylation 
in isolated nerve endings* 


(Received 19 March 1975; accepted 28 May 1975) 


We developed [1] and have been using [2, 3] a very simple, 
sensitive and rapid semi-micro method to measure the syn- 
thesis of catechols in isolated nerve endings prepared from 
rat brain, which utilizes the rate-limiting endogenous tyro- 
sine hydroxylase and abundant dopa-decarboxylase ac- 
tivity and only endogenous pteridine cofactors to follow 
the rate of production of '*CO, from ['*C]dopa newly 
formed from L-[1-'*C]tyrosine. We now report that this 
method, in addition to its simplicity, advantageously re- 
flects characteristics of tyrosine hydroxylase that are seen 
with the purified enzyme only in the presence of biopterin, 
which is presumably similar or identical to its natural pter- 
idine cofactor [4]. Thus, we have found that tyrosine hy- 
droxylation, as evaluated in synaptosomes by the '*CO, 
assay, has several characteristics that probably reflect 
physiologically important attributes of catecholamine syn- 
thesis, including stereoselectivity, acceptance of phenyl- 
alanine as substrate, low K,, for substrate, nearly neutral 
pH optimum, inhibition by low concentrations of catechols 
and some degree of substrate inhibition, as well as loss 
of the activity after selective destruction of catecholamine 
nerve endings. 





* Supported in part by U.S. Public Health Service Grant 
(NIMH) MH-16674 and Fonds zur Forderung der wissen- 
schaftlichen Forschung in Osterreich Projekt 1606. Dr. Bal- 
dessarini is a recipient of a U.S. Public Health Service 
(NIMH) Research Scientist Development Award 
MH-74370. 


Validity of our '*CO,-trapping assay of tyrosine hy- 
droxylation by rat brain synaptosomes, the methods for 
which have been reported in detail elsewhere [1-3]. was 
supported by comparison with three other independent 
methods of assay. In one, ['*C]dopa was formed in the 
presence of a decarboxylase inhibitor (NSD-1055) from 
L-[U-!*C]tyrosine (New England Nuclear), recovered by 
alumina column chromatography and counted [1,3]: in 
other assays, *H-catechols were similarly recovered after 
incubating with L-[3, 5-*H]tyrosine (New England Nuc- 
lear), or else [*H]water was recovered [5]. The mean 
agreement (+S.E.M.) with the '*CO, assay for the three 
other methods (activity as pmoles/min/mg of protein) was: 
105 + 1:5, 90 + 0:5 and 94 + 0-7 per cent of the activity 
estimated by '*CO, trapping, respectively (N = four to six 
assays). A comparison of all four methods demonstrated 
similar results at 2, 10 or 204M tyrosine in striatal as 
well as brainstem-diencephalic synaptosomes. 

Production of '*CO, from L-[1-'*C]tyrosine was tem- 
perature-dependent, stereospecific (Table 1), optimal at pH 
6:7, and saturable at about 204M _ substrate (apparent 
K,, = 35 + 08 uM, in good agreement with other assays 
[4, 6, 7]), although at higher substrate concentrations there 
was evidence of inhibition by tyrosine (Table 1), including 
upward deviation of the double reciprocal plot of (velo- 
city)” ' vs [substrate]~' at concentrations above 20 uM; 
this phenomenon was reported previously for purified tyro- 
sine hydroxylase only in the presence of biopterin [4]. The 
activity was also strongly inhibited by isosmotic hydraulic 


Table 1. Conditions which inhibit synaptosomal tyrosine hydroxylase activity* 





Condition 
(N = 4-9) 


Per cent of control activity + S. E. M. 





Control 
4 
Broken synaptosomes 
p-[1-!*C]tyrosine as substrate 
3-Iodotyrosine (5 4M) 
(50 uM) 
Dopamine (0-1 uM) 
(1-0 uM) 
Apomorphine (0-1 «M) 
(1-0 uM) 
(10:0 uM) 
Tyrosine (50 4M) 
(100 uM) 
(250 uM) 
DMPH, (1 mM) 
DMPH, + CH,CH,SH (25 mM) 
DMPH, + CH,CH,SH + Fe** (2mM) 


100 + 1:8 
<1+4107 
4+ 06+ 
<1+4107 
30 + 5-0F 
<1+20+ 
60 + 1-5+ 
39 + 5-07 
80 + 1-07 
41 + 0-5t 
11 + 2-47 
78 + 0:4+ 
68 + 0-47 
67 + 0-4+ 
2 1-7+ 
15 + 1-2t 
101 0:5 


a 
<3 





* Tyrosine hydroxylase activity was measured by '*CO, production in homogenates of striatum (0-3 mg protein assay) 
after 5-min preincubation + drugs and 20-min incubation started with L-[1-!4C]tyrosine (20 uM) at 37°. Control activity 
with striatal tissue was 330 + 6 (S.E.M.) pmoles '*CO,/hr/mg of protein. Broken synaptosomes were prepared isosmoti- 
cally from a P, fraction of brainstem-diencephalon in the French press. With dopamine and its control, 10 uM iproniazid 


was added to inhibit monoamine oxidase. 
+ Significant by t-test (P < 0-01, or less). 
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Table 2. Effects of pretreatment with 6-hydroxydopamine in vivo on hydroxylation of aro- 


matic amino acids in vitro* 





Hydroxylase activityt 





Substrate Control activity Pretreated (°%, of control) 





29-8 + 08 
242+ 0-4 
13-8 + 0-2 


10-0 + 0-4 (33%)t 
68 + 0-2 (34%)t 
13-6 + 1-0 (99°) 


L-[1-'*C]tyrosine 
L-[1-'*C]phenylalanine 
L-[1-!*C]tryptophan 





* Labeled substrates (20 uM) were incubated with P, preparations (1:25 mg protein) of 
cerebral cortex, and '*CO, was recovered and counted. Rats were pretreated [11] with 
| mg 6-OH-dopamine-HBr (Sigma) intracisternally in two divided doses within 48 hr, 2 weeks 
previously, or with only the injection vehicle (artificial cerebrospinai fluid with ascorbic acid, 


1 mg/ml, added as antioxidant). 


+ Expressed as pmoles/hr/mg of protein + S. E. M.; N = 4. 
{ Significant by t-test (P < 0-01). Values for phenylalanine were doubled, assuming that 
the '*CO, produced from it represented two ring hydroxylations to yield L-dopa. 


breakage [8] of the synaptosomes in the French press at 
450 kg/cm? in the presence of ['*C]-labeled tyrosine(Table 
1) or phenylalanine, presumably due to dilution of tyrosine 
hydroxylase and endogenous pteridine cofactors as there 
was no corresponding loss of activity of dopa-decarboxy- 
lase on incubation with L-[1-'*C]dopa (Amersham). 

The reaction was 70 per cent inhibited by the tyrosine 
hydroxylase inhibitor L-3-iodotyrosine (CalBiochem) 
(Table 1) at concentrations (5 uM) that are 40 times lower 
than the apparent K,, for tyrosine uptake by synaptosomes 
(200 .M) [9], and did not affect uptake or '*CO, produc- 
tion from ['*C]dopa (J. Harris and M. Karobath, unpub- 
lished observations). These effects of low concentrations 
of iodotyrosine probably reflect an action at tyrosine hyd- 
roxylase and not on tyrosine uptake, although several ana- 
logues of tyrosine, including iodotyrosine (K; = 20 4M), 
can also inhibit tyrosine uptake into some neuroblastoma 
clones [10] which have a higher affinity for tyrosine trans- 
port (K, = 68 uM) than that reported for synaptosomes 
[9]. 

The synthesis of catechols was also decreased by low 
concentrations of the catechols dopamine and apomor- 
phine (Table 1). This effect is probably due to a direct 
action of catechols as end-product inhibitors of tyrosine 
hydroxylase, and not to a receptor-mediated mechanism, 
since the dopamine-receptor blocking agents chlorproma- 
zine and trifluoperazine (1-10 uM) failed to diminish the 
effects of 1-104.M apomorphine (J. Harris, unpublished 
observation). 

The commercially available unphysiological [4] methy- 
lated pteridine DMPH, (CalBiochem) in the presence of 
reducing agents evidently remained unavailable to the 
membrane-enclosed synaptosomal enzyme system; alone, 
it even inhibited the reactions (Table 1). possibly by the 
formation of peroxide which was apparently decomposed 
by Fe?*. The lack of a synthesis-enhancing effect of 
DMPH, in the presence of reducing agents, and of an 
inhibitory effect of DMPH,, alone, is consistent with other 
studies of CNS particulate fractions [11,12], although at 
variance with results with the intact vas deferens [13], 
possibly due to differences in the permeability of pterins 
in different tissues. The inaccessibility of the cofactor 
further suggests that membrane-limited synaptosomes are 
not appropriate for estimates of total tyrosine hydroxylase 
levels in brain tissue or for analyses of substrate kinetics 
in the presence of excess cofactor. 

The reactions leading to '*CO, production do not seem 
to involve direct decarboxylation of tyrosine or prior trans- 
amination, nor does substrate uptake appear to be rate 
limiting [1,9, 12]. The reactions are apparently selectively 
localized in catecholamine-containing nerve endings, as 
pretreatment with 6-OH-dopamine strongly reduced the 


production of '*CO, from t-[1-'*C]-labeled tyrosine or 
phenylalanine, but had no effect on that from labeled tryp- 
tophan (Table 2). which presumably was due to the activity 
of tryptophan 5-mono-oxygenase and its associated decar- 
boxylase [5, 14]. In contrast, pretreatment with 5,7-dihyd- 
roxytryptamine [15] led to the selective loss of '*CO, pro- 
duction from tryptophan (S. Gerson and R. Baldessarini, 
unpublished observation). The apparent acceptance of 
phenylalanine as a substrate in this reaction accords well 
with its ability to serve as substrate for purified tyrosine 
hydroxylase in the presence of biopterin [4] and its ability 
to produce catechols in isolated nerve endings [2, 6]. 
Thus, the present findings lend further support to our 
proposal [1-3] that the '*CO,-trapping technique pro- 
vides a valid and very simple assay of tyrosine hydroxylase 
activity under conditions that permit its manifestation of 
physiologically important characteristics in isolated nerve 
endings in the presence of natural endogenous cofactors. 
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Acute and chronic ethanol-induced alterations in brain 
norepinephrine metabolites in the rat* 


(Received 3 October 1974; accepted 16 May 1975) 


Ethanol, in a large single dose, has been shown to cause 
a decrease in urinary output of 5-hydroxyindolacetic acid 
(S-HIAA) [1] and 3-methoxy-4-hydroxy-mandelic acid 
(VMA) in man [2]. Studies using ['*C]norepinephrine 
(NE) [3. 4] and ['*C]serotonin (5-HT) [2. 5] also revealed 
a decreased excretion of labeled VMA and 5-HIAA, re- 
spectively, after ethanol ingestion. These changes in the 
oxidative pathway of biogenic amines were accompanied 
by an increase in urinary excretion of labeled 3-methoxy-4- 
hydroxyphenylglycol (MHPG) and 5-hydroxytrypotophol 
(5-HTP). Similar alterations in NE metabolism have been 
shown in rats after acute acetaldehyde administration [6]. 

Since both the brain [7] and peripheral sympathetic ner- 
vous system contribute to urinary MHPG, ethanol-in- 
duced changes in the latter may or may not provide an 
index for the synthesis and release of NE in the brain. 
Ethanol, administered acutely, has been reported to de- 
crease brain endogenous NE and 5-HT levels [8,9]: how- 
ever these results have not been confirmed by other inves- 
tigators [10-13]. Studies using [7H]NE have revealed that 
acute ethanol administration caused a decrease in NE 
turnover in the rat brain [14],+ whereas chronic ethanol 
intake in a nutritionally complete diet accelerated the dis- 
appearance rate of [7H]NE in the brain [14]. The present 
study was undertaken to extend these investigations and 
to determine whether ethanol does, in fact. produce a 
change in brain NE metabolism. 

Male, Wistar rats, weighing 170-190 g, were divided into 
seven groups with 6-14 rats per group. Two of these 
groups were maintained on Purina Chow diet and then 
used for acute ethanol experiments. while rats in the 
remaining five groups were housed individually and given 
a nutritionally complete liquid diet (commercial Metrecal) 
for 2 days before being used for chronic or acute ethanol 
experiments. 

For chronic ethanol experiments, two groups of Metre- 
cal-fed rats were given ethanol (6°. w/v) in their liquid 
diet for either 4 or 8 days, while the control group was 
maintained on Metrecal supplemented with an isocaloric 
amount of sucrose for 6 days. The remaining two groups 
were also maintained on Metrecal supplemented with suc- 
rose for 6 days and then used for acute ethanol exper- 
iments. The food consumption was measured daily for all 
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groups and the animals were weighed every third day. We 
chose these two days for chronic ethanol because our pre- 
vious studies have shown that the dramatic changes in 
NE uptake occur between days 5 and 9 of chronic ethanol 
ingestion [14]. 

On the scheduled days. rats were lightly anesthetized 
with ether and injected intracisternally with 6:6 yg di[7- 
SHINE (0-12 pug. sp. act. 10 Ci/m-mole, obtained from New 
England Nuclear Corp.) in 20 4] Merle’s solution by the 
method of Schanberg et al. [15]. All animals used for acute 
ethanol experiments were fasted for 2 hr prior to injection 
of [H]NE and then received either ethanol. 4 g/kg (p.o.). 
or saline, 30 min later. All animals were killed by decapi- 
tation 90 min after [*H]NE. The brains were quickly 
removed, rinsed in cold saline, blotted dry on filter paper, 
and then frozen in liquid nitrogen. The blood was collected 
during decapitation, in cold heparinized centrifuge tubes 
for plasma ethanol determination. 

The frozen brains were weighed and homogenized in 
cold 0-4 N perchloric acid. After centrifugation, an aliquot 
of supernatant fluid was counted for total radioactivity 
in 10 ml Bray’s solution on a Beckman model no. LS230 
liquid scintillation counter. Additional aliquots were ana- 
lyzed for [H]NE and [*H]normetanephrine (NMN) by 
a dual column technique [3]; labeled glycols (both bound 
and free) were separated by the method of Eccleston and 
Ritchie [16]. The results were not corrected for percentage 
recoveries of NE, NMN (Dowex recoveries varied from 
60 to 75 per cent) and MHPG (hydrolysis was 55-70 per 
cent complete). The total radioactivity for 3,4-dihydroxy- 
phenyl glycol was less than | per cent in the brain. Plasma 
ethanol was determined by gas-liquid chromatography 
[17]. An unpaired Student t-test was used to calculate the 
level of significance. 

Table | shows the effect of acute and chronic ethanol 
on brain NE metabolism. Acute ethanol administration (4 
g/kg) to rats increased the accumulation of [*H]MHPG 
and [7H]NMN in the brain with a concurrent decrease 
in the disappearance rate of [7H]NE. 

To determine whether the Metrecal liquid diet (used for 
chronic ethanol experiments) had any effect on the brain 
NE metabolism, the rats fed this diet were given either 
an oral dose of saline or ethanol (4 g/kg). The pattern 
of [H]NE metabolism after ethanol was similar to that 
observed in rats maintained on Purina Chow. The mean 
plasma ethanol level after an oral dose of ethanol was 
363 + 29 mg/i00 ml. Two-way analysis of variance showed 
that the diet had no significant effect on brain NE metabo- 
lism, whereas on either diet acute ethanol administration 
did. 
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Table 1. Effect of acute and chronic ethanol on [*H]norepinephrine and its metabolites in the rat brain after an 


intracisternal injection of 6-6 Ci di[7-*H]norepinephrine* 





Treatment [7H]NE 


[SH]NMN 


Total 
radioactivity 


[SH]MHPG 


7 
om 
be 





541 
113-8 
649 
343 
50-5 


12-8 
22-5t 
14-8 
6-88 
10-7 


Saline (9)* 
Acute. ethanol (11) 
Control (8) 
Ethanol-day 5 (11) 
Ethanol-day 9 (14) 


+ + 1+ 1+ 1+ 


23:9 + 5:9 
48-0 + 8:3t 
20°1 + 41 
11-2 + 
20-6 + 4-4 


137-4 + 37-4 
294-0 + 54-24 
206-0 + 44-6 
97-0 + 23-3} 
178-8 + 37-7 


++ 


OTM ee 
mw BM bh 
+ I+ 1+ I+ I+ 
22090 
DAwWwnraar 





* Results are expressed as nCi/g of tissue. 
+ Number of animals. 
+P < 0-05 vs saline group. 
§$ P < 0:06 vs control group. 
P < 0:05 vs control group. 


Rats which were given an ethanol-containing liquid diet 
consumed 12 and 13 g/kg/day of ethanol on days 5 and 
9 respectively. At sacrifice. plasma ethanol ranged from 
0 to 110 mg/100 ml in these rats. On day 5, the brain 
levels of [7H]NE metabolites were decreased compared 
to controls. and an increase in the rate of disappearance 
of [*H]NE was also observed (Table 1). In contrast, on 
day 9 of chronic ethanol intake. little or no change com- 
pared to controls was observed in the levels of labeled 
NE or its metabolites (Table 1). 

The present study demonstrates that acute or chronic 
ethanol. in a nutritionally complete diet. affects the release 
and metabolism of NE. However, the effects of acute vs 
chronic administration are quite different from each other. 
After a single dose of ethanol, the concentration of 
[°H]NE remaining in the brain was increased indicating 
a decrease in the release of NE. confirming previous find- 
ings [13,14]. Acute ethanol treatment also caused an in- 
crease in the formation of both labeled NMN and MHPG. 
Pohorecky [13] reported a decrease in NE metabolites in 
the brain when ['*C]tyrosine was injected rather than 
[°H]NE. This discrepancy may be due to the use of a 
different precursor. Our data suggest that ethanol may 
cause either an initial increase in the release of NE or 
a decrease in the reuptake of NE, resulting in an increased 
formation of NMN. Since the level of [;>H]MHPG was 
also increased after acute ethanol treatment, ethanol may 
cause a block in the transport of neutral metabolites of 
NE from the brain. 

Upon chronic ethanol intake, the opposite effect is 
observed. The decreased concentration of [7H]NE remain- 
ing in the brain by day 5 of chronic ethanol ingestion 
suggests an acceleration in the release of NE, as previously 
reported [13, 14, 18]. Additionally, a decrease in the brain 
levels of [;H]NMN and [7H]MHPG was seen. On the 
other hand, Pohorecky [13] reported increased brain levels 
of [7H]NE metabolites when ['*C]tyrosine was injected 
into rats fed an ethanol-containing liquid diet for 2 weeks 
during which the blood ethanol levels were high. In the 
present study, the plasma ethanol concentration ranged 
from 0 to 110 mg/100 ml for the animals deprived of eth- 
anol-containing liquid diets for 90 min prior to sacrifice. 
This suggests that the plasma ethanol levels may be par- 
tially responsible for the discrepancy in [7>H]NE metabo- 
lism of the two studies. 

In contrast to the reports of other investigators [3, 4] 
who described a shift from acidic to neutral metabolites 
in the urine, no alteration in the general pattern of brain 
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NE metabolism was observed. Since the alteration in 
[7H]NE and its metabolites occurs on day 5 of chronic 
ethanol ingestion but not on day 9, adaptive changes may 
occur as the tolerance to ethanol develops. 


PusHpa V. THADANI* 
BEVERLY M. KULIG 
F. CHRISTINE BROWN 
JAMES D. BEARD 


Departments of Biochemistry, 
Physiology and Biophysics, 
University of Tennessee 

Medical Units, 

Alcohol and Drug Research Center, 
Tennessee Psychiatric Hospital and Institute, 
Memphis, Tenn., U.S.A. 


REFERENCES 
. G. Rosenfield, Proc. Soc. exp. Biol. 103. 144 (1960). 

2. V. E. Davis. H. Brown, J. A. Huff and J. L. Cashaw, 
J. Lab. clin. Med. 69, 132 (1967). 

. V. E. Davis, H. Brown, J. A. Huff and J. L. Cashaw, 
J. Lab. clin. Med. 69, 787 (1967). 

4. A. A. Smith and S. Gitlow, in Biochemical Factor in 
Alcoholism (Ed. P. Maickel), p. 53. Pergamon Pres., 
New York (1967). 

5. A. Feldstein, H. Hoagland, H. Freeman and O. Wil- 
liamson, Life Sci. 6. 53 (1967). 

. M. J. Walsh. F. B. Truitt and V. E. Davis, Molec. Phar- 
mac. 6. 416 (1970). 

. S. M. Schanberg, J. J. Schildkraut, G. R. Breese and 
I. J. Kopin, Biochem. Pharmac. 17, 247 (1968). 

. D. Gursey and R. E. Olson, Proc. Soc. exp. Biol. Med. 
104, 280 (1960). 

. A. Carlsson, T. Magnusson, T. H. Svensson and B. 
Waldeck. Psychopharmacologia 30, 27 (1973). 

. G. R. Pscheidt, B. Issekutz, Jr. and H. E. Himwich, 
Q. JI Stud. Alcohol 22. 550 (1961). 

. D.H. Efron and G. L. Gessa, Archs int. Pl.1*macodyn. 
Ther. 142, 111 (1963). 

12. G. Duritz and E. B. Truitt, Jr.. Biochem. Pharmac. 14, 

711 (1966). 

. L. A. Pohorecky, J. Pharmac. exp. Ther. 189, 380 
(1974). 

. P. V. Thadani and E. B. Truitt, Jr.. Fedn Proc. 32, 
697 (1973). 

5. S. M. Schanberg, J. J. Schildkraut and I. J. Kopin, 
J. Pharmac. exp. Ther. 157, 311 (1967). 

. D. Eccleston and I. M. Ritchie, J. Neurochem. 21, 635 
(1973). 

. W. QO. Sargent, J. R. Simpson and J. D. Beard, J. Phar- 
mac. exp. Ther. 188, 461 (1974). 

. W. A. Hunt annd E. Majchrowicz, Fedn Proc. 33, 468 
(1974). 





Short communications 


Biochemical! Pharmacology. Vol. 25, pp. 95-97. Pergamon Press, 1976. Printed in Great Britain. 


N-acetylation as a route of 2.4-toluenediamine metabolism 
by hamster liver cytosol 


(Received 21 February 1975; accepted 9 May 1975) 


Many animal species metabolize various drugs and aro- 
matic amines via acetylation [1]. We found that 2,4- 
toluenediamine, an industrial intermediate which is car- 
cinogenic in rats [2], was selectively N-acetylated at the 
p-amino group by various species in vitro.* N-acetylation 
of the o-amino group was not detected. However, 
administration of 2,4-toluenediamine to rats resulted in the 
urinary excretion of various acetylated metabolites [3]. On 
the basis of these results, it is suggested that the formation 
of 2,4-diacetylaminotoluene was achieved largely via the 
intermediate 4-acetylamino-2-aminotoluene. This com- 
munication reports the results of studies on the metabolic 
formation of 2,4-diacetylaminotoluene from 2,4-toluenedia- 
mine in vitro in the presence of unlabeled acetyl-CoA, ace- 
tyl-I-['*C]CoA and hamster liver cytosol [4, 5]. 
2,4-Toluenediamine was purchased (Aldrich Chemical 
Co., Milwaukee, Wis.) and purified before use.*+ 4-Acetyla- 
mino-2-aminotoluene, 4-diacetylamino-2-aminotoluene, 2- 
acetylamino-4-aminotoluene, 2,4-diacetylaminotoluene, 2- 
amino-4-nitrotoluene and 2-acetylamino-4-nitrotoluene 
were prepared in this laboratory [6]. Unlabeled acetyl- 
CoA as a lithium salt (P-L Biochemicals, Inc., Milwaukee. 
Wis.) and acetyl-I-['*C]CoA, sp. act. 54-7 mCi/m-mole (New 
England Nuclear, Boston, Mass.) were purchased. 

Liver cytosol was prepared from the livers of Syrian 
golden male hamsters (140-150 g) according to the method 
of Lower and Bryan [5]. The incubation mixture contained 
4:0 umoles substrate (2,4-toluenediamine, 2-amino-4-nitro- 
toluene, 4-acetylamino-2-aminotoluene or 2-acetylamino-4- 
aminotoluene) dissolved in 005ml propylene glycol or 
0-1 ml water, 1-0 umoles acetyl = CoA containing acetyl-[1- 
'$C]COA (0:25 pCi), 100 umoles Tris-HCI buffer, pH 7-5 
at 37°, and liver cytosol equivalent to 50mg wet weight 
of liver.{ After incubation of the mixture at 37° for 0 
30 min, the reaction was stopped by the addition of jce- 
tone, and the mixture was extracted with ethyl acetate. 
The products were separated by thin-layer chromat- 
ography and their identities were confirmed by gas chro- 
matography (OV-17, 3° column in Hewlett-Packard type 
3) and mass spectrometry (JMS-01SG-2). The products 
were then quantitatively determined by counting the areas 
containing the resulting '*C-labeled acetylaminotoluenes. 

Since many of the substrates used were only partially 
soluble in water, propylene glycol was selected as a solvent. 
However, N-acetylation activity from hamster liver cytosol 
was similar in both water and propylene glycol (Fig. 1) 
and led to various acetylaminotoluenes. 2,4-Toluenedia- 
mine gave several products, mostly 4-acetylamino-2- 
aminotoluene and traces of 2,4-diacetylaminotoluene and 
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2-acetylamino-4-aminotoluene. Since only a trace of 2-ace- 
tylamino-4-aminotoluene was detected in vitro using 2.4- 
toluenediamine as a substrate§ and only a small amount 
in vivo [3], 2-amino-4-nitrotoluene was selected as a sub- 
strate. 2-Acetylamino-4-nitrotoluene was the chief product 
(Table 1). 4-Acetylamino-2-aminotoluene gave several pro- 
ducts, the major one being 2,4-diacetylaminotoluene. The 
unknown present in largest quantity had an R, value and 
retention time like 4-acetylamino-2-aminotoluene but a 
mass spectrum (parent peak) corresponding to a diacetyla- 
mino-aminotoluene. However, it was not 4-diacetylamino- 
2-aminotoluene (R, 0:8 and retention time 7:22 min). The 
mass spectra, the gas chromatographic retention times and 
the R, values on thin-layer chromatograms of each reac- 
tion product were identical to those of authentic com- 
pounds. In addition, it was found that all detectable 
radioactivity from the products corresponded exactly with 
the positions on the chromatograms of the authentic acetyl- 
aminotoluenes (Table 1). 

Hamster liver cytosol N-acetylated the p-amino group 
of 2,4-toluenediamine to a much greater extent than the 
o-amino group, yielding the major product 4-acetylamino- 
2-aminotoluene and a trace of 2,4-diacetylaminotoluene. 
In addition, 2-acetylamino-4-aminotoluene was also N-ace- 
tylated appreciably during a long incubation period, but 
in 5 min hamster liver cytosol had less capacity to N-acety- 
late this compound. Therefore, only 40 per cent of the 
theoretical amount of 2.4-diacetylaminotoluene was 
formed. In contrast, hamster liver cytosol has an even 
lower ability to N-acetylate the o-amino group of 2,4- 


toluenediamine, 4-acetylamino-2-aminotoluene and 2- 











/50 mg wet wt liver 

















nmoles acety! 


INCUBATION TIME (min) 


Fig. 1. N-acetylation of various substrates as function of 
incubation times. Key: (O ©) 2.4-toluenediamine (in 
water) to 4-acetylamino-2-aminotoluene; (@ @) 2.4- 
toluenediamine (in propylene glycol) to 4-acetylamino-2- 
aminotoluene; (© ©) 2-acetylamino-4-aminotoluene (in 
propylene glycol) to 2,4-diacetylaminotoluene; (@ a: 
2-amino-4-nitrotoluene (in propylene glycol) to 2-acetyla- 
mino-4-aminotoluene; (A A) 4-acetylamino-2-amino- 
toluene (in propylene glycol) to 2,4-diacetylaminotoluene; 
and (A A) 4-acetylamino-2-aminotoluene (in propylene 
glycol) to 4-diacetylamino-2-aminotoluene. 
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amino-4-nitrotoluene (Fig. 1). In the case of 4-acetylamino- 
2-aminotoluene, the unknown metabolite was produced to 
the extent of approximately 50 per cent of the 2,4-diacetyl- 
aminotoluene at each incubation period. 

The results indicate that 2,4-toluenediamine is mostly 
N-acetylated by hamster liver cytosol to 4-acetylamino-2- 
aminotoluene and to a much lesser extent to 2-acetyla- 
mino-4-aminotoluene. Indirect evidence is furnished by 
production of 2-acetylamino-4-nitrotoluene from 2-amino- 
4-nitrotoluene. Both 4-acetylamino-2-aminotoluene and 2- 
acetylamino-4-aminotoluene then became substrates for N- 
acetyltransferases and were further N-acetylated to 2.4-dia- 
cetylaminotoluene. Since only a small quantity of 2-acetyl- 
amino-4-aminotoluene was formed from 2,4-toluenedia- 
mine and in turn was readily N-acetylated to 2,4-diacetyla- 
minotoluene, therefore only a trace of 2-acetylamino-4- 
aminotoluene could be detected in vitro. However, it is 
a urinary metabolite of 2,4-toluenediamine in rats, 
although to a much lesser extent than 4-acetylamino-2- 
aminotoluene and 2,4-diacetylaminotoluene. 

The major unknown product from using 4-acetylamino- 
2-aminotoluene as a substrate is not 2,4-diacetylamino- 
toluene or 4-diacetylamino-2-aminotoluene because it differs 
in the R, values and gas chromatographic retention times 
from the authentic substances. It may be '*C-labeled 4- 
acetylamino-2-aminotoluene which may have occurred 
through N-deacetylation of the substrate, 4-acetylamino-2- 
aminotoluene, with subsequent N-acetylation with the ace- 
tyl-'*C moiety from acetyl-[]-'*C]CoA. It has been shown 
that acetylaminoaryl compounds are readily deacetylated 
by liver and other tissue preparations from several mam- 
malian species [8,9]. However, since the N-deacetyltrans- 
ferases are located in the microsomal fraction [8], this 
should not be the case for 4-acetylamino-2-aminotoluene 
which was incubated with liver cytosol. Another possibility 
is that a diacetylamino-aminotoluene may be a product. 
since the mass spectrum had a parent peak of mass 206 
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which points toward such a substance. Previously, it had 
been reported that 2-diacetylaminofluorene was formed in 
small amounts from 2-aminofluorene by rat liver slices 
[10], supporting our finding. However, the identity of this 
product requires further investigation. 

We conclude that 2,4-toluenediamine is metabolized by 
hamster liver cytosol to three acetylaminotoluene metabo- 
lites, mostly 4-acetylamino-2-aminotoluene, of which a 
small amount is further metabolized to 2.4-diacetylamino- 
toluene, and 2-acetylamino-4-aminotoluene which is very 
readily further metabolized to 2,4-diacetylaminotoluene. 
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Inhibition of a high molecular weight cyclic 
3’,5'-nucleotide phosphodiesterase isolated from 
rat liver 


(Received 23 December 1974; accepted 16 May 1975) 


Butcher and Sutherland [1] first described the relative in- 
hibitory potency of three methylxanthines on a partially 
purified cyclic 3’,5’-nucleotide phosphodiesterase of beef 
heart. More recently, a number of substituted xanthines 
were found to inhibit cyclic AMP phosphodiesterase of 
epididymal fat pad of rat in a manner corresponding 
closely to their lipolytic activity [12]. The most active sub- 
stituted xanthine, 1-methyl-3-isobutylxanthine, was 15-fold 
more inhibitory than theophylline. A similar order of rela- 
tive inhibitory potency has also been observed for the 
highly purified enzyme from beef heart [3]. 

Several of the cyclic 3’,5’-purine nucleotides and their 
analogs have also been found to inhibit phosphodiesterase 
from a number of sources [3,4]. In most instances, the 
inhibitory activity of these compounds correlates with their 


np. 25/1—G 


ability to serve as alternate substrates for cyclic 3',5’-nuc- 
leotide phosphodiesterase. In the present study, a soluble 
cyclic 3’,5’-nucleotide phosphodiesterase with a high degree 
of specificity for cyclic 3’,5’-purine nucleotide monophos- 
phates was isolated from the soluble fraction of rat liver. 
Since the molecular weight of the liver enzyme was esti- 
mated by gel filtration chromatography to be 380,000 dal- 
tons, approximately 3-fold greater than the highly purified 
phosphodiesterase of beef heart [3,5], it was of interest 
to determine the response of this isolated enzyme to substi- 
tuted xanthines and several cyclic 3’,5’-nucleotide mono- 
phosphates and their analogs. 

Cyclic 3’,5’-nucleotide phosphodiesterase activity was 
determined using three assay procedures. Assay procedure 
I consisted of measuring the release of orthophosphate 
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after a secondary incubation period employing Crotalus 
atrox venom [1]. This assay was conducted at a high sub- 
strate concentration (1 mM) under previously described 
conditions [6]. Assay procedure II was conducted accord- 
ing to the method of Thompson and Appleman [7] involv- 
ing batch use of Bio-Rad AG-1- x 2 resin (200-400 mesh). 
Radioactivity in a 0-5-ml aliquot of the assay supernatant 
was counted in 10 ml Insta-Gel (Packard Instrument Co.. 
Downers Grove, Ill.) using a Beckman LS-255 liquid scin- 
tillation spectrometer. Counting efficiency was 42 per cent. 
The radioisotopes, [8-*7H]cyclic AMP (sp. act.. 28 Ci/m- 
mole) and [*H]cyclic GMP (sp. act.. 0:65 Ci/m-mole), were 
obtained from Schwarz/Mann (Orangeburg, N.Y.). The [8- 
3H]cyclic AMP was purified by repetitive chromatography 
on AG-50W- x 4 resin and the [*H]cyclic CMP was used 
directly without purification. Assay procedure III] was a 
spectrophotometric determination carried out according to 
Hrapchak and Rasmussen [5] at 100 uM cyclic AMP con- 
centration. This assay provided the necessary sensitivity 
and stability to directly monitor the complete NaCl-gra- 
dient elution of cyclic AMP phosphodiesterase activity 
during DEAE-cellulose chromatography. 

The kinetic parameters were obtained from the inter- 
cepts of double reciprocal plots according to Lineweaver 
‘and Burk [8] by linear regression. For the determination 
of kinetic constants, the concentration of cyclic nucleotides 
was varied between 0-6 and 100 uM. In all instances, total 
hydrolysis of substrate was restricted to less than 20 per 
cent. Enzyme activity is expressed as nmoles cyclic nucleo- 
tide hydrolyzed/min (munits)/mg of protein. Protein was 
determined by the method of Lowry et al. [9]. Enzyme 
activity was determined in triplicate and all compounds 
were examined for potential interference with the 5’-nuc- 
leotidase-catalyzed conversion of 5’-AMP to adenosine. 
Alkylated xanthines were obtained from G. D. Searle & 
Co. (Chicago, Ill). The 5’-methylene phosphonate analog 
of cyclic AMP was provided by Dr. J. G. Moffatt of the 
Syntex Institute of Molecular Biology (Palo Alto, Calif.). 

The enzyme was extracted from the liver of Buffalo 
strain rats by homogenization in 0-25 M sucrose contain- 
ing | mM MgCl, (20%, w/v) using a glass Teflon pestle 
homogenizer. The homogenate was centrifuged at 12,000 
g for 15 min. The supernatant was decanted and centri- 
fuged at 105,000 g for 30 min. All operations throughout 
the isolation were performed at 4°. Prior to isolation, the 
soluble fraction of rat liver was subjected to DEAE-cellu- 
lose chromatography to determine the number of cyclic 
AMP hydrolytic activities resolved by this technique. The 
supernatant of rat liver was rapidly equilibrated with buffer 
A’‘(25 mM Tris-HCl, pH 7-4. 0-5 mM dithiothreitol and 
1.mM MgCl.) containing 30 mM NaCl on a Sephadex 
G+25 column (2:6 x 60 cm) and applied to a microgranular 
DEAE-cellulose column. Under these conditions. only one 
peak of cyclic AMP phosphodiesterase activity was identi- 
fied (Fig. 1). This is in agreement with observations by 
other investigators [10,11] who have indicated that the 
predominant form of phosphodiesterase activity occurring 
in the cytosol of rat liver is a cyclic 3’,S’-nucleotide phos- 
phodiesterase catalyzing both the hydrolysis of cyclic AMP 
and cyclic GMP. No attempt was made to confirm the 
presence of a cyclic GMP-specific phosphodiesterase acti- 
vity also found in the cytosol of rat liver [11]. 

The enzyme was routinely isolated from the 78,000 g 
supernatant by 50%, saturation with solid (NH,),SO, at 
neutral pH. The protein pellet was desalted and equili- 
brated with buffer A on Sephadex G-25. Calcium phos- 
phate gel [12] was added to the protein solution (30-45 
mg/ml) in a ratio of 2 g gel/g of protein. The mixture 
was centrifuged after 10 min, and the pellet sequentially 
eluted with | vol. of 0-348 M and 0-803 M (NH,),SO, 
in. buffer A/35 mg of gel. The 0-803 M (NH,),SO, fraction 
was re-equilibrated with buffer A containing 30 mM NaCl 
on a Sephadex G-25 and applied to a DEAE-cellulose 


column. The column was eluted as previously described 
and the cyclic AMP hydrolytic activity emerged as a single 
peak at the same point in the gradient as shown for the 
supernatant fraction in Fig. 1. The pooled fractions were 
concentrated by ultrafiltration and applied to a Sephadex 
G-200 column (2:6 x 84 cm). The column was eluted with 
buffer A. Using the more sensitive radio-metric assay (pro- 
cedure II), cyclic AMP phosphodiesterase activity was 
eluted as a single peak which coincided with cyclic GMP 
phosphodiesterase activity. Similar results were obtained 
when chromatography was carried out on a Sepharose 6B 
column (2:6 x 90 cm). In practice, the enzyme as measured 
by orthophosphate release was purified 35-fold (138 
munits/mg of protein) through the DEAE-cellulose step 
and 50-fold (210 munits/mg of protein) through the G-200 
step. Analytical poly-acrylamide gel electrophoresis [13] 
of the concentrated enzyme from Sephadex G-200 indi- 
cated that the enzyme preparation was still heterogenous 
with four protein-staining bands. 

During the earlier stages of isolation, the enzyme was 
quite labile and could only be stored in a lyophilized state. 
In contrast to phosphodiesterases of other tissues [3, 14], 
the enzyme was not activated by any other fractions from 
DEAE-cellulose or Sephadex columns, suggesting either 
the absence of an endogenous protein activator or a tightly 
bound protein activator. 

At | mM substrate concentration the enzyme catalyzed 
the hydrolysis of cyclic GMP and cyclic IMP at essentially 
the same rate as cyclic AMP. Cyclic 3’,5’-tubercidin mono- 
phosphate was hydrolyzed at 87 per cent of the rate of 
cyclic AMP. The enzyme did not catalyze the hydrolysis 
of cyclic 3',S'-pyrimidine ribonucleotides. The apparent 
Michaelis constants + S. E. of 42 + 48 and 51 + 46 uM 
were determined for cyclic AMP and cyclic GMP respect- 
ively. The enzyme exhibited normal hyperbolic kinetic be- 
havior for both substrates from 0-6 to 100 uM. 

As shown in Table 1, 1-methyl-3-isobutyl- and 1-ethyl-3- 
propyl-xanthine were the most effective inhibitors of the 
liver enzyme. Although not identical. a similar order of 
relative inhibitory potency for substituted xanthines has 
been observed for the enzyme from beef heart [3] and 
rat epididymal adipose tissue [2]. Theophylline was only 
moderately active compared to the other derivatives and 
approximately the same order of relative inhibitory activity 
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Fig. 1. DEAE-cellulose chromatography of the 105,000 g 
supernatant of rat liver. Protein (701 mg) was applied to 
a 2 x 10 cm column and washed with 100 ml of buffer 
A containing 30 mM NaCl. The column was eluted with 
a linear gradient formed with 400 ml of both 30 mM and 
500 mM NaCl in buffer A. Fractions of 4 ml were collected 
at a flow rate of 30 ml/hr and their absorbance (-O-O-O-) 
at 280 nm was measured. Cyclic AMP phosphodiesterase 
activity (-@-@-@-@-) was measured by assay procedure 
Il. 
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Table 1. Inhibition of rat liver cyclic 3’,S’-nucleotide 
phosphodiesterase by substituted xanthines* 





°,, Inhibition 
Inhibitor concn 
2mM 3mM 304M 80 4M 


1 mM 1 uM 
Cyclic AMP Cyclic AMP 


Xanthines 





1-Ethyl-3-propyl- 71 78 37 54 
1-Methyl-3-isobutyl- 69 77 44 61 
I-Ethyl-3-butyl- 76 32 56 
1-Methyl-3-butyl- 57 67 25 42 
1.3-Diethyl- $ 60 13 32 
1.3-Dimethyl-7-acetic acid- 11 37 
1.3-Dimethyl- (theophylline) 33 42 5 16 
3.7-Dimethyl- (theobromine) 24 0 il 
1.3.7-Trimethyl- (caffeine) 22 2 8 
Xanthine 0 0 0 





“* Cyclic AMP hydrolysis was measured by assay pro- 
cedures I and II at | mM and 1 uM substrate con- 
centrations respectively. 


was followed at both high and low concentrations of cyclic 
AMP. Thus, increased size of the substituted alkyl groups 
at positions N, and N;j leads to increased inhibitory acti- 
vity toward the rat liver phosphodiesterase as well. 

Since the cyclic AMP phosphodiesterase activity has 
been reported to be enhanced by cyclic GMP using less 
purified fractions from rat liver [11. 15, 16], a plot of frac- 
tional inhibition (i) against inhibitor concentration [I] over 
a range of 1-150 uM was carried out (Fig. 2). Activity 
was not enhanced in the presence of cyclic GMP, cyclic 
IMP, cyclic 3’,5’-tubercidin monophosphate (cTuMP) or 
the 5’-methylene phosphonate analog of cyclic AMP (S’- 
MetP-cAMP). The nucleotides inhibited the hydrolysis of 
cyclic AMP in a hyperbolic fashion. The failure to detect 
stimulation of cyclic AMP hydrolysis even in the presence 
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Fig. 2. Fractional inhibition of cyclic AMP phosphodies- 
terase as a function of inhibitor concentration. Fractional 
inhibition is defined as 1-(v,/v,), where v; is the initial inhi- 
bited velocity and v, is the initial control velocity in the 
absence of inhibitor. Enzyme activity was measured using 
[8->H]cyclic AMP at a concentration of 1 uM. Unlabeled 
inhibitors were included in the reaction mixture at con- 
centrations ranging from | to 150 uM with 7-7 yg protein. 





of cyclic GMP ranging in concentrations as low as 03 
to 1-5 uM is in contrast to previous reports [11, 15, 16] 
and remains unexplained. However, loss of both substrate 
cooperativity and cyclic GMP activation has been ob- 
served for the liver enzyme [16]. The analogs, N°. O?’-dibu- 
tyryl cyclic AMP and 5-amino-imidazole-4-carboxamide-|- 
riboside-3',S’-cyclic monophosphate, were not inhibitory. 
The apparent competitive inhibitor constants derived from 
the slopes of the double reciprocal plots [17] were 214, 
78, 21 and 11 uM for cTuMP, cIMP, cGMP and 5’-MetP- 
cAMP respectively. In addition to inhibition by cyclic nu- 
cleotides and substituted xanthines, the liver enzyme was 
potently inhibited in a competitive manner by both papa- 
verine and thyroxine with inhibition constants of 6 and 
27 uM respectively. 

The present study shows that a high molecular weight 
phosphodiesterase of rat liver observes a similar order of 
inhibitory potency by substituted xanthines as previously 
reported for enzymes from rat adipose tissue [2] and beef 
heart [3]. The 5’-methylene phosphonate analog of cyclic 
AMP, and cyclic GMP were substantially more effective 
as inhibitors of cyclic AMP hydrolysis than either cyclic 
IMP or the 7-deaza analog of cyclic AMP. 
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Induction of liver microsomal mixed-function oxidases by volatile hydrocarbons* 


(Received 24 September 1974; accepted 19 March 1975) 


Within the past decade. numerous reports have been con- 
cerned with environmental factors which modify drug acti- 
vity and toxicity in experimental animals. For example, 
the insecticides DDT and chlordane have an inductive 
effect on the microsomal drug-metabolizing enzymes. lead- 
ing toanenhanced oxidation of various drugs in the rat [1, 2]. 
Ferguson [3] reported a decrease in the hexobarbital and 
pentobarbital sleeping times in mice housed in red cedar- 
chip bedding. One year later. Vesell [4] observed a 2- to 3- 
fold induction of drug-metabolizing enzymes in mice and 
rats placed on softwood bedding (white pine. red cedar 
or ponderosa pine); this inductive effect was reversed when 
the animals were switched to hardwood bedding (maple, 
birch, beech), or when the red cedar bedding was extracted 
with hexane. Extraction of cedarwood with diethyl ether 
resulted in the isolation of cedrol and cedrene, which were 
the agents responsible for enhanced drug metabolism [5]. 
Jori et al. [6] found that eucalyptol. a component of essen- 
tial oils, increased N-demethylation of aminopyrine, O- 
demethylation of p-nitroanisol and para-hydroxylation of 
aniline in female rats. 

Since our laboratory is concerned with mixed-function 
oxidation reactionsand since a new animal room deodorizing 
agent (TRAIL?) is becoming widely used and is being con- 
sidered in our animal care facilities, studies were designed 
to determine whether the constituents of this agent had 
any inductive effects on the liver microsomal mixed-func- 
tion oxidase system of rats and rabbits. thereby subse- 
quently altering drug metabolism and modifying drug acti- 
vity and toxicity. 

{nimals. Male ARS Sprague-Dawley rats (125-150 g) 
from Madison, Wis. and male New Zealand white rabbits 
(1-5 to 2:0 kg) from Ancare, Long Island were used in 
the experiments. All animals had free access to Purina 
laboratory chow and tap water at all times. The animals 
were housed in stainless steel suspended wire-bottom cages: 
underneath each cage was a waste product collection tray. 
In the experimental groups, 4 oz. of the deodorizing agent 
concentrate, TRAIL, was diluted with | gallon of water 


and placed into each collection tray to a depth of one-half 


inch, as suggested by the manufacturer. The diluted con- 
centration of TRAIL was 50 per cent of the manufacturer’s 
recommended usage. The control groups were housed in 
different animal rooms in the absence of the deodorizing 
agent. The solution was changed every other day through- 
out the experimental period. Ventilation in all rooms 
resulted in 14 complete air changes per hr. Exposure of 
the experimental animals to the deodorizing agent was for 
periods of 1, 2. 4, 7 and 14 days. No deaths were observed 
throughout the periods of exposure. At the end of each 
period, both control and experimental rabbits and rats 
were sacrificed by decapitation. 

Rats were also given intraperitoneally various quantities 
of x-terpineol or isobornyl acetate. two volatile com- 
ponents of TRAIL. These two volatile hydrocarbons were 
generous gifts of Pharmacal Research Laboratories. Con- 


trol groups were injected with equivalent volumes of 


warmed isotonic NaCl. 
In Tables | and 2. the control groups consisted of a 


total of 15 rats. 3 from each of the days of treatment. 





* This work was supported in part by Grants AM 16678 
and CA 15897 from the National Institutes of Health, 
Bethesda, Md. 
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Laboratories. Greenwich, Conn. 


of Pharmacal Research 


Since the values of the control rats used for days 1. 2. 
4. 7 and 14 did not differ significantly from one another, 
they were combined and represent the means for 15 rats. 

Preparation of microsomes. After decapitation, livers were 
removed and treated as described previously [7]. The livers 
were homogenized in 5 vol. of cold 0:25 M sucrose with 
a glass-Teflon homogenizer; microsomal fractions were 
prepared by the CA* --sedimentation procedure described 
previously [8]. Identical results were obtained from micro- 
somes prepared by the classical differential ultracentrifuga- 
tion method [9]. 

Enzyme assays. Each drug-metabolizing reaction mixture 
contained the following components: Tris-HCI buffer (0-2 
M). pH 7-5. NADP* (0:4 mM), isocitric acid (8-0 mM), 
MgCl, (5-0 mM), isocitric dehydrogenase (15 g/ml, Sigma 
Type IV), microsomal protein (1 mg/ml) and either ethyl- 
morphine or aminopyrine (8-0 mM) in a final volume of 
3-0 ml. Incubations were carried out aerobically with shak- 
ing at 37° for 8 min in a Dubnoff metabolic shaker. 

Aminopyrine and ethylmorphine N-demethylation were 
determined from formaldehyde production according to 
Schenkman et al. [10]. Formaldehyde standard was carried 
throughout the procedures with each assay and permitted 
quantification of the enzymic activities. 

Cytochromes bs; and P-450 were measured with the 
Aminco DW-2 dual wavelength recording  spectro- 
photometer as described by Omura and Sato [11]. Spectral 
changes produced by the addition of substances to suspen- 
sions of liver microsomes were also recorded on the same 
spectrophotometer. NADPH cytochrome c reductase acti- 
vity was measured by the method of Phillips and Langdon 
[12], whereas NADPH cytochrome P-450 reductase acti- 
vity was measured as described previously [13]. Protein 
concentrations were determined by the method of Lowry 
et al. [14]. Lineweaver-Burk kinetic plots [15] were deter- 
mined by the method of least squares. 

NADP’, trisodium isocitrate, isocitric dehydrogenase 
and cytochrome c were purchased from Sigma Chemical 
Co. Aminopyrine was obtained from Aldrich Chemical Co. 
and ethylmorphine from Mallinckrodt Chemical Works. 

Based on earlier reports that the drug-metabolizing 
enzymes in liver microsomes of mice and rats were induced 
by softwood bedding [4,5], we determined whether the 
mixed-function oxidase system of rats and rabbits housed 
in animal quarters treated with a new deodorizing agent 
(TRAIL) was affected by this agent. Male rats were placed 
in quarters which contained the deodorizing agent for a 
period ranging from | day to a maximum of 14 days. A 
number of hepatic microsomal parameters were studied 
after 1. 2, 4. 7 and 14 days of treatment. As seen in Table 
1, a statistically significant increase in the content of both 
cytochromes P-450 and b, occurred after 4 days of expo- 
sure to the volatile agent. The cytochrome P-450 content 
was increased to 0-56 nmole/mg of microsomal protein (33 
per cent stimulation); similarly, the cytochrome b; content 
was stimulated 34 per cent after 4 days. After 14 days 
of treatment, a further increase in the content of both 
hemo-proteins (P-450 and b,) was observed, reaching 95 
and 57 per cent respectively. Interestingly, the electron- 
transferring fiavoprotein, NADPH cytochrome c reductase, 
did not show a significant increase in activity until the 
rats were exposed to the agent for 7 days. Similarly, both 
aminopyrine and ethylmorphine demethylation activities 
were enhanced only after 7 days of exposure. Furthermore, 
the percentage increase in drug-metabolizing enzyme ac- 
tivities paralleled the flavoprotein reductase activity 
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Table 1. Effect of treatment of animal care rooms with 
hepatic microsomal 


101 


a volatile hydrocarbon-containing disinfectant agent on some 
parameters in male rats* 





Parameters Controls | 
Cytochrome b, content? 0-35 + 0-02 
Cytochrome P-450 contentt + 0-04 
NADPH cytochrome c reductase +2 
Aminopyrine N-demethylase** +05 
Ethylmorphine N-demethylase** +03 


0-46 


3-7 
34 


* Procedures and assays were as described in Methods. 


0-40 + 0-04 
+ 0-03 31 + 
48 +2 
+ 03 oe 
+04 3-6 + 


Days of treatment 

2 a 7 14 

0-47 + 0-02t 0-02 0-55 + 0-028 

0-56 + 0-02t 0-038 0-82 + 0-03 
52+4 3 

42+04 0-2t 


45+ 02 0-28 


45 + 0-03 
0-04 
55 +3 
0-5 
0-5 


5 


54 


Values represent means + S. E. for eight animals; control 


values are for 15 rats (three per day of treatment; no significant differences were found between control groups). 


+ nmoles per mg of microsomal protein. 
P< 005. 
§P < 0-01. 

P < 0-001. 


“ nmoles cytochrome c reduced per mg of microsomal protein per min. 
** nmoles formaldehyde formed per mg of microsomal protein per min. 


through 14 days of treatment. The NADPH cytochrome 
P-450 reductase activity measured in two control rats was 
4-4 and 5-1 nmoles P-450 reduced/mg of microsomal pro- 
tein/min (three measurements per rat), increasing to 68 
and 5-9 nmoles/mg/min in two rats exposed to the agent 
for 4 days. Averaging the two values in each group showed 
a 34 per cent increase in reductase activity similar to that 
observed with cytochrome P-450. After 14 days of treat- 
ment, the reductase activity had increased to 84 per cent 
above the control activity (8-1 nmoles/mg/min). 

When rabbits were similarly treated with the same agent 
(Table 2), none of the hepatic microsomal parameters mea- 
sured differed significantly from those of the controls. Even 
after 14 days of treatment, neither cytochrome P-450 con- 
tent nor that of its reductase differed from control values. 
Surprisingly. rabbit hepatic microsomal ethylmorphine N- 
demethylase activity was only one-fourth the aminopyrine 
demethylation activity. Bend et al. [16] have reported a 
2-fold difference between N-demthylation of aminopyrine 
(66 nmoles/mg/min) and ethylmorphine (3-5 nmoles/mg 
min); however. when the absolute activities reported by 
Bend et al. [16] were compared with our values. their 
aminopyrine and ethylmorphine demethylation activities 
were 3- and 7-fold higher respectively. Gillette and Gram 
[17] reported, in male rabbits, a microsomal ethylmorphine 
N-demethylase activity of 4-0 nmoles/min/mg. However, 
Holtzman et al. [18] did obtain ethylmorphine demethy- 
lase values (0°85 nmole/min/mg of microsomal protein) 
similar to ours, using smooth microsomes from adult male 
rabbits. Comparing NADPH cytochrome c reductase acti- 
vity in control rabbits, we found only 33 nmoles cytoch- 
rome c reduced per min per mg of microsomal protein, 
whereas Bend et al. [16] and Gillette and Gram [17] 
observed approximately five times higher activity. How- 
ever, the cytochrome P-450 content reported [16,17] was 
not different from our value of about 1:2 nmoles/mg of 


protein. Hence the demethylase activity appears to parallel 
the reductase activity. 

The agent (TRAIL) which was exposed to the rats and 
rabbits was found to contain three volatile hydrocarbons. 
two of which belong to a class of organic compounds 
designated “terpenes.” a term referring strictly to hydrocar- 
bons of the composition C, )H,,. The two terpenes (Fig. 
1). x-terpineol and isobornyl acetate, are monocyclic and 
bicyclic compounds, respectively, whose carbon skeletons 
are constructed of two isoprene units, joined in the follow- 
ing way: 

c 
C—C-0-+-C-C-0- 

C 
Both compounds apparently interact with the hepatic mic- 
rosomal mixed-function oxidase system, as evidenced by 
the type I spectral change obtained upon addition of each 
terpene to a microsomal suspension (Fig. 1). This was not 
surprising. since camphor. a terpene closely related to iso- 
bornyl acetate. is a well known substrate of the bacterial 
(Pseudomonas putida) cytochrome P-450 (P-450,,,,) enzyme 
system [19, 20]. 

If indeed both z-terpineol and isobornyl acetate are sub- 
strates of the hepatic microsomal mixed-function oxidase 
system, then a competitive inhibition should be observed 
when two substrates of the enzyme system are simul- 
taneously present. Such an inhibition is depicted in Figs. 
2 and 3. Both isobornyl acetate and z-terpineol increase 
the apparent K,,, without affecting the V,,,,.(48 nmoles/min 
mg of microsomal protein). In the absence of either ter- 
pene, the apparent K,, for aminopyrine N-demethylation 
was 0:29 mM: in the presence of 100 4M isobornyl acetate, 
the apparent K,, increased to 0:63 mM (Fig. 2), while in 
the presence of 110 4M z-terpineol a 5-fold increase in 


Table 2. Effect of treatment of animal care rooms with a volatile hydrocarbon-containing disinfectant agent on some 
hepatic microsomal parameters in rabbits* 





Parameters Controls 


Cytochrome h, contentt 0-66 + 0:03 
Cytochrome P-450 contentt 1-17 + 
NADPH cytochrome ¢ reductaset 33 + 
Aminopyrine N-demethylase§ 19 
Ethylmorphine N-demethylase§ 0-52 


0:55 


* Procedures and assays were 


0-69 + 0:04 
3+ O15 

25 +5 
+ 02 


+ 0-01 


as described in Methods. Values represent means + S. E. 
values are for 15 animals (three per day of treatment; no significant differences were found 
*+nmoles per mg of microsomal protein. 
+ nmoles cytochrome c reduced per mg of microsomal protein per min. 
§nmoles formaldehyde formed per mg of microsomal protein per min. 


Days of treatment 
2 4 i4 
0-59 + 0-06 0-57 + 0-06 
0-93 + O18 1:49 + O18 
25+6 35 +5 
16+ 03 1:7+03 
0-45 + 0-02 + 0-03 


0-62 + 0-05 + 0-06 
1-02 + 0-09 2+ 0-16 
28 +4 + 6 
20 + 0-2 + (4 
0-47 + 0-04 0-51 + 0-03 0-52 
for six animals; control 
between control groups). 
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Fig. 1. Isobornyl acetate- and x-terpineol-induced type I 
spectral changes in control rat liver microsomes. Liver mic- 
rosomes from adult male rats were suspended to 2:7 mg 
protein/ml in 0-1 M Tris-HCI (pH 7-4) and were distributed 
between two cuvettes; the cytochrome P-450 concentration 
was 1:13 uM. Curve A: 10 yl isobornyl acetate (1:7 mM, 
final concentration) was added to the sample cuvette, while 
an equivalent volume of Tris buffer was added to the refer- 
ence; curve B: 20 pl isobornyl acetate (3-4 mM, final con- 
centration); curve C: addition of 10 yl z-terpineol (1-7 mM, 
final concentration) to a new suspension of microsomes 
containing 2:7 mg protein/ml. Both terpene compounds are 
similar in structure in that, excluding the acetate moiety, 
z-terpineol is an isomer of isoborneol. 


the K,, (1-4 mM) was observed. These data suggest that 
z-terpineol has a greater affinity for the microsomal 
enzyme system than does isobornyl acetate. This is also 
suggested by the data in Fig. | in which curve A represents 
the type I spectral change that follows the addition of 1-7 
mM isobornyl acetate and curve C represents the same 
spectral change obtained with the same concentration of 
z-terpineol. 

In an attempt to determine which volatile component 
of the commercial product was enhancing the content of 
cytochrome P-450 and the activities of NADPH cyto- 
chrome c reductase and N-demethylase, various con- 
centrations of each terpenoid compound were injected in- 
traperitoneally for 3 days (Table 3). Surprisingly, rats 
treated with x-terpineol did not have higher aminopyrine 
or ethylmorphine N-demethylase activities; instead, there 
was a tendency toward lower cytochrome b, and cytoch- 
rome P-450 content and decreased N-demethylase activi- 
ties. Increasing the administered dose of x-terpineol above 
80 mg/100 g of body weight resulted in the death of the 
animal. On the other hand, a 100-mg dose of isobornyl 
acetate per 100 g of body weight caused a 2-5-fold increase 
in cytochrome P-450 content, a 2:6-fold increase in both 
N-demethylase activities and a 2-0-fold increase in 
NADPH cytochrome c reductase activity. Further evidence 
suggesting that isobornyl acetate is responsible for the in- 
duction of the microsomal mixed-function oxidase system 
was provided when a solution of TRAIL, with isobornyl 
acetate left out, was injected intraperitoneally for 3 days 
at concentrations ten times the manufacturer’s recom- 
mended use; both the mixed-function oxidase activities and 
the cytochrome P-450 content did not differ from those 
seen in untreated rats. 
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Fig. 2. Effect of isobornyl acetate addition on aminopyrine 
N-demethylation. Lineweaver-Burk plot of the enzyme 
activity in the presence of 25 uM, 100 1M or no isobornyl 
acetate. Both the inhibitor and substrate were present in 
the assay medium, which was preincubated for 5 min at 
37° to generate NADPH from 0:5 mM NADP”. The reac- 
tion was initiated by addition of microsomes (1 mg/ml) 
to the medium and the incubation was continued for 8 
min at 37°. Activity is expressed as nmoles HCHO per min 
per mg of microsomal protein. The K,, (mM) values in 
the presence of 0, 25 and 100 uM isobornyl acetate were 
0:29, 0-48 and 0:63, respectively, as determined by the 
method of least squares. The V,,,, was 48 nmoles/mg/min. 


The third volatile hydrocarbon component of TRAIL, 
isopropanol, had no inductive effects when administerd in- 
traperitoneally at concentrations ranging from 10-200 
mM; when isopropanol was omitted from the TRAIL solu- 
tion, induction still occurred. The concentration of isopro- 
panol in TRAIL after dilution was 25 mM. 

The results reported here suggest that at least one of 
the volatile hydrocarbons, isobornyl acetate, induces the 
hepatic microsomal mixed-function oxidase system. This 
is not surprising, since Vesell [4] had suggested the possi- 
bility of enzyme induction by terpenoid compounds. Wade 
et al. [5] showed that two volatile hydrocarbon consti- 
tuents of cedarwood, cedrene and cedrol, were effective in- 
ducers of microsomal enzymes via the inhalation route of 
administration. The fact that x-terpineol did not induce 
the mixed-function oxidase system is, however, rather sur- 
prising, since x-terpineol is simply an isomer of isoborneol, 
the latter obtained by cleavage of the acetate ester. Fur- 
thermore, Jori et al. [6] reported that eucalyptol (cineole), 
another isomer of x-terpineol, administered via the inhala- 
tion route was found to increase the metabolism of amino- 


6 (110 uM) 


(nmoles/mg/min.) 


1 
HCHO 


o 
= | 


/ - 
- = 
2 
° at 
va ‘oO 
. 
e 
| ‘i 
2 
ee 
- ° 
ae 
; | oat 
a 
Ot oe 
<9 








T 


te) 


“aminopyRine |") 
Fig. 3. Effect of x-terpineol addition on aminopyrine N- 
demethylation. Lineweaver—Burk plot of the enzyme acti- 
vity in the presence of 40 uM, 110 uM or no z-terpineol. 
Conditions were (and activity was expressed) as in Fig. 
2. The K,, (mM) values in the presence of 0, 40 and 110 
uM z-terpineol were 0:29, 0:36 and 1-42 mM, respectively, 
as determined by the method of least squares. The V,,,, 
was 48 nmoles/mg/min. 
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Table 3. Effects of intraperitoneal administration of x-terpineol and isobornyl acetate on the induction 
of the liver mixed-function oxidase system in male rats* 





Parameters Control 


x-Terpineol Isobornyl acetate 


A B Cc D 








0-31 + 0:03 
0-40 + 0-04 
41+04 
45403 
+2 


Cytochrome bh, content* 
Cytochrome P-450 content? 
Aminopyrine N-demethylase 
Ethylmorphine N-demethylase 
NADPH cytochrome c¢ reductase* 





0-16 + 0-04 
0-42 + 0-05 
30+ 05 
38 +03 


42+? 


0-15 + 0-04 0-58 + 0-03t 
0-29 + 0-03 0-67 + 0-04t 
26 + 06 66 + 0:3§ 
32+03 7-1 + 0-58 


46 +3 ae" 


0-58 + 0-04t 
0-97 + 0-058 
10:7 + 0-5§ 
11-5 + 0-6§ 
86 + 3§ 





* Each group of four male rats was injected with various concentrations of x-terpineol or isobornyl 
acetate for 3 days. A and B 40 and 80 mg z-terpineol/100 g of body weight respectively; C and 
D, 50 and 100 mg isobornyl acetate/100 g of body weight. Values represent mean + S. E. 


*nmoles per mg of microsomal protein. 
tP<001. 
§P < 0-001. 


nmoles formaldehyde formed per mg of microsomal protein per min. 
“ nmoles cytochrome c reduced per mg of microsomal protein per min. 


“* P < 065. 


pyrine, p-nitroanisol and aniline in vitro. Although, x-ter- 
pineol does not induce the mixed-function oxidase system, 
it interacts with the latter, as evidenced by the intense type 
I spectral change and the competitive inhibition of amino- 
pyrine N-demethylation. 

Based on these results and others, once again, one can- 
not over-emphasize the importance of the controlled 
chemical-free environment in which experimental animals 
are housed. Without such controls. data obtained from 
studies concerning kinetics of drug metabolism, induction 
of the enzyme system by various xenobiotics, the 
mechanism of induction, and the purification and reconsti- 
tution of the drug-metabolizing enzyme system would be 
meaningless. 


Dominick L. CINTI 
Mary ANN LEMELIN 
JAY CHRISTIAN 


Departments of Pharmacology and 
Laboratory Animal Care, 
University of Connecticut Health Center, 
Farmington, Conn. 06032, U.S.A. 
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Perifused fat cells—Kinetic analysis of epinephrine-stimulated lipolysis 


(Received 18 October 1974; accepted 25 April 1975) 


Many reports have appeared demonstrating that epineph- 
rine increases the rate of hydrolysis of triglyceride in adi- 
pose tissue, presumably by activation of triglyceride lipase 
[1,2]. Recently. a perifused fat cell system has been de- 
scribed which allows for continuous monitoring of the 
changes in lipolytic activity in isolated fat cells and pro- 
vides a technique by which the kinetics of these changes 
can be observed [3]. Based on results from this system, 
a kinetic model has been constructed which describes the 


increase in lipolytic rates after the addition of epinephrine 
(10°° M final concentration) and the decrease in lipolytic 
rates after cessation of the hormone. 

It was assumed that sufficient triglyceride exists within 
the cell to completely saturate the lipase enzymes. Based 
on this assumption, the rate of glycerol production was 
taken to be proportional to the amount of activated lipase 
present in the fat cells. One unit of lipase enzyme was 
defined as that amount which produced | nmole glycerol/ 
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Fig. 1. Amount of “active lipase” in fat cells after the initia- 
tion and cessation of epinephrine-stimulated lipolysis in 
the perifused fat cell. Two ml of packed fat cells was peri- 
fused as described previously. Cells were perifused for a 
10-min equilibration period (not shown) after which 
epinephrine was infused into the cell chamber at such a 
concentration and rate to produce a final concentration 
of 10 uM inthe cell chamber. Basal rate of glycerol release 
(7 «moles/mg of protein/min) has been subtracted from 
all values. 


min under the conditions of these experiments. For calcu- 
lations of ‘kinetic data, amounts of active lipase were 
expressed as units/mg of protein. 

In the perifused fat cells preparation. epinephrine caused 
a rapid increase in the glycerol release from the fat cells 
(Fig. 1). The rate of lipolysis was elevated in the first 2 
min and continued to increase for about 20 min, after 
which a plateau was reached. The maximum lipolytic rate 
was 38 nmoles glycerol/min/mg of protein. When the in- 
fused epinephrine was stopped, lipolysis rapidly returned 
to basal rate. For all calculations of kinetic data, it was 
assumed that no active lipase existed in the absence of 
hormone stimulation. For this reason, the basal lipolytic 
rate (7nmoles/min/mg of protein) was subtracted from all 
subsequent values. 

It has been shown that, after the removal of the hormone 
stimulant, lipolytic rates return rapidly to basal values [3]. 
It is logical to assume that this is accomplished by an 
inactivation of the active lipase and a reduction in its tissue 
concentration. 

If the inactive form of the lipase is represented by lipase 
B-and the active form by lipase A, then the reaction for 
the activation and inactivation can be described as: 


Lipase B =z > Lipase A (1) 


where k, is the reaction velocity for the activation and 
k, is the rate constant for the inactivation reaction. 

It was assumed that. under all conditions, excess 
amounts of lipase B were present, thus the activation reac- 
tion would follow zero-order kinetics. It was also assumed 
that under basal conditions that the amount of lipase A 
was zero and after stimulation increased to an amount 
insufficient to saturate the inactivation process. Thus, the 
inactivation reaction would follow first-order kinetics. The 
activation reaction (V,) may be described as: 


V, = d[A]/dt = k, '@ 

and the inactivation reaction (V3) as: 
V, = —d[A]/dt = k,[A] (3) 
Because both the activation and inactivation reaction 


occur simultaneously, the observed velocity (V,,) would be 
the sum of the two and can be represented: 


Vi» = (d[A]/dt),, = V; + V, (4) 
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Fig. 2. Plot of the natural log of the amount of “active 
lipase” in fat cells at various times after cessation of 
epinephrine infusion. At time zero, the infusion of epineph- 
rine was stopped. The natural log of the amount of “active 
lipase” was plotted vs time. 


Substituting equation 2 and 3: 


Vin = (d[A]} dt), = ky + k,[A] 


Integrating equation 5: 
(6) 


where t = time after addition of epinephrine and [A] is 
the concentration of lipase A at that point in time. As 
can be seen from this equation. the concentration of lipase 
A could be increased by either increasing k, or decreasing 
k,. Epinephrine, via increased cyclic AMP and activation 
of protein kinase, increases k,. Whether or not epinephrine 
also has an effect on k, is considered below. 

Equation 6 predicts that the [A] would approach a 
maximum value in an asymptotic manner. Experimentally, 
it is found that maximum concentration of lipase A ([A]nax) 
was obtained in 20-30min after epinephrine addition. 
After this time (d[A]/dt),,, = 0 =k, + k,[A],,a,. thus 


(7) 





a 
o 
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Units A/min 
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024660 2 we wb SS 
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Fig. 3. Changes in apparent k, after the infusion of 
epinephrine. Using the experimental data for [A] from Fig. 
1, and a value of k, of —0-14/min, apparent k, values 
were calculated for various times after the start of epineph- 
rine infusion. 
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Equation 7 shows that the maximum concentration of 
lipase A is defined by the ratio of the activation reaction 
velocity and the inactivation rate constant. 

If it is assumed that in the absence of epinephrine stimu- 
lation k, equals zero, and if V, is a first-order reaction, 
then the fall in [A] after epinephrine removal should fol- 
low the equation for a first-order reaction: In[A], = 
In[A] > + kt and a plot of In[A], vs time should result 
in a straight line with a slope equal to k;. Such a plot 
is shown in Fig. 2. A linear relationship does exist between 
times 4 and 16 min. The deviation from linearity during 
the first 4 min probably represents incomplete washout 
of epinephrine. Previous work has demonstrated a 2- to 
4-min washout period for epinephrine [3]. These data are 
compatible with the assumptions that k, is zero in the 
absence of stimulation and V; is a first-order reaction. Cal- 
culation of k, using the data between 4 and 16 min gives 
a value of —0-14/min. 

Rearranging equation 6 to: k, = [A]k,/(e“' — 1) and 
using a k, of —0-14/min, the apparent k, can be calculated 
from all experimental values of [A] in Fig. 1. This is plot- 
ted in Fig. 3. The apparent k, increases during the first 
6 min after which it remains constant. These results can 
be explained in either of two ways: (1) time was required 
for epinephrine to elevate k, to its maximum value, that 
is, the step leading to activation of lipase A required time 
to produce maximum activation, or (2) epinephrine de- 
creased k, as well as instantaneously increasing k,. This 
means that epinephrine produced a decrease in the rate 
of inactivation of active lipase as well as an increase in 
the rate of activation. 

Kinetic models can be constructed for these two possibi- 
lities. If it is assumed that epinephrine had no effect on 
k, and, therefore, k, in the presence of epinephrine was 
the same as that in its absence, then using equation 7 
and the [A],,,, from Fig. 1 (38 units/mg of protein), a value 
of 5:32 units/mg/min can be calculated for k,. This value 


would be valid at any time after 6 min. Using equation 


6, k, = —0-14/min, and this value for k,, the theoretical 
curve shown in Fig. 4, was constructed. 

In the kinetic model in which there is a change in both 
k, and k,, it was assumed that at time zero [A] = 0, 
then V, would also equal zero. Substituting in equation 
5, it can be shown that for initial conditions, V,, = k;,. 
Using the experimental value for [A] at 2 min (5:5 units, 
mg of protein), an initial value of k, of 2:25 units/mg of 
protein/min was calculated. If this initial k, was constant 
during the presence of epinephrine, it can be calculated 
from equation 7 that k, must have been changed by 
epinephrine to —0-06/min. Using these values and equa- 
tion 6, another theoretical curve was constructed (Fig. 4). 

Theoretical curves constructed for the two different 
models differ substantially. When the experimental values 
for [A] were plotted vs time (Fig. 4). there was a good 
correlation between these values and the theoretical values 
for the model which assumes that epinephrine has no effect 
onk,. This mathematical model does not take into account 
that time was required for the elevation of k, to a maxi- 
mum value. This explains the less exact correlation 
between experimental and theoretical values at the 2-min 
time. No correlation exists between the experimental 
values and the theoretical values for the model which 
assumes a change in ky. 

Thus, the experimental data from the perifused fat cell 
system are consistent with a model system in which 
epinephrine produces a time-dependent increase in the rate 
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Fig. 4. Theoretical curves for amount of “active lipase” 

at various times after epinephrine infusion. The solid line 

represents conditions of k, = 5-32 and k, = —0-14. The 

broken line represents conditions of k; = 2:25 and k, = 

—0-06. The open circles are the experimental values from 
Fig. |. 


of activation of a lipase without any effect on the rate 
of inactivation. Based on current concepts of hormone- 
stimulated lipolysis [4-6], the effect on activation would 
be through the cyclic AMP-dependent protein kinase 
secondary to stimulation of adenylate cyclase and an ele- 
vation in cyclic AMP levels. The 6 min required to reach 
maximum value for k, (Fig. 3) is similar to the time necess- 
ary to achieve peak cyclic AMP levels after the addition 
of epinephrine [7]. The remaining time lag to peak glycerol 
output conceivably represents the time necessary for the 
activated protein kinase to convert the lipase B to lipase 
A. 
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Effect of angiotensin II on short-circuit current 
in amphibian membranes 


(Received 10 April 1974; accepted 14 March 1975) 


Evidence of an effect of angiotensin II on active transport 
of sodium in amphibian tissues has accumulated in the 
last years despite preliminary negative reports [1,2]. 
Although angiotensin II has been found to stimulate the 
short-circuit current in frog skin [3] and sodium reabsorp- 
tion in isolated toad kidney [4] and to produce a natriferic 
effect in the whole toad Bufo paracnemis [5], the lack of 
an explanation of the failure in previous experiments and 
the negative results with other preparations, like isolated 
renal tubules [6,7], give the reader of reviews on the sub- 
ject the impression of an unsettled question [8,9]. 

It seems at present clearly demonstrated that angiotensin 
II increases sodium transport in isolated frog skin [3] and 
toad kidney [4] as well as in mammalian tissues [10-12]. 
The effect of angiotensin II does not seem to be restricted 
to sodium transport, since evidence of a significant increase 
in water permeability in the whole toad [5] and in isolated 
toad bladder [13] and skin [14] was obtained. In this 
paper we present experiments performed on skin of differ- 
ent species of toads in which angiotensin II stimulates 
short-circuit current; further evidence is provided that pre- 
vious negative results may be explained on the basis of 
the great variability in responses for each group of animals. 
Although the cause of this variability remains to be settled, 
some factors that may affect it have been studied. 

In the present set of experiments, short-circuit current 
(SCC) was measured by the method of Ussing and Zerahn 
[15] in the abdominal skin and bladder of different species 
of toads (Bufo arenarum, Bufo paracnemis and Ceratophrys 
ornata) and in the South American frog Leptodactylus cha- 
quensis, in several seasons of the year. In the frog Leptodac- 
tylus chaquensis, it is possible that active transport of chlor- 
ide plays a role, but that would not be the case for Bufo 
arenarum [16,17]. 

’ Table | shows the effect of a single dose of angiotensin 
II added to the internal side of the skin in doses of 107° 
to 10-°M. The increase in SCC or transmembrane poten- 
tial was maximal at 15 min as compared to the last of 


three stable readings (Fig. 1). Table 1 demonstrates that 
frogs and toads react to angiotensin II and that the varia- 
bility of response is not season dependent, since both reac- 
tive and nonreactive Bufo paracnemis toads are observed 
in summer. It is known that frog skin responses to anti- 
diuretic hormone exhibit seasonal changes [18], but 
neither these nor changes in skin resistance seemed to 
account for the response to angiotensin II; this latter para- 
meter did not vary significantly as compared to nonrespon- 
sive Bufo paracnemis skins in the same season. Further- 
more, Fig. 1 shows that an experimental factor was in- 
volved in the insensitivity to angiotensin II exhibited by 
toad skin, since in some experiments performed in paired 
halves of abdominal skin only one half was seen to react. 

Pretreatment with distilled water or saline (06% NaCl) 
had an effect on the SCC response to angiotensin IIT which 
could be attributed to an increase or decrease of 
basal current levels. The response is more easily observed 
after saline pretreatment, as has been demonstrated by 
Crabbé [19] for aldosterone. High basal SCC values result 
in the disappearance of the response to angiotensin II. 
Amphibians used in the experiments shown in Table | 
received no pretreatment. In spite of varying SCC levels, 
no significant differences were found in the baseline levels 
of reactive as compared to nonreactive groups, nor was 
any significant correlation found between the level of SCC 
of each skin and the magnitude of its response to angioten- 
sin II. 

In the data presented in Table 1, care was taken not 
to use toads which were moulting, since previous exper- 
iments measuring fluid uptake in the whole animal [5] 
demonstrated that the response to angiotensin II disap- 
peared in moulting animals. It is known from Nielsen’s 
experiments [20] that aldosterone-induced moulting causes 
inhibition of the skin response to this hormone. This is 
attributed to a hypothetical inhibitory substance released 
during the moulting process. The situation is not the same 
for angiotensin II. In fact, it seems to be the opposite, 


Table 1. Effect of a single dose of angiotensin II on short-circuit current in ventral skin of several species of amphibia 
in different seasons* 





Per cent increaset 





Species Season 


Transmembrane 


Short-circuit 


potential P current P 





Summer 
Autumn 
Summer 
Autumn 
Spring 
Summer 
Summer 
Autumn 
Summer 


Leptodactylus 
chaquensis 
Bufo arenarum 


Bufo paracnemis 


Ceratophrys ornata 


NS 
<0-05 
NS 
<0-01 
<0-02 
<0-05 
NS 
NS 
<0-01 


<0-01 
<0-02 
NS 
<0-02 
<0-01 
<0-01 
NS 
NS 
<0-001 


203 + 10-4 
47419 
26 + 28 
624 1-4 
61+ 18 
60 + 22 
3-4 + 38 
60 + 33 
44 + 08 


303 +64 
9-3 + 36 
40+ 48 

13:8 + 42 

14-4 + 31 

13-0 + 35 
81 + 81 
3-44 7-2 
6:5 +08 





* Experiments were performed at 20°-27°. 


+ Per cent increase and S.E. of the reading at 15 min after adding angiotensin II and the last of three stable readings 


during the previous period. NS = not significant. 
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Time, hr 
Fig. 1. Effect of angiotensin II (107 °M, arrow) on short- 
circuit current (SCC) in paired halves of an abdominal skin 
of Ceratophrys ornata. 


since it has not been demonstrated that the octapeptide 
induces moulting, and skin reactivity actually increases 
when the stratum corneum is present. Supporting this con- 
clusion, it can be mentioned that the reactivity to angioten- 
sin II of toad skin is inhibited during the process of spon- 
taneous moulting but is recovered the following day, when 
formation of a new stratum corneum has presumably begun. 
Since moulting is under endocrine control [21], exper- 
iments were performed in the bladder of toads whose skin 
had moulted. The results showed that reactivity of bladder 
epithelia to angiotensin II was not affected in this situation. 

In previous experiments [2] failure of the skin to react 
to angiotensin II was attributed to inactivation of the pep- 
tide. and therefore doses were added every 15 min to main- 
tain a high concentration without any stimulatory effect. 
In the present experiments angiotensin II-'7°I was used 
to determine whether failure of some membranes to react 
was due to lack of binding to the receptor site of the mem- 
brane. It was demonstrated that angiotensin II had not 
been adsorbed in the reservoirs and had reached the mem- 
brane, which in turn had failed to react. Membranes pre- 
treated with angiotensin II showed a greater reactivity to 
vasopressin in previous experiments; this fact at present 
is tentatively explained on the basis that the adenylate cyc- 
lase-cyclic AMP system could be involved in the response 
to angiotensin II [22]. 

Failure of some groups of toads may also reflect pro- 
blems derived from amphibian experimentation, as Herrera 
[23] pointed out in referring to the discrepancy in results 
obtained from toads of Colombian and Dominican origin, 
whereas Culley [24] and Gibbs er al. [25] claimed to de- 
velop definite strains of amphibians to avoid inconsistent 
results from experimentation. Inconsistency in the reacti- 
vity of amphibian membranes to angiotensin II remains 
to be fully explained, although it should be pointed out 
that these tissues react to a very small extent (up to about 
15 per cent of the maximal response) to neurohypophyseal 
peptides and effective doses (10° ° M) are higher than those 
used in mammalian membranes (5-107 !°M) [12]. 

If angiotensin II is able to stimulate active sodium trans- 
port either by increasing sodium permeability or by stimu- 
lating the sodium pump, its action not only in the renal 
tubule but also in other systems (the arterial wall [26], 
brain tissue [27], norepinephrine uptake in the sympathe- 
tic nerve endings and aldosterone secretion by the adrenal 
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cortex [28]) could be explained on the basis of changes 
in membrane permeability or sodium pump activity, as 
suggested by other authors. 
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COMMENTARY 


LIPID STRUCTURE AND DRUG METABOLIZING ENZYMES 


ANTON STIER 


Max-Planck-Institut fiir biophysikalische Chemie, 34 Gottingen, Germany 


A multienzyme system consisting of at least 4 different 
enzymes (the cytochromes P-450 and b, and their cor- 
responding reductases) is involved in mixed function 
hydroxylation, the phase I reactions of the biotrans- 
formation of drugs and other xenobiotics in the endo- 
plasmic reticulum of the liver. At least in microsomes 
of phenobarbital stimulated animals the mixed func- 
tion hydroxylation system accounts for 40% of the 
total integral membrane proteins. In addition the 
membrane contains several enzymes carrying out the 
phase II reactions, for example the UDP-glucurony] 
transferase. Thus this membrane represents a 2-di- 
mensional compartment in the cell with a dense pack- 
ing of many enzymes involved in catalyzing consecu- 
tive steps of biotransformation reactions. This im- 
poses on the kinetics of those reactions some features 
deviating from the kinetics of enzymes homo- 
geneously distributed in the 3 dimensional plasma 
space of the liver cell as shown by model calculations: 
For example the mere reduction in dimensionality 
could favour under certain conditions the diffusion 
of substrates to their biotransformation site [1], the 
immobilization on the membrane of 2 enzymes cata- 
lyzing a sequence of reactions could enhance the rate 
of end product formation [2] or the dense packing 
of the enzymes could make the Michaelis-Menten 
equation inapplicable [3]. Furthermore a certain 
topography of the 4-enzyme system could specifically 
channel the flow of electrons during a mixed function 
hydroxylation. Thus the question (crucial for the 
regulation of the system) whether the transfer of the 
first or the second electron is rate-limiting for the 
overall reaction might be a matter of structural 
organization of the whole multienzyme complex in 
the membrane. The membrane lipids form the matrix 
of the 2-dimensional compartment. What is their spe- 
cial role with regard to the structural arrangement 
of the biotransformation enzymes and their peculiar 
kinetics? 


Phase separation in lipid membranes 


Recently concepts have been elaborated on the 
dynamics of the phospholipids in membranes based 
on the cooperativity of the supramolecular structure 
of lipid bilamellae. One of the most important proper- 
ties learned from experiments with artificial bilamellar 
phospholipid membranes and verified for some bio- 
logical membranes is the occurrence of phase separ- 
ation equilibria [4]. The different lipid components 
of membranes might not be randomly distributed 
within the membrane, rather areas could occur that 
have been separated from the bulk mixture and exist 
in a different physical state. This physical state deter- 
mines the arrangement of multienzymes embedded in 
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the lipid matrix as well as the conformational states 
of the individual enzymes, whereas a conformational 
change of a receptor protein initiated by the binding 
of a transmitter, a hormone or drug might induce 
a phase separation. Thus a local disturbance on the 
membrane could affect the whole membrane struc- 
ture. Two different functions in the membrane could 
be linked by this long range cooperativity of lipids, 
a stimulus on the one functional site being transduced 
to a qualitatively different functional site and even 
being amplified by the linking of multiple secondary 
functional sites to the receptor (e.g. [5]). Calcium [6] 
and cholesterol [7] have been shown to induce phase 
separation. It is tempting to extrapolate from these 
concepts of lipid dynamics to an understanding of 
the biological function of the endoplasmic reticulum. 
The following discussion of recent results on the 
structure of lipids in isolated liver microsomal mem- 
branes, mainly obtained by techniques of ESR- and 
NMR-spectroscopy [8], may be confined to the ques- 
tions (a) whether the present stage of our knowledge 
of lipid structure of microsomes allows for the appli- 
cation of these concepts, and (b) what principles we 
can deduce for the understanding of the mechanisms 
of biotransformation reactions. 


Rigid and fluid lipid areas in liver microsomes 

Some of the lipids of microsomal membranes form 
lamellae existing in a state of high fluidity: The ESR- 
spectra of a stearic fatty acid spinlabel incorporated 
into microsomal membranes of rabbits are character- 
istic for the fatty acid molecule undergoing rapid ani- 
sotropic rotation [9]. An order parameter (S = 0:71 
at 23°C) as a measure of lipid fluidity can be eva- 
luated (c.f. cit. [10]), which lies in the lower range 
of order parameters measured so far by this method 
in biological membranes (e.g. [11]; sarcosomes 0:8, 
human erythrocytes 0-83, human lymphocytes 0°8). 
The order parameter continuously decreases with 
temperature showing that the fluidity of the lipid con- 
tinously increases. But the fluidity of the membrane 
not only allows for a high rotational mobility of the 
fatty acid spinlabel but also for a high rate of lateral 
diffusion within the membrane. From the concentra- 
pion dependence of the spin exchange frequency at 
high label concentrations (molar ratio label to 
lipid > 0-03), diffusion constants Duis 40°C of 
14 x 10~8 cm?/sec and Daise 30°C 10 x 10° * cm/sec 
have been determined which means a diffusion rate 
of about 3-4 ym/sec [9]. Thus the distribution of 
lipophilic compounds within the confines of the endo- 
plasmic reticulum within a liver cell might effectively 
compete with a random distribution through the 
plasma space. This satisfies one of the conditions for 
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Fig. 1. Natural abundance C'? NMR spectra of phenobarbital stimulated rabbit liver microsomes 

(30 mg/ml protein) at different temperatures. Spectra were recorded by Fourier transform technique 

on a Bruker WH 270 spectrometer with accumulation of 90,000 pulses. Note the increase and sharpen- 

ing of the methylene-resonances at the expense of the underlying broad band in the spectrum at 
39°C. 


the applicability of a kinetic model (reduction of the 
diffusional space to 2 dimensions [1 ]) previously men- 
tioned. , 

The lipids we can examine by the spinlabel exper- 
iments mentioned do not represent the total lipid of 
the membrane. Other membrane areas exist com- 
posed of lipids which are not as easily accessible to 
the spinlabel due to their low fluidity: Proton mag- 
netic resonance spectra show, underlying the sharp 
resonances of the cholinomethyl-, methylen- and 
methylgroups of lipids in a highly fluid state, broad 
bands that are nearly absent in microsomal lipid 
extracts, redispersed by ultrasonication, or in micro- 
somal preparations to which cholate has been added 
in a molar ratio to the lipids of | to 2-5. This immobi- 
lized part of the membrane lipids shows a critical 
increase of its fluidity with rising temperature around 
36°C, as can be seen from the temperature depen- 
dence of the intensities of the proton- and the C!?-re- 
sonances (see Fig. 1) of the fatty acid methylene 
groups by NMR-spectroscopy. Above 36°C a mark- 
edly higher amount of small lipophilic molecules dis- 
solve in the membrane as shown by the measurement 
of the partitioning of the spinlabel 2,2.6,6-tetramethyl- 
piperidine-l-oxyl between the aqueous phase and 
microsomal membranes. 

Lipids exhibiting this kind of a phase transition 
are associated with the cytochrom P-450: The order 
parameter (S) of a stearic acid spinlabel incorporated 
into a cytochrome P-450 preparation, in which the 


bulk of the lipids and proteins of the membrane had 
been detached with cholate and separated by affinity 
chromatography on AH-sepharose 4B (ca. 50% of 
total protein in this preparation is represented by 
cytochrome P-450), is much higher (S = 0-86 at 23°C) 
than the order parameter observed for the spinlabel 
incorporated into the extracted and resuspended 
lipids of the same cytochrome P-450 preparation 
(S = 0-63 at 23°C), and exhibits an abrupt change at 
about 36°C. Apparently the remaining protein of this 
membrane fraction, presumably cytochrome P-450 im- 
poses a high degree of order on the attached lipid, 
and the lipoprotein complex changes its conformation 
at about 36°C. 

Other experiments with intact microsomes give 
further evidence for the existence of an area of immo- 
bilized lipids surrounding the cytochrome P-450 sys- 
tem: Spinlabels can be reduced by NADPH in micro- 
somal preparations probably by the cytochrome 
P-450-reductase [12]. The activation energy for reduc- 
tion of a fatty acid spinlabel decreases abruptly from 
a value of 30:8 kcal/mole at temperature below 32°C 
to a value of 8-7 kcal/mole above 32°C, whereas the 
activation energy for the reduction of a hydrophilic 
spinlabel is constant (13-8 kcal/mole) in the whole 
temperature range [9]. The high activation energy at 
low temperature for the reduction of the lipophilic 
spinlabel which appraoches the reductase protein 
from the lipid phase by lateral diffusion within the 
membrane is due to the fact that this substance must 
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penetrate a barrier of phospholipid in rigid state, 
whereas the polar spinlabel by-passes the barrier 
approaching the enzyme from the water phase. 

Apparently the proposal for the applicability of the 
concepts of the lipid dynamics as outlined above is 
satisfied: The lipids in the endoplasmic reticulum 
membrane are heterogeneously distributed. Several 
lines of experimental evidence suggest that an area 
of lipids in a rigid state is associated with the cyto- 
chrome P-450 system whereas other membrane lipids 
are arranged in a highly fluid bilayer. 


Coupling and decoupling of the cytochrome P-450 system 

From the functional relationship of the components 
of the cytochrome P-450 system (cytochrome P-450 and 
cytochrome P-450 reductase) and their molar ratio of 
occurrence in the membrane, in accordance with the 
experiments on the NADPH dependent reduction of 
the fatty acid spinlabel, a rosette-like assemblage of 
these components, as shown schematically in Figure 
2, might be assumed as the most simple model of 
structural organization of the multienzyme complex. 
The model might be extended by the inclusion of the 
transfer chain of the second electron (cytochrome bs 
and the corresponding reductase) [13] which might 
amplify but not definitely modify the principles that 
can be derived from the application of the concepts 
of lipid dynamics. The lipid halo is visualized as 
rigidly coupling the components of the multienzyme 
system. 

It can be calculated, on the assumption of bimole- 
cular circles of rigid lipids surrounding the cyto- 
chrome P-450 system in addition to the lipid between 
the enzyme subunits, for the system representing 20% 
of the total microsomal protein that the lipid of the 
halo in the rosette model accounts for 35% of the 
total microsomal lipid which is in fair agreement with 
the NMR-spectroscopic measurements. The confor- 
mational transition temperature is related to the 
physiological temperature. That means the halo or 
the lipoprotein complex as a whole is in a metastable 
state. The border of the halo with the surrounding 
membrane lipids constitutes a phase boundary. 
Therefore the halo is part of a phase which is in a 
dynamic equilibrium with other parts of the mem- 
brane. Structural changes in the bulk of the mem- 
brane or in the lipoprotein complex of the cyto- 
chrome P-450 system itself, induced by substrate bind- 
ing or reduction of the cytochrome [14], might shift 


the phase equilibrium in either direction. As a conse- 
quence the subunits of the multienzyme complex may 
be coupled or decoupled. Such a phase equilibrium 
might be the basis for a functional linkage between 
the cytochrome P-450 complex and other biological 
functions of the endoplasmic reticulum. Ca**, Mg?* 
and endogenous steroids may shift the equilibrium 
and metabolic transformation of the membrane lipids 
and lipid peroxidation could influence the coupling— 
decoupling dynamics. Sex [15], age, nutrition [16] 
and diurnal dependent variations in drug biotransfor- 
mation reactions might be related to variations in 
lipid metabolism. These variations might be con- 
trolled within certain limits, as the cytochrome P-450 
is itself involved in the metabolism of lipids and cho- 
lesterol (see [17]) and thus could regulate its own 
phase-dependent activity. The consequences for the 
biotransformation might be quantitative and qualita- 
tive: In the coupled state the flavoprotein can be 
assumed to act predominantly as a cytochrome 
P-450-reductase and the cytochrome as a hydroxylase 
whereas in the decoupled state the flavoprotein could 
act as a hydroxylase [18] and the cytochrome as a 
peroxidase [19]. Substrate, ligand and inhibitor bind- 
ing could be different in the coupled and decoupled 
states. Thus multiple forms of cytochrome P-450, as 
differentiated by the application of binding criteria 
[20], might in reality represent a single form in 
varying lipid environments. 


Drug interactions with lipid membranes 

Drugs could influence the coupling-decoupling 
dynamics in two ways. They could trigger a phase 
separation by binding to the cytochrome P-450 (see 
above) or by interaction with secondary binding sites 
in the bulk of the membrane lipids. Recent spinlabel 
experiments with artifical lipid membranes have 
demonstrated that drugs can interact quite specifically 
with membranes. A correlation of the anaesthetic 
potency of steroids with the capability to decrease 
the order parameter of spinlabelled liposomes was 
observed [21]. A shift to lower temperatures of the 
phase transition of lecithin membrane vesicles caused 
by morphine derivatives appeared to be related to 
their structure [22]. Also butobarbitone [21], several 
tricyclic antidepressants [22] and high concentrations 
of inhalational anaesthetics [23] destabilize the crys- 
talline lattice of lecithin membranes thus weakening 
the cooperativity of the lipids. On the contrary 


Fig. 2. Hypothetic model of the coupling and decoupling of the cytochrome P-450 system enzyme 

components (large heavy circles: cytochrome P-450 reductase; large light circles: cytochrome P-450) 

dependent on the phase separation of lipids (for simplicity and 2 different types of lipids are drawn: 
small open and closed circles) as viewed from above the membrane. 





112 


halothane in a lower concentration range where clini- 
cal anaesthesia is produced stabilized a lecithin mem- 
brane [24]. Digitoxigenin binds specifically to the 
hexagonal lattice of the polar headgroups of lecithin 
membranes in their crystalline state [25]. The binding 
site having a shape complementary to that of this 
molecule meets some of the structural features 
required by cardioactive steroids. The binding stabi- 
lizes the hexagonal lattice and shifts the phase transi- 
tion to higher temperature. Thus digitoxigenin exerts 
a procooperative effect on these membranes. As a 
conclusion from these results we might differentiate 
membrane active agents into procooperatively and 
anticooperatively acting groups. These two groups 
might be expected to shift phase equilibria in different 
directions. 

Thus drugs might by their interaction with micro- 
somal membrane lipids influence the coupling—decou- 
pling equilibrium of the cytochrome P-450 system. 
These effects exerted from secondary binding sites in 
the membrane could complement or cancel the pri- 
mary effects elicited by binding to cytochrome P-450. 
Depending on concentration of substrate and on the 
ratio of affinity to the binding sites a biphasic effect 
might be observed. Biphasic and dual effects on drug 
biotransformation are well known to be exhibited by 
substances acting as activators and/or inhibitors on 
drug biotransformation. The simultaneous presence of 
two or more drugs in the liver could produce a com- 
bination of effects on lipid structure thus causing drug 
interaction on the level of biotransformation to be 
a highly complex phenomenon. 

Many of the products of phase I biotransformation 
reactions are stronger amphiphiles than their parent 
compounds and therefore stronger phase shifting 
agents. Depending on the type of interaction with 
lipids (procooperative or anticooperative) and site 
(cytochrome P-450 system inclusive the lipid halo or 
bulk lipid) product inhibition or product activation 
of the biotransformation might be expected. In vivo 
however the products might be trapped by the sub- 
sequent phase II reactions and transported vectorially 
through the membrane due to the sidedness of distri- 
bution of phase I and phase II enzymes. The func- 
tional linkage between the cytochrome P-450 system 
and UDP-glucuronyl transferase could be lipid 
mediated. Some of the effects known to be exerted 
by various factors on the activity of this enzyme [26] 
can be considered as lipid phase shifts. 

The common denominator in the activity of the 
many phenobarbital type stimulators of the mixed 
function hydroxylation system is long time contact 
with the endoplasmic reticulum membrane which 
might induce a persisting phase shift in the membrane 
lipids resulting in decoupling of the cytochrome P-450 
system. This long term phase shift could disturb many 
membrane functions thereby eliciting a host of com- 
pensatory responses. 


Microsomes—restraints of a model 


Microsomes are only artificial models for the in 
vivo biotransformation reactions. This statement 
seems to be trivial. A thorough delineation of the 
limitations of the model however appears to be intri- 
cate. From the concepts of lipid dynamics as outlined 
above we might expect the versatility of the biotrans- 
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formation system being severely restrained by many 
in vitro conditions. The absence of the cell plasma, 
containing factors acting directly (like steroids, ions, 
proteins, nucleic acids) or indirectly (like endogenous 
inhibitors of lipid peroxidation [27], regulators of 
membrane lipid metabolism) on the lipid structure, 
might be one of the limiting conditions whose conse- 
quences are difficult to be evaluated unequivocally. 
The accumulation of products of phase I reactions 
in some cases, temperature, ionic composition or un- 
duly high substrate amounts added together with 
solvents belong to conditions which might shift the 
system to a stable ‘standard’-state in which it re- 
sponds reproducibly but in a manner nonrelevant to 
the in vivo situation. On the other hand the evaluation 
of kinetic parameters of a single selected biotransfor- 
mation reaction in a way which neglects the implica- 
tions of the peculiar kinetics of the multienzyme sys- 
tem localized in the 2-dimensional compartment of 
a membrane might not reveal the complexity of reac- 
tions involved. Furthermore as the lipid dynamics in- 
fluences the biotransformation reactions qualitatively 
as well as quantitatively the investigation of the whole 
pattern of products formed appears to be necessary 
to get a better insight into the mechanisms of the 
microsomal biotransformation reactions. 

The results outlined above indicate that the micro- 
somal membrane exists in a metastable state at the 
physiological temperature; that means that it is more 
sensitive to phase shifting influences at this tempera- 
ture than for example at 30°C at which temperature 
it might have been shifted thermotropically to an arti- 
ficial stable state. This metastability constitutes the 
most critical property inherent in the system restrain- 
ing the value of microsomes as an in vitro model. 
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Abstract—({1) Virgin female albino rats were treated with the estrogenic substance mestranol, the proges- 
togenic substance lynestrenol or with a combination of these two compounds. These two drugs are 
the components of the oral contraceptive pill Lyndiol®. (2) Mestranol pretreatment caused a significant 
increase in brain GABA level, lynestrenol pretreatment caused a significant decrease in brain glutamic 
acid level and pretreatment with a combination of the two drugs caused a significant rise in brain 
GABA content. Other changes were statistically insignificant. All three types of treatment, however, 
caused an identical and significant decrease in the glutamic acid:GABA ratio in rat brains. (3) The 
changes produced by oral contraceptive steroids on two brain enzymes, namely glutamate decarboxylase 
and aminobutyrate aminotransferase could not satisfactorily justify the assumption that the brain 
GABA concentration is controlled solely by the activities of such enzymes. 


In view of the worldwide use of the various oral con- 
traceptive compounds, it was thought of interest to 
tesr the effect of such compounds on the brain meta- 
bolism, especially as related to the metabolism of 
gamma aminobutyric acid (GABA) and glutamic acid 


(Glu). These two amino acids were chosen since they 
were found to act as inhibitory and excitatory neuro- 
transmitters respectively [1,2]. Two enzymes known 


to be involved in brain GABA metabolism were also ‘ 


measured in this study; namely glutamate decarboxy- 
lase (L-glutamate 1-carboxylase, EC 4.1.1.15) and 
aminobutyrate aminotransferase (4-aminobutyrate: 2- 
oxoglutarate aminotransferase, EC 2.6.1.19). 

The oral contraceptive compounds employed in 
this study were mestranol and lynestrenol, the com- 
ponents of the well-known oral contraceptive pill 
Lyndiol®, manufactured under license of N.V. 
Organon-Oss-Holland and containing lynestrenol 
2:5 mg and mestranol 0-075 mg per tablet. 


MATERIALS AND METHODS 


Materials. The following drugs were used in this 
study: Mestranol (17z-ethinyl-17-f-hydroxy-3-meth- 
oxy-1,3,5,(10)-estratrien, Organon); Lynestrenol (17z- 
ethinyl-17-f-hydroxy-estr-4-en, Organon. 

Animals and dosage schedule. Virgin female albino 
rats weighing 100-150g were obtained from local 
suppliers and were allowed food and fresh water ad 
lib. The rats were divided into four groups. Treatment 
was started when the rats were in the estrous stage 
of their cycle. The drugs were suspended in 0-5°% car- 
boxymethyl cellulose and given orally for 12 consecu- 
tive days. The rats were sacrificed 24 hr after the last 
dose. Group I received a daily dose of 0-08 mg mes- 
tranol per rat; Group II received a daily dose of 
2:5 mg lynestrenol per rat; Group III received a daily 
dose of 0-08 mg mestranol and 2:5 mg lynestrenol per 
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rat; Group IV served as a control and received an 
equivalent volume of 0-5°, carboxymethyl cellulose 
daily for 12 consecutive days. The dosage and 
duration of treatment with the two sterols ensured 
a maximal contraceptive effect [3-6]. 

Estimation of GABA and Glu of rat cerebral hemi- 
spheres. The method used was a modification of the 
procedures described by Maynert et al. [7] and Saad 
[8]. The rats were decapitated, the brain quickly 
removed and the cerebral hemispheres were rapidly 
separated, weighed and homogenized in 7 vol of a 
solution of ethanol in water (75% v/v). These oper- 
ations were carried out in the cold room maintained 
at 0-2°. The precipitated protein was removed by cen- 
trifugation. The clear supernatant was evaporated to 
dryness on a water bath. After cooling the residue, 
it was dissolved in distilled water. The resulting turbid 
solution was centrifuged and an amount of the clear 
supernatant fluid equivalent to 60 mg of the original 
wet brain tissue was applied by a micropipette to a 
Whatman No. | filter paper. The chromatogram was 
run by the ascending method for 18-20hr using 
phenol-water (4:1 v/v) as a solvent. After removal 
of the solvent by air drying, the strips were dipped 
in 0-1°%% ninhydrin in butanol and placed in an oven 
maintained at 90° for 10 min. Each GABA or Glu 
spot was separately cut out and eluted in a test tube 
containing 5 ml ethanol solution (50%, v/v in water). 
The test tube was then centrifuged for 10 min. The 
optical density of the eluate was measured at a wave- 
length of 570nm in a Unicam SP 500 spectro- 
photometer. The amount of each amino acid present 
in each spot was then calculated using a_ predeter- 
mined standard curve. 

Assay of enzymatic activities. The preparation of the 
homogenates of cerebral hemispheres and the condi- 
tions for the incubation procedures were as those de- 
scribed by Sytinskii and Priyatkina [9]. Estimation 
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of the formed GABA (in case of glutamate decarboxy- 
lase activity) or Glu (in case of aminobutyrate amino- 
transferase activity) was carried out as described 
above. 


RESULTS AND DISCUSSION 


It has long been known that certain amino acids, 
including gamma aminobutyric acid (GABA) and glu- 
tamic acid (Glu), could greatly affect the excitability 
of the central nervous system [1,2]. The con- 
centration of these amino acids, in particular GABA, 
has been found to change under the influence of many 
factors. One of these factors is the alteration of the 
hormonal balance in the animal. Thus thyroidectomy 
was found to lower brain GABA levels [10], whereas 
administration of thyroid hormone resulted in an in- 
creased brain GABA and Glu levels [11]. Adrenalec- 
tomy was shown to decrease brain GABA [12, 13]. 
Ovariectomy was reported to increase brain GABA 
levels [8] while the administration of progesterone 
lowered these levels towards control values [14]. 

The steady state concentration of brain GABA has 
been considered to be a function of the relative rates 
of formation and utilization by glutamate decarboxy- 
lase and aminobutyrate aminotransferase enzymes re- 
.Spectively [15]. Some authors hold the view that 
brain GABA is entirely controlled by the glutamate 
decarboxylase enzyme activity [16], whereas others 
claim that aminobutyrate aminotransferase plays a 
more important role in this respect [17]. 

The data obtained in this study (Table 1) showed 
that the estrogenic steroid compound, mestranol, 


given alone or in combination with the progestogenic 
compound lynestrenol, resulted in a significant rise 
in brain GABA levels. Administration of lynestrenol 
alone caused a slight, statistically insignificant in- 
crease in this parameter. Regarding brain Glu levels, 


only lynestrenol caused a_ significant decrease 
amounting to 11-6% of control value. In general, the 
changes in the Glu levels were of a much lower mag- 
nitude than those observed with GABA. This is in 
fair agreement with the view held by some authors 
that the concentration of brain Glu, unlike that of 
GABA, remains more or less constant [15]. 

A very interesting observation was noted when the 
results were expressed in terms of Glu:GABA ratio 
rather than in terms of absolute values of individual 
amino acids (Table 1). That is, all types of treatment 
employed in this study resulted in almost an identical 
amount of decrease in this ratio. In other words, the 
steady state concentration of the two amino acids was 
shifted in favor of GABA so that the new Glu:GABA 
ratio was decreased about 20°, from control value 
in all the three types of treatment. This finding might 
be of significance since one would expect that the 
excitability of the brain might be a function of a cer- 
tain balance between the excitatory and inhibitory 
amino acids rather than of the absolute con- 
centrations of any of these amino acids alone. Our 
results showed that all three types of treatment in- 
cluded in this study produced the same degree of ‘im- 
balance’ in this equilibrium. 

Data concerned with the effect of oral contracep- 
tives on brain enzyme activities are presented in Table 
2. A significant change in glutamate decarboxylase 


activity was observed following mestranol treatment 
only where the activity was found to increase by 
about 21% over the control value. The changes fol- 
lowing other types of treatment were statistically in- 
significant. The aminobutyrate aminotransferase 
enzyme activity was decreased in the three types of 
treatment, the decrease was statistically significant fol- 
lowing mestranol or lynestrenol treatment. 

From these data, it could be seen that no direct 
correlation between the changes in amino acid con- 
centrations and those in enzyme activities could be 
established. Thus if we consider that the brain GABA 
level is dependent upon the glutamate decarboxylase 
activity alone [16], one would expect that lynestrenol 
should have produced a decrease in brain GABA, and 
that pretreatment with the mestranol lynestrenol 
combination should have produced no significant 
change, neither of which is the case in our study. The 
only treatment which was found to agree with this 
assumption was that observed with mestranol which 
produced an increase in brain GABA concentration. 
On the other hand, if we assume that aminobutyrate 
aminotransferase enzyme plays the dominant role in 
controlling the level of brain GABA [17], one would 
expect that all three treatments should cause an in- 
crease in brain GABA with lynestrenol causing the 
highest increase. Our results showed that all three 
types of treatment, in fact, produced an increase in 
this parameter. However, lynestrenol caused the least 
and not the highest increase in brain GABA con- 
centration. Therefore it could be concluded that other 
factors may play a major role in regulating the brain 
GABA level in addition to the two enzymes generally 
held responsible for the regulation of the steady state 
concentration of this amino acid in the brain. 

The observed changes in the level of brain GABA 
and Glu following oral contraceptive steroid treat- 
ment may help to explain some of the commonly seen 
side effects of the pills such as the mental depression 
that is observed more frequently in women taking 
these pills [18]. 
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Abstract—In order to study the possible role of phospholipids in the genesis of different forms (‘A’ 
and ‘B’) of monoamine oxidase (MAO), rat liver mitochondrial monoamine oxidase was compared 
in mitochondria before and after lipid-depletion by extraction with aqueous methyl ethyl ketone with 
respect to substrate specificity and inhibitor sensitivity. With serotonin (substrate for the ‘A form’ 
of the enzyme) 7 per cent of the activity in the mitochondrial preparation was recovered after extraction, 
while 80 per cent was recovered with f-phenylethylamine (substrate for the ‘B form’ of the enzyme) 
and 3° per cent with tyramine (which is supposed to be a substrate for both forms). A comparison 
of the sensitivity to the inhibitors clorgyline (‘A form’ inhibiting) and deprenil (‘B form’ inhibiting) 
before and after extraction also showed that the ‘B form’ of the enzyme was almost exclusively recovered 
in the lipid-depleted residue. From extraction experiments performed on mitochondria with either 
the ‘A’ or the ‘B form’ of the enzyme selectively inhibited with clorgyline or deprenil, respectively, 
it could be concluded that no transformation of the ‘A form’ into ‘B form’ occurred as a result of 
the extraction. After extraction of mitochondria in which both forms of monoamine oxidase had been 
labelled with the irreversible inhibitor ['*C]pargyline most of the radioactivity was found in the lipid- 
depleted residue. This indicates that the ‘A form’ was not liberated from. the membranes by the extrac- 
tion, but was still present in the membrane residues in an inactivated state. The results do not support 
the hypothesis that the multiple functional forms of monoamine oxidase are explained by the binding 


of different amounts of membrane material to one single enzyme species. 


Monoamine oxidase (monoamine:O, oxidoreductase, 
EC 1.4.3.4) has been studied in different tissues from 
several species and results have been obtained which 
have been interpreted as indices for the existence of 
multiple forms of the enzyme in many tissues (for 
reviews see Refs. | and 2). The question of multiple 
forms of the enzyme is of great importance for the 
development of new antidepressive drugs of the 
monoamine oxidase inhibitor type with fewer un- 
wanted side-effects due to a greater selectivity in their 
monoamine oxidase inhibiting capacity. The evidence 
for the existence of multiple forms is mainly based 
on differences in substrate specificity, sensitivity to in- 
hibitors and electrophoretic mobility (see Ref. 1). Due 
to the results obtained with the inhibitor clorgyline, 
Johnston [3] suggested that monoamine oxidase 
might exist in an ‘A form’ which is highly sensitive 
and a ‘B form’ which is less sensitive to clorgyline. 
Later Knoll and Magyar [4] introduced deprenil, an 
inhibitor which preferentially inhibits the *B form’ of 
the enzyme. The distribution and substrate specifici- 
ties of the two forms have recently been reviewed by 
Neff and Yang [5]. Thus the ‘A form’ metabolizes e.g. 
nor-epinephrine and serotonin and the ‘B form’ f- 
phenylethylamine and benzylamine, while dopamine, 
tyramine and tryptamine are metabolized by both 
forms. 

Recently, Tipton and coworkers [6,7] have sug- 
gested that the differences between the two forms may 
be explained by different amounts of membrane 
material, i.e. phospholipids, bound to the enzyme. 
They showed that after treatment of monoamine oxi- 
dase from rat liver or human brain with the chaotro- 
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pic agent sodium perchlorate the electrophoretic 
mobility and the sensitivity of the enzyme to clorgy- 
line changed as to reveal only one single form of the 
enzyme. These results supported the contention that 
the multiple forms of monoamine oxidase were due 
to the differential binding of membrane material to 
a single enzyme species, conferring allotropic proper- 
ties upon it. 

Our group has developed a method for liberation 
of monoamine oxidase from pig liver mitochondria 
by extraction of phospholipids [8]. In this method the 
phospholipids are effectively removed by extraction 
with aqueous methyl ethyl ketone with most of the 
monoamine oxidase activity retained. In a first step, 
about 90 per cent of the phospholipids are extracted, 
however, without liberation of the enzyme [9]. In the 
present investigation we have used this first step of 
the procedure to study the role of the phospholipids 
for the existence of multiple forms of rat liver mono- 
amine oxidase. We thus have compared the properties 
of monoamine oxidase in the mitochondrial prep- 
aration with those of the enzyme in the lipid-depleted 
residue with regard to substrate specificity and sensi- 
tivity to the inhibitors clorgyline and deprenil. 


MATERIALS 


['*C]serotonin, ['*C]tyramine and ['*C]f-phenyl- 
ethylamine were purchased from New England Nuc- 
lear, Boston, Mass., and the corresponding unlabelled 
substrates from Sigma Chemical Co., St. Louis, Mo. 

Deprenil (phenylisopropylmethylpropionylamine 
hydrochloride, E-250) was a kind gift from Dr. 
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Magyar, Budapest, Hungary through Dr. Kinemuchi, 
Tokyo and clorgyline (N-methyl-N-propargyl-3 (2,4- 
dichlorophenoxy)-propylamine hydrochloride), M & 
B 9302 from May & Baker Ltd., Dagenham, England 
(Dr. R. A. Robinson). ['*C]pargyline was a kind gift 
from Abbot Laboratories, North Chicago, III. (Dr. R. 
G. Wiegand and Dr. R. C. Sonders). 


METHODS 


Preparation of rat liver mitochondria and of lipid-de- 
pleted mitochondrial membrane residue. Male Sprague 
Dawley rats were killed by a blow on the head and 
the ‘livers were quickly removed and chilled. Mito- 
chondria were prepared in 0:25 M sucrose by the 
method of Thompson et al. [10]. To prepare lipid- 
depleted mitochondrial membrane residue the mito- 
chondrial preparation (about 50 mg protein/ml) was 
extracted with aqueous methyl ethyl ketone as de- 
scribed earlier for pig liver mitochondria [8]. Briefly, 
8 volumes of methyl ethyl ketone were added slowly 
under rapid stirring to one volume of the mitochon- 
drial preparation. The ketone extract was poured off 
and the residue suspended in four times the original 
volume of 0-1 M potassium phosphate (pH 7:2) con- 
taining 0-001 M EDTA and then spun down. The 
residue from this centrifugation was suspended in the 
original volume of 0-01 M potassium phosphate (pH 
7:2). In the following this suspension is referred to 
as the lipid-depleted residue. 

Assay of monoamine oxidase. Monoamine oxidase 
was estimated according to the principles of Wurtman 
and Axelrod [11] with ['*C]tyramine, ['*C]f-phenyl- 
ethylamine and ['*C]serotonin as substrates at a 
final concentration of 20 4M. Since many pitfalls are 
involved in the estimation of monoamine oxidase 
using labelled substrates [12,13] we routinely con- 
trolled the results obtained by using an oxygen polaro- 
graphic method [14]. In all cases tested there was 
an excellent agreement between the two methods. 

Separation of phospholipids on thin layer chromato- 
graphy (t.l.c.) and determination of lipid phosphorus. 
Aliquots of the mitochondrial preparation, the methyl 
ethyl ketone extract, the buffer extract and the lipid- 
depleted residue were extracted with 20 vol chloro- 
form—methanol (2:1, v/v). The extracts were shaken 
with 0:4 vol 0-99, NaCl. After separation the chloro- 
form layer was dried with anhydrous Na,SO, and 
evaporated to a small volume. Samples were then 
taken for determination of phosphorus and for two- 
dimensional t.l.c. separation of phospholipids on silica 
acid H (E. Merck AG, Darmstadt). The mixture for 


the development in the first direction consisted 
of chloroform—methanol-water-ammonia (25%), 
130:110:8:0-5 (v/v). The plates were dried and then 
developed in the second direction with a mixture 
of chloroform-acetone-methanol-acetic acid—water 
(75:35:15:12:7, v/v). After drying, the spots were 
visualized by spraying with iodine vapor and then 
scraped off. The individual phospholipids were identi- 
fied by comparing the R,-values with those of stan- 
dard samples chromatographed on different plates at 
identical conditions. The phospholipids were 
extracted with 3 ml of chloroform—methanol-acetic 
acid—water (50:39:1:10, v/v) and 2 ml of the extract 
evaporated to dryness. Phosphorus was then esti- 
mated according to Chen et ai. [15]. The recovery 
of lipid phosphorus after the separation on t.l.c. was 
always more than 85 per cent. 

Protein was estimated according to Lowry et 
al.[16] with human serum albumin as a standard. 

Radioactivity was estimated in a Packard Tri-Carb 
liquid scintillation spectrometer with Aquasol (New 
England Nuclear, Boston, Mass.) as_ scintillation 
media. Quenching was, when necessary, corrected for 
by using an internal standard. 


RESULTS 


The composition of phospholipids in the mitochon- 
drial preparation, the methyl ethyl ketone extract and 
in the lipid-depleted residue is shown in Table |. It 
can be seen that the extraction procedure removed 
about 80 per cent of the lipid phosphorus, thereby 
lowering the ratio phospholipid:protein from 0-093 
(3-73 yg lipid P/mg protein) in the mitochondrial 
preparation to 0-029 (1-15 yg lipid P/mg protein) in 
the residue. As regards to individual phospholipids, 
lecithin and phosphatidyl ethanolamine were prefer- 
entially extracted with the ketone, while mainly car- 
diolipin accumulated in the residue to constitute 
about one-third of the total phospholipid content as 
compared to about 10 per cent found in the mito- 
chondrial preparation. 

The recovery of the monoamine oxidase activity 
in the buffer extract and in the lipid-depleted residue 
is shown in Table 2. In the ketone extract it was 
not possible to measure activity. In the residue the 
recovery was dependent upon the substrate used for 
the estimation. Thus, with serotonin as substrate 
about 7 per cent, with tyramine 39 per cent and with 
f-phenylethylamine 80 per cent of the activity in the 
mitochondrial preparation was recovered. In_ the 
buffer extract less than | per cent of the activity in 


Table |. Phospholipids* in the mitochondrial preparation and in the different fractions obtained after extraction 
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residue 


3-4 229 10-2 O-8 


29 53 +8 0-5 





* 
ry 
t 


+ 
? 


All values are expressed as per cent of the total amount 
3:73 pg lipid phosphorus/mg protein. 
1-15 yg lipid phosphorus/mg protein. 


of lipid phosphorus in the mitochondrial preparation. 
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Table 2. Monoamine oxidase activity* remaining after 
extraction+ of rat liver mitochondria with methyl ethyl 
ketone 





Substrate 





B-phenylethyl- 


Serotonin Tyramine amine 





Mitochondrial 100 100 100 
preparation 
Buffer extract 
Lipid-depleted 
residuet 


03+01 
65 +07 


0-05 + 0-02 
392+ 19 


0-15 + 0-03 
80-1 + 2:3 





* Expressed as per cent of the activity in the mitochon- 
drial preparation before extraction. The values are the 
mean + S.E.M. of ten experiments. 

+ The extraction procedure was carried out as described 
in the text. 

t Protein content 59-9 + 1-4 of that in the mitochondrial 
preparation. 


the mitochondria was found, irrespective of the sub- 
strate used. 

In order to investigate whether the removal of 
phospholipids transformed the ‘A form’ of mono- 
amine oxidase (serotonin-oxidizing activity) into the ‘B 
form’ (f-phenylethylamine-oxidizing activity), mito- 
chondria were inhibited by either clorgyline or 
deprenil and then extracted. When monoamine oxi- 
dase in the mitochondrial preparation was inhibited 
by clorgyline only 2:5 per cent of the activity with 
serotonin as substrate but 844 per cent of the p- 
phenylethylamine oxidizing activity remained (Table 
3). After the extraction with ketone the recovery of 
the activity against B-phenylethylamine was about 70 
per cent of that in the clorgyline-treated mitochon- 
drial preparation. 

When deprenil was used to inhibit the ‘B form’ acti- 
vity in the mitochondria, essentially no activity with 
f-phenylethylamine as substrate but 45 per cent of 
the activity with serotonin remained (Table 3). When 
this selectively inhibited mitochondrial preparation 
was extracted and the activity against /-phenylethyl- 
amine was estimated still no activity was found in the 
lipid-depleted residue. 

The effect of various concentrations of clorgyline 
on the monoamine oxidase activity in the mitochon- 
drial preparation and in the lipid-depleted residue is 
shown in Fig. 1. With serotonin as substrate both 
the activity in the mitochondrial preparation and the 
remaining activity (7%) in the lipid-depleted residue 
were highly sensitive to the inhibitor. The activity 





re) 
° 


nN 
ie) 


Monoamine oxidase activity, % of unhibited activity 
3 











Concentration of clorgyline, -log M 

Fig. 1. Inhibition by clorgyline of monoamine oxidase in 
the mitochondrial preparation and in the lipid-depleted 
residue. Samples were preincubated at 25° in the presence 
of clorgyline at the concentrations indicated in a total 
volume of 275 yl of 0-5 M potassium phosphate (pH 7-4). 
After 20 min, the assay was started by adding 25 yl sub- 
strate and carried out as described in the text. The activity 
is expressed as per cent of the activity in the absence of 
clorgyline. Mitochondria with serotonin as_ substrate: 
x x x; residue with serotonin: x~—~-x pes 
mitochondria with tyramine: A A A; residue with 
tyramine: A~---A-~~A; mitochondria with f-phenylethyl- 
amine: O O- © and residue with f-phenylethyl- 

amine: O--—-O-—-O. 


towards f-phenylethylamine was about 1000 times 
less sensitive both in the mitochondrial preparation 
and in the lipid-depleted residue. When tyramine was 
used as substrate, a plateau-shaped inhibition curve 
was obtained with increasing concentrations of clor- 
gyline. This is in agreement with previous reports that 
tyramine is oxidized both by the clorgyline-sensitive 


‘A form’ and the less sensitive ‘B form’ of the 
enzyme [3]. After the lipid-depletion, however, only 
the less sensitive part of the curve remained. 

The effect of various concentrations of the preferen- 
tially ‘B form’ inhibiting drug, deprenil, is shown in 
Fig. 2. The activity against f-phenylethylamine was 
highly sensitive to deprenil both in the mitochondrial 
preparation and in the lipid-depleted residue. The 
activity against serotonin, on the other hand, was 
considerably less sensitive in both preparations, and 
when tyramine was used as substrate for the mito- 


Table 3. Monoamine oxidase activity* remaining after extraction of rat liver mitochondria inhibited 
by clorgyline and deprenil, respectively* 





Clorgyline 


Deprenil 





Serotonin Tyramine 


f-phenylethylamine 


Serotonin Tyramine —_f-phenylethylamine 





Mitochondrial 5 41-0 
preparation 
Lipid-depleted 23-0 


residue 


58:4 (69-2) 


84-4 45:3 39-4 13 


67 4% 0-7 





* Expressed as per cent of activity in the mitochondria before inhibition. 

+ The mitochondrial preparation (158 mg) was incubated | hr at 37° in the presence of 1:75 nmoles 
clorgyline and 3-50 nmoles deprenil, respectively, in a total volume of 3-85 ml of 0:25 M_ sucrose. 
The inhibited preparations were then extracted as described in the text for uninhibited mitochondria. 

t Expressed as per cent of the activity of the clorgyline-inhibited mitochondrial preparation. 
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% of uninhibited activity 








Monoamine oxidase activity, 





Concentration of deprenyl, -log M 
Fig. 2. Inhibition by deprenil of monoamine oxidase in 
the mitochondrial preparation and in the lipid-depleted 
residue. The experiments were performed as described in 
the legend to Fig. 1, but with deprenil instead of clorgyline 
as the inhibitor. The signs represents the same sources of 
enzyme and substrates as indicated in Fig. 1. 


chondrial preparation again one sensitive and one less 
sensitive form of the enzyme could be distinguished. 
After extraction, however, only the highly deprenil- 
sensitive part of the enzyme activity remained. 
Pargyline is an inhibitor of both the ‘A’ and the 
‘B form’ activity of monoamine oxidase [5, 17]. It has 
been shown to bind irreversibly to the active site of 
the enzyme in a ratio of 1:1 [14,18, 19]. To exclude 
the possibility that the elimination of the ‘A form’ 
activity by the extraction was due to extraction of 
this form of the enzyme into the ketone phase, the 
enzyme in the mitochondrial preparation was labelled 
with ['*C]pargyline and then extracted as described 
for unlabelled mitochondria. The main part of the 
radioactivity was recovered in the residue and less 


Table 4. Distribution of radioactivity after extraction of 
('*C]pargyline-labelled mitochondria 





Per cent of 
radioactivity 





Washed mitochondria before 
extraction 

Methyl ethyl ketone extract 
Buffer extract 

Residue after extraction 


Yield 





The mitochondrial preparation (526 mg protein) was in- 
cubated in the presence of 24 nmoles ['*C]pargyline 
(51,000 cpm) in a total volume of 12:0 ml at 37° for 5 
hr. After the incubation, the mitochondria were spun down 
at 85,000 g for 15 min. The sediment was suspended in 
20 ml distilled water and was again spun down. After this 
wash the sediment was suspended to 9-5 ml with distilled 
water. The radioactivity remaining after the washings 
amounted to 16,000 cpm, and the monoamine oxidase acti- 
vity to 7-0 and 3-2 per cent of that in the uninhibited mito- 
chondrial preparation with serotonin and f-phenylethyl- 
amine, respectively, as substrates. Extraction of 6 ml of the 
labelled mitochondria was performed as described in the 
text for unlabelled mitochondria. Each sample was incu- 
bated with | ml of NCS tissue solubilizer (Amersham 
Searle) for 1 hr at 37° before measuring radioactivity. 


than 10 per cent was found in the ketone extract 
(Table 4), indicating that the ‘A form’ of the enzyme 
was most likely present in the residue after the extrac- 
tion, however, in an inactivated state. 


DISCUSSION 

It is a problem of lively current interest whether 
there are multiple forms of monoamine oxidase or 
not. The indices for multiple forms are mainly based 
on electrophoretical separation of membrane frag- 
ments containing monoamine oxidase with different 
properties and on kinetic data without prior separ- 
ation (See Refs. 1 and 20). As regards to the electro- 
phoretic separation Youdim [21] has separated rat 
liver monoamine oxidase on polyacrylamide electro- 
phoresis into five bands with different substrate and 
inhibitor specificities. It may be noted, however, that 
the differences between these bands do not appear 
to be as distinct as might be expected if they repre- 
sented the different functional forms reviewed by Neff 
and Yang [5] and also demonstrated in this paper 
(Tabie 2). In an attempt to elucidate the nature of 
the multiple forms of the enzyme Houslay and Tipton 
[6] recently showed that different amounts of phos- 
pholipids were bound to these electrophoretically 
separated bands. They also showed that treatment of 
the preparation with the chaotropic agent sodium 
perchlorate prior to electrophoresis decreased the 
amount of phospholipid bound and that after this 
treatment only one band of monoamine oxidase acti- 
vity was found. Accordingly, they suggested that dif- 
ferent amounts of phospholipids bound were respon- 
sible for the separation on electrophoresis. 

The kinetic evidences for multiple forms without 
prior separation of the enzyme are not conclusive, 
however, since the possibility cannot be ruled out that 
the results obtained may be explained by the existence 
of different regions with different affinities of the 
active site of one single enzyme as proposed by Sever- 
ina [22]. 

In this paper we have investigated the role of phos- 
pholipids for substrate specificity and inhibitor sensi- 
tivity by using extraction with aqueous methyl ethyl 
ketone for lipid-depletion of the mitochondrial prep- 
aration. This extraction removed about 80 per cent 
of the total amount of phospholipids, preferentially 
the zwitterionic phospholipids lecithin and phospha- 
tidyl ethanolamine, whereas mainly the acidic phos- 
pholipid cardiolipin accumulated in the residue 
(Table 1). These results are in agreement with those 
of Oreland and Olivecrona for pig liver mitochondria 
[9]. 

As can be seen in Table 2 most of the activity to- 
wards f-phenylethylamine (“B form’ activity) but only 
a minor part of the activity towards serotonin (‘A 
form’ activity) remained after extraction. With tyra- 
mine (‘A’ and ‘B form’ substrate) about half of the 
activity remained. These results are most easily 
explained by the assumption that most of the ‘A form’ 
activity was eliminated upon extraction whereas that 
of the ‘B form’ remained. Another possibility, how- 
ever, would be that the ‘A form’ was transformed to 
the ‘B form’ by lipid-depletion but this seems less prob- 
able since the recovered activity with f-phenylethyl- 
amine did not exceed that of the mitochondria before 
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extraction. If the ‘B form’ activity decreased by extrac- 
tion, however, it would still be possible that the ‘A 
form’ was transformed to the ‘B form’. To investigate 
this, the ‘A form’ activity in the mitochondrial prep- 
aration was inhibited by cloryline and then extracted. 
As can be seen in Table 3 this treatment did not 
significantly change the recovery after extraction; 69 
per cent remained after extraction as compared to 
80 per cent when uninhibited mitochondria were used 
(Table 2). When the ‘B form’ of the enzyme in the 
mitochondrial preparation was inhibited by deprenil, 
no return of the activity towards f-phenylethylamine 
was found after extraction (Table 3). These results 
make it unlikely that the ‘A form’ of the enzyme was 
transformed into the ‘B form’ by the extraction proce- 
dure. 

The almost complete elimination of the ‘A form’ 
activity by the extraction might then be due to the 
presence of inactive ‘A form’ of the enzyme in the 
lipid-depleted residue, or that the ‘A form’ was select- 
ively extracted into the ketone. Since it was not poss- 
ible to estimate monoamine oxidase activity in the 
ketone extract no direct evidence for the latter alter- 
native could be obtained. The experiments performed 
with monoamine oxidase labelled with the irreversible 
inhibitor ['*C]pargyline, which has affinity for both 
the ‘A’ and the ‘B form’ of the enzyme [5, 17] indi- 
cated, however, that the former alternative was more 
likely. Thus only a small portion of the ['*C]pargy- 
line-enzyme adduct was found in the extract (Table 
4). These experiments indicate that the ‘A form’ of 
the enzyme is more vulnerable to organic solvents 
than the ‘B form’; it might be dependent on phospho- 
lipids or some other membrane component for its 
activity. 

Beside the differences in substrate specificities the 
two forms of the enzyme have also been reported to 
differ in their sensitivities to inhibitors as exemplified 
by clorgyline which preferentially inhibits the ‘A form’ 
[3] and deprenil which preferentially inhibits the ‘B 
form’ [4]. The results obtained with inhibition of the 
enzyme in the mitochondrial preparation and in the 
lipid-depleted residue by clorgyline (Fig. 1) and 
deprenil (Fig. 2) show that the inhibitor sensitivity 
of the two forms of the enzyme did not change after 
the extraction of phospholipids. The changed inhibi- 
tion curves obtained with both inhibitors when tyra- 
mine was used as substrate are in agreement with 
the finding that the ‘A form’ activity was almost com- 
pletely eliminated upon extraction. 

Houslay and Tipton [6] and Tipton et al. [7] have 
reported that preparations of rat liver and human 
brain monoamine oxidase solubilized by detergent 
and sonication contained both the ‘A’ and ‘B forms’ 
of the enzyme as revealed by inhibition by clorgyline. 
When they treated the enzyme preparation with the 
chaotropic agent sodium perchlorate in order to 
remove phospholipids the sensitivity to clorgyline 
changed to reveal only one form of the enzyme show- 
ing no difference in sensitivity to the inhibitor with 
benzylamine, tyramine or dopamine as substrates. In 
contrast to our results, the substrate specificity did 
not change by this treatment. These results indicate 
that the effect of the treatment with perchlorate differs 
from that of extraction with methyl ethyl ketone. 
Whether these differences depend upon a change in 


the amount of a critical phospholipid remaining can- 
not be established. However, we are using different 
enzyme preparations and no quantitative analysis of 
the phospholipid composition of the preparation after 
the treatment with perchlorate has been performed. 
Furthermore, it cannot be excluded that the detergent 
used in the experiments with chaotropic agent might 
have influenced the results. The enzyme used in these 
experiments [6,7] was solubilized whereas in the 
present experiments the enzyme after the methyl ethyl 
ketone extraction was still membrane-bound. This, 
however, does not seem to be of any importance, 
since in separate experiments monoamine oxidase 
rendered soluble by the complete ketone extraction 
procedure [8] behaved similarly to that in the lipid- 
depleted residue both with respect to substrate speci- 
ficity and to sensitivity to clorgyline and deprenil (un- 
published results). 

One cannot discount the possibility that the present 
results may be explained by the existence of one single 
enzyme species which was changed by the extraction 
as to attract only the ‘B form’ substrates and inhibi- 
tors. If this is true the action of perchlorate might 
have made this change to a lesser degree with the 
effect noticeable only with the inhibitors. 

If the different functional forms of monoamine oxi- 
dase were due to differences in the amount or compo- 
sition of membrane material bound to one single 
molecular specie, it seems likely, however, that the 
different forms would be transformed to one common 
form by removal of phospholipids. In the present in- 
vestigation we have not been able to demonstrate any 
transformation of the different forms after changing 
the amount and composition of phospholipids in the 
preparation. This was true with respect both to sub- 
strate specificity and to the sensitivity to clorgyline 
and deprenil. 

Thus, the present experiments do not support the 
hypothesis that the different functional forms of 
monoamine oxidase are due to the binding of differ- 
ent amounts of membrane material to one single 
enzyme species. 
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Abstract— Heart mitochondria isolated from rabbits subjected to intermittent treatment with adriamy- 
cin show a reduced respiratory control, resulting from increase in state 4b oxidation. Continuous 
daily treatment causes an impairment of respiratory control which is more severe. is due both to 
increase of state 4b and decrease of state 3 oxygen uptake and occurs after a total amount of drug 
which does not produce appreciable effects with the intermittent schedule of treatment: however. these 
changes disappear within 2 weeks from the interruption of the treatment. Mitochondria isolated from 
adriamycin-treated rabbits show constantly increased permeability to the addition of NADH. On the 
contrary the ADP/O ratio measured in vitro is essentially unchanged: the same happens with the 
tissue contents of ATP, ADP, AMP and the metabolites chosen to estimate cytoplasmic and mitochon- 
drial redox states and measured in quick-frozen hearts in vivo. The results are discussed in relation 
to the possible role of mitochondrial functional defects in the onset of adriamycin cardiomyopathy. 


The antracycline quinones adriamycin and daunomy- 
cin are widely used in the treatment of various kinds 
of malignancies. By interacting with nucleic acids [1-4] 
these drugs seem to inhibit both DNA-directed DNA 
synthesis [5] and DNA-directed RNA synthesis [6]. 
and it has also been suggested that they can interfere 
with an exonucleolytic editing activity during DNA 
replication [7]. The relationship between biochemical 
properties and anticancer activities of these drugs 
seems to be supported by the fact that adriamycin, 
which is a stronger inhibitor of the polymerases, is 
also more effective than daunomycin in human exper- 
iments [8]. Recently however, data have been pro- 
vided indicating that the activity of adriamycin can 
be due—at least in part and in addition to the interac- 
tion with DNA—to the inhibition of ubiquinone- 
enzymes in electron transfer processes of cell respir- 
ation [9]. The antitumor activity displayed by adria- 
mycin is associated with the phenomena of general 
toxicity, particularly disturbing when they affect the 
heart; severe cardiomyopathy has been described 
both in human patients [10] and in rabbits following 
chronic treatment [11]. 

Ultrastructural aspects of this cardiomyopathy in 
rabbits include various stages of mitochondrial 
degeneration, such as early focal dilations of the outer 
mitochondrial membrane, followed by swelling of the 
inner compartment and the formation of intramito- 
chondrial laminated bodies which appear as intracel- 
lular inclusions. Mitochondrial alterations are accom- 
panied by disorganization of the myofibrils, while 
nuclear alterations are not very prominent, and are 
apparent only at later stages after most other 
organelles have suffered heavy damage [12]. If mito- 
chondrial injury seems to be an early and important 
feature in the myocardium of adriamycin-treated rab- 
bits, metabolic alterations do not seem to be so rele- 
vant in mitochondria isolated from rats treated with 
related anti-cancer drugs [13]. To define the role, if 


any, played by the impairment of mitochondrial func- 
tions in the onset of myocardial damage we have 
measured the oxidative activity of mitochondria iso- 
lated from the hearts of rabbits subjected to different 
types of adriamycin treatment. The polarographic 
methods employed to this purpose enable a_ fine 
analysis of the rate of oxygen uptake in the various 
states of mitochondrial metabolism [14]. and permit 
the direct calculation of indexes of mitochondrial effi- 
ciency such as the ‘respiratory control index’ and the 
‘phosphorylation ratio’. In addition to this work, as 
an indication of the actual conditions of the myocar- 
dium in the living animals, we have also measured 
the concentration levels of the adenine nucleotides, 
and from there have calculated the ratio [ATP] 
[ADP] [P,] which is the best indicator of the energy 
stores in a given tissue [15-16]. Besides carrying out 
ATP synthesis by oxidative phosphorylation, the 
mitochondrion is the site of the processes which 
ensure the homeostasis of the redox state both in the 
mitochondria and in the cytosol: therefore we decided 
to extend the investigation to the calculation of the 
concentration ratios of free NAD* and NADH at 
the site of oxido-reductions, made possible by the de- 
velopment of techniques based on the determination 
of the substrates of particular dehydrogenase sys- 
tems [17]. The results of our experiments show an 
impairment of some metabolic activities in mitochon- 
dria obtained from adriamycin-treated rabbits; these 
defects are discussed in relation to their possible role 
in the pathogenesis of adriamycin cardiomyopathy. 


MATERIALS AND METHODS 
Animals. Male New Zealand white rabbits, weigh- 
ing about 3 kg and maintained on a balanced diet 
were treated with adriamycin intravenously in doses 
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of 0-8 mg/kg per day: (i) for 3 consecutive days every 
2 weeks (intermittent treatment). (ii) for the specified 
number of consecutive days (continuous treatment). 
Four animals of the second group, injected with 15 
daily doses of adriamycin, were then left without any 
treatment and used 2 weeks after the last injection 
(recovery). Animals of group (i) were killed 24 hr after 
the first injection of the specified course of treatment; 
those of group (ii) were killed 24 hr after the last 
injection of adriamycin, after the indicated number 
of daily treatments. The rabbits were anesthetized 
with Nembutal® (60 mg/ml). slowly injected intra- 
venously until the palpebral reflex had disappeared. 
The animals were then put on their backs. the chest 
was opened by gardening scissors and the ventricular 
portion of the beating heart was removed and: (i) 
cut vertically in two pieces and frozen in liquid 
nitrogen within 3-4 sec as described by Gaja et al. 
[18] for the preparation of the extracts and the deter- 
mination of the adenine nucleotides, the substrates 
of the dehydrogenase systems and glycogen, or (ii) 
cut as above. immersed in chilled homogenization 
medium and processed immediately for the isolation 
of the mitochondria. 

Preparation of tissue extracts. The frozen tissue, still 
in liquid nitrogen was ground with a pestle and mor- 
tar; the powder (1-5-2 g) was then weighed in a poly- 
carbonate centrifuge tube (cooled in liquid N,) and 
homogenized in 6 vol ice-cold 6°,, (w/v) HClO, with 
a glass pestle at low speed until thawing was complete. 
After 30 min at 0 the homogenate was centrifuged 
at 25.000 g for 20 min at 0. The supernatant was 
decanted into graduated centrifuge tubes and the pre- 
cipitated material was washed with ice-cold 3°, 
HCIO, and recentrifuged as described above: the 
latter supernatant was pooled with the former and 
brought to pH 6 with 5M K,CO, in the presence 
of B.D.H. Universal Indicator. After a further 30 min 
at 0, KCIO, was removed by centrifugation and 


the supernatant was used for the determination of 


metabolites. 

Analytical methods. Tissue extracts were analyzed 
enzymatically for lactate [19]: pyruvate [20]; 3-hyd- 
roxybutyrate [21]; acetoacetate [22]; adenosine tri- 
phosphate (ATP) [23]: adenosine diphosphate (ADP) 
and adenosine monophosphate (AMP) [24]. Total 


adenine nucleotides were calculated from the sum of 


the ATP, ADP and AMP. Inorganic phosphate (P,) 
was determined by the method of Fiske and Sub- 
barow [25]; ‘free’ and ‘residual’ glycogen were deter- 
mined according the methods of Carrol et al. [26] 
and of Kemp and Kits van Heijningen [27] respect- 
ively, as reported by Bernelli-Zazzera and Gaja [2° ! 
All measurements were done either in a Beckman D 

2 spectrophotometer (Beckman Instruments Inc., Bel- 
mont, Calif.) or in a Gilford 2400 automatic reading 
spectrophotometer (Gilford Instruments  Labora- 
tories, Inc. Oberlin, Ohio) fitted with a scale expan- 
sion accessory and with the cuvette holder maintained 
at 25°. 

Calculation of redox ({[NAD*]/[NADH] ratio) 
and energy ([ATP]/[ADP] [P;] ratio) states. The 
[ NAD* ]/[NADH] ratios in the mitochondria and in 
the cytosol have been calculated from the con- 
centrations of the substrates of the 3-hydroxybutyrate 
dehydrogenase and lactic dehydrogenase systems 


according to the equation: 


[free NAD*] _ [Oxidized substrate ] 
[free NADH] ~ [Reduced substrate ] 


as described by Williamson et al. [17]. 

The phosphorylation state of cytoplasmic adenine 
nucleotide system has been calculated from the 
[ATP]/[ADP] [P;] ratio with the assumptions indi- 
cated by Veech et al. [15]. 

Isolation of heart mitochondria. All operations were 
carried out in the cold (1-2°) and care was taken to 
obtain a pure preparation of mitochondria rather 
than a quantitative yield. The tissue was very finely 
minced with scissors and the mince was homogenized 
in 20 vol 0:25 M sucrose containing 0-0! M Tris-Cl 
buffer pH 7:4, 5000 units of heparin/100 mi [29] 
and ():2°,, of dialyzed bovine serum albumin [30]. The 
homogenization was carried out in a glass Potter 
Elvehjem homogenizer with a loose-fitting teflon pes- 
tle and 6-8 strokes at 400 rev/min. The resulting 
homogenate was centrifuged for 10 min at 1000 g 
in a L.E.C. B-20 refrigerated centrifuge and the super- 
natant fraction centrifuged again at 11400 g for 6 min. 
After the first sedimentation of the mitochondria the 
supernatant fluid together with the fluffy layer was 
discarded, the white layer of the mitochondrial pellet 
was removed by gentle shaking of the tube with a 
small volume of medium and the brown mitochon- 
drial pellet was resuspended in 10 ml of isolation 
medium, resedimented and washed twice. Finally the 
mitochondria were suspended in 0-25 M sucrose con- 
taining 0-01 M Tris-Cl pH 7-4 to a final protein con- 
tent of 8-10 mg/ml as determined by the biuret 
method [31], using crystallized bovine-albumine as a 
standard. 

Oxygen uptake, respiratory control and ADP/O 
ratio. Oxygen uptake was measured polarographically 
with a Gilson Oxygraph (Model KM, Gilson Medical 
Electronics, Middleton, WI) fitted with a vibrating 
platinum electrode, as described by Lessler and 
Brierly [32]. The assay system (2:5 ml saturated with 
air at 25) contained 1-5-2 mg of mitochondrial pro- 
tein in the medium described by Max et al. [33] with 
15mM 2-oxoglutarate as substrate. ADP was added 
in the amount of 250 nmoles and 2.4-dinitrophenol 
at a final concentration of 0-1 mM. State 3, 4a, 4b, 
respiratory control index and ADP/O ratio were mea- 
sured. State 4a is the mitochondrial respiration occur- 
ring in the presence of substrate without added ADP; 
it is rather slow because the endogenous adenosine 
diphosphate-level is very low; state 3 is characterized 
by a fast rate of oxygen uptake induced by the addi- 
tion of ADP; state 4b is the rate of oxygen uptake 
measured after the added ADP has been converted 
to ATP; respiratory control index is the ratio of state 
3 to state 4b rate which indicates the degree of depen- 
dency of respiration on ADP [14]. The higher the 
value of this ratio, the tighter the coupling of oxi- 
dation to phosphorylation; ADP/O ratio is the ratio 
of added ADP to the amount of oxygen consumed 
during state 3 respiration [34]. This value indicates 
the efficiency of ATP formation in relation to the 
amount of oxygen consumed. 

Permeability of mitochondria to nicotinamide adenine 
dinucleotide in its reduced form (NADH). In a separate 
set of experiments each mitochondrial preparation 
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was tested by adding | umole of NADH in the 
absence of any oxidizable substrate and ADP (state 
1); the stimulation of oxygen uptake, when present, 
was taken as an index of permeability of the mito- 
chondrial membranes to NADH. 

Chemicals. Enzymes, substrates, cofactors and nu- 
cleotides were obtained from C. F. Boehringer und 
Soehne GmbH. (Mannheim, Germany). All the other 
reagents were of analytical grade and were obtained 
from commercial sources. 

Statistical treatment of results. When appropriate 
the results were subjected to the analysis of variance; 
a significant difference is claimed when the P-value 
is less than 0-05. Since each experiment with NADH 
has been carried out with the same batch of mito- 
chondria, the significance of the extra-oxygen uptake 
has been assessed by the t-test for paired variates. 
Ratios have not been subjected to analysis. 


RESULTS 

The results describe the oxidative activity of the 
mitochondria isolated from, and the contents of some 
metabolites in, the beating hearts taken from living 
rabbits under Nembutal—anesthesia. This procedure 
assigns precise limits to our results, but was consi- 
dered to be preferable to the analysis of hearts 
obtained from rabbits killed by decapitation or cervi- 
cal dislocation, and undergoing uncontrolled contrac- 
tile activity during the lapse of time from the death 
of the rabbit to the removal of the tissue. 

Respiration and oxidative phosphorylation of iso- 
lated mitochondria (Table 1). During the intermittent 
treatment neither state 4a nor state 3 oxidations were 
appreciably modified; on the contrary, after all added 
ADP had been phosphorylated (state 4b), the rate of 
oxygen uptake became higher than normal, with a 
certain dependence on the duration of the treatment. 
On the whole, the respiratory control index decreased 
but the decrease is not particularly relevant—both in 
absolute terms and in relation to the results obtained 
during the uninterrupted daily treatment—and was 
caused by an increase in state 4b rather than by a 
fall of state 3 respiration. The response to the addition 
of 2,4-dinitrophenol was essentially the same, thus 
confirming the condition of coupling of the mitochon- 
drial oxidations. Finally, the efficiency of ATP syn- 
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thesis, as indicated by the ADP/O ratio, was never 
impaired during this type of treatment. The changes 
induced by continuous daily treatment were best seen 
after 7 days; one single dose of adriamycin had no 
effect whatsoever, and dosing for 3 days (two animals, 
not reported in the table) was also ineffective. The 
changes observed during continuous treatment are 
the following: (i) fall by about 40°, of the rate of 
oxygen uptake in state 3 by the 7th day of treatment. 
indicating an impairment of electron transport along 
the respiratory chain, (ii) increase by about 30% of 
state 4b respiratory rate later during the treatment, 
indicating a loose coupling of mitochondrial oxida- 
tions, (iii) release of respiratory control, with reduc- 
tion to half of the respiratory control index, due both 
to the increase in state 4b and the decrease in state 
3 rates, (iv) decreased response to the addition of 2,4- 
dinitrophenol, in agreement with the increase in state 
4b respiratory rate. Just as observed in the case of 
the intermittent treatment, the ADP/O ratio was 
essentially unchanged even after 15 daily doses of 
adriamycin. The alterations described after 15 days 
of uninterrupted treatment are fully reversible. Two 
weeks after the end of the treatment all tested bio- 
chemical parameters of mitochondrial function, in- 
cluding respiratory control index, had completely 
returned to normal. 

NADH permeability (Table 2). Mitochondrial mem- 
branes are practically impermeable to NADH; hence, 
addition of NADH to normal mitochondrial prep- 
arations in state | did not increase oxygen uptake. 
Heart mitochondria from rabbits treated with more 
than one daily dose of adriamycin, on addition of 
NADH, showed a constant and significant stimu- 
lation of the oxygen uptake, of the order of 50°,. The 
effect was largely independent from the type of treat- 
ment and from the total amount of administered 
drug, and was most probably due to the increased 
permeability of the mitochondrial membranes. Upon 
interruption of the treatment, mitochondrial permeabi- 
lity tended to return to normal—i.e. the extra oxygen 
uptake due to the addition of NADH diminished—but 
normal behavior of the mitochondria was not yet 
fully attained when all the other parameters had 
already reached control levels. 

Adenine nucleotides and the energy state (Table 3). 
The concentrations of ATP, ADP and AMP were 


Table 1. Effects of adriamycin treatment on the oxidative and phosphorylative properties of rabbit heart mitochondria 





Oxygen uptake 


Total amount 


(natoms/mg protein per min) 


Respiratory 
Control 





of adriamycin 


Treatment (mg/kg body wt) State 4a State 3 


State 4b + Dinitrophenol Index ADP/O 





Control (5) 214+19 
Intermittent 
treatment 

5 courses (5) 

10 courses (4) 
Continuous 
treatment 

1 dose (5) 

7 doses (4) 

9 doses (4) 

15 doses (5) 

1S doses + 15 days 
of recovery (4) 


260 + 20 
31-8 + 3-0 


180-4 + 8-0 
201-9 


22:3 + 29 
22-3 + 39 
236+43 ° 
247+ 18 


198-6 + 
123-5 
116°8 
115-0 + 


160 + 08 198-5 + 


193-0 + 15:3 


+ 207 


31-8 + 3-7 176-9 + 18-2 6:3 + 06 


168-2 + 43 
189-9 + 21-0 


35-3 
38:8 
40-7 
43-0 + 


185-3 $8 +05 
1463 + + 03 
1266 + § 27+03 
1261 + 2:7 + 0-2 


+ H+ H+ 


yene 
sUh eo 


I+ 


323+ 2.0 187-9 + 65 + 06 





Values are expressed as means + S.E.M.; number of experiments in parentheses. 


* Statistically different from the control (P < 0-05). 
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Table 2. Effects of adriamycin on the response of rabbit 
heart mitochondria to added NADH 





Oxygen uptake 
(natoms mg protein per min.) 





Treatment State 1 (1) + NADH (2) Difference (2 1) 





Control (5) NS* 
Int 


treatment 


mittent 


+276 + 3-5* 


+200 + 2-0* 


5 courses (5) 
10 courses (4) 
Continuous 
aiment 
1 dose (5) 
7 doses (4) 
9 doses (4) 


15 doses (5) 


W6 +2 
W1+3 
29-3 + 5 
9 +4 


15 doses + 15 days 


ry (4) 


Values are expressed as means + S.E.M.; number of ex- 
periments in parentheses. 

* Statistically significant difference (P < 0-05). 

+ NS: not significant since S.E.M. greater than the mean. 


of recov 21-3 + 75 + 0-4* 





essentially stable in the hearts of adriamycin-treated 
rabbits, irrespective of the type of treatment. Total 
adenine nucleotides were accordingly unchanged. 
Small shifts within the various forms of the adenylate 
pool tended to lower the [ATP]/[ADP] [P,] ratio 
after 9 and 15 days of continuous treatment, but the 
alteration was very small and its meaning is uncertain 
in view of the fact that ATP levels are well main- 
tained. 
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Metabolites of NAD-linked dehydrogenase systems 
and the redox state (Table 4). For reasons which were 
beyond the possibility of control—most probably due 
to the handling of the animals—the concentrations 
of lactate were found to be high and extremely vari- 
able, without any relation to adriamycin treatment: 
they might reflect phenomena occurring in peripheral 
tissues rather than in the myocardium. Pyruvate ap- 
proximately followed the changes of lactate and on 
the whole the lactate/pyruvate ratio did not change 
in treated animals: but the values of this ratio were 
much too high, even in the controls. to be of any 
use in a reasonable assessment of the cytoplasmic 
redox state. On the contrary. the main difficulty with 
3-hydroxybutyrate and acetoacetate was their pres- 
ence in minute amounts in hearts which had to be 
used for many different determinations. Increase of 
both these compounds—somewhat obscured by 
enlarged variability—was found during the con- 
tinuous daily treatment; but the increase affected both 
the substrates and the mitochondrial redox state. as 
expressed by the [NAD]/[NADH] ratio. is not 
appreciably altered. 

Glycogen. Leaving apart any discussion as to the 
possible physiologic significance of the two glycogen 
fractions—operationally defined as ‘free’ and ‘resi- 
dual’—we can say that both of them, as well as ‘total’ 
glycogen, are essentially constant in the hearts of 
adriamycin-treated rabbits. 


Table 3. Content and phosphorylation state of adenine nucleotides in rabbit heart during adriamycin 


treatment 





[ATP] 


(nmoles/g fresh tissue) 





Treatment [ATP] [ADP] [AMP] [ATP] + [ADP] + [AMP] [ADP] = [PJ 





Control (5) 3505 + 296 §=1316 + 299 + 5120 + 285 


Intermittent 
treatment 

5416 
"5028 


189 


332 


5 courses (5) 
10 courses (4) 
Continuous 
treatment 
8794 
10083 
9733 


10456 + 


4734 
5649 + 
5933 + 


5240 


373 
504 
571 


134 


S11 
3970 + 
3786 


3343 


183 
372 
134 


1S] 


193 + 19 
229 + 73 
+ 40 
390 + 50 


1 dose (3) 
7 doses (4) 
9 doses (4) 


15 doses (4) 


258 


1506 + 





Values are expressed as means + S.E.M.; number of experiments in parentheses. 


Table 4. Concentrations of substrates of NAD-linked dehydrogenase systems and redox states in rabbit heart during 
adriamycin treatment 





Calculated 
[free NAD’ ] [free NADH] ratio 


Metabolite 
concentration ratio 


Concentration of metabolites 
(nmoles,g fresh tissue) 





[3-Hydroxy- 
butyrate] 
[Acetoacetate ] 


[ 3-Hydroxy- 
butyrate] 


{Lactate} 


[Lactate] [Pyruvate] [Acetoacetate ] [pyruvate ] Cytoplasm Mitochondria 





Control (5) 6302 + 1379 67 94 96 


Inter 
treatment 


mittent 


5 courses (5) 
10 courses (4) 
Continuous 
treatment 
4968 + 
10131 
3692 


7597 4+ 


300 56 + 31 
1431 244 
1011 121 
1165 100 + 


| dose (3) 
7 doses (4) 
9 doses (4) 
15 doses (4) 


50 
66 
41 


119 
96 
47 


15 


r 2 





Values are expressed as means + S.E.M.; number 


of experiments in parentheses. 
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DISCUSSION 


We have considered two types of phenomena: the 
concentration of adenine nucleotides and metabolites 
of some dehydrogenase systems in vivo on one side, 
and the oxidative activity of mitochondria isolated 
from the tissue but eventually tested in vitro on the 
other. While the former data describe the state of the 
tissue at a given time, the latter rather inform on 
the oxidative potentialities of the myocardium. Any 
attempt to understan.! the biochemical basis of adria- 
mycin cardiotoxicity requires the consideration of 
both these two orders of facts, that are not immedi- 
ately comparable but give results which are actually 
in good agreement and are consistent with the same 
possible interpretation of adriamycin cardiotoxicity. 
Only those results which are more relevant to the 
pathogenesis of adriamycin cardiomyopathy will be 
discussed here. 

One of the most significant changes observed with 
mitochondria from adriamycin-treated rabbits is the 
impairment of respiratory control. Studies of mito- 
chondrial metabolism by means of techniques which 
do not permit the measurement of respiratory control 
index are likely to miss an important and early indi- 
cation of mitochondrial damage. Respiratory control 
index can be modified by changes of one or both 
terms of the ratio: with the intermittent treatment 
state 4b respiration is essentially affected, indicating 
a loosening of the coupling mechanisms, but con- 
tinuous daily treatment leads also to the impairment 
in state 3 oxidations, thus indicating a direct damage 
to the electron transport chain. The ADP/O ratio, 
a measure of yield in ATP synthesis, is not apprecia- 
bly affected. This is in a good agreement with the 
fact that the concentration levels of adenine nucleo- 
tides, and of ATP in particular, are unchanged in the 
hearts of treated rabbits. 

Under these conditions the heart can sustain a nor- 
mal work-load but, due to the reduction of the maxi- 
mal oxidative capacity of the mitochondria, may not 
be able to face needs of an increased functional acti- 
vity: if this occurs myocardial failure will then follow. 
The biochemical damage seen in mitochondria is 
more severe during the continuous that the intermit- 
tent treatment, though the total dose of adriamycin 
is lower in the former than in the latter case. This 
indicates that myocardial cells, given the time, can 
recover from the damage caused by exposure to 
adriamycin. This possibility of recovery is further 
stressed by the complete restoration of mitochondrial 
oxidation within 2 weeks from the end of a con- 
tinuous daily treatment carried out for 15 days and 
resulting in severe impairment of mitochondrial oxi- 
dations. Whether this restoration means re-establish- 
ment of the functions of the affected mitochondria 
(intra-mitochondrial recovery), or substitution of the 
damaged organelles with new ones (intra-cellular 
recovery) cannot be said on the basis of the present 
evidence. 

It is known that the transfer into the mitochondrial 
compartment of the reducing equivalents generated 
in the cytosol is sustained by the so-called ‘shuttle 
mechanisms’. due to the essential impermeability to 
NADH of the mitochondrial membranes [35]. Pro- 
perly isolated mitochondria from animal cells do not 
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oxidize added NADH in vitro. The extra uptake of 
oxygen by heart mitochondria of adriamycin-treated 
rabbits in the presence of NADH is the expression 
of a change of permeability of mitochondria but does 
not indicate if the change is already present in vivo, 
as a real damage to the membranes. or rather occurs 
during the isolation of the mitochondria, as a result 
of the particular lability of these organelles in heart 
cells exposed to adriamycin. Morphological evidence 
[12] seems to favor the first possibility. Broadly 
speaking, the damage to the membranes responsible 
for the penetration of NADH could also cause an 
outward flow of molecules—normally localized in the 
mitochondrial compartment—important for the 
maintenance of the metabolic equilibrium of the cells. 
The generalization of the permeability damage to 
other types of cellular membranes may finally lead 
to an electrolyte imbalance in the myocardial cell and 
contribute to the deterioration of cell functions [36]. 
Permeability to NADH is already pronounced when 
state 3 is normal and state 4b respiration only slightly 
affected, such as happens with the intermittent type 
of treatment, but it cannot be defined as an acute 
damage since it is still absent 24 hr after the first 
injection of adriamycin; on the other hand NADH 
permeability still persists when the other parameters 
have returned to normal. On the basis of these obser- 
vations it is possible to suppose that adriamycin may 
lead to the impairment of mitochondrial functions in 
two distinct ways, converging on the same target: (i) 
a direct interference with the respiratory chain—as 
shown by decrease in state 3 respiration—which on 
the whole appears later, disappears promptly upon in- 
terruption of the treatment and is not particularly 
prominent in the animals subjected to the intermittent 
schedule of treatment; inhibition of ubiquinone- 
enzymes by adriamycin in vitro [9] supports this pos- 
sibility. (ii) an indirect mechanism, which starts with 
the impairment of nuclear and nucleolar control of 
protein synthesis and results in mitochondrial damage 
through interference with enzyme synthesis and mem- 
brane biogenesis. Specific mitochondrial proteins such 
as, for instance, cytochrome c, are synthesized and 
assembled in the endoplasmic reticulum, under the 
direction of cytoplasmic messengers and later trans- 
ferred to mitochondria [37]: degradation rates of dif- 
ferent proteins within animal cells vary over a wide 
range and in addition can undergo diverse changes 
under different physiological conditions [38]; within 
the same organelle, e.g. the mitochondrion of cardiac 
muscle, some enzymes turn over much more rapidly 
than others [39], all these facts reinforce the hypo- 
thesis of a restricted mitochondrial autonomy [10]; 
and are relevant to the understanding of the second 
possibility. These two mechanisms are not mutually 
exclusive, on the contrary they can cooperate and 
result in the onset of adriamycin cardiomyopathy. 

Finally, it should be pointed out that severe distur- 
bances of myocardial function may occur before bio- 
chemical signs become appreciable, if focal damage 
to the mitochondria of some cells is diluted by the 
activity of the more or less intact mitochondria from 
other parts of the tissue. This localized and inappar- 
ent cell damage, however, can trigger important path- 
ophysiological alterations in the context of an inte- 
grated system such as the myocardial tissue. 
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Abstract 


Inhibition by amiodarone and propranolol of the chronotropic effect of isoproterenol on 


spontaneously beating rabbit right atria has been studied in vitro. Propranolol behaved like a typical 
competitive £,-adrenoceptor antagonist with a pA, value of 8-33. Amiodarone acted as a non-competi- 
tive inhibitor with a pD value of about 4:17. Inhibition by amiodarone and phentolamine of the 
norepinephrine-induced contractions of isolated rat aortic strips has been studied likewise. Phentol- 
amine was shown to inhibit the adrenergic x receptor competitively with a pA, value of 8-69. Amiodar- 
one, though devoid of any appreciable effect on calcium permeability, acted again as a non-competitive 
inhibitor, with a pD3 value of about 4-06. The mechanism of action of amiodarone is discussed. 


Amiodaronet has been shown to antagonize in vivo 
several cardiovascular effects of the catechoi- 
amines [1]. At the usual dose of 10 mg/kg i.v. in the 
anesthetized dog, it halves the hypertension induced 
by an injection of epinephrine or norepinephrine, or 
by electrical stimulation of the splanchnic nerve. 

Catecholamine-induced vasoconstriction is also 
lowered, as measured by the blood flow in peripheral 
arteries. Isoproterenol-induced tachycardia and hypo- 
tension are similarly antagonized by about 50 per 
cent. 

The «- and f-adrenergic antagonism seems not to 
be dose-dependent, and complete blockade of the ad- 
renergic responses to a given dose of the agonist can- 
not be achieved. Moreover, amiodarone was shown 
to antagonize the chronotropic effects of glucagon in 
the same way [2]. 

These properties are strikingly different from either 
a- and f-adrenoceptor antagonists. Typical blocking 
agents, like phentolamine and propranolol, are speci- 
fic and competitive inhibitors of only one receptor 
type: their action is dose-dependent and complete 
blockade is easily achieved. 

Much work has been devoted to elucidate the na- 
ture of the adrenergic f receptors. The very first effect 
of their stimulation seems to be the activation of the 
membrane-bound enzyme adenylate cyclase [3], 
which triggers the intracellular increase of 3’,5’-cyclic 
adenosine monophosphate (cAMP) concentration. It 
has been shown in vitro on myocardial plasmic mem- 
brane preparations that amiodarone inhibits adeny- 
late cyclase activation by catecholamines and 
glucagon [4]. It seemed therefore that the drug 
interferes with the early stages of hormonal stimu- 
lation, either at the receptor site or at the catalytic 
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site of adenylate cyclase. However, amiodarone does 
not inhibit the unstimulated enzyme, and does not 
interfere with fluoride activation. It would appear 
then, that amiodarone impinges on one of the recep- 
tor’s sites located before adenylate cyclase. 

Adrenergic stimulation of vascular smooth muscle, 
on the other hand, leads to an increase of intracellular 
free calcium concentration mediated by the «-adrener- 
gic receptors[5]. An adrenergic antagonism could 
therefore arise either from drug—receptor interaction 
or from inhibition of calcium mobilization. 

The aim of this work was to determine the nature 
of the adrenergic antagonism displayed by amiodar- 
one. Three kinds of experiments have been performed. 
In order to elucidate the f-lytic mechanism of action, 
the effect on isoproterenol-induced frequency increase 
was studied on isolated rabbit right atria. For the 
a-lytic action, the effect on norepinephrine-induced 
contractions of isolated rat aortic strips was 
measured. The effect on K* depolarization-induced 
contractions of the same preparation was also studied 
in order to measure interaction with calcium trans- 
port. 


MATERIAL AND METHODS 


Isolated rabbit atria 


Right atria from young rabbits (800-1700 g) of both 
sexes were quickly dissected and bathed in 25 ml modi- 
fied Locke solution gassed with carbogen and main- 
tained at 32. The spontaneously beating preparation 
was connected to a Sanborn FTA 10-1 force trans- 
ducer and the frequency was recorded from a San- 
born 350-3400A cardiotach amplifier. A constant 
force of 1 g was applied to the organ. 

After a stabilization period of 60 min, graded doses 
of isoproterenol were introduced, each increment be- 
ing added when the preceding one had produced its 
highest effect. In this way, a control dose-response 
curve was established. The preparation was then 
washed until the spontaneous frequency was stabi- 
lized. The antagonist was introduced and the prep- 
aration left for 60 min before the dose-response curve 
was determined again. 
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It was ascertained on a number of preparations 
that the response obtained during the second period 
in the absence of antagonist was essentially equal to 
the first one. When a pD, of 8-76 + 0-07 was obtained 
for isoproterenol during the first period, a value of 
8-82 + 0:08 was recorded during the second one 
(n = 14, P > 0:5 by t-test). 


Isolated rat aortic strips 


The aorta from male or female rats (weighing about 
280 g) was taken from the left carotid to the dia- 


phragm. It was immediately dissected, cut in a spiral ° 


and bathed in 25 ml modified Krebs—bicarbonate so- 
lution gassed with carbogen and maintained at 37. 
A constant tension of 2 g was applied and maintained 
during the stabilization period. The preparation was 
connected to a Sanborn FTA 10-1 force transducer 
and the contractile responses were recorded. 

(a) Norepinephrine-induced contractions. After a sta- 
bilization period of 90min, a dose-response curve 
was obtained by introducing graded doses of nore- 
pinephrine. After a wash-out of | hr, the antagonist 
was introduced and the preparation left for 10min 
before the second dose-response curve to norepine- 
phrine was recorded. It could be shown on a number 
of preparations that the curve obtained without anta- 
gonist during the second period was essentially the 
same as the first one in force development and in 
sensitivity to the agonist. When a pD, of 7:65 + 0-11 
was obtained for norepinephrine during the first 
period, a value of 7-59 + 0-16 was recorded during 
the second one (n = 5, P > 0-5 by (-test). 

(b) Potassium-induced contractions (amiodarone 
only). After a stabilization period of 90 min, depolari- 
zation was achieved by replacing the bathing fluid 
by high K* Krebs solution which was maintained 
until the contractile response was complete. The prep- 
aration was then returned to normal K* Krebs and 
amiodarone (40 uM) was added. After an incubation 
period of 10 min, the preparation was again depolar- 
ized by high K* Krebs. 


Reagents 

Modified Locke solution: 125mM NaCl, 5-6mM 
KCl, 2:16mM CaCl,, 25mM NaHCO, and 11 mM 
glucose. 

Modified Krebs-bicarbonate solution (for nore- 
pinephrine test): 112mM NaCl, 5mM KCl, 25mM 
NaHCO,, | mM KH,POx,, 1-2mM MgSQO,, 2:5 mM 
CaCl, and 11-5mM glucose. 

Modified Krebs—bicarbonate solution (for depolari- 
zation test): 112 mM NaCl, 5mM KCl, 25mM NaH- 
CO,;, 1mM KH,PO,, 12mM MgSO,, 1:26mM 
CaCl, and 11-5mM glucose. 

High K* Krebs solution: 17mM NaCl, 100mM 
KCl, 25mM NaHCO,, |1mM KH,PO,, 1-2mM 
MgSO,, 1:26mM CaCl, and 11-5mM glucose. 

These solutions were prepared fresh daily with ana- 
lytical grade reagents and distilled water. Drugs were 
obtained from commercial sources: isoproterenol hy- 
drochloride (ICN), /-norepinephrine (Fluka), phento- 
lamine (Ciba). d,/-Propranolol hydrochloride was pre- 
pared in our Chemical Department. Amiodarone hy- 
drochloride (6:8 mg) was dissolved in 1 ml 50° eth- 
anol (10mM stock solution). 0-5 ml of this solution 
was added to 45ml blood plasma (taken from the 


animal of which the organ was studied) and mixed 
slowly on a magnetic stirrer at room temperature. 
The final solution was obtained by adequate dilution 
with either Locke or Krebs. Actual concentration was 
measured by optical absorption at 242 nm against the 
appropriate blank. 


Calculations 

Means were compared statistically either by vari- 
ance analysis (Snedecor’s F-test) or by Student’s f-test 
for paired values [6]. Regression lines were calculated 
by the least squares’ method. 

For the antagonists, competitive inhibition was 
characterized by the pA, value and non-competitive 
inhibition by the pD4 values, after Van Rossum [7]. 


RESULTS 


Inhibition of the chronotropic effect of isoproterenol. 
The inhibition brought about by propranolol was 
clearly of the competitive type. A pA, value of 8-33 
was obtained, in good agreement with the values ob- 
tained by others (8-35—8-80) [8]. 

The dose-response curves recorded in the presence 
of amiodarone are depicted in Fig. 1. The non-parallel 
shifting of the curves and the steady lowering of their 
respective maximum with increasing doses of the an- 
tagonist are characteristic of a non-competitive inhi- 
bition. Moreover, pD, calculated for each concen- 
tration of amiodarone was essentially constant (Table 
1) and the lowering of the maximum stimulation was 
dose-dependent, as shown on Fig. 2. 

Roba [9] did not observe any significant effect on 
guinea-pig atria stimulated by norepinephrine, with 
1 pg/ml (about 50 uM) amiodarone. 


Table 1. Inhibition of the chronotropic effect of isoproter- 
enol by amiodarone 





Amicdarone 


concen (uM) pD + S.E.M. (n) Snedecor’s F 





5 401+011 (5) 
10 4-21 + 0-09 (12) 
20 423 + 0-08 (6) 


1-13 





P exceeds 0-05 for F-values below 3-49. 
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Fig. 1. Cumulative dose-response curves of the chronotro- 

pic effect of isoproterenol on spontaneously beating rabbit 

right atria in the presence of amiodarone. Amiodarone 

(molar) concentration: @ (no amiodarone), © (5 x 107°), 

¥ (10° *), Y (2 x 10°5). Vertical bars represent standard 
error of the mean. 





Adrenergic antagonism of amiodarone 
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Fig. 2. Effect of amiodarone on the maximum frequency 

increase induced by isoproterenol in spontaneously beating 

rabbit right atria. Vertical bars represent S.E.M. Computed 
linear regression: y = 44x — 239. 


Inhibition of norepinephrine-induced contractions of 


aortic strips. Phentolamine inhibited the norepine- 
phrine-induced contractions in a typically competitive 
manner. A pA, value of 8-69 was computed, in good 
agreement with values obtained by others 
(7-94-8-69) [10]. 

Amiodarone decreased the slope and the maximum 
of the dose-response curves to norepinephrine in a 
dose-dependent way, as shown on Figs. 3 and 4. 
Hence, the antagonism was of the non-competitive 
type. The value of pD, for each concentration of 
amiodarone was essentially constant (Table 2). 

Roba [9] obtained essentially the same results for 
the inhibition by amiodarone of norepinephrine- 
induced contractions of rabbit aortic strips. 

Effect of amiodarone on K* depolarization-induced 
contractions of aortic strips. Amiodarone 40 uM (-e. 
at the highest concentration used in the previous sec- 
tion) did not significantly modify the contractile re- 
sponse to K* depolarization. The response recorded 
in the absence of amiodarone reached 98-7 + 1-8 per 
cent of the initial maximum _ contraction 
(mean + S.D., n = 3). In the presence of amiodarone, 
contractions reached a mean of 94-7 + 2:0 (n = 4). 
With a Student’s t-value of 1-41, this slight difference 
was not significant. 


DISCUSSION 


The adrenergic antagonism displayed by amiodar- 
one could not be ascribed to an interaction with cal- 


Table 2. Inhibition of the norepinephrine-induced contrac- 
tions of aortic strips 





Amiodarone 


Snedecor’s 
concn (4M) j 


pD, + S.E.M. F 





401 + 0-16 
417 + 0-05 
4:03 + 0-08 
3-91 + 0:06 





P exceeds 0-05 for F values under 3-29. 


100 


Increase of contraction force 
per cent of maximum 








— log (molar norepinephrine concn) 


Fig. 3. Cumulative dose-response curves of norepine- 

phrine-induced contractions of isolated rat aortic strips in 

the presence of amiodarone. Amiodarone (molar) concen- 

tration: @ (no amiodarone), O (5 x 10°°), ¥ (10°*), V 

(2 x 10° *), © (4 x 10~°). Vertical bars represent standard 
error of the mean. 


cium transport across the plasmic membrane, at least 
in the aortic preparation. It was however of the non- 
competitive type in the experiments reported above. 
This result implies that amiodarone does not compete 
with the agonists at their respective recognition sites. 
Such a conclusion was not unexpected in view of the 
fact that amiodarone antagonizes different types of 
agonists: $,-adrenergic agonists like isoproterenol. 7- 
adrenergic agonists like norepinephrine, and also glu- 
cagon [2]. Competition with such widely different 
agents would have been highly improbable. 

It can be assumed, then, that amiodarone acts 
beyond the step of hormone binding to receptor site, 
somewhere on the chain of events leading to the ob- 
served pharmacological activation. 

It may be speculated that the point of action should 
be on a pathway common to x-adrenergic activation 
in vascular smooth muscle, /,-adrenergic stimulation 
on the heart pacemaker cells, and glucagon chrono- 
tropic activation of the heart. All these stimulations 
are in fact cCAMP-dependent [11]. It has been shown 
on plasmic membranes from rat myocardium that 
amiodarone antagonizes hormone-dependent adeny- 
late cyclase stimulation, but that the drug does not 
inhibit the basal adenylate cyclase activity nor its acti- 
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Variation of maximum contraction 
increase, per cent of control (y) 





1 1 | J 
53 50 47 aa 


- Log(molar amiodarone concn), (x) 





Fig. 4. Effect of amiodarone on the maximum contraction 
increase induced by norepinephrine in isolated rat aortic 


strips. Vertical bars represent S.E.M. Computed linear re- 


gression: y = 19x — 108. 
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vation by fluoride.* The available evidence implies 
that amiodarone would act between the hormone 
binding step and the subsequent activation of mem- 
brane-bound adenylate cyclase, i.e. within the mem- 
brane itself. To our knowledge, no other drug anta- 
gonizes hormone action at such an early stage with- 
out interfering with the receptor site itself. 

In this respect, it may be important to recall that 
amiodarone displays tissular specificity. Adrenergic 
(or glucagon) antagonism has been shown only on 
the heart and the arteries [1,2]. The drug has no ac- 
tion on epinephrine-induced lipolysis of the epididy- 
mal fat pad [12], on catecholamine- or glucagon-in- 
duced activation of rat liver adenylate cyclase in 
tro,* on the in vivo epinephrine-induced serum lactic 
acid and free fatty acid increase in the rat [12], nor 
on the bronchodilatation triggered by isoproterenol 
in guinea-pigs.t It seems therefore that amiodarone 
interacts only with the membranes of some tissues. 





* J. Broekhuysen and M. Ghislain, unpublished results. 
+R. Charlie, unpublished results. 
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Abstract—Oxotremorine (1 mg/kg) was injected intraperitoneally 15 min before an intravenous dose 
of 15 nmoles of tritium-labelled choline ([7H]choline). The animals were sacrificed | or 5 min later 
by dislocation of the spine. Hypothermia was prevented by a heating lamp. The brains were rapidly 
dissected into six well-defined regions (cerebellum, medulla oblongata, midbrain, striatum, hippocampus 
and cortex). Endogenous acetylcholine was significantly (P < 0-01) increased in the striatum (+87°,). 
hippocampus (+ 49%) and cortex (+ 115%) but unchanged in the cerebellum, medulla oblongata and 
midbrain. Pretreatment with methylatropine (5 mg/kg) and with atropine (5 mg/kg) partly counteracted 
the increase of endogenous acetylcholine in the cortex, and atropine also had the same effect in the 
striatum. The biosynthesis of [*H]Jacetylcholine at 1 and 5 min was decreased in all regions except 
the striatum. This was prevented by pretreatment with atropine (5 mg/kg): methylatropine (5 mg/kg) 
was considerably less effective. In the striatum the formation of [*H]acetylcholine was increased (+74 
101%) after administration of oxotremorine. The increase was not antagonized by pretreatment with 
atropine (5 mg/kg) or methylatropine (5 mg/kg). Oxotremorine produced a marked decrease in the 


specific radioactivities of acetylcholine in the hippocampus and cortex but not in the striatum. 


Oxotremorine, a muscarinic agonist with pronounced 
and characteristic pharmacodynamic effects on the 
CNS, increases the level of endogenous acetylcholine 
[1,2] and decreases the turnover of acetylcholine 
[3,4] in whole brain. Studies on the effect of oxotre- 
morine on endogenous acetylcholine in different brain 
regions have revealed selective increases in the cortex 
and caudate nucleus in the rat [5] and in the dience- 
phalon and upper part of the midbrain in the cat 
[6]. The present study deals with the effect of oxotre- 
morine on endogenous acetylcholine and on the 
uptake and rate of biotransformation of tracer doses 
of tritium-labelled choline ({*H]choline) in discrete 
regions of mouse brain in vivo. 


MATERIALS AND METHODS 


General. Female mice (NMRI strain) weighing 18- 
22 g were used. At least 6 days before the experiments 
the animals were placed in a silent room with con- 
stant diurnal lighting (artificial) of 12 hr light and 
12 hr dark. The light was switched on at 6.00 a.m. 
Food and water were supplied ad lib. The experiments 
were always performed between 10.00 and 11.30 a.m. 

Fifteen nmoles of tritium-labelled choline [methyl- 
3H]choline, 16:5 Ci/m-mole, purchased from the 
Radiochemical Centre, Amersham, England) were dis- 
solved in 100 yl of 0-9%% saline and injected into a 
tail vein (in 2-3 sec). One, 5 or 10 min later the ani- 
mals were sacrificed by dislocation of the spine. When 
the brain had been removed from the skull it was 
placed on an ice-cold glass plate and rapidly dissected 
into cerebellum, medulla oblongata + pons, midbrain 
(including hypothalamus), striatum, hippocampus and 


cortex, essentially according to the method described 
by Glowinski and Iversen [7]. The brain tissues were 
weighed and then homogenized (10 strokes), and 
extracted with 7°% ice-cold trichloroacetic acid (TCA). 
The time taken from sacrifice to inactivation of 
enzymes with TCA was about 7 min. The homo- 
genates were kept in a cold room (+5) for 30 min 
and then centrifuged at 4000 rev/min for 10 min (for 
cortex 6000 rev/min, 15 min). The pellets were resus- 
pended with TCA and centrifuged. Excess of TCA 
was removed from the combined supernatants by 
extraction with portions of ether until the pH was 
4. The extracts were freeze-dried and dissolved in 100 
Ll of glass-redistilled water. 

Separation and determination of radioactivity. 
Twenty yl of the solution were used for assay of the 
total radioactivity (*H-tot) and the same volume was 
submitted to high voltage electrophoresis at pH 48 
in a buffer containing pyridine, acetic acid, acetone 
and water (8:8:30:154 by volume). The main metabo- 
lites, [7H]phosphorylcholine, [*H acetylcholine and 
[*H]choline were localized by scanning the paper in 
a radiochromatograph (Packard). The paper strips 
were eluted with water and the radioactivity was mea- 
sured by liquid scintillation in a Nuclear Chicago Iso- 
cap 300 scintillation counter. For further details see 
Nordberg and Sundwall [8,9]. : 

Assay of endogenous acetylcholine. Endogenous ace- 
tylcholine was measured by bioassay on the dorsal 
muscle of leech suspended in a microbath [10,11]. 
The sensitivity limit of the procedure is 0-5 pmoles 
in 50 yl bathing fluid. Insignificant contractions were 
obtained with extracts treated with alkali (pH 11-12) 
for 30 min or when d-tubocurarine was added to the 
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Fig. 1. Effect of atropine and methylatropine on hypother- 
mia produced by oxotremorine (OT), | mg/kg (rectal tem- 
perature). Three groups of animals were pretreated with 
methylatropine (5 mg/kg) or atropine (2 or 5 mg/kg) 15 
min before injection of oxotremorine. Controls received 
saline. Each point represents the mean value of 3-4 
measurements. Vertical bars indicate S.E. 


bath. Addition of known amounts of acetylcholine to 
the samples revealed no inhibition or potentiation. 

Experiments with oxotremorine. Oxotremorine oxa- 
late (mol. wt 341) was dissolved in 0-9°, saline, and 
| mg/kg (corresponding to 0-6 mg/kg free base). in 
100 yl saline was injected intraperitoneally (i.p.) 15 
min prior to an intravenous (i.v.) injection of 
[*H]choline. The animals were sacrificed 16 or 20 
min after treatment with oxotremorine (1 or 5 min 
after [*H]choline). Endogenous acetylcholine was 
determined in animals sacrificed 20 min after injection 
of oxotremorine. To protect the animals from heat 
loss they were warmed by an infrared lamp. The rec- 
tal’ temperature was measured before and repeatedly 
during the experiment and kept at 38° by adjusting 
the lamp. The animals were carefully observed during 
the experiments and certain symptoms such as tre- 
mor, salivation and rigidity were rated and recorded. 

Pretreatment with atropine or methylatropine. Atro- 
pine sulphate and atropine methylnitrate were dis- 
solved in 0-9°, saline. An ip. dose of 2 or 5 mg/kg 
atropine sulphate (corresponding to 1-7 or 42 mg/kg 
free base) or 5 mg/kg atropine methylnitrate (4-2 mg 
kg free base) was given 15 min before the injection 
of oxotremorine. 

Studies of hypothermic effect. The rectal temperature 
was followed for 4-5 hr without any compensation 
for heat loss in five groups of animals (oxotremorine 
alone and oxotremorine preceded 15 min earlier by 
2 or 5 mg/kg atropine sulphate or 5 mg/kg atropine 


methylnitrate). The fifth group constituted the con- 
trols and received 100 ul of 0-9% saline. The rectal 
temperature was measured with an electrothermo- 
meter (Farad Electronics, Stockholm). The experi- 
ments were run at a room temperature of 22°. 

Studies with [?H]dextran. Five nmoles of tritium- 
labelled dextran ({*H]dextran, 26 mCi/g purchased 
from the Radiochemical Centre, Amersham, England) 
dissolved in 100 yl 0-9°%% saline were injected into a 
tail vein 6 min after i.p. injection of | mg/kg oxotre- 
morine. Heat loss was compensated. Ten min after 
injection of [*H]dextran the animals were killed by 
dislocation of the spine. Blood samples were taken 
shortly before death. The brain was dissected into six 
discrete regions and weighed. The brain tissues and 
blood samples were oxidized in a sample oxidizer 
(Packard) and the amount of radioactivity was mea- 
sured by liquid scintillation. 


RESULTS 

Effect of atropine and methylatropine on the hypo- 
thermia produced by oxotremorine. The hypothermic 
effect of oxotremorine oxalate (1 mg/kg, i.p.) is shown 
in Fig. 1. During the first 20 min the rectal tempera- 
ture decreased almost linearly from 38-5 + 0:13 to 
30:7 + 039°. It continued to drop and a minimum 
level was reached at 90 min (26:1 + 0-54°). The tem- 
perature then slowly increased and was almost nor- 
mal at 5 hr. The effect was reduced to some extent 
by pretreatment with 5 mg/kg of methylatropine or 
2 mg/kg of atropine. Atropine in a dose of 5 mg/kg 
had a stronger antagonistic effect and resulted in a 
maximum drop of 3 deg and a return to normal after 
about 1-5 hr. In animals pretreated with methylatro- 
pine and with the lower dose of atropine the maxi- 
mum drop in temperature was almost the same 
(about 6-7 ). 

Effects of atropine and methylatropine on tremor, 
rigidity, salivation, lachrymation, and mydriasis pro- 
duced by oxotremorine. In these experiments heat loss 
was prevented by adjustment of an infrared lamp. The 
findings are summarized in Table 1. Two to 3 min 
after the intraperitoneal injection of oxotremorine the 
animals began to show tremor, salivation and lachry- 
mation. Their hind legs were stiff and outstretched, 
impeding their movements. The tail was also rigid 
and the pupils were enlarged. Methylatropine (5 mg/ 
kg) prevented the salivation and lachrymation but not 
the tremor, the rigidity of the tail or the effects on 
the hind legs. The pupils were 2-3 times larger than 


Table 1. Effects of atropine and methylatropine on the symptoms produced by oxotremorine oxalate (1 mg/kg ip.) 
in mice compensated for heat loss 





Symptoms Oxotremorine 


Methylatropine 


Atropine 
(2 mg/kg) + 
oxotremorine 


Atropine 
(5 mg/kg) + 
oxotremorine 


(5 mg/kg) + 
oxotremorine 





Tremor 
Salivation ae es 
Lachrymation ++ 
Mydriasis + 
Rigidity of tail +++ 
Rigid outstretched hindlegs +++ 


+++ 





0 no effect; + threshold effect; ++ moderate effect; +++ marked effect. 
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Table 2. Effect of oxotremorine (1 mg/kg, i.p.) on endogenous acetylcholine (nmoles/g) in discrete regions of mouse 


brain in vivo 





Brain region 


Control 


Oxotremorine 
(1 mg/kg, i.p.) 


Methylatropine 
(5 mg/kg, ip.) + 
oxotremorine 


Atropine 
(5 mg/kg, ip.) + 
oxotremorine 





Cerebellum 


Medulla oblongata 


Midbrain 
Striatum 
Hippocampus 
Cortex 

Whole brain 


4-3 + 0:30(7) 
21-6 + 0-65(8) 
20-7 + 1-47 (8) 
40-1 + 1-71(8) 
17-0 + 0-90(8) 
13:3 + 0-95(7) 
15-4 + 0:54 (7) 


4:1 + 0-22(3) 
23-4 + 1-09(3) 
22-4 + 2:04(3) 
75-0 + 3-50 (3)+ 
25-4 + 1-67 (3)t 
28:6 + 1:14(3)t 
25:2 + 0:39 (3)t 


75:5 + 2:16 (3)t 64:1 (60-1; 68-1) 


19-6 + 0:73 (3)* 20-0 (19-7; 20-2) 





Mo + S.E.; (n) = number of experiments; * P < 0-01, + P < 0-001 compared with control. 


in the animals treated with oxotremorine alone. Atro- 
pine (2 or 5 mg/kg) had the same effects and in addi- 
tion antagonized the tremorigenic action of oxotre- 
morine. However, the effect on the hind legs persisted 
slightly even after administration of 5 mg/kg of atro- 
pine. 

Effect of oxotremorine on endogenous acetylcholine 
in discrete brain regions. Table 2 shows the endo- 
genous amount of acetylcholine in different brain 
regions 20 min after i.p. injection of | mg/kg of oxo- 
tremorine. The animals were compensated for heat 
loss. Endogenous acetylcholine was significantly 
(P < 0-01) increased in the striatum (+87°%), hippo- 
campus (+49°%%) and cortex (+115°%) but was un- 
changed in the midbrain, medulla oblongata and cere- 
bellum. In animals pretreated with 5 mg/kg of methyl- 
atropine or 5 mg/kg of atropine, oxotremorine still 
increased the content of endogenous acetylcholine in 
the striatum and cortex, which were the only regions 
studied in this respect. However, both drugs partially 
antagonized the effect of oxotremorine in the cortex 
(about 50°). Methylatropine had no effect on the 
acetylcholine increase in the striatum. 

Effect of oxotremorine on uptake, distribution and 
biotransformation of [?H]choline in discrete brain 
regions. Fifteen min after treatment with oxotremor- 
ine (Img/kg) the mice were injected i.v. with [7H ]cho- 
line and were sacrificed by dislocation of the spine 


eee) 
. 
: 
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{~~ 


Fig. 2. Effect of oxotremorine (1 mg/kg) on the uptake 

and distribution of radioactivity (*H-tot) in different brain 

regions. The mice were sacrificed 1, 5, or 10 min after 

an intravenous injection of [*H]choline (15 nmoles). Each 

point represents the mean value of 3—6 experiments. Verti- 
cal bars indicate S.E. 


| or 5 min later. The animals were compensated for 
heat loss. The results are presented in Figs. 2-5. The 
uptake of radioactivity (*H-tot) (Fig. 2) was increased 
in all brain regions at both | and 5 min (16-65%) 
as compared with control animals. Figure 3 shows 


Midbrain 


Striatum 


3H=PhCh in per cent of *H-tot 


“0 
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Fig. 3. Effect of oxotremorine (1 mg/kg) on the biosyn- 

thesis of [*H]phosphorylcholine (*H-PhCh) in different 

brain regions. The mice were sacrificed 1, 5, or 10 min 

after an intravenous injection of [7H]choline (15 nmoles). 

Each point represents the mean value of 3-5 experiments. 
Vertical bars indicate S.E. 
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Control a minutes 
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Fig. 4. Effect of oxotremorine (1 mg/kg) on the biosyn- 
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Fig. 5. Efect of oxotremorine (1 mg/kg) on [*H]choline 

(7H-Ch) in different brain regions. The mice were sacrificed 

1. 5, or 10 min after an intravenous injection of [7H ]cho- 

line (15 nmoles). Each point represents the mean value 
of 3-6 experiments. Vertical bars indicate S.E. 


that the rate of biosynthesis of [*H]phosphorylcho- 
line was reduced in the cerebellum, medulla oblon- 
gata, midbrain and striatum both at | and 5 min, 
compared with the control values. In the hippo- 
campus and cortex the decrease at | min was followed 
by an increase to the control level at 5 min. Since 
oxotremorine enhanced the uptake of radioactivity in 
the brain, [*H ]phosphorylcholine, [7H Jacetylcholine 
and [*H]choline are expressed as per cent of total 
radioactivity (H-tot) instead of as dis/min per g. The 
effect on [*H acetylcholine biosynthesis is shown in 
Fig. 4. In the cerebellum, medulla oblongata and mid- 
brain the rate of this biosynthesis was decreased at 
both | and 5 min (22-64°,). In the hippocampus and 
cortex it was decreased (P < 0-001) at 1 min but 
showed a slight tendency to increase between | and 
5 min. At 5 min it was still significantly decreased 
(P < 0-001) in the hippocampus but was normal in 
the cortex. In the striatum the synthesis was increased 
by 74-101%, (P < 0-01). 

The content of untransformed [*H]choline (Fig. 5) 
was significantly higher (P < 0-001) in the cerebellum, 
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Fig. 6. Effect of oxotremorine (1 mg/kg) on the uptake 
and distribution of radioactivity (*H-tot) in different brain 
regions after pretreatment with methylatropine (5 mg/kg) 
and with atropine (2 or 5 mg/kg). The mice were sacrificed 
| min after an intravenous injection of [*H]choline (15 
nmoles). Each point represents the mean value of 3-6 
experiments. Vertical bars indicate S.E. 
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Fig. 7. Effect of oxotremorine (1 mg/kg) on the biosyn- 


thesis of [*H]phosphorylcholine (7H-PhCh) in different 

brain regions after pretreatment with methylatropine (5 

mg/kg) and with atropine (2 or 5 mg/kg). The mice were 

sacrificed 1 min after an intravenous injection of [*H]cho- 

line (15 nmoles). Each point represents the mean value 
of 3-6 experiments. Vertical bars indicate S.E. 


medulla oblongata and midbrain both at | and 5 min 
than in the controls. In the hippocampus and cortex 
it was significantly higher at | min (P < 0-001) but 
decreased markedly between | and 5 min; in the cor- 
tex this resulted in an_ insignificant difference 
(P > 0-05) at 5 min. In the striatum [*H]choline was 
lower (P < 0-01) at both | and 5 min. 

The ratio of [*H]acetylcholine to [*H]choline was 
reduced both | and 5 min after injection of oxotre- 
morine in all brain regions except in the striatum, 
where it was increased (P < 0-01). 

Figures 6-9 show the effects of oxotremorine after 
pretreatment with methylatropine (5 mg/kg) and with 
atropine (2 or 5 mg/kg). The animals were sacrificed 
1 min after injection of [*H]choline. The increased 
uptake of radioactivity obtained with oxotremorine 
alone was counteracted by both methylatropine and 
atropine. After treatment with 5 mg/kg of atropine 
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Fig. 8.. Effect of oxotremorine (1 mg/kg) on the biosyn- 
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regions after pretreatment with methylatropine (5 mg/kg) 
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1 min after an intravenous injection of [*H]choline (15 
nmoles). Each point represents the mean value of 3-6 
experiments. Vertical bars indicate S.E. 
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were sacrificed 1 min after an intravenous injection of 
[*H]choline (15 nmoles). Each point represents the mean 
value of 3-6 experiments. Vertical bars indicate S.E. 


the total radioactivity was even lower than the con- 
trol value in the striatum and _ hippocampus 
(P <0-01) (Fig. 6). The reduced biosynthesis of 
[*H]phosphorylcholine caused by oxotremorine was 
also counteracted by both methylatropine and atro- 
pine (Fig. 7). The reduced biosynthesis of [*H]acetyl- 
choline produced by oxotremorine was very little 
affected by pretreatment with methylatropine (Fig. 8); 
atropine (5 mg/kg), however, antagonized this reduc- 
ing effect. In the striatum, where oxotremorine caused 
an increase in [*H]acetylcholine biosynthesis, even 
this higher dose of atropine was ineffective. Pretreat- 
ment with methylatropine and with atropine anta- 
gonized the effects of oxotremorine on [*H]choline 
in a similar way (Fig. 9). 

Effect of oxotremorine on the specific radioactivity 
of acetylcholine. In Fig. 10 it is seen that oxotremorine 
decreased the specific radioactivity of acetylcholine 
particularly in the hippocampus and cortex. In the 
striatum the specific radioactivity was unchanged or 
possibly slightly increased. Since the specific radioac- 
tivities were calculated from the mean values of 
[*H]acetylcholine and endogenous acetylcholine, no 
statistical analysis was possible. 

Effect of oxotremorine on uptake and distribution of 
[°H ]dextran. Since oxotremorine appeared to facilitate 
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Fig. 10. Effect of oxotremorine (1 mg/kg) on the specific 

radioactivity (SA) of acetylcholine in different brain 

regions. The mice were sacrificed 1, 5, or 10 min after 
an intravenous injection of [*H]choline (15 nmoles). 


the uptake of radioactivity in all brain regions, exper- 
iments were performed with radioactive dextran 
({7H]dextran) in order to test whether this enhance- 
ment could have been due to hemodynamic effects. 
It was found that the concentration of [*H]dextran 
in the blood was 42% higher in the oxotremorine 
treated animals (111-6 + 4-28 x 10~° dis/min per ml; 
P < 0-01) than in the controls (78-4 + 1:78 x 107° 
dis/min per ml). The amount of [*H]dextran found 
in the different brain regions, however, was directly 
related to the blood concentration (Table 3). 


DISCUSSION 


Our findings that administration of oxotremorine 
in the mouse increases the content of endogenous ace- 
tylcholine in the striatum, hippocampus and cortex 
but not in the cerebellum, medulla oblongata and 
midbrain are in agreement with observations in the 
rat by Campbell and Jenden [5]. In cat brain on the 
other hand, Bartolini et al. [6] noted a significant 
increase of endogenous acetylcholine in the dience- 
phalon and upper part of the midbrain but no change 
in the cortex. In vitro oxotremorine (107 °-10~ > M) 
produces a depression of the acetylcholine release 
from rat cerebral cortex slices following electrical 


Table 3. Uptake and distribution of [*H]dextran in different brain regions 10 min after 


intravenous injection 





dis/min per g brain tissue in per cent of 
dis/min per ml blood 

Oxotremorine 

1 mg/kg, ip. 


Per cent* 


Brain region Control change 





3-0 + 0:36 — 10-0 
3:0 + O18 


22+ 022 


(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 


(3) 
(3) 
(3) 


Cerebellum 
Medulla oblongata 
Midbrain 

Striatum 
Hippocampus 
Cortex 

Whole brain 


Vylyrhy ely 
NNRKNOK ON 
Ie I He IH HH + 


0-15 





Oxotremorine. | mg/kg, was injected intraperitoneally 6 min prior to the dextran injection. 
* P > 0-5; (n) = number of experiments Mov + S.E. 
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stimulation [12]. In the isolated perfused rat brain 
only a small and insignificant elevation of the level 
of endogenous acetylcholine occurred when the brain 
was perfused with 10°’ M oxotremorine [13]. It is 
stated in the latter report, however, that the lack of 
effect might have been due to too low concentration 
of oxotremorine since a higher concentration, 5 x 
10°’ M. resulted in an increase from 31-6 to 39-8 
nmoles/g acetylcholine in one out of seven brains. 
The present results indicate that both atropine and 
methylatropine (5 mg/kg, i.p.) partially (50°,) counter- 
act the effect of oxotremorine (1 mg/kg) on endo- 
genous acetylcholine in the cerebral cortex but have 
very little effect on acetylcholine in the striatum. That 


both drugs had similar effect on endogenous brain: 


acetylcholine is surprising since they are supposed to 
penetrate the brain rather differently. The character- 
istic tremor produced by oxotremorine, on the other 
hand, was completely prevented by pretreatment with 5 
mg/kg of atropine (i.p.) but not by 5 mg/kg of methyl- 
atropine and only partially by 2 mg/kg of atropine. 
Cox and Potkonjak [2] found no effect of 5 or 10 
mg/kg of atropine on whole brain endogenous acetyl- 
choline, while Sethy and van Woert [14] noted sig- 
nificant effects after administration of 10, 20, and 40 
mg/kg. Holmstedt and Lundgren [15] reported com- 
plete inhibition after i.p. injection of 100 mg/kg of 
atropine. 

The biosynthesis of [*H ]Jacetylcholine is decreased 
by oxotremorine in whole brain [3]. The marked in- 
crease of [*H]acetylcholine biosynthesis in the stria- 
tum described in the present paper is masked in 
studies on whole brain due to the fact that the weight 
of the striatum is only 3°, of the brain as a whole. 
Schubert et al. [3] have suggested that the effects of 
oxotremorine on endogenous and radioactive acetyl- 
choline might be explained by the fact that oxotre- 
morine is a muscarinic agonist, and that activation 
of muscarinic receptors would lead, by a negative 
feedback system, to depression of acetylcholine. This 
would initially increase the endogenous amount of 
the transmitter, whereupon synthesis would decrease. 
This could explain the findings in cerebral cortex and 
hippocampus. It is not possible at the present time 
to explain why oxotremorine increases both endo- 
genous acetylcholine and the rate of biosynthesis of 
[*H]acetylcholine in the striatum. This structure 
appears to be unique also in the respect that its cho- 
linergic, fibres almost completely consist of inter- 
neurons (for review see Aquilonius [16)). 

In the cerebellum, medulla oblongata and midbrain 
the biosynthesis of [*H acetylcholine is decreased by 
oxotremorine without any concomitant effect on 
endogenous acetylcholine. It may be asked if this 
could be due to the low density of muscarinic recep- 
tors in these regions compared with cortex and stria- 
tum [17,18]. 

The discrepancy between the effect of atropine and 
methylatropine on tremor and endogenous acetylcho- 
line following treatment with oxotremorine is surpris- 
ing. The influence of these drugs on the prevention 


of oxotremorine-induced tremor appears to be better 
related to the rate of biosynthesis of [*H Jacetylcho- 
line. Since these antagonists were given prior to the 
agonist, their effects per se on endogenous acetylcho- 
line and the rate of [*H]Jacetylcholine biosynthesis 
must probably be taken into consideration. 

The finding that oxotremorine increases the uptake 
of radioactivity in the brain is probably explained by 
hemodynamic effects. The blood concentration of 
[*H]dextran was 42°, higher in oxotremorine treated 
animals. This is in agreement with the findings of 
Karlen et al. [19] who previously found that oxotre- 
morine decreases its own volume of distribution. 
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Abstract—The binding of eleven benzodiazepine derivatives to bovine serum albumin was determined 
by means of Sephadex gel filtration. The albumin binding of the substances was characterized by 
the percentage of drug bound, the binding constants k~, K,. and m, the number of binding sites 
per albumin molecule, and the free binding energy. The binding of the benzodiazepines to bovine 
serum albumin (BSA) is discussed in respect to the binding of these drugs to human serum albumin 
(HSA). The following great differences in the binding behaviour of both albumins for the benzodiaze- 
pines have been found: (1) The affinities of the binding of most of the drugs to BSA are exceptionally 
smaller than those to HSA. (2) Two benzodiazepines. lorazepam and clonazepam, are bound to BSA 
in a higher extent than to HSA. (3) Most of the benzodiazepines have two or three binding sites 
on the BSA molecule, in contrast to the single binding site on the HSA molecule. The binding of 
the benzodiazepines to BSA is positively influenced by the pH-value of the solution in a similar way 
as found for HSA. The benzodiazepines are the first group of drugs known in which binding to 
both albumins differs so fundamentally. The reason for these large differences and their pharmacological 


significance are discussed. 


It was demonstrated in previous investigations that 
the benzodiazepines are bound to human serum albu- 
min (HSA) in a very specific manner[2, 3], and that 
the binding to HSA differs in some aspects from the 
binding behaviour of other substances to HSA. The 
binding of the benzodiazepines is influenced in an un- 
usual way by the substituents of the molecule[2] and 
does not depend on the hydrophobic nature of the 
ligands[2]. Furthermore. the binding is highly ster- 
eospecific in an until now unknown degree[4]. In 
contrast to the high stereospecific binding of oxaze- 
pam hemisuccinate to HSA[4], the stereospecificity 
of the binding of this drug to bovine serum albumin 
(BSA) is much smaller[5] and the d-isomer of this 
drug was found to have a more than eight-fold 
smaller affinity to BSA than to HSA[5]. 

Because these differences with both albumins were 
exceptionally high, we tried to investigate if they were 
due to stereochemical aspects alone, or if BSA has 
a generally different binding behaviour for the benzo- 
diazepine derivatives. This would be of interest, since 
there is little information on greater differences in the 
binding of small ligands to both albumins. It is 
known that the binding of ligands to HSA and BSA 
can differ[7—12], but in most cases these differences 
are relatively small[6—9] and within a group of sub- 
stances the increase or decrease of the affinities is 
similar for both albumins[8, 11, 12]. 
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MATERIALS AND METHODS 


Materials. Bovine serum albumin (BSA) was 
obtained froin Behringwerke, Marburg (quality: 
“trocken, reinst”), electrophoretic purity 100°,. All 
drugs were obtained from the manufacturers: Broma- 
zepam, chlordiazepoxid, clonazepam, demoxepam, 
diazepam, flurazepam, and nitrazepam from Hoff- 
mann-La Roche AG, Grenzach: oxazepam from 
Boehringer, Ingelheim; dipotassium clorazepate from 
Mack, Illertissen, lorazepam from Wyeth, Miinster; 
tetrazepam from Clin-Byla, Paris. The formula of the 
2.3-dihydro-5-phenyl-1.4-benzodiazepine molecule is 
shown below. For the chemical formulas of the deri- 
vatives see Ref. 13. 


All other chemicals were of reagent grade. All solu- 
tions were made with deionized water. 

Albumin binding measurements. The binding of the 
benzodiazepine derivatives to BSA was studied by the 
gel filtration technique of Krieglstein and Kuschin- 
sky[14]. The suitability of this method to the study 
of protein binding of benzodiazepine derivatives was 
discussed elsewhere[2]. The experiments were per- 
formed on 20 x I-2cm columns of Sephadex G-50 
fine (Pharmacia, Uppsala) at room temperature (22°) 
as described previously[2]. The BSA concentration 
was always 1-45 x 10°* M (1°%), using a molecular 
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weight of 69000. The drug concentrations ranged 
from 4 x 10°° M to 2 x 10°* M. All solutions were 
made with !/15 M sodium phosphate buffer and 
adjusted to the desired pH-value with 1M HCl or 
| M NaOH. 

Calculations. The extent of the binding of the ben- 
zodiazepines at various concentrations (c) to BSA was 
given by the percentage of free (~) and bound (/) drug. 

The apparent binding constants k* and the regres- 
sion coefficients or the slope constants m are obtained 
from the relationship[15] 


log c, = log k* + m log c; 


where c, and cy, are the concentrations of the bound 
and the free drug. k* can be obtained from c, = 1[ 10°” 
M], if the equation is reduced to log c, = log k’ 
[15]. 

The number of binding sites n and the total bind- 
ing constants K, are obtained from the reciprocal 
plot{16] following the equation 


l l 


| | 
Fp nk cy n 


where r= the number of moles of the benzodiaze- 
pines bound per mole BSA, c, = the concentration 
of the free drug, k = the association constant, and 
nk = K, = the total binding constant. 

From the total binding constant the free binding 
energy AF was calculated from the relationship[17] 


AF = —RT InK, 


where R = the gas law constant and T = the absolute 
temperature. 


RESULTS 


All investigated benzodiazepines are bound to BSA 
at pH 7-40 to a very different extent: see the percent- 
age of drug bound f in Table 1. where the /-values 
range from 12% for flurazepam to 89% for dipotas- 
sium clorazepate. 

The logarithmic plot after Scholtan[15] gives 
straight lines which regression coefficients or slope 


constants m are in most cases only a little less than 
one (Table 1). The apparent binding constants 
obtained from this plot are summarized in Table 1. 

In order to determine the number of binding sites 
n and the total binding constants K, we used the 
reciprocal plot[16] in the case of the binding of the 
benzodiazepines to BSA and not the Scatchard 
plot[18] as used for the binding to HSA[2]. The rea- 
son for this is that by the Scatchard plot the number 
of binding sites can only be determined exactly if the 
value of n and the number of moles of the drug bound 
per mole albumin (7) do not differ greatly[19]. This 
assumption is not given in our experiments, therefore 
we used the reciprocal plot, where the extrapolations 
of the straight lines to the ordinate are smaller than 
the extrapolations to the abscissa would be in the 
case of the Scatchard plot. The number of binding 
sites n and the total binding constants K, obtained 
from Scatchard or reciprocal plots are nearly identical 
in the case of the binding of the benzodiazepines to 
HSA, as shown on Table 2. 

The benzodiazepines have more than one binding 
site on the BSA molecule, in most cases two or three 
(Table 1). The affinities to BSA of each derivative 
differ very much, which can be seen by the total bind- 
ing constants K , (Table 1). The reciprocal plot, which 
is derived from mass law considerations like the Scat- 
chard plot[17], results in straight lines (Table 1), sug- 
gesting that the binding sites (Table 1) found for the 
interaction with BSA are independent and equival- 
ent[{17]. The free binding energies AF, calculated from 
the total binding constants K, are summarized in 
Table 1. 

A plot of the concentrations of the drug bound 
versus the concentrations of the free drug (Fig. 1) 
gives straight lines. 

For further characterization of the binding of the 
benzodiazepines to BSA, the influence of the pH- 
value of the solution on the binding was determined 
(Fig. 2). Whereas the binding of oxazepam and dipo- 
tassium clorazepate is nearly unchanged by raising the 
pH-value from 6°60 to 8-20, the percentage of drug 
bound f of all other benzodiazepines investigated is 
increased by increasing the pH to 8-20 (Fig. 2). 


Table |. Binding constants* 





Substance k* 
(107 > M)'~”) m 


EK, x 10-* — AF® 
(1/M) (cal/mole) ry rs 





8:97 0-686 
0-752 
0-704 
0-831 
0-827 
0-888 
0-875 
0-572 
0-903 
0-790 
0-938 


Dipotassium clorazepate 
Lorazepam 
Oxazepam 
Tetrazepam 
Clonazepam 
Diazepam 
Nitrazepam 
Demoxepam 
Chlordiazepoxid 
Bromazepam 
Flurazepam 


0-9988 
0-9985 
09994 
0-9994 
0-9997 
0-9982 
09967 
09964 
0-9905 
0-9337 
07940 


6692 
6227 
6162 
5815 
5812 
5285 
5236 
5178 
5084 
4110 
4078 


0-9893 
0-9882 
0-9918 
0-9878 
0-9917 
0-9803 
0-9900 
09629 
0-9579 
07607 
08257 


9-084 
4-105 
3-675 
2-035 
2-024 
0-823 
0-757 
0-686 
0-584 
O-111 
0-105 





* The apparent binding constants, k*, the regression coefficients of slope constants, m, the percentage of benzodiaze- 
pines bound (f) at a total concentration c = 1-5 x 10°* M, the total binding constants, K,. the number of binding 
sites of the benzodiazepine derivatives on the BSA molecule, n, and the free binding energy, AF. Calculated for BSA 
1% at pH 7-40. r, = correlation coefficients of the logarithmic plots following Scholtan[15]. r, = correlation coefficients 
of the reciprocal plots[10]. In each case the regression lines represented 16 experiments at 8 different concentrations 


in the range from 4 x 10°° M to2 x 10°77 M. 





Gel filtration studies of benzodiazepine BSA interactions 


Table 2. Comparison of Scatchard and reciprocal plot* 





Scatchard plot* Reciprocal plot 





Substance K, x 10-4 K, x 1o-¢ 
(1/M) (1/M) 





Diazepam 49-19 
Dipotassium clorazepate 34-79 
Chlordiazepoxid 21-81 
Oxazepam 12-08 
Tetrazepam 8-81 
Lorazepam 3-76 
Demoxepam 3-58 
Bromazepam 1-61 
Nitrazepam 1:50 
Clonazepam 0-81 
Flurazepam — 


0-078 





* The total binding constants, K,. and the number of binding sites on the HSA molecule, 
n, calculated from the Scatchard and the reciprocal plot for HSA 1°, pH 7-40. 
+ The data were taken from Miiller and Wollert[2]. 
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Fig. 1. Binding capacity of a 1°% BSA solution for the benzodiazepines. The relationship between 
the number of moles of the benzodiazepines bound per mole BSA (rf) and the concentration of the 
free benzodiazepines (c ,). Ordinate: * (M/M). Abscissa: c, (107 ° M). Each point represents the mean 
value of two experiments. The equations of the regression lines are for: 

Bromazepam = 0-025 + 0:007 c,; r = 08992 

Chlordiazepoxid = 0:026 + 0:046 c,; r = 0:9790 

Clonazepam = 0:101 + 0:130 c,; r = 09933 

Demoxepam = 0:100 + 0:019 c,; r = 09853 

Diazepam = 0:062 + 0:063 c,; r = 0:9846 

Dipotassium clorazepate = 0:241 + 0:358 c,; r = 09792 

Flurazepam = 0:002 + 0:010 c,; r = 0-8851 

Lorazepam = 0:198 + 0:199 c,; r = 09707 

Nitrazepam 0-060 + 0:056 c,; r = 0:9888 

Oxazepam 0:202 + 0-151 c,; r = 09770 

Tetrazepam 0-094 + 0-134 c,; r = 0:9945 
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r = correlation coefficient. 
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Fig Influence of pH on the percentage of benzodia- 

epines (1-5 x 10°* M) bound to BSA (1°,). Each point 

represents the mean value of two experiments. Ordinate: 
percentage of bound drug, fs. Abscissa: pH. 


DISCUSSION 


The intention of this study was to investigate the 
binding of benzodiazepine derivatives to BSA and to 
compare the binding to BSA with the unusual binding 
of these substances to HSA[2]. In regard to this, all 
experimental conditions chosen were identical to 
those in the experiments with HSA[2]. In respect to 
this BSA obtained from the same manufacturer and 
of the same quality (electrophoretic purity 100°, as 
indicated by the manufacturer) was used. The only 
exception is the use of the reciprocal plot instead of 
the Scatchard plot. Nevertheless, the results obtained 
with both plots are comparable, because both plots 
are derived from the same binding equation[17] and 
both plots produce similar results in the case of the 
binding of the benzodiazepines to HSA (Table 2)- 

Before starting our investigations on the albumin 
binding of benzodiazepine derivatives, the binding 
constants for diazepam (1-04 x 10*) and chlordiaze- 
poxid (1-05 x 10%). obtained for BSA 4°, at 37° by 
ultracentrifugation experiments[ 20]. were the only 
data known. Although our binding measurements are 
made with BSA 1°, at 22, the cited results can be 
satisfactorily compared with our binding constants 
(diazepam, K, = 0-82 x 10*: chlordiazepoxid, K, = 
0:58 x 10*) (taken from Table 1). 

The apparent binding constant k*. obtained from 
the logarithmic equation after Scholtan[15] indicates 
more the binding capacity of the BSA molecule than 
its affinity for a ligand. Regarding dipotassium clora- 
zepate, the values for k* are 14:5 for the binding to 
HSA[2] and 8-97 for the binding to BSA (Table 1) 
and do not differ very much. Whereas there is a great 
difference in the affinity constants K, (K, = 34-79 x 
10*. HSA Table 2: and K, = 9-08 x 10*. BSA Table 
1). The fact that the differences of the apparent binding 
constants between both albumins are smaller than the 
differences between the total binding constants can 
be applied to nearly all investigated benzodiazepines. 
This can be explained by the finding that the benzo- 


diazepines have more binding sites on the BSA mole- 
cule than on the HSA molecule (Tables | and 2), 
which obviously must have an influence on the bind- ° 
ing capacity of the albumins. 

Another binding constant obtainable from the 
logarithmic equation is the slope constant m (Table 
1). Nearly all m-values found for the binding of the 
benzodiazepines to HSA[2] are very much smaller 
than one. which was explained. in contradiction to 
Scholtan[17]. by a saturation of the benzodiazepine 
binding site[2]. The m-values found in this study for 
BSA (Table 1) are in nearly all cases only slightly 
smaller than one, suggesting[2] that the binding sites 
of the benzodiazepines on the BSA molecule will not 
be saturated in the investigated concentration range. 
This suggestion is supported by a plot of the free 
concentrations of the ligands versus the bound con- 
centrations (Fig. 1). which gives straight ‘lines. and 
not curves as shown for HSA[2]. 

The large and important differences of the binding 
of the benzodiazepines to both albumins can be 
drawn from the total binding constants K, and the 
number of binding sites n (Tables | and 2). Nearly 
all benzodiazepines have more than one binding site 
on the BSA molecule in contrast to only one binding 
site on the HSA molecule and they have much smaller 
affinities to BSA than to HSA. 

It is known that human and bovine serum albumin 
can differ in the binding behaviour for small organic 
molecules[6—11] and that often the affinity of BSA 
is smaller than that of HSA[7, 8, 12]. But on the other 
hand. up to now substances were not at all known 
whose affinities to both albumins differ in such degree 
as shown for some benzodiazepines. e.g. diazepam K, 
(HSA) = 49:19 x 10* (Table 2) and K , (BSA) = 0°82 x 
10* (Table 1). 

As in the case of the interaction with HSA. the 
hydrophobic nature of the benzodiazepines seems to 
have generally no greater influence on the binding of 
the substances to BSA, with the exception of the 
following examples: 2’-chlorine substitution increases 
the affinity to BSA (Table 1) and decreases the affinity 
to HSA (Table 2). which can be seen for oxazepam 
lorazepam and for nitrazepam-clonazepam. In a simi- 
lar way. partial hydrogenation of the B-benzene ring 
increases the binding to BSA and decreases the bind- 
ing to HSA (see diazepam-tetrazepam, Tables | and 
2). Both alterations of the benzodiazepine molecule 
increase the lipophilic character of the substances, as 
shown by the partition coefficients between n-octanol 
and 1/15M phosphate buffer[13]. This suggests that 
for these substances the hydrophobic nature of the 
ligands is important for the binding to BSA, whereas 
the interaction with HSA seems to depend more on 
changes in the chemical structure according to the 
above-mentioned alterations of the substances[2]. In 
most cases known. changes in the chemical structure 
of drugs influence the binding to different albumins 
in a similar way[8, 11.12]. We do not know any 
group of substances where relatively small changes 
of the chemical structure can have such opposite 
influences of the binding behaviour to human and 
bovine serum albumin as shown in this study. 

Most of the hydrophobic benzodiazepines[ 13], 
namely the N-substituted derivatives, e.g. tetraze- 
pam, diazepam, and chlordiazepoxid are only weakly 
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bound to BSA (Table 1). The affinities of these sub- 
stances to BSA (Table 1) increase in the same order 
as the partition coefficients[ 13]. Possibly the N ,-sub- 
stituted derivatives form a separate group within the 
benzodiazepines. in which the affinities increase in 
dependence on the hydrophobic nature of the sub- 
stances. 

Lorazepam and clonazepam are higher bound to 
BSA than to HSA (Tables | and 2). This is remark- 
able because HSA commonly has greater affinities for 
small ligands than BSA[7, 8, 12], only few exceptions 
being known[21, 22]. 

The binding of flurazepam is largely increased by 
raising the pH-value from 6-60 to 8-20 (Fig. 2), which 
can possibly be explained by a decrease of the cationic 
charged part of the.molecule. as suggested for the 
binding to HSA[3]. In contrast to the results with 
HSA[3]. the binding of diazepam and tetrazepam to 
BSA is largely increased by raising the pH (Fig. 2). 
Because of the pK,-values of the benzodiazepines[ 3]. 
changes of the charge of the ligands can not be the 
only reason for the increase of the binding of these 
substances. In the investigated pH-range the low alca- 
line structure transition of the BSA molecule takes 
place[23]. It seems that within this N—-B transi- 
tion[ 24] either new binding sites are available, as 
shown for the binding to HSA[3] or that the affinities 
of the binding sites, already present at pH 7-40, are 
increased within this structure transition. 

It is very difficult to draw information from the 
present data on the binding part of the benzodiaze- 
pine molecule or on the binding groups of the BSA 
molecule, as was done for the interaction of the sub- 
stances with HSA[2., 3]. For the binding to BSA the 
hydrophobic nature of both benzene rings of the ben- 
zodiazepine molecule seems to be relevant. which can 
be seen by the relative weak binding of the two 7- 
nitro-derivatives, nitrazepam and clonazepam. and by 
the increase of the binding by raising the hydrophobic 
nature of the B-benzene ring (tetrazepam, lorazepam, 
and clonazepam). The binding sites on the BSA mole- 
cule seem to be located near _ positively-charged 
groups of the protein molecule, which can be con- 
cluded (1) from the large increase in binding of flura- 
zepam. if its cationic charge decreases (Fig. 2). (2) in 
part from the relatively high binding of the anionic 
benzodiazepines dipotassium clorazepate (Table 1) 
and d- and /-oxazepam hemisuccinate{[ 5]. 

The increase in binding of the two nitro-derivatives 
(nitrazepam, clonazepam) at pH 8-20 (Fig. 2), if their 
anionic charges are raised[3], can be due to electro- 
static forces, but also to the appearance of new bind- 
ing sites, as discussed for diazepam and tetrazepam. 

In summary, the unusually high differences of the 
binding of d- and /-oxazepam hemisuccinate to HSA 
and BSA[4. 5] are not mainly due to stereochemical 
aspects of the interaction with both albumins, but 
are due to generally different binding behaviours of 
the investigated benzodiazepines to BSA. The benzo- 
diazepines are the first group of drugs known in which 
binding to human and bovine serum albumin differs 
qualitatively as well as quantitatively in such degree. 
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The main reason for these large differences must be 
that the very specific binding site, found on the HSA 
molecule[2.4] does not exist on the BSA molecule. 
According to the reported results. care has to be taken 
in future in drawing conclusions from results which 
are derived from experiments with BSA alone. as 
done by several authors[25—28]. In agreement with 
Witiak et al.[21] we think that drug binding studies 
can only be of pharmacokinetic significance for man 
if they are obtained from experiments with human 
serum albumin. 
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Abstract 


The interaction of benzodiazepine derivatives with bovine serum albumin (BSA) was studied 


by circular dichroism (CD) measurements. Most of the investigated benzoidiazepines show biphasic 
extrinsic Cotton effects, which are largely influenced by raising pH from 6-60 to 8-20. Quantitative 
estimation of the CD data pointed out that there are several binding sites on the BSA molecule. 
The CD data do not differ very much from those found for the interaction of the drugs with human 
serum albumin (HSA). Therefore it is suggested that at least a part of the benzodiazepine binding 
sites on the BSA molecule has similar properties to the single binding site on the HSA molecule. 
The extrinsic Cotton effects of the benzodiazepines in the presence of BSA are influenced by fatty 
acids and sodium dodecyl sulfate in a similar way as by the pH-value of the solution. This is explained 
by a similar influence of the substances and of pH on the protein conformation. 


In recent years it has been demonstrated that circular 
dichroism (CD) measurements are an excellent tool 
for studying drug-—protein interactions [2,3]. This 
method depends on the phenomenon that the binding 
of a small symmetric ligand to an asymmetric macro- 
molecule, e.g. a protein, can induce optical activity 


in the ligand molecule, originating by a perturbation 
of electronic transitions of the ligand by an asym- 
metric locus of the macromolecule [2-4]. 

By CD measurements differences in the interaction 
of organic molecules with human and bovine serum 
albumin (HSA and BSA) could be demonstrated 
[5-8]. especially for substances whose affinities and 
numbers of binding sites for both albumins do not 
differ very much, as found by other methods [5, 6]. 

In previous papers [9,10] it has been shown that 
human and bovine serum albumin differ in the bind- 
ing behaviour for benzodiazepines in an unusually 
high degree, e.g. there are differences in the affinities 
[9, 10], in the numbers of binding sites [9, 10], and 
in substituent influences [9]. We have suggested that 
the main reason for these large differences is that the 
specific binding site, found on the HSA molecule 
[11,12], does not exist on the BSA molecule [9]. 
Nearly all investigated benzodiazepine derivatives 
have two or three equivalent binding sites on the BSA 
molecule [9]. 

The interaction of the benzodiazepine derivatives 
with HSA produces typical biphasic circular dichro- 
ism spectra[12.13]. extrinsic in origin[14]. We 
think therefore that CD measurements are a very suit- 
able method to get more information on the binding 
of the benzodiazepines to BSA and on the large differ- 
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ences of both albumins in the binding behaviour of 
these substances. 


MATERIALS AND METHODS 


Materials. Bovine serum albumin (BSA) was 
obtained from Behringwerke, Marburg (quality: 
“trocken, reinst”), electrophoretic purity 100%. Meda- 
zepam was obtained from Hoffmann-La Roche AG, 
Grenzach, and prazepam from Gédecke, Freiburg. All 
other benzodiazepines were obtained from the manu- 
facturers as described in the first paper [9]. For the 
chemical formulas of the derivatives see Ref. 13. All 
other chemicals were of reagent grade. All solutions 
were made up with distilled water. 

Circular dichroism measurements. Circular dichro- 
ism (CD) measurements were made at 27° with a 
Cary 61 spectropolarimeter, which was calibrated 
with p-10-camphorsulfonic acid. All spectra were 
recorded in cylindrical cells with 10-mm pathlength, 
using a full-scale deflection of 0-02° or 0-05° @ and 
a spectral bandwidth of 2 nm. Results are expressed 
as molar ellipticities [0] (degr. x cm? x dmole~‘), 
calculated with reference to the BSA concentration, 
using a molecular weight of 69,000. The solutions for 
the CD measurements were prepared as described by 
Miiller and Wollert [13]. The final BSA _ con- 
centration was always 1-31 x 10° ° M (0-09%) and the 
drug concentrations were varied. All solutions were 
made with 1/15 M phosphate buffer, pH ranging from 
660 to 8-20, and adjusted to the desired pH-value 
with | M HCl or 1 M NaOH. Each CD spectrum 
reported is the average of three observations. 

Binding data from CD measurements. The CD data 
were analysed according to the method of Rosen [15], 
using a plot of the molar ellipticity versus the drug 
concentration (Fig. 5). The binding was characterized 
by the number of binding sites, n, and the binding 
constant K (obtained from the total binding constant 
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K, by multiplying with the BSA concentration) 
[12.16]. K, and n were determined by the reciprocal 
plot [7] as described in the preceding paper [9]. 

Calculations. The molar ellipticities were obtained 
from the equation [7]: 


: 100 x 0 
[0] = 
I x 


C 
where @ = the observed ellipticity using the CD spec- 
tra of BSA alone as references, / = the pathlength in 
cm. and C = the molar concentration. 

The anisotropy or dissymmetry factors (g-values) 
[18] were calculated from the relationship [7]: 


[0], 
;= 
3300 x ¢; 


where [0], = the molar ellipticity at the wavelength 
of the CD maximum, calculated with respect to the 
total concentrations of the benzodiazepines, and €, = 
the molar extinction coefficient of the benzodiaze- 
pines at the wavelength of the CD maximum in 1/15 
M phosphate buffer [13]. The g-values (Table 1) are 
not corrected for the concentration of the drug bound 
as done by Chignell [7] and are not corrected for 
binding induced alterations of the absorbance of the 
drugs. 


RESULTS 


In nearly all cases the complex formation between 
most of the investigated benzodiazepines and BSA 
produced biphasic extrinsic Cotton effects (Figs. 1, 2 
and Table 1) with two bands whose ellipticities were 
more positive or more negative than those of the CD 
spectrum of BSA alone. The intensities differ very 
much (see the g-values in Table 1). Although these 
g-values are uncorrected, they give better information 
than the molar ellipticities (table 1) alone about the 
degree of the optical perturbation of the electronic 
transitions of the benzodiazepines, because the molar 


Table 1. CD-data of the benzodiazepine-BSA complex at 
pH 7-40 


Substance / CD [—] 103 
(5 x 10 °M) (nm) vt sx(n 


Oxazepam 25% + §7-:50 + 1:21 + 3-136 


23-35 + O18 6715 
+ 55-09 + 1-39 + &-543 
16-71 + 1-33 8-261 
+ 44-47 + 2-59 + 1-005 

1-63 + 0-42 0-280 


+3)-40 + 1-75 + 3-882 


Lorazepam 
Chlordiazepoxid 


Medazepam 
Prazepam 25 31-20 + 1-63 
+ 10:26 + 0-60 +4160 
21-90 + 0-42 1-224 


+ 10-08 + O18 + 1:226 


1-927 
Clonazepam 


Diazepam + 0-958 


Nitrazepam 


Bromazepam 
Dipotassium 
clorazepate 
303 
Demoxepam 258 
Tetrazepam 258 


Molar ellipticities ({@]), calculated in respect to the BSA 


concentration (0:09°,). and anisotropy factors (g-values), 


calculated in respect to the drug concentration (5 x 10 
M), at the wavelengths of the CD-maxima (4,,,, CD). 


max 








-—— BSA 

----BSA +Clonazepam 

---- BSA + Lorazepam 

— BSA + Nitrazepam 
BSA + Oxazepam 











ae ae ee 
300 350 


Wavelength, nm 


Fig. 1. CD spectra of clonazepam, lorazepam, nitrazepam, 

and oxazepam (5 x 10°° M) in presence of BSA (0-09°,) 

at pH 7-40. Ordinate: molar ellipticity calculated with 

reference to the BSA concentration. Abscissa: wavelength 
in nm. 


ellipticity is directly proportional to the extinction 
coefficients of the substances [13]. 

The signs of the biphasic extrinsic Cotton effects 
at pH 7-40 are not identical for all benzodiazepines. 
Oxazepam, lorazepam, chlordiazepoxid, and diaze- 
pam have a positive CD band at shorter wavelengths 
and a negative at longer wavelengths, whereas the 
signs of these CD bands are inversed in the case of 
prazepam, clonazepam, and nitrazepam (Figs. 1, 2 and 
Table 1). Dipotassium clorazepate has a third CD 
band near 270 nm (Table 1), which is similar to that 
of demoxepam in the presence of HSA [13]. The ori- 
gin of both bands is not yet clear [13]. 

The induced Cotton effects of the benzodiazepines 
bound to BSA are intensively influenced by fatty acids 
and sodium dodecyl sulfate (Table 2). Whereas the 
wavelength positions of the bands remain unchanged, 
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Fig. 2. CD spectra of chlordiazepoxid, diazepam, medaze- 
pam. and prazepam (5 x 10° M) in presence of BSA 
(0-09°,) at pH 7-40. Ordinate and abscissa: see Fig. 1. 
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Table 2. Influences of fatty acids and sodium dodecyl sulfate on the 


extrinsic cotton effects of 


benzodiazepines bound to BSA. 





{0} x 10-3 

Oleic acid 

[10° * M] 
+ 14-06 + 3 
+103 + 


Substance 
[5 x 10°°*M] 


Pee, 
[nm] Control 
Oxazepam + §7-50 + 1-21 
23-35 + O18 
+ 55-09 + 1°39 
—16°71 + 1-33 
+ 32-40 + 1-75 
31-20 + 1-63 
+ 10:26 + 0-60 
+ 17-68 + 1-45 
—480 + 2-40 


3-62 + 1-27 


Lorazepam 
+622. + 0-91 
—8-27 + 1:03 
— 30-17 + 1:75 
+ 0-48 
1-69 
+ 0-60 


Medazepam 

Prazepam 

+652 
8-87 + 


+302 


Diazepam 


Tetrazepam 


The molar ellipticities ((0) ), calculated in respect to the BSA concentration (009°, 


5630 + 11-83 


x + sx (n = 3) 
Na’ -Dodecy! sulfate 


[10+ MJ 


Stearic acid 
[10°* M] 


Caprylic acid 
[10-* Mj 
+ 3:32 + 15-09 + 0:36 
+ 1-99 + 0-54 

+ 0-54 
+ O18 
t 2-11 


+ 151 


+ 32:76 


+ OO 
+ 3-99 
+ 1-45 

7-54 


10-08 + 
+ 4-22 
2414 + 1-2 77-72 + 


of some 


benzodiazepines (5 x 10°° M) bound to BSA at pH 7-40 in presence of oleic acid, caprylic acid, 
stearic acid and sodium dodecyl sulfate (10°* M) at the wavelengths of the CD-maxima (/,,,, 
CD). 


the intensities and the signs of the extrinsic Cotton 
effects were altered (Table 2) in a qualitatively similar 
way. The signs of the CD bands of the N-substituted 
benzodiazepines (medazepam, prazepam, diazepam, 
and tetrazepam) are influenced so that negative and 
positive CD bands appear at shorter and longer 
wavelengths respectively (Table 2). The CD spectra 
of the two N,-not substituted benzodiazepines (oxaze- 
pam and lorazepam) are mainly influenced by oleic 
acid, stearic acid, and dodecyl sulfate in a qualitati- 
vely similar but quantitatively smaller extent (table 
2). Furthermore, stearic acid and sodium dodecyl sul- 
fate have the greatest influence on the CD spectra 
of the N,-substituted benzodiazepines (Table 2). In 
the region between 350 and 250 nm, the fatty acids 
and sodium dodecyl sulfate have no or negligible in- 
fluence on the CD spectrum of BSA alone. 

The CD spectra of the benzodiazepines are also 
influenced by the pH of the solutions (Figs. 3 and 
4). The signs of the induced Cotton effects of nearly 
all benzodiazepines are changed by raising pH from 
6:60 to 8-20 (Figs. 3 and 4). The extrinsic Cotton 
effects of oxazepam and dipotassium clorazepate are 
slightly increased by raising the pH-value (Fig. 4), 
whereas the ellipticity of lorazepam is only slightly 
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Fig. 3. pH dependence of the CD spectra of two benzo- 

diazepines in presence of BSA (0-9°,,). Left side: tetrazepam 

(5x 10°5M). Right side: clonazepam (5 x 10°°M). 

Ordinate: molar ellipticity calculated with reference to the 
BSA concentration. Abscissa: wavelength in nm. 


decreased at higher pH-values (Fig. 4). The ultraviolet 
spectra of the benzodiazepines [12] and the CD spec- 
trum of BSA alone are not or negligibly changed 
between pH 6°60 and 8-20. 

The extrinsic Cotton effects of the benzodiazepines 
in the presence of BSA depend on the benzodiazepine 
concentration (Fig. 5), as shown for the three deriva- 
tives, which exhibit the highest perturbation of the 
short wavelength CD band (Table 1). Whereas the 
curve of the ellipticity of medazepam versus the total 
concentration of the drug seems to have a saturation 
point at 6 x 10°° M (corresponding a molar drug 
protein ratio of 4-6), for lorazepam and oxazepam no 
saturation is obtained up to 10°* M (corresponding 
a molar drug/protein ratio of 7-6) (Fig. 5). The con- 
centration dependence of the extrinsic Cotton effects 
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Fig. 4. pH dependence of the intensities of the short wave- 

length CD bands near 260 nm (Table 1) of the benzodiaze- 

pines (5 x 10° * M) in presence of BSA (0-09°,). Ordinate: 

molar ellipticity calculated with reference to the BSA con- 
centration. Abscissa: pH. 
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Fig. 5. The dependence of the short wavelength CD bands 
near 260 nm (Table 1) on the benzodiazepine concentration 
at pH 7-40. Ordinate: molar ellipticity calculated with re- 
spect to the BSA concentration (0-09°%). Abscissa: total 
concentration (c) of the benzodiazepines. 


of these three substances (Fig. 5) was used to deter- 
mine the number of binding sites n and the binding 
constant K. as described in Methods. All other benzo- 
diazepine derivatives could not be evaluated by this 
method, because of their small extrinsic Cotton effects 
at pH 7-40 (Table 1). The number of binding sites 
n and the bihding constants K obtained from CD 
measurements at pH 7-40 with BSA 0-09% are not 
identical to those obtained from gel filtration 
measurements at pH 7-40 with BSA 1°% [9] as shown 
in Table 3. 


DISCUSSION 


Following the method of Rosen [15], CD measure- 
ments can be used to determine quantitative binding 
data, e.g. binding constants and the number of bind- 
ing sites (see Methods). The binding constants and 


Table 3. Comparison of binding constants obtained from 
gel filtration or circular dichroism measurements* 


Gel filtration CD measurements 


Substance 1 Kin K Kin 
47-46 8-82 


251-92 59-00 
53-47 9-74 


Lorazepam 2 2-05 
Medazepam 
Oxazepam 2-0 5-33 2-64 


* The number of binding sites, n, the binding constants 
K(obtained from the total binding constant K, by multi- 
plying with the BSA concentration), and the binding con- 
stant K corrected for the number of binding sites n (K/n- 
value), obtained from gel filtration or circular dichroism 
measurements at pH 7-40. The values of the gel filtration 
measurements were taken from Ref. 9. The values of the 
CD measurements were obtained from reciprocal plots, as 
described in methods. The equations of the regression lines 
in the reciprocal plot are for: 
Lorazepam 
1/F = 0-186 + 0:276 I/e,: r = 
Medazepam 
1/r = 0-233 + 0-052 I/e,; r 
Oxazepam 
1/r = 0-182 + 0-245 I/c,; r 

r = correlation coefficient 


0:7762 


08867 


08805 


the number of binding sites found by CD measure- 
ments in this study. are not identical to those found 
by gel filtration measurements (Table 3). This is not 
surprising, because the BSA concentration of the CD 
measurements is more than 10-fold smaller than the 
BSA concentration of the gel filtration measurements 
[9]. It is known that by increasing albumin con- 
centrations the affinity and the number of binding 
sites of a ligand can decrease [19]. This can be 
explained by mutual interactions of the albumin side 
chains [19]. At lower protein concentrations the 
mutual interactions are diminished, the affinity can 
increase and new binding sites will become available 
[19]. This could be the case for the interaction of 
the benzodiazepines with BSA, especially since this _ 
interaction is relatively unspecific [9]. Furthermore the ° 
results obtained by the method of Rosen [15] depend 
on a tangent of the curve, describing the dependence 
of the extrinsic Cotton effects on the ligand concen- 
tratio [15,12]. Because this tangent must be drawn 
by hand, the precision of the method is limited. This 
may explain the differences of the results obtained 
by gel filtration and CD measurements (Table 3), too. 

On the other hand, in the case of the interaction 
of the benzodiazepines with HSA, using the same pro- 
tein concentration relation, we have found compar- 
able binding data with both methods for most of the 
investigated benzodiazepines [12]. In regard to the 
discussion above, this is very remarkable and sup- 
ports our suggestion of a very specific interaction of 
the benzodiazepines with the HSA molecule [11-14]. 
This shows in summary that care has to be taken 
to draw conclusions from drug binding studies done 
with different albumin concentrations. 

CD measurements are a very sensitive method to 
study drug protein interactions, because small 
changes of the drug/protein complex can have large 
influences on the CD spectra [6,7,12]. It has been 
shown that the benzodiazepines differ in their binding 
behaviour to BSA and HSA respectively [9], therefore 
one has to expect large differences of the CD spectra 
of the benzodiazepine derivatives in presence of both 
albumins. But surprisingly in the case of some benzo- 
diazepines there is only a small difference between 
the CD spectra in the presence of BSA or HSA (see 
the CD spectra ef oxazepam and lorazepam in Fig. 
1 and the g-values in Table 1. The corresponding data 
for the interaction with HSA can be found in Ref. 
13). On the other hand, the induced CD spectra of 
the N-substituted derivatives and of chlordiazepoxid 
at pH 7-40 (Fig. 2. Table 1) differ quantitatively as 
well as qualitatively from those found in the presence 
of HSA [13]. But regarding the extrinsic Cotton effects 
at pH 6-60 (Fig. 4) only quantitative differences can 
be seen, because all benzodiazepines, except the two 
nitroderivatives, nitrazepam and clonazepam, have 
positive short wavelength CD bands, similar to the 
CD spectra of the drugs in the presence of HSA at 
pH 660[12]. The lower intensities of the induced 
Cotton effects can be explained by the lower affinities 
of most of the drugs to BSA [9]. For example, broma- 
zepam and flurazepam, which are only weakly bound 
at pH 7-40[9]. show no or only small extrinsic Cot- 
ton effects (Table 1). At pH 8-20 the largely increased 
binding of flurazepam [9] is accompanied by a high 
increase of the extrinsic Cotton effects (Fig. 4). The 
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influence of pH on the CD spectra of the benzodiaze- 
pines in the presence of HSA was explained by the 
low alcaline structure transition of the HSA mol- 
ecule [12], called N—B transition [20]. Obviously, 
the N—B transition of the BSA molecule [21] has 
a similar influence on the CD spectra of the benzodia- 
zepines bound to BSA. But the influence of pH on 
the extrinsic Cotton effects is larger and begins at 
lower pH-values in the experiments with BSA (Fig. 
4). The differences of the CD spectra of the benzodia- 
zepines in the presence of both albumins at pH 7-40 
seem to depend more on the N— B transition of the 
BSA molecule than on another kind of perturbation 
of the electronic transitions of the benzodiazepine 
molecule. The CD spectra of most of the benzodiaze- 
pines in presence of BSA lead to the suggestion that 
the benzodiazepine binding site or sites on the BSA 
molecule and the chemical environment of this bind- 
ing sites resemble the binding site on the HSA mol- 
ecule [1!, 12] more than they differ from this binding 
site as suggested previously [9]. 

The CD spectra in the presence of BSA, resembling 
in part qualitatively those in the presence of HSA 
[13], result in several binding sites (Table 3). This 
is in large contrast to the results with HSA, where 
only one very specific binding site was found [12]. 
The CD spectra in the presence of HSA are very sen- 
sitive to change in the structure of the drugs as well 
as in the protein conformation [12,13]. It seems 
rather unlikely that there are about five such specific 
binding sites on the BSA molecule (Table 3). The 
assumption that not all five binding sites found by 
the method of Rosen [15] reflect really optical active 
binding sites is supported by the following consider- 
ations. The basic assumption of the method of Rosen 
[15] is that the increase of the extrinsic Cotton effects 
is directly proportional to the concentration of drug 
bound. This means that in a set of several equivalent 
binding sites, with identical association constants, all 
binding sites must have a similar contribution to the 
Cotton effects, if they should be accurately detectable 
by the method of Rosen [15]. At present we can not 
exclude that this is not the case. Furthermore it seems 
possible that only a few of the five binding sites found 
by the method of Rosen [15] have a contribution 
to the observed Cotton effects at all. This can be the 
case because in a set of several equivalent binding 
sites, where only a few have a contribution to the 
Cotton effects, all binding sites will be determined 
by this method. 

To specify these considerations we have measured 
the extrinsic Cotton effects of some benzodiazepines 
in the presence of several fatty acids and sodium 
dodecyl sulfate. All these substances are known to 
be bound strongly to BSA to a very high degree at 
several binding sites [22,23], whose numbers differ 
for the various substances [22]. The kind of interac- 
tion of these substances with the albumin binding of 
other ligands could be competition phenomenon [24- 
27] as well as displacement or increase of the binding, 
originated by conformation changes of the albumin 
molecule, induced by the binding of the substances 
[24, 26]. 

The influence of these substances on the CD spec- 
tra of the benzodiazepines in the presence of BSA 
is qualitatively similar (Table 2). There seems to be 


no evidence for a competition between these sub- 
stances and the benzodiazepines. For example in the 
case of tetrazepam: all substances used increase 
largely the extrinsic Cotton effects of this drug whereas 
a displacement from same binding sites would cause 
a decrease of the extrinsic Cotton effects. On the 
assumption that five binding sites contribute to the 
Cotton effects, it seems very unlikely that no competi- 
tion could be observed, because competition was 
observed with other ligands bound to more than one 
binding sites of the BSA molecule, e.g. methyl orange 
[24], trinitrobenzene-sulphonic acid [25], and 1-ani- 
lino-8-naphthalenesulfonate [26,27]. These observa- 
tions too support our suggestion that there are on 
the BSA molecule, less than five binding sites contri- 
buting to the extrinsic Cotton effects. Furthermore, 
the inversion in sign of the extrinsic Cotton effects 
(Table 2) cannot be explained by competition. The 
origin of these alterations of the extrinsic Cotton 
effects therefore must be that all these substances have 
a qualitatively similar influence on the protein confor- 
mation. In case of each of the substances the influence 
on the extrinsic Cotton effects of all benzodiazepines 
is similar. The intensity of this spectral changes pro- 
voked by the substances follows the range: caprylic 
acid < oleic acid < stearic acid < dodecyl sulfate. It 
is not clear if there are only small changes of the 
environment of the binding sites or if these alterations 
are an unfolding of the protein, as reported for some 
of the substances [28,29]. There is evidence for an 
unfolding mechanism, because the influences of the 
fatty acids and dodecyl sulfate are very similar to the 
influences of pH on the CD spectra (Fig. 4), and 
because it is known that the origin of these changes, 
the N-—B transition, is an unfolding mechanism 
[20]. 

In summary, whereas the gel filtration studies have 
shown very large differences of the binding of the ben- 
zodiazepines to bovine and human serum albumin, 
the CD studies suggest at least for a part of the ben- 
zodiazepine binding sites on BSA that there is one 
molecular mechanism of the binding and that the 
binding sites themselves have some properties in com- 
mon. In regard to the discussion in the preceding 
paper [9], the origin of the large differences of both 
albumins must be more the existence of a greater 
number of binding sites on the BSA molecule than 
the failure of the specific binding site on the BSA 
molecule. The large differences in the interaction of 
HSA and BSA with the benzodiazepines found with 
the gel filtration technique [9] are of pharmacokinetic 
importance. But this method is of limited value to 
gaining insight in the molecular mechanism of the 
binding process. The results indicate that it is very 
important to use more than one method for drug 
binding studies to get careful information on the 
binding. 
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EFFECTS IN VIVO OF LYMPHOMA ASCITES TUMORS 
AND PROCARBAZINE, ALONE AND IN 
COMBINATION, UPON HEPATIC DRUG- 

METABOLIZING ENZYMES OF MICE 
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Abstract—Studies have been conducted on hepatic microsomal enzymes after treatment of two strains 
of male mice, BDF, and DBA/2J, each with a single dose (300 mg/kg body weight) of procarbazine 
(PCZ) hydrochloride alone or in combination with a 6- to 7-day prior implantation of murine leukemic 
lymphoma LS1I78Y ascites cells. Mice were sacrificed at 4, 8 or 16 hr after ip. injection of PCZ 
and found to possess levels of microsomal aniline hydroxylase, ethylmorphine N-demethylase, nitroben- 
zoate reductase activities and cytochrome P-450 content which were depressed to 78, 76, 54 and 61 
per cent of untreated controls, respectively, for BDF, mice and 61, 51, 39 and 51 per cent of untreated 
controls, respectively, for DBA/2J mice. Mice implanted with lymphoma cells and sacrificed 6-7 days 
later without PCZ treatment had hepatic microsomal enzyme activity levels which were depressed 
to about the same extent as those receiving PCZ treatment only. PCZ treatment 6-7 days after lym- 
phoma implantation caused severe depression of microsomal enzyme activities in both mouse strains. 
The maximum depressions expressed as per cent of untreated controls were: cytochrome P-450, 33 
per cent; aniline hydroxylase, 32 per cent; ethylmorphine N-demethylase, 33 per cent; and nitrobenzoate 
reductase, 33 per cent. As a possible explanation for the PCZ effects, it is proposed that PCZ is 


serving as a tightly bound competitive substrate to cytochrome P-450-related enzyme systems. 


Neubert and Hoffmeister [1] compared the ability of 
rat liver microsomes and those from rat hepatomas 
to oxidize drugs. Oxidation of side chains, hydroxyl- 
ation and: various O- and N-demethylations were 
mostly abolished in the hepatoma microsomes. Im- 
pairment of drug metabolism in the liver of non hepa- 
toma tumor-bearing rats was described by Kato et 
al. [2]. Subsequent observations by Kato et al. [3,4] 
and other workers [5-11] on drug and steroid meta- 
bolism of tumor-bearing animals suggested more than 
one mechanism for tumor-related impairment of drug 
metabolism. Workers including Tardiff and Dubois 
[12], Donelli et al. [13], Donelli and Garattini [14], 
Eade et al. [15], Thompson and Larson [16], Lu [17] 
and Klubes and Cerna [18] have reported the alter- 
ation of drug metabolism by certain antitumor drugs 
in normal animals. Little is known about possible 
alterations of liver function during cancer chemo- 
therapy: specifically, the combined effects of antineo- 
plastic drugs and tumors upon drug metabolism by 
the liver. 

In this paper, we wish to report the combined 
effects in vivo of treatment with procarbazine (PCZ) 
hydrochloride (Matulane) and ip. implantation of 
lymphoma ascites cells, L5178Y, upon drug metabo- 
lism by liver microsomes prepared from mice. Nearly 
a 3-fold decrease in certain microsomal drug-metabo- 
lizing enzymic activities and cytochrome P-450 con- 
tent has been observed by assays in vitro of livers 
of treated mice in comparison with livers of untreated 
control mice. 

15 


3 


EXPERIMENTAL 


The L5178Y lymphoma cell line was kindly fur- 
nished by Dr. Alan Sartorelli, Yale University. The 
cell line was maintained by transplantation weekly 
[19] into 20-g male BDF, mice (Texas Inbred Mice 
Co., Houston, Tex.) or DBA/2J male mice (Jackson 
Laboratories, Bar Harbor, Me.). Procarbazine hydro- 
chloride, a gift of Hoffmann-LaRoche, Nutley, N.J., 
was administered intraperitoneally at a dose of 300 
mg/kg body weight in glass-distilled water. Control 
animals were injected with saline. Lymphoma ascites 
tumors were measured as total packed cell volume 
[20]. Lymphoma-bearing mice at 6-7 days after Lp. 
implantation of lymphoma ascites cells had a cell titer 
of 2:0 + 0-4 x 10°/ml of ip. fluid. PCZ was adminis- 
tered at that time, and changes in liver microsomes 
were observed at 4, 8 and 16 hr. Lymphoma controls 
(0 time) were injected with saline. At 16 hr after PCZ 
treatment, a 10-20 per cent decrease in ascites cell 
titer was noted when compared to lymphoma-bearing 
control mice. 

Liver microsomes were prepared according to the 
procedure of Borton et al. [21]. Protein concentration 
of the microsomes was determined by the method of 
Lowry et al. [22] and the cytochrome b; and P-450 
contents were determined spectrophotometrically at 
room temperature by the AE,,; —E 4,9 and the 
AE459 — E4;9 according to the methods of Smuckler 
et al. [23]. 

The reduction of p-nitrobenzoic acid to p-amino- 
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benzoic acid was based on a modified method of 
Smith and Van Loon [24]. Incubation mixtures in 
10-ml flasks consisted of 8 mg protein, | pmole 
NADP. 25 moles glucose 6-phosphate, 1-2 units glu- 
cose-6-phosphate dehydrogenase, 25 ymoles MgCl,, 
28 ymoles nicotinamide, 12 pmoles p-nitrobenzoic 
acid and adjusted to a final volume of 2°85 ml with 
0-1 M, pH 7:4, phosphate buffer. The samples were 
capped with serum vial stoppers, flushed for 2 min 
with nitrogen gas and then incubated for 20 min at 
37 ina shaking waterbath. The reaction was stopped 
with 2:5 ml 15°% trichloroacetic acid and the mixture 
was centrifuged at room temperature. Three ml super- 
natant was removed and treated as follows: 0-5 ml 
of 0:2°,. sodium nitrite was added and after 3 min, 
0-5 ml of 1% ammonium sulfamate was added. Three 
min later, 0-5 ml of 0:2°% N-(1-naphthyl) ethylenedia- 
mine dihydrochloride was added and after 15 min, 
2 ml of 95°% ethanol was added to stabilize the color, 
which was measured at 540 nm. 

The hydroxylation of aniline was determined by 
measuring the formation of p-aminophenol according 
to the method of Kato and Gillette [25]. In our assay, 
20 umoles redistilled aniline was incubated with the 
reaction mixture for 20 min at 37 in a shaking water- 
bath. 

The N-demethylation of ethylmorphine was deter- 
mined by measuring formaldehyde formation. The in- 
cubation mixture consisted of 2 mg protein, 2 yzmoles 
NADP, 50 umoles glucose 6-phosphate, 2 units glu- 
cose-6-phosphate dehydrogenase, 25 jumoles MgCl,, 
3 pmoles ethylmorphine and adjusted to a final 
volume of 3 ml with 0-1 M, pH 7-4, phosphate buffer. 
The mixtures were incubated and analyzed for for- 
maldehyde with a modified Nash reagent according 
to the method of Davies et al. [26]. 

All data presented represent mean values + stan- 
dard deviations of the sample population from at 
least four experiments in which the livers of two mice 
were pooled prior to microsome preparation. Calcula- 
tions were done with an Olivetti Programma 101 and 
a Statistical program by Williams [27]. 


RESULTS 
Liver weights of control, PCZ-treated or PCZ. plus 
lymphoma-treated mice did not change significantly 
during the 4-, 8-, or 16-hr intervals after PCZ treat- 
ment. Therefore, any changes in cytochrome P-450 
content or enzyme activites were the same percentage 


Table 1. Activity of enzymes and cytochrome P-450 con- 
tent of liver microsomes from normal BDF, and DBA/2J 
mice 





BDF, DBA/2J 





Cytochrome P-450 0-66 + 0:12 0-72 + 


(nmoles/mg protein) 


Ethylmorphine 11-7 + 2-7 13-6 + 
demethylase 


(nmoles/min/mg protein) 


Aniline hydroxylase 0:74+016 099+ 0-18 


(nmoles/min/mg protein) 


Nitroreductase 0-31 +005 0-48 + 0-01 


(nmoles/min/mg protein) 





changes when expressed as either per mg of microso- 
mal protein or per total liver weight. 

Effect of prior treatment with PCZ on liver micro- 
somes. Liver microsomes prepared from two strains 
of male mice, BDF, and DBA/2J, were assayed before 
(Table 1) and after ip. treatment with PCZ (300 mg/ 
kg body weight). Comparison was made with micro- 
somes prepared from control mice injected with 
saline. PCZ treatment alone did not cause a signifi- 
cant decrease in hepatic microsomal protein during 
4-, 8- and 16-hr intervals after treatment (Table 2). 

The cytochrome P-450 content of the liver micro- 
somes was decreased in both mouse strains by PCZ 
treatment (Fig. 1). DBA/2J mice treated with PCZ 
had a liver cytochrome P-450 content which was de- 
creased 50 per cent after 16 hr when compared to 
that of untreated control mice (zero time, Fig. 1). 
Similarly, PCZ treatment of BDF, mice resulted in 
a decrease to 61 per cent of the microsomal cyto- 
chrome P-450 content of untreated control mice (zero 
time) 8 hr after treatment (Fig. 1). Ethylmorphine N- 
demethylase activity showed a similar pattern with 
PCZ treatment causing decreases of 55-62 per cent 
of untreated controls (zero time) with DBA/2J mice. 
Again BDF, mice showed a lesser effect of PCZ treat- 
ment on this enzyme activity. Maximum effect was 
at 4 and 8 hr (76 per cent of untreated controls) and 
then activity returned to 106 per cent of untreated 
controls at 16 hr. BDF, mouse microsomes showed 
a maximum decrease in nitroreductase activity at 4 
hr (54 per cent of untreated controls) with a gradual 
recovery. 


Table 2. Protein content of liver microsomes after procarbazine treatment in vivo of normal and tumor-bearing BDF, 
and DBA/2J mice 





Mouse strain Controls 


4 hr 


Procarbazine only 
Time after procarbazine treatment 


8 hr 16 hr 





BDF, 
DBA/2J 


9-7 + 1-4 
104+ 11 
Lymphoma 
controls 
7-30 + 1:2 
9-30 + 13 


7-9 + 0:36 
10-7 + 0-05 


7:80 + 1-0 
8:30 + 1-4 


(mg/g liver wt) 
854 11 


10-4 + 0:30 


$8 + 1-3 
8-80 + 26 
Lymphoma + procarbazine 

(mg/g liver wt) 


690 + 0-41 
8-60 + 1:3 


FR + 1:2 
8-40 + 10 
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Fig. 1. Effects of prior treatment of normal or tumor-bear- 
ing mice, BDF, and DBA/2J, with procarbazine (PCZ) on 
liver microsomal cytochrome P-450 content and ethylmor- 
phine (EM) demethylase enzyme activity. Zero Jime for 
mice treated with PCZ only are saline-injected controls. 
Zero time for mice treated with PCZ plus lymphoma cells 
are control mice implanted 6-7 days prior to sacrifice but 
not given PCZ. All mice sacrificed at 4, 8 and 16 hr were 
given a single dose of PCZ. Other experimental details 
are given in the text. 


Aniline hydroxylase activity was decreased to 69, 
74 and 51 per cent of untreated controls at 4-, 8- 
and 16-hr, respectively, after PCZ treatment of DBA 
2J mice. Treatment of BDF, mice caused this enzyme 
activity to be decreased to 78 and 76 per cent of un- 
treated controls at 8 and 16 hr respectively. 

Effects of lymphoma ascites tumors on liver micro- 
somes. The presence of 6- to 7-day-old ascites tumors 
resulted in mouse liver cytochrome P-450 content and 
enzyme activities being reduced in nearly every in- 
stance to an amount equal to the maximum extent 
caused by PCZ (Figs. | and 2). Cytochrome P-450 
was reduced to 53 and 64 per cent of untreated con- 
trols for BDF, and DBA/2J mice respectively (Fig. 
1). Similarly, microsomal enzyme activities measured 
were depressed to levels which ranged from 48 and 
50 per cent of untreated controls for nitroreductase, 
to 55 and 62 per cent of untreated controls for aniline 
hydroxylase and to 79 and 63 per cent of untreated 
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Fig. 2. Effects of prior treatment of normal or tumor-bear- 
ing mice, BDF, and DBA/2J, with PCZ on liver microso- 
mal aniline hydroxylase and nitroreductase enzyme activi- 
ties. Zero time controls are identical to those described 
in Fig. 1. Other experimental details are given in the text. 


controls for EM demethylase in BDF, and DBA/2J 
strains respectively (Figs. | and 2). 

Combined effects of PCZ and lymphoma ascites 
tumors on liver microsomes. The combined effects of 
lymphoma ascites and PCZ significantly decreased 
the microsomal protein content of the livers of both 
mouse strains when compared to that of untreated 
mice. The maximum decrease was to 80 and 71 per 
cent of untreated controls for DBA/2J and BDF, 
mice respectively (Table 2). Liver cytochrome P-450 
content and all measured enzyme activities were de- 
creased further by the combined effects of PCZ treat- 
ment and ascites tumors than by either single effect 
(Figs. | and 2). While the effects were not additive, 
the combination of PCZ and ascites tumors caused 
decreases up to 3-fold. Extreme decreases odserved 
were: DBA/2J cytochrome P-450 content 31 per cent 
of untreated controls 16 hr after PCZ; nitroreductase 
33 per cent of controls in both mouse strains; and 
DBA/2J EM demethylase and aniline hydroxylase 
activites at 32 and 34 per cent of controls at maxi- 
mum decreases. Tumor-bearing BDF, mice demon- 
strated a slightly greater trend than tumor-bearing 
DBA/2J mice to recover both cytochrome P-450 con- 
tent and enzymic activity by the end of 16 hr after 
PCZ. DBA/2J mice showed a slight recovery of only 
EM demethylase activity, while BDF, mice regained 
some activity with aniline hydroxylase and EM 
demethylase but not nitroreductase. 


DISCUSSION 

PCZ treatment alone at a dose level of 300 mg/kg 
body weight caused a significant decrease in not only 
the content of cytochrome P-450 of liver in both 
mouse strains but also in the activity of the three 
microsomal enzymes assayed when compared to mic- 
rosomes prepared from untreated mice. Eade et al. 
[15] reported that PCZ significantly prolonged pen- 
tobarbital sleeping time of rats. Various other hydra- 
zines have been reported to inhibit drug metabolism 
in vivo in rats (Kato et al. [28]). Comparing effects 
in vivo with microsome inhibitions in vitro, these 
workers concluded that the lipid solubility of hydra- 
zines and hydrazides was more important than their 
chemical configuration in causing inhibition of drug- 
metabolizing enzymes of liver. 

Hydrazines could be inhibitors by serving as 
substrates for certain microsomal enzyme systems. 
Prough et al. [29,30] and Wittkop et al. [31] have 
demonstrated the microsomal conversion of the N- 
methyl group of PCZ to both formaldehyde and 
methane by rat liver microsomes. It is possible that 
a chemical reactive intermediate is formed from the 
remainder of the PCZ molecule after N-demethyla- 
tion. A possible product is either a benzylhydrazine 
or benzyldiazene derivative (Prough et al. [30]). 
Further metabolism of such intermediates would 
likely proceed via a free radical intermediate which 
could cause alteration of the site of metabolism. The 
decrease in microsomal enzyme activity is in agree- 
ment with the observation that PCZ undergoes a type 
II binding to cytochrome P-450 [31]. Prough [32] 
has reported that the N-oxidation of methylhydra- 
zine, 1,1-dimethylhydrazine, 1,2-dimethylhydrazine 
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and PCZ is catalyzed by purified microsomal mixed- 
function amine oxidase. 

Implantation of mice with lymphoma _ LS51I78Y 
ascites cells followed by 6-7 days tumor growth 
resulted in decreased levels of cytochrome P-450 and 
microsomal enzyme activity. These results are in 
agreement with those of workers including Kato et 
al. [2], Kato and Takahashi [4] and Rosso et al. 
[33]. These workers have proposed that serum consti- 
tuents, such as toxohormone [34], may play a role 
in such impairment and that surgical removal of the 
tumor abolishes the impairment of drug metabolism 
[33]. Further work is necessary to determine if such 
a mechanism is important in the results reported here. 
In this report we have attempted to determine to 
what degree the combined effects of PCZ treatment 
and implantation of mice with tumors would alter 
the impairment of hepatic drug metabolism. The evi- 
dence presented here suggests that the impairment 
caused by the tumor is neither abolished nor reduced 
upon PCZ treatment but in some instances actually 
enhanced by almost an additive amount depending 
upon the mouse species. The DBA/2J strain has fewer 
(generally 2-3 days) days of life expectancy after lym- 
phoma implantation than the BDF, strain. Data pre- 
sented here indicate a greater impairment of microso- 
mal enzyme activity and a greater decrease in cyto- 
chrome P-450 content is observed in the DBA/2J strain 
of mice than in the BDF, mice. 

Recently Klubes and Cerna [18] observed that pre- 
treatment of rats with a single dose of 5-fluorouracil 
(5-FU) decreased hepatic drug-metabolizing enzyme 
activities 7 days later. Using the 10,000 g supernatant 
fraction from liver homogenates, aniline hydroxylase, 
ethylmorphine N-demethylase and 2-(methylthio)- 
benzothiazole S-demethylase activities were depressed 
41, 40 and 25 per cent. respectively, while the protein 
content was unchanged. On day 14 after 5-FU treat- 
ment, enzyme activities were unchanged. The authors 
concluded that the depression of enzyme activities on 
day 7 may be due to the direct action of the drug 
on the synthesis and/or turnover of these enzymes, 
delayed growth, or a combination of these effects. 

Thus, much is yet to be understood about the 
effects of tumors and antitumor drugs upon hepatic 
drug metabolism. Since procarbazine is administered 
daily to human patients during its clinical use in 
cancer chemotherapy for periods generally ranging 
from 14 to 35 days [35], this study may be relevant 
to the clinical situation. 
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Abstract—The effect of ethanol upon dopamine (DA) synthesis and release from dopaminergic terminals 
was studied. Slices from rat corpus striatum were incubated in freshly oxygenated Krebs-Ringer phos- 
phate (KRP) media of variable ionic composition containing L-tyrosine-'*C (U) as dopamine precursor 
and in the presence and absence of ethanol (0-1 to 0-:8°,. w/v). The addition of ethanol directly to 
normal KRP media produced no effect on the conversion of '*C-tyrosine to '*C-DA. As reported 
previously, the absence of Ca** from the incubation media markedly increased the formation of 
'*C-DA. The presence of ethanol in this media was not able either to block or to potentiate the 
Ca**-free induced formation of '*C-DA. The presence of K* (55 mM) in the incubation media also 
increased about 2-fold the formation of '*C-DA. Ethanol (0-2 to 0-8°,. w/v) added directly to the 
KRP-high K* markedly blocked the K *-induced formation of newly synthesized '*C-DA. The presence 
of ethanol did not modify the amount of '*C-tyrosine taken up by striatal slices incubated either 
in normal KRP or KRP-high K* media. A superfusion system was used to study both spontaneous 
and K *-induced release of labeled DA from striatal slices. The addition of ethanol (0:4 to 0-8°,. w/v) 
to the superfusion system was not able either to block or to potentiate the K °-induced release of 
3H-DA previously taken up by the slices nor the K*-induced release of newly synthesized *>H-DA. 
The results reported in this work, as well as others recently reported by Murrin et al. (Pharmacologist 
16, 128. 1974), suggest the existence of another regulatory mechanism of DA synthesis besides the 
commonly accepted one of feedback inhibition exerted by DA upon the rate-limiting enzyme, tyrosine 
hydroxylase. The possibility is also raised that the inhibitory effect of ethanol described in this paper 


might play a role in the intoxicating effect of ethanol in vivo. 


Recent indirect evidence has suggested that the cen- 
tral actions of ethanol may be partly mediated by 
an effect on brain noradrenergic and dopaminergic 
neurons. Thus, Blum et al. [1] have measured eth- 
anol-induced sleeping time in mice after the 
administration of chemical agents. known to alter the 
levels of brain monoamines. Pretreatment of mice 
with the catecholamine synthesis inhibitor z-methyl- 
p-tyrosine (x-MPT) significantly increased the “sleep- 
ing” time induced by ethanol. This effect diminished 
considerably when z-MPT was administered in com- 
bination with L-Dopa, a precursor of brain norad- 
renaline (NA) and dopamine (DA). On the other 
hand, the role played by brain monoamines in the 


stimulating action of low doses of ethanol has been _ 


investigated by Carlsson et al. [2]. Low doses of eth- 
anol stimulate motor activity in mice and rats. This 
effect is prevented when these animals are pretreated 
with x-MPT. In search of a possible neurochemical 
explanation for these results, we thought it would be 
of interest to look at the action of ethanol upon 
aspects that control the life cycle of brain mono- 
amines. The dopaminergic nigro-striatal system was 
chosen for these studies. 

Our work [3,4] and that of others [5—7] indicate 
that it is possible to study DA synthesis and release 
in resting and K*-depolarized slices from rat stria- 
tum. The purpose of this paper, therefore, is 2-fold: 





*A preliminary report of this work was presented at 
the meetings of the Fifth Latinoamerican Congress of 
Pharmacology. Lima. Peru. October 27-31. 1974. 
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(1) to study the effect of ethanol on DA synthesis 
in striatal slices incubated in media of different ionic 
composition; and (2) to study the effect of ethanol 
upon K~-induced release of labeled DA from rat 
corpus striatum. 


MATERIAL AND METHODS 


Studies on DA synthesis. Sprague-Dawley rats from 
both sexes, weighing about 200-250 g, were decapi- 
tated, and the left and right striata were rapidly dis- 
sected. Striatal tissue slices (0-18 mm in thickness) 
were prepared with a Sorvall tissue chopper. Tissue 
slices, weighing about 30-40 mg. were incubated at 
37° in beakers containing 5 ml of either Krebs-Ringer 
phosphate (KRP). pH 7-4. or KRP-high K* (55 mM), 
pH 7-4, or Ca**-free KRP. pH 7-4, saturated with 
95°, O, + 5°, CO,. After a 10-min preincubation 
period, labeled L-tyrosine-'*C (U) with a sp. act. of 
5 mCi/m-mole was added to the media, producing 
a final tyrosine concentration of 2-5 x 10°°> M. 
Thereafter, the slices were incubated an additional 30 
min, the beakers were chilled on ice, and slices were 
separated from the media by centrifugation at 10,000 
rev/min in a Sorvall refrigerated centrifuge. The slices 
were then homogenized in 15°, trichloroacetic acid 
(TCA); each incubation media was acidified with 0-5 
ml of 50° TCA. 

Carrier DA, NA and tyrosine (50 yg of each) were 
added to both tissue homogenates and media and the 
precipitated protein was then removed by centrifuga- 
tion at- 10,000 rev/min for 20 min. The tissue and 
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media extracts were immediately frozen and kept for 
separation and analysis for labeled DA and its meta- 
bolites as described below. Under the experimental 
conditions used, the apparent K,, for '*C-tyrosine 
was 2:4 x 10°° M and the synthesis of '*C-DA was 
linear for up to 45 min when using a '*C-tyrosine 
concentration of 2-5 x 10°° M. Tissue blanks were 
run by incubating striatal slices as described above 
but in the presence of z-MPT (2 x 10° 4M), an inhibi- 
tor of tyrosine hydroxylase. Results were calculated 
as described previously and are expressed in terms 
of nmoles '*C-DA/g wet weight/hr. 

Similar results were obtained when tissue blanks 
were run by incubating striatal slices which had been 
initially precipitated with 15° TCA. 

Studies on DA release. Ten mg of striatal slices was 
incubated for 30 min at 37° in 2 ml KRP, pH 7-4. 
saturated with 95°, O, + 5% CO, and containing 
either *H-tyrosine (2 x 10°’ M) or 7H-DA (3 x 107’ 
M). The slices were then transferred to superfusion 
chambers (2-ml capacity) from which the release of 
exogenously taken up *H-DA or newly synthesized 
*H-DA was followed essentially as described before 
[4]. The slice’ were washed with 5 ml KRP and then 
superfused with KRP solution which was being con- 
tinuously oxygenated and prewarmed to 37°. A con- 
stant flow of 4 ml/min was maintained by means of 
a roller pump. Stimulation of release was carried out 
for | min by switching the superfusion to isosmotic 
KRP containing K* (55 mM). 

Potassium-induced release from striatal slices of 
newly formed *H-DA was started after 10 min of 
superfusion with normal KRP. When the release from 
striatal slices of exogenously loaded *H-DA was to 
be studied, an initial superfusion period of 12 min 
was allowed before release was stimulated with K*. 
These procedures allowed for a constant and steady 
basal release prior to stimulation. Samples containing 
the released material were collected every min into 
tubes containing | ml of 50°, TCA and carrier DA 
and NA (50 yg of each). Catechols were extracted 
from the tissues with 15°, TCA. Samples were im- 
mediately frozen and kept for chromatographic analy- 
sis. Release of radiolabeled DA was expressed as the 
percentage of total *H-DA found in the tissue and 
in different collecting tubes at the end of the superfu- 
sion period. 


Chromatographic procedures and radioactivity deter- 
minations. Separation and analysis of the tissue and 
the media for labeled DA and its metabolites were 
carried out by adsorption chromatography through 
Alumina columns and ion-exchange chromatography 
through Amberlite CG-120 as described previously 
[4]. Alumina columns were used to concentrate the 
catecholamines and deaminated metabolites and to 
separate them from tyrosine and O-methylated meta- 
bolites. Long Amberlite CG-120 columns (14 x 0-4 
cm) were used to separate DA from deaminated meta- 
bolites and from L-Dopa. Eluates from the columns 
containing labeled DA were analyzed for '*C and 3H 
in a Nuclear Chicago Scintillation counter to a con- 
stant deviation of 1-5°% (analysis through Amberlite 
columns showed that labeled DA accounted for 80-85 
per cent of the labeled catechols synthesized or 
released after K~ stimulation). Reported values have 
not been corrected for recovery. 

The '*C-tyrosine taken up by the tissue during the 
incubation period was also determined [3]. Tyrosine 
was separated from catechols and other labeled tyro- 
sine metabolites by passage through Alumina 
columns and columns of Dowex 50 W — x 8 (H”), 
100-200 mesh. Eluates from the columns containing 
labeled tyrosine were arialyzed for '*C as described 
above. 

Solutions and chemicals. The Krebs-Ringer phos- 
phate used in these experiments had the following 
composition: NaCl, 128 mM; KCl, 48 mM; CaCl,, 
0-75 mM; MgSO,, 1:20 mM; glucose, 16 mM; 
Na,HPO,, 16 mM at pH 7-4; sodium ascorbate, 20 
mg/liter. Krebs-Ringer phosphate-high K* was made 
by replacing proportions of NaCl with equimolar 
amounts of KCI. Other modifications of the KRP are 
described in the text. 

L-Tyrosine-'*C (U), L-tyrosine-3,5--H and *H- 
dopamine were obtained from New England Nuclear 
Corp. 


RESULTS 
Effect of ethanol on dopamine synthesis. Table 1 
shows that ethanol (0-8°,. w/v) added directly to nor- 
mal KRP produced no significant effect on the total 
conversion of '*C-tyrosine to '*C-DA by striatal 
slices. As reported previously [6], the absence of 


Table 1. Effect of ethanol on synthesis of dopamine by striatal slices* 





'4C-dopamine synthesis (nmoles/g wet wt/hr) 


Incubation media Tissue 


Tissue/Media 





a” 
6 
6+ 


KRP 

KRP + ethanol (G-8°,. w/v) 
KRP. Ca?* -free 

KRP, Ca?*-free + 

ethanol (0:8°,. w/v) 
KRP-high K* (55 mM) 
KRP-high K* (55 mM) + 
ethanol (0°8°,. w/v) 10 31-7 + 2:5 


) ole 


32-4 + 1 
30:8 1: 
43-2 + 2 
43-0 + 3-7* 
42:9 + 1-67 


ttt 
A wwe 
+ 


hrmh 
as 05 


S 


11-8 + 0-67 


11-6 + O-8+ 2-94, 2:5 





* Striatal slices were prepared by means of a Sorvall tissue chopper and incubated in media containing saturating 
concentrations of '*C-tyrosine (25 x 107° M, sp. act. 5-0 mCi/m-mole and 1-25 yCi/flask) for 30 min at 37°. '4C- 
dopamine was separated by column chromatography, and its radioactivity determined in a Nuclear Chicago scintillation 
counter. Results represent the mean + S. E. M.; n represents the number of different experiments. 

+ P < 0-001 when compared to respective normal KRP control. 

{ P < 0-001 when compared to KRP-high K* (55 mM) without ethanol. 





Effect of ethanol on dopamine synthesis and release 


Table 2. Effect of ethanol on '*C-tyrosine uptake by striatal slices* 





Incubation media 


'4C-tyrosine uptake 
(nmoles/g wet wt/hr) 





KRP 

KRP + ethanol (0-8°%. w/v) 
KRP-high K* (55 mM) 
KRP-high K* (55 mM) + 
ethanol (0°8°%. w/v) 


418-0 + 48-9 
500°5 + 42-9+ 
421-6 + 34-0f 


392-2 + 34-0f 





* The striatum was dissected out and slices were prepared by means of 
a Sorvall tissue chopper. Incubation conditions were as described under 
Table 1. '*C-tyrosine taken up by the tissues was separated by column 
chromatography, and its radioactivity determined in a Nuclear Chicago 
scintillation counter. Results represent the mean + S. E. M. of seven differ- 


ent experiments. 


+ Not significantly different when compared to respective control without 


ethanol. 


t Not significantly different when compared to respective normal KRP 


control. 


Ca’* ions from the KRP significantly increased the 
formation of newly synthesized '*C-DA by striatal 
slices (Table 1). The absence of Ca** from the incuba- 
tion media also markedly raised the tissue/media 
ratio of '*C-DA, probably due to the inhibitory effect 
of lack of Ca?* on the release of newly formed '*C- 
DA [4]. The presence of ethanol in this media was 
not able either to block or to potentiate the Ca**- 
free-induced formation of '*C-DA. 

Depolarizing concentrations of K* ions (55 mM) 
increased about 2-fold the formation of '*C-DA by 
striatal slices and significantly increased the amount 
of newly synthesized '*C-DA present in the media 
(Table 1). Potassium ions (55 mM) also markedly low- 
ered the tissue/media ratio of '*C-DA. This last effect 
is due both to the stimulatory effect of high K* on 
the release [4] of newly synthesized DA and to its 
inhibitory effect on the re-uptake of the monoamine 
[8]. Ethanol (0:8°%, w/v) added directly to the KRP- 
high K* media markedly blocked the K *-induced 
formation of newly synthesized '*C-DA (Table 1; 


column 5). This effect seems to be even more striking 
when only the '*C-DA present in the tissue is ana- 
lyzed (Table 1; column 3). The presence of ethanol 
in the KRP-high K* media also seemed to lower the 
tissue/media ratio of '*C-DA (Table 1: column 6). 

It is possible that an inhibitory effect of ethanol 
on K*-induced formation of newly synthesized '*C- 
DA could have been produced through an inhibitory 
effect of ethanol on '*C-tyrosine uptake by striatal 
slices. In order to test this, we measured the '*C- 
tyrosine taken up by the tissue at the end of the incu- 
bation period. The results are shown in Table 2 and 
indicate that the presence of ethanol (0:8°,,. w/v) in 
the media does not modify the amount of '*C-tyro- 
sine taken up by striatal slices incubated either in 
normal KRP or KRP-high K* (55 mM) media. 

As shown in Tabie 3, ethanol exerts its inhibitory 
effect on K * -induced formation of newly formed '*C- 
DA even at concentrations as low as 0:2°,, (w/v). At 
this concentration ethanol produces a 33 per cent in- 
hibition on the K*-induced synthesis of '*C-DA. 


Table 3. Effect of different doses of ethanol on K*-induced formation of newly synthesized '*C-DA by striatal slices* 





Total '*C-dopamine synthesis 
(nmoles/g wet wt/hr) (A) 


Incubation media 


Inhibition of high K* effect 
on dopamine synthesist 





Normal KRP 

KRP-high K* (55 mM) 

KRP-high K* (55 mM) + 

ethanol (0:1°%. w/v) 

KRP-high K* (55 mM) + 

ethanol (0-2°,, w/v) 

KRP-high K* (55 mM) + 

ethanol (0:4°,. w/v) 

KRP-high K* (55 mM) + 

ethanol (0-8°%. w/v) 10 


43-4 + 





* The striatum was dissected out and slices were prepared by means of a Sorvall tissue chopper. Incubation conditions 
and separations of '*C-dopamine were as described under Table |. Results represent the mean + S. E. M.: n represents 


the number of different experiments. 


+ High K* effect on dopamine synthesis is equal to '*C-DA synthesized in a KRP-high K° 


synthesized in normal KRP control. 


media minus '*C-DA 


t P < 0-001 when compared to respective normal KRP control. 
§$P < 0:005 when compared to KRP-high K* (55 mM) without ethanol. 
P < 0-001 when compared to KRP-high K* (55 mM) without ethanol. 
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12 3 “1 min 
Fig. 1. Effect of ethanol on K*-induced release of exo- 
genous *H-DA from striatal slices. Striatal slices were incu- 
bated in normal KRP for 30 min at 37 in the presence 
of *H-DA and then transferred to a superfusion system. 
Release of *H-DA was then measured in either normal 
KRP (ieft side of the figure) or KRP + ethanol (right 
side of the figure). Potassium stimulation is shown by the 
‘dark lines at the top of the figure. and it was carried out 
for 1-0. min after following spontaneous release for 12 min. 
The tissues had taken up an average of 284.048 + 19,263 
and 312.854 + 13,300 cpm of *H-DA (mean + S. E. M_). 
The figure represents the mean + S. E. M. of three differ- 
ent experiments. 
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High concentrations of ethanol (0-4 and 0:8°,. w/v) 
produce a 60 per cent inhibition (Table 3). Very low 
concentrations of ethanol (0:1°%. w/v) are not able to 
inhibit the K *-induced formation of '*C-DA (Table 
3). 

Effect of ethanol on dopamine release. Other events 
produced in the dopaminergic nerve terminal by K* 
depolarization were also studied. Figure | and Table 
4 show the effect of ethanol on K*-induced release 
of exogenously taken up *H-DA and newly formed 
3H-DA. In these experiments, the striatal slices were 
incubated. in the presence of the tracer as described 
under Methods, and the K*-induced release was fol- 
lowed both in the presence and absence of ethanol. 
Under these experimental conditions, K* stimulation 
produced a marked increase in the release of 7H-DA 
(Fig. | and Table 4). The addition of ethanol (0:8°,, 
w/v) to the superfusion media was not able either 


to block or to potentiate the K*-induced release of 


labeled DA from tissues previously loaded with *H- 


DA (Fig. 1) and the K *-evoked release of newly syn- 
thesized >H-DA (Table 4). Ethanol at a concentration 
of 0-4°,, (w/v) also produced no effect on K* -evoked 
release of 7H-DA. 


DISCUSSION 


The results described in this paper confirm recent 
reports indicating that it is possible to use striatal 
slices as a simple experimental tool to study DA syn- 
thesis and release in dopaminergic terminals of the 
rat striatum [3-7]. We have used this system to ana- 
lyze the action of ethanol upon dopaminergic neurons 
in the brain. 

Recent reports have shown that an increase in im- 
pulse flow in dopaminergic neurons, as in other cen- 
tral monoaminergic neurons, results in an increase 
in the synthesis, catabolism and turnover of DA 
[9,10]. A cessation of impulse flow, on the other 
hand, leads to a reduction in the release and catabo- 
lism of DA and to a paradoxical increase in DA syn- 
thesis [11,12]. It seems possible to reproduce par- 
tially these phenomena in vitro using brain slice tech- 
niques. Thus, incubation of striatal slices in a K*- 
enriched medium (55 mM) enhanced the release of 
newly synthesized DA and accelerated the synthesis 
of DA (Table 1). The acceleration in the DA synthesis 
rate was accounted for by the fact that neuronal 
depolarization mediated by K* enhances the release 
of newly formed DA, which, in turn, relieves the rate- 
limiting enzyme, tyrosine hydroxylase, from end- 
product inhibition [5]. The removal of Ca** ions 
from the KRP also causes a marked increase in DA 
synthesis in striatal slices (Table 1). This last effect 
has been shown to be specific for dopaminergic ter- 
minals, since the absence of Ca?* ions has no effect 
on the synthesis of norepinephrine in cortical slices 
[6,13]. Roth et al. [12] have presented evidence 
which indicates that the absence of Ca?* from the 
incubation media causes an allosteric activation of 
striatal tyrosine hydroxylase. Therefore, these investi- 
gators have suggested that the increase in DA syn- 
thesis observed after cessation of impulse flow in 
dopaminergic terminals is due to a diminished influx 
of Ca?* ions into the terminals. 


Table 4. Effect of ethanol on K °-induced release of newly synthesized *H-dopamine from 
Striatal slices* 





Release | min before 


Superfusion media 


Release of 73H-DA 
(per cent of newly synthesized *H-DA) 
Release during 
K~ stimulation K* stimulation 





KRP normal 
KRP + ethanol (0-8°,. w/v) 


0:36 + 0-05 


+ 2+012 
0-46 + 0-06+ 


+ 0-104 





* Striatal slices were incubated in normal KRP for 30 min at 37 


in the presence of 


*H-tyrosine, and then transferred to the superfusion system. Spontaneous and K * -induced 
release from the tissues was then followed in the superfusion system in either the absence 
or presence of ethanol. Potassium stimulation was carried:out for 1-0 min. The tissues exposed 
to KRP or KRP + ethanol had previously synthesized, respectively, 241.592 + 19.161 and 
200,636 + 21.212 cpm of 7H-DA (mean + S. E. M.). Values in the table represent the mean- 


+ S. E. M. of three different experiments. 


+ Not significantly different when compared to respective control without ethanol. 
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Ethanol (0-8°,. w/v) produced no significant effect 
on the formation of '*C-DA by striatal slices incu- 
bated in a normal KRP medium (Table 1). Ethanol 
was also found to be without effect on the increased 
formation of '*C-DA induced by the absence of Ca?* 
ions from the incubation media. However, ethanol 
added directly to a K*-enriched medium (55 mM) 
markedly inhibited the K“-induced formation of 
newly synthesized '*C-DA by striatal slices (Tables 
1 and 3). It is possible that an inhibitory effect of 
ethanol on K*-induced formation of '*C-DA could 
have resulted if ethanol significantly inhibited the 
uptake of '*C-tyrosine into the striatal slices. We feel. 
however, that this is not the case, since ethanol does 
not alter the amount of '*C-tyrosine found in the 
tissue at the end of the incubation either in normal 
KRP or KRP-high K* medium (Table 2). It could 
be argued that we are not measuring the specific acti- 
vity of labeled tyrosine precursor in the slices and 
that the tyrosine utilized for DA synthesis probably 
represents only a small fraction of the total tissue 
tyrosine pool. However, the incubation of cortical 
slices in KRP-high K* (53 mM) medium was shown 
not to alter the specific activity of tissue tyrosine com- 
pared to slices incubated in normal. medium [5]. 
Moreover, the fact that ethanol does not alter the 
synthesis of '*C-DA measured in normal medium 
or CA**-free medium argues against the possibility 
that the inhibitory effect of ethanol on K *-induced 
formation of '*C-DA might have been due to a de- 
crease in the tyrosine uptake into the slices. 

It is also possible that ethanol is producing its in- 
hibitory effect on K*-induced formation of '*C-DA 
by acting through any of the nerve membrane 
changes associated with K~ depolarization such as 
changes in the concentration of or membrane permea- 
bility to Na* ions and changes in the influx of Ca?* 
ions. However, there is no sound experimental evi- 
dence to support this: (1) only very high con- 
centrations of ethanol (2 to 4°. w/v). higher than the 
ones used in this work (0:2 to 0-8°%. w/v), show any 
significant effect upon changes in nerve membrane 
that lead to an increased passive permeability for 
Na* and K* ions during the action potential, [14 
16]; (2) the K* effect on catecholamine synthesis was 
shown, in cortical and striatal slices, not to be depen- 
dent upon the reduced Na* concentration in the K°- 
enriched medium or on permeability of the tissue to 
Na*, since neither restoring the Na* concentration 
to normal nor prior treatment with tetredoxin anta- 
gonized the K~* stimulation of catecholamine biosyn- 
thesis [5]: and (3) ethanol (0-4 to 0-8°,. w/v) was not 
able either to block or to potentiate the K * -evoked 
release of labeled DA from striatal slices (Fig. | and 
Table 4), a process which has been shown to be highly 
dependent on the presence of Ca** in the medium 
and completely blocked by Ca** removal [4]. 

Extracellular K* concentrations of 55 mM, such 
as the one used in this work to induce depolarization, 
most likely produce an activation of the transport 
enzyme responsible for the active transport of Na’ 
and K”* across the cell membrane, the (Na~ + K°)- 
dependent ATPase [17]. This activation of the 
(Na* + K~)-ATPase seems to be responsible, in turn, 
for the augmented oxygen consumption in brain slices 
that is observed after K* depolarization [18-20]. The 


possibility exists, then, that ethanol is inhibiting the 
K*-induced synthesis of DA by exerting first an 
inhibitory effect upon the activated (Na* + K*)- 
ATPase. In fact, studies by Jarnefelt [21] and Israel 
et al. [22] have shown that 0-4 to 1°% ethanol inhibits 
the (Na* + K*)-ATPase from rat brain. However, 
the inhibitory effect of ethanol on (Na* + K*)- 
ATPase was diminished by increasing the con- 
centration of K* in the medium. When K~* was held 
constant at 40 mM, there was no observable effect 
of ethanol on (Na~ + K*)-ATPase at any Na* con- 
centration between 5 and 240 mM [22]. On the other 
hand, the inhibitory effect of ethanol on K * -induced 
synthesis of '*C-DA is observed in the presence of 
55 mM K°* (Tables | and 3). These findings suggest 
that the inhibitory effect of ethanol reported in this 
work is independent of an action upon the (Na*~ + 
K * )-ATPase. However, the effect of ethanol and its 
competition with respect to K~ should be studied 
using the (Na~ + K*)-ATPase from rat striatum as 
the source enzyme in order to substantiate this point 
further. 

Another possible mechanism to explain the ethanol 
effect is that the inhibition of K*-induced DA syn- 
thesis might be due, in turn, to an inhibition by eth- 
anol of the K*-evoked release of endogenous or 
newly synthesized DA, which normally acts intraneur- 
onally to partially inhibit tyrosine hydroxylase [5]. 
As shown in Fig. | and Table 4, K* (55 mM) effi- 
ciently releases exogenously labeled DA or newly syn- 
thesized DA from striatal slices. Previous reports have 
shown that the release of labeled DA is Ca?* -depen- 
dent and that removal of the Ca** or increasing the 
Mg?* concentration antagonizes the K *-induced 
release of DA [4]. Ethanol was found not to alter 
this process, which suggests that the inhibition of K* 
stimulation of DA biosynthesis is not mediated via 
an alteration of DA release. Theoretically, an increase 
in DA re-uptake by nerve terminals after ethanol 
treatment might also account in part for the inhibi- 
tion in K*-induced DA synthesis observed after eth- 
anol. However as shown in Table 1, the tissue/media 
ratio of '*C-DA seems to be lower for the ethanol- 
treated slices as compared to controls. Moreover, eth- 
anol seems to inhibit rather than to stimulate neuro- 
transmitter uptake into brain slices, although rather 
high concentrations are needed to produce this effect 
[ 23. 24]. How then is the ethanol effect upon K*- 
induced '*C-DA synthesis explained? Depolarization 
of dopaminergic nerve terminals results in an acceler- 
ation of dopamine synthesis due to an increase in 
the activity of the rate-limiting enzyme tyrosine hyd- 
roxylase [5]. Until very recently this increase in tyro- 
sine hydroxylase activity was believed to arise as a 
result of the removal of end-product inhibition sub- 
sequent to the release of a small pool of endogenous 
or newly formed dopamine which normally acts to 
partially inhibit tyrosine hydroxylase [5-7]. The 
results described in this paper are not consistent with 
this hypothesis, since ethanol was found to block the 
K*-induced synthesis of DA while having no effect 
on K*-induced release of DA. In fact, recent exper- 
iments by Murrin et al. [25] show that an increase 
in impulse flow in the nigro-neostriatal pathway of 
the rat causes an increase in DA synthesis, which is 
mediated in part by an allosteric activation of striatal 
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tyrosine hydroxylase. This allosteric activation 
appears to be mediated by an increase in affinity of 
the enzyme for both substrate and pteridine cofactor 
and:a decreased affinity of the enzyme for the end- 
product inhibitor, dopamine. Potassium depolariza- 
tion of striatal slices also results in kinetic alterations 
in tyrosine hydroxylase similar to those observed 
upon electrical stimulation of the nigro-neostriatal 
pathway.* Moreover, ethanol (0-2 to 0-8%. w/v) was 
able to block specifically the kinetic activation of tyr- 
osine hydroxylase after K~ depolarization, while hav- 
ing no effect on tyrosine hydroxylase activity from 
non-depolarized striatal slices.* At the present time, 
this seems the most likely explanation for the inhibi- 
tory effect of ethanol on K*-induced DA synthesis. 
It seems quite possible that alterations in endogenous 
jevels of cAMP which occur during depolarization 
of dopaminergic terminals might be responsible, in 
part. for the increase in DA synthesis [26,27] and 
for the kinetic activation of tyrosine hydroxylase 
which occurs during augmented impulse flow in 
dopaminergic neurons [28]. Whether ethanol is inhi- 
biting K°-induced DA synthesis by acting first 
through cAMP production and/or action is currently 
under investigation in our laboratory. It remains to 
be established. also, whether ethanol blocks the acti- 
vating effect on dopamine synthesis produced by 
other depolarizing agents or if it is specific to high 
K ~ concentrations. 

As shown in Table 3, ethanol produced an inhibi- 
tory effect upon K *-induced '*C-DA synthesis even 
at concentrations as low as 0:2°% (w/v) or 40 mM. 
These ethanol concentrations are compatible with a 
mild intoxication in vivo [29,30]. It might be then 
that the intoxicant effect of ethanol is somehow 
related to its inhibitory action on K * -induced neuro- 
transmitter biosynthesis. However, before reaching 
any final decision regarding this point, it should be 
borne in mind that most likely acetaldehyde and hor- 
monal alterations also play a role in the neurophar- 
macological effects produced by ethanol in vivo 
[31.32]. Work is now in progress in our laboratory 
to answer these questions. 
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Abstract—The action of cholecalciferol (vitamin D3) (D3) and two of its active metabolites, 25-hydroxy- 
cholecalciferol (25-OH-D3) and 1,25-dihydroxycholecalciferol (1.25-(OH),-D;). was studied in phenobar- 
bital-treated and untreated rachitic chicks by means of a bioassay for intestinal calcium absorption 
and bone resorption. Phenobarbital treatment (7 days) reduced the ability of single doses (0-65 to 
3:25 nmoles) of D; and 25-OH-D, to stimulate intestinal calcium absorption and bone resorption. 
The impaired biological responses to these moderate doses of D, could be overcome by increasing 
the dose (32:5 nmoles). In contrast, administration of small doses of 1,25-(OH),-D, (0-26 nmole) stimu- 
lated both the intestinal calcium transport and bone resorption responses in phenobarbital-treated 
chicks. Moreover, phenobarbital treatment appeared to enhance the calcemic response of bone to 
1,25-(OH),-D;. The metabolism of radioactive D; was also studied in control rachitic chicks and 
rachitic chicks treated with phenobarbital for 7 days. Sephadex LH-20 column chromatography of 
lipid-soluble extracts of blood, intestinal mucosa and bone was carried out 24hr after administration 
of a single dose of 4-'*C-vitamin D,. The anticonvulsant treatment resulted in markedly lower quanti- 
ties of 1,25-(OH),-D, in the bone, but with no major changes in the amount of this steroid present 
in the intestine. The drug treatment also resulted in increased amounts of D,; and 25-OH-D, in the 
blood and intestinal mucosa. Seven-day anticonvulsant treatment of the rachitic chick clearly impairs 
the biological responses to D,; and also alters its metabolism. It is possible that the reported high 
incidence of osteomalacia occurring in patients on long-term anticonvulsant therapy may possibly 
be caused by derangements in the conversion of D, to its biologically active metabolites and in their 
association with the target tissues. This may provide some explanation for the disruption of normal 
calcium metabolism which occurs after chronic administration of phenobarbital and other related drugs. 


Osteomalacia and rickets have been diagnosed in a 
large number of epileptic patients on long-term anti- 
convulsant drug therapy [1]. A positive correlation 
of hypocalcemia with anticonvulsant drug therapy 
was observed in another study [2]. 

Dent et al. [3] have previously reported that osteo- 
malicic and rachitic patients on long-term anticonvul- 
sant drug therapy responded exceptionally well to 
vitamin D (calciferol) supplementation. Dietary intake 
of vitamin D in these patients was observed to be 
minimal, and their exposure to ultraviolet radiation 
was low. In a different study, von Herrath et al. [4] 
determined that phenobarbital treatment had a 
greater effect on vitamin D metabolism and its action 
on calcium metabolism than did another commonly 
employed anticonvulsant, diphenylhydantoin. Hahn 
et al. [5] provided evidence of a definite alteration 
of vitamin D metabolism and a lowered circulating 
concentration of plasma 25-hydroxycholecalciferol 
[6] in patients on long-term anticonvulsant drug ther- 
apy and in otherwise normal patients on short-term 
phenobarbital treatment. Evidence for a phenobarbi- 
tal-induced increase in the hepatic conversion, in 
vitro, in rats of cholecalciferol (D;).* and 25-hydroxy- 
cholecalciferol to more polar metabolites was also 





* Abbreviations used in this paper are: D; = cholecalci- 
ferol (vitamin D,); 25-OH-D, = 25-hydroxycholecalci- 
ferol; and 1,25-(OH),-D, = 1,25-dihydroxycholecalciferol. 
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reported by this group [5-7]. Recently Livingston et 
al. [8] advanced the view that long-term anticonvulsant 
drug therapy is not necessarily related to osteomala- 
cia or rickets. They felt it is mere coincidence that 
these bone diseases sometimes appear in patients on 
long-term anticonvulsant drug therapy. 

The present report provides evidence for: (a) a 
reduced ability of D, and its metabolite 25-OH- 
D, to stimulate intestinal calcium transport in chicks 
on short-term phenobarbital treatment; (b) an altered 
effect of D3, 25-OH-D, and 1,25-(OH),-D; on bone. 
calcium resorption; and (c) a reduced accumulation 
of 1,25-(OH),-D, by bone but not intestine. 


METHODS 


One-day-old White Leghorn cockerels (H & N. 
Inc.) were employed in five separate experiments. The 
chicks were raised on a calciferol-deficient, rachito- 
genic diet [9] from the day of hatching. They were 
utilized when they had become severely rachitic in 
their fourth week. Phenobarbital dissolved in saline 
(0-9, NaCl) was administered intraperitoneally at a 
dose level of 10 mg/0-5 ml/100 g of body weight to 
randomly selected groups of chicks. Treatment with 
phenobarbital in all instances was carried out for a 
7-day period beginning 21 days after hatching. A 
second group of control chicks was given 0-9°%,, NaCl 
at a dose level of 0-5 ml/100 g of body weight for 
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7 days. In experiments concerning the biological re- 
sponses, groups of control rachitic chicks or pheno- 
barbital-treated rachitic chicks received intracardial 
doses of D, (5-500 1.U.) or 25-OH-D, (5-15 U.) 24 hr 
before death and 1,25-(OH),-D, (2-6 U.) 10 hr before 
death. 

Intestinal *°Ca** absorption and bone calcium 
resorption were measured in groups of ten chicks by 
the bioassay procedures described by Hibberd and 
Norman [10]. For these assays. all chicks were 
switched from the standard rachitogenic diet contain- 
ing 0°6",, calcium to a rachitogenic diet containing 
“0°,” added calcium 3 days before assay. Three to 
5 wCi *°Ca?* and 4-0 mg *°Ca?* /0-2 ml saline were 
placed in an exposed segment of the duodenum 30 
min before death. At death, 2-3 ml of blood was col- 
lected. Intestinal calcium absorption was assayed by 
determination of the *°Ca** content of 0-20-ml ali- 
quots of plasma dried on planchets. Bone calcium 
resorption was assessed via determination of the serum 
Ca** by atomic absorption spectrometry. 

The metabolism of cholecalciferol was assessed at 
the same time that the biological responses to the 
steroid were determined (Tables | and 2). For the 
experiment in Table |. one group of four chicks was 
given phenobarbital for days 21-28 and another 
group of four chicks was given saline. The phenobar- 
bital-treated chicks were then given intraperitoneal 
doses of 20 LU. of 4'*C-cholecalciferol (Philips 
Duphar, Amsterdam, The Netherlands). sp. act. 4900 
dis./min/I.U. 24 hr before death. The controls received 
intraperitoneal doses of 20 I.U. 1.2-*H-cholecalciferol 
(Amersham- Searle). sp. act. 20,000 dis./min/I.U. 24 hr 
prior to sacrifice. The blood, small intestine, liver, kid- 
neys, tibia-fibulae and femora were removed from 
each chick at the time of sacrifice. Each sample was 
individually extracted in a Waring blender by the 
method of Bligh and Dyer [11]. The chloroform and 
H,O- methanol layers were collected and dried in air. 
The radioactivity present in these two phases was 
determined on a Beckman liquid scintillation counter 
model CPM 233 (Beckman Instruments, Inc., Fuller- 
ton, Calif.) 

In the experiments concerning D, metabolism 
reported in Table 2. two groups of four chicks were 
randomly selected. one group from the phenobarbital- 
treated chicks and the other from the controls. Both 
groups received oral doses of 50 1.U.* or intraperi- 
toneal doses of 20 I.U. 4-'*C-cholecalciferol. sp. act. 
4900 dis./min/I.U. on day 7 of phenobarbital treat- 
ment. Ail steroid doses were dissolved in 0-2 ml of 
1,2-propanediol. The chicks were killed 24hr later. 

The blood, intestinal mucosa and bone samples 
were taken. The bones taken included the right and 
left tibia-fibula and femora, all with the marrow 
removed. Individual samples were pooled in groups 








* One international unit (1.U.) of cholecalciferol (vitamin 
D,) is equivalent to 0-025 ug or 0-065 nmole [12]. The 
minimum daily requirement for cholecalciferol for the 
chick is 10-20 1.U. [10]. No formal definition of units has 
been formulated for 25-OH-D, or 1,25-(OH),-D,. For this 
report, 1-0 unit (U.) of each of these compounds is defined 
as 0-065 nmole. See Ref. 13 for a discussion of these pro- 
blems. 


and extracted according to the method of Bligh and 
Dyer [11]. 

The chloroform layers from the lipid extractions 
from experiments | and 2 were dried under nitrogen 
and redissolved in 4 ml chloroform—hexane (65:35, v 
v). Two ml of these samples was then applied to an 
80cm x 1-Scm Sephadex LH-20 column. The chro- 
matographic procedures employed were those de- 
scribed by Holick and DeLuca[14]. Fractions 
obtained from these columns were poured into 20-ml 
liquid scintillation vials and air dried. Ten ml of 
PBD-toluene counting solution was then added to 
each sample. Finally the samples were counted on 
a Beckman CPM-200 liquid scintillation counter to 
5 per cent error. The data were analyzed by a com- 
puter program utilizing the external standardization 
technique for efficiency determination. The statistical 
analyses indicated in Figs. 1-4 were carried out 
according to Student’s f-test. 


RESULTS 


The effects in the rachitic chick of short-term 
phenobarbital treatment on cholecalciferol-stimulated 
intestinal calcium absorption are summarized in Figs. 
1 and 2. It is evident that the normal effects of moder- 
ate physiological doses (5-50 I.U.) of D, given 24 
hr prior to sacrifice are markedly inhibited by the 
anticonvulsant treatment. Phenobarbital treatment 
also inhibited the normal effect of moderate (5-15 U.) 
doses of 25-OH-D, in terms of stimulating intestinal 
calcium absorption (Fig. 2). In contrast, the intestinal 
calcium absorption response mediated by large doses 
(500 I.U.) of cholecalciferol was not inhibited by treat- 
ment with phenobarbital. In chicks receiving as little 
as 2-6 U. of 1,25-(OH),-D,; 9hr prior to sacrifice, 
little or no impairment of intestinal calcium absorp- 
tion was apparent in the phenobarbital-treated chicks 
compared to saline-injected control birds. These 
results suggest that the biologic action mediated di- 
rectly by 1.25-(OH),-D, is not impaired by short-term 
phenobarbital treatment. 

The alterations in bone resorption due to pheno- 
barbital treatment as assayed in vivo are presented 
in Figs. 3 and 4. In both experiments, phenobarbital 


I 


I5Se- 


OF 1 AE 

=) i = 

5 od 1 Uk 
O 5 10 20 


50 800 ges 
P>0.10 <0.002 <0.02<0002 NS. NS. 


x 10? / 0.2m! serum 


cpm 





























Fig. 1. Effect of phenobarbital treatment on cholecalciferol- 
stimulated intestinal calcium absorption. This experiment 
was conducted as described in Methods. Slashed bars = 
control chicks; cross-hatched bars = phenobarbital- 
treated chicks. Each group consisted of ten birds. Brackets 
indicate the standard deviation for the data. 
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and its metabolites on intestinal calcium absorption. This 
experiment was conducted as described in Methods. 
Slashed bars = control chicks; cross-hatched bars = 
phenobarbital-treated chicks. Each group consisted of ten 
birds. Brackets indicate the standard deviation for the data. 


treatment impaired the ability of moderate doses (5 

501.U.) of D; to elevate serum calcium via bone 
mobilization. However, this impaired response could 
be overcome by administration of 500 I.U. of D, (Fig. 
3). Phenobarbital treatment also blocked the bone 
mobilization response to moderate doses (5-15 U.) of 
25-OH-D,. In marked contrast were the results 
obtained after administration of moderate (2-6 U.) 
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Fig. 3. Effect of phenobarbital treatment on cholecalciferol- 
stimulated bone resorption. This experiment was con- 
ducted as described in Methods. Slashed bars = control 
chicks; cross-hatched bars = phenobarbital-treated chicks. 
Each group consisted of ten birds. Brackets indicate the 

standard deviation for the data. 
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Fig. 4. Effect of phenobarbital treatment on cholecalciferol 
and its metabolites on bone resorption. This experiment 
was conducted as described in Methods. Slashed bars = 
control chicks: cross-hatched bars = phenobarbital- 
treated chicks. Each group consisted of ten birds. Brackets 
indicate the standard deviation for the data. 


doses of 1.25-(OH),-D,. There was no evidence of 
inhibition, but instead a small enhancement of serum 
calcium elevation in the birds treated with phenobar- 
bital. 

The amount of more polar water-soluble metabo- 
lites of cholecalciferol as determined by Bligh and 
Dyer [11] for lipid extractions of various tissues was 
not significantly altered by treatment with the anti- 
convulsant (Table 1). Although the relative difference 
in amounts of water-soluble radioactivity between the 
controls and the phenobarbital-treated chicks was 
small, it is of interest to note that the highest relative 
proportion of aqueous metabolites appeared in the 
H,O-methanol extracts of the liver and small intes- 
tine, while the lowest percentage was recovered from 
the bone. 

The effects of phenobarbital treatment on cholecal- 
ciferol metabolism as determined by LH-20 column 
chromatography are shown in Table 2. Phenobarbital 
treatment resulted in an average of 36 per cent (range 
15-16 per cent) of the pmoles of total steroid present 
in all the tissues examined. There was, however, in 
the intestine a percentage reduction of 1,25-(OH),-D, 
(41-9 to 22:3 per cent, Expt. 1; 62:0 to 38-0 per cent, 
Expt. 2) as a consequence of the anticonvulsant treat- 
ment. But this largely reflects a higher amount of D, 
and 25-OH-D,, rather than a reduction in the abso- 
lute amount of 1,25-(OH),-D;. In both experiments, 


Table 1. Effect of phenobarbital treatment on the conversion of labeled vitamin D, to more polar 
water-soluble metabolites* 





Phenobarbital-treated chicks 


Control chicks 





°® Soluble in 


°. Soluble in 








Total activity 


(pmoles) CHCl, 


* Total activity 


H,O (pmoles) CHCl, H,O 





99-4 
79-7 
89-0 
93-1 
98-7 


Blood 
Intestine 
Liver 
Kidney 
Bone 


91-1 8-9 
85:9 14-1 
84-4 15-6 
90-5 9-5 
100-0 0-0 





* Tissue samples were taken 24hr after intraperitoneal injections of 20 I.U. of *H-D, (control) 
or '*C-D, (phenobarbital-treated). The samples were extracted by the lipid extraction technique 
of Bligh and Dyer [11]. Radioactivity was determined from the resulting chloroform and H,O-meth- 
anol layers. Values represent the average of four determinations; the standard deviation in all 
instances was less than 8 per cent of the total pmoles present. 
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Table 2. Distribution of lipid-soluble 


radioactivity 


BayLess and H. C. Tsai 


as determined by LH-20 column 


chromatography* 





Activity 
(pmoles recovered/peak) 





Total activity 
of steroid 
(pmoles) (% 

& P . 


D; 


of total) 


25-OH-D, 1.25-(OH),-D,7 
(°,, of total) (°, of total) 
P : Cc P 





Experiment | 
Blood 36 
(2-1) 
10:1 
(35-7) 


Intestine 


Experiment 2 
Blood 1-2 
(8-2) 
0-7 
(17-9) 
0-8 
(27-6) 


Intestine 


N 
Bone 


(24-4) 


(58-8) 


78 
(4-0) 
8:2 
(22:3) 


48-0 144 


21-7 


(28-2) 





*The chicks in Exp. | were given oral doses of 50 IU. 4-'*C-cholecalciferol 24 hr before 
death. Those in Exp. 2 were given intraperitoneal doses of 20 I.U. 4-'*C-cholecalciferol 24 hr 
before death. The amount of blood collected is assumed to be one-third of the total volume 
in the chick. C = control rachitic chicks; P = phenobarbital-treated chicks. The total pmoles 
steroid/tissue is slightly less than the sum of the total pmoles for the three metabolites; the 
difference represents small amounts of other unidentified metabolites. 

+In the blood, this peak is a composite of 1,25-(OH),-D, and 25,26-(OH),-cholecalciferol. 


there were also higher amounts of D, circulating in 
the plasma of the phenobarbital-treated birds. 

The most striking effects of treatment with pheno- 
barbital were apparent in the bone. Here the anticon- 


vulsant caused a marked reduction in the amount of 


1,25-(OH),-D, and an increase in the quantity of 25- 
OH-D, present. 


DiSCUSSIONS 

The results of the present studies clearly demon- 
strate that phenobarbital treatment of rachitic chicks 
can impair two classical vitamin D responses, that 
of enhancing the intestinal absorption of calcium and 
that of mobilizing bone calcium. This report repre- 
sents the first unequivocal demonstration of this dele- 
terious action of phenobarbital and strongly supports 
the concept that anticonvulsant therapy can ultimately 
produce clinical effects analogous to that of vita- 
min D deficiency [1-7]. Of some interest is the obser- 
vation that the biological responses of both D, and 
its metabolite 25-OH-D, were impaired, while that 
of 1,25-(OH),-D, was not. 

1,25-(OH),-D, is currently believed to be the biolo- 
gically active form of vitamin D [14-17]. When given 
on a daily basis to chicks, it is able to carry out 
all the physiological responses mediated by D, and 
thus produce chicks with a normal calcium metabo- 
lism [9]. Further, 1.25-(OH),-D, has been shown to 





*H. C. Tsai and A. W. Norman (manuscript in prepa- 
rdtion) have found that after an intracardial dose of *H- 
1.25-(OH),-D; to rachitic chicks the skeletal system has 
a maximum uptake and localization of 1,25-(OH),-D, 
within 2 hr. whereas 4 hr is required for this to occur 
in the other target organ. the intestinal mucosa. 


be biologically active in the chick [9], rat [9], dog 
[18] and man [19]. D, is first metabolized by the 
liver to give 25-OH-D, [20], which is in turn metabo- 
lized by the kidney to 1,25-~OH),-D,; [21,22]. This 
complex metabolic process in two separate organs 
may render the metabolic pathway for production of 
the hormonal form of D3, i.e. 1,25-(OH),-D;, particu- 
larly vulnerable to agents which may potentially alter 
steroid metabolism. 

Conney and coworkers [23,24] have postulated 
that both steroids and drugs may be substrates for 
the same hepatic microsomal P-450 enzyme systems. 
Specifically, they have observed [24] that phenobarbi- 
tal treatment alters the metabolism and action of 
estradiol-17f. Thus, it is not inconceivable that 
phenobarbital treatment may cause parallel alter- 
ations in the metabolism of the steroid calciferol 
which could lead to an altered production of 
1,25-(OH),-D3. Also, it is known that the hepatic 
25-hydroxylase activity is found in the microsomal 
fraction [25]. But in view of the present observation 
(Figs. 2 and 4) that the biological responses of 
25-OH-D, are also impaired, it seems possible that 
the phenobarbital-induced sterol metabolism may 
have other sites of action in addition to the liver. 

The basis for the differential actions of 1,25-(OH),- 
D, in the intestine (Fig. 2) vs the bone (Fig. 4), where 
a significant enhancement of response in the pheno- 
barbital-treated birds over that of the controls was 
observed. is not known. The bone has a slightly 
higher affinity for 1,.25-OH),-D, than does the intes- 
tinal mucosa.* Thus, when limiting amounts of 1,25- 
(OH),-D, are made available e.g. 2-6 U. (Figs. 2 and 
4), the bone may accumulate the 1,25-(OH),-D, more 
effectively than the intestine. 

The present data (Tables | and 2) concerning the 
metabolism of D, in the phenobarbital-treated birds 
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are somewhat difficult to interpret in relation to the 
striking impairment of biological responses to D, and 
25-OH-D,. Since only severely rachitic birds were 
employed in these studies, there was not present any 
nonradioactive endogenous pools of calciferol plus 
metabolites to complicate the interpretation. Clearly, 
when a single dose of radioactive D; is given to a 
phenobarbital-treated rachitic chick, there is no major 
distortion in the metabolism of the steroids. This 
potentially might be reflected in an increase in “H,O- 
soluble” radioactivity due to multiple hydroxylation. 
It may be that such gross effects become apparent 
only after chronic or daily administration of the par- 
ent vitamin. Hahn et al. [5,6] observed phenobarbi- 
tal-mediated alterations of calciferol metabolism in 
both normal man and normal D-treated rats, which 
was consistent with their view that the drug enhanced 
the conversion of the steroid to more polar metabo- 
lites. Von Herrath et al. [4] noted similar effects again 
in normal D-treated rats. 

The present study clearly show that phenobarbital 
treatment has changed the metabolism and _ tissue 
localization of calciferol plus metabolites. The 
obvious changes are a reduced accumulation of 1,25- 
(OH),-D, by the bone and an increased association 
of D, and also of 25-OH-D, in both the target intes- 
tine and bone. Clearly, further work is required to 
delineate the exact relationship between the impaired 
biological response and metabolism of calciferol. 

In a separate but related study, Norman et al. have 
shown that chronic dietary feeding of the chlorinated 
hydrocarbons DDT* and PCB* to rachitic chicks 
produces results exactly analogous with the results 
reported in this paper. Chronic DDT or PCB feeding 
impairs the intestinal or skeletal responses to single 
doses of CC [28]. Yet these impaired biological re- 
sponses occurred without major alterations in D, 
metabolism [29]. Both PCB and DDT treatment are 
known to increase the hepatic metabolism of 
estrogens and androgens [30]. Thus, our understand- 
ing of the effects of both phenobarbital treatment and 
chlorinated hydrocarbon treatment on the metabo- 
lism of D; and the biological action of its metabolites 
is that they are similar.+ Also, with chronic renal 
failure, there have been suggestions and evidence of an 
impaired metabolism of CC [31.32] which leads to 
lowered biological responses. Thus in each instance, 
in phenobarbital or DDT treatment and in chronic 
renal failure, there is a possibility of an impairment 
of both D, metabolism and the end organ action of 
its metabolites. In each instance, the possible conse- 





*DDT _ [1.1.1-trichloro-2.2-bis(p-chlorophenyl)ethane ] 
and PCB (polychlorinated biphenyl mixtures manufactured 
in the United States) are marketed by Monsanto Co.., St. 
Louis, under the trade name Aroclor. The Aroclors. desig- 
nated by four-digit numbers, the last two digits of which 
define the percentage of chlorine content by weight (e.g. 
Aroclor 1254 contains 54°, chlorine), have been proposed 
to disrupt calcium metabolism in birds, and may lead to 
development of the “thin eggshell” syndrome [26, 27]. In 
certain wild birds of prey which are particularly vulnerable. 
this could lead to extinction of the species. 

*It is interesting to note that molecular models of 
phenobarbital and DDT are unusually similar. This sug- 
gests a possible reason for the similar biological actions 
of these agents. 
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quences of a deficiency of 1.25-(OH),-D, or the end 
organ impairment can be largely overcome by 
administration directly of small quantities of 1,25- 
(OH),-D, (Figs. 2 and 4, Refs. 19, 33). 

The immediate clinical implication of these results 
clearly is that anticonvulsant treatment may lead in 
some circumstances to the appearance of an impaired 
response to vitamin D. Such patients should be care- 
fully evaluated for this development. It is possible that 
amelioration of the problem can be achieved by in- 
creasing the dietary intake of D,. The results obtained 
for the 500-I.U. dose of D, (Figs. 1 and 3) suggest 
that the phenobarbital-impaired response could be 
overcome in rachitic chicks by this protocol. How- 
ever, further work should be carried out to validate 
this observation more generally before it is adopted 
for clinical management of patients. 
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Abstract—Ethanol metabolism in the rat as measured in vivo by '*CO, production or in vitro by 
the removal of ethanol by liver slices was inhibited approximately 30 per cent by propranolol. There 
was no inhibitory effect of propranolol on rat liver alcohol dehydrogenase, catalase, NADPH-dependent 
microsomal ethanol oxidation or formate oxidation to '*CO,. Propranolol inhibited fatty acid oxi- 
dation to '*CO, in vivo as well as by liver slices and isolated hepatic mitochondria. NADH oxidation 
by hepatic mitochondria was also reduced by propranolol. 2.4-Dinitrophenol treatment or chronic 
ethanol feeding of rats stimulated alcohol metabolism as well as hepatic mitochondrial NADH oxi- 
dation. These increases were abolished by propranolol. The effect of propranolol in blocking the increase 
in ethanol oxidation after chronic alcohol feeding appears to be related to its action on the mitochon- 
drial re-oxidation of NADH to NAD. Propranolol inhibits mitochondrial NADH oxidation, while 
2,4-dinitrophenol or chronic ethanol feeding stimulates this process. The present studies support the 
concept that the rate of hepatic ethanol metabolism is limited, at least in part. by the mitochondrial 


oxidation of NADH. 


Propranolol is used in a variety of clinical disorders 
[1] and it has been suggested that this drug may also 
be useful in the treatment of alcoholism because of 
its apparent ability to modify some of the psychological 
or behavioral effects of alcohol [2-4]. We have exam- 
ined some of the effects of propranolol on ethanol 
metabolism in the rat and found this agent to inhibit 
ethanol oxidation. The present studies suggest that 
this effect may be mediated by the action of pro- 
pranolol on mitochondrial functions, especially by its 
inhibition of mitochondrial NADH oxidation. The 
fact that the action of 2.4-dinitrophenol, a drug 
known to stimulate mitochondrial NADH oxidation, 
is prevented by propranolol, lends further support to 
the concept that the effect of propranolol on ethanol 
metabolism is at the level of the mitochondria. The 
studies also support the hypothesis [5,6] that the 
stimulation of ethanol metabolism by chronic alcohol 
feeding may involve enhanced mitochondrial oxi- 
dation of NADH. 


METHODS 


Propranolol (propranolol HCl, Inderal) was a 
generous gift from Dr. Henry L. LeMein, Ayerst 
Laboratories, New York. 

The livers of female Sprague-Dawley rats (175-200 
g) were excised and homogenized in 9 vol. of 0-25 
M sucrose. The resulting homogenate was spun at 
700 g for 10 min. The supernatant was then separated 
and centrifuged at 8700 g for 10 min. The resulting 
pellet was resuspended in 0:25 M sucrose and spun 
once more at 8700 g for 10 min, after which the pellet 
was resuspended in 0-25 M sucrose. The original 8700 





* This work was supported in part by a grant from The 
National Institute on Alcohol Abuse and Alcoholism (AA 
16892). 


g Supernatant was centrifuged at 105,000 g for | hr 
to obtain a soluble and a microsomal pellet fraction. 

The oxidation of ethanol in vivo and by liver slices. 
as well as the determination of alcohol dehydrogenase 
(ADH), catalase and NADPH-dependent microsomal 
ethanol oxidation (MEOS) were performed as pre- 
viously described [7]. In the case of '*C-ethanol oxi- 
dation to '*CO,, the initial 2-hr point was used to 
monitor '*CO, production from ethanol. since pre- 
vious studies indicated that under these conditions 
2.4-dinitrophenol (DNP) produced the maximum in- 
crease in total ethanol oxidation to '*CO, in vivo 
[7]. Fatty acid oxidation in vivo was measured 
according to Reboucas and Isselbacher [8]. while iso- 
lated mitochondrial fatty acid oxidation was mea- 
sured by the method of Gordon [9]. Mitochondrial 
NADH oxidation was determined as described by 
Mackler [10] with the cofactor content determined 
fluorometrically [11]. In preliminary experiments it 
was shown that the disappearance of NADH and the 
appearance of NAD were linear over a 45-min period. 
In the absence of mitochondria, NADH was not 
spontaneously converted to NAD. NADH-dependent 
ethanol oxidation in the presence of mitochondria 
was assayed by a modification of the system of Rawat 
and Kuriyama [6] with the ethanol content deter- 
mined by gas-liquid chromatography [12]. In_pre- 
liminary experiments it was found that ethanol remo- 
val from the incubation medium was linear over a 
90-min period. Mitochondrial NADH oxidation and 
NADH-dependent ethanol oxidation were carried out 
within 2 hr after sacrifice of the animal. For both 
the NADH oxidation and the NADH-dependent eth- 
anol removal assays, the mitochondrial preparations 
were gassed with 95°, O,-5®, CO, for 30 sec (10 
liters/min) before use. Protein was determined accord- 
ing to Lowry et al. [13]. 
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Table 1. Effect of propranolol and 2.4-dinitrophenol on '*C-ethanol oxidation to 
'4CO, in vivo 





Ethanol oxidation* 


(m-moles '*CO, produced/kg 
body wi/2 hr) 


Treatment 


*,, Change 
from control 





Control 


Propranolol, 25 m 
Propranolol, 5 
2.4-Dinitrophenol 
2.4-Dinitrophenol plus 
propranolol, 50 mg/kg 


87+ 0-4 0 

8-1 + 0-4 —7 
6:7 + 0-2 — 237 
. 1- + 387 
4 1-1 +637 
3-0 — 34+ 


wn 
te 


NB 
I+ I+ |+ | 


nn 


~ 





* Animals were injected intraperitoneally with 1-'*C-ethanol (1 wCi/m-mole), | g/kg. 
12°, w/v, in 0-154 M NaCl. Respiratory '*CO, was collected as described previously 
[7]. Animals were injected intraperitoneally with either 100 mM sodium phosphate 
buffer, pH 7-4 (control), sodium 2,4-dinitrophenolate (34 mg/kg, 3-2 mg/ml in 154 
mM NaCl given 30 min before alcohol) or propranolol at the various doses listed 
(given as a solution of 25 mg/ml in 100 mM sodium phosphate, pH 7:4 just before 
the ethanol administration). There were three or four animals in each group. 

+ Statistically significant compared to the control, P < 0-01. 


Chronic ethanol administration was achieved by 
feeding rats for 10 days a liquid diet according to 
Lieber et al. [14], which was modified by using casein 
hydrolysate to replace part of the amino acid mixture 
with 36 per cent of the calories present as ethanol. 
Controls received the same diet with ethanol replaced 
by glucose. Chronic ethanol-fed animals and controls 
were fasted overnight before use while normal ani- 
mals were not. Propranolol was dissolved in 100 mM 
sodium phosphate buffer. pH 7-4, and was injected 
intraperitoneally, at the various doses indicated, just 
prior to alcohol administration. DNP was injected 
intraperitoneally (34 mg/kg. 3-2 mg/ml in saline) 30 
min prior to alcohol administration. Controls were 
injected with phosphate buffer or saline respectively. 


RESULTS 


Intraperitoneal injection of propranolol at a dose 
of 2:5 mg/kg produced no effect on ethanol oxidation 
to .'4CO, in vivo (Table 1). However, when this dose 
was increased to 25 mg/kg. there was a 23 per cent 
inhibition and at 50 mg/kg a 38 per cent inhibition 
of ethanol oxidation. In contrast to the actions of 
propranolol, DNP (34 mg/kg) stimulated alcohol oxi- 
dation in vivo (Table 1), in confirmation of the pre- 
vious observations by Israel et al.[15]. When pro- 
pranolol and DNP were used together, there was a 
reduction in alcohol oxidation (34 per cent) which 
was comparable to that observed with propranolol 
alone. Since DNP stimulates ethanol oxidation by un- 
coupling oxidative phosphorylation and speeding re- 
oxidation of NADH to NAD [15] and since pro- 
pranolol blocked this effect, the data suggested that 
propranolol might be interfering with mitochondrial 
NADH oxidation. thereby inhibiting ethanol oxi- 
dation. It should be noted that Sakurada et al. [16] 
previously reported that oxidative phosphorylation 
and oxidation of NAD-linked substrates by heart 
mitochondria were depressed by propranolol (1-44 
mM). 

To determine if propranolol injection could affect 
mitochondrial function, we measured the effect of this 
drug on fatty acid oxidation. Propranolol was found 


to inhibit markedly the oxidation of 1-'*C-palmitate 
to '*CO, in vivo (Fig. 1). At a dose of 50 mg/kg, 
there was a 70 per cent reduction at 2 hr. However, 
under the same conditions, there was no effect of pro- 
pranolol on '*C-formate oxidation to '*CO, (Fig. 1). 
This suggested that the inhibition of '*CO, produc- 
tion from 1-'*C-ethanol and 1-'*C-palmitate pro- 
duced by propranolol injection was not due to an 
inadequate distribution of '*CO, into the body pools 
of CO, and HCO,;. However, to clarify this aspect, 





30} /- '%C- Sodium Formate 


TOTAL DPM» "%CO>/Kg BODY WEIGHT x 10® 


Fig. 1. Effect of propranolol on 1-'*C-palmitate and 1- 
'4C-formate oxidation to '*CO, by rats in vivo. Normal 
rats were injected intraperitoneally with 1-'*C-palmitate 
complexed to albumin (0-4 ymole/kg, 25 pCi/m-mole), 
sodium 1-'*C-formate (1 g/kg. 147 wCi/m-mole; 12%. w/v. 
in saline), propranolol (SO mg/kg. 25 mg/ml in sodium 
phosphate buffer, pH 7:4) or sodium phosphate buffer 
alone. Respiratory '*CO, was collected as described pre- 
viously [7]. 
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Table 2. Effect of propranolol on the activity of certain hepatic enzymes and on the oxidation of ethanol and 1-'4C- 
palmitate by liver slices 





Enzyme activityt 
Alcohol dehydrogenase 
°, Control 


Liver slice oxidation* 
1-'*C-palmitate 
Rate °. Control 


Propranolol 
(addition or treatment) 
In vivot In vitro§ 


MEOS 
*, Control 


Catalase 
°,, Control 


Ethanol 


Rate *, Control Rate Rate 





0 745 38.481 a g $7 
0 52 12.373 32 x 8 2 73 
+ 3 35.766 295 63 
+ 518 7 12.720 . : 5:9 








* Assay mixture of 3 ml consisted of 100mM sodium phosphate, pH 7-4, 50mM ethanol or | uM _ 1-'*C-palmitate 
(25 pCi/m-mole), 500 mg of liver slices and 24mM sodium bicarbonate when fatty acid oxidation was measured. Rates 
of ethanol oxidation were expressed as yg ethanol removed/100 mg of liver slices/3 hr, while the rates of fatty acid 
oxidation were expressed as dis./min — '*CO,/100 mg of liver slices/3 hr. The results are the means of three animals 
in each control and experimental group; duplicate samples of liver slices were taken from each rat. Ethanol content 
was determined by gas-liquid chromatography [12]. 

+ Assay conditions were as follows: for alcohol dehydrogenase, the assay mixture of 3-3 ml consisted of 100mM 
sodium phosphate, pH 7:4, 1:5mM NAD, 50mM ethanol and 0:1 ml of 105,000g liver supernatant (1 mg protein). 
Rates were expressed as nmoles NADH formed/mg protein/min. For catalase, the assay mixture of 10 ml consisted 
of 1-5% sodium perborate, 150 mM _ sodium phosphate, pH 6°8, and 1-5 ml of whole liver homogenate (0-01 mg protein). 
Rates were expressed as ymoles perborate oxidized/mg protein/min. For microsomal ethanol oxidation (MEOS), the 
assay mixture of 3-0 ml consisted of 100mM sodium phosphate, pH 7:4, 1-‘5mM NADPH, 50 mM ethanol and washed 
microsomes (3-0 mg protein). Rates were expressed as nmoles acetaldehyde formed/mg protein/min. 

t Propranolol was injected intraperitoneally (50 mg/kg, 25 mg/ml in sodium phosphate, pH 7-4) 3 hr prior to sacrifice. 


Controls were injected with phosphate buffer. 
§ 1-7mM propranolol in the incubation medium. 


|| Statistically significant compared to the control injected with phosphate buffer and assayed in the absence of pro- 


pranolol in vitro (P < 0-01). 


we measured the effect of propranolol on ethanol 
and palmitate oxidation by liver slices. 

We observed that when 1-7 mM propranolol was 
added to normal liver slices, ethanol removal was in- 
hibited by 29 per cent and oxidation of 1-'*C-palmi- 
tate to '*CO, was inhibited by 68 per cent (Table 
2). However, as seen in Table 2, propranolol in vitro 
had no effect on ADH activity in the hepatic 105,000 
g supernatant fraction, on catalase activity of crude 
homogenates, or on MEOS activity in washed micro- 
somes. Our results with rat liver ADH differ from 
those of Duncan [17], who found that propranolol 
inhibited purified horse liver and yeast ADH in vitro, 
a finding we confirmed using our assay conditions 
at pH 7-4. In all likelihood, the failure of propranolol 
to inhibit rat liver 105,000 g supernatant ADH was 
related to the large amount of nonspecific protein in 
this fraction, leading to binding of the drug and thus 
reducing the free propranolol concentration. 

Duncan [17] found that propranolol inhibited alde- 
hyde dehydrogenase to a greater degree than purified 
horse liver or yeast ADH. Although we did not examine 
the effect of propranolol on the various aldehyde 
dehydrogenases of the rat liver [18], we did attempt 
to determine if propranolol pretreatment altered the 
activity of the enzymes believed responsible for the 
primary oxidation of ethanol, namely ADH, catalase 
and MEOS. It should be noted that when proprano- 
lol (50 mg/kg) was injected 3 hr prior to sacrifice there 
was no significant effect on either ethanol removal 
or palmitate oxidation (Table 2). Under the same con- 
ditions, 3-amino-1,2,4-triazole injected 3 hr prior to 
sacrifice inhibited catalase and MEOS activity [7]. 
This lack of effect of propranolol may have been due 
to a low effective drug concentration in the tissues 
at 3 hr or possibly to rapid conversion of propranolol 
to metabolites which were not inhibitory [19]. Pro- 
pranolol (50 mg/kg) injected 0-5 or | hr prior to sacri- 
fice also had no effect on ethanol removal or palmi- 


tate oxidation in liver slices (unpublished observa- 
tions). However, as expected, when propranolol was 
added in vitro to liver slices from animals pretreated 
3 hr earlier with the same drug, ethanol and palmitate 
oxidation were inhibited 29 and 69 per cent respect- 
ively. In contrast, ADH, catalase and MEOS activities 
were unaffected by propranolol either in vitro or in 
vivo (Table 2). 

In view of these observations, it seemed possible that 
propranolol might be interfering with mitochondrial 
function. We therefore examined the effect of pro- 
pranolol on isolated mitochondria and found that 
mitochondrial NADH oxidation was inhibited by 
about 30 per cent (Table 3). On the other hand, pre- 
treatment of animals with DNP (34 mg/kg) stimulated 
mitochondrial NADH oxidation, and this effect was 
blocked by propranolol addition. The addition of 
DNP in vitro (0-1 mM) also enhanced mitochondrial 
NADH oxidation and the addition of propranolol 
also reduced this increase. When DNP was given in 
vivo as well as being added in vitro, mitochondrial 
NADH oxidation increased to a greater extent than 
could be demonstrated with either treatment alone. 
Again, the addition of propranolol to mitochondria 
inhibited this stimulation. Thus, propranolol inhibited 
mitochondrial NADH oxidation and blocked the sti- 
mulatory effect of DNP on this reaction. 

To gain some insight on the mechanism of the inhi- 
bition of NADH oxidation, isolated mitochondria 
were examined in a fluorometer having an excitation 
wavelength of 340 nm and an emission wavelength 
of 450 nm. As seen in Fig. 2, when mitochondria were 
added to the cuvette containing only buffer, there was 
a decrease in fluorescence, suggesting oxidation of 
NADH. The addition of propranolol to the assay 
medium slowed this decrease but did not cause an 
increase in fluorescence. By contrast, the addition of 
succinate, which is a substrate for mitochondrial 
enzymes and leads to the production of NADH, 
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Table 3. Effect of propranolol and 2,4-dinitrophenol on NADH oxidation by washed 
mitochondria 





Addition or treatment 





2.4-Dinitrophenol* 





Propranolol 
(1-7 mM) In vitro In vivo 


Mitochondrial 
NADH oxidation* 


(nmoles oxi- 
dized/mg protein 
min) 


°,, Change 
from control 





0 0 
0 0 
0 + 
0 + 
+ 0 
+ 0 


+ + 


10-6 
7-4 
14-1 
9-4 
12-9 
75 
15-1 


9-7 


OS 
0-4 
1-0 
0-6 
1-1 
0-7 
0-8 
0-3 


I+ HEH H+ H+ H+ 4 





* Assay mixture of 3 ml consisted of 100 mM sucrose. 100 mM sodium phosphate, 
pH 7-4. 80 mM potassium chloride, 5 mM MgCl,, 25 mM sodium bicarbonate, 1-5 
mM NADH and washed mitochondria (10 mg protein). The results are the mean 


of three experiments (+ S.D.). 


+ Sodium 2.4-dinitrophenol was injected intraperitoneally (34 mg/kg, 3-2 mg/ml in 
154 mM NaCl) 0-5 hr before sacrifice or was added at a final concentration of 0-1 
mM. Controls received an equal volume of 154 mM NaCl. There were three animals 


in each group. 





Fluorescence 
Decrease 








Fig. 2. Effect of propranolol and succinate of fluorescence 
by isolated mitochondria. The assay conditions were as 
described in Table 3, except that NADH was omitted. The 
mitochondria were examined in the fluorometer set at 340 
nm excitation and 450 nm emission. Curve a represents 
the addition of succinate (10 mM); curve b results with 
the addition of propranolol (1-7 mM); and curve c is the 
control. The tracings are read from right to left. The 10°, 
refers to change from the baseline fluorescence. 


resulted in an increase in fluorescence. Thus, it 
appeared that propranolol did not inhibit mitochon- 
drial NADH oxidation by acting as a substrate like 
succinate. 

We also examined the effect of propranolol and 
DNP on ethanol oxidation in a system containing 
mitochondria, NADH and horse liver ADH. As seen 
in Table 4. in the absence of either mitochondria or 
horse liver ADH, no significant ethanol oxidation was 
detected; however. a small amount of ethanol was 
oxidized in the absence of NADH. In the complete 
system, the addition of propranolol inhibited ethanol 
oxidation, while the addition of DNP stimulated this 
process. The addition of propranolol completely 
blocked the stimulatory effect of DNP. 

In other experiments (not shown), mitochondria 
prepared from animals pretreated with DNP led to 
enhanced ethanol oxidation in the presence of NADH 


Table 4. Effect of propranolol and 2.4-dinitrophenol on ethanol oxidation by washed 
pro} | ) 
mitochondria 





Ethanol oxidation 


(ug ethanol removed/mg 


mitochondrial protein 


Incubation system* 


*., Change 


1 hr) from control 





Complete system 
— Mitochondria 
Horse liver ADH 
- NADH 
Propranolol* 
2.4-Dinitrophenol* 
2.4-Dinitrophenol plus 
propranolol 
NADH + NAD+ 
NADH + NAD plus 
2.4-dinitrophenol 


18°5 
0:7 
08 
a7 
5-2 
33-3 
8:8 


I+ I+ I+ |+ I+ ]4+ 44 


38:8 
39-0 


I+ |+ 





* Assay conditions as in Table 3, except that horse liver ADH (0-5 mg protein) 
and 6 mM ethanol were included. The complete system included NADH. 1-5 mM. 
* Where indicated, 2.4-dinitrophenol was present at a concentration of 0-1 mM, 
propranolol, 1-7 mM, and NAD, 1-5 mM. 
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Table 5. Effect of chronic ethanol feeding and propranolol on ethanol oxidation in vivo and in vitro and on various 
hepatic mitochondrial functions 





Propranolol 
(addition or 
treatment) 


Assay 


Activity 





Chronic alcohol- 
fed group* 
(n=6) P 


Control 
(n=6) 





1 1-'*C-ethanol oxidation in vivot 


3 Mitochondrial NADH oxidation§ 


0 
os 
2 Ethanol oxidation in vitrot 0 
+ 
0 
oe 


4 NADH-dependent mitochondrial 0 
ethanol oxidation || 


5 Mitochondrial fatty acid 0 
oxidation£ 
aa 


60 +07 < 001 
5-4 + 09 
600 + 30 
460 + 40 
13-0 + 0-7 


8-9 + 1-0 
5-4 + 08 
760 + 40 
475 + 45 
17-8 + 0-7 
126 + 03 
8-4 + 08 < 001 
314 01 NS 

370 + 25 < 0-05 


0 NS 





* Animals were fed for 10 days a liquid diet containing 36%, of the calories as ethanol. The control was fed the 


same diet with ethanol replaced by glucose. 


+ Assay conditions, see Table 1. Rates were expressed as m-moles '*CO, produced/kg body wt/2 hr. (mean + S.D.). 
Propranolol was injected just prior to ethanol at a dose of 50 mg/kg. 

{Assay mixture of 3-0 ml consisted of 100 mM sodium phosphate, pH 7-4, 50 mM ethanol and 500 mg of liver 
slices. Rates were expressed as pg ethanol removed/100 mg wet wt liver slice/3 hr (mean + S.D.). In this and in exper- 
iments 3—5, propranolol, when added, was present at 1-7 mM. 

§ For assay conditions, see Table 3. Rates were expressed as nmoles NADH oxidized/mg protein/min (mean + S.D.). 

|| For assay conditions, see Table 4. Rates were expressed as nmoles ethanol removed/mg protein/min (mean + S.D). 

© Assay conditions as in Table 3, except that the substrate was | uM 1-'*C-palmitate (25 wCi/m-mole). Rates were 
expressed as dis./min > '*CO,/mg protein/1 hr (mean + S.D.). Flasks with no mitochondria yielded, on the average, 


170 dis./min. 


and horse liver ADH; this effect could also be 
blocked by the addition of propranolol. As indicated 
in Table 4, when ADH was present in the medium 
and NAD was substituted for NADH, there was a 
significantly enhanced rate of alcohol oxidation which 
was not affected by DNP. 

We also studied the effect of chronic ethanol feed- 
ing and propranolol on ethanol oxidation and on a 
number of mitochondrial functions (Table 5). Chronic 
ethanol feeding, as observed previously [20], in- 
creased ethanol oxidation in vivo and in vitro, and 
this increase was abolished by propranolol. Chronic 
ethanol feeding also stimulated mitochondriat NADH 
oxidation, and alcohol oxidation by mitochondria in 
the presence of NADH and ADH; these increases 
were also blocked by propranolol. In confirmation 
of the findings of Gordon [9], fatty acid oxidation 
by isolated mitochondria was decreased by chronic 
ethanol feeding. The addition of propranolol to mito- 
chondria completely blocked all fatty acid oxidation. 


DISCUSSION 


Recent studies indicate that factors other than the 
amount or activity of hepatic ADH are responsible 
for the regulation of alcohol metabolism [20]. Of the 
other possible mechanisms, it would appear that the 
mitochondrial re-oxidation of NADH, formed during 
the ADH reaction, may be a rate-limiting factor 
[5,21-24]. Consistent with this concept have been the 
observations from several laboratories (15, 25, 26) 
showing that 2.4-dinitrophenol (DNP), which uncou- 


HP. 252-1 


ples mitochondrial oxidative phosphorylation and 
thereby accelerates NADH re-oxidation, increases 
ethanol metabolism in vivo and in vitro. 

The present studies with propranolol as well as 
DNP emphasize the important role of mitochondrial 
re-oxidation of NADH in ethanol metabolism. Thus, 
we observed that propranolol inhibited ethanol meta- 
bolism and interfered with mitochondrial function, 
especially fatty acid oxidation to CO,. Propranolol 
did not inhibit ADH, catalase. NADPH-dependent 
microsomal ethanol oxidation (MEOS) or formate 
oxidation to CO,. Propranolol also blocked the sti- 
mulatory effects of DNP on mitochondrial NADH 
oxidation and ethanol metabolism. The mechanism 
for the effect of propranolol in inhibiting mitochon- 
drial NADH oxidation is not clear. While this action 
could be due to f-adrenergic receptor blockade, the 
high concentrations needed for the NADH oxidation 
effect suggest that the action may have been due to 
nonspecific stabilization of the mitochondrial mem- 
branes. 

It has also been shown by many observers that 
chronic alcohol administration results in increased 
ethanol metabolism [20], but the mechanism for this 
effect remains debatable. There are conflicting data 
on the possible roles of ADH, catalase and MEOS 
as explanations for this phenomenon [20]. One 
theory is that chronic ethanol administration leads 
to altered mitochondrial function and _ increasing 
mitochondrial NADH oxidation [5, 6]. In the present 
report, mitochondrial NADH oxidation was_in- 
creased in chronic ethanol-fed rats and was blocked 
by propranolol. However, Cederbaum et al. [27] 
observed that in their experiments NAD-dependent 
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oxidation of ethanol in the presence of mitochondria 
was not stimulated with chronic ethanol feeding. 

The discrepancy between the data of Cederbaum 
et al. [27] and those of the present report and the 
results of Rawat and Kuriyama [6] may be explained 
in part by the methods used to measure mitochon- 
drial ethanol oxidation. Thus Cederbaum et al. [27] 
added NAD plus ADH to mitochondria, while 
NADH was added in the present study and in that 
of Rawat and Kuriyama [6]. 

In the present experiments, when NADH and eth- 
anol were added to mitochondria, in all likelihood 
the NADH was first oxidized to NAD, which then 
functioned together with ADH to convert ethanol to 
acetaldehyde. The latter was then oxidized to acetate 
by means of the mitochondrial acetaldehyde dehydro- 
genase [18]. Under these conditions, the rate limiting 
step appeared to be the conversion of NADH to 
NAD. Support for this concept was the fact that when 
NADH re-oxidation to NAD by mitochondria was 
stimulated by DNP in vivo or in vitro, ethanol oxi- 
dation also increased (Tables 3 and 4). Furthermore, 
as shown in Table 4, ethanol oxidation also was 
greater when NAD rather than NADH was added 
to mitochondria and, under these conditions, the 
addition of DNP provided no further increase in eth- 
anol metabolism (in contrast to its action when 
NADH was the added cofactor). Therefore, it would 
appear that when NAD is added to the system, as 
in the studies of Cederbaum et al. [27], NADH re- 
oxidation is no longer rate limiting, but the more 
likely limiting step is the oxidation of acetaldehyde 
to acetate. In all probability, the failure of Cederbaum 
et al. [27] to have observed changes in ethanol meta- 
bolism with mitochondria from chronic ethanol-fed 
rats may have been due to the fact that these investi- 
gators added ADH plus NAD rather than NADH 
to isolated mitochondria. 

We conclude that the effects of propranolol and 
DNP on ethanol metabolism indicate that mitochon- 
drial NADH oxidation must play an important role 
in the overall metabolism of ethanol. The present 
studies also support the concept of Videla and Israel 
[5S] and of Rawat and Kuriyama [6] that the in- 
creased ethanol inetabolism associated with chronic 
ethanol feeding may be due, at least in part, to in- 
creased mitochondrial NADH oxidation. 


1. 
2 
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Abstract—The effects of varying the lipid components of the diet have been studied on the cytochrome 
P-450 content and the rate of oxidative demethylation of aminopyrine in the liver endoplasmic reticu- 
lum. The cytochrome P-450 content and rate of oxidative demethylation (V,,,,) were lowest when a 
fat-free diet was fed, increased by addition of 10° lard (containing mainly saturated and mono-unsatur- 
ated fatty acids but 6% linoleic acid) and much more by addition of 10°, corn oil (containing 50°, 
linoleic acid). Following induction with phenobarbitone the rates of oxidative demethylation and 
cytochrome P-450 were also greatest in animals fed the corn oil diet and least in animals fed the 
fat-free diet. Addition of vitamin E (120mg/kg diet) to the lard diet caused a significant increase 
in the rate of oxidative demethylation but the synthetic antioxidant 2.6.di-tert-butyl-p-cresol (BHT) 
was ineffective. The lipid peroxide content of the endoplasmic reticulum and the rate of NADPH 
stimulated peroxidation were much greater if the corn oil diet was fed than if the fat free diet was 
fed. Addition of vitamin E reduced the lipid peroxide in the endoplasmic reticulum when a lard diet 
was fed but BHT was ineffective. It is concluded that polyunsaturated fatty acids, primarily linoleic 
acid and vitamin: E are essential in the diet for the content of cytochrome P-450 and the rate of 


oxidative demethylation to be a maximum in the endoplasmic reticulum. 


Feeding a protein deficient or a lipid free diet causes 
an inadequate synthesis of microsomal hydroxylating 
enzymes and cytochrome P-450 and induction of 
cytochrome P-450 by phenobarbitone is much less 
efficient when saturated fatty acids are incorporated 
into the diet as the sole source of dietary lipid than 
when unsaturated fats are fed [1-3]. It has therefore 
been postulated that polyunsaturated fatty acids 
might play an important role in the activity of the 
microsomal hydroxylating system [1]. 

Membranes of the subcellular organelles contain 
large quantities of polyunsaturated fatty acids [4] and 
on induction with phenobarbitone linoleic acid is in- 
corporated into the membrane increasing the percent- 
age of this fatty acid in the phospholipids of the endo- 
plasmic reticulum [5]. Microsomal lipid peroxidation 
which involves destruction of polyunsaturated fatty 
acids of the membrane phospholipids causes a de- 
crease in activity of glucose-6-phosphatase [6-8], 
NADH-cytochrome c reductase [9], aminopyrine de- 
methylase and the quantity of cytochrome P-450 [10]. 

Dietary vitamin E and other antioxidants could 
maintain the integrity of the liver microsomal mem- 
branes and unsaturated fatty acids by decreasing the 
microsomal lipid peroxidation. Zalkin and Tappel 
[11] showed that mitochondria isolated from vitamin 
E deficient rabbit livers contained more lipid perox- 
ides than mitochondria prepared from animals fed a 
normal diet, and they postulated that vitamin E func- 
tions as a stabilizer of cellular lipids. However, it has 
also been suggested that the main function of vitamin 
E is not connected with its protection of polyunsatur- 
ated fatty acids against autoxidation [12], and that 


it may be involved in the actual membrane structure 
protecting selenide proteins [13]. 


MATERIALS AND METHODS 


Rats. Male albino rats 6-7 weeks old, weight 120- 
150 g were used in all experiments. Food and water 
were available ad lib. 

Diets. Purified fat free diets were prepared accord- 
ing to Diplock et al. [14], and contained 25%, casein 
(Unigate Ltd.), 30% sucrose, 20% wheat starch (Adcol 
Ltd.), 10% dried yeast (Bovril Ltd.), 10°, lipid and 
5%, Cox’s salt mix. The diet was supplemented with 
Rovimix A —D,® (Roche Ltd.), supplying 5000 i.u. 
vit. A and 1000 i.u. vit. D3/kg diet. 

Dietary lipid components. Corn oil (Mazola® 
C.P.C.), or lard, free from antioxidants, obtained from 
Unigate Ltd. was added as the dietary lipid to give 
a final concentration of 10°, lipid. 2.6 di-tert-butyl-p- 
cresol (BHT) (British Drug Houses Ltd.) (250 mg/kg 
diet), and p-z-tocopherol (Sigma) (120 mg/kg diet) 
were added to the diet after mixing them into the 
lard. The diets were analysed for lipid peroxides using 
an iodometric method [15]. The aldehyde breakdown 
products of the dietary lipids were also determined 
by the thiobarbituric acid method [16]. The iodine 
numbers of the dietary lipids were estimated accord- 
ing to Wij’s method [17]. The mixed tocopherol con- 
tent of the dietary lipid fractions was estimated by 
saponification in the presence of an antioxidant f- 
hydroxyacetanilide, and removal of interfering sub- 
stances by column chromatography [18]. Columns 
were prepared with purified MFC Fullers earth (Hop- 
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kins and Williams) and stannous chloride. The toco- 
pherol was eluted with benzene and estimated by the 
Emmerie-Engel reaction [19]. 

Determination of fatty acid composition of dietary 
lipids. The fatty acid composition of the dietary lipids 
was determined by gas-liquid chromatography. The 
lipids were methylated with boron fluoride-methanol 
complex [20]. and an internal standard. arachidic 
acid, was added to each lipid, so that the percent 
. methylation and recovery could be calculated. The 
fatty acid methyl esters were separated on a column 
of 10°, polyethylene glycol adipate on chromosorb 
W80-100 mesh using nitrogen gas as a carrier in a 
Pye 104 Series g.l.c. chromatograph with a flame ioni- 
sation detector. 

Phenobarbitone. Induction of drug metabolising 
enzymes after 21 days on special diets was achieved 
by giving the animals | mg/ml sodium phenobarbi- 
tone in their drinking water [21 ]. 

Tissue samples. Each rat was killed by cervical frac- 
ture, the liver removed, rinsed in ice-cold 0-25 M suc- 
rose. blotted dry, and weighed. A 5-g sample of each 
liver was finely chopped and homogenised for | min 
in ice-cold 0-25M _ sucrose using a Potter-Elvehjem 
homogeniser. The 10°,, homogenate was then centri- 
fuged for 25 min at 9000g in a refrigerated MSE 18. 
The supernatant was decanted and the microsomal 
fraction recovered by precipitation with a calcium salt 
[22]. The supernatant was diluted 1:5 v/v with 
12-5mM sucrose containing 8mM CaCl, pH 7:5, 
mixed well and centrifuged for 10 min at 30g av. The 
microsomal pellet was resuspended in 125mM KCl 
(0-5 g liver/ml) to make a 50°, microsomal fraction. 

Assays. Aminopyrine demethylase activity was 
assayed by the method described by Wills [23}. 
Cytochrome P-450 was measured by the method of 
Omura and Sato [24]. using a Carey 15 recording 
spectrophotometer. The microsomal fraction was 
diluted with phosphate buffer 0-1M Na,HPO, 
NaH,PO, pH 7-4 so that it contained 2-3 mg pro- 
tein/ml. 

The lipid peroxide concentration in the microsomal 
fraction was measured by determination of the 
malonaldehyde equivalent in the tissue using the thio- 
barbituric acid method. Microsomal NADPH depen- 
dent lipid peroxidation was determined according to 
Wills [25]. TBA reactive materials were measured 
after incubation for 20 min and the results expressed 
in nmoles malondialdehyde formed /mg protein per 
min. The extinction coefficient for malondialdehyde 
in the thiobarbituric acid reaction was taken to be 
1-56 x 10°cm*m~! [25]. 
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Table 1. Fatty acid analysis of dietary lipids 





°. Total fatty acids 





Lard Corn oil 





(14:0) 
(16:0) 
(16:1) 
(18:0) 
(18:1) 
(18:2) 


Lauric acid 
Palmitic acid 
Palmitoleic acid 
Stearic acid 
Oleic acid 
Linoleic acid 
Minor fatty acids 





RESULTS 


Diet analysis. The fatty acid composition of the lard 
and corn oil are shown in Table | and the relative 
quantities of vitamin E, lipid peroxide and aldehyde 
breakdown products of peroxidation in each diet used 
are shown in Table 2. 

Vitamin E and BHT protected the lard against per- 
oxidation and although vitamin E was much more 
efficient in causing a reduction of dietary lipid perox- 
ides both antioxidants reduced the concentration of 
the aldehyde breakdown products: to an equal extent. 
Despite the high content of unsaturated fatty acids 
in corn oil, with an iodine number of 100, the dietary 
lipid peroxide concentration remained low owing to 
the presence of a high concentration of naturally 
occurring vitamin E in the oil. 

Effect of dietary lipid on cytochrome P-450 and oxi- 
dative demethylation. The effects of dietary lipids 
upon microsomal aminopyrine demethylase activity 
and cytochrome P-450 are shown in Table 3. The 
levels of cytochrome P-450 and activity of aminopyr- 
ine demethylase were both lower after feeding the fat- 
free diet than after feeding the lard diet, and highest 
rates of oxidative demethylation and levels of cytoch- 
rome P-450 were observed after feeding the corn oil 
diet. 

The increases in activity of oxidative demethylation 
of aminopyrine and cytochrome P-450 concentration 
in the microsomal fraction were not caused by 
changes in the protein content of the fractions. These 
were not significantly different after feeding the three 
diets before induction, and after induction the protein 
content of the microsomal fraction of the group fed 
corn oil was slightly greater than that of the group 
fed the fat free diet (Table 3). These results therefore 
provide clear evidence that dietary lipid is essential 


Table 2. Vitamin EF, lipid peroxide and aldehyde content of diets and iodine numbers of dietary lipids 





Malonaldehyde 
equiv. 
(umoles/kg diet) 


Lipid peroxide 
m-moles/kg diet 


Dietary dipid 
iodine 
number 


Vitamin E 
content 
(mg/kg diet) 





0:39 
1-07 
0:26 
0-92 


0-27 


Fat-free 

Lard 

Lard + vit. E* 
Lard + BHT+ 
Corn oil 


1-15 0 


60-3 
19-1 
19-6 
144-6 


101-0 





* 120 mg bD-x-tocopherol/100 g lard or /kg diet. 
+ 250 mg BHT/100 g lard or /kg diet. 
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Table 3. The effect of dietary lipids on microsomal protein, aminopyrine demethylase 
activity and levels of cytochrome P-450 





Diet 


Fat free 10°,, Lard 10° Corn oil 





Cytochrome P-450 
nmoles/mg prot. 


Aminopyrine 


0-36 + 0-01 
0-62 + 0-02 


basic 
induced 


basic 0-44 + 0-01 


0-47 + 0-01 
1:15 + 0-06 


0-49 + 0-02 


0-62 + 0:03 
1-48 + 0:26 


0-55 + 0-02 


demethylase K,,(mM) induced 

Aminopyrine 
demethylase V,,,, 
(nmoles/min/mg prot) 


basic 
induced 


Microsomai protein 
concentration 
(mg prot/g liver) 


basic 
induced 


6:39 + 0:27 10-95 + 0-74 


034+001 041 +001 0-46 + 0-02 


2914043 4454001 606+ 0-28 
13:20 + 0-78 


19-4 “3 22 ‘ 19-8 0-7 
248 2 269 3: 28-7 0:7 





Results are expressed as the mean + S.E.M. 
All diets were fed for 21 days before induction with phenobarbitone which was 
given in the drinking water for a further 10 days. 


for maximum activity of detoxication enzymes in 
the liver. 

Effects of dietary antioxidants on oxidative demethy- 
lation activity and levels of cytochrome P-450. If 
polyunsaturated fatty acids are important for 
enzymes of the hydroxylating system then addition 
of antioxidants which protect these polyunsaturated 
fatty acids might be valuable. To show the effect of 
antioxidants the lard diet was supplemented with 
vitamin E. Table 4 shows that vitamin E increased 
the rate of oxidative demethylation and the level of 
cytochrome P-450 from those of the lard diet to 
values similar to those observed after feeding the corn 
oil diet. However the supplementation of the lard diet 
with the antioxidant, BHT, had much less effect than 
the vitamin E. 

Only very small changes in the protein content of 
the microsomal fraction were caused by addition of 
vitamin E or BHT to the lard diet before induction, 
and after induction vitamin E caused a small increase 
in protein content (Table 4). 


The increase in rate of oxidative demethylation and 
cytochrome P-450 content of the microsomal fraction 
caused by vitamin E cannot therefore be explained 
on the basis of a change of protein concentration. 
BHT may be unable to reach the site of microsomal 
drug hydroxylation, or alternatively the antioxidant 
properties of vitamin E are not responsible for its 
effect on cytochrome P-450 and aminopyrine 
demethylase activity. 

Effect of lipid peroxidation on microsomal aminopyr- 
ine demethylase activity and level of cytochrome P-450. 
The peroxidation of endogenous lipids in the erdo- 
plasmic reticulum membrane is actively stimulated by 
NADPH and is enzyme dependent. It involves an 
NADPH-cytochrome c oxidoreductase and the rate 
of lipid peroxidation depends on the activity of the 
NADPH-dependent electron transport chain [23, 25]. 

The rate of NADPH linked lipid peroxidation was 
lower after feeding a fat-free or a lard diet than after 
feeding a corn oil diet (Table 5). However, the supple- 
mentation of the lard diet with vitamin E did not 


Table 4. The effect of dietary antioxidants on microsomal protein aminopyrine demeth- 


ylase activity and levels of cytochrome P-450 





10°,, Lard* 
+vit. E 


10°,, Lardt* 
+ BHT 


10°,, Lard 


o 





Cytochrome P-450 
(nmoles/mg prot.) 


Aminopyrine 


demethylase K,,(mM) 


Aminopyrine 
demethylase V,,,. 
(nmoles/min/mg) 

Microsomal protein 
concentration 
(mg prot./g liver) 


basic 0:64 + 0-04 
induced 1°51 + 0-07 
basic 0-43 + 0-01 
induced 0:37 + 0-01 


basic 7-01 + 0-44 
induced 13:76 + 0-17 


189 +08 
29:9 +07 


basic 
induced 


0-49 + 0-02 
1-06 + 0-02 


0-44 + 0-02 
0:38 + 0-01 


48 + 0:08 
11:7 +031 


17-4 0:7 
28-2 10 


0-47 + 0-01 
0-06 


0-02 
+ O-O1 


+ 0-10 
5+ 0-74 





Results are expressed as the mean + S.E.M. 
* 120 mg D-z-tocopherol 100 g lard or kg diet. 
+ 250 mg BHT/100 g lard or /kg diet. 
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Tabie 5. Effect of dietary lipids on microsomal lipid peroxide and rate of lipid peroxidation 





Microsomal lipid peroxide 
concn (nmoles/mg prot.) 


NADPH-linked lipid peroxidation 
(nmoles/mg prot./min) 








Basic 


Induced 


Basic Induced 





3:30 + 0:36 
4:79 + 0-21 
29-45 + 5:34 
3-61 + 0-64 
5-40 + 0-10 


Fat free 

10°, Lard 

10°, Corn oil 

10°, Lard + vit. E 
10°, Lard + BHT 


2:38 + 0-12 
3-76 + 0:43 
12-30 + 2:00 
5:06 + 0:76 
4-41 + 0-67 


1:27 + 0-09 
0:96 + 0-05 
2:05 + 0-21 
0-39 + 0-05 
1:13 +014 


0-70 + 0:06 
0-53 + 0-13 
2:15 + 0-23 
0-84 + 0-05 
1-02 + 0-04 





Results are expressed as the mean + S.E.M. 


raise the rate of NADPH dependent lipid peroxida- 
tion as it did the content of cytochrome P-450 and 
aminopyrine demethylase activity, but actually 
reduced the rate of NADPH linked lipid peroxida- 
tion. Supplementation of the lard diet with BHT in- 
creased the lipid peroxide content and the rate of lipid 
peroxidation especially after phenobarbitone induc- 
tion (Table 5). BHT cannot therefore be considered 
to exert an antioxidant effect on lipid peroxidation 
in the microsomal fraction as does vitamin E. 


DISCUSSION 


These results show that both the quantity of lipid 
in the diet and its composition play very inportant 
roles in the regulation of the concentration of cytoch- 
rome P-450 in the microsomal fraction and of. the 
rate of oxidative demethylation both before and after 
induction with phenobarbitone. The rate of oxidative 
demethylation is much greater when lard containing 
mainly saturated and mono-unsaturated fat (Table 1) 
is added to the diet but even greater if corn oil, con- 
taining a high concentration of polyunsaturated fatty 
acids, and especially linoleic acid, is incorporated into 
the diet (Table 3). It appears very likely that the die- 
tary unsaturated lipids provide a supply of essential 
unsaturated fatty acids for incorporation into the 
membranes of the endoplasmic reticulum. It has 
already been shown that linoleic acid is rapidly in- 
corporated into membrane phospholipids during 
phenobarbitone induction. [5]. 

In addition to supplying polyunsaturated fatty 
acids it appears that corn oil was especially effective 
in causing stimulation of oxidative demethylation on 
account of its vitamin E content. The importance of 
vitamin E was demonstrated by adding vitamin E to 
the lard diet. The addition did not change the iodine 
number of the unsaturated fatty acid content of the 
diet but caused a marked stimulation of the level of 
cytochrome P-450 and of the rate of oxidative 
demethylation as indicated by the V,,,, (Table 4). 

Vitamin E could act in several ways. It could play 
a role as an antioxidant preventing lipid peroxide for- 
mation in the diet before feeding or in the endoplas- 
mic reticulum protecting the unsaturated fatty acids 
of the membrane. Alternatively, it may play a specific 
rale as part of the structure of the membranes of the 
endoplasmic reticulum and thus be essential for maxi- 
mum activity of oxidative demethylation. 

It is clear that addition of vitamin E to the lard 


diet does depress the lipid peroxide content of the 
diet (Table 2). Tissues from vitamin E deficient ani- 
mals form much more lipid peroxide than those from 
normal animals and there is good evidence that vita- 
min E acts as stabiliser of unsaturated membrane 
lipids [11]. It is also established that induction of 
lipid peroxidation in membranes of the endoplasmic 
reticulum leads to a sharp fall in the activity of oxida- 
tive demethylation which is believed to be caused by 
a loss of membrane integrity [8]. A primary function 
of vitamin E may be to protect vital selenium contain- 
ing proteins of the endoplasmic reticulum membrane 
[13]. 

The possible role of vitamin E was investigated by 
two methods—firstly, by investigating the peroxide 
content and peroxidation rates in the endoplasmic 
reticulum after feeding different diets, and secondly 
by replacing the vitamin E by an artificial antioxi- 
dant, BHT. 

When added to the lard diet, vitamin E reduced 
both the peroxide content and the rate of lipid perox- 
idation before induction but increases were observed 
after induction (Table 5). It is also significant that 
the corn oil diet, which contained a relatively high 
concentration of vitamin E, also caused the formation 
of a high lipid peroxide content and a rapid rate of 
peroxidation in the endoplasmic reticulum (Table 5). 
BHT however added to the lard did not reduce the 
microsomal lipid peroxide content or the rate of lipid 
peroxidation and increases were observed (Table 5). 
These results therefore tend to support the concept 
that non-specific antioxidants cannot protect the un- 
saturated lipids of the membranes and that the vita- 
min E may be specifically localised in the membrane 
structure as suggested previously [13]. It is also sig- 
nificant that the feeding of phenobarbitone leads to 
a decrease in peroxidation rate and peroxide content 
in all experiments where vitamin E was not added 
to the diet. Phenobarbitone also appears to be able 
to stabilise the membranes in a manner similar to 
that observed for vitamin E and membrane stabilisa- 
tion may be an essential prelude to induction. 

These experiments therefore demonstrate that 
lipids, primarily polyunsaturated fatty acids, linoleic 
acid and vitamin E are essential in the diet for maxi- 
mum activity of oxidative drug metabolism. Neither 
vitamin E nor polyunsaturated fat given alone is as 
effective as a combination of both factors. For maxi- 
mum activity of the oxidative drug metabolising 
enzymes of the endoplasmic reticulum a delicate 
balance between the two factors is essential to prevent 
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extensive destruction of the membranes of the endo- 
plasmic reticulum by lipid peroxidation. 
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Abstract 


Atropinesterase and cocainesterase from commercially available. pooled rabbit serum have 


been resolved using conventional methods of enzyme purification. Using a sequence of ammonium 
sulfate fractionation, Sephadex G-75 gel filtration and QAE-Sephadex ion exchange chromatography. 
atropinesterase was purified 750-fold and cocainesterase was purified 220-fold. The two enzymes have 
been characterized with respect to pH optima, Michaelis constants and substrate specificities. Both 
hyoscyamine and scopolamine appear to function as substrates for atropinesterase; pH optima and 
K,, determinations are reported for both substrates. Both cocaine and tropacocaine appear to function 
as substrates for cocainesterase; pH optima and K,, determinations are reported for both substrates 


with this enzyme. 


In 1852, it was reported that rabbits were able to 
thrive on a diet solely of belladonna leaves, which 
contain atropine [1]. Atropine (dl-hyoscyamine) was 
incubated with the blood and tissues of various ani- 
mals, and in certain cases it was found that the drug 
was inactivated by a thermolabile catalyst [2]. It was 
recognized by early workers that. since atropine is 
an ester, it may be susceptible to hydrolysis by an 
esterase in these animals [3,4]. However, Oettingen 
and Marshall [5] claimed that inactivation under 
these conditions was not due to the hydrolysis of 
atropine but due to its adsorption on proteins which 
made it biologically inactive. They found that egg 
white inactivates atropine in this way. In 1938, Bern- 
heim and Bernheim [6] used manometric techniques 
to assay atropine inactivation. Their experiments pro- 
vided evidence that atropine was hydrolyzed and not 
adsorbed. The enzyme atropinesterase (atropine acyl- 
hydrolase, EC 3.1.1.10) hydrolyzes |-hyoscyamine into 
tropic acid and tropine [7]. 

Glick and Glaubach reported in 1941 [8] that the 
hydrolysis of cocaine and tropacocaine is catalyzed 
by rabbit serum. On the basis of genetic studies using 
crude rabbit serum, they presented evidence that the 
hydrolysis of these three tropine esters, atropine, co- 
caine and tropacocaine, is catalyzed by three different 
enzymes. Subsequently, also in genetic studies. 
Werner and Brehmer [9] reported similar findings 
which furthermore indicated that atropinesterase ca- 
talyzed the hydrolysis of scopolamine at about the 
same rate as atropine. Later. Otorii [10]. using crude 
rabbit serum, proposed that scopolaminesterase and 
atropinesterase are the same enzyme. This conclusion 
was based on the observation that the relative rates 
of enzymatic hydrolysis of atropine and scopolamine 
by rabbit serum, at various concentration ratios of 
substrate to enzyme, at various pH values of the reac- 
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tion system, and at various temperatures, are very 
similar. 

Ammon and Savelsberg [11] tested 22 samples of 
serum and observed that some of the rabbits pos- 
sessed atropinesterase but not cocainesterase. Con- 
trary to this report, Stormont and Suzuki [12] found 
that all serums tested (245 samples) which had atro- 
pinesterase also exhibited cocainesterase activity. 
They also found some samples which exhibited 
neither atropinesterase nor cocainesterase activity and 
some samples positive for cocainesterase but negative 
for atropinesterase. Van Zutphen [13] also found 
only the three phenotypes reported by Stormont and 
Suzuki. 

The first investigators to report purification of atro- 
pinesterase were Glick et al. [14] who reported from 
electrophoresis studies, which represented a 17-fold 
purification of the enzyme, that atropinesterase is 
found mainly in the x- and /-globulin fractions of 
rabbit serum. Werner [15], using ammonium sulfate 
fractionation, purified the enzyme 40-fold from rabbit 
serum but reported no data on the specific activity 
of the purified fraction. Margolis and Feigelson [16] 
purified the enzyme 122-fold from atropinesterase- 
positive rabbit serum (sp. act., 0-91 units/mg) and re- 
ported it to be a nonspecific B esterase. The resolu- 
tion and purification from rabbit serum of two en- 
zymes, one which catalyzes the hydrolysis of atropine, 
the other which catalyzes the hydrolysis of cocaine, 
are described below. 


EXPERIMENTAL PROCEDURE 


Materials. Pooled, normal rabbit serum was ob- 
tained from Baltimore Biological Laboratories, Balti- 
more, Md. Atropine sulfate and hyoscyamine sulfate 
were purchased from Mann Research Laboratories, 
Orangeburg. N.Y. Cocaine hydrochloride was ob- 
tained from Merck & Co., Inc., Rahway, N.J. Tropa- 
cocaine hydrochloride was supplied by Aldrich 
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Chemical Co., Milwaukee, Wis. Scopolamine hydro- 
chloride was purchased from Schwartz—Mann, Orange- 
burg, N.Y., and hyoscine hydrobromide was ob- 
tained from Nutritional Biochemicals Corp., Cleve- 
land, Ohio. Hyoscyamine sulfate and hyoscine hydro- 
bromide were checked for optical purity immediately 
before use in a polarimeter. All filtration gels and 
ion exchange gels were purchased from Pharmacia 
Fine Chemicals, Inc., Piscataway, N.J.. and have a 
particle size of 40-120 yw. All unspecificed reagents 
were analytical reagent grade and were used without 
further purification. 

Protein determination. Protein was concentrated on 
an Amican model 52 ultrafiltration cell with a 
UM-20E Diaflo membrane. The concentration of pro- 
tein was routinely determined by measuring the ratio 
of the absorbance at 280 to 260 nm. This method 
was checked ,periodically by the method of Lowry 
et al. [17], using crystallized bovine serum albumin 
for standard curve determinations. 

Enzyme assay. Esteratic activity was determined ac- 
cording to the method of Margolis and Feigelson 
[16] by determining the rate of acid release by ester 
hydrolysis measured by continuous titration with a 
Sargent Recording pH Stat model S-30240. The reac- 
tion was carried out in a 10-ml reaction vessel con- 
taining a combination electrode, a temperature sensor 
(thermistor type), thermometer and alkali and gas in- 
let tubes. To exclude possible interference from at- 
mospheric CO, a constant current of N, (acid, alkali, 
and water—washed) was introduced through a gas 
inlet tube and allowed to pass slowly over the surface 
of the reaction mixture. A magnetic stirrer was em- 
ployed to ensure thorough mixing during titration. 
The reaction vessel, ground-glass bottom, was 
mounted on a thermo-electric hot/cold heat ex- 
changer maintained at 37° + 05°. Unless otherwise 
noted, all assays were performed at a concentration 
of 0: N KCl in a total volume of 10 ml at 5 x 10°4 
M substrate concentration. After attaining thermal 
equilibrium, the solution was adjusted to the appro- 
priate pH and nonenzymatic hydrolysis was deter- 
mined. Enzyme was then added and, after the buffers 
present were titrated, initial reaction rates were ob- 
tained. Sodium hydroxide (0-005 M) was introduced 
through the alkali inlet tube to maintain a constant 
pH (+0-01). Usually less than 0-3 ml base was re- 
quired per assay. Each titration was allowed to run 
at least 20 min. Using this assay, the rate of alkali 
addition is a linear function of the amount of enzyme 
added. One enzyme unit is defined as the amount 
which gives an initial reaction rate equivalent to the 
uptake of 1 umole base/min. 

Enzyme purification. All purification procedures 
were done at 0-4. Selected fractions from each 
column were assayed for enzyme activity, absorbance 
was measured at 280 nm, and the fractions containing 
the peak of enzyme activity were pooled. Column ef- 
fluents were monitored continuously with an Isco, 
model UA-2, u.v. liquid-flow analyzer operated at 280 
rim in a 2-mm light path. The protein was eluted 
under a hydrostatic pressure of 20 cm. 

Ammonium sulfate fractionation. Saturated am- 
monium sulfate, pH 7-5, was added in small drops 
with continuous stirring to 400 ml rabbit serum to 
reach 30%, saturation. The 30-40, 40-45 and 45-57%, 


saturated fractions were obtained in a similar manner. 
The 0-30, 30-40 and 40-45°,, precipitates and the 57% 
supernatant were discarded. The 45-57% precipitate 
was collected and dissolved in 50-60 ml of 0-002 M 
potassium phosphate buffer. pH 7-0. It was then dia- 
lyzed overnight against 41., one change, of buffer. Ty- 
pically, the volume of protein solution inside the di- 
alysis typing was 90-100 ml and contained approxi- 
mately 20 mg protein/ml. 

Gel filtration. In a typical fractionation sequence 
(see Table 1), 102 ml dialyzed ammonium sulfate frac- 
tion (45-57°,) was divided into five equal volumes. 
Each portion was concentrated, using Amicon ultra- 
filtration, to a volume of approximately 10 ml. The 
ultrafiltration cell was then rinsed with about 2 ml 
of 0:002M phosphate buffer, pH 7-0. The 12-ml vo- 
lume (10 ml retentate plus 2 ml rinse) was loaded on 
the Sephadex G-75 column (2:5 x 34-5 cm). 

Fractions containing atropinesterase activity, which 
were the same fractions containing cocainesterase ac- 
tivity, were pooled. A typical elution pattern is shown 
in Fig. 1. 

Chromatography on QAE-Sephadex. QAE-Sephadex 
Q-25 was suspended in equilibrium buffer. 0-002 M 
phosphate pH 7-0, containing 0-1 N KCI. The ion ex- 
changer was poured into a Pharmacia K_ 15/30 
column (1-5 x 29cm). The eluate from five Sephadex 
G-75 columns (total volume approximately 50 ml) 
was pooled for atropinesterase and cocainesterase ac- 
tivity and exchanged into QAE-Sephadex equili- 
bration buffer and applied to the QAE-Sephadex 
column. The elution pattern of protein, cocainesterase 
and atropinesterase is shown in Fig. 2. The protein 
was eluted with a linear 400-ml KCl gradient (0-1 
to 0-4 N KCl) made up in the above buffer. 

pH Optima determinations. The activity vs pH 
curves were determined by a series of constant pH 
titrations similar to the standard assays. For the de- 
terminations reported here, the enzyme preparations 
were the result of ammonium sulfate fractional preci- 
pitation, Sephadex G-75 gel filtration and Sephadex- 
QAE ion exchange chromatography as described 
above. 

Determination of Michaelis constants. All determina- 
tions of reaction velocity were made by constant pH 
titration with 5:2 x 10°7N__ tetraethylammonium 
hydroxide, at 37°. The KCI concentration was 0-1 N 
and the total reaction volume was 10 ml. In each case 
the pH used was near the pH of maximal activity 
as determined by separate experiments. Each K,, de- 
termination was done without monatonic order in 
substrate concentration to decrease errors due to en- 
zyme denaturation. For all Michaelis constants re- 
ported here, the enzyme preparations used resulted 
from ammonium sulfate fractional precipitation, Se- 
phadex G-75 gel filtration and Sephadex-QAE ion ex- 
change chromatography. The data are shown in the 
Lineweaver-Burk presentation. Michaelis constants 
were determined from abscissa intercepts from an un- 
weighted linear least squares fit of these data. 

Chloride determination. Chloride ion concentration 
was determined by the method of Schales and Schales 
[18]. 


RESULTS 


Enzyme purification. Difficulties were encountered 
in attempts to assay rabbit serum for atropinesterase 
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Table 1. Purification scheme of atropinesterase and cocainesterase from 400 ml pooled rabbit serum 





Enzyme 


Fraction (units x 1073) 


Protein 
(mg x 1074) 


Sp. act. 
(units x 1073) 





Atropinesterase 
Serum* 

(NH4),SO, (45-57%) 
Sephadex G-75 pool 
QAE-Sephadex pool 
Cocainesterase 
Serum* 

(NH,4),SO, (45 57%) 
Sephadex G-75 pool 
QAE-Sephadex pool 


20-7 
2:00 
0-116 
0-0044 


1-41 
11-1 
70-7 

1060 


20-7 
2-00 
0-116 
0-0076 


1-35 
10-0 
12 


300 





* Dialyzed against 0-002 M potassium phosphate buffer, 


and cocainesterase before dialysis; however, after di- 
alysis of the serum, measurement of acid released 
upon ester hydrolysis produced smooth titration 
curves. A typical assay of dialyzed serum for atro- 
pinesterase and cocainesterase (Table 1) indicated a 
sp. act. of 1-41 x 10-3 and 1-35 x 10°? units/mg, re- 
spectively; the protein concentration of dialyzed ser- 
um was 51-8 mg/ml. Sufficient saturated ammonium 
sulfate solution was added to the dialyzed serum to 
produce 30% saturation. As shown in Table 1, atro- 
pinesterase in the ammonium sulfate fraction col- 
lected (45-57% saturation) is enriched 7-9-fold; simi- 
larly, the same fraction contains the bulk of cocaines- 
terase activity; the fraction is enriched 7-4-fold with 
respect to the latter enzyme activity. 


The resulting precipitate from ammonium sulfate 
fractionation was dissolved in 0:002M_ potassium 
phosphate buffer, pH 7-0. Typically, the resulting solu- 
tion was approximately 100ml with a protein con- 
centration of 19-4 mg/ml (Table 1). Sephadex G-75 gel 
filtration of this solution, after concentration (cf. 
Methods), resulted in a protein solution further en- 
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Fig. 1. Gel filtration on Sephadex G-75 of protein precipi- 
tated by 45-57% saturated ammonium sulfate. Twelve ml. 
containing 200 mg protein dissolved in 0-002 M potassium 
phosphate buffer, pH 7-0, resulting from concentration of 
20 ml ammonium sulfate diffusate was applied to a column 
(2:5 x 345cm) equilibrated and eluted with the same 
buffer; 64-min fractions containing 5-6 ml each were col- 
lected. Key: (—@—) protein, mg/ml; (@) atropinesterase 
activity; and (B3) cocainesterase activity. 


pH 7-0. 


riched in activity with respect to both enzymes (Fig. 
1). Both atropinesterase and cocainesterase emerged 
from the column simultaneously; the fraction contain- 
ing the peak of atropinesterase activity also contained 
the peak of cocainesterase activity. Typically, the pool 
was 48ml with protein concentration equal to 
2:-4mg/ml and enriched, from pooled rabbit serum, 
50-fold with respect to atropinesterase and 83-fold 
with respect to cocainesterase. 

Resolution of atropinesterase and cocainesterase. Ad- 
sorption and subsequent elution of the pool resulting 
from Sephadex G-75 gel filtration on a QAE- 
Sephadex ion exchange column resulted in further puri- 
fication of the two enzymes and furthermore in the 
resolution of the two activities (Table 1). A typical 
elution pattern of the two enzymes from QAE- 
Sephadex is shown in Fig. 2. Cocainesterase begins to 
elute from the column at a KCI concentration of 
0-15 N, and all esteratic activity with cocaine as sub- 
strate was eluted at a KCl concentration equal to 


mg/mt 
Enzyme, units/ml 
i 


Protein, 














Eluate, ml 


Fig. 2. Chromatographic separation of atropinesterase and 
cocainesterase on QAE-Sephadex. Seventy ml. 154 mg pro- 
tein, from Sephadex G-75 eluate pooled for atropinesterase 
activity in 0:002M potassium phosphate buffer (pH 7-0) 
was made 0:09N KCI and applied to the column 
(1-5 x 29cm); the column was initially equilibrated with 
the same buffer. and elution was initiated with a linear 
gradient, with 400 ml of the starting buffer in the mixing 
chamber and 400 ml of 0-4 N KCI in 0-002 potassium phos- 
phate buffer (pH 7-0) in the reservoir; 5-15 ml eluate was 
collected in 64-min fractions. Key: (—@— ) protein, mg/ml; 
(@) atropinesterase activity; (§§) cocainesterase activity; 
and (—A—) Cl” ion concentration. 
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():20 N. whereas elution of atropinesterase did not be- 
gin.until a KCI concentration of 0:19 N was reached; 
all esteratic activity with atropine as substrate was 
eluted at a KCl concentration of 0:22 N. The pool 
containing cocainesterase was. in a typical elution, 
19ml containing 0-40 mg/ml of protein and repre- 
sented a purification of 220-fold from serum. The 
atropinesterase pool was 21 ml, 0:21 mg/ml of protein 
and resulted in a purification of 750-fold from pooled 
serum. As shown in Fig. 2. some fractions exhibited 
esteratic activity with both atropine and cocaine as 
substrates, but the major peaks of these two enzymic 
activities were completely resolved in this fractiona- 
tion step. 

Effect of pH on the enzymatic activities of atropines- 
terase. The initial catalytic activity of atropinesterase 
as a function of pH was determined with 5 x 10°*M 
hyoscyamine (added as hyoscyamine sulfate). The rate 
of hydrolysis of substrate was studied over a pH 
range of 5-8 to 10-5. The enzyme fraction used had 
(30 mg protein‘ml. As shown in Fig. 3, the catalytic 
efficiency is essentially maximal between pH 7:5 and 
8-5. Nonenzymatic acid production is markedly in- 
creased above pH 9-0. 

The same enzyme preparation was used to study 
the effect of pH on the enzymatic hydrolysis of scopo- 
lamine. Hyoscine hydrogen bromide (final concen- 
tration amine ester | x 10° * M) was used as substrate 
in the reaction mixture (cf. Methods). The reaction 
velocity was studied over a pH range of 5-2 to 10-0. 


As shown in Fig. 3, the optimum range of pH for 


esteratic activity was 6°5 to 7-5. Nonenzymatic activity 


was not significant below pH 9-0. 

Effect of pH on the enzymatic activities of cocaines- 
terase. The initial catalytic activity as a function of 
pH was determined with 5 x 10°°M cocaine (added 
as cocaine hydrogen chloride). The rate of hydrolysis 
of substrate was studied over a pH range of 6-0 to 
10:0. The enzyme fraction used contained 0-39 mg 
protein/ml. As shown in Fig. 4, the catalytic activity 
rises smoothly to pH 89, at which value it drops 
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pemoles hyoscyamine/min per ml 








Fig. 3. Variation of enzymatic hydrolysis (corrected for 

nonenzymatic hydrolysis) of hyoscyamine (—-O—) and sco- 

polamine (—A—) and nonenzymatic hydrolysis of hyos- 
cyamine (-@—) and scopolamine (—_A—) with pH. 
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Fig. 4. Variation of enzymatic hydrolysis (corrected for 

nonenzymatic hydrolysis) of cocaine (-A—) and tropaco- 

caine (—O—) and nonenzymatic hydrolysis of cocaine 
(—A—) and tropacocaine (—-@—) with pH. 


precipitously; no appreciable enzymatic activity is ob- 
served above pH 9:5. Non-enzymatic hydrolysis of co- 
caine is significant as low as pH 6:5, and the reaction 
velocity rises rapidly and exceeds that of the enzyma- 
tically catalyzed reaction at pH values above 9-0. 

The effect of pH on the enzymatic activity of co- 
cainesterase was also determined using tropacocaine 
as substrate. Tropacocaine hydrogen chloride (final 
concentration amine ester 2:5 x 10°*M) was added 
to the reaction mixture and the reaction velocity was 
observed over a pH range of 7-0 to 11-5. The enzyme 
preparation used contained 10mg protein/ml. As 
shown in Fig. 4, the optimum pH range for enzymatic 
activity with tropacocaine as substrate is 9-0 to 9-5. 
Nonenzymatic hydrolysis was not significant below 
pH 9-0. 

K,, determinations, atropinesterase. The velocity of 
the atropinesterase-catalyzed reaction was determined 
as the concentration of hyoscyamine was varied from 
3 x 10°° to 1 x 10°3M (Fig. 5) using 0-20ml en- 
zyme solution containing 0-043 mg protein/ml (pH 
7-84). The value of the Michaelis constant was 
4-30 x 10°°M. Atropinesterase activity was also de- 
termined as a function of scopolamine concentration 
(Fig. 5): The protein solution, 0-5 ml (0-21 mg/ml), was 
assayed at pH 7-5; substrate concentration was varied 
from 5 x 10°° to 1 x 10°*M. The Michaelis con- 
stant had a value of 8-72 x 10°°M. 

K,, determinations. cocainesterase. Cocainesterase 
activity was studied as a function of cocaine concen- 
tration (Fig. 5). The enzyme solution, | ml (1:00 mg 
protein/ml), was assayed at pH 7-84 with substrate 
concentrations varying from 4x 10° to 
1 x 10°*M. The Michaelis constant was determined 
to be 1-73 x 10° *M. Cocainesterase activity was also 
studied as a function of tropacocaine concentration 
(Fig. 5). Using 1-0 ml of the same enzyme solution, 
reaction velocity was determined at pH 8-84 with 
substrate concentrations varying from 2 x 10~° 
to 1x 10°*M. The Michaelis constant was 
2-4 x 10°*M. 
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fe) 10 20 
I/[S] x 10° 
Fig. 5. Double-reciprocal plot of the rate of hydrolysis of 
hyoscyamine (-@-@-), scopolamine (—_A—), tropacocaine 
(—O—) and cocaine (—A—) by QAE-Sephadex pool as 
a function of substrate concentration. The enzyme solution, 
containing 0:043 mg protein/ml (hyoscyamine), 0:21 mg 
protein/ml (scopolamine) and 1-00 mg protein/ml (cocaine 
and tropacocaine), was incubated with 0-1 N KCI at 37 
as described (cf. Methods). 


DISCUSSION 

It is clear from the results reported here that pooled 
rabbit serum contains two different proteins which 
catalyze the hydrolysis of tropine esters. These appar- 
ently correspond to the cis-(z)-tropinesterase and 
trans-(f)-tropinesterase characterized in genetics ex- 
periments by Werner [15]. These proteins have been 
separated and purified; atropinesterase has been 
found to catalyze the hydrolysis of hyoscyamine and 
hyoscine but not cocaine or tropacocaine, and co- 
cainesterase catalyzes the hydrolysis of cocaine and 
tropacocaine but not hyoscyamine or hyoscine. Pre- 
viously the properties of these enzymes have been 
characterized in crude rabbit serum or protein frac- 
tions in which both enzymes were present. 

The pH response curve for the esteratic activity of 
purified atropinesterase with hyoscine is different 
from that with hyoscyamine. Furthermore, over a 
wide range of pH, the rate of hydrolysis of hyoscya- 
mine by atropinesterase is significantly greater than 
with hyoscine as substrate. As V,,,, and K,, deter- 
minations were made at optimum pH values where 
the activities are different by about 3-fold, the V,,,, 
is lower and the K,, is higher when hyoscine instead 
of hyoscyamine is used as a substrate for atropinester- 
ase. These observations do not agree with a report 
by Otorii [10], who did enzyme-substrate affinity and 
PH studies with crude rabbit serum containing these 
activities. He found similar behavior in these proper- 
ties with both substrates. Possibly because of sub- 
strate binding to inert protein, which is removed in 
purification, maximal velocity is reached at a much 
lower concentration than reported by Otorii. We have 
also observed that a higher concentration of substrate 
is required when crude enzyme rather than purified 
fractions are used to produce a given specific activity. 
This behavior may have submerged a significant dif- 
ference in substrate affinity between the two sub- 


strates. In fact, the velocity of reaction of scopolamine 
over a broad pH range (7 to 9-5) is never close to 
that of atropine. In any case, although pH response 
and kinetic parameters were very different, enzymatic 
activity of these two esters was not resolved using 
the fractionation procedures reported here. Thus, the 
conclusion reached by Otorii that the hydrolysis of 
these two substrates is catalyzed by the same protein 
is not negated by these experiments using purified 
atropinesterase. 

A number of investigators [8, 12, 13.15] have re- 
ported genetic and electrophoretic evidence that co- 
cainesterase is a protein distinct from atropinesterase. 
However, Glick and Glaubach [8] found evidence to 
support the conclusion that there are three azolester- 
ases in rabbit serum, atropinesterase, cocainesterase 
and tropacocainesterase. We have succeeded in re- 
solving only two thus far. 

This is the first report of the purification of co- 
cainesterase. It may be inferred from the behavior of 
cocainesterase on dextran gel columns, Sephadex 
G-50, G-75 and G-100, that its molecular weight is 
similar to that of atropinesterase, which was reported 
as approximately 65,000 [16]. Since Michaelis con- 
stants were determined near the corresponding pH 
optima, the results may reflect the effect of the pH 
on the ionic form of the enzyme as well as that of 
the substrate. Nevertheless, the magnitude of the dif- 
ferences between these kinetic parameters and the 
comparison of velocities under identical conditions of 
PH in the high substrate concentration limit indicate 
that cocaine compared to tropacocaine is a superior 
substrate for cocain-esterase and that hyoscyamine is 
superior to hyoscine as a substrate for atropinester- 
ase. 
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Abstract—Two epoxide-metabolizing enzymes. glutathione-S-epoxide transferase and epoxide hydrase, 
were studied in subcellular fractions of rabbit liver, lungs, intestinal mucosa and kidney. Glutathione-S- 
epoxide transferase in soluble fraction was assayed by a new specific radiochemical method using 
styrene oxide (-8-'*C) as substrate, and some properties of this enzyme are described. Liver had the 
highest specific activity of each enzyme, but there was no correlation between the relative specific 
activities of glutathione-S-epoxide transferase and epoxide hydrase in the extrahepatic organs. Feeding 
rabbits a purified diet did not alter the specific activities of epoxide hydrase or glutathione-S-epoxide 
transferase in liver and intestine. Rat and guinea pig had much higher specific activities of glutathione-S- 
epoxide transferase than rabbit in liver and kidney, and slightly higher specific activities in lung and 
intestine. Species did not differ markedly in epoxide hydrase activities when the same organ (liver, 
lung, intestine or kidney) was compared in rabbits, rats and guinea pigs, except that rat intestine 
had much lower epoxide hydrase activity than intestine from rabbit or guinea pig. 


In recent years a large number of reports have sug- 
gested that epoxide metabolites may be the mediators 
of the carcinogenicity of aromatic hydrocarbons. This 
work is reviewed by Sims and Grover [1]. 

It has been shown that epoxides are formed by the 
action of microsomal mixed-function oxidase enzymes 
on molecules having aromatic rings or alkene bonds 
[2,3] and that, in general, an epoxide metabolite is 
more biologically reactive than the parent hydrocar- 
bon. The epoxides of aromatic hydrocarbons have 
been found to bind to nucleic acids [4] and other 
macromolecules and to undergo rearrangement to 
phenols, hydration to diols [5] or conjugation with 
glutathione, which can be the first step of mercapturic 
acid biosynthesis [6]. These last two reactions are 
catalyzed by microsomal epoxide hydrase (EC4.2.1.63) 
and soluble fraction glutathione-S-epoxide transferase 
(EC4.4.1.7) respectively. We have studied some 
properties of these two epoxide-metabolizing enzymes 
in tissue preparations of several organs of rabbit, 
guinea pig and rat. 

Styrene oxide [-8-'*C] was used as a model com- 
pound for studying these two pathways of epoxide 
metabolism, since styrene oxide is stable enough to 
study in aqueous assay systems, could be obtained 
labeled with '*C, and has often been studied as a 
substrate for hepatic microsomal epoxide hydrase in 
several species [7]. The unlabeled compound is also 
available, and the compound has comparatively low 
toxicity and carcinogenicity [8]. 


EXPERIMENTAL 


Styrene oxide-8-'*C (sp. act., 0-37 mCi/m-mole) was 
purchased from Mallinckrodt, St. Louis, Mo., and 





*A preliminary report of this work has appeared in 
Pharmacologist 15, 191 (1973). 


187 


diluted where necessary with unlabeled styrene oxide 
purchased from Eastman Organic Chemicals. Glu- 
tathione was purchased from Sigma Chemical Co. 

Glutathione-S-epoxide transferase was assayed by 
measuring the reaction product, in this case S-(2-hyd- 
roxy-l-phenylethyl) glutathione. Incubation — tubes 
were set up at 0° containing 160 wzmoles HEPES (N-2- 
hydroxyethylpiperazine-N’-2-ethane sulfonic acid) 
buffer (pH 7-2 for liver, 7-6 for lung, intestine and 
kidney), 7-5 ymoles glutathione, 0-6 to 1:25 mg soluble 
fraction protein and water in a final volume of 1-45 
ml. Tubes were placed in a bath at 37° and left for 
3-4 min to attain this temperature. The reaction was 
started by adding styrene oxide (1-5 ymoles, 1-5 x 10° 
dis./min) in solution in acetonitrile (50 yl). After an 
incubation time of 5-15 min, the reaction was ter- 
minated by adding 4 ml ethyl acetate and vortex mix- 
ing. Unreacted styrene oxide and any phenyl-1,2-eth- 
ane diol formed were extracted into the organic 
phase, leaving the glutathione conjugate in the 
aqueous phase. The ethyl acetate layer was removed 
and the extraction repeated twice. Thin-layer chro- 
matography of the ethyl acetate phase in chloroform- 
ethyl acetate (1:1, v/v) and radiochromatographic 
scanning of the developed plate showed two spots 
having the same R, values as unlabeled styrene oxide 
(Ry = 0-90) and diol (R, = 0-22) in this system. The 
peak at R, = 0:22, the Ry of the diol, was barely de- 
tectable after incubation of styrene oxide with the 
microsomal supernatant (soluble) fraction (in the 
presence of glutathione). The plates used were pur- 
chased from Analtech Inc., Del., and were coated with 
250 yu of Silica gel G containing fluorescence indi- 
cator. Spots corresponding to unlabeled styrene oxide 
and phenyl-1,2-ethane diol could be seen on these 
plates by viewing under ultraviolet light at 254 nm, 
since both compounds quench the fluorescence of the 
indicator. 
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Paper chromatograms of the aqueous phase (after 
ethyl acetate extraction) were developed in n-butanol 
glacial acetic acid—water (2:1:1, v/v) and scanned for 
'*C. A major peak was seen at R, = 0-58, the same 
position as non-enzymatically synthesized S-(2-hyd- 
roxy-1-phenylethyl)glutathione. In some cases, a small 
peak at R, = 0-68 was also noticed, but no peak 
appeared at R, = 0-88, the R, to which both styrene 
oxide and the diol migrate in this system. The peak 
at R, = 0-68 is probably due to initial breakdown of 
the glutathione conjugate to the cysteinylglycine con- 
jugate. This chromatography was evidence that the 
extraction procedure quantitatively separated the 
reaction product, S-(2-hydroxy-1-phenylethyl)glutath- 
ione, from the substrate and its hydrolysis product; 
hence, the '*C remaining in the aqueous phase after 
extraction was used to calculate glutathione-S-epox- 
ide transferase activities. Specific activities were cor- 
rected for nonenzymatic formation of the glutathione 
conjugate by assaying for conjugation in the absence 
of tissue and for carryover of radioactivity by assay- 
ing a nonincubated blank containing tissue. 

The '*C in the aqueous phase after ethyl acetate 
extraction was counted by washing out the contents 
of the reaction vial with four (2:5 ml) portions of a 
Triton-toluene scintillation mixture. The scintillation 
mixture was prepared by adding | liter Triton X-100 
(alkyl phenoxy polyethoxy ethanol, New England 
Nuclear) to 2 liters of a toluene (Baker analyzed) solu- 
tion containing 16:5 g of 2.5-diphenyloxazole (New 
England Nuclear, scintillation grade) and 0-5 g of p- 
bis[2-(5-phenyloxazolyl) benzene (New England Nuc- 
lear, scintillation grade). 

In order to check that all the '*C added could 
be accounted for, portions (0-5 ml) of the combined 
ethyl acetate extracts for each reaction vial were 
added to 10 ml of the same Triton-toluene scintilla- 
tion mixture. 

All samples were counted in a Nuclear-Chicago iso- 
cap/300 liquid scintillation system using program 2 
(channels ratio method for finding efficiency) as 
recommended by the manufacturer for the system to 
be counted. Appropriate quench curves were set up 
to find the counting efficiency in the presence of water 
or of ethyl acetate and these were used to calculate 
the dis./min for each sample. 

Epoxide hydrase activity was determined by mea- 
suring the conversion of styrene oxide to phenyl-1,2- 
ethanediol according to the method of Oesch et al. 
[5]. The usual incubation conditions were: | pmole 
styrene oxide (added last); 100 ~moles HEPES buffer, 
pH 89; 0-4 yl Tween 80; and 1:5 mg microsomal 
protein in a final volume of 1-0 ml. The reaction was 
carried out at 37° and terminated after 10-20 min 
by vortex mixing with 5 ml petroleum ether. Samples 
for scintillation counting were prepared as described 
for glutathione-S-epoxide transferase. 

Young adult, male, New Zealand white rabbits 
were used having body weights of 2:2 to 2-8 kg. These 
rabbits were obtained from Pel-Freez animal sup- 
pliers (Rogers, Ark.). They were killed by air embo- 
lism (marginal ear vein) between 8:00 and 9:00 a.m.; 
the tissues were removed immediately and placed on 
ice. The proximal 20 in. of small intestine was used 
for routine assay. (Reasons for this limit are given 
in Results.) This portion of intestine was washed with 


distilled water, cut open, and the mucosa scraped and 
used for preparation of subcellular fractions. In later 
experiments, the mucosa was not scraped off, but the 
washed sections were cut up prior to homogenization. 

Washed microsomes were used to assay epoxide 
hydrase and were prepared as follows. A suitable 
weight of the minced organ (all in the case of lung 
and intestinal mucosa) was homogenized in 1-15°% 
KCI-0-:02 M HEPES, pH 7-4, using a Teflon ‘motor- 
driven homogenizer so that | g tissue was suspended 
in a final volume of 4 ml. The homogenate was centri- 
fuged at 600 g for 10 min to precipitate nuclear frag- 
ments and then at 10,000 g for 20 min to precipitate 
the mitochondrial fraction..The post-mitochondrial 
supernatant was centrifuged at 176,000 g for 45 min 
using a 60 Ti head in a Beckman L3-50 ultracentri- 
fuge. This microsomal supernatant fraction (soluble 
fraction) was used to assay glutathione-S-epoxide 
transferase. The pellet was resuspended in 1-15% 
KCI-0-:02 M HEPES and respun at 176,000 g for 20 
min. The washed microsomes were suspended in 
1-:15°, KCl-002 M HEPES to the desired protein 
concentration. 

Experiments to find the K,, and V,,,, values of glu- 
tathione-S-epoxide transferase with respect to glutath- 
ione concentration were performed using soluble frac- 
tion which had been dialyzed for 24 hr against two 
changes of isotonic 002 M HEPES, pH 7-4, to 
remove low molecular weight peptides including glu- 
tathione. In these experiments, the concentration of 
styrene oxide was held at | mM and the glutathione 
concentration varied between 0 and 20 mM. 

In studies where the subcellular distribution of the 
two epoxide-metabolizing enzymes was examined, the 
preparative medium was 0:25 M_ sucrose-0-:05 M 
HEPES, pH 7-4. since this led to less disruption of 
structure as shown by electron microscopy. Protein 
was assayed by the method of Lowry et al. [9]. 

The distribution of epoxide-metabolizing enzymes 
along the intestinal tract was studied by cutting the 
small intestine into 6-in. segments, scraping off 
mucosa, and preparing subcellular fractions for assay 
of glutathione-S-epoxide transferase and epoxide hyd- 
rase. 

The effect of starvation on the intestinal enzymes 
was tested using four groups of three animals each. 
One group was starved for 48 hr, the second group 
for 24 hr and the third group for !2 hr. The fourth 
group was allowed normal access to food and served 
as control. All rabbits had unrestricted access to 
water. 

Another experiment was carried out to determine 
the effect that diet might have on epoxide-metaboliz- 
ing enzymes, especially in intestine. Sixteen 8-week- 
old male rabbits were fed a purified synthetic diet 
obtained from General Biochemicals. The composi- 
tion was as follows: Alphacel (cellulose bulk), 20°,; 
cottonseed oil, 4°,; salt mixture, Hegsted, 4°; suc- 
rose, 37%; vitamin-free casein, 30°; magnesium 
oxide, 0-5°,; potassium acetate, 25°; and vitamin- 
diet mixture, 2°. 

Fifteen control 8-week-old rabbits were fed stan- 
dard NIH rabbit feed A with the following composi- 
tion: alfalfa meal, 38°,; whole wheat, 28-9°,: whole 
oats, 17:75"; soybean meal, 13-25°,; limestone, 1-1°%; 
sodium chloride (iodized), 0-5°,,; dicalcium phosphate, 
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Table 1. Metabolism of styrene oxide in preparations of rabbit liver, lung. kidney and intestine 





Specific activity* 
(nmoles product formed .min~'! 
Epoxide transferase 
(soluble fraction)t 


Total organ activity+ 
(umoles product formed. min '. organ” ') 
Epoxide transferase Epoxide hydrase 
(soluble fraction) 


.mg protein” ') 
Epoxide hydrase 
(microsomal fraction)t 


(microsomal fraction) 


240-3 + 73:3 11:3 + 3-4 
31+06 0-02 + 0-00 
35+05 0:36 + 0-05 
25 + 03 0:39 + 0-10 





Liver 30-5 + 3: 56 +09 
Lung a ‘ 17 + 0-02 
Kidney ‘2 + 2:3 . O01 
Small intestine mucosa 4+0 . 0-7 








* Values quoted are mean +S. D. for six young adult male New Zealand white rabbits. body weight 
2:2 to 2:8 kg. 

+ Total activity was calculated by multiplying the specific activity by the total microsomal or soluble 
fraction protein for that organ and finding the mean +S. D. for each organ. Even assuming that 
only 50 per cent of the endoplasmic reticulum is recovered in the microsomal pellet, total epoxide 
hydrase activity is much lower than total glutathione-S-epoxide transferase activity. especiaily in liver 
and lung. 

t See text for preparation of subcellular fractions. 


0-1°%; Delamix, 0-15°,; vitamin D, and C fortification, 
0-1%. 

Four animals from each of these two groups (puri- 
fied vs regular diet) were sacrificed at 2-week inter- 
vals, and levels of epoxide hydrase and glutathione-S- 
epoxide transferase in liver and intestine were mea- 
sured. Liver and lung microsomal benzphetamine-N- 
demethylase activities were also measured, since it has 
been reported [10] that the pulmonary mixed-func- 
tion oxidases are induced in rats by some vegetable 
components in food. 

Benzphetamine demethylase activity of liver, lung 
and intestinal microsomes was determined as pre- 
viously described [11]. 


RESULTS 


Glutathione-S-epoxide transferase activity was 
found to be localized in the soluble (microsomal 
supernatant) fraction of liver, lung, kidney and intes- 
tinal mucosa of the rabbit. Liver had the highest spe- 
cific activity and kidney } to 4 of the specific activity 
of liver. Lung soluble fraction had about +4 of the 
activity of liver soluble fraction, and intestinal mucosa 
had the lowest activity of those organs studied- 
about 4 of the liver’s activity. Values obtained for six 
typical animals are given in Table |. The total capa- 
city of the organ to metabolize epoxide under the 
conditions of assay used was also calculated and is 
shown in Table 1, but it should be noted that the 
specific activities found under these conditions were 
lower than the V,,,, for epoxide transferase, so these 
may not be maximal turnover rates in vitro. In the 
intact animal, rates of conjugation may also depend 
upon the concentration of glutathione in vivo in the 
various tissues. 

The highest epoxide hydrase specific activity and 
total activity were also found in liver, and this enzyme 
was localized in the microsomal fraction of each tis- 
sue examined, as has been previously reported for 
liver [5]. Intestinal mucosa microsomes had _ the 
second highest specific activity, and kidney micro- 
somes had lower specific activity than intestinal mic- 
rosomes. Lung microsomes had very low epoxide 
hydrase activity—about 35 that of the liver. The total 
activity of lung was about 10°? that of liver; since 
1 mM styrene oxide is an order of magnitude greater 


than the K,, for epoxide hydrase [12], the measured 
activity should have been close to V,,,, and. therefore, 
a good indication of the relative maximal potential 
turnover rates of epoxide hydrase in lung and liver. 
The epoxide hydrase activity of lung microsomes 
could be measured accurately only in the presence 
of 2-3 mg microsomal protein per incubation and 
by using an incubation time of 15 min or longer. 
These conditions of assay would result in hydrolysis 
of more than 50 per cent of the substrate if liver in- 
stead of lung microsomes were used. Epoxide hydrase 
activity in lung microsomes was linear with time up 
to 30 min and with protein between 2 and 6 mg/incu- 
bation vial. Heating lung microsomes to 100° and 
then cooling before assay abolished the epoxide hyd- 
rase activity. Assaying the lung epoxide hydrase acti- 
vity in the presence of 0-5 and 1-0 mM trichloropro- 
pene oxide, a known inhibitor of epoxide hydrase 
[13], gave progressively less product formation, 
although the type of inhibition of the enzyme in the 
lung was not determined. 

Incubating lung microsomes together with liver 
microsomes or with kidney microsomes led to the 
hydration of the same amount of styrene oxide as 
would be expected from the sum of the two separate 
activities in each case, so that the low lung activity 
does not appear to be due to any potent epoxide 
hydrase inhibitor present in lung microsomes. For all 
four organs studied, sonication of homogenate for 10 
sec prior to differential centrifugation almost doubled 
the microsomal protein yield, but led to no change 
in the measured specific activity of either epoxide 
hydrase or glutathione-S-epoxide transferase. 

The rate of formation of the styrene oxide glutath- 
ione conjugate was found to be linear with time up 
to 15 min when catalyzed by liver or intestinal soluble 
fractions and for at least 15 min with lung soluble 
fractions under the conditions used. Epoxide hydrase 
activity was linear with time for 20 min in liver and 
kidney microsomes, for 15 min in intestinal micro- 
somes, and for at least 30 min in lung microsomes. 

Varying the amount of protein added to incubation 
vials did not change the specific activities of glutath- 
ione-S-epoxide transferase measured when up to 45 
mg liver soluble fraction protein was added in the 
1:5-ml reaction volume, or when up to 1'8 mg lung 
or intestinal soluble fraction protein was added in 
the 1-5-ml reaction volume. 
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Table 2. Localization of epoxide-metabolizing enzymes in the kidney 


Medulla 
(nmoles product 
min '.mg protein”') Total medulla activity* 


Epoxide transferase 21-0 + 08 
(soluble fraction) jo , 
Epoxide hydrase 


(microsomes) 1:30 0-14 


(nmoles product 
min '.mg protein’ ') 


Cortex 
Total cortex activity 


: Total kidney activity 


Total cortex activity* 


20°8 + 3:3 §+10 0-17 


0-45 0-004 


* Styrene oxide («moles) conjugated (transferase) or hydrolyzed (hydrase) by the total protein in medulla or cortex 
soluble or microsomal fractions from two kidneys was calculated by multiplying the specific activity by the protein 
yield for that fraction. Results are from one experiment in which three rabbits were sacrificed. Separate values for 
each animal were obtained for the soluble fraction enzyme, and the microsomes were pooled for the epoxide hydrase 
data. In order to verify the distribution of epoxide hydrase between kidney medulla and cortex, the epoxide hydrase 
assay was repeated using cortex and medulla microsomes prepared from the pooled kidneys of three more rabbits, 


and the results were similar to those reported here. 


Epoxide hydrase activity was linear with a microso- 
mal protein concentration between 0:5 and 3-0 mg/ml 
of incubation volume for liver, intestine and kidney, 
and between 2 and 6 mg protein/ml for lung micro- 
somes. 

A relatively even distribution of both glutathione-S- 
epoxide transferase and epoxide hydrase is observed 
along the length of the small intestine, with slightly 
higher activities of both enzymes in segments from 
the proximal 24 in. Mixed-function oxidase activity 
is found to be substantially higher at the proximal 
end [14]. 

The localization of the two enzymes in the kidney 
medulla and coriex is given in Table 2. The specific 
activity of epoxide transferase was about the same 
in medulla and cortex, whereas epoxide hydrase speci- 
fic activity was three times higher in microsomes pre- 
pared from medulla than in microsomes prepared 
from cortex. When the protein yields of the cortex 
and medulla are taken into consideration, 17 per cent 
of the kidney transferase activity is associated with 
the cortex soluble fraction, but only 3 per cent of 
the kidney hydrase activity is present in cortex micro- 
somes. 

Epoxide hydrase was assayed in washed and un- 
washed microsomes, and the slightly higher specific 
activity found in washed microsomes corresponded 
to the slightly lower protein yield in washed micro- 
somes. When calculated per g of tissue, the activities 
were the same in washed and unwashed microsomes. 

Both epoxide-metabolizing enzymes were fairly 
stable at 0-4° under the conditions of preparation 
of tissue employed. When glutathione-S-epoxide 
transferase activity was assayed in soluble fraction 
that had been stored in the refrigerator for 1 day, 
the activity measured was about 90 per cent of the 
activity found when the same soluble fraction was 
assayed immediately after preparation. Thereafter, 
activity fell off gradually with time of storage at 0-4. 


Epoxide hydrase was an unusually stable enzyme, 
especially as compared with microsomal mixed-func- 
tion oxidases. Suspensions of liver or intestinal muco- 
sal microsomes stored in the refrigerator at 0-4° had 
only slightly lower hydrase activity when assayed | 
month after preparation as compared to freshly pre- 
pared microsomes assayed the day the animal was 
sacrificed. Epoxide hydrase activity in liver, intestine, 
lung or kidney microsomes was not affected by heat- 
ing the microsomal suspension at 60° for 5 min prior 
to assay. However, both microsomal epoxide hydrase 
and soluble fraction glutathione-S-epoxide transferase 
activities were abolished by heating at 100° for 5 min. 

When 0-1 M HEPES buffer (final concentration) 
was used, the pH optima of the glutathione-S-epoxide 
transferases were found to be pH 7:2 for liver and 
pH 7-6 for kidney, lung and intestinal mucosa soluble 
fractions (Fig. 1). At pH 8 or greater, the rate of 
nonenzymatic synthesis of the glutathione conjugate 
was high. 

Epoxide hydrase in microsomes had a broad pH 
optimum in the range 6°5 to 10-5 with 0-1 M HEPES 
(pH 6:5 to 9) or Tris (pH 8-6 to 10-5) buffer. Assays 
were usually performed in 0-1 M HEPES at pH 8-9, 
since this pH was quoted as the optimum pH of the 
purified enzyme [12] in the guinea pig. 

Apparent kinetic constants for glutathione-S-epox- 
ide transferase were obtained from the Lineweaver- 
Burk plot by a computerized least squares technique. 
The regression line drawn by the computer was 
weighted according to Cleland [15]. Apparent kinetic 
constants with respect to glutathione were determined 
using | mM styrene oxide concentration in each tis- 
sue. Apparent K,, and V,,,, values for styrene oxide 
were determined at glutathione concentrations of 5 
mM (Table 3). 

The specific activity of epoxide hydrase in small 
intestine or liver microsomes from rabbits maintained 
on the purified diet was not significantly different 


Table 3. Apparent kinetic constants for glutathione-S-epoxide transferase in soluble fraction* 


Variable glutathione? 

(1 mM styrene oxide) 

apparent U 

Tissue (M) 


apparent 


max 


(nmoles. min 


Liver Sx 10 
Lung 21 x 10 
Intestine x 10 
Kidney S51 x 10 


41-2 
103 


3 
4 
4 7.9 
4 


22'5 


' mg protein 


Variable styrene oxidet 
(5 mM glutathione) 
K,, apparent Vinax Apparent 
(M) (nmoles.min~'. mg protein 


Sx 10 
5x 10 
sx 10 

x 10 


* These results are values from one experiment. Repeat experiments gave similar results. 


+ Glutathione concentrations used were 0-05 x 10 


3 to 20 x 10 
t Styrene oxide concentration was varied between 0-08 x 1077 and 20 x 10 


3 M. 
3 M. 
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nmoles. min—' 











Fig. 1. Variation with pH of liver and lung glutathione-S- 
epoxide transferase activities. Key: (A) liver soluble frac- 
tion: nmoles product formed.min~ '.mg of protein™ ', cor- 
rected for nonenzymatic conjugation at each pH. Highest 
specific activity was seen when the incubation mixture was 
at pH 7. (@) lung-soluble fraction: nmoles product for- 
med.min~!.mg of protein™', corrected for nonenzymatic 
conjugation at each pH. Highest specific activity was seen 
when the incubation mixture was at pH 7-4 to 7-6. (O) 
nonenzymatic conjugation: nmoles conjugate formed 
-min-*. 


from that of rabbits on standard feed at any time 
tested (Table 4). Glutathione-S-epoxide transferase in 
liver and intestine soluble fractions tended to be lower 
in rabbits fed the purified diet, but the differences 
were significant at the 5 per cent level (Mann—Whit- 
ney U test) for only three of the eight comparisons, 
namely liver after 6 weeks on the diet and intestine 
after 2 and 4 weeks on the diet. Benzphetamine-N- 
demethylase also tended to be lower in the liver mic- 


epoxide 





. ua o 


nmoles. min.”' mg protein”! 
ou 


20 30 
Hours fasted 











010 50 

Fig. 2. Effect of starvation on epoxide hydrase activity. 
Key: (A) liver, microsomal epoxide hydrase; (@) intestinal 
mucosa, microsomal epoxide hydrase. Values are mean 
+S. D. of four animals. 


rosomes from animals fed a purified diet, but the dif- 
ference was significant at the 5 per cent level only 
after 6 and 8 weeks on the diet. Lung benzphetamine- 
N-demethylase activity was not affected by the diet 
differences. Animals maintained on the purified diet 
gained weight less rapidly than animals fed a standard 
diet, but the lowering of body weight at the time of 
sacrifice was significant only at the 2- and 8-week 
time points. 


Table 4. Effect of diet on styrene oxide metabolism in vitro by various tissues of the rabbit* 





2 (10) 


Weeks on diet (animal age. weeks) 


4 (12) 6 (14) 8 (16) 





Tissue Parameter Regular dict Purified diet 


Regular Purified Regular Purified Regular Purified 





Epoxide hydrase 
(microsomal)t 
Glutathione-S-epoxide 
transferase 

(soluble fraction) 
d-Benzphetamine N- 
demethylase 
(microsomes)* 
Average protein 

yield in microsomest 
Epoxide hydrase 
Glutathione-S-epoxide 
transferase 
Benzphetamine N- 
demethylase 

Average protein yield 
(microsomes) 

Epoxide hydrase 
Glutathione-S-epoxide 
transferase 
Benzphetamine N- 
demethylase 

Average protein yield 
(microsomes) 

Body wt of 

rabbits (kg) 1-92 + 1-66 + 0-04 
No. of rabbits 4 


Liver 


64+ 15 76 + 12 


29-5 275424 
46+06 


13-0 + 43 
ND§ 


Intestine 


64+10 5:5 + 06 60+19 49417 


300+60 246+ +24 


41+13 ae 2+07 8 +09 $3 +03 


15-6 + 38 
ND 


+ 33 
+ 0:02 


i741 + 37 
ND 


208 + 7:1 
ND 
68 + 10 


66 + 68 + 03 


$7 + 1-2 3+ 5:2 + 1-4 
99 
37 


96+ 
33+04 


21 


130 +09 
3-1 +07 


3-1+08 39 + 28 +05 


03+04 07+ 06+01 


18-7 18-0 + 


2-25 + 





*See text for composition of each diet. 


+ Activities are expressed as nmoles product formed.min~'.mg protein™ 


Assays were performed as described in the text. 


t The average protein yield in microsomes is expressed in mg.g wet wt tissue °. 


§ ND means not determined. 


! The value quoted is the mean +S. D. 


1 
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Table 5. Species comparison of epoxide metabolizing enzymes* 


Glutathione-S-epoxide transferase 
mg protein” ') 
Intestine 


(nmoles. min! 


Animal Lung 


7-9 4 
(15) 


65 + 06 44+04 
(15) (15) 
18:6 + 33 246 +2:7 
(9) (9) 
+44 12-8 + 1-1 
(4 pools) (4 pools) 


Rabbit 
(15) 
2365 + 
(9) 
141-8 + 
(4) 


Guirea pig 49-3 


(9) 
389 12-2 


Rat 


* Values are mean +S.D. Number of animals is given in parentheses. 


Kidney 


09 
73:5 + 106 


82-1 + 21-2 


(4 pools) 


Epoxide hydrase 
(nmoles.min~'. mg protein”! 
Lung Intestine 


Liver Kidney 


0-17 + 0-02 
(15) 
0-47 + O12 
(9) 

O21 + 0-06 
(4 pools) 


56 + 03 
(15) 
13-7 + 3-1 
(9) 

49 + 05 
(4) 


1:35 + 0-05 
(15) 
1-06 + 0-32 
(9) 
0-80 + 0-14 
(4 pools) 


0-23 + 0:09 
(4 pools) 


+ Tissue from three rats was pooled for each determination. 


Starvation of groups of animals for up to 48 hr 
also had no effect on the activity of microsomal epox- 
ide hydrase in liver or intestine as compared with 
that of unfasted animals. However, rabbits fasted for 
48 hr had higher microsomal epoxide hydrase activi- 
ties than the group fasted for 24 hr (Fig. 2), even 
though the liver weights and protein yields for these 
two groups were not different. 

A species comparison of epoxide-metabolizing 
enzymes is summarized in Table 5. Both guinea pig 
and rat have higher hepatic enzyme activities of glu- 
tathione-S-epoxide transferase than rabbit. Hepatic 
epaxide hydrase activities are similar in rat and rab- 
bit, while guinea pig has higher activity. The low spe- 
cific activity of epoxide hydrase in rat intestine is con- 
sistent with the results of Oesch et al. [5]. 


DISCUSSION 


This study demonstrates that, in the presence of 
saturating concentrations of glutathione, the specific 
activity of glutathione-dependent S-epoxide transfer- 
ase in rabbit liver soluble fraction was about five 
times the specific activity of microsomal epoxide hyd- 
rase, using | mM styrene oxide as substrate for each 
enzyme (Table 1). In lung under the same conditions, 
the specific activity of the glutathione-S-epoxide 
transferase was about 40 times that of epoxide hyd- 
rase; in kidney, glutathione-S-epoxide transferase 
activity was about eight times higher than epoxide 
hydrase activity. However, the specific activity of glu- 
tathione-S-epoxide transferase in the soluble fraction 
of intestinal mucosa was only slightly higher than the 
specific activity of intestinal mucosa microsomal 
epoxide hydrase. We have not yet attempted to deter- 
mine how this potential activity correlates with the 
actual metabolism in vivo of epoxides in the different 
organs. Presumably, how a particular epoxide is 
metabolized by different organs depends on such fac- 
tors as the stability of the epoxide in the cell environ- 
ment, the relative ability of different tissues to trans- 
form hydrocarbons to epoxides, and the effective level 
of epoxide-metabolizing systems. One would specu- 
late that the balance of these factors is crucial in 
determining localized damage caused by a chemically 
reactive epoxide to the organ, particularly an epoxide 
generated in vivo by the microsomal mixed-function 
oxidases. The comparatively low ability of lung to 
metabolize epoxides, particularly by the epoxide hyd- 





* Unpublished observations in this laboratory. 
*R. M. Philpot. J. R. Bend, M. O. James and J. R. 
Fouts, manuscript in preparation. 


rase pathway, may be a significant factor in the com- 
parative vulnerability of lung toward polycyclic hyd- 
rocarbon carcinogens. 

The preliminary kinetic data for glutathione-S- 
epoxide transferase which are reported here indicate 
that much higher concentrations of epoxides (than 
would normally be present in vivo from the intake 
of foreign compounds) are necessary to saturate the 
enzyme. In addition, the concentration of glutathione 
available in the organ (about 5 mM in liver, but much 
less in other organs)* is of the same order as the 
K,, value for glutathione, at least in the liver. There- 
fore. in the situation in vivo, the rate of glutathione 
conjugation of epoxides like styrene epoxide would 
be lower than the V,,,, value for the enzyme in vitro, 
and would vary significantly with the concentration 
of glutathione in the organ. The amount of glutath- 
ione available in any tissue might be expected to 
affect the toxicity of an epoxide. (This is consistent 
with studies that show increased tissue necrosis by 
epoxides after glutathione depletion [16, 17].) 

The epoxide hydrase activity of intestinal mucosa 
was not altered by feeding a synthetic diet for 8 weeks 
or by starving animals for up to 48 hr, and this agrees 
with our results, to be reported elsewhere,+ that epox- 
ide hydrase is not induced in the rabbit by common 
microsomal mixed-function oxidase inducing agents 
as determined in rats, e.g. phenobarbital and 3-meth- 
ylcholanthrene. 

We found marked species differences in glutath- 
ione-S-epoxide transferase activities betweén rabbit, 
guinea pig and rat when the enzyme was assayed un- 
der the same conditions of substrate and glutathione 
concentration in tissue preparations from these three 
species. We have no information at present as to 
whether this is a reflection of differences in the 
amount of enzyme present, if differences in some 
other enzyme-related factor affect the measurable 
transferase activity, or if completely different enzymes 
are present in these three species. 

The high specific activities of glutathione-S-epoxide 
transferase found in liver suggest that endogenous 
compounds or their analogs might be natural sub- 
strates for this enzyme. For instance, the metabolite 
of ethynylestradiol reported by Bolt et al. [18] could 
have been formed by epoxidation at the 1,2-bond and 
subsequent conjugation with glutathione, catalyzed 
by glutathione-S-epoxide transferase. 

Overall, this study indicates that although liver is 
quantitatively the most important site in the metabo- 
lism of epoxides, intestine, lung and kidney were also 
capable of detoxifying epoxides, since epoxide hydrase 
and glutathione-S-epoxide transferase were found in 
these organs. Lung and intestine provide routes of 
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entry of foreign chemicals into the body, and kidney 
is a route of elimination, so the presence of detoxify- 
ing enzymes in these tissues may be important to the 
defense mechanisms of the body. Ratios of activities 
of glutathione-S-epoxide transferase and epoxide hyd- 
rase are quite different in the organs studied, and this 
may be a contributing factor toward selective tissue 
toxicity after ingestion of xenobiotics which are epox- 
ide precursors. 
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Abstract—3'Chloro-4-stilbazole (CS), an effective inhibitor in vitro of choline acetyltransferase (ChA), 
was tested in vivo in rats and mice. Brain concentrations of CS were measured and were as high 
as | m-mole kg~' 15 min after 0-79 m-mole kg™' of CS was injected ip. in rats. Its half-life is 
about 3 hr, yet no changes in total brain acetylcholine (ACh) or choline (Ch) levels were seen after 
acute injections. However, the rate of synthesis of 7H4-ACh in rat brain after i.v. 7H4-Ch was signifi- 
cantly decreased after doses of 200 or 400 pmoles kg~' of CS. Repeated injections in rats reduced 
the total ACh level to 87 per cent (P < 0-05) of the control level. Atropine sulfate (7-2 umoles kg™ '), 
alone or in combination with CS, reduced rat brain ACh levels to 65 per cent of normal. In mice, 
both total brain ACh and Ch levels were moderately but significantly elevated with an acute intraperi- 
toneal injection of CS. ACh turnover was significantly decreased after doses of 200 or 400 umoles 
kg! of CS, yet it was significantly increased after an injection of 40 zmoles kg~' of CS. It is concluded 
that either ChA is not a rate-limiting enzyme in the biosynthesis of ACh in brain or CS fails to 


gain access to ChA. 


Recently Baker and Gibson [1] described a series of 
4-stilbazole analogs which were inhibitors in vitro of 
choline acetyltransferase (ChA). Of the 43 derivatives 
that were tested, 3’chloro-4-stilbazole (CS) (mol. wt. 
252) was reported to be the most selective in that 
its I<, toward ChA (7-8 uM) was 1/130 that for acetyl- 
cholinesterase (AChE) (1 mM) under the conditions 
used for the assays. Substrate concentrations in vivo 
are not known and effects in vivo cannot be accurately 
predicted from these data, but the apparently high 
selectivity of CS suggested its use in examining the 
role of ChA in regulating acetylcholine (ACh) levels 
in the brain. 

In this report, we describe the results of exper- 
iments intended to examine the effects of CS on brain 
ACh and choline (Ch) levels and turnover in vivo. 
A chemical estimation procedure was devised and 
used to measure CS levels in brain and blood so that 
the concentration dependence of the effects could be 
assessed. A preliminary account of some of this work 
has been published [2]. 


METHODS 


Estimation of 3'-chloro-4-stilbazole 

Brain. The whole brain was removed, weighed and 
homogenized in sufficient pH 7-4 phosphate buffer to 
give a 10%, (w/v) solution. Duplicate 2-0-ml aliquots 
were shaken with 5-0 ml heptane for 10 min in screw- 
cap test tubes, then centrifuged at 3000 rev/min for 
2 min. Three ml of the heptane phase was then 
extracted with 1-5 ml of 0-1 N HCl by shaking for 
10 min. After centrifuging at 3000 for 2 min, the opti- 
cal density of the HCI phase at 330 nm was measured. 
The concentration of CS was determined by means 
of a standard curve prepared by adding known quan- 
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tities of CS to the HCl. The recovery of CS added 
to brain homogenates was 87 per cent. 

The specificity of the assay was established by com- 
paring the u.v. spectra of the HCI extract and authen- 
tic CS in HCl. Metabolic hydroxylation of either of 
the aromatic rings would cause substantial changes 
in the u.v. spectrum of CS. There were no significant 
differences between the spectrum of authentic CS and 
that of the extract from plasma or tissue (Fig. 1). 

Plasma. Blood was collected in heparinized syr- 
inges, transferred to heparinized tubes and centrifuged 
at 4000 rev/min for 20 min. Two-ml aliquots of the 
plasma were assayed for CS in the same manner as 
the brain homogenates. 

CS half-life in brain and plasma. Seventeen male 
Sprague-Dawley rats (150-250 g) were given | ml/kg 


ABSORBANCE 
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300 


WAVELENGTH (nm) 





400 


Fig. 1. Ultraviolet absorption spectrum of authentic CS 

(40 uM) (solid line) and extract of rat brain prepared as 

described in the text (dotted line) after intraperitoneal 

administration of CS (790 umoles kg~'). The ordinate is 
2 absorbance units full scale. 
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i.p. injections of 0-79 M CS. Animals were sacrificed 
at each of the following times after injection: 0:25, 
0-5, 1-0, 1-5, 4, 8 and 24 hr. Mean brain and plasma 
levels of CS were determined as described above. 
Estimation of ACh levels in rats 


ACh and Ch levels after various doses of CS. 


Twenty-eight male Sprague-Dawley rats (175-215 g) 


were divided into groups of at least four each and 
given i.p. injections of one of the following: | ml/kg 
of the vehicle (30°, Solketal in normal saline), 40 
pmoles/kg of CS, 100 xmoles/kg of CS, 200 pamoles/kg 
of CS or 400 pmoles/kg of CS. Twenty min after the 
ip. injection, each rat received 20 uwmoles/kg of *H4- 
Ch i.v. and was sacrificed by decapitation 30 sec later. 
The brains were rapidly removed, frozen in liquid 
nitrogen, and analyzed for 7Hy»- and *H4-Ch and ACh 
by GC/MS [3.4]. 

1Ch levels after repeated injections of CS. Twelve 
rats received CS (790 umoles kg~' i.p.), followed by 
two additional doses of 400 moles kg™' at 4 and 
8 hr after the initial injection. All injections were of 
1 ml kg~' of CS solution in 30°, propylene glycol 
in normal saline. Six control animals received | ml 
kg ' of the vehicle i.p. at the same times as the con- 
trol animals. All animals were sacrificed by decapi- 
tation 9 hr after the first injection. Each brain was 
rapidly removed, frozen in liquid nitrogen and pulver- 
ized. The pulverized material from each brain was 
divided in about half and weighed. One part was used 
for a CS determination and the second for an ACh 
determination. 

ACh levels after repeated injections of atropine or 
atropine plus CS. Six rats received atropine sulfate 
(7:2 umoles kg~') in 1 ml kg~! of normal saline at 
0, 4 and 8 hr. Six rats received the same 1.p. injection 
of atropine sulfate and ip. injections of CS (400 
umoles kg ') at 0, 4 and 8 hr. Four control animals 
received no injections. Hypothermia was prevented 
by placing all animals in a 32° incubator at 0 time 
and keeping them there for 9 hr. They were then sac- 
rificed by decapitation and the brains were treated 
as described in the previous paragraph. 

ACh turnover in mice 

ACh turnover rate was estimated using 251 male 
Swiss-Webster mice (24-30 g) by the method de- 
scribed by Jenden et al. [4.5]. Groups of at least 
four mice each were injected intravenously with 7H,- 
Ch (20 pmoles kg~') 20 min after the intraperitoneal 
injection of various doses of CS. At intervals of 20 
sec, 40 sec, | min, 2 min, 4 min, 8 min, 15 min and 
30 min after the injection of Ch, the animals were 
sacrificed by cervical dislocation and the brains were 
rapidly removed and frozen (20-25 sec) in liquid 
nitrogen. Brains were analyzed for *Hg- and 7H4-Ch 
and ACh by GC/MS [4]. The ACh specific activities 
were plotted serially for each concentration of CS and 
the slopes of the initial rising part of the curves were 
calculated. These initial rates of *H4-ACh increase 
represent various minimum estimates of the rate of 
synthesis of ACh [5S]. The turnover estimates were 
corrected for changes in the specific activity of Ch 
by using the formula dy*/dt = V(x*/x — y*/y), where 
x and y nmoles g ' denote total concentrations of 
Ch and ACh, an asterisk denotes a labeled variant 


and V equals the turnover rate. The empirical equa- 
tion y* = A(e’ “ — e**) was fitted by nonlinear regres- 
sion analysis to each *H,-ACh curve and differen- 
tiated at each point to estimate dy*/dt. Then dy*/dt 
was plotted against (x*/x — y*/y) for each con- 
centration of CS, and the slopes of lines going 
through the origin were used to estimate the various 
values of V [5]. 


RESULTS 
Brain and plasma levels of CS 


The decline in brain levels of CS with time after 
a dose of 0-79 m-mole kg™' is shown in Fig. 2. Thirty 
min after injection, the brain levels of CS were 
690 + 79 (S. E. M.) nmoles g~', while plasma levels 
were 51 + 16 nmoles g'. This approximately 10-fold 
concentration difference was maintained 4 and 8 hr 
after injection. The brain and plasma levels declined 
with a half-life of about 2-7 hr. 


ACh levels after CS 

ACh and Ch levels after various doses of CS. In 
rats, total brain levels of ACh and Ch were not signifi- 
cantly altered 20-5 min after varying doses of CS 
(Table 1). CS significantly lowered *H,-ACh levels 
found in rat brain 30 sec after iv. *H4-Ch (4, 20; 
F = 7-47), while the tendency for CS to decrease 7H,- 
Ch levels was not significant (Fig. 3). The decrease 
in *H4-ACh after CS indicates a reduction in the 
turnover of ACh. 

ACh levels after repeated injections of CS. A signifi- 
cant depression of ACh of 13 per cent (P < 0-05, t = 
2-484) was observed with brain levels of CS at 342 
nmoles/g (Table 2). There was no significant correla- 
tion between ACh levels and CS levels (r = —0-045, 
i= 12) 
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Fig. 2. Mean rat brain levels of CS at various times after 

intraperitoneal administration of CS (790 umoles kg™'). 

Each point represents the average of two or more animals. 

No CS was detected in the brains of four animals sacrificed 
24 hr after the same dose. 
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Table 1. Brain levels of choline and acetylcholine after various doses of CS 





Mean brain levels* 





Dose of CS* 
* (umoles kg~') 


Acetylcholine 
(nmoles g~') 





0 
40 
100 
200 
400 





* Values are the mean +S.E. The number of rats is given in parentheses. 
+ CS was administered i.p. 20 min before 7H4-choline injections. 
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Fig. 3. Average rat brain concentrations of *H,-choline - 


(right scale, A) and *H,-acetylcholine (left scale, O) + stan- 
dard errors, 30 sec after the pulse intravenous injection 
of 7H,-choline (20 ymoles kg~'), as a function of the dose 
of CS given intraperitoneally 20 min before the choline. 


ACh levels after repeated injections of atropine or 
atropine plus CS. Use of atropine to increase ACh 
turnover [6,7] and an incubator to prevent the 
hypothermia previously noted by us [2] resulted in 
a 35 per cent decline in brain ACh in both atropine- 
treated and atropine +CS-treated animals (t = 3-836 
and 4-346, P < 0-01 respectively; Table 3). Depletion 
of total ACh levels after ip. atropine has been noted 
previously [8]. There was no significant difference 
between the two groups of atropine-treated animals 
(t = 0-655, P > 0-05). 


ACh turnover in mice 


In mice, brain levels of both ACh and Ch were 
moderately but significantly elevated at all doses of 
CS from 40 to 400 umoles kg™' (Table 4). These 
changes were independent of the sampling time within 
the range 20-50 min after CS, corresponding to 20 
sec to 30min after the pulse injection of 7H4-Ch. 
The 20-sec curves of 7H,-Ch or ACh vs CS (Fig. 4) 
resemble the 30-sec curves seen in rats (Fig. 3). Turn- 
over of ACh was reduced after the higher dose levels 





on La | 
+ 

5 T 
ne me 


Ee 


n 
°o 
v—v (,w6 jowu) 3NITOHD-"H2 


3° 





i 
° 
7 
E 
oe 
° 
E 
E 
WwW 
= 
a 
° 
x 
Oo 
4 
> 
‘= 
Ww 
Oo 
<q 
' 
< 
= 
N 


1 





0 7* 40 100 

DOSE OF 3-CHLOROSTILBAZOLE (pmol kg™') 
Fig. 4. Average mouse brain concentrations of 7H4-choline 
(right scale, A) and 7H,-acetylcholine (left scale, O) + stan- 
dard errors, 20 sec after the pulse intravenous injection 
of 7H,-choline (20 nmoles kg~'), as a function of the dose 
of CS given intraperitoneally 20 min before the choline. 


Table 2. Rat brain levels of acetylcholine and CS after repeated i.p. injections of CS 





Animals N 


(nmoles ACh + S. E./g brain) 


(nmoles CS + S. E./g brain) 





Controls 6 
cs 12 


17-8 + 0:5 
15-4 + 0-6 


342 + 46 





Table 3. Rat brain levels of acetylcholine and CS after repeated i.p. injections of atropine or atropine plus CS 





Animals N 


(nmoles ACh + S. E./g brain) 


(nmoles CS + S. E./g brain) 





Controls 4 
Atropine sulfate 6 
Atropine sulfate and CS 6 
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Table 4. Brain levels of choline and acetylcholine after various doses of CS 





Mean brain levels* 





Choline 
(nmoles g~') 


Dose of CS* 
(umoles kg” ') 


Acetylcholine 
(nmoles g-') 





0 
40 
100 
200 
400 


15-1 + 03(111) 
17-9 + 0-3£ (31) 
19-7 + 0-3¢ (32) 
168 + 0-5§ (35) 
19-4 + 0-6t (40) 


42:0 + 1-:0(112) 
47-°5 + 1-4§ (32) 
47-4 + 1:3§(31) 
48-9 + 1-1¢ (35) 
53-7 + 2-1¢ (39) 





* Values are the mean +S.E. The number of mice is given in parentheses. 
+CS was given 20 min before *H,-choline injections. 

t Significant difference from control (P < 0-001). 

§ Significant difference from control (P < 0-01). 


of CS, whether this was estimated from the uncor- 
rected rate of formation of 7H,-ACh after the pulse 
injection of 7H,4-Ch (Fig. 5) or whether this was cor- 
rected for changes in the specific activity of Ch in 
the brain (Fig. 6). The latter analysis revealed a sig- 
nificant increase in ACh turnover after lower doses 
of CS and a' progressive decline at higher doses (Fig. 
7). 


DISCUSSION 


The results presented here confirm previous reports 
[2,9-11] that average brain ACh levels are not sub- 
stantially reduced in vivo by prior administration of 
a potent ChA inhibitor. 


The failure of CS to produce a significant decre- 
ment in brain acetylcholine levels was not due to the 
inability of this compound to cross the blood-brain 
barrier or to its pharmacokinetic properties. Analyses 
of plasma and brain showed that CS has a half-life 
in rats of about 3 hr, which is many times the esti- 
mated turnover time of ACh in brain. Moreover, the 
brain concentration was more than ten times the 
plasma concentration, indicating that CS not only 
crosses the blood-brain barrier but is concentrated 


Fig. 5. Average mouse brain concentrations of *H,-acetyl- 

choline + standard errors at various times after the pulse 

intravenous injection of 7H4-choline (20 ymoles kg~ ') after 

0, 200 or 400 pmoles kg~' CS given intraperitoneally 20 
min prior to the choline. 


40 pmol /kg—, 


O pmol / kg 


Fig. 6. Turnover estimates for mouse brain acetylcholine 
estimated according to Jenden et al. [5] after 0, 40 or 
400 umoles kg~ ' CS given intraperitoneally 20 min earlier. 
Choline and acetylcholine concentrations are denoted by 
x and y, respectively; asterisks indicate 7H,-labeled var- 
iants. Slopes of the lines provide estimates of mean acetyl- 
choline turnover rates [5]. The ordinate was estimated by 
differentiation of an empirical curve relating y* and time 
(t), and has the units nmoles g-' min™'. The abscissa is 
dimensionless. 
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Fig. 7. Acetylcholine turnover in mouse brain as a function 

of CS dose administered intraperitoneally 20 min earlier. 

Turnover was estimated as the slopes of lines fitted 

through the origin, as in Fig. 6. Bars indicate standard 
deviations of the slopes. 
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in some component of the brain. Its identity was con- 
firmed by comparison of the absorption spectra of 
brain extracts and authentic CS (Fig. 1). 

CS remained in the brain far longer than the slow- 
est estimate of ACh turnover (11 min) by Jenden et 
al. [5]. However, we examined the effects of repeated 
injections of CS, atropine and atropine plus CS. Even 
under these conditions the ACh levels were reduced 
13-35 per cent. By contrast, hemicholinium-3 has 
been shown to produce an 80 per cent reduction in 
2 hr [12]. 

The rates of 7H,-ACh synthesis after iv. 7H4-Ch 
were compared in rats and mice 20 min after ip. 
doses of CS ranging from 40 to 400 umoles kg"! 
(Figs. 3 and 4). Estimates of the turnover rate of brain 
ACh revealed the decrease which would be antici- 
pated from ChA inhibition, although this only 
occurred after very large doses of CS. The increased 
rate of turnover after lower doses in mice is more 
difficult to explain. It is possible that this reflects an 
atropine-like action of CS [2]. Atropine is known to 
increase ACh release [6,7], but the level of ACh 
would in that case be expected to fall. The weak anti- 
cholinesterase properties of CS may be significant in 
this context [1]. It is perhaps significant that the turn- 
over rate appeared to increase only when the rate 
of ACh labeling in the brain was corrected for the 
decreased specific activity of Ch after CS. Since there 
is now no reliable way to estimate the specific activity 
of Ch in the pool from which ACh is synthesized, 
the average specific activity in the brain was used 
as an estimate of it. However, differential effects of 
a naphthylvinyl-pyridine analog have been reported 
on the high- and low-affinity Ch uptake systems [13], 
and it is possible that CS is also more effective against 
the nonspecific low-affinity Ch uptake. This would 
not impair labeling of the ACh synthesis pool of Ch 
to the degree that the decline in average specific acti- 
vity of brain Ch suggests, and would account for the 
apparent increase in “corrected” but not absolute rate 
of synthesis of ACh which was observed. 

Although some decrease in turnover rate of ACh 
was seen after large doses of CS, this was not as great 
as would be anticipated from the brain levels of CS 
which are obtained by extrapolation from the data 
on rats. Assuming comparable distribution .in the two 
species, a brain concentration of 300 uM would be 


anticipated 30 min after a dose of 400 ymoles kg™'. 
Since the I;9 for CS and ChA is 7-8 uM, the enzyme 
should be almost completely inhibited if distribution 
of CS in the brain is uniform. We conclude that either 
this enzyme is not rate limiting under the conditions 
studied, or CS fails to gain access to the enzyme. In 
view of the lipophilic properties of CS, it seems un- 
likely that it fails to penetrate the cell membrane. 
Since ChA is a soluble enzyme [14]. it would appear 
that CS can reach it, although this might be prevented 
by essentially irreversible binding to lipids. It seems 
more likely that, like several enzymes in the biosyn- 
thetic pathway for catecholamines, ChA is present in 
considerable excess and its partial inhibition is, there- 
fore, without significant functional effect. 
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Abstract—Some properties of a plasma kallikrein inactivator have been studied. It was shown that 
this factor is much more active on glass activated plasma kallikrein than on salivary kallikrein and 
is activated by Cl” ions. A method for the determination of plasma kallikrein inactivator is described. 


Previously [1,2] we described the disappearance of 
kallikrein from horse and human plasma, under con- 
ditions where activated kallikrein was kept in contact 
with the plasma from which it had been adsorbed. 
In human plasma we found that loss of activity is 
very rapid, a fall of 30 and 50° being observed com- 
paring the levels of kallikrein obtained after 30 sec 
of contact with glass beads (considering this activity 
as 100%) with those obtained after 1 and 2 min con- 
tact, respectively. This suggested that the inactivation 
might be due to a kallikrein-inactivating substance 
described by Werle and Schmal [3] in the serum of 
rat and which they thought might be a degrading 
enzyme. These authors also observed its presence in 
human and horse plasma. 

Due to the importance of this inactivator which 
hinders so much the first step in the preparation of 
plasma kallikrein activated by glass we decided to 
- Study some of its properties. 


MATERIAL AND METHODS 


Synthetic bradykinin was kindly supplied by San- 
doz Products Ltd., London. Loss of bradykinin acti- 
vity in the diluted solutions was prevented by the 
addition of oxalic acid in the final concentration of 
10~ 3M, a fresh solution being prepared daily. 

Human plasma, for the assays and purification of 
kallikrein inactivator, was freshly collected and con- 
tained 96 ml of a citric acid—citrate-dextrose mixture 
for each 440 ml of blood. One hundred ml of this 
solution contained 0-80g citric acid, 2:-2g sodium 
citrate and 2:2g dextrose in bidistilled water. The 
blood was collected in the Provincial Bank, the whole 
equipment used for the collection of blood and separ- 
ation of plasma being silicone-treated. 

Heat-treated plasma (HP) was prepared as de- 
scribed previously [2]. Before use this crude substrate 
was always checked to make sure it contained enough 
substrate in the volume used for the measurement 
of kallikrein activity. 

The activity of the kallikrein, after incubation with 
heat-treated human plasma, was measured using iso- 
lated guinea-pig ileum suspended in Tyrode solution 
which contained diphenhydramine and atropine. Its 
activity was expressed in pg equivalents of bradykinin 
released by | mg of enzyme protein [2]. 

Protein was determined by the biuret reaction or 
according to Lowry et al.[4]. 

Glass activated plasma kallikrein (GK), was pre- 
pared as described previously [2], by adsorption on 


and elution from glass beads. For adsorption the 
plasma was shaken for 30 sec with the beads. 
Salivary kallikrein was prepared by centrifugation 
of freshly collected saliva for 20 min at 2500 rev/min. 
Kallikrein inactivator was determined by the 
amount of kallikrein inactivated by a certain amount 
of plasma, GK-plasma supernatant or crude kalli- 
krein inactivator preparations, as described in Results. 


RESULTS 


Preliminary experiments were done to detect the 
presence of the kallikrein inactivator in plasmas from 
which kallikrein had been removed by a 30-sec 
adsorption on a glass surface. These supernatants do 
not contain either detectable amounts of kininogen 
I, which is rapidly hydrolysed after the activation of 
kallikrein, or the released kinins which are consumed 
by the action of the kininase present in the plasma. 
The kallikrein-inactivator activity of these superna- 
tants was determined by following the loss of kalli- 
krein activity after exposure of a GK preparation to 
the supernatants. For this purpose supernatants of 
GK (plasma) or fractions obtained from them after 
chromatography on DEAE-cellulose were incubated 
with GK, at 37°, in the presence of EDTA in the 
concentration recommended by Henriques [5]. At dif- 
ferent periods of time, aliquots of the incubation mix- 
ture were transferred to the ileum bath where their 
GK activity was measured by the amount of kinin 
released from HP. 

The kallikrein inactivator in untreated fresh plasma 
was more difficult to determine as the plasma had 
to be pretreated in order to free it from kininogen 
I. This was done by preincubation with GK. The 
kinin released from kininogen I was hydrolysed by 
the kininase present in the plasma, while the kalli- 
krein inactivator contained in the latter inactivated the 
GK which had been added to comsume the kininogen 
I. The presence of the kallikrein inactivator in the 
incubates could then be measured by further addition 
of known amounts of GK (Fig. 1). 

As we found that the kallikrein inactivating sub- 
stance present in fresh plasma is in an active state 
and its activity is not changed after treatment of 
plasma with glass beads for 30sec, to activate and 
remove kallikrein [2], this supernatant, rather than 
fresh plasma, was used for the studies and separation 
of kallikrein inactivator. 

Effect of dialysis on the activity of kallikrein-inacti- 
vating substance in plasma. Fresh GK_ supernatant 
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Fig. |. Kallikrein inactivating substance in fresh plasma. 
Incubation I. 2 ml of fresh plasma and | ml GK (sp. act. 
10) were incubated for 60 min at 37°. One ml of 6 x 
10°-*M EDTA was then added. 0-2 ml of incubate con- 
tained 2:4 wg GK (glass activated kallikrein) at 0 min. Incu- 
bation II. To one ml of incubate was added more GK. 
0:20 ml of this incubate contained 2-4 yg of the newly 
added GK at 0 min, therefore ‘time of incubation’ under 
incubation II refers to the second addition of GK. HP: 
heat-treated plasma. 


plasma was dialysed against 5 x 10°*M_ sodium 
phosphate, pH 7-4, and its activity compared with 
that of the non-dialysed supernatant. Figure 2 shows 
the loss of activity of the kallikrein inactivator after 
dialysis and the reversibility of its inactivation by the 
addition of NaCl to the dialysed sample, in a final 
concentration of 1°, in the incubate. 

Separation of kallikrein inactivator by chroma- 
tography on DEAE-cellulose. Fresh GK-supernatant 
plasma was dialysed against 5 x 10°*M_ phosphate 
buffer, pH 7-4, at 4. Ten ml of the dialysed solution 
was chromatographed on a microgranular DEAE 
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Fig. 3. (a) Time curve inactivation of glass-activated kalli- 
krein (GK). (b) Time curve inactivation of GK after two 
subsequent additions of GK. The activity is expressed in 
ug bradykinin released from kininogen in heated plasma 
(HP). 


cellulose column (6 x 2cm) equilibrated with the 
same buffer. The flow rate was 10 ml per hr. Fractions 
of 3 ml were collected. After washing the column with 
50 ml of the 5 x 10°3M buffer, a linear gradient was 
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Fig. 2. Effect of dialysis on the plasma kallikrein inactivator. Incubation I. 0:5 ml GK-plasma 

supernatant dialysed against 5 x 10° * M sodium phosphate buffer, pH 7-4 + 0-5 ml water. Incubation II. 

0-5 ml of the same dialysed plasma supernatant + 0-5 ml 4°%% NaCl. 0-5 ml 6 x 10°7M EDTA and 

0-5 ml GK were added to both incubates at zero time. 0-4 ml of the incubates contained 0-1 ml of the GK 
preparation. Br: bradykinin. 
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Fig. 4. Inactivation of salivary kallikrein by plasma kallikrein inactivator. SK: salivary kallikrein. 
Incubation conditions and abbreviations as in previous figures. 


established with 50 ml of the same buffer to which 
50 ml of 0:3M NaCl in the initial buffer were added 
in a LKB gradient mixer. The activity of the kalli- 
krein inactivator started to be eluted when the NaCl 
concentration reached 009M and _ the activity 
appeared in five fractions (15 ml). The most active 
fraction was found to be purified 8 times and 570 pg 
of this fraction inactivated 7:2 ug of a GK preparation 
with a specific activity of 10, within 5 min. 

Time curve inactivation of GK. A partially purified 
preparation of plasma kallikrein inactivator was used 
in a preliminary experiment designed to study the 
kinetics of the inactivator. Using a dilute solution it 
was found that the relation between the time of incu- 
bation and the amount of kallikrein which remained 
active seemed to be linear for up to fifty minutes, 
but the slope seemed to become far less steep after 
the incubation time of twenty minutes (Fig. 3a). This 
decrease in inactivation rate seemed to be due to a 
decrease in substrate concentration (kallikrein) rather 
than to loss of activity of the kallikrein inactivator 
since, at a second addition of kallikrein (Fig. 3b), the 
same initial velocity and the same pattern of time- 
kallikrein inactivation was observed. Therefore the 
change of inactivation rate with time could be due 
to a change in the order of the kallikrein inactivator 
reaction due to a decrease in substrate concentration. 

It should also be added that kallikrein can be 
totally and rapidly inactivated if enough kallikrein 
inactivator is employed; in these experiments no kal- 
likrein activity could be detected even when an ileum 
preparation sensitive to 5 x 10° yg bradykinin was 
utilized to assay the remaining kallikrein activity. 

Inactivation of salivary kallikrein by plasma kalli- 
krein inactivator. One of the active fractions from the 
column described above was incubated with salivary 
kallikrein in a parallel experiment in which the same 
fraction was incubated with glass activated plasma 
kallikrein. In Fig. 4 it can be seen that half the 
amount of kallikrein inactivator necessary to inhibit 
20% of the salivary kallikrein in 16 min or 50%, in 
63 min, was able to inhibit 80°, of the GK in 10 
min. 


DISCUSSION 


In 1958 Margolis [5] showed that kallikrein is very 
rapidly inactivated in plasma and presented data indi- 
cating the presence of an inactivator of kallikrein in 
human, dog and rabbit plasma. In 1968 Werle and 
Schmal [3] described a kallikrein degrading enzyme 
in rat serum. Our attention to this subject has been 
called by the finding that the longer the period of 
shaking of plasma with glass beads for kallikrein acti- 
vation and adsorption [2], the smaller the specific 
activity of the kallikrein eluted from the beads. It de- 
creased 10-15 times from respectively 30 sec to 10 
min of contact with shaking. 

In this preliminary report we present data indicat- 
ing that the kallikrein inactivator from human plasma 
may be similar to the kallikrein-degrading enzyme in 
rat serum described by Werle and Schmal [3]. It is 
difficult to compare our results with theirs as we 
determined the kallikrein remaining after incubation 
with kallikrein inactivator using guinea-pig ileum 
while they used the blood pressure of anesthetized 
dogs. Werle and Schmal found that rat kallikrein acti- 
vator was not affected by dialysis but we found that 
human plasma inactivator was activated by Cl” ions, 
since it lost activity by dialysis but was fully reacti- 
vated by the addition of NaCl. 

We also found that the inactivation of salivary kal- 
likrein by human plasma kallikrein inactivator was 
not inhibited by soybean trypsin inhibitor while 
Werle and Schmal [3] observed the inhibition of rat 
kallikrein-degrading enzyme by this trypsin inhibitor. 
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Bradykininase activity of aloe extract 


(Received 13 May 1975; accepted 8 August 1975) 


Aloe (Aloe arborescens Mill var. Natalensis Berger) has 
been used as folklore medicine for centuries, especially 
for skin injury and burns. However, critical pharmacologi- 
cal evidence to justify its therapeutic use as an anti-inflam- 
matory agent for the promotion of healing is still lac- 
king[1]. As pharmacclogical evidence for the anti-inflam- 
matory action of aloe, we have found that aloe extract 
contains bradykininase activity. 

The exudate from fresh leaves of aloe was filtered th- 
rough ultra-filtration membranes, and the fractions con- 
taining the components of molecular weights higher than 
10,000 were lyophilized. The lyophilized powder was dis- 
solved in water to make a concentration of 30 mg of the 
aloe nowder/ml. Synthetic bradykinin was purchased from 
the Protein Research Foundation, Osaka. 

Bradykininase activity was estimated by biological assay 
on the guinea pig ileum as described by Takeya et al[2]. 
Synthetic bradykinin (10 zg/ml in final concentration) was 
incubated in 10mM phosphate buffer, pH 7-3, with aloe 
extract at 30°C. The reaction was terminated by boiling 
at 90°C for 10 min, and after centrifugation, | ml of the 
incubation mixture was added into the assay mixture for 
bradykinin. 

A 1-2 cm segment of guinea pig ileum was suspended 
in a water bath containing 9 ml of Tyrode solution. The 
contractile response of the segment was recorded by a me- 
chanoelectric transducer. The estimation of bradykinin in 
the reaction mixture was made by assaying the response 
against a standard solution of bradykinin. 

The product from bradykinin after incubation with aloe 
extract was analyzed by high voltage paper electrophoresis 
at pH 3-5 in pyridine/acetic acid/water (1:10:89, by vol.) 
at 3,600 volts for 20 min. The amino acid composition 
was analyzed by two-dimensional paper chromatography 
(n-butanol/acetic acid/water (120:30:150, by vol.), and 
phenol/ammonia (200:1, v/v) as solvents). 
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Fig. 1. Inactivation of bradykinin by aloe extract. Brady- 
kinin was incubated with aloe extract (a fraction containing 
substances of molecular weights higher than 10,000) at 
30°C for 60min, and the remaining bradykinin was 
assayed as described in text. The contraction of guinea 
pig ileum was measured. (1) Standard, 1 wg bradykinin; 
(2) incubation with aloe extract (1 mg); (3) incubation with 
aloe extract boiled for 10min; and (4) standard, 1 pg 
bradykinin. 


As shown in Fig. |, incubation of bradykinin with aloe 
extract containing the components of mol. wts. higher than 
10,000 greatly reduced the amount of bradykinin. In con- 
trast, boiled aloe extract did not reduce the bradykinin 
concentration during the incubation. The result suggests 
that aloe extract contains bradykininase activity. Aloe ex- 
tract alone had no effect on the guinea pig ileum. However, 
the fraction of aloe extract containing substances of mol. 
wt. lower than 10,000 caused contraction of the ileum. 

When bradykinin was incubated with aloe extract its 
activity decreased almost linearly with time for 60 min, 
after an initial lag period of about 5 min. 

The products formed from bradykinin by incubation 
with aloe extract were analyzed by high voltage paper 
electrophoresis of the supernatant after boiling the incuba- 
tion mixture for 10 min and centrifuging. In the reaction 
mixture with aloe extract, three ninhydrin-positive spots 
were observed. The middle spot migrated together with 
authentic bradykinin and was shown to have the same 
amino acid composition as bradykinin. This spot alone 
was observed with blank incubations without aloe or 
without bradykinin during incubation. 

The other two ninhydrin-positive spots were eluted from 
unstained paper strips, hydrolyzed in acid, and the amino 
acid compositions were examined by paper chroma- 
tography. The fast-moving product was shown to be com- 
posed of Arg, Pro, and Gly, and thus corresponds to Arg'- 
Pro?-Pro?-Gly*. while the slow moving product was 
shown to be composed of Phe. Ser, Pro, and Arg, and 
thus corresponds to Phe*-Ser°-Pro’-Phe®-Arg®. The results 
indicate that aloe bradykininase may hydrolyze bradykinin 
mainly between Gly* and Phe?. 

Stem bromelain, a plant peptidase from the pineapple 
stem, was also reported to have bradykininase activity, and 
it hydrolyzes bradykinin between Gly* and Phe* and be- 
tween Phe*® and Arg® [3.4 and personal communication 
from Dr. T. Shigei]. Thus the enzyme in aloe may attack 
the peptide in a similar way as stem bromelain. The poss- 
ible anti-inflammatory actions of the aloe bradykininase 
in vivo remains for further investigation. 
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Potential bioreductive alkylating agents—VI. Determination of the 
relationship between oxidation-reduction potential and 
antineoplastic activity 


(Received 24 February 1975; accepted 6 June 1975) 


The design. synthesis and antitumor activity of a number 
of naphthoquinone and benzoquinone derivatives contain- 
ing a side chain capable of alkylation after reduction have 
been reported in a series of experiments [1-5]. The naph- 
thoquinone derivatives of this series appear to have a 


broader antineoplastic spectrum of activity, producing sig- 
nificant prolongation of the survival time of mice bearing 
either Adenocarcinoma 755 or Sarcoma 180, while benzo- 
quinone derivatives are. in general, only active against the 
more sensitive neoplasm, Adenocarcinoma 755. 


Table |. Oxidation-reduction potentials and antineoplastic activities of bioreductive alkylat- 
ing agents 





Compound 


Antitumor 
E, 2 (volt) activity* 





1@] 
R2 


CH,OAc CH, OAc 
O 


CH,Cl NHCC,H, 
CH,Cl C,H; 
CH,Cl SCH,CH, 
CH,Cl 

CH,Br 

CH,Br 

CH,Cl 

CH,Cl 

CH,Cl 

CH,Cl 

Mitomycin C 


—():24 
—0-23 
—0-22 
—(0-32 
—0-31 
—0-28 
—0-29 
—()-27 
—(-25 


— (0-23 

—0:28 + + 
—(0-27 ++ 
— (0-23 ++ 
—0-24 ++ 
—(0:25 ++ 
—0-31 + 
—()-28 + 
~():26 ++ 
—()-28 - 
—()-44 +++ 





* The relative potency of the various agents against Sarcoma 180 ascites cells is expressed 
by symbols —, +. ++ and +++. The + represents a T/C value within the range of 
1:5 to 1:9, ++ is equivalent to a T/C of 2:0 to 2:5 and +++ a T/C of 3-0; — indicates 
a compound with a T/C of 1:2 which is considered to be inactive. T/C represents the ratio 
of the survival time of treated to control animals. 


+ Unpublished data. 
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This class of compounds has been hypothesized to re- 
quire reductive activation in vivo [6], in a manner analo- 
gous to that described for mitomycin C [7-9]. Thus, an 
NADPH-dependent reductase enzyme system(s) is envi- 
sioned to convert the quinones to their corresponding di- 
hydroquinones which are relatively unstable and decom- 
pose to form o-quinone methides. These reactive interme- 
diates presumably then act to alkylate DNA and other 
critical cellular components. Chemical evidence has been 
obtained to substantiate the formation of an o-quinone 
methide intermediate in the reductive (NaBH,) amination 
of 2,3-dimethyl-5.6-bis(acetox ymethyl)-1,4-benzoquinone 
by aniline and morpholine [10]. 

The hypothesis of bioreductive activation of these mater- 
ials necessarily requires strict structural properties to allow 
the generation of an o-quinone methide, as well as a redox 
potential that is compatible with biological activation. Ear- 
lier studies [1,2] on structure—activity relationships de- 
monstrated that essentially all compounds possessing the 
quinone ring and an appropriate side chain(s) exhibited 
antitumor activity, whereas compounds with a side chain(s) 
ultimately capable of alkylation, but without the quinone 
nucleus or vice versa, were totally devoid of antineoplastic 
potency. These findings were interpreted to indicate that 
these molecules were unable to generate the required o- 
quinone methide. In this communication the oxidation-re- 
duction potentials of a variety of derivatives of this class 
were measured; evidence is presented to indicate that a 
reasonable correlation exists between the redox potentials 
of the quinones of this class and their activities as antitu- 
mor agents. 

The reduced forms (i.e. the dihydroquinones) of the 
quinones of this class are unstable; therefore, redox po- 
tentials were determined by measurement of the half-wave 
potential (E,,) of the quinones using a polarographic 
method [11.12]. A Heath polarographic system 
(EUW-401) was employed using a saturated calomel elec- 
trode as the reference standard. The potential was ascer- 
tained in a solvent mixture containing 0-05 M phosphate 
buffer (pH 7) and isopropyl alcohol (1:1. v/v) plus 0-2 M 
KCl as the supporting electrolyte. Since the solubility of 
these quinones in this solvent system is relatively low, a 
saturated solution of each of these compounds was used 
for the measurement of E, 5. Each solution was saturated 
with nitrogen for 15 min prior to analysis and maintained 
under nitrogen during the polarographic determinations. 

The antitumor effects of these quinones on Adenocar- 
cinoma 755 and Sarcoma 180 have been reported pre- 
viously [1-5]. The former tumor line was especially sensi- 
tive to the members of this series of compounds (i.e. both 
benzo- and naphthoquinone derivatives were extremely ac- 
tive), a situation which prevented effective discrimination 
between the various agents; therefore, the growth inhibi- 
tory activities of the optimal levels of these compounds 
against Sarcoma 180 were used to relate the magnitude 
of the redox potential to anticancer potency. 

The results shown in Table | indicate that benzoquinone 
derivatives possessed higher (less negative) redox potentials 
than naphthoquinones and in general were inactive against 
the Sarcoma 180 test system. The oxidation-reduction po- 
tentials of all of the naphthoquinones examined fell into 
a relatively narrow range +0:1 volt) and the differences 
between these materials with respect to antitumor activity 
against Sarcoma 180 ascites cells were only slight. Mitomy- 
cin C, which is a more potent inhibitor of the growth of 
Sarcoma i180 than the benzo- and naphthoquinones of this 
series [13], possessed a more negative redox potential 
(—0-44 volt) than the benzo- or naphthoquinones tested. 

The findings indicated that. with this class of molecules, 
the compounds with the lower (more negative) redox po- 
tentials generally possessed the most potent antitumor 
properties. Exceptions appeared to be 2-benzamido-3- 
chloromethyl-1,4-naphthoquinone, which was _ inactive 


against this neoplasm, yet possessed a redox potential si- 
milar to those of the other active naphthoquinones, and 
2,3-bis(chloromethyl)-5,6-dimethyl-1.4-benzoquinone which 
was a weak inhibitor of the growth of Sarcoma 180. even 
though its redox potential was relatively high. Since an- 
tineoplastic efficacy was determined by measurement of the 
prolongation of the life span of tumor-bearing mice caused 
by these agents, other pharmacological and biological par- 
ameters, in addition to bioreductive activation (i.e. drug 
uptake, distribution, metabolism and toxicity). obviously 
contribute to the ultimate expression of cancer inhibitory 
capabilities. Quinones with higher redox potentials would 
be expected to be reduced more readily and thereby be 
more reactive than those with lower potentials. Thus, ben- 
zoquinone derivatives may be activated before reaching 
susceptible cellular target site(s) in neoplastic cells. thereby 
resulting in more random alkylations. Evidence for an ana- 
logous phenomenon was reported for nitrogen mustards 
containing various halogenated leaving groups [14]. In this 
instance, chloro or bromo analogs of nitrogen mustards 
possessed better antitumor activities than fluoro or iodo 
analogs, a finding that was interpreted as indicating that 
the chloro and bromo groups possessed relatively optimal 
leaving properties as compared to fluoro and iodo groups, 
which were poorer and better leaving groups, respectively, 
a property influencing the extent to which various biologi- 
cal molecules would be alkylated. 

Since it is probable that an optimal redox potential ex- 
ists for maximum antitumor potency of bioreductive alky- 
lating agents, the findings encourage the design and prep- 
aration as antineoplastic agents of new quinones with even 
lower redox potentials. 
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Properties of catechol-O-methyl transferase in soluble and particulate 
preparations from rat red blood cells 


(Received 14 November 1974; accepted 16 May 1975) 


Catechol-O-methyl transferase (COMT) (EC 2.1.1.6) inacti- 
vates catecholamines by O-methylation [1]. Red blood 
cells incubated with norepinephrine form the O-methylated 
product~ normetanephrine [2]. Initially, COMT was 
thought to exist exclusively in the cytoplasm [3.4]. but 
recent reports have indicated that O-methyl transferase ac- 
tivity has also been detected in the particulate fraction of 
several tissues including brain, red blood cells and liver 
[5-7]. In addition, recent studies have indicated that at 
least two forms of COMT exist in rat red blood cells [5]. 
In the present study, we compared the K,, and pH optima 
of COMT in preparations from the particulate and soluble 
fractions of rat red blood cells. ‘ 
Preparation of soluble and particulate enzymes. Hepar- 
inized blood was centrifuged at 1000g at 4 for 10 min. 
The plasma was removed by aspiration and discarded. The 
red blood cells were lysed by hypo-osmotic shock, i.e. by 
diluting 10-fold with ice-cold 5 x 10°* M dithiothreitol 
(DTT). After standing on ice for 10 min with intermittent 
shaking. the lysed red cells were centrifuged for 20 min 
at 2000 g. The supernatant was used as the soluble enzyme 


preparation. The pellet was then washed four times by re- 


suspension in a volume of DTT (5 x 10° * M) equivalent 
to that used to lyse the red cells. (No measurable enzyme 
activity was present after the third wash.) The resuspended 
pellet was then shaken vigorously and centrifuged at 2500 g 
for 10 min. After discarding the supernatant of the final 
wash, the pellet was resuspended in 0-002 M_ phosphate 
buffer. pH 7:8. containing 0-1°,, Triton X-100 and 5 x 1074 
DTT in a volume equivalent to the original volume of 
red cells. The resuspended pellet was then vigorously 
shaken on a vortex mixer for 3 min and centrifuged at 
2000 g for 10 min. The resulting supernatant was used as 
the particulate enzyme preparation. 

Enzyme assay. The incubation mixture expressed as final 
concentrations contained 4 x 10°? M_ potassium phos- 
phate buffer (pH 7:8). 8 x 10°* M magnesium chloride. 
2 x 10°° M ['*C]methyl-S-adenosyl methionine (sp. act. 
2:5 mCi/m-mole obtained from ICN Nuclear, Cleveland, 
Ohio), | x 10°* M 3.4-dihydroxybenzoic acid (DBA) and 
0-2 ml enzyme preparation in a total volume of 0-5 ml. 
After incubation at 37 for 20 min, the reaction was 
stopped with 0-1 ml of 3 N hydrochloric acid. Blanks to 
correct for methanol-forming enzyme activity contained all 
reagents except DBA. The '*C-methylated products were 
extracted into 25 ml toluene isoamyl alcohol (7:3, v/v). 
After shaking for 5 min on a horizontal mechanical shaker, 
the tubes were centrifuged at 600g for 5 min and the '*C- 
methylated products were determined by liquid scintilla- 
tion spectrometry. The reaction of DBA with either the 
soluble or particulate enzyme preparation was linear for 
at least 80 min at all concentrations of DBA. 

In order to control for nonspecific effects of the deter- 
gent on the physical or chemical properties of the enzyme 
preparation from the particulate fraction, in experiments 
measuring substrate kinetics, the enzyme preparation from 
the soluble fraction was diluted to approximately equal 
activity as the particulate enzyme preparation using the 
same Triton-containing buffer as was used to solubilize 
the particulate enzyme preparation. 


Statistics. Student’s t-test (two-tailed) was used to com- 
pare differences between soluble and particulate enzyme 
activity. 

In order to determine the optimal pH for each enzyme 
preparation, the pH was varied from 6:7 to 8-7. Data pre- 
sented in Fig. | indicate that the activity of the soluble 
enzyme preparation was optimal within the range of pH 
7-9 to 8:3, while the activity of the particulate enzyme prep- 
aration was optimal within the range of pH 7-9 to 8:1. 
A striking feature of the pH curves is the relative stability 
of the particulate enzyme preparation within the lower pH 
range. For instance, at pH 7:1, the activity of the particu- 
late enzyme preparation declined from the maximal ac- 
tivity by only 25 per cent. At a similar pH, the activity 
of the soluble enzyme preparation declined from maximal 
activity by 60 per cent. Thus, while the enzyme activity 
of both preparations appears to have similar pH optima, 
the enzyme activity of the particulate preparation was less 
sensitive to alterations in pH than was the enzyme activity 
of the soluble preparation. 

In contrast to the results reported here, a difference in 
pH optima was observed by Assicot and Bohuon [5]. 
However, the discrepancies between the results of Assicot 
and Bohuon and those reported here are restricted to the 
pH optimum of the particulate enzyme preparation. While 
several factors may explain this discrepancy, such as differ- 
ences in the concentrations of detergent or other differ- 
ences in the preparation of membrane-bound enzyme, it 
should be pointed out that at the optimal pH (7-0) reported 
by Assicot and Bohuon, we have observed 75 per cent 
of maximal activity, while at the optimal pH reported here 
(7-9 to 8-1), Assicot and Bohuon report approximately 80 
per cent of maximal activity. Thus, both studies seem to 
indicate that the particulate enzyme preparation is rela- 
tively stable over a broad pH range. 


Particulate 
Enzyme 


\ 
\ 
Soluble 
Enzyme 


CPM (e---0) 


pH 
Fig. 1. Activity of soluble and particulate COMT as a 
function of pH. Soluble enzyme preparations (O O). 
equivalent to 8 yl red blood cells, and particulate enzyme 
preparations (@ @). equivalent to 80 4 red blood cells, 
were incubated with 3.4-dihydroxybenzoic acid (1 x 10°? 
M) for 20 min as described in Methods. Results are ex- 
pressed as cpm/enzyme preparation/20 min. Each point 
represents the mean of six determinations. 
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Fig. 2. Lineweaver-Burk plots of soluble and particulate 
COMT activity and substrate concentration. The concent- 
ration of substrate, 3.4-dihydroxybenzoic acid, was varied 
from 5 x 10°° M to | x 10°37 M. Particulate enzyme 
preparations, equivalent to 80 yl red blood cells, and sol- 
uble enzyme preparations, equivalent to 0:5 yl red blood 
cells, were incubated with appropriate concentrations of 
substrate for 10 min as described in Methods. Velocity 
is defined as cpm/ml of RBC/10 min. Each point represents 
the mean + standard error of four determinations. 


In order to determine the apparent Michaelis constants 
for the two enzyme preparations using DBA as a substrate, 
double reciprocal Lineweaver-Burk plots were drawn. As 
shown in Fig. 2, the apparent K,, for the particulate en- 
zyme preparation (4-7 + 0:70 x 10° * M) was significantly 
lower (P < 0-005) than the apparent K,,, of the soluble en- 
zyme preparation (1:7 + 0:20 x 10°* M), indicating that 
the particulate enzyme preparation had more than three 
times the affinity for the substrate (DBA) than did the sol- 
uble enzyme preparation. These results confirm earlier 
studies of Assicot and Bohuon [5]. 

These investigators also found that the enzyme activity 
in the particulate enzyme preparation was more heat labile 
than was the activity in the soluble enzyme preparation 
[5]. Similar results have been obtained in our studies [8]. 

While several differences between the two enzyme prep- 
arations have been noted, some similarities have also been 
observed. As described above, the two enzyme prep- 
arations have similar pH optima (Fig. 1), and previous 
studies have indicated that the enzyme preparations have 
similar substrate specificities as well as similar Michaelis 
constants for lower concentrations of magnesium [8]. 

After partial purification, soluble COMT has been 
shown to exist in two forms [9]. Thus. it is possible that 
the activity obtained from the particulate enzyme prep- 
aration represented one of the soluble forms that may have 
attached to membranes or to fragments of membranes. On 
the other hand, it is possible that a distinct particulate 
enzyme may exist in red blood cells. Support for the latter 
possibility comes from the findings of Assicot and Bohuon 
[5] who demonstrated that antibodies to partially purified 
hepatic soluble COMT almost completely inhibited 
COMT activity from the soluble fraction of red blood cells 
while only barely affecting the enzyme of the particulate 
fraction. However, additional studies involving purification 
will be necessary to resolve this question. 
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A synaptosomal enzyme has also been demonstrated in 
the central nervous system [6]. However. further studies 
will be required to determine whether the physical and 
chemical properties of the particulate enzyme in the red 
blood cell resemble those of the synaptosomal enzyme. 
Since there are indications that at least some COMT acti- 
vitity occurs postsynaptically [10,11] and that the enzyme 
may be associated with adrenergic receptors [12], if a dis- 
tinct membrane-bound enzyme does exist it may be ex- 
pected that such an enzyme would be more closely related 
to this receptor than would a soluble enzyme. 

Several investigators have examined soluble red blood 
cell COMT activity in various psychiatric disorders 
[13-15]. One study observed a reduction in soluble red 
blood cell COMT activity in female patients with primary 
affective disorders [13], while another study noted that 
the K,, (for DBA) of the soluble COMT was higher in 
patients with paranoid schizophrenia than in patients with 
other psychiatric disorders or controls [15]. Further 
studies will be required to determine if a membrane-bound 
enzyme can be identified in human red blood cells. since 
measures of the activity or kinetic properties of this en- 
zyme may be of further interest in biochemical studies of 
patients with various psychiatric and addictive disorders. 
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Effect of glucagon and its 1-23 peptide fragment on 


lipolysis in isolated rat and human fat cells 


(Received 14 July 1975; 


Glucagon has been shown markedly to stimulate the in 
vitro release of glycerol and free fatty acids from adipocytes 
of several species including rat [1,2,3] and chicken [4] 
while the sensitivity of human adipose tissue is said to 
be relatively poor [5, 6, 7]. Recent in vivo studies on struc- 
ture-function relationships of glucagon and its peptide 
fragments have suggested that for man the structure re- 
sponsible for lipolysis is contained within the 1-23 amino 
acid sequence of glucagon [8]. 

The present: experiments were performed in order to 
compare the in vitro lipolytic activity of glucagon and its 
1-23 peptide fragment on rat and human adipocytes. For 
this purpose isolated fat cells were prepared either from 
the epididymal adipose tissue of male Wistar rats (150-200 
g wt.) or from human subcutaneous adipose tissue (oper- 
ation material) according to the procedure by Rodbell [9], 
essentially as modified by Schwabe et al. [10]. Suspensions 
of fat cells made of 50,000 cells/ml in Krebs-Ringer bicar- 
bonate buffer, pH 7:4, containing 2°, bovine serum albu- 
min (Behringwerke, Marburg/Lahn, Germany) and 0-1°% 
glucose were incubated in a metabolic shaker at 37°C in 
the presence of 0, 1, 10, 100, and 1,000 ng/ml of natural 
crystalline porcine glucagon—molecular weight 3485 (Eli 
Lilly Co., Indianapolis, USA)}—or the 1-23 peptide frag- 
ment—molecular weight 2,706—of glucagon as synthesized 
by the conventional method described in detail by Wiinsch 
and Weinges [11]. Gas phase was 95% O, + 5% COs. 
Epinephrine (10° °M) was used as control in each exper- 
imental series to check the sensitivity of the cells. Incuba- 
tions were stopped after 1 hr (rat fat cells) or 4 hr (human 
fat cells), respectively, by cooling to 0°C followed by centri- 
fugation at 4°C. In the aqueous phase, glycerol was deter- 
mined enzymatically according to Eggstein and Kuhlmann 
[12]. The results were analysed statistically by means of 
Student’s f-test, and differences were regarded significant 
if P was 0-05 or less. 

Epinephrine (10° *M) enhanced glycerol release from rat 
and human isolated fat cells from 018 +001 to 


rat isolated fat cells 
+ oe 
o—o 


glycerol, pmole/t0® cells -1H (SEM) 








it 
7 10 100 ng/mi 
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1:74 + 0:23 umoles of glycerol/10° cells, hr (966°, increase) 
and from 0-12 + 0-01 to 0:25 + 0-03 moles of glycerol/10° 
cells, 4 hr (211°, increase), respectively: (P < 0-001). In 
human adipocytes the lipolytic effect of glucagon and its 
1-23 peptide fragment was weak. The glycerol release sig- 
nificantly exceeded the control values only at the high con- 
centration of 1,000 ng/ml. There was no significant differ- 
ence between the lipolytic effectiveness of both compounds 
(Fig. 1, right). On rat adipocytes both glucagon and its 
1-23 fragment were much more effective than on human 
fat cells. Maximum lipolytic response was achieved at a 
concentration of 10 ng/ml. The 1—23 fragment was, how- 
ever, considerably less potent than the whole molecule 
(Fig. 1, left). 

These in vitro experiments support the hypothesis—as 
originally suggested by Assan and Slusher [8] due to their 
in vivo studies-that in man the lipolytic potency of gluca- 
gon can be fully mimicked by the 1-23 peptide fragment 
of the glucagon molecule. In rats, in which glucagon exhi- 
bits a much greater lipolytic activity than in man, the full 
effect can be achieved only with the complete molecule. 
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Metabolic N-oxidation of secondary and primary aromatic amines as a route to 
ring hydroxylation, to various N-oxygenated products, and to dealkylation of second- 
ary amines 


(Received 19 May 1975; Accepted 8 August 1975). 


We now propose a general metabolic N-oxidation complex 
leading to the nitroso compound and to p- and o-ring hyd- 
roxy derivatives of aromatic amines and also by further 
metabolism to the hydroxylamine from the amine. The in- 
volvement of a similar complex and scheme explains the 


metabolism of N-alkyl-aromatic amines to yield secondary 


and primary -hydroxylamines, nitrones and ring hydroxy 
amines. 

The schemes are analogous to those proposed by us 
[1] for the metabolism of primary and secondary aliphatic 
amines but with some differences because of the involve- 
ment of the aromatic ring for aromatic amines. 

It is probable that the same enzymes are involved in 
the oxidation of both the aromatic and aliphatic primary 
and secondary amines; the evidence is as follows: 

(a) Aromatic primary and secondary amines of various 
types e.g. p-chloroaniline, phenothiazine, 2-chloropheno- 
thiazine, 1-naphthylamine and iminodibenzyl inhibited the 
microsomal N-oxidation of phentermine (Beckett et al. un- 
published) and the latter inhibited the microsomal oxi- 
dation of a range of diverse aliphatic primary and second- 
ary aliphatic amines [1]. 

(b) The secondary aromatic amines, N-methyl- and N- 
ethyl-aniline are metabolised by microsomes to the pri- 
mary hydroxylamine, phenyl-hydroxylamine, faster than is 
their parent primary amine, aniline [2]; similarly the 
secondary aliphatic amine, mephentermine, is metabolised 
faster to the primary hydroxylamine than is the primary 
aliphatic amine, phentermine [1]. 

(c) The inhibitor of oxidation of C located « to basic 
N atoms or of ring oxidation i.e. SKF 525A did not inhibit 
the microsomal formation of nitrosobenzene from N-alkyl- 
anilines [3], nor did it inhibit greatly the N-oxidation 
of the aliphatic amines, phentermine or mephentermine 
[1]. 

The proposed scheme for the N-oxidation for primary 
amines and the subsequent reactions is shown in Fig. 1. 
One of the electrons from the N lone pair is transferred 
to convert oxygen in the triplet state to the singlet state 
via the mediation of a flavoprotein; the complex of the 
nitrogen radical cation with the flavoprotein/oxygen (II) 
is formed. Two routes for change of II are available. One 
involves reduction of the complex to form the complex 
Ili containing the anion radical with the reduced flavo- 
protein. This complex (III) then produces the zwitterion- 


reduced flavoprotein complex (IV); reduction within the 
complex of the zwitterion directly to VI or after proton 
rearrangement to give the N-hydroperoxide complex (V), 
yields the primary hydroxylamine (VII) with regeneration 
of the flavoprotein and elimination of water. The oxygen 
atom of the primary hydroxylamine (VII) is then derived 
from atmospheric oxygen. 

The other route from II involves dissociation of the com- 
plex to give flavoprotein and the zwitterion (VIII) which 
upon proton rearrangement yields the N-hydroperoxide 
(IX) which can change chemically in neutral aqueous solu- 
tion by three different routes. By route a, electron attrac- 
tion towards the oxygen atoms of the N-hydroperoxide 
facilitates attack from the OH” ion from water (or X~ 
ion from negative ions in solution) in the p-position of 
the ring to yield the quinoid-type structure (X) which upon 
proton rearrangement yields the p-hydroxy primary amine 
(XI). Similarly route b yields the o-hydroxy amine (XIII) 
by a similar mechanism. Route c will yield the nitroso 
compound (XIV) and the oxygen atom of this compound 
is derived from air. Obviously substitution on the ring will 
alter the importance of routes a and b to each other and 
to route c; electron attracting groups on the ring will be 
expected to facilitate a or b at the expense of c. The oxygen 
atom of the ring OH groups is derived from the water. 

Subsequent to these changes, the metabolic products XI, 
XIII, XIV and VII may be further metabolised e.g. the ni- 
troso compound (XIV) can be reduced metabolically to 
VII which can be both oxidised further by oxidation of 
the OH group and rearrangement to yield p- and o-hyd- 
roxy-N-hydroxy compounds or by reduction back to the 
parent amine (1). 

It is postulated that, in a similar manner, (see Fig. 2) 
a secondary aromatic amine (XV) is oxidised to the free 
radical ion complex (XVI) which can be reduced to other 
complexes XVII, XVIiI and XIX, which then yield the se- 
condary hydroxylamine (XXI), the oxygen in this com- 
pound being derived from the air. Also dissociation of the 
complex (XVI) gives the zwitterion (XXII) which upon pro- 
ton rearrangement yields the unstable N-hydroperoxide 
(XXIII). This hydroperoxide then is attacked by OH” ions 
(or other X~ ions from solution) to yield p- and o-ring 
hydroxy secondary amines XXV and XXVII as indicated, 
the oxygen atoms of the hydroxy groups thus being derived 
from water. 
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Metabolic N-oxidation of aromatic primary amines to form a complex which results in 


subsequent changes under neutral aqueous conditions to yield ring hydroxy compounds (O from 
H,O) or nitroso compounds (O from air) and also, by metabolic reduction, the primary hydroxyl- 
amines (O from air). 


O = complexes, [ ] = unstable.~)= compounds isolated—> = metabolic routes, = chemical changes 


By route c, the N-hydroperoxide (XXIII) is converted 
to the nitrone (XXVIII), the oxygen atom of which is thus 
derived from the air*. If the N-alkyl group is small, ie. 
R’ in XV equal to H, then the nitrone (XXVIII) will be 
‘slowly decomposed in water to give unstable XXIX which 
then immediately yields the primary hydroxylamine (XXX) 
(O from air) with elimination of the original N-alkyl group- 
CH,R’ as the aldehyde, R‘CHO, the oxygen of which is 
derived from the water. 

The following experimental results are in accord with 
the above schemes. 

1. N-hydroperoxides have been isolated after the meta- 





* This nitrone may be formed from the N-hydroperoxide 
by the ionic mechanism indicated in Fig. 2 or by homolytic 
fission of the O—O bond and the x—-C—-H bond to yield 
a molecule of water and a biradical which undergoes elec- 
tron redistribution (see Fig. 3). 


bolism of the secondary aromatic amines, phenothiazines 
and 2-chlorophenothiazines [4]. 

2. Incubation of a series of N-alkylanilines i.e. secondary 
aromatic amines, with liver hepatic fractions yielded p-hyd- 
roxy compounds whereas their corresponding tertiary 
amines did not under similar conditions [5]. Thus p-hyd- 
roxylation of secondary aromatic amines is a consequence 
of N-oxidation rather than metabolic ring hydroxylation. 

3. The ratio of p-hydroxyaniline to phenylhydroxylamine 
produced by metabolism of aniline and N-ethylaniline was 
independent of the microsomal content of the medium. 
This ratio was the same at 10 and 40 min of incubation 
and was not altered by changing the concentration of the 
NADPH generating system used [6]. Thus a single chemi- 
cal entity is indicated as the precursor of the p-hydroxy 
amine and the primary hydroxylamine. 

4. Secondary aromatic amines, i.e. methyl and ethyl ani- 
line are oxidised metabolically to the primary hydroxyl- 
amine, phenylhydroxylamine at faster rates than is the par- 
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Fig. 2. Metabolic N-oxidation of aromatic secondary amines to form a complex which results in sub- 

sequent changes under neutral aqueous conditions to yield ring hydroxy compounds (O from H,O) 

or nitrones (O from air) and primary hydroxylamines (O from air) and also, by metabolic reduction, 
the secondary hydroxylamines (O from air). 


0 = complexes, [ ] = unstable, () = compounds isolated—> = metabolic routes,—+ = chemical changes 


ent primary amine, aniline [2]. Thus the primary hydroxyl- 
amine produced metabolically from methyl and ethyl ani- 
line is not produced primarily via metabolic oxidation of 
the primary amine produced by N-dealkylation. 

Increase in the length of the N-alkyl group decreases 
the rate of phenylhydroxylamine formation but increases 
the rate of p-hydroxylation [2]. This result is explic- 
able in terms of an increase in stability of the nitrones 


(XXVIII) as the N-alkyl group is increased with conse- 
quent progressively less breakdown to the primary 
hydroxylamine (XXX). 

5. The introduction of substituents in the ring which 
decrease the amount of aromatic hydroxy compounds pro- 
duced upon incubation, cause an increase in the amount 
of N-hydroxy compounds produced [3]. This can be ex- 
plained by the common N-hydroperoxide intermediate 
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Fig. 3. Free radical mechanism of formation of nitrones from N-hydroperoxide intermediates. 
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Fig. 4. Implications of the N-hydroperoxide metabolic route in (A) the oxidation of a p-methyl substi- 
tuent and (B) the migration of a p-substituent (NIH _ shift) in secondary and primary (R’ = H) 
aromatic amines. 


which may be influenced towards one or the other route 


of chemical change (see Figs 1 and 2) by the nature of 


the added ring substituent. 

6. Aromatic amines are oxidised metabolically to their 
corresponding nitroso compounds [3]. 

7. Aniline is oxidised metabolically to p-hydroxyaniline 
under conditions in which phenylhydroxylamine does 
not rearrange to p-hydroxyaniline [7]. 

8. Incubation of N-alkylanilines with liver microsomes 
gave nitrosobenzene as well as dealkylation to aniline [3]. 

The above schemes have implications for the metabolic 
replacement of p-substituents in aromatic amines and for 
the NIH shift in these compounds. It would be expected 
that p-methyl group would be oxidised to a hydroxylmethyl 
group by chemical attack upon the N-hydroperoxide 
compound (XXXI) as shown in Fig. 3a rather than undergo 
replacement of the methyl group by the hydroxyl group 
or methyl migration to the m-position. Although it is re- 
ported [3] that the oxygen atom introduced into the aro- 
matic ring in metabolic reactions involving the NIH shift 
is from the air, the above schemes indicate the possible 
role for the N-hydroperoxide as in Fig. 3b in the NIH 


shift in the metabolism of primary and secondary amines 
but involving the oxygen atom from water. 
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Effects of early ethanol input on the activities of 
ethanol-metabolizing enzymes in mice 


(Received 13 March 1975; 


A system was developed in our laboratory which demon- 
strates the effect of prenatal and postnatal administration 
of ethanol (ETOH) in inducing long-term behavioral 
changes in mice [1]. The alcohol intake of the mice was 
mediated by their parents, who drank alcohol from wean- 
ing until after mating (males) or until 14 days post parturi- 
tion (females). This early exposure to ethanol induced sus- 
ceptibility to audiogenic seizure in the normally resistant 
C57BL/10/Bg strain and increased the incidence of seizure 
in the genetically susceptible DBA/1/Bg strain. Also, open- 
field activity was reduced in both strains [1]. These find- 
ings indicate that long lasting neurophysiological changes 
may be induced by ethanol during early development. 
Ethanol is metabolized mainly in the liver by alcohol 
dehydrogenase (ADH), a cytoplasmic enzyme that has been 
shown by several investigators [2-4] to be inducible by 
chronic administration of ethanol. Recently, a microsomal 
ethanol-oxidizing system (MEOS) was described in liver 
[5,6]. This enzyme, which is localized in the microsomal 
compartment in tissue, may be significant in the oxidative 
metabolism of ethanol. Moreover, as in the case of ADH, 
the microsomal enzyme also appears to be inducible by 
continuous administration of ethanol [6]. The present 
study used the system of parent-mediated ethanol ad- 
ministration in order to investigate the effects of ethanol 
during early development in the possible induction of pro- 
longed changes in these ethanol-metabolizing enzymes. 
Two strains of mice, CS7BL/10/Bg and DBA/1/Bg, were 
used in this study. The parent mice were maintained under 
standard laboratory conditions until 28 days of age, when 
littermates were segregated by sex and housed four per 
cage in clear Plexiglas cages. Experimental animals were 
given food and 10% ethanol (v/v) in water available ad 
lib. as their only drinking supply. Control animals were 
given food and water available ad lib. The animals were 
maintained under their respective conditions until 60 days 
of age, at which time they were bred to animals of the 
same strain and treatment. Pregnant females were housed 
individually and remained on this regimen until 14 days 
post parturition, when the ethanol solution was replaced 
by tap water so that the offspring were never exposed di- 
rectly to ethanol. The effects of this ethanol treatment on 
food intake by parent mice and on the physical develop- 
ment of offspring mice have been described elsewhere [7]. 
In order to assess the relative contribution of prenatal 
and postnatal exposure to ethanol, offspring were ex- 
changed within the first 24 hr of birth between treated and 
control animals, from control to control and from treated 
to treated mothers as follows: (1) EH—offspring of parents 
fed 10% ETOH (E) were fostered by H,O control (H) fe- 
males; (2) HE—offspring of H,O control parents were fos- 
tered by females which were fed with 10%, ETOH; (3) 
EE—offspring of parents fed 10°, ETOH were fostered by 
mothers other than their own who had also been fed 10% 
ETOH; and (4) HH—offspring of H,O control mice were 
fostered by other control females. The offspring were 
weaned at 28 days of age and sacrificed between 44 and 
46 days of age when their livers were removed for enzyme 
assays. An equal number of males and females was used 
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in each group. There were no significant differences in 
body weight and liver weight between the groups in both 
strains at the time of sacrifice. 

Whole liver was homogenized in 2 vol. of 1-5% potas- 
sium chloride. After freezing and thawing, the homogenate 
was centrifuged at 10,000g for 15min. The supernatant 
was used for the assay of the enzyme activities. Alcohol 
dehydrogenase (ADH) and acetaldehyde dehydrogenase 
(AcDH) activities were measured by the procedures de- 
scribed by Ohno et al.[8], with some modification. For 
ADH, the incubation mixture (3-0 ml) consisted of 33 mM 
sodium pyrophosphate buffer, pH 8-8, 16mM_ ethanol, 
1-6mM NAD, and 20 ul of liver preparation. For AcDH, 
the incubation mixture (3-Oml) consisted of 3:-3mM 
sodium pyrophosphate buffer, pH 7-0, 16 mM acetaldehyde, 
0:16mM NAD, and 20 ul of liver preparation. In both 
cases, the initial rate of formation of NADH at 21° was 
followed fluorometrically for 3 min at 240 nm excitation 
and 460 nm emission. The microsomal ethanol-oxidizing 
system (MEOS) was measured by the method of Lieber 
and DeCarli [6]. The incubation mixture (3-0 ml) consisted 
of 80mM sodium phosphate buffer, pH 7-4, 50mM eth- 
anol, 0-3 mM NADPH, 5 mM magnesium chloride, 20 mM 
nicotinamide, 8 mM sodium isocitrate, 6 mg isocitrate de- 
hydrogenase (crude-type I; Sigma Chemical Co.), and 
0-1 ml of liver preparation. After incubation at 37° for 
15 min, the reaction was stopped by the addition of 0-5 ml 
of 70° trichloroacetic acid. The acetaldehyde produced 
was then allowed to react with 0-4 ml of 0-015 M semicar- 
bazide in 0:17 M potassium phosphate buffer, pH 7-0, and 
the concentration of acetaldehyde bound to the semicarba- 
zide was determined spectrophotometrically at 224 nm [9]. 
Protein was measured by the method of Lowry et al. [10]. 

The activities of alcohol dehydrogenase and microsomal 
ethanol-oxidizing system in liver are summarized in Table 
1. There was an increase of 21 to 31 per cent in C57BL/10 
and DBA/1 mice, respectively, in the ADH level among 
animals that were exposed to ethanol during early develop- 
mental stages (EE) compared to the control (HH) group. 
In the cross-fostered groups, the increase was found only 
among animals which were exposed to ethanol prenatally 
(EH). They exhibited the same levels as animals which were 
exposed to ethanol in both the pre- and postnatal periods 
(EE), while the level of ADH in the EE group was not 
higher than the control. The magnitude of increase was 
similar in both strains, although the initial level of ADH 
was significantly higher (P < 0-001) in the C57BL/10 strain 
than in DBA/I as previously reported by another labora- 
tory [11,12]. In the case of MEOS, the activity of MEOS 
was increased 23 and 30 per cent in C57BL/10/Bg and 
DBA/1/Bg animals, respectively, in the ethanol group (EE). 
The same increase was found whether the animals were 
exposed to ethanol only prenatally (EH), postnatally (HE), 
or for both periods (EE). The magnitude of increase was 
the same for both strains. It is interesting to note that, 
in contrast to ADH, the basal level of MEOS was signifi- 
cantly higher (P < 0-01) in the DBA/I strain than in 
CS7BL/10. That the effects of ethanol treatment on ADH 
and MEOS were specific is shown by the activities of ace- 
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Table 1. Effect of early exposure to ethanol on liver ADH and MEOS activities in C57BL/10 and DBA/1 mice 





ADH activity? 
(nmoles/mg/min) 


MEOS activity? 
(nmoles/mg/min) 





Exposure 


period* C57 


DBA 


CS? DBA 





19-1 + 0-5 
23-0 + 0-9t 
18-8 + 0-6 
23-1 + O-8F 


15:3 
19°] 


+ 0-4 
15-3 + 0°5 
20-0 + 0-7 


0-3 0-89 + 0-04 
1:06 + 0-028 
1-20 + 0-05t 
1-16 + 0-08 


1-04 + 0-03 

1-29 + 0-08t 
1-43 + 0-04t 
1-28 + 002t 





* See text for description of exposure period. 


+ Enzyme activities are expressed as nmoles/mg of protein/min. Each value is the mean + S. E. M. from six homo- 


genates of one to three livers. 
t P < 0-001 as compared with control (HH). 
§ P < 0-05 as compared with control (HH). 
P <.0-01 as compared with control (HH). 


taldehyde dehydrogenase, measured in the same livers 
(Table 2). ACDH activities remained essentially unchanged 
after exposure to ethanol in all developmental periods 
tested. 

These results indicate that early input of ethanol induced 
long-term increases in the activities of the ethanol-metabo- 
lizing enzymes (ADH and MEOS). The relation between 
the level of ethanol metabolism and drinking behavior in 
mice (“alcohol preference” [13]) was studied, and although 
it is suggested that the mice which are better able to meta- 
bolize ethanol may also be the ones that prefer it, the 
evidence is still equivocal [11, 12, 14-16]. If, however, there 
is a relationship between the activity of ethanol-metaboliz- 
ing enzymes and ethanol-drinking behavior, offspring of 
“alcoholic” mice would be expected to exhibit greater pre- 
ference for ethanol than normal mice. 

The mechanisms underlying the developmental changes 
in the liver ADH and MEOS activities are presently un- 
known. In the developmental system used in this study, 
in which parents consumed ethanol continuously for more 
than 2 months, during which time the females were preg- 
nant and lactating, possible nutritional disturbances might 
exist as contributing factors in the changes of the liver 
enzymes in the offspring. Indeed, some reduction in. food 
intake in the mothers and in the gain of body weight of 
the offspring was observed as a result of this ethanol treat- 
ment [7]. However, the concurrent use of C57BL/10 and 
DBA/1I mice, two inbred strains that are known to exhibit 
different behavioral and physiological responses to ethanol 
[ 11,12, 15,16], permits the evaluation of possible nutri- 
tional involvement in these biochemical changes. While the 
offspring derived from the ethanol-treated DBA mice 
showed reduced body weight during postnatal period, 
those derived from ethanol-treated C57BL mice were nor- 
mal [7]. Yet, in spite of these strain differences, the effect 


Table 2. Effect of early exposure to ethanol on liver ACDH 
activity in CS7BL/10 and DBA/1 mice 





AcDH activity*+ 
(nmoles/mg/min) 
Exposure 
period* 








+ 08 
: 21-0 + 05 
0-5 20:3 + 03 


S% 
\©o oo 
H+ He He H+ 


18-6 





* See text for description of exposure period. 

+ Enzyme activity is expressed as nmoles/mg of protein 
min. Each value is the mean + S. E. M. from six homo- 
genates of one to three livers. : 


of early ethanol input in inducing increases of ADH and 
MEOS activities remained the same in both strains. More- 
over, early input of ethanol induced only an increase in 
the activities of ADH and MEOS, but not that of AcDH. 
The fact that the activity; of ACDH, another NAD-depen- 
dent dehydrogenase, remained unchanged indicates that 
there is a specificity in the effect of early ethanol input, 
and appears to argue against a case of generalized distur- 
bance of protein metabolism. 

It should be emphasized that the offspring were never 
directly given ethanol. Prenatally, the fetus was exposed 
to ethanol to the same level as the drinking mother, since 
placenta barrier to ethanol does not exist [17]. After birth, 
the intake of ethanol was apparently through the milk sup- 
ply. Although ethanol concentrations in the blood of these 
developing mice are not known, their daily intake can be 
estimated. Since milk and blood concentrations of ethanol 
are similar [18], ethanol concentrations in milk could 
reach about 40 mg/100 ml, the high values in blood during 
the night [7]. If daily milk intake was 0-2 to 03 ml/g 
body weight, daily ethanol intake would be approximately 
on the order of 0-1 mg/g body weight. Thus, continuous 
intake of ethanol during early development, even in such 
small daily doses, may result in prolonged metabolic alter- 
ations that extend into adulthood, as demonstrated in the 
present study. 

In summary, mice derived from “drinking” mothers ap- 
pear to have elevated levels of ADH and MEOS, as 
measured at adult age. The behavioral consequences of 
ethanol mediated via the mother, reported elsewhere [1, 7], 
include a possible induction of alcohol preference, which 
remains a subject of investigation; an increase in suscepti- 
bility to sound induced seizures for both strains; and a 
change in open field activity. 

Acknowledgement—This study was supported by USPHS 


grants AA 00297 and RR 00602, and by a grant from The 
Grant Foundation, Inc. 


PAuL Y. SZE 
JOSEPH YANAI 
BENSON E. GINSBURG 


Department of Biobehavioral Sciences, 
The University of Connecticut, 
Storrs, Conn. 06268, U.S.A. 


REFERENCES 

. J. Yanai and B. E. Ginsburg, Program and Abstracts, 
Society for Neuroscience, 428 (1973). 

. R. Dajani, J. Danielski and J. Orten, J. Nutr. 80, 196 
(1963). 

3. G. McClearn, E. Bennet. M. Hebert, R. Kakihana and 
K. Schlesinger. Nature, Lond. 203, 793 (1964). 

. D. D. Hawkins, H. Kalant and I. M. Khanna, Can. 
J. Physiol. Pharmac. 44, 241 (1966). 





Short communications 217 


. C. S. Lieber and L. M. DeCarli, Science, N.Y. 162, 917 
(1968). 

. C. S. Lieber and L. M. DeCarli, J. biol. Chem. 245, 
2505 (1970). 

. B. E. Ginsburg, J. Yanai and P. Y. Sze, in Symposium 
Fourth Ann. Alcoholism Conference of NIAAA, in press. 

. S. Ohno, C. Stenius, L. Christian, C. Harris and C. 
Ivey. Biochem. Genet. 4, 565 (1970). 

. N. K. Gupta and W. G. Robinson, Biochim. biophys. 
Acta 118, 431 (1966). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 

. D. A. Rodgers, G. E. McClearn, E. L. Bennet and M. 
Hebert, J. comp. physiol. Psychol. 56, 666 (1963). 


12. J. R. Sheppard, P. Albersheim and G. E. McClearn, 
Biochem. Genet. 2, 205 (1968). 

. G. E. McClearn and D. A. Rodgers, Q. J! Stud. Alcohol 
20, 691 (1959). 

. D. Lester, Q. Jl Stud. Alcohol 27, 395 (1966). 

. D. A. Rodgers, in The Biology of Alcoholism (Eds. B. 
Kissin and H. Begleiter), Vol. 2, p. 107. Plenum Press, 
New York (1972). 

. J. R. Sheppard, P. Albersheim and G. E. McClearn, 
J. biol. Chem. 245, 2875 (1970). 

. E. R. Chapman and P. T. Williams, Jr.. Am. J. Obstet. 
Gynec. 61, 676 (1951). 

. F. Matzdorff, Klin. Wschr. 21, 131 (1924). 





Biochemical Pharmacology, Vol. 25, pp. 217-218. Pergamon Press, 1976. Printed in Great Britain 


Inhibition of phenylethylamine metabolism in vivo—Effect of antidepressants 


(Received 8 March 1975; accepted 30 May 1975) 


Despite the widespread use of tricyclic antidepressants, the 
mechanism of their antidepressant action remains unclear. 
Although it is widely acknowledged that the blockade of 
norepinephrine uptake may be a contributing factor [1]. 
this mechanism is not exclusive of non-antidepressants nor 
is it inclusive of all tricyclic antidepressants [2]. In the 
search for an alternative mechanism, Fischer et al. [3] and 
Mosnaim et al. [4] have examined the effects of imipra- 
mine on brain phenylethylamine levels. They found that 
this putative ergotropic modulator was increased in rat 
brain after imipramine treatment and suggested that this 
elevation might be related to antidepressant efficacy. Al- 
though Fischer et al. did not determine the mechanism 
involved in the imipramine-induced elevation of phenyleth- 
ylamine, recent experiments in vitro [5,6] have indicated 
that tricyclic antidepressants may block the deamination 
of phenylethylamine by type B monoamine oxidase. The 
present experiments were designed to determine if antide- 
pressants alter the metabolism of phenylethylamine in vivo 
at non-toxic doses. 

Male mice (CF-1) or rats (Sprague-Dawley) were treated 
with several monoamine oxidase inhibitors and tricyclic 
antidepressants, either acutely or chronically, prior to in- 
travenous administration of [!'*C]f-phenylethylamine 
({'*C]PEA. New England Nuclear. 9:86 mCi/m-mole). In 
the initial acute mouse study. compounds were injected 
intraperitoneally (i.p.) 1 hr before the labeled amine. In 


the chronic study. groups of four mice were placed on 
a diet containing 0-05°, of one of several antidepressants 
for | week before receiving ['*C]PEA. Rats used in this 
study received one dose i.p. of cither 50 mg/kg of pargyline 
or imipramine 24 hr prior to injection with the labeled 
amine. All mice received 0:1 Ci of ['*C]PEA and rats 
received | wCi. Ten min after the radioactive amine was 
injected, the animals were sacrificed by decapitation, and 
the brains were removed and placed on dry ice. The tissues 
were homogenized in 2 vol. of 0-1 N HCl, and | vol. of 
30%, HClO, was added [7]. After precipitated protein was 
removed by centrifugation, the pH of the supernatants was 
adjusted to above 11 with 10 N NaOH. One-ml aliquots 
were shaken for 10 min with 3 ml benzene and sufficient 
NaCl to saturate. Two and one-half ml of the benzene 
fraction was transferred and washed with | ml of 0-1 N 
NaOH and NaCl to saturate. Two ml of the washed ben- 
zene fraction was taken for radioactivity determination 
liquid scintillation spectrometry. The activity (cpm) was con- 
verted to dis./min using a correction factor obtained from 
counting a known amount of ['*C]PEA (counting effi- 
ciency = 86 per cent). 

An acute single dose pretreatment of mice with standard 
monoamine oxidase inhibitors resulted in a large increase 
in ['*C]PEA brain levels (Table 1). However. similar treat- 
ment with the tricyclic antidepressants failed to alter the 
metabolism and disposition of ['*C]PEA. 


Table 1. Effect of several monoamine oxidase inhibitors and antidepressants on meta- 
bolism in vivo of ['*C]phenylethylamine in mouse brain* 





Dose 


Drug (mg/kg) 


['*C]PEA 
(mean dis./min + S. E. M.) 





Control 

Pargyline 30 
Tranyleypromine 30 
Nialamide 30 
Imipramine 30 
Iprindole 30 
Amitriptyline 30 


69 + 0 


vad 
Ss 
oS 
n 
+ 


I+ I+ 1+ I+ I+ | 





* Each figure is the result of four determinations. Drugs were administered intraperi- 


toneally 1 hr before ['*C]PEA. 
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Table 2. Effect of chronic treatment with several antidepressants on metabolism in 
vivo of ['*C]phenylethylamine in -mouse brain* 





Drugt Dose 


['*C]PEA 
(mean dis./min + S. E. M.) 





Control 

Imipramine 0-05°, in diet 
Iprindole 0-05°% in diet 
Amitriptyline 0-05°%% in diet 


+ HH 





* Each figure is the result of four determinations. 
+ Approximate dose = 75 mg/kg/day for 7 days. 


Table 3. Effect of pargyline and imipramine on metabolism in vivo of ['*C]phenyl- 
ethylamine in rat brain* 





Dose 


Drug (mg/kg) 


['*C]PEA 
(mean dis./min + S. E. M.) 





Saline 
Pargyline 50 
Imipramine 50 


260 +7 
6462 + 282 
263 + 7 





* Each figure is the result of four determinations. Drugs were given intraperitoneally 


24 hr before ['*C]PEA. 


Since the antidepressant effects of tricyclics are only ap- 
parent after several days of treatment, the effects of chronic 
dosing of tricyclics on ['*C]PEA metabolism was exam- 
ined. The data in Table 2 indicate that, despite exposure 
to the drugs for 7 days, no alteration in ['*C]PEA metabo- 
lism was observed. 

Species differences in monoamine oxidase activity have 
been noted. In the study of Fischer ert al. [3], rats were 
used and a single dose of imipramine was given 24 hr 
before sacrifice. Therefore, the metabolism of ['*C]PEA 
in vivo was examined under similar conditions (Table 3). 
Again, as in the experiment with mice, imipramine pre- 
treatment failed to alter ['*C]PEA brain levels. although 
pargyline was markedly active. 

The parameter measured in these experiments (i.e. brain 
['*C]PEA) might also be altered by a change in the distri- 
bution of ['*C]PEA to the brain. However, this is not 
the case with imipramine pretreatment. The amount of to- 
tal radioactivity in the brains of rats pretreated with imi- 
pramine (19,834 + 713 dis./min) does not differ signifi- 
cantly from that in the control brains (18,558 + 799 dis. 
min). Similarly, the elevation in brain ['*C]PEA seen after 
pargyline treatment (1853 + 164 dis./min) is not altered by 
co-treatment with imipramine (1903 + 337 dis./min). Thus, 
imipramine neither blocks the distribution of ['*C]PEA 
into the brain nor the ability of pargyline to elevate 
['*C]PEA levels. Furthermore, the use of exogenous 
['*C]PEA to study metabolism of PEA in the brain is 
justified by the rapid penetration of PEA into the brain 
and by the observation that plasma PEA is a major source 
of brain PEA [8]. 

The data in vivo presented here are in sharp contrast 
to the conclusions of Roth and Gillis [5]. Their exper- 
iments in vitro indicated an inhibition of phenylethylamine 
deamination by tricyclics. In the absence of confirmation 


in vivo of this effect, we seriously question its importance 
to the pharmacological effects of tricyclic antidepressants. 
Thus, the elevation in apparent PEA in brain after imipra- 
mine treatment reported by Fischer et al. [3] cannot be 
explained by an inhibition of PEA metabolism. 
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Stimulation of p-aminohippuric acid transport in rabbit 
kidney cortex by parathyroid hormone and adenosine 
3’.5'-cyclic monophosphate 


(Received 17 February 1975; accepted 25 April 1975) 


Parathyroid hormone (PTH) affects the renal handling of 
not only electrolytes but also of sugars and amino acids 
[1]. There appear to be substantial differences in the way 
in which PTH affects the transport of non-electrolytes. 
Weiss et al. [2] reported that PTH and dibutyryl-cyclic 
AMP (DB-cAMP) stimulate amino acid uptake by slices 
of rat kidney cortex. This effect requires preincubation with 
DB-cAMP for over 90 min and is blocked by inhibitors 
of protein synthesis (cycloheximide and puromycin). Rey- 
holds and Segal [3] have shown that uptake of x-methyl-p- 
glucoside by slices of rabbit kidney cortex is increased by 
PTH and DB-cAMP. This stimulation requires pretreat- 
ment with DB-cAMP but is not blocked by cyclohexi- 
mide. Both studies suggest that PTH and DB-cAMP some- 
how increase the activity of the transport process normally 
involved in reabsorbing glucose and amino acids from the 
lumen of the proximal tubule into the tubule cell across 
the lumenal brush border. On the other hand, Short et 
al. [4] have shown that in humans infusion of PTH has 
an immediate effect of decreasing tubular reabsorption of 
amino acids. It is not yet clear whether the conflicting 
results of these studies represent species differences or 
methodological differences (i.e. slices as opposed to clear- 
ance techniques in vivo). ; 

We proposed to determine if PTH and cyclic AMP 
might also influence renal secretory transport by studying 
uptake of the organic anion p-aminohippuric acid (PAH) 
which is actively transported from renal peritubular capil- 
laries into the proximal tubule cell [5]. We prepared sus- 
pensions of separated renal cortical tubules by a modifica- 
tion of the method of Nagata and Rasmussen [6]. New 
Zealand white rabbits of either sex were killed by injecting 
air into an ear vein. The kidneys were immediately 
removed and placed in a buffer containing 10 mM sodium 
phosphate (mono- and di-basic adjusted to a final pH of 
7-40), 120 mM NaCl, 16-2 mM KCl, 10 mM Na acetate. 
1:2 mM MgSQ,, and 1:0 mM CaCl, (standard buffer). The 
cortex of each kidney was removed by careful dissection 
and put through a tissue press (1-5 mm pore size). Each 
kidney was digested at 37° for 1 hr in 20 ml standard 
buffer containing 20 mg collagenase (Sigma). The tubules 
were then dispersed with a wide tipped pipette and filtered 
through a single layer of nylon stocking. They were washed 
three times in standard buffer by centrifugation at 800 rev 


min for 45 sec. The resulting tubule suspension from each 
kidney was resuspended in approximately 3 ml buffer to 
give a tubule protein concentration of 50-60 mg/ml. 

In our uptake experiments, 100 yl of tubule suspension 
was added to a polypropylene test tube containing | ml 
standard buffer and 10 mg/ml of rabbit serum albumin. 
The tube was oxygenated for 30sec. capped tightly, and 
placed on a shaking water bath at 37° for the desired prein- 
cubation period. During preincubation, some tubes con- 
tained 10 xg/ml of purified bovine parathyroid hormone 
(gift of Dr. H. Rasmussen. University of Pennsylvania) or 
10°* or 10°* M cAMP (CalBiochem). In some exper- 
iments, we also added 1 mM cycloheximide (Sigma). At 
the end of the preincubation period, we added 20 yl buffer 
containing PAH [glycyl-l-'*C] (New England Nuclear. 
32:4 mCi/m-mole) to a final concentration of 8 uM. After 
15 min, a 0:5-ml aliquot was removed from each tube, 
filtered under vacuum through an 8 um pore size filter (Nuc- 
leopore) and washed twice with 4 ml buffer. The filter was 
placed in a vial containing 10 ml Aquasol (New England 
Nuclear) and counted in a liquid scintillation spectrometer. 
Data are reported as cpm/mg of tubule protein and were 
corrected for non-specific binding of PAH to renal tissue. 

Table | shows the effect on PAH uptake of preincubat- 
ing renal cortical tubules for 130 min with cAMP or PTH 
prior to the addition of PAH. cAMP at 10°? M consis- 
tently inhibited PAH uptake by more than 50 per cent, 
probably by a competitive mechanism, as suggested by 
Podevin and Boumendil-Podevin [7]. In other experiments 
not reported here, DB-cAMP inhibited PAH uptake by 
an even greater amount. However, cAMP at a con- 
centration of 10°* M and PTH increased the rate of PAH 
uptake significantly. 

Figure | shows the time course of the stimulatory effect 
of PTH on PAH uptake. PTH apparently begins to exert 
an effect within the first 15 min, and the magnitude of 
the effect increases linearly with time. 

As shown in Fig. 2, | mM _ cycloheximide partially 
reduces the stimulatory effect of PTH on PAH uptake, 
but also reduces PAH uptake by itself. 

These experiments clearly show that PTH and cAMP 
(at 10°* M) increase the rate of uptake of PAH by renal 
tubules. A recent report by Costanzo and Weiner [8] sug- 
gested that PTH may increase the secretion of chlorothia- 


Table 1. PAH uptake by renal tubules after preincubation with cAMP or PTH 





Mean cpm + S. E. M. 


Number of 


Agent and dose experiments 


Control 


Experimental °, Change i 





105-3 12-0 — 54 < 0-01 


230°7 
2443 
292:3 


34:1 
30:1 
376 


cAMP (1073M) i 
cAMP (10°* M) 13 
PTH (10 ug/ml) 11 


< 0-01 
< 0-01 


+23 
+11 


301-8 
323-0 


37-8 
41-7 





* Using Student’s t-test for paired data. 
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Fig. 1. Time course of the effect of PTH on PAH uptake. 

All tubules were incubated for 180 min and PTH was 

added at 0, 60. 120 or 180 min prior to the addition of 

PAH. Data represent mean + S. E. M. of three exper- 
iments run in quadruplicate. 


zide, another organic anion. Thus, it is likely that the effect 
shown in the present experiments results from stimulation 
of the renal transport system for organic anions. However, 
our experiments do not explain the mechanism of the 
stimulation of transport. While stimulation of PAH uptake 
is reduced by cycloheximide, there does not appear to be 
a lag phase during which stimulation does not occur, as 
seen in the stimulation of glucose and amino acid transport 
by DB-cAMP. The finding of such a lag phase has often 
been used to support a hypothesis that an effect is 
mediated via synthesis of new protein. Therefore, we can- 
not say at this point whether or not synthesis of transport 
protein might be involved. Furthermore, we cannot deter- 
mine whether or not the effect of PTH is a direct one 
or is secondary to increased intracellular production of 
cAMP. However, the latter possibility is probably a 
reasonable working hypothesis until the exact mechanism 
of the stimulation of transport can be elucidated. 
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Fig. 2. Effect of cycloheximide (CHX) on the stimulation 
of PAH uptake by PTH and cAMP. Tubules were incu- 
bated as described for 130 min with either 10 ng/ml of PTH 
or 10°*M cAMP. Some tubes also contained 1 mM cyclo- 
heximide. Note that cycloheximide has only partially 
reduced the stimulation of PAH uptake by PTH and 
cAMP because the PAH uptake in the tubules containing 
cycloheximide alone was reduced to 90 per cent of the 
control value. Data show mean + S. E. M. of three exper- 
iments run in quadruplicate. 
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Reduced incorporation of [*H]leucine into cerebral proteins 
after long-term ethanol treatment 


(Received 8 January 1975; accepted 2 September 1975) 


Results concerning effects of long-term ethanol consump- 
tion on the incorporation of labelled amino acids into 
brain proteins of intact animals are scarce and conflicting 
[1,2]. In these studies ethanol solutions were given to the ex- 
perimental groups instead of water. This procedure provides 
more ‘empty’ calories to the experimental animals than to 
the control animals. The subsequent reduced intake of 
protein or other essential nutrients by treated rats’ could 


thus be responsible for the apparent effect of ethanol on pro- 
tein metabolism. Such effects could also vary among different 
experiments if the composition of the basic diet varied. The 
question was raised: whether ethanol intake could influence 
cerebral protein synthesis, independently of nutrition. In 
our experiments ehtanol was given to replace lipids iso- 
calorically ina way which did not influence the daily intake of 
minerals, vitamins, protein or other essential nutrients. 
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Table 1. Effect of ethanol intake on incorporation of [*H]leucine into cerebral proteins. 
The values are given +SEM (standard error of the mean). NS = not statistically significant 
according to Wilcoxon’s test, i.e. x > 0-05 





Ethanol 


Control Significance 





No. rats 

Radioactivity in protein 
c.p.m./mg protein 
c.p.m./g cerebral tissue 
in % of control 

TCA-soluble radioactivity 
c.p.m./g cerebral tissue 
cerebrum/plasma 


12:8 +08 x 
0:77 + 0-02 


6 


93-8 + 2-7 
10:7 +03 x 10° 
100 


126 +04 x 10° 
0-75 + 0-01 





METHODS 
Male albino Wistar rats (250-290g initial body wt.) 
housed as described elsewhere [3] were fed a synthetic 
solid diet [3] ad lib. In addition the rats were ‘pair’-fed 
(each ‘pair’ consisted of two experimental and two control 
rats) a liquid mixed diet containing either ethanol (16-7%,, 
v/v) and sucrose (15°, w/v) (ethanol-group) or lipid (10%, 
w/v soybean oil) and sucrose (15%, w/v) (control-group). 
Pair-feeding was ensured by daily adjustments of the 
drinking volume offered. The mean daily consumption was 
27 + 1 ml fluid in both groups, and both ethanol as well 
as liquid lipids provided approximately 27 cal/rat/day in 
the respective groups. In this way the relative composition 
of the total diet consumed was calculated [4] to be (% 
of calories consumed): Ethanol: 30°, (ethanol-group), 
Lipids: 35% (ethanol-group), 65° (control-group), Carbo- 
hydrates: 25% (both groups), Protein: 10% (both groups). 
The daily intake of vitamins, minerals, choline and meth- 
ionine was equal in both groups and above the recom- 
mended values [5]. Rats of both groups grew well with 
no significant difference between the groups. The liquid 
diets were replaced by water 24 hr before sacrifice. 80 Ci 
of [4,5-3H] L-leucine (TRK. 170, 46 Ci/m-mole, The Radio- 
chemical Centre, Amersham) per kg rat was injected intra- 
peritoneally one hour before decapitation at 10-11 a.m. 
The brains were frozen immediately in liquid nitrogen and 
stored at —20° until analysis. Blood was collected from 
the neck vessels, plama was separated and frozen until 
analysis. One hemisphere was homogenized in 20 vol. ice- 
cold 10% trichloroacetic acid (TCA). After centrifugation 
an aliquot of the supernatant was taken to determine TCA- 
soluble counts. The precipitate was washed, dissolved and 
counted as detailed elsewhere [3]. Protein concentration 
[6] was determined in the other hemisphere. One ml 
plasma was mixed with two ml 15% TCA and an aliquot 
was taken to determine TCA-soluble counts after protein 
precipitation. Unlabelled leucine was measured as de- 
scribed elsewhere [7]. 
RESULTS 
Consumption of ethanol for 5 weeks caused a significant 
reduction of the specific radioactivity of cerebral proteins 
(Table 1, second line). The reduced incorporation was also 
present when referred to g cerebral tissue (Table 1, third 
line) since the protein concentration did not change signifi- 
cantly after ethanol treatment. Total brain weight was also 
unaffected by the consumption of ethanol. Ethanol treat- 
ment did not influence the amount of TCA-soluble counts 
present in cerebrum, nor the distribution of labelled leucine 
between plasma and cerebral tissue, measured one hour 
after the administration of isotope (Table 1, two lower 
lines). If this lack of difference was present throughout the 
labelling period, reduced leucine uptake could be excluded. 
The concentration of unlabelled leucine was not affected 
by previous ethanol treatment as the concentrations were 
(nmoles/g cerebral tissue): 108+ 11 (ethanol) and 
119 + 28 (control), indicating no change of precursor spe- 
_ cific radioactivity. 
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DISCUSSION 


The present results could be due to reduced cerebral 
protein synthesis, but changes in protein degradation and 
leakage as well as changes of the metabolism of leucine 
could also explain our results. The lack of effect of ethanol 
on the TCA-soluble radioactivity does not rule out these 
latter possibilities, since [*H]leucine is rapidly metabolized 
in brain tissue [8]. 

The conclusion is therefore that long-term consumption 
of ethanol alters protein or amino acid metabolism in the 
central nervous system. These alterations did not appear 
to be consequences of reduced intake of essential nutrients. 
The reduced intake of lipids by the ethanol-treated rats 
probably do not explain the reduced incorporation, since 
isocaloric substitution of lipids by sucrose did not affect 
[*H]leucine incorporation into cerebral proteins (J. 
Morland, unpublished observation). 

Our observations are in agreement with the work of 
Noble and Tewari [2] on intact mice, showing reduced 
incorporation of labelled leucine into brain proteins after 
ethanol treatment for 1 to 3 months. Our results seem 
to be in disagreement with those of Jarlstedt [1], who 
found increased incorporation of labelled leucine into pro- 
teins of cerebral cortex 24hr after cessation of a preced- 
ing period of ethanol consumption for 8 months. This 
could mean that the reduced incorporation found by 
Noble and Tewari [2] and in the present report was a 
transitory effect, if not dietary effects as discussed above, 
were responsible for the results or Jarlstedt [1]. 

Finally, due to methodological differences between the 
in vivo and the in vitro measurement of incorporation of 
labelled amino acids into protein, our results cannot easily 
be compared with those obtained in vitro [9]. 


JORG MORLAND 
ANNE E. SJETNAN 


Department of Pharmacology, 
University of Oslo, 

Blindern, Oslo 3, 
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Altered pattern of dopa metabolism* 


(Received 23 September 1974; accepted 31 March 1975) 


The treatment of Parkinson’s disease with dopa was based 
upen the observations that basal ganglia dopamine content 
was markedly low in autopsied brain from patients suffer- 
ing the disease [1,2]. Since it was assumed that dopamine 
feeding or injections would not restore the amine in the 
brain because of a blood—brain barrier for catecholamines, 
the precursor amino acid was employed to provide replace- 


ment therapy. It soon became apparent that the bulk of 


the fed dopa was quickly metabolized, so that only a small 
dopa blood level to perfuse the brain could be 
achieved [3.4]. The strategy of employing a decarboxylase 
inhibitor as an adjunct to this therapy emerged from a 
recognition that the major metabolic pathway of dopa pro- 
ceeded via initial decarboxylation [5,6]. Certain decarbox- 
ylase inhibitors were found which were demonstrated to 
inhibit systemic decarboxylase but not central nervous sys- 
tem decarboxylase, since the inhibitor was subject to re- 
stricted access to the brain tissue by the blood-brain bar- 
rier. Additionally, the loss of dopa by vascular decarboxy- 
lase activity was also reduced by the inhibitor, increasing 
brain dopa perfusion [7]. Finally, the inhibition of the sys- 
temic decarboxylase activity would reduce the peripheral 
dopamine production and thus mitigate some of the side 
effects encountered in dopa therapy. 

Recently Sandler et al. [8] have reported an alteration 
in the metabolic pattern of patients who received a decar- 
boxylase inhibitor, MK 486 (z-methyl-z-hydrazino 3,4-di- 


hydroxyphenylpropionate). The primary metabolites of 


dopa in man are homovanillate and 3.4-dihydroxyphenyl- 
acetate. These were sharply decreased after MK 486 treat- 
ment and the major metabolic product of dopa metabo- 
lism, 3-methoxy-4-hydroxyphenyllactate (VLA), then 
emerged. They interpreted these findings as an indication 
of a shift of dopa metabolism from decarboxylation to 
transamination. 

We investigated the metabolism in vitro of dopa and 
report here that MK 486 is an efficient inhibitor of liver 
cystosol tyrosine aminotransferase (EC 2.6.1.5). Since this 
enzyme is also capable of accepting dopa[9] and 
3-O-methyldopa [10] as substrate, we predictably observed 
an equally strong inhibition of dopa and 3-O-methyldopa 
transamination by MK 486. Nevertheless, Sandler’s para- 
doxical observations could be explained when we observed 
that, while the liver cytosol aminotransferase activity was 
sharply decreased at the inhibitor concentrations 
employed, the mitochondrial transaminase activity was 
relatively intact. The results in Fig. 1 demonstrate that 
MK 486 at 5 x 10°°M inhibits much of the liver cytosol 
aminotransferase activity, using 3-O-methyldopa as a sub- 
strate. On the other hand, mitochondrial aminotransferase 
activity from kidney, liver and other tissue is only weakly 
inhibited at this concentration. This inhibitor concentra- 
tion was calculated from dosages commonly employed 
in human treatment regimens, assuming equal distribution 
of the MK 486 in all tissues and body fluids. 

We have examined the kinetics of these enzyme activities 
with 3-O-methyldopa as substrate. Liver cytosol amino- 
transferase exhibited a K,, = 0-01 M, while for the mito- 
chondrial enzyme, a K,, = 007M (Fig. 2). Examination 
of the effect of MK 486 on the liver cytosol aminotransfer- 
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Fig. 1. Inhibition of liver cytosol and kidney mitochon- 
drial amino transferase activity by MK 486. Rat liver and 
kidneys were homogenized with 4 vol. of 0-15 M KCl con- 
taining 0-001 M EDTA (pH 7:2). The cytosol obtained from 
15,000 g centrifugation was dialyzed against the same KCl 
EDTA. Mitochondria were washed twice with this solution 
and resuspended in 40 per cent of the original volume. 
Reaction mixtures contained: 0-02 M_ L-3-O-methyldopa, 
43mM_ ketoglutarate, 0-02mM_ pyridoxal-5’-phosphate, 
200 mM _ phosphate buffer, pH 7-4, 0-5 ml enzyme source, 
and MK 486 (plotted in moles/liter) in a volume of 1-75 ml. 
After 30 min of incubation at 37°, activity was measured 
by the colorimetric method of Fellman et al.[11]. (It was 
unnecessary to use hydroxylase inhibitor since the product 
of 3-O-methyldopa transamination is not a substrate for 
p-hydroxyphenylpyruvate hydroxylase [10].) Data points 
represent the average of three or more replicates and the 
range as shown. Typical uninhibited control values were: 
1:56 zmoles 3-methoxy-4-hydroxyphenylpyruvic acid pro- 
duced by the cytosol from 100mg_ liver/30min and 
1:01 ymoles 3-methoxy-4-hydroxyphenylpyruvic acid pro- 
duced by mitochondria from 250 mg liver/30 min. 


ase revealed competitive type inhibition with respect to 
3-O-methyldopa as substrate. 

The pathway of dopa metabolism is summarized in Fig. 
3. The major pathway of dopa in mammals is the decar- 
boxylation pathway leading to two principal urinary prod- 
ucts of dopamine, i.e. homovanillate and 3,4-dihydroxy- 
phenylacetate. The decarboxylase inhibitor, MK 486, in- 
hibits not only this pathway but also the liver cytosol tyro- 
sine aminotransferase pathway. Both enzymes operate with 
loosely bound pyridoxal-5-phosphate [12,13]. In addition, 
they would both be vulnerable to the inhibitor because 
of the presumed similarity of their active sites toward aro- 
matic amino acids. The inhibition of liver cytosol amino- 
transferase is of consequence in connection with the meta- 
bolic fate of 3.4-dihydroxyphenylpyruvate. thé product of 
dopa transamination. We recently demonstrated the enzy- 
matic formation of 2.4,5-trihydroxyphenylacetate from the 
action of p-hydroxyphenylpyruvate hydroxylase on 3,4-di- 
hydroxyphenylpyruvate [14]. Furthermore, we identified 
unequivocally 2.4,5-trihydroxyphenylacetate in the urine of 
patients being treated with L-dopa. The trihydroxyphenyl- 
acetate is easily oxidized and forms a reactive quinone 
similar to that encountered with 6-hydroxydopamine. Our 
present findings indicate that this pathway would probably 
be blocked in patients receiving MK 486. In treated 
patients, the liver would be perfused by both the inhibitor 
and dopa after ingestion and transport via portal circula- 
tion. Here the transaminase activity would be inhibited. 
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Fig. 2. Kinetic studies of 3-O-methyldopa aminotransfer- 
ase activity. Enzyme source was rat liver. Procedure was 
as described for Fig. 1, using L-3-O-methyldopa concen- 
trations from 0-005 to 004M. Velocity is expressed as 
absorbance at 380nm. The figure illustrates the results 
from a typical experiment; each point represents one data 

point. At least four such experiments were conducted. 


Thus, MK 486 alters at least two important avenues of 
metabolism—decarboxylation leading to dopamine and 
transamination leading ultimately to trihydroxyphenylace- 
tate. With the disruption of both these pathways by the 
inhibitor, O-methylation becomes the principal pathway, 
giving rise to large amounts of 3-O-methyldopa which is 
a substrate for the relatively uninhibited ubiquitous mito- 
chondrial transaminase. These observations would account 
for the reported urinary metabolic patterns treated with 
dopa and the inhibitor MK 486 and also illustrate how 


misleading it may be to label drugs with such definitive 


labels as “decarboxylase inhibitors.” 
Department of Biochemistry, J. H. FELLMAN 
University of Oregon Medical School, ESTHER S. ROTH 
Portland, Oregon, U.S.A. ELIZABETH L. HERIZA 
Tuomas §. FusIta 
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Fig. 3. Alteration of dopa metabolism by therapeutic levels 
of MK 486. Black bars indicate inhibited pathways. 
Enzymes are: (1) aromatic amino acid decarboxylase (EC 
4.1.1.28); (2) catechol-O-methyl transferase (EC 2.1.1.6); (3) 
tyrosine aminotransferase (EC 2.6.1.5); (4) mitochondrial 
aminotransferase (EC 2.6.1.1); and (5) aromatic keto-acid 
reductase (lactic dehydrogenase) (EC 1.1.1.27)[15]. Dopa 
= 3,4-dihydroxyphenylalanine; DA = _ 3,4-dihydroxy- 
phenylethylamine; DHPPA = 3,4-dihydroxyphenylpyruv- 
ate; 3-O-methyldopa = 3-methoxy-4-hydroxyphenylala- 


nine; VPA = 3-methoxy-4-hydroxyphenylpyruvate; and 
VLA = 3-methoxy-4-hydroxyphenyllacetate. 
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Cyclic AMP metabolism in the cardiac tissue of the spontaneously hypertensive rat 


(Received 12 October 1974; accepted 2 May 1975) 


A strain of spontaneously hypertensive rats (SHR) devel- 
oped by Okamoto and Aoki [1] is used as a model system 
for studying the pathogenesis of essential hypertension. Se- 
veral investigations have been carried out on the properties 
of the various tissues of SHR animals and their responses 
to several drugs in comparison to normotensive Wistar 


rats (NWR). The atria from SHR have been shown to have 
a greater amount of intrinsic developed tension than NWR 
atria [2]. The inotropic and chronotropic responses of 
SHR atria to isoproterenol are reported to be less than 
those of NWR atria [2]. Since adenosine-3’,5’-monophos- 
phate (cyclic AMP) has been reported to be involved in 
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Table 1. Cyclic AMP content of the cardiac muscle of SHR and normotensive animals* 





NWR 





SHR Hawaii 


Kyoto 
Cross-bred NWR 





(30 days) (90 days) (30 days) (90 days) 


(30 days) (90 days) (90 days) 





0-53 (5) 0-73 (5) 1-11 (5) 2-40 (5) 
+ + + + 
0-05 0:24 0-23 0-06 


1-30 (5) 2:80 (5) 
¥ 2 
0-27 0-05 





* Cyclic AMP content is expressed as nmoles/g wet wt. Numbers in parentheses indicate the number of animals 


used. 


the inotropic and chronotropic responses of the cardiac 
tissue to catecholamines, it was of interest to study the 
metabolism of cyclic AMP in SHR and NWR animals. 
Lower levels of cyclic AMP in the cardiac and vascular 
smooth muscles from SHR animals have been reported 
by Amer [3]. Amer and McKinney [4] and Ramanthan 
and Shibata [5]. We have now studied the cyclic AMP 
content and the enzymes phosphodiesterase and adenylate 
cyclase that control the cyclic AMP level in the cardiac 
tissue of SHR, pre-hypertensive SHR and cross-bred ani- 
mals and wish to present the data in this report. 
Hypertensive and normotensive rats of either sex, weigh- 
ing 200-300 g. about 90 days in age, were used in these 
experiments. SHR animals derived from stock received 
from the N.I.H. animal center (Dr. C. T. Hansen), inbred 
inour colony to produce a sizable population for exper- 
imental use, were used. For control animals, we used two 
strains of normotensive Wistar rats (NWR), Kyoto NWR 
and Hawaii NWR, supplied by the animal production 
center of the University of Hawaii. Young SHR, 30-35 
days after birth, that had not developed hypertension yet 
(pre-hypertensive SHR) and matched control NWR (in age 
and weight) were also used. The mean systolic and diastolic 
blood pressures were measured under anesthesia with so- 
dium pentobarbital (SO mg/kg im.) by a Stathman P23 
pressure transducer connected by cannula to the femoral 
artery. Also, in order to check the effect of anesthesia, -sys- 
tolic blood pressure of each of five NWR and SHR was 
measured by use of a Sphygmomanometer (NARCO Bio- 
system, Inc.), without anesthesia; no significant difference 
was Observed in the blood pressure measured by the two 
methods. The mean blood pressure of SHR, Hawaii NWR 
and Kyoto NWR was 201+8mm_ Hg (N = 30). 
128 + 6mm Hg (N = 30) and 130 + 6mm Hg (N = 30) 
respectively. The mean blood pressure of pre-hypertensive 
SHR was 131 +6mm Hg (N = 30) as compared to 


125 + 7mm Hg (N = 30) of control Kyoto NWR of the 
same age and weight. A third type of control animal, cross- 
bred normotensive animals (offsprings of SHR and Kyoto 
NWR parents), was also used in our experiments. The 
blood pressure of these animals was 136+7mm Hg 
(N = 20). 

Determination of cyclic AMP. The cardiac tissue was 
quickly excised from the animals, sacrificed by guillotining 
and was frozen immediately in liquid nitrogen. A weighed 
amount (25-50 mg) was homogenized in 6%, trichloroacetic 
acid in the cold. The supernatant after centrifugation was 
extracted with ether (eight times) to remove the trichloroa- 
cetic acid, lyophilized and the residue was dissolved in 
buffer and a suitable aliquot was used for cyclic AMP 
determination. 

The cyclic AMP content was determined by a protein 
binding assay. The binding protein was prepared from bo- 
vine adrenal glands and the assay was carried out essen- 
tially as described by Wombacher and K6rber [6] and 
Tsang et al. [7]. 

Adenylate cyclase assay. The enzyme was prepared by 
homogenizing the cardiac tissue, excised quickly and 
cleaned from animals sacrificed as above, in ice-cold Tris 
buffer, containing theophylline, pH 7-4. The assay was car- 
ried out as described by Amer [3] and included an ATP- 
regenerating system. The cyclic AMP formed was purified 
on Dowex 50 columns and assayed by the protein binding 
method described above. 

Assay of phosphodiesterase (PDE). The cardiac tissue 
from the animals was homogenized in Tris buffer (0-1 M) 
containing magnesium acetate (10°* M), pH 7-4, in the 
cold. The homogenates were then centrifuged at 105,000 
g for | hr and the supernatant was used for enzyme assay. 
The assay was carried out by incubating a suitable aliquot 
of the supernatant, with *H-labeled cyclic AMP as de- 
scribed by Péch [8]. The PDE activity was expressed as 


Table 2. Adenylate cyclase activity of the cardiac muscle of SHR and normotensive animals* 





SHR NWR 


Pre-hypertensive 
SHR 
(30 days) 


NWR 
(30 days) 


Cross-bred 
NWR 





35-47 (7), 77:17 (5) 
+ 3 
: 4-77 1-20 
Isoproterenol 40:22 (7) 81-75 (5) 
(10 uM) n + 
12-13 4-92 
167-67 (7) 264-81 (5) 
+ 
99-59 


Basal (untreated) 


Sodium fluoride 
(8 mM) 2 
14-58 


60:69 (5) 
oa 


73-90 (3) 
+ + + 
6:58 1-09 214 
90-15 (5) 84-47 (3) 83-91 (3) 
+ + + 
11-54 15:37 685 
297-09 (5) 202-85 (3) 287-05 (3) 
+ + + 
12-52 11-09 9-74 


55-80 (38 
+ 





* Adenylate cyclase activity is expressed as pmoles cyclic AMP formed/mg of protein/10 min. Number in parentheses 


indicate the number of animals used. 


+ SHR significantly lower than NWR (Student’s I-test, P < 0-005). 
t SHR significantly lower than cross-bred NWR (Student’s t-test. P < 0-005). 
§ Pre-hypertensive SHR significantly lower than NWR (Student's t-test, P < 0-005). 
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pmoles cyclic AMP hydrolyzed/mg of protein/min. Protein 
was determined by the method of Lowry et al. [9]. The 
enzyme was incubated in our experiments at room tem- 
perature (24°) and the substrate concentration was 
30:12 x 10°° moles/liter. 

The cyclic AMP content of the cardiac tissue of SHR 
and pre-hypertensive animals was significantly lower than 
that of the respective control animals. No significant differ- 
ence was observed in the cyclic AMP level between the 
cardiac tissue of SHR and pre-hypertensive animals. The 
cyclic AMP content of the cardiac tissue of the cross-bred 
animals resembled that of NWR (Table 1). 

Table 2 incorporates the results of the basal and stimu- 
lated activities of the adenylate cyclase of the cardiac tis- 
sues from SHR, pre-hypertensive SHR, NWR and cross- 
bred animals. The mean basal adenylate cyclase activity 
of SHR is significantly lower than that of the control ani- 
mals. Although the mean basal activity of the cross-bred 
NWKE was significantly lower than that of the correspond- 
ing NWR, the activity of the cross-bred NWR was signifi- 
cantly higher than in the SHR. The mean basal activity 
of the pre-hypertensive animals was lower than that of 
the corresponding control NWR. 

No significant stimulation of the adenylate cyclase ac- 
tivity was Observed with isoproterenol (10 uM) in the car- 
diac muscle of SHR and NWR. Isoproterenol (10 uM) 
stimulated the adenylate cyclase activity of the cardiac tis- 
sue of cross-bred NWR and pre-hypertensive SHR signifi- 
cantly. On the other hand, significant stimulation of the 
adenylate cyclase activity of the cardiac tissue by sodium 
fluoride (8 mM) was observed in all cases. 

The phosphodiesterase activity of the cardiac tissue indi- 
cates lower activity in SHR than in NWR. The results 
are included in Table 3. 

The importance of selecting appropriate controls in 
studies on SHR has been discussed by Clineschmidt et 
al.[10] and Shibata et al.[11]. In the experiments de- 
scribed here, two types of normotensive controls are in- 
cluded, one Kyoto NWR strain from which SHR was de- 
rived and another NWR from the University of Hawaii 
animal colony. In addition, we have included cross-bred 
animals as a third type of control, as the blood pressure 
of these animals was similar to that of NWR. 

No significant stimulation of the adenylate cyclase ac- 
tivity of the cardiac tissue of SHR and NWR was observed 
with isoproterenol (10 uM), while a slight (approximately 
1-5-fold) but significant stimulation was observed in cross- 
bred NWR and pre-hypertensive SHR. Caron and Lefkow- 
itz [12], Amer [3] and Amer and McKinney [4] have 
reported a large increase of activity of adenylate cyclase 


Table 3. Phosphodiesterase activity of the cardiac muscle 
of SHR and normotensive animals* 





NWR 





Cross-bred 
NWR 
(90 days) 


Hawaii 
(90 days) 


SHR 
(90 days) 


Kyoto 
(90 days) 





7:26 (8) 20:3 (8) 16:3 (5) 15-1 (12) 
x t: + - 
0-93 3-40 1:78 3-72 





* Phosphodiesterase activity is expressed as pmoles cyc- 
lic AMP hydrolyzed/mg of protein/min. Numbers in par- 
entheses indicate the number of animals used. 


by isoproterenol in canine and rat hearts. On the other 
hand, Triner et al. [13] have reported lack of stimulation 
by isoproterenol in rat aorta. Robison et al. [14] report 
that broken cell preparations are somewhat less sensitive 
to hormonal stimulation than the whole preparations. 

Sodium fluoride, on the other hand, caused a significant 
increase in the adenylate cyclase activity of the cardiac 
tissue from all the animals. However, Amer [3] and Amer 
and McKinney [4] report that the adenylate cyclase from 
the SHR aorta and cardiac tissue was less sensitive to iso- 
proterenol and sodium fluoride than NWR. No difference 
in the basal activity of this enzyme between SHR and 
NWR was reported. 

The blood vessels of SHR also contain lower levels of 
cyclic AMP and lower adenylate cyclase and PDE activi- 
ties [15]. On the basis of the data presented here, we sug- 
gest that the overall metabolism of cyclic AMP in the car- 
diac muscle of SHR and pre-hypertensive SHR is lower 
than in NWR. The lower intracellular level of cyclic AMP 
in SHR and pre-hypertensive SHR is attributable to the 
lower basal activity of the enzyme adenylate cyclase. It 
is also possible to conclude that changes can occur in tis- 
sues during the process of hypertension rather than as a 
result of high blood pressure. It is interesting to note that 
the metabolism of cyclic AMP in cross-bred NWR resem- 
bles more closely that of NWR. 
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Benzo(a)pyrene (BP) is a common environmental pollutant and carcinogen of 
the polycyclic aromatic hydrocarbon (PAH) type (1). The microsomal enzyme complex 
aryl hydrocarbon hydroxylase (AHH) and metabolically related enzymes convert PAH's 
to arene oxides, phenols, dihydrodiols, quinones and water-soluble conjugates(2-6). 
The AHH complex functions in detoxification (7,8) and activation of PAH's to 
reactive intermediates (9,6) which are toxic and form covalent linkage with DNA 
in vitro (9). Inhibition of AHH by 7,8-benzoflavone results in both reduced 
tumorigenicity and covalent binding of DMBA to DNA (9). To understand the path- 
ways of detoxification and activation of PAH's it is necessary to isolate and 


identify their metabolites. We have shown that reverse phase high-pressure 


liquid chromatography (HPLC) is a sensitive and rapid technique for the isola- 


tion of BP metabolites (2,10). We found that phenols formed metabolically 
migrated in two peaks which contained largely 3-OH-BP and 9-OH-BP. With a 
similar system the 12 synthetic phenols of BP were also not separable but eluted 
in two peaks (11). We now report new systems which resolved all ten of the 
synthetic pnenols available to us. With this technique we have determined the 
positions at which BP is metabolically converted to phenols. We have found 

that BP is converted to 3-OH-BP (3,5), 9-QH-BP (5) as previously reported and 
rewly isolated 1-QH-BP and 7-OH-BP. 

Methods: The BP phenols were prepared by the following methods: 3-QH-BP (12); 
6-OH-BP (13); 7-CH-BP (14); 8-OH-BP and ¥-OH-BP (15), 10-OH-BP Engel et al (in 
preparation) and 1-OH-BP (16). The 4-QH-BP and 5-QH-BP isomers were made as 
diacetates (17) and converted to phenols. The 12-OH-BP was synthesized from 12- 
methylbenz(a)anthracene via bromination with n-bromosuccinimide, reaction with 
NaCN to 12-cyanomethylbenz(a)anthracene, hydrolysis and cyclization with HF. 
The synthetic or metabolically formed phenols were dissolved in dioxane: N-hexane 
40:60. One to two 1 (containing less than 1 wg) solution was injecved at 


approximate concentrations giving similar absorbance at 254 Mu. The chromato- 
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graphy was by a modification of the recycle system of Henry et al (18) using a 
HPLC fitted with two Zorbax-sil columns (25 cm), connected to a six-port valve 
assembly and arranged for flow thru either two columns in series or thru a 8 pl 

UV flow cell between columns. The solvent mixture was hexane:dioxane (9:1) con- 
taining 40 ul formic acid per 200 ml solvent. The columns were isocratically run 
at ambient temperature and the pressure was 1800 psi. The peaks were collected 
and the retention times and UV spectra compared to authentic standards. Metabo- 
lites formed from BP by rat liver microsomes were prepared as previously described 
(5). The metabolites were then separated by standard HPLC (2,10) into phenol, 
dihydrodiol and quinone regions. The phenols were collected and injected into 

the recycle HPLC system described here. 

Results: Fig 1 shows the elution profile of ten synthetic benzo(a)pyrene phenols 
after a total of one to five passes without interruption thru two columns by 

means of a recycling valve (18). The 5-OH is eluted first followed by a peak 
containing the 4-0H and 6-OH. The latter cannot be recycled because their pass- 
age thru the second column is completed before the last peak (8-0H, 9-OH) is 
eluted from the first column. The 6-OH and 4-Ok however can be separated by the 
ODS-permaphase system previously described (2,10). The first peak to be recycled 
contains 12-0H and 10-OH with 7-OH as a shoulder. It is followed by two peaks 
containing 3-OH and 1-OH and the 8-0OH and 9-OH. The first recycled peak appear- 
ing after passage thru three columns contains 12-GH and 10-0H as a shoulder. 

These are further recycled. The 7-OH peak is collected and the following peak 
containing 3-0H and 1-OH is recycled. The next two peaks containing 9-OH and 8-OH 
respectively are collected. The 12-0H and 10-OH and the 1-OH and 3-OH are recycled 


and the peaks collected. Better resolution of the latter can be obtained by further 


recycling. 
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Fig 1. Recycle HPLC of Synthetic Benzo(a)pyrene Phenols 
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Fig 2. Recycle HPLC of Benzo(a)pyrene Phenol Metabolites 


Fig 2 shows the separation of phenols formed metabolically. The first two 
peaks are non BP related U.V. absorbing material. Three metabolite peaks are 
observed after passage thru a single column. Four distinct peaks are resolved 
after passage thru five columns. Each peak was isolated and characterized by 
its relative mobility compared to the standard and comparison of its U.V. 
spectra with the authentic synthetic phenol. The identified phenols are 3-OH-BP 
(2,3) and 9-OH-BP (5) also previously reported, and two metabolites, the 1-OH 
and 7-OH which are newly isolated and identified by the HPLC system described. 

In an early report (19) a BP metabolite was partially characterized and 
identified as 1-OH-BP. A synthctic standard was not available and the characteri- 
zation is not directly comparable to the present study. 

The present report establishes methodology for the separation of benzo(a)- 
pyrene phenols and demonstrates that four of these phenols are BP metabolites. 
They are clearly the major phenol metabolites and further quantitative studies 
will determine whether they constitute the total BP phenol formation. The method 
we describe can be used to determine the primary catalytic sites of the various 
forms of the mixed function oxygenases. Highly purified P-450's convert BP to 
phenol peaks with different fluorescent spectra (20). The new method will help 
determine the site preference of different mixed function oxygenases for bP 
hydroxylation and their role in carcinogen activation and detoxification. 
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In an effort to develop compounds of chemotherapeutic efficacy which would interfere 
with the growth of malignant cells, this laboratory has taken advantage of the natural in- 
tercalative abilities of acridines (1) and enhanced them by forming diacridines connected 
by a chain of varying length and composition. The basic rationale has been that if a mole- 


cule is composed of two acridine rings, the intercalation of one ring into DNA will automa- 


tically bring the second acridine ring into close proximity to the DNA thus permitting it 


to intercalate in neighboring positions. The expectation is that such a diacridine would 

act as a 'staple' within the DNA molecule; the DNA could only be free of the diacridine if 
both acridine rings were to de-intercalate at the same time. Such DNA 'staples' would inter- 
calate with the DNA molecule at positions whose limits would be defined by the length of the 
chain connecting the two acridine rings. 

The nature of the connecting chain is important because it would define not only the 
ease or steric hindrance to bis-intercalation but also the partition coefficient between lip- 
id and water. A positively charged connecting chain, not only defines the permeability of 
the cell to the diacridine but, by ionic interaction with adjacent phosphate diester groups 
of DNA, may confer rigidity to the overall structure and therefore limit the flexibility of 
interaction of the distal acridine rings with the DNA. 

Substituents on the acridine rings play a particularly important role because they 
would define the possibilities of hydrogen bonding or other interactions with the overlapping 
DNA base pairs. In addition, substituents on the acridine rings could prevent intercalation, 
or once intercalated, they could also delay de-intercalation. Consequently, the nature of 
the ring substituents defines not only the specificity of binding but also the strength of 
binding. 

These various theoretical considerations have lead to the development and the synthesis 
of a series of more than fifty diacridines of various ring structures with a variety of con- 
necting chains. The simplest general formulation is (I) which consists of two unsubstituted 
acridine rings connected at the 9-position by a homologous series of a,w, polyamines where 


n = 2,3,4,5,6,7,8,10,12,14,16,18. A variety of diacridines has also been synthesized with 
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spermidine and spermine as the connecting chain as shown in (II) and (III) of Fig. 1. 
These two polyamines were chosen because of the long standing interests of this laboratory 
(2,3) as well as their reported preferential and specific interaction with A-T sites in 


DNA (4,5). 


Fig. 1. Basic Structure of Diacridines. I Containing hydrocarbon connecting chain; 
II Spermidine connecting chain; III Spermine connecting chain. 

Many ring substituents have been introduced. The most obvious was the quinacrine ring 
which has become widely known as the basic ring structure of atebrine and other effective 
antimalarials. In addition, a variety of 2, 3, and 4 substituents has been introduced and 
the chemotherapeutic efficacy of the resultant compounds evaluated. These have ranged from 
methyl, ethyl, propyl to methoxy, ethoxy, propoxy as well as chloro- and other derivatives. 
The synthesis of this series of compounds will be reported at a later date (6). 

The DNA melting curves were obtained using a Gilford 2400-S spectrophotometer, pro- 
grammed for a temperature rise of 0.5°/min. Calf thymus DNA was a product of Worthington 
Co.. T7 RNA polymerase was prepared and assayed according to Niles et al. (7). 

Inhibition in vivo of nucleolar RNA synthesis was measured in exponentially growing 
HeLa Sz cells maintained in suspension culture as previously described (8), using Joklik 
modified MEM, 10% FCS and 2 mM L-glutamine (GIBCO). Control cells were introduced with 
9. *c-ctensetne (51.2 mCi/mM; 0.2 Ci/m1) a 1 hr. After preincubation with drug for 1 hr, 
drug-treated cells were incubated for 1 hr with 2, 0-"h-edensstes (32.4 mCi/mM; 4 Ci/ml). 
Incorporation was terminated by addition of the cells to frozen isotonic saline; equal num- 
bers of control and drug-treated cells were mixed and the nuclei isolated as detailed below. 

Cells were lysed and nuclei isolated by two washes in 0.5% NP-40 solution (140 mM NaCl; 
10 mM Tris-HCl, pH 8.4, 1 mM MgAcetate). Nuclei were detergent treated and the nucleolar 
fraction was isolated as previously described (9). RNA was extracted with phenol (70%): 
CHC], (1% isoamyl alcohol) (50:50) at pH 9 by a modification of the procedure of Lee et al. 
(10). RNA was collected by ethanol precipitation (95%, 2 vol., -20° 1 hr) and analyzed on 
12%-30% sucrose gradients (100 mM NaCl; 10 mM Tris-HCl, pH 7.4, 10 mM EDTA) in a Spinco SW-40 
rotor, 1l hr, 23,500 rev/min, 17°. Fractions were collected by tube puncture and measured 


as TCA precipitable counts on 3 mm filter discs. For the 45S RNA processing experiments, the 


labeling protocol was modified to fit that described by Reichman et al. (11). 





Preliminary Communications 


For the drug uptake studies, cells were incubated in drug-containing media for 30 min. 
After washing, they were lysed and the nuclei isolated and lysed as described above. Each 
of these fractions was saved, made 1-3% sodium dodecyl sulfate and the absorbance measured 
at the peak wavelength for each compound. Internal cell concentration was calculated using 
the value 0.004 m1/10° cells. 

The definition of the assays to be used was of particular importance because they would 
define the effectiveness of the compounds and the direction of the subsequent syntheses. 


For a physical-chemical probe we used the melting of DNA at various salt concentrations as 


Table I 


Comparison of 9-amino acridine (9-AA) and of Octyldiamine diacridine (C-8) 





Assay Conditions Results 


Le Effect on Tm of DNA 





Drug: DNA-P Tm in 0.1 SCC 
a7° 








Cellular Uptake of Drugs 





Drug Conc. in Medium Intracellular Conc. Nucleus:Cytopl. 


(M) (M) 
5 











1.06 x 10° 


=< 


1x10 
-5 
1 x 10 2.4 x 10 


Inhibition of Synthesis of 45S RNA 





Drug Conc. in Medium Inhibition 
(M) Per Cent 


5.0 x 10° 92 





0.5 x 10° 86 


Effect on Processing of 45S RNA 





Drug Conc. in Medium Effect 
(™) 


5 : ‘ 
i =x 10 Promotes Destructive Processing 





ine” Inhibits Processing-45S RNA Intact 


Inhibition of Transcription of T7 DNA by T7 RNA Polymerase 





Drug Conc. in Medium Inhibition 
(™) Per Cent 





7.0 x 10> 50 


1.0 2 20° 50 





* 
Standard Saline Citrate: 0.145M NaCl - 0.0145M Na, Citrate. 
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an indication of the strength of binding. Also the melting of complementary DNA and RNA 
synthetic homopolymers was used as an indication of the specificity of intercalation. In 
addition, electric dichroism has been used to distinguish double or single intercalation. 
The biological assays involved tests on CDFl mice, bearing P-388 leukemias and evaluating 
prolongation of their life. However, since these compounds have been found to inhibit RNA 
synthesis primarily, and since they interact not only with DNA but also with RNA, it became 
apparent that the determination of the inhibition of transcription, as well as of the pro- 
cessing of RNA, should be important sites for assay. 

The results presented above indicate that octyldiamine diacridine (C-8), which has a 
long enough connecting chain to permit double intercalation, raises the Tm of DNA in 0.1 SSC 
by 45° while the parent compound raises it only 17°. At higher salt concentrations, 1.0 SSC, 
9-amino acridine (9-AA) has no effect on the Tm of DNA, while C-8 raises it by 12°. The 
salt dependence of intercalation of the acridines has been noted previously and intercala- 
tion of acridines with DNA is usually studied in high salt dilutions (12); however, it is 
interesting to note that in isotonic salt the diacridines do affect the Tm of DNA. The re- 
markable extent to which the diacridines are taken up by cells is indicated by the attain- 


2 


ment of an intracellular concentration of over 2 x 10 ~ M C-8 after 30 minutes exposure of 


5 


HeLa cells to 1 x 10 M C-8 in the medium; in addition, there appears to be a preferential 


concentration of C-8 in the nucleus, while 9-AA remains in the cytoplasm. This intranuclear 


concentration of C-8 can be calculated to be approximately 10+ M. The significance of this 


can be appreciated from assay 5 of Table I which indicates that 1 x 107 M C-8 is adequate 


for 50% inhibition of an in vitro DNA dependent RNA polymerase reaction. This assay as well 
as assay 3 shows that C-8 is approximately 7 to 10 fold more effective in inhibiting RNA 
synthesis. 

Besides the quantitative differences which are noted, there are also qualitative dif- 
ferences. 9-Amino acridine promotes the degradation of 45S RNA while C-8 inhibits its fur- 
ther processing. The implication is that C-8 in binding to 45S RNA modifies the sites where 
nucleolytic activity would normally occur and makes them resistant to enzymatic scission and 
to their subsequent conversion to 32S RNA. In contrast, 9-amino acridine appears to inter- 
act either with the 45S or the 32S RNA in a manner that promotes the extensive degradation 
of the RNA, so that only a small proportion of the anticipated nucleolar RNA can be found. 
In addition, C-8 is an effective chemotherapeutic agent when tested against the P-388 leukemic 
cells providing appreciable prolongation of the life of CDFl mice when compared to 9-AA 
(80% vs. 15%). 

Our more extensive studies, with a larger number of these compounds, indicate the indi- 
vidual fingerprints that each compound leaves on the cell, whether this is on the uptake of 


the compound, the inhibition of processing of RNA, the mechanism of intercalation with DNA, 
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or the inhibition of methylation of RNA. In considering these compounds as chemotherapeutic 
agents we should take into account that atebrine, which is concentrated to a great extent in 
the liver, lungs and epithelial cells has been used effectively for many years with no re- 
ported adverse effects. 

Although this work was independently conceived of and formulated it should be recog- 
nized that a series of di-chloroquines similar to the series of diacridines has been de- 
scribed (13) and that recently a series of diacridines conceptually similar to these devel- 
oped by our laboratory has been reported (14). 

In closing this preliminary report it should be stated that this work was greatly aided 
both in its chemistry as well as in its biological chemistry by the excellent treatise of 


Albert (15). 
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COMMENTARY 


SODIUM-POTASSIUM ADENOSINE TRIPHOSPHATASE—A 
RECEPTOR FOR DIGITALIS? 


ARNOLD SCHWARTZ 
Department of Cell Biophysics and Division of Myocardial Biology, Baylor College of Medicine and 
The Methodist Hospital, Texas Medical Center, Houston, Texas 77025, U.S.A. 


The active glycoside ingredients of the flowering 
plant ‘Digitalis purpurea and its derivatives have 
not only produced incalculable benefits to mankind 
in terms of clinical medicine, but also it has 
encouraged countless scientists through the urs 
to carry out provocative and inventive experiments 
yielding information on a number of biological 
systems. 

The purpose of this commentary is to reiterate 
the importance of one such enzymatic system, to 
describe to those who do not work in this 
interesting area recent developments, and to 
discuss the interesting controversy that has de- 
veloped concerning the possibility that Na’, K’- 
ATPase may represent a component of a digitalis 
receptor. 

Skou[1] was the first to recognize that Na’, 
K°-ATPase associated with the membrane may 
represent the enzymatic expression of the 
sodium-potassium pump. Skou isolated this en- 
zyme in relatively crude form from a homogenate 
derived from crab nerve and localized the activity 
in a microsomal (small membrane) fraction of the 
preparation. He later showed that ouabain 
(Strophanthin G) was able to specifically inhibit the 
sodium- and potassium-stimulated portion of the 
enzyme activity. Skou[2] clearly indicated a 
number of important criteria that had to be fulfilled 
in order for the Na’, K’-ATPase to be “‘elected”’ as 
the chemical counterpart of the sodium—potassium 
pump. To the best of this author’s knowledge, the 
criteria have been fulfilled [3]. The investigations of 
countless investigators (notable among them are 
Post, Albers and Skou) have led to the following 
series of reactions which probably describe the 
nature and complexity of this enzyme system: 


Mg, Na 


E,+ ATP E,P + ADP 


Mg 


E,P ——— E2P 


K+ 


E,P + H;0O E, + Pi 


E,- E, (4) 


If the enzyme preparation is treated with N- 
ethylmaleimide or oligomycin, the enzymatic prep- 
aration becomes resistant to potassium and sensi- 
tive to ADP, i.e. a sodium-dependent ADP-ATP 
exchange reaction can be demonstrated. The native 
enzyme preparation is sensitive to potassium and 


relatively resistant to ADP. Accordingly, it seems 
appropriate to refer to the initial phosphorylation 
event as being catalyzed by a kinase-type reaction 
and the phosphatase reaction as being catalyzed by 
a potassium-dependent enzymatic component. In- 
deed, if the latter reaction occurs on the outside 
portion of the membrane and the former reaction 
occurs on the inside portion of the membrane, a 
convenient ‘‘chemical’” mechanism might exist for 
the transport of the sodium and potassium. It is not 
known whether the sodium and potassium are 
transported in a sequential manner, as the above 
series of equations would suggest, or whether they 
are transported in a simultaneous manner, as some 
recent evidence would suggest[4]. It seems clear 
from extensive investigations that this enzymatic 
system is an allosteric type that is intimately 
associated with the cell membrane. Ligand-specific 
sites include magnesium, ATP, sodium, potassium, 
possibly ouabain-binding and calcium. The loca- 
tions of these sites are not clear. It seems 
reasonable to suppose that potassium sites are 
located on the outside portion of the membrane and 
that the sodium sites are located on the inside. The 
stoichiometry (Na:K: ~ P) is probably 3:2:1, at 
least in intact systems. 

The specificity of the inhibitory action of those 
cardiac glycosides that exert a positive inotropic 
action on the heart is well known[3]. The mechan- 
ism of inhibition of Na , K'-ATPase is fascinating 
and has attracted the attention of a number of 
investigators, not only because it represents an 
interesting tool to dissect the mechanism of action 
of the Na’, K’-ATPase, but also from the point of 
view of pharmacology. It seems clear that digitalis 
glycosides inhibit the Na, K'-ATPase by first 
binding to a specific site and/or region which 
produces a conformational change that leads to an 
inhibition of enzyme activity. My colleague, Hideo 
Matsui, and I found some years ago that sodium 
and potassium appeared to modulate the in- 
teraction of ouabain with isolated Na’, K '-ATPase, 
as shown in Fig. 1. In order to prove this 
relationship, we aquired some *H-digoxin and 
found that the saturable binding occurred only to 
the Na’, K’-ATPase (Fig. 2). This binding seems to 
be a pseudo irreversible type. We have recently 
shown that sodium increases and potassium de- 
creases the rate constant of digitalis binding to Na , 
K*-ATPase[5] (Fig. 1). George Lindenmayer 
and I showed some years ago that, in the presence 
of magnesium and inorganic phosphate, but in the 
absence of ATP, ouabain bound quite well to Na, 
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Fig. 1. Concentration and specific binding of ‘H-digoxin 
to a Na’, K’-adenosine triphosphatase. The enzyme was 
prepared from fresh calf heart and used within | week 
after isolation. The binding was carried out in tubes 
containing: 50mM_ Tris-HCI (pH 7-4), 2mM_ Tris 
adenosine triphosphatase, 5mM MgCl, 100mM NaCl, 
1 mM EDTA, and *H-digoxin at indicated concentrations, 
with and without 10 *M unlabeled ouabain; the tubes 
were shaken in a water bath at 37° for 3 min. The binding 
reaction is complete in about | min. The inset (top left) 
represents specific binding of 10°M ‘H-digoxin as a 
function of specific activity of various preparations 
measured as the amount of inorganic phosphate 
released/mg of protein/hr in a system identical to the 
binding experiment, except that KCI (10 mM) was added. 
‘H-digoxin binding is expressed as pmoles/mg of protein. 
The hydrolysis of adenosine triphosphate under these 
conditions is completely inhibited by 10 *M_ ouabain. 
These results are typical of many experiments. The inset 
(bottom right) shows the effect of Na’ on specific 
H-digoxin binding supported by various cations, 
adenosine triphosphates and anions. The cations, except 
when otherwise indicated, were employed in a 5mM 
concentration; Tris salt of ATP in a 2 mM concentration; 
the anions in a 2-4mM concentration. The conditions 
were the same, with specific activity of the cardiac 
enzyme varying between 26 and 40. The results were 
compiled from many experiments. 


K'-ATPase. Moreover, a ouabain-treated enzyme 
was able to incorporate inorganic phosphate into a 
phosphoenzyme that was indistinguishable from 
E-P produced by reacting the enzyme with ATP” 
in the presence of sodium. This and other evidence 
is consistent with the idea that Na , K’-ATPase is a 
conformationally sensitive enzyme with multiple 
sites. 

It appears logical to assume that digitalis 
interacts with a site on an intact system located on 
the external surface and that this somehow affects 
activity. The site could be associated with a 
potassium-sensitive region[4]. We have shown that 
at least the isolated enzyme system behaves in 
many ways like the intact system, in that the 
stoichiometry of ligand-induced activity seems to 
be 3:2:1, with two nonequivalent potassium sites 
and three equivalent sodium sites, presumably on 
the outside and inside of the membrane system, 
respectively, for each ATP hydrolyzed [4]. In order 
to study the kinetics of the enzyme activity as well 
as the possible role of digitalis and calcium, it was 
necessary to purify the enzyme. A number of 
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Fig. 2. Relationship between half-maximal inhibitory 

concentration of ouabain on Na’, K’-ATPase and the 

ratio: of Na’/K*. The K, obtained was plotted against 

Na‘/K* ratios on a full logarithmic scale. The symbols, O 
and A, represent different enzyme preparations. 


investigators have been working actively in this 
field[3]. We succeeded in purifying the enzyme 
from canine kidney medulla[6]. It seems accepted 
that the enzyme system consists of at least two 
protein components, one involved in the phos- 
phorylation reaction and the other, a glycoprotein, 
whose function is not known. It is also quite clear 
that phospholipid components are required for 
enzymatic activity. It is less clear what phos- 
pholipid components, if any, are necessary for 
digitalis action, and indeed it is not yet clear if there 
is any specificity with respect to lipid material for 
enzymatic activity. If the Na’, K’-ATPase is an 
allosteric enzyme, then it should be possible to 
prepare antibodies to specific conformations. An 
antibody to the Na’, K’-ATPase has been isolated 
and reported by a number of investigators [3]. 
Recently, we prepared a globulin fraction, after 
injecting a purified, high activity Na , K°-ATPase 
from canine renal medulla into rabbits. This 
fraction was further purified by reacting with a 
purified Na’, K’-ATPase, and then two compo- 
nents of the antibody were isolated by reacting the 
purified Na’, K’-ATPase antibody with an ouabain 
enzyme. A fraction was recovered in the supernat- 
ant that did not bind to the ouabain-treated enzyme. 
This fraction was labeled “‘anti-Digitalis Receptor” 
because it prevented digitalis binding but did not 
prevent ATPase activity. The fraction that bound 
to the Na’, K’-ATPase, which was subsequently 
eluted from the enzyme, was labeled ‘‘anti-CAT” 
because it inhibited the catalytic component of the 
enzyme but did not affect ouabain binding. Further 
work using those two components is in progress, 
but these preliminary observations are consistent 
with the postulation that Na’, K’-ATPase posses- 
ses specific digitalis-reacting sites. 

The characteristics of ouabain binding and 
inhibition of the Na, K -ATPase encourage 
thoughts about the pharmacological importance of 
this enzyme system. It is well known that digitalis 
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produces an increased calcium entry into the cell, 
and it is equally well known that digitalis does not 
seem to specifically affect any other enzymatic 
system thus far studied. Does the purified Na , 
K’-ATPase have anything to do with the calcium? 
Calcium inhibits the Na*, K*-ATPase in the pres- 
ence of sodium and potassium[3]. It seems logical 
to assume that calcium binds to the enzyme, 
but it has been difficult to demonstrate because of 
the lack of purity of the enzyme. With the advent of 
relatively purified preparations, this has now 
become possible. Investigations in this laboratory 
have very recently produced some preliminary 
evidence that is encouraging in this direction. Using 
a highly purified Na, K’-ATPase from sheep 
kidney medulla, binding sites associated with the 
phospholipid component for calcium have been 
demonstrated. Ouabain produced a significant 
decrease in affinity for calcium in the absence of 
sodium and increased affinity in the presence of 
sodium. Recent experiments utilizing stopped-flow 
spectrophotometric analysis have indicated that the 
rates of binding of calcium are significantly altered 
when the enzyme is treated with ouabain. No other 
ATPase associated with membrane thus far ex- 
amined is affected by ouabain. It appears that 
ouabain, when bound to the enzyme, may modulate 
the affinity of an energy-independent calcium- 
binding site. This phenomenon may be due to 
altered microarchitectural changes in the enzyme. 
We suggest that cardiac glycosides increase an 
extracellular-bound pool of calcium by an action on 
the Na’, K*-ATPase which is responsible for the 
well known increase of contractility produced by 
digitalis [7]. 

The above evidence seems to be consistent with 
the definition of a pharmacological receptor of a 
drug. Our recent studies in vivo corroborate the 
postulation made originally by Repke[8] that this 
enzyme is indeed the receptor for digitalis. Using a 
species that is highly sensitive to digitalis, the cat, 
hearts were suspended according to the Langen- 
dorff procedure, and ouabain was infused until a 
positive inotropic effect was obtained, with no 
evidence of toxicity. The enzyme was isolated from 
the hearts and found to be inhibited. When the drug 
was washed out, contractility returned to normal 
and enzyme activity returned to normal. Re-infusion 


of another concentration of another dose of oua- 
bain again caused an increase in inotropic action 
and with a concomitant decrease in enzymatic 
activity. The use of ‘H-ouabain yielded results quite 
consistent with the hypothesis that Na’, K’- 
ATPase is the pharmacological receptor for di- 
gitalis. We feel that these results fit the general 
suggestion made by Langer, Reuter, Baker and 
other investigators that a sodium-—calcium exchange 
system existing in the membrane may be affected 
by the cardiac glycosides in such a way as to 
produce an increase in sodium. This increase, when 
presented to the carrier, augments the rate of 
transport across the membrane so that the 
sodium-—carrier complex can release sodium, pick 
up calcium and bring it to the interior of the cell. 

I hasten to add the disclaimer that these 
experiments in no way prove that Na’, K*-ATPase 
is a receptor for digitalis. They merely, I hope, 
suggest the direction of future studies in order to 
explain fully the mechanism of action of Na, 
K°-ATPase, the exact molecular changes that 
occur when digitalis interacts with this enzyme 
system and, of great importance, to differentiate 
between an arrhythmogenic action of digitalis and 
its positive inotropic effect. 
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Abstract 


A series of aryldialkyltriazenes and some related compounds have been investigated for 


their anti-tumour properties. Unlike the imidazole-triazenes in clinical use, aryltriazenes are stable 
in light and do not undergo photodecomposition to toxic diazonium salts. Some of the triazenes 
investigated had good anti-tumour activity yet did not form diazonium salts under physiological condi- 
tions, implying that this pathway is not important for anti-tumour action. Evidence has been obtained 
that only aryltriazenes that can be metabolized in vivo to an aryl-N*-monomethyltriazene have anti- 
tumour properties. It was also found that the aryltriazenes were dose-schedule dependent in their anti- 
tumour action, probably a consequence of their short biological half-lives. 


5-(3,3-Dimethyl-l-triazeno)imidazole-4-carboxamide 
(DTIC) is a clinically used anti-tumour agent [1]. A 
disadvantage of DTIC is that it is unstable and, in 
particular, it is prone to photodecomposition [2] 
which can lead to the formation of a more toxic dia- 
zonium ion. The nausea and vomitting caused by 
DTIC in man and which can be dose-limiting, could 
conceivably be due to such breakdown products of 
DTIC rather than DTIC itself. The use of DTIC in 
combination chemotherapy is limited because of its 
delayed myelosuppressive activity, and the short half- 
life of the presumed active metabolite of DTIC 
[5-(3-methyl-1-triazeno)imidazole-4-carboxamide ] 
might also be one of the reasons why DTIC has been 
disappointing in man, since insufficient concentration 
of the active metabolite may reach distant tumour 
sites after injection. Some of these disadvantages asso- 
ciated with the clinical use of DTIC might be over- 
come by the use of analogues which are more stable 
and in a preliminary report [3], it was shown that 
aryltriazenes which do not undergo photodecomposi- 
tion were as active against the TLX5 lymphoma as 
a series of imidazoletriazenes. This paper reports on 
the chemical stability, metabolism and anti-tumour 
properties of a series of aryldialkyltriazenes and some 
related compounds. 


MATERIALS AND METHODS 


The TLXS5 lymphoma was implanted  subcu- 
taneously in female CBA/LAC mice as previously de- 
scribed [3]. Anti-tumour effectiveness was measured 
by determining the maximum increase in life span 
of treated animals, the dose at which tits occurred 
(optimum dose) and the toxic dose. 

Groups of five animals were used for each dose 
level and their survival time compared with a group 
of ten control mice. An increase in.life span of 20 
per cent or greater was statistically significant. The 
triazenes were administered intraperitoneally as a sus- 


pension in arachis oil for 5 consecutive days, begin- 
ning 3 days after transplantation. The sensitivity of 
tumour cells in vitro to the various agents was 
measured by a bioassay procedure [4] and dealkyla- 
tion by the method of Cochin and Axelrod [5]. Mic- 
rosomes were obtained from the liver of rats which 
had been maintained for at least 3 days on sodium 
phenobarbitone (500 mg/1) in their drinking water. To 
demonstrate bioactivation of the triazenes, 1-(p-carba- 
moylphenyl)-3,3-dimethyltriazene (XI) was incubated 
with 10° TLXS cells/ml with and without microsomes 
and co-factors. In previous experiments, activation of 
cyclophosphamide, as measured by a large increase 
in in vitro toxicity, could be obtained simply by incu- 
bating the cells with drug and microsomes in stop- 
pered test tubes. In order to increase the toxicity of 
the aryltriazene (XI) however, it was necessary to in- 
crease the oxygenation of the medium by incubating 
in flasks so that a large surface area was exposed, 
and flushing out the flask with oxygen prior to the 
incubation. 

The triazenes listed in Table | were prepared by the 
general method previously described [3]. The base 
used was varied, on occasions, excess of the aliphatic 
amine being used when readily available. The amines 
were either obtained commercially or prepared by 
published methods. A more detailed description of 
the syntheses involved is available in reference [6]. 

The chemical half-lives of the compounds in Table 
6 were determined by a spectrophotometric method. 
Approximately 2 mg of the compound was dissolved 
in | ml dimethyl sulphoxide and diluted to 100 ml 
with 0-05 M pH 7:5 phosphate buffer. An aliquot was 
quickly introduced into a cuvette thermostated at 37 
in a Pye Unicam SP 800 spectrophotometer and the 
spectrum scanned immediately. Repeat spectra were 
taken at intervals depending on the rate of decompo- 
sition of the sample. The half-life was determined 
from a logarithmic plot of the extent of decomposi- 
tion on the ordinate against the time of hydrolysis 
on the abscissa. 
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Tumor inhibitory triazenes 


Table 2. Anti-tumour activity of a series of 1-aryl-3,3-dimethyltriazenes against the 
TLX5 lymphoma 
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Substituent 
Number R 


Toxic 
dose 
(mg/kg) 
(5 x daily) 


Optimal 
dose 
(mg/kg) 
(5 x daily) 





H 

o-COOH 
m-COOH 
p-COOH 
o-COOCH 
m-COOCH, 
p-COOCH, 
p-COOC,H; 
o-CONH, 
m-CONH, 
p-CONH, 
p-CONHCH ,COOH 


p-CF, 
p-SO,CH, 


128 
64 
200 
200 
120 
400 
160 
200 
128 
80 
200 
> 400 
80 
400 
400 
320 





RESULTS AND DISCUSSION 

The first series of triazenes investigated for their 
anti-tumour activity contained varying substituents in 
the aromatic ring, whilst maintaining the methyl 
groups in the N° position. As shown in Table 2, all 
of these chemicals have anti-tumour activity, no mat- 
ter whether the aromatic substituents are electron 
donating, such as p-methoxy (XIII) or electron with- 
drawing such as p-trifluoromethyl (XV) or p-methane- 
sulphonyl (XVI). The presence of such groups can 
greatly alter the half-life of hydrolysis of the triazene 
to the diazonium ion (Fig. 1) and in the compounds 
listed in Table 2 this can vary from 28 min for the 
methoxy derivative (XIII) to 90 days in the case of 


‘\ 
CH 


Fig. 1. Hydrolysis of 1-aryl-3,3-dimethyltriazene 


the trifluoromethyl compound (XV). Since there is 
little difference in the anti-tumour activity of these 
compounds. it can be concluded that formation of 
the diazonium ion can play little part in the anti- 
tumour action of the aryltriazenes, although in some 
studies on the mechanism of action of DTIC, the dia- 
zonium ion has been claimed to be one of the active 
metabolites [13]. Diazonium salts formed from the 


Table 3. Anti-tumour activity of a series of 1-(p-carbamoylphenyl)-3,3-dialkyltriazenes against the TLX5S lymphoma 
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Toxic Dose 
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(5 x Daily) 


Optimal Dose 
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Inactive 
Inactive 


CH,CH,CH,CH, 
CH,CH,CH,CH,CH, 
CH(CH,); 

CH,C,H,; 
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OH 54 


Inactive 
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200 39 
400 
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25 





NS = not significant. 





244 


aryltriazenes appear more toxic (that from XI for 
example is lethal at a single dose of 120 mg/kg). but 
have no anti-tumour activity in vivo. Triazenes which 
form a significant amount of the diazonium ion under 
physiological conditions may therefore not be suitable 
anti-tumour agents, since they may show increased 
toxicity with no gain in anti-tumour effect. 

Although the substitution of the aromatic ring is 
relatively unimportant in the aryltriazene series, the 
variation of the N*-alkyl groups is extremely impor- 
tant. Using the p-carbamoylphenyl group as the basic 
structure, various dialkyltriazenes have been tested 
for their anti-tumour activity (Table 3). It can be seen 
that the presence of at least one N*-methyl group 
is essential for anti-tumour activity. Thus, both the 
diethyl- (XVII) and the di-isopropyltriazenes (XVIII) 
are inactive, although there is little alteration in the 
lethal dose. On the other hand, compounds XIX to 
XXVII which contain a methyl group at N° are active 
against the TLX5 lymphoma (with the exception of 
compound XXV). These results were of particular in- 
terest since various triazenes have been investigated 
for their carcinogenic activity and while there are 
variations in site of tumour incidence. no such clear 
distinction between methyl and other alkyl triazenes 
was seen, 3,3-diethyltriazenes being as carcinogenic 
as corresponding 3.3-dimethyl analogues [14]. 
3-Methyl-3-tert-butyltriazene (XXV) is an apparent 
exception in Table 3 since, although it contains an 
N*-methyl group it has no anti-tumour properties. 
The reason for this anomaly becomes clear when the 
dealkylation of the triazenes is considered (Table 3). 
The 3,3-dimethyltriazene (XI) loses approximately one 
methyl group when incubated with liver microsomes 
and co-factors, and presumably the monomethyltria- 
zene is formed. Under similar conditions the diethyl 
analogue undergoes 46 per cent de-ethylation to form 
the corresponding monoethyltriazene [3], which has 
no anti-tumour activity. Little demethylation 
occurred with the compounds XIX, XX and XXI, but 
since it is known that microsomal N-dealkylation 
occurs preferentially in the longest chain [15, 16], it 
can be assumed that where dealkylation occurs, it will 
lead in each case to the formation of the monomethyl- 
triazene. 3-Methyl-3-tert-butyltriazene (XXV) no 
longer occupies an anomalous position since having 
no z-hydrogen in the higher alkyl chain, this group 
cannot be removed. As a consequence, demethylation 


> 


occurs as indicated in Table 3 and the resulting prod- 


Table 4. Effect of microsomal metabolism on the toxicity 

of 1-(p-carbamoylpheny])-3.3-dimethyltriazene and __ its 

metabolite —1-(p-carbamoylphenyl)-3-methyltriazene to 
TLX5 lymphoma cells in vitro 
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uct is the mono-tert-butyltriazene rather than the 
monomethyl analogue. These results suggest that 
where metabolism can occur to form a monomethyl- 
triazene, the agent is a tumour inhibitor, but where 
this is not possible (even if dealkylation can take 
place) the agent is not a tumour inhibitor. 

Compound XXVI, the 3-hydroxy-3-methyltriazene 
[17] (Table 3) is of interest as it does not undergo 
demethylation, is not toxic to TLX5 lymphoma cells 
in vitro, yet is active against the same cells in vivo. 
It is known from studies on the metabolism of a 
number of carcinogens, that N-hydroxy compounds 
formed by microsomal metabolism may be subse- 
quently dehydroxylated [18]. If this occurs in the case 
of XXVI, then the monomethyltriazene would again 
be formed. Thus, in all cases, anti-tumour activity can 
be ascribed to the generation of a monomethyltria- 
zene. 

Further evidence that monomethyltriazenes are the 
active metabolites comes from studies on their toxi- 
city to TLX5 lymphoma cells in vitro (Table 4). The 
dimethyltriazene (XI) is quite non-toxic to cells, a 
concentration of >2000 pg/ml being required to 
cause significant loss of cell viability. When the same 
triazene is incubated with the cells in the presence 
of liver microsomes, co-factors and well-oxygenated, 
a 10-fold increase in toxicity is observed. The mono- 
methyl analogue (XXVII) on the other hand, is quite 
toxic when incubated alone with these cells, but this 
toxicity is reduced when liver microsomes and co-fac- 
tors are added to the incubation medium with the 
result that under these conditions the lethal doses of 
the mono- and dimethyltriazenes are of the same 
order. It thus appears that the dimethyltriazene can 
be activated by liver supernatant to the monomethyl- 
triazene, but that further metabolism may then take 
place resulting in loss of toxicity. It had previously 
been observed in experiments with imidazoletriazenes, 
that supernatant from liver and kidney (but not 


Table 5. Effect of a monomethyl and.a dimethylaryltria- 
zene against the TLX5 lymphoma in vivo 
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Table 6. Half-life of hydrolysis at 37° in pH 7:5 phosphate 
buffer of a number of triazenes 





Half-life 


Structure (mins.) 





Hs 
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H2NOC \-N=N—N 
ys \ 
at ‘CHs 


1:24 x 105 
1:33 x 10° 


No apparent 
decomposition 
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tumour) could protect against their toxicity to TLX5 
lymphoma cells in vitro, but there was no evidence 
in this case that it was an enzyme mediated reaction 
[3]. 

Although this evidence implicates the monomethyl- 
triazenes (and possibly the alkylating products into 
which they decompose) as the active metabolites, they 
are not better as tumour inhibitors than their 
dimethyl analogues and sometimes less effective. 
Table 5 shows that the dimethyltriazene is more effec- 
tive than the monomethyltriazene which it generates 
in vivo. In recent work it has been shown that this 
may be related to the biological half-life of the two 
agents, the mono-methyl compound having a shorter 


Table 7. Effect of a mono- 

methyl and a dimethylaryltria- 

zene against the TLX5 
lymphoma 


/oHs 
XVI enyso{_\-w=0—W 
\cH, 











half-life than the dimethyl [19] (Table 6). A mono- 
methyltriazene with greater stability has now been 
prepared (XXVIII) and its anti-tumour activity is 
comparable to that of its dimethyl analogue (Table 
7). 
Table 5 shows that, as previously observed with 
DTIC in some tumour-systems, fractionated doses of 
triazenes are more effective than single injections. The 
reason for this dose-schedule dependency is not clear 
since these agents are thought to act by covalent 
binding to macromolecules, and other classes of agent 
that act in a similar way (e.g. alkylating agents, nitro- 
soureas and platinum complexes), are as effective by 
a single injection as by daily injections. Dose schedule 
dependency is usually a property of anti-tumour 
agents that act specifically at some stage of the cell 
cycle such as the anti-metabolites. 

These results provide evidence that the active meta- 
bolites of the aryldialkyltriazenes are monomethylar- 
yltriazenes and that triazenes that form other than 
a monomethyl derivative on metabolism, are not anti- 
tumour agents. Similar results have been reported for 
analogues of DTIC [20]. The reason for this is not 
known, although it may be associated with differences 
in chemical stability and of biological half-life. The 
tumour inhibition seen with the aryltriazenes has 
been shown to be dose-schedule dependent, and if 
they are used clinically they will, like DTIC, probabiy 
be most effective if given by daily injections. 
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Abstract 


1. Inhibition of rat monoamine oxidase by 5-phenyl-3-(N-cyclopropyl) ethylamine-1.2,4-oxa- 


diazole (PCO) has been studied in vitro and in vivo. The compound is an irreversible inhibitor showing 


selectivity for the serotonin oxidising site (A-site) of the enzyme. 


2. Substitution in the 5-phenyl ring 


of PCO gives compounds which may also be selective for the A-site such as the 2-chlorophenyl com- 
pound, may show no selectivity or may, like the 3-nitrophenyl compound, be selective for the B-site 


of the enzyme. 


3. The selectivity found when these inhibitors react with monoamine oxidase in vitro 


is also apparent when the enzyme from rats which have received single doses of the compounds 
is studied, but is less clearcut after repeated administration. 


The complex nature of mitochondrial monoamine 
oxidase (MAO) in many mammalian tissues is now 
well recognised and has been revealed, both in direct 
purification and separation experiments and by analy- 
sis of the action of substrate specific inhibitors. Evi- 
dence for this complexity has been reviewed recently 
by Youdim [1]. This paper describes a series of sub- 
stituted cyclopropylamines (I) which, like the cyclo- 
propylamines studied by Fuller [2], inhibited rat liver 


CH2 


CH, 


(1) 


MAO irreversibly but showed different degrees of in- 
hibition depending on the substrate used. Relatively 
minor structural variations in the molecule had a 
marked effect on the degree and type of selectivity 
seen. The results obtained are consistent with the 
existence of two types of MAO in rat liver, similar 
to the A and B enzymes first proposed by Johnston 
[3] to account for the interaction of rat brain MAO 
with the substrate specific inhibitor clorgyline 
(N-methyl-N-propynyl-3-[2,4-dichlorophenoxy ]prop- 
ylamine). This concept of MAO as a two site enzyme 
has been developed by Squires [4] who characterised 
the enzyme from a number of sources using selective 
inhibitors. 


EXPERIMENTAL 


Materials 


Tyramine hydrochloride was obtained from BDH 
Ltd. Radioactive substrates, [1-'*C]tyramine and 
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[1-'*C]serotonin creatinine sulphate were obtained 
from the Radiochemical Centre, Amersham. Tranyl- 
cypromine sulphate was obtained from Smith, Kline 
and French Ltd. Other enzyme inhibitors used and 
the serotonin creatinine sulphate were synthesised in 
the Chemistry Department, Roche Products Ltd., by 
Drs. P. G. Philpott and B. Heath-Brown. 

Reagents used in the preparation of buffers, etc., 
were of analytical reagent grade. 


Methods 

Enzyme preparation. Livers from male Sprague 
Dawley rats (Roche Products Animal Farm, Welwyn 
Garden City) were homogenised for 30sec at 0° in 
water (10 vol) using a Silverson homogeniser followed 
by a Potter—Elvehjem glass homogeniser and centri- 
fuged, first at 800g for 10min and subsequently at 
8000 g for 30 min. The pellet from the second centrifu- 
gation was washed twice with water (10 vol) and 
resuspended in 67 mM sodium potassium phosphate 
buffer (10 mg/g of liver). Aliquots were kept frozen 
and thawed immediately before use. Solubilised MAO 
was made from rat liver by the method described by 
Youdim and Collins [5]. 


Determination of enzyme activity 

(i) Manometric assay. A Gilson respirometer was 
used to measure rates of O, uptake. Flasks with two 
side arms were used, one containing substrate in 
0:25 ml of 67 mM phosphate buffer and the other, in- 
hibitor in the same buffer. The flask contained 2-0 ml 
of enzyme suspension. The final concentration of sub- 
strate in the flask was 5mM unless otherwise stated. 
Inhibitor studies were normally carried out by equili- 
brating the flasks for 5 min, adding the inhibitor to 
the enzyme, preincubating for 30 min, adding the sub- 
strate, equilibrating for 5 min and reading the man- 
ometer at 5min intervals for a further 30 min, the 
enzyme concentration used being such that O, uptake 
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was linear during this period. The mean rate of O, 
consumption in sl/min was calculated. The bath tem- 
perature was 37 and the gas phase was air. 

(ii) Assay using radioactive substrate. The method 
used was essentially that developed by Otsuka and 
Kobayashi for tyramine [6] and described in detail 
by Mantle et al. [7]. 


Experiments with whole animals 


a. Rats. Male rats of the same strain and age as 
those used to prepare enzyme for the in vitro work 
were used. Drugs were administered by i.p. injection 
in isotonic saline and control animals dosed with 
saline alone. 

(i) Tryptamine excretion. The animals were placed 
individually in metabolic cages with free access to 
food and water, and urine collected during 24 hr after 
drug administration. Tryptamine excretion was 
measured by the method of Sjoerdsma et al. [8]. 

(ii) MAO activity in treated animals measured in 
vitro. Animals treated with drugs as described above 
were killed, livers and brains were removed and 
enzyme preparations made from individual organs in 
the manner described for the bulk liver preparation. 
The MAO activities were compared with those of 
saline treated controls using manometric assay. 


b. Mice 

(i) Effect of drugs on metabolism of L-DOPA. Groups 
of four male Swiss white mice were given the MAO 
inhibitors i.p. in saline followed, after 1 hr, by an in- 
traventricular injection of 0-1 ug of [2-'*C]L-DOPA 
(c. 10 nCi) in 0-02 ml of saline. After 20 min, the mice 
were killed, their brains were removed, homogenised 
and the total homogenate from each group frac- 
tionated according to the method described by Gey 
and Pletscher [9]. Brains from saline-injected con- 
trols were put through the same procedure. 


RESULTS 


Preliminary experiments established that the un- 
substituted phenyloxadiazole compound, PCO (I, 
R = H) inhibited MAO from various sources, the in- 
hibition ‘being greater when enzyme and inhibitor 
were pre-incubated in the absence of substrate (Table 
|). The presence of oxygen during the pre-incubation 


Table |. Inhibition of rat MAO by PCO: pre-incubation 
requirement 





°.. Inhibition 





Inhibitor 
added with 
substrate 


Pre-incubation 
without 
substrate 


Tissue 


source Substrate 





Liver Tyramine 
5-HT 
Tyramine 
5-HT 
Tyramine 
5-HT 
Tyramine 
5-HT 


Brain 
Heart 


Kidney 





Manometric assay. Pre-incubation time without sub- 
strate 30 min. Other conditions as in text. 


Percentage inhibition 














7 5 7 6 5 
-log [inhibitor] -log [inhibitor] 


(c) 


Percentage inhibition 








7 6 5 4 
-log [inhibitor] 


Fig. 1. Inhibition of rat liver mitochondrial MAO by (a) 
2-chloro PCO, (b) 3-chloro PCO and (c) 3-nitro PCO. The 
enzyme was pre-incubated with the concentrations of in- 
hibitor indicated for 30 min and enzyme activity measured 
using radioactive substrate as described in the text. Per- 
centage inhibitions were calculated from the activity of the 
enzyme pre-incubated in the absence of inhibitor. 


period was not necessary for inhibition to occur and 
once inhibited, enzyme activity could not be restored 
by washing or dialysis. The degree of inhibition was 
found to depend on the duration of pre-incubation, 
reaching a maximum of 80 per cent after 20 min incu- 
bation with 5 x 10°°M PCO using 5-HT as sub- 
Strate. 

In all subsequent experiments with inhibitors, a 
pre-incubation time of 30min was used. The inhibi- 
tion produced by various initial concentrations of in- 
hibitors was measured and from plots such as those 
in Fig. 1, 1,5, Is9 and I,; values could be obtained. 
These parameters are dependent on the conditions 
used, particularly on enzyme concentration and com- 
parison of results from different experiments must be 
made with caution. However, they provide a useful 
first indication of the relative potencies of different 
compounds examined under identical conditions and 
can also be used to indicate clearly, selective inhibition 
of the oxidation of certain substrates in a multi-sub- 
strate enzyme preparation. 

The substrate selectivity observed with PCO is 
shown in Table 2 which gives I,,) values for MAO 
from 4 rat tissues with various amines. It can be seen 
that very different relative I;,. values were found in 
the preparations from different tissues. 

The selective inhibition observed with PCO was 
not dependent on the integrity of the membrane in 
the membrane bound MAO preparations used. Essen- 
tially similar results were obtained with a solubilised 
preparation using radiometric assay (Table 3). Iso 
values obtained corresponded with those found for 
the membrane bound enzyme using the radiometric 
assay and were c. 1/100 of those found using mano- 
metric assay. This emphasises the arbitrary nature of 
an I;, value. The manometric assay requires enzyme 
concentrations 50-100 times greater than the radio- 
metric assay and for potent irreversible inhibitors 
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Table 2. Inhibition of rat MAO preparations by PCO: substrate variation 





I<. values 





Substrate Liver 


Kidney 


Heart Brain 





Tyramine 4x 10°°M 
Serotonin 

Tryptamine 3 - x 
Dopamine : x 


x 10°7M 
x 10°” 
10-7 
io"? 


4x10°7M 
2-5 x 1077 
3x 10°’ 
4x 107’ 


3x 10°°M 
4x 107’ 
[x a= 
3x > 





Enzyme assays were carried out by the standard manometric procedure described 


in the text. 


Table 3. Inhibition of soluble rat liver MAO by PCO 





% Inhibition 





Inhibitor concentration 5-HT Tyramine 





10°-°M 
5x 10° 
10 
5 x 10° 
107 
5 x 107 
10-> 
107 





Soluble MAO was prepared as described in the text and 
assayed by the standard radiometric procedure. 


which react fairly specifically with the enzyme active 
centre, this makes a considerable difference to the I< 
values observed. 

In order to compare the behaviour of a number 
of compounds of the series, experiments were carried 
out with rat liver MAO using a range of concent- 
rations of the inhibitors with tyramine and serotonin 
as substrates. When the curves obtained by plotting 
the negative logarithm of the inhibitor concentrations 


against percentage inhibition were examined, the 
compounds fell into one of three groups. The first, 
exemplified by the 2-chloro compound (Fig. la), were 
serotonin selective. A second group was non-selective, 
e.g. the 3-chloro compound (Fig. 1b). The third group 
was tyramine-selective. The results obtained with 
3-nitro PCO are shown (Fig. Ic). The results obtained 
with the whole series of compounds are expressed in 
the form of I,; and I;, values in Table 4. Serotonin 
selective inhibitors give values of 


I,, tyramine 
I,; serotonin 


which are greater than | and tyramine selective in- 
hibitors, values of 


I,; tyramine 
I,,; serotonin 


which are much smaller than |. Otherwise these ratios 
approximate to unity. 

It can be seen that PCO, its 2-chloro, 4-chloro and 
4-methyl derivatives, and the 3-pyridyl compound are 
serotonin selective, the 3-chloro and 3,4-dichloro 
compounds non-selective, whereas the 3-nitro and 
3,4-dimethoxy compounds are tyramine selective. The 


Table 4. MAO inhibition in vitro 


Dunc ects 
Te 


i | R 
a, 





I,; (molar concn) I,; (molar concn) 








Ratio 
D:C 


Structure B 5 D 


R= Tyramine Tyramine 





10° + a 2x 107" 2-0 
io-° 10 1-67 
10-5 5x 107 1-0 
ior > 10 2-0 
10°° 10 0:63 
10° > 10 0-05 
19° 3:3 10 1-5 
i i ; 3 16 0-1 
167° 10° 1-0 


H Zl : 3 
2-Cl 
3-Cl 
4-Cl 
3,4-diCl 
3-NO, 
4-CH, 
'3,4-diOCH, 
3-pyridyl 
(replaces phenyl 
ring) 
Tranylcypromine 
Deprenil 


HN OUND 


io-* 10 2x 10 2-0 
167 * 1-0 4x 107° 8 x 10° 0-02 





Enzyme inhibition was measured manometrically as described in the text and I,; and I;; values obtained from 
plots of inhibitor concentration against percentage inhibition. 
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Table 5. Tryptamine excretion by rats treated with PCO 
and analogues 





Tryptamine excretion 
ug/24 hr 


Drug treatment 





Saline 

PCO 10 mg/kg 
4-Cl-PCO 10 mg/kg 
3-NO, PCO 10 mg/kg 
3-NO, PCO 25 mg/kg 


EaEn- 
Swrmwn vo 
I+ 1+ 1+ 1+ + 
Leh Set tee Pek 
nO Lh WwW 





Groups of 6 animals were treated with drugs as indi- 
cated and tryptamine determined fluorimetrically in urine 
collected during the following 24 hr. 


known inhibitors Tranylcypromine(N-phenylethylcyc- 
lopropylamine) and Deprenil ((-)-(R)-N,«-dimeth- 
yl-N-2 (propynylphenethylamine)) are included for 
comparison, the former being a non-selective and the 
latter a tyramine selective inhibitor. 

Inhibition of MAO in rats and mice following 
administration of some of these inhibitors was 
assessed in various ways. Urinary tryptamine excre- 
tion during 24hr following administration of the 
compounds is given in Table 5. It can be seen that 
in all cases increased amounts of tryptamine were 
excreted by the treated animals. It was also found 
that the inhibitors modified the metabolism of 
['*C ]DOPA, injected intracerebrally into mice, in the 
same way as other monoamine oxidase inhibitors 
(Table 6), increasing the proportion of radioactivity 
recovered in the amine and amino acid fractions. 

It could be thus inferred that these inhibitors were 
acting on MAO in vivo and this was confirmed by 
assaying enzyme activity in preparations of the 
enzyme from treated animals. The results following 
single drug administrations are given in Table 7. In 
both liver and brain clear evidence for selective inhi- 
bition of serotonin oxidation was obtained for PCO 
and its 4-Cl analogue, whereas tranylcypromine and 
3-nitro-PCO administration gave enzyme _prep- 
arations which were equally inhibited with both sub- 
strates. 

On longer term administration of PCO, the selec- 
tivity largely disappeared. The results obtained by 
examining enzyme preparations from animals dosed 
twice daily for three days and killed after one further 
dose on the fourth day are given in Table 8. It can 
be seen that there is some difference between the inhi- 
bitions found for the brain enzyme using serotonin 


and tyramine as substrates, but this is less clear cut 
than after single administration of the drugs. 


DISCUSSION 


This series of cyclopropylamines resembles other 
arylalkyl substituted cyclopropylamines in inhibiting 
mitochondrial MAO. As_ with  tranylcypromine 
(2-phenylcyclopropylamine), inhibition is essentially 
irreversible and shows time dependence. Unlike hyd- 
razine inhibitors such as ipromiazid, PCO and its ana- 
logues do not require O, to be present during incuba- 
tion with the enzyme for inhibition to occur. 

Various inhibitors of MAO have been reported to 
show a selective action against the oxidation of cer- 
tain substrates [4]. Clorgyline, like PCO, shows a 
selective action against serotonin oxidation [1] and 
Deprenil, a selective action against tyramine oxi- 
dation similar to, but more marked than that found 
for the 3-nitro and 3,4-dimethoxy analogues of PCO 
[10]. The selectivity of these inhibitors has been 
accounted for by postulating that they react at differ- 
ent rates with two types of MAO, the A enzyme, char- 
acterised by its ability to oxidise serotonin but not 
benzylamine, and the B enzyme, which oxidises 
benzylamine but not serotonin [11]. Some evidence 
has been obtained that presynaptic neuronal tissue 
contains only the A enzyme [12] and consistent with 


Table 7. MAO activity in rat tissues after single doses of 
PCO and analogues 





°., inhibition compared to 
saline treated controls 





Brain 
5S-HT Tyramine 


Liver 
5-HT Tyramine 


Drug treatment 
mg/kg i.p. 





PCO | Fe 0 E 10 
10 68 2 18 
4-Cl-PCO | 50 21 28 
10 86 5 50 
3-NO,-PCO | 4 5 
10 36 35 
Tranyleypromine | 72 57 83 
10 95 89 100 100 





Groups of 4 female rats were used for each treatment, 
killed 2hr after drug administration and organs pooled 
for enzyme preparation. Enzymes were assayed manome- 
trically. 


Table 6. Metabolism of [2-'*C]L-DOPA in mice after treatment with PCO and 
analogues 





te) 


of total counts in supernatant 
recovered in each fraction 





Metabolite fraction Saline treated Ro 4-1340 PCO 4-Cl-PCO 





Amines 8-5 26°6 24-3 
Phenol carbonic acids 
+ phenol alcohols 


Amino acids 


13-1 ze 8-6 
25:8 29-4 


26:3 





Drugs were administered at 20 mg/kg i.p. to groups of 4 male mice followed 
after | hr by [2-'*C]L-DOPA intraventricularly. Mice killed 20min later and 
pooled brains homogenised and supernatant fractionated. 

Ro 4-1340 is L-z-alanyl-N ,-isopropylhydrazide monohydrochloride. 
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Table 8. MAO activity in rat tissues after multiple doses of PCO and analogues 





Drug Substrate 


°*, inhibition compared to 
saline treated controls 





Liver Brain Heart Kidney 





5-HT 
Tyramine 
Dopamine 
5-HT 
Tyramine 
Dopamine 
5-HT 
Tyramine 
Dopamine 
5-HT 
Tyramine 
Dopamine 


PCO 


4-Cl-PCO 


3-NO,-PCO 


Tranyleypromine 





Groups of 4 rais were treated with drugs | mg/kg i.p. twice daily for 3 days 
(9.00 and 18.00hr) and once (9.00 hr) on day 4. Animals were killed 4hr after 
the final administration and organs pooled for enzyme preparation. Enzymes were 


assayed manometrically. 


this, it has been found that noradrenaline and norme- 
tanephrine in addition to serotonin are specific sub- 
strates for this form. Only the B enzyme oxidises 
phenylethylamine whereas other endogenous sub- 
strates are oxidised by both enzymes [13]. The 
properties found for the inhibitors studied here are 
consistent with the concept of A and B enzymes, the 
inhibitor curves for tyramine oxidation (Figs. la and 
Ic) being biphasic because it is oxidised by both forms 
of the enzyme. Small modifications to the inhibitor 
molecule have a marked effect on the selectivity 
between the two sites. 

From the small number of compounds examined 
it is possible to draw only a few conclusions concern- 
ing the structural determinants of selectivity. Prefer- 
ential reaction with the A-site seems to depend on 
the absence of a substituent in the 3-position of the 
phenyl ring. Compounds with a 3-substituent are 
either non-selective or react more readily with the 
B-site. Since both 3-nitro-PCO and 3,4-dimethoxy- 
PCO show a preference for the B-site, the effect would 
seem to be steric rather than electronic, a conclusion 
also supported by the behaviour of the 3-pyridyl com- 
pound which, although similar in electron distribu- 
tion to the 3-nitro compound, shows marked A-site 
selectivity. It is of interest that Fuller et al. [15], when 
discussing structure activity relationships in_ their 
series of phenoxyethylcyclopropylamines, had to give 
special weighting to steric effects of a substituent in 
the 3-position. Comparison of models shows that the 
phenyl ring of PCO is capable of assuming a con- 
figuration in which its position relative to the cyclo- 
propylamine N atom is similar to that of the phenyl 
ring in phenoxyethylcyclopropylamine. 

The functional significance of the A and B enzymes 
remains obscure. Despite the evidence already 


referred to, suggesting that intraneuronal MAO is of 


the A form, it is clear that this form is not restricted 
to that location. Nor does the total absence of the 
A form from pig brain encourage a belief that this 
form of MAO is of special significance in neurones. 
The substrate specificity of the forms is not complete. 
For example, blood platelets metabolise serotonin to 


5-hydroxyindole acetic acid and 5-hydroxy tryptophol 
[14] despite their reported lack of A-type enzyme. 
This complicates attempts to assign specific roles to 
the two forms. More information on the behaviour 
of monoamine oxidase in its functional state is 
required. 

Highly specific inhibitors for A and B enzymes in 
vivo would assist this work but the evidence from 
the studies with PCO and its analogues reported here 
suggests that these compounds do not exhibit in vivo 
such a clear cut selectivity as they show in vitro. It 
may partly be because the reaction rates with the two 
centres are insufficiently different, but the very 
marked changes produced by altered substitution in 
the phenyl ring also means that metabolites may 
show different specificities to those of the parent drug. 
However, the results after single administration of 
PCO and 4-Cl-PCO (Table 7) support previous find- 
ings [2] with A-selective inhibitors in showing that 
this type of selective inhibition can occur in vivo, 
although much less evident when multiple doses of 
the drugs were given (Table 8). 

The compounds have been used in vitro to produce 
MAO with the A-site blocked so that kinetic studies 
of the B-site can be made [7]. 
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Abstract 


Significant increases in the concentrations of f-aminoisobutyric acid and f-alanine in the 


urine of patients under D-cycloserine treatment for tuberculosis were found during a study of biochemi- 
cal changes caused by surgical operation. /-Alanine increased in all cases on the administration of 
cycloserine at a clinical dose. B-Aminoisobutyric acid excretion was increased by cycloserine treatment 
only in the genetic low excretors of this amino acid, but not in the high excretors who lack the 
degradative enzyme, D-f-aminoisobutyrate:pyruvate aminotransferase. Injection of cycloserine increased 
the concentrations of the amino acids in the liver of rats, and inhibited strongly D-f-aminoisobutyrate: 
pyruvate and f-alanine:x-ketoglutarate aminotransferases. The increase in the amino acids and the 
enzyme inhibition occurred after D-cycloserine disappeared from the liver. The inhibition was not 
caused by b-cycloserine itself, but by its metabolite, D-aminoxyalanine, which was isolated and identified 
from urine of rats after injection of D-cycloserine. The toxicity of D-aminoxyalanine was also determined 
using mice, and the relation with clinical toxic effects of D-cycloserine is discussed. 


b-f-Aminoisobutyric acid (D-BAIB) and /3-alanine are 
metabolites of thymine and uracil, respectively. The 
concentrations of these amino acids rise in general 
after surgical operation regardless of the organ in- 
volved or type of operation [1]. This was not ob- 
served after surgery on patients with tuberculosis. It 
was found that patients with tuberculosis under treat- 
ment with cycloserine excrete higher concentrations 
of the amino acids in urine and that the concent- 
rations fall for a few days after the operation during 
which period the drug was withdrawn. It was estab- 
lished ‘hat D-cycloserine is metabolized to D-f- 
aminoxyalanine which inhibits D-BAIB:pyruvate 
aminotransferase and _ f-alanine : z-ketoglutarate 
aminotransferase effectively in vivo. 


METHODS AND MATERIALS 


Determination of BAIB and f-alanine in urine and 
rat liver. Urine or a trichloroacetic acid extract of 
liver was desalted using ion exchange resin and was 
subjected to high voltage electrophoresis. Amino 
acids were stained by ninhydrin reaction; coloured 
bands corresponding to BAIB and f-alanine were 
extracted and their optical densities were measured 
by the method of Yanai et al. [2] and Takao et al. 
[3], respectively. 

Determination of cycloserine in rat liver. Cycloserine 
was determined as BAIB. It was extracted from the 
liver with trichloroacetic acid. The extract was de- 
salted and subjected to high voltage electrophoresis. 
The concentration was determined colourimetrically 
with ninhydrin. The drug was resolved well from tis- 
sue amino acids. 

Assay of D-BAIB: pyruvate aminotransferase. Rat 
liver was homogenized in 5 volumes of 0:01 M phos- 
phate buffer. pH 7:5, and the supernatant fraction ob- 
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tained by centrifugation at 12.000 g for 20 min was 
used as the enzyme source. The activity was measured 
by the method of Taniguchi et al. [4] using D-BAIB- 
methyl '4C. 

Assay of B-alanine: #-ketoglutarate aminotransferase. 
To the rat liver extract prepared as above, solid 
ammonium sulfate was added to 55°, saturation. The 
supernatant after centrifugation was brought to 80% 
saturation with ammonium sulfate and the precipitate 
was dissolved in 0:01 M sodium borate buffer, pH 
8-8 and used as the enzyme source. The activity was 
measured by the method of Kakimoto et al. [5]. 

f-Aminoxyalanine. B-Aminoxyalanine was prepared 
by the method of Stammer [6]. 

Schiff's base of B-aminoxyalanine with pyridoxal 
phosphate. 387 mg of f-aminoxyalanine was mixed 
with 750 mg of pyridoxal phosphate in a small vo- 
lume of water, and the mixture was passed through 
a 2 x 20 cm column of Amberlite IR-120, pyridine 
form. The column was washed with 200 ml of water 
and the compound was eluted with 245 ml of pyri- 
dine—acetic acid—water (2:8:190). The eluate was eva- 
porated to dryness under reduced pressure. The resi- 
due was crystallized from hot water to obtain 710 
mg of crystalline C,,H,,N,;0gP-H,O. 

Found 

C: 36:34, H:5-20, N: 11-15, P:8-45 
Calculated 

C:36:18, H:4-97, N: 11-51, P:8-48 


RESULTS 


Concentrations of BAIB and f-alanine in urine of 
patients with tuberculosis. Concentrations of BAIB 
and f-alanine in the urine of patients with tuberculo- 
sis fell after surgical operations, and then returned 
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@ Under cycloserine treatment 


© Withdrawal of cycloserine 


.mg/day 


excretion, 


Amount of B-aminoisobutyric acid 








Postoperative days 


@ Under 
o Withdrawal of cycloserine 


cycloserine treatment 


mg/day 


excretion, 


of B-alanine 


Amount 


operation 

Postoperative days 
Fig. 1. Change in the concentrations of f-aminoisobutyric 
acid (la) and f-alanine (1b) in urine of patients with pul- 
monary tuberculosis before and after surgical operation. 


to the preoperative level. This was observed in pa- 
tients receiving cycloserine treatment as shown in Fig. 
|. Preoperative levels of the amino acids were higher 
than normal controls. The curve at the top of Fig. 
la which shows the highest concentration of BAIB 
represents the urinary level of the genetic high excre- 
tor of BAIB not under cycloserine treatment. The 
concentrations of BAIB and f-alanine in urine from 
_two groups of patients with pulmonary tuberculosis, 
one under cycloserine treatment and the other with- 
out cycloserine, were determined and are shown in 


(a) Administration of cycloserine 


Without administration of cycloserine 


No. of subjects 


5 50 


Concn of BAIB, mg/g creatinine 


(b) Administration of cycloserine 


Without administration of cycloserine 


No. of subjects 





Concn of B-alanine, mg/ creatinine 

Fig. 2. The concentrations of f-aminoisobutyric acid (2a) 

and f-alanine (2b) in urine of patients with pulmonary 

tuberculosis. The concentrations in the urine of the 

patients receiving cycloserine and not receiving cycloserine 

were compared. Each dot represents the amount of the 
amino acids for each subject. 


Fig. 2. Patients who were receiving cycloserine ex- 
creted significantly higher concentrations of BAIB 
and f-alanine. It should be mentioned here that the 
distribution of concentrations of BAIB in a Japanese 
population is bimodal as shown in the lower figure 
of Fig. 2a. Japanese are classified into high and low 
excretors [2]. the concentration of BAIB in urine be- 
ing controlled genetically. The high excretor is lacking 
in D-BAIB: pyruvate aminotransferase activity [4 7]. 
When cycloserine was administered to the patients. 
urinary concentrations of BAIB reached the level of 
the high excretors who lack the above enzyme geneti- 
cally. as shown in Fig. 2. This was verified by observa- 
tion of the change in the concentration Of urinary 
BAIB after the administration of cycloserine to pa- 
tients and healthy human subjects (Fig. 3). The con- 
centration rose in the low excretors but not in the 
high excretors. /-Alanine in urine increased concomi- 
tantly. 

Changes in the concentration of BAIB and f-alanine 
in rat liver after cycloserine injection. D-Cycloserine 
(200 mg/kg) was injected 1p. into rats weighing 150 g. 
and the rats were killed after various times. The con- 
centrations of BAIB, /-alanine and cycloserine and 
the activities of BAIB: pyruvate and /-alanine: x-ke- 
toglutarate aminotransferases were measured using 
5-10 rats for each time. As shown in Fig. 4, cycloser- 
ine disappeared rapidly from liver falling to an unde- 
tectable concentration within 4 hr after the injection, 
while the concentrations of BAIB and _ /f-alanine 
gradually increased for 4 hr; the increased level was 
sustained for 12 hr and then fell slowly. The enzyme 
activities dropped rapidly within 30 min and the inhi- 
bition of D-BAIB: pyruvate aminotransferase lasted 
for more than 24 hr as shown in Fig. 5. Inhibition 
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Fig. 3. Effect of cycloserine administration on the concen- 

trations of B-aminoisobutyric acid (3a, b) and f-alanine (3c) 

in human urine. Figure 3a and 3b are the difference in 

B-aminoisobutyric acid concentration in the urine of gen- 

etic high and low excretors of f-aminoisobutyric acid, 
respectively. 


was more than 90° for the first 4 hr and it was about 
80° even 24 hr after the injection. 

Inhibition of D-BAIB: pyruvate and f-alanine: x-ke- 
toglutarate aminotransferases by D-cycloserine in vitro. 
Various concentrations of cycloserine were added to 


(a) Cycloserine injection % Cycloserine 
{ = BAIB 


19/g liver 





Concentrations of BAIB and 


cycloserine, 





+ T T 
Before O-5 2 
injection 


Time after injection, 


$ Cycloserine 
(b) Cycloserine injection 


| $ B-alcnine 


u9/g liver 


Concentration of B-alanine and 





cycloserine, 





Before O5 2 3 6 
injection 


Time after injection, hr 


Fig. 4. The concentrations of B-aminoisobutyric acid (4a), 
B-alanine (4b) and cycloserine in the rat liver after the in- 
traperitoneal injection of cycloserine. 


Activity of BAIB; pyruvate aminotransferase 
i 








tT 


Tt T 7 
Before O85 | 2 4 


Time after injection of cycloserine, hr 


Fig. 5. Activity of D-f-aminoisobutyrate:pyruvate amino- 

transferase in rat liver after the intraperitoneal injection 

of cycloserine. The activity of the enzyme is expressed as 

the amount of decreased f-aminoisobutyric acid (my 
moles) in 20 min per g liver. 


the reaction mixtures. A low concentrations cyclo- 
serine did not inhibit the enzyme activities as shown 
in Table 1; about 2 x 10°* M was required to attain 
50°, inhibition, and this concentration was far higher 
than the tissue level of the drug found in rat liver. 
3 x 10°* M. Combining this finding with the obser- 


vation that the time course of inhibition of the en- 
zyme was not parallel to that of the concentration 
of cycloserine as shown in Fig. 5, it was considered 
that enzyme inhibition is not due to cycloserine itself. 
but probably to its metabolite. 

Presence of an enzyme inhibitor in the liver of rat 
after injection of D-cycloserine. Five grams of rat liver 
obtained 2 hr after the injection of cycloserine were 
homogenized in 5 vol of 0-01 M potassium phosphate 
buffer. pH 7:5. The homogenate in a cellophane bag 
was dialyzed against 100 ml of the same buffer. The 
concentration of cycloserine in the solution outside 
the bag was 49 x 10°° M. While this concentration 
of cycloserine did not show any detectable inhibition 
of BAIB: pyruvate aminotransferase, the addition of 
0-1 ml of the above solution to 0-5 ml of the reaction 
mixture inhibited the enzyme activity by 35°,. The 
extract obtained from normal rat liver did not show 
any inhibitory effect. 

Presence of the inhibitory substance in urine of rats 
after injection of cycloserine. D-Cycloserine was in- 
jected into 2 rats weighing 150 g at the dose of 500 
mg per kg body wt. Urine was collected for 24 hr 
after the injection. The urine was found to contain 
a substance inhibiting D-BAIB: pyruvate aminotrans- 
ferase, and was purified using the enzyme as an indi- 
cator. Urine was passed through a 2 x 10 cm column 
of Amberlite IR-120, H* form, 100-200 mesh. The 
resin was washed with water and the compound was 
eluted with 120 ml of | M pyridine. The eluate was 
evaporated to dryness under reduced pressure and the 
residue, dissolved in a small volume of water, was 
passed through a | x 10 cm column of Dowex | 
x 10, acetate form. and the column was washed with 
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Table 1. Effect of p-cycloserine on D-f-aminoisobutyrate: pyruvate and f-alanine: «-keto- 
glutarate aminotransferases 





Concentration of 
cycloserine 


(M) 


°., Inhibition of D-/-aminoisobutyrate: pyruvate 


aminotransferase 





10-3 
10°? 
10°! 


Concentration of 
cycloserine 


(M) 


°, Inhibition of f-alanine: x-keto- 


glutarate aminotransferase 





10-3 
10°? 
10°! 


40 
64 
99 





An aqueous solution of b-cycloserine was added to the enzyme reaction mixtures to obtain 


the final concentrations given in the table. 


30 ml of water. The effluent was evaporated to dry- 
ness. The dried residue was applied to a 2 x 20 cm 
column of Amberlite IR-120, pyridine form, and the 
compound was eluted with 2 M pyridine. Five ml 
fractions were collected. An aliquot of each fraction 
was subjected to paper electrophoresis to locate cyc- 
loserine and another aliquot was used to determine 
the inhibition of BAIB: pyruvate aminotransferase. 
Cycloserine was eluted in the 11th tube, but an inhibi- 
tory substance was eluted earlier, the maximal inhibi- 
tory activity being in tube 7 as shown in Fig. 6. This 


peak was not observed when normal rat urine was 
processed in the same manner. Judging from its be- 
haviour in ion exchange chromatography and paper 
electrophoresis, the inhibitory compound was neutral. 
and from the chemical structure of D-cycloserine, D-f- 


oO 
oO 
rn 


Extract of urine of rat 
o After cycloserine injection 
X Before cycloserine injection 





Percent inhibition of BAIB; pyruvate aminotransferase 


5 7 9 I 13 


Fraction number 


Fig. 6. lon exchange chromatography of an inhibitory sub- 

stance extracted from urine of rats injected with cycloser- 

ine. Inhibition was examined by the inhibition of p-f- 

aminoisobutyrate:pyruvate aminotransferase. Chroma- 

tography was carried out on Amberlite IR-120, pyridine 

form, with 2M pyridine. The small peak corresponding 
to tube 11 is cycloserine. 


aminoxyalanine was considered to be a probable can- 
didate. 

Identification of the inhibitory substance in urine of 
rats treated with cycloserine. The fraction containing 
the inhibitory substance was purified further by 
chromatography on a 2 x 18 cm column of Dowex 
50 x 2 equilibrated with pyridine-acetic acid—water 
(1:9:190), and eluted with pyridine—acetic acid—water 
(3:7:190). A fraction of the eluate between 77 and 
132 ml was evaporated to dryness under reduced 
pressure. Aliquots of this fraction were examined by 
paper chromatography and paper electrophoresis. 
The purified solution contained a substance with 
properties the same as those of f-aminoxyalanine. 
The chromatographic pattern of the purified fraction 
on Amberlite IR-120, pyridine form, eluted with 2 M 
pyridine was the same as that of f$-aminoxyalanine. 
Because f-aminoxyalanine was too unstable to purify 
extensively, the inhibitory substance was stabilized by 
making a complex with pyridoxal phosphate to ob- 
tain a final proof of identification. 190 mg of cycloser- 
ine was injected into two rats and 48 hr urine was 
collected. The urine was treated with Amberlite 
IR-120, H* form, and Dowex 1. acetate form, as de- 
scribed above. To the effluent 50 mg of pyridoxal 
phosphate were added. and the solution was evapor- 
ated to dryness. The residue was dissolved in 5 ml 
of water. The solution was applied to a | x 8 cm 
column of Dowex | x 10, acetate form, and the resin 
was washed with 100 ml of water. The compound 
was eluted with 300 ml of 1 M acetic acid. The eluate 
was dried and applied to a 2 x 20 cm column of 
Amberlite IR-120, equilibrated with pyridine—acetic 
acid—water (0:5:9-5:190). The compound was eluted 
with pyridine—acetic acid—water (2:8:190). The frac- 
tion of the eluate between 15 and 50 ml was evapor- 
ated to dryness. The purified complex was identical 
with authentic Schiff’s base of /-aminoxyalanine with 
pyridoxal phosphate by paper chromatography and 
electrophoresis. The compounds were located by 
fluorescence. U.V. spectra of both the compounds 
matched completely as shown in Fig. 7. 

Inhibition of D-BAIB: pyruvate and [-alanine: z-ke- 
toglutarate by B-aminoxyalanine. The inhibitory effect 
of D-f-aminoxyalanine on both enzymes is shown in 





Inhibition of metabolism of f-alanine 


Schiffs base of isolated compound with 
° pynidoxal phosphate 
@ Authentic 0-8 -aminoxyalanine 


Optical density 
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Wavelength, nm 


Fig. 7. Absorption spectra of Schiff’s bases of the isolated 
compound and of authentic D-f-aminoxyalanine. 


Table 2. The concentration of D-f-aminoxyalanine re- 
quired for 50°, inhibition of D-BAIB: pyruvate and 
f-alanine: x-ketoglutarate aminotransferase was less 
than 2 x 10° M. The inhibition was abolished by 
the addition of pyridoxal phosphate as shown in 
Table 3. 

Toxicity of B-aminoxyalanine. Various amounts of 
b-f-aminoxyalanine were injected into mice and the 
lethal dose was calculated from data in Table 4. The 
LDs9 for the compound was 2:57 + 0-02 g per kg. 
which is a little lower than the reported LD<, value 


Table 4. Toxicity of B-aminoxyalanine to mice 





Amount of f-amino- 
xyalanine injected 
(mg/g body weight) 


Number of 


mice Mortality (°,) 





10 100 
10 90 
10 50 
10 30 
10 0 





of b-cycloserine, 430 + 0-35 g [8]. Generalized seiz- 
ures were observed in all mice injected with the lethal 
doses of f-aminoxyalanine. but were not observed 
with p-cycloserine. The toxic effect of this amino acid 
was not protected by the injection of pyridoxal phos- 
phate, and Schiff’s base of the amino acid with 
pyridoxal phosphate had the same toxicity as f- 
aminoxyalanine. 


DISCUSSION 


Administration of D-cycloserine to pateints led to 
a significant increase in the excretion of BAIB and 
f-alanine in urine. This is due to the inhibition of 
enzymes metabolizing the two amino acids by p-f- 
aminoxyalanine, a metabolite of cycloserine. D-BAIB: 


Table 2. Effect of f-b-aminoxyalanine on D-/-aminoisobutyrate: pyruvate and /-alanine: 7- 
ketoglutarate aminotransferases 





Concentration of 
f-aminoxyalanine 


(M) 


° Inhibition of 
D-f-aminoisobutyrate: pyruvate 
aminotransferase 





| x jo°° 
1/6 x 1075 
1/6 x 107-4 
1/6 x 1073 





Concentration of 
f-aminoxyalanine 


°., Inhibition of 
f-alanine:«-ketoglutarate 
aminotransferase 





63 
93 
99 





An aqueous solution of bD-cycloserine was added to the enzyme reaction mixture to obtain 
the final concentrations given in the table. 


Table 3. Inhibitory rate of D-f-aminoisobutyrate: pyruvate aminotransferase by [- 
aminoxyalanine in the absence and presence of pyridoxal phosphate 





Final Concentration 
(M) 
fb-Aminoxyalanine 


Pyridoxalphosphate 


Inhibition of the 
enzyme activity (°,) 





is x = 


0 


3-4 x 


26 x 


0 


3-4 x 


39 x 


2 & 


0 


34 x 10 


0 


3-4 x 10 
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pyruvate aminotransferase in the patients under treat- 
ment with the drug is considered to be inhibited al- 
most completely. The amount of BAIB in the urine 
of pateints reached the level of that of the genetic 
high excretors of BAIB whose BAIB: pyruvate amino- 
transferase activity is almost absent. The possibility 
of the increased amounts of BAIB and f-alanine in 
urine being due to an increase in the turnover rate 
of nucleotides or breakdown of nucleic acids by pD- 
cycloserine is unlikely since the administration of D- 
cycloserine to the genetic high excretors of BAIB did 
not cause any increase in BAIB concentration. 

Inhibition of various transaminases by cycloserine 
has been reported. Aoki [8] and Barbieri [9] reported 
the inhibition of glutamate: asparate aminotransferase 
and Barbieri [10] and Porfirieva [11] the inhibition 
of glutamate:alanine aminotransferase. We injected 
200 mg per kg of b-cycloserine intraperitoneally into 
rats. No significant inhibition of the activities of either 
enzyme was found in the liver 6 hr after the injection, 
when BAIB: pyruvate aminotransferase was almost 
completely inhibited. This enzyme seems to be selec- 
tively inhibited by b-aminoxyalanine. Dann and 
Garter [12] reported the inhibition of y-aminobuty- 
rate:glutamate aminotransferase by cycloserine, but 
injection of 6 g per kg of the drug was required to 
attain an observable increase in the concentration of 
y-aminobutyrate in rat brain. 

Correlation between the enzyme inhibition, which 
is estimated by the increase of urinary concentrations 
of BAIB and f-alanine, and side effects such as dizzi- 
ness, headache and convulsion was not found. The 


toxicity of D-aminoxyalanine was similar to that of 
b-cycloserine. It was interesting that D-/-aminoxya- 
lanine induced convulsive seizure prior to death with- 
out exception while cycloserine did not. Convulsive 


seizure is a common clinical side effect of cycloserine. 
The antituberculous activity of D-f-aminoxyalanine 
was a little less than D-cycloserine when added to 
a culture medium [13]. Metabolism of D-cycloserine 
to B-aminoxyalanine therefore seems to be an unde- 
sirable reaction which increases the side effects such 
as convulsions. A derivative of D-cycloserine which 
is resistant to enzymic hydrolysis or a nontoxic in- 
hibitor of the hydrolase of cycloserine may be clini- 
cally a desirable development. 
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Abstract—An unknown metabolite of pD-penicillamine found in the urine of patients receiving the 
drug has been isolated by ion-exchange chromatography. It was identified as S-methyl-b-penicillamine 
by mass spectrometry and its structure was confirmed by synthesis. 

In subjects receiving D-penicillamine for treatment of cystinuria and rheumatoid arthritis 4 and 
8 per cent respectively of the dose was methylated. The total percentage of the D-penicillamine dose 
excreted (as cysteine-penicillamine plus penicillamine disulphide plus S-methyl-D-penicillamine) was 
40 and 34 per cent in cystinuria and rheumatoid arthritis respectively. The findings in two cases 
of Wilson’s Disease were similar to those in rheumatoid arthritis. 

In studies on four cystinuria patients an average of 12 per cent of the administered D-penicillamine 
was recovered in the faeces mainly as penicillamine disulphide. However, only between 42 and 53 
per cent of the dose was identified in the urine and faeces, so that approximately 50 per cent of 


the administered drug was unaccounted for. 


p-Penicillamine caused a 32 per cent reduction in the urinary excretion of cysteine residues in cys- 
tinuria but a 400 per cent increase in their excretion in rheumatoid arthritis. 


Since 1956 penicillamine (ff dimethylcysteine) has 
been extensively employed in the treatment of Wil- 
son’s Disease [1]: and in 1963 it was also introduced 
for the treatment of cystinuria [2]. A recent con- 
trolled study [3] has confirmed its beneficial effects 
in the treatment of rheumatoid arthritis [4]. A 
number of other therapeutic effects of penicillamine 
have been reported [5]. In vitro effects reported in 
the literature include inhibition of DNA and protein 
synthesis [5], selective inhibition of polio virus 
growth [6] and prevention of collagen cross linking 
[7]. The biochemical actions of penicillamine are 
usually understood either in terms of its metal chelat- 
ing properties, its ability to undergo thiol exchange 
[8], or inhibition of pyridoxal metabolism by thiazoli- 
dine formation [9, 10]. These biochemical and in vitro 
effects have been implicated in the clinically observed 
side effects of penicillamine therapy including pro- 
teinuria [11], thrombocytopenia [12] and loss of taste 
[13]. 

Early work on the metabolism and toxicity [14] 
of the D and L forms of penicillamine indicated the 
much greater toxicity of the L-form and therefore 
recent clinical studies have employed the natural 
isomer, D-penicillamine. Only recently have studies on 
the pharmacology of D-penicillamine been performed. 
Gibbs and Walshe [15] studied the fate of orally 


administered [*°S]pt-penicillamine in six cases of 


Wilson’s Disease and Wass and Evered have studied 
the intestinal absorption of L and D-penicillamine in 
the rat [16]. No metabolites of D-penicillamine other 
than the mixed disulphide with cysteine and its inter- 
nal disulphide [2] had been identified. In cystinuria 
these disulphides account for only one quarter to one 
half of the administered D-penicillamine [17]; a simi- 


lar finding has been reported in normal adults [18]. 
Because D-penicillamine is administered in doses of 
up to 3 g/day for long periods, possibly lifetimes, a 
more detailed understanding of the metabolism is 
desirable. In an attempt to uncover possible metabo- 
lites, the following study of penicillamine metabolism 
in patients with cystinuria, rheumatoid arthritis and 
Wilson’s Disease was undertaken. 

Examination of the urinary amino acid chromato- 
grams, from cystinuric patients, revealed the presence 
of an unknown peak in the alanine region. This peak 
was observed to vary with the D-penicillamine dosage 
and so the isolation and quantitation of this unknown 
was undertaken. 

Subjects. Sixteen patients with cystinuria, five with 
rheumatoid arthritis and two with Wilson’s Disease 
were included in the study. All had been receiving 
D-penicillamine therapy for at least one month. 

Specimens. All 24 hr urines were collected into 20 ml 
concentrated hydrochloric acid to prevent further di- 
sulphide exchange. Fasting early morning plasmas for 
amino acid analysis were prepared using solid salicyl- 
sulphonic acid as protein precipitant and nor-leucine 
as an internal standard. 

Balance studies. Faecal and 24 hr urine collections 
were made for a period of at least 5 days on four 
cystinuric subjects receiving D-penicillamine. The in- 
dividual faecal collections were immediately deep 
frozen until the end of the study. Faecal specimens 
were then pooled and slurried with approximately 
twice their volume of water for 2 hr with a mechanical 
stirrer. The total weight of the slurry was measured 
and triplicate weighed aliquots (approx 2g) were 
homogenised with 1 ml of 0:-1M HCl. The homo- 
genate was then extracted with acetone, centrifuged 
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to remove the debris and the volume of the superna- 
tant measured [19]. Appropriate aliquots were 


applied direct to the amino acid analyser. 


’ MATERIALS 


b-Penicillamine used throughout this study was 
supplied either as the free base or the hydrochloride 
(Distamine; Dista Products Ltd., Liverpool) and was 
found to be chromatographically pure. 

Performic acid was prepared by mixing | part of 
hydrogen peroxide (100 vol) with 10 parts of 98 per 
cent formic acid. The mixture was kept at room tem- 
perature for 24hr. Two parts of this mixture was 
added to 1 part of the solution to be oxidised and 
left at 4 for 3hr. The mixture was evaporated to 
dryness before further analysis. 

Cysteine-penicillamine disulphide and _penicilla- 
mine disulphide were synthesised by the methods of 
Crawhall et al. [20]; Clarke et al. [21] respectively. 

All chemicals were analytical grade reagents. 


METHODS 


Amino acid analysis was performed on a Technicon 
NC-1 analyser using a 140 x 0:63cm column of 
Chromobeads Type B and the buffer system of Purdie 
et al. [22] ata flow rate of 40 ml hr‘. Although this 
system gave good separation of cystine, cysteine-peni- 
cillamine disulphide and penicillamine disulphide, it 
did not resolve alanine from S-methyl penicillamine. 
A rapid system was therefore developed with im- 
proved resolution of S-methyl-penicillamine, which 
enabled quantitative measurements to be completed 
in about 1 hr. A 22 x 0:-63cm Pyrex column main- 
tained at 60+ 0:5 was filled to a depth of 18cm 
with Chromobeads type B and eluted at 40 ml hr~' 
with either (a) 0-067 M tri-sodium citrate buffer pH 
2:65 for quantitative studies or (b) a volatile buffer 
consisting of 0-1 M pyridine titrated to pH 2-65 with 
98 per cent formic acid for preparative separations. 
When required the column eluant was monitored at 
264 nm using a Cecil CE212 variable wavelength u.v. 
monitor equipped with a 75 ul 1 cm silica flow cell, 
prior to entry into the ninhydrin-analytical system. 

High voltage electrophoresis was performed on a 
Miles Hivolt (Shoreham, Sussex) model 2 unit using 
Whatman 3 MM paper in 8 per cent (v/v) formic acid 
at 4kV for 30min per paper. U.V. spectra were 
recorded on a Unicam SP 800 spectrophotometer. 

Mass spectrometry. Spectra were obtained on either 
a Varian MAT model SMI or M86 mass spectr- 
ometer. The operating conditions for both instru- 
ments were 70 V electron energy, 300 A electron cur- 


Table 1. Elution times from 140 cm column* 





Amino acid Elution time (min) 





Glycine 

Alanine 

§-methyl-penicillamine 

Cystine 

Cysteine-penicillamine disulphide 
‘Penicillamine disulphide 
Nor-leucine 





* Using gradient of Purdie et al. [22]. 
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rent sample vaporization and in source temperatures 
150. The atomic compositions (given in the figures) 
were obtained by accurate (+0-:003 AMU) mass 
measurements of the appropriate ions using the 
double focussing mass spectrometer (SM1) at a 
revolving power of 10,000 with perfluorokerosine as 
reference material. The difference between the calcu- 
lated and mean experimental masses for each ion did 
not exceed 0:002 AMU. 


EXPERIMENTAL 


Inspection of a number of amino acid chromato- 
grams of urine from patients receiving D-penicillamine 
showed the presence of a ninhydrin positive peak not 
resolved from alanine (Table 1). 

As shown in Fig. 1, using the short column system 
it was possible to resolve the unknown from alanine. 
initial tests to identify the unknown by simple pro- 
cedures followed by short column chromatography 
are listed below. When the elutant from either column 
was monitored at 264nm a small peak was found 
to coincide with the ninhydrin peak due to the un- 
known. Similar peaks occurred for cystine, cysteine- 
penicillamine mixed disulphide and penicillamine di- 
sulphide. 

(a) Urine was co-chromatographed with 0:2 jamole 
of freshly prepared D-penicillamine, which eluted at 
50 min, 12 min before the unknown. 

(b) The possibility that the unknown substance 
formed during storage of the urines was investigated 
by analysis of freshly voided cystinuric urine. The un- 
known was found to be present and its size did not 
change after several days at room temperature. 

(c) No peak in the unknown’s position was found 
in the urine of five cystinuric patients who were not 
receiving D-penicillamine. When _ these patients 
received D-penicillamine they excreted the unknown. 

(d) In order to determine if the chemical instability 
of D-penicillamine in physiological fluids could pro- 
duce the unknown _ substance D-penicillamine 
(2m-mole/L) was incubated for 8hr at 37 with 
freshly voided urine from a cystinuric patient not 
receiving penicillamine. No peak formed in the region 
of the unknown. A similar experiment with fresh 
plasma was also negative. 

(e) Performic oxidation of urine resulted in oxi- 
dation of the unknown substance. When the chroma- 
tographic fraction containing the unknown was sub- 
jected to performic oxidation, a new frontally eluted 
peak in the position of penicillamine sulphonic acid 
appeared. 

(f) The chromatographic fraction containing the 
unknown was found to give a negative nitroprusside 
test when performed both with and without reduction 
with cyanide: The presence of a free thiol group was 
therefore excluded but since penicillamine containing 
disulphides are resistant to reduction [23] a disul- 
phide could not be excluded. 

Isolation of unknown. Three litres of acidified urine 
from a patient found to have an above average excre- 
tion of the unknown was filtered and then desalted 
on a 2 x 100cm Dowex 50 x 8 (H* form) column. 
The column was washed with 2 litres of water and 
then eluted with 1 M ammonium hydroxide, which 
was collected until the eluant no longer gave a posi- 
tive nitroprusside test. The elutant was reduced to 
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S-—methy! penicillamine 





























20 
Time, 
Fig. 1. Chromatogram (short column) of urine from a cys- 
tinuric subject receiving D-penicillamine. 


min 


dryness on a rotary evaporator. The residue was dis- 
solved on 100 ml of 0-1 M HCI and filtered. Amino 
acid analysis of the filtrate showed the presence of 
the unknown plus other acidic and neutral amino 
acids. 

1:5 ml of the filtrate was applied to the 22 cm ana- 
lyser column equilibrated with pyridine-formic buffer 
and eluted as previously described. The column elu- 
tant was split so that only | ml/hr entered the analyti- 
cal system and 5 min fractions of the remainder were 
collected on a variable time-based fraction collector. 
Using the pyridine system the unknown eluted im- 
mediately prior to glycine. Because of the highly con- 
centrated nature of the samples it was necessary to 
clean the column by pumping 0-5M NaOH for 
15 min before re-equilibration to prevent the contami- 
nation of subsequent runs. In all 25 ml of the urine 
concentrate (cquivalent to 750ml of original urine) 
were separated in this manner. 

The pooled fractions were reduced to dryness and 
dissolved in 10 ml of 8 per cent formic acid. Amino 
acid analysis showed that the unknown was contami- 
nated with a large amount of glycine and some 
alanine. 

The unknown was separated from glycine and 
alanine by high voltage electrophoresis. 0-5 ml of the 
solution of the unknown were applied per paper and 
two papers were electrophoresed simultaneously. 
Marker strips were stained with ninhydrin and the 
band containing the unknown removed. The strips 
were eluted with 0:01 M HCI by descending chroma- 
tography. The elutants were pooled, evaporated to 
dryness and re-chromatographed on the 22cm 
column with pyridine-formic buffer to remove final 
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traces of ninhydrin positive impurities. The fractions 
were collected and desalted by absorption onto a 
0-6 x 5cm column of Zeocarb 225 (200-400 mesh H* 
form) washing with water (5 x 1 ml) and elution with 
1 M ammonium hydroxide. Approximately 10 mg of 
a slightly off-white solid were obtained on lyophiliz- 
ing the elutant. 

The u.v. spectra of the isolated compound exhibited 
three weak absorption maxima at 257, 264 and 
271 nm. 

The mass spectra of the metabolite is shown in Fig. 
2b together with that of penicillamine (Fig. 2a). Com- 
parison of the two showed a rather similar pattern 
of decomposition. However, the molecular ion and 
certain prominent fragments, denoted a, b, c, have 
masses 14 AMU greater in the spectrum of the meta- 
bolite than in penicillamine. (The elemental compari- 
son of these ions, indicated in the figure, show that 
these mass differences correspond to CH), indicating 
the metabolite to be a penicillamine homologue.) The 
location of the extra carbon atom on the sulphur is 
indicated by the prominent ions c and d attributed 
to (CH,),C = SCH, + (m/e 89) and CH;SH, + (m/e 
49) respectively in the spectrum of the metabolite. 
Furthermore, the molecular ion of the metabolite 
loses a CH,S moiety to yield an ion of m/e 116. 
An ion of the same mass is obtained by loss of the 
HS group from penicillamine but there is no similar 
loss of HS from M* of the metabolite to give an 
ion of m/e 130. 

Synthesis of S-methyl-p-penicillamine. To a solution 
of 500mg D-penicillamine in 50ml of anhydrous 
liquid ammonia, stirred by a strong mechanical stir- 
rer, was added small portions of clean sodium metal 
until the blue coloration persisted for a few minutes. 


PENICILLAMINE 


+ 


b CaHNS, (M-COOH) ,(b) 


=— C.HgNO, (M-H,S -OH)" 
t CH, ,NO,S,M",(a) 








T T 


METABOLITE 
+ 


> 
> 


>) | CH ANO,,(M-HS)" 


»(b) 


C—SCH 
“esse CGH NS 
(M-COOH) 


2 
a 


per cent base peak 
0,,(M-CH 


CH.SH 
(CH) 


oo-GHN 


— 


SH-OH)* 


CGHgNO(M- CH, 


t+— C.H,,NO,S,(M-CH,)* 


P——CH_S, 





FEG,H,NOS ,M"(a) 


T 


S- METHYL PENICILLAMINE 
(SYNTHETIC) 


Relative abundance, 








i Lh 


60 





Ion mass, 
Fig. 2. Mass spectrum of unknown metabolite compared 
with that of D-penicillamine — and synthetic 
S-methyl-bD-penicillamine. 
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Table 2. Urinary excretion of penicillamine metabolites 





PSCH, 
pmole/24 hr 


Dose 


Subject pmole/24 hr 


C-P P, 
pmole/24 hr 


°. of dose 


pmole/24 hr excreted 





Cystinuria 
7300 
7300 
8065 
8920 
9670 
9670 
9670 
10000 
12200 
13300 
15000 
15000 
16780 
20130 
20130 


Rheumatoid arthritis 
16 4030 
17 5030 
18 5030 
19 6700 
20 13000 


Wilson’s Disease 


21 21300 1100 
22 10640 147 


1880 545 
1445 375 
2020 550 
2260 554 
1520 440 
2690 476 
2500 755 
1900 296 
3470 950 
3180 595 
4260 1955 
3350 850 
3920 1060 
5260 1910 
3470 1220 


820 330 
930 400 
393 122 
720 532 
1890 826 


3240 
1380 


3430 
880 





Key 


Methyl iodide (approx 0-4 ml) was slowly added until 
the nitroprusside test on a small aliquot was negative. 
The reaction mixture was reduced to dryness at 37 
on a rotary evaporator. The residue was dissolved 
in 20 ml of deionised water, neutralised with hydro- 
chloric acid and reduced to dryness again. lon-ex- 
change chromatography showed the sample to con- 
tain a major peak as well as a number of other com- 
ponents including penicillamine disulphide. 

The residue was dissolved in 0-1M HCl, and 
absorbed onto a 8 x 2cm column of Zeocarb 225 
resin (H* form 200-400 mesh), washed with 150 ml 
of water and then eluted with pH 2:65 pyridine/formic 
acid buffer. The product eluted between 50 and 
150 ml. The elutant was reduced to dryness under 
vacuum. The u.v. spectra indicated the possible pres- 
ence of a formate salt. The product was desalted by 
passage down a 5 x 06cm cation column as de- 
scribed under the isolation procedure. The product 
could not be crystallized but it was found to give 
only one ninhydrin positive spot by TLC chroma- 
tography. Yield 200 mg. 

Comparison of synthetic and isolated S-methyl-b- 
penicillamine. Samples of synthetic and _ isolated 
S-methyl-p-penicillamine were chromatographed 
both singly and together by the short column system 
using both citrate and pyridine-formic buffers. In 
both systems the elution times and 570nm/440 nm 
ratios were identical. 

The two compounds also co-chromatographed on 
cellulose thin layer plates in the following solvent sys- 
tems: Butan-l-ol-acetic acid—water (60:15:25) and 
Butan-1-ol-acetone-diethylamine-water (70:70:14:35) 


PSCH,, S-methyl-p-penicillamine; C-P, cysteine-penicillamine disulphide; P,, penicillamine disulphide. 


[24]. The Ry values were 0:60 and 0:66 respectively, 
values similar to those obtained for methionine. High 
voltage electrophoresis in 8 per cent formic acid was 
also unable to separate the two compounds. 

The mass spectra of the synthetic S-methyl-penicil- 
lamine was identical with that obtained for the iso- 
lated unknown (Fig. 2). 


RESULTS 

The isolation and identification of the unknown 
metabolite of D-penicillamine as S-methyl-D-penicilla- 
mine and the subsequent synthesis of the pure com- 
pound have enabled the quantitation of the urinary 
excretion of this metabolite in patients receiving peni- 
cillamine. 

S-methyl-p-penicillamine could only be detected in 
some plasma samples as a small peak poorly separ- 
ated from the large alanine peak but the amounts 
were below the level of quantitation (i.e. less than 
1 «mole/100 ml) using the amino acid analyser. No 
S-methyl-b-penicillamine could be detected in the 
faeces of cystinuric subjects during the balance 
studies. 

The urinary excretion of penicillamine metabolites 
is detailed in Table 2 for a number of patients receiv- 
ing between 250mg and 3g of D-penicillamine per 
day. 

For the cystinuric patients the urinary excretion of 
S-methyl-D-penicillamine accounted for between 0-5 
and 10 per cent of the penicillamine dose with a mean 
of about 4 per cent. The amount of this metabolite 
excreted in the urine increased linearly with dosage 
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and was independent of whether the drug was sup- 
plied as the free base or the hydrochloride. In serial 
studies on two cystinuric subjects the percentage of 
the penicillamine dose excreted varied by less than 
5 per cent in both cases over a 5-day period. In the 
same period S-methyl-p-penicillamine comprised 
between 4 and 16 per cent of the metabolised penicil- 
lamine found in the urine of the two subjects. The 
percentage of the penicillamine dose methylated by 
the rheumatoid patients was higher than for cys- 
tinurics 6 to 12 per cent with a mean of about 8 
per cent. Cysteine—penicillamine disulphide was the 
major excretion product with some penicillamine di- 
sulphide also excreted in the rheumatoid patients who 
were receiving comparatively low doses of D-penicilla- 
mine. S-methyl-p-penicillamine and the two disul- 
phides were also found in the urine of four patients 
with Wilson’s Disease receiving the drug. 

The percentage of the penicillamine dose excreted 
in the urine as the S-methyl derivative plus the disul- 
phides varied from 26 to 64 per cent (40 + 11°,, 
mean + ISD, n = 16) for the cystinurics and from 20 
to 47 per cent (mean 34°,, n = 5) for the rheumatoid 
patients. Similar values were obtained in two cases 
of Wilson’s Disease. No free penicillamine could be 
detected in fresh urine samples from patients with 
either cystinuria or rheumatoid arthritis. 

The results of the balance studies on four cystinuric 
patients are given in Table 3. Between 26 and 44 per 
cent of the administered penicillamine was detected 
in metabolised form in the urine. A further 4—12 per 
cent of the dose was not absorbed by the intestinal 
tract and was found in the faeces mainly as penicilla- 
mine disulphide. Only trace quantities of cysteine 
penicillamine could be detected in faeces homo- 
genised in acid. This increased with alkaline extrac- 
tion but total recovery of penicillamine was reduced 
by 10 per cent. The total percentage of the dose found 
in faeces plus urine varied from 42 to 53 per cent. 
In ten of the cystinuric subjects where cystine excre- 
tion before treatment with D-penicillamine was 
known accurately the excretion of cysteine residues 
(i.e. as cystine and cysteine-penicillamine disulphide) 
was only 67-6 + 15-4°,, (mean + 1SD) of the original 
cystine excretion which had been 3600 + 880 pzmole 
24hr. On the other hand penicillamine adminis- 
tration to the five patients with rheumatoid arthritis 
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led to an increased excretion of cysteine moieties. 
Although cystine excretion was reduced to 35 + 10 
fumole/24 hr compared to normal values of 120 + 60 
pumole/24 hr, the excretion of cysteine moieties in- 
creased to 1020 + 560 wmole/24 hr equivalent to 510 
umole of cystine. Similar values were obtained in two 
cases of Wilson’s Disease. 


DISCUSSION 

Although D-penicillamine is being used increasingly 
as a therapeutic agent relatively little information on 
its metabolism in man is available. Previous studies 
have shown cysteine-penicillamine disulphide and 
penicillamine disulphide to be the main urinary excre- 
tion products in cystinuria. The present study con- 
firms the excretion of these disulphides in both 
patients with Wilson’s Disease and rheumatoid arth- 
ritis receiving the drug and has also isolated and iden- 
tified a further metabolite S-methyl-p-penicillamine. 
Gibbs and Walshe [15] using *°S labelled pL penicil- 
lamine identified by two dimensional chroma- 
tography followed by auto-radiography the mixed di- 
sulphide and four other trace metabolites in the urine 
of patients with Wilson’s Disease receiving D-penicil- 
lamine. It is possible that one of their unidentified 
metabolites was S-methyl-p-penicillamine. No pre- 
vious report of this metabolite could be found in the 
literature. This is probably because its resolution from 
glycine and alanine on an amino acid analyser is diffi- 
cult due to its elution time varying considerably with 
only small changes in pH and ionic strength of the 
buffers. The use of low resolution resins or rapid elu- 
tion systems would probably result in the S-methyl- 
penicillamine peak eluting with the large glycine peak 
in urine. An examination of a chromatogram of urine 
from a cystinuric subject receiving D-penicillamine 
given by Fowler and Robins (Fig. 5) [25], when 
monitoring both with ninhydrin and an iodoplatinate 
reagent which specifically detects sulphur containing 
compounds, shows an unidentified peak on the iodo- 
platinate trace lying under the glycine peak on the nin- 
hydrin trace. It is probable that this peak was 
S-methyl penicillamine. 

Biological methylation of D-penicillamine could 
occur during the conversion of methionine to homo- 
cysteine via S-adenosyl-methionine (SAM). The meth- 
ylation of foreign thiols such as mercaptoethanol by 


Table 3. Faecal and urinary excretion of D-penicillamine in cystinuria 





Total dose of penicillamine 


Subject Days of study given (jmole) 


Total excretion of 
metabolites (sumole) 
PSCH, C-P 


° , of dose 
excreted 





(a) Faecal excretion of penicillamine metabolites 
76,500 (base) 
17,000 (HCl) 
100,000 (base) 
76,500 (base) 


(b) Urinary excretion of penicillamine metabolites 
5 76,500 (base) 
7 17,000 (HCl) 
6 100,000 (base) 
76,500 (base) 


13300 

2500 
14750 
19300 


7160 

700 
5500 
4300 





* Not detectable. 
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SAM has been shown to be catalysed by microsomes 
from various tissues [26]. The S-methyl-penicillamine 
formed appeared to be cleared from the blood at a 
high rate although the low blood levels prevented the 
calculation of a clearance value. 

Although S-methy! penicillamine accounted for 
more than 10 per cent of the penicillamine moiety 
found in the urine of patients receiving the drug, there 
was still a large deficit of recovered urinary penicilla- 
mine over the dose. The average total urinary excre- 
tion was less than 50 per cent of the dose. Gibbs 
and Walshe [16] found that about 75 per cent of 
the *°S label had appeared in the urine in 48 hr. 
Because their study employed the DL isomer interpre- 
tation of their results in terms of the D-isomer alone 
is difficult. Not only is the L isomer metabolised dif- 
ferently [14] but recent studies in the rat have demon- 
strated both active transport [16] and nearly com- 
plete intestinal absorption [27] of this isomer. There- 
fore if 100 per cent of the [*°S]L-isomer was absorbed 
in man only 50 per cent absorption of the D-isomer 
would be needed to give a mean 75 per cent absorp- 
tion. Using ['*C]p-penicillamine Ruiz-Torres and 
Kurten [27] found 50 per cent absorption from the 
rat intestine following an oral dose. 

In the present study less than 20 per cent of the 
D-penicillamine dose was recovered in the faeces as 
identifiable penicillamine metabolites, mainly the in- 
ternal disulphide. Because our balance studies were 
performed in cystinuric subjects, who have impaired 
active transport of cystine but not cysteine in the gut, 
it is possible that any penicillamine disulphide formed 
would not be readily absorbed whereas free penicilla- 
mine is absorbed. Therefore the faecal levels could 
be higher in cystinuria than in either Wilson’s Disease 
or rheumatoid arthritis but as no cystine was found 
in the-cystinuric faeces substantial passive absorption 
of disulphides must occur. 

Some 30 per cent of the dose was not detected 
either in the urine or faeces as known penicillamine 
metabolites. It is possible that bacterial degradation 
of penicillamine in the gut could occur forming sul- 
phate which would not have been detected during 
the present studies. But until detailed studies with 
labelled D-penicillamine can be performed, the man- 
ner in which this unaccounted third of the dose is 
excreted cannot be explained. 

Crawhall and Thompson [17] suggested that the 
increased excretion of cysteine residues in Wilson's 
Disease was because the unnatural mixed disulphide, 
unlike cystine, would probably not be reabsorbed by 
the renal tubule and would therefore be cleared from 
the blood at a greater rate. The same explanation 
should also apply to the similar findings in patients 
with rheumatoid arthritis. 

The 30 per cent reduction in the urinary excretion 
of cysteine residues by cystinurics receiving D-penicil- 
lamine, observed in the present study is in agreement 
with the results of Crawhall and Thompson [17] and 
Bartter et al. [28]. Stokes et al. [29] suggested that 
thé effect was due to some unidentified effect of peni- 
cillamine on cyst(e)ine metabolism. 

As the interconversion of methionine via SAM to 
homocysteine and finally cysteine is a possible site 
for the methylation of penicillamine it is probable 
that, as a result, inhibition of cysteine synthesis could 


occur. Although other possible mechanisms for this 
inhibition would be (a) disulphide formation with 
naturally occurring thiols, e.g. homocysteine and glu- 
tathione, (b) binding of D-penicillamine via disulphide 
bonds to proteins and (c) thiazolidine formation with 
carbonyl groups. All of these could possibly cause 
inhibition of cysteine synthesis. 
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Abstract—The major biliary metabolite of the mycotoxin sterigmatocystin was identified as 


sterigmatocystin glucuronide. 


Sterigmatocystin, one of the lesser known 
mycotoxins, is produced by several fungal 
species[1]. In addition to being toxic to various 
experimental animals[2,3], it also produces 
hepatocellular tumours after subcutaneous [4] and 
oral[5] administration. Recently the major urinary 
metabolite of sterigmatocystin was identified [6] in 
vervet monkeys (Cercopithecus aethiops). This 
paper reports the results of a parallel study 
designed to determine the nature and extent of 
biliary excretion of sterigmatocystin by vervet 
monkeys. 


MATERIALS 


Both “C-labelled and unlabelled sterigmatocystin 
were produced as described elsewhere [6,7]. Am- 
berlite XAD-2 and Sephadex stationary phases 
were obtained from British Drug Houses, London 
and Pharmacia Chemicals, Uppsala, Sweden, re- 
spectively. B-Glucuronidase and aryl sulfatase 
were purchased from Boehringer, Mannhein and 
Camag D-S silica gel for t.l.c. supplied by Camag, 
Switzerland. Instagel was acquired from Packard 
Instruments, Switzerland, while ['‘C]n-hexadecane 
was obtained from the Radiochemical Centre, 
Amersham. Pentobarbatone (Maybaker) was used 
for euthenasia. All chemicals used were of analytical 
reagent grade (Merck). 


METHODS AND RESULTS 


One male vervet monkey (5-43kg) received 
100 mg “C-labelled sterigmatocystin per os and was 
sacrificed 40 hr later by i.v. injection of enthatal. 
For this study the bile was quantitatively drained 
and washed from the excised gall bladder and 
stored at —18°. Two male vervet monkeys, (3-60 
and 4-00 kg respectively) each equipped with an 
indwelling bile duct canula connected to a 25-ml 
latex reservoir, were given a daily oral dose of 
10 mg/kg sterigmatocystin for 10 days. Subse- 
quently they were sacrificed as before and their bile 
was pooled with that obtained from the monkey 
which received the labelled toxin. The combined 
bile (8-7 ml) was diluted with distilled water and 
equilibrated with an equal volume of chloroform 





* Present address: National Food Research Institute, 
Council for Scientific and Industrial Research, P.O. Box 
395, Pretoria 0001, Republic of South Africa. 


(250 ml). Radioactivity was monitored on both 
phases in a Beckman Liquid Scintillation System. 
Quenching was corrected for by using an internal 
quantitative standard of ['“C]n-hexadecane. 
Thirty percent of the radioactivity was found in 
the chloroform extract and identified as native 
sterigmatocystin as described under thin layer 
chromatography. The aqueous phase was lyophyl- 
ised, dissolved in 10 ml distilled water, and quan- 
titatively transferred to an XAD-2 column (2-6 x 
40cm), which selectively adsorbs conjugates [8]. 
After washing the column with 51. distilled water, 
the conjugates were eluted with 500 ml methanol. 
The eluate contained >95% of the radioactivity 
applied to the column (Fig. 1). The methanol 
fraction was evaporated to dryness under reduced 
pressure in a rotary evaporator at 50° and applied to 
a DEAE-Sephadex column (1-6 x 90cm) equilib- 
rated with 0-01 M sodium phosphate buffer (pH 7-0) 
at 7°. The column was eluted with a linear salt 
gradient 500 ml 0-01 M sodium phosphate buffer 
(pH 7-0) +500 ml 0-01 M sodium phosphate buffer 
(pH 7:0) containing 0-8 M sodium chloride, at a flow 
rate of 30ml/hr. The main radioactive peak, 
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Fig. 1. Elution diagram of radioactive component(s) from 
XAD-2 column. 
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concentrated in fractions 164-193 and containing 
89% of the radioactivity applied to the column, was 
freeze-dried, dissolved in 25 ml distilled water and 
desalinated on a Sephadex G10 column (2-6 x 
80 cm), equilibrated and eluted with distilled water 
at a flow rate of 50 ml/hr at 7°. The total amount of 
radioactivity recovered from fractions 85-110 
accounted for >94% of that applied to the column. 
These fractions were pooled, freeze-dried, dissol- 
ved in and diluted with distilled water to 5 ml ina 
volumetric flask. 


THIN LAYER CHROMATOGRAPHY 

Aliquots of the purified biliary metabolite were 
co-chromatographed with the major urinary sterig- 
matocystin metabolite on 0-Smm t.l.c. plates 
coated with Camag D-S silica gel and developed in 
chloroform-i-propanol-l0 N) ammonium hydrox- 
ide—methanol (40:40:8:20). When viewed under 
360 nm ultraviolet light. a light blue fluorescent spot 
was present in the purified bile extract. The spot 
appeared to be similar to the major urinary 
metabolite. which ran at an R, value of ca 0-3. 

By subjecting 2 ml of the purified bile extract to 
B-glucuronidase hydrolysis[9], the blue fluorescent 
spot disappeared and native sterigmatocystin could 
be detected in the chloroform extract of the 
hydrolysis mixture (Fig. 2). Incubation of the 
purified bile extract with aryl sulfatase produced no 
detectable change in the amount and nature of the 














Fig. 2. T.l.c. chromatograms of sterigmatocystin and its 
biliary metabolite. (a) developed in chloroform-i- 
propanol-l0 N ammonium hydroxide—methanol 
(40:40:8:20). (b) developed in carbon _ tetra- 
chloride—acetone (90:10). @ Radioactive zones; O non- 
radioactive contaminants. X points of sample application. 
Al: sterigmatocystin glucuronide (ex urine), A2: sterig- 
matocystin glucuronide plus purified bile extract, A3: 
purified bile extract before 6-glucuronidase treatment, 
A4: purified bile extract after B-glucuronidase treatment, 
AS: ['*C|sterigmatocystin, A6: purified bile extract before 
B-glucuronidase treatment. A7: purified bile extract plus 
|'*C|sterigmatocystin. A&: purified bile extract after 
B-glucuronidase treatment. 
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radioactive metabolite. By scanning the 
chromatograms (before and after hydrolysis) on a 
Bertholdt t.l.c. radioactivity scanner employing a 
dot printer, the only detectable radioactivity on 
either chromatogram was localised in the blue 
fluorescent spot before hydrolysis (sterigmatocys- 
tin glucuronide) and in the liberated sterigmatocys- 
tin after hydrolysis. The authenticity of the 
liberated sterigmatocystin was confirmed by t.l.c. in 
various solvent systems, u.v. spectroscopy and 
derivative formation[ 10]. 


DISCUSSION 

From the experimental results it is evident that 
sterigmatocystin is excreted via the bile and urine 
of vervet monkeys as the same compound, namel\ 
sterigmatocystin glucuronide. No evidence was 
found to suggest that any other conjugates (e.g. 
sulphates) of sterigmatocystin were present in the 
bile. 

Depending on the vehicle used in administrating 
sterigmatocystin to vervet monkeys, between S() 
and 80% of the sterigmatocystin is recovered in the 
faeces within 48 hr[11]. In this experiment the toxin 
was mixed with marshmallow toffee and fed to the 
animals. This method allows a maximum of 30% 
absorption[I1]. The low absorption of sterig- 


matocystin is to be expected when viewed against 
its poor solubility in aqueous buffer solutions [12]. 

It seems as though the metabolism of sterig- 
matocystin in vervet monkeys is fairly uncompli- 
cated. The major portion of the dose (ca 70%) is 


excreted unchanged via the faeces. More than 50% 
of the absorbed toxin appears in the urine as the 
glucuronide. Approximately 15% of the absorbed 
dose is excreted via the bile. also as_ the 
glucuronide. This leaves ca 10% unaccounted for. 
which may well be the margin of experimental error 
and losses, especially since three column 
chromatographic purification steps were employed. 
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Abstract—This study describes the inhibition by tetracaine of two transport-related enzymes in human 
red cell membranes: NaK-ATPase and Ca-ATPase. Tetracaine (2-5 mM) inhibited both enzymes be- 
tween pH 7-0 and 7:8; the degree of inhibition increased as the pH increased. Inhibition of NaK-ATPase 
increased sharply between pH 7:4 and 7-8, whereas inhibition of Ca-ATPase increased gradually. Con- 
centration-effect studies were conducted at tetracaine concentrations between 0:25 and 2:5 mM at 
pH 7:8. NaK-ATPase was significantly inhibited by 1-0 mM tetracaine and inhibition increased sharply 
with tetracaine concentration. Ca-ATPase was significantly inhibited by 0-5 mM tetracaine, but inhibi- 
tion was essentially linear with tetracaine concentration. In the presence of 2-5 mM tetracaine the 
Ky.s for activation of NaK-ATPase by Na* and K* was increased 3- and 5-fold respectively. The 
Vinax Was also decreased. In the case of Ca-ATPase, tetracaine did not alter the Ko.; for activation 
by Ca?*, but decreased V,,4,. These results demonstrate that NaK-ATPase is more sensitive than 
Ca-ATPase to inhibition by tetracaine and suggest that the non-ionized form of the local anesthetic is 
primarily responsible for the inhibition of both enzymes. 


Local anesthetics block excitability in nerve and other 
tissues by acting on the plasma membrane to prevent 
the passive inward movement of Na‘, which initiates 
the action potential [1]. This effect alone can explain 
anesthesia. Nevertheless, local anesthetics could also 
modify other membrane functions which are required 
for the maintenance of the excitable state. For 
example, an inhibition of the active transport of Na“ 
and K*. or of Ca?*, could contribute to the duration 
of action or efficacy of local anesthetics. There are 
conflicting reports in the literature concerning the ef- 
fect of local anesthetics on active transport [2-5], and 
the question of whether there is or is not significant 
inhibition appears unresolved. We therefore pursued 
this problem with the aim of finding conditions under 
which inhibition might be demonstrated. 

In the work described here we studied the effect 
of tetracaine on two transport-related enzymes in 
human red cell membranes: NaK-ATPaset and 
Ca-ATPase. The former enzyme mediates the active 
transport of Na* and K* [6], and the latter mediates 
the active efflux of Ca?* [7]. The red cell was chosen 
for study because it contains a single homogeneous 
membrane and is frequently used as a model system 
to evaluate drug-membrane interactions [8]. 


EXPERIMENTAL 


Outdated human blood was obtained from the 
blood bank, and membranes were prepared as pre- 





* This investigation was supported by USPHS NIH 
Grant AM 17190. 

+ Abbreviations: NaK-ATPase, (Na* + K* + Mg?*) 
ATP phosphohydrolase (EC 3.6.1.3); Ca-ATPase, (Ca** + 
Mg?*)-ATP phosphohydrolase (EC 3.6.1.3); EGTA, 
ethyleneglycol-bis($-aminoethyl ether)-N,N-tetraacetic acid; 
Ko.s, concentration of ligand required to half maximally 
activate the enzyme; V,,,,, maximum velocity. 
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viously described [9]. This involved lysis and re- 
peated washing in | mM Tris-EDTA (pH 7:8). The 
protein content of each preparation was measured by 
the method of Lowry et al. [10]. 

The following conditions were common to all ex- 
periments: ATP, 2 mM; Mg?*, 2 mM; and Tris-HCl, 
63 mM (pH 7-0, 7-4 or 7:8 at 38°). The reaction 
volume was 2 ml. The conditions for assay of the three 
ATPase activities are as follows—{1) Mg-ATPase: 
Na*, 60 mM; Tris-EGTA, 0:25 mM; and ouabain, 
0-5 mM: (2) NaK-ATPase: Na*. 120 mM: K”*. 15 
mM ; and Tris-EGTA, 0:25 mM; (3) Ca-ATPase: Na‘, 
60 mM; Ca**, 0:2 mM; and ouabain, 0-5 mM. All 
cations were added as the Cl~ salt. Variations from 
this standard protocol are described in the text. 

Assays were carried out at 38°. ATPase activity was 
determined by measuring the inorganic phosphate 
(Pi) produced, using a modification of the method 
of Fiske and SubbaRow [11], as described by Bond 
and Green [9]. When tetracaine was present, 300 mg 
Dowex-50 cation-exchange resin was added after the 
reaction was stopped by the addition of 1-2 M perch- 
loric acid. This step was required to remove tetra- 
caine, which interferes with Pi determinations. 

Activity is expressed either as yxmoles Pi/mg of pro- 
tein/hr or as per cent of control activity. In all cases 
NaK-ATPase or Ca-ATPase activity was calculated 
from the total activity by subtracting the Mg-ATPase 
activity measured concurrently. Experimental data 
represent the average of two or more experiments per- 
formed in duplicate. Statistical comparisons between 
mean values were performed with Student's f-test. 


RESULTS 
Time-course and pH dependence of inhibition. In pte- 
liminary experiments we found that 2:5 mM tetra- 
caine inhibited both ATPase activities at each pH. 
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Table 1. ATPase activities of human red 


cell membrane in the absence, and presence 


of tetracaine 





ATPase 


Per cent activity 
activity* with 


(umoles Pi/mg protein/hr) 2:5 mM tetracainet 





Mg-ATPase 
pH 7-0 0-14 4 
pH 7-4 
pH 7:8 

NaK-ATPase 
pH 7:0 
pH 7-4 
pH 7:8 

Ca-ATPase 
pH 7-0 
pH 7:4 
pH 7:8 


0-01 (5) 
0-01 
0-01 


1+ I+ H+ 


0-05 
0-03 
0-04 


+ H+ H+ 


0-07 { 
0-06 
0-04 


H+ 





* Values are expressed as mean + S.E. 
of duplicate assays. 


Numbers in parentheses refer to the number 


+ Values are expressed as per cent + S.E. 


The onset of inhibition was rapid, and inhibition did 
not increase with time during a typical incubation 
period. These enzymes are therefore stable in the pres- 
ence of tetracaine, and activity measured after a fixed 
incubation time in subsequent experiments is an accu- 
rate reflection of rate. 

We examined the pH dependence of inhibition by 
tetracaine in order to determine whether the ionized 
or non-ionized form of the drug is the more effective 
inhibitor. Tetracaine (pKa = 8-24) undergoes substan- 
tial changes in state of ionization as pH is varied 
within the physiologic range. We selected pH 7:0, 7-4 
and 7-8 for study, where the per cent of the drug 
in the non-ionized form is 6, 13 and 27 per cent re- 
spectively. 

Table 1 compares the specific activities of the 
ATPases under study and shows the influence of pH 
on inhibition by 2:5 mM tetracaine. Mg-ATPase was 
inhibited slightly, but this was independent of pH. 
Inhibition of NaK-ATPase and Ca-ATPase was more 
pronounced and increased as the pH increased. At 
pH 7-8, a marked difference in the sensitivity of the 
two enzymes to tetracaine became apparent. These 
results indicate that the non-ionized form of tetra- 
caine is responsible for the inhibition of both enzymes 
or is at least more effective than the ionized form. 

Inhibition as a function of tetracaine concentration. 
Figure | shows the concentration dependence of inhi- 
bition by tetracaine at pH 7-8. In these experiments, 
at constant pH, the concentrations of ionized and 
non-ionized tetracaine increased proportionately. 
NaK-ATPase was not significantly inhibited by tetra- 
caine at concentrations below | mM. Beyond this 
point, inhibition increased sharply with increasing 
concentration. Ca-ATPase was significantly inhibited 
by 0-5 mM tetracaine (P < 0-01), but in contrast to 
NaK-ATPase, inhibition was linear with concent- 
ration. over the entire range. 

A comparison of the results of Table 1 and Fig. 
_1 reveals two similarities. As pH was increased at 
a fixed tetracaine concentration (Table 1) or as tetra- 
caine concentration was increased at a fixed pH (Fig. 
1), inhibition of NaK-ATPase increased abruptly, 


whereas inhibition of Ca-ATPase increased gradually. 
The experimental variable which increased in parallel 
with inhibition in both experiments was the concent- 
ration of non-ionized tetracaine. 

Effect of tetracaine on the kinetics of activation of 
NaK-ATPase and Ca-ATPase by cations. Figure 2 
shows the effect of 2-5 mM tetracaine on the kinetics 
of activation of NaK-ATPase by K”~ at a saturating 
concentration of Na”. Tetracaine increased the Ko.<; 
for K* by 5-fold and decreased the maximum velocity 
(Vnax) about 30 per cent. We consistently found that 
K~* became inhibitory at concentrations greater than 
10 mM in the absence of tetracaine, but not in its 
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Fig. 1. ATPase activities as a function of tetracaine con- 
centration. Mg-ATPase (@——®): NaK-ATPase 
(A A): Ca-ATPase (@ @). The pH was 78 
throughout. Other assay conditions are described in Exper- 
imental. Activity is expressed as a per cent of the activity 
without tetracaine present. Mean values were obtained 
from four to seven experiments. Vertical bars represent 
S.E.M. 
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Fig. 2. NaK-ATPase activity as a function of K~ concen- 
tration with and without tetracaine. No tetracaine 
(@——@): 2:5 mM tetracaine (A A). The pH was 7-4. 
Other conditions are described in Experimental. The data 
represent the average of three experiments run in duplicate. 


presence; for this reason, the two curves converged 
at higher K* concentrations. 

Curves for activation of this enzyme by both Na~ 
and K” are sigmoid, suggesting cooperativity in the 
binding of these cations [12]. It appeared from the 
results of Fig. 2 that the curve for activation by K* 
might be more sigmoid with tetracaine than without, 
and that tetracaine increased the Ky:; for K~, at least 
in part, by increasing the cooperativity for binding. 
In order to test this point, we did additional exper- 
iments at lower K* concentrations and constructed 
Hill plots from the data. The slopes of the lines with 
and without tetracaine were identical; the Hill coeffi- 
cient, a measure of sigmoidicity, was 1-6 for both. 

Figure 3 shows that tetracaine also increased the 
Ko.s for Na*~ by about 3-fold. It is clear that tetra- 
caine interfered with Na~ binding at low Na* con- 
centrations. 
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Fig. 3. NaK-ATPase activity as a function of Na* concen- 

tration with and without tetracaine. No _ tetracaine 

(e @); 2:5 mM tetracaine (A A). The K”™ concen- 
tration was 20 mM. 
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Fig. 4. Ca-ATPase activity as a function of Ca?* concen- 

tration with and without tetracaine. No tetracaine 

(@——@): 25 mM tetracaine (A A). Data are 

expressed as a modified Lineweaver—Burk plot. The pH 

was 7:4. Other conditions are described in Experimental. 

Values are the average of four experiments run in 
duplicate. 


Activation of Ca-ATPase by Ca?* was studied in 
the same way (Fig. 4). Tetracaine had no effect on 
the Ko.; for Ca?*, but decreased the V,,,, by 30 per 
cent. 


DISCUSSION 

Inhibition of NaK-ATPase and Ca-ATPase by 
tetracaine increased with increasing pH. Therefore, it 
appears that the non-ionized drug is more inhibitory 
than the ionized. However, the ionized form appeared 
to produce some inhibition of NaK-ATPase. For 
example, at pH 7-0 (Table 1), the concentrations of 
non-ionized and ionized tetracaine were 0:15 and 2:35 
mM, respectively, and NaK-ATPase activity was 76 
per cent of control. A similar concentration of non- 
ionized tetracaine was achieved with 0:5 mM tetra- 
caine at pH 7-8 (Fig. 1), but no inhibition was evident. 
Thus the inhibition at pH 7-0 must be due exclusively 
to the ionized form. Since 90 per cent inhibition was 
achieved by the combination of 0-68 mM non-ionized 
and 1:82 mM ionized tetracaine (2-5 mM tetracaine 
at pH 7:8), it is clear that the non-ionized form of 
the drug is more inhibitory than the ionized. Similar 
considerations show that inhibition of Ca-ATPase 
can be attributed almost exclusively to the non- 
ionized form of tetracaine at each pH. 

The non-ionized, lipid-soluble form of tetracaine 
can distribute freely into the membrane, whereas the 
ionized form is largely confined to the interface by 
polar interactions with the charged heads of mem- 
brane phospholipids and with water [13]. Both NaK- 
and Ca-ATPase are lipoproteins and both are inacti- 
vated when phospholipids are removed or enzymati- 
cally modified [14, 15]. Phospholipids are believed to 
supply a structural frame-work necessary to maintain 
these enzymes in functionally active conformations 
[14], and tetracaine could inhibit by altering or dis- 
rupting the interaction between lipid and protein. 

Inhibition of NaK-ATPase appeared to be a sig- 
moid function of tetracaine concentration over the 
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range studied (Fig. 1). This suggests that more than 
one molecule of tetracaine is required to inhibit one 
active site of NaK-ATPase and that the interaction 
of tetracaine with the enzyme might be cooperative. 

Tetracaine altered the interaction of NaK-ATPase 
with Na* and K”, increasing the Ky.; for both ca- 
tions (Figs. 2 and 3). Inhibition was thus most pro- 
nounced when either cation was present at a subsa- 
turating concentration. In the case of K”, this was 
not associated with an increased cooperativity of 
binding, because tetracaine did not change the Hill 
coefficient for activation. A number of inhibitors of 
this enzyme increase the Ky.; for K*, and most of 
these are lipid soluble [2, 16, 17]. Effects on the Ko.; 
for Na” have not generally been considered, but re- 
sults which have been reported are variable. Organic 
solvents decreased the Ky.; for Na* [16] but ethanol 
had no effect [17]. Therefore, it appears that there 
are differences in the mechanism of inhibition by 
lipid-soluble agents. 

It is unlikely that tetracaine or other drugs increase 
the Ko.; for Na* or K* by directly competing with 
these cations at their respective binding sites. This 
effect may be the result of a conformational change 
which alters the affinity of the enzyme for these ca- 
tions. In this way one could explain a decrease as 
well as an increase In Ko. <. 

Tetracaine did not alter the Ky.; for activation of 
Ca-ATPase by Ca**. This contrasts with the competi- 
tive interaction between Ca** and local anesthetics 
at sites where these drugs block Na* conductance 
in excitable tissues [18,19]. The cationic form of the 
local anesthetic appears to be required for blockade, 
however [20]. Johnson and Inesi [21] reported that 
Ca-ATPase in sarcoplasmic reticulum was unaffected 
by 0:8 mM tetracaine at pH 6°8. This concentration 
of tetracaine, at pH 7-0, also had little effect on Ca- 
ATPase in red cells (Table 1). 

Previous workers [2-5] have considered the effect 
of local anesthetics on NaK-ATPase and on trans- 
port, but with somewhat conflicting results. Judah 
and Ahmed [2] reported that dibucaine significantly 
inhibited both the active uptake of K~ by liver slices 
and NaK-ATPase in liver microsomes. Inhibition by 
dibucaine was not reduced by increasing the K* con- 
centration. This result is in contrast to our findings 
with tetracaine, where inhibition was largely over- 
come by K*. Judah and Ahmed [2] found that pro- 
caine had no effect on either transport or ATPase 
activity. In preliminary studies we also found that 
procaine (25 mM) had no effect on NaK- or Ca-AT 
Pase. Procaine (pKa = 8-95) is almost completely 
ionized at physiological pH and its partition coeffi- 
cient is about two orders of magnitude lower than 
that for tetracaine [22]. This could account for the 
negative result. 

Andersen and Gravenstein [3] and Andersen [4] 
reported that the active transport of Na* and K* 
in red cells was reduced by five local anesthetics. Al- 
though the fluxes of both cations were altered, at- 
tempts to distinguish between effects on active and 
passive movements were not completely successful. 


Askari and Rao [5] studied the effects of several 
drugs on ouabain-sensitive Na~ efflux from reconsti- 
tuted red cell ghosts at pH 7-4. Procaine (1-10 mM) 
had no effect. The authors state that the effects of 
lidocaine and tetracaine were similar to those ob- 
tained with procaine. These findings appear to con- 
flict with the results of the present study. However, 
differences in experimental conditions could, in part, 
explain the discrepancy. For example, Askari and Rao 
[5] incubated reconstituted ghosts in a Na ‘-free me- 
dium with 6 mM K°. In the absence of competing 
extracellular Na*, this concentration of K” is com- 
pletely saturating [23], and inhibition by tetracaine 
might be largely overcome. 

In summary. we have shown that the activity of 
two transport-related enzymes in human red cell 
membranes is significantly inhibited by the local anes- 
thetic tetracaine. This finding suggests that active ca- 
tion transport in intact cells might also be inhibited 
by local anesthetics in concentrations reached in clini- 
cal situations. The inhibition of active cation trans- 
port systems could play a role in the pharmacologic 
as well! as toxic effects of local anesthetics. 
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Abstract 


Pentamidine, an aromatic diamidine used in the treatment and control of African trypanoso- 


miases, is rapidly absorbed by Ti-ypanosoma brucei and is lethal to the parasite both in vitro and 
in vivo. The pentamidine transport system in T. brucei exhibits saturation kinetics and shows specificity 
for the aromatic amidine moiety of this compound. The inhibition of uptake by salicyl hydroxamic 
acid (SHAM) and iodoacetate (IAA), and the retention of intracellular substrate against large chemical 
gradients indicate a coupling of energy to this system. The system shows high affinity for pentamidine 
with an average K,, value of 2-68 uM. Structural specificity in relationship to varying drug affinities 
for this transport site and the role it might play in drug resistance are discussed. 


Pentamidine (Fig. 1) is an aromatic diamidine used 
in the treatment and control of African trypanoso- 
miases. The exact mechanism of drug action, as well 
as the basis for its parasite selectiveness over host 
cells, is unknown. It is known that pentamidine in- 
hibits various metabolic processes in a variety of or- 
ganisms. Low concentrations of the drug halt cell 
growth of Escherichia coli K12[1], Staphylococcus 
aureus[2] and Leptomonas sp.[3]; inhibit DNA, 
RNA and protein synthesis in 6H3 HED ascites tu- 
mor cells [4] and S. aureus [2]; interfere with amino 
acid accumulation in S. aureus and oxygen consump- 
tion in Crithidia fasiculata [5]. 

Trypanocidal compounds have been divided into 
two main groups based on their biological ac- 
tivity [6]. One group inhibits infectivity, without ra- 
pidly killing the organisms. This group of drugs is 
not rapidly concentrated in large amounts. Pentami- 
dine falls into the second group of drugs, which ra- 
pidly kills the trypanosomes in vivo and in vitro, fails 
to inhibit infectivity of viable drug-exposed trypano- 
somes and is concentrated by the organisms in large 
amounts. The present study was carried out in order 
to determine whether blood trypomastigote forms of 
Trypanosoma brucei have a pentamidine transport sys- 
tem and, if so, to analyze its kinetics and substrate 
specificity. 


MATERIALS AND METHODS 


Isolation of organisms. Trypanosomes were rou- 
tinely isolated from female Sprague-Dawley rats in- 
fected with a highly virulent, monomorphic substrain 
of the EATRO laboratory strain 110 M of T. brucei. 
The history of the parent strain and substrain, as well 
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Fig. 1. Structures of trypanocidal aromatic diamidines. 


as methods used in isolating, purifying and preserving 
frozen stock, has been described elsewhere [7,8]. Rats 
were bled by cardiac puncture and the blood was 
defibrinated with glass beads. Trypanosomes were se- 
parated from blood cells by differential centrifugation 
for 15 min at 5° at 1000g (swinging bucket, PR1 In- 
ternational centrifuge). Serum with buffy coat was re- 
moved, and rabbit anti-rat blood cell antibody was 
added to it. After incubation with the antibody at 
room temperature for 15 min, the trypanosome sus- 
pension was repeatedly centrifuged to remove any 
contaminating blood cells and platelets as determined 
by microscopic examination. Throughout the isola- 
tion procedure the parasites were kept cold and in 
host serum. An aliquot of the suspension was diluted 
in a Unopette blood-diluting pipette (Becton & Dic- 
kinson), and the cells were counted in the improved 
Neubauer hemocytometer. Immediately before being 





D. Damper and C. L. PATTON 


used in uptake studies, cells were centrifuged for | 
min at 12,000g at 5 in a Sorvall Superspeed RC 
2B centrifuge. The supernatant was discarded and the 
trypanosomes were resuspended in Hanks’ balanced 
salt solution containing 100mg/100 ml glucose and 
50 mg/100ml albumin (HBSSA) to give a_ final 
concentration of 2 x 10° cells/ml. 

Chemical compounds. Propamidine, stilbamidine, 
2-hydroxystilbamidine and pentamidine were gra- 
ciously provided by May & Baker, Ltd. (Dagenham, 
England). L-Arginine, L-lysine, para-aminobenzoic 
acid (PABA) and salicyl hydroxamic acid (SHAM) 
were purchased from Calbiochem, and ['*C]inulin 
(sp. act., 2-56 mCi/g) was purchased trom New Eng- 
land Nuclear. Benzamidine was kindly provided by 
Dr. Yale Nemerson. 

Preparation and isolation of [*H]pentamidine. 
[3H ]pentamidine was prepared from 95 mg of the free 
base by catalytic exchange with tritiated water (25 Ci) 
over Rh/AI,O, in acetic acid by New England Nuc- 
lear (Boston, Mass.). The radiolabeled compound, free 
from unincorporated tritium, was precipitated with 
1 N NaOH, filtered and redissolved in warm 95°, eth- 
anol. Methane sulfonic acid was added to the solution 
(2 m-moles acid/m-mole of pentamidine base) and al- 
lowed to react in the cold overnight. The resulting 
[*H]pentamidine methane sulfonate was filtered’ out 
of solution and its purity determined by comparison 
with a standard (methane sulfonate salt of pentami- 
dine prepared from the free base in this laboratory) 
according to the following criteria: (1) melting point. 
which was 257 for the tritiated drug and 259 for 


the standard; (2) infrared spectrum, which showed 


characteristic peaks for the —NH,. —NH. 
—CH,;CH, and phenol groups at 3320, 3120, 2950 
and 1620 wavelength/cm respectively; and (3) mig- 
ration behavior upon thin-layer chromatography 
(t.l.c.} on Silica gel (solvent system: butanol-formic 
acid—water, 7:5:1:5:1-0), in which the tritiated com- 
pound co-migrated with the standard. The specific ac- 
tivity of the tritiated drug was 1200 mCi/m-mole. 

Protocol for uptake experiments. Solutions of 
HBSSA containing twice the final concentrations of 
[*H]pentamidine and, where appropriate, inhibitors 
were thermally equilibrated in a 37 water bath. 
Washed trypanosomes (2 x 10° cells/ml) in HBSSA 
were pipetted into 50-ml Erlenmeyer flasks, each con- 
taining a 150-mm stirring bar, and were incubated 
in the water bath for 45 sec. Then a volume of 
[*H]pentamidine equal to the volume of the cell sus- 
pension was pipetted into the flask and mixed on a 
magnetic stirrer. An electric timer (Lab-Chron Timer, 
Lab-line Instruments, Inc.) was activated at the time 
the drug was added. 

At 10- to 15-sec intervals, 250-ul aliquots of this 
suspension were removed with an Eppendorf auto- 
matic pipette and layered on top of 50 yl silicone 
(G.E. versilube F-50; viscosity, 75 centistokes; sp. gr. 
1:05), which was itself layered over 100 pl of 12°, (v/v) 
perchloric acid (PCA) in a 500-l plastic microfuge 
tube. The organisms were spun from the radiolabeled 
exposing solution through the silicone into the PCA 
layer by centrifugation for | min at 7000g in a Beck- 
man 152 Microfuge. Upon reaching the PCA, cells 
are lysed, releasing their soluble contents, and PCA- 
precipitable material is pelleted. 


For counting, 10 ul of exposing solution (top layer) 
or 50 yl of the PCA-soluble fraction was added to 
4 ml of a solution consisting of | g bis-MSB [p-bis-(O- 
methylstyryl)-benzene] and 7g PPO (2.5-diphenylox- 
azole) dissolved in 340ml Triton X-100 and 660 ml 
xylene. Samples were counted in a Beckman LS 250 
liquid scintillation counter. 

In analyzing the results, a correction was made for 
extracellular solution which passes through the sili- 
cone when trypanosomes are spun into the PCA 
layer. The volume of extracellular solution involved 
was determiried by labeling the exposing solution 
with ['*C]inulin (3-675 x 10°cpm/ml). Equal vo- 
lumes of cell suspension and ['*C]inulin solution 
were mixed, then 250 yl was centrifuged and sampled 
as described under the protocol for pentamidine up- 
take. Samples taken from the PCA-soluble layer and 
counted showed no increase in radioactivity during 
a 5-min incubation and there was no rate of disap- 
pearance of '*C from the top layer. This was inter- 
preted to mean that the organisms were excluding 
['*C]inulin and that the radioactivity present in the 
PCA-soluble layer was due to extracellular ['*C]Jinu- 
lin brought down with the cells. From the activity 
(cpm) found in the PCA-soluble layer, the volume of 
external solution brought down with the cells was 
calculated. The number of contaminating cpm repre- 
sented by this volume for solutions used in transport 
studies was subtracted from the total cpm/sample. 

Protocol for counterflow experiments. Trypanosomes 
were loaded with [*H]pentamidine for 2 min. Four 
ml of the cell suspension was centrifuged at 12,000g 
for | min and the supernatant discarded. Cells were 
then resuspended in 4ml HBSSA. Two 250-11 
samples of this suspension were taken for assay of 
initial intracellular radioactivity. Next, 2 ml of sus- 
pension was removed and added to a flask containing 
10 ul of a solution of either pentamidine or hydroxy- 
stilbamidine. The remaining 1|-Sml of suspension 
served as control. Samples were taken alternately 
from the control and experimental flasks. 


RESULTS 


It was found that cells isolated in the manner de- 
scribed above. kept in host serum and on ice, main- 
tain specific transport properties for at least 45 min. 
After removing the organisms from serum and resus- 
pending them in HBSSA, transport rates were unaf- 
fected for as long as 20 min. 

Since pentamidine is a trypanocidal agent, it was 
necessary to determine concentrations in which the 
cells remain viable for the length of time a given ex- 
periment was being carried out. The highest external 
concentration of pentamidine used in studying penta- 
midine transport was 0-1 mM. This is below the lethal 
concentration in vitro for these trypanosomes at 37 
for 5 min. At concentrations as high as 1-0 mM, moti- 
lity, infectivity, O, consumption and glucose uptake 
are not impaired over a period of 5 min [9]. 

The chemical purity of the [*H]pentamidine used 
in this investigation was determined as described in 
Materials and Methods. The biological assay for 
chemical purity of the labeled compound was to 
evaluate its activity as a transport substrate in our 
transport studies. The rate of uptake was found to 
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Fig. 2. Rate of pentamidine uptake by T: brucei at various 
specific activities (sp. act.. 14 x 10'° dis./min/m-mole, 
20 x 10'° dis./min/m-mole, 58x 10° dis./min/m-mole 
and 106 x 10'° dis./min/m-mole). 


be independent of specific activity over a range of 
1-4 to 11-0 x 10"! dis./min/m-mole (Fig. 2). 
Concentration dependence of pentamidine uptake. In 
a series of 16 experiments, the initial rates of 
[*H]pentamidine uptake at various concentrations 
were determined (Fig. 3). A range of K,, values 
between 1:5 and 3-1 4M was obtained. A typical satu- 
ration curve and Lineweaver-Burk plot are shown 
in Fig. 4A and 4B. Statistical analysis of the data 
from 16 experiments gives a mean value of 2°68 uM 
for the K,, with a standard deviation of 0-42. A mean 
value of 91 pmoles/min/2:5 x 107 cells is obtained for 
the V,,,, value with a standard deviation of 0:52. A 
plot of the intracellular concentration of pentamidine 
versus the external concentration is shown in Fig. 4B 
(insert). At 1 min, the [pent], is consistently higher 
but varies with [pent], with ratios ranging from 2:3 
times higher at 4-5 uM up to 17 times higher at 0:34 
uM. Higher ratios are attained after longer periods 
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Fig. 3. Uptake of [*H]pentamidine (sp. act. 60 x 
10'! dis./min/m-mole) by T. brucei A (0:34 uM). B (0-64 
uM), C (1-30 uM), D (2-60 uM), E (4:50 uM). 
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Fig. 4. (A) A plot of initial rates of transfer against external 

pentamidine concentration. (B) Double reciprocal plot of 

uptake data shown in A. The K,, value is 2-3 uM and the 

Vina, Value is 63 pmoles/min/2-5 x 10’ cells. Insert: plot 

of intracellular concentrations, [pent];, against extracellu- 
lar concentrations, [pent], at 1 min. 


of time. This indicates that the system is a saturable 
function of the external pentamidine concentration. 
The PCA-soluble layer of a typical uptake experiment 
during and after the period of time over which the 
rate is known to be linear was analyzed by t.l.c. (Car- 
rier compound was added to facilitate visualization 
of pentamidine by ultraviolet.) The radioactivity co- 
migrated with the unlabeled carrier. 

Substrate specificity. To determine the specificity of 
the pentamidine transport system, other compounds 
were added to the exposing solution and their effect 
on initial rates of uptake was studied. 

In the presence of the diamidines (Fig. 1), stilbami- 
dine, propamidine and hydroxystilbamidine, the in- 
itial rates of pentamidine uptake were reduced. Line- 
weaver—Burk plots of the data (Fig. 5) are character- 
istic of competitive inhibition. The K; values obtained 
for stilbamidine, propamidine and hydroxystilbamidine 
were 2:4, 2:2 and 1:74uM respectively. The addition 
of benzamidine also resulted in competitive inhibition 
of pentamidine uptake with a K; value of 65 uM. 

It is unlikely that the usual function of this trans- 
port system is for the translocation of diamidines; 
therefore, some metabolically active compounds were 
tested as possible competitors. The basic amino acids, 
lysine and arginine, as well as the aromatic amino 
acids, phenylalanine, tryptophan and _ histidine, at 
concentrations as high as 100 times the lowest penta- 
midine concentration, had no effect on pentamidine 
uptake. Likewise. PABA and folic acid at 42 times 
the lowest pentamidine concentration did not inhibit 
uptake. 
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Fig. 5. Double reciprocal plot showing the effect of 
0-010 mM hydroxystilbamidine on rates of transfer of pen- 
tamidine at various concentrations. 


Pentamidine efflux. Data presented above show that 
T. brucei accumulates pentamidine against a concent- 
ration gradient (Fig. 4B insert). When cells loaded 
with [*H ]pentamidine were removed from the expos- 
ing solution by centrifugation and resuspended in 
HBSSA, there was no loss of radioactivity from the 
cells nor was there an increase in radioactivity in the 
external solution. 

When pentamidine or hydroxystilbamidine (final 
concn 100 uM) was added to the external solution, 
a periodic fluctuation in the intracellular radioactivity 
and an increase in radioactivity in the external solu- 
tion occurred (Fig. 6). A maximum of 1:5 x 10* 
* umoles/m! of external solution excited from 2 x 10° 
cells within | min in the presence of external diami- 
dines. 

Effect of metabolic inhibitors on pentamidine uptake. 
Blood trypomastigote forms of T. brucei derive the 
energy needed to carry out metabolic processes solely 





counts/min x 10 per ml 


pmole x |O°Y mt 


| vias ty tog-sa Eevee as Llo 
60 500 560 620 680 740 











sec 
Fig. 6. Exit of [’H]pentamidine from T. brucei in the pres- 
ence and absence of 100 uM pentamidine and hydroxystil- 
bamidine. Points before the break represent pentamidine 
uptake. Arrows indicate time of addition of 2 ml of the 
cell suspension to the flask containing external diamidines. 
Symbols representing intracellular pentamidine: O. control 
for pentamidine addition; A, addition of pentamidine; 0. 
control for hydroxystilbamidine addition: and ©, addition 
of hydroxystilbamidine. Symbols representing extracellular 
pentamidine: @, control for pentamidine addition; A, addi- 
tion of pentamidine; @, control for hydroxystilbamidine 
addition; and @. addition of hydroxystilbamidine. 


from the small amount of ATP generated by glycoly- 
sis. This type of respiration uses a great deal of glu- 
cose, is cyanide insensitive, and is inhibited by hyd- 
roxamic acid derivatives [10]. When SHAM is used 
to inhibit respiration with glucose as the energy 
source, the accumulation of pentamidine is inhibited 
but not competitively (Table 1). This inhibition is con- 
centration dependent, increasing from 3-0 per cent in- 
hibition of control rate at 0-5 mM to 78 per cent inhi- 
bition at 50mM. When glycerol is the energy sub- 
strate and SHAM is added. pentamidine transport 
ceases and the parasites die. 

lodoacetate (IAA) is a glycolytic inhibitor, and in 
the presence of 10 mM IAA, pentamidine transport 
was inhibited 47 per cent. In the presence of both 
10mM SHAM and 1:0mM IAA with glucose as the 
energy substrate, the trypanosomes became immobile. 


Table 1. Effect of metabolic inhibitors on uptake of pentamidine* 





Concentration 


Inhibitor (mM) 


Rate of uptake 
(pmoles/min/2-5 


x 10’ cells) ®. Inhibition 





None 

SHAM 0-5 
SHAM 1-0 
SHAM 2-0 
SHAM 5-0 
IAA 1-0 
SHAM + IAA 1-0 


21-09 0 
20-05 3 
9-37 56 
8-79 58 
4-69 78 
11-11 47 
8-20 61 





* To 0-5 ml of inhibitor was added 0-5 ml of the cell suspension (4 x 10°/ml). This 
suspension was preincubated for 30 sec prior to the addition of 1-0 ml of [7H ]pentami- 
dine (2:3 uM). Samples of 250 yl were taken every 10-15 sec, and cells were checked 


for viability at the end of the experiment. 
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DISCUSSION 

We have determined that net accumulation of pen- 
tamidine by blood trypomastigotes of T. brucei con- 
forms to Michaelis-Menten kinetics and that other 
aromatic diamidines competitively inhibit pentami- 
dine uptake. The validity of conclusions drawn and 
inferences made from the overall results depend upon 
special safeguards we have taken. The safeguards 
most relevant to these experiments were: (1) to test 
the purity of the [*H]pentamidine using physico-che- 
mical and biological parameters; (2) to isolate try- 
panosomes free from contaminating blood cells and 
platelets; (3) to use concentrations of pentamidine and 
competing trypanocidal drugs below concentrations 
which had any adverse effects on T: brucei during 
5-min incubations; (4) to monitor and control cell 
viability before, during and after uptake of trypanoci- 
dal drugs; (5) to remove the parasites rapidly and 
quantitatively from radioactive solutes during uptake 
studies; (6) to generate double reciprocal plots from 
initial rates only; and (7) to recover and identify intra- 
cellular and extracellular label. Other investigators 
have reported that pentamidine is not altered by the 
host’s metabolic processes [11,12]. The metabolic fate 
of pentamidine in trypanosomes has not previously 
been investigated. The results in the present study us- 
ing t.l.c. show that pentamidine is not altered by T.: 
brucei during initial uptake. 

Data from 16 experiments fit the kind of kinetics 
consistent with a substrate-specific carrier model 
[13,14]. The K,, value, that concentration at which 
the carrier sites are half-saturated, consistently 


falls between 1:5 and 3-1 uM. There is greater vari- 


ation in the V,,,, value obtained, presumably due to 
physiological differences from one isolate to another. 
These differences may be associated with the popula- 
tion density of organisms in the host’s blood at the 
time of isolation, as well as the age of the infection. 
However, at present we do not have sufficient data 
to advance such conclusions. 

From competition studies, it is apparent that the 
transport of aromatic diamidines is specific. All of 
these compounds share a common structure of a 
straight chain bridge linking two benzene rings with 
amidino groups in the para-position to the bridge. 
Propamidine, with a K; of 2:2 uM, is closest to penta- 
midine in chemical structure. However, it does not 
compete as well as hydroxystilbamidine, which has 
a K; of 1-7 uM. On the other hand, stilbamidine, with 
a K; of 2-4uM, is less effective than propamidine. 
It differs from hydroxystilbamidine only by the ab- 
sence of an —OH group. Assuming that the K; values 
equal K,,, values, the K; values obtained for inhibition 
of pentamidine uptake by these aromatic diamidines 
imply a certain order for the affinity of the inhibitor 
for the transport site; therefore, hydroxystilbamidine 
should have the highest affinity for the site, followed 
by propamidine, then stilbamidine. This competitive 
inhibition may be important in terms of the possible 
role that this common transport system might play 
in conferring cross-resistance [15,16] to these try- 
panocidal agents. It would be speculation to say at 
this point what specific portion of the molecule is 
involved in recognition and binding to the transport 
site. However, the fact that benzamidine inhibits 
[*H]pentamidine uptake competitively suggests that 
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only one benzene ring with the amidine moiety in 
the fourth position is required for recognition and 
that the bridge linking two of these aromatic amidine 
groups is not involved. Speculating that a pentami- 
dine transport site, shared by other diamidines and 
benzamidine, is conventionally used for the uptake 
of some metabolically useful substrate, various meta- 
bolically active compounds were added to solutions 
of pentamidine and their effect on uptake was studied. 
Neither folic acid nor PABA affected the uptake of 
pentamidine by T: brucei. The lack of inhibition by 
PABA indicates a requirement for the amidine group 
on the benzene ring. 

Amos and Vollmayer [1] reported that lysine and 
arginine reversed the inhibitory effect of pentamidine 
on the growth of E. coli. Lysine accumulation and 
retention were inhibited by pentamidine in S. aur- 
eus [2] and in C. fasiculata [17]. Inhibition of lysine 
uptake by pentamidine and arginine in C. fasiculata 
prompted Gutteridge [17] to suggest that pentami- 
dine entered this organism via an arginine—lysine 
transport system. Data presented in this report show 
no inhibition of pentamidine uptake by these two 
amino acids and, therefore, do not support the notion 
that pentamidine shares such a lysine—arginine trans- 
port system in T. brucei. The inhibition of lysine up- 
take observed in these other systems by pentamidine 
may be a reflection of effects pentamidine has on 
other metabolic processes, such as macromolecular 
synthesis or energy production. Because of the aro- 
matic nature of pentamidine, the aromatic amino 
acids were tested for their ability to inhibit pentami- 
dine uptake, again with negative results. 

Pentamidine transport in T: brucei is concentrative 
(Fig. 4B insert); this complicates counterflow studies 
because the pentamidine that moved out of the cells 
is transported inward again. When T. brucei was 
loaded with [*H]pentamidine, then separated from 
the exposing solution, and finally resuspended in 
HBSSA in the absence of external diamidines, 
[°H]pentamidine was retained (Fig. 6). Intercellular 
[*H]pentamidine trapped during centrifugation was 
moved into the cell against a concentration gradient 
of 200:1. In the presence of 100 uM pentamidine or 
hydroxystilbamidine, there was minimal stimulation 
of tritium exit. There was an increase in counts for 
the first 40-60 sec, after which the number of counts 
in the external solution decreased. This decrease indi- 
cates re-entry of label into the cells and supports the 
notion that pentamidine transport is concentrative. 
Trapping of [*H]pentamidine by T. brucei 110M due 
to intracellular binding to dihydrofolate reductase 
and-nucleic acids may contribute to accumulation of 
the drug. However, the reductase and nucleic acids 
do not influence cellular accumulation and concent- 
ration of the drug in developmental forms and a drug- 
resistant strain of T. brucei 110. In these organisms 
pentamidine uptake is markedly reduced or abol- 
ished [9]. 

The strain of T. brucei used in these studies, like 
other virulent laboratory strains, becomes immobile 
and dies within minutes unless glucose or some other 
glycolytic substrate is present. It has a poorly devel- 
oped mitochondrion, lacks a functional tricarboxylic 
acid cycle and cytochromes and, under aerobic condi- 
tions, metabolizes glucose to pyruvate and a trace 





276 D. Damper and C. L. PATTON 


of glycerol [7]. Oxidized pyridine nucleotides (NAD) 
for glycolysis ure regenerated from NADH via an z- 
glycerophosphate oxidase [18]. This system is cyanide 
insensitive but is inhibited by hydroxamic acid deriva- 
tives [8]. as is cyanide-insensitive respiration in the 
yeast-like fungus, Monilielia tomentosa [19] and Neur- 
ospora crassa [20]. Thus, in the presence of SHAM, 
T. brucei must use anaerobic pathways of glycolysis. 
Ryley [21] has found that blood trypomastigotes of 
T. brucei rhodesiense convert glucose quantitatively to 
| mole pyruvate and | mole glycerol under anaerobic 
conditions, but do not metabolize glycerol anaerobi- 
cally. presumably because the z-glycerophosphate ox- 
idase system does not convert z-glycerophosphate to 
dihydroxyacetone phosphate (DHAP). This conver- 
sion via the NADH-linked z-glycerophosphate de- 
hydrogenase would result in reduction of pyridine nu- 
cleotides and subsequent inhibition of glycolysis. Glu- 
cose can, however. be converted to 2 moles triose 
phosphate, | mole being converted to pyruvate and 
the other to DHAP via the NADH-linked dehydro- 
genase, resulting in the regeneration of NAD [7]. 

These metabolic processes are reflected in our 
transport data. Anaerobic conditions are simulated 
when SHAM is used to inhibit the x-glycerophos- 
phate oxidase. In the presence of SHAM and IAA, 
pentamidine transport is inhibited. The inhibition of 
respiration by SHAM and of glycolysis by IAA results 
in a reduction of available energy. Since pentamidine 
transport is also inhibited, a coupling of energy to 
the pentamidine transport system is inferred. 

The data presented in this report show that penta- 
midine transport in blood trypomastigotes of T. brucei 
is a carrier-mediated, substrate specific, concentrative, 
energy-coupled process. 


Acknowledgements—The authors thank Dr. Carolyn W. 
Slayman for her advice in the preparation of this manu- 
script, Drs. Alan Sartorelli and Krishna Agrawal for their 


invaluable assistance in the preparation of radiolabeled 
pentamidine, and Philip Goldstein for his technical assist- 
ance. 


REFERENCES 


. H. Amos and E. Vollmayer, J. Bact. 73, 72 (1957). 

. E. F. Gale and J. P. Folkes, Biochim. biophys. Acta 
144, 467 (1967). 

. B. Goldberg, C. Lambros. C. J. Bacchi and S. H. 
Hutner, J. Protozool. 21, 322 (1974). 

. R. S. Bornstein and Y. W. Yarbro, J. Surg. Oncol. 2, 
393 (1970). 

. G. C. Hill and S. H. Hutner, Expl. Parasit. 22, 207 
(1960). 

. F. Hawking and A. B. Sen, Br. J. Pharmac. Chemother. 
15, 567 (1960). 

_ A. Balber and C. L. Patton, J. Protozool 23 (1976). 

8. C. L. Patton and A. Balber, J. Protozool. 23 (1976). 

. P. D. W. Damper, Ph.D. Dissertation, Yale University 
(1975). 

. D. A. Evans and R. C. Brown, J. Protozool. 20, 157 
(1973). 

. T. P. Waalkes and V. T. DeVita, J. Lab. clin. Med. 
75. 871 (1970). 

. L. Launoy, M. Guillot and H. Jonchere, Annls. pharm. 
fr. 18, 273 (1960). 

. K. B. Augustinsson, Acta physiol. scand. 15 52 (Suppl.), 
1 (1948). 

. W. F. Widdas, J. Physiol., Lond. 125, 163 (1954). 

. F. Hawking, J. comp. Path. 68, 295 (1958). 

. J. Williamson, in The African Trypanosomiases (Eds. 
H. W. Mulligan and W. H. Potts) p. 125. Wiley Inter- 
science, New York (1970). 

. W. E. Gutteridge, J. Protozool. 16, 306 (1969). 

. P. T. Grant and J. F. Sargent, Biochem. J. 76, 206 
(1960). 

. L. Hanssens, E. D’Hanat and H. Yerachtert, Archs. 
Microbiol. 98, 339 (1974). 

A. M. Lambowitz and C. W. Slayman, J. Bact. 108, 
1087 (1971). 
21. J. R. Ryley, Biochem. J. 85, 211 (1962). 





Biochemical Pharmacology. Vol. 25, pp. 277-280. Pergamon Press, 1976. Printed in Great Britain 


INHIBITION OF DOPAMINE f-HYDROXYLASE 
BY SOME NEW THIOUREA DERIVATIVES 


HIpDEKO OyAMA,* Hirosui [Izumi and HIKARU OZAWA 


Pharmaceutical Institute, Tohoku University, Aobayama, Sendai, Japan 


(Received 3 January 1975; accepted 2 May 1975) 


Abstract 


The inhibition of dopamine f-hydroxylase by thiourea derivatives, N-phenyl, N’-3-(4H-1.2.4- 


triazolyl)thiourea and N-n-butyl,N’-3-(4H-1,2,4-triazolyl)thiourea, was studied. Kinetic studies using puri- 
fied dopamine f-hydroxylase revealed that the inhibition by N-phenyl,N’-3-(4H-1,2,4-triazolyl)thiourea 
was of a noncompetitive type with the substrate and of a mixed type with ascorbic acid, one of 
the cofactors in this reaction. It was also found that the inhibition by N-n-butyl,N’-3-(4H-1.2.4-triazolyl)- 
thiourea was of a noncompetitive type with both the substrate and ascorbic acid. The inhibition of 
dopamine f-hydroxylase by N-n-butyl,N’-3-(4H-1,2,4-triazolyl)thiourea was reversed when Cu?* was 
added to the reaction mixture, indicating that the inhibition by this compound resulted from its metal- 
chelating activity. On the other hand, the inhibition by N-phenyl,N’-3-(4H-1,2,4-triazolyl)thiourea was 
not recovered by the addition of Cu?* to the reaction mixture. When N-phenyl,N’-3-(4H-1,2.4-triazolyl)- 
thiourea was administered intraperitoneally to mice, it was demonstrated that the brain level of nore- 


pinephrine was lowered. 


Dopamine f-hydroxylase (DBH), which catalyzes the 
conversion of dopamine to norepinephrine (the final 
step in the biosynthesis of norepinephrine [1 ]), is a 
copper-containing enzyme [2,3], which is inhibited 
by the analogues of phenylethylamine [4-7] or 
various chelating agents [8-16]. Johnson er al. [17] 
reported that various aromatic and alkyl thioureas 
inhibited DBH in vitro and that these compounds al- 
so changed the levels of catecholamines in mouse and 
rat brains [18]. Recently we found that thiourea deri- 
vatives with a heterocyclic ring were potent inhibi- 
tors of DBH. N-phenyl, N’-3-(4H-1,2,4-triazolyl)thiour- 
ea (I) and N-n-butyl,N’-3-(4H-1,2,4-triazolyl)thiourea 
(II) were the most effective inhibitors among the com- 
pounds tested. In this paper, we will report the kinetic 
data on the inhibition of DBH by these two com- 
pounds in vitro and the change of the catecholamine 
content in mouse brain when the inhibitor is used 
in vivo. 


MATERIALS AND METHODS 


N-Phenyl,N’-3-(4H-1,2,4-triazolyl)thiourea (I) and 
N-n-butyl,N’-3-~4H-1,2,4-triazolyl)thiourea (II) were 
generously supplied by Eizai Co., Ltd. Tyramine hy- 
drochloride was purchased from Daiichi Kagaku 
Yakuhin Co., Ltd., and catalase was purchased from 
Sigma Co., Ltd. 

Preparation of DBH. DBH was prepared from bo- 
vine adrenal glands according to the method of Fried- 
man and Kaufman [19], which was slightly modified. 
The bovine adrenal glands were homogenized by 3 
vol. of 0:25 M sucrose containing 0-015 M potassium 
phosphate buffer (pH 6-5), and centrifuged at 700g 
for 10 min. Then the supernatant was centrifuged at 
10,000 g for | hr. The precipitate was suspended in 
0-02 M phosphate buffer (pH 6-5). To the suspension, 
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Nikol OP-10 (detergent) was added to give 1-25°,, suf- 
ficient to dissolve the proteins. The Nikol OP-10- 
treated suspension was centrifuged at 44.000 g for 90 
min. The supernatant thus obtained was fractionated 
with ammonium sulfate. To the supernatant fraction. 
solid ammonium sulfate was added to give 80°,, satu- 
ration. The precipitate was collected by centrifugation 
and dissolved in 0:02 M phosphate buffer (pH 6:5). 
followed by treatment with charcoal. The solution 
was centrifuged to remove the charcoal, then dialyzed 
against the same buffer (first ammonium sulfate frac- 
tion). The first ammonium sulfate fraction was sub- 
jected to the second ammonium sulfate fractionation. 
The precipitates formed between 25 and 40°, am- 
monium sulfate saturation were collected and dis- 
solved in 0-02 M phosphate buffer (pH 6:5), and then 
dialyzed overnight against the same buffer (second 
ammonium sulfate fraction). The dialyzed second 
ammonium sulfate fraction was applied on a DEAE- 
cellulose column (1:5 x 45cm) which was _ equili- 
brated with 002M phosphate buffer (pH 6:5). The 
non-adsorbed protein was washed with 0:02 M phos- 
phate buffer (pH 6:5) and the adsorbed proteins were 
eluted with a linear salt concentration gradient which 
was formed from 0-02 and 0-5M_ phosphate buffer 
(pH 6:5). Fractions of 10 ml were collected and frac- 
tion numbers 10-12 were used as a partially purified 
enzyme preparation. 

Assay of enzyme activity. DBH was assayed by the 
method of Van der Schoot et al. [20]. Each ml of 
the reaction mixture contained: potassium phosphate 
buffer (pH 5-5), 100 samoles; ascorbic acid, 10 jumoles; 
fumaric acid, 10 sumoles; tyramine hydrochloride, 10 
yumoles; catalase, 200 Sigma units and the partially 
purified enzyme preparation. The reaction mixture 
was preincubated with or without inhibitors, which 
were dissolved in hot ethanol-water (3:7, v/v), for 5 
min at 37 without substrate. The reaction was started 
by adding the substrate and incubating for 15 min 
at 37 in air. The reaction was terminated by adding 
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2mil of 4 N ammonium hydroxide. The control run 
was identical to the above procedure but without the 
incubation. The amount of norsynephrine formed was 
determined after conversion of norsynephrine to p- 
hydroxybenzaldehyde by adding periodate, and _p- 
hydroxybenzaldehyde was determined by measuring 
the absorbancy at 330nm. The formation of nor- 
synephrine from tyramine under these conditions pro- 
ceeded linearly for 20 min, and was also proportional 
to the amount of enzyme used. 

Determination of amine concentration in brain tissue. 
Animals were sacrificed by decapitation, and the 
brains were quickly taken out and chilled at 0 in 
an ice bath. The concentration of catecholamine in 
brain tissue was determined by the method of Endo 
and Ogura [21]. Two mouse brains were homo- 
genized with 5 vol. of 0-4 N perchloric acid containing 
2 mM EDTA; the homogenates were centrifuged and 
the supernatant was neutralized with | N KOH. The 
neutralized supernatant solution was applied to a p- 
cellulose column which was equilibrated with 0:01 M 
sodium phosphate buffer (pH 6-2). Catecholamines 
adsorbed on the column were eluted by 0:03 M so- 
dium phosphate buffer (pH 6-2). Norepinephrine was 
determined by the specific trihydroxyindole reaction 
according to the method of Haggendal [22] with a 
slight modification. Dopamine was also determined 
by the specific trihydroxyindole reaction following the 
method of Anton and Sayre [23] with a slight modifi- 
cation. 


RESULTS AND DISCUSSION 


The inhibitory effects of two thiourea deriva- 
tives, N-phenyl,N’-3-(4H-1,2,4-triazolyl)thiourea (com- 
pound. I) and N-n-butyl,N’-3-(4H-1,2.4-triazolyl)- 
thiourea (compound II), on DBH were investigated. 
As can be seen in Table 1, DBH was remarkably 
inhibited by these two thiourea derivatives; the con- 
centrations required for 50 per cent inhibition were 
about 9:2 x 10°’ M and 2:5 x 10°° M for com- 
pounds | and II respectively. These data show that 
compound I is a more effective inhibitor of DBH than 
the various aromatic and alkyl thioureas which were 
reported by Johnson et al. [17]. These data show that 
DBH was much more sensitive to inhibition by hetero- 
cyclic thiourea derivatives when the amido group hy- 
drogen was replaced by phenyl (compound I) rather 
than by n-butyl (compound II). 


Table |. Inhibition of dopamine 


To determine the type of inhibition by these two 
thiourea derivatives. the kinetics of this reaction were 
studied. As shown in Fig. 1, Lineweaver-Burk plots 
showed that the inhibition of DBH by thiourea deri- 
vatives (both I and II) was found to be noncompeti- 
tive with the substrate, tyramine. K; values of com- 
pounds I and II calculated from these figures were 
approximately 1 x 10°°M and 9-7 x 10°°M re- 
spectively. 

It was reported by Johnson et al. [17] that DBH 
was competitively inhibited by N-phenyl.N’-dimethyl 
thiourea with the substrate when N-phenyl,N’-di- 
methyl thiourea was preincubated for 5 min before 
addition of the substrate. Moreover, they reported 
that. when DBH was preincubated with this inhibitor 
for 15 min before addition of the substrate, the double 
reciprocal plots were no longer characteristic of com- 
petitive inhibition. In contrast to this report, we found 
the type of inhibition by compound I on DBH to 
be noncompetitive against tyramine, independent of 
preincubation with inhibitor (Fig. 2). 

Lineweaver—Burk plots for the concentration of as- 
corbic acid, one of the cofactors of this enzyme reac- 
tion, are shown in Fig. 3. This figure shows that the 
inhibition of compound I is somewhat different from 
that of compound II, namely the inhibition of com- 
pound I seems to be of the mixed type and that of 
compound II is noncompetitive. 

Since DBH is a copper-containing enzyme, it is 
possible to consider that thiourea derivatives are able 











17S (x10° M") 


Fig. 1. Lineweaver-Burk plots of tyramine concentration 
against the rate of norsynephrine formation with and with- 
out thiourea derivatives. The assay method of the enzyme 
is described in Materials and Methods. Right panel: 
(e @) without inhibitor: (i ®) with compound | 
(5 x 10°’ M): and (A A) with compound I (1 x 10°° 
M). Left panel: (@ @) without inhibitor: and (A A) 
with compound II (5 x 107° M). 


B-hydroxylase by thiourea derivatives* 
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* The enzyme was preincubated for 5 min with inhibitor but without substrate, The reac- 
tion mixture was incubated for 15 min at 37 . The enzyme activity was assayed as described 


in Materials and Methods. 





Inhibition of dopamine f-hydroxylase 


EO 








vie 
E ; 
oe ae Z 





: «+s + ®@ 
17S (x102M") 


Fig. 2. Inhibition of the B-hydroxylation of tyramine with 

compound I (5 x 10°’ M). The assay method of the en- 

zyme is described in Materials and Methods. Right panel: 

without preincubation of compound I and enzyme. Left 

panel: with preincubation (5 min) of compound I and en- 

zyme. Key: (@ @) without inhibitor; and (A A) 
with inhibitor. 


to act on DBH as chelating agents, for thiourea deri- 
vatives, from their structural characteristics, can che- 
late metal ions. The effects of copper ion on thiourea 
derivative inhibition of DBH were investigated, and 
the results are shown in Table 2. As can be seen, 
the inhibition by 5 x 10°° M compound II was com- 
pletely reversed by the addition of | x 10°° M Cu?*. 
On the other hand, the inhibition by compound II 
was not reversed by the addition of Cu**. These data 
indicate that there may be some difference between 
the mode of action of compound I and compound 
II on DBH inhibition. The mechanism of inhibition 
by compound I cannot be sufficiently explained by 
its chelating activity, because a simple supplement of 
Cu?* could not reverse the inhibition. 

We investigated the possibility of reversibility of 
the inhibition by thiourea derivatives on DBH by re- 
moving these compounds by dialysis. The enzyme was 
incubated with thiourea derivatives for 10 min at 37 , 
then dialyzed against 200 vol. of 0-05 M phosphate 
buffer, pH 6°5 at 4° for 24 hr. The buffer was changed 
three times under dialysis. Table 3 shows that the 
decrease of DBH activity resulting from inhibition by 
thiourea derivatives was not restored by dialysis. 

While DBH is not necessarily the rate-limiting re- 











1/[Asc] (x10° M”) 
Fig. 3. Lineweaver-Burk plots of ascorbic acid concent- 
ration against the rate of hydroxylation with and without 
thiourea derivatives. The assay method of the enzyme is 
described in Materials and Methods. Right panel: 
(@——-®) no addition; (4) 5 x 10°’ M compound 
I was added; and (A A) | x 10°° M compound I 
was added. Left panel: (@ @) no addition; (%—@) 
1 x 10°° M compound II was added; and (A——A) 
5 x 10°° M compound II was added. 


action under physiological conditions, effective inhibi- 
tors of DBH in vitro, such as disulfiram [12] and 
aromatic and alkyl thiourea [17], have been reported 
to lower endogenous norepinephrine. Since these ex- 
periments in vitro suggested that compound I was a 
potent inhibitor of DBH, the next experiments were 
performed to see whether compound I could deplete 
norepinephrine in mouse brain when it was used in 
vivo. Compound I, suspended in 0-25°,, aqueous meth- 
ylcellulose just prior to use, was administered to ddl 
male mice intraperitoneally. Three hr after administ- 
ration, the levels of catecholamine in the brain were 
determined. As shown in Table 4, increases of 10 and 
25 per cent in the dopamine level over the control 
level were observed after a single administration, re- 
spectively, of 50 or 100 mg/kg of compound I. Table 
4 also shows that norepinephrine levels in the brain 
were decreased to 65 per cent compared to those of 
the control mice after the administration of com- 
pound I, but the rate of decrease of norepinephrine 
concentration did not depend on the dosage of com- 
pound I. 

Tyrosine hydroxylase was established as the rate-li- 
miting step of catecholamine biosynthesis [24]; how- 
ever, a potent inhibitor of DBH in vivo has been re- 


Table 2. Effect of Cu?* on the inhibition of dopamine f-hydroxylase by thiourea 
derivatives 





Dopamine f-hydroxylase* 


(°.of control activity) 





Cur" 
concn 
(M) 


Enzyme 
alone 


Enzyme 
plus 
5x 10°M 
compound II 


Enzyme 
plus 
5x 10°’M 
compound I 





0 100-0 
1x 10°5 70:1 
5x 107° 94-8 
tx 16°* 98-8 
1x 10°’ 105-8 


70:2 
24:1 
100-0 
1000 
78-7 


50-6 
62:0 
586 
52-4 
50-2 





*The enzyme was preincubated with thiourea derivatives and Cu** at 37 for 5 
min. The reaction was started by addition of the substrate; the reaction mixture was 


incubated for 15 min at 37. 
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Table 3. Reversal of the inhibition of dopamine f-hydroxylase by thiourea derivatives 





Dopamine /}-hydroxylase* 
(°,, of control activity) 


Before dialysis After dialysis 





Control 100-0 95-0 
Compound I treated enzyme 23:3 22-0 


Compound II treated enzyme 49-5 Bt 





*The enzyme was incubated with thiourea derivatives (final inhibitor concent- 
ration: compound I. 5 x 10°° M: compound II, 1 x 10°° M) for 10 min at 37, 
and then dialyzed against 200 vol. of 0-05 M phosphate buffer (pH 6:5) at 4 for 
24 hr. 


Table 4. Effect of compound I upon mouse brain catecholamines 





Dose Time 
(mg/kg) (hr) 


Norepinephrine 
(ug/g + S.E.M.) 


Dopamine 
(ug/g + S.E.M.) 





Control 0-36 
Compound 5 : 0-22 
I : 0-23 


+ 0-01 (3)* 
+ 0-01 (3)* 
+ 0-01 (3)* 


0-84 + 0-02 (3) 
0-92 + 0-01 (4)* 
1:04 + 0-01 (5)* 





* Numbers in parentheses show number of determinations. 
+ Significantly different from control, P < 0-01. 


ported to reduce endogenous levels of norepinephrine 
[12]. This fact suggests that a sufficiently effective 
inhibitor of DBH can regulate norepinephrine bio- 
synthesis in vivo. Although, at this time, we cannot 
exclude other possibilities, it is conceivable that the 
mechanism responsible for the decrease of the endo- 
genous norepinephrine level and the increase of the 
dopamine level in mouse brain by the administration 
of compound I might be due to inhibition of DBH 
itself. However, it is necessary to measure the DBH 
activity, of the mouse brain directly to establish that, 
as a result of inhibition of DBH in vivo, treatment 
with compound I results in a decrease in norepineph- 
rine content of the mouse brain. 
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Abstract—The in vitro metabolism of ['*C]nicotine was investigated using isolated rhesus monkey 
(Macaca mulatta) hepatocytes. Under aerobic conditions the cells metabolised nicotine to the N-oxide, 
cotinine and other compounds which were not identified. Nicotine and its metabolites were demon- 
strated in the growth medium and within the cells showing the latter to maintain an excretory function. 


Mammalian cell cultures can provide test systems for 
the biochemical investigation of metabolism within 
the intact cell. In recent years a variety of methods 
have been used to prepare isolated hepatocyte cul- 
tures [1—5, 7]. Some authors have known that their 
methods were of limited application since electron 
microscopical examination showed, in some cases, 
marked alterations in the morphological appearance 
of the cells. 

The contamination of hepatocyte cultures with 
fibroblasts to give mixed cell cultures has also posed 
problems in the study of hepatocyte function in vitro. 


The present paper describes a method, for the study 
of hepatocytes in vitro, which inhibits the growth of 
fibroblasts and preserves the structure and metabolic 
activity to cotinine and to nicotine-N-oxide. 


MATERIALS AND METHODS 


Livers from adult rhesus monkeys (Macaca mulatta) 
were used. Collagenase and hyaluronidase were 
obtained from Sigma (London) Chemical Co. Ltd. 
Medium 199 with Earle’s salts, and bovine serum and 
antibiotics were obtained from Flow Laboratories, 
Scotland; babies’ feeding bottles made from polycar- 
bonate were obtained from Maws Ltd., England. 
['*C]Nicotine was obtained from ‘Radiochemical 
Centre, Amersham (sp. act. 10-25 mCi/mM). 

Preparation of isolated liver cells. The monkey was 
anaesthetised with althesin and exsanguinated prior 
to the removal of the liver. All procedures were per- 
formed aseptically. The abdominal cavity was opened 
by midline incision with lateral extensions and the 
intestine was moved to the left side. The portal vein 
was exposed and cannulated. Another cannula was 
tied in the thoracic portion of the inferior vena cava. 
To prevent leakage of enzyme from the liver, arterial 
forceps were used to clamp the hepatic artery and 
the inferior vena cava anterior to the renal vein. The 
gall bladder was dissected, and the liver was removed 
from the body cavity and placed in a sterile container. 
The liver was perfused according to the method of 
Berry and Friend [2] with the modification that the 
perfusion was allowed to continue for three hr. when 
the liver began to disintegrate. At the termination of 
perfusion, the liver was placed in a sterile conical flask 
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and shaken with enzyme solution. The resulting cell 
suspension was filtered through sterile gauze into a 
centrifuge tube and washed three times in a refriger- 
ated centrifuge at 800 rev/min for 10 min. The wash- 
ing medium comprised 250 ml of Hanks BSS 5°, calf 
serum, 1°, penicillin/streptomycin (100 IU/ml). 

The cells were suspended in Medium 199 with 
Earle’s salts supplemented with 10°, calf serum and 
1°, penicillin and streptomycin. The polycarbonate 
bottles were seeded with 30ml of suspension, each 
ml containing 10° cells. The bottles were placed on 
a tissue culture roller apparatus at 12 rev/hr in an 
incubator at 37. After 48 hr the old medium was 
removed and fresh medium added. 

Cell culture. When the cells were checked under 
the microscope 48 hr after inoculation, nearly 60 per 
cent were found to be attached and flattened. The 
unattached cells were removed during the medium 
change and discarded. After 4 days, small numbers 
of fibroblast-like cells were seen in the polycarbonate 
bottles. However, by the sixth day these had disap- 
peared. This result is in contrast to that with cells 
grown on Falcon Petri dishes, in which the fibroblasts 
appeared after the fourth day, and by the sixth had 
completely overgrown the culture. 

The cells in the polycarbonate bottles appeared not 
to divide, and by the 30th day no mitotic activity 
could be detected. 

Electron microscopy. After 10 days incubation the 
cells were fixed in 4°, glutaraldehyde in 0-134 M phos- 
phate buffer pH 7:25. They were centrifuged at 1000 
rev/min for 10 min and the resulting pellet was post 
fixed in 1°, osmium tetroxide in 0-2M_ phosphate 
buffer pH 7:4, dehydrated in alcohol and embedded 
in epoxy resin. 1 “wm survey sections were cut and 
stained with 1° toluidine blue for examination with 
the light microscope. Silver-gold ultra thin sections 
of representative areas were taken, mounted on copper 
grids and subsequently stained with lead citrate. The 
sections were examined using a Phillips EM 300 oper- 
ating at 60 KV. Selected areas were photographed on 
Kodak Fine Grain Positive 35 mm film (Fig. 2). 

Metabolism of nicotine. ['*C]nicotine was added 
to three cultures after 10 days. The cells were incu- 
bated with the nicotine for 30 min, 2hr and 24 hr. 
After incubation the cells were harvested using 1°, 
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Table 1. The R, values of reference compounds and com- 
pounds isolated from cells. T.l.c. in ethanol-acetone-ben- 
zene-ammonium hydroxide (5:40:50:5) 





Reference compound R, Isolated compound — R, 





0-84 
0-71 
0:56 
0-18 
0-12 
0-09 


Unknown 
Nicotine 
Cotinine 

Unknown 

Unknown 

Nicotine- N-oxide 


0-71 
0:56 


Nicotine 
Cotinine 


Nicotine-N-oxide 0-09 





trypsin and a centrifuge at 1000 rev/min for 10 min. 
The pellets of cells were homogenised with chloro- 
form—methanol (2:1). The radioactive components in 
the chloroform extract were separated by thin- 
layer chromatography on pre-layered Kieselgel F 
254 plates (E. Merck AG) of 0:25 mm thickness 
using ethanol-acetone-benzene-ammonium hydroxide 
(5:40:50:5) as the developing solvent. Non-radioac- 
tive reference compounds were detected by their 
quenching of fluorescence at 254 yum. 

Radioactive components on thin-layer plates were 


Table 2. Percentage of radioactive nicotine, cotinine and 
nicotine-N-oxide in cells at 30 min, 2 hr and 24 hr. 





Time Nicotine Cotinine Nicotine-N-oxide Unknown 





30 min 98-9 0:3 
2 hr 96-4 


24 hr 94 
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Fig. 2. Electron micrograph of hepatocyte after 10 days in culture. n 
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detected by apposition autoradiography on X-ray 
film. Zones of radioactivity adscrbed on silica gel and 
detected by autoradiography were excised and ground 
to a fine powder. This powder was thoroughly mixed 
with water and Triton X-100 based scintillator. The 
technique gives recoveries of radioactivity exceeding 
95 per cent. 


RESULTS 


Morphology. The ultrastructure of the hepatocytes 
maintained in vitro for 10 days and observed by elec- 
tron microscopy was very similar to that of those 
which had been freshly removed. No morphological 
differences were apparent in the cell membrane, Golgi 
complex, rough- and smooth-surfaced endoplasmic 


Origin 


Nicotine 


Cotinine 


Fig. 1. Scan of thin-layer chromatogram of chloroform 

phase of extract of hepatocytes obtained from the rhesus 

monkey (Macaca mulatta) cells incubated with ['!*C]nico- 

tine 5 zCi/cm? in growth medium for 24 hr prior to extrac- 

tion. Solvent system  ethanol-acetone—benzene—conc. 
NH,OH (5:40:50:5). 


.Sae a 


nucleus, g—glycogen, m—mito- 


rough endoplasmic reticulum show no apparent changes in morphology. 


Mag x 10,800. 
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reticulum, mitochondria, microbodies, lysosomes and 
nuclei when compared with those of normal hepato- 
cytes. Some groups of cells aggregated to form bile 
canalicular-like spaces. 

Detection and identification of metabolites in cells. 
The R, values (relative fractions) of reference com- 
pounds used in conjunction with thin-layer chroma- 
tography (t.l.c.) of the cells extracts are shown in 
Table 1 (The Ry, of metabolites characterised by t.L.c. 
from cells are also shown). The amounts of the indivi- 
dual components nicotine, cotinine and _ nicotine 
N-oxide in the cell extracts at 30 min, 2hr and 24 hr 
are shown in Table 2. 

The major metabolite detected by t.l.c. after each 
time period was identical to cotinine. There were 
smaller amounts of nicotine-N-oxide. Several minor 
metabolites were observed, but reference compounds 
‘were not available for their identification (Fig. 1). 


DISCUSSION 

The major advantage of the technique described 
in this paper is the successful maintenance in vitro 
of adult mammalian hepatocytes without the usual 
overgrowth of the culture by fibroblasts. 

Examination by electron microscopy of the hepato- 
cytes after 10 days in culture showed that they 
retained their structural integrity. 

No mitotic figures were observed in hepatocytes 
in cultures when examined microscopically at daily 
intervals. 

It was found that hepatocytes cultured by the de- 
scribed technique were capable of metabolising 


['*C]nicotine and releasing some metabolites into the 
growth medium. Of the nicotine metabolites, cotinine 
was by far the most important in a quantitative sense, 
although nicotine-N-oxide and the other unknown 
compounds appeared regularly in all the experi- 
ments performed with hepatocytes in vitro. Attempts 
to identify the unknown compounds (R; = 0:12) 
(R, = 0-18) and (Ry = 0-84) were unsuccessful; how- 
ever it was suspected that (R, = 0-12) is hydroxyco- 
tinine and that (R, = 0-18) is y-(3-pyridyl)-y-oxo-N- 
methyl butyramide. Further work will be needed to 
determine the nature of the unidentified fractions. 

This study demonstrates that primary hepatocyte 
cultures may be maintained in culture for relatively 
long periods (up to 35 days; unpublished work). The 
cells retain their ultrastructural resemblance to intact 
hepatocytes and their ability to metabolise micotine 
to cotinine and nicotine-N-oxide which are major 
metabolites in vivo [6]. 
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Abstract—A model has been devised to examine the cellular biochemical events which culminate in 
prostaglandin (PG) biosynthesis and release from tissues. Slices of guinea-pig spleen incubated in buffer 
containing [1-'*C]arachidonic acid incorporate the label into cellular phospholipid and neutral lipid 
pools. The majority of incorporated radioactivity appeared in the lecithin fraction; smaller amounts 
were associated with neutral lipids (chiefly diglycerides) or remained unesterified. During incubation 
there was a small basal release of prostaglandins. When tissues were vibrated mechanically or shocked 
there was a loss of [1-'*C]arachidonic acid from the phospholipid pools, a corresponding rise in 
the free substrate levels, and an increase in the synthesis of '*C-labelled PGE,. The synthesis of 
prostaglandins was blocked by indomethacin, and the loss of arachidonate from the phospholipid 
fraction of the cells was blocked by the anti-malarial drug mepacrine. During mechanical vibration 
or immunological challenge the labelled arachidonic acid released as a substrate for prostaglandin 
biosynthesis originated solely from the phospholipid fraction. Phospholipase is therefore the key enzyme 
which mobilises free fatty acids for prostaglandin biosynthesis during these types of cell injury. Spleen 
slices were also vibrated in the presence of labelled arachidonic acid without prior incorporation. 
This procedure also increased prostaglandin biosynthesis several-fold, indicating that substrate avail- 


ability is not the only requirement for stimulation of prostaglandin biosynthesis. 


Mammalian cells release prostaglandins in response 
to physiological, pharmacological or pathological 
stimuli and since prostaglandins are not ‘stored’ 
within cells [1], biosynthesis must immediately pre- 
cede release. The substrates for prostaglandin synthesis 
(C-20 unsaturated fatty acids) must be in non-esteri- 
fied form [2,3], but the intracellular levels of such 
precursors are extremely low [4, 5,6]. The first step 
in the release of prostaglandins from any cell there- 
fore, depends on the appearance of substrate at or 
near the microsomal synthetase complex. 

These precursor acids could arise from a number 
of intracellular lipid pools; cholesterol esters, phos- 
phatides, mono, di, or tri-glycerides might all contain 
sufficient substrate to support prostaglandin biosyn- 
thesis. Thus, several enzymes are potentially capable 
of mobilising fatty acid substrates. The suggestion 
which has received most attention is that the free sub- 
strate originates from the phospholipid fraction of the 
cell, under the influence of the hydrolytic enzyme 
phospholipase A,. Although this idea has been widely 
canvassed there is little direct experimental evidence 
for it, although indirect evidence comes from the ex- 
periments of Vargaftig and Dao Hai [7]; Lands and 
Samuelsson [6], and Vonkeman and van Dorp [3]. 

We have attempted to answer the following ques- 
tions: 


(a) Does the substrate for prostaglandin synthesis 
arise from phospholipids or from some other lipid pool? 

(b) What effect does an inhibitor of phospholipase 
have on the release of prostaglandins? 

(c) Is the availability of substrate the rate limiting 
step in prostaglandin biosynthesis? 


We have used slices of guinea-pig spleen because 
it is a soft and easily manipulated tissue; furthermore, 
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spleen has previously been shown to release prosta- 
glandins when vibrated [8]. We have initiated release 
of prostaglandins by two stimuli; anaphylaxis [9] and 
mechanical vibration [8]. The latter challenge was 
easier to quantitate, gave more-reproducible releases 
and hence was employed for most of our studies. 
Many tissues are known to take up and metabolise 
labelled fatty acids and we have used this technique 
to label different lipid pools within spleen cells. 


MATERIALS 


(a) Unlabelled lipids. Arachidonic acid (Grade I), 
sphingomyelin, L-x-lecithin, L--cephalin, cholesterol 
arachidonate and lipid standards for chromatography 
(containing mono, di and tri-glycerides, and mixtures 
of fatty acid methyl esters) were purchased from the 
Sigma Chemical Co. Prostaglandins E, and F3, were 
purchased from Cambrian Chemicals Ltd. 

(b) Radioactive lipids. [5,6,8,11,12,14,15-?H ]prosta- 
glandin E, (batch 4, 180 Ci/m-mole) and [1'*C]ara- 
chidonic acid (batch 3, 58 mCi/m-mole) were pur- 
chased from the Radiochemical Centre, Amersham. 
Both compounds were checked for radiochemical 
purity by t.l.c. before use and. if necessary repurified 
(see Flower et al.) [10]. 

(c) Chromatographic materials. Plastic-backed t.lL.c. 
plates (100 um layer type, 6060 silica gel) were 
obtained from Eastman Kodak; preparative t.l.c. 
plates (2mm layer, Kieselgel 60) from Merck, and 
glass-backed t.l.c. plates impregnated with 10% 
AgNO, (250 um layer silica gel G) from Anachem 
Ltd. All chromatographic reagents were of ‘Analar’ 
grade, or the highest quality obtainable. 

(d) General. Triton-X was obtained from the Sigma 
Chemical Company and pig pancreas phospholipase 
A, from Boehringer Mannheim G.m.b.H. 
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METHODS 


(c) Preparation of spleen slices. Male guinea-pigs 
weighing 200-300 g were killed by cervical disloca- 
tion. The spleens were removed, trimmed free of con- 
nective tissue and placed pedicle uppermost in a tis- 
sue slicer designed to cut tissue slices (1‘Smm; ca 
150-250 mg) from the (non-pedicle) surface of the 
spleen. The slices were transferred into small flasks 
containing Krebs’ solution, continuously gassed with 
95% O03, 5% CO . 

(b) Pulse labelling of spleen phospholipids with 
[1-'*C Jarachidonic acid. In two initial experiments a 
time course for incorporation of [1-'*C]arachidonate 
into spleen phospholipids was measured. This indi- 
cated that a 30 min incubation was satisfactory (see 
Results). Thereafter 10-20 spleen slices were incu- 
bated for 30 min at 37° in a flask containing 10-15 ml 
Krebs’ solution gassed with 95% O,-5% CO, with 
the addition of 0-5-2:0 wCi [1-'*C]Jarachidonic acid 
dissolved as the Tris salt. After incubation the slices 
were removed, washed to remove excess label and 
allowed to stand in flasks containing 5ml Krebs’ 
solution (continuously gassed) for 45 min in a shaking 
water bath. In some experiments spleen slices were 
allowed to remain in contact with arachidonic acid 
for 10 min only and allowed to equilibrate for only 
5 min. Under these conditions the incorporation of 
substrate into phospholipids or other lipid pools was 
negligible and virtually all the label within the tissue 
was unesterified. 

(c) Vibration of spleen slices. Spleen slices were 
vibrated for 90 sec by holding the side of the flask 
against the rotating cup of a Vortex mixer. Since this 
procedure involved removing the flask from the water 
bath, the non-vibrated samples were also removed 
and allowed to remain on the bench for the same 
period. 

(d) Induction of anaphylactic shock in spleen slices. 
In these experiments spleens were used from guinea- 
pigs sensitised 14 days earlier by injections (1 ml sub- 
cutaneously and | ml intraperitoneally) of a 10°% (w/v) 
aqueous suspension of ovalbumin. 

After the pre-incubations were completed, anaphy- 
laxis was induced in the spleen slices by addition into 
each flask of 0-1 ml of the ovalbumin suspension. 
Control flasks received only saline. 

(e) Processing of spleen slices. Immediately after vib- 
ration or anaphylaxis, spleen slices were removed 
from their flasks, drained briefly and frozen by 
transfer into a mixture of dry ice and methanol (5 ml). 
The incubation fluids were placed in the deep freeze 
to await analysis. 

After the dry ice had evaporated, the spleen slices 
were homogenised and 2 vol of chloroform added (to 
bring the chloroform—methanol ratio to 2:1). After 
mixing, the spleen lipids were allowed to extract for 
| hr at 4. After extraction the solution was filtered 
to remove precipitated protein and other debris, eva- 
“porated under reduced pressure and the residue redis- 
solved in 500 yl chloroform—methanol (2:1). Aliquots 
of this were streaked (1-5cm) onto preparative plates 
previously cut into 5 lanes (4-cm wide), and developed 
to a height of 16-18 cm in chloroform—methanol-ace- 
tic acid, (90:5:5). Authentic lipid markers were added 
to each lane. After development, the plates were dried 


and the lipid zones were visualised by exposure to 
iodine vapour. In this system, phospholipids remain 
at the origin. Typical R, values (x 100) were 28-6 for 
mono-glycerides, 47-4 for di-glycerides, 69-2 for tri- 
glycerides, 42:1 for arachidonic acid and other fatty 
acids and 66°9 for cholesterol arachidonate. 

After development the zones containing phospho- 
lipids were scraped off, the radioactivity eluted with 
10 ml methanol and estimated by liquid scintillation 
counting (see below). The radioactive zones contain- 
ing arachidonic acid, neutral lipids or other areas of 
the’ t.l.c. plate were eluted with 10 ml chloroform- 
methanol 2:1. Since chloroform is a powerful quench- 
ing agent the solvents were concentrated under 
reduced pressure prior to removal of a small aliquot 
for scintillation counting. 

(f) Processing of incubation fluids. The incubation 
fluids were acidified to pH 3 with | N HCl and 
extracted into equal volumes of ethyl acetate. The sol- 
vent was evaporated under reduced pressure and the 
residue redissolved in 50 yl of chloroform—methanol 
(2:1) and spotted onto a plastic-backed silica gel 
t..c. plate. Arachidonic acid and PGE, and F,, 
standards were also spotted on each lane. Plates were 
developed in iso octane—ethyl acetate—water—acetic acid 
(5:11:10:2), which gives good separation of prosta- 
glandins and arachidonic acid. Typical R, values 
(x 100) in this system are 18-2 for PGF;,, 28:5 for 
PGE,,, 52:5 for mono-glycerides, 66-7 for arachidonic 
acid, 77:2 for di-glycerides and 82:7 for tri-glycerides. 
Phosphatides remained at the origin. Zones corre- 
sponding to different lipids were detected by the expo- 
sure to iodine vapour, cut out with scissors and the 
radioactivity measured by liquid scintillation count- 
ing. 

(g) Measurement of organic phosphorus. Organic 
phosphorus was measured by the direct colorimetric 
method of Raheja et al. [11] using lecithin as a stan- 
dard. 

(h) Characterisation of phospholipids. In two experi- 
ments portions of the phospholipid fraction from 
previous chromatography were subjected to further 
chromatography in chloroform—methanol—water 
(95:36:6) which resolves phospholipids into different 
classes. Authentic sphingomyelin, lecithin and cepha- 
lin were used as chromatography markers. After de- 
velopment, the plate was divided into |-cm sections, 
the lipid material in each section eluted with meth- 
anol and the radioactivity and organic phosphorus 
in each section measured. 

(i) Enzymatic hydrolysis of lecithin fraction. In order 
to determine whether the labelled fatty acid was 
esterified in the 1’ or 2’ position of lecithin, two 
experiments were carried out using a phospholipase 
A, from pig pancreas, which characteristically hydro- 
lyses the 2-ester bond. 

The radioactive lecithin fraction was divided into 
two portions and pipetted into small glass tubes. After 
evaporation of the organic solvent the lipids were re- 
suspended in 0-5ml 100 mM Tris buffer (pH 7:5); 
10 yl of phospholipase A, (100 ug enzyme) was added 
to one tube together with 10 yl triton-X, the other 
tube received triton-X only. After mixing the tubes 
were incubated in a water bath (37°) for 2hr, the 
labelled products were then extracted and separated 
by t.l.c. on a silica gel plate developed in chloroform 
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methanol-acetic acid (90:5:5). In one experiment the 
radioactive fatty acid thus liberated was eluted from 
the plate, methylated with diazomethane, spotted 
onto a glass silica gel plate impregnated with 10%, 
AgNO, and developed in hexane-diethyl ether 
(40:60) which separates methyl esters of fatty acids 
according to the degree of unsaturation as well as 
chain length. Authentic methyl arachidonate was run 
as a standard. 

(j) Measurement of ‘accessibility of prostaglandin 
synthetase. In an attempt to measure the ‘accessibility’ 
of the enzyme to the substrate during mechanical 
damage to the tissue, we used an arachidonic acid 
analogue which is also an irreversible inhibitor of 
prostaglandin synthetase (5,8,11,14-eicosatetraynoic 
acid or TYA; see ref. [12]). We assumed that the 
access of substrate and analogue would be similar. 
Spleen slices were divided into three groups and were 
equilibrated for 5 min in individual flasks containing 
5ml Krebs’ solution in a shaking water bath at 37°. 
TYA (final concn | uM) was added to the one set 
of flasks (Group A). The three sets of flasks were then 
vibrated for 60 sec after which the spleen slices were 
removed and transferred into new flasks all of which 
(except group C) contained | uM TYA in 5 ml Krebs’ 
solution. After incubation for 30 min, labelled arachi- 
donic acid (0-1 Ci) was added to each flask and the 
spleen slices were allowed to equilibrate for 5 min. 
After equilibration the spleen slices were again 
vibrated for 60 sec and the incubation fluids 


extracted, and the prostaglandin content measured. 
The only difference between the three groups of 
spleen slices was that Group A had been pre-incu- 


bated and vibrated in the presence of TYA for | min 
longer than the others. Thus if mechanical damage 
induced by the vibration increases the access of the 
substrate to the enzyme (or in this case inhibitor to 
the enzyme) the prostaglandin biosynthesis by Group 
A should be much less than by the other groups. 

(k) Liquid scintillation counting procedures. Strips of 
plastic-backed t.l.c. plate, or aliquots of the chloro- 
form—methanol, or methanol eluate of silica gel scrap- 
ings from t.l.c. plates were added to plastic vials con- 
taining 10 ml Beckman liquid scintillation cocktail ‘D’ 
(5g PPO and 100g naphthalene/! dioxan). After mix- 
ing, samples were counted in a Beckman LS-150 
liquid scintillation counter. 

All samples were routinely counted to an accuracy 
such that 2 §.D. > 0-5°, x. All cpm values were con- 
verted to dis/min using the AES ratio method and 
a standard curve freshly constructed for each experi- 
ment. 


(1) Expression of results 

Because of the variability of uptake of the label 
by spleen slices, the results are expressed as percent- 
ages of the total pmoles of [1-'*C]arachidonate re- 
covered from the chromatography plates after devel- 
opment, taking into account dilution factors. When 
the zones containing phospholipids, arachidonic acid 
or other lipids were removed from the t.l.c. plate, the 
remainder of the lane was scraped off and any 
remaining radioactivity eluted with chloroform—meth- 
anol (1:1) and an aliquot used for radioactivity deter- 
minations. Knowing the original specific activity of 
the arachidonic acid and the size of the aliquot ana- 
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lysed, the total number of pmoles chromatographed 
was calculated (this calculation does not allow for 
any isotope dilution by endogenous arachidonate). All 
subsequent results were expressed as percentages of 
this figure. 

The figures relating to arachidonic acid, neutral 
lipids and phosphatides represent the sum of both 
intra and extra-cellular pools. We were never able 
to detect intracellular prostaglandins. 

Student’s t-test (independent) was used to analyse 
the results. 


RESULTS 

(a) Prostaglandin biosynthesis by guinea-pig spleen 
homogenates. To demonstrate the presence of prosta- 
glandin synthetase activity in guinea-pig spleens, 
homogenates were incubated for 10 min in the pres- 
ence of [1-'*C]arachidonic acid and 10 xg PGE, (to 
protect labelled prostaglandin products from inactiva- 
tion). 

Figure | shows that there was a considerable con- 
version to more polar compounds. The major product 
(which accounted for 80 per cent of the total arachi- 
donate converted) co-chromatographed with the 
PGE, standard; a smaller amount of PGF,, was also 
formed. 

As Table | shows, the production of prostaglandins 
by spleen homogenates was blocked by indomethacin 
(10 4M) and to a lesser extent by mepacrine (1 mM). 

(b) Metabolism of PGE, by guinea-pig spleen homo- 
genates. When [*H]PGE, was added to spleen homo- 
genates, there was conversion to a less polar product 
which had an R, value identical to authentic 15-keto 
PGE,. However, the conversion was slow (~ 30%, in 
10 min); no detectable metabolism occurred in 2 min. 

(c) Vibration of spleen slices in the presence of 
1-'*C-labelled arachidonic acid. As Table 2 shows, 
non-vibrated slices produced small amounts of pros- 
taglandins; this production was increased 8-fold by 
vibration. Biosynthesis was blocked by indomethacin 
(SO 4M) and to a lesser extent by mepacrine (1 mM). 
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Fig. 1. Biosynthesis of prostaglandins by guinea-pig spleen 
homogenates. After incubation with labelled arachidonic 
acid the reaction products were extracted and processed 
as described in Methods and separated by t.l.c. on silica 
gel plates developed in iso-octane-ethyl acetate-water—ace- 
tic acid (5:11:10:2). When the developed plates were dry 
they were cut into I-cm sections and the radioactivity in 
each zone estimated. ‘PGF’ ‘PGE’ and ‘AA’ refer to the 
positions of authentic prostaglandin F,,, E, and arachi- 
donic acid markers. 
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Table 1. Synthesis of prostaglandins by guinea-pig spleen 
homogenates 





pmole PGE, (M + 
Treatment (n = 5) 


S.E.M.) 
®,, control value 





1068-25 (+ 165-18) 
115-05 (+2483) 


292-71 (+ 25-00) 


None 
+10 uM indomethacin 
+1 mM mepacrine 





Table 2. Synthesis of prostaglandins by guinea-pig spleen 
slices (no prior incorporation) 





pmole PGE, (M 
Treatment (n = 5) 


+ S.E.M.) 
*, ‘vibrated’ value 





10:10 (+0-°88) 
88-26 (+ 1-79) 


11:44 
100-00 


None 

Vibrated 

Vibrated 

+50 uM Indomethacin 
Vibrated 

+1 mM Mepacrine 


4:28 (+0-79) 4:85 


21-44 (+113) 





(d) Uptake of [1-'*C]arachidonic acid into guinea- 
pig spleen slices. Figure 2 shows the uptake of arachi- 
donic acid into spleen phospholipids during a 90 min 
incubation. There was rapid incorporation in the first 
30-45 min, during which 75°, of the maximal uptake 
occurred. In all subsequent experiments, we used in- 
cubation periods of 30 min. 

(e) Analysis of labelled cell constituents after incuba- 
tion with [1-'*C]arachidonate. Figure 3 shows a 
radiochromatogram of the lipid extract of spleens in- 
cubated with [1-'*C]arachidonate for 30 min. The 
radioactivity was mainly incorporated into the phos- 
pholipid fraction, smaller amounts being present as 
neutral lipids (mainly di-glycerides) and non-esterified 
acid. There was some variation from day to day in 
the relative quantities incorporated into different lipid 
pools; Table 3 gives the ranges of values found in 
all experiments. 

(f) Characterisation of phospholipids. Figure 4 shows 
the results of an experiment in which the phospho- 
lipids from labelled spleen slices were separated into 
individual classes. The majority of the organic phos- 
phorus had a chromatographic mobility identical 
with the lecithin marker; much smaller amounts were 
associated with the sphingomyelin or cephalin 
markers. With the incubation times used, virtually all 
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Fig. 2. Time course of the uptake of labelled arachidonic 
acid into guinea-pig spleen phospholipids. Tissues were 
extracted and processed as described in Methods. Organic 
phosphorus was measured by the method of Raheja et al. 


[11]. 
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Fig. 3. Chromatographic analysis of labelled lipid fractions 
of guinea-pig spleen. After incubation with labelled arachi- 


as described in Methods. Lipid extracts were separated 

by tc. on silica gel plates developed in chloroform 

methanol-acetic acid (90:5:5). The developed plates were 

cut into l-cm sections, three clear peaks of radioactivity 

were always observed and identified on the basis of their 

mobility as; peak I—phospholipids, peak I]—arachidonic 
acid, peak II]—di-glycerides. 


the radioactivity was associated with the lecithin frac- 
tion. 

(g) Enzymatic hydrolysis of '*C-labelled lecithin. 
When the radioactive lecithin isolated by the above 
procedure was hydrolysed with phospholipase A, and 
the products rechromatographed, more than 70-90 
per cent of all the radioactivity was released from 
the phospholipid fraction and appeared in the fatty 
acid zone. After methylation with diazomethane and 
further chromatography on silver nitrate plates this 
product co-chromatographed with the methyl arachi- 
donate standard. 

(h) Effect of mechanical vibration on spleen lipid dis- 
tribution. Table 4 shows the relative distribution of 
radioactive lipids in spleen before and after 90 sec 
mechanical vibration (mean of 5 experiments). The 
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Fig. 4. Characterisation of labelled phospholipids from 
guinea-pig spleen. The phospholipid fraction of spleen 
homogenates was isolated by t.l.c. as shown in Fig. 3, and 
re-chromatographed on silica gel plates in chloroform 

methanol-water (95:35:6). When developed the plates were 
dried and divided into 1-cm sections and parallel estima- 
tions of radioactivity, and organic phosphorus performed. 
‘Sphy’. ‘lec’ and ‘ceph’ refer to authentic sphingomyelin, 

lecithin and cephalin marker positions. 
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Table 3. Distribution of label amongst lipid fractions 





Fraction ®., of total label incorporated 





Phospholipids 
Mono-glycerides 
Di-glycerides 
Tri-glycerides 
Free arachidonate 
Cholesterol esters 


Prostaglandins (E or F) undetectable 





amount of substrate detected in the phospholipid 
fraction was always 10-20 per cent less after mechani- 
cal vibration. The release of fatty acids from the phos- 
pholipid pools was reflected by an increase in non- 
esterified label in the tissue slice. In the control, un- 
vibrated spleen slices, the substrate levels were also 
high but prostaglandin synthesis was low. In the 
vibrated spleens the intra-cellular concentrations of 
free substrate only doubled, but prostaglandin biosyn- 
thesis increased 4-fold. When the isotope dilution 
effect is taken into account, the actual increase was 
probably greater. 

(i) Effect of inhibitors on the synthesis and release 
of prostaglandins induced by mechanical vibration. In- 
domethacin is a potent prostaglandin synthetase in- 
hibitor [13]. In spleen slices, a concentration of 50 
uM was needed to give an 80 per cent block of bio- 
synthesis, some 5-fold higher than that needed in 
homogenates. With these high concentrations there 

as also an effect on the uptake and incorporation 
of free fatty acids into phospholipids. In one series 
of experiments slices inhibited with indomethacin (50 
uM) incorporated 31-1 (+43)%, of the label into the 
phospholipids as against 52:3 (+0-9)”, in control 
slices. With indomethacin, 57-4 (+8-0)% was incor- 
porated into the neutral lipids as against 32:9 (+0-7)%, 
in the controls. After vibration, the production of pro- 
staglandins by the slices was reduced 41 per cent by 
the indomethacin. Thus in the high doses used, indo- 
methacin apparently inhibited the enzyme system 
which esterifies fatty acids into 2’ positions of lyso- 
phospholipids. 

The anti-malarial drug mepacrine also inhibits 
phospholipase [7]. When spleen slices were vibrated 
in the presence of | mM mepacrine (Table 5), there 
was no effect on the uptake of '*C-fatty acids into 
phosphatides. The loss of substrate from phospho- 
lipids was much reduced (no significant differences 
from the control) and there was a smaller rise in intra- 
cellular substrate levels (significantly different from 
controls; P < 0-01). The amount of prostaglandins 
produced was also reduced almost to control levels 
(no significant difference). The '*C-fatty acid content 
of the neutral lipid pools was unchanged. 


Table 4. Changes in the distribution of [!-'*C arachidonic 
acid following mechanical vibration 





,(M + S.E.M.) 
Neutral lipids 


pmole ° 


Treatment Phospholipids Arachidonic acid PGs 





25:36 5-13 2-06 
(+0°55) (+013) 


67-16 
(+3-52) 


Control 
(n = 5) (+335) 

44-98 5:34 8-02 
(+304) (+ 1-06) (+084) 


41-52 


(+2-67) 


Vibrated 
(n = 5) 


P 1-2 <0-001 <00i1 NS. <0-001 
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Table 5. Inhibition of phospholipid breakdown by 


mepacrine 





pmole °, (M + S.E.M.)t 
Arachidonic 


Treatment Phospholipids acid Neutral lipids PGs 





77-72 9-73 
(+5-27) (+ 1-65) 


10°51 2:10 
(+358) (+0:36) 
62:35" 20-788 11-16 5-73+ 
(+ 1-09) (+0-66) (+ 1-29) (+011) 
73-63 14-744 9-79 2-43 
(+ 1-78) (+0-66) (+1-19) (+0-17) 


Control 
Vibraied 
Vibrated 


+1 mM 
Mepacrine 





* P < 0-05 compared with controls 

+ P < 0-01 compared with controls. 

§P < 0-001 compared with controls. 
Tn = 5S) 


Table 6. Changes in the distribution of [1-'*C]arachidonic 
acid following anaphylactic shock 





’, (M + S.E.M.) 
Neutral lipids 


pmole 
Arachidonic acid 


Treatment Phospholipids PGs 





83-57 638 
(+1-12) (+ 1-84) 
78:20 8:55 
(+112) (+1-35) 


10-77 0-86 
(+0-98) (+0:26) 
10:39 3-25 
(+0-46) (+0-80) 


Control 
(n = 5) 
Anaphylaxis 
(n = 5) 


P <0-05 NS NS. <002 





(j) Effect of homogenisation on phospholipase activity 
of spleen slices. Homogenisation is a much more 
severe trauma to cells than vibration. In one experi- 
ment, spleen slices were homogenised and left stand- 
ing at room temperature for 5 min. In the control 
(non-homogenised samples) 41-8 per cent (n = 3) of 
the total arachidonate was present in the phospho- 
lipids. After homogenisation, there was only 17-9 per 
cent (n = 3), and there was a corresponding rise in 
the substrate levels. 

(k) Effect of anaphylactic shock on the distribution 
of [(1-'*C]arachidonic acid. Although anaphylactic 
shock always induced a fall in phospholipid arachi- 
donate and an increase in prostaglandin synthesis, the 
changes were smaller and less reproducible than those 
induced by mechanical vibration and sometimes were 
not statistically significant. In one set of experiments, 
however (Table 6), there was clear evidence that a 
similar situation obtains to that already described for 
mechanical vibration. Table 6 shows that 3 min after 
anaphylaxis there was a small but significant 


Table 7. TYA experiment 





Group A Group B Group C 





Equilibrate slices for 

5 min in Krebs’ 
solution. 

Vibrate for 1 min in 
Krebs’ solution only 
Transfer into new flask. 
Incubate for 30 min. 


Equilibrate slices for 

5 min in Krebs’ 
solution. 

Vibrate for 1 min in 
Krebs’ solution only 
Transfer into new flask 
containing | uM TYA 
Incubate for 30 min 


Equilibrate slices for 
5 min in Krebs’ 
solution 
Vibrate for | min with 
1 uM TYA 

. Transfer into new 
flask 
containing | uM TYA 
Incubate for 30 min 
Add label equilibrate 
for 5 min 

. Vibrate for | min 
Measure PGE 
biosynthesis 
151-27 (+666) 
pmole 


Add label equilibrate 
for 5 min. 

Vibrate for | min. 
Measure PGE 
biosynthesis 

314-86 (+9-53) 
pmole. 


Add label equilibrate 
for 5 min. 

Vibrate for 1 min. 
Measure PGE 
biosynthesis 

249-09 (+ 8:26) 
pmole. 
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(P < 0-05) fall in phospholipid arachidonate, a small 
(non-significant) rise in intracellular substrate levels 
and a 4-fold increase in prostaglandin _ levels 
(P < 0-02). 

(1) Effect of mechanical vibration on the access of 
a substrate analogue to prostaglandin synthetase. The 
synthesis of prostaglandins by the spleen slices of 
Group B (shaken once with TYA) was some 21 per 
cent less than the controls with no TYA (Group C). 
Spleen slices vibrated twice with the substrate ana- 
logue (Group A) produced significantly (P < 0-05) less 
prostalgandins than Group B—only 48 per cent of 
control synthesis. 


DISCUSSION 


The evidence that phospholipase regulates prosta- 
glandin formation may be summarised thus: 


(1) Phospholipids could act as stores of precursor 
for prostaglandins [2, 3]. 

(2) Perfusion of guinea-pig lungs or frog intestine 
with phospholipase A leads to a rapid release of large 
quantities of prostaglandins [14, 15]. 

(3) Infusion of arachidonic acid through frog intes- 
tine [15] or lungs [7,16] leads to an appearance of 
prostaglandins in the effluent. 

(4) Infusion of arachidonic acid or bradykinin 
through guinea-pig lungs leads to an appearance of 
prostaglandins in the perfusate; mepacrine, a phos- 
pholipase inhibitor, blocks the releasing action of 
bradykinin but not of arachidonic acid [7]. These 
results are consistent with the idea that bradykinin 
releases prostaglandins by stimulating phospholipase, 
whereas arachidonic acid is converted to prostalgan- 
dins directly. 

(5) Thyroid-stimulating hormone apparently in- 
creases the synthesis of prostaglandins in the thyroid 
by stimulating the activity of an endogenous phos- 
pholipase [5]. 


Although the foregoing evidence is strongly sugges- 
tive of the role of phospholipase in prostaglandin bio- 
synthesis, it is not conclusive. We have now demon- 
strated that spleen slices incorporate [1-'*C]arachi- 
donic acid chiefly into the 2’-position of lecithin, and 
that during cellular damage caused by homogenisa- 
tion, mechanical stimulation or anaphylactic shock 
there is a loss of esterified labelled prostaglandin sub- 
strate from the phospholipid fraction, an increase in 
the free substrate levels and an increase in biosyn- 
thesis of prostaglandins. These experiments clearly 
show that phospholipids are an important source of 
substrate for prostaglandin biosynthesis and that this 
source can be mobilised within the time span and 
under the conditions in which prostaglandin synthesis 
and release occurs. Since the '*C-fatty acid was esteri- 
fied in the 2’-position of lecithin the enzyme involved 
in the mobilisation was presumably phospholipase 
A>. 

Our results confirm previous work [7] suggesting 
that mepacrine is an inhibitor of phospholipase. How- 
ever, mepacrine also had some intrinsic activity 
against prostaglandin synthetase at the dose necessary 
for phospholipase blockade. 

During mechanical or immunological damage, 
there was no release of [1-'*C arachidonic acid from 


R. J. FLower and G. J. BLACKWELL 


the neutral lipid pools, indicating that the phospha- 
tides were the sole source of substrate for prostaglan- 
din biosynthesis. However, our technique only detects 
changes in lipid pools which are labelled. If arachi- 
donate was liberated from cholesterol esters, it would 
be difficult to detect, since this pool was not readily 
labelled (see Table 3). 

It is possible that we underestimated prostaglandin 
biosynthesis in this work. The tracer quantities of 
[1-'*C arachidonic acid released from phospholipids 
were presumably diluted by unlabelled substrate also 
released. This could decrease the specific activity of 
the substrate available for synthesis thereby leading 
to an underestimate of the prostaglandins formed. We 
did not estimate prostaglandin metabolite formation 
in these preparations since our experiments showed 
that metabolism of prostaglandin E, was negligible 
during the time of vibration. 

One of the most interesting observations is that 
the presence of intracellular substrate is not in itself 
a sufficient condition for prostaglandin biosynthesis. 
Thus, whilst there is a small basal release of labelled 
prostaglandins in the presence of exogenous 
[1-'*CJarachidonic acid, this is increased more than 
8-fold by vibration. When the label was previously 
incorporated, approximately 25 per cent was present 
as non-esterified fatty acids and the background 
production of prostaglandins was very low. During 
vibration the free substrate levels increased less than 
2-fold, but prostaglandin biosynthesis increased by 
almost 4-fold. Gryglewski and Vane [8] reached the 
same conclusion from their experiments on vibrated 
dog spleen; repeated periods of vibration gave smaller 
and smaller outputs of prostaglandin. Addition of 
arachidonic acid restored the output during vibration. 

The conclusion we draw from these results is that 
in spleen normal ‘resting’ cells do not synthesise pro- 
staglandins (perhaps because the synthetase is com- 
partmentalised) but need to undergo ‘stimulation’ 
first. This ‘stimulation’ can take the form of various 
sorts of damage, such as those investigated here, or 
it might be through the addition of vasoactive or 
other substances, many of which are known to release 
prostaglandins (see Flower [12]). What is the nature 
of this stimulation? We wish to speculate that many 
agents which release prostaglandins share the com- 
mon property of interacting with the cell membrane 
in such a way that phospholipase A, is activated (per- 
haps by a change in calcium concentration), releasing 
fatty acid precursors and also promoting the access 
of fatty acids to prostaglandin synthetase. The experi- 
ments we report here with the inhibitor TYA support 
this idea. Exposure of the slices (Group B) to the 
substrate analogue for 30 min resulted in only small 
inhibition (21°,) of prostaglandin biosynthesis— 
indicating that only low concentrations of the drug 
reached the enzyme. After vibration for 60 sec, how- 
ever, there was a significant (52°,,; P < 0-05) increase 
in blockade of prostaglandin synthetase—indicating 
that during this brief period the inhibitor had access 
to the enzyme system. At first sight, the idea that 
the synthetase needs to be ‘activated’ in some way 
is not supported by other experimental evidence pre- 
viously quoted—i.e. that arachidonic acid injected 
into isolated lungs or perfused gut results, in a pro- 
staglandin formation. However, by their very nature 
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such preparations are already ‘damaged’ and the 
amounts of prostaglandins produced by these prep- 
arations are well below the total synthetic capacity 
of these tissues, suggesting that only a small fraction 
of the enzyme is in operation. 

Because the cellular membrane system to a large 
extent controls the integrity of the cell (prostaglandin 
synthetase is also membrane bound), its function as 
a storehouse of fatty acid substrates and as a regu- 
lator of permeability are intimately linked. Thus 
damage to a section of membrane resulting in a turn- 
over of phosphatides could not only release fatty 
acids but also result in an increased diffusion of those 
precursors into the prostaglandin synthetase compart- 
ment. Audet et al. [17] investigated the activity of 
phospholipase A in three different strains of E. coli. 
Very little activity was found in two of the strains 
which had rigid cell envelopes and were thus rela- 
‘tively resistant to lysis. The other strain, however, had 
high phospholipase activity, was easily lysed, and dur- 
ing growth released lipid, protein and polysaccharide 
material into the medium. There was also production 
of free fatty acids. Other workers too, have noticed 
that the activity of this enzyme is greater in cells sub- 
jected at adverse conditions [18-20]. On the basis 
of this evidence, we propose that a primary lesion 
in cell damage is disruption of the cellular membrane 
system; this leads to release of fatty acids and to an 
increase in permeability which enables the liberated 
fatty acids to reach the prostaglandin synthetase 
enzyme, thus resulting in prostaglandin biosynthesis 
and release. The anti-malarial compound mepacrine 
blocks release of fatty acids and the aspirin-like drug 
indomethacin, the synthetase enzyme. 


CONCLUSIONS 


1. During the mechanical or immunological 
damage to cells, phospholipase A, is activated. This 
results in a loss of prostaglandin precursors from the 
2'-position of lecithin and an increase in prostaglan- 
din biosynthesis. Mepacrine inhibits both steps, but 
indomethacin only the latter. 

2. During damage, there is an increase in ‘permea- 


bility’ of the cell which enables the substrate to diffuse 
into the prostaglandin synthetase compartment. 

3. Our results confirm that phospholipase A, is an 
important enzyme in prostaglandin generation, but 
suggest that the availability of substrate is not the 
only condition for prostaglandin biosynthesis. 
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Abstract—Guinea-pig neocortical tissues were incubated with ['*C]adenine and superfused; after about 
20 min superfusion when excess adenine was removed, the tissues lost about 0-05°% of their '*C/min, 
mainly as adenosine and its metabolites inosine and hypoxanthine. Electrical stimulation increased 
2- to 5-fold the '*C output, and also tissue glycolysis. 

Drugs were incorporated in superfusion fluids and examined for action on '*C output and on 
glycolysis, in unstimulated and stimulated tissues. In some instances the added compounds caused 
similar changes in stimulated output of '*C and of lactate; these were amylobarbitone, 66 uM; desipra- 
mine, 30 and 100 4M; diphenylhydantoin, 300 4M; and chlorpromazine, 20 uM. Chlorpromazine at 
100 4M, desipramine at 0-5 mM and pyridylisatogen at 20 and 50 uM augmented '*C output without 
corresponding effect on glycolysis. 

Several correlations are pointed out between these results and those of other workers who have 
examined the actions of drugs on cerebral cyclic AMP in vivo. It is concluded that liberation of 


adenosine contributes to features in the action of several of the compounds named above. 


The cyclic AMP content of cerebral and cerebellar 
tissues is augmented by electrical excitation and, in 
vivo and in vitro, adenosine has been concluded to 
mediate much of this increase [1-3]. The quantities 
of adenosine liberated on excitation are in some cases 
sufficient to induce the observed increase in cyclic 
AMP [4] but change in the cyclic AMP of incubating 
tissues can be caused also by addition of other neuro- 
humoral agents and blocked by drugs antagonistic 
to them [5] (see also the Discussion section). A few 
such compounds have now been examined for their 
influence on output of adenine derivatives from incu- 
bated neocortical tissues in presence and absence of 
electrical excitation. Their actions in these respects 
have been compared with reported actions of the 
same compounds on tissue content of cyclic AMP, 
with the object of detecting instances in which libe- 
ration of adenosine might contribute to the action 
of a drug. 


MATERIALS AND METHODS 


Tissue incubation, labelling and superfusion. Guinea- 
pig neocortical tissues were prepared promptly, 
mounted in quick-transfer holders, incubated and 
superfused as described by Pull and Mcllwain [6-7]: 
Mcllwain [8]. Four tissue samples of 50-80 mg from 
two animals were normally prepared together and in- 
cubated in separate tissue-holding electrodes in one 
experiment. Each holder was placed in an incubation 
vessel which contained 1 pCi of [8-'*C] or [U-'*C] 
adenine (54 mCi/m-mole) in 5 ml glucose—bicarbonate 
medium agitated by 5°, CO; in O, and at 38° for 


40 min. Superfusion at approx 3-Sml/min_ with 
medium lacking adenine was then commenced, and 
for the first 20 min the effluent fluid, which carried 
excess adenine, was discarded. Subsequent effluents 
were collected each 2 min for up to 40 min as indi- 
cated below; added compounds, and electrical stimu- 
lation with alternating exponential pulses of peak 
potential 10 V (0-4 msec time constant and frequency 
20 Hz) were applied to specified tissues at chosen 
times. 

Analyses and expression of results. Determination 
of radioactivity and of lactic acid in superfusate 
samples; the preparation of tissue extracts for deter- 
mination of radioactivity, potassium and adenine nu- 
cleotides and calculation of the adenylate energy 
charge were as previously described [6,7,9]. The 
radioactivity of tissue extracts, effluent medium 
samples and medium remaining in the beakers at the 
end of superfusion was first expressed as nCi/g tissue. 
Then for each 2 min collection period a rate constant 
for '*C output (°%/min) was obtained [6]. For com- 
parison of the compounds employed in Table 1 with 
control tissues, each group of experiments followed 
a standard design. The compound under investigation 
was introduced to the superfusing media 8 min after 
beginning collection of samples and after a further 
10 min, electrical stimulation was applied to the tis- 
sues for 2 min. 

Materials. Diphenylhydantoin obtained from Bri- 
tish Drug Houses Ltd., Poole, Dorset, U.K., was pre- 
pared as a 30mM solution in 0-1 M-NaOH and | ml 
of this solution used per 100 ml superfusion medium, 
equilibrated before and after the addition with 5%, 
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CO, in O, and maintained at 38°. Amylobarbitone 
was from the Sigma (London) Chemical Co. Ltd., 
London SW6, U.K., and chlorpromazine hydrochlo- 
ride from May & Baker Ltd., Dagenham, Essex, ‘U.K. 

We gratefully acknowledge gifts of 2:2’-pyridylisa- 
togen tosylate from Dr M. Spedding, School of Phar- 
macy, Sunderland Polytechnic, Sunderland, U.K., and 
of imipramine and desipramine from Geigy Pharma- 
ceuticals, Cheshire, U.K. [8-'*C]Adenine (54 mCi/m- 
mole) and [U-'*C]adenine (287 mCi/m-mole) were 
obtained from the Radiochemical Centre, Amersham, 
Bucks, U.K. Other materials were from sources pre- 
viously specified [6, 7, 9]. 


RESULTS 

Tissues were prepared for the present experiments 
by an initial preincubation with ['*C]Jadenine, fol- 
lowed by superfusion during which the excess of 
['*C]Jadenine was removed. A small output of '*C 
derivatives then continued (Fig. 1), totalling about 
0-05°,, of the tissue content/min and mainly in the 
form of adenosine, inosine and hypoxanthine [10]. 
Certain of the added compounds modified the output 
of '*C at this stage in the experiments; Fig. 1A exem- 
plifies this. Tissues subsequently were electrically 
stimulated; in the absence of added compounds, this 
increased the output of ['*C]adenine derivatives by 
2- to 5-fold. More than one period of stimulation, 
with or without added agents, were included in some 
experiments (Fig. 2). At the end of superfusion, the 
K content of tissues was determined and in control 


tissues which had been superfused with normal 
salines, values were 70 + 3 (S.D., 6 tissues) pat K/g 
initial wt tissue. It was judged valuaiste (see below) 
to determine whether a response to stimulation other 
than the '*C output was also affected by added com- 





nCi/g tissue per 2 min 
pmoles/g tissue per hr 


C output, 


Lactate output, 














Time of collection, 


Fig. 
. ['*C]adenine derivatives and (B), of lactate from neocorti- 
cal tissues preincubated with ['*C]adenine. After preincu- 
bation, tissues were superfused with normal medium (0) 
or medium containing chlorpromazine at 204M (@), 
100 1M (M) or 500 4M (Q) for 20min before beginning 
collection (zero time in the Fig.) of effluent medium each 
2 min. Between 8-10 min tissues were electrically stimu- 
lated (bar). The K* contents (wequiv/g tissue) of the tissues 
analysed after the stimulation and a total of 64 min super- 
fusion were: with no addition, 68; with 20 uM chlorproma- 
zine, 70: with 1004uM_ chlorpromazine, 62; and with 
500 uM chlorpromazine, 23. 


1. Action of chlorpromazine on output: (A), of 


pounds, and for this purpose the output of lactate 
was measured by analysis of the effluent samples col- 
lected for '*C determination. It was found (Fig. 1) 
that the action of a given concentration of a com- 
pound on the two responses could differ markedly. 

Chlorpromazine at the greatest concentration 
tested, 0-5 mM, increased the tissues’ output of lactate 
and of ['*C]adenine derivatives independently of 
excitation. This was associated with a fall in the K 
content of the tissue. With lower concentrations of 
chlorpromazine, little or no loss of K occurred and 
differential actions were found on the output of '*C 
and lactate. To 20 uM chlorpromazine, output of '*C 
was more sensitive than output of lactate: the '*C 
of superfusates diminished before the tissue was 
stimulated, and during stimulation the increase in '*C 
was about 25 per cent of that from control tissues, 
in comparison with a lactate output 60 per cent of 
normal. Chlorpromazine at 0-1mM augmented the 
output of ['*C]adenine derivatives, with and without 
stimulation, while output of lactate was unchanged 
before stimulation and diminished during stimulation. 

Amylobarbitone in the present experiments was 
examined at a low concentration, 66 uM, which did 
not affect tissue K-content (Fig. 2). This concentration 
inhibited the output of ['*C]adenine derivatives, and 
to a lesser extent that of lactate. In absence of exci- 
tation the '*C output diminished by 30 per cent; dur- 
ing excitation, diminution was 50 per cent. Output 
of lactate was less affected by the amylobarbitone, 
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Fig. 2. Action of amylobarbitone on output of 
['*C]adenine derivatives from neocortical tissue. Tissues 
were pre-incubated with ['*C]adenine and then superfused 
with normal medium for 15 min before beginning sample 
collection (zero time in the Fig.). At 18 min (arrow) the 
normal medium (©) superfusing some of the tissues was 
exchanged for medium containing 0-066mM amylobarbi- 
tone (@). Between 8-10 min and 24~26 min all tissues were 
electrically stimulated (bars). Mean values of eight tissues 
prior to alteration of the medium and of four tissues subse- 
quently are given with their S.D. shown by vertical lines. 
Points marked + differ significantly from controls 
(P < 0-05, Student’s t-test, both tails). The K* contents of 
tissues determined at the end of superfusion with amylo- 
barbitone did not differ from those of control tissues super- 
fused with normal media. Output of lactate was measured 
and between 16 and 32 min superfusion was lower in the 
presence of amylobarbitone. The diminution, by a mean 
value of 8 per cent, was significant only in the samples 
collected at 28 min, then being 15 per cent. 





Adenine derivatives from cerebral tissues 


Table 1. Added compounds on the output of '*C adenine derivatives and of lactate from neocortical tissues 





No. of 


‘$C Output 
(% min~! x 103) 


Lactate output 
(umole/g tissue per hr) 





Added compound 


(mM) tissues Initial 


Pre-stimulation 


Stimulated Initial Pre-stimulation Stimulated 





None 
Diphenylhydantoin (0-3) 
None 

Desipramine (0-03) 
Desipramine (0:1) 
Desipramine (0-5) 

None 

Pyridylisatogen (0-005) 
Pyridylisatogen (0-02) 
Pyridylisatogen (0-05) 


—FADNMWNwWw hk SS 


180 +18 1444 13 + 


4 63 +8 
147+11t 10+4 12+2 
1 


36 + 9 
64+17 
33 + 13+ 
30, 28 

51, 69* 


270 + 75 13+4 i 4 
123+29¢ 841 4 
110, 198 \ 4,7 
1482, 1684* x 8, 14 
251 + 64 65 + 20 
211 + 52 + 3 46 + 13 
661 + 408 . 85 + 21 
538 2 48 





Experiments were carried out as described in the Methods section, results are individual or mean values (+S.D.) 
of the number of tissues shown. Initial values given above derive from the mean output of '*C and lactate of each 
tissue during the first four collection periods and prior to the introduction of added compounds. Pre-stimulation values 
are those observed after a further 10 min superfusion with or without additions and immediately prior to 2 min electrical 
stimulation, stimulated values (above) derive from the maximum rates of output following the electrical stimulation. 
Values for tissue K in Expt. 1: with diphenylhydantoin, 69 + 5(4) wequiv/g and without, 71 + 3(4). Significant differences 
from controls by Students t-test (two tail); +; P < 0-05; t, P < 0:025: s P < 0-01. 

* Output of '*C and lactate increased continuously throughout the Expt., these values were obtained 20 min after 


the onset of stimulation. 


the diminution becoming significant only on exci- 
tation. Diphenylhydantoin, also, was examined at a 
concentration, 0-3 mM, which did not affect tissue K 
(Table 1) and which was approaching the maximum 
permitted by solubility of the compound. This con- 
centration increased the output of ['*C]adenine deri- 
vatives prior to stimulation, but depressed the tissues’ 
response to stimulation. In this instance glycolytic re- 
sponse was more sensitive (42°, inhibition) than was 
'4C output (18% inhibition). 

Imipramine and desipramine were examined in ex- 
periments similar to those of Fig. 1. The lower con- 
centrations of desipramine, 30 and 100 uM, were 
without action on output of ['*C]adenine derivatives 
or lactate in absence of excitation, but depressed the 
tissue’s response to stimulation (Table 1). At 0-5 mM, 
however, desipramine greatly increased the output of 
both '*C and lactate independently of excitation. Im- 
ipramine was examined in a single experiment at 0-1 
and 0-5 mM, and its effects were similar to those of 
the same concentrations of desipramine. 

2:2’-Pyridylisatogen was examined in view of the 
reports [11,27] that it antagonized actions of ATP 
on smooth muscle. At concentrations between 5 and 
50 uM (Table 1) the pyridyl derivative modified the 
output of ['*C]adenine derivatives in a fashion simi- 
lar to that shown for chlorpromazine in Fig. 1. 
Measurement of ATP, ADP and AMP in tissues 
superfused with 20 uM 2:2'-pyridylisatogen showed 
values little different from control tissues, with an 
adenylate energy charge [12] of 0-92 in each case. 
Theophylline, at 20 and 500 uM, was found to be 
without action on output of ['*C]adenine derivatives 
during the unstimulated and stimulated periods of ex- 
periments similar to those of Fig. 1. 


DISCUSSION 
A classification of the compounds examined 


Change in tissue levels of cyclic AMP, and output 
of adenosine derivatives under conditions similar to 


those of the present experiments, are each of about 
1 umole/g per hr [10] in contrast to the rate of about 
1 mmole//g per hr at which adenine nucleotide turn- 
over can occur in association with energy metabolism. 
As an indication of change in energy metabolism 
associated with the stimulation or with the added 
compounds of the present experiments, output of lac- 
tate, and tissue K-content were also measured. 
Change in lactate output frequently parallelled 
change in output of ['*C]adenine derivatives, which 
suggests that in these cases the dephosphorylation in 
utilization of ATP, could have initiated the output 
of adenine derivatives (though this is not the only 
explanation available). In other circumstances such 
parallelism did not occur: thus the diminution in '*C 
output caused by 20 uM chlorpromazine, and the in- 
crease caused by 100 4M chlorpromazine and by 
20 uM pyridylisatogen, were not accompanied by a 
corresponding change in lactate output. Indeed 
100 uM chlorpromazine diminished the output of lac- 
tate on electrical stimulation, while increasing the 
output of '*C adenine derivatives. 

These results have led us to classify the compounds 
examined into two categories: (1) those which change 
in output of adenine derivatives was in the same di- 
rection as change in lactate output, and in which the 
added compounds were pictured to act through modi- 
fication of the tissues’ energy metabolism; and (2) 
those in which the changed output of adenine deriva- 
tives was due to other causes, presumably more speci- 
fic to stages in the metabolism of the adenine deriva- 
tives themselves. Appraisal follows of other data con- 
cerning compounds in the two categories, especially 
in relation to their action on cyclic AMP. 

(1) Compounds causing similar change in output of 
lactate and adenine derivatives. Pentobarbital adminis- 
tered intraperitoneally to rats at 0-2 m-mole/kg was 
found [13] to lower by 15~30 per cent the cyclic AMP 
of four cerebral regions obtained by microwave fixa- 
tion. It also opposed an increase in cyclic AMP 
occurring post-mortem in the brain of mice [14] by 
20 per cent at 0:16 m-mole/kg. Both these are situ- 
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ations in which some dephosphorylation of adenine 
nucleotides occurs, and are thus relevant to the pres- 
ent findings with amylobarbitone (Fig. 1; Table 1: 
the two barbiturates are assumed to be of similar 
action). These findings showed amylobarbitone to 
diminish adenosine output by up to 40 per cent, es- 
pecially on electrical excitation and lactate by 20 per 
cent. Increase of cyclic AMP in the mouse forebrain 
on electrical excitation in vivo was opposed by theo- 
phylline and caffeine, which strongly suggests adeno- 
sine to be an intermediary [3]. Similar factors appear 
to be involved in the action of desipramine, for here 
also we found an increased output of ['*C]adenine 
derivatives. Berndt [15] found a partial inhibition by 
theophylline of an increase in cerebral cyclic AMP 
caused by the drug in vivo; in vitro, Kodama et al. 
[16] found almost complete antagonism of a desipra- 
mine-induced increase in cyclic AMP, by theophyl- 
line. 

Diphenylhydantoin as an anticonvulsant in vivo 
opposes effects of several agents which cause convul- 
sions or seizure discharges [17]. These include dis- 
charge from lesions caused by local cerebral freezing, 
which are accompanied by increase in sodium—potas- 
sium activated adenosine triphosphatase [18]. 


Diphenylhydantoin at 0-2 umole/kg intraperitoneally 
in rats opposed this increase in the NaK—ATPase and 
presumably, therefore, would diminish the formation 
of adenosine: an action to be compared with the 20 
per cent diminution caused by 0-3mM _ diphenylhy- 
dantoin in output of ['*C]adenine derivatives from 
electrically stimulated tissues in the present exper- 


iments (Table 1). 


(2) Compounds of more specific action on output of 


adenine derivatives. Sedation of rats induced by chlor- 
promdzine was found [15] to be correlated in time 
course with an increase in cyclic AMP content of 
samples of their frontal cortex. Theophylline anta- 
gonized both the increase and the sedation, and block- 
ing by theophylline of an increase in cyclic AMP 
induced by chlorpromazine has been reported also 
in vitro [19]. This cannot reflect an action of theo- 
phylline on the cyclic nucleotide phosphodiesterase, 
for cyclic AMP levels would then be further increased. 
Situations in which theophylline diminishes cyclic 
AMP appear to be limited to those involving adeno- 
sine [1,2,3]. The present experiments have indeed 
shown a phase in the action of chlorpromazine in 
which it causes liberation of adenosine (Fig. 1), 
though’ this is not the most sensitive of its in vitro 
actions. 

Greater sensitivity to chlorpromazine was shown 
by the isolated tissues when they were electrically 
stimulated (Fig. 1); 20s%M_ chlorpromazine then 
diminished the resulting increase in output of adeno- 
sine. This situation also has a counterpart in the brain 
in situ, for Uzunov and Weiss [20] found that prior 
administration of chlorpromazine to rats diminished 
a post-mortem rise to their cerebellar content of cyclic 
AMP. Cyclic AMP does not yet appear to have been 
examined in relation to the action of 2,2’pyridylisa- 
togen, but the concentrations of the compound 
now found to affect '*C output are similar to those 
which interact with ATP in smooth muscle relaxation 


fll}. 


Comment on measurement of cyclic AMP in interpre- 
tation of drug action 


Determinations of the cyclic AMP of target-organs 
have recently been widespread in studies of drug-ac- 
tion [21], but only rarely have the measurements 
been accompanied by a measure of the energy-meta- 
bolism or adenosine of the tissues involved. Present 
data suggest that such additional measures are advis- 
able, particularly in organs known to carry adeno- 
sine-activated adenylate cyclase systems, as does the 
brain [3, 22]. 

It is especially noteworthy that the present study 
has shown that compounds which evoke changes in 
cyclic AMP and are of a variety of pharmacological 
types, can markedly alter the output of adenine deri- 
vatives from cerebral tissues. Adenine derivatives are 
not the only compounds released on excitation of iso- 
lated cerebral tissues and capable of augmenting cyc- 
lic AMP: other biogenic amines are also released 
[23, 24], and may contribute to the present results. 
Mediation which includes adenosine is however sup- 
ported in the five instances quoted in which change 
in cyclic AMP, or in the overt action of a drug, was 
opposed (not augmented: see above) by theophylline. 
Sattin et al. [28] published after the present work 
was completed, a detailed appraisal of how the effects 
on cyclic AMP of neurohumoral agents and related 
drugs contribute to their pharmacological actions; 
and postulated in the brain a category of «-adrenergic 
receptors which require the copresence of adenosine. 
Correspondingly, it appears likely that certain drugs 
acting on the brain may owe their efficacy to their 
modifying the release of more than one neurohumoral 
agent, even when these agents act on a single category 
of receptor. Chlorpromazine is one of the compounds 
concluded by the preceding discussion to include 
adenosine-activated adenylate cyclases in its action. 
Study of chlorpromazine in relation to noradrenaline 
and dopamine and prior to knowledge of the involve- 
ment of adenosine, had already led to the conclusion 
that multiple actions on adenylate cyclase system(s) 
must be invoked in understanding its action 
[20, 25, 26]. 


Acknowledgements—We are grateful to the Medical 
Research Council for support for this investigation; to Mr 
A. McNeil for technical assistance and to Dr E. Lewin 
for carrying out initial experiments with diphenylhydan- 
toin during a visit to these laboratories. 


REFERENCES 


1. S. Kakiuchi, T. W. Rall and H. Mcllwain, J. Neuro- 
chem. 16, 485 (1969). 
2. A. Sattin and T. W. Rall, Molec. 
(1970). 
. A. Sattin, J. Neurochem. 18, 1087 (1971). 
. I. Pull and H. Mcllwain, Biochem. J. 126, 965 (1972). 
. S. Kakiuchi and T. W. Rall, Molec. Pharmac. 8, 379 
(1968). 
. I. Pull and H. Mcllwain, Biochem. J. 136, 893 (1973). 
. I. Pull and H. Mcllwain, J. Neurochem. 24, 695 (1975). 
. H. Mcllwain, Practical Neurochemistry. Churchill Liv- 
ingstone, London (1975). In press. 
9. I. Pull and H. MclIlwain, Biochem. Soc. Trans. 2, 272 
(1974). 
10. I. Pull and H. Mcllwain, Biochem. J. 130, (1972). 


Pharmac. 6, 13 





01.25 
1976 


Adenine derivatives from 


11. M. Hooper, M. Spedding, A. J. Sweetman and D. F. 


Weetman, Br. J. Pharmac. 50, 458P (1974). 


. D. E. Atkinson, Biochemistry 7, 4030 (1968). 
. M. J. Schmidt, J. T. Hopkins, D. E. Schmidt and G. 


A. Robison, Brain Res. 42, 465 (1972). 


. M. I. Paul, G. Pank and B. R. Dizion, Pharmacology 


3, 148 (1970). 


. S. F. Berndt, Psychopharmacologia 26, Supp. 48 (1972). 
. T. Kodama, Y. Matsukado, T. Suzuki, S. Tanaka and 


H. Shimizu, Biochim. biophys. Acta 252, 165 (1971). 


. D. P. Purpura, J. K. Penry, D. B. Tower, D. M. Wood- 


bury and R. D. Walter, Experimental Models of Epi- 
lepsy. Raven Press, New York (1972). 


. E. Lewin, G. Charles and A. McGrimmon, Neurology, 


Minneap. 19, 565 (1969). 


. M. Huang and J. W. Daly, J. med. Chem. 15, 458 


(1972). 


. P. Uzunov and B. Weiss, Neuropharmacology 10, 697 


(1971). 


cerebral tissues 297 


. N. S. Semenuk and H. Zimmerburg, Cyclic AMP. 


Squibb, Princeton, N.J. (1971-1973). 


. M. Chasin, F. Mamrak and S. G. Samaniego, J. Neuro- 


chem. 22, 1031 (1974). 


. R. I. Katz and T. N. Chase, Adv. Pharmac. Chemother. 


8, 1 (1970). 


24. H. Mcllwain and S. H. Snyder, J. Neurochem. 17, 521 


(1970). 


. Y. C. Clement-Cornier, J. W. Kebabian, G. L. Petzold 


and P. Greengard, Proc. natn. Acad. Sci. U.S.A. 71, 
1113 (1974). 


. K. Fujimori and T. Iwamoto, Neuropharmacology 13, 


245 (1974). 


. M. Spedding, A. J. Sweetman and D. F. Weetman, Br. 


J. Pharmac. 53, 575 (1975). 


. A. Sattin, T. W. Rall and J. Zanella, J. Pharmac. exp. 


Ther. 192, 22 (1975). 








Biochemical Pharmacology, Vol. 25, pp. 299-303. Pergamon Press, 1976. Printed in Great Britain. 


EFFECTS OF BENZYDAMINE ON THE LIPOLYTIC 
~ SYSTEM OF FAT CELLS 


VOLKER DINNENDAHL, HANS D. PETERS and PETER S. SCHONHOFER 


Institut fiir Pharmakologie, Medizinische Hochschule Hannover, Federal Republic of Germany 


(Received 29 January 1975; accepted 14 July 1975) 


Abstract—Benzydamine dose-dependently increased cyclic 3',5’-AMP levels in isolated fat cells and 
competitively inhibited phosphodiesterase activity (K; = 1-1 mM). ATP levels of isolated cells and cyclic 
3',5'-AMP-dependent protein kinase activity were not affected. However, benzydamine caused a dose-de- 
pendent inhibition of lipolysis in isolated fat cells stimulated by norepinephrine or dibutyryl cyclic 
3’,S'-AMP. The enhancement of cyclic 3’,5'-AMP formation may be due to the local anaesthetic proper- 
ties of benzydamine. The antilipolytic effect appears to result from the direct inhibition of hormone 


sensitive triglyceride lipase. 


Recent studies from this laboratory showed that the 
antiphlogistic drug benzydamine is able to reduce 
mucopolysaccharide synthesis in fibroblast tissue cul- 
tures by inhibition of adenylate cyclase [1]. This effect 
was also visible, when cells were stimulated by pro- 
staglandin E,, even though the stimulation of cyclic 
3,,5-AMP formation and mucopolysaccharide se- 
cretion were not completely abolished by the drug. 

Other non-steroidal antiphlogistic drugs like salicy- 
lates, phenylbutazone, and mefenamic acid affected li- 
polysis of isolated fat cells. The mode of action of 
these drugs on the adenylate cyclase system appeared 
to be identical in fat cells and fibroblasts, since the 
antilipolytic or lipolytic effect in fat cells as well as 
the effects on mucopolysaccharide secretion in fibro- 
blasts closely correlated with actions on different 
components of the adenylate cyclase system [2, 3, 4]. 
The present study describes the influence of benzyda- 
mine on the cyclic 3’,5’-AMP dependent lipolytic sys- 
tem of epididymal fat cells. A preliminary account 
of some of this work has been presented [5]. 


MATERIALS AND METHODS 


Materials were obtained from the following 
sources: Benzydamine-HCl (Kali-Chemie, Hannover); 
bovine serum albumin, fraction V, powder (Armour 
Pharmaceutical Co.); bacterial collagenase and lyo- 
philized firefly lanterns (Worthington Biochemical 
Corp.); /-norepinephrine bitartrate (NE) (Fluka AG); 
adenosine triphosphate (ATP), adenosine 3’,5’'-mono- 
phosphate (cyclic 3'5'-AMP) and dibutyryl cyclic 
3',.S'-AMP (Db-3',S'-AMP) (Boehringer, Mannheim): 
3H-adenine (6Ci/m-mole) and *H-cyclic_ 3'.5’-AMP 
(24-1 Ci/m-mole) (New England Nuclear); **P-cyclic 
3’,5'-AMP (420 mCi/m-mole) and »-**P-ATP (20-3 Ci 
m-mole) (Amersham Buchler, Braunschweig); histone 
(Schuchardt, Miinchen). All other chemicals were re- 
agent grade from the usual commercial sources. 

Male Wistar rats (170-220 g) with free access to 
food and water were used in all experiments with iso- 
lated fat cells. 

Procedures for the determination of lipolysis, ATP 
levels, phosphodiesterase, and protein kinase activity 


have been described earlier [2,4]. Cyclic 3’,S5’'-AMP 
levels in isolated fat cells were determined according 
to the method of Gilman [6]. Results were expressed 
as nmoles cyclic 3’,5'-AMP per 10° cells. 

Lipase activity in adipose tissue homogenates was 
assayed by measuring free fatty acids (FFA) according 
to Duncombe [7] and Noma et al. [8] with some 
modifications. Wistar rats (250-300g) were fasted 
24hr prior to sacrifice in order to minimize lipopro- 
tein lipase activity [9]. Epididymal fat pads were 
preincubated for 2 hr in 5ml of Krebs-Ringer phos- 
phate buffer (pH 7-4), containing 3° bovine serum al- 
bumin, since this procedure eliminates possible inter- 
ferences by the action of lipoprotein lipase [9]. Nore- 
pinephrine (NE), when present, was added 5 min be- 
fore the end of the preincubation period. Fat pads 
were homogenized in a glass tissue grinder containing 
10 vol of 40 mM phosphate buffer (pH 6-8) with 5 mM 
EDTA and 2% bovine serum albumin. The homo- 
genate was subjected to ultrasonication for 5-10 sec 
(Branson Sonifier B 12, microtip, energy level 100 W) 
and 100 ul aliquots were quickly transferred into the 
incubation vials and incubated at 30°. Benzydamine 
concentrations tested were dissolved in buffer and 
placed in the incubation vials as drops of 25 yl just 
before addition of the homogenate. Since the reaction 
was linear only for 30-40 min, incubations were ter- 
minated after 30 min by adding 0-25 ml of copper re- 
agent and | ml of extraction solvent [8]. The samples 
were mixed vigorously, kept in an ice bath for | hr, 
mixed again and centrifuged for 2 min at 12.000g. 
0-7 ml aliquots of the upper organic phase were trans- 
ferred to other test tubes and mixed with 0-1 ml DDC 
reagent (0-1°% sodium diethyldithiocarbaminate in 
(2)-butanol). Extinction was measured at 436nm 
against a reagent blank. Standard curves with palmi- 
tic acid were run with each experiment. After sub- 
straction of zero-time values from the experimental 
values lipase activity was expressed as wEq FFA per 
g wet wt of adipose tissue per 30 min. 


RESULTS 
Benzydamine dose-dependently inhibited lipolysis 
of isolated fat cells, maximally stimulated either by 
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umoles Glycerol / 10° Cells x h 








Benzydamine (M) 


Fig. 1. Dose-response curve of benzydamine on lipolysis 

of isolated fat cells. Lipolysis was stimulated by either 

1 uM NE (QO——O) or 3mM_ Db-3’,S’-AMP (@——®):; 

basal lipolysis (A———A). Incubations were performed for 

| hr at 37°. Each value represents the mean + S.E.M. of 
4-7 experiments performed in duplicate. 


10°°M NE or 3 x 10°?M Db-3',5'-AMP, whereas 
basal glycerol production was not affected (Fig. 1). 
Half-maximal inhibition occurred at 0-3-0:-4 mM ben- 
zydamine. 

In the same dose-range the drug did not affect basal 

- levels of cyclic 3',S'-AMP, but doubled or almost tri- 
pled cyclic 3',S5'-AMP levels in the presence of | uM 
NE after Smin incubation at 0:1-0-4mM (Fig. 2). 
Higher concentrations caused a rapid fall in cyclic 
3’,S'-AMP levels. 

These findings were confirmed in experiments on 
the time-course of cyclic 3',5’-AMP levels after stimu- 
lation of the cells by 14M NE or 1 uM NE plus 
0:5mM theophylline in the presence and absence of 
0-3mM _ benzydamine (Fig. 3). The drug potentiated 
the effect of NE on cyclic 3’,5’-AMP levels without 


a 
4 n 


~ 
4 


nmoles cAMP/ 10° Cells 





nN w 
1 4 


nmoles cAMP/10° cells x 5 min 


ine 








oO 





Benzydamine [M] 


Fig. 2. Effect of benzdamine on cyclic 3',5’-AMP levels in 

fat cells in the presence and absence of | uM NE. Results 

are expressed as nmoles cyclic 3’,5'-AMP per 10° cells dur- 

ing 5 min incubation. Each value represents the mean 
+ S.E.M. of 5 experiments performed in duplicate. 


preventing the secondary decline after 10min. Since 
diluted cell suspensions were used in these exper- 
iments (20,000—50,000 cells/ml), addition of theophyl- 
line to NE only doubled the cyclic 3’,5’-AMP levels 
compared with NE alone [10]. However, an identical 
potentiation of the stimulants was obtained by the 
drug under these conditions. 

The effect of benzydamine on cyclic 3’,5'-AMP le- 
vels cannot be explained by higher levels of ATP 
within the cells, since benzydamine alone did not in- 
fluence intracellular ATP levels in the dose range be- 
tween 0-01 and 1 mM. Furthermore, the decline in 
ATP levels following stimulation of the cells was in 
good correlation with the observed formation of cyc- 
lic 3',S'-AMP (Table 1), indicating that the drug did 
not interfere with the conversion of ATP into cyclic 
3',S'-AMP at the catalytic site of the adenylate cyc- 
lase. 

Since an increase of cyclic 3’,5'-AMP levels may 
be caused by inhibition of phosphodiesterase, the in- 





0 
Time of Incubation 


(min) 


Fig. 3. Effect of 0-3 mM benzydamine (open symbols) on the time course of cyclic 3’,5'-AMP formation 

in isolated fat cells stimulated by 1 uM NE (circles) or 1 uM NE plus 0:5 mM theophylline (triangles). 

Incubations were performed at 37°. Each value represents the mean + S.E.M. of 5 experiments per- 
formed in duplicate. 
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Table 1. Effect of benzydamine on ATP levels in fat cells following stimulation of the cells by 1 uM NE or | uM 
NE plus theophylline (TE) 





nmoles ATP/10° Cells, measured at various incubation periods 


0 min 


5 min 





Control 
0-3 mM Benzydamine 
1 uM NE 
0-3 mM Benzydamine 
+1 uM NE 
1 uM NE + 0-5mM TE 
0-3 mM Benzydamine 
+1 uM NE +05mM TE 


17-43 + 3-15 
17:76 + 3-24 


17:18 + 3-05 


17-29 + 307 
17-32 + 3-10 
IGT] + 3-15 12:22 


5°32 


10-33 


405 + 





Incubations were identical with those described in Fig. 3. Each value represents the mean + S.E.M. of 5 experiments 


performed in triplicate. 


fluence of benzydamine on the activity of this enzyme 
was tested. The compound showed an inhibitory ef- 
fect both in the low (Fig. 4) and in the high K,,,-range 
of phosphodiesterase activity. The inhibition was 
competitive in accordance with an inhibitor constant 
of K; = 1:1mM as determined from a Dixon-plot. 
Identical findings were obtained with the high K,,, en- 
zyme. 

To elucidate the discrepancy between inhibition of 
lipolysis and enhancement of cyclic 3’,5’-AMP levels, 
the influence of benzydamine on cyclic 3’,5'-AMP-de- 
pendent and independent protein kinase and lipase 
activity was studied. The compound did not impair 
the binding between cyclic 3',5-AMP and cyclic 
3',S'-AMP-dependent protein kinase measured as de- 
scribed earlier [2]. Furthermore, the function of this 
enzyme in phosphorylating histone was not affected 
by 0:05-1 mM benzydamine (Table 2). 

As shown in Fig. 5, benzydamine caused a dose-de- 
pendent inhibition of lipase activity, when FFA pro- 
duction of adipose tissue homogenates was measured. 

Half-maximal inhibition occurred in the same con- 
centration range as that found in lipolysis of isolated 
fat cells. Five min preincubation of fat pads with 





1 uM NE prior to homogenization produced an in- 
crease in lipase activity of about 80°,. indicating that 
hormone sensitive triglyceride lipase activity is 
measured by this test system. 


DISCUSSION 


The results described in this study show that benzy- 
damine has two main actions on the lipolytic system 
of intact fat cells: (1) inhibition of lipolysis, (2) in- 
crease of cyclic 3'S-AMP levels. Benzydamine in- 
hibits NE-stimulated as well as Db-3’,S’--AMP-stimu- 
lated lipolysis. Therefore, the essential metabolic le- 
sion appears to be beyond the formation of cyclic 
3'.S-AMP by adenylate cyclase. No effect was found 
on the ATP content of the fat cells, on the binding 
of cyclic 3’.5’-AMP to the cyclic 3’.5’'-AMP-dependent 
protein kinase and on the function of the catalytic 
subunit of the enzyme when phosphorylation of his- 
tone was determined. In our experiments protein 
kinase from bovine diaphragm muscle was used. It 
is justifiable to correlate these findings to protein 
kinase from adipose cells, since protein kinases from 
various tissues have almost identical kinetic para- 
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Fig. 4. Lineweaver—Burk plot of phosphodiesterase activity. Phosphodiesterase was assayed in homo- 
genates of fat cells at substrate concentrations from 0-5 to 20 uM cyclic 3’,5'-AMP (K,, = 5 uM) in 


the absence and presence of the indicated concentrations of benzydamine. V = nmoles PO} 


liberated 


per 10° cells and 10min. Each value represents the mean of 3 experiments performed in duplicate. 
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_ Table 2. Effect of benzydamine on cyclic 3’,5’-AMP-dependent and independent 
protein kinase activity 





pmoles PO, transferred/mg protein x min 





Without cAMP 


5 x 10°§M cAMP 





Control 86 + 4:2 
Benzydamine 
5x 10°°M 
5x 10°*M 
10°7M 


93 + 40 
110 + 2:4 
91 + 5-6 





Incubations were performed at 25 


for 30min. Each value represents the 


mean + S.E.M. of 2 experiments performed in duplicate. 


HEq FFA /g w.wt.x 30 min 
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Fig. 5. Effect of benzydamine on the activity of hormone 

sensitive triglyceride lipase. Prestimulation with | uM NE 

(O ©) and without prestimulation (@ @). Incuba- 

tions were performed for 30 min at 30°. Each value rep- 

resents the mean + S.E.M. of 5 experiments performed 
in duplicate. 


meters and are effective in phosphorylating or activat- 
ing lipase from adipose tissue [11]. 

Since the antilipolytic action of benzydamine can- 
not be explained by effects on other components of 
the lipolytic system of the fat cell, the direct interac- 
tion was studied with the hormone sensitive triglycer- 
ide lipase. Benzydamine causes a dose-dependent in- 
hibition of lipase activity in adipose tissue homo- 
genates. The dose-response curve closely correlates 
to the inhibitory effect on lipolysis in isolated fat cells, 
since 50°, inhibition was obtained at almost identical 
concentrations (0:3-0-4mM). The studies with tissue 
homogenates preclude effects of benzydamine on en- 
zymes other than lipases, since activation of the li- 
pases was achieved during a preincubation period in 
the absence of the drug. The 80°, stimulation of lipase 
activity obtained during 5 min preincubation of fat 
pads with | uM NE prior to homogenization indi- 
cates that hormone-sensitive triglyceride lipase ac- 
tivity was measured under our experimental condi- 
tions, since this enzyme is the rate-limiting step for 
the splitting of triglycerides into FFA and glycerol 
by the consecutive action of triglyceride, diglyceride 
and monoglyceride lipase [12]. In regard to the de- 
gree of activation and time period for prestimulation 
our data are in close agreement with the findings of 
Crum et al. [13] and Huttunen et al. [9]. 


Interferences by benzydamine with ion transloca- 
tions appear to be unlikely in adipose tissue homo- 
genates, since the medium does not contain Mg?* 
ions, necessary for the function of adenylate cyclase 
and protein kinase, and Ca?* ions known to inhibit 
protein kinase activity and to activate phosphopro- 
tein phosphatases [14, 15]. Furthermore, the latter en- 
zyme is strongly inhibited by inorganic phosphate 
[14], present in our homogenization medium. 

Benzydamine causes an increase in cyclic 3’,5'-AMP 
levels following stimulation of the cells by NE. The 
accumulation of the cyclic nucleotide is also en- 
hanced, when cyclic 3’,5’-AMP levels are determined 
in the presence of NE plus theophylline. These find- 
ings are contrary to observations obtained with fibro- 
blasts, in which the drug causes a dose-dependent de- 
crease in cyclic 3’,5'-AMP levels [1]. However, other 
compounds such as adenosine or prostaglandins are 
also known to have opposing influences on adenylate 
cyclases from different tissues [16, 17, 18]. 

The potentiating effect of benzydamine on the for- 
mation of cyclic 3’,5'-AMP in fat cells stimulated by 
10°°M NE cannot be interpreted by its inhibition 
of cyclic nucleotide phosphodiesterase, since the drug 
does not prevent the secondary fall of cyclic 
3',S'-AMP levels after 10min. Moreover, phospho- 
diesterase activity of fibroblasts is also inhibited by 
the drug, although cyclic 3’,5'-AMP levels are reduced 
in the cells. Furthermore, the effect of theophylline 
itself cannot only be linked to its inhibitory effect 
on phosphodiesterase, since Schwabe and Ebert [19] 
showed in their time-course studies on cyclic 
3'.S'-AMP in isolated fat cells that identical effects 
were obtained by theophylline and adenosine desa- 
minase in regard to the extent and the maintenance 
of cyclic 3',S’-AMP levels in diluted fat cell suspen- 
sions as used in our study. These authors interpreted 
their findings as a competition between theophylline 
and adenosine for a regulatory site at the outer sur- 
face of the cell membrane. This adenosine receptor 
site is inhibitory for the adenylate cyclase in the iso- 
lated fat cell, but is far less effective in broken cell 
preparations or in fat cell ghosts [20]. Since benzyda- 
mine has a K; for phosphodiesterase in the same 
order of magnitude as theophylline, it is unlikely that 
in contrast to theophylline benzydamine causes the 
observed elevation of cyclic 3’,5'-AMP levels by affect- 
ing phosphodiesterase activity under these conditions. 

Benzydamine shares the property of inhibiting 
stimulated lipolysis while further elevating cyclic 
3',S'-AMP levels with a variety of compounds such 
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as tolbutamide and glibenclamide [21,22], naphtho- 
quinones [23, 24], tricyclic anti-depressants [25] and 
local anaesthetics [26]. The latter authors discussed 
the possibility, that local anaesthetics exert their anti- 
lipolytic action by influencing cation movements and 
especially Ca?* translocations within the cell. In ad- 
dition, several authors [27, 28, 29] showed that local 
anaesthetics affect Ca**-dependent processes in 
various tissues. Furthermore, Ca?* ions appears to 
play an important role in the hormonal control of 
lipolysis [30, ] and other metabolic processes re- 
gulated by cyclic 3'S’-AMP (for review see Ras- 
mussen, [33]). 

Benzydamine possesses local anaesthetic activity as 
shown by corneal irritation tests [34]. Our results 
do not exclude the possibility that cation effects are 
responsible for the observed potentiation following 
stimulation of cyclic 3’,5’-AMP levels by NE or NE 
plus theophylline. However, the inhibition of lipolysis 
appears to be due to direct inhibition of the activated 
hormone-sensitive triglyceride lipase by the drug. 
Therefore, the antilipolytic effect appears to be inde- 
pendent of any changes in ion concentrations. 
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Abstract—Adenylate cyclase activity from a rat liver plasma membrane preparation purified according 
to Neville’s procedure was inhibited in vitro by low concentrations (1 4M to 0:1 mM) of hexachlorophene. 
Complete inhibition was obtained with | mM hexachlorophene. Similar effects were observed whether 
the activity was assayed in the presence of 10 uM GTP. 0:1 uM glucagon, 10 mM NaF or without 
any addition. The effect of hexachlorophene was not due to inhibition of the regenerating system 
present in the incubation medium. since the effect of the drug was preserved in its absence. The 
inhibition brought about by hexachlorophene was not reversed by increasing the concentration of 
the substrate ATP—Mg. The inhibition was immediate and irreversible spontaneously: it was not affected 
by the simultaneous addition of 2-mercaptoethanol. Hexachlorophene inhibited also the “total” Mg?*- 
ATPase, as well as its Na*, K *-dependent fraction. These results suggest that the interaction of hexach- 
lorophene with the plasma membrane, as reflected in the inhibition of two major enzymes activities, 


might play a key role in the toxicity of the drug. 


Symptoms of poisoning by hexachlorophene* are 
mainly neurological. However, even in lethal cases, 
the morphological changes in the brain are limited 
to a spongy degeneration of the white matter [1] and 
have yet to be related to precise biochemical alter- 
ations. Miller and Buhler [2] recently proposed that 
hexachlorophene could directly alter the permeability 
properties of the cellular membrane. We report here 
that hexachlorophene exerts a potent inhibitory effect 
upen two plasma membrane enzymes, the ATPase 
and adenylate cyclase systems. The data suggest that 
the interaction between hexachlorophene and mem- 
branes, and particularly in plasma membranes. might 
play a pivotal role in its toxicity. 


EXPERIMENTAL PROCEDURE 


Materials 

Hexachlorophene was purchased from Sigma; por- 
cine, crystalline glucagon was purchased from Novo 
Laboratories; cyclic AMP and creatine phosphate 
were from Calbiochem. Nucleotides (disodium salts), 
2-mercaptoethanol, and bovine serum albumin (frac- 
tion V) were obtained from Sigma. Creatine kinase 
was purchased from Boehringer. NaF and all other 
chemicals were from Merck. [-°?P] ATP (1-5-1-9 Ci 
m-mole) and cyclic [8-7H] AMP (13 Ci/m-mole) were 
obtained from the CEA (Saclay, France). 





* This work was supported by the Institut National de 
la Santé et de la Recherche Medicale, the Delegation Gene- 
rale a la Recherche Scientifique et Technique and by the 
Fondation pour la Recherche Médicale. 

+ Abbreviations: cyclic AMP, cyclic adenosine 3’, 5’ 
monophosphate; hexachlorophene 2,2’-methylene _ bis 
(3,4,6-trichlorophenol). Enzymes: creatine kinase, ATP: 
creatine phosphotransferase (EC 2.7.3.2); ATPase, ATP 
phosphohydrolase (EC 3.6.1.3); adenylate cyclase, ATP: 
pyrophosphate-lyase (cyclizing) (EC 4.6.1.1.). 


305 


Methods 


Plasma membrane preparation. Female, albino, Wis- 
tar rats (about 100 g body weight) were used. Liver 
plasma membranes were prepared according to the 
procedure devised by Neville [3] up to step 11. The 
purified membranes were suspended in 1 mM 
NaHCO, and stored up to six weeks in liquid 
nitrogen without any loss of activity of ATPase or 
of adenylate cyclase. Several batches of liver mem- 
branes were used in the experiments reported here 
and gave similar results. The brain particulate frac- 
tion was obtained by centrifugation at 1,500 g of a 
homogenate of the whole rat brain in 3 volumes (w/v) 
of 1 mM NaHCO. 

Adenylate cyclase assay. Adenylate cyclase activity 
was measured by the method of Krishna, Weiss and 
Brodie [4] as modified by Pohl et al. [5] and as pre- 
viously reported [6, 7]. The assay medium contained 
0:5 mM [2-3?P] ATP (10° counts/min), 2 mM MgCl, 
(except when otherwise indicated), 1 mM cyclic AMP, 
25 mM Tris-HCl, pH 7-6, an ATP regenerating sys- 
tem consisting of 25 mM phosphocreatine and | 
mg/ml of creatine phosphokinase, and 20-30 yg of 
membrane proteins in a final volume of 60 ul. Vari- 
ations from this composition are indicated in the 
legends to figures. The reaction was initiated by addi- 
tion of the membranes and was performed for 5 or 10 
min in a shaking water bath at 30°. Reactions were 
terminated by the addition of 200 ul of 20 mM unla- 
beled ATP, pH 7-6 and rapid cooling at 0°. Under 
these conditions the degradation of ATP was found 
to be negligible over a 20 min period. When the effect 
of glucagon was tested, 0-1 per cent bovine serum 
albumin was added to the assay mixture. Labeled cyc- 
lic AMP was isolated according to Ramachandran 
[8] and the yield calculated by previous addition of 
cyclic [8--H] AMP. Samples were counted after addi- 
tion of 10 ml Unisolve (Koch—Light), in an Intertech- 
nique SL 30 liquid scintillation counter. Protein was 
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Acetone % (v/v) 
Fig. 1. Effect of acetone on liver adenylate cyclase. Purified 
membranes from rat liver (20 yg protein per assay) were 
incubated for 10 min in the presence of increasing concent- 
rations (v/v) of acetone with no other addition (@), or with 
10 uM GTP (0), 0-1 uM glucagon (A). or 10 mM NaF 
(A). The enzyme activity is expressed as nmoles of cyclic 

AMP formed in 10 min per mg protein at 30°. 


estimated by Lowry’s procedure [9], using bovine 
serum albumin as standard. Results are expressed in 
nmoles of cyclic AMP formed in 5 or 10 min per 
mg protein at 30°. The results, obtained from tripli- 
cate determinations, agreed within +5°%. i 

Hexachlorophene was dissolved in acetone, diluted 
and buffered with NaOH at pH 7-6. The final con- 
centration of acetone in the incubation medium was 
5°,, (v/v) for the highest concentration of hexachloro- 
phene (1 mM) and was lower, in proportion, for the 
other concentrations tested. Appropriate controls 
were performed to assess a possible inhibitory effect 
of the solvent alone upon the cyclase system. As 
shown in Fig. 1, acetone added to the assay medium 
up to 10% final concentration, never inhibited but 
actually increased significantly all the cyclase activi- 
ties (basal activity and activity assayed in the presence 
of NaF, GTP or glucagon). The mechanism of this 
effect of acetone upon adenylate cyclase is unknown. 

AT Pase assay. “Total” ATPase was assayed using 
the conditions described by Emmelot and Bos [10] 
and as previously reported [11]; the medium con- 
tained 66 mM NaCl, 33 mM KCl, 5 mM MgCl,, 
25 mM Tris pH 7:4, 5 mM ATP pH 7:2 (sodium or 
Tris salt) and 40 ug protein in a total volume of 1 
ml. The Na*, K*-independent Mg?* ATPase was 
tested in the complete absence of sodium and in the 
presence of 100 mM KCl. The Na“, K*-stimulated 
activity was estimated by difference between these two 
activities. The reaction, initiated by the addition of 
the membranes, was performed at 37° for 10 minutes, 
and was stopped by adding ice-cold trichloroacetic 
acid (5°, final concentration). Protein was removed 
by centrifugation and inorganic phosphate in the su- 
pernatant was estimated by the method of Fiske and 
Subbarow [12]. Results are expressed in pmoles of 
P; liberated in 10 min per mg protein. Each enzyme 
assay was done in duplicate and found to agree within 
+ 3%. Unlike its action upon adenylate cyclase, ace- 
tone had no activating effect upon ATPase activity. 
On the contrary, it was slightly inhibitory. The effect 
of hexachlorophene was corrected with appropriate 
controls using acetone alone. 


RESULTS 

Figs. 2a and 2b show that adenylate cyclase from 
rat brain and liver plasma membranes is extremely 
sensitive to in vitro addition of hexachlorophene. 
Hexachlorophene, added at the beginning of the incu- 
bation, inhibited all the cyclase activities tested (na- 
mely the basal activity and the activities stimulated 
by 10 uM GTP, 0-1 uM glucagon or 10 mM Nak 
for the liver system; the basal and the NaF stimulated 
activities for the brain system). The liver basal activity 
was already slightly inhibited by 0-1 uM hexachloro- 
phene whereas concentrations higher than 10 uM 
were necessary to inhibit the fluoride, the GTP and 
the glucagon stimulated activities (Fig. 2a). The ap- 
parent I,, was 60 uM for the liver enzyme (20 yg 








Ay f 





Adenylate cyclase activity 
° 
uv 

















Ow 


LY 


Adenylate cyclase activity 











L. 
o7/ 5 
Hexachlorophene, -log M 


Fig. 2a and b. Effect of hexachlorophene on liver and 
brain adenylate cyclase. a) Purified membranes from rat 
liver (20 xg protein per assay) were incubated for 10 min 
in the presence of increasing concentrations of hexachloro- 
phene with no other addition (@), or with 10 uM GTP 
(O), 0-1 uM glucagon (A) or 10 mM NaF (A). Assay condi- 
tions were as described in the text. Hexachlorophene was 
dissolved in acetone, buffered, and diluted to the indicated 
final concentration so that the final concentration of ace- 
tone never exceeded 5% (v/v). Appropriate controls were 
performed with acetone alone. The enzyme activity is ex- 
pressed as nmoles of cyclic AMP formed in 10 min per 
mg protein at 30°. b) A particulate fraction from rat brain 
(200 yg protein per assay) was incubated as described in 
the text except that ATP was 3 mM, MgCl, was 6 mM 
and that 1 mM EDTA was added. (@) basal activity; (A) 
activity assayed in the presence of 10 mM NaF. 
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Fig. 3. Time course of the effect of hexachlorophene on 
rat liver adenylate cyclase. The assay was performed, as 
described in the text, in the presence of 10 mM NaF. Hexa- 
chlorophene (0-1 mM final concentration) was introduced 
either at zero time (A) or after 3 min of incubation (©). 
The incubation was continued for varying time periods, 
as indicated. The control (@) contained no_hexa- 
chlorophene. 


of membrane protein per assay). The inhibition of the 
brain enzyme required a higher hexachlorophene con- 
centration (Fig. 2b), in accordance with the tenfold 
higher amount of protein per assay. It should be 
noted that, unlike acetone, even low concentration 
of hexachlorophene did not activate the cyclase. At 
high concentration (1 mM), all the enzyme activities 
tested were completely inhibited. From these results, 
it would appear that hexachlorophene exerted its 
effect directly on the cyclase system and not through 
any specific hormone receptor or “transducer”. 

The effect of hexachlorophene was extremely rapid 
since no lag phase was observed. Preincubation of 
the membranes with various concentrations of inhibi- 
tor were performed for different time periods. Data 
(not shown) indicated that hexachlorophene reached 
its inhibiting sites within one min after its addition 
and that its action was not enhanced by increasing 
the preincubation period up to 10 min. This was 
further demonstrated by a time-course study. Fig. 3 
depicts such an experiment with the rat liver mem- 
branes, where hexachlorophene was added either at 
the beginning of the incubation or three minutes after. 
The enzyme was assayed in the presence of 10 mM 
NaF. The activity assayed in the presence of hexach- 
lorophene was decreased compared with the control 
at the first time point studied (after | min). Further- 
more, the same figure shows that the inhibitory action 
of hexachlorophene was sustained for the whole time 
period studied (20 min), thus having no tendency to 
spontaneous reversibility. 

The inhibition of adenylate cyclase by hexachloro- 
phene was not due to an effect on the enzyme creatine- 

_ kinase which is used together with creatine phosphate 
as an ATP-regenerating system in the cyclase assay. 
The enzyme assay was performed, with and without 
regenerating system, for a 5 min incubation period 
(Fig. 4). It was verified, that under these conditions, 
the enzyme activity, tested in the presence of 0-1 uM 
glucagon or 10 mM NaF, was still linear with time. 
Similar inhibiting effects of hexachlorophene were ob- 
tained on both enzyme activities, whether the regener- 
ating system was present, or not. This indicates that 


hexachlorophene acts directly on the membrane 
enzyme and not via the regenerating system. 

The inhibitory effect was not altered by addition 
of 10 mM 2-mercaptoethanol to the assay mixture, 
suggesting that no reactive-SH groups were involved 
in the effect of hexachlorophene. 

The effect of hexachlorophene was further tested 
as a function of the substrate concentration. This was 
performed under the optimal conditions for the en- 
zyme activity, i.e. in the presence of a constant excess 
(2 mM) of Mg over that of the concentration of ATP, 
at all the ATP concentrations tested. This procedure 
keeps all the ATP in the form of an equimolar 
ATP-—Mg complex with a concentration of Mg low 
enough not to be inhibitory. This would not be the 
case if the ratio ATP vs Mg was kept constant. This 
procedure is reported in detail in a previous publica- 
tion from this laboratory [7]. Under these conditions 
and in the presence of 10 mM NaF, hexachlorophene 
appeared to lower the maximal velocity of the reac- 
tion while the affinity of the catalytic site for the sub- 
strate was even more altered: the apparent K,, for 
ATP-—Mg was 1400 uM in the presence of 0-1 mM 
hexachlorophene and 110 uM in the presence of 50 
UM hexachlorophene, vs 59 uM in its absence (Fig. 
5). ATP—Mg exerted no protection against the effect 
of the inhibitor. 

The addition of a large excess of bovine serum al- 
bumin has been described to reverse the inhibition 
brought about by hexachlorophene upon the mito- 
chondrial oxidative phosphorylation [13], indicating 
that the bound hexachlorophene could be displaced 
by serum albumin. No such data could be obtained 


in the rat liver system with up to 5% (w/v) final con- 
centration of bovine serum albumin (Table 1). This 
could be ascribed to a higher affinity of the binding 
of the drug to the plasma membrane. 
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Fig. 4. Effect of hexachlorophene on adenylate cyclase ac- 
tivity assayed in the presence or in the absence of a regener- 
ating system. Liver plasma membranes (20 yg protein per 
assay) were incubated for 5 min in the presence of 10 mM 
NaF (A), or 0-1 uM glucagon (A), and in the absence (Fig. 
4a) or in the presence (Fig. 4b) of the regenerating system 
(creatine kinase-creatine phosphate). The enzyme activity 
is expressed in nmoles of cyclic AMP formed in 5 min. 
Basal activity was 0:03 nmoles of cyclic AMP formed in 
5 min/mg protein with no regenerating system. The activi- 
ties tested in the presence of 5°, acetone, with no hexach- 
lorophene added and in the presence of 10 mM NaF or 
0-1 4M glucagon were respectively 1-8 and 0:35 with no 
regenerating system and 1-7 and 1-1 in the presence of 
a regenerating system. 





P. Mavier, D. STENGEL and J. HANOUNE 





12) 
Oo 


Adenylate cyclase activity 











Fig. 5. Effect of varying concentrations of ATP on the ef- 
fect of hexachlorophene. Liver plasma membranes (22 yg 
protein per assay) were incubated for 5 min in the presence 
of 10 mM NaF. with no hexachlorophene added (A). or 
with 50 uM hexachlorophene (A), or 0-1 mM _ hexachloro- 
phene (@). The final concentration of Mg was always 
higher than that of ATP by a fixed excess (2 mM). The 
enzyme activity refers to the nmoles of cyclic AMP formed 
in 5 min. Insert: Lineweaver- Burk plot of the data. 


A parallel study was performed upon the ATPase 
activity. As depicted in Fig. 6 hexachlorophene inhi- 
bited, in a dose dependent fashion, the two ATPase 
activities tested, namely the so called ‘non specific’ 
Mg?*-ATPase and the Na*. K *-stimulated, Mg**- 
dependent ATPase. Inhibition was observed at | uM 
and was nearly complete at 0-1 mM hexachlorophene: 
from the values depicted, an apparent I, of 8 uM 
was calculated for both activities. ATPase therefore 
appeared more sensitive to hexachlorophene than the 
adenylate cyclase system (I;, = 60 uM, Fig. 2a). 

Since hexachlorophene can act as a detergent, we 
tried to assess its possible non-specific effect in our 
system by two procedures: i) Electron microscopic 
examination of the membranes was performed after 
incubation in vitro for 10 min in the absence or in 
the presence of hexachlorophene (from 10 uM to | 
mM final concentration). After fixation in 1-5°, glu- 
taraldehyde. the membranes were examined at low 
(x 12,000) and high (x 40.000) magnification. No 
morphological alteration of the structure of the mem- 
branes could be observed. even at high hexachloro- 
phene concentration: ii) A fluorescence study was per- 


formed using 8-anilino-l-naphthalene (50 uM _ final 
concentration) as external probe. In the presence of 
the plasma membranes the usual increase in fluores- 
cence of the dye (x 20), and the shift of the emission 
maximum from 520 nm to 470 nm, occurred; these 
phenomena were not altered by addition of increasing 
concentrations of hexachlorophene up to 0:16 mM 
(final concentration). 


DISCUSSION 

Although numerous studies [14] have dealt with 
the toxicity of hexachlorophene, little is known of the 
molecular mechanism through which hexachloro- 
phene. and related compounds, are toxic. It was re- 
ported that hexachlorophene could inhibit the suc- 
cino-oxidase activity of rat heart and liver [15], alter 
the permeability of membranes from muscle [16] and 
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Fig. 6. Effect of hexachlorophene on “total” Mg? *-ATPase 
(@) and Na*. K*-independent Mg**-ATPase (0). Liver 
plasma membranes (32 pg protein per assay) were incu- 
bated for 10 min as described in the experimental section. 
Enzyme activity is expressed as ymoles of inorganic phos- 
phate released per mg protein in 10 min at 37°. In the 
presence of 5°, acetone alone. the activities were 8-80 and 
6-40 for “total” Mg?*-ATPase and its Na*, K * -indepen- 
dent fraction respectively. 


Table |. Effect of increasing concentrations of bovine serum albumin on fluoride activated 

adenylate cyclase activity, in the presence and in the absence of 0-1 mM hexachlorophene. 

The enzyme activity is expressed in nmoles of cyclic AMP formed per mg protein in 
10 min at 30°. 





Bovine serum albumin 
(final concentration, °,. w/v) 


Adenylate cyclase activity 

With 10 mM NaF 
+ 0-1 mM 

hexachlorophene 


With 10 mM NaF 





0-140 
0-170 
0-170 
0-200 
0-160 
0-180 


0-970 
0-835 
0-880 
0-810 
0-880 
0-870 
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human erythrocytes [2], and uncouple the phos- 
phorylating respiration in rat liver mitochondria 
[13, 17, 18]. From these data, it has been suggested 
that direct interaction of the drug with various cellu- 
lar membranes could be important in its action 
[2, 19]. We have demonstrated a strong inhibitory ef- 
fect of hexachlorophene on two marker enzymes of 
the liver plasma membrane, namely the ATPase and 
adenylate cyclase systems. The inhibition was ob- 
served with | uM hexachlorophene and was complete 
at 0-1 mM for the ATPase activities, and | mM for 
the adenylate cyclase activities. It is difficult to corre- 
late these effects with the in vivo action of the drug. 
The concentrations of hexachlorophene used to in- 
hibit the membrane activities in vitro, in this study 
as well as in others [2, 13, 17-20], are relatively high, 
ranging from | uM to 100 uM. These concentrations 
are higher than these reported to be present in vivo 
[20]. It should be noted however that membranes 
from mitochondria [13] have been shown to bind 
2,000 times the amount of hexachlorophene necessary 
for 50 per cent uncoupling. A similar, tight binding 
of hexachlorophene was demonstrated in rat liver en- 
doplasmic reticulum [19]. In this system, equilibrium 
dialysis experiments showed that microsomes could 
bind a maximum of 300 nmoles of hexachlorophene 
per mg of microsomal protein [19]. Such a strong 
interaction of the drug with the membrane is undoub- 
tedly due to binding to multiple sites; of these sites, 
only a small fraction may be directly related to the 
enzyme activities studied. Preferential binding of hex- 
achlorophene to membrane constituents probably oc- 
curs also in vivo, and might therefore explain the ap- 
parent discrepancy between the circulating levels of 
the drug and the concentrations necessary for the ef- 
fect in vitro. Since the plasma membrane is the first 
to be encountered by hexachlorophene in vivo, it is 
possible that modifications of the biochemical proper- 
ties of this membrane, in particular altered permeabi- 
lity [2], are responsible for some of the clinical find- 
ings during the intoxication. 
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Abstract——Perfused bovine adrenal glands were labelled with *H-adenosine or **P-phosphate. The time 
course of the labelling and the nature of the labelled products in the various subcellular fractions 
were investigated. The catecholamine storing vesicles (chromaffin granules) took up labelled ATP, but 
significant amounts of *H-ATP did not appear until 30 min after the injection of the isotope. Four 
hours after the injection of the isotope the predominantly labelled nucleotide in adrenal medulla was 
3H-ATP which was specifically confined to chromaffin granules. There was no evidence that chromaffin 
granules accumulated significant amounts of >H-ADP and *H-AMP. Similar results were obtained 
with *?P-phosphate as a precursor. Inhibitors of mitochondrial oxidative phosphorylation (cyanide, 
dinitrophenol) almost completely prevented the uptake of *>H-ATP in chromaffin granules, whereas 
iodoacetic acid was less effective. It is concluded that in intact cells chromaffin granules obtain newly 
synthesized ATP mainly from a mitochondrial pool. The mechanism of ATP uptake into chromaffin 


granules now warrants a detailed study on isolated granules incubated in vitro. 


Catecholamines in adrenal medulla, sympathetic 
nerve and brain are stored in specialised subcellular 
organelles, the best characterized being those of the 
adrenal medulla, the so-called chromaffin granules 
[1,2]. The large dense-core vesicles of sympathetic 
nerves are very similar to chromaffin granules in their 
biochemical composition [3]. The membrane-limited 
chromaffin granules contain macromolecular com- 
ponents and small molecules [1,2]. The main macro- 
molecules are the acidic chromogranins, the enzyme 
dopamine f-hydroxylase and mucopolysaccharides. 
The small molecules are the catecholamines, calcium 
and nucleotides. The nucleotides, mainly ATP, are 
found in a concentration corresponding to a 0-13 M 
solution [4]. However it now seems quite likely that 
these nucleotides are present inside the vesicles in the 
form of a polymerized complex involving nucleotides, 
calcium, catecholamines and possibly the chromo- 
granins [5]. Nucleotides are also required for the 
binding of acetylcholine [6] and 5-hydroxytryptamine 
in the respective storage organelles [5]. 

Recent studies have concentrated on the biogenesis 
of chromaffin granules [7-10]. Results relevant to the 
biosynthesis of the chromogranins, the mucopolysac- 
charides and the catecholamines have been obtained. 
The present study deals with the synthesis of nucleo- 
tides in adrenal medulla and their uptake into the 
catecholamine storing organelles in an attempt to 
clarify how chromaffin granules obtain and maintain 
their high concentration of nucleotides. 
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MATERIALS AND METHODS 


Bovine adrenals were perfused as previously de- 
scribed [7, 9, 10]. The perfusion medium was Tyrode’s 
solution plus 10°, (v/v) single-strength tissue culture 
medium 199 (TC45). Thirty minutes after the start 
of the perfusion the glands were stimulated once with 
2-4 ml of a 15mM carbamoylcholine chloride solu- 
tion. If a good secretory response was obtained per- 
fusion was continued, but with the omission of me- 
dium 199. Ten minutes later *H-adenosine (1 mCi) 
or *?P-phosphate (5 mCi) was injected over 4 min 
into the perfusion medium. Four min after the injec- 
tion, medium 199 with the addition of unlabelled 
adenosine (final concentration in perfusion fluid 2 
mM) or sodium phosphate (final concentration in per- 
fusion fluid 5 mM) was again added to the perfusion 
medium for up to 30 min. At various times after the 
radioactive pulse the medullas were dissected out and 
homogenized with a Potter-Elvehjem homogenizer. A 
large granule fraction (mitochondria, chromaffin 
granules, lysosomes and some contaminating micro- 
somes) was isolated by differential centrifugation and 
then subjected to sucrose density gradient centrifuga- 
tion (5 hr at 120,000 g) as already described in detail 
[11,12]. To the fractions from the gradient 0-1 ml 
of a solution containing ATP, ADP, AMP and adeno- 
sine (2 mg of each/ml) was added, followed by perch- 
loric acid (final concentration 3°,). The precipitate 
was spun off and the supernatant immediately neutra- 
lised with 20°, K,CO;. Aliquots of the supernatant 
were then counted in a liquid scintillation spectr- 
ometer or spotted on polygram thin layer plates. The 
plates were developed according to Stevens et al. [13], 
first with H,O and then with | M lithium chloride. 
The nucleotide and adenosine spots were visualized 
in ultraviolet light, marked and scraped off into 
scintillation vials. The material was treated with 
0-5 ml of N-ethyl, N-dodecyl-N,N-dimethylammonium 
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Fig. 1. Density gradient centrifugation of large granule 
fraction of bovine adrenal medulla labelled with *H-edeno- 
sine. Ten minutes after the injection of *H-adenosine the 
perfusion was stopped and a large granule fraction was 
isolated by differential centrifugation. This fraction was 
then subjected to sucrose density gradient centrifugation 
(1-3 to 2:0 M sucrose). The results of the analysis of the 
density gradient fractions are expressed by histograms. In 
each histogram the columns from left to right correspond 
to the fractions of the gradient from top to bottom. The 
width of the column gives the relative volume of the frac- 
tion. The ordinates for catecholamines and succinate de- 
hydrogenase (SDH) are divided by arbitrary units. The 
actual value of one unit is 0-25 ymole/ml fraction/g adrenal 
medulla for catecholamines and | mole substrate break- 
down/mi fraction/g adrenal medulla for succinate dehydro- 
genase. The amounts of labelled nucleotides are expressed 
as dis/min/ml of fraction/g adrenal medulla. Recoveries 
from the gradient ranged from 70 to 87°,. 


hydroxide in methanol for 30 min and then 14 ml 
Bray’s scintillation fluid [14] was added. From the 
total counts present in the gradient fraction and the 
relative distribution of counts between the nucleotides 
the absolute counts for nucleotides and adenosine 
could be calculated. 

In experiments with inhibitors of ATP synthesis the 
compounds were dissolved in Tyrode’s solution and 
then added to the perfusion fluid (10°,. v/v) with a 
syringe delivering a constant volume. Dinitrophenol 
(5 mM) was dissolved by adding sodium hydroxide 
to the Tyrode’s solution till pH 9 was reached, then 
the pH was adjusted with HCI to pH 7-4. 

Catecholamines were determined colorimetrically 
[15]. Succinate dehydrogenase (EC 1.3.99.1) was 
measured according to Porteous and Clark [16]. 

Materials. 2-*H-Adenosine (20-23 Ci/m-mol) and 
32P-Na,HPO, (200 mCi/m-mol) were obtained from 
Radiochemical Centre, Amersham. N-Ethyl, N-dode- 
cyl, N,N-dimethylammoniumhydroxide in methanol 
and potassium cyanide were purchased from Merck, 
Darmstadt, Germany. Thin-layer plates (Polygram 
Cel 300 PEI) were from Macherey-Nagel, Diiren, 
Germany. Tissue culture medium 199 was obtained 
from Wellcome Reagents, Beckenham, England, 2.4- 


dinitrophenol from Serva-Heidelberg, Germany and 
iodoacetic acid, sodium salt from Sigma, London. 


RESULTS 


Experiments with *H-adenosine. Perfused bovine 
adrenal glands were labelled with *H-adenosine (1 
mCi). At various times after the injection of the ra- 
dioactive compound the adrenal medullae were ho- 
mogenized. Large granule fractions which contain the 
bulk of the mitochondria, lysosomes and chromaffin 
granules and part of the microsomes were isolated 
and . subjected to density gradient centrifugation 
[11,12]. After centrifugation mitochondria were con- 
centrated in the top fractions of the gradient (Fig. 
1); a similar distribution, as shown previously [7], 
was demonstrated for glucose-6-phosphatase, a mic- 
rosomal marker. The catecholamine storing vesicles 
were found in the dense regions of the gradient (Fig. 
1). These fractions also contain the bulk of the endo- 
genous ATP [17]. The distribution of several other 
marker enzymes in this gradient has already been es- 
tablished [7,11]. 

In the experiment shown in Fig. 1 the perfusion 
of the gland was stopped 10 min after the injection 
of the isotope. Most of the label was found in adeno- 
sine and AMP. The bulk of these components was 
present in the soluble fraction on the top of the gra- 
dient and in the mitochondrial fraction. There was 
a very small peak of labelled adenosine and of 
3H-ATP in the dense fractions of the gradient. 

When the perfusion was stopped 30 min after the 
isotope injection, the most significant change was the 
accumulation of 7H-ATP in the dense fraction of the 
gradient, where the chromaffin granules containing 
the catecholamines are concentrated (Fig. 2). This 
labelling of the more dense fractions is even more 
pronounced 4 hrs after the isotope (Fig. 3). After this 
time interval 7H-ATP was the predominantly labelled 
compound. It was almost entirely confined to chro- 
maffin granules since the distribution of catechola- 
mines was very similar to that of this nucleotide. The 
distribution of 7H-ADP and *H-AMP was character- 
ized by a peak in the middle of the gradient, whereas 
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Fig. 2. Density gradient centrifugation of large granule 

fraction isolated 30 min after *H-adenosine. The results 

are expressed as in Fig. 1. The distribution of catechola- 

mines (see dashed line) is given as a percentage of total 

amount per ml of fraction. Recovery of total dis/min from 
the gradient was 98°,. 
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Fig. 3. Density gradient centrifugation of large granule 

fraction isolated 4 hr after *H-adenosine. The results are 

expressed as in Fig. 1. Recovery of total dis/min from the 
gradient was 70°. 
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3H-adenosine remained in the top fractions. These re- 
sults are expressed quantitatively in Table 1, which 
demonstrates that there was a marked increase in 
°H-ATP in chromaffin granules between 10 and 30 
min after the injection of the isotope. 

The localisation of the *H-nucleotides within the 
chromaffin granules was investigated by hypotonic lysis 
and freeze-thawing of these organelles (bottom frac- 
tions of the gradient from 30 min experiments) fol- 
lowed by removal of the membranes by high speed 
centrifugation (40 min at 120,000 g). Ninety-five per- 
cent of the label was recovered in the soluble lysate 
(2 extractions combined) indicating that the nucleo- 
tides are confined to the soluble part of these or- 
ganelles without significant binding to the membrane. 

In a further series of experiments we used various 
inhibitors of ATP biosynthesis to obtain information 
on the origin of the labelled nucleotides found in 
chromaffin granules. Fig. 4 presents one experiment 
with cyanide (1 mM), a blocker of mitochondrial oxi- 
dative phosphorylation. In the presence of this com- 
pound accumulation of *H-ATP in chromaffin 
granules was almost completely absent (compare Fig. 
4 with Fig. 2; see also Table 1). Under these condi- 
tions chromaffin granules accumulate a significant 
amount of *H-adenosine as indicated by the peak in 
the dense regions of the gradient, however there is 
no accumulation of AMP and ADP. Practically iden- 
tical results were obtained in a second experiment 
with cyanide. In another experiment using dinitro- 
phenol (0-5 mM), the results were very similar to 
those with cyanide (see Table 1). lodoacetic acid, on 
the other hand, in a final concentration of 1 mM 
had a less dramatic influence on ATP uptake into 
chromaffin granules; the ATP uptake was reduced by 
about a half in 2 experiments (see Table 1). 
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Fig. 4. Labelling of adrenal medulla with *H-adenosine 
in the presence of cyanide. Potassium cyanide was added 
to the perfusion medium in a final concentration of 1 mM 
20 min before the injection of the isotope. Cyanide was 
present in the medium until the perfusion was stopped 
30 min after the injection of isotope. The results are ex- 
pressed as in Fig. 1. Recovery of total dis/min from the 
gradient was 71°. 
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Experiments with >? P-phosphate. To confirm the re- 
sults with *H-adenosine one experiment with **P- 
phosphate was performed. Fig. 5 demonstrates that 
a very similar result is obtained with this isotope. 
30 min after the injection of **P-phosphate significant 
amounts of **P labelled ATP were found in chromaf- 
fin granules, whereas °?P-ADP and *?P-AMP did not 
accumulate in these organelles (see Fig. 5). 


DISCUSSION 

Three investigations have shown that it is possible 
to label the nucleotides of chromaffin granules either 
with **P-phosphate [10, 28] or *H-adenosine [13]. In 
the present study the time course of the labelling, the 
nature of the labelled products and their subcellular 
distribution have been determined in perfused ox ad- 
renal glands. It has been shown previously that this 
preparation functions well as far as the synthesis and 
secretion of catecholamines, chromogranins and mu- 
copolysaccharides is concerned [7, 9, 10]. 

After a pulse of *H-adenosine chromaffin granules 
start to take up labelled nucleotides. However, a sig- 
nificant concentration of *H-nucleotides is reached 
only after 30 min whereas after ten minutes only small 
amounts are present. The concentration of labelled 
ATP and ADP in the mitochondrial fraction is always 
very low. This may well be an artefact since it is likely 
that during subcellular fractionation the nucleotides 
in these organelles may diffuse out or become de- 
graded. The *H-nucleotides of chromaffin granules 
appear to be present inside these organelles, where 
they are protected against breakdown by the granule 
membrane. Nucleotides of chromaffin granules do not 
diffuse out when they are kept at 0° [18]. 


Table 1. Uptake of *H-nucleotides in chromaffin granules 





10 min (n = 4) 30 min (n = 3) 


30 min (n = 2) 
+iodoacetic acid) 


30 min (n = 1) 
( + dinitrophenol) ( 


30 min (n = 2) 
(+cyanide) 





*‘H-ATP 
*‘H-ADP 
*‘H-AMP 
*H-Adenosine 


105.200 + 8.000 
21.110 + 3,125 
11,800 + 3,450 
174.000 + 14,000 


434,000 + 103,000 
47,000 + 5,500 
10,000 + 3.540 
166.000 + 23.000 


260,000 
16,800 
12.000 

220.000 


28,300 
6.300 
4.100 

250,000 


14,900 
§.200 
12,700 
244.000 





Chromaffin granules were isolated by density gradient centrifugation 10 and 30 min after the injection of 3H-adenosine. 
The three fractions from the gradient containing the highest amount of catecholamines were taken as the chromaffin 
granule fraction. The values represent dis/min/g adrenal medulla (mean + S.E.). 
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Fig. 5. Density gradient centrifugation of large granule 

fraction isolated 30 min after **P-phosphate. The results 

are expressed as in Fig. 1. **P-AMP and **P-phosphate 

were not separated on the thin layer system used and are 

given together. Recovery of total dis/min from the gradient 
was 83°. 


Four hours after the injection of labelled adenosine 
the predominantly labelled nucleotide in adrenal me- 
dulla is ATP which is specifically confined to chro- 
maffin granules. There is no evidence that these or- 
ganelles accumulate significant amounts of ADP and 
AMP. There is a peak of ADP in the middle of the 
gradient above the fractions where chromaffin 


granules accumulate. The significance of this finding 


is at present obscure. 

What is the origin of the labelled ATP in chromaf- 
fin granules? ATP could be synthesised either within 
these organelles or outside followed by an uptake into 
them. Our results favour the latter possibility. If the 
nucleotides were synthesised within chromaffin 
granules one would expect some accumulation of 
labelled intermediate products, i. *H-AMP and 
3H-ADP, in these organelles. However there was no 
evidence for this as shown by the distribution of the 
labelled nucleotides in the density gradient fractions. 
Furthermore, with the synthesis of ATP occurring in 
chromaffin granules most of the labelled ATP should 
appear in them shortly after the injection of the 
labelled adenosine precursor, when followed by an 
excess of unlabelled adenosine. However there was 
a considerable increase of labelled ATP within 
granules between 10 and 30min after the injection 
of *H-adenosine. Similar results were obtained pre- 
viously with **P-phosphate [10]. There was no sig- 
nificant appearance of *?P-labelled nucleotides in 
chromaffin granules 3 min after the radioactive pulse, 
whereas after 45 min significant amounts were pres- 
ent. This time lag between the injection of the 
radioactive precursor and the appearance of labelled 
ATP in chromaffin granules is consistent with a syn- 
thesis of this compound outside these organelles fol- 
lowed by a subsequent transport into them. Such a 
mechanism is supported by the experiments with 
cyanide, dinitrophenol and iodoacetic acid. All these 
compounds led to a significant reduction in the 
appearance of *H-ATP in chromaffin granules, the 
two inhibitors of oxidative phosphorylation being 
more effective. These results point to the mitochon- 


L. J. Peer, H. WINKLER, S. R. SNIDER, J. W. Gipp and H. BAUMGARTNER 


dria and the cytoplasmic sap as the locus of ATP-syn- 
thesis for chromaffin granules. It is unlikely that chro- 
maffin granules have an enzymatic setup which could 
be blocked by these three inhibitors and in fact sub- 
cellular fractionation studies have provided no evi- 
dence for this [19]. However, the results obtained 
with cyanide deserve some further comment. In the 
presence of this compound chromaffin granules accu- 
mulated significant amounts of *H-adenosine in con- 
trast to the experiment without cyanide (compare Fig. 
4 with Fig. 2). What is the explanation for this find- 
ing? Two possibilities should be considered. (i) The 
precursor *H-adenosine accumulates in chromaffin 
granules since cyanide blocks the synthesis of nu- 
cleotides inside these organelles. (ii) The presence of 
cyanide reduces the phosphorylation of *H-adenosine 
in the cytoplasm which allows some *H-adenosine to 
diffuse into the granules. Actually, in the presence of 
cyanide less *H-AMP was present in the soluble frac- 
tion (compare Fig. 4 with Fig. 2). This suggestion is 
further supported by experiments with atractyloside 
(Peer, Kostron and Winkler, unpublished exper- 
iments) which showed that in the presence of this spe- 
cific inhibitor of ATP release from mitochondria 
chromaffin granules did not accumulate either 
3H-ATP or *H-adenosine. On the other hand con- 
siderable amounts of *H-ADP and *H-AMP 
appeared in the soluble fraction, since there was no 
inhibition of phosphorylation of *H-adenosine. 

From the results discussed in the preceding para- 
graph we can conclude that ATP is synthesised out- 
side the chromaffin granules and is subsequently 
taken up by these organelles. This raises the question 
of how chromaffin granules accumulate exogenous nu- 
cleotides. There are two possibilities. Firstly, the 
membranes of chromaffin granules are permeable for 
nucleotides and the nucleotides are taken up directly 
into the storage complex and stored in the granules. 
This would explain how mature granules take up nu- 
cleotides. However newly formed granules which have 
not yet acquired a store of catecholamines and ATP 
would be unable to accumulate nucleotides. Further- 
more, chromaffin granules take up labelled ATP pre- 
ferentially whereas the storage complex can also in- 
corporate ADP [20]. This preferential uptake may 
however be a simple expression of the intracellular 
concentration of ATP and ADP, e.g. in brain the ATP 
concentration is 4 times higher than that of ADP 
[21]. In this connection it is interesting to note that 
chromaffin granules of some species, in contrast to 
those of bovine adrenal medulla, contain quite high 
concentrations of ADP. For example in chromaffin 
granules of hen the ADP concentration is as high 
as that of ATP [22]. However, our experiments gave 
no evidence for an accumulation of ADP. This high 
ADP content of chromaffin granules in some species 
might be an expression of a high ADP concentration 
in the cytoplasm. Alternatively, in agreement with the 
present labelling experiments, only ATP may enter 
the granules but then is degraded to ADP during pro- 
longed storage in vivo. Similar problems have arisen 
in 5-hydroxytryptamine storage granules of thrombo- 
cytes which contain significant amounts of ADP but 
accumulate only labelled ATP in radioactive precur- 
sor studies [23]. 

A second possibility for the uptake of nucleotides 
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in the chromaffin granules is a carrier mechanism for 
nucleotides localized in a membrane relatively imper- 
» meable for them. This would be a mechanism similar 
to that for catecholamines. There is now substantial 
evidence that the membranes of chromaffin granules 
can actively transport catecholamines from the out- 
side to the inside of these organelles [1, 5, 24]. Such 
an uptake of nucleotides would enable these or- 
ganelles to replenish any losses of nucleotides from 
the storage complex which may be caused by outward 
diffusion or spontaneous breakdown. Further, this 
mechanism would enable newly formed chromaffin 
granules to accumulate nucleotides providing a core 
for the storage complex. Evidence suggests that nu- 
cleotides are concentrated in new granules before ca- 
techolamines can be accumulated [8, 25]. 

Our study on intact cells does not enable us to 
decide between the two possible mechanisms of nu- 
cleotide uptake in chromaffin granules. In vitro 
studies on isolated chromaffin granules are required 
to provide the final answer. Previous results on iso- 
lated granules were inconclusive. Kirshner [26] could 
not demonstrate any uptake of nucleotides into chro- 
maffin granules. A small uptake of nucleotides was 
reported by Carlsson et al. [27] however no further 
studies were performed. 
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Abstract—The presence of a nonspecific NADPH-linked aldehyde reductase (alcohol. NADP oxidore- 
ductase, EC 1.1.1.2) from heart was observed in the soluble portion of tissue homogenates. The reductase 
activity was present in at least two forms. The enzyme which accounted for the major portion of 
activity was purified some 800-fold over the crude homogenate. The enzyme was capable of reducing 
a number of aromatic and medium chain length aldehydes in the presence of NADPH. No ketones 
were utilized as substrates and the enzyme was inactive with NADH. The enzyme was shown to 
have a pH optimum at 6-4 for the reduction of aldehydes. Oxidation of alcohols occurred optimally 
at pH 9-6 with NADP as cofactor, although the reaction proceeded at less than 10 per cent of the 
rate observed in the forward direction. A molecular weight of 29.000 was estimated by gel filtration 
on Sephadex G-75. Biogenic aldehydes prepared from /-hydroxylated phenylethylamines were actively 
reduced. The K,, values for 3,4-dihydroxyphenylglycolaldehyde, 4-hydroxy-3-methoxyphenylglycolalde- 
hyde and 4-hydroxyphenylglycolaldehyde were: 0:53, 0:50 and 0-:03mM respectively. The aldehydes 
of non-f-hydroxylated phenylethylamines were not efficiently utilized as substrates. The K,, for NADPH 
was determined to be 0-013 mM in the presence of p-nitrobenzaldehyde. Inhibitor studies show the 
enzyme to be different from “classical” alcohol dehydrogenase. Various anticonvulsants and diuretics 
were inhibitory at concentrations of 0-01 mM. The enzyme is postulated to be responsible for the 


reduction of biogenic aldehydes in heart in vivo. 


It has long been known that aldehydes occur in tis- 
sues as the result of oxidative deamination of amines 
by monoamine oxidase [1,2]. The aldehyde interme- 
diate may then be oxidized to the corresponding acid 
or reduced to the alcoholic metabolite. Breese et 
al. [3] and Rutledge and Jonason [4] have suggested 
that the aldehyde intermediates of the phenylethyla- 
mines which are f-hydroxylated are preferentially re- 
duced to glycols, while those which lack the /-hyd- 
roxyl group are primarily oxidized to the correspond- 
ing acid metabolites. 

An NAD-dependent aldehyde dehydrogenase from 
brain has been described which can catalyze the oxi- 
dation of aldehydes to their acid metabolites [5]. Sev- 
eral reports describing enzymes capable of catalyzing 
the reduction of ketones to secondary alcohols have 
appeared [6-8] The reduction of aldehydes by brain 
enzyme preparations has been studied in some de- 
tail [9-12], but the enzymes responsible for the reduc- 
tion of these compounds in a sympathetically inner- 
vated organ such as heart have not been elucidated. 
This study reports the properties of a highly purified 
aldehyde reductase from sheep heart. 

MATERIALS AND METHODS 

Materials. All reagents were of the highest grade 
commercially available. Aldehydes, p-nitrobenzyl al- 
cohol and p-hydroxybenzyl alcohol were purchased 
from Aldrich Chemical Co. Chlorpromazine was fur- 
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nished by Smith, Kline & French. Diphenylhydantoin 
was supplied by Parke, Davis. Hydralazine and 
guanethidine were furnished by Ciba. Propranolol 
was a gift from Ayerst. Procainamide was supplied 
by Squibb. Probenecid, ethacrynic acid, chlorothia- 
zide and hydrochlorothiazide were furnished by 
Merck, Sharp & Dohme. Furosemide was a gift from 
Hoechst. Amobarbital was supplied by Lilly. Benz- 
thiazide was furnishd by Robins. All other reagents 
were obtained from Sigma Chemical Co. All water 
used was double-distilled in quartz. 

Standard assay of aldehyde reductase. Aldehyde re- 
ductase activity was determined spectrophotometri- 
cally in a reaction mixture consisting of protein, 
0-5mM p-nitrobenzaldehyde, 0-16mM NADPH and 
90 mM sodium phosphate, pH 7-4, in a final volume 
of 2:0 ml. All concentrations reported in this and the 
succeeding discussions are final concentrations em- 
ployed in the reaction vessel. The reaction was rou- 
tinely started by the addition of enzyme, although 
no differences were observed when the reaction was 
started by addition of aldehyde or NADPH. The rate 
of NADPH oxidation was measured by observing the 
decrease in absorbance at 340 nm at 30° with a Beck- 
man model 25 double beam spectrophotometer. Addi- 
tion of 0:2 ml (10°, final concentration) of absolute 
methanol to the reaction mixture had no effect on 
the reaction; therefore, aldehydes were routinely dis- 
solved in 10°, methanol in water. Protein in crude 
homogenates and ammonium sulfate fractions was 
determined by the biuret method [13]. In more puri- 
fied preparations the method of Murphy and 
Kies [14] was employed. Bovine serum albumin was 
used as a standard for both protein determinations. 
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Preparation of monoamine oxidase and aldehyde de- 


hydrogenase from rat liver. Monoamine oxidase 
(MAO) and aldehyde dehydrogenase were prepared 
from rat liver mitochondria by a modification of the 
method of Whittaker [15] as described by Erwin.* All 
procedures were carried out at 2. Four adult WKY 
inbred strain rats of either sex were killed by decapi- 
tation, the livers were removed immediately. weighed 
and placed in sufficient ice-cold 0-25M_ sucrose to 
yield a 20°,, suspension. The tissue was homogenized 
in a glass homogenizer with a tightly fitting Teflon 
pestle. The homogenate was centrifuged at 480g for 
20 min. The crude mitochondrial pellet was then re- 
suspended in one-half the original volume of 0-25M 
sucrose and again sedimented at 8000g for 20 min. 
The washing step was repeated once more. The 
washed mitochondrial pellet was then resuspended in 
20 ml of 0:25M sucrose and was sonically disrupted 
using a Bronwill Biosonic III sonifier at maximm set- 
ting. Four sonifications of 30 sec each were performed 
at 1-min intervals while the suspension was immersed 
in an ice bath. The disrupted mitochondria were sedi- 
mented at 100,000 g for 60 min in a Beckman L265-B 
preparative ultracentrifuge. The supernatant con- 
tained crude mitochondrial aldehyde dehydrogenase 
which was frozen and used without further purifica- 
tion. The disrupted mitochondrial pellet was resus- 
pended again in 20 ml of 0:25 M sucrose, sonified, and 
centrifuged as above. The pellet was suspended in 
10mM sodium phosphate, pH 7-4, and the mitochon- 
drial MAO was used in the preparation of the bio- 
genic aldehydes described below. 

The presence of MAO was measured spectrophoto- 
metrically according to the method of Deitrich and 
Erwin [16]. The presence of aldehyde dehydrogenase 
was confirmed spectrophotometrically according to 
the method of Erwin and Deitrich [5]. 

Preparation of biogenic aldehydes. The correspond- 
ing aldehydes of dopamine, octopamine, tyramine, 
norepinephrine and normetanephrine were prepared 
according to the method of Renson et al. [17] as mo- 
dified by Erwin.t The appropriate amine (2 mM) was 
incubated with MAO from rat liver mitochondria 
(10-20 mg protein) in 100 mM sodium phosphate, pH 
7-4, in the dark at room temperature for 60-180 min 
with occasional mixing. Two mg ascorbic acid was 
added to prevent oxidation of the aldehydes. A blank 
was run using boiled MAO. The usual volume of the 
incubation mixture was 10 ml. The reaction was ter- 
minated by cooling to 2° and sedimenting the mito- 
chondria at 45,000g for 30 min in a Beckman J-21 
refrigerated centrifuge. 

Aldehydes were separated from the reaction’ mix- 
ture on small columns (0-5 x 3-5 cm) of AGSOW-X8 
(Bio Rad Laboratories) in the sodium form. The 
columns were washed with distilled water. Quantities 
(0-3 ml each) of the reaction mixture containing alde- 
hyde were placed on the column and the effluent was 
discarded. Aldehyde was eluted from the resin by 


passing through the column an additional 1-7 ml of 


the reaction mixture containing aldehyde followed by 
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0-3 ml distilled water. Under these conditions un- 
reacted amine was retained on the resin. The concent- 
ration of aldehyde in the effluent was assayed spectro- 
photometrically in a reaction mixture containing 
0-2 ml rat liver aldehyde dehydrogenase (prepared as 
above), 05mM NAD. 0:05 ml aldehyde from the 
column. and 90mM sodium phosphate. pH 7-0. in 
a total volume of 2:0 ml. Reduction of NAD was moni- 
tored by observing the increase in absorbance at 
340nm at 37. The reaction was allowed to go to 
completion and the concentration of aldehyde was 
calculated from the molar extinction coefficient of 
NADH (6:22 x 10° 1 cm~! mole '). Since the stoi- 
chiometry of the reaction is | mole aldehyde oxidized 
for each mole of NAD reduced [5]. the concentration 
of aldehyde was taken to be equal to the amount 
of NADH produced in the reaction. The final con- 
centration of aldehyde was of the order of 0-1 to 
0-5 mM. 

The aldehydes prepared in this manner were used 
as substrates for aldehyde reductase. It was found that 
the amines themselves, or ascorbic acid, did not affect 
the kinetics. but they were routinely separated from 
the reaction mixture in order to provide a more ho- 
mogeneous substrate preparation. ; 

Subcellular distribution of aldehyde-reducing capa- 
city. Heart mitochondria were prepared in a manner 
similar to that described previously for the prep- 
aration of MAO. except that the sonification was not 
performed. The intact mitochondria were resuspended 
in a small volume (10 ml/100g of tissue) of 0-25M 
sucrose and assayed for aldehyde reductase activity 
in the standard assay. Microsomes were separated 
from the 8000g supernatant by centrifugation at 
100,000 g for 60 min. The microsomes were resus- 
pended in 0-5 ml of 0-25 M sucrose per 100 g of tissue 
and assayed for aldehyde reductase in the standard 
assay. Blanks containing no aldehyde substrate were 
employed to correct for the oxidation of NADPH 
by systems other than aldehyde reductase. 

Estimation of molecular weight. The molecular 
weight of aldehyde reductase was estimated by gel 
filtration on a column (2:8 x 47cm) of Sephadex 
G-75 at room temperature according to the method 
of Andrews [18]. The column was equilibrated with 
100mM _ sodium phosphate. pH 7-0. which had pre- 
viously been degassed. Calibration proteins used and 
their molecular weights were: cytochrome c (12.400), 
z-chymotrypsin (22,500). ovalbumin (45,000), and bo- 
vine serum albumin (67.000). The column eluate was 
monitored by measurement of the absorbance at 
280 nm with an ISCO UA-4 absorbance monitor. Al- 
dehyde reductase was determined by its activity in 
the standard assay system. 

Purification of aldehyde reductase. For the purifica- 
tion of heart aldehyde reductase all procedures were 
carried out at 0-4 except where noted. All buffers 
contained 0:5mM 2-mercaptoethanol and 0-05 mM 
EDTA. Sheep hearts were generously provided by Dr. 
M. Riley of the Animal Science Department of the 
University of Wyoming and Monfort, Inc., of Greeley, 
Colo. Most of the fatty and connective tissue was 
removed and the hearts were coarsely ground in a 
meat grinder. Tissue that was not used immediately 
was stored at —20°. Storage was not found to be 
detrimental to recovery of enzyme activity. The 
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ground tissue was homogenized in a high-speed War- 
ing blender for 60 sec in sufficient 75mM sodium 
phosphate. pH 7:6, to give a 40%, suspension. The 
homogenate was centrifuged at 17,000g for 30 min 
in a Beckman J-21 instrument to remove large par- 
ticulate material. The resulting supernatant was 
passed through a single layer of Miracloth (V. W. 
R. Scientific Co., Denver, Colo.) to remove solid lipid. 

The resulting supernatant was then fractionated 
with crystalline ammonium sulfate. The fraction pre- 
cipitating between 40 and 55°, saturation was resus- 
pended in SmM_ sodium phosphate. pH 60 
(3-Sml/100g of tissue) and dialyzed extensively 
against the same buffer. The suspension was then cen- 
trifuged at 100.000g for 60 min to remove insoluble 
protein. The resulting supernatant will be referred to 
as the ammonium sulfate fraction. 

The ammonium sulfate fraction was diluted to 
10 mg protein/ml with 5mM sodium phosphate, pH 
6-0. Calcium phosphate gel, 2 mg solids/mg of protein, 
was added to the solution and the suspension was 
stirred for 10 min. The suspension was then centri- 
fuged at 3500g for 5 min to remove the gel. The 
extraction was repeated twice more. Most of the alde- 
hyde reductase activity was retained in the superna- 
tant. 

The protein in the thrice-extracted supernatant ob- 
tained from the above procedure was then concen- 
trated by adding crystalline ammonium sulfate to 
75%, saturation. The precipitated protein was resus- 
pended in 5ml of 5mM sodium phosphate, pH 7:7, 
and dialyzed against the same buffer. 

DEAE-cellulose (Sigma, 0-92 mEq/g, coarse mesh) 
was washed three times with 0-1 N NaOH, three times 
with 0-1 N HCl, and extensively with distilled water. 
A column (2 x 27cm) was prepared and washed ex- 
tensively with 5mM sodium phosphate, pH 7:7. Ap- 
proximately 3 ml (10-15 mg protein) of the dialyzed 
calcium phosphate gel extract was placed on the 
column at room temperature. Enzyme activity was 
eluted from the column with 5mM_ sodium phos- 
phate, pH 7-7, just behind the breakthrough peak. 
Fractions containing the highest specific activity were 
pooled and used routinely for the studies outlined 
below. Enzyme activity would be retained at nearly 
the original level for at least 6 weeks when the enzyme 
was kept at 4°. The enzyme activity was quite stable 


over a pH range of 60 to 8-0, although storage at 
pH 6-0 resulted in best retention of activity. Freezing 
and thawing destroyed activity. 


RESULTS 

Purification of aldehyde reductase. With p-nitroben- 
zaldehyde as substrate, 95 per cent of the aldehyde 
reductase activity was found in the 17,000g superna- 
tant, with only negligible amounts in the mitochon- 
dria and microsomes. This is in agreement with re- 
sults obtained for the enzymes isolated from brain 
and kidney cortex preparations. 

The 17,000g supernatant was capable of reducing 
a number of aldehydes in the presence of either 
NADPH or NADH. The ability to utilize NADH as 
a cofactor was lost in the ammonium sulfate precipi- 
tation which followed. Much of the NADPH-utilizing 
activity was recovered in the 40-55°, ammonium sul- 
fate fraction. Table | outlines a typical purification 
of aldehyde reductase. An 800-fold purification was 
obtained with a yield of about 3 per cent. This level 
of purification was routinely reached in each batch 
of enzyme prepared. During the course of purifica- 
tion, aldehyde dehydrogenase and alcohol dehydro- 
genase activities were monitored. After the calcium 
phosphate gel extraction procedure, these activities 
could no longer be detected. Since ethanol-oxidizing 
capacity can be separated from aldehyde-reducing ac- 
tivity, the point is made that the aldehyde reductase 
which we have succeeded in purifying is not a “classi- 
cal” alcohol dehydrogenase. 

In the course of preliminary experiments, utilizing 
enzyme prepared on calcium phosphate gel-cellulose 
columns prepared according to the method of Masa- 
hiko and Hamada[19], it was observed that the 
Lineweaver—Burk kinetic plots obtained were bipha- 
sic (Fig. 1). This situation can result from either the 
presence of more than one enzyme performing the 
same function and acting on the same range of sub- 
strates [20] or the presence of nonequivalent active 
sites on a single multivalent enzyme [21]. From the 
data reported below, the former alternative, the pres- 
ence of two forms of aldehyde reductase, appears to 
be the case. The enzymes will be referred to as “high 
K,, and “low K,,,” based on their apparent Michaelis 
constants. Efforts were made to separate and purify 


Table 1. Purification of aldehyde reductase* 





Specific activity 

(nmoles NADPH 

oxidized/min/mg 
protein) 


Total activity 
(nmoles NADPH 
oxidized/min) 


Recovery 
(%) 


Total protein 


Fraction (mg) Fold purification 





17.000 g 34.300 72,000 
Supernatant 
Ammonium 

sulfate precipitate 
Calcium phosphate 
gel extract 
DEAE-cellulose 1:3 
column 


2220 12:8 28.400 


23-4 190 


1750 835 





* Aliquots of the various fractions were assayed by monitoring the decrease in absorbance at 340 nm in a reaction 
mixture containing 0-!6mM NADPH. 0:5 mM p-nitrobegzaldehyde and 90mM _ sodium phosphate, pH 7-4, in a total 
volume of 2-0 ml. 
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Fig. 1. Illustration of the biphasic nature of the conven- 
tional Lineweaver- Burk double-reciprocal plot in a 14-fold 
purified preparation of aldehyde reductase. Conditions 
were: 0:16mM NADPH. 0:2 mg protein, 90mM_ sodium 
phosphate. pH 7-4. varying the concentration of p-nitro- 
benzaldehyde. The ordinate gives the reciprocal of the vel- 
ocity (nmoles NADPH oxidized/min/mg of protein). 


the enzymes, but to date only the high K,, enzyme 
has been successfully purified (Table 1); the low _K,,, 
enzyme appears to be quite labile and has evaded 
purification. Efforts are continuing to purify the low 
K,, enzyme, and the properties of this enzyme will 
hopefully be the subject of a forthcoming communica- 
tion. The highly purified enzyme from the DEAE-cel- 
lulose step was utilized in generating all data concern- 
ing the high K,,, enzyme. Unless specifically indicated, 
the discussion which follows concerns the high K,, 
enzyme. 

Substrate specificity. Aldehyde reductase was seen 
to catalyze the reduction of a large number of aro- 
matic and medium chain length aliphatic aldehydes 
in the presence of NADPH (Table 2). Benzaldehydes 
with substituents which could induce a partial posi- 
tive charge on the carbonyl carbon were the most 
active substrates. The reaction when an equimolar 
concentration of NADH was substituted for NADPH 
proceeded at no more than | per cent of the rate 
observed with NADPH. It is interesting to note that 
the maximal velocities reported for hexanal and dode- 
canal. while low, occurred at concentrations of 7:5 
and 5:0 uM respectively. Accurate determinations of 
the K,, values of these compounds were not possible 
due to limited rates of reaction and substrate inhibi- 
tion at concentrations exceeding 10 uM. Several ke- 
tones including acetophenone, p-nitroacetophenone, 
propiophenone and cyclohexanone were tested as 
substrates. No reduction was observed with either 
NADPH or NADH as cofactor. 

The kinetic constants for the high K,,, enzyme were 
calculated from the usual Lineweaver-Burk double- 
reciprocal plots (Fig. 2). As can be seen, no curvature 
is apparent, indicating that the low K,, enzyme ac- 
tivity has been removed (compare to Fig. 1). During 
the course of purification, it was found that high and 
low K,, enzyme activities were separated after the cal- 
cium phosphate gel extraction procedure. The Mi- 
chaelis constants reported for the low K,, enzyme 
have been estimated from the curved plots obtained 
from crude preparations. It is not possible to extract 


the kinetic constants from these plots directly. since 
the curve obtained is a mixture (sums and products) 
of the K,, values and maximal velocities of the two 
enzymes [20,21]. We have made the assumption that 
at low substrate concentrations the contribution of 
the high K,, enzyme to the total activity observed 
is minimal. As can be seen from Fig. 1, at low sub- 
strate concentrations the curve becomes approxi- 
mately linear so that the slope of the asymptote. when 
extrapolated back to the vertical axis, may be used 
to approximate the apparent K,, for the low K,, en- 
zyme. The K,,, values estimated in this manner cannot, 
of course, be considered to be exact. but from an 
order of magnitude consideration, at least, they can 
be used as reasonable indicators of the affinity of the 
enzyme for its substrate. The data of Table 2 then 
indicate that aldehyde reductase exists in at least two 
forms which have significantly different affinities for 
aldehyde substrates. V;,,, values have been corrected 
for an average specific activity of 500 nmoles NADPH 
oxidized/min/mg of protein with p-nitrobenzaldehyde 
as substrate. 

pH optimum. As shown in Fig. 3, the pH optimum 
for the reaction of aldehyde reductase with p-nitro- 
benzaldehyde as substrate occurred at 6-4. At pH 7-4, 
the reaction proceeded at about 90 per cent of the 
rate observed when run at 6-4. Kinetics were run at 
pH 7-4, since this approximates the pH the enzyme 
would presumably encounter in cytoplasm in vivo. 
The reverse reaction with p-hydroxybenzyl alcohol as 
substrate and 0:16mM NADP had a pH optimum 
at 9-6. The reverse reaction at optimal pH proceeded 
at less than 10 per cent of the rate observed for the 
forward reaction. The K,,, of p-hydroxybenzyl alcohol 
in the reverse reaction was determined to be 5mM 
at pH 9-6 in the presence of 0-16mM NADP. No 
activity was observed when an equimolar amount of 
NAD was substituted for NADP. The K,,, for NADP 
in the reverse reaction with 2‘5mM_ p-hydroxybenzyl 
alcohol as substrate could not be accurately deter- 
mined because of the poor activity. It was estimated 
to be of the order of 75-100 uM. Thus it appears 
that the enzyme functions as an aldehyde reductase 
rather than an alcohol dehydrogenase. 

Estimation of molecular weight. The molecular 
weight of aldehyde reductase was estimated to be 
29.900 by gel filtration on Sephadex G-75. The en- 
zyme activity was eluted in a single symmetrical peak 
from the column. Crude preparations gave essentially 
the same results, indicating that both forms of alde- 
hyde reductase have similar elution characteristics on 
gel filtration. Storing the enzyme at 4° for up to 6 
weeks did not change the position of elution of 
NADPH-linked aldehyde reductase activity. The esti- 
mate of the molecular weight is in good agreement 
with the molecular weights of the pig brain [22] and 
kidney enzymes[7]. although Ris and von Wart- 
burg[12] and Bronaugh and Erwin[11] have re- 
ported somewhat higher values for human and mon- 
key brain aldehyde reductases respectively. 

Effect of inhibitors. Table 3 lists the effects of some 
inhibitors on the reaction of aldehyde reductase with 
p-nitrobenzaldehyde and NADPH. Pyrazole, a very 
potent inhibitor of alcohol dehydrogenase, inhibited 
aldehyde reductase only 20 per cent at a concent- 
ration of | mM. The reductases isolated from pig and 
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Table 2. 


Michaelis constants and maximal velocities for various substrates* 





High 





Substrate 


¥. Low 
(nmoles NADPH oxidized ¢ 
min/mg protein) 


(x 10° M) 





3.4-Dihydroxyphenyl- 
glycolaldehyde 
4-Hydroxy-3-methoxy- 
phenylglycolaldehyde 
4-Hydroxyphenylglycol- 
aldehyde 
3.4-Dihydroxyphenyl- 
acetaldehyde 
4-Hydroxyphenylacet- 
aldehyde 
p-Carboxybenzaldehyde 
p-Cyanobenzaldehyde 
p-Nitrobenzaldehyde 
m-Nitrobenzaldehyde 
p-Chlorobenzaldehyde 
m-Chlorobenzaldehyde 
p-Tolualdehyde 
2-Pyridine-carboxaldehyde 
3-Pyridine-carboxaldehyde 
4-Pyridine-carboxaldehyde 
m-Anisaldehyde 
p-Anisaldehyde 
Octanal 
Decanal 
Hexanal 
Dodecanal 
Palmitaldehyde 
Phenylacetaldehyde 
Acetaldehyde 
Cyclohexanone 
Indole-3-aldehyde 
NADPH 1-3 


1580-0 
58-0 
46:1 

667-0 


20-5 


47-0 


0-5 





* Kinetic constants were determined by conventional Lineweaver Burk double-reciprocal plots. Various concentrations 
of substrates were added to a reaction mixture containing 0:16mM NADPH, enzyme and 90mM sodium phosphate, 
pH 7-4. in a total volume of 2:0 ml. For the determination of K,, for NADPH. the reaction mixture contained 0-5 mM 
p-nitrobenzaldehyde while the concentration of NADPH was varied. Vj,,, values have been corrected for an average 
sp. act. of 500 nmoles NADPH oxidized/min/mg of protein with 0-5 mM _ p-nitrobenzaldehyde as substrate. 


bovine brain were not inhibited at all by concent- 
rations of pyrazole as high as 10 mM [9,23]. The en- 
zymes purified from human and rat brain were inhi- 
bited to about the same extent as reported here [12]. 

Chiorpromazine has been shown to be an efficient 
inhibitor of aldehyde reductases from bovine [9,22], 
pig [10] and human and rat [12] brain. The aldehyde 
reductase of sheep heart reported here was not appre- 
ciably inhibited by 0-1 mM chlorpromazine. Chlorpro- 
mazine free-radicals were generated by u.v. irradiation 
according to the method of Akera and Brody [24]. 
The inhibition of enzymatic activity was not enhanced 
by this procedure. Propranolol was shown to inhibit 
both alcohol and aldehyde dehydrogenases [25]. No 
inhibition was observed in the course of these exper- 
iments, even at concentrations of | mM. 

All of the diuretics tested including furosemide. eth- 
acrynic acid and the benzothiadiazines were effective 
in inhibiting aldehyde reductase. The effects of these 
drugs on the enzymatic activity of brain and kidney 
preparations have not been reported. Another inter- 
esting observation is that of all the anti-arrhythmial 
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Fig. 2. Illustration of the Lineweaver-Burk double-reci- 

procal plot for p-nitrobenzaldehyde in a purified prep- 

aration of aldehyde reductase from DEAE-cellulose 

chromatography. The plot is linear, indicating the presence 

of a single isozyme. The conditions are the same as listed 
in the legend of Fig. 1. 
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Fig. 3. pH optimum for the reaction of aldehyde reductase 
(O). Conditions were: 0-16mM NADPH, 0:5 mM p-nitro- 
benzaldehyde and enzyme (17 ug) in a total volume of 
2:0 mi. Sodium phosphate (90mM) was used for the pH 
range from 5-0 to 8-2. Sodium pyrrophosphate (90 mM) 
was used for the pH range above 8-2. pH curve for the 
reverse reaction utilizing 0:16mM NADP and 2:5 mM p- 
hydroxybenzyl alcohol (@). 


agents tested (procainamide, quinidine, lidocaine and 
diphenylhydantoin) diphenylhydantoin was by far the 
most effective inhibitor of aldehyde reductase. The le- 
vel of inhibition (77 per cent at 10 uM) was the high- 
est observed of all compounds tested. Diphenylhydan- 
toin, along with other anticonvulsant compounds, has 
been shown to inhibit bovine brain aldehyde reduc- 


tase [26]. The concentration of diphenylhydantoin re- 
quired to inhibit brain aldehyde reductase was some 
100 times higher than that which yielded a similar 
level of inhibition of the heart enzyme activity; 40 
per cent inhibition at 100 uM for the brain enzyme 
vs 40 per cent inhibition at only 1 uM for the heart 
enzyme (not shown in Table 3). 

As with the aldehyde reductases mentioned above, 
the barbiturates were very potent inhibitors of heart 
aldehyde reductase. The only exceptions have been 
an NADH-linked reductase from bovine brain [27] 
and two of the reductases isolated from human 
brain [12], which have been shown to be barbiturate 
insensitive. 

Disulfiram, a potent inhibitor of aldehyde dehydro- 
genase, was effective in inhibiting heart aldehyde re- 
ductase. This may be due to the presence of a necess- 
ary sulfhydryl group on the enzyme [28]. since p-hyd- 
roxymercuribenzoate (PMB) was also efficient in inhi- 
biting aldehyde reductase. The inhibition of enzyme 
activity by PMB could be prevented by prior incuba- 
tion with NADPH or reduced glutathione, and par- 
tially reversed by the addition of excess reduced glu- 
tathione. Prior incubation with aldehyde was not ef- 
fective in preventing PMB inhibition. This implies 
that a free sulfhydryl group is necessary for activity, 
most probably at the binding site of the pyridine nu- 
cleotide. Brain enzyme preparations have been re- 
ported to be insensitive to inhibition by disulfir- 
am [10,12]. 


DISCUSSION 


The evidence presented here suggests that sheep 
heart contains an NADPH-linked aldehyde reductase 
which is present in at least two forms. The enzymes 
are rather nonspecific, catalyzing the reduction of a 
number of aromatic and aliphatic aldehydes. Heart 
aldehyde reductase catalyzed the reduction of 3,4-di- 


Table 3. Effect of inhibitors on heart aldehyde reductase* 





Inhibitor concentration (mM) 





1-0 


Inhibitor (°, inhibition) 


0-1 0-01 
(°,, inhibition) (°,, inhibition) 





Chlorpromazine 
Disulfiram 
Pyrazole 
Procainamide 
Propranolol 
Quinidine 
Diphenylhydantoin 
Guanethedine 
Hydralazine 
Probenecid 
Ethacrynic acid 
Furosemide 
Chlorothiazide 
Hydrochlorothiazide 
Benzthiazide 
Amobarbital 


20-5 


96:7 
100-0 


100-0 


100-0 


13-5 
58°8 
8-0 
10-0 
12-0 
14-5 
100-0 
17-0 
18-7 
46:5 
72-0 
64-0 
63-0 
21-0 
100-0 
63-2 
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* Various inhibitors were added to a reaction mixture consisting of 0:16mM NADPH. 0:5 mM p-nitrobenzaldehyde. 
enzyme, and 90 mM sodium phosphate, pH 7-4, immediately before the reaction was started by the addition of enzyme. 
The total volume of the reaction mixture was 2:0 ml. Inhibitor concentrations reperted in the table are the fina! concent- 


rations. 
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hydroxyphenylglycolaldehyde,4-hydroxyphenylglycol- 
aldehyde and 4-hydroxy-3-methoxyphenylglycolalde- 
hyde at greater rates than 3.4-dihydroxyphenylacetal- 
dehyde and 4-hydroxyphenylacetaldehyde. Thus, it 
has been shown that the aldehydes derived from f- 
-hydroxylated phenylethylamines are better substrates 
for aldehyde reductase than are those which lack the 
B-hydroxyl group. This is in good agreement with re- 
sults reported for partially purified brain prep- 
arations [9.1 1.23.29]. 

Bosron and Prarie [7] have suggested that alde- 
hyde reductase activity isolated from several tissues 
and species may be attributable to a single enzyme. 
This speculation, while a desirable one. is difficult to 
support since several differences in the various en- 
zymes can be seen. Most noticeable is the observation 
that aldehyde reductase from kidney cortex [6,7] and 
from erythrocytes and liver [8] are capable of reduc- 
ing ketones. while brain[9-12] and heart prep- 
arations utilize ketones as substrates only poorly, if 
at all. The enzymes from pig and ox brain [10]. hu- 
man and rat brain[12]. as well as the heart prep- 
aration reported here, have been reported to exist in 
multiple forms. No such claim has been made for 
the kidney cortex enzymes. The molecular weights of 
the enzymes have ranged from 29,000 [10] to as high 
as 70.000 [11]. thus the possibility of active subunit 
aggregation cannot be completely obviated. 

Erwin et al. [30] and Erwin and Dietrich [26] have 
postulated that the pharmacological action of anti- 
convulsant compounds including diphenylhydantoin 
and the central nervous system depressant effects of 
the barbiturates may be mediated. in part, by an in- 
crease in the steady state levels of brain biogenic alde- 
hydes due to the inhibition of aldehyde reductase. In 
the present study it has been demonstrated that the 
benzothiadiazines, which are effective antihyperten- 
sive agents, are inhibitors of aldehyde reductase, as 
is the potent anti-arrhythmic agent, diphenylhydan- 
toin. It is tempting to speculate that some of the phar- 
macological activity of these agents on the cardiovas- 
cular system may be the result of a shift in amine 
metabolism brought about by the inhibition of alde- 
hyde reductase. 

The properties of the partially purified enzyme in 
this study differ significantly from those of alcohol 
dehydrogenase. Alcohol dehydrogenases generally uti- 
lize NADH more efficiently than NADPH and are 
active with short and medium chain aliphatic alde- 
hydes. Aldehyde reductase from heart is unable to 
utilize NAD or NADH to any appreciable extent and 
is inactive with short chain aldehydes. Pyrazole sen- 
sitivity is a characteristic of alcohol dehydrogenases; 
aldehyde reductases isolated from a number of species 
and tissues have all been shown to be remarkably 
pyrazole insensitive. Barbiturates inhibit reductase. 
but alcohol dehydrogenase resists inhibition by these 
compounds. These data are consistent with the con- 
clusion that a probable physiological role of aldehyde 


reductase in heart is the reduction of f-hydroxylated 
biogenic amines to their glycolic metabolites. 
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Abstract—The effects of S-8527 (1,1-bis[4'-(1"-carboxy-1"-methylpropoxy)phenyl]cyclohexane on 
cholesterol and lipoprotein metabolism were examined and compared with those of clofibrate 
in rats under various experimental conditions. When rats were given a daily oral dose of S-8527 
for 8 days. the incorporation of ['*C]Jacetate into liver cholesterol was not inhibited at the dose 
of 30 mg/kg of S-8527. which was reported to decrease the serum cholesterol significantly, but the 
higher dose (300 mg/kg) of S-8527 decreased the incorporation of ['*C]acetate into liver cholesterol. 
Under these experimental conditions, clofibrate (300 mg/kg) caused a decrease in labeled cholesterol 
in the liver. Oral doses of S-8527 or clofibrate for 8 days did not affect the incorporation of ['*C]meva- 
lonate into liver cholesterol. Also. when the drugs were added to normal rat liver slices, the effects 
of S-8527 were not so marked as those seen with clofibrate. Oral doses of S-8527 (30 mg/kg) or 
clofibrate (300 mg/kg) for 8 days decreased the incorporation of ['*C]leucine into the protein of 
serum lipoproteins. S-8527 and clofibrate did not affect the body retention of radioactivity after the 
injection of labeled cholesterol into rats. In view of the above results, it is conceivable that S-8527 
primarily inhibits either the secretion of lipoproteins containing cholesterol into plasma or the formation 
of lipoproteins containing cholesterol in the liver, or both, and secondarily interferes with the biosynthe- 


sis of liver cholesterol. 


S-8527 = (1,1-bis[4’-(1"-carboxy-!”-methylpropoxy)- 
phenyl]cyclohexane) has been reported to possess 
pronounced hypolipidemic properties in experimental 
animals and is considered to be about ten times more 
potent in hypolipidemic activity and less potent in 
its hepatomegalic effect than clofibrate [1,2]. It was 
also reported that one of the possible mechanisms 
for the decrease in serum and liver triglyceride levels 
produced by S-8527 was an inhibition of triglyceride 
synthesis in the liver [3]. 

The present study was designed to investigate the 
nature of the hypocholesterolemic effect exerted by 
S-8527. S-8527 and clofibrate are different with regard 
to their effects on the concentration of liver cholester- 
ol [2]. We have, therefore. studied the effects of 
S-8527 on incorporation of ['*C acetate or ['*C]me- 
valonate into liver and intestinal cholesterol in rats, 
incorporation of ['*C]leucine into serum lipoproteins 
in rats, and body retention of radioactivity after the 
injection of ['*C]cholesterol into rats. 


METHODS 

Animals. Male Wistar rats weighing 150-200 g were 
used throughout the study. Drugs were suspended in 
5°, gum arabic solution and given to rats every morn- 
ing for 8 or 21 days by oral intubation. During the 
experimental period, the animals were fed on a com- 
mercial chow pellet (NIPPON CLEA, CE-2) and 
water ad lib. 

Incorporation of ['*C]acetate or ['*C]mevalonate 
into cholesterol. In experiments in vivo, the rats were 
injected with [1-'*C]sodium acetate (10 wCi/100 g of 
body weight; 46:1 wCi/yumole) or [2-'*C]sodium 
mevalonate (5 pCi/100g of body weight: 63 pCi 
jemole) intraperitoneally 24hr after the last dose of 


S-8527 or clofibrate: 4hr later blood samples were 
obtained from the inferior vena cava under ether 
anesthesia. After the animals were sacrificed, the liver 
and small intestine were removed and washed with 
ice-cold physiological saline, blotted on a filter paper 
and weighed. The samples of liver and small intestine 
were homogenized with 20 vol. of chloroform-meth- 
anol (2:1, v/v), and total lipid extracts were obtained 
as described previously [2]. An aliquot of the extracts 
was saponified and cholesterol was extracted from the 
saponification mixture. Cholesterol digitonide was 
synthesized and isolated as described by Avoy et al. 
[4]. The digitonide was dissolved in ethanol [5] and 
radioactivity was measured by a liquid scintillation 
spectrometer. In experiments in vitro, the rats were 
sacrificed by decapitation and their livers were re- 
moved immediately, washed in chilled saline and 
sliced with a tissue slicer (Natsume Seisakusho, Co., 
Ltd., Japan). Samples weighing 1-0 g were incubated 
in 10 ml Krebs-Ringer phosphate buffer (pH 7-4) con- 
taining [1-'*C ]sodium acetate (3 Ci/30 mole) at 37 
for 3hr at atmospheric pressure. S-8527 was added 
as the Na salt dissolved in saline. Clofibrate (ethyl 
p-chlorophenoxyisobutyrate) is not water soluble. The 
Na salt of chlorophenoxyisobutyric acid (CPIB), the 
nonesterified derivative of the drug, was dissolved in 
saline and added. The reaction was stopped by adding 
15 ml of alcoholic KOH solution (20°,). and the ra- 
dioactivity of cholesterol was assayed as described 
above. 

Incorporation of ['*C]leucine into serum lipo- 
proteins. Twenty-four hr after the last dose, uniformly 
labeled L-['*C]leucine (7 wCi/animal; 216 wC/jumole), 
dissolved in physiological saline, was injected into the 
femoral vein, and 2hr later blood samples were ob- 


325: 





326 


tained from the inferior vena cava under ether anes- 
thesia. Serum samples from two rats were pooled for 
separation of lipoproteins. The lipoprotein fraction 
was separated into VLDL (d< 1-019), LDL 
(1019 < d < 1-063) and HDL (d > 1-063) according 
to the method of Havel er al. [6]. Ultracentrifugation 
was carried out in a Hitachi model 55-2 ultracentri- 
fuge using an R. P. 55A rotor (Hitachi, Japan). The 
density of the pooled serum for each of two rats was 
adjusted to 1-019 and centrifuged at 105,000g for 
22? hr at 12 : after centrifugation, the VLDL fraction 
was obtained. The density of the infranatant solution 
from the first ultracentrifugation was then adjusted 
to 1-063 and again centrifuged at 105,000g for 22 hr. 
After centrifugation, the LDL fraction was obtained. 
The final infranatant solution represented the HDL 
fraction. The isolated lipoprotein fractions were preci- 
pitated with trichloroacetic acid and the precipitates 
were washed and delipidized with ethanol-acetone 
(1:1. v/v) and ether as described by Radding and 
Steinberg [7]. The dried protein precipitate was dis- 
solved in 1 N NaOH solution. An aliquot of the alka- 
line solution was dissolved in Bray’s scintillator [8] 
and radioactivity was counted as described above. 

Measurement of whole body retention of ['*C]chol- 
esterol. The rats were injected with [4-'*C]cholesterol 
(1-7 wCi/animal; 49-4 pCi/umole) dissolved in 10% 
HCO-6QNIKKOL) [9] intravenously. Immediately 
after the injection of radioactive cholesterol, S-8527 
or clofibrate was given by oral intubation every 
morning for 8 or 21 days. Twenty-four hr after the 
last dose of the drugs, the rats were anesthesized with 
ether, and the animals (whole) were digested in a mix- 
ture of 400 ml ethanol and 100 g KOH/200 g of tissue. 
Saponification under a reflux was continued for 4 hr. 
The digest was filtered on a coarse sintered filter, and 
bone fragments and insoluble residues were washed 
with water. The digest and washings were collected 
and the volume was brought to 1000 ml with water. 
An aliquot of the aqueous digest was extracted three 
times with petroleum ether and the unsaponifiable 
fraction was obtained. Isolation of cholesterol digi- 
tonide and count of radioactivity were performed as 
described above. 

{ssay of lipids. Tissue cholesterol was determined 
by the AutoAnalyzer method [10] after an aliquot of 
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total lipid extract was dried and the dried lipids were 
re-extracted by isopropyl alcohol. 

Chemicals. S-8527 and its Na salt were synthesized 
in this laboratory. Clofibrate (ethyl p-chlorophenoxy- 
isobutyrate) was obtained from Imperial Chemical In- 
dustries, Ltd., in England and the Na salt of p-chloro- 
phenoxyisobutyric acid (CPIB) was prepared in this 
laboratory. All radiochemicals were purchased from 
Daiich Pure Chemicals, Ltd., Tokyo, Japan. 

RESULTS 

Effects on incorporation of ['*C]acetate or ['*C]- 
mevalonate into cholesterol. In experiments in vivo, 
the rats were given a daily oral dose of S-8527 
or clofibrate for 8 days. Table | shows the effects 
of the drugs on the incorporation of ['*C]acetate or 
['*C]mevalonate into liver cholesterol. S-8527 at 30 
mg/kg did not cause a significant reduction in ['*C]- 
acetate incorporation into liver cholesterol. Higher 
dose of S-8527 (300 mg/kg) reduced the incorpor- 
ation of ['*C]acetate into cholesterol by about 50 
per cent/g of liver and 45 per cent/mg of cholesterol. 
Clofibrate (300 mg/kg) resulted in a decrease of la- 
beled liver cholesterol of about 60 per cent/g of liver 
and 50 per cent/mg of cholesterol. Neither drug 
caused a statistically significant reduction in the in- 
corporation of ['*C]mevalonate into cholesterol. 


* 


Table 2. Effects of S-8527 and CPIB on the incorporation 
of ['*C]Jacetate into cholesterol in normal rat liver slices* 





Radioactivity of cholesterol 
(dis./min/g x 1077) 





2:5 x 10°37 M 25x 10°*M 





413 
+ 82 
396 
+ 80(—4) 
312 
+ 54(—25) 


280 

+3 
117+ 

+ 25(—58) 
1017 

+ 13(—64) 


Control 


S-8527 


CPIB 





* Each value represents the means + S. E. Figures in 
parentheses represent per cent change from control. CPIB, 
Na chlorophenoxyisobutyrate. , 

+ Significantly different from control (P < 0-05). 


Table |. Effects of S-8527 and clofibrate on the incorporation of ['*C]Jacetate or ['*C]mevalonate into liver cholesterol 
in rats* 





Radioactivity of cholesterol 





['*C]acetate 


['*C]mevalonate 





Liver Cholesterol 


Treatment (dis./min/g x 10°?) 


(dis./min/mg x 107?) 


Cholesterol 
(dis./min/mg x 107 *) 


Liver 


(dis./min/g x 1073) 





58-7(6) 
+ 9-7 
53-2(6) 
+79 
27:6(6)* 
+76 
24-0(6)T 
+ 6:0 


26-0(6) 
+49 
24-2(6) 
+47 
14-0(6) 
+41 
13-0(6)+ 
+28 


Control 


S-8527 

(30 mg/kg) 
S-8527 

(300 mg/kg) 
Clofibrate 

(300 mg/kg) 


33-8(6) 
+19 


14-6(6) 
+ 62 


33-8(5) 
+29 
30-7(5) 
+ 16 


14-6(5) 
+67 

15-2(5) 
+81 





* Each value represents the means + S. E. Figures in parentheses 


+ Significantly different from control (P < 0-05). 


indicate number of animals. 





Effects of a new hypolipidemic compound 


Table 3. Effects of S-8527 and clofibrate on the incorporation of ['*C]acetate 
into small intestine cholesterol in rats* 





Radioactivity of cholesterol 





Intestine 
(dis./min/g x 107?) 


Treatment 


Cholesterol 
(dis./min/mg x 107) 





Control 


65-4 


+ 5-7 


S-8527 
(30 mg/kg) 
Clofibrate 
(300 mg/kg) 


(5) 


61-0 
+99 
55:3 
+ 7:3 





* Each value represents the mean + S. E. Figures in parentheses indicate number 


of animals 


Table 2 shows the effects of adding the drugs to 
normal rat liver slices. S-8527 at concentrations of 
2:5 x 10°? M (1170 pg/ml) and 2:5 x 10°* M re- 
duced the incorporation of ['*C]acetate into choles- 
terol by about 58 and 4 per cent respectively. On 
the other hand, Na chlorophenoxyisobutyrate (CPIB) 
at concentrations of 2:5 x 10°? M (478 yg/ml) and 
2-5 x 10°* M reduced the incorporation by about 
64 and 25 per cent respectively. The inhibitory effect 
of clofibrate was more potent than that of S-8527. 

Table 3 shows the effects on the incorporation of 
['*C]Jacetate into cholesterol in the intestine. S-8527 
at 30 mg/kg did not affect the incorporation of 
['*C]acetate into cholesterol. Clofibrate at 300 
mg/kg, which reduced the labeled cholesterol in the 
liver, did not cause a reduction of labeled cholesterol 
in the intestine. 

Effects on incorporation of ('*C]leucine into lipopro- 
teins. Table 4 shows the effects of the drugs on the 
incorporation of ['*C]leucine into serum lipopro- 
teins. S-8527 at 30 mg/kg for 8 days lowered the in- 
corporation of ['*C]leucine into the protein of 
VLDL, LDL and HDL fractions by about 40, 35 and 
10 per cent respectively. Clofibrate at 300 mg/kg de- 
creased the incorporation of ['*C]leucine into protein 
of the VLDL and HDL fractions by about 65 and 20 
per cent respectively. The decrease of labeled protein 
in LDL was not statistically significant. 

Effects on body retention of ['*C]cholesterol. The 
rats were injected with ['*C]cholesterol intravenously 
and the drugs were given once a day for 8 or 21 


days. Table 5 shows the effects on the radioactivity 
(percentage of recovery of injected ['*C]cholesterol) 
existing in the body on day 9 or day 22 after injection 
of ['*C]cholesterol. There was no significant differ- 
ence in the amount of radioactive cholesterol re- 
covered from the body between control groups and 
S-8527 or clofibrate-treated groups. The data suggest 
that the excretion of sterol from the body may not 
be stimulated by both drugs. 


DISCUSSION 

Serum lipids can be lowered by an inhibition of 
cholesterol synthesis [11]. The results of our present 
studies showed that the incorporation of ['*C acetate 
into liver cholesterol in rats was inhibited at the 
higher dose (300 mg/kg) of S-8527 but was not inhi- 
bited at the lower dose (30 mg/kg) of S-8527. Under 
these experimental conditions, clofibrate at 300 mg/kg 
inhibited the incorporation of ['*C]acetate into liver 
cholesterol as reported by others [4.16]. It should 
be noted that S-8527 at 30 mg/kg did not affect the 
incorporation of ['*C]acetate into liver cholesterol. 
This dose was one-tenth that of clofibrate, but the 
hypolipidemic effect of 30 mg/kg of S-8527 was re- 
ported to be nearly equal to that of 300 mg/kg of 
clofibrate [1,2]. These results show that the decrease 
of plasma cholesterol levels cannot be attributed 
simply to a decrease in the rate of cholesterol syn- 
thesis. In fact, the two drugs were reported to be dif- 
ferent with regard to their effects on the concentration 
of liver cholesterol. Our investigation of the liver cho- 


Table 4. Effects of S-8527 and clofibrate on the incorporation of ['*C]leucine into protein of serum lipoproteins in 
rats* 





Radioactivity of lipoproteins 





VLDLid < 1-019) 
(dis./min/ml) 


HDLid > 1-063) 
(dis./min/ml x 1077) 


LDL(1-019 < d < 1-063) 
(dis./min/ml) 





Control (6) 
S-8527 
(30 mg/kg) 
Clofibrate 
(300 mg/kg) 


(6) 


(6) 


767 
+20 

6857 
+25 

606 
+24 


740 
+68 

4827 
+51 

510 


+65 





* Each value represents the mean + S. E. 
animals. 

+ Significantly different from control (P < 0-05). 

t Significantly different from control (P < 0-01). 


of three pooled samples. Figures in parentheses indicate numbers of 
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Table 5. Effects of S-8527 and clofibrate on the body reten- 
tion of ['*C]cholesterol in rats 





Recovery of ['*C]cholesterol(”,) 
Days of drug treatment 








Control 


S-8527 

(30 mg/kg) 
S-8527 

(300 mg/kg) 
Clofibrate 

(300 mg/kg) 


38-6(5) 


+ 3-0 





* Each value represents the mean + S. E 
parentheses indicate numbers of animals. 


. Figures in 


lesterol levels indicated that the lower dose (1-30 
mg/kg) of S-8527 increased liver cholesterol concen- 
tration slightly, but the higher dose (100-300 mg/kg) 
of S-8527 tended to decrease the liver cholesterol 
concentration, while in clofibrate-treated animals, the 
decrease of liver cholesterol concentration was dose- 
dependent [2]. In addition, when the drugs were added 
to normal rat liver slices to determine whether a drug 
was a direct inhibitor of cholesterol synthesis, the ef- 
fect of S-8527 was not so marked as that found with 
clofibrate. On a weight-for-weight basis, the inhibi- 
tory effect of S-8527 was about one-tenth that of clofi- 
brate (CPIB). These results support the suggestion 
that S-8527 may lower plasma cholesterol by means 
other than the inhibition of cholesterol synthesis. 
S-8527 at 30 mg/kg, which lowered serum cholesterol 
without the inhibition of cholesterol synthesis, de- 
creased the incorporation of ['*C]leucine into the 
protein of the VLDL, LDL and HDL fractions. It 
is conceivable, therefore, that S-8527 primarily in- 
hibits either the secretion of lipoproteins containing 
cholesterol into plasma or inhibits the formation of 
lipoproteins containing cholesterol in the liver, or 
both, and secondarily interferes with cholesterol syn- 
thesis. 

Clofibrate has been reported to have a number of 
effects on lipid metabolism of rats. Its mechanism of 
action is not completely clear [12], but studies have 
suggested that it acts at least in part by inhibiting 
cholesterol synthesis [4, 13-16]. The results of our 
present studies show that clofibrate interferes with the 
conversion of acetate to mevalonate, confirming the 
results of others [4, 16]. In S-8527-treated rats. serum 
cholesterol levels decreased without inhibition of cho- 
lesterol synthesis. In these respects, S-8527 and clofi- 
brate have different modes of action. Kritchevsky and 
Tepper [17] reported that S-8527 lowered serum li- 
pids by a mechanism similar to that of clofibrate. At 
the higher dose S-8527 seems to possess effects similar 
to those of clofibrate. 

Of the nonhepatic tissues that can synthesize cho- 
lesterol, the intestine is thought to be a likely source 
of serum cholesterol [18]. Clofibrate did not affect 
the incorporation of ['*CJacetate into intestinal cho- 
lesterol, confirming results by Gould [4] but not 
Cheng [15]. S-8527 did not affect cholesterol syn- 
thesis in the intestine as found in clofibrate-treated 
animals. 


Plasma cholesterol also can be lowered by other 
mechanisms, including increased cholesterol catabo- 
lism. inhibition of absorption of cholesterol, and a 
shift of cholesterol from plasma to the liver. 

Grundy er al. [19] reported that clofibrate could 
cause marked reduction in body pools of cholesterol 
in patients with hyperlipidemia. The rats were in- 
jected with ['*C]cholesterol. and the body retention 
of labeled cholesterol was measured on days 9 
and 22 after injection of cholesterol. Under these 
experimental conditions, clofibrate did not affect the 
body retention of cholesterol. S-8527 showed results 
similar to those with clofibrate. Therefore, it seems 
probable that S-8527 and clofibrate did not affect 
cholesterol catabolism in rats. 

The other possible mechanism that has been consi- 
dered is an inhibition of absorption of cholesterol. 
in cholesterol-fed rats. preliminary study showed that 
S-8527 lowered serum lipids but the effects were not 
so marked as those in animals fed normal chow. 
These results suggest the cholesterol absorption is not 
significantly influenced by S-8527. 

In both S-8527- and clofibrate-treated animals, the 
total content of cholesterol in the whole liver was 
reported to be greater than that in the control [2, 20]. 
It is possible, therefore, that the lipids lost from the 
plasma pool may be shifted to the liver. The me- 
chanism of action of clofibrate and S-8527 has not 
been determined. 
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Abstract—A daily intake of ethanol ranging from 10 to 12 g/kg for | month in either high-fat adequate 
protein (HFAP) or low-fat high protein (LFHP) liquid diets resulted in significant increases in liver 
weight. microsomal protein and microsomal metabolism of aminopyrine, zoxazolamine. aniline and 
meprobamate. when related to 100 g body weight. Morphine metabolism was increased only after 
the HFAP diet; pentobarbital metabolism was studied only after HFAP diet, and was increased. The 
increase in vitro was highest with aminopyrine and lowest with pentobarbital. The analysis of variance 
showed highly significant differences among the various drugs. There were significant interaction effects 
of drugs x ethanol and drugs x fat content, but no significant interaction between ethanol x fat or 
drugs x ethanol x fat except in the case of morphine. The marked between-drug variability in induction 
of metabolism in vitro by ethanol is also reflected in vivo among the various drugs examined. The 
increase in vivo was greatest with meprobamate, intermediate with aniline and zoxazolamine. low with 
aminopyrine and absent with pentobarbital. Moreover, there was variability in inductive effect of ethanol 
in vivo as compared to in vitro. It is, therefore, concluded that chronic ethanol administration does 
increase the metabolism of drugs in vitro and in vivo, but the diversity of effects on different drugs 
cannot be explained by a single mechanism based on an increase in the amount of cytochrome P-450 
or other component of the mixed function oxidase system. 


In a previous study [1] we reported that cross-toler- 
ance to pentobarbital in alcohol-treated rats resulted 
primarily from reduced sensitivity of the central ner- 
vous system, and that changes in barbiturate metabo- 
lism or distribution do not play an important role. 
Similar findings have also been recently reported by 
Hatfield et al. [2]. On the other hand, it has also 
been reported that chronic administration of ethanol 
causes proliferation of the smooth endoplasmic reti- 
culum [3-5] resulting in an increased’ ability of the 
microsomes to metabolize a variety of drugs such as 
pentobarbital, aniline, benzpyrene, nitrobenzoic acid 
and aminopyrine [4, 6-12]. 

However, it has not been established whether the 
inductive action of ethanol on metabolism in vitro 
is comparable to that on metabolism in vivo. In fact, 
only two studies [12, 13] are available which compare 
the effect of chronic alcohol on rates of microsomal 
enzyme activity in vitro and of drug disappearance 
in vivo. In one of these studies [12], the clearance 
of meprobamate was studied in both rats and humans 
and pentobarbital disappearance was examined only 
in humans. In the other study [13], warfarin, zoxazo- 
lamine and hexobarbital metabolism in vitro (by mic- 
rosomes) and in vivo (clearance from blood) was stud- 
ied in rats 17 hr after a single dose (4-71 g/kg) of 
ethanol and after regular administration for 7-11 
days. No changes were observed with either treatment 
in metabolism of warfarin in vitro or in vivo. However, 
the authors found marked increases in metabolism 
of the other two drugs in vitro and in vivo after even 
a single dose of ethanol. Surprisingly enough, a single 
dose, which causes no hypertrophy of the smooth en- 
doplasmic reticulum (SER), produced the maximum 
increase in drug metabolism, and chronic ethanol in- 


take did not result in further increase. This report 
appears to conflict with the work of Kato and Chie- 
sara [14], who found no effect of a single dose of 
ethanol (4 g/kg) on pentobarbital metabolism in vivo 
or in vitro 48 hr later. Since a single dose of cortico- 
sterone has been reported to increase the rate of meta- 
bolism of hexobarbital and ethylmorphine [15,16], 
the apparent discrepancy may be related to the du- 
ration of a stress response after a single large dose 
of ethanol. The report of Mallov and Baesl [13] also 
appears to disagree with the finding of increased war- 
farin metabolism in human alcoholics [17]. 

The finding of increased activity of microsomal 
enzymes after chronic administration of ethanol has 
also been questioned recently. Nakanishi et al. [18] 
reported identical metabolism in vitro of hexobarbital, 
aminopyrine and aniline in ethanol-treated and con- 
trol rats, when ethanol was replaced by tap water 
24 hr prior to sacrifice. They did, however, report 
an increase in aniline hydroxylase activity in rats con- 
tinuing to drink ethanol ad lib. up to the time of sac- 
rifice. Ramsey and Fallon [19] also found increased 
cytochrome P-450 and aniline hydroxylase, but re- 
ported a decrease in aminopyrine and benzphetamine 
demethylation in both male and female rats chronically 
treated with ethanol. loannides and Parke [20] reported 
no change in the half-life of plasma pentobarbital 
after chronic ingestion of 10% ethanol by rats. 

Dietary composition is also known to have a 
marked effect on hepatic drug metabolism [21-24] 
and its inducibility [25,26]. Moreover, the level of 
fat in the dict has been reported to influence markedly 
the degree of SER proliferation and increased micro- 
somal drug-metabolizing activity caused by chronic 
ingestion of ethanol [27, 28]. 
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Because of the limited number of studies available 
on the influence of chronic ethanol administration on 
drug metabolism in vivo, and the apparently conflict- 
ing findings on microsomal induction, we have com- 
pared the effects of chronic ethanol ingestion on the 
metabolism both in vitro and in vivo of a variety of 
drugs involving different enzymatic activities; the 
effects on metabolism in vitro were further compared 
in rats fed diets of different composition. 


MATERIALS AND METHODS 


Animals. Male Wistar Rats. weighing 100-150 g., 
obtained from High Oak Ranch, Goodwood. 
Ontario, were used in all experiments. 

Chronic ethanol treatment. Ethanol was adminis- 
tered in a liquid diet. modified from that devised by 
Lieber et al. [29], as described previously [30]. Two 
types of diets were used. In the first (high-fat, ade- 
quate protein), ethanol provided 35°, of the total 
calories, fat 41°. protein hydrolysate 19% and suc- 
rose 5°,. In the second (low-fat, high-protein diet) eth- 
anol provided 35°, of the total calories, fat 10°,. pro- 
tein hydrolysate 25°,, and sucrose 30°,. In the corre- 
sponding control diets, ethanol was replaced with 
equicaloric concentrations of sucrose. The amount of 
liquid diet consumed by each rat in the ethanol group 
was measured daily, and an equal amount of the suc- 
rose liquid diet was given to its pair-fed control. 
These diets were administered for 4 weeks and the 
daily intake of ethanol ranged from 10 to 12 g/kg 
throughout the experimental period. The diets were 
replaced by tap water in both ethanol and control 
groups 1|6hr prior to the studies in vitro and in vivo 
described below. 

Preparation of microsomes. The rats were killed by 
decapitation and livers were removed. weighed and 
homogenized with 2 vol. of 1-15%, KCI in a glass Pot- 
ter-Elvehjem homogenizer with a motor-driven Tef- 
lon pestle. The homogenates were centrifuged at 9,000 
g for 20 min in the SM head of a Servall RC-2B. 
The supernatants were decanted and recentrifuged for 
an additional 20 min. The supernatants were again 
decanted and then centrifuged at 105,000 g in the A 
147 head of a model B-60 International preparation 
ultracentrifuge for | hr at 4. The resulting superna- 
tant was then poured off and the pellet suspended 
in 1-15°%% KCI solution. Microsomal protein content 
was determined by tne biuret reaction [31]. 

Drug metabolism in vitro. For all the drugs men- 
tioned below, preliminary experiments were carried 
out to determine the limits within which the rate of 
metabolism was linearly related to time and to the 
amount of microsomal preparation. These parameters 
were then kept well within the determined limits in 
all subsequent experiments. 

The rate of demethylation of aminopyrine was mea- 
sured in a system containing 300 pmoles phosphate 
buffer, pH 7-4; NADP. 6 smoles; glucose 6-phos- 
phate, 60 «moles; nicotinamide, 50 umoles; semicar- 
bazide HCl, 50 ymoles; MgCl,. 50 pmoles; glucose 
6-phosphate dehydrogenase, 5 units; and aminopyr- 
ine, 10 moles, in a final volume of 4:2 ml. The reac- 
tion mixture was preincubated for 5 min at 37° in 
air in a Dubnoff shaker and the reaction was started 
by adding 0-8 ml microsome suspension (equivalent 
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to 0-4 g liver). Samples were incubated for 20 min 
and the reaction was stopped by adding 2ml of 
ZnSO, (3°,) solution. After 3 min of shaking, 2 ml 
saturated Ba(OH), solution was added with mixing 
and the flasks were shaken for another 5 min. The 
content of the flask was then transferred to a centri- 
fuge tube and centrifuged at 12,000 g for 10 min. For- 
maldehyde formed was measured in the supernatant 
by the procedure of Nash [32]. Appropriate microso- 
mal and reagent blanks were run with each exper- 
iment. In all experiments, each sample was run in 
duplicate. 

Morphine demethylation was measured with the 
same incubation system as used for aminopyrine; 25 
moles morphine sulfate was used in each incubation 
flask. 

Zoxazolamine hydroxylation by microsomes was 
studied under the conditions described by Mallov and 
Baesl [13] and zoxazolamine was estimated by the 
method of Burns et al. [33]. The selected parameters 
were: microsomes equivalent to 0-12 g liver, 0-59 
umole zoxazolamine and 20 min of incubation in a 
total volume of 3 ml. 

Aniline hydroxylase activity was determined by 
measuring the formation of p-aminophenol as 
described by Schenkman et al. [34]. Incubation 
parameters were:microsomes equivalent to 0-15 g liver, 
25 umoles aniline and 20 min of incubation in a 
final volume of 3 ml. 

For studies on meprobamate hydroxylation, each 
flack contained 150 umoles phosphate buffer, pH 7-4; 
liver microsomes equivalent to 0-5 g liver; nicotina- 
mide. 20 pmoles; MgCl,. 6 HO. 50 moles; glucose 
6-phosphate, 50 yxmoles; NADP, 8 jumoles; and glu- 
cose 6-phosphate dehydrogenase, 5 units, in a final 
volume of 4 ml. After a 5-min preincubation period 
at 37 in a Dubnoff shaker bath, the reaction was 
started by adding | ml ['*C]meprobamate (final con- 
centration 0:3 mM). Incubation was stopped at 15 
min by immersing the flasks in ice water. Each liver 
preparation was tested in duplicate, accompanied by 
appropriate standards and blanks. Residual un- 
changed meprobamate was extracted by the method 
of Hoffman and Ludwig [35]. and measured by scin- 
tillation counting with a Nuclear Chicago, model 725, 
liquid scintillation counter. 

The incubation mixture and procedure for studies 
on pentobarbital metabolism have been described 
recently [36]. 

Pentobarbital and meprobamate disappearance in 
vivo. The method used for measuring the rate of 
['*C]pentobarbital disappearance from the blood 
after intravenous injection has been described else- 
where [36]. The same procedure was used for study- 
ing ['*C]meprobamate disappearance. A dose of 30 
mg/kg of ['*C]meprobamate (sp. act., 0-24 wCi/mg; 
Mallinkrodt Nuclear, St Louis, Mo.) was dissolved 
in saline, in a volume of 0-25 ml/100 g body weight, 
for intravenous injection. Blood samples (100 sl) were 
taken from the cut tip of the tail at various intervals 
up to 180 min after injection, for drug assay. Unmeta- 
bolized meprobamate was extracted by the method 
of Hoffman and Ludwig [35]; the method for pento- 
barbital has been described [36]. 

Whole body metabolism of drugs. The disappearance 
of drugs from the whole body was studied in ethanol- 
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Table 1. Effect of chronic ethanol treatment (with high- and low-fat diets) on body weight. liver weight and microsomal 
protein* 





High-fat diet 
(n = 6) 


Low-fat diet 
(n = 6) 





Control Ethanol 


P Control Ethanol P 





,Body wt 

Liver wt/body wt 
(2/100 g) 

Microsomal protein 
(mg/g liver) 

Microsomal protein 
(in total wt of fresh 
liver/100 g body wt) 


278 + 11 
359 + 13 45-5 +74 


261 + 37 


3-52 + 0:06 4- ‘08 


NS 
< 0-001 


314 + 10 
4.17+0-12 


NS 
< 0-01 


NS Ke lie ae be St 3 < 0:05 


+ 14-7 < 0-02 





* Values shown are mean + S. E. M. P refers to the significance of difference between chronic ethanol group and 
the pair-fed controls as estimated by the t-test for paired data. NS = not significant (P > 0-05). 


treated and pair-fed rats after intraperitoneal injection 
of the drug in question. The rats were killed by a 
blow on the head, immediately dropped into a pre- 
cooled industrial Waring blender and homogenized. 
The homogenate was filtered through several layers 
of gauze and the amount of the drug remaining in 
an aliquot of the homogenate was determined. The 
dose of the drug and time of killing are described 
in Table 4. Aminopyrine, zoxazolamine and aniline 
were determined by the methods of Brodie and Axel- 
rod [37], Burns et al. [33] and Brodie and Axelrod 
[38] respectively. 


RESULTS 


Effect of chronic ethanol treatment on body weight, 
liver weight and microsomal protein. Table 1 shows 
the body weights, liver weights and microsomal pro- 
tein content of the control and alcohol-treated groups 
on high-fat and low-fat diets. With either diet, there 
was no significant difference in body weight between 
the ethanol-treated and pair-fed controls. However. 
the total gain, as reflected by the final body weight. 
was greater in the alcohol groups fed the low-fat diet 
than in those on the high-fat diet ( < 0-05). The differ- 


Table 2. Effect of chronic ethanol treatment (with high-fat diets) on drug metabolism in vitro by microsomes* 





No. of 


Drug pairs 


Control 


o 


Ethanol Change 





Aminopyrinet 6 
Activity/mg protein 
Activity/g liver 
Activity/100 g body 

Morphinet+ 
Activity/mg protein 
Activity/g liver 
Activity/100 g body 

Zoxazolaminet 
Activity/mg protein 
Activity/g liver 
Activity/100 g body 

Anilines 
Activity/mg protein 
Activity/g liver 
Activity/100 g body 

Meprobamate 
Activity/mg protein 
Activity/g liver 
Activity/100 g body 

Pentobarbital* 
Activity/g liver 
Activity/100 g body wt 


0-102 
3-68 
12:90 


0-052 
1:87 
6°56 


0-028 
1-00 
3-56 


0-410 


1-33 


0-751 
3-07 


+ 0-001 
+ O15 
0-0144 + 0-0012 
+ 0-023 
+ 0°08 


+ 0-026 
+ O12 


NS 
< 0-005 
< 0-001 


+15 
+35 
+81 


0-117 +0013 
4-96 0:57 
Pe 2:6 


+ 0-009 
+ 0-39 
+: ZS 


-—19 
+10 
+47 


NS 
NS 
< 0-01 


0-059 + 0:005 
251 +020 
11-8 + 0-81 


0-049 + 0:004 
208 +017 
7S +071 


0-027 + 0:003 
1:13 +008 
+29 +037 


+ 0-04 NS 
< 0-005 
NS 
< 0-005 


0-0134 + 0-:0007 
0-458 + 0-041 
220 +022 


NS 
< 0-005 


0-769 
3:84 


+ 0:034 
+014 





* Values shown are mean + S. E. M. P refers to the significance of difference between chronic ethanol group and 
the pair-fed controls as estimated by the t-test for paired data. NS = not significant (P > 0-05). 
+ Expressed as yxmoles HCHO produced/20 min of incubation. 
t Expressed as umoles zoxazolamine metabolized/20 min of incubation. 
$ Expressed as pmoles of para-aminophenol formed/20 min of incubation. 
Expressed as ypmoles meprobamate metabolized/15 min of incubation. 
“ Expressed as umoles pentobarbital metabolized in 20 min using the 9,000 g supernatant. 
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Table 3. Effect of chronic ethanol treatment (with low-fat diets) on drug metabolism in vitro by microsomes* 
£ ) 





No. of 


Drug pairs 


Control 


o 


Ethanol Change 








Aminopyrine 6 
Activity/mg protein 
Activity/g liver 
Activity/100 g body 

Morphine 
Activity, mg protein 
Activity/g liver 
Activity/100 g body 

Zoxazolamine 
Activity/mg protein 
Activity/g liver 
Activity/100 g body 

Aniline 
Activity/mg protein 
Activity/g liver 
Activity/100 g body 

Meprobamate 
Activity/mg protein 
Activity/g liver 
Activity/100 g body 

Pentobarbital 
Activity/g liver 


= 


Activity/100 g body 


0-097 
2:83 
10°61 


0-080 
2-42 


9-04 


0-048 
1-46 
5-41 


0-026 
0:784 
2-91 


0-0143 


0-408 
1-15 


W 


I+ I+ I+ 


I+ I+ + 


I+ |+ I+ 


I+ 


I+ I+ 


+ 0-014 


0-010 —13 
0-23 


0-97 


0-084 + 0-016 
405 +045 
169 + 1-95 


0-003 
0-18 
0-70 


0-003 
0-09 
0-35 


0:06 
yee 


10-27 


He + + 


0-004 
0-06 
+ 0:26 


0-003 
O11 
0:29 


0-046 
1-84 
7:64 


+ i+ 


0-002 
0-07 
0°51 


0-023 
0-93 
3-89 


+ 0-001 
+ 0-06 

+ 0:26 
0-0005 0-0137 
0-526 

2:07 


+ 0-0005 
+ 0-021 
0-04 + 0:10 < 0-001 
ND 

ND 





* Enzyme activities and statistical comparisons as defined in Table 


ND = not determined. 
ence for the corresponding controls fell just short of 
Statistical significance. 

In comparison with the control rats, the ethanol- 
treated groups on both diets showed significant in- 
creases in liver weight and microsomal protein when 
related to body weight. The increase of liver weight 
and microsomal protein after ethanol was, however, 
more pronounced with a high-fat diet than with a low- 
fat diet. 

The effects of chronic ethanol treatment on meta- 
bolism in vitro of various drugs by microsomes are 
shown in Tables 2 and 3. With both types of diet, 
metabolism of aminopyrine, morphine, zoxazolamine. 
aniline and meprobamate by microsomes from the 
ethanol-treated animals was not significantly different 
from their pair-fed controls when the drug-metaboliz- 
ing activity was calculated per mg of microsomal pro- 
tein. When’ expressed per g of liver, significant in- 
creases were obtained with aminopyrine, meproba- 
mate and zoxazolamine after the alcohol low-fat diet, 
and only with aminopyrine after the alcohol high-fat 
diet. No such differences in activity were seen with 
_ respect to other drugs examined. When related to 100 
g body weight, significant increases in drug metabo- 
lism were obtained with all the drugs studied (except 
morphine on a low-fat diet). The increase was highest 
with aminopyrine (81 per cent) and lowest with pento- 
barbital (25 per cent). 

Metabolism of the first four drugs listed in Tables 
2 and 3 was studied in parallel with each individual 
liver preparation. It was, therefore, possible to carry 
out an analysis of variance for the separate effects 
of ethanol and of dietary fat level across all four 
drugs. The analysis confirmed the highly significant 
differences among the various drugs. when the respec- 
tive activities were expressed in terms of total liver 
per 100 g body weight (F, 602-75: df 3, 30; P < 0-001). 
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The activities were consistently increased by ethanol 
(F. 100-37; df 1. 10; P < 0-001) and by a high-fat diet 
(F. 6160; df 1. 10; P < 0-05). Each of these factors 
affected the metabolism of the various drugs to differ- 
ent degrees. as shown by significant interaction effects 
of drugs x ethanol (F, 8-258; df 3, 30; P < 0-001) and 
drugs x fat content (F, 4-087; df 3, 30; P < 0-05). But 
there was no significant interaction between ethanol 
and fat content, or drugs x ethanol x fat content, 
except in the case of morphine. Essentially the same 
results were obtained when the analysis of variance 
was applied to the activities per g of liver. A separate 
comparison for meprobamate metabolism, which was 
studied in different animals, confirmed that the in- 
crease produced by ethanol on the high-fat diet did 
not differ significantly from that produced on the low- 
fat diet. 

[ '*C pentobarbital clearance in vivo. Figure 1 shows 
the disappearance from blood of ['*C]pentobarbital, 
injected intravenously, in ethanol-treated and pair-fed 
controls on a high-fat diet. The apparent volumes of 
distribution of pentobarbital in the two groups are 
the same, since the extrapolated disappearance curves 
have identical vertical intercepts. There is also no dif- 
ference between the two groups with respect to the 
disappearance of pentobarbital as the calculated 
slopes (ethanol, —0-0069 + 0-:0004; controls, 
—(-0066 + 0-0002) are not significantly different. 

['*C]meprobamate disappearance in vivo. The 
results on meprobamate disappearance are shown in 
Fig. 2. The mean half-life of meprobamate blood dis- 
appearance in chronically ethanol-treated rats was 
44-67 + 2:77 min, as compared to 61:56 + 3-66 in the 
controls. The difference is statistically significant 
(P < 0-001). Again, comparison of the meprobamate 
levels at zero time in the ethanol-treated and pair-fed 
controls showed no significant difference; this indi- 
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Fig. 1. Disappearance of ['*C]pentobarbital from blood 
in ethanol-treated (@——@) and pair-fed controls 
(O——-O); n = 9 pairs. Vertical bars represent S. E. M. 
Regression lines were calculated by the method of least 
mean squares. 


cated that the differences in half-life were not due 
to changes in distribution. 

Whole body metabolism. The results on whole body 
metabolism are summarized in Table 4. Comparison 
of chronic ethanol-treated vs controls showed a sig- 
nificant increase in metabolism with the three drugs 
examined. In this experiment, in contrast to that cor- 
responding to Table 1, the body weights of the con- 
trols were significantly greater than those of the alco- 
hol-treated animals. 


DISCUSSION 


The absence of any significant effect of chronic eth- 
anol treatment on the rate of disappearance of pento- 
barbital from the blood (Fig.1) is in agreement with 
our earlier finding [1]. The present work, involving 
larger numbers of animals, more sampling times, and 


a more accurate measurement technique (radioacti- 
vity counting vs gas-liquid chromatography) for the 
range of drug concentrations used, lends greater 
weight to the negative finding. 

The present results also confirm a variability, noted 
in previous work by ourselves [39] and others, in 
the ability of ethanol-containing diets to sustain 
growth equal to that of the pair-fed controls. In the 
earlier study [39], less growth than in controls was 
found in animals receiving ethanol in high-fat diet. 
while equal growth was noted when the ethanol was 
in a high-protein, low-fat diet. In the present study, 
however, the same two diets both supported growth 
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Fig. 2. Disappearance of ['*C ]meprobamate from blood in 
ethanol-treated (@ @) and pair-fed controls (O O); 
n = 8 pairs. Vertical bars represent S. E. M. Regression 
lines were calculated by the method of least mean squares. 


Table 4. Whole body metabolism of aniline, zoxazolamine and aminopyrine in ethanol-treated animals and _pair-fed 
controls 


(High-fat diet) 





Body wt* Dose 


(g) 


Drug 


(mg/kg) 


Time of 
sacrifice 
(min) 


Metabolism ea 
(mg/100 g body wt) Increase 





Aniline 
Controls 
Ethanol-treated 
P 

Zoxazolamine 
Controls 
Ethanol-treated 
P 

Aminopyrine 
Controls 
Ethanol-treated 
P 


227 + 7 
200 + 11 


30 
30 


75 
75 


242 + 6 
213 


205 
186 


100 
100 


30 
30 


1-68 + 0-05 
2:33 + O11 
< 0-001 


3-46 + 0-19 
4-44 + 0-35 
< 0-01 


60 
60 


6:70 + 0:50 
7:79 + 0:60 
< 0-025 


16 





* Since there was a single pool of ethanol-treated animals and a single pool of controls from which the individual 
subjects for the three drug studies were drawn, body weight comparison was made between the two pools. The controls 
were significantly heavier than alcohol-treated animals (P < 0-001). 
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rates equal to those in the corresponding controls in 
one experiment (Table 1), while less growth was again 
found in the alcohol high-fat group in another exper- 
iment (Table 4). No explanation is yet available for 
this variability, but it is obvious that some factor 
other than known dietary composition and alcohol 
must be involved. 

With respect to the effects of chronic ethanol inges- 
tion and diet on drug metabolism, the analysis of 
variance showed clearly that the various drugs do not 
respond in the same manner. /n vitro, there was no 
increase in specific activity of metabolism of any of 
the drugs (per mg of protein) with either diet. This 
finding differs from those of Idéo et al. [10] and 
Tobon and Mezey [40], as well as from our own 
findings in other experiments. This point is discussed 
in the accompanying paper [41]. The activity per g 
of liver was increased for aminopyrine on both diets, 
and for zoxazolamine and meprobamate only on the 
low-fat diet. The total activity in relation to body 
weight was increased for morphine only on high-fat 
diet, but for the other drugs on both diets. This 
between-drug variability in induction is also reflected 
among the three drugs in Table 4, and the difference 
in treatment effects shown in Figs. | and 2. If induc- 
tion of drug metabolism by ethanol were explainable 
entirely on the basis of the demonstrated increases 
in activity of NADPH-cytochrome P-450 reductase 
[42]. or in the concentration of cytochrome P-450 
[7, 8, 12, 13], the effects on metabolism of the various 
drugs by the mixed function oxidase system would 
be expected to be proportionately the same. The 
observed differences suggest that some other factor 
is involved. 

One obvious possibility is the influence of diet. 
However, though dietary fat content was found to 
have a significant influence of its own on the drug- 
metabolizing activities in vitro, it did not significantly 
modify the effects of ethanol. It is not even certain 
that the influence of diet was directly attributable to 
the fat level, since the low-fat diet was also a high- 
sucrose diet. Conceivably, the difference in activities 
found with the two diets may be due to an inhibitory 
effect of sucrose rather than a stimulatory effect of 
fat. Nevertheless, the significant drugs x diet interac- 
tion, like that of drugs x ethanol, raises the possibi- 
lity that other constituents of the diet, as yet unrecog- 
nized, may play a role. In addition, the effect appears 
to be exerted through some mechanism distinct from 
a_simple increase in the amount of the constituents 
of the drug hydroxylation system. 

The latter statement is supported by the observa- 
tion that metabolism of the different drugs by the 
same microsomal preparations shows different 
degrees of increase after chronic treatment with eth- 
anol (Tables 2 and 3) or with phenobarbital [41]. 
Since the work in vitro was done at substrate con- 
centrations within the ranges required for zero-order 
kinetics, the differences among drugs must be due to 
corresponding differences in drug binding to the 
cytochrome P-450, or in the catalytic activity of the 
latter with respect to the various drug substrates. Dif- 
ferential degrees of induction by ethanol would be 
compatible with conformational changes resulting in 
different degrees of alteration of binding affinity or 
catalytic activity with respect to the various drugs. 


This would be consistent with the observation that 
phenobarbital induction alters the K,, and K, (spec- 
tral dissociation constant) differently for hexobarbital 
and aniline [26]. Similarly, steroid hormones affected 
the cytochrome P-450 binding of hexobarbital differ- 
ently from that of ethylmorphine [43]. 

A further point of considerable importance for extra- 
polations in vivo is the highly variable relationship 
between metabolism of the same drug in vitro and 
in vivo. For example, the rate of metabolism in vitro 
of aminopyrine per 100 g body weight in the control 
animals (12-9 umoles/20 min, Table 2) is approxi- 
mately the same as the rate in vivo (6°70 mg/hr, Table 
4; equivalent to 10:3 ymoles/20 min). The same is 
true for zoxazolamine. In contrast, the rate for aniline 
in vivo is about four times as high as the rate in vitro. 
This is probably most readily explained by the fact 
that the studies in vitro dealt only with the production 
of p-aminophenol, while in vivo there are other impor- 
tant routes of aniline metabolism, including formation 
of N-conjugation products [44]. Since these involve 
other enzyme systems with different K,, values and 
turnover rates, the relative proportions of products 
formed in vivo would be strongly dependent on the 
drug concentration in the body. This principle has 
been well established with other drugs, such as the 
salicylates [45]. The same consideration may, there- 
fore, apply to the variability in inductive effect of eth- 
anol in vivo as compared to in vitro, as seen in the 
percentage increases in Tables 2 and 4. Another poss- 
ible factor is hepatic blood flow, which directly in- 
fluences the access of drug to the liver. Depending 
on the initial rates of hepatic clearance, increased 
hepatic blood flow may have different effects on the 
rates of metabolism of different drugs [46]. Ethanol 
has been reported to have variable effects on hepatic 
blood flow, depending on the dose [47]. However, 
these findings were all obtained in acute studies and the 
circulatory effects of chronic ethanol administration 
are not adequately explored. 

The present results, therefore, confirm the findings 
of various other groups, that chronic ethanol inges- 
tion does increase the rate of metabolism of various 
drugs. But the diversity of effects on different drugs 
does not support the idea of a single common me- 
chanism based on increase in the amount of cyto- 
chrome P-450 or other components of the mixed 
function oxidase system. This may explain the discre- 
pancy in results obtained by different investigators, 
with respect to the effect of ethanol on metabolism 
of pentobarbital and other drugs. 
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Abstract—The inductive effects of chronic phenobarbital and ethanol ingestion on hepatic microsomal 
drug metabolism were examined in rats consuming different proportions of dietary fat. Eight groups 
of rats were fed for 1 week on matched amounts of nutritionally adequate liquid diets providing 
2, 5, 10 or 41% of calories as fat (safflower oil), two groups at each level. One group at each level 
received phenobarbital (80 mg/kg daily by intubation), the other getting water. In a parallel experiment. 
one group at each fat level received 36% of calories as ethanol, the other as sucrose, and these regimens 
were continued for 1 month. Dietary fat content per se had no significant effect on body weight, 
liver weight, microsomal protein, cytochrome P-450 content, or hepatic triglycerides (TG) during the 
l-week experiment, but significantly increased all these measures in the l-month experiment. Both 
phenobarbital and ethanol treatment increased all these measures except body weight, but phenobarbi- 
tal had a greater effect on liver weight, microsomal protein and cytochrome P-450, while ethanol 
had a greater effect on hepatic TG and a significant interaction with dietary fat content in relation 
to TG levels. In contrast, microsomal metabolism of aminopyrine, aniline and meprobamate in vitro 
was increased approximately equally by phenobarbital and ethanol, while dietary fat content had no 
effect alone. and no significant interaction with phenobarbital or ethanol. Ethanol, like phenobarbital. 
therefore, appears to induce microsomal drug metabolism independently of its effects on TG metabo- 


lism. 


Chronic administration of ethanol to rats and 
humans has been shown to cause proliferation of the 
smooth endoplasmic reticulum (SER). It also causes 
increases in microsomal protein content, as well as 
in many of the constituents of the drug oxidizing sys- 
tem, and results in an increased drug-metabolizing 
ability of the microsomes (for references, see [1 ]). 
Since ethanol is known to cause lipid accumulation 
in the liver [2,3], it is conceivable that ethanol may 
act on the microsomes indirectly, by disrupting the 
triglyceride (TG) metabolism. The TG accumulation 
might be the direct stimulus to the endoplasmic reti- 
culum, resulting in production of more protein for 
the formation and release of lipoprotein into the 
bloodstream. The increase in drug metabolism might 
be a ‘by-product’ of this SER stimulation. Consonant 
with the above hypothesis is the observation that the 
inductive effects on SER and on the drug-oxidizing 
system are more pronounced when the ethanol is 
accompanied by a protein- or choline-deficient diet 
than by an adequate diet [4, 5]. However, other inves- 
tigators have reported a directly opposite effect, i.e., 
the induction of SER and some of its enzymatic ac- 
tivities by ethanol was reduced in animals receiving 
a choline-deficient diet [6,7]. It is well known that 
lipid accumulation is potentiated by alcohol diets 
which are low in protein and/or lipotropic factors [8]. 
Dietary fat content and composition also influence 
the metabolism of various drugs by the rat, even in 
the absence of ethanol [9-12]. Three weeks feeding of 
a fat-free diet results in depression of microsomal 
drug-oxidizing activity as well as a depressed level 
of cytochrome P-450. Provision of as little as 2-3% 
of calories in the form of polyunsaturated fatty acid 
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in the diet is said to permit the recovery of normal 
drug-metabolizing values, as well as the full inductive 
expression of phenobarbital on cytochrome P-450 
and the hydroxylating systems [13, 14]. 

Manipulation of the amount of dietary fat can also 
influence dramatically the response of the liver to the 
steatogenic effect of ethanol [15]. Rats were fed for 
24 days on diets providing 18°, of the total calories 
as protein and 36°, as ethanol or carbohydrate. The 
remainder of the calories came from varying amounts 
of fat (2, 5, 10, 15, 25, 35 and 43%) and complemen- 
tary amounts of carbohydrate. Lieber and DeCarli 
found that the extent of TG accumulation correlated 
with the level of dietary fat, when this was 25% or 
more. However, no significant decrease in hepatic 
lipid content was achieved by reduction of dietary 
fat below 25% of calories. 

The aim of the present study was to determine 
whether ethanol per se acts as an inducer of microso- 
mal drug metabolism or acts only indirectly through 
production of TG accumulation. For this purpose, 
microsomal drug metabolism, as well as the degree 
of increase in it produced by chronic ethanol or 
phenobarbital, was studied in groups of rats fed diets 
with different levels of fat, producing different levels 
of TG accumulation in the liver. 


MATERIALS AND METHODS 


Male Wistar rats (High Oak Ranch, Ontario) 
weighing 200 + 5 g were maintained on nutritionally 
adequate liquid diets [16]. The amount of fat in the 
diets was set at 2, 5, 10 and 41% of total calories 
provided as safflower oil (GBC). The lowest level (2%, 
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Table 1. Effect of phenobarbital treatment (80 mg/kg/day for 1 week) on body weight, liver weight, microsomal protein, 
TG and P-450* 





2% Fat 


57 Fat 10% Fat 41% Fat 
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* Values shown in Tables 1-4 are mean + S. E. M.: n = 6 in each case. 


is known to be sufficient to prevent essential fatty 
acid deficiency [17]. Protein provided 19% of total 
calories, and the rest was carbohydrate (Dextri-ma!- 
tose, Mead Johnson). 

Two groups of six animals each were supplied with 
each of the diets described. One group on each diet 
was treated with phenobarbital (80 mg/kg/day, p.o.) 
while the other (control) group received water to 
balance the stress due to intubation. Animals in all 
the other seven groups were pair-fed with those in the 
phenobarbital-treated group on the 2% fat diet. The 
duration of treatment was 7 days, after which the ani- 
mals were fasted for 16hr and then killed for bio- 
chemical analyses. 

The chronic ethanol experiment also consisted of 
eight groups of six animals each. Four of these groups 
were maintained on ethanol (35° calories) diets con- 
taining *, 5, 10 and 41° fat, with the normal comple- 
ment of protein (19°) and varying amounts of carbo- 
hydrate. In the four corresponding control groups, 
ethanol was replaced isocalorically with carbo- 
hydrate. All animals were pair-fed for 1 month with 
the group receiving ethanol in the 2% fat diet. After 
a 16-hr fast, the animals were killed by decapitation, 
the livers were excised and rinsed in ice-cold 1-:15% 
KCl, blotted dry and weighed for subsequent analy- 
ses. 

A portion of each liver (about 2g) was excised, 
weighed and set aside for TG determination. The rest 
of the liver was homogenized in 4 vol. of ice-cold 
115°, KCl by means of a glass homogenizer with 


a Teflon pestle. The microsomal fraction from each 
liver was isolated as described previously [1] and di- 
luted to a final concentration of 6 mg protein/ml for 
drug metabolism studies. Microsomal protein was de- 
termined by the biuret method [18]. 

Microsomal cytochrome P-450 content was mea- 
sured by the procedure of Omura and Sato [19]. Ac- 
tivities of microsomal N-demethylation of aminopyr- 
ine, and aniline and meprobamate hydroxylation were 
determined as described previously [1]. 


RESULTS 

The results presented in Tables 1-4 were subjected 
to analysis of variance with a 2 x 4 factorial design. 
In the phenobarbital experiment, neither the pheno- 
barbital treatment nor the variation in dietary fat 
level had any significant effect on body weights (Table 
1). On the other hand, irrespective of the level of die- 
tary fat, all phenobarbital-treated animals have sig- 
nificantly higher values for the ratio of liver weight/ 
body weight (F = 61:13; df 1, 38; P< 0001), and 
there was no significant interaction between pheno- 
barbital and diet. Phenobarbital also caused highly 
significant increases in the amount of microsomal 
protein and cytochrome P-450, regardless of how 
expressed. In contrast, the dietary fat level had no 
significant effect on these various measures, and no 
interaction with the phenobarbital effect. An unex- 
pected finding was a small but significant increase 
in liver TG concentration due to phenobarbital treat- 
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Table 2. Effect of chronic phenobarbital treatment (80 mg/kg/day for 1 week) with various amounts of dietary fat 
on drug metabolism in vitro 
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0-017 0011 0015 0013 
623 605 2-79 6-95 
‘ ‘ + + 
0-60 072 039 0-66 
31-09 2654 9:50 31-13 
+ + + ‘ 
424 3041-58 3-17 


0-098 


0-048 0-038 0-029 0-043 


~ 7 7 ~ 
0-004 


0-002 
0:75 
+ 


0-003 
1-52 


0-004 
1-88 
ze = = 
0-21 0-16 0-04 
9:29 6°70 2:47 
= - + 
1-25 0:74 0-18 
0-0090 00156 0-0080 0-0155 
as = + + = = 
0-0012 0-0021 0-:0007 00014 = 0-:0097 0-0002 
0-227 0-720 0-227 0-617 0-211 0-638 
= = = 2 = + 
0-028 0-100 0-021 0-060 0-015 0-064 
0-74 3-60 0-79 2:63 0-69 2:84 
= = + + + = 
0:10 0:54 0-57 0-25 0-09 0-12 


0-0090 0-0188 
7 - 





* Expressed as pymoles HCHO produced/20 min of incubation. 
+ Expressed as yxmoles para-aminophenol formed/20 min of incubation. 
t Expressed as pmoles meprobamate metabolized/15 min of incubation. 


ment (F = 6:23; df 1, 22; P < 0-025), while dietary 
fat had no such effect of its own, and no significant 
interaction with phenobarbital. The same was true 
of total hepatic TG relative to body weight. 

Microsomal drug metabolism (Table 2) was unaf- 
fected by the per cent of fat in the diets, regardless 
of how the activity was expressed. In contrast, there 
was a highly significant induction by phenobarbital, 
which was unaffected by dietary fat content. This in- 
duction was evident for all three drugs studied, and 
for all three bases of calculation, viz. specific activity 
per mg of microsomal protein or per g of liver, and 
total activity per 100g body weight. Since the latter 
includes the effects of increase in specific activity of 
the microsomes, increased SER per cell, and increased 
liver size, it naturally shows the largest percentage 
increase. 

After | month on the various ethanol and control 
diets (Table 3), it was found that ethanol had no sig- 
nificant effect on body weight, but the dietary fat level 
did (F = 4-79; df 3, 40; P < 0-01). There was no sig- 
nificant interaction between ethanol and diet in this 
respect, both the alcohol and control animals showing 
maximum gain on the 5% fat diet, and appreciably 
less on either the very high- or low-fat diets. In con- 
trast, liver size in relation to body weight was not 
significantly affected by dietary fat alone, but was sig- 


nificantly increased by ethanol (F = 21-0; df 1, 40; 
P < 0-001). This effect was especially marked on the 
high-fat (41°) diet, so that the interaction between 
ethanol and diet was also significant (F = 9-79; df 
3, 40; P < 0-001). 

Microsomal protein was not altered by any of the 
treatments, in terms of either mg/g of liver or in total 
liver per 100g of body weight. Cytochrome P-450, 
whether expressed in relation to microsomal protein, 
to unit weight of liver, or to total liver per 100g 
body weight, was significantly increased by ethanol 
(P < 0-001 in each case) but not by dietary fat level. 
In contrast, liver TG concentration was influenced 
significantly both by ethanol (P < 0-01) and by the 
dietary fat content (P < 0-001), and there was a signi- 
ficant interaction effect (F = 5-27; df 3, 40; P < 0-01) 
reflecting the marked increases produced by the com- 
bination of ethanol with the two highest dietary fat 
levels. The same was true of total hepatic TG per 
100 g body weight. 

Drug metabolism in vitro, regardless of how the 
activity was expressed, showed a remarkably con- 
sistent pattern. With all three drugs, there was a 
highly significant increase in metabolism attributable 
to chronic ethanol ingestion, but no significant effect 
of dietary fat and no interaction between the latter 
and ethanol (Table 4). Moreover, there was no signifi- 
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Table 3. Effect of chronic alcohol feeding (35° of calories) with various amounts of dietary fat on body weight, liver 
weight, microsomal protein, TG and P-450 
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cant correlation between the various drug-metaboliz- 
ing activities and the hepatic TG concentration, mic- 
rosomal protein concentration, or the TG:protein 
ratio, regardless of how these were expressed. Thus, 
in the same animals, there was no parallelism between 
the changes in drug metabolism and those of either 
liver size or liver TG. 


DISCUSSION 


. 


The present findings, in agreement with those of 


previous investigators, reveal that chronic treatment 
with either phenobarbital or ethanol resulted in in- 
_creased liver size relative to body weight, increased 
hepatic concentration and total content of cytoch- 
rome P-450. and increased rates of microsomal drug 
metabolism in vitro (for references, see [1]). All of 
these measures were increased substantially more by 
the 7-day treatment with phenobarbital than by the 
’ 30-day treatment with ethanol. Consistent with this, 
phenobarbital markedly increased the concentration 
and total amount of microsomal protein, regardless 
of diet, while ethanol did not increase microsomal 
protein concentration at all, and increased the total 
content significantly (P < 0-02) only on the highest 
fat diet (Table 3). 

Despite these differences, phenobarbital and eth- 
anol produced fairly comparable increases in micro- 
somal drug-metabolizing activity in vitro, expressed 
per mg of microsomal protein. With all three drug 
substrates, and on all four diets, the increases in speci- 
fic activity were of the order of 50 per cent. This 


differs from the result of the accompanying study [1 ], 
in which specific activities were not increased by eth- 
anol on either high- or low-fat diets. However, the 
basic diets in the two studies differed, in that the 
major source of carbohydrate in the present work was 
mixed dextrins rather than sucrose. The possible im- 
portance of this factor has not yet been established. 
The much greater increase in drug metabolizing acti- 
vity, relative to liver weight or body weight, after 
phenobarbital is, therefore, proportional to the 
greater increase in formation of new SER. Caution 
is necessary on One point, however. No attempt was 
made to correct for microsomal recovery in the pres- 
ent work. Ishii et al. [20] found no effect of chronic 
ethanol treatment on recoverability of microsomal 
cytochrome P-450 from liver homogenates, but this 
does not rule out the possibility that recovery might 
have been significantly higher from phenobarbital- 
treated animals. 

Dietary fat content per se had no significant effect 
on body weight and liver TG content in the control 
animals in the phenobarbital experiment, but signifi- 
cantly increased both measures in the ethanol exper- 
iment. This is perhaps not surprising, because the 
diets were continued for a month in the latter case, 
and only a week in the former. We have no explana- 
tion for the finding that the greatest weight gain 
occurred on the diet with 5°, fat. An unexpected find- 
ing, however, is that both ethanol and phenobarbital 
treatment increased hepatic TG levels above those oi 
the respective control groups, and by comparable 
proportions (about 100 per cent increase on the high- 
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Table 4. Effect of chronic alcohol feeding (35°, of calories) with various amounts of dietary fat on drug metabolism 
in vitro 





2% Fat 


5% Fat 10° Fat 41% Fat 





Control Ethanol 


Control 


Ethanol Control Ethanol Control Ethanol 





Aminopyrine* 
Activity/mg protein 0-120 
|} a 
0023 0-019 
4:33 6:49 
+ + 
0-58 0-69 
Activity/100 g body 14-60 
wt in total liver - 

1-82 


0-222 


Activity/g liver 


Aniline* 
Activity/mg protein 0-023 
as 
0-001 
0-73 0-976 
+ 
0-072 0-08 
Activity/100 g body 2:49 3-29 
wt in total liver + + 
0-27 0-30 


Activity/g liver 


Meprobamate* 
Activity/mg protein 00096 = 0-0166 
+ + 
00007 0-0007 
0-295 0-476 
a + 
0-023 0-030 
Activity/100 g body 1-02 1-60 
wt in total liver + + 

0-10 0-10 


Activity/g liver 


0-177 0-219 0-140 0-217 
< = + x — ti 
0-007 0-011 0-024 0-021 0-007 0-011 
4-19 6:07 5:30 6°30 3-80 
2 + + + 2 
0-031 0-24 0-84 0:77 0:31 
13-59 20°41 17:36 21-88 11-73 
+. + as a + 
1:24 2:02 2-94 2:82 1-06 


0-145 0-214 
7 + 


0-026 0-030 0-025 0-035 0-030 
+ 3 = + + 
0-002 0-002 0-003 0-004 0-004 
0-744 0-85 0-73 0-98 0-84 
BG + + + = 
0-08 0-09 0-08 0-10 0-14 
2-43 2:87 2:37 3-4] 2:58 
zi 2 x = 33 
031 0:36 0-28 0-37 0-45 
0-0104 0-0157 0-O115 0-0148 


0-0184 00109 


+ + + + + 
00048 
0-313 


00007 0-021 0-0014 
0316 0-436 
+ + + + + 
0030 0038 0015 0049 0011 
0-98 1-33 1-02 1-44 0:96 
+ + + + + 
O-11 0-13 0-04 0-19 0-04 


0-0014 
0-394 


= 
0-0007 
0-302 





* Activities as defined in Table 2. 


est fat diet). This was contrary to our predictions. 
since another study [21] had indicated that pheno- 
barbital had no effect on liver TG by itself. and even 
decreased the TG accumulation resulting from acute 
ethanol treatment, albeit by a rather indirect 


mechanism. At the present stage. any explanation of 


the increase in TG levels in the phenobarbital group 
would be mere speculation. But, in that vein, one may 
speculate that induction of SER includes induction 
of the fatty acid esterification system, leading to pro- 
duction of TG in excess of lipoprotein secretion. This 
has already been shown for ethanol [2]. 

With neither treatment was there proportionality 
between TG levels and rates of drug metabolism in 
vitro across the different diets. One must, therefore, 
conclude that ethanol is indeed an inducer of SER 
and of its drug-metabolizing activities, as reported by 
Rubin et al. [4], independently of an effect on hepatic 
TG. Though the present work does not permit any 
conclusion as to the identity or non-identity of the 
mechanisms of induction by ethanol and by pheno- 
barbital, the end result appears to be closely similar. 
However, this carries no implications with respect to 
the claimed oxidation of ethanol by hepatic microso- 
mal enzymes. 
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Abstract—The protozoan parasite Eimeria tenella respires vigorously during sporulation and excys- 
tation. Sporulation is initiated and sustained by the respiratory activities, and cannot take place under 
anaerobic conditions. Excystation is not necessarily associated with oxygen consumption and seems 
to be a passive process solely carried out by the host. Quinolone coccidiostats such as amquinate, 
buquinolate, methyl benzoquate and decoquinate are reversible inhibitors of E. tenella respiration and 
sporulation. The effective concentrations of the inhibitors for 50 per cent inhibition are | to 2 x 107° 
M against respiration during sporulation and 3 x 10°° M against respiration during excystation. The 
respiration in sporulation and excystation of an amquinate-resistant E. tenella mutant is much less 
subject to inhibition by the quinolones. The results suggest the inhibition of coccidial respiration 
as the possible mechanism of anticoccidial activity of the quinolones. Some 2-hydroxynaphthoquinone 
coccidiostats are also strong inhibitors of E. tenella respiration, but they are equally effective against 


the wild type and the amquinate-resistant mutant. 


Coccidia represent a family of sporozoan parasites 
commonly found in the intestinal epithelial cells of 
infected animals. The parasites multiply through asex- 
ual, binary fissions, in the early phase of development, 
and eventually differentiate into macrogametocytes 
and microgametocytes. Union between the two types 
of cells produces thick-shelled zygotes, otherwise 
known as unsporulated oocysts which find their way 
into the feces of infected animals. Once exposed to 
oxygen, the oocysts sporulate through cytoplasmic 
contraction and cytokinesis to form four sporocysts 
each containing two sporozoites. These dormant, 
sporulated oocysts break open once ingested by an 
animal, and the sporozoites are released by excys- 
tation to invade host intestinal epithelial cells to in- 
itiate another cycle of growth. One of the species, Ei- 
meria tenella, which specifically parasitizes the caeca 
of chickens, can be harvested and purified in the form 
of unsporulated oocysts in sufficient quantities allow- 
ing detailed biochemical studies of its sporulation and 
excystation. Respiratory activities are shown to be as- 
sociated with these processes [1-3]; these respiratory 
activities are subject to reversible inhibition by high 
concentrations of cyanide [2,3]. The present exper- 
iments further characterize the phenomenon of respir- 
ation and define the correlation between it and the 
morphological transformation of the parasite. A fa- 
mily of well known quinolone coccidiostats including 
buquinolate, amquinate, methyl benzoquate and de- 
coquinate (Fig. 1) are shown to be inhibitors of respir- 
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ation during both sporulation and excystation of E. 
tenella, but are not effective inhibitors of respiration 
for an amquinate-resistant mutant. The results 
strongly suggest the inhibition of coccidial respiration 
as the probable mechanism of action of the quinolone 
coccidiostats. 


MATERIALS AND METHODS 


Coccidia. E. tenella (Merck No. 18) oocysts were 
originally collected from the field and _ purified 
through single cell selection. The pure strain was main- 
tained in the laboratory for many years without being 
exposed to any drugs. An amquinate-resistant mutant 
of the parasite, E. tenella Amq‘, was isolated after 
four consecutive cycles of cultivation of the parent 
strain in chickens fed with diets of 15 ppm amquinate 
[4]. The wild type could be effectively controlled in 
chickens by 30 ppm amquinate, whereas the mutant 
was resistant to the drug up to 2000 ppm in the diet. 
The mutant was also resistant to buquinolate, methyl 
benzoquate and decoquinate. Both strains of E. tenel- 
la were stored in the form of sporozoites in a liquid 
nitrogen tank at —198° [5] for long-term preserva- 
tion. 

Chemicals. _2-Hydroxy-3-(4-trans-cyclohexylcyclo- 
hexyl)-1.4-naphthoquinone and  2-hydroxy-3-(4- 
phenoxyphenyl)-propyl-1,4-naphthoquinone were 
gifts from Dr. E. F. Rogers of Merck & Co., Inc. 
Pepsin and trypsin 1-300 were obtained from Nutri- 
tional Biochemicals Corp. All the other chemicals 
were of the highest purity available from commercial 
sources. 

Harvest and purification of unsporulated oocysts. 
Twelve-day-old White Leghorn chickens were inocu- 
lated per os with 5 x 10* E. tenella sporulated oo- 
cysts. The birds were killed 8 days after inoculation 
and their caeca were removed and stored in an ice- 
bath. Subsequent operations were carried out at 0-4 
unless otherwise specified. 
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The caeca were opened and the contents collected. 
suspended in 10°* M dithionite and dispersed by a 
gentle blending in a Waring blender. The oocysts 
were sedimented by a 10-min centrifugation at 1000 g. 
resuspended in 10°* M dithionite and the pH of the 
suspension was adjusted to 2-0 with | N HCl. Pepsin 
was added to a final concentration of 0-1 mg/ml and 
the suspension was incubated in a 37 water bath 
for 30 min to permit digestion of tissue materials. 
The oocysts were sedimented as before, and then puri- 
fied by a series of stepwise sucrose density differential 
centrifugations. They remained floating in 1-0, 0°8 and 
0-6 M sucrose and were then sedimented by centrifu- 
gation in 0:3 M sucrose. 

The unsporulated oocysts were then floated and in- 
cubated in 5°, sodium hypochlorite for 5 min [6]. 
The precipitates were discarded. The suspension was 
diluted 6-fold to allow sedimentation of the oocysts 
by a brief centrifugation. The suspension was tested 
for bacterial contamination by inoculating agar plates 
of brain heart infusion. nutrient broth, and yeast ex- 
tract with 0-1 ml of the suspension containing 2 x 10° 
oocysts and incubating the plates at 37 for 3 days. 
Negative results from the plates were used as the cri- 
terion of sterility of the suspension. If growth of mic- 
ro-organisms was Observed on the plates, the hypoch- 
lorite treatment was repeated until the suspension be- 
came sterile in the plate tests. These sterilized, white 
colored unsporulated oocysts (see Fig. 2) were then 
repeatedly washed with sterile Ringer’s buffer contain- 
ing 10°* M dithionite until the suspension was freed 
of chlorine in chlorine paper tests. Such a final prep- 
aration of unsporulated oocysts could be preserved 
in sterile Ringer’s buffer plus 10°* M dithionite, 2000 
units of penicillin G. and 2000 units of streptomycin 
ml under N, gas at 0-4 for about 2 weeks without 
any detectable loss of the ability to sporulate. The 
average yield was about 107 unsporulated oocysts per 
chicken. Oocysts of E. tenella Amq' were prepared 
by the same procedure except that the infected 
chickens were kept on a diet containing 30 ppm am- 
quinate. 

Sporulation. The suspension of unsporulated oo- 
cysts, washed free of dithionite with sterile Ringer's 
phosphate buffer, pH 7-4, immediately before sporula- 
tion, was contained in a sterile flask up to one-fifth 
of the flask capacity, and incubated in a 30° water 
bath with reciprocal shaking at the rate of 100 strokes 
min. Cytoplasmic contraction was observed within 
the first 7-8 hr, and was followed by cytokinesis, spor- 
ocyst elongation and maturation [7]. The entire pro- 
cess of sporulation, progressing in about 90 per cent 
synchrony. was completed within 24hr with over 90 
per cent of the oocysts fully sporulated. , 

Excystation. The .sporulated oocysts of E. tenella 
were stored in Ringer’s phosphate buffer plus anti- 
biotics at 0-4 for over 2 months without any appreci- 
able loss of infectivity. They were easily broken in 
a Teflon pestle tissue homogenizer run at 200 rev/min 
and 0-4 for 10 min to release sporocysts, which in 
turn were purified by filtration through a glass bead 
(Superbrite 100) column [8]. The sporocysts were 
then incubated in Ringer’s phosphate buffer contain- 
ing 2 per cent sodium taurocholate and 0-5 per cent 
trypsin 1-300 in a 40° bath. Excystation took place 
between 30 and 90 min of incubation and freed over 


80 per cent of the sporozoites. The sporozoites were 
purified through a glass bead column and stored in 
a refrigerator for 2 weeks without losing infectivity 
in chick embryos [9] or in direct inoculation of 
chick’s duodena. 

Measurement of respiratory activities. The respir- 
ation of FE. tenella during sporulation and excystation 
[1-3] was followed by a YSI model 53 Biological 
Oxygen Monitor equipped with a Clark electrode. 
Constant temperatures were controlled by a Haake 
circulating water bath. The sporulating oocysts were 
stirred gently because of their fragility. and the output 
of the Oxygen Monitor was recorded on a Bausch- 
Lomb VOM 5 recorder. 


RESULTS 

Biological activities of E. tenella during sporulation. 
Unsporulated oocysts of E. tenella (Fig. 2). suspended 
in sterile. glass-distilled water. were sporulated (Fig. 
3). The supernatant solution in which 2 x 10° oocysts 
had just completed sporulation was lyophilized to 1-0 
ml. a volume about equivalent to that of 2 x 10° 
packed oocysts. This solution was examined and was 
found to have little light absorption from 210 to 700 
nm, no ninhydrin-positive material, no urea detect- 
able by the Archibald assay [10] and no fatty acid 
visible by gas-liquid chromatography. The pH of the 
supernatant solution changed from 6°5 to 61 during 
sporulation. which indicates that little acid or base 
was produced by the oocysts. In summary, nothing 
seemed to be excreted by the oocysts during the entire 
process of sporulation. 

Respiration. however. does take place during cocci- 
dial sporulation as was first pointed out by Smith 
and Herrick [1]. E. tenella unsporulated oocysts in 
Ringer's phosphate buffer started vigorous respiration 
immediately after elevation of the temperature to 30°. 
The rate of respiration at that temperature remained 
fairly constant at 0-10 + 0-02 yl O,/min/10° oocysts 
for the first 3-4hr. With E. tenella Amq' mutant, 
the respiratory activities went much __ higher: 
0-25 + 0:03 pul O,/min/10° oocysts. Both strains 
gradually lost respiratory activity upon cold, anaero- 
bic storage, and this activity decline was closely re- 
lated to the decreases in percentages of oocysts cap- 
able of sporulation. CO, was identified as an extracel- 
lular product of respiration. The rate of CO, evolu- 
tion, measured in a Warburg manometer with 30 per 
cent KOH in the center well [11]. was found to be 
directly proportional to the rate of oxygen consump- 
tion. 

Relationship between respiration and. sporulation. 
When E. tenella unsporulated oocysts were main- 
tained anaerobic with N, gas or dithionite. no sporu- 
lation took place after prolonged incubation at ele- 
vated temperatures. When the N, gas or dithionite 
was replaced by 10 mM of sodium cyanide or sodium 
azide, sporulation was also completely stopped. Res- 
piration was restored with resumption of aerobic con- 
ditions or removal of the respiratory inhibitors. as 
was sporulation. It thus seems that respiration is 
necessary during coccidial sporulation. 

Many well known inhibitors of mitochondrial res- 
piration like rotenone and amytal were tested against 
coccidial respiration during sporulation [12] and 





Inhibition of E. tenella respiration by quinolones 


Fig. 2. Unsporulated oocysts of E. tenella (1000 x ). 


were found to be ineffective in concentrations up to 
10°* M. Many coccidiostats were also tested at or 
above 10°* M. They included amprolium, clopidol. 
robenidine, sulfaquinoxaline, pyrimethamine, monen- 
sin, nicarbazin, ethopabate and zoaline, but none 
showed any inhibition of the respiration and sporula- 
tion of E. tenella. 

Inhibition of respiration and sporulation by some coc- 
cidiostats. One family of coccidiostats, the quinolones 
(quinoline carboxylic esters) which included am- 
quinate, buquinolate, methyl benzoquate and deco- 
quinate (see Fig. 1), was found to inhibit both respir- 
ation and sporulation of E. tenella. Figure 4 shows 
the effects of amquinate at different concentrations 
and indicates a transition point at about | to 
2 x 10°° M. When the mutant E. tenella Amq' was 
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used, however, amquinate did not inhibit either res- 
piration or sporulation up to 10° * M. This observa- 
tion strongly suggests the inhibition of respiration as 
the mechanism of action of amquinate against cocci- 
dia. The other quinolone coccidiostats, which share 
cross-resistance with amquinate [4]. exhibited similar 
potencies in inhibiting respiration and sporulation of 
E. tenella, but were also ineffective against FE. tenella 
Amd’. 
2-Hydroxy-3-(4-trans-cyclohexylcyclohexyl)-1,4- 
naphthoquinone and 2-hydroxy-3-(4-phenoxyphenyl)- 
propyl-1.4-naphthoquinone, two toxic antimalarial 
and anticoccidial agents which are inhibitors of suc- 
cinoxidase and NADH oxidase of chicken liver mito- 
chondria [13,14]. strongly inhibited the respiration 
and sporulation of E. tenella. The inhibition was 


Fig. 3. Sporulated oocysts of E. tenella (400 x ). 
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Fig. 4. Inhibition of respiration and sporulation of E. 
tenella oocysts by amquinate and 2-hydroxy-3-(4-trans-cyc- 
lohexylcyclohexyl)-1,4-naphthoquinone. E. tenella unsporu- 
lated oocysts were incubated at a concentration of 107 
cells/ml at 30°. The rate of respiration was measured | 
hr after the incubation started. The percentage of sporula- 
tion was recorded under a microscope 24 hr after the incu- 
bation began. E. tenella wild type, (O, @, O, @); E. tenella 
amquinate-resistant mutant (A, A, V, W). The data rep- 
resent results of a series of experiments with a variability 
of +15 per cent. 


about ten times more potent than that by the quino- 
lones, and both the wild type and the Amq' mutant 
were equally susceptible to it. 

Biological activities during E. tenella excystation. 
While the dormant sporulated oocysts consumed little 
oxygen even at high temperatures (35-50°), breakage 
of the oocyst walls by mechanical force immediately 
initiated vigorous respiratory activities. The respir- 
ation of sporocysts (Fig. 5), proceeded at 41-5" at a 
rate of 0-05 + 0-01 yl O,/min/10° fresh E. tenella oo- 
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Fig. 6. Excystation in vitro of E. tenella. E. tenella-sporu- 

lated oocysts were incubated with taurocholate and crude 

trypsin at 41:5 in an oxygen monitor. The oocysts were 

gradually broken by vigorous stirring during the assay. 

The near horizontal line at the top of the graph indicates 
the rate of respiration. 


cysts and 0:15 + 0:03 yl O,/min/10° oocysts in the 
newly harvested Amg' mutant. These values were 
about half of the rates of respiration during sporula- 
tion at 30°. They remained constant for the first 
3-4hr after the release of sporocysts and gradually 
declined to zero during the next few hr (Fig. 6). The 
rate and duration of sporocyst respiration were re- 
duced by aging of the sporulated oocysts, but were 
not affected by temperature changes between 35 and 
50°. However, at 55°, the respiration was totally 
stopped (Fig. 7). Excystation was also inhibited at the 
same high temperature presumably due to inactiva- 
tion of the needed proteolytic enzymes [15]. How- 


Fig. 5. Sporocysts of E. tenella (2000 x ). 
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Fig. 7. Effects of temperature changes on the respiration 
and excystation of E. tenella sporocysts. Sporocysts were 
incubated in the excystation fluid as described in Materials 
and Methods at different temperatures. Rates of O, con- 
sumption were recorded at the initial stage of incubation. 
Numbers of sporocysts and sporozoites were counted un- 
der a microscope after 2 hr of incubation. Percentage of 
excystation, (O——-O); rate of respiration (@——®). 


ever, preincubation of sporocysts at 55 for 5 min 
resulted in a complete loss of their capabilities to re- 
spire and failure of excystation under optimal condi- 
tions. 

The presence of taurocholate and crude trypsin did 
not bring about any change in the rate of respiration 
of the sporocysts. The released sporozoites (Fig. 8) 
continued to respire for many hr at a slowly declining 
rate, which was not stimulated appreciably by adding 
10-3 M succinate, L-malate, pyruvate or acetate. Un- 
like sporulation, excystation was not dependent on 
respiratory activity and could proceed normally in 
the presence of 10°* M dithionite. The sporozoites 
thus produced resumed respiration immediately after 
removal of the reducing agent and remained fully in- 
fective both in ovo and in vivo. 

Inhibition of respiration of E. tenella sporocysts and 
sporozoites. Although E. tenella excystation was not 
dependent on respiration, the respiration of sporo- 
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Fig. 9. Polarographic tracing of O, consumption vs time 
by E. tenella sporozoites at 41-5”. 


cysts and sporozoites was also suppressed by the 
same inhibitors of sporulation and sporulation respir- 
ation. While rotenone and amytal remained similarly 
ineffective against respiration, quinolone and 2-hyd- 
roxynaphthoquinone coccidiostats seemed to be 
highly inhibitory against respiration during excys-, 
tation. A 50 per cent inhibition of respiration was 
achieved by the presence of 3 x 10°° M buquinolate 
(see Fig. 9) during excystation of E. tenella. 

The inhibition was reversible, and the sporozoites 
harvested under quinolone coccidiostats retained 
their infectivities in ovo and in vivo once the drug 
was removed. 

The effects of quinolones on respiration during ex- 
cystation of E. tenella Amq' were studied. Figure 10 
shows that the mutant was considerably less sensitive 
to amquinate than was the wild type; only partial 
inhibition of respiration was attained at 10°* M of 
the drug, whereas 4 x 10°° M amquinate totally in- 
hibited the respiration of the wild-type parasites. 


Fig. 8. Sporozoites of E. tenella (1000 x ). 
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Fig. 10. Effects of amquinate on the respiration of E 
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. tenella wild type and amquinate-resistant mutant 


during excystation. The procedure is described in Materials and Methods. Left, E. fenella wild type; 


right, E. tenella amquinate-resistant mutant. The 


2-Hydroxynaphthoquinone coccidiostats were equally 
effective against E. tenella wild type and Amq' mu- 
tant. and they reduced the rates of respiration to 50 
per cent of the original level at a concentration of 
about 10°° M. 


DISCL SSION 


The experimental results demonstrate quite clearly 
that respiration is a necessary condition for initiating 
sporulation of E. tenella oocysts. It is. however, not 
the only requirement. since incubation of E. tenella 
oocysts at a low temperature (0-4) still permits pro- 
longed respiration at a low rate. but sporulation is 
stopped at the early stage of cytoplasmic contraction. 
Further cytokinesis can only take place at elevated 
temperatures 30 at the optimum [16]. with the oo- 
cysts respiring simultaneously. A prolonged aerobic 
incubation at 0-4 followed by an anaerobic incuba- 
tion at 30 ‘in 10°* M dithionite or vice versa in- 
variably fails to carry E. tenella sporulation beyond 
cytoplasmic contraction. When E. tenella unsporu- 
lated oocysts were incubated only anaerobically at 
0-4 or 30. not even the cytoplasmic contraction 
took place. 

E. tenella excystation, though also associated with 
respiration of released sporocysts and sporozoites. is 
not dependent on it. The release of sporozoites from 
_ Sporocysts depends only on the presence of bile salts 
or detergents and crude pancreatic trypsin at neutral 
pH and 41-5 . a condition which could be adequately 
provided by a host chicken. Excystation thus may 
be a’ process carried out exclusively by the infected 
host rather than the parasite. In fact. E. tenella sporo- 
zoites could be freed by the routine process of excys- 
tation in vitro from sporocysts killed by a brief incu- 
bation in chloroform, ethyl acetate or toluene at 20 
(unpublished results). Only when the sporocysts are 
drastically treated with heat or formaldehyde does ex- 
cystation no longer occur. 

The reversible nature of the inhibition of E. tenella 
respiration during sporulation and excystation by the 
quinolone and 2-hydroxynaphthoquinone coccidio- 
stats agrees with the fact that the quinolones and 
quinones are true coccidiostats; they inhibit the devel- 
opment of coccidia but do not kill them [17]. The 
remarkable lack of toxicity among the quinolones in 


concentrations in the graphs are of amquinate. 


animals [18] has been supported by the observation 
that respiration in cultured L-cells or embryonic 
chick kidney epithelial cells is unaffected by the 
quinolones up to their saturating levels (unpublished 
observation). On the other hand, respiration of the 
latter two cells is markedly inhibited by 10°° M of 
the two highly toxic 2-hydroxynaphthoquinone cocci- 
diostats. Although the two types of anticoccidial drugs 
appear to share the common mechanism of action by 
inhibiting the respiration of coccidia, the lack of 
cross-resistance and the difference in toxicities suggest 
that they may have different targets in E. tenella. The 
four quinolone drugs exhibit slightly varied potencies 
against coccidiosis in vivo [18], but they all share si- 
milar potencies in inhibiting the respiration of E. 
tenella. These differences in vivo thus may reflect dif- 
ferent efficiencies of absorption by chickens. The effec- 
tive concentrations of quinolones and 2-hydroxy- 
naphthoquinoenes to inhibit E. tenella respiration al- 
so differ between the stages of sporulation and excys- 
tation. While the quinolones in the 10°* M range 
effectively inhibit respiration. by E. tenella wild-type 
oocysts, the 10°° M range is sufficient to stop respir- 
ation by sporocysts and sporozoites, and only 107° 
M is needed to inhibit E. tenella mitochondrial respir- 
ation [19]. On oocysts. sporocysts and sporozoites, 
the inhibitory effect sets in gradually (see Fig. 6), 
whereas immediate inhibition was observed on mito- 
chondria [14]. These discrepancies may reflect differ- 
ent accessibilities of the drug to the parasite mito- 
chondria, which may be the real therapeutic target of 
the quinolone and 2-hydroxynaphthoquinone cocci- 
diostats. 

The site of quinolone action in E. tenella mitochon- 
dria has been demonstrated to lie between coenzyme 
Q and cytochrome b [19]. Respiration by mitochon- 
dria of E. tenella Amq' mutant is 100-fold more re- 
sistant to the quinolones than that of the wild type 
[14]. Although the exact mechanism of resistance is 
still unknown, it is probably not due to a change 
in permeability of the mitochondria because mutant 
submitochondrial particles respire with similarly en- 
hanced resistance to the quinolones [14]. 

Rotenone and amytal have little inhibitory effect 
on respiration during sporulation and excystation of 
E. tenella but they do inhibit the respiration of E. 
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Hepatic microsomal drug metabolism after 
administration of endotoxin in rats 


(Received 2 January 1975; accepted 23 May 1975) 


Endotoxemia accompanying gram negative bacterial infec- 
tions is a serious, life-threatening condition that frequently 
occurs in children and adults with altered immune me- 
chanisms and in older patients after instrumentation of 
the urinary tract. 

A key aspect in the therapeutic management of patients 
with endotoxin shock is the administration of pharmacolo- 
gic agents. Since most drugs are partially or completely 
eliminated by hepatic metabolism prior to their excretion 
from the body, assessment of the capability of the liver 
in vivo and in vitro to metabolize drugs in the course of 
endotoxemia is essential for the rational formulation of 
drug dosage regimens in this condition. The purpose of 
the present investigation was to explore the ability of the 
liver to metabolize drugs after the administration of endo- 
toxin in rats. 

Adult female rats obtained from Holtzman and weighing 
between 190 and 220g were used. The animals were fed 
standard laboratory diet and water ad lib. until the time 
of the intraperitoneal injection of endotoxin or saline, 
when food and water were removed for the duration of 
the experiment. Lyophilized, purified lypopolysaccharide 
from Escherichia coli 026 B6 (obtained from Difco Labora- 
tories, Detroit) was freshly reconstituted in sterile pyrogen- 
free isotonic saline just prior to use and employed as the 
endotoxin preparation; the dose given was | mg in | ml 
of saline. Endotoxin was administered intraperitoneally to 
six rats between 8:00 and 9:00 a.m.; simultaneously six 
control animals received an equal volume of isotonic saline 
by intraperitoneal injection. Twenty-four hr later, under 
sodium pentobarbital anesthesia, all animals were sacri- 
ficed and the livers removed in toto. A small piece of each 
liver was resected for histologic examination and the re- 
mainder of the liver was prepared for enzymic studies. 

In an additional experiment, a test group of seven rats 
(four experimental and three control) were treated as out- 
lined but only bilirubin UDPG transferase activity was 
determined in liver homogenates. 

Rat livers were removed, rinsed with cold saline, blotted, 
weighed and homogenized in the cold (4) with 2 vol. 
(2 ml/g of liver) of cold isotonic 1-:15°,, (w/v) KCl for ap- 
proximately 2 min in a Potter homogenizer with a Teflon 
pestle. Microsomes were prepared by differential centrifu- 
gation at 104,000 g for 60 min in a Beckman L2-65B ultra- 
centrifuge. 

Microsomes and 9000 g supernatant fractions were used 
immediately or, when assay conditions allowed, main- 
tained at —90 for no longer than 14 days. Simultaneous 
controls which had been stored under identical conditions 
were employed in each experiment. 

The suspended microsomal pellet obtained from the 
104,000 g centrifugation was used for the following assays: 
bilirubin uridine diphosphoglucuronic acid (UDPGA) 
transferase [1], benzpyrene hydroxylase [2-4], aniline hyd- 
roxylase [5] and cytochrome P-450 content [6]. For nitro- 
and azoreductase activities [7,8] the 9000g supernatant 
fraction was used. Protein concentrations were determined 
by the method of Lowry et al. [9], using bovine serum 
albumin as the reference protein. 


Liver material for histology was fixed in 10°, formalin 
and stained with hematoxylin and eosin. The sections were 
graded as to the type and extent of necrosis, the amount 
of fat present and the inflammatory response on a 0-4+ 
basis. 

In other experiments with Holtzman rats of the same 
sex and weight, the LDs 9 to intraperitoneal E. coli endotox- 
in 026 B6 had been determined to be between 2:0 and 
2:5 mg. One endotoxin-treated animal of the six injected 
died in the first 24hr. The other five and all six controls 
tolerated the intraperitoneal injection and appeared nor- 
mal at the time of sacrifice. 

The livers of the five saline-treated rats showed no histo- 
logic evidence of necrosis, fat or inflammation. On the 
other hand, the livers of the endotoxin-treated animals de- 
monstrated pathologic abnormalities, but the extent of the 
lesion was surprisingly limited considering the rather large 
dose of endotoxin administered. Two rats showed hemorr- 
hagic zonal liver infarcts judged to be 2+ in extent, one 
rat showed a few scattered mid-zonal infarcts graded as 
1+ and the remaining two animals failed to show any 
infarctions. The degree of pericentral necrosis was 1+ in 
all endotoxin-treated rats with mild pericentral fat present 
in all rats. The inflammatory response with polymor- 
phonuclear leucocytes predominating in areas of necrosis 
was 1—2+ in all animals. 

The mean values for the activities in vitro of the liver 
microsomal drug-metabolizing enzymes investigated and of 
microsomal cytochrome P-450 content were lower in the 
endotoxin-treated rats. However, statistical significance 
(P < 0-1 or smaller) could be established only for bilirubin 
UDPGA transferase, aniline hydroxylase, cytochrome 
P-450 and benzpyrene hydroxylase (Table 1). 

The extent of hepatocyte damage as documented by light 
microscopy and the degree of alteration in enzyme activi- 
ties did not demonstrate any correlation. 

Endotoxin causes liver damage by a number of me- 
chanisms. The liver is the main organ for the detoxification 
of these bacterial products and the integrity of this organ 
is crucial in the defense against states of endotoxemia [11]. 
Endotoxemia has been shown to have numerous effects 
on mitochondrial membrane function [12] and uncouples 
phosphate esterification in mitochondrial respiration [13]. 
In addition, endotoxin has been shown to activate adenyl 
cyclase [14]. While endotoxin directly injures liver cells, 
it also causes profound circulatory derangements that con- 
tribute to the liver injury. Some of these circulatory 
changes are mediated by the release of vasoactive sub- 
stances [15], although endotoxin has been shown to cause 
direct vasoconstrictive effects in the isolated liver prep- 
arations [16]. 

Extensive studies have shown that the damaged liver 
of carbon tetrachloride-treated rats has decreased activities 
of microsomal enzymes which catalyze the oxidation and 
reduction of drugs [17-21] accompanied by a decrease in 
liver microsomal P-450 [22-24]. These and other bio- 
chemical as well as structural disturbances caused by car- 
bon tetrachloride are the result of peroxidative destruction 
[25] and decreased hydrofobicity [26] of microsomal 
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Table 1. Hepatic microsomal drug metabolism in vitro in endotoxin- and saline-treated rats 





Rat 


Enzyme 


treatment 


Mean 
activity* 





Bilirubin UDPGA transferase Endotoxin 
Saline 
Endotoxin 
Saline 
Endotoxin 
Saline 
Endotoxin 
Saline’ 
Endotoxin 
Saline 
Endotoxin 
Saline 


Aniline hydroxylase 
Benzpyrene hydroxylase 
Nitroreductase 
Azoreductase 


Cytochrome P-450 


0-64 
1-23 
11-4 
48-0 
0-14 
0-29 
0-78 
1:83 
16°6 
17-6 
0-31 
0-56 


< 0-01 





* Enzyme activities are expressed as ng of the product formed/mg of protein/incubation period. 
Incubation times were 30 min for bilirubin UDPGA transferase, 10 min for benzpyrene hydroxylase, 
and 60 min for aniline hydroxylase, nitroreductase and azoreductase. Cytochrome P-450 content was 
calculated on the basis of an extinction coefficient of 91 cm-mM [10]. 


membranes; CCl, binds irreversibly to ribosomal proteins 
and lipids [27]. Also, experimental liver disease in mice 
infected with murine hepatitis virus [28] and in rabbits 
with surgical obstructive jaundice [29, 30] produced alter- 
ations in microsomal drug-metabolizing enzyme activity. 

Our findings of decreased microsomal cytochrome P-450 
content and low microsomal drug-metabolizing enzyme ac- 
tivities in the liver of rats treated with endotoxin are in 
general agreement with the results obtained utilizing liver 
damaged from other etiologies. Our data are insufficient 
to indicate whether or not a similar mechanism (i.e. da- 
mage to the endoplasmic reticulum) is operative. The me- 
chanism by which endotoxin affects microsomal drug en- 
zyme systems remains to be elucidated. 

In animals as well as in humans [31, 32] instrinsic liver 
disease alters drug metabolism. Of interest, in view of the 
present study, is the possible role of absorbed bacterial 
endatoxins in initiating or perpetuating liver injury. Rats 
with a fatty liver due to choline deficiency are no longer 
able to detoxify endotoxins arising from the gastrointes- 
tinal tract. These endotoxins lead to tissue necrosis at 
doses normally rendered innocuous, and this injury may, 
in turn, play a key role in the development of cirrhosis 
in these animals [33, 34]. It is conceivable, therefore, that 
part of the alterations in drug metabolism in human liver 
disease may be related to endotoxin effects on the hepato- 
cytes. Drug metabolism in patients with endotoxin shock 
may be complicated by drug pretreatment as well as other 
environmental and genetic factors. 

In summary, we have demonstrated that endotoxin ad- 
ministered to rats alters hepatic microsomal drug-metabo- 
lizing enzyme activity. Endotoxin treatment results in a 
statistically significant decrease in activities of bilirubin 
UDPGA transferase, aniline hydroxylase, benzpyrene hyd- 
roxylase and in cytochrome P-450 content. Further work 
is necessary to elucidate the mechanism involved and to 
determine to what extent our findings are relevant to the 
therapeutic management of patients with endotoxemia. 
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Effect of oximes upon inhibition of bone marrow 
acetylcholinesterase by neostigmine 


(Received 24 January 1975; accepted 2 October 1975) 


The anti-cholinesterase agent, neostigmine, has been used 
clinically and experimentally for many vears [1]. In vivo, 
in the mouse, neostigmine inhibits fernoral marrow acetyl- 
cholinesterase (AChE) activity. It also triggers marrow 
haemopoietic stem cells into DNA synthesis [2]. The demon- 
stration that, in vitro, cholinergic agents initiate DNA syn- 
thesis in the bone marrow stem cell [3], suggests that the 
in vivo effect of neostigmine may be secondary to a build 
up of acetylcholine. The oximes 2-PAM (l-methyl pyri- 
dinium-2-aldoxime) and toxogonin (bis[4-hydroxy imino- 
methyl pyridinium-l-methyl] ether dichloride) are used 
clinically to reverse the effects of organophosphorus cho- 
linesterase inhibitors [4,5]. There is also evidence that, 
in some systems, the effects of neostigmine can be reversed 
by oximes [6, 7]. It was thought that the oximes may pro- 
vide a useful tool in the elucidation of the mechanisms 
of stem cell triggering by neostigmine, and may also pro- 
vide a means of reversing the stem cell effect of the anti- 
cholinesterase agent. The present study therefore investi- 
gated the effects of toxogonin and the chloride of 2-PAM 
(2-PAM-Cl), in vitro, upon inhibition of bone marrow 
AChE activity by neostigmine. 

B,AF,/J female mice aged 2}-45 months were used as 


donors of femoral bone marrow. Suspension cultures of 


marrow cells were set up in Fischer’s medium (approx 
5-6 x 10° cells per ml), as previously described [8]. The 
cells were allowed to equilibrate in a shaking water bath 
at 37° for 15 min, then the drugs were added and the incu- 
bations were carried out, as indicated in the results. At 
the end of incubation AChE activity was measured by the 
spectrophotometric method of Ellman er al. [9]. It has 
been shown [10] that oximes accelerate non-enzymic hy- 
drolysis of acetylthiocholine, the substrate for AChE in 


the Ellman assay. In the present experiments dilution of 


the oximes for AChE assay was not sufficient to prevent 
significant non-enzymic hydrolysis. A filtration method 
was therefore devised to remove the oximes at the end 
of incubation. Suspensions from all cultures were filtered 
in those experiments where oximes were used. Aliquots 
of suspension containing the required cell numbers were 
passed “through Millipore filters (0-45 um pore size) in 





* Protection when oxime added before neostigmine, 
reversal when added afterwards. 


Swinnex filter units. Air (12 ml) was passed through each 
filter and the filters were then dropped into assay bottles 
containing phosphate buffer. The AChE activity of the 
cells on the filters was then measured [9]. Throughout 
the assay the bottles containing the filters were shaken 
at room temperature to ensure mixing of the solutions 
above the filters. Blanks containing no cells were also 
shaken. For the spectrophotometer readings the solutions 
were poured off the filters, the readings were made, and 
the solutions immediately poured back onto the filters. 
Readings were taken every 3-4 min for periods of up to 
1h. In all experiments a marrow sample that had been 
cultured with oxime only was included, to check that the 
drug had been removed by the filtration procedure. 
Readings taken during the first 30min of assay were 
used in the calculations. Using the method of least squares, 
the slope of the line of best fit was calculated. This gave 
the change in absorbance units per min. Values obtained 
by subtraction of blank values from sample values were 
used to calculate the percentage protection or reversal. 


° , Protection or reversal* = [(z — y)/(x — y)] x 100 


x = control (no treatment) value 

y = value from sample treated with neostigmine only 

z= value from sample treated with neostigmine plus 
oxime 

As 10°°M neostigmine completely inhibited AChE ac- 
tivity, but 10°'°M neostigmine had no effect upon the 
enzyme activity, 10° *M neostigmine was used in most of 
the experiments. 

Table 1 shows the effect of adding 10°*M or 10°*M 
2-PAM-C]I or toxogonin to the cultures 10 min before addi- 
tion of neostigmine. A high level of protection is seen when 
10°-3M 2-PAM-CI is added before 10° °M_ neostigmine, 
and the level of protection is similar whether the cultures 
are incubated for 30, 90 or 120min. 10°*M 2-PAM-Cl 
is much less effective when 10°’ M or 10°° M neostigmine 
is added. 10°*M 2-PAM-CI provides some degree of pro- 
tection against 10°°M_ neostigmine when incubated for 
30 or 60 min, but when the incubation is extended to 90 
or 120 min the protective effect disappears. 10°* M toxo- 
gonin partially protects against 10°°M_ neostigmine and 
to a lesser extent against 10°’ M neostigmine, but 10°*M 
toxogonin has no protective effect against 10° * M neostig- 
mine. 
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Table 1. °, Protection against neostigmine by oxime 





Incubation time 





10° ° M neostigmine 


Oxime 30 min 60 min 90 min 


10°° M neostigmine 
90 min 


10-7’ M neostigmine 


120 min 90 min 





90-6 
41-3 
70-2 
10°*M . 4-4 
2-PAM-Cl 37°: : 0-0 
10°>M 59-5 
Toxogonin 37-0 
10°*M 0-0 
Toxogonin 0-0 


94-1* 
64:8 


10°>M 
2-PAM-Cl 


29-4 99 
23°8 292 


85-0 
76-0 





The oximes were added to culture 10 min before neostigmine. Incubation times shown are the periods of incubation 


after neostigmine addition 


* As the number of experiments per point was too small for calculation of means, the results from individual exper- 


iments are shown. 


Table 2. °% Reversal of neostigmine effect by oxime 





Neostigmine 





Oxime 10°°M 





64-3* 
76:5 


10°-*M 
2-PAM-Cl 
10°>M 72:9 
Toxogonin 70:8 
10°*M 1-5 
Toxogonin 0-0 





The oximes were added to culture 10 min after neostig- 
mine. Incubation times shown are the periods of incuba- 
tion after neostigmine addition. 

* As the number of experiments per point was too small 
for calculation of means, the results from individual exper- 
iments are shown. 


The effect of addition of the oximes to the cultures 
10 min after neostigmine is shown in Table 2. Incubation 
with 10°°>M toxogonin or 2-PAM-CI results in approx 
70°,, reversal of the inhibitory effect of 10°°M_neostig- 
mine. 10° *M 2-PAM-C1 is less effective against 10°’ M 
neostigmine. 10° * M toxogonin is completely ineffective in 
reversing the inhibitory effects of 10° * M neostigmine. 

The results indicate that, in vitro, 2~-PAM-Ci and toxo- 
gonin reduce the inhibitory effects of neostigmine upon 
bone marrow AChE. The oximes may be added before 
or after the anti-cholinesterase agent, but a high degree 
of protection or reversal is achieved only when the oximes 
are added in at least a 10°-fold excess over the level of 
neostigmine. Further study is required to determine 
whether it will be possible, or necessary, to achieve this 
excess of oxime in vivo, to reverse or protect against the 
inhibitory effects of neostigmine on bone marrow cholines- 
terase. 

It is well known that inhibition of AChE by organophos- 
phorus compounds involves phosphorylation of the 
enzyme at its esteratic site [1]. In order to do this, some 
of the organophosphates combine with both the anionic 
and esteratic sites of the enzyme, whereas others combine 
only with the esteratic site. Oximes such as 2-PAM-CI pro- 
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tect against this inhibition by interaction of the quaternary 
nitrogen of the oxime molecule with the anionic site of 
the enzyme. Reactivation of phosphorylated AChE in- 
volves nucleophilic attack on the phosphorus at the estera- 
tic site, freeing the active enzyme. 

It is likely that cholinesterase inhibitors such as neostig- 
mine combine with both the anionic and esteratic sites 
of AChE, resulting in carbamoylation at the esteratic site 
[11]. It can therefore be envisaged that, in the present 
experiments with neostigmine, the oximes may protect and 
reactivate bone marrow AChE by interaction with the 
anionic site and nucleophilic attack on the dimethyl carba- 
moyl group at the esteratic site of the inhibited enzyme. 
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Effects of 5-fluorodeoxyuridine on cell viability and uptake of 
deoxycytidine and [*H]cytosine arabinoside in L5178Y cells* 


(Received 31 July 1974; accepted 30 June 1975) 


1-B-p-Arabinofuranosyl cytosine (cytosine arabinoside, 
Ara-C) has been demonstrated to be a potent inhibitor 
of a wide variety of organisms, such as bacteria [1, 2], 
mammalian cells in culture [3,4], DNA viruses [5, 6], in- 
fectious virus [7], and transplantable tumors in mice and 
rats [8]. In humans, Ara-C has been effective in the treat- 
ment of neoplasms [9,10] and for viral infections of the 
eye [11, 12]. 

The possible mechanisms whereby Ara-C causes cell 
death are: (1) inhibition of the formation of deoxycytidine 
diphosphate from cytidine diphosphate [3, 13, 14]; (2) in- 
corporation of [7H]Ara-C into DNA fractions of mam- 
malian cells [13-20]: (3) inhibition of DNA polymerase 
[19-22]: and (4) incorporation of [7H]Ara-C into RNA 
fractions [13, 16-18]. This report is concerned with the 
modification of Ara-C induced acute cell death by 5-fluoro- 
deoxyuridine (FUDR) and the biochemical effects of the 
sequential treatment of FUDR and Ara-C on L5178Y mur- 
ine leukemic cells. 

The methods of propagation of murine lymphoblast 
leukemic cells (L5178Y) have been described [23]. Cells 
used in all experiments were in the exponential phase of 
growth and were maintained at 37° in either Fischer’s 
medium (FM) or in Fischer’s medium containing 10°, 
horse serum (FMS) during the experiment. Ara-C was 
obtained from Dr. J. H. Hunter of the Research Labora- 
tories of the Upjohn Co. [*H]Ara-C, purified by chroma- 
tography as described previously [13-16], [*H]deoxycyti- 
dine ((7H]CdR), deoxycytidine hydrochloride and deoxy- 
thymidine (TdR) were purchased from Schwartz Bio 
Research, Inc. 5-Fluorodeoxyuridine (FUDR) was 
obtained from CalBiochem Co. 

Kinetics of cell death. L5178Y murine leukemic cells 
(2-0 x 10°/ml) were exposed to FUDR (1-0 x 107° M) or 
Ara-C (3:3 x 10°°M) singly and sequentially and incu- 
bated for periods ranging from 1 to 4hr. Cell viability 
was determined by the dilute agar-colony method. Cloning 
efficiency of untreated cells was 75 per cent [17]. Deoxy- 
thymidine (2:0 x 10°° M) and/or deoxycytidine (5-0 x 
10” > M) were added to the cloning medium. 

Uptake of [7H]CdR or [?H]Ara-C in cells pretreated 
with FUDR. Leukemic cells (5 x 107/20ml) were pre- 
treated with FUDR (1 x 10°° M) for 2hr in FM or FMS. 
The drug was removed by washing and the cells were incu- 
bated with [°H]CdR (1-6 x 10°°M, 373 uCi/mole) or 
[°HJAra-C (3-3 x 10°°M, 121-7 wCi/mole) for 1 hr; the 
cell fractions were prepared [13,17] and counted in a 
liquid scintillometer. 

We have reported the sensitization of L5178Y cells by 
pretreatment with FUDR (1 x 10°°M) 2hr prior to 
Ara-C (3-3 x 10°° M) 1 through 4hr [24], as shown in 
Fig..1. The rate of cell death with sequential FUDR and 
Ara-C was 60 per cent/hr and with Ara-C alone was 32 
per cent/hr. Deoxythymidine, when added to the cloning 
medium, did not alter the cell survival after FUDR treat- 
ment. It is known that FUDR inhibits thymidylate synthe- 
tase, thereby inhibiting de novo thymidylate synthesis 
[25,26]. The effect of FUDR on the incorporation of 
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[°H]CdR into DNA was studied. L5178Y cells were pre- 
treated with FUDR (1 x 10°~* M) for 2 hr in FMS, washed 
to remove the drug and incubated with [*7H]CdR 
(1-6 x 10°° M, 373 wCi/mole) for 1 hr (Table 1). An ap- 
proximate 3-fold increase in DNA incorporation in the 
FUDR-pretreated cells was found when compared with the 
non-FUDR-treated cells. This increase could be due to: 
(1) partial synchronization or accumulation of cells in S 
phase by FUDR; (2) the presence of TdR in the horse 
serum; and (3) conversion of [*H]CdR to [*H]deoxythy- 
midine monophosphate after the removal of FUDR. When 
TdR (2:0 x 10°°M) was added simultaneously with 
[°H]CdR after FUDR treatment, there was a sharply in- 
creased incorporation of [7H]CdR into DNA. This may 
be due to the fact that in the presence of deoxythymi- 
dine-5’-monophosphate, presumed a product of the inhibi- 
ton by FUDR, there was enhanced [*H]CdR incorpor- 
ation and restoration of DNA synthesis. However, cell sur- 
vival was unaltered even in the presence of TdR. This work 
suggests that FUDR may have other sites of action in 
addition to the inhibition of thymidylate synthetase. In 
order to study the relationship between FUDR and TdR, 
the effect of FUDR on incorporation of [*H]CdR was 
undertaken as described previously, except that horse 
serum was omitted from the incubation medium (Table 
1). The incorporation of [‘H]CdR into DNA was greatly 
inhibited in cells pretreated with FUDR to about 25 per 
cent of the incorporation in non-FUDR-treated cells. 
However, the incorporation was increased by 46 per cent 
in cells pretreated with FUDR in the presence of TdR, 
although TdR did not rescue the cells from FUDR toxicity. 
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Fig. 1. L5178Y cells in the exponential phase of growth 
were pretreated with FUDR (1-0 x 10°°M) for 2hr. 
Ara-C (3:3 x 10°°M) was added and incubated at 37 
for different intervals of time. Cell viability was determined 
by the dilute agar-colony method, and all data were 
normalized to 100 per cent of the control. Points represent 
mean values of three experiments with four replicates per 
experiment. A minimum of 200 colonies was counted for 
each point. Vertical lines + S.E. for FUDR, Ara-C, FUDR 
pretreated for 2 hr and followed by Ara-C. 
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Table 1. Effect of FUDR on the incorporation of [*H]deoxycytidine* 





No FUDR pretreatment 


Fraction —TdR 


+TdR 


FUDR pretreatment 
+TdR 





Cold acid-soluble 
(cpm/10° cells) 
+ Horse serum 79 
— Horse serum 20 + 
DNA (cpm/mg) 
+ Horse serum 
— Horse serum 
° Survival 
+ Horse serum 100 
— Horse serum 100 


3150 + 
2400 + 547 


7020 + 1338 


132 + 33 
20 + 3:3 


9320 + 1134 
610 + 86 


50,000 + 5183 
10,300 + 1725 


69 71 


100 70 79 





* LS178Y murine leukemic cells (5 x 10’ cells/20 ml) in the exponential phase of growth were pretreated with FUDR 
(1.x 10°® M) for 2hr in FMS or FM. The drug was removed by washing, and the cells were incubated with [*H]CdR 
(16 x 10°° M, 373 wCi/umole) for 1 hr in FMS or FM; the cell fractions were prepared and counted in a liquid 
scintillometer. Cell survival was determined by the soft agar-colony method, and all data were normalized to 100 
per cent of the control. The procedure was repeated replacing FMS with FM. 


Table 2. Effect of FUDR on the incorporation of [*H]cytosine arabinoside* 





No FUDR pretreatment 


—TdR 


Fraction 


FUDR pretreatment 


+TdR —TdR +TdR 





Cold acid-soluble 

(cmp/10° cells) 274 + 1:2 
RNA (cpm/mg) 739 + 27 
DNA (cpm/mg) 1809 + 79 


421 + 43 35 
627 
2002 


482 + 16 
865 + 82 


ce ae 
46 512 + 40 
8+90 2070 + 247 


105 116 


= 
z 





* L5178Y cells (5 x 107 cells/20 ml) in the exponential phase of growth were 
treated with FUDR (1 x 10°* M) for 2hr in FM. The drug was removed by 
washing, and the cells were then incubated with [*H]Ara-C (3-3 x 10°°M, 
121-7 wCi/mole) for 1 hr in FM; the cell fractions were prepared and counted 


in a liquid scintillometer. 


Thus, the results obtained from [*H]CdR incorporation 
in serum-free medium indicate that FUDR did inhibit 
[°HJCdR incorporation into DNA. This inhibition was 
markedly diminished by TdR, although cell survival was 
unaltered. It is presumed that the 17-fold increase in 
[°H]CQR incorporation results from thymidine-dependent 
DNA synthesis by DNA replication or DNA repair. The 
presence of significant amounts of TdR in serum is indi- 
cated, since the incorporation of [*H]CdR into DNA was 
reduced in serum-free medium while an opposite result was 
obtained in medium containing serum (Table 1). This poss- 
ible source of TdR is not sufficient to protect cells from 
FUDR or methotrexate [17] toxicity. 

Since [*H]Ara-C was found to be incorporated into 
lower molecular weight RNA and the incorporation was 
correlated with the cell kill [18], the effect of FUDR on 
[*H]Ara-C incorporation was studied. The results shown 
in Table 2 demonstrated that, in L5178Y cells pretreated 
with FUDR (1 x 10°° M) for 2hr in serum-free medium, 
the incorporation of [*H]Ara-C (3-3 x 10°° M, 121-7 wCi 
mole) was decreased by 37 and 32 per cent into RNA 
and DNA fractions respectively. Although FUDR pretreat- 
ment decreased the incorporation of [*H]Ara-C into RNA 
and DNA, the cells were not protected from Ara-C toxi- 
city. A similar result was found with methotrexate [27]. 
In this study, the effect of FUDR on Ara-C did not appear 
to be related to the incorporation of [*H]Ara-C into RNA 
or DNA, since this incorporation was decreased in cells 
pretreated with FUDR. Furthermore, pretreatment with 
FUDR sensitized the cells to acute cell death by Ara-C 
and produced a snyergistic effect. However, when TdR was 
added, the [*H]Ara-C incorporation was increased, 
although TdR did not rescue the Ara-C-treated cells from 


FUDR toxicity. FUDR had no effect on [7H]Ara-C incor- 
poration when horse serum was added to the incubation 
medium. 


Acknowledgements—The proficient technical assistance of 
Mrs. Tara Kasturi, Mrs. Elaine Cheng and Mrs. Grace 
Shiue is greatly appreciated. 


MING Y. CHU 
MarVIN L. Hoovis 
GLENN A. FISCHER 


Division of Biological and 
Medical Sciences, 
Section of Biochemical Pharmacology 
and Section of Medicine, 
Brown University and Roger Williams General Hospital, 
Providence, R.I. 02908, U.S.A. 


REFERENCES 

1. L. I Pizer and S. S. Cohen, J. biol. Chem. 25, 2387 
(1960). 

2. L. Slechta, Fedn Proc. 20, 357 (1961). 

3. M. Y. Chu and G. A. Fischer, Biochem. Pharmac. 11, 
423 (1962). 

4. J. H. Kim and M: L. Eidinoff, Cancer Res. 25, 698 
(1964). 

5. D. A. Buthala, Proc. Soc. exp. Biol. Med. 115, 69 (1964). 

6. H. E. Renis and H. G. Johnson, Bact. Proc. 45, 140 
(1962). 

. J. S. Butel and F. Rapp, Virology 27, 490 (1965). 

. J. S. Evans, E. A. Musser, G. D. Mengel, K. R. Fors- 
bald and J. H. Hunter, Proc. Soc. exp. Biol. Med. 106, 
350 (1961). 

. R. J. Papac, P. Calabresi, J. W. Hollingsworth and 
A. D. Welch, Cancer Res. 25, 1459 (1965). 





Short communications 357 


10. R. W. Talley and V. K. Vaitkevicious, Blood 21, 352 
(1963). 

. G. E. Underwood, Proc. Soc. exp. Biol. Med. 129, 235 
(1968). 

. H. E. Kaufman and E. D. Maloney, Archs Ophthal. 
N.Y. 69, 626 (1963). 

. M. Y. Chu and G. A. Fischer, Biochem. Pharmac. 14, 
333 (1965). 

. R. 1. Momparler, M. Y. Chu and G. A. Fischer, Bio- 
chim. biophys. Acta 161, 481 (1968). 

. S. Silagi, Cancer Res. 25, 1446 (1965). 

. W. A. Creasey, R. J. Papac, M. D. Markiw, P. Cala- 
bresi and A. D. Welch, Biochem. Pharmac. 15, 1417 
(1966). 

. M. Y. Chu and G. A. Fischer, Biochem. Pharmac. 17, 
753 (1968). 

. M. Y. Chu, Biochem. Pharmac. 20, 2057 (1971). 

. R. I. Momparler, Biochem. biophys. Res. Commun. 34, 
465 (1969). 


20. F. L. Graham and G. F. Whitmore, Cancer Res. 30, 
2636 (1970). 

21. A. P. Kimball and M. J. Wilson, Proc. Soc. exp. Biol. 
Med. 127, 429 (1968). 

22. J. J. Furth and S. S. Cohen, Cancer Res. 28, 2061 
(1968). 

. G. A. Fischer and A. C. Sartorelli, Meth. med. res. 10, 
247 (1964). 

. M. Y. Chu, M. L. Hoovis, P. Calabresi and G. A. 
Fischer, Pharmacologist 13, 209 (1971). 

. S. S. Cohen, J. G. Flaks, H. D. Barner, M. R. Loeb 
and J. Lichtenstein, Proc. natn. Acad. Sci. U.S.A. 44, 
1004 (1958). 

. K. U. Hartman and C. Heidelberger, J. biol. Chem. 
236, 3006 (1961). 

. M. Y. Chu and G. A. Fischer, Biochem. Pharmac. 17, 
741 (1968). 





Biochemical Pharmacology. Vol. 25, pp. 357 


358. Pergamon Press, 1976. Printed in Great Britain 


Effects of chronic administration of morphine on 
pentobarbital responses in the mouse 


(Received 14 February 1975; accepted 23 May 1975) 


The effect of morphine on hepatic microsomal activity has 
been reported to be species and sex dependent. In the rat, 
numerous studies have shown that chronic administration 
of morphine to rats depresses microsomal metabolism of 
many drugs [1-7]. Several investigators have further 
shown that the effect of morphine on hepatic drug metabo- 
lism could be demonstrated only in sexually mature male 
rats [7,8-11]. However, the rat seems to be unique for 
demonstrating a sex dependency in the metabolism of 
drugs, since sex differences are not seen in the mouse, 
guinea pig, cat or dog [7, 12, 13]. Since a sex dependency 
in drug metabolism could not be demonstrated in the 
mouse, it was postulated that morphine should exert no 
depressant effect on the ability of male and female mice 
to metabolize drugs [11]. In support of the postulate, it 
was reported that liver microsomes obtained from mice 
of both sexes receiving morphine sulfate, 20 mg/kg i-p.. 
once daily for 4 days, exhibited no significant differences 
on several drug-metabolizing parameters including the abi- 
lity to metabolize ethylmorphine [11]. In the present com- 
munication, we present evidence that morphine can inhibit 
drug microsomal activity in both male and female mice. 
using as measurements N-demethylation of ethylmorphine 
and pentobarbital sleeping time. 

Both male and female ICR mice (Simonsen Labs., Gil- 
roy, Calif.), weighing 23-25 g, were rendered tolerant to 
and physically dependent on morphine by the subcu- 


taneous implantation of a specially formulated morphine 
pellet [14]. Control mice were implanted with placebo pel- 
lets for the same period of time. To assess the effect of 
this treatment on the effect of Na-pentobarbital, both 
sleeping time and lethality were determined after 72 hr of 
pellet implantation. The sleeping time of each group was 
measured after a single dose of Na-pentobarbital, 60 mg/kg 
i.p.. With twelve to fourteen mice in each group. The du- 
ration of sleeping time was taken as the time between the 
loss of righting reflex of the animals and the time they 
righted themselves. In the lethality experiments, the 24 hr 
LD.<, and 95°, confidence limits of Na-pentobarbital were 
estimated, using at least three doses of Na-pentobarbital 
and eight mice per dose [15]. The activity of hepatic drug- 
metabolizing enzymes was determined by the N-demethy- 
lation assay technique [16] which involves the isolation 
of microsomes by centrifugation and the incubation of the 
microsomes fortified with an NADPH-generating system 
in the presence of ethylmorphine. The degree of enzyme 
activity was indicated by the amount of formaldehyde 
formed from the N-demethylation of ethylmorphine. The 
number of assays per group was between six and eight. 

The chronic administration of morphine by 3 days of 
pellet implantation potentiated the effects of pentobarbital 
on sleeping time and on lethality in both male and female 
mice. As summarized in Table 1, mice of both sexes receiv- 
ing a morphine pellet implant for 72 hr exhibited a sleeping 


Table 1. Enhancement of pentobarbital responses after morphine pellet implantation in the mouse 





Sleeping time (min) 


LD<, (50°, confidence limits) 








Treatment Male 


Male Female 





55:8 + 11:8 
141-9 + 15-8* 


Placebo pellet 
Morphine pellet 


120 (102:7-140-3) 
86 (79-2-93-4) 


115(110-4-119-8) 
86 (81-1-91-2) 





*P < 0:0005S. 
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p< 002 p < 0:005 
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J PLACEBO 


L PLACEBO 


N-Demethylase HCHO wu mole/g of liver /hour 
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Fig. 1. Inhibition of hepatic microsomal metabolism of 
ethylmorphine after morphine pellet implantation in male 
and female mice. Mice were rendered tolerant to morphine 
by implantation of a 75 mg morphine pellet for 72 hr; the 
control groups were implanted with placeo pellets. The 
diagonal bars represent the group implanted with a mor- 
phine pellet. The number of assays per group was between 
six and eight. 


time after Na-pentobarbital several-fold longer than that 
of the control group implanted with a placebo pellet. The 
toxicity of pentobarbital in the morphine pellet-implanted 
male or female mice was also increased, as evidenced by 
the decrease in LD;, of pentobarbital to 66 and 75 per cent 
of that of the control male and female animals respectively. 

In confirmation of findings by others, we found that the 
ability of hepatic microsomal enzyme to metabolize ethyl- 
morphine in male and female mice was the same [11]. 
Moreover, we have found that morphine has a signifi- 
cant inhibitory effect on microsomal metabolism of ethyl- 
morphine in both sexes. As shown in Fig. 1, in a group 
of male mice receiving a morphine pellet for 72 hr, the 
hepatic microsomal metabolism of ethylmorphine was in- 
hibited 24 per cent. A similar phenomenon was also de- 
monstrated in female mice, the microsomal enzyme activity 
of morphine pellet-implanted female mice being reduced 
to 65 per cent of that of the placebo control group. No 
significant difference in hepatic microsomal metabolism of 
ethylmorphine could be established between the two sexes. 

It can be argued that the enhancement of pentobarbital 
sleeping time by morphine may be attributed to an acute 
enhancement of an existing depression. However, it has 
been repeatedly determined in our laboratory that the 
brain levels of morphine 30 min after a single morphine 
dose, 10 mg/kg s.c., are comparable to those obtained 72 hr 
after pellet implantation. At these similar brain morphine 
levels, however. the enhancement of pentobarbital sleeping 
time by morphine after pellet implantation is about 3-fold, 
whereas by injection it was less than 1-7-fold (I. K. Ho 
et al.. unpublished observations). Thus, the enhancement 
of the prolongation in pentobarbital sleeping time by 
chronic morphine administration can be attributed to a large 
extent to inhibition of drug microsomal activity. To our 
knowledge, this is the first indication that chronic ad- 
ministration of morphine can: (1) enhance the responses 
to pentobarbital, and (2) decrease the metabolism of ethyl- 
morphine in mice. The first finding might be expected and 


perhaps the second one also, were not predictions and find- 
ings to the contrary [11]. The fact that morphine exhibits 
a sex-dependent action on microsomal drug metabolism 
in the rat by impairing an androgen-induced stimulation 
of the hepatic mono-oxidase system and the fact that in 
the mouse a sex difference in altering drug metabolism 
cannot be demonstrated [11] do not have to mean necess- 
arily that morphine cannot inhibit liver microsomal ac- 
tivity. Each phenomenon may occur by separate and unre- 
lated modes in the two species. While evidence was pro- 
vided on the mouse to indicate that morphine did not 
inhibit liver N-demethylase activity as measured by the 
ability to metabolize ethylmorphine [11], we obtained evi- 
dence to the contrary. The discrepancy can be explained 
by the differences in experimental conditions, ours being 
more drastic. The point to emphasize. however. is that 
there appears to be insufficient evidence at present to per- 
mit making predictions with respect to morphine effects 
on drug metabolism in various species. 
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Mode of action of hashish compounds in reducing 
blood platelet count 


(Received 16 June 1975; accepted 2 October 1975) 


Intravenous injection of crude marihuana causes a marked 
reduction in platelet count [1-3]. Henderson and Pugsley 
[2] suggested that the particulate matter in the injected 
marihuana evoked a diffuse intravascular clotting, leading 
to thrombocytopenia and pulmonary infarction. King et 
al. [3] were unable to substantiate this conclusion. They 
observed that the addition of marihuana broth to human 
blood in vitro resulted in a profound drop in platelet count 
[4], implying a direct effect on platelets. We have re- 
examined this effect, using two defined hashish com- 
ponents, cannabidiol (CBD) and A'tetrahydrocannabinol 
(THC). Our observations led to the conclusion that the 
marked reduction in blood platelet count by hashish com- 
ponents is due to an indirect effect, related to lysis of eryth- 
rocytes. 

Blood was drawn from healthy donors who had received 
no medication at least during the preceding week. Eighteen- 
gauged needles were used and the blood was collected into 
plastic tubes containing heparin (41.u./ml final conc). All 
experiments were conducted within 2 hr after blood collec- 
tion. Aliquots (5 yl) of cannabinoid stock solutions in 70% 
ethanol were added with stirring (1000 rev/min, 1 min) to 
2 ml blood at 37°, to give a final concentration as desired. 
A separate control for ethanol itself was included in each 
case. The blood samples were then kept unstirred at 25 
for 30 min, to allow the separation. of platelets from other 
formed bodies by gravitation, and the platelets were 
counted by a Coulter counter, model Fn. In order to con- 
trol the ratio of cannabinoid added to platelet count, ex- 
periments were limited to blood samples in which platelet 
count averaged 250-280 per nl. 

Table 1 shows that both THC and CBD cause a marked, 
dose-dependent, decrease in platelet count, THC being 
more effective particularly at the higher concentrations. All 
reductions in platelet count are statistically significant, 
based on [-test. A small, but distinct (p < 0-05) decrease 
in platelet count was caused by ethanol itself. 

Platelet rich plasma was prepared by centrifuging the 
whole blood at 120g for 10min and then recentrifuging 
the supernatant to remove residual erythrocytes. When 
platelet rich plasma was incubated for 30 min with either 
CBD or THC, at concentrations of up to 3 x 10°°M, 
no decline in platelet count was evident (Table 2). 

It is inferred that the erythrocytes are required for the 
marked effect of the cannabinoids on platelet count. Obser- 
vations by phase microscopy taken simultaneously during 
cell counting revealed clearly the presence of erythrocyte 
ghosts in blood samples treated by either THC or CBD. 
Ghosts were rarely observed in ethanol-treated or control 
samples. To estimate quantitatively the extent of hemolysis, 
blood samples were treated with THC as described above, 
except that following the 30 min incubation period, the sus- 
pensions were centrifuged at 2000 g for 5 min. The superna- 
tants were analyzed spectroscopically at 540 nm. Aliquots 
(20 ul) of whole blood, diluted with 3 ml H,O were also 
sampled to compute the total hemoglobin content. Incuba- 
tion with 3 x 10°°M THC resulted in 0-5°% hemolysis. 


ADP released from the lyzed erythrocytes [5] may in- 
duce platelet aggregation, and thus also cause an apparent 
decline in platelet count. In such a case it is anticipated 
that the decline in platelet count be prevented by removal 
of ADP released from the red cells. Removal of ADP can 
be accomplished either by hydrolysis with apyrase or by 
phosphorylation with pyruvate kinase and phosphoenol- 
pyruvate. Table 3 shows that addition of apyrase to whole 


Table 1. Platelet count of cannabinoid-treated blood 





Per cent of 
control 


Platelet count* 
(per nl) 








* One unit will convert 1-0 umole of phosphoenolpyru- 
vate to pyruvate per min at pH 7°6 at 37°. 


Control 254 + 10 100 
Ethanol 


THC 


4x10°°M 
10°7M 
10°°M 
10°-5M 

3x 10°5M 
10°7M 
10°°M 
10°°M 

3x 10°°M 


n 
& 





* Average values from 5 experiments run in triplicates 
+ SE. 


Table 2. Platelet count of platelet rich plasma treated with 
cannabinoids 





Platelet count* 





Control 

Ethanol x 10°°M 
THC x 10°°M 
CBD x 10°°M 


H- H- + H+ 
Wwwwhry 





* Average values from 2 experiments run in triplicate. 


Table 3. Platelet count of cannabinoids-treated biood in 
presence of apyrase* 





Per cent of 
control 


Platelet countt 





Control 
Ethanol 
THC 
CBD 


4x 10°°M 
3x 10°5M 
3x 10°°M 


I+ I+ I+ I+ 
ADM bh 
++ 





* Grade I, Sigma Chemical Co., containing ATPase and 
ADPase activities; 0:25 units ADPase/ml added (one unit 
of activity will liberate 1 uzmole of inorganic phosphate/min 
at 30°). 

+ Average values from 3 experiments run in triplicate. 

tNot significantly different from control, p > 0-05 
(t-test). 
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blood, just prior to the cannabinoids, does indeed prevent 
the reduction of platelet count. Similar results were 
obtained when the blood was fortified with the following 
compounds (volume added and final activity or concen- 
tration in blood, respectively): pyruvate kinase (10 pl, 5 
units*/ml), phosphoenolpyruvate (10 yi, 0-28mM) and 
MgCl, (Syl. 0-8mM). This phosphorylating system is 
known to prevent ADP-mediated platelet aggregation by 
effectively removing ADP from the medium [6]. 

It is concluded that the hashish components added to 
blood cause the release of erythrocyte ADP, which, in turn, 
induces platelet aggregation and thus, eventually, the well 
documented reduction of platelet count is apparent. The 
involvement of erythrocytes in this chain of events appears 
likely in view of their overwhelming abundance in blood, 
relative to thrombocytes. Over 90°, of the adenine nucleo- 
tides of whole blood is in the red cells and indeed, ADP 
released from erythrocytes by hemolysis is considered to 
play a physiological role in the initial stages of hemostasis 
[7]. It is of interest that the concentrations of 
10 °-10°° M THC, which are effective in reducing the 
platelet count in blood, are also effective in modifying the 
erythrocyte membrane [8.9] and correlate with the doses 
leading to psychomimetic reactions in hashish smokers 
[10,11]. 
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Inability of methadone to prevent the depletion of brain 
5-hydroxyindoles by p-chloroamphetamine 


(Received 10 March 1975: accepted 30 June 1975) 


Ciofalo[1] has reported that methadone inhibits the 
uptake of serotonin into brain synaptosomes in vitro. 
This finding raises the question of whether inhibition of 
serotonin reuptake by methadone occurs in vivo. One 
means of evaluating uptake into serotonin neurons in vivo 
involves the use of depleting agents that require active 
transport into the serotonin neuron via the uptake pump 
on the neuronal membrane. p-Chloroamphetamine (PCA) 
is such an agent. The depletion of brain serotonin by p- 
chloroamphetamine is prevented by inhibition of (its) 
uptake into serotonin neurons [2-4]. We have, therefore, 
determined whether methadone affects the depletion of 
brain serotonin by p-chloroamphetamine. 

Male albino rats (150 g) or mice (20 g) were obtained 
from a local breeder. Methadone hydrochloride in the 
racemic or stereoisomeric form was synthesized at Eli Lilly 
& Co., and p-chloroamphetamine hydrochloride was pur- 
chased from the Regis Chemical Co. After they were 
treated, the animals were killed by decapitation, and whole 
brains were rapidly removed and frozen on dry ice. The 
brains were stored in a freezer prior to analysis of sero- 
tonin and 5-hydroxyindoleacetic acid (5-HIAA) levels by 
a fluorometric method involving condensation with o- 
phthalaldehyde [5, 6]. 

Table | shows that the depletion of brain serotonin and 
5-HIAA by p-chloroamphetamine was not altered signifi- 
cantly by /-methadone at doses of 1-10 mg/kg, i.p. Higher 
doses could not be used because of toxicity; two rats 


treated with /-methadone alone at the 10 mg/kg dose died, 
and one rat treated with /-methadone at that dose plus 
p-chloroamphetamine died. In contrast, Lilly 110140, a 
known inhibitor of serotonin uptake in vitro and in 
vivo [7,8], completely antagonizes the depletion of sero- 
tonin by p-chloroamphetamine [9]. Since continual reup- 
take of p-chloroamphetamine is apparently required for 


Table 1. Failure of /-methadone pretreatment to prevent 
the depletion of rat brain 5-hydroxyindoles by 
p-chloroamphetamine* 





Brain 5-hydroxyindoles 
(ug/g) 





Treatment grour Serotonin 5-HIAA 





Control : 0-49 + 0-03 0-40 + 0-01 
PCA 5 0-27 + 0-03+ 0-30 + 0-024 
PCA + /-methadone (1) : 0-23 + 0-O1F 0-29 + 0-01F 
PCA + /-methadone (3) $ 0-25 + 0-O1F 0-27 + 0-004t 
PCA + /-methadone (10) 0-33 + 0-0St 0-32 + 0-03} 
l-Methadone (10) 0-46 + 0-02 0-41 + 0-02 





* PCA (10 mg/kg, ip.) was injected 10 min after metha- 
done and 4hr before the rats were killed. -Methadone 
was injected (i.p., mg/kg) at the doses indicated in paren- 
theses. Mean values + standard errors are shown. 

+ P < 0-001, different from control. 

t P < 0-025, different from control. 





Short communications 361 


Table 2. 5-HIAA levels in mouse brain after methadone 
treatment* 





5-HIAA 


Treatment group (ug/g) 





Experiment | 

Control 

dl-Methadone (5 mg/kg) 
dl-Methadone (10 mg/kg) 
dl-Methadone (15 mg/kg) 
d-Methadone (5 mg/kg) 
d-Methadone (10 mg/kg) 
d-Methadone (15 mg/kg) 
|-Methadone (5 mg/kg) 0-46 + 0-005 (NS) 
|-Methadone (10 mg/kg) 0-47 + 0-02 (NS) 
!-Methadone (15 mg/kg) 3 0-44 + 0-02 (NS) 


0-42 + 0-02 

0-50 + 0-01 (NS) 
0-48 + 0:06 (NS) 
0-46 + 0-005 (NS) 
0-46 + 0-005 (NS) 
0-48 + 0:02 (NS) 
0-50 + 0:02 (NS) 


www wWwwwwwwun 


Experiment 2 
Control 
Probenecid (200 gm/kg) 
Probenecid (200 mg/kg) + 
dl-methadone (15 mg/kg) 5 


0-39 + 0-03 
0-72 + 0:04 (P< 0-001) 


0-64 + 0-02 (P < 0-001)* 





* Mice were killed 2 hr after the ip. injection of metha- 
done. In Experiment 2, probenecid was injected i.p. 15 min 
after methadone. Mean values + standard errors are 
shown. NS = not significant. 

* Not significantly different 
probenecid alone. 


from group receiving 


maintenance of serotonin depletion, the ability of a drug 
to block p-chloroamphetamine reflects inhibition of uptake 
into serotonin neurons throughout the 4-hr period after 
p-chloroamphetamine injection. Misra and Mule [10] have 
shown that the initial half-life of the /-isomer of methadone 
in rat brain is about 2-4 hr, with appreciable drug levels 
still present after 6 hr; thus, the failure of methadone to 
block p-chloroamphetamine could probably not be attri- 
buted to insufficient duration of action. Carlsson and 
Lindqvist [11] earlier observed that methadone at the 
highest dose that could be used without toxicity was only 
a very weak antagonist of serotonin depletion by 4-methyl- 
a-ethyl-m-tyramine in mice. 

Also of interest is the failure of methadone alone to 
change 5-HIAA levels (Table 1). Lilly 110140 reduces 
5-HIAA levels by decreasing serotonin turnover [12]. This 
action (reduction of serotonin turnover and lowering of 
5-HIAA levels) appears to be common to all known inhibi- 
tors of serotonin reuptake, e.g. chlorimipramine and im- 
ipramine [13-22]. Thus, the failure of methadone to lower 
5-HIAA levels is further evidence that it does not inhibit 
serotonin reuptake at the doses reported in Table 1 and 
is in agreement with other reports that methadone does 
not change 5-HIAA levels [23,24] or alter serotonin turn- 
over [24] in rat brain. 

Ciofalo [1] cited the report by Bowers and Kleber [25] 
that methadone elevated brain 5-HIAA levels in mice. He 
suggested that the increased 5-HIAA levels could occur 
as a consequence of the block of serotonin reuptake, but 
in fact an increase in S5S-HIAA is just opposite to what 
actually happens when serotonin reuptake is inhibited (see 
above paragraph). To see if the lack of change in 5-HIAA 
levels after methadone injection into rats might be attri- 
buted to a species difference, we studied methadone in mice 
at the same doses, routes of injection, and times that 
Bowers and Kleber used in acute experiments. Table 2 
shows that neither isomer of methadone, nor d/-metha- 
done, had any effect on 5-HIAA levels in mouse brain. 
Likewise, dl-methadone did not affect the accumulation of 
5-HIAA caused by probenecid administration. Thus, our 
data in mice not only suggest that methadone does not 
inhibit serotonin reuptake but also fail to confirm the 
report of Bowers and Kleber that acute treatment with 


methadone increases 5-HIAA levels or turnover. The fail- 
ure of methadone to alter S-HIAA accumulation after pro- 
benecid in mice agrees with the data of Goodlet and 
Sugrue [24] in rats. 

From these findings we infer that methadone does not 
inhibit uptake into serotonin neurons at doses known to 
be effective in causing analgesia [26] and, therefore, suggest 
that inhibition of serotonin reuptake does not play a part 
in the pharmacologic effects of methadone. 
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COMMENTARY 


NEUROPHARMACOLOGY OF HYPOTHALAMIC RELEASING FACTORS 


NICHOLAS P. PLOTNIKOFF and ABBA J. KASTIN 
Experimental Therapy Division, Abbott Laboratories, North Chicago, Ill. 60064, and 
Endocrinology Section of the Medical Service, Veterans Administration Hospital, and Department of Medicine, 
Tulane University School of Medicine. New Orleans, La. 70146, U.S.A. 


Early studies suggested that peptides from the pitui- 
tary gland might have affects on the central nervous 
system (CNS). Murphy and Miller [1] and Miller and 
Ogawa [2] showed that administration of corticotro- 
pin (ACTH) resulted in resistance to extinction of a 
conditioned avoidance response. De Wied [3] used 
this test involving electrical shock to demonstrate that 
melanocyte-stimulating hormone (MSH) can have the 
same effect as ACTH and that the active sequence 
is ACTH/MSH 4 10 [4]. Approaching the problem 
for the first time from a direct interest in MSH, 
several different behavioral tests in the rat and man 
as well as studies of electrical activity (EEG) in the 
brain of these species were initiated in 1966 by Kastin 
and colleagues. The results from these investigations 
are consistent with the hypothesis that MSH results 
in improved visual memory and sustained levels of 
attention [5,6]. These studies differed in approach 
from the previous ones of Krivoy et al. [7.8], who 
examined the spinal cord and electrical discharge, and 
from those of Ferrari et al. [9,10], who tested 
stretching activity and yawning. 

In an unrelated series of investigations, Wilson et 
al. [11] were investigating the interactions of tricyclic 
antidepressants and thyroid hormones. Their early 
findings suggested that the time of onset of anti- 
depressant activity was shortened by the use of thyroid 
hormone [11] (T;, tri-iodothyronine) as well as thyro- 
tropin (TSH) [12]. a pituitary hormone whose release 
is stimulated by TRH (thyrotropin-releasing hor- 
mone). 

Thus, the stage was set for the next logical series 
of studies to determine whether the relatively newly 
identified and isolated hypothalamic releasing fac- 
tors [13]. MIF-I (melanocyte-stimulating hormone 
release inhibiting factor, Pro-Leu-Gly-NH,) and 
TRH, had direct effects in the central nervous system. 
Later, other hypothalamic hormones like growth hor- 
mone release inhibiting hormone (GH-RIH) and 
gonadotropin-releasing hormone (GnRH) were also 
tested. 


MSH-release inhibiting factor-I (MIF-1) 


Since Cotzias et al. [14] reported that MSH 
appeared to aggravate the symptoms of Parkin- 
sonism, and Kastin et al.[15,16] demonstrated that 
MSH release was caused by phenothiazines, com- 
pounds which can cause extra-pyramidal effects, it 
seemed logical to determine whether MIF-I might 
reduce these effects. The animal models that we 
employed to identify potential anti-Parkinsonian acti- 
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vity included Dopa potentiation [17], oxotremorine 
antagonism [18], and reserpine reversal [19]. How- 
ever, as a result of the work showing central actions 
of MSH. we looked for a direct effect of MIF-I on 
the brain in these same tests by using hypophysecto- 
mized animals. MIF-I was active in all these systems 
and the presence of the pituitary gland was not 
required. This was the first clear demonstration of 
extra-endocrine effects of any hypothalamic peptide, 
in this case MIF-I (independent of a change in MSH 
release from the pituitary). It has been confirmed by 
Huidobro-Toro et al. [20]. In subsequent studies, we 
found that there were no alterations in the activity 
of MIF-I on the brain in the Dopa test in adrenalec- 
tomized, ovariectomized, castrated, pinealectomized, 
spleenectomized, thyroidectomized, parathyroidecto- 
nephrectomized or thymectomized ani- 
mals[21]. This substantiated the extra-endocrine 
effects of MIF-I in the Dopa test [21]. 

The marked activity of MIF-I in potentiating Dopa 
was further demonstrated by its activity in potentiat- 
ing the behavioral effects of apomorphine on moun- 
ting [22]. Yet, no change in the levels of biogenic 
amines in the brain was found [21] nor was there 
any alteration of dopamine turnover rates (as mea- 
sured directly [23,24] or indirectly by HVA [21 ]) in 
the striatum. However, using incorporation rates of 
tyrosine, Friedman et al. [25] observed increased syn- 
thesis of dopamine in the striatum. Perhaps it would 
be informative to measure turnover rates of labeled 
dopamine itself in different areas of the brain and 
also to determine whether differences in the strain 
of rat can be a varying factor. There are preliminary 
data which indicate that MIF-I may cross the blood- 
brain barrier and that it exerts a post-synaptic effect 
[23]. 

On the clinical side, early studies indicated that 
MIF-I appeared to reduce the symptoms of Parkin- 
sonism [26-28]. Since two of our major tests (Dopa 
potentiation and reserpine reversal) are also animal 
models for clinical depression, MIF-I was also eva- 
luated for potential antidepressant activity. Prelimi- 
nary studies suggested that MIF-I may have slight 
effects in reducing symptoms of depression [29]. 


Thyrotropin-releasing hormone (TRH) 

The original motivation for studying the effects of 
TRH in the brain was the observation that tri-iodo- 
thyronine (T;) [11] and TSH [12] could potentiate the 
effects of imipramine in depressed patients. In animals 
we found that TRH potentiated Dopa centrally in 
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intact, hypophysectomized and thyroidectomized ani- 
mals [30,31]. This finding established, as in the ear- 
lier case of another tripeptide MIF-I, that TRH was 
effectivecentrally and was not dependent upon the pitui- 
tary (TSH) or thyroid (T,, T,). It has been confirmed 
by Huidobro-Toro et al. [20]. In other studies [32], 
it was shown that TSH, T, and T, were also effective 
in the Dopa test, suggesting that in the intact animal 
there may be interactions between TRH, TSH, T, and 
T, in potentiating Dopa. In contrast to MIF-I, TRH 
was found ineffective in reducing symptoms induced 
by oxotremorine [33]. In addition, TRH but not 
MIF-I was found to potentiate the central effects of 
serotonin. These results emphasize the differences in 
the neuropharmacological profile between MIF-I and 
TRH. 

The neurochemical mechanism of action of TRH has 
been ascribed, in part, to increases in brain nore- 
pinephrine turnover rates by some investigators [34] 
but not others [35, 36]. However, animals pretreated 
with large doses of Fla-63, a dopamine beta-hydroxy- 
lase inhibitor, and subsequently used in the Dopa test 
have still responded to TRH. This finding suggests 
that TRH may be acting through dopaminergic sys- 
tems. 

Initial clinical reports suggested that TRH may 
have antidepressant activity[37-39]. However. more 
recent studies have not confirmed the earlier reports 
[40-42]. Nevertheless, it would appear that certain 
patients exhibit pronounced improvement in certain 
components of behavior, like motivation and inter- 
est [43]. At the same time. a number of depressed 
patients appear to show a blunted or depressed TSH 
response to TRH [37. 38]. There is one intriguing pre- 
liminary report [44] that TRH appears to potentiate 
the antidepressant effects of imipramine in patients 
resistant to imipramine alone. Perhaps TRH may be 
found useful as an adjunct to tricyclic antidepressant. 
However. in another study [45], TRH administered 
once or twice a week with amitriptyline was not dif- 
ferent from amitriptyline alone. Perhaps daily treat- 
ment with TRH together with the tricyclic antidepres- 
sant agents may be necessary. 

Another new area of development is the finding 
that TRH can antagomize the sedative effects of alco- 
hol or barbiturates in animals [46]. It remains highly 
speculative to consider whether TRH may eventually 
be found to have some use in the treatment of alcoho- 
lism. 


Growth hormone release inhibiting hormone (GH-RIH) 

In a neuropharmacological profile study, we 
observed that the tetradecapeptide GH-RIH poten- 
tiated Dopa centrally but did not potentiate serotonin 
or antagonize audiogenic seizures, oxotremorine or 
footshock-induced fighting in mice [47]. Clinically, 
there have been suggestions that GH-RIH may exhi- 


bit some activity as a mood elevator or tranquilizer 


Gonadotropin-releasing hormone (GnRH or LH-RH) 
GnRH, like MIF-I, TRH and GH-RIH, is active in 
the Dopa potentiation test [33]. However, GnRH and 
GH-RIH require at least 2mg/kg for marked activity. 
*N. P. Plotnikoff. W. White, A. J. Kastin and A. V. 
Schally, manuscript submitted for publication. 





N. P. PLOTNIKOFF 


and A. J. KASTIN 


whereas MIF-I and TRH are much more potent in 
this test (doses of 0:1 and 0-5 mg/kg respectively). 
GnRH slightly reduced spontaneous motor activity. 
A small tendency toward reduction in the frequency 
of audiogenic seizures in specially bred mice but no 
change in footshock-induced fighting behavior or the 
symptoms caused by oxotremorine was noted after 
administration of this decapeptide.* 


Perspectives 

The discovery of effects in the CNS of MSH, MIF-I, 
TRH, GH-RIH and GnRH all lead one to suspect 
that there are complex feedback systems between the 
hypothalamic releasing factors, pituitary hormones 
and the brain. Whether such effects hold promise as 
clinical and therapeutic agents in the treatment of 
psychiatric and neurological disorders will depend 
upon new developments. Already, there is a 
report [48] of an unusually active TRH analog that 
is at least five times more potent than MIF-I in reduc- 
ing the symptoms of oxotremorine in rodents, 
although TRH itself is inactive in this test of potential 
anti-Parkinsonian agents. Clinically, MSH and _ its 
active core MSH 4-10 have been shown to improve 
the attention span of normal volunteers [6, 49, 50]. 
The clinical tests of MSH or MSH 4-10 in senile 
patients and mental retardates might provide useful 
information. One could even speculate about the 
possible use of TRH in the management of certain 
stages of alcoholism. 

Probably the most dramatic developments await 
the systematic development of a series of chemically 
related peptides. It is quite possible that new analogs 
will have more specific clinical effects with thera- 
peutic utility. However, in the meantime, studies of 
the hypothalamic peptides should provide a sound 
basis for future investigations. 
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Abstract 


The enzyme hydrolysing diacetylmorphine (heroin) in human plasma has been characterized 


as an arylesterase. The enzyme was shown to be identifiable with ARE, (according to the Burlina 
notation) by cellulose acetate electrophoresis and gel filtration. The evidence was further consolidated 
by the use of enzyme kinetics. A scheme for the partial purification of the enzyme (sixty fold) is 
presented. Additional information is reported on the status of arylesterases in relation to the hydrolysis 


of organophosphates (E-600). 


Diacetylmorphine (heroin, diamorphine) is a mor- 
phine analogue in which the phenolic 3-hydroxyl and 
the alcoholic 6-hydroxyl functions have been con- 
verted to the diacetyl derivatives; the phenolic acetyl 
group will be more labile than the alcoholic acetyl 
group. The tissues of most species are reported to rapidly 
deacetylate diacetylmorphine to 6-monoacetylmor- 
phine (MAM) and more slowly to morphine [1]. 

There has been considerable discussion as to 
whether diacetylmorphine and/or MAM and/or mor- 
phine are the pharmacologically active compounds 
responsible for analgesic activity. Heroin’s increased 
potency over morphine has been ascribed to drug la- 
tentiation [3]: the blocking of the hydroxyl groups 
by biologically removable lipophilic groups [2,4] 
thereby facilitating rapid entry into the central ner- 
vous system [5, 6]. 

Diacetylmorphine is stated to be metabolised to 
MAM and morphine by human blood [1,2], how- 
ever, in this laboratory, while heroin was rapidly dea- 
cetylated to MAM by rabbit, dog and human blood 
[7]. only rabbit blood further appreciably deacetylated 
MAM to morphine; a result confirmed by the use 
of codeine acetate which contains only the alcoholic 
acetyl group when used as substrate. Codeine acetate 
was metabolised to codeine by rabbit blood only (un- 
published observation). 

Little work has been done previously to identify 
the enzyme(s) involved in diacetylmorphine hydroly- 
sis. Doubt as to the enzymic nature of the hydrolysis 
has been raised with reference to dog’s blood [8]. 

Cholinesterases are probably not significantly in- 
volved in diacetylmorphine hydrolysis [9, 10, 11]. 
however several non specific esterases are known to 
occur in mammalian blood. principally arylesterases 
[12] (E.C. 3.1.1.2) and aliesterases [12,13] (E.C. 
3.1.1.1). Arylesterases hydrolyse phenolic esters only, 
aliesterases hydrolyse both aliphatic and phenolic es- 
ters. Aliesterase has been found to be absent in the 
human plasma, although it is the major esterase in 
the plasma of lower vertebrates [13]. The arylester- 


ases present in human plasma have been separated 
into two major and one minor component by cellu- 
lose acetate electrophoresis [14]. Arylesterases in con- 
trast to most other esterase enzymes are reported to 
metabolise, and not be inhibited by, organophos- 
phorus esters (E-600) [16, 17]. 

The work in this paper was directed towards the 
elucidation of the enzymic metabolism of diacetyl- 
morphine by human plasma. 


MATERIALS AND METHODS 


Plasma and red blood cell samples. Venous blood 
was withdrawn from the forearm of healthy volun- 
teers of both sexes into heparinised syringes; and the 
plasma separated from the red blood cells by centrifu- 
gation at 4000g for 15 min at 4°C. The plasma was 
removed by aspiration. The red blood cells were 
washed twice by resuspending in 0:15M NaCl-0-05M 
phosphate pH 7-5 buffer (Buffer I) and were recovered 
by centrifugation (details as above). 

Substrate chemicals. The following chemicals were 
used in substrate studies: diacetylmorphine-HC] 
(May and Baker), p-nitrophenol and p-nitrophenyla- 
cetate (B.D.H.), naphthyl acetate, p-nitrophenyl laur- 
ate and E-600 (diethyl p-nitrophenol phosphate, para- 
oxon) (Koch-Light). ; 

Enzyme assay. All reactions were carried out in a 
shaking water bath (Gallenkamp) at 37°C. The en- 
zyme (plasma, plasma fraction (I), or partly purified 
enzyme) was diluted with 005M phosphate pH 7-5 
buffer (Buffer II) and preincubated for 5 min. In inhi- 
bition experiments the buffer contained the inhibitor. 
After preincubation the substrate was added to give 
a final volume of | ml. All reactions were run in paral- 
lel with blanks containing buffer and substrate. Hy- 
drolysis products were detected by the gas chromato- 
graphic method of Smith and Cole [7] in the case 
of diacetylmorphine, and the absorbance increase in 
the case of p-nitrophenyl esters. The p-nitrophenol 
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formed was measured directly in the incubation me- 
dium without prior extraction at 400 nm. Buffer I was 
used when incubating separated red blood cells or 
whole blood. For pH’s above 8-0. glycine/NaOH 
(O-OSM) buffer was used. The graphic representation 
of inhibition studies were the result of triplicate exper- 
iments. 

Protein estimation. Protein was estimated by the 
method of Lowry [18]. 

Cellulose acetate electrophoresis. Electrophoresis 
was performed on whole plasma (or purified fractions). 
The sample (5-10 yl) was applied at the negative 
electrode end of cellulose acetate membranes. The 
membranes were developed in a Shandon Universal 
electrophoresis tank containing 0-05M Barbitone pH 
8-7 buffer [15] at a voltage of 16V/cm for 90 min. 
Localization of esterase bands was by the staining 
method of Burlina [14] using naphthyl acetate as sub- 
strate. Fordetermination of the substrate specificity ofin- 
dividual bands, unstained strips. following electro- 
phoretic development, were cut widthways into 1-0 
or 0:5 cm wide strips. Each strip was then placed, 
according to mobility, into 0-1M phosphate pH 7:5 
buffer (2 ml) for 24 hr to elute enzymes present prior 
to assay. Multiple preliminary experiments were per- 
formed initially to localize substrate specificity. Ex- 
periments depicted graphically were the result of four 
membranes run concurrently and sectioned. 

Purification of enzyme. All procedures were carried 
out at 4C. Initial experiments were conducted with 
plasma, or a plasma fraction (I) purified 1-5-fold by 
(NH,),SO, fractionation. Solid (NH,),SO, was ad- 
ded to diluted blood plasma (15 ml in 25 ml buffer 
II) until 50°, saturation was attained. After standing 
for 4 hr the solution was centrifuged at 10,000 g for 
15 min. The supernatant was then brought to 70°, 
saturation by further addition of solid (NH4),SO4. 
After 4 hr the precipitate was removed by centrifuga- 
tion (10,000g for 15 min) and dialysed against three 
changes of buffer. IT for 30 hr. 

A partially purified enzyme was prepared by con- 
centrating blood plasma with the addition of solid 
Sephadex G-25 and centrifuging (S000 g for 5 min) 
to give a supernatant protein concentration of 
128 mg/ml. The supernatant (2 ml) was then subjected 
to gel filtration on a Sephadex G-100 column 
(75 x 2cm, bed volume 65 ml). Fractions (4 ml) were 
collected after the bed volume had passed through 
the column. The fractions containing diacetylmor- 
phine hydrolysing activity were combined and solid 
(NH,),SO, added to bring the saturation level to 
50°,,. After standing for 4 hr the solution was centri- 
fuged (10,000 g for 15 min). the supernatant removed 
and dialysed against three changes of buffer II for 
36 hr. The dialysed preparation was termed partially 
purified enzyme. Gel filtration results were obtained 
in duplicate. 


RESULTS 


Whole plasma and plasma fraction (1). Incubations 
of blood plasma. red blood cells. and whole blood 
with diacetylmorphine (1 mM) showed blood plasma 
responsible for 30-35°,, (activity 22-32 yg diacetyl- 
morphine hydrolysed/ml/min) of the diacetylmor- 
phine hydrolysis activity in whole blood (63-110 pg 
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Fig. 1. Inhibition of plasma fraction (I) hydrolysis of diace- 
tylmorphine with different concentrations of metal ions. 


ml/min). The remaining 65-70°,, activity (41-78 pg 
ml/min) was present in the red blood cells. When the 
red blood cells were lysed. by conducting the incuba- 
tions in buffer II, there was no change in activity 
from those conducted in buffer I (containing unlysed 
cells). 

The plasma fraction (I) contained 90°,, of the dia- 
cetyimorphine hydrolysing activity of whole plasma. 
The plasma fraction (I) lost no activity upon dialysis. 
Preincubation with metal ions at various concent- 
rations (Fig. 1) or at high temperature (65—85°,, loss 
of activity after preincubation at 60°C for 6 min) 
caused loss of diacetylmorphine hydrolysis activity. 
The effect of pH on the hydrolysis reaction by plasma 
fraction (I) is exhibited in Fig. 2. The pH optimum 
for the enzyme is 7:-4-7-6. Addition of eserine to the 
plasma fraction (I) to give a concentration of 10°*M 
had no effect upon the hydrolysis. 

When diacetylmorphine (3-7-0:37 mM) was incu- 
bated with the plasma fraction (1) or with whole plas- 
ma in the presence of E-600 (7-2 x 10° 7M), the E-600 
acted as a competitive inhibitor of the reaction (Fig. 
3). There was an appreciable difference however be- 
tween the K; value (approx. 3-4 x 10°°) for E-600 
aS a competitive inhibitor of diacetylmorphine hy- 
drolysis (Fig. 4. top) and the K,, value for its hydroly- 
sis to p-nitrophenol by the plasma fraction (I), or 
whole plasma (5-0 x 10°*M). This indicated that the 
enzyme responsible for diacetylmorphine hydrolysis 
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Fig. 2. Plasma fraction (I) hydrolysis of diacetylmorphine 
versus hydrogen ion concentration. 
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CONTROL 








+xi03m 

5 

Fig. 3. Effect of E-600 on the kinetics (Lineweaver-Burke 

plot?’) of diacetylmorphine hydrolysis by plasma fraction 
(1). 


was probably only partly responsible for E-600 meta- 
bolism. 

Cellulose acetate electrophoresis. Separation of blood 
plasma etc. of blood plasma by cellulose acetate elec- 
trophoresis and subsequent staining, using naphthyl 
acetate as substrate demonstrated two major bands 
corresponding to hydrolytic enzymes (ARE; and 
ARE, according to Burlina [14]), with a third fast 
moving indistinct band (ARE,) (Fig. 5). This was in 
agreement with published observations. The plasma 
fraction (I) gave an identical electrophoretic pattern. 
Assay of fractions prepared from the sectioned mem- 
branes showed diacetylmorphine hydrolysis activity 
to be coincident with the slower moving major ester- 
ase band (ARE;) (Fig. 5). E-600 hydrolytic activity 
was associated mainly with the faster moving major 
esterase (ARE). Both esterase bands readily hydro- 
lysed p-nitrophenyl acetate. When 0-6%,, sodium deoxy- 
cholate was added to plasma | hr prior to electro- 
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Fig. 4. (Top) Dixon[23] plot of diacetylmorphine hydroly- 

sis (at | mM and 1-5 mM concentration) against inhibitor 

(E-600) concentration for whole plasma. (Bottom) Line- 

weaver and Burke [22] plot for hydrolysis of E-600 by par- 
tially purified enzyme. 
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Fig. 5. Cellulose acetate electrophoretic pattern of human 

plasma esterases, (centre). The substrate characteristics of 

individual esterases determined by membrane section ex- 
periments (arbitary units) are depicted graphically. 


phoresis the faster moving major band was split into 
four finer zones, while the slower diacetylmorphine 
hydrolysing esterase still moved as a discrete single 
band but with lowered mobility. 

Partially purified enzyme preparation. The results of 
gel filtration of concentrated plasma are illustrated 
in Fig. 6. Cellulose acetate electrophoresis of the two 
peaks between 0-35 ml (peak A) and 36-75 ml (peak 
B) showed the slower moving major esterase confined 
to peak A, and the faster moving major esterase con- 
fined to peak B. As illustrated, diacetylmorphine is 
hydrolysed only by the esterase present in peak A, 
p-nitrophenyl acetate is hydrolysed by the enzymes 
present in both peak A and B. 

Details of the purification achieved by gel filtration 
and subsequent ammonium sulphate fractionation are 
listed in Table 1. 

Kinetic studies with partly purified enzyme. The K,, 
value of the partly purified enzyme 3-5 x 10°° for 
the hydrolysis of E-600 was the same as the K; value 
previously calculated for the inhibition of diacetyl- 
morphine hydrolysis by E-600 with the plasma frac- 
tion (I) or whole plasma (Fig. 4 bottom). Table 2 lists 
the K,, and V,,,,, values of the partly purified enzyme 
for E-600, diacetylmorphine. p-nitrophenyl acetate 
and p-nitrophenyl laurate; p-nitrophenyl phosphate 
was not metabolised. 
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Fig. 6. Gel filtration (G-100 Sephadex) of concentrated 

human plasma illustrating separation of the two major 

esterases on a molecular weight basis (PNA = p-nitro- 
phenyl acetate) (arbitary units). 
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Table |. Partial purification of diacetylmorphine hydrolys- 


ing esterase 





Activity 


Protein Sp. act 





0-205 
0-95 
12-4 


Plasma (concentrate) 128 26-32 
G-100 fraction A 6:66 7-93 
50°, (NH4), SO, 0-160 1-98 





Protein concentration is expressed in mg/ml activity in 
ug. diacetylmorphine hydrolysed/min/ml. sp. act. as yg. 
diacetylmorphine hydrolysed/min/mg protein. 


Table 2. Kinetic constants of the partly purified enzyme 
for various esters. 
: So 


0-66 38 





Diacetylmorphine 
p-Nitrophenyl laurate 0-71 43 
p-Nitrophenyl acetate 20-00 1980 
p-Nitrophenyl phosphate 0 
EF -600 0-034 0:75 





is expressed as mM; |} 


K 


m 


tein. 


as nmoles/min/mg pro- 


max 


DISCUSSION 


The enzyme in human blood plasma is responsible 
for 30-35°,, of diacetylmorphine hydrolysis. The re- 
mainder is associated with the red blood cells. Since 
there was no change in activity when the red blood 
cells were lysed it was concluded that the esterases 
are present on their outer surface. 

Experiments utilising the plasma fraction (I) 
showed the enzyme to parallel some of the reported 
properties of arylesterases: pH optimum [16. 19, 20] 
temperature lability [19.20], and inhibition by metal 
ions [16, 19,21]. The arylesterase enzymes hydrolyse 
E-600 in contrast to other esterase enzymes [16, 17]. 


thus evidence of competitive inhibition by E-600 of 


diacetylmorphine hydrolysis is indicative that the 
same enzyme is involved in their metabolism. Com- 
petitive inhibition was demonstrated by the tech- 
niques of Lineweaver Burke [22] (Fig. 3) and Dixon 
[23] (Fig. 4). 

Cellulose acetate separation revealed two major es- 
terases which could also be separated on a molecular 
weight basis by gel filtration. Both methods showed 
diacetylmorphine to be hydrolysed exclusively by the 
slow moving esterase band (ARE). When partially 
purified this esterase had an identical K,,,. for E-600 
hydrolysis, to the K; calculated for competitive inhi- 
bition of diacetylmorphine hydrolysis by E-600 using 
whole plasma or plasma fraction (I). This is indicative 
that E-600 and diacetylmorphine are hydrolysed by 
the same enzyme at the same active site [24], and 
that, this enzyme is wholly responsible for diacetyl- 
morphine hydrolysis in human plasma. 

These results clarify somewhat the properties of ar- 
ylesterases. Recently there has been doubt as to 
whether the esterases in mammalian serum hydrolys- 
ing phenyl esters and the activity towards organo- 
phosphorus esters are the result of the same enzyme 
[25]. Main [26, 27] has purified an E-600 hydrolysing 
enzyme from sheep serum which did not hydrolyse 
phenyl acetate. We have found that the purified ester- 


ase described here (ARE;) has all the characteristics 
of an arylesterase (including slow hydrolysis of E-600). 
but is not the principal esterase involved in E-600 
metabolism. The fractionation by mild detergent con- 
ditions and electrophoresis show the fast moving es- 
terase band (responsible for the major part of E-600 
hydrolysis in human plasma) to be composed of more 
than one enzyme (or isoenzyme); and therefore it is 
plausible that E-600 may be hydrolysed by enzymes 
other than arylesterases in human plasma. It is poss- 
ible that the results of the summation experiments 
of Aldridge [19]. utilising E-600 and other esters, may 
have been due to E-600 acting as a substrate to some. 
or as a competitive inhibitor to other enzymes pres- 
ent. 

The characterization and identification of the diace- 
tylmorphine hydrolysis enzyme as an arylesterase ex- 
plains the stability of MAM in human plasma: aryles- 
terases will catalyse the hydrolysis of only the 
3-phenolic acetyl group hence the stability of the 6-al- 
coholic acetyl group. 
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Abstract--Guinea-pig hearts were perfused with Krebs-Henseleit (K-H) medium 30 min for equilib- 
ration, then 4, 16, 32 or 64min with Deslanatoside C-*H 10°” M in K-H medium and then again 
with K-H medium alone to wash extracellular spaces at a constant flow of 3 ml/min at 28 C. Deslanato- 
side C incorporated into the ventricies and atria increased from 4 to 64 min, the ventricles invariably 
showing a higher degree of incorporation. The concentration of Deslanatoside C also increased from 
4 to 64 min in microsome, mitochondrial and nuclear fractions, the microsome fraction invariably 
showing the highest specific concentration. Glycoside in the supernatant fraction was not tightly bound 
to any macromolecular structure. A f-adrenergic blocking agent SD 1601 10° 7 M, and Creatinol O-phos- 
phate 10-5 M_ both increased myocardial uptake of Deslanatoside C-*H and its incorporation into 
the pellet fractions. Daunomycin 10° M increased the myocardial uptake of the labelled glycoside 
and its concentration in both supernatant and pellet fractions. Neither phenobarbital sodium 10°° M 


nor Ouabain 10 


M affected uptake or the subcellular distribution of Deslanatoside C. Ouabain 10° ° M 


decreased both uptake by the heart and the subcellular concentrations of Deslanatoside C. 


Deslanatoside C is the cardiac glycoside obtained 
from desacetylation of Lanatoside C, which is ex- 
tracted from Digitalis lanata. It is used in the treat- 
ment of heart failure [1]. 


Deslanatoside C , Mw=943 


" H 


| 
(digitoxose)- Glucose 


This paper reports the subcellular distribution of 
this glycoside in the isolated, perfused guinea-pig 
heart and modifications of subcellular distribution in 
the presence of 5 other drugs which show activity 
on the myocardium, some of which are frequently ad- 
ministered combined with digitalis. Their main phar- 
macological properties are as follows: Ouabain is a 
well-known short-acting polar cardioactive glycoside 
which is taken up by the guinea pig heart partly via 
an active (saturable) transport mechanism. Ouabain 
inhibits the active myocardial uptake of other cardiac 
glycosides [2-5]. Phenobarbital sodium is a well- 
known barbiturate derivative. Like the similar drug 
Adriamycin, Daunomycin is an anticancer agent [6] 
which has marked cardiac toxicity. Both these drugs 
inter alia cause cardiac arrhythmias, markedly de- 
crease myocardial sensitivity to digitalis and possess 





* New England Nuclear Corporation, 575 Albany Street, 
Boston, Massachesetts 02118-USA. The drug was labelled 
randomly by catalytic ion exchange and purified by chro- 
matographic processes. Its chemical and radiochemical 
purity was ascertained by the t.l.c. technique. 


a negative inotropic effect. Therapy with both drugs 
is normally associated with digitalis treatment [7, 8]. 

SD 1601 is a new f-blocking agent [9] which has 
proved to antagonize ouabain-induced arrhythmias in 
the dog [10]. SD 1601, propranolol and generally all 
f-blocking agents are used in treating digitalis intoxi- 
cation [11]. 

Creatinol O-phosphate (COP) [12] decreases the 
toxic effects of digitalis in human subjects, such as 
nausea, vomiting, arrhythmias and S-T ECG changes 
[13.14]. An antagonizing effect of COP on ouabain- 
induced dose-dependent arrhythmias was observed by 
Musso et al.[15] on the isolated guinea-pig ventri- 
cles. An antagonizing effect of COP on aconitine-in- 
duced arrhythmias has also been observed by Ferrini 
and Miragoli (unpublished data) in guinea pig atria. 
In addition, COP had proved able to increase contract- 
ility in both normal and experimentally damaged rat 
and rabbit hearts [16]. COP also showed positive 
dose-dependent inotropic effect similar to Ouabain 
on the isolated frog heart [17]. 


MATERIALS AND METHODS 


Male guinea-pigs (250-300 g), were stunned by a 
sharp blow on the head and their hearts were rapidly 
removed for perfusion through the aorta, using the 
Langendorff technique. The methods of perfusion, ho 
mogenization and centrifugation were those described 
by Dutta et al. [2], slightly modified as regards centri- 
fugation procedures. They are briefly summarized as 
follows. Two perfusion media were used, one being 
the modified Krebs-Henseleit Ringer (I) [18] and the 
other K Hf medium plus Deslanatoside C-*H (II) 
10 Mvwitha specific activity of 1000 mCi/mM*. Both 
media were preoxygenated with a flow of 95°, 02-5”, 
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CO,. The perfusion temperature was 28 C and flow 
rate 3 ml/min. The hearts were perfused initially with 
K—-H medium (I) for equilibration, and thereafter with 
Medium II for 4, 16, 32 or 64 min, and then again 
with Medium I for 8 min to wash out the labelled 
glycoside from the extracellular spaces. Concen- 
trations of the glycoside in the perfusate did not signi- 
ficantly differ from the 4th to the 64th min. 

Concentrations of the glycoside in the perfusate 
5-8 min after the washout were very low and con- 
stant, and again did not differ to any statistically sig- 
nificant degree. Thus, according to Dutta et al. [2, 3] 
and Marzo and Ghirardi [19] who worked with other 
cardiac glycosides, it was assumed that the extracellu- 
lar space was completely free of Deslanatoside C-*H 
after 8 min of washout. 

A second series of experiments was carried out 
in order to obtain the subcellular distribution of Des- 
lanatoside C-*H in the presence of the other drugs 
listed in the previous section. In this case, both K-H 
Mediums I and II contained Ouabain 10°’ M, or 
Ouabain 10°° M, or Phenobarbital sodium 10°° M, 
or Daunomycin 10°°M, or SD 1601 10°’ M, or 
Creatinol O-phosphate 10°*° M. The concentration of 
each drug was selected at values between 10° ° 


and 


10°” M based on a comparison of activity levels and 
doses in previous in vivo and in vitro experiments. 
Perfusion with the labelled glycoside was in all cases 
carried out for a period of 64min. The other condi- 
tions were the same as those described above. The 
hearts were not driven electrically. The mean heart 
rate observed after the pretreatment with Ringer | 


was 123 + 5 (SE) beats/min while after pretreatment 
with the other five drugs it was: Ouabain 10°’ M 
109 + 13, Ouabain 10 °° M 86 + 9, Phenobarbital so- 
dium 10 °M 63+ 18, Daunomycin 10°°M 
132 + 10. SD/1601 10°’ M 117 + 10, and Creatinol 
O-phosphate 10°° M 110 + 5. 

At the end of the washout period, a small sample 
of the left and right atria and another of the left 
and right ventricles (50-100 mg) were taken from each 
heart, solubilized and counted in the liquid scintilla- 
tion spectrometer. The remaining portions of the 
hearts were pooled in groups of 2 hearts each, 
weighed, minced and homogenized in 9 vols of suc- 
rose 0:32 M, EDTA(Ethylenediamino tetraacetic acid) 
10° M. MgSO, 10°° M and Tris (Trihydroxymeth- 
ylaminomethane) 5-10°° M buffered at pH 7:2 (III) 
according to De Robertis et al. [20]. The homogenate 
was filtéred through a sheet of surgical gauze. The 
filtered homogenate was centrifuged for 10min at 
900 y. The nuclear pellet obtained was resuspended 
in Medium III and recentrifuged for 10 min at 900g. 
The latter washing operation was then repeated. The 
pooled supernates were centrifuged for 20min at 
12,000 g. The mitochondrial pellet was again twice re- 
suspended in Medium III and recentrifuged for 
20 min at 12,000 g. The pooled supernates were centri- 
fuged for | hr at 166,000 g. The microsome pellet was 
resuspended in III and recentrifuged for Ihr at 
166,000 g. Aliquots of the filtered homogenate, the 


final supernate of 166,000 g (supernate) and each of 


the three resuspended pellets (nuclear, mitochondrial, 
and microsomal) were taken to evaluate radioactivity 
content, as described previously, and protein content 
according to Lowry et al. [21]. 
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A few samples of .each particulate fraction were 
fixed in buffered 2°, gluteraldehyde, postfixed in os- 
mium tetroxide, dehydrated in a series of alcohols and 
then embedded in epoxy resin. Thin sections were 
poststained with uranyl acetate and lead citrate for 
electron microscope observation. Fragments of the 
endoplasmatic reticulum and ribosomes were seen in 
the microsome fraction together with marginally lesser 
amounts of mitochondrial fragments. On the other 
hand, both the mitochondrial and nuclear fractions 
were contaminated by each other and cell fragments. 
Similar findings have been obtained previously by 
Dutta et al. [2] and Marzo et al. [19]. 

Two kinds of experiment were carried out in order 
to rule out the possibility of any-intracellular redistri- 
bution of Deslanatoside C occurring during exper- 
imental manipulation. In the first type. the glycoside 
was added to each of 4 homogenates of guinea-pig 
hearts in Medium III in an amount nearly the same 
as that found in the homogenates of perfused hearts. 
The homogenates were centrifuged at 166,000g for 
1 hr to obtain the supernate and the total pellets. In 
the second experiment a further 4 guinea-pig hearts 
were homogenated in K-H Medium after addition 
of the labelled glycoside. The homogenates were incu- 
bated at 28 C in a flow of 95°,, O,-5°,, CO . After 
64 min the homogenates were centrifuged at 166,000 g 
for | hr to obtain supernate and total pellet fractions. 

Samples for radioactivity counts were obtained and 
counted as described previously [19]. Several checks 
by tc. on heart perfusate and on supernate of per- 
fused hearts showed no detectable amounts of meta- 
bolites of Deslanatoside C-*H. Thus, following pre- 
vious findings of other authors [2, 19,22-25] who 
worked with other glycosides, it was assumed that 
radioactivity in guinea pig hearts represents Desiana- 
toside C alone. The mean recovery of radioactivity 
calculated in all the experiments (44 cases) was 
103 + 2°, (SE): the mean recovery of the protein in 
the same 44 cases was 92 + 1°, (SE). For this evalu- 
ation, radioactivity and the protein contents in the 
filtered homogenate were assumed to be 100°,. 


RESULTS 


Concentrations of Deslanatoside C-*H in atria and 
ventricles of guinea-pig hearts perfused with the la- 
belled glycoside rose in time, more rapidly from 4 
to 32 min, thereafter slowing down from 32 to 64 min, 
indicating continuous uptake of the glycoside by the 
heart (Fig. 1). Concentrations of Deslanatoside C-*H 
in the ventricles were higher than those in the atria 
at all experimental times, in the atria being about 
60°, of those in the ventricles at the 64th min. Specific 
concentrations of Deslanatoside C-°7H (ng/mg_ pro- 
tein) in the three particulate fractions rose with per- 
fusion time from 4 to 64min, the microsomal con- 
centration being at all times higher than in the nuc- 
lear or mitochondrial fractions, and showing the high- 
est rate of increase (Fig. 2). 

When the hearts were perfused for 64min with 
Deslanatoside C-*H in the presence of the other 
drugs, myocardial uptake of the labelled glycoside 
was not affected by Phenobarbital sodium 10°° M 
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Fig. 1. Concentrations of Deslanatoside C-4H in ventricles 
and atria of guinea-pig hearts perfused with the glycoside 
10°7M for 4, 16, 32 and 64min. The number of findings 
is reported in parentheses. Mean values + standard error. 


or by Ouabain 10°” M, was decreased in both ventri- 
cles and atria by Ouabain 10 °° (P < 0-05), and was 
increased by Daunomycin 10°° M (P < 0-001). 
SD/1601 10°’ M (P < 0-001) and Creatinol O-phos- 


pate 10°° M (P < 0-01) (Fig. 3). A comparison of 


the concentrations of Deslanatoside C-*H in the su- 
pernate and in the total pellet, shows that the increase 
in myocardial uptake of the glycoside caused by 
SD/1601 and Creatinol O-phosphate was significant 
only in the pellet fraction, while the increase in the 
same parameter brought about by Daunomycin and 
the decrease brought about by Ouabain 10°° M were 
significant in both the supernate and the pellet frac- 
tions (Fig. 4). These variations in Deslanatoside C-*H 
concentration in the pellet fraction caused by 
SD/1601 10°7M, Daunomycin 10~*M,. Creatinol 
O-phosphate 10° ° M, and Quabain 10° ° M were also 
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Fig. 2. Specific concentrations of Deslanatoside C-*H 

(ng/mg of protein) in microsomal, nuclear and mitochon- 

drial fractions of guinea-pig hearts perfused 4. 16, 32 and 

64 min with the labelled glycoside 10°” M. The number 

offindings is reported in parentheses. Mean values + standard 
error. 


observed in each of the three particulate fractions. 
being more evident and significant in the microsome 
fraction (Fig. 5). 

When the guinea-pig hearts were not perfused, Des- 
lanatoside C-7H was almost entirely in the supernate 
(94-96°..) with a S/P ratio varying between 16 and 
24. When the hearts were perfused, the labelled glyco- 
side in the supernate was only 29°, with a S/P ratio 
of 0-43. 

The supernate of a pool of two guinea-pig hearts 
perfused for 64min with Deslanatoside C-*H was 
chromatographed on a Sephadex G25 column 
(2:5 x 30cm) using NaCl 0-9°, as the eluent. 200 ml 
of eluate were collected in fractions of 5ml each. 
Transmittance at 280my and the radioactivity con- 
tents of each fraction were measured. The same chro- 
matographic process was repeated with Deslanatoside 
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Fig. 3. Concentrations of Deslanatoside C-*H in ventricles and atria of guinea-pig hearts perfused for 64 
min with the labelled glycoside 10°” M alone and in the presence of the other drugs. Mean values 
standard error. Number of findings in brackets Ps for statistical comparison were obtained with the 


Student test. 
DLC = Deslanatoside C 
= Quabain 
= Phenobarbital sodium 
) = Daunomycin 
= Creatinol O-phosphate 
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Fig. 4. Concentrations of Deslanatoside C-*H in the pellet and supernate of guinea-pig hearts perfused 


for 64 min with the labelled glycosides 107 
values 


M alone and in the presence of other drugs. Mean 
standard error. Number of pools tested in brackets. Each pool consists of two hearts. Ps 


for statistical comparison were obtained with the Student test. Legend as in Fig. 5. 


C-7H in NaCl 0-9°,, solution. The proteins of super- 
nate came off the column from 40 to 60 ml, peaking 
at 50 ml, while the Deslanatoside C-*H of both super- 
nate and saline solution came off the column from 
55 to 95ml, peaking at 70 ml, thus indicating that 
Deslanatoside C in the supernate 
guinea-pig hearts was not bound. anyway tightly, to 
the proteins. 
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DISCUSSION 

This data on subcellular distribution of Deslanato- 
side C may be compared with those of Marzo and 
Ghirardi relating to K-strophanthoside [19] and 
those of Dutta et al. [3] on ouabain, dihydroouabain 
(which is inactive), digoxin, digitoxin, convallatoxol 
and _ proscillaridin, all these 8 cardiac glycosides 
having been investigated with Dutta’s method [2]. 
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Fig. 5. Specific concentrations of Deslanatoside C-*H in guinea-pig hearts perfused 64 min with the 

labelled glycoside 10°’ M alone and in the presence of the other drugs. Mean values + standard 

error. Number of pools tested in brackets. Each pool consists of two hearts. Ps for statistical comparison were 
obtained with the Student. test. Legend as in Fig. 5. 





Cardiac Deslanatoside C distribution 


In guinea-pig hearts perfused for 64 min with Des- 
lanatoside C-°H the ventricle concentration of the 
drug i.e., 77 ng/g (82 pmol/g), is in the range of the 
other 7 glycosides which showed the following pmol/g 
values respectively: dihydroouabain 10, K-strophan- 
thoside 134, onabain and digoxin about 150-200 and 
values between 700 and 1000 in the case of convalla- 
toxol, digitoxin and proscillaridin. This parameter 
does in fact show a marked variation, from 10 to 
1000 pmol/g. The tissue/medium ratio was about 0:1 
with dihydroouabain, about | with Deslanatoside C 
and K-strophanthoside, 1-5-2 with ouabain and di- 
goxin, and higher than 7 with digitoxin, proscillaridin 
and convallatoxol. All 8 cardiac glycosides invariably 
showed higher concentrations in the ventricles than 
in the atria. This difference does not depend on the 
technique used in perfusing the hearts, since concen- 
trations in the ventricle higher than in the atria were 
also observed by Dutta and Marks [26] in the hearts 
of rats and guinea-pigs treated i.v. with ouabain and 
digoxin. 

The S/P ratio of 0-43 observed in guinea pig hearts 
perfused for 64min with Deslanatoside C is in the 
range of the other 7 glycosides, which showed the 
following values respectively: proscillaridin 0-17, oua- 
bain 0:22, dihydroouabain 0:43. K-strophanthoside 
0-50, digoxin 0-61, digitoxin 0:73 and convallatoxol 
0-81. In any event, this value was lower than 1 with 
all 8 glycosides. Deslanatoside C in the supernate of 
the guinea-pig hearts perfused 64 min with the glyco- 
side was not bound, anyway tightly, to any macromo- 
lecular structure, in line with the observations of Dut- 
ta et al. [2], Kim et al. [25], who worked with digox- 
in, and Marzo and Ghirardi [19], working with K- 
strophanthoside. The microsome concentration of 
Deslanatoside C-*H after 64 min of perfusion, ice. 
2:67 ng/mg protein (2:84 pmol/mg protein), is in the 
range of the other 7 glycosides, which showed the 
following values in pmol/mg protein respectively; di- 
hydroouabain 0-11, digoxin and convallatoxol 1-70, 
ouabain 2:20, K-strophanthoside 2-64, digitoxin 2-97 
and proscillaridin 13-50. In any event, in all the 8 
cardiac glycosides. microsome concentration was 
the highest, mitochondrial and nuclear concentrations 
being lower. In the case of Deslanatoside C, nuclear 
and mitochondrial specific concentrations were 19 
and 30°,, respectively as compared with the microso- 
mal concentration, assumed to be 100°,. In the case 
of the other 7 cardiac glycosides, a similar evaluation 
leads to specific concentrations in nuclear and mito- 
chondrial fractions varying from 30 to 60°, as com- 
pared with the concentration in the microsomal frac- 
tion. We thus feel that filtration of the homogenate 
and recentrifugation of each pellet fraction introduced 
by us in the case of Deslanatoside C may possibly 
have lessened the degree of contamination of the nuc- 
lear and mitochondrial fractions by the microsomal 
fraction and consequently may have caused some en- 
richment of the glycoside concentration in the micro- 
somal fraction. Of all the 8 glycosides considered, 
only dihydroouabain is almost entirely inactive on 
myocardial contractility. Myocardial uptake and mic- 
rosomal specific concentrations seem to reflect the in- 
activity of dihydroouabain rather than its S/P ratio. 
In effect the S/P ratio of dihydrooabain (0:43) is vir- 
tually the same as that of Deslanatoside C (0-43) and 


nearly the same as that of K-strophanthoside (0-50) 
whereas the ventricle uptake of these two active gly- 
cosides was around 10 times higher and their micro- 
somal specific concentration 26 times higher than the 
values observed with dihydroouabain. 

Reciprocal inhibition in myocardial uptake of oua- 
bain and digitoxin has been observed by Godfraind 
and Lesne [5] in isolated guinea-pig atria. These 
authors observed two different transport mechanisms 
of ouabain and digitoxin, one being passive (or diffu- 
sional). Its contribution to total transport becomes 
greater than the other (active or saturable transport) 
at a concentration of ouabain higher than 10°° M. 
These authors observed only a passive non-saturable 
transport mechanism in dihydroouabain. Both a sa- 
turable and a non-saturable mechanism for digoxin 
uptake by isolated guinea-pig atria were also encoun- 
tered by Kuchinsky et al. [23]. A reduction in cardiac 
uptake of ouabain-*H in the presence of digitoxin was 
also observed by Dutta and Marks [4] in the isolated 
perfused guinea-pig heart, confirming the presence of 
a saturable component in the uptake of ouabain by 
the heart. Moreover, the latter authors observed an 
increment of this inhibitory effect when the ratio of 
digitoxin to ouabain in the perfusion medium in- 
creased. The reduction in myocardial uptake of Des- 
lanatoside C by ouabain obtained by us when the 
ratio of ouabain to Deslanatoside C in the perfusion 
medium (mole/l) was increased from 10° 7/107” to 
10°°/10°” appears to be in agreement with previous 


data [4.5.23] and also indicates the presence of an 
active (saturable) component in the uptake of Des- 
lanatoside C by the heart. SD/1601, Creatinol O- 


phosphate and Daunomycin all increase the myocard- 
ial uptake of Deslanatoside C. SD/1601 and Crea- 
tinol O-phosphate, however, increase glycoside con- 
centration only in the pellet fractions, whereas 
Daunomycin increases both pellet and supernate con- 
centrations of the glycoside. 

The fact that drugs such as SD/1601, Creatinol O- 
phosphate and Daunomycin, which decrease the myo- 
cardial toxicity of digitalis glycoside, can cause a 
higher degree of incorporation of digitalis glycosides, 
at any rate Deslanatoside C, is an interesting observa- 
tion which may at first sight appear to be a contradic- 
tion. 

Our data do not clarify the mechanism involved 
in the higher cardiac uptake of Deslanatoside C 
brought about by SD/1601, Creatinol O-phosphate 
and Daunomycin. They do however indicate that: a) 
drugs which decrease the myocardial toxicity of digitalis 
glycosides can cause a higher degree of incorporation 
of digitalis glycosides, at any rate Deslanatoside C; 
b) while the myocardial uptake of cardiac glycosides 
may be inhibited by other cardiac glycosides, drugs 
also exist which increase the myocardial uptake of 
cardiac glycosides. 
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Abstract 


Studies have been made on the effect of repeated administration of cannabis extract on 


monoamine oxidase (MAO) activity of uterine tissues of prepubertal rats, treated with or without 
estradiol benzoate at two time intervals (14 and 40 hr). Results indicated that the MAO activity 
of uterine tissues is increased significantly by cannabis extract both in normal as well as in estradiol 
treated rats. Estradiol, on the other hand, decreased the enzyme activity significantly by itself. The 
increase in MAO activity following cannabis extract administration is however seen to be more promi- 
nent in 14hr than in the 40 hr hormone-treated groups. 


Although the work from several laboratories [1-5] 
has established that cannabis extract or delta-9-tetra- 
hydrocannabinol (A°-THC) affects various hormonal 
levels connected with reproduction, the site of action 
of the drug on the neuroendocrinal axis connected 
with gonadal function, is less well-known. A recent 
report from this laboratory [6] indicates that mono- 
amine oxidase (MAO, EC 1.4.3.4) activity is signifi- 
cantly increased in the hypothalamus and brain tis- 
sues of rats treated with cannabis extract or A°-THC. 
In view of the observation made by Kamberi and 
Kobayashi[7] that MAO activity in hypothalamus 
and other gonadal tissues changes in a cyclical man- 
ner during the estrous cycle in rats, it was of interest 
to investigate further about the characteristic changes 
in the MAO activity in uterine tissues of rats due 
to in vivo administration of cannabis extract. 


MATERIALS AND METHODS 


Animals and treatment. Eleven days old female rats 
of Charles Foster strain were used in this study. The 
rats used were from an average litter size of 4 or 
5 per mother and were maintained under standard 
conditions of light for 14 hr/day (5-00 to 19-00 hr). The 
animals were divided into six groups, each group hav- 
ing at least ten rats. 

(I) Control groups treated with — saline-6°, 
Tween-80 vehicle using the same volume as in treated 
animals. 

(II) Animals treated daily with cannabis extract 
starting on day 11 after birth to 21 days of age. 

(III) Animals treated with a single dose of estradiol 
14hr prior to sacrifice. 

(IV) Animals treated with cannabis extract as in 
Group II plus treatment with estradiol 14hr before 
sacrifice. 

(V) Animals treated with estradiol 40 hr prior to 
decapitation. 

(VI) Animals treated with cannabis extract as in 
Group II plus treatment with estradiol 40 hr prior 
to sacrifice. 


Injection was given between 10 a.m. to 11 a.m. daily 
and all the rats were sacrificed by decapitation on 
22 days after birth, about 24 hr after the last injection 
of cannabis. Estradiol was administered at two time 
intervals viz., 14 hr (at 20.00 hr) and 40 hr (at 18.00 hr 
previous day) before decapitation. The uterine tissues 
were rapidly removed, trimmed, weighed and homo- 
genized in ice cold saline using Potter-Elvehjem hom- 
ogenizer. The homogenate was centrifuged at a low 
speed of 3,000 g for 30 min in an International Refri- 
gerated Centrifuge and the supernatant was used as 
the enzyme source. 

MAO activity was measured according to the 
method of Green and Haughton[8] using only 
Kynuramine dihydroxy bromide (Sigma) as substrate. 
Activity was measured by observing the change in 
O.D. at 365 my. Protein was estimated according to 
the method of Lowry et al. [9]. 

Dosage of A°-THC. Standard samples of cannabis 
obtained from United Nation Narcotics Laboratory, 
Geneva was semi-purified in the laboratory [10] and 
used for the experiments. The cannabis extract sample 
containing 7:1°, A°-THC, 08°, cannabidiol, 2-5”, 
cannabinol and other undetermined cannabinoids, 
was administered at a dose of 10 mg A°-THC/kg body 
weight subcutaneously. Dosages were prepared by 
diluting the extract to a concentration of Img 
A°®-THC/ml with normal saline containing 6°, 
Tween-80 and the suspension was administered in a 
volume of 0:1 ml per 10g body weight to each ani- 
mals for 11 consecutive days, beginning when the rats 
were 11 days old till they reached 21 days of age. 
Control animals received equivalent volumes of saline 
Tween-80 vehicle for a similar period. 

Dosage of Estradiol. Estradiol benzoate (Ovocyc- 
line, Ciba) in olive oil suspension was administered 
subcutaneously at a single dose of 1 yg/rat either 
14hr or 40hr prior to sacrifice of animals. 


RESULTS AND DISCUSSION 


Results shown in Table 1 and Fig. 1, signify can- 
nabis extract to have an increasing effect on the uter- 
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Table 1. Effect of cannabis extract on uterine monoamine oxidase activity 





Groups 


Sp. act. 


(Mean + SEM) p-Value 





Control 
Cannabis 
Estradiol!* 
Cannabis + 
Estradiol*® 
Cannabis + Estradio 


Estradiol'* 


14° 


43:76 + 4:26 
5642 + 661 
16°60 + 1-59 
31-20 + 0-68 
16:72 + 1-59 
21-80 + 1-21 


<0-001* 


<0-001* 


<0-001* 





* Highly significant. p-values have been calculated from the data obtained 
using ten individual rats in each case. Superscript in the group column indicates 
hours after estradiol treatment. Specific activity expressed as change in O.D. 


at 365 mu/mg protein/hr. 


ine MAO activity in prepubertal rats. This effect of 
cannabis extract is evident even in the case of estra- 
diol-treated rat uteri. On the other hand, the present 
work as well as reports from previous investiga- 
tors [11,12] suggest that estradiol by itself reduces 
the uterine enzyme activity significantly. It may thus 
be stated that, in this case, cannabis extract counter- 
acts the effect of estradiol on the uterus to some 
extent. This effect of cannabis extract however, is not 
so prominent after 40 hr of estradiol treatment. Our 
recent work [13,14] showing the inhibitory effect of 
cannabis extract on the estradiol-induced glycogen 
and water accumulation in prepubertal rat uteri also 
supports this conclusion. Cannabis extract appears to 
have rather a progesteronic type of effect in the pres- 
ent case [11,12]. The work gets further support from 
the recent reports of Reese [15], who showed that 
A”’-THC decreases the estradiol level in man and also 
from that of Dingell et al. [16] who showed that the 
drug actually inhibits the conjugation of estradiol. 
Our previous work which showed that cannabis 
extract prolongs the met/di-estrus phase of cyclic 
female rats also support this data [1]. 

The work of Nir et al. [3] showing that A°-THC 
blocks ovulation in adult rats and also that of Freu- 


(J Saline, tween 80 control 
E23 Cannabis treated 
E22 Estradio! treated 


EZ=) Cannabis + estradiol 
treated 


Specific activity 





























40 hr 


14 hr 


No estradiol 
Hr after estradiol administration 


Fig. 1. Monoamine oxidase activity of rat uterine tissue. 


denthal er al. [17] showing a high accumulation of 
THC in corpora lutea after intravenous adminis- 
tration indicate the drug to have a direct effect on 
the ovary. The effect of A°-THC on pituitary hor- 
mones on the other hand, has also been reported by 
ourselves in other communications [4,5]. Further 
work may clarify the antiestrogenic mode of action 
of cannabis extract and A°-THC in mammalian 
reproductive system. 
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Abstract—The effect of methaqualone or phenobarbital pretreatment on the metabolism of ['*C]warfar- 
in in the rat was studied in order to ascertain to what extent phenobarbital and methaqualone, a 
non-barbiturate sedative-hypnotic. affect the pattern of warfarin metabolism. A decrease in the plasma 
concentration of warfarin was observed 5-24 hr after administration of ['*C]warfarin to phenobarbital- 
pretreated animals. Methaqualone pretreatment did not significantly affect the plasma concentration 
of intact warfarin. Significantly higher levels of metabolites were found in the plasma of phenobarbital- 
pretreated animals. as compared to either methaqualone-treated or control groups. These data indicate 
a marked difference in the ability of phenobarbital and methaqualone to alter warfarin metabolism, 
even though both drugs have been shown to induce hepatic drug metabolism. 


It has been established that phenobarbital exerts its 
effect upon the metabolic profile and anticoagulant 
activity of warfarin by induction of hepatic microso- 
mal enzymes responsible for the metabolism of the 
anticoagulant. Phenobarbital treatment at the seda- 
tive-hypnotic dose, caused a decrease in the anticoagu- 
lant activity of warfarin [1] and bishydroxycoumarin 
[2] in man. Ikeda et al. [3] demonstrated that pre- 
treatment of rats with phenobarbital resulted in an 
increase in the conversion in vitro of warfarin to its 
hydroxylated metabolites by hepatic microsomal 
preparations, requiring both NADPH and molecular 
oxygen. 

A recent report presented evidence that methaqua- 
lone [2-methyl-3-o-tolyl-4(3H)quinazoline], a non- 
barbiturate sedative-hypnotic [4, 5]. stimulates rat he- 
patic microsomal enzyme activity when administered 
for 14 consecutive days [6]. However. the drug has 
also been shown to elevate aminopyrine N-demethy- 
lase and aniline hydroxylase after a much shorter pre- 
treatment time [7]. 

Other workers [8] reported that subacute administ- 
ration of methaqualone. phenobarbital and glutethi- 
mide lowered the plasma levels of bishydroxycoumarin 
in rats, with phenobarbital being the most potent and 
methaqualone the least potent of the group. Recent 
work in this laboratory has shown that pretreatment 
of rats with methaqualone for 3 days results in maxi- 
mal induction of hepatic microsomal enzymes, where- 
as the hypoprothrombinemic action of warfarin was 
not affected by this treatment [7]. We. therefore. con- 
sidered it important to establish the pattern of warfar- 
in metabolism in methaqualone-treated rats and to 
compare this action to that of phenobarbital. 


MATERIALS AND METHODS 


Animals. Male Wistar rats, weighing 90-110 g, were 
obtained from Carworth Farms. New York. The ani- 





*PPO = 2.5-diphenyloxazole. 


mals were housed in individual metabolism cages dur- 
ing the study and were maintained on a standard la- 
boratory diet. 

Drug pretreatment. The animals were divided into 
groups of four and received the following drugs orally 
for 3 consecutive days: phenobarbital sodium (Gane’s 
Chemical Works. New York). 75 mg/kg. dissolved in 
water; methaqualone (William H. Rorer, Inc.), dis- 
solved in PEG-200, 60 mg/kg: or polyethylene gly- 
col-200 (PEG-200. J. T. Baker Chemical Co.), 2-5 
ml/kg. Animals then received 50 mg/kg, orally, of 
['*C]warfarin sodium [3-([«-!*C]acetonylbenzyl)-4- 
hydroxycoumarin, Amersham-Searle] 24 hr after the 
final dose of the inducing drug. The ['*C]warfarin 
(23-5 mCi/m-mole) was diluted with unlabeled war- 
farin sodium (Abbott Laboratories), so that warfarin 
of lower specific activity was administered to animals 
who were to be sacrificed early after administration 
of the anticoagulant. Conversely, animals to be sacri- 
ficed at later time intervals received warfarin of higher 
specific activity. The specific activity of the ['*C]war- 
farin preparation used in this study ranged from 0-11 
to 0:96 mCi/m-mole, at a constant total warfarin dose 
of 50mg/kg. This protocol was necessitated by the 
limited commercial availability of '*C-labeled war- 
farin. The animals were sacrificed by nitrogen asphyx- 
iation at various time periods after administration of 
the anticoagulant. 

Analytical procedures. Blood samples were collected 
by cardiac puncture in heparinized containers. A 
50-1 aliquot of the plasma sample was digested in 
NCS solubilizer (Amersham-Searle), 15 ml of 0:7°% 
PPO/toluene mixture was added.* and the samples 
were counted in a liquid scintillation counter. All '*C 
counts were corrected for background and counting 
efficiency by the external standard-channels ratio pro- 
cedure. 

The extraction of ['*C]warfarin from frozen plas- 
ma was carried out essentially according to Lewis et 
al. [9]. Approximately 300-400 yl of recentrifuged 
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plasma was pipetted into 2 ml of distilled water, and 
the samples were acidified by the addition of | ml 
of 3 N HCI. The acidified samples were mixed on 
a Vortex mixer for 10 sec prior to the addition of 
20 ml ethylene dichloride (EDC; Baker Chemical). 
The samples were extracted by mechanical shaking 
for 30 min, and then centrifuged for 10 min at 3500 
g at room temperature. 

The entire aqueous phase was transferred into a 
fresh series of tubes. 10 ml diethyl ether was added. 
and the samples were re-extracted for an additional 
18 24 hr. Use of both EDC and ether in the extrac- 
tion procedure resulted in higher '*C recoveries (> 
90 per cent) than with EDC alone. The EDC and 
ether extracts were combined and transferred to coni- 
cal glass tubes and evaporated to dryness at 55 . The 
residue was dissolved in exactly 20 jd EDC and 10-15 
ul was spotted on a Silica gel GF thin-layer chroma- 
tography (t.L.c.) plate (Analtech, 20 « 20 in; 250 yum). 
The plates were developed in EDC acetone (4:1) to 
a height of approximately 14 cm (about 35 min). 
Authentic samples of various warfarin metabolites 
(6-hydroxy. 7-hydroxy warfarin, warfarin alcohols 
[3-(x-propane-2-ol) benzyl-4-hydroxycoumarin], or 
warfarin, chromatographed along with the plasma ex- 
tracts. were employed as an internal control to check 
the separation of warfarin from its metabolites in the 
system. In addition. ['*C warfarin was added to a 
sample of control plasma and carried through the ex- 
traction procedure in order to account for any alter- 
ations occurring during the extraction procedure. 

After development. the plates were air-dried and 
examined under shortwave ultraviolet light in order 
to locate the position of warfarin and its metabolites. 
The plates were then scanned with a Berthold radio- 
scanner equipped with a Varian ratemeter-integrator 
(Varian Aerograph. Walnut Creek, Calif.), at a count- 
ing efficiency of approximately 22°,. This system 
measures net radioactivity of each radioactive locus on 
the tle. plates. Two peaks of radioactivity 
were resolved, one peak corresponding to intact war- 
farin (R, 0-53) and a second peak representing total 
warlarin metabolites (R, 0-42). The total amount of 
radioactivity which had migrated on the plate and 
the net radioactivity under the locus corresponding 
io unchanged warfarin or warfarin metabolites were 
determined. The data are expressed as the concent- 
ration (nmoles/ml of plasma) of unmetabolized war- 
farin or per cent of total radioactivity as metabolites. 
Student's t-test was used for the determination of sig- 
nificant differences between means [10]. 


RESULTS 


Following oral administration of ['*C]warfarin so- 
dium. plasma levels of the unmetabolized drug rose 
to apparent maximal concentrations approximately 3 
hr after drug administration in all three groups (Fig. 
1). Maximal plasma warfarin concentrations, as deter- 
mined by tlc. radiochromatography for control 
(PEG-200). phenobarbital and methaqualone-pre- 
treated groups. were: 369 + 
+ 2 nmoles/ml respectively. 

_These data indicate that the maximal plasma war- 
farin concentration in phenobarbital-pretreated ani- 
mals was significantly less than in either control or 
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TIME AFTER c-SODIUM WARFARIN (Hours) 
Fig. 1. Effect of methaqualone and phenobarbital pretreat- 
ment on plasma warfarin concentration in the rat. Each 
point represents the mean + S.E.M. from three to four 
animals. The animals were pretreated for 3 days with oral 
doses of (@) PEG-200, 2:5ml/kg; (M) methaqualone, 
60 mg/kg: or (4) phenobarbital, 75 mg/kg. ['*C]warfarin 
was administered orally 24hr after the last dose of the 
test drug. The asterisk (*) indicates P < 0-05 compared to 
PEG-200. 


methaqualone-pretreated animals. In contrast, warfar- 
in levels in the methaqualone-pretreated animals were 
similar to those observed in control animals during 
the initial 24 hr after warfarin administration. In 
order to determine whether this difference was due 
to an alteration in warfarin absorption [11], the 
amount of radioactivity remaining in the gastrointes- 
tinal tract was analyzed. The amount of radioactivity 
recovered after 2 hr from the gastrointestinal tract 
was 46 + 10. 92 + 08 and 65 + 1-5 per cent 
of the total dose of ['*C]warfarin administered to 
control, phenobarbital and methaqualone-pretreated 
animals respectively. These data demonstrate that 
warfarin absorption was essentially complete in all 
groups at 2 hr post-drug. Therefore, the lower plasma 
levels of ['*C]warfarin in phenobarbital-pretreated 
animals seen at this time (Fig. 1) were not simply 
a reflection of decreased warfarin absorption. 

The effect of drug pretreatment on the relative pro- 
portion of metabolized warfarin present in plasma is 
presented in Fig. 2. The relative concentration of me- 
tabolized warfarin in the plasma of control rats did 
not exceed 20°, of the total plasma radioactivity 
throughout the initial 24 hr after administration of 
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24 
TIME AFTER '4c-SODIUM WARFARIN (Hours) 
Fig. 2. Effect of methaqualone and phenobarbital pre- 
treatment on plasma warfarin metabolites in the rat. The 
results are expressed as per cent of total '*C present in 
plasma as warfarin metabolites. Each point represents the 
mean + S.E.M. from three to four animals. The animals 
were pretreated for 3 days with oral doses of (@) PEG-200, 
2:5 ml/kg; (M1) methaqualone, 60 mg/kg; or (A) phenobar- 
bital, 75 mg/kg. ['*C]warfarin was administered orally, 
24 hr after the last dose of test drug. The asterisk (*) indi- 
cates P < 0-05 compared to PEG-200. 
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the anticoagulant. The temporal pattern of metabo- 
lized warfarin in the plasma of methaqualone-pre- 
treated rats closely paralleled that of the control 
group for the initial 18 hr after warfarin. In contrast, 
approximately 50 per cent of the total radioactivity 
found in the plasma of phenobarbital-pretreated rats 
was in the form of warfarin metabolites as early as 
8 hr after warfarin administration. 


DISCUSSION 


The ability of several sedative-hypnotic drugs to 
alter the metabolism of the anticoagulant drugs, bis- 
hydroxycoumarin and warfarin, is well documented 
[12-16]. However, little is known of the effects of 
methaqualone on the metabolism of these agents. 
This is of special importance since methaqualone has 
been used as a sedative-hypnotic in geriatric patients 
[17, 18], many of whom may also be on chronic anti- 
coagulant therapy. The elevation in the rate of con- 
version of warfarin to its hydroxy metabolites by pre- 
treatment with phenobarbital leads to a reduction in 
warfarin plasma levels and subsequent diminution in 
the hypoprothrombinemic response. The hydroxy me- 
tabolites of warfarin are relatively inactive except for 
the 4’-hydroxy derivative, which is one-fourth as ac- 
tive as warfarin [19]. Therefore, any agent stimulat- 
ing the conversion of warfarin to its metabolites will 
necessarily decrease both the intensity and duration 
of its anticoagulant activity. 

In our previous studies, three daily oral doses of 
60 mg/kg of methaqualone had no effect upon the 
hypoprothrombinemic action of warfarin [20]. How- 
ever, pretreatment with phenobarbital. 75 mg/kg. sig- 
nificantly decreased the prothrombin time in warfar- 
in-treated rats from 73 + 44 sec in controls to 32 
+ 2:5 sec, as compared to 75 + 2:7 sec in methaqua- 
lone-pretreated animals. 

It should be emphasized that maximal levels of he- 
patic microsomal enzyme induction are attained after 
only 3 days of treatment with either methaqualone 
[7] or phenobarbital [21]. In a recent study [6]. pre- 
treatment of rats with 100 mg/kg of methaqualone, 
given orally for 14 days, resulted in an induction re- 
sponse which was less than that observed after only 
3 days of pretreatment at a 60 mg/kg dose. 

The levels of intact warfarin in control and metha- 
qualone-pretreated animals throughout the initial 24 
hr after warfarin administration were found to be 
equivalent. In addition, peak plasma levels of the anti- 
coagulant 3 hr after warfarin administration are quite 
similar in control and methaqualone-pretreated ani- 
mals. The finding that the peak plasma levels of war- 
farin in the phenobarbital-pretreated groups were 
much lower than in either control or methaqualone 
groups (Fig. 1) is attributed to the relatively high rate 
of metabolism of the anticoagulant. This was also 
confirmed by the presence of significantly higher le- 
vels of ['*C]warfarin metabolites in the plasma of 
phenobarbital-treated rats as early as 5 hr after war- 
farin administration (Fig. 2). 

The difference in the effect of these two microsomal 
enzyme inducers on warfarin metabolism may be ex- 
plained in terms of their specificity or potency as in- 
ducers of hepatic drug-metabolizing enzymes. Al- 
though phenobarbital and methaqualone both induce 


hepatic microsomal enzymes, this does not imply that 
they induce the same spectrum of enzymes. The per- 
tinent literature involving differences between the two 
classic inducers, phenobarbital and 3-methylcholanth- 
rene (3-MC), will elucidate this point. Phenobarbital 
stimulates a greater variety of hepatic enzymes than 
does 3-methylcholanthrene, and certain enzymes 
which are not affected by one type of inducer are 
stimulated by the other [21]. In addition, the enzymes 
induced by both phenobarbital and 3-methylcho- 
lanthrene sometimes differ in their sensitivity to 
SKF-525A inhibition [22]. Therefore. the results of 
our study might be explained by assuming that 
phenobarbital, but not methaqualone. stimulates the 
enzyme(s) responsible for the metabolism of warfarin. 
An alternative explanation is simply that methaqua- 
lone is a much less potent inducer of microsomal en- 
zymes than is phenobarbital, and hence does not in- 
terfere with warfarin metabolism to nearly the same 
degree as does phenobarbital. In either case, this 
study and our previous finding that methaqualone 
had no effect on prothrombin times in warfarin- 
treated rats strongly suggest that methaqualone does 
not affect warfarin metabolism in rats. 

A recent clinical report lends further support to 
our findings in rats. Udall [23] measured prothrom- 
bin times for 4 weeks in human volunteers after a 
4-week daily treatment with either phenobarbital, se- 
cobarbital, chloral hydrate, glutethimide or metha- 
qualone. The patients were maintained on a constant 
dose of warfarin throughout a 12-week test period. 
Of the drugs tested, only chloral hydrate (0-5 g/day) 
and methaqualone (0-3 g/day) did not significantly af- 
fect prothrombin times either during or after the drug 
treatment period. In contrast, phenobarbital (100 mg, 
day) significantly depressed prothrombin times in 
warfarin-treated patients, thereby interfering with 
anticoagulant therapy. 
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Abstract—The uptake and binding of radioactive 6-hydroxydopamine (6-OH-DA) and radioactive dopa- 
mine (DA) were investigated in an adrenergic clonal line of neuroblastoma. NIE-115, derived from 
the murine tumor C-1300. Monolayer cultures of NIE-115 cells accumulated four times more 6-OH-DA 
than DA. Reserpine inhibited the uptake of DA, but not that of 6-OH-DA. When uptake was followed 
by a release period, these cells retained a much greater proportion of 6-OH-DA than DA. Determination 
of protein binding showed that 1300 pmoles/mg of protein of 6-OH-DA or its oxidation products 
was bound, compared to 120 pmoles/mg of protein of DA. Disc gel electrophoresis of the cellular 
proteins revealed an increase in the proportion of high molecular weight protein in cells incubated 
with 6-OH-DA when compared to proteins from cells treated with DA. The high molecular weight 
proteins contained bound 6-OH-DA. In a murine L-cell, B82, the uptake of both 6-OH-DA and 
DA was considerably less than in the neuroblastoma cell NIE-115. The percentage of radioactivity 
bound to protein in 6-OH-DA-treated cells was similar in both cell types and represented about 
20 per cent of the total radioactivity. The results suggest that the cytotoxicity of 6-OH-DA results 
from irreversible covalent binding of one of the oxidation products of 6-OH-DA to cellular proteins 


with concomitant protein-crosslinking. 


6-Hydroxydopamine (6-OH-DA) exerts a selective cy- 
totoxic effect on adrenergic neurons in both the peri- 
pheral sympathetic and central nervous systems. Cy- 
totoxicity apparently results when 6-OH-DA is accu- 
mulated in high concentrations within these cells, and 
undergoes oxidation and covalent binding to cellular 
proteins (for reviews, see Refs. 1-3). In the present 
studies, an adrenergic clonal line of neuroblastoma, 
NIE-115 [4], derived from the murine tumor C1300 
[5]. was used as a model system to investigate the 
interaction of 6-OH-DA and/or its oxidation prod- 
ucts with neuronal proteins. The C1300 tumor is pre- 
sumed to originate from a sympathicoblast cell, and 
the cell lines derived from it might be expected to 
exhibit a sensitivity to 6-OH-DA similar to that ex- 
pressed by developing adrenergic neurons. The 
NIE-115 clone and certain other cell lines obtained 
from the C1300 tumor possess properties typical of 
adrenergic neurons (for reviews, see Refs. 6 and 7). 
These include electrical excitability [8], extensive 
neurite formation [4]. high activities of tyrosine hyd- 
roxylase [4] and dopamine f-hydroxylase [9], and 
large dense core vesicles (M. Daniels and M. Niren- 
berg. unpublished data). Uptake of dopamine (DA), 
the conversion of DA to norepinephrine and catecho- 
lamine storage in NiE-115 cells are inhibited by re- 
serpine, and thus probably associated with storage 
vesicles [10]. If binding of 6-OH-DA and/or its oxi- 
dation products occurs preferentially to particular 
protein species in adrenergic neuronal cells, it is prob- 
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able that these proteins will also be found in NIE-115 
cells. 

Previous studies have indicated that 6-OH-DA may 
have a differential cytotoxic effect on murine neuro- 
blastoma versus other cell types. Thus, Angeletti and 
Levi-Montalcini [11] showed that exposure to a 
1 x 10°* M concentration of 6-OH-DA for 24 hr 
caused extensive death of neuroblastoma cells, but 
had no apparent effect on HeLa or murine sarcoma 
cells. Prasad [12] observed a 50 per cent inhibition 
of increases in neuroblastoma cell numbers after 48 
hr of exposure to 5 x 10° ° M 6-OH-DA;; similar in- 
hibition of Chinese hamster ovary (CHO-K) and baby 
hamster kidney (BHK-21) cells occurred only with at 
least 2-fold higher concentrations of amine. DA under 
similar conditions at 10-fold higher concentrations in- 
hibited neuroblastoma growth by 50 per cent, 
CHO-K growth by only 20 per cent and BHK-21 
growth not at all. In the present report, we present 
evidence that 6-OH-DA accumulates in cultures of 
NIE-115 and undergoes such extensive covalent bind- 
ing to cellular proteins that the distribution and 
character of the proteins of this cell line are actually 
altered. 


METHODS AND MATERIALS 


Cell culture. The adrenergic neuroblastoma clone 
NIE-115 [4] used in these studies was kindly pro- 
vided by Dr. M. W. Nirenberg. This cell line was 
originally obtained as a single cell clone from an un- 
cloned line of the murine neuroblastoma C1300. Mur- 
ine L-cells B82 [13] were also used in some exper- 
iments. Cells were maintained routinely in monolayer 
culture in the Dulbecco-Vogt modification of Eagle’s 
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medium (DMEM) free from contamination by my- 
coplasma, as previously described [14]. 

For uptake experiments cells were suspended by 
trituration and plated at a density of 10° cells/35-mm 
well (7 cm?) in six well plates (Linbro Chemical Co.} 
using DMEM medium containing 3°, fetal calf serum 
(Colorado Serum Co.). Cells were fed at 2- to 3-day 
intervals and used after approximately | week of cul- 
ture. At this time, the monolayer was approximately 
80 per cent confluent and the cells had formed neur- 
ites several hundred microns in length. 

Isotopic measurements of uptake and release. Im- 
mediately upon removal from the incubator, mono- 
layers were rinsed three times with an isotonic, modi- 
fied Dulbecco’s phosphate-buffered saline containin 
129 mM NaCl, 2:5 mM KCl, 7-4 mM Na,HPOg. |: 
mM KH,PO,,. 0-63 mM CaCl,. 0:74 mM MgSO,. 
5:3 mM glucose, 46 mM sucrose. 0-1 mM _ ascorbic 
acid and 0:2 mM nialamide (Sigma), pH 7:2, 330 
mOsm. This buffer was prepared fresh daily by ad- 
ding the last four components (stored frozen) to the 
salt solutions. Cells were incubated in 0-3 to 0-5 ml 
of this buffer per well. In some cases, reserpine (Sig- 
ma) was added at a final concentration of 2 x 10°° 
M. All experiments were performed in air at 36. 
[°H(G)]3.4-dihydroxyphenethylamine (DA) (New 
England Nuclear) was presented to the cells at final 
concentrations of 1-4 x 10°* M, and specific activi- 
ties of 14-100 pwCi/wmole. [7H]6-OH-DA was pre- 
sented at | to 5-5 x 10°* M, 10-30 pwCi/umole. After 
various intervals, monolayers were washed rapidly 
four times with 2-ml aliquots of ice-cold buffer con- 
taining no calcium. Uptake was determined by drying 
the monolayers at 50° for 20 min, dissolving the cells 
in a volume of 0:2 N NaOH equivalent to the incuba- 
tion buffer and counting 100-y aliquots of the cell 
digests in | ml of | M Tris-HCl, pH 7-4 and 10 ml 
of a scintillation mixture consisting of 166 ml RPI 
Scintillator (New England Nuclear), 834 ml toluene 
and 1000 ml Triton X-100. This procedure was modi- 
fied from Catterall and Nirenberg [15]. For release 
studies, 1-ml aliquots of fresh buffer were added to 
each well after washing. Release incubations were 
continued at 36° or as otherwise indicated for ad- 
ditional intervals as specified in the text. The buffer 
was then removed and the radioactivity retained by 
the cells was determined without further washing. 
Protein determinations were performed on cell digests 
by the method of Lowry er al. [16] using bovine ser- 
um albumin as a standard. 

Preparation of [°H]2.4,5-trihydroxyphenethylamine 
(6-OH-DA). [*H]6-OH-DA was prepared by reduc- 
tion of 2,4,5-tribenzyloxynitrostyrene [17] with 
[*H]NaBH, (New England Nuclear; 3-8 mCi/mg) fol- 
lowed by simultaneous reduction of the nitro group 
to an amine and removal of the protecting benzyl 
groups by catalytic hydrogenation. Small amounts of 
the product were purified prior to use by ascending 
chromatography on Whatman No. | paper in n-bu- 
tanol-2 N HCI (1:1). The radioactivity migrating with 
authentic 6-OH-DA was eluted with methanol and 
the solvent removed under nitrogen [18]. 

Subcellular distribution of radioactivity. After uptake 
of either 6-OH-DA or DA for 60 min, cells were 
washed with isotonic saline buffered at pH 7-2 with 
0-01 M sodium phosphate buffer, transferred to a 
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small (2 ml) conical glass homogenizer and sedi- 
mented by centrifugation. The sedimented cells were 
then homogenized with a motor-driven glass pestle 
in a final volume of 0-5 ml buffered saline, and this 
homogenate was centrifuged at 100,000 g for 60 min, 
yielding a supernatant and a sediment fraction. The 
sediment fraction was subjected to repeated homo- 
genizations in 12°, trichloroacetic acid (TCA), 0-5 ml, 
and centrifugation at 20,000 g for 30 min, until no 
further radioactivity could be extracted. The superna- 
tant fraction was brought to a final concentration of 
12°, TCA and the precipitated protein was treated 
in the same manner as the sediment fraction. In both 
cases, the radioactivity remaining in the TCA-insolu- 
ble sediment was considered to be “protein-bound.” 
The TCA-insoluble proteins were digested with 0-2 
ml of a mixture of two parts H,O, (30°) and one 
part perchloric acid (60°,) in a counting vial at 70 
for 4 hr and cooled to —20 . Radioactivity was deter- 
mined in 10 ml of scintillation fluid (Aquasol; New 
England Nuclear) and corrected for counting effi- 
ciency by the addition of internal standards. 

The distribution of protein and radioactivity in the 
supernatant fraction was also examined by gel 
chromatography on a column of Sephadex G-200 
(superfine, 1 x 50 cm) in buffered saline. The 
column was calibrated with protein standards with 
molecular weights ranging from 24,000 to 153,000 and 
the void volume with Dextran blue 2000 (Pharmacia) 
with a mean molecular weight of 200,000. Protein was 
estimated by continuous monitoring of the absorption 
at 280 um of the effluent, which was collected in 
0-5-ml fractions controlled by a drop-counter. The 
fraction of the radioactivity which eluted from the 
column at a volume of eluent equal to or greater 
than proteins with a molecular weight of 24,000 was 
considered to be protein-bound. 6-OH-DA or DA 
alone, or with bovine serum albumin added as carrier 
(200 yg), migrated on the column exclusively with the 
small molecule fraction equivalent to a molecular 
weight of 2000 or less. 

Electrophoresis of cellular proteins on acrylamide 
gel. After uptake of either 6-OH-DA or DA, cells were 
washed and transferred with buffered saline to a plas- 
tic centrifuge tube (5 ml) and sedimented by centrifu- 
gation. The cells were suspended in 1-0 ml of 0-01 
M phosphate buffer, pH 7-0, containing 1°, sodium 
dodecysulfate (SDS) and sonicated with a narrow 
probe for three successive intervals of 60 sec (Ultra- 


_sonic Inc. model 185, equipped with a microtip). 


Liquid temperatures were maintained at 1-5 during 
sonication. The sonicated material was then centri- 
fuged at 100,000 g for 60 min. Aliquots of this super- 
natant were chromatographed on 5 and 7°,, polyacry- 
lamide gels with a 3°,, acrylamide stacking gel accord- 
ing to the procedure of Neville [19]. The gels were 
stained with Coomassie blue and destained against 
activated charcoal for 5 days with a mixture of glacial 
acetic acid (40 ml}-methanol (150 ml) and water (1810 
ml). The linear density of stain distribution was deter- 
mined with a gel scanner attached to a Beckman Acta 
V spectrophotometer. Gels were cut into 1- to 2-mm 
cross sections, digested in H,O0,—perchloric acid (see 
above) and the tritium content was measured. Control 
experiments were performed by adding equivalent 
amounts of 6-OH-DA to suspensions of untreated 
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cells just prior to the sonication procedure. Such 
additions did not alter the appearance of the protein 
bands on the gel. 


RESULTS 


Uptake of radioactive DA and 6-OH-DA by 
NIE-115 cells was compared over a 2-hr incubation 
period (Fig. 1). The amount of 6-OH-DA uptake was 
substantially higher than that of DA over the entire 
time period. In the depicted experiment the rate of 
uptake fur 6-OH-DA was 8-fold higher than the rate 
of uptake for DA during the first 15 min. Accumu- 
lation of 6-OH-DA continued throughout the 2-hr 
incubation, whereas the uptake of DA plateaued after 
60-90 min. In nine separate experiments the uptake 
of 6-OH-DA was an average of 4:1-fold + 2:0 (S. D.) 
higher than that of DA after 60 min of uptake when 
these compounds were present at 10°* M. 

Neuroblastoma cells exposed to either DA or 
6-OH-DA for 2 hr appeared by phase microscopic 
examination to be morphologically identical to con- 
trol cells. Experiments on uptake of 6-OH-DA at var- 
ying substrate concentrations suggested that uptake 
and/or binding occurs by diffusion rather than by ac- 
tion of a high affinity system (Fig. 2). The effect of 
reserpine, a blocker of vesicular amine uptake, on 
6-OH-DA and DA uptake was assessed in four separ- 
ate experiments. Uptake of 6-OH-DA at 10°* M for 
60 min was not inhibited by 2 x 10°° M reserpine. 
whereas DA uptake under these conditions was de- 
pressed 36 + 8-0 per cent (S. D.). Reduction of the 
incubation temperature from 36 to 2 reduced the 
accumulation of DA over a 60-min period by ap- 
proximately 50 per cent, while that of 6-OH-DA was 
reduced only 15 per cent. In one competition exper- 
iment the accumulation of radioactive 6-OH-DA 
(2:3 x 10°* M) over a 15-min period was inhibited 
45 per cent by 10°? M DA, while accumulation of 
radioactive DA (2:3 x 10°* M) was not inhibited by 
10-3 M 6-OH-DA. 

Murine L-cells, B82, accumulated only 40 per cent 
as much DA and 50 per cent as much 6-OH-DA as 
NIE-115 cells during a 60-min uptake period with 
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Fig. 1. Uptake of radioactive amines into NIE-115 cells. 
Monolayer cultures were exposed to 6-OH-DA, 22 Ci 
umole, 10°* M (O——). and DA, 100 pCi/umole, 10°*M 
(@——®) for 15-120 min in 0-6 ml buffer/well. Zero time 
incubations for both compounds under similar conditions 
gave values of <100 pmoles/mg of protein. The values are 
from individual wells run in parallel in a single experiment, 
similar findings were observed in two other experiments. 
For further details, see Methods and Materials. 
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Fig. 2. Uptake of 6-OH-DA by NIE-115 cells as a function 
of substrate concentration. Rates were determined after 
15-min periods of uptake; each circle represents a deter- 
mination from an individual well in separate experiments. 
For further details, see Methods and Materials. 


the amines present at 10° * M (Table 1). These L-cells, 
like the neuroblastoma cells, accumulated about four 
times as much 6-OH-DA as DA. In another exper- 
iment, the L-cells accumulated only one-sixth as 
much 6-OH-DA as neuroblastoma cells, and accumu- 
lation of DA was minimal (Table 2). 

The ability of cells to retain radioactive 6-OH-DA 
and DA after uptake was assessed by exposing them 
for equal time periods to buffers lacking these com- 
pounds. In six separate experiments NIE-115 cells, 
exposed to sequential 60-min uptake and _ release 
periods. retained an average of 72 + 8-2 per cent (S. 
D.) of the radioactivity derived from 6-OH-DA, and 
only 37 + 8-8 per cent (S. D.) of the radioactivity de- 
rived from DA (Table 1). The rate of release of ra- 
dioactivity was similar for both compounds, being 
most rapid over the first 20 min and then slowing 
considerably. When cells were exposed to only 5 min 
of uptake and then 60 min of release, approximately 
37 per cent of label associated with both 6-OH-DA 
and DA was retained, indicating that the cumulative 
“tight” binding of 6-OH-DA is a time-dependent pro- 
cess. When reserpine was present during the 60-min 
uptake and the subsequent 60-min release period, the 
final retention of 6-OH-DA was not altered: in con- 
trast. more than 90 per cent of the radioactivity de- 
rived from DA was released during incubations with 
reserpine, compared to only about 60 per cent (see 
above) during incubations without reserpine. When 
cells were labeled with radioactive 6-OH-DA at 
4x 10°* M for 60 min and then incubated in the 
presence of a 4 x 10°-* M concentration of either 
nonradioactive 6-OH-DA or DA for a subsequent 
60-min period. they retained only 40-50 per cent as 
much radioactivity as that retained in controls post 
incubated in buffer alone. However, cells, labeled with 
4x 10°* M radioactive DA did not release ad- 
ditional radioactivity due to the presence of 4 x 10°° 
M 6-OH-DA during the release period and released 
only an additional 22 per cent in the presence of 
4x 10° *M DA. The B82 cells retained 61 per cent 
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Table 1. 
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Uptake and retention of 6-OH-dopamine and dopamine in NIE-115 and 


B82 cells 





Uptake 


(pmoles/mg protein)* (% 
6-OH-Dopamine 


Cell line Dopamine 


Retention 
retained)t 


Dopamine 6-OH-dopamine 





940 (4)t 
390 (1) 


NIE-115 
BS828 


3500 (4) 
1800 (1) 


37 (6) 
28 (1) 


72 (6) 
61 (1) 





* Total uptake was determined after 60 min of incubation with 10°* M radioactive 


DA or 6-OH-DA. 


+ Percent of radioactivity retained per mg of protein was calculated from values 
after 60 min of uptake. washing and 60 min of release. as compared to values after 


60 min of uptake. 


+ 


t Values given are an average of the number of experiments given in parentheses. 


$ Cells from six wells were used for each amine. 


Table 2. 


Irreversible binding of radioactivity in 6-hydroxydopamine- and dopamine- 


treated NIE-115 and B82 cells 





Total uptake* 
(pmoles/mg protein) 
Cell line Dopamine 


6-Hydroxydopamine 


°. Bound+ 


Dopamine 6-Hydroxydopamine 





NIE-115 3588 
BS2 5] 


3 21 


10% 17 





* Total uptake determined after 60 min of incubation with 10°*M radioactive 6-OH- 


DA or DA. 


+ TCA-insoluble material (see Methods and Materials). 
{In view of very low levels of radioactivity in TCA-insoluble material. this number 


is subject to considerable error. 


of 6-OH-DA and 28 per cent of DA after 60 min 
of uptake and 60 min of release. These values are 
similar to those observed in the neuroblastoma cells. 

The extent of covalent binding of radioactivity in 
NIE-115 and B82 cells was examined 60 min after 
presenting the cell cultures with radioactive 
6-OH-DA or DA. Results presented in Table 2 are 
based on the distribution of radioactivity into TCA- 
soluble and -insoluble fractions. The amount of cova- 
lently bound 6-OH-DA or oxidation products derived 
from 6-OH-DA was 10-fold higher in the NIE-115 
than in the B82 cell line, but the percentage bound 
was similar in both cell types. The percentage of cova- 
lently bound DA was much than that of 
6-OH-DA in both cell lines. 

The subcellular distribution of free and bound ra- 


less 


Table 3. Distribution of protein-bound and free radioacti- 
‘ity in 6-hydroxydopamine- and dopamine-treated 
N1IE-115 neuroblastoma cells* 





Bound 


Free 
Fraction? 


6-Hydroxydopamine Supernatant 
Sediment 31:8 
Supernatant 89-2 2-0 
Sediment 74 1-4 


Dopamine 





+The supernatant fraction represents the supernatant 
from the 100,000 g centrifugation. while the sediment frac- 
tion represents the pellet from this centrifugation (see 
Methods and Materials). 

*“Free” radioactivity refers to that percentage of the 
total which is not precipitated by TCA, while “bound” 
radioactivity represents that associated with TCA-precipi- 
tated proteins. 


dioactivity was examined in homogenates of NIE-115 
cells labeled with 6-OH-DA or DA (Table 3). In the 
DA-labeled cells virtually all ( > 90 per cent) of the 
radioactivity was present in the 100,000 g supernatant 
fraction. Nearly none of the radioactivity in fractions 
from DA-labeled cells was protein bound. In contrast, 
with cells labeled with an equivalent amount of 
6-OH-DA. only one-half was present in the 100,000 
g supernatant fraction. With 6-OH-DA both the su- 
pernatant and sediment fractions retained a signifi- 
cant portion of the radioactivity in a protein-bound 
form (Fig. 3 and Table 3). 

Examination of proteins from 6-OH-DA- and DA- 
labeled NIE-115 cells by SDS-acrylamide gel electro- 
phoresis revealed significant differences in the electro- 
phoretic profile (Fig. 4). In the SDS-soluble proteins 
from 6-OH-DA-labeled cells a large increase in high 
molecular weight proteins was readily apparent. 
Greater than 90 per cent of the “bound” radioactivity 
derived from 6-OH-DA was associated with these 
high molecular weight proteins. Electrophoresis of 
suspensions of the sediment fraction from SDS-soni- 
cated cells revealed a protein and radioactivity profile 
similar to that of the soluble fraction except that the 
higher molecular weight components remaining in the 
stacking gel represented a much greater proportion 
of the total protein (results not shown). With the ex- 
ception of the high molecular weight proteins, the 
profiles on gel electrophoresis were quite similar with 
proteins from either 6-OH-DA-treated, DA-treated or 
untreated cells. These proteins, with molecular 
weights ranging from about 20,000 to 150,000, were 
associated with low, but significant amounts of ra- 
dioactivity in 6-OH-DA-labeled cells, while with DA- 
treated cells no radioactivity was detected. A narrow 
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OPTICAL DENSITY (280 my) 











TUBE NUMBER 
Fig. 3. Column chromatography on Sephadex G-200 of 
the soluble protein fraction from NIE-!15 cells treated 
with radioactive 6-OH-DA. Protein concentration is 
shown by the continuous line indicating the absorption 
of 280 um. Distribution of tritium is shown by the histo- 
gram, with quantitation shown on the log scale. For 
further details, see Methods and Materials. 


band of radioactivity was present at the electro- 
phoretic front with preparations from both 6-OH- 
DA- and DA-treated cells. Control gel electrophoresis 
of 6-OH-DA or DA alone or in the presence of pro- 
teins from untreated cells gave rise to a similar band 
of radioactivity at the front. Electrophoresis of larger 
amounts of radioactive 6-OH-DA or DA gave rise 
to a sharp, brown-colored band with an estimated 
molecular weight of 2000. 


DISCUSSION 


The uptake and binding of radioactive 6-OH-DA 
and DA have now been evaluated in monolayer cul- 
tures of the adrenergic neuroblastoma clone, 
NIE-115, and in the L-cell line. B82. NIE-115 cells 
accumulated nearly 4-fold more 6-OH-DA than DA 
during 15-min to 2-hr incubations. Both 6-OH-DA 
and DA were presented to the cells at a relatively 
high concentration of 10°* M. as previous studies 
indicated that NIE-115 lacks a high affinity uptake 
system for catecholamines (unpublished observations). 
The accumulation of DA in NIE-115 cells plateaued 
after about 90 min of uptake, whereas that of 6-OH- 
DA continued for at least 120 min. Uptake of DA 
was inhibited by reserpine. whereas uptake of 6-OH- 
DA was not. Furthermore, when uptake was followed 
by a release period. N1IE-115 cells retained a much 
greater proportion of the 6-OH-DA radioactivity 
compared to that of the DA. However, radioactive 
6-OH-DA was more readily displaced by high con- 
centrations of either 6-OH-DA or DA during the re- 
lease period than was radioactive DA. 

Preliminary studies using B82 cultures showed that 
they also accumulated at least four times as much 
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Fig. 4. Representative electrophoretic patterns for the sol- 
uble protein fraction from NIE-115 cells treated with 
radioactive 6-OH-DA or DA. Proteins were pretreated 
with SDS and chromatographed on 5°, polyacrylamide 
gel, 0'-F, with a 3°, stacking gel 0-0’ and stained with 
Coomassie blue. The continuous line indicates absorption 
at 592 um and the distribution of tritium is shown by the 
histogram. For details, see Methods and Materials. 


6-OH-DA as DA over a 60-min period and retained 
a greater proportion of the former substance over a 
60-min release period. However, these L-cells accu- 
mulated much less of either 6-OH-DA or DA than 
did the neuroblastoma cells. 

It is apparent from these studies that NIE-115 cells 
accumulate and/or bind substantially more 6-OH-DA 
than DA. The lack of effect by reserpine on the ac- 
cumulation or retention of 6-OH-DA suggests either 
that storage of 6-OH-DA in the dense core vesicles 
is not necessary for the retention of 6-OH-DA or that 
reserpine does not block the uptake or retention of 
6-OH-DA by these vesicles. Certainly the reduction 
in the cellular accumulation or retention of DA in 
the presence of reserpine suggests a role for these 
dense core vesicles in the retention of DA. The nature 
of the transport of these amines into this neuroblas- 
toma cell line is unknown. However, the lack of sig- 
nificant reduction in the ability of cells to accumulate 
6-OH-DA at low temperatures and the only partial 
reduction in accumulations of DA at low tempera- 
tures strongly suggest that the accumulation of cate- 
cholamines occurs mainly by passive diffusion 
through the membrane. The partial reduction in DA 
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uptake at low temperatures may be due to effects on 
vesicular uptake or storage. The lack of apparent 
saturation of uptake of 6-OH-DA (Fig. 2) and of DA 
(unpublished results) is conconant with a passive dif- 
fusion process. The uptake of 6-OH-DA was partially 
inhibited by the presence of DA, while the uptake 
of DA was not affected by 6-OH-DA. From the pres- 
ent investigations, it would appear that the accumu- 
lation of 6-OH-DA is less temperature dependent, but 
more readily inhibited by the presence of another 
amine than is the accumulation of DA. Irreversible 
binding of 6-OH-DA or its oxidation products to 
cellular proteins should, however, in these cells result 
‘in a form of facilitative transport. In a similar manner, 
the retention of DA by dense core vesicles should 
result in facilitative transport of DA. Radioactive 
6-OH-DA itself appeared to be more readily dis- 
placed from the cell by a catecholamine than was 
the radioactive DA. 

Since NIE-115 cells do not possess a high affinity 
uptake process for DA or norepinephrine, it was 
necessary to use high concentrations (10° * M) of DA 
and 6-OH-DA to study incorporation into these cells. 
The uptake of 6-OH-DA at 10°* M into NIE-115 
cells was in all experiments at least twice that ob- 
tained with B82 cells. It is noteworthy that a 2-fold 
increase in the concentration of 6-OH-DA was also 
found necessary to achieve the same level of cytotoxi- 
city in fibroblast cell lines as compared to the more 
sensitive neuroblastoma lines [11,12]. However, any 
comparison of the present observations on the bind- 
ing of 6-OH-DA with such cytotoxicity studies should 
be made with caution since “nonadrenergic” neuro- 
blastoma lines were used in the earlier studies [11, 12] 
and the fibroblast lines were. in all cases, from differ- 
ent sources. A recent paper provides further data on 
the greater sensitivity of neuroblastoma cells to 
6-OH-DA as compared to L-cells [20]. 

In the present studies, it is clearly evident that al- 
though both neuroblastoma and fibroblast cell lines 
accumulate 6-OH-DA, the total amount of radioacti- 
vity accumulated within the cell and the total amount 
present'in a protein-bound form are much higher in 


the neuroblastoma line. However, the percentage of 


bound radioactivity is similar in both cell types. The 
small amount of irreversibly bound DA in the two 
cell lines is probably due to binding of oxidation 
products of this catecholamine. Maguire et al. [21] 
have recently reported the irreversible binding of oxi- 
dation products of norepinephrine to cell particulates 
from glioma cells. Covalent binding of 6-OH-DA in 
NIE-i15 cells was manifest both in soluble proteins 
of the 100,000 g supernatant fraction and in the 
100.000 g sediment fraction. Presumably the former 
fraction contains mainly cytoplasmic proteins, while 
the latter contains mainly membrane proteins. In 
both fractions, radioactivity from 6-OH-DA is pri- 
marily bound to high molecular weight proteins. In- 
deed, a significant increase in the proportion of high 
molecular weight proteins is evident in the soluble 
fraction from 6-OH-DA-treated cells. sonicated in 


SDS-containing buffer (Fig. 4). Aerobic reaction of 


6-OH-DA with bovine serum albumin and other mo- 
del proteins has recently been found to result in cova- 
lent binding of 6-OH-DA and extensive polymeriza- 
tion of the model proteins to form high molecular 


weight complexes [22]. Thus, it is tempting to specu- 
late that the mechanism of cytotoxicity of 6-OH-DA 
and related compounds [23] in sensitive cells results 
from the ability of such compounds to cross-link pro- 
teins. Further studies on the intracellular localization 
of radioactive 6-OH-DA and correlation of covalent 
binding to cytotoxicity in various cultured cell lines 
and atrial tissue are in progress: 


Acknowledgements—We would like to thank Dr. Marshall 
Nirenberg, in whose laboratory some of this work was 
done. for providing advice and support. Ms. Elizabeth Mc- 
Neal for her assistance with electrophoretic measurements 
and Mr. Doyle Mullinex for his excellent technical assist- 
ance with the cell cultures. 


REFERENCES 


. H. Thoenen, in Perspectives in Neuropharmacology (Ed. 
S. H. Snyder). pp. 301-38. Oxford University Press, 
New York (1972). 

. T. Malmfors and H. Thoenen, in 6-H ydroxydopamine 
and Catecholamine Neurons (Eds. T. Malmfors and H. 
Thoenen). pp. 1-368. American Elsevier, New York 
(1971). 

. J. Daly. J. Lundstrom and C. R. Creveling, in Dynamics 
of Degeneration and Growth in Neurons (Eds. K. Fuxe, 
L. Olson and Y. Zotterman). pp. 99-107. Pergamon 
Press. New York (1974). 

. T. Amano, E. Richelson and M. Nirenberg, Proc. natn. 
Acad. Sci. U.S.A. 63, 258 (1972). 

. G. Augusti-Tocco and G. Sato, Proc. natn. Acad. Sci. 
U.S.A. 64, 311 (1969). 

. F. A. MeMorris, P. G. Nelson and F. H. Ruddle, Neuro- 
sci. Res. Prog. Bull. 11, 412 (1973). 

. P. Mandel, J. Cielsielski-Treska, J..C. Hermetet, J. 
Zwiller, G. Mack and C. Goridis, in Frontiers in Cate- 
cholamine Research (Eds. E. Usdin and S. H. Snyder), 
pp. 277-83. Pergamon Press, New York (1973). 

. A. Chalazonitis and L. Greene, Brain Res. 72, 340 
(1974). 

. M. Goldstein. B. Anagnoste. L. S. Freedman, M. Roff- 
man and K. P. Lele. in Dynamics of Degeneration and 
Growth in Neurons (Eds. K. Fuxe. L. Olsen and Y. 
Zotterman). pp. 99-107. Pergamon Press, New York 
(1974). 

. X. Breakefield and M. Nirenberg, Fourth Ann. Neuro- 
sci. Meeting Abstracts (1974). 

. P. U. Angeletti and R. Levi-Montalcini, Cancer Res. 
30, 2863 (1970). 

. K. N. Prasad, Cancer Res. 31, 1457 (1971). 

3. J. W. Littlefield, Expl. Cell Res. 41, 190 (1966). 

. X. O. Breakefield and M. W. Nirenberg, Proc. natn. 
Acad, Sci. U.S.A. 71, 2350 (1974). 

. W. A. Catterall and M. Nirenberg. Proc. natn. Acad. 
Sci. U.S.A. 70, 3759 (1973). 

. O. H. Lowry. N. J. Rosebrough. A. L. Farr and R. 
J. Randall, J. biol. Chem. 193. 265 (1951). 

. F. G. Lee. D. E. Dickson and A. A. Manian, J. med. 
Chem. 14, 266 (1971). 

s. A. Rotman, J. W. Daly and C. R. Creveling. J. Labelled 
Compounds, in press. 

. D.M. Neville. Jr. J. biol. Chem. 246, 6323 (1971). 

. R. L. Cronemeyer, P. E. Thuillez, T. B. Shows and 
J. Morrow, Cancer Res. 34, 1652 (1974). 

. M. E. Maguire. P. H. Goldman and A. G. Gilman, 
Molec. Pharmac. 10, 563 (1974). 

. A. Rotman, E. McNeal and C. R. Creveling, Fedn. 
Proc. 34, 724 (1975). 

23. J. Lundstrom, H. Ong, J. Daly and C. R. Creveling, 
Molec. Pharmac. 9, 505 (1973). 





Biochemical Pharmacology. Vol. 25, pp. 389-392. Pergamon Press, 1976. Printed in Great Britain. 


EFFECT OF tRNA FROM 5-AZACYTIDINE-TREATED 
HAMSTER FIBROSARCOMA CELLS ON PROTEIN 
SYNTHESIS IN VITRO IN A CELL-FREE SYSTEM* 


RICHARD L. MOMPARLER, STUART SIEGEL, FELICIDAD AVILA, THOMAS LEE and MyRON KARONt 


Departments of Pharmacology and Pediatrics, University of Southern California School of Medicine and Division 
of Hematology-Oncology, Childrens Hospital of Los Angeles, Los Angeles, Calif. 90027, U.S.A. 


(Received 6 March 1975; accepted 23 May 1975) 


Abstract—The effect of transfer RNA (tRNA) isolated from 5-azacytidine (5-aza-C)-treated A(T ,)CI-3 
hamster fibrosarcoma cells on protein synthesis was investigated in a cell-free system derived from 
rabbit reticulocytes. The cell-free system, which contained polyribosomes, partially purified enzymes 
and cofactors, was dependent on the addition of tRNA for maximal protein synthesis. tRNA from 
5-aza-C-treated fibrosarcoma cells was 2:5 times less active in supporting protein synthesis than normal 
fibrosarcoma tRNA and 4 times less active than reticulocyte tRNA. The addition of an equal amount 
of tRNA from 5-aza-C-treated cells to reaction mixture containing tRNA from either reticulocytes 
or untreated fibrosarcoma cells produced a 50 per cent inhibition of protein synthesis. The extent 
of inhibition was dependent on the amount of 5-aza-C tRNA added. These data suggest that part 
of the inhibition of protein synthesis produced by 5-aza-C in mammalian cells may be a result of 


functional modification of the tRNA molecule by this nucleoside analog. 


5-Azacytidine (5-aza-C), a nucleoside analog of cyti- 
dine, has been demonstrated to be an active agent 
against experimental murine leukemia [1,2]. More 


recently 5-aza-C has also been shown to be an effec-, 
tive agent for the treatment of acute leukemia in man’ 


[3]. The complex biochemical action of 5-aza-C on 
mammalian cells involves an inhibition of protein, 
RNA and DNA synthesis [2,4]. It appears that 
5-aza-C must be first converted to a nucleotide in 
order to be an active inhibitor, since cells resistant 
to the inhibitory effects of this analog have been 
shown to have a decrease in uridine-cytidine kinase 
activity [5], the enzyme that catalyzes the phosphory- 
lation of S-aza-C [6]. The nucleotide derivatives of 
5-aza-C inhibit de novo pyrimidine biosynthesis by 
blocking orotic acid decarboxylase [7]. In addition, 


the incorporation of 5-aza-C into RNA and DNA. 


[2,8] may be responsible for some of the biological 
effects produced by this analog. For example, tRNA 
that contains 5-aza-C shows a reduced amino acid- 
accepting activity in vitro [9]. In this report, in order 
to further understand the biochemical mode of action 
of 5-aza-C, we have isolated tRNA from 5-aza-C- 
treated hamster fibrosarcoma cells and have studied 
the effect of this tRNA on protein synthesis in a cell- 
free system derived from rabbit reticulocytes that is 
dependent on the addition of exogenous tRNA for 
maximal activity. 


MATERIALS AND METHODS 


Unlabeled L-amino acids were obtained from ICN 
Pharmaceuticals, Inc. (Cleveland, Ohio). Uniformly 
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labeled [4,5-*H]L-leucine was obtained from New 
England Nuclear Corp. (Boston, Mass.); 5-aza-C was 
obtained from the National Cancer Institute (Beth- 
esda, Md.); and dithiothreitol, phosphoenolpyruvate 
and pyruvate kinase were obtained from Calbiochem 
(La Jolla, Calif). DEAE-cellulose (Cellex D) was 
obtained from BioRad Laboratories (Richmond, 
Calif.). Sephadex G-200 was obtained from Pharma- 
cia Fine Chemicals Inc. (Piscataway, N.J.). The 
A(T,)Cl-3 hamster fibrosarcoma cells were kindly 
donated by Dr. W. F. Benedict [10] and were main- 
tained in suspension culture in McCoy’s spinner 
medium (Flow Laboratories, Rockville, Md.) contain- 
ing 10°, fetal calf serum (Grand Island Biological Co.., 
Grand Island, N.Y.). The polyribosomes and enzymes 
involved in protein synthesis were prepared from reti- 
culocytes of phenylhydrazine-treated rabbits as de- 
scribed by Gilbert and Anderson [11]. The tRNA from 
rabbit reticulocytes or hamster fibrosarcoma cells was 
purified by modification of the method described by 
Gilbert and Anderson [11]. After phenol extraction, 
the RNA was fractionated on a column of Sephadex 
G-200 using a buffer containing 100mM_ Tris-HCl, 
pH 7:5, 100mM KCl, 1mM MgCl,, 1OmM EDTA 
and |mM f-mercaptoethanol. The u.v. absorbance 
peak at 260 nm corresponding to tRNA was precipi- 
tated with ethanol, and the precipitate was dissolved 
in 10mM Tris-HCl, pH 7:5, containing 0-01 mM 
EDTA at a concentration of 25—30 E360, (extinction 
at 260 nm with 1-cm light path). 

The composition of the reaction mixture for 
measurement of protein synthesis in vitro in a cell-free 
system is shown in Table | (see Results). The reaction 
was terminated by addition of 2 ml of 10% TCA. The 
reaction tubes were then heated at 90-95” for 10 min 
to hydrolyze any radioactive acylated tRNA, and the 
mixture was filtered on 2:4-cm diameter Whatman 
GF/C glass-fiber discs. The discs were washed twice 
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Table 1. Effect of tRNA from reticulocytes, fibrosarcoma cells and 5-aza-C-treated 
fibrosarcoma cells on protein synthesis* 





tRNA 


[*H leucine 
incorporated 


Relative activity 
(pmoles) 





None 

Reticulocyte 
Fibrosarcoma 
Fibrosarcoma (5-aza-C) 


16+ 07 
3+ 08 
3+ 06 
+ 0:2 





* The reaction mixture (50 yl) contained 1-0 umole Tris-HCl, pH 7:5; 4-4 pmoles 
KCI; 0:2 umole MgCl, 50 nmoles ATP; 10 nmoles GTP; 150 nmoles phosphoenoly- 
pyruvate; 4-0 nmoles L-amino acid mixture (except leucine); 200 pmoles of [*H ]leucine 
(48 x 10° cpm); 0-4 E,,, unit of polyribosomes; 0:2 unit of pyruvic kinase; 90 pg 
protein of reticulocyte enzyme fraction that is free of tRNA and 0-086 E,,5 unit 
of indicated tRNA. The mixture was incubated at 37° for 30 min and the amount 
of [°H Jleucine incorporated into the acid-insoluble fraction was measured as described 
in Methods. Data presented are mean + S. D. 


with 10°, TCA and twice with absolute ethanol, dried 
and placed in vials containing scintillation fluid for 
measurement of radioactivity. 

The fibrosarcoma cells were incubated with 100 uM 
freshly prepared 5-aza-C for 3 hr; then an additional 
100 uM freshly prepared 5-aza-C was added to the 
cells for 3 additional hr. The cells were then washed 
by centrifugation in fresh drug-free medium and the 


cell pellet was stored at —60° until fractionation of 


the-tRNA was performed. 


RESULTS 

The data summarized in Table | compare the ac- 
tivity in protein synthesis of tRNA from reticulocytes, 
fibrosarcoma cells and 5-aza-C-treated fibrosarcoma 
cells. There were only 1-6 pmoles of [*H]leucine in- 
corporated into protein with no addition of tRNA 
to the reaction mixture. When reticulocyte tRNA was 
added to the reaction, there was a 5-fold increase in 
the amount of [*H leucine incorporated into protein. 
tRNA from 5-aza-C-treated fibrosarcoma cells was 44 
per cent less active in supporting protein synthesis 
than normal fibrosarcoma tRNA and 47 per cent less 
active than reticulocyte tRNA. 

When an equal amount of tRNA from 5-aza-C- 
treated fibrosarcoma cells was added to the reaction 
mixture containing reticulocyte tRNA there was a 45 
per cent inhibition of protein synthesis (Table 2). Un- 
der identical conditions, the addition of tRNA from 


Table 2. 


untreated fibrosarcoma cells produced only a 15 per 
cent inhibition of protein synthesis. 

Table 3 demonstrates the effect of adding different 
concentrations of tRNA from 5-aza-C-treated fibro- 
sarcoma cells to a reaction mixture containing a con- 
stant amount of reticulocyte tRNA. As the concen- 
tration of the tRNA from the 5-aza-C-treated cells in- 
creases, the amount of inhibition of protein synthesis 
increases. As little as 0-14E,,) unit of the 5-aza-C 
tRNA produced almost a complete inhibition of pro- 
tein synthesis. 

The effect of increasing concentrations of ‘eticulo- 
cyte tRNA on the inhibition of protein synthesis pro- 
duced by a constant amount of tRNA from 5-aza-C- 
treated cells is shown in Table 4. In the presence of 
0-:04E,,9 unit of reticulocyte tRNA, 0-03 E,.9 unit 
of 5-aza-C tRNA produced a 31 per cent inhibition 
of protein synthesis. When the amount of reticulocyte 
tRNA was increased to 0-08 E,¢ 9 unit, the inhibition 
produced by 0-03 E369 unit of aza-C tRNA was 
reduced to 15 per cent. In the presence of low 
amounts of reticulocyte tRNA, the tRNA from the 
5-aza-C-treated cells did not inhibit protein synthesis. 


DISCUSSION 


Treatment of mammalian cells with 5-aza-C results 
in a profound inhibition of protein synthesis [2]. It 
is not known whether the inhibition of protein syn- 
thesis produced by this analog is due to the direct 


Effect of tRNA from fibrosarcoma cells or 5-aza-C-treated fibrosarcoma cells on 


activity of reticulocyte tRNA in protein synthesis* 





tRNA 


[?H]leucine 
incorporated 
(pmoles) 


Inhibition 
(%) 





Reticulocyte 
Reticulocyte + fibrosarcoma 
Reticulocyte + fibrosarcoma (5-aza-C) 


O-1 0 
0-1 15 
0:7 55 





* The experimental conditions were the same as those given in Table 1 except that the 
total E,, 9 added for reticulocyte tRNA, when used alone, was 0-16 unit. In experiments 
with two types of tRNA, 0-08 E,,, unit each of reticulocyte tRNA and either fibrosarcoma 
or fibrosarcoma (5-aza-C) tRNA were added to the reaction mixture. The data presented 
are mean + S. D. 





Effect of tRNA on protein synthesis in vitro 


Table 3. Effect of different concentrations of tRNA from 5-aza-C-treated fibrosarcoma 
cells on activity of reticulocyte tRNA in protein synthesis* 





tRNA 
fibrosarcoma (5-aza-C) 
(E360 unit) 


[*H leucine 
incorporated 
(pmoles) 


Inhibition 





0-035 
0-07 
0-14 


wo 


weKo-— 
I+ I+ I+ I+ 
NN w 


—) 





*The experimental conditions were same as those given in Table | except that 
200 pmoles of [*H]leucine (5-1 x 10° cpm), 0-086 E,,o unit of reticulocyte tRNA and 
the indicated E3¢) of tRNA from 5-aza-C-treated fibrosarcoma cells were used in 
the reaction mixture. The data presented are mean + S. D. 


interaction of 5-aza-C nucleotides with polyribosome 
complex, the inhibition of messenger RNA synthesis 
or the incorporation of 5-aza-C into various RNA 
species producing nonfunctional molecules. 

A preliminary report by Kalousek et al. [9] sug- 
gests that the incorporation of 5-aza-C into tRNA 
[2, 8] may, in fact, be responsible for part of the inhi- 
bition of protein synthesis observed since tRNA that 
contains 5-aza-C shows a reduced amino acid-accept- 
ing activity in vitro. In this report we have extended 
these studies and investigated the effect of tRNA from 
5-aza-C-treated cells on protein synthesis in a cell-free 
system derived from rabbit reticulocytes. There are 
two advantages of using this system in vitro. First, 
the system is dependent on the addition of exogenous 
tRNA in order to obtain maximal synthesis of protein 
[11]. Second, each of the components of the system 
has been partially purified, permitting a more pro- 
found analysis of drug effects. 

The tRNA from untreated hamster fibrosarcoma 
cells was about 6 per cent less active than reticulocyte 
tRNA in supporting protein synthesis (Table 1). Per- 
haps this difference in activity is related to the species 
specificity of the system in vitro [11]. However, tRNA 
from 5-aza-C-treated cells was 47 per cent less active 
than reticulocyte tRNA, suggesting that the defect in 
the 5-aza-C tRNA is not due to a species difference, 
but possibly due to the incorporation of the 5-aza-C 
into this tRNA or a direct effect of 5-aza-C nucleo- 
tides on synthesis of tRNA. 

When tRNA from 5-aza-C-treated cells was added 
to a cell-free system containing an equal amount of 


reticulocyte tRNA, there was marked inhibition of 
protein synthesis (Table 2). It appears that this inhibi- 
tion may be due to the reversible binding of 5-aza-C 
tRNA to the polyribosome complex since increasing 
concentrations of reticulocyte tRNA partially 
reversed the inhibition produced by the 5-aza-C 
tRNA (Table 4). When the concentration of the 
5-aza-C tRNA was increased, the inhibition of protein 
synthesis eventually approached 100 per cent (Table 
3). 

The 5-aza-C tRNA fraction contained some func- 
tional tRNA molecules, since addition of this tRNA 
alone to the reaction mixture produced a limited 
stimulation of protein synthesis (Table 1). The addi- 
tion of increasing amounts of reticulocyte tRNA to 
a fixed amount of 5-aza-C tRNA resulted in a curve 
of protein synthetic activity with a maximum inhibi- 
tion at almost equal amounts of the two tRNA mix- 
tures (Table 4). In the presence of low concentrations 
of reticulocyte tRNA, the addition of 5-aza-C tRNA 
produced some stimulation of protein synthesis. At 
high concentrations of reticulocyte tRNA, the inhibi- 
tory effect of the 5-aza-C tRNA was partially over- 
come. Presumably, when most of the available bind- 
ing sites on the polyribosome complex were saturated 
with reticulocyte tRNA, the inhibition produced by 
the 5-aza-C tRNA was more evident. 

The inhibition of protein synthesis in the cell-free 
system by 5-aza-C tRNA could be explained by the 
incorporation of this analog into a resulting fraudulent 
tRNA [9]. Since the hamster fibrosarcoma cells were 
treated with S-aza-C for only 6hr and the half-life 


Table 4. Effect of different concentrations of reticulocyte tRNA on inhibition of protein synthesis produced by tRNA 
from 5-aza-C-treated fibrosarcoma cells* 





[*H]leucine incorporated 





tRNA 
reticulocyte 
(E360 unit) 


Minus 5-aza-C tRNA 
(pmoles) 


Plus 5-aza-C tRNA Inhibition 
(pmoles) (%) 





0-7 + 0-2 
0-01 30 + 03 
0-02 5-0 + 0-1 
0-04 72+ 01 
0-08 72+ 01 


None 


40 + 0-4 
44 + 05 12 
5-0 + 0:3 31 
61+ 01 15 





* The experimental conditions were the same as those described in Table | except that 200 pmoles of [*H Jleucine 
(5-1 x 10° cpm), 0:03 E269 unit of tRNA from 5-aza-C-treated fibrosarcoma cells and the indicated E,,, unit of reticulo- 
cyte tRNA were used in the reaction mixture. The data presented are mean + S. D. 
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of cellular tRNA appears to be greater than this time 
interval [12], 5-aza-C could be incorporated into the 
internal part of only a minor fraction of newly synthe- 
sized tRNA molecules. However, it is possible that 
a large fraction of the cellular tRNA contained 
5-aza-C at the pCpCpA terminal end because of the 
rapid turnover of these terminal nucleotides [13, 14]. 
At present we are attempting to synthesize enzymati- 
cally tRNA containing 5-aza-C in the pCpCpA ter- 
minus inorder to study further the effect of these 
fraudulent species of tRNA on cell-free protein syn- 
thesis. 
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Abstract—Electron-affinic nitrofuran derivatives interfere with normal cellular metabolism by providing 
an electron shunt, apparently via free radical intermediates, between endogenous cellular reducing 
species and oxygen, in a manner analogous to that of vitamin K,. Pulse radiolysis was used to demon- 
strate the reactivity of nitrofuran radical anions with oxygen, as well as the NAD free radicals with 
nitrofurans. The reduction of nitrofurans under anaerobic conditions and the increased oxygen con- 
sumption (indicative of free radical formation) are enhanced by the addition of glucose and suppressed 
by the removal of endogenous reducing species, e.g. by the addition of diamide. Nitrofuran free radical 
production under aerobic conditions may result in the production of the superoxide radical anion 


O;. It is postulated that aerobic production of nitrofuran or oxygen free radicals or the resulting 
products may be responsible for the previously described cytotoxic effect of nitrofurans. 


Nitrofuran (NF) derivatives have found a new appli- 
cation as anoxic radiation sensitizers of mammalian 
cells. Radiation chemical and radiobiological studies 
show that in this use of compounds the electron af- 
finity of nitrofuran derivatives is an important chemi- 
cal property which determines the extent of their in- 
teraction with radicals formed in DNA by radiation 
[1,2]. While the ability to accept electrons makes this 
class of chemicals potentially valuable tools for study- 
ing mechanisms of radical involvement in cellular 
radiation damage, it may also be the reason why ni- 
trofurans have been found to be radiomimetic, muta- 
genic and carcinogenic [3,4] and cytotoxic [5], as 
well as inhibitors of electron transfer reactions [6, 7]. 
Presumably, some of these effects are caused by the 
products of reductive metabolism of the drugs. How- 
ever, the metabolic reduction of the drug has only 
been demonstrated under anaerobic conditions [8], 
while most of the cellular effects listed above occur 
in the presence of oxygen [9]. This paper will deal 
with the factors involved in the metabolism of the 
nitrofurans under aerobic and metabolically produced 
anaerobic conditions. The reaction of NF with coen- 
zyme free radicals (presumed metabolic intermediates) 
and reactivity of NF free radicals with molecular ox- 
ygen will be reported. 


EXPERIMENTAL 


Ehrlich ascites tumor (EAT) cells were grown in 
mice and harvested as previously described [10]. Ox- 





* This investigation was supported by Public Health Re- 
search Grant No. CA-13747 from the National Cancer In- 
stitute. 

+ The two different nitrofuran derivatives were used in 
the present work because the absorption spectra of the 
compounds and their reduction products offered specific 
advantages in different systems; however, in each case 
where both compounds have been tested, their effects were 
qualtitatively the same and quantitatively very similar. 


ygen measurements were made with the aid of a Clark 
oxygen electrode apparatus (Yellow Springs Instru- 
ment Co.). Fluorescence measurements were made 
with either the Bowman-Aminco or the Eppendorf 
spectrofluorometer. Absorption spectra were obtained 
with the aid of a Cary model 15 spectrophotometer, 
fitted with an automatic cell changer. Absorption 
spectra on dense cell suspensions were determined 
with the use of the Cary micrometer screw cuvette. 

The nsec pulse radiolysis data of direct measure- 
ments of redox reaction rates were obtained using 
single 50-nsec pulses from the 3-MeV Van de Graaff 
generator at the Whiteshell Nuclear Research Estab- 
lishment. The average dose per pulse to the sample 
was 0:2 to 2 krad. The associated optical and elec- 
tronic apparatus is similar to that described pre- 
viously [11]. Solutions were saturated with the appro- 
priate gas, with the use of a multisyringe bubbling 
technique, and the irradiation cell was filled and 
back-flushed between experiments by a remote-con- 
trol flow system [12]. Oscilloscopic traces of the tran- 
sient species detected by kinetic spectrophotometry 
were digitized and the bimolecular rate constants for 
the redox reactions determined by computer. 

The biochemicals (Koch-Light Lab. Ltd., Sigma 
Chemical Co.) and the nitrofuran derivatives, nifurox- 
ime and nitrofurazone (Pfaltz & Bauer, Aldrich 
Chemical Co.), were used without further purification 
in triply distilled water.+ 


RESULTS AND DISCUSSION 


Metabolic reduction of nitrofurans. The reduction of 
NF is known to occur under anaerobic conditions 
[8]. However, the procedure for measuring the re- 
duced drugs is rather tedious. We have found it con- 
venient to measure the change in the characteristic 
absorption spectrum of one of the nitrofurans, nitro- 
furazone, in a dense cell suspension made anaerobic 
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Fig. 1. Change in absorption spectrum of nitrofurazone 

in the presence of EAT cells. The spectrum of nitrofura- 

zone shifts upon reduction from 370 to 330nm. The cells 

(2 x 10°/cm*) were suspended in 0-05 M phosphate buf- 

fered saline. pH 7:0, 25. The _ nitrofurazone was 
25 x 10°* M. 


by cellular consumption of oxygen. The method was 
further facilitated by the use of the micrometer screw 
cell with a 0-05-mm light path for recording the kin- 
etics of drug reduction. The absorption spectrum of 
the cell suspension (2 x 10° cells/ml) with drug was 
determined before incubation, as is shown in Fig. 1. 
After 0-5 hr of incubation at 25°, a new absorption 
spectrum was obtained, indicative of the metabolli- 
cally reduced drug. Dithionite-reduced nitrofurazone 
produced the same absorption spectrum. Oxygen up- 
take measurements at this cell density indicate that 
the rate of consumption was sufficient to maintain 
the cell suspension at extreme hypoxia in the optical 
portion of the micrometer cuvette. 

The reduction of the drug obviously requires cellu- 
lar reducing equivalents, possibly mediated by 
NADPH [13], as demonstrated for the microsomal 
reduction of nitrofurans [14]. Removal of this intra- 
cellular reducing capacity should decrease the rate of 
reduction of the drug. Diamide, a sulfhydryl oxidizing 
agent, can remove reducing equivalents from whole 
cells [10]. For this reason it was of interest to deter- 
mine the influence of prior removal of cellular reduc- 
ing capacity on the rate of reduction of nitrofurazone. 
Figure 2 shows the decrease in the reduction rate that 
is obtained if cells are pretreated with diamide (solid 
line) or the increase in the rate of reduction if the 
pool of reducing equivalents is increased by the addi- 
tion of glucose (dotted line). The dashed line shows 
that the rate of reduction decreases upon an apparent 
exhaustion of intracellular reducing equivalents but 
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Fig. 2. Reduction of nitrofurazone by dense suspensions 
of EAT cells. The conditions are the same as those listed 
in the legend of Fig. 1. Curve A shows the reduction of 
250 uM nitrofurazone in the presence of 0-01 M glucose. 
Curve B, initial portion, shows the reduction of nitrofura- 
zone in the absence of glucose; 10 umoles glucose was 
added where indicated. Curve C (top) shows the effect of 
pretreating the cells with 50 xmoles diamide in the absence 
of glucose, (measurements at 370 nm). 


is again stimulated by the addition of glucose. No 
accumulation of reduced nitrofurazone was observed 
in the presence of oxygen. 

Effect of nitrofurans on O3 consumption. The failure 
to detect a metabolically reduced nitrofuran deriva- 
tive in the presence of oxygen may indicate either 
that cellular metabolism under aerobic conditions is 
not capable of reducing the drug or that the reduced 
intermediates are rapidly re-oxidized. A biochemical 
means for determining whether nitrofurans cause al- 
tered cellular electron transfer is to examine their ef- 
fect on the rate of oxygen consumption by intact cells. 
As seen in Fig. 3, curve A, aerobic EAT cells in phos- 
phate buffer with glucose present show an immediate 
stimulation of oxygen consumption upon NF addi- 
tion that continues uninterrupted for several min until 
either O, or substrate is depleted from the medium. 
NF addition to cells consuming oxygen in the absence 
of glucose causes an initial stimulation of oxygen con- 
sumption followed by a progressive inhibition, which 
may result from either depletion of reducing equival- 
ents or a gradual inhibition of the respiratory en- 
zymes (curve B). If diamide is added to remove reduc- 
ing equivalents from cells in glucose-free medium, 
there is a pronounced inhibition of oxygen utilization 
when NF is added (curve C). 

Evidence for the possible mechanism by which NF 
stimulated oxygen consumption was obtained by pre- 
treating the cells with 00013 M KCN, an inhibitor 
of mitochondrial oxidations. As seen in Fig. 4, the 
addition of NF to KCN-inhibited cells in the presence 
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Fig. 3. Utilization of oxygen by EAT cells. The effects of 
nifuroxime and menadione on cellular oxidation, in the 


presence and absence of glucose, were determined. Oxi- 
dation was initiated by the addition of the cells to the 
reaction medium consisting of 0-05 M phosphate buffer in 


physiological saline, pH 7-0, 37°. The concentration of 


agents added indicated by the arrows was 10 umoles glu- 
cose, 2:5 uymoles diamide, 5 wymoles K; and 5 uzmoles NF. 


of glucose (curve A) results in a marked resumption 
of oxygen utilization, which continues until either glu- 
cose or oxygen is exhausted from the medium. NF 
addition to cells without glucose (curve B) also results 
in an initial stimulation followed by a progressive in- 
hibition, but the onset of inhibition appears to be 
more rapid. Diamide pretreatment (curve C) prevents 
the turn-on of oxygen utilization when NF is added. 
Since KCN is a known inhibitor of mitochondrial 
cytochrome oxidase, these results suggest that the 
non-mitochondrial reduction product of NF might 
react directly with molecular oxygen. 

Support for this possible mode of action of NF 

in aerobic cells was obtained by adding vitamin K, 
(a compound known to be able to shunt electrons 
directly to oxygen [15]) to EAT cells maintained un- 
der the various conditions indicated in Figs. 3 and 
4. As will be seen (dashed curves), K; produced quali- 
tatively the same effects as did NF, but the effects 
observed with K; were more pronounced. 

Possible involvement of free radical intermediates in 
electron transfer with NF. As seen in Fig. 5, a solution 
of NF that has been reduced by dithionite consumes 
oxygen at a very low rate. If, however, untreated NF 
is added, there is a great increase in oxygen uptake. 
A similar, rapid uptake of oxygen can also be demon- 
strated with a partially reduced dithionite product of 
NF which has a dark maroon color, suggesting the 
presence of a stabilized NF free radical (charge 
transfer complex). The same effect can be obtained 
if oxidized flavin monoucleotide (FMN) is added to 
the reduced NF. Finally, the stabilized free radical 
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Fig. 4. Stimulation (turn-on) of oxygen utilization by nifur- 
oxime and K,; in KCN-inhibited EAT cells. The reaction 
medium is the same as that indicated in the legend of 
Fig. 3. The concentration of agents added indicated by 
thearrowswas4 umoles KCN, 2:5 pmoles diamide, 10 pmoles 

glucose, 5 umoles K,; and 5 ymoles NF. 


formed by the mixing of NADH and FMN can be 
oxidized by NF in the absence of oxygen. 

Pulse radiolysis was used to look at both the pro- 
duction and reactivity of nitrofuran free radicals in 
a simple chemical system. Following a 50-nsec pulse 
of high energy electrons incident on the aqueous solu- 
tions under study, roughly equal amounts of the two 
principal reactive species, hydrated electrons (e,,) 
and hydroxyl free radicals (-OH), are formed, to- 
gether with a small yield of hydrogen atoms (H-) as 
seen in reaction 1. 
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Fig. 5. Oxygen consumption by dithionite-reduced nifur- 

oxime. The reaction medium is the same as that listed 

in the legend of Fig. 3. Curve A shows oxygen consump- 

tion by 9 zmoles of dithionite-reduced nifuroxime; at the 

arrow, 18-5 ymoles nifuroxime was added. Curve B shows 

oxygen consumption by 20 zmoles of half-reduced nifurox- 
ime (maroon-colored complex). 





396 


In the presence of a suitable H- and -OH sca- 
venger, f-butanol (reaction 2), only the remaining ¢,, 
reacts with the nitrofurans to form the nitrofuran 
radical anion species NF (reaction 3), which has a 
strong characteristic absorption at 390 nm [12]. In 
the absence of any electron acceptor, the NF ~ species 
is quite long-lived and ultimately decays by a slow- 
order reaction (reaction 4). However, in the presence 
of excess oxygen, the NF absorption is found to 
decay with first-order kinetics, providing direct evi- 
dence for the feasibility of oxidation of metabolically 
produced reduced nitrofuran intermediates by oxygen 
(reaction 5). 


HO « e,,OH, H: (1) 


‘OH 
or f + (CH;);COH— 
H: 


(CH,),;CH,COH 4 
(inert) 


H,O 
or 
H, 


NE 
+ Nk 
+ O,— fast 


»>NF 


— slow 


Figure 6 shows semilogarithmic plots of the first- 
order decays of NF and the corresponding half-lives 
(T,) at different oxygen concentrations. The absolute 
rate constant k = 0:693/[O,]T, for the reaction of 
NF with oxygen obtained from these data is 1-5 x 
10?M~' sec’'. A similar result was found for 
the reaction of the electron adduct species of the 
known oxygen-shuttling molecule vitamin K, with 
oxygen (rate constant 0:2 x 10?M~'sec™'). Both 
rate constants are high, being close to the diffusion- 
controlled limit. 

Both flavin and pyridine nucleotides may be re- 
duced metabolically by a two-step process via free 
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Fig. 6. Effect of oxygen concentration on the rate of decay 

of nifuroxime radical union. The decays, which were 

measured at 400nm in deoxygenated 2mM _ nifuroxime 

solutions containing 0:5 M t-butanol, are all of exponential 
form. 
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Fig. 7. Rate of oxidation of pyridine nucleotide free radi- 

cals in the presence of various concentrations of nifurox- 

ime. The NF buildups, observed after the pulse, in deoxy- 

genated 2mM NAD solutions containing 0-5 M t-butanol, 

show a _ first-order dependence on _ nifuroxime 
concentration. 


radical intermediates. The same free radical interme- 
diates were produced using the pulse radiolysis tech- 
nique, and their interaction with the colorless nitro- 
furan derivative, nifuroxime, was studied. As an 
example, 2 mM oxidized pyridine nucleotide (NAD*) 
was reacted with e,, to form pyridine nucleotide radi- 
cals (NAD-) (reaction 6). In the absence of oxygen, 
pyridine nucleotide radicals were found to react first 
order with nifuroxime with a rate constant of 3-1 x 
10° M~' sec’ '. Figure 7 shows the concomitant rate 
of formation of reduced NF as a function of nifurox- 
ime concentration as a result of the one-electron oxi- 
dation of NAD: (reaction 7). 


NAD* + e,,—NAD- (6) 
NAD- + NF-NAD* + NF (7) 


Similarly, pyridine nucleotide radicals have been 
shown previously to be oxidized by oxygen, the rate 
constant for the reaction being 2-0 x 10° M~! sec”! 
[16-18]. 


DISCUSSION 


The ability of the nitrofuran derivatives to accept 
electrons makes them oxygen mimics with respect to 
radical scavenging activity during X-irradiation. The 
same property of electron acceptance causes interfer- 
ence with cellular electron transfer reactions through 
reduction of the drug and its subsequent reaction with 
either oxygen or cellular electron acceptors. Polaro- 
graphic studies under anaerobic conditions indicate 
that the nitro group is capable of forming stable prod- 
ucts by accepting either four or six electrons [19]. 
We have found that the dithionite-reduced product, 
which most likely is the hydroxylamine. has the same 
absorption spectrum as the metabolically reduced deri- 
vative (Fig. 1); this product is relatively stable toward 
oxygen until oxidized nitrofuran (or FMN) is added 
(Fig. 5). Free radical NF derivatives may be formed 
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if the anaerobically reduced product reacts with elec- 
tron acceptors such as NAD* or FAD-FMN or with 
oxidized NF. Our preliminary studies in chemical sys- 
tems [20] indicate that these complexes are possible 
(Fig. 5). That free radical intermediates produced by 
such an interaction are extremely reactive toward ox- 
ygen, as indicated by the pulse radiolysis data (Fig. 
6). 

The failure to demonstrate the formation of re- 
duced nitrofurans with aerobically growing cells [8] 
may be explained if the nitrofuran free radical is an 
intermediate first step in its cellular reduction, similar 
to the free radical intermediates of flavin and pyridine 
nucleotides. Such an intermediate obviously would be 
extremely active toward oxygen. The reason that 
cellular NAD(P) and flavin free radicals do not react 
directly with oxygen or oxidizing reactants is that 
they may be protected through protein interaction via 
tryptophan residues [21]. Additional support for the 
direct interaction of nitrofuran free radicals with ox- 
ygen is provided by the similar behavior in aerobic 
and KCN-inhibited cells of K (Figs. 3 and 4), a com- 
pound known to be able to shunt electrons to oxygen. 
Pulse radiolysis data indicate that the reaction of the 
K, radical anion with oxygen is lower than that for 
the nifuroxime radical anion, although K, appears 
to be more active as an electron-shunting molecule 
in the cell system. However, this may indicate that 
metabolic production of the K; radical anion, as the 
rate-limiting step, is faster than that of the nifuroxime 
radical anion, which correlates well with the observa- 
tion that the cellular activity of K; reductase is much 
greater than that of nitroreductase. 

The demonstration of anaerobic reduction of NF 
on the microsomes [14], coupled with the fact that 
isolated microsomes incubated with NF in the pres- 
ence of glucose and NADPH can account for practi- 
cally all of the NF-stimulated oxygen uptake in the 
intact EAT cell suspension (manuscript in prep- 
aration), suggests that the stimulation of oxygen con- 
sumption by NF is extramitochondrial. 

One consequence of nitrofuran radical anions 
reacting with oxygen will be the production of the 
superoxide radical anion, O,, which in the presence 
of superoxide dismutase may react with itself to pro- 
duce, following protonation, HO, and O;. Excess 
production of superoxide or H,O, would be expected 
to be damaging to cells and may in part explain the 
cytotoxic effects of the nitrofurans [5]. Similar inter- 
action with O, and the dismutation of the resulting 
oxygen radical have been demonstrated for the inter- 
mediary product in the reduction of K, [22], as well 
as for the proximate carcinogen, 4-hydroxy amino- 
quinoline N-oxide [23]. 

The reducing equivalents necessary for cellular re- 
duction of NF, which are supplied largely through 
NAD(P)H, are supplied by either glycolysis or pen- 
tose cycle activity. Glutathione may participate as a 
redox buffer by providing reducing equivalents to 
NADPH through ‘the glutathione reductase enzyme. 
This conclusion is further supported by the observa- 
tion that the increased oxygen consumption in the 
presence of NF and K, is enhanced by the addition 
of glucose but is diminished or even prevented by 
the addition of diamide (an agent known to deplete 
GSH and other endogenous substrates [10]). 


Depletion of intracellular GSH may also occur 
through the shunting of electrons to oxygen by NF with 
the result that GSSG would accumulate. This would 
inhibit sulfhydryl enzymes such as succinoxidase in- 
volved in mitochondrial oxidations [24]. A direct in- 
hibition of glutathione reductase by NF [7] may also 
occur. The inhibition of respiration is more pro- 
nounced when diamide is added to the cells before 
NF. 

With regard to the use of nitrofuran derivatives as 
cellular radiation modifiers [1, 2,5], our results indi- 
cate that the compounds are far from metabolically 
inert and that special attention should be given to 
the alteration in electron transfer reactions and 
changes in intracellular reducing species as well as 
the production of free radicals by the drug, when in- 
terpreting results obtained with these agents. 
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Abstract—The pharmacological effects of metabolically stable z-methylated indirectly acting /-hydroxy- 
lated L(+ )-isomers and the corresponding /)-desoxy-derivatives of phenolic and nonphenolic sympatho- 
mimetic amines were investigated. On the isolated. superfused rat vas deferens. preloaded with [*H Jnor- 
epinephrine (7H-NE), the contraction and the efflux of tritium from the tissue by the drugs were 
studied. It was observed that a given phenolic amine can block the effects of other phenolic amines. 
For example. L(+)-cobefrin can block the effect of (+)-desoxycobefrin or tyramine. A nonphenolic 
amine. however. blocks other nonphenolic amines but not the effects of phenolic amines. For example. 
L(+ )-—-ephedrine can block the effect of (+)-desoxyephedrine but not that of tyramine. The efflux 
of tritium parallels the pharmacologic effect. It is implied that phenolic and nonphenolic amines utilize 
different transport systems at the adrenergic nerve terminal. Other consistent findings have been that 
the desoxy-derivative of either phenolic or nonphenolic amines always produces a greater pharmacologic 
effect than the corresponding L(+ )-isomer. Since their ability to block uptake of *H-NE is the same, 
as compared to the L(+)-form, the desoxy-derivative must enter the adrenergic neurone faster and/or 
displace more transmitter to produce its greater pharmacologic effect. Additional studies with isolated 
bovine splenic nerve granules indicate that the less effective L(+)-isomers do not release NE from 
storage vesicles, whereas desoxy-analogs release considerable quantities of NE from these sites. The 
implications are that the desoxy-form may release NE from both cytoplasmic and vesicular stores, 


while the L(+ )-isomer may release NE only from an extravesicular site. 


The mechanism by which indirectly acting phenolic 
and nonphenolic sympathomimetic amines act may 
be different [1,2]. It was suggested that tyramine, a 
phenolic amine, releases intraneuronally bound nore- 
pinephrine (NE) from different storage pools than 
does mephentermine. which is of the nonphenolic 
type. Subsequently, it was possible to block the re- 
sponse of one phenolic amine by preincubation with 
a supramaximal concentration of another weaker 
phenolic amine but not with a nonphenolic com- 
pound. Similarly, it was possible to inhibit the re- 
sponse of a nonphenolic sympathomimetic amine. by 
previously exposing the tissue to another nonphenolic 
indirectly acting amine, but not a phenolic amine [3]. 
These results suggest that at the adrenergic neurone 
two different transport processes exist, one being spe- 
cific for phenolic amines and the other for liposoluble, 
nonphenolic sympathomimetic amines [4. 5]. 

In addition to differences between phenolic and 
nonphenolic indirectly acting amines. sympathomime- 
tics also show a difference in response which is related 
to the stereochemistry about the /-carbon atom. It 
was observed [3] that the indirectly acting desoxy- 
form (without /-hydroxyl group) of a sympathomime- 
tic amine was always more active than the corre- 
sponding /-hydroxylated L(+ )-analog. The reason for 
this is unknown, but the working hypothesis is that 
the desoxy-analog enters the nerve terminal at a faster 
rate than the corresponding L(+ )-analog and there- 
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fore liberates more transmitter in a given period of 
time. Alternatively, it may be that both drugs liberate 
equal amounts of the neurotransmitter; however, the 
desoxy-analog is a better inhibitor of re-uptake, re- 
sulting in a greater pharmacological response. Thus, 
it is our aim to examine these biochemical and the 
pharmacological correlates in the densely adrenergi- 
cally innervated rat vas deferens. 


METHODS 


General considerations. Male albino Wistar rats 
(Laboratory Animal Supply Co., Indianapolis, Ind.) 
weighing 150-400 g were used throughout the study. 
The animals were killed by a sharp blow on the head; 
the vasa deferentia were removed and placed in an 
oxygenated physiological salt solution (PSS) at room 
temperature for debridement of extraneous tissue. The 
composition of the PSS was (mM): NaCl, 118; KCl, 
4-7: MgCl, .6H,O, 0:54; CaCl,.2H,O, 2:5; NaH, 
PO,. 1; NaHCO,,. 25; and glucose, 11. Ethylenedia- 
minetetraacetic acid (EDTA) was added (10 g/ml) to 
retard the spontaneous oxidation of catecholamines. 
PSS always contained tropolone (3 x 10° °M) to in- 
hibit catechol-O-methyl transferase (COMT). 

All drug solutions were made daily (double-distilled 
demineralized water) except for a stock solution of 
(—)-[°H Jnorepinephrine, which was kept at 4° in 1% 
sodium metabisulfite. 

Response of superfused vasa deferentia to desoxy- 
derivatives and L(+ )-isomers. Vasa deferentia from one 
rat were allowed to equilibrate at 38 for 15min in 
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PSS before incubation with iproniazid (10°*M) to 
inhibit monoamine oxidase (MAQ). After two wash- 
ings with PSS. the tissues were incubated with *H-NE 
(200 ng/0-63 wCi/ml) for 60min at 38 . Each tissue 
was washed five times with 10 ml PSS to remove the 
amine from extracellular spaces. 

The vasa deferentia were then suspended in separ- 
ate superfusion chambers (warmed to 38 ) and con- 
nected via a thin thread to a Grass force-displacement 
transducer (model FT.03C) under 250 mg tension. Su- 
perfusion with PSS (38) at a rate of 4ml/min was 
allowed to proceed for 30min before infusions of 
drugs into the system were begun. Drug-induced con- 
tractions were recorded on a Grass ink-writing poly- 
graph. This superfusion procedure is a modification 
of that described by Su and Bevan [6]. 

After a superfusion equilibrium period of 30 min, 
a solution of the indirectly acting sympathomimetic 
amine was infused into the system by a Harvard infu- 
sion pump (model 931) at a predetermined rate and 
concentration so that the PSS reaching the tissue con- 
tained 3 x 10°*M of each amine. At this concent- 
ration the contractile effect of each drug is maximal 
and is completely blocked by reserpine pretreatment 
[3.7]. On one of the two tissues. only the desoxy-ana- 
log was infused and the tissue was allowed to reach 
its maximum response (100 per cent). On the contra- 
lateral tissue, first the L(+)-isomer was infused and 
allowed to cause its maximum response, after which 
the desoxy-andlog was added and also permitted to 
respond maximally. At this point, tyramine was in- 
fused and allowed to elicit its maximum effect. No 
drug was superfused until the preceding compound 
had elicited its maximum effect on the tissue. Figure 
| illustrates a typical tracing from an experiment. 
During the entire drug infusion period, and for 2 min 
prior, the superfusate was collected at 1-min intervals 
and assayed for tritium by dissolving a 2-ml aliquot 
in 13 ml Aquasol (New England Nuclear) and count- 
ing by liquid scintillation spectroscopy. No correction 
was made for NE metabolites. which were assumed 
to be minimal, since both major metabolic enzymes 
were inhibited. 

Inhibition of 7H-NE uptake in the normal and reser- 
pine-pretreated rat vasa deferentia. Vasa deferentia 
from a normal or reserpine-pretreated rat (5 mg/kg. 
ip. 18-21 hr prior to sacrifice) were placed in separate 
beakers containing 5ml of oxygenated PSS and al- 


_ fra 


| 
LG) cobefrin | 
() desoxycobefrin 


tyramine 


Fig. 1. Experimental protocol for investigating the effects 
of desoxy-amines and their corresponding L(+ )-isomers on 
superfused rat vas deferens. A and B are two tissues from 
the same animal. The superfusion concentrations were 
3 x 10°*M for each drug. On tissue B, tyramine was in- 
fused in the presence of on-going infusions of L(+ )-cobefrin 
and (+ )-desoxycobefrin. Tritium efflux was collected at re- 
gular intervals. 
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lowed to equilibrate for 15 min at 38 . After equilib- 
ration. the tissues were incubated in PSS containing 
10°*M< iproniazid for 30 min. Both tissues were then 
washed twice (at |-min intervals) with 5 ml PSS and 
allowed to re-equilibrate for an additional 15 min. 
One tissue was exposed to the drug [either the des- 
oxy- or L(+)-isomer] while the contralateral tissue 
served as a control. The drug. always in the concent- 
ration of 3 x 10°*M. was allowed to incubate for 
3 min before the “H-NE was added (20 ng/0-11 pCi 
ml) to both the experimental and control tissues. The 
vasa deferentia were exposed to *H-NE for 5 min. 
then washed five times at !-min intervals with 5 ml 
PSS at 38 to remove extracellularly bound NE. The 
tissues were then transferred to separate beakers con- 
taining 2 ml 0-4 N HCIO, in which they were homo- 
genized with a Brinkman Polytron for 30 sec. The po- 
lytron was washed with 2ml fresh 0-4N HCIO, 
which was combined with the original homogenate. 
The homogenate was centrifuged in a clinical centri- 
fuge for 20min and then 2 ml of the resulting super- 
natant was assayed for its tritium content by dissolv- 
ing it in 13 ml Aquasol and counting by liquid scintil- 
lation. The counts in the control tissue represent 100 
per cent. 

Effect on 7H-NE efflux from bovine splenic nerve 
storage granules. NE storage granules were obtained 
by a modification of the technique described by von 
Euler and Lishajko [8]. Briefly. clean. desheathed bo- 
vine splenic nerves (3-0 to 7-7 g) were placed in 30 ml 
of 0-13M _ potassium phosphate buffer (pH 7-4) and 
minced with scissors at 0. The mince was homo- 
genized with a Brinkman Polytron for 30 sec and the 
resulting homogenate was filtered by suction through 
muslin to remove large particles and cell debris. Five 
ml of the filtrate was added to each of five ultracentri- 
fuge tubes and centrifuged at 10.000g in a Beckman 
ultracentrifuge (model L) for 10 min at 4. The result- 
ing supernatant, which contains most of the NE stor- 
age granules. was incubated at 38 for 10 min to par- 
tially deplete endogenous NE [9]. At this time. exo- 
genous *H-NE (20 ng/0-11 yCi/ml) was added and 
incubated for 5 min at 38 . Incubation was terminated 
by immersing each tube in an ice bath. The suspen- 
sion was centrifuged at 70.000g for 30min and the 
resulting supernatant discarded. The pellet (contain- 
ing NE Storage granules) was resuspended in 5 ml of 
ice-cold buffer to wash and centrifuged as described 
above for 30 min. The washing process was repeated 
and the resulting 70.000g supernatant replaced with 
4-§ ml fresh buffer (38 } and the pellet resuspended. 
The desoxy- or L(+)-analogs studied were added to 
each tube in a 0:2 ml vol. of buffer (3 x 10°*M con- 
centration in the tube) and incubated at 38 for 5.min. 
Incubation was terminated by placing the tubes in 
ice. The suspension was centrifuged as described 
above arid the supernatant assayed for tritium by dis- 
solving 2 ml in 13 ml Aquasol and counting by liquid 
scintillation spectrometry. The -tritium content,of the 
pellet was determined by extracting twice with a 1-ml 
vol. of 0-4N HClO, and adding the combined ex- 
tracts to 13 ml Aquasol and counting by liquid scintil- 
lation. Efflux of “H-NE is expressed as the superna- 
tant:pellet ratio (S/P). Higher ratios represent 
greater *H-NE efflux. The S/P ratio for the control 
was considered to be 100 per cent. 
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Drugs. Only metabolically stable x-methylated sym- 
pathomimetic amines were used. Since p(—)-isomers 
of sympathomimetic amines produce considerable di- 
rect sympathomimetic effects. only the desoxy- and 
L(+)-isomers were used. The following drugs were 
used in this study: (—)-°H-norepinephrine bitartrate. 
sp. act. 6°6 Ci/m-mole (Amersham/Searle Corp.); (+ )- 
desoxycobefrin HCl (methyldopamine), (+ )-desoxy- 
metaraminol (z-methyl-m-tyramine), L(+ )-metara- 
minol bitartrate (Merck, Sharp & Dohme); L(+ )-co- 
befrin (Sterling Winthrop); (+)-amphetamine SO,, 
(+ )-methamphetamine HCI (Smith, Kline & French); 
L(+ )-pseudo-norephedrine HCI (Light & Co.): L(+)- 
pseudo-ephedrine HCl (Burroughs Wellcome): tyra- 
mine HCI (General Biochemicals): iproniazid (Hoff- 
man-LaRoche, Inc.); reserpine (Ciba): and tropolone 
(Aldrich). 


RESULTS 


The normal efflux of 7H-NE during. the first 30 min 
of superfusion is quite high and obeys first-order kin- 
etics with a rate constant of 0-033 min’ ' and a half- 
time of 21 min. However, the tissue retained approxi- 
mately 8-10 x 10° cpm/g at the time drug-induced 
release was studied. The basal efflux of 7H-NE in an 
identical preparation has been reported previously 
[10]. 

Generally. during the superfusion of the desoxy- 
amine, the drug-induced release varied between 200 
and 300cpm/ml. The maximum release value of des- 
oxy-derivative in every experiment is considered to 
be 100 per cent. Although tissue-to-tissue variability 
in the drug-induced release of *H-NE occurred. the 
release pattern in experiments paralleled the pharma- 
cologic response. 
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Fig. 2. Pharmacological effects and tritium efflux (presum- 
ably NE) from the superfused rat vas deferens. Note that 
tyramine, a phenolic amine, did not produce contraction 
or efflux in the presence of L(+ )-cobefrin and (+ )-desoxy- 
cobefrin. both of which are also phenolic. Vertical lines 
are S. E. M. The asterisks represent a significant difference 
(P < 0-05) from resting tension or basal tritium efflux. 
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A phenolic amine, (+ )-desoxycobefrin, produces a 
pharmacological response and *H-NE release greater 
than that of L(+)-cobefrin, which is also phenolic. 
However, when (+ )-desoxycobefrin is superfused after 
a supra-maximal concentration of L(+)-cobefrin 
(3 x 10°*M). no additional response or *H-NE re- 
lease is obtained (Fig. 2). Furthermore, superfusion 
of tyramine, which is also phenolic, after the two pre- 
vious amines, produces no increase in response or 
3H-NE release even though the activity of tyramine 
in control tissue is greater than that of either the des- 
oxy- or L(+)-analogs [3]. When (+ )-desoxycobefrin 
was administered during the infusion of L(+ )-cobe- 
frin, the response was maintained but the release de- 
clined. The relatively small release of *H-NE, with 
the relatively fast on-going decline in the basal re- 
lease, could explain the discrepancies between the pat- 
terns of release and contraction. Qualitatively similar 
results were obtained with the phenolic amines, (+ )- 
desoxymetaraminol and L(+)-metaraminol. Among 
the nonphenolic amines, (+ )-methamphetamine has 
greater pharmacological activity than L(+ )--ephed- 
rine; however, when (+)-methamphetamine is ad- 
ministered after L(+ )-i/-ephedrine, the former is un- 
able to elicit any additional response or *H-NE re- 
lease. Tyramine (phenolic), when superfused in the 
presence of L(+ )-w-ephedrine and (+ )-methampheta- 
mine, was able to cause an additional pharmacologi- 
cal response and *H-NE release (Fig. 3). The same 
pattern was obtained for (+ )-amphetamine and L(+ )- 
w-norephedrine, except that no clear-cut increase in 
3H-NE release was observed when tyramine was su- 
perfused after the former amines, even though the 
pharmacological response to tyramine was increased. 
It is possible that the on-going spontaneous decrease 
in basal efflux [10] has masked the increase in tritium 
outflow induced by tyramine. 
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Fig. 3. Pharmacological effects and tritium efflux (presum- 
ably NE) from the superfused rat vas deferens. Note that 
tyramine produced additional effects in the presence of 
other nonphenolic amines. Vertical lines are S. E. M. The 
asterisks represent a significant difference (P < 0-05) from 
resting tension or basal tritium efflux. 








R. R. Rurrovo, Jr., D. D. Mitcer and P. N. PATIL 


Rat vas. def 


NORMAL RESERPINE PRETREATMENT 


| | 
| | | 
eS 
CONTROL 
3 NE 


RESERPINE PRETREATMENT 


c. 


4 
| 


| | | 


L(+) ME TARAMINOL CONTROL 
WITH 5H NE 3H NE 


U+) COBEFRIN 
WITH 3 NE 


UPTAKE (PERCENT OF CONTROL) 








ME TARAMINOL TH 3H NE 5H NE 
WITH 3H NE 


t) DESOX 
ME TARAMINOL 
WITH 3H NE 


Fig. 4. Uptake of *H-NE in the presence of the desoxy- 

and .t(+)-isomers of phenolic amines. The amines 

(3 x 10°*M) were incubated for 3 min prior to the addi- 

tion of *H-NE. The vertical lines are S. E. M. As compared 

to that in the normal tissue. the ability of these amines 

to block the uptake in the reserpine-treated tissues is iden- 
, tical; the asterisk indicates P < 0-05. 


In all cases but one, the desoxy-analog was more 
effective than the L(+)-form in inhibiting “H-NE up- 
take into the normal vas deferens (Figs. 4 and 5). 


This conceivably could explain the greater action of 


the desoxy-analogs observed in Figs. 2 and 3. One 
problem arises, however, from this type of experiment 
in ‘that sympathomimetic amines, while inhibiting the 
uptake of exogenously administered *H-NE, are at 
the same time releasing endogenous NE. Since the 
endogenous NE will also be taken up by the nerve 
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Fig: 5. Uptake of *H-NE in the presence of the desoxy- 
and L(+)-isomers of nonphenolic amines. The amines 
(3 x 10°*M) were incubated for 3 min prior to the addi- 
tion of 7H-NE. The vertical lines are S. E. M. As compared 


to that in the normal tissue, the ability of the pair of 


amines to block the uptake in the reserpine-treated tissue 
is identical; the asterisk indicates P < 0-05. 


terminal, exogenously administered *H-NE will then 
compete with both the drug [desoxy- or L(+ )-form] 
and the liberated endogenous NE. The compound re- 
leasing more NE may be credited with being a greater 
inhibitor of uptake when actually it may not be. For 
this reason, the uptake study was conducted in vasa 
deferentia from rats pretreated with reserpine, which 
depletes endogenous catecholamines. Reserpine will 
also block the vesicular uptake of 7#H-NE. which per- 
mits study of the various sympathomimetic amines on 
the membrane of the nerve terminal without compli- 
cation due to the effects at the level of the vesicular 
membrane. The absolute accumulation of 7H-NE was 
decreased to one-third that of normal vasa deferentia 
(49 + 2:2 ng of *H-NE/g of tissue in reserpinized va- 
sa deferentia as compared to 14-2 + 3-3 ng/g in nor- 
mal tissues). It was determined that both the desoxy- 
and L(+ )-analog possessed equal abilities to inhibit 
the uptake of exogenously administered *H-NE at the 
level of the neuronal membrane (Figs. 4 and 5). These 
results are significant, since they refute the hypothesis 
that desoxy- and L(+ )-analogs release equal amounts 
of noradrenaline while the desoxy-form is a greater 
inhibitor of re-uptake, and support the view that the 
desoxy-analog enters the nerve terminal faster and re- 
leases more NE than the L(+ )-form. 

In view of these findings, studies on the isolated 
storage granules of the bovine splenic nerve were per- 
formed using one pair of phenolic and one pair of 
nonphenolic desoxy- and L(+)-analogs. The results 
are presented in Figs. 6 and 7. As may be seen, both 
desoxy-analogs studied [(+ )-desoxycobefrin and (+ )- 
methamphetamine] produce a considerable increase 
in S/P ratio and hence *H-NE efflux from the isolated 
granules. The L(+ )-isomers [L(+ )-cobefrin and L(+ )- 
w-ephedrine] were observed to cause little or no en- 
hancement of *H-NE efflux. To eliminate the effects 
of day-to-day variation, the mean difference (A) in 
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Fig. 6. Supernatant:pellet ratios (S/P) obtained from bo- 
vine splenic nerve granules, expressed as per cent of con- 
trol. for (+ )-desoxycobefrin and L(+ )-cobefrin. The con- 
centration of each amine was 3 x 10°*M. The vertical 
lines are S. E. M. The mean per cent difference between 
the desoxy- and L(+)-isomer calcuiated from each exper- 
iment is A. The higher S/P ratio indicates greater release 
of *H-NE into the medium by the drug. 
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Fig. 7. Supernatant:pellet ratios (S/P) obtained from bo- 

vine splenic nerve granules. expressed as per cent of con- 

trol, for (+ )-methamphetamine and L(+ )-i/-ephedrine. The 

concentration of each amine was 3 x 10° *M. The vertical 

lines are S. E. M. The mean per cent difference between 

the desoxy- and L(+)-isomer calculated from each exper- 
iment is A. 


S/P ratios between the desoxy- and its corresponding 
L(+ )-analog was calculated and presented in Figs. 6 
and 7. In both pairs of drugs studied, this A represents 
a Statistically significant difference (P < 0-05) from 
zero. The absolute S/P ratios for (+ )-desoxycobefrin. 
L(+ )-cobefrin, (+)-methamphetamine and L(+ )-- 
ephedrine were 2-41, 1-65, 2:34 and 2-02 respectively. 


The control ratio was 1-90. 


DISCUSSION 


The results of the present study are in agreement 
with the postulation that the indirectly acting pheno- 
lic and nonphenolic amines may utilize different 
transport systems for neuronal uptake. Figures 2 and 
3 show that when a tissue is exposed first to a supra- 
maximal concentration of a lesser active phenolic 
amine and then to a more active phenolic compound, 
the latter is unable to elicit any further pharmacologi- 
cal response or *H-NE release. Similarly, the activity 
of a nonphenolic amine is inhibited by previously 
saturating the tissue with another less active non- 
phenolic compound. Thus, in all pairs studied, the 
desoxy-analogs, when administered after the corre- 
sponding L(+)-form, could release no additional 
3H-NE and therefore cause no further response. This 
also explains the difference in the response of tyra- 
mine when superfused on tissues previously exposed 
to phenolic or nonphenolic amines. In the former 
case. presumably all carriers for the phenolic uptake 
process are occupied by L(+)-phenolic amines (and 
to a lesser extent by desoxy-phenolic amines), which 
prevent tyramine (phenolic) from being transported 
into the nerve terminal and releasing stores of NE. 
However. when tyramine is superfused after supra- 
maximal concentrations of L(+)- and desoxy-non- 
phenolic amines, tyramine does cause additional 
3H-NE release and therefore additional tissue re- 
sponse. In this case, presumably the L(+)- and des- 
oxy-analogs are saturating the nonphenolic uptake 
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process and leaving the phenolic transport me- 
chanism relatively free to take up tyramine, which 
may then release NE. Thus, based on these biochemi- 
cal findings, combined with the fact that the physical 
chemical properties of the phenolic and the non- 
phenolic amines differ. the different mechanisms of 
indirect effect appear highly probable. 

4-Methylated amines with 2S configuration appear 
to be substrate for the enzyme dopamine-/-oxidase 
[11]. Hence, it can be argued that greater effects of 
the desoxy-derivative over the corresponding 
L(+ )-form is due to the conversion to the correspond- 
ing f-hydroxylated b(—)-isomer, which could be an 
effective releaser of the NE. Although this possibility 
is likely, the pharmacological activity of (—)}- and 
(+)-isomers of z-methylated amines are very similar. 
The (—)-isomers of desoxy-derivatives are not the 
substrate for the enzyme. In other words, desoxy-deri- 
vatives which are not substrate for the dopamine-/- 
oxidase are more potent than the corresponding 
L(+ )-isomers. Thus. the greater pharmacologic effects 
of desoxy-derivatives could not be solely explained 
on the basis of their conversion to beta-hydroxylated 
D( — )-isomers. 

The consistent findings of the present and past in- 
vestigations have been the greater indirect pharmaco- 
logic effects of the desoxy-derivatives of sympathomi- 
metic amines over the corresponding /}-hydroxylated 
L(+ )-isomers. Muscholl [12] has pointed out that in- 
directly acting amines not only release endogenous 
neurotransmitter, but they also inhibit the uptake of 
the released neurotransmitter. Since. after reserpine 
pretreatment, the inhibition of uptake of exogenous 
SH-NE at the neuronal membrane is the same by 
the desoxy- and the L(+ )-analogs, the greater indirect 
effects of desoxy-derivatives might be due to faster 
entry and/or greater effective displacement of the 
transmitter from the adrenergic nerve terminal by this 
amine. The converse should occur with — the 
L(+ )-forms of the amine. The precise anatomical loca- 
tion from which these drugs liberate the neurotrans- 
mitter is not known. Our findings indicate that the 
desoxy-form of a sympathomimetic amine may release 
NE from granular stores, whereas the L(+ )-analogs 
do not (Figs. 6 and 7). The implication is that the 
desoxy-derivatives liberate neurotransmitter from 
both vesicular and cytoplasmic sites, while the L(+)- 
analogs release NE from only the latter site. It should 
be noted. however. that vesicles isolated from bovine 
splenic nerve and used in the present study are pre- 
dominantly large dense core vesicles, whereas those 
in the nerve terminals of the vas deferens are mainly 
small dense core vesicles. Although there are several 
differences between the two vesicle types, extrapola- 
tion of data from one type to another is possible in 
many instances [13]. 

On the normal tissue, desoxy-derivatives are appar- 
ently better inhibitors of uptake than the correspond- 
ing L(+)-isomers. Since desoxy-derivatives possess 
more indirect effects than the L(+ )-isomers, the rela- 
tively more endogenously released noradrenaline will 
compete with the exogenously administered *H-NE. 
Hence, it is not surprising that on the normal tissue 
desoxy-derivatives are apparently better inhibitors of 
3H-NE uptake than the L(+ )-isomers. In other words, 
endogenously liberated noradrenaline obscures the 
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quantitation of true affinity of the indirect-acting 
amine for the transport system. Burgen and Iversen 
[14] described a structure activity profile for the inhi- 
bition of the uptake of NE by many sympathomime- 
tic amines. The studies were carried out on normal 
tissues. Conclusions drawn from the present study in- 
dicate that the work should be re-examined in cate- 
cholamine-depleted tissues. 
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Abstract 


Both [8-lysine] vasopressin and oxytocin inhibited glycogen accumulation in the perfused 


liver from starved rats, at concentrations of 30-1000 pg/ml and 20~900 ng/ml respectively. [1-Dea- 
mino-8-D-arginine] vasopressin caused glycogenolysis in the perfused liver from fed rats over the con- 
centration range 5-100 ng/ml. These effects resemble those previously reported for [8-arginine] vasopres- 
sin; they are discussed with reference to the potency of action of vasopressin-related peptides on 


the liver. 


The hepatic actions of the hormones of the posterior 
pituitary gland have not been fully elucidated. Both 
vasopressin [1,2] and oxytocin [1,3] can cause gly- 
cogenolysis in the liver. In the case of [8-arginine] 
vasopressin at least, stimulation of glycogen break- 
down and gluconeogenesis and. inhibition of glycogen 
synthesis, in the perfused rat liver, is seen at concen- 
trations which can occur in the intact animal, es- 
pecially during haemorrhagic shock [4,5]. The pur- 
pose of the experiments reported here was to study 
the effects of vasopressin-related peptides on glycogen 
metabolism in the perfused rat liver. Oxytocin and 
[8-lysine] vasopressin were selected because of their 
physiological significance (the latter in a small group 
of animals, eg. the pig) and [1-deamino-8-D-arginine ] 
vasopressin (DDAVP) in view of its use in patients 
with diabetes insipidus [6]. 


EXPERIMENTAL 


Perfusions of rat liver. Male rats of the Sprague- 
Dawley strain, weighing about 180 g, had free access 
to a standard diet of rat cubes and to water. Star- 
vation was for 48 hr from about 10.00 hr. Rats were 
anaesthetised with diethyl ether—air, and liver per- 
fusion was carried out with 50 ml of Krebs-Ringer 
bicarbonate containing albumin and washed rat er- 
ythrocytes [7]. Glucose was added to the perfusions 
so that the initial concentration was 5 mM in fed 
rat perfusions, and 28 mM when starved animals were 
used. In the latter group of perfusions gluconeogenic 
substrates (combined concentration 10 mM) were also 
added and were then infused (at 3 ml/hr from 15 min 
after the start of perfusion) in a mixture containing 
0:5 M-sodium lactate, 0-33 M-glycerol and 0:17 M-so- 
dium pyruvate [4]; net glycogen synthesis was fol- 
lowed in sequentially removed liver samples [7]. Pep- 
tides were added after various times, and caused no 
change in flow rate (about 2 ml/min/g, measured by 
drop-counting). 

Chemicals and analytical methods. Chemicals were 
of the highest grade commercially available. L-lactic 
acid was from Sigma (London) Chemical Co. (King- 
ston, Surrey, U.K.) and sodium pyruvate from C. F. 
Boehringer Corp. (London, W.5, U.K.). [8-Arginine] 


vasopressin, which is the natural form of vasopressin 
in the rat, was obtained in solution from Sigma: 
Grade VI, a synthetic vasopressin of activity 360 un- 
its/mg. [8-Lysine] vasopressin, was also from Sigma: 
Grade IV, essentially oxytocin free, prepared syntheti- 
cally and obtained in a powder form of activity 
70-100 units/mg. [1-Deamino-8-D-arginine] vasopres- 
sin was from Fering A.B. Ltd. (Malmo, Sweden). 

Glucose was measured by a glucose oxidase 
method [8] and glycogen was determined as glucose, 
after hydrolysis with fungal glucosidase [9]. 


RESULTS 

Effect of posterior pituitary hormones on net gly- 
cogen synthesis. In the perfused liver from starved rats 
glycogen synthesis was measured under optimal con- 
ditions, in which circulating gluconeogenic precursors 
serve as carbon source and glucose is required in a 
regulatory capacity, to direct hexose phosphates into 
glycogen [7]. In these conditions [8-arginine] vaso- 
pressin inhibits glycogen synthesis [4]. Both [8-ly- 
sine] vasopressin and oxytocin also inhibited gly- 
cogen accumulation (Fig. 1); [8-lysine] vasopressin 
inhibited synthesis extensively at concentrations as low 
as 200 pg/ml (50 yunits/ml; pure hormone having 
a vasopressin-like activity of 250 units/mg when as- 
sayed by rat antidiuresis [10]), whereas 40-900 ng/ml 
of oxytocin were required for a significant effect to 
be obtained (20-400 m units/ml; pure hormone hav- 
ing an oxytocin-like activity of 450 units/mg [10]). 

It should be noted that since peptides were added 
four times (each time to the concentration indicated), 
these data do not exactly reveal the concentration-de- 
pendence of peptide effects. However, [8-arginine] 
vasopressin does not accumulate in these conditions 


(Dr. Mary Forsling: personal communication), so the 


concentrations shown probably correspond closely to 
the ‘average’ concentration during perfusion. 
Stimulation of glycogen breakdown by [1-deamino-8- 
D-arginine | vasopressin (DDAVP). During perfusion of 
livers from fed rats the glucose concentration in the 
medium reached a steady concentration of 8-12 mM 
within 50 min (Fig. 2). If DDAVP was then added 
in a single dose to the medium there was an efflux 
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Fig. 1. Influence of oxytocin and [8-lysine]vasopressin on 
glycogen accumulation in the perfused liver of starved rats. 
Livers were perfused with gluconeogenic precursors and 
28 mM glucose as described in the text; net glycogen syn- 
thesis was measured between 20 and 50min [4,7]. Both 
hormones. were added at 10min intervals. from 10 min 
after the start of the perfusion, to the concentration indi- 
cated (abscissa). For comparison, the concentration-depen- 
dence of the [8-arginine]vasopressin effect is included: 
broken line, see ref. [4]. Results are from individual per- 
fusions except for controls [14]: open circle, bar gives 
S.E.M.): oxytocin (@), [8-lysine ]vasopressin (A). 


of glucose (Figs. 2 and 3) as with [8-arginine] vaso- 
pressin [4]. This efflux was not as large as that ob- 
tained with [8-arginine] vasopressin [4]; this was not 
due to lack of liver glycogen as a second addition 
of DDAVP with [8-arginine] vasopressin caused. a 
more marked giucose efflux (Fig. 2). This result 
showed that DDAVP does not inhibit [8-arginine ] 
vasopressin action. 

The extent of the increment in glucose concen- 
tration was dependent on the initial concentration of 
DDAVP over the range 5-100 ng/ml (Fig. 3, in which 
the dose response to [8-arginine] vasopressin [4] has 
been included for comparison: pure [8-arginine] va- 
sopressin has a vasopressin-like activity of 400 units 
mg [10]). The liver was much less sensitive to 
DDVAP than to vasopressin (Fig, 3). 


DISCUSSION 


The above experiments show that a number of va- 
sopressin-related peptides can cause liver glycogeno- 
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Fig. 2. Influence of DDAVP on the time-course of glucose 
output in the perfused liver of fed rats. Livers were per- 
fused as described in the text. The following additions were 
made to the perfusion medium after 50min: DDAVP at 
the following initial concentrations (ng/ml) 200: 50 @ and 
100 A. In the latter experiment a further 100 ng ml 
DDAVP and 20 ng/ml [8-arginine ]vasopressin were added 
at 165 min. Results are representative single perfusions. 
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Fig. 3. Dependence on _ [8-arginine]vasopressin and 
DDAVP concentrations of stimulation of hepatic glucose 
output. Livers from fed rats were perfused as described 
in the text. After an initial steady glucose concentration 
was achieved, the hormones were added at various initial 
concentrations. Each point represents the increment in glu- 
cose output during the next 40 min, determined for each 
perfusion. The response to [8-arginine]vasopressin (broken 

line) is taken from ref. [4]; DDAVP (@). 


lysis (or prevent glycogen synthesis, which presum- 
ably reflects the same hormonal action), as has been 
established for [8-arginine] vasopressin [4,5]. Al- 
though arginine-vasopressin is the natural form of va- 
sopressin in the rat both this and the lysine hormone 
act on glycogen accumulation over a similar concent- 
ration range, i.e. 60-300 pg/ml. 

The rat liver does not seem to be as sensitive to 
oxytocin or DDAVP as it is towards [8-arginine] va- 
sopressin. The results obtained with oxytocin confirm 
those obtained in vitro by other workers [3]: Heiden- 
reich [11] however found no oxytocin effect in vivo 
on the blood glucose concentration of the rat, perhaps 
as a result of the insensitivity of the liver to this hor- 
mone. Since massive doses of the hormone were re- 
quired to inhibit glycogen accumulation, this action 
probably has no physiological significance. 

A number of vasopressin and oxytocin analogues 
have been shown to produce hyperglycaemic re- 
sponses, similar to that of the hormones themselves 
[12]. Since the vasopressin analogue DDAVP is 
administered to. patients with diabetes insipidus [6] 


‘its effect on liver glycogenolysis was of interest. It 


caused liver glycogenolysis but was not as effective 
as [8-arginine] vasopressin. This is likely to be due 
to the D-arginine substitution, as [1-deamino] vaso- 
pressin retains its hyperglycaemic effect (as tested in 
vivo) [13]. 

Hepatic and vascular responses to vasopressin-re- 
lated peptides may be compared. The two tissues ex- 
hibit (i) comparable sensitivity to [8-arginine] vaso- 
pressin (both responses being much less sensitive than 
that of the kidney), (ii) relative lack of responses to 
DDAVP [6] and (iii) insensitivity to oxytocin. These 
observations suggest that the receptors to vasopressin 
in blood vessels and liver may resemble each other 
in their characteristics, but may not resemble the 
renal receptor to the hormone. 
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Abstract—1!. The partial /-adrenergic agonist and catecholamine analogue. quinterenol (1-(5-(8-hydroxy- 
quinolyl)-2-isopropylaminoethanol) was examined for its effects on adipose tissue metabolism in vitro. 
The drug promoted glycerol release from isolated fat cells in a dose-dependent hyperbolic manner 
with a maximum effect at 10°* M. 2. Quinterenol promoted an enhancement of lipolysis stimulated 
by a serum fat-mobilizing factor (lipolysin) over a narrow dose range (10° ° M to 10° * M) and produced 
a similar narrow-band enhancement (at the single dose of 10° ° M) of noradrenaline-stimulated lipolysis. 
This synergism has been interpreted as phosphodiesterase inhibitory activity. 3. Propranolol at 10° * 
M totally inhibited both noradrenaline (10°* M) and quinterenol (10° * M)-induced lipolysis: and 
had reduced, though still significant effects. when at 10°° M. It is suggested that quinterenol promotes 
lipolysis via the cyclic AMP system in similar fashion to noradrenaline. 4. Quinterenol alone was 
not able to enhance the incorporation of [U-'*C]glucose into total fat cell lipid. However. quinterenol 
did further stimulate insulin-induced lipid synthesis in fat cells obtained from both fasted and fed 


rats. 


Many f-adrenergic blocking agents bear a structural 
resemblance to the beta agonist isoprenaline (isopro- 
terenol). It has been suggested [1] that the side chain 
isopropyl-substituted secondary amine probably 
determines interaction with f receptors whereas the 
substituents on the aromatic ring(s) determine 
agonism or antagonism. Because of this close struc- 
tural similarity, some f-blocking compounds show 
partial agonist activity (e.g., dichloroisoproterenol, 
pronethalol). A 5-(8-hydroxyquinoline) analogue of 
the catecholamines, quinterenol (1-(5-(8-hydroxy- 
quinolyl) )-2-isopropylaminoethanol) initially shown to 
be a f-adrenergic stimulant [2,3] but subsequently 
shown to have f-stimulatory and /-blocking effects 
[4], would appear to be one of these partial agonist 
types of compound. Iorio and Moore (1971) [4] 
showed that quinterenol-induced free fatty acid (FFA) 
release from adipose tissue incubated in vitro was 
positively dose-related from 54x 10°” M_ to 
5-4 x 10°° M, but at 5-4 x 10°? M, auto-inhibition 
occurred. Because of these interesting effects on adi- 
pose tissue, an investigation was made of quinterenol 
on basal and hormone-induced fat cell lipolysis, in 
vitro, in the presence and absence of the /-blocking 
compound propranol; and on incorporation § of 
[U'*C]glucose into total fat cell lipid. 


MATERIALS AND METHODS 
DL-Propranolol was kindly provided by Imperial 
Chemical Industries Limited. Quinterenol hydrochlo- 
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The Chart, Oxted, Surrey, England. 
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ride. a gift from Pfizer Incorporated. is reputedly un- 
stable in solution (Jones, E. R. M.. personal communi- 
cation, 1972) therefore. various physico-chemical tests 
were performed to investigate this. [U-'*C]glucose 
was obtained from the Radiochemical Centre. Amer- 
sham. Bucks. 

Isolated fat cells were prepared in Krebs-Ringer 
bicarbonate buffer (containing albumin 3-5 g/100 ml 
and glucose 45 mg/100 ml) at pH 7-4 by collagenase 
digestion of epididymal adipose tissue obtained from 
male Sprague-Dawley rats weighing 190-210 g [5]. 
Aliquots of fat cell suspension (equivalent to approxi- 
mately 4 moles of triglyceride per flask) derived from 
fasted rats, were incubated in buffer. with or without 
noradrenaline (10° * M). serum (1-1 ml per vial), pro- 
panolol, in the presence and absence of quinterenol., 
for 90 min in a shaking water bath at 37 C. 

Glycerol release was employed as an index of lipo- 
lysis and was measured by an enzymatic method [6] 
as described previously [7]. Lipolysis was expressed 
as nmole of glycerol released/mg lipid during 90 min 
incubation. Total lipid was determined by a technique 
[8] modified from Folch, Lees and Sloan-Stanley [9]. 
In other experiments fat cells from fasted or fed rats 
were incubated with tracer doses of [U'*C]glucose 
and quinterenol (at 10°* M or 10° ° M) in the pres- 
ence and absence of insulin (100 micro units ml '). 
Incorporation of the tracer amounts of [U'*C]glu- 
cose into total fat was employed as a measure of cell 
lipid synthesis. Lipid was extracted from the fat cells 
as described previously [8] using chloroform/meth- 
anol, an aliquot evaporated, the lipid residue taken 
up in toluene phosphor and radioactivity was 
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Fig. 1. Dose-response curves for glycerol release from rat 
isolated fat cells, following stimulation by quinterenol 
oe @). quinterenol plus lipolysin (& A). guinterenol 
plus noradrenaline ( ). 


measured in a Packard Tricarb model 2450 spectr- 
ometer. 
RESULTS 


There was no change in the u.v. spectrum of quin- 
terenol solutions at pH 7, after exposure to light for 
70 hr, O11 N HCI for 40 hr, or carbonate/bicarbonate 
buffer (pH 10) for 12 hr. 


Table 1. 


Fig. | indicates that there is a dose-related increase 
of basal glycerol release with maximum effect at the 
highest drug used. ie. 10°* M. Both noradrenaline 
and the serum fat-mobilizing’ factor (lypolysin) pro- 
duced a significant (P < 0-01) elevation of glycerol re- 
lease above the no-drug control value. When quinter- 
enol was also present there was an unexpected syner- 
gism in both cases. With noradrenaline this occurred 
at 10°° M. and with lipolysin between 10°° M and 
10°* M. 

The data in Table 1 show that propanolol at 107+ 
M strongly inhibited the lipolytic effect of noradrena- 
line (10° * M) and quinterenol (10° * M). and at 10° 
M there was a smaller but still significant reduction 
in the glycerol release provoked by these lipolytic 
agonists. 

From Table 2 it can be seen that, overall, total 
lipid synthesis was greater in fat cells from fed rats 
than in cells from fasted rats. In all cases there was 
a significant enhancement of glucose incorporation in 
the presence of insulin; whereas the presence of quin- 
terenol alone, at 10°° M or 10°. manifested no sig- 
nificant effects on total lipid synthesis. Only in fat 
cells from fed rats (and in the presence of insulin) 
did the higher concentration of quinterenol have con- 
spicuously greater effects than when at 10°° M. 


DISCUSSION 


Since the earliest publications of the beta adreno- 
ceptor activity of quinterenol on muscle [2,3]. only 
one published investigation had dealt with the activity 
of this drug in connection with adipose tissue [4], 
as mentioned above. The results reported here appear 
to be somewhat at variance with those of Iorio and 
Moore [4] who found auto-inhibition by quinterenol 
at 5x 10°* M on rat epididymal adipose tissue 
pieces, whereas at | x 10°* M., the results of this 
study using isolated fat cells. indicated maximum 
stimulation. Since pieces of adipose tissue were used. 


Effects of propranolol on noradrenaline- and quinterenol-induced lipolysis in fat 
cells obtained from fasted rats 





Lipolytic agent 
Control 

Noradrenaline (10° + M) 
Quinterenol (10° 3 M) 


Propranolol Molarity 





I+ I+ I+ 





Data are nanomoles of glycerol released/mg lipid + S.E.M. of 3 observations during 90 


incubation 
P < 0-001. 


min 


~ 


Significance of difference from respective control values: **P < 0-01. 


2. Effects of quinterenol and insulin on the incorporation of [U-'*C]glucose into fat cell lipid 





Quinterenol molarity 





Control 
Insulin 
present 


Insulin 
absent 


Source of 
fat cells 


Insulin 
absent 


10°-° M 10°>M 
Insulin Insulin 


present absent 


Insulin 
present 





Fasted rats 147 +: 147 + 14*** 
Fed rats 1812 +: + 


995 + 80* 
- 16 1402 + 49 


1468 + 135 703 + 25 


2528 + 


2310 + 108*** 


1962 + 145 4005 + 221** 





Data are cpm per 50 mg of fat cell lipid, mean of 3 observations + S.E.M. Significance of difference from respective 


control values: *P < 0:05, **P < 0-01, ***P < 0-001. 





(1-(5-(8-Hydroxyquinolyl) )-2-isopropylaminoethanol) 


which manifest in vitro a low surface area to volume 
ratio, it is possible that the observed auto-inhibition 
of lipolysis was due to intracellular accretion of FFA 
and this produced the inhibition. With isolated fat 
cells where each cell presents a large surface to the 
medium, the total surface area to volume ratio is con- 
siderably increased, allowing maximum passage of 
chemical substances. 

The non-additive effects in glycerol release pro- 
voked by quinterenol at 10~° M, 10°* M and 1073 
M in the presence of noradrenaline suggest that quin- 
terenol and noradrenaline are working through the 
common mechanism of f-adrenergic stimulation. 
adenyl cyclase activity and cyclic AMP formation. 
The large increment in physiological response (syner- 
gism) at the single drug dose level of 10°° M is com- 
patible with phosphodiesterase inhibition as_ the 
cause, since many phosphodiesterase inhibitors are 
only active in this context over very narrow dose 
range. The narrow dose range of activity of quinter- 
enol in enhancing lypolysin activity may also be due 
to phosphodiesterase inhibition. The effects of pro- 
pranolol at 10-7 M in reducing both noradrenaline 
and quinterenol-induced lipolysis to control values 
but having a similarly lesser effect when at 10°° M 
are also compatible with a common mechanism of 
noradrenaline- and quinterenol-induced fat cell lipo- 
lysis. 

The fact that quinterenol could not, of itself, stimu- 
late total lipid synthesis whereas the compound did 
further enhance insulin-stimulated lipid synthesis, epi- 
tomizes its partial agonist nature. It has been sug- 
gested [7]. that when cyclic AMP (cAMP) is gener- 
ated by a noradrenaline stimulus different functions 
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of the cyclic AMP structure are responsible. respect- 
ively. in lipolysis and lipogenesis. However. Goldman 
and coworkers [10] maintain the theory of Dualism 
or the Yin-Yang hypothesis of cAMP and cyclic 
GMP (cGMP) having equal and opposite effects. It 
is conceivable therefore that the partial agonist 
character is due to stimulation of both cAMP and 
cGMP simultaneously. resulting in a physiologic an- 
tagonism. 
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Abstract— Mice susceptible to ‘audiogenic’ seizures (DBA/2, 21-25 days old) were treated with either 
di-n-propylacetate, DPA, (200-600 mg/kg, intraperitoneally) or ethanolamine-O-sulphate, EOS, 
(7-5—-15 mg/kg, intracerebroventricularly). Motor behaviour was not modified 45 min after DPA (except 
for slight changes after 600 mg/kg). Seizure responses to auditory stimulation were severely reduced 
after DPA 400 mg/kg, and totally absent after 600 mg/kg. Brain y-aminobutyric acid (GABA) concen- 
trations were unchanged after DPA 200-400 mg/kg, but increased by 57°, after 600 mg/kg. The latter 
dose inhibited brain GABA-transaminase (4-aminobutyrate-2-oxoglutarate aminotransferase) activity by 
33°,. Kinetic studies with brain homogenates failed to show inhibition of GABA-transaminase activity 
by DPA (5-15 mM), but demonstrated inhibition of succinic semialdehyde dehydrogenase by substrate 
competition. Mice tested 24 hr after EOS injection showed mild to moderate ataxia and were completely 
protected against ‘audiogenic’ seizures. Brain GABA concentration was increased 4-10 fold. GABA-trans- 
aminase activity was inhibited by 54-58°,,. There was no inhibition of succinic semialdehyde dehydro- 


genase activity. 


There is substantial evidence that y-aminobutyric acid 
(GABA) is an inhibitory transmitter in many brain 
areas, including the cerebral cortex, hippocampus and 
cerebellum [1,2]. Several types of epileptic pheno- 
mena induced by convulsant drugs can be related to 
impaired synthesis or synaptic efficacy of GABA 
(reviewed by Meldrum [3]). There is some evidence 
that drugs which raise brain GABA concentration by 
blocking its further metabolism sometimes have anti- 
convulsant properties. Thus ethanolamine-O-sulphate 
(EOS) which irreversibly inhibits GABA-transaminase 
(4-aminobutyrate-2-oxoglutarate | aminotransferase, 
EC 2.6.1.19) [4], when injected intracerebroventricu- 
larly in mice raises the brain GABA content [5] and 
diminishes the hindlimb extensor phase of the maxi- 
mal electroshock response [6]. The effects of EOS 
on the genetically-determined syndrome of audiogenic 
seizures in mice [7, 8] have not so far been described. 
Di-n-propyl acetate (DPA, Sodium 2-propylpen- 
tanoate) has been shown to possess anticonvulsant 
properties in man and in several animal test systems 
[9, 11]. An increase in brain GABA concentration has 
been demonstrated in rodents following treatment 
with DPA [12, 13] and this increase has been attri- 
buted to inhibition of GABA-transaminase activity. 
However, it has recently been shown that DPA is 
a relatively weak inhibitor of GABA-transaminase 
but a rather potent competitive inhibitor of succinic 
semialdehyde dehydrogenase (SSA-DH:; succinate 
semialdehyde: NAD* oxidoreductase EC 1.2.1.16) the 
enzyme responsible for the subsequent stage in the 
GABA-shunt pathway [14]. 


In this study we have treated mice genetically sus- 


ceptible to ‘audiogenic’ seizures with EOS or DPA 
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and correlated subsequent behavioural changes and 
altered convulsant response to auditory stimulation, 
with changes in brain GABA concentration and 
changes in the cerebral activity of GABA-trans- 
aminase and succinic semialdehyde dehydrogenase. 
We have also conducted further in vitro studies of 
these enzymic inhibitions to clarify the mechanisms 
involved. 


MATERIAL AND METHODS 


Coenzymes, enzymes and fine chemicals were ob- 
tained from Sigma Chemical Co., Ltd., (London), 
2-keto[5-'*C]glutaric acid (specific radioactivity 
5-20 mCi/m-mol) from Radiochemical Centre, Amer- 
sham, and ali other reagents from commercial 
sources. DBA/2 mice were purchased from Fisons 
Pharmaceuticals Ltd. Di-n-propylacetate was a gift 
from Reckitt & Colman, Hull, and ethanolamine-O- 
sulphate from Dr. L. J. Fowler (School of Pharmacy, 
London University). 

DBA/2 strain mice of either sex, 21-25 days old 
and weighing 7-13g were used for all experiments 
unless otherwise stated. DPA (200, 400, 600 mg/kg, 
dissolved in saline) or saline alone, was injected intra- 
peritoneally to groups of mice in a volume of 1% 
of the body weight of the animal, 45 min before audi- 
tory stimulation. EOS (7-5 or 15 mg/kg dissolved in 
a volume of 10 yl saline) or saline alone, was injected 
intracerebroventricularly—either on the left or the 
right side—under light ether anaesthesia 20-24 hr be- 
fore auditory stimulation. After treatment all the mice 
were allowed food and water ad lib. in a constant 
ambient temperature of 30 to prevent a fall in body 
temperature. 
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At the appropriate time, the mice were placed un- 
der a dome (diameter 58 cm). During a 30-sec habitua- 
tion period, pretest behaviour was assessed as follows: 
0 = normal behaviour, | = walking slowly, 2 = se- 
verely reduced or absent spontaneous movements, 
3 = lying on side, no spontaneous movements. Stimu- 
lation by an electric bell (Friedland Chimes, 3 in. dia- 
meter, producing 109 dB at mouse level) was applied 
for 60sec or until tonic extension occurred. 

The seizure response (SR) was scored as follows: 
0=no response, | = wild running, 2 = clonus, 
3 = tonus. Only the maximum response was recorded 
for each animal. 

Tissue preparation. At the end of 60-sec auditory 
stimulation or after tonic extension the mice were 
killed by immersion in Arcton 12 (ICI) cooled in 
liquid nitrogen. The brains were removed, and, while 
frozen, divided into two approximately equal parts 
and weighed. For estimation of the GABA concen- 
tration, homogenates were prepared in ice-cold 0:6 N 
perchloric acid solution containing 1mM EDTA. 
Supernatants were removed following centrifugation, 
and the precipitates washed with 0:2 N_ perchloric 
acid. Washings and supernatants were combined and 
neutralised with 2 N KOH using phenolphthalein in- 
dicator. After 1 hr standing in ice, samples were cen- 
trifuged to remove potassium perchlorate and the 
solution made up to 10 ml with ice-cold glass distilied 
water. 

For determination of in vivo GABA-transaminase 
(half) brains were homogenized in 10 vol (w/v) of ice- 
cold 1-5°, (v/v) Triton X-100. The remainder of the 
10°,, homogenate was then diluted to 4°,, by vol with 
ice-coid 1-5°,, Triton X-100 and used for the measure- 
ment of SSA-DH activity. For in vitro estimation of 
enzyme activities, whole brains of adult DBA/2 mice 
were used without freezing and homogenates pre- 
pared in a similar manner as for in vivo experiments. 

GABA assay. The GABA concentration in the neu- 
tralized extracts was determined enzymically by mea- 
suring the reduction of NADP coupled to the trans- 
amination of GABA and z-ketoglutaric acid. Final 
concentrations in the reaction mixture (3 ml) were: 
1:25mM NADP, 2mM v-ketoglutaric acid pH 7:2: 
0-15M pyrophosphate buffer pH 8-6; 5mM 2-mer- 
captoethanol ; ‘“Gabase’ (as the source of GABA-trans- 
aminase and SSA-dehydrogenase) in a concentration 
to assure completed reaction within 60 min. Blanks 
without «-ketoglutaric acid, and standards of GABA 
(range: 25-500 uM) were analysed concurrently. 

GABA-transaminase_ activity. The GABA-trans- 
aminase activity was measured according to Waks- 
man et al.[15]. Final concentrations in the incuba- 
tion medium (1 ml) were: 0-2 wCi 2-keto[5-'*C]glu- 
taric acid, 25mM _ z-ketoglutaric acid pH 6:5, 2 or 
5 mM GABA 80 mM Tris buffer pH 8-2 and homo- 
genate equivalent to 20mg tissue. In each assay 
blanks with 0-2 ml of 20°, trichloracetic acid added 
at the beginning of the incubation were analysed con- 
currently. For in vitro kinetic analysis, the buffer con- 
centration was 40 mM and homogenate equivalent to 
30 mg tissue was used. The drug was dissolved in 
glass-distilled water. 

SSA-dehydrogenase activity. SSA-DH activity was 
measured according to the fluorimetric method of 
Kammeraat and Veldstra [16]. Final concentrations 
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of the reaction mixture (1 ml) were: 0-33 mM NAD, 
50 uM succinic semialdehyde (SSA), 4:5mM 2-mer- 
captoethanol, 0:15 M _ pyrophosphate buffer pH 8-4, 
homogenate equivalent to 4 mg tissue. In each assay, 
blanks without SSA and standards of NADH (range: 
5-100 4M) were analysed concurrently with the 
samples. For in vitro measurements of SSA-DH ac- 
tivity 10°, (w/v) homogenates were prepared in ice- 
cold glass distilled water and diluted to 0-1°, with 
0-5°,, Triton X-100. In the reaction mixture the pyro- 
phosphate buffer concentration was 0-125 M and the 
homogenate was equivalent to 0-1 mg. 

The SSA used in the assay was prepared according 
to Taberner et al.[17] and its concentration esti- 
mated enzymically by the method of Jacoby [18]. 


RESULTS 

Pre-test behaviour and seizure response 

Ethanolamine-O-Sulphate (Fig. 1). During the 30-sec 
habituation period the mice treated with saline 
showed normal spontaneous exploratory behaviour. 
All the animals gave a seizure response (SR) score 
of at least 2 (mean + S.E.M. 2-60 + 0-12). After EOS 
7:5 mg/kg intraventricularly, 50°, of the animals did 
not appear behaviourally different from saline-treated 
controls whilst the other 50°, walked rather stiffly 
holding their hind-legs rigid (mean behaviour score 
0-70 + 0-12). The apparently unaffected animals 
showed a high SR score (2:60 + 0-40, NS from saline); 
the affected animals were completely protected 
against the convulsant effects of auditory stimulation. 
EOS, 15 mg/kg, induced a marked change in behav- 
iour in 80°, of the mice. They had a hunched appear- 
ance with curved spine and closed or half-closed eyes 
and marked piloerection. Their spontaneous locomo- 
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GABA concentration ymole /g 


Behaviour or seizure response 
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% GABA~T Inhibition or SSA-DH activity zmole/g/h 


75 

EOS mg/kg 
Fig. 1. Effect of intracerebroventricular injection of Eth- 
anolamine-O-Sulphate (EOS) or saline in DBA/2 mice on 
the motor behaviour, the seizure response and on GABA 
concentration, GABA-transaminase and SSA-Dehydro- 
genase activities measured in the brain homogenates. Each 
point represents the mean value (+S.E.M.) of determina- 
tions in 10 animals. (A A) GABA concentraton (umo- 
le/g wet wt); (i @) inhibition of GABA-T activity in 
per cent of control; (A A) SSA-DH activity in upmole/g 
wet wt/h; (O ©) behaviour and (@ @) seizure re- 
sponses, graded as described in Materials and Methods. 
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tor activity was inhibited (mean score + S.E.M., 
1:30 + 0-26). All these animals were completely pro- 
tected from seizures. However, 2 animals showed no 
behavioural change compared to saline-treated con- 
trols and these had SR scores of | and 3. 

Di-n-propylacetate (Fig. 2). The saline-treated con- 
trols showed normal exploratory activity during the 
30 sec habituation period and the mean seizure res- 
ponse + S.E.M. was 2:80 + 0-2. Treatment with DPA 
200 mg/kg did not induce any behavioural change or 
significant protection against seizures (SR score, 
mean + S.E.M. 2:20 + 0-2). 

After DPA 400 mg/kg the mice were substantially 
protected against seizures induced by auditory stimu- 
lation (P < 00005 compared with controls) but 
showed no evident behavioural deficit. After DPA, 
600 mg/kg, behaviour in the 30 sec habituation period 
was not severely affected (all animals were assessed 
as scoring 1). The main effect was to induce either 
continuous fast walking round inside the dome (which 
continued even during the 60 sec test period) or slight 
ataxia. There was complete protection against seiz- 
ures. 


Biochemical determinations 


Ethanolamine-O-sulphate (Fig. 1). In mice treated 
with EOS 7-5 or 15 mg/kg intracerebroventricularly 
the GABA concentration was increased up to 4- and 
10-fold respectively compared with the concentration 
determined in saline injected animals. 

GABA-transaminase activity was significantly inhi- 
bited at both drug concentrations. EOS, 7:5 mg/kg 
produced a 54°, inhibition and 15 mg/kg a 68°,, inhi- 


bition of the enzyme activity found in the control. 

The low dose of EOS did not significantly alter 
the SSA-dehydrogenase activity; with the high dose 
it was activated by 12°, 
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Fig. 2. The effect of Di-n-propylacetate (intraperitoneal in 
DBA/2 mice) on the behaviour, and on seizure response 
after auditory stimulation, and on the cerebral GABA con- 
centration and activities of GABA-T and SSA-DH. Con- 
trols treated with 0-9°,, NaCl (i.p.). (O ©) behaviour and 
@ @) seizure response graded as described in Materials 
and Methods; (A A) GABA content in pmole/g wet 
wt GABA-T inhibition (per cent of control) in the presence 
of (a @) 5mM GABA and (0 {]) 2mM GABA; 
(A A) SSA-DH activity in pmole/g wet wt/h. Each 
point represents the mean value +S.E.M. of determina- 
tions performed in 5 animals. 


Di-n-propylacetate (Fig. 2). After low doses of DPA 
(200 and 400 mg/kg) the GABA concentration was 
not significantly different from the concentration 
determined in control animals (+1°% after DPA 
200 mg/kg and +11°%, after 400 mg/kg). However, it 
increased by 57°, after DPA 600mg/kg. DPA 
600 mg/kg produced an inhibition of 33°, of the 
GABA-transaminase activity found in the control; 
400 mg/kg did not modify GABA-transaminase ac- 
tivity, and 200 mg/kg inhibited it by 7-13°,. The ac- 
tivity of GABA-transaminase was not significantly 
different when 2 or SmM GABA was used as sub- 
strate (at any dose of DPA). The SSA-DH activity 
after DPA treatment was not different from that of 
the control experiments. 

In vitro experiments showed that DPA at 
5 x 10° *M produced an 89°, inhibition of SSA-DH 
activity (assayed with 54M _ succinic semialdehyde, 
SSA). Kinetic analysis of the in vitro inhibition of 
SSA-DH activity by DPA was carried out using 
various substrate and inhibitor concentrations (Fig. 
3). In the Lineweaver—Burk plot (1/v against 1/S) the 
straight lines intersecting on the ordinate indicate 
competition between DPA and SSA for the active site 
of SSA-DH (Fig. 3a). A Dixon plot (Fig. 3b) shows, 
for low doses of DPA, straight lines intersecting just 
after the vertical axis, consistent with competitive in- 
hibition. The apparent K; for DPA is less than 
107° M. 

In vitro kinetic studies of the effect of DPA 
(5-15 mM) on GABA-transaminase activity failed to 
show inhibition (slight inhibition was seen with DPA 
20 mM) (Fig. 3c). This weak or absent inhibition is 
confirmed by the Dixon plot in which different sub- 
strate concentrations give lines parallel to the abscissa 
(Fig. 3d). 

DISCUSSION 


The biochemical findings in the brains of mice 
given EOS intracerebroventricularly are closely simi- 
lar to the observations of Fowler [5] in rats receiving 
EOS intracisternally. He described a 65-80°, inhibi- 
tion of GABA-transaminase, 8-24hr after EOS 
2 mg/kg, associated with a raised brain GABA con- 
centration, which sometimes exceeded 200°, of con- 
trol values. We find, using higher doses of EOS 
(7-5-15 mg/kg), a similar inhibition of GABA-trans- 
aminase at 24 hr (55-70°,) and rather greater changes 
in brain GABA concentration (increased 5-10 fold). 
However, a 10-fold increase in brain GABA concent- 
ration has been referred to by Fowler [5] as following 
injection of higher doses of EOS, and a similar in- 
crease has been observed [19] in mice receiving hyd- 
razinopropionic acid (which potently inhibits GABA- 
transaminase). That EOS does not inhibit SSA-DH 
has not previously been reported. This finding sup- 
ports the suggestion that EOS, being an active-site 
directed inhibitor, is the most specific GABA-trans- 
aminase inhibitor currently available. Unlike hydra- 
zines or pyridoxine-antagonist inhibitors of GABA- 
transaminase, it does not inhibit glutamic acid decar- 
boxylase (L-glutamate 1-carboxy-lyase; EC 4.1.1.15) 
or other transaminases (such as alanine aminotrans- 
ferase or aspartate aminotransferase) [ 3, 4]. 

The behavioural effects of EOS were similar to 
those described by Baxter et al. [6]. The individual 
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Fig. 3.. Effect of Di-n-propylacetate on the in vitro kinetic analysis of cerebral SSA-dehydrogenase and 
GABA-transaminase activities. Lineweaver- Burk plots in(a) of 1/v(v = zamole NAD consumed/g wet wt/hr) 


against 1/S (S 
wet wt per hour) against 1/S (S 
® @ no inhibitor, A 


A|.8 B20 


SSA concentration in 4M) and in (c) of I/v (v = mole z-ketoglutarate consumed/g 
GABA concn in mM). Di-n-propylacetate concentration (in mM): 
Ord; 2 


A 10,0 {] 15 and x x 20. 


(b) and (d) are Dixon plots of I/v against I (I = DPA concentration in mM) for various substrate 


SSA concentrations (b): 1) = 
> M. GABA concentrations (d): 1) 


concentrations. 
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variation is presumably the result of differing areas 
of diffusion of drug from the injection site. When even 
slight behavioural changes were apparent all phases 
of the seizure response to auditory stimulation were 
absent. This is an extremely potent anti-convulsant 
effect and contrasts with the weak protection against 
maximal electroshock observed in mice up to 36hr 
after comparable doses of EOS [6]. 

An increase in brain GABA concentration has been 
reported for rats receiving DPA 200 or 400 mg/kg 
ip. (+30°,, and +46°,, respectively) [12] or for mice 
receiving DPA 400 mg/kg ip. (+34-40°,)[13]. We 
have not found significant increases in GABA after 
such doses of DPA, but 600 mg/kg produced a greater 
augmentation (+57°,). An in vivo inhibition 
GABA-transaminase (such as we observe in brain 
homogenates from mice treated with DPA 600 mg/kg 
i.p.) was not detected by Godin et al. [12]. The latter 
authors reported that 25 mM DPA inhibited GABA- 
transaminase in vitro by 37-6°,. In cats DPA 
200 mg/kg gives peak plasma concentrations in the 
range 0-3-0-5 mg/ml [11]; assuming the drug has un- 
impeded access to the brain cerebral concentrations 
of DPA would be 2-3 mM, and if the concentrations 


of 
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remain proportional, 600 mg/kg would give a cerebral 
concentration of 69mM. (Preliminary — exper- 
iments [20] with '*C-DPA have suggested that mouse 
brain concentrations of DPA may be higher than this, 
possibly 20mM after DPA 400 mg/kg, but the exper- 
iments did not exclude the possibility of the accumu- 
lation of metabolites of DPA). 

We are unable to show in vitro inhibition of 
GABA-transaminase activity by apparently appro- 
priate concentrations of DPA (ie. 5-15mM). How 
inhibition of GABA-transaminase in vivo arises is un- 
known. The claim that DPA in vitro is a competitive 
inhibitor of GABA-transaminase [13], with a K; 
value of 1-4 x 10°? M, is probably erroneous and 
arose because the assay system employed a linked 
reaction including SSA-DH, and, as shown by Harvey 
et al. [14], and confirmed by us, DPA potently in- 
hibits SSA-DH. DPA is competitive with succinic 
semialdehyde with an apparent K; less than 10°? M 
(ic. adequate to account for the apparent findings of 
Simler et al. [13] with GABA-transaminase). The con- 
centration of DPA required to produce an approxi- 
mately 90°, inhibition of SSA-DH (5 mM) is probably 
achieved in the brain after DPA 600 mg/kg. However, 
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with our assay conditions it was not possible to 
demonstrate SSA-DH inhibition in brain homo- 
genates from such animals, presumably because of the 
competitive nature of the inhibition and the dilution 
of the DPA in the final reaction mixture. As the reac- 
tion catalysed by GABA-transaminase is a reversible 
equilibrium reaction an increase in the concentration 
of succinic semialdehyde following inhibition of 
SSA-DH could presumably increase brain GABA 
content. The failure of GABA to accumulate in the 
brain after DPA, 200 or 400 mg/kg, indicates either 
that any inhibition of GABA-transaminase or of 
SSA-DH is insufficient to lead to an accumulation 
of GABA, or that the flux through the GABA shunt 
is reduced. The latter possibility, as it would indicate 
a reduced rate of synthesis of GABA would be 
expected to increase the probability of seizures [3]. 

That DPA 400 mg/kg protects mice for up to 2 hr 
against seizures induced by auditory stimulation (in 
the absence of any ‘psychomotor’ changes) has been 
previously reported [13]. We find that protection is 
not quite complete after DPA 400 mg/kg, but is total 
after 600 mg/kg, however, the higher dose produced 
slight changes in motor activity. 

It has been claimed that the anticonvulsant action 
of DPA is a consequence of the increased concent- 
ration of GABA in the brain [12, 13]. The demonst- 
ration of a clear anticonvulsant action associated with 
insignificant changes in GABA concentration (follow- 
ing DPA 400 mg/kg) makes it unlikely that there is 
a causal relationship between these effects. The struc- 
tural similarity of DPA and GABA makes it possible 
that DPA will act on receptors for GABA or other 
amino acids, or on carriers involved in reuptake or 
transport of GABA and related compounds. 

Although the changes in brain GABA concent- 
ration are very much greater after EOS, it is not pro- 
ven that the behavioural changes and anticonvulsant 
effects of EOS are a direct consequence of such in- 
creases in brain GABA concentration. One problem 
concerns the compartment in which the increase oc- 
curs. If the increase is primarily in GABA-ergic 
synaptic terminals, enhanced release of GABA could 
lead to more effective inhibitory synaptic transmis- 
sion. Synaptically released GABA is inactivated by 
reuptake into glia and neurones, especially inhibitory 
interneurones [21-23]. Inhibition of GABA-trans 
aminase (in the mitochondria of neurones and glia) 
may produce an accumulation of GABA in neurones 
or in glia. Even if the accumulation is primarily in 
glia this may be of physiological significance, as a 
release of GABA from glia has been demon- 
strated [24]. The possibility that anticonvulsant ef- 
fects could be a secondary or indirect consequence 
of changes in brain GABA content is suggested by 
the observations that (a) many drugs modifying brain 
GABA metabolism also alter brain amine concent- 
rations [25] and (b) that in mice receiving EOS intra- 
cerebroventricularly the rise in brain GABA concent- 
ration is followed by an increase in brain 5-hydroxy- 
tryptamine concentration [6]. A relationship between 
the concentration in the brain of 5-HT or other 
amines and seizure threshold has frequently been de- 
monstrated [26, 27], and a role for such changes in 
anticonvulsant drug action § has_ been _ pro- 
posed [28-31]. 


The correlation between changes in motor behav- 
iour and inhibition of GABA-transaminase activity 
that is apparent in mice receiving EOS or high doses 
of DPA suggests that acute neurological toxicity of 
these and perhaps other anticonvulsant drugs, may 
be related to altered GABA metabolism. 
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Abstract 


Rat tissues have been examined in vitro for their ability to accumulate paraquat or diquat 


to concentrations in excess of those present in the incubation medium. With a concentration of 10°° M. 
lung slices were able to accumulate paraquat to concentrations nearly ten times that of the medium. 
and brain slices to concentrations double that of the medium. over a period of two hours. Neither 
slices of lung nor brain accumulated diquat significantly from a concentration in the medium of 10°° M. 
The accumulation of paraquat by brain slices. like that of lung slices. has been shown to be energy-de- 
pendent. Other organs examined showed little. if any. ability to accumulate either paraquat or diquat. 
Lung slices from dog. monkey and rabbit have also been shown to possess the ability to accumulate 
paraquat in vitro. After oral dosing of paraquat to rats. the lung concentration increased with time 
to six times that of the plasma after 30 hr. Other organs. with the exception of the kidney. did not 
concentrate paraquat to the same extent. Kidney concentrations after oral dosing of both paraquat 
and diquat were high throughout the period of time studied. It is. therefore. suggested that the apparent 
selectivity exhibited by paraquat for the lung is associated with the accumulation process. 


Paraquat (1.1'-dimethyl-4.4'-bipyridilium) and diquat 
(1.1'-ethylene-2.2'-bipyridilium) are closely related 
non-selective herbicides with a similar mode of action 
against plants[1]. Despite very similar chemical. 
herbicidal and biochemical effects [2], they have dif- 
ferent toxic effects in mammals; paraquat seriously 
damages the lung [3.4]. whereas diquat does not [5]. 

After oral administration to rats, the compounds 
are poorly absorbed from the gastrointestinal 
tract [6.7]. After subcutaneous injection into rats, 
90° is excreted unchanged into the urine in the first 
24hr and there is no evidence of metabolism [6]. 

The discovery of energy-dependent accumulation of 
paraquat by slices of rat lung [8] suggests a possible 
reason for the propensity exhibited by paraquat for 
damaging the lung. In this study. other organs have 
been examined for their ability to accumulate para- 
quat and diquat. Lung slices from other species have 
also been compared with those from rat in their abi- 
lity to accumulate paraquat. The relevance of ac- 
cumulation to tissue damage is discussed in the light 
of these measurements. 


MATERIALS AND METHODS 
Special chemicals 
Methyl-'*C paraquat (sp. act. 30 mCi/mmole) and 
ethylene-'*C diquat (sp. act. 29mCi/mmole) were 
purchased from the Radiochemical Centre. Amer- 
sham. 


Animals 

The animals used in this study were all males and 
were as follows: rats. Alderley Park (Wistar-derived) 
specific pathogen free; dogs. (inbred beagles); rabbits 
(New Zealand Whites); monkeys cynomologus (Ma- 
caca f ascicularis). 


Methods 

Preparation of tissue slices. Animals were killed 
with halothane and selected organs rapidly removed 
and placed in Krebs-Ringer phosphate buffer at rt. 
Tissue slices of lung. liver. skeletal muscle, kidney cor- 
tex, heart. brain cortex and spleen were prepared by 
hand or by using a modified Stadie Riggs tissue 
slicer [9]. Adrenals were quartered and small intestine 
was cut into rings. Slices of skin were cut using a 
keratotome. The wet weights of tissue slices ranged 
from 20 to 60 mg. 

Incubation. Slices were weighed and incubated in 
a modified Krebs-Ringer phosphate medium (3 ml) 
containing NaCl (130 mM), KCI (5:2 mM), CaCl, 
(1-9 mM), MgSO, (1:29 mM), Na,HPO, (10 mM) and 
glucose (11 mM). The pH of the buffer was adjusted 
to 7-4 with HCI. In addition the incubation medium 
contained 0-1 wCi of either '*C-paraquat or '*C-di- 
quat, together with the required concentration of un- 
labelled bipyridyl. Incubation was carried out in air. 
or in the case of brain tissue, in oxygen, with shaking, 
at 37°. 

Bipyridyl measurement in slices. Slices were removed 
from the incubation medium and washed by transfer- 
ring them to fresh medium without bipyridyl. They 
were then carefully blotted. dissolved in | ml Soluene 
(Packard Instrument Co Ltd) and _ radioactivity 
measured after addition of 10m! Dimilume scintil- 
lator (Packard Instrument Co Ltd) using a liquid 
scintillation spectrometer. Samples of the medium 
(0-1 ml) were diluted to 1-0 ml with water and radioac- 
tivity measured after addition of 10 ml Instagel scintil- 
lator (Packard Instrument Co Ltd). Counting effi- 
ciency was determined by the addition of an internal 
standard and all counts were converted to disinteg- 
rations per minute. 

Bipyridyl measurement in tissues after oral administ- 
ration to rats. Rats were starved for 24 hr before being 
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dosed with 680 pmoles/kg body-weight of '*C-bipyri- 
dyl orally as described previously [7]. They were 
killed with halothane at various times up to 30hr 
after dosing. the organs removed and bipyridge deter- 
mined either by oxidation of the tissue to '*CO, us- 
ing an Oxymat (Intertechnique Ltd) or after solubili- 
sation of the tissue in Soluene as described for tissue 
slices. 
RESULTS 

Uptake of paraquat by slices of rat tissue. Slices of 
rat lung accumulated paraquat linearly [8] for two 
hours achieving concentrations ten times higher than 
present in the incubation medium (Table 1). Apart 
from lung slices, slices of brain cortex were the only 
other tissue slices studied which were able to accumu- 
late paraquat to a concentration in excess of that in 
the medium (Tabie 1). The uptake observed with 
brain slices was non-linear and was reduced when 
cyanide and iodoacetate were included in the incuba- 
tion medium (Fig. 1). Brain slices are known to swell 
on incubation in vitro [10] and this swelling is exacer- 
bated in the presence of inhibitors of energy produc- 
tion [11]. The water content of brain slices was, there- 
fore, measured and increases in wet weight were 
assumed to be due to uptake of medium. The para- 
quat present in this volume of medium was then cal- 
culated and subtracted from the total paraquat found 
in the slice. Little, if any, difference was observed 
when corrections were applied to the uptake of para- 
quat in the absence of inhibitors but a considerable 
proportion (> 30°.) of the paraquat in slices in the 
presence of the inhibitors could be ascribed to uptake 
of medium through swelling (Fig. 1). Thus, after cor- 
rection, it can be seen that accumulation of paraquat 
by brain slices was virtually stopped by the presence 
of inhibitors of energy production. 

Uptake of diquat by slices of rat tissues. Diquat was 
not accumulated in vitro to any great extent by any 
of the tissues studied (Table 2). Kidney slices, how- 
ever, appeared to concentrate diquat to levels higher 
than that present in the medium, but this process oc- 
curred within the first hr (Table 2) unlike accumu- 
lation of paraquat by lung or brain slices. 

Tissue concentrations of paraquat and diquat after 
oral dosing to rats. After oral administration of 


Table 1. Accumulation of paraquat by slices of rat tissues. 
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680 «moles/kg body-weight to rats, the concentration 
of paraquat in the plasma remained relatively con- 
stant between two and thirty hours at 6-14 nmoles/ml 
(Table 3). The concentration of paraquat in the kid- 
ney was high during this time at approximately 
50-100 nmoles/g wet tissue weight. The concentration 
in the lung increased progressively until, by 30 hr, it 
was six times the plasma concentration (Table 3). In 
contrast, the brain concentration was below that of 
the plasma at all times measured. After oral administ- 
ration of 680 «moles of diquat/kg body-weight to rats, 
the plasma concentration was lower than that ob- 
tained after paraquat (Table 4). The lung concent- 
ration followed closely the plasma concentration and 
there was no evidence of any accumulation. The kid- 
ney concentration of diquat was high at all time 
points ‘measured and the liver and adrenal concent- 
rations were also somewhat higher than that of the 
plasma (Table 4). 
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Fig. 1. Accumulation of paraquat by slices of rat brain. 
Slices of rat brain cortex were incubated in Krebs-Ringer 
phosphate-glucose medium as described in the Methods 
section, with 10° °M paraquat (O) or with 10°°M paraquat 
and KCN (10° *M) plus iodoacetate (10° 7M) (@). The par- 
aquat present in slices was also corrected for swelling in 
the presence of KCN plus iodoacetate (A). The points rep- 
resent the means + S.E.M. with the number of slices used 
in parentheses. 


nmoles of paraquat/g wet 
wt tissue 


hr 2 hr 





4-78 
1-62 
0-62 
0-9] 
0-93 
1-36 
0-73 
0-95 
0-77 


0-44 


Lung 
Brain cortex 
Adrenal 

Kidney cortex 
Muscle (skeletal) 
Liver 

Skin 

Heart 

Small intestine 
Spleen 


I+ I+ I+ 14+ 14+ I+ 


1 


I+ I+ I+ | 


0-41 (7) 
0-05 (5) 
0:04 (8) 
0-04 (8) 
0-03 (8) 
0-08 (11) 
0-05 (5) 
0-05 (12) 
0-07 (8) 
0-02 (5) 


9-9] 
2-06 
0-99 
1-18 
1-15 
1-30 
0-98 
1-03 
0-98 
0-46 


0-42 (7) 
0-05 (13) 
0-11 (12) 
0-O8 (15) 
0-07 (8) 
0-07 (12) 
0-15(5) 
0:06 (8) 
(12 (8) 
0-04 (5) 
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Slices were prepared as described in 


the Methods Section and incubated in 


the presence of 10°° M_ paraquat. The results are expressed as the mean + S.E.M. 
with the number of slices used in parentheses. 
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Accumulation of paraquat by slices of lung from dif- 
ferent species. Slices of lung from dog, monkey and 
rabbit all showed the ability to accumulate paraquat 
in the same way as slices of lung from rat and 
man [7, 8]. Kinetic analysis [12] of the accumulation 
process for each of these species indicates that it 
obeys saturation kinetics and an apparent V,,,, and 
K,,, for each has, therefore, been calculated (Table 5). 
The apparent K,, values are all in the range of 
2-7 x 10°°M. whilst the V,,,, values vary from 10 
to 300 nmoles/g/h. 


brain slices were prepared without cooling the tissue 
and the same conditions were used for the prep- 
aration of slices from the other tissues studied. The 
uptake of either bipyridyl by liver or kidney cortex 
was, however. unaffected by whether the slices were 
cut from chilled tissue or tissue kept at room tem- 
perature. 

Diquat was only accumulated significantly by kid- 
ney slices (Table 2). After oral dosing, the concent- 
rations of diquat found in kidney, adrenal and liver 
relative to that of the plasma, suggest that all of these 


organs have some ability to either accumulate or re- 
tain diquat (Table 4). 

Paraquat was markedly accumulated by lung slices 
and significantly accumulated by brain slices (Table 
1), and energy is required for this uptake [8] (Fig. 
1). After oral dosing, the lung concentration after 


DISCUSSION 


The metabolic activity of lung and brain slices 
is impaired if they are chilled during prep- 
aration [13, 14]. Accordingly, in this work, lung and 


Table 2. Accumulation of diquat by slices of rat tissues. 





nmoles of diquat/g wet 
weight tissue 
2 hr 





0-02 (4) 0-57 + 0-02 (4) 
1:38 + 0-05 (9) 
0-66 + 0-08 (9) 
2-01 + 0:13 (9) 
0-89 + 0-07 (8) 
1-62 + 0-06 (8) 
0-53 + 0-08 (5) 
1:12 + 0-09 (8) 
0:97 + 0-04 (5) 
0-29 + 0-01 (5) 


Lung 

Brain cortex 
Adrenal 

Kidney cortex 
Muscle (skeletal) 
Liver 

Skin 3 0-02 (5) 
Heart 0-97 + 0-04 (6) 
Small intestine 0:74 + 0-04 (5) 
Spleen 0:22 + 0-01 (5) 


HEHE HEH H+ H+ 





Slices were prepared as described in the Methods section and incubated in the 
presence of 10°° M diquat. The results are expressed as the mean + S.E.M. with 
the number of slices used in parentheses. 


Table 3. Paraquat concentrations in rat tissues after oral administration of 680 pmoles/kg body weight. 





nmoles paraquat/g wet weight tissue 
Hr after dosing 
2 4 30 





68 + 3-2(4) 
165 + 2:2 (8) 
208 + 68 (7) 
750 + 15-1 (8) 
12:8 + 2:5 (8) 

48 + 0:4(8) 
14-0 + 3-7(8) 


0-81 + 0-08 (4) 
17-0 + 1-6(8) 
8-9 + 1:7(8) 
54-9 + 18-1 (8) 
30-1 + 15:4(8) 
5:2 + 2-1 (8) 
66 + 1:0(8) 


3-1 + 0:3(4) 
86:6 + 17:2(7) 
20-4 + 3-1 (7) 
108 + 22(7) 
26:2 + 65(7) 
Li 27) 
13-8 + 2:9(7) 


Brain 
Lung 
Liver 
Kidney 
Adrenal 
Muscle 
Plasma 


Values are expressed as mean + SEM with the number of animals in parentheses. 





Table 4. Diquat concentrations in rat tissues after oral administration of 680 ymoles/kg body weight 





nmoles diquat/g wet weight tissue 
Hr after dosing 
+ 17 





0-86 + 0-08 (3) 
5-6 + 0:8 (3) 
1-7 (3) 

+ 21-1 (3) 


1-2 + 0-4(4) 

5:9 + 1-6(4) 
13-9 + 4-0(4) 
48-4 + 10:8 (4) 
8-6 (3) 12-8 + 7-0(4) 
1-8 (3) 2 + 0-4(3) 
2:1 (3) 3 + 2:3(4) 


Brain 
Lung 
Liver 
Kidney 
Adrenal 
Muscle 
Plasma 


nN 
Wee DOD w= 
ON MNO—oe 
I = EE HE ee 





Values are expressed as mean + S.E.M. with the number of animals in parentheses. 
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Table 5. Kinetic constants for the accumulation of paraquat by lung slices from 
different species. 





K,,(M) 


V 


(nmoles paraquat/g tissue/hr) 


max 





Dog 6 x 10 
Monkey 7x 10 
Rabbit 2 x 10 
Man* 4x 10 
Rat** 7x 10 


10 
50 
200 
300 
300 





Lung slices were prepared as described in the Methods section. and incubated 
with a range of concentrations of paraquat (c). Rates of accumulation (v) were 
measured over 2hr and the above constants derived from plots of 1/v against 


l/c. 


* Data from BMJ 4, 369-371. 


** Data from Nature 252, 5481 314-315. 


30 hr clearly reflected the ability of this organ to ac- 
cumulate paraquat (Table 3). The brain, however, did 
not show any evidence of accumulating paraquat in 
vivo, the concentration present in brain being below 
that of the plasma at each time point measured (Table 
3). This almost certainly reflects the poor penetration 
of paraquat through the blood-brain barrier. The kid- 
ney. adrenal and liver, as with diquat. appear to have 
some ability either to accumulate or retain paraquat 
since at most times the concentration present in these 
organs exceeded that of the plasma (Table 3). 

Following equimolar oral doses of paraquat and 
diquat, the concentration of diquat in the plasma was 
approximately half that of paraquat. Kidney, adrenal 
and liver do not discriminate between paraquat and 
diquat. and concentrate or retain the compounds to 
the same extent in relation to the concentration pres- 
ent in the plasma. These organs have also been re- 
ported to be damaged after both paraquat and diquat 
poisoning in man and_ experimental animals 
[15, 4, 16,5]. The lung, however, accumulates 
paraquat very much more effectively than any other 
organ examined. This selectivity must be a primary 
factor in the development of lung damage and ex- 
plains why this organ is the most severely affected. 

Lung slices from the species so far examined have 
all shown the ability to accumulate paraquat (Table 
5). Lung slices from dog or monkey are relatively 
poor at accumulating paraquat when compared with 
those from man or rat. Thus, from the point of view 
of paraquat accumulation by the lung. the rat is a 
good experimental model for man. 

Although the lungs of all species studied showed 
the ability to accumulate paraquat, rabbits have been 
reported to be resistant to lung damage after para- 
quat [17] whilst dogs. monkeys, rats and man are sus- 
ceptible to lung damage [4.18]. Other factors apart 
from the intrinsic ability of the lung to take up para- 
quat must therefore play a part in determining 
whether damage will occur in a given species. Two 
such factors are: 

(1) the attainment and maintenance of significant 
concentrations of paraquat in the lung in vivo. and 

(2) the sensitivity of those cells accumulating para- 
quat to damage by a given concentration of paraquat. 

The rabbit lung does not appear to retain para- 
quat as effectively as that of the rat[19] and may 
also be more resistant to damage. However. the differ- 


ence between the rabbit and other species might be 
more apparent than real since, in those studies carried 
out with rabbits. the paraquat was administered 
either intraperitoneally or intravenously, and this will 
have led to very high initial plasma concentrations 
followed by a rapid fall [20]. conditions which will 
tend to maximise damage to organs other than the 
lung and minimise accumulation. It is perhaps rele- 
vant that most of the mortality in these studies oc- 
curred in the first 24 hr after dosing, with no apparent 
histological damage that could account for 
death [17]. 

From studies of the uptake of paraquat by slices 
of rat lung [8]. in vitro, a rate of 30-40 nmoles para- 
quat/g wet weight/hr is predicted from a concent- 
ration of 10 uM in the incubation medium. A con- 
centration close to this was maintained in the plasma 
after oral dosing (Table 3) yet the apparent rate of 
accumulation was 4-6 nmoles/g/hr. This difference in 
rate of uptake might reflect differences in the behav- 
iour of tissue slices in vitro from lung in vivo or it 
might be due to the presence of circulating endo- 
genous inhibitors which slow down paraquat uptake 
in vivo. Addition of plasma to rat lung slices in vitro 
has been shown to slow down paraquat accumulation 
(Lock and Rose, unpublished work) indicating that 
such inhibitors may well be present in plasma. 
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Abstract—Although acetylcholine (ACh)-like activity was demonstrated in human placental extracts 
by a number of investigators, substances responsible for. this activity were not identified. We found 
by gas chromatographic techniques that the major component of the ACh-like activity of the term 
placenta was ACh (112 + 7nmoles/g of wet tissue). These results were confirmed by the separation 
of ACh from other quaternary ammonium compounds by column chromatography using Amberlite 
CG-50 resin. The placenta could be stored at 4 for a number of days without significant loss of 
ACh. Freezing and thawing of the placenta destroyed ACh. This indicates that ACh is bound within 
membranes. There were high concentrations of ACh in all segments of the placenta. The ACh concen- 
trations in the concentric segments next to the periphery and the umbilical cord were lower than 
ACh concentrations in other segments. The concentrations of ACh in floating villi and the basal 
plate, which included the anchoring villi, were about 322 and 210°,, respectively, of that of the chorionic 
plate. There was variation in ACh content with gestational age: the highest concentration was found 
at about 22 weeks (wk) of gestation (nmoles/g: at 9-12 wk, 129; 13-16 wk, 342 + 31: 17-20 wk, 
317 + 32; 21-24 wk, 723 + 63; 25-28 wk, 231; 29-32 wk, 249; 33-36 wk, 153 + 15; 37-40 wk, 105 + 7: 
and 41-44 wk, 88 + 5). These observations associate ACh with syncytiotrophoblast. Choline acetyltrans- 
ferase (ChA) has a similar pattern of variation with gestational age. The placental cholinergic system 
(as indicated by ChA-ACh) was fully formed at the early fetal period of histogenesis and functional 


maturation, during which the fetus exhibits the fastest rate of growth. 


A number of investigators have reported the occur- 
rence of acetylcholine (ACh)-like activity in the ex- 
tracts of human placenta using bioassay preparations 
[1-7]. However, the components of the ACh-like ac- 
tivity in placental extracts were not identified. 

It was shown by Comline [8] in 1946 that there 
is choline acetyltransferase (ChA) in human placenta. 
The placental homogenates of the guinea pig, dog, 
cat, mouse, horse and cow were shown to synthesize 
ACh in the presence of exogenous acetylcoenzyme A 
[9]. These homogenates synthesized other products 
besides ACh. Human placental homogenates required 
exogenous acetylcoenzyme A as well as choline for 
synthesizing ACh. A number of investigators have ob- 
tained partially purified preparations of ACh from 
human placenta [10-12]. Recently, it has been shown 
that brain ChA and placental ChA will synthesize 
ACh by the same enzyme mechanism, namely the 
Theorell-Chance mechanism [12-15]. 

The presence of cholinesterases in human placenta 
has been indicated by a number of investigations 
[16-18]. The human placental enzyme has been char- 
acterized as acetylcholinesterase (AChE) by Ord and 





* Preliminary reports of this investigation were pre- 
sented at the meetings of the Federation of American So- 
cieties for Experimental Biology, Atlantic City, N. J. April, 
1973 (Fedn Proc. 32, 742A, 1973), and the Twenty-sixth 
International Congress of Physiological Sciences, New 
Delhi, October, 1974 (abstr. p. 329). 
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Thompson [19] and by Koshakji et al. [20]. Acetyl-f- 
methyl-choline is a specific substrate for the placental 
AChE, which does not hydrolyze benzoylcholine to 
a significant degree. 

The above observations indicate that the three 
components of the cholinergic system, ACh-like ac- 
tivity. ChA and AChE, are present in the human pla- 
centa. Since the placentae of man and animals lack 
innervation, a question arises as io whether the pla- 
cental cholinergic system is in any way similar to that 
of the brain cholinergic system. Human _ placental 
ChA and AChE have been characterized. In the pres- 
ent study, we are interested in the characterization of 
the components of the ACh-like activity of the human 
placenta by gas chromatography, its distribution, the 
nature of its occurrence and its variation with gesta- 
tional age. The present study indicated that the major 
component of the ACh-like activity of human term 
placenta is ACh (112 nmoles/g of wet tissue), which 
is localized mainly in the syncytiotrophoblast layer. 
The placental ACh levels during the second trimester 
of pregnancy were higher than the ACh levels during 
the first and the third trimesters of pregnancy. 


MATERIALS AND METHODS 


Collection of human placentae. Human placentae 
were collected after therapeutic abortions during the 
first trimester, after spontaneous and_ therapeutic 
abortions during the second trimester of pregnancy 
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and after therapeutic deliveries during the third tri- 
mester of pregnancy. Each placenta was placed in a 
plastic bag immediately after delivery and cooled in 
an ice bath. It was processed immediately or kept 
in a cold room at 4 for processing 1 or 2hr later. 
The ACh content remained constant even when the 
placenta was stored for several hr at 4. 

Extraction and estimation of ACh and other quatern- 
ary ammonium compounds from placenta. One radial 
segment (unless otherwise specified) of the placenta 
was sliced, cleared of blood as much as possible and 
homogenized for 2 min with a solution of trichloro- 
acetic acid (2°) in acetonitrile (1-0 ml/0-1 g of wet tis- 
sue), using a Sorvall Omni-Mixer. The homogenate 
(10°,) was centrifuged at 2500 rev/min for 10min. 
The sediment was discarded. The supernatant was di- 
luted with an equal volume of distilled water. The 
aqueous supernatant was extracted twice with equal 
volumes of diethyl ether. The ether extracts contain- 
ing the lipids were discarded. The residual ether in 
the aqueous supernatant was removed by bubbling 
a gentle stream of nitrogen gas through it. An aliquot 
of the aqueous supernatant (2 ml) was diluted with 
an equal volume of dilute HCl (2ml, pH 4:3). To 
the diluted supernatant (4 ml), 0-05 ml tetramethylam- 
monium iodide solution (12 mg/100 ml) and 0-15 ml 
potassium iodide (20°,)-iodine (18°) reagent were 
added. The resulting mixture was stirred on a Vortex 
mixer and allowed to stand at 4 for 30min. It was 
centrifuged, and the supernatant was removed by as- 
piration. The precipitate containing quaternary am- 
monium compounds (precipitate QC) was subjected 
to pyrolysis gas chromatography. ACh and related 
quaternary ammonium compounds were converted 
into their tertiary amines during the pyrolysis and 
the resulting tertiary amines were assayed by gas 
chromatography [21]. 

Pyrolysis gas chromatography of ACh and other qua- 
ternary ammonium compounds. ACh determinations 
were made according to the method described by 
Schmidt et a/. [22] using a Hewlett-Packard model 
5750 gas chromatograph and a Barber Coleman mo- 
del 5180 pyrolyzer. The column of 20°, Carbowax 
6000 on Chromasorb W (HMDS) (Applied Scientific 
Co.) was prepared according to Schmidt et al. [23]. 
The column was run at 140° under a flow of nitrogen 
gas at 80ml/min. Propionylcholine iodide was «added 
as an internal standard to all tissue samples (20 
nmoles/100 mg of wet tissue). 

Separation of placental ACh from other quaternary 
ammonium compounds by column chromatography. Am- 
berlite CG-50 resin (3-4 g) was washed with distilled 
water (3 x 30 ml) and the washed resin was soaked 
in distilled water (50 ml) overnight. The suspension 
of the resin was used to prepare a column (15cm) 
in a 20-ml burette. The column was further washed 
with potassium phosphate buffer (100 ml, 0-5 M, pH 
69). After the fluid was drained off the column, a 
solution (0-‘Sml) of quaternary ammonium com- 
pounds (precipitate QC) from the placental extract 
was poured over the top of the column. After the 
sample was adsorbed by the column, the column was 
eluted with potassium phosphate buffer. During the 
elution period, about 2ml of fluid was maintained 
over the column and 2-ml samples of the eluate were 
collected at a rate of | ml/min in an automatic frac- 
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tion collector. The quaternary ammonium com- 
pounds in each fraction were extracted with acetoni- 
trile, and ACh, choline and compound X were ana- 
lyzed by pyrolysis gas chromatography. 

In a separate experiment, ['*C]ACh (0-02 Ci) was 
subjected to separation by column chromatography. 
['*CJACh in the elution fractions was counted ac- 
cording to the procedure described elsewhere [12]. 


RESULTS 

Occurrence of ACh and other quaternary ammonium 
compounds in placental extract. The pyrolysis gas 
chromatogram of a placenta! extract is shown in Fig. 
1. During pyrolysis, the quaternary ammonium com- 
pounds are converted into their corresponding ter- 
tiary analogs. Peak B has been identified as 2-dimeth- 
ylaminoethyl acetate. formed from exogenous ACh. 
The height of the peak could be increased quantita- 
tively by the addition of known quantities of ACh to 
the placental. extract. Peak B disappeared when the 
placental extracts were subjected to an alkaline 
hydrolysis (Fig. 2). 

Peak A was due to 2-dimethylaminoethylpro- 
pionate. formed from propionylcholine which was 
added to the placental extract as an internal standard. 
Peak A was absent when placental extracts were ana- 
lyzed without the addition of propionylcholine. Peak 
C was due to 2-dimethylaminoethanol, formed from 
choline in the placenta. Peak C was not affected by 
alkaline hydrolysis. 

The compound responsible for peak X was not 
identified in our studies. It may be an amine present 
in placental extracts or formed during pyrolysis. Alka- 
line hydrolysis of the placental extracts had no effect 
on peak X. Peak X had a consistently longer retention 
time than peaks A, B and C. 

Separation of quaternary ammonium compounds from 
the placental extract by column chromatography. It is 
possible to separate the quaternary ammonium com- 
pounds into two components using the cationic ion 
exchange resin Amberlite CG-50. In the elution chro- 
matogram, the first component was collected in frac- 
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Fig. 1. Gas chromatogram of the quaternary ammonium 
compounds separated from the human placenta and sub- 
jected to pyrolysis. Peak A: 2-dimethylaminoethyl pro- 
pionate formed from propionylcholine which was added 
as an internal standard. Peak B: 2-dimethylaminoethyl 
acetate formed from endogenous ACh. Peak C: 2-dimethyl- 
aminoethanol formed from endogenous choline. Peak X: 
an endogenous amine or a compound formed during pyro- 
lysis which was not identified. 
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Fig. 2. Gas chromatogram of the quaternary ammonium 
compounds from the human placenta before and after 
alkaline hydrolysis. CLA: chromatographic locus of 2-di- 
methylaminoethyl acetate formed from endogenous ACh. 
which is indicated by peak B. Peak B was absent in the 
gas chromatogram of the endogenous quaternary 
ammonium compounds which were subjected to alkaline 
hydrolysis. Peak B: 2-dimethylaminoethyl acetate formed 
from endogenous acetylcholine of the placental extract 
during pyrolysis. Peak C: 2-dimethylaminoethanol formed 
from endogenous choline. Peak X: the compound which 
was not identified. 


tions 6-12 and the largest amount was collected in 
fraction 9 (Fig. 3). When authentic ['*C]ACh was 
chromatographed under identical conditions, the lar- 
gest amount appeared again in fraction 9 (Fig. 3). 
The pyrolysis gas chromatogram of fraction 9 exhi- 
bited a prominent peak, with a retention time of 
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Fig. 3. Separation ‘of the quaternary ammonium com- 
pounds from the placenta by chromatography on a column 
of Amberlite CG-50. The relative amounts of ACh, choline 
and compound X were analyzed by pyrolysis gas 
chromatography. 
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Fig. 4. Panel a: pyrolysis gas chromatogram of the qua- 
ternary ammonium compounds collected in fraction 9 of 
Fig. 3. Panel b: Pyrolysis gas chromatogram of the qua- 
ternary ammonium compounds collected in fraction 15 of 
Fig. 3. The two chromatograms were run at different elec- 
trometer settings. Peak A: 2-dimethylaminoethyl propio- 
nate formed from the internal standard, propionylcholine. 
Peak B: 2-dimethylaminoethyl acetate formed from endo- 
genous ACh. Peak C: 2-dimethylaminoethanol formed 
from endogenous choline. Peak X: the compound which 
was not identified. 


3-8 min (Fig. 4a). This peak was identified as that of 
2-dimethylaminoethyl acetate, which was formed 
from ACh during pyrolysis. Therefore, the quaternary 
ammonium compound in fraction 9 was identified as 
ACh. No peak for the presence of 2-dimethyla- 
minoethanol was observed. No significant peak for 
the presence of compound X was observed. Therefore, 
fraction 9 contains ACh, and is free from choline and 
compound X. 

In the elution chromatogram, a second component 
was collected in fractions 10-18, and the largest 
amount was collected in fraction 15 (Fig. 4b). The 
pyrolysis gas chromatogram of fraction 15 indicated 
the presence of two prominent peaks, with retention 
times of 29 and 63min. Pyrolysis of an authentic 
sample of 2-dimethylaminoethanol (or choline) gave 
a single peak with a retention time of 2.9 min on the 
gas chromatogram. The peak with the retention time 
of 6:3 min was due to the unidentified compound in 
the placental extracts. 

According to the above experiment, fractions 6-9 
contained ACh. Choline and the unidentified com- 
pound could not be detected in these fractions. Frac- 
tions 12-18 contained choline and the unidentified 
compound X. Fractions 11 and 12 contained all three 
compounds: ACh, choline and the unidentified com- 
pound X. Therefore, our experiments support the 
existence of ACh in human placenta. 

Content of ACh in term human placenta. The ACh 
contents from ten term human placentae, collected 
after therapeutic deliveries, are shown in Table 1. 
There are significant differences in the concentrations 
of ACh from placenta to placenta. The reasons for 
these differences are not known. Some of these differ- 
ences might be explained by the clinical histories of 
the mothers, the mode of delivery and the duration 
of labor, etc. According to our data from 34 deliveries, 
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Table 1. ACh in human term placenta* 





Ser 1 il 
no. of 


Unidentified compound 
in ACh equivalents} 


(nmoles g wet tissue) 


ACht 


placentae (nmoles g wet tissue) 





61-51 + 
116-90 + 
141-43 + 
131-77 + 


1-55 (5) 
1-65 (7) 20-40 + 1-35 (4) 
1-88 (3) 15-16 + 0-37 (3) 
3-60 (3) 15-31 + 0-26 (3) 
20 + 1-80 (4) 13-33 + 1-10(4) 
91-37 + 2-83 (3) 8-53 + 1-02 (3) 
7-95 + 0-44 (4) 


8-57 + 0-15 (3) 


20-98 + 1-96 (38 


9-63 + 0-37 (3) 
10 + 12013 20-80 + 2:12 (3) 





* The whole placenta was extracted with acetonitrile and 
an aliquot of the extract was used for ACh analysis. Ges- 
tation period, 38-44 weeks. 

+ Mean (M,)+S. E. for the above first group of ten 
placentae: 98-66 + 9-66 nmoles/g of wet tissue. A second 
group of 24 term placental samples (representative radial 
sections) was analyzed for ACh. Mean (M,) +S. E. for 
the second group: 117-63 + 9-06. There was no significant 
difference (P < 0-05) between M, and M,. The overall 
mean for 34. placentae of both groups’ was 
112-05 + 7-08 nmoles/g of wet tissue. 

t Mean (M,;) + S. E. for the above first group of placen- 
tae: 16-28 + 2°84nmoles ACh equivalents/g of wet tissue. 
Mean (M,) +S. E. for the second group of placentae: 
14-07 + 1-68. There was no significant difference (P < 0-05) 
between M, and Mg. The overall mean for compound X 
from both groups of placentae = 15-75 + 1-83. 

§ The values in parentheses indicate the number of ali- 
quots analyzed from each placental extract. 


human term placentae contained 112-05 + 7-08 
nmoles/gofwet tissue. The same group of placentae con- 
tained an unidentified compound X in small amounts 
(15-75 + 1-83 nmoles ACh equivalents/g of wet tissue). 
This compound could be detected in 97-98 per cent 
of the placentae analyzed. 

Distribution of ACh in the term human placenta. The 
three major regions (chorionic plate, villus region and 
basal plate) were dissected for ACh determinations 
as shown in Table 2. The relative distribution of ACh 
in various concentric segments of human placenta is 
shown in Fig. 5A. In order to determine this, each 
placenta was cut into six concentric segments and the 
segments were analyzed separately for ACh. The ACh 
concentration in the concentric segment next to the peri- 


phery or the umbilical cord was lower than the ACh 
concentration in the other segments. This suggests 
that there are higher concentrations of ACh where 
the placental villi are located. In order to verify this, 
we have dissected floating villi, the basal plate along 
with anchoring villi, the trophoblast layer and the 
chorionic plate (Fig. 5B). The total surface area of 
the trophoblast in the floating villi and the anchoring 
villi ought to be larger than the trophoblast layer 
of the chorionic plate. Therefore, one can associate 
ACh with the syncytiotrophoblast. 

Influence of cold storage (4°) and freezing on placen- 
tal ACh content. When a human placenta was frozen 
for 48 hr and then warmed to laboratory temperature, 
the entire amount of ACh had decomposed (Figs. 6 
and 7). There was no change in the concentration 
of the unidentified compound X, even after freezing 
a placenta for 168 hr (Fig. 7). When a placenta was 
kept for 77 days at 4, about 30 per cent of the ACh 
remained in the tissues. These observations suggest 
that ACh was bound within membranes. Freezing 
breaks the membranes and liberates ACh, which is 
subsequently hydrolyzed by AChE. The unidentified 
compound X might not contain an ester bond, which 
would explain why it was not affected by freezing 
or AChE hydrolysis or alkaline hydrolysis. 

Variation of the concentration of human placental 
ACh as a function of the gestation period. Human pla- 
centae collected from 82 cases of therapeutic abor- 
tions, spontaneous abortions and therapeutic deliver- 
les were analyzed for ACh content (Table 3). ACh 
values for the first 8 weeks of pregnancy could not 
be quoted, because the placenta is not clearly defined 
until the third month. The gestation period could be 
assessed within a range of +2 weeks. Therefore, the 
ACh values for 4 consecutive weeks of pregnancy 
were pooled. The values in Table 3 indicate that the 
ACh concentration was lower during the first and 
third trimesters of pregnancy than it was during the 
second trimester of pregnancy. The peak values for 
ACh concentration were found during weeks 21-24 
of pregnancy. 


DISCUSSION 


According to Chang [25], the ACh-like activity of 
term placental extracts is equivalent to about 


Table 2. Distribution of ACh in specific placental tissue 





Gestation 
Whole 


tissue 


Placenta 


no (weeks) 


period 


Villit 


ACh in tissue* 
(nmoles g wet tissue) 


Basal 


plate 


Chorionic 
plate 





269-50 + 10:17 
109-10 + 0-25 


141-40 + 1-31 223 
65°82 + 
103-30 + 5-5 
117-08 + 
184-65 + 
68°33 + 
123-37 + 
307-27 + 


53-45 + 1-81 

4) 77:38 + 8-03 

41 92:65 + 2:95 

41 85-01 + 7-64 

4) 50-40 + 3-27 

41 66°20 + 2-16 

10 42 246-43 + 3-82 


334-13 + 
166-22 + 
67 + x 190-00 + 


252-50 + 1-53 
84:10 + 2-20 
2-804 
54:35 + 1-46 
72:85 + 0:35 
7685 + 2-65 
99-98 + 7-73 
36-49 + 075 
68-58 + 5-04 
241-40 + 28-94 


100-37 + 5-37 
73-45 + 0-05 
91-37 + 3-98 
16:29 + 0-57 
57-95 + 2-45 
40:00 + 0:60 
37-75 + 2:26 
17-82 + 1:07 
24-40 + 0-23 
191-23 + 6-07 





Mean + S.E. from a minimum of three determinations for each tissue 


sample. 


+ The villi contained about 3-22 + 0:39 times higher concentration of ACh 
than that in the chorionic plate; the basal plate contained about 2-10 + 0-23 
times higher concentration than that in the chorionic plate. 
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Fig. 5. Panel A: Concentrations of ACh (nmoles/g of wet tissue) in 
placenta. Each value is the mean + S. E. from three determinations. 
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diagram [24] of the term placenta. 


























7 6 5 
MINUTES 
Fig. 6. Gas chromatogram of the quaternary ammonium 
compounds which were separated from the placenta, after 
freezing it for 48h, and subjected to pyrolysis. Peak A: 
2-dimethylaminoethyl propionate formed from propionyl- 
choline which was added as ‘an internal standard. Peak 
B: 2-dimethylaminoethyl acetate formed from ACh. The 
height of this peak was not significant. Peak C: 2-dimethyl- 
aminoethanol formed from choline. 


180-230 nmoles ACh/g of wet tissue. Our results indi- 
cate that term placenta contains about 112 nmoles 
ACh/g of wet tissue. Therefore, about 55 per cent of 
the ACh-like activity of the placental extracts could 
be identified as ACh. 
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Table 3. Variation of placental ACh as a function of gesta- 
tional age 





ACht 


Gestational (nmoles g wet tissue) 


ages* No. of 


(weeks) placentae Mean + SE Range 





9-12 l 
i3-16 1 
17-20 12 
21-24 4 
1598 


Ne 
29-32 4 
l 


129-45 
342:21 + 30-57 
317-08 + 
722-90 + 
231-00 + 
249-18 + 


152-92 + 


218-73 531-00 
181:70- 542-95 
566-00 843-45 
188-33-273-67 
173-13- 307-67 
103-70- 285-00 
51-68 202-35 
50-40- 122-75 


31-92 
63:33 
42-67 
28-32 
l 14-68 
2 104:75 + 670 
12 87:77 + 5-43 


33-36 
37-40 
41 44 





* Gestational age could be assessed within +2 weeks. 
+ A representative radial section of the placenta was ana- 
lyzed for ACh. 


The unidentified compound in the term placenta 
was not hydrolyzed by alkali. It could not be separ- 
ated from choline by ion-exchange chromatography 
using the ion exchange resin Amberlite CG-50. The 
source of this unidentified compound is not known, 
that is, whether it exists in placental extracts or 
whether it is formed by dealkylation from another 
compound. 

Our investigations indicate that placental ACh is 
bound within membranes. When human placenta was 
frozen for 48 hr and warmed to laboratory tempera- 
ture, the entire amount of ACh decomposed. When 
the placenta was kept for 77 days at 4, about 30 
per cent of it remained in the tissues. The formation 
of ice crystals in’ the frozen tissue destroys the mem- 
brane structure and ACh is released, which is then 
hydrolyzed by AChE. Similar results with brain tissue 
have been reported in the literature [26, 27]. Freezing 
and thawing of brain tissue bring about the release 
of tissue-bound ACh, which is destroyed by AChE. 
According to some estimations [12, 25], a major por- 
tion of ACh-like activity (95 per cent) in human pla- 
centa is in a bound form. 

The available evidence indicates that ACh is loca- 
lized in the villus tissue of the human placenta. There 
are 20-30 large villus trunks which correspond to the 
cotyledons (lobes) arranged in a circle around the um- 
bilical cord [24]. The concentric segments next to the 
umbilical cord and the peripheral segment have lower 
concentrations of ACh than the central conceniric 
segments. This suggests that high ACh concentrations 
are found at positions where villi are localized. The 
ACh concentrations in the various sections of the pla- 
centa could be arranged in the following order (Fig. 
5B): villus tissue > basal plate (containing parts of an- 
choring villi) > chorionic plate. The surface areas of 
the trophoblast in the above sections could be ar- 
ranged in the same order. 

The syncytiotrophoblast layer is fully formed by 
about 4 months and the cytotrophoblast disappears 
[24]. At about this time, high concentrations of ACh 
are found in the placenta. The fully developed villus 
contains only three layers, syncytiotrophoblast, con- 
nective tissue and vascular fetal endothelium [24]. In 
histological studies, certain granules can be localized 
in the syncytiotrophoblast by a special fixative (1°, 
ammonium reineckate in 10°, formaldehyde or 80°, 
alcohol) which precipitates ACh and many other 
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amines [28]. These granules were localized along the 
free border of the syncytiotrophoblast. Electron 
microscopic studies have demonstrated that there are 
vesicles at the base of the microvilli of the syncytio- 
trophoblast [29, 30]. The surface areas of the syncy- 
tiotrophoblast could be arranged in the following 
order: villus tissue > basai plate which contains an- 
choring villi > chorionic plate [24]. The ACh con- 
centrations in these tissues could be arranged in the 
same order. These observations indicate that ACh is 
possibly localized in the syncytiotrophoblast. How- 
ever, it has yet to be demonstrated that ACh is con- 
tained in vesicles. 

There was a variation in the ACh concentration 
with gestational age of the placerita. The highest 
values for ACh concentration were found during weeks 
21-24 of pregnancy. The variation in ChA activity 
shows a pattern similar to that seen for ACh [31, 32]. 
This pattern remained the same when ChA activity 
was expressed per unit weight of the tissue or protein 
[31]. There was peak ChA activity at about 16-20 
weeks of gestation and a 4-fold decrease in activity 
at parturition as well as at 8-13 weeks of development 
[32]. The development of the placental cholinergic 
system, as indicated by ACh—ChA, follows the devel- 
opment of the syncytiotrophoblast [24] during the 
first 6 months of pregnancy. The reasons for the de- 
crease in ChA-ACh concentrations in the term pla- 
centa are not known. 

There are two principal stages in the development, 
an embryonic period (1-2 months) and a fetal period 
(2-9 months) [24]. Neither the syncytiotrophoblast 
nor the placental cholinergic system (ChA-ACh) is 
fully developed during the embryonic period. Many 
substances [33, 34] (e.g. x-aminoisobutyric acid [32] 
and diphenylhydantoin [35]) cross the placental bar- 
rier with relative ease. The degree of the teratogenic 
sensitivity of the human fetus to chemicals reaches 


. the highest levels during this period [34]. During the 


first part of the fetal period (2-6 months), the organs 
undergo little more than maturation (histogenesis) at 
the histological level. The size of the human fetus in- 
creases by about 250 times during this period. Chemi- 
cals do not cross the placental barrier as easily as 
they did during the embryonic period; their transport 
does seem to be regulated [32, 34]. The placental cho- 
linergic system is fuily developed during this period. 
During the latter part of the fetal period, functional 
maturation of the fetus is achieved. The placental le- 
vels of ChA~ACh have decreased. Chemicals do seem 
to cross the placental barrier more easily than they 
did during the mid-gestation period [33, 34, 36]. 
These observations indicate that the placental cho- 
linergic system may play a significant role in the regu- 
lation of the transport of nutrients and chemicals ac- 
ross the syncytiotrophoblast and thereby regulates the 
fetal growth. Studies on the inter-relationships be- 
tween placental transport and fetal growth during the 
manipulation of the placental cholinergic system us- 
ing pharmacological agents (e.g. inhibitors of AChE 
and ChA) may provide an answer for the role of ACh 
in the placenta. 

Besides placenta, several other tissues, in which the 
involvement of the nervous system is either remote 
or absent, are known to contain one or more com- 
ponents of the cholinergic system. These include red 
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blood cells [37], spermatozoa [38], cornea [39, 40], 
and many other structures [41]. Just like in the pla- 
centa, relationships between some activities of these 
tissues and the occurrence of the components of a 
cholinergic system in them have been described in 
the published literature [37-41]. However, concrete 
evidence is not available about the role of the cho- 
linergic system in placenta or these tissues. 
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Abstract—Strips of the ileal longitudinal muscle layer of guinea pigs have the following affinities for 


bradykinin: in males. K, = 1°55 x 10°8 M with S. D. = 0:23 x 10°% M; in females, K, = 0:39 
x 10°° M with S. D. = 0-04 x 10°° M. No difference between males and females was found 
in the K,, values for acetylcholine or for histamine. Castration of males and hormonal treatment after 
castration modify K, values for bradykinin: in castrated males, K, = 0-84 x 10°°M with S.D. 
= 0-01 x 10°° M; in castrated males treated with testosterone, K, = 1:33 x 10°° M with S. 
D. = 0:34 x 10°° M; and in castrated males treated with f-estradiol, K, = 0-45 x 10°% M with 
S. D. = 0:02 x 10°% M. No difference was observed in the maximum contractility to bradykinin 
among the five groups of animals. The state of the bradykinin receptors in the castrated animals 
seems to be influenced by the sexual hormones in the following way: administration of testosterone 
to the animal changes the receptors to a state of lower affinity for bradykinin; administration of 
f-estradiol changes the receptors to a state of higher affinity for bradykinin. The results of the hormonal 
effects were discussed in terms of an allosterically controlled receptor or the synthesis of modified 


receptors. 


The drug-receptor dissociation constant (K,) is an 
important parameter used to describe the interaction 
between drugs and receptors. Our studies to deter- 
mine K,, values for bradykinin in the longitudinal 
muscle strip (LMS) of guinea pig ileum show an ori- 
ginal behavior of the structure that rendered possible 
the observation of sexual difference in the affinity to 
bradykinin, whereas no such difference exists in the 
affinities to acetylcholine and histamine [1 ]. 
Hormonal influences in responses of smooth 
muscie were described in masculine genital apparatus 
[2-5] and in the uterine muscle [6-8], but no report 
of such influence had been made in the case of guinea 
pig ileum. It is clear to us that such differences could 
be important in quantitative work in the field, and 
the aim of this paper is the description of hormonal 
influence in the affinity of LMS to bradykinin. 


MATERIALS AND METHODS 


Guinea pigs weighing from 500 to 700 g were used. 
A portion at about !0 cm of the terminal ileum was 
removed immediately after stunning and exsanguina- 
tion the animals. The piece of ileum was washed with 
nutritive solution and prepared according to the 
method of Rang [9] for separation of the longitudinal 
muscle strip. A piece of LMS about 3-8 to 4 cm long 
(approximately 25 mg tissue) was suspended in an 
organ bath at 36. 
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In order to retard the diffusion of the agonists out 
of the organ bath, it was constructed with indepen- 
dent and constricted ports for the admittance and 
withdrawal of the perfusion fluid. The volume of the 
perfusion fluid in the organ bath was rigorously kept 
at 10 ml through the use of a syringe intercalated 
between the reservoir and the heating coils. 

The perfusion fluid was Tyrode’s solution from 
which sodium bicarbonate was omitted and with 
monosodium phosphate used in a concentration of 
0-50 g/liter. The pH of the solutions was raised with 
0-4 M NaOH to 7-4 during the preparation. After 
preparation of the Tyrode’s solution, the osmolarities 
were measured in a Fiske osmometer, model G-66; 
the values obtained were from 270 to 280 mOsmoles/ 
liter. The bath fluid was continuously bubbled 
through with air in the organ bath. 

The hormones used were testosterone propionate 
and f-estradiol dipropionate, both from Sigma Chemi- 
cal Co. As agonists we used acetylcholine chloride 
and histamine phosphate, also from Sigma Chemical 
Co., and bradykinin from Schwartz/Mann. Solutions 
of the agonists were prepared in Tyrode’s solution 
immediately before use, by dilution of stock solutions 
maintained at — 30° in little flasks that contained just 
the volume necessary for one experiment. We made 
as many solutions as necessary so as to add to the 
organ bath the same volume (0-1 ml), even when dif- 
ferent concentrations of agonist were required. Each 
dose of agonist was added to the organ bath | min 
after washing out the previous dose. The agonists 
were used in increasing concentrations, and we 
made triplicate or quadruplicate recordings for each 
dose. We chose the doses so as to obtain an arith- 
metic progression in the values of the reciprocal of the 
doses [10]. 
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Contractions were recorded on a smoked drum 
with an auxotonic lever, prepared according to Paton 
[ll], that gave a 6 x magnification. had a resting 
tension of 300 mg, and an action load of 150 mg/cm 
of defiection on the drum. 

After each experiment the recordings were 
measured with a caliper rule and the values of the 
responses were related to the respective values of 
agonist molar concentration through Clark’s equation 
[12] in double reciprocal form [13]. The equation 
used was 


l | 


Ki = (1) 
yin yin X 


in which Y = the value of one response to dose X, 
X = the molar concentration of agonist, Yn = the 
maximum contraction height and K,, = the dissocia- 
tion constant of the agonist-receptor complex (reci- 
procal of Clark’s constant). The values of Ym and 
K,, were calculated with the help of an IBM 1130 
computer. using a program KMVYM [14]. To mini- 
mize the errors in Y obtained at low agonist concent- 
rations. we introduced in the calculations the variance 
as a Statistical weight [15]. Comparison between 
mean values of K, was made using Student’s f-test. 
Comparison between the values of maximum contrac- 
tion heights calculated in every experiment was per- 
formed by analysis of variance. 

In an attempt to detect a direct hormonal influence 
on the affinity of the LMS for bradykinin, we first 
measured a complete series of contractions with ace- 
tylcholine and another series with bradykinin; then, 
we substituted for the normal Tyrode’s solution 
another one containing hormone in a concentration of 
10°’ M. Stock solutions of the hormones were 
prepared in ethanol, at a concentration of | mM, and 
aliquots of these stock solutions were added to the 
Tyrode’s solution in order to obtain the desired final 
concentrations. After adding hormone to the Tyrode’s 
solution we changed the perfusion fluid in the organ 
bath at 5-min intervals over a period of | hr; then, 
we repeated all the determinations using the perfusion 
fluid with hormone. ’ 

Castrations were performed under aseptic condi- 
tions in male guinea pigs anesthetized with pentobar- 
bital (3 mg/100 g of weight), using scrotal access for 
the surgery. After 30 days the animals were divided 
randomly into three groups. Each animal of group 
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A was injected subcutaneously with 0:2 ml of an oil 
solution of testosterone propionate (2:5 mg/ml) every 
day for 15 days. The animals of group B were treated 
with f-estradiol dipropionate for 30 days, receiving 
a subcutaneous injection of 0-2 ml of an oil solution 
of the hormone (0:1 mg/ml) on alternate days. The 
animals in Group C did not receive hormone. After 
the treatments the animals were sacrificed in the man- 
ner described and the values of K,, were determined 
in LMS. 


RESULTS 


Dissociation .constants of drug-receptor complexes 


for bradykinin, acetylcholine and histamine. The exper- 


imental data obtained were of the pattern shown in 
Fig. |. Fhe mean values of K,, for bradykinin found 
for male and female guinea pigs are given in Table 
1. Between these means there exists a statistically sig- 
nificant difference at the level of P < 0-001. Figure 
2 shows the regression lines calculated for determina- ’ 
tions of K,, for bradykinin in male and female guinea 
pigs. K,, values for acetylcholine and histamine are 
also shown in Table 1. For both agonists, the differ- 
ences between the means found for males and females 
are not statistically significant at the level of P < 
0-05. 

In six animals, three of each sex, we determined 
K,, values for acetylcholine and bradykinin in the 
same piece of LMS. A comparison between these 
values is shown in Table 2. For male guinea pigs, 
the quotient K,, (acetylcholine)/K,(bradykinin) is 
about |; for female guinea pigs, this quotient is about 
6. 

Dissociation constants obtained using hormones in 
the perfusion fluid. The K, values for bradykinin and 
for acetylcholine found with  testosterone-perfused 
LMS from female guinea pigs were identical to the 
controls without testosterone. Again, no change in K,, 
values for these agonists was observed with f-estra- 
diol-perfused LMS from male guinea pigs. 

Effect of castration on the values of the dissociation 
constants of the bradykinin-receptor complex. The cas- 
trated guinea pigs of group C were sacrificed 30 days 
after castration. The values found for the dissociation 
constants of the LMS bradykinin-receptor complex 
are given in Table 3. The mean value is significantly 
different from the mean found for females (P < 0-001) 


Fig. |. Experimental data obtained in LMS for the calculation of one K,, value from a normal male. 
Experimental conditions are as described in Methods. 
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Table 1. Mean values of drug-receptor dissociation constants calculated for brady- 
-kinin, acetylcholine and histamine in female and male LMS* 





Agonist Females 


Males 





Bradykinin 
(9: 180) 

Acetylcholine 
(8; 143) 

Histamine 1:24 x 10 
(4: 83) 


3-87 x 10°° + 0-44 x 10°°M 
1:82 x 10°° + 0-24 x 10°°M 


7+0:26 x 10°’M 


15-47 x 107° + 2:26 x 10 
(6:99) 

1:56 x 10°5 + 0-23 x 10 

(7; 121) 

740-25 x 10°7M 

(9; 153) 


1:31 x 10 





* Following each mean are the standard deviations of the means. In parentheses 
are: first, the number of K, determinations that originated the mean values: and 
second, the total number of contractions measured. 











| | 

3.0 5.0 
10° (BRADYKININ) 
Fig. 2. Regression lines obtained in calculating K,, for bra- 
dykinin in female (@ @) and in male (O ©) LMS. 
The points are means of reciprocals of contraction heights 
at each agonist concentration; the vertical lines are ranges 
of such reciprocals. In the actual calculation of K,,, all 
points were used. 





and from the mean found for noncastrated males (P 
< 0-05). 

Effect of testosterone treatment on the values of the 
dissociation constants of the bradykinin-receptor com- 
plex. The castrated guinea pigs that were given testos- 
terone were sacrificed at the end of the treatment. 
The values found for the dissociation constants of the 
bradykinin-receptor complex are given in Table 4. 
The mean value is not significantly different from the 
mean value found for noncastrated males, but differs 
significantly from the mean value found for females 
(P < 0-005). The mean value is not significantly differ- 
ent from the mean value found for untreated, cas- 
trated males at P < 0-05, but differs significantly at 
the level of P < 0-10. 


Table 2. Comparison between the values of K,, for brady- 
kinin and acetylcholine in the same piece of longitudinal 
muscle 





Acetylcholine Bradykinin 
10°: K,, 10°-K, 
Sex No. I (M) 





1-59 
0-97 
1-66 
0:36 
0-33 
0-25 


Males 


Females 





Table 3. K,, values calculated for brady- 
kinin in LMS of castrated males 30 days 
after castration 





No. of 
points* 


10°: K,, 


Expt. No. (M) 





7-03 
11-14 
6-61 
6:88 
10:43 
8-42 
0-98 


Mean 
S. D. of mean 





* Number of contractions measured to 
obtain each K,, value. 


Effect of estradiol treatment on the values of the dis- 
sociation constants of the bradykinin-receptor complex. 
After f-estradiol treatment of the castrated guinea 
pigs of group B, they were sacrificed and the values 
of K,, for bradykinin were determined in the LMS. 
The values found are given in Table 5. There is no 
difference between the mean value found for this 
group and the mean value found for females, but a 
statistically significant difference does exist between 
group B and group C (P < 0-05) and between group 
B and untreated males (P_ < 0-005). A comparison 
of the results is shown in Fig. 3 as a histogram. 

Calculated vaiues of maximum contractions of LMS 
to bradykinin. The values of maximum contractions 
calculated for bradykinin were grouped (Table 6) and 
compared by means of an analysis of variance that 
showed no statistical difference between the five 
groups at the level of P < 0-05. 


Table 4. K,, values calculated for brady- 
kinin in LMS of castrated males after 15 
days of testosterone treatment 





Expt. No. of 


points 


10°-K,, 
(M) 





12 24-41 
2 9-59 
12 17:47 
4-93 
10-03 
13-29 
3-43 


Mean 
S. D. of mean 
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Table 5. K,, values calculated for brady- 
kinin in LMS after 30 days of f-estradiol 
treatment 


Expt No. of 
No. points 





48 14 
49 16 
50 18 
51 

Mean 

S. D. of mean 


DISCUSSION 


The thermodynamics of the bradykinin-receptor 
interaction in the LMS were found to be dependent 
on.the sex and on the hormonal conditions of the 
guinea pigs. The female preparation has about four 
times more affinity for bradykinin than the male prep- 
aration. Such sexual difference does not exist for ace- 
tylcholine or for histamine. 

Sexual differences in affinity for groups of agonists 
have been described in structures associated with the 
genital apparatus by several authors [2, 5,16]. Our 
results show sexual differences and a hormonal - in- 
fluence in the affinity of the guinea pig ileum only 
for bradykinin, and not for histamine or acetylcho- 
line. This leads to the hypothesis that a physiological 
role may be associated with the sexual differences in 
the affinity of the smooth muscle of the guinea pig 
ileum for bradykinin. 


EJ MALES 

FEMALES 

0 casTRATED 
MALES 


T = TESTOSTERONE 
TREATMENT 


E = ESTRADIOL 
TREATMENT 


+£ 





> 
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Fig. 3. Comparison of the magnitudes of K,, for bradykinin 
in the five experimental groups described in the text. 


Our results fo not reveal differences in the contrac- 
tile capacity of the longitudinal muscle stimulated by 
bradykinin. In preparing the pieces of longitudinal 
muscle strip we tried to use pieces of similar length, 
from 3-8 to 4 cm. After the experiments the humid 
preparations were weighed and their weights were 
always close to 25 mg. Thus, we considered that it 
was valid to compare the caiculated maximum values 
of contractility. The statistical analysis shows that sex 
or hormonal state of the animals does not modify 
the maximum values. This observation suggests that 
the LMS does not behave like the rat seminal vesicle 
[5] or like the rabbit uterus [7]. in which the contrac- 
tile capacity is modified by the hormonal condition 
of the animal. Moreover, it can be inferred from our 
results that castration and hormonal treatment do not 
modify the actomyosin content of the LMS, as it does 
in the rabbit uterus [17]. 

Since no influence on contractility was seen, our 
findings seem to be directly related to the drug—recep- 
tor interaction or to the receptor structure. Two alter- 
natives should be considered in this respect: the first 
is that modified receptors are being synthesized as 
a consequence of hormonal effects: and the second 
is that different conformational states of the brady- 
kinin receptor could be stabilized by sexual hormones, 
so as to bring about the differences in affinity 
observed. Our data do not permit a decision concern- 
ing these alternatives. However, additional data point 
to the fact that the interaction phenomenon between 
drug and receptor remains essentially unaltered, des- 
pite the finding that different affinities were found un- 
der the experimental conditions tested. Thus, deter- 
mination of the molecularity of the interaction, using 
the equation of Johnson et al. [18], showed that with 
the various preparations used the interaction was 
always unimolecular, as given by a slope close to 1-0 
in the equation: 


log|(Ym — Y)/Y| = log K, — nlog X (2) 


A speculative model of the second alternative 
requires that at least four conformations should exist 
for the bradykinin receptor in LMS, three of which 
would respond actively to bradykinin. Each of the 
three would have a different affinity for bradykinin 
and their interconversion equilibria would be con- 
trolled by the sexual hormones. Thus, the K,, values 
measured in LMS obtained from animals under 


Table 6. Comparison between the maximum contraction heights (Ym) calculated for bradykinin in LMS in the five 
experimental groups* 





Castrated males not 
treated with hormones 


Untreated 
females 


Untreated 
males 


Testosterone-treated 
castrated males 


f-Estradiol-treated 
castrated males 





51-70 
46-01 
51-48 
48-25 
54:81 
41-80 
41-96 
35-09 


35:87 47-22 


56°57 
44-93 
46°44 
45-86 
34-82 


20-90 
40-15 
40-3? 
44-95 


45-72 


42:33 
49-74 
46-44 
37-85 
29-48 


38-88 
40-75 
60-65 
35-06 


41-17 





* Values of Ym are given in mm. The means of the groups are at the bottom of the table. 
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definite experimental conditions, such as normal male 
or female, or castrated treated, or castrated untreated, 
would reflect the prevalence of a given conformation, 
compatible with a definite hormonal balance. An 
allosteric behavior has indeed been proposed by 
Changeux et al.[19] and Karlin [20] for receptors 
found in cell membranes, which would exist in two 
conformations, one active and the other inactive. 

Our experiments in which hormones were added 
to the perfusion fluid failed to show any differences 
in affinity of the receptor for bradykinin. The ineffecti- 
veness of action in vitro might be due to a require- 
ment for hydrolysis of the esters for activity. We do 
not know, in addition, if the appropriate levels of hor- 
mone concentration were attained at the receptor 
sites, nor if the time of incubation required to affect 
the receptor was sufficient. 
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Abstract—The actions on carbohydrate metabolism of epinephrine and the cyclic AMP phosphodiester- 
ase inhibitors, theophylline and SQ 20009. were studied using rat hemidiaphragms incubated in vitro. 
The inhibition of glucose uptake produced by epinephrine was almost equal to the decrease in the 
incorporation of ['*C]glucose into glycogen, while incorporation into lactate of '*C from labeled 
glucose was not influenced by the hormone. Although epinephrine decreased total tissue glycogen, 
it had relatively little effect on the removal of radioactive glucose incorporated into glycogen during 
a preincubation in the absence of hormone when the tissue was subsequently incubated with nonra- 
dioactive glucose. This indicates,that the decrease in the net incorporation of ['*C]glucose into glycogen 
produced by the hormone in vitro is caused predominantly by an inhibition of glycogen synthesis 
and cannot be accounted for by an increase in the turnover rate of glycogen. Theophylline and SQ 
20009 produced a dose-dependent inhibition of glucose uptake and glycogen synthesis. similar to that 
of epinephrine. Incubation of hemidiaphragms with epinephrine or cyclic AMP phosphodiesterase in- 
hibitors in the presence of glucose led to an increased intracellular accumulation of glucose. Possible 
explanations for this phenomenon are discussed. The uptake of the nonmetabolizable sugar. 3-O-meth- 
ylglucose, by skeletal muscle was not affected by epinephrine, indicating that the hormone influences 
only the uptake of the natural substrate. glucose. which can be incorporated into glycogen. The alter- 
ations in muscle metabolism described here were associated with increases in the tissue content of 
cyclic AMP and it was concluded that an important action of epinephrine in resting muscle is a 


cyclic AMP-mediated inhibition of the glucose-to-glycogen synthetic pathway. 


It is well established that catecholamines increase the 
activity of adenylate cyclase in many tissues, leading 
to accumulation of cyclic AMP in the cell, activation 
of glycogen phosphorylase and a consequent increase 
in the rate of glycogenolysis [1—3]. Less well under- 
stood is the inhibition of glucose uptake in skeletal 
muscle exposed to epinephrine [4-7]. 

From the results of studies of the effects of epineph- 
rine on glucose utilization and net changes in gly- 
cogen content of rat diaphragm incubated in vitro. 
Walaas [6] proposed that the hormone inhibited gly- 
cogen synthesis. Later, it was shown that epinephrine 
indeed decreased the proportion of glucose 6-P-inde- 
pendent glycogen synthase in muscle [8,9] and thus 
inhibited the activity of an enzyme involved in the 
formation of glycogen in this tissue. 

Epinephrine has also been reported to cause a small 
accumulation of glucose in muscle [10,11], but it is 
not known how this action is related to other meta- 
bolic effects of the hormone. It is the purpose of this 
investigation to study the mechanisms by which 
epinephrine exerts its many effects on glucose meta- 
bolism in muscle and to explore how the different 
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metabolic effects are related. Since most actions of 
epinephrine on metabolism appear to be secondary 
to changes in the cell content of cyclic 3’.5’-AMP. 
the tissue content of this nucleotide was measured 
and the effects of cyclic AMP phosphodiesterase in- 
hibitors on glucose metabolism in the diaphragm 
were also studied. 


MATERIALS AND METHODS 


Materials. The phosphodiesterase inhibitor, SQ 
20009 [12] (1-ethyl-4-(isopropylidine-hydrazino)-1H- 
pyrazolo-(3, 4-b)-pyridine-5-carboxylic acid, ethyl 
ester, hydrochloride), was kindly supplied by Dr. Sid- 
ney Hess of Squibb Medical Research Institute, N.J. 
L-Epinephrine bitartrate was obtained from Sterling 
Winthrop Co. or Calbiochem and '*C-labeled sub- 
strates were obtained from ICN Corp. 

Tissue incubations and metabolite analyses. Male 
Wistar strain rats weighing from 125 to 150 g were 
used. The animals were fasted overnight and killed 
by decapitation. Hemidiaphragms were carefully dis- 
sected out and collected in ice-cold 0-15 M NaCl. 
They were blotted lightly on filter paper and weighed 
on a torsion balance. Results of metabolic measure- 
ments were expressed per g wet weight of tissue. 

The tissues were preincubated for 15 min at 37 
in 25-ml Erlenmeyer flasks containing 2-ml medium 
of the following composition: 0-040 M HEPES (N-2- 
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hydroxyethyl piperazine-N-ethane sulfonic — acid) 
buffer neutralized with NaOH to pH 7:2. 0-005 M 
MgCl, and 0-113 M NaCl. After the preincubation, 
the tissues were lightly blotted on filter paper and 
transferred to new flasks containing media of the 
same composition but with 6 mM unlabeled glucose 
or [U-'*C]glucose and 0-110 M rather than 0-113 M 
NaCl. The flasks were then gassed with oxygen and 
incubated for various times for metabolic measure- 
ments. Glucose disappearance from the medium was 
determined by the glucose oxidase method after de- 
proproteinization with ZnSO, and Ba (OH),. Total 


tissue glycogen was measured by the method of 


Montgomery [13] or by determination of glucose by 
glucose oxidase, following hydrolysis in 2 N H,SO, 
and neutralization. Incorporation of [U-'*C]glucose 
into glycogen was determined by the method of Tho- 
mas et al. [14] and the lactate analyses were carried 
out by the procedure of Hohorst [15]. In some exper- 
iments lactate from the medium was separated by ion- 
exchange chromatography as employed by LaNoue 
et al. [16] for the separation of organic acids. The 
resin used was Bio-Rad, Ag 1- x 8, 200-400 mesh, in 
the formate form, and dilute formic acid of gradually 
increasing concentrations was used for elution. 

In experiments in which the accumulation of glu- 
cose and glucose 6-phosphate in the tissue was stud- 
ied. two hemidiaphragms were used for each incuba- 
tion at 37 in the presence and absence of epinephrine 
or a cyclic AMP phosphodiesterase inhibitor. The tis- 
sues were then rinsed rapidly at 2 in glucose-free 
HEPES medium or saline, blotted and washed succes- 
sively for 2 min at 2° in glucose-free HEPES medium. 
The tissue content of glucose and glucose 6-phosphate 
was determined after successive 2-min washings as in- 
dicated in Results. At the end of the washings the 
hemidiaphragms were ground in chilled mortars with 
cold 0-625 N perchloric acid (PCA). Aliquots of the 
PCA extracts were neutralized with 0-3 M triethano- 
lamine, 067 M K,CO, (pH 7-0) and glucose and glu- 
cose 6-phosphate determined in samples of the super- 
natant fluid by the method of Slein [17]. All measure- 
ments of radioactivity were made with a Packard scin- 
tillation counter. 

Uptake of 3-O-methylglucose. Hemidiaphragms 
were preincubated for 15 min at 37: in HEPES me- 
dium without substrate. The tissues were then incu- 
bated for 5, 10, 15 or 30 min in HEPES medium 
with 6 mM ['4C-3-O]methylglucose in the absence 
or presence of epinephrine. The hemidiaphragms were 
dipped four times in 10-ml volumes of 0-15 M NaCl 
at 2 and blotted on filter paper. They were then 
washed successively 10 to 12 times in 3-ml volumes 
of HEPES medium at 2. The radioactive 3-O-meth- 


ylglucose appearing in the media during 40 min of 


repeated washings was determined, and the radioacti- 
vity remaining in the tissue at the end of the washings 
was measured following digestion with KOH. The tis- 
sue content of 3-O-methylglucose was calculated and 


the logarithm of this value plotted as a function of 


the time of washing. The intercept on the y-axis was 
taken as a measure of the 3-O-methylglucose present 
intracellularly at the end of the incubation with this 
substance. 

In order to convert these values to intracellular 
concentrations of 3-O-methylglucose. we determined 
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total tissue content of water and the extracellular 
space using tritiated mannitol as a marker. Total tis- 
sue water was found to be 79-6 per cent of the wet 
weight and extracellular water was 27-9 per cent of 
total water. This means that 57-4 per cent of the wet 
weight of the diaphragm could be accounted for as 
intracellular water. This value was used to calculate 
the intracellular concentration of 3-O-methylgiucose. 
Determination of cyclic AMP. In experiments in 
which cyclic AMP was determined, the diaphragms 
were frozen in liquid nitrogen and the frozen tissue 
was ground with solid 5°, TCA. After centrifugation 
of the extracts, the TCA was removed by extraction 
with ether. Cyclic AMP in the supernatant fluids was 
determined by the method of Gilman [18]. 


RESULTS 


Effects of epinephrine and cyclic AMP. phosphodiester- 
ase inhibitors on glucose metabolism 

Glucose metabolism. The inhibition of glucose up- 
take and glycogen synthesis by epinephrine is illus- 
trated in Fig. 1. In the presence of epinephrine there 
was a significant decrease in the rate of utilization 
of glucose. This was accompanied by a lowering of 
the incorporation of radioactive glucose into gly- 
cogen. which was seen during the entire period of 
incubation. Between 40 and 90 min little. if any, ad- 
ditional radioactive glucose was incorporated into 
glycogen, in contrast to the steady de novo formation 
of glycogen in the control hemidiaphragm incubated 
in the absence of epinephrine. 

Additional data were obtained from experiments in 
which diaphragms were incubated for | hr. Changes 
in total glycogen and lactate output were also deter- 
mined. These results are presented in Table 1. It is 
seen clearly that the inhibition of glucose utilization 
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Fig. 1. Effects of epinephrine on glucose uptake and incor- 
poration of ['*C]glucose into glycogen by rat diaphragm. 
Paired rat hemidiaphragms were preincubated for 15 min 
in glucose-free HEPES medium. The tissues were then 
transferred to incubation media containing 6 mM [U-'* 
C]glucose (ca. 30,000 cpm/umole) + 30 4M _ epinephrine. 
Disappearance of glucose from the media and incorpor- 
ation of ['*C]glucose into tissue glycogen were determined 
after 20, 40. 60 and 90 min of incubation. See Methods 
for details. 
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Table |. Effects of epinephrine on glucose metabolism of rat hemidiaphragms incubated in vitro * 





Control 
(umoles/g/hr) 


+30 uM Epi Difference? 


(umoles/g/hr) 





13-27 + 0:39 
6:46 + O18 


Glucose uptake 

Net incorporation 

of ['*C]glucose into glycogen 
Change in total glycogen 

(as glucose)? 

1/2 Lactate formation 


6:86 + 0-79 


6-91 + 0:28 


—4:16 + 0-63 
—3.89 + 0-26 


—8-27 + 1:16 


+2:13 + 0-44 





* Paired rat hemidiaphragms were preincubated for 15 min at 37° in the absence of substrate. followed by incubation 
(+ epinephrine) with 6 mM [U-'*C]glucose (ca. 30000 cpm/smole) for 60 min at 37°. Glucose utilization, total 
glycogen. incorporation of ['*C]glucose into glycogen and lactate formation were determined (N = 11). See Methods 


for details. 
+P <0-001. 


* For each individual experiment final and initial values of tissue glycogen were obtained so that paired values 
for the change in glycogen content could be calculated. Two small pieces, one from each hemidiaphragm. were combined 
and used for the analysis of initial glycogen. The mean initial glycogen value for the 11 experiments was 13-8 + 1-06 


pmoles glucose/g. 


produced by epinephrine is. within experimental er- 
ror. equal to the decrease in the incorporation of ra- 
dioactive glucose into glycogen. In the absence of 
epinephrine. the glycogen content was increased by 
an amount about equal to the net entrance of ['4C] 
glucose into glycogen. When epinephrine was present, 
the total glycogen content decreased and the effect 
of the hormone on breakdown of glycogen was ac- 
companied by an increase in the production of lac- 
tate. reflecting the expected activation of glycogenoly- 
sis by epinephrine. 

Since the metabolic effects of epinephrine described 
above are most likely a consequence of the accumu- 
lation of cyclic AMP in the cell. we also studied the 
effects of the cyclic AMP phosphodiesterase inhibi- 
tors, theophylline and SQ 20009 [12], on glucose utili- 
zation and incorporation of ['*C]glucose into gly- 
cogen in diaphragms incubated in vitro. The results 
of these experiments are recorded in Table 2. 

These substances had the same action as epineph- 
rine in that they markedly decreased glucose utiliza- 
tion and the incorporation of glucose into glycogen. SQ 
20009 was much more potent in this respect than 
theophylline. When the effects of the two conipounds 


on glycogen synthesis were plotted as a function of 


the logarithm of the dose of drug, linear curves were 
obtained and SQ 20009 was found to be about 125 


times as potent as theophylline. For example, it was 
calculated that 5 mM theophylline and 0:04 mM SQ 
20009 were needed to produce 50 per cent inhibition 
of glycogen synthesis. 

To see whether the new drug. SQ 20009. caused 
an elevation of the tissue content of cyclic AMP. we 
measured this nucleotide in diaphragms incubated in 
vitro under conditions similar to those of Table 2. 
After 15 min of preincubation with 0-153 mM SQ 
20009, the cyclic AMP concentration in rat hemi- 
diaphragms was 2:7 + 0-21 nmoles/g (N = 7). at the 
end of 60-min incubation, the level was 1-3 + 0:24 
nmoles/g (N = 4). The cyclic AMP values obtained 
in control hemidiaphragms were 0:54 + 0-07 (N = 4) 
and 0:45 (N = 2) nmoles/g at the start and at the 
end of the 60-min incubation respectively. 

Turnover of glycogen. Our results strongly indicate 
that epinephrine causes an almost complete cessation 
of glycogen synthesis in rat diaphragm. However. the 
possibility remains that a very rapid turnover of 
newly formed glycogen in the presence of the hor- 
mone occurs, resulting in a constant level of '*C- 
labeled glycogen. 

In order to study this further, another series of 
experiments was carried out. Hemidiaphragms were 
incubated for 30 min in a medium containing 6 mM 
radioactive glucose, followed by incubation for 30 or 


Table 2. Effects of cyclic AMP phosphodiesterase inhibitors on glucose utilization and gly- 
cogen synthesis by rat hemidiaphragms incubated in vitro* 





Net incorporation of ['*C] 
glucose into glycogen 
(umoles/g/hr) 


Glucose utilization 


Addition (umoles/g/hr) 





13-39 + 0-55 6:43 + 0-28 
Theophylline, 0-5 mM 11:06 + 0:64 5:14 + 0-12 
Theophylline, 1-0 mM 10:54 + 0-94 4:59 + 0:20 
Theophylline, 2:0 mM 9-85 + 0:35 402 + 0:19 
None 13-78 + 0:37 7:25 + 0-39 
SQ 20009, 0-015 mM 11-27 + 0-33 4-55 + 0:37 
SQ 20009, 0:031 mM 10-44 + 0:74 4-07 + 0:39 
SQ 20009, 0-153 mM 7:59 + 0:30 2:52 + 0-25 


None 


Hit lt+ 4 


t 





* Paired hemidiaphragms were preincubated (+ drugs) for 15 min at 37° in the absence 
of glucose. This was followed by an incubation with 6 mM ['*C]glucose (+ drugs) for 
60 min at 37. Values are means + S. E. M. (N = 7-12). 
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Table 3. Turnover of radioactive 


Values at the 
end of 30 min 
with [U-'*C]- - -~- 
32) Control 
(N 11) 


glucose (N 


Total glycogen 18:16 + 0-62 

(umoles glucose 
Change in total 
(umoles glucose 
['*C]glucose in 


(umoles/g) 


ycogen* 


ycogen 366 + O15 


+ 3-48 + (45 


3-06 + 0:26 


glycogen in hemidiaphragms preincubated with [U-'*C]glucose* 





Incubation with 6 mM nonradioactive glucose 





30 min 60 min 





+30 uM Epi 
(N = 10) 


Control 
(N = 6) 


+30 uM Epi 
(N = 5) 





+ 0-98 — 3-62 + 082 


()-43 2:28 + 0-54 





* Hemidiaphragms were preincubated at 37. for 30 min in HEPES medium containing 6 mM [U-!*C]glucose. After 
| $ | £ 


rinsing in 0-15 M NaCl at 20. 


for 30 or 60 min at 3 
“+ Values obtained from paired experiments. 


60 min in a medium containing nonlabeled glucose 
at the same concentration. The results are summar- 
ized in Table 3. 

Very little turnover of glycogen occurred in the ab- 
sence of epinephrine. indicating that the rate of glyco- 
genolysis was low. In the presence of epinephrine. 
there was a greater loss of radioactivity from gly- 
cogen, but even under these conditions about 62 per 
cent of the radioactivity remained after the 60 min 
of. incubation with nonradioactive glucose. If the de- 
crease in glycogen content of the tissue were due only 
to increased glycogenolysis. and not to inhibition of 
the synthesis of glycogen. it would be expected that 
most. if not all. of the radioactive glucose units would 
be replaced during a prolonged incubation. during 
which there is a decrease in total glycogen content. 

Action of epinephrine on incorporation of [U-'*C] 
glucose into lactate. Hemidiaphragms were incubated 
for 60 min with [U-'*C]glucose in the presence and 
absence of epinephrine, and the lactate in the medium 
was isolated and counted (Table 4). It is striking that 
only about 10 per cent of the lactate that appeared 
in the medium was derived from the radioactive glu- 
cose taken up by the tissue. This indicates that there 
is little formation of lactate from newly synthesized 
radioactive glycogen. in agreement with the reésults 


Lactate 
formed 
(umoles,g) 


Epinephrine 
(cpm 


Specific 
activity 


one of each pair of tissues was taken for glycogen analysis and the other was incubated 
in HEPES medium containing 6 mM nonradioactive glucose. 


of the experiments in which the breakdown of labeled 
glycogen was determined directly (Table 3). While 
epinephrine tended to decrease the specific activity 
of the lactate in the medium.as would be expected 
with an increase in degradation of preformed gly- 
cogen. there was no marked effect of the hormone 
on the amount of lactate formed from radioactive glu- 
cose. 

These experiments show conclusively that the 
marked diminution of glucose uptake produced by 
epinephrine, amounting to 4-6 jumoles/g. is in no way 
reflected in corresponding changes in lactate forma- 
tion. All of the findings presented are consistent with 
the conclusion that the inhibition of glucose uptake, 
observed in vitro under the conditions employed here, 
is the result of a decrease in the rate of glycogen 
synthesis. 

Accumulation of tissue glucose. From the results of 
a previous investigation in our laboratory [19] we 
concluded that in the synthesis of glycogen from 
glucose by the rat diaphragm the glucose, in the 
pathway toward glycogen, did not mix to a significant 
extent with the pool of intracellular glucose. Since the 
observations reported here indicate that it is- the 
glucose-to-glycogen synthetic pathway that is inhibited 
by epinephrine and cyclic AMP phosphodiesterase in- 


Table 4. Conversion of [U-'*C]glucose into lactate by rat diaphragm incubated in vitro* 





Glucose 
metabolized to 
lactatet 
(umoles/g) 


Total activity in 
lactatet 


mole) (cpm/g) 





8.705 
6.446 
9 498 
636 
7.787 
806 
105 
5.886 


~ 


+ 


* Paired hemidiaphragms from 2 
the end of the 60-min incubation with ['*C]glucose. the 


specific activity of the lactate determined. See Methods for 


+ Value = specific activity 
t Specific activity of medium glucose 
§ Fed rat. 


76,343 
80.962 
88.331 
89.036 
87.915 
107.957 
142.033 
115.660 


0-95 





rats Were preincubated and incubated as described in footnote to Table 1. At 


amount of lactate in the medium was measured and the 
details. 


© pmoles lactate in medium/g of tissue. 
80,000 cpm/jemole. 
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Fig. 2. Effects of epinephrine on accumulation of glucose 
in rat diaphragm. Paired hemidiaphragms from two rats 
were preincubated for 15 min at 37° in the absence of 
glucose. The tissues were then incubated (+ 30 uM 
epinephrine) for 60 min at 37° in a medium containing 
6 mM glucose. After two rapid rinses in cold glucose-free 
medium, the muscles were successively washed for 2-min 
periods at 2°. Glucose content is plotted as a function of 
the number of washings. 


hibitors, we considered the possibility that in the pres- 
ence of these substances some of the glucose taken 
up by the cell, instead of being converted to glycogen, 
would accumulate as intracellular glucose. 

The results of experiments in which paired hemi- 
diaphragms were incubated with 6 mM glucose for 60 
min, in the absence and presence of 30 uM epineph- 


rine, are illustrated in Fig. 2. The tissues were rinsed 
and washed successively as described in Methods and 
in the legend to Fig. 2. 

It can be seen that after each washing the tissue 
content of glucose was higher in the hemidiaphragms 
that had been incubated with epinephrine than in 
controls, indicating that epinephrine promoted the ac- 
cumulation of glucose in the cell under conditions 
during which uptake is inhibited. Similar results were 
obtained when hemidiaphragms were incubated with 
SQ 20009 or theophylline. 
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Results of experiments designed to correlate the ef- 
fects of epinephrine and epinephrine + SQ 20009 on 
tissue glucose with other metabolic changes are re- 
ported in Table 5. In these experiments rat hemi- 
diaphragms were first preincubated for 15 min in the 
absence of substrate and then incubated for | hr in 
the presence of 6 mM glucose. Glucose utilization 
and the tissue contents of glucose, glucose 6-phos- 
phate and cyclic AMP were measured at the end of 
the incubation. Cyclic AMP in the tissue was deter- 
mined also after only | min of incubation. 

It is evident that the inhibition of glucose utiliza- 
tion produced by epinephrine, and the concomitant 
increases in tissue glucose and glucose 6-phosphate. 
are associated with an increase in the cellular content 
of cyclic AMP. The additional presence of the cyclic 
AMP phosphodiesterase inhibitor, SQ 20009. caused 
a further increase in tissue content of cyclic AMP. 
but no other significant changes were observed. 

Effect of epinephrine on uptake of 3-O-methylglucose. 
In order to determine whether conditions leading to 
accumulation of intracellular cyclic AMP would alter 
the rate of transport of carbohydrate into the cell. 
we measured uptake of 3-O-methylglucose by dia- 
phragm in the presence and absence of epinephrine. 
The results of these experiments are given in Fig. 3. 

Hemidiaphragms were incubated in media con- 
taining 6 mM ['*C-3-O]methylglucose for 5, 10, 15 
or 30 min, and the intracellular concentration of the 
sugar for each time period was determined by the 
washout procedure described in Methods. The left 
panel of Fig. 3 shows washout curves for tissues incu- 
bated for 5 min with and without epinephrine. The 
lack of effect of the hormone on the slow component 
is clearly seen. In the right panel we have recorded 
the calculated results from all of the experiments. It 
is seen that epinephrine had no effect on the intracel- 
lular concentration of 3-O-methylglucose at any of 
the time periods studied. Thus there is no evidence 
from these experiments that the hormone influences 
the rate of entrance or the intracellular concentration 
at equilibrium of this nonmetabolizable sugar. Ad- 
ditional experiments were done to determine whether 
the presence of epinephrine and SQ 20009 together, 


Table 5. Effects of epinephrine and epinephrine + SQ 20009 on glucose utilization and accumulation of G-6-P, glucose 
and cyclic AMP in rat diaphragm* 





Control 


15 uM Epinephrine 


15 uM Epinephrine + 77 uM SQ 20009 





Glucose uptake 1293 + 0:86 
(umoles/g/hr) 
Glucose-6-phosphate 
(umoles/g at 60 min) 
Tissue glucose 
(umoles/g at 60 min) 
Cyclic AMP 
(nmoles/g at | min) 
Cyclic AMP 
(nmoles/g at 60 min) 


0-092 + 0-013 
0:209 + 0-041 
0:54 + 0-07 


0:39. 0-50 


9-35 + 0-49 
0-171 + 0-028 


0-587 + 0-024 


8-71 + 0-91 
0-198 + 0-013 
0-584 + 0-013 

42:33 


62 + 2:1 


14+ 0:13 12:1:106 





* Paired hemidiaphragms from 2 


rats were preincubated for 15 min at 37 


(+ 77 uM SQ 20009) in glucose-free 


medium. Tissues were transferred to a meditim containing 6 mM glucose and incubated for 60 min at 37° with additions 
as indicated below. Hemidiaphragms were rinsed. twice in cold saline and washed 7 times at 2° in glucose-free medium 
as described in text. Cyclic AMP accumulation in the tissue was determined in separate experiments identical to those 
above, except that washings of the tissue were omitted. Number of experiments = 4. except when individual values 
are given. 
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Fig. 3. Effect of epinephrine on 3-O-methylglucose transport in rat diaphragm. Paired rat hemidiaph- 


ragms were preincubated for 15 min at 37 
or 30 min at 37 


in substrate-free medium and incubated for 5, 10, 1% 
in a medium containing 6 mM ['*C-3-O]methylglucose (+ 15 uM epinephrine). 


Left panel illustrates individual washout curves.after 5-min of incubation with 6 mM 3-O-methylglucose. 

Right panel shows the accumulation of the sugar intracellularly as a function of time of incubation. 

Filled circles are controls, open circles are from experiments with epinephrine. The 5-min values are 
means of three determinations; others are results from individual experiments. 


at the concentrations used for the experiments 
reported in Table 5, would influence the accumulation 
of 3-O-methylglucose in the rat hemidiaphragms. Des- 
pite the fact that the tissue content of cyclic AMP 
increased*more than 20-fold under these conditions, 
there was no change in sugar transport. 


DISCUSSION 


The ability of epinephrine to decrease glucose utili- 
zation in mammalian skeletal muscle was first re- 
ported by Walaas and Walaas [4] and the phenom- 
enon has been studied subsequently by a number of 


investigators [ 5-7, 20-22]. This action of the hormone 
has been found to be abolished at pH 8 [7] and to 
be decreased at 68 [21]. In our experiments the pH 
of the medium was maintained at 7-2, and the inhibi- 
tory effects of epinephrine on glucose uptake and gly- 
cogen synthesis were very consistent. 

The results of our investigation show that the effect 
of epinephrine on glucose uptake of muscle is closely 
related to the action of the hormone on glycogen syn- 
thesis. There is a remarkable correlation between the 
inhibitory effects: of epinephrine on glucose uptake 
and on incorporation of glucose into glycogen in a 
resting muscle preparation, such as the rat diaphragm 
incubated in vitro. It is possible that a high capacity 
for glycogen synthesis in a tissue is necessary for an 
inhibitory effect of epinephrine on glucose uptake to 
become apparent. Thus, in adipose tissue, which con- 
tains only a small amount of intracellular glycogen, 
epinephrine has been observed to increase the rate 
of glucose uptake [23]. In a contracting perfused- 
heart preparation, epinephrine administration has al- 
so. been found to increase the metabolism of glucose 
[24]. 

Our experiments on the action of epinephrine on 
the uptake of 3-O-methylglucose by the diaphragm 
provide no support for the view that epinephrine af- 
fects sugar transport itself. Only the uptake on the 


natural carbohydrate substrate, glucose. is affected by 
epinephrine under our experimental conditions. 
Chambaut er al. [25] studied the action of dibutyryl 
cyclic AMP on rat diaphragm and found that this 
compound had no effect on galactose and glucosa- 
mine transport in this tissue. These findings lend 
further strength to the hypothesis that it is the gluco- 
se-to-glycogen synthetic pathway in muscle that is 
particularly susceptible to inhibition by a catechola- 
mine. 

Recently we have reported [19] that glycogen de- 
rived from extracellular glucose in rat diaphragm is 
not diluted by intracellular glucose. as would be ex- 
pected if there were only one pool of intermediates 
between glucose and glycogen. We proposed that 
there were two pathways of glycogen synthesis from 
glucose that were distinguishable because of their 
presence at different sites in the cell; one catalyzed 
the formation of glycogen from extracellular glucose, 
the other was involved in the synthesis of glycogen 
from glucose that had already entered the cell. 

We are speculating that the enzymes involved in 
the synthesis of glycogen from extracellular glucose 
in muscle are localized in cellular membranes, poss- 
ibly the sarcotubular system, and that homones. di- 
rectly or indirectly, can influence glycogen synthesis 
at this site. In fact, Bailey et al. [26] have observed 
that glycogen synthase activity is high in a particulate 
fraction of muscle homogenates originating from the 
sarcoplasmic reticulum. It is extremely interesting, in 
this connection, that these tissue fractions also had 
a high content of adenylate cyclase and cyclic AMP 
phosphodiesterase. Meyer et al. [27] isolated protein 
glycogen particles from rabbit skeletal muscle and de- 
monstrated with electron- microscopy that these par- 
ticles were found in the same fractions as vesicles aris- 
ing from fragments of the sarcoplasmic reticulum. 

The significance of the accumulation of glucose in 
the cell seen with epinephrine is not clear at present. 
There are several mechanisms that should be consi- 
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dered. For example. the extra glucose could originate 
from the glucose in the medium and its accumulation 
could be a consequence of inhibition of the glycogen 
synthetic pathway, possibly at the hexokinase step. 
The observations of Kipnis and Cori [28] bear on 
this problem. These authors found that the uptake 
of 2-deoxy-glucose by the intact diaphragm was not 
influenced by epinephrine but that the phosphoryla- 
tion of this metabolite was inhibited. leading to ac- 
cumulation of the unphosphorylated sugar in the cell. 
Another possibility is that the intracellular glucose 
produced in response to epinephrine originates from 
glycogen. This could come about by the action of 
amylo-1.6.-glucosidase on the limit dextrins formed 
following phosphorylase action on glycogen [29]. We 
are currently carrying out experiments designed to 
clarify the mechanisms of this action of epinephrine. 

One of the metabolic effects of epinephrine in 
muscle is an increase in glucose 6-phosphate caused 
by the activation of phosphorylase. Since glucose 
6-phosphate has been found to inhibit preparations 
of hexokinase [30]. it is possible that the increased 
tissue concentrations of glucose 6-phosphate seen in 
diaphragms exposed to epinephrine may contribute 
to the metabolic effects of the hormone in this tissue. 
However, it should be pointed out that an elevation 
of glucose 6-phosphate is not always associated with 
a decrease in glucose uptake and glycogen synthesis. 
For example. in diaphragms exposed to insulin there 
is an increase in the glucose 6-phosphate concent- 
ration even though glucose metabolism is enhanced 
(31, 32]. 

Although it cannot be ruled out that product inhi- 
bition of hexokinase plays some role in the inhibitory 
effects of epinephrine on glycogen synthesis, it is likely 
that an action of cyclic AMP is more directly in- 
volved. It has been well established that protein 
kinase activity is increased in extracts of muscles ex- 
posed to epinephrine [9] and that the rise in kinase 
activity results from transformation of the enzyme 
from a form requiring cyclic AMP to one independent 
of this nucleotide [9,33]. This event subsequently 
leads to activation of phosphorylase and to formation 
of the less active form of glycogen synthase requiring 
glucose 6-phosphate for activity. Whether the lowered 
activity of glycogen synthase can explain the inhibi- 
tory effects of epinephrine on the glucose-to-glycogen 
synthetic pathway demonstrated in our experiments. 
or whether other sites of protein phosphorylation 
may be involved is a subject for further investigation. 

Among the important questions raised by this in- 
vestigation is the extent to which the metabolic effects 
of epinephrine observed in vitro reflect actions of the 
hormone in the intact animal. If epinephrine in- 
fluences glucose uptake and glycogen synthesis by 
skeletal muscle in vivo in a manner similar to that 
in vitro, such an action could account for a significant 
portion of the hyperglycemic effect of the hormone 
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Abstract—The stereoselectivity of d- and /|-amphetamine for uptake, release and catabolism of biogenic 
amines was studied in vitro in three regions of rat brain. The d-isomer was about two times more 
potent than the /-isomer in inhibiting uptake and releasing biogenic amines from chopped cerebral 
cortex labeled with norepinephrine and midbrain labeled with 5-hydroxytryptamine. On the other 
hand, the d-isomer was five times more potent than the /-isomer in inhibiting the uptake and releasing 
[*H]dopamine from nerve terminals of corpus striatum. When the relative potencies of amphetamine 
on uptake and release were compared, it was found that approximately 11-fold higher concentrations 
of both isomers were required to release dopamine compared to their ability to inhibit neuronal uptake. 
Only 4-fold higher concentrations of both isomers of amphetamine were required to release [*H ]nore- 
pinephrine compared to their ability to inhibit neuronal uptake. Approximately equal concentrations 
of the two isomers released and inhibited neuronal uptake of 5-hydroxytryptamine. With high concent- 
rations (10-3 M), the d-isomer of amphetamine was more effective than the /-isomer in inhibiting 
monoamine oxidase activity in synaptosome-free homogenates of cerebral cortex tissue. These results 
indicate that the dopamine nerve terminals of the corpus striatum possess greater stereoselectivity 
toward amphetamine than either the norepinephrine nerve terminals of cerebral cortex or 5-hydroxy- 


tryptamine neurons of midbrain. 


Amphetamine is thought to produce its behavioral 
effects by interactions with central neurons containing 
the putative neurotransmitters, norepinephrine, dopa- 
mine and 5-hydroxytryptamine [1,2]. The effects of 
amphetamine on these neurons include: release of the 
amine from the nerve terminal [3-6]. inhibition of 
neuronal uptake of the amine [37-9] and, in high 
concentrations, inhibition of oxidative deamination of 
the amine by monoamine oxidase [10-12]. These ac- 
tions tend to increase the concentration of the puta- 
tive neurotransmitter in the vicinity of the post-synap- 
tic receptor. It is the enhanced activation of the post- 
synaptic receptor by the neurotransmitter which pre- 
sumably leads to behavioral changes. 

Numerous studies have indicated that inhibition of 
neuronal uptake of norepinephrine and dopamine by 
d- and /-amphetamine is stereoselective and that the 
stereoselectivity varies with different regions of the 
brain [13-17]. Since neurons containing dopamine 
and norepinephrine have different regional distribu- 
tions in the brain, this difference in stereoselectivity 
has been attributed to differences between these two 
types of neurons. The differences in the potencies of 
d- and |-amphetamine on neuronal uptake into dopa- 
mine- and norepinephrine-containing nerve terminals 
have been used as a means for determining the role 
of these two groups of neurons in mediating specific 
behavioral effects of amphetamine [18.19]. Much less 
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is known about the stereoselectivity of amphetamine 
for: (1) uptake of amines into 5-hydroxytryptamine 
nerve terminals, (2) release of amines from all three 
groups of nerve terminals, and (3) oxidative deamina- 
tion of the three amines in tissues containing the three 
types of neurons. Since it is probable that these ac- 
tions are also involved in mediating the behavioral 
effects of amphetamine, the present study was de- 
signed to compare the effects of d- and /-amphetamine 
on inhibition of neuronal uptake to their effects on 
release and catabolism in three brain regions, each 
with different distribution of norepinephrine, dopa- 
mine and 5-hydroxytryptamine nerve terminals. The 
aim will be to examine whether the effects of amphe- 
tamine On these three processes can be distinguished 
in the three types of neurons, using stereoselectivity 
of the amphetamine isomers as the experimental tool. 


METHODS 


Release of biogenic amines by d- and |-amphetamine. 
The procedure for studying release of biogenic amines 
has been previously described [5.6]. The method in- 
volved incubating chopped brain tissue with 10°°M 
of either [*H-d/]-norepinephrine (8 Ci), [*H]dopa- 
mine (1-0 wCi) or [7H-S]hydroxytryptamine (12 Ci). 
The *H-amine was accumulated within the nerve end- 
ings, the unbound and nonspecifically bound *H- 
amine was washed from the tissue and the *H-amine 
was released into the incubation medium after incu- 
bation withd-and l-amphetamine. *H-catecholamines in 
the tissue and medium fractions were separated from 
3H-deaminated metabolites by cation-exchange chro- 
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matography on Dowex 50, Na* [20]. [*H-S]hydroxy- 
tryptamine was separated from its principal *H-dea- 
minated metabolite, [*H-5]-hydroxyindoleacetic acid, 
by extraction of the metabolite into ether from acidi- 
fied samples [2.21 ]. 

The protein content per sample was determined by 
the Biuret method [22] and both medium and tissue 
radioactivities were based on the amount of tissue 
(mg protein) present in the sample. The results were 
generally expressed as a percentage of *H-amine in 
the incubation medium calculated as: 


3H-amine in medium x 100 





(7H-amine in medium) + (*H-amine in tissue) 


The EC.<, (median effective concentration) for release 
was estimated as the concentration of drug which 
gave half the maximal response (adjusted for “spon- 
taneous release”). Statistical comparisons were made 
by Student’s f-test. 

Monoamine oxidase activity. The method of Way- 
mire et al.[23], as modified by Wenger and Rut- 
ledge [24]. was used. This involves incubation of 1:5 
homogenates of rat cerebral cortex with ['*C]trypta- 
mine (5 x 10°*M) and measurement of the forma- 
tion of ['*C]indoleacetic acid, the deaminated prod- 
uct of ['*C]tryptamine. After the initial incubation, 
['*C]Jindoleacetic acid was extracted from acidified 
tissue extracts into toluene, and the radioactivity in 
the toluene phase was determined by liquid scintilla- 
tion spectrometry. 

Inhibition of uptake of biogenic amines by d- and 
l-amphetamine. Uptake and accumulation of biogenic 
amines into chopped brain tissue were measured by 
a method described by Ziance et al. [5]. The chopped 
tissue was washed and suspended in the physiological 
medium and an aliquot of this suspension was incu- 
bated with various concentrations of d- and /-amphe- 
tamine for 10 min. Either [*H]norepinephrine 
(0-76 Ci), [7H Jdopamine (0:1 Ci) or [SH-S}hydroxy- 
tryptamine (1-7 :Ci) was added to the incubation me- 
dium to attain a final concentration of 10°’ M. The 
incubation was continued for 5 min and the uptake 
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and accumulation of the *H-amine were terminated 
by centrifugation at 4 . The radioactivity in tissue and 
medium extracts was determined by liquid scintilla- 
tion spectrometry. Uptake was calculated by deter- 
mining the tissue/medium (T/M) ratio [(dis./min/g of 
tissue)/(dis./min/ml of medium)]. 

Substances. The d- and l-amphetamine sulfate were 
obtained from Smith, Kline & French Lab., Philadel- 
phia, Pa. The optical rotations of d- and /-ampheta- 
mine were determined to be as specified using a Cary 
model 60 spectropolarimeter. [*H-d.!]norepineph- 
rine-[7-*H Jhydrochloride (7:7 to 13 Ci/m-mole). 
{*H]dopamine hydrochloride (0-5 Ci/m-mole) and 
[°H-S]hydroxytryptamine creatinine sulfate mono- 
hydrate (8-5 Ci/m-mole) were obtained from Amer- 
sham/Searle Corp. Arlington Heights. Ill. [*H-d./]- 
norepinephrine-[7-7H ]bitartrate (42 to 91 Ci/m- 
mole) and f-indoleacetic acid-[5-3H] (29 Ci/m-mole) 
were obtained from New England Nuclear Corp.. 
Boston. Mass. 5-Hydroxytryptamine—creatinine sul- 
fate complex was obtained from Sigma Chemical Co.., 
St. Louis, Mo. d,/-Arterenol (norepinephrine) hydro- 
chloride and 3-hydroxytyramine (dopamine) hydro- 
chloride were obtained from Calbiochem, Los An- 
geles, Calif. 


RESULTS 


Release of biogenic amines by d- and |-amphetamine. 
{*H]norepinephrine was released by both isomers of 
amphetamine from chopped cerebral cortex which 
had previously accumulated the *H-amine (Fig. 1). 
The concentration effect curves for d- and /-ampheta- 
mine differed only at 10°° M, where the d-isomer re- 
leased a greater proportion of [*H]norepinephrine. 
The C5, for d-amphetamine (8-0 + 1-0 x 10°’ M) 
was not statistically different (P > 0-05) from the EC <5 
of l-amphetamine (1-7 + 0-5 x 10°°M). In contrast, 
d-amphetamine was considerably more potent than 
the /-isomer in releasing [*H]dopamine from dopa- 
mine neurons of the corpus striatum (Fig. 2). The ECs 
for d-amphetamine (1:1 + 0:3 x 10°° M) was signifi- 
cantly lower (P < 0-05) than that of /-amphetamine 
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Fig. 1. Relase of [*H]norepinephrine from chopped rat cerebral cortex by d- and /-amphetamine. 
Neurons were labeled by incubation of the tissue with [*H]norepinephrine. The tissue was washed 
and incubated for 30 min in the presence or absence of d- or -amphetamine. The deaminated metabo- 
lites were separated from the amines by cation-exchange chromatography. The proportion of nore- 
pinephrine released into the incubation medium was calculated as norepinephrine in the medium 
(100)/total norepinephrine. Tritium in tissue and medium fractions represents 54-8 + 1-0 x 10° dis. 
min/mg of protein. The values represent the mean + S.E.M. of three experiments. The asterisk indicates 
d-am-phetamine different from |-amphetamine, P < 0-05. 
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Fig. 2. Release of [‘H]dopamine from chopped rat corpus 
striatum by d- or l-amphetamine. Neurons were labeled 
by incubating the tissue with [*H]dopamine. The tissue 
was washed and incubated for 30 min in the presence or 
absence of d- or /-amphetamine. The deaminated metabo- 
lites were separated from the amines by cation-exchange 
chromatography. The proportion of dopamine released in- 
to the incubation medium was calculated as dopamine in 

the medium x 100/total doapmine. Tritium in tissue and 
medium fractions represents 29-3 + 1-5 x 10° dis./min/mg 
of protein. The values represent the mean + S.E.M. of 
four experiments. The asterisk indicates d-amphetamine sig- 
nificantly different from /-amphetamine. P < 0-05: the 
double asterisk indicates d-amphetamine significantly dif- 

ferent from /-amphetamine, P < 0-01. 


(6:1 + 2:2 x 10°°M). Higher concentrations of both 
isomers were required to release [*H]dopamine than 
were required for release of [*H norepinephrine. 
Another difference between the two types of exper- 
iments is that the maximum release of [*H ]Jdopamine 
was considerably greater than the maximum release 
of [*H norepinephrine. High concentrations of both 
isomers of amphetamine also released [7H-5]hydroxy- 
tryptamine from midbrain tissue in a concentration- 
related manner (Fig. 3). The 6c, for the d-isomer 
(2-6 + 0:5 x 10° ° M)was significantly lower (P < 0-05) 
than that of the /-isomer (7-1 + 2:3 x 107° M). 

Effect of d- and |-amphetamine on monoamine oxi- 
dase activity. In experiments on the release of *H- 
amines from chopped brain tissue, the formation of 
3H-deaminated metabolites of each of the three *H- 
amines was reduced by high concentrations (10° * M) 
of amphetamine. To evaluate further the effect of high 
concentrations of both isomers of amphetamine on 
monoamine oxidase, enzyme activity was measured 
in homogenates of cerebral cortex free of synap- 
tosomes (nerve endings). When ['*C]tryptamine 
was used as a substrate for monoamine oxidase, d- 
amphetamine was much more potent 
(ICs. 46 + 0-2 x 10°*M) than the /-isomer (ICso. 
40 + 0-2 x 10°3M) in inhibiting oxidative deamina- 
tion (not shown). The ICs, values were significantly 
different at P < 0-01. ‘It should be noted that very 
high concentrations (0-1 to 10mM) of both isomers 
were required to inhibit monoamine oxidase. 

Inhibition of neuronal uptake by d- and |-ampheta- 
mine. Both d- and /-amphetamine inhibited neuronal 
uptake of [*H]norepinephrine into neurons of cere- 
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bral cortex with d-amphetamine having a greater ef- 
fect only at 10°-°M (not shown). The 1C., for d-am- 
phetamine (1:7 +05 x 10°7M) was. significantly 
lower (P< 0-05) than that of /-amphetamine 
(46 + 0-7 x 10°’ M). 

The differences between the two isomers in inhibit- 
ing the uptake of [*H]dopamine into dopamine nerve 
terminals of the corpus striatum (not shown) were 
greater than those observed for [*H ]norepinephrine 
and norepinephrine nerve terminals. d-Amphetamine 
IC 59. 1-0 + 0:2 x 10°° M) was greater than five times 
more potent (P< 0-01) than the /-isomer (ICso. 
5-4 + 0:8 x 10°°M) in inhibiting uptake into dopa- 
mine neurons. Higher concentrations of both isomers 
also inhibit uptake of [*H-5]hydroxytryptamine into 
neurons of the midbrain (not shown). Although the 
d-isomer was more potent than the /-isomer in this 
system, the differences were not as great as those seen 
in the dopamine system. The IC, for d-amphetamine 
(28+02 x 10°°M) was _ significantly lower 
(P < 0-05) than that of /-amphetamine (66 + 1-2 
x 10°°M. 

A summary of the potencies of d- and /-ampheta- 
mine on uptake and release can be seen in Table 1. 
The ratio of the potencies of d- to /-amphetamine 
on both uptake and release are 2:1 to 2:7 in nore- 
pinephrine nerve terminals of the cerebral cortex and 
5-hydroxytryptamine nerve terminals of the midbrain. 
The ratio of the potencies of the two isomers on up- 
take and release in dopamine nerve terminals of cor- 
pus striatum is 5-4 to 5-5. The relative effects on up- 
take versus release can also be seen in Table 1. In 
norepinephrine nerve terminals, approximately 4-fold 
higher concentrations are required for release as com- 
pared to inhibition of uptake. In dopamine nerve ter- 
minals, the ratios are | 1-fold, while in 5-hydroxytryp- 
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Fig. 3. Release of [7H-SJhydroxytryptamine from chopped 
rat midbrain by d- or |-amphetamine. Neurons were la- 
beled by incubating the tissues with [*H-S]hydroxytrypta- 
mine. The tissue was washed and incubated for 30 min 
in the presence or absence of d- or /-amphetamine. The 
deaminated metabolites were separated from the amines 
in the tissue and medium fractions by extraction of the 
metabolites into ether. The proportion of 5-hydroxytrypta- 
mine released into the incubation medium was calculated 
as 5-hydroxytryptamine in the medium x 100/total 5-hyd- 
roxytryptamine. Tritium in tissue and medium fractions 
represents 157-5 + 5:3 x 10° dis./min/mg of protein. The 
values represent the mean + S.E.M. of five experiments. 





J. C. Hotes and C. O. RUTLEDG! 


Table 1. Effects of d- and /-amphetamine on uptake and release of biogenic amines from isolated brain tissue* 





Uptake 


Ratio of potencies 
Tissue d-Amp l-Amp 
*H-NI 
Cerebral cortex 
H-DA 
Corp 


0-46 + 0-07 


S striatum 


H-5-HT 
Midbrain 

* Amy S-HT 
Each 
of th 


NE 
the 
the 


imphetamine norepinephrine: DA 
S.F.M. of thre 


is related to th 


dopamine 


value represents mean 


d-isomer | sinc the potency reciprocal of the 1 


tamine nerve terminals, approximately equal concent- 
rations are required for uptake and release. These ra- 
tios were observed for both the d- and /-isomers. 


DISCUSSION 


The experiments on uptake and release of the three 
amines into the three tissues assume selectivity of up- 
take of each amine into neurons containing the res- 
pective endogenous amine. Snyder and Coyle [25] ob- 
served that [*H norepinephrine was selectively accu- 
mulated in regions of the brain containing predomi- 
nantly norepinephrine neurons rather than dopamine 
neurons, while dopamine was selectively accumulated 
in the corpus striatum with a K,, which was one-fifth 
of that for [*H Jnorepinephrine in this tissue. Shaskan 
and Snyder[26] observed the accumulation 
[3H Jnorepinephrine and [*H-5]hydroxytryptamine in 
six regions of rat brain and found that the difference 
in the accumulation of the two amines was most strik- 
ing for midbrain. In a previous study from this labor- 
atory [6]. selectively of uptake and release was exam- 
ined by the addition of unlabeled biogenic amine dur- 
ing either the uptake or release phase of the exper- 


iment. The results indicated selectivity in release as ~ 


well as in uptake for each of the three amines, al- 
though there was some overlap between norepineph- 
rine and dopamine neurons. 

Dopamine nerve terminals of the corpus striatum 
appear to have stereoselective characteristics which 
differ from those of norepinephrine and 5-hydroxy- 
tryptamine neurons. The d-isomer of amphetamine 
was about five times more potent than the /-isomer 
in releasing [*H]dopamine as well as in inhibiting 
neuronal uptake. The differences between the two 
isomers in norepinephrine and 5-hydroxytryptamine 
nerve terminals were only 2-fold. The relative poten- 
cies of the two amphetamine isomers on release in 
norepinephrine and dopamine nerve terminals are 
consistent with those obtained in previous studies on 
release of exogenous [*H]norepinephrine and 
[°H]dopamine in various regions of brain [5.14]. The 
results on inhibition of uptake into dopamine and 
norepinephrine nerve terminals are also consistent 
with those of several other investigators [14-17]: 
however, the results differ from those of Coyle and 
Snyder [13] and Taylor and Snyder [18]. who found 
in kinetic studies that the two isomers were equipo- 
tent in dopamine nerve terminals, but that there was 
a 10-fold greater effect of the d-isomer in norepineph- 
rine nerve terminals. The differences between the two 
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observations have been ascribed [16] to the difficulty 
in performing kinetic experiments in systems where 
uptake and accumulation are relatively low, such as 
the uptake of norepinephrine into cerebral cortex tis- 
sue from reserpine-treated animals. 

It is possible that release was primarily due to inhi- 
bition of neuronal uptake of spontaneously released 
amines, since the ratios of potencies of the two 
isomers On uptake paralleled those on release. How- 
ever, this does not appear to be the case for nore- 
pinephrine neurons of cerebral cortex, since in a pre- 
vious study [27] desipramine and cocaine were much 
more effective as inhibitors of neuronal uptake than 
in releasing [*H]norepinephrine from the tissue. In 
5-hydroxytryptamine neurons, the concentrations of 
both isomers which are required for release are ap- 
proximately the same as those for inhibition of up- 
take. In this system, it is possible that the apparent 
inhibition of neuronal uptake is due to release of re- 
cently accumulated [*H-S]Jhydroxytryptamine. 

It is also possible that the stereospecificity of am- 
phetamine for uptake and release is conferred by the 
stereoselective uptake of amphetamine into the neur- 
on. That is, amphetamine could be accumulated into 
the neuron by the same mechanism that transports 
the biogenic amine into the neuron. If this were the 
case, then the affinity of d- and /-amphetamine for 
the amine uptake site might determine the stereospe- 
cificity of amphetamine for release of *H-amines. The 
neuronal uptake of amphetamine into nerve endings 
of brain tissue slices and homogenates has been diffi- 
cult to demonstrate, presumably because of nonspeci- 
fic tissue binding of amphetamine which could mask 
specific neuronal uptake [27-30]. However, using a 
more purified preparation of nerve endings (synapto- 
somes), it has been possible to show that neuronal 
uptake of [*H ]amphetamine is temperature sensitive 
and that the uptake of [*H]amphetamine can be an- 
tagonized by selective inhibitors of neuronal uptake 
such as desipramine and cocaine [27.31]. Cocaine and 
desipramine also decrease the potency of d-ampheta- 
mine as a releasing agent [27]. It was suggested [27] 
therefore that antagonists of norepinephrine uptake 
decrease the potency of amphetamine in releasing 
norepinephrine by inhibiting the uptake of ampheta- 
mine into the neuron. 

The effect of amphetamine to inhibit oxidative dea- 
mination could be due to inhibition of the neuronal 
uptake transport system, which could reduce the con- 
centration of the biogenic amine in the vicinity of 
intraneuronal monoamine oxidase. This has been 
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shown to occur with low concentrations of ampheta- 
mine in uptake experiments [12]. However, the reduc- 
tion in oxidative deamination in the release exper- 
iments occurred with concentrations of amphetamine 
which were much higher than those which released 
biogenic amines or those in which uptake was inhi- 
bited. Furthermore, inhibition of oxidative deamina- 
tion of tryptamine in synaptosome-free homogenates 
suggests that the stereoselectivity of high concent- 
rations of amphetamine is directly on the enzyme, 
monoamine oxidase. Since the stereoselectivity oc- 
curred with all three biogenic amines as well as with 
tryptamine, it is not likely that the stereoselectivity 
is confined to one of the several forms of monoamine 
oxidase [32,33]. 

Although it is difficult to extrapolate from data in 
vitro on release and neuronal uptake to changes in 
behavior, it has been argued that the effect of amphe- 
tamine on locomotor activity is due to activation of 
norepinephrine neuronal systems, since the ratios of 
the potencies of d- and /-amphetamine on both neur- 
onal uptake and locomotor activity were 10-fold. 
while those on stereotyped behavior and uptake into 
dopamine neurons were only 2- to 5-fold [18]. The 
results of the present study as well as those of oth- 
ers [34-37] suggest. however. that both dopamine and 
norepinephrine neurons are probably involved in the 
increase in locomotor activity produced by ampheta- 
mine. 

The hypothesis that dopamine neurons rather than 
norephinephrine neurons mediate the amphetamine- 
induced stereotyped behavior is consistent with the 
data of this study [38-41]. We found d-amphetamine 
to be 5-4 times more potent than /-amphetamine in 
inhibiting the accumulation of [*H]dopamine into 
corpus striatum. In addition, Scheel-Kruger [38] 
showed that d-amphetamine is six times more potent 
than /-amphetamine in inducing stereotyped behavior 
in rats not pretreated with a monoamine oxidase in- 
hibitor. Because of this correlation, it is possible that 
amphetamine induces stereotyped behavior by activ- 
ating dopamine neurons. 
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Abstract—Twenty-four hr after oral administration (0-2 to 2:0 g/kg) of disulfiram (DS) to male rats. 
significant impairment of hepatic microsomal carboxylesterase and plasma carboxyl- and cholinesterase 
was observed. Plasma esterase activities returned to control values between 48 and 72 hr after a single 
oral dose of DS (2:0 g/kg), but microsomal carboxylesterase activity was still significantly lower in 
treated animals at both times. Daily administration of DS (0-1 or 0-4 g/kg) resulted in decreased micro- 
somal carboxylesterase activity after 2 days. However, continued administration of DS for a total of 
12 days did not produce further depression of microsomal esterase activity. Microsomal and plasma 
carboxylesterase activities were also decreased 24 hr after oral administration (1-0 to 2:0 g/kg) of sodium 
diethyldithiocarbamate (DDTC), the reduced metabolite of DS. Hepatic microsomal esterases that 
migrated rapidly toward the anode during polyacrylamide disc gel electrophoresis were the most sensi- 
live to impairment by DS or DDTC. Esterase activity in the lung was also impaired after DS or DDTC 
administration, whereas esterases of the heart, kidney and testis were essentially unaffected. Incubation 
in vitro of liver microsomes with DS decreased microsomal carboxylesterase activity, while incubation 
with DDTC had little effect. Plasma carboxylesterase was inhibited in vitro to a greater extent than 
microsomal esterases by both DS and DDTC. Diethylamine and CS,,. the decomposition products 


of DDTC, were essentially inactive as esterase inhibitors in vitro. 


Disulfiram (Antabuse, DS) has been used for over 
20 yr in avoidance therapy for certain patients with 
chronic alcoholism. Ingestion of etnanol by a patient 
taking DS produces a wide range of unpleasant symp- 
toms called the “Antabuse reaction.” DS inhibits alde- 
hyde dehydrogenase; thus when ethanol is ingested 
acetaldehyde accumulates. Therefore, it has been sug- 
gested that acetaldehyde accumulation is primarily re- 
sponsible for the Antabuse reaction [1,2]. However, 
since acetaldehyde administration does not duplicate 
all of the symptoms of this reaction, it has also been 
suggested that the chemical product of a direct eth- 
anol-DS interaction may be responsible [3] or that 
ethanol may increase the toxicity of DS by inhibiting 
its metabolism [4]. 

Although attention has been focused primarily on 
the biochemical basis for the effectiveness of DS in 
alcohol avoidance therapy, other unrelated actions 
of clinical significance have been reported. Of particu- 
lar significance is the observation that DS inhibits 
oxidative drug metabolism both in vitro and in vivo 
[5-7]. Studies in man have shown that DS adminis- 
tration prolongs antipyrine half-life [8] and may in- 
hibit metabolism of diphenylhydantoin and warfarin 
[9, 10]. Recent experiments in our laboratory have 
been designed to characterize the effects of DS on 
oxidative and hydrolytic drug metabolism and the 
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mechanisms by which it exerts these effects. Since 
plasma and tissue esterases are responsible for hy- 
drolysis of many ester and amide drugs [11-13], one 
aspect of our work has been to study the effects of 
DS and its reduced metabolite, diethyldithiocarba- 
mate (DDTC), on certain esterases of the rat. The 
results of these studies are presented in this report. 


MATERIALS AND METHODS 


Animals. Male Sprague-Dawley rats (200-300 g) 
purchased from Charles River Labs were used 
throughout the experiments. All animals had free 
access to Purina lab chow and water, except where 
noted. 

Chemicals. Tetraethylthiuramdisulfide, butyrylthio- 
choline chloride and 5,5-dithiobisnitrobenzoate were 
purchased from Sigma Chemical Co. (St. Louis, Mo.). 
Sodium diethyldithiocarbamate trihydrate — was 
obtained from Fisher Scientific Co. (Fair Lawn, N.J.). 
and indophenylacetate from Eastman Kodak Co. 
(Rochester, N.Y.). 

Preparation of tissues. After decapitation, blood was 
collected in heparinized tubes and plasma was separ- 
ated by centrifugation (800 g) for 15 min at 4. Lungs, 
kidneys, hearts, testes and livers were homogenized 
in 4 vol. of 0-05 M Tris-HCl, pH 7-4, and centrifuged 
at 9000g for 20min at 4. The 9000g supernatant 
was kept on ice and used for determination of esterase 
activity in these tissues. Liver microsomes were pre- 
pared as previously described [5]. Protein content was 
determined by the biuret method [14]. 

Electrophoresis. Hepatic microsomal esterases were 
separated by pulvacrylamide disc gel electrophoresis. 
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The microsomal suspension was diluted with 0-02 M 
Tris-HCI (pH 7-4}-1-15%, KCl containing 1%, Triton 
X-100 to a final protein concentration of 3 mg/ml. 
Electrophoresis was performed according to the 
method of Ornstein [15] and Davis [16] as modified 
in our laboratory [17]. Each tube (0-5cm id.) con- 
tained 1-0 ml of separating gel (5°,, acrylamide) above 
which was polymerized approximately 0-15 ml of stack- 
ing gel. Just prior to electrophoresis, 10 yl of the 
solubilized microsomal suspension was added to a 
small volume of stacking gel which was polymerized 
on top of the pre-existing stacking gel. The upper 
and lower bath buffers contained 0-038 M glycine and 
0-005 M Tris-HCl, pH 8-3. Gels were run at a con- 
stant current of 4mA/tube for 45min. Esterase ac- 
tivity was localized by immersing each gel in a solu- 
tion of 1°, x-naphthylacetate and Fast Blue RR, 
according to the method of Markert and Hunter [18]. 
After staining for 5 min, the gels were rinsed with dis- 
tilled water and fixed in methanol-water-acetic acid 
(4:4:1) overnight and were rehydrated in 7°, acetic 
acid for | day prior to scanning. The gels were 
scanned at 445nm in a Gilford-2400 spectrophot- 
ometer equipped with a gel scanning attachment. The 
resu/ting peaks were integrated by a Hewlett-Packard 
3373B integrator. The integrator was interfaced with 
a Hewlett-Packard 9810A calculator programmed to 
total the integrated area of the scan and to determine 
the per cent activity of each peak. 

Determination of esterase activity. Carboxylesterase 
activity was determined at 25 using a colorimetric 
assay with indophenylacetate (IPA) as the substrate 
[17,19]. The assay mixture contained enzyme (0-1 ml 
plasma or 0-05 ml microsomes, 1-2 mg protein/ml), 
0-05 M Tris-HCI buffer, pH 8-2. and 0-05 ml of 0-02 M 
IPA in absolute ethanol (final substrate concen- 
tration, 3-3 x 10° * M) ina total volume of 3-0 ml. To 
determine tissue carboxylesterase activities, the fol- 
lowing amounts of 9000g supernatant were added to 
buffer and 0-05 ml of 002M IPA in a total volume 
of 3-0 ml: heart, 0-1 ml; lung, 0-05 ml; liver, 0-01 ml; 
kidney, 0-02 ml; and testis, 0-05 ml. The specific ac- 
tivity of the enzyme was calculated from the absor- 
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bance change at 522 nm/min by means of a standard 
curve prepared with the hydrolysis product, sodium 
indophenol. Plasma cholinesterase activity was deter- 
mined colorimetrically by measuring the rate of hy- 
drolysis of 5 x 10°*M_ butyrylthiocholine (BUTCH) 
at 412nm [17,20]. Specific activity was calculated 
with the molar extinction coefficient of 
13.600 M~' cm~! for the 5-thig-2-nitrobenzoate ion 
released in the reaction. 

Measurement of esterase inhibition in vitro. Plasma 
and hepatic microsomal suspensions prepared from 
five male rats were diluted to a final protein concen- 
tration of 5 mg/ml with 0:05 M Tris-HCl, pH 8:2. Five 
ml of each sample was incubated at 37 for 20 min. 
either alone or in the presence of DS. DDTC, CS;, 
diethylamine (DEA), or CS, + DEA. Aqueous solu- 
tions of DDTC (005M), DEA (0-1M) or CS, 
(0-038 M) were added to produce a final concentration 
of 0-1 or 0-SmM. The water solubility of DS was 
not sufficient to prepare a concentrated aqueous solu- 
tion; therefore, appropriate amounts of a 005M DS 
solution in acetone were added to the incubations 
to produce a final DS concentration of 0-1 or 0-5 mM. 
The amount of acetone added (10-50 jd) had no effect 
on liver or plasma carboxylesterase activity. After in- 
cubation, carboxylesterase activity was determined in 
an aliquot of the incubate as described above. No 
significant differences in carboxylesterase activity 
were observed between incubated controls and unin- 
cubated plasma or microsomal samples. 

Statistical methods. Significant differences between 
control and treated groups after DS or DDTC 
administration were determined by means of Stu- 
dent’s t-test. Data obtained after incubation in vitro 
of DS, DDTC. CS, or DEA with microsomes or 
plasma were compared by means of a paired [-test. 


RESULTS 
Microsomal carboxylesterase activity was signifi- 
cantly reduced in male rats 24hr after oral DS 
administration (Table 1). Activity was reduced from 
67 to 46 per cent of control activity by doses of DS 


24hr after oral administration of DS or DDTC* 
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Microsomal 
carboxylesteraset 


Compound Dose 
administered (g/kg-[m-moles/kg]) 


Plasma 
cholinesterase’ 


Plasma 
carboxylesteraset 





DS 0-05 


0-07 


1-10 
0-78 
0-68 
0-54 
0-99 + 0:10 

1-00 + 0-04 (101) 
0-78 + 0-05 (71) 
0-49 + 0-08)) (50) 


Control 
0-2-[0-7] 
1-0-[3-4] 
2-0-[6-7] 
Control 
0-2-[0:9] 
1-0-[4-4] 
2-0-[8-9] 


. 
+ 0:04 
+ 0-04 


(67) 
(58) 
(46) 


13-75 
10-88 
7-53 
7-98 
15-30 + 
13-95 + 0:59 (92) 

10-82 + 0-93)) (71) 
7-10 + 0:54) (50) 


0-81 
0-776 
0:69 
0-69 


0-45 


0-94 + 0-05 
(0-69 + 0-04 
0-44 + 0-03 
0-47 + 0-07 
0-85 + 0-14 
0-92 + 0:06 (109) 
0-93 + 0-05 (110) 
0-63 + 0-08 (74) 
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(47) 
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* After overnight starvation, male rats were given DS or DDTC by gavage in 2-3 ml of 0-5° 
(CMC). Control animals received CMC vehicle only. Values are the means of four animals + S. I 


in parentheses are percentage of control. 
+ umoles IPA hydrolyzed/min/mg of microsomal protein. 
tnmoles IPA hydrolyzed/min/mg of plasma protein. 
§ nmoles BUTCH hydrolyzed/min/mg of plasma protein. 
Different from control (P < 0-01). 
€ Different from control (P < 0-05). 
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Table 2. Microsomal and plasma esterase activity 24 hr after ip. administration of DS or DDTC* 





Microsomal 
carboxylesteraset 


Experimental 
group 


Plasma 
cholinesterase§ 


Plasma 
carboxylesteraset 





Control 
DS 


Control 
DDTC 


0:99 + 0:06 
0-44 + 0-02) (44) 


0:94 + 0:06 
0:74 + 0:07 (79) 





* In separate experiments, male rats were given 0-4 g/kg (1-4 m-moles/kg) of DS or 0-4 g/kg (1-8 m-moles/kg) of DDTC 
by Lp. injection. Control animals were given CMC vehicle ip. Values are the means of four animals + S. E. M. 


Numbers in parentheses are percentage of control. 
+ umoles IPA hydrolyzed/min/mg of microsomal protein. 
tnmoles IPA hydrolyzed/min/mg of plasma protein. 
§ nmoles BUTCH hydrolyzed/min/mg of plasma protein. 
Different from control (P < 0-01). 


ranging from 0-2 to 2:0g/kg. Plasma carboxyl- and 
cholinesterase activities were also reduced to approxi- 
mately 75 or 50 per cent of control after 0-2 or 
1-0g/kg of DS. However, no further decrease in 
plasma esterase activities occurred when 2:0 g/kg of 
DS was given. 

In contrast, 0:2 g/kg of DDTC had no effect on 
esterase activities and 1-:0g/kg of DDTC impaired 
only plasma carboxylesterase activity (Table 1). When 
DDTC was administered at the highest dose 
(2:0 g/kg). microsomal and plasma carboxylesterase 
activity was similar to activity recorded after 2:0 g/kg 
of DS (approximately 50 per cent of control). How- 
ever, plasma cholinesterase impairment was not sta- 
tistically significant even after 2.0 g/kg of DDTC. It 
should be noted that, although the doses of DS and 
DDTC were equal on a g/kg basis, on a molar basis 
approximately 30° more DDTC (trihydrate sodium 
salt) was given at each dosage level. 

Since one explanation for the lower potency of 
DDTC as compared to DS could be that DDTC 
decomposes in the gut to CS, and diethylamine 
before it can be absorbed [4], the effects of DS and 
DDTC were also compared 24 hr after i.p. adminis- 
tration. As shown in Table 2, 0-4 g/kg (1-4m-moles/kg) 
of DS significantly impaired microsomal carboxyles- 
terase and plasma carboxyl- and cholinesterase 24 hr 
after i.p. administration. On the other hand, 0:4 g/kg 
(1-8 m-moles/kg) of DDTC significantly decreased 
only microsomal carboxylesterase activity. These 
results appear to rule out destruction of DDTC in 
the gut as the only reason for the observed differences 
in oral effectiveness of these compounds. 

Since, in clinical practice, DS is usually adminis- 
tered for several days or weeks, an experiment was 
conducted to determine if repeated administration of 
DS could lead to cumulative impairment of esterase 
activity. Groups of male rats were given either 0-1 
or 0-4g/kg of DS by gavage daily for 12 days; the 
effects of this treatment on microsomal carboxylester- 
ase activity are presented in Fig. 1. Maximum inhibi- 
tion was seen after 2 days for both doses, indicating 
that cumulative impairment of microsomal esterases 
beyond 2 days does not occur. 

Plasma carboxyl- and cholinesterase activities were 
also determined in these experiments, but the results 
were not included in Fig. 1. Neither enzyme was 
affected in the group given 0:1 g/kg of DS, but both 
were significantly reduced to about 65 per cent of 








Microsomal esterase activity 





Fig. 1. Impairment of hepatic microsomal carboxylesterase 
activity during daily disulfiram administration. Male rats 
were divided into three groups and received either 0-1 or 
0-4 g/kg of DS suspension or 0:5°% carboxymethylcellulose 
vehicle by gavage. Animals were dosed daily; groups 
(N = 4) were sacrificed after selected intervals. Esterase 
activity is expressed as ymoles IPA hydrolyzed/min/mg of 
microsomal protein (mean + S. E. M.). Control, vehicle 
only (——); 0-1 g/kg of DS(...... ); 0-4 g/kg of DS (---). 
An asterisk indicates different from control (P < 0-05). 


control levels after 2 days of administration of 
0-4 g/kg. Unexpectedly, both plasma carboxyl- and 
cholinesterase activities returned to control levels by 
day 5, despite continued DS administration. 





Esterase activities, 
percent of control 


i i i 
ie} 20 40 80 100 120 140 


Time after disulfiram, hr 
Fig. 2. Time course of esterase impairment after a single 
oral dose of disulfiram (2:0 g/kg). Male rats were starved 
overnight and received either DS suspension or 0-5% CMC 
vehicle by gavage. At the indicated times, control and 
treated animals (N = 4) were sacrificed and esterase activi- 
ties were determined. Values are expressed as percentage 
of control activity for each measurement. Microsomal car- 
boxylesterase (——); plasma _ carboxylesterase (——-); 
plasma cholinesterase ( ). An asterisk indicates differ- 
ent from control (P < 0:05. 
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Fig. 3. Polyacrylamide disc gel electrophoresis of hepatic 

microsomal esterases. Gel 1, control; gel 2, DS, 0-1 g/kg 

p.o., for 12 days; gel 3, DS, 0-4g/kg p. o., for 12 days. 

Microsomes from each group of four animals were pooled 

and diluted to equal protein concentrations for 
electrophoresis. 


A similar dissociation between liver and plasma 


esterases was seen when esterase activity was 


measured at selected intervals after a single dose of 


DS (Fig. 2). Maximal inhibition of plasma esterases 
occurred 8-24hr after DS, but recovery was rapid 
and activity returned to control levels by 48-72 hr. 
In contrast, microsomal carboxylesterase impairment 
was maximal at 48 hr and activity was still below con- 
trol levels 168 hr after DS administration. Twelve 
days (288hr) after DS administration, microsomal 
carboxylesterase activity had also returned to control 
levels (data not shown). 

The substrates used to measure “carboxylesterase” 
activity in the described assay procedure and on 
polyacrylamide gels (IPA and z-naphthylacetate re- 
spectively) are hydrolyzed by A- and B-esterases 
[ 19, 21, 22], both of which have been identified in rat 
liver homogenates [23] and in hepatic microsomes 
[24]. Previous studies have further demonstrated that 
microsomal A- and B-esterases can be separated and 
identified by electrophoresis and that A-esterases 
migrate more rapidly toward the anode during elec- 
trophoresis [24]. Therefore. microsomal esterases 
were separated and quantitated by disc gel electro- 
phoresis to determine if DS pretreatment selectively 
impaired certain “isozymes,” since this distinction 
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Fig. 4. Densitometric tracings of polyacrylamide gels from 

Fig. 3. Row I shows division of the pattern into six major 

areas of activity designated peaks A through F. Row II 

represents the integrated area of each individual peak. Row 

III is the total integrated area of each scan. The origin 

is to the right of each tracing and the anode is to the 
left. 


could not be made by simply measuring IPA hydro- 
lysis. 

The esterase zymograms of control microsomes and 
of microsomes isolated from DS-treated rats are pre- 
sented in Fig. 3. Daily DS administration (0-1 or 
0-4 g/kg) resulted in greater impairment of the micro- 
somal esterases that migrated more rapidly toward 
the anode. The gels pictured in Fig. 3 were scanned 
as described in Methods and the resulting peaks were 
divided into six major areas of activity designated 
peaks A through F (Fig. 4). Selective impairment of 
the esterases contained within peaks A-D was evi- 
dent, since the percentage of control activity for these 
esterases was consistently lower than the correspond- 
ing percentage decreases in peaks E and F. Selective 
impairment of the esterases contained within peaks 
A-D was also observed 24hr after single doses of 
DS or DDTC (2-0 g/kg). 

Since esterases are found in most rat tissues [23], 
an experiment was carried out to determine if the 
activities of various extrahepatic esterases were also 
decreased after DS or DDTC administration. The 
results of this study are summarized in Table 3. Con- 
sistent with previous results (Tables | and 2), carboxyl- 
esterase activity in plasma and liver was significantly 
reduced 24 hr after DS (1-0 g/kg) administration, while 
this dose of DDTC had little effect. Carboxylesterase 
activity in the heart and testis was unaffected by DS 
or DDTC, and activity in the kidney was slightly de- 
creased by DS (not statistically significant). In con- 


Table 3. Tissue carboxylesterase activity* 24 hr after oral administration of DS or DDTC+ 





Tissue 





Experimental 


group Plasma Kidney Heart Testis 


Lung 





Control 52:82 + 2-02 0-68 + 0-04 
DS ? + 3-39t (55) 0-47 + 0-03t (69) 
DDT¢ 5 + 3-44(92) 0-66 + 0-06 (97) 


30:12 + 1-85 
22:98 + 


29-00 + 


1:07 + O15 4:19 + 0-25 
2-88 (76) 0-97 + 0-09 (91) 2-82 + 0-06 (67) 
1:78 (96) 1-04 + 0-08 (97) 2:43 + 0-14f (58) 


4-79 + 0-42 
4:31 + 0-23 (90) 
4-46 + 0-20 (93) 





* umoles IPA hydrolyzed/min/g of tissue or ml of plasma. 

+ After overnight starvation, male rats were given 1-0 g/kg (3-4 m-moles/kg) of DS or 1-0 g/kg (4-4 m-moles/kg) of 
DDTC by gavage. Control animals received CMC vehicle only. Values are the means of four animals + S. E. M. 
Numbers in parentheses are percentage of control. 

t Different from control (P < 0-01). 
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plasma carboxylesterases by DS, DDTC, carbon disulfide (CS,) and 


diethylamine (DEA)* 





Concn of 


Carboxylesterase activity * 





inhibitor 
(mM) 


Enzyme 


source 


Control DS 


DDTC CS, DEA CS, + DEA 





Microsomes O1 101 + 0-10 0-89 + O18 
Microsomes 0-5 1-06 + 0-08 0:79 + 0-108 
Plasma 01 11-83 + 0-64 7-93 + 0-528 


0-99 + 0:09 1-01 + 0-10 1-01 + 0-10 101 + O11 
0-97 + 0-10 1-00 + 0-09 1-02 + 0:09 0-99 + 0-09 
5:22 + 0-378 11-92 + 0-82 11-86 + 0-78 8°62 + O-R8S 





* Plasma or microsomes from male rats (5 mg protein/ml) were incubated at 37° for 20 min, either alone (controls) 
or in the presence of the indicated compounds. Values are the means of five animals + S. E. M. Data were analyzed 


by a paired f-test. 
+ Microsomes, pmoles IPA hydrolyzed/min/mg. 
¢ Plasma, nmoles IPA hydrolyzed/min/mg. 
§ Different from control (P < 0-01). 
Different from control (P < 0-05). 


trast, carboxylesterase activity in the lung was signifi- 
cantly impaired 24hr after either DS or DDTC 
administration. In a separate experiment, neither ace- 
tylcholinesterase nor carboxylesterase activity in the 
brain was altered 24hr after oral DS. (2:0 g/kg) 
administration (data not shown). 

In order to directly compare DS and DDTC as 
esterase inhibitors, carboxylesterase activity was 
measured in plasma and microsomes after incubation 
with these compounds in vitro. The acid decomposi- 
tion products of DDTC (CS, and diethylamine) were 
also tested in vitro to evaluate the possibility that one 
of these compounds might contribute to esterase inhi- 
bition, since CS, has been shown to inhibit oxidative 
drug metabolism by hepatic microsomes [25]. The 
results of these experiments are summarized in Table 
4. Carboxylesterase activity of microsomes incubated 
with 0-1 or 0'5mM DS was decreased to 88 and 75 
per cent of control activity respectively. On the other 
hand, the same concentrations of DDTC had little 
effect. Moreover, 0-1 or 0-‘5mM CS, or diethylamine 
(DEA), either alone or in combination, did not alter 
microsomal carboxylesterase activity. Incubation of 
plasma with either 0-1 mM DS or DDTC significantly 
decreased plasma carboxylesterase activity to 67 and 
44 per cent of control respectively. When 0-1 mM CS, 
or DEA was incubated with plasma, no alterations 
in plasma carboxylesterase activity were observed; 
however, a combination of 0:-!mM CS, and DEA 
decreased carboxylesterase activity to 73 per cent of 
control activity. 


DISCUSSION 


The administration of DS in doses used in previous 
drug metabolism studies [5-7] produced a significant 
decrease in microsomal carboxylesterase and plasma 
carboxyl- and cholinesterase. Although the physio- 
logical role of esterases and the effect of inhibition 
of these enzyme are unclear [11,12], our results sug- 
gest that disulfiram administration may alter the 
metabolism and activity of the more than 200 phar- 
macologically active esters which may be hydrolyzed 
by plasma and tissue esterases [13]. Therefore, 
patients on disulfiram therapy or persons who are 
occupationally exposed to analogs of disulfiram in 
industry or agriculture [26] may show exaggerated 
responses to pharmacologically active esters or to 
other environmental ‘esterase inhibitors such as 
organophosphate insecticides. 


The extent to which hydrolysis of an ester or amide 
drug is impaired by DS treatment may depend on 
whether the drug is primarily hydrolyzed by plasma 
or microsomal esterases. Such considerations must be 
made, since plasma esterases recover more rapidly 
than the microsomal enzymes (Fig. 2) and are less 
sensitive to impairment by daily DS administration. 
Since previous studies indicate that plasma esterases 
are derived in part from the liver [27,28], it does 
not appear likely that the return of plasma esterase 
activity to basal levels is due to synthesis of new 
enzyme, because microsomal esterase activity is still 
declining. A recovery of plasma esterase activity could 
occur, however, if membrane-bound esterases were 
released from microsomes into the plasma by the 
actions of DS. In this regard, Higashino et al. [29] 
have demonstrated that ip. administration of CCl, 
to mice results in a loss of hepatic microsomal ester- 
ase that leads to higher levels of esterase activity in 
hepatocyte cytosol and in plasma. Release of microso- 
mal esterase activity into plasma has also been 
demonstrated after exposure of rats to CCl, vapor 
[30]. Although we have no direct evidence that this 
is the case after DS administration, such a mechanism 
would explain the experimental observations presented 
in Fig. 2. 

The return of plasma esterases to basal levels of 
activity could also reflect the disappearance of DS 
or an active metabolite from plasma. However, this 
possibility seems less likely since the absorption of 
the poorly soluble DS from the gut would still be 
occurring during the rise of serum esterase levels. 
Moreover, during continuous administration of DS, 
plasma esterases had returned to control levels at 
times when microsomal carboxylesterase activity was 
depressed (Fig. 1). 

Electrophoretic analysis of microsomal esterases 
revealed that the more rapidly migrating esterases 
were impaired to the greatest extent by DS treatment 
(Figs. 3 and 4). It has been proposed that the microso- 
mal esterases that migrate rapidly toward the anode 
are A-esterases, while the slowly migrating enzymes 
are B-esterases [24]. Although differences in the 
mechanism of catalysis between these two esterases 
are still not clear, it had been suggested that A-ester- 
ases contain an —SH group in their active site while 
B-esterases do not [31]. Since it has been proposed 
that DS inhibits enzymes such as hexokinase [32], 
aldehyde dehydrogenase [33,34] and b-amino acid 
oxidase [35] by interacting with essential enzyme 
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—SH groups, the selective impairment of the rapidly 
migrating microsomal esterases (A-esterases) by DS 
may be the result of interactions between DS and 
active site thiol groups of these enzymes. The rela- 
tively weaker inhibition of the B-esterases by DS may 
result from interactions between DS and enzyme 
—SH groups on a portion of the molecule away from 
the active site. 

Esterases exist in multiple forms not only in the 
liver but also in a wide range of other tissues that 
have been studied [23]. Therefore, the overall impair- 
ment of esterase activity in a given tissue after DS 
administration may depend on the relative popula- 
tions of A- and B-esterases (or DS-sensitive vs DS-in- 
sensitive esterases) in the tissue. The heterogeneity of 
tissue esterase populations may account for the fact 
that liver, lung and plasma esterases were significantly 
impaired after DS administration while heart, kidney 
and testis esterases were not (Table 3). In addition, 
accumulation of DS or active metabolites in particu- 
lar tissues could also contribute to the observed vari- 
ation in sensitivity of tissue esterases to DS. 

In the rat DS is rapidly reduced to the correspond- 
ing thiol, DDTC [4]. Twenty-four hr after oral 
DDTC administration, microsomal and plasma car- 
boxylesterase activity was impaired but only at rela- 
tively high doses (Table 1). Since oral administration 
of DDTC may result in decomposition of a portion 
of the dose to CS, and diethylamine (DEA) in the 
gut [4], esterase activity was also determined 24 hr 
after ip. administration of DS and DDTC (Table 2). 
After i.p. administration, DS also impaired esterase 
activity to a greater extent than DDTC, which may 
indicate that the presence of DS in the disulfide form 
is required for maximal esterase inhibition, as pro- 
posed for DS inhibition of several other enzymes 
[32-35]. However, even after i.p. administration of 
DS, absorption from the peritoneum is relatively 
slow. DDTC absorption is more rapid, and by 24 hr 
a significant portion of the administered dose may 
have already been conjugated with glucuronic acid 
or been otherwise metabolized or eliminated [4]. 
Therefore, different rates of absorption, biotransfor- 
mation and excretion of DS and DDTC may contrib- 
ute to the observed differences in esterase impairment 
24 hr after administration. Moreover, i.p. adminis- 
tration of DS produces a serofibrinous inflammatory 
reaction, which may in some way contribute to 
enzyme inhibition or to the rate of recovery from 
the inhibition [5]. 

Comparisons between DS and DDTC are further 
complicated by the fact that DDTC can be reoxidized 
to DS by endogenous compounds such as cyto- 
chrome c and methemoglobin [32, 34]. Therefore, DS 
and DDTC were incubated with microsomes or 
plasma in vitro to compare their activity under condi- 
tions where metabolic interconversions between the 
oxidized and reduced compounds would not be a sig- 
nificant problem (Table 4). In contrast to the impair- 
ment seen after DS administration, incubation of 
control microsomes with DS or DDTC resulted in 
only small decreases in esterase activity. However. 
during these incubations, impairment was consistently 
greater in the presence of DS than DDTC. These 
observations may indicate that the disulfide is 
required for maximum impairment or, alternatively, 
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that the more lipid-soluble disulfide may enter the 
microsomal membrane more easily than DDTC and 
therefore have better access to the membrane-bound 
esterases. In this regard, it had been shown that a 
solubilized microsomal amide-splitting enzyme was 
inhibited to a greater extent by SKF-525A (2-diethyl- 
aminoethyl 2,2-diphenylvalerate HCl) than the par- 
ticulate enzyme from which it was derived [36]. More- 
over, incubation of plasma with either 0-1mM: DS 
or DDTC produced approximately 50 per cent inhibi- 
tion of plasma carboxylesterase activity (Table 4). The 
similar activity of DS and DDTC as inhibitors in 
vitro of plasma carboxylesterases may be due to the 
fact that the plasma enzymes are soluble and there- 
fore equally accessible to DS and DDTC. 

Although the studies in vitro did not define the 
nature of the interaction between DS or DDTC and 
carboxylesterases, they did demonstrate that esterase 
inhibition is not due to the metabolic products, CS, 
and diethylamine (DEA). Neither of these com- 
pounds, alone or in combination. had any effect on 
hepatic esterases in vitro (Table 4). Similarly, neither 
CS, nor DEA alone inhibited plasma carboxylester- 
ases, but a combination of the two reduced activity 
to 73 per cent of control. However, an equimolar con- 
centration of DDTC reduced activity to 44 per cent 
of control, which suggests that breakdown of DDTC 
to CS, and DEA is not responsible for esterase inhibi- 
tion. We have also found that oral administration of 
CS, (0-25 or 0:50 ml/kg) to male rats had no effect 
on plasma or microsomal esterases (results not 
shown), further indicating that this metabolite of DS 
and DDTC is not responsible for the observed im- 
pairment of esterase activity. Inhibition by the CS,- 
DEA mixture may be due to formation of DDTC 
when these compounds are combined. Such an effect 
had been reported with the fungicide dimethyldithio- 
carbamate (DMDTC), which decomposes to CS, and 
dimethylamine. A combination of CS, and dimethyla- 
mine was found to be many times more toxic to 
spores of Monilia fructicola than either compound 
alone, which implies that the breakdown of DMDTC 
may be reversible under appropriate conditions 
[26]. 

An interaction between DS and procaine (the ester 
of p-aminobenzoic acid and diethylaminoethanol) was 
observed when procaine HCI (230 mg/kg, i.p.) was 
given to control rats and to rats pretreated 24 hr pre- 
viously with 2 g/kg of DS (unpublished observations). 
Although procaine produced convulsions in approxi- 
mately 80 per cent of the rats in both groups, 60 
per cent of the control animals recovered while all 
pretreated animals died. These preliminary observa- 
tions suggest that DS does not alter the convulsive 
threshold to procaine but may increase its toxicity 
by impairing hydrolysis of the compound in vivo. 
Although procaine is hydrolyzed primarily by plasma 
esterases [12], the results reported herein suggest that 
the hydrolysis of drugs by hepatic microsomal ester- 
ases may also be impaired by DS treatment. More- 
over, the degree of impairment may depend upon 
which microsomal esterases are responsible for hy- 
drolysis of a specific substrate since electrophoretic 
data indicate that A-esterases appear to be particu- 
larly’ sensitive to DS inhibition. However, further 
studies are required to verify this hypothesis and to 





identify the exact nature of the interactions between 
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S and individual microsomal esterases. 
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Abstract—The phospholipid and cholesterol composition of the iris muscle of the rabbit was deter- 
mined, and the incorporation of 3*Pi into the individual phospholipids of irises incubated in Krebs 

Ringer bicarbonate buffer that contained glucose in the presence or absence of adrenergic or cholinergic 
neurotransmitters and their agonists and antagonists was investigated. The results of studies on the 
characteristics and the effects of norepinephrine and other neuropharmacological agents on the *?P-la- 
beling of phosphatidic acid (PhA), phosphatidylinositol (PhI). phosphatidylcholine (PhC), phosphatidyl- 
ethanolamine (PhE) and phosphatidylserine (PhS) in the iris muscle are reported. Addition of L-nore- 
pinephrine, L-epinephrine, dopamine or acetylcholine (0-003 to 0:3 mM) to irises which were preincu- 
bated for 20min in *?P-Krebs-Ringer without cold phosphate stimulated significantly the isotope 
incorporation into PhA and PhlI, but not PhC. In contrast histamine, noremetanephrine, metanephrine, 
adrenochrome, 6-hydroxydopamine and eserine (0-003 to 0-3 mM) had a negligible effect on the isotope 
incorporation. At higher concentrations of norepinephrine (10 mM), labeling of PhA, PhI and PhC 
was elevated to 989, 630 and 185 per cent of that of the control respectively. It was concluded that 
in the iris muscle z-receptors and not f-receptors are involved in the stimulatory action of norepineph- 
rine on **Pi incorporation into phospholipids. This conclusion is based on the following findings. 
(a) Only z-stimulators, such as norepinephrine and phenylephrine, increased significantly the labeling 
of PhA and PhlI. This effect was blocked by the x-blockers, phenoxybenzamine and phentolamine. 
(b) Isoproterenol, a f-stimulator, had no effect on the labeling of PhA and PhI. Sotalol and propranolol, 
both f-blockers, did not block the norepinephrine stimulation of 3’Pi incorporation. (c) Cyclic AMP 
(or dibutyryl cyclic AMP), which has been suggested as a f-receptor mediator, exerted no influence 
on the phospholipid effect. Atropine blocked completely the acetylcholine-stimulated *’P-labeling of 
PhA and PhI. At 0-3 mM, phentolamine and propranolol increased by several-fold the isotope labeling 
of PhA, PhI and, unexpectedly, of CDP-diglyceride and inhibited that of PhC. The properties of 
the norepinephrine stimulation of >7P-labeling in the iris muscle can be summarized as follows. (a) 
It is concentration dependent; but this dependence varies with the condition of incubation. (b) It 
is temperature dependent, but the effect is lost upon freezing and thawing. (c) It can be demonstrated 
during a period of 3 days of aging at 4°. (d) Glucose is required for maximal stimulation. (e) The 
phospholipid effect is not specific to a particular subcellular fraction. (f) Addition of norepinephrine 
brought about a 25 per cent decrease in the level of PhI and a 63 per cent increase in the level 
of PhA. (g) Time-course studies on the *?P-labeling of phospholipids in the presence and absence 
of norepinephrine revealed that, in contrast to PhI and PhC, the specific radioactivity of PhA increased 
with time of incubation (0-90 min) only when the neurotransmitter was added. (h) Direct activation 
of the enzyme diglyceride kinase by norepinephrine does not appear to be the molecular mechanism 
underlying the phospholipid effect. Our data suggest that in the iris muscle norepinephrine increases 
the turnover of PhA and PhI phosphorus by stimulating the hydrolysis of endogenous PhA or Phl, 
or both, to form more membraneous diglyceride. The latter is then rephosphorylated by diglyceride 
kinase to form more labeled PhA. 


It has been demonstrated by a number of workers 
that cholinergic and adrenergic neurotransmitters 
stimulate the incorporation of *?Pi into phosphatidic 
acid (PhA) and phosphatidylinositol (PhI) in a wide 
variety of cells and tissues, including pancreas [1 ], 
brain [2] and its subcellular fractions, mainly the 
synaptosome [3,4], sympathetic ganglia [5], pineal 
[6], parotid [7] and rat vas deferens [8]. The me- 
chanism of the phospholipid effect is still undefined 
at the molecular, subcellular or cellular levels, al- 
though a reasonable amount of progress has been 
made in this direction in the past few years [9-14]. 
In a previous communication [15] from this labora- 
tory it was observed that in ‘the iris muscle of the 
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rabbit norepinephrine, other catecholamines, various 
x- and f-adrenergic receptor blocking agents, and 
acetylcholine exerted a marked stimulatory effect on 
the *Pi incorporation into PhA and PhI and a much 
lesser effect on phosphatidylcholine (PhC). The in- 
crease in the 3’P-labeling of PhA and PhlI in the pres- 
ence of norepinephrine or acetylcholine, which ranged 
from 2- to 6-fold, was found to be time- and concen- 
tration-dependent. 

The iris muscle of the rabbit is innervated by cho- 
linergic and adrenergic fibers [16], and the presence 
of both types of adrenergic receptors has also been 
demonstrated in the same tissue [17, 18]. The primary 
objectives of the present studies were: (1) to show 
whether the phospholipid effect in the iris muscle is 
mediated by z- or f-receptors; and (2) to shed more 
light on the molecular mechanism underlying this ef- 
fect. 
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MATERIALS AND METHODS 


Preparation and incubation of iris muscle. Unaries- 
thetized albino rabbits of either sex, weighing ap- 
proximately 2 kg, were employed. They were stunned 
by a blow to the head. exsanguinated and the eyes 
were enucleated within 15min of death and placed 
in Krebs-Ringer bicarbonate buffer. pH 7-4, that con- 
tained 1!mM_ glucose, at 0. After transportation 
from the slaughter house (25 min), the iris muscle, 
which weighed about 36-40 mg, was removed from 
each eye and placed in the Krebs-Ringer buffer at 
0. In some experiments one or more irises were 
placed in test tubes containing 1-3 ml of the same 
buffer. which was gassed with 5°,, CO, in O, before 
use. About 25 Ci of *?Pi was added to each tube 
and neurotransmitters and pharmacological agents 
were then added as indicated to give a final volume 
of 1-Sml. In other experiments the irises were first 
preincubated in *?P-Krebs- Ringer without cold phos- 
phate for 20min, then each was reincubated under 
various conditions as indicated. After incubation at 
37 for | hr in a shaking incubator, the irises were 
washed twice with 5 ml of ice-cold Krebs-Ringer bi- 
carbonate buffer. followed by addition of 5 ml chloro- 
form- methanol (2:1, v/v). 

Preparation of subcellular fractions. The irises were 
homogenized according to the procedure of Clark 
[19], except that a glass homogenizer was used in 
the present work, and the various subcellular frac- 
tions were isolated by means of conventional differen- 
tial centrifugation. The nuclear, mitochondrial and 
microsomal fractions were precipitated at 3000, 8000 
and 120.000 g respectively. 

{ssay for diglyceride kinase in the subcellular frac- 
tions. Subcellular fractions, equivalent to 2 mg_ pro- 
tein, were incubated for 5min at 37 in a mixture 
containing: Tris buffer, pH 7-4. 
6mM; and other reagents as indicated. To initiate 
the reaction, 1-5 jumoles [y-*?P]ATP (0-5 x 10° cpm) 
was added to the incubation medium. The final vo- 
lume was 0:5 ml. The reaction was terminated by the 
addition of 0-5 ml chloroform—methanol (2:1). 

Extraction and isolation of phospholipids. Lipids 
were extracted from each of the irises, the individual 


phospholipids isolated from the extracts by means of 


two-dimensional thin-layer chromatography (TLC) 
and their radioactivities determined as previously de- 
scribed [14, 15, 20]. In general, we found that one iris 
contains about 0:5 to 0-6 ymole of lipid phosphorus. 
In brief, each of the irises was homogenized in 5 ml 
chloroform-methanol (2:1), the insoluble material was 
centrifuged at 1000g for 30 min, and the supernatant 
was washed twice with 0:15 M NaCl. The chloroform- 
rich layer-was concentrated in vacuo, and the phos- 
pholipids were redissolved in 0-1 ml chloroform 

methanol (2:1) and separated into the individual 
phospholipids by means of two-dimensional TLC em- 
ploying Silica gel H. In the present work the Silica 
gel slurry was prepared by mixing 1&8 g Silica gel H 
plus 2 g magnesium silicate (Supelcosil 41 A, obtained 
from Supelco, Inc.) in 65 ml deionized water. Addition 
of the silicate brought about the complete separation 
of PhI and phosphatidylserine (PhS). The solvent sys- 
tems used were the following: solvent A, which con- 
sisted of chloroform—methanol (28°, v/v)}-ammonia 


30mM; MgCl,, - 


(65:25:4, by vol.): and solvent B, which consisted of 
n-butanol-acetic acid—-water (6:1:1, by vol.). Lipids 
were detected by means of iodine vapor, and the 
phospholipid spots were scraped from the plates, then 
counted in a Beckman liquid scintillation counter as 
described previously [20]. 

Total phosphorus and Pi were determined as re- 
ported by Bartlett [21]. Total cholesterol was deter- 
mined according to the method of Momose et al. [22] 
using the perchloric acid-phosphorie acid-ferric 
chloride reagent. Protein was determined as described 
by Lowry et al. [23] with crystalline bovine serum 
albumin as a standard. 

Materials. Norepinephrine (Levophed) and L-iso- 
proterenol were obtained from Winthrop, Sotalol 
from Mead Johnson (1991-1), phentolamine (Regitine) 
from Ciba, phenoxybenzamine from S. K. & F. Labs.; 
the remainder of the neurotransmitters and pharma- 
cological agents were purchased from Sigma Chemi- 
cal Co. [**P]phosphorus. carrier-free, was obtained 
from Schwarz/Mann. Adenosine-5-[)-*?P ]triphos- 
phate. tetrasodium salt. was purchased from ICN 
Pharmaceuticals. Inc. All other chemicals were re- 
agent grade. 


RESULTS 


Phospholipid composition of the iris muscle 

As can be seen from Table !, PhC, phosphatidyl 
ethanolamine (PhE). PhS and sphingomyelin consti- 
tuted about 93 per cent of the total phospholipid-P 
of the iris muscle. In contrast, PhI and PhA, the meta- 
bolically active lipids which are mainly affected by 
neurotransmitters, were less than 5 and | per cent 
respectively. 


Effect of different concentrations of various amines on 
phospholipid labeling 

The purposes of preincubating the tissue for 20 min 
in the *?P-labeled medium were: (a) to label the intra- 
cellular precursor pools, and (b) to exclude the possi- 
bility that the phospholipid effect is caused by an in- 
crease in the permeability to *?Pi in the presence of 
the neurotransmitters. The amine concentrations used 
here were similar to those used by Michell and Jones 
[24] in their studies on the PhI labeling in rat parotid 
fragments exposed to z-adrenergic stimulation. At 
0-3mM _ concentrations, the neurotransmitters nore- 
pinephrine, epinephrine and dopamine exerted up to 
200 per cent stimulation on the *?P-labeling of PhA 
and PhI: however, at 0-003 mM, the effect was only 
10-26 per cent of that of the control (Table 2). In 
contrast, noremetanephrine, metanephrine and ad- 
renochrome had a much lesser effect. 6-Hydroxydopa- 
mine, a drug which is known to destroy sympathetic 
neurons selectively by causing acute degeneration of 
adrenergic terminals, inhibited the **P-labeling of the 
PhA by more than 20 per cent (Table 2). In contrast 
to our previous studies [15] in which we observed 
a stimulatory effect of | mM. histamine on the **P-la- 
beling of PhA and PhI, in the present studies we 
found that 0-3 mM of this amine exerts an inhibitory 
effect on the **P-labeling of PhA and PhI. In addition 
to the difference in concentrations, in the present 
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Table |. Phospholipid and cholesterol composition of rabbit iris muscle* 





P 
Lipid 


(umoles/g wet tissue) 


P 
(°,, of total lipid P) 





481 
3-80 
0-99 
0-57 
0-063 
0-058 
1-43 


PhC 

PhE 

PhS 

Phi 

PhA 

Lyso-PhC 
Sphingomyelin 
Total cholesterol* 


41-00 
32:40 
8-4 
4:86 
0-54 
0-49 


]2-2 


2-98 mg/g tissue 





* In this experiment 2-8 g of irises was extracted with chloroform—methanol (2:1), the individual 
lipids were isolated by means of two-dimensional TLC, and the spots were either digested 
as was previously described [20] or eluted. and the phospholipid P was determined. In general 
the lipid phosphorus was lower by 10 per cent when the spots were eluted. Lipid P (1-5 zmoles) 
was spotted on each TLC plate. The results were obtained from two different experiments. 

+ This value represents total cholesterol in the lipid extract before TLC analysis. After elution 
of the cholesterol spot, the amount was 75 per cent of this value. 


studies we preincubated the slices in *?P-Krebs 
Ringer. without cold phosphate, for 20 min in the ab- 
sence of the amine. The preincubation step appears 
to bring about formation of more diglyceride in the 
slices and thus a larger increase in the **P-labeling 
of the phospholipids, and subsequently an alteration 
in their response to the amines. The results we ob- 
tained from a number of the following experiments, 
e.g. the effect of isoproterenol, support this suggestion. 


Effect of different concentrations of cholinergic agents 
on phospholipid labeling 

Acetylcholine increased the labeling of PhA and 
PhI markedly (Table 3). The acetylcholine stimulation 
was blocked by atropine. Eserine had no effect on 
the °?P-labeling of phospholipids and, as was re- 
ported by other investigators, carbamylcholine was 
less effective than acetylcholine. 


Effect of z- and f-adrenergic agonists and antagonists 
on the **P-labeling of phospholipids 


These studies were undertaken in order to demon- 
strate whether in the iris muscle the phospholipid ef- 
fect is mediated by the z- or f-receptors, or by both. 
As can be seen from Table 4. norepinephrine, an z- 
and f-receptor stimulator, and phenylephrine, which 
specifically stimulates adrenergic z-receptors [25]. in- 
creased appreciably the labeling of PhA and PhI but 
not PhC. In contrast, isoproterenol, a /-receptor 
stimulator [25]. had no effect on the **P-labeling of 
phospholipids. (See the previous section for the poss- 
ible reasons for the discrepancy from our reported 
observations with this drug.) This clearly demon- 
strates, as was shown in the rat parotid [7, 24]. that 
in the iris the stimulation of phospholipid metabolism 
in the presence of x-agonists involves z-receptors. To 
support this conclusion we investigated the influence 


Table 2. Effect of different concentrations of amine neurotransmitters and their metabo- 
lites on labeling of phospholipids in the iris muscle**+ 





Effect of the amines on phospholipid 


labeling 





Amine added 


(°., of control) 


PhA PhI 


(°., of control) 





L-Norepinephrine 


115; 141; 247} 


117: 133; 196 


89: 94: 102 
126: 195; 244 
104; 142: 138 
89: 108: 94 
110; 177; 185 
16; 67: $1 
84: 76: 77 


109: 117; 120 
132; 178; 200 
120; 151: 140 
132; 141; 145 
126: 135; 141 
97: 95: 108 
S407. 43 


Noremetanephrine 
L-Epinephrine 
Metanephrine 
Adrenochrome 
Dopamine 
6-Hydroxydopamine 
Histamine 





*In the above experiment all the irises were first preincubated for 20min in 15 ml 
of 3*P-labeled Krebs-Ringer from which cold phosphate was omitted, then each muscle 
was transferred into test tubes and reincubated for an additional 40min in 1-5 ml of 
fresh 3?P-labeled Krebs-Ringer in the presence and absence of the amines. The results 
reported here are averages of two different experiments; each was run in duplicate. In 
general the variations in this experiment as well as in the following experiments ranged 
from 0 to 5 per cent between triplicates in the same experiment and between different 
experiments. 

+In this experiment PhC and PhE were analyzed and the values for both ranged 
between 95 and 110 per cent. 

t These values correspond to 0-003. 0-03 and 0-3 mM concentrations respectively. 
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Table 3. Effect of different concentrations of cholinergic 
agents on labeling of PhA and PhlI in the iris muscle* 





Effect of the cholinergic 
agents on phospholipid labeling 





Phi 


(°,, of control) 


PhA 


of control) 


Cholinergic 
agent added (% 





175; 196; 229 
103 

137; 151; 182 
105: 107: 113 


140; 151; 205} 
101 
126: 


Acetylcholinet 
Eserinet 
Carbamylcholine 
Atropine 
Acetylcholine + 
atropine 119; 145; 132 


* Conditions of incubation were as described in footnote 
to Table 2. 

+ Eserine (0-03 mM) was added to each of the incubation 
mixtures in order to protect acetylcholine from hydrolysis 
by acetylcholinesterase. 

+ These values correspond to 0-003, 0-03 and 0-3 mM 
concentrations respectively. 


of z- and f-adrenergic blocking agents on the phos- 
pholipid effect (Table 4). Sotalol, a f-blocker, exerted 
no effect on the norepinephrine-stimulated phospho- 
lipid labeling. bL-Propranolol, a /-receptor blocker, 
did not block the norepinephrine-stimulated phos- 
pholipid effect; however, at 0:3 mM concentration it 
increased the *?P-labeling of PhA and PhlI by 10- 
and 2-fold respectively. Furthermore, it inhibited al- 
most completely the *?P-labeling of PhC. In contrast 
the drug phentolamine, an v-adrenergic blocker, inhi- 
bited the norepinephrine-stimulated phospholipid ef- 
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fect at lower concentrations (0-003 and 0-03 mM) and, 
as with propranolol, it inhibited the **P-labeling of 
PhC. The effect of higher concentrations (0-3 mM) of 
propranolol and phentolamine on various phospho- 
lipids in the iris muscle revealed a dramatic increase 
in the **P-labeling of PhA, PhI and. unexpectedly, 
of CDP-diglyceride but not PhE, and a significant 
inhibition of PhC (Table 5). In Table 5 one can see 
the high level of **P-labeling of the various phospho- 
lipids under our conditions of incubation. Further 
evidence that x-receptors are involved in the phos- 
pholipid effect comes from the present studies on 
phenoxybenzamine, an «-receptor blocker. As can be 
seen from Table 4, this drug abolished the nore- 
pinephrine-stimulated *7P-labeling of phospholipids. 
In accord with our previous studies on cyclic AMP 
[15], dibutyryl cyclic AMP had no influence on the 
phospholipid effect. 


Studies on properties and mechanism of the phospho- 
lipid effect 

The second objective we sought in the present 
studies was to learn more about the properties and 
the molecular mechanism underlying the phospho- 
lipid effect. In all of the following experiments, unless 
indicated otherwise, Krebs-Ringer containing cold 
phosphate was used and the irises were not preincu- 
bated. The following are some of the experiments we 
have undertaken. 

Effect of glucose and its intermediates on the phos- 
pholipid effect. When glucose, pyruvate, glycerol, fruc- 
tose 1,6-diphosphate or x-glycero-P were included in 
the Krebs-Ringer, only glucose increased significantly 


Table 4. Effect of different concentrations of z- and f-adrenergic agonists and antagonists on the labeling of phospho- 
lipids in the iris muscle* 





Effect of the antagonists and/or agonists on 


phospholipid metabolism 





Antagonist or 
agonist added (°,, of control) 


Phi 
(°,, of control) 


PhC 
(°,, of control) 





L-Norepinephrine 117; 176; 220+ 
Phenylephrine 121; 162: 191 
Isoproterenol 92; 100; 109 
Sotalol 95: ; 92 
Norepinephrine + 

sotalol 107; 
bi-Propranolol 98: 
Norepinephrine + 

propranolol 129; 
Phentolamine 89; 
Norepinephrine + 

phentolamine 90; 
Phenoxybenzamine 103; 
Norepinephrine + 

phenoxybenzamine 

Phentolamine + 

propranolol 
Norepinephrine + phentolamine + 

propranolol 106; 228; 871 
Dibutyryl cyclic AMP 97; 89; 87 


~995 


: 968 


2; 1312 
; 295 


-277 


109; 95; 93 


102; 160; 1164 


122; 153; 193 102: 105; 104 
102: 120; 163 103; 102; 101 
98;102:105 ~ ; 99:101 
89: 98: 103 3; 102; 101 


119; 
106: 


147; 
129: 


182 : :102 
212  %: 9 
439 
200 


119; 
112; 


129; 
137; 


98; 123; 243 
N22: 147 
91; 95; 84 
132; 175; 331 


139; : 180 
100; 95; 93 


100; 56; 
101; 96: 90 





* Conditions of incubation were the same as described in footnote to Table 2, except that the agonists were 
in the final 20 min of incubation, while the antagonists were added immediately after preincubation of the irises. 
+ These values correspond to 0-003, 0-03 and 0-3 mM concentrations respectively. 
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Table 5. Effect of propranolol and phentolamine on the incorporation of **Pi into phospholipids of the iris muscle* 





Activity found in the various phospholipids 
(cpm/spot) 





Concentration 


Drug added (mM) 


PhA 


CDP-diglyceride 


Phe + PhSt 


Phi PhE 





None 
DL-Propranolol 0. 
Phentolamine 0. 


19.645 
190.174 
58.045 


69,953 
148.131 
140,341 


10,372 
8.923 
11.645 


2,498 
39,068 
14,322 


32.486 
2.965 


6,338 





* These data are taken from an experiment similar to that described in Table 4. 

+ PhS was identified by incubating irises in Krebs-Ringer medium containing pL-serine[1-'*C]. All the radioactivity 
was found in the PhS spot. Furthermore. in order to show whether the PhS contained any PhI. the irises were incubated 
in Krebs-Ringer medium containing [*H]inositol. The results from this experiment showed that the PhS spot contained 
no[*H ]Jinositol-labeled phospholipids. The CD P-diglyceride was identified by means of two-dimensional t.l.c. and through the 
use of [*H]cytidine as precursor. More than 95°, of the stimulatory effect of the drugs was found in this compound. 


the *?P-labeling of PhA and PhI and the stimulatory 
effect of norepinephrine. 

Effect of varying the temperature on the phospholipid 
effect. Studies on the effect of temperature on the 3°P- 
labeling of the iris muscle showed that only PhA was 
significantly labeled at 0 (Table 6). While PhI had 
a negligible amount of radioactivity, PhC contained 
none. When the temperature was raised to 15°, PhA 
labeling increased by almost 18-fold, Phl increased 
significantly, and PhC still showed no radioactivity. 
In contrast, when the temperature was raised from 
15 to 22. the level of radioactivity in Phl increased 
by 8-fold while that of PhA was less than 3-fold. 
Again PhC contained little radioactivity. The increase 
in the labeling of PhA, PhI and PhC when the tem- 
perature was raised from 22 to 37 was found to 
be around 2-, 8- and 37-fold respectively. The stimula- 
tory effect of norepinephrine on phospholipid labeling 
increased gradually with temperature (Table 6). 

Effect of freezing and thawing on the phospholipid 
effect. When the irises were frozen and thawed four 
times, they lost almost all of their ability to incorpor- 
ate *?Pi into phospholipids. Furthermore, nore- 
pinephrine (0:3 mM) exerted little effect on the *?P-la- 
beling of phospholipids in the slices which were 
frozen and thawed. Thus, values for PhA obtained 
from a typical experiment showed that. in contrast 
to the normal slices where norepinephrine (0-3 mM) 
stimulated the PhA labeling from 2:59 x 10* to 
668 x 10* cpm, in the frozen and thawed slices it 
stimulated the labeling from 192 to 198 cpm. 


Table 6. Effect of varying the temperature 


Effect of norepinephrine on the 3*Pi incorporation 
into phospholipids of rabbit iris muscle—subcellular dis- 
tribution. To localize the site of the phospholipid ef- 
fect and thus gain more insight into the molecular 
mechanism as well as the physiological role of this 
effect in the iris muscle, the irises were first incubated 
in Krebs-Ringer buffer containing *?Pi in the pres- 
ence and absence of norepinephrine (10°? M) for 1 hr, 
then subfractionated by means of differential subfrac- 
tionation into their respective subcellular fractions. 
We used a higher concentration of norepinephrine be- 
cause in Our previous studies [15] we observed maxi- 
mal stimulation at this concentration. Furthermore, 
PhC is also stimulated at this concentration. All the 
subcellular fractions were found to be susceptible to 
the stimulatory effect of norepinephrine, and in gen- 
eral PhA and PhI and, to a lesser extent, PhC were 
the phospholipids most affected (Table 7). 

Effect of aging on the phospholipid effect. To investi- 
gate the stability of, the phospholipid effect in the iris 
muscle. the action of norepinephrine (0-5 mM) on the 
?P-jabeling of phospholipids was investigated in ir- 
ises which were kept at 4 for periods up to 3 days 
(Fig. 1). Maximal stimulation for PhA and Phl label- 
ing was observed after | day, then it decreased gradu- 
ally with aging. Interestingly, the level of 3*P-labeling 
in all of the phospholipids was highest after 3 days 
of aging. Thus, in irises which were dissected | hr 
prior to incubation, the radioactivities (cpm/spot) 
which were found in PhA, PhI and PhC were 6,429, 
10.557 and 10,055; in irises which were aged for 3 


onthe labeling of phospholipids in the presence and absence of 


norepinephrine* 








Activity 
(cpm/spot) 


Effect of norepinephrine 
on phospholipid labeling 
(°,, of control) 





PhA 


Phi 


Temperature 


PhC PhA Phi PhC 





3$ (3) 

168 (224) 
395 (1,893) 
505 (16,715) 





63 (67)* 
1.134 (1.478) 
2.947 (4.358) 
5.187 (9.462) 


106 
135 
148 
182 


100 
133 
136 
145 


()(0) 
0 (0) 
37 (31) 


1,384 (1,425) 103 








* One iris was placed in each tube which contained 1:3 ml Krebs-Ringer (with phosphate) and 25 wCi **Pi. Nore- 
pinephrine (0-5 mM) was added as indicated. Final volume was 1:5 ml and time of incubation was 30 min. 

+ Activity (cpm) in the phospholipid in the absence and presence of norepinephrine respectively. 

t This radioactivity is insignificant and thus cannot be used in computing the °,, increase in PhI with temperature. 
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Table 7. Effect of norepinephrine on the incorporation of *?Pi into phospholipids of subcellular 
fractions isolated from incubated iris muscle* 





Stimulatory effect of norepinephrine 
(°.. of control) 





PhA PhI PhC 


Fraction 





Original 
homogenate 
Nuclear fraction 

Mitochondrial 
fraction 882: 

Microsomal 
fraction 


954%: 9.4405: (989) 
1.040: 7.946 (764) 


6.854: 43.185 (630) 
7.726: 44.349 (574) 


3.768 ; 6.974 (185) 
4.305; 6.977 (162) 


7.992 (906) 7.028 : 46.060 (655) 3.980; 7,285 (183) 
1.440: 8.832 (613) 


9,375; 54.435 (5 .125; 9,309 (182) 





*In this experiment 23 irises were placed in each of two 125-ml stoppered conical flasks 
containing 3 ml of complete *?P-Krebs- Ringer. Norepinephrine (10 mM) was added to the exper- 
imental flask and. after incubation at 37 for | hr, the irises were homogenized and subfrac- 
tionated by means of differential centrifugation as described under Methods. 

+ Activity in the control (cpm/spot). 

t Activity in the presence of norepinephrine (cpm/spot). 

$ Stimulatory effect of norepinephrine expressed as °,, of control. 

The activities of the following enzyme markers were’ determined: (1) NADPH-cytochrome 
reductase and (Mg** + Ca?*)-dependent ATPase for the microsomal fraction; and (2) succinic 
dehydrogenase for the mitochondrial fraction. The values obtained for the nuclear. mitochondrial 
and microsomal fractions were respectively: NADPH-cytochrome reductase. 1-02, 4:5 and 7-35 
units. where the latter is defined as the increase in O.D. at 550nm/mg protein per hr; 
[Mg** + Ca** ]-dependent ATPase. 2-54. 2:58 and 14-40 units, where the latter is defined as 
that which splits | mole ATP/mg of protein per hr; and succinicdehydrogenase, 0, 1:22 and 
0 units. where the latter is determined as that which reduced K,Fe(CN), at 20° and is expressed 


‘as the decrease in O.D. at 400 nm,/mg of protein/hr. 


days, the radioactivities were 7,313, 14.947 and 24,287 
respectively. The increase in the *°P-labeling of the 
phospholipids could be due to the enzymatic hydroly- 
sis of the latter to form more diglycerides with aging. 

Effect of norepinephrine on PhA and PhI levels in 
iris muscle. In a recent paper Hokin-Neaverson [26] 
showed that acetylcholine caused a net decrease in 
PhI and a net increase in PhA in mouse pancreas. 
It.was of interest to show if norepinephrine has any 
effect on the level of these lipids in the iris muscle. 
We found that norepinephrine (up to 0-3mM) can 
indeed bring about a decrease in the level of PhI and 


EFFECT OF NOREPINEPHRINE 
(expressed as % of control) 








2 
) 


AGEING (days 


Fig, |. Effect of norepinephrine. expressed as per cent of 

control, on **Pi incorporation into PhA, PhI and PhC 

of irises which were isolated and kept at 4 in Krebs 

Ringer for 2. 24. 48 and 72hr prior to incubation. for 

40 min at 37 in the presence and absence of norepineph- 
rine (0-5 mM). 


an increase in PhA (Table 8). Thus at 0-3 mM of nore- 
pinephrine the levels of PhI and PhA were 75 and 
163 per cent of that of the control respectively. 

Effect of norepinephrine on diglyceride kinase ac- 
tivity in the subcellular fractions of the iris muscle. The 
finding that the phospholipid effect was distributed 
in all the subcellular fractions (Table 7), coupled with 
the fact that the level of PhA was increased in the 
norepinephrine-stimulated iris muscles (Table 8), sug- 
gested to us that norepinephrine could be acting by 
stimulating the diglyceride kinase. The results from 
these studies showed that direct activation of diglycer- 
ide kinase by norepinephrine does not appear 4o be 
the molecular mechanism underlying the phospho- 
lipid effect. 

Effect of norepinephrine on the rate of incorporation 
of °°Pi into the iris phospholipids. Results of studies 
on the effect of norepinephrine on the rate of *?Pi 
incorporation into PhA, PhI and PhC are summar- 
ized in Table 9. While the specific radioactivities of 
PhI and PhC increased with time both in the presence 
and absence of norepinephrine, that of PhA increased 
only in the presence of the neurotransmitter. This 
could suggest either that there are two pools of PhA 
and only one of them is being stimulated by nore- 
pinephrine, or that the latter could be stimulating the 
enzymatic hydrolysis of specific phospholipids, e.g. 
PhA or PhI, or both, to form more membraneous 
diglycerides. 

DISCUSSION 

An advantage of working with the iris muscle is 
that it is an instant tissue slice whose dimensions are 
such that it can be immersed in an appropriate me- 
dium and various parameters of metabolism studied 
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Table 8. Effect of norepinephrine on PhA and PhI levels in the iris muscle* 





Conc 


Agent added (mM) 


Phi PhA 


(umoles phospholipid-P/g wet tissue)* 





Control 

Norepinephrine 
Norepinephrine 
Norepinephrine 


0-003 
0-03 
0-3 


0-063 
0-074 
0-083 
0-103 


0-650 
0-610 
0-533 
0-490 





* In this experiment each flask contained 10 irises. Each experiment was run in duplicate 
at 37 for 1 hr. Norepinephrine was added as indicated. The results are averages of two 


different experiments. 


+ In this experiment the phospholipid spots were scraped off the plates, then digested 
in perchloric acid and their phosphate contents determined according to the procedure 
of Bartlett [21]. The levels of PhC and PhE did not change under the same conditions. 


without further dissection. This characteristic of the 
iris, coupled with the finding in the present studies 
that the phospholipid effect can still be demonstrated 
after 3 days of aging (Fig. 1), has facilitated our work 
and made it rather easy to obtain very reproducible 
data. The composition of phospholipids of the iris 
muscle was found to be similar to those of liver, kid- 
ney and spleen [27]. Thus. PhC accounted for about 
41 per cent of the total phospholipid P. PhE for 32 
per cent, and sphingomyelin and PhS for 12 and 8 
per cent respectively. PhA and PhI accounted for only 
5 and 0-5 per cent respectively. There is little informa- 
tion on phospholipid metabolism in the iris muscle. 
Previously we showed that when the iris muscle was 
incubated in 3?P-Krebs- Ringer at different time inter- 


vals, PhA was labeled first and. as the labeling of 


this phospholipid decreased with time, that of PhI 
increased [15]. This observation. coupled with the re- 
sults obtained from the temperature experiment 
(Table 6) in which the PhA/PhI ratios at 0, 15 , 22 
and 37 were 21. 6:7, 2:1 and 0-5, respectively, suggests 
a central role for PhA in phospholipid biosynthesis 
in the iris muscle, and the results are similar to those 
found in liver [28]. 

The iris consists of dilator and sphincter muscles 
and both contain z- and /}-adrenergic receptors [18]. 


Norepinephrine, predominantly an z-receptor agonist. 
induces contraction of the smooth muscle of the iris. 
while isoproterenol, a /-receptor agonist. causes re- 
laxation [29]. The findings that both adrenergic and 
cholinergic neurotransmitters enhanced the *?P-label- 
ing of PhA and PhI (Tables 2 and 3 respectively) 
could suggest a physiological role for the phospho- 
lipid effect. In contrast, their metabolites (Table 2) 
or histamine, which has not yet been shown to func- 
tion as a neurotransmitter [30]. exerted little effect 
on the **Pi incorporation. It is interesting to note 
that an increase in the **P-labeling of PhC was ob- 
served only at higher concentrations (1-10mM) of 
cholinergic or adrenergic neurotransmitters [15]. 
Thus, in the present studies, when lower concent- 
rations of the neurotransmitters (0-03 to 0-3 mM) were 
added to irises which were preincubated in +?P- 
Krebs-Ringer for 20min, only the labeling of PhA 
and PhI was affected. Initially the objective from the 
preincubation step was to label the intracellular pre- 
cursor pools and to exclude the possibility that the 
phospholipid effect is caused by an increase in the 
permeability to *?Pi in the presence of the neuro- 
transmitter. However. the results from our present 
studies show that this step is required in obtaining 
this effect at lower concentrations of the neurotrans- 


Table 9. Effect of norepinephrine on the rate of incorporation of *?Pi into the iris phospholipids* 





Specific radioactivity of phospholipids 


(cpm/umole P x 10° 4) 





Time of incubation 


(min) PhA 


Phi PhC 





100% (91) 
100 (147) 
95 (190) 
96 (228) 
111 (246) 
111 (342) 
115 (333) 
109 (441) 


24-9 (25) 32 
31-5. (336) 34 
39-6 (44-6) 3-8 
46:5 (92-4) 4-4 (61) 
62:3 (117-3) 53 (91) 
78:4 (167) 6:9 (12-9) 
122-6 (187) 19 (24) 
129 (229-8) 24 (41) 


(3-7) 
(3-8) 
(3-95) 





*In this experiment the irises were preincubated in Krebs-Ringer containing *?Pi (8 Ci/ml) for 20 min at 37. The 
irises (10/flask) were then transferred to 3 ml fresh Krebs-Ringer containing **Pi and incubated in the presence and 
absence of norepinephrine (2-5 mM) at various time intervals as indicated. The radioactivities and phosphate content 
of PhA, PhI and PhC were then determined and their specific radioactivities computed. The results reported in this 
table are averages of two different experiments. 

+ Control. 

tIn the presence of norepinephrine. 
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mitters. This appears to hold true also for the neuro- 
pharmacological agents. This step could either serve 
to form more diglyceride in the slices or could in- 
crease the susceptibility of those enzymes involved in 
the phospholipid effect to the neurotransmitters. Un- 
der these experimental conditions the following find- 
ings, which could support a physiological role for the 
phospholipid effect, were observed. (1) Acetylcholine 
at concentrations of the order of 0:003 mM, but not 
eserine (0:03 mM), increased the **P-labeling of PhA 
and PhI by 40 and 75 per cent respectively. This effect 
was abolished upon the addition of atropine (Table 
3). (2) Norepinephrine and epinephrine stimulated the 
?P-labeling of PhA and PhI markedly and this sti- 
mulatory effect appears to be mediated through 7z- 
and not f-receptors (Table 4). This conclusion is sup- 
ported by the following observations. (a) Only ~-sti- 
mulators, e.g. phenylephrine, increased significantly 
the **P-labeling of PhA and PhlI, and the phospho- 
lipid effect was blocked by z-blockers such as phento- 
lamine and phenoxybenzamine. (b) /-Stimulators 
such as isoproterenol had little influence on the *?Pi 
incorporation into phospholipids, and /-blockers 
such as sotalol and propranolol did not block the 
norepinephrine-stimulated phospholipid effect. Ad- 
renergic stimulation of the **P-labeling of phospho- 
lipids has been shown to be mediated through »-ad- 
renergic receptors in rat parotid [7, 24]. rat brain [13] 
and rat vas deferens [8]. (c) /-Receptors have been 
suggested to be mediated by cyclic AMP [31 ]. Results 
from our previous [15] and present studies on the 
iris showed that neither cyclic AMP nor dibutyryl 
cyclic AMP had any effect on the phospholipid effect. 
At higher concentrations (0-3 mM), phentolamine and 


propranolol increased by several-fold the labeling of 


PhA and PhI, and, unexpectedly, of CDP-diglyceride 
(Table 5). Furthermore, both drugs inhibited **Pi in- 
corporation into PhC. This observed effect of pro- 
pranolol and phentolamine could be due to their 
marked influence on phospholipid metabolism and is 
probably not related to their ability to block adrener- 
gic receptors. In a more detailed study on the effect 
of propranolol we have shown that it increases the 
incorperation of serine into PhS; similarly, it increased 
the incorporation of [°H ]cytidine into CDP-diglycer- 
ide by more than 10-fold (A. Abdel-Latif and J. Smith, 
unpublished observations). Eichberg et al. [6] showed 
that several substances with widely differing potencies 
as f-adrenergic receptor blocking agents, including 
DL-propranolol, D-propranolol, dichloroisoproterenol 
and alprenolol, but not sotalol, increased **Pi incor- 
poration into pineal acidic phospholipids. 

In our studies on the molecular mechanism under- 
lying the phospholipid effect we have shown the fol- 
lowing. (a) In the presence of norepinephrine maximal 
stimulation is obtained when glucose is used as sub- 
strate. (b) The phospholipid effect is temperature-de- 
pendent with maximal stimulation occurring at 37 
(Table 6). (c) Both the *’Pi incorporation and nore- 
pinephrine stimulation are lost upon freezing and 
thawing. (d) The *’Pi incorporation either increased 
or remained unchanged when the irises were aged up 
to 3 days at 4 (Fig. 1). In contrast, the norepineph- 
rine stimulation increased after | day of aging but 
decreased gradually during days 2 and 3. (d) The 
phospholipid effect is nonspecific with respect to sub- 
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cellular distribution (Table 7). These observations in- 
dicate clearly that certain enzymes are being stimu- 
lated to produce the phospholipid effect. The enzymes 
which have been implicated in the phospholipid effect 
are diglyceride kinase [32], PhA-phosphatase [12] 
and PhI-inositolphosphohydrolase [11]. The fact that 
diglyceride kinase [33], PhA phosphatase [14, 34] 
and PhI-inositolphosphohydrolase [35] are widely dis- 
tributed in the cell could explain the nonspecific dis- 
tribution of the phospholipid effect in the subcellular 
fractions of the iris muscle (Table 7). This finding is 
in accord with previous observations on the nonspeci- 
fic distribution of the phospholipid effect in the sub- 
cellular and cellular [14] fractions of rat brain cortex 
slices. The finding that addition of norepinephrine 
brought about a 25 per cent decrease in the level 
of PhI and a 63 per cent increase in the level of PhA 
(Table 8) could suggest that this neurotransmitter 
could be acting by stimulating PhI-inositolphospho- 
hydrolase and subsequently conversion of PhI into 
|,2-diglyceride. Hokin-Neaverson et al. reported re- 
cently that addition of acetylcholine to slices from 
mouse pancreas decreased the level of PhI and in- 
creased that of PhA [26] as well as that of diglyceride 
[36]. The finding that the specific radioactivity of 
PhA remained almost constant between 0 and 90 min 
of incubation, in contrast to that in the presence of 
norepinephrine, while that of PhI and PhC increased 
with time (Table 9) suggests the following possibilities. 
(1) There are two pools of PhA only one: of which 
is responsive to norepinephrine. (2) The neurotrans- 
mitter stimulates the hydrolysis of the cold (endo- 
genous) PhA and PhI to form more diglyceride. The 
latter is then rephosphorylated in the presence of di- 
glyceride kinase to form more labeled PhA. Our data 
support the latter possibility. 

Insofar as the physiological significance of the 
phospholipid effect is concerned, our feeling is that 
it could represent an alteration in the properties of 
the post-synaptic membrane following transmission of 
the nerve impulse. The function of this alteration 
could be to bring about the original conformation 
of the post-synaptic membrane. These alterations 
could correspond to the dephosphorylation (to form 
diglyceride) and rephosphorylation of the post-synap- 
tic membrane. The latter could simply be functioning 
as a repair process. To shed more light on the physio- 
logical function of this effect we are investigating the 
effect of chemical denervation, surgical denervation 
and electrical stimulation of the sympathetic nerve 
on phospholipid metabolism in the iris muscle. Inso- 
far as the molecular mechanism underlying the phos- 
pholipid effect is concerned, our data indicate an in- 
crease in 1,2-diglyceride, which could be caused by 
norepinephrine stimulation of either PhA-phospha- 
tase or PhI-inositolphosphohydrolase, or both, since 
diglyceride kinase was shown not to be involved. 
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Abstract 


In an investigation of the basis for toxicity of vitamin A, 13 vitamin A compounds and 


analogues were evaluated for destabilization of lysosomes. Those most effective for the release of liver 
acid phosphatase were. in decreasing order, retinol, N.N-diethylretinamide, N-ethylretinamide, retinyl 
acetate. 9-cis-retinal, retinoic acid, retinal, 13-cis-retinal, 13-cis-retinoic acid. For the release of liver 
f-glucuronidase, deoxyribonuclease and N-acetyl-f-b-glucosaminidase, these compounds were about 
equally active. The differential release of acid phosphatase, compared to the other enzymes, and a 
differential stabilization by chloroquine and 3’.5’-cyclic AMP of the retinol-induced release of the four 
enzymes were consistent with the idea that a heterogeneous population of lysosomes exists within 
liver cells. Chloroquine, which prevented the release of some lysosomal enzymes, did not reverse the 
toxicity of retinyl acetate to mice; and the release of f-glucuronidase form mouse L-929 fibroblast 
lysosomes correlated poorly with toxicity of the vitamin A compounds to these cells in culture. The 
results indicate that the toxicity of vitamin A compounds is not due solely to destabilization of lyso- 


somes. 


Although there is a mandatory requirement for vita- 
min A in the diet, little is known about the biochemi- 
cal functions of vitamin A, with the exception of its 
activity in the visual process [1]. By. reversing squa- 
mous, metaplastic alterations [2] and/or by inhibition 
of carcinogen activation [3]. vitamin A compounds 
exhibit an anticarcinogenic effect in several animal 
test sys.cms [2, 4]. However, the potency of these com- 
pounds is limited by toxicity to the host, for large 
doses can cause weight loss, dermatitis and death of 
experimental animals and man [5]. 

Due to the toxic action of released hydrolytic 
enzymes from destabilized lysosomes, the tissue 
matrix of chick embryo cartilage in culture is 
degraded, and carbohydrate is liberated into the 
medium when excess vitamin A is present [6,7]. De- 
stabilization of lysosomal membranes also occurs in 
intact animals, for rats fed a diet containing large 
amounts of retinyl acetate have increased levels of 
free acid protease activity in their livers and kidneys 
[8]. This information is consistent with the hypothesis 
that the changes seen in hypervitaminosis A in living 
animals are associated with the release of hydrolytic 
enzymes from lysosomes [9, 10]. 

The availability to us of a series of vitamin A com- 
pounds and analogues allowed an evaluation of the 
toxicity of these agents and their capacity to destabi- 
lize mouse lysosomes. 


MATERIALS AND METHODS 


Materials. Retinyl acetate, retinoic acid. methyl 
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retinoate, ethyl retinoate, 13-cis-retinoic acid, N-ethyl- 
retinamide, N, N-diethylretinamide. and Ro 8-7699t 
were prepared by the Hoffmann-LaRoche Co., Nut- 
ley, N.J., and supplied to us by the Lung Cancer 
Branch of the National Cancer Institute. Retinol, 
retinal, 9-cis-retinal, 13-cis-retinal, retinyl palmitate, 
retinyl acetate in corn oil, p-nitrophenyl phosphate 
(Sigma 104 phosphatase substrate), vitamin K,. 2- 
tocopherol, chloroquine diphosphate, hydrocortisone, 
calf thymus DNA (type I), 3',5’-cyclic AMP, p-nitro- 
phenyl-N-acetyl -p-gluscosaminide, and __p-nitro- 
phenyl-f-pb -glucuronide were purchased from Sigma 
Chemical Co., St. Louis, Mo. 

Crude preparations of liver lysosomes from female 
mice were obtained essentially according to the pro- 
cedure of Fukuzawa et al. [11]. The mice were killed 
by cervical dislocation, and livers were excised and 
placed on ice. All subsequent steps of the preparation 
were accomplished at 4°. The livers were then washed 
and homogenized in 9 vol. of 0-44 M sucrose. The 
preparation was centrifuged at 2000 g for 5 min and 
the resulting supernatant centrifuged again at 13,000 
g for 10 min to give a pellet containing lysosomes. 
The pellet was suspended and washed once with 0:44 
M sucrose. The lysosomal preparation was _resus- 
pended in 0-44 M sucrose-0:177 M KCI at a con- 
centration of 0-1 g liver/ml. 

L-929 cells were obtained from Microbiological 
Associates and grown in monolayer culture in SRI-14 
medium [12] supplemented with 10°, calf serum. Log- 
phase cells were harvested by trypsinization and 
homogenized in 10 vol. of 0:25 M_ sucrose in a 
Dounce homogenizer with a loose-fitting pestle until 
about 95 per cent of the cells were broken, which 
required about 100 up-and-down strokes. The homo- 
genates were spun at 800 g for 10 min to precipitate 
nuclei. The supernatant was further spun at 13,300 
g for 10 min to yield a crude lysosomal fraction. To 
prepare the microsomal fraction, the post-lysosomal 
supernatant was spun at 105,000 g for 60 min. For 
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destabilization studies, the lysosomal pellets were sus- 
pended in 0-25 M sucrose in a volume ratio of 1:6. 

Analytical methods. For release of lysosomal 
enzymes by vitamin A compounds, each standard sys- 
tem contained 0-85 ml of the lysosomal preparation, 
0:1 ml of 0-1 M Tris-chloride buffer (pH 7-1) and 0-05 
ml of 35 mM test compound. Acidic vitamin A com- 
pounds were dissolved in 90°, ethanol containing an 
equivalent amount of NaOH, and others were dis- 
solved in ethanol. An appropriate control was run 
for each test compound. The preparations were incu- 
bated at 37 for 15 min, placed in ice and centrifuged 
at 13,000 g for 10 min at 4°. The supernatants were 
removed and assayed for lysosomal enzymes. 

The assay for acid phosphatase was similar to that 
used by Fukuzawa er al. [11]. To a reaction mixture 
containing 6:25 mM p-nitrophenyl phosphate and 50 
mM sodium acetate buffer (pH 5-0), 0-05 ml of the 
supernatant was added to start the enzymatic reac- 
tion. The final volume was | ml. After incubation 
of the tubes at 37° for 10 min, the reactions were 
stopped by addition of 0-15 ml of 10% NaOH; the 
absorbance of p-nitrophenol was measured spectro- 
photometrically at 420 nm. N-acetyl-$-p-glucosa- 
minidase was assayed in the same manner as acid 
phosphatase. except that 3-1 mM_ p-nitrophenyl-N- 
acetyl-f-p-glucosoaminide was used as the sub- 
strate. 

The procedure for assay of f-glucuronidase was 
identical to that for acid phosphatase, except that the 
substrate was p-nitrophenyl-f-p-glucuronide and that 
0-2 ml supernatant was used. The reaction was 
stopped with | ml stopping solution, which consisted 
of 0:133 M glycine, 0-067 M NaCl and 0-083 M 
Na,CO,,. pH 10-0 [13]; the samples were centrifuged 
before measurement of the released p-nitrophenol. 

The method of Bernardi and Griffe [14] was used 
to assay for deoxyribonuclease. Calf thymus DNA 
(0-4 mg/ml) was dissolved in 0-15 M sodium acetate 
(pH 5-0) containing 10 mM EDTA and 10 mM cys- 
teine. To 0-7 ml of the DNA solution, 0-15 ml super- 
natant was added to start the reaction. After incuba- 
tion of the tubes at 37° for 10 min, the reaction was 
stopped by the addition of 0-25 ml of 12% HCIO4. 
The preparations were placed in ice for 10 min and 
centrifuged to precipitate DNA. The absorbance of 
the supernatant was measured at 260 nm. 

The procedure for stabilization of retinol-treated ly- 
sosomes was the same as that 
lysosomal enzymes, except that 0-75 ml of the lysoso- 
mal preparation and 0-1 ml of stabilizing agent in 
H,O or 10°, ethanol were used. The enzymatic assays 
were also the same as described above, except that 
0-1 ml of the supernatant was used in the assay for 
acid phosphatase and N-acetyl-f-p-glucosaminidase 
and that the incubation time was 30 min for the assay 
of B-glucuronidase and deoxyribonuclease. 

In all the experiments, a control containing the 
potential destabilizing compound and, if necessary, 
the stabilizing agent being tested and all the assay 
components except the enzyme substrate was used to 
determine the absorbance due to the test compound. 
The absorbance was subtracted from values obtained 
with the complete system. The amount of enzyme 
released was measured by the difference between the 
absorbance values for systems with and without des- 


for the release of 


tabilizing agents. Each assay for enzymatic activity 
was performed in duplicate. 

Toxicity studies. To test for possible reversal of the 
toxicity of retinyl acetate by lysosomal stabilizing 
agents, four groups (A, B, C and D) of 10 female 
BDF, mice weighing 20-22 g were utilized. On days 
1, 2 and 3 of the experiment, groups A and C were 
injected with the stabilizer, while groups B and D 
received only saline. On day 2, groups C and D 
received 160 mg retinyl acetate in corn oil; groups 
A and B received only corn oil. The weights and the 
deaths of animals were recorded daily for a period 
of 16 days. 

Toxicity studies with mammalian cells in culture 
were accomplished with L929 and KB cells. Mouse 
L-929 fibroblasts were propagated in Eagle’s MEM 
medium [15] supplemented with 10°, fetal calf serum. 
To a sterile, screwcap tube, 5 x 10* L-929 cells in 
2 ml medium was added, and the tubes were placed 
at an angle of 5° from horizontal in an incubator 
set at 37. After a 24-hr establishment period, protein 
was determined by the procedure of Oyama and Ea- 
gle [16]. The average value was 30 jg/tube. Fresh 
medium, to which vitamin A compounds had been 
added at concentrations of 0, 1, 10 or 100 yzg/ml, was 
placed in the remaining cultures; the cultures were 
incubated further for 72 hr, after which control tubes 
contained an average of 330 yg protein. The amount 
of test compound required to reduce growth to 50 
per cent of control (EDs) was calculated by use of 
a computer program based on that of Drug Research 
and Development, National Cancer Institute, NIH. 

Propagation and inhibition of growth of human 
KB cells were accomplished by an identical pro- 
cedure, except that Eagle’s basal medium [17] con- 
taining 10%, calf serum was used. 


RESULTS 


Conditions for release of lysosomal enzymes. The 
extent of release of the four lysosomal enzymes, acid 
phosphatase, /-glucuronidase, deoxyribonuclease and 
N-acetyl-/-b-glucosaminidase, was dependent on 
several factors. The release of deoxyribonuclease by 
retinol was essentially complete as early as 7-5 min 
after adding the destabilizer (Fig. 1). However, a 15- 
min incubation with destabilizing agents was rou- 
tinely used for release of the enzyme prior to assay 
and was convenient in that it allowed more samples 
to be included in each experiment. An increase in 
the concentration of the test compound above 1-75 
mM did not produce greater release of enzymes (Fig. 
1). Curves similar to these were obtained for each 
test compound with each of the four enzymes. The 
release of the lysosomal enzymes was also dependent 
upon the pH of the suspending buffer. The profiles 
for acid phosphatase are shown in Fig. 2. Similar 
results were observed for the other enzymes. The lyso- 
somes were most stable at pH 6 and below. 

When the lysosomal preparation was sonicated 
prior to exposure to vitamin A compounds, the 
enzyme activity released was greater than for any of 
the destabilizers, and there was no further release of 
either of the tested enzymes and no indication of di- 
rect inhibition of the enzymes by the vitamin A com- 
pounds or stabilizers being tested (results not shown). 
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Fig. 1. Relationship between deoxyribonuclease release and 

time of incubation (a) and retinol concentration (b). The 

upper (O) and lower points (x) in Fig. la represent the 

release of enzyme in the presence and absence of retinol 

respectively. The values in Fig. |b have been corrected 

for the values obtained in the absence of retinol. Each 
value represents mean + S. D. 
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Fig. 2. Effect of pH on the release of acid phosphatase by 

retinol (1-75 mM). The buffer concentration is 0-01 M in 

each case for sodium acetate (0). potassium phosphate (OQ) 

and Tris-Cl (A). The dashed lines represent the release of 
enzyme in ethanol control. 


Effect of vitamin A and analogues on the release of 
lysosomal enzymes. Table | presents the relative values 
for the release of the four marker enzymes by vitamin 
A compounds and analogues. The release of the 
enzymes as the result of action by retinol was arbi- 
trarily set at 100; all other values are relative to that. 
The most effective destabilizers were retinol, N.N- 
diethylretinamide, N-ethylretinamide, retinyl acetate, 
9-cis-retinal, retinoic acid, retinal, 13-cis-retinal and 
13-cis-retinoic acid. Less active were Ro 8-7699, re- 
tinyl palmitate. methyl retinoate and ethyl retinoate. 


Table 1. Release of lysosomal enzymes by vitamin A compounds and analogues and toxicity of these agents to cultured 
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‘ : ) I 
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Toxicity (ED<9)* 
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nuclease 
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f-glucu- 
ronidase 


Liver N-acetyl- Toxicity (ED<o)* 
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dase 


L-929 





Retinol 
N,.N-diethylretinamide 
N-ethylretinamide 
Retinyl acetate 
9-cis-Retinal 
Retinoic acid 
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* The amount of liver acid phosphatase, /-glucuronidase, 


deoxyribonuclease. N-acetyl-/-p-glucosaminidase and L-929 


cells B-glucuronidase released from retinol-treated lysosemes was 22 + 4, 37 + 13, 61 + 10, 50 + 12 and 49 per cent 


respectively. of the “total” acid hydrolase activities, determi 
0-1°,, Triton X-1000. Values are mean + S.D. 
+ED., is defined as that concentration of compound in 


red by incubation of lysosomal fractions in buffer containing 


ug/ml which inhibits cell growth to 50 per cent of control 


cell growth. The values are averages of two separate determinations. 


t Average relative value for two separate determinations. 
$ Not determined. 
Single determination. 
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Table 2. Effect of chloroquine. hydrocortisone. z-tocopherol. vitamin K, and 3'.5’-cyclic AMP on the release of enzymes 
from retinol-treated lvsosomes* + 








®., Release of lysosomal enzymes compared with that from retinol-treated lysosomes 





Acid 
phosphatase 


Compound added 


/-Glucuronidase 


N-acetyl-f-b- 


Deoxyribonuclease glucosaminidase 





None 
Chloroquine (1 mM) 
Hydrocortisone (0-3 mM) 
z-Tocopherol (0-3 mM) 
Vitamin K, (0-3 mM) 
3.5'-Cyclic AMP (1 mM) 


100 


100 
66 | 10 
9] 78 
89 +8 84 
95 + 6 
7242 57 


100 


I+ I+ I+ I+ I+ 
CO oO hy 
a— + 

+ 
nw 


+ H+ H+ + | 
=Sa 





* Relative values are the average of three separate determinations + S.D. 

+The amount of acid phosphatase. /-glucuronidase. deoxyribonuclease and N-acetyl-f-p-glucosaminidase released 
from retinol-treated lysosomes was 35 + 14, 54 + 3. 46+ 5 and 30+ 17 per cent respectively. of the “total” acid 
hydrolase activities, determined by incubation of lysosomal fractions in buffer containing 0-1°,, Triton X-100. 


Some of the analogues (e.g. retinoic acid) release f- 
glucuronidase. deoxyribonuclease and N-acetyl-/-b- 
glucosaminidase to a greater extent than acid phos- 
phatase. 

Evaluation of potential lysosomal stabliizers. Several 
compounds, reported to be lysosomal stabilizers and 
therefore potentially capable of reversing the action of 
the vitamin A compounds, were evaluated for preven- 
tion of destabilization by retinol (Table 2). As detected 
by. assays for acid phosphatase and N-acetyl-/-b-glu- 
cosaminidase, chloroquine and 3’,5’-cyclic AMP were 
stabilizing agents. That is, they prevented, to some 
extent, the retinol-induced release of these two en- 
zymes. On the other hand, the release of f glucuroni- 
dase and deoxyribonuclease was stabilized only by 
chloroquine and 3’.5’-cyclic AMP respectively. 
Neither hydrocortisone, z-tocopherol nor vitamin K, 
at maximum solubility reduced the release of the four 
lysosomal enzymes by retinol. 

Lack of effect of chloroquine and hydrocortisone on 
the toxicity of retinyl acetate. Experiments designed 
to test for reversal of the toxicity of retinyl acetate 
to mice were accomplished. Weight loss and the 
median day of death of mice given the lowest lethal 
dose (160 mg) of retinyl acetate were the same 
whether or not the highest non-toxic dose of chloro- 
quine (20 mg/kg) was given. No reversal of toxicity was 
noted, and similar results were observed when ‘the 
highest non-toxic dose of hydrocortisone (50 mg/kg) 
was used as a potential reversing agent. 

Toxicity of vitamin A compounds to human KB and 
mouse L-929 cells in culture. The toxicity of the vita- 
min A compounds and analogues was determined for 
mammalian KB and L-929 cells in culture (Table 1). 
The KB cells were generally less sensitive to the com- 
pounds. For retinol and retinyl acetate, there was 
about a 10-fold difference in toxicity to the two cell 
lines. 

Correlation between the release of B-glucuronidase 
and the toxicity of vitamin A compeunds to L-929 cells. 
In the subcellular fractionation studies with L- 
929 cells, f-glucuronidase. N-acetyl-f-p-glucosamini- 
dase, acid phosphatase and deoxyribonuclease were 
found to have similar distribution patterns (not 
shown). The enrichment of the specific activity of the 
lysosomal fraction, compared to the specific activity 


of the homogenate. was 3-3. 1-9. 1-5. and 1-6 for the 


four enzymes respectively. Since /-glucuronidase was 
most enriched in this fraction, it was used as a 
marker enzyme in the study of lysosomal labilization 
with vitamin A compounds and analogues (Table 1). 
Although some of the vitamin A compounds and ana- 
logues released L-929 /-glucuronidase to extents simi- 
lar to those for liver /-glucuronidase. retinyl acetate 
and N-ethylretinamide were notable exceptions. 


DISCUSSION 


One of the best known effects of vitamin A com- 
pounds is that they labilize lysosomes. and allow 
release of the lysosomal enzymes [6-10]. Our studies 
extend considerably the number of vitamin A com- 
pounds and analogues known to have such an effect. 
A previous investigation involving the release of a 
protease from rat liver lysosomes by vitamin A com- 
pounds shows that retinol is very effective but that 
neither retinyl acetate, retinoic acid nor retinyl palmi- 
tate is very active [7]. We find, however, from studies on 
acid phosphatase, /-glucuronidase, deoxyribonuclease 
and N-acetyl-/-b-glucosaminidase of mouse liver that 
retinyl acetate and retinoic acid are almost as active as 
retinol (Table 1). The fact that different species of 
animal was used and that different enzymes were 
assayed in the two experiments may account for this 
difference. The effects of pH on lysosome stability 
(Fig. 2) are not greatly different from those reported 
[9]. 

In our experiments, the release of each of the lyso- 
somal enzymes is essentially complete within 7-5 min. 
After that time. further release of enzymes can be 
attributed to lysosomal autolysis (see Fig. 1). These 
results are similar to those involving retinol-induced 
release of arylsulfatase A from liver lysosomes of vita- 
min A-deficient rats (after subtraction, in both cases, 
of values for appropriate controls) [18]. In contrast, 
the retinol-induced release of cathepsin from rat liver 
lysosomes is apparently linear with time for 30 
min [9], and the release of acid phosphatase and malic 
dehydrogenase from rabbit liver lysosomes is linear for 
40 min [19]. Perhaps the extent of linearity of release 
of enzymes from destabilized lysosomes varies with 
different enzymes and with the type of animals used. 





Destabilization of mouse liver lysosomes by vitamin A 


Compared to f-glucuronidase. deoxyribonuclease 
and N-acetyl-/-b-glucosaminidase, there is a differen- 
tial release of acid phosphatase from liver lysosomes 
by some of the vitamin A compounds and analogues 
(Table 1). The relative values for release of acid phos- 
phatase are graded, whereas those for deoxyribonuc- 
lease, f-glucuronidase and N-acetyl-/-p-glucosamini- 
dase are polarized into high and low categories. This 
fact is consistent with the presence of a heterogeneous 
population of lysosomes in mouse liver. Such hetero- 
geneity was noted by Fukuzawa et al.[11] in studies of 
acid phosphatase and /-glucuronidase of mouse liver 
lysosomes and by Futai et al.[20] in rat liver lyso- 
somes. The heterogeneous distribution of acid hydrol- 
ases in Chinese-hamster ovary fibroblasts was also 
suggested [21]. 

In contrast to vitamin A, two other fat-soluble vita- 
mins have been implicated as lysosome stabilizers. z- 
Tocopherol reportedly inhibits, to a small extent, the 
release of acid phosphatase and f-glucuronidase by 
mouse liver lysosomes [11], and dietary x-tocopherol 
stabilizes lysosomes from the livers of vitamin A-defi- 
cient rats [18,21]. Vitamin K, inhibits the vitamin 
A-induced release of arylsulfatase from isolated rat 
colon lysosomes and the release in vitro, during hy- 
pervitaminosis A, of arylsulfatase, acid phosphatase 
and /-glucuronidase from these structures [23]. Other 
compounds which have been reported to have a stabi- 
lizing effect on isolated liver lysosomes include 
3',S'-cyclic AMP [24.25]. chloroquine [26] and 
hydrocortisone [27,28]. Hydrocortisone and other 
steroids prevent the release of acid phosphatase more 
than the release of f-glucuronidase [28]. 

The results shown in Table 2 confirm that chloro- 
quine and 3’,5’-cyclic AMP act as stabilizers in the 
prevention of the retinol-induced release of acid phos- 
phatase and N-acetyl-f-p-glucosaminidase from 
mouse liver lysosomes. Little or no such stabilization 
is noted for hydrocortisone. x-tocopherol or vitamin 
K,. The release of f-glucuronidase is reduced by 
chloroquine, whereas the release of deoxyribonuclease 
is inhibited by 3'.5’-cyclic AMP. These results also 
tend to support the idea that lysosomes are a hetero- 
geneous mixture of particles [11,20]. 

The action of vitamin A compounds on lysosomes 
apparently contributes to the toxicity of the vitamin 
to organs maintained in culture [7, 29]. However, for 
the vitamin A compounds studied here, there is no 
correlation between release of the four lysosomal 
enzymes and toxicity to KB cells. an established 
human cell line. There are only poor correlations 
between release of f-glucuronidase, deoxyribonuc- 
lease and N-acetyl-/-b-glucosaminidase from -liver 
lysosomes and toxicity to mouse L-929 fibroblasts 
and between release of /-glucuronidase from the lyso- 
somes of L-929 cells and toxicity to L-929 cells (Table 
1). The lack of correlation between toxicity and lyso- 
some destabilization may be due to the alteration of 
membranes other than those of lysosomes by the test 
compounds. 

It seemed possible that chloroquine and hydrocor- 
tisone might prevent the release of hydrolytic enzymes 
in intact mice and reverse some of the toxicity of 
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vitamin A because hydrocortisone has some protec- 
tive effect for rabbits to which excess amounts of 
retonic acid have been administered [27] and for 
organ culture explants of limb bone rudiments exposed 
to high levels of vitamin A [30]. However, in our 
experiments in vivo, no reversal of vitamin A toxicity 
was observed, and it is therefore not likely that the 
toxicity of retinyl acetate to intact mice is due entirely 
to its effect on liver lysosomes. 
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Abstract—In female rats, zoxazolamine paralysis was significantly reduced by pretreatment with preg- 
nenolone-16z-carbonitrile (PCN), spironolactone, dexamethasone acetate, betamethasone acetate, 9z- 
fluoro-11/,21-dihydroxy-16x,17x-dimethyl-1,4-pregnadiene-3,20-dione, 6x-fluoro-9z-chloro-1 1 f-acetoxy- 
21-valeryloxy-16%-methyl-1,4-pregnadiene-3,20-dione, 9z-fluorocortisol acetate, triamcinolone or 
adrenocorticotropic hormone (ACTH). With the exception of triamcinolone and ACTH, the protective 
effects of these compounds were associated with decreased drug concentrations in plasma at the end 
of the pharmacologic response, compared with controls killed at the same time. The drug levels were 
found to be lowered via hepatic drug-metabolizing enzyme induction. All the fluorosteroids exerted 
glucocorticoid activity. Thus, PCN and spironolactone protect via increased drug metabolism, triam- 
cinolone and ACTH via decreased organ sensitivity, and the remaining fluorosteroids via both prophy- 


lactic mechanisms. 


It has been established that steroids occupy an impor- 
tant position among various factors that alter the 
body’s response to drugs through different biochemi- 
cal processes [1,2]. Thus, many steroids decrease an 
agent’s pharmacologic and toxic effects via biotrans- 
formation. This type of protection, called catatoxic, 
is associated with diminished drug concentrations in 
plasma [3,4]. However, there are certain steroids 
which considerably reduce the toxic manifestations of 
many drugs without a concomitant fall in the blood 
level of the drugs. Here, a syntoxic mechanism 
renders the body less sensitive to the pathogen by 
increasing tissue tolerance. 

In our previous reports [5, 6], certain fluorosteroids 
were shown to protect experimental animals against 
various intoxications but the mode of their prophy- 
lactic action was not clearly demonstrated. We, there- 


fore, undertook an investigation into the underlying . 


mechanism and correlated our findings with the other 
pharmacologic properties of the fluorosteroids (e.g. 
glucocorticoid activity). At the same time, the in- 
fluence of these steroids upon the body’s response to 
zoxazolamine was compared with that of typical cata- 
toxic [e.g. pregnenolone-16z-carbonitrile (PCN) and 
spironolactone] and syntoxic [e.g. triamcinolone and 
adrenocorticotropic hormone (ACTH)] agents. 


MATERIALS AND METHODS 


Female Charles River CD® rats (Canadian Breeding 
Farms & Laboratories Ltd., St. Constant, Quebec), 
weighing 90-110 g, were maintained ad lib. on Purina 
laboratory chow (J. Mondou Inc., Montreal, Quebec) 
and tap water. 

In the first experiment, the animals were pretreated 





* Present address: Department of Pathology, Peter Bent 
Brigham Hospital, Harvard Medical School, Boston, Mass. 
02115, U.S.A. 


twice daily p.o. for 3 days with | mg PCN (Upjohn), spi- 
ronolactone (Searle). dexamethasone acetate (Merck), 
betamethasone acetate (Schering), 9x-fluoro-11-f,21- 
dihydroxy-16z,17x-dimethyl-1,4-pregnadiene-3,20 
dione (Organon), 6z-fluoro-9x-chloro-1 | B-acetoxy-21- 
valeryloxy-16z-methyl-1,4-pregnadiene-3,20-dione 
(Schering), 92-fluorocortisol acetate (Upjohn) and 
triamcinolone (Pfizer) in 1 ml water (as micronized 
suspensions with a trace of Tween 80), or once s.c. 
on day 3 with 5 I.U. of ACTH [Synaacthen Depot 
(Ciba)]. Zoxazolamine (K & K Laboratories) was 
administered i.p. on day 4 at a dose level of 10 mg/100 
g body wt, 18 hr after the last steroid pretreatments 
or 24 hr after the ACTH injection. Two control 
groups (given water plus Tween 80) were used for 
comparison with each of the steroid- or ACTH-pre- 
treated groups. The latter and one set of controls 
(recovered) were killed at the end of the pharmacolo- 
gic response (i.e. when the righting reflex was 
regained), while the other (unrecovered) was sacrificed 
when the pretreated animals recovered spontaneously. 

Drug-free plasma from pretreated and non-pre- 
treated rats was used for preparing standards and 
blanks. The zoxazolamine concentrations in plasma 
were determined by the method of Burns et al. [7]. 

In the second experiment, 20 moles of the above- 
mentioned steroids or 5 I.U. of ACTH was adminis- 
tered as described in the first experiment, and the 
rats were killed by decapitation 18 hr after the last 
treatment. The livers were immediately removed, 
weighed and washed in an ice-cold 1:15 KCl solu- 
tion. Samples were taken and processed at 0-4", after 
which | g liver was homogenized in 3 ml isotonic 
KCI containing 0-02 M Tris-HCl (pH 7:4). The homo- 
genate was centrifuged at 9000 g for 20 min, and the 
9000 g supernatant fraction was used in a study on 
zoxazolamine and ethylmorphine metabolism. Zoxa- 
zolamine ring oxidation was determined by the 
method of Juchau et al. [8], and ethylmorphine N- 
demethylation was assessed [9] with the Nash [10] 


477 





478 


reaction by estimating the amount of formaldehyde 
formed. 

The incubation medium for the assays contained: 
0:02 M Tris-HCI buffer (pH 7:4), 5 mM MgCl,, 5 
mM glucose 6-phosphate, 0-4 mM NADP, 1:2 uM 
zoxazolamine or 3 uM ethylmorphine, and postmito- 
chondrial supernatant corresponding to 0-220: and 
0-083 g liver for zoxazolamine and ethylmorphine, re- 
spectively; the total incubation volume was 3 ml. The 
duration of incubation with zoxazolamine and ethyl- 
morphine was 30 and 10 min respectively. The 
method of Lowry et al. [11] was used for the protein 
determinations. 

In the third experiment, the glucocorticoid activity 
of the steroids was assessed by the criteria of thymus 
involution and hepatic glycogen deposition [12]. 
Liver glycogen was determined by the phenol-sulfuric 
acid method of Montgomery [13]. The steroids were 
given at a dose level of 0-1 mg, once daily p.o. for 
3 days. 


RESULTS 


Pretreatment with all the test compounds consider- 
ably reduced zoxazolamine paralysis time in the foi- 
lowing descending order of potency: dexamethasone, 
PCN, betamethasone, 9z-fluoro-11/,21-dihydroxy- 
16x,17x%-dimethyl-1,4-pregnadiene-3,20-dione, ACTH, 


9x-fluorocortisol acetate, 6%-fluoro-9z-chloro-11 f-ace- ° 


toxy-21-valeryloxy-16z-methyl-1,4-pregnadiene-3,20- 
dione, triamcinolone and spironolactone (Table 1). 
With the exception of rats given prior doses of 
triamcinolone or ACTH, the zoxazolamine levels in 
the plasma of pretreated animals were lower than 
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those in the unrecovered controls. Moreover, the drug 
concentrations in the triamcinolone- or ACTH-pre- 
treated groups were higher than in the recovered con- 
trols. Similar results were obtained with prior 
administration of 6x-fluoro-9x-chloro-1 | f-acetoxy-21- 
valeryloxy-16z-methyl-1,4-pregnadiene-3,20-dione, 9x- 
fluoro-! 1 #,21-dihydroxy-16x,17z-dimethyl-1.4-pregna- 
diene-3,20-dione or betamethasone. 

The metabolism in vitro or zoxazolamine by the 
liver was altered by pretreatment in the following 
order of activity: dexamethasone, betamethasone. 67- 
fluoro-9z-chloro-! | B-acetox y-21-valeryloxy-16x-meth- 
yl-1,4-pregnadiene-3,20-dione, 9x-fluoro-1 1 /,21-dihyd- 
roxy-16x,17x-dimethyl-1,4-pregnadiene-3,20-dione, 
PCN, spironolactone, 9z-fluorocortisol acetate, 
ACTH and triamcinolone (Table 2). Based on the 
results in umoles/g of liver, however, the effects of 
the protective agents would be expressed as percen- 
tages (control 0 per cent) as follows: dexamethasone 
(206 per cent); PCN (189 per cent); 9z-fluoro-1 1 3,21-di- 
hydroxy-16z, 17x-dimethyl-1.4-pregnadiene-3,20-dione 
(184 per cent); betamethasone (180 per cent): 6z- 
fluoro-9x-chloro-| | B-acetoxy-21-valeryloxy-16z-meth- 
yl-1.4-pregnadiene-3,20-dione (176 per cent); spirono- 
lactone (140 per cent); 9z-fluorocortisol acetate (32 per 
cent); ACTH (17 per cent) and triamcinolone (9 per 
cent). The same order applies more or less to ethyl- 
morphine N-demethylation (Table 2). 

The test compounds exhibited diminishing gluco- 
corticoid activity in the following order: dexametha- 
sone, betamethasone, 9z-fluoro-11f.21-dihydroxy- 
16x,17x-dimethyl-1.4-pregnadiene-3,20-dione,  triam- 
cinolone, 9z-fluorocortisol acetate, 6z-fluoro-9z- 
chloro-1 1 /-acetoxy-21-valeryloxy-l6x%-methyl-1.4- 
pregnadiene-3,20-dione and PCN (Table 3). 


Table 1. Effect of various steroids and ACTH on zoxazolamine concentrations and paralysis time 





Zoxazolamine concentrations in plasma 


(ug/ml) 


Paralysis time 


(min) Reduction 





Unrecovered 


Pretreatment Pretreated* 


controlt 


of 
paralysis 
Control (%) 


Recovered 


control* Pretreated 





Pregnenolone-167- 2613 + 1-22 
(7)t (9) 
23-00 + 1:50 


carbonitrile 
Spironolactone 
(7) (10) 
IS-89 + 1-06 28-03 4+ 
(9) (10) 
31:09 + 1-69 40-22 + 
(10) (8) 
25:34 + OR4 
(15) 


Dexamethasone acetate 
Betamethasone acetate 


9z-Fluoro-11B,21-dihydroxy- 
16x,172-dimethyl-1.4- 
pregnadiene-3,20-dione 
6z-Fluoro-9z-chloro-! | p- 34-93 + 
acetoxy-21-valerylox y-16z- (8) (8) 
methyl-1.4-pregnadiene-3 

20-dione 


(14) 


0-51 


23:10 + 130 
(7) (7) 


97-Fluorocortisol acetate 
Triamcinolone 31:35 + 2 
(7) 

ACTH 36-93 + 
(7) 


36:09 + 1-148, 
26°37 + 0-87** 
1-668 
0-688 


29-96 + 0-968 


38:23 + 099 NS 


26°55 + 1-40** 


27:19 + 1:20 NS 


230 NS 


27:54 + 0-59 NS* 
(7) 
20-64 + 1:72 NS &$ +3 & 
(3) 
17-58 + 0-70 NS 
(10) 
28-05 + 0:2347 
(10) 
19:59 + 0-698 
(13) 


45+4 150 + 10 


26-45 + 1:79** 


(8) 


22:64 + LIONS 
(7) 

23-55 + O9OS 
(7) 

23-51 + 1-608 
(6) 





* Killed when the righting reflex was regained (“recovered control”). 
+ Killed when the pretreated groups regained the righting reflex (“unrecovered control”). 
{ Figures in parentheses indicate number of animals. 
§P < 0-005. 
Plasma levels of zoxazolamine in the recovered and unrecovered controls are compared with 
centrations of the drug in the pretreated rats. 


« NS = not significant. 
** P < 005. 
**#P < 001. 


the plasma con- 
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Table 2. Effect of steroids and ACTH on the metabolism in vitro of zoxazolamine and ethylmorphine 





Zoxazolamine metabolism 


Ethylmorphine metabolism Protein 





Increase 
(%) 


No. of 
animals 


Rate 


Pretreatment (umoles/g/hr)* 


Conen Increase 
(mg/g) (°) 


Rate Increase 


(HCHO:yumoles/g/hr)* 





42:8 
(16-0 
45-7 
(19-8 
65:3 
(20-9 
73-0 
(28:3 
52:3 


(189 


1-67 
1-4 
0-34 
0-6) 
3-9+ 
2-0) 
1-St 
21) 
1-8+ 
2-0) 


Pregnenolone-! 62- 
carbonitrile 
Spironolactone 


Dexamethasone acetate 
Betamethasone acetate 


9x-Fluoro-11/.21-dihydroxy- 
16z,17z-dimethyl-1.4-pregna- 
diene-3,20-dione 
6z-Fluoro-9z-chloro- || f-acetoxy- 
21-valeryloxy-16z-methyl-1.4- 
pregnadiene-3,20-dione 
9z-Fluorocortisol acetate 


HHHHHHHHHH 


54-7 
(19-0 


3-0F 


He H+ 


248 
(160 
28:3 
(245 
30-9 
(25:8 + 


Triamcinolone 


I+ 1+ I+ I+ I+ 


+ 
4 + 


ACTH 


104-2 
(97-4 
99-7 
(97-4 
X28 
(84-3 
79-4 
(84:3 
90-4 
(98-4 


3884 
(72-4 
203-7 
(87-7 
483-0 
(68-6 
422-5 
(1168 
307-9 
(72-4 


I+ 1+ + 


I+ I+ I+ ++ 


I I+ + 1 He + H+ + 
' t t t t 
I+ I+ I+ 


841 
(98-4 


259-3 
(72-4 


+ I+ 


77-7 


180-7 
(78-0 
151-2 
(1168 
132-3 


(166-0 


(84:3 + 
84-8 
(841 
82:7 4 


(X60 


I+ I+ I+ I+ I+ 





* Grams of liver protein. 

+P < 0-005. 

tP < 005. 

§ Figures in brackets represent control values. 
NS = not significant. 


DISCUSSION 

Pretreatment with all the compounds tested more 
or less markedly reduced zoxazolamine paralysis time 
(Table 1). This is in agreement with earlier studies 
[1, 3-5, 14, 15] on some of these agents. The greatest 
protection was offered by PCN and dexamethasone, 
followed by betamethasone, 9z-fluoro-11/,21-dihyd- 
roxy-16z,17x%-dimethyl-1,4-pregnadiene-3,20-dione 
and ACTH; the remaining compounds provided 
moderate protection. In most cases, this prophylaxis 
was correlated with decreased zoxazolamine con- 
centrations in the plasma of pretreated animals (killed 
when paralysis disappeared) compared to unrecov- 
ered controls (sacrificed at the same time). Further- 
more, Table | indicates that the plasma levels of zoxa- 
zolamine in PCN- or spironolactone-pretreated rats 
are similar to those in the recovered controls, which 
were killed upon regaining the righting reflex. How- 
ever, spironolactone lowers the drug concentrations 
in plasma less significantly than does PCN as mea- 
sured directly and shown by the degree of protection 


Table 3. Effect of various steroids on hepatic glycogen and thymus weight 


No 
Pretreatment 


Dexamethasone acetate 
Betamethasone acetate 
97-Fluoro-11/.21-dihydroxy-16%,172- 
dimethyl-1.4-pregnadiene-3.20-dione 
Triamcinolone 

97-Fluorocortisol acetate 
67-Fluoro-97-chloro-1 | f-acetoxy-21- 
valeryloxy-167-methyl-1.4-pregnadiene- 
3,20-dione 
Pregnenolone-1!6%-carbonitrile 


of animals 


offered. Earlier, similar differences in potency were 
observed with other substrates [1,4] as well as in 
the effects upon the mixed-function oxygenase system 
(e.g. cytochrome P-450 and cytochrome c reductase) 
[16] of pretreated rats, indicating important diver- 
gences in the detoxication mechanism of the two ster- 
oids. Furthermore, although female rats were used in 
this study, it should be mentioned that great sex dif- 
ferences in the induction of microsomal enzymes have 
been reported after spironolactone and, to a lesser 
extent, after PCN treatment. These differences have 
been attributed to impairment of testosterone biosyn- 
thesis [17,18]. The protection offered by triamcino- 
lone or ACTH was not associated with reduced drug 
concentrations in plasma. In particular, here, the 
plasma levels of zoxazolamine at the end of the phar- 
macologic response were the same as those in the 
unrecovered controls but much higher than in the 
recovered control group. 

These findings confirm our earlier results [3, 4], 
which suggest characteristic differences between the 


Thymus weight 
(mg/100 g body wt) 


Hepatic glycogen 
(mg/g) 


10-10 + 0-01* 


474 + 30 NSt 


0-46 + 0-02* 





*P < 0-005. 
+P < 0-01. 


+ NS = not significant (compared with the group given water). 
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two protective mechanisms [1,4,5,19], attributed 
mainly to: (1) hepatic drug-metabolizing enzyme in- 
duction (i.e. a more rapid inactivation of drugs by 
pretreatment with PCN, spironolactone, etc.), or (2) 
increased organ tolerance without enhanced drug 
degradation (e.g. by prior administration of triam- 
cinolone or ACTH). These differences are also indi- 
cated by our experiments in vitro on zoxazolamine 
and ethylmorphine metabolism by the 9000 g liver 
supernatant fraction (Table 2). Our results clearly 
show that PCN and spironolactone greatly increase 
zoxazolamine hydroxylation and ethylmorphine N- 
demethylation by the liver. Triamcinolone and 
ACTH, on the other hand, demonstrated no signifi- 
cant effect on the metabolism in vitro of either drug. 
This fact suggests that their protective action is 
achieved by an increase of organ tolerance to the 
drugs and not by drug-metabolizing enzyme induc- 
tion. Table 2 shows that there are differences in the 
effects of the steroids on zoxazolamine and ethylmor- 
phine metabolism, the biotransformation of zoxazola- 
mine being two to three times higher than that of 
ethylmorphine; spironolactone and ACTH did not 
exhibit such differences. The fluorosteroids present an 
interesting case, lying between the two types of pro- 
tective actions. The zoxazolamine levels in the plasma 
of pretreated rats tend to be lower than in the unrecov- 
ered and higher than in the recovered controls. The 
fluorosteroids also stimulate both zoxazolamine hy- 
droxylation and ethylmorphine N-demethylation in 
vitro, thus appearing to act via both mechanisms, 
although in some instances one is more pronounced 
than the other. For example, dexamethasone was 
more catatoxic than the other fluorosteroids, while 
betamethasone and  9z-fluoro-11/,21-dihydroxy- 
16,1 7x-dimethyl-1,4-pregnadiene-3,20-dione demon- 
strated prominent syntoxic and catatoxic characters. 

Table 2 also shows that there is little effect on the 
protein content of the postmitochondrial liver frac- 
tion (9000 g supernatant). In the PCN-treated ani- 
mals, the slight increase in protein becomes significant 
since it is accompanied by a simultaneous decrease 
of hepatic glycogen (Table 3) [20], while the mild 
reduction of protein after administration of most of 
the glucocorticoids could be attributed to augmented 
glycogen deposition. 

Expressed in pmoles/g of liver protein, PCN seems 
to be less active than the fluorosteroids in inducing 
zoxazolamine metabolism. However, if expressed per 
g of liver tissue, it is second on the list as regards 
potency. Fluorosteroid pretreatment increases hepatic 
glycogen and consequently reduces protein, whereas 
prior administration of PCN has an inverse effect 
[20]. However, it cannot be ruled out that the activity 
of liver protein (lower after PCN than after fluoroster- 
oid pretreatment)or the presence of glycogen may play a 
role in zoxazolamine metabolism. Furthermore, an 
element that may be important in considerations of 
the body’s drug response is the fact that fluorosteroids 
provide readily available sources of energy (e.g. carbo- 
hydrates, free fatty acids) for adaptive work, while 
also inducing drug-metabolizing enzymes. 

Table 3 shows a classification of the glucocorticoids 
in decreasing order of glucocorticoid activity. Spiro- 
nolactone, known to be devoid of glucocorticoid 
properties [21-23], and ACTH, which could not be 
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tested with the method used (adrenalectomized rats), 
have not been included. Dexamethasone was the most 
potent glucocorticoid in this series. PCN, which was 
being tested for the first time to determine its gluco- 
corticoid activity, was found to have none and, in 
fact, demonstrated weak antiglucocorticoid proper- 
ties; the hepatic glycogen depletion noted after PCN 
treatment has already been reported [20]. 

Tables | and 2, in conjunction with Table 3, indi- 
cate that the protective effects of the fluorosteroids 
(reduction of zoxazolamine paralysis), though 
mediated via both mechanisms, depend more inti- 
mately upon the catatoxic character of the test com- 
pounds. As this decreases, their prophylactic activity 
in vivo declines but is not closely correlated with glu- 
cocorticoid potency. 

This dual protective action has also been suspected 
for 9x-fluorocortisol acetate [4, 5]. The proposed rela- 
tionships [4, 5,14] between drug concentrations in 
the plasma of pretreated animals and controls that 
are characteristic of these mechanisms can now be 
completed as follows: 


Mechanism I (catatoxic) Cy < C,;, Cy > C 
Mechanism II (syntoxic) Cg ~ C,, Cy > C 
Dual action C, > Cy > Co. 


[ Drug concentrations in: (1) C, = pretreated (condi- 
tioned) rats killed at the endpoint of the pharmacolo- 
gic response; (2) C,; = unrecovered controls sacrificed 
when the drug effect has vanished in the pretreated 
group; and (3) C, = spontaneously recovered con- 
trols. | 

The the 


confirm view 


experiments 
[1, 20, 24, 25] that mechanism I is independent of any 
other known hormonal and/or pharmacologic activi- 
ties of the test compounds, whereas mechanism II is 
related to their glucocorticoid properties. Moreover, 


present 


many fluorosteroids protect pretreated animals 
against zoxazolamine intoxication via both 
mechanisms. This overlap is not uncommon in bio- 
logic processes (e.g. between gluco- and mineralocor- 
ticoids); yet, distinction between the two phenomena 
is justified because usually individual steroids predo- 
minantly elicit either action although the mani- 
festation of one does not exclude the other. 
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Abstract 


The anti-fungal preparation. Fungizone, a mixture of approximately equal weights of the 


antibiotic amphotericin B and the ionic detergent sodium deoxycholate, was found to alter significantly 
the cell membranes of two murine leukemia cell lines. These alterations caused promotion of uptake 
of actinomycin D and affected two-phase aqeuous polymer partitioning. These effects were mainly 
caused by the deoxycholate component of Fungizone. 


Preparations of the anti-fungal agent amphotericin B 
(Fungizone) are reported to promote the antitumor 
action of  1.3-bis — (2-chloroethyl)-1-nitrosourea 
(BCNU) [1.2] and several rifamycin derivatives [3]. 
Amphotericin B also enhances uptake of intact Es- 
cherichia coli DNA by HeLa cells, although only at 
high drug levels [4]. The drug also promotes uptake 
of 2-deoxyglucose by chick embryo fibroblasts [5] 
and uptake of both nonelectrolytes and anions by er- 
ythrocytes [6]. The drug potentiation studies were ap- 
parently not related to the deoxycholate content of 
Fungizone preparations [2,3]. although this deter- 
gent did enhance deoxyglucose uptake in one system 
[5]. In this study, we have used two sensitive indices 
of membrane alteration to investigate effects of am- 
photericin B, deoxycholate and Fungizone on murine 
leukemia cells. 


METHODS 


L5178Y cells were grown in Fisher’s medium sup- 
plemented with 10°, horse serum in sealed liter flasks 
containing 300 ml of the cell suspensions. L1210 cells 
were grown in nearly full sealed flasks using MEM- 
Eagle’s medium (spinner) containing 10°, fetal calf 
serum. For use, the cells were collected by centrifuga- 
tion and suspended in fresh growth medium 
(5 x 10° cells/ml). This medium was buffered at 
pH 7:3 with N-2-hydroxyethylpiperazine-N’'-2-ethane- 
sulfonic acid (HEPES) replacing NaHCO, to permit 
incubation of high cell density at constant pH. After 
warming suspensions for 20 min at 37 , the following 
procedures were carried out: 

1. Uptake of [’H]actinomycin D was measured by 
addition of a stock solution of the drug to 1-ml por- 
tions of cell suspensions (final drug concentra- 
tion = 0-1 ug/ml, 0-05 wCi/ml). At indicated intervals, 
cells were collected by centrifugation, washed once 
with cold 0:9°, NaCl, then dispersed in an appro- 
priate solvent for liquid scintillation counting. Under 





* Request reprints from Darling Memorial Center, 4160 
John R Street, Detroit, Mich. 48201. U.S.A. 


483 


standard conditions, the medium contained 
85.000 cpm/ml of *H-labeled drug. 

2. To measure effects of surface-active agents on 
actinomycin D uptake. these were added 10 min be- 
fore labeled actinomycin D, and the incubation was 
continued for 10 min before collection of cells. 

3. Two-phase aqueous polymer studies were car- 
ried out as described by Gersten and Bosmann [7, 8]. 
After incubations, cells were collected by centrifuga- 
tion and suspended in 150mM NaCl. A 0-5-ml por- 
tion of this suspension, containing 10° cells, was ad- 
ded to a two-phase mixture so that final concent- 
rations were 5°, (w/v) Dextran T-500 (Pharmacia), 4°, 
polyethylene glycol (Carbowax 6000, Union Carbide), 
50mM NaCl and 100mM potassium phosphate at 
pH 7-0. The total volume was 10 ml. The suspension 
was gently mixed, and a sample of 0-5 ml was taken 
and diluted 10-fold with diluent for determination of 
cell pumber in a Coulter counter. The phases were 
then allowed to separate at 4 for | hr and the top 
phase was collected. Another 0:5-ml sample was simi- 
larly diluted for counting. The ratio of cells in the 
top phase to cells in the total system was calculated. 

Growth medium was purchased from Grand Island 
Biological Co.; labeled actinomycin D was provided 
by Monsanto Chemical Co. (5mCi/m-mole) and 
stored in ethanol at —20°. Fungizone was purchased 
from Grand Island and amphotericin B from Calbio- 
chem Corp. 


RESULTS 

Uptake of actinomycin D was a function of time 
and temperature with both L1210 and L5178Y cells 
(Fig. 1). With 5 mg of cells. a distribution 
ratio of 10 (intracellular/extracellular drug concentra- 
tion) = 5000cpm of radioactivity in the cell pellet. 
Addition of 200 ug/ml of Fungizone enhanced actino- 
mycin D uptake by both cell lines; after 10 min, drug 
accumulation was identical in both (dashed line, Fig. 
1). When cells were treated for 10 min with 200 pg/ml 
of Fungizone, then washed free from this agent, the 
promotion of actinomycin D uptake was not reversed. 

Enhancement of actinomycin D uptake could not 





D. KESSEI 


LSI76Y 


L5I78Y 


‘Drug Distribution Ratio 





° — — Ss ical 
o° ) a 03 0 





Temperature Time (min) 

Fig. 1. Uptake of actinomycin D by LI1210 (@) and 

LS178Y (©) cells in the absence (solid lines) and in the 
presence (dashed lines) of 250 g/ml of fungizone. 


be obtained by the use of 200-500 g/ml of amphoter- 
icin B, but was found when 100 pg/ml of deoxycholate 
was employed. The Fungizone-induced promotion of 
actinomycin D uptake is therefore solely due to the 
deoxycholate content of the preparation (Table 1). 

Two-phase aqueous polymer partition studies were 
carried out at pH 7-0 using a standard procedure. Un- 
der. these conditions, the number of cells partitioning 
into the top phase was markedly lowered by addition 
of Fungizone levels which promote actinomycin D 
uptake (Table 2). Amphotericin B had a slight effect 
on the partition ratio, but deoxycholate had a more 
pronounced effect thereon. There is evidence that the 
amphotericin B-deoxycholate mixture produced an 
additive lowering of the partition ratio. 


DISCUSSION 


The anti-fungal agent amphotericin B promotes the 
antitumor effect of certain drugs via a process appar- 
ently not related to the deoxycholate content of the 
formulation of Fungizone [2.3]. Deoxycholate is ad- 
ded to enhance solubility of amphotericin B. Medoff 
et al. [2] have suggested that the role of amphotericin 
might involve stimulation of the immune response in 
tumor-bearing animals. The present data show that 
Fungizone, or deoxycholate, but not amphotericin B 
causes an enhancement of actinomycin D uptake in 
murine leukemia cells. This was most marked in the 
L1210 cell line [9], which is relatively insensitive to 
actinomycin D. Selection for actinomycin D resist- 


Table 1. Effects of amphotericin B and deoxycholate on 
actinomycin D uptake by L1210 cells* 





Distribution 
Additions 





Controls 

Amphotericin B, 250 g/ml (260 uM) 
Deoxycholate. 100 g/ml (210 uM) 
Deoxycholate. 250 pg/ml (530 4M) 
Fungizone. 250 pg/ml 

Fungizone. 100 ug/ml 





* Fungizone is a mixture containing 40°, by weight of 


deoxycholate and 60°, amphotericin B. Therefore. 
250 pg/ml of Fungizone = 210 uM deoxycholate + 155 
uM amphotericin B, and 100 g/ml of Fungizone = 85 uM 
deoxycholate + 62 .M amphotericin B. 


Table 2. Effects of amphotericin B and deoxycholate on 
partition ratio* 





Partition ratio 
L1210 LSI78Y 


Additions cells cells 





Controls 0-36 0-50 
Deoxycholate. 50 yg/ml (106 uM) 035 0-48 
Deoxycholate. 100 zg/ml (212 uM) 0-28 0-43 
Deoxycholate, 500 pg/ml (1060 uM) 0-10 0-35 
Amphotericin B. 100 pg/ml! (104 uM) 0-35 0-48 
Amphotericin B. 250 pg/ml (260 uM) 0-27 0-43 
Fungizone. 100 pg/ml* 0-19 0-40 
Fungizone. 250 pg/mlt O11 0-33 





* All values are subject to a variation of +5 per cent. 
Fungizone is a mixture containing 40°, by weight of deoxy- 
cholate and 60°, amphotericin B. 

* 85 uM deoxycholate + 62 1.M amphotericin B. 

¢ 210 um deoxycholate + 155 4M amphotericin B. 


ance in the drug-sensitive L5178Y cell line was also 
found to be associated with a barrier to drug uptake 
[10]. Presumably, an inherent barrier to actinomycin 
D uptake in the L1210 cell is altered by deoxycholate. 
The use of another detergent, Tween 80, also pro- 
moted actinomycin D uptake by drug-resistant ham- 
ster cells [11]. 

Although amphotericin alone failed to stimulate ac- 
tinomycin D uptake, the drug did cause an alteration 
in the behavior of cells in the two-phase partition 
system. The precise nature of the phenomenon being 
measured is unknown, but it is believed to involve 
the net charge on and near the cell surface [7, 8, 
12, 13]. 

Amphotericin is known to interact with sterol com- 
ponents of cell surfaces, thereby altering membrane 
permeability [14]. An extensive depletion of choles- 
terol was found to be necessary before permeability 
of the erythrocyte membrane to several nonelectro- 
lytes and anions changed [15]. This finding suggests 
that relatively high amphotericin levels are necessary 
to affect permeability of other mammalian cell types, 
and this suggestion is consistent with data [4] show- 
ing that promotion of DNA uptake by HeLa cells 
was observed only at high (200 pg/ml) levels of am- 
photericin B. Furthermore, the description offered by 
Kumar et al. [4] does not state whether amphotericin 
B or Fungizone was employed. 

Although we could not detect an effect of ampho- 
tericin B on membrane permeability barriers to ac- 
tinomycin D, effects of this drug on partition behavior 
do suggest that a cell surface alteration is associated 
with exposure to amphotericin B. This alteration 
might be responsible for increased immunogenicity of 
amphotericin-treated cells, thereby providing an ex- 
planation for the synergism between amphotericin B 
and antitumor agents described previously [1-3]. 
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SHORT COMMUNICATIONS 


Folate, catecholamines and bacterial respiration 


(Received 18 August 1975; accepted 25 September 1975) 


Folate has a stimulatory effect on severa! types of mam- 
malian tissue: neuromuscular transmission, cardiac con- 
tractility and CNS excitability are all enhanced. The 
mechanisms by which these effects are produced are not 
understood, but the end results are in general similar to 
those produced by catecholamines [1, 2]. 

In order to investigate other cell types.and study hom- 
ogenous cell populations, the influence of these agents on 
bacteria was observed. 

Organisms from a single colony were incubated over- 
night on fresh blood agar, thrice washed and suspended 
in isotonic saline. Oxygen uptake of the organisms was 
measured in Rank oxygen electrode cell using an incuba- 
lion mixture consisting of: glucose 10 mM; NaCl 124 
mM: KCI 5 mM: KH,PO, 1:2 mM: Mg 50 g 1:3 mM: 
CaCl, 0-75 mM: NaH,PO, Na,HPO, buffer (pH 7:4) 5 
mM. The final volume was. 2-0 ml. 

The respiration of Klebsiella aerogenes, Bacillus proteus, 
Pseudomonas pyocyanea and Escherichia coli was greatly 
stimulated by approx 0:7-10 x 10° * M formy! tetrahydro- 
folic acid (f-THF) but not by 05-10 x 10°*M folic acid 
(pteroyl monoglutamate; PGA). Stimulation by f-THF was 
blocked by the anti-convulsant drugs phenytoin, sulthiame 
and carbamazepine (0-1-1 x 10°*M). In the absence of 
f-THF, up to 10°*M concentrations of these drugs did 
not affect respiration. Figure 1 shows the stimulation of 
oxygen uptake of Klebsiella pneumoniae by {-THF. As in 
all these experiments, the respiratory response to increas- 
ing concentrations is sigmoid, with little or no stimulation 
below 10°* M f-THF. Above 0-4-1 x 10° * M f-THF, inhi- 
bition of oxygen consumption occurs. 

Of the Gram positive organisms, Streptococcus faecalis 
and Staphylococcus pyogenes showed no significant respira- 
tory change with f-THF. Bacillus subtilis however, showed 
a twofold stimulation of respiration with 5-5 x 10°*M 
f-THF, which was reversed by 0-5-1 x 10°*M phenytoin 
or carbamazepine. Adrenaline and _ noradrenaline 
(3-20 x 10-5 M) but not isoprenaline produced up to a 
6-fold increase in oxygen uptake by all the organisms 
tested. These two catecholamines also restore oxygen con- 
sumption in bacteria whose respiration has been inhibited 
by phenytoin. However, folate and catecholamines appear 
to enhance respiration by different mechanisms, because 
bacteria exposed to supramaximal concentrations of f-THF 
(2 x 10°3M) can still be further stimulated by adrenaline 
and noradrenaline. 3’,S’-cyclic AMP (cAMP) and dibutyryl 
cAMP do not produce stimulation of respiration when 
added in concentrations up to 10° 3 M. 

Other central depressants which are not anticonvulsants 
were also tested in this system. Chlorpromazine and pro- 
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Fig. 1. The effect of increasing concentrations of folinic 
acid (f-THF) on oxygen consumption of Klebsiella 
derogenes, 


methazine (1 x 10°°-5 x 10°* M) produced a stimulation 
followed by inhibition of oxygen uptake on all organisms 
tested. This was not reversed by f-THF. 

These experiments indicate that f-THF stimulates bac- 
terial respiration. The response is immediate (Fig. 1) and 
is therefore not likely to be due to stimulation of cell divi- 
sion by providing |-carbon carriers for nucleic acid syn- 
thesis. Such an immediate response is reminiscent of the 
stimulatory action of folate on heart [3] and other mam- 
malian excitable tissues. Another similarity between the 
mammalian and bacterial response is that the effects of 
f-THF and anticonvulsant drugs are mutually competitive, 
also non anti-convulsant cerebral depressants do not 
behave in this way. Although the bacterial respiration re- 
sponds in a similar manner to some catecholamines and 
f-THF, this experiment indicates that the mechanism for 
these effects is different. 

These results support the concept that 10~ 7-10~ °M f-THF 
has actions on many types of cell, possibly by affecting 
mechanisms other than the established role of folate in 
one-carbon transfer reactions. 
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Irreversible inhibition of dopamine-/-hydroxylase by cysteine 
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Several reports[1,2]* have revealed the presence of 
natural inhibitors of dopamine-f-hydroxylase. The inhibi- 
tion can be overcome by the addition of N-ethylmaleimide 
or Cu** to the incubation mixture, and this suggests that 
these endogenous inhibitors are sulfhydryl compounds. 
Previously, Nagatsu et al. [1] reported the effects of cys- 
teine on dopamine-f-hydroxylase. Since the inhibition of 
dopamine-f-hydroxylase produced by cysteine[1] and 
2-mercaptoethylguanidine [3] was reversed by dialysis or 
dilution of the mixtures, it has been postulated that these 
inhibitions may have been the result of a chelation in situ 
rather than a removal of the metal from the apoenzyme. 
We have found an irreversible inhibition of dopamine-f- 
hydroxylase by cysteine which was not restored by dialysis 
and dilution of the mixtures or by the addition of N-ethyl- 
maleimide, which reacts with sulfhydryl groups [4]. There- 
fore, we have examined these inhibitory effects of cysteine 
on partially purified dopamine-f-hydroxylase in the pres- 
ent experiment. 

Dopamine-/-hydroxylase was purified from beef adrenal 
glands according to the procedure of Foldes et al. [5]. In 
these studies, the enzyme obtained at the stage of DEAE- 
cellulose chromatography was used. Enzyme activity was 
assayed by follewing the conversion of tyramine to nor- 
synephrine according to the procedure of Van der Schoot 
et al. [6]. The reaction mixture contained in 1-0 ml: potas- 
sium phosphate buffer (pH 5-5), 100 xmoles: ascorbic acid, 
10 zmoles; fumaric acid, 10 smoles: tyramine hydrochlo- 
ride, 10 moles: catalase, 200 Sigma units: and the 
enzymes. The reaction was started by addition of the sub- 
strate and incubated for 15 min at 37 in air. 

Partially purified dopamine-f-hydroxylase was preincu- 
bated with cysteine for 10min at 37 in the absence and 
in the presence of catalase, after which the incubation mix- 
tures were dialyzed against 10mM _ phosphate buffer (pH 
7:2), and aliquots of the mixtures were assayed for dopa- 
mine-f-hydroxylase activity (Table 1). Cysteine (10°* M, 
final concentration) caused a reduction of dopamine-f- 
hydroxylase of about 60 per cent compared with control 
both in the absence and in the presence of catalase when 


*H. Oyama. H. Izumi, S. Tuboi and H. Ozawa, manu- 
script submitted for publication. 


Table 2. Effects of dilution of the cys- 
teine-dopamine-f-hydroxylase mixture 
on fractional inhibition* 





Fractional 


Dilution inhibition 





0-70 
0-66 
0-65 


None 
b:2 


1:4 





* Cysteine was preincubated with the 
partially purified dopamine-f-hydroxy- 
lase preparation for 20 min at 37, after 
which time the mixture was diluted two 
or four times with medium substrate 
added and incubated for 15 min. The un- 
diluted concentration of cysteine was 
10° * M. The term fractional inhibition (i) 
is defined as follows: i= 1—a=1-—- 
(v,/v) where a is the fractional activity, 
v, is the inhibited velocity and v is the 
uninhibited velocity [7]. 


assayed prior to the dialysis of the mixtures. After dialysis, 
the inhibitory effects of cysteine were abolished in the pres- 
ence of catalase, in agreement with the work of Nagatsu 
et al.[{1], but not in the absence of catalase, suggesting 
that cysteine inhibited dopamine-f-hydroxylase reversibly 
in the presence of catalase, but irreversibly in the absence 
of catalase. On the other hand, in agreement with a pre- 
viously reported study[1], addition of cysteine to the 
dopamine-f-hydroxylase assay system resulted in inhibi- 
tion of dopamine-f-hydroxylase activity, and equal con- 
centrations of N-ethylmaleimide and cysteine completely 
prevented the cysteine inhibition of dopamine-f-hydroxy- 
lase. 

Changes in the fractional inhibition of dopamine-f-hyd- 
roxylase by cysteine with dilution are shown in Table 2. 
Cysteine was preincubated with the enzyme for 20 min at 
37 , after which 1:2 and 1:4 dilutions of the mixtures with 
medium were incubated for 15 min. The fractional inhibi- 
tion was not significantly altered by the dilution when 


Table 1. Effects of dialysis on cysteine-pretreated dopamine-f-hydroxylase* 





Catalase absent 


(°,, of Control activity) 
After 
dialy sis 


Before 
dialysis 


Catalase present 
(°,, of Control activity) 
Before After 
dialysis dialysis 





Control 
Cysteine- 
pretreated 


94 


41 


100 60 


45 80 





* Enzyme was preincubated with cysteine in the absence and in the presence of catalase 
(about 6000 Sigma units) for 10min at 37. One aliquot was then removed for assay 
of enzyme activities (final cysteine concentration, 10°* M), and other aliquots were dia- 
lyzed against 1000 vol. of 10mM phosphate buffer (pH 7:2) at 4 for 12 hr. Buffer was 


exchanged four times. 
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Fig. 1. Effects of N-ethylmaleimide (NEM) on cysteine- 
pretreated dopamine-f-hydroxylase. Enzymes were prein- 
cubated with various concentrations of cysteine for 10 min 
at 37, after which the enzyme activities were assayed. 
Equal concentrations of NEM corresponding to concent- 
rations of cysteine were added to each incubation medium. 
The term pCysteine is defined as follows; pCysteine = 
—log[ cysteine ],where[cysteine ]isthe molar concentration of 
cysteine. 


compared with control, also indicating that cysteine inhi- 
bited dopamine-f-hydroxylase irreversibly. These results 
indicated that the mechanism responsible for the inhibition 
of dopamine-f-hydroxylase by cysteine might be somewhat 
dissimilar to that of 2-mercaptoethylguanidine [3]. 

In order to examine the effects of N-ethylmaleimide on 
dopamine-f-hydroxylase, N-ethylmaleimide was added to 


the incubation medium. The addition of N-ethylmaleimide 
did not affect the native and cysteine-pretreated enzyme 
activities at all, indicating that the inhibition of dopamine- 
B-hydroxylase by cysteine was not reversed by N-ethylma- 
leimide (Fig. 1). Furthermore, the cysteine-pretreated inhi- 
bition of dopamine-f-hydroxylase was neither restored by 
increasing the Cu?* concentration nor by the addition of 
excess concentration of N-ethylmaleimide. 

H,O, is an inhibitor of dopamine-f-hydroxylase [8]. 
Consequently, catalase was added in all incubation mix- 
tures in order to determine dopamine-f-hydroxylase activi- 
ties. Recently, it has been reported [9] that catalase could 
have two functions: the prevention of the oxidation of 
dopamine-f-hydroxylase by endogenous peroxide com- 
pounds, and the prevention of oxidation of ascorbate 
which can occur when traces of metals are present. How- 
ever, with our enzyme preparation, the preincubation of 
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the enzyme alone for various times (up to 30min) had 
no effects on enzyme activities, indicating that preincuba- 
tion of the enzyme alone. did not produce endogenous per- 
oxide compounds. 

Thé mechanism for the irreversible inhibition of dopa- 
mine-f-hydroxylase by cysteine may have been the result 
of :(1) formation of a chelate between cysteine and Cu?* 

dopamine-/-hydroxylase (this chelation is stable upon di- 
alysis and dilution or after treatment with N-ethylmalei- 
mide), or (2) formation of endogenous peroxide compounds 
by the interaction of dopamine-f-hydroxylase and cysteine. 
Considering the finding that the irreversible effects of cys- 
teine on dopamine-f-hydroxylase occurred in the presence 
of inactivated catalase (obtained by exposure at 80° for 
5 min, data not shown) but not in the presence of active 
catalase, it is more likely that this inhibition may be caused 
by the active form. However, since dopamine-f-hydroxy- 
lase is a copper metaloenzyme [10] and has been supposed 
to form a chelate with cysteine, this hypothesis should also 
be considered. In this case, catalase may act as an inhibitor 
on the formation of the chelate. 

At present, the specific mechanism for this irreversible 
inhibition of dopamine-f-hydroxylase by cysteine is under 
investigation. 
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PROSPECTS FOR BIOLOGIC AND PHARMACOLOGIC 
INHIBITION OF RIBONUCLEIC ACID TUMOR VIRUSES 
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Over the past seven decades, many investigators have 
shown that cell-free agents. ultimately shown to be 
RNA-containing viruses. induce naturally occurring 
tumors in chickens, mice, cats[1] and primates [2]. 
These tumors are generally of tissues derived from 
the mesenchyme and include the leukemias, lym- 
phomas and sarcomas. In humans. blood leukocytes 
from some patients with acute myelogenous leukemia 
contain molecules specifically related to components 
of oncogenic primate RNA tumor viruses. These 
molecules include a reverse transcriptase that is bio- 
chemically and immunologically very similar to the 
reverse transcriptases of the woolly monkey sarcoma 
and gibbon ape leukemia viruses. which are them- 
selves closely related immunologically [2]. Also found 
in the cytoplasm of these leukocytes are nucleic acid 
sequences that are related specifically to the genomic 
RNA of the woolly monkey sarcoma virus, as mea- 
sured by molecular hybridization [2]. Recently. 
antigens related to the major structural protein (p30) 
of the woolly monkey sarcoma virus were found in 
extracts of these leukocytes [3]. These data suggest 
that the potential to produce a whole virus related 
to these oncogenic primate viruses is present in the 
leukocytes of some patients with acute myelogenous 
leukemia, and recently we have isolated such a virus 
[4]. It is therefore appropriate to develop specific bio- 
logic and pharmacologic inhibitors of various steps 
in the life cycle of these RNA tumor viruses. To un- 
derstand the possible targets for such inhibitors, we 
need to know the details of viral replication and the 
mechanisms of neoplastic transformation. We should 
also understand which of these virus—cell interactions 
are important in the induction and maintenance of 
naturally occurring tumors. An important question 
is whether the continuous production of virus is im- 
portant to the spread of neoplasia within one indivi- 
dual animal. or between animals. The answers may 
vary in different species. Unfortunately, many of these 
areas are poorly understood at present. 


Replication of RNA tumor viruses 

The life cycle of the RNA tumor viruses begins with 
adsorption and penetration, followed by synthesis of 
proviral DNA. integration of this DNA into the host 
genome, transcription and processing of viral-related 
RNA, translation of viral proteins, assembly of pro- 
teins and RNA. and is completed by envelopment and 
release (budding) at the plasma membrane. The 
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details of these processes have been the subject of 
several recent reviews [5-7]. Some of these steps rely 
on viral-specific components and therefore might be 
subject to selective inhibition. Other steps apparently 
rely on host cell machinery, and blockade might be 
cytotoxic. 

In chicken cells, adsorption and penetration depend 
on a proper match between viral envelope glycopro- 
teins that are subgroup-specific and cell surface recep- 
tors [8]. In murine or other mammalian cells. no clear 
relationship that governs adsorption is known 
between viral envelope proteins and cell surface 
receptors. However. neutralizing antisera to murine 
leukemia virus bind chiefly to the high molecular 
weight glycoprotein (gp 69/71) of the viral envelope.* 
The next stage in the life cycle, transcription of pro- 
viral DNA from viral genomic RNA, is unique to 
this class of virus and is therefore a prime target for 
selective inhibition. With one possible exception [9]. 
we know of no clear evidence that this pathway of 
information transfer operates in normal cells. In one 
carefully studied system, viral-specific DNA can be 
detected in the cytoplasm within 3 hr of adsorption; 
by 9-5 hr, most of this DNA is present in the nucleus. 
and by 24 hr it is integrated into the host cell genome 
[10-12]. Characterization of two temperature-sensi- 
tive conditional mutant avian sarcoma viruses has 
convincingly demonstrated that viral reverse trans- 
criptase is responsible for synthesis of viral DNA [13 
15]. After cytoplasmic synthesis, covalently circular- 
ized viral DNA is generated; integration can be 
blocked with ethidium bromide [12.16]. In the 
absence of integration, little viral RNA is transcribed, 
and transformation of cells and production of virus 
are blocked [12. 16]. These results do not exclude the 
possibility that other sarcoma viruses might trans- 
form cells in the absence of synthesis and integration 
of complete provirus. A very important further fact 
has been established by the observation that these two 
mutants are temperature-sensitive in a function 
required only in the first 24 hr following infection for 
subsequent cellular transformation and viral replica- 
tion [13, 14]. Therefore. in this system at least, reverse 
transcriptase has no role in the maintainance of the 
transformed state or in viral production once proviral 
DNA has been made. Viral RNA is synthesized ex- 
clusively by transcription of proviral DNA, since this 
process is sensitive to low concentrations of actino- 
mycin D [17] and RNA complementary to viral 
genomic RNA is not found in infected cells. ic. no 
RNA—RNA synthetic pathway is known [18]. At 
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low multiplicities of infection, synthesis of viral RNA 
requires one round of cellular division after infection; 
thereafter, however. viral RNA synthesis and replica- 
tion proceed in stationary as well as dividing cells 
[19, 20]. Viral RNA is synthesized in the nucleus and 
appears in the cytoplasm within 60 min [21]. No evi- 
dence has been presented that any viral-specific tran- 
scriptional machinery is involved here, but this possi- 
bility has not been completely excluded. Viral RNA 
is polyadenylated at its 3’-OH end [7]. Since the 
reverse transcriptase of avian myeloblastosis virus 
does not transcribe these tracts of poly A in vitro 
[22] and since virus production is blocked by low 
concentrations of cordycepin [23]. an inhibitor of 
poly A synthesis [24]. we suggested that the segments 
of poly A are added after transcription of viral RNA 
from proviral DNA [23]. Cellular poly A polymerases 
that might adenylate viral as well as cellular RNA 
species have been isolated and characterized [25]. 
Virat RNA resembles heterogeneous nuclear RNA in 
overall size and length of the terminal segment of 
poly A [7]. On the basis of this and other evidence, 
we have suggested that viral RNA does not undergo 
the processing that cellular messenger RNA under- 
goes prior to appearance in the cytoplasm [26]. The 
steps in this processing are poorly understood. Trans- 
lation of viral RNA has not been studied adequately 
to determine whether any non-host machinery may 
be required. Assembly and release of virions are 
poorly understood biochemically, but electron micro- 
scopic studies indicate that part of the maturation 
of type-C particles occurs during the process of bud- 
ding from the plasma membrane [27]. 


Transformation by RNA tumor viruses 


The initiation and maintainance of transformation 
do not.depend on completion of the viral life cycle 
[28]. Conversely, not all the functions needed for cell 
transformation are required for viral replication [28]. 
Studies with temperature-sensitive mutants of avian 
[28] and murine [29-31] saecoma viruses and with 
phenotypic revertants of transformed cells [32-34] in- 
dicate that a complex interaction of viral and cellular 
gene functions is necessary to initiate and maintain 
transformation. As described above, synthesis and in- 
tegration of at least a portion of proviral DNA are 
essential to initiate transformation. In addition, analy- 
sis of the physiological characteristics of a series of 
temperature-sensitive viral mutants has shown that 
continuous function of several viral genes is necessary 
for transformation in the avian [28] and murine [29 
31] systems. At least one of these functions: is 
expressed within 24 hr of infection [28]. Genetic com- 
plementation studies suggest that at least four other 
functions are required after 24 hr [28, 35]. A clear de- 
scription of these functions is an outstanding problem 
in tumor virology and may lead to the development 
of selective inhibitors of transformation. 

Role of the virus in spontaneous animal tumors 

The pathways to cellular transformation and viral 
replication therefore converge in at least one early 
function (proviral synthesis) but diverge in at least 
one other early and several late functions. When we 
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consider ways of interfering with naturally occurring 
oncogenesis in animals, a definition of the role of the 
virus is necessary in deciding whether and how to 
inhibit replication and transformation. Are the pro- 
duction and spread of virus important to the initia- 
tion and maintainance of neoplasia, or do the tumors 
result only from the activation of proviral transform- 
ing genes? If the spread of infectious virus between 
animals is important, is it horizontal, vertical (genetic) 
or congenital spread? Also, is spread of infectious 
virus within one animal important for the growth of 
tumors (recruitment) or for the re-initiation of neo- 
plasia after the eradication of tumor cells? Different 
relationships between virus, host and tumor are found 
in different species. In chickens, horizontal, vertical 
and cogenital infection by avian leukosis viruses all 
occur in domestic flocks, but only congenital infection 
is of major importance in the genesis of leukemia [8]. 
In mice; leukemia and mammary tumor viruses are 
transmitted vertically, and the appearance of leuke- 
mia is related to genetic factors that regulate the 
permissiveness of the host cell to replication of the 
virus (Fv-1 locus) and possibly the immunologic re- 
sponse of the host to the altered cell surface of the 
leukemic cell (H-2 locus)[36]. In cats, animal-to- 
animal transmission of feline leukemia virus produces 
clusters of disease even in adult animals, and disease 
may be related to a weak immunologic response to 
the virus [37-39]. Feline sarcoma virus may also 
spread horizontally [40]. Although less data are avail- 
able, the situation in captive colonies of gibbon apes 
appears to be similar to the epidemiology of feline 
leukemia [41-42].* The isolation of a type-C virus 
from the leukocytes cultured from the blood of a 
patient with acute myelogenous leukemia [4], and the 
finding that this virus is immunologically related to 
the gibbon ape and woolly monkey type-C viruses 
[4], suggest that horizontal infection may play a role 
in this form of human leukemia. The lack of epide- 
miologic evidence for such a role [43] suggests that 
many other factors may modulate the outcome of in- 
fection. 

The detection of one mode of transmission does 
not exclude the possibility that other modes may be 
important in tumors; for example. mammary tumors 
can be produced in strains of mice with a low inci- 
dence of tumors by foster nursing animals on mothers 
from strains with a high incidence of tumors [44]. 
This phenomenon is due to congenital milk-borne 
spread of virus [44]. Congenital or even vertical 
transmission could spread disease to the progeny of 
animals that were themselves infected by horizontal 
transmission. 

The strategy of interference with oncogenesis 
depends on the virus-host relationships. If a poten- 
tially oncogenic provirus is passed vertically in the 
gametes, infection of animals cannot be prevented by 
blockade prior to proviral integration. Interruption 
of functions necessary for transformation would be 
the ideal treatment. However, inhibition of any step 
required for viral replication might retard or prevent 
oncogenesis if continuing infection and transforma- 
tion of normal cells within the organism (recruitment) 
were vital for the progression of the tumor. Since the 
presence of naturally occurring virus-neutralizing 
antibodies correlates with a low incidence of leukemia 
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in mice which inherit the viral genome.* these mice 
may prevent leukemia by limiting the spread of virus 
within themselves. In a group of animals passing virus 
by horizontal or congenital routes, a major objective 
would be to block viral infection and replication by 
immunologic and/or pharmacologic means. First, vir- 
emic or virus-excreting individuals that serve as a 
reservoir for infection of susceptibles should be identi- 
fied, immunized and treated with antiviral agents that 
act on steps after integration of proviral DNA. 
Second, these susceptibles should be identified; as an 
example, individuals who do not circulate neutraliz- 
ing antibodies and who contact viremic individuals 
might constitute a group at risk. These susceptibles 
should be immunized and receive agents designed to 
interfere with viral entry or synthesis of provial DNA. 
Third, individuals with tumors should be treated in 
the same way as the virus shedders, both to eliminate 
a reservoir of infection and to block possible recruit- 
ment. Immunization in this situation means the 
stimulation of virus-neutralizing antibodies, either by 
the injection of inactivated virus or of virus envelope 
glycoprotein (gp 69/71). Of course, tumor-bearing in- 
dividuals would also benefit from treatment with 
agents that specifically block transformation func- 
tions, or from immunotherapy designed to enhance 
a cytotoxic response to viral-related neo-antigens on 
the tumor surface. 


Inhibitors of viral functions 

Although we can begin to see when specific viral 
functions should be blocked in various circumstances, 
unfortunately no selective, potent pharmacologic inhi- 
bitors of any of these functions have been found. The 
dearth of useful compounds may be attributable to 
the mechanistic similarity of cellular and viral func- 
tions, a major problem in the development of anti- 
viral agents in general. At any rate, most of the inhibi- 
tors that have been described are toxic to cells or 
animals; this toxicity complicates the interpretation 
of observed effects of these compounds in cell culture 
or in animals. For example, interference with cellular 
growth impairs cellular transformation and viral rep- 
lication [19, 20, 45]. 

Steps leading to both replication and transforma- 
tion include adsorption, penetration, and synthesis 
and integration of proviral DNA. Immunization lead- 
ing to the production of neutralizing antibodies is the 
most straightforward approach to blockade of 
adsorption and penetration. Problems of safety associ- 
ated with the use of attenuated or inactivated onco- 
genic viruses as vaccines might be overcome by im- 
munization with the high molecular-weight envelope 
glycoprotein (gp 69/71). Although no pharmacologic 
inhibitors of adsorption and penetration are known, 
selective interference with these events is feasible. 
Fragments, derivatives or analogues of viral envelope 
glycoproteins might block penetration by competing 
for binding sites on the cell surface. Different com- 
pounds would probably be required for different viral 
subgroups or types. This situation might be analogues 
to the specific inhibition of post-adsorption 
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penetration of A-2 influenza amanta- 
dine [46]. 

By contrast, a great variety of inhibitors of reverse 
transcriptase have been studied; we have recently 
reviewed this field [47]. Virtually all of the inhibitors 
of reverse transcriptase described to date also inhibit 
cellular DNA polymerases. Compounds that act by 
binding to the enzyme inhibit cellular and viral poly- 
merases approximately equally [47]. As expected, the 
potent inhibitors are cytotoxic [47]. More selective 
enzyme-binding agents are badly needed, but it is not 
obvious where to search for these or what compounds 
to synthesize. Substrate analogues, template-primer 
analogues or template-binding agents do not offer the 
potential for selectivity that enzyme-binding agents 
do [47]. Guntaka et al. [16] have recently found that 
ethidium bromide blocks the integration of proviral 
DNA by inhibiting the formation of covalently closed 
circular duplex intermediates. This compound is not 
specific; it also strongly interferes with mitochondrial 
RNA synthesis [48]. 

Low concentrations of actinomycin D block trans- 
formation and replication by inhibiting the transcrip- 
tion of viral RNA from proviral DNA [17]. Of 
course, this inhibition is nonspecific; cellular RNA 
synthesis is also blocked. We found that an analogue 
of adenosine, 3’-deoxyadenosine or cordycepin, blocks 
the induction of virus from infected but nonproducing 
cells [23]. These cells contain proviral DNA but do 
not synthesize whole virus. After treatment with halo- 
genated pyrimidines, the cells produce virus [49]; this 
phenomenon is called induction and is a model for 
the study of events in the life cycle that occur after 
integration of the provirus. Cordycepin blocks induc- 
tion at concentrations that are not cytotoxic [23]. 
Inhibition is observed only if the compound is present 
during the first 24hr after removal of the inducing 
agent [23]. We suggested that this compound inhibits 
induction by blocking the adenylation of viral RNA 
[23]. At concentrations that are not cytotoxic, cordy- 
cepin does not block cellular transformation after in- 
fection by murine sarcoma viruses.t This result may 
simply reflect the fact that a more limited transcrip- 
tion and/or adenylation of viral RNA sequences is 
necessary for transformation than for viral replication. 

No specific inhibitors of translation of viral mRNA 
are known. We found that interferon inhibits the in- 
duction of of virus by halogenated pyrimidines [50], 
and it is possible that inhibition of translation of viral 
mRNA is the mechanism of action. However, we* 
and others [51] found that the intracellular con- 
centration of viral proteins is not lowered by treat- 
ment with interferon. These results suggest that inter- 
feron may act in this situation by inhibiting the 
assembly of viral proteins and RNA or the budding 
and release of mature virus [51]. No other specific 
inhibitors of viral assembly and release are known. 

Several agents of widely varying chemical composi- 
tion have been reported to inhibit or reverse transfor- 
mation of cells in tissue culture. The variety of these 
agents, plus the tendency to inhibit transformation 
by a variety of tumor viruses and chemicals, suggests 
that the mechanism of action is on secondary cellular 
events necessary to initiate and maintain the trans- 
formed phenotype, rather than on primary viral- 
coded functions. Some of these agents include cyclic 


virus by 
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AMP or its analogues [52]. histones or other polyca- 
tions [53], dimethyl sulfoxide [54]. monovalent. con- 
canavalin A [55]. inhibitors of proteases [56,57] and 
hyaluronidase [58]. With the possible exception of 
a rifamycin derivative [59]. we know of no compound 
that specifically inhibits or reverses transformation by 
RNA tumor viruses. Pre-treatment of sarcoma viruses 
with rifamycin derivatives inhibits transformation 
[45] or leukemogenesis [60] in proportion to the 
extent of inhibition of reverse transcriptase. Treat- 
ment of animals with viral-induced tumors with rifa- 
mycins that potently inhibit reverse transcriptase has 
yielded variable results [61].* One problem is a lack 
of information on the absorption, distribution, meta- 
bolism and excretion of these rifamycin derivatives. 
Also, as discussed above. the dependence of tumor 
growth on continuous synthesis of proviral DNA is 
not clear. 


Outlook 

Progress toward selective inhibition of the replicat- 
ing and transforming functions of RNA tumor viruses 
is likely to be slow. since the details of many of these 
functions are not understood. Even when a specific 
viral process is fairly well understood, such as syn- 
thesis of proviral DNA, no clues are obvious to guide 
the search for selective inhibitors. Two approaches 
may be helpful. One obvious direction is a continuing, 
combined biochemical and genetic analysis of (a) con- 
ditional mutants of transforming Viruses and (b) non- 
transformed revertants of cells initially transformed 
by RNA tumor viruses. For the analysis of leukemia 


viruses, a transformation assay in vitro would be very 
helpful: such an assay probably depends on finding 


and culturing the proper target cell. Another 
approach is to study how cells restrict the expression 
of these viral functions. For example. an understand- 
ing of how murine cells of genotype Fv-1" can re- 
strict the replication of B-tropic leukemic viruses [37] 
might lead us to mimic this regulation. This restric- 
tion is genetically dominant [36]. suggesting that cells 
produce a factor that blocks a step that is subsequent 
to proviral integration. This factor should be charac- 
terized. Whenever specific inhibitors do become avail- 
able, their rational use will depend on a clear under- 
standing of the role of the virus in the initiation and 
maintenance of the tumor in question. 
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N-ACETYL,4-O-METHYLDOPA, A MAJOR 
METABOLITE OF L-4-O-METHYLDOPA IN 
MAN AND RAT 
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Abstract—N-Acetyl,4-O-methyldopa was identified as a major urinary metabolite of L-4-O-methyldopa, 
both in man and in the rat. The urinary metabolites were examined in man after oral and in rat 
after intraperitoneal administration of L-4-O-methyldopa, L-3-O-methyldopa, L-dopa and N-acetyl,4-O- 
methyldopa. 4-Mdopa was found to be converted mainly to N-acetyl,4-Mdopa and iso-HVA and very 
little to the corresponding pyruvic and lactic acids, whereas 3-Mdopa was metabolized to its pyruvic, 
lactic and acetic (HVA) derivatives and practically not acetylated. It is suggested therefore that the 
3-hydroxy.4-methoxy group (the iso-vanyl structure) prevents transamination and that N-acetylation 
represents an alternative metabolic pathway. The lack of N-acetyl,4-O-methyldopa after the L-dopa 
loads shows that L-dopa is not 4-O-methylated and therefore that 4-O-methyldopa is not, or only 
in a minute amount if any, an in vivo metabolite of L-dopa. N-Acetyl,4-Mdopa administration to 
rats resulted in excretion of the compound almost unchanged. These results agree with a previous 
suggestion by the authors of partly distinct metabolic routes for the O-methyl catecholamines according 
to whether the methyl group is bound on the meta or on the para position and raises the question 
as to what extent iso-HVA levels in body fluids are representative of a para-O-methylation of dopamine, 


implicated in neuropsychiatric disorders. 


Recently, Mathieu et al. studied the urinary vanyl 
(3-methoxy,4-hydroxyphenyl-) and iso-vanyl (4-meth- 
oxy,3-hydroxyphenyl-) carboxylic acids in rats after 
intraperitoneal loads with dopamine and related pre- 
cursors and derivatives [1]. Following L-4-O-methyl- 
dopa administration, homo-iso-vanillic acid (iso- 
HVA) was found to be the most prominently elevated 
urinary metabolite, but two other compounds were 
present, corresponding to iso-vanyllactic acid and to 
an unknown iso-vanyl compound. This unknown 
compound disappeared completely after hydrolysis of 
the urine with HCI at pH 1, for 10 min. Following 
the intraperitoneal administration of L-3-O-methyldo- 
pa, and in agreement with other reports [2, 3, 4], the 
levels of homovanillic and vanyllactic acids appeared 
to be elevated but only traces of the vanyl counterpart 
of the unknown spot after 4-Mdopa were seen. 
These observations led us to suggest the existence 
of partly distinct metabolic routes for the O-methyl 
catecholamines according to whether the methyl 
group was bound on the meta or on the para position. 
Confirming this suggestion, we now report the 
identification of this unknown iso-vanyl urinary meta- 
bolite of 4-Mdopa and present some different aspects 





Abbreviations: 3-Mdopa, 4-Mdopa = L-3- and L-4-0- 
methyldopa: HVA = 4-hydroxy,3-methoxyphenylacetic 
acid, homovanillic acid; iso-HVA = 3-hydroxy,4-methoxy- 
phenylacetic acid, homo-iso-vanillic acid; N-Ac,4-Mdo- 
pa = N-acetyl,4-O-methyldopa; VLA, iso-VLA = vanyl- 
and iso-vanyllactic acid: 4-MDA = 4-O-methyldopamine. 

+ From the Département de spectrométrie de masse et 
de spectroscopie infra-rouge, Laboratoire de chimie analy- 
tique, Faculté de Médecine et Pharmacie, Lyon, France. 
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of the excretion of vanyl and iso-vanyl compounds 
in man and rats. 


EXPERIMENTAL 


Reagents. L-3- and L-4-O-methyldopa were the 
generous gifts of Hoffmann-LaRoche, Basle (Switzer- 
land) and Weiders Farmas6ytiske a/s, Oslo (Norway). 
Homo-iso-vanillic acid was synthesized according to 
a previously described procedure [6]. The prep- 
aration of N-acetyl,4-O-methyldopa was carried out 
by N-acetylation of 4-Mdopa, according to Kemp 
[7]: 4-Mdopa (50 mg) was dissolved in a mixture of 
acetic anhydride and glacial acetic acid (2 ml of each) 
and refluxed for 10min. The reaction mixture was 
then added to dilute sodium hydroxide and extracted, 
at pH 1, with ethyl acetate. The dried residue after 
evaporation of the solvent was purified by preparative 
chromatography on Whatman 3MM _ paper, pre- 
viously washed with acetic acid using isopropanol- 
ammonia—water (8:1:1) as solvent. N-Ac,4-Mdopa 
was eluted from the paper with ethyl acetate and re- 
crystallized from the cooled concentrated solution. All 
other compounds were obtained from commercial 
sources. 

Assays on rats. Assays were performed according 
to the procedure previously described in detail by the 
authors [1]. Briefly, the 24 hr urines following intra- 
peritoneal injection of 4-Mdopa, 3-Mdopa, L-dopa or 
N-Ac,4-Mdopa (each at a dose of | mg/100 g body 
wt) to albino, Sprague-Dawley strain, rats of both 
sexes, were collected in HCI (1:(0N, 2ml) in glass 
metabolic cages. The phenolic acids were extracted 
with ethyl acetate and separated by bi-dimensional 
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paper chromatography (see Fig. 1). The spots were 
detected by u.v. light (250nm) and diazotized para- 
nitroaniline. As the vanyl and iso-vanyl isomers exhi- 
bit identical chromatographic mobilities (R, values), 
elution and re-chromatography of their azo-deriva- 
tives, according to Mathieu er al. [8,9], was useful 
for their separation and identification. The amines 
Were determined according to Kakimoto and Arm- 
strong [10]. 

In order to get a sufficient amount of the unknown 
urinary metabolite following 4-Mdopa_ administ- 
ration. the 24hr urine of three rats loaded with 
4-Mdopa was pooled, extracted and submitted to pre- 
parative chromatography on Whatman 3 MM paper, 
previously washed with acetic acid, using: isopro- 
penol-acetic acid-water (8:1:1) as solvent, ascending 
development. The compound was eluted from the 
paper with ethyl acetate and, after evaporation of the 
solvent, submitted to mass spectrometry (AEI MS 902 
mass spectrometer) and infrared spectroscopy (Perkin 
Elmer instrument, model 452). Mass and infrared 
spectra of the parent compound 4-Mdopa were first 
récorded for comparison. 

Human assays. Fasting healthy adult volunteers re- 
ceived orally either 4-Mdopa (500 mg, three assays), 
3-Mdopa (500 mg, three assays) or L-dopa (3 g, three 
assays). The 24-hr urines were collected (in one case 
after L-dopa, at different time intervals: 0-3 hr, 3-6 
hr, 6-9 hr, 9-12 hr and 12-24 hr) and analyzed by 
paper chromatography as outlined above. 

Enzymatic hydrolysis of the urine (from man and 
rats) was done with a preparation of f-glucuronidase 
arylsulfatase from Helix pomatia (Industrie Biologi- 
que Frangaise, 92-Gennevilliers, France). 10 ml of 
urine was adjusted at pH 5—5-2 with a 10°, KHCO, 
aqueous solution, then 1 ml of 1-0 M acetate buffer, 
pH 5-2 and 0-1 ml of the enzyme preparation were 
added. The mixture was incubated at 37 for 24 hr. 
Absence of catecholamine metabolites in the enzyme 
preparation was checked by paper chromatography. 

The metabolites HVA, iso-HVA, VLA and N-Ac,4- 
Mdopa were estimated quantitatively as previously 
described [1], by visual comparison with standards 
(from 0-05 to 20g) chromatographed in the same 
way as the biological extracts. Aliquots of the urinary 
extracts were measured within the standard range. 


RESULTS AND DISCUSSION 


Identification of the unknown urinary metabolite of 


L-4-O-methyldopa. Mass spectra were recorded at an 
electron energy of 70eV, an accelerating voltage of 
8 kV and an ionizing current of 100 “A. The sample 
temperature was 150 . The mass spectrum of 4-Mdo- 
pa shows the presence of a molecular ion peak at 
nye 211 and fragment ion peaks at m/e 166, 137, 122, 
94, corresponding to the fragmentation pattern shown 
in the upper part of Fig. 2. The mass spectrum of 
the unknown metabolite shows the presence of a mo- 
lecular ion peak at m/e 253 and fragment ion peaks 
at m/e 236, 208, 194, 179, 166, 137, 122, 94. The find- 
ing of an increase of 42 a.m.u. in the value of the 
molecular ion in relation to 4-Mdopa, as well as the 
occurrence of fragment ions at m/e 43 and m/e 194 
(corresponding to M* —59) were consistent with the 
hypothesis that the unknown metabolite was the 











Fig. 1. Chromatographic location of the main phenolic 
acids with vanyl and isovanyl structures following intraper- 
itoneal administration to the rat of L-3-methyldopa and 
of L-4-methyldopa. Bidimensional chromatogram on 
Whatman No. 20 paper; solvent 1, isopropanol-ammonia 

water (8:1:1, by vol.) descending development: solvent 2, 
benzene-propionic acid-water (100:70:4, by vol) ascend- 
ing development. Spots were detected under u.v. light 
(254nm) and with diazotized p-nitroaniline. 8 = vanillic 
acid (violet) after 3-Mdopa load; 9 = homovanillic acid 
(grey-blue) and homo-iso-vanillic acid (violet); 10 = vanyl- 
lactic acid (grey-blue) after 3-Mdopa load and iso-vanyllac- 
tic acid (violet), traces after 4-Mdopa load: 13 = vanyl- 
mandelic acid (violet) after 3-Mdopa load and iso-vanyl- 
mandelic (violet), traces after 4-Mdopa load; 19 = un- 
known iso-vanyl compound (violet) after 4-Mdopa_ load, 
traces of the vanyl counterpart (grey-blue) after 3-Mdopa 
load. Outlined spots and corresponding numbers = usual 
free phenolic acids in rat urine, as previously described 

and listed by the authors [1, 5]. 


N-acetylated derivative of 4-Mdopa. This was con- 
firmed by high resolution mass determinations of 
the fragment ions at m/e 253, 194, 179 and 166, the 
values of which were 253.095794, 194.058203, 
179.034529 and 166.087194 respectively, correspond- 
ing to the elementary formulas C,,H,;NOs, 
Cy 9H;9O4, CoH7O4 and CgH,,NO;. Identical mass 
spectrometric data were obtained with authentic 
N-Ac,4-Mdopa. The fragmentation pattern of N-Ac,4- 
Mdopa is presented in the lower part of Fig. 2. 

Infrared spectroscopy of the unknown metabolite and 
of authentic N-Ac.4-Mdopa confirmed the identity of 
the two compounds. It can be concluded, therefore, 
that spot No. 19 on the chromatogram following L-4- 
O-methyldopa administration to rats (Fig. 1) is the 
N-acetyl derivative of the amino acid. 

Urinary iso-vanyl metabolites following L-4-O-meth- 
vidopa, L-3-O-methyldopa, L-dopa and N-acetyl4-O- 
methyldopa loads in man and in rats. The urinary pat- 
terns of the metabolites found after the different loads 
to man and rats are presented in Table 1. In rat, 
following intraperitoneal administration of 4-Mdopa, 
the urinary output of N-Ac.4-Mdopa, excreted wholly 
unconjugated, was about 1/4 of that of iso-HVA, 
while iso-VLA was estimated to be less than 1/10 of 
iso-HVA. Neither iso-vanylpyruvic acid, nor the 
amino acid (4-Mdepa) itself was detected. Following 
the 3-Mdopa loads, the relatively poor excretion pat- 
tern of the drug and its metabolites is in agreement 
with other reports [2, 11, 12,13]. In addition to the 





In vivo N-acetylation of L-4-O-methyldopa 
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Fig. 2. Fragmentation patterns proposed for 4-O-methyl- 

dopa (upper part) and for N-acetyl,4-O-methyldopa (lower 

part). Asterisks indicate metastable peaks. The appearance 

of the M*-59 ion by loss of a neutral fragment 

NH,-CO-CH, results from a MacLafferty fragmentation 
process with a proton rearrangement. 


amino acid (3-Mdopa). vanylpyruvic acid, VLA and 
HVA, traces of a compound having the same chroma- 
tographic characteristics (R,; values) as N-Ac,4-Mdo- 
pa, except for the colour with diazotized para-ni- 
troaniline, which was blue, was observed. This minor 
urinary metabolite of 3-Mdopa is most probably N- 
acetyl,3-O-methyldopa. 

N-Acetyl,4-O-methyldopa was also found in human 
urine after administration of 4-Mdopa (500mg, or- 
ally). It was excreted in relatively larger amounts than 
in the rat. This is probably due to the different routes 
of administration, oral administration favouring an 
increased formation in the liver, rather than to a spe- 
cies difference. Tyce [14] noted, in liver perfusion ex- 
periments, a significant production of N-acetyl deriva- 
tives of dopamine. Enzymatic hydrolysis of the urine, 
with f-glucuronidase-arylsulfatase from Helix poma- 
tia, resulted in an increase in the N-Ac,4-Mdopa level 
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giving evidence of partial conjugation of the com- 
pound on the 3-hydroxy group. The ratio of free :total 
N-Ac,4-Mdopa in urine was about 3:4. Very small 
amounts of iso-VLA, but no iso-vanylpyruvic acid 
was detected. The amino acid (4-Mdopa) however was 
seen on the chromatograms. Following 3-Mdopa ad- 
ministration to man the results were similar to those 
from rats, with poor excretion of the metabolites, 
compared with the elimination after the 4-Mdopa and 
the L-dopa loads. Traces of N-Ac,3-Mdopa were al- 
ways found after 3-Mdopa administration in human 
subjects. 

Thus, the main difference between 4-Mdopa and 
3-Mdopa metabolism is that 4-Mdopa is mainly con- 
verted to N-Ac,4-Mdopa and iso-HVA with very little 
to the corresponding pyruvic and lactic acids whereas, 
3-Mdopa is metabolized to its pyruvic, lactic and ace- 
tic derivatives and almost not acetylated. Since it is 
generally accepted that the slow metabolism of 
3-Mdopa is a consequence of being a poor substrate 
for dopa decarboxylase [15,16], the formation of 
VLA takes place after transamination to vanylpyruvic 
acid [16,17]. Our results suggest, in addition, that 
the 3-hydroxy.4-methoxy group (the iso-vanyl struc- 
ture) prevents transamination and therefore that N- 
acetylation represents an alternative metabolic path- 
way. 

We suggested previously [1] that, due to the lack 
of any iso-vanyllactic acid on our chromatograms fol- 
lowing intraperitoneal administration of L-dopa to 
rats, both L-dopa and its catabolic derivatives leading 
to VLA (ie. 3,4-dihydroxyphenylpyruvic and 3,4-di- 
hydroxyphenyllactic acids) do not undergo para-O- 
methylation, and therefore that it was unlikely that 
4-Mdopa would be an in vivo metabolite of L-dopa. 
From the present results, which show that iso-VLA 
is only a very minor whereas N-Ac,4-Mdopa is a 
major derivative of 4-Mdopa, it appears that our pre- 
vious discussion was erroneous but that its conclusion 
remains true, due to the absence of N-Ac.4-Mdopa 
on the chromatograms from rats given L-dopa. Also 
in man N-Ac,4-Mdopa was not detected in 24-hr ur- 


Table 1. Urinary metabolites of L-4-O-methyldopa, L-3-O-methyldopa, L-dopa and N-acetyl,4-O-methyldopa in man 
and in rat 





Amino 
Substance acid 


N-acetylated 
amino acid 


Corresponding 
pyruvic acid 


Corresponding 
lactic acid 


Homovanillic Homo-iso- 


acid vanillic acid 


Corresponding 
Dopac 


amine 





Assays on rats 
4-Mdopa 
3-Mdopa 
L-Dopa 
N-Ac.4-Mdopa 


Human assays 

4-Mdopa 

3-Mdopa 

L-Dopa ' (+) 


+ (5-5) 
+ (25) + (2°5 + + ( 





Assays on rats. All compounds were given by intraperitoneal injection, at a dose of 1 mg/100g body wt. Each 


assay was done in duplicate. 


Human assays. All compounds were given orally; 4-Mdopa and 3-Mdopa at a dose of 500 mg, 


of 3 g. Three assays were done with each compound. 


L-dopa at a dose 


The metabolites were estimated in the 24 hr urines following the loads, using paper chromatography: 0 = not detected: 


(+) = traces; + = present to + + + = larger amounts. Numbers in parentheses indicate recovery 


the main metabolites, in per cent of the compound given. 
* Total recovery: free + conjugated. 


levels of some of 


*In one assay N-acetyl.4-O-methyldopa and N-acetyl,3-O-methyldopa were detected in urine 6-9 hr following the 
ingestion. The total level of both compounds was less than 0-1 per cent of the given L-dopa. 
+ N-Acetyl.4-O-methyldopamine: standard in course of synthesis. 
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ine samples following L-dopa administration. When 
urine was collected at various time intervals, N-Ac,3- 
Mdopa + N-Ac.4-Mdopa, both at a very low level 
(see Table 1) were detected in the 6~9 hr post-inges- 
tion urine. This observation, which indicates possible 
formation in man of a minute amount of 4-Mdopa 
from L-dopa, when given orally, is to be compared 
with the finding of Karoum et al. that the VLA out- 
put after L-dopa administration reaches its maximum 
in the same 6-9 hr urine sample, due to the slow me- 
tabolism of 3-Mdopa formed from L-dopa [18]. 

N-Acetylation of normally occurring aromatic 
amino acids (phenylalanine, tyrosine, histidine) as well 
as foreign aromatic amino acids is a well known path- 
way in mammals [19, 20,21], but even aliphatic 
amino acids, like cystathionine in cystathioninuria, 
can be acetylated [22]. Different N-acetylated amines 
have also been detected in urine from patients with 
pheochromacytoma, neuroblastoma and carcinoid tu- 
mors as well as after mescaline and dopa loads or 
monoamine oxidase inhibitors [23, 29]. However, we 
do not know whether the N-acetylated amino acids 
can be decarboxylated or the N-acetylated amines can 
be deaminated before N-deacetylation. 

In this study (see Table 1), N-acetyl,4-O-methyldo- 
pa administration to the rat resulted in an excretion 
of the compound mostly unchanged, being almost 
four times greater than that of iso-HVA; iso-VLA was 
not detected on the chromatograms. This indicates 
that the N-acetylated amino acid is not transaminated 
and is, in addition, a poorer substrate for dopa decar- 
boxylase than the O-methylated compound. With re- 
spect to the increase in iso-HVA, it is not possible 
to state whether it accounts for a partial decarboxyla- 
tion and further N-deacetylation of N-Ac,4-Mdopa 
to give 4-O-methyldopamine (4-MDA) and iso-HVA, 
or if the N-acetylated amine (i.e. N-acetyl,4-O-methyl- 
dopamine formed through decarboxylation of N- 
Ac,4-Mdopa) itself may be deaminated, being a sub- 
strate-for some of the amine oxidases. 

Evidence has already been given that 4-MDA may 
be formed in vitro from dopamine with purified cate- 
chol-O-methyltransferase [30] as well as in vivo in 
man [31]. In similitude with 4-Mdopa, a possible 
pathway of 4-MDA may be through N-acetylation. 
If such was the case, it would be important to test 
to what extent N-acetyl,4-O-methyldopamine is a sub- 
strate for amine oxidase and thus for the formation 
of iso-HVA (whereas 3-O-methyldopamine almost ex- 
clusively leads to HVA). This is of interest as we know 
that iso-HVA is present in brain [9] and in body 
fluids such as urine and cerebrospinal fluid 
[6, 8,9, 31] and that para-O-methylation of dopamine 
may be implicated in some neuropsychiatric dis- 
orders. It has been claimed that while 3,4-dimethoxy- 
phenylethylamine produces hypokinesis in rats and 
has pharmacological effects in other species, its N- 
acetylated derivative is ten times more potent than 
the amine in producing these effects [32, 33]; contrar- 
ily in man N-acetylated mescaline and N-acetyl,di- 
methoxyphenylethylamine are non-hallucinogenic and 
inactive, respectively, compared with mescaline and 
dimethoxyphenylethylamine [34, 35]. 
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Abstract 


Rats with permanent indwelling cerebral ventricular cannulae were shown to lose their right- 


ing reflex in response to centrally injected phenobarbital in a dose-related manner. Administration 
of four daily injections of 800 zg each over a 4- to 5-day period produced a gradual tolerance to 
the hypnotic effect. which was reversible after suspension of the drug regimen. This tolerance was 
associated with an increase in hepatic drug-metabolizing activity, measured as p-nitroanisole demethy- 
lase. The microsomal enzymes have been excluded as mediators of tolerance. however. on the basis 
of temporal and quantitative comparisons between the level of hepatic enzymatic activity and the 
degree of tolerance. The data are consistent with the concept that tolerance to the hypnotic action 
of phenobarbital is mediated through an adaptation of the central nervous system. 


Accelerated hepatic metabolism has been implicated 
in the development of tolerance to the short-acting 
barbiturates, e.g. pentobarbital and hexobarbitai 
[1-3]. However, a number of reports [4-9] suggest 
that the increased hepatic disposition resulting from 
induction of the hepatic microsomal mixed-function 
oxygenases by chronic administration of the barbitu- 
rates cannot account for the tolerance observed with 
the long-acting barbiturates, such as phenobarbital 
and barbital, which are biotransformed minimally or 
not at all [5]. For example. blood levels of the bar- 
biturates in tolerant animals or patients continue to 
rise at a time when tolerance to the action of the 
drug is evident. Consequently. these observations led 
to the proposal that the attenuated hypnotic response 
reflects an altered sensitivity of the central nervous 
system (CNS) to the drugs. 

It was the purpose of this investigation to evaluate 
directly the relative contributions of the liver and 
CNS to tolerance development to phenobarbital by 
administering the drug directly into the lateral cere- 
bral ventricles of conscious rats. Evidence has been 
obtained which supports the concept of a centrally 
mediated process being involved in the production 
of tolerance to centrally injected phenobarbital, as de- 
termined by the progressive shortening of the loss of 
righting reflex to a given dose of drug. 


EXPERIMENTAL 


Preparation of animals. Male Sprague-Dawley rats 
(150-170 g) were placed under ketamine anesthesia 
(150 mg/kg intraperitoneally) and a burr hole was 
drilled through the skull 1-5mm lateral to bregma. 
A 23 gauge stainless steel guide for intracerebroventri- 
cular (i.c.v) injections was then inserted through the 
burr hole and directed toward the lateral ventricle. 
The guides were permanently fixed to the skull with 
dental cement. Each animal received 6000 units of 
benzathine pencillin intramuscularly to minimize in- 
fection. The animals were allowed to recover from 


surgery for at least | week before they were subjected 
to the experimental protocols. 

Drug administration. Phenobarbital sodium was dis- 
solved in 0-9°,, NaCl and injected into conscious ani- 
mals in a 10-yl volume over a 20-sec interval via a 
30 gauge cannula inserted through the guide. Control 
rats were injected with the saline vehicle adjusted with 
NaOH to the same pH as that of the phenobarbital 
solution, i.e. pH 9. (Phenobarbital has a pKa of 7:2 
and below pH 9 precipitates from solution.) At the 
end of the experiment, methylene blue was injected 
through the guide and the brain was examined mic- 
roscopically in order to confirm the i.c.v injection site. 

The hypnotic effect of the barbiturates was re- 
corded as the interval between the time the animal 
lost and subsequently regained its righting reflex. 

O-demethylase activity. A 20°, homogenate of liver 
was prepared in 0:25M sucrose containing 0-02M 
Tris buffer and 0-:006M disodium EDTA. After an 
initial centrifugation at 15,000 g for 30 min, the super- 
natant fluid was re-centrifuged for 20 min at the same 
force. The postmitochondrial supernatant thus pre- 


, pared was analyzed for O-demethylase activity with 


p-nitroanisole as substrate according to the method 
of Netter and Seidel [10]. Results are expressed as 
pmoles p-nitrophenol formed/g wet weight of liver/hr. 


RESULTS 


Dose response to i.c.v phenobarbital. The duration 
of loss of righting reflex for a dosage range of 
400-1000 yg is presented in Fig. 1. The hypnotic effect 
occurred 2-3 min after the start of the injection and 
lasted for 24 + 3 min (mean + S. E. M.) at the highest 
dose. No observable effects were produced by i.c.v-ad- 
ministered saline. 

Since the rats weighed an average of 218g at the 
time of barbiturate injection, the 400 and 1000 pg 
doses are equivalent to a total body dose of 1-8 to 
4:5 mg/kg. Intraperitoneal (i.p.) or intravenous ad- 
ministration of these doses did not cause a loss of 
righting reflex. In order to produce a loss of righting 
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Loss of righting reflex, 
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Duration of loss of righting reflex after injection 
of various doses of phenobarbital sodium into the lateral 
ventricle of the rat. Each point represents the mean + 
S.E.M. The numbers along the graph lines indicate the 
number of animals examined at each dose. The solid line 
represents control animals; the broken line represents 

tolerant animals. 


reflex by the intraperitoneal route of drug administ- 
ration. a dose of 90 mg/kg was required. This consti- 
tutes a dose which is 50 times larger than the centrally 
injected threshold dose. 


Tolerance development. Since an acute dose of 


1000 xg phenobarbital sodium was occasionally. leth- 
al, 800 jg was chosen as our standard i.c.v dose to 
study tolerance development. 

Administration of 800 zg phenobarbital four times 
daily (ic. a total daily dose of 13 mg/kg) for 4 con- 
secutive days resulted in the attenuation of the hyp- 
notic response (Fig. 2). This regimen consisted of two 
injections 30 min apart in the morning and repeated 
in the afternoon. To minimize possible variability in 
response due to diurnal factors. the animals were in- 
jected during the same time periods each day. Toler- 
ance developed progressively as indicated by a shor- 
tening in the duration of loss of righting reflex which 
ultimately attained a stage in which the animals were 
virtually unaffected by the test dose of phenobarbital. 
When control rats that had received i.c.v saline for 
4 days were challenged with 800 ng phenobarbital on 
day 5. their response was indistinguishable from that 
found with naive animals. 

Suspension of drug treatment after the 4 consecu- 
tive days of barbiturate administration resulted in a 
gradual return of the duration of the righting reflex 
toward normal. After 1 week, the duration of the re- 
sponse was not significantly different from that of sa- 
line-treated controls that had been challenged with 
the test dose (Fig. 2). 

One of the characteristics of drug tolerance is the 
restoration of the original response by increasing the 
administered dose. The duration of the loss of right- 
ing reflex in the tolerant rats could be restored to 
the initial value, Le. about 15 min, by administration 
of 1000 yg centrally. Indeed, the entire dose-response 
curve shifts to the right as depicted in Fig. 1. 

Relationship of tolerance to the hepatic drug metabo- 
lism activity. To ascertain the extent to which in- 
creased hepatic drug oxidation might contribute to 


the tolerance produced by central administration of 
phenobarbital. the oxidative drug-metabolizing ac- 
tivity. ie. the O-demethylation of p-nitroanisole, was 
measured in the postmitochondrial fraction of liver 
homogenates prepared from animals at various points 
in the treatment schedule (Fig. 2). 

On day 5 of successive icv injections, the hepatic 
O-demethylase activity was 3-4-fold greater than that 
of saline-treated controls. in which the formation of 
p-nitrophenol averaged 1:(00+0-1 jumole/g/hr. Al- 
though the stimulation of demethylase activity varied 
inversely with the development of tolerance. impor- 
tant temporal differences exist between the two para- 
meters. Thus. in spite of the fact that both were maxi- 
mal at day 5. enzyme activity appeared more rapidly 
than did tolerance during day | of development. Of 
even greater significance. however. is that. when drug 
treatment was discontinued after day 4. the enzyme 
activity dropped to control values by day 8, at a time 
when maximal tolerance to the hypnotic effect was 
still maintained. Indeed. the hypnotic response did 
not return to that of identically handled saline-treated 
controls until | week (day 11) after cessation of the 
drug regimen. 

A similar increase in enzyme activity was found 
on day 5 after daily intraperitoneal administration of 
phenobarbital at a dose equivalent to that injected 
centrally. ie. 13 mg/kg per day. This latter observa- 
tion suggests that the centrally injected drug enters 
the peripheral circulation and exerts an inductive ef- 
fect on the hepatic mixed-function to oxidase system. 

Effect of hepatic enzyme induction on response to 
i.c.t- phenobarbital and i.p. hexobarbital. In order to 
test whether the tolerance to centrally administered 
phenobarbital could also be observed in rats made 
tolerant to systemically administered barbiturate, 
rats were treated intraperitoneally with phenobarbital 
to induce the hepatic mixed-function oxygenases and 
were compared to rats that were centrally treated. 
Two doses of phenobarbital were used, 80 mg/kg per 
day to maximally induce the hepatic enzymes and 
13 mg/kg per day. which is equivalent to the daily 


min 


Duration of loss 
of righting reflex, 
liver per hr 
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Fig. 2. The duration of hypnotic response to centrally 
administered phenobarbital (solid line) compared to hepa- 
tic p-nitroanisole O-demethylase activity (broken line) as 
a function of day of treatment. During days |—4 (horizontal 
bar). all rats received four daily i.c.v injections of phenobar- 
bital (800 jg/injection) as described under Experimental 
and the hypnotic response to the first of these daily injec- 
tions is presented in the graph. Subsequent values for days 
5. 6. 8 and 11 represent hepatic O-demethylase activity 
and hyponotic response to a single 800 yg i.c.v dose of 
phenobarbital in the rats which had been made tolerant. 
All points are expressed as the mean + S. E. M.: numbers 
in parentheses denote the number of animals. The asterisk 
indicates P < 0-005. 
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dose injected i.c.v. The results of this experiment are 
listed in Table 1. 

Pretreatment centrally and intraperitoneally with 
daily doses of phenobarbital resulted in enhanced p- 
nitroanisole demethylase activity and tolerance to ip. 
hexobarbital. The hypnotic response to hexobarbital 
administration in the tolerant animals ranged from 
34 to 54 per cent of that found in control animals. 
The actual sleep time values, however. were lower in 
the case of the control animals in the group receiving 
80 mg/kg of phenobarbital i.p. as well as in all sub- 
sequent animals. This change coincided with the use 
of a new batch of hexobarbital. 

Tolerance to centrally administered phenobarbital 
also was observed in rats that had received either 
phenobarbital centrally or the high (80 mg/kg) dose 
of the drug intraperitoneally daily for 4 days. The 
degree of tolerance was considerably less in the latter 
group as compared to the former. however. despite 
the fact that the demethylase activity was greater in 
the rats treated ip. Indeed, animals treated daily with 
13 mg/kg were not tolerant to i.c.v PB, although the 
hepatic enzyme activity was equivalent to that in the 
i.c.v-treated rats. 


DISCUSSION 


Tolerance to barbiturates might be a consequence 
of CNS adaptation, increased metabolic disposition, 
or a combination of these factors [3]. By administer- 
ing phenobarbital directly into the cerebral ventricles, 
it was hoped to resolve the relative contribution of 
hepatic enzyme induction and brain adaptation in the 
development of barbiturate tolerance. This technique 
offers the advantages of bypassing the blood-brain 
barrier and of injecting a precise amount of drug into 
a circumscribed site. The initial work showed that 
acute injection of phenobarbital by this route pro- 
duced a dose-related loss of righting reflex. 

Repeated central administration of phenobarbital 
for 4 consecutive days resulted in tolerance to the 


hypnotic response. That the shortened duration of the 
loss of righting reflex did represent true tolerance 
rather than nonspecific cell damage was substantiated 
by the following evidence: (1) the duration of the loss 
of righting reflex in tolerant rats could be restored 
to the initial value by increasing the dose; (2) control 
rats that had received i.c.v saline for 4 days responded 
as if they were naive animals when challenged with 
phenobarbital on day 5; and (3) upon suspension of 
drug treatment after 4 consecutive days of administ- 
ration, the response gradually returned toward nor- 
mal and after | week was indistinguishable from that 
obtained with saline-treated controls. Furthermore. 
histological examination revealed minimal cellular in- 
jury confined to the immediate area along the sides 
of the cannula guide. 

Oxidative drug-metabolizing activity, as reflected 
by p-nitroanisole demethylase activity, was increased 
in the livers of the barbiturate-treated rats. Thus it 
was important to establish what role. if any. this enzy- 
matic system played in shortening the duration of 
hypnotic response. 

The observed induction of the oxidative system is 
probably not due to any central process, inasmuch 
as enzymatic activity could be induced to a similar 
degree by intraperitoneal administration of doses 
comparable to those administered by the central 
route. Thus it appears that the barbiturate is cleared 
completely from the brain. Recent preliminary exper- 
iments measuring the rate of phenobarbital appear- 
ance in peripheral blood bear this out. 

However, the possibility that increased hepatic me- 
tabolism of the drug and subsequent elimination of 
the drug could account for the tolerance observed 
under the conditions of these experiments seems un- 
likely. The central dose is only 1/50 that required to 
cause a loss of righting reflex upon intraperitoneal 
administration. Thus, upon clearing the CNS, it 
would be diluted by the peripheral blood and tissues 
to result in concentrations which would be pro- 
foundly lower than those capable of producing CNS 


Table |. Effect of chronic phenobarbital pretreatment on hepatic demethylase activity and 
the hypnotic response to phenobarbital (i.c.v) and hexobarbital (i.p.)* 





Days | 4 


Day 5 





Sleep time (min) 


icv PB 


Pretreatment (800 pg) 


(100 mg/kg) 


p-NO,-anisole 
demethylase activity 
(umoles p-NO,-phenol 
g liver/hr) 


ip. HX 





Intraventricular 
Saline 
Phenobarbital* 

Intraperitoneal 
Saline 
Phenobarbitals 
Saline 
Phenobarbital 


0-7 (12) 
- O-5$ (14) 


0-8 (8) 


0-6 (10) 
+ 0-5¢ (10) 


- 0-2 (13) 
O-5t (14) 


2-4(8) 
3-2T(8) 


I+ I+ 


9-0 (8) 

1-24 (8) 
1-3 (6 
0-74 (6) 


+ 0-1 (8) 
3 + 0-34 (14) 
s+ 0-06 (4) 
+ 0-67 (4) 


I+ 4 I+ I+ 








* Figures in parentheses are numbers of animals; values represent means + S. E. M. 
PB = phenobarbital: HX = hexobarbital. 
+ Four daily doses of 800 ug each = 13 mg/kg per day. 

+ P < 0-002 compared to saline control values. 
$ One daily dose = 13 mg/kg per day. 
One daily dose = 80 mg/kg per day. 
“ Hypnotic response was tested using a new batch of HX. 
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depression. In this case, the contribution of hepatic 
metabolism would be expected to have a negligible 
role in terminating barbiturate activity. 

On the other hand, it was possible that a barbitu- 
rate metabolite. formed as a consequence of acceler- 
ated hepatic biotransformation, might penetrate into 
the brain and block a locus involved in barbiturate 
action. thereby producing tolerance to subsequent in- 
jections. Such a metabolite-receptor complex might 
have a longer half-life than that of the drug-metabo- 
lizing enzyme system and could explain why tolerance 
persists at a time when the demethylase activity has 
returned to normal. If this were the case, then induc- 
tion of the drug-metabolizing enzymes by i.p. pheno- 
barbital received chronically should protect the rat 
from the hypnotic action of centrally injected pheno- 
barbital. Such protection (tolerance) to icv phenobar- 
bital was observed in rats injected with a dose of 
80 mg/kg intraperitoneally for 4 days but not in those 
receiving the lower dose, which corresponds to that 
administered centrally. Although the possibility of a 
metabolically derived substance acting to protect the 
animal against the hypnotic effect of the barbiturate 
is not completely excluded, it seems unlikely as an 
explanation for the tolerance observed at the doses 
employed in the central administration experiments. 

Even though i.p. phenobarbital administration re- 
sulted in an attenuation of the hypnotic response to 
centrally injected drug, the degree of tolerance was 
not as great as with the chronic central injection. 
Since these data might be explained by relative differ- 
ences in drug levels present in the brain as a conse- 
quence of the two routes of administration, it would 
be important to measure these levels after each treat- 
ment. The high local concentration of phenobarbital 
following icv injection could overcome any adaptive 
change in the CNS which may have occurred during 
4 days of systemic administration. It is also possible 
that exposure to the drug for longer periods (greater 
than 4 days) might protect the animals from the hyp- 
notic effect of centrally administered drug. For 
example, Stevenson and Turnbull [11] pretreated 
young rats with various drugs for several weeks and 
found that the response to i.c.v pentobarbital could 
be influenced by the type and degree of tolerance. 

The results reported herein provide the first de- 
monstration that tolerance to phenobarbital can be 
produced by chronic central administration of this 
barbiturate. For the reasons cited above, it is unlikely 
that the liver and its ability to metabolize barbiturates 


play a role in this phenomenon. Oxidative biotrans- 
formation of the drug by the brain tissue is also un- 
likely. since cytochrome P-450 associated with this 
activity is absent [12]. We have also been unable to 
demonstrate oxidative activity in some preliminary 
work. Thus. we conclude that tolerance to centrally 
administered phenobarbital is a phenomenon separ- 
ate from that of accelerated breakdown due to en- 
hanced metabolism. 

Consequently, the nature of the tolerance appears 
to be a function of adaptation of one or more pro- 
cesses in the CNS. Whether such an adaptation de- 
pends on alterations in neurotransmitter concent- 
rations or turnover [13-15]. or by some other pro- 
cess. e.g. more rapid clearance of the drug from the 
ventricles. is under investigation. 
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Abstract—Rat peritoneal mast cells release histamine and accumulate **Ca in a dose-dependent manner 
when concentrations of compound 48/80 ranging from 0-1 to 1-0 zg/ml are incubated with suspensions 
of the cells for 5 min at 37°. Influx of *°Ca stimulated by compound 48/80 can be inhibited to varying 
degrees by prior addition of disodium cromoglycate. Inhibition was dependent on the concentration 
of both disodium cromoglycate and compound 48/80. The electrokinetic properties of intact rat mast 
cells are described; disodium cromoglycate caused a plasma membrane alteration possibly related 
to Ca?* influx. Cromoglycate increased mast cell electrophoretic mobility but decreased the electro- 
phoretic mobility of rat erythrocytes. The net electrophoretic mobility was a function of terminal 
sialic acid residues. ionic strength, and pH. Binding of disodium cromoglycate to Ca** could not 
be demonstrated by a variety of sensitive physical techniques. The data support the theory that secretion 
of mast cell histamine is coupled to Ca** influx. It is suggested that disodium cromoglycate prevents 
mast cell histamine release by a plasma membrane alteration which prevents an increase in membrane 


permeability to Ca?* stimulated by compound 48/80. 


Disodium cromoglycate is effective in the treatment 
of certain types of asthma [1]. The drug appears to 
have a direct protective effect on mast cells [2]. Di- 
sodium cromoglycate in vitro prevents histamine re- 
lease from mast cells caused by compound 48/80 [3], 
dextran [4], surface-active agents such as Tween 20 
[2]. and the addition of antigen to previously sensit- 
ized cells [5]. 

The mechanism of mast cell histamine release has 
been extensively studied, and it is known that calcium 
is required for release by compound 48/80 [6], or re- 
lease induced by the antigen-antibody reaction [7]. 
It has been suggested that, after the attachment of 
the releasing stimulus to the mast cell membrane. 
there is a change in the calcium permeability of the 
cell membrane followed by an influx of calcium into 
the cell [8]. The importance of Ca?* in the coupling 
of stimulus to secretion is well established in many 
systems [9]. Recently it has been demonstrated that 
injection of Ca** into mast cells causes histamine re- 
lease in the absence of any other stimulus to secretion 
[10]. Calcium ionophores. A2318 and X537A, have 
also been used to demonstrate that increasing the le- 
vel of intracellular Ga’* is sufficient to cause hista- 
mine release [11]. 

The available evidence indicates that Ca?~ ions are 
absolutely required and alone are sufficient to cause 
histamine release from mast cells. The mechanism of 
disodium cromoglycate’s protective effect on mast 
cells is unknown, but the drug does not interfere with 
the binding of antigen to previously sensitized cells 
[5]. The present studies were undertaken to deter- 
mine if disodium cromoglycate might prevent hista- 
mine release from rat peritoneal mast cells by pre- 
venting calcium influx in response to a histamine-re- 
leasing stimulus. Compound 48/80 was used to stimu- 
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late histamine release because at low concentrations 
its effect is similar to the antigen-antibody reaction 
[3]. Before the effect of cromoglycate on mast cell 
Ca** influx could be studied. it was necessary to de- 
monstrate that compound 48/80 caused increases in 
mast cell Ca?* levels which were related to histamine 
release. The electrokinetic properties of the mast cell 
surface were studied to determine if an alteration in 
the mast cell plasma membrane could be correlated 
with a change in ion permeability. 


MATERIALS AND METHODS 


For each experiment mast cells were obtained from 
the peritoneal cavities of several female Holtzman rats 
(300-400 g) by the procedure of Lagunoff [12]. After 
decapitation, 15 ml of phosphate-buffered salt solu- 
tion (1SO0mM NaCl. | mM CaCl,, 4mM Na,HPO,, 
2:5mM KH,PO,: 56mM dextrose. and 0:1°% albu- 
min, pH 6°8) was injected into the peritoneal cavity, 
and after 1-2 min of gentle massage. the cavity was 
opened and the fluid removed with a glass pipette. 
The mast cells were collected by centrifugation at 
200 g for 5 min at 5°. To separate the mast cells from 
other peritoneal cells, the cell pellet from four rats 
was resuspended in Sml of the phosphate-buffered 
salt solution and layered over 5ml of 35°, albumin. 
After centrifugation at 200g for 20 min at 5, the top 
7ml of fluid and cells was carefully removed from 
the gradients. The bottom 3 ml of albumin solution, 
which contained the mast cell pellet, was diluted 1:1 
with phosphate-buffered salt solution. The cell pellet 
was resuspended and the mast cells were collected 
by centrifugation at 200g for 5min at 5. The cells 
were washed twice with the phosphate-buffered salt 
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solution and then resuspended in the buffer at ap- 
proximately 5 x 10° cells/ml. This procedure rou- 
tinely yielded mast cells of greater than 80 per cent 
purity. It has been established that sedimentation of 
mast cells through high concentrations of albumin 
only slightly affects histamine content and does not 
affect the ultrastructural appearance of the cells [12]. 

For studying Ca** uptake into purified mast cells. 
2 ml of cells (containing approximately 10° cells) was 
incubated at 37 in phosphate-buffered salt solution. 
pH 68. for 5 min prior to the addition at time zero 
of Syd *°Ca (1-25 pCi) obtained from New England 
Nuclear. At | min. small volume additions were made 
of various concentrations of disodium cromoglycate. 
the disodium salt of 1,3-bis-(2-carboxychromon-5- 
yloxy)-2-hydroxypropane, a gift of Fisons Pharmaceu- 
ticals. Immediately after the addition of disodium cro- 
moglycate, compound 48/80 (approximately 10 x of 
various concentrations) was added to the appropriate 
tubes. Compound 48/80, a gift of Burroughs Well- 
come. is a condensation product of N-methylho- 
moanisylamine. formalin and HCl. After addition of 
48/80, the incubation was continued for 5 min at 37. 
To terminate incorporation, 4-0 ml of ice-cold phos- 
phate-buffered salt solution was added to each tube 
and the cells were collected by centrifugation at 500g 
for 3min. The cells were rapidly washed twice with 
cokl phosphate- buffered salt solution. This procedure 
was also used to study the effect of disodium cromo- 
glycate on the *°Ca uptake of embryonic 3T3 mouse 
fibroblasts maintained in monolayer culture and har- 
vested with a rubber policeman at confluency. The 
cells were maintained in Dulbecco’s medium plus 19°, 
calf serum as previously described [13]. The final cell 
pellets were solubilized in 0-2 ml of 1-0 N NaOH and 
*“ radioactivity was determined by liquid scintillation 
counting. Results are expressed as cpm/10° cells. Cell 
numbers were determined with a Coulter Counter 
Research Model B. 

To measure mast cell histamine release during incu- 
bation, after the cells were removed by centrifugation. 
the undiluted supernatants were assayed spectrofluor- 
oimetrically according to the procedure of Loeffler et 
al. [14]. Results were expressed as the per cent of 
total cell histamine obtained by boiling the mast cell 
suspensions for 5 min. 

Measurements of electrophoretic mobility were per- 
formed as previously described [15]. Mobilities of the 
particles were calculated in pm-s~'-V~!-cm; each 
value was obtained by timing the movement of at 
least 100 mast cells. Determinations of mobility were 
made either in a solution of 0-0145 M NaCl, 4:5°, sor- 
bitol. 0-6 mM NaHCO,. pH 7-2 (termed saline—sorbi- 
tol) or in a solution of 0-145M NaCl containing 
06mM NaHCQ,. pH 7:2 (termed saline). To study 
drug effects on electrophoretic mobility. disodium 
cromoglycate was either added to the cells and re- 
moved by washing prior to mobility determinations 
or the drug was added to the solutions used for elec- 
trophoresis. The ionic strengths of the saline and sa- 
line sorbitol were kept constant. To study the effect 
of varying the pH of the measuring solution on cell 
mobility, isotonic solutions of NaOH and HCl for 
adjusting the pH were prepared as described by 
Heard and Seaman [16]. In some cases the mast cells 
were treated with neuraminidase (Clostridium per- 


fringens, EC 3.2.1.18), obtained from Worthington Bio- 


chemical Corp. To remove terminal cell surface sialic 
acid residues. neuraminidase treatment was for 30 min 
with 40 pg/ml -of enzyme. 

Two procedures were utilized in an attempt to de- 
monstrate binding of Ca*~ by disodium cromogly- 
cate. According to the method of gel filtration de- 
scribed by Colman [17]. a known amount of drug, 
1-2 mg. was dissolved in buffer, 0-1 M ammonium 
acetate containing a known concentration of calcium 
ion, 10°-°M to 10°? M, with tracer *°Ca added. ap- 
proximately 50,000cpm/ml. The drug solution was 
then applied to a column of Sephadex G-10 equili- 
brated and eluted with the ammonium acetate buffer 
containing the same concentration of free calcium ion 
which was used to dissolve the drug. The concent- 
ration of drug emerging from the column was moni- 
tored by its ultraviolet absorption at 239 nm. If bind- 
ing occurs. the ultraviolet absorption peak is accom- 
panied by a rise in the concentration of *°Ca above 
the baseline level as determined by liquid scintillation 
counting. 

Murexide (J. T. Baker Chemical Co.). a metalloch- 
romic indicator, and a dual wavelength. double beam 
Aminco Chance spectrophotometer were employed 
according to the method of Ohnishi er al. [18] to 
measure Ca** binding by disodium cromoglycate. 
The experimental conditions used were: 70 uM mur- 
exide, 40 mM HEPES (pH 7-0), 85 mM KCI with vary- 
ing concentrations of cromoglycate (1-10 mM) pres- 
ent. The difference in optical density between 507 and 
535 nm was measured after small increments of Ca** 
were added to the cuvette to a final Ca** concent- 
ration of 0-1 mM. 


RESULTS 

The incubation of rat peritoneal mast cells with 
small amounts of compound 48/80 for 5 min at 37 
resulted in a dose-dependent increase in cellular *°Ca 
(Table 1). The influx of *°Ca after the addition of 
compound 48/80 could be detected after short incuba- 
tion times, 1-3 min, but the results were most consis- 
tent after a time interval of 5 min. More variable re- 
sults were obtained with the low concentration of 
compound 48/80 (0-1 «g/ml) and with concentrations 
above 1-0 ug/ml (data for concentrations higher than 
1-0 ug/ml not reported). Since it was necessary to 
wash the cells in buffer minus *°Ca, it is possible 
that calcium exchange occurred before radioactivity 
was determined. Although the probability of *°Ca 
loss negates the possibility of quantifying Ca** influx 
stimulated by compound 48/80, accurate qualitative 
statements are justified by the consistency of dupli- 
cates within an experiment and the reproducibility 
of the amount of drug-stimulated *°Ca influx between 
experiments. All data are means +15. D. of four ex- 
periments performed in duplicate. 

Incubation of rat peritoneal mast cells with di- 
sodium cromoglycate, at the concentrations tested, de- 
creased accumulation of *°Ca as compared with un- 
treated, control cells (Table 1). The observation that 
cromoglycate could prevent influx of *°Ca into un- 
treated cells was confirmed with 3T3 mouse fibro- 
blasts. Using the same conditions of temperature. 
time. cell and drug concentrations that affected mast 
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Table 1. Rat mast cell *°Ca influx induced by compound 48/80 and its inhibition 
by disodium cromoglycate* 





*°Ca activity (cpm/10° mast cells) 





Disodium 
cromoglycate 


(mM) 0-1 


Compound 48/80 (g/ml) 


0-2 1-0 





0 + 238 
0-05 ; 100 
0-25 + 193 
0:5 + 56 


2400 + 100 
2168 + 50 
2100 + 100 2251 
2000 + 150 


2718 
2300 


200 3754 + 300 
120 3017 + 90 
100 2370 + 40 
225 2357 + 200 


+ He H+ He 


2041 





* Cells were purified as described in the text. 


At time zero Syl *°Ca (1-25 pCi. 


carrier free) was added to a 2-ml suspension of mast cells in phosphate-buffered salt 
solution, pH 68. At 1 min either cromoglycate in buffer or buffer alone (50 xl) was 
added to the tubes followed immediately by compound 48/80 (2 sl) at the concent- 
rations specified in the table. The incubation was continued for 5min at 37°. All 
determinations are averages of four experiments performed in duplicate. Determination 
of radioactivity and further experimental details are described in the text. 


cell calcium ion levels, a dose-dependent inhibition 
of *°Ca uptake into the fibroblasts was demonstrated 
(Fig. 1). 

The data in Table 1 clearly demonstrate that di- 
sodium cromoglycate, added to mast cell suspensions 
immediately before the addition of compound 48/80, 
decreases accumulation of cellular *°Ca. The effect 
of 0-‘SmM disodium cromoglycate was not signifi- 


cantly different from the decrease in *°Ca accumu- 


lation seen when cells were pretreated with 0-25 mM 
cromoglycate. However. addition of 0-25mM sodium 
cromoglycate as compared with 0-05 mM more effec- 
tively decreased *°Ca accumulation caused by the ad- 


dition of 1 ug/ml of compound 48/80. All of the drug 
concentrations tested were partially effective in pre- 
venting increased cellular *°Ca after treatment with 
compound 48/80, but at the lowest concentration 
(0:05 mM disodium cromoglycate/ml), | yg of 48/80 
per ml still caused a significant accumulation of cellu- 
lar *°Ca. 

To establish the relationship between *°Ca influx 
and histamine release. it was necessary to measure 
histamine release under the present experimental con- 
ditions. The effect of both compound 48/80 and di- 
sodium cromoglycate on the histamine content of the 


i 
Va 


Inhibitation 


%o 








DSCG, mM 


Fig. 1. Inhibition of 3T3 fibroblast *°Ca uptake by di- 
sodium cromoglycate (DSCG). Cromoglycate (25 yl) was 
added to 1-0-ml incubations containing approximately 10° 
cells. At 1-0 min, 2:0 ul *°Ca was added to each tube and 
the incubation was continued for 5 min. Values are aver- 
ages of three determinations performed in duplicate. 


mast cells was highly consistent. More variability was 
observed between control cell suspensions. The data 
of Fig. 2 indicate that only 0-2 and 1-0 yg of 48/80 
per ml produced significant histamine release. This 
correlates with the *°Ca influx data presented in 
Table 1. In the absence of compound 48/80, histamine 
release was decreased below control levels by cromo- 
glycate. From the data of Fig. 2 it is evident that 
0:25mM disodium cromoglycate inhibited histamine 
release caused by 1-0 yg of 48/80 per ml, approxi- 
mately 40 per cent. A lower concentration, 0-05 mM 
cromoglycate. inhibited release 20 per cent. Referring 
to Table | and the values obtained for *°Ca influx 
at these concentrations of cromoglycate in the pres- 
ence of 1 yg of 48/80 per ml, it can be seen that when 
the control values are subtracted, the percentage inhi- 
bition of *°Ca influx by cromoglycate is the same 
as its inhibition of histamine release. 

To study the effect of disodium cromoglycate 
on the external mast cell surface, the technique of 
whole cell electrophoresis was utilized. In saline 
sorbitol, female rat peritoneal mast cells were 
found to have an electrophoretic mobility of 


40 


w 
s 3 


% Histamine release 


35 





DSCG, mM 
Fig. 2. Release of rat mast cell histamine by compound 
48/80 and inhibition of release by disodium cromoglycate. 
Experiments were performed as described in Methods. 
Values are percentages of total cell histamine obtained by 
boiling the cells, and they have not been corrected for con- 
trol release. Each point represents an average of three ex- 
periments performed in duplicate. Key: (O O) no 48/80 
‘Bi @) 0-1 ug: (0 CJ) 0-2 pg: and (@ @) | wg of 
48/80 per ml. 
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Table 2. Effect of disodium cromoglycate on the electro- 
phoretic mobility of rat mast cells* 
Disodium 
cromoglycate 
(mMi) 


Electrophoretic mobility 
(um:s~'-V~!-cm) 


0 (control) 
0-1 
1-0 
* Mobilities were measured in 0-145M NaCl. 0-6mM 
NaHCO, (pH 7:2) at 25 . Experiments were performed as 
described in the text. Data are means of four experiments 
+158. D. 


-3:25+ 015ym-s '-V~'-cm. This indicates that 

the cells have a high negative surface charge. In all 
cases a unimodal pattern of the observed mobilities 
was found, indicating that the mast cells were a ho- 
mogeneous population. In the whole cell electro- 
phoresis system, human erythrocytes had a mobility of 
—2-80 um-s~'-V~'-cm, and rat erythrocytes had an 
electrophoretic mobility of —3-05 um-s~'-V~'-cm. 
The value reported by Heard and Seaman [16] for 
human erythrocytes was —2:78um-s '-V~'-cm. 
The effect of disodium cromoglycate on the mobility 
of mast cells was studied by adding the drug to the 
cells suspended in saline (pH 7-2) just prior to electro- 
phoresis. The ionic strength of the solution was kept 
constant. As seen in Table 2, the mobility of mast 
cells in saline, as expected, is much less than in the low 
ionic strength saline-sorbitol. However, as observed 
microscopically, the cells appeared to be more stable, 
particularly after drug addition, in saline. The addi- 
tion of disodium cromoglycate to mast cells sus- 
pended in physiological saline increased their electro- 
phoretic mobility in a dose-dependent manner (Table 
2). The same dose-related increases in electrophoretic 
mobility after drug addition were found if the cells 
were washed twice with fresh saline minus drug prior 
to mobility measurements. Disodium cromoglycate at 
0-1 mM, which increased the mobility of mast cells, 
had no effect on rat erythrocytes suspended in saline 
sorbitol (Table 3). At a concentration of |1mM _ or 
greater, cromoglycate decreased the electrophoretic 
mobility of rat erythrocytes in a dose-dependent man- 
ner (Table 3). 

To further elucidate the nature of the mast cell sur- 
face change caused by cromoglycate, the electrokinetic 
properties of the mast cell surface were studied. The 
Table 3. Effect of disodium cromoglycate on the electro- 
phoretic mobility of rat erythrocytes* 





Disodium 
cromoglycate 
(mM) 


Electrophoretic mobility 
(um-s~'-V~!-cm) 


-3-05 + 0-4 





0 (control) 


+ 
|. 


dan 


* Mobilities were measured in 0-0145 M NaCl, 4°5°,, sor- 
bitol. 0}6mM NaHCO,,. pH 7-2, at 25°. Experiments were 
performed as described in the text. Data are means + 1 
S.D. of four experiments. 


cells were treated with increasing concentrations of 
C. perfringens neuraminidase. which selectively re- 
moves terminal N-acetylneuraminic acid residues 
from surface membrane glycoconjugates. The electro- 
phoretic mobility of mast cells. treated with 40 ug/ml 
of neuraminidase for 30 min and measured in 
saline-sorbitol, was reduced from —3-25_ to 
—2-25ym-s~'-V~!'-cm. The decrease in electro- 
phoretic mobility is not a result of nonspecific absorp- 
tion of the enzyme. since boiled neuraminidase had 
no effect. A curve of mobility versus pH indicated 
that the half maximum mobility of the cells occurred 
ata bulk solution pH of 43. The surface pK is calcu- 
lated from this value, using a correction factor [19] 
which takes the higher H* ion. concentration at the 
surface into consideration. The calculated surface pK 
is approximately 3-5. Perhaps more significant is the 
fact that. when the isoelectric point (zero mobility) 
of the mast cell membrane is reached. it becomes 
positively charged. indicating the presence of cationic 
groups on the membrane surface. Disodium cromo- 
glycate is negatively charged. If it were to interact ioni- 
cally with a positively charged surface group. the ef- 
fect might be to increase negativity and electro- 
phoretic mobility. Since it has been reported that cal- 
cium is present on the mast cell membrane [6] and 
since an effect of disodium cromoglycate on mast cell 
calcium influx had been demonstrated. we investi- 
gated the possibility that the drug might bind Ca’*. 
Using the techniques of gel filtration and the murex- 
ide test for free Ca**. no binding of cromoglycate 
to Ca** over a wide range of ion concentrations 
(1 uM to 10mM) was detected. EDTA at the same 
concentration as the drug was used as a control. 


DISCUSSION 


The results presented demonstrate that compound 
48/80 causes a dose-dependent influx of calcium ions 
when added to a suspension of rat peritoneal mast 
cells. It has previously been shown that histamine re- 
lease from mast cells can be stimulated by increasing 
cellular Ca** levels [10] and that increased amounts 
of calcium are associated with sensitized rat peri- 
toneal mast cells upon addition of antigen [11]. The 
concentration range of compound 48/80 used in these 
experiments (0-1 to 1-0 ug/ml) has been shown to pro- 
duce a dose-dependent histamine release from rat 
mast cells [3]. Although compound 48/80 was not 
as effective under our experimental conditions, it did 
produce a dose-related loss of mast cell histamine in 
the range of 0-1 to 1-0 yg of 48/80 per ml. The in- 
creased levels of cellular Ca?* detected here were di- 
rectly related to the amount of compound 48/80 ad- 
ded. This finding is in agreement with the dose-depen- 
dent nature of histamine release by compound 48/80. 
The close correlation between the concentration of 
the histamine-releasing stimulus. Ca** influx and the 
amount of mast cell histamine released suggests a 
cause-and-effect relationship between influx of Ca** 
and release of histamine. 

The main purpose of these studies was to elucidate 
the mechanism whereby disodium cromoglycate pre- 
vents histamine loss from mast cells in response to 
a releasing stimulus. The data presented show that 
disodium cromoglycate prevents the influx of Ca** 
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triggered by addition of compound 48/80. Previous 
reports [2.3] on the efficacy of disodium cromogly- 
cate have indicated that the drug will not completely 
prevent histamine release from rat mast cells by com- 
pound 48/80 in vitro. At the highest concentration 
of cromoglycate (0-5 mM) studied here. the influx of 
Ca** into compound 48/80-treated cells could not 
be completely prevented. The drug was more effective 
at preventing Ca?* influx at high concentrations. It 
was less effective against a stronger histamine-releas- 
ing stimulus, increased amounts of compound 48/80. 
These data indicate a strong correlation between the 
effect of disodium cromoglycate on Ca** influx and 
its inhibition of histamine release by compound 48 80. 
Incubation of rat peritoneal mast cells with only di- 
sodium cromoglycate decreased calcium levels below 
control cell values. This suggested that inhibition of 
Ca?* influx by the drug is a primary effect of di- 
sodium cromoglycate rather than a consequence of the 
drug’s inhibition of histamine release. Since disodium 
cromoglycate prevents Ca** uptake by 3T3 fibro- 
blasts, it appears that the effect of the drug on Ca?* 
influx is not specific for mast cells or limited to hista- 
mine-releasing conditions. 

The sequence of events leading to histamine release 
from mast cells has been extensively studied. The first 
event is thought to be a membrane alteration result- 
ing from the combination of antigen or compound 
48/80 with the mast cell surface. Disodium cromogly- 
cate does not prevent the antigen-antibody reaction 
[5]. and it is thought to prevent histamine release 
by inhibition of a step subsequent to the initial bind- 
ing of the releasing stimulus to the mast cell mem- 
brane [4.5]. Ca?* is necessary for the activation of 
mast cells by dextran. which triggers histamine release 
[20]. It has been suggested that the antigen antibody 
stimulus opens calcium “gates” in the membrane. per- 
mitting an influx of Ca** [8]. If calcium is not pres- 
ent when the stimulus is given. no histamine is re- 
leased and the “gates” close so that the cells are de- 
sensitized to subsequent stimuli. 

It seems probable that part of the *°Ca uptake 
measured here represents exchange diffusion, while 
the remainder is the result of an active process. In 
accordance with the previously described theory of 
mast cell histamine release [8]. the drug might be 
preventing calcium “gates” from opening or it might 
compete with Ca?* ions for entry into the cell. Since 
we have shown that cromoglycate does not bind 
Ca**, this cannot be the explanation for the effect 
of the drug on Ca** influx. After activation of the 
cells by antigen. intracellular granules which contain 
histamine complexed to a protein-heparin matrix be- 
come exposed to the extracellular milieu by a process 
which does not necessarily involve loss of granules 
from the cells [12.21]. Lagunoff [12] has described 
invaginations of the mast cell membrane which inter- 
iorize extracellular fluid, thereby bringing granules in 
contact with extracellular fluid without actually pro- 
pelling them to the surface of the cell. Histamine re- 
lease is thought to occur by a simple cation exchange 
of sodium ions for histamine [22]. The role of ele- 
vated cellular calcium in the final series of events 
leading to histamine release has not been determined. 

The alteration of the electrokinetic properties of the 
mast cell surface by disodium cromoglycate suggests 


that the effect of the drug on Ca** influx is due to 
a membrane alteration. Inhibition of cyclic AMP 
phosphodiesterase by cromoglycate has been demon- 
strated [23]. It is possible that inhibition of Ca?* 
influx by cromoglycate may be partially or totally 
related to increased mast cell cyclic AMP. This is 
the first characterization of the electrokinetic proper- 
ties of the rat mast cell surface membrane. The tit- 
ration curve of the mast cell surface indicated the 
presence of positively charged groups. and the pres- 
ence of Ca** on the mast cell surface has previously 
been demonstrated [6]. Using two highly sensitive 
techniques, no binding of disodium cromoglycate to 
calcium could be detected. Since neuraminidase re- 
duced mast cell mobility approximately 30 per cent. 
it was apparent that sialic acid contributed signifi- 
cantly to the high negative charge at the mast cell 
surface. Sialic acid is also concentrated on the surface 
of erythrocytes [24]. Disodium cromoglycate altered 
the electrophoretic mobility of erythrocytes less effec- 
tively and in a different manner from its effect on 
mast cells. Since the drug’s alteration of mast cell mo- 
bility was specific, it seemed unlikely that it was mo- 
difying sialic acid groups on the cell surface. It would 
not be necessary for disodium cromoglycate to bind 
to the mast cell surface for cell mobility to be in- 
creased. Perturbations of the membrane could result 
in different charged groups being expressed at the 
hydrodynamic plane of shear. the surface layer where 
mobility is measured. 

The data presented here demonstrate that a hista- 
mine-releasing stimulus causes a dose-dependent in- 
flux of Ca** ions into mast cells which can be pre- 
vented by disodium cromoglycate. a drug used to pre- 
vent histamine release in the treatment of asthma. The 
data suggest that the drug modifies the mast cell 
membrane. It is tempting to speculate that this modi- 
fication is a stabilization of the cell membrane which 
prevents the increase in Ca** permeability accom- 
panying antigen stimulation. 
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DRUG-INDUCED PORPHYRIN BIOSYNTHESIS—xXI. 
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Abstract—Hexobarbital (100 mg/kg) induces a marked elevation of hepatic 6-aminolevulinic (ALA)-syn- 
thetase and porphyrin levels in the 17-day-old chick embryo but is inactive in the 18-day-old chicken. 
Propylisopropylacetamide (PIA, 100 mg/kg) induces a marked elevation of ALA-synthetase activity 
in the 17-day-old chick embryo but only a small elevation in the 18-day-old chicken. After pretreatment 
of 18-day-old chickens with 2-diethylaminoethyl-2,2-diphenylvalerate hydrochloride (SKF 525-A), hexo- 
barbital and PIA (100 mg/kg) induce a marked elevation of hepatic ALA-synthetase and porphyrin 
levels. The hepatic level of unchanged PIA was significantly higher in SKF 525-A-pretreated than 
in untreated chickens. Chick embryo liver is more sensitive to porphyrin-inducing drugs than chicken 
liver. However, after blockade of drug metabolism by SKF 525-A, the lower sensitivity of the chicken 
liver is compensated for by high levels of unchanged drug. After pretreatment of the 17-day-old chick 
embryo with SKF 525-A, the porphyrin-inducing activity of 3,5-diethoxycarbonyl-1,4-dihydro-2,4,6-tri- 
methylpyridine (DDC) and of PIA is increased while that of aliylisopropylacetamide (AIA) and 
3,5-diethoxycarbonyl-2,4.6-trimethylpyridine (Ox-DDC) is not affected. PIA (300 mg/kg) which did not 
produce an increase in hepatic ALA-synthetase activity in rats elicits a slight but significant increase 


in the SKF 525-A-pretreated rat. 


A variety of drugs precipitate acute attacks of hepatic 
porphyria, and it is important to determine which 
drugs may be safely administered to patients with the 
clinically latent hereditary trait [1]. A variety of ani- 
mals and cultured liver preparations have been used 
to test drugs for porphyrin-inducing activity, e.g. 
chick embryo liver cell cultures [2], 17-day-old chick 
embryos [3]. chickens [4]. rats [5], mice [6] and rab- 
bits [7]. Frequently a drug will induce hepatic por- 
phyrin accumulation in one test system but not in 
another [3], and the problem arises in deciding which 
system allows the best prediction to be made of the 
results to be expected in the porphyric patient. If the 
reason for the variability was understood, an appro- 
priate test system could be selected more readily. Bro- 
die et al. [8] have suggested two possible reasons for 
species variation in response to a drug: (1) variation 
in drug metabolism resulting in differences in the 
amounts of drug at the site of action, and (2) variation 
in sensitivity of receptor sites. It is thought that the 
variability in drug activity in different species is due 
in large part to different raies of drug metabolism 
[9]. Thus, the rate of drug metabolism in a particular 
species might be so rapid that its pharmacological 
activity, observed in a second species, might not be 
recognized. 2-Diethylaminoethyl-2,2-diphenylvalerate 
hydrochloride (SKF 525-A) is an inhibitor of hepatic 
drug metabolism, and it has been suggested by Man- 
nering [9] that the use of this inhibitor in conjunction 
with a new drug being investigated would eliminate 
or minimize variability of drug response in different 
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species. The objective of the present study was to de- 
termine whether the use of SKF 525-A in conjunction 
with porphyrin-inducing drugs would minimize the 
variability of response previously observed in different 
test systems. 

The first drug selected for study was hexobarbital, 
as it was active in the 17-day-old chick embryo but 
inactive in the 18-day-old chicken [10]. The second 
drug selected for study was propylisopropylacetamide 
(PIA), as it was considerably more active in the 
17-day-old chick embryo than in the 18-day-old 
chicken [11]. The question we sought to answer was 
the following: Would SKF 525-A pretreatment of the 
chicken result in a slower rate of drug metabolism 
and thus increase the responsiveness of the chicken 
to these drugs? PIA is more potent that allylisopropy- 
lacetamide (AIA) in chick embryo liver cell cultures 
[12]. In the 17-day-old chick embryo, PIA although 
less potent than AIA induces high levels of hepatic 
d-aminolevulinic (ALA)-synthetase activity. On the 
other hand, PIA is reported to be inactive in the rat, 
while AIA exhibits marked activity in this species 
[13]. The second question we sought to answer was 
the following: Would PIA exhibit porphyrin-inducing 
activity in the SKF 525-A-pretreated rat comparable 
to that observed in the 17-day-old chick embryo and 
isolated chick embryo liver cells? The sensitivity of 
the 17-day-old chick embryo to some porphyrin-in- 
ducing drugs, e.g. 3,5-diethoxycarbonyl-2,4,6-trimeth- 
ylpyridine, is considerably less than that of chick em- 
bryo liver cell culture [11, 14, 15]. The final question 
we sought to answer was: Could the sensitivity of 
the 17-day-old chick embryo to porphyrin-inducing 
drugs be increased by pretreatment with SKF 525-A? 
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EXPERIMENTAL 

Experimental animals 

Fertilized eggs used were of White Leghorn strains 
obtained from Archer’s Poultry Farm, Brighton, On- 
tario. They were stored at 10 for no longer than 
7 days prior to incubation at 38. The age of the 
embryo was taken as the number of days from onset 
of incubation. Chickens were raised from eggs 
hatched in our incubator. They were fed Co-op Sup- 
plement (United Cooperatives of Ontario, Feed De- 
partment, Weston, Ontario) and water ad _ lib. 
Chickens were 18 days old and weighed approximately 
100 g at the time they were utilized. Wistar male rats 
(150-170 g) were obtained from Bio-Breeding Labor- 
atories. Ottawa. The rats were housed in wire cages 
for at least 5 days prior to drug administration and 
were fed mouse/rat diet (Teklad Mills, Winfield, 
Iowa): water was available ad lib. The rats and 
chickens were starved for 24 hr prior to intrapert- 
toneal injection of drugs. 
Source of compounds 

Allylisopropylacetamide (AIA) was supplied by 
Hoffman-La Roche, Montreal, and allylisopropylace- 
tamide-[2-'*C], activity 7-1 pCi/mg, was obtained 
through the courtesy of Hoffman-La Roche. Basle, 
Switzerland. AIA-['*C], activity 0-104 wCi/mg, was 
prepared for use in our experiments from the above 
sample as previously described [16]. Propylisopropy- 
lacetamide (PIA) and __ propylisopropylacetamide- 
f2-'*C] (PIA-['*C], activity 0-047 wCi/mg) were 


prepared from AIA and AIA-['*C] as previously de- 


scribed [16]. 3,5-Diethoxycarbonyl-1,4-dihydro-2,4.6- 
trimethylpyridine (DDC) and = 3,5-diethoxycar- 
bonyl-2.4,6-trimethylpyridine (Ox-DDC) were pre- 
pared as described by Marks et al. [17] and 2-diethy- 
laminoethyl-2,2-diphenylvalerate hydrochloride (SKF 
525-A) was obtained from Smith, Kline & French, 
Montreal. 


Administration of drugs 

Chick embryos. A small hole was made in the egg 
shell above the air sac. Drugs were injected through 
this hole into the fluids surrounding the embryo with 
a sterile 1 inch 20 gauge needle attached to a 2-ml 
micrometer syringe. The hole in the shell was sealed 
with Cello-tape and the eggs were returned to the 
incubator. Embryos were injected with 0-3, 1, 3, 5 
and 10 mg hexobarbital in DMSO (0-1 ml). After 12 
hr, the embryos were removed from the incubator 
for the assay of hepatic ALA-synthetase activity and 
porphyrin production [11]. SKF 525-A (0-3 mg) dis- 
solved in saline (0-1 ml) was injected into one group 
of ten chick embryos and saline (0-1 ml) was injected 
into a second group of five chick embryos. After incu- 
bation for 1 hr, DDC (0-2 mg) in DMSO (0:1 ml) 
was injected into the saline-pretreated group and five 
embryos of the SKF 525-A-pretreated group. DMSO 
(0-1 ml) was injected into the remaining five SKF 
525-A-pretreated embryos. Saline (0-1 ml) was injected 
into five embryos, and | hr later DMSO (0-1 ml) was 
injected. The embryos were returned to the incubator 
and removed 12 hr later for ALA-synthetase and por- 
phyrin estimation. The above experiment was re- 
peated with the modification that AIA (0-5 mg) in 
DMSO (0-1 ml), PIA (1 mg) in DMSO (0-1 ml) or 
Ox-DDC (4 mg) in DMSO (0-1 ml) was substituted 


% 
’ 


for DDC (0:2 mg) in DMSO (0-1 ml). Moreover, ex- 
periments were conducted with some of the above 
drugs using 3-, 6-, and 18- instead of 12-hr incubation 
periods following | hr after SKF 525-A pretreatment. 

Chickens. All drugs were administered intraperi- 
toneally with a sterile § inch 25 gauge needle. Solu- 
tions of SKF 525-A (6:25 mg/ml) in saline and hexo- 
barbital (SO mg/ml) in DMSO were prepared. Six 
18-day-old chickens were injected with aliquots of the 
SKF 525-A solution (0-4 ml: 25 mg/kg) and after 45 
min hexobarbital (0-2 ml: 100 mg/kg) was adminis- 
tered. As a control, the experiment was repeated with 
the modification that saline alone (0-4 ml) was in- 
jected in place of SKF 525-A. Further controls were 
carried out as follows. A group of six chickens were 
injected with SKF 525-A solution (0-4 ml) and 45 min 
later DMSO (0:2 ml) was injected; a second group 
of six chickens received saline (0-4 ml) instead of the 
SKF 525-A solution. Twelve hr later the chickens 
were sacrificed and portions of the livers excised for 
ALA-synthetase and porphyrin estimation [11]. The 
basal levels of ALA-synthetase and porphyrins were 
determined for chickens of this age. A solution of PIA 
(SO mg/ml) in DMSO was prepared, and the above 
set of experiments was repeated with PIA (100 mg/kg) 
substituted for hexobarbital (100 mg/kg). 

SKF 525-A (2:5 mg) dissolved in saline (0-4 ml) was 
injected into one group of four 18-day-old chickens 
and saline (0-4 ml) was injected into a second group 
of four chickens. After 45 min, PIA-['*C] (10 mg in 
0:2 ml DMSO: 0-007 uCi/mg, 69-83 moles) was in- 
jected into both groups of chickens. Twelve hr later 
all the chickens were sacrificed and the livers removed 
for extraction by a procedure described below. 

An accurately weighed amount of AIA-['*C] 
(00022 yCi/mg) was dissolved in DMSO to give a 
concentration of 30 mg/0-1 ml (212 pmoles). This 
volume was administered to 18-day-old chickens. 
Groups of four chickens were decapitated after 1, 6 
and 18 hr, and the livers were removed and extracted 
by the procedure described below. The above exper- 
iment was repeated using PIA-['*C] (30 mg/0-1 ml 
of DMSO, 209 umoles; 0-0025 wCi/mg) instead of 
AIA-['*C]. j 

Rats. Solutions of SKF 525-A (16-5 mg/ml) in saline 
and AIA (165 mg/ml) in DMSO were prepared for 
intraperitoneal injection. Four rats received SKF 
525-A (40 mg/kg) and after 45 min AIA (200 mg/kg). 
The following control experiments were carried out. 
The experiment was repeated with the modification 
that saline (0-4 ml) was injected in place of SKF 
525-A. Four rats received SKF 525-A (40 mg/kg) and 
after 45 min DMSO (0-2 ml). Four rats received saline 
(0-4 ml) and 45 min later DMSO (0:2 ml). Sixteen 
hr later the rats were sacrificed and portions of the 
livers excised for ALA-synthetase [18] and porphyrin 
[3] estimation. A solution of PIA (165 mg/ml) in 
DMSO was prepared. The above set of experiments 
was repeated with the modification that PIA (200 
mg/kg) was substituted for AIA (200 mg/kg). 


Extraction of drugs from the liver and radioactivity 
determination 

The method used to extract AIA and PIA from 
the liver was a modification of that used by Racz 
and Marks [14]. Chicken liver was homogenized in 
methanol (10 ml) in a Potter-Elvehjem apparatus. 
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After centrifugation, the supernatant was removed 
and the residue resuspended in methanol (10 ml) for 
a second homogenization and centrifugation. The two 
supernatants were combined and the volume was 
made up to 20 ml with methanol. Two 1-ml aliquots 
were placed in counting vials, Aquasol (10 ml) was 
added and the samples were counted in a liquid scin- 
tillation counter using an external standard method 
to correct for quenching. All samples were counted 
for 10 min after storage at 4° for 24 hr in a Nuclear 
Chicago Mark II liquid scintillation counter. The 
remaining extract (18 ml) was evaporated in a stream 
of nitrogen at 37° and the residue dissolved in 0:3 
ml of an ethanol—chloroform mixture (1:1). AIA and 
PIA were separated from their metabolites by thin- 
layer chromatography as described previously [16]. 
The Silica gel was divided into l-cm portions and 
each portion placed in a liquid scintillation vial con- 
taining water (3 ml). Aquasol (10 ml) was added, and 
the samples were thoroughly shaken and counted for 
radioactivity. 


Estimation of d-aminolevulinic acid synthetase activity 
and porphyrin accumulation 


ALA-synthetase activity and porphyrin accumu- 
iation in chick embryo and chicken livers were deter- 
mined as described previously [11]. The method of 
Marver et al. [18] was used to measure ALA-synthe- 
tase activity in rat liver, and the method of Racz and 
Marks [3] used to measure porphyrin levels in rat 
liver. 


RESULTS 


The response of the liver of the 17-day-old chick 
embryo to increasing doses of hexobarbital is shown 
in Fig. 1. A significant elevation of ALA-synthetase 
activity was observed with hexobarbital (7-5 mg/kg). 
After the administration of hexobarbital (25 mg/kg), 
a significant elevation of both ALA-synthetase ac- 
tivity and porphyrins was observed. The maximum 
response occurred with hexobarbital (125 mg/kg). 

Control values of ALA-synthetase activity and por- 
phyrin levels in chickens receiving saline (0-4 ml) fol- 
lowed 45 min later by DMSO (0:2 ml) were 37:5 + 3-8 
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Fig. 1. ALA-synthetase activity (O——-O) and porphyrin 
accumulation (@ @) in the livers of chick embryos 12 hr 
after administration of increasing doses of hexobarbital. 
Each point represents the mean of five to six determina- 
tions (+S. E.M.,). 


nmoles ALA/g of liver/hr and 0:18 + 0:03 yg por- 
phyrin/g of liver when measured 12 hr later. Chickens 
receiving SKF 525-A (25 mg/kg) in saline (0-4 ml) 
followed 45 min later by DMSO (0:2 ml) had levels 
of 355+46 nmoles ALA/g of liver/hr and 
0-33 + 0:06 ug porphyrin/g of liver when measured 
12 hr later. Hexobarbital did not produce a significant 
elevation of ALA-synthetase activity nor of porphyrin 
levels in the liver of the 18-day-old chickens (Fig. 2). 
However, after SKF 525-A pretreatment, hexobarbital 
produced a marked elevation of both ALA-synthetase 
activity and porphyrin levels (Fig. 2). PIA (100 mg/kg) 
produces a small elevation of ALA-synthetase activity 
and of porphyrin levels in the liver of the 18-day-old 
chicken (Fig. 2). However, after pretreatment with 
SKF 525-A, a marked elevation of both ALA-synthe- 
tase activity and porphyrin levels was noted when 
compared to the results obtained with PIA alone. 
Control values of ALA-synthetase activity and por- 
phyrin levels in 17-day-old chick embryos receiving 
saline (0-1 ml) followed 1 hr later by DMSO (0-1 ml) 
were 20:0 + 2:04 nmoles ALA/g of liver/hr and 
0-43 + 0:03 ug porphyrin/g of liver when measured 
12 hr later. Chick embryos receiving SKF 525-A (03 
mg) in saline (0-1 ml) followed 1 hr later by DMSO 
(0-1 ml) had levels of 70:1 + 5-6 nmoles ALA/g of 
liver and 0-51 + 0:03 yg porphyrin/g of liver when 
measured 12 hr later. The effect of SKF 525-A pre- 
treatment on AIA-, PIA-, OxDDC- and DDC-in- 
duced ALA-synthetase activity and porphyrin ac- 
cumulation in the livers of 17-day-old chick embryos 
is shown in Figs. 3 and 4. After SKF 525-A pretreat- 
ment, a significant elevation of both ALA-synthetase 
activity and porphyrin levels was noted in the DDC- 
treated embryos (Fig. 4) but not in the AIA- and Ox- 
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Fig. 2. (A) Unchanged drug, ALA-synthetase activity and 
porphyrin accumulation in the livers of 18-day-old 
chickens 12hr after administration of PIA (100 mg/kg), 
without SKF 525-A pretreatment (open bars); with SKF 
525-A (25 mg/kg) pretreatment (hatched bars). (B) ALA- 
synthetase activity and porphyrin accumulation in the 
livers of 18-day-old chickens 12 hr after administration of 
hexobarbital (100 mg/kg). without SKF 525-A_ pretreat- 
ment (open bars): with SKF 525-A (25 mg/kg) pretreatment 
(hatched bars). The results in A and B represent the mean 
of four determinations for unchanged drug and the mean 
of six determinations for ALA-synthetase activity and por- 
phyrin accumulation (+S.E.M.). The asterisk denotes sig- 
nificance at the 0-05 level. 
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DDC-treated chick embryos (Fig. 3). After SKF 
525-A pretreatment, a significant elevation of ALA- 
synthetase activity but not of porphyrin levels was 
noted in the PIA-treated embryos (Fig. 3). 

After administration of saline (0-4 ml) followed 45 
min later by DMSO (0:2 ml), the following control 
levels were determined 16 hr later in rat liver: ALA- 
synthetase activity, 193+ 1-5 nmoles ALA/g of 
liver/hr; porphyrins, 0-37 + 0:03 yg porphyrin/g of 
liver. Injection of SKF 525-A (40 mg/kg) into rats 
followed 45 min later by DMSO (0:2 ml) produced 
no significant change in these control values 
measured after 16 hr. AIA (200 mg/kg) produced a 
marked elevation of ALA-synthetase activity and por- 
phyrin accumulation in rat liver (Fig. 5). Pretreatment 
of rats with SKF 525-A resulted in a reduction in 
AIA-induced ALA-synthetase activity and porphyrin 
levels (Fig. 5). However, in neither case was the reduc- 
tion significant at the 0-05 level. PIA (200 mg/kg) did 
not cause a significant elevation of ALA-syntheiase 
activity nor of porphyrin levels. However, after SKF 
525-A pretreatment, a small but significant elevation 
of ALA-synthetase activity and porphyrin levels was 
noted as compared to treatment with PIA alone 
(Fig. °5). 

In our experiments, we have administered radioac- 
tive drugs to 18-day-old chickens and have measured 
the total radioactivity in the liver at various time in- 
tervals. This radioactivity represents unchanged drug 
and metabolite(s). We have converted our results from 
dis./min/g of liver into nmoles of drug/g of liver. In 
the ensuing discussion when referring to drug and 
metabolite(s) we shall use the term “total drug.” The 
term “unchanged drug” will be used to designate that 
portion of the drug that has not undergone metabolic 
transformation. Amounts of total drug and un- 
changed drug in chicken livers at various time inter- 
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Fig. 3. ALA-synthetase activity and porphyrin accumu- 
lation in the livers of 17-day-old chick embryos 12 hr after 
administration of AIA (0:5 mg), PIA (1 mg) and Ox-DDC 
(4 mg) and 3hr after administration of Ox-DDC, without 
SKF 525-A pretreatment (open bars) and with SKF 525-A 
(0-3 mg) pretreatment (hatched bars). The results with AIA 
represent the mean of 15 determinations, with PIA the 
mean of 40 determinations and with Ox-DDC the mean 
of 5 determinations (+S. E.M.). The asterisk denotes sig- 
nificance at the 0-05 level. 
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Fig. 4. ALA-synthetase activity and porphyrin accumu- 
lation in the livers of 17-day-old chick embryos, 6, 12 and 
18 hr after administration of DDC (0-2 mg) without SKF 
525-A pretreatment (open bars) and with SKF 525-A 
(0-3 mg) pretreatment (hatched bars). The results at 12 and 
18 hr represent the mean of ten determinations, while the 
results at 6hr represent the mean of five determinations 
(+S. E.M.). The asterisk denotes significance at the 0-05 
level. 


vals after AIA and PIA administration are shown 
in Fig. 6. After injection of AIA, total drug reached 
a maximum in the liver after approximately 1 hr and 
then dropped slowly to approximately 22 per cent 
of the peak level after 18 hr. The level of total drug 
after administration of PIA remained stable for a 
period of 6 hr and then dropped slowly to about 28 
per cent of the peak level after a period of 18 hr. 
The amount of unchanged drug in chicken livers after 
administration of AIA was significantly higher at 1- 
and 6-hr time periods than after administration of 
PIA (Fig. 6). No significant amount of unchanged 
AIA or PIA was detected in the livers 18 hr after 
drug administration. 

PIA (69-83 yumoles) was administered to 18-day-old 
chickens, and 37:3 nmoles of unchanged drug/g of 
liver was detected 12 hr later (Fig. 2). When the exper- 
iment was repeated, after SKF 525-A pretreatment, 
359 nmoles of unchanged PIA/g of liver was found. 


DISCUSSION 


In previous studies, AIA was found to be a more 
potent porphyrin-inducing drug than PIA in the 
18-day-old chicken [11]. Examination of the results 
in Fig. 6 provides an explanation. Thus, higher levels 
of ALA-synthetase and porphyrins previously ob- 
served [11] can be correlated with higher hepatic le- 
vels of unchanged AIA than unchanged PIA. 

Hexobarbital induces a marked increase in ALA- 
synthetase activity and porphyrin levels in chick em- 
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Fig. 5. (A) ALA-synthetase activity and porphyrin accumu- 
lation in rat liver 16hr after administration of AIA 
(200 mg/kg) without SKF 525-A pretreatment (open bars) 
and with SKF 525-A (40 mg/kg) pretreatment (hatched 
bars). The results represent the mean of four determina- 
tions (+S. E. M.). (B) The same as above except that PIA 
was substituted for AIA. The asterisk denotes significance 
at the 0-05 level. 


bryo liver (Fig. 1) but is inactive in the 18-day-old 
chicken (Fig. 2). After pretreatment of chickens with 
SKF 525-A, hexobarbital exhibits marked activity 
(Fig. 2). PIA (100 mg/kg, 4 mg/40 g egg) has been 
shown to produce a marked elevation of hepatic 
ALA-synthetase activity (approximately 23 times con- 
trol) 12 hr after administration to the 17-day-old 
chick embryo accompanied by a small increase in 
porphyrin levels [11]. In contrast to this result, PIA 
(100 mg/kg) produced a small elevation of ALA-syn- 
thetase activity (approximately 1 1/2 times control) 
12 hr after administration to the 18-day-old chicken 
accompanied by a small increase in porphyrin levels 
(Fig. 2). After pretreatment of chickens with SKF 
525-A, PIA exhibits marked activity (Fig. 2). The 
likely interpretation of these findings is that SKF 
525-A blocks metabolism of PIA and hexobarbital 
in the chicken liver resulting in higher levels of un- 
changed drug in the livers and, therefore, greater ac- 
tivity. This interpretation is supported by the results 
shown in Fig. 2. In the SKF 525-A-treated chicken, 
the level of PIA is approximately ten times that 
observed in the untreated animal. We are, therefore. 
able to answer the first question posed in the intro- 
duction: SKF 525-A pretreatment of the chicken 
appears to cause a slower rate of metabolism of PIA 
and hexobarbital and thus increases the responsive- 
ness of the chicken to these drugs. 

It appeared possible that the greater responsiveness 
of the 17-day-old chick embryo compared to the 
chicken was due to slower drug metabolism in the 
chick embryo than in the chicken. However, data 
assembled in Table 1 containing some of our present 
results with chickens and previous results with chick 
embryos [16] do not support this idea. In the 18-day- 
old chicken the ALA-synthetase level is approxi- 


mately six times control levels, 6 hr after the adminis- 
tration of AIA (300 mg/kg)[I1]. At this time the 
chicken contains 1550 nmoles of unchanged AIA. In 
the 17-day-old chick embryo, 6 hr after AIA administ- 
ration the ALA-synthetase activity reaches approxi- 
mately 11 times control levels [11]. At this time chick 
embryo liver contains 178 nmoles of unchanged 
AIA/g of liver [16]. Since ALA-synthetase activity is 
greater in the chick embryo liver than it is in the 
chicken liver at a time when there is approximately 
one-tenth as much unchanged drug in the chick 
embryo liver, it may be concluded that the greater 
responsiveness of the chick embryo liver is due to 
‘in increased sensitivity to induction by porphyrin-in- 
ducing drugs and not to a slower rate of drug meta- 
bolism. However, after blockade of drug metabolism 
by SKF 525-A, the lower sensitivity of the chicken 
liver is compensated for by the high levels of un- 
changed drug. 

In rats, PIA (200 mg/kg) did not cause a significant 
elevation of hepatic ALA-synthetase activity nor of 
porphyrin levels (Fig. 5), a result which agrees with 
reports by other workers [13]. After SKF 525-A pre- 
treatment, the response elicited by PIA was slightly 
but significantly enhanced (Fig. 5). The second ques- 
tion posed in the introduction was whether PIA 
would exhibit porphyrin-inducing activity in the SKF 
525-A-pretreated rat comparable to that observed in 
the 17-day-old chick embryo and isolated chick em- 
bryo liver cells. By comparing the results in Fig. 5 
with those previously obtained with PIA in the other 
test systems [11], the answer is that the activity of 
PIA in the SKF 525-A-pretreated rat is much lower. 

The next question that arises is why does SKF 
525-A pretreatment markedly enhance PIA activity 
in the chicken but not in the rat? A possible explana- 
tion is the following: SKF 525-A may inhibit the me- 
tabolism of a drug in one species but not in another 
[9]. Thus, SKF 525-A has been shown to inhibit O- 
dealkylation of phenacetin in rat microsomes [9] but 
not in rabbit microsomes [19]. It is, therefore, poss- 
ible that the inhibitory effect of SKF 525-A on PIA 
metabolism is considerably greater in the chicken 
than in the rat. 

AIA produced a significant elevation of ALA-syn- 
thetase activity and a moderate elevation of porphyr- 
in levels in the rat (Fig. 5). After SKF 525-A pretreat- 


3000+ 


nmoles/g liver 








Time, hr 
Fig. 6. Amount of total drug and unchanged drug in livers 
of 18-day-old chickens at different times after injection of 
AIA[!#C] (212 pmoles) and PIA['*C] (209 jumoles). Key: 
(O ©) total drug AIA['*C]: (@ @) total drug 
PIA['*C]: (O——O) unchanged drug AIA['*C]: and 
(@——@) unchanged drug PIA['*C]. Each point rep- 
resents the mean of four determinations (+S. E. M.). 
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Fable 1. ALA-synthetase activity and amount of unchanged AIA in the livers of 18-day-old chickens and 17-day-old 
chick embryos after administration of AIA 
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ment, the response elicited by AIA was reduced (Fig. 
5). However, because of the large S. E., the result 
is not significant at the 0-05 level. These results are 
similar to those reported by De Matteis [20] and 
De Matteis et al. [21] who showed that SKF 525-A 
pretreatment inhibited AIA-induced [20] and DDC- 
induced [21] ALA-synthetase activity and porphyrin 
accumulation in rat liver. De Matteis [22] has sug- 
gested that AIA and DDC might be converted to ac- 
tive metabolites in rat liver, thus explaining the in- 
hibitory effect of SKF 525-A. However, this sugges- 
tion is difficult to reconcile with the findings of Kauf- 
man et al. [23] who showed that phenobarbital pre- 
treatment of rats resulted in an increased rate of me- 
tabolism of AIA accompanied by a marked reduction 
in AIA-induced hepatic ALA-synthetase activity. SKF 
525-A exerts several effects in the rat in addition to 
inhibiting cytochrome P-450-dependent drug-metabo- 
lizing enzymes [24], and it is possible that one of 
these additional effects is responsible for the compli- 
cation in interpretation of the results. The use of other 
inhibitors of drug metabolism such as piperonyl bu- 
toxide might yield more clear-cut results. 

In a previous study, 3,5-diethoxycarbonyl-2,4,6-tri- 
methylpyridine (Ox-DDC) was found to exhibit very 
low porphyrin-inducing activity in the 17-day-old 
chick embryo while exhibiting high efficacy in isolated 
chick embryo liver cells [14]. The difference in effi- 
cacy was shown to be caused by rapid metabolic inac- 
tivation in the 17-day-old chick embryo [14] and 
slow inactivation in isolated chick embryo liver cells 
[15]. It was thus anticipated that SKF 525-A pre- 
treatment of the 17-day-old chick embryo would in- 
crease the activity of Ox-DDC. This has been found 
not to be the case (Fig. 3). In a previous study, PIA 
was found to be a less potent porphyrin-inducing 
drug than AIA in chick embryo liver [11], and this 
was attributed to a more rapid rate of metabolism 
of PIA than AIA [16]. It was, therefore, anticipated 
that SKF 525-A pretreatment would result in en- 
hanced PIA activity. This was found to be the case 
(Fig. 3). It was moreover anticipated that it would 
have little effect on the activity of the slowly metabo- 
lized drug AIA. This was found to be so (Fig. 3). 
Finally, a marked enhancement in the activity of 
DDC was noted in the SKF 525-A-pretreated chick 
embryo (Fig. 4). This result suggests that, in the chick 
embryo, DDC itself rather than a metabolite is active. 
It is noteworthy that in the rat the activity of DDC 
is decreased after SKF 525-A pretreatment [21]. .The 
third question posed in the introduction was: Could 


the sensitivity of the 17-day-old chick embryo to por- 
phyrin-inducing drugs be increased by pretreatment 
with SKF 525-A? The answer is that the sensitivity 
to some porphyrin-inducing drugs but not others is 
enhanced by SKF 525-A pretreatment. 
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Abstract— Nucleosides of 2-aza-adenine. 2-aza-hypoxanthine and 4-amino-7H-pyrazolo[ 3.4-d]-v-triazine 
were examined: (a) for cytotoxicity to cultured H. Ep. No. 2 cells and to sublines resistant to certain 
analogs of purines and purine nucleosides and deficient in certain enzymes of purine metabolism, 
and (b) as substrates for adenosine kinase, adenosine deaminase, and nucleoside-cleaving enzymes. 
2-Aza-adenosine was much more toxic than 2-aza-adenine and was a good substrate for both the 
kinase and the deaminase. The responses of the resistant cell lines indicated that the cytotoxicity 
of 2-aza-adenosine was due both to its direct phosphorylation and to its conversion to 2-a7a-hypoxan- 
thine. 2-Aza-inosine. 2'-deoxy-2-aza-inosine and 2-aza-hypoxanthine had similar cytotoxicities. and the 
responses of the resistant cell lines showed that the cytotoxicities of both of the nucleosides resulted 
from their conversion to 2-aza-hypoxanthine. The ribonucleoside of 4-amino-7H-pyrazolo[ 3.4-d]-v-tria- 
zine was less toxic than 2-aza-adenosine, and was a good substrate for adenosine kinase but a poor 
substrate for adenosine deaminase. 2-Aza-inosine and 2'-deoxy-2-aza-inosine were cleaved to 2-aza- 
hypoxanthine by cell-free supernatants, but the conversions were poor relative to those of inosine 
and 2’-deoxyinosine. 3’-Deoxy-2-aza-adenosine and the z-arabinosyl, B-arabinosyl and f-xylosyl deriva- 
tives of 2-aza-adenine were not toxic. 3'-Deoxy-2-aza-adenosine and f-xylosyl-2-aza-adenine were 
moderately good substrates for the deaminase, but x-arabinosyl-2-aza-adenine was not deaminated 
and /-arabinosyl-2-aza-adenine was deaminated at a rate less than 5 per cent that of f-arabinosyladenine. 
These results indicate that some of these nucleosides, particularly 2-aza-adenosine, may merit further 
study as growth-inhibitory and potential antitumor agents. 


Nucleosides of purines and purine analogs have been 
found to exhibit a broad spectrum of biological acti- 
vity, which includes activity against viruses and exper- 
imental tumors [1]. Our observations on the antitu- 
mor activity of 8-aza-inosine [2] and on the metabo- 
lism of 8-aza-inosine and 8-aza-adenosine [3] have 
led to interest in a related series of compounds, the 
nucleosides of 2-aza-purines. The free bases, 2-aza- 
adenine and 2-aza-hypoxanthine, have long been 
known to inhibit growth of both microbial and 
mammalian cells [4-9]. but the biological activity of 
2-aza-purine nucleosides has not been examined. We 
report here observations on the cytotoxicities of 2- 
aza-purines and their nucleosides and on the activities 
of the nucleosides as substrates for enzymes acting 
on purine nucleosides. 


MATERIALS AND METHODS 


Compounds. The 2-aza-purines and_ nucleosides 
used in this study were synthesized in our laboratories 
by Dr. J. A. Montgomery and his associates. 2-Aza- 
adenine and 2-aza-hypoxanthine were synthesized by 
the method of Shaw and Woolley [4], and 2-aza- 
adenosine, 2-aza-APP ribonucleoside,* 9-f-D-ara- 





* Abbreviations: 2-aza-APP ribonucleoside. 4-amino-7- 
-}-b-ribofuranosyl-7H-pyrazolo[3.4-d]-v-triazine; —6-MP., 
6-mercaptopurine; 6-MeMPR, 6-methylthiopurine ribo- 
nucleoside; PRTase, phosphoribosyltransferase. 


binosyl-2-aza-adenine. _9-/3-D-xylosyl-2-aza-adenine. 
and 2’-deoxy-2-aza-adenosine by procedures de- 
scribed by Montgomery and Thomas [10]. 2-Aza-in- 
osine, previously prepared chemically by Kawana et 
al. [11], was prepared for our study by the enzymatic 
deamination of 2-aza-adenosine. 3'-Deoxy-2-aza- 
adenosine was prepared by a ring opening-—reclosure 
sequence similar to that used for the synthesis of 
other nucleosides of 2-aza-adenine [10-12]. 

Cell cultures. The cultures used were the H. Ep. 
No. 2 line established initially by Moore et al. [13] 
and sublines selected in our laboratory for resistance 
to specific purine analogs and deficient in certain 
enzymes of purine metabolism [14]. These cell lines 
and their enzyme deficiencies are listed in Table 1. 
Compounds were assayed as inhibitors of these cell 
lines by determining their effects on colony formation 
ws described in Table 2. 

Enzyme assays. Nucleosides were assayed as sub- 
strates for partially purified preparations of adenosine 
kinase and adenosine deaminase and for nucleoside 
phosphorylase and hydrolase activities present in crude 
supernatants from H. Ep. No. 2 cells; details of the 
assays are given in Table 3. The adenosine kinase 
was a preparation 675-fold purified from H. Ep. No. 
2 cells as previously described [15]. The adenosine 
deaminase preparation was from calf intestine (Sigma 
Chemical Co., St. Louis, Mo.). The rate of deamina- 
tion was determined by changes in absorption at or 
near the absorption maxima for each nucleoside. 
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Prior to the assay these maxima and the molecular 
extinction coefficients were determined for each 
adenosine analog and its deamination product. The 
2-aza-purine nucleosides have two absorption max- 
ima at pH 7-0: for the nucleosides of 2-aza-adenine, 
at 255-258 nm and at 295-299 nm and for nucleosides 
of 2-aza-hypoxanthine at 248-253 nm and at 293-295 
nm. The deamination of the 2-aza-adenine nucleo- 
sides was followed by changes in absorption at 260 
nm; at this wave length the differences in molecular 
extinction coefficients (AE) of the adenosine analogs 
and their deamination products were all about the 
same (average, 4160; range 3900-4590). The absorp- 
tion maximum for 2-aza-APP ribonucleoside was at 
314 nm and that of its deamination product at 302 

m: the rate of deamination was determined at 320 
nm, at which wavelength AE was 1500. The absorp- 
tion maxima of f-arabinosyladenine and of f-ara- 
binosylhypoxanthine were 260 and 247 nm; deter- 
mination of the rate of deamination was at 265 nm, 
at which wavelength AE was 7100. 

For preparation of cell-free supernatants, H. Ep. 
No. 2 cells, grown in suspension culture in SRI-14 
medium [16] to a final concentration of about 
1-8 x 10° cells/ml, were collected by centrifugation 
and washed free of medium with 0-85°, saline solu- 
tion. The cells were suspended in 3 vol of water, 
homogenized in a glass-Teflon homogenizer, and cen- 
trifuged at 25.000 g for 45 min. The resulting superna- 
tant, which contained 15-25 mg of protein ml, was 
used immediately. Conversion of the nucleosides of 
2-aza-hypoxanthine to the free base was determined 
by the spectrophotometric method in which the pur- 
ine base resulting from cleavage of the nucleoside 
is oxidized by xanthine oxidase [17]. The xanthine 
oxidase preparation used was from milk (Sigma 
Chemical Co.) and had a specific activity of 15 un- 
its/ml. 2-Aza-hypoxanthine is a known substrate for 
xanthine oxidase [5]. The oxidation product of 2-aza- 
hypoxanthine had an absorption maximum at pH 7 
at 320 nm, and the AE value was 4800. 


RESULTS AND DISCUSSION 


Most purines and nucleosides and analogs thereof 
must by converted to nucleotides to be biologically 
active [18]. Since each of the resistant cell lines used 
in this study is deficient in one or two of the enzymes 
responsible for the conversion of purines or purine 
nucleosides to nucleotides, the responses of these cell 
lines give an indication of the pathways by which 
a cytotoxic purine, purine nucleoside or analogs of 
purines and nucleosides are converted to nucleotides. 


Hypoxanthine 
2 -Aza-hypoxanthine —===———e PRiase 


Nucleoside Nucleoside 
phosphorylase phosphorylase 


- deoxy-2-aza- inosine 2-Aza- inosine 


2- Aza-IMP 


Adenosine Adenosine 2 -Aza- AMP 


deaminase deaminase 
Adenosine 
i 2-Aza -adenosine kinase 


2’- deoxy-2-aza-adenosine 

Fig. 1. Pathways for conversion of the ribonucleosides and 
deoxyribonucleosides of 2-aza-adenine and 2-aza-hypoxan- 
thine to nucleotides. 


Table 2 presents data on the responses of the parent 
and resistant cell lines to 2-aza-purines and 2-aza- 
purine nucleosides. 2-Aza-adenosine was the most 
cytotoxic compound of the series. Like many other 
adenosine analogs [19], it was much more toxic than 
its aglycone; this higher toxicity is presumably 
because the nucleosides are converted to the nucleo- 
tides more efficiently than are the free bases. It is 
noteworthy that resistance to 2-aza-adenosine did not 
result from loss of adenosine kinase (H. Ep. No. 2 
MeMPR cells), adenine PRTase (H. Ep. No. 2/FA 
cells) or both of these enzymes (H. Ep No. 2/FA/FAR 
cells), but that H. Ep. No. 2/MP/MeMPR cells were 
highly resistant. From this pattern of response, it 
appears that 2-aza-adenosine may be converted to the 
nucleotide by two pathways: either by direct phos- 
phorylation to yield 2-aza-AMP or by a three-step 
conversion to 2-aza-IMP involving the sequential 
action of adenosine deaminase, purine nucleoside 
phosphorylase, and hypoxanthine PRTase. Conver- 
sion to 2-aza-adenine is apparently not a factor 
in its cytotoxicity and would not be expected to 
be because of the relatively low cytotoxicity of 2-aza- 
adenine and the low activity of adenosine, and 
presumably of adenosine analogs, as substrates for 
mammalian nucleoside phosphorylase [20]. The 
ribonucleoside of 2-aza-APP has moderate cytotoxi- 
city, whereas z-arabinosyl-2-aza-adenine, /-arabino- 
syl-2-aza- adenine, /-xylosyl-2-aza-adenine and 3- 
deoxy-2-aza-adenosine (the 2-aza analog of the anti- 
biotic. cordycepin) were not cytotoxic at con- 
centrations 375-fold greater than the inhibitory con- 
centration of 2-aza-adenosine. 

The results with the nucleosides of 2-aza-hypoxan- 


thine differed from those with the 2-aza-adenine nuc- 


leosides. The cytotoxicities of 2-aza-hypoxanthine, 2- 
aza-inosine and 2'-deoxy-2-aza-inosine were similar, 
and loss of hypoxanthine PRTase conferred resistance 
to all three compounds. This pattern of response 
demonstrates that these nucleosides are not phos- 
phorylated to a biologically significant extent and 
that the principal pathway for their conversion to 
nucleotides is via conversion to 2-aza-hypoxanthine. 
These results with 2-aza-inosine are in contrast to 
those with the related analog. 8-aza-inosine, which 
showed that this compound could either be phos- 
phorylated directly or converted to the nucleotide via 
the free base [2]. 

Shown in Fig. | are the pathways indicated by the 
responses of the cell cultures for the conversion of 
the ribonucleosides and deoxyribonucleosides of 
2-aza-adenine and 2-aza-hypoxanthine to nucleotides. It 
was desirable to confirm some of these postulated con- 
versions with isolated enzymes, and the results 
obtained are presented in Table 3. All of the expected 
conversions were found to occur. 2-Aza-adenosine 
was deaminated at about the same rate as adenosine. 
and 2’-deoxy-2-aza-adenosine was even more rapidly 
deaminated; the K,, values for these compounds were 
considerably greater than that for adenosine. 2-Aza- 
adenosine was also phosphorylated by partially puri- 
fied adenosine kinase; both the K,, and the reaction 
velocity were greater than the values for adenosine. 
Relative to inosine and 2’-deoxyinosine, 2-aza-inosine 
and 2’-deoxy-2-aza-inosine were poorly cleaved to the 
free base by crude supernatants from H. Ep. No. 2 
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Table 3. Nucleosides of 2-aza-purines as substrates for certain enzymes* 





Relative 
activity 


Enzyme or 


conversion Substrate 





Adenosine kinase 100+ 


370 


Adenosine 
2-Aza-adenosine 
2-Aza-APP-ribonucleoside 
Adenosine 

2-Aza-adenosine 
2'-Deoxy-2-aza-adenosine 
B-Arabinosyladenine 
f-Arabinosyl-2-aza-adenine 
/-Xylosyl-2-aza-adenine 
3'-Deoxy-2-aza-adenosine 
2-Aza-APP-ribonucleoside 
x-Arabinosyl-2-aza-adenine 


Adenosine 
deaminase 


Inosine 
2'-Deoxyinosine 
2-Aza-inosine 
2'-Deoxy-2-aza-inosine 


Nucleoside—base 


(crude supernatants) 





* K,, values were determined by Lineweaver-Burk analysis at 15-18 different substrate concentrations for adenosine 
deaminase and at 5 different substrate concentrations for adenosine kinase. In both cases, concentrations higher and 
lower than the K,, value were used. 

Assay for activity as substrates for adenosine kinase was carried out as described previously [15]. The incubation 
mixture contained, in a final volume of 0-2 ml, enzyme (675-fold purified from H. Ep. No. 2 cells); the substrate; 
MgCl, (0:25 mM); potassium phosphate buffer, pH 7-0 (50 mM): and ATP-;-P*? (2:5 mM). After incubation at 37 
for 45 min, the reactions were stopped by immersion in boiling water for | min, and the preparations were subjected 
to chromatography on Whatman paper in a solvent consisting of equal volumes of 93-8°,, n-butyl alcohol and 44°, 
aqueous propionic acid. The paper strips were assayed for radioactivity on a Packard model 2701 scanner, and the 
amount of radioactivity present at the R, for nucleoside monophosphates was taken as a measure of the amount 
of nucleoside that was phosphorylated. 

For assay for substrate activity for adenosine deaminase the incubation mixture contained, in a final volume of 
3-0 ml. the substrate; calf intestinal adenosine deaminase (220 units/mg of protein); and potassium phosphate buffer, 
pH 7:5 (50 mM). The extent of deamination was determined by the change in optical density at the absorption maximum 
for the nucleoside. See text for additional details. 

For determination off the capacity of cell-free supernatants to convert nucleosides to the free bases, the reaction 
mixture contained: the substrate (0-125 mM); crude enzyme preparation (1-2 mg protein); potassium phosphate buffer 
(25 mM. pH 7-4): and xanthine oxidase (0-75 units), in a final volume of 4 ml. Incubation was at 25 for 30 min. 
The reaction was stopped by addition of | ml of 50°,, TCA and the extent of reaction was determined by the increase 
in optical density at 293 nm for inosine and 2’-deoxyinosine, and at 320 nm for the 2-aza-hypoxanthine nucleosides. 
See text for additional details. 

* The b,,, for adenosine was 69 nmoles/min/mg of protein. 
t The ,,,, for adenosine was 435 pmoles/min/mg of protein. 
§ ND = no detectable activity. 


cells. This poor conversion appears at first sight to 
conflict with the conclusion that these nucleosides are 
converted to 2-aza-purine nucleotides via 2-aza- 
hypoxanthine. However, since mammalian cells have 
a high activity of purine nucleoside phosphorylase 
and since 2-aza-hypoxanthine is so highly cytotoxic, 
it is likely that this degree of activity as a substrate 
is sufficient for the conversion of 2-aza-inosine and 
2'-deoxy-2-aza-inosine to cytotoxic concentrations of 
2-aza-hypoxanthine. In addition to the pathways 
shown above, it is possible that other conversions 
take place, for example, conversion of 2-aza-IMP to 
2-aza-AMP and 2-aza-GMP. The responses of the cell 
lines to inhibition by the bases and nucleosides can- 
not provide evidence for or against interconversions 
at the nucleotide level. Determination of whether 
these interconversions occur must await additional 
studies with labeled compounds. 

Other noteworthy results in Table 3 are those with 
the arabindsy! derivatives of 2-aza-adenine and with 


2-aza-APP ribonucleoside. The z-arabinosyl deriva- 
tive had no detectable activity as a substrate for 
adenosine deaminase. The f-arabinosy] derivative had 
some activity, but it was less than 5 per cent that 
for -arabinosyladenine. Similarly 2-aza-APP 
ribonucleoside was a much poorer substrate for the 
deaminase than was APP-ribonucleoside [21]. Thus, 
the substitution of N for C at position 2 of the purine 
ring reduces the activity of some, but not all, nucleo- 
sides as substrates for adenosine deaminase. With re- 
spect to substrate activity for adenosine kinase, 2-aza- 
adenosine was phosphorylated at a rate greater than 
that for adenosine, whereas the rate of phosphoryla- 
tion of 2-aza-APP-ribonucleoside was about the same 
as that of adenosine but considerably less than that 
previously reported [15] for APP-ribonucleoside. 

It would appear from these results that the nucleo- 
sides of 2-aza-purines may be worthy of further study 
and evaluation as growth-inhibitory and antitumor 
agents. This is particularly true of 2-aza-adenosine, 
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since it apparently has two routes for conversion to 
cytotoxic nucleotides and thus would be expected to 
differ in biological activity from 2-aza-adenine, 2-aza- 
hypoxanthine and 2-aza-inosine. Both of these path- 
ways appear to operate efficiently, and each is capable, 
in the absence of the other, of providing a cytotoxic 
concentration of a metabolite, presumably, 2-aza- 
AMP, 2-aza-IMP or further metabolites thereof. 
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Abstract—The effect of histamine on lung cAMP metabolism in normal and Bordetella pertussis-vac- 
cinated mice was investigated. Histamine was shown to elevate lung cAMP in both types of animals 
in a dose-dependent manner. Pertussis-vaccinated mice, however, showed a marked shift to the left 
in the histamine dose-response curve. The EDs, for normal and pertussis-vaccinated mice was 8-0 
and 0:25 mg/kg respectively. The histamine-induced rise in CAMP was maximum | min after injection 
and diminished thereafter. The effect of histamine on pulmonary cAMP may be mediated indirectly, 


as it occurred in vivo but not in vitro. 


Vaccination of certain strains of mice with whole 
cells, or cell fractions, of the bacterium Bordetella per- 
tussis induces in those animals an increased sensitivity 
to histamine [1-3]. This hypersensitivity to hista- 
mine is one observation that led to the suggested use 
of the pertussis-vaccinated mouse as an animal model 
for the study of bronchial asthma [4]. The biochemi- 
cal basis of this histamine hypersensitivity is un- 
known. However, the ability to mimic the pertussis 
effect with acute administration of agents such as pro- 
pranolol and dichloroisoproterenol [5,6] led to the 
speculation that a beta-adrenergic blockade may be 
involved [4]. Investigations of spleen adenosine 
3’,5’-monophosphate (CAMP) metabolism in normal 
and pertussis-vaccinated mice has supported that con- 
cept [7, 8]. Histamine-induced death in pertussis-vac- 
cinated mice is preceded by cyanosis and rapid la- 
bored breathing suggestive of possible respiratory im- 
pairment. Because histamine is a potent constrictor 
of bronchial smooth muscle [9] and because recent 
evidence suggests that it may act in part through 
cAMP [10,11], the present investigation was under- 
taken to evaluate the effects of histamine on cAMP 
metabolism in lungs of normal and _pertussis-vac- 
cinated mice. A preliminary report of these studies 
was given at the 1974 meeting of the Federation of 
American Societies for Experimental Biology [12]. 


MATERIALS AND METHODS 


Animals. Female CFW mice (20-24 g) were ob- 
tained from Carworth Animal Farms, New York, 
N.Y., U.S.A., caged in groups of six to ten, and fed 
ad lib. 

Sensitization. Merthiolated suspensions of B. pertus- 
sis (4 x 10'° cells/ml, Eli Lilly & Co., Indianapolis, 
Ind., U.S.A.) were diluted 1 :2 in sterile, pyrogen-free 
physiological saline. The diluted vaccine (0-5 ml) was 
injected intraperitoneally (i.p.) in a single dose to sen- 
sitize the mice. The animals were sacrificed 5 days 
after vaccination. 

Challenge and collection of samples. Histamine di- 
phosphate was dissolved in pyrogen-free physiological 
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saline before each experiment. Mice received the indi- 
cated doses of histamine base in a volume of 0-025 
ml/g, ip. Control animals received an equivalent vo- 
lume of saline. The animals were killed by cervical 
dislocation after a sharp blow to the base of the skull, 
unless otherwise indicated [13]. After sacrifice, the tis- 
sues were removed, frozen rapidly between blocks of 
dry ice and subsequently analyzed for cAMP content. 

Extraction and measurement of cAMP. In most of 
the studies, cAMP extraction was accomplished by 
the procedure described by Armstrong et al. [14], mo- 
dified by the addition of an aluminum oxide (0-25 
g/ml for 30 min) adsorption step between Tris neu- 
tralization and application to the Dowex 2 column 
[15]. After lyophilization and reconstitution in 100 
mM acetate buffer (pH 40), cAMP was determined 
by the method of Gilman [16], modified by the use 
of charcoal to adsorb out free [7H]-cAMP as de- 
scribed by Brown et al. [17]. Radioactivity was as- 
sayed in Bray’s counting solution in a Beckman liquid 
scintillation system [18]. In some studies, cAMP ex- 
traction and determination were performed using the 
procedures outlined by Robison et al. [19] with com- 
parable results. 

In vitro experiments. Chopped lung preparations 
were prepared and incubated as described by Palmer 
[10,11]. Normal and pertussis-vaccinated mice were 
killed and their lungs removed and placed in cold 
(4°) Krebs-Ringer bicarbonate buffer (pH 7:4) con- 
taining glucose (1-8 mg/ml). The tissue was washed 
to remove excess blood and chopped on a Mcllwain 
tissue chopper into 1-mm cubes. The tissue fragments 
were washed three times and then preincubated at 
37° in a Dubnoff metabolic shaker incubator for 45 
min. The incubation fluid was changed two times dur- 
ing this period. Sample gassing with an O,—-CO, mix- 
ture (95 : 5) was maintained throughout all the above 
operations. At the end of the preincubation period, 
the test agents, dissolved in the same buffer, were ad- 
ded and the incubation was continued for an ad- 
ditional 15 min. The incubation was terminated by 
acidification (0-4 N final concentration) with perchlor- 
ic acid and homogenization of the total contents of 
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Table 1. Effect of histamine on cyclic AMP levels in tissues of normal and pertussis-vaccinated mice* 





Normal 


Tissue control 


Normal + 
histamine 


Pertussis + 
histamine 


Pertussis 
control 





10-3 + 
47+ 


Spleen 
Heart 
Abdominal 
muscle 
Kidney 
Skeletal 
muscle 
Small intestine 
Liver 
Lung 


I+ I+ I+ I+ 


13-6 


17:9 


6:7 
5:3 


8-8 + 1:2 
64 + 0-7 


64 + 06 
65 +04 


I+ | 
I+ I+ 


9-3 
9-1 


0-6 
i 


10-6 
9-3 


1+ |+ 
I+ [+ 
+ I+ 
on 


5-8 + 0-4 
0-7 
0-3 
£5 


75 
13-0 
73 


28-7 


5:7 


I+ I+ I+ I+ 
I+ I+ + I+ 
I+ I+ I+ I+ 
Wooo 
hwunr~ 





* Mice received 25 mg/kg of histamine base (as the diphosphate salt) i.p. 20 min prior to sacrifice. The animals 
were killed by enclosure in a chloroform-saturated environment followed by cervical dislocation. Values of cAMP 
are expressed as pmoles/mg of protein + S. E. M. and represent the mean of 12 determinations. Cyclic AMP was 
extracted and measured by the method of Robison e7 al.[19]. , 


the incubation vessel in a Polytron tissue homogen- 
izer. Cyclic AMP was determined as described above. 
Cell-free adenylate cyclase activity measurements 
were performed using the procedure of Thompson et 
al. [20]. 

Protein determination. Protein was determined by 
the method of Lowry et al. [21] using bovine serum 
albumin fraction V as standard. 

Reagents. Histamine diphosphate, epinephrine-HCl, 
cAMP, theophylline and Dowex 2 (100-200 mesh) 
were purchased from Sigma Chemical Co., St. Louis, 
‘Mo., U.S.A.: [H]cAMP from Schwarz/Mann, Oran- 
geburg, N.Y., U.S.A.; aluminum oxide (neutral, ac- 
tivity grade I) from M. Woelm, West Germany: and 
the remainder of the chemicals from Fisher Scientific 
Co., Pittsburg, Pa., U.S.A. 


RESULTS 


Tissue cAMP levels after pertussis vaccination and 
or histamine challenge. Cyclic AMP levels were deter- 
mined for a number of tissues after pertussis vaccina- 
tion and/or histamine challenge. The results shown 
in Table | reveal that the normal resting cAMP con- 
tent of the tissues examined ranged from 4-5 pmoles 
mg of protein in liver and skeletal muscle to 17-6 
pmoles/mg of protein for small intestine. Histamine 
challenge of normal animals elicited no significant 
alteration in the cAMP content of any of the tissues 
examined except small intestine where a significant 
(P < 0-05) drop in cAMP content was observed. Per- 
tussis vaccination caused no significant alteration in 
the cAMP content of any of the tissues examined ex- 
cept spleen [7,8]. The combination of pertussis vac- 
cination and histamine challenge elicited no alter- 
ations in CAMP content of any of the tissues exam- 
ined except lung, where an approximate 100 per cént 
increase from 15-3 + 1:3 to 28:7 + 2-4 pmoles/mg 
of protein occurred. This latter value was significantly 
different by the Student t-test (P < 0-05) from. lung 
cAMP levels observed under other experimental con- 
ditions. 

Time of the histamine-induced cAMP accumulation 
in lung. To study the relationship between time after 
histamine challenge and lung cAMP elevation, ani- 
mals were sacrificed at various time intervals after 


an 8 mg/kg ip. injection of histamine. Figure 1 shows 
that the increase in cAMP seen in_pertussis-vac- 
cinated mice was greater at 1 min after histamine in- 
jection and diminished throughout the remainder of 
the observation period. A similar rapid initial rise and 
subsequent decline could be seen in normal animals 
but was much less pronounced. 

Effect of histamine dose on cAMP accumulation in 
lung. Normal and pertussis-vaccinated mice received 
doses of histamine ranging from 0-13 to 64 mg/kg. 
Two min later they were killed and the lung cAMP 
content was determined. It is apparent from these re- 
sults (Fig. 2) that the dose-response curve for vac- 
cinated mice has been shifted to the left with a change 
in the EDs» from 8-0 to 0-25 mg/kg. 

Effect in vitro theophylline, histamine and epineph- 
rine on CAMP accumulation. The results of additions 
of these agents in vitro to. the chopped lung prep- 
arations are summarized in Table 2. Tissues from 
both normal and pertussis-vaccinated mice responded 


Pertussis Treated 


Control 


cAMP (pmoles/mg PROTEIN) 








T 
10 
TIME min 


15 


Fig. 1. Effect of histamine on cAMP content of lung tissue 
in normal and pertussis-vaccinated mice. Animals received 
8 mg/kg of histamine base. At the times indicated, they 
were killed and lung cAMP was determined. The values 
are expressed as pmoles/mg of protein. Each point rep- 
resents the mean +S. E. M. 12 determinations. Key: (@) 
norma! animals; and (A) pertussis-vaccinated animals. 
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Pertussis Treated 


Control 


cAMP (pmoles/mg PROTEIN ) 








T che he 
13.25.50 1 2 4 8 16 32 64 


Histamine Dose (mg/kg) 
Fig. 2. Effect of varying doses of histamine on the cAMP 
content of lung tissue from normal and _pertussis-vac- 
cinated mice. The animals were killed 2 min after ip. 
administration of histamine. Values are expressed as pmo- 
les/mg of protein + S. E. M. of 12 determinations. Key: 
(@) control animals; and (A) pertussis-vaccinated animals. 


to theophylline (3 mM) with approximate 150 per 
cent increases in cAMP. Neither tissue type res- 
ponded to histamine (5 x 10° M). The addition of 
both theophylline and histamine acted synergistically 
in increasing cAMP levels in both tissue types by 250 
per cent. Addition of epinephrine (5 x 10°° M) 
caused a marked increase in cAMP in both tissue 
types. The same pattern of histamine and epinephrine 
stimulatory effects were seen when cell-free homo- 
genates were measured for adenylate cyclase activity 
(Table 3). 
DISCUSSION 

The current studies demonstrate that pertussis vac- 
cination leads to a significant alteration in cAMP 
metabolism in lung tissue. While pulmonary cAMP 
levels of both normal and pertussis-vaccinated mice 
increase after histamine administration, the responses 
are quantitatively different. Pertussis-vaccinated mice 
respond to much lower doses of histamine. This in- 
creased sensitivity is most apparent from the 30-fold 
shift of the EDs, from approximately 8-0 to 0:25 
mg/kg. In pertussis-vaccinated animals, the maximal 
stimulated levels remained unchanged but were 
reached with a fraction of the dose required in normal 
animals. Further, this accumulation of cAMP was 
shown to be a very rapid and relatively short-lived 


Table 3. Adenylate cyclase activation in vitro with hista- 
mine or epinephrine* 





Normal Pertussis 





Control 174 + 25 

Histamine 
(10 
(10° 
(10 

Epinephrine 
(10 
(10 
(10 


I+ + + 
’ 
I+ + 4 


+ 1+ + 
+ I+ I+ 


NaF 
(10 





* Values are expressed as pmoles cAMP formed /min/mg 
of protein. Each value is the mean + S. E. M. of four 
determinations. 


response. The maximum response was seen as early 
as | min after histamine administration and 
diminished rapidly thereafter. This may be an impor- 
tant consideration when attempting to correlate these 
changes with histamine-induced shock and death. 
Animals appear relatively unaffected at 1-2 min after 
histamine administration, a period when cAMP levels 
are highest, but appear to be in a pronounced state 
of shock after 15-20 min, a period coincident with 
a return in pulmonary cAMP levels to near normal. 
This might suggest that either the two events (elevated 
lung cAMP and death) are unrelated causally or the 
initial rise in CAMP sets off a chain of events which 
can persist and produce death after cAMP levels have 
returned to near normal. 

While it is obvious from these data that cAMP 
metabolism is significantly altered in lungs of pertus- 
sis-vaccinated mice, there is no evidence presented 
here which is incompatible with the suggestion that 
cGMP rather than cAMP could be involved in hista- 
mine-induced shock and death in pertussis-vaccinated 
mice [22]. It is possible that the increase in cAMP 
might occur as part of a homeostatic adjustment in 
response to histamine administration. Bourne er al. 
[23] have demonstrated that histamine causes an in- 
crease in leukocyte cAMP and have suggested that 
this may function as a negative feedback mechanism 
to limit further release of histamine and thus limit 
the inflammatory process. According to this concept, 
the increase in pulmonary cAMP may be the result 


‘of an attempt to avoid death, rather than a contribut- 


ing cause of it. 


Table 2. Effects in vitro of theophylline, histamine and epinephrine on chopped lung 
fragments from normal and pertussis-vaccinated mice* 





Normal Pertussis 


1-8 (16) 11-1 + 1-1 (12) 
4:3 (4) 29-8 + 4:8 (4) 
2:0 (12) 11-9 + 1-2 (6) 





14-7 
37-4 
13-6 


Control 
Theophylline 
Histamine 
Theophylline + 
histamine 
Epinephrine 


49:5 4 
90-2 


6-7 (4) 
+ 8-0 (14) 


39:5 + 7-0 (4) 
117-9 + 18-1 (8) 








* Values are expressed as pmoles cAMP/mg of protein + S. E. M. Theophylline 
concentration was 3 mM while histamine and epinephrine were each 5 x 10°° M. 
The numbers in parentheses represent the number of determinations. 





526 RICHARD A. 


Polson et al. [22] failed to observe these striking 
differences in cAMP metabolism between normal and 
pertussis-vaccinated mice. From our data it can be 
seen that the reasons for this could have been their 
selection of a dose of histamine (70 mg/kg) and time 
after administration (5 and 10 min) which were not 
conducive to detection of the difference. 

The cell type(s) in the lung responsible for the in- 
creased cAMP cannot be deduced from the current 
studies. However, a reasonable candidate would be 
cells of the lymphoid series shown to infiltrate the 
lungs of pertussis-vaccinated mice in large numbers 
[24]. This would certainly be consistent with the 
hypothesis that the increased cAMP is the result of 
histamine acting in a negative feedback capacity to 
limit its own release. Failure to observe a similar his- 
tamine effect on cAMP in spleens of these animals, 
which also undergo a marked increase in lymphoid 
cell content, does not detract from this idea, since 
there is no evidence that the cell types accumulating 


in lung and spleen are similar either morphologically: 


or functionally. 

The failure of the administration of histamine in 
vitro to induce cAMP accumulation in either chopped 
lung or cell-free homogenates suggests that a direct 
interaction between histamine and the enzymes regu- 
lating cAMP metabolism (adenylate cyclase and 
phosphodiesterase) is not involved. This raises the 
possibility that histamine may be acting through 
some as yet unidentified intermediate. Failure to 
demonstrate a difference in the effect of epinephrine 
in vitro on CAMP metabolism in normal and pertus- 


sis-vaccinated mouse lung suggests that epinephrine 
may not be that intermediate as has been suggested 


and in vitro with a wide range of catecholamines 
as well as agonists and antagonists are needed to 
elucidate their role if any in this phenomenon. 
Another class of compounds which require evaluation 
in this regard are the prostaglandins, most especially 
those of the E and F series, which have been shown 
to regulate smooth muscle tone [26-28], modulate 
the inflammatory response [29], and influence cAMP 
metabolism [28-30]. 
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Abstract—6-Mercaptopurine, but not other purine analogs, produced an increase in IMP dehydrogenase 
specific activity in cultured human skin fibroblasts. The conversion of 6-mercaptopurine to its ribonuc- 
leotide form, 6-thioinosine S’-monophosphate, was required for this effect, as evidenced by the lack 
of an effect of 6-mercaptopurine in cells deficient in hypoxanthine-guanine phosphoribosyltransferase 
activity. This effect of 6-mercaptopurine on IMP dehydrogenase was blocked by inhibition of RNA 
or protein synthesis. Furthermore, stabilization of IMP dehydrogenase activity by 6-mercaptopurine 
or its metabolic products to heat or trypsin inactivation could not be demonstrated in vitro. These 
results suggest that 6-thioinosine 5’-monophosphate or one of its nucleotide derivatives leads to an 
increase in the synthesis of IMP dehydrogenase at the transcriptional level. 


6-Mercaptopurine (6-MP) is an analog of hypoxan- 
thine which interferes with purine nucleotide biosyn- 
thesis at a number of different sites (see review by 
Elion [1]). 6-MP competes with hypoxanthine and 
guanine for conversion to ribonucleotide derivatives 
by the salvage pathway enzyme, hypoxanthine- 
guanine phosphoribosyltransferase (HGPRT). More 
importantly, the ribonucleotide form of 6-MP, 
6-thioinosine 5’-monophosphate (6-thioIMP), is an in- 
hibitor of several different steps of purine nucleotide 
biosynthesis de novo, including the synthesis of phos- 
phoribosylamine, the first reaction committed to this 
pathway, and the conversions of IMP to adenylosuc- 
cinic acid, adenylosuccinic acid to AMP and IMP 
to XMP. The latter reaction is the first step unique 
to the pathway for the synthesis of GMP de novo 
and is catalyzed by inosinic acid (IMP) dehydrogen- 
ase [2] (IMP:NAD* oxidoreductase, EC 1.2.1.14). 

Atkinson et al. [3] demonstrated that IMP de- 
hydrogenase from Ehrlich ascites tumor cells was in- 
hibited by 6-thioJMP in a manner which was com- 
petitive with respect to IMP. A similar type of inhibi- 
tion of IMP dehydrogenase from sarcoma 180 cells 
by 6-chloroinosine 5’-monophosphate was noted by 
Anderson and Sartorelli [4]. Holmes et al. [5] have 
also observed inhibition of IMP dehydrogenase from 
human placenta by 6-thioJMP. Hampton and No- 
mura [6] proposed from their studies of the enzyme 
from Aerobacter aerogenes that the nucleotide deriva- 
tives of 6-MP, 6-thioguanine (6-TG), and 6-chloropur- 
ine (6-CIP) react with a sulfhydryl group in the prox- 
imity of the IMP binding site to form either a stable 
disulfide or thioether bond. 

In the present study we have demonstrated that 
6-MP causes an increase in the specific activity of 
IMP dehydrogenase in cultured human fibroblasts. 
The data suggest that this effect is mediated by a 
nucleotide derivative of 6-MP and may be dependent 
on RNA and protein synthesis. 





* This research supported by USPHS Research Grant 
No. AM-14362, USPHS Training Grant No. GM-00233 
and USPHS Training Grant No. AM-05620. 


MATERIALS AND METHODS 


Hypoxanthine[8-'*C] (2:48 mCi/m-mole), _ L-leu- 
cine[4,5-7H] (64Ci/m-mole) and uridine[{2-'*C] 
(56-7 mCi/m-mole) were purchased from New Eng- 
land Nuclear Corp. Nicotinamide adenine dinucleo- 
tide, sodium phosphoribosylpyrophosphate, 6-MP, 
6-mercaptopurine ribonucleoside (6-MPR), 
6-thioIMP (barium salt), 6-TG, 6-CIP, XMP, actino- 
mycin D, trypsin and trypsin inhibitor were obtained 
from Sigma Chemical Co. Dithiothreitol, cyclohexi- 
mide and puromycin were purchased from Calbio- 
chem Co. All other chemicals were commercial prod- 
ucts of highest available purity. 

Cell culture. Cultures of human skin fibroblasts 
were initiated from punch skin biopsies of normal 
individuals and patients with the Lesch-Nyhan syn- 
drome as described previously [7]. Fibroblasts were 
cultured in monolayer in 100-mm plastic sterile dis- 
posable Petri dishes (Falcon Plastics). The cells were 
grown in Eagle’s minimum essential medium (GIB- 
CO), supplemented with 10°, fetal calf serum (dia- 
lyzed or undialyzed, GIBCO), nonessential amino 
acids, penicillin (50U/ml), and — streptomycin 
(50 zg/ml) and incubated at 37° in a humidified 5°, 
CO,-95°,, air atmosphere. Cultures were serially pro- 
pagated by splitting 1 to 4 after reaching confluency. 
In each experiment, replicate cultures were prepared 
by pooling cells harvested from several cultures before 
transferring 10-ml aliquots of cell suspension to new 
Petri dishes. Only confluent cultures in the fifth to 
fifteenth passage were used and the culture medium 
(supplemented with undialyzed serum except where 
indicated otherwise) was changed every 2 days. Under 
these conditions there was little variation in IMP de- 
hydrogenase specific activity in any particular exper- 
iment. As noted later, however, the basal level of IMP 
dehydrogenase activity was lower when dialyzed 
rather than undialyzed serum was used as a com- 
ponent of the cell culture medium. 

Cells (1-3 x 10°) were harvested from culture dish- 
es by rapid trypsinization. The culture medium was 
removed by aspiration and the cell sheets were 
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washed with phosphate-buffered saline (PBS). Cells 
were incubated with | ml of 0-1°,, trypsin (9300 BAEE 
units mg: Worthington Biochemical) with agitation at 
room temperature for 1-Smin. The detached cells 
were suspended in cold fresh medium, centrifuged at 
600 g and washed with PBS. Cell pellets were stored 
at —70 until time of extraction. IMP dehydrogenase 
activity was found to be stable under these conditions 
for at least 2 weeks. Cells were suspended in 0-2 ml 
of ice-cold 50mM _ potassium phosphate buffer, pH 
7-4, with |1mM_ dithiotreitol and lysed by rapidly 
freezing and thawing twice. Lysates were centrifuged 
at 10,0004 for 20min, and the supernatant was dia- 
lyzed against the same buffer for 6-8 hr at 4. 

Enzyme assays. IMP dehydrogenase activity was 
determined by a radiochemical method similar to that 
described by Pehlke et al. [8]. The reaction mixture 
contained 0-0083 umole IMP[8-'*C],* 0-1 umole 
NAD~, 10 umoles KCl, 0-1 pamole EDTA, 0-05 umole 
dithiothreitol, 5 anoles potassium phosphate buffer, 
pH 7-4, and 25-100 ug fibroblast protein (50 xl dia- 
lyzed cell extract) in a final volume of 100 yl. The 
reaction was allowed to proceed for | hr at 37 and 
stopped by the addition of an equal volume of cold 
95°, ethanol. Precipitated protein was removed by 
centrifugation at 10,000g and 50 yl of the superna- 
tant, along with 20 4g carrier XMP, was spotted on 
Whatman DE81 paper and subjected to descending 
chromatography in 0-2 M ammonium formate buffer, 
pH 5-0 (R;: XMP, 0:32: IMP, 0-72). The XMP spot 
was located with u.v. light, cut out and counted at 
63 per cent efficiency in a Packard Tri-Carb liquid 
scintillation counter. The assay was linear with re- 
spect to time up to 90min and with respect to 
amount of protein up to 125 ug. Under these assay 
conditions endogenous 5’-nucleotidase activity had no 
significant effect on the measurement of IMP de- 
hydrogenase activity. In the presence of EDTA less 
than 10 per cent of the substrate, IMP, and less than 
5 per cent of the product, XMP, were found to be 
dephosphorylated. In addition, potential difficulty ar- 
ising from the metabolism of NAD~ in the extract 
was avoided by providing NAD” in excess. Reducing 
the concentration of NAD* by 50°, yielded the same 
level of enzyme activity. A higher concentration of 
NAD* kad an inhibitory effect. Essentially the same 
results were obtained using extracts prepared from 
cells grown in the presence of 6-MP. 

HGPRT activity was measured by a radiochemical 
method similar to that described by Kelley and 
Meade [9]. Thymidine triphosphate was not used to 
inhibit the breakdown of the nucleotide product to 
the nucleoside derivative by endogenous 5’-nucleoti- 
dase. However, comparable results were obtained by 
using the sum of the radioactivity in IMP and inosine 
to quantitate enzyme activity. 

Protein was measured by the method of Lowry et 
al. [10] using bovine serum albumin as a standard. 

RNA and protein synthesis. Rates of RNA and pro- 
tein synthesis were estimated in confluent cultures 
which had attained a cell density of 3-4 x 10* 
cells‘cm~. These cultures were incubated for 2 hr with 

* IMP[8-'*C] was enzymatically 
hypoxanthine[8-'*C] using _ partially 
HGPRT according to Pehlke et al. [8]. 





from 
human 


synthesized 
purified 


Howes, Jr. and W. N. KELLEY 


Sml of medium containing 0-1 wCi uridine[2-'*C] 
and 1 wCi L-leucine[4,5-*H]. Subsequent steps were 
carried out at 0-4. After the labeling period the cells 
were washed three times with 5-ml portions of PBS 
and lysed with 4ml of 0-5°,, sodium dodecyl sulfate 
in 001M Tris-HCl, pH 7-4. An equal volume of 
10°,, trichloroacetic acid was added to the lysates to 
precipitate nucleic acids and protein. The precipitates 
were collected on glass fiber filters (Reeve Angel, No. 
934-Ah, 2:'4-cm diameter) and washed four times with 
5 ml of 5°, trichloroacetic acid and twice with 5 ml 
of 95°, ethanol. The filters were dried and counted 
in a toluene-based scintillation fluid. Tritium counts 
were corrected for 8-3 per cent spillover of '*C counts. 
Tritium was counted at i45 per cent efficiency and 
'C was counted at 36:5 per cent efficiency. The label- 
ing conditions described here gave linear incorpor- 
ation rates for both isotopes up to 8 hr. 

Stability of IMP dehydrogenase in vitro. Fibroblast 
extract, in 100-1 aliquots, was incubated at 70° for 
up to 8 min and then chilled rapidly at 0-4’. Residual 
IMP dehydrogenase activity was assayed and ex- 
pressed as a per cent of the initial activity of the un- 
heated control. Fibroblast extract, in 100-1 aliquots, 
was also incubated at 25 for up to 10min with 10 yl 
trypsin (1 mg/ml). Proteolysis was terminated by ra- 
pid chilling at 0-4 and the addition of 10 ul trypsin 
inhibitor (2 mg/ml). Residual IMP dehydrogenase ac- 
tivity was expressed as a per cent of the activity of 
the control, in which trypsin inhibitor was added im- 
mediately after trypsin. 


RESULTS 

The change in specific activity of IMP dehydrogen- 
ase 3 days after the addition of 6-MP to fibroblasts 
cultured in medium supplemented with undialyzed or 
dialyzed serum is illustrated in Table 1. With undia- 
lyzed serum, enzyme specific activity varied between 
8-9 and 15-6nmoles/mg of protein/hr in control cul- 
tures and increased as much as 67 per cent in 6-MP- 
treated cells. With dialyzed serum, enzyme specific ac- 
tivity varied between 5:3 and 9-7 nmoles/mg of pro- 
tein/hr and was increased by as much as 150 per cent 
in 6-MP-treated cells. The maximum IMP dehydro- 
genase activity in extracts of 6-MP-treated cells was 
20-22 nmoles/mg of protein/hr using either type of 
medium. A maximum effect was exerted by 10°*M 
6-MP in experiments using medium supplemented 
with undialyzed serum, whereas 10°*M 6-MP was 
most effective in cells grown in medium supplemented 
with dialyzed serum. This observation suggests that 
substances which interfere with the action of 6-MP 
may be present in undialyzed serum. The addition 
of purine bases to either medium, however, had no 
effect on IMP dehydrogenase activity levels. Also, the 
activity of at least one other enzyme involved in pur- 
ine metabolism, phosphoribosylpyrophosphate syn- 
thetase, was found to respond similarly to undialyzed 
and dialyzed serum (unpublished data). 

The kinetics of the increase in IMP dehydrogenase 
specific activity after the addition of 6-MP is demon- 
strated in Fig. 1. A maximum increase was observed 
within 3 days after the addition of 6-MP and the 
enzyme activity level remained stable for at least 2 
additional days. The specific activity of another en- 
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Table 1. Effect of 6-MP on IMP dehydrogenase specific activity* 





Concn 
No. of of 6-MP 


experiments 


Per cent 


Culture medium of control 





100 

122 (111 

152 (139 

167 (133- 

100 

190 (169-226) 

250 (155-362) 
3 ; 172 (158-183) 


Undialyzed serum 
supplemented 150) 
171) 
193) 
Dialyzed serum 
supplemented 





*6-MP was added to cultures at concentrations ranging from 10°° to 10°°M. Cells were 
collected 3 days later and IMP dehydrogenase specific activity was measured. For each individual 
experiment the per cent of control was determined for the enzyme activity observed in the 
presence of 6-MP. Listed are the mean and range of the per cent values from three to five 
separate experiments. The IMP dehydrogenase specific activity in the controls ranged from 
8-9 to 15-6 nmoles/mg of protein/hr for cells grown in the presence of undialyzed serum and 
from 5-3 to 9:7 nmoles/mg of protein/hr for cells grown in presence of dialyzed serum. 


zyme of purine metabolism, HGPRT, which was also 
constant during confluency, was not altered by 6-MP 
at concentrations ranging from 10~° to 10°3M for 
up to 5 days (Fig. 2). There was no apparent change 
in cell morphology or cell adhesion as observed with 
light microscopy during the course of the experiments 
under these conditions. 

The effect of 6-MP on the rate of incorporation 
of labeled precursors of RNA and protein into acid- 
insoluble material is shown in Table 2. 6-MP had 
virtually no effect on the incorporation of labeled leu- 
cine into acid-insoluble material. Labeled uridine in- 
corporation was reduced at all concentrations of 
6-MP examined. Maximum inhibition of approxi- 
mately 60 per cent was noted at concentrations of 1 
6-MP in the range of 10° 7-10°*M. 

The increase in IMP dehydrogenase specific ac- Doys 
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tivity in response to 6-MP did not occur in cells with 
reduced HGPRT activity. As illustrated in Table 3, 
the specific activity of IMP dehydrogenase in cell 
strain 230, with less than 2 per cent of the HGPRT 
activity present in normal cells, decreased slightly 


20 sag 





nmoles/mg protein/h 


| 
| 








Days 


Fig. 1. Time course of 6-MP-mediated increase of IMP 

dehydrogenase specific activity. 6-MP (10° * M) was added 

to confluent cultures in dialyzed serum-supplemented 

medium, and IMP dehydrogenase activity was assayed 1, 

3 and § days later. @ @. Control, no 6-MP added: 
O--O, 6-MP added. 


Fig. 2. Effect of 6-MP on HGPRT specific activity in cell 
culture. Three groups of replicate confluent cultures were 
incubated in the presence of 6-MP (10°°, 10°* and 
10° 3M). A control group was not treated with 6-MP. Cells 
were collected 1, 3 and 5 days after the initiation of the 
experiment and assayed for HGPRT activity. @ @. 
Control, no 6-MP added; O--O, 10°° M 6-MP added; 
A--A, 10°*M 6-MP added; x--x, 10°*M 6-MP 
added. 


Table 2. Effect of 6-MP on the incorporation of [*H]leu- 
cine and [!*C]uridine into acid-insoluble material* 





Per cent of control 





Concn 
of 6-MP 
(M) 


[*H]leucine 
incorporation 


['*C]Juridine 
incorporation 





1004 
68 
42 
40 





* Replicate cultures were incubated for 12 hr in the pres- 
ence of 6-MP before determining incorporation of labeled 
precursor into acid-insoluble material as described under 
Materials and Methods. 

+ 485 cpm. 

421 cpm. 
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Table 3. Effect of 6-MP on IMP dehydrogenase specific activity in normal and Lesch-Nyhan 
cells* 





HGPRT 
Cell strain 


(nmoles/mg protein/hr) 


IMP dehydrogenase 
(nmoles/mg 
protein/hr) 


Concn 
of 6-MP 
(M) 





233 (Normal) 75 


230 (Lesch-Nyhan) 


0 11-8 
+ 16-4 
10°? 20:4 


0 14-4 
16°* 13-4 
ee 13-4 





* Normal and Lesch—Nyhan cells in the ninth and twelfth passage, respectively, were incubated 
in the presence of 6-MP, (10° * or 10° * M) for 3 days, harvested and assayed for IMP dehydro- 
genase activity. HGPRT activity was measured before the start of the experiment. 


when the cells were incubated with 6-MP at concent- 
rations of 10°* or 10°*M. These concentrations of 
6-MP produced a 40 and 70 per cent increase, re- 
spectively, in the specific activity of IMP dehydrogen- 
ase in normal fibroblasts. 

The effects of 6-MP and other related compounds 
on the specific activity of IMP dehydrogenase are 
compared in Table 4. In this experiment enzyme ac- 
tivity in extracts of control cells was low (5-5 nmoles 
mg of protein/hr) and the stimulatory effect of 6-MP 
was over 3-fold. 6-MPR at an equimolar concent- 
ration caused only a 2-4-fold increase in IMP de- 
hydrogenase specific activity. Conversely, 6-MMPR, 
6-TG and 6-CIP at equimolar concentration led only 
to a decline in IMP dehydrogenase activity. 

The 6-MP-mediated increase in IMP dehydrogen- 
ase activity was examined for dependence on RNA 
and protein synthesis. RNA synthesis was blocked by 
actinomycin D (0:1 g/ml), which inhibited the incor- 
poration of labeled uridine into the acid-insoluble 
material to 5 per cent of control values. Protein syn- 
thesis was blocked by cycloheximide (5 g/ml) or pur- 
omycin (3 4M), which inhibited the incorporation of 
labeled leucine into the acid-insoluble material to 10 
and 40 per cent of control values respectively. These 
inhibitors at the doses used had only a minor effect 
on the morphological appearance of confluent cul- 
tures. The effect of these inhibitors on IMP dehydro- 
genase activity was tested on cells cultured in the 


presence and absence of 6-MP at a concentration of 
10° * M (Fig. 3). In control cultures IMP dehydrogen- 
ase activity fluctuated between 5-5 and 6-6 nmoles/mg 
of protein/hr, whereas in 6-MP-treated cultures en- 
zyme activity levels increased gradually to 18:2 nmo- 
les/mg of protein/hr by the third day. Actinomycin 
D added at the beginning of the experiment to either 
control or 6-MP-treated cultures resulted in a de- 
crease in enzyme activity after 2 days. Actinomycin 
D, added 1 day after 6-MP, blocked the further in- 
crease in IMP dehydrogenase activity but did not 
cause a decline of the elevated enzyme activity levels. 
In control cultures cycloheximide did not affect IMP 
dehydrogenase levels over a 2-day period, whereas 
puromycin added during the same time period caused 
a decline in enzyme specific activity. Both cyclohexi- 
mide and puromycin effectively prevented the increase 
of enzyme activity in 6-MP-treated cultures when ad- 
ded at the beginning of the experiment. These inhibi- 
tors also blocked any further increase of the elevated 
IMP dehydrogenase activity levels when added to cul- 
tures | day after 6-MP treatment. 

Experiments were performed in vitro utilizing heat 
and trypsin inactivation in order to determine if the 
effect of 6-MP in IMP dehydrogenase could also be 
attributed in part to enzyme stabilization. The results 
are illustrated in Figs. 4 and 5. No difference in en- 
zyme stability to heat inactivation or trypsin digestion 
was observed for extracts of cells grown in 10°*M 


Table 4. Effect of various purine analogs on IMP dehydrogenase specific activity 
in cell culture* 





Compound added to 
culture medium 


IMP dehydrogenase 
(nmoles/mg protein/hr) 


Per cent of 
control 





None 

6-Mercaptopurine 

6-Mercaptopurine 
ribonucleoside 

6-Methylmercaptopurine 
ribonucleoside 

6-Thioguanine 

_6-Chloropurine 


5: 


45 
58 





* Replicate cultures in dialyzed serum-supplemented medium were grown for 3 days 
in the presence of the different compounds listed above, each at a concentration of 
10°* M. The results are the average of duplicate samples expressed as specific activity 
and as a per cent of the activity in untreated cells. 





Effect of 6-mercaptopurine on inosinic acid dehydrogenase 


ro) 


nmoles /mg protein /h 


on 











Days 


Fig. 3. Effect of inhibitors of RNA and protein synthesis 
on the increase of IMP dehydrogenase specific activity by 
6-MP. Replicate cultures grown to confluency in dialyzed 
serum-supplemented medium were incubated for 3 days 
in the absence (left panel) and presence (right panel) of 
6-MP (10° + M). Actinomycin D, 0-1 ug/ml. cycloheximide, 
5 ug/ml, or Puromycin, 3 46M, was added to some 6-MP- 
treated cultures at the beginning of the experiment (day 
0) or 1 day later. These drugs were added to untreated 
cultures only on day 0. Cells were harvested from duplicate 
cultures at the indicated times and IMP dehydrogenase 
activity was assayed. Left panel and right panel: @——®, 
control; O-—O, actinomycin D added; A-—~—A, cyclohexi- 
mide added, and (——Q), puromycin added. Vertical bars 
indicate range of activity. 


6-MP when compared to control cultures (Fig. 4). 
6-ThioIMP was also examined for a stabilizing effect 
on IMP dehydrogenase activity in fibroblast extract 
(Fig. 5). This nucleotide analog was added to dialyzed 
lysate at a final concentration of 10°*M. Only a 
slight decrease in heat stability and little or no effect 
on trypsin inactivation resulted; however, inhibition 
of enzyme activity by over 80 per cent indicated an 
interaction between 6-thioIMP and IMP dehydrogen- 
ase. A comparison of the stability of IMP dehydro- 
genase activity in undialyzed and dialyzed control ex- 
tracts (Figs. 4 and 5) suggests that certain cellular 
metabolites or ions removed by dialysis may stabilize 
enzyme activity. 


DISCUSSION 

In this study it has been demonstrated that the spe- 
cific activity of IMP dehydrogenase in cultured hu- 
man fibroblasts is increased as much as 2- to 3-fold 
by the addition of the purine analog, 6-MP. This ef- 
fect of 6-MP is not a general one on enzyme activity, 
since the specific activity of hypoxanthine-guanine 
phosphoribosyltransferase, another soluble enzyme, 
was not altered. The absence of an effect by 6-MP 
on cells deficient in hypoxanthine-guanine phosphori- 
bosyltransferase activity indicated a requirement for 
conversion of the drug to its ribonucleotide form, 
6-thioIMP. Increased IMP dehydrogenase specific ac- 
tivity was also observed with 6-mercaptopurine ri- 


% of initial activity 








Min 
Fig. 4. Stability of IMP dehydrogenase activity in extracts 
of 6-MP-treated cells. Fibroblasts were cultured in the 
presence of 10°* M 6-MP for 3 days, during which IMP 
dehydrogenase activity increased nearly 2-fold. These cells 
and untreated cells were then harvested and extracted in 
0:05 M_ potassium phosphate, pH7-4. The undialyzed 
extracts were adjusted with buffer to the same protein con- 
centration, 3 mg/ml. ind subjected to heat or trypsin inac- 
tivation as described under Materials and Methods. The 
levels of IMP dehydrogenase activity in extracts of control 
cells and 6-MP-treated cells were 28 and 51 nmoles/hr re- 
spectively. Enzyme activity is expressed as per cent of in- 
itial activity. @——@, Control, heat inactivation; O--O, 
cells grown in presence of 6-MP, heat inactivation: 
A——A, control, trypsin inactivation; A——A, cells grown 
in presence of 6-MP, trypsin inactivation. 
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Fig. 5. Effect of 6-thioIMP on the stability of IMP de- 
hydrogenase. Fibroblast extract, dialyzed against 0-05 M 
potassium phosphate, pH 7-4, and containing 3 mg/ml of 
protein and 30nmoles/hr of IMP dehydrogenase activity, 
was incubated for 15min at 25° in the presence and 
absence of 10° * M 6-thioIMP and subjected to heat inacti- 
vation or trypsin inactivation as described under Materials 
and Methods. Enzyme activity is expressed as per cent 
of initial activity. @——@, Control, heat inactivation: 
O--O, 6-thioIMP added, heat inactivation; A A. con- 
trol, trypsin inactivation; A-—A, 6-thio! MP added, trypsin 
inactivation. 
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bonucleoside (6-MPR), but not with other purine ana- 
logs, including 6-methylmercaptopurine ribonucleo- 
side, 6-thioguanine and 6-chloropurine. Since human 
fibroblasts do not appear to have the enzymatic capa- 
city to phosphorylate 6-MPR, the effect of this com- 
pound on IMP dehydrogenase activity is probably 
due to its conversion to 6-MP in a reaction catalyzed 
by purine nucleoside phosphorylase. 

It cannot be ascertained from these experiments 
whether 6-thioIMP or one of its metabolites is the 
active agent. Other known nucleotide metabolites of 
6-MP include 6-methylmercaptopurine ribonucleo- 
side 5’-monophosphate [11], 6-thioguanosine 
5'-monophosphate [12] and  6-thioxanthosine 
5’-monophosphate [13]. The first two derivatives are 
. not likely to be responsible for this effect of 6-MP, 
since 6-methylmercaptopurine ribonucleoside and 
6-thioguanine, which could be converted to their res- 
pective nucleotide forms, did not lead to an increase 
of IMP dehydrogenase specific activity in cell culture. 

An attempt was made to determine the molecular 
mechanism responsible for the increase of IMP de- 
hydrogenase specific activity produced by 6-MP. Inhi- 
bition of RNA synthesis by actinomycin D and inhi- 
bition of protein synthesis by cycloheximide or puro- 
mycin prevented the effect of 6-MP, suggesting that 
both RNA and protein synthesis may be required. 
This approach to the study of enzyme regulation, 
however, is compromised by the possibility that non- 
specific metabolic toxicity of actinomycin D, cyclohex- 
imide or puromycin may influence the results. Thus, 
interpretation of these experiments is limited and 
more supporting or conclusive evidence is needed. 
Nonetheless, one interpretation of these data is that 
6-MP, via a nucleotide derivative, in some manner 
stimulates the synthesis of IMP dehydrogenase at the 
transcriptional level. 

In a recent study by Tidd and Paterson [14] using 
mouse lymphoma cells, 6-MP was found to cause a 
significant reduction in the guanine ribonucleotide 
pool size with only a slight decrease in the adenine 
ribonucleotide pool size. In addition, 6-thioguanine 
was shown to have little effect on either ribonucleo- 
tide pool, whereas 6-methylmercaptopurine ribonuc- 
leoside was noted to decrease the pools of both 
adenine and guanine ribonucleotides. Based on this 
study, 6-MP appeared to be the only one of the three 
purine analogs to have a specific effect on the cellular 
content of guanine ribonucleotides. Thus, the increase 
in IMP dehydrogenase specific activity mediated by 
6-MP could possibly reflect derepression of the en- 
zyme due to a decrease in the levels of guanine ri- 
bonucleotides. IMP dehydrogenase in bacterial cells 
has been shown to be controlled by end-product re- 
pression through guanine nucleotides [15]. Our re- 
sults are consistent with this model. 

Since IMP dehydrogenase from bacterial [6] or 
mammalian [4] cells forms a stable complex with 
6-thioIMP through a disulfide linkage, stabilization 
of the human enzyme by the purine nucleotide analog 
was also considered as a possible explanation for the 
6-MP-mediated increase in IMP dehydrogenase ac- 
tivity. The increased IMP dehydrogenase activity in 
lysates of 6-MP-treated cells, however, was not stabi- 


lized to inactivation by thermal denaturation or pro- 
teolysis. Furthermore, the addition of 6-thioIMP to 
fibroblast extract also failed to stabilize the enzyme 
to trypsin inactivation and may actually have de- 
creased its stability to heat inactivation. Although, 
more precise methods of studying specific enzyme 
turnover will be required to exclude the possibility 
of enzyme stabilization, it is noteworthy that protec- 
tion of dihydrofolate reductase activity from proteoly- 
tic or heat inactivation by amethopterin correlated 
well with the later observation that the intracellular 
degradation of dihydrofolate reductase is inhibited as 
a result of the tight binding of amethopterin to the 
enzyme molecule [16, 17]. 
6-MP has been used clinically as an immunosup- 
pressive agent and an antileukemic drug. Several 
studies of the inhibition of cell proliferation by 6-MP 
have described a “delayed” cytotoxicity. The more re- 
cent studies by Tidd et al. [18] on the delayed re- 
sponse of cultured mouse lymphoma cells to 6-MP 
have led to subsequent biochemical work relating 
drug lethality to the degree of incorporation of 6-MP 
into DNA rather than to the inhibitory action on 
purine nucleotide biosynthesis [14,19]. Since only 
confluent cell cultures characterized by a very low 
growth rate were used in the present studies, they 
presumably deal primarily with the latter metabolic 
effects of 6-MP and not with its effect on cell replica- 
tion. 
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Abstract 


The effect of penicillamine on the tyrosinase- and ceruloplasmin-catalyzed oxidation of dopa 


to dopachrome was studied. Penicillamine, a one-electron donor, prevents the production of dopach- 
rome by reducing an oxidation product of dopa, probably a free radical. During the reaction the 
—SH group of penicillamine is oxidized. It is suggested that this mechanism of penicillamine action 
can play a role in the decrease of the skin pigmentation observed in schizophrenic patients on penicilla- 


mine therapy. 


It has been reported that schizophrenic patients have 
an increased melanogenesis [1,2]. which is further in- 
creased by the phenothiazine treatment [1-5]. Me- 
lanin is produced by the tyrosinase-catalyzed oxi- 
dation of dopa to dopaquinone and dopachrome, fol- 
lowed by polymerization of the indol derivatives 
formed. This reaction is also catalyzed by ceruloplas- 
min in vitro [6]. 

In schizophrenic patients treated with low copper 
diet and penicillamine (f,f-dimethylcysteine), a cop- 
per chelating agent, the abnormal skin pigmentation 
is decreased [2,4]. It is assumed that penicillamine 
inhibits the melanin synthesis by binding to tyro- 
sinase [4]. a copper containing enzyme. In the present 
communication the effect of penicillamine on the oxi- 
dation of dopa to dopachrome and hence melanin 
in the presence of tyrosinase and ceruloplasmin has 
been investigated. 


MATERIALS AND METHODS 


Human ceruloplasmin was purchased from AB 
Kabi and crystallized according to the method of 
Deutsch [7]. The purified enzyme had an absorbance 
ratio, Ag:o/A2g0, Of 0-041. Enzyme concentrations 
were calculated from the 610 nm _ absorption 
(« = 10,900 M~' cm™') [7]. Mushroom tyrosinase 
(EC 1.10.3.1), b-penicillamine, L-dopa (3,4-dihydroxy- 
phenylalanine), NADH, p-hydroxymercuribenzoate 
and adrenaline were obtained from Sigma Chem. Co. 
and promazine from AB Ferrosan. 

The enzyme-catalyzed production of dopachrome 
from dopa was followed spectrophotometrically at 
475 nm (€ = 3.875 M~' cm“ ') [8]. using a Beckman 
DK | recording spectrophotometer equipped with a 
thermo cell. The rate of oxygen uptake during the 
tyrosinase- or ceruloplasmin-catalyzed oxidation of 
dopa was measured with a Clark oxygen electrode 
(Yellow Springs Instr. Co.. Inc.) connected to a 
W + W 3012 recorder. The temperature was kept at 
30 in all experiments. Aqueous solutions were pre- 
pared using deionized, glass-distilled water. 
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RESULTS AND DISCUSSION 


In the presence of tyrosinase or ceruloplasmin dopa 
is rapidly converted to dopachrome (Fig. 1), which 
is an essential intermediate in the melanin synthesis. 
During the process molecular oxygen is reduced to 
water [9]. The dopachrome formation ceases after a 
while, due to lack of oxygen, but continues when oxy- 
gen is introduced into the reaction mixture. When 
penicillamine is added to the system some time 
elapses before the dopachrome formation starts (Fig. 
1), the length of the lag period increasing with increas- 
ing penicillamine concentration. Less dopachrome is 
formed in the presence of penicillamine, suggesting 
that an oxygen consuming reaction takes place during 
the lag period. This was verified with oxygen elec- 
trode experiments (Fig. 1). At high penicillamine con- 
centrations no dopachrome was formed at all. Similar 
results were obtained when the effect of cysteine and 
glutathione on the aminochrome formation was in- 
vestigated [10]. Fig. 2 shows that the concentration 
of penicillamine-SH steadily decreases during the lag 
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Fig. 1. (a) Effect of penicillamine on the dopachrome for- 
mation in the presence of tyrosinase. The reaction mixture 
contained 60 units/ml tyrosinase. 2.5 mM dopa and penicil- 
lamine (0-5 mM (B). 0:75 mM (C)) in 0:25 M sodium-acetate 
buffer. pH 6:2. Curve A shows the dopachrome formation 
in the absence of penicillamine and curve D the oxygen 
uptake when 0:5 mM penicillamine was present. (b) Effect 
of penicillamine on the dopachrome formation in the pres- 
ence of ceruloplasmin (8-3 uM). The experimental condi- 
tions were as described above. 
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Fig. 2. Time course of the decrease in penicillamine—SH 
groups during ‘the tyrosinase-catalyzed oxidation of dopa 
(@). The reaction mixture contained 12 units/ml tyrosinase. 
2:5 mM dopa and 0:5 mM penicillamine in 0-25 M sodium- 
acetate buffer, pH 6:2. The method of Boyer was used for 
determining the —SH concentration [11]. The time course 
of the dopachrome formation is shown in the figure (O). 


period, and that the dopachrome production does not 
start until all the -SH groups are oxidized. Since peni- 
cillamine alone is not catalytically oxidized by tyro- 
sinase or ceruloplasmin, the results suggest that peni- 
cillamine acts by reducing an oxidation product of 
dopa. 

The amount of oxygen used for penicillamine oxi- 
dation is calculated by subtracting the amount of oxy- 
gen used for dopachrome formation (Fig. 1) from 
the initial amount of oxygen present (0-22 mM). One 
oxygen molecule is consumed per aminochrome mol- 
ecule formed [12]. The ratio, [Penicillamine]/[O, ]. 
is 42, suggesting that penicillamine is a one-electron 
donor in the process, since it takes four electrons to 
reduce one molecule of oxygen to water. 

Penicillamine spontaneously reduces the red col- 
oured promazine radicals (R. A. Levstad, unpublished 
data), which have an absorption maximum at 515 nm 
(« = 11,500 M~' cm“ ') [13]. From Fig. 3 it is calcu- 
lated that one molecule of penicillamine reduces one 
radical molecule. confirming the one-electron donor 
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property of the chelator. In comparison NADH, a 
two-electron donor, reduces twice as many radicals 
as penicillamine. 

Heacock and Scott [14] found that penicillamine 
had a reducing effect on adrenochrome, and the possi- 
bility existed that penicillamine had a similar effect 
on dopachrome. When 0:25 mM penicillamine was 
added to 0-1 mM dopachrome in 0:25 M sodium ace- 
tate buffer, pH 6-2, a reduction did take place. The 
rate of reduction was 0-7 «M/min, while the rate of 
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Fig. 3. The decrease in the 515nm absorption of proma- 

zine radicals plotted against the concentration of penicilla- 

mine (@) and NADH (0) added. The method for producing 
free promazine radicals is described elsewhere [13]. 


dopachrome formation in the presence of tyrosinase 
(Fig. la) was 140 «M/min and cervioplasmin 10 4M, 
min (Fig. 1b), suggesting that the effect of penicilla- 
mine on dopachrome is too slow to account for the 
lack of dopachrome formation in the presence of the 
chelating agent (Fig. 1). Ceruloplasmin oxidizes _p- 
phenylenediamines [15] and phenothiazines [13] to 
free radicals by a one-electron transfer. The interac- 
tion of catecholamines with ceruloplasmin results in 
the formation of an activated product [15], probably 
a free radical, which rapidly oxidizes NADH and 
NADPH. Transitory free radicals were reported to 
be formed from catechols when they were acted upon 
by a polyphenoloxidase [16]. It seems therefore likely 
that penicillamine, being a one-electron donor, pre- 
vents the dopachrome synthesis by reducing an active 
oxidation product of dopa, which is probably a free 
radical. A satisfactory explanation for the experimen- 
tal facts can be made with the following mechanism: 


Dopa Ox. product 


Penicillamine 


When all the penicillamine is oxidized the reaction 
leading to melanin starts. It is suggested that this me- 
chanism of penicillamine action can play a role in 
the reduction of melanin synthesis in vivo. The tyro- 
sinase activity was almost the same in the absence 
and presence of penicillamine, indicating that in the 
present experiments no significant inhibition of tyro- 
sinase by the chelator occurs. 

Penicillamine treatment markedly improves the 
mental state of the schizophrenic patients [2]. Hoffer 
and Osmond [17,18] proposed that the oxidation of 
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adrenaline to adrenochrome may play a role in the 
etiology of schizophrenia. In this connection it is of 
interest that penicillamine also prevents the formation 
of adrenochrome from adrenaline in the manner de- 
scribed in this paper. 
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Abstract—The effect of neuroleptic drugs of various chemical classes on adenylate cyclase from a 
variety of rat tissues has been investigated. These were the dopamine-stimulated adenylate cyclase 
in rat striatal homogenates, the noradrenaline-stimulated adenylate cyclase in adipocyte membrane 
fragments and the glucagon-stimulated adenylate cyclase in liver membranes. The stimulatory effects 
of dopamine on rat striatal adenylate cyclase were apparent within a minute of the start of incubations 
and over a wide range of temperatures. Moreover the stimulation could be rapidly inhibited by several 
classes of neuroleptic agent. The inhibitory effect of neuroleptics of all classes was completely reversed 
by high concentrations of dopamine and this reversal took place rapidly at 30°. Neuroleptics were 
also able to inhibit the stimulatory effects of noradrenaline on adipocyte adenylate cyclase at concent- 
rations where the basal enzyme activity was not affected. However the effects of drugs in this system 
occurred at much higher concentrations than in the dopamine-stimulated system. In addition drug 
potencies as inhibitors of noradrenaline did not correlate with neuroleptic activity, x and £-flupenthixol 
for example were equipotent as noradrenaline antagonists. Neuroleptics were able to inhibit the stimu- 
lation of liver membrane adenylate cyclase by glucagon. The potencies of drugs as inhibitors in this 
system again did not correlate with neuroleptic potencies. Higher concentrations of glucagon were 
not able to reverse the inhibition produced by neuroleptics. It is concluded that the effects of neuroleptic 
drugs on dopamine-stimulated adenylate cyclase correlate most closely with their clinical neuroleptic 


potencies. 


Consideration of the possible molecular basis of neur- 
oleptic drug action has led several investigators to 
examine the effects of these agents on hormone sensi- 
tive adenylate cyclase systems. It has been shown that 
the stimulatory effects of various hormones on adeny- 
late cyclases or cyclic AMP accumulation in whole 
cells can be inhibited by neuroleptics. Such inhibition 
has been described for noradrenaline [1, 2], dopamine 
[3,4], ACTH [5], thyrotropin [1], parathyroid hor- 
hormone [1], glucagon [1], prostaglandin E, [1], his- 
tamine [5] and fluoride stimulated enzymes [2]. The 
tissues used have included thyroid [1], brain [2, 3, 4], 
adrenal [5], kidney cortex [1] and liver [1]. It has 
been suggested that the inhibition seen is related to 
the clinical action of the drugs. However, in most 
cases the action of a few drugs, usually from only 
one chemical class (i.e. phenothiazines) has been 
examined. Moreover, the mechanism of the drug/cyc- 
lase interaction has not in general been examined. 
It is, therefore, not possible to say whether these ef- 
fects correlate well with neuroleptic potency in most 
studies. It is also not possible to say whether many 
of the above effects represent an interaction of the 
drug with the hormone receptor or with another com- 
ponent of the adenylate cyclase complex. 

Because of the large volume of clinical and neuro- 
chemical data suggesting that neuroleptic drugs act 
as antagonists at central dopamine receptors [6, 7], 
we and others have examined the effects of neurolep- 


tic drugs on the dopamine-sensitive adenylate cyclase 
present in brain areas rich in dopaminergic synapses. 
Neuroleptic drugs of all chemical types will inhibit 
the stimulatory effects of dopamine on adenylate cyc- 
lase and in most cases this inhibition correlates well 
with neuroleptic potency [3,4]. However, there are 
certain exceptions and in these cases alternative 
modes of action have been suggested. 

In the present investigation the interaction of neur- 
oleptic drugs with the dopamine stimulated adenylate 
cyclase and two other hormone sensitive adenylate 
cyclases has been examined in order to elucidate the 
mechanism of this interaction, and determine which 
effects may be the most relevant in relation to the 
clinical action of these drugs. 


MATERIALS AND METHODS 


Dopamine-sensitive adenylate cyclase. Dopamine- 
sensitive adenylate cyclase in rat brain striatal homo- 
genates was assayed as previously described [4]. 

Noradrenaline-sensitive adenylate cyclase. Norad- 
renaline-stimulated adenylate cyclase in isolated fat 
cells was assayed as follows. Isolated adipocytes were 
prepared from the epididymal fat pads of rats by the 
method of Rodbell [8]. After washing with buffer con- 
taining dialyzed albumin, the cells were homogenized 
at 4C in 50 mm Tris-HCl pH 7-6 and centrifuged 
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at 100,000 g for 20 min. Enzyme assays were per- 
formed on the resulting pellet after resuspension in 
50 mm Tris HCI pH 7:7. The assay system (final vo- 
lume 100 yl) consisted of 50 mm Tris HCl pH 7:7, 
6 mM MgCl, 1 mM _ isobutylmethylxanthine, 0-5 
mg/ml creatine phosphokinase, 10 mM creatine phos- 
phate, 3-2 mM ATP, 0-1°%% bovine serum albumin and 
approximately 50 yg adipocyte membrane protein 
plus drugs as indicated. Incubations were initiated by 
the addition of ATP and carried out for 10 min in 
a shaking water bath at 30. The reaction was ter- 
minated by placing tubes in a boiling water bath for 
2:5 min. Each tube was centrifuged to remove dena- 
tured protein, and the supernatant was assayed for 
cyclic AMP content by the method of Brown et al. 
Protein was determined by the method of Lowry et 
al. [10]. 

Glucagon-stimulated adenylate cyclase. Partially 
purified liver plasma membranes were prepared by 
the method of Purkis et al. [11], which is a modifica- 
tion of the method of Song et al. [12]. Once prepared, 
the membranes were stored at —70 in small ali- 
quots. Glucagon-stimulated adenylate cyclase was 
assayed under the following conditions, final incuba- 
tion volume 50 yl. 50 mM Tris-HCI! buffer pH 7:7, 
20 mM creatine phosphate, | mg/ml creatine phos- 
phokinase, |. mM EDTA, | mM isobutylmethylxan- 
thine, 3-2 mM ATP, 5 mM MgSO, and approxi- 
mately 25 ug of membrane protein. The reaction was 
initiated by addition of ATP, and incubations carried 
out at 30 for 10 min. The reaction was terminated 
and cyclic AMP content determined as described 
above. 

Materials. Dopamine, L-noradrenaline and gluca- 
gon were purchased from SIGMA. Creatine kinase, 
creatine phosphate and ATP were from Boehringer. 
Isobutylmethylxanthine was from Aldrich. Pimozide 
was given by Janssen Pharmaceutica, thioridazine 
and clozapine by Sandoz, x- and f-flupenthixol by 
Lundbeck Ltd. and other drugs by May and Baker 
Ltd. 
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Fig. 1. Time course of the inhibitory effect of pimozide 
(PIM) and «-flupenthixol (#-FLU) on stimulation of stria- 
tal adenylate cyclase by dopamine 10°~* M. Points are 
means of 3 separate incubations. 
*P < 0-05. 


RESULTS 


Dopamine-sensitive adenylate cyclase. It has been 
shown previously that neuroleptic drugs of varying 
chemical structures inhibit the stimulation of striatal 
adenylate cyclase by dopamine. The potencies of the 
butyrophenone type of neuroleptic do aot correlate 
well, however, with their ‘in vivo’ potencies. The dyna- 
mics of interaction of various classes of drug with 
this system was, therefore, investigated. Dopamine 
acted very rapidly after addition to striatal homo- 
genates, and stimulation of cAMP formation was seen 
at one min, the shortest time point examined. Both 
2-flupenthixol and pimozide inhibited the effects of 
dopamine within one minute of addition to the incu- 
bation (Fig. 1). In another experiment in which «-clo- 
penthixol and haloperidol were added initially to the 
incubations it was found that a high concentration 
of dopamine (10° * M) rapidly reversed the effects of 
these drugs after its addition to the incubation (Fig. 
2). It, therefore, seems that both tricyclic and butyro- 
phenone type neuroleptic agents interact in a rapidly 
reversible manner with the dopamine-sensitive adeny- 
late cyclase. The effect of temperature on the inhibi- 
tory potencies of different types of neuroleptics was 
also examined. Fig. 3 shows the effect of temperature 
on stimulation of striatal adenylate cyclase by dopa- 
mine. It can be seen that dopamine was effective in 
stimulating adenylate cyclase over a wide range of 
temperatures. The blockade of dopamine (10°* M) 
stimulation of adenylate cyclase was examined at 
30 and 37. At both temperatures the inhibitory 
profiles of chlorpromazine and pimozide were the 
same. 

The effect of various neuroleptic agents on the 
dose-response curve for stimulation of adenylate cyc- 
lase by dopamine was also examined. When tested 
at concentrations close to their ICs) values the inhibi- 
tory effects of all neuroleptics were reversed by high 
concentrations of dopamine. Fig. 4 shows the effect 
of pimozide on the dopamine dose-response curve. 
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Fig. 2. Time course of the reversal of inhibition of striatal 
adenylate cyclase by x-chlorprothixene (z-CHLORO) and 
haloperidol (HALO) by dopamine 10°* M. Points are 
means of 3 separate incubations. 
*P < 0:05. 
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Fig. 3. Effect of temperature on stimulation of striatal 
adenylate cyclase by dopamine 10°~* M. Points are means 
of 3 separate incubations. 


The drug caused a parallel shift of the dose-response 
curve to the right, and this is compatible with a 
competitive mode of inhibition. Similar effects were 
seen with thioridazine, pimozide, haloperidol, chlor- 
promazine and spiroperidol. The chemical classes of 
these drugs are shown in Table 1. 
Noradrenaline-stimulated adenylate cyclase. The 
adenylate cyclase in membrane fragments from iso- 
lated adipocytes was stimulated by noradrenaline and 
fluoride as previously reported [13,14]. Increasing 
concentrations of various neuroleptic drugs inhibited 
the effects of a maximally stimulating concentration 
of noradrenaline (10° * N) (Fig. 5). Up to concentra- 
tionsof5 x 10° *M nodrug inhibited basal or fluoride- 
stimulated adenylate cyclase activity. At 10°? M. 
however, chlorpromazine and x- and f-flupenthiol in- 
hibited basal and fluoride-stimulated activity as well 
as noradrenaline-stimulated activity. It should be 
noted that considerably higher concentrations of 
drugs were required to inhibit the effects of a maxi- 
mally stimulating concentration of noradrenaline 
than a maximally stimulating concentration of dopa- 
mine in the striatal system. Moreover, x- and $-flupen- 
thixol had similar potencies as antagonists of the nor- 
adrenaline response, and «-flupenthixol was less po- 
tent than chlorpromazine. This does not parallel the 
neuroleptic potencies of these agents, since x-flupen- 
thixol is considerably more potent than chlorproma- 
zine as a neuroleptic, and f-flupenthixol is virtually 
devoid of neuroleptic activity. It was found that the 
inhibition produced by chlorpromazine (2 x 10°* M) 
could be completely reversed by higher concent- 
rations of noradrenaline indicating that this drug may 
act at least in part as a competitive antagonist with 
noradrenaline for the f-adrenoceptor, although the 


Table 1. 


potency of chlorpromazine in this respect is at least 
two orders of magnitude lower than for the dopamine 
receptor [4]. 

Glucagon-stimulated adenylate cyclase. As has been 
shown previously, adenylate cyclase activity in liver 
membranes was stimulated by glucagon [11], norad- 
renaline [15] and fluoride [15]. It was found that 
high concentrations of chlorpromazine could inhibit 
the stimulation produced by a maximally stimulating 
concentration of glucagon (0-1 g/ml). The two 
isomers of flupenthixol were also able to inhibit the 
effects of glucagon, and their inhibitory effects were 
both similar in potency to those shown by chlorpro- 
mazine (data not shown) (Fig. 6). This again does not 
parallel the neuroleptic potencies of these drugs. At 
concentrations up to 5 x 10°* M no drug inhibited 
basal or fluoride stimulated activity, but at 10°? M 
the drugs tested did inhibit both of these activities. 
In addition, the inhibition produced by 5 x 10°* M 
chlorpromazine could not be reversed by higher con- 
centration of glucagon (Fig. 7). 


DISCUSSION 


Because of the large literature describing the inter- 
action of neuroleptic drugs with adenylate cyclase sys- 
tems it seems important to establish which of these 
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Fig. 4. Effect of pimozide 5 x 10°° and 10°° M on stimu- 
lation of striatal adenylate cyclase by dopamine. Mean 
basal activity was 283+ 3:5 pmol cAMP/2mg wet 
weight/2:5 min. In the absence of pimozide and the pres- 
ence of 10°* M dopamine (maximal activiation) activity 
was 580 + 3-7 pmol cAMP/2mg wet weight/2‘5 min. 
Points are means of three or more separate incubations. 


Effects of neuroleptic drugs on hormone stimulated adenylate cyclases 
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Phenothiazine 
Thioxanthene 
Thioxanthene 
Butyrophenone 
Phenothiazine 


Chlorpromazine 
a-Flupenthixol 
B-Flupenthixol 
Haloperidol 
Promazine 


1 x« 19°° 
2-2 x 10°78 
> 19° * 
2x 10° 
6x 10-5 


2x 10°4 x 10°4 
35 x 10°4 x 19°? 
35 x 10°4 x 10°" 
4x 1075 > 1677 

> 10-3 





* Some of this data is taken from Miller et al [4] and from Clement-Cormier et al [3]. 
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Fig. 5. Effect of neuroleptic drugs on maximal stimulation 
of adipocyte membrane adenylate cyclase by noradrenaline 
10°* M. Drugs used were haloperidol (HALO), chlorpro- 
mazine (CPZ) and «- and f-flupenthixol (x) and (f). Basal 
enzyme activity was 057+ 0:03 nmol cAMP/mg pro- 
tein/10 min. Activity in the presence of 10° * M noradrena- 
line was 2:81 +011 nmol cAMP/mg protein/10 min. 
Points are means of five separate incubations. 


effects if any are related to the clinical effects pro- 
duced by these agents. The present study compares 
the effects of some neuroleptic drugs on three of these 
systems. It has been reported previously that neuro- 
leptic drugs potently inhibit the stimulation by dopa- 
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Fig. 6. Effect of neuroleptic drugs on maximal stimulation 
of liver membrane adenylate cyclase by glucagon 
0-1 yg/ml. Drugs used were chlorpromazine (CPZ) halo- 
peridol (HALO) and promazine (PROM). Basal enzyme 
activity was 0:19 nmol cAMP/mg protein/10 min. In the 
presence of 0-1 ug/ml glucagon (maximal stimulation) ac- 
tivity was 1-33 nmol cAMP/mg protein/10 min. Points are 
means of five separate incubations. 


mine of adenylate cyclase activity in homogenates of 
various dopamine-rich regions of the brain [3, 4, 16]. 
In the case of phenothiazines, thioxanthenes and 
dibenzodiazepines the inhibitory potencies of drugs in 
this system correlate well with clinical effects. How- 
ever, butyrophenones such as haloperidol and pimo- 
zide are much more potent in vivo than in the adeny- 
late cyclase system, although they do have some ef- 
fects in the latter [3,4]. It has been suggested that 
such agents may have a predominantly pre-synaptic 
action as inhibitors of dopamine release [17]. The 
experiments reported here, therefore, examined the 
possibility that the mode of inhibition of the effect 
of dopamine by butyrophenones may differ in some 
way from other types of neuroleptics. It was found, 
however, that neuroleptics of all types of structure 
tested inhibited the effects of dopamine in a competi- 
tive fashion. It was also found that drugs of different 
structures acted rapidly on incubation with striatal 
homogenates, and that this inhibition could also be 
reversed rapidly by high concentrations of dopamine. 
Moreover, performing the assays at a higher tempera- 
ture (37 ) did not alter the inhibitory effects of drugs 
tested. It, therefore, appears that neuroleptic drugs 
of differing structures interact with dopamine in this 
system in the same manner. That the dopamine- 
stimulated adenylate cyclase is situated postsynapti- 
cally may be inferred since denervation of the 
nigrostriatal pathway electrolytically or with 6-hyd- 
roxydopamine does not decrease, and may in fact 
increase, the activity of this enzyme [18]. It has also 
been found recently that pimozide will antagonize the 
behavioural effects of apomorphine in animals with 
6-hydroxy-dopamine induced lesions [19]. Such 
observations indicate that butyrophenone type agents 
have a predominantly postsynaptic mode of action. 
The increased potency of the butyrophenones in vivo 
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Fig. 7. Effect of chlorpromazine (CPZ) 5 x 10°*M on 

stimulation of liver membrane adenylate cyclase by gluca- 

gon. Basal enzyme activity was 0:26 nmol cAMP/mg pro- 

tein/10 min. In the presence of 0-1 ug/ml glucagon activity 

was 1-98 nmol cAMP/mg protein/10 min. Points are means 
of five separate incubations. 
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may, therefore, be due to other pharmacokinetic fac- 
tors, as previously suggested [20]. 

As observed by other authors we also found that 
neuroleptic drugs will interact with noradrenaline and 
glucagon stimulated adenylate cyclases [1,2]. It has 
been reported that the effects of noradrenaline applied 
microiontophoretically to the Purkinje neurones of 
the cerebellum may be inhibited by neuroleptic agents 
such as «-flupenthixol and fluphenazine [21]. This re- 
ceptor has been previously shown to have some of 
the characteristics of a f-adrenoceptor [22]. The ex- 
periments reported here show that these drugs will 
inhibit the stimulating effects of noradrenaline on a 
classical f-adrenoceptor linked adenylate cyclase in 
adipocytes. However, certain features of this inhibi- 
tion should be noted. Firstly although these effects 
occur at concentrations at which basal enzyme ac- 
tivity was not affected, the drug concentration needed 
are at least 100 times higher than those required to 
inhibit the stimulating effects of dopamine on striatal 
adenylate cyclase. Secondly, the system does not dis- 
tinguish between the active and inactive z- and p- 
isomers of flupenthixol, whereas the dopamine-stimu- 
lated system does. Thirdly, chlorpromazine in the adi- 
pocyte system is more potent than «-flupenthixol, 
Which again does not parallel behavioural data which 
show that «-flupenthixol is considerably more potent 
[4]. In the dopamine-stimulated system «-flupenthixol 
is considerably more potent than chlorpromazine. In 
general, therefore, the inhibitory effects of these neur- 
oleptics on f-adrenoceptors do not parallel their clini- 
cal neuroleptic activity. However, chlorpromazine 
may have some affinity for the f-adrenoceptors since 
high concentrations of noradrenaline will reverse the 
inhibition produced by chlorpromazine. As the pre- 
cise pharmacological classification of noradrenaline 
receptors in the brain is not known, it may be that 
they are more sensitive to blockade by neuroleptics 
than those in the periphery. 

The effects of neuroleptics on adenylate cyclase 
stimulated by polypeptide hormones are harder to 
assess. The present results indicate that as with the nor- 
adrenaline stimulated system the inhibitory effects of 
neuroleptics in the glucagon-sensitive system do not 
correlate with clinical activity, and require very high 
concentrations. Moreover, the effects of chlorproma- 
zine could not be overcome by high concentrations 
of glucagon. It may be that high concentrations of 
neuroleptics interact with the membrane receptor sys- 
tem to inhibit the binding of the hormone. Another 
possibility is that the drugs interact with membrane 
components such as phospholipids which are thought 
to be important in ‘coupling’ hormone receptors to 
adenylate cyclase [23, 24]. At any rate at the concent- 
rations at which neuroleptics produce such effects, 
they also affect the enzymatic functions of other ‘inte- 
gral proteins’, such as the Na*/K* ATP-ase [25]. 

Of all interactions so far reported of neuroleptic 
drugs with hormone-sensitive adenylate cyclase sys- 
tems, their action on the dopamine-stimulated system 


appears to be the most potent and to correlate best 
with the clinical neuroleptic effects of these drugs. 
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Abstract 


Bradykinin radioimmunoassay was applied to plasma kininogen determination by measuring 


the bradykinin content of the trypsin hydrolysate of heat-acid denatured plasma. The bradykinin anti- 
body was produced in rabbits. The immunogen was prepared by coupling bradykinin to human serum 
albumin with ethyl-carbo-di-imide. In the radioimmunoassay ['?*I]tyr’-bradykinin was used as tracer. 
The antibody was suitable for serial determinations of kininogen from 0-2 ml of plasma. The dose-res- 
ponse pattern of bradykinin standard solutions was the same as that of kininogen hydrolysates and 
the recovery in the hydrolysates was 95-110°,. The mean plasma kininogen content of 26 healthy 
human individuals was 3-36 pg/ml (S.D. 0-49) in bradykinin equivalents which is in good agreement 


with previous results of kininogen bioassay. 


The lack of reliable and simple methods for the deter- 
mination of the different components of kallikrein 
kininogen-kinin system is the main reason for the 
limited information about the pathophysiological role 
of this system. Kininogen. the protein precursor of 
plasma bradykinin. has so far been determined by 
bioassay of bradykinin liberated from kininogen. The 
mostly used method has been that described by 
Diniz et al. [1] and Diniz and Carvalho [2], where 
bradykinin is liberated by trypsin from heat-acid 
denatured plasma and then assayed biologically 
on guinea-pig ileum or rat uterus. However, in this 
method other peptides are liberated which potentiate 
the smooth muscle contracting activity of bradykinin 
[3-5]. The trypsin hydrolysates can be purified by 
ion exchange chromatography. but this is time con- 
suming and losses of bradykinin activity occur during 
the various steps [5]. 

In the search for more specific methods for plasma 
bradykinin determination radioimmunologic — pro- 
cedures have been developed [6-10]. These are com- 
plicated by the fact that bradykinin. being not anti- 
genic. must be coupled to a larger carrier molecule. 
Further. if radioiodine is used as a label. a tyrosine 
analogue of bradykinin must be used as bradykinin 
itself does not accept iodine. 

We have applied bradykinin radioimmunoassay for 
plasma kininogen determination in order to get a 
more specific method suitable for serial determina- 
tions and to avoid the interference of tryptic peptides 
in bradykinin bioassay. 


MATERIALS AND METHODS 


1. Production of antiserum: Bradykinin  im- 
munogen was prepared by coupling bradykinin to hu- 
man serum albumin using water-soluble carbo-di- 
imide. 12-5 mg of human serum albumin (Kabi) was 
dissolved in 0-5 ml of distilled water. 30mg of brady- 
kinin triacetate (Sigma) was added and dissolved and 
followed by 450 mg of 1-ethyl-3(3-dimethyl-aminopro- 
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pyl)-carbo-di-imide HCl (Ott Chemical Company). 
The solution was mixed, kept in ice-bath for 30 min 
and dialyzed against distilled water for 48 hr at +4. 
4ml of distilled water was added and the solution 
was thoroughly mixed with 4 ml of Freund’s complete 
adjuvant (Difco). The amount of immunogen thus 
obtained was used to immunize 10 rabbits. The 
immunogen was injected intramuscularly into all 
four legs. The immunization was repeated at 
2-4 week intervals until the titre of the antibody did 
not increase. The rabbits were bled from the central 
artery of the ear 10 days after each booster-dose. 
Most of the animals did not produce any detectable 
amounts of antibody. One rabbit out of fifteen pro- 
duced a usable antiserum; this rabbit was immunized 
3 times. The antiserum was used in a dilution of | 
to 100. Using this solution the ratio of the radio- 
activity bound to antibody in absence of unlabelled 
bradykinin was about 40”. 

2. Radioimmunoassay: The radioimmunoassay 
procedure was a slight modification of that of Talamo 
et al. [9]. A radio-labelled tracer was prepared accord- 
ing to Greenwood and Hunter [11]. To about 2 mCi 
['*5I] sodium iodide (IMS 30, The Radiochemical 
Centre, Amersham) 201 of 05M phosphate buffer 
pH 7:0, 501 of tyrosine*-bradykinin solution (0-5 
mg/ml) (New England Nuclear) and 25 yl of Chlor- 
amine-T (5 mg/ml) (Merck) were added. After 45 sec 
100 ul of sodium metabisulfite (25 mg/ml) (Merck) 
was added and immediately thereafter 5 ul of potas- 
sium iodide solution (20 mg/ml in 2N acetic acid) 
(Merck). The solution was purified from unbound 
iodine by chromatography on a 4ml Dowex column 
(Dowex 1 x 8 Cl” 200-400 mesh) (Fluka) in a dispos- 
able plastic pipette. The elution was made by water. 
The fraction (0-5ml) containing the top activity of 
bound iodine was diluted to get a working solution 
of 2000 counts per min per 5 ul. 

The uniformity of the tracer was demonstrated by 
an isoelectric focusing procedure (Fig. 1). The focus- 
ing was performed on a 110-ml LKB column (LKB 
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Fig. 1. Isoelectric focusing of the ['**I]labelled tyr*-brady- 
kinin used as tracer in the radioimmunoassay. 


810) at 1°, Ampholine concentration and +10. The 
pH gradient was stabilized with a 0 50°, sucrose gra- 
dient. Focusing time was 2 days. voltage 450 V. Frac- 
tions of | ml were collected and pH and radioactivity 
of each fraction recorded at r.t. (We are grateful to 
Dr U-H Stenman M.D. who performed the isoelectric 
focusing at-The Minerva Institute for Medical Re- 
search. Helsinki). 

The radioimmunoassay was carried out at r.t. as 
follows. Throughout the whole procedure all solu- 
tions contained 1°, of gelatine. which is the best stabi- 
lizer of weak bradykinin solutions [5]. Into | ml con- 
ical plastic centrifuge tubes (Fisher) 20 yl of unknown 
or standard bradykinin solution. (bradykinin triace- 
tate. Sigma) 5 pl of ['°*1]tyr® bradykinin working so- 
lution and 5 yl of | to 100 dilution of the antiserum 
all in veronal- acetate buffered saline. pH 7-4 (veronal 
1-47 mg/ml and acetate 9-7 mg/ml in 0-13M saline) 
were added in this order. The amount of non-specific 
binding of bradykinin to rabbit serum was controlled 
by including a tube of non-immunized rabbit serum 
to each analysis. This never exceeded 10°, of the total 
binding activity. The incubation was carried out at 
r.t. for 1 hr which was found to be enough for optimal 
binding. At the end of the incubation period 400 ul 
of dextran-coated charcoal suspension was added. 
This solution was prepared by adding 75 mg of dex- 
tran T-70 (Pharmacia) and 750 mg of Norit-A (Sigma) 
to 100 ml of veronal- acetate saline buffer. without ge- 
latine. The mixture was allowed to stand for 10 min. 
centrifuged and 100 yl of the supernatant was counted 
for radioactivity. A standard curve was plotted from 
6 standard samples each time and the amount of bra- 
dykinin in duplicate unknown samples was derived 
from this curve. 

3. Preparation of plasma samples: Blood was 
drawn from the antecubital vein through a siliconed 
needle into a heparinized plastic tube and centrifuged 
at r.t. Bradykinin was liberated from plasma 
kininogen according to Diniz et al.[1,2] by trypsin 
incubation of the heat acid denaturated samples. 
0-2 ml of plasma was added to 1:8 ml of 0:2°% acetic 
acid in plastic tubes and heated in boiling water bath 
for 30min. The pH of the mixture was adjusted to 
7-4 7:8 by adding 0-1 N NaOH and buffered to pH 7:8 
at +37 (checked by an Astrup pH meter, Radi- 
ometer. Copenhagen) by adding 0-5 ml of 0-2M Tris- 


buffer. 200 ug of crystallized trypsin in 0-1 ml of saline 
was added and the mixture was incubated for 30 min 
at +37 in a water bath. The incubation was 
stopped by adding 5 ml boiling ethanol and the mix- 
ture was further incubated for 10 min at +70. The 
mixture was cooled, centrifuged and the supernatant 
taken to dryness in a siliconed 100-ml round-bot- 
tomed flask under reduced pressure (Rotavapor, Bu- 
chi). The dried precipitate was stored at —20 if 
necessary. For kinin analysis it was dissolved in 2 ml 
of veronal-acetate-saline buffer with 1°,, of gelatine. 


RESULTS 

Figure 2 shows a typical inhibition curve obtained 
in our assay. The range of the assay lies between 1 
and 20 ng in the sample. Samples of unknown solu- 
tions of plasma trypsin hydrolysates are plotted on 
the same graph. The displacement curves follow the 
same dose-response pattern as standard bradykinin 
and the lines run parallel. The standard deviation of 
the differences from the mean of 12 measurements 
from the same sample was 2°5°,, at the level of 63°, 
inhibition and 3-0°, at the level of 45°, inhibition. 
The interassay standard deviation was 7°, derived 
from 26 duplicate determinations. When known 
amounts of bradykinin were added to 8 unknown 
samples identical dose-response lines were obtained 
and the recovery was between 95 and 110°,. 

In order to test the specificity of the assay against 
physiological split products of bradykinin. synthetic 
bradykinin in phosphate buffer. pH 7-5. was incubated 
with human plasma under various conditions. During 
incubation the measurable activity of bradykinin 
gradually disappeared totally. The dose-response line 
was not affected during incubation. Thus it seems that 
at least the end products of plasma kininase activity 
do not cross-react with the bradykinin antibody used. 

Table | shows the obtained kininogen concent- 
rations in. bradykinin equivalents from apparently 
healthy individuals. There is no statistically significant 
difference between males and females and no correla- 
tion to age. The mean kininogen content in plasma 
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Fig. 2. Standard inhibition curve of synthetic bradykinin 

samples (x) (semilogarithmic scale). Three different un- 

known samples (undiluted and diluted | to 2) show parallel 

dose-response lines. For the sake of clarity the unknown 

samples are plotted apart from the standard curve in arbi- 
trary places. 
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Table 1. Plasma kininogen concentration as bradykinin 
equivalents in 26 healthy persons 





kininogen 
age ug/ml of plasma 
range median range mean 





Females 19-58 40 2 
Males 21-59 35 ‘8 


42 3:35 
4-0 3:36 





expressed in bradykinin equivalents was 3-36 pg/ml 
(S.D. 0-49). 

Plasma samples could be cooled or even frozen 
for a couple of days without apparent loss of 
kininogen in contrast to the findings of Periti and 
Sicuteri [12]. 


DISCUSSION 


It has thus been shown that radioimmunoassay of 
bradykinin can be applied to the determination of 
plasma kininogen. As compared to bioassay the ra- 
dioimmunoassay has the advantage of being more 
specific and more suitable for serial determinations 
of biological samples. The range of our radioim- 
munoassay lies at present between | and 20 ng of bra- 
dykinin per sample. It is sensitive enough for the de- 
termination of the kininogen content of 0-2 ml of plas- 
ma, but too insensitive for the determination of blood 
free bradykinin. 

The specificity of the methods depends mainly on 
the quality of the antibody. The only proofs of the 
specificity of our antibody lies in the facts that the 
dose-response lines of standard solutions and different 
test samples always run parallel and that the physio- 
logical split products of bradykinin do not show any 
activity. Other peptides have not been tested but it 
is known that 97-5°,, of trypsin liberated kinin activity 
in human plasma in bradykinin [13]. 


As previously pointed out [5] gelatine has been 
found to be a good stabilizer of weak bradykinin so- 
lutions. Moreover. by using 1° gelatine in relevant 
solutions the assay can be performed at room tem- 
perature with no losses of bradykinin activity. The 
incubation period can be cut down to | hr instead 
of previously used 2 hr [9] or 18 hr [6]. 

The plasma kininogen concentration of healthy in- 
dividuals when determined by the radioimmunoassay 
method (a mean of 3:36 pg/ml of plasma) is in good 
agreement with that obtained by bioassay after purifi- 
cation of the trypsin hydrolysates and elimination of 
the potentiating factors [5]. 
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Abstract 


The effect of 5-mercaptopyridoxine (vitamin B,SH) on nucleic acid and protein synthesis 


in HeLa cells was studied with radioactive precursors. The compound inhibited both RNA and protein 
synthesis, independently and simultaneously. In these studies, vitamin B,SH did not interfere with 
amino acid transport or the uptake of nucleic acid precursors and vitamin B,. The addition of pyridox- 
ine or pyridoxal phosphate did not prevent the inhibitory effect of the compound on protein synthesis. 
The previously reported reduction in antibody titers in patients with auto-immune disease treated 
with this compound might be a reflection of its inhibitory effect on RNA and protein synthesis, as 


demonstrated in these studies. 


5-Mercaptopyridoxine (vitamin B,SH), a vitamin B, 
analogue, was first used in vivo as a protective agent 
against ionizing radiation in mice [1]. Further investi- 
gation confirmed this observation and also showed 
the compound to be similarly protective in Escheri- 
chia coli strain B/r [2]. In 1961 Ritzmann and Levin 
[3] reported a reduction in the cold agglutinin and 
the acid cold hemolysin titers in a patient with cold 
agglutinin disease, after treatment with this com- 
pound. 

In the course of investigating the effect of D-penicil- 
lamine on poliovirus replication in HeLa cells [4], 
a variety of other mercaptan compounds including 
vitamin B,SH was studied. In order to assess the po- 
tential antiviral properties of these compounds, it was 
necessary to determine their effect upon the metabolic 
integrity of the host cells. Vitamin BgSH was found 
to be an inhibitor of the metabolism of noninfected 
HeLa cells, and the following studies were performed 
to elucidate further the mechanism of that inhibition. 


MATERIALS AND METHODS 


HeLa cells were grown in either monolayer or sus- 
pension culture in Eagle minimum essential! medium 
(MEM) supplemented with 7°, calf serum and 2mM 
glutamine. Tissue culture plates (60 x 15mm) were 
seeded with 1-5 x 10° cells/ml and incubated for 72 hr 
at 37° in 5% CO, to obtain confluent monolayers. 
Rabbit kidney cultures were prepared by trypsiniza- 
tion of minced renal cortex. The tissue was washed 
and trypsinized twice with 0-25°,, trypsin in Earle so- 
lution (EBSS) at 37° for 15 min. Trypsinization was 
stopped by the addition of 10°, calf serum, and the 
dispersed cells were centrifuged and washed. The 
packed cells were diluted with MEM, supplemented 
with 10% fetal calf serum at a ratio of 1 to 200. Tissue 
culture plates were seeded with 5 ml of the cell sus- 
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pension and incubated in 5% CO, at 37° to obtain 
confluent monolayers. 

Measurement of protein, RNA and DNA synthesis. 
Suspension cultures of HeLa cells were washed with 
EBSS and suspended in MEM supplemented with 
glutamine and 5°, calf serum at a density of 5 x 10° 
cells/ml. Vitamin BgSH was dissolved in EBSS, buf- 
fered with Tris-HCl, pH 7-3, and added to the cell 
culture at appropriate concentrations. The accumu- 
lation of cell protein and RNA was measured by the 
addition of ['*C]leucine (0-1 uCi/ml, 350 mCi/m- 
mole, Amersham) or ['*C]uridine (0-1 wCi/ml, 
450 mCi/m-mole, Amersham) respectively. The iso- 
topes were added at the same time as the vitamin 
B.SH. At appropriate times, 0-2-ml samples of the 
cultures were removed and diluted with 2 ml of cold 
EBSS. Samples were centrifuged, supernatants were 
discarded and cells were lysed in 1 ml of distilled 
water. The lysates were precipitated with 2 ml of cold 
10°, trichloroacetic acid (TCA) and filtered on What- 
man GF/C glass-fiber filters. The filters were washed 
with cold 5°%% TCA, and the acid-insoluble material 
was analyzed for radioactivity in a Beckman scintilla- 
tion spectrometer. 

HeLa and rabbit kidney cell monolayers were 
washed with EBSS, and 3ml MEM containing vita- 
min B,SH and the isotope was added. Plates were 
incubated at 37° in 5°, CO2, and at appropriate inter- 
vals the supernatants were removed. Plates were 
washed with EBSS, and cells were lysed with 1 ml 
of distilled water and treated as were the suspension 
cultures. 

To determine the rate of protein synthesis, suspen- 
sion cultures of HeLa cells were prepared as above 
and vitamin B,SH was added. At appropriate time 
intervals, 0:5-ml aliquots of cell cultures were re- 
moved and pulsed with 0:5 wCi of ['*C]leucine for 
10 min at 37°. The pulse was terminated by the addi- 
tion of ice-cold EBSS, and the cells were centrifuged 
and treated as above. Monolayers of HeLa and rabbit 
kidney cells were similarly pulsed and incubated at 
37° in 5% CQO). 
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DNA synthesis was measured by incubation of 
2:5 x 10’ HeLa cells (5 ml) with 5 Ci of [*H]thymi- 
dine and 500 pg/ml of vitamin B,SH. The cell cultures 
were incubated at 37 for 1 and 4hr. Cell suspensions 
were centrifuged, washed, lysed and precipitated with 
TCA. The precipitates were centrifuged, washed with 
5°, TCA and dissolved in | ml Hyamine and counted. 

Uptake of amino acids, nucleosides and vitamin 
B,SH. HeLa cells were washed and suspended in 
EBSS at a density of 1 x 10” cells/ml and incubated 
at 37. '*C-amino acids, uridine, thymidine and 
[°H]pyridoxine and unlabeled vitamin B,SH were 
added to the cell suspensions in a volume of EBSS 
to give a final density of 5 x 10° cells/ml. The uptake 
of nucleosides and amino acids was measured at 1, 2 
and Smin, and at 5-min intervals thereafter for 
20 min. Pyridoxine uptake was measured at 5-min in- 
tervals for 20min. The reaction was terminated by 
the addition of 5 ml of ice-cold EBSS, and the cells 
were filtered, washed and transferred to counting 
vials. They were freeze-thawed twice, dried and 
counted. When the uptake of amino acids and nucleo- 
sides was measured, samples were also analyzed for 
incorporation of label into TCA-precipitable mater- 
ials. 


RESULTS 


Cytotoxic effects of vitamin B,SH. When confluent 
monolayers of HeLa and rabbit kidney cells were in- 
cubated with vitamin B,SH (300 yg/plate), the cyto- 
toxic effect of this compound was apparent within 
24hr for HeLa cells and within 36-48 hr for rabbit 
kidney cells. When semiconfluent monolayers of both 
cell types were incubated with vitamin B,SH, the cy- 
totoxic effect was evident within 24 hr for both. Incu- 
bation of HeLa suspension cells with the same con- 
centration of vitamin B,SH resulted in 50 per cent 
cell death in 24hr. The surviving cells excluded try- 
pan blue and appeared normal in morphology when 
examined under the light microscope. 

Effect of vitamin B,SH on protein synthesis. HeLa 
suspension cells incubated simultaneously with 
[’*C]leucine and concentrations of vitamin B,SH. up 
to 400 ug/ml gave approximately 35 per cent inhibi- 
tion of protein synthesis, which was evident within 
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Fig. 1. Inhibitory effect of vitamin B,SH on protein syn- 

thesis. The compound was added simultaneously with 

['*C]Jleucine, and incorporation of the isotope was 

measured at 30-min intervals. O O, Control; x Fr 
vitamin B,SH (400 jg/ml). 
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Fig. 2. Inhibitory effect of vitamin B,SH on the rate of 

protein synthesis. Half the cell culture was. treated with 

vitamin B,SH. and the other half served as control. At 

the times indicated, aliquots were removed and pulsed with 

['*C leucine for 10 min, and the incorporation of the iso- 

tope was measured. O ©. Control; x x, vitamin 
B,SH (400 pg/ml). 


the first 10 min (Fig. 1). Above this concentration the 
inhibitory effect did not increase significantly. The ef- 
fect of vitamin B,SH on the rate of protein synthesis 
in HeLa cells is shown (Fig. 2). Vitamin BgSH caused 
30 per cent inhibition of protein synthesis in the first 
60-90 min, which then increased linearly with time. 
By 2:5 hr, the rate of synthesis was inhibited approxi- 
mately 65 per cent. Comparable results were obtained 
with HeLa and rabbit kidney cell monolayers. The 
inhibition was fully reversible for at least 2 hr follow- 
ing a 30-min lag period (Fig. 3). 

To determine whether the inhibitory effect of vita- 
min B,SH was due to alteration of amino acid trans- 
port or interference with synthetic processes, cell sus- 
pensions were pulsed for 2 min with ['*C]leucine, fol- 
lowed by a chase of a 1000-fold concentration of cold 
leucine. Vitamin B,SH did not alter leucine transport 
but did inhibit protein synthesis. 

Effect of vitamin B,SH on RNA and DNA synthesis. 
Vitamin B,SH in concentrations up to 500 ug/ml pro- 
duced a 30 per cent inhibition of RNA synthesis (Fig. 
4). This inhibition was evident within the first 10 min 
(Fig. 4) and was also reversible. DNA synthesis was 
not significantly inhibited by vitamin B,SH 
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Fig. 3. Protein synthesis following reversal of vitamin 
B,SH. Two-thirds of a HeLa cell culture was treated with 
vitamin B,SH (400 pg/ml) for 90 min. In half the treated 
culture, the compound was removed by centrifugation and 
washing, and cells were resuspended in fresh medium. 
['*C]leucine (0-1 wCi ml) was added to untreated, treated 
and reversed cultures, and the incorporation of the isotope 
was measured. O ©. Control: x x , vitamin B,SH; 
e @. vitamin B,SH removed after 90 min. 
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Fig. 4. Effect of vitamin B,SH on RNA synthesis. HeLa 
cells (5 x 10° cells/ml) were suspended in MEM, and 
['*C]Juridine (0-1 wCi/ml) and vitamin B,SH (500 pg/ml) 
were added. At the indicated intervals, incorporation of 
uridine into acid-insoluble material was measured. 
O O. Contral; x x, vitamin B,SH (500 g/ml). 


(500 g/ml) within the first hr, but there was 45 per 
cent inhibition following a 4-hr incubation. 

Uptake of amino acids and nucleosides. In order to 
determine if the inhibitory effect of vitamin B,SH on 
protein and nucleic acid synthesis was due to impair- 
ment of membrane function, HeLa cells were exposed 
to '*C-labeled amino acids and nucleosides in the 
presence of vitamin B,SH. The compound had no 
effect on the uptake of glycine, leucine, isoleucine, va- 
line, lysine, arginine, histidine, phenylalanine, proline 
and methionine. The uptake of ['*C]uridine and thy- 
midine was also not altered by vitamin B,SH. 

An antivitamin Bg effect. Since vitamin B,SH is an 
analogue of vitamin Bg, its inhibitory effect could be 
due to analogue inhibition of vitamin B, function(s). 
The effect of this compound on protein synthesis was 
determined in the presence of a 100-fold excess of 
either pyridoxine or pyridoxal phosphate. Neither of 
these compounds altered the inhibition produced by 
vitamin B,SH on protein synthesis. To determine 
whether vitamin B,SH interfered with the uptake of 
vitamin Bg, its effect on the uptake of [7H ]pyridoxine 
was studied in a pyridoxine-free solution. The uptake 
of radioactive pyridoxine was not altered. 


DISCUSSION 


Vitamin B,SH inhibits both protein and RNA syn- 
thesis simultaneously, but not completely (Figs. 1 and 
4). The gradual cytotoxic effect of this compound is 
apparently due to amplification of this inhibition 
through the interdependence of RNA and protein syn- 
thesis. This is indicated in the enhanced, time-depen- 
dent and linear reduction of the rate of protein syn- 
thesis (Fig. 2). A possible effect of vitamin B,SH on 
the integrity and function of the cell membrane was 
investigated. A decreased availability of protein and 
RNA precursors would explain the simultaneous inhi- 
bition of the synthesis of both of these macromole- 
cules. The data indicate that the compound had no 
effect on the uptake of uridine or the transport of 
the amino acids which were tested. 


Vitamin Bg is active in a variety of biochemical 
functions [5], among which is its participation in 
amino acid transport [6] and protein synthesis [7]. 
Since vitamin B,SH is a structural analogue of vita- 
min Bg, it is possible that the compound could func- 
tion as an analogue inhibitor of the vitamin. As indi- 
cated above, vitamin B,SH had no effect on the trans- 
port of amino acids, and the addition of pyridoxine 
or pyridoxal phosphate to the cell cultures did not 
reverse the inhibitory effects of this compound on 
protein synthesis. In addition, vitamin B,SH did not 
interfere with the uptake of vitamin B, by the cell. 
Despite these negative results, the possibility remains 
that an antivitamin B, effect may be produced by 
this structural analogue in other vitamin B,-depen- 
dent reactions. 

It is suggested that the inhibitory effect of vitamin 
B.SH on protein and RNA synthesis may be due to 
conformational alteration of enzymes required for the 
synthesis of these macromolecules. The non-covalent 
binding of this compound [as evidenced by the rever- 
sibility of the inhibition (Fig. 3)] to sites other than 
substrate binding sites would result in a rate of syn- 
thesis which is slowed but not stopped (Figs. | and 
4). The effect may be on the affinity of enzymes for 
their substrates (hyperbolic competitive inhibition) or 
on the rate of formation of the products (non-compe- 
titive inhibition) [8]. 

The reduction of circulating antibody in patients 
with cold agglutinin disease could be explained by 
an inhibitory effect of this compound on the synthesis 
of the antibodies. While depolymerization in vivo of 
macroglobulin antibodies by this mercaptan was the 
explanation originally offered for the fall in antibody 
liters, the persistent reduction in circulating antibody 
after discontinuance of vitamin B,SH suggests an 
effect on the cellular level. Inhibition of the synthesis 
of antibody would be entirely consistent with the 
reported observations. It is suggested that vitamin 
B,SH may be an inhibitor of protein synthesis when 
administered to man. This inhibition might be most 
readily manifest in a cell system engaged in increased 
protein synthesis, such as immunoglobulin synthesis 
by lymphocytes in auto-immune diseases. Further 
studies are warranted to determine if this compound 
might represent a clinically useful immunosuppres- 
sant drug. 
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Abstract—Toxin from the jellyfish Stomolophus meleagris was found to stimulate both Na*-K* and 
mitochondrial Mg?* ATPase activities at low toxin concentrations and to inhibit these ATPase activi- 
ties at higher (> 0:2 mg/ml) concentrations. Using discontinuous membrane partition chromatography, 
the toxin was fractionated into six fractions. Of these six fractions, one strongly activated while five 
inhibited mitochondrial Mg?* ATPase. One fraction strongly activated, a second mildly activated, 
while the other four inhibited Na*-K* ATPase about 50 per cent. Only two fractions affected oligomy- 
cin-insensitive ATPase, and both of these exhibited a mild stimulation. It is concluded that the ability 
of this toxin to alter membrane permeability to Na* is due, at least in part, to components in the 


toxin which act directly on ATPase. 


Toxin from the jellyfish Stomolophus meleagris has 
been found to be composed of numerous proteins [1], 
many of which exhibit enzymatic activity toward a 
variety of substrates [2]. The major effects of the tox- 
in on experimental animals appear to be dermonecro- 
tic [3], hemolytic [4] and cardiovascular [4]. Abnor- 
mal electrocardiographic patterns from animals in- 
jected with this toxin suggest that the toxin is interfer- 
ing with normal cardiac conduction [4]. 

When the effect of toxin on the sodium transport 
across isolated frog skin was studied, low toxin con- 
centrations were found to increase sodium transport, 
while higher concentrations inhibited the flux of so- 
dium across the skin. Using preparative isoelectric fo- 
cusing and discontinuous membrane partition 
chromatography, two fractions were found which in- 
creased sodium transport, while a third component 
was found to inhibit the transport of sodium across 
isolated skin [3]. 

Other investigators [5-9] have also observed that 
various Cnidarian toxins disrupt the normal sodium 
permeability of membranes. This disruption of so- 
dium flux is so dramatic that it has been suggested 
that many of the physiological effects produced by 
these toxins are facilitated by those components in 
the toxin affecting sodium transport mechanisms. 

Results of a previous investigation using isolated 
frog skin led to the conclusion that toxin from the 
jellyfish Stomolophus meleagris contains components 
which inhibit active sodium transport by inhibiting 
Na*-K* ATPase. The purpose of the present investi- 
gation was to study the effects (both inhibitory and 
stimulatory) of both Stomolophus meleagris toxin and 
partially purified components of this toxin on ATPase 
activities from a brain homogenate fraction. 
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MATERIALS AND METHODS 

Rat brain tissue ATPase homogenates were pre- 
pared by dissection, homogenization and fractiona- 
tion procedures as described by Koch [10]. The frac- 
tional pellet obtained by centrifuging at 13,000 g for 
20 min was resuspended in 0-32 M sucrose, 1 mM 
EDTA and 10 mM imidazole. The resulting fraction 
(B) contained a mixture of mitochondrial (Mito.) and 
nerve-ending particles. These preparations were then 
appropriately diluted, quick frozen in liquid nitrogen, 
and stored at —20° until ATPases analysis. 

ATPase activity was determined using the coupled 
enzymatic procedure of Pullman et al. [11] and Fritz 
and Hamrick [12] as reported by Koch [[13]. Total 
Mg?* and Na*-K* ATPase activities were deter- 
mined by the use of oaubain (a cardiotonic glycoside 
which specifically inhibits Na*-K* ATPase) in the 
reaction mixtures. This activity was further separated 
into oligomycin-sensitive (Mito. Mg*) and -insensit- 
ive parameters by addition of 0-03 yg oligomycin (oli- 
gomycin containing 15°, A and 85°, B was obtained 
from Sigma, St. Louis, Mo.). 

Varying dosage levels of toxin preparations dis- 
solved in glass-distilled deionized water were added 
to reaction mixtures by release from Hamilton micro- 
syringes under the liquid surface of the vortices of 
rapidly stirred reaction mixtures as described by 
Koch [13]. The 3-ml reaction mixtures used in the 
analyses contained: 43 mM ATP, 5 mM Mg?*, 100 
mM Na*, 20 mM K’*, 135 mM imidazole buffer (pH 
7:5), 02 mM NADH, 0:5 mM PEP (phospho-enol- 
pyruvate), 002% bovine serum albumin, 9 units of 
pyruvate kinase, 12 units of lactic dehydrogenase and 
25 ul of brain homogenate fraction B. Reaction tem- 
perature was maintained at 37 and absorbance 
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changes were measured at 340 nm over a period of 
10 min using a Cary model 17 spectrophotometer 
with lambda temperature bath. A typical ATPase as- 
say is presented in Fig. 1C. 

Protein assays on brain preparations were carried 
out by the modified Lowry procedure described by 
Hartree [14]. Fractionation of the toxin was carried 
out by means of discontinuous membrane filtration 
techniques described previously [3]. Partially purified 
components were separated into molecular weight 
ranges of: less than 1000 (fraction A): 1000-10,000 
(fraction B); 10,000-50,000 (fraction C); 50,000 
100.000 (fraction D): 100,000—300,000 (fraction E); and 
greater than 300,000 (fraction F). 


RESULTS 


As can be seen in Fig. 1, the toxin exhibited no 
ATPase activity itself (Fig. 1A) nor did the toxin inter- 
fere with the assay procedure by inhibiting any of 
coupled reactions (Fig. 1B). However, whole toxin 
from Stomolophus meleagris caused biphasic, dosage 
responses on Na*-K* ATPase and on Mito. Mg?* 
and oligomycin-insensitive Mg** ATPases (Fig. 2). As 
can be seen from Fig. 2, both Na*-K* ATPase and 
Mito. Mg** ATPase were markedly stimulated by 
low concentrations of toxin, but were inhibited at 
high toxin concentrations. The opposite effect was ob- 
served on oligomycin-insensitive ATPase, where low 
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Fig. 1. (1A) ATP hydrolysis in absence of rat brain homo- 
genate. (A) Addition of reaction mixture containing all sub- 
strates and gnzymes except rat brain homogenate; (B) 
addition of 1-0 mg toxin. (1B) Effect of toxin on enzymes 
of the coupled ATPase assay system. (A) Addition of all 
enzymes and substrates described in Materials and 
Methods except rat brain homogenate; (B) addition of 5 
ug ADP; (C) addition of 0-1 mg toxin. (IC) Total ATPase 
assay ( ). (A) Addition of all enzymes and substrates 
described in Materials and Methods; (B) addition of 0-5 
mg unfractionated toxin. Oaubain-insensitive ATPase 
( ). (A) Addition of all enzymes and substrates de- 
scribed in Materials and Methods plus 0-735 mm oaubain; 
(B) addition of 0-5 mg unfractionated toxin. 
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Fig. 2. Effect of whole toxin on ATPase activities. © e. 
Na*-K* ATPase; O——-O, Mito. Mg?* ATPase; 0 oO, 
oligomycin-insensitive ATPase. 


toxin concentrations inhibited and high toxin con- 
centrations slightly stimulated activity. 

Effects of various fractions from the toxin on AT- 
Pase activities. As can be seen from Table 1, the ma- 
jority of the toxin possessed a molecular weight of 
less than 100,000. Of the six fractions separated, 60 
per cent of the total toxin mass was found in two 
fractions, A and C. 

Fraction A (which represents the low molecular 
weight components of the toxin) caused the most un- 
usual responses on the ATPase activities. This frac- 
tion stimulated Na*-K* ATPase approximately 30 
per cent, while inhibiting Mito. Mg?* ATPase ap- 
proximately 40 per cent. No change in activity toward 
oligomycin-insensitive Mg?* ATPase was detected 
with this fraction (Fig. 3). 

Fraction B (mol. wt range, 1000—-10,000) strongly 
activated both Na*-K* and Mito. Mg?* ATPases 
(Fig. 4). As was the case with fraction A, no change 
in oligomycin-insensitive ATPase was observed fol- 
lowing the addition of toxin. 

In contrast to fractions A and B, fraction C (mol. 
wt range, 10,000-50,000) strongly inhibited both 
Na*-K* ATPase and Mito. Mg** ATPase (Fig. 5). 
This fraction also exhibited a slight stimulation of 
oligomycin-insensitive ATPase. 

_ Fraction D (mol. wt range, 50,000—100,000) exhi- 
bited properties nearly identical to those of fraction 


Table 1. Fractionation summary of S. Meleagris toxin 
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Fig. 3. Effect of fraction A (mol. wt, <1000) on ATPase 
activities. @ @. Na’-K* ATPase: O oO. Mito. 
Mg?* ATPase; 0 QO, oligomycin-insensitive ATPase. 


C. Both Na*-K* ATPase and Mito. Mg** ATPase 
were strongly inhibited by this fraction, while oligo- 
mycin-insensitive ATPase was slightly stimulated 
(Fig. 6). 

Fraction E (mol. wt range, 100,000—300,000) was 
found to affect only Na*-K* ATPase. This fraction 
exhibited a nearly linear rate of inhibition with in- 
creasing toxin concentrations (Fig. 7). 

Fraction F (mol. wt, over 300,000) resembled frac- 
tions C and D in its actions on the three ATPases, 
that is, inhibition of both Na*-K* and Mito. Mg?* 
ATPases and slight activation of oligomycin-insensit- 
ive ATPase (Fig. 8). 

When one compares the effects of the six fractions 
on Na*-K* ATPase (Figs. 3-8), it can be seen that 
fraction B has the strongest activating effect, while 


120 


% 


Activity change, 











o.”~<S 06 08 10 
Toxin, mg 


Fig. 4. Effect of fraction B (mol. wt, 1000-10,000) on 

ATPase activities. @ @. Na’-K” ATPase: O O, 

Mito. Mg** ATPase: 0 QO, oligomycin-insensitive 
ATPase. 


60 





% 


Activity change, 











04 06 

Toxin, mg 
Fig. 5. Effect of fraction C (mol. wt, 10,000-50,000) on 
ATPase activities. @ @. Na*-K* ATPase; O O, 
Mito. Mg?* ATPase; © QO, oligomycin-insensitive 
ATPase. 


fraction A activates this ATPase slightly. Each of the 
other four fractions inhibits Na*-K* ATPase about 
50 per cent at the higher concentrations of toxin 
tested. 

Comparison of the effects of the fractions on mito- 
chondrial ATPase (Figs. 3-8) reveals that only frac- 
tion B activates this ATPase, while all other fractions 
strongly inhibit mitochondrial ATPase, except frac- 
tion F, which has no effect. 

Only two fractions exhibit an effect on the oligomy- 
cin-insensitive ATPase (Figs. 3-8). Both fractions C 
and D slightly activate this ATPase activity. 


DISCUSSION 


It has been reported that toxin from the jellyfish Chir- 
onex fleckeri possesses ATPase activity [15]. Since 
ATPase activity could not be detected either in whole 
toxin or in any of the fractions in the present investi- 
gation, these two jellyfish toxins obviously differ in 
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Fig. 6. Effect of fraction D (mol. wt. 50,000-100,000) on 
ATPase activities. @ @. Na’-K° ATPase: O O, 
Mito. Mg?* ATPase; 0 QO, oligomycin-insensitive 
ATPase. 
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Fig. 7. Effect of fraction E (mol. wt. 100,000- 300,000) on 
ATPase activities. @ @, Na*-K* ATPase: @ DQ, 
Mito. Mg** ATPase; O QO), oligomycin-insensitive 
ATPase. 


this respect. However, our finding of activators of 
Na*-K*, Mito. Mg?* and oligomycin-insensitive 


ATPases in the toxin of Stomolophus meleagris sug- 
gests that many of the pharmacological symptoms re- 
sulting from stings of these two jellyfish would be 
similar, since both venoms result in increased hy- 
drolysis of ATP at low toxin concentrations. 

The activation of both Na*-K* and Mito. Mg?* 


ATPases at low toxin concentrations and the inhibi- 
tion of these two ATPases at high toxin concent- 
rations are noteworthy when one compares results 
. of this study to previously published results. Similar 
observations were made by Rayner and Szekerczes 
[16] when they studied the effects of partially purified 
Ciguatoxin on these ATPase activities. When one 
compares the results obtained in this study to the 
results reported previously on the application of toxin 
to short-circuited frog skin [3], essentially identical 
results are observed, namely, an initial increase in ac- 
tivity (Na transport or ATPase) followed by an inhibi- 
tion of activity at higher toxin concentrations. This 
same trend was also observed when the effect of toxin 
on spontaneous nerve impulses was studied, where 
a progressive increase in propagated action potentials 
was first observed, followed by a rapid, irreversible 
block of spontaneous activity.* The similar biphasic 
results obtained in our present study suggest that the 
underlying cause for these pharmacological findings 
is at least partially attributable to actions of the toxin 
on ATPase activity. 

When one compares the effects of the partially puri- 
fied fractions on the three ATPases studied in this 
investigation, it is readily apparent that the effects 
of whole toxin on ATPase activity are actually the 
combined effects of numerous components within the 
venom acting in different ways on different ATPases. 
All fractions except fraction A (mol. wt below 1000) 
caused similar effects toward both Na*-K* and Mito. 
Mg?* ATPases, suggesting that the components in 
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the venom affect these two ATPases similarly, but 
to a different extent. The activation of Na*-K* AT- 
Pase and the inhibition of Mito. Mg?* ATPase by 
fraction A suggest that possibly two different com- 
ponents having molecular weights of less than 1000 
are present in this fraction. Additional purification 
of this fraction is essential before more meaningful 
conclusions can be drawn. 

Fraction E can be shown to inhibit Na*-K* AT- 
Pase with essentially no effects on the two Mito. 
Mg’* ATPases. This same fraction (mol. wt range, 
100,000-300,000) has also been shown to suppress 
Na” transport across frog skin [3] to a greater extent 
than any of the other fractions, an effect which is 
parallel to the action of the fraction on Na*-K* AT- 
Pase. Clearly, the results of this investigation confirm 
the earlier observation of a cardiac glycoside-like ac- 
tivity in this fraction [3]. 

The strongest activation of both Na*-K* ATPase 
and Mito. Mg?* ATPase was found in fraction B 
(mol. wt 1000-10,000). This same fraction has pre- 
viously been shown to stimulate greatly Na* trans- 
port across frog skin [3] and to produce increased 
amplitude and frequency of spontaneous nerve im- 
pulse firings.* The results of the present investigation 
would suggest that such pharmacological effects are 
also brought about through a direct action on AT- 
Pase, rather than by permeability changes of the 
membrane. 

When one compares the effects of the different frac- 
tions on Na*-K* ATPase, it can be seen that the 
two low molecular weight fractions activate this AT- 
Pase at all toxin concentrations, while the higher mo- 
lecular weight fractions all inhibit it. Thus, even as- 
suming that the fractionation procedure employed in 
this investigation allowed large amounts of contami- 
nation from one fraction to another, it can still be 
concluded that this toxin has at least one component 
which activated Na*-K* ATPase and at least one 
component which inhibited that ATPase. 

It should also be pointed out that the inhibition 
of Na*-K* ATPase observed with 1:0 mg of the 
crude toxin is at the predictive value if one calculates 
from the purified fractions (knowing their effect on 
the enzyme activity and the proportion they represent 
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Fig. 8. Effect of fraction F (mol. wt, > 300,000) on ATPase 

activities. @ @. Na’-K*~ ATPase; O O, Mito. 

Mg?* ATPase; 0 QO), oligomycin-insensitive ATPase. 
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of the total). However, such prediction does not hold 
for the stimulatory effect observed at low toxin con- 
centration, since similar calculations predict that no 
stimulation should occur between 0:25 and 0:35 mg 
of the crude toxin. Since a marked stimulation was 
observed it could well be that the binding affinity 
of the stimulator to the membrane-bound enzyme 
is lower in the fractionated form than in the crude 
venom. 

On the other hand, the studies of the different frac- 
tions on oligomycin-insensitive ATPase show that 
only two fractions affect this enzyme activity, and that 
both of these fractions exhibit only a slight stimu- 
lation. Thus, it would appear that the contribution 
of these components on this enzyme to the overall 
symptoms which accompany stings from these jelly- 
fish would be minimal. 

The effects of the fractions on Mito. Mg?* ATPase 
were the most pronounced and exhibited both stimu- 
lation and inhibition responses. One fraction strongly 
activated and four fractions strongly inhibited this en- 
zyme activity. Similar differential stimulation—inhibi- 
tion responses of the three types of ATPase activities 
have also been observed for single components in 
studies with some chlorinated hydrocarbon and pesti- 
cide compounds on the ATPase system [17-19]. A 
polychlorinated biphenyl (PCB 1221) was shown to 
stimulate Mito. Mg?* ATPase at low concentrations 
and inhibit at higher concentrations [17]. Plictran (a 
miticide) had the opposite effect on oligomycin-in- 
sensitive Mg** ATPase, i.e. inhibition at low concent- 
rations followed by stimulation at higher concent- 
rations [18]. Dieldrin was the only chlorinated hydro- 
carbon insecticide which was observed to cause a sti- 
mulation of Na*-K* ATPase activity [19]. This 
stimulation was remarkable in that it showed increas- 
ing stimulation with increase in reaction time. 

It has been shown that toxins from the coelenter- 
ates Physalia physalis and Chrysaora quinquecirrha af- 
fect mitochondrial function by producing a loss of 
ground substance, swelling of cristae and relaxation 
of membranes, as well as a decreased respiratory con- 
trol index [20]. The strong inhibition of mitochon- 
drial ATPase by our fractions supports these findings. 
Since the apparent major action of ATPase is the 
formation of ATP in oxidative phosphorylation, the 
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long-term effects of the toxin observed in previous 
studies [3,4] might be attributed to the inhibition 
of ATP production by Mito. Mg?*. 

There is an ever growing body of evidence that 
Cnidarian toxins possess the ability to alter mem- 
brane permeability to Na*. The results of this investi- 
gation strongly support this view and further suggest 
that this alteration in Na* permeability is due to 
components in the venom acting directly on ATPases. 
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Abstract—Corn oil or a corn oil-CCl, mixture was administered orally twice a week for 7 or 8 
weeks to male Swiss mice maintained without or with phenobarbital Na in the drinking water. There 
was a significant increase in liver weight in CCl4-treated mice maintained without phenobarbital Na 
in the drinking water and killed 48 hr after the last treatment. Histologically, livers from these CCl4- 
treated mice were composed of areas of necrosis within lobules of regenerating hepatocytes, but deposi- 
tion of collagen was scant. Synthesis of DNA, protein and fatty acids in vitro was increased in liver 
tissue from CCl4-treated mice. Combined treatment with phenobarbital and CCl, produced additional 
significant increases in liver weight but collagen deposition was meager. In liver tissue from mice 
treated with both phenobarbital and CCl,, synthesis of DNA in vitro was significantly increased, protein 
synthesis was modestly increased and fatty acid synthesis was unchanged when compared with liver 
tissue from CCl,4-treated mice not additionally given the barbiturate. Thus, phenobarbital did not 
accelerate or promote cirrhosis in livers of CCl4-treated mice but did enhance the effects of chronic 
CCl, treatment on liver weight, liver DNA synthesis and to a lesser extent on liver protein synthesis. 


When CCl, is administered chronically to mice over 
periods of several weeks, the repeated necrotizing ef- 
fects of CCl, stimulate continued regeneration of liver 
cells [1]. Histologically, the liver is composed of areas 
of necrotic tissue surrounding or intermingled with 
masses of regenerating hepatocytes [1, 2]. Long-term 
administration of CCl, to mice over periods of several 
months results in the deposition of collagen and in 
the formation of hepatomas [2, 3]. We have been em- 
ploying this model to study the sequential changes 
in liver metabolism during the phase of hepatocyte 
regeneration, subsequently during the emergence and 
development of neoplastic tissue and what relation- 
ship may exist between regeneration and neoplasia. 
Our initial studies have been concerned with the re- 
generative phase of the mouse liver’s response to 
long-term CCl, administration and with methods of 
manipulating this response. 

Phenobarbital administration markedly enhances 
the acute hepatotoxicity of CCl, in rats [4] and in 
dogs [5]. The chronic administration of a combined 
regimen of phenobarbital and CCl, to rats produces 
within 8 weeks of treatment severe cirrhosis of the 
liver [6]. Preliminary experiments indicated to us that 
comparable combined treatment of mice did not pro- 
duce liver cirrhosis but rather intensified selectively 
some of the metabolic effects of chronic CCl, ad- 
ministration in mouse liver. We have expanded this 
preliminary group of experiments and report here on 
the interaction of chronic CCl, and phenobarbital ad- 
ministration to mice. 





* Supported by NSF Institutional Grant (73-147) and 
by USPHS Grant 5 S01 RR 05429. Abstracts of this work 
were presented at the 1974 meeting of the American 
Society for Pharmacology and Experimental Therapeutics 
[Pharmacologist 16, 316 (1974)]. 
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METHODS 

Male Swiss mice were maintained four to five per 
cage and given constant access to water and to food. 
The average body weight of the mice at the start of 
the experiment was 30g and mice were randomly di- 
vided into each of the treatment and control groups. 
CCl, was added to corn oil to provide a 1:15 (v/v) 
mixture and the mixture was administered by gavage 
twice a week on a Thursday-Monday or Friday 
Tuesday sequence. The dose of CCl, was 0:2 to 
0-3 ul/g of body weight in a total volume of 0:10 to 
0-15 ml of the mixture. Comparable volumes of corn 
oil were administered to control mice on the same 
schedule. 
First series of experiments 

Mice were treated over periods of 46 or 54 days 
and were killed 48 hr after the last dose of either the 


mixture or the corn oil. The total duration of the 
experiment was 48-56 days. 
Second series of experiments 

All mice were maintained on drinking water con- 
taining phenobarbital sodium (30 mg/100 ml) for 10 
days prior to and during the first 3 weeks of the ex- 
perimental period. The phenobarbital sodium con- 
centration was then increased to 45 mg/100 ml for the 
remainder of the experiment. Our intent was to pro- 
vide a daily intake of the barbiturate of 75-85 mg/g 
of body weight. Based on average water consumption, 
this would require a concentration of 45 mg pheno- 
barbital Na/100 ml of drinking water. However, this 
higher concentration resulted in severe depression, 
ataxia and loss of weight when given to nontolerant 
mice. CCl, in doses as low as 0-05 l/g of body weight 
resulted in 100 per cent mortality when given to mice 
maintained for 10 days on drinking water containing 
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phenobarbital Na, 45 mg/100 ml. The lower concent- 
ration of phenobarbital Na, 30 mg/100 ml of drinking 
water, was not accompanied by severe side effects, 
permitted the administration of CCl, without exces- 
sive mortality and apparently resulted in tolerance 
so that the higher concentration could be given as 
the experiment progressed. 

Preliminary experiments indicated that hexobarbi- 
tal sleeping time in mice given phenobarbital sodium 
(30 mg/100 ml) in the drinking water for 10 days was 
reduced by 50-55 per cent when compared to con- 
trols. Using hexobarbital at a dose of 100 yg/g of 
body weight, sleeping times in control animals were 
30 + 17min (mean +1 S.E.M.; N= 10) and in 
phenobarbital-treated mice were 14+ 19min 
(N = 10). Thus, when treatment with CCl, was be- 
gun, induction of liver drug-metabolizing enzyme sys- 
tem (DMES) activity presumably had occurred. 

Mice were treated over a period of 46 or 54 days 
and were killed 48 hr after the last dose of CCl, or 
corn oil. 


Metabolic experiments 

Each mouse was killed by decapitation and exsan- 
guination. The liver was quickly removed, placed into 
an iced beaker and slices of liver were then cut with 
a Stadie-Riggs tissue slicer. Liver slices weighing 
500 + 25mg or 200 + 15mg were placed in 50-ml 
Erlenmeyer flasks to which was added 6ml Krebs 
Henseleit solution [7]. The flasks were capped with 
a rubber sleeve, equilibrated for Smin with 95% 
O,-5°,, CO, and incubated for 2-3 hr depending upon 
the substrate used. The substrates incorporated in the 
incubation solution, and the incubation times are 
given below. 

Lipid metabolism. The Krebs-Henseleit solution 
contained sodium pyruvate (5 M) to which was ad- 
ded sodium [3-'*C]pyruvate to provide an initial spe- 
cific radioactivity of 50,000 cpm/umole of pyruvate. 
The incubation period was 3 hr and, at its conclusion, 
liver tissue was removed and placed into 1-5 ml of 
30°,, KOH and an aliquot of the incubation solution 
was taken for recovery of bicarbonate as CO,. Meth- 
ods used for determining the incorporation of '*C 
from [3-'*C]pyruvate into bicarbonate, cholesterol 


and fatty acids were those described by Gans and 
Cater [8]. 

Protein metabolism. An amino acid mixture con- 
taining 20 amino acids having an average molecular 
weight of 144 was prepared as described by Gans 
and Cater [9]. This amino acid mixture was incorpor- 
ated into the incubation solution to provide a con- 
centration of 1 mM, and '*C was added as [U-'*C]- 
L-phenylalanine to provide an initial specific radioac- 
tivity of 150,000 cpm/ml of incubaiion solution. The 
incubation period was 2 hr and at its conclusion the 
liver tissue was placed into a 5°, solution of trichloro- 
acetic acid and an aliquot of the incubation solution 
was taken for the recovery of bicarbonate as CQ). 

Tissue protein was isolated according to the meth- 
od of Manchester and Krahl [10] and the protein 
was dissolved in 0-05 N NaOH to provide a final solu- 
tion of 5ml. A 0-2-ml aliquot of the protein solution 
was added to a counting vial containing 0-5 ml Hya- 
mine. Gentle swirling of the flask permitted complete 
solution of the protein in Hyamine, and 2 ml ethanol 
and 10ml of a toluene-base fluor mixture (0-4°, 
2,5-diphenyloxazolyl + 0-01°%, p-bis[2-(4-methyl-5- 
phenyloxazolyl)] benzene) were then added. The in- 
corporation of '*C into protein was determined by 
liquid scintillation spectrometry. Protein concent- 
ration was determined with the Biuret reagent [11]. 

DNA_ metabolism. Liver slices weighing 200 
+15 mg were used for this series of experiments. 
Sodium pyruvate (SmM) was incorporated in. the 
Krebs-Henseleit solution to provide excess substrate 
and [methyl-*H]thymidine was added to provide an 
initial specific radioactivity of 500,000 cpm/ml. The 
period of incubation was 2hr and at its conclusion 
the liver tissue was homogenized in 7 ml of iced 10°, 
trichloroacetic acid. DNA was isolated according to 
the method outlined by Munro and Fleck [12] in- 
cluding an alkaline digest with 0-3 N NaOH to re- 
move RNA. The final precipitate containing DNA 
and protein was heated for 45 min at 90° in 5°, trich- 
loroacetic acid. The trichloroacetic acid solution was 
cooled to room temperature, its volume measured 
(usually a final solution of 5 ml) and 0-1 ml was added 
to a counting vial. Ethanol (2 ml) and 10 ml of the 
fluor mixture were added to the counting vial and 
the incorporation of *H into DNA was determined 
by liquid scintillation spectrometry. 


Table 1. Effect of CCl, and of phenobarbital on mouse liver weight* 
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* All data in this and subsequent tables are expressed as the mean +1 S.E.M. 


+ Number of animals. 


* Mice killed 48 hr after las: dose of corn oil or of CCl4. 


» Mice killed 7 days after last dose of corn oil or of CCly. Mice treated with the combined regimen of CCl 
and phenobarbital and their appropriate controls were maintained on drinking water containing phenobarbital Na 
during this 7-day period following the last dose of corn oil or of CClq. 

Difference between CCl,- and corn oil-treated groups: P(t) < 0-01. 

© Difference between the two CCl,-treated groups: P(t) < 0-001. 

** Difference between CCl4- and corn oil-treated groups: P(t) < 0-001. 

++ Difference between CCl4- and corn oil-treated groups: P(t) < 0-02. 
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Fig. 1. Section from liver of mouse treated with the com- 
bination of phenobarbital and CCl, for 8 weeks. Extensive 
bands of necrosis extending from one portal area to the 
next enclose lobules of regenerating hepatocytes. The nec- 
rotic areas show some infiltration with mononuclear cells. 
Hematoxylin-eosin stain. Magnification, 100 x. 


Histology 

Mice were maintained with or without phenobarbi- 
tal Na in the drinking water as described and within 
each group mice were treated with either corn oil 
or CCl, for a period of 54 days. Mice were killed 
either 48 hr or 7 days after the last dose of the vehicle 
or CCl. In those mice maintained with phenobarbital 
Na in the drinking water, the barbiturate solution 
was used through the termination of the experiment. 

Segments of liver were taken from each mouse and 
placed into 10°, buffered formalin solution. Sections 
prepared for histologic examination were stained with 
hematoxylin—eosin, with the Masson Trichrome stain 
or with Wilder’s Reticulin stain. 


RESULTS 

Body weights of the CCl,-treated mice were the 
same as those of the appropriate control mice (Table 
1). Liver weights of the CCl,-treated mice were signifi- 
cantly increased over those of the appropriate control 
mice (Table 1). Additionally, the livers from mice 
treated with both CCl, and phenobarbital were sig- 
nificantly heavier than the livers from CCl,-treated 
mice maintained without phenobarbital Na in the 
drinking water (Table 1). Seven days after the last 
dose of the corn oil or the mixture, liver weights of 
mice which had been treated with CCl, were the same 
as those of the control mice (Table 1). However, livers 


of mice which were treated with both CCl, and 
phenobarbital were still significantly heavier than the 
livers of the appropriate phenobarbital-treated con- 
trols 7 days after the last dose of either the CCl, 
mixture or of corn oil (Table 1). No gross evidence 
of liver tumors or of metastases was observed in any 
of the control or treated mice. 

Histologic examination of livers from CCl,-treated 
mice killed 48hr after the last treatment indicated 
patterns of change which were similar to those de- 
scribed by other investigators [1-3]. There were 
characteristic zonal and band-like areas of necrosis 
which separated sheets of regenerating hepatocytes. 
Necrotic areas were not uniformly centrolobular, but 
rather distributed randomly throughout the sections. 
In liver sections taken from mice treated with the 
combined regimen of phenobarbital and CCl, and 
killed 48 hr after the last treatment, the necrotic areas 
were predominantly in the periphery of the lobule, 
extending from the portal triads and producing a 
bridging effect (Fig. 1). The lobules were composed 
of masses of regenerating hepatocytes (Fig. 1). The 
interlobular “bridges” of necrotic tissue contained 
variable numbers of mononuclear cells and a few po- 
lymorphonuclear cells but were almost completely de- 
void of collagen (Fig. 2). Liver sections taken 7 days after 
the last treatment showed considerable but not com- 
plete restoration toward the appropriate “normal” 
condition. 


Fig. 2. Section contiguous to that of liver tissue shown 

in Fig. 1, but stained with Wilder’s Reticulin stain. There 

is no evidence of fibrosis, a marked contrast to the effects 

of the combined regimen of phenobarbital and CCl, in 

rats [6]. Sections stained with the Masson Trichrome stain 

also indicated virtually no deposition of collagen. Magnifi- 
cation, 100 x. 
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Table 2. Incorporation of '*C from [3-'*C]pyruvate into bicarbonate, cholesterol and fatty acids by mouse liver slices 
in vitro: Effects of CCl, and of phenobarbital 
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* Difference between the two corn oil-treated groups: P(t) < 0-05. 
+ Difference between each CCl,-treated group and appropirate corn oil-treated group: P(t) < 0-01. 


Liver protein concentrations. The concentrations of 
liver protein, both prior to and following incubation, 
expressed as mg/g wet weight, were the same in all 
groups. These negative results have not been tabu- 
lated. 

Pyruvate metabolism. The results of these exper- 
iments are summarized in Table 2. Incorporation of 
'4C into bicarbonate and into cholesterol by liver 
slices from CCl,-treated mice was the same as that 
observed in liver slices from the corn oil-treated 
groups (Table 2). Incorporation of '*C into fatty acids 
was significantly increased in liver slices from CCl,- 
treated mice when compared to the values obtained 
from liver tissue of corn oil-treated mice. 

The pattern of effects of CCl, on hepatic pyruvate 
metabolism in vitro in liver slices from mice main- 
tained on drinking water containing phenobarbital 
Na was similar to that in liver slices from mice main- 
tained without phenobarbital. There was, however, a 
decrease in '*C-fatty acid formation in liver slices 
from mice treated with phenobarbital when compared 
to that in liver slices from mice maintained without 
phenobarbital Na in the drinking water. 

Phenylalanine metabolism. These results are sum- 
marized in Table 3. Incorporation of '*C from [U-!* 
C]-L-phenylalanine into protein in vitro was signifi- 
cantly greater in liver tissue from CCl,-treated mice 
when compared with that in liver tissue from corn 
oil-treated mice (Table 3). Incorporation of '*C into 
protein was significantly increased in liver tissue from 
CCl,-treated mice concurrently maintained on drink- 
ing water containing phenobarbital Na, when com- 
pared with that of liver tissue from the appropriate 
corn oil-treated group as well as from mice treated 
with CCl, and maintained without phenobarbital in 
the drinking water (Table 3). 

[°H]thymidine incorporation into DNA. These data 
are summarized in Table 4. There was a marked in- 
crease in the formation of [‘H]DNA by liver slices 
from CCl,-treated mice when compared with mice 


treated with corn oil (Table 4). Liver slices from mice 
treated with both CCl, and phenobarbital showed a 
further highly significant increment in [SH]DNA for- 
mation (Table 4). 


DISCUSSION 


The results of these experiments demonstrate a 
marked species difference between the hepatic re- 
sponses by mice and rats to combined treatment with 
phenobarbital and CCl,. This regimen, which pro- 
duces heavy scarring in rat liver within an 8-week 
treatment period [6], fails to induce the deposition 
of collagen in mouse liver. This failure to scar the 
liver may underlie the very significant increase in liver 
weight produced by combined treatment of mice with 
phenobarbital and CCl,. The chronic administration 
of CCl, to both species of rodents produces repetitive 
cell death followed by regeneration. The liver DMES 
inducer phenobarbital [13], when given concurrently 
with CCl,, apparently enhances this continuing se- 
quence of necrosis and regeneration. In mouse liver, 
the failure to deposit collagen leads to an increase 
in both necrotic tissue and hepatic parenchymal sub- 
stance. 

A large increase in DNA synthesis and in protein 
synthesis by liver slices from CCl,-treated mice would 
be anticipated, since peak regenerative activity in 
mouse liver occurs at approximately 48 hr after ad- 
ministering CCl, [14]. The further very considerable 
increment, particularly in DNA synthesis, produced 
by combined treatment with phenobarbital and CCl, 
seems paradoxical, since treatment with phenobarbi- 
tal Na alone, in this investigation, did not increase 
['*C]protein or [7H]DNA formation by mouse liver 
tissue. An increase, particularly in protein synthesis, 
would have been anticipated from the results of many 
experiments in other species of laboratory animals 
[15]. This does not reflect a species difference because 
livers from mice treated for short periods of time with 


Table 3. Incorporation of '*C from [U-'*C]-L-phenylalanine into bicarbonate and into protein by mouse liver slices 
in vitro: Effect of CCl, and of phenobarbital 
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* Difference between each CCl4-treated group and appropriate corn oil-treated group: P(t) < 0-001. 


+ Difference between two CCl,-treated groups: P(t) < 0-02. 
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Table 4. Incorporation of [methyl *H]thymidine into DNA by mouse liver slices in 
vitro: Effect of CCl, and of phenobarbital 





Phenobarbital Na in 
the drinking water 


Treatment 


°, Incorp. added [°H]/200 mg 
tissue/2 hr into DNA 





Corn oil - 
CCl, _ 
Corn oil ~ 
CCl, | . 





* Difference between each CCl,-treated group and appropriate corn oil-treated 


group: P(t) < 0-001. 


+ Difference between the two CCl4-treated groups: P(t) < 0-001. 


phenobarbital incorporate increased amounts of ra- 
dioactively labeled amino acid into liver protein [16]. 
Rather, degenerative changes in liver cell endoplasmic 
reticulum following long-term exposure to_ liver 
DMES inducers [17] probably diminished the capa- 
city of the liver cells to maintain an increased rate 
of protein synthesis. 

An entirely different situation may be present in 
mice given both phenobarbital and CCl,. The necro- 
tizing effects of each dose of CCl, with subsequent 
regeneration produce a new population of hepato- 
cytes. Since regenerating parenchymal cells. following 
partial hepatectomy, respond positively to liver 
DMES inducers [18], the regenerating hepatocytes in 
livers from mice treated with CCl, should also be 
capable of a comparable positive reaction to pheno- 
barbital. Moreover, the new hepatocytes would have 
been exposed to phenobarbital for only a short period 
and should have increased protein synthesis accord- 
ingly. Thus, the increase in protein synthetic activity, 
and possibly DNA synthesis as well, in livers from 
mice treated with phenobarbital and CCl, probably 
represent additive effects of each compound. There- 
fore, the mice maintained for 7-8 weeks with pheno- 
barbital Na in the drinking water and treated with 
corn oil may have been an inappropriate “control” 
group for the mice treated with both phenobarbital 
and CCl). 

An increase in liver fatty acid synthesis appears to 
be a characteristic metabolic response to chronic 
CCl, administration to mice [19]. Liver tissue from 
mice treated chronically with CCl, (tissue taken 48 hr 
after the last treatment) has a lower concentration 
of total lipid than does tissue from control mice [19]. 
If this decrease in liver total lipid concentrations also 
reflects a decrease in liver cell fatty acyl-CoA concent- 
rations, increased fatty acid synthesis would result 
from diminished inhibition of acetyl-CoA carboxylase 
[20,21]. It is clear, however, that the concurrent 
treatment with phenobarbital and CCl, did not in- 
crease liver fatty acid synthesis in vitro beyond the 
levels associated with CCl, treatment alone. 

In summary, phenobarbital produces a selective en- 
hancement of the effects of chronic CCl, administ- 
ration to mice. The barbiturate results in a striking 


enhancement of CCl4-induced DNA synthesis, more 
modest effects on protein synthesis and liver weight, 
and no effect on CCl,-induced increases in liver fatty 
acid synthesis. The increments in DNA synthesis and 
protein synthesis in mice treated with both phenobar- 
bital and CCl, may result from a summation of the 
effects of each chemical because of CCl,4-induced 
changes in the hepatocyte population, even though 
phenobarbital itself produces very few if any changes 
in these aspects of liver weight and metabolism. 
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Abstract—Hamster astroblast glial cells (clone NN) in cell culture were exposed to from | x 107° 
to 3 x 10°* M pentobarbital-Na and from | x 10°° to 2-5 x 10°* M morphine hydrochloride for 
various periods of time. Profound morphological changes were induced in a dose/time-related fashion 
by pentobarbital only. These consisted of growing of cellular expansions, parallel cellular arrangement 
and increased amounts of intracellular material. Exposure of the cells to morphine up to 6 weeks 
resulted in a dose-correlated decreased rate of proliferation. but no specific morphological alteration 
could be observed. The morphological changes induced in cultured glial cells by pentobarbital were 
accompanied by an increase in oxygen consumption (35—45°,) as well as an increase in glucose uptake 
(90-110°,). These effects were compared to those obtained with bromodeoxyuridine which affected 
glucose metabolism similarly. Furthermore, glial cells that had been treated for 4 weeks with the 
barbiturate were less sensitive to the depression of oxygen consumption by a challenging dose of 
pentobarbital-Na signifying the development of cellular tolerance. After having cultured the cells in 
barbiturate for 4, 9 or 14 weeks, normal medium was substituted. This resulted in severe degenerative 
changes and cell deaths as well as altered growth characteristics in the surviving cells, demonstrating 
some degree of cellular dependence on the barbiturate. In addition, cross-tolerance with ethyl alcohol 
was established since it could be substituted for the barbiturate without the occurrence of any degenera- 


tive changes. 


It is generally agreed at present that the tolerance 
observed after prolonged treatment with barbiturate 
[1,2] is due to a combination of at least two me- 
chanisms: an increased hepatic metabolism and a cen- 
tral adaptation at the cellular level [3]. In the case 
of the former it seems that tolerance to the shorter 
acting barbiturates appears to be mediated to a much 
larger extent by enzyme induction than for the longer 
acting members, but in all cases, as the length of bar- 
biturate action increases the extent of central nervous 
system (CNS) adaptation becomes progressively 
greater [4]. As far as central cellular adaptation is 
concerned very little is known as to differences be- 
tween various barbiturates, and its mechanism is un- 
clear. It is unclear both with respect to the underlying 
biochemistry as well as to the cell type involved. 

Many adaptive biochemical changes have been 
identified as occurring in brain during barbiturate to- 
lerance and dependence [5, 6] but in view of the com- 
plexity of the whole brain on one hand and the many 
compensatory mechanisms known to modify all drug 
actions in the whole animal on the other, these results 
have escaped meaningful interpretation as to the me- 
chanism and specific locus of central cellular adap- 
tation. 

Tissue culture of various cerebral cell types offers 
a novel and unique approach to the problem. It al- 
lows the study of many different types of cells in a 
well-controlled environment, both with respect to the 
specificity of the cell involved and with respect to 
drug levels at the proposed site of action. Tissue cul- 
ture allows the study of pure drug effects, unmodified 
by secondary and metabolic factors, a condition es- 
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sential in studying mechanism and locus of adap- 
tation at the cellular level. 

In the present study cell culture of hamster glial 
cells (astroblasts, clone NN) was used. These cells 
were chosen for two reasons. Firstly, the greater part 
of brain tissue consists of glial cells, and their function 
is virtually unknown. Secondly, the cells are consi- 
dered to represent normal mammalian cells, although 
they are of embryonic origin. Pentobarbital was 
chosen as a widely used, representative barbiturate, 
that has been well studied in other systems [7-9]. 

The purpose of the investigation was to establish 
whether dependence on barbiturate can be produced 
in a homogeneous glial cell population in cell culture, 
whether tolerance to the depressive action of barbitu- 
rates can similarly be produced at the cellular level, 
and which biochemical changes, if any, accompany 
these events. 

Therefore, we studied the direct as well as the long- 
term effects of pentobarbital on some morphological 
and biochemical aspects of normal glial cells in cul- 
ture. 


MATERIALS AND METHODS 


Cell culture. Hamster astroblast glial cells (clone 
NN) were obtained from North American Biologicals, 
Inc. They were grown in plastic Falcon flasks (75 cm? 
and 25 cm?) at 37° in 5% CO,-95% air atmosphere 
with saturated humidity. The cultures were main- 
tained in Dulbecco’s modified Eagle medium, supple- 
mented with 10° fetal calf serum. The medium was 
changed every 2 days and subcultures were prepared 
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by using 0:25°,, trypsin at a rate of once per week. 
The cells were subcultured at the approximate con- 
centration of 8 x 10° cells/75 cm? flask and 1-5 x 10° 
cells/25 cm? flask. Pentobarbital-Na (Abbott) was 
added to the culture medium in final concentrations 
ranging from 1 x 10°° M to 3 x 10°? M for various 
periods of time up to a total of 14 weeks. Pentobarbi- 
tal was initially added at the time of subculturing, 
i.e. to dividing cells. Thereafter, barbiturate-treated 
cultures were subcultured according to the identical 
schedule as control cells. 

The pH of the culture medium was kept constant 
at 70 + 04 units. Unless stated otherwise for each 
series of experiments untreated glial cells of the same 
subculture and the same cell density served as con- 
trols. 

For the biochemical assays the cultures were ex- 
posed to 5 x 10°* M pentobarbital-Na according to 
three different schedules: short-term exposure was de- 
fined as cultivation in pentobarbital-Na for 2 weeks. 
Long-term exposure was defined to range from 4 to 
8 weeks of growth in the presence of the drug. With- 
drawal was defined as substituting drug-free culture 
media in cells previously grown in barbiturate-con- 
taining medium for a minimum of 4 weeks. 

The cultures were examined for any morphological 
changes every 2 days, except during withdrawal, when 
they were followed every hour for the first 12 hr, after 
that on a daily basis. The cultures were observed 
through an inverse phase-contrast microscope (Leitz, 
Wetzlar), and photos were taken at various intervals 
using Ilford Pan F black/white film. 

Biochemical assays. Oxygen uptake of intact glial 
cells in suspension was measured in a Gilson Oxy- 
graph with a Clark oxygen electrode. They were re- 
covered from the Falcon flasks in the following man- 
ner. The .cells were rinsed three times with glucose- 
free buffer and then harvested into 5 ml of buffer 
by the aid of a rubber spatula. They were centrifuged 
at 500 rev/min for 5 min and resuspended in 50 to 
100 yal of the final incubation buffer which consisted 
of the following: (pH 7:3), 150 mM NaCl, 3-0 mM 
KCl, 1-0 mM CaCl, 0-6 mM MgCl,, 6:0 mM glucose, 
9-0 mM Na,HPO,, 1:7 mM KH,PO,. The final 
volume of incubation medium was 1-65 ml, and incu- 
bation was carried out at 37°. The standard used for 
calibration was the oxidation of NADH by catalase 
in the presence of 0-2°%, phenazine methosulfate. 

In the experiments establishing the direct effects of 
pentobarbital-Na and KCI on the oxygen consump- 
tion of normal glial cells, the drugs were added to 
the incubation chamber in a volume of 50 yl of buffer 
after oxygen uptake had been linear for at least 10 
min. In the experiments establishing the sensitivity 
of differently pretreated cells to a challenging dose 
of pentobarbital the barbiturate was also added in 
a volume of 50 yl of buffer directly into the incuba- 
tion chamber. The experiments were designed such, 
that a measurement of normal cells was always fol- 
lowed by a measurement of treated cells and vice ver- 
sa. After each determination, the cells were removed, 
the incubation chamber rinsed and the cells washed 
three times with buffer. Protein content of each incu- 
bation sample was determined according to the 
method of Lowry et al. [10]. The cells used in each 
assay were found to represent 2n amount of total pro- 


tein between 0:8 mg and 1-4 mg. Respiratory rates 
were expressed in yl O, consumed/mg protein/min. 

Glucose uptake was measured in a Beckman auto- 
matic analyzer according to the following procedure. 
After removal of the culture medium, the cells were 
detached by the use of a rubber spatula and rinsed 
twice with glucose-free buffer. At time zero 2:5 ml 
of glucose-containing buffer was added, a control 
sample of 50 ul was taken, and the cells were incu- 
bated at 37° for 2 hr; at that time the incubation 
medium was centrifuged at 5000 g for 5 min and glu- 
cose content of the medium was determined in tripli- 
cate of 50 yl each. Protein content of each incubation 
sample was measured according to the method of 
Lowry et al. [10]. The difference between glucose con- 
tent at time zero and at 2 hr was calculated, and 
glucose uptake was expressed as mg glucose taken 
up from the media/mg protein/hr. 

NADH, catalase and phenazine methosulfate were 
procured from Sigma Chemical Company, all other 
chemicals used were of highest laboratory grade 
(Merck). The data were analysed by the Student t-test 
(2-tailed). 


RESULTS 


The effect of pentobarbital on the morphology of NN 
glial cells 


Dose-response relationship. Normal hamster glial 
cells (NN clone) are known to retain their astroblast- 
like appearance (Fig. 1) without any visible extensions 
and prolongations. Their shape is almost round, and 
they contain large amounts of plasma with several 
nucleoli. 

Addition of pentobarbital-Na to the tissue culture 
media induces a characteristic change in the morpho- 
logy of these hamster glial cells (Fig. 2). The cells 
are elongated and enlarged with processes extending 
from the perikaryon. They are oriented in a parallel 
fashion. The number of nucleoli per cell is increased. 
Based on a count of 200 cells in each group it was 
found that control cells contained 2-645 + 0-075 nuc- 
leoli, whereas barbiturate-treated cells (5 x 10°* M 
for 4 weeks) contained 3-735+0-118 nuclei 
(P < 0-001). The occurrence of this barbiturate-in- 
duced appearance was found to be a function of the 
dose of pentobarbital as well as of the time of expo- 
sure. The concentrations of pentobarbital studied 
ranged from 1 x 10°° M to 3 x 10°3 M in the cul- 
ture media. The minimally effective dose was found 
to be 1 x 10°* M with a minimal duration of expo- 
sure of 2 weeks, and a concentration of 3 x 10°? M 
was found to be lethal within 4-5 days. The inverse 
relationship between concentration of pentobarbital 
and time of exposure existed throughout the entire 
dose range studied. The growth characteristics of the 
most frequently used doses of pentobarbital and mor- 
phine hydrochloride are shown in Fig. 3. The growth 
rate is reduced by pentobarbital as well as by mor- 
phine, but the duration of logarithmic phase growth 
is the same as in untreated cells. At the dose of 
5 x 10°* M pentobarbital the earliest time point of 
any morphological change was after 3 days of expo- 
sure, i.e. after at least one and one half generation 
time the whole culture being completely changed after 
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Fig. 1. Hamster astroblast glial cells, clone NN, untreated (Magnif. 200 x ). 


6 days. Thereafter, no further morphological change 
was evident up to an exposure period of 14 weeks. 

Long-term exposure and effect of withdrawal. The 
results establishing long-term barbiturate exposure 
and barbiturate dependence were obtained with cul- 
tures grown in a pentobarbital concentration of 
5 x 10°* M for a minimum of 4 weeks and a maxi- 
mum of 14 weeks. No additional morphological 
changes were seen to occur once the culture had at- 
tained the barbiturate-related appearance. 

In an attempt to elucidate whether this effect is 
a general effect of central nervous system depressants, 


glial cells were likewise exposed to various concen- 
trations of morphine hydrochloride (1 x 10°° M to 
2:5 x 10°* M) and ethyl! alcohol (0-1 M) for periods 
up to 6 weeks. In no case was there any change in 
the morphology of glial cells in culture, although the 
rate of growth is reduced by both drugs. 

In order to evaluate whether glial cells can become 
dependent on pentobarbital-Na, half of the culture 
was withdrawn after 4 weeks of exposure, while the 
other half remained exposed to the drug. The first 
visible change in glial cells after having replaced the 
culture medium with drug-free medium occurs as early 


Fig. 2. Hamster astroblast glial cells, clone NN, exposed to 5 x 10°* M pentobarbital-Na for a period 
of 2 weeks (Magnif. 200 x ). 
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The effect of pentobarbital and morphine on 
cell growth (NN) 
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Fig. 3. The effect of pentobarbital-Na and morphine 
hydrochloride on cell growth of NN glial cells in culture. 
Cells were subcultured into control medium (@ @). 
medium containing 2:5 x 10°*M morphine hydrochloride 
) @) and containing 5 x 10°*M_ pentobarbital-Na 
(Vv VY). Culture medium was changed every second day 
and each point represents the mean + S.E.M. of 4 plastic 
flasks. 


as 3 hr after withdrawal and consists mainly of vacuo- 
lization. One day after withdrawal (Fig. 4) two ad- 
ditional phenomena are apparent: there is a large 
number of floating dead cells, and some of the cellular 
expansions are detached. Between the 4th and Sth 
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day after withdrawal the morphology of the surviving 
cells begins to resemble control morphology. A quan- 
titation of the barbiturate-related degeneration is pre- 
sented in Fig. 5. Vacuolization increases drastically 
during the first 24 hr after withdrawal and then de- 
clines slowly. Cell deaths on the other hand peak on 
day 2. Similar results were obtained with cultures of 
glial cells exposed for shorter or longer periods of 
time to pentobarbital, with the withdrawal reaction 
varying only in the degree of severity and the du- 
ration. 

In order to establish whether those cells that did 
survive withdrawal would eventually return to normal 
growth characteristics, control cells were grown in 
parallel with those that had been treated with 
5 x 10°* M pentobarbital for 14 weeks as well as 
those that had been withdrawn into drug-free medium 
at day zero. Dead cells were identified by staining 
them with Trypan blue, and only viable cells are plot- 
ted in Fig. 6. It is readily apparent that barbiturate- 
treated and barbiturate-withdrawn cells grow slower 
than control cells. From a time course of only 12 
days it cannot be established whether the barbiturate 
dependent cells reach stationary phase during this 
time. The barbiturate-withdrawn cultures reach a pla- 
teau in the number of viable cells between days 4 
and 6. This was found to correspond to the peak 
of cell deaths observed. Thereafter, the surviving cells 
enter their logarithmic phase of growth during which 
their growth rate is identical to that of untreated cells. 
However, they do not remain in log phase for the 
same period of time neither do they reach the same 
cell density as control celis. 

Based on the known existence of cross-tolerance 
between barbiturates and alcohol in vivo [3], barbi- 
turate-treated cultures (4 and 9 weeks) were “with- 
drawn” into a medium containing 0-1 M ethyl alco- 
hol. In Fig. 7 is shown a representative photo taken 


Fig. 4. Hamster astroblast glial cells, exposed to 5 x 10°*M _pentobarbital-Na for 4 weeks, followed 
by withdrawal into normal medium for | day (Magnif. 200 x ). 
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Fig. 5. The effect of withdrawal from pentobarbital-Na on 
cell viability of NN glial cells in culture. Cells were exposed 
for 4 weeks to 5 x 10°*+M pentobarbital-Na. followed by 
withdrawal into drug-free medium at day zero. Dead cells 
were counted by differential staining with trypan-blue and 
neutral red. For the dead cells (O ©) each point rep- 
resents the mean + S.E.M. of 4 flasks. For the vacuolized 
cells (A——-A) each point represents a mean + S.E.M. 
count of 4 times 50 cells in a photomicrograph at 320 x 
magnification. 
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Fig. 6. The effect of barbiturate dependence on cell growth 
of NN glial cells in culture. Cells were grown for 14 weeks 
in control medium or in 5 x 10°* M pentobarbital. At day 
zero they were subcultured with one half of the barbiturate- 
treated culture withdrawn into drug-free medium. The 
media dia were changed every second day and each point 
represents the mean + S.E.M. of 4 flasks. 


Fig. 7. Hamster astroblast glial cells, exposed to 5 x 10°*M pentobarbital-Na for 4 weeks, followed 
by withdrawal into ethyl alcohol containing medium for 4 days (Magnif. 200 x ). 
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Fig. 8. The effect of 3-bromodeoxyuridine on cell growth 

of cells in culture. Cells were subcultured into the presence 

of normal.medium (@ @) and one containing 

1 x 10°°M_ bromodeoxyuridine (@ @). The culture 

medium was changed every second day. Each point rep- 
resents the mean + S.E.M. of 4 flasks. 


4 days after such substitution. As is readily apparent, 
the barbiturate-induced morphological changes are 
well maintained throughout this period, and no de- 
generation or cell deaths were observed under those 
conditions. 

Comparison with the effects of 5-bromodeoxyuridine 
(BrdU). Since BrdU is a well known differentiation-in- 
ducing agent in tissue culture, [11], the effects of pen- 
tobarbital-Na on glial cell morphology were com- 
pared to those obtained with BrdU in the same cells. 
A growth curve of NN glial cells in the presence and 
absence of 1 x 10° M BrdU is presented in Fig. 
8. Like pentobarbital (see Fig. 3) BrdU also decreases 
growth rate, but degeneration and cell deaths occur 
after a short period of exposure. Morphologically, the 
most striking difference between the changes induced 
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by pentobarbital and those induced by BrdU is the 
lack of orientation in the cells treated with BrdU. 
The cells are also enlarged with multiple extensions, 
but after several passages cell number is considerably 
less than that of untreated cells. Although it is difficult 
to ascertain on purely morphological grounds, it 
appears that the density of intracellular material is 
less in BrdU-treated cells than in those exposed to 
pentobarbital. Therefore, the morphological changes 
induced by BrdU in glial cells appear to be different 
than those induced by pentobarbital. 

In order to establish whether the effects observed 
after withdrawal of pentobarbital were common to 
drugs producing differentiation-like morphological 
changes glial cells were likewise exposed to BrdU for 
4 weeks and the effect of withdrawal was tested. At 
no time point after substituting normal medium were 
there any degenerative changes. After several days, 
the culture began to divide again, and eventually 
attained normal appearance and normal cell number. 
No cell deaths could be detected in the course of 
a 4 day withdrawal period. 


The effect of pentobarbital on the biochemistry of NN 
glial cells 

Direct effect on respiration. In order to observe the 
direct effect of pentobarbital on glial cell metabolism, 
normal glial cells were incubated in the Oxygraph 
(see Materials and Methods) and their oxygen con- 
sumption was measured. After a minimum of 10 min 
of stable respiration, drug was added in a constant 
volume. Thus, every drug effect could be expressed 
as per cent of its own control respiration. The oxygen 
consumption of glial cells in the absence and in the 
presence of various doses of pentobarbital-Na as well 
as of potassium chloride is presented in Table 1. As 
can be seen, the basal respiration of glial cells is a 
stable phenomenon, and the rates obtained in this 
study agree very well with those reported in the litera- 
ture [12]. The addition of increasing doses of pento- 
barbital-Na produces a progressive inhibition of glial 
cell respiration, resulting in a 59°, reduction in the 
presence of 1 x 10°* M pentobarbital. The rate of 
respiration stabilized within 2-3 min after the addi- 
tion of the barbiturate and the new rates are based 
on a respiratory period of 15 min in the presence 
of the drug. The addition of 100 mM KCI which is 


Table 1. Direct effect of pentobarbital-Na and potassium chloride on the oxygen consump- 
tion of glial cells 





(ul O, consumed/mg protein/min) x 10°? 


Treatment* Control 


Drug °,, Change 





15:26 
14:96 
13-87 
14-43 


5 x 10°* M pentobarbital 
7-5 x 10°* M pentobarbital 
1 x 10°* M pentobarbital 
100 mM potassium chloride 


ms 
4 
+ 
rs 


1-65 (8) 
0-99 (6) 
1-37 (9) 
2-30 (4) 


10:29 + 0-894 (8) 
6:63 + 0-90F (6) 
5:79 + 0-87% (9) 

13-78 + 2:20 (4) 





All values represent means + standard error of the mean. 
( ) Numbers of plastic (Falcon) tissue flasks (75 cm?) used for a particular determination. 
* Final concentration of pentobarbital-Na or potassium chloride in incubation mixture. 


+ P < 0-05 compared to control values. 
¢ P < 0-01 compared to control values. 
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Table 2. Oxygen consumption and glucose uptake of glial cells in tissue culture 





(ul O2/mg protein/min) 
x 10°? 


Culture medium* 


(mg gluc./mg protein/hr) 
x 10-7 





Normal medium 
Medium containing 

5 x 10°* M pentobarbital 
Medium containing 

3 x 10°° M BrdU 


14:97 + 0-99 (6) 
19-55 + 0:42t (7) 


25:00 + 8-607 (5) 


40-67 + 5-64 (8) 
82:95 + 17-96F (8) 


93-76. + 27-63¢ (5) 





All values represent means + standard error of the mean. 

( ) Numbers of plastic (Falcon) tissue flasks (75 cm?) used for a particular determination. 
* 2 weeks culture period. : 
+ At least P < 0-05 compared to control values in normal medium. 


known to stimulate respiration in cerebral cortical 
slices [13] and isolated neurons [14] has no signifi- 
cant effect on NN glial cell respiration. 

Effect of short-term exposure to pentobarbital on 
glial cell metabolism and barbiturate sensitivity. The 
cultivation of NN glial cells in barbiturate containing 
medium for the duration of 2 weeks was defined as 
short-term exposure. Table 2 summarizes the rates 
of oxygen consumption and glucose uptake of glial 
cells cultivated in media containing pentobarbital or 
BrdU compared to those of parallel cultures in con- 
trol medium. It should be pointed out that the actual 
measurements were performed in the identical drug- 
free buffer. As is readily apparent, respiration is sig- 
nificantly increased in those cells that had been 
exposed for 2 weeks either to pentobarbital or BrdU. 
Glucose uptake is similarly increased, in the case of 
the barbiturate-treated cells to a larger extent than 
the oxygen consumption. The increases due to pento- 
barbital or BrdU are not significantly different from 
each other. 

In order to test for the possible development of 
barbiturate tolerance in glial cells in culture, sensi- 
tivity of cellular respiration to a challenging dose of 
pentobarbital added directly to the oxygraph was 
measured. The addition of 5 x 10°* M_ pentobarbi- 
tal-Na to control cells resulted in a reduction of ox- 
ygen consumption by 43°, (Table 3). In cells that had 
been cultured in barbiturate-containing medium for 
2 weeks the addition of the same amount of pentobar- 
bital produced only a 13°, inhibition of respiration. 
This proved to be a statistically significant reduction 
(P < 0-05) in respiration, independent of the elevated 
rate of respiration. Most importantly, however, the 


extent of this reduction is significantly less than that 
obtained in control cells. 

Effect of long-term exposure to pentobarbital on glial 
respiration and barbiturate sensitivity. The cultivation 
of NN glial cells in barbiturate medium for 4 weeks 
and longer was defined as long-term exposure. As can 
be seen in Table 4 exposure of hamster glial cells 
to pentobarbital for a period of 4 weeks induced 
further changes in the rate of oxygen consumption. 
One can no longer see an increased rate of respiration 
in the barbiturate treated culture. Whether this return 
to control levels was a reflection of true cellular 
adaptation was tested by measuring the depressive 
response of O, consumption to | x 10°* M pento- 
barbital. Although these barbiturate-treated cells have 
a similar rate of O, consumption as control cells, 
they are still less sensitive to this challenging dose 
of pentobarbital (P < 0-05). 

The effect of withdrawal from pentobarbital on res- 
piration and pentobarbital sensitivity. The effect of 
withdrawal on the morphological appearance of bar- 
biturate-dependent cells has been described in section 
“long-term exposure and effect of withdrawal”. As 
may be recalled, on the Sth day after withdrawal the 
appearance of the withdrawn culture had recovered 
normal glial cell morphology. The rates of O, con- 
sumption at this same time point are presented in 
Table 5. Withdrawn cells have an accelerated rate of 
respiration when compared to control cells. Most 
importantly, the depressive effect of a challenging 
dose of pentobarbital is identical in both types of 
cells. The addition of 1 x 10°* M_ pentobarbital 
results in a reduction of 59°, and 55°, in control and 
barbiturate-withdrawn cells, respectively. 


Table 3. The effect of short-term exposure of cultured glial cells to pentobarbital on pentobarbi- 
tal sensitivity in vitro 





(ul O, consumed/mg protein/min) x 10°? 


Culture medium* 


Control 


5x 10°*M 


pentobarbital °., Depression 





Normal medium 
Medium containing 
5 x 10°* M pentobarbital 


14-91 + 1:80 (4) 8-59 + 1-107 (4) 


27:10 + 1-407 (5) 


—43% 


23-47 + 1:70$ (5) —13% 





All values represent means + standard error of the mean. 
( ) Numbers of plastic (Falcon) tissue flasks (75 cm?) used for a particular determination. 


* 2 weeks culture period. 


+ P < 0-01 compared to control respiration of normal medium. 
¢t P < 0-05 compared to control respiration of barbiturate medium. 
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Table 4. The effect of long-term exposure of cultured glial cells to pentobarbital on pentobarbital 
sensitivity in vitro 





(ul O, consumed/mg protein/min) x 10°? 
1x 10°*M 
pentobarbital 


°., Depression 


Culture medium* Control 





Normal medium 13-87 + 1-37 (9) 5:79 + 0-847 (9) — 59°, 


Medium containing 


5 x 10°* M pentobarbital 15-01 + 1-53 (9) 11-48 + 3-03% (9) —31% 





All values represent means + standard error of the mean. 

( ) Numbers of plastic (Falcon) tissue flasks (75 cm?) used for a particular determination. 
* 4 weeks culture period. 

+ P < 0-01 compared to control respiration in normal medium. 

t P < 0-05 compared to barbiturate respiration in normal medium. 


Table 5. The effect of withdrawal of pentobarbital from cultured glial cells on pentobarbital 
sensitivity in vitro 





(ul O, consumed/mg protein/min) x 10°? 
1x 10°7M 


Culture medium Control pentobarbital °*., Depression 





Normal medium* 13-87 + 1-37 (9) 
Medium containingt 


5 x 10°* M pentobarbital 


5:79 + 0-85§ (9) —59% 


21-59 + 2-59} (5) 9-74 + 1-62 (5) 





All values represent means + standard error of the mean. 

( ) Numbers of plastic (Falcon) tissue flasks (75 cm?) used for a particular determination. 
*4 weeks culture in normal medium followed by 4 days in normal medium. 

+4 weeks culture in pentobarbital followed by 4 days in normal medium. 

¢t P < 0-05 compared to control respiration in normal medium. 

§ P < 0-01 compared to control respiration in normal medium. 

“ P < 0-01 compared to control respiration in barbiturate medium. 


DISCUSSION 

Several facts can be unequivocally stated with 
regard to the morphological effects of pentobarbital 
or NN glial cells in culture. Pentobarbital induces 
a distinct morphological alteration in glial cell 
appearance and does so in a dose/time dependent 
fashion. The fact that neither alcohol and morphine 
nor bromodeoxyuridine induced similar changes can 
be interpreted to mean that the phenomenon 
observed is not common to all CNS depressants nor 
to known differentiation inducers. On the other hand, 
the possibility of pentobarbital interacting with a con- 
stituent of the medium and thus producing the 
changes observed has not been ruled out. Neverthe- 
less, this effect observed implies some specificity as 
far as the barbiturate is concerned. Whether the bar- 
biturate related morphological alterations are induc- 
ible in glial cells only, ic. whether it is cell-specific, 
can hardly be ascertained at present, since dividing 
neurons are not yet available in culture. Pentobarbital 
was tested in a neuroblastoma line (M1) and found 
not to have any morphological effect. Assuming that 
neuroblastoma cells in general are representative of 
neuronal sensitivity [15,16] cellular specificity of the 
barbiturate-induced morphological changes in glial 
cells could be implied. Further studies on different 
neuronal-cell type preparations are presently in pro- 
gress. 

Secondly, the data indicate that dependence on 
pentobarbital can be produced in normal hamster 
glial cells in culture. This conclusion is based on the 
two facts that (1) following withdrawal of the drug 


severe degenerative changes are observed quantitati- 
vely and qualitatively and (2) altered growth charac- 
teristics are observed in the surviving cells. The me- 
chanism of this dependence at the cellular level is 
of great interest. It may reflect a selection of some 
resistant cells or an effect of gradual adaptation of 
all cells. The fact that glial cells do not exhibit depen- 
dence on bromodeoxyuridine, which is known to 
cause a selection of resistant cells, together with the 
fact that the surviving cells do not rapidly regain nor- 
mal growth characteristics may indicate an adap- 
tation of all cells. The long-term persistence of these 
changes is presently under investigation. Since barbi- 
turate-adapted cells were found to be less sensitive 
to the depressive effect of pentobarbital on oxygen 
consumption and since barbiturate withdrawal was 
found to be blocked by ethyl alcohol, the barbiturate 
adapted cells exhibit similar pharmacological charac- 
teristics to what is observed in vivo [3]. 

The preliminary biochemical assays reported here 
were done to gain an understanding of the biochemi- 
cal changes underlying the cellular adaptation 
observed. It was not surprising to find that pentobar- 
bital, if added directly to normal respiring cells, 
depressed oxygen uptake in a dose-dependent fashion, 
since this has been reported to occur in numerous 
cerebral preparations [13]. Prolonged exposure of the 
glial cells to the drug, however, resulted in increased 
rates of respiration as well as of glucose uptake. The 
same effect was found to occur following long-term 
exposure to BrdU. Therefore, it is impossible at this 
point to decide whether the increased respiration is 
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a function of the drug-induced cellular change or in- 
dependently an effect of the drugs per se, since differ- 
entiation in neuroblastoma cells by other means is 
known to coincide with increased oxygen consump- 
tion [18]. If there is a change in the sensitivity to 
a challenging dose of pentobarbital then one can 
assume that cellular tolerance has developed. There- 
fore, our results showing a reduced response to pento- 
barbital in those cells that had previously been 
exposed to the drug signify the development of such 
cellular tolerance. The possibility that it is due to in- 
creased oxidative metabolism of pentobarbital and 
thus reflecting metabolic tolerance cannot be ruled 
out at present. This aspect is under investigation. The 
fact that barbiturate-treated cells are cross-tolerant 
with ethyl alcohol may be taken as an indicator that 
additional adaptive processes have occurred that 
changed the cellular sensitivity independent of 
changes in metabolism. 

It can be concluded therefore, that glial cells in 
culture provide a cellular system reflecting barbiturate- 
induced tolerance and dependence, since: (1) morpho- 
logical dependence on pentobarbital was demon- 
strated in a qualitative and quantitative manner; (2) 
the biochemical response to a challenging dose of 
barbiturate was decreased and (3) blockade of with- 
drawal sequelae could be achieved by an agent (eth- 
anol) effective in vivo. Further, pentobarbital concent- 
rations used were comparable to total brain levels 
measured in animals having received an anesthetic 
dose. This is not to imply that the glial cell popula- 
tion in vivo is specifically responsible for barbiturate 
dependence, since it is known that non-cerebral cells 
in culture exhibit dependence on CNS depressants 
[18]. Nevertheless, normal glial cells in culture thus 
provide an excellent system to study the biochemical 
mechanism of barbiturate tolerance and dependence 
at the cellular level. How the findings presented here 
may relate to those obtained in vivo is presently under 
investigation. 
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Abstract 


The activity of partially purified rat liver catechol-O-methyltransferase (COMT) was 


measured by an assay procedure in which 3,4-dihydroxybenzoic acid was used as a substrate for 
the enzyme. Optimal enzyme activity was present at a concentration of MgCl, of 10°* M. The effects 
on COMT activity of a series of alkaline earth compounds were determined in the presence of optimal 
concentrations of MgCl. CaCl, and Ca(NO;), at concentrations of 10°* M reduced COMT activity 
hy 63 and 59 per cent respectively. BaCl, and Sr(NO 3), (10~* M) did not decrease enzyme activity, 
nor did additional MgCl, to a final [Mg?*] of 2 x 10°* M. The inhibition of COMT by 0:25 x 10° 
and 0-50 x 10°* M CaCl, in the presence of different concentrations of 3,4-dihydroxybenzoic acid, 
S-adenosyl-l-methionine and MgCl, was determined. In each case Lineweaver—Burk plots of these 
data were compatible with noncompetitive or “mixed” inhibition. 


Catechol-O-methyltransferase (EC 2.1.1.7, COMT) is 
the enzyme that catalyzes the O-methylation of nore- 
pinephrine, epinephrine, dopamine and other catechol 
compounds [1]. S-adenosyl-l-methionine functions as 
a methyl donor for this reaction, and magnesium ion 
is required for enzymatic activity [1]. Axelrod and 
Tomchick [1] demonstrated that other divalent ca- 
tions were capable of substituting for magnesium. The 
most effective of these cations were Co?* and Mn?”*. 
Although many studies have been carried out in 
which the abilities of various divalent cations to acti- 
vate COMT have been examined [2, 3], the possibi- 
lity that cations might inhibit the COMT reaction 
in the presence of optimal concentrations of magne- 
sium has not been studied. We have examined the 
effects of alkaline earth cations on COMT activity 
in the presence of optimal concentrations of magne- 
sium and have found that calcium inhibits COMT 
activity. This finding has practical implications with 
regard to the measurement of COMT activity in tis- 
sue homogenates and with regard to the use of 
COMT in assay procedures for the measurement of 
catecholamines. In addition, the inhibition of COMT 
by calcium may be involved in the physiologic regula- 
tion of the enzyme activity. 


MATERIALS AND METHODS 

COMT assay procedure 

3,4-Dihydrox ybenzoic acid (DBA) as substrate. These 
studies were performed with an assay procedure for 
the measurement of COMT activity in which 3,4-di- 
hydroxybenzoic acid (DBA) served as a substrate for 
the enzyme [4]. In the presence of COMT and ra- 
dioactively labeled S-adenosyl-1-methionine, DBA 
was converted to radioactively labeled 4-hydroxy-3- 
methoxybenzoic acid (vanillic acid). The reaction was 
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stopped by the addition of acid to the reaction mix- 
ture, and the radioactively labeled vanillic acid was 
extracted into toluene prior to the determination of 
its radioactivity in a scintillation counter. All glass- 
ware was washed in detergent, rinsed with deionized 
water, soaked for 10 min in 10 mM EDTA, pH 5:5, 
rinsed three times with glass-distilled water and then 
dried in an oven. 

Two hundred yl of an appropriate dilution of par- 
tially purified rat liver COMT was placed in 15-ml 
conical stoppered glass centrifuge tubes. The enzyme 
reaction was initiated by the addition of 100 yl of 
a mixture of the following reagents (final concent- 
rations in 300 yl indicated): Tris (hydroxymethyl)a- 
minomethane HCI buffer, pH 7:8, 0:08 M; MgCl, 
10°> M; ['*C]methyl-S-adenosyl-1-methionine (sp. 
act. 58-0 mCi/m-mole), 2:8 x 10°° M; nonradioactive 
S-adenosyl-1-methionine HCl, 40-4 x 10~° M; DBA, 
10°° M: and dithiothreitol, 0-043 M. The reaction 
mixture was incubated for 30 min at 37° in a shaker 
water bath, and the reaction was stopped by the addi- 
tion of 100 ul of 1-0 N HCl. Five ml toluene was 
added to each tube. The tubes were vortexed for 10 
sec, centrifuged at 700 g for 10 min in an Interna- 
tional model K centrifuge, and 3-5 ml of the organic 
phase was added to counting vials that contained 10 
ml toluene fluor [5 g 2,5-diphenyloxazole and 0-1 g 
1,4-bis-2-(5-phenyloxazole)-benzene per liter]. Ra- 
dioactivity was determined in a Packard 3385 liquid 
scintillation counter. Unless otherwise indicated, 
blank samples included all reagents except DBA. 

Norepinephrine as substrate. In some experiments 
norepinephrine was used as a substrate for the 
COMT reaction rather than DBA. The following 
changes were made in the procedure described above 
when norepinephrine was used as substrate: (1) nore- 
pinephrine at a final concentration of 4 x 10°>M 
was substituted for DBA; (2) the reaction was ter- 
minated by the addition of 0-5 ml of 0:5 M borate 
buffer, pH 10; and (3) organic solvent extraction was 
carried out after the addition of 5 ml of water-satur- 
ated isoamyl alcohol instead of toluene. After the 
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sample had been vortexed and centrifuged, 3-5 ml of 
the organic phase was removed and was added to 
a counting vial that contained 2 ml ethanol and 10 
ml toluene fluor. Blanks were samples that contained 
the entire reaction mixture with the exception of nor- 
epinephrine. 


Protein determination 
Protein concentrations were determined with the 
method of Lowry et al. [5]. 


Thin-layer chromatography 

The products of the reaction procedure were identi- 
fied by thin-layer chromatography on Eastman Chro- 
mogram sheets of Silica gel, 100 ym in thickness. The 
solvent systems used for the chromatography were 
n-butanol saturated with 1 N HCl or isopropyl alco- 
hol-ammonium hydroxide-water (80:10:19). Chro- 
matographic sheets were activated by drying for 15 
min at 80° immediately before use. Sheets developed 
in n-butanol saturated with 1 N HCl were prerun 
in this solvent system and dried prior to spotting. 

After development, sheets were sprayed with diazo- 
tized p-nitroaniline to locate spots [6]. They were 
then marked and cut into 1-cm-wide strips that were 
placed in counting vials containing 0:5 ml So- 
luene-100 (Packard Instrument Co., Inc). After 1 hr, 
1 ml ethanol and 10 ml liquid toluene fluor were ad- 
ded to each counting vial, and the samples were 
placed in a liquid scintillation counter for the 
measurement of radioactivity. 
Atomic absorption spectroscopy 

A Jarrell-Ash single-beam atomic absorption spec- 
trophotometer was used to measure calcium and 
magnesium concentrations. 
Purification of rat liver COMT 

Rat liver COMT was partially purified by a modifi- 
cation of the method of Axelrod and Tomchick [1] 
as described by Coyle and Henry [7]. Rat livers ob- 
tained from male Sprague-Dawley rats were homo- 
genized in 4 vol. of 115°, KCl in a Waring blender. 
The homogenate was centrifuged at 10,000 g for 10 
min, and the precipitate was discarded. The superna- 
tant was centrifuged at 78,000 g for 30 min in a Beck- 
mann L2-65B ultracentrifuge. Once again the preci- 
pitate was discarded. Acetic acid (1 M) was slowly 
added to the supernatant until a pH of 5 was 
obtained. The suspension was centrifuged at 10,000 
g for 10 min and the precipitate was discarded. Solid 
ammonium sulfate was added to this supernatant to 
a final concentration of 30°,. After centrifugation for 
10 min at 10,000 g the precipitate was discarded. Solid 
ammonium sulfate was added to this supernatant to 
a final concentration of 55°,, and after centrifugation 
at 10,000 g for 10 min, the supernatant was discarded 
and the precipitate was dissolved in Tris-HCI buffer, 
1 mM, pH 7-4. The dissolved precipitate was dialyzed 
in 20 1 Tris-HCl, 1 mM, pH 7-4, for 12 hr with one 
buffer change. After dialysis the enzyme preparation 
was centrifuged at 10,000 g for 10 min and the pre- 
cipitate formed during dialysis was discarded. The 
enzyme preparation was then run through a Sephadex 
G-200 column, and the fractions containing COMT 
activity were pooled and concentrated in an Amicon 
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pressure concentrator. The final specific activity of the 
enzyme preparation was 550 nmoles 4-hydroxy-3- 
methoxybenzoic acid formed/mg of protein/hr. This 
preparation was purified approximately 10-fold as 
compared to the initial 10,000 g supernatant. 


Statistical methods 


All data were evaluated by standard statistical 


methods. Michaelis-Menten (K,,,) values were deter- 
mined by the method of Wilkinson [8] using a For- 
tran program written by Cleland [9]. A Control Data 
Corp. 3500 computer was used for these calculations. 


Materials 

['*C]methyl-S-adenosyl-1-methionine (sp. act. 58 
mCi/m-mole) was obtained from New England Nuc- 
lear Corp., Boston, Mass. S-adenosyl-1-methionine 
HCl, Tris (hydroxymethyl)aminomethane base, 3.4-di- 
hydroxybenzoic acid (protocatechuic acid) and 4-hyd- 
roxy-3-methoxybenzoic acid (vanillic acid) were pur- 
chased from Sigma Chemica! Co., St. Louis, Mo. 
Dithiothreitol (Cleland’s reagent) and norepinephrine 
bitartrate were obtained from Calbiochem, San Die- 
go, Calif. Chelex-100 brand of chelating resin (50-100 
mesh) was purchased from Biorad Laboratories, Rich- 
mond, Calif. 


RESULTS 
Characterization of assay system 

Dilution of enzyme in bovine serum albumin versus 
water. The results of repetitive determinations of the 
COMT activity of partially purified rat liver enzyme 
diluted in ice-cold glass-distilled water or water con- 
taining Tris buffer were quite variable. Because many 
enzymes interact with glass when diluted with water 
to low protein concentrations, the COMT activity of 
duplicate enzyme samples diluted with water and with 
0-25°,, bovine serum albumin (BSA) was compared. 
These experiments were carried out both in glass 
tubes and in polycarbonate plastic tubes. The results 
in the two types of tubes were the same when enzyme 
samples were diluted with 025°, BSA. Enzyme 
diluted with water gave only 40 per cent as much 
activity as did an identical sample diluted with 0:25°, 
BSA when assayed in glass tubes, but the activity of 
water-diluted enzyme assayed in plastic tubes was 
higher. These samples yielded 56 per cent of the ac- 
tivity of identical samples diluted with BSA. The re- 
sults of the experiment were the same whether or not 
Tris buffer was present in the water or BSA prior 
to dilution. Therefore, an interaction with glass is at 
least partially responsible for the lower and more 
variable COMT activity of samples diluted with 
water, but the use of plastic tubes is not sufficient 
to eliminate the problem. Since many of the exper- 
iments described below involve divalent cations that 
are capable of binding to BSA, most experiments were 
performed with both water-diluted and BSA-diluted 
enzyme. 

Time course. The time course for the assay pro- 
cedure was linear for at least 60 min when the enzyme 
was diluted in either BSA or water. An incubation 
time of 30 min was used for all experiments. 

Effect of increasing concentrations of enzyme. Ac- 
tivity increased in a linear fashion with increasing 
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Fig. 1. Effect of substrate concentrations on COMT activity. COMT activity was determined in the 
presence of increasing concentrations of 3,4-dihydroxybenzoic acid (DBA) and S-adenosyl-1-methionine 
(SAM). The enzyme was diluted in 0:25°,, bovine serum albumin (BSA). Each point represents the 


mean of three determinations. 


quantities of enzyme over a range from at least 0-1 
to 0-5 yl enzyme preparation per assay (1-4 to 7-0 
ug protein). This was true whether dilution was per- 
formed with water or with 0:25°, BSA. The usual 
quantity of enzyme used in most of these studies was 
0-25 jl/assay. 

Relationship of enzyme activity to substrate concen- 
tration. The activity of rat liver COMT was measured 
in the presence of varying concentrations of 3,4-di- 
hydroxybenzoic acid (DBA) and S-adenosyl-1-meth- 
ionine (SAM), the two co-substrates of the reaction. 
The results of experiments in which the enzyme was 
diluted with 0-25°,, BSA are shown in Fig. 1. These 
data and data from similar experiments in which the 
enzyme was diluted with water were used to calculate 
Michaelis-Menten constants (K,,,) for DBA and SAM 
at 37° under the conditions of assay described above. 
Calculated K,, values for DBA and SAM were 10° + 
and 7 x 10°° M, respectively, when the enzyme was 
diluted with BSA and 7 x 10°° and 26 x 10°° M 
with dilution in water. These values agree with those 
determined by McCaman [10] using DBA as a sub- 
strate for COMT in experiments in which homo- 
genates of rat brain served as the source of the 
enzyme and with results that we have reported using 
DBA as a substrate for the determination of COMT 
activity in human red blood cells [4]. The apparent 
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K,, value for SAM was slightly lower when the 
enzyme was diluted in water than when 0:25 BSA 
was present. This difference may be due to binding 
of SAM to BSA. 

Relationship of enzyme activity to magnesium con- 
centration. The relationship of enzyme activity to in- 
creasing concentrations of magnesium ion is shown 
in Fig. 2. The optimal concentration of MgCl, was 
approximately 1 mM. When these data were used to 
calculate apparent K,, values for magnesium, values 
of 2:5 x 10°* and 1:8 x 10°* M were obtained for 
enzyme diluted with BSA and with water respectively. 
The small quantities of BSA that were used in these 
experiments to obtain more reproducible enzyme 
activity did not significantly alter the concentration 
of magnesium needed to obtain maximal COMT 
activity. 

Effect of pH on COMT activity. The effect of pH 
on COMT activity is shown in Fig. 3. These assays 
were performed with enzyme diluted with BSA. All 
pH values were measured at 20° in the presence of 
the entire reaction mixture including 0:08 M 
Tris-HCI buffer. A pH optimum of 7:8 to 8-0 was 
found with either DBA or norepinephrine as sub- 
strate. Other workers have described a bimodal pH 
curve with one, peak at pH 7:5 to 8 and another at 
pH 9 or above [11]. Although the total counts per 
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Fig. 2. Effect of magnesium concentration on COMT activity. COMT activity was determined in 


the presence of increasing concentrations of MgCl,. The enzyme was diluted either with water (O 
@). Twice as much enzyme protein was added to samples 


or with 0:25°,, bovine serum albumin (@ 


O) 


diluted with water as was present in samples diluted with 0-25", BSA. Each point represents the 
mean of three determinations. 
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Fig. 3. Effect of pH on COMT activity. COMT activity 
was determined at various pH values with either 3,4-di- 
hydroxybenzoic acid (DBA) or norepinephrine as sub- 
strate. Blank samples were either heated to 95° for 5 min 
(~ x) or did not include substrate (O O). The 
total activity after subtraction of the no substrate blanks 
is shown (@ @). Each point represents the average of 
two determinations. 


min (cpm) of extractable radioactivity with both sub- 
strates began to increase as the pH of the incubation 
mixture increased, this was due entirely to increases 
in blank values. There was no significant difference 
in the behavior of blank samples in which substrate 
was omitted or in which the enzyme was heated to 
95° for 5 min. A possible explanation for the increase 
in organic solvent-extractable cpm with an increase 
in the pH of the reaction mixture might be that the 
radioactive S-adenosylmethionine breaks down more 
rapidly at high pH values through a nonenzymatic 
process. 

Effect of dithiothreitol on enzyme activity. The ac- 
tivity of COMT has been reported to decrease during 
the purification of the enzyme [12]. It is thought that 
this phenomenon is due to inactivation of the enzyme. 
Other workers have found that this loss of activity 
can be prevented by the addition of reducing agents 
such as 6-mercaptoethanol or dithiothreitol to the en- 
zyme [12]. Dithiothreitol increased the COMT ac- 
tivity measured in our enzyme preparation maximally 


Table 1. Rat liver COMT activity in the presence of alka- 
line earth compounds.* 





Relative COMT activity 
Initial [MgCl, ] 


Compound added 





MgCl,, 1 mM 
CaCl,, | mM 
BaCl,, 1 mM 
NaCl, 2 mM 
Be(NO;)., | mM 
Mg(NO;)., 1 mM 
Sr(NO3)., | mM 
Ca(NO,)., 1 mM 
NaNO,, 2 mM 





* All results are expressed as percentages of COMT ac- 
tivity in the presence of | mM MgCl, alone. Each figure 
represents the average of three determinations. 

+ The final concentration of Mg** in these samples was 
2 mM. 


Rat liver COMT 





cpm x 107° 








Dithiothreitol mM 
Fig. 4. Effect of dithiothreitol on COMT activity. COMT 
activity was measured in the presence of increasing con- 
centrations of dithiothreitol. The enzyme was diluted either 
in water (O O) or in 0:25°, bovine serum albumin 
(® @). Each point represents the mean of three 
determinations. 


when present in concentrations of 0:04 M (Fig. 4). 
This was true whether the enzyme was diluted in BSA 
or water. Identical quantities of enzyme were assayed 
after dilution with water or BSA to obtain the data 
shown in Fig. 4. Note that in the presence of 0-04 
M dithiothreitol, the water-diluted enzyme gave only 
about half of the activity present after dilution in 
BSA. 

Identification of reaction 
chromatography. Thin-layer chromatography of a 
dried toluene extract from an assay of rat liver 
COMT in which DBA was used as a substrate was 
carried out. The Ry for the radioactive product was 
the same as that of the authentic vanillic acid in both 
solvent systems used. Of the total radioactivity 
applied to the chromatography plates, 92 and 93 per 
cent migrated with authentic vanillic acid in the n- 
butanol saturated with HCl and isopropyl alcohol 
2mmonium hydroxide—water solvent systems respect- 
ively. 


product by thin-layer 


Effects of alkaline earth compounds on COMT activity 


The effects of alkaline earth compounds on COMT 
activity were determined (Table 1}. These compounds 
were added to reaction mixtures that initially con- 
tained either no MgCl, or MgCl, at the optimal con- 
centration of | mM. With the exception of MgCl, 
itself, the different alkaline earth compounds tested 
were added to final concentrations of 1 mM. Since 
all the compounds studied were either chlorides or 
nitrates, NaCl and NaNO, in a 2 mM concentration 
were also tested to determine whether the anions al- 
tered COMT activity. As can be seen in Table 1, only 
in the presence of CaCl, and Ca(NO3), was there 
COMT activity in the absence of magnesium, and 
this activity was less than 5 per cent of that found 
with | mM MgCl,. In the presence of optimal MgCl, 
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the addition of further MgCl,, of BaCl, or of 
Sr(NO;), did not result in a decrease in COMT ac- 
tivity: The addition of 1 mM CaCl, and Ca(NO3),, 
on the other hand, resulted in 63 and 59 per cent 
decreases in enzyme activity in the presence of 1 mM 
MgCl,. Be(NO3), demonstrated a less striking 28 per 
cent inhibition of COMT activity in the presence of 
1 mM MgCl,. The addition of CaCl, to a final con- 
centration of 1 mM in a sample that contained | 
mM MgCl, after the termination of the COMT reac- 
tion with HCl but before organic solvent extraction 
did not change the extractable radioactivity. Thus, the 
inhibition of COMT by calcium is not an artifact 
related to an effect of calcium on the extraction step 
of the assay procedure. 

An experiment similar to that described above was 
carried out with norepinephrine as the substrate for 
COMT rather than DBA. With this “natural” sub- 
strate, 1 mM CaCl, gave 6 per cent as much COMT 
activity as did 1 mM MgCl, alone, and there was 
a 55 per cent inhibition of COMT by 1 mM CaCl, 
in the presence of 1 mM MgCl,. 

Lithium salts are widely used in the treatment of 
manic-depressive disease. It has been speculated that 
abnormal metabolism of catecholamines may be 
related to the pathogenesis of affective disease [13]. 
Therefore, even though lithium is not an alkaline 
earth, it was of interest to determine whether lithium 
alters COMT activity. LiCl in final concentrations of 
1, 2 and 4 mM neither activated COMT in the ab- 
sence of MgCl, nor inhibited the enzyme in the pres- 
ence of 1 mM MgCl). 


Effect of various concentrations of calcium 


The results shown in Table 1 were obtained with 
only a single concentration of the alkaline earth com- 
pounds, | mM. This concentration was chosen be- 
cause | mM MgCl, is optimal for the determination 
of COMT activity. To test the effect of different con- 
centrations of alkaline earth cations on COMT, the 
enzyme activity was measured in the presence of | 


a Rat liver COMT 
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COMT activity cpm x!07> 








Concentration, mM 


Fig. 5. Effect of alkaline earth compounds on COMT 
activity. COMT activity was measured in the presence of 
increasing concentrations of alkaline earth compounds. 
Each assay included 1 mM MgCl,, and the concentrations 
indicated are in addition to the initial MgCl,. Each point 
represents the mean of three determinations. 


577 


mM MgCl, with the addition of increasing quantities 
of CaCl,, BaCl, and MgCl,. Additional BaCl, and 
MgCi, up to concentrations of 4 mM (final concent- 
ration of MgCl,, 5 mM) did not result in dramatic 
changes in COMT activity (Fig. 5). However, increas- 
ing concentrations of CaCl, resulted in a large de- 
crease in COMT activity. There was approximately 
a 50 per cent inhibition of COMT in the presence 
of 0:50 mM CaCl, added to a reaction mixture that 
contained 10 mM MgCl,. The results were the same 
whether the enzyme was diluted with water or with 
BSA. 

An experiment was carried out to insure that the 
inhibition of COMT by calcium was not due to the 
formation of a precipitate that might result in the 
removal of magnesium from solution. The highest 
concentration of CaCl, used in the previous exper- 
iment, 4 mM, was added to the entire reaction mix- 
ture including enzyme diluted with either water or 
0:25°,, BSA. After incubation at 37° for 30 min, 
samples were divided into two aliquots, and half of 
the sample was subjected to centrifugation at 100,000 
g for 1 hr. No visible precipitate was present in the 
bottom of the tubes after centrifugation, and the cal- 
cium and magnesium concentrations measured by 
atomic absorption spectroscopy of samples removed 
carefully from the tops of centrifuged tubes were iden- 
tical with those found in uncentrifuged aliquots. This 
is evidence that magnesium was not removed from 
solution by the formation of a precipitate in the pres- 
ence of CaCl). 

An additional experiment was carried out to deter- 
mine whether the inhibition of COMT by calcium 
is reversible. COMT was preincubated for 2 hr at 
4° with 1-0 mM CaCl,. Beads of Chelex-100 chelating 
resin were then added to some samples. Duplicate 
samples to which no calcium had been added served 
as controls. After 1 hr of gentle mixing with the 
Chelex-100 beads, the resin was removed by centrifu- 
gation, and COMT activity was measured. Enzyme 
activity was also determined in samples that had been 
in contact with CaCl, for 3 hr at 4 and in samples 
that had not been exposed to CaCl, but were exposed 
to Chelex-100. As can be seen in Table 2, a sample 
preincubated with CaCl, for 3 hr at 4 yielded only 
43 per cent as much activity as one which had not 
been exposed to calcium. However, treatment with 
the chelating resin resulted in an increase in COMT 
activity to 95 per cent of control levels. These results 
indicate that the inhibition of COMT by calcium is 
reversible. 


Table 2. Reversibility of COMT inhibition by calcium* 





Additions 
Chelex-100 cp 


COMT activity 


CaCl, °*, Control 





0 1548 + 19 100 
0 1622 + 45 105 
1 mM 660 + 4 43 
1 mM 1470 + 3 95 





* Samples of COMT diluted with 0-25, BSA (1 ml final 
volume) were pre-incubated with CaCl, and were then 
exposed to Chelex-100 chelating resin for 1 hr (100 yl of 
a suspension of the resin/1 ml diluted enzyme) prior to 
assay. All results are the mean + S. E. M. of three deter- 
minations. 
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Fig. 6. Relationship between reaction velocity and magne- 
sium concentration. A Lineweaver-Burk plot is shown of 
the effect of two different concentrations of CaCl, on the 
velocity of the COMT reaction in the presence of various 
concentrations of MgCl,. Each point represents the mean 
of three determinations. 


Kinetic studies 

. Magnesium. Because it seemed likely that the inhi- 
bition of COMT by calcium might involve a competi- 
tive interaction with magnesium, COMT activity was 
measured in the presence of varying quantities of 
MgCl, either with or without added CaCl,. Line- 
weaver-Burk plots of the results of these experiments 
are shown in Fig. 6. When the enzyme was diluted 
with BSA, the apparent K,, for magnesium in the 
absence of calcium was 2:5 x 10°* M,. while that in 
the presence of 0-25 mM CaCl, was 2:7 x 10°* M 
and that in the presence of 05 mM CaCl, was 
2:5 x 10°* M. When the assay was carried out with 
the enzyme diluted with water rather than 0-25% 
BSA, the results were very similar with apparent K,,, 
values of 1:8 x 10°4, 2:3 x 10°* and 2:4 x 10°* M 
in the presence of no calcium, 0:25 mM CaCl, and 
0-5 mM CaCl, respectively. The Lineweaver—Burk 
plots of both of these sets of data were compatible 
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Fig. 7. Relationship between reaction velocity and 3,4-di- 

hydroxybenzoic acid concentration. A Lineweaver-Burk 

plot is shown of the effect of two different concentrations 

of CaCl, on the velocity of the COMT reaction in the 

presence of various concentrations of 3.4-dihydroxybenzoic 

acid (DBA). Each point represents the mean of three 
determinations. 


Rat liver COMT (assay in BSA) 


2-0r 7[CoCt,] = 025mm 
a 








1/[SAM] »M~ 
Fig. 8. Relationship between reaction velocity and 
S-adenosyl-l-methionine (SAM) concentration. A Line- 
weaver-Burk plot is shown of the effect of CaCl, on the 
velocity of the COMT reaction in the presence of various 
concentrations of SAM. Each point represents the mean 
of three determinations. 


with noncompetitive or “mixed” inhibition of COMT 
by calcium in the presence of varying concentrations 
of magnesium. Since the apparent activity of the 
enzyme decreased in the presence of concentrations 
of MgCl, over | mM (Fig. 2), the two data points 
obtained at the highest concentrations of magnesium 
in the absence of calcium were not used in the calcu- 
lation of the K,, values. 

3,4-Dihydroxybenzoic acid. COMT activity of par- 
tially purified rat liver enzyme was also determined 
in the presence of varying concentrations of DBA 
either with or without added CaCl,. All assays were 
carried out in the presence of 1 mM MgCl,. A Line- 
weaver-Burk plot of the results is shown in Fig. 7. 
The two points representing results of assays in the 
absence of CaCl, at the highest DBA concentrations 
were neglected in the calculations of the apparent K,,, 
values because the enzyme activity decreased slightly 
at these concentrations of substrate. The apparent K,,, 
for DBA in the absence of CaCl, was 9 x 10°° M, 
while the K,, in the presence of 0-25 mM CaCl, was 
10°* M and that in the presence of 05 mM CaCl, 
was 1-3 x 10°* M. The Lineweaver-Burk plots of 
these data were compatible with noncompetitive or 
“mixed” inhibition. 

S-adenosyl-1-methionine. The assay procedure was 
also carried out in the presence of increasing concen- 
trations of S-adenosyl-l-methionine, either with or 
without 0-25 mM CaCl,. These assays were per- 
formed with enzyme diluted with 0-25°,, BSA. As can 
be seen in Fig. 8, these data were also compatible 
with noncompetitive or “mixed” inhibition. The ap- 
parent K,, values without and with CaCl, present 
were 5°8 x 10°° and 5 x 10°° M respectively. 


DISCUSSION 


The enzyme catechol-O-methyltransferase requires 
the presence of a divalent cation such as magnesium 
[1]. We have demonstrated that calcium is capable 
of inhibiting COMT activity in the presence of opti- 
mal concentrations of magnesium. This inhibition is 
reversible. Kinetic analysis of the inhibition of COMT 
by calcium shows that the kinetics of inhibition are 
noncompetitive or “mixed” with respect to both of 
the co-substrates for the reaction, 3,4-dihydroxyben- 
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zoic acid and S-adenosyl-l-methionine, as well as 
with respect to magnesium. The finding of inhibition 
of COMT by calcium has implications of importance 
with regard to the measurement of the enzyme ac- 
tivity and to the possible physiologic regulation of 
the enzyme. 

First, the determination of COMT activity in crude 
tissue preparations must be corrected for inhibition 
of the enzyme by calcium. For example, COMT ac- 
tivity has been measured in lysates of erythrocytes. 
Although there is little calcium in the red blood cell 
itself, the calcium concentration in serum is high. 
Some assays for COMT activity in blood have used 
lysates of whole blood [14]. In these assays, and in 
assays carried out in other tissues such as liver where 
contamination with serum occurs, it is necessary to 
remove calcium from homogenates prior to the deter- 
mination of COMT activity. We have recently de- 
scribed a procedure in which Chelex-100 chelating re- 
sin beads are mixed with a lysate of whole blood to 
remove calcium prior to the determination of COMT 
activity [4]. This approach has greatly increased 
both the sensitivity and accuracy of the COMT 
assay in this tissue. Similar considerations apply to 
situations in which COMT has been used to measure 
the concentrations of catecholamines in various body 
fluids—especially plasma [15]. Sensitivity is of great 
importance in these catecholamine assays, and we 
have found that the sensitivity of these methods for 
the determination of catecholamines in plasma can 
be greatly enhanced by the addition of EDTA to the 
reaction mixture (R. Weinshilboum and F. Raymond, 


unpublished observation). The increase in sensitivity 
is almost certainly due to the chelation of calcium 
in plasma by EDTA. 

Finally, the possibility must be considered that the 
inhibition of COMT by calcium might represent a 


physiologic mechanism for the regulation of the 
enzyme activity. This might occur in tissues such as 
cardiac muscle and vascular smooth muscle in which 
rapid fluctuations in intracellular calcium concen- 
trations occur. Depending upon the relationship of the 
free magnesium concentration to the free calcium 
concentration at any given time, it is conceivable that 
the activity of catechol-O-methyltransferase, an im- 
portant catecholamine degradative enzyme, might be 
rapidly increased or decreased. Further studies will 
be necessary to test this hypothesis. 
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Abstract—Pyridoxal-5'-phosphate (PLP) in vitro was found to inhibit strongly the conversion of N-ace- 
tylserotonin to melatonin by hindering the pineal hydroxyindole-O-methyl transferase (HIOMT) ac- 
tivity. This inhibition was competitive with respect to the methyl donor S-adenosylmethionine but 
non-competitive as regards the substrate N-acetylserotonin. Noradrenaline, which had no effect on 
HIOMT activity. almost completely abolished the inhibitory effect of PLP on that enzyme. 


The terminal reaction in the biosynthesis of mela- 
tonin, considered to be a specific pineal hormone, in- 
volves transfer of a methyl group from S-adenosyl- 
methionine to the 5-hydroxy group N-acetyl-sero- 
tonin. This reaction is effected by hydroxyindole-O- 
methyl transferase (HIOMT), which was believed to 
be an enzyme of the pineal gland only [1] but has 
now been traced in homogenates of Harderian gland 
and retina of rats [2]. Changes in HIOMT activity 
were evoked by external or internal factors which 
could be responsible for controlling synthesis of 
melatonin [1]. 

Several groups of methyl transferase inhibitors have 
been characterized. In the transmethylation reaction 
of acetylserotonin with S-adénosylmethionine to pro- 
duce melatonin, S-adenosylhomocysteine (SAH), the 
secondary product formed, was found to be a strong 
inhibitor of the primary product melatonin, thus inhi- 
biting HIOMT activity [3.4]. Compounds structur- 
ally similar to SAH such as cysteic acid, homocysteic 
acid, GSH and GSSG were also found to inhibit 
HIOMT, although at much higher concentrations. 
However, adenosine, methionine, homocysteine and 
homocystine had no effect [4]. Melatonin was re- 
ported by Weiss [5] to act as an HIOMT inhibitor 
but was found to be inactive, even in very high con- 
centrations, by others [4]. Neuroleptic drugs such as 
haloperidol and to a lesser extent fluphenazine were 
reported to inhibit pineal HIOMT activity [6], as 
were the biogenic amines noradrenaline, serotonin 
and histamine [5,7], but only in high concentrations 
of 10-3 M and above. 

Conversely, psychomimetic agents such as dimeth- 
yltryptamine, methoxybufotenin, mescaline, LSD and 
amphetamine [8] and, when in low concentrations, 
the salts of the intermediates in the citric acid cycle 
were found to be good activators of HIOMT activity 
in vitro [4]. 

The present paper describes inhibition of HIOMT 
in vitro by the naturally occurring vitamin pyridox- 
al-5S'-phosphate (PLP), which was found to be 
strongly inhibitory in the methoxylation of norad- 
renaline by the enzyme catechol-O-methyl transferase 


[9]. 
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MATERIALS AND METHODS 


Pyridoxal-5'-phosphate and N-acetylserotonin were 
obtained from Sigma Chemical Co., and ['*C]meth- 
yl-S-adenosylmethionine (sp. act. 50 m Ci/m-mole) 
from Schwartz/Mann, Orangeburg, N.Y. Noradrena- 
line HCI was generously donated by Teva Ltd.. Jeru- 
salem. 

Male rats of the Hebrew University “Sabra” strain 
weighing 160-180 g each and which had been kept 
in alternate light and darkness (overhead fluorescent 
40 W “daylight” tubes switched on at 7 a. m. 
and off at 7 p. m. by automatic timer) were decapi- 
tated between 10 a. m. and 12 noon. Their pineal 
glands were quickly dissected and placed in phos- 
phate buffer. pH 7-9 (0°), until homogenization. 
Pineals were homogenized in batches of four to five. 
and five batches (i.e. 20-25 glands) were pooled for 
each experiment. Homogenization was carried out in 
phosphate buffer, pH 7-9. allowing 500 yl for each 
pineal. Two hundred sl of the crude homogenate was 
incubated for 1 hr with various concentrations of 
N-acetylserotonin (5x 10°*-—1 x 107° M), 
['+C]methyl-S-adenosylmethionine (2 x 10°° —4 x 
10~” M), pyridoxal-5’ phosphate (5 x 10° *-10~° M) 
and noradrenaline HCI (107? to 25 x 10°° M) in 
a final volume of 300 pl according to the method 
of Axelrod et al. [10]. All dilutions were made in 
triplicate. 


RESULTS 


PLP at concentration of 5 x 10°° M was asso- 
ciated with 50 per cent inhibition of HIOMT;: over 
the range of 25 x 10°° M more than 90 per cent 
inhibition occurred (Table 1). 

Noradrenaline had no effect on HIOMT activity. 
However, the inhibitory effect of PLP on that enzyme 
system was almost completely abolished by norad- 
renaline at concentrations of M~* and M * (Table 
2). Lowerconcentrations of noradrenaline only partially 
abolished the inhibition of HIOMT. 

When studying the kinetics of the inhibition by 
PLP, various concentrations were tested with differ- 
ent concentrations of either N-acetylserotonin cr S- 
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Table 1. Inhibition of pineal HIOMT by pyridoxal-5’- 
phosphate (PLP)* 





PLP 
conen 


HIOMT y, 


o 
activity? Inhibition 





95 
94 
SO 
50 





* Incubation was for | hr at 37 and each tube con- 
tained: homogenate rat pineal (0-4 pineal), N-acetylsero- 
tonin (50 yg), S-adenosylmethionine (1 nmole, 50 n Ci) 
and pyridoxal-5’-phosphate in 300 yl phosphate buffer, pH 


7-9. 


+ Picomoles of melatonin['*C] formed /pineal/hr. 


adenosylmethionine. The results and their corre- 
sponding Lineweaver- Burk plots are given in Figs. 
1 and 2. 

Double reciprocal plots indicated that the inhibition 
of HIOMT by PLP was non competitive with respect 
to N-acetylserotonin and competitive as regards 
S-adenosylmethionine. The apparent K,, values were 
1 x 10°*M for N-acetylserotonin and 0-5 x 107° 
M for S-adenosylmethionine. and the K; value was 
0:59 x 10°° M for PLP with S-adenosyl-methionine. 


DISCUSSION 


PLP in vitro was found to inhibit strongly the con- 
version of N-acetylserotonin to melatonin by hinder- 
ing pineal HIOMT activity. This inhibition, noncom- 
petitive .with respect to the substrate N-acetylsero- 
tonin, was found to be competitive as regards the 
methyl donor S-adenosylmethionine. In N-methylat- 
ing processes of indolethylamine [11] and phenyleth- 
anolamine [12], the enzyme N-methyltransferase also 
was found to be competitively inhibited by S-adeno- 
sylhomocysteine with respect to the methyl donor S- 
adenosylmethionine. However, a structural similarity 
exists between S-adenosylhomocysteine and S-adeno- 
sylmethionine, whereas no such similarity is present 
between PLP and adenosylmethionine. On the other 
hand, Black [9] reported that PLP competitively in- 
hibits the methoxylation of noradrenaline by cate- 
chol-O-methyl transferase (COMT) with S-adenosyl- 
methionine as methyl donor. The mechanisms of inhi- 
bition has not been defined and, although a competi- 


tion between PLP and noradrenaline for enzyme 
binding sites was suggested, a competition of PLP 
with S-adenosyl-methionine could be equally consis- 
tent. Our findings would appear to give support to 
this latter postulation. It is quite possible that the 
mechanism in both cases. ours with HIOMT and 
Black’s with COMT. is the same. i.e. competition be- 
tween PLP and S-adenosylmethionine for enzyme 
binding sites. PLP may well be a competitive trans- 
methylation inhibitor not only of the O-methylation 
of catecholamines and indolamines but also of N- 
methylations of biogenic amines. 

The fact that noradrenaline almost competely abol- 
ished the inhibitory effect of PLP is not surprising, 
since noradrenaline has been found to form a com- 
plex with PLP [13]. thus canceling the action of PLP 
by direct interaction with it. 

The apparent Michaelis-Menten constant for S- 
adenosylmethionine is of the same order of magnitude 
as that reported by Weiss [5] and Cardinali and 
Wurtman [2]. The apparent K,,, value for N-acetylser- 
otonin (1 x 10°* M) was. however. 20 times higher 
than that found by others (0-4 x 10°° M) [2]. This 
may be explained by the fact that our experiments 
were performed with crude rat pineal extract which 
contains serotonin, N-acetylserotonin and _ possibly 
other substrates of HIOMT, whereas Cardinali and 
Wurtman [2] worked with dialysates free from indo- 
lamines. Our reaction mixtures actually contained 
more substrates for HIOMT than are shown in Figs. 
1 and 2, and caused the significantly higher K,, value 
compared to that reported by Cardinali and Wurt- 
man [2]. 

It is interesting that PLP, the coenzyme of the 
decarboxylases and an essential factor in the enzyme 
reaction converting 5-hydroxytryptophan to sero- 
tonin, becomes an inhibitor for another enzyme 
activity (HIOMT) in the metabolic pathway of sero- 
tonin to melatonin. The concentration of PLP found 
by us to cause 50 per cent inhibition of pineal 
HIOMT activity (5 x 10°°M ~ 1-24 ng/ul) is in 
the same order of magnitude as the concentration 
recorded in rat brain tissue, i.e. 1-7 to 1-9 ng/mg [14]. 
This suggests that PLP in the pineal gland may play 
a role in regulation of the activity of HIOMT and 
perhaps of other methyltransferases in the brain. In- 
deed, substances causing a decrease in brain PLP 
were found to increase the HIOMT activity of the 
pineal gland and vice versa [6, 8, 14]. 

Moreover, a suggestion has been made that schizo- 
phrenia may be associated with abnormal methyla- 


Table 2. Suppressive effect of noradrenaline on inhibition of pineal HIOMT by pyridoxal-5'-phosphate (PLP)* 








PLP 
concen 


(M) 10-4 


Noradrenaline concn (M) 


2-5 x 


10°° 





61-0 
10-* 
10 " 5: 58-4 
iO" ° 3-5 52: 61-5 
10°? 3 62:0 
io” ” . 53: 63-0 
S$ wig? 


65-0 3 1-0 
14-1 5 

40-4 

48-9 

64-0 S 

63-0 50-5 3712 13-2 
71-0 





* Results represent picomole of melatonin ['*C] formed/pineal/hr. For conditions of incubation see Table 1. 
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Fig. 1. Inhibition of HIOMT by pyridoxal-5'-phosphate (PLP). Double reciprocal plot with N-acetylser- 
otonin (NAS) as the variable substrate. Insert graph represents a straight plot of HIOMT activity 
as a function of NAS concentration in the presence and absence of PLP. 
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Fig. 2. Inhibition of HIOMT by PLP. Double reciprocal 
. plot with S-adenosylmethionine (SAM) as the variable sub- 
strate. Insert graph represents a straight plot of HIOMT 
activity as a function of SAM concentration in the presence 
and absence of PLP. 


tion by pineal HIOMT [15]. Haloperidol. used in 
the treatment of schizophrenia, inhibits this methyla- 
tion process [15] and has been shown to concentrate 
more in the pineal gland than in any other organ 
[16]. Phenothiazines, other neuroleptic drugs, were 
found to increase brain PLP in vitro and decrease 
pineal HIOMT activity [6,14]. On the other hand, 
psychotomimetics shown to produce psychoses in 
normal subjects bring about a decrease in PLP con- 
centration in the rat brain and an increase in the 
melatonin-forming capacity of the pineal gland in vi- 
tro [8,14]. However, in vivo, the process of pineal 
O-methylation might require methyltetrahydrofolic 
acid as methyl donor, while S-adenosylmethionine 
could serve for N-methylations [17]. Hence it could 
be that pineal HIOMT in vivo may not be affected 
by extraneous doses of PLP. 
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Abstract—The intraperitoneal administration of DL-3-(5-benzimidazolyl)-2-methylalanine (MBA) causes 
a marked decline in rat brain and heart catecholamines. The release of tritiated norepinephrine from 
the rat heart by MBA indicates a release component in the action of the compound. The releasing 
potency of decarboxylated MBA and the inability of MBA to lower heart norepinephrine in the presence 
of a decarboxylase inhibitor implicate a decarboxylation product of the amino acid as responsible 
for the release of norepinephrine by MBA. When MBA and then a monoamine oxidase inhibitor 
are administered to reserpinized rats, the level of brain amines remains constant. indicating inhibition 
of norepinephrine synthesis in vivo. The activity of tissue tyrosine hydroxylase in MBA-treated rats 


confirms this inhibition. 


DL-3-(5-Benzimidazolyljalanine (BA) has been shown 
to be a good inhibitor of tyrosine hydroxylase and 
to release brain biogenic amines and heart nore- 
pinephrine (NE) in rats [1]. Because of the different, 
and at times increased, effects observed in x-methyl 
amino acids, DL-3-(5-benzimidazolyl)-2-methylalanine 
(MBA) was synthesized [2]. Preliminary tests indi- 
cated that MBA was, as a competitive inhibitor of 
tyrosine in vitro in a bovine adrenal tyrosine hydroxy- 
lase system, equal to BA (K; = 2 x 10°°), but had 
more pronounced and more prolonged effects on 
brain catecholamine and on heart NE levels [2]. After 
the administration of a 0-3 m-mole (87-6 mg)/kg dose 
of MBA a marked decline followed by a delayed rise 
in catecholamines occurred [2]. An investigation of 
the mechanisms leading to the decline in catechola- 
mine levels is presented in this report. 

Since BA was shown to be an inhibitor of tyrosine 
hydroxylase in vivo as well as a depletor of biogenic 
amines [1], attempts were made to ascertain whether 
the decline in catecholamines caused by MBA was 
effected by these two mechanisms. 


MATERIALS AND METHODS 

Heart norepinephrine release assay 

Materials. pL-Norepinephrine[7-*H] (5 mCi/umole) 
was purchased from New England Nuclear Corp.; so- 
dium heparin and tyramine hydrochloride were ob- 
tained from Sigma Chemical Co. Scintillation grade 
toluene. 2,5-diphenyloxazole (PPO), _ p-bis-[2-5- 
phenyloxazolyl)-benzene] (POPOP) and Triton X-100 
were purchased from Packard Instrument Co. What- 


* Partially abstracted from a Thesis submitted by V. H. 
Morgenroth, III, for the Ph.D. degree in Medicinal Chem- 
istry, University of Maryland, 1973. 

+ Present address: Yale University, School of Medicine, 
Department of Psychiatry and Pharmacology, New Haven, 
Conn. 06510, U.S.A. 


man No. 4 chromatography paper and other reagent 
grade chemicals were purchased from Fisher Scientific 
Corp. MBA was prepared as previously reported [2], 
and DL-2-amino-1-(5-benzimidazolyl) propane dihyd- 
rochloride (MBA-amine) was synthesized in our la- 
boratory [3]. 

Methods. Tritiated NE (7HNE) was chromato- 
graphed and purified according to the methods of 
Iversen and Whitby [4]. The purity of “~HNE was 
confirmed by chromatography (n-butanol-acetic 
acid—water, 4:1:1) and by comparison of sp. act. be- 
fore and after recrystallization. The assay was based 
upon the uptake and release method of Axelrod et 
al[, 6]. 

3HNE (1 nmole, 5 Ci) in 0-1 ml of isotonic saline 
containing 5 ug heparin was injected into the tail vein 
of male Wistar rats. Test compounds were injected 
intraperitoneally | hr before and | hr after the injec- 
tion of 7HNE. Three hr after the injection of *HNE, 
the animals were sacrificed by a blow on the head 
and cervical dislocation. The hearts were excised, 
chilled on ice. and homogenized in 10 vol. of 0-4N 
HCIO,. The homogenates were centrifuged. and three 
0-2-ml aliquots of the supernatant were added to scin- 
tillation vials containing 12 ml of toluene phosphor 
and counted; a fourth 0-2-ml aliquot was chromato- 
graphed in the system described above. 


Biogenic amine assay 

Materials. Male Wistar rats were sacrificed with a 
guillotine (Harvard Instrument Co.). A glass and Tef- 
lon homogenizer (Duall tissue grinder, Kontes Glass 
Co.) was used in all homogenization procedures. 
Fluorescence was measured on an Aminco- Bowman 
spectrophotofluorometer in l-cm quartz cells. Spectra 
were recorded on an Aminco model 814 XY recorder 
and were uncorrected. All reagents and solvents (spec- 
tral grade) were obtained commercially. Glass-dis- 
tilled deionized water was used throughout. Dopa- 
mine was obtained from ICN Nutritional Biochemi- 
cal Corp.. L-norepinephtine from Sigma Chemical 
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Co.. Serpasil from CIBA Pharmaceuticals and 7z- 
methyl-p-tyrosine (MT) from Aldrich Chemical Co. 
Tranyleypromine was supplied by Smith, Kline & 
French, Philadelphia, Pa.. and DL-seryl-2.3.4-trihyd- 
roxybenzylhydrazine hydrochloride (RO-4-4602) by 
Roche. Inc.. Basel, Switzerland. 

Methods. Brain and heart tissues were removed ra- 
pidly. rinsed in iced saline, blotted dry. placed. in 
screw-cap vials, frozen on dry ice. and stored at — 10 
until assayed. 

At the time of assay. each brain was homogenized 
in 10 vol. of cold acidified butanol (0-85 ml conc. HCl 
liter) and the homogenate was centrifuged. A 2-5-ml 
aliquot of the supernatant was added to 5 ml heptane 
and 0-4 ml of 0-1 N HCl and extracted. After centrifu- 
gation, the organic phase and the tissue plug were 
removed by aspiration. Norepinephrine (NE) and do- 
pamine (DA) were separated from a 0-2-ml aliquot 
of the aqueous phase by Alumina adsorption as de- 
scribed by Chang [7]. NE was determined by the 
trihydroxyindole procedure [7] on an aliquot of the 
Alumina eluate. The remainder of the Alumina eluate 
was then adjusted to pH 4-0 and heated for 45 min 
ina 90 water bath to develop DA fluorescence. Heart 
NE was determined according to the procedure of 
Maickel et al. [8]. 

Data were analyzed by the Student’s t-test; t values 
and standard deviations were determined on a Hew- 
lett-Packard programmable calculator model 9100 A. 
The levels of significance (P) were taken from stan- 
dard tables. 

Tissue enzyme assays 

Materials. 2-Amino-2-hydroxymethyl-1.3-propane- 

diol (Tris) was obtained from the Aldrich Chemical 


Co. L-Tyrosine, bovine catalase. NADPH and Dowex. 


50 W x 8-400 were obtained from the Sigma Chemi- 
cal Co. 2-Amino-4-hydroxy-6.7-dimethyltetrahydrop- 
teridine (DMPH,) was purchased from Calbiochem. 
Sheep liver was obtained from Pel-Freeze Biologicals, 
Rogers. Ark. Male Wistar rats (100-120 g) were ob- 
tained from Microbiological Associates of Bethesda, 
Md. [3.5-*H-L]tyrosine was purchased from Amer- 
sham/Searle Corp. 3-Hydroxy-4-bromobenzyloxya- 
mine dihydrogen phosphate (NSD 1055) was a gift 
of Dr. Solomon Snyder of the Johns Hopkins Univer- 
sity. Glass-distilled deionized water was _ used 
throughout. 

Methods. At the time of sacrifice the rats were anes- 
thetized with ether and their superior cervical ganglia 
removed via a midline incision in the neck, rinsed 
in iced saline, and frozen immediately in scintillation 
vials placed on dry ice. The animals were then decapi- 
tated with scissors, their brains immediately removed, 
rinsed in iced saline, placed in scintillation vials on 
dry ice. and stored at — 70°, Within 3 weeks all speci- 
mens were thawed, homogenized in Tris buffer 
(0-05 M. pH 6-0, containing 0:2°,, Triton X-100) and 
divided into aliquots which were frozen for later as- 
says. Brain specimens were homogenized in 10 vol 
and superior cervical ganglia specimens in 100 vol 
of the Tris buffer. Protein was assayed according to 
the procedure of Lowry et al. [9]. 

Tyrosine hydroxylase assay 

The method of Nagatsu et al. [10] was used; sever- 

al of the modifications suggested by Coyle [11] were 
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incorporated to increase the sensitivity of the method 
sufficiently for assay of the enzyme in tissue homo- 
genates. First. Tris buffer containing Triton X-100 
was used to improve solubilization of the enzyme and 
to reduce the need for excess ferrous ion. Second. ca- 
talase was added to decrease the blank and to main- 
tain the linearity of the reaction with time for a longer 
period. Last. dihydropteridine reductase was used in- 
stead of mercaptoethanol. since the former has been 
shown by Shiman et al. [12] to be effective in main- 
taining DMPH, levels. The dihydropteridine reduc- 
tase preparation was obtained from sheep liver homo- 
genate purified through the second ammonium sulfate 
purification step by the method of Kaufman [13]. 

One hundred yl of thawed homogenate or of puri- 
fied enzyme [14] was added to the reaction mixture 
containing 200 yl of acetate buffer (0-2M. pH 60). 
50 pl of 2mM NSD 1055. 100 ul of the dihydropteri- 
dine reductase preparation (63 zg protein) dissolved 
in Tris buffer, 2200 units of catalase in 300 yl water. 
100 41 of 0-2mM NADPH and 100, of 10-0mM 
DMPH, which had been freshly prepared in cold 
5mM HCI. The assay mixture was preincubated for 
5 min on a Dubnoff metabolic shaker at 37° and the 
reaction was then initiated by the addition of 50 ul 
(1 or 2 Ci) of 10~* M tyrosine. After 45 min the reac- 
tion was terminated and the mixture processed ac- 
cording to Nagatsu et al. [10]. 


RESULTS 

In a first attempt to investigate the effects of MBA, 
a | m-mole/kg (292 mg/kg) dose was injected intraperi- 
toneally into rats. This dose. which was equimolar 
with the dose of BA used by Johnson et al. [1] in 
evaluating BA and equimolar with the dose of MT 
shown to inhibit catecholamine biosynthesis com- 
pletely [15]. proved too toxic for pharmacological 
evaluations. From then on, an MBA dose of 0-3 m- 
mole/kg (87-6 mg/kg), equimolar with the minimum 
effective dose of BA [1]. was used. At this dose, ani- 
mals were first depressed for about 48 hr then stimu- 
lated, and appeared to have completely recovered at 
80 hr. A time course study indicated that heart NE 
and brain catecholamines were maximally depleted 
at 12 hr and raised above normal levels at 64 hr (brain 
NE), 72 hr (heart NE) and 80 hr (brain DA) after the 
injection of MBA [2]. 

Axelrod et al. [5,6] have described a rapid and 
convenient method for the study of uptake and re- 
lease of NE from storage in the rat heart. Tracer 
amounts of tritiated NE are taken up by the rat heart, 
mixed and equilibrated with endogenous NE, and af- 
fected in a manner identical to endogenous NE by 
agents which stimulate or inhibit the uptake or the 
release of stored amines. 

When test compounds (MBA, MBA-amine) were 
injected | hr before the injection of *#HNE and the 
animals sacrificed 3 hr after the injection of isotope. 
the amount of isotope in the heart was not affected 
(Fig. 1). On the other hand, when test compounds 
(tyramine, MBA, MBA-amine) were injected | hr after 
*HNE and the animals sacrificed 3 hr after the injec- 
tion of isotope. a significant decrease of heart 7HNE 
was observed (Fig. 1). Chromatography of heart ho- 
mogenates of control and treated animals demon- 
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Fig. 1. Effect of pL-3-(5-benzimidazolyl)-2-methylalanine 
on heart [*H]norepinephrine. Four groups each of six 
male Wistar rats (90-110 g) were given saline, MBA (0:3 
m-mole/kg), MBA-amine (3 pmoles/kg) or tyramine (0-1 
m-mole/kg) ip. | hr after an i.v. injection of tritiated nore- 
pinephrine (1 nmole, 5 Ci). A fifth group was given MBA- 
amine | hr before tritiated norepinephrine. Results are 
represented as per cent control (saline group) + the stan- 
dard error of the mean. 


strated that 88-2 + 2:9 per cent of the recovered ra- 
dioactivity was associated with a spot of the same 
R, as authentic NE. Homogenates from animals 
treated with MBA. or MBA-amine showed a nonra- 
dioactive. ultraviolet-absorbing spot with an R, iden- 
tical to that of standard MBA-amine. To establish 


the degree to which the reduction of brain and heart 
catecholamines was dependent upon MBA decarbox- 
ylation. animals were treated with 750 mg/kg of the 


aromatic amino acid decarboxylase inhibitor. 
RO-4-4602 [16]. 30 min prior to receiving 87-6 mg/kg 
(0-3 m-mole/kg) of MBA. Three hr after the administ- 
ration of MBA. the animals were sacrificed and their 
heart NE and brain DA and NE levels compared 
to those of a group of animals receiving MBA alone 
(Table 1). The data presented show that a 750 mg/kg 
dose of RO-4-4602 was completely effective in bloc- 
king the decrease of NE in the heart. but was only 
partially effective in blocking the decrease of catecho- 
lamines in the brain. 
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Fig. 2. Effect of pi-3-(5-benzimidazolyl)-2-methylalanine 
on catecholamine stores after tranylcypromine adminis- 
tration in reserpinized rats. Five groups each of six male 
Wistar rats (100-120 g) were used in this experiment. When 
indicated, reserpine (2:5 mg/kg) was administered 48 and 
24 hr before sacrifice. Animals were give saline (control 
groups), MBA (0:3 m-mole; 87-6 mg/kg) or MT (1-0 
m-mole; 195 mg/kg) 4 hr before sacrifice. When indicated, 
tranylcypromine sulfate (10 mg/kg was administered 3 hr 
before sacrifice. Values represent the mean (yg catechol- 
amine/g of brain) + the standard error of the mean. 


To establish whether inhibition of catecholamine 
biosynthesis occurred in vivo. the effect of MBA on 
the increase in catecholamine levels in reserpinized 
rats treated with a monoamine oxidase (MAO) inhibi- 
tor [1] was assessed. Tranylcypromine was used as 
the MAO inhibitor and MT as a control. The results 
of this experiment. represented in Fig. 2. indicate that 
the biosynthesis of brain catecholamines was effecti- 
vely blocked 4hr after the administration of 0-3 m- 
mole/kg of MBA. 

A more direct demonstration of MBA interference 
with catecholamine biosynthesis by MBA was af- 
forded by measuring tyrosine hydroxylase activity in 
tissues of animals sacrificed 4 and 12 hr after the ad- 
ministration of MBA. The results obtained (Table 2) 


Table 1. Effect of the decarboxylase inhibitor RO-4-4602 on the reduction of heart and brain catecholamines by MBA* 





No. 
Compounds of 


Brain NE 


administered animals Heart NE Brain DA 





0-48 + 0:03 
0-41 + 0-02 


(A) Saline 6 

(B) Saline + 4 
RO-4-4602 

(C) Saline + 4 
MBA 

(D) RO-4-4002 + 5 
MBA 

Significance 


0-63 + 0-04 
0-49 + 0-03 


0-56 + 0-05 
0:53 + 0-06 
0:29 + 0:04 


0-09 + 0-07 0-16 + 0-03 


0-52 + 0:05 0-14 + 0-06 0-31 + 0-02 
P < 001 
P < 0:05 


P< 001 


P< 0-01 P<00I 
P< 001 NS 
P< 0-01 NS 


Avs C 
A vs B 
D vs C 





* Male Wistar rats (130-160 g) were pretreated with saline or RO-4-4602 (750 mg/kg). given saline or MBA ip. 0:5 hr 
later. and sacrificed 3 hr later. Each value represents mean (g/g) + standard error of the mean. 
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Table 2.-Tyrosine hydroxylase activity in various tissues 
after MBA treatment* 





Superior 
cervical ganglia 
(per pair) 


Time after 
MBA 
(hr) 


Brain 
(per g) 





Control 171-7 + 1:2 
4 28-0 + 0-9 
12 43:3 + 13 





* Male Wistar rats (130 150g) were given either saline 
or MBA (0:3 m-mole/kg). At the time of sacrifice superior 
cervical ganglia and brain were removed under ether anes- 
thesia. Results are expressed as the mean (nmoles Dopa 
formed per hr per unit of tissue) + the standard error of 
the mean; there were seven animals in each group. 

+P < 0-01 vs control group. 


indicate that there was. at these times after MBA. 
a marked decrease in the tyrosine hydroxylase activity 
in homogenates of brain and superior cervical gang- 
lia. The tyrosine hydroxylase activity of a sample con- 
sisting of an aliquot of a brain homogenate from a 
control rat combined with an equal aliquot from a 
rat given MBA 4hr before sacrifice (Table 3) suggests 
that the decrease in activity seen in the animal given 
MBA is due to the presence of an inhibitor. Further. 
the decrease in inhibition (from 82 to 30 per cent) 
observed in the brain homogenates of MBA-treated 
rats when the tyrosine concentration was increased 
from 5 x 10°° to 1-4 x= 10°*M (data not shown) 
suggests that the inhibitor present in these homo- 
genates is competitive. 


DISCUSSION 


The gross physiological effects observed after the 
administration of MBA (depression followed by 
stimulation) were analogous to those seen after the 
administration of reserpine, MT or BA and pointed 
to the disruption of biogenic amine function as the 
probable mode of action of MBA. The mechanism 
and the extent of tyrosine hydroxylase inhibition in 
vitro by BA and MBA were found to be identical 
[1,2]. but the degree and the duration of catechola- 


Table 3. Tyrosine hydroxylase activity— Effect of mixing 
a sample of decreased activity with a sample of control 
activity* 





Animals Found Calculated 





173-1 
172-1 


Control | 
Control 2 
Expl | 

c. t+. 
C.. 1 +E. 


345-2 
201-2 


I+ I+ I+ I+ I+ 





* Brain homogenates were prepared from two control 
animals and from an experimental animal given 0-3 m-mole 
kg MBA 4 hr before sacrifice. Tyrosine hydroxylase activity 
was measured in three 100-1 aliquots of each homo- 
genate diluted with 100 yl of Tris homogenization buffer 
and in three 200-1 aliquots combined in equal parts from 
two of the homogenates. Results for triplicate samples are 
expressed as the mean (nmoles Dopa/hr/g tissue) + the 
standard error of the mean. 
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mine depletion by 0-3 m-mole/kg of MBA were more 
intense and more prolonged than those seen after 
1-0 m-mole/kg of BA. 

After MBA. heart NE was depleted to 33 per cent 
of control after 8hr and to 16 per cent of control 
after 12hr [2]. Since the half-life of heart NE has 
been estimated to be 9hr [17]. the depletion data 
suggest a release component in rat heart depletion 
by MBA. When it was shown that MBA or MBA- 
amine did not prevent the uptake of *HNE in the 
heart but brought about the release of NE from the 
labeled pool (Fig. 1). the presence of a release com- 
ponent in the mechanism of action of administered 
MBA was firmly established. The release data indicate 
that MBA had much less but MBA-amine consider- 
ably more (about 50-fold) releasing activity than tyra- 
mine. 

In order to establish that MBA does not have re- 
leasing activity of its own. its ability to deplete cate- 
cholamines was tested in the presence of the decar- 
boxylase inhibitor, RO-4-4602. The ability of a small 
dose (10 mg/kg) of RO-4-4602 to prevent the release 
of heart norepinephrine by BA [1] is consistent with 
the extracerebral effectiveness reported for this com- 
pound. Since it has been established that a large dose 
(above 500 mg/kg) of RO-4-4602 completely or almost 
completely inhibits brain aromatic amino acid decar- 
boxylase activity [18.19], an attempt was made to 
see if brain as well as heart catecholamine release 
by MBA could be prevented in the presence of such 
a dose. The results obtained (Table 1) indicate that 
decarboxylation was essential for the release of NE 
from the heart..was necessary for the release of some 
NE from the brain. but did not affect the ability of 
MBA to lower brain dopamine. It may be speculated 
that the failure of a massive dose of decarboxylase 
inhibitor to affect brain DA while affecting brain NE 
is related to differential effects of MBA. or of a deriva- 
tive thereof, in different nuclei of the brain. 

Large doses of reserpine deplete catecholamines. 
and this depletion in turn abolishes the negative feed- 
back effects of NE. thus increasing tyrosine hydroxy- 
lase activity and NE biosynthesis. When MAO ac- 
tivity is blocked in reserpinized animals, the rise in 
the level of catecholamines is. within limits. propor- 
tional to the activity of the catecholamine biosynthe- 
tic pathway. When a test compound (e.g. a tyrosine 
hydroxylase inhibitor) is administered to a_reser- 
pinized animal. the MAO activity of which is blocked. 
any decrease observed in the level of catecholamines 
represents an inhibition in vivo of the biosynthetic 
pathway. Although one could anticipate the tyrosine 
hydroxylase inhibitors BA. MBA and MT to be 
equivalent inhibitors of biosynthesis in vivo because 
of their equipotent effect on tyrosine hydroxylase in 
vitro, MBA (at 0-3 m-mole/kg) appears at least as po- 
tent as MT (Fig. 2) or BA [1] at 1-0m-mole/kg. 
Further, the tyrosine hydroxylase inhibition observed 
in homogenates of animals 4 and 12 hr after the ad- 
ministration of MBA appears substantial in view of 
the dilution effected during the homogenization and 
the enzyme assay (Table 3); there was, 12 hr after the 
administration of 0-3 m-mole/kg of MBA. a better 
than 70 per cent inhibition of tyrosine hydroxylase 
in a superior cervical ganglion homogenate diluted 
950-fold. Whether this effect is related primarily to 
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J. Randall, J. biol. Chem. 193. 265 (1951). 
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an increased affinity of MBA for the enzyme in vivo 
or is due to a metabolite of MBA remains to be eluci- 
dated. 
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$-DIETHYLAMINOETHYL-DIPHENYLPROPYLACETATE 
(SKF 525-A) ON MESCALINE-INDUCED BEHAVIOR 
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Abstract—The effects of psychotropic drugs or SKF 525-A on mescaline-induced behavior and on 
the brain, plasma, liver and eye levels of mescaline were studied in mice. Lower doses of promazine 
(10 mg/kg), trifluoperazine (1 mg/kg) and diazepam (2 mg/kg) were not effective antagonists of mesca- 
line-induced (25 mg/kg) increased locomotor activity or scratching responses. Mesoridazine (10 mg/kg) 
and diazepam (20 mg/kg) partially prevented mescaline-induced gross behavior, effectively blocked 
scratching responses to mescaline, produced no catalepsy and did not elevate tissue mescaline contents. 
Higher doses of trifluoperazine (5 and 15 mg/kg), mesoridazine (30 and 45 mg/kg) and promazine 
(30 mg/kg) blocked not only the activity-increasing effects of mescaline but also the normal locomotor 
movements; with the exception of 30 mg/kg of mesoridazine, these treatment schedules induced a 
cataleptic-like state and markedly enhanced tissue levels of mescaline. SKF 525-A potentiated the 
mescaline-antagonizing effects and mescaline-retaining activity of several compounds listed. In the doses 
indicated, imipramine (5, 20 and 50 mg/kg), desmethylimipramine (20 mg/kg), trifluoperazine sulfoxide, 
promazine sulfoxide (15 mg/kg), promethazine (15 and 30 mg/kg) and SKF 525-A (50 mg/kg) were 
not effective antagonists of mescaline-induced increased locomotor activity or scratching responses. 


Phenothiazines are known antagonists of the hallu- 
cinogens. In a recent study, Shah et al. [1] have 


shown that, although 15 mg/kg chlorpromazine 
(CPZ) blocks the mescaline-induced altered behavior 
in mice, it induces a cataleptic-like state, marked 
hypothermia and enhances brain and tissue mescaline 
concentrations [2]. Sulser and Dingell [3] first fur- 
nished evidence that CPZ, in low doses, potentiates 
and prolongs the amphetamine effects in rats and that 
this is associated with a marked and prolonged eleva- 
tion of amphetamine levels in the brain due to an 
inhibition of the metabolism of amphetamine by 
CPZ. Tricyclic antidepressants also enhance and pro- 
long various behavioral effects elicited by ampheta- 
mine in rats by inhibiting the aromatic hydroxylation 
of amphetamine [4-8]. 

B-Diethylaminoethy! diphenylpropylacetate hydro- 
chloride (SKF 525-A) has been shown to modify the 
actions and metabolism of several drugs; e.g. it pro- 
longs the hypnotic action of hexobarbital in rats and 
mice [9], enhances the analgesic action of methadone, 
meperidine, morphine and codeine [10], and blocks 
metabolism of CPZ in vivo and in vitro in rats [11] 
and rabbits [12]. A’-tetra-hydrocannabinol prolongs 
barbiturate sleeping time in mice and this effect is 
augmented by SKF 525-A [13]. 

The effects of piperidine and piperazine phenothia- 
zines, benzodiazepines and tricyclic antidepressants 
on the mescaline-induced altered behavior and on the 
tissue levels of the hallucinogen have not been investi- 
gated. In the present study, dose-response relation- 
ships on antagonism and interactions between mesca- 





* A preliminary abstract of this work appears in Trans. 
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line and several such psychotropic drugs were investi- 
gated. Since SKF 525-A blocks the metabolism of se- 
veral compounds, the combined effect of this agent 
and the psychotropic drugs was also examined. 


MATERIALS AND METHODS 


Drugs. [8-'*C]mescaline hydrochloride (sp. act., 
4-53 mCi/m-mole) was purchased from New England 
Nuclear (Boston, Mass.). The chemical and radio-che- 
mical purity was checked in our laboratory by 
column and thin-layer chromatography and found to 
be approximately 97 per cent. Thin-layer chromato- 
grams displayed a single peak when scanned by the 
radiochromatogram scanner (Packard model 7201). 
Nonlabeled mescaline hydrochloride was obtained 
from Sigma Chemical Co. (St. Louis, Mo.) and had 
a purity of over 99 per cent. The [8-'*C]-mescaline 
was prepared in 0:9°%, saline and diluted with unla- 
beled drug to a specific activity of 2-64 wCi/mg of 
mescaline hydrochloride. The following drugs were 
received as gifts: trifluoperazine dihydrochloride, tri- 
fluoperazine sulfoxide, promazine sulfoxide and SKF 
525-A hydrochloride from Smith, Kline & French 
Laboratories (Philadelphia, Pa.); promazine hydro- 
chloride from Wyeth Laboratories (Philadelphia, Pa.); 
mesoridazine from Sandoz Pharmaceuticals 
(Hanover, N.J.); promethazine from the Lannett Co., 
Inc. (Philadelphia, Pa.); desmethylimipramine hydro- 
chloride and imipramine hydrochloride from Geigy 
Pharmaceuticals (Ardsley, N.Y.); diazepam from 
Hoffmann-La Roche (Nutley, N.J.). 

Procedures on animals. Swiss-Webster albino mice 
(30-33 g) of either sex were used. All drugs were 
freshly prepared in 0-9% saline and were injected i.p. 
in a volume of 0-5 ml. The doses reported are uncor- 
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rected for their salts. Saline or SKF 525-A was 
administered 1 hr prior to the psychotropic drugs 
under test; mescaline was injected 30 min later. Con- 
trol animals received injections of saline twice, fol- 
lowed by mescaline. In a separate experiment, mice 
injected with mescaline were given promazine 45 min 
later. 

Gross behavior and locomotor activity. The exper- 
iments were conducted in the morning in a room 
thermoregulated at 23-0 + 0-5. The grass behavior 
of animals was observed for the entire period. One 
mouse was placed in a Plexiglass cage (39 cm long, 
25-5 cm wide and 15-5 cm high) and the locomotor 
activity was monitored using an Animex activity 
meter type 0 (Farad Electronics, Stockholm, Sweden). 
The settings of tuning at 40 wA and of sensitivity 
at 30 wA were used throughout these studies. A con- 
trol count was monitored for 30 min before injection 
of a drug: animals that gave an average of 350 
counts, 10 min were used. After each injection a 3-min 
period was.allowed before the actual counting. The 
activity was recorded individually in 10-min periods 
for a total of 90-120 min. Each experimental run in- 
cluded four mice (sometimes two). The animals were 
sacrificed 3 hr after the injection of mescaline. Blood 
was collected for the separation of plasma. Whole 
brain, liver and eyes were promptly removed and 
frozen on dry ice. Plasma and tissues were stored at 
—20° for 18-24 hr before they were analyzed for mes- 
caline and its major metabolite, 3,4,5-trimethoxy- 
phenylacetic acid (TMPA). 

Extraction and counting of radioactivity. The 
radioactivity in the plasma and tissues was extracted 
successively with 5 and 3 ml of chilled 0-4 N per- 
chloric acid [14]. After centrifugation in the cold, the 
clear supernatants were adjusted to pH 5:8 with 5 
N potassium carbonate solution; the salt of potas- 
sium perchlorate was removed in the cold by centrifu- 
gation. An aliquot of 0:5 ml was added to 10 ml of 
Bray’s scintillation fluid [15] for a count of total '*C 
in tissue and plasma homogenates. The remaining 
portion of the extract was poured on columns 50 mm 
long with an internal diameter of 4-2 to 45 mm and 
containing Dowex 50W-X,, 200-400 mesh, previously 
buffered at pH 5-8 with phosphate buffer. The pro- 
cedure for the separation of mescaline from its princi- 
pal deaminafed metabolite, TMPA, is reported else- 
where [16,17]. The overall recovery of mescaline 
through the extraction and isolation procedure 
ranged between 74 and 88 per cent. The radioactivity 
was counted in a Nuclear Chicago Mark II liquid 
scintillation spectrometer using '**Ba as an external 
standard. The efficiency of the counting system 
ranged between 85 and 90 per cent. All the data were 
corrected for recovery and for counting efficiency. The 
levels of mescaline and TMPA are reported as g/g 
of wet weight tissue or pg/ml of plasma. 

Mesoridazine assay. The levels of mesoridazine 
were determined according to the method of Pacha 
[18] using an Aminco-Bowman spectrophotofluor- 
ometer; the concentrations are reported as pg/g of 
wet weight tissue or ug/ml of plasma. 

Statistics. The levels of mescaline, TMPA and 
mesoridazine were calculated as the mean + S.D. The 
Statistical significance of differences between mean 
values was determined with a two-tailed Student’s 
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t-test, and a P value of 9:05 or less was considered 
significant. 


RESULTS 


Gross behavior and locomotor activity. Within 30 
min of mescaline administration, the animals exhi- 
bited gross behavioral changes characterized by agi- 
tation, slight increase in ventilation, moderately in- 
creased activity and occasional head shaking or 
scratching with paws of sides and areas around the 
nose. The effects were most intense 60 min after drug 
administration and continued up to 90 min. Subse- 
quently, the animals were inactive and had incoor- 
dinated movements of the hind legs. 

When injected alone, the following drugs in the 
doses indicated did not disrupt the normal behavioral 
pattern or locomotor movements measured by 
Animex: diazepam (2 mg/kg), promazine (10 mg/kg), 
mesoridazine (10 mg/kg), trifluoperazine (1_ mg/kg), 
trifluoperazine sulfoxide (15 mg/kg), promazine sul- 
foxide (15 mg/kg), promethazine (15 and 30 mg/kg), 
imipramine (20 mg/kg), desmethylimipramine (20 
mg/kg) and SKF 525-A (50 mg/kg). Diazepam (20 
mg/kg) and mesoridazine (30 mg/kg) moderately de- 
creased the normal activity, whereas promazine (30 
mg/kg), mesoridazine (45 mg/kg) and trifluoperazine 
(S and 15 mg/kg) almost completely blocked the nor- 
mal behavior and locomotor activity. The degree of 
tranquilization varied with the dose and the drug. 

Pretreatment with 2 mg/kg of diazepam, | mg/kg 
of trifluoperazine, 15 mg/kg each of trifluoperazine 
sulfoxide and promazine sulfoxide, 15 and 30 mg/kg 
of promethazine, 20 mg/kg each of imipramine and 
desmethylimipramine and 50 mg/kg of SKF 525-A 
and pre- and post-treatment with 10 mg/kg of proma- 
zine did not affect mescaline-induced altered behav- 
ior. Diazepam (20 mg/kg) and mesoridazine (10 
mg/kg) partially prevented mescaline effects. The 
scratching responses and head shaking were consider- 
ably diminished; the animals were less excited but 
not tranquilized or drowsy and responded to sound 
stimuli. While no cataleptic-like state appeared, an 
incoordination of the hind legs continued. Promazine 
(30 mg/kg), mesoridazine (30 and 45 mg/kg) and tri- 
fluoperazine (5 and 15 mg/kg) effectively prevented 
all forms of mescaline-induced behavioral changes; 
with the exception of 30 mg/kg of mesoridazine, these 
treatments induced a cataleptic-like state, drowsiness 
and loss of body movement. 

A combination of SKF 525-A with 30 mg/kg of 
promazine or 15 mg/kg of trifluoperazine did not pro- 
duce any effect on mescaline-induced behavior in ad- 
dition to that observed with the phenothiazine alone, 
probably because the anti-psychotic drug by itself 
produced a complete blockade at the doses employed. 
A combination of SKF 525-A with 10 mg/kg of pro- 
mazine or 10 mg/kg of mesoridazine more effectively 
blocked the mescaline-induced changed behavior than 
did either phenothiazine given alone. Trifluoperazine 
sulfoxide (15 mg/kg), promazine sulfoxide (15 mg/kg), 
promethazine (15 and 30 mg/kg), imipramine (20 
mg/kg) and desmethylimipramine (20 mg/kg) injected 
| hr after SKF 525-A produced no inhibitory effects 
of mescaline-induced changed behavior. 

Animex. Figure 1 illustrates the data on the loco- 
motor activity. The control count for the initial 
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Fig. 1. Modification by several psychotropic drugs of the 
effects of mescaline on locomotor activity in mice. Psycho- 
tropic drugs were administered ip. 30min prior to 
[8-'*C]mescaline (25mg/kg; shown by arrow). Motor 


activity was recorded for successive 10-min periods using 

an Animex activity meter. Each point represents the 

mean + S. D. (vertical lines) of four experiments. (Where 

averages from two experiments were obtained, S. D. values 
are not shown.) 


10-min session was 463 + 47 and for the 90-min ses- 
sion 382 + 54. Mescaline moderately increased the 
activity: the 10-min count for the 90-min session (60 
min after mescaline injection) was over 1-5 times (P 
< 0-001) that of saline controls. Mescaline-induced 
increased activity was not blocked by the prior 
administration of 15 mg/kg of trifluoperazine sulf- 
oxide, 15 mg/kg of promazine sulfoxide, 15 and 30 
mg/kg of promethazine, 20 mg/kg of imipramine, 20 
mg/kg of desmethylimipramine, 50 mg/kg of SKF 
525-A and by lower doses of diazepam (2 mg/kg) and 
trifluoperazine (1 mg/kg) (not shown in Fig. 1). In 
mice pretreated with 10 mg/kg promazine, mescaline 
caused an initial increase (30- to 70-min sessions) fol- 
lowed by a slight decrease in the activity. Mesorida- 
zine (10 mg/kg) did not completely abolish the loco- 
motor activity but did prevent the activity-increasing 
effect of mescaline; the 10-min count for the 40-min 
session or thereafter was not significantly different 
from the corresponding sessions for saline-treated 
controls. Higher doses of promazine (30 mg/kg), 
mesoridazine (30 and 45 mg/kg), trifluoperazine (5 
and 15 mg/kg) and diazepam (20 mg/kg) markedly 
decreased the locomotor activity; injections of mesca- 
line apparently had no effect. Pretreatment with SKF 
525-A potentiated the effects of 10 mg/kg of mesorida- 
zine Or promazine; the combined treatments blocked 
not only the activity-increasing effect of mescaline but 
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also the normal locomotor activity (not shown in Fig. 
1). 

Mescaline and TMPA levels. Concentrations of 
mescaline and TMPA, as g/g or pg/ml, in the con- 
trols and phenothiazine-treated mice 3 hr after the 
injection of ['*C]mescaline are shown in Fig. 2. Pre- 
treatment with 10 mg/kg of promazine caused small 
but significant increases in mescaline levels in the 
plasma, brain (P < 0-005) eye and liver (P < 0-001). 
Small significant increases were also seen in the brain 
(P < 0-05) and eye (P < 0-005) when 10 mg/kg of 
promazine was injected 45 min after mescaline. Pre- 
treatment with 30 mg/kg of promazine raised mesca- 
line concentrations from 4-fold in the brain to 9-fold 
in the eye. With lower doses of mesoridazine (10 and 
30 mg/kg) or trifluoperazine (1 mg/kg, not shown) 
the tissue mescaline contents were not significantly 
affected (P > 0-1 to 0-5), the exception being the eye 
levels with 30 mg/kg mesoridazine (P < 0-001). With 
higher doses, the levels of mescaline were significantly 
increased in the brain and eye following trifluopera- 
zine (5 mg/kg: P < 0-005) and in the plasma, brain, 
eye and liver following trifluoperazine (15 mg/kg; P 
< 0-001) and mesoridazine (45 mg/kg; P < 0-001). 
The levels of TMPA were unaltered or increased 
somewhat by various treatments. 

The plasma, brain and hepatic levels of mescaline 
in mice pretreated with 15 mg/kg of promazine sul- 
foxide, 15 mg/kg of trifluoperazine sulfoxide, 20 
mg/kg of imipramine, 15 mg/kg of promethazine and 
2 and 20 mg/kg of diazepam were not significantly 
different (P > 0-1 to 0-5) from those of the control 
(Fig. 3); with the exception of the lower dose of diaze- 
pam, these treatment schedules significantly elevated 
mescaline contents in the eye (P < 0-005 to 0-05). 
Imipramine in doses of 5 or 50 mg/kg neither pre- 
vented mescaline-induced gross behavioral changes 
nor increased tissue mescaline levels (not reported in 
Fig. 3). Desmethylimipramine (20 mg/kg) and _ pro- 
methazine (30 mg/kg) significantly raised plasma, 
brain, eye and hepatic concentrations of mescaline (P 
< 0-001 to 0-01). 

Compared to controls, 50 mg/kg of SKF 525-A 
caused significant increases in mescaline levels in the 
brain, liver, eye (P < 0-001) and plasma (P < 0-025) 
(Fig. 4). The mescaline contents in the tissues of mice 
treated with SKF 525-A, SKF 525-A plus promazine 
sulfoxide, SKF 525-A plus trifluoperazine sulfoxide 
and SKF 525-A plus desmethylimipramine were not 
significantly different (P > 0-1 to 0-5), the exception 
being the eye content with the latter combination (P 
< 0-005). Alone, neither 10 mg/kg of mesoridazine 
nor 15 mg/kg of promethazine significantly raised 
mescaline levels (Figs. 2 and 3), but in combination 
with SKF 525-A, the levels were markedly enhanced 
(P < 0-001) (Fig. 4). Promazine (10 mg/kg) when in- 
jected individually caused small but significant in- 
creases in mescaline contents (Fig. 2) and, in the pres- 
ence of SKF 525-A, produced further rises (P_ < 
0-001) (Fig. 4) comparable to those produced by a 
30 mg/kg dose of promazine (Fig. 2). 

Mesoridazine levels. To determine the effects of 
SKF 525-A on the tissue levels of mesoridazine, 
groups of mice were injected either with saline or 
SKF 525-A followed by mesoridazine (10 mg/kg) and 
mescaline as reported in Materials and Methods; con- 
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Fig. 2. Effects of psychotropic agents on the tissue and plasma levels of ['*C]TMPA and ['*C]mesca- 
line in mice sacrificed 3 hr after [8-'*C]mescaline (25 mg/kg, i.p.). Drugs were injected 30 min prior 
to (C to I) or 45min after (B) mescaline. Each value represents the mean + S. D. (horizontal lines) 
of at least four (sometimes six to eight) experiments. P values are calculated for mescaline; each value 
is compared against the saline-mescaline control. The significance of the differences is shown in the 
figure. A = saline-mescaline control: B = promazine (10 mg/kg); C = promazine (10 mg/kg); D = pro- 
mazine (30 mg/kg): E = mesoridazine (10 mg/kg): F = mesoridazine (30 mg/kg); G = mesoridazine 
(45 mg/kg); H = trifluoperazine (5 mg/kg); 1 = trifluoperazine (15 mg/kg). 


trol mice received SKF 525-A-saline—mescaline. They 
were sacrificed 1-5 and 3-5 hr after mesoridazine. 
Neither SKF 525-A nor mescaline interfered with the 
assay when mixed with mesoridazine standards and 
carried through the extraction procedure. The spec- 
trophotofluorometric readings of extracts from brain, 
liver and plasma from control mice were negligible. 
As shown in Table 1, the liver contents of mesorida- 
zine were raised 3 to 4 times (P < 0-001) in SKF 
525-A-treated mice compared to the levels observed 
in the non-SKF 525-A-treated mice; in the brain the 
levels were increased 1-5 times at 1-5 hr (P < 0-025) 
and 2:5 times at 3-5 hr (P < 0-005). The plasma levels 
in SKF 525-A-treated animals were statistically non- 
significant (P > 0-4) compared with those in the 
non-SKF 525-A group. 


DISCUSSION 


In the present report the dose-response relation- 
ships on antagonism and metabolic interactions 
between mescaline and a few commonly used psycho- 
tropic drugs were examined. One common feature of 


the benzodiazepine and the representatives of three 
subgroups of phenothiazine drugs tested was their 
ability to prevent mescaline from producing any 
abnormal behavior in a dose-related manner. The ali- 
phatic and piperazine phenothiazines, however, dif- 
fered from the benzodiazepine and the piperidine 
phenothiazines in regard to their ability to induce 
mescaline retention and catalepsy. Among phenothia- 
zines, CPZ is extensively studied for its antihallucino- 
genic actions. This drug effectively antagonizes mesca- 
line effects in a dose-related manner [2], but induced 
a few untoward effects such as marked hypothermia, 
cataleptic-like state and highly elevated tissue levels 
of mescaline. With certain exceptions, the pharmaco- 
logic actions of mesoridazine or thioridazine are in 
general similar to those of the other phenothiazines. 
Unlike CPZ, they do not produce the cataleptic-like 
condition in animals; they are about one-seventh as 
potent as CPZ in reducing spontaneous motor ac- 
tivity in the mouse and their hypothermic effect in 
rat is also weaker [19]. Compared to several antischi- 
zophrenic drugs of the aliphatic and piperazine 
groups, the piperidine derivatives elicit the fewest 
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Fig. 3. Effects of tricyclic compounds and diazepam on 
the plasma and tissue levels of ['*C]TMPA and ['*C]mes- 
caline in mice sacrificed 3hr after [8-'*C]mescaline 
(25 mg/kg, i.p.). Drugs were injected 30 min prior to mesca- 
line. Each value is the mean + S. D. (horizontal lines) of 
at least four (sometimes six to eight) experiments. P values 
are calculated for mescaline; each value is compared 
against the saline—-mescaline control shown in Fig. 2. The 
significance of the differences is shown in the figure. 
A =promazine sulfoxide (15 mg/kg); B = trifluoperazine 
sulfoxide (15 mg/kg); C = imipramine (20 mg/kg): D = des- 
methylimipramine (20 mg/kg): E = promethazine 
(15 mg/kg); F = promethazine (30 mg/kg); G = diazepam 
(2 mg/kg); H = diazepam (20 mg/kg). 


extrapyramidal symptoms and possess greater affini- 
ties for the muscarinic cholinergic receptors in the 
brain [20]. 

Comparatively little is known about the influence 
of benzodiazepines on mescaline-induced behavioral 
manifestations or on the metabolism of mescaline. In 
the present study, the mouse was chosen since both 
humans and mice lack specific mescaline oxidase 
enzyme [21]. Diazepam in a dose of 20 mg/kg par- 
tially prevented the behavioral responses to mescaline 
without producing any untoward effect. The interac- 
tion betweén benzodiazepines and amphetamine 
seems to be different; for example, diazepam (20 
mg/kg) significantly prolongs amphetamine-induced 
stereotyped behavior in rats and elevates brain 


amphetamine level [22]. Solursh and Clement [23] 
reported a therapeutic success with benzodiazepines 
in the treatment of adverse psychedelic reactions to 
hallucinogens. A recent report by Levy [24] suggests 
that diazepam behaves like a specific antidote to the 
psychedelic effects of LSD. 

Species differences play an important role in the 
metabolism of pharmacological agents. In rats the tri- 
cyclic antidepressants interfere with the aromatic hy- 
droxylation of amphetamine and enhance and pro- 
long psychomotor stimulatory effects of this drug 
[5, 6, 25, 26], while in mice where p-hydroxylation of 
amphetamine plays a minor role [27], no potentiation 
is observed [28, 29]. Hyperactivity caused by d-am- 
phetamine is increased with imipramine at doses of 
2-5 mg/kg but is decreased at a dose of 20 mg/kg 
[30]. The potentiating effect of the tricyclic antide- 
pressants has been attributed to the ability of these 
drugs to cause greater amounts of d-amphetamine to 
enter the brain and to prolong its half-life in the CNS 
[4]. The present study in mice indicates that doses 
of imipramine ranging from 5 to 50 mg/kg failed to 
modify the mescaline effects and its tissue levels. This 
difference, therefore, appears to be due to species vari- 
ation in the handling of the drugs. 

SKF 525-A, which has little or no pharmacological 
effect of its own [31,32], modifies the actions and 
metabolism of a wide range of chemical compounds 
[33] by inhibiting microsomal drug-metabolizing 
enzymes. By employing rabbit liver homogenates, 
Bhatnagar [12] has shown that SKF 525-A depresses 
the metabolism of CPZ by inhibiting the mono- and 
di-demethylation, sulfoxidation and hydroxylation 
reactions. SKF 525-A intensified the effects of 10 
mg/kg of mesoridazine and promazine. The fact that 
SKF 525-A markedly enhanced the brain and hepatic 
concentrations of mesoridazine (Table |) suggests that 
this drug potentiated the effects of neuroleptics (com- 
plete blockade of mescaline-induced behavior and 
cataleptic-like state) due to the accumulation of more 
of this phenothiazine following the inhibition of its 
metabolism by microsomal  drug-metabolizing 
enzymes. The stabilization of biological membranes 
by SKF 525-A, tranquilizers, antihistamines, barbitu- 
rates, steroids and local anesthetics is well docu- 
mented [34]. The most common physicochemical 
properties of phenothiazines are associated with their 
surface activity and high lipid solubilities at physio- 
logical pH. Guth and Spirtes [35] have reported the 
accumulation of CPZ and other phenothiazines at 
the biological membranes. In other studies, CPZ- and 
SKF 525-A-mediated inhibition of the uptake of 
%-aminoisobutyric acid by hepatoma cells was attri- 
buted to membrane stabilizing effects of these agents 
[36]. 

Mescaline in doses greater than 20 mg/kg was re- 
ported to increase the locomotor activity [37] and 
scratching responses [38] in mice. It is recognized 
that there is no known specific pharmacologic test 
for mescaline. Kulkarni [38] has indicated the impor- 
tance of scratching responses to mescaline as a con- 
venient and simple procedure for the assessment of 
the drug-induced behavioral manifestations. The data 
reported here indicate that the increase in locomotor 
activity and scratching responses induced by mesca- 
line can be prevented by pretreatment with benzodia- 
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Fig. 4. Combined effects of SKF 525-A (SO mg/kg) and tricyclic drugs on the plasma and tissue levels 
of ['*C]TMPA and ['*C]mescaline in mice sacrificed 3 hr after [8-'*C]mescaline (25 mg/kg, i.p.). SKF 
525-A was administered | hr before the tricyclic compound, which was administered 30min before 
mescaline. Each value is the mean + S. D. (horizontal lines) of at least four (sometimes six to twelve) 
experiments. P values are calculated for mescaline; each value is compared with the SKF 525-A-treated 
group (A) and this A group is compared with the A group of Fig. 2. The significance of the differences 
is shown in the figures A=SKF 525-A; B=SKF 525-A+-promazine (10mg/kg); C =SKF 
D=SKF 525-A + promazine sulfoxide (15 mg/kg); E = SKF 

5-A + trifluoperazine sulfoxide (15 mg/kg); F =SKF 525-A + desmethylimipramine (20 mg/kg); 

G = SKF 525-A + promethazine (15 mg/kg). 


Table 1. Levels of mesoridazine in plasma, liver and brain* 





Plasma (ng ml) Brain (ug, g) Liver (ug/g) 





Treatment 1S hr 35 hr 1-5 hr 3-5 hr 1-5 hr 3-5 hr 








Saline mesoridazine- mescaline 0-213 + 0-062 0-105 + 0-007 0-075 + 0-017 0-042 + 0-022 0364 + 0-073 0-222 + 0044 
SKF 525-A-mesoridazine-mescaline O165 + 0-054 0-096 + 0-017 O110 + 0-013 0-103 + 0014 1-009 + 0113 0832 + 0095 
P value 0-4 >04 < 0-025 < 0-005 <0-001 <0-001 





* Saline or SKF 525-A (50 mg/kg) was injected | hr prior to mesoridazine (10 mg/kg) followed 30 min later by 
mescaline (25 mg/kg). Mice were sacrificed 1-5 and 3-5 hr from the time of mesoridazine injection. The values are 
mean + S. D. of four experiments. P values indicate significance of differences between non-SKF 525-A (saline)- and 
SKF 525-A-treated groups. 


zepine and phenothiazine drugs in certain doses: 10 REFERENCES 


y Vv { > rid: j -  s ») ‘ 7 i "ny: 
mg kg of mesoridarine and 20 mg/kg of diazepam tek ER ek Be Loe et A 
seem to be the most reasonable choices. J. Pharmac. exp. Ther. 186, 297 (1973). 

. N.S. Shah, J. R. Jacobs, J. T. Jones and M. P. Hedden, 
{cknowledgements—The author is grateful to Alexander G. Biol. Psychiat., 10, 561 (1975). 
Donald, M.D., Director, and Joe E. Freed, M.D., Associate 3. F. Sulser and J. V. Dingell, Biochem. Pharmac. 17, 634 
Director of Research and Training, for continued interest (1968). 
in the study and to Om Datt Gulati, M.D., for helpful . F. Sulser, M. L. Owens and J. V. Dingell, Life Sci. 
comments on the manuscript. The technical assistance of 5, 2005 (1966). 
Jannie Jones and Martha Hedden is gratefully acknow- 5. S. Consolo, E. Dolfini, S. Garattini and L. Valzelli, 
ledged. J. Pharm. Pharmac. 19, 253 (1967). 





Effect of psychotropic drugs and SKF 525-A on mescaline 597 


. L. Valzelli, S. Consolo and C. Morpurgo, in Antide- 
pressant Drugs (Eds. S. Garattini and M. N. G. Dukes), 
p. 61. Excerpta Medica Found., Amsterdam (1967). 

. T. Lewander, Eur. J. Pharmac. 5, 1 (1968). 

. A. Groppetti and E. Costa, Life Sci. 8, 653 (1969). 

. L. Cook, J. J. Toner and E. J. Fellows, J. Pharmac. 
exp. Ther. 111, 131 (1954). 

. L. Cook, G. Navis and E. J. Fellows, J. Pharmac. exp. 
Ther. 112, 473 (1954). 

. P. F. Coccia and W. W. Westfeld, J. Pharmac. exp. 
Ther. 157, 446 (1967). 

. S. P. Bhatnagar, Can. J. Physiol. Pharmac. 49, 649 
(1971). 

. R. D. Sofia and H. Barry, Eur. J. Pharmac. 13, 134 
(1970). 

. N. S. Shah, A. Kamano, S. Glisson and D. Callison, 
Int. J. Neuropharmac. 7, 75 (1968). 

. G. A. Bray, Analyt. Biochem. 1, 279 (1960). 

. K. D. Charalampous, K. E. Walker and J. Kinross- 
Wright, Psychopharmacologia 9, 48 (1966). 

. N. S. Shah and H. E. Himwich, Neuropharmacology 
10, 547 (1971). 

. W. L. Pacha, Experientia 25, 103 (1969). 

. J. C. Krantz and C. J. Carr, in Pharmacologic Princi- 
ples of Medical Practice, pp. 276-318. Williams & Wil- 
kins, Baltimore (1969). 

. S. H. Snyder, S. P. Banerjee, H. I. Yamamura and D. 
Greenberg, Science, N.Y. 184, 1243 (1974). 

. A. Hoffer and H. Osmond, in The Hallucinogens, p. 
23. Academic Press, New York (1967). 


. S. Lal, T. K. Sourkes and K. Missala, Archs int. Phar- 


macodyn. Ther. 207, 122 (1974). 


23. L. P. Solursh and W. R. Clement, J. Am. med. Ass. 


205, 644 (1968). 


. R. M. Levy, Lancet 1, 1297 (1971). 
. P. L. Carlton, Psychopharmacologia 2, 364 (1961). 
. F. Sulser, M. H. Bickel and B. B. Brodie, J. Pharmac. 


exp. Ther. 144, 321 (1964). 


. L. GG. Dring, R. L. Smith and R. T. Williams, Biochem. 


J. 116, 435 (1970). 


. E. Dolfini, M. Ratisella, L. Valzelli and S. Garattini, 


Eur. J. Pharmac. 5, 185 (1969). 


. A. Weissman, Psychopharmacologia 23, 152 (1972). 
. W. Theobald, O. Buech, H. A. Kunz, C. Marpurgo, 


E. G. Stenger and G. Wilhelmi, Medna exp. 1, 102 
(1959). 


. E. Fingl and D. M. Woodbury, in The Pharmacological 


Basis of Therapeutics (Eds. L. S. Goodman and A. Gil- 
man), 3rd Ed., pp. 1-36. Macmillan, New York (1965). 


. A. Goldstein, L. Aronov and S. Kalman, in The Princi- 


ples of Drug Action, p. 250. Harper & Row, New York 
(1968). 


. B. B. Brodie, J. R. Gillette and B. N. La Du, A. Rev. 


Biochem. 27, 427 (1958). 


34. P. M. Seeman, Int. Rev. Neurobiol. 9, 145 (1966). 
. P. S. Guth and M. A. Spirtes, Int. Rev. Neurobiol. 7, 


231 (1964). 


. E. Dybing, Biochem. Pharmac. 22, 591 (1973). 
. B. E. Leonard and P. D. Stonier, Psychopharmacologia 


25, 1 (1972). 


38. A. S. Kulkarni, Biol. Psychiat. 6, 177 (1973). 








Biochemical Pharmacology, Vol. 25, pp. 599-601. Pergamon Press, 1976. Printed in Great Britain. 


SHORT COMMUNICATIONS 


N-hydroxylation of p-chloroacetanilide in hamsters 


(Received 26 September 1974; accepted 25 July 1975) 


The N-hydroxylation in vivo and in vitro of polycyclic 
N-acetylarylamines such as 2-acetylaminofluorene has 
been well established [1,2]. The role of N-hydroxylation 
in the metabolism of monocyclic N-acetylarylamines, how- 
ever, is uncertain. For example, Poirier et al. [3] gave ace- 
tanilide and its p-vinyl, p-fluoro and p-ethoxy derivatives 
to dogs but were unable to detect N-hydroxy metabolites 
in urine even though they found that 2-acetylaminofluor- 
ene was converted to N-hydroxy-2-acetylaminofluorene in 
a parallel experiment. Similarly, Kiese and Lenk [4] were 
unable to detect N-hydroxy-p-chloroacetanilide in rabbit 
urine after administration of p-chloroacetanilide, and Weis- 
burger, Grantham et al. [2,5] could not detect N-hydroxy- 
acetanilide in rat urine after administration of acetanilide. 
On the other hand, Troll, Belman et al. [6,7] gave acetani- 
lide and phenacetin (p-ethoxyacetanilide) to humans and 
reported the occurrence of N-hydroxy metabolites of these 
substances in the urine. The interpretation of these results, 
however, has been questioned [2]. 

We previously reported that acetaminophen (p-hydroxy- 
acetanilide) is metabolically activated in vivo and in vitro 
by a cytochrome P-450-dependent drug-metabolizing 
enzyme to a chemically reactive arylating agent [8-11]. 
This toxic arylating metabolite was postulated to be the 
acetimidoquinone of acetaminophen which is formed by 
initial N-hydroxylation followed by a spontaneous dehyd- 
ration [12]. This hypothesis, however, has suffered from 
lack of evidence that monocyclic N-acetylarylamines are 
N-hydroxylated. Recently, we were able to demonstrate 
that p-chloroacetanilide can be N-hydroxylated in 
vitro [13]. This compound was used as a model substrate 
because its N-hydroxy derivative is stable and could be 
synthesized. We have now extended this work to show 
that this monocyclic N-acetylarylamine is N-hydroxylated 
in vivo. 

N-hydroxy-p-chloroacetanilide was synthesized by 
reduction of p-chloronitrobenzene followed by acetylation 
with acetyl chloride as previously described [13, 14]. The 
identity of the synthesized material was established by elec- 
tron impact mass spectrometry, chemical ionization mass 
spectrometry and nuclear magnetic resonance 
studies [13]. Carbonyl-'*C-labeled N-hydroxy-p- 
chloroacetanilide and carbonyl-'*C-labeled-p-chloroace- 
tanilide were synthesized by acetylation of p-chlerophenyl- 
hydroxylamine and _ p-chloroaniline, respectively, with 
[1-'*C]acetyl chloride (30:2 mCi/m-mole, New England 
Nuclear, Boston, Mass.) as previously described [13, 14]. 
Radiochemical purity was greater than 99-5 per cent, as 
shown by thin-layer chromatography on Silica gel with 
the four solvent systems listed in Table 1. All other chemi- 
cals were of the purest grade commercially available. 

Male golden Syrian hamsters (60 g) were obtained from 
the Animal Production Center, NIH, and maintained on 
Purina Lab Chow and water ad lib. The hamsters received 
3-methylcholanthrene (20 mg/kg, i.p. in sunflower oil) daily 
for 3 days. Twenty-four hr later, the animals received either 
['*C]p-chloroacetanilide (10 mg/kg, 0-3 wCi/umole, ip.) 
dissolved in 10% Tween 80, or [!*C]N-hydroxy-p-chloro- 
acetanilide (3-3 mg/kg, 0-03 wCi/umole, i.p.) dissolved in 
saline. The animals were placed in individual metabolic 
cages and the urine was collected over dry ice for 24 and 
48 hr. Four animals were used in each experiment. 
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An aliquot of urine from each animal was extracted 
three times with an equal volume of ether and the ether 
extracts were combined. The ether fraction contained the 
nonconjugated metabolites. Another aliquot of urine from 
each animal was made 0-1 M with respect to sodium phos- 
phate, pH 7-4, and bacterial B-glucuronidase (type I, Sigma 
Chemical Co., St. Louis, Mo.) was added to a concen- 
tration of 1 mg/ml. The mixtures were incubated at 37 
for 1-Shr, and additional f-glucuronidase was added to 
increase the enzyme concentration to 2 mg protein/ml. The 
incubations were continued for another 1-5 hr. To facilitate 
the recovery of the metabolite of p-chloroacetanilide, non- 
radioactive N-hydroxy-p-chloroacetanilide (250 ug) was 
then added to each incubation flask. Without this addition, 
recoveries varied too greatly between duplicates. The incu- 
bation mixture was then extracted three times with an 
equal volume of ether and the ether extracts were com- 
bined. The ether extracts, which contained the glucuronide 
metabolite fraction, were dried under a stream of nitrogen. 
Further incubation of the aqueous phases with f-glucur- 
onidase failed to liberate significant amounts of radio- 
labeled material. Total radioactivity in the urine and in 
each fraction was determined by liquid scintillation spec- 
trometry. 

The components that were released after incubation with 
f-glucuronidase were separated by applying each fraction 
to a 250-um thick Silica gel thin-layer chromatographic 
plate (Analtech, Newark, Del.) and developing the thin- 
layer plate with ether-heptane (75:25). The radioactive 
metabolites were located by a strip scanner (Packard 
model 385 Recording Ratemeter). The regions of Silica gel 
corresponding to each metabolite were scraped from the 
plates and the metabolites extracted into methanol. The 
radioactivity in each metabolite fraction was determined 
by liquid scintillation spectrometry. The solvent systems 
used to resolve the N-hydroxy-p-chloroacetanilide are 
listed in Table 1. 

For determination of the specific activity of the ['*C]N- 
hydroxy-p-chloroacetanilide metabolite, the radioactivity 
was measured by liquid scintillation spectrometry. The 
N-hydroxy-p-chloroacetanilide concentration was then 
measured by addition of 5 ml of a methanolic solution of 
ferric chloride (0-2°%) and determination of the optical den- 
sity of the ferric chelate at 530nm. The amount of N-hyd- 
roxy-p-chloroacetanilide in the sample was calculated from 
the molar extinction coefficient (1-44 mM_~' cm ~') of auth- 
entic N-hydroxy-p-chloroacetanilide determined under the 
same conditions. 

To determine if N-hydroxy-p-chloroacetanilide could be 
recovered as a urinary metabolite, four hamsters pretreated 
with 3-methylcholanthrene were given synthetic ['*C]N- 
hydroxy-p-chloroacetanilide and the urines collected. Re- 
covery of administered radiolabeled material in the urine 
was incomplete and highly variable. Recovery in the first 
24hr ranged from 27 to 63 per cent of the dose with an 
average of 44+ 9 per cent. Only insignificant amounts 
were excreted in the second 24 hr. The incomplete recovery 
may be attributed in part to deacetylation with subsequent 
entry of the liberated ['*C]acetate into the general meta- 
bolic acetate pool and elimination as respiratory '*CO,. 

The urinary radioactivity could not be directly extracted 
into ether, indicating that nonconjugated N-hydroxy-p- 
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Table 1. Constant specific activity of the proposed ['*C]N-hydroxy-p-chloroacetanilide (metabolite 3) during sequential 
thin-layer chromatography* 





Specific activity 
of metabolite 
(dis./min/mg) 


R, of N-hydroxy- 


Solvent system p-chloroacetanilide 





0-40 
0°55 
0-65 


17,890 
18,720 
18,770 


(1) Ether-heptane (75:25) 

(2) Chloroform—methanol (95:5) 

(3) Chloroform—acetone-ammonium 
hydroxide (15 M) (50:50:1) 

(4) Chloroform—methanol-ammonium 
hydroxide (15 M) (92:7:0°5) 


0-61 17,800 





* Urine from 3-methylcholanthrene-pretreated hamsters given ['*C]p-chloroacetanilide (10 mg/kg, 0-3 wCi/umole) was 
digested with bacterial f-glucuronidase. Hydrolyzed metabolites (glucuronide fraction) were extracted with ether. Nonra- 
dioactive N-hydroxy-p-chloroacetanilide (250 ug) was added and the mixture subjected to thin-layer chromatography 
on Silica gel GF using solvent system | as described in the text. Metabolite 3 was isolated and its specific activity 
determined. Metabolite 3 was then sequentially subjected to thin-layer chromatography on Silica gel GF using the 
three different solvent systems shown. The specific activity of the ['*C]N-hydroxy-p-chloroacetanilide was determined 


after each thin-layer chromatographic procedure. 


chloroacetanilide or p-chloroacetanilide was not present in 
the urine. However, after treatment with bacterial 6-glucur- 
onidase, over 80 per cent of the radiolabeled material was 
ether-extractable. Thin-layer chromatography of this ether- 
eal extract on Silica gel GF (solvent, ether-heptane, 75:25) 
showed a single component which was identified as 
{'*C]N-hydroxy-p-chloroacetanilide on the basis of its 
chromatographic behavior. This compound had the same 
R, as authentic nonradioactive N-hydroxy-p-chloroace- 
tanilide in the three additional solvent systems listed in 
Table 1. In addition, the compound developed the wine-red 
color characteristic of hydroxamic acid-ferric chelates 
when sprayed with ferric chloride (0-2°,, in methanol) [15]. 

To. determine if N-hydroxy-p-chloroacetanilide is a 
metabolite in vivo of p-chloroacetanilide, four hamsters 
pretreated with 3-methylcholanthrene were given '*C-car- 
bonyl-labeled p-chloroacetanilide and the urine was col- 
lected for 24 and 48hr. After 24hr, 54+ 8 per cent of 
the radioactivity appeared in the urine and after 48 hr, 
61 +7 per cent. Incomplete recovery of administered 
radioactivity is again attributed in part to deacetylation 
followed by incorporation of acetate into the general meta- 
bolite pool. 

The radioactivity in urine could not be directly extracted 
into ether. However, after treatment with bacterial f-glu- 
curonidase, 25 + 2 per cent of the urinary radioactivity 
became ether-extractable. Since this fraction was expected 
to contain the majority of the N-hydroxy-p-chloroacetani- 
lide metabolite, it was examined by thin-layer chroma- 
tography on Silica gel GF (solvent, ether-heptane, 75:25). 
The separation of the radiolabeled metabolites is shown 
in Fig. 1. 

m-Hydroxy-prchloroacetanilide and o-hydroxy-p-chloro- 
acetanilide are known metabolites of p-chloroacetani- 
lide-[16]. Metabolite 1 and metabolite 2 (Fig. 1) were iden- 
tified as m- and o-hydroxy-p-chloroacetanilide, respectively, 
on the basis of their chromatographic behavior, and their 
conversion to blue substances when sprayed with Gibb’s 
reagent [17]. The m- and o-hydroxy-p-chloroacetanilide 
accounted for 38 + 2 and 46 + 2 per cent of the metabo- 
lites in this fraction respectively. 

The radioactivity associated with metabolite 3 had the 
same R, as added nonradioactive N-hydroxy-p-chloroace- 
tanilide and contained 16 + | per cent of the radioactivity 
found in that fraction. To verify the identity of metabolite 
3, as N-hydroxy-p-chloroacetanilide, a modified isotope 
dilution experiment was performed (Table 1). Metabolite 
3 was eluted from Silica gel and the specific activity of 
the '*C-radiolabeled material was determined as described 
above. The compound was then sequentially rechromato- 
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Fig. 1. Separation of metabolites of ['*C]p-chloroacetani- 
lide by Silica gel GF thin-layer chromatography. Hamsters 


received ['*C]p-chloroacetanilide (10mg/kg, 0-3 wCi/ 
umole, i.p.) and their urine was collected for 48 hr. Metabo- 
lites were extracted with ether after B-glucuronidase diges- 
tion. | Nonradioactive | N-hydroxy-p-chloroacetanilide 
(250 wg) was added as carrier and the mixture applied to 
the Silica gel GF thin-layer plate. The metabolites were 
fractionated using ether-heptane (75:25) and identified as 
described in the text: 1 = m-hydroxy-p-chloroacetanilide; 
2 = o-hydroxy-p-chloroacetanilide; and 3 = N-hydroxy- 
p-chloroacetanilide. 


graphed using three additional solvent systems and its spe- 
cific activity determined after each chromatographic step. 
The specific activity of the '*C-radiolabel remained con- 
stant throughout the chromatographic procedures. These 
data confirm the identity of metabolite 3 as N-hydroxy-p- 
chloroacetanilide. 

These findings demonstrate that p-chloroacetanilide is 
metabolized by N-hydroxylation in 3-methylcholanthrene- 
pretreated hamsters. The N-hydroxy-p-chloroacetanilide 
appears in the urine as a conjugate which can be hydro- 
lyzed with bacterial B-glucuronidase. Calculation of recov- 
ery indicates that N-hydroxy-p-chloroacetanilide accounts 
for about 2-3 per cent of the administered dose of p-chloro- 
acetanilide. In recovery experiments in which ['*C]N-hyd- 
roxy-p-chloroacetanilide was administered to hamsters, 
only 38 per cent of the dose was excreted as N-hydroxy-p- 
chloroacetanilide. Thus, N-hydroxylation of p-chloroace- 
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tanilide may account for an even greater percentage of 
the total metabolism. 


Jack A. HINSON* 
JERRY R. MITCHELL 
Davip J. JoLLow 


Laboratory of Chemical Pharmacology, 
National Heart and Lung Institute, 
National Institutes of Health, 
Bethesda, Md. 20014, U.S.A. 





* Recipient of National Institutes of Health Postdoctoral 
Fellowship 5 FO2 HL54291-02. 


REFERENCES 


. J. Miller and E. Miller, Prog. exp. Tumor Res. 11, 273 
(1969). : 

. J. H. Weisburger and E. K. Weisburger, Pharmac. Rev. 
25, 1 (1973). 

. L. A. Poirier, J. A. Miller and E. C. Miller, Cancer 
Res. 23, 790 (1963). 

. M. Kiese and W. Lenk, Biochem. Pharmac. 20, 379 
(1971). 

. P. H. Grantham, T. Matsushima, J. H. Weisburger, 
R. C. Yamamoto and E. K. Weisburger, Toxic. appl. 
Pharmac. 19, 380 (1971). 

. W. Troll and S. Belman, in Bladder Cancer, a Sym- 
posium, pp. 35-44. Aesculapius, Birmingham (1967). 


7. S. Belman, W. Troll, G. Teebor and F. Mukai, Cancer 
Res. 28, 535 (1968). 

8. J. R. Mitchell, D. J. Jollow, W. Z. Potter, D. C. Davis, 
J. R. Gillette and B. B. Brodie, J. Pharmac. exp. Ther. 
187, 185 (1973). 

9. D. J. Jollow, J. R. Mitchell, W. Z. Potter, D. C. Davis, 
J. R. Gillette and B. B. Brodie, J. Pharmac. exp. Ther. 
187, 195 (1973). 

10. W. Z. Potter, D. C. Davis, J. R. Mitchell, D. J. Jollow, 
J. R. Gillette and B. B. Brodie, J. Pharmac. exp. Ther. 
187, 203 (1973). 

11. J. R. Mitchell, D. J. Jollow, W. Z. Potter, J. R. Gillette 
and B. B. Brodie, J. Pharmac. exp. Ther. 187, 21f 
(1973). 

12. J. R. Mitchell, W. Z. Potter, J. A. Hinson, W. R. Snod- 
grass, J. A. Timbrell and J. R. Gillette, in Handbook 
of Experimental Pharmacology (Eds. O. Eichler, A. 
Farah, H. Herken and A. Welch), pp. 383-419. 
Springer, Berlin (1975). 

13. J. A. Hinson, J. R. Mitchell and D. J. Jollow, Molec. 
Pharmac. 11, 462 (1975). 

14. U. Priyadarshini and S. Tandon, J. chem. eng. Data 
12, 143 (1967). 

15. J. Booth and E. Boyland, Biochem. J. 91, 362 (1964). 

16. J. Daly, Biochem. Pharmac. 19, 2979 (1970). 

17. G. Zweig and J. Sherma (Eds.), in Handbook of 
Chromatography, Vol. II, p. 161. CRC Press, Cleveland 
(1972). 





Biochemical Pharmacology, Vol. 25, pp. 601-602. Pergamon Press, 1976. Printed in Great Britain 


Metabolism of the carcinogenic bifunctional olefin oxide, 
4-vinyl-1-cyclohexene dioxide, by hepatic microsomes 


(Received 3 September 1975; accepted 2 October 1975) 


Alkene oxides are known to produce malignant tumors; 
the bifunctional epoxides such as 4-vinyl-1l-cyclohexene 
dioxide (1) and 1,3-butadiene dioxide have been reported 
to show notable carcinogenic activity on mouse skin [1]. 
These findings are of importance in relation to a strongly 
suggested role of K-region epoxides as metabolically 
formed proximate carcinogens in carcinogenicity exerted 
by polycyclic aromatic hydrocarbons, as they have been 
shown to produce malignant transformations of cells in 
culture [2-5]. The suggested carcinogenic mechanism in- 
volving the K-region epoxides, however, is an open ques- 
tion since previous work indicates that they have no car- 
cinogenic activity in vivo [1]. 

Monoepoxides, including arene oxides, are detoxified by 
the catalytic action of either microsomal epoxide hydro- 
lase [6,7] (epoxide hydrase [8,9]) or soluble epoxide-S- 
glutathione transferase [10], both of which are present in 
mammalian liver, to polar glycols or glutathione conju- 
gates. However nothing is known of microsomal hydrolysis 
of the bifunctional epoxides, but only that no glutathione 
conjugation occurs with (1) in vitro [10] although monoe- 
poxides such as cyclohexene oxide and styrene oxide, 
whose oxirane moieties are considered as its partial struc- 
tures, are readily converted to the corresponding conju- 
gates under the same conditions. This encouraged us to 
investigate the enzymatic hydrolysis of the carcinogen (1) 
by microsomal epoxide hydrolase not only from the view 
point of its detoxication mechanism, but also confirming 
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Fig. 1. Synthesis of  4-vinyl-l-cyclohexene dioxide 


metabolites. 


whether enzymatic hydrolysis of the diepoxide follows evi- 
dence obtained by Kaubisch et al. [11] for structure—reacti- 
vity relationships in monoepoxides. 

The diepoxide (1) (2 mM) dissolved in acetone (0:2”,, v/v) 
was incubated at 37° with rabbit liver microsomes (1-2 mg 
protein/ml) in 0-1M phosphate buffer. pH 7:4, and the 
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Fig. 2. Inhibition of microsomal hydrolysis of safrole oxide 
with 4-vinyl-l-cyclohexene dioxide (1) and its enzymatic 
hydrolysis products, — 1,2-dihydroxy-4-vinylcyclohexane 
oxide (2), 4-(1'.2’-dihydroxyethyl)-1,2-cyclohexanediol (4), 
and 4-(1',2'-dihydroxyethyl)-1-cyclohexene oxide (5). Con- 
centration of the substrate, safrole oxide, was 0-2 mM and 
of microsomal protein 0:06 mg/ml. The reaction constant 
for the microsomal hydrolysis of safrole oxide in the 
absence of inhibitors was 50 nmoles/mg protein/min. 


reaction terminated after 30 min by the addition of 
5N NaOH so that the final concentration of the alkali was 
IN. Following saturation of the mixture with sodium 
chloride. it was extracted with ethyl acetate. The residue 
obtained after evaporation of the solvent from the extract 
was trimethylsilylated in the standard manner, dissolved 
in n-hexane. and analyzed on a 1-5°,, SE-30 column at 
140 by gc. Chromatograms obtained indicated the for- 
mation of two possible types of monoepoxy-monoglycols, 
1.2-dihydroxy-4-vinylcyclohexane oxide (2) and 4-(1',2’- 
dihydroxyethyl)-l-cyclohexane oxide (5); the former 
appeared as a single peak at a retention time of 41 min 
and the latter as a double peak with retention times of 
4:9 and 5-4 min. G.l.c-mass spectra of the trimethylsilyl 
derivatives were superimposable on those of trimethylsily- 
lated authentic specimens synthesized from commercially 
available (1) and 4-vinyl-1,2-epoxycyclohexane (6) as illus- 
trated in Fig. 1; their molecular ion peaks appeared at 
m/e 302. A polar metabolite 4+1',2'-dihydroxyethyl)-1,2- 
cyclohexane diol (4) was isolated from a residue obtained 
from the remaining aqueous layer by the addition of ace- 
tone.and subsequent evaporation of the solvent from the 
aqueous acetone solution which was separated by centrifu- 
gation. Identification of the metabolite with authentic (4) 
was carried out by g.l.c.-mass spectrometry after trimethyl- 
silylation: the tetra-trimethylsilyl derivative appeared as a 
single peak at a retention time of 11-0 min at a column 
temperature of 140) and showed a molecular ion peak at 
m/e 464 in the spectrum. 

Reaction constants for the enzymatic formation of (2), 
(5), and (4) from (1) were 4-7, 10-2, and 1-1 nmoles/mg pro- 
tein/min, respectively. Polar monoepoxy-monoglycols, (2) 


and (5). also served as microsomal substrates and yielded 
the tetraol (4) at reaction rates of 10-0 and 7:6 nmoles/mg 
protein/min, respectively. Control experiments using boiled 
microsomal preparations indicated that the formation of 
(2). (4), and (5) in the above mentioned reactions was enzy- 
matic. The extremely poor utilization of the nonpolar di- 
epoxide {1) as a substrate for microsomal epoxide hydro- 
lase compared with previously reported monoepoxyal- 
kanes [12] was attributable in part to its inhibitory effect 
on the enzyme (Fig. 2) which was confirmed by the inhibi- 
tion of enzymatic hydrolysis of safrole oxide according to 
the previously reported method [13]. Neither monoepoxy- 
monoglycols, (2) and (5) nor tetraol (4) inhibited enzymatic 
hydrolysis of safrole oxide to any extent. This is suggestive 
of the poorer yield of (4) from (1) than from (2) or (5) 
in the enzymatic reactions. It is of interest that in epoxides 
(1) and (5) the cyclohexene moiety was not necessarily re- 
sistant to microsomal hydrolysis compared with the vinyli- 
dene oxide moiety in epoxides (1) and (2) although in a 
series of monoepoxides a remarkable difference has been 
reported to exist in reactivity between simple alicyclic ole- 
fin oxides and vinylidene oxides, e.g. microsomal hydroly- 
sis is known to occur over 15 times faster in styrene oxide 
and simple |-olefin oxides than in cyclohexene oxide [11]. 


TADASHI WATABE 
TADASHI SAWAHATA 
Laboratory of Drug Metabolism and Toxicology, 
Department of Hygienic Chemistry, 
Tokyo College of Pharmacy, 
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Distribution of adenyl cyclase sensitive to histamine 
in rabbit gastric mucosa 


(Received 30 June 1975; accepted 2 October 1975) 


Evidence has accumulated for the involvement of adeno- 
sine-3',5’-cyclic monophosphate (cAMP) in gastric acid se- 
cretion [1-6], although there are some conflicting reports 
[7.8]. On the other hand, it has been suggested that 
guanosine-3’,5’-cyclic monophosphate (CGMP) rather than 
cAMP stimulates gastric acid secretion [9, 10]. However, 
the studies on 3’,5’-phosphodiesterase [11] and adenyl and 
guanyl cyclase [12] indicate that, compared with cGMP. 
cAMP has an important role to play in gastric acid se- 
cretion. It has been shown also that the gastric mucosa 
of guinea pig [13], rat [14] and rabbit [12] contains a 
histamine-sensitive adenyl cyclase, whereas in dog the his- 
tamine-sensitive enzyme is absent [15]. 

To determine the role of cAMP in gastric acid secretion, 
it is important to find which cells contain secretagogue- 
sensitive adenyl cyclase, since the gastric mucosa is com- 
posed of several different cells, ic. an heterogenous organ. 
Although in the gastric mucosa of rabbits, parietal cells 
(acid secreting cells) are present in almost all parts of the 
gland, they are most dense close to the neck region as 
in other mammals [16, 17]. The purpose of this study was 
to investigate both the histological distribution of adenyl 
cyclase in rabbit gastric mucosa using serial tissue sections 
and the effect of secretagogues on it. 

Glandular stomach was obtained from 17 hr-fasted rab- 
bits immediately after slaughtering by cervical dislocation. 
The tissue, having been pinned flat, was frozen by using 
dry-ice. A tissue cylinder of 4mm diameter was prepared 
from the frozen tissue using a cork borer. The tissue 
cylinder was homogenized with 2ml of ice-cold 10mM 
Tris-HCl (pH 7-6) containing 1mM EDTA and 1mM 
dithiothreitol (DTT). The homogenate was centrifuged at 
2,000 g for 15 min and the pellet was resuspended in the 
same buffer to be 10 mg protein/ml. Twenty sl of this sus- 
pension were used for the assay of adenyl cyclase. 

Serial tissue sections were made from the frozen cylinder. 
Sections of 164 thick were cut parallel to the mucosal 
surface in a cryostat at —22° according to the procedure 
described earlier [18]. The first complete section was 
obtained usually 80-96 1 below the mucosal surface. The 
first 9 sections were discarded, since they contained some 
secreted mucous substances. Then the samples for analysis 
were taken as follows: six sections from the tenth section 
were taken for determination of adenyl cyclase and the 
subsequent four sections were mounted on a glass slide 
and stained with 0-025°, toluidine blue for histological 
identification. The same procedure was repeated until the 
mucosa was exhausted. The sections were homogenized 
with 200 ul of ice-cold 10mM Tris-HCl (pH 7-6) contain- 
ing | mM EDTA and | mM DTT in a glass homogenizer 
fitted with a Teflon pestle. The homogenate was centri- 
fuged at 2,000g for 15 min and the supernatant was dis- 
carded. The pellet was homogenized with 30 yl of the same 
buffer by vigorous vibration and 20 yl of the suspension 
were used for the assay of adenyl cyclase. Five pl of the 
sample were taken for the determination of protein accord- 
ing to the method of Lowry et al. [19]. The final protein 
concentration of each sample was about 100 jg (range, 60-120 
Hg). 


Adeny] cyclase activity was determined basically accord- 
ing to the method of Salomon et al. [20] with a slight 
modification as follows. The reaction mixture contained 
50mM Tris-HCl (pH 7:5), 5mM MgCl,, 20mM creatine 
phosphate, creatine phosphokinase (100 U/ml), 1mM 
cAMP and |mM [*?P]JATP (10-15cpm/pmole) in the 
absence and presence of histamine phosphate, tetragastrin 
or NaF. The total volume was 100 yl. Incubation was car- 
ried out at 30 for 10 min. The reaction was terminated 
by adding a solution (pH 7:5) containing 2°,, sodium dode- 
cyl sulfate, 10 mM ATP and 1-4mM cAMP. The cAMP 
formed was isolated by using two successive columns 
(0-4 x 3cm) of neutral alumina (Sigma, activity 1) and 
Dowex 50 AG WX 2 resin (200-400 mesh, H* ), and deter- 
mined by its radioactivity. The value was corrected for 
the recovery of cAMP checked by using [*H]cAMP (ap- 
proximately 7,000 cpm). 

The production of cAMP by the preparation obtained 
from the whole frozen tissue cylinder was linear both with 
time up to 10 min of incubation and with protein concent- 
ration up to 200 wg/100 ul. Table 1 summarizes the effect 
of histamine, tetragastrin and NaF on adenyl cyclase in 
this preparation. The sensitivity to histamine of this prep- 
aration is similar to that of fresh unfrozen tissue [12]. 
Tetragastrin (0-1 mM) did not increase the enzyme activity. 
The presence of fluoride, an almost universal stimulator 
of adenyl cyclase activity. increased the enzyme activity 
14-fold. 

The histological distribution of adenyl cyclase and the 
effect of secretagogues on the enzyme activity are repre- 
sented in Fig. 1. The diagram at the top of the figure shows 
the qualitative proportions of the cell types estimated from 
the stained sections, adjacent to those used for the enzyme 
assay. Adenyl cyclase activity was low in the epithelial cell 
layer, high in the region about 0-4mm from surface (rich 
in mucous neck cells), low in the region about 0:5-0:7 mm 
from surface (rich in parietal cells), and again quite high 
in the region about 1-0 mm from surface (rich in chief cells). 
The addition of | mM histamine caused a marked increase 
in adenyl cyclase activity in the region about 0-5-0-7 mm 
from surface. On the other hand, there was an insignificant 
stimulation in the enzyme activity, on addition of 0-1 mM 
tetragastrin. The addition of 10mM NaF resulted in the 


Table 1. Effect of histamine, tetragastrin and NaF on 
adenyl cyclase in rabbit gastric mucosa 





cAMP formed 


Additions (nmoles/mg protein/hr) 





0-62 
1-80 
0-76 
8-64 


0-11 (5) 
0-31 *(5) 
014 _ (5) 
1-47 *(3) 


Control 

Histamine (1 mM) 
Tetragastrin (0-1 mM) 
NaF (10 mM) 


+ I+ + 4 





Results are expressed as mean + S.D. The number of 
experiments is shown in parenthesis. 

* Statistically significant from the control, p < 0-001 
(Student’s t-test). 
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Fig. 1. Effect of histamine and tetragastrin on adenyl cyc- 
lase contained in serial sections of rabbit gastric mucosa. 
Twenty yl of the sample were incubated in the reaction 
mixture (total vol, 100 yl) containing 50 mM Tris-HCl 
(pH 7-5), 5 mM MgCl,, 20 mM creatine phosphate, crea- 
tine phosphokinase (100 U/ml), | mM cAMP and | mM 
[°?PJATP (10-15 cpm/pmole) in the absence and presence 


of histamine phosphate or tetragastrin. Incubation was car- 
ried out at 30° for 10 min. O, control; A, control + 1 mM 
histamine; @, control + 0-1 mM tetragastrin. Vertical bars 
represent standard deviations. Histological regions are in- 
dicated by letters: E, epithelial cell; MN, mucous neck 
cell; P, parietal cell; C, chief cell; SM, submucosa. 


stimulation of the activity in each of the above samples. 
From these results, it is concluded that histamine-sensitive 
adenyl cyclase is related to parietal cells. 

It has been reported that gastrin oligopeptide elevated 
the cAMP level in the gastric mucosa of rats when 
administered with theophylline [6], and this increased 
cAMP is suggested to be accumulated mainly in parietal 
cells [21]. Since gastrin oligopeptides are unable to stimu- 
late adenyl cyclase obtained from the gastric mucosa of 
mammals, as evidenced by this and other studies [13, 14], 
while histamine can stimulate it, it seems reasonable to 
assume that histamine interacts directly with adenyl cyc- 
lase of parietal cells, while gastrin or its oligopeptides 
stimulate gastric acid secretion via indirect processes. The 
results described in this report, therefore, support the 
hypothesis proposed by Kahlson et al. [22], Bersimbaev 


et al. [14], and Rangachari [23] that histamine is the 
mediator for gastrin in stimulating gastric acid secretion. 
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LETHALITY OF CYANIDE IN THE ABSENCE OF INHIBITION OF LIVER CYTOCHROME OXIDASE 
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The predominant toxicologic effect of cyanide has been attributed to the inhibition of 
the terminal respiratory enzyme, cytochrome oxidase both in vitro and in vivo [1-4]. 
Moreover, the degree of cyanide intoxication and the efficacy of various cyanide antagonists 
have been evaluated by assessing the enzymatic activity of cytochrome oxidase [4-6]. The 
report herein indicates that cyanide lethality in the presence of the classic cyanide anti- 
dotes can occur with no apparent inhibition of liver cytochrome oxidase activity. 

The inhibition of liver and brain cytochrome oxidase was compared after administration 
of lethal doses of cyanide in animals receiving no prior treatment and animals pretreated 
with the classic cyanide antidotal combination of sodium nitrite and sodium thiosulfate [7]. 

Swiss-Webster male mice (18-21 g) were divided into three groups of four or more animals, 
and the following treatments were administered. Control animals were treated with saline 
(i.p.), group two received KCN (10 mg/kg, i.p.) and group three was treated with sodium 
nitrite (100 mg/kg, s.c.) and sodium thiosulfate (1 g/kg, i.p.) 45 and 15 min, respectively, 


before KCN (70 mg/kg, i.p.). Three min after KCN, the animals were sacrificed and the brains 


and livers were rapidly removed and homogenized in Tris buffer (pH 7.0; 30 mM). The 0.2% (w/v) 


crude homogenates of both tissues were used to assay for cytochrome oxidase activity. 
Enzymatic activity was determined by the spectrophotometric method of Cooperstein and Lazarow 
[8] with minor modifications. The procedure entails the addition of an aliquot of a tissue 
homogenate to a standardized reduced cytochrome C solution and observing the change in 
optical density over a 5 min period at 550 nm. Cytochrome oxidase activity was expressed as 
the first-order rate constant [9], based on milligrams of protein. In order to compare the 
cytochrome oxidase activity of each treatment, the enzymatic activity was expressed as per 
cent inhibition of control value. 

Since the possibility existed that rhodanese may metabolize cyanide in the tissue 
homogenates, resulting in the reactivation of cyanide-inhibited cytochrome oxidase, 10 m™ 


sodium sulfite, a rhodanese inhibitor [10], was added to the homogenates. The results 
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obtained with and without sodium sulfite were quite similar; therefore, the role of cell 
membrane disruption and subsequent release of rhodanese into the incubation mixture to re- 
activate cyanide-inhibited cytochrome oxidase was greatly minimized. 

In animals receiving no antidotes, a lethal dose of potassium cyanide (10 mg/kg) greatly 
depressed the enzymatic activity of cytochrome oxidase from liver and brain tissues (Fig. 1). 
The cytochrome oxidase activity from liver was not inhibited to a much greater degree than it 


was from brain. When animals were pretreated with the classic antidotal combination of sodium 
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Liver and brain cytochrome oxidase activity determined in the presence of 10 m™ 
sodium sulfite and measured 3 min after the administration of lethal doses of 
cyanide. A - control (administered only saline); B - KCN (10 mg/kg); C - KCN 
(70 mg/kg) administered to mice pretreated with sodium nitrite (100 mg/kg) and 


sodium thiosulfate (1 g/kg). Each value represents the average + S.E.M. from 
four or more animals. 
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thiosulfate and sodium nitrite [7], a lethal dose of potassium cyanide (70 mg/kg) inhibited 
brain cytochrome oxidase activity to approximately the same extent as the unantagonized 
animals. However, it was quite surprising to observe that the liver cytochrome oxidase 
activity of animals pretreated with sodium nitrite and sodium thiosulfate was not appreciably 
affected, in spite of the fact that these animals were dead. Whereas the liver enzymatic 
activity in the unantagonized animals was the most greatly inhibited, no appreciable enzymic 
inhibition was noted in liver cytochrome oxidase activity in the antagonized animals. 

The inability of a lethal dose of cyanide to inhibit liver cytochrome oxidase activity 
to any appreciable extent in antagonized animals may be attributed to various factors. First, 
the disposition of cyanide to sites of liver cytochrome oxidase localization may be limited 
due to the high content and turnover number in the liver of rhodanese, the enzyme which 
detoxifies cyanide to thiocyanate [10]. Second, in the case where cyanide has inhibited 
liver cytochrome oxidase, this cyanide-cytochrome oxidase complex is, in the presence of 
rhodanese and sulfur donors, rapidly reactivated due to cyanide metabolism. Third, the 
physiological disposition of the active form of the cyanide antidotes, sodium thiosulfate 
and nitrite-generated methemoglobin, has a more limited distribution to brain than liver. 
This would result in a higher sensitivity of brain tissues to cyanide. 

In a similar experimental design, the blood cyanide level in antagonized animals was 
considerably higher than in unantagonized animals. 

The present studies demonstrate that, in animals pretreated with the classic cyanide 
antidotal combination, a lethal dose of cyanide does not inhibit liver cytochrome oxidase. 
In view of these studies, reports that reactivation of liver cytochrome oxidase takes place 
rapidly after sodium thiosulfate treatment and the use of liver cytochrome oxidase activity 
as a measurement of the degree of cyanide intoxication may not be warranted. On the other 
hand, brain cytochrome oxidase is maximally inhibited in antagonized and unantagonized 
animals which is in agreement with Estler [5,6]. These results suggest tissue distribution 
of cyanide, thiosulfate or rhodanese may play an important role in determining the degree of 
intoxication and the efficacy of antidotal treatment. 
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Introduction 

During their microsomal oxidative metabolism, a few compounds lead to intermediates 
able to react with reduced cytochrome P450 forming tight complexes with characteristic 
absorbances in the Soret region. They include methylene dioxyphenyl compounds (1), amphetamines 
(2,3), SKF 525A, SKF 26754 a(4), Lilly 18947 (5) and fluorene (6). Most of the corresponding 
stable complexes exhibit a characteristic Soret band around 455 nm and cause an inactivation 
of cytochrome P450 towards further mono-oxygenation reactions. The metabolite of amphetamine 
bound to reduced cytochrome P450, in the 455nm absorbing complex, is still not known. However 
Franklin (7) has recently shown that N-hydroxyamphetamine gives the 455 nm complex more 
rapidly and more extensively than amphetamine itself or its analogs, but only after oxidative 
metabolism. 

Assuming that the active metabolite of amphetamine was derived from N-oxidation, the aim 
of this study was to identify it among the possible intermediates arising with the successive 


oxidation steps from amphetamine 1 to the nitro derivative 5 {Fig.1). 


R= CH2Ph 


Fig.1: Possible redox intermediates between amphetamine 1 and its corresponding 


nitrocompound 5 


Our results are in favour of the nitroso compound 3, formed either by an oxidative route from 
1 and 2 or by a reductive route from the nitro derivative 5, being the metabolite acting as a 


strong ligand of the Fe(II) of cytochrome P450 and thus responsible for the 455 nm absorbing 


spectrum. 


Materials and methods : Hepatic microsomes were prepared from male Sprague-Dawley rats as 





described previously (8). The animals were pretreated with phenobarbital (three daily intra 
peritoneal injections of 380 mg / kg ) and starved overnight before sacrifice. Spectrophotometric 


measurements were performed on an Unicam SP 800 spectrophotometer with microsomes at a 


concentration of 2-3 mg protein /ml in 0,1 M tris-HCl buffer, pH=7,4. Protein concentrations 


were determined by the Biuret method (9). NADPH was purchased from Boehringer, nitro 


% To whom reprint requests should be addressed 
+ Laboratoire de Biochimie Medicale, CHU-Necker, Paris. 


609 





Preliminary Communications 


derivatives from Aldrich Chemicals ; d-amphetamine was a gift from Smith, Kline and French 
Laboratories. Horse myoglobin was purchased from Sigma Chemical Co and human hemoglobin was 
kindly provided by the "Laboratoire de Pathologie Moléculaire", group of Dr. Labie,, 
CHU-Cochin, Paris. 
Results 

The oxime 4 having the next higher oxidation level after N-hydroxy amphetamine 2 and 
being the stable tautomer of the nitroso derivative 3, gives no difference spectra with rat 
liver microsomes either directly in a reducing medium (excess Ma,$.0,) or after pretreatment 
= NADPH and 0, followed by dithionite reduction. On the contrary, the nitro compound 5, 
prepared by oxidation of 4 by CF;C0,H (10), interacts with rat liver microsomes, in the 
presence of excess sodium dithionite, leading to the formation of an intense difference 
spectrum with a peak at 455 nm. This result is in agreement with the first observation of 
Ullrich and al. (11) concerning the interaction of nitro-2 propane with dithionite-reduced 
microsomal cytochrome P450. Moreover, the difference spectrum produced by the nitro compound 


5 is very similar to that obtained after oxidative metabolism of amphetamine (Fig.2). 
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Fig.2: Difference spectra of rat liver Fig. 3: Kinetics of appearance of the 455 nm 
microsomes produced by 5 and dithionite peak from rat Liver microsomes + nitrocompounds 


(—), and by oxidative metabolism of 1(--- ) + dithionite. 


[he maximum absorbance of the 455 nm peak is only reached after 30 min. (Fig.3) and the Ks 
determined by the double reciprocal plot of spectral change versus 5 concentration 

(1/7 MA 455-490 nm=f(1/c)) is 10 * M. Several other aliphatic nitro compounds, RNO,, with 
R=methyl, ethyl, n-pentyl, n-hexyl, cyclohexyl, cyclopentyl, benzyl, behave similarly. The 
corresponding spectra exhibit different maximum absorbances ( A Am(455-490 nm) at saturation 
by the substrate and different kinetics of appearance of the 455 nm peak (Fig.3). However , 
C-tertiary nitro compounds, like 2—-methyl-2-nitropropane and 2-methyl-2-nitro-3 phenyl 
propane do not induce the 455 nm spectrum formation under the same conditions. 

Aliphatic nitro compounds also exhibit a strong interaction with other reduced hemo 
proteins, hemoglobin and myoglobin, but only in the presence of an excess of sodium 
dithionite (12). For instance, Fig.4 shows that deoxy HbA, under anaerobic conditions, does 
not give any spectral change in the presence of 10 mM nitromethane after 3 h. However, after 
addition of excess sodium dithionite a new spectrum appears with % , f and « bands respec - 


tively at 420, 542 and 562 nm (Fig.4). 
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Table 1: Spectral characteristics of Mb or 
0.14 HbA with MeNO, and dithionite, and of the 


Hb 
HbA-C,HsNO complex (14). 
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The need of a reducing agent for the formation of the new HbA complex indicates that 
it is not derived from the direct interaction of deoxy 'IbA with the nitro compound but from 
its interaction with a metabolite formed by a reduction of the nitro compound with dithionite, 
either directly * or via the HbA heme. Concerning the nature of this metabolite, Table l 
lists the spectral characteristics of its HbA complex comparatively with those of the 
previously reported nitrosobenzene-HbA complex (14). These characteristics and the shape of 


the two spectra are strikingly similar. 


Discussion 

The spectral change induced by nitro-2 propane with rat liver microsomal cyt. P450 in 
the presence of excess sodium dithionite, reported by Ullrich and al. (11), is an example 
of a general phenomenon with alipnatic nitro compounds. Furthermore, the nitro compound 5 
produces, under these conditions, the same spectral change and presumably the same cyt. P450 
complex, as the one obtained from amphetamine 1 or N-hydroxy amphetamine 2 under oxidative 
conditions. Therefore, in the 455 nm absorbing complex, the entity bound to reduced cyt. P450 
may be : a)= the nitro compound itself or a species having the same oxidation level, like the 
previously proposed anion (11) 

b)- a reduced metabolite of the nitro compound. 
The slow kinetics of appearance of the 455 um spectrum with rat liver microsomes (Fig.3) and 
the lack of spectral interaction of HbA or horse Mb with nitro compounds in the absence of 
dithionite are strongly in favour of proposition b). 

As it appears that the 455 nm absorbing complex is formed after reduction of 5 and as 
Franklin (7) showed that it is formed after oxidation of 2, the metabolite bound to reduced 
cyt. P450 in this complex must have the oxidation level of the nitroso compound 3 or its 
tautomer 4. As the oxime 4 fails to produce any spectral change with microsomal cyt. P450, we 
propose that the 455 nm absorbing complex corresponds to the binding of the nitroso compound 


3 on the sixth coordination site of iron (II) in cyt P450 : 


Nap $20, 


[ ine Fe(II) cyt. paso | 


*% Chemical reduction of nitro compounds by dithionite is known (13). 
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Tne same type of complex cam explain the spectra obtained with Hb or Mb and aliphatic nitro 
compounds, with excess dithionite. Our hypothesis is suppported by the close similarity 
bétween the corresponding spectra and that of the known Hb-nitrosobenzene complex 


(14). Some complexes of nitroso compounds with transition metal ions are known, particularly 


with iron (II) derivatives (15), and we are currently investigating tne nature of the metal 


- RNO bond, the strength of which could explain the great stability of the 455 nm absorbing 
complexes and, therefore, their inactivation of cyt. P450. 

Furthermore, the biological occurence of nitroso compounds formed either by reductive 
metabolism of the corresponding nitro compounds or by oxidative metabolism of the amino 
derivatives that is to say the biological existence of the redox chain of Fig.l, was 
previously established : aromatic nitroso compounds derived from aniline or nitrobenzene 
‘16, 17) or even very recently, aliphatic nitroso derivatives derived from amphetamines (18) 
have been isolated as metabolic intermediates in animals. 

The correspondence between the failure to obtain. the 455 nm complex either from 
Mephentermine (N-methyl-1 ,l-dimethyl-2-phenyl ethylamine) after oxidative metabolism, as 
noticed by Franklin (19) or from the corresponding nitro derivative 2-methyl-2-nitro-3-phenyl 
propane after reductive metabolism (vide supra), can be explained by the steric hindrance at 
the carbon ~ to nitrogen in these two derivatives, preventing the nitroso metabolite from 

inding to cyt. P450 Fe(II). Actually C-tertiary nitro compounds, like 2-methyl-2-nitro 
propane or 2-methyl-2-nitro-3-pnenyl propane in the presence of excess dithionite, and 
2—-methyl-2—nitroso propane itself do not produce significant spectral changes with HbA or 
horse Mb. These preliminary results snould lead to a correlation between the structure of 


some amino or nitro compounds and their ability to produce a 455 nm absorbing cyt.P450 complex 


after metabolisation. 


Acknowledgments. We are deeply indebted to prof. VY. Ullrich for our introduction to the field 
of cyt. P450 and for invaluable discussions. 
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GLUCURONIDATION OF PARACETAMOL,MORPHINE AND 1-NAPHTHOL 


IN THE RAT INTESTINAL LOOP 


Dorothee Josting,Dietrich Winne and Karl Walter Bock 
Institut fiir Toxikologie and Institut fiir Pharmakologie 


74 Tiibingen,West Germany 


(Received 1 December 1975; accepted 15 December 1975) 


Many phenolic compounds are known to be glucuronidated by the intestinal 
mucosa (1).When l-naphthol is instilled into the jejunal loop it is rapidly 
conjugated and appears in venous blood mainly as the glucuronide (2).The 
intestinal loop system offers the possibility of investigating,in close to in 
vivo conditions,the extent to which conjugation reactions reduce the amount 
of free phenolic drugs reaching blood in the unconjugated form.Therefore the 
previous studies with naphthol were extended to paracetamol and morphine.In 
addition it was attempted to compare l-naphtnol glucuronidation in the 
intestinal loop and in mucosal homogenates or microsomes, 

Radioactive compounds were obtained from the following sources: -H-par- 


acetamol (generally labeled,370 mCi/mmol) from New England Nuclear Co.,Boston; 


(N-methy1-2“c) morphine hydrochloride (57 mCi/mmol) and 1-(1-!4c)naphtho1 


(20.8 mCi/mmol) from Radiochemical Center,Amersham.Paracetamol (5 pCi), 
morphine hydrochloride (2.4 pCi) or l-naphthol (0.25 pCi),100 nmol of each 
compound, was dissolved in 0.5 ml 0.9% (w/v) NaCl containing 0.3% (v/v) 
dimethylsulfoxide and instilled into the closed intestinal ioop of male 
Wistar rats (300-350 g) as described previously (2).Venous blood from the 
jejunal loop was collected at 10 min intervals for 30 min.The recovery of free 
drug and its conjugates was determined from the radioactivities in the intes- 
tinal content and in venous blood.The ratio of free paracetamol or morphine 

to their conjugates was then determined in the intestinal content and in 
blood plasma.It was assumed that the latter ratio also applied to the erythro- 
cyte layer,since the radioactivity in this layer corresponded approximately 
with the amount of contaminating plasma.In the experiments with l-naphthol 

the high concentration of naphthol in the erythrocyte layer had to be taken 
into account.The partition ratio between blood cells and plasma is about 4:1 
(2).1-Naphthol and its conjugates were analyzed as described (2).Only trace 


3 


amounts of l-naphthol sulfate could be detected.Free ~H=-paracetamol was 
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separated from conjugates by extraction with ethylacetate and the radio- 
activity counted.Conjugates were determined in the remaining water phase from 
the amounts of free paracetamol extracted after hydrolysis with 2.5 mg/ml 


sulfatase-free GB-glucuronidase (Serva,Heidelberg) or with 0.05 mg/ml aryl- 


sulfatase (Boehringer,Mannheim).Enzyme treatment was performed in 0.1 M 


acetate buffer pH 4.5 for 16 h at 37°C Morphine and its conjugates were 
analyzed by thin-layer chromatography on silica-gel plates developed with 
ethanol-l M ammonium acetate (9:1,v/v).Radioactive peaks were scraped off the 
plates and the radioactivity was counted.Glucuronide and sulfate ester con- 
jugates were not separated in this system.Therefore the amount of morphine 
glucuronide was estimated by subtracting the radioactivity of conjugates 
remaining after hydrolysis with B-glucuronidase from the radioactivity of 


total conjugates. 


Table 1. Absorption and glucuronidation of paracetamol, 
morphine and l-naphthol in the rat jejunal loop 





Recovery of phenolic compounds 
30 min after administration 


Intestinal content Venous blood 





4% of dose) 
Paracetamol 





Free (3.7-8.0) 75.6 (74.7-76.5) 
Total conjugates (0.3-0.7) 44 (4.3-4.5) 
Glucuronide (0.1-0.3) 3.0 (2.9-3.1) 
Morphine 
Free (68.3-82.3) (3.5-9.4) 
Total conjugates (4.7-5.7) (3.0-7.7) 


Glucuronide (3.4-4.1) (2.3-5.8) 


N 


1-Naphthol 
Free 7 (2-12) (21-25) 


Total conjugates 15 (10-20) (52-58) 





Glucuronide 15 (10-20) (52-58) 











The mean of 3-6 experiments is shown.Ranges are given in parenthesis. 
The difference between total conjugates and glucuronide represents 
mainly the sulfate ester conjugate. 


Table 1 shows recoveries of phenolic compounds and their conjugates in 
the intestinal content and in venous blood obtained 30 min after instillation 
of the free substance into the closed jejunal loop.Paracetamol is rapidly 


absorbed from the intestinal lumen.About 76% appeared in venous blood 
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within 30 min,51% in the first 10 min.Conjugation is of minor importance.In 
contrast morphine is absorbed slowly.1.4%,2.5% and 3% of free morphine 
appeared in venous blood in successive 10 min periods.Approximately equal 
amounts of free morphine and its conjugates were released into the blood. 

A similar amount of morphine conjugates was found in the intestinal lumen, 
1-Naphthol is conjugated in the intestinal mucosa at a very high rate.Hence 
l-naphthol which is rapidly absorbed appeared in blood mostly as the 
glucuronide.It appears therefore that intestinal glucuronidation markedly 
reduces the amount of free morphine and l-naphthol reaching general circula- 
tion by competition with the absorption process, 

It was attempted to compare l-naphthol glucurcnidation in the intestinal 
loop and in subcellular systems.Experiments with liver indicate that full 
potential UDP-glucuronyltransferase activity is constrained by the microsomal 
membrane (3,4,5).In the constrained form UDP=-N-acetylglucosamine is a 
positive allosteric effector which may be of physiological importance (4). 
The constrained enzyme is also activated by a variety of treatments altering 
membrane integrity such as addition of Triton X-100 (6,7). 


Table 2. Activation of intestinal UDP-glucuronyltransferase 
by UDP-N-acetylglucosamine and Triton X-100 





- 
Additions to assay UDP-glucuronyl transferase 
(1-naphthol as substrate) 


Homogenate Microsomes 
(mol/g tissue/min) (nmol/mg protein/min) 





(Assay 0.5 h after sacrifice) 
None 0.08 + 0.01 (6) - 

+ UDP-N-acetylglucosamine 0.22 + 0.04 (6) 

+ Triton X-100 0.34 + 0.06 (6) - 


(Assay 4 h after sacrifice) 


None 0.30 + 0.01 (4) 6.3 + 1.1 (4) 


+ UDP-N-acetylglucosamine 0.20 (2) 6.0 + 1.5 (4) 


+ Triton X-100 0.34 (3) 5.2 + 1.2 (4) 














The small intestine,from the pylorus to 5 cm proximal to the ileocecal 
valve,was rapidly removed under ether anesthesia.The intestine was rinsed 
extensively with ice-cold saline.The mucosa was scraped off with a spatula, 
and homogenates (20%, w/v) were prepared in 0.25 M sucrose.The homogenates 
were centrifuged at 20 000 x g for 20 min.Microsomes were obtained from the 
ensuing supernatant after centrifugation at 100 OOO x g for 45 min.All 
procedures were carried out at 0-4 C.UDP-glucuronyltransferase was assayed 
with a radio-assay as described (3) using O.5 mM lenaphthol and 3 mM 
UDP-glucuronic acid.The mean + standard deviation is shown.The number of 
experiments is listed in parenthesis.UDP-N=-acetylglucosamine and Triton 
X-100 were used at concentrations of 3 mM and 0.05%(w/v),respectively. 
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In contrast to the enzyme in microsomes from liver,kidney,lung and spleen 
(unpublished results),l-naphthol glucuronidation could not be activated in 
intestinal microsomes (Table 2).In liver microsomes the enzyme is activated 
about 15-fold by Triton X-100 and 4-fold by 3 mM UDP-N-acetylglucosamine 
under similar conditions.The difference in activation of the intestinal and 
liver enzyme was also noted with other substrates (8,9) .However the intestinal 
enzyme could be markedly activated when homogenates of intestinal mucosa were 
studied 0.5 h after sacrifice of the animal.When homogenates were left for 
4 h at 0-4°C the activation was no longer detectable.In fact full potential 
enzyme activity was found without addition of activating agents.Since it takes 
2-4 h to prepare microsomes it is conceivable that the enzyme is spontaneously 
activated during the isolation procedure,possibly by intestinal lipases and 
proteases.Addition of trypsin inhibitor (Boehringer,Mannheim;0.5 mg/g mucosa 
wet weight) or 5 mM EDTA did not prevent spontaneous activation, 

In the intestinal loop perfused with 0.07 mM l-enaphthol a glucuronidation 
rate of 7 nmol/g mucosa/min was determined (2).When mucosal homogenates were 
assayed 0.5 h after sacrifice of the animal with 0.07 mM l-naphthol and 0.3 mM 
UDP-glucuronic acid a glucuronidation rate of 8 nmol/g mucosa/min was found, 
The rate was much higher in fully activated homogenates and at substrate 
concentrations near saturation of the enzyme (Table 2).Although the level of 
UDP-glucuronic acid in the intestinal mucosa is not known the comparative data 
on naphthol glucuronidation in the intestinal loop and in the mucosal homo- 
genate suggest that intestinal UDP-glucuronyltransferase is constrained or 


latent in the intact tissue,similar to the liver enzyme (3). 
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SERUM DOPAMINE-$-HYDROXYLASE AS AN INDICATOR 
OF SYMPATHETIC ACTIVITY AND PRIMARY HYPERTENSION 


SAUL M. SCHANBERG and NORMAN KIRSHNER 


Departments of Physiology and Pharmacology and Biochemistry. Duke University Medical Center, 


Durham, N.C. 


The autonomic nervous system plays an important 
role in the regulation of the cardiovascular system. 
In a wide variety of normal and stressful situations. 
autonomic activity provides support for the circula- 
tion, but at the same time may contribute to new 
or aggravated manifestations of disease. It has been 
suggested that hyperactivity of the adrenergic system 
may be an important factor in the development of 
essential hypertension and other diseases. Although 
one can monitor acute change in adrenergic activity. 
no simple method exists for evaluating chronic levels 
of sympathetic discharge. The demonstrations that 
the soluble fraction of dopamine-/-hydroxylase 
(DBH). located in synaptic vesicles of sympathetic 
neurons [1,2] is released concomitantly with nor- 
epinephrine (NE) [3-6], and that large amounts of the 
enzyme accumulate in plasma [7.8]. led to the sug- 


gestion that plasma DBH concentrations might serve 
as an accurate index of sympathetic nervous system 
activity. It is our purpose in this report to evaluate 
serum DBH concentration as an indicator of sym- 
pathetic nerve activity and to discuss the possible use 
of DBH activity in the study of hypertension. 


Measurement of serum DBH 

Several different methods have been utilized for the 
assay of DBH enzyme activity [9]. Most investigators 
who have compared the different procedures for 
determining serum or plasma DBH have reported 
that correlation between the assays is very good. 
Therefore, it would appear that any of the methods 
should yield equivalent data if used with appropriate 
caution regarding endogenous inhibitors. 

Another approach has been the measurement of 
DBH protein by radioimmunoassay (RIA). Rush and 
Geffen [10] were the first to develop such an assay 
for DBH. They prepared rabbit anti-sera against puri- 
fied sheep adrenal DBH and demonstrated the feasi- 
bility of RIA for measuring plasma levels of DBH 
protein. Despite loss of sensitivity because of species 
specificity, they were able to measure DBH protein 
in human sera and found the variation among indivi- 
duals to be much less than the variation in enzymatic 
activity. In subsequent studies, Geffen et al. [11] 
found a good correlation between hypertension and 
immunologically reactive DBH. Using anti-sera pre- 
pared against bovine DBH, Rush er al. [12] found 
no correlation between enzyme activity and immuno- 
logically reactive protein in human plasma and sug- 
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gested that there are widely variable amounts of 
enzymatically inactive DBH protein present. How- 
ever, Ebstein er al. [13] prepared anti-sera to DBH 
obtained from a human pheochronocytoma, and by 
RIA found a good correlation berween enzyme acti- 
vity and immunologically determined DBH protein; 
nonetheless, there were sufficient discrepancies to sug- 
gest that, in some individuals, enzyme activity was 
not an accurate measure of DBH protein. Recently, 
Rush er al.. [14]. using anti-sera directed against 
human adrenal DBH. found very close agreement 
between enzymatic activity and DBH protein over 
a wide range of values in human sera. Similarly, im- 
munological titration studies in our laboratory also 
show very close agreement between immunological 
and enzymatic activity in human sera using anti- 
sera directed against DBH prepared from a human 
pheochromocytoma. From these data it may be con- 
cluded that in most cases the enzymatic assay and 
the immunologic assay will provide equivalent data. 
However, measurement of DBH by both procedures 
may reveal the presence of abnormal types of DBH. 


Source of plasma DBH 


It has been established fairly weil that DBH is 
released in proportional amounts with norepine- 
phrine from sympathetic pre-synaptic vesicles [15-17] 
and enters the circulation, probably via the lymph 
[18]. While several studies utilizing sibling and twin 
pairs (monozygote and dizygote) have established that 
plasma DBH in humans is to a very significant extent 
genetically determined, [19-21]. evidence is accumu- 
lating that plasma DBH concentrations also reflect 
prolonged alterations in sympathetic activity. In- 
creases in plasma DBH have been reported to occur 
in experimental animals exposed to immobilization 
[22.23]. chronic swim stress [24], sympathetic stimu- 
lation after baroreceptor denervation [18], and in 
quadraplegic patients during sympathetic mediated 
hypertensive crises [25,26]. Since adremalectomy does 
not significantly affect base-line activity of DBH in 
plasma, but chemical sympathectomy with 6-hydroxy- 
dopamine does, it appears that plasma DBH activity 
is derived mainly from sympathetic nerve terminals. 

Results from other experiments also support the 
correlation berween plasma DBH concentrations and 
sympathetic activity. It has been shown that while 
volume depletion causes DBH to rise. volume expan- 
sion by infusion of albumin into human. subjects 
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causes DBH to fall [27]. Finally, the correlation be- 
tween thyroid function and sympathetic activity has 
been strengthened by the demonstration that plasma 
DBH levels are elevated in hypothyroidism, decreased 
in hyperthyroidism and return slowly to normal dur- 
ing treatment [28,29]. Although data indicate that 
DBH levels correlate with chronic sympathetic 
activity, there is no reason to expect that DBH 
levels will correlate with blood pressure values per 
se especially if the alteration in blood pressure is 
mediated other than by the sympathetic nervous 
system. 

Several studies have attempted to correlate acute 
alterations in sympathetic activity with changes in 
plasma DBH concentration. The findings have been 
variable and inconclusive. Freedman et al. [30] and 
Wooten and Cardon [31] found small changes in 
plasma DBH during the cold pressor test. but Leon 
et al. [32] found no consistent change. In both stud- 
ies, only about half of the subjects tested showed 
increases in DBH activity. Wooten and Cardon, [31] 
and Planz and Palm [33] found increases in plasma 
DBH after exercise, but no changes were observed 
in subjects tilted from the horizontal to the upright 
position [31]. There are several possible reasons why 
these acute studies have provided equivocal results 
and contributed to the confusion about the relation- 
ship between serum DBH concentration and activity 
of the sympathetic nervous system. First, unlike nor- 
epinephrine, DBH has a biological half-life in terms 
of at least hours, not minutes [10,24], and there 
exists a rather large steady-state plasma pool of this 
protein. Since relatively insignificant amounts of 
DBH are released from individual nerves, it would 
take a marked increase in neuronal discharge over 
a prolonged period of time before one could expect 
to observe significant increases in the serum DBH. 
Second, during stress many physiological changes 
occur including alterations in organ perfusion, pool 
sizes of blood in vascular beds, plasma volume, etc. 
These factors alone obviously could modify DBH 
plasma concentration. In this regard, Stone et al. [34] 
have shown that during the cold pressor test there 
are not only transient increases in serum DBH but 
also transient parallel changes in total serum protein 
and in a number of specific serum enzymes. These 
results strongly support the suggestion that factors 
other than neuronal release of DBH may be impor- 
tant in alterations of serum DBH concentration after 
acute stresses in man. 

Drugs also have been used to stimulate or interrupt 
sympathetic neuronal firing in an attempt to deter- 
mine whether DBH plasma activity is altered in the 
expected direction. Unfortunately, these studies also 
are difficult to interpret. For example, after adminis- 
tration of chlorisondamine for 3 days to rats, NE was 
decreased but not plasma DBH. From these studies, 
the authors concluded that DBH levels did not reflect 
sympathetic activity [35]. However, chlorisondamine 
is not purely a ganglionic blocking agent but, in fact, 
causes sympathoadrenal stimulation as well (T. A. 
Slotkin, F. J. Seidler, C. Lau, J. Bartolome and S. 
M. Schanberg, manuscript submitted for publication): 
and indeed, if treatment is continued for 7-10 days, 
DBH levels in serum actually increase several-fold. 
These various studies indicate the need for a more 


complete understanding of neural release and ‘disposi- 
tion of circulating DBH. 


Fate of circulating DBH 

Virtuaily nothing is known about the metabolism 
of circulating DBH. Rush and Geffen [10] infused 
'25]-labeled sheep DBH into sheep and examined 
the decline of radioactivity in blood over an 8-hr 
period and the accumulation of radioactivity in kid- 
neys, lungs, liver, spleen, heart, brain, adrenals, vas 
deferens. blood and urine at 7, 24 and 48 hr. The 
circulating radioactivity fell with a half-life of 4-4 hr, 
but at 7 hr they could account for only 8 per cent 
of the infused radioactivity in blood and tissues exa- 
mined, and 7 per cent in urine. These studies cannot 
be considered conclusive. In many studies on the turn- 
over of serum proteins, it has been shown that the 
disappearance of radio-labeled proteins was at least 
biphasic, and only after 2-3 days could the decline 
fit first-order kinetics. For example, with serum albu- 
min, the fast component had a turnover time of 0-4 
to 0-6 days, while the slow component had a turnover 
time of 14-15 days. The fast phase is attributed to 
redistribution of the administered labeled protein 
between the intravascular and extravascular spaces, 
while the slow phase is attributed to the metabolic 
turnover of the protein itself [26]. 

After administration of '*'I-labeled plasma _pro- 
teins, the appearance of acid-soluble radioactivity in 
the urine correlated very closely, after the initial redis- 
tribution phase, with the disappearance of radioacti- 


‘ vity from the blood. The half-lives determined from 


the disappearance of '*'I-labeled proteins from 
plasma were identical with the half-lives determined 
by the accumulation of acid-soluble radioactivity in 
urine [36]. If this is also true for DBH, then the data 
of Rush and Geffen [10] indicate a half-life for circu- 
lating DBH of at least 2 days in the sheep. 

Little is known about the factors responsible for 
the removal of circulating proteins. Minor alterations 
in protein structure can markedly affect the turnover 
of administered homologous or heterologous pro- 
teins. The turnover time of several iodinated proteins 
has been shown to depend upon the amount of iodine 
incorporated [36], and Morell et al. [37-39] have 
shown that removal of sialic acid residues from many 
glycoproteins drastically shortens their circulating 
half-life. These and other studies also suggest that 
protein molecules are not metabolized in the circula- 
tion but disappear intact [40]. This is consistent with 
the finding that plasma DBH enzyme activity corre- 
lates with DBH immunologic reactivity over a wide 
range of values. Moreover, we have found that DBH 
added to whole blood or serum is completely stable 
for at least 8 hr when incubated at 37. 

Several other approaches have been utilized in an 
attempt to measure the half-life of circulating DBH. 
After rats were subjected to repeated immobilization 
stress, the plasma DBH levels increased about 2-fold 
and required about 5 days after cessation of stress 
to return to normal levels [23]. Implantation of a 
neuroblastoma in mice elevated serum DBH activity, 
and after removal of the tumor the DBH activity in 
plasma decreased with a half-life of approximately 6 hr 
[41]. Similarly, after removal of a pheochromocytoma 
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from a human subject there was a decrease in plasma 
DBH with a half-life of approximately 8 hr [42]. 
However, in another subject no decrease in plasma 
DBH was found after removal of the tumor (unpub- 
lished observation). Although urinary excretions of 
vanillmandelic acid (VMA) and catecholamines were 
highly elevated in this subject, the release of DBH 
into plasma apparently was too low to raise the circu- 
lating amount significantly. 


Clinical studies 

A large number of observations suggest that the 
sympathetic nervous system plays a role in the patho- 
genesis of various forms of hypertension [43-49]. 
These observations include the recognition of similar- 
ities between patients with pheochromocytomas and 
those with primary hypertension, the description of 
experimental forms of hypertension induced in ani- 
mals which appear to be mediated via neurogenic fac- 
tors [23,49-51], and the long-recognized efficacy of 
sympatholytic agents in the treatment of hypertension 
[44]. Significant differences in sympathetic function 
have been demonstrated between some hypertensive 
subjects and normotensive controls, including the 
hemodynamic response to various types of stress 
[43. 44, 52]. urinary excretion of catecholamines, [43]. 
and the plasma concentration of norepinephrine [46- 
48. Despite indirect evidence that the sympathetic 
nervous system may be involved in the pathogenesis 
of “primary” hypertension, it has been difficult to 
document relative differences between the level of 
sympathetic nervous system activity in normal man 


and hypertensive man [43]. Similarly, the results of’ 


early studies of plasma DBH in patients with hyper- 
tension are conflicting [11,53,54]. A wide range of 
plasma DBH levels has been reported to occur in 
apparently healthy subjects [10, 53, 55,56]. More 
recently, our laboratory also reported a similar wide 
range of values in 82 apparently healthy subjects, but 
the data indicated non-unimodal distribution. Sixty- 
two subjects had values below 35 units/liter (average 
18 + 1 unit/liter), while 13 of the remaining 20 sub- 
jects had values over 60 units/liter (average 80 +5 
units/liter). DBH activity was constant from day to 
day in each individual. Those with “low” DBH 
activity had lower values for urinary catechol- 
amineexcretion (31 + 3 yg/day), while those with “high” 
DBH activity had higher values for urinary catechol- 
amine excretion (72 + 6 yug/day). There was a good 
correlation between plasma DBH activity and urinary 
catecholamines (linear correlation coefficient of 0-93). 
This degree of correlation between basal 24 hr urinary 
catecholamine excretion and plasma DBH activity 
supports the notion that each of these parameters 
reflects sympathetic nervous system activity and not 
just individual differences in the catabolism of these 
substances. It was also of great interest that arterial 
blood pressure was stable from day to day in subjects 
with “low” DBH activity, while individuals with 
“high” DBH activity exhibited a far greater lability 
of blood pressure from day to day and frequently 
had values greater than 135/85 mm Hg [57, 58]. 
Additional observations were made on 72 patients 
with various forms of hypertension [59]. Utilizing 
established clinical and laboratory criteria, these 
patients were assigned to one of six categories: (a) 


619 


“primary” labile hypertension; (b) “primary” sus- 
tained hypertension; (c) “primary” hypertension with 
secondary renal abnormalities; (d) renovascular 
hypertension; (e) hypertension due to renal paren- 
chymal disease; and (f) adrenocortical hypertension. 
Plasma DBH activity was found to be “high” in 
patients with all forms of “essential” hypertension, 
and it differed significantly from the lower values that 
were Observed in patients with “secondary” forms of 
hypertension. Values were highest in patients with 
“primary” labile hypertension (average 71 + 2 units/ 
liter), and in the same range as those observed in 
apparently healthy subjects with labile blood pressure 
(see above). For the most part, patients with “labile” 
hypertension were younger (average age: 26 years) 
and their history of labile high blood pressure was 
of shorter duration (average: | year) than that 
observed in other groups. In patients with “primary” 
hypertension and in patients with “primary” hyper- 
tension who also had secondary renal involvement, 
the plasma DBH levels (55 + 3 and 40 + 2 units/liter, 
respectively) were significantly greater than those of 
subjects with normal stable blood pressure, but signi- 
ficantly less than those patients with “labile” hyper- 
tension. The patients in the latter two groups were 
older than those with “primary labile” hypertension 
and the known hypertension had been of much longer 
duration. Plasma DBH activity was even lower in 
patients with secondary forms of hypertension (reno- 
vascular: 17+ 2 units/liter; renal hypertension: 
11 + 2 units/liter; adrenocortical: 14 + 7 units/liter). 
The range of DBH activity in the apparently healthy 
subjects with labile blood pressure is almost identical 
to that observed in the patients with “primary” labile 
hypertension, while patients with “secondary” forms 
of hypertension had plasma DBH activities in the 
same range as that observed in the persistently nor- 
motensive control subjects. We wish to emphasize 
that high levels of DBH activity do not necessarily 
indicate the presence of clinical manifestations of 
essential or labile hypertension. We, as well as others, 
have found that some individuals with high levels of 
plasma DBH have normal stable blood pressures. As 
a parallel to this, one may consider the fact that many 
individuals who have abnormal glucose tolerance 
tests and carry the genetic trait for diabetes do not 
have clinical symptoms of the disease. On the other 
hand, all of the patients studied in our laboratories 
who were diagnosed to have essential or labile hyper- 
tension had elevated DBH levels. Thus, the value of 
the plasma assay is not as an absolute indicator, but 
rather as an aid in the differential diagnosis of hyper- 
tension. 

Our results are in closest agreement with those of 
Wetterberg et al. [54] who found elevated levels of 
plasma DBH in a group of hypertensive patients and 
with those of Geffen et al. [11]. Our results differ 
most from those of Horowitz et al. [53] who failed 
to detect “any alteration” of plasma DBH activity 
in a large group of patients with “essential” hyperten- 
sion. The reasons for these differences are not appar- 
ent at the present time but may in part be ascribed 
to methodological differences in the assay procedure 
and to the more complete clinical evaluation per- 
formed in our studies which led to a more defined 
clinical classification of patients. In support of our 
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findings, a double-blind study of clinical diagnosis 
and serum DBH values was performed on subjects 
at Temple University School of Medicine [60]. These 
data confirm the findings of elevated serum DBH ac- 
tivity and norepinephrine concentrations in subjects 
with essential hypertension. 

It is also worth noting that a recent report indicates 
that serum DBH activities in spontaneously hyperten- 
sive rats are twice that of their normal Kyoto-Wistar 
controls during the first weeks after birth, at a time 
when the rats appear normotensive, but as their hy- 
pertension develops, their serum DBH values de- 
crease to those of the controls [61]. 

These various studies indicate that measurements 
of serum DBH activities could prove extremely useful 
in the diagnostic evaluation of patients with different 
types of hypertension, as well as providing a means 
to further our understanding of sympathetic me- 
chanisms involved in these diseases. However, it is 
clear that a complete understanding of the systems 
and factors which influence plasma DBH accumu- 
lation and degradation is essential before the various 
observations can be interpreted definitively. 
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Abstract—Allylisopropylacetamide(AIA) administered subcutaneously to female Wistar rats increased 
5-aminolevulinic acid(ALA) synthetase activity in liver. Uridine diphosphate glucose(UDPG) adminis- 
tered subcutaneously or intraperitoneally lowered ALA synthetase activity in AlA-treated rats, but 
related compounds such as uridine, glucose phosphate, UMP, UDP and UTP had no effect. The 
effect of UDPG is not attributable to its interaction with the porphyrogenic drug since ALA synthetase 
activity was depressed in animals treated with UDPG alone. 


Allylisopropylacetamide (AIA) administration to rats 
not only increases 5-aminolevulinic acid (ALA) syn- 
thetase activity, but also raises ascorbic acid levels 
in urine[{1]. High urine ascorbic acid values have 
been attributed to increased uridine diphosphate glu- 
cose (UDPG) dehydrogenase activity[1]. Barbital, 
which also stimulates ALA-synthetase activity and 
porphyrin excretion [2], has been reported to elevate 
UDPG dehydrogenase levels[3]. The observation 
that AIA and several other porphyrogenic drugs in- 
crease UDPG metabolism [1], prompted us to study 
the effects of UDPG administration in animals given 
a porphyrogenic chemical. This paper describes the 
effects of UDPG and related substances on ALA syn- 
thetase activity in the liver of intact and AIA treated 
rats. 


MATERIAL AND METHODS 


AIA was kindly supplied by Hoffman-La Roche 
(Basel). UDPG was obtained from Boehringer 
(Mannheim). Uridine, glucose-l-phosphate, uridine 
monophosphate (UMP), uridine diphosphate (UDP) 
and uridine triphosphate (UTP) were obtained from 
Biochemia (Milan). The reagents used in this exper- 
iment were from BDH (Milan). 

Female Wistar rats weighing 100+ 10 g were 
starved for 24 hr before injecting the porphyrogenic 
drug and were kept without food for the duration 
of the experiments. 4 groups of 6 animals were used 
in each experiment. One group of animals was kept 
as a control. Rats in the second group were injected 
subcutaneously with AIA (400 mg/kg) on two con- 
secutive days. AIA at a concentration of 4°, was fully 
dissolved in water—polyethyleneglycol-ethanol 
(60:30:10). The third group of animals received either 


UDPG, uridine, glucose phosphate, UMP, UDP or 
UTP subcutaneously at a dose of 100 mg/kg. UDPG 
was also administered intraperitoneally. The fourth 
group of rats was treated with AIA and one of the 
compounds used in group three. All the animals were 
treated with the vehicle used for dissolving AIA. 
Rats were sacrificed by decapitation 6 hr after the 
second AJA injection; livers were removed immedi- 
ately and a portion was kept at 0° for immediate 
determination of ALA synthetase activity [4]. 


RESULTS AND DISCUSSION 


AIA administration increased hepatic ALA synthe- 
tase activity in rats (Table 1, Fig. 1). UDPG, injected 
both subcutaneously and intraperitoneally lowered 
ALA synthetase activity in AIA treated animals 
(Table 1). The inhibitory effect of UDGP was also 
observed in intact animals, when the chemical was 
administered intraperitoneally, probably because it 
was more rapidly adsorbed and less hydrolized. The 
depressing effect of UDPG on ALA synthetase is not 
attributable to its interaction with the porphyrogenic 
drug, since it appears also in animals treated with 
UDPG alone. It is interesting to observe that com- 
pounds structurally related to UDPG, like uridine, 


Table 1. Effects of AIA, UDPG and combined treatment 
on liver ALA synthetase activity 





ALA synthetase activity 


Treatment (ALA nM/g liver/hr + S.E.)* 





32 + 5:73 
248-6 + 60-3 
16-7 + 2-61t 
94:15 + 10-25¢ 


36:50 + 3-64 
274-49 + 26°65 
35-09 + 3-42t 
138-30 + 13-817 


Controls 

AIA 

UDPG 

AIA + UDPG 





* Address reprint requests to: Arnaldo Pinelli, Depart- 
ment of Pharmacology, University of Milan, Via Vanvitelli 
32, 20129 Milan (Italy). 
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* Each value is the mean + S.E. of six animals. 


+ UDPG was injected subcutaneously. 
+ UDPG was administered intraperitoneally. 
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Liver ALAsynthetase activity in controls and in rats treated with AIA, uridine, glucose-1-phos- 


phate, UMP, UDP, UTP or UDPG. Six different experiments are shown. Each column represents 
the mean + S.E. for six animals. Uridine, glucose-1-phosphate, UMP, UDP, UTP did not depress 
ALA synthetase activity induced by AIA. Only UDPG markedly lowered ALA synthetase levels. 


glucose-phosphate, UMP, UDP and UTP. are incap- 
able of decreasing ALA synthetase activity in AIA 
treated rats (Fig. 1). A iow dose of glucose linked 
to UDPG structure exerts an inhibitory action on 
ALA synthetase, while glucose alone is known to de- 
crease ALA synthetase if administered at the high 
dose of 50 g/kg [5,6]. The inhibitory effect of glucose 
has been attributed to its ability of promoting the 
biosynthesis of compounds which lower ALA synthe- 
tase activity [5], like phosphorylated nucleotides 
[8-10]. 

The present results show that UDPG is a nucleo- 
tide which depresses ALA-synthetase activity similar 
to other phosphorylated compounds described by 
Gajdos [8-10], and is much more active than glucose 
administered alone[5]. Further experiments are 
needed to elucidate the mechanism of UDPG action. 


I 
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- 
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Abstract 


The effects of some aliphatic alcohols on the activity of several brush border enzymes 


have been investigated. At the concentrations used we found strong inhibition of (Na* + K*}APTase, 


and Mg?* 


APTase while alkaline phosphatase and arylamidase activity was little influenced. The half- 


maximal ATPase inhibitory concentrations of alcohols were closely correlated with the length of the 
carbon chain and the interaction with the enzyme appeared to be hydrophobic. The change in free 
energy due to addition of one CH, group is estimated at —620 cal for (Na~ + K*)-ATPase and 
—730 cal for Mg?*-ATPase. The relationship between intestinal pharmacological activity of the alco- 


hols and active transport is discussed. 


Because of their characteristic physicochemical 
properties, aliphatic alcohols are especially active on 
biochemical mechanisms localized in the lipoprotein 
structures in membranes and on hydrophobic sites 
of enzymes. Because of this, the pharmacological 
effects observed with these alcohols are not specific 
and vary with the preparation used [1, 2, 3, 4, 5]. 

Aside from the interest in the effects of these 
alcohols on specific membrane systems, studies on the 
digestive epithelium are important from a_ toxico- 
logical point of view because following voluntary or 
involuntary ingestion, their effects are seen primarily 
on the membranous structures involved in metabolite 
absorption. 

The natural presence of some of these alcohols in 
fermented drinks poses a problem in alimentary toxi- 
cology, the consequences of which are as yet little 
known [6]. In addition, little work has been done 
on the effects of aliphatic alcohols on the digestive 
epithelium. Hill [7] studied the effects of these alco- 
hols on the absorption of various trace elements in 
isolated segments of chicken duodenum. Many 
studies are limited to ethanol: the effect on intestinal 
transport mechanisms are reviewed in ‘the biology of 
alcoholism’ [8, 9, 10]. Tran et al. [11], using isolated 
enterocytes, showed that ethanol inhibits metabolic 
activity, and Carrera et al. [12] demonstrated a 
diminution in vitamin B,, absorption. 

Enzymes in the brush border of enterocytes play 
a very important role in hydrolysis and the transport 
of metabolites from the intestinal lumen to the blood. 

In addition, the ATPases of the brush border have 
been implicated in the maintenance of ionic equilib- 
rium and in active absorption. Israel and Kalant [13] 
have shown that at concentrations considered toxic 
for the animal, ethanol inhibits active Na transport 
in frog skin. More recently, Israel et al. [14] found 
an inhibition of ATPases localized in microsomes of 
nerve cells by short chain alcohols. 


In this paper, we report experiments on the activity 
of several enzymes in the brush border of enterocytes 
incubated in the presence of aliphatic alcohols. 


METHODS 


Brush borders were prepared from the small intes- 
tines of male Sprague-Dawley rats weighing 250 g. 
Activities of various enzymes present in the prep- 
arations as well as the effects of aliphatic alcohols 
were measured. 

Isolation of brush borders. The method used was 
that developed by Mitjavila et al. [15]. Starting with 
a homogenate of isolated rat intestinal cells, and 
after several centrifugations, the subcellular fraction 
is treated with glass wool to expel most of the DNA. 
In these conditions a fraction is obtained consisting 
essentially of brush borders in EDTA-Tris buffer at 
pH 7-4. The volume was adjusted to obtain a final 
protein concentration of approximately 1 mg/ml. Pro- 
teins were measured by the method of Lowry ef al. 
[16]. 

Determination of enzymatic activities. (Na* + K*)- 
ATPase, Mg?*-ATPase, alkaline phosphatase and 
arylamidase activities were measured. All incubations 
were done at 37. The incubation medium contained 
0-5 ml of buffer and 0-1 ml of enzyme (brush border 
preparation) in a final volume of | ml. The effects of 
eight n-alcohols, from methanol to octanol, (pur- 
chased from Fluka and redistilled) were measured. 
Each alcohol was tested at three different concent- 
rations. Addition of substrate marked the beginning 
of the 15 min incubation period. Control enzymatic 
activity was measured in the same conditions, the 
alcohol being replaced by an equivalent volume of 
water. The details for each enzyme assay are given 
in the tables. The results are expressed as specific ac- 
tivity (umoles hydrolysed substrate/mg protein/15 
min) and as per cent of the control activity. 
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Table |. Effect of alcohols on ATPases activities in the brush border of rat enterocytes 





Mg?*-ATPase activity 


(Na* + K*)-ATPase activity 





Alcohol Sp. act. 


Sp. act. 





6:20 + I-11 
5-80 + 1:17 
5:20 + 1:13 
2:30 + 0-47* 
6:20 + 1-11 
5:50 + 1-02 
3-60 + 0-85* 
1-03 + 0-10 
6:20 1-11 
5:70 1-19 
3-80 + 0-94* 
2-50 + 0:25+ 
6:20 1-11 
6:02 + 0:85 
0-12 3-85 + 0-70 
0-24 1-15 + 0-20* 
0 6:20 + I-11 
0-02 6:25 + 0-85 
0-04 4:25 + 0:89 
0-06 1-78 + 0-20* 
0 6:20 + 1-11 
0-006 5-07 + 1-03 
0-012 3-38 + 0-74* 
0-024 1-33 + 0-207 
0 6:20 I-11 
0-002 5:33 + 1:20 
0-004 3-60 + 0-90 
0-006 1-52 + 0-20t 
0 6:20 1-11 
0-0006 4-45 + 0:85* 
0-0012 2-90 + 0-50 
0-0024 1:35 + 0-28 


Methanol 


Ethanol 


Propanol 


0-06 


Butanol 


Pentanol 


Hexanol 


Heptanol 


Octanol 


+ 
= 
Tr 
+ 
+ 
+ 
= 
+ 
= 
+ 
+ 
= 
= 
mo 
+ 
= 
= 
= 
3 
= 
= 
+ 
= 
- 
+ 
* 
ss 
+ 
x 
Bi 


2-90 + 0-30 

2-00 + 0-204 
0:54 + 0-14t 
0:30 + 0-12t 
2:90 + 0-30 

0-83 + 0-224 
0:34 + 0-17¢ 
0-17 + 0-08t 
2-90 + 0-30 

0-94 + 034t 
0-32 + 0-194 
0-30 + 0-244 
2-90 + 0-30 

1-28 + 0-10¢ 
0-50 + 0-16t 
0:33 + O-10t 
2:90 + 0-30 

1-60 + 0-60* 
1-00 + 0-404 
0:37 + Ot 
2:90 + 0-30 
2:20 + 0:20* 
1-40 + 0-104 
0:24 + 0-05t 
2-90 + 0-30 

1-90 + 0-30* 
1-50 + 0-304 
0:37 + 0-03t 
2:90 + 0-30 

1-90 + 0-20* 
1-70 + 0-104 
0:38 + 0-13¢ 





Incubation were carried out as described in Methods. For total ATPases the reaction mixture contained 
30 yumoles Tris (pH 7:4); 7-5 pmoles MgCl,; 120 pmoles NaCl; 20 wzmoles KCl; and 5 pmoles ATP(di- 
sodium ATP, Boehringer Mannheim GmbH). After stopping the reaction with 2-5 N perchloric acid, 
the quantity of inorganic phosphate liberated was measured [17]. Mg?*-ATPase was assayed in the 
presence of | mole phlorizin. The difference between the two measurements (total ATPase-Mg?* -AT- 
Pase) was that of (Na* + K*)-ATPase. The results are expressed as sp. act. (umoles phosphate/mg 
protein/15 min.) and as per cent of the control activity. Each value represents the mean + S.E.M. 
of four different brush border preparations. Difference statistically significant in relation to control: 


*P < 005; tP < 001; [TP < 0-001. 


RESULTS 

Effect on the ATPases. In the concentration range 
used, the eight alcohols investigated have an inhibi- 
tory effect on ATPase activities (Table 1). 

(Na* + K*)-ATPase is specially sensitive to the 
action of alcohols; the activity decreases very rapidly 
in a significant manner, and at the highest concent- 
ration the inhibition is nearly complete (90—95°,). 

At the same concentration range, the effect on 
Mg?’*-ATPase is less important. At the lowest con- 
centration only octanol produces a significant de- 
crease and in no case was complete inhibition 
observed. 

Effect on alkaline phosphatase and arylamidase. 
Concerning alkaline phosphatase (Table 2), only 
methanol, ethanol, and propanol. used at the same 
concentration range as previously, caused a signifi- 
cant decrease in enzyme activity. From butanol on, 


doses effective on ATPase activities have no effects 
on alkaline phosphatase. 

Arylamidase (Table 3) is more resistent to the alco- 
hols studied; only 2:4 M ethanol produces a signifi- 
cant inhibition. Nevertheless considering the regres- 
sion between enzymatic activity and alcohol concen- 
tration we observed that, for ethanol and propanol, 
the decrease with rising concentrations is statistically 
significant (P < 0-01 and P < 0-05 respectively). 

Equitoxic concentration. The concentration of alco- 
hol which causes a 50 per cent inhibition of enzymatic 
activity (I59) was used as a criterion for comparison 
of the different alcohols. This concentration is esti- 
mated from ATPase inhibition curves calculated from 
results in Table 1. The mean values are obtained, 
expressed in mM alcohol/I of incubation medium, and 
presented in Table 4. It can be seen that the Is9 con- 
centration diminishes considerably as the length of 
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Table 2. Effect of alcohols on alkaline phosphatase activity in the brush border of rat enterocytes 





Alcohol M act. x 


Alcohol M 





Methanol 0 31: . 100 


Ethanol 


Propanol 


Butanol 


Pentanol 


Hexanol 


Heptanol 


0-006 
Octanol 0 
0:0006 
0:0012 
00024 


He HEHE He HE HE 





Incubation were carried out as described in Methods. According to the method of Bessey and Lowry 
p-nitrophenyl phosphate disodium salt, (Boehringer Mannheim GmbH) was used as substrate in a 
glycine buffer at pH 9-1 [18]. After stopping the reaction with 0-02 N NaOH, the p-nitrophenol released 
was measured by colorimetry at 405 nm. The results are expressed as sp. act. («moles p-nitrophenol/mg 
protein/I15 min.) and as per cent of control activity. Each value represents the mean + S.E.M. of four 
different brush border preparations. Difference statistically significant in relation to control: *P <0-5: 


+P < 001: tP < 0-001. 


the chain increases; this is very clear for the two 
ATPases studied. A similar value could not be calcu- 
lated for alkaline phosphatase or arylamidase because 
insufficient inhibition was obtained. 

In the same table are included for each alcohol 
(for the determination of correlation coefficient) 
several physicochemical constants such as_ chain 
length, boiling point and partition coefficient which 
are themselves related to liposolubility of these alco- 
hols. 


Relationship between physicochemical properties and 
enzymatic inhibition 


Solubility of alcohols in lipids is only an expression 
of the chemical potential (thermodynamic activity) 
which can be determined in aqueous solution using 
coefficients of thermodynamic activity of the alcohols. 
We have calculated the regression between thermo- 
dynamic activity (y), corresponding to Iso (Table 4), 
and the number of carbon atoms in the alcohol (x) 


Table 3. Effect of alcohols on arylamidase activity in the brush border of rat enterocytes 





Alcohol M Sp. act. Y 


Alcohol M Sp. act. ye 





Methanol 2:74 + O18 
2:75 + 0:30 
2:49 + 0:30 
2:36 + 0-27 
Ethanol 2:74 + 0-18 
i 2-42 + 0-22 
2:24 + 0:24 
1:67 + 0-35* 
Propanol 


Butanol 


2-46 + 0:27 
2-21 + 0-33 


0-18 100 
0-14 101 
0-17 97-1 
0-21 93:1 
0-18 100 
2:76 + 0:16 101 
2-66 + 0:29 97:1 
2-61 + 0:24 101 
Heptanol 2:74 + 0-18 100 
2:90 + 0:33 107 
3-03 + 0:30 111 
3-00 + 0-45 111 
Octanol 2:74 + 0-18 100 
2:80 + 0-19 104 
2:73 + 0:13 100 
0-0024 2:73 + 0-13 100 


Pentanol 2:74 
2:78 
2-66 
2°55 


Hexanol 2:74 


+H EH I+ H+ + 





Incubations were carried out as described in methods. Leucine p-nitroaniline (Boehringer Mannheim 
GmbH) was used as substrate in a 0-1 M phosphate buffer at pH 7:2 [19]. The enzyme was inhibited 
by heating and the p-nitroaniline released was determined by colorimetry at 405 nm. The results 
are expressed as sp. act. («moles p-nitroaniline/mg protein/15 min.) and as per cent of control activity. 
Each value represents the mean + S.E.M. of four different brush border preparations. Differences statis- 


tically significant in relation to control: *P <0-05. 
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Table 4. Various forms of I,, expression and values of some physical constants as related to liposolubility of aliphatic 
alcohols 





Alcohol 


Chain 
length 


Boiling 
point* 


(Na* + K*)-ATPase Mg?’ *-ATPase 





yt 


I<, (mM)t 


log Iso AS I<, (mM)t log Iso AS 








Methanol 
Ethanol 
Propanol 
Butanol 
Pentanol 
Hexanol 
Heptanol 
Octanol 


* Boiling point in C 


1 


+ ¥ 


64-96 
78-50 
97-10 
117-50 
137-30 
158-00 
177-00 
194-50 


0-0095 
0-035 
0-155 
0-630 
2-300 
7-500 
22-000 
59-000 


3-130 
2-642 
2-185 
1-720 
1.389 
0-978 
0-518 
0-072 


3-527 
3-154 
2-654 
2:187 
1-685 
1-110 
0-612 
0-061 


0-096 
0-099 
0-119 
0-148 
0-187 
0-209 
0-263 
0-255 


0-038 
0-029 
0-040 
0-050 
0-095 
0-155 
0-208 
0-260 


3362 





degrees, at 760 mm [20]. 


Partition coefficient water-triolein [21]. 


Alcohol concentration which produces a 50°, inhibition of enzymatic activity. This value is calculated from 


the results in Table | and represents the mean of four experiments. 


$A: Thermodynamic activity of I;9 = activity coefficient 


and obtained the following equations: 


(Na* + K*)-ATPase: y = 0-0338 x — 0:0428 
(F = 117) (p <0-001) 
Mg? *-ATPase: y = 0:0266 x + 0:0520 
(F = 70) (p <0-001) 


The slopes of these equations are not zero. The 
regressions are very significant, showing that there is 
a relation between chain length and thermodynamic 
activity of I;,. One can conclude that the thermo- 
dynamic activity necessary to obtain an identical inhibi- 
tion rises with the chain length of the alcohol. 

This led us to consider the relationship between 
the Is, concentration and several physical constants 
characteristic of these alcohols. In Table 5 are pre- 
sented the regressions: the significance of the relation 
between the two variables is given by the F-test of 
regression. The results show that the highest F-values 
are obtained with the logarithm of I<,,. and _ that 
between the parameters considered, the represen- 
tation of log I5, as a function of the number of car- 
bon atoms gives the most suitable values for regres- 


[22] x molecular fraction of Iso. 


sion as well as linearity (F of the regression and F 
of deviation from linear regression). 


Combination of alcohol molecules with ATPases. Free 
energy involved in enzyme inhibition 


Results obtained so far demonstrate a close relation 
between the hydrophobic nature of aliphatic alcohols 
and inhibition of the ATPases. Calculation of the free 
energy involved during transfer of a methyl group 
from the alcohols, solubilized in water, to the active 
sites of the enzyme could be helpful in understanding 
the hydrophobic nature of the active sites. This free 
energy is calculated with the following equation: 


AF = —(RTInb/N) 


in which b represents the slope of the regression line 
and N the number of carbon atoms. From the values 
in Table 5, for the regression log I59/N we found 
—620 cal for (Na* + K*)-ATPase and —730 cal for 
Mg’*-ATPase which demonstrates the more hydro- 
phobic nature of the second enzyme. 


Table 5. Relationship between I;, concentration and some physico-chemical parameters. Analysis of variance of the 


regression a 


nd linearity. 





Straight line equation 


Y=ax+h 





F of deviation from 
linear regression 
df = 6 and 24 


F of the 
regression 


df = 1 and 24 





(Na* + K*)- 


l “= —143-69x 
log | 

I 

l 


—()-4291x 
—(-0224x 
—()-7783x 


so/Chain length 
so/Chain length (= 
so/ boiling point [= 
og I<,/log x = 


APTase 


log 


of 
+ 
4+ 
+ 


900-46 
3-4980 
44367 
1-5537 


867% 
2379-7t 
2368} 
2373t 


87-7} 
0-64 
2-45 
1-6 





— 381-55x 
—0-5035x 
—(-0263x 
—0-9100x 


I5,/chain length 

I,,/chain length i = 
I,./boiling point (= 
I<,/log x f 


APT-ase log 


log 


+ 
+ 
— 
a 


5-2361 


2399-20 
41335 


585t 
6553-1¢ 
6554} 
6490t 


74 
2:8* 
4-234 


18520 13-2t 





z = Partition coefficient water-triolein [21]. 
The mean numeric values of the different parameters use 


d in this calculation are presented in Table 4. 


Statistically significant: *P < 0-05; +P < 0-01; {P < 0-001. The significance of the regression and linearity are calcu- 
lated according to Schwartz [23]. When the deviation from linear regression is not significant, the hypothesis of linearity 


can be retained. 





Alcohols and brush border enzymes 


DISCUSSION 
The activity of various enzyme systems presents in 
the brush border of enterocytes is influenced very dif- 
ferently by the presence of aliphatic alcohols in the 
incubation medium. Results show that at concent- 
rations active on the ATPases, the alcohols tested 
(beginning with butanol) have no effect on arylami- 
dase and alkaline phosphatase. On the other hand, 
methanol, ethanol and propanol partially inhibit 
these enzymes. Inhibitions found with alkaline phos- 
phatase and arylamidase are perhaps related to the 
moderate polarity of the first in the series of alcohols 
which could form clathrates with the polar groups 
of the proteins. Along this line, Hill er al. [24] found 
that in the case of leucine aminopeptidase prepared 
from porcine kidney, hydrophobic interactions play 
a very small role in the inhibition caused by aliphatic 
alcohols. 
With regard to the ATPases, we have demonstrated 
a relationship between alcohol chain length and the 
thermodynamic activity of the I;) concentration. The 
thermodynamic activity necessary to obtain an identi- 
cal effect rises with chain length. According to the 
Ferguson principle [25], in a homologous series, 
equal effect should be achieved with equal thermo- 
dynamic activity. But Brink and Posternak [3] 


reported that this principle does not apply to certain 
biological preparations. 

Our results also show that interactions between the 
active sites of the ATPases and the alcohols are lar- 
gely hydrophobic according to thé theoretical work 
of Butler [22]. The existence of a linear relation 
between log I, and the number of carbon atoms in 


the alcohol shows that there is an interaction between 
the alcohols and the non-polar sites on the enzyme. 
This linear relation agrees with the results of Rang 
[4] showing that as the length of the carbon chain 
rises arithmetically, the concentration necessary to 
obtain a given effect falls logarithmically. The less sig- 
nificant results obtained with other physical constants 
(boiling point, partition coefficient) show that the 
values for the coefficients used in these calculations, 
themselves obtained in well-defined experimental con- 
ditions, are not strictly applicable to complex mem- 
brane structures like the brush border. 

The transfer of an alcohol in aqueous solution to 
a lipid phase or a hydrophobic site of an enzyme 
involves forces of association between molecules of 
solvent and solute. Using activity coefficients of ali- 
phatic alcohols, Butler et al. [22] calculated that the 
free energy arising from the addition of each methyl 
group is approximately 800 cal. Presently, the value 
of 830 cal of free energy on transfer of each methyl 
group in a non-polar substance dissolved in water to 
a non-polar solvent is calculated [26]. The transfer 
of an alcohol to the hydrophobic site of an enzyme 
is thus an endothermic process; the free energy values 
for solubilization less than 830 cal indicate an incom- 
plete dehydration of the methyl groups of the alcohol 
and show that the sites are not completely hydro- 
phobic. This is the case for (Na* + K*)-ATPase in 
enterocyte brush border for which we found a AF 
of —620 cal. This value is comparable to the figure 
of —600 cal obtained by Hegyvary [27] studying the 
inhibition of (Na* + K*)-ATPase of guinea-pig kid- 
ney by various organic solvents. Similar results have 
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been found for other enzymes. Mitsuda et al. [28] 
found a free energy value of — 650 cal for each methyl 
group in the inhibition of lipoxygenase and Tang [29] 
found a value of —560 cal for pepsin under similar 
conditions. 

For Mg?*-ATPase, we found a free energy value 
of —730 cal which indicates the existence of more 
lipophilic sites. 

From a pharmacological point of view, the con- 
centration of ethanol necessary to inhibit in vitro the 
activity of the brush border ATPases is not high, rela- 
tive to the concentration which can be found in the 
digestive tract after the ingestion of alcohol [30]. On 
one hand several authors have shown an inhibition 
of active transport of amino acid in vitro by ethanol 
and other alcohols [31] and in vivo by ethanol [30]. 


for the greatest active amino acid and sugar transport 
[32]. According to Israel et al. [ 13, 14] the depression 
of amino acid intestinal transport linked to 
(Na* + K*)}-ATPase activity is conceivable. This 
work shows that the ATPases of the brush border 
are inhibited by alcohols. This poses the problem of 
pharmacological activity of fermented drinks contain- 
ing ethanol and low concentrations of high alcohols 
sufficient for inhibiting ATPases. 
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Abstract—The activities of glass-activated and acetone-activated plasma kallikreins from dogs were 
determined by measuring both kininogenase and toluene sulphonyl-arginine methyl ester (TAMe) ester- 
ase activities. Glass-activated plasma was centrifuged to sediment the glass beads and the adsorbed 
components were eluated. Although acetone activation of kininogenase is impossible after previous 
glass treatment, the addition of the eluate to the original supernatant (100 mg glass beads/ml of plasma) 
facilitated acetone activation with regard to kininogenase, TAMe esterase, and fibrinolytic activities. 
Furthermore, when the eluate was added to the original supernatant from plasma with massive surface 
contact (600 mg glass beads/ml of plasma), kininogenase activity in the supernatant could be accelerated. 
This finding suggests that the precursor of Vogt’s kininogenase I is functionally the same as that 
of kininogenase II. Glass-activated plasma kallikrein was partially purified by chromatography on 
DEAE cellulose, DEAE-Sephadex A-50, and CM-Sephadex C-50. The results indicate that glass-acti- 
vated plasma kallikrein is probably identical with acetone-activated plasma kallikrein; both kallikreins 
had similar ratios of hydrolytic activity on various synthetic esters such as TAMe, benzoyl-arginine 
methyl ester, tosyl-lysine methyl ester, and acetyl-lysine methyl ester. Both enzymes were completely 
inhibited by trasylol and soy bean trypsin inhibitor, not inhibited by lima bean trypsin inhibitor, 
and inhibited about 60° by naturally occurring plasma inhibitors at a final concentration of 0-2 mg 
protein/ml. When treated with acid at pH 4 at 37° for 30min, 60%, of their activity was lost. The 
enzymes did not release kinin from Jacobsen’s substrate 2. The ratio of kininogenase activity/TAMe- 
hydrolysis of the enzymes were constant. The molecular weight of the enzymes was estimated to be 


approximately 100,000 by gel filtration on a Sephadex G-200 column. 


The kinin forming system can be activated by many 
agents such as glass [1,2], acetone [3-5], acid [6, 7], 
casein [8], celeite [9], chloroform [10], antigen—anti- 
body aggregates [11, 12], plasmin [13, 14] and trypsin 
[15]. Some of the agents can activate not only one 
kallikrein but also two or more kallikreins including 
prekallikrein activators. Two different kinin-forming 
systems have recently been postulated by Vogt on 
the basis of functional analysis of intrinsic plasma 
kinin formation; glass-activated plasma kallikrein ori- 
ginates from kininogenase II and acetone-activated 
plasma kallikrein from kininogen I [16]. Although 
it stems that many kinds of kallikreins exist indepen- 
dently, there are few studies which compare their 
properties. Recently, Collins et al. have reported that 
they could not fully exclude the possibility that the 
kallikrein adsorbed onto glass differs functionally 
from the kallikrein which is activated with acetone 
or acid [17]. In this study, glass and acetone have 
been chosen from many agents which activate the 
kinin-forming system in plasma and the present ex- 
periments are designed to examine the possibility of 
the identity of glass-activated plasma kallikrein and 
acetone-activated plasma kallikrein. 


MATERIALS AND METHODS 


Blood. Mongrel dogs weighing 14-18 kg were used 
for the experiments. Using a silicone technique, blood 
samples from the femoral vein were collected in 
0-1 vol of 3-1°% sodium citrate and centrifuged at 3,000 
rev/min for 30 min at 4°. The separated plasma were 
pooled and stored in polyethylene tubes at 4°. 
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Activation of plasma. Fresh plasma was shaken with 
0-1 mm diameter glass beads at room temperature for 
10min using a mechanical shaker, of not otherwise 
stated. After centrifugation at 3,000 rev/min for 
10 min, the supernatant was removed with siliconized 
pipettes. The glass beads were washed repeatedly with 
0-15M NaCl until the washings had an optical den- 
sity at 280nm of less than 0-05. Subsequently, the 
substances adsorbed onto the glass beads were eluted 
by the repeated addition of small quantities of 10M 
NaCl in 0-1 M tris buffer, pH 8-0, until the optical 
density of the eluate was less than 0-05. The latter 
washings were pooled and concentrated to half the 
volume of the starting plasma, using an Amicon 
Ultrafiltration Chamber with a UM-10 membrane 
after dialysis overnight at 4° against 0-9°, saline solu- 
tion. 

Acetone activation of fresh plasma or supernatant 
obtained after glass activation was carried out by 
adding acetone to plasma (20% v/v of acetone) in a 
siliconized test tube [18]. The mixture was allowed 
to stand at room temperature for 17 hr. The acetone 
was then evaporated in a rotary evaporator. After 
evaporation the acetone-activated plasma was recon- 
stituted to the original volume with deionized water. 

Plasma inhibitors. The supernatant obtained from 
plasma brought to 50°, saturation with ammonium 
sulphate was subjected to dialysis overnight at 4 
against 0-9°%% saline solution [19]. 

Kininogen. Kininogen substrate was prepared as 
follows: heat-inactivated plasma, prepared by heating 
fresh plasma at 60° for 60min in order to destroy 
kallikreins, their activators and prekininogenase [7], 
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was incubated at 37 for 30min at pH 2 to destroy 
kininogenase inhibitors [20] and then neutralized. 
The resulting precipitate was eliminated by centrifu- 
gation. A partially purified preparation of kinino- 
genase (substrate 2) was also prepared by the purifica- 
tion procedure of Jacobsen and Kriz, up to stage IV 
[21]. 

{ssay of kinins. Kinins released by the kinino- 
genases were assayed on isolated guinea-pig ileum 
suspended in a muscle bath containing 10ml of 
oxygenated Tyrode solution using synthetic brady- 
kinin as a standard [22]. The ileum was treated with 
z-chymotrypsin as described by Edery [23] prior to 
bioassay. 

Estimation of kininogenase activity. To 0-2ml of 
kininogen substrate in a polyethylene tube were 
added 0:1-0-4 ml of samples, 0-1 ml of 1,10-phenan- 
throline (final concn 10° * M) and 0:3-0-6 ml of 0-1 M 
tris buffer, pH 7-8. After incubation at 37° for 10 min 
the reaction was stopped by the method of Briseid 
et al. [24]. The activity is expressed as ng brady- 
kinin/ml plasma or sample solution. Liberated kinins 
were found to be inactivated by incubation with 
4-chymotrypsin. 

Measurement of esterase activity. Esterase activity 
was measured by determining the methanol released 
from the substrate, tosyl-arginine methyl ester 
(TAMe), benzol-arginine methyl ester (BAMe), tosyl- 
lysine methyl ester (TLMe), or acetyl-lysine methyl 
ester (ALMe) (final concn 0-015 M) [25, 26]. Esterase 
activity is expressed in sxmoles of ester hydrolysed per 
hr per ml test solution. 

Euglobulin clot lysis. Fresh plasma was diluted 
20-fold with deionized water and the pH adjusted to 
5-3 with 1°, acetic acid. After centrifugation the sedi- 
ment was dissolved in a volume of 0-1 M_ phosphate 
buffer, pH 7-8, equal to half the volume of the original 
plasma and used as the euglobulin fraction. Plasmino- 
gen-free fibrinogen was prepared by lysine-sepharose 
chromatography [27] of bovine fibrinogen. The lysis 
time of euglobulia clots at 37° was recorded; 0-2 ml 
of euglobulin solution was mixed with 0-5 ml of 0-5°, 
bovine fibrinogen and 0-1 ml of bovine thrombin (50 
NIHU/ml). 

Protein. The protein content of the solutions was 
determined by applying the formula of Kalcker [28] 
to the optical density at 260 and 280 nm. 

Column chromatography. The plasma activated with 
glass or acetone was diluted 2-fold with deionized 
water and dialyzed overnight at 4 against 0-05M 
NaCl. The dialyzed plasma was subjected to column 
chromatography on a 3-5 x 47cm_ polyethylene 
column (LKB) of diethylaminoethyl (DEAE) cellulose 
which was equilibrated with 0-05 M NaCl containing 
0-075 M phosphate buffer, pH 8-0. The column was 
eluted with a linear gradient of increasing concen- 
trations of NaCl (0:05-0-7 M). To produce the NaCl 
gradient, two connected containers were used: 400 ml 
of 005M NaCl in 0:0075M phosphate buffer, pH 
8-0. was placed in the first container and an equal 
volume of 0-7 M NaCl in 0:0125M phosphate buffer, 
pH 80, in the second container of the mixing 
chamber. The flow rate was 20 ml/hr and 5 ml frac- 
tions were collected. The u.v.-absorption at 280 nm, 
TAMe esterase and kininogenase activities of the 
effluent fractions were measured. Fractions in the first 
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protein peak which revealed TAMe esterase and 
kininogenase activities were pooled and concentrated 
to about ISml using an Amicon Ultrafiltration 
Chamber with a UM-10 membrane. They were chro- 
matographed then on a 3-5 x 45cm_ polyethylene 
column (LKB) of DEAE-Sephadex A-50 which was 
equilibrated with 0-1M NaCl containing 005M 
phosphate buffer, pH 8-0. The column was eluted with 
a linear gradient of increasing concentrations of NaCl 
(0-1-0-7 M). To produce the NaCl gradient. three con- 
tainers connected in series were used; 390 ml of 0-1 M 
NaCl in 0-05 M phosphate buffer, pH 8-0, was placed 
in the first container, and equal volumes of 0-4 and 
0-7M NaCl in 0:05 M phosphate buffer, pH 8-0, were 
placed in the second and the third containers of the 
mixing chamber. respectively. The flow rate was 
1Sml/hr and 3ml fractions were collected. The 
effluent was assayed as before. Fractions which 
revealed TAMe esterase and kininogenase activities 
in the third protein peak were pooled and concen- 
trated to about 8 ml by ultrafiltration as before. The 
solution was chromatographed .next on a 1-5 x 50cm 
column of CM-—Sephadex C-50 which was equili- 
brated with 0:015M phosphate buffer, pH 6:5. To 
produce the NaCl gradient, two connected containers 
were used; 100ml of 0-015M phosphate buffer, pH 
6:5, and 100ml of 0-2M NaCl containing 0-015 M 
phosphate buffer, pH 6-5. were placed in the two con- 
tainers of the mixing chamber. The flow rate was 
10 ml/hr and 3 ml fractions were collected. Fractions 
which revealed TAMe esterase and kininogenase ac- 
tivities were pooled and used as partially purified kal- 
likrein. 

Chemicals. TAMe and TLMe were obtained from 
the Protein Research Foundation, Osaka, Japan; 
BAMe, ALMe, soy bean trypsin inhibitor (SBTI) 
(1 mg inhibits about | mg trypsin), bovine thrombin, 
lima bean trypsin inhibitor (LBTI) and glass beads 
from Sigma Chemical Co., U.S.A.: Trasylol® and 
Kallikrein® from Bayer. Germany; bovine fibrinogen 
from Armour, U.S.A.; bovine albumin and human 
gamma globulin from Miles Lab. Inc., U.S.A.; x-chy- 
motrypsin from Eisai Co., Japan. Bradykinin was 
kindly supplied by Sandoz, A. G., Basel, Switzerland. 


RESULTS 


Glass and acetone activation of plasma. Glass acti- 
vation of dog plasma is limited by the presence of 
potent kininogenase inhibitors in the plasma. The 
supernatant of glass-activated plasma released kinin 
ranging from 5 to 20ng/10min/0-1 ml. Plasma 
obtained from one dog was used in a series of exper- 
iments. 

Acetone activation of kininogenase is impossible 
after previous glass treatment inspite of the fact that 
kininogenase can be activated by glass activation after 
previous acetone treatment [29]. This was confirmed 
as shown in Table | (Expt. 3 and 6). When acetone 
activation was performed after adding the eluate from 
glass beads to the supernatant (100 mg glass beads/ml 
of plasma) kininogenase activity could be accelerated 
markedly (Expt. 4). TAMe esterase activity was ele- 
vated also following kininogenase activation, 
although there was no quantitative parallel between 
kininogenase activity and TAMe esterase activity. 
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Table 1. Kininogenase activity, TAMe esterase activity and euglobulin clot lysis time in glass-activated and acetone-acti- 
vated plasma 





Samples used 
(ml) 


TAMe esterase 
activity 
(uM/hr)* 


Euglobulin clot 
lysis time 
(min)t 


Kininogenase 
activity 
(ng/10 min)* 





Supernatant from glass-activated plasma (0-1) 
. Eluate from glass beads (0-05) 

. (1) — acetone activation (0:1) 

(1) + (2) — acetone activation (0-15) 

. Acetone-activated plasma (0-1) 

. (5) — glass activation (0-1) 

. Plasma (0-1) 


SYDUNPWN 


16 

5 

76 
20 
48 
65 
<10 





* An amount corresponding to 0:1 ml plasma was used for the assay of kininogenase and TAMe esterase activities. 
+ 0:2 ml euglobulin (see Materials and Methods) was used for this study. 


These findings indicate that the phenomenon is due 
to an adsorption of important components for ace- 
tone activation onto glass surfaces. The eluate also 
induced acceleration of fibrinolytic activity during 
acetone activation (Expt. 3 and 4) as well as acetone 
alone (Expt. 5). Effects of acetone on fibrinolysis may 
be due partly to the destruction of plasmin inhibitors. 
Webster and Pierce reported that acetone failed to 
activate plasminogen as measured by its proteolytic 
activity on azocasein [13]. The discrepancy between 
these results may be attributed to the different plas- 
min substrates. 

Kininogenase and TAMe esterase activities in the 
supernatant and the eluate prepared from plasma with 
massive surface contact. The ineffectiveness of repeated 
glass contact of plasma on kininogenase has been 
explained by consumption of a specific kininogen dur- 
ing glass contact and by prekallikrein. The findings 
in Table | contradict this. Therefore plasma were pre- 
pared with massive contact of glass beads (600 mg/ml 
of plasma); the supernatant, free of kininogenase I] 
and kininogen II, must contain prekininogenase | 
which is activated with acetone according to Siedel 
et al. [29]. 

The adsorbed substances were eluated using glass 


beads obtained after the first glass treatment. In order 
to eliminate kininogenase inhibitors, the supernatant 
was treated with acid [20] or acetone [24]. As shown 
in Table 2, the treated supernatants were mixed with 
various amounts of the eluate; in experiments 2 and 
6, the proportion of supernatant to eluate was equal 
to untreated plasma. With an increasing proportion 
of eluate kininogenase activity was accelerated with- 
out any further acetone treatment. TAMe esterase ac- 
tivity also was elevated by adding portions of eluate. 
These data strongly suggest that the limitation is due 
to components adsorbed onto glass surfaces indicat- 
ing that the eluate is responsible for glass activation. 
Jahrreiss and Habermann have reported that a limit- 
ing factor in glass activation is prekallikrein since 
kinin-formation is increased by adding purified pre- 
kallikrein to glass-activated plasma treated previously 
with acid [30]. 


Purification of glass-activated and acetone-activated 
plasma kallikreins 

Chromatography on DEAE cellulose. The same 
plasma was always used for glass and acetone acti- 
vations. Typical eluation patterns from columns of 


Table 2. Kininogenase and TAMe esterase activities in the supernatant and the eluate from plasma with massive 
contact 





Kininogenase 
activity 
(ng/10 min) 


Sample used 
(ml) 


TAMe esterase 
activity 
(uM/hr) 


Acceleration 
(“NS 


Acceleration 
(C)8 





1. Acid-treated supernatantt 
(0-10)* 
. (1) + eluate (0-05) 
3. (1) + eluate (0-10) 
. (1) + eluate (0-20) 
. Acetone-treated supernatant 
(0-10)* 
. (5) + eluate (0-05) 
. (5) + eluate (0-10) 
. (5) + eluate (0-20) 
. Eluate (0-05) 


24 
33 


34 
Negligible 


0-17 - 
0-30 41 
100 
194 


30 
50 
57 





* An amount corresponding to 0:1 ml of the original volume of the supernatant was used for the experiments. Samples 


9 were preincubated at 37° for 20 min prior to the assay. 


+ Supernatant, adjusted to pH 2:0, was incubated at 37° for 30 min and then neutralized. 
t Supernatant was treated with acetone as well as plasma (see Materials and Methods). 
§ Values of eluates were substracted from the values of 2, 3, 4, 6, 7, 8 and 9, respectively, and the per cent acceleration 


calculated. 


BP. 25/6-—-B 
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DEAE cellulose of gass-activated and acetone-acti- 
vated plasma are shown in Fig. 1, a and b, respect- 
ively. Two protein peaks were found; each protein 
peak had kininogenase and TAMe esterase activities. 
The first protein peak constantly contained about 
70°, of the total kininogenase activity recovered in 
the two protein peaks, although kininogenase re- 
covered from different plasma varied in potency. 
When the supernatant was treated with 50%, 
ammonium sulphate to eliminate kallikrein inhibitors 
[31]. the second protein peak almost disappeared in 
both glass-activated and acetone-activated plasma. By 
using plasma [32] or acid-treated plasma as substrate, 
it was confirmed that the second peak contained 
prekallikrein activator. Fractions in the first protein 
peak showing kininogenase and TAMe esterase ac- 
tivities were selected and pooled for further purifica- 
tion of plasma kallikrein. 

Chromatography on DEAE-Sephadex A-50. The 
pooled fractions were concentrated to 15 ml by ultra- 
filtration and applied to a DEAE-Sephadex A-50 
column. Representative patterns of absorbance at 
280 nm of the eluates are shown in Fig. 2, a and b. 
Most of the kininogenase and TAMe esterase activity 
was recovered in the third protein peak. Fractions 
containing kininogenase activity also revealed TAMe 
esterase activity as shown in Fig. 2a. The distribution 
of enzyme activity in relation to the eluated proteins 
was similar in all experiments, but minor peaks occa- 
sionally appeared in tubes 100-170. The second 
TAMe esterase peak in Fig. 2b contained low kinino- 
genase activity and prekallikrein activator, as did the 
second protein peak in the DEAE cellulose chromato- 
gram. 

Chromatography on CM-Sephadex C-50. Each frac- 
tion in the third protein peak above containing 
kininogenase and TAMe esterase was dialyzed against 
0-015 M phosphate buffer, pH 6:5, at 4° overnight and 
concentrated by ultrafiltration. The solution was 
applied to a CM-Sephadex C-50 column after adjust- 
ing to pH 6°5. The distribution of protein and enzyme 
activity in the eluate is shown in Fig. 3, a and b. 
Glass-activated or acetone-activated plasma _kalli- 
krein was eluted in the descending limb of the second 
protein peak as a single peak. These kallikreins were 
pooled and adjusted to pH 8-0 for further studies. 
Kininogenase activity in glass-activated and acetone- 
activated plasma was purified 79-fold and 107-fold, 
respectively, as shown in Table 3. No plasminogen, 
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Absorbance at 280 nm ( 


Esterase activity (4M/ml per hr)(e—e ) 





Tube number 
(a) 


plasmin and thrombin could be detected in these par- 
tially purified preparations. The hydrolysis of four 
esters at a single substrate concentration, under simi- 
lar test conditions, was tested using the two kinds 
of partially purified kallikreins. As shown in Table 
4, no substantial difference was observed between 
glass-activated plasma kallikrein and acetone-acti- 
vated plasma kallikrein. 

Kininogenase activity cannot be compared with 
TAMe-hydrolysis on the basis of the activity per mg 
of preparations because partially purified kallikreins 
are contaminated with gamma-globulin [33]. There- 
fore, an appropriate amount of effluent which pro- 
duced 100 ng bradykinin/10 min, using the highest 
fraction (No. 28 in Fig, 3, a and b), was used for 
TAMe-hydrolysis; 0-42 ml and 0-14 ml of effluent were 
used for glass-activated plasma kallikrein and ace- 
tone-activated plasma kallikrein, respectively. TAMe- 
hydrolysis of these two samples which varied in 
volume had no difference in potency, giving identical 
kininogenase activity/TAMe-hydrolysis ratios as 
shown in Table 5. 

The kininogenase activities off glass-activated and 
acetone-activated plasma kallikreins were inhibited 
58°, and 61°% respectively by a naturally occurring 
plasma inhibitor at a final concentration of 0-2 mg 
protein/ml. They were completely inhibited by trasy- 
lol and SBTI at a final concentration of 10 ug/ml, 
but were not inhibited by LBTI up to a final concen- 
tration of 100 yg/ml. They lost 64% and 68% of their 
activity, respectively, after acid treatment at pH 4 and 
37° for 30 min. 

According to Jacobsen, substrate 2 is a kininogen 
which releases kinin rapidly only with glandular 
kallikrein and slowly with plasma kallikrein [34]. 
When kininogen substrate was rdplaced by substrate 
2, neither glass-activated nor acetone-activated 
plasma kallikrein generated any kinin during a 
10-min incubation. The discrepancy between 
Jacobsen’s substrate 2 and other kininogens, which 
were introduced by many authors as described in 
Habermann’s survey [35], is not the case in this 
experiment. 

The molecular weight of partially purified glass- 
activated and acetone-activated kallikreins was deter- 
mined by gel filtration on a Sephadex G-200 column. 
SBTI, bovine albumin, and human gamma-globulin 
were used as protein markers. The molecular weight 
of a peak having kininogenase and TAMe esterase 
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Fig. 2. 


activities was estimated to be about 100,000 in agree- 
ment with various other plasma kallikreins described 
in previous reports [36-38]. 


DISCUSSION 


It is generally accepted that kininogenase activation 
wiih glass or acetone starts with activation of the 
Hageman factor (HF) [2.5], as kininogenase activity 
cannot be generated in HF deficient plasma [39]. The 


plasma of dogs contains several other species of HF 
[31, 40]. 

In recent years it has been suggested that certain 
components which participate in the kinin-forming 
system, such as HF [5], activated HF [5], prekalli- 
krein activator [9], HF-cofactor [41] and kallikrein 
[17,42] are adsorbed onto surfaces; HF in plasma 
is activated by contact exposure [5]. Activated HF 
and HF-cofactor generate fibrinolytic activity by the 
conversion of plasminogen to plasmin [41], which in 


Table 3. Purification of glass-activated and acetone-activated kallikreins by column chromatography 





Total kininogenase 


Protein 
(mg) 


activity 


Specific activity 
(ng) (ng/mg protein) Degree of purification 





Glass Acetone 


Glass 


Acetone Glass Acetone Glass Acetone 





2720 
12700 
8900 
2835 


Plasma (17 ml) 680 680 
DEAE cellulose 139 160 
DEAE-Sephadex A-50 50 40 


CM-Sephadex C-50 9 11 


8160 4 12 l 1 
50300 91 320 25 26 
34400 178 860 45 72 
14160 315 1280 79 107 
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turn generates prekallikrein activator by the digestion 
of activated HF [43]. Prekallikrein activator is cap- 
able of converting plasma prekallikrein to plasma kal- 
likrein [44-46] and plasminogen proactivator into its 
active state [39]. Therefore, it is considered that the 
eluates from glass beads must contain these com- 
ponents. As shown in Table |, addition of the eluate 
to the original supernatant makes acetone activation 
possible in regard to kininogenase, TAMe esterase 
and fibrinolytic activities. The lack of acetone acti- 
vation after previous glass treatment can be explained 
from this result. However, this result still supports 
the possibility of two kinin-forming systems in 
plasma, considering that kininogenase I remains in- 
tact during glass contact and can be activated by ace- 
tone. For this reason glass activation of plasma was 
carried out with massive contact of glass beads. 


Table 4. Hydrolysis of various esters by partially purified 


Fig. 3. 
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If the supernatant prepared from plasma after mas- 
sive surface contact is activated with the eluate alone, 
the theory of two kinin-forming systems [16] is weak- 
ened. As shown in Table 2, a kininogenase in the 
supernatant can be activated with the eluate alone. 
The kininogenase activated in this manner should be 
kininogenase II, as if prekininogenase II were con- 
tained in the supernatant. But the supernatant in 
Table 2 should not contain prekininogenase II due 
to the massive contact with glass beads as described 
by Siedel et al. [29]. These findings indicate that 
kininogenase I and kininogenase II may be the same, 
suggesting that some of the precursor of kininogenase 
still remained during massive surface contact. This 
consideration obviously disagrees with two kinin- 
forming systems postulated by Vogt and his col- 
leagues [16, 47,48]. Prekallikrein activator has been 


kallikreins in glass-activated and acetone-activated plasma 





Substrates 





TAMe BAMe TLMe ALMe 





Glass-activated plasma kallikrein* 
Acetone-activated plasma kallikrein* 


100 
100 


85 
85 


83 
81 


89 
82 





Values are expressed in per cent of TAMe esterase activity. 
* Fractions showing higher kininogenase and TAMe esterase activities in Figs. 3a and b were pooled, respectively, 


and used for the experiment. 


Table 5. Ratio of kininogenase activity/TAMe-hydrolysis of partially purified kallikreins 





Effluent from CM-~-Sephadex 
C-50,* volume used 
(ml) 


Kininogenase 
TAMe esterase activity 
activity 
(uM /hr) 


Kininogenase 
activity 
(ng/10 min) 





TAMe-hydrolysis 





Glass-activated 
plasma kallikrein 

Acetone-activated 
plasma kallikrein 


0-42 


0-14 


100 0-26 0-38 


100 0-26 0:38 





* Fraction 28 in Figs. 3a and b was used, respectively. 
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isolated from human plasma after surface contact [9] - 


or acetone activation [39]. Most of the activated HF 
is converted to the low molecular weight prekallikrein 
activator by massive contact exposure [9]. 

Several investigators have reported two or more 
kininogenases coexisting in the same plasma. Webster 
has fractionated, by DEAE cellulose chromatography, 
five enzymes able to generate kinin from fresh plasma. 
The initial protein peak, having little or no binding 
affinity for cellulose, contained enzyme I which was 
identified as plasma kallikrein [49]. Colman et al. iso- 
lated chromatographically three kaolin-activated kal- 
likreins [36], but the procedures of identification raise 
a strong suspicion whether the identified enzymes are 
kallikrein, prekallikrein activator, or non-specific 
esterase as described by Movat et al. [46] and Jahr- 
reiss and Habermann [30]. Furthermore, Movat et 
al. demonstrated that three. permeability-enhancing 
and kinin-forming regions were fractionated by elec- 
trophoresis after incubating. guinea-pig serum with 
antigen—antibody aggregates [11,12]. Lately, Movat 
et al. have isolated six enzymes from human plasma 
including kallikrein, complexed kallikrein and an acti- 
vator of prekallikrein [46]. Eisen and Glanville de- 
scribed two kallikreins using chromatography on 
DEAE cellulose; kallikrein and kallikrein + preka!- 
likrein activator [32]. Yano et al. also isolated chro- 
matographically three fractions and showed that two 
of them contained prekallikrein activator in casein-ac- 
tivated bovine serum [37]. These studies, using 
chromatography and electrophoresis, suggest the 
existence of one native kallikrein in the blood. On 
the other hand, two kinin-forming systems have been 
postulated on the basis of functional analyses by Vogt 
and his colleagues [16, 47,48]. According to them, 
glass-activated kininogenase II and _ acetone-acti- 
vated kininogenase I have not only their own pre- 
cursor of kininogenase I and II but also kininogen 
I and II. There are few investigations in which the 
relationship between functional kallikrein (Vogt) and 
isolated kallikreins generated by various modes of 
activation has been discussed intensively. Henriques 
et al. purified chromatographically horse plasma 
kallikrein adsorbed onto glass beads and suggested 
that glass-activated and acid-activated plasma kalli- 
kreins were the same substance [42]. Yano et al. indi- 
cated that the kininogenase activities of casein- 
activated and glass-activated bovine kallikrein 
showed the same tendency toward kininogen I and 
kininogen II [37]. This study provides evidence that 
glass-activated plasma kallikrein is probably identical 
with acetone-activated plasma kallikrein on the basis 
of chromatographic behaviour, similarities in behav- 
iour of both kallikreins towards various synthetic 
esters, inhibitors, kininogen (substrate 2) and acid 
treatment, and a constancy of the ratio of kinino- 
genase activity/TAMe-hydrolysis of both kallikreins. 

In conclusion the present findings suggest that the 
generation of plasma kallikrein by glass or acetone 
activation originate from the same precursor. How- 
ever, the question as to whether Vogt’s two specific 
kininogen I and II are present or not remains un- 
answered. 
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Abstract—The effect of castrix (2-chloro-4-dimethylamino-6-methylpyrimidine) on the distribution of 
B, vitamers in mouse brain was determined. The levels of pyridoxal and pyridoxal phosphate decreased, 
and the levels of pyridoxamine and pyridoxamine phosphate increased at the time of occurrence of 
convulsions. The decrease in pyridoxal phosphate was almost equal to the increase in pyridoxamine 
phosphate. A similar effect of castrix was observed in the preconvulsive period of 10 min before the 
expected onset of convulsions. 4-Deoxypyridoxine, toxopyrimidine, semicarbazide, isonicotinic acid hy- 
drazide or aminooxyacetic acid, at subconvulsant doses, had an anticonvulsant action against the 
convulsions induced by castrix and prevented the increase in pyridoxamine phosphate produced by 
castrix, while thiosemicarbazide or penicillamine which did not have an anticonvulsant action did 
not prevent the increase in pyridoxamine phosphate produced by castrix. These results suggest that 
convulsions induced by castrix probably occur as a result of the inhibition of synthesis of pyridoxal 


phosphate from pyridoxamine phosphate. 


Castrix (2-chloro-4-dimethylamino-6-methylpyrimi- 
dine) produces severe convulsions in mice, which are 
prevented by vitamin B, [1]. The decrease in gluta- 
mic decarboxylase (L-glutamate-1l-carboxy-lyase, EC 
4.1.1.15) activity observed after the administration of 
a number of antivitamin B, has been related to occur- 
rence of convulsions [2]. However, castrix does not 
inhibit the enzyme [3]. Some antivitamin B, inacti- 
vate pyridoxal (PL) or pyridoxal phosphate (PLP) by 
combining with PL or PLP, while some of them can 
be phosphorylated by PL kinase (ATP:pyridoxal 
5-phosphotransferase, EC 2.7.1.35) and then compete 
with PLP [4]. Castrix, however, cannot react with 
PL or PLP, nor be phosphorylated by PL kinase, 
and the inhibitory action of castrix on PL kinase is 
only slight [3]. Thus, the mechanism of the anta- 
gonism between castrix and vitamin B, seems to be 
different from that of the other antivitamin Beg. 

The present investigation was undertaken to deter- 
mine the effects of castrix on the distribution of B, 
vitamers in brain. 


MATERIALS AND METHODS 


Chemicals. 4-Deoxypyridoxine (DOPN), DL-penicil- 
lamine (PA), thiosemicarbazide (TSC), semicarbazide 
(SC), isonicotinic acid hydrazide (INH) and B, 
vitamers were obtained from Nakarai Chemicals. Acid 
phosphatase was obtained from Boehringer Man- 
heim. Castrix was obtained from Takeda Chemical 
Industries, Ltd. Aminooxyacetic acid (AQAA) was 
obtained from Sigma Chemicals. Toxopyrimidine 
(TXP) was obtained from Sankyo Pharmaceuticals. 

Injections. Male dd mice weighing 15-20g were 
used. All compounds were injected intraperitoneally. 
The solutions of drugs were prepared daily in water, 
the pH being adjusted to 7-0 immediately before use. 
The final concn of drugs was adjusted so that the 


required dosage was administered at 1-0°, of the body 
weight. The dose of castrix was 2:5 mg/kg. 
Extraction, separation and determination of Bg 
vitamers. Mice given castrix alone or castrix together 
with TSC or PA were sacrificed in the first convulsion 
at 30-60 min after the injection, and other groups of 
mice without occurrence of convulsions were sacri- 
ficed within 10 min after the onset of convulsions in 
mice given castrix alone, except where specified. Dif- 
ferent forms of vitamin B, were extracted from the 
brain by the method of Bain and Williams [5] and 
separated by ion exchange chromatography on 
Amberlite CG 120 according to the method of Loo 
and Badger [6] except for the use of 20ml of hot 
(about 50°) buffer for the elution of pyridoxine (PN). 
The eluate of each compound was collected in one 
fraction. Since in this method pyridoxine phosphate 
(PNP) and PLP were eluted in the same fraction, 
both phosphate esters were hydrolyzed to PN or PL 
by the addition of acid phosphatase (1-7 mg/5 ml) and 
then separated by rechromatography. This rechroma- 
tography was sometimes omitted because only a trace 
of PNP was present in mouse brain and interfered 
only negligibly with the estimation of PLP. Hydra- 
zides such as INH, SC or TSC have been shown to 
form hydrazones of PL or PLP in the tissue of hydra- 
zide-treated animals [5], and these hydrazones or the 
complex formed between PL and PA or AOAA were 
found to interfere with the microbiological assay of 
B, vitamers. These compounds were eluted in the 
PLP, pyridoxamine phosphate (PMP), PL, PN or 
pyridoxamine (PM) fractions according to Loo and 
Badger’s method. Therefore, as shown in Table 1, 
these compounds were removed from the PLP, PMP 
or PL fractions by a modification of Loo and 
Badger’s method or by ion-exchange rechromatogra- 
phy after an appropriate treatment. Some compounds 
eluted in PN or PM fractions were not removed. The 
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Table 1. The methods to remove interfering substances from B, vitamers 





Fraction. 
(ml) 
PMP PL PN 
(10) (20) 


PM 


(25) 


PLP PIC 


(18) (15) 


Method to remove interfering 
substance 


Interfering 
(25) (25) 


substance 





Rechromatography of PL fraction after reduction with 
NaBH,* 


Isonicotinic acid hydrazone of PLP 


Isonicotinic acid hydrazone of PL 
Semicarbazone of PLP Rechromatography of PLP fraction after hydrolysis by 
acid phosphataset 

Semicarbazone of PL 
Thiosemicarbazone of PLP 
Thiosemicarbazone of PL 
Thiazolidine of PLP and PA 


Buffer volume of PIC fraction was increased to 30 ml 


Rechromatography of PLP fraction after hydrolysis by 
acid phosphatases 

The volume of 0-1 M acetate buffer. pH 5-0 was in- 
creased to 20 ml 

Rechromatography of PLP fraction after hydrolysis by 
acid phosphatase 


Thiazolidine of PL and PA 
Complex of PLP with AOAA 


Complex of PL with AOAA 





PIC = pyridoxic acid. 

* Indicates the fraction which was interfered. 

*+0:5ml of 5N KOH was added to 125ml of PL fraction, and 7mg NaBH, was added during mixing. After 30 
minutes at 30° the mixture was added to 0-5 ml of 4 N HCl and 0:3 ml of 1 M acetate buffer, pH 3-5, and was applied 
to a column of Amberlite CG 120. The column was rinsed with 10 ml each of water, 0-1M acetate buffer, pH 5-0, 
and 0:1M phosphate buffer, pH 6-0 to elute reduced isonicotinic acid hydrazone of PLP, and then PL was eluted 
as PN borate complex with 25 ml of 0:1 M phosphate buffer, pH 6-0. 

t5ml of PLP fraction adjusted to pH 45 was incubated with’ 1-7 mg of acid phosphatase at 37° for 2hr. After 
addition of 1-Oml of 0:01 M acetate buffer, pH 3-5, the mixture was applied to the column. After rinsing with 10 ml 
each of water and 0-1 M acetate buffer, pH 5-0, PLP was eluted as PL with 25ml of 0-1M phosphate buffer, pH 


6:0. The semicarbazone of PL remained on the column. 


§ The same method as the separation of PLP from the semicarbazone of PLP was used ‘except that the volume 


of 0:1 M acetate buffer, pH 5-0 was increased to 20 ml. 


The same method as the separation of PLP from the semicarbazone of PLP. 
* Since the complex of PL with AOAA was about seven times less active in promoting growth than PL, and the 
amount of the complex formed in brain may be very small compared with the amount of PMP, it will interfere 


negligibly with the microbiological assay of PMP. 


B,, vitamers in the eluates were individually assayed 
microbiologically with Saccharomyces carlsbergensis 
(ATCC 9080) against its own vitamer as reference 
standard which was dissolved in saturated perchlorate 
and treated on the column in the same way. Phos- 
phate esters were hydrolyzed by acid phosphatase 
(0:34 mg/ml) before the assay. The assay method was 
modified from that of Chiao and Peterson [7]: the 
concentration of each component except hydrolyzed 
casein and sugar was half that of their basal medium. 
Thiamine was added at 500 g/l. 


RESULTS 


The effect of castrix on the distribution of B, vitamers 
in mouse brain 


Mice were given castrix and sacrificed in the first 
convulsion, and B, vitamers in the brain were assayed 
(Table 2). Total amounts of vitamin B, did not 
change after the injection of castrix. While the levels 
of PL and PLP decreased significantly, the levels of 
PM and PMP increased significantly after the injec- 
tion of castrix. The decrease in PLP was almost equal 
to the increase in PMP. Only trace amounts of PNP 
and PN (0-11 + 0-09 and 0-02 + 0-01 nmoles/g wet 
wt tissue, respectively) were present in mouse brain 
as reported previously [5], and they appeared not 
to be affected by castrix. 

The effect of castrix was determined also in the 
preconvulsive period of 10min before the expected 
first convulsion or after 10 or 20 min of the first con- 


vulsion, and as shown in Fig. | an inverse relationship 
between the concentrations of brain PLP and PMP 
was demonstrated. 


The effect of antivitamin Bg on the distribution of Be 
vitamers in brain of castrix treated mice 

The toxic action of castrix was protected not only 
by vitamin B, but also by some antivitamin B, at 
their subconvulsive doses [3]. Therefore, the effect of 
some antivitamin B, on the action of castrix was also 
assessed. 

The effect of antivitamin B, which protected mice 
from castrix-induced convulsions. When mice were in- 
jected with DOPN, TXP, SC or INH alone at sub- 
convulsive doses, the brain PLP level decreased but 
the PMP level did not change significantly as shown 
in Table 2. In DOPN or TXP treated mice the in- 
crease in PL was observed, and in SC or INH 
treated mice the bulk of the PLP was recovered as 
its hydrazone (data were not shown). AOAA at a sub- 
convulsive dose did not alter the PLP level, but de- 
creased markedly the PMP level. Only a trace of PLP 
complex with AOAA was found (data were not 
shown). On the other hand, when mice were given 
castrix together with one of the antivitamin B, at 
a subconvulsive dose the convulsions, and the in- 
crease in the PMP level which was observed after 
the treatment with castrix alone did not occur as 
shown in Table 2. 

The time course of the effect of DOPN on the level 
of PLP or PMP in castrix-treated mice is shown in 
Fig. 2. The increase in the PMP level did not occur 





Distribution of B, vitamers in mouse brain 


Table 2. The effect of antivitamin B, on the distribution of B, vitamers in brain of castrix-treated mice 








No. of mice 
Dose 
(mg/kg) 





Total B, 


(as PN.HCl) PMP 


= 
Cc 


Experiment Treatment treated convulsing PLP PM 





5 100 
(7-11 


100 
(1S:18 


100 + 5 
(8:12 + 0-37) 


14 100 + 15 
0-05) (0-07 


Control 


i+ I+ 
o. 


Castrix a 101 
DOPN 5 ‘ 93 
TXP 25 b 92 
sc j 
AOAA ; 87 
TSC 5 
PA 
Castrix 
+ DOPN* 
Castrix 
+ TXP* 
Castrix 
+ SC* 
Castrix 
+ AOAAt 
Castrix 
+ INH* 
Castrix 
+ TSC* 25+ 5 
Castrix 
+ PA* 25+ 5 


I+ 


0-83) 


H+ + + + 


-28) 
P 14 143 
15" 257 
6 44 
13 

II 11 
g" 

1S 


89 
65 
89 
40 
103 
85 
98 


awry nre 
I+ I+ I+ + 1+ 
+ + 4 + I+ 


1+ I+ I+ 1+ 1+ I+ 1+ 


I+ I+ I+ I+ 


bY 


83 


I+ 
rs 


I+ 


100 + 3° 
79 + 6" 
100 + 4 

109 + #* 


110 + 3 





* Castrix and antivitamin B, were administered simultaneously. 


+ Aminooxyacetic acid was administered | hr prior to injection of castrix. Values are 


expressed as per cent of the 


control in each experiment. The values of control and castrix alone groups in experiments 2-8 are not shown as 
the values are not significantly different from those in experiment 1. The absolute values of controls, expressed as 
nmoles/g wet wt tissue (mean + S.E.), are given in parentheses. 

*P < 0-:005;" P < 0-01;* P < 0-:025;" P < 0:05; * P > 0-05 against control in each experiment. ' P < 0:005; * P < 0:01; 
"P > 0-05 against corresponding antivitamin B, alone. ' P > 0-05 against castrix alone in each experiment. 


at any time equivalent to the onset of castrix convul- 
sion, 10 min before it or 20 min after it. 

The effect of antivitamin B, which did not protect 
mice from castrix-induced convulsions. PA and TSC 
at their subconvulsive doses did not protect against 
castrix convulsions [3], but rather shortened the time 
to onset of convulsions. As shown in Table 2 these 
antivitamin B, did not affect significantly the distribu- 
tion of B, vitamers in brain of castrix-treated mice. 


IHN 


of control 


% 





a it L ae 
-10 10) 10 20 


min. after the first convulsion 





Fig. 1. The effect of castrix on the brain level of PLP and 

PMP. 0, PLP; @, PMP. The absolute value of the control: 

PLP, 7:14+0-26 nmoles/g wet wt tissue; PMP, 

8:26 + 0-22 nmoles/g wet wt tissue. Each point represents 

mean + S.E. of five mice. The first convulsion occurred 
41 + Smin after the injection of castrix. 


The effect of PM on the distribution of Bg vitamers 
in brain of castrix-treated mice 

When mice were given PM at a dose of 3-0 mg/kg 
together with castrix, about half the mice were pro- 
tected from the convulsions. When mice were given 
only PM at this dose, total amounts of vitamin B, 
in brain increased by 13°,, which was equal to 0:24°, 
of the PM injected, and the levels of both PLP and 


of control 
g. 8 


%o 








40 
min. after administration 


Fig. 2. Time course of effect of DOPN on PLP and PMP 
levels in brain of castrix-treated mice. O, PLP: @, PMP. 
The absolute value of the control: PLP, 7:07 + 0:29 
nmoles/g wet wt tissue; PMP, 7:98 + 0:63 nmoles/g wet 
wt tissue. Each point represents mean + S.E. of five mice. 
Mice were given DOPN (50 mg/kg) and castrix (2:5 mg/kg) 
simultaneously or only castrix (*). Mean convulsion time 
of mice given only castrix was 39 + 3 min. 
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Table 3. The effect of PM on the distribution of B, vitamers in brain of castrix-treated mice 





No. of mice 





Dose 


(mg/kg) treated convulsing 


Total B, 


PMP PL PM 





Control 5 0 100 + 3 
PM 3 5 0 
Castrix 5 5 

5 


Castrix + PM* + 30 


113+4 
5 100 + 5 
102 + 2" 


100 + 3 
108 + 5 
116+ 3 
110 + 4 


100 + 14 
209 + 14" 
88 + 18 
168 + 20°" 


100 + 38 
238 + 38" 
138 + 62° 
181 + 67°" 





* Castrix and PM were administered simultaneously. Results are given as per cent of control (mean + S.E.). 
“P < 0-005; " P < 0-01; * P < 0-025; * P < 0-05; * P > 0-05 against control. ' P < 0-005; * P < 0:05; " P > 0-05 against 


castrix only. 


Amounts of PNP and PN increased negligibly after administration of PM, 3-0 g/kg. 


PMP increased (Table 3). On the other hand, when 
mice were given PM together with castrix, total 
amounts of vitamin B, in brain did not increase sig- 
nificantly. The level of PMP was lower, and the level 
of PLP was higher than that in castrix-only treated 
mice. 


DISCUSSION 


Castrix decreased brain PL and PLP levels, and 
increased PM and PMP levels at the time of occur- 
rence of convulsions. The decrease in PLP was much 
smaller than that observed at the time of convulsions 
induced by other antivitamin B, [5,8-12], and was 
not associated with a rise in the PL level. The de- 
crease in PLP was almost equal to the increase in 
PMP. A similar inverse relationship between the con- 
centrations of PLP and PMP was observed also in 
the preconvulsive period of 10min before the 
expected onset of convulsion and 10 or 20 min after 
the onset of convulsion. This suggests that the de- 
crease in the PLP level concomitant with the increase 
in the PMP level may be relevant to the course of 
castrix convulsions. 

DOPN, TXP, SC, INH and AOAA, each of which 
prevented castrix convulsions at their subconvulsive 
doses, were found to prevent the increase in the PMP 
level produced by castrix, while TSC and PA, which 
did not prevent castrix convulsions, did not prevent 
the increase in the PMP level produced by castrix. 

These results indicate that convulsions probably 
occur as a result of the inhibition of synthesis of PLP 
from PMP by castrix and that if the inhibition is 
removed by a certain antivitamin B, at a subconvul- 
sive dose, the convulsions do not occur. If an antivita- 
min B, removes completely the inhibition of the syn- 
thesis of PLP from PMP and its action is not affected 
by castrix, the distribution pattern of B, vitamers in 
castrix plus the antivitamin B,-treated mice should 
be similar to that in the antivitamin B,-only treated 
mice. This tendency was observed except in the case 
of DOPN (Table 2). The brain level of PLP in castrix 
plus DOPN-treated mice was significantly lower than 
that in castrix-treated mice, but higher than that in 
DOPN-treated mice. This seems to indicate that the 
action of DOPN was affected by castrix. 

No regular correlation between the decrease of 
total PLP in brain and convulsions by carbonyl trap- 
ping agents has been shown [8,9, 13]. Minard sug- 


gested that hydrazine convulsions resulted from a 
compartmental deficiency of PLP in brain [8]. The 
present data also confirm a lack of correlation 
between the decrease of total amounts of PLP and 
convulsions, and suggest the compartmentation of 
PMP=<s PLP at a functionally active site. Further- 
more, the change in the distribution of B, vitamers 
induced by castrix suggests that the decrease in the 
brain PLP level may be caused through the inhibition 
of PMP oxidase (pyridoxaminephosphate: oxygen 
oxidoreductase (deaminating) EC 1.4.3.5) rather than 
PL kinase: PLP synthesized from PMP, distinct from 
PLP synthesized by phosphorylation of PL, might 
have an important role in brain function. In fact the 
inhibitory action of castrix was observed on PMP 
oxidase activity in the supernatant of mouse brain 
homogenate: 50% inhibition was observed with 1 mM 
castrix at pH 10-2. A detailed study of the inhibition 
of castrix on purified PMP oxidase is in progress. 

The mechanism of the antagonism by some antivi- 
tamin B, of castrix convulsion remains to be deter- 
mined. The similar effect of PM and the antivitamin 
B, on the PMP level in castrix-treated mice suggests 
that PM and the antivitamin B, compete with castrix 
by the same mechanism. 
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Abstract—The effects of cinnabarinic acid on the respiration of rat liver and beef heart mitochondria 
in the presence of various substrates were studied. Cinnabarinic acid inhibits respiration of rat liver 
mitochondria with a-ketoglutarate, malate, isocitrate, pyruvate and glutamate. Oxidation of succinate 
and f-hydroxybutyrate is not or only slightly inhibited. «-Ketoglutarate oxidation is most sensitive 
towards cinnabarinic acid followed by pyruvate, glutamate, malate and isocitrate oxidation. Respiration 
of beef heart mitochondria is inhibited in the presence of x-ketoglutarate, glutamate, B-hydroxybutyrate 
and malate. Cinnabarinic acid also activates the adenosine triphosphatase of intact rat liver mitochon- 
dria. Mitochondrial respiration inhibited either by rotenone, amytal or antimycin in the presence of 
B-hydroxybutrate or glutamate is restored by the addition of cinnabarinic acid. This cinnabarinic acid- 
mediated respiration is sensitive to dicumarol and cyanide. Oxidation of a-ketoglutarate blocked by 
these inhibitors and oxidation of succinate inhibited by antimycin is not restored. The cinnabarinic 
acid mediated respiration shows some degree of respiratory control. P/O ratios of 0-75 were observed. 
It is concluded that reducing equivalents are transferred from NADH upon the interaction of menadione 


reductase to cinnabarinic acid and enter the respiratory chain at the level of cytochrome cc,. 


Recently, Quagliariello and coworkers[1,2] have 
shown that 3-hydroxyanilate, intermediate of 
tryptophan metabolism, inhibits the oxidation of 


NAD-dependent substrates in rat liver mitochondria. © 


Nagasawa et al. [3] found that cytochrome c:O, oxi- 
doreductase (EC 1.9.3.1) is an enzyme system capable 
of oxydizing o-aminophenols to iso-phenoxazines. We 
found [4,5] that upon incubation of rat liver mito- 
chondria with 3-hydroxyanthranilic acid a yellow- 
orange compound was formed which was identified 
with cinnabarinic acid. This raises the question of 
whether 3-hydroxyanthranilic acid is responsible for 
the effects reported by Quagliariello[1,2]. In this 
paper the effects of cinnabarinic acid on the respir- 
ation of rat liver mitochondria and beef heart mito- 
chondria in the presence of various substrates are 
reported. The results suggest that at least some of 
the effects of 3-hydroxyanthranilic acid are due to the 
formation of cinnabarinic acid from 3-hydroxy- 
anthranilic acid. 


MATERIALS AND METHODS 


Cinnabarinic acid was synthesized according to 
Butenandt et al[6] and recrystallized from pyridine. 





Abbreviations: RLM, rat liver mitochondria; BHM, beef 
heart mitochondria; BSA, bovine serum albumin; EGTA, 
ethylene glycol bis (f-aminoethyl)-N,N-tetra-acetic acid; 
EDTA, ethylene diamine tetraacetic acid; CA, cinnabarinic 
acid (2-amino,3-oxo-3H-phenoxazine-1,9-dicarbonic acid). 


COOH COOH 


Cinnabarinic acid 


643 


Glutamate, succinate, x-ketoglutarate, ADP, ATP, 
NADH and antimycin were purchased from Boehr- 
inger und Sohne Mannheim. f-Hydroxybutyrate, 
rotenone, amytal, hexokinase type III (EC 2.7.1.1.) 
and sucrose were from Sigma Chemical Co., St Louis. 
All other reagents used were of analytical grade. 

Rat liver mitochondria (RLM) were isolated 
according to Myers and Slater [7] in 0:25 M sucrose; 
beef heart mitochondria (BHM) were isolated by a 
modification of the nagarse (EC 3.4.4.16.) procedure 
of Hatefi et al.[8] as described by Settlemire et 
al. [9]. Oxygen uptake was measured either polaro- 
graphically or manometrically. To measure the 
oxygen uptake polarographically mitochondria were 
incubated at 25° in medium composed of 66 mM 
PO, pH 7-4, 20 mM glycyl-glycine buffer pH 7-4, 
1 mM EGTA, 80 mM KCl, 50 mM sucrose, 6.6 mM 
MgCl,, 0:17 mM ADP, 66 mM f-hydroxybutyrate 
and succinate in a final volume of 3 ml. 

To measure the oxygen uptake manometrically 
RLM were incubated at 30° in medium composed 
of 30 mM KCl, 60 mM sucrose, 1mM ATP, 20 mM 
Tris-HCl pH 7:4, 30 mM glucose, 20 mM PO?” pH 
7-4, 66 mM MgCl,, 13-2mM substrates and 36 I.U. 
of hexokinase. BHM were incubated at 30° in 
medium composed of 250 mM sucrose, 10 mM PO}- 
pH 7-4, 5 mg BSA/ml, 36 I.U. of hexokinase, 13-2 
mM substrates, 33 mM glucose, 1:67 mM ADP and 
66 mM MgCl, in a final volume of 3 ml. 

Protein was estimated by the Biuret method [10] 
using samples clarified with 0:2% sodium cholate as 
described by Tyler[11]. Inorganic phosphate was 
determined according to Lindeberg and Ernster [12]. 


RESULTS 


Effect of cinnabarinic acid on mitochondrial respir- 
ation. Table 1 summarizes the effects of cinnabarinic 
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Table 1. Effect of cinnabarinic acid on the respiration of RLM and BHM with various 
substrates 





(n-atoms x min 


Substrate control 


Oxygen uptake 
' x mg protein” ') 
50 uM CA 


Inhibition 





RLM Malate 
Isocitrate 
B-Hydroxybutyrate 
Pyruvate/malate 
Glutamate 
x-Ketoglutarate 
Succinate 
B-Hydroxybutyrate 
Pyruvate/malate 
Glutamate 
x-Ketoglutarate/malonate 
Succinate 





Oxygen uptake was determined manometrically. 13-2 mM substrates, 3-3 mM malate and 
malonate, with these substances used as initiators. RLM 5-6 mg protein, BHM 2-3 mg 


protein. 


acid on state 3 respiration of rat liver and beef heart 
mitochondria in the presence of various substrates. 

RLM. Glutamate, z-ketoglutarate, pyruvate, malate 
and isocitrate oxidation is inhibited by cinnabarinic 
acid. The oxidation of f-hydroxy-butyrate and suc- 
cinate is not or only slightly affected. To evaluate 
the sensitivity of the oxidation of the various sub- 
strates the dependence of the inhibition on cinnabar- 
inic acid concentration was studied (Fig. 1). Half-max- 


imal inhibition of «-ketoglutarate and pyruvate oxi- 
dation was observed at 2 and 8 uM cinnabarinic acid, 
respectively (1-2 and 3-5 nmoles/mg protein, respect- 
ively). 

BHM. Cinnabarinic acid inhibits to a_ similar 
degree, the respiration in the presence of glutamate, 


z-ketoglutarate, pyruvate and  f-hydroxybutyrate 
whereas succinate oxidation is only slightly affected. 
Comparing the effects of cinnabarinic acid on RLM 
with those on BHM it becomes obvious that the res- 
piration of BHM in the presence of f-hydroxybutyr- 
ate is also sensitive to cinnabarinic acid. 


1 


ul 
oO 


-| 


oxygen uptake 
n atoms x min « mg prot 


S 








cinnabarinic acid 
Fig. 1. The effect of increasing cinnabarinic acid concen- 
trations on the respiration of RLM with various substrates. 
Experimental conditions as in Table 1. O-O glutamate oxi- 
dation, (J~) glutamate oxidation in the presence of 20 
mM malonate, V—V pyruvate oxidation, ©-© a-ketoglu- 
tarate oxidation. 


It is well known that quinones react with SH- 
groups [13-16] and that Pi-transport [17-21], gluta- 
mate transport [22,23] and electron transfer. in the 
NADH-flavin region [19, 24] are sensitive to SH-rea- 
gents. Smith and Lester[15] reported that glutath- 
ione reverses the effects of 2,3-dimethoxy-5-methyl-p- 
benzoquinone on the oxidation of pyruvate and suc- 
cinate and on oxidative phosphorylation in BHM. As 
cinnabarinec acid can be regarded as an imino- 
quinone the question arises whether the blocking of 
SH-groups by cinnabarinic acid is responsible for the 
observed effects. 

A one hundred-fold excess of glutathione over cin- 
nabarinic acid in the incubation medium does not 
protect RLM or BHM from the effects of cinnabarinic 
acid. 

Effects of cinnabarinic acid on state 4 respiration. 
Cinnabarinic acid stimulates oxygen uptake of RLM 
respiring in state 4. The most pronounced effect is 
found with f-hydroxybutyrate as the oxidizable sub- 
strate. With this substrate a respiration rate up to 
80 per cent of that of state 3 was found. 

We know that stimulation of state 4 respiration 
may be due to uncoupling resulting in high ATPase 
activity. Therefore the effect of cinnabarinic acid on 
ATPase was studied. 

From Fig. 2 it becomes evident that cinnabarinic 
acid stimulates ATPase about fifteen-fold, but it is 
doubtful that the enhanced ATPase activity is solely 
responsible for the observed stimulation of state 4 
respiration. 

Stimulation of succinate oxidation is only small in 
comparison with the stimulation of f-hydroxybutyr- 
ate or glutamate oxidation. Enhanced ATPase ac- 
tivity can therefore be responsible only for the effect 
on state 4 respiration with succinate and for a part 
of the stimulation of f-hydroxybutyrate oxidation. 
Another mechanism which leads to this stimulating 
effect must therefore exist. 

Effects of cinnabarinic acid on the rotenone, amytal, 
antimycin or CN~ inhibited respiratory chain. Cinna- 
barinic acid restores the rotenone, amytal or antimy- 
cin inhibited respiration of rat liver mitochondria 





Effects of cinnabarinic acid on mitochondrial respiration 


Table 2. Cinnabarinic acid induced stimulation of state 4 oxidation of RLM 





Substrate Additions 


Oxygen uptake 
(n-atoms x min~' x mg protein~') 





B-Hydroxybutyrate - 
B-Hydroxybutyrate ADP 
B-Hydroxybutyrate CA 
Succinate - 
Succinate ADP 
Succinate CA 
Glutamate - 
Glutamate ADP 
Glutamate CA 





Oxygen uptake was measured polarographically. 66 mM Hydroxybutyrate, suc- 
cinate and glutamate, 0:17 mM ADP, 70 uM CA; 8-7 mg mitochondrial protein. 


-| 


py moles Pixh «mg prot 











i T 
50 100 
pM 

cinnabarinic acid 


Fig. 2. Stimulation of ATPase by cinnabarinic acid. RLM 
(1-1 mg protein) were incubated at 25° in a medium of 
the following composition: 4 mM ATP, 76 mM KCI 1 mM 
EDTA, 108 mM sucrose, 3 mM MgCl,, 20 mM Tris-HCl 
pH 7-4; final volume 1-5 ml. After 15 min the reaction 
was stopped by the addition of 0-5 ml 20% TCA. 


supported by f-hydroxybutyrate. The cinnabarinic 
acid-mediated respiration is sensitive to cyanide and 
dicumarol. Similar results were found with glutamate 
but not with oxoglutarate or succinate. 

The concentrations of dicumarol needed to inhibit 
the cinnabarinic acid shunt maximally are of the same 
order of magnitude as those which inhibit menadione 
reductase (EC 1.6.99.2.) [25] and menadione mediated 
respiration [26]. Such behaviour is taken as evidence 
for the participation of menadione reductase in cinna- 
barinic acid-mediated respiration. 

The effect of increasing concentrations of cinnabar- 
inic acid on the respiration rate in the presence of 
rotenone is shown in Fig. 3. Line A depicts this 
dependence for f-hydroxybutyrate oxidation. Below 
32 nmoles/mg (50 uM) the concentration of cinnabar- 
inic acid becomes rate-limiting; half-maximal recov- 
ery is found at 7 nmoles/mg (12 uM). With glutamate 
as oxidizable substrate (line B) about 40 per cent of 


Table 3. Effect of cinnabarinic acid on the rotenone, amytal or antimycin inhibition of respir- 
ation with £-hydroxybutyrate or succinate 





Substrate 


Additions 


Oxygen uptake 
(n-atoms x min 
x mg protein” ') 


1 





B-Hydroxy butyrate none 


B-Hydroxybutyrate 
B-Hydroxybutyrate 
fb-Hydroxybutyrate 


B-Hydroxybutyrate 
B-Hydroxybutyrate 
B-Hydroxybutyrate 


B-Hydroxybutyrate 
B-Hydroxybutyrate 
B-Hydroxybutyrate 


fB-Hydroxybutyrate 
B-Hydroxybutyrate 
Succinate 
Succinate 
Succinate 
Succinate 


rotenone 

rotenone + cinnabarinic acid 

rotenone + cinnabarinic acid 
+ dicumarol 

amytal 

amytal + cinnabarinic acid 

amytal + cinnabarinic acid 
+ dicumarol 

antimycin 

antimycin + cinnabarinic acid 

antimycin + cinnabarinic acid 
+ dicumarol 

KCN 

KCN + cinnabarinic acid 

none 

antimycin 

antimycin + cinnabarinic acid 

antimycin + cinnabarinic acid 
+ dicumarol 





Oxygen uptake was measured polarographically in a medium described in material and 
methods. The additions were as follows: B-hydroxybutyrate and succinate 20 umoles, cinna- 
barinic acid 112 nmoles in the presence of B-hydroxybutyrate and 198 nmoles in the presence 
of succinate, | yg rotenone, 0-8 yg antimycin, 5.4 umoles amytal, 3 ywmoles CN™ and 30 
nmoles dicumarol; 7-°9 mg mitochondrial protein; final volume 3 ml. 
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Table 4. Effect of cinnabarinic acid on the respiration with glutamate and x-ketoglutarate 





Substrate 


Additions 


Oxygen uptake 
(n-atoms x min™ 
x mg protein” ') 





none 
rotenone 


Glutamate 
Glutamate 
Glutamate 
Glutamate 
Glutamate 
+ dicumarol 
Glutamate antimycin 
Glutamate 
Glutamate 
Glutamate 
x-Ketoglutarate 
4-Ketoglutarate 
4-Ketoglutarate 
4-Ketoglutarate 


amytal 


none 
rotenone 


cinnabarinic acid 
rotenone + cinnabarinic acid 
rotenone + cinnabarinic acid 


cinnabarinic acid 
rotenone + cinnabarinic acid 


antimycin + cinnababarinic acid 


amytal + cinnabarinic acid 





Oxygen uptake was measured manometrically, for 18 min. The amount of cinnabarinic acid 
was in Expt. | 83-5 nmoles and Expt. 2 114 nmoles; mitochondrial protein, 5-5 mg in Expt. 
| and 5-7 mg in Expt. 2. For further detailes see materials and methods and Table 1. 


oO 
ri 


.=) 
(oa) 
oak 


oxygen uptake 
yp atoms / mg prot 





= aC 








10 20 50 100 
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Fig. 3. Restoration of rotenone-inhibited respiration in the 

presence of increasing concentrations of cinnabarinic acid. 

Oxygen uptake was measured by the Warburg technique. 

lug rotenone, 13:2 mM f-hydroxybutyrate or glutamate; 

5 mg mitochondrial protein. Line A, f-hydroxybutyrate 

oxidation; B, glutamate oxidation; C, endogenous 
respiration. 


the normal uninhibited oxidation rate of glutamate 
is obtained on addition of cinnabarinic acid. The cin- 
nabarinic acid-restored respiration proceeds linearly 
with time. ' 

It is well established that glutamate is oxidized in 
isolated mitochondria predominantly via the trans- 


mination pathway. Oxidative deamination of gluta- 
mate occurs only if the transamination pathway is 
inhibited e.g. by bhocking succinate dehydrogenase 
(EC 1.3.99.1.) with malonate [27]. The finding that 
cinnabarinic acid inhibits oxygen uptake in the pres- 
ence of x-ketoglutarate indicates that cinnabarinic 
acid may activate the dehydrogenase pathway. This 
view is supported by the finding that during the cin- 
nabarinic acid mediated glutamate oxidation 
ammonia generation is greatly enhanced whereas 
aspartate formation is nearly abolished (Table 5). 

Like the oxidation of glutamate and f-hydroxybu- 
tyrate the endogenous respiration inhibited by 
rotenone, too, is restored on addition of cinnabarinic 
acid (line C of Fig. 3). 100 per cent recovery, however, 
is found at much lower concentrations of cinnabarinic 
acid (6 nmoles/mg (13 u“M)). The malonate inhibition 
of succinate oxidation is not restored by cinnabarinic 
acid. 

Energy conservation of the by-pass. lt is well docu- 
mented that antimycin inhibits the electron flux from 
cytochrome b to cytochrome c[30] and cyanide at 
the level of cytochrome a; [31]. Cyanide strongly in- 
hibits cinnabarinic acid-mediated respiration whereas 
antimycin has no influence. This indicates that cyto- 
chrome c or cytochrome c,; may be the electron 


Table 5. Ammonia and aspartate formation during cinnabarinic acid mediated 
glutamate oxidation 





A Aspartate 
(nmoles x min 
x mg protein” ') 


Additions 


A Ammonia 
(nmoles x min™ 
x mg protein” ') 


1 1 





Glutamate 
Glutamate + rotenone 
+ cinnabarinic acid 


20-9 0:5 


0-45 9-9 





Mitochondria (49 mg protein) were incubated in the medium described for 
the manometric measurement of oxygen uptake at 30°; 13-2 mM glutamate, 
60 uM cinnabarinic acid, | pg rotenone; final volume 3 ml. After 12 min 
the reaction was stopped by the addition of HCIO, and aspartate was determined 
according to Bergmeyer et al. [28] and ammonia according to Kun and Kear- 


ney [29]. 
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substrate 
| ADP 
| 


rotenone 





O07 =0 





Fig. 4. Stimulation of the cinnabarinic acid-mediated by- 

pass by ADP. Oxygen uptake was measured polarographi- 

cally. 138 nmoles cinnabarinic acid; 9-2 mg mitochondrial 
protein. 


acceptor of the cinnabarinic acid-mediated pathway. 
In this case ATP synthesis or some degree of respira- 
tory control should be observed. Stimulation of the 
by-pass with ADP could in fact be demonstrated (Fig. 
4). Addition of ADP caused a 1-3- to 1-5-fold stimu- 
lation and respiration rate slowed down after the 
ADP was exhausted. On average an ADP/O ratio 
of 0-75 was found. 

In the presence of an ATP trap (hexokinase plus 
glucose) a P/O ratio of 2:3 for the oxidation of B-hyd- 
roxybutyrate was found. Addition of 11 nmoles/mg 
(33-3 uM) of cinnabarinic acid lowered the P/O ratio 
non-significantly to 1:75. Therefore it is suspected 
that the cinnabarinic acid pathway competes with 
NADH-dehydrogenase (EC 1.6.99.3.) for NADH. In 
the absence of a respiratory chain inhibitor or in state 
3 this competition is dominated by NADH-dehydro- 
genase. 

Participation of menadione reductase in cinnabarinic 
acid mediated respiration. Menadione reductase was 
shown to be an integral part of the cinnabarinic acid 
shunt. Reducing equivalents are transferred, in a 
reconstituted system, from NADH to cytochrome c 
via cinnabarinic acid only in the presence of mena- 
dione reductase. In the absence of either cinnabarinic 
acid or menadione reductase no reducing equivalents 
are transferred. These findings also support the view 


that cytochrome c is the electron acceptor in the cin- 
nabarinic acid shunt. 


DISCUSSION 


It was questioned whether the formation of cinna- 
barinic acid from 3-hydroxyanthranilic acid is respon- 
sible for the effects of 3-hydroxyanthranilic acid 
reported by Quagliariello et al. [1,2]. 

The results presented in this paper indicate that 
at least some of the effects exerted by 3-hydroxyanth- 
ranilic acid are due to the formation of cinnabarinic 
acid. 1. Cinnabarinic acid is at least twenty times 
more effective than 3-hydroxyanthranilic acid in inhi- 
biting respiration of rat liver mitochondria. 1 mM 
3-hydroxyanthranilic acid decreases glutamate-, 
malate-, pyruvate- and isocitrate oxidation by about 
40-70 per cent whereas 50 4M cinnabarinic acid gives 
the same effect. The differences are much more pro- 
nounced with «-ketoglutarate as the oxidizable sub- 
strate; to get half-maximal inhibition 250 uM 3-hyd- 
roxyanthranilic acid or 2 uM cinnabarinic acid, re- 
spectively, are needed. 2. The concentration of 
3-hydroxyanthranilic acid needed to get half-maximal 
recovery of the inhibited respiration is about 10°*M 
and maximal recovery is obtained at 10~ 3M. It would 
be sufficient therefore if only a small percentage of 
the 3-hydroxyanthranilic acid is converted to cinna- 
barinic acid to exert the effects discussed above. 3. 
3-Hydroxyanthranilic acid is rapidly oxidized by 
cytochrome c yielding cinnabarinic acid. Addition of 
cytochrome c reduces considerably the amount of 
3-hydroxyanthranilic acid needed to get half-maximal 
or maximal recovery, to 10°°M and 5 x 10°°M re- 
spectively, values observed by use for cinnabarinic 
acid [2]. 

Two mechanisms are responsible for the formation 
of cinnabarinic acid; non-enzymic [32] and enzymic 
oxidation of 3-hydroxyanthranilic acid. The enzyma- 
tic formation of cinnabarinic acid is catalyzed by 
cytochrome c:O, oxidoreductase [3] and may be the 
main pathway for the formation of cinnabarinic acid 
upon incubation of isolated mitochondria. Besides the 
mitochondrial enzyme system, three other enzymes or 
enzyme systems are known to convert 3-hydroxyanth- 
ranilic acid to cinnabarinic acid. Subba Rao [33] iso- 
lated a cinnabarinic acid synthetase from rat liver nu- 
clei, and Morgan et al. [34] reported that DOPA is 


Table 6. Reconstitution of the cinnabarinic acid shunt 





Additions 


Cyt. c reduced 
(nmoles/min) 





NADH 

NADH +¢ cinnabarinic acid 
NADH + menadione reductase 
NADH + menadione reductase 
~ + cinnabarinic acid 

NADH + menadione reductase 


+ cinnabarinic acid + dicumarol 


0 

0-1 

38 
253-4 


11-9 





7 


To a solution of 50 uM cytochrome c in 0-1 M phosphate buffer 


pH 7-4 the following were added as indicated to give a final concen- 
tration of : 1 mM NADH, 60 uM cinnabarinic acid, 50 “4M dicumarol 
and 0:2 U. menadione reductase; final volume 3 ml at 25°. Mitochondrial 
menadione reductase was isolated and determined according to the 


method of Conover et al. [26]. 
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converied to DOPA-quinone by DOPA oxidase, and 
that DOPA-quinone oxidizes 3-hydroxyanthranilic 
acid as well as the presence of a cinnabarinic acid 
synthetase in the liver of poikilothermic animals [35]. 

It was assumed that a deranged tryptophan meta- 


bolism may be the cause of some tumors especially ’ 


those of the bladder, [36] since it is known that 
abnormally high amounts of 3-hydroxyanthranilic 
acid and 3-hydroxykynurenine are excreted in the 
urine of patients with bladder tumors [37]. The pres- 
ent résults indicate that 3-hydroxyanthranilic acid is 
converted to the more effective phenoxazone and an 
interaction of cinnabarinic acid with the oxidative 
processes in mitochondria may be involved in the in- 
duction of bladder tumours in man. 
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Abstract—Inhibition of firing in the nigro-neostriatal dopamine system causes a rapid increase in the 
steady state levels of dopamine and an apparent activation in vivo of tyrosine hydroxylase. Although 
the apparent activity of tyrosine hydroxylase returns to normal after dopamine levels have been in- 
creased, the elevated dopamine levels do not appear to inhibit tyrosine hydroxylase below control 
levels. In contrast, when dopamine levels are increased by administration of a monoamine oxidase 
inhibitor, there is a significant reduction in striatal tyrosine hydroxylase activity as measured by the 
accumulation of dihydroxyphenylalanine (DOPA) after administration of a DOPA decarboxylase inhibi- 
tor. These results suggest that a blockade of impulse flow in the dopaminergic neurons causes a 
decrease in the sensitivity of striatal tyrosine hydroxylase to inhibition by elevated levels of dopamine. 
Administration of dopamine agonists reverses this effect and restores to normal the sensitivity of tyro- 
sine hydroxylase to inhibition by endogenous dopamine. This effect of the dopamine agonists is pre- 
vented or reversed by administration of drugs which block dopamine receptors. Thus, the dopamine 
agonists appear to alter dopamine synthesis in the absence of impulse flow by interacting at a site, 
possibly on the presynaptic side of the dopamine terminal, which is similar to the post-synaptic dopa- 
minergic receptor and which appears capable of altering the sensitivity of tyrosine hydroxylase to 


inhibition by endogenous dopamine. 


Many laboratories have described the rapid and 
marked increase in neostriatal dopamine levels which 
occurs after impulse flow has been inhibited in the 
nigro-neostriatal pathway [1-8]. This increase can be 
elicited by cerebral hemisection [6], by lesion of the 
substantia nigra or median forebrain bundle 
[1,2,4,5,8,9], by intraventricular injection of 6-OH 
dopamine [10] and by administration of gamma- 
butyrolactone (GBL) [11-14], a drug known to in- 
hibit the firing of the nigro-neostriatal neurons [7]. 

The increase in neostriatal dopamine levels follow- 
ing inhibition of impulse flow in the nigro-neostriatal 
pathway is accompanied by an apparent activation 
of tyrosine hydroxylase as measured by the accumu- 
lation of 3,4-dihydroxyphenylalanine (DOPA) after 
administration of a DOPA decarboxylase inhibitor 
[6, 15,16] and by increased conversion of [*H]tyro- 
sine to DOPA and dopamine [8,17]. The hypothesis 
that tyrosine hydroxylase activity is normally regu- 
lated by end-product feedback inhibition is inconsis- 
tent with this observation that dopamine synthesis 
can be elevated while endogenous levels of dopamine 
are also increasing. 





* A partial account of the data contained in this paper 
was presented at the Thirteenth Annual Meeting of the 
American College of Neuropsychopharmacology, Palm 
Springs, Calif. (Dec. 1973). 

+ Present Address: Laboratory of Neuropharmacology, 
National Institute of Neurological and Communicative 
Disorders and Stroke, National Institutes of Health, Beth- 
esda, Md. 20014, U.S.A. 
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To investigate this phenomenon further we have 
studied the ability of drugs which interact with dopa- 
mine receptors to modify the change in dopamine 
synthesis following inhibition of impulse flow. These 
effects have been compared with the changes in dopa- 
mine synthesis occurring after elevation of dopamine 
by inhibition of monoamine oxidase (MAO). The 
results suggest that the increase in dopamine synthesis 
following blockade of impulse flow may be due to 
a decrease in the inhibitory effects of intraneuronal 
dopamine on tyrosine hydroxylase activity. Moreover, 
dopamine agonists appear to reverse this effect by 
interacting with dopamine receptors, most probably 
located on the presynaptic side of the synapse 
[15, 18]. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats (200-350 g) obtained 
from Charles River Inc. were used throughout the 
experiments. Drugs were administered interperi- 
toneally (i.p.). Gamma-butyrolactone (GBL) (Mathe- 
son, Coleman & Bell) was used in preference to the 
sodium salt of gamma-hydroxybutyric acid (GHB), 
since it is more rapidly and uniformly absorbed fol- 
lowing ip. injection. Other drugs used were RO4- 
4602 (seryl-trihydroxybenzylhydrazine; Hoffmann- 
LaRoche, Inc.), d-amphetamine sulfate (K & K 
Laboratories, Inc.), apomorphine HCl, phenoxybenz- 
amine and chlorpromazine (Smith, Kline & French 
Laboratories), haloperidol (McNeil Laboratories), 
pargyline HCl (Abbott Laboratories), promethazine 
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(Wyeth Laboratories), propranolol (Ayerst Labora- 
tories) and _ 1-(2-pyrimidyl)-piperonyl-piperazine 
(ET-495; Laboratories Servier). 

The method of Carlsson et al. [6] was used to in- 
vestigate the effects of various drug treatments on tyr- 
osine hydroxylase activity in vivo. We have previously 
demonstrated that the accumulation of DOPA in the 
striatum is linear for at least 60 min after the inhibi- 
tion of DOPA decarboxylase with RO4-4602 
(800 mg/kg) [16]. In the following experiments the 
accumulation of DOPA after various pretreatments 
has been used as an approximation of the relative 
effects of these treatments on the activity in vivo of 
tyrosine hydroxylase. After various drug pretreat- 
ments, the animals were given 800mg/kg of 
RO4-4602, a rapidly acting inhibitor of DOPA decar- 
boxylase, and killed by decapitation 30 min later. The 
striata were rapidly dissected over ice as described 
by Bunney et al. [19] and kept frozen at —70° for 
up to 3 days before analysis. DOPA was isolated and 
measured fluorometrically, essentially by the tech- 
nique of Kehr et al. [20] with some modifications 
as described by Walters and Roth [16]. 

Dopamine determinations were performed on rats 
which did not received RO4-4602. A modification of 
the method of Lavery and Taylor [21] was used as 
described in Walters and Roth [13]. Data were ana- 
lyzed using a two-tailed t-test with a criterion for sig- 
nificance of P < 0-05. 


RESULTS 


In confirmation of previous findings [15,16], inhi- 


bition of impulse flow produced by the administration, 


of 750mg/kg of GBL Smin before treatment with 
RO4-4602 caused a marked increase in the 30-min 
accumulation of neostriatal DOPA, as compared with 
control (Fig. 1). Over this time-period there is a sig- 
nificant increase in the levels of dopamine in the neo- 
striatum as well [13]. Since the increased dopamine 
levels caused by inhibition of impulse flow do not 
appear to have an inhibitory effect on the apparent 
activity of tyrosine hydroxylase, it was of interest to 
determine whether tyrosine hydroxylase activity 
would be altered by a pargyline-induced increase in 
dopamine. 

When RO4-4602 was administered 2:Shr after 
administration of pargyline and the rats were sacri- 
ficed 30 min later, the accumulation of DOPA was 
found to be markedly decreased to approximately 40 
per cent of control (Fig. 1). At this time, 3 hr after 
pargyline administration, the levels of dopamine in 
the neostriatum were significantly increased (Fig. 2). 
The decreased accumulation of DOPA observed after. 
dopamine levels were increased by MAO inhibition 
was not due to a direct effect of pargyline on dopa- 
mine synthesis, as the accumulation of DOPA during 
the first 30 min after administration of this drug was 
not significantly different from control 
(0-66 + 0-05 ug/g, mean + S.E.M.; N = 5). In con- 
trast to the effects observed after inhibition of impulse 
flow, this apparent decrease in the activity of tyrosine 
hydroxylase, after dopamine levels have been in- 
creased by MAO inhibition, does seem consistent 
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Fig. 1. Effect of pargyline on the accumulation of neostria- 
tal DOPA after inhibition of firing. All animals were 
treated with 800 mg/kg of RO4-4602 30 min before sacri- 
fice. GBL (750 mg/kg) was administered i.p. 35 min before 
sacrifice, haloperidol (HAL, 1 mg/kg) was administered 
45 min before sacrifice and pargyline (PARG, 75 mg/kg) 
was administered 3 hr before sacrifice, where indicated. The 
bars represent the S. E. M. and the numbers in the columns 
indicate the number of individual determinations. A single 
asterisk indicates significantly different from control, 
P < 0-001. A double asterisk indicates significantly different 
from control, P < 0-02. 


with the hypothesis that endogenous dopamine exerts 
a negative feedback effect on tyrosine hydroxylase. 
The apparent inhibition of tyrosine hydroxylase ac- 
tivity caused by the increase in dopamine after pargy- 
line administration is even more evident with haloper- 
idol treatment (Fig. 1). Administration of | mg/kg of 
haloperidol alone caused a marked increase in the 
30-min accumulation of DOPA. This was expected, 
as haloperidol has been shown to cause a marked 
increase in the firing of the nigro-neostriatal dopa- 
mine neurons [19] and a concomitant increase in 
dopamine turnover [22]. However, when endogenous 
levels of dopamine were elevated by administration 
of pargyline 2:5 hr before haloperidol administration, 
the 30-min accumulation of DOPA was only 12 per 
cent of that observed after haloperidol alone. 
Pargyline pretreatment was much less effective in 
inhibiting tyrosine hydroxylase in the absence of im- 
pulse flow. When GBL was administered 5 min before 
the DOPA decarboxylase inhibitor, after dopamine 
levels had been increased by pargyline pretreatment, 
DOPA accumulation was less inhibited than in the 
animals receiving only pargyline or pargyline plus 
haloperidol (Fig. 1). DOPA accumulation was 60 per 
cent of that observed in the animals receiving GBL 
alone. When GBL was administered to animals 
treated with pargyline and haloperidol, the accumu- 
lation of DOPA was again less inhibited than in those 
animals receiving pargyline and haloperidol alone. 
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Fig. 2. Effect of MAO inhibition and dopamine agonists 
on dopamine and DOPA levels after inhibition of impulse 
flow. For all DOPA determinations, RO4-4602 was 
administered i.p. 30 min before sacrifice. Dopamine (DA) 
determinations were performed on rats which did not 
receive RO4-4602. GBL (800 mg/kg) was administered i.p. 
90 min before sacrifice; apomorphine (APO, 2 mg/kg) and 
ET-495 (10 mg/kg) were administered 40 min before sacri- 
fice, where indicated. The bars represent the S.E.M. and 
the numbers in the columns indicate the number of indivi- 
dual determinations. Percentages were determined on the 
basis of individual controls. Pooled dopamine controls 
were 9-42 + 0:37 g/g (N = 8), and DOPA controls were 
0-80 + 0-03 ug/g (N = 19; mean + S.E.M.). A single aster- 
isk indicates significantly different from control, P < 0-001. 
A double asterisk indicates significantly different from con- 
trol, P < 0-05. A triple asterisk indicates significantly dif- 
ferent from control, P < 0-002. 


One possible explanation for these results was that 
inhibition of firing reduced the ability of endogenous 
dopamine to exert an inhibitory effect on the activity 
of tyrosine hydroxylase. To investigate this further, 
the accumulation of DOPA was measured during the 
period when dopamine levels were maximally ele- 
vated by GBL treatment (Fig. 2). RO4-4602 was 
administered 60 min after GBL treatment and the ani- 
mals were sacrificed 30min later. It has been pre- 
viously reported [16] that dopamine levels are maxi- 
mally increased after inhibition of impulse flow at this 
time. Dopamine synthesis rates appear to return to 
normal but are not significantly different from control 
despite the existing 80-100 per cent increase in dopa- 
mine (Fig. 2). This finding is in contrast to the obser- 
vation that the smaller increase in dopamine pro- 
duced by pargyline pretreatment has a marked inhibi- 
tory effect on DOPA accumulation. In another group 
of animals, the pargyline and 90-min GBL treatments 
were combined, and levels of dopamine were con- 
siderably higher than those after pargyline alone, but 
again, the accumulation of DOPA was not signifi- 
cantly different from control (Fig. 2). As with the 
short-term GBL treatment, increased dopamine levels 
in the absence of impulse flow did not exert an inhibi- 
tory effect on the apparent activity of tyrosine hyd- 
roxylase. 

It has been shown that dopamine agonists can 
block the increase in dopamine synthesis which 
occurs after inhibition of impulse flow [16] and it 
has been suggested that these agonists may exert this 
effect by acting at a site similar to the post-synaptic 
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dopamine receptor but located on the presynaptic 
side of the synapse [18]. If inhibiting impulse flow 
in the dopaminergic neurons does alter the inhibitory 
effect of endogenous dopamine on tyrosine hydroxy- 
Jase activity, it seemed possible that presynaptic 
receptor stimulation might prevent this alteration and 
might also reverse it once it had occurred. To investi- 
gate this, apomorphine was administered after dopa- 
mine levels had been elevated by pretreatment with 
GBL (Fig. 2). The subsequent 30-min accumulation 
of DOPA was significantly less than control, less than 
that observed after apomorphine alone, and also sig- 
nificantly less than that observed when apomorphine 
and GBL were administered shortly before the 
DOPA decarboxylase inhibitor (Fig. 3) when dopa- 
mine levels were not yet maximally increased [13]. 
Similar results were obtained when ET-495, another 
dopamine agonist, was administered in place of apo- 
morphine (Fig. 2). Since the apparent activity of tyro- 
sine hydroxylase was reduced more when DA levels 
were higher, it appears that the administration of a 
dopamine agonist after inhibition of impulse flow 
results in an apparent restoration in the ability of 
endogenous dopamine to inhibit tyrosine hydroxylase 
effectively. 

As shown in Table 1, the effect of apomorphine 
on the synthesis of dopamine after GBL adminis- 
tration was blocked by haloperidol, a dopamine 
receptor blocking drug. When haloperidol was 
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Fig. 3. Effect of apomorphine and other drugs on neostria- 
tal DOPA accumulation following inhibition of impulse 
flow. All animals received 800 mg/kg of RO4-4602, i-p. 
30 min before sacrifice. GBL (750 mg/kg) was administered 
ip. 35 min before sacrifice, apomorphine (APO, 2 mg/kg) 
was administered i.p. 40 min before sacrifice and haloperi- 
dol (HAL, 1 mg/kg), chlorpromazine (CPZ, 10 mg/kg), pro- 
methazine (PROM, 10 mg/kg), propranolol (PROPAN, 
5 mg/kg) and phenoxybenzamine (PBA, 25 mg/kg) were 
administered 45 min before sacrifice, where indicated. The 
bars represent the S. E. M. and the numbers in the columns 
indicate the number of individual determinations. A single 
asterisk indicates significantly different from control, 
P < 0-001. A double asterisk indicates significantly differ- 
ent from control, P < 0-01. A triple asterisk indicates signi- 

ficantly different from control, P < 0-005. 
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Table 1. Effect of haloperidol on striatal DOPA accumu- 
lation after apomorphine and 90-min GBL treatment* 





DOPA 


Treatment (ug/g) N 





0-96 
0-92 
5:35 
1-20 
0:24 
(99 


0-13 
0-06 
0-167 
0-06 
0-03+ 
0-04 


Control 

GBL, 90 min 

HAL, 45 min 

GBL, 90 min + HAL, 45 min 

GBL, 90 min + APO, 40 min 

GBL, 90 min + HAL, 45 min 
+ APO (40 min) 


+e 4 i+ I+ I+ I+ 





* All animals received 800 mg/kg of RO4-4602 30 min 
before sacrifice. GBL (750 mg/kg). haloperidol (HAL, 
| mg/kg) and apomorphine (APO, 2 mg/kg) were adminis- 
tered i.p. or as indicated. 

+ Significantly different from control, P < 0-005. 


administered 5 min before apomorphine and 45 min 
after GBL treatment, the accumulation of DOPA was 
similar to that observed after GBL alone. 

Figure 3 indicates that dopamine receptor blocking 
agents can also prevent the effect of apomorphine 
when both agonist and antagonist are administered 
before impulse flow is blocked. Apomorphine 
(2 mg/kg) alone, administered 10 min before treatment 
with RO4-4602, caused a signiificant decrease in 
DOPA accumulation as compared with control. The 
administration of apomorphine had little effect on the 
accumulation of DOPA observed after haloperidol 
treatment, but when apomorphine was administered 
to animals 5 min before impulse flow was inhibited 
by GBL treatment, the increased accumulation of 
DOPA normally observed after GBL administration 
was blocked. 

The apomorphine-induced blockade of the appar- 
ent activation of tyrosine hydroxylase caused by 
inhibition of impulse flow was reversed by pretreat- 
ment with haloperidol (1 mg/kg) or chlorpromazine 
(10 mg/kg). As illustrated in Fig. 3, the effect of 
apomorphine on the accumulation of striatal DOPA 
after administration of GBL was not reversed by pre- 
treatment with phenoxybenzamine (25 mg/kg) or pro- 
pranolol (5 mg/kg), both peripheral adrenergic- 
blocking agents, or by promethazine (10 mg/kg), 
a phenothiazine which, unlike the antipsychotic 
phenothiazines, does not block post-synaptic dopa- 
mine receptors [19]. 

Figure 4 shows similar results obtained with 
ET-495, another dopamine receptor stimulating agent 
[23]. Like apomorphine, ET-495 (10 mg/kg), adminis- 
tered before GBL, blocked the increase in DOPA 
accumulation normally produced by GBL adminis- 
tration, and this block was reversed by pretreatment 
with | mg/kg of haloperidol. 

A treatment thought to promote an increase in the 
release of dopamine into the synaptic cleft also pre- 
vented the increase in DOPA accumulation after 
inhibition of impulse flow. The administration of 
d-amphetamine (5 mg/kg) inhibited the increase in 
DOPA accumulation following GBL administration 
(Fig. 4). This effect was reversible as well: it was 
blocked by haloperidol pretreatment. 
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DISCUSSION 


During the first 0-Shr after inhibition of impulse 
flow in the dopaminergic nigro-neostriatal neurons, 
the activity in vivo of striatal tyrosine hydroxylase 
appears to be markedly increased [6, 15,16]. Over 
this period, there is an increased incorporation of 
[*H]tyrosine into dopamine [8,17] and an increased 
accumulation of DOPA after administration of a 
DOPA decarboxylase inhibitor [6,15,16]. Once 
dopamine levels have risen by approximately 80-100 
per cent after impulse flow inhibition, they remain 
at this elevated level until impulse flow is restored 
or the terminals degenerate [16]. Similar effects are 
not observed after inhibition of impulse flow in CNS 
neurons containing norepinephrine [24] or serotonin 
[6, 25]. 

The hypothesis that the activity of tyrosine hydroxy- 
lase is normally decreased by end-product inhibition 
is inconsistent with the apparent increase in striatal 
tyrosine hydroxylase activity observed after inhibition 
of impulse flow. Moreover, once dopamine levels have 
increased to a new steady-state level, tyrosine 
hydroxylase activity appears to return to normal [16], 
but the increased transmitter levels do not inhibit the 
enzyme. 

In the intact firing system, however, an increase 
in striatal dopamine levels does appear to inhibit the 
apparent activity of tyrosine hydroxylase in vivo, as 
the experiments with MAO inhibition indicate. Stria- 
tal MAO appears to be, in part, intraneuronai [26] 
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Fig. 4. Effect of ET-495, amphetamine and _ haloperidol 
treatment on neostriatal DOPA accumulation after inhibi- 
tion of firing. All animals received 800 mg/kg of RO4-4602 
30 min before sacrifice. GBL (750 mg/kg) was administered 
ip. 35 min before sacrifice, ET-495 (10 mg/kg) and amphe- 
tamine (AMP, 5S mg/kg) were administered ip. 40 min 
before sacrifice and haloperidol (HAL, 1 mg/kg) was 
administered i.p. 45 min before sacrifice, where indicated. 
The bars represent the S.E.M. and the numbers in the 
columns indicate the number of individual determinations. 
A single asterisk indicates significantly different from con- 
trol, P < 0-001. A double asterisk indicates significantly 
different from control, P < 0-005. 
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and inhibition of MAO would presumably cause an 
increase in the levels of intraneuronal dopamine. The 
finding that the increase in dopamine caused by 
MAO inhibition is accompanied by a marked de- 
crease in the apparent activity of tyrosine hydroxylase 
supports the idea that under these conditions tyrosine 
hydroxylase activity is decreased by end-product inhi- 
bition. When impulse flow was blocked by the 
administration of GBL after pargyline pretreatment, 
however, the increased dopamine levels appeared to 
exert much less of an inhibitory effect on striatal tyro- 
sine hydroxylase activity. 

One explanation for these findings is that the in- 
traneuronal localization of dopamine is altered by in- 
hibition of impulse flow in such a way that it is no 
longer able to exert an inhibitory effect on tyrosine 
hydroxylase. This would mean, however, relocating 
not only newly synthesized dopamine, but also, in 
the pargyline experiments, the dopamine which had 
accumulated intraneuronally during the period of 
MAO inhibition. Another explanation would be that 
a decrease in the sensitivity of tyrosine hydroxylase 
to the inhibitory effects of dopamine occurs sub- 
sequent to impulse flow inhibition [27]. Evidence in 
vitro for such a change in tyrosine hydroxylase follow- 
ing inhibition of impulse flow by both mechanical 
and pharmacological means is presented in the fol- 
lowing paper [28]. 

If the increase in dopamine synthesis occurring 
after inhibition of impulse flow is due to an alteration 
in the ability of interneuronal dopamine to exert an 
inhibitory effect on tyrosine hydroxylase, it seems 
possible that the dopamine agonists may act by 
reversing this alteration. The administration of a 
dopamine agonist after inhibition of impulse flow 
resulted in an apparent restoration of the sensitivity 
of tyrosine hydroxylase to inhibition by endogenous 
dopamine. In the presence of apomorphine, the ac- 
tivity of tyrosine hydroxylase was decreased more 
when dopamine levels were highest. The agonists do 
not appear to be interacting directly with striatal tyr- 
osine hydroxylase as they do not significantly inhibit 
the enzyme when added to the incubation medium 
in concentrations as high as 10°* M [28]. Also, their 
effects on dopamine synthesis in the presence or 
absence of impulse flow are blocked by haloperidol. 
In contrast, the inhibitory effect of increased in- 
traneuronal dopamine caused by MAO inhibition is 
not blocked by haloperidol. Haloperidol adminis- 
tration also does not cause a substantial increase in 
DOPA accumulation 60-90 min after GBL treatment 
(Table 1). This suggests that leakage and accu- 
mulation of dopamine in the synaptic cleft are not 
important factors in causing dopamine synthesis to 
return to control levels at this time after GBL treat- 
ment. Perhaps intraneuronal dopamine levels even- 
tually become sufficiently high to exert some limited 
direct inhibitory effects on tyrosine hydroxylase, 
reversing the acceleration of dopamine synthesis 
observed during the first 30min after inhibition of 
impulse flow. 

It has been hypothesized that the ability of apo- 
morphine to prevent the increase in DOPA accumu- 
lation after inhibition of impulse flow is related to 
the agonist’s ability to stimulate dopamine receptors 
located either pre- or post-synaptically on the dopa- 
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mine terminal [18]. This hypothesis is further sup- 
ported by the observation that pretreatment with 
ET-495, another dopamine agonist, and ampheta- 
mine, a dopamine-releasing compound, also blocks 
the increase in DOPA accumulation after GBL and 
that these effects can be reversed by receptor blocking 
agents. Thus the dopamine agonists appear able to 
block and reverse the apparent activation of tyrosine 
hydroxylase which occurs when impulse flow is inhi- 
bited in the dopamine neurons by interacting at a 
presynaptic site analogous to the post-synaptic dopa- 
mine receptor. Recent studies in vitro in our labora- 
tory [27,28] suggest that an alteration in calcium flux 
may play an important role in these changes in tyro- 
sine hydroxylase activity. 

The existence of a presynaptic receptor mechanism 
which modulates presynaptic function was first sug- 
gested to explain findings in the peripheral nervous 
system. It was observed by many investigators that 
drugs such as phenoxybenzamine and phentolamine, 
which blocked z-adrenergic receptors, also caused an 
increase in the amount of norepinephrine released 
from noradrenergic neurons in a variety of prep- 
arations [29-39]. Several mechanisms were proposed 
to account for this phenomenon [29, 32, 34, 40,41]. 
Among these was the suggestion that the presynaptic 
portion of the noradrenergic terminal has receptors 
similar to x-receptors, which modulate the amount 
of NE released per nerve impulse [30,39,42,43] by 
mediating changes in Ca** flux across the presynap- 
tic membrane [44]. A change in the level of nore- 
pinephrine in the synaptic cleft would lead to an 
opposing change in norepinephrine release. This con- 
cept was supported by the finding that the release 
of norepinephrine can be increased by «-blockers in 
concentrations which do not significantly block the 
membrane pump re-uptake mechanism [32, 40,43, 45] 
nor affect the post-synaptic response to stimulation 
[39,46]. It was also found that drugs which stimu- 
lated x-receptors caused a decrease in the amount of 
norepinephrine released per nerve impulse [39, 42, 
46-48]. Thus, in the peripheral noradrenergic system 
it appears that the presynaptic receptor functions as 
a braking or damping mechanism, causing decreased 
release when levels of norepinephrine in the synapse 
are increased [49]. 

More recently it has become apparent that related 
phenomena may exist in the central nervous system. 
Field-stimulated cortical and striatal slices which 
have been preincubated with [*H]norepinephrine or 
[*H]dopamine show changes in the overflow of 
radioactivity when drugs known to affect noradrener- 
gic or dopaminergic receptors are added to the incu- 
bating medium [50-53]. Whether the dopaminergic 
receptor mediating the changes in tyrosine hydroxy- 
lase activity described in this paper also has a role 
in modulating transmitter release remains to be estab- 
lished. However, the presynaptic receptor in the 
nigro-neostriatal dopamine system does appear to be 
capable of exerting a modulatory influence on the in- 
crease in tyrosine hydroxylase activity which occurs 
after inhibition of impulse flow. 


Acknowledgements—This research was supported in part 
by NIH Grants MH-14092 and NS-10174 and by the State 
of Connecticut. The authors thank Ms. Karen Brady and 





654 


Ms. 
Dr. 
the 


Inc, 


J. R. WALTERS and R. H. ROTH 


Janice Abele for their excellent technical assistance, 
J. A. Ferrand of Les Laboratoires Servier for supplying 
ET-495 and Dr. W. E. Scott of Hoffman—LaRoche, 
for supplying the RO4-4602 used in these experiments. 


REFERENCES 


. N.-E. Andén, H. Corrodi, K. Fuxe and U. Ungerstedt, 


Eur. J. Pharmac. 15, 193 (1971). 


. N.-E. Andén, P. Bedard, K. Fuxe and U. Ungerstedt, 


Experientia 28, 300 (1972). 


. N.-E. Andén, T. Magnusson and G. Stock, Naunyn- 


Schmiedebergs Arch. exp. Path. Pharmak. 278, 363 
(1973). 


. H. Nybiick, Acta physiol. scand. 84, 54 (1972). 
5. A. Heller, Fedn Proc. 31, 81 (1972). 
. A. Carlsson, W. Kehr, M. Lindqvist, T. Magnusson 


and C. V. Atack, Pharmac. Rev. 24, 371 (1972). 


. J. R. Walters, G. K. Aghajanian and R. H. Roth, Proc. 


Fifth Int. Cong. Pharmacology 246 (1972). 


. J. R. Walters, R. H. Roth and G. K. Aghajanian, J. 


Pharmac. exp. Ther. 186, 630 (1973). 


. R. L. M. Faull and R. Laverty, Expl Neurol. 23, 332 


(1969). 


_ L. J. Bell, L. L. Iverson and N. J. Uretsky, Br. J. Phar- 


mac. 40, 790 (1970). 


. G. L. Gessa, L. Vargiu, F. Crabai, C. C. Boero, R. 


Caboni and R. Camba, Life Sci. 5, 1921 (1966). 


. R. H. Roth and Y. Surh, Biochem. Pharmac. 19, 3001 


(1970). 


. J. R. Walters and R. H. Roth, Biochem. Pharmac. 21, 


2111 (1972). 


. G. Stock, T. Magnusson, and N.-E. Andén, Naunyn- 


Schmiedebergs Arch. exp. Path. Pharmak. 278, 347 
(1973). 


. R. H. Roth, J. R. Walters and G. K. Aghajanian, in 


Frontiers in Catecholamine Research (Eds E. Usdin and 
S. H. Snyder), p. 567. Pergamon Press, New York 
(1973). 


. J. R. Walters and R. H. Roth, J. Pharmac. exp. Ther. 


. Y. Agid, F. Javoy and J. Glowinski, Brain Res. 74, - 


191, 82 (1974). 


41 (1974). 


. W. Kehr, A. Carlsson, M. Lindqvist, T. Magnusson 


and C. V. Atack, J. Pharm. Pharmac. 24, 744 (1972). 


. B. S. Bunney, J. R. Walters, R. H. Roth and G. K. 


Aghajanian, J. Pharmac. exp. Ther. 185, 560 (1973). 


. W. Kehr, A. Carlsson and M. Lindqvist, Naunyn- 


Schmiedebergs Arch. exp. Path. Pharmack. 274, 273 
(1972). 


. R. Lavery and K. M. Taylor, Analyt. Biochem. 22, 269 


(1968). 


. N.-E. Andén, B.-E. Roos and B. Weidinius, Life Sci. 


3, 149 (1964). 


. H. Corrodi, K. Fuxe and U. Ungerstedt, J. Pharm. 


Pharmac. 23, 989 (1971). 


. J. Korf, R. H. Roth and G. K. Aghajanian, Eur. J. 


Pharmac. 23, 276 (1973). 
B. E. Herr and R. H. Roth, Proc. Fifth Int. Congr. 
Pharmac., p. 100 (1972). 


26. Y. Agid, F. Javoy and M. B. H. Youdim, Br. J. Phar- 


27. 


mac. 48, 175 (1973). 

R. H. Roth, J. R. Walters and V. H. Morgenroth, III, 
Neuropsychopharmacology of Monoamines and Their 
Regulatory Enzymes (Ed. E. Usdin), p. 369. Raven 
Press, New York (1974). 


. V. H. Morgenroth, III, J. R. Walters and R. H. Roth, 


Biochem. Pharmac. 25, 655 (1976). 


. G.L. Brown and J. S. Gillespie, J. Physiol., Lond. 138, 


81 (1957). 


. S. M. Kirpekar and P. Cervoni, J. Pharmac. exp. Ther. 


142, 59, (1963). 


. A. G. H. Blakeley, G. L. Brown and C. B. Ferry, J. 


Physiol., Lond. 167, 505 (1963). 


. D. J. Boullin, E. Costa and B. B. Brodie, J. Pharmac. 


exp. Ther. 157, 125 (1967). 


. R. Salzmann, W. Pacha, M. Taeschler and H. Weid- 


mann, Naunyn-Schmiedebergs Arch. exp. Path. Phar- 
mak. 261, 360 (1968). 


. P. Hedqvist, Acta physiol. scand. 76, 383 (1969). 
. L.-O. Farnebo and B. Hamberger, J. Pharm. Pharmac. 


22, 855 (1970). 


. S. F. Langer, J. Physiol., Lond. 208, 515, (1970). 


. S. M. Kirpekar and M. Puig, Br. J. Pharmac. 43, 359 


(1971). 


. W. P. DePotter, I. W. Chubb, A. Put and A. F. De 


Schaepdryer, Archs int. Pharmacodyn. Ther. 193, 191 
(1971). 


. K. Starke, Naunyn-Schmiedebergs Arch. exp. Path. 


Pharmak. 274, 18 (1972). 


). J. Haggendal, New Aspects of Storage and Release 


Mechanisms of Catecholamines (Bayer Symp. II), p. 100. 
Springer-Verlag, New York (1970). 


. A. Wennmalm, Acta physiol. scand. 365, (suppl.) 1 


(1971). 


. K. Starke, Naturwissenschaften 58, 420 (1971). 
. M. A. Enero, S. F. Langer, R. P. Rothlin and F. J. 


E. Stefano, Br. J. Pharmac. 44, 672 (1972). 


44. L. Stjarne, in Frontiers in Catecholamine Research (Eds. 


E. Usdin and S. H. Snyder), p. 491. Pergamon Press, 
New York (1973). 


. J. Haggendal, in Frontiers in Catecholamine Research 


(Eds. E. Usdin and S. H. Snyder), p. 531. Pergamon 
Press, New York (1973). ; 


. S. F. Langer, in Frontiers in Catecholamine Research 


(Eds. E. Usdin and S. H. Snyder), p. 543. Pergamon 
Press, New York (1973). 


. L.-O. Farnebo and T. Malmfors, Acta physiol. scand. 


371, (suppl.) (1971). 


48. K. Starke and Altmann, Neuropharmacology 12, 339 


(1973). 


. S. F. Langer, Biochem. Pharmac. 23, 1793 (1974). 
. L.-O. Farnebo and B. Hamberger, Acta physiol. scand. 


371, (suppl.) (1971). 


. L.-O. Farnebo and B. Hamberger, in Frontiers in Cate- 


cholamine Research (Eds. E. Usdin and S. H. Snyder), 
p. 589. Pergamon Press, New York (1973). 


. K. Starke and H. Montel, Naunyn-Schmiedebergs Arch. 


exp. Path. Pharmak. 279, 53 (1973). 


. K. Starke and H. Montel, Neuropharmacology 12, 1073 


(1973). 





Biochemical Pharmacology, Vol. 25, pp. 655-661. Pergamon Press, 1976. Printed in Great Britain 


DOPAMINERGIC NEURONS—ALTERATION IN 
THE KINETIC PROPERTIES OF TYROSINE 
HYDROXYLASE AFTER CESSATION 
OF IMPULSE FLOW* 


Victor H. MorcGenrory, IIT, JUDITH R. WALTERSt and ROBERT H. ROTH 


Departments of Psychiatry and Pharmacology, Yale University School of Medicine, 
333 Cedar Street, New Haven, Conn 06510, U.S.A. 


(Received 14 April 1975; accepted 11 July 1975) 


Abstract—Studies in vitro conducted on striatal tyrosine hydroxylase have demonstrated that addition 
of calcium chelators, such as EGTA, results in an alteration in the kinetic properties of tyrosine 
hydroxylase which can be completely reversed by addition of calcium to the incubation medium. 
Inhibition of impulse flow in the nigro-neostriatal pathway by either pharmacological or mechanical 
techniques causes the isolated striatal tyrosine hydroxylase to behave kinetically like the enzyme treated 
in vitro with EGTA. Tyrosine hydroxylase, isolated from the striatum of rats in which impulse flow 
has been interrupted in the dopamine pathways, has an increased affinity for both substrate and pterin 
cofactor and a reduced affinity for the end-product inhibitor, dopamine. The latter change is most 
dramatic; the K; of the enzyme for dopamine increases more than 700-fold. These alterations in the 
kinetic properties of tyrosine hydroxylase can also be completely reversed by addition of calcium 
to the incubation medium. In rats with a pharmacological blockade of impulse flow induced by 
administration of y-hydroxybutyrate, subsequent administration of dopamine receptor stimulants causes 
the isolated tyrosine hydroxylase to have properties similar to those observed for the enzyme prepared 
from untreated rats. Administration of dopamine receptor blockers prevents the dopamine receptor 
stimulants from altering the kinetic changes in tyrosine hydroxylase induced by a cessation of impulse 
flow. These data are discussed in terms of the possible role presynaptic receptors and calcium fluxes 


may play in the short-term regulation of tyrosine hydroxylase. 


When impulse flow is interrupted in dopamine 
neurons a paradoxical response is observed. Cessation 
of impulse flow in the nigro-neostriatal pathway in- 
duced either pharmacologically or by placement of 
a lesion in the median forebrain bundle results in a 
decrease in the release and catabolism of dopamine 
and a simultaneous increase in dopamine biosynthesis 
[1-6]. These changes are associated with a dramatic 
increase in the steady-state level of dopamine in the 
neuronal terminal network [3]. Once this new steady 
state level of dopamine is established, the rate of 
dopamine biosynthesis returns to normal but is not 
inhibited as it is when the dopamine levels are ele- 
vated by treatment with monoamine oxidase inhibi- 
tors [4,5,7]. The fact that dopamine synthesis is 
increased while dopamine levels are rising suggests 
that tyrosine hydroxylase activity in dopaminergic 
neurons is regulated by mechanisms other than that 
of end-product inhibition. 

Dopamine receptor stimulating agents alter the in- 
crease in tyrosine hydroxylase activity observed after 
acute inhibition of impulse flow [4,5,7-9]. This has 
led to the suggestion that dopamine receptors may 





* A partial account of the data contained in this paper 
was presented at the 13th Annual Meeting of the American 
College of Neuropsychopharmacology, Palm Springs, Cali- 
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National Institute of Neurological and Communicative 
Disorders and Stroke, National Institutes of Health, Beth- 
esda, Md. 20014. 


play a direct role in the control of dopamine biosyn- 
thesis [4,5,8]. As demonstrated in the preceding 
paper [7], drugs which are capable of stimulating 
dopamine receptors directly or indirectly, such as 
apomorphine, ET-495 or d-amphetamine, prevent the 
increase in dopamine and tyrosine hydroxylase acti- 
vity observed after inhibition of impulse flow by 
administration of y-butyrolactone. These effects can 
be nullified by treatment with dopamine receptor 
blocking agents [7]. Thus drugs which are known 
to affect dopamine receptors have been shown cap- 
able of changing dopamine synthesis via some 
mechanism which is not dependent upon alterations 
in impulse flow. The possibility that these drugs may 
be interacting with a presynaptic dopamine receptor, 
which in some way alters the activity of tyrosine hyd- 
roxylase, has been suggested [4,5,8,9]. If such were 
the case, decreased levels of dopamine in the synaptic 
cleft during inhibition of impulse flow might be re- 
sponsible for triggering the increase in the activity 
of tyrosine hydroxylase. The reversal of this effect, 
produced by administration of dopamine receptor sti- 
mulating agents, might be due to the ability of these 
drugs to interact with a presynaptic dopamine recep- 
tor. The actual mechanism by which changes in dopa- 
minergic receptor activity can influence tyrosine hyd- 
roxylase activity is unknown. However, it is conceiv- 
able that these receptors could modulate ion fluxes 
into the nerve terminal, which in turn might influence 
tyrosine hydroxylase activity. 

Recent studies in vitro on striatal tyrosine hydroxy- 
lase have indicated that the enzyme isolated from this 
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source is allosterically activated by removal of Ca** 
ions [9,10]. Calcium removal by addition of EGTA 
increases the affinity of tyrosine hydroxylase for both 
substrate tyrosine and artificial cofactor 6,7-dimethyl 
tetrahydropterin (DMPH,), while markedly decreas- 
ing the affinity of the enzyme for the natural feedback 


inhibitor, dopamine [9-11]. These results suggest that. 


during a cessation of impulse flow when calcium in- 
flux and transmitter release are blocked, the alteration 
in. availability of intracellular calcium might result in 
an allosteric change in tyrosine hydroxylase ultima- 
tely resulting in an increase in tyrosine hydroxylase 
activity. The following experiments were designed to 
test this hypothesis. 


MATERIALS AND METHODS 


Lesion. Male Sprague-Dawley rats (250-300 g) 
obtained from Charles River Breeding Labs were used 
in all experiments. Unilateral electrothermic lesions 
were ‘made in the nigro-neostriatal pathway under 
halothane anesthesia at the level of the rostral end 
of the supramamillary decussation essentially as de- 
scribed by H6kfelt and Ungerstedt [12] and modified 
by Walters et al. [3]. The location and extent of the 
lesion was verified histologically. The lesion was 
spherical, approximately 1-5 mm in diameter and in- 
cluded the medial forebrain bundle, part of the Fields 
of Forel and the medial edge of the crus cerebri. 

Drug treatments. Drugs were administered intraper- 
itoneally (i.p.). Gamma-butyrolactone (GBL; Mathe- 
son, Coleman & Bell) was used in preference to the 
sodium salt of gamma-hydroxybutyric acid (GHB), 
since it is more rapidly and uniformly absorbed after 
intraperitoneal injection. Other drugs used were apo- 
morphine HCI and chlorpromazine (Smith, Kline & 
French), ET-495 [ 1-(2”-pyrimidyl)-piperonyl- 
piperazine, trivastal, Laboratories Servier] and halo- 
peridol (McNeil Laboratories). Thirty min after elec- 
trothermic lesion or at 90min after GBL adminis- 
tration, animals were killed by decapitation. The 
striata were rapidly dissected over ice as described 
by Bunney et al. [13], frozen on dry ice, weighed 
and kept at — 70° until the time of assay. Striata were 
either assayed singly or pooled for determination of 
tyrosine hydroxylase kinetics. 

At the time of assay, striata were homogenized (ten 
strokes) in 10 vol. of ice-cold 0:05M_ Tris—acetate 
buffer, pH 60 in an all-glass homogenizer (Duall 
Grinder, Kontes Glass Co.) with a clearance of 
0-0i0cm. The homogenate was then centrifuged at 
105,000g for 90min and the clear supernatant 
decanted. The supernatant served as the source of the 
soluble tyrosine hydroxylase. 

Assay. Tyrosine hydroxylase activity was assayed 
according to the method of Shiman et al. [14] with 
minor modifications as described in detail elsewhere 
[10,11]. The reaction was carried out in a total 
volume of | ml containing 100 sd supernatant. Dihyd- 
ropteridine reductase, purified through the first 
ammonium sulfate fractionation according to the 
method of Kaufman [15], was added in 4- to 10-fold 
excess (100 ul containing 2:6 mg protein). Each reac- 
tion mixture contained 3300 units catalase in 200 pl 
of glass-distilled water and 10mM NADPH. Cata- 
lase, NADPH and ultrapure Tris base were purchased 
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from Schwarz Mann. DMPH, was obtained from 
Calbiochem. 3,4-Dihydroxyphenylethylamine and 
ethyleneglycol-bis-(f-amino-ethyl — ether)N,N’-tetra- 
acetic acid (EGTA) were purchased from Sigma 
Chemical Co. L-[3,5-*H]tyrosine (30 Ci/m-mole) was 
obtained from New England Nuclear and purified 
according to the method of Coyle [16]. All other re- 
agents were of the maximal obtainable purity. The 
activity of tyrosine hydroxylase was expressed as 
pmoles DOPA/mg of protein/min. Protein was deter- 
mined according to the method of Lowry et al. [17] 
using bovine serum albumin as a standard. Data were 
analyzed using a paired t-test and kinetic data were 
calculated according to the method of Wilkinson 


[18}. 


RESULTS 


The effect of a lesion in the nigro-neostriatal path- 
way on the activity of striatal tyrosine hydroxylase 
is shown in Table |. Thirty min after the lesion was 
made, a marked (4-fold) increase in the activity of 
tyrosine hydroxylase was observed on the side of the 
lesion, as compared to the control side. This increase 
in activity was completely reversed by the addition 
of 50 uM calcium chloride to the reaction mixture 
prior to incubation. The addition of 10uM EGTA 
to the-homogenate obtained from the non-lesioned 
control side caused an increase in tyrosine hydroxy- 
lase activity similar to that seen in the tyrosine hyd- 
roxylase isolated from the striatum on the side with 
the lesion. EGTA was without further effect on the 
enzyme isolated from the striatum on the lesioned 
side (Table 1). 

The kinetics of the tyrosine hydroxylation in homo- 
genates of striatum were determined after the place- 
ment of the lesion in the nigro-neostriatal pathway 
(Table 2). The K,,, for tyrosine was decreased 7-fold 
from 55:3 to 78M. The K,, for synthetic cofactor 
DMPH, was decreased 8-fold from 0-91 to 0-11 mM, 
and the K; for DA was increased nearly 700-fold, 
from 0-11 to 75-6mM. 

It has been shown that GBL, a drug which blocks 
impulse flow in the nigro-neostriatal pathway, and 
acute lesion of the nigro-neostriatal cause similar in- 
creases in the levels of dopamine in the neostriatum 


Table 1. Effect of acute lesion of the nigro-neostriatal 
pathway on the tyrosine hydroxylase activity of the 
neostriatum* 





Tyrosine hydroxylase activity 





Additions Control side Lesioned side 





None 
Calcium (50 uM) 
EGTA (10 uM) 





* Results are expressed as pmoles of DOPA/mg of pro- 
tein/min + S.E.M. of triplicate determinations of indivi- 
dual striata obtained from six animals. The animals were 
sacrificed 30 min after placement of a lesion in the median 
forebrain bundle. Tyrosine hydroxylase activity was deter- 
mined in vitro as described in Methods. Calcium chloride 
and EGTA were added to the incubation medium 5 min 
before initiation of the reaction by addition of labeled tyro- 
sine. 
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Table 2. Effect of acute lesion of the nigro-neostriatal 
pathway on the kinetics of striatal tyrosine hydroxylase* 


Table 3. Effect of GBL on striatal tyrosine hydroxylase 
activity* 





Kinetic parameter Control side Lesioned side 





K,, Tyrosine (uM) 
K,, DMPH, (mM) 
K; DA (mM) 





* K,, values for tyrosine and DMPH, were determined 
by the method of Lineweaver and Burk [19] at six sub- 
strate concentrations with six separate determinations at 
each substrate concentration. The K,; for dopamine was 
determined by the method of Dixon [20] at six dopamine 
concentrations and three DMPH, concentrations. Tyro- 
sine hydroxylase was obtained from the 105,000 g superna- 
tant of six pooled striata. Statistics were determined by 
the method of Wilkinson [18]. 


[3]. These increases are accompanied by an increase 
in the accumulation of DOPA following inhibition 
of DOPA decarboxylase, suggesting an apparent 
increase in the activity of tyrosine hydroxylase [2, 
4,5]. In order to determine whether GBL has the 
same effect as mechanical inhibition of impulse flow 
on soluble tyrosine hydroxylase activity, rats were 
pretreated with GBL (750 mg/kg) 90 min prior to sac- 
rifice. The effect of GBL on tyrosine hydroxylase ac- 
tivity is shown in Table 3. GBL caused a 4-fold in- 
crease in the activity of striatal tyrosine hydroxylase. 
This increase was indistinguishable from that caused 
by electrothermic lesion of the median forebrain bun- 
dle in that both increases were readily reversible by 
the addition of calcium to the incubation medium 
(cf. Tables 1 and 3). 

The K,, for tyrosine following the administration 
of GBL is shifted 6-fold from 53-9 to 8-9 uM (Fig. 
1). This decrease in K,, caused by GBL pretreatment 
is also readily reversed by the addition of calcium 
to the incubation medium. The effect of GBL on 
DMPH, kinetics is shown in Table 4. GBL caused 
a 6-fold decrease in the K,,, from 0-88 to 0-13mM. 


Control 


GHB + 


pmoles DOPA/mg protein/min 





GHB (750 mg/kg) 


Tyrosine hydroxylase activity 


Treatment N (pmoles DOPA/mg protein/min) 





Saline 

GBL (750 mg/kg) 

GBL (750 mg/kg) 
+ 50uM cal- 
ciumt 





* Eight male Sprague-Dawley rats (275-300 g) were pre- 
treated with GBL (750 mg/kg) or saline 90 min prior to 
sacrifice. Striata were removed, frozen on dry ice and 
assayed for tyrosine hydroxylase activity. Tyrosine hydrox- 
ylase activity is expressed as pmoles DOPA/mg of protein 
min + S.E.M. of triplicates of each sample. 

*+Calcium chloride was added to the supernatant 
obtained from the GBL-treated rats after a 5-minute prein- 
cubation period at 37°. 


This activation could also be readily reversed by addi- 
tion of calcium to the incubation mixture. 

Since electrothermic lesion caused a marked change 
in the affinity of striatal tyrosine hydroxylase for the 
feedback inhibitor, dopamine, we investigated the 
effects of GBL administration on the kinetics of dopa- 
mine inhibition of tyrosine hydroxylase. GBL causes 
a 730-fold increase in the K; for dopamine, making 
the striatal tyrosine hydroxylase isolated from the 
GBL-pretreated animals almost completely insensi- 
tive to inhibition by dopamine (Fig. 2). This alteration 
in K; is also reflected by the failure of other catechol- 
type inhibitors to inhibit tyrosine hydroxylase iso- 
lated from striata of GBL-pretreated animals. x-Pro- 
pyldopacetamide (H-22/54) at a concentration of 
20 uM caused a 55+ 6 per cent (mean + S.E.M. 
N = 12) inhibition of striatal tyrosine hydroxylase 
from untreated control animals, whereas the same 
concentration of inhibitor caused only an 18 + 4 per 
cent (N = 12) inhibition of striatal tyrosine hydroxy- 
lase isolated from GBL-pretreated rats. 

Tyrosine 


Km (uM) 


53.9428 
89+06 


57.2 £3.9 


Calcium (100uM) 


Control 





Tyrosine (1M) 


Fig. 1. Effect of GBL administration on the K,, for tyrosine of tyrosine hydroxylase isolated from 
the rat striatum. The K,, for tyrosine was determined according to the method of Lineweaver and 
Burk [19] at a DMPH, concentration of 10mM and six tyrosine concentrations ranging from 5 
to 100 uM. Each K,,, value is the mean + S.E.M. of the intercepts generated from six separate lines. 
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Table 4. Effects of GBL on the kinetic properties of striatal 
tyrosine hydroxylase for pterin cofactor* 





Treatment K,, DMPH,  V, 


max 





0-88 + 0-12 
0-13 + 0-04 
0-83 + 0-09 


107-5 
117-3 
123-3 


Control 

GBL (750 mg/kg) 

GBL (750 mg/kg) + calciumt 
(100 uM) 





* The K,, and V,,,, for DMPH, were determined by the 
method of Lineweaver and Burk [19] using six concen- 
trations of DMPH, ranging from | to 0-01 mM and a tyro- 
sine concentration of 0-1 mM. Each value is the mean of 
the intercepts generated from six separate lines. V,,,, results 
are expressed in terms of pmoles of DOPA/mg of protein 
min. 

+ Calcium chloride was added to the supernatant 
obtained from GBL-treated rats after a 5-minute preincu- 
bation period at 37. 


Similar kinetic activations of tyrosine hydroxylase 
were observed in the enzyme isolated from olfactory 
tubercles of rats pretreated with GBL (Table 5). How- 
ever, no significant alteration in tyrosine hydroxylase 
activity was observed in the median eminence follow- 
ing GBL pretreatment. 

Studies in vivo have shown that dopamine agonists 
are able to block and reverse the apparent insensiti- 
vity of tyrosine hydroxylase to inhibition by endo- 
genous dopamine observed after cessation of impulse 
flow [5,7]. To determine whether these drugs also 
reversed the kinetic changes in tyrosine hydroxylase 
caused by decreased impulse flow, animals were in- 
jected with GBL 90 min prior to sacrifice. Forty min 
prior to sacrifice, they were given either saline, 
ET-495 (10 mg/kg) or apomorphine (2 mg/kg). The 
striata were removed and tyrosine hydroxylase ac- 
tivity and kinetics were determined on the high-speed 
supernatant. The results are summarized in Table 6. 
Both DA-receptor agonists, ET-495 and apomor- 
phine, reversed the activation of striatal tyrosine hyd- 
roxylase resulting from inhibition of impulse flow. 
The reversal of this activation by the dopamine 
agonist pretreatment was indistinguishable from the 
reversal obtained by addition of calcium to the incu- 
bation medium in vitro (Fig. 1). The dopamine agonists 
had no effect on tyrosine hydroxylase activity when 
added directly to the incubation medium even in rela- 
tively high concentrations. The ability of apomor- 
phine to reverse the GBL-induced activation of tyro- 
sine hydroxylase was blocked by the administration 
of chlorpromazine (l10mg/kg) or haloperidol 
(1 mg/kg) (Table 7). The enzyme prepared from ani- 


0.075 }- 
GHB(750 mg/kg) 


°o 
°o 
ny 
a 





Kj =€2.1 #65 


Control 


pmoles DOPA/mg protein/min 


ra 


ee 


K\=0.12 40.03 0 0.5 
Dopamine (mM) 


Fig. 2. Effect of GBL administration on the K, for dopa- 

mine of tyrosine hydroxylase isolated from the rat stria- 

tum. The K; for dopamine was determined by the method 

of Dixon [20] at three DMPH, concentrations: 100 uM 

(1); 10 uM (II) and 1 uM (III) and six concentrations of 

dopamine. The K; is expressed as the mean + S.E.M. of 
six determinations. 








mals treated with GBL, apomorphine and an antipsy- 
chotic drug such as haloperidol was still susceptible 
to the calcium reversal in vitro (data not shown). 


DISCUSSION 


Catechols have been shown to depress the activity 
of tyrosine hydroxylase in vitro by competing with 
the pterin cofactor for the same form of the enzyme 
[21]. It has been proposed that endogenous dopa- 
mine, localized in some ‘strategic’ pool, may regulate 
the activity of dopaminergic tyrosine hydroxylase in 
vivo by a similar mechanism [22-25]. In fact, an in- 
crease in the endogenous levels of striatal dopamine 
does result in an apparent decrease in striatal tyrosine 
hydroxylase activity under some conditions [25]. For 
example, as the previous paper [7] indicates, the in- 
crease in dopamine caused by administration of a 
monoamine oxidase inhibitor (MAOJ) is associated 


Table 5. Effect of GBL administration on the tyrosine hydroxylase isolated from the olfactory tubercles and median 
eminence* 





Tissue Treatment K,, tyrosine (uM) K,, DMPH, (mM) K; DA (mM) 





None 

GBL (750 mg/kg) 
None 

GBL (750 mg/kg) 


Olfactory tubercles 
Olfactory tubercles 
Median eminence 
Median eminence 


51-6 + 66 
1-91 + 0-24 
50-6 + 3-7 
541+ 49 


0:96 + 0-13 
0-15 + 0:03 
0-80 + O11 
0-83 + 0-13 


0-19 + 0-02 
85-9 + 9:3 

0-13 + 0:03 
0-17 + 0-02 





‘ 

* K,, values for tyrosine and DMPH, were determined by the method of Lineweaver and Burk [19] at six substrate 
concentrations with three separate determinations at each substrate concentration. The K; for dopamine was determined 
by the method of Dixon [20] at six dopamine concentrations and three DMPH, concentrations. Tyrosine hydroxylase 
was obtained from the 105,000g supernatant of tissue pooled from three to six rats. 
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Table 6. Reversal of the GBL-induced activation of tyrosine hydroxylase by dopamine agonists* 





Tyrosine hydroxylase 
activity 
(pmoles/DOPA/mg 
protein/min) 


Treatment N 


K,, tyrosine (uM) K,,DMPH,(mM)_ K; DA (mM) 





Control 6 

ET-495 6 
(10 mg/kg; 40 min) 

APO 6 
(2 mg/kg; 40 min) 

GBL 6 
(750 mg/kg; 90 min) 

GBL, 90 min; ET-495 40 min 

GBL, 90 min; APO, 40 min 


6 
6 


0-89 + 0-03 
0-85 + 0-02 


O11 + 001 
0-13 + 001 
0:90 + 0-03 O11 + 001 
0-13 + 0-01 739 + 83 


0-86 + 0:06 
0-90 + 0-05 


0-10 + 001 
0-12 + 001 





* Male Sprague-Dawley rats (250-300 g) were injected i.p. with 750 mg/kg of GBL or saline 90 min prior to sacrifice. 
ET-495 (10 mg/kg). apomorphine (APO, 2 mg/kg) or saline was administered 40 min prior to sacrifice (50 min after 
GBL). Striata were removed, frozen and assayed for tyrosine hydroxylase activity and kinetics determined as described 
in Methods. Kinetics were determined by pooling tissue from six animals and the assay was carried out in triplicate. 
GHB (10° +), APO (10° *) and ET-495 (10°* M) added directly to the incubation media had no significant effect on 


tyrosine hydroxylase activity. 


with a reduced accumulation of dihydroxyphenyla- 
lanine (DOPA) in the neostriatum following DOPA 
decarboxylase inhibition [7]. 

There is an apparent contradiction, however, 
between this product inhibition hypothesis and the 
changes in striatal tyrosine hydroxylase activity 
observed after impulse flow is inhibited in dopaminer- 
gic neurons. Sixty to ninety min following the 
administration of GBL or the placement of a lesion 
in the median forebrain bundle (conditions which 
result in a cessation of impulse flow in the nigro-neo- 
striatal pathway and a rapid increase in dopamine 
levels), the activity of striatal tyrosine hydroxylase 
does not appear to be depressed below control rates 
[5]. A combination of MAO inhibition and GBL 
treatment produces an even greater increase in dopa- 
mine than does GBL treatment alone, yet still does 
not result in a decrease in dopamine synthesis below 
control [7]. 

A possible explanation for this phenomenon is pro- 
vided by the studies in vitro presented here which 
suggest that the physical properties of tyrosine hyd- 
roxylase are altered when impulse flow is blocked in 
the dopamine neurons. The result is a drastic reduc- 
tion in the enzyme’s sensitivity to inhibition by endo- 
genous dopamine. When striatal tyrosine hydroxylase 
is isolated from the neostriatum of rats treated with 
GBL or from rats which have acute median forebrain 
bundle lesion, the kinetic parameters of the enzyme 


are considerably different from those observed when 
the enzyme is isolated from control untreated ani- 
mals; the K,, for tyrosine and pterin cofactor is de- 
creased and the K; for dopamine is markedly in- 
creased. This increase in the K,,, for tyrosine may not 
affect the rate of dopamine synthesis in vivo, as the 
concentration of tyrosine in the dopamine terminal 
is probably saturating. However, the enzyme’s in- 
creased affinity for pterin cofactor and decreased sen- 
sitivity to inhibition by dopamine may well account 
for the elevation in the rate of dopamine synthesis 
in vivo observed after impulse flow is blocked in the 
dopamine neurons. The decreased affinity of tyrosine 
hydroxylase for dopamine may also explain the fact 
that dopamine synthesis is not depressed below con- 
trol levels by the relatively high levels of dopamine 
accumulating in the dopamine terminals after cessa- 
tion of impulse flow in these neurons [5]. 

The functional significance of the increase in dopa- 
mine synthesis which occurs with inhibition of dopa- 
minergic impulse flow is unclear. Single-unit record- 
ing studies in anesthetized and paralyzed rats have 
shown that the dopamine neurons in the substantia 
nigra and the ventral tegmental areas are tonically 
active [13]. However, perhaps under some circum- 
stances such as anoxia or during some specific behav- 
iors, these neurons cease firing and some operational 
advantage is gained by having an extra supply of 
transmitter present in the terminals when firing 


Table 7. Reversal of apomorphine inhibitory effect on the activation of tyrosine hydroxylase produced by GHB* 





Tyrosine hydroxylase activity 


Treatment 


(pmoles DOPA/mg protein/min) 


K,, tyrosine (uM) K,; dopamine (mM) 





26 
36 
3-0 

+37 
26 


Saline 

GBL 

GBL + APO 

GBL + HAL + APO 
GBL + CPZ + APO 


O-11 + 0-01 
73-9 + 83 
0-12 + 0-01 
76:0 + 36 
67:5 + 106 


I+ I+ I+ 14+ I+ 
ro 2 OS 
DwWwwd— 





*Rats received GBL (750 mg/kg) 90 min prior to sacrifice. Haloperidol (HAL, | mg/kg) or chlorpromazine (CPZ, 
10 mg/kg) was administered 50 min prior to sacrifice, followed in 10 min by either saline or apomorphine (APO, 2 mg/kg). 
Striata were removed, frozen and assayed for tyrosine hydroxylase. There were six animals in each group. Kinetics 
were determined by pooling tissue from six rats; the assays were carried out in triplicate. 
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resumes. It is interesting that a similar increase in 
acetylcholine levels occurs when impulse flow is 
blockéd in cholinergic neurons [26]. In contrast, there 
is no significant increase in the concentration of nore- 
pinephrine in the areas of the brain containing norad- 
renergic terminals when impulse flow is blocked in 
noradrenergic neurons [27, 28]. 

As has been discussed in the previous paper [7], 
dopamine agonists or drugs which increase the release 
of dopamine block the increase in dopamine synthesis 
that occurs with inhibition of impulse flow in the 
nigro-neostriatal pathway. It has been postulated that 
this effect is mediated by a dopaminergic receptor 
located on the presynaptic side of the dopamine 
synapse which is influenced by the levels of dopamine 
or dopamine agonists in the synaptic cleft [2, 4, 5,9]. 
The present experiments demonstrate that when apo- 
morphine or ET-495 is administered to animals after 
GBL treatment and the kinetic parameters of striatal 
tyrosine hydroxylase are determined, the activity of 
the enzyme, the K,, for tyrosine and pterin cofactor, 
and the K; for dopamine are all similar to those of 
control animals. Thus these studies in vitro corro- 
borate the observation in vitro [7] that the ability 
of dopamine to inhibit tyrosine hydroxylase after 
cessation of impulse flow is restored by the administ- 
ration of dopamine agonists. The finding that dopa- 
mine receptor blockers such as chlorpromazine and 
haloperidol prevent the reversal in kinetic parameters 
produced by the dopamine agonists supports the idea 
that the agonists are exerting their effect at a site 
which is similar to the post-synaptic dopamine recep- 
tor but located on the presynaptic side of the synapse. 

The enzyme studies described here suggest a poss- 
ible way in which decreases in impulse flow and pre- 
synaptic receptor stimulation may induce changes in 
tyrosine hydroxylase activity. When calcium chelators 
are added to the incubation medium containing stria- 
tal tyrosine hydroxylase the activity of the enzyme 
is markedly increased. This activation is very similar 
in all its kinetic parameters to the activation caused 
by a blockade of impulse flow in the dopamine 
neurons in vivo. Moreover, when the activated enzyme 
is prepared from animals with impaired impulse flow, 
the addition of calcium to the incubation medium 
returns the activity and the kinetic parameters of the 
enzyme to normal. Thus the removal of calcium in 
vitro appears to bring about a conformational change 
in tyrosine hydroxylase which results in an increase 
in the enzyme’s affinity for cofactor and substrate, 
and a marked decrease in its sensitivity to inhibition 
by dopamine. Similarly, it seems possible that in vivo, 
a cessation of impulse flow may alter calcium fluxes 
or the levels of ionized calcium in some critical intra- 
neuronal pool and induce a similar change in tyrosine 
hydroxylase, rendering it much less sensitive to inhibi- 
tion by endogenous dopamine. The ability of dopa- 
mine agonists to reverse this activation by interacting 
with what appears to be a presynaptic dopamine 
receptor suggests that stimulation of this receptor 
may restore some calcium fluxes and permit the 
enzyme to return to its normal form in the same way 
that the addition of calcium reverses the activation 
in vitro. 

The activity of tyrosine hydroxylase is increased in 
the olfactory tubercles as well as in the neostriatum 


following the administration of GBL. This finding is 
in agreement with the observation that GBL inhibits 
the firing of dopamine cells in both the ventral teg- 
mental areas and the substantia nigra (J. H. Walters, 
R. H. Roth and G. K. Aghajanian, unpublished obser- 
vations). However, an increase in tyrosine hydroxy- 
lase activity was not produced in the median 
eminence after GBL administration, although the 
enzyme isolated from this region of the brain does 
appear to be activated by calcium chelating agents 
in vitro [29]. This might imply that the dopamine 
cells projecting to the median eminence are not toni- 
cally active or that their activity is not inhibited by 
GBL. It is also possible that with these neurons a 
blockade of impulse flow does not result in a decrease 
in intraneuronal calcium at the enzyme site. 

Unlike the enzyme isolated from areas of the brain 
containing predominantly dopamine terminals, the 
activity of tyrosine hydroxylase prepared from areas 
with predominantly noradrenergic innervation is not 
increased in vitro by the removal of calcium from 
the incubation medium [10,11]. Moreover, as men- 
tioned above, no increase in norepinephrine levels is 
observed. after inhibition of impulse flow in these 
neurons [23, 24]. These results suggest that there may 
be different forms of tyrosine hydroxylase present in 
the noradrenergic and dopaminergic neurons. A simi- 
lar conclusion has recently been reached by Joh and 
Reis [30] employing chromatographic and immuno- 
chemical techniques. 

It also appears that the tyrosine hydroxylase in 
dopaminergic terminals can be activated by more 
than one mechanism. Electrical stimulation of the 
dopamine cell bodies in the substantia nigra also 
results in activation of the enzyme [31-33]. This in- 
crease in activity is associated with an increased 
affinity for cofactor and substrate and a decreased 
affinity for dopamine. The activation of tyrosine hyd- 
roxylase observed after nigral stimulation and the ac- 
tivation observed after abolition of impulse flow in 
the nigro-neostriatal pathway appear to be produced 
by different mechanisms, however, since only the lat- 
ter is reversed by addition of calcium to the incuba- 
tion medium. The increase in the K; of the enzyme 
for dopamine is also much greater when impulse flow 
is inhibited than when the cells are electrically stimu- 
lated. Since removal of calcium does not closely 
mimic the activation observed with increased impulse 
flow and addition of caicium in vitro does not reverse 
it, it would appear that other factors are involved 
in the mechanism mediating the increase in dopamine 
synthesis observed with electrical stimulation of the 
dopamine cells or following the administration of 
drugs which cause an increase in dopaminergic im- 
pulse flow. 

Thus, it is becoming increasingly apparent that the 
control of tyrosine hydroxylase activity in the central 
catecholamine systems is quite complex. Although the 
inhibitory effect of intraneuronal dopamine may be 
an important factor in regulating the activity of tyro- 
sine hydroxylase under normal conditions, the sensi- 
tivity of the enzyme to this type of inhibition as well 
as the affinity of the enzyme for substrate and pterin 
cofactor may be altered by several factors such as 
impulse flow, ionic environment and _ presynaptic 
receptor stimulation. 
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Abstract—The effect of phenobarbital, three N-phenylbarbiturates and three N-cyclohexylbarbiturates 
on microsomal protein content, cytochrome P-450, cytochrome b,, aniline hydroxylase, aminopyrine 
demethylase, p-nitrophenol-glucuronyltransferase and the ultrastructure of hepatic cells in rat liver 
were studied to elucidate the influence of barbiturate structure on enzyme-inducing activity. Smooth 
endoplasmic reticulum increased after administration of phenobarbital, phetharbital or bucolome. 
Phenobarbital and phetharbital, especially phenobarbital, induced cytochrome P-450 and glucuronyl- 
transferase. On the other hand, the other barbiturates showed little enzyme-inducing activity. From 
these results, the type and spatial position of barbiturate substituents are considered important for 
hepatic microsomal enzyme induction. Aniline hydroxylase and aminopyrine demethylase activities 
changed coincidentally with cytochrome P-450 content in almost all rat livers. However, quantitative 
agreement of the changes in cytochrome P-450 content and drug-metabolizing activity could not be 
obtained, suggesting the possibility of substrate inhibition or of intrinsic inhibitors in the microsomal 
fraction. Bucolome, one of the N-cyclohexylbarbiturates, has been reported to be effective in the reduc- 
tion of serum unconjugated bilirubin level in Gilbert’s syndrome. However, in. spite of the increased 
smooth endoplasmic reticulum, there was a reduction in the microsomal protein content, cytochrome 
P-450 and glucuronyltransferase after bucolome administration. This would seem to indicate that the 
serum bilirubin-reducing mechanism of bucolome is different from that of phenobarbital and phetharbi- 


tal. 


More than 200 chemical compounds have been 
reported to show microsomal drug-metabolizing 
enzyme- and glucuronyltransferase-inducing activity 
in animal liver [1]. This enzyme induction should be 
taken into account, when decreases in plasma drug 
level are observed after long-term administration or 
when the interaction of drugs occurs [2,3]. On the 
other hand, some enzyme-inducing chemical com- 
pounds have been used therapeutically in unconju- 
gated hyperbilirubinemia [4-9] and in Cushing’s syn- 
drome [10—13]. All of these enzyme-inducing chemi- 
cal compounds are lipid-soluble, but no relationship 
has been reported between their chemical structures 
and enzyme-inducing activities. Since some deriva- 
tives of barbiturate such as phenobarbital (PB) and 
phetharbital (PT) have been recognized as enzyme in- 
ducers [1,14], the present study investigated the rela- 
tionship between structures of various barbiturates 
and hepatic microsomal enzyme-inducing activities in 
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order to elucidate to some degree the mechanism of 
microsomal enzyme induction. 


MATERIALS AND METHODS 


Chemical compounds 


The following derivatives of barbiturate were stud- 
ied: PB, 5-diethyl-1-phenyl-2,4,6-trioxoperhydropyri- 
midine (NPB I = N-phenylbarbital; PT), 5-n-butyl- 
1-phenyl-2,4,6-trioxoperhydropyrimidine (NPB _ II), 
5-ethyl-1-phenyl-2,4,6-trioxoperhydropyrimidine 
(NPB III), 5-diethyl-1-cyclohexyl-2,4,6-trioxoper- 
hydroprimidine (NCB I = N-cyclohexylbarbital), 
5-n-butyl- 1 -cyclohexyl-2,4,6 - trioxoperhydropyrimi- 
dine (NCB II = bucolome; BC) and 5-ethyl-1-cyclo- 
hexyl-2,4,6-trioxoperhydropyrimidine (NCB III). All 
barbiturates other than NCB I were sodium salts. For 
convenience, the above-designated abbreviations will 
be used in this report. Chemical structures of these 
barbiturates are presented in Fig. 1. PB was a product 
of the Dai-ichi Pharmaceutical Co.; NPB I (PT) was 
a gift from Burroughs Wellcome & Co. and the other 
barbiturates were kindly supplied by Dr. H. Izumi 
of the Gifu College of Pharmacy. 


Experimental method 

Male Wistar albino rats (about 100g) were main- 
tained on commercial laboratory chow and water ad 
lib. for 3-5 days prior to use. 
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Fig. 1. Structures of barbiturates studied. Chemical abbre- 
viations are described in Materials and Methods. 


Subcutaneous injection study. The rats were divided 
into seven groups of equivalent weights for the 
studies. The control group received daily subcu- 
taneous injections of isotonic saline solution (5 ml/kg 
day) for 5 days. The other groups received daily sub- 
cutaneous injections of PB, NPB I, NPB II, NPB 
III, NCB Il and NCB III, respectively, for 5 days. 
The doses of PB and NPB I were 50 mg/kg/day, and 
those of NPB II, NPB III, NCB II and NCB III 
were 200 mg/kg/day. The rats were injected once daily 
at 9 a.m. 

Oral administration study. The rats were divided 
into two groups of equivalent weights. One group 
received daily oral administration of NCB I (100 mg 
kg/day) as an emulsion in water, while the control 
group received water (S5ml/kg/day) through a 
stomach tube. The emulsion of NCB I or water was 
administered once daily at 9 a.m. for 7 days. 

Tissue preparation. The animals were sacrificed 24 
hr after the last administration of chemicals by stun- 
ning and subsequent cervical dislocation. The liver 
was perfused rapidly in situ with ice-cold isotonic 
saline, excised and homogenized with 3 vol. of 0-25 
M sucrose-0-01 M potassium phosphate buffer (pH 
7-4) with a Potter-Elvejhem glass homogenizer. The 
homogenate was centrifuged at 9000 g for 20 min 
in a refrigerated centrifuge. The 9000 g supernatant 
fraction was further centrifuged at 105,000 g for 120 
min to produce the pellet of microsomes. The pellet 
was washed once in 1:15°, KCl-0-01 M Tris buffer 
(pH 7-4), centrifuged at 105,000 g for 45 min, and 
resuspended in 1-15° KCl-0-01 M Tris buffer (pH 
7-4). Each ml of the resuspension contained micro- 
somes from 0:25 g liver. 


Enzyme assay methods 

Para-nitrophenol-U DP-glucuronyltransferase. An in- 
cubation mixture of about | mg microsomal protein, 
| wmole triethanolamine, 0-75 pmole p-nitrophenol, 
10 pmoles MgCl, and 0°6 mg digitonin was prepared 
up to a volume of | ml (pH 7:4). This mixture was 
kept at 0° for 30 min to activate the enzyme. The 
activation of the enzyme was studied with digitonin 
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Fig. 2. Activation of p-nitrophenol-U DP-glucuronyltrans- 

ferase by digitonin (left) and Triton X-100 (right). Digitonin 

or Triton X-100 was added to the incubation mixture prior 

to UDP- glucuronic acid and preincubation was performed 
before determining the enzyme activity. 


and Triton X-100 (Fig. 2). Digitonin was used because 
of the broader range of concentrations near the maxi- 
mal activation level. After 30 min, the mixture was 
preheated at 37° for 3 min and 2 uymoles UDP-glucur- 
onic acid dissolved in 0:2 ml water was added to start 
the reaction. After shaking for 20 min in a 37° water 
bath, 1 ml trichloroacetic acid (6-7°,) was added. The 
mixture was centrifuged and a 1|-ml aliquot was 
obtained. Four ml NaOH (0:2 N) was added to the 
aliquot and the remaining p-nitrophenol in the 
samples was determined spectrophotometrically at 
400 nm with a Shimazu UV200 spectrophotometer. 

Drug-metabolizing enzymes. The oxidative N-de- 
methylation of aminopyrine was measured as de- 
scribed by Cochin and Axelrod [15]. The method of 
Imai et al. [16] was used to determine the p-hydroxy- 
lation of aniline. The content of cytochrome P-450 
was determined from the CO difference spectra of 
dithionite-reduced samples with an extinction coeffi- 
cient of 91 cm~' mM“! as described by Omura and 
Sato [17]. The content of cytochrome bh, was deter- 
mined from the difference spectra produced by 
NADH reduction with an extinction coefficient of 185 
cm~' mM“! [18]. 

Protein content of microsomal suspension. The pro- 
tein content was determined by the method of Lowry 
et al. [19] as modified by Miller [20]. Data were 
analyzed statistically with Student’s t-test; the level 
of significance was P < 0-05. 


Electron microscopic observation 

For the electron microscopic study, nonperfused 
livers were fixed in 5°, glutaraldehyde for 1 hr and 
in 1% osmic acid for 1-5 hr, dehydrated in graded 
ethanol and embedded in Epon-812. Thin sections 
were cut on an ultramicrotome, placed on 200 mesh 
copper grids, stained with lead nitrate and uranyl ace- 
tate, and examined with a Hitachi HU-11D electron 
microscope. 


RESULTS 


Liver weight (per cent of body weight) (Table 1). In 
the PB and NPB I groups, liver weight increased sig- 
nificantly. On the other hand, liver weight decreased 
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Table 2. Effect of various barbiturates on p-nitrophenol (pNP) glucuronyltransferase activity in rat 
liver microsomes* 





pNP conjugated 


Treatment N  _(nmoles/min/mg protein) 


(nmoles/min/g liver) 


pNP conjugated 
(umoles/min/100 g body wt) 


pNP conjugated 





Saline (s.c.)* “f 3-8 
PB : ;: 1-0 
NPB I : 1-6t 
NPB II ‘ 26:2 + 3°3 
NPB III 5 

NCB II 

NCB III 


Water (p.o.)* 
NCB I (p.o.) 


2-42 + 0-48 
3-62 + 0:39t 
3-81 + 0-54t 


486 + 77 


+ 
aD 
+ 


t 
I+ I+ I+ 14+ I+ | 


396 + 46 





* Values are means + S.D. 


+ No significant difference was observed between the data of saline (s.c.) and water (p.o.) groups. 
t Significantly different from saline (s.c.) group (P < 0-001). 
§ Significantly different from saline (s.c.) group (P < 0-01). 

Significantly different from water (p.o.) group (P < 0-01). 


significantly in the NCB II and NCB III groups. In the 
NPB II and NPB III groups, the changes in liver 
weight were not significant. With the oral treatment, 
liver weight increased slightly in the NCB I group. 

Microsomal protein content (Table 1). Average pro- 
tein content of the microsomal fractions in the saline 
(s.c.) and water (p.o.) groups was 17:8 and 18-0 mg/g 
of liver respectively; this difference was not signifi- 
cant. In the PB and NPB I groups protein content 
increased (significantly in the PB group), whereas in 
the NCB I group the protein content decreased sig- 
nificantly. In the other groups (NPB II, NPB III, 
NCB II and NCB III) the protein content decreased 
slightly. 

Microsomal cytochrome P-450 content (Table 1). 
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Effect of various barbiturates on liver weight, 


The averages of the saline (s.c.) and water (p.o.) con- 
trol groups were 0-480 and 0-431 nmole/mg of micro- 
somal protein respectively; this difference was not sig- 


‘nificant. In the PB and NPB I groups, cytochrome 


P-450 increased 2:4 and 1-4-fold respectively. There 
was a significant decrease in the NCB II group. Cyto- 
chrome P-450 increased slightly in the NPB III and 
NCB III groups, but tended to decrease in the NPB 
II group. 

Microsomal cytochrome b,; content (Table 1). The 
averages of the cytochrome b, content of the saline 
(s.c.) and water (p.o.) control groups were 0-437 and 
0-450 nmole/mg of microsomal protein respectively; 
this difference was not significant. Cytochrome b, in- 
creased significantly in the PB group and decreased 
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microsomal protein content, cytochromes and 


enzyme activities in rat. Bars marked with asterisks differed significantly (P < 0-05) from control values 

(expressed as 100°,). &2 Liver weight; O hepatic microsomal protein content; M cytochrome P-450; 

&) cytochrome bs; & aniline hydroxylase; @ aminopyrine demethylase; M@ P-nitrophenol-glucuronyl- 

transferase. Cytochromes, aniline hydroxylase activity and aminopyrine demethylase activity are 

expressed per mg of microsomal protein, whereas glucuronyltransferase activity is expressed per 100g 
of body weight. 





Influence of drugs on hepatic enzymes and proteins 667 


Fig. 4. Morphological changes of hepatic cells after subcu- 
taneous administration of barbiturates. A, PB group: B, 
NCB II group; C, NPB I group; D, NPB III group. 


significantly in the NCB II group. In the other 
groups, the cytochrome hb; content remained con- 
Stant. 

Para-nitrophenol-U DP-glucuronyltransferase (Table 
2). When expressed per mg of microsomal protein, 
a significant increase of enzyme activity was observed 
only in the NPB I group. In the NCB II group the 


enzyme activity decreased significantly, while in the 
other groups, including the PB group, no change in 
enzyme activity was observed. However, when the 
enzyme activity was expressed per g of liver or per 
100 g of body weight, a significant increase in enzyme 
activity was observed in the PB group as well as in 
the NPB I group, whereas there was a significant de- 
crease in activity in the NCB II group. The enzyme 
activity per g of liver decreased significantly in the 
NCB I group, while for the other groups it was not 
significantly different from that of the control saline 
group. 

Aniline hydroxylase (Table 1). Aniline hydroxylase 
activity was increased significantly in the PB and 
NCB III groups. In the groups of NPB I, NPB II, 
NPB III, NCB I and NCB II, neither an increase 
nor a decrease in enzyme activity was observed. 

Aminopyrine N-demethylase (Table 1). The enzyme 
activity increased significantly only in the PB group. 
In the NPB I, NCB I and NCB III groups the activity 
did not show any significant change, and in the NPB 
II, NPB III and NCB II groups the activity decreased. 
All the results described above are summarized in 
Fig. 3. 

Electron microscopic study (Fig. 4). All groups 
except the NPB II group were studied. Smooth endo- 
plasmic reticulum (SER) increased in the PB, NPB 
I and NCB II groups, but no increase of SER was 


Observed in the remaining groups. 


DISCUSSION 


Increase of liver weight and microsomal protein 
content, and induction of cytochrome P-450 and glu- 
curonyltransferase were observed after the PB and 
NPB I treatments, but the enzyme-inducing activity 
of NPB I was less than that of PB. These results 
have also been confirmed after oral treatment with 
the chemicals [21]. No change of these parameters 
was observed in the NPB II and NPB III groups. 
Considering the results obtained in experiments using 
NPB I-III, the type of substituents at the fifth pos- 
ition of the barbiturate, and the structural relation 
of these groups to the N-phenyl residue appear to 
be very important for microsomal enzyme induction. 
When a cyclohexyl substituent took the place of an 
N-phenyl group of NPB I, yielding NCB I, the micro- 
somal protein- and enzyme-inducing activities of 
NPB I were lost. Therefore, the N-phenyl substituent 
also appears to be important, as are the groups at 
the fifth position. Liver weight, microsomal cyto- 
chrome P-450 content and glucuronyltransferase ac- 
tivity were reduced significantly after NCB II treat- 
ment, and it was presumed that NCB II is toxic to 
the liver. NCB II, which is widely used in Japan as 
an anti-inflammatory drug and which has no hyp- 
notic effect, has been reported to be effective in the 
treatment of unconjugated hyperbilirubinemia in Gil- 
bert’s syndrome [22]. Also, because of the struc- 
tural similarity of NCB II to PB, there has been spe- 
culation on the enzyme-inducing action of NCB II. 
However, as shown here, NCB II has no enzyme- 
inducing activity, and it has been reported by the pres- 
ent authors [23] that it binds strongly with albumin 
and displaces bilirubin from albumin in serum. There- 
fore, the mechanism of the serum bilirubin-reducing 
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effect of NCB II appears to be different from that 
of PB and NPB I. On the other hand, NCB II in- 
creases SER and salicylamide glucuronide formation 
[24]. It is also possible that other enzymes which 
were not studied, such as bilirubin-U DP-glucuronyl- 
transferase, might be induced by NCB II. Aniline hyd- 
roxylase activity and aminopyrine demethylase ac- 
tivity were altered along with the change in cyto- 
chrome P-450 content, except for aminopyrine 
demethylase activity in the NPB III group, but a 
quantitative parallel relationship was not obtained. 
The slight discrepancy in enzyme activities with cyto- 
chrome P-450 content might be due to the presumed 
inhibition of the administered compounds or to in- 
hibitors in the microsomal fraction. The enzyme- 
inducing activities of various barbiturates have been 
reported [25-28], but there have been few reports 
concerning structure-activity relationships. In a 
study by. Levin et al. [25], it was reported that bar- 
biturates containing allyl groups destroy microsomal 
cytochrome P-450. Therefore, it is concluded that any 
minor change in barbiturate substituents influences 
significantly the ability to induce hepatic microsomal 
protein and enzymes. However, no clearcut relation- 
ship of structure to activity has been observed thus 
far in the present research. Pelkonen and Karki [26] 
reported a positive relationship between enzyme- 
inducing ability and lipid solubility or a relatively long 
metabolic half-life. Lipid solubility of N-phenyl and 
N-cyclohexylbarbiturates should be studied further 
for a more precise interpretation of the present 
results. 


Acknowledgement—The authors are indebted to Dr. 
Satoshi Tanaka of Kyoto University for his kind support 
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INHIBITION OF ACETYLCHOLINE SYNTHESIS BY 
JUGLONE AND 4-(1-NAPHTHYLVINYL) PYRIDINE 
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Abstract—Inhibition by juglone (5-hydroxy-1,4-naphthoquinone) of choline acetyltransferase [ChAt; 
acetyl-CoA: choline O-acetyltransferase (EC 2.3.1.6)] of rabbit brain was noncompetitive for choline 
and not reversible by dialysis. When acetyl-CoA and juglone were mixed together before the addition 
of ChAt, inhibition was competitive with respect to acetyl-CoA; when juglone was preincubated with 
the enzyme, inhibition was mixed competitive and noncompetitive. The effects in vivo of juglone and 
4-(1-naphthylvinyl) pyridine (NVP) were determined in brains of mice sacrificed by microwave radiation. 
Changes in the rate of synthesis of acetylcholine were assessed by measuring the amount of choline- 
methyl[*H] converted to acetylcholine in the brains of mice 30 sec after the intravenous administration 
of the isotope. Administration of two doses of juglone (2 mg/kg, | hr apart) increased the concentrations 
of both endogenous and radioactive choline in brain, but had no effect on either the rate of synthesis 
or the concentration of acetylcholine. These results suggest that juglone, when administered to animals, 
does not inhibit brain ChAt. On the other hand, administration of two doses of 4-(1-naphthylvinyl) 
pyridine (100 mg/kg, i.p., 1 hr apart) did inhibit the synthesis of acetylcholine, but had no effect on 
the concentration of either choline or acetylcholine in brain. This latter finding indicates that inhibition 


of ChAt can occur in vivo without causing a reduction in the concentration of acetylcholine. 


None of the known inhibitors in vitro of choline 
acetyltransferase [ChAt; acetyl-CoA: choline O-acetyl- 
transferase (EC 2.3.1.6.)] causes a decrease in the con- 
centration of acetylcholine in the brain when adminis- 
tered to animals [1-5]. The inability of these inhibi- 
tors to lower the concentration of acetylcholine may 
be due to their failure to inhibit ChAt in vivo, or 
to their causing a simultaneous decrease in the rate 
of turnover of acetylcholine. The present study shows 
that juglone, an extract of walnut hulls with depres- 
sant activity in animals[6], inhibits ChAt in vitro. 
Treatment of mice with juglone had no effect on 
either the synthesis of acetylcholine or its concen- 
tration in brain, whereas administration of 4-(1-naph- 
thylvinyl) pyridine (NVP), another inhibitor of ChAt, 
did cause a decrease in the rate of synthesis of brain 
acetylcholine. 


EXPERIMENTAL 


Chemical assays. Choline acetyltransferase activity 
was assessed by measuring the rate of conversion of 
choline to acetyl['*C]choline in the presence of 
acetyl['*C]CoA (2-72 4M, New England Nuclear), 
choline (0-1 to 44M), potassium phosphate buffer 
(10mM, pH 7-4), KCI (200mM), EDTA (1-:0mM), 
bovine serum albumin (0-1°,, w/v), Triton X-100 (0-1°% 
v/v) and the aqueous extract of 25 ug (dry weight) 
of rabbit brain acetone powder (Pel-Freez Biologi- 
cals). The mixture was incubated for 10min at 37 
in a volume of 25 yl. The reaction was stopped by 
the addition of 5 ul of 1 N formic acid, with mixing 
and chilling to 0-2°. Acetyl['*C]choline was isolated 
by high-voltage paper electrophoresis, as previously 
described [7, 8], and measured by liquid scintillation 
spectrometry. Juglone was dissolved in dimethylsul- 
foxide (DMSO) so that the final concentration of 
DMSO during incubation was 2°, (v/v). 


Choline and acetylcholine were isolated from brain 
by high-voltage paper electrophoresis and measured 
by an enzymatic radioisotopic procedure [7, 8]. Con- 
centrations of radioactive and endogenous choline 
and of acetylcholine were determined simultaneously 
in mouse brain, as previously described [9]. 

Dialysis. Juglone (100 4M) was mixed with the 
aqueous extract of a rabbit brain acetone powder 
(S mg powder/ml of 200mM KCl) and incubated for 
5 min at 0-4. The mixture was then dialyzed at 0-4 
for 18 hr against 1000 vol. of 10 mM potassium phos- 
phate buffer (pH 7-4) containing 200mM KCI. 

Treatment of mice. Male white mice (20-25 g) were 
obtained from Zartman Farms, Douglasville, Pa. Jug- 
lone (Aldrich) or 4-(1-naphthylvinyl) pyridine HCl 
(CalBiochem) was suspended in 0:9°, NaCl contain- 
ing a few drops of Tween 80. Two doses of juglone 
(2 mg/kg, ip.: 1 ml/kg) or of NVP (100 mg/kg, ip.: 
1:25 ml/kg) were administered 1 hr apart. Control 
mice were treated with the vehicles used to dissolve 
the compounds. Choline-methyl[*H] (New England 
Nuclear) was administered (2:5 mCi/kg, i.v.) 1 hr after 
the second dose of each drug, and the mice were sacri- 
ficed 30 sec thereafter. Mice were killed by microwave 
irradiation from a microwave radiator fitted with a 
wave guide (C. Wang, Medical Engineering Consul- 
tants, Lexington, Mass.). The total power focused 
down the wave guide and onto the head was 1300 W 
at a frequency of 2450 MHz. Mice were exposed to 
the radiation for 3-0 to 3-6 sec. Some of the mice 
treated with juglone or NVP were decapitated, and 
brains were removed and frozen by dropping the tis- 
sue into a beaker of acetone on solid CO . 


RESULTS 


Figure 1 shows the effect of choline on the inhibi- 
tion of ChAt by juglone (25 4M). Juglone reduced the 
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1/v (smol/g/hr) 








[Chotine] (mm) 


Fig. 1. Double-reciprocal plot of the velocity of choline 

acetyltransferase as a function of the concentration of cho- 

line (0-1 to 40 mM), measured in the absence (A) or pres- 

ence (@) of juglone (25 4«M). Activity was measured in the 

acetone powder of a rabbit brain immediately after mixing 

juglone with the enzyme. The acetyl-coenzyme A concen- 
tration was 73 uM. 


maximal velocity of ChAt, but had no effect on its 
affinity for choline. In this experiment, the enzyme 
was added to the incubation tubes immediately after 
the addition of juglone and the substrates. When a 
similar experiment was performed to evaluate the 
effect of the concentration of acetyl-CoA on inhibition 
by juglone, the inhibitor increased the K,, for acetyl- 
CoA without affecting the K,,, (Fig. 2). However, 
when the enzyme and inhibitor were incubated 
together for 16 hr (2) and the velocity was measured 
as a function of concentration of acetyl-CoA, juglone 
both reduced the V,,, and increased the K,, for 
acetyl-CoA (Fig. 3). 

Inhibition of ChAt by juglone was not reversible 
by dialysis. When ChAt inhibited by 100 uM juglone 
was dialyzed to remove the inhibitor, enzyme activity 
was reduced 82 per cent, as compared to 75 per cent 
inhibition of the yndialyzed enzyme. Dialysis had no 
significant effect on control enzyme activity. 

The effects of administration of juglone and NVP 
on the concentration of choline and acetylcholine in 
brain are shown in Table 1. Treatment of mice with 
either inhibitor of ChAt had no significant effect on 
the concentration of acetylcholine when the animals 
were’ sacrificed either by decapitation or by micro- 
wave irradiation. The administration of juglone did, 
however, induce a significant increase in the concen- 
tration of free choline in brains of mice, but this was 
evident only when the mice were killed by irradiation. 


\/v (2 mol/g/hr) 








0.2 0.3 04 05 
[AcCoA] (uM) 


Fig. 2. Double-reciprocal plot of the velocity of choline 

acetyltransferase as a function of the concentration of 

acetyl-coenzyme A (2:28 to 73 4M), measured in the absence 

(A) or presence (@) of juglone (25 uM). Choline concen- 

tration was 4mM. Activity was measured as described in 
Fig. 1. 


1/v (emol/g/hr) 








[AcCoA] (uM) 


Fig. 3. Double-reciprocal plot of the velocity of choline 

acetyltransferase as a function of the concentration of 

acetyl-coenzyme A. The experiment was similar to that 

described in Fig. 2, except that juglone was preincubated 

with the enzyme at 2 for 16hr prior to addition of sub- 
strates. Control (A): juglone (@) 


Table 1. Effect of 4-(1-naphthylvinyl) pyridine or juglone on choline and acetylcholine in mouse brain 





Choline 


Decapitation 
Treatment* (nmoles/g + S. E. 


Irradiation 
(nmoles/g + S. E.) 


Acetylcholine 


Irradiation 
(nmoles/g + S. E.) 


Decapitation 
(nmoles/g + S. E.) 


= 





Vehicle ! 28 
Naphthylvinyl 38 39 
pyridine 


Juglone 39 +2 46 + 


12:1 


+05 
106 + 


(0 
0-6 24 


13-0 + 1-0 33 





* Two doses of 4-(1-naphthylvinyl) pyridine HCI (NVP) (100 mg/kg) or juglone (2 mg/kg) were administered intraperi- 
toneally to mice, | hr apart. One hr after the last dose of NVP or juglone, the mice were sacrificed, either by decapitation 
or by microwave irradiation, and their brains frozen on solid CO,. Each group contained five or six mice. 


+P < 0-05, Student's (-test. 





Inhibitors of ACh synthesis 


Table 2. Effect of 4-(1-naphthylvinyl) pyridine or juglone 
on acetylcholine synthesis in mouse brain 





Specific activity 
Choline Acetylcholine 
(dis./min (dis./min 


Treatment* nmole + S.E.) nmole + S.E.) 





Vehicle 

Naphthylvinyl 
pyridine 

Juglone 


19,150 + 2,230 
16,960 + 2,280 


5,780 + 660 
2,810 + 3107 


23,480 + 2,450 5,225 + 403 





* Mice were treated as described in Table 1. Choline- 
methyl[{*H] (2:5 mCi/kg) was administered intravenously 
| hr after the last dose of juglone or NVP. Mice (N = 5 
or 6) were sacrificed by microwave irradiation 30sec after 
administration of the isotope. 

+P < 0-001, Student’s t-test. 


Treatment with NVP had no significant effect on the 
concentration of free choline in brains of mice killed 
by either method. 

When mice were killed by microwave irradiation, 
the concentration of choline was lower, and that of 
acetylcholine higher, than in the brains of mice that 
had been decapitated (Table 1). The concentrations 
of choline and acetylcholine in brains of mice are 
nearly identical to those of rat brain, as reported by 
Stavinoha and Weintraub [10], who also used micro- 
wave irradiation to cause death. In our laboratory, 
the activity of brain ChAt was completely inactivated 
by microwave irradiation (unpublished results). 

As shown in Table 2, treatment of mice with NVP 
significantly reduced the incorporation of intra- 
venously administered choline-methy]-[*H] into acetyl- 
choline in brains, such that the specific activity of 
acetylcholine in brains of mice treated with NVP was 
less than half that in the control animals. On the other 
hand, juglone had no effect in vivo on the rate of 
synthesis of acetylcholine (Table 2). Administration 
of juglone did increase the amount of radiolabeled 
choline present in the brain, but because the concen- 
tration of endogenous choline was also elevated (see 
Table 1), there was no significant change in the speci- 
fic activity of the precursor (Table 2). 


DISCUSSION 


The results of these studies demonstrate that jug- 
lone inhibited in vitro the activity of ChAt. The inhibi- 
tion was noncompetitive for choline, and of the mixed 
competitive and noncompetitive type for acetyl-CoA 
when the enzyme had been preincubated with juglone 
in the absence of substrates. However, when ChAt 
was added to incubation tubes containing both acetyl- 
CoA and juglone, and enzyme activity was 
measured immediately, the plot of I/v vs 1/[s] 
revealed that the inhibition was competitive. This 
result suggests that acetyl-CoA protects the enzyme 
from juglone by slowing the rate of inhibition. There- 
fore, juglone might inhibit ChAt by combining with 
the site on the enzyme that normally binds acetyl- 
CoA. Juglone could inhibit by binding to a sulfhydryl 
group on the enzyme, an interpretation consistent 
with the known ability of quinones to react covalently 
with thiols [11], with the finding that inhibition of 
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ChAt by juglone is irreversible by dialysis, and with 
the possibility that the active site of ChAt contains 
a sulfhydryl group that binds acetyl-CoA [12]. 

The failure of juglone to lower the concentration 
of acetylcholine was probably caused by a lack of 
inhibition of ChAt when the inhibitor was adminis- 
tered to mice. This conclusion is consistent with other 
studies in our laboratory (unpublished) showing that 
the activity of ChAt measured in the brains of mice 
treated with juglone was not different from that of 
the controls. Quinones are known to bind to plasma 
proteins [13], and this binding might have prevented 
juglone from entering cholinergic neurons. 

The increase in concentration of both endogenous 
and radiolabeled choline in the brains of mice treated 
with juglone and subsequently killed by irradiation 
might have been caused by an effect of the compound 
on the metabolism of choline outside the brain. The 
juglone-induced increase in endogenous choline was 
undetectable in mice killed by decapitation possibly 
because of the large postmortem increase in concen- 
tration of free choline. 

The inability of NVP to lower the concentration 
of acetylcholine in brain is probably not caused by 
the failure of the compound to inhibit ChAt after its 
administration to animals. Treatment of mice with 
NVP did induce a decrease in vivo in the rate of acetyl- 
choline synthesis (Table 2). Similar inhibition in 
vivo of acetylcholine synthesis has been reported by 
Saelens et al.[14]. Furthermore, Carson et al. [2] 
have shown by direct assay of chlorostilbazole, an 
analog of NVP, that the compound does enter the 
brain in amounts sufficient to inhibit ChAt. In addi- 
tion, Krell and Goldberg [4] have found that treat- 
ment of mice with NVP accelerates the depletion of 
brain acetylcholine that occurs during stress, and 
reduces the rate of accumulation of brain acetyl- 
choline induced by prior administration of pento- 
barbital. Furthermore, the activity of ChAt measured 
in vitro in brains taken from animals treated with 
NVP is inhibited more than 60 per cent as compared 
with controls [4,15]. Thus, it appears that NVP in- 
hibits in vivo the synthesis of acetylcholine. 

NVP might fail to reduce the concentration of 
acetylcholine in brain because the inhibitor causes a 
simultaneous decrease in the rate of turnover of the 
neurotransmitter. Direct inhibition of acetylcholine 
esterase by NVP probably does not occur, because 
the compound is only a weak inhibitor in vitro of 
this catabolic enzyme[16]. The possibility exists, 
therefore, that NVP prevents the release of acetyl- 
choline and simultaneously causes a decrease in its 
rate of synthesis such that steady state levels of the 
neurotransmitter are maintained. Such an effect 
would ultimately lead to a central anticholinergic 
action and could account for the similarities between 
acetylcholine-receptor blockers and NVP in reducing 
the turnover of dopamine in the corpus striatum [17] 
and in producing certain behavioral effects [3]. This 
postulated ability of NVP to reduce the turnover of 
acetylcholine could be a property of the compound 
unrelated to its ability to inhibit ChAt. On the other 
hand, if synthesis and utilization of the acetylcholine 
are interdependent processes, the rate of turnover of 
the neurotransmitter might be reduced because its 
synthesis in inhibited. 





67 


Ac 


5 


‘knowledgements—The authors are grateful to Dr. D. 


Frost for editing, and Mrs. H. Stofko for typing, the 
manuscript. 


6 


- 


REFERENCES 


_ §. B. Roos, L. Florwall and O. Frédén, Acta pharmac. 
tox. 30, 396 (1971). 

. V. G. Carson, D. J. Jenden and A. K. Cho, Proc. west. 
Pharmac. Soc. 15, 127 (1972). 

. S. D. Glick, T. W. Mittag and J. P. Green, Neurophar- 
macology 12, 291 (1973). 

. R. D. Krel! and A. M. Goldberg, Biochem. Pharmac. 
24, 391 (1975). 

. R. C. Speth and D. E. Schmidt, Fedn Proc. 33, 477 
(1974). 

. B. A. Westfall, R. L. Russel and T. K. Anyong, Science, 
N.Y. 134, 1617 (1961). 

. W. D. Reid, D. R. Haubrich and G. Krishna, Analyt. 
Biochem. 42, 390 (1971). 


D. R. HAuBRICH and P. F. L. WANG 


8. D, R. Haubrich and W. D. Reid, in Choline and Acetyl- 


choline: Handbook of Chemical Assay Methods (Ed. L. 
Hanin), p. 33. Raven Press, New York (1974). 


. D. R. Haubrich, W. D. Reid and J. R. Gillette, Nature 


New Biol. 238, 88 (1972). 


. W. B. Stavinoha and S. T. Weintraub, Science, NY. 


183, 964 (1974). 


. J. L. Webb, Enzyme and Metabolic Inhibitors, Vol. 3, 


p. 436. Academic Press, New York (1966). 


. R. Roskoski, J. biol. Chem. 249, 2156 (1974). 
. E. Bueding and L. Peters, J. Pharmac. exp. Ther. 101, 


210 (1951). 


. J. K. Saelens, J. P. Simke, J. Schuman and M. P. Allen, 


Archs int. Pharmacodyn. Ther. 209, 250 (1974). 


. M. E. Goldberg, A. I. Salama and S. W. Blum, J. 


Pharm. Pharmac. 23, 384 (1971). 


. J. C. Smith, C. J. Cavallito and F. F. Foldes, Biochem. 


Pharmac. 16, 2438 (1967). 


. D. R. Haubrich and M. E. Goldberg, Neuropharmaco- 


logy 14, 211 (1975). 





Biochemical Pharmacology, Vol. 25, pp. 673-679. Pergamon Press, 1976. Printed in Great Britain. 


AN INVESTIGATION OF THE ROLE OF 
METALLOTHIONEINS IN PROTECTION AGAINST 
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Abstract—Pretreatment of female rats with a low dose of Cd** protects them against a subsequent. 
normally lethal dose of the same cation, and also induces the synthesis of hepatic cadmium-thionein. 
This protection, however, is maximal 1-3 days after pretreatment and then decreases, whereas both 
the increased content, and capacity for the synthesis of the metallothionein are maintained. Because 
of this increased capacity for cadmium-thionein synthesis a greater percentage of a subsequent dose 
of Cd** is retained in the liver of the pretreated animal. than in the non-pretreated control. Uptake 
of the cation into other organs (i.e. heart, kidney. pancreas and spleen), however. is unaffected by 


the pretreatment. 


Although Cd** is bound more strongly by the apoprotein. thionein. than is Zn?*. pre-induction 
of hepatic zinc-thionein by restriction of food intake, does not lead to increased resistance to the 


toxic cation. 


These observations suggest that pre-induced metallothioneins do not have a significant role in the 


protection against the acute toxicity of Cd?*. 


Pretreatment of experimental animals with a low dose 
of Cd** protects them against a subsequent, normally 
lethal dose of the cation [1,2], and also induces the 
synthesis of cadmium-thionein (metallothionein*) in 
the livers and kidneys [2]. Similarly, protection 
against the Cd?*-induced injury to the testis [18, 19] 
is achieved by pretreatment with small amounts of 
Cd?* or larger amounts of Zn** [19,20]. Since ex- 
cess Zn** also stimulates the production of zinc- 
thionein in the liver [12], the induced synthesis of 
a metallothionein seems to be common to all of these 
instances. The possibility that the induction of cad- 
mium-thionein synthesis may provide a protective 
mechanism against the toxic cation was suggested by 
Piscator [7] (see also Friberg et al. [2]). This concept 
has been developed by Nordberg [21] in an explana- 
tion of the protection by a preliminary low dose of 
Cd?* against the necrotizing effect of Cd** on the 
mouse testis. 

If, as present evidence suggests, thionein synthesis 
occurs only in response to the inducing cation, and 





*The name ‘metallothionein’ was given by Vallee and 
co-workers to a low mol. wt. metalloprotein that contained 
Cd?* and Zn?” as the principal bound cations, and which 
was isolated initially from horse kidney [3, 4, 5], and later 
from human kidney [6]. With the isolation of similar pro- 
teins from the livers and kidneys of experimental animals 
after exposure to Cd?* [7-13]. Hg** (Jakubowski et al 
[14] and Zn?* [12,15] and the realization of their poss- 
ible physiological function in the control of the metabolism 
of certain essential trace metals [16, 17], there is now con- 
siderable confusion in terminology. In an attempt to over- 
come this confusion, in the present paper the term 
‘thionein’ is used (as defined by Vallee and co-workers) 
for the apoprotein moiety. The prefix ‘metallo’ is employed 
in the same sense as in ‘metalloprotein’ and. when the prin- 
cipal bound cation is known, the metallothionein is defined 
specifically as a complex of the particular metal with the 
apoprotein; e.g. zinc-thionein; cadmium-thionein. 
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the metal binding sites are fully-saturated at all times 
[22, 23], the possibility considered by Nordberg [21] 
that the content of partially saturated cadmium 

thionein is increased in the testes of the Cd** -pre- 
treated mice, seems unlikely. The same argument ap- 
plied to the suggestion [2] that the preliminary low- 
level exposure induces the synthesis of cadmium 

thionein, which is then available to bind a larger dose. 
An alternative possibility is that the protective effect 
of pretreatment is due to ‘priming’ of the synthetic 
mechanism, such that formation of cadmium-—thionein 
occurs without lag on subsequent exposure to Cd**, 
and thus results in the accumulation of more of the 
cation in the liver, but less in other organs. These 
considerations led to the present investigation of the 
relationship between Cd?*-pre-treatment, cadmium 
thionein synthesis and Cd?*-toxicity. 


MATERIALS AND METHODS 


Chemicals. Polyethylene glycol (mol. wt 6000) was 
obtained from Koch—Light Laboratories. Colnbrook. 
Bucks, Tris (‘Trizma’ base) from Sigma Chemical Co.. 
London and Sephadex G75 from Pharmacia (Great 
Britain) Ltd., London. Radioactive '°’CdCl, was ob- 
tained from the Radiochemical Centre. Amersham, 
Bucks, as a solution in 0-1 N HCl. For use in the 
animal experiments, this was supplemented with car- 
rier Cd** in 0-15 M acetate buffer to give solutions 
of pH 5:4. and specific activities of 21-4, 42:75 and 
85-5 wCi/mg Cd?*. All other chemicals were either 
Aristar reagents or of analytical grade. 

Animals. Female rats (170-190 g body wt) of the 
Porton strain were maintained on M.R.C. 41B diet 
and, for the collection of urine and faeces were housed 
in metabolism cages. Toxicity of Cd?* was deter- 
mined by the method of Weil [24]. Pretreatment with 
Cd?* was done by iv. injection of either a single 
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(10mg Cd?*/kg) or increasing doses (1-0, 2:5 and 
398mg Cd?*/kg) at 48hr intervals of solutions 
of CdCl,. ‘made isotonic with NaCl. Cadmium chlor- 
ide labelled with '°°Cd?* was administered as a 
single intravenous injection to both pretreated and 
control rats, the animals being killed at intervals 
thereafter. In some experiments, blood was removed 
from the heart into a heparinized syringe after the 
thorax had been opened under ether. The animals 
were then killed with excess ether and the appropriate 
organs removed for analysis. When blood was not 
collected, the rats were killed by decapitation. 

Analytical methods. Tissues were weighed and ho- 
mogenized in 5 or 10 vols. deionized water in an UI- 
tra-Turrax homogenizer (Janke & Kunkel, IKA Prod- 
ucts, Belmont. Surrey). Duplicate samples (1-0 or 2-0 
ml) of the homogenates and of urine were digested 
with a mixture of Aristar HCIO, (s.g. 1-70) and Aris- 
tar HNO, (1:4. v/v) by the method of Thompson 
and Blanchflower [25]. Blood and plasma were 
weighed into the digestion vials. Faeces were homo- 
genized in water (50 or 100ml) in an M.S.E. hom: 
ogenizer (MSE Scientific Instruments, Manor Royal, 
Crawley. Sussex). operated at full speed for at least 
3min.; portions of the homogenates (2-5 ml) were 
then digested as above. After digestion, the dry inor- 
ganic residues were dissolved in 5% (v/v) HCl (5-0 
ml) for analysis and measurement of radioactivity. 

Metal analyses were made by atomic absorption 
with a Perkin-Elmer Model 306 spectrophotometer. 
Radioactivity was measured in a Packard Tri-Carb 
Liquid Scintillation Spectrophotometer (Model 3324), 
the samples (1-0 ml) being incorporated into Instagel 
(100ml; Packard Instruments Ltd., Caversham, 
Bucks). The counting efficiency for '°°Cd** was 65%. 

Metallothioneins and other soluble proteins were 
separated from the tissue homogenates by gel filt- 
ration on columns (85 x 2:5cm or 83-5 x 1-5cm) of 
Sephadex G75 at 4°. Portions of the homogenates, 
either in water or in Tris buffered (0-01 M, pH 8-0) 
saline (0-1 M), were centrifuged first for 10min at 
10,000 g and then for | hr at 105,000 g. The superna- 
tant fractions were concentrated by dialysis against 
polyethylene glycol, clarified by centrifugation (10 min 
5000 g) and volumes, equivalent to 1-0-2-0g initial 
wet wt tissue, applied to the columns. These were 
eluted with a solution of 0:-1M NaCl in 0-01M 
Tris-HCI buffer, pH 8-0, at flow rates of either 
17 ml/hr (for the larger column) or 7-0 ml/hr. The 
absorbance at 254nm of the eluates was monitored 
with an LKB Uvicord Recording Spectrophotometer 
(LKB Instruments Ltd., Addington Road, South 
Croydon, Surrey) and 5ml or 2:5 ml fractions were 
collected. These were analysed for '°°Cd?*, Cd?* 
and, in some experiments, Zn?*, without digestion. 
Urinary protein was determined by the method of 
Piscator [26]. 


RESULTS 


Effect of Cd?*-preatment on the 
Cd**. Rats, pretreated with Cd?* (1-0mg/kg) were 
resistant to a subsequent, normally lethal dose of the 
same cation (4-5 mg/kg). As in mice*’, protection 
induced by the pretreatment was maintained for at 
least 3 days, and then decreased with time (Table 1). 


toxicity of 


M. Wess and R. D. VERSCHOYLI 


Table |. Effect of Cd?*-pretreatment on the toxicity of 


Cd2* 





Content of Cd?* in 
cadmium. thionein of 
liver (ug Cd**/g wet wt) 


Days after 
pretreatment with 
1 mg Cd** /kg 


Mortality after 
i.v. administration 
of 45 mg Cd?“ /kg 


l 
3 


10 
Controls (no pre- 
treatment) 


At intervals of 1, 3, 7 and 10 days after pretreatment with 
Cd?* (1-0 mg/kg; see ‘Materials and Methods’) groups of 
8 female rats (170-190g body wt) were dosed intra- 
venously with 4-5 mg Cd?*/kg. Mortality during the fol- 
lowing 36 hr was recorded. Cadmium-thionein was separ- 
ated at the same intervals from the cytosol of the pooled 
livers from two additional pretreated animals by gel-filt- 
ration on Sephadex G75. 


During the 14-day period of the experiment, the liver 
spleen, pancreas, adrenals and kidneys of the pre- 
treated animal remained histologically normal, and 
proteinuria was not increased relative to the un- 
treated control. 

Cadmium-thionein was not detectable in the liver 
of the non-pretreated control rat, but was induced 
by pretreatment with Cd**. The content of this pro- 
tein (= 10-11 wg Cd?*/g wet wt liver) in the pre- 
treated animals showed some variation, attributed to 
differences between individual animals but, in con- 
trast to the resistance against toxicity. did not de- 
crease with time (Table 1). Also, 9 days after pretreat- 
ment, incorporation of a subsequent dose of '°°Cd?* 
into cadmium-thionein of the liver was much greater 
in the pretreated rat than in the untreated control 
(Fig. 1). Since incorporation of '°?Cd?* into the me- 
tallothionein under these conditions is a measure of 
further synthesis of the protein, and not of cation ex- 
change [28]. it follows that the loss of protection 
within 10 days of pretreatment (Table 1) was not cor- 
related with either decreased levels of cadmium- 
thionein (Table 1), or the loss of the increased capa- 
city for the synthesis of the metalloprotein. 

Effect of Cd** -pretreatment on the incorporation of 
'°Cd?* by different tissues of the rat. To induce 
higher levels of hepatic cadmium-thionein, rats for 
these experiments were pretreated at intervals of 48 
hr with 1-0, 2-5 and 3-98 mg Cd°** /kg (see ‘Materials 
and Methods’). The effects of this pretreatment .on 
Cd?*-toxicity were similar to those of the single, low- 
level dose (1-0 mg/kg; Table 1). Thus, at 48 hr after 
the final dose of the pretreatment schedule (day zero 
of the experiment), the animals were resistant to a 
subsequent dose of 50mg Cd**/kg (the highest 
tested). This protection also was not maintained and, 
in rats that were kept for 9 days after pretreatment, 
a dose of 40mg Cd?* /kg killed 4 out of 5 animals. 

To investigate whether the presence of pre-synthe- 
sized cadmium-thionein in the liver affected the dis- 
tribution of a subsequent dose of Cd?*, control and 
pretreated rats were given either 0-5, 1-0 and 20mg 
!09Cd?* /kg (Table 2) or 10mg '°°Cd**/kg (Table 
3) by intravenous injection and killed at suitable in- 
tervals thereafter. Accumulation of '°°Cd?* in the 
livers, but not in other tissues, of these pretreated 
animals was greater than in the controls. As shown 
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Fig. 1. Incorporation of '°°Cd?* into the metallothionein 
fraction of the liver of the normal rat and of the Cd?*-pre- 
treated rat. Three female rats were pretreated with Cd?* 
(1-0 mg/kg). Nine days after pretreatment these animals, 
together with 3 controls were given '°°Cd?* (1-0 mg Cd?* 
and 42:75 wCi '°°Cd?* /kg.) iv. and killed after a further 
6 hr. Cytosols were prepared from the pooled livers of the 
pretreated and control groups and portions of these 
=2-0g wet wt tissue) were fractionated by fel filtration 
on acoiumn 85 x 2:5 cm) of Sephadex G75 (see ‘Materials 
and Methods’). The graphs show the distribution of 
'0°Cd?* in the cadmium-thionein region of the elution 
profile of the cytosol from the normal rat (—O——) and 
the Cd?*-pretreated rat (—@——). Apart from the prob- 
able replacement of Zn** in zinc thionein, which is present 
in low concentration in the liver of the normal female rat 
(see text and Fig. 4). incorporation of '°°Cd?* into the 
metallothionein under these conditions is a measure of new 
protein synthesis, not of cation exchange. 


by the results of Table 2 (dose level, 1-0 mg '°°Cd/kg) 
and Table 3, this increased hepatic uptake was ob- 
served at either 48hr or 9 days after pretreatment, 
i.e. when the rats were fully resistant and only par- 
tially resistant, respectively, to Cd?*. 

Intravenously administered Cd** is known to be 
cleared rapidly from blood [29, 30] and, in the pres- 
ent experiments, only low levels of '°?Cd?* remained 
in the blood of both control and pretreated rats at 
6 hr (Table 2). Even at this time most of the '°°Cd?* 
in the blood was associated with the cells although, 
in the normal animal, greater amounts were bound 
in the plasma as the dose increased (Table 2). In con- 
trol (non-pretreated) animals the contents of '°°Cd?* 
in whole blood were slightly greater at 48 hr than 
at 6hr, whereas, in pretreated rats, there was little 
difference with time. (Table 2). In both groups, plasma 
levels of '°°Cd?* usually were very low at this time 
(48 hr). 

Incorporation of '°°Cd?* into heart (Table 2), 
spleen and pancreas (Table 3) at 6hr was unaffected 
by pretreatment of the rats with Cd?*. Incorporation 
by the kidneys at the lower dose levels (0-5 and 1-0 
mg Cd?*/kg; Table 2), however, was somewhat less 
in the pretreated than in the non-treated animals. 
Apart from blood plasma and the liver of the control 
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rat, incorporation of '°°Cd** into the different tissues 
at this time (6 hr) was proportional to the dose (Table 
2). After 48 hr, the tissue levels were still dose-depen- 
dent, but proportionality was not maintained (Table 
2). Incorporation of !°°Cd?* into the brain was ex- 
tremely low; differences in the levels of the isotope 
in this tissue of the control and Cd? *-pretreated ani- 
mals at 6hr and 48hr (Table 2, cf. Table 3) are 
likely to be within the range of experimental error. 

In the liver of the control rat at 6hr a greater per- 
centage of '°°Cd?* was bound as the dose was de- 
creased from 2:0 to 0:5mg/kg (Table 2). This sug- 
gests the saturation of some component with high 
affinity for Cd?* and present at a concentration suffi- 
cient to bind about 1:5 yg Cd**/g wet wt tissue. 
Such high affinity binding might occur by displace- 
ment of Zn’** from zinc-thionein. This was present 
in the liver of the control female rat at a concen- 
tration equivalent to about 10g Zn’**/g wet wt 
tissue (Fig. 4) and thus, by cation replacement, could 
accumulate 1-7 wg Cd?*/g wet wt tissue. In the liver 
of the Cd’*-pretreated rat, such displacement would 
have occurred during pretreatment and, as observed 
experimentally (Table 2). further uptake (of '°°Cd?*) 
would be proportional to the dose. 

In the liver of the normal rat, cadmium-thionein 
synthesis occurred rapidly after administration of 
Cd?* by the iv. route; appreciable amounts of the 
metallothionein were present at 6hr and, as calcu- 
lated from the results of Fig. 2, there was little further 
increase in content (i.e. 18°.) during the following 12 
hr. Nevertheless, the greater accumulation of '°°Cd°* 
in the liver of Cd**-pretreated rat (Tables 2 and 3) 
was correlated with the presence of pre-synthesized 
cadmium-thionein and, at least at 18 hr, binding by 
the high mol. wt protein fraction of the cytosol was 
reduced (Fig. 2a, 2b). Increased binding of '°’Cd>* 
occurred also in other components of the cytosol 
which, on gel filtration, were eluted before the cad- 
mium-thionein (Figs. 2a, 2b). Since uptake of 
109Cd?* into cadmium-thionein under the conditions 
of these experiments, occurs not by displacement of 
Cd?* that is already present, but by further synthesis 
of the metallo-protein [28]. it follows that the greater 
incorporation of '°°Cd?* into the liver of the Cd?* - 
pretreated rat was due to more rapid synthesis of the 
metal-binding protein. This, however, did not cause 
Cd?* to be diverted from other tissues to the liver 
(Tables 2 and 3), but resulted in the retention in the 
latter organ of a greater percentage of the dose. Thus 
the faecal excretion of '°’Cd?* was decreased in the 
Cd?*-pretreated rat (Table 4). 

Synthesis of cadmium-thionein in the control kid- 
ney in vivo, in contrast with isolated cells of kidney 
cortex in vitro [31], seemed to be preceded by a long 
lag phase. At 18 hr after the administration of 1-0 mg 
10°C d?* /kg, for example, the metallothionein was not 
present in the kidney cytosol. At this time, as at 6 hr, 
essentially all of the '°°Cd?* in the soluble fraction 
of the control kidney was bound by the high molecu- 
lar weight proteins (Fig. 2c). Cadmium-—thionein, how- 
ever, was present in the kidneys of the Cd?*-pre- 
treated rat and, on subsequent dosing with '°°Cd?*, 
the isotope was incorporated into the metallothionein 
within 6hr (Fig. 2c, 2d). Although the presence of 
cadmium-thionein in the kidney did not increase the 
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Table 3. Uptake of '°°Cd?* by different tissues of the 
Cd?*-pretreated female rat, 9 days after pretreatment, and 
of the non-pretreated control 





109Cg? 
6 hr 18 hr 
Control 


content (ng /g wet wt trssuc) 


Tissue Control Pretreated 





Liver 4105 4048 

Spleen 403 
Kidney 1123 
Pancreas 1024 
Brain 34 
Heart 191 


5668 + 32 
388 + 10 
1032 + 70 
1022 + 16 
30 +1 
234+ 6 


I+ I+ 


HH I H+ I+ |+ H+ 


I+ + I+ I+ 





injection at 3 day intervals of increasing doses of Cd?* 
(1-0, 2:5 and 3-98 mg/kg). Nine days after the last pretreat- 
ment dose the animals, together with the untreated con- 
trols, were given '°°Cd?* (1-0 mg/kg) by i.v. injection. Two 
animals from each series were killed at 6hr and 18 hr and 
the tissues listed below were removed for analysis. Results 
are mean values of analyses, each in duplicate, on tissues 
from two rats. 


renal uptake of '°°Cd?* (Tables 2 and 3), it affected 
the distribution of the cation. Thus relative to the 
normal kidney, binding of '°°Cd?* by the soluble, 
high mol. wt protein fraction was decreased (Figs. 2c, 
2d), whilst recovery of '°°Cd?* in the cytosol was in- 
creased from 51°, (of the total renal '°°Cd?*) in the 
control to 79°, in the pretreated animal. 

These results suggested that, although uptake of 
'°°Cd°* by other tissues (e.g. heart, spleen and pan- 
creas) was unaffected by Cd?* -pretreatment. the pres- 
ence of pre-synthesized cadmium-thionein might lead, 
nevertheless, to an altered distribution of the cation. 


counts /min/ml x 10° 


(c) 


+ 
’ 


te 





20 30 40 50 60 


70 80 90 100 
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As shown by the absence of the characteristic cad- 
mium-thionein peak from the elution profiles of the 
soluble fractions (Fig. 3; c.f. Fig. 2), however, no evi- 
dence was obtained for the presence of significant 
concentrations of the metalloprotein in these organs, 
even from the pretreated animal. The results of Fig. 
3a and Fig. 3c, in particular, indicate that the spleen 
and pancreas, which also accumulate Cd** (Table 3; 
[29, 30]) do not have the capacity of either the liver 
or the kidney for the synthesis of the cadmium-—bind- 
ing protein. The possibility that limited synthesis of 
this protein occurs in these organs, however, is not 
excluded. According to Kagi (quoted by Kagi et al. 
[32]), for example, a metallothionein (presumably 
zinc-thionein) is present in nearly every tissue of the 
body, whilst Davies and Bremner [33] have observed 
the de novo formation in isolated tissue from the rat 


Table 4. Excretion of '°°Cd?* in urine and faeces and 
of urinary protein after administration of '°°CdCl, to 
normal and Cd**-pretreated female rats. 


'0°Cd?* excretion (ng/animal) 
e 
Urine 
Pretreated Controls Pretreated Controls 
24hr 48hr 24hr 48 hr 24hr 48hr 22Mhr 48 hr 


0-5 1360 5490 4970 13330 2:56 4-60 1:10 1-80 
1-0 3590 =15730 21560 36510 307 601 3-28 5:44 


Dose of Faeces 
109Cg2* 
(mg/kg) 





The methods of pretreatment and of '°°Cd** administ- 
ration were as described in the legend to Table 2. The 
10°Cd?* was given 48 hr after the termination of pretreat- 
ment. Results are mean values for 2 animals. 
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Fig. 2. Distribution of '°°Cd?* in the liver and kidney cytosols from control and Cd?*-pretreated 
rats. The concentrated cytosols (=2-0g wet wt tissue*, see ‘Materials and Methods’) were prepared 


from liver (Fig. 2a, 2b) and kidney (Fig. 2c, 2d) of control (-—O 


) and Cd**-pretreated (—@—) 


female rats at 6 hr (Fig. 2a, 2c) and 18 hr (Fig. 2b, 2d) after the i.v. administration of '°°Cd?* (47-5 uCi 

and 1:0mg Cd?*/kg), and were fractionated by gel filtration on a column (85 x 2:5cm) of Sephadex 

G75 at a flow rate of 17 ml/hr. Fractions (5 ml) were collected and analysed for '°°Cd**. The pretreated 

animals were given 1-0, 25 and 3-98 mg Cd?* /kg by iv. injection at 3 day intervals, the '°°Cd?* 
being administered 48 hr after the last pretreatment dose. 

* The equivalent of 1-1 g wet wt tissue of the control liver was used for the fractionation in Fig. 


2b. 
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Fig. 3. Distribution of '°°Cd** in the cytosols of (a) spleen 
(b) heart and (c) pancreas after administration of '°°Cd?* 
to Cd**-pretreated female rats. The animals were pre- 
treated with Cd?* and dosed with '°°Cd?* as described 
in the legend to Fig. 2. They were killed after 18 hr, the 
tissues being removed, frozen in liquid N, and stored at 
20 until processed. Cytosols were prepared as described 
under ‘Materials and Methods’ and were fractionated by 
gel filtration on a column (85 x 2:5cm) of Sephadex G75 
legend to Fig. 2) Absorbance at 254nm, 
eo. O 


(see 


pancreas of a protein, similar to zinc-thionein in its 
behaviour on gel filtration, in response to Zn? * -accu- 
mulation in vitro. 

Toxicity of Cd?* for the starved rat. Although the 
preceding results had shown no relationship between 
resistance to Cd** and cadmium-thionein levels, it 
was possible that induction of thionein synthesis by 
a cation of lower binding affinity (e.g. Zn?*, [4,5]) 
might have a protective function. To investigate this, 
and, at the same time, to avoid competitive interac- 
tions between cations, which are possible in animals 
pretreated with excess Zn**, hepatic zinc-thionein 
was induced by restriction of food intake [15]. In 
agreement with the observations of Bremner et al. 
[15], starvation of female rats for 24hr resulted in 
a 3-4-fold increase in the zinc-thionein content of 
the liver cytosol (Fig. 4). This increased concentration 
of zinc-thionein (= 38 ug Zn**/g wet wt tissue), 
however, did not protect against Cd**-toxicity, the 
LDDs, Values for the cation in these animals being iden- 
tical with that in normally-fed controls. 


DISCUSSION 


The above results lead’to the following conclusions; 
(1) The tolerance produced in rats by a low dose of 
Cd’?* is maximal 1-3 days after pretreatment and 
then decreases with time (Table 1), whereas both the 
increased content (Table 1) and induced capacity for 
the synthesis of hepatic cadmium-—thionein (Fig. 1) are 
maintained. (2) Because of this increased capacity for 
cadmium-thionein synthesis, accumulation of Cd?* 
in the liver is greater in the pretreated rat than in 
the untreated control (Tables 2 and 3). This is due 
to the retention of a greater percentage of the dose 
(Table 4), and uptake of the cation by other tissues 
is unaltered (Tables 2 and 3). (3) Although Cd?* is 
bound more strongly by the apoprotein, thionein, 
than is Zn?*, rats in which the levels of hepatic zinc- 
thionein have been increased by starvation (Fig. 4) 
show the same susceptibility to Cd** as controls on 
normal diet. Thus, although synthesis of cadmium- 
thionein probably explains why experimental animals 
tolerate a larger amount of Cd?* given as multiple 
doses at frequent intervals, than when administered 
as a single injection [2], it seems that neither pre-in- 
duction of this protein (which also ‘primes’ the syn- 
thetic mechanism such that further synthesis occurs 
rapidly in response to a subsequent dose), nor of zine— 
thionein, has a protective function against the imme- 
diate toxicity of the Cd** cation. This conclusion is 
supported by the observation [27] that pretreatment 
with other metals (e.g. In°*, Mn**), which do not 








Fraction no. 


Fig. 4. Effect of starvation on the content of zinc-thionein 
in rat liver. Concentrated cytosols were prepared (see 
‘Materials and Methods’) from the livers of control and 
starved female rats and portions of these (=0-5 g wet wt 
tissue) were fractionated by gel filtration on a column 
(83-5 x 1-5 cm) of Sephadex G75 at a flow rate of 7 ml/hr. 
Fractions (2:5 ml) were collected and analysed for Zn?*. 
Control liver, ——-O——-; liver from the starved rat, 

-@-—-. The metallothionein (zinc-thionein) was eluted 
from this small column between fractions 51 and 57 (c.f. 

Fig. 2). 





Metallothioneins and Cd?*-toxicity 


induce the synthesis of a metallothionein, also pro- 
tects against Cd?*. 

Suzuki and Yoshikawa [34] have observed that the 
Zn?* cation (3-3 ug/g wet wt tissue), which also 
occurs in the hepatic metallothionein of the Cd?*- 
pretreated (0-3 mg Cd?* /kg) rat, is displaced by Cd?* 
within 2hr after subsequent dosing with a larger 
amount of Cd?* (3-0mg/kg). From this the authors 
conclude that replacement of Zn** by Cd?* in the 
pre-synthesized metalloprotein provides a mechanism 
whereby Cd?* accumulates, and is immobilized, more 
rapidly in the liver of the pre-treated, than in the 
non-pretreated animal. The results of the present 
work, however, show that an increase in the (Cd?*- 
free) zinc-thionein content of the liver of the normal 
female rat to a concentration equivalent to at least 
4 ug Zn**/g wet wt tissue does not protect against 
the toxicity of Cd?*. 

In agreement with the present results, Yoshikawa 
[35] has reported that uptake of Cd** in the livers 
of male rats after ip. administration is increased by 
pretreatment with a small dose of the cation. As, in 
this work, unlabelled Cd** was used for both the 
initial (0-6 mg/kg) and challenging dose (3-0 mg/kg) 
24hr later, it is not possible to distinguish Cd?* 
accumulated from the second dose, and that taken 
up from the first. Thus, although the increased uptake 
of Cd?* by the liver of the pretreated rat is obvious 
from Yoshikawa’s results [34], the evidence for his 
conclusion that the contents of the cation in other 
organs (heart, lungs, kidneys, spleen and testes) are 
decreased, is not clear. The present studies, in which 
the challenge dose of '°°Cd** was administered in- 
travenously, show no significant differences in uptake 
of the labelled cation by various organs, other than 
the liver, of pretreated and non-pretreated female rats 
(Tables 2 and 3). Also in the spleen, pancreas and 
heart, the intracellular distribution of the cation 
seems to be unaffected by pretreatment. In the kidney, 
as in the liver, the distribution of '°°Cd?* is altered 
because of the presence of pre-induced cadmium- 
thionein (Fig. 2c, 2d). Thus, although uptake of 
'°Cd?* by the kidney of the pretreated rat is not 
increased, less is bound by the particulate cellular 
components and more by the metallothionein fraction 
of the cytosol. A similar change in pattern of distribu- 
tion of '°°Cd?* has been observed in the testes of 
mice after pretreatment with repeated small doses of 
Cd?* [21], and it is possible, therefore, that the testis 
in common with the liver and kidney, also has the 
capacity for the inducible synthesis of cadmium- 
thionein. 
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Abstract—Pyrimethamine (PY), an antimalarial drug with antileukaemic properties, is a folate analogue 
which inhibits the formation of tetrahydrofolic acid (THFA). As a result it blocks the biosynthesis 
of glycine, methionine, purines, pantothenate and thymidine. It also prevents the formylation of meth- 
ionyl-tRNA and hence precludes mitochondrial protein synthesis. In human fibroblast cultures treated 
with PY at concentrations of 30, 100 or 200 g/ml in the presence of the essential metabolites listed 
above, except thymidine, DNA synthesis and mitosis were arrested. The ability of thymidine to prevent 
this depended on the PY concentration and the duration of exposure to the drug. Thus, in the presence 
of thymidine, cells cultured in 30 ug/ml PY exhibited normal growth even after 2 days in contact 
with the drug; at 100 zg/ml PY, DNA synthesis continued but there was a reduction in the mitotic 
rate, which became more marked as the exposure time to the drug increased; at 200 ug/ml PY, there 
was no DNA synthesis or mitosis. These results indicate that the antimitotic effect of PY cannot 
be wholly accounted for by thymidine starvation. Oxygen uptake measurements showed a markedly 
decreased respiratory activity in fibroblasts which had been in contact with 100 ug/ml PY for 24 
hr in the presence of the above metabolites, including thymidine. It is proposed that a major factor 


in the antimitotic activity of PY is the inhibition of mitochondrial protein synthesis. 


Pyrimethamine (PY) is in current use as an anti- 


malarial drug and has also been shown to be of value 
in the treatment of meningeal leukaemia [1]. This 
compound, as well as the two related anti-tumor 
agents in clinical use, 2:4-diamino-5+3,4-dichloro- 


phenyl)-6-methylpyrimidine (BWS5097) [2] and 
methotrexate [3], is a folate analogue which inhibits 
dihydrofolate reductase and thereby blocks the con- 
version of dihydrofolate to tetrahydrofolate (THFA). 
There is also evidence that folate analogues may 
directly inhibit thymidylate synthetase and at least one 
enzyme involved in purine biosynthesis [4]. The net 
result of these effects is to block the biosynthesis of 
glycine, methionine, purines, pantothenate, thymine, 
and the formylation of methionyl-tRNA, all of these 
requiring the transfer of C,-fragments from the 
THFA coenzymes. These metabolites, with the excep- 
tion of the tRNA, can be supplied exogenously in 
culture media. The significance of formylmethionyl- 
tRNA is seen in recent findings that mitochondrial 
protein synthesis, in common with bacterial protein 
synthesis, requires this molecule for its initiation 
[5,6]. (Cytoplasmic protein synthesis in eukaryotic 
cells does not have this requirement.) In studies with 
yeast it was demonstrated that blockage of THFA 
formation by PY affects both DNA synthesis and 
mitochondrial protein synthesis [7]. The first effect 
is relieved by the addition of thymidine monophos- 
phate (TMP) to the growth medium of those yeast 
strains capable of assimilating this compound, but the 
cells still fail to grow unless conditions permit glyco- 
lysis [8]. In human cells, blockage of folate reductase 
would likewise be expected to lead to the arrest of 
mitochondrial protein synthesis, which has been 


shown to be a prerequisite for normal mitotic division 
in fibroblasts [9]. In the present work we have 
attempted to study the antimitochondrial effect of 
pyrimethamine in human fibroblast cultures in the 
presence of an exogenous supply of those small mol- 
ecules whose biosynthesis requires THFA. 


MATERIALS AND METHODS 


Cells and growth media. All fibroblasts used for 
these studies were normal human diploid cells derived 
from skin biopsies, none having undergone more than 
22 culture passages. Cells were grown in glass medi- 
cine bottles. All experiments utilised cells from con- 
fluent cultures which were plated in Eagle’s Minimum 
Essential Medium {MEM), supplemented with human 
serum (20%), Hepes buffer (10 mM), glutamine (0-02 
mM), gentamycin (48 yg/ml), pencillin (100 Interna- 
tional Units/ml) and incubated at 37°. This medium 
is referred to hereafter as the basal growth medium. 
Eagle’s MEM contains methionine and pantothenate. 
Glycine (0-66 mM) was always added to the medium 
unless otherwise stated. Hypoxanthine, present in 
serum[10], provided a readily available purine 
source. 

Scoring for mitosis. Cells were plated at 105/ml in 
1:5 ml of basal growth medium in 3 cm Nunclon 
petri-dishes containing a glass coverslip. Cells were 
harvested by removing a coverslip, rinsed in 0-9% 
saline, fixed in 95°, methanol and stained by the 
Feulgen procedure. Mitoses were scored using an oil- 
immersion objective. 

Feulgen microdensitometry of nuclear DNA. DNA 
values of Feulgen stained interphase nuclei, as scored 
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for mitoses in Figs. | and 2, were measured with a 
Barr and Stoud integrating microdensitometer. The 
readings were converted into logarithms to the base 
2 and delineated into the 3 major DNA classes, 2C, 
4C and intermediate as described previously [11 ]. 
Nuclei with the 2C amount of DNA were classed as 
G,, those with twice this amount as G>, while nuclei 
with intermediate values were regarded to be in the 
S phase of DNA synthesis. A small proportion of cells 
had DNA values greater than 4C and these must have 
been polyploid. 

Growth curves. Growth curves of fibroblasts were 
obtained essentially as described by Raff and Houck 


[12]. Fibroblasts were seeded into Leighton tubes at ° 


(a) 
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a density of approx 35 x 10° cells/em?. These condi- 
tions permit logarithmic growth to continue for at 
least 4 days. Cell counts were made using an inverted 
microscope and an eyepiece graticule (E;;, Graticules 
Ltd.). Tubes were set up in duplicate and average cell 
counts per tube were calculated from 10 random 
samples along the median of the tube, edge effects 
being avoided. Each point plotted is the mean of 2 
replicates. 

Oxygen uptake. Oxygen uptake of fibroblasts was 
measured polarographically in a Clark type oxygen 
electrode. Approximately 6 x 10° cells in the logar- 
ithmic phase of growth were used for both the control 
and the treatment. Control and PY treated mono- 
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Fig. 1. The effect of exogenous thymidine on the anti-mitotic action of pyrimethamine (PY). (a) Effects 
of 30 and 100 pg/ml PY on cell growth in the presence (+T) and absence (—T) of exogenous thymidine 
(0:05 mM). The arrow indicates addition of drug in late S (18 hr after plating). Control — T (@ @). 
control + T(@ @), 30 pg/ml PY — T (@ ®), 30 peg ml PY + T (ff ®), 100 pg/ml PY — T 
(A A). 100 pg/ml PY + T (A——A). (b) Effects of 100 and 200 pg/ml PY on cell growth in the 
presence (+T) and absence (—T) of exogenous thymidine (0-15 mM). The arrow indicates the addition 
of drug in late G,/early S (13 hr after plating). Control — T (@ @). control + T (@ @). 100 ng/ml 
PY —T(A A), 100 ug/ml PY + T (A A), 200 ug/ml PY — T (V Y). 200 ng/ml PY + T 
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Fig. 2. The effect of exogenous thymidine on growth inhi- 
bition by methotrexate (MTX). Effect of 40 and 150 ug/ml 
MTX on fibroblast growth in basal growth medium con- 
taining glycine (0-66 mM) and adenine (0-5 mM) with (+ T) 
and without (— T) exogenous thymidine (0-15 mM). Arrow 
indicates addition of drug in G, (7hr after plating). 
Control — T (O----O), control + T (O——-O), 40 ug/ml 
MTX —T (A--—-A), 40 ug/ml MTX+T (A——A), 
150 ug/ml MTX—T (@--—-@), 150 ug/ml MTX +T 
(@—@). *Unit area = 1-42 mm’. 


layers were scraped from the glass surface, centri- 
fuged, resuspended in 1 ml of Hank’s Balanced Salt 
Solution and the oxygen uptake measured. 

Pyrimethamine sulphate (PY). This was the gift of 
Dr. A. H. Griffith, Wellcome Research Laboratories, 
Beckenham, Kent. 

Methotrexate (MTX) was purchased from Lederle 
Laboratories, Cyanamide (GB), Gosport, Hants. 


RESULTS 
Inhibition by pyrimethamine and its prevention by thy- 
midine 


The addition of 30 or 100 ug/ml of pyrimethamine 
(PY) to cells partially synchronised in late S (18 hr 
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after plating) prevented any cells from reaching 
mitosis (Fig. la). Figure 1a also shows that exogenous 
thymidine (0-05 mM) abolished the antimitotic effect 
of 30 ug/ml of drug and permitted a delayed partial 
recovery (approx 50%,) in cells treated with 100 g/ml. 

Investigation of the amount of nuclear DNA (Table 
la) showed that the addition of PY at these levels 
had an immediate effect of blocking DNA synthesis 
and hence prevented any progession of cells from G, 
to S or from S to G, during the experiment. Under 
these conditions, blockage of DNA synthesis was 
prevented by the addition of thymidine (Table 1). As 
a check that the amount of hypoxanthine present in 
the serum was adequate for DNA synthesis, the ex- 
periment was repeated with adenine included in the 
medium. Table 2 confirms that the addition of 
adenine had no effect on DNA synthesis, either on 
its inhibition by PY or the reversal of inhibition by 
thymidine. 

The effect of increasing the dose and duration of 
treatment is illustrated in Fig. 1b and Table 1b, where 
higher drug concentrations (100 and 200 pg/ml) were 
added earlier in the growth cycle, at approximately 
the G,/S boundary (13 hr after plating). Predictably, 
both mitosis and DNA synthesis were prevented. 
However, under these conditions, exogenous thymi- 
dine failed to overcome the antimitotic effect of 100 
ug/ml PY (Fig. 1b), in contrast to the experiment de- 
scribed above, in which exposure to the drug was 
shorter. Thymidine did, nevertheless, permit the con- 
tinuation of DNA synthesis (Table 1b). 

With 200 ug/ml PY, DNA synthesis was almost 
totally inhibited and no mitoses occurred even in the 
presence of thymidine (Fig. 1b; Table 1b). 

Oxygen uptake of PY treated cells. Cells were grown 
for 24 hr in the presence of 100 pg/ml PY in Eagle’s 
MEM supplemented with glycine (0-66 mM) and thy- 
midine (0-15 mM). Experiments performed on three 
different occasions using different cultures showed a 
reduction in the average oxygen uptake rate from 
17+ 3 nmole O,/min per 10° cells for control cells 
to 5 + 1 nmole O,/min per 10° cells for the 100 pg/ml 
PY-treated cells. Hence the respiratory activity of PY- 


Table |. Effects of pyrimethamine (PY) on DNA synthesis in the presence and absence of exogenous thymidine 





PY 
concentration 
(ug/ml) 


Av duration 
of culture (hr) 


Thymidine 
(0-15 mM) 


Av time 
in contact 
with drug (hr) 


No. cells 
counted 


°~ cells in 


G, Ny G, _ Polyploidy 





(a) Addition of drug in late S (18 hr after plating) 
0 rs 


S (13 hr after plating) 
13 
32 
32 
32 
32 
32 
32 


(b) Addition of drug in late G, /early 
0 eS 


50 

50 
150 
150 
150 
150 
150 
150 


WwNn WwW Oh 


50 
150 
150 
150 
150 
150 
150 








684 D. Kirk, U. Mittwocn, A. B. STONE.and D. WILKIE 


Table 2. Effects of exogenous thymidine on the inhibition of DNA synthesis by pyrimethamine (PY) added in G, 
(9 hr after plating) in the presence of supplementary adenine (0-5 mM) 





PY 
concentration 
(ug/ml) 


Duration of 
culture (hr) 


Thymidine 
(0-1 mM) 


o 


Time in contact « cells* in 
with drug (hr) G, Polyploidy 





0 9 
30 


SCOANCONO CCS 


oo 





* No. of cells counted = 50. 


treated cells was approximately 1/3 that of control 
values. 

By contrast, PY had no immediate effect on respir- 
atory activity when added to the cells even at 150 
ug/ml, indicating that the drug does not mediate its 
inhibitory effect by direct interaction with mitochon- 
dria. 


Reversibility of methotrexate (MTX) inhibition of 


fibroblasts with thymidine. It was of interest to com- 
pare PY with MTX, a folate reductase inhibitor 
whose overall structure is similar to that of folic acid 
but differs appreciably from that of PY. Fibroblasts 
grown in basal medium supplemented with glycine 
and adenine were treated with MTX with and without 
thymidine. The growth curves shown in Fig. 2 illus- 
trate that the inhibition caused by MTX at 40 pg/ml 
(equimolar with 30 ug/ml PY) is prevented by exo- 
genous thymidine, whereas that produced with 150 
ug/ml MTX is not. The results obtained with MTX 
are very similar, therefore, to those produced by PY 
in spite of marked structural differences (Fig. 3). 


DISCUSSION 

These findings show that the inhibitory effects of 
pyrimethamine on human fibroblasts in the presence 
of adequate supplies of essential metabolites, includ- 
ing thymidine (see introduction), depend on the con- 
centration of the drug and the length of time the cells 
are in contact with it. Thymidine can reverse the in- 
hibitory effect of PY only when the drug is present 
in low concentrations (30 pg/ml); at higher concen- 
trations (100 ug/ml) the reversal by thymidine is only 
during short exposure times. 

It is significant that cells treated with a high dose 
of PY (100 pg/ml for 24 hr) in the presence of thymi- 
dine show a marked reduction in_ respiration. 
Recently it has been shown that yeast cells grown 
in the presence of this drug possess defective mito- 
chondria as a result of the suppression of mitochon- 
drial protein synthesis caused by a lack of formyl- 
methionyl-tRNA [7, 8]. In yeast, when mitochondrial 
protein synthesis is blocked, there is a loss, over 
several hours, of cytochrome oxidase, the terminal 
component of the respiratory chain [13]. If this also 
applies to human fibroblast cultures, it would explain 


why PY (100 pg/ml) added early in S allows DNA 
synthesis to proceed (when exogenous thymidine is 
supplied) but prevents subsequent mitosis, there 
being, by then, no means of generating ATP. With 
200 pg/ml PY, the inhibition of dihydrofolate reduc- 
tase is presumably more complete, so that a shortage 
of THFA and its products are sooner apparent. 
Hence DNA synthesis is blocked as well as mitosis. 
The absence of mitosis under such conditions could, 
on the other hand, reflect an action of PY other than 
inhibition of the reductase. For example, the drug is 
very lipophilic and may have an inhibitory effect di- 
rectly at the cell membrane. However, the fact that 
100 g/ml PY does not prevent mitosis if added later 
in the cell cycle makes this unlikely. Furthermore, 
although MTX differs from PY in molecular structure 
and lipophilicity it has a very similar effect on fibro- 
blasts and the response to exogenous thymidine. The 
idea of mitochondrial involvement is further sup- 
ported by the finding that aminopterin, another in- 
hibitor of folate reductase, also suppresses mitochon- 
drial protein synthesis in HeLa cells [14]. 
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Fig. 3. Comparative structures of folic acid, methotrexate 
and pyrimethamine. 
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Abstract—Several drugs were shown to induce porphyrin accumulation in chick embryo liver cells 
maintained in serum-free Waymouth MD 705/1 medium. In this system, allylisopropylacetamide (AIA) 
was shown to increase d-aminolevulinic acid (ALA)-synthetase activity 5-fold over control values. Addi- 
tion of insulin to the medium resulted in enhanced porphyrin accumulation. Porphyrin accumulation 
in response to increasing doses of AIA, propylisopropylacetamide (PIA) and 3,5-diethoxycarbony]-2,4,6- 
trimethylpyridine (Ox-DDC) was 3- to 4-fold greater in serum-containing than in serum-free medium. 
With 3,5-diethoxycarbonyl-1,4-dihydro-2,4,6-trimethylpyridine (DDC), however, porphyrin accumu- 
lation in response to increasing doses was slightly greater in serum-free than in serum-containing 
medium. In serum-free medium coproporphyrin accumulated in response to AIA and PIA, uroporphyrin 
in response to Ox-DDC, and a mixture of uro-, copro-, and protoporphyrin in response to DDC. 
The pattern of porphyrin accumulation in response to Ox-DDC and DDC was similar in serum-free 
and serum-containing medium. With AIA and PIA a mixture of uro-, copro- and protoporphyrin 
accumulated in serum-containing medium which contrasts with the accumulation of coproporphyrin 
alone in serum-free medium. It appears that porphyrin-inducing drugs might inhibit a variety of steps 


in the heme biosynthetic pathway. 


In 1966, Granick [1] introduced a procedure for 
maintaining chick embryo liver cells in culture. This 
system has been used by numerous _investiga- 
tors [2-4] to determine whether drugs induce por- 
phyrin biosynthesis and to study the mechanisms of 
control of hepatic heme biosynthesis. In the original 
procedure of Granick [1], the cells were maintained 
in Eagle’s basal medium [5]. supplemented with 10°, 
fetal bovine serum. One of the problems encountered 
was the variability in porphyrin production observed 
with different batches of sera[6]. This variability 
could be attributed to the presence, in serum, of free 
hemoglobin and of unknown amounts of various hor- 
mones; these substances could interfere with the in- 
duction of 6-aminolevulinic acid (ALA)-synthetase. In 
addition, the serum contains esterase activity which 
could inactivate drugs containing ester groups.t 
Clearly, it would be advantageous to have a serum- 
free medium available for these studies. 

Recently, Sinclair and Granick [7] cultured chick 
embryo liver cells in a modified Ham F-12 medium 
in the absence of serum. These cells, however, had 
to be maintained in a serum-containing medium for 
the first 24hr; otherwise they would not attach to 
the surface of the Petri dish. After this time, the 
medium was replaced with serum-free medium con- 
taining the porphyrin-inducing drugs. Twenty-four hr 
later, porphyrins were found to have accumulated. 
There are two disadvantages to the above procedure: 
(1) the modified medium is not available commer- 
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cially and must be prepared by the investigator, a 
time-consuming task; and (2) during the initial incu- 
bation in the presence of serum, several serum com- 
ponents might attach to the cell surface or enter the 
cell. These factors which could vary from batch to 
batch of serum and which might persist during the 
serum-free phase of culture could result in a varia- 
bility of responsiveness. Recently, Goodridge [8] de- 
scribed a procedure for maintaining chick embryo 
liver cells in a commercial medium (Waymouth MD 
705/1)[9] in the absence of serum. The cells were 
cultured in plastic bacterial Petri dishes and attached 
themselves to the surface without preincubation in 
medium-containing serum. This system was used suc- 
cessfully to study fatty acid synthesis. 

The first objective of the present study was to deter- 
mine whether drug-induced porphyrin biosynthesis 
would occur in chick embryo liver cells maintained 
in serum-free Waymouth medium. Our second objec- 
tive was to qualitatively and quantitatively compare 
drug-induced porphyrin biosynthesis in serum-con- 
taining and serum-free medium. The final objective 
of this study was to examine the nature of the por- 
phyrins accumulating in serum-free and serum-con- 
taining medium. 


MATERIALS AND METHODS 


Cell culture techniques. Unincubated fertilized eggs 
from White Leghorn chickens were obtained from a 
commercial supplier. They were incubated at 38 
with a relative humidity of 68 per cent. After 18 days 
of incubation, the embryos were sacrificed by decapi- 
tation. The livers of 15-20 chick embryos were 
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removed under aseptic conditions and washed in ster- 
ile modified Krebs-Ringer bicarbonate buffer (modi- 
fied KRB), pH 7-4, with one-half the recommended 
amount of CaCl, [10]. All subsequent preparations 
were carried out aseptically, and all solutions were 
sterilized by millipore filtration. The livers were 
placed on filter paper discs, freed of connective tissue 
and blood clots, and sliced as thinly as possible with 
a stainless steel razor blade. The sliced liver was trans- 
ferred to a 500-ml Erlenmeyer flask containing 75 ml 
of 0-05°,, collagenase and 01° hyaluronidase in 
modified KRB[11]. The flask was stoppered and 
shaken at 150 oscillations/min at 37° for 40 min. The 
resulting cell suspension was filtered through a double 
layer of nylon mesh, and the cells were sedimented 
by centrifugation at 300g,, for 5 min. The cells were 
washed twice with modified KRB and once with 2°, 
bovine serum albumin in modified KRB. The cells 
were then suspended in 20 vol of Waymouth MD 
705/1 medium containing 60 mg penicillin G, 100 mg 
streptomycin sulfate and 1-0 mg insulin/1. Cell suspen- 
sion (0-3 ml containing approximately 1-2 mg protein) 
was added to 4:7 ml Waymouth medium in 5-cm plas- 
tic Petri dishes. These quantities were doubled when 
10-cm dishes were used. During the first 24 hr of incu- 
bation in an atmosphere of 5°, CO, in air at 40, 
the hepatocytes formed monolayer colonies on the 
surface of the Petri dishes. After 24 hr of incubation, 
the medium was replaced with fresh medium. This 
procedure removed most of the hemoglobin from the 
lysed red blood cells, as well as the intact red cells. 
Plastic Petri dishes were used for this method, since 
they resulted in better cell attachment than did glass. 

The method used to culture cells in serum-contain- 
ing medium has already been described [12]. These 
cells were grown on glass Petri dishes. The medium 
was supplemented with 10°,, Donor Calf serum, Flow 
Laboratories Inc., Cat. No. 4-023 M, control 4023018. 

Assay of porphyrins and ALA-synthetase. After 24 hr 
of preincubation, the medium was changed and AIA, 
DDC, Ox-DDC or PIA was added to the fresh 
medium. The cells were then returned to the incuba- 
tor for various periods of time. The porphyrins pres- 
ent in both the medium and the cells were determined 
and the combined values reported [1]. To assay ALA- 
synthetase, cells were grown in 10-mm plastic Petri 
dishes and the cells from three dishes were pooled 
in order to obtain sufficient material for the 
assay [12]. 

Chromatographic separation of porphyrins. The type 
of porphyrins that were formed by cells grown in the 
serum-free and serum-containing mediums after in- 
duction with AIA, PIA, DDC or Ox-DDC was deter- 
mined by the method of Doss [13]. The porphyrins 
were esterified and applied to glass thin-layer plates 
coated to a thickness of 250 um with Silica gel “H.” 
After development, the plates were scanned with a 
Turner model 111 fluorometer, equipped with a 
CAMAG TLC scanner. The individual porphyrins 
were identified by comparison to uro-, copro- and 
protoporphyrin standards run on the same plate. The 
relative concentrations of the porphyrins were deter- 
mined by integration of the area under the curve. 

Source of chemicals. AIA was a gift from Hoff- 
mann-La Roche, Montreal, Quebec. DDC, Ox-DDC 
and PIA were synthesized in this laboratory accord- 


ing to procedures previously described [14-16]. Way- 
mouth MD 705/1 medium and Eagle’s basal medium 
were purchased in powdered form from Grand Island 
Biological Co. Penicillin G, streptomycin sulfate, in- 
sulin, bovine serum albumin, collagenase and hyalur- 
onidase were obtained from Sigma Chemical Co. 


RESULTS 

The response of chick embryo liver cells, main- 
tained in serum-free Waymouth medium, to increas- 
ing doses of AIA in the presence and absence of insu- 
lin (1 mg/l.) is shown in Fig. 1A. Porphyrin accumu- 
lation is observed to be significantly higher in the 
insulin-containing medium. The effect on porphyrin 
induction of varying cell concentration in serum-free 
medium is shown in Fig. 1B. When 0-Sml of cell 
suspension (2:0 mg protein)/5 ml medium was used, 
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Fig. |. (a) Porphyrin biosynthesis by cells, exposed to dif- 
ferent doses of AIA for 24hr. The cells were maintained 
in serum-free Waymouth MD 705/1 medium in the pres- 
ence (@ @) and absence (O ©) of insulin (1 mg/L.). 
Each point represents the mean of four to eleven deter- 
minations + S.E.M. (b) Porphyrin biosynthesis by differ- 
ent concentration of cells [1-2 mg protein (@ @) and 
2 mg protein (O O)/dish] exposed to increasing doses 
of AIA. The cells were maintained in serum-free Way- 
mouth MD 705/1 medium for 24 hr. Each point represents 
the mean of four to nineteen determinations + S. E. M. 
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optimum induction occurred with 300 ug AIA/ml. In- 
creasing the dose of AIA resulted in decreased por- 
phyrin accumulation. When 0-3 ml of cell suspension 
(1-2 mg protein)/5 ml medium was used, the induction 
continued to increase to a maximum at about 500 yg 
AIA/ml. This was significantly above the induction 
observed with this dose using the higher cell concen- 
tration. The increase in ALA-synthetase activity at 
various times after administration of 300 ug AIA/ml 
of serum-free medium is shown in Fig. 2. There was 
a rapid increase in activity in the first 6 hr. After this 
time, the activity increased less rapidly reaching 
a maximum at about 16hr. The porphyrin accumu- 
lation in the serum-free and serum-containing systems 
at different times after the administration of AIA 
(300 g/ml) is shown in Fig. 3. During the first 10 hr, 
porphyrin accumulation in both media was similar. 
After this time, porphyrin accumulation was mark- 
edly greater in the serum-containing than in the 
serum-free medium. 

The accumulation of porphyrins in response to 
various doses of AIA in chick embryo liver cells main- 
tained in Waymouth MD 705/1 and Eagle’s basal 
media is compared in Fig. 4. Maximum accumulation 
in both systems is observed at a dose of 600 yg 
AIA/ml of medium. The maximum accumulation 
observed in the serum-containing medium was ap- 
proximately four times greater than that observed in 
the serum-free medium. The accumulation of por- 
phyrins in response to PIA in serum-containing and 
serum-free media is compared in Fig. 5. The accumu- 
lation observed in the two systems was very similar 
to that observed with the same doses of AIA. With 
PIA, as with AIA, the accumulation of porphyrins 
was approximately four times greater in the serum- 
containing medium as compared to the serum-free 
medium. The accumulation of porphyrins in response 
to DDC in the two cell culture systems is compared 
in Fig. 6. Maximum accumulation in both systems 
was obtained with a dose of 2 ug DDC/ml of medium. 
With DDC, in contrast to the other inducers studied, 
a slightly higher maximum accumulation was 
obtained in the serum-free than in the serum-contain- 
jing medium. The accumulation of porphyrins in re- 
‘sponse to Ox-DDC in the two systems is shown in 
Fig. 7; a greater accumulation occurred in serum-con- 
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Fig. 2. Time course of the induction of ALA-synthetase 

by cells maintained in serum-free Waymouth MD 705/1 

medium after the administration of AIA (300 yg/ml). Each 

point represents the mean of four to seven determinations 
+ S. E. M. 
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Fig. 3. Time course of the biosynthesis of porphyrins by 

cells maintained in serum-free Waymouth MD 705/1 

medium (Q——O) and serum-containing Eagle’s basal 

medium (@——@) after the administration of AIA 

(300 ug/ml). Each point represents the mean of six to 
twelve determinations + S. E. M. 


taining medium. The difference in the maximum ac- 
cumulation attained was, however, not as large as 
that seen with AIA and DDC. Maximum accumu- 
lation occurred with Ox-DDC (50 g/ml) in both sys- 
tems. 

The porphyrins produced in response to AIA (100 
ug/ml) in serum-containing medium were separated 
by thin-layer chromatography (Fig. 8). Protopor- 
phyrin, coproporphyrin and uroporphyrin were pres- 
ent in similar amounts. Smaller amounts of pentacar- 
boxylic, hexacarboxylic and heptacarboxylic por- 
phyrin were present. In serum-free medium, copro- 
porphyrin made up almost 90 per cent of the total 
porphyrin, with protoporphyrin forming most of the 
remainder. The results obtained with PIA (Fig. 9) 
were very similar to those observed with AIA. The 
porphyrins, formed after administration of DDC (1:5 
ug/ml), are shown in Fig. 10. In the serum-containing 
medium, uroporphyrin makes up about 50 per cent 
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Fig. 4. Biosynthesis of porphyrins by cells maintained in 

serum-free Waymouth MD 705/1 medium (O ©) and 

serum-containing Eagle’s basal medium (@——@) 24hr 

after the addition of increasing doses of AIA. Each point 

represents the mean of four to twenty determinations + 
S. E. M. 
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Fig. 5. Biosynthesis of porphyrins by cells maintained in 
serum-free Waymouth MD 705/1 medium (O- 
serum-containing Eagle’s basal medium (@ @) 24hr 
after the addition of increasing doses of PIA. Each point 
represents the mean of eight determinations + S. E. M. 


of the total porphyrins, with smaller amounts of pro- 
to-, tricarboxylic, copro- and heptacarboxylic por- 
phyrin. The serum-free system has protoporphyrin as 
its major porphyrin with lesser amounts of uro-, 
copro-, tricarboxylic and heptacarboxylic porphyrin. 
The distribution of porphyrins after Ox-DDC 
administration is shown in Fig. 14. Similar results 
were obtained in serum-free and serum-containing 
medium with the major porphyrin being uropor- 
phyrin and with minor amounts of other porphyrins. 


DISCUSSION 


In the chick embryo liver cell culture system intro- 
duced by Granick [1], Eagle’s basal medium supple- 
mented by 10°, fetal bovine serum is used. We have 
found this system to be valuable in the study of con- 
trol mechanisms in porphyrin biosynthesis. The major 
limitation of this procedure is the variability encoun- 
tered with different batches of serum. When a batch 
of serum is exhausted after a series of experiments, 
a search for a suitable batch of new serum must be 
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Fig. 6. Biosynthesis of porphyrins by cells maintained in 
serum-free Waymouth MD 705/1 medium (O——O) and 
Eagle’s basal medium (@ @) 24hr after the addition 
of increasing doses of DDC. Each point represents the 
mean of four to eight determinations + S. E. M. 
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Fig. 7. Biosynthesis of porphyrins by cells maintained in 
serum-free Waymouth MD 705/1 medium (O——O) and 
Eagle’s basal medium (@——@) 24hr after the addition 


of increasing doses of Ox-DDC. Each point represents the 
mean of four to twelve determinations + S. E. M. 


undertaken. Frequently this is a time-consuming and 
laborious process in view of the variability observed 
‘with different sera. This variability has been reported 
previously and reconfirmed in the present study 
(Table i). Our first objective was to investigate the 
possibility of inducing ALA-synthetase and porphyrin 
accumulation in chick embryo liver cells maintained 
in serum-free medium and thus overcome the prob- 
lem of variability. Goodridge [8] developed a pro- 
cedure for maintaining chick embryo liver cells in ser- 
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Fig. 8. Biosynthesis of intermediates of the porphyrin bio- 
synthetic pathway by cells maintained in serum-containing 
Eagle’s basal medium (a) and serum-free Waymouth MD 
705/1 medium (b) in response to ATA (100 pg/ml). The ac- 
cumulation of the intermediates is expressed as the per- 
centage of total porphyrins formed + S. E. M. The inter- 
mediates are: 8, uro-; 7, heptacarboxylic; 6, hexacarboxy- 
lic; 5, pentacarboxylic; 4, copro-; 3, tricarboxylic; 2, 
protoporphyrin. 
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Fig. 9. Biosynthesis of intermediates of the porphyrin bio- 
synthetic pathway by cells maintained in serum-containing 


Eagle’s basal medium (a) and serum-free Waymouth MD | 


705/1 medium (b) in response to PIA (100 pg/ml). The 
results are expressed as described in the legend to Fig. 8. 


um-free Waymouth medium and used this system suc- 
cessfully for studying fatty acid synthesis. The results 
in Figs. 1 and 2 demonstrate porphyrin accumulation 
and inducibility of ALA-synthetase, respectively, in 
the serum-free medium. Both Goodridge [8] and Sin- 
clair and Granick [7] added insulin to serum-free 
medium in order to obtain optimal results. The addi- 
tion of insulin to our serum-free Waymouth medium 
resulted in increased porphyrin accumulation (Fig. 
1A). It has been reported that insulin is one of the 
serum macromolecules required to maintain the ribo- 
somal integrity of primary cultures of chick embryo 
fibroblasts [17]. It is, therefore, possible that insulin 
might produce its effect in chick embryo hepatocytes 
by helping to maintain ribosomal integrity and there- 
by facilitating the increased synthesis of ALA-synthe- 
tase in response to porphyrin-inducing drugs. Por- 
phyrin accumulation at high doses of AIA was greater 
in Petri dishes incubated with 0:3 ml of cell suspen- 
sion (1-2 mg protein) than in dishes incubated with 
0-5 ml of cell suspension (2-0 mg protein). It is possible 
that the decreased porphyrin accumulation observed 
with the higher cell population might be attributed 
to the exhaustion of a key nutrient required for por- 
phyrin biosynthesis. 

Livers were dissociated by means of collagenase 
and hyaluronidase and the dispersed cells maintained 
in Waymouth medium. When the Waymouth medium 
was replaced with Eagle’s basal medium the cells 
appeared morphologically similar to those in Way- 
mouth medium but were unresponsive to porphyrin- 
inducing drugs. Consequently, there must be constitu- 
ents present in Waymouth medium, but absent in 
Eagle’s basal medium, necessary for drug-induced 
porphyrin accumulation. It might be possible to iden- 
tify these constituents by adding to the Eagle’s basal 
medium components of the Waymouth medium 
which are absent from Eagle’s basal medium. When 
livers were dissociated with trypsin and placed in 
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Fig. 10. Biosynthesis of intermediates of the porphyrin bio- 
synthetic pathway by cells maintained in serum-containing 
Eagle’s basal medium (a) and serum-free Waymouth MD 
705/1 medium (b) in response to DDC (1-5 pg/ml). The 
results are expressed as described in the legend to Fig. 8. 


serum-free Waymouth medium only a few of the cells 
attached to the Petri dish. 

Our second objective was to compare qualitatively 
and quantitatively drug-induced porphyrin biosyn- 
thesis in serum-free and serum-containing medium. 
The time course of porphyrin accumulation in re- 
sponse to AIA (300 ug/ml) is shown in Fig. 3. Con- 
siderably larger amounts of porphyrins accumulated 
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Fig. 11. Biosynthesis of intermediates of the porphyrin bio- 
synthetic pathway by cells maintained in serum-containing 
Eagle’s basal medium (a) and serum-free Waymouth MD 
705/1 medium (b) in response to Ox-DDC (50 ug/ml). The 
results are expressed as described in the legend to Fig. 8. 
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Table 1. Effect of different sera on AIA (300 ug/ml)-induced porphyrin biosynthesis 
24 hr after drug administration 





Serum used to prepare 
medium 


Porphyrin formed 
(ng/mg protein + S. E.) 





Bovine 

(Pentex Inc., Winley 

Morris Co.) 

Bovine 

(Grand Island Biological Co.) 
Fetal bovine 

(Flow Laboratories, Inc.) 
Donor calf 

(Flow Laboratories, Inc.) 


816-9 + 65:2 
690-2 + 96:3 
109-4 + 7:8 


637-1 + 269 





after 10hr in the serum-containing medium than in 
the serum-free medium. Porphyrin accumulation in 
response to increasing doses of AIA (Fig. 4), PIA (Fig. 
5) and Ox-DDC (Fig. 7) was considerably greater in 
serum-containing than in serum-free medium. With 
DDC (Fig. 6), however, porphyrin accumulation in 
response to increasing doses was greater in serum-free 
than in serum-containing medium. Despite the fact 
that there is less porphyrin accumulation in the ser- 
um-free medium in response to three out of the four 
drugs, we believe that the advantages of the serum- 
free medium outweigh this disadvantage. The adop- 
tion of the serum-free medium has enabled us to 
obtain reproducible data and has eliminated the need 
for continuous screening of new batches of serum. 
Since serum is the most expensive constituent of cell 
culture systems, elimination of this component greatly 
decreases the expense associated with these exper- 
iments. 

The final objective of our study was to examine 
the nature of the porphyrins which accumulate in ser- 
um-free and serum-containing medium. Since por- 
phyrin-inducing chemicals induce a rapid increase in 
ALA-synthetase activity in chick embryo liver cells, 
it has been assumed that porphyrins accumulate as 
a result of the overproduction of ALA and the inabi- 
lity of the enzymes of the heme biosynthetic pathway 
to cope with an increased flux of intermediates 
through the pathway. If this is the correct explana- 
tion, one would expect (1) the accumulation of the 
same porphyrins in response to all porphyrin-induc- 
ing chemicals, and (2) the pattern of porphyrin ac- 
cumulation in response to drugs should be the same 
as that observed when exogenous ALA is added to 
the chick embryo liver cell culture medium. Doss and 
Kaltepoth [18] have recently compared the por- 
phyrins accumulating in response to two porphyrin- 
inducing drugs and to exogenous ALA in chick 
embryo liver cells grown in serum-containing 
medium. The pattern of accumulation, proto- > co- 
pro- > uroporphyrin, was found to be the same 
whether porphyrin-inducing drugs or ALA was 
added. However, Sinclair and Granick [19] have 
recently shown that uroporphyrin accumulates in re- 
sponse to several chlorinated hydrocarbons, while 
protoporphyrin is the major porphyrin accumulating 
in response to AIA. Sinclair and Granick [19] have 
suggested that a metabolite of the chlorinated hydro- 
carbons inhibits uroporphyrinogen decarboxylase, 
thus causing uroporphyrin to accumulate. When exo- 


genous ALA was added, protoporphyrin accumu- 
lated. Clearly all porphyrin-inducing agents cannot 
be acting by the same mechanisms. This conclusion 
is supported by our present results. Thus, in serum- 
free medium, coproporphyrin accumulates in re- 
sponse to AIA (Fig. 8B) and PIA (Fig. 9B), while uro- 
porphyrin is the major porphyrin to accumulate in 
response to Ox-DDC (Fig. 11B) and a mixture of pro- 
to-, copro- and uroporphyrin in response to DDC 
(Fig. 10B). These results suggest that Ox-DDC in- 
hibits uroporphyrinogen decarboxylase and that AIA 
and PIA inhibit coproporphyrinogen oxidase. DDC 
has previously been shown to inhibit ferrochela- 
tase [20] and the fact that protoporphyrin is the pre- 
dominant porphyrin to accumulate in the serum-free 
medium is consistent with this interpretation. It 
would appear that one of the mechanisms by which 
porphyrin-inducing drugs act is by inhibiting a step 
in the porphyrin biosynthetic pathway. This would 
result in decreased levels of protoheme which in turn 
would release ALA-synthetase from feedback repres- 
sion. The pattern of porphyrin accumulation in re- 
sponse to Ox-DDC was similar in serum-free and ser- 
um-containing medium (Fig. 11). With DDC the pat- 
tern of porphyrin accumulation was similar qualitati- 
vely but not quantitatively. In the case of AIA and 
PIA, the pattern of porphyrin accumulation was 
markedly different in serum-containing and serum- 
free medium (Figs. 8 and 9). Thus, while copropor- 
phyrin was the principle porphyrin in serum-free 
medium, a mixture of uro-, proto- and copropor- 
phyrins accumulated in serum-containing medium. 
This experiment suggests that factors in serum exert 
control on the activity of some of the enzymes of 
the heme biosynthetic pathway. The serum-free 
medium may, therefore, be useful in a study of factors 
controlling the activity of enzymes of the heme bio- 
synthetic pathway. 
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Abstract—A comparison of the aqueous decomposition products of several haloethylnitrosoureas has 
led to a suggested mode of decomposition and antitumor effect for these compounds. 1,3-Bis-chloroethyl- 
l-nitrosourea (BCNU), 1-chloroethyl-3-cyclohexyl-1-nitrosourea (CCNU), 1,3-bis-fluoroethyl-1-nitro- 
sourea (BFNU) and 1-chloroethyl-1-nitrosourea (CNU) decompose in buffered aqueous solution to 
yield haloethanol, vinyl halide, dihaloethane and acetaldehyde. Evidence is presented that these products 
are derived from an intermediate haloethyl carbonium ion. On the other hand, |-chloroethyl-3,3-dimethyl- 
l-nitrosourea decomposes slowly in aqueous solution, generates acetaldehyde, but not the other 
volatile compounds described above, and is not toxic to murine L1210 leukemia cells in vitro. In 
contrast to the disubstituted nitrosoureas, chloroethylnitrosourea does not generate an organic iso- 
cyanate on aqueous decomposition, but is a very active antitumor agent both in vitro and in vivo. 
These observations support the hypothesis that the antitumor activity of the chloroethylnitrosoureas 
is due to the facile decomposition of the parent molecule to form a chloroethyl carbonium ion (or 


diazonium precursor). 


1,3-Bis-chloroethyl-l-nitrosourea (BCNU) and 1- 
chloroethyl-3-cyclohexyl-1-nitrosourea (CCNU) are 
antitumor agents which have been used effectively in 
the treatment of lymphomas [1] and a variety of solid 
tumors, including brain tumors [2,3]. BCNU, the 
most studied chloroethylnitrosourea, crosses the 
blood-brain barrier readily [4], kills tumor cells 
which are not actively dividing [5, 6], and exhibits an 
unusual delayed hematologic toxicity in man[7]. 
Because of these distinctive properties, it is of particu- 
lar interest to understand the pharmacology of the 
chloroethylnitrosoureas. 

Early studies on the aqueous decomposition of 
BCNU demonstrated that an organic isocyanate was 
generated, and it was suggested that reaction of this 
isocyanate with the amine groups of macromolecules 
might play a role in the biologic effects of the com- 
pound [8]. Cheng et al. [9] studied the binding to 
macromolecules of CCNU labeled with '*C in either 
the chloroethyl group or the cyclohexyl moiety. These 
studies, carried out with solutions of macromolecules 
and with murine L1210 leukemia cells both in vitro 
and in vivo, demonstrated that the cyclohexyl moiety 
was bound almost exclusively to proteins, while the 
carbons of the chloroethyl group were bound to both 
proteins and nucleic acids. The binding of the cyclo- 
hexyl group to proteins was shown to be due to car- 
bamoylation of the lysine residues by cyclohexyl iso- 
cyanate [10]. These authors proposed that the dual 
capacity to alkylate nucleic acids and to alter proteins 
by carbamoylation might explain the pharmacologic 
effects of the chloroethylnitrosoureas. 





* To whom reprint requests should be addressed at: The 
Johns Hopkins Oncology Center, B2-South, Baltimore 
City Hospitals, 4940 Eastern Ave., Baltimore, Md. 21224. 


Kramer et al. [11] studied the products of the reac- 
tion between BCNU and polycytidylic acid. The two 
products identified were 3-hydroxyethyl-CMP and 
3,N*-ethano-CMP. These products are consistent 
with the transfer of a chloroethyl group from BCNU 
to generate a transient 3-f-chloroethyl-CMP. These 
findings led us to investigate further the aqueous 
decomposition of BCNU. We recently reported that 
the decomposition of BCNU in aqueous media at 
physiologic pH generates chloroethanol, acetalde- 
hyde, vinyl chloride and dichlorethane [12], and pre- 
sented evidence that these volatile materials are de- 
rived from a chloroethyl carbonium ion. We have 
now extended these observations with several ana- 
logues of BCNU (Fig. 1) and report here studies 
which are consistent with the hypothesis that chloro- 
ethyl carbonium ion generation is responsible for 
the cytotoxicity of chloroethylnitrosoureas against 
murine L1210 leukemia cells. 
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Fig. 1. Structures of the haloethylnitrosoureas studied. 
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MATERIALS AND METHODS 


Source of drugs. BCNU, CCNU, 1,3-bis-fluoroethyl- 
l-nitrosourea (BFNU), and 1-chloroethyl-1-nitroso 
urea. (CNU) were kindly provided by Dr. Harry 
Wood of the Drug Development Branch of the 
National Cancer Institute. CCNU, labeled with '*C 
in either the chloroethyl carbons or the cyclohexyl 
moiety, was obtained through Dr. Robert Engle of 
the Drug Development Branch of the National 
Cancer Institute. 

1-Chloroethyl-3,3-dimethylurea was synthesized ‘by 
reacting chloroethyl isocyanate with one equivalent 
of dimethylamine (40°, aqueous solution) at 0 for 
| hr and purified by chromatography on Alumina 
with ethyl acetate. An 85 per cent yield of white crys- 
tals was obtained: m.p. 84° (literature, m.p. 86°) [13], 
NMR (CDCI,) 6 56 (1H, broad s), 36 (4H, m) 
and 2-9 (6 H, s). The above urea (0-5 g) was nitrosated 
in glacial acetic acid (10 ml) at 0° with two equivalents 
of sodium nitrite dissolved in water (1 ml) for 2 hr. 
1-Chloroethyl-3,3-dimethyl-1-nitrosourea (dMCNU) 
was isolated by washing an ether solution of the reac- 
tion’ mixture with aqueous bicarbonate, drying with 
sodium sulfate and evaporating to a yellow oil: 60 
per cent yield, NMR (CDCI,) 6 42 (2 H, t), 3:7 (2 
H, t) and 3-2 (6 H, s). 

Decomposition studies. The  nitrosourea (0-12 
m-mole) was heated at 37° with 0-1M_ phosphate 
buffer (2:5 ml, pH 7-4) in a sealed vial fitted with a 
serum cap until complete decomposition of the nitroso- 
urea, as measured by the Bratton-Marshall deter- 
mination [14] had occurred. Diethyl ether (2:5 ml) was 
then injected into the vial, and both the ether and 
aqueous phases were analyzed by gas chroma- 
tography (GC) and gas chromatography-mass spectro- 
metry (GC-MS). In the case of BF NU, no ether was 
injected into the vial because it interfered with the 
determination of fluoroethanol. 

To determine the relative amount of volatile 
decomposition products from the different parts of 
the molecule, CCNU labeled with '*C in either the 
chloroethyl or the cyclohexyl moieties was incubated 
in pH 7-4 buffer, 0-05 M, under the conditions shown 
in Fig. 2 (see Results). Aliquots were withdrawn at 
varying times, spotted on filter papers, air dried and 
counted in a liquid scintillation counter. 

Deamination studies. Either chloroethylamine or 
fluoroethylamine (1 m-mole) was dissolved in a mix- 
ture of ether (10ml) and 0-5M_ hydrochloric acid 
(2 ml). Then sodium nitrite (1 m-mole) was added. 
After gas evolution ceased, additional portions of acid 
and nitrite were added to a total of 10ml and 
5m-moles respectively. Both the ether and aqueous 
phases were analyzed by GC and GC-MS. Fluoro- 
ethylamine was also deaminated in the absence of 
ether for the determination of fluoroethanol and 
chlorofluoroethane. 

GC and GC-MS‘ studies. Gas chromatographic 
analyses were carried out in a Varian 2400 instrument 
equipped with flame ionization detectors. A 10-ft glass 
column packed with Chromosorb 101 with no liquid 
phase was used isothermally at 120°. For mass spec- 
trometric studies, a similar column was used in a 
DuPont 491 gas chromatograph—mass spectrometer. 

Cytotoxicity studies. Murine L1210 leukemia cells 


were harvested from female C57BL/6 x DBA/2 F, 
mice 4 days after inoculation with 10° cells. The cells 
were then incubated in Dulbecco’s physiologically 
buffered saline at a concentration of 10° cells/ml at 
37° for 30min with the desired concentrations of 
drug. At the end of the incubation period, 1 ml (10° 
cells) of the cell suspension was injected into each 
of five recipient mice. The mean survival time of these 
mice was then compared to the survival of mice in- 
jected with the same number of cells incubated with 
medium alone. 


RESULTS 


In Fig. 2 are shown the results of the spontaneous 
decomposition of ['*C]CCNU in buffered solution. 
As can be seen, when the '4C label is in the chloro- 
ethyl carbons, a majority of the radioactivity is con- 
verted to volatile products and the amount of non- 
volatile radioactivity gradually decreases. When the 
'$C label is in the cyclohexyl ring, essentially all of 
the radioactivity remains non-volatile. 

In the experiment described in Fig. 3, CCNU was 
allowed to decompose in a Teflon-lined, rubber-stop- 
pered vial. Ether was then injected into the vial and 
both the ether and aqueous phases were analyzed on 
a Chromosorb 101 gas chromatographic column. The 
elution pattern of both phases was identical to those 
obtained from the decomposition of BCNU [12] un- 
der similar conditions, and peaks with the appro- 
priate retention times for vinyl chloride, acetaldehyde, 
chloroethanol and dichloroethane were present. The 
identity of these compounds was confirmed by 
GC-MS. Each of the peaks shown in Fig. 3 yielded 
a mass spectrum consistent with the assigned struc- 
ture and identical to the mass spectrum of an injected 
standard [12]. 

The decomposition products of CNU, BCNU, 
dMCNU and BFNU were also analyzed in a similar 
fashion and the products quantitated from the areas 
under the peaks of the gas chromatogram. As shown 
in Table 1, CCNU, BCNU and CNU all yielded vinyl 
chloride, acetaldehyde, chloroethanol and dichioro- 
ethane. BFNU yields the corresponding fluoro com- 
pounds, fluoroethanol and vinyl fluoride, as well as 
acetaldehyde. Vinyl fluoride was identified by the 
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CCNU, ring 
labelled 





——— CCN, ethylene 
labelled 


CPM , non-volatile fraction 
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TIME (hours) 

Fig. 2. Decomposition of CCNU. Thirty yg of '*C-labeled 
CCNU (either in the ethylene or cyclohexyl moiety), 1-6 
Ci/pmole, dissolved in 25 yl ethanol, was added to 0-475 ml 
of 0:05 M phosphate buffer, pH 7:4. Aliquots (50 yl) were 
withdrawn at the indicated time points and analyzed as 
described in the text. 
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Fig. 3. Gas chromatographic analysis of ether extract of 

the volatile’ decomposition products of CCNU. See 

Methods for experimental and analytical conditions. Peaks 

2, 3, 4 and 5 are vinyl chloride, acetaldehyde, dichlorethane 

and chloroethanol respectively. Peak 1 is not identified and 
the very broad peak is the ether solvent. 


mass spectrum from GC-MS, since a standard was 
not available. Decomposition of dMCNU did not 
yield vinyl chloride, chloroethanol or dichloroethane, 
but produced acetaldehyde along with smaller quanti- 
ties of two other unidentified volatiles. 

Also shown in Table 1 are the yields of volatile 
materials produced by the nitrosative deamination of 
chloroethylamine and fluoroethylamine. This reaction 
generates the same spectrum of volatile products as 
the buffered aqueous decomposition of the halonitroso- 
ureas. 1-Chloro-2-fluoroethane was identified by 
the mass spectrum from GC-MS, as no standard was 
available. 

The rate of decomposition of CNU, BCNU and 
dMCNU in aqueous solution at physiologic pH has 
been studied and is illustrated in Fig. 4. As can be 
seen, CNU decomposes very rapidly, BCNU some- 
what less so, and (MCNU very slowly. 

The comparative cytotoxic effects of CNU, BCNU 
and dMCNU against murine L1210 cells in vitro were 
also studied and the results are shown in Table 2. 
Both CNU and BCNU were very cytotoxic to the 
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Fig. 4. Rate of decomposition of chloroethylnitrosoureas 

in 0-1 M sodium phosphate buffer, pH 7-4, containing 1°% 

ethanol. The compounds (0-1 mg/ml) were incubated at 37°, 

and at the indicated intervals, aliquots were removed and 

analyzed for the intact nitrosourea by the Bratton—Mar- 
shall technique [14]. 


L1210 cells at 25 nmoles/ml, but dMCNU had no 
effect on the viability of these cells at 100 nmoles/ml. 


DISCUSSION 


We have previously reported that BCNU decom- 
poses in buffered aqueous solution to generate vinyl 
chloride, acetaldehyde, chloroethanol and dichloro- 
ethane [12]. That these products may be generated 
by the formation of a chloroethyl carbonium ion has 
been shown by demonstrating that the same products 


Table 2. Antitumor activity in vitro of 


chloroethylnitrosoureas 





Survival 
>30 days 


M.S.T. 
(days) 


Concn 


Agent (uM) 





Control* 7-6 
CNU 25 
CNU 50 
BCNU 25 
BCNU 50 
dMCNU 50 
dMCNU 100 





* 11210 cells incubated with medium alone. 


Table 1. Yields of volatile Rroducts® 





Haloethylnitrosourea decompositions 


Haloethylamine deaminations 








Product CNU BCNU CCNU 


BFNUt CICH,CH,NH, FCH,CH,NH; 





CH, = CHX 2 2 4 
CH,CHO 14 26 37 
CICH,CH,X 1 I 3 
XCH,CH,OH 83 71 56 


Detected 3 Detected 
15+ 18 12 
13 Detected 
85+ 66 67itT 





*Mole per cent of total recovered volatiles, except where noted. In all cases, recoveries were greater than 70 per 


cent of theoretical. 


+ No ether extraction was used for these determinations (see Methods). 
t Mole per cent of fluoroethylamine reacted. 1-Chloro-2-fluoroethane, a major product, and vinyl fluoride, a minor 


product, were not quantitated due to lack of standards. 
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Fig. 5. Suggested scheme for the aqueous decomposition 
of haloethylnitrosoureas in the presence of buffer. 


are’ generated from the nitrosative deamination of 
chloroethylamine, a reaction known to generate car- 
bonium ions[15]. The products obtained from 
BFNU are consistent with a fluoroethyl carbonium 
ion and the same products were obtained from the 
deamination of fluoroethylamine. 

In this work, we have demonstrated that the buf- 
fered aqueous decomposition of CCNU and CNU 
also generates the same volatile products. As shown 
by the experiments illustrated in Fig. 2, the volatile 
products come from the chloroethyl group of CCNU, 
and presumably from the nitroso-bearing chloroethyl- 
amino portion of BCNU. 

A suggested scheme for the decomposition of 
haloethylnitrosoureas in buffered aqueous solution is 
shown in Fig. 5. Consideration of this scheme sug- 
gested that 1,1-dichlorethane should be produced dur- 
ing the decomposition of the chloroethylnitrosoureas. 
When the decomposition of BCNU was carried in 
the pressence of 2M chloride ion, the yield of 
1,2-dichlorethane was markedly increased and a small 
peak eluting from the gas chromatograph shortly 
before 1,2-dichlorethane was seen. This material had 
the same retention time as authentic 1,1-dichlorethane 
on both Chromosorb 101 and 0-4°,, Carbowax 1500 
on Carbopack A gas chromatographic columns. The 
finding of 1,1-dichlorethane as a product of decompo- 
sition supports the concept that acetaldehyde is pro- 
duced through a hydride shift of the chloroethyl car- 
bonium ion, as shown in Fig. 5. 

Wheeler and Bowdon [6] reported that BCNU in- 
hibited DNA nucleotidyltransferase activity in L1210 
cells, and found that this was due to an effect on 
the enzyme system by the chloroethyl isocyanate pro- 
duced by the decomposition of BCNU. Baril et 
al. [17] have subsequently found that DNA polymer- 
ase II, but not DNA polymerase I, is inhibited by 
the alkyi isocyanates produced from BCNU and 
CCNU. The inhibition of the repair of irradiation- 
produced DNA strand breaks by BCNU and chloro- 
ethyl isocynate was described by Kann et al. [18] 
Kann et al.[19] have recently reported that the 
organic isocyanates generated by nitrosoureas inhi- 
bited RNA synthesis and processing in L1210 cells, 
but that potassium cyanate did not. In this report, 
it was pointed out that CNU did not generate an 
organic isocyanate moiety and did not inhibit RNA 


synthesis and processing, yet was an active antitumor 
agent. On this basis, it was suggested that organic 
isocyanate generation is not required for antitumor 
activity of the nitrosoureas. 

CNU, on aqueous decomposition, would yield iso- 
cyanic acid (= cyanic acid, K, = 2:2 x 10°*), which 
at physiologic pH would be ionized to cyanate and 
thus be a much poorer carbamoylating agent than 
the organic isocyanates. This interpretation is sup- 
ported by the results of Kann er al. [19] cited above. 
Wheeler et al.[20] have shown that N-methyl-N- 
nitrosourea (which would also release isocyanic acid 
on hydrolysis) will inhibit the sickling in vitro of sickle 
trait red blood cells, but is considerably less effective 
than BCNU. Since the anti-sickling effect is presum- 
ably due to carbamoylation of hemoglobin S, these 
results suggest that isocyanic acid has some carba- 
moylating effect at physiologic pH, but this activity 
is much less than that of the alkyl isocyanates. 

Our data indicate that CNU is at least as cytotoxic 
in vitro against L1210 cells as BCNU, and Schabel 
et al.[4] reported that the optimal dose of CNU 
against L1210 in vivo is one-fourth that of BCNU, 
on a molar basis. Thus, the relative anti-L1210 effect 
of the two agents does not correlate with their carba- 
moylating activity. Both agents, however, decompose 
rapidly to generate chloroethyl carbonium ions, CNU 
faster than BCNU. 

In contrast to CNU and BCNU, dMCNU is rela- 
tively stable in buffered aqueous solutions. This is 
presumably due to the disubstitution of the 3- 
nitrogen, which prevents proton abstraction and re- 
arrangement to form the isocyanate and release the 
diazonium hydroxide, as illustrated in Fig. 5. As 
shown in Table 2, dMCNU is not toxic to Li210 
cells in vitro at concentrations 4-fold higher than the 
effective level of CNU or BCNU. This lack of activity 
is consistent with the concept that decomposition of 
the parent molecule is necessary for the cytotoxic 
effect. The slow decomposition of dMCNU to form 
acetaldehyde, but not the other products expected 
from the aqueous reactions of a chloroethyl car- 
bonium ion, suggests that this molecule degrades by 
a different pathway. 

Our observations support the hypothesis that the 
active chloroethylnitrosoureas generate a cytotoxic 
effect against L1210 cells by virtue of decomposition 
to a chloroethyl carbonium ion (or diazonium hyd- 
roxide precursor). The degradation of these nitroso- 
ureas also generates carbamoylating moieties which 
affect nucleic acid-synthesizing enzymes and may con- 
tribute to or modify the therapeutic effect and, tox- 
icities of some or all of these agents. 
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Abstract—Some properties of pig plasma esterases were determined using as substrates thiophenyl 
acetate, phenylacetate, acetylthiocholine iodide and butyrylthiocholine iodide. Under similar conditions, 
butacarb (3,5-di-t-butylphenyl methylcarbamate) was found to be a much more potent inhibitor than 
carbaryl (1-naphthyl methylcarbamate). High specific activity fractions were obtained by ammonium 
sulfate precipitation followed by chromatography on Sepharose 6B. The butacarb-sensitive esterases 
were adequately separated from albumin by Sepharose 6B. The active fractions were inhibited by 
mercuric, cobalt and manganese ions, and not by calcium and potassium ions or by Mipafox, an 
organophosphorus compound. Also, they were free of any cholinesterase activity. The properties 


observed indicated an arylesterase type of enzyme. 


Pig plasma contains mostly arylesterases and low 
concentrations of other related enzymes. The presence 
of carboxylesterases is questionable. Arylesterases are 
genetically controlled by a set of multiple alleles [1, 2] 
and are ‘specific’ toward aromatic and aliphatic esters 
having a double bond (~C—C—O—) adjacent to the 
ester linkage [3]. They do not hydrolyze choline and 
other aliphatic esters. However, esterases such as car- 
boxylesterases and cholinesterases readily hydrolyze 
aromatic esters. 

Arylesterases, which are the characteristic type of 
esterase in mammalian blood plasma [4-8], are 
highly sensitive to heavy metallic ions such as mer- 
curic ions [7-10] and are activated by calcium [9-11]. 
They are resistant to organophosphorus compounds 
and carbamates, including those used as selective cho- 
linesterase inhibitors. 

However, our preliminary work showed that pig 
plasma esterases hydrolyzing thiophenyl acetate 
(TPhAc) were readily and markedly inhibited by 
butacarb (3,5-di-t-butylphenyl methylcarbamate), but 
were less sensitive to carbaryl (1-naphthyl methylcar- 
bamate). This difference in the reactivity toward simi- 
lar compounds may be of importance in toxicological 
evaluations necessary for setting up tolerance levels 
of carbamate insecticides in foods. The present inves- 
tigation deals with the partial isolation and character- 
ization of butacarb-sensitive esterases from other 
plasma proteins. 


MATERIALS AND METHODS 


Enzyme assays. The esterase activity was deter- 
mined spectrophotometrically according to a modi- 
fied method of Ellman, Augustinsson et al. [12, 13], 
using TPhAc (Polyscience, Warrington, Pa.), acetyl- 
thiocholine iodide (ASChI) and_ butyrylthiocholine 
iodide (BSChI) (both from Sigma Chemical Co., St. 





*Food Research Division, Health Protection Branch, 
National Health and Welfare, Ottawa, Canada K1A OL2. 


Louis, Mo.) as substrates. The reaction rate was deter- 
mined, at 30° in 0-05 M Tris-HCl buffer, pH 7:2. An 
LKB Reaction Rate Analyzer 8600 (Bromma, 
Sweden) or Beckman DB-G (Great Britain) spectro- 
photometer was used. Butacarb, 100 per cent purity 
(Boots Pure Drug Co., Ltd., Nottingham, England), 
and carbaryl, 99-9 per cent purity (Union Carbide 
Corp., W. Va., U.S.A.), were added individually or 
on after the other to the reaction solution to deter- 
mine their effects on the enzymatic hydrolysis of 
TPhAc. Unless specified, the general procedure was 
as follows: (1) preincubation of enzyme solution for 
0-5 min at 30°, (2) TPhAc added and the initial enzy- 
matic rate observed for 1 min, (3) carbaryl added and 
the enzymatic rate observed for another 1 min and 
(4) butacarb added and the rate also observed for 
at least 1 min. 

The enzyme activity was also determined gaso- 
metrically at 25° in a Warburg apparatus (B. Braun, 
Melsungen, West Germany) using phenyl acetate 
(Labkemi AB, Stockholm, Sweden) as substrate. 

Determination of protein concentration. The protein 
concentration was determined by measuring the 
extinction at 260 and 280 nm [14]. Protein concen- 
tration (mg/ml) = 1-45 E 5,9 — 0:74 E469; where E is 
the extinction at 260 and 280 nm respectively. 

Separation methods. Chromatographic separation 
on Sephadex G-100 and Sepharose 6B (both obtained 
from Pharmacia Fine Chemicals, Uppsala, Sweden) 
was performed at 4°. Phosphate buffer (004M, pH 
7) was used in a Sephadex G-100 column, and either 
phosphate buffer (0-04 M, pH 7) or Tris-HCl buffer 
(0-05 M, pH 7:2) in a Sepharose 6B column. The Tris 
buffer was used with or without 1mM CaCl, and 
5 uM EDTA. The flow rate (0:25 to 0-30 ml/min) was 
maintained by using a peristaltic pump (Varioperpex, 
LKB-Produkter AB, Bromma, Sweden) after intro- 
ducing the sample at the bottom of the gel column 
(1-5cm id. x 85cm ht). The void volume obtained 
was ~ 45 ml. 


701 





702 


The enzyme was also isolated by precipitation in 
an (NH,),SO,  solution[4,11] before chroma- 
tography on Sepharose 6B. The precipitate obtained 
from a 50°, saturated (NH4),SO, solution was dis- 
carded. The supernatant was further saturated to 75°, 
and the resuliing supernatant discarded. The precipi- 
tate was dissolved in 0:05 M Tris-HCI buffer at pH 
7:2, dialyzed for 3 days with several changes of the 
same buffer, and concentrated in an Amicon Diaflo 
cell (instrument AB Lambda, Stockholm, Sweden). 

Electrophoresis was performed always in duplicate, 
at 4 in polyacrylamide gels (pH 7-5, 75°, medium 
size pore)[15]. The developed gels were incubated 
with Coomassie Brilliant Blue R-250 (Serva, Heidel- 
berg, West Germany), 5-bromoindoxyl acetate 
(5-BIA) (Sigma Chemical Co., So. Louis, Mo), 1-naph- 
thyl acetate (NA) (Eastman Organic Chem., Roches- 
ter, N.Y.), or TPhAc. In addition, isoelectric focusing 
in polyacrylamide gels containing Ampholine (LKB- 
Produkter AB, Bromma, Sweden) was also performed 
in duplicate according to the previously reported 
methods [16-19].* After focusing, each gel was cut 
into 5-mm sections [19].* Each section was squashed 
in 1 ml of distilled water and was kept overnight at 
4 before determining the pH at this temperature. 
Other gels, which were incubated with enzyme sub- 
strate or protein stain, were observed at 620 nm for 
Coomassie Brilliant Blue R-250, indophenyl acetate 
(IPA), and TPhAc-copper-dithioxamide complex 
[20]; at 610nm for 5-BIA; at 390nm for NA; and 
at 284nm for protein with or without stains. The 
spectrophotometer (Unicam SP 1800, Pye Unicam, 
Great Britain) used was equipped with an automatic 
cuvette slider. 


RESULTS 

Effects of butacarb on enzyme activity. The enzyme 
activity of a Sepharose 6B fraction was inhibited to 
about 50 percent by 3:2 x 10°? mM butacarb after 
1-5 min of incubation. Likewise, with whole plasma, 
40-50 per cent inhibition was observed with 3 to 
6 x 10°* mM butacarb after 5-20 min of incubation. 
With 2 to 5 x 10°? mM carbaryl, only 3-8 per cent 
of enzyme activity was inhibited after 5-10 min of in- 
cubation. Prolonged incubation to 15 min with 5 to 
10 x 10°? mM carbaryl increased the inhibition to 
only 28 per cent. 

Based on the general procedure used (see Materials 
and Methods), 0:25 mM carbaryl had no effect on the 
enzyme activity in Sepharose 6B fractions. Further 
tests showed that carbaryl added before or after 
TPhAc did not alter the inhibitory effect of 
3 x 10-7 mM butacarb. 

Gel chromatography. Protein analysis of Sepharose 
6B fractions obtained from whole plasma showed two 
protein peaks. One appeared before the esterase 
region and the other was in the region where the 
bovine crystalline albumin standard was eluted. The 
esterase activity was observed in both the esterase 
and the albumin regions. The inhibition of esterase 
activity in the esterase region by 3 x 10°? mM buta- 
carb was greater than that in the albumin region. 





*L. Lindqvist and K.-B. Augustinsson, manuscript sub- 
‘mitted for publication. 
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Fig. 1. A typical chromatogram of pig plasma eluted in 
Sepharose 6B. The plasma was precipitated by (NH4),SO, 
and was dialyzed before chromatography. The enzyme ac- 
tivity (MB) is in ywkat; specific activities in ukat/kg of protein 
in the absence (O) or presence (A) of 3-2 x 10°? mM buta- 
carb; protein concentration (@) in mg/ml of eluate. The 
reaction was performed using 0-05 M Tris-HCl buffer, pH 
7-2. containing 10°*M TPhAc at 30°. 


Figure 1 shows a typical Sepharose 6B chromato- 
gram, of pig plasma, which was precipitated with 
(NH,),SO,. On the basis of enzyme activity (kat), 
there are two peaks shown, one at the region of eluate 
17 to 19 and the other on the albumin region, eluate 
23 to 24. (The decrease in activity in eluate 18 was 
considered an artifact, since it was not observed in 
previous or subsequent elutions.) The activity in 
eluate 23 to 24 may be due to albumin esterases. Con- 
trary to the preceding observation, the activity 
(ukat/kg) peak (eluate 17) was observed in the absence 
or presence of butacarb. This peak was distinctly 
separated from the protein peak (eluate 24 to 25), 
which comprised mostly serum albumin. The specific 
activity in eluate 17 to 19 was 30 times that observed 
for whole plasma. 

Based on a gasometric method the enzyme activity 
in pig whole plasma at dilutions between 1:5 and 
1:10 was 49-55 per cent inhibited after 50 min of in- 
cubation with 10°? mM butacarb at 25°. Only 9-14 
per cent inhibition was observed with 10° * mM buta- 
carb. Using the same conditions, 10~* to 10°? mM 
carbaryl and 10° to 10°'mM Mipafox (bis-mono- 
isopropylamino fluorophosphine oxide) did not in- 
hibit the enzymatic hydrolysis of phenyl acetate. 
However, the esterase activity of Sepharose 6B frac- 
tions in the albumin region was found sensitive to 
carbamates. Butacarb and carbaryl each at 10°* to 
10°7mM gave 53-63 and ~ 37 per cent inhibition 
respectively. The gasometric data for butacarb agreed 
with the spectrophotometric (TPhAc) data. 

The similarity of enzyme activities in the three con- 
secutive Sepharose 6B fractions in the presence of 
butacarb at various concentrations is shown in Fig. 
2. The range of I;, values was narrow, from 1 to 
2 x 10°? mM. (I, values were obtained by plotting 
the per cent inhibition on a probit scale against molar 
concentration on a logarithmic scale.) 
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Fig. 2. Effects of butacarb concentration on TPhAc hy- 
drolysis. Butacarb was added 0:5 min after TPhAc to the 
reaction solution containing Sepharose 6B eluate 17 (©), 
18 (A) or 19 (@) as presented in Fig. 1. The reaction was 
performed under the conditions stated in Fig. 1. 


Effects of TPhAc concentration on enzyme activity. 
The constants calculated for Sepharose 6B fractions 
17-19 were V,,, = 56ykat/l. and K,,=05mM. 
Figure 3 shows the hydrolysis of TPhAc at various 
concentrations in the absence or presence of 
3 x 10°? mM butacarb, which was added 1 min after 
the addition of TPhAc. The degree of inhibition de- 
creased as the TPhAc concentration increased, and 
it remained constant when TPhAc was increased from 
0-7 to 1 mM. 

Effects of ions on enzyme activity. Figure 4 shows 
the effects of K*, F~, Mg?*, Mn** and Co?* (each 
at 5mM) on the TPhAc hydrolysis by esterases in 
an active fraction after Sepharose 6B chromato- 
graphy. All tests were performed in the presence of 
1mM Ca?*. Under this condition, Co?* gave about 
95 per cent inhibition; Mn?*, 40 per cent; Mg?*, 
10 per cent; F~, 5 per cent; and K”*, 0 per cent. 

Likewise, the gasometric method showed that 10°? 
mM HgCl, gave ~ 65 per cent inhibition of the ester- 
ase activity in pig whole plasma diluted 1:5 and incu- 
bated for 50 min at 25°. No inhibition was observed 
with <10°*mM HgCl,. The esterase in the Sephar- 
ose 6B fractions with a high sp. act. was ~ 14 and 
58°, per cent inhibited by 10°*mM and 10°? mM 
HgCl, respectively. The esterase in the albumin 
region was 13 per cent inhibited after incubation with 
10-* to 10°? mM HgCl, for 50 min. 

ASChI and BSChI as esterase substrates. Table 1 
shows that ASChI and BSChI were hydrolyzed at a 
very low rate. Consequently, we regard the cholines- 
terase activity present in our fractions as negligible. 
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Fig. 3. Effects of TPhAc concentrations [S] on the enzyme 
activity in the presence (A) or absence (@) of 3 x 10°? mM 
butacarb. AE = change in absorbance/min; ° inhibition 
(@) was based on the initial activity. The reaction was 
performed under the conditions stated in Fig. 1. 
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Fig. 4. Effects of ions, each at 5mM, on the esterase ac- 
tivity of Sepharose 6B eluate 17 to 19. The per cent activity 
left after the addition of each ion was based on the control. 
The reaction was performed under the condition stated 
in Fig. 1. 


Polyacrylamide gel electrophoretic studies. The pro- 
tein patterns for the whole plasma Sepharose 6B 
eluates 17 and 25 (Fig. 5A) and (NH,4),SO, precipi- 
tate (Fig. 5B) were observed at 620 nm and were con- 
firmed at 280 nm. As expected, band I indicates that 
the albumin concentration in the precipitated fraction 
was greatly reduced. The electropherogram of whole 
plasma contained five protein bands not readily dif- 
ferentiated by the spectrophotometer used. Bands II 
and III contained at least two protein bands each. 
Fraction 17 had no band I, whereas fraction 25 con- 
tained mostly bands I and II. Band III for fraction 
25 was considered an artifact, since no stain was 
visible in the gel. All proteins in bands I-III hydro- 
lyzed NA and TPhAc, but only that in band III was 
capable of hydrolyzing 5-BIA. 

Figure 6 shows that the protein hydrolyzing 5-BIA 
was further separated by isoelectrofocusing into at 
least three major bands, two of which were detectable 
in the gels incubated with TPhAc; the first band (at 
the cathodic side) was not detectable with TPhAc. 
The second and third bands, which reacted with 
5-BIA and TPhAc, focused at ~ pH 6 and at pH 
5-5-2. However, gels stained with Coomassie Brilliant 
Blue R-250 showed a much wider third band that 
focused at pH 4-2-5-3. The section of this band that 
focused at pH 4-2-5 was not detected enzymatically. 
The bottom part of Fig. 6 shows the corresponding 


Table 1. Esterase activities in Sepharose 6B eluate 18 in 
the absence or presence of carbaryl or butacarb 





Activities* 
(ukat/kg protein + S. E.) 





After addition of: 





Butacarb 
(3 x 10°? 
mM) 


Carbaryl 
(3x 10°! 
mM) 


Substrate Initial 





TPhAc 
ASChI 
BSChI 


5:34 + 0-18 
0:22 + 0:03 
0:34 + 0-02 


4-84 + 0-19 
0-22 + 0-02 


0:25 + 0-02 


222 +00 
0-12 + 0-01 
0-11 + 0-02 





*N = 3 except for BSChI, where N = 6. 
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Fig. 5. (A) A comparison of protein absorbance at 620 nm 
after electrophoresis in polyacrylamide gels of whole 
plasma (.....); eluate 17 ( ) and 25 ( ). Refer to Fig. 
1. (B) An electrophoretic pattern for the (NH,4),SO, preci- 
piatate. I, II and III indicate major absorbance peaks. 





spectrophotometric patterns. The unusually high 
absorption at the right half of the gel incubated with 
5-BIA was due only to opaqueness of the gel. 












































Fig. 6. A diagram obtained after isoelectrofocusing of the 

combined Sepharose 6B elute 17, 18 and 19 (see Fig. 1). 

The top diagram represents the gels; the bottom represents 

the absorbance of the gels specified in the text. Each 5-mm 

section of the polyacrylamide gel rod is indicated by a 

dash ( ) and the pH of each section by a dot (@). The 
PH is the average of two readings. 


DISCUSSION 


It is of significance that pig plasma esterase hydro- 
lyzing TPhAc is very sensitive to butacarb but not 
to carbaryl. The affinity of the esterase to butacarb 
may be due to the similarity of the butacarb and 
TPhAc structures (Fig. 7) and to the particular substi- 
tuent group in the aromatic ring. The results obtained 
from Lineweaver-Burk type plots suggested that 
butacarb competes with TPhAc for the enzymes. 
However, further studues should be done to ascertain 
the nature of butacarb interaction with the pig plasma 
esterases. 

Under identical conditions carbaryl, which belongs 
to the same group of esters as butacarb, did not 
readily inhibit the pig plasma esterases hydrolyzing 
TPhAc. This finding parallelled the previous observa- 
tion on NA, which was slightly hydrolyzed by aryl- 
esterase at the rate of only <0-3 umole/hr/mg of 
enzyme [3]. It should be noted that NA is structurally 
similar to carbaryl. On the contrary, TPhAc was hyd- 
rolyzed at the rate of 180 uwmoles/hr/mg of enzyme 
[3]. 

Both NA and 5-BIA appeared to be readily hydro- 
lyzed by esterases in band III on acrylamide gels, 
although previous studies[3] indicated that these 
were not good substrates for arylesterases. However, 
arylesterases in humans may be different from those 
in the pig. The difference may also be due to the 
methodology applied. The work with NA[3] was 
done at pH 7-4 and this study with 5-BIA at pH 
7-8, in which the indigo product is readily formed. 

The inhibition of esterase activity by HgCl, sug- 
gests that arylesterases [9] are involved. In addition, 
the effects observed with Mn?*, Mg?* and Co** on 
the esterase activity in the Sepharose 6B fractions 
were consistent with those reported for human serum 
arylesterases [10-21].* Although Ca** is regarded as 
an activator [9-11], it did not markedly affect the ac- 
tivity when it was omitted in the solution. The inabi- 
lity of Mipafox to inhibit the esterase activity toward 
phenyl acetate indicates that carboxylesterase and 
cholinesterase were not responsible for the enzymatic 
reaction. Moreover, the inability of the esterase in 
the Sepharose 6B fractions to hydrolyze ASChI or 
BSChI also suggests the absence of cholinesterases. 

To a certain extent, the pig esterase activity is satis- 
factorily separated from plasma albumin by chroma- 
tography on Sepharose 6B but not on Sephadex 
G-100. Sepharose 6B was previously used to isolate 
arylesterases (A-type esterases [10,23]) in sera of dif- 
ferent mammalian species [9]. Furthermore, the 
(NH4),SO, precipitation method is also useful in 
obtaining from pig plasma an arylesterase fraction 


i 
O—C—NH-CH, 


Carbaryl 
Fig. 7. Structure of butacarb, TPhAc, carbaryl and NA. 
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with a high sp. act. The high sp. act. of the precipi- 
tated samples and their corresponding Sepharose 6B 
fractions may be attributed to the precipitation of a 
large amount of protein particularly albumin and 
gamma globulin with (NH,4),SO, at 50°, saturation. 
Cholinesterases co-precipitate with albumin [23] and, 
therefore, are not expected in the arylesterase fraction. 

Gel electrophoretic results indicated that further 
purification is needed since a trace of protein, perhaps 
gamma globulins, is still present in the Sepharose 6B 
eluates containing the arylesterase activity. In addi- 
tion, preliminary work using DEAE-cellulose indi- 
cates two arylesterase activity peaks in these fractions. 

Unlike carbaryl [24], TPhAc, NA and IPA, 5-BIA 
was not hydrolyzed in the albumin region of the elec- 
trophoretic gels. This property of 5-BIA may be useful 
in isolation schemes to monitor the ;csence of albu- 
min in the fractions. 

In conclusion, this report supported the concept 
that the pig plasma esterases are basically that of an 
arylesterase type. More importantly, the sensitivity to 
inhibition by butacarb, and not by carbaryl, of both 
the plasma and isolated esterases suggests that this 
type of esterase should be evaluated along with other 
parameters in toxicological evaluations of carbamate 
or related pesticides. 
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Abstract—The experimental antiviral drug, methisoprinol, has been reported to increase the rate of 
rapid entry of RNA precursors into polyribosomes in diverse tissues. To further the understanding 
of its mechanism of action, in this paper methisoprinol was examined for effects on the rapidly labeled 
RNA metabolism of rat liver, in studies that distinguish between drug effect on RNA synthesis and 
on nucleocytoplasmic RNA transport. When ingested orally at a level of 500 mg/kg/24 hr, methisoprinol 
was found not to affect the incorporation of orotic acid{'*C] into cytoplasmic UMP, UDP or UTP, 
and not to affect the rate of labeling or the pool size of nuclear UTP. At this dose, methisoprinol 
was found not to affect the rate of labeling of extracted nuclear RNA, while at a dose four times 
greater methisoprinol depressed the labeling of nuclear RNA by 32 per cent. In contrast, methisoprinol 
was observed to markedly increase the early rate of incorporation of radioactive precursor into liver 
polysomal RNA at times between 15 min and 3 hr at both levels of drug ingestion, while not increasing 
the incorporation that occurs between 6hr and 9hr. Further, in the membrane-poor polyribosomal 
RNA fraction, methisoprinol treatment increased the proportion of RNA with sedimentation coefficient 
between 6S and 18S and increased the incorporated radioactivity in the 4-10S region, relative to 
standard incorporated nuclear counts. These changes were strongly suggestive of an increased presence 
of informosomal RNAs and of an increase in nucleocytoplasmic transport of rapidly labeled RNA. 
Also in the membrane-poor polyribosomal RNA fraction, drug treatment was found to increase the 
amount of polyadenylic acid (poly A)-bearing RNA by 50 per cent and to increase the amount of 
poly A attached to polyribosomal RNA by a far greater amount. Since poly A is found only as 
part of putative messenger RNA, these data permit us to conclude that methisoprinol increases the 
degree of nucleocytoplasmic transport of host messenger RNA (mRNA) in association with an increase 
in the poly A content of this mRNA, the latter change being especially evident in the membrane-poor 
polysome fraction. 

In other studies, methisoprinol and cordycepin (3-deoxyadenosine), an inhibitor of poly A synthesis, 
were examined for effects on the development of cytopathology in herpesvirus-infected WI-38 cell 
monolayers, when added 48 hr after infection. When added alone, both methisoprinol and cordycepin 
inhibited the development of cytopathology during 100 hr; however, when added together, the same 
dosages provoked a mutual antagonism and no antiviral effect was observed. This observation suggests 
that methisoprinol’s direct antiviral effect, as seen in tissue culture, is associated with an enhanced 
rate of poly A synthesis in the nucleus. Poly A added to the medium external to the cells also inhibited 
the antiviral effect of cordycepin, but did not exert an antiviral effect by itself. It is noted that lympho- 
cyte-dependent methisoprinol effects on immune responses and virus infection have been observed; thus, 
methisoprinol may also exert indirect antiviral effects via the immune system. Since poly A is known 
to actuate nucleocytoplasmic mRNA transport and to contribute to the stability and activity of mRNAs 
in polysomes in diverse tissues, it is suggested that methisoprinol may enhance the synthesis of certain 
antiviral principles in both local tissues and lymphocytes through a poly A-related mechanism. 


Methisoprinol* is a complex of dimethylamino iso- This drug, developed in our laboratory,$ exhibits 
propanol and inosine (molar ratio 3:1). It can be antiviral activity both in vivo and in vitro against 
demonstrated by spectroscopy and through changes herpes, influenza and certain other virus infec- 
in the colligative properties of inosine, the parent tions[2-5], and exhibits no oral toxicity up to 
compound, i.e. water solubility at pH 7-0, etc.[1].t 5g/kg[6]. 
In uninfected monkey kidney cells, methisoprinol 
has been found to increase the incorporation of 
* Until recently this was the generic name for Isoprino- [*H]orotic acid and radioactive amino acids into 
sine®, Newport Pharmaceuticals Inc., Newport Beach, Calif. polyribosomes [2]. In uninfected rat brain, methiso- 
After submission of this manuscript, the official generic prinol increased the labeling of polyribosomes after 
a was changed from methisoprenol to inosiplex. _ the injection of [*H]orotic acid [3]. In addition, spec- 
.+ Direct reprint requests to P. Gordon. Present address: 3 ; ; ; ; 
Department of Microbiology, Loyola University Stritch trophotometric changes revealing = Soe = rela- 
School of Medicine, Maywood, III. 60153. tive hypochromicity occur in polyribosomes isolated 
tGordon, Inosine Derivatives, U.S. Patent No. from adult and aged rat brain after treatment with 
3,646,007, issued in 1971. methisoprinol [3]. Protein synthesis, measured in a 
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cell-free system by the uptake of ['*C]phenylalanine 
into the nascent protein of polyribosomes from the 
brains of methisoprinol-treated animals, was in- 
creased over control. At the same time the addition 
of polyuridylic acid to the system in vitro decreased 
the incorporation of phenylalanine into polyribo- 
somes from methisoprinol-treated rats, while increas- 
ing this incorporation in the controls [3]. 

Disaggregation of methisoprinol-treated rat brain 
polyribosomes by 0-01 M EDTA, after a short pulse 
labeling with radioactive orotic acid, revealed an in- 
crease in the labeling of ribonucleoproteins sediment- 
ing in the range of 6—20S [3,7]. 

These effects suggested that methisoprinol exerts an 
enhancing influence over a group of coupled events 
that concern messenger RNA metabolism. In the 
present paper, we inquire into the basis of one such 
event: methisoprinol’s enhancement of rapid cytoplas- 
mic RNA labeling. We report on a group of exper- 
iments in normal rat liver which distinguish between 
drug effect on rapidly labeled RNA synthesis and on 
nucleocytoplasmic RNA transport. 

This biochemical work will have three parts: (1) 
studies on the movement of radioactivity (added as 
orotic acid{'*C]) through precursor nucleotides, and 
nuclear and cytoplasmic RNAs; (2) development of 
chromatographic, ultraviolet and radioactivity pro- 
files of extracted cytoplasmic RNAs; and (3) an 
assessment of drug effect on a component of cytoplas- 
mic putative messenger RNA (mRNA) that is asso- 
ciated with, and may actuate, nucleocytoplasmic 
mRNA transport: polyadenylic acid. 

Having obtained quite definitive results in these 
studies, it seemed not unreasonable to explore the 
possible relationship of the biochemical effects of 
methisoprinol to its antiviral action. Consequently, 
we performed experiments examining the interaction 
between methisoprinol and cordycepin (3-deoxya- 
denosine), an inhibitor of polyadenylic acid syn- 
thesis [8,9], and polyadenylic acid, as well, in a herpes 
simplex virus infection in tissue culture. 


METHODS 


Animals, Sprague-Dawley rats (female, 2-3 months 
old, obtained from ARS/Sprague-Dawley, Madison, 
Wis.) were housed six animals/cage and fed (Purina 
Laboratory Chow) and watered ad lib. The room was 
equipped with a light control device, giving alternat- 
ing 12-hr periods of light (7:00 a.m.-7:00 p.m.) and 
dark. 

Treatment. Methisoprinol (Lot No. 1032A) was 
given ad lib. in the drinking water for 3 days at con- 
centrations of either 0-25°,, (approximately 500 mg 
kg/day) or 1°, (approximately 2 g/kg/day). Fluid con- 
sumption was monitored on a 24-hr_ schedule; 
volumes consumed were not changed by treatment. 
On day 3, all animals received a single intraperitoneal! 
injection of 100 wCi [5-*H]orotic acid (Amersham 
Searle) or SwCi [6-'*C]orotic acid (Amersham 
Searle). In each of four repetitions at each drug level, 
animals from control and treated groups were sacri- 
ficed in sets of three at 45 min after isotope or accord- 
ing to the following schedule: 15 and 45 min, 1-5, 3, 
6 and 9hr after isotope. Livers were excised, chilled 
and weighed. For each experiment, the three samples 
for a single time point were pooled. 


B. RONSEN and P. GORDON 


Homogenate preparation. Homogenization was car- 
ried out using a glass-Teflon homogenizer, rotating 
the pestle at 1000 rev/min and completing 10 up-and- 
down strokes. The volume ratio of Tris—-sucrose buffer 
(0-25 M_ sucrose, 0:025M KCl, 005M Tris, 0:03 M 
CaCl, at pH 7-5) to tissue was 4:1. The homogenate 
was filtered through six layers of cheesecloth, and the 
filtrate centrifuged at 2300rev/min for 15min in a 
Sorvall RC2-B centrifuge, SM-34 rotor, producing a 
crude nuclear pellet and a supernatant containing 
extranuclear organelles (see Fig. 1). 

Extraction of crude nuclear pellet. Nuclei were re- 
covered from the crude nuclear pellet by the method 
of Blobel and Potter [10] (I of Fig. 1). After removing 
an aliquot of the purified nuclear pellet for counting, 
the remaining pellet was washed with 95°, ethanol, 
then with ether, and dried under nitrogen. RNA was 
extracted using the method of DiGirolamo et al. [11] 
(II of Fig. 1). 

The pooled supernatants (alcoholic) remaining 
from the RNA precipitation were collected and eva- 
porated to dryness on a Whatman No. 42 filter paper 
disc. The disc was cut into | x 5cm strips and each 
strip eluted with 2 ml of distilled water. The effluents 
were collected and washed once with a half volume 
of water-saturated ether to remove traces of phenol 
left from extraction. Ether was removed under 
nitrogen and the remaining nucleotide solution was 
lyophilized and redissolved into | ml of distilled water 
(III of Fig. 1). 

Quantification of nucleotides was carried out on 
a Varian Aerograph LCS-1000 high resolution, liquid 
ion exchange chromatograph. Fractions (0-8 ml) from 
the ion exchange chromatograph were counted for 
radioactivity. 

Isolation of mitochondria and polyribosomes. The 
supernatant (Fig. 1) was made 0:01 M MgCl, by the 
addition of 0-1 M MgCl, in Tris-sucrose buffer, 
1ml/10ml of supernatant. This was centrifuged at 
12,000 rev/min for 15 min in a Sorvall RC2-B centri- 
fuge, SM-34 rotor, resulting in a mitochondrial-rich 
pellet and S,. S,; was centrifuged at 16,750 rev/min 
for 20min, resulting in a pellet of membrane-rich 
polyribosomes and S,. S; was layered on a 1:2M 
discontinuous gradient in volume ratio of 20ml S, 


eet Supernatant 


Crude Nuclear 








Membrane-rich 
Polyribosomes 


Membrane-poor 
Polyribosomes 





5 
Nucleotides 


Fig. 1. Schematic of methodology. I is the method of Blo- 
bel and Potter [10] and II is the method of DiGirolamo 
et al.[11]. For a description of III, see Methods. 
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to 15ml sucrose, and centrifuged at 40,000 rev/min 
for 90 min in a Beckman Spinco type Ti 50-1 rotor, 
resulting in a pellet of membrane-poor polyribosomes 
which was rinsed three times with sucrose-free Tris 
buffer and wiped clean. All pellets were dried with 
95°, ethanol and ether, weighed, and aliquots dis- 
solved in hyamine and counted for radioactivity. 
Other aliquots were dissolved in acetate buffer (0-01 
M NaCl, 0-005 M sodium acetate at pH 5-0) and 
assayed for RNA content by the orcinol pro- 
cedure [12], for protein by the method of Lowry et 
al.[13], and DNA by the diphenylamine method [14]. 

Extraction of polyribosomal RNA. The membrane- 
rich and membrane-poor polyribosome pellets were 
gently homogenized into a buffer of 0-01 M Tris-HCl, 
pH 8-3, in a w/v ratio of 1:5. An equal volume of 
water-saturated phenol containing 0-1°,, 8-hydroxy- 
quinoline was added to the homogenate and the mix- 
ture shaken for 40min at 37 , centrifuged, and the 
aqueous (upper) fraction removed, reextracted as 
above and made 1°,, w/v with NaCl. RNA was preci- 
pitated by the addition of 2-5 times the aqueous 
volume of 95°,, ethanol and cooled to —10° over- 
night. The RNA was removed by centrifugation; the 
RNA pellet was rinsed twice with 95°, ethanol and 
dried under nitrogen. 

Analysis of polyribosomal RNA. Approximately 
100 ung of the membrane-rich and membrane-poor 
polyribosomal RNA was layered onto a linear 5—20°, 
(16 ml) sucrose gradient and centrifuged in a Beckman 
Spinco type 27-1 rotor at 21,000 rev/min for 18 hr. 
Gradients were eluted and fractionated using an 
ISCO model D fractionator equipped with an ISCO 
UA-2 spectrophotometer and strip chart recorder. 
Fractions from these gradients were examined indivi- 
dually for absorption at 260 and 280 nm, placed into 
scintillation counting vials and counted for radioacti- 
vity. Ratios of E3¢o9/E2s9 were found to be not less 
than 1-9 for gradient fractions. 

Estimation of polyadenylic acid content of polyribo- 
somal RNA. Polyadenylic acid (poly A) was deter- 
mined by adsorption of polyribosomal RNA onto 
polyuridylic acid (poly U)-treated glass-fiber filters 
following the method of Sheldon et al. [15]. The 
polyribosomal RNA was dissolved into a buffer of 
0:05 M Tris-HCl, 0-1 M NaCl at pH 7-6. Multiple filt- 
rations of RNA samples were carried out on a Milli- 
pore manifold filter apparatus using 25-mm diameter 
Gelman glass-fiber filters. Filters without poly U were 
used to determine non-specific adsorption. Filters 
were placed in scintillation counting vials, counted 
for radioactivity, and the results compared tothe 
total radioactivity filtered. 

Effects of methisoprinol, cordycepin and polyadenylic 
acid on herpes simplex virus infection in tissue culture. 
Experiments were carried out examining the interac- 
tion of cordycepin (3-deoxyadenosine), an inhibitor 
of poly A synthesis and nucleocytoplasmic mRNA 
transport, methisoprinol and poly A on the cytopatho- 
logy developed during a herpes simplex infection of 
human embryonic lung fibroblasts (WI-38 cells) in tis- 
sue culture. For this work, WI-38 cells (passage 17) were 
obtained from American Type Culture Collection, 
Rockville, Md., passed twice and grown to monolayer 
in 25-cm? Falcon flasks employing Eagle’s basal 
medium + 10°, fetal calf serum. Monolayers were 
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held for 2 days employing Eagle’s minimum essential 
medium +2% fetal calf serum. Flasks were infected 
with 4 TCIDs, of a herpes simplex virus, type 1, that 
was two passages removed from a severe human oral 
infection. At 48 hr, drugs were added to the infected 
flasks. At this time, flasks were just beginning to 
evince viral cytopathology, the average number of 
foci/flask being 1-75. Cordycepin was added as 
33 pg/ml at 48 hr, a dose found by Sarkar et al. [9] 
to inhibit poly A synthesis and mRNA transport in 
tissue culture. Methisoprinol was added at 50 pg/ml 
at 48 hr + 100 ug/ml at 72hr, in recognition of its 
rapid metabolism in tissue culture [16]. Poly A was 
added at 500 ug/ml, a dose found by Nair and 
Owens [17] to inhibit cordycepin effects on rhino- 
virus. Flasks receiving both cordycepin and methiso- 
prinol received a single addition of 33 zg/ml of cordy- 
cepin and the additions of methisoprinol cited. Flasks 
receiving both cordycepin and poly A had drugs 
added as above. All tissue culture incubations were 
carried out at 37°. There were 13 flasks/experimental 
group. Control herpesvirus cytopathology and drug 
effects thereon were evaluated at 100 hr as the average 
number of infectious foci/flask + the standard error. 
Note that the particular herpesvirus strain employed 
produced lesions that were sufficiently discrete at 4 
days to permit this procedure in the absence of an 
agar overlay. 


RESULTS 


Effect of methisoprinol on labeling of nuclear and 
cytoplasmic uridine nucleotides. Methisoprinol did not 
affect liver weight or liver DNA content. Liver weight 
averaged 5-9 g/rat for the control group and 5-6 g/rat 
for the drug-treated group. The average DNA content 
of both groups was 2:4 mg/g of tissue wet weight. 

To evaluate the effects of methisoprinol on RNA 
metabolism, an examination was made of the size of 
the precursor uridine nucleotide pools in the cyto- 
plasm and the nucleus, and on the rate of labeling 
of these pools. Figure 2 shows specific activities of 
the three uridine nucleotides in the post membrane- 
poor polysomal supernatant after a single injection 
of [5-*H]orotic acid. It is apparent that, of the three 
nucleotides in cytoplasm, UTP is the most rapidly 
and most intensively labeled. The relative cytoplasmic 
concentrations were determined to be: UTP, 0-06 
umole/g of tissue wet weight; UDP, 0-10 umole 
g; and UMP, 0-45 umole/g. As shown in Fig. 2, 
treatment with methisoprinol did not affect cytoplas- 
mic uridine nucleotide labeling. The drug also did 
not affect cytoplasmic uridine nucleotide pool size. 

It would appear that orotic acid is converted 
rapidly into uridine nucleotides, as the presence of 
labeled orotic acid or orotidine monophosphate was 
detected only at the 15-min determination. There was 
a paucity of orotidine nucleotides in liver, which is 
consistent with the findings of Fausto [18]. 

The specific activity of nuclear UTP at 45 min after 
isotope injection in the control and drug-treated 
groups was 1-11 x 10’ dis./min/umole and 1-07 x 10’ 
dis./min/ymole respectively. The presence of UTP in 
the nuclei was quantitated for the 45-min samples and 
no reduction by drug treatment was observed. 
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Fig. 2. Average specific activities over three experiments of cytoplasmic uridine nucleotides from livers 
of control (left) and treated (right) animals receiving a single intraperitoneal injection of 100 pCi 
[5-°H Jorotic acid at 15 or 45 min, 1-5, 3, 6 or 9 hr prior to sacrifice. Five ml of the post-membrane-poor 
polyribosomal supernatant (S,) was precipitated with 5 ml of 20% cold perchloric acid. The perchloric 
acid was removed by adjusting the pH to 7 with 2 N potassium hydroxide and centrifuging. The 
resulting supernatant was desiccated to dryness under partial vacuum and reconstituted into | ml 
of deionized water. Thirty pl of the sample was injected onto a 0-04 in. x 10 ft stainless steel column 
packed with pellicular anion exchange resin (Varian Aerograph). The eluent, 0-01 M potassium dihyd- 
rogen phosphate, was prepared as a linear gradient with 2 M potassium chloride. The column flow 
rate was 0-5 ml/min; the retention times for the nucleotides were: UMP (square) = 12-9 min; UDP 
(circle) = 24-2 min; UTP (triangle) = 40-0 min. The effluent was monitored continuously at 254 nm 
and the absorption peaks were integrated using a Nester/Faust No. 1504 electronic integrator. The 
effluent was collected in 0-5-ml! fractions, which were counted for radioactivity. The micromolar quanti- 
ties were calculated from the elution of standards of known concentrations. 


Regarding the relative importance of the uridine 
nucleotides in the labeling of RNA from orotic acid 
precursor, the specific activity of CTP was measured 
and found to be less than 5 per cent that of the uri- 
dine nucleotides at any time point, which would be 
compatible with the observation of Meisler and 
Tropp [19]. Note that nucleotides were 5’-nucleo- 
tides. In addition, we examined for 3’-nucleotides; 
these were not present in any samples. 

Effect of methisoprinol on nuclear and polyribosomal 
RNA metabolism. When consumed at about 500 mg, 
kg/day, methisoprinol had no effect on the rate of 
incorporation of [5-*H]orotic acid into RNA 
extracted from purified nuclei over 9 hr. When con- 
sumed at about 2:0 g/kg/day, methisoprinol exerted 
a small, but reproducible, reduction in incorporation 
at 45 min post-isotope, so that the average specific 
activity of treated nuclear RNA across all such exper- 
iments was 68 per cent that of control RNA. Con- 
tamination of nuclear RNA by protein and DNA 
were measured using the method of Lowry et al. [13] 
and the diphenylamine[14] method respectively; 
total contamination was less than 5 per cent of the 
RNA. Nuclei were examined by light microscopy and 
were essentially free of visible debris. At all time 
points, the amount of recoverable nuclear RNA from 
treated and control groups was similar, the mean 
value being 0-525 mg/g of liver wet weight. 

The contamination of postmitochondrial superna- 
tant (S,) by nuclear RNA was calculated from the 
DNA content of this fraction and was found to be 


3 per cent or less. Two fractions of polyribosomal 
RNA, the membrane-rich and the membrane-poor, 
were isolated by differential centrifugation techniques. 
The membrane-rich polysomal fraction sediments 
from the S, during centrifugation at 16,750 rev/min 
for 20 min and contains 15°, RNA (dry weight). The 
membrane-poor polysomal fraction is isolated from 
the post-membrane-rich polysomal supernatant (S;) by 
centrifugation at 40,000 rev/min on a discontinuous 
sucrose gradient and contains 42°, RNA (dry weight). 

As shown in Fig. 3, the rate of incorporation of 
[5-*H]orotic acid into both membrane-rich and 
membrane-poor polyribosomal fractions is markedly 
increased by methisoprinol treatment. This effect is 
most pronounced in the membrane-rich fraction dur- 
ing the first 3hr after isotope (P < 0-001). By 6hr, 
drug enhancement of isotope incorporation into cyto- 
plasmic RNA has disappeared, indicating an effect on 
rapidly labeled polyribosomal RNA, but not on the 
more slowly labeled polyribosomal RNA _ com- 
ponents. Data for the later time point suggest that 
methisoprinol treatment retarded the incorporation 
of radioactivity into the more slowly labeled polyribo- 
somal RNA species, such as ribosomal RNA. The fact 
that total polyribosomal RNA was decreased by 20 
per cent after methisoprinol treatment (con- 
trol = 2:50 + 0-07 mg/kg of liver wet weight) may be 
relevant to this observation. 

Since the drug did not increase the rate of incorpor- 
ation of radioactivity into nuclear RNA, it would 
appear that the increased labeling of polyribosomal 
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Fig. 3. Specific activity + S.E.M. of polyribosomal RNA 
(pRNA) from livers of normal untreated (control) animals 
(open circles) and animals pretreated for 3 days with 
500 mg/kg/day of methisoprinol (closed circles), after a 
single intraperitoneal injection of [5-*H]orotic acid. pRNA 
was extracted from polyribosomes of the membrane-rich 
(left) and membrane-poor (right) fractions as described in 
Methods. Each point represents an average of four deter- 
minations employing three animals/determination. 


RNA observed during the first 3 hr (Fig. 3) was the 
result of one or more post-transcriptional events 
affected by methisoprinol. The incorporation of 

















labeled orotic acid into the mitochondria was found 
to be low in comparison to the incorporation into 
the nuclear or polyribosomal RNA fractions, and was 
unaffected by drug treatment. Consequently, mito- 
chondrial RNA could not be involved in the changes 
in rate of labeling of polyribosomal RNA. 

When animals consumed about 500 mg/kg/day of 
methisoprinol, the average degree of labeling of the 
polyribosomal RNA with [6-'*C]orotic acid in- 
creased by more than 75 per cent at 45 min. However, 
when 2 g/kg/day of methisoprinol was consumed, the 
average degree of labeling of polyribosomal RNA at 
45 min was increased by only 34 per cent in the mem- 
brane-rich and by 23 per cent in the membrane-poor 
fraction. On the other hand, in the studies at the 
higher drug dose, average nuclear RNA labeling was 
only 68 per cent of control after drug treatment, 
whereas, at the lower drug dose, no effect was seen 
in the rate of labeling of nuclear RNA. 

From the animals receiving the larger drug dose, 
polyribosomal RNAs extracted from the cytoplasmic 
fraction were chromatographed on 5—20°,, linear suc- 
rose gradients. Elution of these gradients with con- 
tinuous ultraviolet monitoring of the effluent pro- 
duced the profiles shown in Fig. 4. These profiles 
reveal an effect of methisoprinol on the distribution 
of RNAs in the polyribosomal RNA fractions. In all 
experiments on membrane-poor polyribosomal RNA 
fractions, as shown in Fig. 4D, methisoprinol treat- 
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Fig. 4. Typical absorbance and specific activity profiles for polyribosomal RNA (pRNA) from livers 
of animals injected with [6-'*C]orotic acid (5 wCi/100 g body weight) 45 min prior to sacrifice. pRNA 
was layered on a 16-ml linear sucrose gradient as described in Methods. (A) pRNA from the membrane- 
rich polysomal fraction from normal untreated (control) animals. (B) pRNA from the membrane-rich 
polysomal fraction from animals pretreated with 2 g/kg/day of methisoprinol for 3 days prior to 
isotope injection. (C) pRNA from the membrane-poor polysomal fraction from normal untreated (con- 
trol) animals. (D) pRNA from the membrane-poor polysomal fraction from animals pretreated with 
2 g/kg/day of methisoprinol for 3 days prior to isotope injection. 
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ment increased the proportion of RNA with sedimen- 
tation coefficient between 6S and 18S. Also, the incor- 
porated radioactivity was increased in the 4-10S 
region, relative to standard incorporated nuclear 
counts, giving further evidence for an effect on the 
nucleocytoplasmic transport of rapidly labeled RNA. 

Effect of methisoprinol on polyadenylic acid content 
of polyribosomal RNA. Aliquots of the same RNA 
fractions described in Fig. 4 were assayed for poly A 
conient by adsorption to poly U-treated glass-fiber 
filters. The amount of radioactivity adhering to the 
filters was compared to the total radioactivity of the 
polyribosomal RNA passed through the filter. For the 
membrane-poor polyribosomal RNA from control 
and drug-treated animals, the amount of radioactivity 
adsorbed represented 0:95 + 0-10 and 1-52 + 0-10 per 
cent of the respective polyribosomal RNAs. That such 
results reflected an increase in the poly A content 
of the fraction from drug-treated animals was verified 
by the employment of a competition technique, 
accomplished by combining a standard amount of 
high specific activity tritiated poly A with (a) increas- 
ing amounts of non-radioactive poly A, or polyguany- 
lic acid for standardization, or (b) increasing amounts 
of polyribosomal RNAs, and passing these through 
the poly U-treated glass-fiber filters. As anticipated, 
the method was specific, because, in contrast to poly 
A, increasing amounts of poly G displaced little 
tritium radioactivity from the filters, findings which 
are in agreement with those of Sheldon et al. [15]. 

Figure 5 illustrates the effects of increasing amounts 
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Fig. 5. Effect of increasing concentrations of polyriboso- 
mal RNA (pRNA) on the binding of [*H]polyadenylic acid 
(poly A) to polyruridylic acid (poly U)-treated glass-fiber 
filters. Gelman glass-fiber filters (25-mm diameter) were 
pretreated with 0-15 ml poly U, 1 mg/ml, irradiated with 
u.v. light 20 cm from source for 5 min, and prewashed with 
50 ml Tris—-NaCl buffer. Increasing amounts of membrane- 
rich (left) or membrane-poor (right) pRNA from normal 
(control) rats (closed circles) or methisoprinol (2 g/kg/day 
for 3 days)-treated rats (open circles) were added to 
385nmoles  [*H]polyadenylate in 10ml of 005M 
Tris-HCl, 0:10 M NaCl, and the solutions passed through 
the pretreated filters. Filters were washed with 30 ml of 
Tris-NaCl buffer, 10 ml of cold 10°, TCA, and a final wash 
of 20 ml of 95°, ethanol. Filters were dried and placed 
into 22-ml] scintillation vials with 15 ml of scintillation mix- 
ture and counted for radioactivity. Each point represents 
the average radioactivity + S.E.M. for three determina- 
tions. Background counts were determined by passing 
equivalent amounts of [*H]poly A through untreated 
filters: the maximum amount of [*H]poly A binding was 
2:2 nmoles or 57 per cent of the poly A. 
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Table 1. Effect of cordycepin, methisoprinol and polya- 
denylic acid on herpes simplex cytopathology in tissue 
culture 





Average FFU 


Treatment at 100 hr* 





81-5 + 19-8t 
14-6 + 3-8t 
24-6 + 7-58 
75-3 +174 
90-0 + 181 
100-2 + 201 


Control 

Cordycepin 

Methisoprinol 

Cordycepin + methisoprinol 
Polyadenylic acid 

Cordycepin + polyadenylic acid 





* FFU = focus-forming units, reflecting number of dis- 
crete infected foci. 

+ Data given in average FFU + S.E.M. 

~P < 001. 

§P < 0-02. 


of polyribosomal RNAs on the binding of [*H]poly 
A to the poly U-treated glass-fiber filters. As shown 
in this figure, the control polyribosomal RNAs exhi- 
bited only a small tendency to compete with radioac- 
tive poly A for adsorption to treated filters. 

In contrast, polyribosomal RNAs from methiso- 
prinol-treated animals competed successfully with 
[*H]poly A for adsorption to treated filters. The 
capacity to compete with poly A was most pro- 
nounced in the membrane-poor polyribosomal RNA 
fraction. For the system including membrane-poor 
polyribosomal RNAs, the average per cent [*H]poly 
A bound, as evaluated for four determinations each 
of three samples, is highly significantly less in drug- 
treated samplings than in controls (P < 0-01). For the 
membrane-rich samples, the absolute differences at 50 
and 100 xg polyribosomal RNA do not reach signifi- 
cance. But, for all membrane-rich polyribosomal 
RNA samples from drug-treated animals, 100 ug/ml 
always displaced at least twice the amount of the 
[°H]poly A as did 10 ug of the same sample. This 
was never true, however, for control samples. Drug 
effect, as calculated by this difference, is significant 
for both membrane-rich (P < 0-05) and membrane- 
poor (P < 0-001) polyribosomal RNA. These data 
provide evidence for a strikingly increased presence 
of poly A in cytoplasmic polyribosomal RNA after 
methisoprinol treatment. 

Effects of cordycepin and methisoprinol on herpes- 
virus cytopathology. Both cordycepin and methiso- 
prinol significantly reduced the rate of development 
of herpesvirus cytopathology in tissue culture between 
48 and 100hr post-infection. As shown in Table 1, 
while control infected foci rose from an average of 
1:75 to 81-5 during this period, flasks receiving cordy- 
cepin or methisoprino! rose to an average of 14-6 and 
24-6, respectively, which represents a reduction in 
cytopathology development of 82 and 70 per cent. 
When methisoprinol and cordycepin were added 
together, however, no significant reduction in cyto- 
pathology was observed relative to control, suggesting 
a mutual interference. In contrast to methisoprinol, 
poly A did not inhibit the development of herpesvirus 
cytopathology. Poly A, however, did prevent the 
reduction in cytopathology produced by cordycepin, 
when the two agents were added together. Such an 
interaction was also found on rhinovirus by Nair and 
Owens [17]. 
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DISCUSSION 


We have previously reported tha, methisoprinol 
enhances the incorporation of radioactive orotic acid 
into polyribosomes of both rat brain in vivo [3] and 
monkey kidney cells in a tissue culture system [2] 
during a 45-min labeling period. Here, we report that 
methisoprinol exerts a similar effect on the rate of 
precursor incorporation into the RNA of rat liver 
polyribosomes in vivo. This increase in the rate of 
penetrance of precursor radioactivity into the polyri- 
bosomal RNA of liver occurred in the absence of an 
increase in the rate of precursor incorporation into 
nuclear RNA and in the absence of a net change in 
the specific activity of both cytoplasmic and nuclear 
UTP, the immediate precursor of RNA synthesis. In 
addition, methisoprinol produced no measurable 
change in the relative concentrations of the uridine 
nucleotides in either the nucleus or the cytoplasm. 
We conclude from such considerations that methiso- 
prinol increases the rate of appearance of rapidly 
labeled RNA in polyribosomes in liver, while not in- 
creasing the rate of RNA synthesis and, thus, is 
apparently affecting one or more post-transcriptional 
events. We note that mitochondrial RNA synthesis 
makes no contribution to the increased labeling of 
polyribosomes by methisoprinol. 

In addition, we have presented data indicating that 
methisoprinol treatment strikingly increases the pro- 
portion of 6—-18S RNA in the membrane-poor polyri- 
bosomal RNA fraction (Fig. 4). The unique pattern 
of optical density and incorporated counts observed 
during drug treatment was significant to us because 
of evidence that RNAs sedimenting in this region are 
likely candidates for messenger RNA [11,20], and 
was of further interest for its specific resemblance to 
the pattern for the RNA components of the informo- 
some as defined by Schumm and Webb [21] and by 
Samec et al. [22]. The informosome is, of course, the 
nucleoprotein unit associated with the transport of 
mRNA from nucleus to cytoplasm [23], whose RNAs 
include rapidly labeled putative messenger com- 
ponents sedimenting in the 6-15S region and a more 
slowly labeled 18S component. Note that we have 
previously reported the chromatographic appearance 
of an informosome-like unit in aged rat brain after 
methisoprinol treatment [24], giving further evidence 
that the methisoprinol effect on RNA metabolism is 
general. 

Other workers have found poly A sequences to be 
associated with the transport of putative mRNA from 
nucleus to cytoplasm [8, 25] and with the binding of 
putative mRNA to ribosomes [26]. 

We were, of course, aware that poly A sequences 
occur not in other RNA species, but exclusively in 
messenger, where poly A is bound to the 3’-ter- 
minal [27]. Thus, it was to explore further the poss- 
ible relationship of mRNA to the RNAs modified by 
methisoprinol that we examined for the increased 
presence of poly A in the polyribosomal RNA frac- 
tions. 

When membrane-poor polyribosomal RNA frac- 
tions were examined for effects on their affinity to 
the poly U-treated glass-fiber filters, methisoprinol 
was observed to increase binding of counts by 50 per 
cent when compared to the control. In our present 
study, labeling with ['*C]orotic acid results in 
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radioactivity appearing in the putative mRNA por- 
tion of the molecule rather than in the attached poly 
A sequences. Therefore, this increase in polyribosomal 
RNA binding can be held to reflect an increased 
number of putative mRNAs per unit of polyribosomal 
RNA. 

We have concluded from our data that, in the 
membrane-poor polyribosomal fraction, the relative 
frequency of mRNAs per unit of ribosome increases 
in response to drug treatment. Whether the additional 
mRNAs locate in polyribosomes, reducing the aver- 
age number of ribosomes per messenger, or whether 
they locate in informosomal units that contribute to 
the membrane-poor polyribosome fraction and are 
simply available to form polysomes is not yet known. 
The former circumstance wold be a distinct ano- 
maly, since polyribosomes by operational definition 
and structure are held to contain optimal concent- 
rations of mRNA [28]. However, drug treatment has 
already been found to produce change in polyribo- 
some structure [3]. Thus, as a possible result, change 
in the relative number of ribosomes in polyribosomes 
cannot be ruled out. 

The examination made of competition between 
extracted polyribosomal RNA and high specific ac- 
tivity [‘H]poly A shows that methisoprinol treatment 
strikingly increases the poly A content of rat liver 
polyribosomal RNA. This increase is far greater than 
one of 50 per cent, which indicates that the polya- 
denylate nucleotides per unit of mRNA have in- 
creased in number in response to treatment. 

It appears reasonably certain that, through a poly 
A-dependent mechanism, then, methisoprinol in- 
creases the nucleocytoplasmic transport of mRNA, 
which reaches cytoplasm in possession of an 
enhanced oligonucleotide poly A segment. 

The significance of the observed effect on nucleocy- 
toplasmic transport of mRNA may be best under- 
stood in the light of the natural fate of most mRNA 
transcripts in eukaryotic cells [21,29]. Since most of 
these are produced and destroyed within the nucleus, 
transport becomes a step that specifically controls the 
efficiency of gene expression. 

It has been reported by Schumm and Webb [30] 
that certain liver carcinogens that affect nucleocyto- 
plasmic RNA transport increase the labeling of 18S 
and heavier RNAs by ['*C]orotic acid. While we 
have found methisoprinol to increase the rate of nuc- 
leocytoplasmic transport of rapidly labeled RNAs, the 
distribution of incorporated ['*C]orotic acid into 18S 
and heavier RNAs from methisoprinol-treated ani- 
mals was unchanged by drug and was consistent with 
the findings of Schumm and Webb [30], for normal 
rat liver polyribosomal RNA. 

Although we offer no data in this area, we wish 
to note that, because of chemical similarities between 
methisoprinol and other purines, it is possible that 
methisoprinol directly affects the synthesis of nuclear 
poly A and that the other findings reported here may 
be coupled to a primary increase in poly A. However, 
as indicated below, an effect on mRNA-poly A ligase 
activity is also possible. 

We have previously reported [3] that methisoprinol 
increased the incorporation in vitro of radioactive 
phenylalanine into brain polyribosomes when this in- 
corporation was directed by endogenous mRNA. In- 
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terestingly, the addition of poly U suppressed the in- 
corporation of phenylalanine into polyribosomes of 
methisoprinol-treated animals as compared with the 
incorporation rate measured in the absence of poly 
U, while poly U did increase the incorporation of 
phenylalanine into the polyribosomes from control 
animals. In light of our present findings, this phenom- 
enon may be explained by the increased content of 
poly A sequences in the polyribosomes from drug- 
treated animals. Poly U:A binding may produce an 


inhibition of the translation of mRNAs in this exper- - 


imental situation. 

We have hypothesized that an antiviral effect may 
arise from the methisoprinol enhancement of certain 
categories of host RNA utilization and protein syn- 
thesis, directly in infected tissues or indirectly through 
an enhanced immune response. We note reports that 
methisoprinol inhibits herpesvirus cytopathology, 
both in tissue culture[3,4] and in herpes encepha- 
litis in hamster brain [3,5], and suggest that both 
effects exemplify a direct antiviral action, since Hirsch 
and Murphy[31] have shown that suppression of 
aspects of antiviral immunity with antilymphocyte 
serum does not modify the progression of encephalitic 
herpesvirus infection, while it does exacerbate herpes 
infection exterior to the brain. 

Our study employing methisoprinol and cordyce- 
pin (3-deoxyadenosine) supports the contention that 
the enhancement of polysomal poly A and putative 
mRNA transport by methisoprinol is essential, at 
least for its direct antiviral effect. Note that cordyce- 
pin is an inhibitor of poly A synthesis [8] and, thus, 
also suppresses poly A-dependent processes, as nuc- 
leocytoplasmic mRNA transport [9]. 

The fact that cordycepin itself exerted an antiviral 
effect is compatible with the report of Bachenheimer 
and Roizman [32] that the RNA specified by herpes 
simplex virus contains poly A sequences that are not 
transcribed from viral DNA. They are performed and 
presumably come from the same pool of poly A that 
is utilized by host messenger. Cordycepin inhibits her- 
pesvirus, then, by reducing the availability of poly 
A for viral RNA transport to cytoplasm. 

Methisoprinol, in contrast, acts to increase this 
function for host messenger by enhancing the attach- 
ment of poly A to host putative mRNA and increas- 
ing the transport of this mRNA into cytoplasm. How 
this event produces an antiviral effect remains a ques- 
tion for which there are still several possible answers. 
These all concern competition between virus and host 
mRNAs for the translation apparatus. It may be that 
the enhanced attachment of poly A to host mRNA 
leads to a reduced availability of poly A for herpes- 
virus messenger; or, longer poly A segments on host 
mRNA may render them more able to form poly- 
somes of greater half life that more effectively gener- 
ate host proteins over time, including those that con- 
tribute to an antiviral state. 





* Personal communication. 

+In a mouse study employing light yellow inbred 
129/ReJ skin homograft donors and non-inbred Ha/ICR 
Swiss recipients, 500 mg/kg/day of methisoprinol, initiated 
at 48 hr, reduced the average control rejection time of 
8 days to 5 days, while the immuno-suppressive agent, 
cyclophosphoramide, increased the average rejection time 
to 12 days. 
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Certainly the difference between the effects of poly 
A and methisoprinol on herpesvirus infection tends 
to distinguish between biochemical effects of methiso- 
prinol and a general increase in poly A levels. 

It is of considerable interest, then, that despite this 
distinction between the actions of methisoprinol and 
added poly A, cordycepin and methisoprinol, when 
added together, produced no antiviral effect, i.e. they 
nullified each other. This.certainly indicates a func- 
tional antagonism. From one point of view, we have 
enough information to understand this antagonism. 
Thus, an inhibitor of polyadenylic acid synthesis, by 
reducing nuclear levels of this agent, should reverse 
the pharmacological actions of an agent, if these 
depend on an enchanced poly A-host mRNA ligation. 
However, seen in reverse, the matter is not so clear. 
There is no reason that is evident at this time why 
such an effect on ligation should be associated with 
an inhibition of cordycepin action, unless the effect 
is secondary to an increase in intranuclear poly A 
levels. But, if this is the primary action of methiso- 
prinol, then we must be concerned with why an in- 
crease in intranuclear poly A levels should be directed 
more to polyadenylation of host mRNA than to 
polyadenylation of the RNA of herpesvirus. At this 
stage, however, we can affirm that cordycepin and 
methisoprinol give evidence of being biochemical, and 
consequently functional, antagonists ; the details of their 
interaction in the nucleus remain to be worked out. 

The tissue culture experimentation reported here 
employed human embryonic lung fibroblasts and 
adds further data illustrating that effects of methiso- 
prinol on poly A metabolism are very general. 

Although we have not yet examined methisoprinol 
effects on the poly A metabolism of lymphocytes, hav- 
ing focused primarily on the study of direct antiviral 
effects, it appears clear that the effects of the drug 
are indeed general and that antiviral effects of methi- 
soprinol may also emerge indirectly, from an impact 
of the drug on the immune system. Lynes [33] has 
reported that anti-lymphocyte serum inhibited anti- 
viral effects of methisoprinol in mice, while Callaghan 
and Spitzer* have found that the homocytotropic 
antibody response to purified ragweed antigen is 
enhanced by methisoprinol. In unpublished data we 
have gathered, methisoprinol was found to decrease 
skin homograft rejection time in mice,+ providing 
further evidence that methisoprinol does affect cell- 
mediated immunity. 

Since poly A is held to actuate the nucleocytoplas- 
mic transport of mRNAs in diverse tissues [9, 21] and 
to contribute to the stability and activity of mRNAs 
that are being translated in cytoplasm [34, 35], it is 
not unreasonable to suggest that the synthesis of cer- 
tain antiviral principles, in local tissues and lympho- 
cytes, may be enhanced during methisoprinol treat- 
ment through a poly A-related mechanism. 
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Abstract—Evidence is presented that preparations of rat liver microsomes are capable of conjugating 
isethionic acid with cholic acid. Thin-layer chromatography experiments indicate that this newly de- 
scribed conjugated bile acid migrates with the same R, value as taurocholic acid, a structurally similar 
analogue. Dilution experiments utilizing both labeled cholic acid (tritium) and isethionic acid (sulfur-35) 
demonstrate the incorporation of both isotopes into a cholyl-conjugate of isethionic acid. Acid hydroly- 
sis of enzymatically synthesized cholyl{*°S]isethionic acid and subsequent thin-layer chromatography 
of the degradation products also indicate that isethionic acid is conjugated with cholic acid. 
Formation of the cholyhydrazide derivative of cholyl-isethionic acid confirms an ester linkage between 
the carboxyl moiety of cholic acid and the hydroxyl moiety of isethionic acid. Rats receiving radioactive 
isethionic acid by stomach tube synthesized approximately 28 nmoles cholyl-isethionic acid compared 
with 980 nmoles taurocholic acid when radioactive taurine was administered under similar conditions. 


It is widely recognized that liver microsomal prep- 
arations are capable of conjugating cholic acid with 
taurine, hypotaurine or glycine in the presence of 
ATP and coenzyme A [1-8]. The primary function 
of these conjugate bile acids (review by Jacobsen and 
Smith [9]) is to facilitate the intestinal absorption of 
fat via their detergent action. Recently, other possible 
roles for taurocholic acid have been postulated and 
include: (1) stimulation of the transmural electrical 
potential difference in vitro across the rat small intes- 
tine [10]; (2) activation of pancreatic lipase [11]; (3) 
causative agent for back diffusion of hydrogen ions 
across human gastric mucosa [12]; and (4) reduction 
of blood supply to the gastric mucosa by initiating 
mucosal changes which produce and maintain the de- 
creased blood flow [13]. 

In this paper, it is reported that isethionic acid, 
a metabolite of taurine in mammalian tissues [14-20], 
is conjugated with cholic acid, and evidence is pre- 
sented suggesting that the conjugation of iseth- 
ionic acid with cholic acid is through an ester linkage. 


MATERIALS AND METHODS 


Materials. Cellulose thin-layer chromatography 
sheets (cellulose on Mylar sheets) and the potassium 
salt of isethionic acid (ISA) were purchased from 
Eastman Kodak. Silica gel G was purchased from 
Brinkmann Instruments. Cholic acid and taurocholic 
acid were obtained from P-L Biochemicals. Hydra- 
zine hydrate (85°) was purchased from Fisher Scien- 
tific Co. [*°S]Taurine (20-108 mCi/m-mole) and 
[*H]cholic acid (2-2 Ci/m-mole) were supplied by 
Amersham/Searle Corp. and New England Nuclear 
respectively. The anion exchange Dowex resin AG 
1-X2 (100-200 mesh) was supplied by Bio-Rad Labor- 
atories. Sprague-Dawley male rats (125-175 g) were 
purchased from Sprague-Dawley, Madison, Wis. 

Preparation of rat liver microsomes. Rat liver micro- 
somes were prepared according to the procedure 


of Elliott [21] with certain modifications. Male 
Sprague-Dawley rats were killed by cervical dislocation, 
and the liver was immediately removed, washed in 
cold distilled water, weighed and homogenized in 4 
vol. of 0:25 M sucrose. The liver homogenate was cen- 
trifuged for 15min at 12,000g, and the supernatant 
recentrifuged for 30min at 105,000g. The resulting 
microsomal pellet was suspended in cold glass-dis- 
tilled water (1 ml for each 1 g wet wt of liver) and 
homogenized in a motor-driven Teflon-glass hom- 
ogenizer. Triton X-100 (app 4% by vol) was added 
to the homogenate to solubilize the microsomes. 

Chemical conversion of [?°S]taurine to [?°S]iseth- 
ionic acid. Sodium nitrite (35mg in 0-1 ml water) 
was added to a solution containing 0:1 ml of | N 
HCI and 100 pCi [*°S]taurine. The mixture was kept 
on ice for 15 min while the reaction proceeded. The 
entire solution (0-2 ml) was applied to Whatman 3 
MM filter paper, which was dampened with the same 
buffer utilized in the electrophoretic procedure 
[sodium citrate (0:02 M)}-potassium phosphate (0:02 
M) at pH 6-0] and then subjected to electrophoresis 
for 20 min at 500 V and for 70 min at 2000 V. The 
electrophoretic separation of taurine from isethionic 
acid was checked by applying nonradioactive stan- 
dards at the edges of the filter paper. Taurine was 
detected with ninhydrin (0-25°, in acetone) and iseth- 
ionic acid was located with bromophenol blue (5% 
in alcohol). The radioactive isethionic acid was then 
eluted from the filter paper with water; 60 pCi 
[°°S]isethionic acid were obtained. 

The authenticity of the [**°S]isethionic acid was 
confirmed by thin-layer chromatography with known 
standards of isethionic acid and taurine (Fig. 1). 
Further proof that the radioactive isethionic acid was 
not contaminated with [°°S]taurine was demon- 
strated by passage of an aliquot of the synthesized 
radioactive isethionic acid (200,000cpm in 0-3 ml 
water) through a column containing Dowex anion 
exchange resin (AG 1-X2, Cl” form, 2:5 by 20 mm). 
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Fig. 1 Cellulose thin-layer chromatogram of isethionic 
acid (ISA) and taurine (TAU) standards and [?°S]iseth- 
ionic acid ({*°SJISA) prepared from [*°S]taurine. The sol- 
vent system contained pyridine—n-butanol-water (4:2:2, by 
vol.). The isethionic acid standard was stained with 5% 
bromophenol blue in alcohol (pH 8-0), while taurine was 
visualized with 0-25°,, ninhydrin. Cellulose in areas corre- 
sponding to standards was scraped from the Mylar plate 
into a conical test tube. Water (0-4 ml) was added and 
the mixture vigorously shaken, and then centrifuged. The 
water phase was tounted in a liquid scintillation counter. 
The numbers in the boxes are cpm. 


The water eluate (2:1 ml) contained only background 
radioactivity. Since [*°S]isethionic acid is a strong 
acid (sulfonic acid), it is completely removed from 
solution by the anion exchange resin. However, 
a [°°S]taurine contaminant in the preparation would 
have been detected in the eluate due to its zwitterion 
nature. 

Enzyme system for conjugation of cholic acid with 
isethionic acid. Table | lists the components (in 
mmoles contained in a final volume of 0:16ml) of 
reaction mixtures A and B for the synthesis of cholyl- 
isethionic acid. The reaction mixtures differed in that 
mixture A contained only nonlabeled cholic acid and 
a constant amount of radioactive isethionic acid, 
while mixture B contained various quantities of non- 
labeled isethionic acid and the radioactive label in 
the cholic acid. The enzymatic synthesis of cholyl- 
isethionic acid was performed in conical test tubes 
in a total volume of 0-16 ml. The reaction was in- 
itiated with 200 yg of microsomal protein. Incuba- 
tions were carried out at 37° for | hr. The reaction 
was terminated after | hr by dilution with 2:5 ml 
water. One ml n-butanol was added and the water-—n- 
butanol layers were thoroughly mixed on a Vortex 
Jr. for 30 sec to extract the radioactive cholyl-iseth- 
ionic acid into the organic phase. Isethionic acid 
remains in the aqueous phase. An aliquot of the n-bu- 
tanol phase was then evaporated to dryness under 
a stream of air and the residue dissolved in 10 pl 
water and chromatographed or processed as indi- 
cated. 

When [*H]cholic acid and [**S]isethionic acid 
were utilized to form doubly labeled cholyl-isethionic 
acid (see Table 2), slightly different conditions were 


employed. Incubation vessels contained the following 
reagents (in moles): potassium phosphate, 20; mag- 
nesium sulfate, 1; ATP, 1; coenzyme A, 0-055; cholic 
acid, 0-020 (645,000 cpm); nonlabeled isethionic acid, 
0 to 0-005; and labeled isethionic acid, 650,000 cpm. 
The reaction was processed for 30 min at 37° and 
then stopped by dilution with 2:5 ml water. The un- 
reacted [*H]cholic acid was removed by extraction 
(five times) with 1 ml dichloromethane [22, 23], and 
the [*H Jcholyl[**S]isethionic acid was extracted with 
1 ml n-butanol. An aliquot (0-7 ml) of the n-butanol 
layer was counted in 5 ml of Bray’s scintillation 
fluid [24]. 

Hydrolysis of cholyl[?*S]isethionic acid. Cholyl- 
[*°S]isethionic acid, formed by the above enzymatic 
reaction (reaction mixture A) and extracted into n-bu- 
tanol, was hydrolyzed as follows: 0-5 ml of the n-bu- 
tanol phase (total | ml) was placed in a stoppered 
centrifuge tube and evaporated to dryness in a 
stream of air. The cholyl-isethionic acid was hydro- 
lyzed by adding 0:5 ml of 6 N HCI and heating on 
a boiling water bath. An additional 0-5 ml of 6 N 
HCI was added after | hr and hydrolysis continued 
fora second hr. The centrifuge tube was then 
removed from the water bath and the liquid evapor- 
ated to dryness under a stream of air. The residue 
was taken up in 20 yl water and chromatographed 
in the following solvent system: ethyl butyrate—hep- 
tane-glacial acetic acid—water (9:1:7:3, by voll). 

Formation of methylcholate and cholylhydrazide. 
Methylcholate and cholylhydrazide were prepared 
according to the procedures of Cortese [25]. 

Formation of the hydrazine derivative of [°H]cholyl- 
isethionic acid. [7H]cholyl-isethionic acid was synthe- 
sized by a rat liver microsomal preparation in dupli- 
cate incubation vessels (reaction mixture B containing 
0-2 umole isethionic acid). The reaction mixtures were 
extracted five times with | ml dichloromethane to 
remove [*H]cholic acid[22,23] and then the 
[*H]cholyl-isethionic acid was extracted with | ml 
n-butanol. An aliquot of the n-butanol phase (0-8 ml) 
was evaporated to dryness in a stream of air. Five 
mg of methylcholate carrier, 0-2 ml ethanol,-and 0-1 
ml hydrazine (85°%) were added to one test tube con- 
taining [*H]cholyl-isethionic acid. To the duplicate 
tube containing an equal quantity of [*H]cholyl- 
isethionic acid similar components were added but 
hydrazine was omitted. Both tubes were refluxed for 
8 hr, and the solvent was evaporated by a stream 
of air. The products were dissolved in 0-1 ml meth- 
anol, and an aliquot (0-005 ml) was chromatographed 
in the following solvent system: n-butanol-glacial ace- 
tic acid—water (10:1:1, by vol.). 

Formation in vivo of taurocholic acid and cholyl- 
isethionic acid. One hundred pmoles taurine contain- 
ing 43 wCi sulfur-35 was administered to a male rat 
(160 g) by stomach tube. The rat was fasted for 24 
hr, killed, and the intestines were homogenized in 85 
ml of 80°, ethanol according to the procedures of 
Norman and Sjévall [26]. The homogenate was then 
centrifuged for 20 min at 12,000 g and a 10-ml aliquot 
evaporated in a stream of air to 0-5 ml. The precipi- 
tate formed during the concentration procedure was 
removed by centrifugation. An aliquot (0-1 ml) of the 
concentrated ethanol supernatant was chromato- 
graphed on Silica gel G (500 yum) in the solvent sys- 





Enzymatic formation of cholyl-isethionic acid 


Table 1. Composition of the enzymatic reaction mixtures used for the synthesis of cholyl-isethionic acid 





Component 


Reaction mixture Bt 
(umoles) 


Reaction mixture A* 
(umoles) 





Potassium phosphate buffer, pH 7-4 
MgSO, 

ATP 

Coenzyme A (corrected for 92%, purity) 
Isethionic acid 

Cholic acid 


20 20 
l l 
| l 
0-055 0-055 
0-020 0-0:100 
0-1 0-0001 





* Reaction mixture A contained 800,000 cpm of [**S]isethionic acid. 
+ Reaction mixture B contained 500,000 cpm of [*H]cholic acid. 


tem: ethyl butyrate-heptane-glacial acetic acid—water 
(9:1:7:3, by vol). A second rat (158 g) was given 100 
mmoles isethionic acid containing 44 wCi sulfur-35 
and processed as above. 


RESULTS AND DISCUSSION 

Enzymatic synthesis of cholyl-isethionic acid using 
[°°S]isethionic acid. Reation mixture A (Table 1) was 
utilized for the biosynthesis of cholyl[*°S]isethionic 
acid. The cellulose thin-layer chromatogram is pre- 
sented in Fig. 2. 

Cholic acid migrates with the solvent front and 
contains essentially no radioactivity in either the com- 
plete incubation system (*X’) or the system in which 
ATP and coenzyme A were omitted (‘Y’). Unfortu- 
nately, authentic cholyl-isethionic acid is not available ; 
therefore, commercial taurocholic acid (TC) was uti- 
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Fig. 2. Cellulose thin-layer chromatogram of the product 
of the reaction between cholic acid and [*°S]isethionic acid. 
Cholic acid (CA), [°°S]isethionic acid ({?°S]ISA) and taur- 
ocholic acid (TC) were used as standards. The chroma- 
tography system contained the following solvents: ethyl 
butyrate-heptane-glacial acetic acid—water (9:1:7:3, by 
vol.). Phosphomolybdate (10% in alcohol) was used to 
stain cholic and taurocholic acids. An aliquot of the n- 
butanol phase (Materials and Methods) designated as ‘X’ 
(complete enzyme system) or ‘Y’ (enzyme system minus 
ATP and coenzyme A) was chromatographed. Radioacti- 
vity was measured after scraping and collecting the cellu- 
lose from the areas corresponding to the standards and 
extracting with water as described in the legend to Fig. 1. 
The numbers in the boxes are cpm. 


lized as a standard for cholyl-isethionic acid because 
of its structural resemblance. The area in which tauro- 
cholic acid migrates contains significant amounts of 
radioactivity (*X’). Again, the control incubation ves- 
sel (“Y’), minus ATP and coenzyme (A) contained very 
little radioactivity. Radioactive isethionic acid 
([°°S]ISA) was chromatographed under the same 
conditions to eliminate the possibility that it migrated 
concomitantly with taurocholic acid. 

Enzymatic synthesis of cholyl-isethionic acid using 
tritiated cholic acid. Similar experiments to those pre- 
sented in Fig. 2 were performed using [*H]cholic acid 
(reaction mixture B, Table 1). Initial control exper- 
iments in which isethionic acid was omitted indicated 
that the area corresponding to taurocholic acid con- 
tained small but significant amounts of radioactivity 
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Fig. 3. Cellulose thin-layer chromatogram of [*H]cholyl- 
isethionic acid. Varying amounts of isethionic acid (0, 10, 
50 and 100 nmoles) were added to the incubation vessels 
containing reaction mixture B (Table 1). After a 1-hr incu- 
bation (37°), the reaction was terminated as described in 
Materials and Methods. Aliquots of the n-butanol phase 
designated as *X’ (complete enzyme system) or “Y’ (enzyme 
system minus ATP and coenzyme A) were chromato- 
graphed. Authentic cholic acid (CA) and taurocholic acid 
(TC) were used as standards for the chromatography. The 
solvent system contained the following components: ethyl 
butyrate-heptane-glacial acetic acid—water (9:1:7:3, by 
vol.). Both cholic and taurocholic acids were stained with 
10°, phosphomolybdate in alcohol. The numbers in the 
boxes refer to the radioactivity in cpm which was measured 
after scraping the cellulose off the Mylar plates as de- 
scribed in the legend to Fig. 1. 
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Table 2. Enzymatic formation of cholyl-isethionic acid using tritiated cholic acid and sulfur-35 iseth- 
ionic acid 





Sulfur-35 
channel 
(cpm) 


Tritium 
channel 
(cpm) 


Isethionic acid 
(nmoles) 


Ratio 
3H (35§ 


Corrected tritium 
channel* 
(cpm) 





13,951 
16,929 
19,133 


6.382 
4.380 


3,502 


13,313 
16,491 
18,783 


2:09 
3:76 
x39 





* Corrections were made for the spillover of the sulfur-35 radioactivity (10°) into the tritium channel. 
It is appreciated that the digits shown far exceed the accuracy of the determinations. 


(Fig. 3; 492 cpm — 358 cpm = 134cpm). It was sub- 
sequently demonstrated that the microsomal enzyme 
preparation contained a small quantity of endogenous 
taurine which was converted to taurocholic acid in 
the absence of exogenous isethionic acid. 

In order to circumvent this source of experimental 
error, varying quantities of isethionic acid (0-100 
nmoles) were added to reaction mixture B. The results 
in Fig. 3 demonstrate an increase in radioactivity in 
the area of the chromatogram corresponding to tauro- 
cholic acid. This indicates a microsomal synthesis 
of cholyl-isethionic acid, since isethionic acid was the 
only variable component in the reaction system. 

Enzymatic synthesis of [*H]cholyl{**S]isethisnic 
acid. [*H]cholic acid and varying amounts of 
[*°S]isethionic acid were employed in the formation 
of cholyl-isethioriic acid, which was then extracted 
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Fig. 4. Cellulose thin-layer chromatogram of the acid hy- 
drolysis products of cholyl[**S]isethionic acid. An aliquot 
of the n-butanol extract containing cholyl[**S]isethionic 
acid was hydrolyzed in HCl (details described in Materials 
and Methods). Standard isethionic acid (ISA), [°°S]iseth- 
ionic ({°°SJISA) and taurocholic acid (TC) were used as 
markers. The chromatography system contained the fol- 
lowing solvents: ethyl butyrate-heptane-glacial acetic 
acid-water (9:1:7:3, by vol). Isethionic acid was stained 
with 5°,, bromophenol blue in alcohol; cholic acid was 
visualized with 10°, phosphomolybdate in alcohol. The 
sample referred to as *X’ was obtained from the complete 
incubation system (containing ATP and coenzyme A). 
Radioactivity was measured by scraping and collecting the 
cellulose from the areas on the chromatogram which cor- 
responded to the standards as described in the legend to 
Fig. 1. The numbers in the boxes are cpm. 


with n-butanol and analyzed for radioactivity. By vary- 
ing the amount of nonlabeled isethionic acid (0-5 
nmoles), and increase in the tritium label was demon- 
strated indicating that a greater quantity of conjugate 
was formed; conversely, the radioactivity in the sulfur 
channel decreased due to dilution of the sulfur-35 
label by nonradioactive isethionic acid (Table 2). This 
type of double isotope derivative experiment has been 
the basis of numerous assays for various biological 
compounds [23, 27-29]. 

Hydrolysis of cholyl{**S]isethionic acid. To demon- 
strate that [*°S]isethionic acid was a component of 
the presumptive cholyl-isethionic acid, the conjugated 
product was hydrolyzed. Chromatography of the hy- 
drolysis products is shown in Fig. 4. The area corre- 
sponding to taurocholic acid contained a negligible 
amount of radioactivity, while the area corresponding 
to isethionic acid had significant radioactivity. 

Conversion of [7H ]cholyl-isethionic acid to [?H]cho- 
lylhydrazide. In order to demonstrate that an ester 
linkage exists between the carboxyl group of cholic 
acid and the hydroxyl group of isethionic acid, 
radioactive [*H ]cholyl-isethionic acid was enzymati- 
cally synthesized and converted to the hydrazine deri- 
vative as described in Materials and Methods. 
Chromatography of [*H]cholylhydrazide is shown in 
Fig. 5. 

Formation in vivo of taurocholic acid and cholyl- 
isethionic acid. After administration by stomach tube 
of either [*S]taurine or [*°S]isethionic acid to the 
rats, the cholyl-conjugates were extracted and chro- 
matographed as described in Materials and Methods. 
The amount of radioactive taurocholic acid formed 
in a 0-1-ml aliquot of the concentrated ethanol extract 
of intestine was 23 nmoles (21,800 cpm). The quantity 
of taurocholic acid formed in the total ethanol extract 
(85 ml) was calculated to be 980 nmoles. 

The quantity of cholyl-isethionic acid which chro- 
matographed with a similar R, value (0-67) as tauro- 
cholic acid was calculated to be approximately 
0-65nmole (680cpm). The total ethanol extract 
(85 ml) contained 28 nmoles of cholyl-isethionic acid. 

Both taurine (R,; = 0:30) and isethionic acid 
(R, = 030) migrated in this solvent system [ethyl 
butyrate-heptane-glacial acetic acid—water (9:1:7:3, 
by vol.)] with R, values that were considerably lower 
than the value for taurocholic acid (R; = 0-67), and 
thus contamination from the starting reactants was 
eliminated as a source of error. 


DISCUSSION 
It -has been demonstrated that a cholyl derivative 
of isethionic acid can be synthesized by rat liver micro- 
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Fig. 5. [*H]cholylhydrazine was synthesized as described 
in Materials and Methods. Methanol (0-1 ml) was added 
to the tritiated hydrazide derivative of cholyl-isethionic 
acid, and an aliquot (0-005 ml) designated as ‘X’ (refluxed 
in the presence of hydrazine) or ‘Y’ (refluxed in the absence 
of hydrazine) was chromatographed. Authentic methylcho- 
late (MC), cholic acid (CA), taurocholic acid (TC) and cho- 
lylhydrazide (CH) were used as standards for the chroma- 
tography. The solvent system contained the following com- 
ponents: n-butanol-glacial acetic acid—water (10:1:1, by 
vol.). The chromatogram was stained with 10% phospho- 
molybdate in alcohol. The numbers in the boxes refer to 
the radioactivity in cpm which was measured after scraping 
the cellulose off the Mylar plates as described in the legend 
to Fig. 1. 


somes. This compound is unique in that it appears 
to contain an ester linkage formed from the alcohol 
moiety of isethionic acid and the acid moiety of cholic 
acid. 

Evidence for the formation of a conjugated deriva- 
tive was suggested by demonstrating that isethionic 
acid was a component of the unknown compound 
after hydrolysis in HCl (Fig. 4). Further proof that 
the hydroxyl moiety of isethionic acid was conjugated 
through an ester linkage with the carboxyl moiety 
of cholic acid was indicated by formation of the hyd- 
razide derivative. If isethionic acid was linked to cho- 
lic acid through one of its hydroxyl groups (3a, 7x 
or 12x), then the radioactive compound would not 
have co-chromatographed with synthetic cholylhydra- 
zide (Fig. 5). 

In rats given radioactive taurine, a considerable 
quantity of taurocholic acid was produced within 24 
hr. However, when a similar experiment was per- 
formed using labeled isethionic acid only a small 
amount of cholyl-isethionic acid derivative was 
formed. 

Isethionic acid, which has been demonstrated to 
be a metabolite of taurine in mammalian tis- 
sues [14-20], does not have a specific assigned func- 
tion. Moreover, the significance and function of this 


new cholic acid derivative of isethionic acid are also 
unknown. 
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SHORT COMMUNICATIONS 


Enzymatic defluorination of methoxyflurane 


(Received 31 January 1975; accepted 12 September 1975) 


Methyoxyflurane (2,2-dichloro-1,1-difluoroethyl methyl 
ether [MOF)) is an anesthetic which produces biochemical 
and histological changes in man and experimental ani- 
mals[1—14]. Its metabolic products include inorganic 
fluoride and chloride, carbon dioxide, oxalic acid and ace- 
tic acid derivatives [15-22]. The available data indicate 
that MOF is defluorinated and dechlorinated by a micro- 
somal-bound mixed function oxidase system [17, 23, 24]. 
Contrary to a report by Van Dyke and Wood [24], we 
have found that the soluble fraction of rat liver extracts 
contains enzymatic material which produces defluorination 
of MOF. 

Livers from male Wistar rats were homogenized at 4 
in 3 vol (ml/g) of 0.15 M Tris-acetate buffer (pH 8.5). The 
suspension was centrifuged for 20 min at 9000g, and the 
supernatant was centrifuged at 105,000g for 60 min. The 
supernatant from the final centrifugation provided the 
‘soluble fraction’. Microsomes were obtained by homogeni- 
zation in 1.15°,, KCl and centrifugation as above [24]. Part 
of the microsomal pellet was resuspended in 0.05 M Tris- 
chloride buffer (pH 7.4) to test its aniline hydroxylase [25] 
and O-demethylase [26] activities, and the remainder was 
added to the soluble fraction in 0.15 M Tris-acetate (pH 
8.5) to test for alteration of MOF defluorination activity 
under .conditions in which the soluble fraction produced 
maximum activity. Protein was measured by the method 
of Lowry et al. [27]. 

All components of reaction mixtures, with the exception 
of MOF, were added to glass serum bottles (dia 5 cm, 
height 7.5cm, vol 120 ml). Each bottle was sealed with a 
rubber stopper and flushed with a gas transmitted by 
needles through the stopper. MOF was introduced by syr- 
inge and needle to start the reaction (final vol 10 ml, 37°), 
and 0.5-ml aliquots were removed at intervals and diluted 
in 0.5ml of TISAB.* Fluoride was measured at pH 5.4 
with an Orion model 407 ion-specific meter utilizing a 
model 96-09 fluoride-specific electrode standardized 
against known sodium fluoride concentrations prepared in 
0.15 M Tris-acetate buffer and measured in TISAB at pH 
5.4. 

The soluble fraction of rat liver extracts contained 
material which produced defluorination of MOF at a con- 
stant rate for at least 21 hr in a relatively anaerobic atmos- 
phere (Fig. 1). Preheating of the soluble fraction or prein- 
cubation with trypsin destroyed the enzymatic activity. 
Maximum activity was obtained at pH 8.5 (Fig. 2) and 
at addition of 1.3 m-moles of MOF per 10 ml of reaction 
mixture. The enzyme activity was not altered when the 
soluble fraction was preincubated at temperatures of 50 
or less, but activity was partially destroyed by preincuba- 
tion at 55 for 10 min and was completely destroyed by 
preincubation at 60° for 10 min (Fig. 3). Addition of micro- 
somes (prepared at pH 7.4 in 1.15%, KCI and shown to 





* TISAB is a solution of sodium chloride (58 g), cyclo- 
hexylene dinitrilotetraacetic acid (4g) and glacial acetic 
acid (57 ml) dissolved in water and sodium hydroxide to 
a volume of | liter, with a pH between 5.0 and 5.5 (Orion 
Research Inc., Form 1 M 96, 94-09/375, p. 9, 1973). 
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Fig. 1. Catalysis of MOF defluorination by the soluble 
fraction of rat liver homogenates. Gas phases used: (@) 
argon; (C) nitrogen; (4) oxygen: (O) air: (MI) argon used 
with soluble fraction which had been heated at 60 for 
10 min; (A) argon used with soluble fraction which had 
been preincubated with trypsin (0.8 mg/ml) at 25 for 16 hr. 
Controls for the trypsin digestion, including addition of 
trypsin inhibitor prior to trypsin, were fully active. Protein 
concentrations were 17 mg/ml. 
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Fig. 2. pH dependence of the MOF defluorination rate. 

All assays were run in the standard assay with the soluble 

fraction, argon gas, and 1.3 m-moles of MOF. Buffers were 

all at 0.1 M concentrations; (@) potassium phosphate: (O) 

sodium glycinate; (Ml) sodium glycylglycinate. Protein con- 
centrations were 21 mg/ml. 
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Fig. 3. Temperature stability of MOF defluorinating 
enzyme. The soluble fraction was heated at the specified 
temperature for 10 min; MOF (1.3 m-moles) was added; 
and defluorination under argon was followed at 37 for 
4hr. The protein concentrations were 23 mg/ml. 


be active with aniline and p-nitroanisole) did not alter the 
activity when added to the soluble fraction. Microbial con- 
tamination was excluded as a possible source of enzymatic 
activity, since reactions carried out in test solutions which 
contained penicillin G (20 units/ml) and streptomycin sul- 
fate (20 pg/ml) were fully active and were sterile for at 
least 24 hr. 

A preparation of the soluble fraction was divided into 
two portions, one of which was dialyzed against Tris—ace- 
tate buffer to provide a high-molecular-weight (high- 
mol-wt) fraction in the retentate. The second portion was 
filtered through an Amicon PM-30 membrane to provide 
a low-molecular-weight (low-mol-wt) fraction in the ultra- 
filtrate. The high-mol-wt fraction contained only 30-45 per 
cent of the original activity, and the low-mol-wt fraction 
was completely inactive (Table 1). Complete recovery of 
MOF defluorinating activity was obtained by recombina- 
tion of the two fractions. The activity of the recombined 


system was lost when the high-mol-wt fraction was heated | 


at 60° for 10 min. 

Enfurane (2-chloro-1,1,2-trifluoroethyl difluoromethy! 
ether), a structural analog of MOF, was not defluorinated 
in this soluble system. It was also ineffective in inhibiting 
MOF defluorination when tested against rate-limiting 
amounts of MOF. 

Whether fluoride is the primary product of the enzyma- 
tic attack upon MOF is not known. It is equally possible 
that the enzymatic system produces a dechlorinated inter- 
mediate, which subsequently loses fluorine by hydrolysis. 


Table 1. Defluorination of MOF by the high- and low- 
molecular-weight fractions obtained from the soluble frac- 
tion of rat liver extracts 





Fraction Activity* Per cent 





Complete soluble 1.71 + 0.10 100 

High-mol-wt 0.64 + 0.12 37 

Low-mol-wt 0 0 

High- and low-mol-wt 1.67 + 0.15 98 
recombined 





* Activity of the soluble fraction is nmoles F~ released 
mg protein/ml/hr. Activities of the other fractions are com- 
puted relative to the amount and activity of the soluble 
fraction from which the high- and low-mol-wt fractions 
were derived. The results are tabulated from three separate 
experiments. 


The high endogenous levels of chloride in rat liver extracts 
has not permitted us to study dechlorination, and the 
answer to this question, as well as the identification of 
other reaction products, must await further resolution of 
the enzyme system. 


Acknowledgement—This project was supported by NIH 
research grant number AM-17551, awarded by the 
National Institute of Arthritis, Metabolism, and Digestive 
Diseases, PHS/DHEW. 


Division of Laboratories and Research, WILLIAM A. WARREN 
New York State Department of Health, FREDERICK D. BAKER 
Albany, New York 12201 U.S.A. JANIS BELLANTONI 


REFERENCES 


1. J. O. Cale, C. R. Parks and M. T. Jenkins, Anesthesio- 
logy 23, 248 (1962). 

. G. Morricca, R. Cavaliere, C. Manni and P. Mazzoni, 
Gaz. intern. Med. Chir. 67, 1293 (1962). 

. R. B. Paddock, J. W. Parker and N. P. Guadagni, 
Anesthesiology 25, 707 (1964). 

. W. B. Crandell, S. G. Pappas and A. Macdonald, Anes- 
thesiology 27, 591 (1966). 

. R. Zatelli, C. Bonzanini and C. Vassallo, Agressologie 
7, 53 (1966). 

. S. G. Elkington, J. A. Goffinet and H. O. Conn, Ann. 
intern. Med. 69, 1229 (1968). 

. J. A. Frascino, P. Vanamee and P. P. Rosen, New Engl. 
J. Med. 283, 676 (1970). 

. D.R. Taves, B. W. Fry, R. B. Freeman and A. J. Gil- 
lies, J. Amer. med. Ass. 214, 91 (1970). 

. A. C. Aufderheide, Archs Path. 92, 162 (1971). 

. R. I. Mazze, G. L. Shue and S. H. Jackson, J. Amer. 
med. Ass. 216, 278 (1971). 

. R. B. Merkle, F. D. McDonald, J. Waldman, G. D. 
Maynard, J. Petit, P. J. Fleming and W. J. Murray, 
J. Amer. med. Ass. 218, 841 (1971). 

. N. K. Hollenberg, F. D. McDonald, R. Cotran, E. G. 
Galvanek, M. Warhol, L. D. Vandam and J. P. Merrill, 
New Engl. J. Med. 286, 877 (1972). 

. J. C. Kosek, R. 1. Mazze and M. J. Cousins, Lab. In- 
vest. 27, 575 (1972). 

. R. 1. Mazze, M. J. Cousins and J. C. Kosek, Anesthesio- 
logy 36, 571 (1972). 

. R. A. Van Dyke, M. B. Chenoweth and A. Van Poz- 
nak, Biochem. Pharmac. 13, 1239 (1964). 

. R. A. Van Dyke and M. B. Chenoweth, Anesthesiology 
26, 348 (1965). 

. R.A. Van Dyke and M. B. Chenoweth, Biochem. Phar- 
mac. 14, 603 (1965). 

s. D. A. Holaday, S. Rudofsky and P. S. Treuhaft, Anes- 
thesiology 33, 589 (1970). 

. R. Ll. Mazze, J. R. Trudell and M. J. Cousins, Anesthe- 
siology 35, 247 (1971). 

. W. J. Murray and P. J. Fleming, Anesthesiology 37, 
620 (1972). 

. R. I. Mazze and M. J. Cousins, Canad. Anesth. Soc. 
J. 20, 64 (1973). 

. R. A. Van Dyke, Canad. Anaesth. Soc. J. 20, 21 (1973). 

. R. A. Van Dyke, J. Pharmac. exp. Ther. 154, 364 
(1966). 

. R. A. Van Dyke and C. L. Wood, Anesthesiology 39, 
613 (1973). 

. R. Kato and J. R. Gillette, J. Pharmac. exp. Ther. 150, 
279 (1965). 

. R. E. McMahon, H. W. Culp, J. Mills and F. J. Mar- 
shall, J. med. Chem. 6, 343 (1963). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 





Short communications 


Biochemical Pharmacology, Vol. 25, p. 725. Pergamon Press, 1976. Printed in Great Britain 


Effects of N-diazoacetyl-glycine amide on the pool of 5-phosphoribosyl 
1-pyrophosphate in Ehrlich ascites tumour cells 


(Received 27 June 1975; accepted 2 October 1975) 


N-Diazoacetyl-giycine amide (DGA) posesses various bio- 
logical properties [1-3], including activity against the 
growth of some rodent tumours [4]. The mechanism of 
its antitumour effects has been shown to be inhibition of 
DNA synthesis [5,6], concomitant with an inhibition of 
purine nucleotide biosynthesis [5]. A detailed study of the 
effects of DGA on purine nucleotide metabolism revealed 
that many stages were inhibited by the drug, although to 
different degrees, the most affected one being the ‘salvage’ 
conversion of hypoxanthine to XMP [7]. The latter enzy- 
matic process is dependent on the concentration of 5-phos- 
phoribosyl 1-pyrophosphate (PP-ribose-P), which in its 
turn is involved in other earlier stages of de novo purine 
biosynthesis. We thought it, worthwhile therefore, to study 
the effects of DGA on the cellular pool of PP-ribose-P, 
in order to ascertain whether the reported effects of DGA 
on XMP formation are due to a depression of its cellular 
pool or to an inhibition of hypoxanthine phosphoribosyl 
transferase. 

The extraction procedure from tumour cells and the 
enzymatic assay for PP-ribose-P were performed as de- 
scribed by Henderson and Khoo [8]. The assay uses a 
cell extract as the source of PP-ribose-P for the enzymatic 
conversion of labelled adenine to AMP: the PP-ribose-P 
concentration is rate limiting for this process. At the end 
of the assay, the deproteinized incubation mixture was con- 
centrated by freezing and drying and redissolving in 200 ul 
of water. 50 yl aliquots, with 1 zg of carrier AMP added, 
were then spotted on a cellulose thin-layer plate (Merck), 
and subjected to ascending chromatography with 5°, (w/v) 
Na,HPO, in water as the solvent. The radioactivity of 
adenine and AMP resolved on the plates was subsequently 
determined by scraping off 2 x 0-5-cm areas from the plate 
and counting them in a toluene-based scintillator. Blanks 
containing no cell extract, and standards containing known 
amounts of PP-ribose-P (Calbiochem, B grade), were run. 

The effects of in vivo treatment of Ehrlich ascites-bearing 
mice with DGA on the tumour cell pool of PP-ribose-P 
are reported in Table 1. As reported by Henderson and 
Khoo [8], glucose administration 5 min before sacrifice 
results in more than a 3-fold increase in the PP-ribose-P 
pool. The treatment with DGA also causes a sharp in- 
crease in the PP-ribose-P content of the tumour cells, up 
to about three times that of the controls. When DGA and 
glucose are administered respectively 2 hr and 5 min before 
sacrifice, the PP-ribose-P level in the tumour cells is about 
six times higher than that of untreated controls. 

These findings show that the reported inhibition caused 
by DGA on the ‘salvage’ conversion of hypoxanthine to 
XMP in tumour cells [7], is not attributable to a reduction 
of the cellular pool of PP-ribose-P caused by the drug. 
They also indicate that the observed increase in the cellular 
content of PP-ribose-P caused by DGA, and its enhance- 
ment caused by glucose administration, might be related 
to the inhibition of at least one enzyme, hypoxanthine 
phosphoribosy] transferase, for which PP-ribose-P is a sub- 


Table 1. Effects of DGA on the cellular pool of PP-ribose- 
P in Ehrlich ascites tumour cells 





Treatment 
DGA Glucose 


PP-ribose-P cellular pool 


(umoles/g of cells) T/C 





~ + 
+ —_ 
- . 


0-362 + 0-048 _ 

1:22 +0077 3-37 
115 + 0-042 3:17 
2:23 + 0-69 6:16 





Male Swiss albino mice, weighing 20-25 g, were inocu- 
lated ip. 5 days before the experiment with 5 x 10° Ehr- 
lich ascites tumour cells. When indicated, the animals 
received DGA 1:5 g/kg i.p. 2 hr before sacrifice, or glucose 
10mg per mouse 5 min before sacrifice. The tumour cells 
were then collected and washed by centrifugation at 500g 
for 5 min and resuspended in Dulbecco phosphate buffered 
saline [9]. The final cell concentration was adjusted to 
2°, (v/v) after a microhematocrit determination. Each value 
is the mean + S.E.M. of individual determinations per- 
formed on groups of three mice. 


strate. Further investigation, which is in progress, is needed 
to examine the possible occurrence of inhibition caused 
by DGA of hypoxanthine phosphoribosyl transferase or 
of other enzymes for which PP-ribose-P is the substrate, 
the mechanism of DGA inhibitory effects, and the rele- 
vance of these findings to the mechanism of antitumour 
activity of this compound. 
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Neurotoxicity of a non-metabolizable amino acid, 1-aminocyclopentane-1-carboxylic 
acid (ACPC): ACPC transport mechanisms in tissues 


(Received 30 June 1975; accepted 5 November 1975) 


1-Aminocyclopentane-l-carboxylic acid is a non-metabo- 
lizable amino acid [1], sharing the same mechanism for 
intracellular transport as naturally occurring amino acids 
of the ‘large neutral’ class[2] which includes phenyl- 
alanine, leucine, isoleucine, valine, tryptophan, tyrosine 
and methionine [2-4]. Similar to these endogenous amino 
acids, ACPC, in high doses, markedly alters tissue amino 
acid pools in vivo [5,6] and disrupts protein synthe- 
9] by competitively inhibiting intracellular transport 
and possibly activation of amino acids [9]. Recently it was 
found that ACPC induces degeneration of axons in adult 
mice [10] and reduces the protein and sulfatide content of 
histologically affgcted areas.* Because of these properties, 
ACPC is a particularly valuable tool for studying in vivo 
responses to an excess of an amino acid independently 
of its metabolites. Such studies may clarify the neurotoxic 
role of the parent amino acid(s) in amino acid-dependent 
brain dysfunctions as well as further define regulatory 
mechanisms of monoamine and protein metabolism which 
are mediated by the ratio of particular amino acids in plas- 
ma[11-16]. The present study provides pharmacological 
background for further use of the ACPC model by charac- 
terizing changes in the in vivo distribution and excretion 
of ACPC over time at neurotoxic and subneurotoxic doses. 

Male mice of the C57BL/6J inbred line (Jackson Labora- 
tories, Bar Harbor) weighing 19-20 g were used exclusively. 
Their age at the time of analysis was 11-13 weeks. The 
mice were fed Formulab chow (protein 23, fat 6.5, fiber 
4 per cent) (Ralston Purina) and, during treatment, food 
and water were supplied ad lib. close to the floor of the 
cage. Animals were housed in rooms maintained at 23 
on a 12hr light-dark schedule. 

ACPC (Calbiochem) was dissolved in phosphate-buf- 
fered (pH 7.3) isotonic saline (Difco) at 20 mg/0.3 ml. Car- 
boxy-['*C] ACPC (New England Nuclear Corp. sp. act. 
9.29 mCi,m-mole; greater than 99 per cent purity) (0.5 wCi) 
was added to appropriate aliquots of this solution. These 
solutions, 0.075-0.90 ml depending on dose, were pre- 
37 and injected intraperitoneally (i.p.). Blood 


sis [7 


warmed to 3 
(0.05-0.1 ml) from the capillary plexus behind the eye was 
drawn from mice lightly anesthetized with ether into 
heparinized blood collecting tubes. Radioactivity was 
measured on 10-y aliquots of plasma obtained by centrifu- 
gation. Urination was induced by rapidly picking the 
mouse up by the tail and the scruff of the neck. Radioacti- 
vity of 10-41 urine samples was measured. Mice were 
voided 2 hr prior to the first urine collection and voided 
as completely as possible during each subsequent collec- 
tion to ensure the optimal reflection of urinary excretion 
during each interval. Mice were killed by cervical disloca- 
tion followed by decapitation. The water content of each 
tissue analyzed was measured by drying a representative 
weighed portion to constant weight under reduced pressure 
over potassium hydroxide. The remaining portion of tissue 
was weighed, homogenized in 10 vol of 10% ice-cold tri- 
chloroacetic acid (TCA) and centrifuged at 7000g. The 
supernatants were aspirated and saved and the pellets were 
washed with 5 vol of 10°, TCA. Following centrifugation, 





*R. A. Nixon, submitted for publication. 


each supernatant of the TCA wash was pooled with its 
respective original supernatant and radioactivity in 1-ml 
aliquots was determined. Radioactivity was measured in 
a Beckman LS 233 liquid scintillation counter following 
the addition of 12 ml of tT21 scintillation cocktail [17] to 
each sample. Counting efficiencies were determined 
using ['*C]toluene (New England Nuclear Corp.) as an in- 
ternal standard and the weight of ACPC (mg) was calcu- 
lated from the dis/min and appropriate specific activity. 

The ACPC distribution ratio was defined as the weight 
of ACPC (mg) in tissue water/weight of ACPC (mg) in 
plasma water. Plasma water content was determined to 
be 95 per cent of the total plasma volume on the basis 
of five individual measurements. For CNS tissue, kidney, 
spleen and pancreas, where data on ACPC accumulation 
approximated a straight line, the distribution ratio was 
represented statistically by the slope of the linear regres- 
sion through the origin calculated by the method of least 
squares [18] for the dependent variable y (ACPC in tissue 
water) on the values of the independent variable x (ACPC 
in plasma water). A 95 per cent confidence interval for 
the slope of each line was computed. Accumulation of 
ACPC against a concentration gradient, (tissue-water 
ACPC)/(plasma-water ACPC) > 1, was considered statisti- 
cally significant if the regression line slope minus the lower 
95 per cent confidence interval limit exceeded unity. 
Curved lines were fitted by eye to the data of Figs 3 and 
4. Nonparametric correlations between behavioral states 
and liver or plasma levels of ACPC were performed on 
the data in Fig. 3. Behavioral state was evaluated on the 
basis of two nonspecific signs of ACPC toxicity, decreased 
spontaneous movement (expressed as per cent of normal 
activity) and generalized weakness (estimated from the abi- 
lity to maintain a certain position on the rungs of a cage 
top). The behavioral classifications of ‘no symptoms’, 
‘mildly affected’ (activity reduced 25-50 per cent; difficulty 
maintaining an upside down position), ‘moderately 
affected’ (activity reduced 50-90 per cent; unable to main- 


Normal 
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40 
35 


30 


days 


25 


Survival time, 








20 


ACPC dose, mg/g 
Fig. 1. Mouse survival time following varying ACPC 
doses. Each point represents data from one mouse. 
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Fig. 2. Plasma levels of ACPC in mice at different times 

following varying ACPC doses. Each point represents the 

mean from 4-5 mice. The standard deviations are less than 
15 per cent. 


tain an upside down position) and ‘severely affected’ (ac- 
tivity reduced 90-100 per cent; unable to maintain a verti- 
cal position) were assigned the numbers 1, 2, 3, and 4 re- 
spectively. Kendall’s rank correlation coefficients (t) and 
their probability (P-value) of occurrence under the null 
hypothesis (i.e. no correlation) were then computed [19]. 

The LDs9 range for ACPC lies between 0.35 and 
0.40 mg/g (Fig. 1). The latter was also the concentration 
required for behavioral signs of neurotoxicity [10]. Most 
mice died in the fourth and fifth weeks following 
0.4-0.6 mg/g of ACPC or in the second week following 
1 mg/g or more of ACPC. The half-life of ACPC in the 
plasma was extremely long (Fig. 2). At the threshold lethal 
concentration (0.4-0.5 mg/g) the plasma ACPC level at 24 
days was not significantly different from that at 1 day. 
The highest ACPC doses of (1-3 mg/g) resulted in nearly 
similar ACPC plasma levels by the fourth day. 

The accumulation of ACPC in tissues was measured at 
plasma ACPC levels between 0.02 and 1.29 mg/ml (Table 
1). More than 98 per cent of the tissue ACPC was TCA-so- 
luble. Most of the remaining 2 per cent was associated 
with protein and was resistant to solubilization by organic 
solvent extraction or by heating briefly at acid or alkaline 
pH. The ACPC distribution ratios in brain and spinal cord 
were not significantly different from unity. Accumulation 
against a concentration gradient occurred in kidney, in 
spleen to a greater degree, and to a much greater degree 
in pancreas. The distribution ratios for CNS tissue, kidney 
and spleen did not change as a function of plasma ACPC 
concentration or of time between 4 and 40 days after 
ACPC administration. 


Table 1. The distribution ratio of ACPC in various tissues 





Time after 
ACPC 
administration 


Distribution 
Tissue (N)* 





whole brain (19) 
spinal cord (8) 
kidney (19) 
spleen (18) 
pancreas (35) 
liver (10) 

liver (9) 





* Number of animals. 

+ For plasma ACPC concentrations less than 0.5 mg/ml 
of plasma water. Above this concentration, the distribution 
ratio changes (see Fig. 3 and text) as a function of ACPC 
concentration. 

~95 Per cent confidence interval of the distribution 
ratio. 


mg/ml tissue water 


Tissue ACPC, 
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Fig. 3. ACPC accumulation in mouse liver and behavioral 

state of mice at varying plasma ACPC levels. Each point 

represents data from one mouse analyzed 5 days after 

ACPC administration. The clinical state is characterized 

as not affected O, mildly ©, moderately @ or severely @ 
affected. 


In liver, by contrast, the ACPC distribution ratio de- 
creased significantly over time after ACPC injection from 
2.14 + 0.46 at 5 days after injection to an apparently stable 
ratio of 1.11 + 0.16 beyond 24 days after injection (Table 
1). Because of this variability in ACPC accumulation with 
time, a fixed interval of 5 days after ACPC administration, 
was used in further studies of liver (Fig. 3). The hepatic 
ACPC distribution ratio was considerably greater than un- 
ity at the lowest doses and increased, though quite varia- 
bly, with increasing plasma ACPC levels. Since liver ACPC 
and mouse survival time (Fig. 1) were both highly variable 
at certain ACPC doses, their relationship was investigated 
using the observation that the severity of two non-specific 
behavioral signs of toxicity, weakness and diminished 
spontaneous activity, reliably forecasts the survival time 
of ACPC-treated mice. Categorized as severe, moderate, 
mild or absent (see above), these behavioral signs were 
highly correlated with liver ACPC concentration (t = 0.88, 
P < 10 °), considerably higher than with plasma ACPC 
concentration (t = 0.61, P < 10°). 

The elimination of ACPC in the urine was measured 
at intervals during the first 2 days following its administ- 
ration in doses of 0.25-3 mg/g (Fig. 4). Inducing urination 
after appropriately short time intervals permitted transient 
changes in ACPC excretion to be detected and correlated 
with fluctuations in plasma ACPC levels. Below 0.5 mg/g, 
ACPC appeared in exceedingly low concentrations in the 
urine. The urinary ACPC level was considerably higher 
at 1 mg/g but still represented a relatively small fraction 
of the injected dose. The 2-3 mg/g doses of ACPC marked 
a turning point in the renal handling of ACPC in that 
large quantities appeared in the urine following these 
doses. Peaks of urinary ACPC concentration were 
observed 0-6 hr and 9-20 hr after ACPC injections, occur- 
ring concomitantly with elevations of plasma ACPC. When 
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individual values of urinary ACPC concentration at 3 hr 
were plotted against the corresponding plasma values (not 
shown), an ACPC concentration of 0.5 mg/ml (4.1 mM) 
was found to be the threshold above which significant frac- 
tions of the injected ACPC dose appeared in the urine. 

These findings represent the first detailed information 
on the in vivo behavior of ACPC at concentrations which 
are comparable to or higher than physiological levels of 
endogenous amino acids. Earlier in vivo studies of ACPC 
have been limited to the use of trace quantities of radiola- 
beled ACPC and short intervals after administ- 
ration [20-24] at which time the ACPC levels in certain 
organs are labile [23]. The neurotoxic actions of ACPC, 
by contrast, require high doses, are manifested behaviorally 
only after days or weeks [10] and are best understood, 
therefore, when studied under such conditions. 

The accumulation of ACPC in whole brain was found 
to be comparable to that in spinal cord where histologi- 
cal [10] and biochemical* lesions are prominent. The 
cerebellum, another CNS region histologically affected 
by ACPC, also does not preferentially accumulate 
ACPC [21]. These tissues did not accumulate ACPC 
against a concentration gradient but did achieve leveis 
equivalent to the plasma ACPC concentration, consistent 
with recent evidence that ‘large neutral’ amino acids are 
transported in neural tissue by facilitated diffusion [4]. 

The pancreas was much more active in accumulating 
ACPC than other tissues [24, 26]. It is unlikely, however, 
that. the high pancreatic accumulation of ACPC is critical 
for the development of toxicity since ACPC toxicity in 
dogs is comparable to that in mice, even though ACPC 
is not selectively concentrated in dog pancreas [26]. The 
liver initially accumulated ACPC to concentrations much 
higher than those in plasma, but over the next 3 weeks, 
tissue levels of ACPC fell relative to plasma ACPC levels 
and a stable distribution ratio of 1 became established. 
This decrease in the ACPC distribution ratio over time 





*R. A. Nixon, vide supra. 


can be likened to the changes in hepatic levels of natural 
amino acids which occur as a result of postprandial hepatic 
regulation [27]. The liver, in this context, acts as a buffer 
between the gut and arterial circulation by accumulating the 
suddenly increased concentration of amino acids in portal 
blood during feeding and then gradually replenishing the 
systemic circulation as amino acids are utilized in the tis- 
sues [27]. If this process were applicable for ACPC, it 
would be considerably prolonged since ACPC is not meta- 
bolized [1] and its elimination from the systemic circula- 
tion is exceedingly slow. The marked variability of indivi- 
dual hepatic ACPC levels is comparable to that observed 
in studies with natural amino acids. The rise in the ACPC 
distribution ratio with higher plasma concentrations is 
likely related to the dose-dependent reduction in food in- 
take by mice following ACPC administration. Starvation 
has been shown to considerably increase the hepatic ACPC 
distribution ratio [7, 22]. 

Systemic toxicity of ACPC was found to be highly corre- 
lated with hepatic ACPC levels even though mild to 
moderate fatty infiltration is the only change seen histolo- 
gically in the liver (unpublished results). The mechanism 
of this additional toxicity is unknown at present. Since 
changes in amino acid pools have a marked effect on 
ACPC neurotoxicity*, impairment of amino acid regu- 
lation, in which the liver plays a key role, may be an im- 
portant factor. In any case, it is unlikely that ACPC neuro- 
toxicity is secondary to hepatotoxicity since ACPC is toxic 
to organotypic cerebellar cultures at concentrations com- 
parable to in vivo brain concentrations measured here.* 

Urinary excretion of ACPC at high doses (2-3 mg/g) 
occurred in two peaks concomitant with elevations of 
plasma ACPC. The inability of the tissues to accumulate 
ACPC at a rate comparable to that of intestinal absorption 
likely accounts for the initial peak of plasma ACPC. 
Abrupt efflux from tissues may account for the second 
peak since the reported distribution ratios of ACPC in 
the first few hours after administration in the rat are higher 
than those observed at later times [24]. 

The reabsorption system(s) in the renal proximal tubules 
which, in part, accounts for the long biological half-life 
of ACPC, is saturated by plasma ACPC concentrations 
above 4.1 mM. This threshold saturating concentration is 
lowered by the administration of other ‘large neutral’ 
amino acids which suggests that the saturating effect is 
not merely a reversible toxic action of ACPC on the kid- 
ney. The apparent saturating concentration of ACPC 
(4.1 mM) in the renal tubules is similar to the level saturat- 
ing ACPC uptake systems in the choroid plexus 
(3 mM) [28] and in the intestine (2mM) [29]; however, it 
is an underestimate of the true saturation concentration 
since competing amino acids were also present in the 
plasma perfusing the kidney. 

These results show that ACPC exhibits properties simi- 
lar in many respects to natural amino acids in vivo and 
offers distinct advantages as an experimental tool. A single 
injection of ACPC is sufficient to maintain constant repro- 
ducible plasma and tissue ACPC levels for weeks. In addi- 
tion, the progression of ACPC neurotoxicity can be easily 
halted by inhibiting renal tubular ACPC absorption with 
certain neutral amino acids [30]. Finally, ACPC, a non- 
metabolized amino acid, is neurotoxic at concentrations 
comparable to those at which some natural amino acids 
are neurotoxic in human aminoacidurias [31]. These find- 
ings reinforce the concept [32-34] that the neurotoxicity 
of natural amino acids in disorders of amino acid metabo- 
lism may be partly the result of general biochemical re- 
sponses to the amino acid(s) in its unmetabolized state. 
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Extraneuronal uptake and metabolism of [*H].-norepinephrine by the rat duodenal mucosa* 


(Received 3 July 1975; accepted 5 September 1975) 


Recent work in our laboratory has demonstrated that 
rat duodenal mucosa avidly takes up circulating L-dopa 
and stores dopa metabolites largely in the form of glucur- 
onide conjugates [1]. The studies reported here indicate: 
(i) that norepinephrine, like L-dopa, is concentrated by 
duodenal mucosa; (ii) that the uptake process is outside 
the sympathetic nerve endings; and (iii) that NE is stored 
in the mucosal cells as noncatechol metabolites, principally 
the glucuronide conjugate of NE. 

The methods utilized have been previously described in 
detail [1]. Rats weighing 180-220g (Charles River) were 
used in all experiments. L-norepinephrine-7-[*H] (4-7 Ci 
m-mole) and L-3,4-dihydroxyphenylalanine (6-9 Ci/m- 
mole) (New England Nuclear Corp.) were purified prior 
to use by column chromatography on alumina. They were 





* Supported in part by a general research support grant 
from the Beth Israel Hospital (No. 2-6131) and the Charles 
A. King Trust. 


Table 1. NE and dopa uptake by duodenal mucosa: effect 
of 6-OHDA 





Total 7H (nCi/g) 





Duodenal mucosa Heart 





[7H ]L-NE 
Control 
6-OHDA 
[°H]-dopa 
Control 
6-OHDA 


478.9 + 42.8 
623.9* + 46.8 


1560.5 + 96.4 
307.7¢ + 16.4 


1264.7 + 101.7 
1675.0+ + 78.1 


171.4 + 63 
168.2 + 11.4 





*P < 0.02 + P < 0.01 ¢ P < 0.001 compared with con- 
trol 5-7 animals per group; 6-OHDA administered .v. 
24hr before (100 mg/kg). Controls received diluent. Rats 
were given [°H]t-dopa (400uCi (13.6 ug) per kg) or 
[7H]L-NE (200 wCi (9 ug) per kg) iv. and killed 10min 
later. Results are means + S.E.M. Hearts of 6-OHDA 
treated rats had no detectable NE by fluorescent assay. 
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injected, after appropriate dilution with isotonic saline, 
into the tail veins of unanesthetized rats. 6-hydroxydopa- 
mine (6-OHDA) (Sigma) was injected i.v. 24hr prior to 
[°H}t-NE injection in a dose of 100 mg/kg. The animals 
were killed by a blow at the base of the skull, the hearts 
removed, the duodenum rinsed in cold tap water, blotted 
dry, and the mucosa separated from muscularis by the 
sharp edge of a glass slide. Samples of mucosa weighed 


between 150 and 200 mg. Chromatographic separation of 


dopa and NE metabolites was performed on alumina and 
Dowex columns as described previously [1], with the fol- 
lowing exception: when [*H]NE was administered the alu- 
mina eluate containing catechols was not passed over 
Dowex. The catechol acids were extracted from the alu- 
mina eluate into ethyl acetate at pH 1 [2] resulting in 
a catechol acid rather than a ‘deaminated’ fraction. Endo- 
genous NE was determined on the alumina eluate by the 
trihydroxyindole method of Von Euler and Lishajko [3] 
and the fluorescence determined in an Amico Bowman 
spectrophotofluorimeter. Recovery of NE averaged 85 per 
cent, dopa 75 per cent. The results reported here are not 
corrected for recovery. Incubations with Glusulase (Endo) 


were as described previously [1] except that the time of 


incubation was reduced to 2hr as compared with 18 in 
the previous study. The recovery of added [7H]L-NE was 
65 per cent after incubation (not corrected). In the exper- 
iments involving analysis of the deaminated noncatechol 
fraction for conjugates, perchlorates were moved by adjust- 
ing the pH of the Dowex effluent to 5.4 with 2N KOH 
and freezing overnight. Statistical significance was deter- 
mined by Student's t-test for unpaired variables. 

In the experiment shown in Table | the effect of 6-hyd- 
roxydopamine on [*H]L-NE and [*H]t-dopa uptake in 
heart and duodenum was examined. In the heart, 6-OHDA 
markedly inhibited the accumulation of 7H after 
[*H]t-NE but had no effect after [*H]t-dopa. This 
demonstrates the efficacy of 6-OHDA pretreatment in des- 
troying the sympathetic nerve endings and indicates that 
dopa uptake in the heart is predominantly extraneuronal. 
In duodenal mucosa, 6-OHDA pretreatment actually in- 
creased the accumulation of both [*H]L-dopa and 
[°H]t-NE. This is consistent with an extraneuronal site 
for the uptake process. The reason for the increase in 
6-OHDA pretreated animals is not clear but may reflect 
alterations of blood flow and hence delivery of the tracer. 

The effect of 6-OHDA pretreatment on the metabolism 
of both [*H]L-NE and [*H]t-dopa in duodenal mucosa 


Table 2. Effect of 6OHDA on [H]L-NE and [*H]t-dopa 
metabolism in duodenal mucosa 





Per cent total 7H 


6-OHDA 


[SH ]L-NE 


Administered Control 





[°H ]catechols 
[3H Jnoncatechols 
Amino acid 
fraction 
Amine 
fraction 
Deaminated 
fraction 


[°H]-dopa 
Administered 
[2H ]catechols 
Amino acid 
fraction 
Amine 
fraction 
Deaminated 
fraction 
[°H]noncatechols 
Amino acid 
fraction 
Amine 
fraction 
Deaminated 
fraction 


2.8 + 1.1 


26.6 + 3.7 
89+ 19 


61.8 + 4.8 


19+ 0.4 
1.0 + 0.4 


14+ 0.6 


58.9 + 2.5 





Protocol is in legend to Table 1. Rats treated with 
6-OHDA do not differ from controls. Amino acid fraction 
refers to the neutral buffer Dowex eluate in this and 
subsequent tables. 


is shown in Table 2. There was no difference; the 6-OHDA 
pretreated rats produced the same pattern of metabolites 
as the controls. The metabolism of [*H]L-NE resembled 
that of [*H]t-dopa; over 90 per cent of the total 3H was 
in the form of noncatechols with a large portion (25 per 
cent in this experiment, 40 per cent in the experiment 
depicted in Table 3) in the neutral buffer eluate from 
Dowex (amino acid fraction). Comparison with duodenal 
muscularis and heart is shown in Table 3. The muscularis, 
which is not completely free of mucosa by this technique 


Table 3. [SH]L-NE metabolism in duodenal mucosa, muscularis and heart 





Duodenal mucosa 
(nCi/g) (per cent *H) 


(nCi/g) 


Heart 
(per cent 7H) 


Duodenal muscularis 
(per cent 7H) 





Total 
radioactivity 


Catechols 
Amines 


Acids 


Noncatechols 
Amino acid 296.8 
fraction + 64.2 
Amine 0) 
fraction 
Deaminated 
fraction 


(40.8) 
(+ 5.5) 


381.3 
t 43.3 


250.8 


737.4 


(74.1) 
(+22) 
(0.8) 
(+ 0.1) 


(43.1) 
(+ 3.8) 
(0.4) 
(+ 0.4) 


(17.6) 
(+ 2.7) 
(3.6) 
(+ 0.1) 
(35.3) 
(+ 4.0) 


(0.8) 
(+ 0.2) 
(3.2) 
(+ 0.6) 
(21.2) 
(+ 2.2) 


+ 87:3 + 80.8 





Five animals per group (mean + S.E.M.). Animals killed 10 min after [7H]L-NE. Mucosa differs significantly from 
muscularis (P < 0.05) for catecholamines, noncatecholamine acid fraction, and noncatechol deaminated fraction. Endo- 
genous NE in duodenal mucosa 45.6 + 5.8 ng/g as compared with 245.6 + 26.2 ng/g in muscularis (P < 0.001). The 
metabolic pattern in heart is shown for comparison. 
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Table 4. Effect of incubation of the noncatechol amino 
acid fraction with glusulase 


Table 5. Effect of glusulase on noncatechol amino acid 
and deaminated fraction 





[H]NE (per cent) 





No enzyme With glusulase 


[H]NE (per cent) 





No enzyme Glusulase 





Control 0 
6-OHDA 0 


19.4+ 1.9 
229 + 24 





Protocol as in Table 1. Noncatechol amino acid fraction 
of duodenal mucosa was incubated with and without glu- 
sulase as described in Methods. No [*H]NE was recovered 
in samples incubated without enzyme. 6-OHDA pretreated 
rats do not differ from controls. Results are expressed as 
[°H]JNE per cent of total 3H (means + S.E.M.). 


of separation [1] contained 43 per cent of the tritium in 
the catecholamine fraction. 

Similarly, the endogenous NE content of the muscularis 
was 245.6 + 26.2 as compared with 45.6 + 5.8 ng/g in the 
mucosa. It thus appears that most of the sympathetic nerve 
endings in duodenum are in the muscularis. The uptake 
and metabolism of [7H]Lt-NE by the duodenal mucosa 
resembles that of [°H]i-dopa and is predominantly 
extraneuronal. 

The major metabolite of [*H]L-dopa formed by the duo- 
denal mucosa has been shown to be the glucuronide conju- 
gate of dopamine [1]. The glucuronide conjugates appear, 
at least partially, in the noncatechol neutral buffer Dowex 
eluate [1,4] and can be identified after hydrolysis of the 
conjugate by Glusulase or f-glucuronidase [1]. Since a 
major portion of the [*H]L-NE metabolites appear in the 
noncatechol neutral buffer Dowex eluate (amino acid frac- 
tion—Tables | and 2) it seemed likely that conjugates of 
NE were formed in duodenal mucosa as well. The results 
of incubating the noncatechol neutral buffer eluate with 
Glusulase, from 6-OHDA and control rats, is shown in 
Table 4. Samples incubated with Glusulase contained 
about 20 per cent of the *H in the catechol fraction. Pre- 
treatment with 6-OHDA did not influence the formation 
of conjugates. In Table 5 further evidence of conjugate 
formation is presented. The noncatechol deaminated frac- 
tion was analyzed for conjugates along with the amino 
acid noncatechol fraction. Significant amounts of conju- 
gates were recovered from the samples incubated with Glu- 
sulase, thus indicating that retention of conjugates on 

- Dowex is not complete. The results indicate that conjuga- 
tion.of [7H]L-NE is a major pathway in duodenal mucosa 
just as it is for [*H]t-dopa. 

The studies reported here in duodenal mucosa, are most 
consistent with [7H]L-NE uptake in an extra-neuronal site. 
This is consistent with the observation of Iversen et al. 
{5], that immunosympathectomy did not impair the ac- 





* Address reprint requests to Dr. Landsberg, Beth Israel 
Hospital, 330 Brooklin Ave., Boston, Mass. 02215. 


Noncatechol 
amino acid 
fraction 
Noncatechol 
deaminated 
fraction 


49+ 34 2.7 + 3.2 





Protocol as in Table 3. * P < 0.05 + P < 0.001 vs. No 
enzyme [*HJNE as per cent total 3H (means + S.E.M.). 


cumulation of 3H by the jejunum after the administration 
of iv. [7H]NE. The previously reported uptake of [7H]L- 
dopa by duodenal mucosa [1] is thus not unique for the 
catechol amino acid. These results imply that duodenal 
mucosa may possess an important inactivating mechanism 
for the catechol group. Although the data shown in Table 
1 suggest that the mechanism is more avid for L-dopa than 
L-NE, this cannot be concluded from the present study. 
Since the volume of distribution and metabolic fate of 
these two compounds is different, simultaneous plasma 
levels are required with plasma-tissue ratios before an 
assessment of the relative affinity can be made. 

These findings support the concept that the gut is a 
potentially important site in the metabolic disposition of 
circulating catechols of endogenous origin. 
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Induction of aryl hydrocarbon hydroxylase and carbon monoxide-binding 
hemoproteins in mouse epidermis by tobacco carcinogens 


(Received 6 June 1975; accepted 15 August 1975) 


Elevated levels of the enzyme, aryl hydrocarbon hydroxy- 
lase (AHH), have been observed in various tissues of cigar- 
ette smokers [1-4] and in the lungs of mice [5] or rats 
[6] exposed to cigarette smoke. The most common method 
for measuring tumorigenicity of cigarette smoke conden- 
sate (CSC) and fractions derived from it consists of topical 
applications to mouse skin for extended periods. Recent 
evidence in this laboratory has indicated that a single ap- 
plication of tumorigenic CSC subfractions causes a 5- to 
8-fold increase in epidermal AHH activity [7]. In the pres- 
ent study, the difference spectra of microsomal cyto- 
chromes and the level of AHH were measured in the epi- 
dermis of mouse skin 24hr after application of the most 
tumorigenic neutral subfraction from CSC. 

Preparation of CSC and its separation into neutral sub- 
fractions by column chromatography and solvent-partition- 
ing have been described [8]. The dimethylsulfoxide-soluble 
fraction, designated ‘fraction 20° has been demonstrated 
previously [9] and recently in our laboratory [7] to cause 
the greatest tumorigenic response on mouse skin of all 
the neutral subfractions. Fraction 20 was diluted with ace- 
tone to equal 60°, of its concentration in crude CSC. 
1,2-Benzanthracene (K & K Laboratories, New York, 
N.Y.)* was recrystallized from benzene and a solution (25 
pmoles/ml) was prepared in acetone. A single application 
of 0:2 ml of fraction 20, benzanthracene or acetone was 
pipetted onto the shaved backs of 50- to 55-day-old ICR 
Swiss mice. The mice were killed by cervical dislocation 
24 hr later and about 9 cm? of the treated section of skin 
was removed and washed in cold isotonic NaCl. The epi- 
dermis was scraped from the skin with a surgical scalpel 
and placed in ice-cold 0:25 M sucrose. All homogenization 
and centrifugation procedures were carried out at 4. 

Epidermal scrapings of ten mice/treatment or control 
group were pooled in 12 ml of 0:25 M sucrose and homo- 
genized using a Polytron model PT-10-20 (Brinkman In- 
struments, Inc., Westbury, N.Y.). The homogenates were 
strained through gauze and centrifuged at 9000g for 30 
min. Supernatant was collected and centrifuged at 
105,000 g for | hr. The microsomal pellet was resuspended 
in 2:5ml of 1:15°, KCI-0:05 M Tris buffer, pH 7-4, using 
a Potter-Elvehjem glass homogenizer with a Teflon pestle. 
Unless otherwise stated, this microsomal fraction was used 
for AHH assay and spectral studies. AHH activity was 
measured by the method of Wattenberg er al. [10] with 
minor modifications. The incubation mixture contained in 
a final volume of | ml: 0-1 ml microsomes; 0-5 ml of 0-1 M 
sodium phosphate buffer, pH 7:5; 3 umoles MgCl,; 0-56 
pmole NADPH; 0:49 pmole NADH; and 80 nmoles ben- 
zo(a)pyrene (dissolved in a minimum of dimethylsulfoxide). 
The mixture was incubated at 37° for 20 min and the reac- 
tion stopped by addition of 1-0 ml of cold acetone. After 
extraction with 2-5 mi hexane, 2:0 ml of the organic phase 
was extracted with 2‘5ml of 1-0 N NaOH. The concen- 
tration of phenolic metabolites in the alkaline phase was 
analyzed with an Aminco-Bowman spectrophotofluor- 
ometer with activation at 396 nm and fluorescence at 522 
nm. Duplicate samples were compared with standards con- 





* Reference to a company or product name does not 
imply approval or recommendation of the product by the 
U.S. Department of Agriculture to the exclusion of others 
that may be suitable. 


taining 3-hydroxybenzo(a)pyrene and with appropriate 
blanks. The standard and blanks were carried through in- 
cubation and extraction procedures. Difference spectra of 
microsomes were determined with an Aminco DW-2 spec- 
trophotometer by the method of Omura and Sato [11] 
and by a modification of this procedure as described by 
Zampaglione and Mannering [12]. Protein content was 
determined by the method of Lowry et al. [13] with bovine 
serum albumin as standard. Results were analyzed statisti- 
cally using the paired t-test. 

On a per mg protein basis, AHH activity in the epider- 
mal scrapings was about 10-15 times greater than that 
in whole skin. The microsomal fraction had a 4-fold higher 
activity/mg of protein than the homogenized epidermis. 
Yields of microsomal protein were similar in control and 
treatment groups (Table 1). Application of 5-0 zmoles ben- 
zanthracene increased hydroxylation of benzopyrene 
8-fold, and treatment with CSC fraction 20 increased ac- 
tivity of the enzyme 7-fold. This concentration of fraction 
20 is both a tumor initiator [7] and promoter [9] on 
mouse skin. 

Addition of NADH to oxidized skin microsomes (Fig. 
la) produced a cytochrome bh, difference spectrum with 
peaks at 423 and 557 nm and a trough at 413 nm. Relative 
magnitude of the 423-413 nm absorbance was not altered 
by pretreatment of the mice with either benzanthracene 
or fraction 20. Further reduction of NADH-reduced micro- 
somes by the addition of sodium dithionite (Fig. 1b) 
revealed the presence of other hemoprotein species with 
a Soret maximum at 421 nm. Treatment with fraction 20 
increased the magnitude of this peak, while treatment with 
benzanthracene increased the magnitude and shifted the 
peak to 430 nm. Bubbling carbon monoxide into dithionite- 
reduced microsomes (Fig. Ic) produced a difference 
spectrum with a peak at 420 nm and a trough at 433 
nm. The 420 nm peak increased in response to treatment 
with both benzanthracene and fraction 20. A modified 
method of studying carbon monoxide-binding hemopro- 
teins used by Zampaglione and Mannering [12] and by 
Bickers et al. [14] involves bubbling carbon monoxide into 
both reference and sample cuvettes, recording baseline, and 
then adding dithionite to the sample cuvette, thus produc- 
ing a carbon monoxide-reduced microsomes minus carbon 


Table 1. Induction of skin microsomal aryl hydrocarbon 
hydroxylase by application of benzanthracene or CSC frac- 
tion 20.* 





Epidermal 
microsomal 
protein 
(mg/g skin, 
wet wt) 


Benzo(a)pyrene hydroxylation 
(pmoles product formed 


Treatment mg protein, min) 





Acetone 1:70 + 0-68 
1,2-Benzanthracene 1:34 + 0:35 
Fraction 20 1:43 + 0-22 





* Protein content and benzo(a)pyrene hydroxylation 
were determined in resuspended microsomes obtained 
from pooled epidermal scrapings of ten mice/group as de- 
scribed earlier. Each value represents the mean + S. E.M. 
from three experiments. 

+ Significantly different from acetone-treated control 
groups (P < 0-01). 
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Fig. 1. Difference spectra of mouse epidermal microsomes. Key: ( 
) CSC fraction 20-pretreated. The curves represented are aver- 


|,2-benzanthracene-pretreated; ( 
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ages drawn from data points obtained in three separate experiments. (a) NADH-reduced minus oxidized 
microsomes, protein concentration = 0-5 mg/ml. (b) Dithionite-reduced minus NADH-reduced micro- 


somes, protein concentration = 0-5.mg/ml. (c) Carbon monoxide bubbled-dithionite-reduced minus dith- 
ionite-reduced microsomes, protein concentration = 0-5 mg/ml. (d) Carbon monoxide bubbled-dithio- 
nite-reduced minus carbon monoxide-bubbled microsomes, protein concentration = 1-0 mg/ml. 


monoxide-oxidized microsomes difference spectrum. Using 
this modification, a spectrum with peaks at 425 and 
448 nm was obtained (Fig. 1d), and the magnitude of both 
peaks was increased by treatment with fraction 20 or ben- 
zanthracene. 

Aryl hydrocarbon hydroxylase is an enzyme of the 
mixed function oxidase type, requiring NADPH and O, 
[15,16], and is inducible in lung tissue after exposure of 
rats to cigarette smoke [6]. Our results indicate that this 
enzyme system is inducible in mouse skin after treatment 
with a fraction of cigarette smoke condensate containing 
a high concentration of polycyclic hydrocarbons. That this 
same fraction of CSC is one of the most tumorigenic might 
be related to its ability to increase metabolism of the poly- 
cyclic hydrocarbons, resulting in high concentrations of 
proximal carcinogens in contact with epidermal cells. 

The involvement of cytochrome P-450 in skin AHH ac- 
tivity has been suggested previously by inhibition of ben- 
zo(a)pyrene hydroxylation by human foreskin in a carbon 
monoxide atmosphere [17]. Furthermore, Bickers et al. 
[14] demonstrated the appearance of a CO-binding com- 
ponent in rat skin microsomes after induction of AHH with 
polychlorinated biphenyls, and Poland ert al. [18] have 
found induction of cytochrome P-448 in skin of mice after 
administration of the potent AHH inducer, 2,3,7,8-tetra- 
chlorodibenzo-p-dioxin. Our results indicate that induction 
of skin AHH by application of benzanthracene or CSC 
fraction 20 is accompanied by an increase in content of 
CO-binding hemoprotein. Apparently a relatively small in- 
crease in this component is associated with a large increase 
in AHH activity. 

The nature of the cytochrome(s) induced in mouse skin 
by fraction 20 or benzanthracene is as yet unclear. Other 


researchers [19-21] have demonstrated the appearance in 
liver microsomes of a new cytochrome, termed P-448 or 
P,-450, after treatment of rabbits, rats or genetically re- 
sponsive mice with polycyclic hydrocarbons. Our results 
in skin, however, support the finding of Pohl er al. [22] 
that the major cytochrome in mouse skin appears to be 
cytochrome P-420, as indicated in Fig. 1c. Homogenization 
using a Potter-Elvehjem Teflon-glass homogenizer, instead 
of a Polytron, in separate experiments in our lab, and other 
techniques to protect cytochromes during homogenization 
by Pohl et al. [22)} did not alter the quantity of P-420 
present. Furthermore, Pohl et al. [22] demonstrated the 
presence of P-420 in unhomogenized mouse skin. Poland 
et al. [18], however, have demonstrated a peak at 450 nm 
in CO-treated dithionite-reduced mouse skin microsomes, 
although a sizable 420 nm peak was seen in one of the 
control animals. These workers resuspended microsomes 
in 30% glycerol, which has a protective effect on the integ- 
rity of cytochrome P-450.[23] and may explain the failure 
of Pohl et al. and us to observe a peak at 450 nm. 

The failure to observe a definite peak at 450 nm in the 
carbon monoxide difference spectra (Fig. 1c), and the pres- 
ence of a peak at 448 nm in the dithionite difference spectra 
of carbon monoxide-bubbled microsomes (Fig. 1d) indicate 
that conclusions concerning the particular carbon mon- 
oxide-binding pigment present in an enzyme system must 
be made carefully when the ‘modified procedure’ described 
by Zampaglione and Mannering [12] and by Bickers et 
al. [14] is used. 
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THE ROLE OF THE GUT IN THE METABOLISM OF STRONG ANALGESICS 





M.J. Rance and J. S. Shillingford 
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Pharmaceutical Division , 


Reckitt and Colman, Dansom Lane, 
Kingston-upon-Hull HU 87 DS. U.K. 


(Received 1 December 1975; Accepted 16 January 1976) 

The presence of a 3-—phenolic function appears to be an essential structural 
requirement for the activity of morphine-like, strong analgesics. Such a polar 
function introduces problems after oral administration of these compounds as 
phase two metabolism takes place very rapidly. A marked "first pass" metabolism 
effect is thus observed resulting in poor oral activity in many cases. | In the past, 
the major site of metabolism has been assumed to be the liver. Evidence is now 
beginning to accumulate , however, that the role of the gut in the metabolism of 


xenobiotic substances may well be more important than first thought. 


Oral administration of morphine in man has been shown to provide very low 

levels of free drug in the peripheral circulation due torapid metabolism of the drug. 
It has been further suggested that conjugation may take place in the mucosal cells of 
the small intestine as well as in the liver, the slow absorption of morphine from the 


gastro-intestinal tract enabling a conjugation reaction to occur in the cells of the 


intestinal mucosa during absorption.? 


The signif icance of intestinal conjugation is at present under review. Recent 


; :; 4 5 _ 6 7 
reports on the conjugationof phenol , i=naphthol , isoetharine and isoprenaline 


have all established the gastro-intestinal tract as a major site of phase two 


metabolism. 
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(2) R=Me,R'="Pr, X = -CH=CH- 


1_t 
(3) Rac], R/=Bu, X= -CHp-CHp- 


In the present study, we have investigated the role of the gut in the metabolism ' 
‘ 7 ; ae a ok: ae 
of three phenolic analgesics, dihydromorphine’ (1), etorphine” (2) and buprenorphine “(3), 
which are subject to "first pass" metabolism but have widely differing physicochemical 
properties. 


Materials ard Methods 





[1,7,8n- Si ]- Dihydromorphine was supplied by the Radiochemical Centre, 
Amersham and had a specific activity of 54 uCi/mg. (15, 16 ph j- Etorphine and 
(15, 16- Si j- buprenorphine were synthesised by the method of Lewis, Rance and 
Young "1 » and had specific activities of 58 uwCi/mg and 200 uCi/mg respectively. 
Samples of drug solutions and biological fluids were diluted to 1.0 ml with water 
before addition to NE260 ( 10 ml; Nuclear Enterprises Ltd.) for counting. Efficiencies 


were determined by internal standardisation. 


Plasma samples were diluted ( 50% v/v) with methanol to precipitate proteins 
which were removed by centrifugation. Protein free samples were applied to thin 


layer plates (0.25 mm Kieselgel HF Merck Ag) and eluted with n-butanol:acetic 


254’ 
acid:water ( 20:5:8) or ethyl acetate:methanol ( 85:15) as solvent. Authentic etorphine, 
buprenorphine and dihydromorphine were also applied to plates and visualised under 
UV light (254 nm). Bands of silica gel were removed from the plates and counted 


in suspension in water ( 2 ml) and an aliquot ( 5 ml) of a solution of butyl PBD ( 7.5 g) 


in Triton X-100 (334 ml) and toluene ( 666 ml). 
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Samples containing conjugated species were diluted with citrate buffers ( pH 5.0, pH 6.8), 
a few units of B- glucuronidase (Type H1, Type 1; Sigma) or sulphatase (Sigma) added 
and the mixture incubated overnight. Saccharo -1,4-lactone was added to inhibit the 
f&- glucuronidase activity. The hydrolysate was extracted with chloroform ( ml), the 
organic layer was taken to small volume and applied to tlc plates which were analysed 
for radioactivity as above. 

The general procedure used for everted sac studies was that of Wilson and 
Wiseman!2, The rat was killed by cervical disclocation and a length of ileum removed, 


everted and cut into four segments ( 5 cm) which were kept in isotonic saline gassed 


with Oo:CO5 (95:5) during subsequent manipulation. The intestinal segments were 


rinsed with isotonic saline to remove food and bacterial contaminants. Sacs 4cm in 
length were filled with citrate-—phosphate buffer (0.154M pH 7.4, 1.0 ml) containing 
glucose ( 0.5% w/v) and incubated at 37° in an aliquot ( 5 ml) of the same buffer solution 
cantaining the radiolabelled drug. Samples of gut serosal fluid were analysed for the 
labelled drug and metabolites, 

For in situ absorption studies, male Wistar-albino rats, fasted overnight but 
with access to water were anaesthetised with urethane ( 25% w/v), a midline 
abdominal incision was made and the small intestine isolated and cannulated at the 
duodenal and ileal ends with polyethylene cannulae ( 2.5 mm i.d. ; 3.5mm o.d.). 
After clearing the particulate matter from the intestinal lumen by a slow perfusion of 
saline at 37°, 0.15 M Sorensons phosphate buffer ( PH 7.4, 10 ml) containing the 
radiolabelled drug was introduced into the intestine. The portal vein was cannulated 
by introducing a fine injection needle connected to a polythene cannula. Blood 
samples ( 0.2 ml) were taken at timed intervals. Plasma samples were analysed 


for the labelled drug and metabolites. 
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Table 1 : 
——— ; 3 3 : 3 
In vitro absorption of ["H ] buprenorphine, [ H] etorphine and [ H] 





dihydromorphine by an everted gut sac preparation (*Mean h SEM n 84) 








Drug luminal Total drug related Free drug % Dealkylation 
concentration material absorbed* absorbed 
(ug/ml) (ug drug equivalent/h) % 





+ + + 
0.32 - 0.04 3.4- 0.3 11,.5=— 1.8 

, + + + 
Buprenorphine 2.68- 0.10 15.2- 0.4 22.2- 3.6 


4,2510.31 20.071.9 24.611.7 





f 
0.39- 0.07 
+ 
Etorphine 2.85 — 0.08 


+ 
4,25- 0.26 





+ 
0.22- 0.03 
. + 4 
Dihydromorphine 1.60—- 0.11 86.8- 2.4 


+ 
3.22—- 0.17 o0.7 = 1.9 











Results 
The rate of transfer of buprenorphine, etorphine and dihydromorphine across the 

intestinal barrier of the everted gut sac and the nature of the absorbed species are 
summarised in Table 1. Enzymic hydrolysis was effected by &glucuronidase and 
inhibited by saccharo-1 ,4-lactone. Minimal hydrolysis of the conjugate with the 
sulphatase preparation was observed. This indicates that the major species present in 
each case was a glucuronide of the unchanged drug. In addition, N-dealkylation of 
buprenorphine was shown to take place in the everted gut sac to yield the nor-—metabolite 
(3; R=H) in significant amounts. N-dealkylation of the other two drugs was not detected. 

Portal vein plasma levels of free and conjugated buprenorphine obtained during 


the in situ) absorption studies are shown in Table 2, 
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Table 2 
Portal vein plasma level of (3H) - buprenorphine after absorption 





of the drug from rat intestine ( in situ) ( *Mean t SEMn 3&3) | 








Buprenorphine Time Plasma level of drug Free drug absorbed 
dose introduced (min) related material (ng % 

into the small buprenorphine equiv/ 

intestine m1)* 





es 
0.06 —- 0.02 


+ 
1 ~g/m1:10 ml 0.11 - 0.02 


+ 
0.12 = 0,02 


ee 
0,.08—- 0.01 





+ ss 
0.37 -— 0.15 10.1 -3.6 
+ + 
0.55—- 0.09 14,.2-3.5 
+ + 
10 ug/ml: 10 ml 0.54 - 0.08 13.5- 3.3 
0.61+0.09 9.522.8 


+ 
0.55+0.12 9.3-3.1 








Discussion 

The absorption of buprenorphine and etorphine in the everted gut sac preparation 
appears to be essentially similar both in rate and nature of absorbed species. 
Conjugation with glucuronic acid on passage through the intestinal wall accounted for 
95% of the absorbed radioactivity at the lowest concentration studied ( 1 ug/ml). The 
— of the enzyme system responsible for the conjugation reaction in the gut sac 
preparation appears to be limited, as at higher mucosal drug concentrations relatively 
higher levels of free drug were observed on the serosal side of the membrane. A similar 
pattern of metabolism by rat intestine has been demonstrated for buprenorphine in situ. 
After introduction of the drug into the small intestine at a concentration of 1 ug/ml, 
essentially all the drug related material appearing in the portal vein was in the 


conjugated form. At a higher concentration, ( 10 ug/ml) some free buprenorphine 
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was observed, though the percentage of the unconjugated species was lower than that 
observed in vitro. 


In contrast to the situation with buprenorphine and etorphine, the absorption of 


dihydromorphine appears to follow a distinctly different pathway. At all concentrations 


examined, dihydromorphine showed very little metabolism in the everted sac and 


crossed the intestinal barrier essentially unchanged. 


Table 3. 


Partition coefficients of dinydromorphine , etorphine and buprenorphine '? 








Drug Log N heptane/phosphate buffer pH 7.4 





Buprenorphine 1.78 
Etorphine 


Dihydromorphine 














Examination of the partition coefficients (heptane/phosphate buffer, pH 7.4) shown in 
table 3 indicate that, in contrast to buprenorphine and etorphine, dihydromorphine is 
hydrophilic in character. Since the latter drug is far less efficiently conjugated by the 
intact gut wall, this observation leads to speculation that lipophilicity might be a 
determining factor with regard to the efficiency of gut UDP-glucuronyl-transferase 
activity. 

The results of this study suggest that the role of the liver in the deactivation of strong 
analgesics after oral administration has been overemphasised, for it has been shown that 
this organ is not essential for the "first pass" metabolism of the lipophilic compounds 
buprenorphine and etorphine in rat. Dihydromorphine appears not to be readily conjugated 
by rat intestine and the liver must be regarded as the prime site of metabolism of this 
relatively polar compound. 

Further evidence has thus been obtained that a major pathway exists in the gastro- 
intestinal tract for the protection of the whole organism from the potential toxic effects 
of xenobiotic substances and that a determinary factor in the efficiency of this pathway is 


the lipophilicity of the substance. 
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Ingestion of the unripe arrilus of the Jamaican ackee 
fruit, Blighia sapida, sometimes causes ‘vomiting sick- 
ness’, an often fatal disease associated with severe dis- 
turbances of carbohydrate and lipid metabolism [1], 
and which has claimed perhaps 5000 deaths [2]. It 
is characterised by hypoglycaemia, depletion of hepa- 
tic glycogen, fatty infiltration of the liver and prob- 
ably by isovalericacidaemia [3]. There has been a sus- 
tained interest in the toxic principle of the ackee, 
hypoglycin (L-2-amino-3-methylenecyclopropylpro- 
prionic acid), since its isolation 21 yr ago [4]. Hypo- 
glycin is converted in vivo to methylenecyclopropylpyr- 
uvic acid (MCPP) by transamination, which is then 
oxidatively decarboxylated to the CoA ester of methy- 
lenecyclopropylacetic acid (MCPA) [5] (Fig. 
1). Several synthetic analogues of MCPA were 
made. Only compounds containing the structure 


CH,—=C.C.C.COOH, or those converted in vivo to 
metabolites containing this structure (as their CoA 
esters), were said to be hypoglycaemic [6, 7] although 
all were considered too toxic for clinical use. The 
structurally simplest analogue, pent-4-enoic acid 
(pent-4-enoate) [6] (Fig. 2) has been extensively inves- 
tigated because it is much more readily available than 
hypoglycin, and because it has been generally 
assumed to have a similar mechanism of action. 
Although there is little disagreement about the 
symptoms of ‘vomiting sickness’, this harmony does 
not extend to discussions of its etiology. A similar 
status applies to discussions of the action of pent-4- 
enoate. Much of the current disagreement stems from 
the views of Bressler and his associates that the pri- 
mary effect of hypoglycin and of pent-4-enoate is to se- 
quester cellular CoA and carnitine as inert-acyl-deri- 


METABOLISM AND INHIBITORY SITES OF HYPOGLYCIN 





CH3CH>CH 2CO0H 


(6) 
CHo_44S-COA ———————» CH,CH.CH.S.CoA 


Acyl—CoA B-—OXIDATION Butyryi—CoA 


CH, CH, 


(4) 


Butyric acid 


CH.CH = CH S.CoA ——_———_—_—_»> 
(2) 3 
Crotonyl—CoA 

CHy 


/ \ 
CH, = C —‘CHCH,COOH 


Ys (6) MCPA 


(7) 


\ \ ~ a... 
CHy eo CHCH CH COOH a CHy oo CHCH, Cc COOH —»> CHo Cc CH CH5CO S.CoA CHy 
oO 


NH 


Hypoglycin MCPP 


(CH3),CHCHICH COOH Ps (CH3)4CHCH, . cooH -——> (CH3)gCHCH2CO S.CoA 


NH, 3) Oo 
2—oxoisocaproic (4) 
acid 


Leucine Isovaleryi—CoA 


(6) (7) 


(CH3)4CHCH {COOH 


Isovaleric acid 


CH, - C —‘CHCH,CONHCH,COOH 
MCPA—CoA 
MCPA-—Glycine 


(CH3)9C = CHCO.S.CoA ————> 
(5) 
Senecioy|—CoA 


(CH3)9CHCH >CONHCH {COOH 


lsovalery!|—Glycine 


Fig. 1. Hypoglycin is converted to MCPP, presumably by leucine aminotransferase (3), which is then 
oxidatively decarboxylated to MCPA-CoA, presumably by isooxocaproate dehydrogenase (4). MCPA- 
CoA is partly deacylated by an acyl-CoA hydrolase to free MCPA (6) and partly conjugated with 
glycine by glycine acyltransferase (7). The normal f-oxidation sequence is inhibited by MCPA-CoA 
at butyryl-CoA dehydrogenase (2) and accumulated butyryl-CoA is deacylated (6). Leucine is converted 
to iso-oxocaproate (3) followed by oxidative decarboxylation to isovaleryl-CoA which is then dehydro- 
genated to senecioyl-CoA by isovaleryl-CoA dehydrogenase (5). MCPA-CoA inhibits isovaleryl-CoA 
dehydrogenase causing accumulation of isovaleryl-CoA which is partly deacylated to isovaleric acid 
(6) and partly conjugated with glycine (7). (Inhibitions are indicated by wavy lines.) 
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METABOLISM AND INHIBITORY EFFECTS OF PENT—4—ENOIC ACID 





Higher concentration 


| CHy CH CO.S.CoA 


rE ( Acryloy|—CoA 
CH., - CH CH4CH,COOH | Inhibitory | 

. i 1 Metabolite | 
a 





> CH, = CHCHCH~COS.CoA ——> 
lis is ~®CHC0.S.CoA 


Pent—4—enoic acid Pent—4—enoyl—CoA 


B—( OXIDATION Acetyl—CoA 


Lower 
Concentration 


C,,Hon44-5-CoOA ——L——___» sonseo S.CoA 
Acetyl—CoA 


B— OXIDATION 


Acyl—CoA 


Fig. 2. Pent-4-enoate is converted to pent-4-enoyl-CoA by butyryl-CoA synthetase (1). Acetyl-CoA 
and acryloyl-CoA are formed from this by f-oxidation: acetyl-CoA (in liver) is mainly converted to 
ketone-bodies while acryloyl-CoA is mainly deacylated. One of the reactions of the f-oxidation of 
pent-4-enoyl-CoA is slow, some accumulation of the substrate for this reaction occurs as the preceding 
reactions are faster. It is proposed that because of the strict product-precursor relationships of the 
intermediates of f-oxidation (see ref. [21]) a small increase in, the concentration of an intermediate 
will inhibit (inhibitions are indicated by wavy lines) the simultaneous oxidation of a substrate (derived 
from the oxidation of an even-chained acyl-CoA) which is normally oxidised at a fast rate, by preventing 
the access of the substrate to the reaction preceding that which is slow (i.e. inhibits the enzyme which 
also forms the metabolite of pent-4-enoyl-CoA which is subsequencly slowly metabolised). 

With higher concentrations of pent-4-enoate inhibition of f-oxidation occurs at a reaction distal 

to that which is slowed down and self-inhibition ensues. 


vatives of their metabolites thus impairing fatty acid 
oxidation [8], and our contention that the primary 


effects are specific inhibitions of some enzymes of 


fatty acid oxidation by unique metabolites of these 
hypoglycaemic compounds [1, 9-11]. 
We believe that the concept of an essentially com- 


plete sequestration of CoA as unusual metabolites of 


foreign compounds should be questioned from a gen- 
eral point of view. As the cellular content of CoA 
is small in relation to the magnitude of the metabolic 
fluxes involving this cofactor, continuous recycling 
of CoA essential for normal metabolism. We 
therefore think it likely that some mechanisms have 
evolved to avoid complete sequestration of CoA. The 
short-chain acyl-CoA hydrolases which we and some 
other groups have recently found in the mitochon- 
drial matrix are particularly important in this respect. 


IS 


Blood glucose, 





Body temp, 


For example, butyryl-CoA, hexanoyl-CoA and acry- 
loyl-CoA -are deacylated by soluble enzymes with 
apparent K,, values (at 20 and pH 7-2) of 2mM, 
0-5mM and 70 uM, respectively [12-16]. The maxi- 
mum concentration of any acyl-CoA species that 
could be formed in the matrix of liver mitochondria 
is about 7mM [17,18] while during rapid oxidation 
of palmitoyl-carnitine the free CoA concentrations are 
about 0-6 mM [19, 20]. Such hydrolases, therefore, are 
ideally suited as ‘safety valves’ for the deacylation of 
abnormally high concentrations of acyl-CoAs, since 
intermediates of f-oxidation do not accumulate suffi- 
ciently to be deacylated [19, 21]. 

Both hypoglycin and pent-4-enoate induce hypo- 
glycaemia and ketosis in animals [1], but only hypog- 
lycin causes isovalericacidaemia [3]. It is believed 
that following administration of hypoglycin or pent-4- 


mM 


Blood glucose, 








Time, hr 


Fig. 3. The effects of hypoglycin and of pent-4-enoate on blood glucose concentrations in rats. Male 
albino rats (250 g) were starved for 24 hr and food was withheld during the experiment. Glucose was 
determined in serial 20 4] blood samples from the rail and the rectal temperature was measured [31]. 
The ambient temperature was 22 . Individual rats were given intraperitoneally at time 0: (a) hypoglycin 
(75 per cent pure, the main contaminants were leucine and isoleucine) 60 mg/kg body wt, (O) blood 
glucose concentration, (@) rectal temperature: or 0-14 M NaCl (10 ml/kg body wt), (A) blood glucose. 
(A) rectal temperature; (b) pent-4-enoic acid (350 mg/kg body wt, adjusted to pH 7-4 with NaOH). 
(O) blood glucose: or n-pentanoic acid (350 mg/kg body wt, adjusted to pH 7:4 with NaOH) as control, 
(@) blood glucose. 





Hypoglycaemic toxins hypoglycin and pent-4-enoic acid 745 


enoate, gluconeogenesis is impaired secondarily to in- 
hibition of fatty acid oxidation, so that glucose is then 
only the available major fuel and when glycogen is 
exhausted hypoglycaemia ensues [9]. This interpre- 
tation was first explicitly stated by Senior in 1967 
for the hypoglycaemic activity of pent-4-enoate [22]. 
Others have outlined similar but less precise explana- 
tions for the effects of hypoglycin and pent-4-enoate, 
which also envisage an increased rate of utilisation 
of glucose [8, 23]. It is not always appreciated, how- 
ever, that to get hypoglycaemia it is only necessary 
for glucose to be used at a greater rate than it can 
be replaced [24]. Although it is now well established 
that metabolites of both hypoglycin and of pent-4- 
enoate inhibit fatty acid oxidation and gluconeo- 
genesis in vitro [13, 17, 24-27], it has never been di- 
rectly demonstrated that they do so in vivo. Although 
there are broad similarities in their pharmacological 
effects we now know that these compounds have dif- 
ferent detailed mechanisms of action. Thus, in rats 
hypoglycaemia is over 4-6 hr after injection of pent-4- 
enoate, whilst that caused by hypoglycin persists 
much longer, with a transient but marked increase 
in blood glucose concentrations after 24 hr (Fig. 3). 

The mechanisms of the effects of hypoglycin and 
of pent-4-enoate on f-oxidation and on other CoA- 
dependent oxidations, on gluconeogenesis and on 
metabolism in the whole animal are by no means 
fully understood. These have been investigated by a 
multiplicity of techniques and it is perhaps in this 
multiplicity, and in the failure to remember that dif- 
ferent methods may not necessarily give directly com- 
parable results, that the causes of the present misun- 
derstandings concerning the explanation of the phar- 
macological effects of hypoglycin and of pent-4- 
enoate lie. We attempt here to resolve some of this 
confusion. Space does not permit a complete discus- 
sion of all aspects of these problems. Further informa- 
tion can be found in reviews [1, 8, 9, 28, 29] and some 
of our arguments are given in more detail elsewhere 
[11, 17, 30-33]. 


1. INTERPRETATION OF MEASUREMENTS OF 
FATTY ACID OXIDATION 

Measurement of fatty acid oxidation and assess- 
ment of its modification by drugs in vitro or in vivo 
presents many difficulties which are not even now 
always appreciated. This has been investigated in 
vitro, for example, by collection of '*CO, when 
'4C-labelled fatty acids were used as substrates, or 
by determining oxygen uptake manometrically or 
polarographically. Sometimes formation of ketone- 
bodies by liver preparations has been measured. Cau- 
tion is necessary when comparing results obtained 
with these very different techniques applied to, for 
example, isolated mitochondria, homogenates, tissue 
slices or perfused organs, and in their extrapolation 
to whole animals. Further, in animals difficulties in 
interpretation are compounded since interference with 
fatty acid oxidation can occur at any stage between 
mobilisation of free fatty acids from triglyceride stores 
to the final release of fatty acid carbon as CO, by 
the citrate cycle. 

The first stage of fatty acid catabolism involves 
f-oxidation which shortens long-chain fatty acyl-CoA 
derivatives by successive removal of C, units as ace- 


tyl-CoA. The fate of this acetyl-CoA is complex. It 
can condense with oxaloacetate to form citrate, which 
may accumulate or be oxidised further by the citrate 
cycle to CO, or to other products. In liver, formation 
of acetoacetate also competes very successfully for 
acetyl-CoA. This, after partial reduction to 3-hydroxy- 
butyrate, is subsequently oxidised by the citrate cycle 
in extrahepatic tissues. The nature and extent of 
fatty acid oxidation depends on the availability of free 
fatty acids, the concentrations of citrate-cycle interme- 
diates and carnitine, the ADP/ATP ratio and the 
NAD*/NADH ratio [34-38]. Further, in many in 
vitro experiments the extent of damage to mitochon- 
dria caused by some homogenisation procedures, and 
the use of high concentrations of substrates with 
detergent properties which may be manifest in the 
absence of added serum albumin have not been con- 
trolled. Meaningful estimation of the flux through 
f-oxidation is therefore impossible without strictly 
defined conditions, particularly because of the uncer- 
tain extent of the further oxidation of acetyl-CoA. 
Most measurements of fatty acid oxidation in vitro 
described in the literature have not been made with 
adequate control of all of these factors, and many 
are consequently, for whatever purpose, only of quali- 
tative value. Particularly unsatisfactory are measure- 
ments of '*CO, release alone from 1-'*C-labelled 
fatty acids in liver homogenates [39], since Ontko 
has shown that in rat liver homogenates as little as 
5 per cent of the added radioactivity of [1-'*C]palmi- 
tate is recovered as '*CO,, with about 40 per cent 
appearing as ketone-bodies and 50 per cent in com- 
plex lipids within 15min [40]. Inhibition of '*CO, 
release, therefore, may indicate a shift in the relative 
proportions of these metabolites (Fig. 4), rather than 
a direct inhibition of f-oxidation. 

Perhaps the least ambiguous method of measuring 
the flux through f-oxidation is to record polarogra- 
phically the oxygen uptake by isolated liver mito- 
chondria oxidising small amounts (10-30 uM) of 
even-chain acyl-carnitines in the presence of an in- 
hibitor of the citrate cycle (fluorcitrate or malonate) 
and in the absence of a citrate cycle-intermediate, 
when the maximum flux through the pathway is 
stimulated by ADP and Pi (state 3 conditions). With 
these conditions acyl-groups are quantitatively con- 
verted to acetoacetate, and the rate of oxygen uptake 
is a direct measure of the maximum attainable rate 
of f-oxidation [13, 17]. 

Estimates of the effects of a drug on the oxidation 
of [1-'*C]-labelled substrates in vivo made by collect- 
ing expired '*CO, are also ambiguous, particularly 
when hypoglycaemia is a manifestation of its pharma- 
cological effects [9, 33]. Administration of hypoglycin 
indeed decreases exhalation of '*CO, by rats given 
[1-'*C]palmitate [23]. However, McKerns pointed 
out in 1960 that the increased serum concentrations 
of free fatty acids following administration of hypog- 
lycin ‘may dilute the fatty acid pool sufficiently to 
account for the observed decrease in oxidation of 
labelled acids’ [41]. Indeed, adrenaline and glucagon 
released in response to hypoglycaemia caused by 
many different mechanisms will liberate free fatty 
acids from triglyceride stores. In two studies the abso- 
lute rate of production of respiratory CO, was de- 
creased by hypoglycin [23, 41]. Some decrease would 
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Fig. 4. The effects of carnitine and CoA on the inhibition 
of the metabolism of [1-'*C]palmitate by pent-4-enoate 
in pigeon liver homogenate. A pigeon was starved for 72 hr 
and the liver was homogenised in 9 vol of Krebs-Ringer 
phosphate medium [39]. Various additions were made: (a) 
1 mM pent-4-enoate, (b) 0-2 mM L-carnitine, 0-1 mM CoA 
and |mM_ pent-4-enoate. (d). 0-2mM_ L-carnitine and 
0-1 mM CoA. Homogenate (2:0 ml) was incubated in rub- 
ber-capped vials containing a centre well, at 37 with shak- 
ing with an atmosphere of O,. 0-1 mM [1-'*C]Palmitate. 
specific activity 1500 jwCiim-mole was added at time 0. 
After various times the reaction was stopped by injection 
of 0-20 ml 3-0 M HCIO4, and 0:25 ml /-phenylethylamine 
toluene-methanol- water (6:8:4:1) was added to the centre 
wells to absorb '*CO, evolved, and the vials were incu- 
bated for a further 40 min at 10 : then the acid-soluble 
fraction was obtained by centrifuging the acidified homo- 
genate in an Eppendorf microcentrifuge. The '*CO, 
evolved (@) and the radioactivity in the acid-soluble frac- 
tion (O) (ketone-bodies, citrate. etc. [38]) was determined 
using appropriate quench corrections. Radioactivity incor- 
porated into complex lipids or any unchanged palmitate 
was present in the acid-insoluble fraction [40]. The flux 
through f-oxidation is given by the rate of formation of 
acid-soluble '*C-labelled products plus that of '*CO, 


be expected, both due to hypothermia which develops 
in small animals at ambient temperatures less than 
about 26 C and to the psychomotor depression, 
which is perhaps due to narcotic effects of accumu- 
lated short-chain fatty acids [42]. It has been claimed 
that hypoglycin and pent-4-enoate sometimes increase 
the rate of oxidation of glucose in rats and mice, re- 
spectively [23,43]. Clearly the absolute rate of oxi- 
dation of either fatty acids or glucose cannot be 
deduced from the specific activity of exhaled '*CO,, 
unless the size and specific activities of the pools of 
substrates in vivo are also known . Thus a diminished 
rate of gluconeogenesis (induced by a drug) would 


decrease the size and hence increase the specific ac- 


tivity of the glucose pool, thereby causing an increase 
in the specific activity of expired '*CO, following an 
injected dose of [U-'*C]glucose, even if the actual 
rate of glucose oxidation was lowered. A much more 
worthwhile approach for investigating metabolic 
changes in the intact animal is offered by the kinetic 
methods of Heath [44]: Katz [45]: Shipley [46]. 


2. INHIBITION OF £-OXIDATION AND 
GLUCONEOGENESIS BY HYPOGLYCIN 
MCPA was shown several years ago to inhibit the 
release of '*CO, from '*C-labelled fatty acids in rat 


liver mitochondria [23] and in guinea-pig skin slices 
[47]. Such experiments do not necessarily rule out 
the possibility that the block was at the stage of 
release of '*CO, by the citrate cycle. However, we 
have recently shown that MCPA-CoA inhibits /-oxi- 
dation directly [13]. Both butyryl-CoA and isovaler- 
yl-CoA dehydrogenases were almost completely inac- 
tivated in mitochondria that had been incubated with 
MCPP or MCPA, or in mitochondria isolated from 
livers taken from rats that had been given hypoglycin 
[48,49]. Surprisingly, neither palmitoyl-CoA de- 
hydrogenase [48] nor any other enzyme of f-oxida- 
tion tested was inhibited [49]. Mitochondria from rat 
heart, kidney and liver are unable to oxidise hexanoyl- 
carnitine or butyryl-carnitine after preincubation with 
MCPA (10 wM-1 mM) [13,50]. With long-chain 
acyl-carnitines the inhibition of the state 3 rate of oxi- 
dation increases with increasing chain-length greater 
than C,9, from about 40%, inhibition with decanoyl- 
carnitine to about 60°, with palmitoyl-carnitine [13]. 
A similar pattern of inhibition is observed in mito- 
chondria isolated from livers of rats that had been 
given hypoglycin [50]. Von Holt reported that, by 
contrast, the oxidation of free long-chain fatty acids 
was inhibited more strongly by MCPA than those 
of shorter-chain length [23]. This apparent difference 
is simply explained by medium- and short-chain fatty 
acids in high concentrations suppressing the forma- 
tion of MCPA-CoA in the mitochondrial matrix by 
competition for butyryl-CoA (medium-chain acyl- 
CoA) synthetase. Long-chain fatty acids are activated 
outside the matrix and therefore do not prevent for- 
mation of MCPA-CoA [13, 17]. 

This decrease in the rate of oxidation of long-chain 
acyl-carnitines is probably due to accumulation of 
short-chain acyl-CoA in the matrix. The  stoichi- 
ometry of oxygen uptake during the oxidation of 
actyl-carnitines in MCPA-inhibited mitochondria’ in- 
dicates that their oxidation is incomplete and pro- 
ceeds as far as butyryl-CoA rather than to hexanoyl- 
CoA as might have been expected [13]. Extensive ac- 
cumulation of butyryl-CoA would sequester all the 
intramitochondrial CoA and thus stop f-oxidation. 
Since MCPA only slows f-oxidation it is necessary 
that deacylation of short-chain acyl-CoA occurs to 
allow recycling of CoA. This is achieved in the matrix 
by short-chain acyl-CoA hydrolases with relatively 
high K,,,s for their substrates. As a consequence of 
MCPA inhibition, short-chain acyl-CoAs accumulate 
in the matrix only up to a critical concentration 
defined by the kinetic properties of the hydrolase, 
allowing steady state concentrations of free CoA suffi- 
cient to maintain a limited rate of f-oxidation. Further, 
we have detected the expected amount of free butyr- 
ate accumulating as a product of palmitoyl-carnitine 
oxidation in MCPA-inhibited mitochondria [13], and 
butyrate accumulates in the blood of rats and mice 
poisoned with hypoglycin [3, 52]. Similarly, deacyla- 
tion of accumulated isovaleryl-CoA as a result of inhi- 
bition of isovaleryl-CoA dehydrogenase accounts for 
the massive isovalericacidaemia in rats and mice poi- 
soned with hypoglycin [3, 49, 52]. 

Formation of '*CO, from 0-1 mM [1-'*C]palmi- 
tate was impaired in homogenates of hearts from mice 
given hypoglycin (500 mg/kg body wt) and 2 mM car- 


- nitine reversed this inhibition [53]. Addition of carni- 
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tine provides an extra-mitochondrial acyl-sink for 
some unusual acyl-groups as a result of the action 
of the carnitine acetyltransferases associated with the 
inner mitochondrial membrane, thereby liberating an 
equivalent amount of free CoA in the matrix [32]. 
Relief of inhibition by carnitine was consequently 
assumed by Bressler to be evidence for the CoA-se- 
questration hypothesis [8, 53]. We have repeated this 
experiment [51]. However, we also found that forma- 
tion of '*CO, from [16-'*C]palmitate, which is also 
inhibited, is decreased still further by 2mM carnitine. 
Formation of acid-soluble '*C-labelled products from 
[16-'*C]palmitate was greatly stimulated by added 
carnitine (about 10 times accounting for 50 per cent 
of the added radioactivity, presumably as [4-'*C]bu- 
tyrate and its carnitine ester) and to a lesser extent 
from [1-'*C]palmitate (presumably as [1-'*C]acetate 
[15] and [1-'*C]citrate). This indicates that when 
butyryl-CoA dehydrogenase is inhibited following 
administration of hypoglycin, chain-shortening of pal- 
mitoyl-CoA to butyryl-CoA occurs by removal of car- 
bon atoms 1-12 by 6 cycles of f-oxidation. Added 
carnitine probably stimulates the rate of this partial 
oxidation by lowering the concentration of butyryl- 
CoA in the mitochondrial matrix [13]. 

It was also reported that injection of carnitine lar- 
gely prevents induction of hypoglycaemia in an un- 
specified strain of albino mice by _ hypoglycin 


(600 mg/kg body wt) [53]. We completely failed to 
repeat this using a strain of albino Swiss mice [31]. 
Recently, by contrast, we found that carnitine may 
sometimes delay the onset of hypoglycaemia and 
death in a strain of Balb C mice [52]. The latter 


result, if confirmed, is consistent with our interpre- 
tation of the mechanism of hypoglycin in action. The 
apparent absence of any effect of carnitine can, how- 
ever, be caused by factors other than those directly 
related to f-oxidation (for example, the permeability 
of cells to carnitine and the rate of its disposal). These 
discrepancies appear to be due to strain differences, 
as do the large differences in the reported effective 
hypoglycaemic doses of hypoglycin in mice which 
range from 100 to 600 mg/kg body wt [31, 52-54]. 

The finding of an apparently irreversible inactiva- 
tion of butyryl-CoA and isovaleryl-CoA dehydrogen- 
ases suggests an explanation of the specific protective 
effect of riboflavin against the chronic toxicity of 
hypoglycin [55]. This is that de novo synthesis of de- 
hydrogenases with flavin prosthetic groups is limited 
by the dietary supply of riboflavin and that supple- 
mentary riboflavin therefore facilitates the replace- 
ment of these essential enzymes. 

Hypoglycin and its metabolite MCPP inhibit glu- 
cose synthesis from several precursors in isolated rat 
hepatocytes and in kidney slices [26, 27]. It is unlikely 
that the partial inhibition of f-oxidation completely 
explains the impairment of gluconeogenesis and two 
other factors might also contribute. First, butyryl- 
CoA antagonises the activation of pyruvate carboxy- 
lase, a key enzyme for gluconeogenesis from several 
precursors, by its normal activator acetyl-CoA [56]. 
Inhibition of B-oxidation by MCPA is probably asso- 
ciated with an increased concentration of butyryl- 
CoA and with a decreased concentration of acetyl- 
CoA in the matrix, which would decrease pyruvate 
carboxylase activity. An inhibitory effect of MCPA- 
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CoA on pyruvate carboxylase during the whole time 
course of hypoglycaemia is unlikely since MCPA is 
apparently eliminated from the body while hypogly- 
caemia still persists [3.51]. Second, Tanaka has 
shown that both lysine and tryptophane potentiate the 
hypoglycaemic effects of hypoglycin. He has suggested 
that glutaryl-CoA, a metabolite of both these amino 
acids, accumulates as a result of inhibition of glutaryl- 
CoA dehydrogenase by MCPA-CoA, and that glutar- 
yl-CoA also contributes to the inhibition of gluconeo- 
genesis [3]. 

Tanaka also found that rats which had been in- 
jected with hypoglycin excreted significant quantities 
of unsaturated dicarboxylic acids, particularly cis-4- 
decene-1,10-dioate [3]. These could be products of 
a detoxification mechanism which attempts to dispose 
of excessive amounts of free long-chain fatty acids 
that cannot be oxidised or re-esterified to triglycer- 
ides. 


3. INHIBITION OF B-OXIDATION AND 
GLUCONEOGENESIS BY PENT-4-ENOATE 


Pent-4-enoate causes decreased release of '*CO, 
from '*C-labelled fatty acids in several systems 
[30, 39, 47,57]. Using carefully defined conditions, 
Senior et al. found that pent-4-enoate inhibited f-oxi- 
dation more effectively than some control non-hypog- 
lycaemic fatty acids (n-pentanoate, pent-2-enoate, cyc- 
lopropanecarboxylate and cyclobutanecarboxylate). 
Of these compounds investigated, n-pentanoate and 
cyclopropanecarboxylate lowered the free CoA con- 
centrations in mitochondria to the same extent as 
pent-4-enoate [17]. By contrast, most of these com- 
pounds were as effective as pent-4-enoate in inhibiting 
the CoA-dependent oxidations of pyruvate and of 
2-oxoglutarate with the experimental conditions used. 
Cyclobutanecarboxylate, however, did not conform to 
this pattern as it had little inhibitory effect on the 
latter two reactions [10]. From this data it was con- 
cluded in 1967 that inhibition of f-oxidation is not 
simply due to sequestration of CoA as acyl-deriva- 
tives by metabolites of pent-4-enoate, and that inhibi- 
tion of pyruvate and 2-oxoglutarate oxidation is 
caused by the combined effects of an acyl-CoA deriva- 
tive on the enzymes concerned and by a decreased 
concentration of CoA in the matrix [10, 30]. 

The view that inhibition of CoA dependent reac- 
tions by pent-4-enoate is caused by sequestration of 
CoA and carnitine as inert acyl-derivatives, thought 
to be acryloyl-esters. was mainly based on measure- 
ments of '*CO, release from [1-'*C]palmitate in 
pigeon liver homogenates in experiments where some 
elementary requirements for valid kinetic studies were 
not met (for example, linearity of '*CO, formation 
with time was not shown) [8, 39]. Pre-incubation with 
0-5 mM pent-4-enoate decreased the total amount of 
'4CO, evolved during a 15 min period compared with 
a control incubation. Addition of 0-1 mM CoA and 
0-2 mM carnitine, assumed to be extra-mitochondrial 
acyl-sinks, largely prevented this decrease. However, 
as Holland and Sherratt pointed out these cofactors 
may also remove an acyl-CoA with specific inhibitory 
effects from the matrix [17]. We have done some 
similar experiments with rat or pigeon liver homo- 
genates, measuring in addition the acid soluble 
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radioactive products formed to get more complete in- 
formation about the fate of added [1-'*C]palmitate 
[58]. We sometimes obtained similar results for the 
effects of CoA and carnitine on the inhibition by 
pent-4-enoate of the evolution of '*CO,, although the 
results were rather variable (Fig. 4). It is clear that 
evolution of '*CO, does not remain proportional to 
the flux through f-oxidation. De-inhibition of '*CO, 
release by addition of cofactors may be partly 
explained by removal of a block in the citrate cycle 
at 2-oxoglutarate dehydrogenase by an acyl-CoA der- 
ivative [10] thus allowing an increased rate of oxi- 
dation of an accumulated '*C-labelled metabolite, for 
example of citrate. Although Holland and Sherratt 
found a self-inhibitory pulse of pent-4-enoyl-carnitine 
oxidation in isolated rat liver mitochondria [17], we 
have recently found that low concentrations (up to 
200 4M) of pent-4-enoate can be utilised in the pres- 
ence of 10 mM carnitine [50]. Further, Williamson has 
shown that perfused rat livers are capable of a sus- 
tained oxidation of pent-4-enoate provided that its 
concentration in the perfusate is kept below a critical 
concentration [25]. 

Mitochondria isolated from livers of rats that had 
been given pent-4-enoate are sometimes unable to 
oxidise palmitoyl-carnitine (depending on the time 
after injection) although their ability to oxidise pyru- 
vate may not be impaired [59]. This result clearly 
discounts CoA depletion as a primary cause of inhibi- 
tion of f-oxidation. As long as f-oxidation of pent-4- 
enoate is maintained there may not necessarily be 
strong inhibition of normal fatty acid oxidation. No 
excessive accumulation of inert acyl-CoA derivatives 
occurs during the sustained oxidation of pent-4- 
enoate [25, 50], but at high concentrations of pent-4- 
enoate a reaction becomes rate-limiting and an inter- 
mediate of its oxidation builds up causing impairment 
of palmitoyl-carnitine oxidation, and subsequently 
self-inhibition (Fig. 2). Added carnitine may prevent 
an accumulation of inhibitory products during the 
oxidation of low, but not of high, concentrations of 
pent-4-enoate by buffering the concentrations of some 
intermediates in the matrix [32]. This explanation can 
rationalise the apparently conflicting results for the 
effects of pent-4-enoate on isolated mitochondria, 
homogenates, perfused livers and whole animals. In 
animals, sublethal doses of pent-4-enoate may be 
cleared from the system after a few hours enabling 
the ‘log jam’ in its metabolism to resolve, thus permit- 
ting recovery. 

Finally, we have not detected any convincing irre- 
versible inhibition of any enzymes of f-oxidation in 
mitochondria pre-incubated with pent-4-enoate, nor 
in mitochondria isolated from livers of rats injected 
with pent-4-enoate [59]. In our opinion, all these 
results can only mean that a metabolite of pent-4- 
enoate specifically and reversibly inhibits an enzyme 
of f-oxidation. On these metabolites (pent-4-enoyl- 
CoA, penta-2,4-dienoyl-CoA, 3-oxopent-4-enoyl-CoA, 
3-hydroxypent-4-enoyl-CoA and acryloyl-CoA), we 
do not think that acryloyl-CoA is involved as we have 
found that it is rapidly deacylated by soluble enzymes 
in the matrix. Further, acrylate is a feeble inhibitor 
of B-oxidation and it does not decrease free CoA con- 
centrations in mitochondria — significantly [17]. 
although it is a substrate for butyryl-CoA synthetase 


[11]: neither did acryloyl-CoA strongly inhibit any 
enzymes of f-oxidation tested [32]. 

A powerful and specific inhibition of acetoacetyl- 
CoA-thiolase by penta-2,4-dienoyl-CoA was observed 
with the purified enzyme [32] or in soluble extracts 
of mitochondria [12], but not when intact mitochon- 
dria were used [59]. These results appear surprising 
unless it is remembered that a considerable degree 
of structural organisation of the enzymes of /-oxida- 
tion may exist in the matrix [13, 21] which may afford 
some protection against inactivation of an enzyme by 
metabolites that are not analogues of its substrate. 
This underlines the importance of including organised 
cellular and subcellular systems in toxicological inves- 
tigations since inhibitions found with _ isolated 
enzymes must also be shown to occur in intact cells 
if they are to be considered as a cause of any toxic 
effect. 

Williamson has presented extensive evidence that 
inhibition of gluconeogenesis by pent-4-enoate in per- 
fused rat liver is due largely to a block at pyruvate 
carboxylase, possibly caused by lack of acetyi-CoA, 
and to a block in the conversion of 1,3-diphosphogly- 
cerate to triose phosphates as a result of a decreased 
supply of reducing equivalents from the mitochondria 
[25]. Both blocks were apparently caused by im- 
paired f-oxidation. These sites of inhibition were 
located by assay of gluconeogenic intermediates in 
freeze-clamped livers. Other mechanisms may con- 
tribute to inhibition of gluconeogenesis. Thus, meta- 
bolites of pent-4-enoate might modify the activity of 
pyruvate carboxylase [33]. However, recovery of nor- 
mal blood glucose concentrations in some rats that 
had been made hypoglycaemic with pent-4-enoate 
occurred at a time when f-oxidation was about 80 
per cent inhibited in liver mitochondria from these 
animals [51]. 

Both hypoglycin and pent-4-enoate poisoning are 
marked by ketosis [60, 61] and this has not been ade- 
quately explained. It is unlikely to arise from exces- 
sive generation of ketone bodies, but it is more likely 
to be caused by their decreased peripheral utilisation 
[60]. Preliminary results indicate that isovalerate and 
butyrate, which accumulate in hypoglycin poisoning 
inhibit acetoacetate oxidation by about 50 per cent 
in isolated rat heart mitochondria at concentrations 
found in poisoned animals [50]. Further, metabolites 
of MCPA and pent-4-enoate may inhibit acetoacetate 
oxidation directly. 


4. CONCLUDING REMARKS 


We have always rejected the idea that the sequest- 
ration of CoA is the major mechanism of action 
of this group of compounds because of the require- 
ment for the CH,==C.C.C.COOH group for hypog- 
lycaemic activity [6] which indicates that there must 
be specific inhibition of a few enzymes. It is difficult 
to explain on this basis, for example, why dihydrohy- 
poglycin is not hypoglycaemic. This derivative would 
be expected to be metabolised to methylcyclopropyla- 
cetyl-CoA which should be equally effective as 
MCPA-COA in tying up free CoA [33]. 

The available data fits the hypothesis that hypogly- 
caemia caused by hypoglycin or pent-4-enoate is a 
consequence of impaired gluconeogenesis following 
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inhibition of fatty acid oxidation, and we are trying 
to verify this by the sophisticated techniques now 
available for studying in vivo kinetics. A large number 
of miscellaneous hypoglycaemic compounds inhibit 
hepatic gluconeogenesis in many different ways, and 
this emphasises the crucial importance of gluconeo- 
genesis in maintaining normal concentrations of 
blood glucose [1, 9, 24]. In accordance with the above 
interpretation, some other fatty acids which do not 
, inhibit fatty acid oxidation or gluconeogenesis 
strongly in vitro are not hypoglycaemic [9, 61]. How- 
ever, cyclopropanecarboxylate does not fit neatly into 
this picture and this discrepancy cautions against the 
application of too simplistic concepts. This compound 
is not hypoglycaemic in rats or mice, although it is 
in guinea pigs [28], and it does not inhibit f-oxida- 
tion strongly [17,30] yet it inhibits gluconeogenesis 
from 10mM-alanine in rat hepatocytes more power- 
fully than pent-4-enoate at concentrations below 
1mM [27]. 

A correct understanding of the problems outlined 
here is in our opinion essential since questions of fun- 
damental importance to intermediary metabolism and 
its perturbation by pharmacologically active com- 
pounds are involved. A thorough analysis of the 
actions of hypoglycin and pent-4-enoate will highlight 
hitherto unrecognised relationships which will aid in 
future investigations 
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Abstract 


FITC-labelled dextran has been used to show that there is no complex formation between 


fibrinogen and dextran and that the ability of dextran to reduce the flexibility of the erythrocyte 
does not require fibrinogen as an intermediary. Dextran was found to form a loose adherent coat 
on erythrocyte membranes. It was also found to adhere much more strongly to platelet membranes. 
It is suggested that this may affect platelet function and be a cause of the haemostatic disturbances 


sometimes observed after dextran infusion. 


The polysaccharide, dextran, has found common use 
in clinical medicine as a plasma volume expander and 
to improve blood flow [1]. In conditions of high 
shear rate the flow-improving property of dextran in- 
fusions is primarily the result of the plasma volume 
expansion [2,3]. At low shear rates erythrocyte rou- 
leaux and aggregates can form and their presence has 
a substantial influence on the viscosity of blood 
[4-6]. Thus the ability of some dextran preparations 
to break up rouleaux and aggregates [6,7] can have 
a beneficial effect in this region. However, it is not 
yet clear whether these effects result from a direct 
interaction of dextran with the erythrocyte mem- 
brane, though there is evidence to suggest that it 
adheres to plasma membranes [8], or whether they 
are due to an indirect effect resulting from its interac- 
tion with fibrinogen. The second possibility must be 
considered because fibrinogen is known to have a 
very profound effect on red blood cell flexibility and 
rouleaux formation [7,9] and to be precipitated by 
dextran [10]. 

In this investigation fluoresceine-labelled dextran 
has been used to confirm that dextran binds to eryth- 
rocyte membranes and to investigate the possibility 
of it complexing with fibrinogen. This latter aspect 
is not only of significance to haemorheology but also 
to haemostasis because there are many reports of dex- 
tran affecting the haemostatic mechanism in vivo and 
in vitro [11-14] and there is considerable evidence 
to show that it is a useful antithrombotic agent 
[15,16]. 

MATERIALS AND METHODS 


Blood. The blood used in these experiments was 
either collected with heparin (125 i.u./ml) as antico- 
agulant or was defibrinated by stirring with a glass 
rod. In some experiments the blood was washed with 
Ringer—Locke solution (8-0 g NaCl, 0:-2g NaHCO, 
0-42g KCI, 0:24g CaCl,, made up to | litre with 
distilled water), by alternate centrifugation and remo- 
val of the supernatant in order to remove all plasma 
protein, the cells finally being suspended in the 
Ringer—Locke solution. 

Fibrinogen. This was obtained in solid form from 
A. B. Kabi (Stockholm, Sweden). Solutions were made 
by dissolving it in distilled water rather than saline 
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or Ringer—-Locke solution since the solid contained 
citrate and NaCl. 

Dextran. In order to be able to differentiate 
between fibrinogen and dextran when they were run 
simultaneously through gel filtration columns, the 
dextran used was tagged with a fluorescent label. This 
labelled material was obtained from Pharmacia G.B. 
Ltd. (London, W5) and was fluoresceinylthiocarbo- 
moyl-dextran (FITC-dextran) with a weight-averaged 
molecular weight (M,,) of 40,100. 


Gel filtration 

Sepharose 4B or Sephadex G200 (Pharmacia G.B. 
Ltd., London, W5) were used as the filtration media, 
in a column of length 0-5 m and diameter 2:5 cm. The 
elution media were either 0-85°% (w/v) NaCl solution 
or Sorensen’s pH 7-4 buffer [17]. The protein elution 
peak was determined by absorption at 280nm. At 
this wavelength dextran has a very low absorption 
coefficient so its elution peak was obtained by collect- 
ing the elutant fractions and determining the fluores- 
cence at 520nm caused by excitation at 435 nm. 


RESULTS 

Membrane-binding. Small quantities of a solution 
of FITC-dextran in Ringer—-Locke solution were 
added to heparinized blood, defibrinated blood, 
washed defibrinated blood to which fibrinogen had 
been added, and washed heparinized blood. A sample 
of each of these preparations was viewed under a 
fluorescence microscope; no differences were observed 
between them and the erythrocytes fluoresced 
strongly. The preparations were then repeatedly 
washed with Ringer-Locke solution and after each 
washing a sample from each preparation was viewed 
under the fluorescence microscope. Again there was 
no difference between the preparations for a given 
number of washes, and as expected the fluorescence 
of the red cells quickly diminished as the washes 
removed more and more of the FITC-dextran. How- 
ever, the unexpected discovery was made that the 
platelets still fluoresced very strongly. Even after six 
washes, when the red cells exhibited little or no fluor- 
escence, the platelets still shone very brightly. 

Gel filtration. Approximately equimolar volumes of 
FITC-dextran in eluant solution and of fibrinogen 
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Fig. 1. The elution peaks of fibrinogen and FITC-dextran 
when run together or individually through a Sepharose 
4B column. 


solution were mixed and then passed through the gel 
filtration column. The absorption peak of the 
fibrinogen and the fluorescence peak of the FITC- 
dextran produced in this way were compared with 
the peaks produced by passing the fibrinogen or 
FITC-dextran separately through the column. Figure 
| shows typical results. There was no significant dif- 
ference in elution volumes in either case. This was 
so irrespective of whether the eluant was saline or 
Sorensen’s buffer or whether the filtration medium 
was Sephadex G200 or Sepharose 4B. 


CONCLUSION 


In a previous investigation Rampling [18] showed 
that the precipitation of fibrinogen by dextran was 
due to a non-specific physical effect of steric exclusion 
at high concentrations of dextran polymers. However, 
that investigation did not rule out the possibility of 
some complex formation between the fibrinogen and 
dextran. The gel filtration results reported above clar- 
ify the situation. The fact that there is no difference 
in the elution volumes of the fibrinogen and dextran 
when subjected to gel filtration individually or when 
mixed proves that no significant complex formation 
between the fibrinogen and dextran takes place. It 
would therefore appear that any effects produced on 
the haemostatic mechanism in vivo by infusiens of 
dextran, and particularly the drop in fibrinogen con- 
centration which often takes place [11], must result 
from causes other than complex formation with 
fibrinogen. 

Previous investigations have shown that fibrinogen 
has a direct and profound effect on the flexibility of 
erythrocytes [7,19]. It has also been shown that the 
addition of dextran to whole blood in vitro affects 
this flexibility [7]. The present investigation, in show- 


ing.that dextran adheres to erythrocyte membranes, 
that the adherence is independent of the presence of 
fibrinogen and that there is no direct interaction 
between fibrinogen and dextran, makes it clear that 
the effect of dextran on erythrocyte flexibility must 
be a direct one—that is to say the binding of dextran 
to the erythrocyte membrane must of itself be able 
to cause flexibility changes, possibly as a result of 
alterations in the membrane structure. In this latter 
context it is significant that it has recently been shown 
that dextran can enhance cellular fusion caused by 
a variety of agents [20]. 

An unexpected finding of this investigation of dex- 
tran was its very strong binding to platelets. Since 
the binding to erythrocytes was less powerful but yet 
able to affect the mechanical properties of the eryth- 
rocyte, it is very likely that the mechanical properties 
of the platelet will also be affected. Furthermore, since 
the physiological function of platelets i.e. aggregation 
and surface adhesion, necessitate morphological 
changes, it is possible that the surface binding of dex- 
tran could affect this also. It is interesting to note 
in this respect that platelet adhesion and aggregation 
have been reported to be depressed in subjects who 
have been infused with dextran [12, 21]. 
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Abstract— Previous studies have shown that cadmium ions cause disruption of albumin-filled phagolyso- 
somes in vitro, and that cadmium and mercuric salts inhibit intralysosomal proteolysis and phagolyso- 
some formation in vivo in mice after intraperitoneal injections [Biochem. Pharmac. 22, 373 (1973) 
and 24, 1227 (1975)]. Cupric, stannous, lead, mercuric and zinc salts also inhibited proteolysis when 
added to phagolysosome suspensions in |mM _ concentrations, and all of these substances caused 
phagolysosome disruption except zinc. Reduced rates of intralysosomal proteolysis were noted in liver 
and kidney phagolysosomes from mice injected intraperitoneally with zinc at less than LDs5 9 doses, 
but the metal had no inhibitory effect of phagolysosome formation in the liver as measured by the 
uptake of labeled protein into osmotically releasable form. The inhibitory effects of zinc on intralysoso- 
mal proteolysis were evident in liver phagolysosomes up to about 6hr after injections, but effects 
on kidney phagolysosomes were more prolonged. The results suggest that zinc may be taken up into 


phagolysosomes where it inhibits cathepsins B and C. 


In previous studies, we have shown that intraperi- 
toneal injections of cadmium acetate [1] or mercuric 
chloride [2] into mice inhibit phagolysosome forma- 
tion and intralysosomal proteolysis of intravenously 
injected '?*]-labeled bovine serum albumin in kidneys 


or livers. Cadmium chloride was also found to inhibit 
intralysosomal proteolysis when added to phagolyso- 
some suspensions. The inhibitory effects of cadmium 
in vitro were caused by phagolysosome disruption, 
as shown by the release of labeled protein into the 
medium. The fungal toxin rubratoxin also inhibited 
phagolysosome formation in vivo and inhibited intra- 
lysosomal proteolysis after intraperitoneal injections 
into mice, but this toxin had no effect on phagolyso- 
some suspensions in vitro [3]. Similarly to rubratoxin, 
cadmium and mercuric ion, zinc acetate also inhibited 
intralysosomal proteolysis when injected intraperi- 
toneally into mice, but unlike these substances, zinc 
had little effect on phagolysosome formation. Results 
of these studies are reported in this communication. 


MATERIALS AND METHODS 


Methods used in these studies have been reported 
elsewhere [2,3]. Briefly, mice were injected intraperi- 
toneally with the substance to be tested dissolved in 
physiological saline. After the interval of time shown 
in the tables, the animals were injected intravenously 
with 0-1 ml (1 mg) formaldehyde-treated '?*I-labeled 
bovine serum albumin. Thirty min later, the mice 
were anesthetized with ether and the livers and kid- 
neys were removed and homogenized in cold 0:25 M 
sucrose. The homogenates were centrifuged to sedi- 
ment the 500-30,000 g particulate fraction and these 
pellets, containing albumin-filled phagolysosomes, 
were resuspended and incubated for 60 min at 35 
in 025M _ sucrose, 50mM_ mercaptoethanol and 
25mM _ Tris-acetate buffer, pH 5. Samples were 


removed at intervals and added to counting tubes 
containing 2ml of 10°, trichloroacetic acid. The 
radioactivity in these was counted; they were then 
centrifuged to sediment precipitated protein and the 
supernatants were decanted and counted to determine 
per cent of the total radioactivity converted to trich- 
loroacetic acid-soluble form due to the action of pro- 
teases. 

Intact phagolysosomes present in particulate sus- 
pensions were estimated by osmotic shock. This was 
accomplished by diluting samples of the suspensions 
1:10 in cold 0-25 M sucrose buffered with 0-02 M Tris- 
acetate, pH 7:3, and in buffer alone. The dilutions 
were allowed to set on ice for 10 min and then these 
were centrifuged to sediment all particulate material. 
The supernatants were decanted and _ counted. 
Radioactivity in samples diluted in sucrose—buffer was 
subtracted from the corresponding sample diluted in 
buffer and the results were calculated as per cent of 
the total radioactivity. This method was also used 
to determine phagolysosome formation in kidneys 
and liver in mice. If the particulate suspensions centri- 
fuged from homogenates of these tissues contained 
the same relative quantities of osmotically active par- 
ticles as untreated controls, phagolysosomes forma- 
tion was assumed to be unaffected. The technique is 
a reasonably valid estimate of phagolysosome forma- 
tion because particle-bound, non-osmotically active 
labeled protein remains relatively constant in tissue 
homogenates but osmotically active protein varies 
with the extent of the phagolysosome formation [4]. 

All counts were performed with a Packard Gamma 
Well Counter with automatic sample changer. 


RESULTS 


A number of heavy metal salts were screened for 
inhibitory effects on intralysosomal proteolysis in 
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Tabie 1. Effects of some metal salts on intralysosomal proteolysis and phagolysosome stability* 





Osmotically releasable radioactivity 
(°,, of total) 





Proteolysis 


Kidney 


Liver 





(°,, in 40 min) 


Salt Kidney Liver 0 time 


20 min 40min Otime 20min 40 min 





18-1 
16:4 


10-6 
72:7 
62:5 
66:1 
71:3 
57:6 
75:2 
(5-6) 


CuSO, 
Zn(C,H,03), 
ZnSO, 
Pb(NO,), 
SnCl, 
HgCl, 
Controls 
(1-6) 


66:4 
66:9 
69-3 
60°3 
78:2 
60-3 
73-0 
(6:4) 


16-9 
36-4 
361 
25-0 
37:0 
31-6 
40:7 


(10-8) (5-2) 





* Mice were injected intravenously with 1 mg (0-1 ml, about 4-4 x 10° cpm) '?*I-labeled albumin. 


The 500-30,000 gy subcellular particulate fractions (unwashed) were incubated at 35 


in the presence 


and absence of | mM concentrations of the salts in the incubation mixture described in Materials 
and Methods. Controls (no metals) are shown with standard deviations in parentheses. Samples were 
removed at 0, 10, 20, 40 and 60 min and assayed for trichloroacetic acid-soluble radioactivity and 
osmotically releasable (in dilute pH 7:3 buffer) radioactivity. 


mouse kidney and liver phagolysosome suspensions. 
These included nickel chloride, sodium tungstate, zinc 
acetate, zinc sulfate, stannous chloride, cupric sulfate, 
lead acetate, lead nitrate, cobaltous sulfate, cobaltous 
chloride, mercurous chloride, mercuric chloride, mer- 
curic acetate, ferrous sulfate, ammonium molybdaie, 
sodium molybdate, strontium chloride, barium hyd- 
roxide, calcium chloride, manganous chloride, and 
beryllium nitrate. Only cupric sulfate, zinc acetate, 
zine sulfate, lead nitrate, stannous chloride and mer- 
curic chloride inhibited intralysosomal proteolysis in 
1mM concentrations (Table 1). With the exception 
of zinc salts, all these substances caused the disrup- 
tion of kidney phagolysosomes but had little or no 
apparent effects on the integrity of liver phagolyso- 
somes. Furthermore, mercuric acetate, like cadmium 
acetate [1] had no effect. Further studies showed that 
mercuric chloride in the presence of acetate buffer 
and mercaptoethanol also had no effect. If mercap- 
toethanol was omitted from the suspensions, mercuric 


acetate caused phagolysosome disruption similar to 
mercuric chloride. Similar results to these were 
obtained in studies with cadmium salts [1]. 

Since both mercuric and cadmium salt injections 
caused decreases in osmotically releasable radioacti- 
vity in mouse livers or kidneys after intravenous in- 
jections of '?°I-labeled serum albumin as well as inhi- 
bitions of intralysosomal proteolysis, it was of interest 
to determine whether zinc would produce similar 
effects. These studies should provide information con- 
cerning the action of metal ions on membrane sys- 
tems, since effects on phagolysosomes in vitro might 
reflect their action in vivo. : 

The LDso for zinc acetate in the mice used in this 
study, determined according to Weil [5], was 12:8 mg 
Zn/kg. Table 2 shows the effects of various concen- 
trations of zinc acetate on intralysosomal proteolysis 
and on phagolysosome formation (osmotically active 
particles containing radioactive protein) in mouse 
liver and kidneys 2 hr after intraperitoneal injections. 


Table 2. Effect of zinc acetate dose | hr after intraperitoneal injections on uptake 
of '*°I-labeled albumin in osmotically active mouse kidney and liver phagolysosomes 
and on proteolysis in these particles* 





Intralysosomal 
proteolysis 
(°,, in 40 min) 
Zn dose 


Osmotically releasable 
radioactivity 
(°,, of total) 





(mg/kg) Kidney 


Liver 


Liver 





6-0 24-7 

7-0 20-3 

8-0 20-0 
13-0 16°5 
16:0 9-5 
20-0 9-9 
None 36:5 + 43 


25-3 


72:0 
63-0 
726 
64:5 
66°8 


6:2 ; 46:9 
26:8 + 4:7 


75-8 + 5-0 74.0 + 43 





* Osmotically releasable radioactivity refers to the per cent of the particle-bound 
(500-30,000 g) radioactivity released into the medium after suspension in a x 10 vol. 
of 0-01 M Tris-acetate buffer, pH 7-3. Proteolysis refers to the per cent of the particle- 
bound radioactivity converted to a trichloroacetic acid-soluble form during 40 min 
of incubation at 35 . Controls (same as Table 3) are shown with standard deviations 


of the means. 





Inhibition of intralysosomal proteolysis by zinc 


Table 3. Effect of time after injection of zinc acetate (8 mg/kg) on uptake of '?*I-labeled 
albumin in osmotically active 30,000 g mouse kidney and liver phagolysosomes and on 
proteolysis in these particles* 





Intralysosomal Osmotically releasable 


proteolysis 


(°,, in 40 min) 


Time No. of 


radioactivity 
(°) 





(hr) expts. Kidney 


Liver 


Kidney Liver 





HEHE HE + 


12 
24 
Control {3 


13-8+08 
167+ 28 
19-5 + 28 
22-4 + 0-4 


268 + 1:3 


~— 
oad 


a all oo 


81 
72 +07 
73+ 43 
77 +09 
V1 + 1-7 


to 


SEEB 
ae Se 
opr 


76 + 1:3 4+ Fi 





* Time refers to the hours after intraperitoneal injections of zinc acetate that labeled 
albumin injections were performed. All figures, except 0 time, are shown with standard 


errors of the means. 


These injections produced no apparent effect on pro- 
tein uptake in the kidneys or livers except at doses 
higher than the LDs9. There were progressively in- 
creasing inhibitory effects on both intralysosomal 
proteolysis and on phagolysosome formation. At 
8 mg/kg, a dose less than the LDso, there appeared 
to be little effect on phagolysosome formation in the 
liver, but intralysosomal proteolysis was inhibited 
about 40 per cent. This dose was analyzed in further 
detail, and the results are shown in Table 3. At 
8 mg/kg, intralysosomal proteolysis was inhibited in 
both liver and kidney phagolysosomes with a maxi- 
mum effect at 1 hr after injection and slow recovery 
up to about 24 hr after injection. The kidney appeared 
to require a longer period for recovery than the liver. 
In spite of the inhibitory effects of zinc injections on 
proteolysis, there was no apparent effect of phagoly- 
sosome formation in the liver. Some inhibition (about 
20 per cent) did occur in the kidneys, however, per- 
haps due to concentration in these organs during 
excretion of the metal. 


DISCUSSION 

Misaka and Tappel [6] have shown that zinc is a 
potent inhibitor of cathepsins B and C, and to a lesser 
extent cathepsin D. In the present study, 8 mg/kg of 
Zn?* inhibited intralysosomal proteolysis, but had no 
effects on uptake of formaldehyde-treated '7°I-labeled 
serum albumin in the liver or kidneys or on phagoly- 
sosome formation at the same dose. This suggests that 
the metal might have accumulated in lysosomes 
where it exerted inhibitory effects on cathepsin activi- 
ties. Tappel er al. [7] found relatively high concen- 
trations of zinc as well as other metals in lysosomes 
of animals which suggests that zinc may become 
sequestered in these organelles. 

The apparently greater sensitivity of mouse kidney 
phagolysosomes to heavy metal salts in vitro (Table 
1) is difficult to explain. We have noted that kidney 
phagolysosomes generally appear to be more sensitive 
to a number of substances. For example, inhibitory 
effects of alkaline buffers and responses to ATP are 
greater in mouse kidney phagolysosomes [8]. 
Although all the metal salts shown in Table 1 inhi- 


bited intralysosomal proteolysis in liver phagolyso- 
somes, there were no apparent effects on phagolyso- 
some integrity. The reason for this is also not clear, 
and no explanation can be offered at the present time 
other than the possibility that the substances may 
have exerted their effects directly on cathepsin activity 
with the phagolysosomes. 

In previous studies on interactions of various hepa- 
to- and nephro-toxins with mouse liver and kidney 
phagolysosomes formation and function, we have 
noted that some substances affect only liver, some 
affect only kidney and some affect both kidney and 
liver phagolysosomes. For example, mercuric chloride 
inhibited phagolysosome formation and function only 
in the kidneys [2], and the major effects of Cd?* and 
rubratoxin were in the liver [1, 3]. The potent hepato- 
toxin carbon tetrachloride affected neither liver nor 
kidney phagolysosomes at lethal doses [9]. The rea- 
son for these differential effects is not clear at the 
present time. However, many substances, including 
heavy metal salts, may be taken up principally by 
either the kidney or the liver or both. For example, 
Cd?* is first taken up in the liver and later it is 
excreted by the kidney where it becomes temporarily 
concentrated [10]. These changes in distribution cor- 
relate with effects on phagolysosomes [1], i.e. effects 
were noted in the liver at about 2hr after injection 
of Cd?* but kidney phagolysosomes were not affected 
until about 18hr later. Furthermore, in all studies 
carried out thus far, those substances which inhibited 
intralysosomal proteolysis after intraperitoneal or in- 
travenous injection also inhibited phagolysosome for- 
mation. All these substances except rubratoxin [3] 
caused phagolysosome disruption when added to 
suspensions of mouse kidney phagolysosomes. Zinc 
represents a notable exception with respect to phago- 
lysosome formation in that it caused inhibition of in- 
tralysosomal proteolysis in mouse liver phagolyso- 
somes after intraperitoneal injection but had no effect 
on the relative quantity of osmotically releasable 
radioactivity (phagolysosome formation) at the same 
dose. 
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Abstract 


Many organophosphorus (OP) and methylcarbamate (MC) insecticides and related com- 


pounds, when injected into the yolk sac on day 4 of incubation, markedly lower chicken embryo 
NAD levels at day 12 of incubation. The same compounds also produce drastic developmental defects, 
suggesting that the lowered level of NAD may be the cause of teratogenesis. The most potent OP 
compounds of those tested are diazinon and dicrotophos acting at 0-1 and | mg/kg, respectively, while 
the MC compounds, eserine sulfate and carbaryl, are effective at 1 and 4mg/kg respectively. The 
injection of nicotinamide and other NAD precursors prevents the decrease in NAD levels and alleviates 
most of the teratogenic signs. Previous hypotheses, including that relating the inhibition of yolk sac 
membrane esterases to embryonic abnormalities, are less satisfactory or are inadequate to explain 
this type of chemically induced teratogenesis. Areas remaining to be defined are the biochemical lesion 
leading to decreased chicken embryo NAD levels and the relevance of these findings to mammals. 


Organophosphorus (OP) and methylcarbamate (MC) 
insecticides are designed to inhibit acetylcholinester- 
ase in the insect central nervous system. Their toxic 
effects in higher animals and man are also generally 
attributable to action on the cholinergic system [1, 2]. 
However, cholinesterase and the cholinergic system 
do not appear to be involved in the induction of tera- 
togenesis in chicken embryos by a variety of OP and 
MC compounds [3-5]. It is therefore important to 
define the nature of the biochemical lesion leading 
to developmental defects (particularly since these in- 
secticides are now the major weapons for insect con- 
trol and therefore environmental contamination and 
human exposure are inevitable). 

Several features of teratogenesis in the chicken 
embryo warrant special consideration. Despite large 
potency differences, teratogenic doses of a tremendous 
variety of OP and MC compounds, injected at day 
0-5 of incubation, always produce the same or similar 
developmental defects, which include some or all of 
the following: reduced body size, micromelia, gross 
edema, abnormal beak, retarded down development 
and wry neck [3-19]. With the exception of wry neck, 
the teratogenic signs are almost completely alleviated 
by coinjection of nicotinamide (NAm), nicotinic acid 
(NAc) or any one of many precursors and derivatives 
of these two substances, including the nicotinamide- 
adenine dinucleotide cofactors (NAD, NADH, NADP 
and NADPH) [3-10]. However, the conversion of 
yolk-administered NAm and NAc to embryo NAD 
(analyzed along with NADP) is not altered by an OP 
teratogen [9]. The teratogenesis induced by dicroto- 
phos injected on day 4 of incubation is partially alle- 
viated by NAm administered at any time from day 
0 to day 10 of incubation [9]. The site of the primary 
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biochemical lesion [i.e. yolk, yolk sac membrane 
(YSM), embryo organ, etc.] is not as yet defined, 
although the following observations may be relevant: 
inhibition of selected esterases in the YSM appears 
to correlate with OP and MC teratogenesis [19], 
reduced transport from the yoik to the embryo of 
endogenous tryptophan [4] and exogenous acetylcho- 
line [3] results from some OP and MC teratogens, 
and altered levels of RNA, glycogen, sulfated muco- 
polysaccharide and calcium are evident in the deve- 
loping tibiotarsus [18]. 

Further experimental work is needed on the pro- 
posed teratogen-specific inhibition of YSM esterases 
or peptidases; the focus should be on the selection 
of appropriate substrates and adequate differentiation 
of the component enzymes. The apparent lack of any 
relationship between embryo NAD level and terato- 
genesis should also be re-evaluated, since the previous 
determinations were not made on the endogenous 
NAD but rather on the NAD formed via the more 
limited pathways from exogenous NAc or NAm. 
These two areas are re-examined in the present 
detailed report and in our preliminary communica- 
tion [20] on these studies. A cause and effect relation- 
ship is proposed between diminished levels of embryo 
NAD and OP- and MC-induced teratogenesis. 


MATERIALS AND METHODS 


Chemicals. The OP and MC compounds were ana- 
lytical reference standards obtained from the Pesti- 
cides and Toxic Substances Effects Laboratory (En- 
vironmental Protection Agency, Research Triangle 
Park, N.C.) or from the manufacturers. Although 
referred to here by their common names, they are 
chemically defined in relevant listings of pesticide 
chemicals [21, 22]. Other chemicals were used in the 
purest forms available from commercial sources. 
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Treatment of eggs and rating of teratogenic signs. 
Fertile white leghorn eggs (45-55 g) were incubated 
at 37 and 73 per cent relative humidity. Each test 
compound (candidate teratogen or alleviating agent) 
was administered, using sterile technique, by injecting 
a methoxytriglycol solution (30 yl) into the yolk after 
a 4- or 5-day incubation period and then sealing the 
injection hole with paraffin wax [3, 9, 19]. A portion 
of the eggs from each treatment group was used for 
biochemical tests at day 6 to 12 of incubation, and 
the remainder (at least 10 eggs) were incubated for 
19 days and then opened to observe the teratogenic 
signs. These signs are rated from — (no effect) to 
+ +++ (most severe manifestation) or as * to desig- 
nate embryos having wry neck and occasionally tibio- 
tarsal arthrogryposis but not the other signs normally 
associated with OP and MC teratogenesis [9, 20]. 

Appropriate controls were run in each experiment 

to confirm that the carrier solvent and treatment con- 
ditions did not alter the normal biochemical para- 
meters and developmental cycle. Embryos from typi- 
cal control eggs at day 19 of incubation showed a 
zero incidence of straight legs, abnormal feathers and 
wry neck. Their size was as follows (mean + S. E.): 
body weight, 25-4 + 1-3 g; body length, 8-3 + 0-2 cm; 
and leg length, 64 + 0-2 cm. 
‘ Inhibition in vivo of YSM hydrolases. The superna- 
tant fraction (100,000 g, 60 min) of YSM homogenates 
prepared according to Flockhart and Casida [19] was 
used for polyacrylamide gel electrophoretic separ- 
ation at 4° and detection of esterases hydrolyzing 
y-naphthyl acetate (NA) at 37. Disc gel electro- 
phoresis by the method of Hedrick and Smith 
[23] involved 5°, gel in vertical tubes of 0-7 mm i.d., 
50-1 enzyme samples mixed with 50 yl of 006M 
imidazole-HC! and 50°, glycerol, pH 5-7, for appli- 
cation to the gel, and development with 0:034M 
asparagine-Tris buffer, pH 7:3, at 1-2 mA/tube until 
the bromophenol blue marker had moved 7-8 cm. 
For slab gel electrophoresis, the Gradipore 4-26 per 
cent linear gradient preparations of Isolab Inc. 
(Akron, Ohio) were used with a Tris-borate buffer, 
pH 8:3 (similar to that of Margolis and Kenrick [24] 
but lacking ethylenediaminetetraacetic acid), apply- 
ing the supernatant samples (15 xl) mixed with 15 sl 
of 40°,, sucrose and developing for 3 hr at 400 V and 
30 mA. The method of Markert and Hunter [25] was 
employed for esterase detection as follows: equili- 
bration of the gel in 004M Tris-Cl buffer, pH 66, 
for 5 min; replacement of the buffer with fresh solu- 
tion containing 0-1°, (w/v) Fast Blue RR salt and 
0-04", (w/v) NA, the latter added in acetone to 4 per 
cent (v/v): agitation for 15min; replacement of the 
staining solution with a 4:1 mixture of 10°, acetic 
acid and 95°, ethanol: and sketching and photo- 
graphy of the zymograms, calculating the relative 
niobilities (R,,) with reference to bromophenol blue 
(tube gels) or the length of the slab. 

Dipeptidase activity was examined by measuring 
tryptophan release from glycyl-tryptophan. A mixture 
consisting of 801 enzyme (supernatant of YSM 
homogenate in 2 parts 30°, glycerol and centrifuga- 
tion at 6000g for 10min; 1-7 mg protein [26]) and 
2 x 10°*M glycyl-tryptophan in 2:0ml Mecelllvaine’s 
buffer, pH 7-0, was incubated for 0, 5, 10 and 20 min 
at 37° with determination of released tryptophan by 


the method of Saifer and Gerstenfeld [27]. Normal 
preparations liberated 80nmoles tryptophan/mg of 
protein/5 min. 

Embryo NAD levels. On day 12 of incubation, after 
injection on day 4, each of six embryos from each 
treatment group was removed from the egg, weighed, 
suspended in 0-5 vol. of cold distilled water, and 
homogenized for 5 sec with a model PT 10 Polytron 
(Kinematica, GmbH, Luzern, Switzerland) at maxi- 
mum speed. A volume of 20°, HClO, equal to the 
volume of distilled water was mixed with each homo- 
genate, and the mixture was centrifuged (30,000 g, 
10min). An aliquot of the supernatant was adjusted 
to pH 7-0 by the addition of a neutralizing agent (3 M 
KOH-0°5M_ phosphate buffer, pH 7-0-water:; 
1-1:1-9:2-0, by vol.) [28]. After 10min at 5 for preci- 
pitation of insoluble KCIO,, the samples were again 
centrifuged for 10min. The NAD content in this 
supernatant was assayed against a standard curve for 
NAD by the alcohol dehydrogenase method, deter- 
mining the NADH formed by its absorbance at 
340 nm [29]. The level of NAD in embryos from typi- 
cal control eggs was 185 + 4nmoles/g of embryo 
fresh weight. 


RESULTS 

Inhibition in vivo of YSM hydrolases. Preliminary 
studies by Flockhart and Casida[19] indicated a 
possible association of teratogenesis with inhibition 
in vivo of YSM esterases. These relationships were 
re-examined using improved conditions for electro- 
phoretic esterase separation on polyacrylamide disc 
and slab gels. The comparisons involved injections 
at day 5 of incubation, YSM removal at day 6 of 
incubation, four teratogenic treatments (selected from 
1 mg dicrotophos, 1 mg parathion, 10 mg mevinphos 
and 1 mg eserine sulfate), and four treatments that 
did not yield teratogenic signs [selected from 1 mg 
dicrotophos plus 1 mg NAm, 10 mg ethyl p-nitro- 
phenyl thionobenzenephasphonate(EPN), | mg mevin- 
phos and 50 mg tri-o-cresyl phosphate (TOCP)]. 

The tube gel studies with normal embryos revealed 
eight NA-hydrolyzing bands, which were designated 
in order of increasing R,, values as follows: 1—0:21, 
2-0:39, 3-049, 4-0:59, 5-0:74, 6-0:76, 7-0:78 and 
8-0:83. Investigations with treated embryos establish 
that dicrotophos strongly inhibits esterase bands 1, 
2, 4 and 8 and partially blocks bands 5, 6 and 7 
Mevinphos at both | and 10mg strongly blocks 
bands 2, 3, 4 and 8 and partially inhibits bands 5, 
6 and 7. The nonteratogenic compound EPN inhibits 
bands 5, 6, 7 and 8. These results would implicate 
either band 2 or 4 in the teratogenesis, but this is 
not supported by tests with dicrotophos plus NAm, 
which resulted in the same inhibition pattern 
obtained with dicrotophos alone and _ particularly 
with eserine sulfate in which none of the bands were 
blocked. 

In studies with slab gels, normal embryo YSM 
preparations gave seven NA-hydrolyzing bands desig- 
nated by their R,, values as follows: 1—0:40, 2-0-58, 
3-0:62, 4-0:70, 5-0-77, 6-0-85 and 7-0-94. Dicrotophos 
treatment completely inhibited bands 1, 5 and 7 and 
partially blocked bands 2, 3, 4 and 6. Mevinphos at 
either a teratogenic dose (10 mg) or a nonteratogenic 
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one (1 mg) blocked band 1 and partially inhibited 
bands 6 and 7. Parathion blocked band 1 without 
other inhibition. EPN partially inhibited band 6, and 
TOCP inhibited none of the bands. Thus, inhibition 
of band 1 appears to correlate best with teratogenesis. 
A teratogenic dose of eserine sulfate, however, inhi- 
bited none of the bands. On considering the full set 
of results, it appears there is no esterase band on 
either tube or slab gels that is consistently blocked 
by teratogens but not by nonteratogens. Therefore, 
these further investigations do not lend support to 
the hypothesis of Flockhart and Casida [19] that in- 
hibition of YSM esterases is involved in the terato- 
genic mechanism. 


The dipeptidase activity of YSM homogenates is 
similar or identical with eggs at day 10 of incubation, 
which were pretreated by injection at day 5 of incuba- 
tion with either teratogenic compounds (dicrotophos 
or eserine sulfate at 1 mg/egg) or nonteratogenic com- 
pounds (controls and EPN at 10 mg/egg). Thus, if 
protease inhibition occurs, the enzyme involved is not 
the one assayed with glycyl-tryptophan as the sub- 
strate. 

Relationship of teratogenic signs to embryo NAD 
levels. Studies with 36 OP and 12 MC compounds 
injected at doses of 0-003 to Smg/egg (0-06 to 
100 mg/kg) establish an association between the 
embryo NAD levels and the severity of teratogenic 


Table 1. Effect of various organophosphorus compounds and methylcarbamates injected at day 4 of incubation on 
the NAD levels at day 12 and the teratogenic signs at day 19 of incubation? 





NAD level 

rel. to 

Dose control 
(mg/egg) (44S. E.) 


Candidate teratogen, 
name and type 


Teratogenic signs 





Rel. to control (°,) Incidence (°,) 





Body 
weight 


Body Leg = Str. 
length length — legs 


Abnormal Wry 
feathers neck Rating 





Dicrotophos (OP) 
Eserine sulfate (MC) 
Monocrotophos (OP) 
Dicrotophos (OP) 
Diazinon (OP) 
Eserine sulfate (MC) 
Phosphamidon (OP) 
Carbaryl (MC) 
Carbofuran (MC) 
Diazinon (OP) 
Carbaryl (MC) 
Diazinon (OP) 
Diazinon (OP) 
Eserine sulfate (MC) 
Dicrotophos (OP) 
Diazinon (OP) 
Carbaryl (MC) 
Phosphamidon (OP) 
Carbofuran (MC) 
Methamidophos (OP) 
Meobal (MC) 
Diazinon (OP) 
Metalkamate (MC) 
Methidathion (OP) 
Parathion (OP) 
Azinphosmethyl (OP) 
Dicrotophos (OP) 
Pyramat (MC) 
Carbaryl (MC) 
Phosmet (OP) 
Crufomate (OP) 
Methyl parathion (OP) 
Eserine sulfate (MC) 
Isolan (MC) 

Phorate (OP) 
Coumaphos (OP) 
Dimetilan (MC) 
Aldicarb (MC) 
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+ The following compounds (name, type, mg/egg, NAD level as percent of control) gave >80°,, NAD level and 
>90%, body weight, body length and leg length relative to the control and no signs of straight legs, abnormal feathers 
and wry neck: Abate (OP, 1, 103); carbophenothion (OP, 1, 93); chlorpyrifos (OP, 1, 103); DEF (OP, 1, 99); dichlorvos 
(OP, 1, 97); dimethoate (OP, 1, 87): dioxathion (OP, 1, 95); disulfoton (OP, 1, 112); EPN (OP, 1, 109); ethion (OP, 
1, 96): fenitrothion (OP, 1, 89); fenthion (OP, 1, 94); fonofos (OP, 1, 86): leptophos (OP, 1, 107); malathion (OP, 
5, 83): methomyl (MC, 1, 89); mevinphos (OP, 1, 88); mexacarbate (MC, 1, 102): naled (OP, 1, 93); oxydemetonmethyl 
(OP, 1, 94): phosalone (OP, 1, 105); propoxur (MC, 1, 103); ronnel (OP, 1, 97); Salithion (OP, 1, 108): tepp (OP, 
1, 99): trichlorfon (OP, 1, 94). 
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Fig. 1. Relation of the leg length at day 19 of incubation 

to the NAD level at day 12 after injection of various 

_ organophosphorus compounds, methylcarbamates and 

dimethylcarbamates at day 4 of incubation. This plot is 
based on the data given in Table 1. 


signs (Table 1). Each of the 18 treatment schedules 
that gave NAD levels less than 45 per cent of normal 
yielded mild to severe teratogenic signs. In the treat- 
ment schedules with the range of 52-63 per cent of 
normal NAD levels, the teratogenic signs varied from 
normal (three examples) to slight or moderate (four 
examples). In those with NAD levels between 69 and 
100 per cent of normal, only four treatment schedules 
of 39 tested gave mild teratogenic signs. Three of 
these were dimethylcarbamates of heterocyclic enols 
(dimetilan, isolan and pyramat), which gave large 
reductions in body weight without other marked ab- 
normalities, while the fourth was the OP compound, 
phorate, which gave wry neck as the only prominent 
teratogenic sign. Thus, based on an overall rating of 
the teratogenic signs, there appears to be a reasonably 
good correlation between the embryo NAD levels and 
the severity of teratogenesis. 

Of the teratogenic signs that appear to bear a direct 
relationship to the NAD level, the leg length is the 
one most easily quantitated (Fig. 1). All of the OP 
and MC compounds except the dimethylcarbamates 
(see above) gave results which follow nearly the same 
curve relating NAD level to leg length. Regardless 
of the compound or dose involved, a treatment reduc- 
ing the NAD level below 40 per cent of normal is 
associated with a marked reduction in leg length. 

Several of the compounds are very potent in alter- 
ing the embryo NAD levels, as indicated by the fol- 
lowing approximate mg/kg doses yielding a 50 per 
cent decrease: diazinon (0-1), dicrotophos and eserine 
sulfate (1) and carbaryl (4) (Fig. 2). 

Effect of candidate alleviating agents on the terato- 
genic signs‘and the NAD levels. The abnormalities in- 
duced by teratogenic doses of carbaryl, diazinon, dic- 
rotophos and eserine sulfate (or even by doses 10 to 
30 times higher than the threshold teratogenic levels) 
are almost completely alleviated by 0-8 ymole NAm 
(Table 2). Exceptions are that wry neck and tibiotar- 
sal arthrogryposis are not reversed at very high tera- 
togen doses, and several of the other signs are only 
partially alleviated at the 1 mg/egg level of diazinon. 
The reversal of teratogenic signs is associated with 
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Fig. 2. Effect of varying doses of carbaryl, diazinon, dicro- 

tophos and eserine sulfate injected alone or in combination 

with nicotinamide at day 4 of incubation on the NAD 

levels at day 12 of incubation. For comparable data on 
the teratogenic signs, see Tables 1 and 2. 


an almost complete return of the NAD levels to the 
normal region, even with teratogen doses 30- to 
300-fold greater than would be necessary to cause 
reduction of NAD levels in the absence of NAm treat- 
ment (Fig. 2). NAm also markedly increased the NAD 
level and alleviated most or all of the teratogenic 
signs, except for the wry neck, when administered 
with | mg methamidophos, monocrotophos and par- 
athion or 5 mg carbofuran and phosphamidon. 
Candidate alleviating agents other than NAm were 
also tested for their effect on the teratogenic signs 
and recovery from the lowered NAD levels, which 
resulted from dicrotophos treatment (Table 3). Four 
compounds which do not serve as NAD precursors 
were ineffective in alleviating the teratogenic signs 
and elevating the NAD levels. Tryptophan, a precur- 
sor of NAc and NAD, was partially effective at 
5 umoles/egg in alleviating both the teratogenic signs 


Table 2. Effect of varying doses of carbaryl, diazinon, dic- 

rotophos and eserine sulfate injected alone or in combina- 

tion with nicotinamide at day 4 of incubation on the tera- 
togenic signs at day 19 of incubation 





Teratogenic signs 
with indicated 
NAm level 
(umoles) 





Dose 
(mg/egg) 


Teratogen 
(name and type) 





Carbaryl (MC) 


Diazinon (OP) 


Dicrotophos (OP) 


Eserine sulfate (MC) 
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Table 3. Effect of dicrotophos injected alone or in combination with candidate alleviating agents at day 4 of incubation 
on the NAD levels at day 12 and the teratogenic signs at day 19 of incubation 





Teratogenic signs 
NAD 
level 
rel. to 
control 
(+3. E) 





Rel. to control (°,, + S. E.) Incidence (°,,) 





Wry 
neck 


Abnormal 
feathers 


Body 
length 


Straight 
legs 


Body 
weight 


Leg 
length 


Alleviating 


agent Rating 





Dicrotophos (1 mg/egg) 

None 10 + + 3 100 
Four ineffective 

compoundst 19 + + 3 +2 38+: 100 
One partially effective 

compound} Bt + + +: 10 
Three effective 

compounds§ 94 + 87+4 73+4 83+2 0 100 

Controls (no dicrotophos) 

None 100 100 100 100 0 0 
Eight compounds || its Wt4 Wt? 0+ 2 0 0 





¥ Isonicotinic acid, f-picoline, picolinic acid or 3-pyridylacetic acid (0-8 janole). administered singly. 


~ Tryptophan (5 umoles). 
S$ NAm, NAc or NAD (0:8 jumole). 
|| Each of the alleviating agents referred to above. 


and the diminished NAD levels. Other more direct 
NAD precursors (NAm and NAc) and NAD itself 
were very effective at 0-8 «mole/egg in elevating the 
NAD level to the normal region and in alleviating 
the teratogenic signs. 


DISCUSSION 


Success has been achieved, for the first time, in cor- 
relating an important biochemical parameter with 
OP- and MC-induced teratogenesis in chicken 
embryos. There is a remarkable association between 
embryo NAD levels and the teratogenic signs. On 
the other hand, the results of the present study do 
not support the hypothesis[19] that acylation of 
YSM esterase(s) or dipeptidase(s) leads to abnormal 
chicken embryo development. This is so because no 
esterase band(s) was consistently inhibited by tera- 
togens but not by nonteratogens, low doses of tera- 
togens or teratogens administered with NAm. 

The oxidative mechanisms for activation of phos- 
phorothionate insecticides (e.g. parathion, EPN and 
others) are clearly present in the developing hen egg, 
since these indirect inhibitors are very effective in pro- 
ducing inhibition in vivo of YSM esterases and 
embryo cholinesterase [3, 19, this study]. 

The association of diminished NAD levels with ter- 
atogenesis extends over a sufficient number of test 
conditions to propose a cause and effect relationship. 
It holds for a large variety of OP and MC compounds 
and correlates with their dose-response curves. A few 
compounds may be exceptions, however, since they 
are rated here as teratogenic despite relatively high 
NAD levels. They give only a small proportion, 
though, of the teratogenic signs rated, ie. reduced 
body size with Meobal, parathion and the dimethyl- 
carbamates and additional signs of abnormal feathers 
with Meobal and wry neck with parathion and phor- 
ate. If these are more than random variations, the 
indicated compounds may differ somewhat from the 


others in the locus or persistence of the biochemical 
lesion. 

Any mechanism proposed for the teratogenesis 
must include a role for the alleviating action of NAm, 
NAc and their precursors and derivatives. When 
NAm is administered with teratogenic doses of 
several OP and MC compounds, the NAD levels are 
elevated to near normal values and the developmental 
abnormalities (except for the wry neck and sometimes 
the tibiotarsal arthrogryposis) are reversed. Candidate 
alleviating agents that serve as NAD precursors are 
effective in alleviating the teratogenic signs, whereas 
those that do not serve as NAD precursors are inef- 
fective in this respect. Thus, the OP and MC com- 
pounds appear to produce a metabolic block at an 
undetermined step in the pathway for conversion of 
tryptophan within yolk protein to embryo NAD, and 
this block can be bypassed by direct administration 
of some NAD precursors. 

It is proposed that the OP and MC teratogens 
diminish the embryo NAD levels and that the imba- 
lance of NAD in the limb during its development 
results in abnormal growth and micromelia. The pres- 
ent study establishes that the leg length bears a direct 
relationship to the embryo NAD level. Two terato- 
genic nicotinamide antagonists, 6-aminonicotinamide 
(6-AN) and 3-acetylpyridine (3-AP), are stated to act, 
at least in part, by diminishing the NAD levels in 
chicken embryos[30, 31], chicken limb mesodermal 
cell cultures [32, 33] and mammals [34]. We were un- 
able to reproduce the reported[31] lowering of 
chicken embryo NAD levels by administering 3-AP 
(0-9 mg) or a highly teratogenic dose of 6-AN (40 pug) 
at day 4 of incubation with NAD analyses at day 
12. It is of interest that 6-AN produces several terato- 
genic signs in common with OP and MC teratogens 


- (ie. micromelia, abnormal beak, reduced body size, 


and retardation of down development), whereas 3-AP 
gives different teratogenic signs (muscle hypoplasia, 
most noticeable in the legs) [30]. The importance of 
NAD levels in the control of muscle and cartilage 
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development is evident from studies with embryonic 
chicken limbs and cultures of their mesodermal cells, 
since chondrogenic cells are seen when NAD levels 
are low and myogenic cells are observed when NAD 
levels are high [35]. 

The structure—activity relationships of OP and MC 
compounds in blocking the synthesis or maintenance 
of adequate levels of embryo NAD appear to be 
greatly different from those involved in inhibition of 
acetylcholinesterase. Inhibition of acetylcholinesterase 
and other sensitive hydrolases by OP and MC com- 
pounds generally proceeds by phosphorylation and 
carbamoylation, respectively, of a serine residue in the 
active site of the enzyme [1,2]. It appears likely that 
the biochemical lesion leading to teratogenesis is in- 
itiated by similar phosphorylation and carbamoyla- 
tion reactions but at an undefined enzyme in the 
pathway of NAD biosynthesis. 
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Abstract—We studied the induction of renin and a protease (arginine esterase) in the washed 105,000 g 
sediment of the homogenized submaxillary gland of 758 young female mice. Administration of testoster- 
one propionate, z-methyltestosterone or an anabolic steroid such as nandrolone phenpropionate in- 
creased the particle-bound renin and arginine esterase activity in the animals sacrificed 7 days after 
the first injection. The enzyme activity rose significantly within 4 days. Actinomycin D blocked the 
induction of renin and arginine esterase. In addition, testosterone increased the weight of the animals, 
of the submaxillary glands and of the kidneys, the microsomal protein concentration of the submaxillary 
glands and the RNA content of the microsomal fraction of the glands and kidneys. Actinomycin 
D blocked these effects of testosterone as well. The particle-bound kallikrein activity of the submaxillary 
and the particle-bound renin activity of the kidney were not changed by testosterone administration. 
The 105,000 g sediment of kidney homogenate has arginine esterase activity which increased an average 


of 63 per cent after the injection of testosterone. 


Submaxillary glands of the white Swiss male mouse 
contain both renin and kallikrein, but the glands of 
the female mouse have very little renin [1,2]. Testos- 
terone administration stimulates the development of 
secretory granules and increases renin concentration 
in the gland of female mice [3,4]. Renin and kalli- 
krein activity are present in a granular layer isolated 
from the submaxillary gland of male mice [5], but 
the particles containing renin can be separated from 
kallikrein granules by repeated centrifugations [6]. 
Continuing these investigations, we have also found 
enzymic activity in a high-speed sediment, the micro- 
somal-ribosomal fraction of homogenized kidney and 
submaxillary gland. This fraction from glands of male 
or female mice contains active renin and kallikrein. 
The renin activity increased in the microsomal frac- 
tion of the submaxillary gland after treating young 
female animals with testosterone or with an anabolic 
steroid. We also studied the induction of a benzoyl- 
arginine ethyl ester (BAEe) esterase by testosterone 
in the gland and in the kidney of the mouse. 


MATERIALS AND METHODS 


Materials. Testosterone propionate was purchased 
from Schwarz-Mann, 17z-methyltestosterone from 
Sigma Co., nandrolone phenpropionate (Durabolin) 
from Organon, (Asp'-Ile*)-angiotensin I, bradykinin 
and the synthetic tetradecapeptide renin substrate 
from Schwarz-Mann, and hog renin from Miles Labs. 
Norbolethone (WY3475) was a gift from Dr. M. I. 
Gluckman of Wyeth Labs. Kits for radioimmunoas- 
say of renin were purchased from Squibb & Sons. 





* Supported in part by NIH, USPHS Grants HL 16319, 
HL 16320 and HL 14187, and by the American Heart As- 
sociation 72-774. 


763 


Actinomycin D was obtained from Schwarz-Mann 
and DFP from Aldrich Chemical Co. 

Animals and tissue preparations. A total of 758 
4-week-old white female Swiss-Webster mice were 
used. They were obtained from A. Sutter, Co., Spring- 
field, Mo. (series I), or from Sutter, Co., or Simonsen 
Labs., Gilroy, Calif., or Microbiol. Assoc., Walkers- 
ville, Md. (series II) at the age of 3 weeks. On day 
0, groups of eight to nine animals were injected s.c. 
with 0-1 ml sesame oil (S) or with 0-1 ml sesame oil 
containing either | mg testosterone propionate (Tp), 
| mg 17x-methyltestosterone (Ta), 0:25 mg norboleth- 
one (N) or 0:25mg nandrolone phenylpropionate 
(Durabolin) (D). The D injection was not repeated. 

On days 2, 4 and 6, injections of 0-1 ml S or 0-1 ml 
sesame oil containing 0:25 mg Tp, N, or Ta were 
repeated. The animals were designated as C, S, Ta, 
Tp, D and N mice. Control animals (C) were not 
handled. Actinomycin D (ACT)-treated animals were 
injected i.p. with 2:5 ug ACT in 0-1 ml saline 30 min 
prior to each androgen injection. D-treated animals 
were similarly injected with ACT on day 0, and also 
on days 2, 4 and 6. On day 7, eight animals per group 
were killed by exsanguination under sodium pento- 
barbital anesthesia. One kidney and both submaxil- 
lary glands were removed from each animal. The 
glands and the kidneys were pooled separately and 
cooled in an ice-cold solution of 0:-25M sucrose in 
0-05 M Tris-HCI buffer, pH 7-4. All subsequent treat- 
ments were performed at 0-5. Tissues were cleaned 
of fat and membrane, weighed and chopped with scis- 
sors in 2 or 3ml of fresh sucrose buffer. Eighteen 
strokes in a_ glass-glass Potter-Elvehjem tissue 
grinder (Kontes size 23) at 1200rev/min for 1 min 
were used to homogenize the tissue. The resulting 
homogenate was further diluted to a final concen- 
tration of 1: 10(w/v) with sucrose buffer. Aliquots were 
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retained for DNA determination. The remainder was 
centrifuged at 120g in a refrigerated Sorvall centri- 
fuge for 10 min at 4, then for 30 min at 10,900. The 
precipitate was resuspended in approximately 2 ml of 
sucrose buffer and centrifuged for 30 min at 10,900 g. 
The combined supernatant plus wash were then 
centrifuged for | hr at 105,000 g. The 105,000 g super- 
natant was kept (final supernatant). The sediment 
from this high-speed centrifugation was resuspended 
in sucrose buffer and centrifuged again. The drained 
precipitate obtained after the second centrifugation 
(microsomal fraction) was resuspended in 2 ml of 0-1 
M. pH 6:8, sodium phosphate buffer by 12 strokes 
with a small (Kontes size 21) glass-glass Potter 

Elvehjem homogenizer. The 10,900 g precipitate was 
resuspended in the same fashion. All fractions were 
frozen for storage and usually thawed only once at 
the time of assay. Fourteen-day samples were 
obtained from animals which had been injected with 
the same amounts of androgen on alternate days, sac- 
rificed on day 14 and were prepared in the same man- 
ner as day 7 samples. 

Methods. Microsomal fractions were solubilized 
with 0:1°,, Triton X-100 and centrifuged in a Brink- 
mann desk-top centrifuge for 2-5 min and the protein 
in the supernatant was determined [7]. Bovine serum 
albumin was used as protein standard. RNA in the 
microsomal fraction was determined by the modified 
Schmidt-Thannhauser method [8]. DNA in the 
homogenate was measured by the diphenylamine 
method. Samples were extracted twice with 1M 
perchloric acid for 20 min at 70 [9]. 

Hog renin substrate was prepared as described pre- 
viously [5]. (One mg of substrate preparation con- 
tained 0-86 mg protein and produced 224 ng angioten- 
sin I when incubated with excess commercial hog 
renin.) The K,, equaled 0-8 mg/ml in our system. 
Samples were preincubated for 30min at 37° with 
enzyme inhibitors (10°*M _ o-phenanthroline, 
8x 10 *M BAL and 10°*M DFP in 005M 
sodium phosphate buffer, pH 68). Hog renin sub- 
strate was added to ice-cold preincubation mixtures 
to a final concentration of 4 mg/ml. The samples were 
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incubated for 5-15 min at 37 in a shaking incubator. 
During this time not more than 25 per cent of sub- 
strate was converted to angiotensin I. The reaction 
was stopped by freezing samples in a —50_ bath. 
Angiotensin I was assayed with the Squibb Angioten- 
sin I {mmunotope kit. A similar protocol was used 
substituting 10 yg tetradecapeptide/ml of incubation 
mixture for hog renin substrate. In this assay, the 
reaction was. stopped by placing the incubation tube 
in a boiling water bath for 15 min and subsequently 
freezing, thawing and centrifuging it. The angiotensin 
I liberated in the supernatant was assayed on the sys- 
temic arterial blood pressure of the anesthetized rat 
[5]. (Asp'-Ile*) angiotensin I was used as the stan- 
dard. The animals received 50 mg/kg of sodium pen- 
tobarbital and 10 mg/kg of pentolinium tartarate. 
Female Wistar Furth (WF fmai), so-called dextran re- 
sistant [10], rats were used. These animals are par- 
ticularly suitable for experiments lasting up to 6-8 hr, 
since they usually do not develop edema. 

Human plasma kininogen was prepared by diluting 
fresh plasma 1:1 with saline and heating it to 56 
for 30 min. Microsomal kallikrein preparation was in- 
cubated at 37° for 20 min in 0-03 M Tris-HCI buffer, 
pH 7-4, containing 10°*M_ o-phenanthroline. After 
kininogen was added, aliquots were withdrawn every 
5min and the kinin released was assayed on the 
isolated rat uterus [11], using synthetic brady 


kinin as standard. BAEe esterase assay was done as 
mentioned previously [12]. Microsomal samples were 
solubilized with 0-1°, Triton X-100 and assayed with 
10°3M BAEe in 005M Tris-HCI buffer, pH 8-0, in 
a Cary 15 or 118C recording u.v. spectrophotometer. 


RESULTS 

Effect of testosterone. The weight of all treated and 
untreated animals increased in 7 days including C, 
S, Ta and Tp mice, but only Ta mice weighed signifi- 
cantly more (P < 0-01) than the control (Table 1). 
Mice which were treated with ACT did not gain but 
lost weight. 

The weights of submaxillary glands and kidneys of 
C and S animals were similar. Treatment with testos- 


Table 1. Effect of testosterone and actinomycin in young female mice 





Submaxillary gland 


Kidney 





Microsomal 
protein 
(mg/pair of 
glands) 


Weight of 
animals 
(g) 


Weight 
(mg/pair 
of glands) 


Series Treatment 


Microsomal 
RNA-P 
(ug/pair of 
glands) 


Microsomal 
RNA-P 
(ug kidney) 


Microsomal 
protein 
(mg, kidney) 


Weight 
(mg/kidney) 





29-9 + 05 0-462 + 0-092 


0-445 + 0-065 


0-570 + 0-085 


0-261 + 0-040 
28-0 + O8 
(N 86) 
19-6 + 0-5¢ 
(N = 42) 


0-445 + 0-021s 


0-288 + 0-080 


ACT 


2-68 + O15 1532+ 118 1:36 + O13 7+ 107 


445 + 0-28F 165-4 +7 1:39 + O13 + 1:17 


8-35 + O-80F 197-6 163 + O11 + 1-44 


141 + 0-25 149-0 + 0:796 + O117 + 0:90 


5-24 lil + 0-143 1-25s 


2:71 32:8 + 5-2 0-703 + 0-083 1-02¢ 





*N = number of animals. 
+P < 001. 
+S$.D. from C, P < 0-05. 
> S.D. from S, P < 0-01. 

Significantly different from S, P < 0-05. 
*S.D. from Tp, P < 0-01. 
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Table 2. Induction of BAEe esterase activity in a microsomal fraction of the submaxillary gland 
of female mice* 





No. of Control 


group 


Tp 


Treated 


Ta D 





12:2 (61) 
8-9 (7-4) 
108 (6-1) 
8:2 (7:2) 


14-1 
2:8 
Mean + S.E. 2:4 
ACT-treated 
(mean +S. E.) 


0-9 + 0-2 


108 + 1-1t 
6°7 + 0-3f 


6°6 (3-6) 
12:5 (7-4) 
43 (18) 


7-8 (43) 8-8 (43) 


10-65 
5:85 





mice treated with ACT. Activity: szmoles BAEe hydrolyzed/min/mg of protein. 


+ Significantly different from S, P < 0-01. 
{S.D. from Tp, P < 0-05. 


terone increased significantly the weight of the sub- 
maxillary gland and the kidney and the solubilized 
microsomal protein content of the gland (TP). How- 
ever, all of these changes were less than 71 per cent. 
The increase in organ weights in the second series 
of animals was greater; these animals also weighed 
less initially than the mice in the first series. 

The increase in the microsomal RNA was more 
remarkable. The injection of both Ta and Tp in- 
creased the RNA content of the washed 105,000g 
sediment. RNA rose in the glands of Ta and Tp mice 
88 and 272 per cent and in the kidneys 68 and 100 
per cent, respectively, compared to S animals. In three 
exploratory studies, we found no significant changes 
in the DNA content of the gland of the treated ani- 
mals. Treatment with ACT blocked the effect of tes- 
tosterone on the weight of organs, and on the protein 
and RNA concentrations. 


Submaxillary gland 


Esterase. BAEe esterase increased 11-fold (P < 0-01) 
in the microsomal fraction of the animals treated with 
Tp. Table 2 shows the results obtained in the second 
series of experiments. Ta, Tp, N or a single injection 
of D raised the microsomal arginine esterase activity. 
ACT blocked the increase partially. This indicated 
that the increase in the esterase activity of the micro- 
somal fraction after testosterone or anabolic steroid 


treatment can be attributed to induction of the 
enzyme. 

The microsomal preparation also had kallikrein ac- 
tivity as shown by assaying the amount of kinin 
released from human plasma kininogen on the rat 
uterus. In four experiments done with three different 
preparations, no consistent differences were found 
between the S and Tp animals. 

The rate of hydrolysis of BAEe increased within 
48 hr after the first injection of Ta and kept rising 
with time after treatment. Table 3 shows the microso- 
mal enzyme activity in a group of Ta mice sacrificed 
at the times indicated. The activity rose significantly 
after 4 days of treatment. 

The relative concentration of the esterase in the 
105,000 g fraction also increased during testosterone 
administration. In the C group, only 2 per cent of 
the esterase activity sedimented from the final super- 
natant. This increased to 3 per cent after 48 hr, to 
5 per cent after 96 hr and to 8 per cent after 7 days. 
There was a corresponding decrease in the esterase 
in the supernatant from 95 to 68 per cent after 7 
days. The activity in the 10,900 g sediment rose paral- 
lel with the microsomal fraction from 4 to 25 per 
cent on the average. 

Renin. Microsomal fractions of the homogenized 
gland of young female mice contained renin, although 
much less than the adult male (Table 4). Ta, Tp and 


Table 3. Time course of induction of BAEe esterase in a microsomal fraction of the submaxillary gland* 





Control 
S 
Day 4 


Cc 


Group Day 0 Day 4 Day 7 


Day 7 


Ta-treated 
Day 3 


4 


Day | Day 2 Day 4 Day 7 





_ 
—) 


1: 
1:36 


2:32 
1:71 
1-29 
1:37 
1-63 
1:66 
+ 0:18 


NYDN HWY 


Mean + S.E. 1-42 


= 


4:99 
6:10 
9-9 

4:38 
2:50 
2:42 


2:28 
3-88 


2:04 3-08 5-05 


£413 


1-11 





* Each figure was obtained from eight pairs of submaxillary glands. Activity: «moles BAEe hydrolyzed/min/mg of 


protein. 
+ Significantly different from $7, P < 0-01. 
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Table 4. Induction of renin in a microsomal fraction of the submaxillary gland* 





Control 
S 
Day 14 


No. of Ta 


group Day 7 


Treated (2 weeks) 
Tp 


Treated (1 week) 


Tp N D 





56:4 (22:8) 
122-2 


Mean +S. E. 
ACT-treated 
(mean + S. E.) 


19-4 81-4 + 206 


22-8 


246:'7 + 42°87 294-1 


108-8 
181-2 (110-4) 
344-4 


259-6 (58-8) 

209-4 

3948 (122-4) 
271 (181-4) 

123 

465 (2076) 401-2 (98-6) 

134-4 (117-4) “187 (46-2) 


184-8 (51-6) 


197-4 (42-6) 


191 333 


Lasse 239 =T24 47-1 181-4 





* Figure in parentheses: mice treated with ACT. Each f 
Activity: ng angiotensin I/min/mg of protein. Group 12: 
and 12. Sutter: 7 9. Simonsen: 10 and 11, MBA. 

+ Significantly *difflerent from S, P < 0-01. 

tS.D. from Tp, P < 0-05. 


the anabolic steroids enhanced the renin content of 
the submaxillary gland (Table 4). Ta was the weakest 
inducer. Renin in the microsomal fraction of Ta mice 
rose 7-fold, in the Tp mice it went up 20-fold, 24-fold 
in D mice and 16-fold in the other anabolic steroid- 
treated N mice. The amount of angiotensin I gener- 
ated by the fraction from purified hog angioten- 
sinogen in | min was 247 + 43 ng angiotensin/mg of 


protein in Tp mice treated for | week as established 


by radioimmunoassay. Treating animals for 2 weeks 
enhanced the renin activity even more, to 333 ng. 
Administration of ACT lowered induced renin action 
by 50 per cent. 

The specific activity of renin also increased in the 
10,900g sediment and in the final supernatant of the 
homogenized gland after | week of administration of 
Tp. The activity increased in the supernatant from 
145 to 2886 and in the 10,900g sediment from. 335 
to. 2752 ng/mg of protein. Figure | shows the time 
course of induction in one group of mice receiving 
Ta. The renin content of the microsomal fraction rose 
considerably after 4 days. 

The enzyme in the microsomal fraction was hyper- 
tensive as shown by injecting it, i.v., into anesthetized 
rats. The mean systemic arterial blood pressure of 
the rats pretreated with a ganglion blocker rose 60 
per cent after injection of 23 ug of microsomal pro- 
tein. There was tachyphylaxis to this effect on the 
blood pressure. 

The microsomal renin preparation released more 
angiotensin I from the synthetic tetradecapeptide sub- 
strate than from angiotensinogen. Tp mice liberated 
25 ug/mg of protein in | min at pH68. This was 
established by bioassay of the peptide on the rat 
blood pressure. Much less (3-4 yg) angiotensin I was 
released when the incubation of renin and substrate 
was carried out at pH 4:5. 


Kidney 


Renin. The microsomal fraction of the female 
mouse kidney contained renin as established by 


igure was obtained from eight pairs of submaxillary glands. 
adult male mice; activity: 722. Source of mice: groups |-6 


radioimmunoassay and by bioassay. We detected no 
significant differences among C, S and Tp groups. 
Angiotensin I [8-8 (S.E. + 1-7)ng] was released by 
| mg protein in | min by the Tp group as measured 
by radioimmunoassay. The renal fraction of female 
mice in S group and in Tp group treated with ACT 
liberated 10-2 (+1-8) and 9-9 (+2-8) ng angiotensin 
I. The microsomal renin released more angiotensin 
I from nephrectomized rat plasma than from purified 
hog angiotensinogen; 0-1 ug/mg of angiotensin I was 
liberated in | min in radio immunoassay. Even more 
angiotensin I (1-7 ug) was released from the synthetic 
tetradecapeptide substrate estimated in bioassay done 
under the conditions described in Methods. 

Injection of 300 yg of the microsomal protein into 
rat raised the mean systemic arterial blood pressure 
by 90 per cent. During the length of the experiment, 
the blood pressure did not return to preinjection level. 
Repeated injection of the material was much less 
effective because of tachyphylaxis. 

Esterase. Because storage at —20 may affect the 
BAEe esterase in the microsomes, in the same group 
of C, S, Ta and Tp mice the enzyme was tested the 
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Fig. 1. Time course of induction of renin by x-methyltes- 
tosterone in the submaxillary gland of the young female 
mouse. 
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Table 5. BAEe esterase activity in a microsomal fraction of female mouse kidney* 





Control 


Treated Increase in 





No. of 


Series group 


treated groups 
Tp (%) 





I 


l 
2 
a 
4 
5 
6 
7 


Mean 

+ S.E. 
ACT-treated 
(mean + S.E.) 


29 (16) 
20 (14) 
46 (30) 
31-7 

+ 76 
20 
+503 





to eight kidneys from a group of eight mice. Activity: zmoles BAEe hydrolyzed/min/mg 


of protein. 


+ By the sign test probability of S.D. is <0-01. 


same day and the results were expressed as per cent 
increase in Ta or Tp mice (Table 5). The BAEe ester- 
ase activity of the microsomal fraction of the homo- 
genized kidney cortex was similar in C and S groups. 
Treating the animals with Ta or Tp, however, 
enhanced the action of the enzyme in the microsomal 
fraction. The mean increase in the Tp mice was 63 
per cent. However, treatment with ACT abolished this 
increase. 
DISCUSSION 

Increasing evidence indicates that renin exists in 
several forms in tissue and in blood. For example, 
blood samples taken from patients suffering from 
Wilm’s tumor of the kidney contain a higher molecu- 
lar weight variety of renin [13]. In addition, renin 
may be coupled to a protein in the kidney [14]. A 
precursor of renin exists in the amniotic fluid [15] 
and many tissues contain pseudorenin [16]. 

Several groups of investigators observed that there 
is renin in the salivary glands of the white Swiss male 
and that the enzyme is also present in glands of the 
young female mice which are treated with testoster- 
one [1,2,5,17-20]. Some reports indicating the com- 
plete lack of renin in untreated females were based 
on using bioassay, which was not sensitive enough 
to detect a low level of the enzyme [17]. 

Our experiments have shown that a portion of the 
renin content of the submaxillary gland and kidney 
of mice is particle bound and sediments with the 
washed microsomal fraction. This preparation 
released angiotensin I as established by radioim- 
munoassay and bioassay. It cleaved the purified hog 
angiotensinogen, and the synthetic tetradecapeptide 
and liberated angiotensin I also from nephrecto- 
mized rat plasma. The enzyme also raised the blood 
pressure of the rat when injected i.v. Treating 28-day- 
old female mice with testosterone elevated the renin 
content in the submaxillary gland. The specific 
activity of microsomal renin increased more than the 
weight of the organ or the protein or RNA content 
of the fraction. That the rise in renin activity was 
due to induction of the enzyme was shown in experi- 
ments where administration of ACT blocked most of 
the effect of testosterone. 


The activity of a BAEe esterase in the particle frac- 
tion of the submaxillary gland rose parallel to renin. 
ACT also blocked the rise in the esterase action. This 
BAEe esterase in the submaxillary gland, however, 
was not identical with kallikrein. The presence of 
BAEe esterase in the gland and the effect of testoster- 
one on the enzyme were shown by a number of inves- 
tigators but its functions are not known [21,22]. 
Because of its substrate specificity it may cleave pep- 
tide bonds involving the carboxyl group of arginine. 
Two peptides, the nerve growth factor and epidermal 
growth factor present in the gland, have C-terminal 
arginine [23,24]. If they exist in tissues in the form 
of a longer peptide chain, such as proinsulin in the 
pancreas [25], then the arginine esterase, or maybe 
even kallikrein, might liberate them at the arginine 
residue. 

In addition to the two testosterone preparations 
used, a single injection of an anabolic steroid also 
induced both renin and BAEe esterase in the gland. 

The microsomal renin content of the kidney was 
not stimulated by testosterone. However, this hor- 
mone acts on the epithelial cells of the proximal 
tubules of the kidney [26] and these cells probably 
do not contain renin. The microsomal arginine ester- 
ase content of the kidney increased moderately in the 
Ta and Tp mice. We did not study the kininogenase 
(kallikrein) activity of the preparations. The arginine 
esterase activity in human urine is due to kallikrein, 
and in rat kidney it is at least partially attributed 
to kallikrein [27,28]. This renal enzyme may ori- 
ginate from the proximal tubules [29], although 
recently it was located in the distal tubules [30]. 

Granules of submaxillary gland contain kallikrein 
and renin [5], and juxtaglomerular granulation is the 
site of renin storage in the kidney [31]. Previously 
we used a Dounce homogenizer for isolating granules 
from the submaxillary gland at 37 because the 
granules lyse at 4° [5,6,12]. In the present experi- 
ments, we used a different technique and no pre- 
cautions were taken to extract the granules intact; 
neither was the first 120g sediment containing 
unbroken cells and debris re-extracted to improve the 
yield. We wanted to establish the existence of a 
particle-bound renin in the tissues of the mouse. 
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he particle-bound renin described here is different 
from the pseudorenin [16]. The microsomal renin is 
active at neutral pH and releases angiotensin I from 
plasma in vitro and in vivo. Pseudorenin is inactive 
under these conditions. 

Renin is released from the kidney after f-adrenergic 
receptor stimulation [32] and its half-life in the circu- 
lation can be measured in minutes [33]. As we 
observed in the submaxillary gland, its concentration 
in the tissue increased relatively slowly, since we 
detected a significant rise in microsomal renin only 
after 4 days of testosterone treatment. It remains to 
be established whether this form of microsomal renin 
is released into the circulation or whether it is 
retained in the organ for an intrarenal function. 
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Abstract 


It has been established that the administration of phenobarbital to rats produces an accumu- 


lation of triglyceride in the liver. In the present study, it has been demonstrated that phenobarbital 
increases hepatic lipid peroxidation as reflected by the observed diene conjugation absorption of micro- 
somal lipids as well as the increase in malonic dialdehyde formation. Both the fatty infiltration and 
the lipoperoxidation were found to be inhibited by an antioxidant, N, N’-diphenyl-p-phenylenediamine. 
These data suggest that the peroxidative process may play a role in the phenobarbital-induced fatty 


liver. 


Phenobarbital (PB), as well as many other commonly 
administered drugs, has the ability to induce the drug- 
metabolizing microsomal enzyme systems of the liver. 
In addition, PB also has a profound influence on 
other facets of hepatic metabolism [1-4]. It was 
recently demonstrated in our laboratory that PB 
administration produced an accumulation of trigly- 
ceride in the liver [5,6]; however, the mechanism re- 
sponsible for this effect is still unknown. 

Hepatic microsomal lipid peroxidation in vivo has 
been proposed as a mechanism responsible for the 
development of a fatty liver which can progress to 
cell necrosis [7,8]. One of the most extensively 
studied model systems of lipid peroxidation has been 
the hepatotoxicity produced by carbon tetrachloride 
[7-9]. The peroxidation of subcellular lipids can 
occur by both an enzymatic and non enzymatic pro- 
cess [10-14]. The enzymatic system has an absolute 
requirement for the NADPH-dependent flavoprotein, 
NADPH cytochrome c reductase [11, 15-17]. This 
same flavoprotein is also involved in the oxidative 
metabolism of drugs [4, 15,18]. Thus, there exists a 
close relationship between hepatic microsomal lipid 
peroxidation and the mixed function oxidase system. 
Since the induction of the components of the mixed 
function oxidase system including NADPH cyto- 
chrome c reductase by PB has been well established 
[1, 19,20], the possibility exists that PB could also 
induce peroxidation. In addition, PB has been shown 
to increase the activity of microsomal NADPH 
oxidase [1,21]. This could result in enhanced H,O, 
production which could also enhance the peroxidative 
process. The purpose of this study was to determine 
if PB increased lipid peroxidation in the liver and 
to determine if peroxidation was involved in the 
formation of the fatty liver. 





* Veterans Administration Project 0804-04. 
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demic Career Development Award AM 70316 from the 
National Institutes of Arthritis, Metabolism and Digestive 
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EXPERIMENTAL 


Male, Sprague-Dawley rats (250 g) were main- 
tained on a synthetic diet as previously described [6]. 
This diet contained 35°, fat, 24°, protein and 2:1", 
choline dihydrogen citrate. The animals receiving 
phenobarbital (PB) were injected intraperitoneally 
with 50 mg/kg. body weight every 12 hr for 5 days. 
PB suspended in mineral oil was injected in some 
animals, while others received injections of PB dis- 
solved in saline. Control rats received equivalent 
amounts of mineral oil or saline. N.N’-diphenyl-p- 
phenylenediamine (DPPD) was suspended in mineral 
oil as a vehicle and administered by intraperitoneal 
injection at a dose of 60 mg/100 g body weight at 
intervals of 72 and 24 hr prior to phenobarbital injec- 
tions and 24 hr before sacrifice. The rats in the 
various groups were group fed and were given water 
ad lib. The animals were killed by decapitation; their 
livers were removed immediately and weighed. One 
portion of liver was kept frozen at —5SO0 for those 
analyses not requiring fresh tissue. 

Triglycerides were determined according to Kessler 
and Lederer [22]. Malonic dialdehyde (MDA) was 
determined using the thiobarbituric acid method of 
Ghoshal and Recknagel [23] as modified by Scheig 
and Klatskin [24]. MDA production was measured 
in the 9000 g supernatant after a 30-min incubation 
period at 37°. Proteins in the 9000 g supernatant were 
determined according to Lowry et al. [25]. Conju- 
gated dienes were determined in the extracted micro- 
somal lipids as described by Srinivasan and Reckna- 
gel [26]. The recovered lipids were dissolved in 3 ml 
cyclohexane and read against a cyclohexane blank in 
a Beckman model 25 Spectrophotometer in cuvettes 
with a I-cm path length. The samples were scanned 
over a range of 360 to 220 nm. Lipid phosphorus 
was determined according to Bartlett [27]. The results 
of diene conjugation were expressed as optical density 
readings from 232 to 234 nm and adjusted to a uni- 
form base (per mg phospholipid/m! of cyclohexane). 

NADPH cytochrome c reductase activity was 
determined by measuring the reduction of cyto- 
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Table |. Effect of PB and DPPD on body weight, liver weight and microsomal enzymes* 





Treatment Body 


weight (g) 


Liver weight (g) 


Cytochrome 


¢ reductaset Cytochrome P-450 





10-72 
15-01] 
10-70 
gd 


10°53 


290 4 
287 
ea a 
301 4 
233 


PB 238 


21 (8) 
27 (7) 
33 (10) 
14 (8) 
36 (9) 
36 (7) 


Saline 
Saline + PB 
Mineral oil 
Mineral oil + PB 
DPPD 
DPPD + 


I+ |+ I+ |4 I¢4 


0:58 (8) 
2-378 (7) 
1-19 (10) 
1-048 (8) 
1-89 (9) 
14-04 + 1-818 (7) 


19-15 
26:50 
17:33 
31-80 
17-80 
27-40 


3-61 (4) 
2-578 (6) 
4-66 (6) 
7:50) (6) 
2:75 (6) 
5-20 (6) 


290 + 52 (4) 
162. (5) 
53 (6) 
232 (6) 
61 (6) 
130. (6) 


He I H+ H+ H+ 





* Values are expressed as means + S.D. Numbers of animals is shown in parentheses. 
+ Activity is expressed as yemoles cytochrome c reduced/min/total liver/100 g body wt + S. D. 
t Content is expressed as nmoles/total liver/100 g body wt + S. D. 
§ Compared to the respective control. significance at P < 0-025. 
Compared to the respective control. significant at P < 0-001. 


chrome c at 550 nm as described by Williams and 
Kamin [28]. The cytochrome P-450 content in liver 
was measured according to Schoene er al. [29] using 
an extinction coefficient of 91 cm” ' mM 


RESULTS 


In accordance with many previous 
studies [ 1, 2, 19, 20,30], PB administration increased 
liver weight, NADPH cytochrome c reductase activity 
and the content of cytochrome P-450 (Table 1). It 
is noteworthy that the antioxidant. DPPD, did not 
interfere with these inductive effects of PB in the liver; 
however, the DPPD-treated rats did evidence a de- 
crease in body weight. 

Estimation of diene conjugation of microsomal 
lipids has been used by many investigators to deter- 
mine the extent of lipid peroxidation in vivo 
[26, 31-34]. As can be seen in Table 2, adminis- 
tration of PB caused a marked increase in diene conju- 
gation absorption over that observed in both the 
saline and mineral oil controls. 
DPPD to the controls did not alter the u.v. absorp- 
tion of the microsomal lipids; however, DPPD was 
effective in suppressing the increased lipid peroxida- 
tion resulting from PB treatment. To further demon- 
strate the above results, Fig. | shows the ultraviolet 


S 


Administration of 


spectra for microsomal lipids and the difference spec- 
trum between the mineral oil control and PB-treated 
animals. These spectra represent an average sample 
containing 2-5 mg phospholipid/3 ml of cyclohexane. 
The increase in the dierie conjugation peak of the 
microsomal lipids of the PB-treated rats ranged from 
232 to 235 nm throughout the experiment. The ability 
of DPPD to suppress the PB-induced increase in 
diene conjugation is clearly demonstrated in Fig. 2. 
The u.v. difference spectrum of the microsomal lipids 
between the DPPD- and DPPD plus PB-treated ani- 
mals does not exhibit a peak. The peak seen at 300 
nm in Fig. 2 is due to DPPD absorption. 

The effects of PB and DPPD on hepatic triglycer- 
ide levels are depicted in Table 2. Because of the 
changes in liver weight and body weight due to the 
experimental conditions, hepatic triglyceride content 
is expressed using three different standards of refer- 
ence. PB administration caused a 3- to 5-fold increase 
in triglycerides as compared to both the saline and 
mineral oil controls. These results compare favorably 
with those previously reported by this _ labora- 
tory [5,6]. Administration of DPPD in a suspension 
of mineral oil did not significantly modify hepatic 
triglycerides: however, administration of DPPD to 
rats which received PB resulted in a 60-70 per cent 
inhibition of triglyceride accumulation. This partial 


Table 2. Effect of PB and DPPD on hepatic lipid peroxidation and triglycerides* 





Triglycerides 





Diene conjugation 
Treatment absorptiont 


(mg/total 
liver/100 g 
body wt) 


(mg/totai 


(mg/g) liver) 





0-314 + 0-039 (5) 
0-449 + 0-055 (6) 
0:295 + 0-070 (6) 
0-430 0- 1008 (6) 
0-285 + 0-064 (6) 
0-284 + 0-065) © (6) 


Saline 

Saline + PB 
Mineral oil 
Mineral oil + 
DPPD 
DPPD + PB 


PB 


36°16 


36:11 


10:97 + 0-91 118 
473 
162 
557 
113 
260 


11 40-8 
74% 197-2 
50 59-3 
1i4¢ 188-2 
67 47°6 
684 109-1 


+ 


45 
88-0t 
188 
37-9t 
26-0 


28-244 


15-19 


10-71 
18-39 


+ + + H+ H+ H+ 


$i++ H+ H+ | 
He I He H+ Ht + 





* Values are expressed as means + S. D. Number of animals is shown in parentheses. 


+ Units of absorption are O.D./mg of phospholipid/ml. 


{ Compared to the respective control, significant at P <0-001. 
$ Compared to the respective control. significant at P <0-025. 


Not significant. 


* Compared to the saline + PB and mineral oil + PB groups, significant at P < 0-001. 
** Compared to the respective control, significant at P <0-01. 
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Fig. 1. PB-induced microsomal lipid peroxidation in vivo. 
The difference spectrum is also illustrated. 








protection afforded by DPPD against the PB-induced 
fatty liver is similar to that observed for a CCl, fatty 
liver [35, 36]. 

Another index of assessing the effects of PB in lipid 
peroxidation was also studied. The generation of 
MDA, as measured by the thiobarbituric acid (TBA) 
method, has been used by many investigators as a 
measurement of the lipid peroxidation potential in 
vitro [7, 8, 23, 31]. The specificity of the TBA method 
for determining lipid peroxidation, however, has 
drawn recent criticism [37,38]. Nevertheless, since 
many previous studies used MDA formation as an 
index of peroxidation, the effects of PB on MDA pro- 
duction by the liver were also studied. PB treatment 
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Fig. 2. Inhibition of PB-induced microsomal lipid peroxi- 
dation in vivo after DPPD pretreatment. DPPD spectrum 
is shown for comparison. 
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caused a 5-fold increase in MDA production (ug/mg 
of protein) as compared to the controls (0-594 + 0-130 
vs 0-106 + 0-062). Thus, PB also increased MDA for- 
mation which reflects a stimulation of lipid peroxida- 
tion. 


DISCUSSION 
The lipid peroxidation concept of liver injury has 
been proposed as a mechanism responsible for the 
hepatotoxicity of a variety of chemical agents such 

as CCl4, hydrazine, ethanol and phosphorus [7, 

8, 39-41]. Increased lipid peroxidation results in the 

destruction of phospholipid-containing intracellular 

membranes which can lead to triglyceride accumu- 
lation and cellular necrosis. The results of this study 
indicate that PB also enhances hepatic lipid peroxida- 
tion. This is based on the findings that PB increased 
the diene conjugation absorption of microsomal lipids 

which has been shown by other investigators [26, 

31-34] to be an estimation of the extent of lipid 

peroxidation in vivo. In addition, MDA production 

(measurement of lipid peroxidation potential in vitro) 

[ 7,8, 23.31] was increased 5-fold in the liver of the 

PB-treated rats. This compares with a 2-fold increase 

observed by Fukuzawa and Uchiyama [42] in mouse 

liver and a 2-fold increase observed by Skutches and 

Smith [43] in rat liver. However, in neither of the 

above instances were diene conjugation studies con- 

ducted. 

PB administration. in addition to inducing lipid 

peroxidation, also caused an accumulation of trigly- 
ceride in the liver. This finding confirms our previous 
studies [5,6] which showed that PB induces a fatty 
liver in rats. The hepatotoxic effects of PB were also 
recently confirmed by Saito et al. [44] who reported 
a similar increase of triglyceride levels due to PB 
treatment. Administration of a lipid-soluble antioxi- 
dant, DPPD, was effective in reducing the accumu- 
lation of neutral fat in the liver caused by PB (Table 
2). The antioxidant properties of DPPD have been 
well documented [8, 35, 36, 41,45]. This compound is 
a strong free radical scavenger and is an effective 
antioxidant both in vitro and in vivo. Administration 
of DPPD has been shown to modify the hepatic 
lesions produced by CCl, [36.41, 46], ethanol [47] 
and hydrazine [39]. Evidence has been reported 
demonstrating that the hepatic injury produced by 
these agents, especially in the case of CCl4, proceeds 
via involvement of the peroxidation of subcellular 
lipids [7, 8, 40, 41]. In this study, DPPD was effective 
in preventing the increase in lipid peroxidation as well 
as reducing the triglyceride accumulation resulting 
from PB treatment (Table 2). This suggests that the 
peroxidative process may play a role in the PB-in- 
duced fatty changes in the liver. 

Nothing in the present data indicates how PB func- 
tions to generate free radicals which stimulate lipid 
peroxidation. PB is a known inducer of NADPH 
cytochrome c reductase which is the enzyme required 
for the NADPH-dependent enzymatic lipid-peroxidi- 
zating system [1, 15-17] Thus. as is indicated by the 
results in Table 1, PB may increase hepatic lipid per- 
oxidation by virtue of its ability to induce the enzy- 
matic peroxidizing system. Recent studies, however, 
by Levin et al. [48] showed that PB treatment did 
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not appear. to alter enzymatic lipid peroxidation 
which was determined by measuring MDA formation 
by isolated liver microsomes that were incubated with 
an NADPH-generating system. In view of this, it is 
possible that the pro-oxidant activity of PB may 
reside in its ability to alter other factors involved in 
the total lipid peroxidation process of the hepatocyte. 
These other factors could include: (1) the level of un- 
saturated fatty acids which serve as substrates for per- 
oxidation [49], (2) the levels of cofactors which are 
required in the enzymatic (NADPH) and nonenzyma- 
acid) lipoperoxida- 


tic (ascorbic processes of 


tion [ 10, 12], and (3) the level of water and lipid-solu- 
ble antioxidants. All these factors are involved and 
interrelated in the total process of lipid peroxidation. 
The effect of PB on these factors is currently being 
investigated in our laboratory. 
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Abstract—Induction of type P-450 cytochromes in rats by i.p. injections of phenobarbital potentiated 
ether). The toxic effects were eliminated by administration of 2-allyl-2-isopropylacetamide prior to 
anaesthesia. Hepatic microsomal cytochrome P-450 levels of the dead rats were markedly diminished 
relative to unanaesthetised induced controls. Induction by 3-methylcholanthrene and 3,4-benzpyrene 
did not potentiate toxic effects of fluroxene but anaesthesia after mixed induction with 3-methylcho- 
lanthrene and phenobarbital manifested toxicity more rapidly than induction with phenobarbital alone. 
When 2,2,2-trifluoroethyl ethyl ether was used as the anaesthetic similar toxic effects were observed 
except that levels of type P-450 cytochromes were not depressed at the time of death and induction 
with 3-methylcholanthrene did potentiate toxic effects with this anaesthetic. We interpret these results 
to indicate that cytochrome P-450 catalyses an essential step in the production of toxic metabolites 
from fluroxene and that elevated concentrations of the enzyme are required to potentiate the toxicity. 
Apparently, cytochrome P-448 does not metabolize fluroxene and elevated levels of this enzyme there- 
fore do not potentiate the toxicity of fluroxene anaesthesia. The ability of fluroxene to destroy cyto- 
chrome P-450 resides in its vinyl group while the toxic metabolite arises from the trifluoroethyl moiety. 


tile anaesthetic agent first introduced into clinical 
practice in 1953 [1]. Although it has accumulated a 
considerable record of safe clinical usage in man with 
no evidence of organ toxicity [2,3], recent work has 
shown it to be toxic to many animal species [4, 5, 6] 
and even to man .under certain circumstances 
[7, 8,9, 10]. This toxicity, which includes hepatotoxi- 
city [11], is markedly enhanced by pretreatment of 
the experimental animal with phenobarbital. The tox- 
icity is considered to result from biotransformation 
of fluroxene into toxic metabolites such as trifluoro- 
ethanol glucuronide [12.13] or trifluoroacetalde- 
hyde [14,15] rather than to be an effect of fluroxene 
itself [4, 16]. Since phenobarbital is known to induce 
the proliferation of the hepatic endoplasmic reticulum 
and the biosynthesis of the components of the cyto- 
chrome P-450 drug metabolizing pathway [17], it 
appeared possible that hepatic microsomal cyto- 
chrome P-450 could be involved in potentiating the 
toxicity of fluroxene anaesthesia [11], especially in 
view of the localization of fluroxene metabolism in 
the hepatic endoplasmic reticulum [12]. We will use 
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the terms ‘cytochromes P-450° or ‘type P-450 cyto- 
chromes’ to represent both cytochrome P-450 and 
cytochrome P-448 (see later). We have consequently 
investigated the effect of induction of cytochromes 


ethyl ethyl ether (TFEE) anaesthesia in rats with a 
view to investigating the role of the cytochromes 
P-450 in potentiating these toxic effects, and deter- 
mining the mechanisms of production of toxic effects. 


MATERIALS AND METHODS 


Materials. Sodium phenobarbital (PB) and 3-meth- 
ylcholanthrene (MC) were obtained from Maybaker, 
S.A. and Eastman-Kodak, respectively. 3,4-benzpyr- 
ene (BP) was from Sigma Chemicals. 2-Allyl-2-isopro- 
pylacetamide (AIA) was a generous gift from Hoff- 
man-La Roche, Nutley, New Jersey. Ampoules of 
sterile saline (0-9°%,, w/v) were obtained from Petersen, 
Ltd., S.A. Fluroxene was supplied by Ohio-Medical 


ethyl ether (TFEE) was prepared by hydrogenation 
of fluroxene using our previously published method 
[18]. The TFEE was tested for the presence of 
peroxides with 5°, aqueous KI (w/v) immediately 
before use. Cylinders of CO and O, were supplied 
by Afrox Ltd. All other chemicals were analytical 
grade reagents. Water was distilled and deionized. 
Animals. Male Wistar rats weighing between 175g 
and 300 g were used in all experiments; animals were 
permitted free access to Epol Laboratory Chow (pro- 
tein min. 20°,, fat 2°5°%, fibre max. 6°, calcium 1-4°,, 
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phosphorus 0-7°,) and water. Induction of cyto- 
chrome P-450 was by ip. injection of sodium pheno- 
barbital (80 mg/kg/day in 09%, sterile saline), 
3.4-benzpyrene (40 mg/kg/day in corn oil) or 3-meth- 
ylcholanthrene (40 mg/kg/day in corn oil) for three 
consecutive days. One group of rats received sodium 
phenobarbital (80 mg/kg) for | day only. In the case 
of a simultaneous induction by sodium phenobarbital 
and 3-methylcholanthrene, the animals received the 
above doses in separate i.p. injections for 3 consecu- 
tive days. Control animals were injected i.p. with vehi- 
cle for 3 days. All animals were fasted overnight after 
the final injection, and where indicated, anaesthetised 
the following morning. Animals receiving AIA were 
injected subcutaneously with a dosage of 200 mg/kg 
(20 mg/ml in 0-9°,, sterile saline) in the loose skin 
of the neck | hr prior to anaesthesia. Rats were anaes- 
thetised in grdups of ten or less in a special perspex 
anaesthetic chamber (30 x 30 x 60 cm). Animals 
were placed on a fenestrated floor raised 8 cm from 
the base of the chamber, the space below the fenes- 
trated floor being occupied by standard anaesthetic 
sodalime. The anaesthetic (fluroxene or TFEE), 
vaporised by a 5 |/min stream of oxygen through a 
Cyprane Fluoromatek vaporiser, was passed as a con- 
tinuous stream into the anaesthetic chamber through 
an inlet port sited at one corner beneath the fenes- 
trated floor and exhausted through an exhaust port 
sited at the diagonally opposite upper corner. A flow 
rate of this order was shown to result in CO, con- 
centration of <0-1°%. Animals were exposed to a 2 
hr period of anaesthesia of a level approximately 
equivalent to that which would be attained by the 
minimum anaesthetic concentration of the respective 
agent, this being achieved by exposure of animals to 
a 3°. concentration of fluroxene or TFEE. Unanaes- 
thetised control animals in these experiments were 
exposed to air. In subsequent experiments in which 
unanaesthetised control rats were exposed to O, only, 
no differences in the parameters under consideration 
were noted. Toxicity was judged by death after anaes- 
thesia. Animals not dying were sacrificed by cervical 
fracture. Liver weight was determined immediately 
after excision of the liver. 

Preparation of microsomes. Livers were excised 
from animals within minutes of death. A portion of 
the liver was fixed in buffered aqueous formaldehyde 
(10°,, v/v) for histological investigation and_ the 
remainder was utilized for the preparation of micro- 
somes by differential ultracentrifugation [19]. Pro- 
tein concentration was determined by the method of 
Lowry et al. [20], as modified by Chaykin [21] using 
bovine serum albumin as a standard. 

Spectrophotometry. Microsomal suspensions (pro- 
tei concentration 2 mg/ml) were divided between 
two cuvettes of l-cm optical path length. Difference 
absorbance spectra of microsomal suspensions were 
recorded at room temperature in a Unicam SP1800 
recording spectrophotometer using the cell holder 
adjacent to the photomultiplier. Microsomal cyto- 
chrome P-450 content was determined by the CO dif- 
ference spectral method of Omura and Sato [22]: it 
‘should be noted that total type P-450 cytochromes 
were measured, and that these values include the con- 
tributions of both cytochromes P-450 and P-448 to 
the total. 


RESULTS 


Toxicity of fluroxene anaesthesia. The effects of 
various inducing agents of cytochromes P-450 on the 
toxicity to rats of fluroxene anaesthesia are reported 
in Table 1. Injection of saline alone or in conjunction 
with exposure to 3°, fluroxene anaesthesia for 2 hr 
did not produce toxic effects and did not affect cyto- 
chrome P-450 content per mg of microsomal proteit 
or the ratio of liver to body weight relative to un- 
treated control animals. 

Phenobarbital treatment of animals for three days, 
as described in Methods, resulted in a 2-6-fold in- 
crease in cytochrome P-450 levels and a slight in- 
crease in liver weight but produced no toxic effects. 
All rats induced with phenobarbital and subsequently 
anaesthetised with fluroxene died between | and 3 
hr after the termination of anaesthesia (100% morta- 
lity). Immediately after death, these animals were 
shown to have a 2:8-fold decrease in cytochromes 
P-450 content and markedly enlarged livers, relative 
to unanaesthetised phenobarbital induced controls. 

The toxic effects of fluroxene anaesthesia observed 
in phenobarbital pretreated animals were prevented 
by treatment of the animals with AIA 1 hr prior to 
anaesthesia. No deaths were observed in this latter 
group. The animals appeared normal at the time of 
sacrifice and up to that time demonstrated none of 
the symptoms of the phenobarbital induced fluroxene 
anaesthetised animals (e.g. crouching, staring coat 
[23]. glassy eyes, sluggishness, bleeding eyelids). Fur- 
thermore, fluroxene anaesthesia apparently does not 
elicit any marked effect on cytochromes P-450 content 
or liver weight in phenobarbital induced AIA treated 
rats, relative to unanaesthetised phenobarbital in- 
duced AIA treated animals. 

Pretreatment of animals with phenobarbital for | 
day only, elevated cytochromes P-450 levels approxi- 
mately 2-fold relative to control animals and was in 
itself non-toxic. Fluroxene anaesthesia of animals in- 
duced in this manner was less toxic (40°, mortality), 
and the animals that did not die subsequent to anaes- 
thesia appeared normal prior to sacrifice at 190 hr. 

Injection with corn oil, the vehicle for induction 
with polycyclic hydrocarbons, does not affect the 
hepatic microsomal cytochromes P-450 levels but 
does increase liver weight relative to saline-injected 
or untreated controls. The above effects were not 
altered by subsequent fluroxene anaesthesia. 

Injection of 3,4-benzpyrene or 3-methylcholanth- 
rene suspended in corn oil increased levels of type 
P-450 cytochromes approximately 2-fold and in- 
creased liver weight relative to corn oil controls. Sub- 
sequent fluroxene anaesthesia was non-toxic and did 
not affect cytochrome levels and liver weight of 
3,4-benzpyrene induced animals but did slightly 
reduce the cytochrome levels of those rats pretreated 
with 3-methylcholanthrene. After five days the cyto- 
chrome content and liver weight of the fluroxene 
anaesthetised rats decreased to within the range found 
for control animals. The appearance and behaviour 
of the anaesthetised animals was completely normal 
at the time of sacrifice. 

Mixed induction by injection of 3-methylcholanth- 
rene plus phenobarbital elevated levels of both cyto- 
chromes P-448 and P-450 and resulted in increased 
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Table 1. Toxicity of fluroxene anaesthesia 





Pretreatment* 


(no. rats) Anaesthetised (hr) 


Time of death* 


Toxicity 


Cyt P-450 

(nmol/mg 

microsomal 
protein) 


wt. liver 
wt. body 
(%) 





Untreated (2) 
Saline (2) 
Saline (2) 


PB + AIA 

PB (3) 

PB (2) 

PB (3) 

Corn Oil/saline (2) 

Corn oil/saline (2) 

PB + MC (2) 

PB + MC (5) 

Corn Oil (2) 

Corn Oil (2) 

BP (2) 

BP (6) 

BP (2) 

MC (3) 

MC (2) 

MC (3) + 
MC (2) + 


1-27 + 0-12 
1-31 + 0-10 
1-32 + 0-02 
3-42 + 0:34 
1:23 + 013 
0-81 + 0-02 
0-91 + 0-02 
0:99 + 0-04 
0:75 + 0-15 
0-98 + 0:07 
2:33 + 017 
1-41 

0-98 + 0-14 
1-28 + 0-12 
1:16 + O15 
487 + 0-32 
1-92 + O17 
1:27 + O12 
1:10 + 0-20 


2:76 + 0-22 
3-07 + 0-29 
3:47 + 0-63 
3-39 + 0-05 
4-63 + 0-44 
3-83 + 0-08 
482 + 0-01 
3-20 + 0-18 
4:70 + 0:10 
2:69 + 0-02 
4:07 + 0:16 
4:26 

4:14 + 0:29 
3:84 + 031 
e712 + 


3-75 + 
3-97 + 


1:86 + 0-09 4-49 + 
431 
3-41 
481 
4:88 
4:89 
4-62 


H+ + + H+ I 





Anaesthesia for 2 hr at 3°,, fluroxene. All values are means +S.D. For experimental details see text. 

* Abbreviations used are: BP, 3,4-benzpyrene; MC, 3-methylcholanthrene; PB, phenobarbital; AIA, allyl-iso-propylace- 
tamide. The first two compounds are injected in corn oil, the remainder in saline. 

+ From the end of anaesthesia or, if not anaesthetized, from the equivalent time. K indicates that the animals were 


killed. 


t Injected with only | dose of PB (80 mg/kg) | day prior to anaesthesia. 
§ Killed at a time equivalent to the beginning of anaesthesia. 


hepatic weight and cytochromes P-450 content in 
excess of that seen for either type of induction indivi- 
dually [24], but was in itself non-toxic (0% mortality). 
Fluroxene anaesthesia of these induced animals 
resulted in 100°, mortality within 2 hr of the end 
of anaesthesia. A marked decrease in cytochrome 
levels and an increase in liver weight relative to the 
unanaesthetised but similarly induced animals were 
also noted. 

Toxicity of TFEE anaesthesia. The effects of TFEE 
anaesthesia on rats with elevated levels of cytochrome 
P-450 and/or P-448 are reported in Table 2. Anaes- 
thesia with TFEE did not affect animals injected with 
vehicle except for a slight increase in liver weight in 
the case of saline. 

In phenobarbital-induced rats, anaesthesia with 
TFEE was toxic: 100°, mortality was observed within 
35 hr after termination of anaesthesia at which time 
a slight decrease in cytochromes P-450 content and 
an increase in liver weight were evident. Treatment 
of phenobarbital-induced rats with AIA prior to an- 
aesthesia with TFEE completely protected the ani- 
mals from the toxicity of anaesthesia (0°, mortality). 
Cytochrome levels and liver weights in unanaesthe- 
tised and anaesthetised rats receiving phenobarbital 
and AIA were comparable. 

TFEE anaesthesia of 3,4-benzpyrene induced ani- 
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mals was non-toxic (0°, mortality) and did not alter 
the levels of type P-450 cytochromes but did diminish 
liver weight relative to that found for unanaesthetised 
benzpyrene treated controls. 3-Methylcholanthrene 
induction did potentiate the toxicity of TFEE anaes- 
thesia (80°, mortality) without markedly affecting 
cytochrome P-450 levels but decreased the liver 
weights in the animals that died. Increasing the 
duration of TFEE anaesthesia to 160 min for 3-meth- 
ylcholanthrene induced rats increased mortality to 
100%. Administration of AIA after 3-methycholanth- 
rene induction did not noticeably diminish levels of 
type P-450 cytochromes but did overcome the toxic 
effects of TFEE anaesthesia. 

Induction with phenobarbital and 3-methylcho- 
lanthrene together potentiated the toxicity of TFEE 
anaesthesia more than phenobarbital alone. TFEE 
lowered the levels of type P-450 cytochromes of these 
induced rats only very slightly. 


DISCUSSION 
Our experiments on the effects of various microso- 
mal inducing agents on the toxicity of the anaesthetic 
fluroxene were initiated to explore the role of the 
cytochromes P-450 in potentiating this toxicity and 








Pretreatment* 


(no. rats) Anaesthetised (hr) 


Time of deatht 


Toxicity 


Cyt P-450 
(nmol/mg 
microsomal 
protein) 


wt. liver 





Untreated (2) 
Saline (2) 

Saline (3) 

PB (4) 

PB (8) 

PB + AIA (2) 

PB + AIA (2) 

PB (2) 

PB + AIA (3) 
Corn Oil/Saline (2) 
Corn Oil/Saline (2) 
PB + MC (2) 

PB + MC (5) 
Corn Oil (2) 

Corn Oil (2) 

BP (2) 

BP (3) 

BP (2) 

MC (5) 

MC (4) 

MC (1) 

MC + AIA (3) 
MC + AIA (3) 
MC + AIA (3) + 
MC (5) + 


1:27 + 0-12 
1:31 + 0-10 
1:25 + 0-05 
3-41 + 1-08 
2:49 + 0:63 
0-81 + 0-02 
0-97 + 0-08 
2:13 + 0-08 
1:22 + 0-14 
1:32 + 0-08 
1:28 + 0-12 
4:80 + 0-69 


2:76 + 0-22 
3-07 + 0:29 
3-79 + 0:25 
4-82 + 0-42 
5:33 + 0-58 
3-82 + 0-08 
4:13 + 0:22 
3-84 + 0:14 
3-83 + 0-01 
3-82 + 0:28 
3-84 + 0:31 
5-69 + 0:39 


5:19 + 0-22 
3:75 + 0:16 
3-81 + 0-22 
+ 0:05 

+ (23 

+t 0-25 

0-35 

0-40 


4:09 + 0:29 
£27 + O12 


SIaw=wse 


~ 
—_ 


485 + 0:33 
5:20 + 0-48 
+53. + O37 
4:19 + 0:20 


ee ee 
moon 
HHMI HYAN OWN 
I+ I+ 14+ 1+ 


+ 





Anaesthesia for 2 hr at 3% TFEE. All values are means + S.D. For experimental details see text. 
* Abbreviations used are: BP, 3,4-benzpyrene; MC, 3-methylcholanthrene; PB, phenobarbital; AIA, allyl-iso-propylace- 
tamide. (The first two compounds are injected in corn oil, the remainder in saline.) TFEE, 2,2,2-trifluoroethyl ethyl 


ether. 


+ From the end of anaesthesia or if not anaesthetized from the equivalent time. K indicates animals were killed. 


t Anaesthesia for 2 hr 40 min at 3°% TFEE. 


§ Killed at a time equivalent to the beginning of anaesthesia. 


to determine the mechanism whereby the toxicity is 
generated. 

Type P-450 cytochromes are a_ heterogeneous 
group of enzymes that metabolize an extremely wide 
variety of substrates. In general, this class of enzymes 
catalyses the detoxification of hydrophobic xenobio- 
tics by converting them to relatively more hydrophi- 
lic water soluble compounds which are more readily 
excreted from the body, although in some instances 
the metabolites are more toxic than the parent com- 
pound [25]. A variety of compounds have been 
demonstrated to induce the biosynthesis of cyto- 
chromes P-450. These inducing agents are classified 
into two major groups: (1) those which induce cyto- 
chrome P-450 and (2) those which induce a similar 
enzyme, cytochrome P-448 (also called cytochrome 
P ,-450) [26]. Phenobarbital is an example of the first 
type of agent. This compound also enhances the pro- 
liferation of the endoplasmic reticulum and elevates 
the levels of NADPH-cytochrome c reductase and 
cytochrome b, per mg of microsomal protein [17]. 
The second class of inducers includes polycyclic aro- 
matic compounds such as 3,4-benzpyrene and 3-meth- 
ylcholanthrene which do not increase the prolifer- 
ation of the endoplasmic reticulum or the synthesis 
of microsomal NADPH-cytochrome c reductase or 
cytochrome b,. These polycyclic hydrocarbons appar- 


ently only induce the synthesis of cytochrome P-448 
which differs from cytochrome P-450 with regard to 
substrate specificity, spectral properties and sensitivity 
to inhibitors [26]. Mixtures of these two (or more) 
type P-450 cytochromes are apparently always pres- 
ent in hepatic microsomes, regardless of the pretreat- 
ment of the source animal. In phenobarbital induced 
and uninduced animals, cytochrome P-450 predomi- 
nates, while in polycyclic hydrocarbon treated ani- 
mals. cytochrome P-448 predominates [26]. We will 
use the terminology ‘cytochromes P-450° or “type 
P-450 cytochromes’ to refer to both cytochrome 
P-450 and P-448, whereas ‘cytochrome P-450° or 
‘cytochrome P-448’ refers to the specific enzyme men- 
tioned. 

The observed effects of the various inducing agents 
in potentiating the toxicity of fluroxene anaesthesia 
can now be considered in relation to the mechanism 
of toxicity. The fact that uninduced rats, with levels 
of hepatic microsomal cytochromes P-450 of approxi- 
mately | nmol/mg microsomal protein, are not sus- 
ceptible to the toxic effects of fluroxene anaesthesia, 
while phenobarbital pretreated rats, with approxi- 
mately a three fold elevation of cytochromes P-450 
levels are highly susceptible (100°, mortality), (Table 
1) implies that the metabolism of fluroxene is 
enhanced as a consequence of the inductive properties 
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of phenobarbital. Since phenobarbital induces a 
number of microsomal proteins, the enzyme(s) caty- 
lyzing the rate-limiting step of this metabolism is (are) 
not determined by this experiment. The effect of AIA, 
however, in overcoming the toxic potentiating effects 
of phenobarbital (Table 1) on fluroxene anaesthesia 
unequivocally demonstrated an essential role for cyto- 
chrome P-450, since AIA specifically degrades cyto- 
chrome P-450 while not affecting other microsomal 
proteins (e.g. cytochrome b; or NADPH-cytochrome 
c reductase) or reversing other non-microsomal effects 
of phenobarbital [27, 28]. Thus, while other microso- 
mal enzymes definitely play a role in the metabolism 
of fluroxene, elevated levels of cytochrome P-450 are 
essential in potentiating the toxicity of fluroxene. 
Apparently, cytochrome P-450 is involved in an 
essential step of the metabolism producing the toxic 
metabolite and mechanisms such as those involving 
the effect of phenobarbital on other subcellular com- 
ponents can be excluded. 

The failure of induction by 3-methylcholanthrene 
or 3,4-benzpyrene, which produces elevated levels of 
cytochrome P-448, to potentiate the toxicity of flurox- 
ene (Table 1), is apparently not a consequence of in- 
sufficient concentrations of type P-450 cytochromes. 
In these animals the total type P-450 cytochrome 
levels are approximately 2 nmole/mg microsomal 
protein which is similar to the level obtained follow- 
ing phenobarbital induction for one day, a treatment 
which does produce toxic effects subsequent to anaes- 
thesia (Table 1). There are several possible explana- 
tions for the toxicity differences observed between in- 
duction by phenobarbital or by 3-methylcholanthrene 
and 3,4-benzpyrene, which are still consistent with an 
essential role for cytochrome P-450: 

(a) Cytochrome P-448, in contrast to cytochrome 
P-450, may be protecting the organism by converting 
fic) *xene to non-toxic metabolites. 
(b, +: view of the different specificities of cyto- 
vmes P-448 and P-450, cytochrome P-448 may 
rn etabolize fluroxene slowly compared to cytochrome 
P-450, or not at all. 
(c) 3-Methylcholanthrene may produce physiological 
or biochemical changes which are not directly in- 
volved with the microsomal system but which prevent 
fluroxene anaesthesia from mediating toxic effects. 

The first possibility involving the production of dif- 
ferent and non-toxic metabolites by cytochrome 
P-448 appears to be highly unlikely in view of the 
results of studies with mixed induction by phenobar- 
bital and 3-methylcholanthrene (Table 1). The double 
induction potentiates the toxic effects of fluroxene an- 
aesthesia even more rapidly than induction by pheno- 
barbital alone (time of death subsequent to anaes- 
thesia is used as an index of toxicity). In contrast, 
in view of the competition between cytochromes 
P-450 and P-448 for the substrate fluroxene in the 
doubly induced animals, it would be expected that 
a reduction of toxicity would occur if scheme (a) were 
operative. We can suggest no situation, where the 
suggestion outlined in scheme (c) could arise, to 
explain the results observed. Confirmation of scheme 
(b) requires establishing whether cytochrome P-448 
binds to and metabolizes fluroxene. Our studies in 
vitro of the interaction of fluroxene with microsomes 
induced for cytochrome P-448 or P-450 indicate that 


777 


although cytochrome P-450 forms a spectrally detect- 
able complex with and metabolizes fluroxene, cyto- 
chrome P-448 does neither [29]. Apparently, then, the 
failure of the induction of rats with 3-methylcholanth- 
rene or benzpyrene to potentiate the toxicity of flur- 
oxene follows from the failure of cytochrome P-448 
to metabolize the fluroxene. 

The results of preanaesthetic induction of hepatic 
microsomal cytochromes on the toxicity to rats of 
TFEE anaesthesia were compared with the results of 
the investigations of fluroxene anaesthesia, to identify 
the portion of the fluroxene molecule in which the 
potential toxicity resides (Tables 1 and 2). Since 
TFEE and fluroxene anaesthesia exhibited similar 
effects under conditions of no induction, benzpyrene 
induction, phenobarbital induction or mixed induc- 
tion with phenobarbital and 3-methylcholanthrene 
(Tables | and 2), it is clear that the potential toxicity 
resides in the trifluoroethyl moiety of fluroxene rather 
than in the vinyl group which is not present in TFEE. 
There is ample support for the metabolism of the flur- 
oxene molecule to trifluoroethanol glucuronide or 
trifluoroacetaldehyde in vivo, and the toxicity of tri- 
fluoroethanol and physiological derivatives thereof has 
been demonstrated [13]. However, although our 
results indicate that the toxicity arises from a metabo- 
lite of the trifluoroethyl portion of the fluroxene mol- 
ecule. we have no evidence that the toxic effects 
observed in this study arise directly from a particular 
metabolite such as trifluoroethanol or its glucuronide 
or trifluoroacetaldehyde as proposed elsewhere 
[4, 14, 15]. 

The unexpected observation that induction with 
3-methylcholanthrene potentiates the toxicity of 
TFEE is difficult to explain especially in view of the 
failure of 3,4-benzpyrene to produce a similar effect. 
We have concluded from in vitro studies that hepatic 
microsomal cytochrome P-448 does not bind or meta- 
bolize TFEE [29]. It could be postulated that the 
cytochrome P-450 component of the type P-450 cyto- 
chromes present after induction with 3-methylcho- 
lanthrene in these experiments is of a high enough 
concentration to potentiate the toxicity of TFEE. This 
simple explanation is, however, unlikely in view of 
the failure of 3-methylcholanthrene induction to 
potentiate fluroxene toxicity. This aspect is undergo- 
ing further investigation. 

Comparison of the toxicity of fluroxene and TFEE 
indicates that since equivalently-pretreated animals 
expire earlier after fluroxene than after TFEE anaes- 
thesia, the former agent is probably metabolised more 
rapidly by cytochrome P-450. In confirmation, we 
have demonstrated that fluroxene is a better substrate 
for hepatic microsomal cytochrome P-450 in vitro 
[29]. Even though fluroxene is metabolized by micro- 
somal enzymes it does not induce elevated levels of 
cytochromes P-450 [12]. 

Although the vinyl group of the fluroxene molecule 
has no apparent role in the observed toxicity of flur- 
oxene anaesthesia, this moiety appears to be necess- 
ary for the fluroxene induced destruction of cyto- 
chrome P-450 observed in vivo (c.f. Table 1 and Table 
2), since TFEE, without the vinyl group, does not 
produce any similar destruction. Fluroxene-mediated 
destruction of cytochrome P-450 is of the greatest 
magnitude in phenobarbital or phenobarbital-plus-3- 
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methylcholanthrene-induced animals. It is. however. 
not clear from the’in vivo studies whether this des- 
truction arises from elevated concentrations of cyto- 
chrome P-450 or other microsomal enzymes (e.g. 
NADPH-cytochrome c reductase) in these animals 
prior to anaesthesia. We have. however, duplicated 
this phenomenon in isolated hepatic microsomes and 
have concluded that the destruction results from the 
interaction of fluroxene with ferrocytochrome P-450 
[18]. The levels of other microsomal enzymes (e.g. 
NADPH-cytochrome c reductase and cytochrome h,) 
are unaffected by fluroxene in vitro. 


Previous reports concerning compounds capable of 


destroying cytochrome P-450 in vivo and in vitro con- 
firm the ability of a monounsaturated carbon-carbon 
bond to function in this manner [30,31]. Similarly, 
the vinyl portion of fluroxene is also essential for the 
destruction of cytochrome P-450 in vitro and in vivo 
since TFEE elicits no effect on cytochrome P-450 
levels [18]. Cytochrome P-450 is apparently more 
susceptible to the destructive effects of fluroxene than 
is cytochrome P-448. 
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rat hepatic microsomes to produce a type I difference spectrum. The extent of the absorbance difference 
(AA) between 4,,, (390nm) and 4,,,, (420nm) produced with fluroxene or TFEE is dependent on 
the concentration of the anaesthetic agent and the extent and type of prior induction of the microsomes. 
Induction of cytochrome P-448 with 3-methylcholanthrene (MC) or 3.4-benzpyrene (BP) does not affect 
the magnitude of the maximal absorbance difference spectrum (AA,,,,) relative to uninduced microsomes. 
In contrast, phenobarbital (PB) induced microsomes exhibit A4A,,,, values with either anaesthetic agent 
which, relative to controls, are increased approximately in proportion to the increase in the level 
of total type P-450 cytochromes. The K, values for the binding of fluroxene and TFFE to all microsomal 
preparations are 9-3 x 10°*M and 1-7 x 10°7M respectively. Both anaesthetics are metabolized by 
hepatic microsomal cytochrome P-450 as evidenced by enhanced carbon monoxide-inhibitable NADPH 
oxidation in the presence of these compounds. The maximum velocities of NADPH consumption 
in the presence of either anaesthetic are unaffected by induction with BP or MC but are increased 
approximately 3-fold following induction of cytochrome P-450 with PB. For fluroxene metabolism 
by all microsomes K,, was determined to be 8-4 x 10°*M. Determination of K,, values for TFEE 
metabolism is more complex as biphasic effects are observed with some systems. We conclude that 
fluroxene and TFEE bind to cytochrome P-450 and are metabolized but that TFEE is a poorer 
substrate. In contrast cytochrome P-448 neither binds nor metabolizes either anaesthetic. Since K,,, 
and K, values for fluroxene are the same we conclude that the rate-limiting step of its metabolism 


occurs at a step after the binding of fluroxene to ferricytochrome P-450. 


Recent reports that the anaesthetic fluroxene, which 
has been safely used clinically since 1953 [1, 2. 3], can 
become toxic to animals [4, 5,6] and man under cer- 
tain circumstances [7, 8,9, 10] prompted us to investi- 
gate the metabolism of the anaesthetic in vivo [11]. 

The results of our investigation indicated that flur- 
oxene is metabolized in the rat with the rate-limiting 
step possibly being catalyzed by hepatic cytochrome 
P-450, and that the toxic effects of the anaesthetic 
arise from a metabolite of its trifluoroethyl moiety. 
A further effect of the anaesthetic is that it produces 
destruction of hepatic cytochrome P-450 in vivo [11] 
and in vitro [12], a phenomenon not observed with 
TFEE. In contrast hepatic cytochrome P-448, which 
is induced by 3-methylcholanthrene and 3,4-benzpyr- 
ene, is apparently unable to metabolize the anaes- 
thetic or to potentiate the toxicity of fluroxene. 

In the present paper we report on our investiga- 
tions of the interaction of fluroxene with cytochrome 
P-450 in isolated rat hepatic microsomes which were 
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performed in order to elucidate the mechanism by 
which the anaesthetic agent fluroxene becomes toxic 
and to provide an explanation on a biochemical level 
of our observations on the effects of fluroxene anaes- 
thesia on the intact animal [11]. In this study we 
have utilized microsomes from uninduced rats and 
rats which have been induced with phenobarbital 
(PB), 3-methylcholanthrene (MC) or 3,4-benzpyrene 
(BP) and have studied the binding and metabolism 


by the type P-450 cytochromes of these microsomes. 


MATERIALS AND METHODS 

Materials. NADPH was purchased from Miles 
Laboratories. SKF 525A was a generous gift from 
Smith, Kline & French, Ltd. Sepharose 2B was 
obtained from Pharmacia, Uppsala. All other mater- 
ials were obtained or prepared as described pre- 
viously [11, 12]. Induction of microsomal proteins by 
phenobarbital (PB), 3-methylcholanthrene (MC) and 
3,4-benzpyrene (BP) was also performed as described 
[12]. 

Preparation of microsomes. Livers were removed 
from the animals immediately after sacrifice. Micro- 
somes were prepared by gel filtration on Sepharose 
2B equilibrated with 0-15M KCI-0:02M Tris-HCl 
buffer, pH 7:4 by the method of Tangen er al. [13]. 
All operations were performed at 4. The microsomal 
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fraction was collected, diluted to a concentration of 
2 mg protein/ml with 0-02 M Tris-HCI buffer, pH 7-4 
and used immediately. 

Difference spectra. Suspensions of hepatic micro- 
somes were divided equally between two 1l-cm path 
length cuvettes. Fluroxene or TFEE was introduced 
below the surface of the microsomal suspension in 
the sample cuvette by means of a Hamilton syringe. 
The cuvette was then stoppered and vortexed for 30 
sec in order to disperse and solubilize the anaesthetic 
agent. The magnitude of the resultant difference spec- 
trum was measured as the difference in absorbance 
between the peak at ca. 390nm and the trough at 
ca. 420 nm and was corrected for the absorbance dif- 
ferences of control microsomal suspensions at these 
wavelengths and designated as AA. Vortexing of the 
microsomal suspension without added anaesthetic 
agent did not produce a difference spectrum. All dif- 
ference spectra were recorded at room temperature 
(21-24 ). 

NADPH oxidation. The rates of metabolism of flur- 
oxene or TFEE by hepatic microsomes were deter- 
mined by monitoring NADPH consumption as fol- 
lows: Equal quantities of microsomal suspension were 
divided between two |-cm path length cuvettes. Vary- 
ing quantities of fluroxene or TFEE were introduced 
into the sample cuvette as described for the difference 
spectra. The reaction mixtures were equilibrated at 
28 C, and the reaction was initiated by the addition 
of 50-100 yl of NADPH solution (0:12-0:24 mM final 
concentration). NADPH oxidation was monitored 
spectrally at 340nm and was corrected for back- 
ground rates of endogenous NADPH oxidation in the 
presence of fluroxene or TFEE in an atmosphere of 
CO-O, (80:20; v/v) [14]. 

These rate studies on microsomal suspensions were 
performed in a Unicam SP1800 recording spectro- 
photometer, using a thermostatted cell compartment 
adjacent to the photomultiplier. All other methods 
are as described previously [11, 12]. 

Calculations. Binding constants were initially calcu- 
lated from the intercepts of Lineweaver-Burk type 
double reciprocal plots of 1/AA or 1/v_ versus 
1/Lanaesthetic agent]. In addition, plots of AA versus 
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Fig. 1. Difference spectrum of untreated rat hepatic micro- 

somes with fluroxene. Fluroxene concentration 6-0 x 

10°>M, microsomal concentration 2:0mg_ protein/ml, 

cytochrome P-450 concentration 1-08 nmol/mg protein, 
buffer 0-02 M Tris-HCl, pH 7:4. 
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390-420nm 
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Fig. 2. Effect of anaesthetic concentration on the extent 
of the difference spectrum with untreated hepatic micro- 
somes; (@), fluroxene with cytochrome P-450 concentration 
1-08 nmol/mg protein: (™@), TFEE with cytochrome P-450 
concentration 1:31 nmol/mg protein. Microsomal concen- 
tration 2:0 mg protein/ml, buffer 0-02 M Tris-HCl, pH 7-4. 


AA/{anaesthetic agent] or v versus v/[anaesthetic 
agent] were prepared as a more sensitive index of 
linearity. In all plots AA represents the difference in 
absorbance and v represents the rate of consumption 
of NADPH measured as described above. 


RESULTS 


The binding of fluroxene and TFEE to hepatic micro- 
somal cytochromes P-450 in vitro 


Fluroxene and TFEE bind to hepatic microsomal 
cytochromes P-450 isolated from untreated male rats, 
resulting in the appearance of a “Type 1° difference 
spectrum (e.g. Fig. 1). The extent of binding of flurox- 
ene or TFEE to cytochrome P-450 with increasing 
concentrations of the anaesthetic agent follows a typi- 
cal saturation curve (Fig. 2) with the maximum extent 
of binding at saturating substrate concentrations being 
a function of the type of anaesthetic agent and the 
pretreatment of the animal source of the microsomes 
(Table 1). 

Pretreatment of animals with the polycyclic hydro- 
carbons 3-methylcholanthrene or 3,4-benzpyrene, 
which induce cytochrome P-448 and raise cytochrome 
levels to double that of controls, does not affect the 
extent of binding of either fluroxene or TFEE to 
hepatic microsomal cytochrome P-450 relative to 
control microsomes, as evidenced by the maximal 
spectral changes observed (Table 1). In contrast, pre- 
treatment with phenobarbital, which elevates hepatic 
microsomal cytochrome P-450 content per mg micro- 
somal protein approximately 2-6-fold relative to con- 
trol animals, also increases the maximal extent of 
binding of fluroxene and TFEE approximately 
2:2-fold. We have utilized a single extinction coeffi- 
cient for both types of cytochrome P-450 in view of 
the discrepancy in the literature with regard to the 
differences in extinctions of the CO complexes of the 
two hemoproteins [15]. 

K, for fluroxene and TFEE. Double reciprocal plots 
of the data from difference spectral studies are linear 
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Table 1. Effects of induction of hepatic microsomal cytochrome P-450 on the binding and metabolism of fluroxene 
(2,2,2-trifluoroethyl vinyl ether) 





Cyt.7 

P-450 y 
(nmol 
mg mic- 
rosomal 
protein) 


7 + 
Knit 


Induction* (M) 


oie 
(nmol NADPH 
min: mg 
microsomal 
protein) 


Ks 
(M) 


AA OK 


max 


(O.D.) Toxicity 





76 x 10°4 
10 x 10-4 
63 x 1074 
9-5 x 10°4 


NONE 
BP 

PB 
MC 


rye 
a ee 


9-3 x 107+ 
9-0 x 10°>+ 
9:5 x 10°4 
9-4 x 107+ 


0-06 
0-06 
0-13 
0-07 





* Abbreviations used are BP, 3,4-benzpyrene; MC, 3-methylcholanthrene; PB, Phenobarbital. 
+ Total type P-450 cytochromes, including cytochromes P-450 and P-448. 


* Values calculated from plots of 1/v versus 1/[S]. 

> $§.D. + 1 nmol/min-mg microsomal protein. 

“ Values calculated from plots of 1/AA versus 1/[S]. 

"SAA = 5 ae 
Reference [11]. 


for both anaesthetic agents for all types of induction 
and permit calculation of the spectral dissociation 
constants (K,) [16] for the binding of these com- 
pounds to hepatic microsomal cytochrome P-450 (see 
e.g. Fig. 3). The more sensitive plots of AA versus 
AA/[anaesthetic agent] are also monophasic under 
all conditions (see e.g. Fig. 4) and confirm the K, 
values calculated from the double reciprocal plots. 

The effects of inducers of cytochromes P-450 or 
P-448 on the spectral dissociation constants (K,) for 
fluroxene and TFEE are presented in Tables | and 
2. For control animals the spectral dissociation con- 
stant for fluroxene has a value of 9:3 x 10°*M. In- 
duction of cytochrome P-448 by polycyclic hydro- 
carbons or of cytochrome P-450 by phenobarbital 
does not affect K, values for fluroxene binding to mic- 
rosomal cytochrome P-450. 

For TFEE K, is found to have a value of 
1-5 x 10°3.M for control microsomes (Table 2). As 
seen in the case of fluroxene, K, is not markedly 
altered by induction with polycyclic hydrocarbons or 
phenobarbital. Again, the K, values calculated from 
the AA versus AA/[anaesthetic agent] plots agree 














| eee} 


Fig. 3. Effect of (A) fluroxene concentration with cyto- 
chrome P-450 concentration 3-34 nmol/mg protein and (B) 
TFEE concentration with cytochrome P-450 concentration 
2:23 nmol/mg protein on the extent of the difference spec- 
trum with phenobarbital induced microsomes. The inverse 
of the absorbance difference, in arbitrary units, is plotted 
against the inverse of the anaesthetic concentration. Micro- 
somal concentration 2-0mg protein/ml, buffer 0-02 M 
Tris-HCl, pH 7-4. 


10 
[FLUROXENE] 


— Aiougn Of difference spectrum, S.D. + 0-02 


with those calculated from the double reciprocal 
plots. 

The binding of both fluroxene (Fig. 5) and TFEE 
(Fig. 6) to hepatic microsomal cytochrome P-450 is 
competitively inhibited by 2-allyl-2-isopropylaceta- 
mide (AIA), a compound known to specifically inter- 
act with cytochrome P-450, but is unaffected by SKF 
525A. 


The metabolism of fluroxene and TFEE by cytochrome 
P-450 

Fluroxene and TFEE stimulate NADPH consump- 
tion by hepatic microsomes. The enhanced NADPH 
consumption observed in the presence of either anaes- 
thetic agent is inhibited by an atmosphere of CO-O, 
(80:20; v/v) or by 10mM KCN but is not affected 
by 1 mM KCN indicating that NADPH consumption 
reflects cytochrome P-450 mediated metabolism of 
these halocarbon anaesthetics. The metabolism of 
fluroxene and TFEE by hepatic microsomes was 


390-420nm 





4 ABSORBANCE 
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4 ABSORBANCE , | 4 
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Fig. 4. Effect of anaesthetic concentration on the difference 
spectrum of 3-methylcholanthrene induced hepatic micro- 
somes; (@), fluroxene with type P-450 cytochromes con- 
centration 2:12 nmol/mg protein; (M@), TFEE with type 
P-450 cytochromes 2:03 nmol/mg protein. The absorbance 
difference in arbitrary units is plotted against the absor- 
bance difference divided by the anaesthetic concentration. 
Microsomal concentration 20mg protein/ml, buffer 
0-02 M Tris-HCl, pH 7-4. 
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Table 2. Effects of induction of hepatic microsomal cytochrome P-450 on the binding and metabolism of 2,2,2-trifluoro- 
ethyl ethyl ether (TFEE) 








(nmol 
mg mic- 





rosomal 


Induction* protein) 


if 
inmol NADPH 


min: mg 
— AA ** 


(O.D) 





microsomal 


protein Toxicity” 





$= 10 x 107° 
x 10°7 3x 10 
x 10 x 10 
x 10° x 10° 


1S x 10 1:3 = 10 0-07 
1:7 x 10°* 1-5 x 10 0-06 
18 x 10 12 x 10 0-17 
25x 10 21x 10 0-09 





* Abbreviations used are BP. 3,.4-benzpyrene; MC, 3-methylcholanthrene; PB, Phenobarbital. 
+ Total type P-450 cytochromes including cytochromes P-450 and P-448. 


t Values calculated from plots of 1/v versus 1/[S]. 
$ Values calculated from v versus v/[S] plots. 
*S.D. | nmol/min:-mg microsomal protein. 

' Calculated from plots of 1/AA versus 1/[S]. 
Calculated from plots of AA versus AA/[S]. 
*AA=A_. —A 

> Reference [11]. 


therefore monitored by NADPH oxidation and cor- 
rected for any non-cytochrome P-450 dependent 
NADPH oxidation according to the method of Stripp 
et al. [14]. The values of V,,,, for microsomes from 
all sources are given in Tables 1 and 2 for fluroxene 
and TFEE metabolism. For both anaesthetics, the in- 
duction of predominantly cytochrome P-448 with 
3.4-benzpyrene or 3-methylcholanthrene did not alter 
Vinay Telative to control microsomes. However, pheno- 
barbital induction elevated V,,,, relative to control 
animals approximately in proportion to the increase 
in cytochrome P-450 content. 

Lineweaver—Burk plots of I/v versus 1/[anaesthetic 
agent] were linear for fluroxene and apparently for 
TFEE in all cases (see Fig. 7) and permitted calcula- 
tion of tlie Michaelis constants, K,,. for the different 
inducing agents. However, although the more sensi- 
tive ‘plot of Av versus v/[anaesthetic agent] was linear 








2 
yf ee 


Fig. 5. Effect of fluroxene concentration on the extent of 


the difference spectrum with phenobarbital induced micro- - 


somes: (MM), no 2-allyl-2-isopropylacetamide (AIA) added; 
(@), AIA (3-0mM) added: (4), AIA (60 mM) added. The 
inverse of the absorbance difference in arbitrary units, is 
plotted against the inverse of the fluroxene concentration. 
Cytochrome P-450 concentration 3-82 nmol/mg microso- 
mal protein, microsomal concentration 2:0 mg protein/ml. 


of difference spectrum, S.D. + 0-02. 


for microsomes from all sources when metabolizing 
fluroxene (see Fig. 8), the equivalent plots for TFEE 
were not linear in all cases (Fig. 8). Some plots were 
biphasic, permitting the calculation of two different 
K,, values for uninduced, 3-methylcholanthrene and 
3,4-benzpyrene induced microsomes. For the metabo- 
lism of TFEE by phenobarbital induced microsomes, 
the plot was nearly linear over the range investigated 
permitting calculation of only a single K,,. 

Effect of inducers on K,, for fluroxene and TFEE. 
The effects of induction of cytochromes P-450 on the 
K,, for fluroxene and TFEE are presented in Tables 
1 and 2. The Michaelis constant for fluroxene is found 
to be 7-6 x 10° * M for control microsomes. Induction 
by any of the compounds utilized in this study was 
without marked effect on the K,, value for fluroxene. 
For TFEE, however, microsomes from all sources 
except phenobarbital induced animals, exhibit two 


for 


Av 
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Fig. 6. Effect of TFEE concentration on the extent of the 
difference spectrum with phenobarbital induced micro- 
somes; (M), no AIA added: (@), AIA (3:0 mM) added. The 
inverse of the absorbance difference in arbitrary units; is 
plotted against the inverse of the TFEE concentration. 
Cytochrome P-450 concentration 2-82 nmol/mg microso- 
mal protein, microsomal concentration 2:0 mg protein/ml. 
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Fig. 7. Effect of (A) fluroxene concentration with cyto- 
chrome P-450 concentration 3-34 nmol/mg protein and (B) 
TFEE concentration with cytochrome P-450 concentration 
2:23 nmol/mg protein on their rates of metabolism by cyto- 
chrome P-450 in phenobarbital-induced hepatic micro- 
somes. The inverse of the rates, determined by monitoring 
the corrected rates of NADPH oxidation, are plotted 
against the inverse of the anaesthetic concentration. Micro- 
somal concentration 2:0mg protein/ml, buffer 0-02 M 
Tris-HCl, pH 7:4, temperature 28°. 


separate K,, values of roughly 1:0 x 10°*M and 
1:2 x 10°7M. Phenobarbital induced microsomes 
exhibit a single calculable K,, of 1:9 x 10°3M. 


DISCUSSION 


The results of our previous in vivo investigations 
[11] revealed that the anaesthetic fluroxene becomes 
toxic to rats only when the levels of hepatic cyto- 
chrome P-450 are sufficiently high to catalyse the pro- 
duction of effective concentrations of toxic metabo- 








2.0 4.0 


VANAaesTHETIC} 


Fig. 8. Effect of (@), fluroxene concentration with type 
P-450 cytochromes concentration 2:32 nmol/mg protein 
and (@), TFEE concentration with type P-450 cytochromes 
concentration 1:52 nmol/mg protein on their rates of 
metabolism by cytochrome P-450 in 3,4-benzpyrene in- 
duced hepatic microsomes. The rates of metabolism, deter- 
mined by monitoring the corrected rates of NADPH oxi- 
dation, are plotted against the rates divided by the anaes- 
thetic concentration. Microsomal concentration 2-0mg 
protein/ml, buffer 0-02 M Tris-HCl, pH 7-4, temperature 
28. 
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lite(s). These investigations also indicated that cyto- 
chrome P-448 either metabolized fluroxene very 
slowly or was unable to produce such toxic metabo- 
lites, possibly as a consequence of its inability to 
metabolize fluroxene at all. It was also clear that 
while TFEE, the chemically reduced form of flurox- 
ene, became toxic under conditions of elevated cyto- 
chrome P-450 levels the toxic effects were produced 
more slowly than following fluroxene anaesthesia. It 
became apparent to us that the explanations for some 
of these results could only be provided by in vitro 
investigations of the interactions of cytochrome P-450 
with the anaesthetics. 

The appearance of a type I difference spectrum on 
the addition of certain compounds to isolated hepatic 
microsomes has clearly been demonstrated to be a 
consequence of the binding of those compounds to 
the catalytic site of ferricytochrome P-450[ 16]. In the 
present study the formation of such difference spectra 
(Fig. 1) and the saturating effect of anaesthetic con- 
centrations on the magnitude of the difference spectra 
(Fig. 2), following addition of fluroxene or TFEE to 
isolated hepatic microsomes thus demonstrate that 
both anaesthetics bind to the catalytic site of cyto- 
chrome P-450. The fact that the binding of fluroxene 
or TFEE to cytochrome P-450 is competitively inhi- 
bited by 2-allyl-2-isopropylacetamide (AIA) (Figs. 5 
and 6), is further proof that the two anaesthetics inter- 
act with the catalytic site of hepatic cytochrome P-450 
since AIA has been shown to bind to the substrate 
binding site [17] and to be metabolized by cyto- 
chrome P-450 [18]. 

The results of investigations with various inducing 
agents reported here have clearly demonstrated that 
there is no binding of fluroxene or TFEE to hepatic 
microsomal cytochrome P-448. This conclusion fol- 
lows from a comparison of (a) phenobarbital induced 
microsomes, which have elevated cytochrome P-450 
levels, and exhibit difference spectra with fluroxene 
or TFEE which are markedly enhanced relative to 
uninduced microsomes with (b) 3-methylcholanthrene 
or 3,4-benzpyrene induced microsomes, with mar- 
kedly enhanced cytochrome P-448 levels which do 
not exhibit enhanced difference spectra relative to un- 
induced controls (Table 1). This failure of fluroxene 
and TFEE to bind to cytochrome P-448 in vitro pro- 
vides an explanation for the failure of 3-methylcho- 
lanthrene induction to potentiate the toxicity of flur- 
oxene anaesthesia in vivo [11]. Apparently, although 
the levels of total hepatic type P-450 cytochromes in 
3-methylcholanthrene induced rats are sufficient to 
potentiate fluroxene toxicity, since the major com- 
ponent of the cytochromes in this case is cytochrome 
P-448, which does not bind or metabolize fluroxene, 
no toxic effects are observed. 

The linearity of double reciprocal and AA versus 
AA/[anaesthetic] plots of the difference spectra data 
produced by the addition of varying concentrations 
of fluroxene or TFEE to variously induced micro- 
somes indicates that these compounds bind to a single 
site on the enzyme (Figs. 3 and 4). The constancy 
of the spectrally determined binding constants, K,, 
for fluroxene binding to untreated and induced micro- 
somes (Table 1) is probably a consequence of the fact 
that a single type P-450 cytochrome is binding flurox- 
ene in all the microsomal preparations, i.e. cyto- 
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chrome P-450. In the case of 3-methylcholanthrene- 
and 3.4-benzpyrene-induced microsomes this cyto- 


chrome P-450 constitutes only approximately half of 


the total microsomal mixed function cytochromes 
present [19]. 

Stripp et al. [14] have thoroughly investigated the 
stoichiometric relationship between the rates of cyto- 
chrome P-450 catalyzed metabolism of drugs and the 
rates of oxidation of NADPH and concluded that 
an approximately 1:1 relationship existed if the 
NADPH oxidation rate was corrected for CO-in- 
sensitive endogenous NADPH oxidation. This 
_ method has been utilized in this present investigation 
to demonstrate that fluroxene and TFEE are metabo- 
lized by the cytochrome P-450 of hepatic microsomes 
while the results of inhibition studies with KCN indi- 
cate that the hepatic stearate desaturase system [20] 
is not involved in the metabolism of fluroxene or 
TFEE. Furthermore since phenobarbital-induced 
microsomes show markedly enhanced maximum 
rates of metabolism of fluroxene and TFEE relative 
to uninduced controls while 3-methylcholanthrene 
and 3.4-benzpyrene-induced microsomes show no 
change in maximum rates relative to control micro- 
somes (Table 1) it can be concluded that cytochrome 
P-448 does not catalyze the metabolism of fluroxene 
or TFEE. This is consistent with our results which 
demonstrated that cytochrome P-448 does not bind 
fluroxene. The linear Lineweaver-Burke (Fig. 7A) and 


v versus v/[anaesthetic] plots (Fig. 8) of the rates of 


fluroxene metabolism by all microsomes implies that 
Michaelis-Menten kinetics are being followed and 
that fluroxene-cytochrome P-450 complex formation 
is necessary for the metabolism of fluroxene. 

The close agreement between the average values 
of K,,, (0°83 mM) and K, (0-9 mM) for the interaction 
of fluroxene with all microsomes investigated indi- 
catés that-the type I difference spectrum observed is 
probably indicative of substrate-cytochrome P-450 
complex formation and that the rate-limiting step for 
the metabolism of fluroxene is subsequent to the 
binding of fluroxene to ferricytochrome P-450. 

In the case of the metabolism of TFEE, however, 
the situation is more complex. The sensitive v versus 
v/Lanaesthetic] plots are biphasic in all cases except 
for that of phenobarbital induced microsomes (where 
the range of concentrations examined was not exten- 
sive enough to ascertain if more than one K,, could 
be observed). Two K,,, values can thus be calculated. 
In all cases even the lower value of K,,, is greater than 
the corresponding K,,, value for fluroxene metabolism 
which demonstrates that TFEE is a poorer substrate 
for cytochrome P-450 than is fluroxene. This is con- 
sistent with the results of our in vivo experiments 
which showed that TFEE was less toxic than flurox- 
ene. as measured by the time of death subsequent 
to anaesthesia [11]. Since fluroxene and TFEE yield 


the same toxic metabolite (Ivanetich, Marsh and 
Kaminsky, manuscript in preparation) then the 
enhanced effectiveness of fluroxene in potentiating 
toxicity must follow from its enhanced rate of meta- 
bolism as compared to that of TFEE. 

In conclusion these results demonstrate that the 
toxicity .of fluroxene anaesthesia potentiated by 
phenobarbital induction follows from the enhanced 
rates of metabolism of the anaesthetic by cytochrome 
P-450. In contrast the failure of 3-methylcholanthrene 
induction to potentiate a similar toxic effect is a con- 
sequence of the inability of cytochrome P-448 to 
metabolize fluroxene. TFEE elicits toxic effects in vivo 
more slowly than fluroxene because it is a poorer 
substrate of cytochrome P-450 than is fluroxene. 


REFERENCES ‘ 

. J. C. Krantz, C. J. Carr, G. Lu and F. K. Bell, J. 
Pharmac. exp. Ther. 108, 488 (1953). 

2. V. L. Brechner, R. S. Watanabe and W. H. L. Dornette, 
Anesth. Analg. (Cleve) 37, 257 (1958). 

3. J. A. Aldrete in ‘Anaesthesia and Intraoperative Care. 
Experience in Hepatic Transplantation’. (Eds. T. E. 
Starzl and L. W. Putnam) p. 90. W. B. Saunders, Phila- 
delphia (1969). 

. H. F. Cascorbi and A. V. Singh-Amaranath, Anesthe- 
siology 37, 480 (1972). 

. R. R. Johnston, T. H. Cromwell, E. I. Eger, D. Cullen, 
W. C. Stevens and T. Joas, Anesthesiology 38, 313 
(1973). 

. W. C. Stevens and R. T. Gibbons, Abstracts. ASA 
Annual Meeting (1973), San Francisco, p. 185. 

. E. S. Reynolds, B. R. Brown and L. D. Vandam. New 
Eng. J. Med. 286, 530 (1972). 

s. W. K. Tucker, E. S. Munson, D. S. Holaday, V. Fisero- 
va-Bergova and B. M. Turner, Anesthesiology 39, 104 
(1973). 

_ J. A. Harris and T. H. Cromwell. Anesthesiology 37, 
462 (1972). 

. S. B. Wallman and S. N. Surks. Anesth. Analg. (Cleve) 
52. 942 (1973). 

K. M. Ivanetich. J. J. Bradshaw, J. A. Marsh, G. G. 
Harrison and L. S. Kaminsky, Biochem. Pharmac. 25, 
773 (1976). 

. K. M. Ivanetich, J. A. Marsh, J. J. Bradshaw and L. 
S. Kaminsky, Biochem. Pharmac. 24, 1933 (1975). 

. O. Tangen, J. Jonsson and S. Orrenius, Anal. Biochem. 
54, 597 (1973). 

. B. Stripp, N. Zampaglione. M. Hamrick and J. R. Gil- 
lette. Molec. Pharmac. 8, 189 (1972). 

5. J. R. Gillette, D. C. Davies and H. A. Sasame, A. Rev. 
Pharmac. 12, 57 (1972). 

. J. B. Schenkman, H. Remmer and R. W. Estabrook, 
Molec. Pharmac. 3, 113 (1967). 

). G. D. Sweeney and J. D. Rothwell, Biochem. biophys. 
Res. Commun. 55, 798 (1973). 

. F. De Matteis, Drug Metab. Disp. 1, 267 (1973). 

. W. Levin and R. Kuntzman, J. biol. Chem. 244, 3671 
(1969). 

T. Shimakata, K. Mihara and R. Sato, Biochem. bio- 
phys. Res. Commun. 44, 533 (1971). 





Biochemical Pharmacology, Vol. 25, pp. 785-788. Pergamon Press, 1976. Printed in Great Britain 


CLOFIBRATE-INDUCED ALTERATIONS IN SERUM 
PROTEIN PATTERNS** 


MICHAEL C. POWANDA,t Eric L. HENRIKSEN, ELEANOR AYALA and PETER G. CANONICO 
U.S. Army Medical Research Institute of Infectious Diseases, Frederick, MD. 21701, U.S.A. 


(Received 15 March; accepted 15 August 1975) 


Abstract—Clofibrate when added to the diet at 0-05 to 1:25% (w/w) not only causes an apparently 
dose-dependent decrease in serum cholesterol of rats but also markedly affects the plasma protein 
pattern. An increase in albumin is detectable by cellulose acetate strip electrophoresis, acrylamide gel 
electrophoresis, and by extraction of albumin from plasma. Cellulose acetate strip electrophoresis reveals 
a decrease in the «2-globulin fraction, while acrylamide gel electrophoresis indicates that there are 
manifold changes. Extractable seromucoid concentration declined from 440 mg/100 ml to 150 mg/ml 
as the dose of clofibrate increased. A concentration decrease in plasma glucose was also observed. 
Part of the decrement in seromucoid at low drug levels may be related to lessened haptoglobin concen- 
tration. The trypsin inhibitory capacity of the plasma was significantly decreased in what appeared 
to be a dose-dependent fashion. The decrease in seromucoid is consistent with the reduction in bound 
fraction of ribosomal RNA. Another explanation would appear to be required to explain the rise 


in albumin. 


Clofibrate is an antihyperlipidemic agent used to 
reduce serum cholesterol and triglyceride levels [1]. 
In addition, clofibrate has been shown to decrease 
glycolytic enzyme activities in rat liver [2] and human 
jejunum [3], to increase the hepatic content of mito- 
chondria in rats [4], to alter the activity of a number 
of oxidoreductase enzymes in rat liver [5] and to in- 


crease liver catalase synthesis [6]. Obviously, clofi- 
brate has extensive effects on the synthesis of intrahe- 
patic proteins. We, therefore, investigated the effects 
of clofibrate on serum proteins which are also synthe- 
sized by the liver [7]. 


MATERIALS AND METHODS 


Clofibrate was obtained from Dr. George Brice 
(Ayerst Laboratories, New York). Male Fisher—Dun- 
ning rats weighing 150-200 g (Microbiological Associ- 
ates, Walkersville, Md.), were housed in a room main- 
tained at 22-24° and lighted from 0600 to 1800 hr. 
They were fed ground commercial rat food (Ralston 
Purina), to which varying amounts of clofibrate were 
added. 

Plasma chlorophenoxyisobutyrate (CPIB) content 
was determined by the spectrophotometric method of 
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Barrett and Thorp [8]. Clofibrate acid for standardi- 
zation was obtained from Dr. Dvornik (Ayerst Labor- 
atories, Montreal, Canada). Cellulose acetate strip 
electrophoresis was accomplished with a PhoroSlide 
(Millpore Corp., Bedford, Mass.) apparatus. The 
samples were run for 37 min to facilitate the separ- 
ation of the «,-fraction from albumin; the strips were 
stained with Ponceau-S and quantitated with a Phoro- 
Scope densitometer. 

Acrylamide gel electrophoresis was carried out 
using commercially available gradient gels (3-20°,) 
and electrophoretic equipment obtained from Ortec 
Inc. (Oak Ridge, Tenn.). Densitometric analysis was 
carried out using a model R Digiscreen (Gelman In- 
strument Co., Ann Arbor, Mich.). 

Cholesterol and triglyceride was determined on an 
Auto Analyzer II system [9,10] (Technicon Instru- 
ment Corp., Tarrytown, N.Y.). 

Plasma glucose was determined using ortho-tolui- 
dine reagent [11]. 

Seromucoid and albumin were extracted by the 
procedure of Neuhaus et al.[12] and protein deter- 
mined by an automated Lowry technique [13]. 

Serum haptoglobulin was determined by the pro- 
cedure of Owen et al. [14]. 

Trypsin inhibitory capacity was assessed according 
to the method described by Eriksson [15]. No effect 
of CPIB on the assay itself was observed. Hepatic 
RNA was fractionated by the technique of Blébel and 
Potter[16] and the RNA and DNA content was 
determined spectrophotometrically [17]. 


RESULTS 


Plasma CPIB concentration increases as a function 
of the dietary content of the drug (Table 1). There 
is the anticipated increase in liver weight/100 g body 
weight and decrease in cholesterol concentration. In 
contrast, a biphasic relationship between plasma 
CPIB content and triglyceride concentration appears 
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Table 1. Some metabolic effects of clofibrate in rats (N = 10) 





Plasma CPIB 
(ug/ml) 


Liver wt 
100 g body wt) 


° Clofibrate 
in diet 


Glucose 
(mg/100 ml) 


Cholesterol 
(mg/100 ml) 


Triglycerides 
(mg/100 ml) 





24+4 
129 + 16 


* Significantly different from controls, P <0-001. 
+ Significantly different from controls, P <0-01. 


Table 2. 





56:7 
41-2 53-2 
26:0 - 64-0 
17-8 +.3-9* 88-8 


123-2 


15-2 
3-0* 
6-97 
13-1 


I+ I+ |4 
% 


I+ I+ I+ + 
aAwh Qo 


+ 
*% 





Effect of clofibrate on serum protein pattern of rats (N = 10) 





Clofibrate 
in diet 


Per cent 





(°.) Albumin 





0 49-4 + 133 14-6 + 
0-05 50-7 + 0:5 10-9 +4 
0:25 53-8 + 13 13-9 


13-6 + 


l 
OP a 59:5 + 1-67 





+ I+ H+ H+ 





* Significantly different from controls, P <0-01. 
+ Significantly different from controls, P <0-001. 


to obtain. A 40 per cent decrease in plasma glucose 
was Observed at the highest dose of the drug. 

Table 2 summarizes the effect of clofibrate on 
serum protein pattern as revealed by cellulose acetate 
strip electrophoresis. There is a 20 per cent increase 
in albumin and a 60 per cent decrease in the x>-frac- 
tion at 1:25°,, clofibrate. There is a significant decrease 
in the x,-fraction and a seemingly complementary rise 
in the f-y fraction at 0-05°,, clofibrate. Figure | shows 
sera run on acrylamide gels and stained for protein 


and glycoprotein and indicates that the effects of 


CPIB on plasma proteins may not be limited to albu- 


min and a few proteins in the x,-fraction. There 
appears to be a dose-dependent response with more 
extensive decrements in a number of protein bands 
at higher doses. Although not especially evident to 
the naked eye, densitometric analysis reveaied a very 
significant increase in albumin from 1-9 to 2-7 g/100 
ml in rats receiving 1:25°,, clofibrate as compared to 
controls. Less periodic acid-Schiff reactive material 
was observed just ahead of albumin where one would 
expect to find orosomucoid and ~%,-antitrypsin. Des- 
pite the marked changes in serum protein pattern eli- 
cited by CPIB, there was no significant difference 
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Fig. 1. Gradient acrylamide gel electrophoretic patterns. Three pl of serum was applied to the gel 
W hich Was to be stained with amido schwarz for protein content and 20 yl to the gel which was 
stained with periodic acid-Schiff reagent to detect glycoproteins. The protein patterns: are shown on 
the left, the glycoprotein on the right. The total serum protein concentration (g/100 + | S.E.M.) 


was as follows: control, 6-28 + 0-16; 0-05°, 
1-25° 


, clofibrate, 6:27 + 0-07: 0-25°, clofibrate. 6-48 + 0-11: and 
» Clofibrate, 6-26 + 0-11. 





Clofibrate-induced alterations in serum protein patterns 


® p<0.05 
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Fig. 2. Effect of clofibrate on selected protein components 

of serum. The means of six rats/group are depicted. The 

trypsin inhibitory capacity of control sera was 3-65 + 0:19 
(mean + | S.D.) mg trypsin inhibited/ml of serum. 


between the total serum protein concentration in 
treated vs control rats. 

Since there were obvious decreases in glycopro- 
teins, the sera were analyzed for seromucoid content. 
Even the lowest dose of clofibrate decreased seromu- 
coid content somewhat, but significant dimunition 
was only observed at the higher doses (Fig. 2). Con- 
firming the rise in albumin apparent by electro- 
phoresis, there was almost a doubling of extractable 
albumin at the two highest doses of clofibrate, and 
even 005°, clofibrate caused a significant elevation. 
The decrease in seromucoid at the lowest doses of 
clofibrate may be due to a fall in haptoglobin con- 
centration, but at higher doses it would appear that 
changes in haptoglobin do not play a major role in 
this phenomenon. Trypsin inhibitory capacity de- 
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creased with increasing dose of clofibrate and might 
account in part for the decrement in seromucoid. 

In many ways consistent with the changes in serum 
protein patterns just described were the alterations 
in hepatic RNA distribution, shown in Table 3. The 
concentration of total and soluble RNA/mg of DNA 
was ‘not appreciably changed. However, free riboso- 
mal RNA is significantly increased: this change was 
complemented by a reduction in the bound fraction, 
resulting in a significant change in the free-to-bound 
ribosome ratio. 


DISCUSSION 


Clofibrate induced the anticipated hepatic hyper- 
trophy and decrease in cholesterol usually observed 
in animal studies, especially at higher doses of the 
drug[18]. The apparent biphasic _ relationship 
between clofibrate dose and triglyceride concentration 
is not totally unexpected in the light of the recent 
studies demonstrating that CPIB stimulates triglycer- 
ide synthesis in hepatocytes isolated from rats and 
squirrel monkeys [19]. The decrease in plasma glu- 
cose concentration is consonant with reports of clofi- 
brate-induced decreases in hepatic glycogen content 
and certain glycolytic enzymes [2]. 

The effects of clofibrate on hepatic enzymes in gen- 
eral and catalase in particular led us to look at the 
effects of this drug on serum protein patterns. Since 
intrahepatic proteins are presumed to be synthesized 
on free ribosomes while proteins for export appear 
to be formed on the bound ribosomes[20], we 
hypothesized that significant changes in serum pro- 
tein patterns might occur after clofibrate treatment. 
As expected such occurred, although not entirely as 
predicted. If one ascribes the decrease in seromucoids 
to a decrease in bound ribosomes, i.e. in the number 
of sites synthesizing serum proteins, then an alterna- 
tive explanation is required to explain the rise in albu- 
min, since albumin is also presumed to be formed 
on the rough endoplasmic reticulum [21]. It may be 
that CPIB affects transcription as well as translation 
giving rise to a different pattern of messenger RNA. 
Or, perhaps since albumin does not appear to contain 
any significant amounts of protein-bound carbo- 
hydrate, its synthesis may be affected differently than 
the bulk of the serum globulins, all of which have 
at least some bound carbohydrate [22]. If the de- 
crease in plasma glucose we observed reflects the 
availability of sugars for attachment to nascent serum 
proteins and if sugar availability is rate limiting, one 
might expect depressed serum glycoprotein synthesis. 


Table 3. Hepatic RNA distribution in rats (N = 6) fed 1-25°,, clofibrate in their diet 





mg RNA/DNA by days on diet 





RNA fraction 


3 





Total 
Soluble 
Ribomosal 
Free 
Bound 
Bound free ratio 


0:36 + 0-01 
1-42 + 0-10 
(3-94 + 0-33) 


2-61 + 0-03 


x + 0:06 
0:72 + 0-01 


+ 0-06 


0-45 + 0-03* 
1:27 + 007 
(2:82 + 0-25)* 


0-47 + 0-03* 
1-11 + 0-10* 
(2:36 + 0:26)* 





* Significantly different from control (day 0), P <0-01. 
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Again, it may be that CPIB binding to albumin [23] 
lessens its degradation or affects its distribution. 

Some if not all of the decrease in periodic acid- 
Schiff (PAS) reagent-positive material on acrylamide 
gels may be due to the decrease in seromucoids, a 
class of serum globulins containing large amounts of 
bound carbohydrate and comprised of proteins 
nominally referred to as acute phase globulins [22]. 
At 0:05°, clofibrate the decrease in haptoglobin is 
almost sufficient to explain the drop in seromucoid 
content. However, at higher doses, changes in hapto- 
globin seem to play little part in the decrease in sero- 
mucoid. The dose-dependent decrements in trypsin 
inhibitory capacity may indeed augar a decrease in 
%,-antitrypsin itself. Certainly there is less PAS-posi- 
tive material at the site of the acrylamide gels where 
one might expect «,-antitrypsin. However, «-macro- 
globulin also possesses antiprotease activity [24, 25] 
and a significant decrease in the %,-fraction was 
observed in the cellulose acetate strip electrophoretic 
patterns. Orosomucoid or 2,-acid glycoprotein is 
another of the seromucoids and, although not assayed 
for specifically, again there was a decrease in PAS- 
positive material at its presumed location on acryl- 
amide gels. 

Although the decrease in the ratio of bound to free 
ribosomes is consistent with lessened seromucoid, it 
remains to be determined how CPIB affects RNA dis- 
tribution and, subsequently, serum protein synthesis. 
In a whole animal, interpretation would be compli- 
cated by the fact that CPIB decreases corticosteroid 
production [26] and alters the balance of glucagon 
and insulin [27], hormones which are known to affect 


amino acid utilization and protein synthesis [28, 29]. 
To what extent CPIB acts through or in association 
with these or other hormones remains to be deter- 
mined, but the fact remains that this drug can mark- 
edly alter serum protein synthesis. 
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Abstract 


Administration of neocarzinostatin (NCS) (10 g/g) intravenously through the tail vein caused 


strand breaks in DNA of both resting and regenerating liver as measured by sedimentation in an 
alkaline sucrose gradient. However, such fragmentation could be largely prevented by perfusing before 
squashing the liver; the inhibition appears to be more in the resting compared to regenerating liver. 
Furthermore, when NCS was given intraperitoneally (10 ug/g) either at 1 or 4hr before killing, it 
did not cause strand breaks in liver DNA. Rat liver nuclear suspensions, which consist of intact 
nuclei with little cytoplasm, when incubated with NCS (2 ug/ml of incubation mixture), resulted in 
extensive strand breakage in liver DNA. These results suggest that NCS may not penetrate the resting 
liver cell, at least not rapidly, and that the observed DNA strand breaks may be largely due to 
the interaction of the circulating drug in the portal blood with DNA in vitro at one or more steps 
during the preparation and analysis of the liver cell DNA. Heat denaturation of NCS abolished the 


property of fragmentation of DNA. 


Neocarzinostatin (NCS), an acidic protein isolated 
from Streptomyces carzinostaticus[1,.2] is active 
against some experimental tumors in mice[1,3]. 
Phase I clinical trials in Japan appear to indicate that 
NCS is effective in the treatment of certain solid 
tumors [4]* and leukemia [5]. NCS has been shown 
to inhibit DNA _ synthesis in Sarcina lutea [6], 
L1210[7] and HeLa [8] cells. At high concentrations 
in Sarcina lutea, this drug induces degradation of 
DNA into acid-soluble nucleotides [9]. Recently, 
NCS has been shown to cause DNA strand scissions 
in HeLa [8] and L1210[7,10] cells and in SV40[8] 
and calf thymus [10] DNA in vitro. 

During the past few years, it has been demonstrated 
that several carcinogens of low molecular weight in- 
duced strand breaks in liver DNA in vivo [11-14]. 
In view of the reactivity of NCS with DNA in vitro 
and its possible importance in clinical therapy, it 
became of interest to see whether NCS causes liver 
DNA strand breaks in an intact animal. The results 
presented in this communication indicate that NCS 
does not induce liver DNA strand scissions in vivo, 
at least not rapidly, but does cause strand breaks in 
vitro during incubation of the drug with a liver nuc- 
lear suspension. 


MATERIALS AND METHODS 


White male Wistar rats (Carworth Farms) weighing 
100 g were partially hepatectomized according to the 





*K. Matsumoto and K. Nakauchi, National Cancer 
Center. Tokyo, personal communication. ' 


procedure of Higgins and Anderson [15]. The liver 
DNA was labeled with thymidine-methyl[*H] (sp. 
act., 20 Ci/m-mole) (New England Nuclear, Boston, 
Mass.) during liver cell regeneration [16]. The ani- 
mals were used after a recovery period of 2 weeks, 
at which time the liver had returned essentially to 
a quiescent state [17]. Two-tenths ml of 0-9°,, NaCl 
or 0:2 ml of 09°, NaCl solution of highly purified 
NCS [18] was administered either intraperitoneally 
or intravenously through the tail vein. After 30 min 
the animals were anesthetized with ether, and the 
livers were excised with or without perfusion in situ 
with about 20ml of the cold (10°) squash solution 
(0-024 M EDTA and 0:075M NaCl, pH 7:5) through 
the portal vein with a syringe. The inferior vena cava 
was cut to facilitate the perfusion of the liver. 
Preparation of nuclear suspension and analysis of 
DNA on alkaline sucrose gradient. The liver was 
quickly removed and dropped into a tube containing 
cold squash solution. Approximately 1 g of the liver 
was placed in a cold petri dish along with 2-3 ml 
of squash solution and gently squashed with a spatula 
or a fork with bent tines. The suspension was centri- 
fuged for 1 min at 500 rev/min at 4 in an I[nterna- 
tional model PR-6 refrigerated centrifuge. The super- 
natant, which contained essentially intact nuclei with 
very little cytoplasm, was used for the analysis. DNA 
was released by alkaline lysis in situ on top of the 
alkaline sucrose gradient. The alkaline lysing solution 
consisted of 0-1 M Tris-HCI buffer, pH 12:5, contain- 
ing 0-03 M EDTA, 9:3M NaCl and 0:5°, SDS. After 
a lysing period of 30 min at 25., the gradients were 
centrifuged for 30 min at 25,000 rev/min at 20 ina 
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Spinco SW40 rotor. Collection of fractions from the 
gradients and the determination of acid-precipitable 
radioactivity in these fractions were performed as de- 
scribed earlier [16]. 

Sucrose gradients were calibrated using DNA from 
T,. T, and SV40 nicked circles. Molecular weight 
values higher than T, phage-DNA are extrapolated 
from the sedimentation pattern of DNA of SV40, T, 
and T, phages [19]. 

?ncubation of rat liver nuclear suspension with NCS. 
To 0-1 ml of liver nuclear suspension was added an 
equal volume of squash solution alone or with either 
NCS, 2 pug. or heat-denatured NCS, 20 yg/ml of incu- 
bation mixture. After an incubation period of 30 min 
at 25 . an aliquot of the incubation mixture was lysed 
on top of an alkaline sucrose gradient and analyzed 
for size distribution of the DNA. 

Preparation of heat-denatured NCS. NCS (1 mg/ml 
of squash solution) was heated in a boiling water bath 
for 10 min and chilled on ice. 


RYSULTS AND DISCUSSION 


The term ‘single-strand break’ is used operationally 
and refers to slowly sedimenting DNA in an alkaline 
sucrose gradient. The effect of NCS on the sedimen- 
tation of liver DNA in alkaline sucrose gradient is 
shown in Fig. 1. The DNA from control perfused liver 
sedimented mostly into the 2:3M sucrose cushion at 
the bottom of the gradients. This DNA was found 
to be single stranded as judged by physical and elec- 
tron microscopical examination and by the suscepti- 
bility toward S, nuclease [19]. In contrast, the liver 
DNA from the rat that received NCS intravenously 
(10 ug/g) 30 min before killing exhibited slower sedi- 
mentation. However, such slower sedimentation of 
liver DNA was not observed when the drug was 
administered intraperitoneally (10 ug/g) either at | or 
4hr before killing (data not presented). 

These observations, coupled with the relatively 
large molecular weight of the drug (10,700 daltons), 
suggested that the hepatic DNA _ strand _ breaks 
observed when the compound was given intra- 
venously might not represent the interaction of NCS 
with liver DNA in vivo. Rather, the strand breaks 
could well be a consequence of direct interaction of 
the DNA with the residual drug present in the hepatic 
biood in vitro either during or following the prep- 
aration of the nuclear suspension. To study this possi- 
. bility, the following experiments were carried out. Ex- 
periment 1: NCS (10 ug/g) was given intravenously 
and the rats were killed 30 min later. The liver was 
perfused 1-2 min before killing. Sedimentation analy- 
sis of DNA from such a liver clearly indicated that 
the DNA behaved like that from a control liver (Fig. 
1). The small degree of fragmentation of DNA seen 
in the perfused liver may be due to the traces of NCS 
that could not be removed by perfusion. Experiment 
2: In contrast to resting liver, dividing cells such as 
HeLa [8] and L1210[7,10] cells exhibited DNA frag- 
mentation upon incubation with NCS. This raises the 
question of whether NCS would cause DNA strand 
breaks in regenerating rat liver. To study this, rats 
were partially hepatectomized [15], and 21 hr later 
(during the S phase) the liver DNA was labeled with 
tritiated thymidine. After 4 hr, when the newly labeled 
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Fig. 1. Sedimentation profiles in alkaline sucrose gradients 
of hepatic DNA of rats given 0:9°,, NaCl or 09°, NaCl 
containing NCS. NCS (0:2 ml) was given intravenously 
through the tail vein at a dose of 10 ng/g of body weight. 
Control rats received equal volumes of 0-9°,, NaCl intra- 
venously. All the rats were killed 30 min thereafter. One 
group of rats received NCS and were not perfused (A-—A). 
The other two groups received either 0-9°,, NaCl (O O) 
or NCS (@---@), and the livers were perfused 1—2 min prior 
to killing. Each gradient represents one animal. On the 
average, the percentage of acid-precipitable radioactivity 
recovered in fractions 1-5. 6-13 and 14-18 was 73 + 4, 
13 +4 and 13 + 4, respectively (average of five gradients), 
for the hepatic DNA of control rats; 22 + 6, 69 + 6 and 
11 + 1 for the liver DNA of rats given NCS without per- 
fusion (average of four gradients), and 57 + 7, 29 + 9 and 
14 + 2 for the DNA of perfused liver of rats given NCS 
(average of three gradients). The sedimentation is from 
right to left. Total acid-precipitable radioactivity recovered 
from each gradient was as follows: control 268 cpm: NCS 
followed by perfusion, 1069 cpm: and NCS followed by 
no perfusion, 2256 cpm. 


DNA becomes elongated and bands near the bottom 
of the sucrose gradient [20], NCS was administered. 
The results presented in Fig. 2 clearly indicate that: 
(a) intravenous administration of NCS causes strand 
breaks in regenerating liver DNA, and (b) perfusion 
of the liver 1-2 min prior to killing inhibits the frag- 
mentation of liver DNA. However, the extent of inhi- 
bition does not appear to be as much as that seen 
with resting liver, suggesting that regenerating liver 
may be more permeable than resting liver toward 
NCS. It is also possible that the residual NCS (left 
over in the liver after perfusion), if any, may induce 
more extensive damage in DNA of regenerating liver 
than in that of resting liver, because the newly made 
DNA (4-hr pulse) in regenerating liver may be differ- 
ent from the DNA of resting liver (DNA labeled 2-3 
weeks earlier) in its size, packaging with histones, 
nonhistone proteins and so forth. Hence, it will be 
difficult to draw any conclusion regarding the differ- 
ential permeability of resting and regenerating liver 
toward NCS. Further, the possibility that NCS can 
exert its effect by binding to the membrane without 
entering the cell cannot be ruled out. Such a 
mechanism was postulated for the inhibitory action 
of hepatic cholane on DNA synthesis [21]. 
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Fig. 2. Sedimentation profiles in alkaline sucrose gradients 
of DNA of regenerating liver of rats given 0:9°, NaCl or 
0-9°,, NaCl containing NCS. Eighteen to 21 hr following 
partial hepatectomy, rats were given 400 wCi of [7H]thymi- 
dine. Four hr later, either 0:2 ml NCS (10 ug/g) or an equal 
volume of 0-:9°,, NaCl was given intravenously. All the rats 
were killed 30 min thereafter. One group of rats received 
NCS and were not perfused (A-—A). The other two groups 
received either 0-9°,, NaCl (O———O) or NCS (@---@) and 
the livers were perfused 1-2 min prior to killing. Each 
gradient represents one animal. On the average, the per- 
centage of acid-precipitable radioactivity recovered in frac- 
tions 1-5, 6-13 and 14-18 was 42 + 4, 30 + 6 and 29 + 5, 
respectively (average of six gradients), for the hepatic DNA 
of perfused control rats; 12 + 3, 38 + 8 and 51 + 10 for 
the liver DNA of rats given NCS without perfusion (aver- 
age of three gradients), and 24 + 3, 39 +9 and 38+7 
for the DNA of perfused liver of rats given NCS (average 
of five gradients). Total acid-precipitable radioactivity re- 
covered from each gradient was as follows: control, 
1190 cpm; NCS followed by perfusion, 760 cpm; and NCS 
followed by no perfusion, 400 cpm. 


Experiment 3: NCS was incubated in vitro with rat 
liver nuclear suspension. The results presented in Fig. 
3 clearly demonstrate that NCS can cause DNA 
strand breaks under such conditions. In two exper- 
iments, the liver nuclear suspension, after incubation 
for 30 min with NCS, was diluted with 5-0 ml of 
squash solution and centrifuged at 1000 rev/min in 
an International model PR-6 refrigerated centrifuge 
to remove any unreacted NCS. Sedimentation analy- 
sis of the DNA of the pelleted nuclei in the alkaline 
sucrose gradient indicated that removal of the un- 
reacted NCS, if any, from the incubation mixture did 
not decrease the fragmentation of liver DNA by this 
agent. 

In an attempt to understand the mechanism of 
action of NCS on the fragmentation of DNA, heat- 
denatured NCS was incubated with liver nuclear sus- 
pension in two experiments. The results in Fig. 3 indi- 
cate that even at a concentration of 20 g/ml, heat- 
denatured NCS did not cause liver DNA fragmen- 
tation. This observation was not unexpected since 
NCS possesses a very tightly folded conformation, 
which probably consists to a considerable extent of 
the f-pleated sheet type of protein [18]. 
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Fig. 3. Effect of addition in vitro of NCS and heat-dena- 
tured NCS to the rat liver nuclear suspension on the sedi- 
mentation profiles of DNA in alkaline sucrose gradients. 
To 0-1 ml of liver nuclear suspension was added: (1) an 
equal volume of the squash solution (O O): (2) the 
squash solution containing NCS (2 ug/ml of incubation 
mixture; @——-@); (3) heat-denatured NCS (20 ng/ml; 
A A). After an incubation period of 30 min at 25, 
an aliquot of the nuclear suspension was lysed on top of 
an alkaline sucrose gradient. Each gradient represents one 
incubation. On the average the percentage of acid-precipi- 
table radioactivity recovered in fractions 1—5, 6-13 and 
14-18 was 75 + 6, 20+ 4 and 4+ 0-9, respectively (aver- 
age of six experiments), for (1); 7 + 3, 81+ 5 and 12 +3 
(average of seven experiments) for (2); and 67 + 7, 25+ 5 
and 8 + 1 (average of three experiments) for (3). Total acid- 
precipitable radioactivity recovered from each gradient was 
as follows: control, 561 cpm; incubated with NCS, 
1316cpm: and incubated with heat-denatured NCS, 
233 cpm. 


It is interesting to note that incubation of NCS 
with EDTA-treated Escherichia coli cells resulted in 
fragmentation of the DNA [9]. However, NCS did 
not cause fragmentation of DNA if the cells were not 
pretreated with EDTA [9]. These results indicate that 
E. coli cell wall or membrane may not be permeable 
to NCS. A phenomenon analogous to that observed 
with NCS was recently reported by Cox et al. [22 
with the glycopeptide bleomycin. DNA strand 
damage was not seen in animals given bleomycin if 
the liver was perfused before preparing the liver for 
lysis. 

Even though the mechanism by which NCS causes 
DNA strand breaks is not clear, the results presented 
in this communication suggest that: (1) NCS may not 
penetrate the resting liver cell, at least not rapidly, 
and (2) unlike the liver cell membrane, the nuclear 
membrane under the conditions employed appears to 
be permeable to NCS. From the chemotherapeutic 
viewpoint, the inability of NCS to interact in vivo 
with DNA of resting hepatocytes, in contrast to the 
apparent though limited interaction with proliferating 
cells such as tumor cells [7.8.10] and regenerating 
liver, is of considerable interest. 
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Abstract—Spectral studies of human placental microsomal cytochromes provided evidence that andros- 
tenedione will bind either to two separate cytochromes or to two sites on the same cytochrome. 
Scatchard and Lineweaver—Burk plots indicated the presence of a binding site with high affinity and 
low capacity and a second site with a lower affinity but higher capacity. Both sites were discernible 
in the presence of high concentrations of NADPH, and similar binding constants were obtained. The 
absorption maximum (450 nm) of the carbon monoxide complex of NADPH-reduced placental cyto- 
chrome P-450 could be abolished completely by additions of low concentrations of androstenedione, 
19-hydroxyandrostenedione or 19-oxoandrostenedione, but not by high concentrations of 19-norandros- 
tenedione, 19-nortestosterone, pregnenolone or benzo[a]pyrene. Compounds capable of binding signifi- 
cantly to placental microsomal cytochrome P-450 appeared to fall into three categories: C-19 or C-18 
steroids, with structures similar to that of androstenedione or 19-norandrostenedione; C-18 steroids 
with structures very similar to that of f-estradiol; or substances capable of forming ferrihemochromes. 
A large number of foreign organic compounds which produced type-I binding spectra in rat liver 
microsomes exhibited either no or very minimal binding to placental cytochrome P-450. Most com- 
pounds that exhibited significant binding to placental cytochrome P-450 also were inhibitors of rates 
of androstenedione aromatization (aromatase activity). Important exceptions were carbon monoxide. 
metyrapone and nicotinamide. Diethylstilbestrol acted as a relatively potent inhibitor of aromatase 
activity but displayed no discernible binding. Results of the study strongly supported a functional 


role for placental cytochrome P-450 in the aromatization reaction. 


In very recent years studies [1-6] have appeared in 
the literature that have verified and extended the ori- 
ginal observations of Meigs and Ryan [7] concerning 
the presence of cytochrome P-450 in the endoplasmic 
reticulum of human placental cells. Various properties 
of this cytochrome(s) have been described in the same 
reports, and solubilization and partial purification 
also have been achieved [2]. As yet, however, a defini- 
tive biochemical role for placental microsomal cyto- 
chrome(s) P-450 has not been demonstrated convinc- 
ingly, although several possible functions have been 
postulated. On the basis of binding specificity, 
Thompson and Siiteri [3,5] have proposed that the 
cytochrome may serve as the terminal oxidase in the 
conversion of androstenedione to estrone, a mixed- 
function oxidative reaction which is not inhibited by 
high concentrations of carbon monoxide (CO). (In 
earlier studies. Meigs and Ryan [7] also proposed 
this function for the cytochrome.) The placental micro- 
somal mixed-function oxidation of foreign organic 
compounds including benzo[a]pyrene [8,9] and 
19-norsteroids [3,5,7] can be inhibited readily by 
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CO, indicating a possible role for the cytochrome in 
these drug-metabolic reactions. Other investigators 
[10,11] have suggested that placental cytochrome 
P-450 may be functional in the facilitated transport 
of oxygen from the maternal to the fetal circulation. 
One group of workers [12] has postulated that cyto- 
chrome P-450 of the endoplasmic reticulum may faci- 
litate transport of oxygen from the cell surface to the 
mitochondria. The possibility that cytochrome P-450 
may be observable in human placental microsomal 
fractions solely as a result of mitochondrial cross-con- 
tamination recently was ruled out [4]. 

The purpose of the present investigation was to 
provide further information on the nature and poss- 
ible functions ef this highly interesting cytochrome. 
Evidence is presented for the presence of two or more 
CO-binding pigments in placental microsomal frac- 
tions. A large series of drugs and steroids was studied 
to provide further insights into the binding specificity, 
apparent relative affinity, maximal spectral changes 
producible and numbers of apparent binding sites. 
Additional evidence was found to support our earlier 
theory [6] that the lack of observable drug-metabolic 
activities in placental microsomes is due, at least in 
part, to extremely low affinities of drug substrates for 
placental cytochrome P-450. This contrasts with ex- 
tremely high affinities for certain endogenous steroids. 
Evidence is presented that androstenedione and 
related steroids are capable of preventing CO from 
complexing with NADH-reduced placental microso- 
mal cytochrome P-450. 
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MATERIALS AND METHODS 

Tissues. Human placentas were obtained at term 
from the delivery rooms of the University and Group 
Health Hospitals, Seattle, Wash. Homogenates were 
prepared as described previously [2]. Microsomes 
were prepared by first centrifuging the homogenate 
at 14.500 g for 25 min in an International (model 
B-20) refrigerated centrifuge in order to minimize 
mitochondrial cross-contamination [4]. The micro- 
somal fraction then was sedimented by centrifuging at 
104.000 g for | hr or by precipitation with calcium 
chloride as follows: a 10 M solution of CaCl, was 
adjusted to pH 7:5 with NaOH, and 4 ml of the 
CaCl, solution/100 ml of supernatant was added to 
the 14,500 g supernatant fraction slowly with stirring. 
The solution was stirred for an additional 5 min at 
4. This then was centrifuged at 22,000 g for 30 min 
and as much of the soluble fraction was removed as 
possible. The pellets were resuspended in a solution 
containing 10°? M Tris-HCl (pH 7:7), 10°* M di- 
thiothreitol, 1-15°,, KCl and 5 x 10°* M CaCl, in ap- 
proximately one-third the original volume. This solu- 
tion was centrifuged at 22,000 g for 30 min and the 
pellet was resuspended in the same solution a second 
time and recentrifuged. Procedures for precipitation 
also were employed in which potassium sulfate, mag- 
nesium sulfate or sodium chloride was substituted for 
CaCl,. Specific activities of the aromatase system 
were highest with calcium chloride-precipitated micro- 
somes; therefore this preparation frequently was 
utilized in enzyme assays and purification procedures. 
Microsomes precipitated with salts, however, were 
less suitable for spectral analyses because of rapid set- 
tling in the cuvettes and also were obtained in a 
somewhat lower yield per g of tissue (wet weight). 
For these reasons, microsomes prepared by ultracen- 
trifugation also were utilized in many of the analyses. 
Hepatic microsomes were prepared from adult, male, 
Sprague-Dawley rat livers according to the method 
described by Mazel [13]. 

Chemicals. Radioactive chemicals, including [4-'*C] 
androstenedione, [4-'*C]testosterone, [4-'*C]estrone 
and [4-'*C]f-estradiol and the corresponding 
tritiated steroids were obtained from New England 
Nuclear Corp. (Boston, Mass.). 19-Oxoandrostene- 
dione was prepared according to methods described 
by Meigs and Ryan [14]. Other steroids were 
obtained from  Steraloids, Inc.. Pawling, N.Y. 
NADP’, NADPH, NADH, glucose 6-phosphate, glu- 
cose 6-phosphate dehydrogenase, sodium cholate, 
reduced glutathione, sodium succinate and diethylstil- 
bestrol were obtained from Sigma Chemical Co.. 
Rochester, N.Y. Aminoglutethimide and metyrapone 
were obtained as gifts from Ciba Pharmaceutical Co.. 
Summit, N.J. Hexobarbital was a gift from the Sterl- 
ing-Winthrop Research Institute, New York, N.Y. All 
other chemicals and solvents utilized were reagent 
grade and of the highest purity commercially avail- 
able. 

Enzyme assays and spectral analyses. Analyses of 
rates of formation of 3-hydroxybenzo[a ]pyrene from 
benzo[a]pyrene in placental microsomes were per- 
formed as previously described [4]. Estimations of 
rates of conversion of androstenedione to estrogens 
(aromatase activity) in placental microsomes were 
determined according to the following procedure: 


Microsomes equivalent to 20-25 mg protein were in- 
cubated with shaking (50-60 rev/min) in a Dubnoff 
metabolic incubator at 37° for 30 min under a 100% 
oxygen atmosphere. Typical incubation flasks con- 
tained [4-'*C]Jandrostenedione (0-5 wCi, 58-8 mCi/m- 
mole), unlabeled androstenedione (1-9 x 10°* M, 
final concentration), 50 uwmoles glucose 6-phosphate, 
5 units of glucose 6-phosphate dehydrogenase, 5 
umoles NADPH and sufficient potassium phosphate 
buffer (0-05 M, pH 7:35) to provide a total volume 
of 3:7 ml. The reaction was stopped by adding 25 
ml dichloromethane to the reaction vessels. The mix- 
ture was shaken vigorously for 10 min. After transfer- 
ring 20 ml dichloromethane, 25 ml ethyl acetate was 
added and the mixture was shaken again and centri- 
fuged. Twenty ml of the ethyl acetate layer was added 
to the dichloromethane previously transferred, mixed 
and evaporated to dryness. The residue was taken 
up into 0-1 ml of 95°, ethanol. The extracts were spot- 
ted in 2-0-1 quantities on top of known steroid stan- 
dards for accurate visualization of substrate and 
metabolites on the chromatograms. Activated Silica 
gel (Baker, 100 nm) plates were employed with a 
chloroform—toluene—ethyl acetate (4:8:3) developing 
system. After development, the plates were air-dried, 
sprayed with 50%, phosphoric acid and charred to 
visualize the spots. The migration of steroids is illus- 
trated in Fig. 1. 

The spots were cut out and placed directly into 
counting vials. Scintillation liquid (4 g PPO and 0:1 
g POPOP /liter of toluene) then was added to the vials 
and these were counted in a Nuclear-Chicago Mark 
I liquid scintillation system. 

Recoveries of the labeled individual compounds fol- 
lowing direct application of radiochemicals to thin- 
layer sheets or following their extraction from incuba- 
tion flasks were fully sufficient (85-97 per cent) to 
allow calculations of total aromatase activity within 
the system. Variability in aromatase activity between 
placentas was considerable, but replication of values 
for a given placenta was within 5 per cent. Radio- 
chemical purities of the metabolites recovered were 
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Fig. 1. Separation of steroids with thin-layer chroma- 

tography. Activated Silica gel plates (Baker, 100 nm) were 

employed with a chloroform—toluene-ethyl acetate (4:8: 3) 
developing system. 
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confirmed by establishing constant *H/'*C ratios in 
three consecutive recrystallizations. It is important to 
note that the testosterone spot was radiochemically 
pure, since 2-hydroxyestrone ran very close to the tes- 
tosterone spot in this system. Several spots were 
pooled in order to accumulate sufficient counts to 
provide for a 95 per cent statistical confidence interval 
for each steroid. Rates of estrogen formation under 
the described conditions were linear for | hr and in- 
creased linearly with increasing protein concentra- 
tions. 

To determine the effect of varying CO concen- 
trations on rates of aromatization of androstenedione 
and hydroxylation of benzo[a]pyrene, appropriate 
amounts of N,. O, and CO were mixed, and a con- 
tinuous stream of the gas of the desired composition 
was passed directly over the reaction mixture in the 
incubation flask. This flask was sealed except for inlet 
and outlet gassing needles. Microsomes, buffer and 
cofactors were equilibrated at 37° with the gas mix- 
ture for 15 min prior to initiation of the reaction by 
addition of the appropriate substrate. N, and CO 
were deoxygenated prior to entry into the gas mixing 
flask by bubbling the gases through a sintered disc 
in a tall (60 cm) column of a solution containing 0-5°,, 
sodium hydrosulfite and 0-05°,, anthraquinone-2-sul- 
fonate in 0-1 N sodium hydroxide. All incubations 
and preincubations were carried out with shaking in 
the absence of light. 

Analyses of difference spectra were performed with 
a model DW-2 recording spectrophotometer (Ameri- 
can Instrument Co). Each spectrum was calibrated 
with a holmium oxide filter. Specific experimental 


details for various experiments in which spectral 
analyses were performed are given in the legends to 
figures and tables. All spectra were recorded at 6. 
Concentrations of cytochrome P-450 were determined 
by utilizing the absorbance difference between 450 
and 500 nm and calculating with an extinction coeffi- 


cient of 100 mM~' cm“! according to the method 


of Greim [15]. Protein concentrations were deter- 
mined according to the method of Lowry et al. [16]. 
Maximal spectral changes inducible (E,,,,) and spec- 
tral dissociation constants (K,) were determined by 
utilization of linear transforms of the data. Double 
reciprocal (Lineweaver—Burk) plots and plots of AA 
concentration vs concentration (Scatchard) were both 
employed. 

Partial purification of placental cytochrome P-450. 
Partial purification of the placental microsomal P-450 
cytochrome(s) was accomplished by modifying the 
procedures described by Symms and Juchau [2] and 
by affinity chromatography. Calcium chloride-precipi- 
tated microsomes (prepared as described above) were 
used as the starting material in these procedures. Micro- 
somal pellets were resuspended by gently homogen- 
izing in a 0-16 M solution of sucrose such that the 
final protein concentration was 15-25 mg/ml. For 
each ml of the solution, 0-44 ml glycerol, 0:20 ml 
potassium phosphate buffer (1-0 M, pH 7-7), 0:03 ml 
of 0-1 M EDTA and 0-02 ml of freshly prepared di- 
thiothreitol were added. The microsomal suspension 
then was sonicated three times at full output (150 
W) for 20 sec each with a Branson Sonifier, model 
W-185D. To each ml of the sonicated mixture, 0:16 
ml of a 10°, sodium cholate solution containing 10 
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M butylated hydroxytoluene was added and stirred 
under anaerobic conditions for 30 min. The mixture 
then was centrifuged at 22,000 g for 30 min and the 
supernatant placed in a prechilled graduated cylinder. 
To the sonicated, solubilized preparation, sufficient 
ammonium sulfate (240 mg/ml) to produce a 42°, 
saturation was added slowly with stirring. The pH 
was maintained at 7:7 by adding a few drops of 2 
N NH,OH. The mixture then was stirred for 20 min 
and centrifuged at 20,000 g for 10 min. To the super- 
natant, sufficient ammonium sulfate (70 mg/ml) to 
produce a 50°, saturation was added slowly with stir- 
ring. The pH was maintained at 7:7 with 2 N 
NH,OH. The mixture was stirred for 20 min and 
centrifuged at 20,000 g for 15 min. The supernatant 
fraction was carefully removed as completely as poss- 
ible, and the precipitate was redissolved in a small 
volume of 0-01 M potassium phosphate buffer (pH 
7:7) containing 20°, glycerol, 10°* M dithiothreitol, 
5 x 10°*M EDTA and 0-05°,, sodium cholate. This 
resuspended preparation was either analyzed immedi- 
ately, further processed or divided into small volumes 
and stored anaerobically at —85°. A 4-fold purifica- 
tion was obtainable with this procedure 


RESULTS 


Studies on the binding of several steroids as well 
as a large number of nonendogenous compounds to 
human placental microsomal cytochrome P-450 indi- 
cated a high degree of structural specificity (Table 1). 
None of the nonsteroidal compounds investigated 
produced clearly observable type-I difference spectra 
in most preparations, although hexobarbital. amino- 
pyrine and ethylmorphine did produce very weak 
type-I spectral changes in one partially purified prep- 
aration. In several subsequent preparations, however, 
no definitive type-I spectral changes could be detected 
at concentrations exceeding 10° * M. Desmethylimi- 
pramine, benzo[a]pyrene, diethylstilbestrol, ethanol 
and benzphetamine at similar concentrations also 
failed to produce spectral changes in placental micro- 
somes, whereas the same compounds produced 
readily observable spectral changes in rat hepatic micro- 
somes. Several steroids also failed to produce dis- 
cernible spectral changes in any of the preparations 
studied even when present in high concentrations 
(>10°* M). Included in this group were cortisol, 
deoxycorticosterone, pregnenolone, progesterone, 
cholesterol, estrone, estriol and sodium taurocholate. 
Steroids which produced very weak type-I binding 
spectra included dehydroepiandrosterone 
(K,= 38 x 10°* M) and sodium deoxycholate 
(K, > 10°? M). Compounds exhibiting intense type-I 
binding spectra were close structural congeners of 
androstenedione for the most part. An important 
exception to this rule, however, was f-estradiol and 
two of its hemisuccinate derivatives (Table 1). Binding 
constants obtained with these compounds were highly 
variable from preparation to preparation and in some 
instances, no binding could be observed. Hemisuc- 
cinate derivatives of androstenedione (substituted at 
the 6 and 17 positions) also exhibited relatively pro- 
nounced difference spectra with comparably high 
apparent affinities but were not studied in the same 
preparation and are therefore not included in Table 
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Table 1. Binding parameters observed 
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with solubilized, partially purifi¢d human placental microsomal cytochrome 


P-450* 


Human placenta 
I meg 
I protein 
Compound (nm) x10 ° 
Androstenedione 
19-Hydroxyandrostenedione 
19-Oxoandrostenedione 
19-Norandrostenedione 
1.4.6-Androstatrien-3.!7-dione 
6-Oxoandrostenedione 
Festosterone 
19- Nortestosterone x 10 
f-Estradiol 
f-Estradiol 


f-Estradiol-17-hemisuccinat 


<« 10 
3-hemisuccinate x 10 
x 10 
Nicotinamide x 1 
x 10°* 


x 1 


Aniline 
A minoglutethimide 


* Direct comparisons were made by utilizing 


the same sample of partially 


Rat liver 
Emax/ MZ 
protein 


3 


(x 107°) 


. nmole Enax NMOle 
P-450 a? Ae 
(x10°~-) (nm) (nm) 
421 
419 
420 
420 
420 
423 
420 
420 Sx 
418 
NDT 
NDT 
390 
39] 
398 


388 
NDT 
NDT 
428 
430 
430 


NDT 

NDT 
29 x 10 
38 x 10 
+1 x 10°" 


purified placental cytochrome P-450 for 


all determinations. Protein concentration in the cuvettes was 1-6 mg/ml. NDT indicates that no determination was 


made. 


1. The results obtained in these studies are in rather 
good agreement with less extensive earlier studies 
[1-5]. Examination of the data indicated that when 
maximal spectral changes were expressed in terms of 
the CO complex. two groups of values could be dis- 
cerned. One group of steroids exhibited maximal 
values approximately double those of a second group: 
i.e.. androstenedione. 19-hydroxyandrostenedione, 
19-oxoandrostenedione. | .4.6-androstatriene-3,17- 
dione and f-estradiol all produced maximal values 
in the range of 0-010 to 0-012 absorbance units/nmole 
of cytochrome P-450. Other steroids produced maxi- 
mal values in the range of 0-005 to 0-006 absorbance 
units/nmole of cytochrome P-450. The apparent 
affinities (as measured by K, values) of most of the 
steroids studied were approximately two orders of 
magnitude greater for placental cytochrome P-450 
than for the hepatic cytochrome. Exceptions to this, 
however, included testosterone, 19-nortestosterone 
and /-estradiol. Androstenedione also appeared to 
bind either to two separate type-I binding sites on 
the same cytochromal molecule or to two separate 
cytochromes. Linear transforms of the binding data 
revealed a high affinity, low capacity primary binding 
site and a secondary site with lower affinity but higher 
capacity (Fig. 2). This phenomenon was observable 
in all preparations in which lower concentrations 
were studied except for two preparations which had 
been stored for extended periods. Scatchard and 
Lineweaver-Burk plots both indicated the presence 
of two separate binding sites. K, values varied con- 
siderably in different preparations; some approached 
10°” M for the secondary site in partially purified 
preparations and others were as low as 10°'° M for 
the primary site—usually observed in fresh micro- 
somes prepared by ultracentrifugation (see Methods). 
Essentially identical binding constants for androstene- 
dione were observed when microsomes were analyzed 
in the presence of high concentrations (>10°* M) 
of NADPH. 

Ascorbate, reduced glutathione or succinate did not 
appear capable of reducing placental microsomal 
cytochrome P-450 at concentrations exceeding 10 
M. NADH could partially reduce the cytochrome in 
certain preparations, but exhibited a very high degree 


of variability for this capacity. In general, NADPH 
was much more effective than NADH as a reducing 
agent, but likewise exhibited considerable variability 
which appeared related to the stability of the reduc- 
tase. Additions of sodium hydrosulfite to NADH- 
or NADPH-reduced cytochrome P-450 always pro- 
duced an additional large increase in the concen- 
tration of reduced cytochrome P-450, even though as 
much as 30 min was allowed for reduction by the 
nucleotides. NADH produced no further reduction of 
the cytochrome in the presence of excess NADPH 
(3 x 10°-* M), but NADPH normally produced a 


-425 aml), 106 


Emax =0.005!/mg protein 
ks =1.5 x 10°9M 


ce difference (390 
concentration (M/) 





( Absorban 


Emax=0.00!14/mg 
protein 
ks =3.1x107'OM 





6 2 16 20 24 2 
bsorbance difference (390-425 nm) x 1073 


32 


Fig. 2. Scatchard plot of the binding of androstenedione 

to cytochrome P-450 in freshly prepared human placental 

microsomes. Microsomes were resuspended in potassium 

phosphate buffer (0-1 M, pH 7-4); protein concentration 
was 3-6 mg/ml. 
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Table 2. Effects of potential inhibitors and activators on aromatase activity in vitro 





Final concn 
added 


Compound tested 


°. of Control 


Type of spectral 
change* Apparent K, 





Aminoglutethimide 
Dicthylstilbestrol 
Potassium cyanide 
Aniline 
Nicotinamide 
Metyrapone 
Carbon monoxide 


Benzo[a Jpyrene 
Hexobarbital 
Aminopyrine 
Clofibrate 
N-acetylaminofluorene 
Sodium cholate 
Sodium lauryl sulfate 
Dithiothreitol 
Acetone 
Theophylline 

NADH 


Hydroxylamine 


Il 61x 10°7M 
ND 
NDT 
Il x 10°*M 
Il 
Il 
450 nm maximum 
(reduced form) 
ND 
ND 
ND 
NDT 
ND 
I 
NDT 
ND 
ND 
NDT 
427 nm maximum. 
409 nm minimum 
NDT 





a minimum near 420 nm; II refers to a spectral change with an absorption maximum 
near 430 nm and a minimum near 400 nm; ND indicates that no spectral change 
was detectable at the concentration indicated; NDT indicates that no determination 
was made. 

+ Data taken from Bergheim et al. [1]. 


t Control for this experiment was 95° N, and 5% O,. 


small increase in the absorbance maximum at 450 
nm when added to microsomal preparations contain- 
ing high concentrations (3 x 10°* M) of NADH. 

Compounds exhibiting type-I spectral changes in 
both placental and hepatic microsomal preparations 
exhibited much more intense changes in the placenta 
if these changes were expressed in terms of the cyto- 
chrome P-450 concentrations (Table 1). When 
expressed in terms of protein concentrations the 
changes observed in hepatic microsomes were slightly 
more pronounced. 

The only nonsteroidal compounds that exhibited 
significant binding were those which produced type-II 
(or similar) difference spectra. Not all of the com- 
pounds exhibiting type-II difference spectra were 
effective inhibitors of placental aromatase activity 
(Table 2). Metyrapone and nicotinamide exhibited no 
detectable inhibitory effects at concentrations of 107+ 
M or greater. Aminoglutethimide, aniline and potas- 
sium cyanide, on the other hand, were relatively effec- 
tive inhibitors. CO, which binds to ferrous heme of 
cytochrome P-450, displayed no inhibitory effects on 
the conversion of androstenedione to estrogens. No 
inhibition could be detected in the presence of limit- 


ing O, and high concentrations of NADPH (Table 
3) in agreement with previous observations by Meigs 
and Ryan [14]. Under identical reaction conditions 
and with the same microsomal preparations, conver- 
sion of benzo[a]pyrene to 3-hydroxybenzo[a ]pyrene 
was readily inhibited by CO (Fig. 3). The capacity 
of CO to inhibit benzo[a]pyrene hydroxylation in 
placental microsomes was roughly equivalent to its 
capacity to inhibit the reaction in rat hepatic micro- 
somes. 

The presence of relatively low concentrations 
(<10~7’ M) of androstenedione and closely related 
steroids in placental microsomal preparations could 
completely prevent the appearance of an absorbance 
maximum at 450 nm when the cytochrome was 
reduced by NADPH (Table 4). Interestingly, sub- 
strates for placental mixed-function oxidation reac- 
tions that are inhibited by CO did not exhibit this 
effect. Compounds which exhibited no significant 
type-I binding to the placental cytochrome likewise 
did not produce the effect. Addition of androstene- 
dione to both the sample and reference cuvettes also 
eliminated the absorbance maximum at 450 nm sub- 
sequent to reduction with excess NADPH and equi- 


Table 3. Effect of CO on rates of conversion of androstenedione to metabolites at 
low concentrations of O,* 


Rates of product formation (pmoles/mg protein/min) 


Gas phase Testosterone 


Estrone B-Estradiol 


Total estrogenst 


19 
26 


* This experiment was repeated three times with similar results except that absolute 
values varied more than 10-fold and rates of f-estradiol formation were proportion- 


ately higher in the other experiments. 
+ Total of estrone plus /-estradiol. 
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Rate of metabolism 
(amoles/mg protein/min) 


20 0 
Percent oxygen 


Fig. 3. Inhibition of the 3-hydroxylation of benzo[a Jpyr- 

ene with carbon monoxide. —-O--O--., Rate of the reaction 

with nitrogen; --A—A—. rate of the reaction with carbon 
monoxide as the balance of the gas phase. 


libration with C®. Thus the effect was observed re- 
gardless of the sequence of addition of components 
to the cuvettes. 

In order to gain preliminary insights into the rela- 
tive affinity of the placental microsomal cytochrome 
for CO vs O), varying ratios of these gases were bub- 
bled through sample and reference cuvettes for 60 sec 
and analyzed by split beam spectrophotometry. Im- 
mediately prior to recording of the difference spectra, 
the reducing agent was added to the sample cuvette 
and repetitive scans were run for a period of approxi- 
mately 10 min. After no further change in the spec- 
trum could be detected, the absorbance difference 
between 450 and 500 nm was measured and recorded 
at varying O,:CO ratios. The results are presented 
in Fig. 4. With sodium hydrosulfite, maximal absor- 
bance differences could be observed with as high as 
50",, concentrations of O,. With NADPH, however, 
a marked decrease in the absorbance difference was 
observed with only 10°, concentrations of O,. Since 


Table 4. Effects of steroids on the 450-500 nm absorption 
maximum of the placental cytochrome P-450-CO complex 
Absorption (450-500 nm) 


Compound tested* Final (M) concn 


Non O-OIS 
Androstenedion 8 


19-Hydroxyandrosten 


0-000 


0-005 
0-009 
0-003 
0-019 
0-020 
O-OIS 
0-018 


dione 
19-Oxoandrostenedione 
Testosterone 10 
19-Nortestosterone 10 
19-Norandrostenedione 10 
Pregnenolone 10°4 


Benzo[a]pyrene 10 


*Compounds were dissolved in absolute ethanol; a 
maximum volume of 10 yl was added to sample and refer- 
ence cuvettes. Both cuvettes contained 2 ml of the micro- 
somal suspensions (ultracentrifuged samples, see Methods), 


CO and steroids; NADPH (2 x 10°* M, final concen- 
tration) was present only in the sample cuvette. Protein 
concentration was 43 mg protein/ml. Spectra were run im- 


mediately after addition of steroids to sample and reference ° 


cuvettes. Fifteen min was allowed for reduction after addi- 
tion of NADPH. 


0605 


° 
os 
fe} 
oe SEES 


Absorbance difference (450-500nm) 
ea Ren 





Percent carbon monoxide 


Fig. 4. Absorbance differences (AA 450-500) measured in 
human placental microsomes as a function of CO concent- 
ration (—_A—A—); sample and reference cuvettes con- 
tained microsomes (5:2 mg protein/ml) and carbon monox- 
ide at the concentrations indicated. The sample cuvette 
contained sodium dithionite. O---O, Same as above 
except NADPH (5 x 10° * M. final concentration) was uti- 
lized as the reducing agent. Balance of the gas phase was 
oxygen in both cases. 


O, is rapidly removed in the presence of dithionite 
but not by reduced pyridine nucleotides, this effect 
probably explains the differences observed with the 
two reducing agents. The results suggested that the 
affinity of the cytochrome for CO was relatively low 
compared with its affinity for O,. More detailed 
studies will be required for confirmation of this 
suggestion, since the results may also indicate a more 
rapid reoxidation of the cytochrome in the presence 
of O,. 


DISCUSSION 


The results of the present investigation appear to 
indicate the presence of at least two cytochromes 
P-450 in human placental microsomes apart from the 
cross-contaminating mitochondrial cytochrome P-450 
[4]. One of these cytochromes binds androstene- 
dione-similar steroids quite specifically and seems to 
represent a predominant form in the endoplasmic 
reticulum of placental cells. It would seem highly 
probable that this cytochrome would function as the 
terminal oxidase in the mixed-function oxidative con- 
version of androstenedione to estrone, a major func- 
tion of the placental syncitiotrophoblast. The 
demonstration of discrete populations of binding sites 
for androstenedione, however, recalls the question of 
whether different cytochromes may be involved in the 
three hydroxylation reactions required in the aromati- 
zation sequence. Although androstenedione, 19-hyd- 
roxyandrostenedione and 19-oxoandrostenedione did 
not appear to produce additive effects on the type-I 
difference spectrum with respect to the secondary 
binding site, the question of additivity on the primary 
site was difficult to assess. However, neither of the 
latter two steroids appeared to bind to discrete popu- 
lations of binding sites in any of the preparations in- 
vestigated (in which androstenedione did exhibit 
biphasic binding) and their K, values also tended to 
indicate that they probably bind to the secondary site. 
Testosterone also appeared to bind only to one site 
—probably the secondary site. These observations 
would tend to corroborate those of Bellino and 
Osawa [17], who contended that androstenedione 
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and testosterone undergo aromatization catalyzed at 
separate enzyme sites, and of Menini and Engel [18]. 
who suggested that androstenedione is the primary 
substrate for the aromatization reaction. Two popula- 
tions of binding sites could indicate the presence of 
two sites on the same molecule or of two separate 
cytochromes. The latter possibility would seem the 
more probable but the former has not been ruled out. 

Observations on the placental hydroxylation of 
benzo[a]pyrene provide an additional suggestion of 
multiple cytochromes P-450 in placental microsomes. 
Inhibition by CO of this mixed-function oxidation 
implies, but does not prove, the involvement of cyto- 
chrome P-450 in the reaction. Lack of observable 
binding of benzo[a]pyrene to placental microsomal 
cytochrome P-450 (as determined with tandem 
cuvettes according to methods described by Jakobs- 
son et al. [19]) as well as lack of any correlations 
between aryl hydrocarbon hydroxylase activity and 
concentrations of cytochrome P-450 or positions of 
spectral maxima [4] indicates that if a cytochrome 
P-450 (or P-448) is involved, it may constitute only 
a very small fraction of the total present in placental 
microsomes. 

A somewhat elusive /s-estradiol-binding — cyto- 
chrome P-450 may represent still another form of this 
placental microsomal pigment. Its absence from some 
preparations that exhibited strong androstenedione- 
binding spectra speaks for a separate cytochrome 
(which also exhibited greater lability than the andros- 
tenedione-binding form). f-Estradiol undergoes vari- 
able rates of hydroxylation at positions 2 [20,21] and 
6 [ 3]. and it seems feasible that a cytochrome 
P-450 which binds f-estradiol could function in those 
reactions. Binding of the estrogen to placental cyto- 
chrome P-450 could suggest a possible negative feed- 
back on the aromatization reaction. The studies of 
Schwarzel et al. [24]. however, tend to rule out any 
negative feedback role for estrogens. 

Elimination of the NADPH-dependent absorption 
maximum at 450 nm by prior or subsequent additions 
of low concentrations of androstenedione, 19-hydroxy- 
androstenedione or 19-oxoandrostenedione appears 
to provide a reasonable explanation for the lack of 
inhibition of aromatase by CO. This hypothesis seems 
particularly attractive since substrates for CO-inhi- 
bited placental mixed-function oxidations did not 
exhibit this effect. Such observations may remove the 
last serious objections to earlier suggestions regarding 
the functionality of placental microsomal cytochrome 
P-450 in estrogen biosynthesis from endogenous 
androgens [5,7]. Details of these phenomena will be 
published elsewhere. It is interesting to note, however, 
that Bergheim er al. [1] reported that steroids could 
modify the difference spectrum produced by metyra- 
pone, possibly displacing it from binding. A possible 
explanation for these kinds of observed spectral 
changes is based on considerations of interactions of 
carbon monoxide with polymers of cytochrome c 
[25]. It is suggested that the binding of androstene- 
dione or similar structurally related steroids to pla- 
cental microsomal cytochrome P-450 may produce a 
conformational change in the apoprotein which 
results in a change in the reactivity at the sixth ligand- 
ing position. This change could then prevent CO from 
binding to the heme as well as displace previously 
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bound CO. Careful studies will be required to verify 
this hypothesis. If the observed spectral changes truly 
represent a change in the availability of the sixth 
coordination site for CO, an important question 
which remains concerns the capacity of O, to bind 
to the same site. Preliminary studies presented in this 
report (Fig. 4) tend to indicate that placental micro- 
somal cytochrome P-450 possesses a relatively low 
affinity for CO in the presence of small amounts of 
O, following reduction with NADPH. Quantitative 
effects of androstenedione on the relative affinities of 
the cytochrome for O, vs CO remain to be investi- 
gated. It is known that relative affinities of CO vs 
O, can vary markedly among heme proteins and that 
such affinities can be altered considerably by the pres- 
ence of other substances, i.e. organic phosphates [26]. 
It should be noted, however, that low concentrations 
of androstenedione could completely eliminate the 
absorbance maximum at 450 nm, even in the presence 
of deoxygenated CO. Also, it is of significance that 
the absorption maximum was much less readily de- 
creased in the presence of dithionite. In some di- 
thionite-reduced preparations, even high concentrations 
(> 10°* M) produced little effect on the absorption 
at 450 nm. After reduction with NADPH, however, 
the absorption maximum consistently was abolished 
completely with low concentrations of androstene- 
dione (< 10°’ M). Although Thompson and Siiteri 
[5] have suggested that lack of inhibition of aroma- 
tase may be explained in terms of a low electron flux, 
it now seems more reasonable to believe that lack 
of inhibition may be due to displacement of CO from 
the cytochrome by androstenedione, which normally 
is present in reaction vessels in relatively high con- 
centrations (> 10° * M). (We were unable to observe 
inhibition at androstenedione concentrations of 10° ° 
M and at lower concentrations the substrate is de- 
pleted rapidly.) Displacement could occur as a result 
of an allosteric transition as suggested above or could 
be due to a very rapid reoxidation of the ferrous cyto- 
chrome to the ferric form. Additional research will 
be required to resolve this question. 

It should be reemphasized that considerable varia- 
bility in certain measured parameters was observed 
between placentas. This was particularly noticeable 
in measurements of K, values, quantities of NADPH- 
reducible CO-cytochrome P-450 complex, and bind- 
ing with f-estradiol. In addition, we also observed 
variability in the types of spectra produced with 
3,6,17-androstenetrione. In most preparations [4] we 
observed classical type-I binding spectra with variable 
intensity and high apparent affinity. In two others, 
however, we observed difference spectra with absorp- 
tion minima near 483 nm and maxima near 413 nm. 
In both of the latter cases the preparations had been 
solubilized and partially purified, but no such 
phenomenon was observed in two other similar prep- 
arations. We observed no definitive correlation 
between the intensities of the absorbance maxima of 
the CO vs androstenedione complexes, in contrast to 
data reported by Thompson and Siiteri [5]. Andros- 
tenedione could produce very high values even fol- 
lowing 70-80 per cent conversion of the cytochrome 
P-450 to P-420. 

Further significant progress in the resolution of the 
above problems and hypotheses probably will require 
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the preparation of highly purified cytochromes. The 
maximum purification obtainable via ammonium sul- 
fate fractionation was 4-fold in our experiments. 
Attempts to purify further by means of affinity 


chromatography have met thus far with only partial 
success. A 25-fold purification was achieved but with 
only an extremely low (<2 per cent) yield. Further 
work in this area is currently in progress. 
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Abstract 


The isomers of tranyleypromine (TCP) readily entered the rat brain after intraperitoneal 


administration and reached peak concentrations within 15 min. Apparently, (—) TCP entered the brain 
more rapidly and reached somewhat higher concentrations than (+) TCP. After a dose of 2-5 mg/kg 
of (—) or (+) TCP, there was significantly more drug in brain than has been reported necessary 
to block the re-uptake of amines by synaptosomes. Both isomers blocked monoamine oxidase in vivo 
and in vitro. (+) TCP was between 10 and 60 times more active than (—) TCP, depending on the 
amine substrate evaluated, and both isomers were better inhibitors of type-B monoamine oxidase 
activity than type-A activity. The (+) isomer was more active in preventing reserpine-induced sedation 
in the rat than the (—) isomer. The ability to prevent the reserpine syndrome was apparently related 
to the ability of the drugs to block monoamine oxidase activity rather than to blockade of amine 


re-uptake. 


Tranylcypromine (TCP), a monoamine oxidase in- 
hibitor that is a potent antidepressant [1], is a mix- 
ture of (—) and (+) trans-2-phenylcyclopropylamine. 
The (+) isomer is a more potent inhibitor of mono- 
amine oxidase, while the (—) isomer is a more potent 
inhibitor of the uptake of catecholamines by nerve 
endings [2,3]. Is the antidepressant activity of TCP 
associated with the (+) or the (—) isomer, that is, 
with inhibition of monoamine oxidase or inhibition 
of amine re-uptake? Several reports have implicated 
blockade of re-uptake as the probable mechanism for 
the antidepressant activity of TCP [2-4]. A pharma- 
cologic test used to evaluate antidepressant drugs in 
vivo is the prevention or antagonism of reserpine-in- 
duced sedation in rat [5]. Drugs that inhibit mono- 
amine oxidase as well as tricyclic compounds of the 
iminodibenzyl or cycloheptadiene structure are active 
in this test. Presumably both classes of drugs act by 
increasing the concentration of the biogenic amines 
at receptor sites after reserpine treatment. The tricyc- 
lic antidepressants prevent the re-uptake of released 
amines, while monoamine oxidase inhibitors delay the 
metabolism of the released amines. We present an 
evaluation of the antidepressant activity of the two 
isomers of TCP, using the antagonism of reserpine-in- 
duced inhibition of spontaneous motor activity, and 
compare this activity with the concentration of the 
isomers in brain and with the ability of the drugs 
to block monoamine oxidase. 


MATERIALS AND METHODS 


Assay of (+) and (—) tranylcypromine in brain 
The assay, described previously.* is based on the 
enzymatic transfer of ['*C]methyl from S-adenosyl-L- 





*J. A. Fuentes. M. A. Oleshansky and N. H. Neff. 


Biochem. Pharmac. 24, 1971 (1975). 
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methionine['*C] to the isomers of TCP. This method 
probably measures free TCP rather than TCP bound 
to monoamine oxidase. 

Male Sprague-Dawley rats (Zivic-Miller Labs., 
Allison Park, Pa.) 180-220 g, were injected intraperi- 
toneally with one of the isomers of TCP (doses are 
expressed as HC] salts) and were killed by exposure 
of the head to a focused beam of microwave radiation 
for 2:7 sec (microwave oven, model LMMO, Medical 
Engineering Consultants, Lexington, Mass.). Brains 
were removed and homogenized in 2:4 vol of sodium 
phosphate buffer, 0-25 M (pH 8-0). Homogenates were 
centrifuged at 28,000 g for 25 min and the clear super- 
natants were used for analysis. Samples of superna- 
tant (100 yl), rabbit lung N-methyl-transferase (100 sl) 
and S-adenosyl-L-methionine['*C] (New England 
Nuclear, 58 mCi/m-mole; 5 yl) containing 0-1 wCi of 
radioactivity were incubated for 90 min at 37°. Dupli- 
cate samples containing internal standards of (+) or 
(—) TCP were assayed simultaneously. The reaction 
was stopped by adding 0-5 ml of 2N NaOH, and 
N-methyltranylcypromine and  N-dimethyltranyl- 
cypromine (0-01 jumole each) were added as carriers. 
The radioactive products were extracted into n-pen- 
tane. The organic phase was transferred to another 
tube and washed once with sodium phosphate buffer, 
0:25 M (pH 8-0). A 5-ml portion of the organic phase 
was transferred to a counting vial and dried under 
a stream of air. The residue was dissolved in Aquasol 
(New England Nuclear) and counted in a Beckman 
LS-250 liquid scintillation counter with automatic 
quench correction. 


{ssay of monoamine oxidase activity 

Studies in vitro. Rats were decapitated and their 
brains were homogenized in 20 vol. of 67mM _phos- 
phate buffer (pH 7:2). Monoamine oxidase activity 
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was measured as described previously with radio- 
active tyramine[1-'*C] (2:1 mM), serotonin[2-'*C] 
(1:2mM) or 2-phenylethylylamine[1-'*C] (0-2mM) 
(New England Nuclear) as substrates [6,7]. The 
isomers of TCP were preincubated with brain homo- 
genate for 15 min at 20 before adding substrate, after 
which the incubation was continued at 37 for 30 min 
(serotonin 20 min). The specific radioactivity of the 


substrates was adjusted so that 5-10 x 10° c.p.m. of 


product was formed per sample of homogenate dur- 
ing the incubation of untreated samples. Serotonin 
is a specific substrate for type-A monoamine oxidase, 
2-phenylethylamine is a specific substrate for type-B 
enzyme and tyramine is a common substrate, that 
is, a substrate for both types of enzyme [8]. 

Studies in vivo. The isomers of TCP were injected 
intraperitoneally and the animals were killed 15 min 
later by decapitation. TCP can be considered as an 
irreversible inhibitor; however, it is possible to par- 
tially restore enzyme activity by prolonged dialysis 
[9]. 

Antagonism of reserpine-induced sedation 

Dextro- or levo-TCP, dissolved in water, was 
administered intraperitoneally to groups of five rats 
each, and after 1Smin reserpine (2mg/kg) was 
administered intravenously. Reserpine, 8 mg, was dis- 
solved in 0-1 ml of acetic acid and diluted to 10 ml 
with water. Control animals were treated with sol- 
vents. Thirty min after the injection of reserpine, rats 
were placed in an infrared motility monitor (type 
160FC, Motor Products, Sweden) and activity was 
recorded for 15 min. 


RESULTS 

Tranyleypromine concentrations in brain 

The isomers of TCP readily entered brain after the 
intraperitoneal injection of 10mg/kg (59 yumoles/kg) 
and reached peak concentrations in about 15min 
(Fig. 1). Five min after injection, the concentration 
of (—) TCP was 60 per cent higher, and at 15 min 
it was 20 per cent higher than that of the (+) isomer. 
The (—) isomer may have entered brain more rapidly 
than the (+) isomer, or it is possible that (+) TCP 
was more readily incorporated into tissue com- 
ponents than the (—) isomer, resulting in higher con- 
centrations of free (—) TCP in brain. At about 60 min 
the concentrations of the isomers were similar. When 
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Fig. |. Concentration of TCP isomers in rat brain follow- 
ing the administration of 10 mg/kg, ip. (59 pumoles/kg). 
Values shown are the mean for five rats + S.E.M.: (+) 
TCP (©) and (—) TCP (@). 


J. A. Fuentes, M. A. OLESHANSKY and N. H. NEFF 


Table 1. Concentration of (+) and (—) TCP in rat brain 
after various doses* 
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*The isomers of TCP were administered intraperi- 
toneally to four to six rats which were killed 15 min later 
by exposure to microwave radiation. 

+P < 0-05 when compared with (+) TCP-treated ani- 
mals. 


animals were killed 15 min after injecting increasing 
doses of the drugs, higher concentrations of the (—) 
isomer were found after 2-5, 5 and 10 mg/kg, but not 
after 20 mg/kg (Table 1). 


Inhibition of monoamine oxidase 

In vitro. 10-60 times higher concentrations of (—) 
TCP were required to block enzyme activity by 50 
per cent, depending on the amine substrate, when 
compared with (+) TCP (Fig. 2). Moreover, both 
isomers inhibited the deamination of 2-phenylethyl- 
amine at lower concentrations than were required to 
inhibit serotonin deamination. In vivo, the (+) isomer 
was about ten times more active than the (—) isomer 
when compared at 50 per cent inhibition of enzyme 
activity (Fig. 3), and the drugs blocked 2-phenylethyl- 
amine deamination more readily than serotonin de- 
amination. Furthermore, the slopes of the percentage 
inhibition of enzyme activity curves were greater after 
(+) TCP than after (—) TCP. After high doses of 
the TCP isomers, inhibition of enzyme activity 
approached similar values. 


Aniagonism of reserpine-induced sedation 


(+) TCP at doses of 2:5 or 5 mg/kg inhibited motor 
activity, while (—) TCP was without effect (Fig. 4). 
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Fig. 2. Inhibition of rat brain monoamine oxidase activity 
in vitro by (+) TCP (solid line) and (—) TCP (dashed 
line) using three amine substrates. Substrates were 
2-phenylethylamine (A), tyramine (@) and serotonin (0). 
Assays were performed as described in Materials and 
Methods. Each point represents the mean value for three 
homogenates. An asterisk indicates a significant difference 
(P < 0-05) between the inhibition of serotonin and 

2-phenylethylamine deamination. 
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Fig. 3. Inhibition of rat brain monoamine oxidase activity 
in vivo by (+) TCP (solid line) and (—) TCP (dashed line) 
using three amine substrates. Substrates were 2-phenyl- 
ethylamine (A), tyramine (@) and serotonin. (O). Assays 
were performed as described in Materials and Methods. 
Data are presented as mean + S.E.M. for four to six ani- 
mals. An asterisk indicates a_ significant difference 
(P < 0-05) between the inhibition of serotonin and 
2-phenylethylamine deamination. 


Reserpine (2 mg/kg, i.v.) virtually abolished activity. 
Pretreatment with the (+) isomer of TCP resulted 
in motor responses that were significantly greater 
than control value in rats treated with reserpine. In 
contrast, a dose of 2:‘5mg/kg of (—) TCP had no 
effect on the activity of reserpine-treated rats, while 
the activity returned to about normal after 5 mg/kg 
of (—) TCP. Doses greater than 5 mg/kg of (+) or 
(—) TCP resulted in significant mortality when the 
animals were treated with reserpine. 


DISCUSSION 


The isomers of TCP readily passed into brain and 
reached peak concentrations within about 15min. 
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Fig. 4. Motor activity of rats after treatment with TCP 
or reserpine alone or in combination. (A) Activity was 
measured 45min after treatment with TCP (doses in 
mg/kg, i.p. shown to the left), or saline alone, or 30 min 
after reserpine (2 mg/kg, i.v.) alone. (B) Motor activity after 
treatment with TCP and reserpine. TCP and reserpine 
were administered 45 and 30min, respectively, before 
assaying motor activity. Data are presented as mean + 
S.E.M. for five to ten animals. An asterisk indicates 
P < 0-01 when compared with saline-treated rats. 


There was significantly more of the (—) isomer than 
of the (+) isomer in brain after all but the highest 
dose evaluated. Apparently the (—) isomer entered 
the circulation more rapidly or it was metabolized 
more slowly during passage through the liver than 
the (+) isomer. The greater difference between the 
concentrations of TCP in brain after low doses than 
after high doses may indicate that metabolic path- 
ways in the periphery were approaching saturation 
as the dosage was increased. This, however, remains 
to be studied. 

(+) TCP in vitro as well as in vivo, was a more 
effective inhibitor of monoamine oxidase than (—) 
TCP [10]. (+) TCP in vitro, was between 10 and 
60 times more potent than (—) TCP when compared 
at 50 per cent blockade of enzyme activity. The degree 
of inhibition depended on the amine substrate. 
Apparently both (+) and (—) TCP are better inhibi- 
tors of type-B monoamine oxidase (blockade of 
2-phenylethylamine deamination) than of type-A 
monoamine oxidase (blockade of serotonin deamina- 
tion). This is not surprising, since TCP is similar in 
structure to the type-B enzyme inhibitor, deprenyl. 
In vivo, (+) TCP was about 10-fold more potent than 
(—) TCP when compared at 50 per cent inhibition 
of enzyme activity and both drugs were better inhibi- 
tors of type-B than of type-A enzyme. 

The inhibition of monoamine oxidase found for the 
study in vivo (Fig. 3) was consistent with the expected 
inhibition (Fig. 2) for the concentration of drug found 
in brain (Table 1). For example, a dose of 2:5 mg/kg 
of the isomers produced concentrations in brain of 
about 4 and 8 uM for the (+) and (—) isomers re- 
spectively (Table 1). The expected inhibition of tyra- 
mine deamination for these concentrations from Fig. 
2 would be about 80 and 15 per cent for (+) and 
(—) TCP respectively. The actual inhibition was 
about 95 per cent for (+) TCP and 30 per cent for 
(—) TCP (Fig. 3). The inhibition found in homo- 
genates from injected rats may be somewhat different 
from the true inhibition in vivo if homogenization 
exposed uninhibited enzyme to TCP. 

Reserpine in high doses produces depression in 
man [11]. The’ depression of spontaneous motor ac- 
tivity seen after reserpine in animals is used as a phar- 
macological model for the naturally occurring dis- 
orders [5]. However, reserpine has a multitude of 
pharmacological actions; thus it is doubtful that it 
is a good model for human depression. Nevertheless, 
many drugs that alleviate depression in man reverse 
the depression induced by reserpine in animals. These 
drugs include the monoamine oxidase inhibitors and 
the tricyclic compounds that block the re-uptake of 
released amines by nerve endings [5]. Both classes 
of drugs are thought to act by increasing the concent- 
ration of amines at receptor sites. Recently, however, 
the mechanism of action of the tricyclic compounds 
has been challenged. They are now postulated by 
some investigators [12] to act as monoamine oxidase 
inhibitors and not solely as inhibitors of amine re-up- 
take. 

The (+) isomer of TCP is a more potent inhibitor 
of monoamine oxidase, while the (—) isomer is a 
more potent inhibitor of catecholamine re-uptake 
[2,3]. When administered alone, (+) TCP inhibited 
normal motor activity while (—) TCP had no effect. 
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Horn and Snyder [2] postulated that if the antide- 
pressant action of TCP involved monoamine oxidase 
inhibition the (—) isomer should be the less potent 
antidepressant, whereas if inhibition of catecholamine 
uptake is a major factor it should be the more active 
of the two isomers. We found that Bi 
2:5mg/kg, enhanced motor activity in reserpine- 
treated animals while the same dose of (—) TCP was 
without effect. Reserpine was administered when the 
concentration of free TCP was assumed to be the 
highest. After this dose, monoamine oxidase was 
blocked by about 95 per cent in the (+) TCP-treated 
animals and by about 30 per cent in the (—) TCP- 
treated animals. Although it is difficult to evaluate 
blockade of re-uptake of endogenous catecholamines 
by TCP within the synaptic junction, we can compare 
the concentration of drug in brain with the concent- 
ration of drug known to block re-uptake by synapto- 
somes. The concentration of (—) TCP in brain, 8 «M 
(Table 1), was about 15 times greater than that 
required to block norepinephrine, and about 8 times 
greater than that required to block dopamine re- 
uptake by synaptosomes by 50 per cent [2]. When 
the dose of (—) TCP was increased by 5 mg/kg. the 
reserpine syndrome was prevented concomitant with 
blockade of monoamine oxidase by about 50 per cent. 
We conclude, therefore, that in our animal model pre- 
vention of motor depression after reserpine is better 
correlated with inhibition of monoamine oxidase than 
with blockade of amine re-uptake. 

A recent clinical report [4] found (—) TCP to be 
more effective than (+) TCP in depressed patients. 
There was no statistical difference in the side effects. 
The authors stated that their findings support the idea 
that inhibition of re-uptake of released amines 
appears to be a major mechanism for the antidepres- 
sant action of TCP. Their conclusion, however, lacks 
experimental support. Both TCP isomers block 
monoamine oxidase. The degree of enzyme inhibition 
is dependent on the concentration of drug in brain, 
which is related to dose as well as to metabolism 
of the isomers. Future clinical studies should include 
.a measure of enzyme inhibition after both drugs, such 


(+) 


as blockade of platelet enzyme, which has been shown 
to be related to blockade of brain enzyme [13], to 
evaluate the mechanism of action of the isomers. 
Moreover. the possibility should be considered that 
the isomers of TCP mimic some of the actions of 
amphetamine such as release of catecholamines 


[14, 15], which could also explain, in part, the antide- 
pressant activity and the side effects of TCP. 
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Abstract—Aryl hydrocarbon (benzo[a]pyrene) hydroxylase induction in one mouse hepatoma and two 
rat hepatoma cell lines was characterized with respect to optimal growth requirements and optimal 
inducing concentrations of polycyclic hydrocarbons, phenobarbital, biogenic amines, and numerous 
other hydrophobic compounds. Cordycepin, ethidium bromide and puromycin aminonucleoside treat- 
ment of the mouse tumor line Hepa-1 produce strikingly different effects on the kinetics of hydroxylase 
induction, when the inducers benz[a Janthracene, phenobarbital and iso-proterenol are compared. With- 
out any of these ‘usual inducers’ present in the mouse hepatoma cell line, 0-50 to 5-0 mM puromycin 
aminonucleoside or 40 nM actinomycin-D causes large increases in the hydroxylase activity (at a 
time when gross RNA synthesis is virtually 100 per cent inhibited and gross protein synthesis is 
more than 50 per cent inhibited). This aminonucleoside- or actinomycin-D-mediated induction process 
induction, when the inducers benz[a]Janthracene, phenobarbital and isoproterenol are compared. With- 
without prior treatment with the usual inducers and hence presumably without prior accumulation 
of putative induction-specific RNA: moreover, this induction process apparently requires little, or no, 
simultaneous RNA synthesis during exposure to the aminonucleoside or actinomycin-D. In contrast, 
when primary cultures derived from normal rat liver are treated with similar high concentrations 
of the aminonucleoside, no induction of the hydroxylase activity occurs. This result suggests that 
the effect of puromycin aminonucleoside on hydroxylase-specific mRNA synthesis, processing or stabili- 
zation is very different between the hepatoma cell line and normal fetal rat primary hepatocytes in 


culture. 


Recent reports from this laboratory [1-4] show that 
aryl hydrocarbon (benzo[a]pyrene) hydroxylase ac- 
tivity+t accumulates (or is ‘induced’) in cultured fetal 
rat liver cells treated with polycyclic hydrocarbons 
such as 3-methylcholanthrene and benz[a ]anthracene, 
the insecticide 2,2-bis(p-chlorophenyl)-1,1,1-trichloro- 
ethane (p.p'-DDT), phenobarbital or biogenic amines 
such as tryptamine, isoproterenol, norepinephrine and 
histamine. 3-Methylcholanthrene, phenobarbital and 
biogenic amines all cause increases in hydroxylase 
activity that are additive or synergistic when two or 
three of these types of inducers are combined in the 
culture medium [1, 2,4], indicating different modes 
of action for these different classes of inducers of 
mono-oxygenase activities [5,6]. The action of poly- 
cyclic hydrocarbons, phenobarbital and _ biogenic 





* Previous papers in this series have appeared [1—4, 7-9]. 

+ With benzo[a]pyrene as the substrate in vitro, ‘aryl 
hydrocarbon hydroxylase activity’ is equated with the rate 
of formation of 3-hydroxybenzo[a]pyrene and probably 
other phenols having similar wavelengths of fluorescent 
activation and emission. These phenols may be formed 
either by a direct hydroxylation or in a two-step process 
via an arene oxide. 

+The abbreviations used are: the hydroxylase, aryl 
hydrocarbon (benzo[a]pyrene) hydroxylase; metyrapone, 
2-methyl-1,2,3,3-pyridyl-l-propanone: and cordycepin, 
3'-deoxyadenosine. 
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amines on hydroxylase induction appears to involve 
transcription [3], since each of the induction pro- 
cesses is inhibited when actinomycin-D is added 
simultaneously with the inducer initially [3,4]. There 
also appears to be a post-translational effect, because 
each of these three types of inducers can slow the 
regular rate of decay of induced hydroxylase activity 
[3,4]. Further, if the enzyme activity is first: maxi- 
mally induced by any one of these three types of 
inducers and then RNA synthesis is blocked by 
actinomycin-D, a different inducer subsequently 
added can direct, presumably at the post-transcrip- 
tional level, a further rise in the hydroxylase activity 
[4]. The advantages of established cell lines (from rat 
or mouse hepatomas or from adult rat liver) in study- 
ing hydroxylase induction [7] and cytochrome P,-450 
formation [8] have been recently demonstrated: 
furthermore, the extremely low basal hydroxylase 
activity of the H-4-II-E cell line and the sensitive rise 
in inducible enzyme activity in response to inducers 
suggest the potential usefulness of this tumor cell line 
in assaying minute amounts of various foreign com- 
pounds [9] which are inducers. 

The compounds cordycepin [10], ethidium bro- 
mide [11], puromycin aminonucleoside [12] and 
actinomycin-D [13] are known to inhibit RNA syn- 
thesis by various rather specific mechanisms, as 
demonstrated in the references cited. In this report, 
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we first describe the optimal conditions for studying 
the ‘hydroxylase induction in three hepatoma-derived 
cell lines. Second, with the use of these various inhibi- 
tors commonly used in tissue culture studies, we show 
differences between these ‘classes’ of mono-oxygenase 
inducers (i.e. polycyclic hydrocarbons, phenobarbital 
and biogenic amines) in an attempt to elucidate 
further the subcellular mechanisms involved in the 
enzyme induction process. 


EXPERIMENTAL PROCEDURE 

Materials 

The tissue culture materials [2-4, 7] and all of the 
chemicals [4,14] used in this study were obtained 
from the sources cited. The compounds cordycepin, 
cycloheximide and ethidium bromide were purchased 
from Sigma Chemical Co. (St. Louis. Mo.); puromy- 
cin aminonucleoside from Nutritional Biochemical 
Corp. (Cleveland, Ohio); and actinomycin-D from 
CalBiochem Co. (Los Angeles, Calif.). Nominaliy 
labeled 1.-[3-*H ]phenylalanine (12:69 Ci/m-mole) and 
uniformly labeled ['*C]uridine (400 mCi/m-mole) 
were purchased from New England Nuclear (Boston, 
Mass.). Hepa-1, a mouse cell line derived from the 
transplantable BW 7756 hepatoma originally pro- 
duced in the C57L/J mouse [15], was kindly provided 
in 1971 by Dr. Gretchen Darlington, Department of 
Biology, Yale University (New Haven, Conn.). H-4- 
II-E, a rat cell line derived [16] from Reuber hepa- 
toma H-35, was generously given to us by Dr. E. 
Brad Thompson, National Cancer Institute (Bethesda, 
Md.). MH, C,;, a clone of epithelial cells from the 
transplantable Morris hepatoma 7795 originally pro- 
duced in the Buffalo strain of rat [17], was purchased 
from the American Type Culture Collection Cell 
Repository (Rockville, Md.). Taconic Farms, Inc. 
(Germantown, N. Y.) provided us with pregnant 
Sprague-Dawley rats. 


Methods 


Preparation of compounds in growth medium and 
handling of the cell lines. For those chemicals that 
did not dissolve readily in the culture medium, the 
compounds were initially dissolved in a minimal 
amount of acetone, ethanol or dimethylsulfoxide and 
then added to the growth medium. These organic 


solvents at concentrations of 0:5°, or less in the 
medium were shown not to have any effect on the 
parameters under investigation. Because of the 
propensity for 3-methylcholanthrene and _ benz{[a]- 
anthracene to bind to glass or plastic, the actual con- 
centration of these polycyclic hydrocarbons dissolved 
in the medium was always determined by spectro- 
photofluorometry. The possible toxic effects of the 
various compounds at every concentration tested 
were evaluated daily with the use of light microscopy, 
protein determinations when the cultures were 
harvested, and frequent 30-min checks on gross RNA 
and protein synthesis. Addition of the inducing com- 
pounds was always carried out about 48 hr after the 
plating of the hepatoma cell lines or the primary rat 
liver cultures [2-4,7-9]. For any exposure lasting 
more than 24 hr, the medium was replaced with fresh 
medium containing the compound(s) every 24 hr. In 


the table and in all the figures a value for specific 
hydroxylase activity represents the average of dupli- 
cate determinations of enzyme activity and protein 
concentration on each of two 60-mm tissue culture 
dishes. Each experiment was performed two to five 
times, in order to ensure reproducibility. 

Enzyme assay. Both the hydroxylase activity and 
protein concentration were determined in duplicate 
for the homogenate from cells scraped from one cell 
culture dish 60 mm in diameter [2,4]. The 1-00-ml 
reaction mixture includes 50 jumoles potassium phos- 
phate buffer, pH 7-5, 0-36 «mole NADH, 600 yg albu- 
min, 3 ymoles MgCl,, 200-600 yg protein of cellular 
homogenate to be assayed, and 80 nmoles benzo[a]- 
pyrene and is incubated for 30 min [18]. One unit 
of aryl hydrocarbon hydroxylase activity is defined 
[1] as that amount of enzyme catalyzing/min at 37 
the formation of hydroxylated product causing fluor- 
escence equivalent to that of 1 pmole 3-hydroxybenzo- 
[a]pyrene recrystallized standard. The specific activity 
is always expressed in units/mg of protein of the total 
cellular homogenate. 

Gross RNA and protein synthesis. The incorpor- 
ation of ['*C]uridine and [*H]phenylalanine into 
perchloric acid-precipitable material was used as an 
estimation of total cellular RNA and protein syn- 
theses respectively. To the cells of one 60-mm tissue 
culture dish was added 0-5 Ci of each labeled com- 
pound for a 30-min pulse, as described previously in 
detail [4]. After a 30-min exposure, the cellular mac- 
romolecules were precipitated with 2 ml of cold 0:5 
M perchloric acid. The precipitate was centrifuged at 
2000 g for 5 min and washed twice with 3 ml of 
cold 0:025 M perchloric acid. The precipitate was 
then dissolved in 1 ml Nuclear Chicago Solubilizer. 
Ten ml Liquifluor (Amersham-Searle) was added, and 
the radioactivity of both '*C and 7H in cultures 
exposed to the radioisotopes for zero time was sub- 
tracted from that of each experimental sample. The 
specific radioactivity for three identical tissue culture 
dishes harvested at the same time point varied less 
than 15 per cent. The gross RNA and protein syn- 
thesis of any experimental cultures were compared 
with those in control cultures receiving no metabolic 
inhibitors and, therefore, are expressed throughout 
this report as ‘per cent of the control.’ 


RESULTS 


Optimal conditions for hydroxylase induction. Table 
1 summarizes the basal and inducible hydroxylase 
activities in the three established cell lines, when 
exposed to the inducers 3-methylcholanthrene, pheno- 
barbital or tryptamine under various culture condi- 
tions. We include these data in this report principally 
as information to others who might wish to study 
various aspects of drug metabolism in hepatoma cell 
cultures. A considerable amount of induction in the 
absence of any serum was found: similar results had 
been reported [2] in fetal rat primary liver cultures. 
From this preliminary survey, the following types of 
medium and the percents and types of serum were 
chosen for the remainder of the studies in this report: 
MAB medium[7] with 10°, fetal calf serum for 
Hepa-! and Eagle’s medium with 10°, each of calf 
and fetal calf sera for H-4-II-E. Because the ‘MH,C, 
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Fig. 1. Inducible hydroxylase activity as a function of 
inducer concentration in the growth medium. Hepa-1 or 
H-4-II-E cultures were treated with the inducing com- 
pounds 3-methylcholanthrene (MC), benz[a]Janthracene 
(BA), phenobarbital (PB), tryptamine (TR) or isoproterenol 
(ISO) for 48 hr. Cytotoxicity was evident at 1-5 mM trypta- 

mine and 1-5 mM isoproterenol. 


cultures grew most slowly (generation time of 35-45 
hr) of the three lines investigated, we chose not to 
use MH, C, further in this study. H-4-II-E cultures 
have a doubling time between 18 and 24 hr; the 
Hepa-1 line has a generation time between 24 and 
32 hr. 

Optimal inducer concentration. Figure 1 shows the 
optimal inducing concentrations of the compounds 
most commonly used in this study. The results for 
MH, C, cultures (data not shown) were quite similar 
to those for Hepa-1 and H-4-II-E cell lines. 

Figure 2 shows that the combination of pheno- 
barbital plus 3-methylcholanthrene in the medium 
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Fig. 2. Additive effects of phenobarbital (PB) and 3-methyl- 
cholanthrene (MC) in the culture medium on inducible 
hydroxylase activity. The Hepa-1 cells were assayed for 
enzyme activity after 48 and 72 hr of treatment with con- 
trol medium (CM), 2:0 mM phenobarbital, 2-0 um 3-meth- 
ylcholanthrene or 2:0 mM phenobarbital plus 2-0 ~M 
3-methylcholanthrene. The H-4-II-E cultures were assayed 
for enzyme activity after 24 and 48 hr of treatment with 
control medium, 2:0 mM phenobarbital, 4-0 4M 3-methyl- 
cholanthrene or 2-0 mM phenobarbital plus 40 pM 
3-methylcholanthrene. 
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induces the hydroxylase activity to levels which are 
approximately the sum of those induced by either 
phenobarbital or 3-methylcholanthrene alone. The 
kinetics of hydroxylase induction have been illus- 
trated previously [7]: the maximal level of induced 
enzyme activity is usually attained in 3 days for 
Hepa-! cultures and in 2 days for H-4-II-E cells. This 
fact is the reason for choosing (see Fig. 2) the time 
points 48 and 72 hr for Hepa-! and 24 and 48 hr 
for H-4-II-E cultures. This ‘additive’ effect for pheno- 
barbital plus 3-methylcholanthrene had been found 
before in the intact animal [5] and in fetal rat 
primary hepatocyte cultures [1,2] and indicates some 
fundamental difference in the mechanism of action 
by which these two ‘classes’ of mono-oxygenase 
inducers [5,6] exert their effect on the induction 
process. 

Induction of hydroxylase activity by numerous hydro- 
phobic compounds. Figure 3 shows five other ‘inducers’ 
of the hydroxylase activity in Hepa-1 and H-4-II-E 
cell lines. Subtle differences between the two cell tines 
in fold induction and in the maximal enzyme activity 
reached are illustrated. The two most significant 
differences shown are: (1) a much greater response 
of the induction process to metyrapone in H-4-II-E 
cells than in Hepa-1 cells, and (2) a basal hydroxylase 
activity 20-30 times higher in Hepa-1! cultures than 
in H-4-II-E (also seen in Table 1 and Figs. | and 
2). Because we wished to study changes in the basal, 
as well as the induced, hydroxylase activity and 
because phenobarbital-induced hydroxylase activity 
was considerably higher in Hepa-1, the Hepa-! rather 
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Fig. 3. Induction of hydroxylase activity in Hepa-1 and 
H-4-II-E cultures by 500 4M metyrapone (MTP), 100 uM 
1-(2-isopropylphenyl)imidazole (IPI), 1-0 mM 2-(4’-chloro- 
phenyl)benzothiazole (CPBT), 50 uM f-naphthoflavone 
(BNF) and 100 uM _ 2,5-diphenyloxazole (PPO). Control 
cells remained in control medium (CM) only. The values 
shown are taken from cells exposed to optimal inducing 
concentrations for each compound for 48 hr, at which time 
the enzyme activity was maximal or nearly maximal. Cyto- 
toxicity, as determined by the parameters set forth in 
‘Experimental Procedure, was not observed at these opti- 
mal inducing concentrations for any of these compounds. 
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Fig. 4. Effect of cordycepin on hydroxylase induction in 
Hepa-! cultures by 13 uM benz[a]anthracene (BA, @), 2-0 
mM phenobarbital (PB, @) or 1:0 mM isoproterenol (ISO, 
A) and on gross RNA and protein synthesis. Concen- 
trations of 10 and 100 4M cordycepin in the presence of 
each inducer are shown with open symbols. Cordycepin 
alone had no effect on the control enzyme activity. In this 
and in subsequent figures, none of the inducers, benz- 
[a]Janthracene, phenobarbital or isoproterenol, affected the 
changes in gross RNA synthesis (i.e. ['*C]uridine incor- 
poration into trichloroacetic acid-precipitable material) 
and gross protein synthesis (i.e. [*H]phenylalanine incor- 
poration into trichloroacetic acid-precipitable material) 
produced by the metabolic inhibitor under study. 


than the H-4-II-E cell line was used for the remainder 
of the studies in this report. 

Cordycepin effects. Cordycepin, an analog of adeno- 
sine, suppresses the labeling of cytoplasmic mRNA 
and nuclear HnRNA by blocking the synthesis of the 
poly(A) segment of mRNA [19-22]. Cordycepin also 
[17,18] may function in part by inhibiting mRNA 
transport from the nucleus [23, 24]. Such short-term 
studies (e.g. 6 hr) exclude the possibility that cordyce- 
pin affects the rate of mRNA translation and ascribe 
the inhibition of protein synthesis to inhibition of 
mRNA-poly(A) synthesis and, hence, availability of 
mRNA to the polysomes. Prolonged cordycepin treat- 
ment (e.g. greater than 12 hr) may affect rRNA syn- 
thesis and degradation [25]. However, it has been 
previously shown [3,26] that rRNA synthesis is 
probably not critical to aryl hydrocarbon hydroxylase 
induction over a 24-hr period. 

Figure 4 shows that the rise in hydroxylase activity 
in phenobarbital-treated cultures is relatively resistant 
to 100 uM cordycepin, compared with benz[a Janthra- 
cene- and isoproterenol-treated cultures. Hence, after 
a 24-hr treatment of the cells with phenobarbital plus 
100 4M cordycepin, aryl hydrocarbon hydroxylase 
induction was about 60 per cent of that by phenobar- 
bital alone. Hydroxylase induction by benz[a Janthra- 
cene combined with 100 4M cordycepin was about 
20 per cent of that by benz[a]anthracene alone, and 
induction by isoproterenol was totally blocked by this 
concentration of cordycepin. During this time gross 
RNA synthesis was 50 per cent inhibited for 6 hr 
and fully recovered by 24 hr, and gross protein syn- 
thesis was 50 per cent inhibited for the 24-hr period. 
One interpretation of these data is that the induction 
process by benz[a]anthracene or isoproterenol in 
Hepa-1 cells is more sensitive to inhibition of poly(A) 
synthesis than is induction by phenobarbital. 

It is of interest that 10 «4M cordycepin caused gross 
RNA synthesis to be impaired for the first 6-12 hr, 
after which a significant stimulation occurred, and 
that 10 u«M cordycepin caused gross protein synthesis 
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to be increased significantly above normal. This 
stimulatory effect was not found with 100 uM cor- 
dycepin. This phenomenon might be explained on 
the basis of labile inhibitors of transcription and 
translation. At low concentrations of cordycepin, the 
synthesis of a labile mRNA responsible for such labile 
protein inhibitors might be preferentially blocked, 
compared with the relative degree of inhibition of 
other cellular mRNA’s; at high concentrations of cor- 
dycepin, this preferential inhibition is not seen 
because synthesis of the majority of cellular mRNA’s 
is now impaired. 

It is of further interest in Fig. 4 that cordycepin, 
although known to affect mRNA synthesis quite 
specifically, causes significant changes in gross protein 
synthesis as well. These important alterations in both 
gross RNA and protein synthesis were illustrated pre- 
viously in actinomycin-D- and cycloheximide-treated 
fetal rat liver cultures [3]. We, therefore, emphasize 
the necessity to monitor frequently gross RNA and 
protein synthesis any time a test compound is added to 
cells in culture. We realize that the monitoring of gross 
RNA and protein syntheses may not be accurate, if 
large changes occur in the respective precursor pools. 
Further studies with this consideration in mind are 
planned for actinomycin-D, cordycepin, ethidium 
bromide and puromycin aminonucleoside in Hepa-| 
cultures. 

Ethidium bromide effects. Ethidium bromide is an 
effective inhibitor of total nucleic acid synthesis in 
a variety of organisms [11, 27, 28]. At concentrations 
as low as 0-6 uM, however, ethidium bromide very 
selectively inhibits synthesis of the 12S and 21S RNA 
species in mitochondria of cultured HeLa cells, 
whereas no inhibition of the incorporation of labeled 
precursors into nuclear RNA is detectable [29]. Ethi- 
dium bromide also inhibits poly(A) synthesis [30]. 
Large and distinctive differences in the kinetics of 
hydroxylase induction occurred in ethidium bromide- 
treated cells (Fig. 5), when the inducers benz[a]- 
anthracene, phenobarbital and isoproterenol were 
compared. Hydroxylase induction by benz[a Janthra- 
cene was inhibited by 1, 2 and 6 uM ethidium 
bromide only after 6 or 12 hr; the induction process 
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Fig. 5. Effect of ethidium bromide on hydroxylase induc- 
tion and on gross RNA and protein synthesis in Hepa-1 
cultures. Inducing concentrations and the abbreviations for 
benz[a]anthracene (@), phenobarbital (M) and isoproter- 
enol (A) are the same as those in Fig. 4. Concentrations 
of 1-0, 2-0 and 6:0 uM ethidium bromide in the presence 
of each inducer are shown with open symbols. Ethidium 
bromide alone had no effect on the control enzyme ac- 
tivity. Gross RNA synthesis (i.e. ['*C]uridine incorpor- 
ation) and gross protein synthesis (i.e. [*H]phenylalamine 
incorporation) are shown at right. 
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by phenobarbital was totally blocked by 1 uM ethi- 
dium bromide, as well as at the higher concentrations 
(not shown); the enzyme induction by isoproterenol 
was relatively insensitive to the inhibitor, about 60 
per cent being blocked in 24 hr by 6 uM ethidium 
bromide. These data are included in this report 
because they were reproducibly observed, but we have 
no simple explanations for such widely diverse re- 
sponses to ethidium bromide in the presence of these 
three ‘types’ of mono-oxygenase inducers. 

Also in Fig. 5, 1 or 2 uM ethidium bromide has 
very small (10-20 per cent) effects on gross RNA syn- 
thesis over the 24-hr period. Yet gross protein syn- 
thesis is blocked about 50 and 70 per cent, respect- 
ively, by the end of the 24-hr experiment. 

Puromycin  aminonucleoside effects. Puromycin 
aminonucleoside preferentially inhibits rRNA syn- 
thesis [12, 31-33] and cytoplasmic mRNA appear- 
ance [22]. presumably acting as a competitive analog 
of adenosine and adenine. and has no direct effect 
on gross protein synthesis [34,35]. Figure 6 shows 
that hydroxylase induction by phenobarbital is sig- 
nificantly blocked by concentrations of puromycin 
aminonucleoside between | and 100 4M. The induc- 
tion process by benz[a]anthracene and isoproterenol, 
on the other hand, is essentially unaffected by 10 and 
100 4M concentrations of puromycin aminonucleo- 
side respectively. A transient effect on both gross 
RNA and protein syntheses was found with 1 uM 
puromycin aminonucleoside: 100 sM puromycin 


aminonucleoside persistently inhibited gross RNA 
synthesis by at least 50 per cent for the 24-hr experi- 
ment, whereas little effect on gross protein synthesis 


was seen. 

At levels of puromycin aminonucleoside greater 
than 100 4M, we observed paradoxically less inhibi- 
tion of hydroxylase induction by benz[a]anthracene, 
phenobarbital or isoproterenol. This could be 
explained (Fig. 7) by our discovery that puromycin 
aminonucleoside itself is an inducer at concentrations 
between 0:5 and 5-0 mM. In fact, the hydroxylase ac- 
tivity in Hepa-1 cells treated with 5-0 mM puromycin 
aminonucleoside was induced in 24 hr to about the 
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Fig. 6. Effect of puromycin aminonucleoside on hydroxy- 
lase induction and on gross RNA and protein synthesis 
in Hepa-! cultures. Inducing concentrations and the abbre- 
viations for benz[a]anthracene (@), phenobarbital (MH) and 
isoproterenol (A) are the same as those in Fig. 4. Concen- 
trations of 1-0, 10 and 1CO uM puromycin aminonucleoside 
in the presence of each inducer are shown with open sym- 
bols. Puromycin aminonucleoside alone at these concen- 
trations had no effect on the control enzyme activity. Gross 
RNA synthesis (i.e. ['*C]uridine incorporation) and gross 
protein synthesis (ic. [°H]phenylalamine synthesis) are 
shown at right. 
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Fig. 7. Induction of hydroxylase activity in Hepa-1 cultures 
by high concentrations of puromycin aminonucleoside 
(AN) in the presence or absence of 13 4M _ benz{[aJanthra- 
cene (BA). The effects of 40 nM actinomycin-D (AD) and 
350 nM cycloheximide (CY), alone or in combination with 
puromycin aminonucleoside, are shown in the third and 
fourth frames. The effects of 0-5 and 5-0 mM puromycin 
aminonucleoside on gross RNA synthesis (i.e. ['*C]uridine 
incorporation) and gross protein synthesis (i.e. [*H ]phenyl- 
alamine incorporation) are shown at right. 


same level as that induced by benz{a]anthracene, in 
spite of the fact that gross RNA synthesis was totally 
blocked and gross protein synthesis was more than 
80 per cent inhibited. After maximal induction of the 
hydroxylase activity by phenobarbital or benz[a]- 
anthracene, addition of cycloheximide plus the 
aminonucleoside did not impede the normal rate of 
hydroxylase decay (data not illustrated). This result 
differs from that when benz[a]anthracene, phenobar- 
bital or norepinephrine combined with cycloheximide 
is added to cells containing fully induced hydroxylase 
activity [3,4]. The third frame of Fig. 7 shows that 
the induction process by 2:0 mM _ puromycin 
aminonucleoside is not sensitive to actinomycin-D 
but is readily sensitive to cycloheximide; this suggests 
the dependence on newly synthesized protein but not 
dependence on newly synthesized RNA, in order for 
the hydroxylase induction by puromycin aminonuc- 
leoside to occur. Puromycin aminonucleoside is the 
first compound we have encountered that has the 
capacity to ‘induce’ the hydroxylase activity in cul- 
tured cells when actinomycin-D is added simultane- 
ously with the ‘inducer’. The simultaneous exposure 
of cells to a combination of 2:0 mM aminonucleoside 
plus cycloheximide results in no enzyme induction. 
This result is consistent with all data from previous 
studies: that the hydroxylase induction process can- 
not proceed any time that more than 95 per cent 
of the total gross protein synthesis is inhibited. 

The fact that actinomycin-D alone causes a tran- 
sient induction of hydroxylase activity (Fig. 7, fourth 
frame) indicates to us that actinomycin-D, like puro- 
mycin aminonucleoside, ‘induces’ the enzyme activity 
by some mechanism occurring in the nearly total 
absence of gross RNA synthesis. Cycloheximide alone 
does not cause the hydroxylase activity to rise. These 
data represent the first time aryl hydrocarbon hydroxy- 
lase activity has been shown to accumulate pre- 
sumably without first an accumulation of putative 
hydroxylase-specific RNA. The hydroxylase induction 
occurs when fetal rat hepatocytes [3] or fetal hamster 
secondary cultures [36,37] are exposed to inducer 
plus cycloheximide, followed by replacement of the 
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Fig. 8. Effects of low or high concentrations of puromycin 
aminonucleoside (AN), alone or combined with 13 4M benz- 
{a]Janthracene (BA), on the hydroxylase induction in fetal 
rat primary hepatocyte cultures. The effects of similar con- 
centrations of aminonucleoside on gross RNA synthesis 
(i.e. ['*C]uridine incorporation) and gross protein syn- 
thesis (i.e. [*H]phenylalamine incorporation) are shown at 

right. 


inducer and cycloheximide with actinomycin-D. Also 
the hydroxylase induction occurs when rat liver- 
derived cells [38] are transiently exposed to cyclo- 
heximide, followed by replacement of the cyclohexi- 
mide with actinomycin-D. However, these experi- 
ments differ from those illustrated in Fig. 7 in that 
in the latter case we gave the Hepa-1 cells no prior 
treatment during which an accumulation of putative 
mRNA might occur. 

Hepa-1 is derived from a neoplasm. Does puromy- 
cin aminonucleoside also exert this dual effect on nor- 
mal, nonmalignant cells in culture? Figure 8 shows 
that low and high concentrations of the aminonucleo- 
side both inhibit the hydroxylase induction by benz- 
[aJanthracene in fetal rat cultured primary hepato- 
cytes. The concentration of aminonucleoside at which 
hydroxylase induction by benz[a]anthracene is only 
slightly affected (i.e. 10 uM) is the same in Hepa-1 
cells (Fig. 6) and in these normal liver cultures (Fig. 
8). The aminonucleoside alone also does not induce 
the hydroxylase activity. Hence, the apparent induc- 
tion of enzyme activity by high concentrations of 
puromycin aminonucleoside in the Hepa-1 cell line 
is different from the result in nonmalignant cell 
cultures derived from normal rat liver. 


DISCUSSION 


In this report we have characterized, in cell lines 
derived from two rat hepatomas and one mouse hepa- 
toma, the optimal conditions for hydroxylase induc- 
tion: the medium and serum requirements and the 
inducing concentrations of a variety of hydrophobic 
inducers. The additive effects of phenobarbital plus a 
polycyclic hydrocarbon on hydroxylase induction in 
Hepa-! and H-4-II-E cell lines observed in this study 
are similar to the additive effects of these different 
types of inducers previously shown in fetal rat liver 
primary cultures [1,2] and in the intact animal [5]. 
These observations indicate that these two established 
cell lines, as model systems for studying aryl hydro- 
carbon hyroxylase induction, are not phenotypically 
different from normal fetal hepatocytes—in their 
capacity to respond via two different mechanisms to 
these two different types of inducers. With a biogenic 
amine (i.e. isoproterenol, epinephrine or tryptamine) 


we could not demonstrate reproducibly that this third 
‘class’ of inducer in these established cell lines could 
cause additive effects with phenobarbital and/or a 
polycyclic hydrocarbon, as had been shown [4] in 
normal cultured fetal rat hepatocytes. In some experi- 
ments, however, it was clear that the biogenic amine 
being studied at certain concentrations did give addi- 
tive effects with phenobarbital or benz[a]anthracene: 
thus, these established cell lines must have some 
potential to express the hydroxylase induction by an 
apparent third mechanism of enzyme _ induction. 
Extensive experimentation with different and varying 
concentrations of biogenic amines showed that these 
compounds at optimally inducing concentrations 
sometimes caused slight adverse morphological 
effects. Therefore, we believe that the difficulty in 
reproducibly demonstrating additive effects with any 
combination which included a biogenic amine may 
reflect subtle toxic effects not evident by light micro- 
scopy. 

Distinct differences in the response of the benz- 
[aJanthracene-, phenobarbital- or isoproterenol- 
mediated induction process to such metabolic inhibi- 
tors as cordycepin, ethidium bromide and puromycin 
aminonucleoside further suggest that the mechanisms 
for these three types of induction processes are indeed 
different. One possibility to consider is that the con- 
trol, benz[a]anthracene-, phenobarbital- or isoproter- 
enol-treated hepatoma cultures may vary with respect 
to the metabolism of one or more of the metabolic 
inhibitors used in this study. Figure 9 shows chemical 
structures of the compounds to which the cell cultures 
were exposed. The structures clearly offer possibilities 
for common drug-metabolizing reactions such as ring 
hydroxylation, hydrolysis, amine oxidation, N-dealky- 
lation and glucuronidation. This possibility of meta- 
bolism may help explain, for example, the unusual 
effects of ethidium bromide on the hydroxylase induc- 
tion by the three types of inducers (Fig. 5). 

Puromycin aminonucleoside does inhibit certain 
small molecular weight nonhistone nuclear proteins 
[39] in normal human WI-38 fibroblasts but does 
not inhibit this class of proteins in SV4o-transformed 
WI-38 cells. In normal fetal rat cultured hepatocytes 
(Fig. 8), low or very high concentrations of puromycin 
aminonucleoside (ranging between 10 uM and 5-0 
mM) both inhibited completely the hydroxylase in- 
duction by benz[aJanthracene. This difference 
between effects of the nucleoside seen in normal liver 
cells and in the neoplastic Hepa-! cell line (Fig. 6) 
is in some ways similar to the difference seen by 
Cholon and Studzinski [22] and suggests that 
hydroxylase-specific mRNA synthesis, processing or 
stabilization is very different between Hepa-1 and 
normal fetal rat liver primary cultures. 

At 50 mM concentrations, puromycin amino- 
nucleoside is as effective as benz[a]anthracene in 
inducing the hydroxylase activity (Fig. 7, left frame). 
The large differences in the response of hydroxylase 
induction—seen when one varies the puromycin 
aminonucleoside concentration over a 1 w.M-5 mM 
range—-suggest to us at least two distinct effects of 
the aminonucleoside: (1) one effect secondary to inhi- 
bition of the synthesis of rRNA and/or the poly(A) 
segment of mRNA by low (1-100 uM aminonucleo- 
side) concentrations, and (2) the other effect in the 
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Fig. 9. Chemical structures of commonly used metabolic inhibitors, including those used in this tissue 
culture study. Also shown is the structure of phenol red, the commonly used pH indicator dye in 
many types of tissue culture growth media 


nearly total absence of gross RNA synthesis by high 
(0-5 to 5 mM aminonucleoside) concentrations. 
Hydroxylase induction by 5-0 mM_ puromycin 
aminonucleoside occurs more rapidly than that by 
benz[a ]anthracene—although gross RNA synthesis is 
inhibited more than 99 per cent and gross protein 
synthesis is inhibited 55-85 per cent during the last 
18 hr of the 24-hr experiment (Fig. 7). There are 
several possible explanations for this ‘induction’ pro- 
cess to occur under such adverse metabolic condi- 
tions. Hepa-1 cells possess at least five times more 
. basal hydroxylase activity than any other cells we 
have examined in culture; this fact supports our feel- 
ing that Hepa-! cells have an unusually large pool 
of putative hydroxylase-specific RNA which is 
responsible for synthesis of the high basal enzyme 
activity. High concentrations of puromycin 
aminonucleoside or actinomycin-D may stabilize in 
some manner the existing mRNA for hydroxylase 
activity and allow more frequent translation of these 
templates to the exclusion of other mRNA’s. Perhaps 
other mRNA species—which are far more labile than 
the hydroxylase mRNA species—are no longer com- 
peting for polysomes in the translational process and 
thus the rate of hydroxylase accumulation is stimu- 
lated by the relatively more frequent translation of 
the more stable hydroxylase-specific mRNA. Such a 
possibility may also explain the finding [40] that the 
rate of hydroxylase induction by aromatic hydro- 
carbons in various cell cultures is stimulated in the 
presence of interferon. Another possibility is that the 
large depression in gross protein synthesis results in 
an enlarged tRNA pool such that a crucial tRNA, 
which is usually rate limiting when all mRNA 
molecules are translated, is now available in much 


higher amounts. Certain steroid hormones in mam- 
malian systems [41, 42] stimulate the synthesis of spe- 
cific isoaccepting tRNA molecules simultaneously 
with the induction of hormonally induced proteins: 
these data suggest that a specific species of tRNA 
may be rate limiting in some control mechanism regu- 
lating protein induction. Although the hypothesis that 
certain tRNA levels may be rate limiting for enzyme 
induction has not been firmly established, it has been 
shown [43,44] with cell-free protein-synthesizing 
systems in vitro that the concentration of specific 
tRNA can regulate the rate of mRNA translation. 
Thus, it is possible that rate limiting amounts of speci- 
fic tRNA’s regulate protein synthesis at the trans- 
lational level by slowing polypeptide chain elongation 
or affecting initiation. 

The hydroxylase induction by high concentrations 
of puromycin aminonucleoside or actinomycin-D 
may also result from a concerted action of trans- 
lational initiation factors plus the diminishing MRNA 
pool. Induction of aryl hydrocarbon hydroxylase 
activity in rat liver by polycyclic hydrocarbons is 
associated with the stimulation of two translational 
initiation factors [45]; thus, an increase in synthesis, 
or decrease in degradation, of some _ initiation 
factor(s}—combined with a higher ratio of hydroxylase 
mRNA molecules to the total mRNA pool—might 
cause marked rises in hydroxylase activity under quite 
adverse metabolic conditions. Further studies to 
elucidate the mechanism of hydroxylase induction in 
liver-derived cultures treated with high doses of puro- 
mycin aminonucleoside or actinomycin-D may be 
important in understanding the mechanisms of such 
processes as drug hepatotoxicity and chemical or viral 
carcinogenesis. 
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Abstract 


Analysis by thin-layer chromatography showed that ['*C]N-acetyltryptamine and ['*+C]N- 


acetyl-B-phenylethylamine are formed from the incubation of ['*C]acetyl-CoA with tryptamine or 
f-phenylethylamine, respectively, in the presence of rat brain extracts. The specific activity of the N- 
acetyltransferase in fifteen discrete regions of rat CNS ranged from 1:64 + 0-05 nmoles of product 


formed/mg of protein/hr in cerebellum to 0-57 


+ 0-05 nmole in occipital cortex with tryptamine as 


substrate, and from 2-80 + 0:30nmoles in cerebellum to 0-91 + 0-13 nmole in cervical cord with 
f-phenylethylamine as substrate. Comparison of the regional specific activities in the presence of the 
respective substrates yielded a correlation coefficient of 0-83 (P < 0-01). In cerebellum N-acetyltransfer- 
ase activity appears exclusively in cytosol. At two stages of purification (i.e. after Bio-Gel fractionation 
as well as after ammonium sulfate precipitation), the enzyme exhibited biphasic kinetics with respect 
to acetyl-CoA in the presence of tryptamine or f-phenylethylamine and with respect to either substrate 
in the presence of acetyl-CoA. 


N-acetylation of endogenous or exogenous com- 
pounds by means of the hepatic enzyme acetyl-CoA 
arylamine N-acetyltransferase (EC 2.3.1.5) has been 
documented as a significant systemic detoxification 
process [1-6]. The finding of aromatic amine N-ace- 
tylating activity in brain outside the pineal 
gland [7-11] and occasional reports of N-acetylated 
metabolites of several endogenous and exogenous 
amines in peripheral and/or CNS tissue [12-17] have 
prompted us to continue our investigation of extra- 
pineal N-acetylation of aromatic amines in rat brain. 

We have reported that rat brain extract catalyzed 
the production of N-acetyltryptamine from acetyl- 
CoA and tryptamine at a pH optimum of 7-9, and 
that the reaction was linear with incubation time for 
as long as 60 min and with protein concentration up 
to 0-‘Smg. We also determined the relative specific 
activities of progressively purified enzyme _prep- 
arations in the presence of various amines [11]. Now 
we have examined the specific activity of N-acetyl- 
transferase (NAT) in fifteen discrete regions of rat 
CNS as well as in six standard subcellular fractions 
from cerebellum, the region of highest NAT activity. 
In addition, we have studied the kinetics of the 
enzyme with regard to acetyl-CoA in the presence 
of either tryptamine or f-phenylethylamine (/@EA) 
as well as with regard to each substrate. 


MATERIALS AND METHODS 


Animals and materials. Adult male Sprague-Dawley 
rats (150-200 g each) were obtained from Carworth 
Farms, Portage, Mich. ['*C]acetyl-CoA (3-7. or 
58 mCi/m-mole) was obtained from Amersham Searle, 
Arlington Heights, Ill. Acetyl-CoA and B®EA were 
obtained from Sigma Chemical Co., St. Louis, Mo.: 


tryptamine from Regis Chemical Co., Morton Grove, 
Ill. Acetic anhydride was purchased from Mallinck- 
rodt Chemical Works, Los Angeles, Calif. Bio-Gel 
A-1-5 m was purchased from Bio Rad Co., Richmond, 
Calif. and Silica gel F-254 thin-layer chromato- 
graphic (t..c.) sheets were purchased from EM 
Laboratories, Elmsford, N.Y. Other chemicals, of 
optimal purity, were obtained from standard sources. 

Standard N-acetyltryptamine and N-acetyl-B®EA 
were synthesized in our laboratory by N-acetylation 
of tryptamine and PPEA, respectively, with acetic an- 
hydride in alkaline ethanol solution [18]. The prod- 
ucts were extracted into dichlorométhane, and in each 
case the solvent was subsequently evaporated under 
nitrogen atmosphere. On tl.c., N-acetyltryptamine 
showed a single spot under shortwave u.v. light, with 
R, values of 0°81 when developed in butanol-1 N ace- 
tic acid—water (4:1:1) and 0:56 when developed in 
chloroform—methanol-! N acetic acid (97:3:1): stan- 
dard tryptamine showed R, values of 0:38 and 0-00 
with the respective solvent systems. N-acetyl-B®EA 
showed a single spot with R, values of 0-78 when 
developed in butanol-! N acetic acid-water (4:1:1) 
and 0:8! when developed in isopropanol-1 N 
ammonium hydroxide—water (8:1:1); standard BREA 
showed R, values of 0-40 and 0-23 in the respective 
solvent systems. 

Enzyme preparation for product analysis and kinetic 
studies. Rats were decapitated, and their brains were 
quickly removed, special care being taken to remove 
the pineal gland from the sample. Then the brains 
were homogenized in 5 vol of ice-cold double-dis- 
tilled water and centrifuged at 100,000 g for 40 min. 
A portion of the supernatant was dialyzed against 
100 vol of 0-05 M_ potassium phosphate buffer 
(ptt 7-9) for 1 hr, and the dialyzed fraction was used 
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as the enzyme source for product analysis. Another 
portion of the supernatant was saturated with 
ammonium sulfate (SO-75 per cent), and the precipi- 
tate (Pp,) was picked up in appropriate amounts of 
0-05 M potassium phosphate buffer (pH 7-9) and dia- 
lyzed against 200 vol. of the same buffer for 1 hr. Ali- 
quots of the dialyzed precipitate (Pp2») were used for 
the kinetic studies described below. In other exper- 
iments Pp, was picked up in a minimal amount of 
0-05 M_ potassium phosphate buffer (pH79) and 
applied to a Bio Gel A-1-5m column (2:5 x 20cm) 
which was equilibrated with the same buffer. Protein 
was eluted with the same buffer and collected in frac- 
tions of 2-0ml for 3hr. Fractions with the highest 
specific enzyme activities were pooled for kinetic 
studies as described below. 

Enzyme activity was assayed by the method of 
Deguchi and Axelrod [19] with slight modification. 
The incubation mixture contained 0-1 mM ['*C]ace- 
tyl-CoA (3-7 mCi/m-mole), 2‘5mM_ substrate (if not 
otherwise indicated), and an aliquot of enzyme pro- 
tein in 0:05 M potassium phosphate buffer (pH 7-9) 
with a total volume of 0-2 or 0-3 ml. We used boiled 
enzyme blanks as controls, having previously estab- 
lished [11] that they yielded higher activity than 
blanks consisting of either buffer plus enzyme without 
substrate or buffer plus substrate without enzyme. 
Mixtures were incubated at 37 for 0-5 or 1 hr. Reac- 
tions were stopped by the addition of 0-5 ml of 0-5 M 
sodium borate buffer (pH 10-0). The radioactive prod- 
ucts were extracted into 6ml toluene containing 3°, 
isoamyl alcohol, with an efficiency of 100 per cent. 
Aliquots (4 ml) of the organic phase were transferred 
to scintillation vials containing 10ml of counting 
solution (POPOP* and PPO in toluene and ethanol), 
and radioactivity was measured in a Beckman liquid 
scintillation spectrophotometer. In all experiments, 
protein concentrations were determined according to 
the method of Lowry et al. [20]. 

Product analysis. For each product, organic phases 
from two identical incubations were pooled and com- 
bined with 0-1 mg of the corresponding cold N-acety- 
lated amine. The combination was evaporated to dry- 
ness in a vacuum Oven at room temperature, and the. 
residue was taken up in 0-2 ml ethanol. Aliquots of 
the ethanol solutions were applied in lines 2:5 cm long 
alongside 10 4g of the corresponding standards on 
Silica gel F-254 t.l.c. sheets (5 x 8 cm). Identical t.l.c. 
sheets were then developed in two different solvent 
systems until the fronts were about 1cm from the 
top. After drying, each band visualized under u.v. 
light was scraped from the sheet and mashed in 2 ml 
ethanol for measurement of radioactivity. Strips of 
equal size from between the bands, including the sol- 
vent front and origin, were treated in the same way. 

Subcellular fraction preparation. Three fresh rat cer- 
ebella were homogenized in 10 vol of 0-32 M sucrose 
in 0-001 M potassium phosphate buffer (pH 7-9) in a 
Thomas glass-Teflon homogenizer with clearance of 
0-025 cm. Homogenate was then centrifuged and frac- 
tionated according to the method of Gray and Whit- 
taker [21] with slight modifications [22]. The nuclear 
pellet was taken after centrifugation at 900g for 


* POPOP = p-bis[2-(5-phenyloxazolyl)]-benzene; 
PPO = 2,5-diphenyloxazole. 


10 min, and the supernatant was spun at 14,000 g for 
20 min to yield the crude mitochondrial pellet. The 
remaining supernatant was centrifuged at 100,000g 
for | hr to yield the microsomal pellet and the soluble 
cytosol fraction. The crude mitochondrial pellet was 
washed once with 0-32 M sucrose, suspended in 5 ml 
sucrose, layered over the modified sucrose gradient 
(12:0 ml of 1-2 M; 8 ml of 0-8 M: 2ml of 06M; 2 ml 
of 0-4M) and centrifuged at 100,000g for 45 min. 
Myelin was taken from the interface between the 
layers of 0-4 and 06M sucrose and centrifuged at 
100,000 g for 40 min to yield a pellet. The synaptoso- 
mal fraction was obtained from the interface between 
the layers of 0-8 and 1:-2M sucrose, diluted with 2 
vol. of cold 0-001M_ potassium phosphate buffer 
(pH 7-9), and centrifuged at 100,000g for 40 min to 
yield a pellet. The mitochondrial pellet at the bottom 
of the gradient was rinsed with 0-32 M sucrose. All 
the rinsed pellets were resuspended in minimal 
amounts of 0-32M_ sucrose in 0-001 M potassium 
phosphate buffer, and NAT activity was assayed in 
all fractions as described above. 

Regional fraction preparation. Brain regions were 
dissected freehand over ice immediately after the rats 
were sacrificed, according to Craigie’s Neuroanatomy 
of the Rat [23], as follows. Representative wet weights 
are given in parentheses. Gentle pulling apart of the 
cerebral cortices stretched the corpus callosum 
(25 mg) which, after being teased away from its lateral 
insertions, was pinched away from the hippocampus, 
any gray matter being excluded. The corpus striatum 
(80 mg), including most of the caudate and the 
putamen and some globus pallidus, was excised from 
the cortices. Both the lateral and medial septal nuclei 
(20 mg) were cut free in one piece. After the cingulate 
region (100 mg) was taken, the frontal cortex (180 mg) 
was separated from the parietal cortex (78 mg). Simi- 
larly, the occipital cortex (60 mg) was taken after the 
entorhinal and posterior cingulate had been dis- 
carded. The dorsal hippocampi (100 mg) were separ- 
ated at the midline and cut to include only dorsal 
hippocampus proper and dentate gyrus. The cerebel- 
lum (280mg) was removed intact. The medulla 
(130 mg) extended from the clava up to the caudal 
border of the trapezoid body. The pons/trapezoid 
(60 mg) was bordered rostrally by the caudal aspects 
of the interpeduncular fossa and the inferior colliculi. 
The midbrain piece (130 mg) extended rostrally up to 
the mamillary bodies and included the corpora quad- 
rigemini. The hypothalamus (30 mg) was defined ven- 
trally by the outline of the tuber cinereum and dor- 
sally by the top of the third ventricle. For dissection 
of the cervical spinal cord and lumbosacral cord, a 
dorsal incision was made forward from the tail, 
exposing the vertebrae. The musculature was then dis- 
sected away from the point of decapitation back to 
the seventh vertebra and from the first lumbar ver- 
tebra to the fourth sacral vertebra. The cervical seg- 
ment was cut from the vertebral column at the space 
between the seventh cervical vertebra and first thora- 
cic vertebra as defined by its relationship to the tall 
spine of the third thoracic vertebra. The lumbosacral 
segment was severed anterior to the first lumbar ver- 
tebra and posterior to the fourth sacral vertebra. The 
vertebral segments were opened with scissors, and the 
cord was removed with forceps. 
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Fig. 1. T.l.c. identification of reaction product. A = stan- 

dard N-acetyltryptamine. T = tryptamine. The numbers 

are the cpm in the bands. On the left the solvent system 

was chloroform—methanol-1 N acetic acid (97:3:1). On the 

right the solvent system was butanol-1 N acetic acid—water 
(4:1:1). 


Like regions from four to eight rats were pooled, 
homogenized in 5-7-5 vol of double-distilled water 
at 4°, and centrifuged at 100,000g for 40 min. The 
supernatants were dialyzed for 2 hr against 200 vol. 
of 0:05 M potassium phosphate buffer (pH 7-9), and 
the NAT activity was assayed as described above. Re- 
gardless of region, boiled enzyme blanks yie\ded ap- 
proximately 1125cpm; counts in each regional 
sample were at least twice those in the corresponding 
boiled enzyme blank. 


RESULTS 


Products. The radioactive product resulting from 
the reaction between tryptamine and ['*C]acetyl- 
CoA was isographic with standard N-acetyltrypta- 
mine on TLC chromatograms developed in two dif- 


Table 1. Regional NAT activity in dialyzed soluble frac- 
tions from rat brain* 





Specific activity 
(nmoles product/mg protein/hr) 





Sample 


Tryptamine 


BOEA 





Cerebellum 
Whole brain 
Corpus callosum 
Frontal cortex 
Hippocampus 
Parietal cortex 
Pons/trapezoid 
Remainder of brain 
Cingulate cortex 
Medulla 
Midbrain 

Septal nuclei 
Lumbosacral cord 
Hypothalamus 
Corpus striatum 
Cervical cord 
Occipital cortex 


1:64 + 0:05 
1:15 + 0-14 
1:04 + 0:08 
1:02 + 0:08 
0-97 + 0-03 
0-91 + 0-10 
0-89 + 0-08 
0-88 + 0-07 
0-86 + 0:05 
0-82 + 0:06 
0-76 + 0-09 
0-74 + 0-06 
0-72 + 0-06 
0-69 + 0:10 
0-63 + 0-06 
0-59 + 0-06 
0:57 + 0-05 


2:80 + 0:30 
1-98 + 0-13 
1:96 + 0-11 
1-40 + 0:15 
1:60 + 0:16 
1:29 + 0-13 
1:34 + 0-13 
1:43 + 0-12 
141 + O17 
1:57 + 0-16 
147+ 0-11 
1:03 + 0-09 
1:69 + 0:08 
118+ 011 
1:32 + 0-08 
091 + 0-13 
1-46 + 0-14 





* Values are the means of four to six independent deter- 
minations + S. E. M. Protein concentrations were between 
0-15 and 0:25 mg/0:2 ml of reaction volume. Regional 
supernatants from 100,000g centrifugation, dialyzed for 
2hr, were incubated for 0-5hr with 0-1 mM ['*C]acetyl- 
CoA and 2:5mM tryptamine or B®EA in 0-05 M potas- 
sium phosphate buffer (pH 7-9). 
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Fig. 2. NAT activity as a function of acetyl-CoA in the 
presence of tryptamine or BEA. Combined Bio-Gel frac- 
tions were the enzyme source. The incubation mixtures 
contained 0-19 mg protein, 2.5 mM of either substrate, and 
various amounts of ['*C]acetyl-CoA in a total volume of 
0-30 ml of 0:05 M potassium phosphate buffer (pH 7-9). 
Reaction velocity is expressed as 10°* x pmoles of N-ace- 
tylated amine produced/mg of protein/hr. Each point rep- 
resents the mean of duplicate determinations. ny = Hill 
slope. 


ferent solvent systems (Fig. 1). The radioactive prod- 
uct from the reaction between B®EA and ['*C]acetyl- 
CoA was isographic with N-acetyl-B®EA after devel- 
opment in the two solvent systems described in 
Materials and Methods. Over 80 per cent of the 
radioactivity applied to the t.l.c. plates was recovered 
from all the bands measured, and almost all of such 
radioactivity was localized in the N-acetylated prod- 
uct bands. No other bands with appreciable radioacti- 
vity were observed. 

Subcellular localization. With tryptamine as sub- 
strate, we assayed the enzyme activity in subcellular 
fractions from cerebellum because _ preliminary 
regional studies had shown that NAT activity was 
relatively high in that region. In the cerebellum NAT 
activity appeared exclusively in the cytosol; the speci- 
fic activity was 1-05 + 0-06 nmoles of N-acetyltrypta- 
mine formed/mg of protein/hr. No activity was 
detected in the nuclear, microsomal, myelin, synapto- 
somal or mitochondrial fractions. 

Regional distribution. As shown in Table 1, N-ace- 
iyltryptamine formation is not uniformly distributed 
in rat brain. Specific activities in fractions from fifteen 
discrete regions of the CNS plus the remainder of 


‘ the brain ranged from 1-64 + 0-05 nmoles of N-acetyl- 


tryptamine formed/mg of protein/hr in cerebellum to 
0-57 + 0-05 nmole in occipital cortex. Regional distri- 
bution of N-acetyl-B®EA formation was only slightly 
more uniformly distributed, with a range of 
2:80 + 0:30nmoles of product formed/mg of pro- 
tein/hr in cerebellum to 0-91 + 0:13 nmole formed in 
cervical cord. When we performed a statistical com- 
parison of the regional NAT activity in the presence 
of these two substrates, we obtained a correlation 
coefficient of 0-83 (P < 0-01). 

Kinetic properties of partially purified NAT. Line- 
weaver-Burk double reciprocal plots of the reactions 
incorporating Bio-Gel fractions as the enzyme source 
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Fig. 3. NAT activity as a function of substrate amines. 
Combined Bio-Gel fractions were the enzyme source. The 
incubation mixtures contained 0-12 mg protein, 0-30 mM 
['*C]Jacetyl-CoA, and various amounts of either trypta- 
mine or PEA in a total volume of 030ml of 0-05 M 
potassium phosphate buffer (pH 7-9). Reaction velocity is 
expressed as 10° * x pmoles of N-acetylated amine produ- 
ced/mg of protein/hr. Each point represents the mean of 
duplicate determinations. n,,; = Hill slope. 


show biphasic kinetics with regard to acetyl-CoA in 
the presence of either tryptamine or PEA (Fig. 2). 
The partially purified enzyme shows similar biphasic 
kinetics with regard to either substrate (Fig. 3). The 
enzyme activity was inhibited at concentrations of 
either tryptamine or PPEA ranging from 66 to 
33 mM. The interaction of the enzyme with acetyl- 
CoA in the presence of either tryptamine or B®EA 
yielded Hill plots with slopes less than 1-0 (Fig. 
4)[24]. The interaction of the enzyme with trypta- 
mine or B®EA also yielded Hill plots with slopes less 
than 1-0 (Fig. 4). Similar kinetic data were obtained 
when Pp2» was used as the enzyme source (Table 
2). 
DISCUSSION 


Although N-acetylation of various exogenous 
amines is a well-described systemic detoxification 
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Fig. 4. Hill plots for NAT activity as a function of acetyl- 

CoA in the presence of either substrate (top) and as a 

function of either substrate (bottom). The data were taken 
from Figs. 2 and 3 respectively. 


Table 2. Apparent K,, and ny, values for NAT with 


as the enzyme source* 





Acetyl-CoA Amines 





Substrate Bins Ny Ky, 





0-14mM 
2:20 1M 
0-22 mM 
7-10 1M 


0-91 1:99 mM 
0-25 mM 
0-10 mM 


71-0 uM 


Tryptamine 


BDEA 0-76 0-67 





* K,, and ny values were obtained from Lineweaver 
Burk double reciprocal plots and Hill plots similar to those 
in Figs. 2-4. In determinations with respect to acetyl-CoA, 
the incubation mixture contained 0:28 mg protein, 2-5 mM 
of either substrate, and various amounts of acetyl-CoA in 
a total volume of 0-2 ml of 0-05 M potassium phosphate 
buffer (pH 7-9). In determinations with respect to the 
amines, the incubation mixtures contained 0-28 mg protein, 
0-1 mM acetyl-CoA and various amounts of either trypta- 
mine or BEA in a total volume of 0-2 ml of 0-05 M potas- 
sium phosphate buffer (pH 7-9). 


mechanism [ 25, 26], relatively little is known about 
N-acetylation by any organ other than the liver [27] 
with regard to the inactivation of endogenous amines. 
Melsaac and Page [28] estimated from studying uri- 
nary indoleamine metabolites in patients with car- 
cinoid tumors that between 5 and 25 per cent of sero- 
tonin is rendered inactive by N-acetylation, the 
majority of that presumably by hepatic enzymatic ac- 
tivity. Moreover, in the pineal gland, serotonin con- 
centration is apparently regulated by N-acetylation 
mediated through f-receptor stimulation by nore- 
pinephrine [19, 29-34]. A similar mechanism could be 
speculated to exist for serotonin metabolism in the 
brain itself, specifically in those structures that receive 
both serotonergic and adrenergic input [35]. Our 
product analysis by t.l.c. clearly showed that N-ace- 
tyltryptamine and N-acetyl-B®EA were formed from 
the incubation of acetyl-CoA with tryptamine and 
BEA, respectively, in the presence of brain extracts. 

In our examination of amine N-acetylation in fif- 
teen discrete regions of the rat CNS, we found a 
3-fold difference in activity between the least and 
most active regions with either substrate. It seems 
that the high N-acetylating activity we found in rat 
cerebellum might be associated with the N-acetyl- 
alkylamines localized there by immunohistological 
methods after pinealectomy [36]. NAT activity being 
relatively high in cerebellum, cortical areas, and 
corpus callosum suggests that the enzyme is not dis- 
tributed with axons and nerve endings of known 
aminergic systems in the brain. Unlike the activity 
of enzyme known to be related to putative neuro- 
transmitter biosynthesis and degradation, this activity 
was relatively low in corpus striatum. 

The activity we report, ranging from 164+ 
0-O5nmoles of N-acetyltryptamine formed/mg of 
protein/hr in cerebellum to 0:57 +0-05nmole in 
occipital cortex, is higher than the activity reported 
by Yang and Neff[{10], the range of which was 
840 + 80 to 370 + 70pmoles in seven unspecified 
brain regions. Ellison et al.[7] also reported lower 
N-acetylating activity (170, 150 and 140 pmoles of 
N-acetyiserotonin formed/mg of tissue in rat olfactory 
bulb, cerebellum and cerebrum respectively). Allowing 





Extrapineal amine N-acetylation in rat brain 


for the 10-20 per cent protein content of brain tissue, 
Ellison et al.[7] found activity comparable to that 
reported by Yang and Neff [10]. Although Yang and 
Neff [10] do not specify the pH of their assay, Ellison 
et al.[7] used pH 68. We found that at pH 6-5, 40 
per cent of the ['*C]acetyl-CoA decomposed in a 
0-5-hr incubation. Such a loss could decrease the rate 
of the N-acetylation reaction, yielding lower enzymic 
specific activity. 

The enzyme is apparently relatively unstable too. 
In our assays for regional enzyme activity, the soluble 
fractions were dialyzed for 2 hr, which was only half 
the dialysis time of our earlier assays, [11] and the 
shorter dialysis time nearly doubled the measurable 
enzymatic activity. 

In the regional and subcellular experiments, our 
concentration of acetyl-CoA was 0:1mM, which 
turned out to be between the two apparent K,, values 
in reactions with either substrate. In the presence of 
tryptamine, the K,, values were 0:28 mM (low affinity 
for acetyl-CoA) and 10-0 uM (high affinity for acetyl 
Co-A); with B®EA they were 3-2mM and 46 uM re- 
spectively (Fig. 2). With regard to substrate concent- 
rations, it turned out that our concentration of trypta- 
mine (2:5mM) was adequate to elicit enzymatic ac- 
tivity with both high and low affinity for substrate, 
whereas our concentration of B®EA (2:°5mM) fell 
between the apparent K,, values in reactions with that 
substrate (Fig. 3). Hence, NAT specific activity in 
brain regions might be different if higher or lower 
concentrations of acetyl-CoA or B®EA were to be 
used. It seems that only the high-affinity enzyme ac- 
tivities were being measured under our assay condi- 
tions; the differential distributions of high- and low- 
affinity NAT activities in the brain remain to be 
determined. However, the biphasic kinetics at two 
stages of purification suggest that the enzyme may 
be polymorphic or that it may include non-identical 
peptide chains that have active sites with different 
binding constants as isozymes do [37]. 

The extrapineal presence of both 5-methoxytryp- 

tamine [38,39] and 5-methoxy-N-acetyltryptamine 
(melatonin) [39] has been reported. Our finding [11]. 
also reported by others [7,10], that the brain is in- 
deed capable of N-acetylating biogenic amines raises 
the possibility that extrapineal melatonin is in fact 
synthesized in the brain itself rather than transported 
from the pineal gland or from other structures in the 
region of the lamina intercalaris [39,40]. Moreover, 
we have some preliminary data showing that after 
intraventricular infusion of labeled tryptamine or 
labeled BHEA, the corresponding N-acetylated prod- 
ucts are present in rat brain. 
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Abstract 


N-methyl! isatin-f-thiosemicarbazone (M-IBT) and cupric ions form a stable complex with 


which nucleic acids associate firmly. A 50 uM M-IBT-Cu complex can bind 3-3 4M nucleic acid as 
nucleotide (1-1 g/ml). The thiosemicarbazide side chain possesses full activity. Substitution of phenyl! 
groups at the N-1 or N-4 positions of thiosemicarbazide does not interfere with nucleic acid binding 
ability. Of those cations tested, cupric ions are the most effective in complex formation, but ferrous 
ions are also active at high concentrations. Single- and double-stranded DNA and single- and double- 
stranded RNA are equally susceptible; there is no nucleotide base specificity. Aurin tricarboxylic acid 
is the most efficient agent which interferes with the association of the M-IBT-copper complex with 
DNA. Other chelating agents such as EDTA, Tris-hydroxyaminomethane, 2-mercaptoethanol, histidine 
and diphenyl thiocarbazone inhibit the association also. The reaction between the chelate complex 
and the DNA occurs rapidly, is insensitive to ionic strength and temperature, and is optimal at pH 
8-0. Nucleic acid association is reversed in the presence of organic solvents such as dimethyl] sulfoxide, 


dimethyl formamide and dioxane. 


Thiosemicarbazones possess a wide spectrum of anti- 
viral, antibacterial, antifungal, and antitumor cell ac- 
tivity [1]. In view of this, their mode(s) of action is 
of considerable interest. The pyridine and isoquino- 
line derivatives of x-(N)-heterocyclic carboxaldehyde 
thiosemicarbazones inhibit ribonucleotide reductase, 
which may account for their antitumor cell activity 
[2]. However, the mechanism of action of N-methyl 
isatin-f-thiosemicarbazone (M-IBT), which is valu- 
able in the treatment of some complications of small- 
pox vaccination and in the prophylaxis of smallpox 
in exposed persons, is unclear [1]. Since the drug has 
no significant effect in vaccinia virus DNA synthesis 
[3], it appears that ribonucleotide reductase is not 
the principal target in the inhibition of vaccinia virus 
replication. Late, but not early, protein synthesis is 
inhibited, which is correlated with a decreased half- 
life of virus-specific polysomes at the late stage of 
replication [4]. No effect on cellular processes is 
detected at virucidal concentrations, although higher 
concentrations inhibit DNA and RNA synthesis pri- 
marily. 

In addition to the intracellular inhibition just de- 
scribed, M-IBT can inactivate some viruses on direct 
contact. It has been shown that Rous sarcoma virus 
(RSV), other RNA tumor viruses, and herpesvirus are 
inactivated in vitro [5-7]. This inactivation appears 
to be a function of the chelating ability of the drug, 
since EDTA prevents the inactivation and the addi- 
tion of cupric ions enhances it [6]. The loss of the 
ability of RSV to transform chick fibroblasts is prob- 
ably due to the inhibition of the RNA-dependent 
DNA polymerase of the virus [6]. Since the activity 
of purified RNA-dependent DNA polymerase of RSV 
is inhibited by M-IBT, the locus of action of the drug 
appears to be either the nucleic acid template or the 
enzyme. In this paper, we report that nucleic acids 
directly associate with complexes of M-IBT and 


cupric ions. This interaction may be important in the 
chemotherapeutic activity of this group of drugs. 


MATERIALS AND METHODS 


Reagents and solutions 


Drug stock solutions were prepared at millimolar 
concentration in 100°, dimethylsulfoxide (DMSO) 
and applied at 1:500 dilution to minimize final 
DMSO content. The stock solutions were kept 
frozen; daily preparation of fresh solutions as pre- 
viously recommended [4] was not necessary for 
reproducible results. Double-glass-distilled water was 
used to make the aqueous solutions. 

The materials and the companies from which they 
were purchased are as follows: 2-keto-3-ethoxybutyr- 
aldehyde _ bis(thiosemicarbazone) (KTS),  2-keto- 
3-ethoxybutyraldehyde bis(N-4-methylthiosemicarba- 
zone) (KTSM), pyruvaldehyde bis(thiosemicarbazone) 
(PTS) and pyruvaldehyde bis(N-4-methylthiosemi- 
carbazone) (PTSM) were from Nutritional Biochemi- 
cals. N-methylisatin-beta-thiosemicarbazone (M-IBT) 
was from K & K Laboratories. Semicarbazide (SC), 
thiosemicarbazide (TSC), 1-phenylthiosemicarbazide 
(1-@TSC), 4-phenylthiosemicarbazide (4-@TSC) and 
4-methylthiosemicarbazide (4-MeTSC) were from 
Eastman Kodak. Aurin tricarboxylic acid (ATA) was 
from Fisher Scientific. | Diphenylthiocarbazone 
(D@TC) was from J. T. Baker. (DMSO) (spectro- 
quality) was from Matheson, Coleman & Bell. 1- 
Formylisoquinoline thiosemicarbazone (IQ-1),  2- 
formylpyridine thiosemicarbazone (PyTSC) and 
5-hydroxy-2-formyl pyridine —_ thiosemicarbazone 
(5-OH Py TSC) were kind gifts of Dr. Frederick 
French, Palo Alto, Calif. Preformed _ purified 
M-IBT-Cu complex was prepared by, Dr. William 
Kaska, University of California, Santa Barbara. 
2-Mercaptoethanol (BME) and piperazine-N,N-bis-(2- 
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ethane sulfonic acid) (PIPES) buffer were from Cal- 
biochem. Nitrocellulose filters (0-45 sm pore) were 
from Millipore. The tritiated compounds, uridine, 
thymidine and ribo-homopolymers, were ° from 
Schwartz Mann. Unlabeled ribohomopolymers, poly- 
vinyl sulfate and calf thymus DNA were from Sigma. 


Nucleic acid binding assays 

Filtration. The drug, metal ion and nucleic acid to 
be tested were added to 0-5 ml buffer and incubated 
at 0 for 10min. The reaction mixture was diluted 
with 3 ml buffer and passed through a 0-45-ym pore 
nitrocellulose filter. After washing with 10 ml buffer, 
the filters were dried and the radiolabeled nucleic acid 
content was determined by liquid scintillation. A typi- 
cal reaction contained M-IBT, CuSO, and [*H]thy- 
midine-labeled HeLa double-stranded DNA in 
0-05 M phosphate buffer, pH 8-0, incubated for 10 min 
prior to filtration. One hundred per cent retention 
of DNA on the filter represents 95-100 per cent of 
acid-precipitable counts. 

Low-speed_ centrifugation. M-IBT, CuSO, and 
[*H]thymidine-labeled DNA were added to buffer 
and incubated at 0 for 10min. A sample was applied 
to a glass-fiber filter and the remaining solution was 
centrifuged for 30 min at 4500 g. Another sample was 
taken near the top of the tube, applied to a glass-fiber 
filter, dried and counted by liquid scintillation. Cen- 
trifugation assays were done with 2-ml volumes in 
narrow tubes to allow a separation of the precipitate 
from the sampling zones: no dilution of the original 
reaction solution was made. Filter retention and cen- 
trifugation assays gave identical results in all cases. 
The centrifugation assay was employed particularly 
with a solvent which damaged the filter, such as 
DMSO in high concentrations, and with a nucleic 
acid which bound strongly to nitrocellulose, such as 
single-stranded DNA. 


RESULTS 
Complex formation by M-IBT and CuSO4 


Optical effects. The spectrum of M-IBT in aqueous 
solution is shown in Fig. 1. Upon addition of cupric 
ions, the spectrum shifts from a discrete maximum 
at 354nm to a broad maximum between 420 and 
460 nm. Visually, a bright yellow color develops in 
contrast to the faint yellow color of the original 
50 uM _ solution. Similar spectra are seen in 50% 
DMSO, in which nucleic acid association, as judged 
by pelleting of DNA in the centrifugation assay, does 
not occur (see below). 

Crystal formation. Microscopic examination of the 
solution containing both M-IBT and CuSO, reveals 
yellow crystals 1-2 sum in diameter. These can be sedi- 
mented (7000 g) and recovered as large aggregates 
ranging to more than 504m in diameter. On filt- 
ration, the aggregates are seen as a yellow precipitate 
on the filters. Addition of DNA (550 ng/ml) did not 
change the appearance of the aggregates. IQ-1 and 
CuSO, form similar aggregates. 


Association of DNA with copper complexes of M-IBT 


and other thiosemicarbazones 


Various thiosemicarbazide derivatives were tested 
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Fig. 1. Absorption spectrum of N-methyl isatin-f-thio- 

semicarbazone (/max = 354mm) at 25 in 0:05 M phosphate 

buffer. pH 8-0. (A) 50 uM M-IBT; (B) 50 uM M-IBT with 

50 uM CuSO,. Identical patterns were obtained in 50% 
DMSO. 


for their ability to form complexes which cause the 
retention of DNA on a filter. M-IBT, IQ-I, the TSC 
side chain alone and side chain derivatives 
l-phenyITSC, 4-phenyITSC and 4-methyITSC were 
shown to be active at approximately equal concent- 
rations using 50 .M CuSO, (Table 1). No retention 
of DNA by 50 uM CuSO, alone was observed (Table 
2). The nucleic acid binding activity of 1-phenyITSC 
alone may be due to the presence of metal ions in 
this drug preparation, since the addition of 400 uM 
EDTA caused a reversal of nucleic acid binding. An 
atomic adsorption spectrophotometric analysis for 
copper revealed approximately one molecule of cop- 
per/10,000 molecules of 1-phenyl TSC. It appears un- 
likely, therefore, that copper is the adventitious metal 
ion. The preformed, purified M-IBT—Cu complex is 
active at 40 uM, which indicates that the DNA reten- 
tion is due to the complex per se rather than to the 
M-IBT and the copper acting synergistically but sep- 
arately. The addition of 400 u«M EDTA interferes with 
the activity of the preformed complex. The kethoxal 
and pyruvaldehyde-bis-(thiosemicarbazone)’s and 
their 4’-methyl derivatives were active only when the 
cupric ion concentration was increased 10-fold to 
500 uM = CuSO,. Semicarbazide, 2-formylpyridine 
TSC and 5-OH-2-formylpyridine TSC were inactive 
at the highest cupric ion concentration, which did not 
by itself precipitate DNA. Inactive drugs were also 
tested with ferrous ions, the only other metal ion 
which formed active complexes with M-IBT (see 
below), but ferrous ions did not activate any com- 
pounds which were inactive with cupric ions. The 
strong Co** binding properties of 5-OH-2-formyl- 
pyridine TSC [8] prompted an examination of nucleic 
acid binding with this complex. 2-Formylpyridine 
TSC, but not the 5-OH derivative, showed appreci- 
able nucleic acid binding activity at 160 uM concent- 
rations with 500 uM CoCl, (data not shown). 

The formation of a chelate precipitate is not suffi- 
cient for the retention of nucleic acids. Both diphenyl- 
thiocarbazone (D@TC) and aurin tricarboxylic acid 
(ATA) form stable, visible precipitates with cupric 
ions, but nucleic acids are not removed from solution 
by them. This indicates that the retention of the DNA 
on the filter is not due to nonspecific trapping in the 
precipitate. 

The dependence of DNA retention on the concent- 
ration of M-IBT is illustrated in Fig. 2. In the pres- 





Thiosemicarbazone-copper complexes bind nucleic acids 


Table |. Effect of thiosemicarbazone-copper complexes on DNA* 





Concn CuSO, Retention of DNA 
Compound (uM) (uM) 





M-IBT 30 
50 

M-IBT-Cu complex (purified) 
+ 400 uM EDTA, pH 8-0 
Semicarbazide 

(SC) 
Thiosemicarbazide 

(TSC) 


4-MethylTSC 
1-PhenylTSC 


+ 400 1M EDTA, pH 8-0 
4-PhenylTSC 


2-Formylpyridine 
TSC 


5-Hydroxy-2-formyl-pyridine TSC 


1-Formylisoquinoline 
TSC (IQ-1) 50 
Kethoxal bis(thiosemicarbazone) 
(KTS) 500 
5000 
4’Methyl KTS 
(KTSM) 500 
5000 
Pyruvaldehyde 
Bis(thiosemicarbazone) 500 
(PTS) 5000 
4’Methyl PTS 
(PTSM) 500 
60 $000 





* Reactions contained 500 ng >H-DNA/ml in 0-05 M phosphate buffer, pH 7-0; drugs and 
CuSO, were added and the solution was passed through 0-45-um pore nitrocellulose filters, 
dried and counted in a Beckman liquid scintillation spectrometer. CuSO, alone did not 
cause DNA retention at the highest concentration used. One hundred per cent retention 
of DNA on the filter represents 95-100 per cent of acid-precipitable counts. 


Table 2. Effect of various metal ions on DNA retention by M-IBT* 





DNA DNA retention 
Conen retention with 50 uM M-IBT 
Metal ion (M) 





Cu?* 


woww www w ww ew bh w 


10 





* Reactions contained 550 ng DNA/ml in 0-05 M phosphate buffer, pH 8:0. 
Metal ions and M-IBT were added and the solution was passed through 
0-45-4m pore nitrocellulose filters. IBT (50 4M) alone causes i0-15 per cent 
DNA retention. 
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10-2 [3H].DNA RETAINED 


CPM * 


CONCENTRATION M-IBT (uM) 
Fig. 2. Formation of a nucleic acid binding complex by 
N-methyl isatin-f-thiosemicarbazone. Association of nuc- 
leic acid with the complex was measured by retention of 
*H-thymidine-labeled DNA on a 0:45 xm pore filter. (A) 
M-IBT with 10 uM CuSO,; (B) M-IBT without purpose- 
fully added metal ions. Reactions contained 550 ng/ml of 
DNA in 0:05 M phosphate buffer, pH 8-0. 


ence of 104M CuSO, (empirically derived; see 
below), 30 uM M;IBT is required for the retention 
of a maximum amount of DNA. The level of retention 
is the same for any order of M-IBT, CuSO, or DNA 
addition. 


Metal ‘ons effective for nucleic acid association 


The concentration of cupric ion required to form 
an active chelate complex was investigated. Using the 
filter retention assay, 6 uM CuSO, yielded a complex 
with 50 uM M-IBT which could completely remove 
550 ng DNA/ml from solution (Fig. 3). In subsequent 
experiments, 10 .M CuSO, was generally used as the 
minimum concentration. 


CPM * 10°2[3H]-DNA RETAINED 


CONCENTRATION Cu SO,4 (uM) 


Fig. 3. Effect of CuSO, on the ability of N-methyl 

isatin-f-thiosemicarbazone to form a nucleic acid binding 

complex. Nucleic acid association with the complex was 

measured by retention of *H-thymidine-labeled DNA on 

a 0-45 um pore filter. (A) CuSO, with 30 uM M-IBT; (B) 

CuSO, alone. Reactions contained 550 ng/ml of DNA in 
0:05 M phosphate buffer, pH 8-0. 


As can be seen in Table 2, increasing the copper 
concentration as high as 10°*M did not result in 
the formation of another type of M-IBT complex 
which was unable to cause retention of DNA. In addi- 
tion, it was of interest to determine whether other 
metal ions, particularly those of the first transition 
series, could combine with M-IBT and cause filter 
retention of DNA. Using a standard concentration 
of M-IBT and DNA, metal ions were tested over the 
range of concentrations which did not by themselves 
retain the DNA. Only ferrous ion (10~3 M) caused 
significant DNA retention in the presence of 50 uM 
M-IBT. Other metal ions including Fe**, Ca?*, 
Mg?*. Mn?*, Zn?*, Co?* and Ni?* were ineffective 
at concentrations ranging from 10°° to 10°7M 
(Table 2). 


Table 3. Effect of competing chelating agents on DNA retention by M-IBT and CuSO,* 





Concn 
Compound (uM) 


Retention 
M-IBT CuSO, of DNA 
(uM) (uM) (%) 





Control phosphate, pH 8-0 0-05 M 
Tris, pH 8-0 0-01 M 
0-02 M 
EDTA, pH 8&0 400 
10 
20 
2-Mercaptoethanol 280 
(BME) 30 
40 
Diphenylthiocarbazone 100 
(DTC) 10 
30 
Aurintricarboxylic acid 200 
(ATA) l 
4 
Histidine 2000 
20 
50 


10 
10 
10 
10 
10 
10 
10 
10 
10 
100 
10 
10 
50 
10 
10 
10 
10 
10 





* Reactions contained 550ng DNA/ml in 005M phosphate buffer, pH 8-0. The order 
of addition to the DNA solution was: competing agent. CuSO,, M-IBT. 





Thiosemicarbazone-copper complexes bind nucleic acids 


Effect of competing chelating agents on retention of 
DNA 


It was of interest to determine whether certain che- 
lating agents, which by themselves or with added cop- 
per had no ability to cause DNA retention, could 
inhibit the activity of the M-IBT-Cu complex. As can 
be seen in Table 3, Tris, EDTA, BME, D@TC, ATA 
and histidine can prevent the effect of the M-IBT—Cu 
complex. None of the compounds either alone (data 
not shown) or with 10 «M CuSO, can cause retention 
of DNA on the filter. The effect of histidine was 
tested, since it had been observed previously that his- 
tidine can prevent the inactivation of herpesvirus by 
M-IBT [9]. 

In addition to these chelating agents, the effect of 
poly rA and poly vinyl sulfate (PVS) on DNA reten- 
tion was determined. It was found that 250 ng poly 
rA added to the M-IBT-copper complex prior to 
3H-HeLa cell DNA inhibited over 90 per cent of the 
binding of DNA to the filter (data not shown). The 
addition of 400ng PVS inhibited the filter binding 
of the DNA by 50 per cent. Surprisingly, the addition 
of more PVS, up to as high as 4 yg, did not signifi- 
cantly decrease the filter binding below 50 per cent 
(data not shown). The finding that PVS competes 
with DNA in this reaction indicates that the purines 
and pyrimidines in DNA do not play a major role: 
rather, it appears that the charged backbone is more 
important. 


Nucleic acids which associate with the M-IBT-Cu 
complex 

In order to characterize the nature of this interac- 
tion more fully, we tested a variety of nucleic acids 
for their ability to associate with the M-IBT—Cu com- 
plex. The data in Table 4 indicate that single- and 
double-stranded HeLa cell DNA, poliovirus RNA, 
which is predominantly single stranded, and Rous 
sarcoma virus tRNA [10], which has a significant 
amount of double-stranded structure, are retained on 
filters in the presence of the complex. However, oligo 
dC (12-18 nucleotides) and deoxynucleoside triphos- 
phates are not retained. There does not appear to 
be any base specificity, since homopolymers of rA, 
rl, rC and rU are equally retained. Reactions were 
also carried out with limiting concentrations of 
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Fig. 4. Nucleic acid binding capacity of an N-methyl 
isatin-f-thiosemicarbazone and CuSO, complex. Nucleic 
acid association was measured by retention of *H-thymi- 
dine-labeled DNA on a 0:45 um pore filter. (A) 50 uM 
M-IBT with 10 uM CuSQOg;: (B) 10 «.M CuSO, alone. Reac- 
tions were performed in 0-05 M phosphate buffer, pH 8-0. 


M-IBT and copper in order to detect small differences 
in affinity among the various nucleic acids used, but 
none was observed. 

The stoichiometry of the association was investi- 
gated also. As depicted in Fig. 4, it was found that 
a mixture of 50 uM M-IBT and 104M CuSO, can 
bind a maximum of 3-3 4M DNA (calculated as nu- 
cleotide) or 1-1 ug/ml. The addition of larger amounts 
of DNA did not reduce the amount of DNA bound; 
the addition of CuSO, over a wide range of concent- 
rations (10-5000 uM) did not alter the interaction. 


Effect of pH, ionic strength, solvent, temperature and 
time on the association of DNA 


Variations in some of the environmental factors 
which might affect the interaction of M-IBT, CuSO, 
and nucleic acid were studied to evaluate the basis 
of the association. Filter retention of DNA was opti- 
mal at pH 8-0 (Fig. 5). Appreciable retention was seen 
at pH 7 to 12; efficiency decreased steadily below 
pH 7. The correlation between the loss of nucleic acid 
association below pH 7 and the pK of 65 for the 
secondary phosphoryl group indicates that this group 
may be the site of interaction. 

Retention of DNA occurred in H,O, phosphate 
and other weak Cu** chelating buffers such as PIPES 


Table 4. Effect of M-IBT-copper complexes on different nucleic acids* 





Nucleic acid 


Polymer size 


Nucleic acid association 
with 50 uM IBT-Me + 10 uM CuSO, 
(%) 





HeLa dsDNA 
HeLa ssDNA 
Polio ssRNA 
Poly(rA): poly(rU); 
poly(rC): poly(rl) 
RSV 4s RNA 
Oligo(dC) 
dATP: dTTP; 
dCTP: dGTP 


Large 
Large 
7000 Nucleotides 
300 Nucleotides 


75 Nucleotides 
12-18 Nucleotides Of 
Mononucleotide Ot 


100+ 
100% 
100% 
100% 


1007 





* Reactions contained 500 ng nucleotide/m] or less in 0:05 M phosphate buffer, pH 8-0. 


+ Filtration assay. 
+ Centrifugation assay. 
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Fig. 5. Effect of pH on association with an N-methyl 
isatin-B-thiosemicarbazone and CuSO, complex. Nucleic 
acid association was measured by retention of *H-thymi- 
dine-labeled DNA on a 0:45 yum pore filter. (A) 50 uM 
M-IBT with 50 46M CuSO,; (B) 504M M-IBT alone; (C) 


50 uM CuSO, alone. Reactions contained 550 ng/ml of 


DNA in 0:05 M phosphate buffer. 


and barbital. Tris buffer must be specifically excluded 
due to its strong binding of cupric ions (Ref. 11 and 
Table 3). Salt neither facilitated nor impeded the as- 
sociation of DNA with the M-IBT-Cu complex up 
to 1-5 M NaCl, which indicated that the involvement 
of salt linkages is unlikely. 

The pelleting of DNA in the centrifugation assay 
was sensitive to the presence of several organic sol- 
vents. Assays performed with DMSO (25%, v/v) 
dimethylformamide (25°, v/v) and dioxane (10% v/v) 


prevented pelleting of the DNA. These concentrations 


of solvents solubilized the M-IBT—Cu complex, since 
no yellow precipitate was seen at the bottom of the 
tube. The M-IBT-Cu complex was not dissociated 
in the solvents, since the absorption spectrum resem- 
bled that of the complex described in Fig. 1. The as- 
sociation of DNA with the M-IBT-Cu complex 
occurred to the same extent at 0° and 37. The inter- 
action was rapid and complete within 5 min, the shor- 
test time possible for the filtration assay. 


Binding of M-IBT to DNA 

Although M-IBT alone does not cause appreciable 
filter retention of DNA (Table 1), it was of interest 
to determine whether binding of M-IBT to DNA 
occurred. We tested this possibility by exposing col- 
iphage 7-DNA to *°S-labeled M-IBT and centrifuging 
the DNA in a rate zonal 5—20° sucrose gradient, at 
270,000 g for 2:5 hr in an SW 41 rotor. No *°S-M-IBT 
associated with the 4-DNA. In addition, we could 
demonstrate no change either in sedimentation rate 
of *H-2-DNA or in the density (in 1-7 g/ml of CsCl 
equilibrium gradients run at 147,000g for 64hr in 
an SW 50-1 rotor) of *H-HeLa cell DNA treated with 
30 uM M-IBT or with 50 uM CuSO,. It appears that 
M-IBT alone neither associates with nor significantly 
affects the structure of DNA. In contrast, when either 
*H-2-DNA or *H-HeLa cell DNA was exposed to 
both M-IBT and copper, and centrifuged in sucrose 
or CsCl! gradients, respectively, both DNA’s pelleted. 
However, when treated *H-HeLa cell DNA was cen- 
trifuged in CsCl gradients containing 7°; dioxane, the 
DNA did not pellet, but banded at the same density 
as did the untreated sample. 


DISCUSSION 

We have demonstrated that M-IBT, thiosemicarba- 
zide and several thiosemicarbazide derivatives: form 
stable complexes with cupric ions, with which nucleic 
acids associate firmly. The activity of the side chain, 
TSC, alone is in accord with the previous observation 
that it possesses the activity to inactivate RSV [6]. 
An earlier report by Bhuyan and Betz [12] indicated 
that 2-keto-3-ethoxybutyraldehyde-bis(thiosemicarba- 
zone) (KTS) and its copper complex did not associ- 
ate with nucleic acids. However, this study utilized 
Tris buffer, which adversely affects association of 
complex to DNA. This may explain why no associ- 
ation was seen. Even if a nonchelating buffer had been 
used, interaction with nucleic acids may not have 
been detected, since a high concentration of copper 
is required for this compound (Table 1). 

It is interesting that the purified, preformed 
M-IBT-Cu complex and the M-IBT and CuSO, solu- 
tion are equally active. This indicates that the M-IBT 
and the copper act as a chelate complex. The alterna- 
tive hypothesis that the two compounds act in 
sequence, perhaps even at different sites, appears to 
be incorrect. 

The evaluation of the results presented in this 
paper, especially regarding the requirements of differ- 
ent drugs for exogenous copper, must take into con- 
sideration the possible presence of copper in the ex- 
perimental system itself. For example, the finding that 
1-phenyl TSC alone causes retention of DNA can be 
explained by the presence of metal ions in the drug 
preparation. Other components, such as nucleic acids, 
particularly those isolated from natural . sources, 
buffers and laboratory-distilled water, are possible 
sources of metal ions. 

The effectiveness of EDTA in preventing and 
reversing RSV inactivation and nucleic acid retention 
indicates that the continued presence of a divalent 
cation is required and that the binding affinity for 
the cation to EDTA is greater than that for M-IBT. 
Since BME has the same effect as EDTA in this 
regard and since BME is known to chelate heavy 
metals such as copper [13], we believe that BME is 
acting as a competing chelating agent rather than as 
a reducing agent, which might change M-IBT to an 
inactive form. 

The feature common to the nucleic acids tested 
which is responsible for their interaction with the 
drug-metal complexes is unclear. It appears that 
binding is not due to a specific nucleotide base com- 
position or to the type of sugar residue. An interac- 
tion with phosphate groups in the nucleic acids may 
be significant, since a decrease in binding at hydrogen 
ion concentrations below the pK (6:5) of the second- 
ary phosphoryl group was observed. The competition 
observed with polyvinyl sulfate supports this possibi- 
lity. However, since the salt concentration could be 
varied without influencing retention, it seems unlikely 
that only salt linkages are involved. The inhibition 
of filter retention by solvents which weaken hydrogen 
and hydrophobic bonds suggests that these bonds 
may play a role. The finding that the homopolymer 
oligo dC (12-18 nucleotides) was not retained yet 
transfer RNA and the homopolymer poly rC (300 nu- 
cleotides) were, implies that chain length is an impor- 
tantcriterion, perhaps through multiple weak bonds. 





Thiosemicarbazone-copper complexes bind nucleic acids 


The strength of Cu?* binding by TSC (Kgiss 
= 10°'') and by KTS (Kg, = 10°'%) has been 
reported [14, 15]. No similar information is available 
for M-IBT. In view of the lack of correlation between 
Kajs; and nucleic acid binding activity for TSC and 
KTS, we speculate that, while a strong copper binding 
activity is desirable, the insolubility of the chelate 
complex is of greater importance. However, the in- 
solubility of the complex is not the sole determinant, 
since the ATA-copper complex precipitates but does 
not cause binding of DNA to the filter. A specific 
interaction between complex and nucleic acid must, 
therefore, occur. We view nucleic acid binding by che- 
late complexes to be the result of the formation of 
chelate ‘lakes’ or aggregates. If this is correct, the 
complexes could be acting as a resin for nucleic acid 
binding through multiple weak bonds yielding the 
nucleic acid precipitate. 

In view of the ability of 40 u.M preformed M-IBT 
copper complex to interact with DNA (Table 1) and 
its ability to inhibit the RNA-dependent DNA poly- 
merase of Rous sarcoma virus as well as M-IBT itself, 
e.g. by greater than 90 per cent at that concentration 
(Ref. 6 and W. E. Levinson, unpublished results), we 
hypothesize that the mode of inhibition of the enzyme 
activity is due to the binding of the ligand—metal com- 
plex to the nucleic acid rather than to the enzyme. 
It is known that the RNA-dependent DNA polymer- 
ase of avian tumor viruses is a zinc metalloenzyme 
[ 16, 17], which has led to the proposition that chelat- 
ing agents such as 1,10-phenanthroline inhibit enzyme 
activity by binding to the zinc in the active site 
[16-18]. However, the stability constants at pH 7-4 
of the KTS—copper complex is 10'*°, whereas for the 


KTS-zine complex it is 10°° [19]. The extraordi- 


narily greater stability of the thiosemicarba- 
zone-copper complex makes it unlikely that the 
ligand in the complex would bind to the zinc in the 
enzyme. In view of this and the evidence for nucleic 
acid interaction reported herein, we propose that the 
nucleic acid, not the enzyme, is the site of inhibition. 
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FORMATION AND METABOLISM OF ['*C]DOPAMINE 
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Abstract—Oral administration of ['*C]dopamine to dogs resulted in urinary excretion of predominantly 
['*C]dopamine 3-O-sulfate, while after intravenous administration the labeled drug was metabolized 
largely by O-methylation and deamination pathways. Experiments in vitro pinpointed the small intes- 
tinal wall of the dog as the site of dopamine sulfate conjugate formation. The small intestines of 
rat and guinea pig lack this sulfating ability. When trace amounts of ['*C]dopamine 3-O-sulfate were 
administered to dog, rat and guinea pig, the compound turned out not to be metabolically inert. 
In the guinea pig, ['*C]dopamine 3-O-sulfate was almost completely desulfated and metabolized accord- 
ing to the pattern characteristic to orally administered dopamine in this animal species. In rat, about 
40 per cent of the administered ['*C]dopamine 3-O-sulfate (19-1 ug/kg) was excreted in urine unchanged, 
whereas a smaller dose (7-4 ng/kg) was totally metabolized according to the pattern characteristic to 
rat. In dog urine, more than 80 per cent of the radioactive dose (2:5 ug/kg) emerged in urine as 
unchanged ['*C]dopamine 3-O-sulfate, the normal metabolism end product of dopamine in dog. 


Sulfate conjugates of dopamine have been known to 
be excretory metabolites in animals and man, 
although Jenner and Rose [1,2] suggest the possibi- 
lity that they may also represent intermediates of 
metabolism. In our previous study concerning the 
metabolic fate of orally administered ['*C]dopa- 
mine [3], dogs excreted the labeled dose largely in 
the form of urinary ['*C]dopamine O-sulfate ester, 
whereas rats and guinea pigs excreted sulfate conju- 
gated dopamine in minor quantities or hardly at all. 
It was of interest, therefore, to investigate the exact 
site of formation of dopamine O-sulfate in the dog. 
In addition, it was decided to investigate the meta- 
bolic fate of dopamine 3-O-sulfate in rat and guinea 
pig where such metabolite is produced normally only 
in minor quantities. 


MATERIALS AND METHODS 


Chemicals. Glass-distilled water was used during 
this work. Amberlite CG-50 weakly acidic carboxylic 
type cation exchange resin, 200-400 mesh, Lot ZEC, 
was obtained from Mallinckrodt. The resin was 
cycled with hydrochloric acid and sodium hydroxide, 
and equilibrated with Na-phosphate buffer, pH 60, 
as described by Minard and Grant [4]. AGI-x8 anion 
exchange resin in the formate form, 200-400 mesh, 
from Bio-Rad Laboratories, was soaked in 4M for- 
mic acid and thoroughly washed with water before 
it was filled into the columns. Formic acid, 88°%, ana- 
lytical reagent, was obtained from Mallinckrodt. 
Silica gel QIF Quanta/Gram plates, 5 x 20cm, were 
purchased from Quantum, Inc. Ketodase, brand of 
f-glucuronidase, containing 5000 units/ml, was pur- 
chased from Warner—Chilcott’s General Diagnostics 
Division. Glusulase preparation from Endo Labora- 
tories, Inc. contained 158,700 units glucuronidase and 
52,400 units sulfatase/ml. Aquasol scintillator solution 
was obtained from New England Nuclear. Methanol 


toluene-based scintillator (Formula B) and toluene 
cellusolve scintillator solution (Formula A) were pur- 
chased from Burdock & Jackson Labs. Adenosine-5’- 
triphosphate (ATP) disodium salt was obtained from 
P-L Biochemicals, Inc. Dopamine-HBr, 99°, pure, 
was purchased from Aldrich Chemical Co., Inc. All 
other reagents were analytical grade. 

Synthesis of dopamine 3- and 4-O-sulfates. This syn- 
thesis was accomplished according to the scaled-up 
procedure of Jenner and Rose [1]. The products were 
characterized by ir. and NMR spectra and by ele- 
mental analysis. 

Animals. Female purebred beagle dogs (7:1—7-5 kg) 
were dosed by stomach tube. In addition, a 440-g 
male albino guinea pig and a 216-g male white Sprague 
Dawley rat received ['*C]dopamine 3-O-sulfate 
by gavage. A 915-g male guinea pig and a 487-g male 
white rat were given the ['*C]dopamine 3-O-sulfate 
dose intravenously. All species were fasted for 18 hr 
prior to experimentation. Six hr after the dosage the 
animals were fed Gaines dog food and Purina Labor- 
atory Chow. The injections were given into the 
saphenous vein (dog), the tail vein (rat), and the penis 
vein (guinea pig). 

Formation in vivo of ['*C]dopamine 3-O-sulfate. 
3,4-Dihydroxyphenylethylamine: HBr [1-'*C] ([{'*C] 
dopamine:HBr, 9:28 mCi/m-mole) labeled at the 
x-carbon of the phenethyl moiety was obtained from 
New England Nuclear. It was diluted with an equal 
amount of unlabeled dopamine-HBr thus resulting 
in a specific radioactivity of 4-64mCi/m-mole. The 
drug was administered in the form of a freshly pre- 
pared saline solution at a dose of 0:15 mg/kg orally 
to dog No. | and intravenously to dog No. 2. Urine, 
voided up to 24hr after dosing, was collected and 
the radioactive urinary metabolites were separated by 
column chromatography on AGI (formate) resin. 
Eight days later the dogs were switched: now 
['*C]dopamine was given intravenously to dog No. 
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Fig. 1. Structure of ['*C]dopamine 3-O-sulfate. 


| and orally to dog No. 2 and again 0- to 24-hr urine 
samples were analyzed on AGI anion-exchange resin 
columns. 

The fractions containing radioactive dopamine sul- 
fate (Fig. 2) were pooled and freeze-dried. The com- 
bined freeze-dried material was dissolved in 25 ml 
saline. Its radiochemical purity (>90 per cent) was 
determined by thin-layer chromatography in three 
solvent systems and by hydrolysis with Glusulase fol- 
lowed by column chromatographic analyses. This 
material was co-chromatographed on 08 x 50cm 
AGI-x8 (200-400 mesh, in acetate form) columns with 
authentic unlabeled dopamine 3-O-sulfate and dopa- 
mine 4-O-sulfate samples as described by Bodnaryk 
and Brunet [5], the eluate being monitored at 275 nm 


in a Zeiss spectrophotometer and 0-3-ml aliquots of 
the 7-5-ml fractions being radioassayed in 10 ml of 


toluene-cellusolve scintillator solution with a Pac- 
kard Tri-Carb scintillation spectrometer. 

The ['*C]dopamine 3-O-sulfate solution ia saline 
was stored at —16 and thawed immediately before 
administration to rats, guinea pigs and dog. 

Preparation of crude extract of small intestine. The 
high-speed supernatant of dog, rat and guinea pig 
small intestine extract was used as a source of the 
sulfate-transferring enzymes. A beagle dog was sacri- 
ficed by intravenous injection of KCI solution; a rat 
and a guinea pig were killed by a blow on the head. 
The small intestines were quickly excised, chilled and 


thoroughly washed with cold water. Sections of 


|-3cm were cut out of the small intestine at every 
5-10cm interval. The sections were blotted and cut 
with scissors into small pieces in a beaker placed on 
ice. Five g of the material was homogenized in 20 ml 
of 0:25M sucrose solution with the aid of a motor- 
driven ground-glass homogenizer (Kontes Glass Co.) 
rotating at 650 rev/min, the suspension being forced 
past the pestle ten times during 2 min while the hom- 
ogenizer was submerged into ice. The homogenate 
was then centrifuged at 100,000g,, for 1-Shr in a 
Spinco model L preparative ultracentrifuge using a 
No. 50 Ti-rotor. The clear supernatant was carefully 
removed, stored overnight at —20 and used the next 
day. 

Formation of ['*C]dopamine 3-O-sulfate ester in 
vitro. A one-ml portion of the small intestine high- 
speed supernatant was incubated in a total volume 
of 10ml containing 100 moles MgCl,, 20 umoles 
Na,SO,, 50 umoles K,HPO,, 150 moles ATP and 
0-2 umole ['*C]dopamine- HBr (9-28 wCi/m-mole). All 
components were adjusted to pH74 with 0-1 N 
NaOH before mixing. After incubation for 1-Shr at 
37, the solution was poured on an AGI (formate) 
column and the radioactive compounds were eluted 
with a formic acid gradient as described below. 

Preparation of urine samples for analysis. Ascorbic 
acid and Na,EDTA were added to the urine samples 
(both 0°5 mg/ml) to protect the metabolites against 


oxidation and the samples were kept frozen before 
they were analyzed. Since most of the '*C was 
excreted in the urine within 24hr, the 0- to 24-hr 
urine samples were used for the determination of the 
metabolic patterns on AGI (formate) columns as de- 
scribed below. For the hydrolysis of conjugated meta- 
bolites. 15 ml urine was adjusted to pH 6 with 1M 
acetic acid or Na-acetate solution and divided into 
three equal parts. To one part was added | ml Keto- 
dase, to the other 0-3 ml Glusulase; the third part 
served as a control. The samples were incubated at 
37 for 1Shr and chromatographed side-by-side on 
AGI (formate) columns as described below. 

AGI-x8 anion exchange resin columns. Separation 
of radioactive urinary metabolites was achieved with 
0-8 x 50cm columns filled with AGI-x8 resin in the 
formate form[3]. In general, 5-10ml of sample/ 
column was applied: the samples were washed with 
water and the metabolites were eluted with a gradient 
of formic acid. Usually four columns were operated 
simultaneously side-by-side using the same gradient 
generating system: the constant volume mixer con- 
tained 500 ml water and the reservoir 3000 ml of 4M 
formic acid. The gradient was pumped by a Desaga 
multi-channel peristaltic pump through the columns 
yielding 7:5-ml fractions in 5min. The shape of the 
gradient concentration curve was determined by mea- 
suring the refractive indices of the fractions with a 
Bausch and Lomb refractometer. Finally, 0-3-ml ali- 
quots of fractions containing the metabolites of 
['*C]dopamine were mixed with 10 ml of toluene-cel- 
lusolve scintillator solution and assayed for radioacti- 
vity. From the fractions containing the metabolites 
of ['*C]dopamine 3-O-sulfate, 3-ml aliquots were 
mixed with 10 ml Aquasol and the resulting gels were 
radioassayed. The AGI columns could be regenerated 
by passing through them about 100ml of 30°% (v/v) 
formic acid containing 10°, (w/v) of Na-formate fol- 
lowed by 300-500 ml of distilled water. 

Amberlite CG-50 cation exchange resin columns. The 
effluents of the AGI (formate) anion exchange resins 
were then passed through 0-8 x 50cm Amberlite 
CG-50 columns. Usually four columns were operated 
simultaneously side-by-side with a Desaga pump 
yielding 7:5-ml fractions in 5 min. Glucuronic acid 
conjugates and deaminated metabolites emerged in 
the first. 15 fractions which comprised the effluent and 
water wash. The free dopamine was eluted with 1°% 
boric acid solution [4,6]. Finally, after 80 fractions 
had been obtained, the O-methylated catecholamines 
were eluted with | N hydrochloric acid in about 20 
fractions. Three-ml aliquots of the fractions were 
mixed with 10ml Aquasol scintillation liquid and 
assayed for radioactivity. 

Calculations. Conjugated and free forms of the 
compounds were determined by difference based on 
the assumption that Ketodase hydrolyzes only glucur- 
onic acid conjugates and Glusulase hydrolyzes both 
glucuronic acid and sulfuric acid conjugates. 

Thin-layer chromatography. The identities of the 
major radioactive peaks, obtained on AGI (formate) 
columns, were further confirmed by thin-layer 
chromatography in four solvent systems. For this the 
radioactive fractions of the formic acid eluate were 
lyophilized, dissolved in 0:5 to 1 ml methanoj and alli- 
quots of the methanol solution were applied on Silica 
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Table 1. Thin-layer chromatography R, values for some dopamine metabolites in four solvent systems 





Solvent systems 





No. 1 
Chloroform 80 
Methanol 18 

Water 2 


Chloroform 80 


No. 4 
Acetic acid 20 
Water 20 
n-Butanol 80 


No. 2 No. 3 


Methanol 17 
Acetic acid 3 


Benzene 95 
Acetic acid 5 





0:35 
0-10 
0-65 
0-20 
0-35 
0-72 
0-10 
0-55 
0-55 
0-70 
0:25 


3.4-Dihydroxyphenylacetic acid 
3,4-Dihydroxymandelic acid 
Homovanillic acid 
Vanillylmandelic acid 
3-Hydroxyphenylacetic acid 
3-Methoxyphenylacetic acid 
Dopamine sulfate 

N-acetyl dopamine 
3,4-Dihydroxyphenetol 
Homovanillyl alcohol 
3.4-Dihydroxyphenyl glycol 


0-0 0-90 
0-0 0-50 
0:35 
0-10 
O15 
0-60 
0-0 
0-0 
0-0 
0-35 


0-0 


0:60 
0-85 
0-85 





gel plates. Reference standards were spotted on the 
same plates and the plates were developed for about 
| hr for the first three solvent systems and for 4hr 
for solvent system No. 4. Table | gives the R, values 
of some standards (known dopamine metabolites) as 
detected under u.v. light. The radioactive bands on 
the plates were located by sequentially scraping 
(0:5-cm sections of Silica gel into scintillation vials 
containing 10m! methanol-toluene-based scintillator 
solution and assayed for radioactivity. 


RESULTS 


Formation in vivo of ['*C]dopamine 3-O-sulfate in 
the dog. In the first part of this study, the metabolic 
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Fig. 2. Separation of dog urinary metabolites of ['*C]do- 
pamine on AGI (formate) column. Formic acid molarity 
is shown thus, . The profile of radioactivity excreted 
after oral dosage is shown ( ), and after intravenous 
dosage ( ). The arrows show the positions of known 
dopamine metabolites on the chromatogram. 


pathways of dopamine in dog were compared after 
oral and intravenous administration of the drug. 
Therefore, only relatively small dosages of the drug 
(0-15 mg/kg) were used. Nevertheless, the metabolic 
patterns of these orally administered doses were very 
similar to the patterns obtained earlier in another 
study where one hundred times higher doses were 
administered orally to dogs [3]. 

Figure 2 gives the positions of known dopamine 
metabolites on a typical chromatogram obtained with 
dog urines after oral and intravenous administration 
of the labeled drug. Table 2 shows that the difference 
of dopamine metabolic pathways in the dog depends 
only on the route of administration of the drug and 
does not depend on which route was used first in 
the same dog. 

It can be seen that oral administration of dopamine 
resulted mainly in the sulfation of the drug. Deamina- 
tion and O-methylation, resulting in the production 
of homovanillic acid, occurred only to a small extent. 
After intravenous administration of dopamine the 
deamination and O-methylation pathways dominated 
resulting in considerable production of labeled homo- 
vanillic acid. while the sulfate conjugate was a rela- 
tively minor urinary metabolite. The labeled dopa- 
mine sulfate ester in dog urine after oral or intra- 
venous administration of ['*C]dopamine has been 
identified as ['*C]dopamine 3-O-sulfate since the 
radioactive fractions coincided with the added unla- 
beled dopamine 3-O-sulfate marker on AGI (acetate) 
column when eluted with a shallow acid gradient 
according to Bodnaryk and Brunet [5], while the 4-0- 
sulfate isomer was eluted later at higher acetic acid 
concentration. 

The lyophilized radioactive peak material showed 
very little mobility when subjected to thin-layer 
chromatography in three solvent systems. Further 
identification of the labeled dopamine sulfate ester 
fraction was obtained by enzymatic hydrolysis of the 
freeze-dried radioactive peak material with Glusulase 
at pH 6°5 and subsequent rechromatography on AGI 
column. Almost all of the applied radioactivity 
appeared now in the effluent (where free dopamine 
would emerge) and only less than 5 per cent in the 
fractions where previously labeled dopamine sulfate 
ester had been eluted. The effluent containing free 
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Table 2. Labeled urinary 


metabolites of orally or intravenously administered ['*C]dopamine 


in dog (0-15 mg/kg) 





Metabolite 


Percentage of recovered urinary '*C 





Intravenous 
administration 


Oral administra- 
tion 





Dog | 


Dog2 Dog! Dog 2 





Dopamine 
O-methylated catecholamines 
Dopamine 3-O-sulfate 


Homovanillic acid Free 


Conjugated 


3.4-Dihydroxyphenylacetic acid Free 


Conjugated 


Not identified 


Recovery of radioactivity 
applied on the column (°,) 
Recovery of radioactive 
dose in 0- to 24-hr urine (°,) 





dopamine was chromatographed further on Amberlite 
CG-50 column and eluted with boric acid, thus verify- 
ing the identity of the liberated dopamine. On the 
other hand, incubation of freeze-dried dopamine sul- 
fate ester fractions with Ketodase followed by rechro- 
matography on AG! column did not change the pos- 
itions of the radioactive fractions on the chromato- 
gram. 
Enzymatic formation in vitro of ['*C]dopamine 3-O- 
sulfate. The experiments in vivo show that sulfoconju- 
gation plays a significant role in the elimination of 
dopamine in the dog. Since the pattern of dopamine 
metabolism varies with the route of administration 
and the amount of dopamine 3-O-sulfate becomes 
considerable after oral administration of dopamine to 
the dog. the possible role of the digestive . tract 
becomes evident. In order to establish the main site 
of formation of the excreted dopamine sulfate, the 
high-speed supernatant of dog small intestine extract 
was used as a source of enzymes responsible for the 
metabolism of orally administered dopamine. It was 
found that, indeed, 97-98 per cent of the ['*C]dopa- 
mine was converted to ['*C]dopamine 3-O-sulfate 
when incubated with dog intestinal extract. There was 
no labeled dopamine sulfate formation when a corre- 
sponding high-speed supernatant from dog stomach 
extract was used for incubation. The high-speed 
supernatants from small intestine of rat and guinea 
pig likewise failed to produce ['*C]dopamine sulfate 
ester from labeled dopamine. These data lend support 
to the view that dopamine is extensively metabolized 
in the intestinal wall of the dog before it enters into 
the blood stream, i.e. before it is absorbed. 
Metabolic fate of ['*C]dopamine 3-O-sulfate in 
guinea pig, rat and dog. The source of labeled dopa- 
mine sulfate ester in these experiments was dog urine 
after the dogs were given ['*C]dopamine orally. The 
fractions of the radioactive peak on AGI (formate) 
columns containing ['*C]dopamine 3-O-sulfate were 
pooled and lyophilized. Although the material was 
sufficiently radioactive for many metabolism exper- 
iments, the amounts given to the animals were quite 
low. Thus, tracer amounts in microgram rather than 


milligram quantities per kg body weight were 
administered. Table 3 summarizes the results. The 
data indicate that ['*C]dopamine 3-O-sulfate was 
readily absorbed and that the major portion of the 
absorbed dose was rapidly eliminated in the urine 
of all species. Contrary to expectation, not all 
['*C]dopamine 3-O-sulfate was eliminated un- 
changed. The drug had been metabolized to a varying 
extent in all species and the new labeled metabolites 
were excreted in urine. Only in dog was there more 
than 80 per cent of the labeled dose in unchanged 
form in urine. However, some desulfation of the drug 
had occurred as judged by the appearance of labeled 
homovanillic acid, a known metabolite of dopamine 
in dog urine. 

In guinea pig and rat, the administered ['*C]dopa- 
mine 3-O-sulfate had been rather extensively metabo- 
lized. Of particular interest is the fact that the new 
metabolic patterns resembled the patterns of orally 
administered dopamine metabolism in these spe- 
cies [3]. Thus, in guinea pig, the main urinary meta- 
bolite of dopamine was 3,4-dihydroxyphenylacetic 
acid, comprising 85 per cent of the recovered urinary 
radioactivity and indicating that the deamination 
pathway dominated with almost no O-methylation 
and glucuronide formation taking place. In the rat, 
deamination and O-methylation as well as glucur- 
onide conjugation pathways were used, since 
['*C]dopamine metabolites in urine were its glucur- 
onide conjugate (34 per cent), 3,4-dihydroxyphenyla- 
cetic acid (26 per cent) and homovanillic acid (17 per 
cent) [3]. 

It can also be seen that intravenous administration 
caused different metabolic patterns than oral 
administration of ['*C]dopamine 3-O-sulfate. It 
seems that the intravenous route increases O-methyla- 
tion in general as judged by the considerable levels 
of urinary homovanillic acid in all species. 


DISCUSSION 
In this study, weak cation exchange resin (Amber- 
lite CG-50) columns [4,6] have been routinely used 
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Table 3. Labeled urinary metabolites of orally or intravenously administered ['*C]dopamine 3-O-sulfate in guinea 
pig, rat and dog 





Percentage of recovered urinary '*C 





Oral administration 


Intravenous 
administration 





Guinea pig 


Metabolite (21-9 4s/kg) 


Rat 


(19-1 yg /kg) 


Rat 
(7-4 ug/kg) 


Guinea pig 
(10-4 yg/kg) 


Dog 
(2-5 pg/kg) 





Glucuronides of O-methylated None 
catecholamines 

Dopamine glucuronide 

Homovanilly! alcohol 

Dopamine 3-0-sulfate 

3,4-Dihydroxyphenetol 

Homovanillic acid 

3,4-Dihydroxyphenylacetic acid 

Not identified 


Recovery of radioactivity 
applied on the column (°,) 
Recovery of radioactive 
dose in 0- to 24-hr urine (°,) 


8-4 


hs 


6-0 
1-3 
3-2 
52:8 
14-6 
40 


has 


None 
81-4 





for separation and identification of AGI (formate) 
column effluents, both before and after the conjugates 
had been hydrolyzed with Glusulase at pH 60. In our 
earlier work [3], we attempted to hydrolyze dopa- 
mine sulfate in dog urine with Glusulase at pH 5-0, 
which resulted sometimes in incomplete hydrolysis. 
Incomplete hydrolysis of sulfate conjugate of dopa- 
mine by Glusulase in plasma of humans and dogs 
at pH5S<0 has been observed also by other 
workers [7]. These difficulties can be avoided when 
the hydrolysis is carried out at higher pH values 
(between 5-5 and 6°5). 

Sulfoconjugation is a known pathway in dopamine 
metabolism for several animal species. In dog [3] and 
in human [2,8] dopamine is excreted in urine pre- 
dominantly as the ester of sulfuric acid after oral 
administration of dopamine or L-dopa. 

Metabolic inactivation of related compounds of 
catecholamine character appears also to take place 
in dog and man predominantly by sulfate conjuga- 
tion, with a much smaller degree of O-methylation. 
when the drugs are given orally, while after intra- 
venous administration these compounds are metabo- 
lized mainly by O-methylation. Thus, isoprenaline 
(isoproterenol) is largely metabolized in dog [9] and 
in human[10] by sulfate conjugation after an oral 
dose, while O-methylation appears to assume a more 
important role in the metabolism of intravenous iso- 
prenaline. Jenner and Rose[2] believe that, since 
O-sulfation and O-methylation appear to occur pre- 
dominately on the same OH-group, they may rep- 
resent competing processes. 

Contrary to the findings of Jenner and Rose [2], 
our results indicate that dopamine 3-O-sulfate is not 
metabolically inert. It appears to undergo appreciable 
desulfation when administered orally or intravenously 
to guinea pig, rat and dog resulting in dopamine for- 
mation which is then metabolized according to the 
pattern characteristic to the particular animal species. 

Unfortunately, the doses of dopamine 3-O-sulfate 
which were administered to the rats by Jenner and 
Rose are not known to us. In our work, very low 


doses of dopamine 3-O-sulfate were administered to 
the animals. Critical evaluation of the data in Table 
3 would suggest that there appears to be a certain 
threshold which determines how the dopamine 3-0- 
sulfate is handled by each species. For example, in 
the dog where the dopamine metabolite occurs nor- 
mally, 80 per cent of the dopamine 3-O-sulfate is 
readily eliminated unchanged at as low a dose as 
2:5 g/kg. In the rat, which normally does not meta- 
bolize dopamine by sulfoconjugation to a_ large 
extent, a small dose (7-4 wg/kg) results in extensive 
metabolism, but a larger dose (19-1 g/kg) causes 41 
per cent of the compound to be eliminated in unmeta- 
bolized form. Finally, the guinea pig, which uses 
hardly any sulfoconjugation in dopamine metabolism, 
does not eliminate the foreign compound, dopamine 
3-O-sulfate, without prior extensive metabolism. 


Acknowledgements—The author is much indebted to Mr. 
Wayne Ours for the synthesis of dopamine O-sulfate esters 
and to Mr. C. B. Estep and Mr. W. W. Hunter who dosed 
the animals and collected the samples. 
REFERENCES 
. W..N. Jenner and F. A. Rose, Biochem. J. 135, 
(1973). 
. W.N. Jenner and F. A. Rose, Nature, Lond. 252, 237 
(1974). 
. I. Merits, D. J. Anderson and R. C. Sonders, Drug 
Metab. Dispos. 1, 691 (1973). 
. F. N. Minard and D. S. Grant, Biochem. Med. 6, 46 
(1972). 
. R. P. Bodnaryk and P. C. J. Brunet, Biochem. J. 138, 
463 (1973). 
. G. L. Mattok and D. L. Wilson, Analyt. Biochem. 11, 
575 (1965). 
. G.M. Tyce, N. S. Sharpless and M. D. Muenter, Clin. 
Pharmac. Ther. 5, 782 (1974). 
. R. L. Bronaugh, S. Hattox,. M. M. Hoehn, R. C. Mur- 
phy and C. O. Rutledge, Trans. Am. Soc. Neurochem. 
5, 82 (1974). 
. W. D. Conway, H. Minatova, A. M. Lands and J. M. 
Shekosky, J. pharm. Sci. 57, 1135 (1968). 
. C. D. Morgan, C. R. J. Ruthven and M. Sandler, 
Clinica chim. Acta 26, 381 (1969). 


109 








Biochemical Pharmacology. Vol. 25, pp. 835-839. Pergamon Press, 1976. Printed in Great Britain 


EFFECT OF PARATHION AND ITS METABOLITES 
ON CALCIUM UPTAKE ACTIVITY OF RAT SKELETAL 
MUSCLE SARCOPLASMIC RETICULUM 
IN VITRO 


NEAL BINDER, ERWIN J. LANDON, LYNN WECKER* and WOLF-D. DETTBARN 
Department of Pharmacology, Vanderbilt University School of Medicine, Nashville, Tenn. 37232, U.S.A. 


(Received 10 February 1975; accepted 18 July 1975) 


Abstract—The insecticide parathion and its potent anticholinesterase metabolite paraoxon induce skele- 
tal muscle necrosis when administered in vivo to rats. In the present study the effects in vitro of 
parathion and its metabolites on microsomal (sarcoplasmic reticular) calcium uptake activity in rat 
diaphragm skeletal muscle are examined. Parathion (0-05 mM) is a potent inhibitor of this calcium 
uptake. The inhibition is apparently competitive with calcium in the system. Parathion (0-05 mM) 
is also shown to inhibit calcium-dependent ATPase activity associated with the microsomal calcium 
uptake. Paraoxon, the active anticholinesterase metabolite of parathion, and p-nitrophenol, a hydrolytic 
metabolite of paraoxon, have no inhibitory effects at this level. At 15mM _ levels they do inhibit 
the skeletal muscle microsomal calcium uptake. Eserine, a chemically unrelated anticholinesterase agent, 
also has inhibitory effects at 1‘5mM. When these same compounds are incubated with isolated rat 
101.25 hemidiaphragms they antagonize the muscle contraction elicited by direct stimulation of the muscle. 
1976 The skeletal muscle necrosis caused by parathion and paraoxon appear to relate to the anticholinester- 
ase activity in vivo. The relatively potent inhibition of calcium uptake activity of sarcoplasmic reticulum 
in vitro seen with parathion appears to be an independent action and not related to cholinesterase 


inhibition. 


The actions of most organophosphorus agents on the 
neuromuscular junction have been attributed primar- 
ily to their anticholinesterase properties [1, 2]. Highly 
purified parathion is not a potent inhibitor of cho- 
linesterase but must be oxidized to its corresponding 
oxygen analog, paraoxon, to exhibit potent cholines- 
terase inhibition [3-7]. Paraoxon behaves predomi- 
nantly as a phosphorylating agent whose inhibitory 
potency is quantitatively predictable by the magni- 
tude of the electron-withdrawing properties of the 
aryl substituent [8] and rate of release of p-nitro- 
phenol [9]. 

The effects of parathion in vivo on cholinesterase 
may account for some of the skeletal muscle toxicity. 
Daily injection of parathion or of paraoxon produce 
a progressive neurally mediated necrosis of skeletal 
muscle fibers in the rat [10]. A significant increase 
in frequency of miniature end plate potentials 
(MEPPs) is also seen in diaphragms from paraoxon- 
treated rats [11]. This represents an increased release 
of acetylcholine (ACh) [12]. ACh release in the pres- 
ence of paraoxon may be plausibly attributed to an 
increase in entry of Ca?* into the nerve terminal, 
which in turn accelerates release of the transmitter 
[13]. 

The possibility that parathion and paraoxon exert 
direct effects unrelated to acetylcholine is less well 
supported. Parathion causes irreversible tonic con- 
traction in crustacean (Carcinus maenas) skeletal 
muscle [14]. In this system the neuromuscular 
transmission is noncholinergic. The main neurohu- 
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moral agents are probably glutamate and y-aminobu- 
tyric acid [15-18]. Excess acetylcholine is ruled out 
in this instance as a cause of the tonic contractions 
that are induced. There is evidence in Carcinus 
maenas that parathion blocks the uptake of calcium 
in vitro by membrane vesicles of sarcoplasmic reticu- 
lum, augments the superprecipitation of actomyosin 
in vitro and causes the contracture of skeletal muscle 
[19]. Skeletal muscle utilizes metabolic energy (ATP) 
to sequester calcium from the cytoplasm and thereby 
relaxes the skeletal muscle. This activity may be stud- 
ied in vitro by isolating sarcoplasmic reticular mem- 
brane vesicles (skeletal muscle microsomes). A direct 
effect in vivo of parathion or paraoxon on mammalian 
skeletal muscle is probably obscured by the striking 
consequences of the cholinesterase inhibition. 

In the following study in vitro, an intracellular ac- 
tivity of skeletal muscle is studied independently of 
effects deriving from cholinesterase activity. The study 
examines the calcium uptake in vitro of sarcoplasmic 
reticulum of rat diaphragm muscle as modified by 
paraoxon, its metabolite p-nitrophenol and its parent 
compound parathion. Parathion, considerably less 
potent as a cholinesterase inhibitor than paraoxon, 
is a relatively potent inhibitor of the calcium uptake 
activity of rat skeletal muscle sarcoplasmic reticulum. 


MATERIALS AND METHODS 


Animals employed for this study were male Spra- 
gue-Dawley albino rats weighing between 250 and 
350g. Parathion and paraoxon were synthesized in 
the laboratory of Dr. Robert A. Neal (Dept. of Bio- 
chemistry and Center of Toxicology, Vanderbilt Uni- 
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versity). Stock solutions of parathion were prepared 
in absolute methanol (0-5 M) and paraoxon in water 
(00056 M). Eserine SO, was obtained from Nutri- 
tional Biochemical Corp. and p-nitrophenol was 
obtained from Fisher Chemical Co. **CaCl, was 
obtained from New England Nuclear Corp. 

For muscle contraction studies, animals were sacri- 
ficed by decapitation and both hemidiaphragms were 
removed and bathed in Tyrode solution (NaCl, 8-0; 
KCl, 0-2; CaCl,, 0:2; MgCl,, 0-1; NaHCO,, 1-0; 
NaH,PO,, 0-05; and dextrose, 2-0 g/l.) oxygenated 
with 95°, O,-5°, CO, at 37. An initial tension of 
10g was placed on the muscle which was mounted 
‘on a rod containing two electrodes for direct muscle 
stimulation and attached to an isometric force trans- 
ducer. The muscles were stimulated with 24 single 
rectangular pulses/min of 30 msec duration at supra- 
maximal voltage (30-50 V). The preparations were 
allowed to stabilize for 20 min with constant stimu- 
lation. When drugs were added, stimulation was 
stopped and only elicited every 10 min for 2 min to 
determine the size of the contractions. The tension 
developed by contracture of the muscle was recorded 
on a physiograph (Narco Biosystems, Inc.). One hemi- 
diaphragm from each animal was used for a control 
and the other was drug-treated. 

For the calcium studies, animals were sacrificed by 
decapitation and the sarcotubular vesicles were pre- 
pared from whole rat diaphragm. Each diaphragm 
was placed in cold (4 ) 0:32 M sucrose, cut into small 
pieces and homogenized with a Potter homogenizer 
and Teflon pestle. Homogenates were centrifuged at 
4 at 1500g for 10 min and the precipitate was dis- 
carded. The supernatant was centrifuged at 4 at 
. 34,800 g for 30 min and the pellet was discarded. The 
supernatant was then centrifuged at 4 at 105,000g 
for 30 min, and the precipitate consisting of light sar- 
cotubular membrane fragments and vesicles was sus- 
pended in 0-32 M sucrose. The protein concentration 
of the preparation was approximately 0-9 mg/ml. 

Deionized triple-distilled water was employed for 
all solutions. This is essentially calcium-free to less 
than 0:2 uM. Acid-washed glassware was employed 
where appropriate. Incubations for calcium uptake 
activity were carried out in the following medium: 
imidazole-histidine buffer, 30 mM, pH 685; KCl, 
100mM; ammonium oxalate, 5mM; sodium azide, 
5 mM; Mg-ATP, 4 or 5mM; and *°CaCl,, 5 uM. The 
total volume of incubation was 3 ml. Whenever par- 
athion was included in an incubation, an equal 
amount of methanol was included in the control incu- 
bation. The incubations contained 0-3 ml of microso- 
mal protein. The final microsomal protein concent- 
ration of the incubation solution was 0-15 to 
0:20 mg/ml. The assays were started with the addition 
of ATP. Incubations were carried out at 8° in order 
to achieve: a linear uptake of calcium over an 
extended time interval. The light microsomes sedi- 
menting between 35,000 and 105,000 g had 40 per cent 
of the activity of heavy microsomes sedimenting 
between 12,000 and 35,000 g. This was also advan- 
tageous in slowing the reaction rate for easier 
measurements of calcium uptake. At 37 the uptake 
of calcium is virtually complete in 1 or 2 min. 

The procedure employed for preincubation of mic- 
.rosomes with the tested compound was as follows. 
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Microsomes were added to the incubation medium 
with ATP absent. The incubation was held at room 
temperature for 10 min and at 35° for 30 min. The 
temperature was then returned to 8° and the calcium 
uptake reaction was started by the addition of ATP. 
Controls were preincubated in similar fashion in the 
absence of the tested compound. 

Calcium uptake was determined by taking 0-5-ml 
aliquots of the incubation and filtering through 
0-45-u4m membrane filters (Millipore Corp.). Measure- 
ments were made at 5, 10, 15 and 25 min. 

Filters were prepared with a wash of 0:-25M KCl 
(2 ml) followed by water (10 ml). Samples were filtered 
with the aid of a vacuum apparatus and were washed 
with 0:25 M sucrose (2 ml).. The filtration in general 
followed the procedure described by Palmer and 
Posey [20]. Filters were dried and radioactive cal- 
cium was determined by liquid scintillation spectro- 
phometry in 2,5-diphenyloxazole (6 g/l.) in toluene. 
Less than 200 cpm appeared on the filters in the 
absence of microsomes as filter blanks. Microsomal 
calcium uptake in the presence of ATP typically 
reached 70,000 cpm. 

Calcium-stimulated ATPase activity was assayed in 
an incubation medium identical to that employed for 
measuring calcium uptake except for the omission of 
oxalate. Baseline activity for the absence of calcium 
was measured with the addition of EGTA (0-1 mM). 
The reaction was carried out at 32° for 20 min. The 
incubation reaction was terminated with an equal 
volume of cold 5°,, TCA, and the liberated inorganic 
phosphate was measured by the procedure of Lowry 
and Lopez [21]. Protein content was measured by 
the procedure of Sutherland er al. [22] for all exper- 
iments. 


RESULTS 


Figure | shows the calcium uptake of rat dia- 


phragm microsomes in the presence of 5mM 
Mg-ATP and oxalate as a trapping agent at 8°. There 
is a progressive, easily measured ATP-dependent, 
oxalate-dependent calcium uptake/mg of protein over 
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Fig. 1. Effect of parathion (0-05 mM) on ATP-dependent 
calcium uptake of rat skeletal muscle microsomes. The in- 
cubation mixture contained: imidazole-histidine buffer 
(pH 685), SO0mM; KCl, 100mM; ammonium oxalate, 
S5mM; sodium azide, 5mM; Mg-ATP, 5mM: and 
*SCaCl,, 5M. The incubation volume was 3 ml. Incuba- 
tions were started with the addition of ATP. Results are 
mean + S.E. for nine incubations. Control (O Oo): 
0-05 mM parathion (@——®). 
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Table 1. Effect of parathion on ATP-dependent calcium 
uptake of rat skeletal muscle microsomes* 





Per cent 
of control 


Parathion (nmoles/5 min/mg 


protein) 





He HE HE HE HE He H+ 





* The incubation is described in Table 1. The data rep- 
resent mean + S. E. for six experiments. 


a 25-min period. In the absence of ATP, only 1 nmole 
calcium is taken up per mg of protein. In the absence 
of oxalate as a trapping agent, only Snmoles cal- 
cium/mg of protein is taken up. The addition of 
0-05 mM parathion at the start of the incubation in- 
hibits the calcium uptake approximately 60 per cent. 
The effect of increasing levels of parathion on the 
first 5 min of calcium uptake by rat diaphragm micro- 
somes is shown in Table 1. There is increasing inhibi- 
tion between 0-01 and 0:04 mM parathion. A maximal 
inhibition of more than 60 per cent is reached at 
0-04 mM parathion. A further increase in the inhibitor 
level up to 0-15 mM failed to increase the inhibition. 
If the parathion is preincubated with the microsomes 
prior to addition of ATP, the inhibition of calcium 
uptake is further increased to 80 per cent; this is illus- 
trated in Fig. 2. This level of inhibition is seen follow- 
ing preincubation with 0-05 mM parathion and with 
1-SmM parathion. 

The stimulating effect of increasing levels of ATP 
on the initial calcium uptake rate of rat diaphragm 
microsomes is shown in Fig. 3. Parathion inhibition 
appears to be unchanged at all ATP levels tested. 
The stimulatory effect of increasing levels of calcium 
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Fig. 2. Effect of preincubating parathion with microsomal 
protein on the ATP-dependent calcium uptake of rat skele- 
tal muscle microsomes. Microsomes were added to the in- 
cubation medium (legend Fig. 1) with ATP absent. The 
incubation was held at room temperature for 10 min and 
at 35° for 30 min. The temperature was then returned to 
8° and the reactions were started by the addition of ATP. 
Control microsomes were preincubated without the addi- 
tion of parathion. The final concentration of parathion is 
0-05 mM. Results are mean + S. E. for nine experiments. 
Control (O——0); 0:05 mM parathion (@——®). 
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Fig. 3. Effect of increasing levels of ATP on parathion in- 

hibition of ATP-dependent calcium uptake by rat skeletal 

muscle microsomes. The incubation is as described in Fig. 

1 except for the ATP levels, which are indicated on the 

chart. Results are mean + S.E. for six experiments. Con- 
trol (@ @); 0-05 mM parathion (@——®). 


on the initial rate of calcium uptake of rat diaphragm 
microsomes is illustrated in Fig. 4. At high calcium 
levels the parathion inhibition diminishes markedly. 
When these data are plotted in accordance with 
Michaelis-Menten kinetics, the parathion inhibition 
appears to be directly competitive with calcium. 
ATP-dependent calcium uptake of skeletal muscle 
microsomes is associated with an extra splitting or 
hydrolysis of ATP in the presence of calcium. The 
effect of parathion on the calcium-induced ATP hy- 
drolysis is presented in Table 2. In the presence of 
20 uM calcium both at 32° and at 8, there is a 70 
per cent inhibition of the ATP splitting. In the pres- 
ence of a high level of calcium (100 uM) this inhibi- 
tion was markedly reduced just as the parathion effect 
on calcium uptake was reduced at high calcium levels. 
Paraoxon and p-nitrophenol at levels of 0-05 mM 
had no detectable inhibitory effects on calcium uptake 
of rat diaphragm microsomes. At 1-5mM, paraoxon 
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Fig. 4. Effect of increasing levels of calcium on parathion 
inhibition of ATP-dependent calcium uptake by rat skele- 
tal muscle microsomes. The incubation is as described in 
Fig. 1 except for the calcium levels, which are indicated 
on the chart. Results are mean + S. E. for six experiments. 
Control (O—O); 0:05 mM parathion (@——-®). 
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Table 2. Effect of parathion on calcium-stimulated ATPase activity of rat skeletal muscle microsomes* 


Calcium Control 
(4M) Temperature 
0-014 + 0-0007 
0-14 + 0-008 
0-21 + 0-011 


20 
20 
100 


in the table. Results are mean + S. E. 
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Fig. 5. Effect of paraoxon (1-5 mM) on ATP-dependent 
calcium uptake of rat skeletal muscle microsomes. The in- 
cubation is described in legend of Fig. 1, except that ATP 
is 4mM. (A) Without preincubation of enzyme and para- 
oxon (11 experiments): (B) paraoxon preincubated with 
2 (13. exper- 


); para- 


microsomes as described in legend of Fig 
iments). Results are mean S. E. Control (c 
oxon, 1-5 mM (@ @). 


inhibited the ATP-dependent calcium uptake about 
20 per cent as shown in Fig. SA. When the paraoxon 
was preincubated with the microsomal vesicles for 30 
min, the inhibition was markedly enhanced. The ac- 
tivity following paraoxon preincubation is 45 per cent 





5 x 10.°M parathion 
(«moles Pi min mg protein) 


No. of 
experiments 


Per cent 
inhibition 
0-004 + 0:0006 
0-044 + 0-016 
0-18 + 0-01 





* The incubation medium is the same as that in Fig. |, except that oxalate is omitted and calcium levels are indicated 


of the control (Fig. 5B). p-Nitrophenol, 1-5mM, is 
like paraoxon. This inhibition, however, is not further 
enhanced with additional preincubation of the micro- 
somes and the compound. 

A cholinesterase inhibitor (eserine) chemically unre- 
lated to paraoxon was tested in the calcium uptake 
system. Addition of 1-5 mM eserine inhibits activity 
15 per cent. If eserine and the microsomes are prein- 
cubated for 30 min, the inhibition of the calcium 
uptake is enhanced to 42 per cent. This is similar 
to the results obtained with paraoxon. Eserine, like 
paraoxon, requires a higher concentration for inhibi- 
tion when compared to parathion. 

Rat diaphragms were incubated in the presence of 
these agents and the effect on direct electrical stimu- 
lation of contraction was measured. A different pro- 
perty of the compounds was noted in these exper- 
iments. A time-dependent inhibition of muscle con- 
traction elicited by direct stimulation of the rat dia- 
phragm could be obtained with all the agents. Table 
3 reveals that after 30 min paraoxon, p-nitrophenol 
and physostigmine inhibited the muscle contraction 
more than 50 per cent. Parathion was, however, rela- 
tively weak as an inhibitor. It only elicited 19 per 
cent inhibition. The apparent inhibition of contrac- 
tions is tentatively interpreted as an effect similar to 
that of local anesthetics on ion fluxes across the cell 
membrane. 


DISCUSSION 


Irreversible inhibitors of ChE such as parathion 
and paraoxon are known to produce pathologic 
changes in muscle [10, 23,24]. The muscle directly 
beneath the subsvnaptic fold has lost its cytoarchitec- 
tural organization and often contains large vacuoles, 
whereas the area away from the motor end-plate is 
relatively unaffected. The number of lesions produced 
is greatly reduced by prior nerve section or pretreat- 
ment with hemicholinium [10]. In addition to its inhi- 
bition of AChE, paraoxon produces a transient in- 


Table 3. Inhibition of muscle contraction by parathion, paraoxon, p-nitrophenol and physostigmine 


Inhibitor 


Parathion (10 * M) 
Paraoxon (10° * M) 
Paranitrophenol 

(5 x 10-5 M) 
Physostigmine 

SO; (3 x 10°*M) 3-06 


Time after drug addition (min) 








1-80 





* Per cent inhibition of muscle contraction. Values represent the mean of N = 
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crease in ACh release from motor nerve terminals 
[11]. 

The present investigation relates to possible direct 
effects of parathion on rat skeletal muscle indepen- 
dent of the anticholinesterase action. Parathion in 
vitro inhibits the calcium uptake activity of rat dia- 
phragm sarcoplasmic reticulum and the associated 
calcium-dependent ATPase activity. The inhibition of 
calcium uptake increases with the parathion concent- 
ration and becomes maximal with 0:04mM parath- 
ion, resulting in a 60-70 per cent inhibition. Preincu- 
bating parathion and the sarcoplasmic reticular (mic- 
rosomal) fraction increases the inhibition to 80 per 
cent of the original activity. The inhibition of the cal- 
cium pump and of calcium-dependent ATPase ac- 
tivity appears to be reversible with high levels of cal- 
cium. Paraoxon, the active metabolite of parathion, 
is a weaker inhibitor of the skeletal muscle sarcoplas- 
mic reticular calcium uptake. At 1-5 mM it inhibits 
24 per cent. Similar findings were obtained with the 
paraoxon metabolite p-nitrophenol and with the 
reversible cholinesterase inhibitor eserine. Eserine has 


been shown previously to inhibit calcium uptake of 


sarcoplasmic reticulum in lobster skeletal muscle 
[25]. Preincubation of rat skeletal muscle microsomes 
with 1-‘SmM eserine or 1-5mM _ paraoxon increases 
the inhibition to about 50 per cent. 

In the British shore crab Carcinus maenas, inhibi- 
tion of sarcoplasmic reticular calcium uptake by par- 
athion may be the cause of a tonic contracture. This 
crustacean has noncholinergic neuromuscular 
transmission so that one can dissociate the anticho- 
linesterase activity from other effects of parathion and 
paraoxon in the skeletal muscle. Within seconds of 
direct perfusion (0-05 mM parathion) of the claw clo- 
sure muscle in Carcinus there is a strong irreversible 
tonic contracture [19]. This occurs even in the 
absence of potassium. The depolarizing effect of par- 
athion, like that of quinine, is much slower and occurs 
over a period of 8-10 min. Parathion in vitro inhibits 
calcium uptake by sarcoplasmic reticulum of Carcinus 
[19]. It also potentiates superprecipitation of acto- 
myosin [19]. These effects could well play a role in 
the observed contracture. 

Caffeine is an inhibitor of calcium uptake in vitro 
in mammalian skeletal sarcoplasmic reticulum [26]. 
It has been shown to induce contracture in frog skele- 
tal muscle but not in rat skeletal muscle unless it 
is first denervated [26, 27]. Parathion, the potent in- 
hibitor of sarcoplasmic reticulum in vitro, also does 
not induce a contracture in the isolated rat dia- 
phragm. 

Parathion and its metabolites have an apparent 
local anesthetic-type action on electrically stimulated 
contraction of the isolated muscle and reduce the con- 
tractile response. The relatively weaker activity of 
parathion in this respect may reflect an additional 
action on the sarcoplasmic reticulum calcium uptake 
system. These results may not be totally in contradic- 
tion. Parathion is a potent calcium antagonist in the 
isolated sarcoplasmic reticulum. Parathion and _ its 
metabolites may, in blocking the contractile response 
of the electrically stimulated skeletal muscle, anta- 
gonize calcium channels of the excitable membrane. 
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It may be concluded that parathion has direct 
effects on calcium uptake of sarcoplasmic reticulum 
in rat skeletal muscle and in crab skeletal muscle that 
are unrelated to anticholinesterase activity. The mag- 
nitude of the effect on the sarcoplasmic reticulum in 
vitro is sizable and of potential significance even if 
complicated by anticholinesterase activity. The cal- 
cium uptake effect is much weaker with the parathion 
metabolite paraoxon. The anticholinesterase activity 
of paraoxon in turn is much greater. The present evi- 
dence would link the myopathy seen with parathion 
or paraoxon to the anticholinesterase activity rather 
than to its action on Ca?* uptake. 


Acknowledgements—This study was supported by United 
States Public Health Service grants ES 00169 TOX, NS 
10175 and HL 14681, and by a grant from the Muscular 
Dystrophy Association of America. 


REFERENCES 


. R. D. O’Brien, Toxic Phosphorus Esters, Vol. 1, p. 434. 
Academic Press. New York (1960). 
. G. B. Koelle, Handbuch der Experimentellen Pharmako- 
logie, Vol. 15, p. 1220. Springer-Verlag, Berlin (1963). 
3. J. C. Gage, Biochem. J. 54, 426 (1953). 
. A. N. Davison, Biochem. J. 60, 339 (1955). 
. K. P. DuBois, D. R. Thursh and S. D. Murphy, J. 
Pharmac. exp. Ther. 119, 208 (1957). 
. J. L. Potter and R. D. O’Brien, Science. N.Y. 144, 55 
(1964). 
. R. B. March, T. R. Fukuto, R. L. Metcalf and M. G. 
Mason. J. Econ. Ent. 49, 186 (1956). 
8. T. R. Fukuto and R. L. Metcalf. J. 
4, 930 (1956). 
. R. A. Neal, Biochem. J. 103, 183 (1967). 
. G. M. Fenichel, W. B. Kibler, W. H. Olson and W-D. 
Dettbarn, Archs Neurol. 22, 1026 (1972). 
. M. Laskowski and W-D. Dettbarn, J. Pharmac. exp. 
Ther., 194, 351 (1975). 
. F. M. Glasgoleva, E. A. Liberman and Z-Kh.-M. 
Khashaev, Biofisika 15, 76 (1970). 
. J. F. Hubbard, Physiol. Rev. 53, 674 (1973). 
S. J. Bradbury, Comp. Biochem. Physiol. 44A, 1021 
(1973). 
5. H. L. Atwood, Am. Zoologist 7, 527 (1967). 
6. A. Takeuchi and N. Takeuchi, J. Physiol., Lond. 183, 
418 (1966). 
. W. A. Morin and H. L. Atwood, Comp. Biochem. Phy- 
siol. 30, 577 (1969). 
. R. Epstein and H. Grundfest, J. gen. Physiol. 56, 33 
(1970). 
. S. J. Bradbury, Comp. Biochem. Physiol. 44A, 1033 
(1973). 
. R. F. Palmer and V. A. Posey, J. gen. Physiol. 55, 
89 (1970). 
. O. H. Lowry and J. A. Lopez, J. biol. Chem. 162, 421 
(1946). 
. E. Sutherland, C. F. Cori, R. Haynes and N. Olsen, 
J. biol. Chem. 180, 825 (1949). 
. A. Th. Ariens, E. Meeter, O. C. Walthuis and R. M. 
J. Van Bentham, Experientia 25, 57 (1969). 
. M. Laskowski, W. Olson and W-D. Dettbarn, Expl. 
Neurol. 47, 290 (1975). 
25. W. G. Van der Kloot, Comp. Biochem. Physiol. 17, 75 
(1966). 
26. A. Weber and R. Herz, J. gen. Physiol. 52, 750 (1968). 
27. E. Gutmann and A. Sandow, Life Sci. 4, 1149 (1965). 


Agric. Fd Chem. 








Biochemical Pharmacology. Vol. 25, pp. 841-845. Pergamon Press, 1976. Printed in Great Britain 


STIMULATION OF GLYCOGENOLYSIS AND 
GLUCONEOGENESIS BY EPINEPHRINE INDEPENDENT 
OF ITS BETA-ADRENERGIC FUNCTION 
IN PERFUSED RAT LIVER 


YUICHI SAITOH and MICHIO UI 


Department of Physiological Chemistry, Faculty of Pharmaceutical Sciences, 
Hokkaido University, Sapporo, Japan 


(Received 21 January 1975; accepted 25 July 1975) 


Abstract 


A study was made of the relationship between the alpha and beta-adrenergic function and 


the stimulation of glycogenolysis and gluconeogenesis by catecholamines. Glycogenolysis was activated 
by epinephrine, norepinephrine and isoproterenol, with this decreasing order of potency. The activations 
of glycogenolysis by epinephrine and isoproterenol and of gluconeogenesis by epinephrine were not 
blocked by phentolamine, propranolol or both, despite complete blockade by propranolol of the 
epinephrine- and isoproterenol-induced increases in tissue cyclic AMP levels. Theophylline increased 
tissue cyclic AMP but was without effect on glycogenolysis and gluconeogenesis in either the normal 
or epinephrine-treated liver. These results not only are in accord with the view that the adrenergic 
receptor in the liver cannot be readily classified into an alpha- or a beta-receptor, but also suggest 
that intracellular cyclic AMP is not necessarily the only factor involved in the activation of glycogeno- 
lysis and gluconeogenesis by epinephrine in perfused rat liver. 


It has frequently been observed in vivo and in vitro 
that alterations of the activity of carbohydrate meta- 
bolism induced by various catecholamines in the liver 
are not only resistant to adrenergic blocking agents 
but also, in magnitude, at variance with the relative 
potency of the catecholamines as adrenergic alpha- 
or beta-stimulants. Based on these observations, it is 
now accepted that the adrenergic receptor involved 
in the regulation of hepatic carbohydrate metabolism 
cannot be classified with ease as either an alpha- or 
a beta-receptor (see Ref. 1 for review). It is probable 
that the metabolic response of the liver observed in 
vivo is modified by a variety of extraneous factors 
originating from extrahepatic tissues, thereby obscur- 
ing the real properties of the response. However, 
studies with isolated liver preparations, despite their 
advantage in eliminating interference by such 
extraneous factors, have also afforded inconsistent 
results e.g. epinephrine-induced activations of glu- 
coneogenesis and phosphorylase were relatively 
insensitive to the adrenergic beta-blockade in rat liver 
cells [2] and in perfused rat liver [3], whereas the 
stimulation of glycogenolysis by catecholamines was 
competitively inhibited by propranolol, a_ beta- 
blocker, in rabbit liver slices [4]. 

The purpose of the present paper is to study the 
relation of the beta-receptor-mediated function to the 
strong activation of glycogenolysis and gluconeo- 
genesis induced by epinephrine in perfused rat liver. 


METHODS 


Livers from Wistar rats weighing 100-130 g were 
perfused by the technique of Mortimore [5]. The per- 
fusion apparatus and techniques are the same as those 
described by Exton and Park [6], except that their 
rotating oxygenation chamber was replaced by the 
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spiral tube [7] in our apparatus. Livers from fed rats 
were perfused by recirculating the perfusion medium 
consisting of Krebs-Ringer bicarbonate solution con- 
taining 3°,, bovine serum albumin (Fraction V, Sigma) 
and 20°, bovine erythrocytes [8]. 

Since the previous studies showed that the re- 
sponses of glycogenolytic [7,9] and gluconeogenic 
[10, 11] activities in the perfused liver to epinephrine 
(or glucagon) become very pronounced after their 
basal activities have subsided to low levels following 
a I-hr recirculation of perfusate, all the experiments 
in the present paper have been carried out according 
to the following protocol. Livers from fed rats were 
first perfused with the perfusion medium containing 
no substrate of gluconeogenesis for 1 hr and then 
['*C-U]lactate (10 yCi/liver to make a final concen- 
tration of 20 mM) was added, with or without cate- 
cholamine. Adrenergic blocking agents, if necessary, 
were added 20 min before epinephrine (or other 
mimetic drugs). Glucose [12] and ['*C]glucose [13] 
in the perfusate were determined on small amounts 
(0-1 to 0-2 ml) of perfusate withdrawn at intervals. 
In some experiments, portions of minor hepatic lobes 
were removed at intervals by the double-ligation tech- 
nique and the excised liver was quickly frozen in a 
clamp precooled in liquid N,. The frozen liver was 
analysed for phosphorylase [14], glycogen synthetase 
[15] and cyclic AMP [15]. 

Sources of the reagents are: epinephrine tartrate, 
Merck; isoproterenol and norepinephrine, Sigma; 
propranolol, a kind gift from Ohtsuka Pharmaceuti- 
cal Co., Tokushima, Japan; and phentolamine, Ciba- 
Geigy, Japan. 


RESULTS 


After a 1-hr pre-perfusion of the liver from the fed 
rat with the perfusion medium containing no lactate, 





Yuicui SAITOH and MicHio UI 


Gluconeogenesis 


Glycogenolysis @ Without blocker 
4 With B-blocker 


® With aand® blocker 


a 


< 


8 bd 


pemole/lOOg body wt 


mmole/lOOg body wt 


° 








Production of ['*C]Giucose, 








Production of glucose, 


Time of perfusion after addition of epinephrine, 


Fig. 1. Effect of epinephrine on glucose production (panel ‘ 
A) and gluconeogenesis (panel B) in the presence or 
absence of adrenergic blocking agents. The livers of fed 
rats were perfused for 1 hr in the medium without sub- 
strate and then ['*+C-U Jlactate (20 mM) with epinephrine, 
5 x 10°° M (solid symbols). or with saline (open symbols), 
was added. Zero time shows the time of addition of 
epinephrine or saline. Propranolol (5 x 10° ° M), phentol- 
amine (5 x 10°° M) or both were added 20 min before 
epinephrine or saline. Glucose production is expressed on 
the basis of 100 g body weight. The number of observa- 
tions for each point in both panels is shown in parentheses 
in panel A. 


['*C]lactate was added to initiate gluconeogenesis 
from lactate (Fig. 1). Figure 1A shows the net liber- 
ation of glucose into the perfusate, while Fig. 1B 
shows the conversion of ['*C]lactate to perfusate glu- 
cose. Since livers from fed rats contained large 
amounts of glycogen (25-40 mg/g wet liver), most 
(roughly three-fourths) of the glucose liberated had 
originated from liver glycogen, as revealed by a com- 
parison of Fig. 1A with 1B. (Hence, glucose produc- 
tion in panel A is referred to as ‘glycogenolysis ; the 
same expression holds for the other figures.) As had 
been previously reported [10, 11], both glycogenolytic 
and gluconeogenic activities had subsided to a very 
low level during the 1-hr pre-perfusion and were 
maintained at this low level for further duration of 
perfusion. The addition of 5 x 10°°M epinephrine 
after 1 hr (shown in figures as zero time) produced 
a 4- to 5-fold increase of glycogenolytic activity and 


about a 2:5-fold increase of gluconeogenesis. When 
5 x 10°°M propranolol, an adrenergic beta-receptor 
blocking agent, was added 20 min before epinephrine, 
there was essentially no change in the basal glyco- 
genolytic and gluconeogenic activities nor was the 
epinephrine-induced activation of both pathways 
affected significantly. 

It is known that epinephrine-induced hypergly- 
cemia is completely abolished by the administration 
of both alpha- and beta-blockers but is only partially 
blocked by a beta-blocker alone [16,17]. It would 
appear, therefore, that the effect of epinephrine on 
carbohydrate metabolism is mediated by an alpha- 
action. Therefore, the effect of phentolamine, com- 
bined with propranolol, on the epinephrine activation 
of glycogenolysis and gluconeogenesis was also stud- 
ied in Fig. 1. Glycogenolysis activated by epinephrine 
was very slightly inhibited, but gluconeogenesis was 
not affected, by a simultaneous addition of phentol- 
amine and propranolol. The liver perfused under the 
same condition as in Fig. 1A and 1B was excised 
20 min after epinephrine and assayed for phosphory- 
lase activity and the per cent of glycogen synthetase 
in the I-form (Table 1). Previous studies [7] showed 
that the rapid increase of glucose production caused 
by epinephrine in the perfused liver was associated 
with the increase in phosphorylase activity and with 
the I to D conversion of glycogen synthetase which 
occurred within 10 min after epinephrine addition. 
In accord with this, Table 1 shows that phosphorylase 
activity was higher and the per cent of glycogen syn- 
thetase in the I-form was lower 20 min after epine- 
phrine than they were in the control liver. These 
epinephrine-induced changes in enzyme activities 
were not reduced by the combined addition of phen- 
tolamine and _ propranolol. 

Figure 2A shows the dose-dependent activation of 
glycogenolysis by epinephrine. It is seen that the acti- 
vation of glycogenolysis at 20 min is dose-dependent 
between 5 x 10°* M and 2 x 10°° M. Since meta- 
bolic changes induced by the non-saturating concen- 
tration of epinephrine are likely to be more readily 
attenuated by inhibitors or blockers than those 
induced by its ‘over-saturation’ concentration, we 
studied the effect of propranolol and phentolamine 
on the activation of glycogenolysis induced by 
5 x 10°’ M epinephrine. The results shown in Fig. 


Table 1. Effect of epinephrine on phosphorylase and glycogen synthetase I activity 
in the presence or absence of adrenergic alpha- and beta-blockers in perfused 
liver* 





Phosphorylase 
{mmoles Pi liberated 
g tissue/15 min) 


Addition 


Glycogen synthetase 
(I-form, °, of total) 








0-11 
0-18 


Saline 
Epinephrine 
Epinephrine, phentolamine, 


propranolol 0-17 


0-01 (4) 
0-02 (4)* 


3-1 (4) 
2-9 (4)t 


+ 
4}. 


0-02 (38 2-:7(3) 


a 





*A portion of the rat liver, perfused 
was excised 20 min after the addition of 


under the same condition as in Fig. 1, 
saline or epinephrine and quickly frozen 


in liquid N,. Frozen tissue was analyzed for enzyme activities, which are shown 
as mean + S.E.M. (number of observations). 
+ Significantly different from saline (<0-01). 


Significantly different from saline (< 


+ 
+ 
S 
X 


0-05). 


Not different from epinephrine (> 0-05). 
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perfused rat liver. 


In panel A, the difference of glucose production 
between the control and epinephrine-treated livers (epinephrine treatment, 20 min) is plotted against 
the concentration of epinephrine. In pabel B. 5 x 10-7 M epinephrine (solid symbols) or saline (open 
symbols) was added at zero time, with or without the addition of phentolamine or propranolol 20 


°M epinephrine was used. In panel D, 5 x 10°°M_ norepinephrine 


was used. The concentration of blockers is 10-fold higher than epinephrine or norepinephrine. Number 
of observations: four for each point in panels A, B and D, and as indicated in panel C. 


2B reveal that neither propranolol nor phentolamine 
modified epinephrine action. Norepinephrine at a 
concentration of 5 x 10°° M was also effective in 
increasing glycogenolysis, though to a lesser extent 
than epinephrine at the same molar concentration 
(Fig. 2D). This action of norepinephrine was not in- 
fluenced by the addition of phentolamine at a 10-fold 
higher concentration. The level of cyclic AMP in the 
perfused liver increased very promptly in response to 
5 x 10°° M epinephrine with a peak increase (2-fold) 
at 1 min (Fig. 2C). This action of epinephrine was 
completely blocked by propranolol, which failed to 
block the stimulatory action of epinephrine on glyco- 
genolysis and gluconeogenesis. 

The effect of isopreoterenol on glycogenolysis and 
gluconeogenesis is shown in Fig. 3. The addition of 
isoproterenol, 5 x 10°-° M, to the perfusate caused 
an activation of glycogenolysis (panel A), but in a 
much smaller degree than epinephrine or norepine- 
phrine, despite a greater increase by isoproterenol in 
the level of cyclic AMP (inset of panel B). The in- 
crease of cyclic AMP induced by isoproterenol was, 
but the activation of glycogenolysis was not, blocked 
by propranolol. Gluconeogenesis was not enhanced 
by isoproterenol as shown in panel B. 

In order further to examine the apparent discre- 
pancy thus far observed between metabolic alter- 
ations and tissue levels of cyclic AMP as regards the 
responses to catecholamines or blockers, theophylline 
was added to the perfusate 5 min before epinephrine 
and its effect on the activities of glycogenolysis and 
gluconeogenesis and the tissue level of cyclic AMP 
was studied (Fig. 4). Theophylline not only caused 
a slight but significant increase of tissue cyclic AMP 
level by itself, but also enhanced the epinephrine- 
induced increase of cyclic AMP (panel C). Neverthe- 


less, the activation of glycogenolysis and gluconeo- 
genesis caused by epinephrine was not affected by the 
pretreatment with theophylline. Though theophylline 
alone tended to increase glycogenolysis, this effect, 
along with the effect on gluconeogenesis, was not 
statistically significant. 


DISCUSSION 


The results in the present paper show that the order 
of potency of catecholamines was epinephrine > 
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norepinephrine > isoproterenol for the activation of 
glycogenolysis in the perfused rat liver. Epinephrine 
was much more effective than isoproterenol in stimu- 
lating gluconeogenesis as well. Isoproterenol was a 
more potent beta-adrenergic stimulant than epine- 
phrine. as shown by the relative response of tissue 
cyclic AMP to these catecholamines. Although un- 
likely, the possibility cannot fully be excluded that 
isoproterenol has been converted to an apparently in- 
hibitory metabolite during perfusion [18, 19], because 
the time course of glucose production in the presence 
of isoproterenol was not consistent with the typical 


pattern of transient activation followed by its rapid 
or gradual decrease (Fig. 3). Thus, the order of 
potency for the metabolic responses observed for 


catecholamines is at variance with their relative 
potencies as either a beta- or alpha-stimulant. More- 
over, epinephrine-induced activation of glycogenolysis 
and gluconeogenesis was not blocked by propranolol, 
phentolamine, or both. Nor was the activation of gly- 
cogenolysis by norepinephrine and_ isoproterenol 
affected by phentolamine and propranolol respect- 
ively. These results obtained in perfused liver are in 
good agreement with the previous findings in liver 
free ceils [2] and lend a strong support to the view 
[1] that the adrenergic receptor involved in the regu- 
lation of carbohydrate metabolism in rat liver cannot 
be readily classified into an alpha- or a beta-type. 

It is widely accepted that epinephrine (and other 
beta-stimulants) activates adenylate cyclase, thereby 
increasing cellular cyclic AMP, which, in turn, leads 
to the activation of metabolic pathways such as glyco- 
genolysis and gluconeogenesis through the phosphor- 
ylation of enzyme protein by cyclic AMP-dependent 
protein kinase. In the present paper, however, there 
are several cases in which metabolic pathways are 
activated by catecholamines without a detectable ‘in- 
crease in tissue cyclic AMP, i.e. the activations of gly- 
cogenolysis by epinephrine and isoproterenol and of 
gluconeogenesis by epinephrine in the presence of a 
beta-adrenergic blocker. In addition, recent studies 
frem this laboratory have shown that 3 x 10°° M 
epinephrine failed to increase the level of cyclic AMP 
but activated phosphorylase during perfusion of the 
liver from hydrocortisone-treated rats [7]. Likewise, 


it was reported by Tolbert et al. [2] that 5 x 10°’ 
M epinephrine stimulated gluconeogenesis despite a 
lack of increase of cyclic AMP in isolated rat liver 
cells. On the other hand, there are also several cases 
in which the increase in tissue cyclic AMP does not 
lead to an increase in metabolic activities e.g. the 
addition of theophylline in the presence or absence 
of epinephrine produced essentially no increase in 
glucose production from either glycogen or lactate, 
despite a significant rise of tissue cyclic AMP. Simi- 
larly, there was no increase in gluconeogenesis and 
only a small increase in glycogenolysis after the addi- 
tion of isoproterenol in such a concentration as to 
cause a marked rise of tissue cyclic AMP level. 
Activation of metabolic pathways without a preced- 
ing increase of tissue cyclic AMP could be explained 
by the shift in intracellular cyclic AMP, or alterna- 
tively by assuming that there may be a cyclic AMP- 
independent mechanism in addition to a cyclic AMP- 
dependent’ one, as suggested by Tolbert et al. [2]. 
However, the inability of increased cyclic AMP to 
activate glycogenolysis, observed in the present study, 
is hardly accounted for by this assumption alone. 
Instead, it might be possible to speculate that not 
only the formation of cyclic AMP but also the action 
of cyclic AMP formed in the cell is favored by epine- 
phrine (or by other catecholamines to a lesser extent), 
AMP formation is via the beta-adrenergic receptor 
but epinephrine activation of cyclic AMP action is 
independent of beta-adrenergic function. In accord 
with this speculation, modification of the action of 
cyclic AMP by calcium [20], glucocorticoids [21] and 
shifts of bodily pH [15,22] has been reported. Work 
along this line is now in progress in our laboratory. 
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Abstract 


Administration of opiate agonists and antagonists to mice produces a dose-dependent 50-100 


per cent enhancement of stereospecific [*H ]dihydromorphine or [*H naloxone binding to brain homo- 
genates within 5 min. Three opiate antagonists are 10-1000 times more potent in eliciting this increase 
in binding than their structurally analogous agonists. Naloxone, the antagonist with the least agonist 
activity, is the most potent drug in producing receptor enhancement. Implantation of morphine pellets 
in mice increases receptor binding 30-100 per cent for 2-108 hr with no time-dependent trend. Drug- 
induced receptor binding enhancement appears to involve an increase in number of binding sites rather 
than a change in receptor affinity. Sodium, which increases binding of opiate antagonists in normal 
mouse brain homogenate, fails to increase binding of [*H]naloxone in homogenates derived from 


naloxone-injected mice. 


_A number of theories have been proposed to explain 
the mechanism of tolerance and physical dependence 
to opiates [1]; some propose that these phenomena 
reflect the same underlying process, while others sug- 
gest that they are distinct. Certain theories of opiate 
addiction have related tolerance and/or physical 
dependence to an alteration in the number of opiate 
receptors [2, 3]. 

Based on the criteria of Goldstein et al. [4] that 
opiate receptor binding to brain homogenates should 
be stereospecific, we have utilized a rapid filtration 
method to identify reversible opiate—receptor binding 
interactions [5,6], with results like others [7,8]. 
These interactions appear to be pharmacologically 
relevant, because many nonradioactive opiates bind 
to the receptor with an affinity that reflects their 
potency in vivo. Radiolabeled opiate agonists such as 
etorphine [8] and levorphanol, oxymorphone and 
dihydromorphine [9], as well as antagonists such as 
naloxone [5,6], levallorphan and nalorphine, bind 
specifically and appear to compete for the same popu- 
lation of sites [9]. 

Recently, we reported differential enhancement of 
opiate receptor binding in mouse brain by treatment 
in vivo with opiate agonists and antagonists [9]. In 
the present study, we have examined in greater detail 
the influence of administration in vivo of opiate recep- 
tor binding. In addition, we have monitored alter- 
ations in receptor binding in mice rendered tolerant 
to and physically dependent on morphine. 


MATERIALS AND METHODS 
Drugs were donated by the following companies: 
naloxone, naltrexone and oxymorphone from Endo 
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Laboratories, Garden City, N.Y.: levorphanol, dex- 
trorphan and levallorphan from Roche Laboratories, 
Nutley, N.J.; pentazocine from Winthrop, Rochester, 
N.Y.; and nalorphine was purchased from the Merck 
Chemical Co. 

Morphine pellets (75 mg) were implanted in male 
Jackson mice (30-35 g) under light anesthesia in the 
dorsal subcutaneous space [10]. Control mice were 
implanted with placebo pellets composed of the iden- 
tical inert ingredients[11]. In later experiments, 
sham-operated mice in which a small incision had 
been made under anesthesia were used as controls. 
Values for placebo-implanted mice, sham-operated 
mice and naive mice are indistinguishable. 

At various times after drug injection intraperi- 
toneally, or pellet implantation, mice were killed by 
cervical dislocation and each brain was individually 
homogenized in 14ml of 005M Tris-HCl buffer, 
(pH 7-4 at 37 ) for 20 sec (Polytron PT-10 homogen- 
izer, 3000 rev/min). Before assaying for opiate recep- 
tor binding, it was imperative to remove virtually all 
the nonradioactive morphine, since low concen- 
trations inhibit binding [5,6]. Brain homogenates 
from control and treated mice were centrifuged at 
18,000 g for 10min, the supernatant fluid was dis- 
carded and the pellet was resuspended in 14ml of 
cold Tris buffer. This washing procedure was repeated 
and after a third centrifugation each homogenate was 
suspended in 75 ml of the buffer for individual assay. 

Homogenates (1-9 ml) were incubated in triplicate 
in the dark for 30min at 25 in the presence of 
10-7 M levorphanol or 10°” M dextrorphan after the 
addition of [*H]dihydromorphine (1 x 10°? M final 
concentration) or [*H]naloxone (1 x 10°?M_ final 
concentration). Assays conducted in 100mM _ sodium 
employed levallorphan and (+ )-hydroxy-N-allyl-mor- 
phinan instead of levorphanol and dextrorphan. 
Samples were filtered as previously described [5, 6] 
and washed with two 5-ml portions of ice-cold Tris 
buffer. After extraction, the filters were counted by 
liquid scintillation [5,6]. Specific opiate receptor 
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binding was calculated by subtracting binding of 
[*H]dihydromorphine or [*H]naloxone in the pres- 
ence of 10°’ M dextrophan or (+ )-3-hydroxy-N-allyl- 
morphinan, their analgetically inactive enantiomers. 
Incubations were carried out in triplicate on freshly 
prepared 0-66-mg protein portions of mouse brain 
homogenates, which is within the range of linearity 
with protein concentration (0-3 to 1-8 mg). Typically, 
about 2400 and 600 cpm bind to 18mg of mouse 
brain protein in the presence of 10°’ M dextrorphan 
and 107M _levorphanol respectively. [*H]naloxone 
(6:1 Ci/m-mole) and [*H]oxymorphone (5-0 Ci/m- 
mole) were obtained from New England Nuclear 
Corp.. Boston, Mass., and purified as described pre- 
viously for [*H naloxone [6]. [*H]dihydromorphine 


(55 Ci/m-mole) and [*H]naloxone (23-6 Ci/m-mole) 
were purchased from New England Nuclear Corp. 


RESULTS 


Effect of morphine pellet implantation on [*H Jdihyd- 
romorphine binding. As early as 2hr after pellet im- 
plantation [*H]dihydromorphine binding is signifi- 
cantly enhanced (Table 1). Increased binding, varying 
between a 30 and 100 per cent elevation, is present 
at a variety of time intervals up to 108 hr after pellet 
implantation. There appears to be no marked differ- 
ence or time-dependent trend in the extent of eleva- 
tion between 2 and 108 hr. Reasons for variations in 


Table 1. Enhancement of opiate receptor binding by morphine injection or pellet implantation* 





Stereospecific [*H ]dihydromorphine 


Time after morphine 


binding (fmoles/mg tissue) 





pellet implantation 
(hr) 


Control + S. E. M. 


Per cent P 


Experimental + S. E. M. increase value 





2:09 + 0-18 
2:77 +-0-21 
2:09 + 0-21 
2:52 + 0-21 
+ (0-21 
+ 0:26 
- 0:26 
+ 0-15 
2+ 015 
0:26 
0-20 
0-32 

+ 0-O8 

+ O18 

+ O-15 

3 0-16 
+ 0-27 


9.99 


3-41 


Time after morphine 
pellet removal 


Reserpinet 
Na-pentobarbital? 
d-Amphetamine SO,$ 
Chronically injected 
morphine SO, 
Two sequential 
morphine pellets* 
Time after morphine SO, 
injection (50 mg/kg, ip.) 
(min) 
5 0-17 
+ O17 
+ 0:20 
+ 0:20 


3:00 + 0-17 43 
3-85 + 0:30 
3-07 + 0-12 
3-89 + 0-12 
4-48 

5:39 + 
4:24 

4:25 + 
2:96 

3-27 

3-03 

3-64 4 

3-35 

3-69 

2:84 

3-75 

3-23 


<0-02 
<0-01 
<0-01 
<0-001 
<0-001 
<0-01 
<0-01 
<0-001 
<0-01 
<0-05 
<0-02 
<0-01 
<(0-02 
<0-05 
<0-05 
< 0-02 


<0-02 


mm by by ty ty bo 


t 
wn 
an 


<0-05 


vad 
~— 
wn 


<0-01 


3-61 

3-65 4 

4-02 + 

3-18 + 0:36 


<0-01 
<0-01 
<0-02 
<0-02 





* Control treatment for morphine pellets is described in the text. Control mice for injected drugs received equal 
volumes ‘of 0:9°,, NaCl. Each control or experimental group contains seven to ten mice each assayed in triplicate 
for stereospecific [*H]dihydromorphine binding to brain homogenates. 


+ Single 15 mg/kg injection daily for 3 days, assay day 3. 


t Single 100 mg/kg injection, assay 12 hr later. 


§ One 10 mg/kg injection on day 1: two 5 mg/kg injections on day 2 


4 


: assay day 3. 


Day 1: three 10 mg/kg injections: day 2: two 20 mg/kg and one 30 mg/kg injection; days 3 and 4: three 30 mg/kg 
injections each: day 5: three 80 mg/kg injections: days 6 and 7: three 100 mg/kg injections each: day 8: one 100 mg/kg 


injection, killed 2 hr later. 


“ Day |: first pellet implanted: day 4: second pellet implanted; killed on day 7. 





Opiate receptor 


the proportional increase in binding in different ex- 
periments are not clear. At 156hr no increase in 
receptor binding is detectable. 

Because apparent maximal increases in receptor 
binding occur at the earliest time point studied after 
morphine pellet administration, earlier times were 
examined by administering morphine _ intraperi- 
toneally. As early as 5 min after injection, morphine 
elicits a 75 per cent enhancement in receptor binding 
(Table 1). 

Way et al. [10] have closely examined the develop- 
ment of tolerance and physical dependence in mice 
implanted with morphine pellets using conditions 
identical to those of the present study. Tolerance to 
the analgesic effects of morphine and withdrawal 
symptoms precipitated by naloxone increase gradu- 
ally and peak 3 days after pellet implantation, when 
animals are tolerant to doses five times those required 
to elicit analgesia in naive mice. At 156 hr, no analge- 
sia or physical dependence is apparent [10], since, at 
this time, the pellets are isolated by connective tissue 
and no longer release morphine. The early enhance- 
ment of receptor binding in our experiments fails to 
correlate with the slower development of tolerance 
and physical dependence in mice treated with mor- 
phine pellets [10]. 

Four hr after pellet removal, there is a lesser en- 
hancement of opiate receptor binding, and 10:5 and 
24 hr after pellet removal no elevation in binding can 
be detected. Animals which have two sequential mor- 
phine pellets exhibit no greater enhancement of bind- 
ing than animals with only one pellet. Moreover, 
chronic injections of morphine for 1 week produce 
no greater increase in binding than pellet administ- 
ration (Table 1). 

To evaluate the possibility that enhanced receptor 
binding is related to general behavioral excitation or 
depression, we measured [*H ]dihydromorphine bind- 
ing in the brains of mice treated with large doses 
of reserpine for 3 days, sodium pentobarbital for 12 hr 
or d-amphetamine for 2 days (Table 1). None of these 
treatments alters specific receptor binding. 

The enhanced receptor binding after morphine 
treatment might reflect an increase in the number of 
receptors or a change in affinity with no alteration 
in total number of apparent receptor sites. These pos- 
sibilities were compared by measuring binding at nine 
different concentrations of [*H naloxone, which gives 
similar results to [*H]dihydromorphine. Twelve hr 
after morphine pellet implantation the extent of in- 
crease in receptor binding, about 55-70 per cent, is 
similar between 0-15 and 2nM [*H]naloxone. The 
affinity constant, determined by double-reciprocal 
analysis (Fig. 1) for [*H]naloxone, is about 1 nM 
both for control and treated mice. The apparent total 
number of binding sites is increased 60 per cent in 
morphine-treated animals. Thus, morphine treatment 
appears to increase the number of opiate receptor 
binding sites in the brain. 

Receptor binding was measured in several regions 
of mouse brain 2 hr after morphine implantation. The 
extent of increased binding is not significantly differ- 
ent in telencephalon, midbrain-diencephalon and 
hindbrain (Table 2A). The enhancement of receptor 
binding by opiate treatment in vivo is similar in all 
subcellular fractions examined (Table 2B). A 64-74 
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per cent enhancement of binding is observed in crude 
nuclear (P,), crude mitochondrial (P,) and crude mic- 
rosomal (P;) fractions. As in naive animals, the great- 
est total amount of binding occurs in the P, fraction, 
while the highest specific activity is noted in P3, con- 
sistent with earlier studies of the subcellular distribu- 
tion of stereospecific [*H]naloxone and [*H]dihydro- 
morphine binding [5, 12]. 

Comparison of opiate agonists and antagonists. 
Three opiates and their corresponding antagonists 
were administered in a variety of doses, and receptor 
binding was examined 20min later (Table 3). The 
opiate antagonists are 10-1000 times more potent 
than their corresponding agonists in enhancing recep- 
tor binding. Thus, nalorphine increases receptor bind- 
ing 37 per cent at 0-2 mg/kg, while morphine has no 
effect at 2 mg/kg and evokes a 35 per cent enhance- 
ment at 10 mg/kg. Naloxone appears to be yet more 
potent than oxymorphone, its corresponding agonist. 
At 0-02 mg/kg naloxone elicits a statistically signifi- 
cant, 11 per cent, elevation in receptor binding with 
a 60 per cent increase at 0:2 mg/kg. By contrast, oxy- 
morphone produces no effect at 2 or 10mg/kg and 
a 59 per cent rise at 20 mg/kg. Thus, while nalorphine 
is 10-50 times more potent than morphine, naloxone 
appears to be 100-1000 times more potent than oxy- 
morphone in enhancing receptor binding. Levallor- 
phan increases binding 27 per cent at 0-1 mg/kg, while 
levorphanol fails to alter binding at 0-5 mg/kg. Dex- 
trorphan, the analgetically inactive enantiomer of 
levorphanol, fails to alter binding at 20 mg/kg. 

Pentazocine, a partial agonist which is an effective 
clinical analgesic, is also able to enhance receptor 
binding in relatively low doses. 

Like morphine, naloxone exerts its effects rapidly. 
Ten min after injection, binding enhancement is as 
great as after 20min. At 60min there seems to be 
a somewhat lesser increase in receptor binding, while 
at 120min no elevation of binding can be detected. 
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Fig. 1. Influence of naloxone injection on stereospecific 
binding of varying concentrations of [*H]naloxone. Five 
mice were injected with 0-2 mg/kg of naloxone or 09%, 
NaCl and killed 20 min later. After ‘washing’ as described 
in Methods, the experimental (O ©) and control 
(eo @) homogenates were assayed at nine concen- 
trations of [*H naloxone (0:15 to 2nM). Each point rep- 
resents stereospecific binding from triplicate determina- 
tions of binding in the presence of levallorphan (0-1 uM) 
or its (+)-isomer (0-1 6M). The experiment was replicated 
three times. 
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Table 2. Morphine-elicited enhancement of [*H]dihydromorphine binding in different brain regions and subcellular 
fractions 





Stereospecific [*H]dihydromorphine 
binding (fmoles/mg protein) 





Morphine pellet Increase P 
Controls + S. E. M. implantation (°.) value 





(A) Brain regions* 
Telencephalon 
Midbrain-diencephalon 
Hindbrain 

(B) Subcellular fractionst 
P, 

P, 
P; 


Whole brain 


34 <0-01 
40 <0-02 
29 <0-02 


I+ I+ I4 
I+ I+ I+ 


74 <0-01 
64 <0-01 
65 <0-01 
71 <0-01 


I+ I+ I+ I+ 


I+ I+ |+ I+ 





* Two hr after implantation of 75 mg morphine pellets or placebos, 12 experimental and 12 control mice were killed 
alternately and their brains rapidly dissected into three regions. After washing away residual morphine by three centrifu- 
gations as described in methods, each region was assayed after final suspension in 300 vol. of 0-05 Tris buffer. 

+ Twenty min after injection of 0-2 mg/kg of naloxone HCI or 0-9°,, NaCl, mice were killed and their brains individually 
homogenized in 0-32 M sucrose with a loosely fitting Teflon pestle. To assess binding enhancement in whole brain, 
an aliquot was removed and washed as described. P; was obtained by centrifugation for 10 min at 1000 g. The superna- 
tant fluid from P, was centrifuged for 20 min at 17,000g to obtain P,. The resulting supernatant fluid was centrifuged 
for 60min at 100,000g to obtain P;. All pellets were resuspended twice in 12 ml of 0-05 M Tris buffer for washing 
before a fina! resuspension yielding 0-4 to 0-6 mg protein/ml. Aliquots (1-9 ml) were assayed as described in Methods. 


Table 3. Relative abilities of opiate antagonists and agonists administered in vivo to enhance stereospecific [*H ]dihydro- 
morphine binding* 





Stereospecific [*H ]dihydromorphine 


binding (fmoles/mg tissue) + S. E. M. 
Dose Increase P 
Drug (mg/kg) 0-9°,, NaCl Drug A value 








Morphine SO, ; 2:23 + 0-15 1-69 + 0:24 
2:69 + 0:26 2:23 NS 
+ 0-21 3-64 , F <0-02 
+ 0-32 3:26 ‘ <0-01 
3-44 + 0-25 <0-02 
3-41 , <0-02 
Nalorphine SO, 


yt 
£ 
& 


<0-02 
<0-02 
<0-02 
Oxymorphone HCl 


<0-02 
Naloxone HCl 

<0-01 

<0-01 

<0-01 

<0-01 
Levorphanol tartrate 
<0-05 
<0-02 
<0-02 
<0-01 
<0-01 


So 
oo 


to bh 


Levallorphan tartrate 


oo 
oon 


S 


Dextrorphan tartrate 


<0-02 
<0-001 
<0-05 


Pentazocine 


— 
Ram 


eed dye! dec gers 


— 
oo 
oo 





* Drugs were injected intraperitoneally and mice were decapitated 20 min later. Control and experimental mice were 
killed alternately. Statistical significance was by the Mann-Whitney U rank test. Each experiment involved groups 
of seven control mice and seven drug-treated mice with individual mouse brains assayed in triplicate. 
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Effect of reserpine on naloxone-induced enhancement 
of opiate binding. Numerous investigators have postu- 
lated that opiate action, tolerance and physical depen- 
dence may be related to influences of these drugs 
upon the neurotransmitters serotonin and the cate- 
cholamines [13]. Doses of reserpine which massively 
deplete norepinephrine, dopamine and serotonin from 
the brain do not alter opiate receptor binding (Table 
1). To determine whether endogenous levels of cate- 
cholamines and serotonin are required for the 
enhanced receptor binding, we examined the influence 
of reserpine (5 mg/kg) on the naloxone-induced in- 
crease of binding (Fig. 2). This dose of reserpine, 
which depletes brain catecholamines and serotonin by 
90 per cent or more, does not affect the naloxone- 
induced increase in binding. 

Interactions between agonists and antagonists. To 
determine whether antagonists and agonists adminis- 
tered together increase receptor binding to a greater 
or lesser extent, mice were injected with doses of 
naloxone or morphine or both drugs simultaneously 
(Table 4). Naloxone and morphine alone produce a 
30-60 per cent increase in binding. No further in- 
crease is obtained when the two drugs are combined. 

When mice are rendered tolerant and physically 
dependent to morphine after pellet implantation, they 
become exquisitely sensitive to naloxone: At the time 
of maximal tolerance, withdrawal symptoms can be 
precipitated by much smaller doses of naloxone than 
are required to precipitate withdrawal when the ani- 
mals are less tolerant [10]. To determine whether the 
naloxone-induced increase in receptor binding is cor- 
related with these changes in sensitivity to naloxone, 
we assessed the ability of two doses of naloxone to 
affect opiate receptor binding in naive as well as 
highly tolerant mice 2:5 to 3 days after pellet implan- 
tation (Table 4). The total elevation of opiate receptor 
binding produced by naloxone in morphine-pelleted 
animals is not significantly different from the eleva- 
tion of receptor binding in naive animals injected with 
naloxone. Moreover, the highly tolerant mice do not 
appear to have been ‘sensitized’ to naloxone. Both 
in naive mice and in mice 3 days after morphine pellet 
implantation, 0-01 mg/kg of naloxone does not signifi- 
cantly alter receptor binding, although this dose did 
produce diarrhea, a symptom associated with with- 
drawal, in the morphine-pelleted animals treated with 
naloxone. 


Some workers have suggested that opiate anta- 
gonists enter the brain more readily than 
agonists [14], which conceivably could account for 
the greater potencies of opiate antagonists in enhanc- 
ing receptor binding. Accordingly, we injected mice 
intraperitoneally with 1 mg/kg of [*H]oxymorphone 
and [*H]naloxone and measured brain tritium levels 
for the drugs 20 min later, when receptor binding is 
enhanced (Table 5). Greater than 80 per cent of brain 
tritium represents unmetabolized [*H]naloxone and 
[*H]oxymorphone as determined by thin-layer chro- 
matographic analysis. No difference can be detected 
between brain tritium levels for the two drugs. In 
these experiments it was also possible to assess the 
efficacy of the washing procedure employed for 
removing injected agonists and antagonists prior to 
binding assay. Virtually all the tritium in the brains 
of the mice treated with [*H]naloxone or [*H]oxy- 
morphone is removed by this washing procedure 
(Table 4). 
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Fig. 2. Effect of reserpine on naloxone-induced receptor 
binding enhancement. On 3 successive days, eight mice 
were injected with 15mg/kg of reserpine or an equal 
volume of vehicle. On day 4, control and reserpine-treated 
mice were injected with 0-9°,, NaCl or 0-2 mg/kg of nalox- 
one and killed 20 min later. [*H]Dihydromorphine bind- 
ing was assessed individually on the eight mice in each 
group as described in Methods. The lines above each bar 
depict the magnitude of the S. E. M. 


Table 4. Influence of combined treatment with naloxone and morphine on opiate receptor binding* 





Stereospecific [°H]dihydromorphine binding (fmoles/mg tissue) 





Dose 


Control Naloxone (mg/kg) 


Naloxone and 


Morphine Dose morphine 





4:57 + 0317 2 
3-61 + 0-167 
4-44 + 0-247 


w oO 


(2) 
(3) 


tty ty 


\o 
w= 


He + H+ 
ooo 


Nm Ww Ww 
—nNnNo 


(4) 2:02 + 0-19 1:86 + O18 0-01 


4:10 + 0-447 
3:24 + 024+ 
352 + O17T 


20 mg/kg 
6 mg/kg 
75 mg pellet 
(2:5 days) 
75 mg pellet 
(3 days) 


2-69 + 0:25t 





*In Expts. 1 and 2, mice received intraperitoneal injections of naloxone, morphine, the two drugs together or 0:15 M 
NaCl and were killed after 20min. In Expts. 3 and 4, mice were implanted with morphine or placebo pellets and 
after 60 hr (Expt. 3) and 72hr (Expt. 4) received intraperitoneal injections of naloxone or 0:15M NaCl and were 
killed 5 min later. Data are the mean values + S. E. M. for groups of six to ten mice. 


+ Differs from control values, P < 0-05. 
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Fig. 3. Effect of sodium on opiate receptor binding in 
brain homogenates from mice injected with naloxone. Two 
groups of five mice each were injected with 0-2 mg/kg of 
naloxone or 09°, NaCl and killed 20min later. Each 
mouse brain was individually homogenized, ‘washed’ as 
described in Methods and assayed in triplicate in the pres- 
‘ence or absence of 100mM NaCl. In these assays, specific 
receptor binding was detected as the difference between 
[*H]naloxone bound in the presence of 0-1 4M _ levallor- 
phan or 0-1 ¢M (+)-3-hydroxy-N-allyl-morphinan, the 
(+)-isomer of levallorphan. Levorphanol and dextrorphan 
could not be employed, because in 100mM NaCl the abi- 
lity of 0-1 «M levorphanol to displace [*H ]naloxone bind- 
ing is greatly diminished [7,9]. Each point represents ster- 
eospecific binding from an individual mouse assayed with 
(O) or without (@) sodium. 


Effect of sodium. We have previously reported that 
sodium increases the number of [*H]naloxone bind- 
ing sites [9]. We examined the ability of sodium to 
increase [*H]naloxone binding in mice injected with 
naloxone (Fig. 3). Although naloxone injection pro- 
duces the expected 50 per cent increase over control 
mice, homogenates from the naloxone-treated mice 
show a greatly diminished stimulation by sodium. 


DISCUSSION 

Enhanced opiate receptor binding is elicited by 
administration in vivo of opiate agonists and anta- 
gonists. Similar enhancement is observed whether 
[*H]naloxone or [*H]dihydromorphine is used to 
assess binding. In no experiments were we able to 
detect more than a doubling of binding. The inability 
of Klee and Streaty [15] to observe these changes in 
rats may be related to differences in tissue prep- 
aration, since we have observed increased opiate 
receptor binding in rats after morphine pellet implan- 
tation or naloxone injection (C. Pert and S. Snyder, 
unpublished observations). Hitzemann et al. [16] 
reported smail but significant receptor enhancement 
after morphine pellet implantation, although the 
number of mice in each group is unclear. 

Some theories of addiction have related tolerance 
and/or physical dependence to alterations in the 
number of opiate receptors [2, 3]. Our findings do not 
support such relationships. After morphine implan- 
tation, the degree of enhanced binding appeared to 
be the same between 2 and 108 hr after pelleting, a 
period during which tolerance increases 5-fold [10]. 
Naloxone, the ‘pure’ antagonist which is unable to 
produce physical dependence [16], is the most potent 
enhancer of receptor binding. Moreover, a maximum 
increase in binding occurs only a few minutes after 
morphine injection, long before maximal development 
of tolerance and physical dependence. 

All drugs tested by injection in vivo produced an 
effect that fell within a relatively small range (30-100 
per cent enhancement). Thus, in comparing drugs, the 
most informative analysis appears to be an ‘all or 
none’ judgment for a range of doses with each drug. 
What differentiates the drugs is their relative milli- 
gram potencies. Interestingly, naloxone, which is the 
‘purest’ antagonist [17], is the most potent of the 
antagonists examined in enhancing receptor binding, 
even though its affinity in vitro for the receptor is 
not greater than that of levallorphan’ and_nalor- 
phine [5, 6, 16]. This fact, together with the greater 
potencies of the antagonists nalorphine and levallor- 
phan than the agonists morphine and levorphanol in 
increasing receptor binding, suggests that ‘receptor 


Table 5. Penetration of naloxone and oxymorphone into mouse brain* 





[*H]Joxymorphone 


[?H]naloxone 


(pg) (pg) 





Whole brain content 
Discarded with first wash 
Discarded with second wash 
Discarded with third wash 
Total recovery 


74:0 + 18-5 70:5 + 7-0 
70-0 + 9-5 
54+ 05 
0-6 + 0-1 
76:0 


+ 

sais es 
Noy 
wn 


mT 

2 I+ 1+ | 

O.« 
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* Mice were injected i.p. with 1 mg/kg (14 wCi) of [*H]oxymorphone or [*H]nalox- 
one. After 20 min mice were killed, their brains were homogenized in 14 ml of 0:05 M 
Tris buffer, and a 0-5-ml aliquot was counted (1 ml NCS solubilizer + 14 ml toluene 
fluor) at 35 per cent efficiency to determine brain tritium. Only 0-1 per cent of the 
injected drug could be recovered in brain after 20 min. Brain homogenates were centri- 
fuged at 18,000g for 10min as described in Methods. Five ml of each discarded 
supernatant fluid was counted at 42 per cent efficiency in 12 ml of PCS scintillation 
fluor. Greater than 80 per cent of brain tritium represents unmetabolized [*H Jnalox- 
one and [*H]oxymorphone as determined by thin-layer chromatographic analysis of 
a methanol extract in two solvent systems [N-butanol-glacial acetic acid~H,O (4:1:2) 
and ethanol-dioxane-benzene~-NH,OH (5:40:50:5)]. Values are means + S. E. M. 


for groups of four mice. 
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enhancement, whatever its mechanism, is closely cor- 
related with the properties which determine narcotic 
antagonist effects. 

We recently reported that low concentrations of 
sodium enhance antagonist binding and inhibit 
agonist binding [18] and suggested that this ‘sodium 
effect’ occurs because the opiate receptor can inter- 
convert between an agonist and antagonist conforma- 
tion [18,19]. The relation between our molecular 
model of opiate receptor function [18] and the cur- 
rent finding is unclear. Apparently, administration in 
vivo of opiates somehow makes more receptors avail- 
able for measurement in vitro. The ability to obtain 
this effect, however, is highly dependent on assay 
conditions, i.e. the absence of sodium, multiple centri- 
fugations and maintenance at a low temperature. In 
any case, we wish to emphasize that, utilizing binding 
studies in vitro, we were unable to detect alterations 
in opiate receptors which are related to the develop- 
ment of tolerance and physical dependence. It is con- 
ceivable, however, that alterations in opiate receptors 
may occur which could only be detected by binding 
methods in vivo [20]. For example, if the equilibrium 
of opiate receptor interconversion shifts to favor the 
antagonist conformation [21], this qualitative change 
would have gone undetected in the present study. The 
markedly reduced ability of sodium to increase recep- 
tor binding by brain homogenates of naloxone- 
injected mice suggests that the receptor enhancement 
observed after administration in vivo of opiate 
agonists and antagonists is highly dependent on assay 
conditions. Indeed, the ‘receptor enhancement’ effect 
is entirely obliterated if the assay is performed in the 
presence of sodium. The most probable explanation 
for the receptor enhancement reported here is that 
the opiates displace endorphin, an endogenous mor- 
phine-like factor [22-24], from opiate receptors, 
which are then more accessible for labeling in vitro 
by [*H Jopiates. 
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SHORT COMMUNICATIONS 


An intestinal arylamidase that selectively hydrolyzes 
certain aromatic amides 


(Received 28 June 1975; accepted 3 October 1975) 


Although a recent comprehensive review article discusses 
the participation of gastrointestinal micro-organisms in the 
metabolism of xenobiotic substances [1], the role played 
by the enzymes of the gastrointestinal tract itself in the 
metabolism of ingested drugs or toxic agents has not been 
fully appreciated or adequately explored. 

The presence of an arylamidase in the intestine that 
could hydrolyze drugs that contain an amide functional 
group was suggested by the work of Michel et al. [2], who 
first reported that acetanilide was hydrolyzed by rat intes- 
tinal homogenates, albeit at only a slow rate compared 
to liver. Krebs et al. [3] observed that mucosa from sheep 
jejunum were capable of hydrolyzing the acetyl group from 
acetylsulfomezathine, while Gomori [4] presented histo- 
chemical evidence that rat and guinea pig intestinal 
mucosa contain an amidase that hydrolyzes the amide 
group of N-chloroacetyl-x (or f)-naphthylamines. Patki 
and Shirsat [5] concluded from indirect evidence after oral 
feeding of a number of homologous N*-aliphatic acyl de- 
rivatives of sulfadiazine to mice that deacylation occurred 
in the gastrointestinal tract, the propionyl and butyrl group 
being the most rapidly deacylated. The presence of 
an enzyme in rat jejunal strips that readily hydrolyzed the 
butyryl group from the carcinogenic N-2-fluorenylbutyr- 
amide (FBA) was demonstrated by Nagasawa and Gut- 
mann [6]. Kecently, Wang and Bryan[7] noted that 
homogenates prepared from the small intestine of rats, 
mice, hamsters, and guinea pigs hydrolyzed the formyl 
group from N-formylated nitrofurylthiazolamines. 

We wish to report that intestinal mucosa from a number 
of different species contain an arylamidase—which can be 
isolated from whole intestinal homogenates conveniently 
in the form of acetone powders of the soluble fraction— 
that is especially active in deacylating the butyryl group 
from FBA. Some of the properties and specificities of this 
arylamidase have also been studied. 

Materials and methods. N-2-Fluoroenylbutyramide, N-2- 
fluorenylacetamide, N-2-fluorenylsuccinamic acid, N-2- 
fluorenylbenzamide, and N-2-fluorenyl-p-toluenesulfona- 
mide, all prepared in this laboratory, were available from 
an earlier study [6]. 4-Acetamidobiphenyl, p-nitroacetani- 
lide, 4-acetamidobenzoic acid, and N*-acetylsulfanilamide 
were prepared by acetylation of 4-aminobiphenyl, p-ni- 
troaniline, p-aminobenzoic acid and sulfanilamide, respect- 
ively, by standard procedures followed by at least two 
crystallizations from appropriate solvents to give prod- 
ucts with melting points corresponding to the literature 
values. 

When possible, the animals were fasted 24 hr before sac- 
rifice and subsequent excision of the small intestine. The 
longitudinally-slit intestine (jejunum and ileum, pooled 
from 2-4 animals when necessary) was washed gently with 
cold isotonic saline, cut into small squares, blotted on filter 
paper, and weighed. A 10% (w/v) homogenate was pre- 
pared in ice-cold demineralized water by blending in a 
Waring blender for 5-6 min. The mince was further homo- 
genized in a perfluorocarbon-on-glass homogenizer until 
all of the large pieces of tissue were disintegrated. The 


heavier particulate fraction was first sedimented by centri- 
fugation at 9000 g (R,,,,,) for 20 min at +5°, the sediment 
was washed with 20 ml of fresh demineralized water by 
homogenization, and the centrifugation repeated. The com- 
bined supernatant fractions were then centrifuged at 
110,000 g (Riya) for at least 60 min to remove the micro- 
somes. To precipitate the enzyme, the 110,000 g superna- 
tant was diluted with 10 vol of ice-cold acetone. After 
standing several hours or overnight, the protein precipitate 
was sedimented by centrifugation at 700 g for 5 min, 
washed once with | vol of cold acetone, resedimented, and 
collected by filtration (suction) on a sintered glass filter. 
No further attempts were made to purify the enzyme 
beyond this stage. The acetone powders can be kept at 
—5° in tightly capped vials for several months without 
detectable loss of enzymic activity. The nitrogen content 
of these acetone powders as determined by a semi-micro 
Kjehldahl procedure was 0.12 + 0.01 mg nitrogen/mg of 
preparation for all of the species studied, viz., rat (Holtz- 
man, male, female), mice (CF-1, m), guinea pig (Mayo 
Clinic strain, m, f), rabbit (albino laboratory stock, m, f), 
dog (mongrel, m). The smaller animals were sacrificed by 
cervical dislocation, the rabbits were killed by exsanguina- 
tion from the heart, and the dog intestines were obtained 
during experimental surgery. The human specimen was a 
male adult patient who had died from Hodgkins disease; 
the intestine was removed 3 hr after death. 

The acetone powders, although prepared from the sol- 
uble fraction of the intestines, did not completely redissolve 
in M/15 phosphate buffer, pH 6.8; therefore, the enzyme 
suspensions (0.40—-4.0°%, w/v) were homogenized just before 
use in order that representative aliquots could be taken. 
The incubation system contained 0.20-2.0 ml of the 
enzyme suspensions in buffer corresponding to protein 
nitrogens ranging from 0.10 to 9.6 mg per tube, 200 nmoles 
of the acetylated aromatic amine (added as 200 ul of a 
1.00 x 10°>3 M stock solution of the substrate in 95° eth- 
anol), and M/15 phosphate buffer, pH 6.8, to a total vol 
of 3.0 ml. After incubation at 37° in air for 1 or 2 hr, 
the reaction was stopped by the addition of 4.0 ml of 5% 
perchloric acid, and the precipitated proteins sedimented 
by centrifugation at 11,000 g (R,,,,) in the cold for 30 min. 
Control tubes which were also incubated included one 
where enzyme was omitted, one where substrate was omit- 
ted, and one to serve as internal standard where 200 
nmoles (theoretical amount liberated by complete hydroly- 
sis) of the corresponding free amine replaced the acetylated 
substrate. 

The aromatic amines liberated by the action of the intes- 
tinal amidase were quantitatively determined by diazotiza- 
tion and coupling with sodium 2-naphthol-3,6-disulfonate 
(R-salt) using a procedure patterned after both the Bratton 
and Marshall test [8] and the R-salt method of West- 
fall [9] as follows: to 3.0 ml of the deproteinized incuba- 
tion mixtures, 1.0 ml of 2N HCl and 1.0 ml of 0.10% (w/v) 
aqueous NaNO, were added successively. After mixing for 
3 min, 1.0 ml of a freshly-prepared 1.0% (w/v) solution 
of sodium 2-naphthol-3,6-disulfonate (which had been re- 
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Table 1. Comparison of the intestinal arylamidase from various species 





Activity: nmoles FBA hydrolyzed/2 hr/mg N* 





100,000 g 
supernatant 


Acetone powder 





Substrate Rat 


Mouse Guinea pig " Rabbit Man Dog 
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* Results of two or more separate determinations, except for mouse, female guinea pig and female rabbit. For low 
activities, the enzyme concentrations were raised 2 to 10-fold in order to increase the sensitivity of the assays. Acetanilide, 
p-nitroacetanilide, 4-acetamidobenzoic acid, N*-acetylsulfanilamide or N-2-fluorenyl-p-toluenesulfonamide were not hyd- 
rolyzed under these conditions by the 10° g supernatant fraction of the rat or by the acetone powders of any of 


the species listed here. 
+ See footnote * under Materials and Methods. 


t Amount of glycine liberated as described under Materials and Methods. 


crystallized from water using charcoal for decolorization) 
in 10 M NH,OH was added. The absorbance was read 
on a Beckman DU spectrophotometer at the following 
wavelengths: 520 nm for 2-fluorenamine, 515 nm for 
4-aminobiphenyl, 500 nm for p-nitroaniline, and 490 nm 
for sulfanilamide and aniline. These wavelengths lie at or 
very close to the absorption maxima of the 1-arylazo-2- 
naphthol-3,6-disulfonate chromophores developed with the 
different amines under the above conditions. Beer’s law 
was followed by all of the azo dyes formed within the 
range of concentration used, provided that the proteins 
m the incubation system were first sedimented by strong 
centrifugation. However, with increasing protein concen- - 
trations, the absolute color yield diminished due to loss 
of some aromatic amine by adsorption on the sedimented 
protein, and the use of internal standards was adopted 
to correct for this error. In these cases, the amount of 
N-acylaromatic amine hydrolyzed was calculated from the 
expression: 
i ~ de 
nmoles hydrolyzed = (200) 
is B 


where A, and A;,, are the absorbancies of the sample and 
the internal standard, respectively, and Ag, the absorbance 
of the blank which contained no substrate. Activities are 
expressed as the amount of substrate hydrolyzed/time/mg 
protein nitrogen. In no case was hydrolysis observed in 
the absence of enzyme. The amount of glycine liberated 
from acetylglycine was determined by the ninhydrin 
method of Troll and Cannan [10]. 

For in vivo administration of agents affecting protein 
synthesis, littermates (Holtzman rats, males) weighing ap- 
proximately 100-150 g were used for each experimental 
group. Sets of 2 animals received a single agent and 2 
animals from the same litter served as controls. Sodium 
phenobarbital (40 mg/kg) was administered intraperi- 
toneally once daily for 3 days. Puromycin (7 mg/kg and 
35 mg/kg) and DL-ethionine (175 mg/kg) were administered 
orally twice a day for 3 days, while phenothiazine in 
peanut oil (100 mg/kg) was administered orally once daily 
for 2 days. All control animals received the corresponding 





*In order to detect the hydrolysis of substances which 
were much less readily hydrolyzed than. FBA, enough 
enzyme was added to the test system to hydrolyze com- 
pletely the added 200 nmoles of FBA in 2 hr. 


vehicle for equal periods of time. When not specified, the 
vehicle was water. The animals were sacrificed 18-24 hr 
after the last dose, and food was withheld during this 
period. 

Results. The amidase, of mucosal origin [6] was isolated 
from the soluble 110,000 g supernatant fraction of the rat 
small intestine. The mitochondrial and microsomal frac- 
tions had essentially no activity, while the 110,000 g super- 
natant fraction hydrolyzed up to 155 nmoles of FBA in 
2 hr per mg of protein nitrogen (Table 1), compared to 
34 nmoles/2 hr/mg N for a 10 per cent homogenate of 
the whole small intestine. The acetone powders prepared 
from the 110,000 g supernatant fraction from the rat intes- 
tine always hydrolyzed FBA at a rate > 200 nmoles/2 
hr/mg N under the standard conditions of assay* and at 
optimal enzyme and substrate concentrations deacylated 
FBA at a calculated rate of 480 + 80 nmoles/hr/mg N. 
This enzyme preparation exhibited a broad pH optimum 
over the range pH 6.5-8.5. Although solubility problems 
mitigated against precise enzyme kinetic measurements, the 
approximate K,,, of the rat enzyme for FBA was calculated 
from Lineweaver-Burk plots[11] to be 1.15 + 0.19 x 1074 
M. 

The deacylation of variousiy acylated 2-fluorenamines 
as well as the deacetylation of the acetyl derivatives of 
some representative amines are compared in Table 1. The 
specificity of the 110,000 g supernatant fraction of rat intes- 
tine was not different from the acetone powder derived 
therefrom, indicating that the acetone treatment had no 
effect on this property of the enzyme. Also, there appeared 
to be no differences between acetone powder preparations 
from male and female rats. Of the N-acylated aromatic 
amines tested, FBA was hydrolyzed by far the most readily, 
followed by N-2-fluorenylacetamide (Table 1). N-2-Fluor- 
enylsuccinamic acid and N-2-fluorenylbenzamide were 
only slowly hydrolyzed. The butyryl group is therefore 
more susceptible to hydrolysis by this rat enzyme followed 
by the acetyl group. However, 4-acetamidobiphenyl, which 
differs in structure from N-2-fluorenylacetamide only in 
the lack of a methylene bridge between the two benzene 
rings, was only feebly hydrolyzed; and acetanilide or other 
electronegatively para substituted acetanilides were not at 
all hydrolyzed by this enzyme. As expected, the intestinal 
preparation from the rat had considerable acetylglycine 
deacetylase activity [10]. 

The enzyme that hydrolyzes FBA was present in the 
intestine of all the species examined except the dog, viz., 
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Table 2. Effect of various substances on the hydrolysis of 
FBA by rat intestinal arylamidase in vitro 





Per cent 
inhibition 


Concentration 


Compound* in medium 





NaF 1.5 x 10°7M 

NaF 3.0 x 10°37 M 

o-Phenanthroline 1.0 x 10°? Mt 

KCN 5.0 x 10°3M 

NaN, 5.0 x 10°37 M 

Iodoacetamide 1.0 x 10°° 

p-Chloromercuri- 
benzoate 

EDTA 

Ethanol 

Ethanol 

Ethanol 

EGME 

EGME 

EGME 

Acetylglycine 


1.0 x 10 
1.0 x 10 


10°, by 





*-Except for the alcohols which were added together 
with the substrate, these compounds were pre-mixed with 
the enzyme for 30 min at room temperature before addi- 
tion of the substrate and incubation at 37°. In all cases 
except where noted, the ethanol concentration in the incu- 
bation medium was 6.7% by vol. 

+ Limits of solubility; actual concentrations may have 
been lower as precipitates were observed. { Avera- 
ge + §.D.; numbers in parentheses indicate number of 
determinations. 


rat, mouse, guinea pig, rabbit, and man, the relative activi- 
ties falling in the order rat > mouse > guinea pig > 
man ~ rabbit > 0 (Table 1). The absence of this enzyme 
in the dog intestine was verified by independent observa- 
tions on a second dog; no hydrolysis of FBA or any other 
substrate was detectable even by increasing the enzyme 
concentration 6.5-fold. 

There appears to be some variation in the susceptibility 
to hydrolysis of substrates other than FBA by intestine 
of different species. Thus, while the rabbit enzyme deacy- 
lated FBA more slowly than the enzyme from rat or 
mouse, it hydrolyzed the succinyl group of N-2-fluorenyl- 
succinamic acid much more readily than the enzyme from 


any other species studied. The rabbit enzyme, as with the © 


rat, mouse, and guinea pig, can also hydrolyze 4-acetami- 
dobiphenyl, albeit at only a very slow rate. Hydrolysis of 
acetanilide was not detected with intestinal preparations 
from any of the species studied, including man. 

The hydrolysis of FBA by the rat preparation was essen- 
tially uninhibited by addition of sulfhydryl blocking agents 


Table 3. Effects of in vitro administration of agents affect- 
ing protein synthesis on FBA hydrolysis by rat intestinal 
arylamidase 





FBA 
hydrolyzed 
(per cent of 

controls) 


Dose 
(mg/kg x no. days) 


Substance 
administered 





14 x 3 
Ox: 
390 x: 
40 x 3 
100 x 


Puromycin 
Puromycin 
DL-Ethionine 
Phenobarbital 
Phenothiazine 





* Average + S.D. of triplicate determinations. 
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to the incubation medium (Table 2). Azide or cyanide ions 
likewise did not inhibit the enzyme. However, inhibition 
was observed with fluoride ions and by alcohols such as 
ethanol and ethyleneglycol monomethyl ether (EGME) in 
high concentrations. Whereas the metal chelating agent 
o-phenanthroline was inhibitory, EDTA was not. Acetyl- 
glycine at a concentration forty times that of FBA had 
only a slight effect, suggesting that different enzymes must 
be involved in the hydrolyses of these structurally-diverse 
substances. 

Prior administration of puromycin and DL-ethionine, 
agents known to block protein synthesis, caused a decline 
in enzyme activity (Table 3), presubably by blocking the 
synthesis of new enzymes in the intestinal mucosa. 
Administration of phenothiazine, a substance which in- 
duces the synthesis of benzpyrene hydroxylase in rat intes- 
tinal mucosa [12], had no effect, while phenobarbital pre- 
treatment had a pronounced stimulatory effect. 

Discussion. Knowledge of species specificity and the 
organ distribution of tissue amidases that hydrolyze N-acy- 
lated derivatives of biologically-active amines are of intrin- 
sic value to toxicologists and pharmacologists. Such infor- 
mation is also of special interest to medicinal chemists who 
wish to design and synthesize pharmacological agents that 
can be selectively activated by enzyme action [13, 14]. Des- 
pite the obvious significance of the intestine as a metabolic 
organ, surprisingly few studies have focused on the specific 
metabolism of drugs. In the case of amidases, investigators 
have merely included the intestine in a general screen for 
possible presence of isoenzymes. 

The acetone powders from the small intestine of the 
various species described here are crude and undoubtedly 
contain a mixture of a number of enzymes; yet, except 
for FBA, N-acetylglycine, and, to a lesser degree, N-2- 
fluorenylacetamide, most of the acylated amines studied 
were only feebly or not at all hydrolyzed by these prep- 
arations. The failure of acetanilide to be hydrolyzed dis- 
tinguishes this from the ‘acetanilide deacetylase’ described 
by Bray et al.[15]; and, since the 110,000 g supernatant 
fraction of homogenates likewise did not hydrolyze ace- 
tanilide (Table 1), this lack of activity cannot be ascribed 
to the known propensity of acetanilide deacetylase to inac- 
tivation by acetone treatment. 

Whether the enzyme that hydrolyzes FBA is identical 
to the aminopeptidase found in porcine jejunum and 
ileum [16], to leucine aminopeptidase itself [17], or to the 
arylamidase found in human duodenum [18] remains to 
be clarified. The properties of this enzyme also suggest 
the possibility that it might be isozymic with the amidase 
isolated and purified from the soluble fraction of guinea 
pig livers [19], or even with the liver microsomal amidases 
isolated from the same species [20]. However, further puri- 
fication and careful comparisons with selected additional 
substrates are required before such definitive relationships 
can be deduced. 
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Identification and distribution of benzylamine in tissue extracts 
isolated from rats pretreated with pargyline 


(Received 29 November 1974; accepted 30 June 1975) 


In the recent analyses of some biogenic amines in mam- 
malian tissues [1-4], the monoamine oxidase inhibitor par- 
gyline [N-methyl-N-(2-propynyl)benzylamine] has been 
used to increase amine levels to facilitate their identifica- 
tion. Chromatographic separation of the dansyl derivatives 
of amine extracts obtained from rats treated with pargyline 
revealed the presence of significant amounts of benzyl- 
amine. Since benzylamine is the shortest homologue of a 
series of phenylalkylamines which includes the sympatho- 
mimetic amines f-phenylethylamine and amphetamine, and 
may itself possess excitant properties, we have attempted 
to determine whether benzylamine occurs endogenously in 
the rat and is elevated by pargyline, or whether it ori- 
ginates in vivo as a metabolite of pargyline. 

Tissues were obtained from male Wistar rats (150-200 
g). either untreated, or treated with pargyline hydrochlo- 
ride (i.p.. 75 mg/kg body weight) or iproniazid phosphate 
(i.p.. 100 mg/kg). Four hr after administration of the drug, 
the animals were stunned and decapitated, and the brain, 
heart, kidneys, liver, lungs and spleen were removed, 
weighed and homogenized in 0-4 N perchloric acid. Blood 
was collected in a beaker containing 0-1 ml of 1° sodium 
heparin solution. In those cases in which the concentration 
of benzylamine was found to be very low, tissues from 
several animals (up to eight) were pooled during sub- 
sequent experiments. Deuterated benzylamine (1.1-dideu- 
tero-1-phenylmethylamine. 25 ng of free base in the case 
of tissues obtained from untreated and iproniazid-treated 
animals, and 250-2500 ng of free base. depending on the 
tissue, in tissues obtained from pargyline-treated animals) 
was added. The suspension was mixed, and then centri- 
fuged at 12,000 g for 10 min. The supernatant was de- 
canted, an amine fraction obtained by percolating the ex- 
tract through a column of Biorad AG SOW-X2[H™ ]. and 
the dansyl amines were prepared as previously reported 
[5]. Dansyl benzylamine was separated from the reaction 
mixture by successive unidimensional chromatography on 
20 x 20cm glass plates coated with Silica gel [Brinkmann 
Instruments (Canada) Ltd., Rexdale. Ont.] in the solvent 
systems chloroform—butylacetate, 4:1 (v/v); benzene-tri- 


ethylamine, 8:1 (v/v); and carbon tetrachloride-triethyl- 
amine, 5:1 (v/v). The dansyl benzylamine zone was 
removed from the plate, and the dansyl amine eluted with 
30 ul of Fisher Spectranalyzed grade ethyl acetate [2]. 
Dansyl benzylamine was identified by its mass spectrum 
and quantitated mass spectrometrically using the inte- 
grated ion current procedure [5]. 

To determine which. if any, tissues were metabolizing 
pargyline to benzylamine, several tissues were removed 
from untreated animals and minced by slicing into ap- 
proximately l1-mm cubes. The minces were suspended in 
5 ml of an isotonic solution (pH 7:2) containing NaCl (120 
mM), KCl (48 mM), CaCl, (2.6 mM), MgSO, (1:2 mM). 
Na,HPO, (15 mM) and glucose (10 mM), then preincu- 
bated for 10 min at 37° in a shaking water bath. Pargyline 
hydrochloride solution (125 yg/50 yl, final concentration 
1-3 x 10°* M) was added, and the incubation continued 
for 60 min. Control samples, containing tissue minces 
heated for 5 min in a boiling water bath, as well as samples 
containing only pargyline in buffer solution, were also in- 
cubated. The incubations were terminated by adding 0-5 
ml of 4 N perchloric acid to each vessel. The tissues were 
homogenized, deuterated benzylamine (100 ng free base) 
was added, and benzylamine isolated and quantitated as 
described. 

In some cases. tissue minces were incubated with pargy- 
line [7-'*C] hydrochloride (7-03 yCi/mg. Abbot Labora- 
tories, North Chicago. IIl.). The minces were suspended 
in incubation medium containing unlabeled pargyline hy- 
drochloride (1-3 x 10°* M) and preincubated for 10 min 
at 37° in a shaking water bath. Pargyline[{'*C] hydrochlo- 
ride solution (375.000 dis./min/50 yl) was then added and 
the incubation continued for 90 min. Boiled tissue samples 
and samples containing only pargyline['*C] hydrochloride 
were incubated in an identical manner. Incubations were 
ended by homogenizing the minced tissue in 0-4 N per- 
chloric acid; unlabeled benzylamine (25 ng) was added as 
carrier and benzylamine isolated as above. Radioactivity 
was measured in a Nuclear Chicago Isocap 300 liquid 
scintillation counter. 
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Benzylamine has not been previously reported as a aor- 
mal tissue constituent. Edwards and Blau [6,7] detected 
the amine in tissues of rats pretreated with pargyline, but 
claimed that it arose as an extraction artefact of the drug; 
they were unable to determine whether it occurred endo- 
genously. 

We have attempted to measure benzylamine in tissues 
of both untreated rats and rats treated with iproniazid. 
Although most tissue samples containing 25 ng deuterated 
internal standard indicated the presence of benzylamine 
in amounts greater than that found in the reagent blanks, 
the differences were not statistically significant. Benzyl- 
amine can be oxidized by mitochondrial monoamine oxi- 
dase and the plasma amine oxidases of a number of spe- 
cies, including the pig [8.9]. man [10] and the rabbit [11]. 
In the rat. a soluble plasma monoamine oxidase has not 
been detected [12]. Thus. it appears likely that any benzyl- 
amine would have to be oxidized by mitochondrial mono- 
amine oxidase. The type B monoamine oxidase enzyme. 
which preferentially oxidizes benzylamine, is known to be 
inhibited by iproniazid [13.14]. The concentration of f- 
phenylethylamine, another substrate for the type B enzyme 
[15], is increased dramatically in the tissues of rats treated 
with iproniazid [1]. The fact that benzylamine cannot be 
detected in amounts significantly greater than blank values. 
even after blockade of the monoamine oxidase with 
iproniazid, leads us to believe that the amine is not a nor- 
mal constituent of tissue in the rat. 

Pargyline also inhibits the type B enzyme [15] and, like 
iproniazid, results in a marked increase in the tissue con- 
centration of phenylethylamine [1]. Unlike iproniazid, 
however, pargyline treatment leads to tissue levels of 
benzylamine approximating those of phenylethylamine. 
Four hr after an intraperitoneal injection of pargyline hy- 
drochloride, tissue levels of benzylamine in the rat were 
[mean + standard deviation (ng/g). n = 6]: blood 51 + 36, 
brain 136 + 83, heart 168 + 109, kidney 1172 + 915, liver 
726 + 243, lung 426 + 253, and spleen 366 + 259. It 
seemed likely that benzylamine was arising as a result of 
metabolic conversion of pargyline. rather than endo- 
genously as a result of monoamine oxidase inhibition. This 
was confirmed by studies in vitro in which unlabeled and 
'4C-labeled pargyline were metabolized to benzylamine 
and ['*C]benzylamine, respectively, by liver, and to a 
much smaller extent, by lung (Table 1). 


Table 1. Conversion in vitro of pargyline to benzylamine* 





Benzylamine[!*C]*+ 
(dis./min/g tissue) 


Benzylaminet 


Tissue (ng/g tissue) 





2:3 + 47 (4) 
0-8 + 1-7 (4) 
0:2 + 0:3 (3) 
91 + 49 (10) 
6:6 + 3-6 (4) 
0-4 + 0-4 (4) 


0 (4) 
0 (4) 
3+ 4 (4) 
750 + 492 (4) 
6+ 4 (4) 
0 (4) 


Brain 
Heart 
Kidney 
Liver 
Lung 
Spleen 





*Tissue minces were incubated with pargyline 
(1-3 x 10°* M) for 1 hr. or with pargyline (1:3 x 10°* 
M) plus pargyline['*C] (375.000 dis./min) for 90 min in 
isotonic phosphate buffer. pH 7-2. and benzylamine was 
isolated. Benzylamine was measured mass spectrometri- 
cally, using deuterated benzylamine as internal standard, 
and benzylamine['*C] was measured by liquid scintillation 
counting. 

+ Mean + standard deviation; number of experiments 
is in parentheses. Boiled tissue values have been subtracted. 
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Although the rate of conversion of pargyline to benzyl- 
amine in vitro was very low (in liver, approximately 0-04 
per cent of unlabeled pargyline was converted to benzyl- 
amine in | hr, and 0-09 per cent of pargyline['*C] was 
converted to benzylamine['*C] in 90 min), the concent- 
ration of benzylamine in tissues became substantial 4 hr 
after administration of the drug. It is probable that most 
benzylamine found in the body is produced in the liver 
and distributed by the blood to other tissues. 

The mechanism by which benzylamine is formed from 
pargyline is not known. Pargyline was not converted to 
benzylamine in any part of our analytical procedure, how- 
ever, as incubation of the drug in buffer solution, to which 
25 ng of deuterated benzylamine was subsequently added. 
yielded non-deuterated benzylamine in amounts no greater 
than that found in blank solutions containing only 25 ng 
of deuterated benzylamine. It may be that benzylamine 
is produced via the hydroxylamine metabolic route, either 
directly or through chemical conversion of an intermediate 
hydroxylamine [16], (also R. T. Coutts. personal communi- 
cation). These possible mechanisms have yet to be investi- 
gated. 
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Pentaerythritol tetranitrate metabolism: a non-essential 
role for the flora* 


(Received 21 June 1975; 


Pentaerythritol tetranitrate (PETN) is one of a number 
of nitrate esters used for the treatment of angina pectoris. 
After oral administration of PETN, the sequential removal 
of nitrate groups leads to the formation of similar meta- 
bolic products in both man and rat. Pentaerythritol (PE) 
and its mononitrate are the predominant metabolites 
found in the urine, while the feces contains mainly PE 
and unmetabolized PETN[1-3]. The plasma contains 
these and a variety of other metabolites but relatively little 
PETN [3, 4]. The obligate metabolic reaction in the forma- 
tion of these. products is the loss of one nitrate group. 
The available metabolic and pharmacokinetic evidence 
suggests that this reaction occurs in the gastrointestinal 
tract [1,5] and that the conversion of the water-insoluble 
PETN to the water-soluble PE-trinitrate at this site gov- 
erns the subsequent metabolism and disposition of PETN. 

There are at least two interesting implications of the 
suggestion that the denitration of PETN can be ascribed 
to the metabolic activity of the gastrointestinal flora [1, 5]. 
One is that the release of the absorbable PETN metabo- 
lites would then be controlled by the bacterial flora or 
enzymes released by the flora. The second is that the intes- 
tinal bacteria would then release nitrite from this drug 
which could react with secondary amines derived from 
‘dietary constituents [6] or perhaps from drugs containing 
substituted amines to form nitrosamines. Carcinogenic 
nitrosamines can be formed in vitro when certain strains 
of bacteria are incubated with nitrite and various substi- 
tuted amines [7, 8]. However, the physiological importance 
of this reaction remains uncertain since bacteria and both 
nitrite and secondary or tertiary amines are not ordinarily 
found at a single site in the body. 

This investigation, undertaken to elucidate the role cf 
the intestinal bacteria in the release of nitrite from PETN, 
has disclosed no evidence that the intestinal bacteria par- 
ticipate in this reaction. In addition there appears to be 
little difference in the absorption and metabolism of PETN 
between germ-free and conventional animals. 

Materials. PETN, a gift’ of the Warner-Lambert 
Research Institute, Morris Plains, NJ, (Lot No. 11251) was 
supplied as a mixture with 5 parts by weight of lactose. 
Radioactive PETN (1 part of ['*C]PETN with 7 parts 
of lactose) was generously supplied by Dr. F. J. Di Carlo 
and ‘M. E. J. Merrill of the Warner-Lambert Research In- 
stitute. The specific activity of this mixture was 
0.62 wCi/mg. 

{nimals. Conventional and germ-free male rats of the 
Sprague-Dawley strain weighing 170-200g were used 
(Charles River Breeding Laboratories, Wilmington, MA). 
All animals were housed in metabolism cages (Acme 
Research Products, Cleveland, O) which permitted separ- 
ation of urine and feces. Germ-free rats were maintained 
in metabolism cages within a sterile isolator (Standard 
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Safety Equipment, Palatine. IL) as previously de- 
scribed [9]. All animals received the same diet (4RF; 
Country Foods, Syracuse, NY): for the germ-free animals, 
food was sterilized by irradiation through the kindness of 
the Natick Army Labs, MA. 

Animal experiments. PETN was removed from lactose 
by extraction with acetone. The extract (diluted to contain 
10 mg PETN/kg of body wt for each rat) was mixed with 
the powdered diet: the acetone was allowed to evaporate 
before the mixture was made accessible to the animals. 
In all cases, the supplemented food was consumed by the 
animals within a 15-hr period. When radioactive PETN 
was fed, the specific activity was 1-2 wCi per mg of PETN. 
On this regimen each animal received approximately 
4 x 10° cpm. 

Feces and urine were collected continuously, and 
removed from the isolators at 18, 42 and 67hr (unless 
otherwise noted) for immediate analysis as described 
below. Animals were sacrificed by decapitation before dis- 
section of their gastrointestinal tracts. The entire contents 
of the small intestine, cecum and colon were analyzed im- 
mediately. 

Bacteriology. Cecal contents (weighing approx | gm) 
were removed asceptically from rats which had been killed 
by decapitation and were added to 10 ml of prereduced 
sterilized N,C broth [9] and incubated anaerobically for 
16 hr at 37. At this time 0.5 ml of this culture was added 
to 1.0 mg of ['*C]PETN (sp. act. 2.8 wCi/mg PETN;: dis- 
solved in 0.3 ml of ethanol) in 10 ml of N,C broth. This 
reaction mixture, and a control lacking the bacterial inocu- 
lum, were incubated in an oxygen-free atmosphere at 37 . 
To determine the metabolism of PETN, samples (2.0 ml) 
were removed for analysis at 24 and 72hr. ['*C]PETN 
and its metabolites were extracted from these samples by 
shaking with four 2.0ml portions of ethyl acetate. The 
extracts were combined and, after concentration under a 
stream of nitrogen, were dissolved in 0.03 ml of ethyl ace- 
tate for application to t.Lc. plates. Only | per cent of the 
radioactivity in the preparation of ['*C]PETN remained 
in the aqueous phase of suspensions after this extraction 
procedure. 

Measurement of nitrite. Nitrate was assayed as nitrite 
by a modification of the method of Schneider and 
Yeary [10]. Urine samples were extracted with ethyl ace- 
tate to remove the organic nitrate esters of PE. Then 1.0 ml 
of extracted urine was mixed with 0.2 ml of 10°, HgCl, 
and allowed to stand for 3 min. After the addition of 
0.25 ml of 1.0M Na,CO,, the tubes were mixed, allowed 
to stand for 2 min and centrifuged at approximately 2500 g 
for 5 min. One ml of the supernatant solution was diluted 
with an equal volume of distilled water and treated with 
0.5 ml of an NH,CI solution (50g of NH,CI dissolved in 
500 ml of distilled water, and adjusted to pH 9.6 with 
NH,OH before dilution to | liter with water) and | g of 
a wet suspension of particulate metallic cadmium (pre- 
pared as described by Schneider and Yeary.[10]). The mix- 
tures were shaken by hand for 10 min, centrifuged at 2500 g 
for 5 min, and samples of the supernatant solution diluted 
to 3.0 ml with water. A solution of sulfanilamide (0.5°, sul- 
fanilamide in 50%, HCl; 0.3 ml) was added, followed by 
0.1 ml of 5° N-(1-naphthylethylenediamine dihydrochlor- 
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ide in water. After mixing, the solution was allowed to 
stand for 20min and then its spectral absorbance at 
540 nm was determined on a Perkin-Elmer spectrometer 
(model 44). The absorbance readings were related to a 
standard curve obtained following the above protocol with 
known additions of NaNO, to urine since the standard 
curve in the presence of urine was slightly lower than that 
obtained in the absence of urine. This method yielded a 
linear calibration curve with an absorbance of 0.6 for 18 yg 
NaNO,, and a urine blank was negligible for conventional 
rats. 

Extraction of ['*C]PETN products. PETN and its tri-, 
di- and mono-nitrated derivatives were extracted from the 
total samples of urine and feces with 25 ml of ethyl acetate. 
For this procedure the feces-containing mixture was homo- 
genized for 30sec and the urine samples were shaken 
manually for 2-3 min. After centrifugation at 2500g for 
5 min, the ethyl acetate was collected and the procedure 
repeated three additional times using 15-ml aliquots of 
ethyl acetate. The ethyl acetate extracts from each sample 
were combined, and the radioactivity quantified on a 
0.2-ml aliquot. Radioactivity was assayed in a Packard Tri- 
Carb liquid’ scintillation spectrometer (model 3003) using 
15 ml of a scintillation mixture with the following composi- 
tion per liter: 2,5-diphenyloxazole, 4.0gm: 1,4-(bis[2-(5- 
phenyloxazolyl)]-benzene, 50mg: toluene, 980ml and 
methanol, 20 ml. 

Glucuronide derivatives of PETN metabolites are not 
soluble in ethyl acetate [4] and were extracted from the 
fecal residue with water as described above. To determine 
the radioactivity in the glucuronide fraction an aliquot 
(0.1 ml) of the aqueous extract of the fecal residue or of 
the urine sample after ethyl acetate extraction was assayed 
for radioactivity in 15 ml of Aquasol Universal Cocktail 
(New England Nuclear Corp.). Extraction by this pro- 
cedure was essentially complete since the extracted fecal 
residue, which had been dried in air and then heated at 
60 for 5min with 0.2 ml Soluene® (Packard Instrument 
Corp., Downer’s Grove, IL) contained only 0.1 per cent 
of the fed radioactivity when assayed in 15 ml of Aquasol 
solution. 

Greater than 95 per cent recovery of ['*C]PETN was 
demonstrated by these extraction procedures when known 
quantities were added to urine or feces. 

Thin layer chromatography. Aliquots of the ethyl acetate 
extracts of urine and feces (20-50 ml) were concentrated 
under a stream of nitrogen at 40 . The dark-green residues 
were redissolved in ethyl acetate (0O.Sml) and 1-24 
samples were subjected to ascending t.l.c. on pre-coated 
Silica gel GF plates (Analtech, Inc., Newark, DE). The sol- 
vent system consisting of toluene—-ethyl acetate—butan-1-ol 
water (10:4:2:2 by vol: upper phase) was modified from 
that described by Di Carlo et al.[2] to afford a greater 
separation of the tri- and dinitrate metabolites. After devel- 
opment. the plates were air-dried, and the areas of sample 


separation divided into approximately fifteen sections each 
of which was removed from the plate as a powder and 
assayed for radioactivity in 15 ml of toluene—methanol 
scintillation fluid. The relative mobility of compounds on 
t..c. plates was compared to products obtained after ['*C]- 
PETN was heated in | N HCl at 100° for 4hr. The degra- 
dation products of PETN in turn were identified on the 
basis of their relative mobility as described by Di Carlo 
et al.[2] for solvent system J. In this procedure nitrate 
esters were revealed as dark-blue spots by spraying with 
1°, diphenylamine in ethanol, and subjecting the plate to 
u.v. light for 1 min. The following R, values were obtained: 
PETN 0.93; PE-trinitrate 0.74; PE-dinitrate 0.66; PE- 
mononitrate 0.29. 

To determine whether the intestinal microflora is 
required for the release of nitrate from PETN, germ-free 
and conventional rats were fed PETN and the pattern of 
nitrate excretion in the urine was examined (Fig. 1). Since 
nitrate excretion in the urine of these germ-free rats does 
not differ significantly from that in the conventional rats, 
the possibility is excluded that the flora has an obligate 
role in the release of nitrate from PETN in the conven- 
tional rat. 

After incubation of cecal contents with ['*C]PETN as 
described in Materials and Methods, the degradation of 
the drug after 72 hr was only 4 per cent compared to an 
apparent degradation of 5 per cent in the control incuba- 
tion mixture which lacked bacteria. 

In a sense, these experimental results are the opposite 
of those previously used to establish an obligate role for 
the flora in the metabolism of certain other exogenous 
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Fig. 1. Recovery of nitrite in the urines of conventional 

and germ-free rats after oral administration of PETN. The 

accumulated nitrite recovered from conventional rats | (O) 

and 2 (@) and germ-free rats | (4) and 2 (A) are shown 
for the times indicated. 


Table 1. Recovery of '*C label after oral administration of ['*C]PETN to germ-free and conventional rats 





Specimen Animal designation 


18 hr 


Radioactivity Recovered (°,,) 


42 hr 67 hr 





Urine Germ-free 
Conventional 


Germ-free 


N—NO— Nn — 


Conventional 


Noe 


15.4 (11.1)* 
16.2 (11.5) 
11.5 (7.0) 
5.8 (3.8) 
9.9 (8.5) 
8.1 (6.5) 
11.2 (4.2) 
13.5 (5.4) 


16.9 (12.1) 
18.6 (13.1) 
13.3 (8.1) 
8.7 (5.7) 
18.5 (15.8) 
16.6 (13.5) 
24.9 (6.5) 
27.5 (9.0) 


17.9 (12.8) 
19.4 (13.7) 
13.6 (8.1) 
9.0 (5.7) 
21.2 (18.3) 
19.8 (16.2) 
25.1 (8.9) 
29.4 (10.7) 





* Data from each of two germ-free and two conventional rats are expressed as the total cumulative per cent of 
radioactivity recovered at the time indicated, followed by the cumulative per cent of water-soluble products in parenthesis. 
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Table 2. Recovery of ['*C]PETN and its metabolites from excreta of germ-free and conventional rats 





Animal 


Specimen designation Time PETN 


PE-trinitate PE-dinitrate PE-mononitrate 





18 hrs. 2.0* 
4? hrs. 8.0 
18 hrs. 12.0 
4? hrs. 8.0 
18 hrs. &.0 
4? hrs. 6.0 
18 hrs. 40.0 
42 hrs. 40.0 


Urine Germ-free 


Conventional 


Germ-free 


Conventional 


NMmevwma—Ne— vee 


0.5 19.0 74.0 
4.0 11.0 73.0 
1.0 11.0 73.0 
3.0 6.0 82.0 
6.0 25.0 41.0 
7.0 21.0 57.0 
21.0 28.0 0 


27.0 22.0 0 








* Data on each of two germ-free and two conventional rats are expressed as the per cent of the total radioactivity 
in the ethyl acetate extracts of samples obtained at the times indicated. 


compounds. The dehydroxylation at the 4-position of caf- 
feic acid [11] and of dopamine[12] occurs in the conven- 
tional rat but not in the germ-free rat. Similarly, the reduc- 
tion of the azo bond in salicylazosulfapyridine [13] and 
of the nitro group in p-nitrobenzoic acid [9] occurs in the 
conventional rat but not in the germ-free rat. In each of 
these instances the metabolic reaction lacking in the germ- 
free rat was demonstrated either in pure or mixed cultures 
of the flora. Thus, failure to demonstrate a difference in 
PETN metabolism between germ-free and conventional 
rats and failure to demonstrate PETN metabolism in cul- 
tures of the gastrointestinal flora may be taken as evidence 
to exclude a role for the flora in the initial release of nitrate 
from PETN. 

The. comparison between germ-free and conventional 
rats and the in vitro bacterial experiments on PETN do 
noi exclude the possibility that the flora may release nitrate 
from some of the metabolites of PETN such as the tri-, 
di- and mono-ester. To determine whether the flora might 
effect the metabolism of PETN beyond the initial release 
of nitrate, the metabolites were examined after radioactive 
PETN was fed to germ-free and conventional rats. For 
both germ-free and conventional rats, the total recovery 
of PETN and its metabolites in urine and feces (Table 
1) is approximately 40 per cent. The urine of the germ-free 
rats at [8 hr and the feces for up to 38 hr contain a rela- 
tively greater amount of water-soluble metabolites than are 
found in the conventional rat. This can be attributed to 
the absence of bacterial f-glucuronidase in the germ-free 
rat [14] and the consequent retention of a higher fraction 
of metabolites as their glucuronide derivatives. 

With regard to the distribution of the nitrate esters, 
the only significant difference between the two types of 
rat ts that conventional rats tend to have more PETN 
and the triester in the feces whereas the monoester seems 
to predominate in the feces of the germ-free rat (Table 2). 
This distribution suggests that the flora may play a role 
only in the removal of the nitrate group from PE-mononi- 
trate. 

Because PETN is insoluble in both water and non-polar 
solvents, the intestinal flora [1,5] or bacterial enzymes in 
the gastrointestinal tract [15] have been invoked to explain 
its mode of absorption from the intestine. The results pre- 
sented here seem to exclude this possibility and to suggest 
therefore the importance of nitrate release by mammalian 
systems previously demonstrated in plasma, erythrocytes, 
and in subcellular fraction of the heart and liver [16-18]. 
The metabolism of PETN by the gastrointestinal mucosa 
may provide a source of nitrite which, together with substi- 


tuted amines and colonic bacteria could lead to the forma- 
tion of nitrosamines in the colon. 


JOHN H. CARTER 
PETER GOLDMAN 
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Boston, Mass 02215 U.S.A. 
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Diphenylhydantoin: direct inhibition of the vitamin D,-mediated calcium 
absorptive mechanism in organ-cultured duodenum* 


(Received 19 June 1975: 


There is now a substantial literature on the occurrence of 


disorders of bone and calcium metabolism in patients 
receiving anticonvulsant therapy. These disorders range 
from rickets in institutionalized, mentally retarded children 
[1], to osteomalacia in adult epileptics [2]. Hypocalcemia 
and raised serum alkaline phosphate are present in signifi- 
cant percentages of such cases. These findings suggested 
disturbances in vitamin D availability and/or metabolism. 

Initial verification of disordered vitamin D availability 
came when it was shown that osteomalacia responded 
rapidly to vitamin D supplementation [2] and rickets was 
rapidly healed with smaller doses of 25-OH-D,7* [1]. This 
latter observation supported other work on the metabo- 
lism of vitamin D in phenobarbital-treated humans and 
rats. For example, in patients receiving phenobarbital, 
lower circulating levels of 25-OH-D, were found [3]. 
25-Hydroxycholecalciferal is a vitamin D,; metabolite 
formed mainly in the liver [4] and considered to be an 
intermediate in the biosynthesis of 1,25-(OH),-D,; by the 
kidney [5], which latter metabolite has been considered 
to be the active form of vitamin D,; [6]. In continuing 
studies with phenobarbital in man and animals, the view 
developed that the drug-related disorder stemmed from in- 
creased microsomal catabolism of vitamin D, and 
25-OH-D; by the liver to more polar, inactive compounds 
and increased disappearance of vitamin D, and 25-OH-D, 
from the plasma [7,8]. In direct contrast, others have 
shown an increase in circulating 25-OH-D, during anti- 
convulsant therapy [9, 10]. 

Other evidence of an anticonvulsant-vitamin D anta- 
gonism was the observation of reduced intestinal calcium 
absorption in DPH-treated rats [11,12]. A concomitant 
decrease in the vitamin D;-induced, intestinal calcium- 
binding protein (CaBP) was not observed. However, 
another study, using a more sensitive radial immunoassay 
technique [13], established that DPH-treated chicks exhi- 
bit both depressed intestinal calcium absorption and CaBP 
synthesis in parallel [14]. 

The present report provides support for the view that, 
while altered vitamin D metabolism may play a role in 
the DPH-vitamin D antagonism and, consequently, inhibi- 
tion of calcium transport and bone disorders, the possibi- 
lity exists that at least part of the action of DPH on intes- 
tinal calcium transport is directly on the vitamin D- 
mediated, intestinal calcium absorptive mechanism. The 
relevant studies were done using a unique system for the 
maintenance of embryonic chick duodenum in organ cul- 
ture [13]. 

The organ cultured duodenum, while completely isolated 
from systemic influences and maintained in a defined cul- 
ture medium, responds to vitamin D, and its metabolites 





*Supported by NIH. Grants AM-15355 and 
AM-046S2. 

tAbbreviations: CC = cholecalciferal (vitamin D,): 
25-OH-D, = 25-hydroxycholecalciferol; 1,.25-OH),-D; = 
1x,25-dihydroxycholecalciferol; © CaBP = vitamin D- 
induced, calcium-binding protein; DPH = diphenylhydan- 


toin; cAMP = adenosine 3’,5’-cyclic monophosphoric acid. 


accepted 29 August 1975) 


[15] by an early increase in cAMP production [16] fol- 
lowed by de novo synthesis of CaBP [17], and stimulation 
of calcium uptake and mucosal to serosal transport [13]. 
Thus, the system mimics what can be observed in vivo 
and allows distinction between direct and indirect effects 
of a specific treatment. 

The organ culture procedure has been described in detail 
elsewhere [13]. Briefly. entire duodena from four 20-day 
chick embryos (300-400 mg tissue) were slit open and laid 
mucosal-side-up on a specially designed stainless steel grid 
inside a petri dish. The dish contained approximately 40 ml 
of McCoy’s 5A medium (modified) without serum (Gibco, 
Grand Island, N.Y.) with 1.25mM_ calcium, 0.625 mM 
phosphate and nystatin, 100 U/ml. The duodena on the 
grids, in bare contact at the serosal surface with the 
medium, were maintained at 37.5 for 48 hr in a humidified 
incubator continuously gassed with 5°, CO,:50°, O,: 
balance, air. 

Addition of vitamin D,; (Duphar, Amsterdam) to the cul- 
ture medium (to a level of 264M) was made in ethanol 
such that the final ethanol concentration from this source 
was 0.1°,,. Diphenylhydantoin (Sigma, St. Louis) was added 
as an ethanolic solution such that the final ethanol concen- 
tration from this source was 0.4°,. The ethanol concen- 
trations of both control and treatment media were always 
identical. 

After 48 hr incubation, some of the duodena from each 
treatment were homogenized prior to CaBP [13] and total 
protein [18] assays. Duodena for cAMP assay were liquid 
N,-frozen, lyophilized, and extracted (homogenized) with 
1 N-HCIO, essentially as described by Cailla et al. [19]. 
Cyclic AMP assays on the neutralized extracts were then 
carried out by the radioimmunoassay technique of Steiner 
et al., [20] using a commercially available kit (Schwartz 
Mann, Orangeburg, N.Y.). DNA analysis was performed 
on the pellet produced after centrifugation of the homo- 
genate-extracts (HCIO,) by the method of Burton [21]. 
Radiocalcium uptake was measured on other duodena dur- 
ing a 30 min incubation at 37.5 in a *°Ca-containing, low 
sodium buffer solution and calculations performed as 
detailed previously [13]. 

Some duodena were fixed for 24hr in Bouin’s fluid and 
prepared for paraffin embedding. Sections, 6 ym_ thick, 
were routinely stained with H & E and examined micros- 
copically. 

The inhibitory effects of culturing embryonic chick duo- 
dena for 48 hr in the presence of DPH on the vitamin 
D-mediated calcium absorptive mechanism are shown in 
Fig. 1. Duodenal CaBP and cAMP concentrations declined 
and *°Ca uptake by the tissue was diminished in a dose-de- 
pendent fashion. The effect was apparently not due to a 
generalized toxicity since, histologically, the DPH-treated 
tissues were indistinguishable from the control tissues. 
Also, total protein concentration of the duodena was unaf- 
fected by DPH-treatment whereas CaBP synthesis was 
specifically inhibited. 

Previous studies with DPH in vivo were unable to dis- 
tinguish indirect effects of the drug on bone and calcium 
metabolism via altered vitamin D metabolism, and a direct 
effect of the drug on the intestine. The hypothesis that 


o 





Short communications 





cAMP 














CaBP 
of -D, control) (g/100 mg duodenum) (% of -D; control) 


“Ca UPTAKE 


Dis 1 

ee 

0.2 0.4 
DIPHENYLHYDANTOIN (mM 





Fig. |. Inhibitory effects of DPH on the vitamin D3- 

mediated intestinal calcium absorptive mechanism. Values 

are the mean + S.E.; 6-8 duodena per point. Vitamin D, 
concentration of the medium was 26 uM. 


altered vitamin D metabolism was solely responsible for 
the disorders seen appears untenable on several grounds. 
First, DPH treatment is known to have a variety of effects 
on the intestine: including impairment of folic acid [22] 
and xylose absorption [23] and inhibition of ATPase 
activity [24]. Only the latter effect might possibly be 
related to vitamin D status, according to current informa- 
tion [25]. The interference with nutrient absorption by 


DPH, however, is not general since neither leucine nor, 


galactose absorption was inhibited by DPH [11]. Second, 


the aforementioned discrepancies in the observations of 


lowered [7,8] or raised [9, 10] serum 25-OH-D, levels in 
patients receiving anticonvulsants. Third, DPH interferes 
with the secretion or function of a variety of hormones: 
insulin [26], calcitonin [27], antidiuretic hormone [28], 
ACTH [29] and thyroid hormones [30]. Of these hor- 
mones, only calcitonin secretion might possibly be altered 
by vitamin D status according to current information. 
Fourth, DPH, but not phenobarbital, has been shown to 
have a direct inhibitory effect on PTH-induced bone 
resorption in organ-cultured mouse calvaria [31]: DPH 
was also an effective inhibitor of 25-OH-D,-induced bone 
resorption [31]. The DPH-inhibition of bone resorption 
occurred without disturbing the well-known PTH-stimula- 
tion of cAMP concentration of bone [32]. This latter 
observation strengthens the contention that DPH has a 
direct, and very specific, effect on bone independent of its 
possible alteration of vitamin D metabolism. Finally, it 
is possible that DPH and phenobarbital have different 
effects, the former being by far the most potent in disrupt- 
ing bone and calcium metabolism { 12]. 

The present evidence strongly suggests a direct action 
of ‘DPH on the vitamin D-mediated, intestinal calcium 
absorptive mechanism. Previous studies have shown that 
vitamin D,; need not be, and is not, metabolized to 
25-OH-D, and 1,25-(OH),-D, in the organ-cultured duo- 
denum [15]. It seems unlikely. therefore, that the DPH 
effects observed in the present report were due to altered 
vitamin D, metabolism. A reasonable hypothesis would 


be that anticonvulsants, such as DPH, have a variety of 


actions in the animal but only part, if any, of these actions 
may be due solely to a drug enhanced catabolism of vita- 
min D. 
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Effects of serotonin uptake inhibitor, Lilly 110140. on 
transport of serotonin in rat and human blood platelets * 


(Received 22 January 1975; accepted 10 October 1975) 


The uptake of serotonin (SHT) into blood platelets is a 
substrate saturable process with K,, value of 2.3 x 10°7M 
and dependent upon metabolic energy, temperature and 
sodium [1,2]. Tricyclic antidepressants, imipramine and 
chlorimipramine are known to inhibit the process [3]. The 
process for uptake of SHT precedes the storage of the accu- 
mulated amine which can be depleted by the treatment 
of reserpine [4]. Platelets. therefore, have been extensively 
used by investigators as a model for the study of similar 
processes that occur in central serotoninergic neurons 
[5, 6]. 

3-(p-Trifluoromethy!phenoxy)-N-methyl-3-phenylpropy- 
lamine hydrochloride (Lilly 110140) has been reported as 
a specific inhibitor of SHT uptake into serotoninergic 
nerve terminals of rat brain in vitro[7,8] as well as in 
vivo [9]. The present report shows that Lilly 110140 also 
inhibits the process of SHT uptake in platelets of rat and 
human blood plasma.* 

Male albino Wistar-derived rats weighing 300g were 
supplied by Harlan Industries, Cumberland, Indiana. Plate- 
let-rich plasma (PRP) was prepared according to the de- 
scribed method [1 ]. 

For the measurement of ['*C]5HT uptake into platelets 
in vitro, aliquots of PRP in 0.2 ml were mixed with 0.8 ml 
Krebs bicarbonate medium containing ascorbic acid and 
1.25 x 10°7M [!*C]5HT, and were incubated at 37° for 
10min. Platelets were spun down by centrifugation at 
4340g for 10min at 4°: the sediment accounted for 97 
per cent of platelets in PRP. Platelets were digested in 
0.2 ml of 30°,, H,O, and transferred to counting vials con- 
taining 10ml of scintillation fluid (Permafluor: Triton 
X-100: Toluene with a proportion of 1:8:16). The radioac- 
tivity was measured with a Packard liquid scintillation 
spectrometer. Proteins were determined by the biuret 
method [10]. 

To demonstrate the effects of drugs in vivo, rats were 
treated twice with either Lilly 110140, chlorimipramine or 
desipramine at 10 mg/kg ip. 24 and 0.Shr before an iv. 
injection of [SH]S5HT (10 wC/kg). The rats were sacrificed 
30 min after the administration of [*H]SHT. Blood, PRP 
and platelets were collected as previously described except 
that the separation of PRP from whole blood was carrried 
out at 4. The radioactivity in platelets and platelet-free 
plasma were measured. At least 70 per .cent of the total 
radioactivity in blood platelets of rats was identified as 
SHT by the method described by Schubert er al. [11]. 

Human blood was obtained from healthy donors by 
venous puncture with a 20-ml plastic syringe containing 
2ml of 3.8°, citrate. The blood was centrifuged at 60g 
for 15min at 4 and PRP was pipetted off. An aliquot 
of PRP (0.5 ml) was mixed with 0.5 ml of Krebs bicar- 
bonate medium containing 2 x 10°’ M ['*C]5HT. Active 
uptake of ['*C]5HT was measured as previously described 
except that platelets were separated by a centrifugation 
at 12.100g for 20 min. 





* This work was presented in part at the 58th Annual 
Meeting of the Federation of American Societies for Exper- 
‘imental Biology, April 7-12, 1974. 


Chemicals. 3-(p-Trifluoromethylphenoxy)-N-methyl-3- 
phenylpropylamine hydrochloride (Lilly 110140) and its 
N-unsubstituted amine and N,N-dimethylamino analogs 
were synthesized by Dr. B. B. Molloy of the Lilly Research 
Laboratories. All drugs were used as aqueous solutions 
of their hydrochloride salts. [2-'*C]5HT, 25 mCi/m-mole; 
and [1,2-7H]N-SHT, 1 mCi/0.68 umole were purchased 
from New England Nuclear. Tricyclic compounds: imipra- 
mine, chlorimipramine and desipramine were obtained 
from Ciba-Geigy Corp., Ardsley, New York. 

The inhibition curves of ['*C]5HT uptake into rat 
blood platelets by tricyclic antidepressant drugs, Lilly 
110140 and amphetamine, are shown in Fig. 1. In inhibi- 
tion of ['*C]5HT uptake into blood platelets, chlorimipra- 
mine was most potent, followed by Lilly 110140 and im- 
ipramine with ICs) values of 4.0 x 10°°M, 1 x 10°’7M 
and 1.6 x 10°” M, respectively. All three drugs produced 
complete inhibition of ['*C]SHT uptake at approximately 
the same concentration (5 x 10°°M). The secondary 
amine containing tricyclic compounds, nortriptyline and 
desipramine, were less potent for inhibiting ['*C]5HT with 
ICs, Values of 3.8 x 10°” and 6 x 10°7M., respectively, 
while amphetamine was the least active with an ICs, value 
of 2.2 x 10°°M. 

The effects of the tricyclic drugs and Lilly 110140 on 
the uptake of [*H]5HT into platelets in vivo were exam- 
ined. Lilly 110140 and chlorimipramine inhibited the 
uptake of SHT into platelets by 63 per cent (P < 0.001) 
and 53 per cent (P < 0.005), respectively (Fig. 2A). A 28 
per cent inhibition was also caused by desipramine but 
was not statistically significant. A high ratio of [‘H]SHT 
in platelets to that of in platelet-free plasma indicated 
active uptake of [7H]5HT (Fig. 2B). The administration 
of Lilly 110140, chlorimipramine and desipramine, signifi- 
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°o INHIBITION OF SHT UPTAKE INTO PLATELETS OF RAT in vitro 


CONCENTRATION M 


Fig. 1. The effects of Lilly 110140, amphetamine and tri- 

cyclic antidepressants on the uptake of ['*C]SHT into rat 

blood platelets in vitro. ['*C]SHT at 0.1 uM was included 

in the medium and other experimental conditions were the 

same as described in the text. Abbreviations used: Cl- 

IMIP, chlorimipramine; IMIP, imipramine; DMI, desipra- 
mine and AMP, amphetamine. 
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Fig. 2. The effects of Lilly 110140, chlorimipramine and 
desipramine on [*H]5HT uptake into platelets (A) and 
[7H]S5HT in platelets/[7H]SHT in platelet-free plasma, 
ratios (B) in vivo. Rats twice treated with either Lilly 
110140, chlorimipramine or desipramine at 10 mg/kg ip. 
within 24 hr, [*H]5HT (10 wC/kg) was injected i.v. 30 min 
after the last dose of the drug and were sacrificed 30 min 
thereafter. PRP was obtained by a centrifugation at 100g 
for 40min at 4. The platelets and platelet-free plasma 
(PFP) were further separated by centrifugation at 4340 g 
for 10 min. Radioactivity of digested platelets and PFP was 
monitored by scintillation technique. 
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Fig. 3. The comparison in duration of the effect of Lilly 

110140 and chlorimipramine on [*H]5HT uptake into pla- 

telets in vivo. The experimental conditions were the same 

as in Fig. 2 except that a single dose of either drug at 

10 mg/kg ip. was used. Mean rate of [7H]SHT uptake 

into platelets of 13  saline-treated rats was 20.89 + 
1.33 nCi/ml PRP. 
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Fig. 4. The dose-response curve of Lilly 110140 inhibiting 
the uptake of [7H]5HT into rat platelets in vivo. Exper- 
imental conditions were described in Fig. 2 except that 
a single dose of Lilly 110140 at various levels was i.p. in- 
jected 30 min prior to the i.v. administration of [*H]SHT 
(6 wCi/kg). Animals were sacrificed 15 min thereafter. Mean 
rate of [7H]SHT uptake into platelets of 9 saline-treated 

rats was 52.28 + 2.97 nCi/ml PRP. 


cantly reduced the ratio from a control value of 6.6 to 
1.5, 3.5 and 3.8, respectively. 

The time-courses of inhibition of [*H]5HT uptake into 
platelets in vivo after the administration of Lilly 110140 
and chlorimipramine are compared in Fig. 3. Lilly 110140 
(10 mg/kg ip.) inhibited over 60 per cent of [*H]SHT 
uptake into platelets after 30min of drug administration 
and remained effective for a period of at least 12hr. A 
lesser degree of inhibition (40 per cent) was found by an 
equimolar dose of chlorimipramine, and the inhibition 
only lasted for a 4-hr period. 

Fig. 4 shows the dose response of Lilly 110140 on the 
uptake of [7H]5HT into-rat platelets in vivo. Lilly 110140 
at 10mg/kg ip. exerted a maximum inhibition on 
{[SH]5HT uptake. A further increase in the dose of Lilly 
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Fig. 5. The effects of Lilly 110140, the N-unsubstituted and 
the N.N-dimethylated analogs on the uptake of ['*C]SHT 
into rat platelets in vitro. The experimental conditions were 
the same as described in Fig. 1. Abbreviations used: 
R-NHCHs;, Lilly 110140; R-N(CH3)2, N,N-dimethylated 
compound and R-NH;, the N-unsubstituted compound. 
Mean value of SHT uptake into rat platelets was 
52.42 + 0.80 pmole/ml PRP/min. 
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Fig. 6. The effects of Lilly 110140, the N-unsubstituted and 

the N,N-dimethylated analogs on uptake of ['*C]5HT into 

human platelets in vitro. ['*C]SHT at 0.1 uM was used 

as substrate. Other experimental conditions were described 

in the text. Abbreviations were identical to those used in 

Fig. 5. Mean value of SHT uptake into human platelets 
was 6.61 + 0.22 pmole/ml PRP/min. 


110140 to 20 mg/kg did not produce a greater degree of 
inhibition. 

Fig. 5 shows the effects of Lilly 110140 (R-NHCHs), its 
N-unsubstituted primary amine and N,N-dimethy] tertiary 
amine subsituted analogs on the uptake of ['*C]5HT into 
rat blood platelets in vitro. The N-unsubstituted analog 
of Lilly 110140 was about as active as Lilly 110140 in 
inhibition of 5HT uptake into platelets while the N,N-di- 
methyl substituted analog was not as active having an ICso 
value of 6 x 10°” M. The effects of the three compounds 
on the uptake of ['*C]5HT into human platelets in vitro 
were also compared (Fig. 6). The unsubstituted and the 
N.N-dimethyl substituted analogs were not as active as 
Lilly 110140 in inhibition of ['*C]5HT uptake into human 
platelets, having ICs) values of 3.7 x 10°’ M, 1 x 107° 
M and 5.4 x 10°® M, respectively. 

Like the tertiary amine containing tricyclic antidepres- 
sants, chlorimipramine and imipramine, Lilly 110140 is 
also a potent inhibitor of SHT uptake into rat platelets 
both in vitro and in vivo. This is in agreement with the 





*Author to whom reprint requests should be addressed. 


867 


effect of Lilly 110140 in brain tissues in which selectivity 
of Lilly 110140 toward the uptake sites for SHT over NE 
has been demonstrated [7, 8, 9]. Unlike the tricyclic antide- 
pressants, however, Lilly 110140 has no effect on the 
uptake of NE into rat heart [12, 13]. 

The short duration and the lack of potency of chlorimi- 
pramine on [*H]5HT uptake into platelets in vivo may 
reflect the N-demethylation of chlorimipramine, giving 
chlorodesipramine. which has been shown in our labora- 
tory to be a weaker inhibitor of SHT uptake but a better 
inhibitor for NE uptake. N-Demethylation of Lilly 110140 
also occurs, and the N-demethylated product persists in 
circulation for longer than 30 hr [14]. In contrast to chlori- 
mipramine, however. the N-demethylated product of Lilly 
110140 as seen in the present study is equally active in 
inhibition of SHT uptake into rat blood platelets. Thus 
both Lilly 110140 and its N-demethylated product might 
be responsible for the prolonged inhibition of SHT uptake 
into platelets in vivo. 


JONG S. HoRNG 
Davip T. WoNG* 


The Lilly Research Laboratories, 
Indianapolis, Ind. 46206, U.S.A. 
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COMMENTARY 


ETHANOL METABOLISM AND ETHANOL-DRUG INTERACTIONS 


ESTEBAN MEZEY 


Department of Medicine of the Baltimore City Hospitals and The Johns Hopkins Medical 
Institutions, Baltimore, Md. 21224, U.S.A. 


Ethanol is one of the most commonly ingested drugs 
in man, and its effects on the body are numerous 
and varied. Some of the effects of ethanol ingestion 
are due to a direct action of ethanol or its metabo- 
lites, while others result from modification of the 
metabolism of endogenous substances or drugs which 
share a common metabolic pathway with ethanol. 

Some of the well known characteristics of ethanol 
are that it is highly soluble in water, rapidly absorbed 
by the gastrointestinal tract, not bound to plasma 
proteins, distributed in body water and oxidized to 
acetaldehyde by more than one enzyme system. This 
Commentary deals with methodology in the deter- 
mination of rates of ethanol metabolism in vivo, with 
the controversy regarding the existence and relative 
importance of various pathways of ethanol oxidation, 
and with the mechanisms and significance of various 
drug-ethanol interactions. 


Metabolism of alcohol 


Ethanol, following its distribution in body water, is 
eliminated from the body in a linear fashion down to 
low ethanol concentrations [1]. Some early studies 
suggested that rates of ethanol elimination were 
dependent on the concentration of ethanol [2, 3]; 
however, more recent studies have not corroborated 
these observations [4, 5]. 

The rates of elimination of ethanol from the blood 
are very variable among normal individuals even 
when they are of the same age and have not ingested 
any alcohol or drugs for a period of | month or 
longer. The range of variation in rates of ethanol dis- 
appearance found in most studies has been between 
12 and 20 mg/100 ml of blood/hr, which calculates 
to about 70-150 mg/kg body weight/hr. On the other 
hand, the rate of ethanol elimination determined on 
different days in the same individual varies little. 
Therefore, studies of the effect of drugs on ethanol 
metabolism are best designed by using each indivi- 
dual as his own control rather than by comparison 
of two groups of subjects. The best means to adminis- 
ter the ethanol load for the determination of the rate 
of elimination is by the intravenous route. Oral and 
intraperitoneal administration leads very often to non- 
reproducible results because of an erratic and delayed 
absorption of the ethanol. Claims that the rates of eth- 
anol elimination from the blood were similar whether 
ethanol was given by the oral or intravenous route 
when blood samples were taken starting | hr after 
its administration [6] could not be reproduced in our 
laboratory because of delayed absorption resulting in 


many cases in peak blood levels of ethanol later than 
| hr after the ingestion of the loading dose. 

Measurement of pulmonary excretion of '*CO, 
after intravenous injection of '*C-ethanol is an unreli- 
able way to estimate rates of ethanol metabolism, 
since it deviates and lags behind the rate of decrease 
of ethanol from the blood or body, and in certain 
experimental conditions, CO, production may 
depend on total body metabolism [7]. In addition, 
in studies where labeled ethanol was given after 
administration of unlabeled ethanol, a lag time in 
mixing may have accounted for initial higher hepatic 
concentration and metabolism of the labeled eth- 
anol [8]. 

Acute administration of large doses of ethanol (1-5 
g/kg and more) results in hypothermia [9]. This effect 
is, curiously, not prominent when the acute ethanol dose 
is given to animals previously treated chronically with 
ethanol. Since hypothermia decreases cardiac output, 
arterial pressure, liver blood flow[10] and the rate 
of ethanol metabolism [11], it is imperative that body 
temperature be maintained during comparative 
studies of rates of ethanol metabolism in vivo after 
acute ethanol loads. 


Oxidation of ethanol 


Ethanol is eliminated from the body mainly by meta- 
bolism in the liver, and only minimally by urinary 
excretion and pulmonary alveolar air [7,12]. Three 
enzyme systems have been shown to oxidize ethanol to 
acetaldehyde in vitro: alcohol dehydrogenase, catalase 
and a microsomal ethanol-oxidizing system (Fig. 1). 
The existence of these separate enzyme systems and 
their roles in the metabolism of ethanol in vivo have 
been a matter of controversy. 


Alcohol dehydrogenase 


All evidence indicates that hepatic alcohol dehydro- 
genase is the principal enzyme responsible for ethanol 
elimination in vivo. Alcohol dehydrogenase is present 


ALCOHOL DEHYDROGENASE 
CH3CH20H + NAD* CH3CHO + NADH + H* 


CATALASE 


CH3CH20H + H202 CH3CHO + 2H20 


MICROSOMAL ETHANOL 
OXIDIZING SYSTEM 


3 Ci13CH20H + NADPH + Oo + Ht CH3CHO + 2H20 + NADPt 


Fig. 1. Enzyme systems that catalyze the oxidation of eth- 
anol to acetaldehyde in vitro. 
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in the soluble fraction of liver cell homogenates [13]. 
It is also found in other tissues in the body such 
as gastric and intestinal mucosa, the kidney and 
brain [14.15]. However. the calculated total extra- 
hepatic alcohol dehydrogenase activity is less than 
one-tenth the total activity of alcohol dehydrogenase 
found in the liver. Nevertheless, the ability of extra- 
hepatic tissues to metabolize ethanol may contribute 
to a number of biochemical and pharmacological 
effects produced by ethanol ingestion. The evidence 
that alcohol dehydrogenase is the principal enzyme 
responsible for ethanol oxidation in vivo as follows: 

(1) Its ethanol-oxidizing activity in vitro is higher 
than that of the other ethanol-oxidizing systems in 
both animals and man. 

(2) Its K,, value in vitro for ethanol (1 mM) is lower 
than that of the other ethanol-oxidizing systems and 
in agreement with an apparent K,, value in vivo 
obtained from the non-linear portion of ethanol dis- 
appearance curves at low blood ethanol con- 
centrations in animals and in man[1. 16]. Possible 
errors in deriving ethanol kinetics in vivo include con- 
sideration of the body as a single homogeneous com- 
partment and dependence on blood flow of ethanol 
extraction by the liver [17]. 

(3) Pyrazole, a very effective competitive inhibitor 
of liver alcohol dehydrogenase in vitro[18], also 
markedly inhibits ethanol metabolism in vivo [19, 20]. 
High doses of pyrazole administered to rats (7-0 m- 
moles/kg) results in 89 per cent inhibition of the rate 
of ethanol elimination in vivo [19]. Pyrazole (2 mM) 
binds to hepatic microsomes, producing a typical type 
2 spectrum, and inhibits pentobarbital and aniline 
hydroxylation [21]; however. pyrazole in vitro has no 
[22] or only a slight inhibitory effect [23] on the mic- 
rosomal ethanol-oxidizing system, and no effect on 
catalase [24]. Pyrazole in vivo was shown to have no 
effect on the microsomal ethanol-oxidizing system at 
23 hr after its administration in one study [25]. while 
it resulted in moderate inhibition in another 
study [26]. It has a delayed inhibitory effect on cata- 
lase which reaches a maximum 28 hr after 
administration and is probably caused by an as yet 
unidentified metabolite of pyrazole [24]. Such delayed 
inhibition would be expected to contribute little, if 
at all, to the inhibition of ethanol elimination in vivo 
by pyrazole. Further studies of the enzyme activities 
at various time intervals after pyrazole administration 
may provide more definitive information about the 
use of this compound in the study of ethanol metabo- 
lism. 

(4) The demonstrated decreases in hepatic NAD* 
NADH ratios after ethanol administration in the per- 
fused liver [27] and in vivo [28,29] are compatible 
with ethanol oxidation by alcohol dehydrogenase, 
although oxidation of acetaldehyde by aldehyde 
dehydrogenase could also account for these changes. 
The NADP* /NADPH ratio also falls but returns to 
normal earlier than the NAD*/NADH ratio [30]. It 
is tempting to speculate that the rapid return of the 
low NADP*/NADPH ratio to normal may be due 
to NADPH-mediated microsomal ethanol oxidation. 


However, the concentration of ethanol measured in . 


the liver at the time of the observed return of the 
ratio to normal was below the K,, for ethanol of the 
microsomal ethanol-oxidizing system so that optional 
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oxidation of ethanol by this system could not have 
been achieved. 

The principal role of alcohol dehydrogenase in eth- 
anol oxidation in vivo has been challenged on the 
basis of a pH optimum for the enzyme in vitro of 
10-6, and too low an activity at physiologic intracellu- 
lar pH to account for known rates of ethanol elimina- 
tion in vivo in animals and in man [25]. These argu- 
ments have not been validated by this investigator 
after measurements of alcohol dehydrogenase activity. 
In man, the mean activity of the liver enzyme was 
1-5 ymoles/mg of protein/hr at pH 7:0 and 37°. Since 
the mean concentration of protein in the liver is about 
100 mg/g of wet liver weight and the total liver weight 
in an adult man is estimated to be 1-2 kg, the calcu- 
lated average total liver alcohol dehydrogenase acti- 
vity is 180 m-moles (8-3 g)/hr. This corresponds to 
118 mg/kg body weight/hr in a 70-kg man, which 
is the range of known rates of ethanol metabolism 
in vivo. Similar determinations in a 200-g rat reveal 
a hepatic alcohol dehydrogenase activity of 0-55 
pmole/mg of protein/hr at pH 7-0 and 37°. The total 
alcohol dehydrogenase activity calculated from a pro- 
tein concentration of 100 mg/g of liver wet weight 
and a liver weight of 8-0 g is 440 ymoles (20-2 mg)/ 
200-g rat/hr or 110 mg/kg body weight/hr. The total 
maximum activity of alcohol dehydrogenase in vitro 
in the rat admittedly accounts for about only 50 per 
cent of the known rate of ethanol elimination in vivo, 
and leaves room for ethanol oxidation by other 
enzyme systems. 


Catalase 

The ability of catalase to oxidize ethanol in vitro 
in the presence of a hydrogen peroxide-generating 
system was first demonstrated by Keilin and Har- 
tree [31]. Catalase. however, has not been considered 
to be of importance in ethanol metabolism in vivo, 
since administration of 3-amino-1,2,4-triazole, a 
potent inhibitor of catalase, has no effect on ethanol 
metabolism in vivo or by tissue slices in vitro [32]. 
These observations contrast with the effect of 3- 
amino-1.2.4-triazole in inhibiting metabolism of meth- 
anol in vitro[33] and in vivo in a number of ani- 
mals [34]. 


Microsomal ethanol-oxidizing system 


The enzymatic nature and the role of ethanol oxi- 
dation in vivo by microsomes has been a matter of 
extensive study and controversy since its initial de- 
scription by Orme-Johnson and Ziegler [35]. It was 
originally suggested that ethanoi oxidation by the 
microsomes was mediated through the mixed function 
oxidase system which metabolizes a number of drugs, 
since it required NADPH and oxygen and was inhi- 
bited by carbon monoxide [25, 36]. In further support 
of this concept was the observation that ethanol could 
bind to cytochrome P-450 producing a modified type 
2 spectrum [21]. Furthermore, sodium cyanide, 
sodium azide and the administration of 3-amino- 
1,2.4-triazole (all inhibitors of catalase) and pyrazole 
(an inhibitor of alcohol dehydrogenase) produced 
only slight inhibition of the NADPH-dependent eth- 
anol-oxidizing activity by the microsomes, suggesting 
that neither of these contaminating enzymes was re- 
sponsible for the observed ethanol-oxidizing acti- 
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vity [25]. Other investigators, however, observed that 
substitution of NADPH by a system generating H,O, 
resulted in comparable oxidation of ethanol by the 
microsomes [37, 38]. In view of this and the finding 
of a more significant inhibition by catalase inhibitors 
than found by Lieber and DeCarli [25,36], it was 
postulated that ethanol was oxidized by catalase in 
the presence of H,O, generated from NADPH and 
oxygen by NADPH oxidase. Subsequently, Thurman 
et al.(26] provided further support for this 
mechanism by demonstrating sufficient H,O, forma- 
tion from NADPH by microsomes. and the same 
Michaelis-Menten constant for ethanol oxidation 
with both the NADPH- and H,O,-generating sys- 
tems, as well as similar inhibition by catalase inhibi- 
tors, by a peroxidating substrate of catalase, and by 
a H,O,-utiiizing process in the presence of both 
generating systems. Oshino et al.[39] pointed out 
that variabilities in the results by various investigators 
regarding the effect of catalase inhibitors on ethanol 
oxidation by microsomes was related to both the 
amount of H,O, generated and the amount of conta- 
minating catalase, and more specifically to the ratio 
between the two. A low ratio between the H,O, 
generated and catalase concentration favors the per- 
oxidatic reaction, while a high ratio favors a catalatic 
reaction. The catalase inhibitor would be expected to 
be less effective at a low ratio when the generation 
of HO, is low and rate limiting, as in the case of 
endogenous H,O, generation from NADPH and 
oxygen by NADPH oxidase, than at a high ratio 
when an exogenous H,O,-generating system is used 
and catalase concentration is rate limiting. Therefore, 
catalase inhibitors cannot be used in determining the 
relative contributions of catalase or other enzyme sys- 
tems to ethanol oxidation by microsomes unless the 
ratio of the H,O, production to catalase is defined 
in each experiment. 

A report [40] that hepatic microsomes from mutant 
mice, whose catalase had been rendered inactive by 
heat, failed to oxidize ethanol appeared to support 
the concept that catalase contamination by the micro- 
somes was responsible for ethanol oxidation by mic- 
rosomes. However, these findings were shown to be 
due to the use of an insensitive method of determining 
ethanol oxidation (measurement of ethanol disappear- 
ance in the reaction mixture), since subsequent exper- 
iments in which acetaldehyde production was mea- 
sured revealed that microsomes virtually devoid of 
catalase were indeed able to oxidize ethanol at rates 
similar to those found with microsomes of normal 
mice [41]. While a number of the studies described 
provided new evidence for the ability of catalase pres- 
ent in the microsomes to participate in the oxidation 
of ethanol, they did not resolve the question as to 
whether or not catalase was the principal or only 
mediator of the NADPH-dependent ethanol oxi- 
dation by microsomes. Indeed, more recent studies 
show that ethanol oxidation is catalyzed by a micro- 
somal component rich in cytochrome P-450 and 
separate from contaminating alcohol dehydrogenase 
and containing only trace amount [23] or no cata- 
lase [42]. The cytochrome P-450 fraction contained 
small amounts of cytochrome c reductase and lipid. 
Addition of extra small amounts of cytochrome c 
reductase enhanced the ethanol-oxidizing activity, 
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while addition of large amounts of cytochrome c 
reductase or of lipid resulted in inhibition of the eth- 
anol-oxidizing activity [23]. A more purified fraction 
of cytochrome P-450 prepared by Barakat er al. [43], 
free of cytochrome c reductase, had only a trace of 
ethanol-oxidizing activity. These later experiments 
suggested that cytochrome P-450 by itself was inac- 
tive in oxidizing ethanol; however, the results 
obtained by mixing the cytochrome P-450 and 
cytochrome c reductase fractions cannot be inter- 
preted, since neither the amounts of cytochrome c 
reductase added nor the amounts of lipid present in 
the fractions were defined, and as pointed out above, 
an excess of either results in inhibition of the ethanol- 
oxidizing activity. Addition of excess lipid to fractions 
of cytochrome P-450 and cytochrome c reductase 
have also been shown to inhibit w-hydroxylation of 
fatty acids by these components [44]. A_ possible 
mechanism for cytochrome P-450-mediated ethanol 
oxidation is that cytochrome P-450 acts like a peroxi- 
dase, as has been demonstrated for the hydroxylation 
of benzphetamine and ethylmorphine in the presence 
of a superoxide-generating system [45]. In support of 
this mechanism is our observation of ethanol oxi- 
dation by the cytochrome P-450 microsomal fraction 
in the presence of either a H,O,- or an NADPH- 
generating system [23]. In the case of the NADPH- 
generating system, hydrogen peroxide would be pro- 
duced from NADPH and oxygen, by NADPH oxi- 
dase. However, recently Teschke et al.[22] have 
observed ethanol oxidation by their microsomal frac- 
tion with the NADPH-. but not with the H,O,-gener- 
ating system. Two observations are at variance with 
ethanol oxidation by mixed function oxidase: (1), the 
concomitant inhibition of ethylmorphine demethyla- 
tion and cytochrome c reductase, but not of ethanol 
oxidation, by adding increasing amounts of antibody 
to cytochrome c reductase [46], and (2) the lack of 
inhibition of ethanol oxidation by SKF-525A [47, 48]. 
These differences suggest that there may exist another 
enzyme system in the microsomes which does not 
require cytochrome P-450, as was shown to be the 
case for the mixed function amine oxidase [49]. 
Further purification of the different microsomal frac- 
tions followed by reconstitution experiments and 
possibly the use of antibodies against the various 
components will be required to resolve the existing 
controversy of the enzymatic nature of ethanol oxi- 
dation by the microsomes. 

The possible role of the microsomal ethanol-oxidiz- 
ing system in vivo is also a matter of controversy that 
remains unresolved. Lieber and DeCarli [50] from 
data in vitro estimated that the microsomal ethanol- 
oxidizing system could account for 20-25 per cent 
of ethanol oxidation in rats. Studies with pyrazole 
in which alcohol dehydrogenase activity in vitro is 
fully inhibited demonstrate a maximum of 90 per cent 
inhibition of ethanol elimination in vivo, suggesting 
some oxidation of ethanol by another enzyme [19]. 
Lieber and DeCarli [50] extended the above observa- 
tion further by demonstrating that the K,, and V,,.. 
values in vivo obtained from the non-linear portion 
of the ethanol disappearance curve after pyrazole 
administration approximated the values for K,, of 
8-6 mM and V,,,, of 29:2 umoles/kg body weight/ 
min for the microsomal ethanol-oxidizing system. 
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Studies showing a lack of effect of the administration 
of SKF-525A on rates of ethanol metabolism in vivo 
in animals [47,48] have been presented as evidence 
against a role of microsomal ethanol oxidation in 
vivo. However, studies in vitro have shown that eth- 
anol oxidation [25], as well as the oxidation of some 
other lipid-soluble compounds [51], is not inhibited 
by SKF-525A. The role of the microsomal ethanol- 
oxidizing system has been postulated to be greater 
at higher ethanol concentrations because its K,, for 
ethanol is higher than that of alcohol dehydrogenase. 
In support of this hypothesis are the findings of Thie- 
den [52] of higher rates of ethanol oxidation by liver 
slices when the concentration of ethanol was raised 
from 4 to 80mM. Furthermore, pyrazole appeared 
to be a more effective inhibitor of ethanol oxidation 
at low than at high ethanol concentrations. In addi- 
tion, administration of ethanol in vivo at high and 
low doses with pyrazole revealed an increased malate 
pyruvate ratio with the high as compared with the 
low dose of ethanol, which is compatible with 
NADPH-dependent ethanol oxidation at the high 
ethanol dose [53]. The NADP* formed may be 
reduced by malic enzyme with conversion of malate 
to pyruvate, which in turn is carboxylated and 
reduced back to malate. The end result is an increase 
in the malate/pyruvate ratio, since malic enzyme is 
the enzyme with the lowest activity in this cycle. Also, 
in support for a function in vivo of the microsomal 


ethanol-oxidizing system in man was the recent obser- ° 


vation that blood acetaldehyde levels, which were 
constant at very high blood ethanol levels (33 
54 mM), declined sharply as ethanol concentration fell 
to 24mM (110 mg/100 ml) [54]. At this latter ethanol 
concentration, the microsomal ethanol-oxidizing sys- 
tem, but not alcohol dehydrogenase, would become 
unsaturated, resulting in decreased acetaldehyde pro- 
duction from ethanol. 

Induction of the microsomal ethanol-oxidizing sys- 
tem has been postulated to be the mechanism for in- 
creases in the rates of ethanol metabolism in chronic 
alcoholics after recent heavy ethanol ingestion [6, 55 
and in rats after ethanol administration [56, 57]. since 
the increases in the rates of ethanol elimination were 
associated with increases in the NADPH-dependent 
ethanol-oxidizing activity but no changes in alcohol 
dehydrogenase. However, after withdrawal of alcohol 
in man [55] and rats [58] the rates of ethanol disap- 
pearance from the blood fell rapidly to normal, while 
the NADPH-dependent ethanol-oxidizing activity 
remained elevated for a prolonged time. The lack of 
parallelism between the fall in the rate of ethanol eli- 
mination and the activity of the microsomal ethanol- 
oxidizing system suggests that factors other than the 
increase in enzyme activity cause the changes in the 
rate of ethanol oxidation after ethanol administration. 
Both hepatic blood flow and the availability of coen- 
zymes may regulate the rates of ethanol degradation. 
Studies of the effect of acute administration of ethanol 
on hepatic blood flow have resulted in contradictory 
results [59-61], while the effect of chronic 
administration of ethanol on hepatic blood flow 
remains unknown. The availability of coenzymes is 
probably more important. In the case of ethanol oxi- 
dation by alcohol dehydrogenase, studies in vitro 
show that the dissociation of the alcohol dehydro- 


E. MEZEY 


genase-NADH complex is rate limiting [62]. Also, 
mitochondrial uncoupling agents, such as dinitro- 
phenol, which increase the ability of mitochondria to 
oxidize NADH, have been shown to increase the rate 
of ethanol metabolism by rat liver slices [63]. Fur- 
thermore, studies in vitro demonstrate that stimuli to 
increased reoxidation of NADH. such as elevated pyr- 
uvate concentrations in children with type I glycogen 
storage disease [64], or infusion of fructose in 
dogs [65] and man [66]. enhance the rate of ethanol 
metabolism. 


Effects of ethanol on drug metabolism 


The administration of ethanol can result in inhibi- 
tion or acceleration of drug metabolism depending 
on the dosage and time interval between the 
administration of the ethanol and the drug. Inhibition 
occurs from direct interference of alcohol with the 
metabolism of the drug, while acceleration of drug 
metabolism is due to induction of drug-metabolizing 
enzymes by ethanol, and is observed after discon- 
tinuation of prolonged ethanol administration. 

Ethanol, as mentioned before, binds to cytochrome 
P-450, producing a modified type 2 spectrum [21], 
and inhibits the reduction of cytochrome P-450 by 
NADPH which is a characteristic of type 2 binding 
substances [67]. It has also been shown to inhibit the 
binding to cytochrome P-450 of aniline, a type 2 
binder, but not of hexobarbital, a type | binder [68]. 
As would be expected from these observations, eth- 
anol is a stronger inhibitor of metabolism by micro- 
somes of type 2 than of type | binding drugs [69]. 
Ethanol in vitro is a competitive inhibitor of aniline 
and pentobarbital hydroxylases, and a mixed inhibitor 
of the demethylation of aminopyrine and ethylmor- 
phine [70], and alters the metabolism of certain drugs 
such as 4-hydroxyphenazon and 4-aminoartipyrine 
from the major oxidative to the minor conjugative 
pathway [71]. Ethanol has also been demonstrated to 
inhibit drug metabolism in vivo. It inhibits the rates 
of disappearance of phenobarbital and meprobamate 
from the blood of humans [70] and the rate of pheno- 
barbital disappearance from the blood in ani- 
mals [71]. Ethanol also decreases the urinary excre- 
tion of p-hydroxyphenobarbital and increases the 
amounts of phenobarbital in tissues after phenobarbi- 
tal administration in animals [72, 73]. The concomi- 
tant administration of ethanol and drugs such as the 
barbiturates and chloral hydrate results in an 
enhanced depressant effect of these drugs on the cen- 
tral nervous system. The effect of ethanol and chloral 
hydrate given in combination is greater than the sim- 
ple summation of the effects obtained when either 
drug is given alone. This potentiation of effect appears 
to be due to the mutual inhibition of the metabolism 
of these drugs [74]. 

Ethanol is an inducer, not only of its own metabo- 
lism but also of the metabolism of a number of drugs. 
In animals, its administration results in increases of 
the smooth endoplasmic reticulum, cytochrome P- 
450. cytochrome c reductase, and of the activity of 
a number of microsomal enzymes [57, 75,76]. In 
humans, ethanol administration was shown to induce 
pentobarbital hydroxylase. but not benzpyrene hyd- 
roxylase [77]. 





Ethanol metabolism and ethanol—drug interactions 


Ethanol differs from other inducers, such as pheno- 
barbital and polycyclic hydrocarbons, in that it fails 
to stimulate liver growth and in that it is a relatively 
weak inducer [57]. The increases in enzyme activity 
after ethanol administration are of the order of 1-fold 
and often only significant when expressed per g of 
wet liver weight and not when expressed per mg of 
microsomal protein. This contrasts with 3- to 10-fold 
increases in enzyme activities, expressed per mg of 
microsomal protein, induced by other compounds. In- 
creases in microsomal enzyme activity in rat occur 
as early as 48 hr and are maximal after 2-3 weeks 
of ethanol administration. However, this author has 
observed that, after more prolonged administration 
of ethanol (6 weeks), increases in the activities of the 
microsomal enzymes are no longer apparent. This 
lack of demonstrable induction coincides with the de- 
velopment of increasing hepatic fatty infiltration and 
hepatocellular injury due to prolonged ethanol 
administration, which is not a feature of prolonged 
administration of other drugs such as phenobarbital. 

The increases in metabolism in vitro of drugs after 
ethanol administration have been demonstrated to be 
accompanied by increases in the metabolism in vivo 
of certain drugs such as meprobamate in aminals [78] 
and of meprobamate and pentobarbital [78] and anti- 
pyrine [79] in man. Also, increases in the rates of 
metabolism of commonly used drugs such as tolbuta- 
mide [80, 81]. warfarin and diphenylhydantoin [81] 
were shown in chronic alcoholic patients after heavy 
alcohol intake. Rats which become tolerant to alcohol 
have cross tolerance to some drugs such as pentobar- 
bital and hexobarbital. However. in one study, the 
increased tolerance to the above drugs was not asso- 
ciated with an increase in their metabolism, suggest- 
ing that decreased central nervous system sensitivity 
to drugs may be another mechanism, in addition to 
increased metabolism, for the increased tolerance to 
drugs after ethanol ingestion [82]. 


Effect of drugs on ethanol metabolism 


In contrast to the ready inhibition of drug metabo- 
lism by ethanol, the inhibition of ethanol metabolism 
by drugs is uncommon. The reason for this is that 
most drugs are metabolized by microsomal enzymes 
while ethanol, as mentioned before, is principally oxi- 
dized by alcohol dehydrogenase. Therefore, inhibition 
of ethanol metabolism usually occurs only when the 
drug or a metabolite of the drug administered is a 
substrate and or an inhibitor of alcohol dehydro- 
genase. Chlorpromazine is an example of a drug 
which is an inhibitor of alcohol dehydrogenase and 
whose administration results in inhibition of ethanol 
metabolism [83]. Chloral hydrate is another well 
known inhibitor of ethanol metabolism. In this iatter 
case, the inhibition is due to its metabolite trichloro- 
ethanol, which is a substrate and a competitive inhibi- 
tor of ethanol oxidation by alcohol dehydro- 
genase [84]. In one study, phenobarbital, a drug 
metabolized by microsomal enzymes, was observed 
to decrease 1-'*C-ethanol metabolism to '*CO, by 
liver slices and to inhibit alcohol dehydrogenase acti- 
vity [85]. However, more recent studies have not 
demonstrated any changes in the rates of ethanol dis- 
appearance from the blood 24 hr after phenobarbital 
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administration, when phenobarbital was still detect- 
able in the blood, nor any inhibition of alcohol 
dehydrogenase in vitro by phenobarbital con- 
centrations ranging from 0-1 to 1-0 mM [5S0, 72]. 

A number of drugs have been shown to enhance 
the rates of ethanol metabolism. The principal 
mechanisms postulated for their action have been: (1) 
increase in the activity of the microsomal ethanol- 
oxidizing system; (2) increases in hepatic blood flow 
and liver weight; and (3) increase in the reoxidation 
of reducing equivalents. 

(1) Phenobarbital was shown to increase the rates 
of ethanol disappearance from the blood and the acti- 
vity of the microsomal ethanol-oxidizing system in 
animals, if sufficient time is allowed between the 
administration of the last dose of phenobarbital and 
the determinations for the drug to clear the 
blood [50]. The time interval for clearance of a dose 
of 100 mg/kg body weight was 48hr. Earlier deter- 
minations by this author [86] and other investiga- 
tors [87] showing no increase in the rates of ethanol 
disappearance from the blood or in the enzyme acti- 
vity were done 24 hr after the last dose of phenobarbi- 
tal. However, in one recent animal study in which 
a 48-hr interval was used, the increase in the activity 
of the microsomal ethanol-oxidizing system was not 
accompanied by an increase in the rate of ethanol 
disappearance from the blood [88]. The discrepancy 
in results between the studies may be related to the 
dosage and duration of phenobarbital administration 
or to the sex of the animals used. In the study show- 
ing increases in the rates of ethanol disappearance 
from the blood, the phenobarbital was given in a dose 
of 80 mg/kg by the intraperitoneal route for 4 days 
to female rats [50], while in the study showing no 
increase in the rate, the phenobarbital was given in a 
dose of 100 mg/kg orally for 1 week to male rats [88]. 
The surprising finding is that the increase in the acti- 
vity of the microsomal ethanol-oxidizing system was 
greater in the study failing to show an increase in 
the rate of ethanol disappearance from the blood than 
in the one showing an increase in the rate. No levels 
of phenobarbital were detectable at the time of the 
determinations in either study. In man, phenobarbital 
administration resulted in increases in the rates of 
ethanol disappearance from the blood but in no 
changes in the activities of either alcohol dehydro- 
genase or the NADPH-dependent ethanol-oxidizing 
activity in liver homogenates [89]. The discrepancies 
between the changes in the rates of ethanol disappear- 
ance and the induction of the microsomal ethanol- 
oxidizing activity after the administration of pheno- 
barbital suggest that a mechanism other than the in- 
crease in the microsomal activity is responsible for 
the increases in the rates of ethanol metabolism. 
Phenobarbital may increase ethanol metabolism by 
its effects of increasing liver weight [90], hepatic 
blood flow [91] and biliary flow [92]. 

(2) Increases in the rates of ethanol disappearance 
after clofibrate administration were found to be di- 
rectly proportional to increases in liver size produced 
by the drug [93]. No increases in alcohol dehydro- 
genase activity were found when the enzyme was 
expressed per g of liver and, unfortunately, the acti- 
vity of the microsomal ethanol-oxidizing system was 
not determined. Prior studies showing the ability of 
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clofibrate to increase the capacity of the liver to uti- 
lize reducing equivalents [94] were not confirmed. 

(3) Fructose has been the most effective and consis- 
tent compound to increase the rates of ethanol disap- 
pearance from the blood in animals [65,95] and 
man [96-98]. The amounts of fructose that have to 
be administered to obtain an increase in ethanol 
metabolism are large, ranging from | to 2 g/kg body 
weight. In studies showing no effect of fructose on 
ethanol metabolism, smaller doses were 
given [99]. The postulated mechanism accounting for 
the acceleration of rates of ethanol elimination 1s dis- 
sociation of the alcohol dehydrogenase: NADH com- 
plex by glyceraldehyde formed from fructose. In sup- 
port of this mechanism are studies showing increases 
in ethanol oxidation by liver slices on the addition 
of p-glyceraldehyde, increases in the formation of gly- 
cerol and x-glycerophosphate from fructose in the 
presence of ethanol due to reduction of glyceralde- 
hyde by the alcohol dehydrogenase-NADH_ com- 
plex [100]. and abolition of the fructose effect by pyr- 
azole [101]. 


Conclusions 

Ethanol is principally oxidized to acetaldehyde by 
alcohol dehydrogenase and to a lesser extent by the 
microsomal ethanol-oxidizing system. The contribu- 
tion of the microsomal system to ethanol oxidation 
is greater at high ethanol concentrations, but whether 
or not it is a factor for the observed increased meta- 
bolism and tolerance to ethanol after ethanol inges- 
tion is still a matter of controversy. A very significant 
aspect of ethanol oxidation by the microsomes is that 
it influences the microsomal metabolism of a number 
of drugs. Inhibition of drug metabolism results from 
direct interference by ethanol. while acceleration of 
drug metabolism is due to induction of microsomal 
enzymes by ethanol and becomes apparent after dis- 
continuation of its ingestion. Since alcoholic patients 
are frequently given tranquilizer drugs for treatment of 
their alcoholism, and in addition, receive drugs for 
the treatment of other diseases, the effects of ethanol 
on drug metabolism have obvious implications. Some 
drugs. in turn, have been shown to inhibit or acceler- 
ate ethanol metabolism. Inhibition of ethanol meta- 
bolism caused by drugs is usually due to their inhibi- 
tion of alcohol dehydrogenase activity. On the other 
hand, the possible mechanisms for the acceleration 
of ethanol metabolism by drugs are varied and less 
well defined and include increases in the microsomal 
ethanol-oxidizing activity, in hepatic blood flow and 
liver weight and in the reoxidation of reducing equiv- 
alents. Further research on the effects of drugs on 
ethanol metabolism is bound to provide further 
knowledge of the pathogenesis of alcohol-associated 
metabolic changes and alcoholism and aid in the dis- 
covery of new therapeutic approaches. 
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Abstract—The interaction between tilorone hydrochloride and a variety of DNAs and synthetic poly- 
deoxynucleotides was investigated in order to delineate the nucleic acid structural features necessary 
for binding. The binding parameters (B,,, and K,,,) derived from the Scatchard plots of r/(u) vs 
r (determined by equilibrium dialysis experiments) show a very high specificity of tilorone binding 
to A-T rich DNAs; no specific binding Scatchard plot (cf. Fig. Id) of tilorone to poly(dG-dC):- 
poly(dG-dC) was observed. The K,p, value for poly(dG-dC)- poly(dG-dC) was less by a factor of 1077, 
compared with those for A-T containing DNAs. The number of binding sites (B,,,) is correlated linearly 
to the A-T content of the DNAs. The closest distance between bound tilorone molecules is four base 


pairs. 


The dihydro-chloride salt of 2,7-bis[2-(diethyl-amino) 
ethoxy ]-fluoren-9-one, referred to as tilorone hydro- 
chloride, or bis-DEAE-fluorenone (DEAE-F), is a 
broad-spectrum antiviral compound [1,2] with anti- 
tumor activity [3-5]. Tilorone hydrochloride has 
been shown by us to form a molecular complex with 
DNA [6]. On the basis of our hydrodynamic studies 
with the tilorone-DNA complex we proposed an in- 
tercalative mode of binding of tilorone to DNA[7]. 
This interaction inhibits the DNA template functions 
in DNA- and RNA-polymerase reactions in vitro [6]. 
Tilorone was also reported to inhibit the DNA poly- 
merase activity in RNA tumor viruses[8]. The latter 
inhibition was found to be selectively dependent on 
the chemical composition of the primer-template used 
in the viral enzyme reaction. 

The present paper describes some of the binding 
parameters of tilorone to DNA and synthetic poly- 
deoxynucleotides. The data obtained by equilibrium 
dialysis support our previous observations on thermal 
denaturation and enzymatic studies [7,9] that tilor- 
one specifically binds to dAT-sites of double-stranded 
DNA. 


MATERIALS AND METHODS 


Tilorone hydrochloride was a gift of Merrell 
National Laboratories, Cincinnati, Ohio, U.S.A. 
[9-'*C]Tilorone, sp. act. 5.5 x 10'* dis/min/mole was 
prepared by Dr. George Wright of the Merrell 
National Laboratories. *H-labelled ATP was ob- 
tained from NEN-Chemicals GmbH, Germany. Unla- 
belled ribonucleoside triphosphates were purchased 
from Boehringer Mannheim GmbH, Germany. 

Polydeoxyribonucleotides were obtained from Col- 
laborative Research, USA. Calf thymus DNA was 
isolated according to the method of Zamenhof [10]. 
Some samples were further purified by pronase diges- 
tion and phenol extraction. DNA from Mic. lysodeik- 
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ticus was isolated by the procedure of Thomas et al. 
[11]. 

Equilibrium dialysis. Equilibrium dialysis was car- 
ried out by a procedure and an apparatus (Dianorm, 
supplied by Dr. Virus KG, Bonn, Germany) described 
by Weder et al. [12]. Dialysing membrane (0.025 
mm thick) was sandwiched between two halves of a 
Teflon (round) macro-cell (dialysable volume = 1 ml). 
The DNA, or labelled tilorone solutions were intro- 
duced by separate micro syringes on either side of 
the membrane through the side valves. The valves 
were closed air tight and the macro-cells were fixed 
into a rotating machine. All equilibrium dialysis 
studies were carried out at 20°, and at 10 rotations/ 
min. Under these conditions equilibrium was attained 
in 4-5 hr. After the equilibrium was reached, 0.8 ml 
of the solution from either side of the membrane was 
withdrawn by microsyringes and the radioactivity was 
determined using dioxan scintillation fluid. Protein 
was estimated by the method of Lowry et al. [13], 
and DNA was estimated by the method of Burton 


[14]. 
RESULTS AND DISCUSSION 


Thermal denaturation studies performed on tilor- 
one and DNA complexes with several DNAs and 
synthetic poly(dA-dT):poly(dA-dT) have been re- 
ported earlier [7]. The AT,, of the complex was shown 
to be dependent on the AT content of DNA. Thus, 
at r = 0.21 (r designates the tilorone to DNA-P ratio), 
the complex between Mic. lys. DNA and tilorone has 
a AT,, of 11°, whereas, at the same drug ratio, the 
poly(dA-dT)- poly(dA-dT) complex shows a AT,, of 
29.6° [7]. 

The AT-specificity in the binding of tilorone to 
DNA was also observed in the quantitative equilib- 
rium binding measurements. The equilibrium binding 
data were plotted as r/(u) vs r, where r is the moles 
of bound tilorone divided by the DNA concentration 
in base pairs [15], and (u) is the concentration of 
unbound tilorone. From this plot, binding parameters 
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Fig. 1. Scatchard plots for the binding of tilorone hydrochloride to calf thymus DNA (la); Mic. lysodeik- 

ticus DNA (1b); poly(dA-dT): poly(dA-dT) (1c); and poly(dG-dC)-poly(dG-dC) (1d). Each different 

symbol corresponds to a separate experiment. Thus, each figure represents a set of 4 or 5 separate 

experiments. r is moles of bound tilorone/base pair concentration and (u) is the concentration of 
unbound tilorone. Further details are given in the text. 


were obtained appropriate to a model in which all 
DNA binding sites are considered to be independent 
of each other [16]. The equation from this model 
iS: 


r/(u) = Kapp (Bapp — 1), 
where K,,, and B,,,, are the apparent binding con- 


stant and number of binding sites per base pair, re- 
spectively; Kapp is the negative of the slope, and B,,, 


the ru) = 0 intercept of the linear region of the r/(u) 
vs r plot. 

The Scatchard plots for the binding of tilorone to 
calf thymus DNA (Fig. 1a), Mic. lys. DNA (Fig. 1b), 
poly(dA-dT)-poly(dA-dT) (Fig. 1c), and poly(dG- 
dC): poly(dG-dC) (Fig. 1d) are shown in Fig. 1. As 
follows from the Scatchard plots for natural DNAs, 
(Figs. la and 1b), the independent site model does 
not fit for DNA-ligand interaction; however, we 
employed the binding parameters of this model to 





Binding parameters of tilorone interaction with DNA 


Table 1. Binding constants for the interaction of tilorone 
hydrochloride with DNAs and _ synthetic  poly- 
deoxynucleotides 





Source of DNA Bapp 





A. Natural DNAs 
Calf thymus 0.16 

0.12 

0.066 


0.062 


Mic. lysodeikticus 


B. Synthetic polymers 
Poly(dA-dT)-poly(dA-dT) 1.02 x 10° 
1.04 x 10° 


6.9 x 10° 


0.25 
0.25 
Poly(dG-dC): poly(dG-dC) 





All experiments were carried out at 20° in 0.1 M Tris-HCl 
(pH 7.0). The binding parameters were derived from the 
Scatchard plots (Figs. la—1d); the experiments were carried 
out by equilibrium dialysis as described in Materials and 
Methods. K,.,,= apparent binding constant; B 
number of binding sites per base pair. 


app -” 


analyse the Scatchard plots. The binding parameters, 
K,yp and B,,, derived from the Scatchard plots (Fig. 
1, a-d) are presented in Table 1. This table summar- 
izes the results of several measurements. 

As seen in Table | the apparent binding constants 
for both the natural DNAs are of the same magni- 
tude, whereas the K,,,,, for poly(dA-dT): poly(dA-dT) 


is higher by a factor of two. The K,,,, value for 


poly(dG-dC)-poly(dG-dC) is less by a factor of 
10 ?, compared with those of natural DNAs and the 


synthetic polydeoxynucleotide poly(dA-dT). poly- 
(dA-dT). The data on the number of binding sites 
per base pair (B,,,,) for various DNAs show a strict 
correlation with the AT-content of the biopolymer. 
On the basis of the B,,,, data, the closest distance 
between bound tilorone molecules is four base pairs. 
The values shown in Table | give almost a linear 
curve (Fig. 2), showing a linear dependency of B,,,, 
on the AT content of DNAs. The value for poly(dG- 
dC): poly(dG-dC) has been extrapolated to zero (Fig. 
2), since the Scatchard plot (cf. Fig. 1d) does not indi- 
cate any specific binding of tilorone to this polymer. 

The AT-specificity of tilorone binding to DNA 
shown in the present experiments was also observed 
in the RNA-polymerase reaction catalyzed by calf 
thymus DNA, or poly(dA-dT)-poly(dA-dT) [9]. It 
was found that the template activity of poly(dA-dT)- 
poly(dA-dT) in the RNA-polymerase reaction is 
much more sensitive towards tilorone than that of 
calf thymus DNA. The tilorone concentration needed 
to inhibit the 50 per cent reaction were for the poly- 
(dA-dT)- poly(dA-dT)-dependent reaction 12 uM, and 
for the DNA-dependent reaction approx 50 uM [9]. 

Besides tilorone, some pyrrole—amidine antibiotics 
have recently been reported to exhibit A-T specificity 
in their interaction with DNA. Of these, distamycin 
[17,18] and netropsin [19] have been studied in 
detail. The binding parameters of netropsin to DNAs 
of various composition using different methods have 
been reported by Wartell et al. [19]. They concluded 
that the inability of G-C paired regions of DNA to 
bind netropsin was a consequence of the 2-amino 
group of guanine. Using the linear density-gradient 


Poly d(A-T) 








AT content, %o 


Fig. 2. A-T specificity of tilorone binding to DNAs. The 

B,pp Values were derived from the Scatchard plots of r/(u) 

vs r, as shown in Table 1. Experimental details are de- 
scribed under Materials and Methods. 


centrifugation method, we have been able to show 
that labelled tilorone binds quite efficiently to poly- 
(dI-dC): poly(dI-dC). The quantitative evaluation of 
this binding by the equilibrium dialysis method is un- 
der investigation. If the K,,, value of this binding 
turns out to be of the same magnitude as for AT-po- 
lymers, one might draw similar conclusions, that the 
inability of G-C pairs of DNA to bind tilorone is 
a consequence of the 2-amino group of guanine. Preli- 
minary experiments using the density-gradient 
method show that tilorone binds poorly to polydA- 
polydT; however more experiments are needed to 
draw any conclusions about the role of conformation 
in tilorone binding. 

In a previous publication [9] we reported the ther- 
mal transition temperatures of DNA complexed to 
tilorone, and a series of tilorone congeners. These 
studies indicated that tilorone interaction with DNA 
is dependent on some structural entities of tilorone. 
Of particular interest are the facts that side chains 
at both ends, i.e. C-2 and C-7 are necessary [9], and 
the substitution of the keto group by an alcoholic 
group, i.e. the fluorenol derivative, leads to an appre- 
ciable loss of its binding efficiency to DNA (manu- 
script in preparation). The tilorone congeners with 
side-chain modifications, or other substitutions such 
as dibenzofuran, fluorene, and dibenzothiophene 
[5,9] exhibit an A-T specificity similar to tilorone, 
as observed in the RNA- and DNA-polymerase reac- 
tions catalyzed by DNA and synthetic polymers (un- 
published results). 

The capacity of a nucleic acid to bind actinomycin 
is a sensitive indicator of polynucleotide configur- 
ation. Earlier studies have shown [20-23] that actino- 
mycin D binds specifically to helical DNA at G-C 
pairs, causing structural distortion. The availability 
of a probe with complimentary specificities, such as 
tilorone, may permit dual binding studies to investi- 
gate the transmission of conformational stability [24]. 
One such study has recently been reported by Burd 
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et al. [24] using the probes actinomycin D and 
netropsin, with complimentary specificities. 
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Abstract 


Alpha blocking drugs competitively inhibited AChE in rat blood cells and brain homogenates 


but beta receptor blocking compounds were ineffective up to a concentration of 10°* M. The alpha 
blocking activity of the drugs does not correlate with their AChE inhibitory effect. Two compounds 
structurally similar to the sympathetic alpha blocking drugs but without any blocking effect on the 
receptors inhibited AChE non-competitively. Only some of the sympathomimetic agents inhibited 
AChE. A few of the compounds tested also influenced serum ChE activity but their ability to inhibit 


AChE and ChE was not parallel. 


Some of the alpha blocking agents have been reported 
to inhibit cholinesterase (pChE; EC 3.1.1.8., acylcho- 
line acylhydrolase) and acetylcholinesterase (AChE; 
EC 3.1.1.7., acetylcholine acetylhydrolase) activity 
[1, 2,3]. Boyd et al. [4] demonstrated that yohimbine 
and piperoxane had the same effect. The kinetics of 
AChE inhibition produced by dibenamine and 
phenoxybenzamine have been investigated by Beddoe 
and Smith [5]. They demonstrated two different types 
of inhibition: (1) an alkylating reaction at about pH 
9; (2) another mechanism at neutral pH ranges. The 
inhibitory effect of epinephrine and norepinephrine 
on AChE has also been reported [6]. 

The pChE inhibiting effect of some beta blocking 
drugs has been published recently [7]. However, no 
comparative study is known on the effect of different 
alpha and beta blockers and sympathomimetics on 
AChE and pChE activity at physiological pH ranges. 


MATERIALS AND METHODS 


Rat red blood cells (0.2 ml/tube), serum (0.1 ml 
tube) and brain homogenate were used as enzyme 
source. The whole brain was removed and homo- 
genised in distilled water (20°. w/v) in a Potter 
homogeniser and diluted for the assay to 3.3 g wet 
wt/l. Butytrylcholine iodide was used as a substrate 
for pChE and acetyl-f-methyl-choline chloride for 
AChE determination. The enzyme activity was 
measured by a modified Hestrin method [8,9]. 

The following compounds were tested: epinephrine 
(Tonogen, Richter), norepinephrine bitartrate (Richter), 
N-isopropyl-noradrenalin (Euspyran, Spofa), Syneph- 
rin tartrate (Sympathomim, EGYT),  /-phenyl- 
ephrine HCI (Sigma), ergotamine tartrate (Richter), 
ergometrine maleate (Richter), dihydroergotoxine 
(Redergam, Richter), methysergid (Deseril, Sandoz), 
phentolamine methanesulfonate (Regitine. Ciba), tola- 
zoline HCI (Ciba), phenoxybenzamine, dibenamine, 
propranolol (Inderal, I.C.1.); alprenolol (Aptin, 
Haessle), pronethalol (Alderlin, L-C.1.), LCI. 50172, 
pindolol (Visken, Richter), oxprenolol (Trasicor, 
Ciba). 


To evaluate the inhibitory effect of the compounds 
several dilutions were tested from the minimally effec- 
tive concentrations up to 10° * M. The dose-response 
curves were plotted on a semilogarithmic scale and 
the IDs, (the concentration of the inhibitor needed 
to produce 50 per cent inhibition of the enzyme) was 
determined by interpolation. The results were 
expressed in pIDso i.e. —log IDs, (M). Concentrations 
of epinephrine, phenylephrine and phenoxybenzamine 
higher. than 10°* M were also tested. Pindolol was 
used between 2 x 10°* and 10°° M. The kinetic 
analysis was performed by the method of Lineweaver 
and Burk [10]. 


RESULTS AND DISCUSSION 


pIDs, values are given in Table 1. The type of 
AChE inhibition was estimated with red blood cells. 
All of the alpha blocking agents tested in our exper- 
iments inhibited AChE and the type of inhibition 
proved to be competitive. Generally, the tested sub- 


‘stances gave similar pID;, values for both the red 


blood cell and brain homogenate enzymes. 

Some of the sympathomimetic agents also inhibited 
AChE, but neither isoproterenol nor Synephrin was 
effective and /-phenylephrine inhibited AChE activity 
only at high concentrations. 

A few of the tested drugs also influenced pChE ac- 
tivity, but their ability to inhibit AChE and pChE 
was not parallel. For instance, ergotamine proved to 
be a potent AChE inhibitor, but it was ineffective 
on pChE. The alpha blocking activity of the tested 
drugs does not correlate with their AChE inhibitory 
effect. 

None of the beta receptor blocking compounds 
tested inhibited AChE activity up to a concentration 
of 10°? M. 

Two compounds, structurally similar to the sym- 
pathetic alpha blocking drugs but without any block- 
ing effect on the receptors (ergometrine and methy- 
sergid) were also tested. They inhibited AChE, but 
the type of inhibition was non-competitive. 

The high concentrations of the drugs needed for 
the in vitro inhibition do not necessarily mean that 
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Table |. The effect of some sympathomimetic and sympatholytic agents on acetylcholinesterase and 
cholinesterase activity 





Red blood 


Type of 
inhibition 


cell AChE Brain AChE Serum pChE (red blood 


Inhibitors PIDs¢ 


PID <¢ 


PIDs, cell AChE) 





Epinephrine 
Norepinephrine 
N-Isopropyl- 
noradrenaline 
Synephrin 
!-Phenylephrine 


3.0 competitive 
0 


0 





Dibenamine 
Phenoxybenzamine 
Tolazoline 
Phentolamine 
Ergotamine 
Dihydroergotoxine 


competitive 
competitive 
competitive 
competitive 
competitive 
competitive 





Ergometrine 
Methysergid 


non-competittive 
non-competitive 





Propranolol 
Pronethalol 
Alprenolol 
Oxprenolol 
Pindolol 
1.C.1. 50172 





the doses of epinephrine or alpha blocking agents 
usually administered in vivo would inhibit acetylcho- 


linesterase. However, they might exert an additive 
effect on cholinesterase inhibitors. The use of these 
substances in the therapy of alkylphosphate poisoning 
therefore seems to be hazardous. 
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Abstract—The substrate and inhibitor specificity of IMP dehydrogenase from Sarcoma 180 ascites 
tumor cells has been studied with twenty purine nucleotide analogs. Several were found to be substrates 
with the following efficiencies (V,,,,/K,,): IMP (4000), 8-azaIMP (1360), 6-thioIMP (250), araIMP (250) 


maw 


and dIMP (240). While substrate activity was not detected with the 5’-phosphates of 6-methylmercapto- 
purine riboside or 1-ribosylallopurinol (rates less than 1/10,000th that of IMP), they were competitive 
inhibitors with respect to IMP (both with K; values of 0.43 mM). Seven XMP analogs and six GMP 
analogs were also found to be competitive inhibitors with respect to IMP. Methods for the synthesis 
of the 5’-phosphates of arabinosylhypoxanthine, arabinosylxanthine, arabinosylguanine and 2’-deoxy- 


xanthosine are described. 


IMP dehydrogenase* (IMP:NAD oxidoreductase, 
EC 1.2.1.14) catalyzes the NAD*-dependent oxi- 
dation of IMP to XMP. This enzymatic reaction can 
be considered to be the first enzymatic step unique 
to the biosynthetic pathway for the de novo synthesis 
of guanine nucleotides. 

Many poiential nucleotide substrates and inhibitors 
of IMP dehydrogenase are produced from pharmaco- 
logically active analogs of purine bases and nucleo- 
sides in vivo. Therefore, a knowledge of the substrate 
and inhibitor specificity of this enzyme would be use- 
ful in evaluating the mechanism of pharmacological 
activity of these compounds. Although studies on the 
substrate specificity of the enzyme from Aerobacter 
aerogenes have been reported [2-4], little is known 
about the substrate specificity of the mammalian 
enzyme. Other than IMP, only dIMP has _ been 
reported to be a substrate for this enzyme [5]. The 
enzyme from both mammalian [6,7] and bacterial 
sources [8-10] is inhibited by XMP and GMP. It 





*Abbreviations used: IMP dehydrogenase, IMP: NAD 
oxidoreductase (EC 1.2.1.14); AMP deaminase, AMP 
aminohydrolase (EC 3.5.4.6); lactate dehydrogenase, L-lac- 
tate: NAD oxidoreductase (EC 1.1.1.27); hypoxanthine 
guanine PRTase, IMP:pyrophosphate phosphoribosyl- 
transferase (EC 2.4.2.8); hypoxanthine PRTase from E. coli 
[1]; xanthine oxidase, xanthine:O, oxidoreductase (EC 
1.2.3.2); PP-ribose-P, 5-phosphorylribose 1-pyrophos- 
phate; allopurinol, 4-hydroxypyrazolo(3,4-d)pyrimidine; 
oxipurinol, 4,6-dihydroxypyrazolo(3,4-d)pyrimidine; 1-Alo- 
5'-P, 1-ribosylallopurinol-5’-phosphate; 1-Oxi-5'-P, 1-ribo- 
syloxipurinol-5’-phosphate; 7-Oxi-5'-P, 7-ribosyloxipurinol- 
5'-phosphate; 6-NH,-1-Alo-5S’-P, _1-ribosyl-4-hydroxy-6- 
aminopyrazolo(3,4-d)pyrimidine-5’-phosphate; 6-MeMPR, 
6-methylmercaptopurine riboside; 6-MeMPR-S’-P, 6-meth- 
ylmercaptopurine riboside-5S’-phosphate; araDAP, 2,6-di- 
aminopurine arabinoside; araDAP-S5'-P, 2,6-diaminopurine 
arabinoside-5'-phosphate; araH, arabinosylhypoxanthine; 
araIMP, hypoxanthine arabinoside-S’-phosphate; araA, 
arabinosyladenine; araAMP, adenine arabinoside-5’-phos- 
phate; araG, arabinosylguanine; araGMP, guanine ara- 
binoside-5’-phosphate; araXMP, xanthine arabinoside-S’- 
phosphate. ; 


has been suggested that this inhibition is involved in 
the regulation of this enzyme in vivo [6-10]. The pur- 
pose of the present study was to extend the know- 
ledge of the specificity of the enzyme from Sarcoma 
180 ascites cells originally studied by Anderson and 
Sartorelli [5, 6, 11]. 


MATERIALS AND METHODS 


Materials. Sarcoma 180 ascites tumor cells were a 
gift from Dr. Alan C. Sartorelli at the Department 
of Pharmacology, Yale University School of Medi- 
cine, New Haven, Connecticut, 06510. The sodium 
salt of dIMP, dGMP, TTP, the lithium salt of 
8-azaGMP, the barium salt of 6-thioIMP [converted 
to the sodium salt on a Dowex 50 X-8 (sodium) 
column prior to use], NAD* and NADH were pur- 
chased from P-L Biochemicals; the ammonium salt 
of araAMP was obtained from Terra Marine Biore- 
search; IMP-8-['*C] and ultra-pure Tris were pur- 
chased from Schwarz Mann; and rabbit muscle AMP 
deaminase was purchased from Sigma Chemical Co. 
AraDAP-S'-P was synthesized in these laboratories 
by Dr. Janet Rideout according to the procedure of 
Yoshikawa et al. [12]. 6-ThioGMP, 6-thioXMP, 
8-azaXMP, 1-Oxi-5’-P, 7-Oxi-5’-P, 1-Alo-5’-P and 
6-NH,-1-Alo-5’-P were synthesized and_ purified 
according to previously published procedures 
[13,14]. All nucleotides were shown to be >98% 
chemically and/or radiochemically pure as deter- 
mined by high pressure liquid chromatography [15]. 


Spectrophotometric enzyme assays 

IMP. dehydrogenase. This activity was determined 
by the method of Anderson and Sartorelli [6] using 
duplicate 250 yl reaction mixtures in l-cm pathlength 
black-masked quartz micro cuvettes (Hellma Cells, 
Inc., Forest Hills, N.Y.) in a thermostated Guilford 
Model 240 spectrophotometer at 37° using a full-scale 
recorder deflection of 0.1 absorbance unit. Reaction 
mixtures contained 100 mM Tris—Cl, pH 8.0; 100 mM 
KCl; 0.28 mM NAD*; IMP or analog nucleotide 
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Table |. Interactions of inosinate analogs with IMP dehydrogenase 





K * 


Inosinate analog (mM) 





IMP 

8-AzaIMP 

6-ThioIMP 

AraIMP 

dIMP 

6-MeM PR-S’-P 
: 1-Alo-5’-P 


0.025+ 
0.042 
0.032 
0.14 
0.287 


57 
0.020 8 
35 
64 
<0.01f 
<0.003** 


0.43 
0.43 





* Determined using five concentrations of inosinate analog. See Materials and 
Methods section for concentration ranges used. When analyzed by high pressure liquid 
chromatography [15] under conditions where all other reaction components were 
clearly separated, co-chromatography of the oxidized nucleotide product with authen- 
tic compound served to verify the formation of product. 

+ Data confirming that previously reported [18]. The K,, value for IMP as deter- 
mined by the radiochemical assay was 0.046 + 0.005 mM (7 determinations). 

t Lower limit of detectability observed at 18.5 mM 6-MeMPR-S’-P as analyzed 


by high pressure liquid chromatography. 


** Tower limit of detectability observed at 3.1 mM 1-Alo-5’-P-6-['*C]. 


substrate; and 50-200 yg of protein. Reactions were 
initiated by the addition of pre-warmed enzyme and 
. the formation of NADH was monitored at 340 nm 
(Ae = 6.22 mM“! cm‘ '). Reaction velocities in con- 
trol reactions were typically determined from absor- 
bance changes of 0.03 unit for the lowest IMP con- 
centration used and 0.08 unit for the highest IMP 
concentration used. Due to the interfering absorbance 
of 6-thioIMP at 340 nm, the formation of NADH 
with this substrate was measured at 360 nm 
(Ae = 5.27 mM“! cm‘ '). In reaction mixtures con- 
taining IMP, the formation of XMP was also moni- 
tored at 290 nm (Ae = 5.40 mM“! cm“ '). The initial 
absorbance of the reaction mixture at 290 nm was 
0.8 absorbance unit for the highest concentration of 
IMP utilized. The following concentrations of the 
purine nucleoside 5’-phosphate substrates were used 
in determining the K,, and V,,,, values: IMP, 0.02—2.3 
mM; &-azaIMP, 0.02-0.4 mM; 6-thioIMP, 0.03-2.8 
mM; araIMP, 0.16-3.5 mM; and dIMP, 0.19-9.6 
mM. 

NADH oxidase. To measure this activity, reaction 
mixtures for the IMP dehydrogenase spectrophoto- 
metric assay were used in which 0.1 mM NADH re- 
placed the IMP and NAD”. The oxidation of NADH 
was monitored as a decrease in absorbance at 340 
nm (Ae = 6.22 mM“! cm“). 


Radiochemical enzyme assays 


IMP dehydrogenase. Reaction conditions were 
identical to those described for the spectrophoto- 
metric assay using 125 pl reaction volumes containing 
IMP-8-['*C] (0.01-0.2 mM; sp. act. 2.7 Ci/mole) and 
5 pg of protein. NAD* was omitted from control 
reaction mixtures. Reaction mixtures were preincu- 
bated for 3 min at 37°. Reactions were initiated by 
the addition of enzyme (pre-warmed to 37). After 5 
min, reactions were terminated by immersion in a 
boiling water bath for 3 min and were subsequently 
stored on ice. Aliquots (25 il) were spotted on What- 
man.3MM paper in the presence of | yxmole of carrier 
IMP and XMP. The purine nucleotides were separ- 
ated by high voltage electrophoresis at 2000 volts for 
90 min in 50 mM potassium phosphate buffer, pH 


3 (M arp = 100, Mymp = 105, M mp = 129). IMP and 


-XMP were visualized with u.v. light, cut out, and 


counted by liquid scintillation as previously described 
[14]. 

With 1|-Alo-5’-P-6-['*C] as substrate, reaction mix- 
tures (100 sl) contained 100 mM Tris-Cl, pH 8.0; 
100 mM KF; 1.6 mM TTP; 0.28 mM NAD*; 3.1 
mM 1-Alo-5’-P-6-['*C] (3.0 Ci/mole) and 180 yg of 
protein. The reaction mixtures were incubated for 3 
hr at 37° and the reactions were terminated by im- 
mersion in a boiling water bath for 2 min. Aliquots 
(25 yl) were spotted on Whatman DE-81 paper pre- 
spotted with 0.1 mole 1-Alo-5’-P, 1-Oxi-5’-P, and 
allopurinol-1-ribonucleoside and chromatographed in 
a descending direction in 0.2 M ammonium formate, 
pH 5.0, for 3 hr [16] (R, values 0.39, 0.13, 0.60 re- 
spectively). Each spot was visualized with u.v. light, 
cut out, and counted by liquid scintillation. Values 
determined by this method were subsequently verified 
by high pressure liquid chromatography as previously 
described [15]. 

Protein determination. Protein concentrations were 
determined by the procedure of Lowry et al. [17] 
using human serum albumin as the standard. 

Enzyme purification. IMP dehydrogenase was puri- 
fied from Sarcoma 180 ascites cells by a modification 
of the method of Anderson and Sartorelli [6]. -The 
20-40°,, ammonium sulfate precipitate contained 
appreciable NADH oxidase activity which could be 
removed by further ammonium sulfate fractionation 
at 4°. The 20-40% ammonium sulfate precipitate was 
dissolved in 100 mM Tris-Cl, pH 8.0, and dialyzed 
for 16 hr at 4° against 400 vol of 10 mM Tris-Cl, 
pH 8.0. After adjusting the protein concentration of 
the dialysate to 9 mg/ml, solid ammonium sulfate 
(0.1287 g/ml) was added. The resulting suspension, 
after 30 min, was centrifuged and the precipitate was 
discarded. The supernatant was dialyzed for 16 hr 
at 4° against 400 vol of 10 mM Tris-Cl, pH 8.0. The 
additional ammonium sulfate fractionation and dialy- 
sis resulted in a decrease in the NADH oxidase rate 
from 30% to <1% of the IMP dehydrogenase rate 
with a 65°, recovery of the IMP dehydrogenase. This 
preparation had a specific activity of 1.5 milli- 
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units*/mg of protein which was similar to that of 
Anderson [18]. 


Preparation of nucleotides 

AraIMP was synthesized by the enzymatic dea- 
mination of araAMP using rabbit muscle AMP dea- 
minase. The reaction mixture (10 ml, 25 ) contained 
100 mM Tris-succinate, pH 5.9; 100 mM KCl: § mM 
f-mercaptoethanol; 69 mM araAMP and 55 units of 
AMP deaminase. After 3 hr, the reaction mixture was 
filtered (Millipore filter, 0.8 um) and applied to a 
water-equilibrated polyacrylamide BioRad  P-2 
column (2.5 x 90 cm). After elution with water, those 
fractions containing araIMP as determined by tlc. 
on PEI-cellulose in 2 M formic acid-0.5 M LiCl (1:1) 
(R, araIMP = 0.42: R, araAMP = 0.86) were lyophi- 
lized, dissolved in a minimum amount of water, and 
reapplied to the BioRad P-2 column. Eluted fractions 
containing araIMP were lyophilized. The white 
powder (approx 200 mg) was dissolved in water, 
applied to preparative Silica gel t.l.c. plates and chro- 
matographed overnight in n-propanol-methanol-am- 
monia—water (45:15:30:10) (R, araIMP = 0.48; R, 
araAMP = 0.60). The araIMP was extracted from the 
Silica gel with 225 ml of water. The extract volume 
was decreased to 10 ml by lyophilization, filtered, and 
applied to the BioRad P-2 column as described 
above. This BioRad P-2 column chromatography step 
was repeated. Lyophilization of the nucleotide con- 
taining fractions gave 170 mg of araIMP (71°, yield) 
which was shown to be >99°,, pure by high pressure 
liquid chromatography [15]. 

AraGMP was synthesized from araDAP-5’-P by 
the method used for araIMP except that the reac- 
tion mixture contained 8.6 mM araDAP-S’-P in place 
of araAMP. After 21 hr. the nucleotides in the reac- 
tion mixture were adsorbed to charcoal and sub- 
sequently were eluted with 25 ml of 10°, aqueous 
pyridine. The charcoal eluate was reduced to dryness 
at 30 under reduced pressure. The resulting powder 
was dissolved in 25 ml of water, filtered and lyophi- 
lized. The yellowish-white powder (30 mg, 96°,, yield) 
gave a single spot on cellulose t.l.c. in 5°,, Na, HPO, 
isoamylalcohol (2:1) (R, araGMP = 0.86; R, ara- 
DAP-5'-P = 0.55) and n-propanol-ammonia-water 
(7:3:1) (R, araGMP = 0.34; R, araDAP-S'-P = 0.45) 
and was shown to be >99°, pure by high pressure 
liquid chromatography. 

2'-DeoxyXMP was synthesized by oxidation of 
dIMP by the dehydrogenase fraction prior to the 





*One unit of IMP dehydrogenase is defined as the 
amount of enzyme which catalyzes the formation of | 
umole XMP/min under the conditions specified for the 
spectrophotometric assay. 

*+This compound, which was identical to the nucleoside 
product derived from the treatment of araXMP with 
5'-nucleotidase. had the same u.v. spectra as xanthosine 
at both pH | and pH 11. Cellulose t.l.c. in 334 mM Tris 
borate. pH 8.6. showed it to have an R, (0.80) identical 
to that of deoxyxanthosine but different from that of xan- 
thosine (0.92) while in n-propanol-water (7:3) it had the 
same R, (0.31) as deoxyxanthosine and xanthosine. 

One unit of hypoxanthine PRTase is defined as the 
amount of enzyme that catalyzes the formation of | yxmole 
IMP min at pH 9.25 and 37 [21]. 
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second ammonium sulfate fractionation (see Enzyme 
Purification). The reaction mixture (20 ml, 30°) con- 
tained 25 mM Tris-Cl, pH 8.0; 100 mM KCI; 0.4 
mM NAD*; 15 mM pyruvic acid; 10 mM dIMP; 
15 pg lactate dehydrogenase; and 35 milliunits of 
IMP dehydrogenase. After 4 days, the reaction mix- 
ture was filtered and lyophilized. The lyophilized 
powder was dissolved in a minimum amount of water 
and applied to a water-equilibrated BioRad P-2 
column (2.5 x 90 cm). Eluate fractions containing 
u.v.-absorbing material were pooled, applied to a 
DEAE A-25 Sephadex column and chromatographed 
by the method of Ca!dwell [19] using a pH 4.7 tri- 
ethylammonium acetate buffer. Fractions containing 
dXMP were pooled, lyophilized. dissolved in a mini- 
mum amount of water and reapplied to the water- 
equilibrated BioRad P-2 column. The fractions con- 
taining dXMP were combined, the volume reduced 
by lyophilization and the resulting solution was 
applied to cellulose t.l.c. plates. The plates were devel- 
oped in n-propanol-water (7:3), air dried, and re- 
developed in the same solvent. The dXMP was 
extracted from the cellulose with 30 ml of cold water. 
The extract was filtered and lyophilized. The resulting 
white powder (3.3 mg, 4°,, yield) when dissolved in 
water eluted as a single symmetrical peak of >98°,, 
purity when analyzed by high pressure liquid chroma- 
tography. 

AraXMP was synthesized from araIMP by the 
same method used for dXMP except that an ad- 
ditional 25 milliunits of IMP dehydrogenase were 
added after 24 and after 72 hr. Instead of applying 
the reduced volume eluate from the second BioRad 
P-2 column to cellulose t.l.c. plates, it was reapplied 
to the water-equilibrated BioRad P-2 column. Frac- 
tions containing araXMP (1°, yield) were shown to 
be >93°,, pure and to contain approx 6°,, arabinosyl- 
xanthinet when analyzed by high pressure liquid 
chromatography. 

8-AzaIMP was synthesized by an enzyme catalyzed 
condensation of 8-azahypoxanthine and PP-ribose-P. 
The hypoxanthine PRTase (sp. act. 0.26 unitst/mg of 
protein) was prepared by G-100 Sephadex chroma- 
tography [1] of an extract of E. coli B-96 grown as 
previously described [20]. The reaction mixture (100 
ml. 37 ) contained 50 mM potassium phosphate, pH 
6.8; 5.8 mM _ 8-azahypoxanthine; 6 mM Mg,PP- 
ribose-P; and 3.6 units of hypoxanthine PRTase. Ad- 
ditional Mg,PP-ribose-P (0.15 m-moles) was added at 
3, 23 and 27 hr. Additional enzyme (1.8 units) was 
added at 23 and 27 hr. After 48 hr the reaction mix- 
ture was concentrated to 4 ml under reduced pressure 
at 40 . The concentrated reaction mixture was filtered 
and applied to a BioRad P-2 column (2.5 x 90 cm) 
equilibrated with water. Eluate fractions containing 
the nucleotide product were lyophilized. The result- 
ing powder was suspended in 8 ml of water and fil- 
tered. The compound was absorbed to charcoal and 
was eluted with 4 ml of ammonia-ethanol-water 
(1:5:4). The volume of the eluate was reduced. 
applied to a cellulose t.l.c. plate and chromatographed 
in t-amyl alcohol-formic. acid—water (3:2:1) (R, of 
8-azaIMP 0.32). The 8-azaIMP was extracted from 
the cellulose with 10 ml of water. After lyophilization, 
12 mg of 8-azaIMP (6°,, yield) was obtained which 
was shown to be >99°,, pure by high pressure liquid 
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chromatography and to have a_base—ribose-phos- 
phate ratio of 1.0:1.0:1.1. 

1-Alo-5’-P-6-['*C] was synthesized from allopur- 
inol-6-['*C] using the human erythrocyte hypoxan- 
thine-guanine PRTase preparation described by 
Krenitsky et al. [22]. The nucleotide product was 
purified by chromatography on BioRad AG 1-X8 
(chloride) with a linear gradient of 0-1 M_ LiCl 
and adsorption to and elution from charcoal with 
ammonia-—ethanol- water (1:5:4). After removal of the 
ammonia and ethanol under reduced pressure, the 
|-Alo-5’-P-6-['*C] (3.0 Ci/mole. 43°,, yield) chroma- 
tographed as a single symmetrical u.v. absorbing peak 
and was found to be >97°,, radiochemically pure 
when analyzed by high pressure liquid chroma- 
tography. 


RESULTS 


Contaminating enzyme activities. In the measure- 
ment of the IMP dehydrogenase activity, the 290 nm 
and 340 nm spectrophotometric assays and the 
radioactive assay were found to agree within 5°,. The 
agreement of the 290 nm and the 340 nm assays indi- 
cated that for each mole of IMP oxidized, one mole 
of NAD* was reduced by the final enzyme prep- 
aration. The direct NADH oxidase assay demon- 
strated that this activity was <1°,, of that of the IMP 
dehydrogenase. In the radiochemical assays no detect- 
able '*C-containing compounds’ other — than 
['*C]IMP and ['*C]XMP were observed after elec- 
trophoretic separation of reaction mixtures indicating 
that the phosphatase activity of this preparation was 
<2°,, that of the IMP dehydrogenase. Only after pro- 
longed incubation was this phosphatase activity evi- 
dent-and it could be inhibited by the substitution of 
KF for KCI and the inclusion of TTP in these reac- 
tions. Under these conditions the IMP dehydrogenase 
rate was inhibited by 15°, relative to the standard 
conditions (see Materials and Methods). 

Substrate specificity. Kinetic parameters (calculated 
using the computer program of Cleland [23]) for the 
various purine and purine analog nucleotides are 
presented in Table 1. The K,, and | values were 
derived from the data obtained by the spectral assay 
at 340 nm (360 nm for 6-thioIMP) except for 
1-Alo-5'-P which were obtained using a radiochemical 
assay. Of the compounds tested as substrates, the 
naturally occurring nucleotide IMP was found to 
have the highest maximal velocity (Figure 1). Replace- 
ment of the oxo group in the 6 position of IMP with 
a thio group caused no appreciable change in the 
K,,, value, but did cause a decrease of >90°, in the 
reaction rate. Oxidation of 6-MeMPR-S’-P was not 


mar 


detectable. Alterations in the imidazole portion of 


IMP did cause changes in substrate activity. Relative 
to IMP, the triazolo(4,5-d)pyrimidine nucleotide, 
8-azaIMP, had an increased K,, value and reacted 
at 57°, the rate of IMP (Figure 1). The corresponding 
pyrazolo(3,4-d)pyrimidine nucleotide, —_1-Alo-S’-P, 
although bound to the enzyme was not oxidized at 





“Contained 6°,, arabinosylxanthine (see Materials and 
Methods). In a separate experiment the rate of IMP oxi- 
dation (0.04 mM IMP) was unaffected by 0.2 mM arabino- 
sylxanthine. 
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Fig. 1. Product synthesis as a function of IMP and 

8-azaIMP concentration. Velocities are expressed as 
nmoles of product formed/min/ml enzyme. 


a measurable rate. Changes in the 2’-position of the 
ribose moiety of IMP, (ic. dIMP and aralIMP) 
resulted in decreased reaction velocities and increased 
K,, Values relative to IMP. 

Inhibitor specificity. The K; values (Table 2, calcu- 
lated using the computer program of Cleland [23]} 
were obtained using the radiochemical assay with 
IMP-8-['*C] as the variable substrate. The XMP and 
GMP analogs of those compounds tested as sub- 
strates were investigated as inhibitors of IMP de- 
hydrogenase. All of the inhibitors tested appeared to 
be competitive with respect to IMP. XMP and GMP 
had K; values of 0.6 mM and 0.3 mM respectively. 
Unlike 6-thioGMP [24], 6-thioXMP exhibited non- 
progressive inhibition with a K; value 3-fold lower 
than that of XMP. When used as an alternate-sub- 
strate inhibitor, 6-thioIMP, as previously reported 
[18]. was also shown to be a non-progressive com- 
petitive inhibitor with a K; value approximately equal 
to its K,, value. Methylation of the thio group of 
6-thioIMP caused a 20-fold decrease in binding rela- 
tive to 6-thioIMP (Figure 2). Although not a sub- 
strate, 1-Alo-5’-P inhibited the reaction with a K; 
value of the same order of magnitude as that of XMP 
and GMP. This is in agreement with the recent report 
that 1-Alo-5’-P inhibits the human IMP dehydrogen- 
ase [7]. 

The pyrazolo(3.4-d)pyrimidine nucleotide analogs 
were bound less tightly than the corresponding purine 
nucleotides while the 8-azapurine nucleotide analogs 
were bound more tightly. DeoxyXMP was a better 
inhibitor than araXMP* whereas the converse was 
observed with the guanine nucleotides (i.e.. araGMP 
bound more tightly than dGMP). 


DISCUSSION 


A number of IMP analogs were found to serve as 
substrates for IMP dehydrogenase. By using the value 
Viwu/K,, (Table i) as a measure of the substrate effi- 
ciency [14] of the various IMP analogs the following 
order of substrate activity was obtained, IMP > 8- 
azaIMP > araIMP = dIMP = 6-thioIMP. 
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Table 2. Interactions of xanthylate and guanylate analogs with IMP dehydrogenase 





K 


Xanthylate analog (mM) 


Guanylate analog 


K; 
(mM) 





XMP 0.60* 
8-AzaXMP 

6-ThioXMP 

AraXMP 


GMP 
&-AzaGMP 
6-ThioGMP 
AraGMP 

dGMP 
6-NH,-1-Alo-5'-P 


0.30* 
0.18* 
Prog. Inhib.** 
0.20 
25" 


0.49 





* Data confirming that previously reported [18]. 
+ Confirmed in an experiment in which the conditions and results were identical to those 


previously published by Miech et al. [24]. 


8-AzaIMP, a metabolic product reported in H.Ep. 
No. 2 cells treated with either 8-azainosine [25] or 
8-azaadenosine [26], was found to have a substrate 
efficiency of 1/3 that of IMP suggesting that the in 
vivo formation of 8-azaXMP is possible. This infer- 
ence is further supported by the findings of Montgo- 
mery that 8-azaIMP is metabolized to 8-azaGMP in 
H.Ep. No. 2 cells [27]. Although a metabolite of 
8-azaguanine has been reported to cause a 70°, de- 
crease in the metabolic conversion of IMP to XMP 
[28], the significance of the possible inhibition of 
IMP dehydrogenase in vivo by either 8-azaXMP 
and/or 8-azaGMP must await the quantitative deter- 
mination of the intracellular concentrations of these 
compounds relative to the concentration of IMP. 

Low concentrations (0.001-5 pM) of 1-Alo-5’-P. 
1-Oxi-S’-P, and 7-Oxi-5’-P have been reported in vivo 
in rats after high doses of allopurinol [29], a potent 
inhibitor of xanthine oxidase. The inability to detect 
any IMP dehydrogenase mediated formation of |-Oxi- 
5'-P (Table 1) makes it unlikely that the 1-Oxi-5’-P 
found in vivo is formed by this route. The low concen- 
trations of 1-Alo-5’-P, 1-Oxi-5’-P and 7-Oxi-5S’-P 
attained in vivo, the reported absence of any detect- 
able amount of 6-NH,-1-Alo-5’-P [29], and the kin- 
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Fig. 2. 6-MeMPR-S’-P inhibition of IMP dehydrogenase- 
mediated oxidation of IMP. Velocities are expressed as 
nmoles of XMP formed/min/ml of enzyme. (x ~—x- x) 
No inhibitor, (O-O-O) 0.088 mM _  6-MeMPR-S’-P, 
(@-@-@) 0.44 mM 6-MPR-S’-P. 


etic parameters of the enzyme (Tables | and 2), make 
it unlikely that inhibition of IMP dehydrogenase by 
these nucleotide products of allopurinol would be of 
significance. 

Several mononucleotides are derived from 6-mer- 
captopurine in vivo: 6-thioIMP [30,31], 6-thioXMP 
[ 15, 31, 32], 6-thioGMP [15, 31], and 6-MeMPR-S’-P 
[31,33]. The observation that 6-thioXMP is formed 
after treatment with 6-mercaptopurine suggests that 
6-thioIMP acts as a substrate for IMP dehydrogenase 
in vivo. The data in Table | shows that 6-thioJMP 
has a substrate efficiency of 1/16th that of the natural 
substrate, IMP. The velocity observed, 8°,, that of 
IMP, agrees with that previously reported for the 
enzyme from A. aerogenes [2]. The enzymes from A. 
aerogenes [2] and from Sarcoma 180 ascites cells [18] 
have been reported to be inhibited progressively by 
6-thioGMP while 6-thioIMP has been shown to give 
normal competitive inhibition kinetics. This raises the 
question as to whether 6-thioXMP, which accumu- 
lates after 6-mercaptopurine administration, might 
also, like 6-thioGMP, be a progressive inhibitor. In 
the present study 6-thioXMP did inhibit IMP de- 
hydrogenase but gave non-progressive competitive 
kinetics with a K,; 3-fold lower than that of XMP. 

Intracellular concentrations of 6-MeMPR-S’-P as 
high as 2 mM have been observed in vivo after 
administration of 6-MeMPR_ [34]. The present 
studies show 6-MeMPR-S’-P to be an inhibitor of 
IMP dehydrogenase with a K; value of 0.43 mM 
(Figure 2). In studies involving the mode of action 
of 6-MeMPR, Shantz et al. [35] have suggested that 
while 6-MeMPR-S’-P appears to be an inhibitor of 
the IMP dehydrogenase from Ehrlich ascites cells this 
inhibition is probably of minor significance in vivo. 
This is supported by the findings of Hill and Bennett 
[36] that the first enzyme of de novo purine biosyn- 
thesis, PP-ribose-P amidotransferase, is inhibited by 
6-MeMPR-S’-P with a K; value of 9 x 10°” M. 

Brink and LePage [37] reported that araH might 
be metabolized to both araA and araG nucleotides 
in livers of BAF, mice. They suggested that the araG 
nucleotides could be formed from araIMP by oxi- 
dation to araXMP and subsequent amination to 
araGMP. The present study shows that araIMP is 
indeed a substrate for IMP dehydrogenase with a 
substrate efficiency of 1/16th that of IMP. 

The substrate efficiencies reported here for the oxi- 
dation of IMP analogs are useful, when considered 
in conjunction with the efficiency values reported for 
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the amination of XMP analogs [14, 38], in explaining 
many of the earlier metabolic investigations with ana- 
logs of hypoxanthine and inosine. 
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Abstract 


LS5178Y cells in culture have a requirement for L-methionine which cannot be satisfied by 


supplying the components necessary for de novo biosynthesis [1]. Methionine deprivation produced 
a rapid and progressive loss of cell viability (30°,, by 6 hr: 90°,, by 24hr). Cells which remained viable 
after being deprived of methionine could be rescued by L-methionine supplementation. 

L5178Y cells in culture were also highly sensitive to the folate antagonist, methotrexate. Exposure 
to a concentration of 10°° M for 6hr resulted in a 95-97°,, loss of viability. However, if cells were 
deprived of methionine for 6 hr before exposure to methotrexate, the methotrexate effect was reduced. 
The cell-killing effect of methotrexate was blocked by longer intervals of methionine deprivation. If 
the deprived cells were resupplied with the amino acid, the effect of methotrexate was still reduced 
for at least 12 hr following the methionine resupplementation. 


While studying the requirements of L5178Y cells in 
culture for 5-methyltetrahydrofolate, we made the 
observation that these cells had an absolute require- 
ment for preformed L-methionine which could not be 
circumvented by supplying 5-methyltetrahydrofolate, 
DL-homocysteine, vitamin B, >, and transcobalamin II, 
components necessary for the de novo biosynthesis of 


methionine [1]. Although this finding was in contrast 
to the earlier work of Mangum et al. [2] which 
showed that the methionine requirement of HeLa and 
HEp-2 cells in culture could be satisfied by homocys- 
teine and vitamin B,>, recent work by Halpern et 
al. [3] and Ashe et al. [4] demonstrated that J111, 
L1210, and Walker 256 cells in culture also had an 
absolute requirement for preformed L-methionine. 

The present investigation was designed to study the 
effect of methionine deprivation on cell viability, as 
well as to determine the effect of such a deprivation 
on methotrexate cell kill. This paper presents the 
results of these investigations, a preliminary report 
of which has already been published [5]. 


MATERIALS AND METHODS 


Fischer’s medium (10 x concentrate) [6], Fischer’s 
medium lacking L-methionine (10 x concentrate), and 
horse serum were purchased from the Grand Island 
Biological Company, Grand Island, New York. 
L-methionine, methotrexate (amethopterin: 2,4-dia- 
mino-10-methyl-pteroylglutamic acid), and Noble 
agar were purchased from Schwarz-Mann, Orange- 
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burg, New York, Lederle Laboratories, Pear] River, 
New York, and Difco, Detroit, Michigan, respectively. 

Both types of Fischer’s medium were diluted, and 
the horse serum dialyzed as previously described [1]. 
Solutions of L-methionine and of methotrexate were 
prepared in resin-distilled water and sterile filtered 
through 0.22 um Swinnex (Millipore) filters before 
use. LS5178Y stocks were passaged in complete 
Fisher’s medium, 10°,, with respect to non-dialyzed 
horse serum. For experimental purposes, cells in the 
logarithmic stage of growth were harvested, washed 
twice with methionine-free Fischer’s medium, 10°, 
with respect to dialyzed horse serum, and resus- 
pended in the same medium. The final cell density 
varied according to the requirements of the exper- 
iment. After being dispensed into 15-ml sterile culture 
tubes, 5 ml per tube, the cells were placed in a 37 
warm room and L-methionine and/or methotrexate 
added as the experiment required. At designated 
times, duplicate tubes were removed from the warm 
room, the cell clumps disrupted by pipetting, and the 
cell count taken with a Model B Coulter Counter 
(Coulter Electronics, Hialeah, Florida). The duplicate 
cell counts, which agreed within 10°,, were averaged, 
and the means used to plot the cell growth patterns. 
In order to determine viability, cells were counted, 
washed twice with complete Fischer’s medium, 10°, 
with respect to non-dialyzed horse serum, recounted, 
diluted to the proper density with complete Fischer's 
medium, 15°, with respect to nondialyzed horse 
serum, and implanted in soft agar according to the 
procedure of Chu and Fischer [7]. 


RESULTS 


Previous work from this laboratory demonstrated 
that LS178Y cells suspended in Fischer's medium 
(10°, with respect to dialyzed horse serum) containing 
an optimal concentration of either folic acid, or a 
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reduced folate form, but no methionine, did not in- 
crease in number during the first 24 hr of the exper- 
iment, and underwent a progressive loss of cell 
number during the subsequent 48 hr period. Since the 
decrease in cell number in the absence of methionine 
indicated cell lysis, experiments were designed to 
determine when cell death began to occur. 

The problem was approached by resuspending 
L5178Y cells harvested while in the logarithmic stage 
of growth in methionine-free Fischer’s medium (10°, 
with respect to dialyzed horse serum), and supple- 
menting the medium with sterile L-methionine 
(100 mg/! final concentration). The results are shown 
in Fig. 1. In the absence of methionine, there was 
a progressive decrease in cell number after 18 hr. Cells 
supplemented with L-methionine at zero time under- 
went 6 divisions, with an average division time of 
12 hr. Cells supplemented with L-methionine after 
12 hr of methionine deprivation immediately entered 
a 12-hr division cycle. Supplementation at 18 hr 
appeared to ‘rescue’ the cells, and permit a slow 
resumption of normal growth, i.e., the first cell doub- 
ling required 28hr and the second 18hr, before a 
12 hr division time was again evident. L-Methionine 
at 24hr only stabilized the cell number, inasmuch as 
no substantial increase or decrease was evident during 
the remainder of the experiment. Later additions of 
L-methionine (30 hr: not shown; 36 hr: shown) failed 
to prevent cell loss. 

Although these data indicated that methionine 
deprivation for 24 hr was lethal to L5178Y cells, they 
did not show whether there was cell death prior to 
24hr. To answer this, cells were deprived of L-meth- 


ionine and cell viability determined every 6 hr by soft 
agar cloning. The results are shown in Fig. 2. Also 
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Fig. |. Growth of LS187Y cells in methionine-free and 
methionine-supplemented medium. L5178Y cells were har- 
vested. washed, and resuspended in methionine-free 
Fischer’s medium containing 10°, dialyzed horse serum. 
Cells received L-methionine (100 mg/l) at the times indi- 
cated by the arrows. Increase or decrease in cell number 
was measured for 96hr: cells in methionine-free medium 
(e ; cells supplemented with L-methionine at 0 time 
(O ; cells supplemented with L-methionine at 12 hr 
(O ; cells supplemented with L-methionine at 18 hr 
a) ; cells supplemented’ with L-methionine at 24 hr 
(A A); cells supplemented’ with L-methionine at 36 hr 
(A A). 
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Fig. 2. Cell-growth and cell viability in methionine-free and 
methionine-supplemented medium. L5178Y cells were har- 
vested, washed, and resuspended in  methionine-free 
Fischer's medium, 10°, with respect to dialyzed horse 
serum. Certain of the cells received L-methionine (100 mg/l) 
at 0 time or at 12hr. The top shows a representative 
growth profile reproduced in a series of three experiments. 
The bottom shows cell viability relative to a control clon- 
ing efficiency of 70-80°,, and corrected to 100°,. Vertical 
bars indicate standard errors of the geometric means, cal- 
culated from a series of three experiments. Cells in meth- 
ionine-free medium (@ @). Cells supplemented with 
L-methionine at 0 time (O ©). Cells supplemented with 
L-methionine after 12hr in  methionine-free medium 
(® @). 


shown in Fig. 2 is the cell viability observed when 
cells were supplemented with L-methionine after 12 hr 
deprivation. The cloning efficiency of control cells 
(L-methionine supplementation at zero time) varied 
between 70 and 80°,,. This was in agreement with the 
cloning efficiency of exponentially growing L5178Y 
cells reported by Hryniuk er al. [8]. Taking this con- 
trol efficiency as 100°,, all experimental data were 
corrected and expressed as relative cloning efficiency. 
Methionine deprivation produced a significant loss of 
viability by 6hr (70°, relative viability: P < 0.05). 
Loss of cell viability was progressive, with only 10% 
of the cells in the methionine-free medium remaining 
viable at 24hr (P< 0.001). Methionine supplemen- 
tation at 12hr prevented a further loss of viability. 
The difference in viability between 12-hr-supple- 
mented ceils and cells remaining in methionine-free 
medium was significant (P< 0.05 at 18 hr: P < 0.001 
at 24hr). 

Exponentially growing LS5178Y cells have been 
shown to be highly responsive to the lethal effect of 
methotrexate [8-10], but this effect is antagonized by 
asparagine deprivation [11]. In order to determine 
whether methionine deprivation would antagonize 
methotrexate cell kill, a series of experiments were 
performed. Fig. 3 shows. that L5178Y cells in the 
logarithmic stage of growth (Fischer’s medium, 10% 
dialyzed horse serum, 100 mg/l L-methionine) were 
highly sensitive to methotrexate. A 6-hr exposure to 
10°°M resulted in a 95-97°,, cell kill (P < 0.001). 
However, if the cells were deprived of methionine and 
then exposed to methotrexate, the results shown in 
Fig. 4 were obtained. 

Exposure of cells at zero time to both methionine 
deprivation and 10°°M methotrexate resulted in a 
cell kill (98°,) identical to that produced by a 6-hr 
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Fig. 3. Sensitivity of L5178Y cells to methotrexate. L5178Y 
cells were harvested, washed, and resuspended in meth- 
ionine-free Fischer’s medium, 10°,, with respect to dialyzed 
horse serum. At 0 time, the medium was supplemented 
with 100 mg/l L-methionine. At 0 time, or at 6-hr intervals, 
cells were exposed to 10 °° M methotrexate for 6 hr. After 
methotrexate, cells were counted, washed, and cloned to 
determine remaining viability. Cells not exposed to metho- 
trexate were also cloned at 6-hr intervals. The top shows 


a representative growth profile reproduced in a series of 


three experiments: cell growth without methotrexate 
(O O): cell growth with methotrexate (@ @). Arrows 
indicate the addition of methotrexate. The bottom shows 
cell viability after 10° ° M methotrexate for 6 hr (@) relative 
to an untreated cell cloning efficiency of 70-80°,, corrected 
to 100°, (0). For illustrative purposes, each point which 
represents viability after methotrexate is connected by a 
dashed line to the respective point representing viability 
before drug. The dashed lines do not mean that the loss 
of viability was necessarily linear. The vertical bars indicate 
the standard errors of the geometric means, calculated 
from a series of 3 experiments. 


exposure to methotrexate in the presence of meth- 
ionine (97°,: see Fig. 3). However, if cells were 
deprived of methionine for 6 hr (0-6 hr) before being 
exposed to methotrexate (from 6-12 hr in the continu- 
ing absence of methionine), the methotrexate cell kill 
at 12 hr was significantly reduced from 97°,, observed 
in control cells (see Fig. 3) to 75°,, (P < 0.05). If cells 
were deprived of methionine for 12 or 18 hr before 
being exposed to. 10°°M_ methotrexate for 6hr 


(12-18 hr or 18-24hr in the continuing absence of 


the amino acid), the cell kill from the combination 
of methotrexate and methionine deprivation observed 
at 18hr (78°.) or 24hr (85°,) was not significantly 
different (P > 0.1) from that produced at 18hr or 
24 hr by methionine deprivation alone (75°,, and 90°,, 
respectively). Therefore, preexposure of L5178Y cells 
to methionine deprivation significantly reduced or 
blocked the cell-killing effect of methotrexate. 
Sensitivity of L5178Y cells to methotrexate after 
resupplementation with L-methionine is also shown 
in Fig. 4. When cells deprived of methionine for 12 hr 
were resupplied with the amino acid and _ simul- 
taneously exposed to methotrexate (from !2 to 18 hr), 
the cell kill produced, by the drug at 18 hr (72°,) was 
not significantly different from that produced in cells 
still in the methionine-deficient state (78°,). However, 
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Fig. 4. Sensitivity of L5178Y cells to methotrexate after 
growth in methionine-free and methionine-supplemented 
Fischer’s medium. L5178Y cells were harvested, washed, 
and resuspended in methionine-free Fischer’s medium, 10°, 
with respect to dialyzed horse serum. At 0 time, and at 
6-hr intervals, certain of the cells were exposed to 10°° M 
methotrexate for 6hr. At 12 hr, a portion of the cells not 
yet exposed to methotrexate was supplemented with sterile 
L-methionine (100 mg/]). Certain of the supplemented cells 
were exposed to methotrexate at the time of methionine 
supplementation, or 6hr later. After methotrexate, cells 
were counted, washed, and cloned to determine viability. 
Cells in methionine-free or 12-hr-supplemented medium 
not exposed to methotrexate were also cloned at 6-hr inter- 
vals. The top shows a representative growth profile repro- 
duced in a series of three experiments. Cell growth in the 
absence of L-methionine (O O): growth after L-meth- 
ionine addition at 12hr (indicated by the lower arrow) 
(® @). Addition of methotrexate is indicated by the 
upper arrows. Cell growth in methionine-free medium dur- 
ing a 6-hr exposure to 10° ° M methotrexate (O--~O); cell 
growth in medium supplemented with L-methionine at 
12hr during a 6-hr exposure to 10°°M_ methotrexate 
@ @). The bottom shows cell viability relative to a 
control (cells in methionine-replete medium) cloning effi- 
ciency of 70-80°,. corrected to 100°, (shown in Figs 2 and 
3. and discussed in Results). Loss of cell viability during 
methionine deprivation (O ©). Change in cell viability 
after methionine supplementation (@ @). For illustra- 
tive purposes, cell viability after exposure of cells in meth- 
ionine-free (O) or 12-hr methionine-supplemented (@) 
medium to 10°°M methotrexate for 6 hr is indicated by 
points connected through dashed lines to the respective 
points representing viability before drug. The dashed lines 
do not mean that the loss of viability was necessarily 
linear. The vertical bars indicate the standard errors of 
the geometric means, calculated from a_ series of 3 
experiments. 

the viability of the cells resupplemented with L-meth- 
ionine but not exposed to methotrexate was signifi- 
cantly increased (76°,), as compared to non-supple- 
mented cells (25°: P < 0.05). If the resupplemented 
cells were allowed 6hr in the presence of L-meth- 
ionine (from 12 to 18hr) before being exposed to 
methotrexate (from 18 to 24 hr), the methotrexate cell 
kill at 24hr still remained at 75°,,. Apparently, meth- 
ionine deprivation for 6-12hr resulted in approxi- 
mately 20-25°,, of the L5178Y cells becoming resist- 
ant to the toxic effects of methotrexate. This resist- 
ance remained evident for at least 6-12 hr after the 
cells were resupplied with the amino acid. 
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DISCUSSION 
Halpern er al. [3], working with JI11 human 
monocytic leukemia cells, L1210 murine lymphatic 
leukemia cells and Walker 256 rat-breast carcinoma 


cells in culture demonstrated that in the absence of 


preformed L-methionine there was no cell growth, and 
that viability of L1210 cells was lost by 20 days. The 
L5178Y line of murine leukemia cells in culture also 
showed a lack of growth in the absence of the amino 
acid, but was much more sensitive to the deprivation. 
Cell death, as indicated by clonability, commenced 
within 6hr after exponentially growing LS178Y cells 
were resuspended in methionine-free medium, was 
progressive, and could be reversed. The mechanism 
of cell death resulting from the methionine depriva- 
tion is as yet unknown, but the reason for the require- 


ment for L-methionine may reside in the findings of 


Ashe et al. [4]. These investigators showed that cer- 
tain neoplastic cells in culture had a requirement for 
L-methionine which could not be satisfied by supply- 
ing the cells with DL-homocysteine, vitamin B, >, and 
folic acid. This was in contrast to normal adult rat 
and human fibroblasts which thrived under these 
same conditions [3]. The neoplastic cells were found 
io have a lower percentage of the 5-methyltetra- 
hydrofolate-homocysteine transmethylase enzyme as 
active holoenzyme than did the fibroblast cells. In ad- 
dition, certain of the tumor cells may also have had 
less total amount of enzyme than did the normal cells. 

These data encourage the use of methionine depri- 
vation as a possible chemotherapeutic approach. In 
relation to L5178Y cells, methionine deprivation pro- 
duced a more rapid cell kill than when they were 


grown in the absence of L-asparagine, but a less rapid 
cell kill than when they were treated with L-aspara- 
ginase [11]. L1210 cells in culture, although insensi- 
tive to L-asparaginase [12]. show a dependence on 
the presence of preformed L-methionine [3]. P81I5 


cells in culture are sensitive to L-methionine-z- 
deamino-y-mercaptomethanelyase — (L-methioninase) 
from C. sporogenes. and some regression of the 
Walker 256 tumor in rats was obtained through use 
of the same enzyme [13,14]. Another finding that 
may make methionine deprivation therapy useful is 
the finding of Kamely er al. [15]. These investi- 
gators found that methionine deprivation and homo- 
cysteine supplementation derepressed the synthésis of 
the 5-methyltetrahydrofolate-homocysteine — trans- 
methylase in normal human fibroblasts in culture. If 
neoplastic cells do in fact have a defect in either the 
synthesis of this enzyme and/or its conversion to 
holoenzyme, a form of rescue of normal cells may 
be readily available. These data on growth require- 
mients. viability. and enzymatic parameters, however. 
are from cells in culture, and further study is required 
to determine whether malignant cells have a meth- 
ionine requirement in vivo and whether a biochemical 
difference does exist between malignant and normal 
tissue, especially since the predominant folate form in 
serum is considered to be 5-methyltetrahydrofolate [ 18]. 

The L5178Y cell is extremely sensitive to the folate 
antagonist, methotrexate, suffering both a purineless 
and a thymineless death [9, 10, 16, 17]. The reason for 
the interference of methotrexate cell kill by meth- 
ionine deprivation is not known. Concommitant 
exposure of the cells to both methionine deprivation 


and methotrexate produced a cell death comparable 
to that seen with methotrexate alone. However, if the 
cells were preincubated in the absence of L-meth- 
ionine, the cytotoxic effect of methotrexate was 
reduced until cell kill was no different from that pro- 
duced by the methionine deprivation alone. Also, sen- 
sitivity to methotrexate remained diminished for 
6-12hr after the cells were resupplemented with 
L-methionine. A possible explanation for the reduced 
effect is an altered uptake of methotrexate. Gaw- 
thorne and Smith [19] showed that liver slices from 
sheep subjected to prolonged methionine deficiency 
had a lowered ability to transport methotrexate. In 
addition, recent work by Nahas and Capizzi [12] 
demonstrated that L-asparaginase treatment of 
LS178Y cells decreased the uptake of methotrexate. 
Another possibility is that methionine deprivation, 
like asparagine deprivation, decreases protein syn- 
thesis, thus decreasing the purineless and thymineless 
death produced by methotrexate in these cells 
[ 10, 16. 17]. 

Based on these data, a chemotherapeutic approach 
employing concommitant use of methotrexate and 
methionine deprivation probably would not be useful. 
However, methionine deprivation at an appropriate 
interval after methotrexate treatment similar to the 
methotrexate-asparaginase sequence employed by 
Capizzi [20] may also result in an improved thera- 
peutic index, and deserves further investigation. 
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Abstract 


Morphine (2 x 10°*M) inhibits the steady-state changes in rat brain slice NAD(P)H and 


cytochromes a-a, but not b and c. induced by 30mM K* concentrations. The effects of morphine 
were demonstrated in cerebral cortex and caudate nucleus from naive but not from tolerant rats. 


There are some intriguing associations between the 
actions of morphine on tissue respiration in vitro and 
calcium ion which warrant further investigation. First, 
although it has been shown that while 10°? M _ mor- 
phine has no effect on the QO, of unstimulated rat 
cerebral cortex slices [1] when rat brain slices are 
depolarized by potassium, morphine inhibits the 
potassium-stimulated respiration when the slices are 
suspended in low or calcium-free Ringer’s solution 
[2,3]. This may be related to binding or permeability 
of the cell membrane to morphine since under condi- 
tions which favor morphine uptake, morphine inhibits 
potassium stimulated respiration of brain slices even 
in conventional Ringer’s solution [4]. Second, mor- 
phine does not inhibit the oxygen uptake in low or 
calcium-free Ringer’s solution of brain slices taken 
from rats made tolerant to morphine [2,3]. Third. 
when calcium is injected intracisternally in mice, the 
analgesic effect of morphine is antagonized [5]. 
Fourth, Shikimi et al. [6] have demonstrated that 
acute morphine lowers brain content of calcium by 
25°. Fifth, Ross et al. [7] have demonstrated that 
naloxone can antagonize the effect of morphine on 
calcium. 

Since morphine inhibits O, uptake, it should also 
affect the enzymes (compounds) of the respiratory 
pathway. Cummins and Bull [8] have established that 
depolarization of brain tissue leads to rapid changes 
in the steady-state concentration of respiratory inter- 
mediates. Using their procedure, we investigated the 
effects of morphine on the potassium-induced oxi- 
dation of pyridine nucleotides and cytochromes in 
media containing various amounts of calcium. We felt 
that this approach might lead to a more definitive 
interpretation of the interactions between morphine 
and calcium and the demonstrated effects of mor- 
phine on K ‘-stimulated respiration of brain slices. 


MATERIALS AND METHODS 


The respiratory intermediates in isolated brain 
slices were measured directly as previously described 
[8]. A Perkin-Elmer 156 dual wavelength spectro- 
photometer was used to measure continuously the 
absorbance of NAD(P)H by measuring the difference 


between the absorption peak at 340 nm and the refer- 
ence wavelength at 378 nm. Reduced cytochrome a-a, 
Was measured at its absorption peak at 445 nm minus 
455nm. Since a 8-nm slit had to be used in the 
measurements, cytochromes c and hb were measured 
together at 563-S75nm. The absorbance was 
recorded in arbitrary units on a Varian G-1000 strip- 
chart recorder at 20 mv setting. 

Rats (Sprague-Dawley) were made tolerant by the 
implantation of a pellet containing 75 mg of morphine 
formulated as described by Gibson and Tingstad [9]. 
The pellet was implanted and the extent of the toler- 
ance was measured according to the procedure of 
Wei, Loh and Way [10] following naloxone-precipi- 
tated withdrawal. Ten mg/kg of naloxone caused an 
8°, diarrhea-induced weight loss in the rats within 
3 hr. The animals were sacrificed 3 days after the pel- 
let was implanted. 

Rat cerebral cortex slices were cut by hand with 
a razor blade and guide to a thickness of 0.35 mm. 
Caudate slices were cut in a Vibratome (Oxford In- 
strument Co.), under oxygenated Krebs-Ringer at 4. 
The caudate nucleus was cut away from surrounding 
tissue to form a block which was fixed to the slicing 
stage with instant glue (Devcon ‘Zip Grip’ 10). The 
stage with tissue was bolted in the microtome bath 
under oxygenated Krebs-Ringer cooled to 4 . The top 
of the tissue block was trimmed with the microtome 
blade and then successive 0.35-mm slices were made. 
Two slices of caudate nucleus were needed to cover 
the window of the tissue holder used in the respira- 
tory measurements. 

The rat brain slice was mounted in the special 
chamber previously described [8], and perfused with 
Krebs-Ringer solution which had been heated to 37 
and gassed with 95°,, O,-S°,, CO, in an insulated 
reservoir. Uniform perfusion of the tissue chamber 
was accomplished with a 4-channel Gilson Minipulse 
II peristaltic pump. The temperature was monitored 
on a digital thermometer (Technical Hardware, 
Model 401) by means: of a thermistor probe placed 
within the tissue chamber. Potassium or drugs were 
added to the reservoir and pumped to the tissue. In 
a typical experiment morphine at a concentration of 
2 x 10° 3M was added to the medium and 15 min 
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were allowed for the chamber to warm to 37 . After 
a steady state baseline was recorded, 30mM_ potas- 
sium ion was added and changes in absorbance were 
determined for at least 150 sec. 


RESULTS 


The effects of 2 x 10°-*M morphine on the potas- 
sium-induced steady-state changes in NAD(P)H levels 
in brain cortex various calcium concen- 
trations are shown in Fig. 1. Morphine strikingly tn- 
hibits the potassium induced decrease in NAD(P)H 
in the 0.19mM _ calcium medium but not in 0.75 mM 
calcium medium. The eflect of morphine at 0.19 mM 
calcium is significant at the 0.01", level. On the other 
hand, in slices from rats made tolerant to morphine 
by pellet implantation, additional morphine has no 
effect in 0.19mM and 0.75mM calcium media and 
a delayed effect in 2.7mM _ calcium medium. An 
attempt was made to remove all calcium from the 
system by using a calcium-free medium containing 
2 10 *M EGTA as a chelator to remove tissue 
calcium. In this experiment 2 x 10 *M_ morphine 
added to the media had little effect on brain slices 
from either control or morphine-tolerant rats. The 
minimal effect of morphine on the medium containing 
EGTA in Figure Id suggests inhibition of membrane 
function due to the complete removal of Ca? *. Inhibi- 
tion by morphine of the potassium-induced decrease 
in NAD(P)H in slices from control (naive) rats is 
strikingly shown in Figure Ic as is the lack of effect 
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Fig. 2. Dose-response curve for morphine on the K °-in- 
duced change in the steady-state level of NAD(P)H. 


in slices from morphine-tolerant rats. The reversal of 
potassium effect in both naive and tolerant rats at 
2.7mM of calcium (Figure la) while only barely 
significant at the 0.1°,, level suggests antagonism of 
morphine by the calcium ion. 

The inhibiting effect of various concentrations of 
morphine on the K*-induced decrease in NAD(P)H 
levels in the medium containing 0.19mM _ calcium is 
shown in Fig. 2. Morphine had no effect at a concen- 
tration of 10°+M, minimal effect at 5 x 10°*M and 
maximal effect at 2 x 10°7M. 

As shown in Fig. 3b the effects of morphine on 
the potassium induced changes in reduced cyto- 
chrome a-a, are similar to the changes in reduced 
NAD(P)H. In slices fron tolerant rats the morphine 
appears to delay the decrease in reduced cytochrome 
a-a;, but in slices from naive rats it inhibits the 
changes at least for the period of 150 sec studied. As 
shown in Fig. 3-a, morphine has little if any effect 
on potassium induced steady-state changes in the 
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Fig. 3. The effect of 2 x 10°*M morphine on K * -induced 
steady-state changes in reduced cytochromes b and c (A) 
and reduced cytochrome a-a, (B)’ in 0.19mM Ca**. 
Reduced cytochrome b and c were measured by the differ- 
ence between 562 and 575nm, and reduced cytochrome 
d-ay measured at. the wavelength settings of 
445-455 nm.Control(----@----@---):naive + 2 x 10°->M 
morphine (~-@-—~); tolerant + 2 x 10°7M_ morphine 
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Fig. 4. The effect of 2 x 10° *M morphine on K * -induced 
steady state changes in NAD(P)H levels of caudate slices 
at 0.19mM Ca** NAD(P)H changes measured at absorp- 
tion peak of 340nm minus reference wavelength 378 nm. 
Control (----@----@---); naive 2 x 10°*M_ morphine 
(—-@--—); tolerant + 2 x 10°3M morphine (—@—@—). 


levels of reduced cytochromes b and c in slices from 
either control or morphine-tolerant rats. 

As shown in Fig. 4, in low calcium-containing 
media morphine has the same effect on potassium-in- 
duced steady-state changes in NAD(P)H levels of 
slices from the caudate nucleus as seen in the slices 
of cerebral cortex. Decrease in NAD(P)H levels was 
inhibited in slices from naive animals and not inhi- 
bited in slices from morphine-tolerant animals. The 
morphine inhibition was significant at the 0.01°,, level. 
It should be noted that potassium induces a higher 
steady-state level of NAD(P)H in caudate nucleus 
than it does in cortical tissue. 


DISCUSSION 


Our data indicate that calcium is important in the 
action of morphine. Morphine inhibits the K *-in- 
duced respiratory response in NAD(P)H levels in 
media low in Ca?* (0.19 mM) but does not affect the 
response at zero or near-physiological levels of Ca?*. 
Previous studies on oxygen uptake have given some- 
what different results. Elliott, Kokka and Way [2] 
used a Ca?*-free Ringer’s but no chelating agent to 
complex the tissue Ca** so leaching of Ca?* from 
brain tissue could have produced a low but not zero 
Ca?* medium as was provided by the EGTA used 
in the present study. 

The earlier report of Takemori [11] that morphine 
inhibited potassium-stimulated respiration of brain 
slices suspended in a medium containing 1.3mM 
Ca?* from control but not morphine-tolerant rats is 
harder to explain because in our laboratories 
numerous experiments using normal Ca?* concen- 
trations have shown that 2 x 10°*M morphine has 
no effect on either QO, or short term responses in 
NAD(P)H levels evoked by high K* concentrations 
in suspending media for brain slices. 

Unpublished studies from our laboratory demon- 
strate that 2 x 10°7M_ theophylline enhances the 
K *-induced decrease in NAD(P)H levels and that the 
decrease is more strongly inhibited by a lower con- 
centration (10°*M) of morphine than used in the 
present study. This observation fits nicely with the 
observed maximum response at low Ca** concen- 
trations which closely resembles the Ca**-activation 
of adenylcyclase systems such as those prepared from 
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homogenates of calf brain [12] and parotid gland 
[13]. These and similar preparations require Ca?* 
but are inhibited by |mM Ca** or higher concen- 
trations. It has been suggested that calcium may regu- 
late phosphodiesterase activity [14]. Also, morphine 
has been shown directly to affect adenylcyclase ac- 
tivity in cultures of neuroblastoma glioma hybrid cells 
[15]. 

One explanation of our results is that part of the 
K *-activated response may require low Ca** but is 
inhibited at normal calcium concentrations. The res- 
piratory activity is higher at low Ca** concentrations 
but morphine inhibition of the higher respiratory rate 
is only marginal. High concentrations of morphine 
are needed to affect the K -responsive system when 
phosphodiesterase is not inhibited because of the high 
rate of cAMP breakdown. In the tolerant animal an 
adaptive change takes place possibly in cellular regu- 
lation of the adenylcyclase system resulting in higher 
cAMP levels so that even high concentrations of mor- 
phine are not inhibitory. 

The increase in metabolic rate caused by depolari- 
zation of the cell membrane by K” results in a shift 
in the levels of the various oxidized and reduced res- 
piratory intermediates [7]. The inhibition by mor- 
phine of the K* response shifts this equilibrium in 
a predictable manner. Bilodeau and Elliott [16] sug- 
gested that the energy demands of K* depolarization 
may be met by ATP and the resulting ADP and Pi 
establish a new steady-state equilibrium. It is likely 
that the respiratory enzymes of the mitochondria 
within the cells of brain are in a state of near equilib- 
rium similar to that demonstrated by Wilson er al. 
[17] for isolated liver cells. Increased cellular energy 
demand brought about by K © depolarization and less- 
ened by morphine inhibition of K* depolarization 
could alter the concentration of extramitochondrial 
nucleotides which in turn controls electron transfer 
at the three coupling sites of the mitochondrial chain. 
However, one should keep in mind that K* induces 
complex membrane changes that involve the release 
of neurochemical agents such as adenosine [18] and 
that the cell regulatory processes controlling the flow 
of reducing equivalents are poorly understood. 

Caudate nucleus responds to K* in a manner simi- 
lar to cortical tissue. The response to K* of both 
caudate nucleus and cortex slices is inhibited by mor- 
phine in the naive but not in the tolerant rat. The 
extent of the morphine inhibition of the K* response 
in the caudate nucleus approximates that of the cor- 
tex. Although caudate nucleus has a higher stereospe- 
cific binding activity for narcotics [19], our results 
suggest that the amount of binding may not be the 
sole determinant of effect of narcotics on brain meta- 
bolism. If so, it is possible that the metabolic actions 
of morphine may be common to all brain tissue but 
mediate its pharmacologic actions only in certain key 
centers. This is supported by the observation that 
acute morphine injection induces a similar degree of 
Ca** depletion in eight discrete brain areas [20]. 


REFERENCES 


. H.W. Elliott, A. E. Warrens and H. P. James, J. Phar- 
mac exp. Ther. 91, 98 (1974). 
2. A. E. Takemori, Science 133, 1018 (1961). 





J. T. Cummins and H. W. ELLiort 


3. H. W. Elliott, N. Kokka and E. L. Way, Proc. Soc. 


exp. Biol. Med. 113, 1049 (1963). 
. B. Halliday and H. W. Elliott. Pharmacology 7. | 
(1972). 


I. Kakunaga, H. Kaneto and K. Hano, J. Pharmac 


exp. Ther. 153, 134 (1966). 
T. Shikimi, H. Kaneto and K. Hano, Jap. J. Pharm 
17, 136 (1967). 


. D.H. Ross, M. A. Medina and H. L. Cardenas, Science 


186, 63 (1974). 


. J.T. Cummins and R. Bull, Biochim. biophys. Acta 253. 


29 (1971). 


R. D. Gibson and J. F. Tingsted, J. Pharm. Sci. 59, 


426 (1970). 


E. Wei, H. H. Loh and E. L. Way, J. Pharmac. exp. 


Ther. 184, 398 (1973) 


A. E. Takemori, J. Pharmac exp. Ther. 135, 89 (1962). 


. L. S. Bradham, D. A. Holt and M. Sims. Biochim. bio- 


phys. Acta 201, 250 (1970). 


. D. J. Franks, L. S. Perrin and D. Malamud. FEBS 


Lett. 42, 267 (1974). 


14. J. Schultz. J. Neurochem. 24, 495 (1975). 
. S. K. Sharma, M. Nirenberg and W. A. Klee. Proc. 


natn. Acad. Sci. USA 72, 590 (1974). 


. F. Bilodeau and K. A. C. Elliott, Can. J. Biochem. 


41, 779 (1963). 


7. D. F. Wilson, M. Stubbs, R. L. Veech, M. Erecinska 


and H. A. Krebs, Biochem. J. 140. 57 (1974). 


. H. Shimizu and J. W. Daly, Proc. natn. Acad. Sci. 


USA 65, 1033 (1970). 


. C. B. Pert and S. H. Snyder, Science 179, 1011 (1973). 
. H. L. Cardenas and D. H. Ross, J. Neurochem. 24, 


487 (1975). 





Biochemical Pharmacology. Vol. 25. pp. 897 902. Pergamon Press. 1976. Printed in Great Britain 


EFFECTS OF QUINIDINE ON CALCIUM TRANSPORT 
ACTIVITIES OF THE RABBIT HEART 
MITOCHONDRIA AND SARCOTUBULAR VESICLES*+ 


James A. C. HARROW and NARANJAN S. DHALLA 


Experimental Cardiology Laboratory, Department of Physiology, Faculty of Medicine. University of 
Manitoba, Winnipeg, Canada R3E 0W3 


(Received 27 May 1975; accepted 2 September 1975) 


Abstract—The effects of quinidine on the calcium-transporting properties of sarcotubular (heavy micro- 
somal) and mitochondrial fractions of the rabbit heart were investigated and compared with those 
of procaine amide and lidocaine. High concentrations of quinidine (10° +-10~* M) markedly decreased 
microsomal and mitochondrial calcium uptake; these inhibitory actions were observed at all concen- 
trations of ATP but not when low concentrations of Mg?* were used in the incubation medium. 
Calcium binding by mitochondrial fraction, unlike microsomal fraction, was also decreased by high 
concentrations of quinidine. Procaine amide (10° * M) had no effect on microsomal or mitochondrial 
calcium uptake whereas lidocaine (10° * M) showed a stimulatory action only on the microsomal cal- 
cium uptake at initial intervals of incubation. The ATPase activities of both microsomal and mitochon- 
drial fractions were inhibited by quinidine but not by procaine amide or lidocaine. Quinidine, unlike 
procaine amide and lidocaine, was also found to release about 15°, of the calcium bound by microsomes 
and mitochondria. The results presented in this study suggest that quinidine impairs microsomal and 
mitochondrial calcium transport; however, other antiarrhythmic agents such as procaine amide and 
lidocaine, which in high concentrations also depress myocardial contractility, do not decrease calcium 


transport by heart subcellular particles. 


Quinidine in low concentrations has an antiarrhyth- 
mic action whereas in high concentrations it is known 
to depress myocardial contractility and produce con- 
tracture of skeletal muscle [1—~3]. Many investigators 
have attempted to explain these pharmacological 
effects of quinidine on cardiac and skeletal muscles 
on the basis of its action on calcium transport by 
sarcoplasmic reticulum [4-8]. It should be pointed 
out that calcium is generally believed to serve as a 
link between excitation and contraction of the cardiac 
and skeletal muscles whereas calcium uptake by sar- 
coplasmic reticulum is normally associated with 
muscle relaxation [1,9-12]. Thus a decrease in sar- 
coplasmic reticular calcium uptake by quinidine 
would raise the intracellular level of free calcium and 
make it more difficult for the muscle to relax. How- 
ever, unlike skeletal muscle where sarcoplasmic reti- 
culum plays a predominant role in the regulation of 
intracellular calcium, the calcium movements in car- 
diac muscle are considered to be regulated by sarco- 
plasmic reticulum and mitochondria [13-19]. A great 
deal of further information is therefore required to 
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fully understand the biochemical mechanisms of 
quinidine on the cardiac muscle. 

Although the exact contribution of mitochondrial 
calcium transport during cardiac contraction and 
relaxation is controversial [20-22], heart mitochon- 
dria like the fragments of sarcoplasmic reticulum 
(heavy microsomes) are known to accumulate a large 
amount of calcium under in vitro conditions. There- 
fore it was the purpose of this study to investigate 
the abilities of both heavy microsomes and mitochon- 
dria to transport calcium in the absence and presence 
of different concentrations of quinidine under various 
experimental conditions. The actions of quinidine 
were compared with other antiarrhythmic agents such 
as procaine amide and lidocaine which are also 
known to depress myocardial contractility [3]. 


METHODS 


Healthy male albino rabbits were sacrificed by cer- 
vical dislocation, the hearts quickly excised and 
placed in ice-cold homogenizing medium containing 
0.25 M sucrose, | mM EDTA and 20 mM Tris-HCl, 
pH 7.0. Mitochondrial and heavy microsomal frac- 
tions were isolated according to procedures described 
earlier [23]. The purity of the rabbit heart subcellular 
fractions was assessed and the pattern of their marker 
enzyme activities and sensitivity to sodium azide was 
similar to that described earlier for the healthy ham- 
ster heart [23]. Both fractions were suspended in 0.25 
M sucrose, 10 mM Tris-HCl, pH 7.0 at a protein 
concentration of 1-2 mg/ml. The protein concen- 
trations were measured by the method of Lowry et 
al. [24]. The procedures for calcium binding and 
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uptake by these fractions are similar to those de- 
scribed earlier [23]. 

Calcium uptake by microsomes was measured in 
a medium containing 100 mM KCl, 2 mM MgCl,, 
20 mM Tris-HCl, pH 6.8-7.0. 2 mM ATP, 5 mM 
potassium oxalate 0.1 mM *°CaCl,. In some exper- 
iments 10 mM MgCl, and 4 mM ATP were also 
used. The temperature of the incubation medium was 
37. and the microsomal protein concentration was 
0.02-0.05 mg/ml. Calcium uptake by mitochondria 
was determined in a medium containing 100 mM 
KCI, 2 mM MgCl,. 20 mM Tris-HCl, pH 6.8-7.0, 
2 mM ATP. 4 mM inorganic phosphate and 5 mM 
sodium succinate. The mitochondrial protein concen- 
tration of 0.1—-0.2 mg/ml and an incubation tempera- 
ture of 37 were used. Calcium binding by mitochon- 
dria and microsomes was measured in a medium con- 
taining 100 mM KCl, 20 mM Tris-HCl, pH 6.8-7.0, 
10 mM MgCl,, 4 mM ATP and 0.1 mM *°CaCl, 
in a total volume of 1-3 ml. For the binding exper- 
iments, mitochondrial protein concentration in the in- 
cubation medium at 25 was 0.3-0.4 mg/ml while that 
of the microsomes was 0.1—-0.2 mg/ml. The fractions 
were preincubated for 3 min in the presence of ATP 
and drugs, the reactions for binding and uptake were 
started by the addition of *°CaCl, and stopped by 
millipore filtration (millipore filter pore size 0.45 jum). 
The amount of *°Ca in 0.1 ml of the protein-free fil- 
trate was analyzed in 10 ml of Bray’s solution in a 
Packard Tri-Carb scintillation spectrometer. 

Calcium release by heavy microsomes and mito- 
chondria was determined in the binding medium con- 
taining 2 mM MgCl, and 2 mM ATP. The subcellu- 
lar particles were preincubated for 10 min at 25 in 
the presence of 0.1 mM *°CaCl, followed by the addi- 
tion of drugs. The experimental conditions employed 
here were such that a maximal amount of calcium 
was bound to the subcellular particles before initiat- 
ing its release. The determination of the microsomal 
and mitochondrial ATPase activities was carried out 
in a manner similar to that described elsewhere [23 
except that the drugs were removed from the solution 
by treatment with activated charcoal prior to the 
colour development [4]. The total ATPase activity 
of the mitochondrial and microsomal fractions 
(0.1-0.2 mg/ml) was determined in the absence and 
presence of 5 mM potassium oxalate respectively in 
a medium containing 100 mM KCl. 20 mM Tris-HCl. 
pH 6.8-7.0, 2 mM MgCl,. 2 mM ATP and 0.1 mM 
CaCl, in a total volume of 2 ml (25°). The basal mic- 
rosomal ATPase activity was measured in the above 
medium except CaCl, was omitted but 0.2 mM 
EGTA was present. The difference between the total 
and basal microsomal ATPase activities was referred 
to as Ca**-stimulated ATPase activity. It should be 
pointed out that unlike the microsomal fraction, 
mitochondria do not exhibit Ca** -stimulated ATPase 
activity under the experimental conditions employed 
here. 

It should be mentioned that calcium binding by 
subcellular particles is complete within 2-3 minutes. 
Under the experimental conditions employed in this 
study to bind calcium for a period of 5 min it was 
observed that about 50°,, and 75°, of total calcium 
accumulation occurred in the first minute in the case 
of mitochondria and sarcoplasmic reticular vesicles 
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respectively. We therefore consider that a part of the 
bound calcium may be due to uptake within the sub- 
cellular particles in our system. It is emphasized that 
the term ‘calcium binding’ is applied in this study 
to indicate calcium accumulation in the subcellular 
particles in the absence of exogenously added _ per- 
meant anions and it is understood that this conven- 
tion employs an arbitrary meaning for binding. 

All changes in the experimental conditions are de- 
scribed in the text or indicated under tables and 
figures. The results were analyzed satistically by the 
Student t-test. All drugs used in the experiments were 
prepared fresh daily. Quinidine gluconate was 
obtained from Eli Lilly and Company, Indianopolis, 
Indiana, procaine amide hydrochloride, from E. R. 
Squibb and Sons Ltd., Montreal, Quebec and lido- 
caine hydrochloride, from Astra Chemicals Ltd., Mis- 
sissauga, Ontario. 


RESULTS 


In one series of experiments the effects of quinidine 
were studied on calcium uptake in the presence of 
4 mM ATP and 10 mM Mg?*. The effect of various 
concentrations of quinidine on calcium uptake by 
heart heavy microsomes and mitochondria are shown 
in Fig. 1. Quinidine at low concentrations exerted no 
effect (P > 0.05); however, at high concentrations 
(10° * and 10°3 M) quinidine significantly (P < 0.01) 
depressed calcium uptake by both heavy microsomes 
and mitochondria. Calcium binding by heart micro- 
somes and mitochondria was also determined in the 
presence of various concentrations of quinidine under 
experimental conditions similar to those employed 
above for studying calcium uptake except the per- 
meant ions (oxolate for microsomes and Pi for mito- 
chondria) were absent from the incubation medium. 
The results (Fig. 2) show that microsomal calcium 
binding remained unaffected over the range of quini- 
dine concentrations tested. However, mitochondrial 
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Fig. 1. Effect of various concentrations of quinidine on 
calcium uptake by rabbit heart heavy microsomes and 
mitochondria. The incubation medium was the same as 
described for calcium uptake in the Methods section except 
that 10 mM Mg?* and 4 mM ATP were used. The time 
of incubation of the subcellular fractions with *°Ca** was 
S min. The control values for microsomal and mitochon- 
drial calcium uptake were 1342+ 162 and 110+4 
nmoles/mg protein, respectively. Each value is a mean + 
S.E.M. of 5 experiments. 
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Fig. 2. Effect of various concentrations of quinidine on 
calcium binding by rabbit heart heavy microsomes and 
mitochondria. The time of incubation of the subcellular 
fractions with *°Ca?* was 5 min. The control values for 
microsomal and mitochondrial calcium binding were 
49 + 6 and 43 + 3 nmoles/mg protein respectively. Each 

value is a mean + S.E.M. of 5 experiments. 


calcium binding was significantly depressed (P < 
0.05) by 10°* and 10° M quinidine. Although quini- 
dine in low concentrations (10°° M) produced a 
slight stimulation of mitochondrial calcium binding. 
no effort was made to resolve this point further. 
The other set of experiments was carried out to 
examine the effect of quinidine on calcium uptake in 
the presence of different concentrations of ATP by 
keeping the concentration of Mg** (2 mM) constant 
as well as in the presence of different concentrations 
of Mg** by keeping the concentration of ATP (2 
mM) constant. Calcium uptake by heart heavy micro- 
somes and mitochondria in the absence and presence 
of | mM quinidine at various concentrations of ATP 
is shown in Table |. Both microsomal and mitochon- 
drial calcium uptake were significantly (P < 0.05) 
reduced in the presence of quinidine at all ATP con- 
centrations tested. The effect of various concen- 
trations of Mg?* on calcium uptake by heart heavy 
microsomes in the absence and presence of | mM 
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Fig. 3. Influence of Mg?~ on the effect of | mM quinidine 
on calcium uptake by rabbit heart heavy microsomes. The 
incubation medium was the same as that described in the 
Methods section except various concentrations of Mg?’ 
were employed. The time of incubation of the heavy micro- 
somes with *°Ca** was 5 min. Each value is a 

mean + S.E.M. of 5 experiments. 


quinidine is shown in Fig. 3. At Mg?* concentrations 
less than 0.75 mM, quinidine exerted no significant 
effect (P > 0.05) on microsomal calcium uptake. At 
higher concentrations of Mg** quinidine significantly 
depressed (P < 0.05) calcium accumulation by the 
microsomal fraction. Preliminary results showed a 
similar trend of quinidine action on mitochondrial 
calcium uptake. The results in Table | and Fig. 3 
with 5 min of incubation in a medium containing 
2mM ATP and 2 mM Mg?" reveal that | mM quini- 
dine produced less than 30°,, inhibition of microsomal 
calcium uptake whereas it produced more than 60°, 
depression when the incubation medium contained 4 
mM ATP and 10 mM Mg?* (Fig. 1). Similar observa- 
tions were made with mitochondria. 

In another series of experiments the effects of quini- 
dine on mitochondrial and microsomal calcium 
uptake were compared with procaine amide and lido- 
caine. The time course of calcium uptake by heart 
heavy microsomes in the presence of | mM quinidine, 


Table 1. Influence of ATP on the effect of | mM quinidine on calcium uptake by heart 
heavy microsomes and mitochondria 





Calcium uptake 


(nmoles/mg protein)* 





Heavy microsomes 


Mitochondria 





(ATP) 


mM Control Quinidine Control Quinidine 





0.05 $63 + 2 
0.10 620 + 22 
0.50 844 +: 
1.00 1059 + 32 
2.00 1209 + 42 
5.00 440 + 39 


- 444 133 


63 
69 
77 
87 
94 
67 


19+ 85 
267 88 
20% 101 
35+ 113 


I+ I+ I+ I+ 


I+ I+ I+ I+ I+ 4 


wank Lun 


I+ l4 


287 9 





* Each value is a mean + S.E.M. of 5 experiments. The incubation medium was the same 
as that described for calcium uptake in Methods except that various concentrations of ATP 
were employed. The incubation time was 5 min. 


+ Significantly different from the control (P 


< 0.05). 
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Time course of calcium uptake by rabbit heart heavy microsomes in the presence 


of | mM quinidine, procaine amide and lidocaine 





Heavy microsomal calcium uptake 
(nmoles/mg protein)* 





Incubation time Control 


Quinidine 


Procaine amide Lidocaine 





30 sec 457 
| min 
2 min 
5 min 


10 min 


586 
698 - 
Ol 


> 
) 
> 
a 
5 
_ 
/ 


9 
- 85 


490 4 


476 
585 
718 
1047 
1162 


675 + 35 
1068 + 80 
1280 + 102+ 
1385 + 110 
1414 + 107 


38 
35 
70 
104 


I+ I+ I+ I+ I+ 





* Each value is a mean + S.E.M. of 6 experiments. The incubation medium was the same 
as that described for calcium uptake in Methods. 
+ Significantly different from the control (P < 0.05). 


procaine amide and lidocaine is shown in Table 2. 
The depressant action (P < 0.05) of quinidine became 
apparent after 2 min of incubation. Microsomal cal- 
cium uptake in the presence of procaine amide (1 
mM) was unaffected whereas lidocaine (1 mM) stimu- 
lated uptake (P < 0.05) during the first 2 min of incu- 
bation. The time course of calcium uptake by heart 
mitochondria in the presence of | mM quinidine, pro- 
caine amide and lidocaine is shown in Table 3. Mito- 
chondrial calcium uptake was significantly depressed 
(P < 0.05) by quinidine at all time periods during the 
10-min incubation whereas procaine amide and lido- 
caine in concentrations of | mM exerted no signifi- 
cant effect on mitochondrial calcium uptake during 
the course of incubation. Neither procaine amide nor 
lidocaine in concentrations up to 3 mM _ had any 
action on mitochondrial or microsomal calcium 
uptake when determinations were made by employing 
5 min of incubation period. 

In order to examine the possibility that the 
observed depressant effect of quinidine on calcium 
uptake is a consequence of its interference with active 
transport process and is not due to release were stud- 
ied. The data in Table 4 reveal that unlike procaine 
amide and lidocaine, quinidine (1 mM) decreased mic- 
rosomal basal and Ca**-stimulated ATPase activity 
as’ well as mitochondrial ATPase activity. Quini- 
dine at 10 * M concentration also depressed mito- 
chondrial ATPase and microsomal Ca’* -stimulated 
ATPase without affecting the microsomal basal 
ATPase activity. The depressant effect of quinidine on 
microsomal and mitochondrial ATPase activities was 


seen at 2, 5 and 10 min of incubation. The effect of 
1 mM quinidine on calcium release by heavy micro- 
somes and mitochondria is shown in Table 5. Five 
minutes, but not earlier, after the addition of quini- 
dine in the incubation medium containing calcium 
preloaded microsomal or mitochondrial fractions, a 
significant (P < 0.05) amount (about 15°.) of the 
bound calcium was released. Both procaine amide 
and lidocaine in concentrations of | mM did not in- 
duce calcium release from the subcellular particles. 


DISCUSSION 


The values for calcium binding and calcium uptake 
by the mitochondrial and heavy microsomal fractions 
employed in this study are within the accepted range 
of values reported by numerous investigators for 
myocardium from different species. Although there 
were some differences in values for calcium uptake 
between two sets of experiments under identical con- 
ditions such as those described in Table | and Figure 
3 for 2 mM ATP and 2 mM Mg?", these slight vari- 
ations are quite expected in view of the limitations 
of techniques employed for the isolation of subcellular 
particles and determination of calcium accumulation. 
It was for this reason calcium transport by subcellular 
fractions in the absence or presence of drugs was 
monitored concomitantly for each set of experiments. 
Furthermore, it is quite apparent from the results of 
this study that calcium uptake by mitochondrial and 
microsomal fractions is dependent upon ATP and 
Mg’*: however, ATP in excess of Mg** concen- 


Table 3. Time course of calcium uptake by rabbit heart mitochondria in the presence of 
1 mM quinidine, procaine amide and lidocaine 





Mitochondrial calcium uptake 


(nmoles/mg protein)* 





Incubation time Control 


Quinidine 


Procaine amide Lidocaine 





128 
138 
155 
169 


203 


30 sec 
| min 
2? min 
min 
10 min 


S 


Mmwh & 


He H+ + i+ 


oo 


81 


112 
125 
130 
142 


138 
140 
143 
153 
179 


127 
129 
156 
185 
194 


ws aH 


6 
3 
4 
3 


I+ I+ I+ 1+ 1+ 
I+ I+ I+ + 1+ 


+ He HE HH 
ans 


6 





as that described for calcium uptake in Methods. 
* Significantly different from the control (P < 0.05). 
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Table 4. Effect of quinidine, procaine amide and lidocaine on the rabbit heart heavy 
microsomal and mitochondrial ATPase activities 





ATPase activity 


(umoles Pi/mg protein/hr)* 





Heavy microsomes 


Mitochondria 





Ca? *-stimulated Total 





Control 
Quinidine (M) 
io-" 


Procaine amide 
10°37 M 
Lidocaine 
10°37 M 


oo 
wn 
I+ 
oO 
+ 


+ 2.0 


PUAN CE 
eo, 
o=_—_- 
—) 

‘ oa 
n) 


wiv ¢ 
or it hee 


whore 
<> 

He HE He He H+ 
NwwNh 
a tw 


no 
<- 


] 49 


I+ 


84+ 0.8 2 





* Each value is a mean + S.E.M. of 5 experiments. The reaction was started by 
the addition of ATP and was carried out for 10 min. The difference between Ca**- 
Mg’*-ATPase and Mg?* ATPase (basal) activities was taken to be due to Ca?*- 


stimulated ATPase activity. 


+ Significantly different from the control (P < 0.05). 


tration in the incubation medium produced marked 
depressant effects. This inhibitory action of ATP on 
calcium uptake by the subcellular particles is most 
probably due to its Ca?* chelating effect, although 
other membrane effects of free ATP cannot be ruled 
out. 

In this study quinidine has been demonstrated to 
depress calcium uptake by cardiac heavy microsomes. 
This is in agreement with the findings of other investi- 
gators with both cardiac and skeletal muscle frag- 
ments of sarcoplasmic reticulum [4, 6, 7]. The depres- 
sant effect of quinidine was apparent at all concen- 
trations of ATP and its magnitude was dependent 
upon the concentration of Mg** in the incubation 
medium. Since the depressant effect of quinidine was 
not apparent at low concentrations of Mg?*, it is 
likely that quinidine may be acting on the breakdown 
of a phospho-protein, an intermediate in the transport 


Table 5. Calcium release from the rabbit heart heavy mic- 
rosomal and mitochondrial fractions by | mM quinidine 





Calcium released 
Time after (°, of the bound calcium)* 
the addition 
of quinidine 


Heavy microsomes Mitochondria 





+ H+ H+ H+ 


l. 
2. 
L 
4. 


2 
3 
9 
3 


Anne 
He H+ + [+ 
wwh 
wnr—Nn 
=> 


l 





*Each value is a mean + S.E.M. of 6 experiments. 
Both mitochondria and microsomes were loaded with cal- 
cium by incubating with 0.1 mM *°CaCl, for 10 min in 
a medium containing 2 mM ATP and 2 mM Mg?* and 
were further incubated in the absence or presence of quini- 
dine for different intervals. The differences between calcium 
values in the absence and presence of the drug were 
expressed as percent of the steady state values which varied 
between 66 and 70, and 102 and 114 nmoles Ca**/mg 
protein for microsomes and mitochondria respectively. 

+ Significant release (P < 0.05). 


of calcium [25]. This suggestion is supported by a 
recently proposed mechanism of quinidine on the in- 
hibition of the cardiac sarcotubule-y-AT*P reaction 
[26]. 

Since calcium uptake as measured in this study can 
be considered to be a result of active influx and pas- 
sive efflux of calcium across the vesicular membranes, 
the observed decrease in calcium uptake due to quini- 
dine may be a consequence of the action of this drug 
on these processes. This is substantiated by the results 
reported in this study as well as from the fact that 
quinidine has been reported to decrease the activity 
of microsomal Ca?* stimulated ATPase which is con- 
sidered to be involved in the active transport of cal- 
cium [4,7]. The slight calcium releasing effect of 
quinidine may also account partly for the apparent 
depression in microsomal calcium uptake by this 
agent, but this component may not be of appreciable 
significance since permeant ion, oxolate, employed in 
the incubation medium will minimize calcium efflux 
by precipitating calcium in the vesicle. The observed 
depression of calcium uptake by quinidine may not 
be due to changes in calcium binding ability of car- 
diac microsomes. This is borne out by our results 
that in some experiments when calcium uptake was 
depressed, calcium binding was not altered. Since the 
effect of quinidine on calcium binding was not studied 
under all the experimental conditions employed for 
investigating calcium uptake in this study, our conclu- 
sion with respect to ruling out the calcium binding 
effect should be taken with some caution. 

It was demonstrated in this study that quinidine 
depressed mitochondrial calcium uptake. The depres- 
sant effect of quinidine on calcium uptake was appar- 
ent at various concentrations of ATP and was Mg? * - 
dependent. It should be noted that concentrations of 
quinidine which inhibited mitochondrial calcium 
uptake also decreased calcium binding: Although 
quinidine also depressed mitochondrial ATPase ac- 
tivity, the relation of this mitochondrial ATPase with 
calcium transport is not yet clear. On the basis of 
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the available information concerning mitochondrial 
calcium transport it is difficult to state with certainty 
the exact site of drug action and therefore further 
studies are clearly needed to elucidate _ this 
mechanism. 

Although it has been shown that quinidine affects 
the calcium transport properties of sarcoplasmic reti- 
culum and mitochondria, the in vitro concentrations 
that were used to elicit these effects appear to be 
higher than the doses of this drug which are employed 
therapeutically for the treatment of common arrhyth- 
mias. However, it is possible that the local concen- 
tration of the drug at the microsomal and mitochon- 
drial sites may be different than that in the circula- 
tion. In this regard it should be noted that quinidine 
has been shown to bind with sarcoplasmic reticulum 
and mitochondria [7, 27]. It should be noted that -un- 
like quinidine, other antiarrhythmic agent such as 
procaine amide was observed to have no effect on 
microsomal calcium uptake while lidocaine showed 
an initial stimulatory effect. Shinebourne et al. [6] 
were unable to observe an effect of lidocaine on cal- 
cium uptake by cardiac microsomes. Both procaine 
amide and lidocaine had no influence on mitochon- 
drial calcium uptake. The ATP hydrolyzing activities 
of both microsomal and mitochondrial fractions were 
also not-altered by procaine amide and lidocaine. 
Although disturbances in the regulation of intracellu- 
lar calcium can be conceived to result in irregular 
cardiac performance, it is unlikely that the observed 
depression in mitochondrial and microsomal calcium 
uptake by quinidine has anything to do with its 
antiarrhythmic action. 

.Cardiodepressant action of high doses of quinidine 
has been suggested to be due to its influence on mic- 
rosomal calcium uptake [4]. Since mitochondrial cal- 
cium uptake is also decreased by high concentrations 
of quinidine, the depression of myocardial contracti- 
lity by this drug may also be due to its action on 
mitochondria. Although a time-course effect exper- 
iment revealed that calcium uptake by mitochondria 
was inhibited at 30 sec whereas significant depression 
in microsomal calcium uptake was apparent at 2 min 
of incubation with quinidine, the significance of these 
in vitro observations in terms of their in vivo effects 
is far from clear. It should be noted that inhibition 
of calcium uptake by microsomes [28] and mitochon- 
dria [29] by barbiturates has also been reported to 
explain their cardiodepressant actions. Particularly, a 
decrease in calcium uptake can be conceived to 
reduce the intracellular calcium stores and subse- 
quently a less amount of calcium will be available 
for release from the subcellular membranes upon exci- 
tation and this will result in decreasing myocardial 
contractility by cardiodepressant agents. However. 
procaine amide and lidocaine which like quinidine 
are known to produce varying degrees of cardiode- 
pressant action [3] failed to decrease calcium uptake 
by mitochondria and microsomes. This could mean 
that the mechanisms of cardiodepressant action of 
procaine amide and lidocaine are different from that 
of quinidine. Alternatively, it is possible that the car- 
diodepressant actions of antiarrhythmic agents ‘are 
mediated through their influence on sarcolemmal and 
myofibrillar sites or mitochondrial and sarcoplasmic 
reticular functions other than calcium transport. 


Whatever the mechanism of quinidine action may 
be. the results reported in this paper demonstrate that 
this agent impairs calcium uptake by both microso- 
mal and mitochondrial fractions of myocardium. 
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Abstract 


There is a variable lag period in the induction of rat pineal serotonin N-acetyltransferase 


activity by f-adrenergic stimulation, which increases with the duration of the animals’ prior exposure 
to light. There is a similar variation in the lag period when enzyme activity is induced in culture 
by dibutyryl cyclic AMP. Experiments with actinomycin D indicate that RNA synthesis occurs during 
the lag period. If actinomycin D is added after the lag period, however, it does not reduce the level 
of N-acetyltransferase activity attained. Reinductions in glands from animals which have been in the 
dark for 6 hr have no lag period and do not require new RNA synthesis. The extent to which enzyme 
activity can be reinduced in culture in the presence of actinomycin D gradually increases during the 
first half of the night, when there is an increased release of norepinephrine from the nerve endings. 
These data suggest that RNA, presumably messenger RNA, that is necessary for increased N-acetyl- 
transferase activity, is synthesized and accumulates during the first half of the night. Thereafter, there 
appears to be a decline in the complement of RNA available for reinduction. 


The circadian rhythm in rat pineal serotonin N-ace- 
tyltransferase (E.C. 2.3.1.5) is modulated by environ- 
mental lighting [1,2]. Light exerts its influence upon 
the pineal, ultimately, via postganglionic sympathetic 
fibers originating in the superior cervical ganglion 
[3,4]. At night, the release of norepinephrine from 
the sympathetic nerve endings is increased [5,6], and 
there is a 50- to 100-fold increase in N-acetyltransfer- 
ase activity. Norepinephrine interacts with the /-ad- 
renergic receptor on the pineal cell membrane, 
enhancing the production of cAMP [7] which 
mediates the induction of N-acetyltransferase [7,8]. 

After the night-time rise of N-acetyltransferase ac- 
tivity, exposure of rats to light reduces nerve activity 
[6] and causes enzyme activity to drop precipitously 
[9, 10]. As long as the lights stay on, enzyme activity 
remains at its lowest levels [19]. In animals exposed 
to light, pineal N-acetyltransferase activity can be in- 
duced by the injection of isoproterenol [7,9], which 
acts directly on the f-adrenergic receptor. Enzyme 
activity can also be induced in organ culture by cate- 
cholamines [8,11] or dibutyryl cAMP [8, 11]. 

There is a lag period in the induction of rat pineal 
N-acetyltransferase after /-adrenergic stimulation [9]. 
This lag period, during which there is virtually no 
increase in enzyme activity, varies markedly with the 
length of time the rats have been exposed to light 
prior to induction [11]. If rats have been exposed 
to light (and, consequently, reduced sympathetic 
nerve activity) for 12hr or more, the lag period is 
1-2 hr long. In contrast, if enzyme activity is reduced 
by brief exposure to light, at night, when N-acetyl- 
transferase activity is high, catecholamines can in- 
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crease enzyme activity (reinduction) with almost no 
lag. 

The requirement for prior synthesis of messenger 
RNA may account for the lag period before the in- 
crease in N-acetyltransferase activity [12,13]. In ani- 
mals that have been exposed to light for 12 hr or 
more, actinomycin D, a compound that inhibits RNA 
synthesis, completely blocks the increase of N-acetyl- 
transferase activity by darkness, isoproterenol, or 
dibutyryl cAMP [13]. In contrast, actinomycin D 
does not prevent the reinduction of N-acetyltransfer- 
ase by isoproterenol or dibutyryl cAMP in glands 
whose enzyme activity has been reduced from its high 
night-time level by brief exposure of the animals to 
light [13]. Thus the requirement for RNA synthesis 
varies with the previous exposure of the animals to 
light, and the time required for its synthesis may con- 
tribute to the length of the lag period in induction. 

This communication presents further evidence in 
support of the above hypothesis. There is a progress- 
ively diminishing requirement for new RNA synthesis 
during the process of induction by catecholamines or 
dibutyryl cAMP in organ culture. Furthermore the 
data indicate that there is a diurnal variation in the 
complement of RNA, presumably messenger RNA, 
available for the synthesis of N-acetyltransferase. 


MATERIALS AND METHODS 


Chemicals. Acetyl-l-['*C]coenzyme A (3.5 — 6.6 
mCi/m-mole) was purchased from Amersham-Searle, 
Chicago, Ill. (1)-Isoproterenol-(d)-bitartrate was a gift 
from Ayerst Laboratories. Actinomycin D was pur- 
chased from Sigma, St. Louis, Mo., and dibutyryl 
cAMP from Calbiochem, LaJolla, Calif. Other chemi- 
cals were obtained from commercial sources. 

Animals. Male Sprague-Dawley rats (150-175 g), 
obtained from Zivic-Miller, Allison Park, Pa., were 
kept under diurnal lighting conditions in our facilities 


903 





904 


for at least 5 days before the experiments. Lights were 
on from 0600-1800 hr. Groups of 6 rats were killed 
by decapitation, at the times indicated in each exper- 
iment. 

Pineal explant culture. Pineal glands were placed 
in organ culture in plastic petri dishes (Falcon, 60 mm 
dia.) containing 2.5 ml BGJ,, Fitton-Jackson medium 
(Grand Island Biological Co.), supplemented with 
ascorbic acid (0.1 mg/ml), glutamine (2.0 mM), penicil- 
lin (100 units/ml), and streptomycin (100 ug/ml). Six 
pineals were incubated in each dish at 35° under 95°, 
O,-5°,, CO,. Isoproterenol, dibutyryl cAMP, and 
actinomycin D were added to the medium at the con- 
centrations and times indicated. 

Issay for N-acetyltransferase activity. After the in- 
cubation periods indicated, glands were removed 
from culture and immediately assayed individually for 
N-acetyltransferase activity by the method previously 
described [14]. using 20nmoles of ['*C]acetyl CoA 
instead of 3.4. Units of activity are pmoles N-['*C]- 
acetyltryptamine formed per 10 min. 


RESULTS 


Lag period in induction of N-acetyltransferase by 
dibutyryl cAMP. The lag in the induction of N-acetyl- 
transferase activity by isoproterenol in vivo and in 
culture increases as animals are exposed to longer 
periods of light [9,11]. Since the onset of enhanced 
cAMP production occurs immediately after f-ad- 
renergic stimulation [7], the lag in the induction of 
N-acetyltransferase activity might be due to a step 
mediated by cAMP. Fig. | shows the time course of 
induction of N-acetyltransferase by dibutyryl cAMP 
in pineals taken from rats exposed to light for differ- 
ent periods. The glands taken from animals that had 
been in the light for 24hr showed virtually no in- 
crease in activity after 2 hr and took at least 6hr to 
reach their maximally induced actity. In contrast, in 
glands from animals exposed briefly to light at mid- 
night, N-acetyltransferase levels began to rise immedi- 
ately and reached a plateau within 4 hr. 

Sensitivity of induction of N-acetyltransferase to in- 
hibition by actinomycin D: relation to lag period in 
culture. If the lag period reflects the time during which 
mRNA is being synthesized and transported to the 
sites of translation, then it should coincide with the 
period of time during which induction of N-acetyl- 
transferase is most sensitive to inhibition by actino- 
mycin D. Fig. 2 shows the effect of adding actinomy- 
cin D to the culture medium at various times after 
isoproterenol or dibutyryl cAMP. In glands from ani- 
mals exposed to light for 24 hr, actinomycin D inhi- 
bited N-acetyltransferase induction by 88°, or more 
if added with or before isoproterenol or dibutyryl 
cAMP. However, when the antibiotic was added 3 hr 
or more after the isoproterenol or dibutyryl cAMP, 
it had little or no effect. Presumably, during the first 
3 hr of induction, there is synthesis of mRNA suffi- 
cient for the appearance of full N-acetyltransferase 
activity. As this RNA accumulates there is a decreas- 
ing requirement for new RNA synthesis and decreas- 
ing inhibition by added actinomycin D. 


Nocturnal decrease in sensitivity of reinduction of 


N -acetyltransferase to inhibition by actinomycin D. The 
extent of induction of N-acetyltransferase activity in 


. darkness (@ @). 
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Fig. 1. Time course of induction of N-acetyltransferase ac- 
tivity by dibutyryl cAMP. Groups of six rats were exposed 
to light for 24hr (@ @) or for 20min after 6hr of 
Pineal glands were removed and 
placed in organ culture containing 10°3M_ dibutyryl 
cAMP. At the times indicated, glands were assayed for 
N-acetyltransferase activity as described. Data shown rep- 
resent mean + S.E.M. 


the presence of actinomycin D in culture appears to 
reflect the pool of mRNA available for the reinduc- 
tion of enzyme activity. Fig. 3 shows the extent of 
reinduction in the presence of actinomycin D at 
various times during the night. In pineals from ani- 
mals killed at the end of their normal light period, 
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Fig. 2. Effect of time of addition of actinomycin D on 
inhibition of induction. Groups of 6-12 rats were exposed 
to light for 24 hr. Pineal glands were removed and placed 
in organ culture containing 10°7M_ (1)-isoproterenol 
@ ) or 10°7M dibutyryl cAMP (@ @) at time 
zero. Actinomycin D (10 g/ml) was added to the culture 
medium at the times indicated. Glands were assayed for 
\-acetyltransferase activity after 6hr as described. Data 
shown represent mean + S.E.M. 
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Fig. 3. Effect of time in darkness on reinduction of N-ace- 
tyltransferase in the presence of actinomycin D. Groups 
of 6-12 rats were exposed to light for 20 min after varying 
intervals of their normal dark period (1800-0600 hours). 
Pineal glands were removed and placed in organ culture 
containing actinomycin D (10 ug/ml) (@ @) or control 
medium (@ @). After | hr incubation, (1)-isoproterenol 
(10-7 M) was added to each culture. Glands were assayed 
for N-acetyltransferase activity 6 hr thereafter as described. 
Data shown represent mean + S.E.M. 


induction in culture was inhibited more than 80° by 
actinomycin D. In pineals obtained from animals 
killed after varying periods in the dark, however, rein- 
duction becomes increasingly resistant to inhibition 
by actinomycin D until, after 6 or 8 hr, it is virtually 
unaffected by actinomycin D.* 

Sensitivity to inhibition by actinomycin D of N-ace- 
tyltransferase reinduction: effect of light. In glands 
from animals exposed to light for 18 hr, induction of 
N-acetyltransferase was almost completely blocked by 
actinomycin D [13]. Thus, exposure of rats to light 
may result in a decline in the mRNA available. Fig. 
4 shows the effect of varying periods of light on the 
extent of reinduction of N-acetyltransferase in the 
presence of actinomycin D. When animals were killed 
after 20 min of light at midnight, actinomycin D had 
virtually no effect on reinduction in culture. With in- 
creasing time in the light, however, there was a rapid 
decrease in the reinduction seen in the presence of 
actinomycin D. After 90 min in the light, reinduction 
in culture was inhibited more than 50%, by actinomy- 
cin D, and after 3hr in the light, more than 80°,. 

Sensitivity to inhibition of N-acetyltransferase induc- 
tion by actinomycin D: diurnal rhythms. The data in 
Fig. 3, however, indicates that light is not the only 
influence which regulates the level of MRNA available 





*These experiments were performed using a concen- 
tration of actinomycin D (10 ug/ml) which inhibited the 
incorporation of [*H Juridine into total RNA by more than 
90°,. When a lower dose of actinomycin D was used 
(1 g/ml), induction in pineals obtained from animals killed 
after 18 hr in light was inhibited 45°,, whereas reinduction 
was unaffected in glands obtained from animals exposed 
briefly to light after 6 hr darkness. 
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Fig. 4. Effect of time in light on reinduction of N-acetyl- 
transferase in the presence of actinomycin D. Groups of 
6-12 rats were exposed to light for varying times after 
6hr of their normal dark period. Pineal glands were 
removed and placed in organ culture containing actinomy- 
cin D (10 pg/ml) (@ @) or control medium (@ @). 
After Ihr incubation, (1)-isoproterenol (10°’M) was 
added to each culture. Glands were assayed for N-acetyl- 
transferase activity 6hr thereafter as described. Data 
shown represent mean + S.E.M. 


for the reinduction of N-acetyltransferase. In pineals 
obtained from animals killed after 8 hr in the dark, 
there is a rapid decrease in the reinduction obtained 
in the presence of actinomycin D. Thus, in the normal 
diurnal cycle, it appears that the mRNA necessary 
for reinduction of N-acetyltransferase activity is syn- 
thesized and accumulates during the first half of the 
night until an unknown feedback mechanism shuts 
off further synthesis and allows the available mRNA 
to decline during the second half of the night. 


DISCUSSION 


The lag period in the induction of N-acetyltransfer- 
ase activity by isoproterenol, in vivo and in culture. 
suggests the synthesis and accumulation of a necess- 
ary intermediate. When dibutyryl cAMP, which by- 
passes the receptor-coupled adenylate cyclase, is used 
in culture to induce enzyme activity, the lag period 
is essentially the same as that seen when isoproterenol 
is used (Fig. 1). Thus, the intermediate whose syn- 
thesis accounts for the lag is itself induced by cAMP. 

A major characteristic of the lag period is that it 
increases with the length of time that the animals 
have been exposed to light [9,11] (and reduced 
release of norepinephrine from nerve endings [6]). In 
pineals from animals exposed to light for 12 hr or 
more, the lag is 1-2 hr long. In contrast, in pineals 
from animals exposed briefly to light after 6hr of 
darkness, there is virtually no lag [13]. This suggests 
that, after 6 hr of darkness, an intermediate is avail- 
able such that N-acetyltransferase activity can be in- 
creased without delay whereas after long periods of 
light the intermediate must be synthesized (and per- 
haps transported) before N-acetyltransferase activity 
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can increase. It may be supposed that the interme- 
diate is synthesized when the animals are in darkness 
and declines when they are in light.* 

Such an intermediate might have been a proenzyme 
activated by f-adrenergic stimulation. However, ex- 
periments with cycloheximide indicate that peptide 
synthesis is absolutely required for increased activity 
regardless of the animals’ previous exposure to light 
[8.9.13]. Even after 6 hours’ darkness, there is no 
evident build up of proteinacious precursor which 
would account for the rapid reinduction [13]. Thus, 
synthesis of the intermediate is likely to precede pep- 
tide synthesis. 

The intermediate which accounts for the variable 
lag in the induction of N-acetyltransferase activity 
appears to be RNA, presumably messenger RNA. 
When RNA synthesis is inhibited by actinomycin D, 
reinductions which have no lag periods are unaf- 
fected. In contrast, inductions which have long lag 
periods are completely blocked [13]. However, when 
actinomycin D was added after the lag period (but 
before the rise in enzyme activity) it had a minimal 
effect on the increase in activity (Fig. 2). because the 
RNA required for induction had been synthesized 
during the lag period and was available during the 
period that new RNA synthesis was inhibited. 

Thus the increase in N-acetyltransferase activity 
achieved in the presence of actinomycin D reflects 
the amount of the RNA, presumably messenger RNA, 
that is available for enzyme synthesis. When animals 
that have been in the light enter their normal dark 
period there is an increased release of norepinephrine 
from the sympathetic nerve endings [5,6]. The 
released norepinephrine stimulates the /-adrenergic 
receptor and enhances the production of cAMP [7]. 
Cyclic AMP, in turn, induces the synthesis and gra- 
dual accumulation of the messenger RNA (Fig. 3). 
as well as stimulating the post-transcriptional events 
necessary for increased N-acetyltransferase activity 
[13]. If the animals are exposed to light, norepineph- 
rine turnover is reduced [5] and the supply of mes- 
senger RNA falls [Fig. 4]. With increasing time in 
the light. a greater complement of RNA must be 
newly synthesized and processed before enzyme ac- 
tivity is increased—thus an increasing lag. 

However, even in continued darkness the supply 
of messenger RNA falls after about Shr (Fig. 3). 
Although this could be due to a reduction of nore- 
pinephrine release during the second half of the night. 
attempts to demonstrate changes in norepinephrine 
turnover during the night have been unsuccessful.+ 





*The reverse hypothesis, that an inhibitor is synthesized 
when the animals are in light and decays after f-adrenergic 
stimulation, is not supported by the data. Pineal glands 
from light-exposed animals do not inhibit the activity of 
induced glands when they are homogenized and assayed 
together. 

+M. Brownstein and J. A. Romero, unpublished observa- 
tions. 
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Alternatively, there may be a reduction in mRNA 
synthesis without a reduction in norepinephrine 
release. There is evidence that continued stimulation 
of the f-adrenergic receptor results in reduced sensi- 
tivity of N-acetyltransferase activity to induction by 
further stimulation of the f-adrenergic receptor [11]. 
These changes in sensitivity take place at at least two 
sites—one involved in the regulation of cAMP levels 
and the other, perhaps secondarily, involved in the 
actions of cAMP [11]. Thus. unknown feedback 
mechanisms, resulting from the night-time increase in 
f-adrenergic stimulation, may come into play to turn 
off the synthesis of mRNA during the night. These 
mechanisms may be related to those which cause the 
fall of endogenous N-acetyltransferase activity during 
the night [15]. 

In conclusion, there is a diurnal variation in the 
requirement for RNA synthesis in the induction of 
N-acetyltransferase activity by f-adrenergic stimu- 
lation. During the normal dark period increased 
release of norepinephrine stimulates the f-adrenergic 
receptor, increasing the production of cAMP. It is 
proposed that cAMP, in turn, induces synthesis of 
RNA, presumably messenger RNA, which is necess- 
ary for the appearance of increased N-acetyltransfer- 
ase activity. The mRNA accumulates during the first 
half of the night, such that reinduction under exper- 
imental conditions can be accomplished without new 
RNA synthesis. After a time, unknown feedback 
mechanisms reduce the synthesis of mRNA, its level 
declines. and reinduction again requires new RNA 
synthesis. The diurnal cycle in duration of the lag 
period in the experimental induction of increased 
N-acetyltransferase activity reflects the diurnal cycle 
in the requirement for new RNA synthesis. 
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Abstract 


The activity of prolyl hydroxylase (EC 1.14.11.2; proline, 2-oxoglutarate dioxygenase) and 


the protein content of the uterus were significantly increased 4hr after the administration of a single 
dose of estradiol-17f to either the immature rat or the adult ovariectomized rat. In contrast to results 
in the uterus. prolyl hydroxylase activity was decreased in heart, kidney and lung of the immature 
rat after estradiol-17f. Prolyl hydroxylase activity reached a maximum in 24-32 hr, and subsequently 
the enzyme activity decreased toward control values. In both animals, there was a 50 per cent reduction 
in enzyme activity 8-l2hr after reaching maximum activity. The estradiol-17f-induced increase in 
prolyl hydroxylase activity was blocked by inhibitors of RNA and protein synthesis. In addition, an 
increase in total enzyme protein was demonstrated using an enzyme immunossay. Although these 
data provide evidence that de novo synthesis of enzyme protein occurs in the uterus after the adminis- 
tration of estradiol-17f. it does not rule out the possibility that other post-transcriptional effects of 
estradiol-17f play a role in increasing the activity of this enzyme. Efforts to stimulate uterine prolyl 
hydroxylase activity with either cAMP or dibutyryl cAMP were unsuccessful. 


A critical step in the biosynthesis of collagen is the 
arrangement of the pro x-chains into the triple helical 
configuration [1]. A necessary requirement for the 
stability of the triple helix at 37 is the hydroxylation 
of an appropriate number of prolyl residues. of the 
pro z-chains [2.3]. Therefore. the enzyme prolyl hy- 
droxylase, which catalyzes the formation of hydroxy- 
proline, is a key enzyme in the control of collagen 
biosynthesis. However, although prolyl hydroxylase 
activity is elevated in all tissues which are actively 
synthesizing collagen [4-8], little is known regarding 
those factors which modulate the activity of this 
enzyme. 

The administration of estradiol-17f to the imma- 
ture rat causes a rapid increase in the collagen con- 
tent of the uterus [9]: this response is associated with 
a significant increase in prolyl hydroxylase activity 
[10]. A similar increase in thé activity of this enzyme 
was found in the uterus of the adult ovariectomized 
rat [10]. In these studies, there was some evidence 
to suggest that the increase in prolyl hydroxylase ac- 
tivity was due to de novo synthesis. In this report, 
further evidence is presented to support this sugges- 
tion. 


MATERIALS AND METHODS 


Female rats of the Long-Evans strain were used 
in these experiments.* The immature rats were 20 
days of age and weighed approximately 35g. The 
ovariectomized rats. with an age variation of no more 
than 7 days, were castrated when body weight 
reached 155-160g and experiments were begun 22 
days later using only those animals weighing 
200-230 g. Estradiol-17f was dissolved in 5°,, ethanol 





* Long-Evans rats were purchased from Blue Spruce 
Farms, Altamont, N.Y. 


in saline and injected intraperitoneally. The uterine 
horns and cervix of each rat were excised after remov- 
ing all adhering tissue. Water within the lumen of 
the uterine horns was expressed and the tissue was 
blotted before determining the wet weight. In this 
report, the term ‘uterus’ refers to the uterine horns 
and cervix. 

Prolyl hydroxylase was extracted from the uterus 
as follows. The fresh tissue (one to three uteri) was 
homogenized at 0 with an all-glass homogenizer in 
0-05 M sodium cacodylate buffer (pH 7-0), containing 
02M NaCl, 10°*M dithiothreitol and 10°°M 
EDTA. The homogenates were centrifuged at 27,000 g 
for 30 min. The supernatants were assayed for prolyl 
hydroxylase activity by the tritium release method 
using [3.4-*H]proline-labeled substrate prepared 
from granuloma tissue [11]. The granuloma was in- 
duced in guinea pigs by subcutaneous injection of car- 
rageenan [12]. 

Protein concentration was determined on_ the 
27,000 g supernatant using the method of Sutherland 
et al. [13] with bovine serum albumin as the stan- 
dard. 

Either Smg_ cyclic adenosine monophosphate 
(cAMP) or dibutyryl cAMP was administered intra- 
peritoneally in saline at 8-hr intervals; the uteri were 
removed Shr after the second dose. Theophylline 
(5 mg i.p.) was administered as a single dose on day 
1 and as two divided doses on day 2. Estradiol-17/ 
(0-01 g/day, ip.) was injected immediately after the 
first of two daily doses of theophylline. The uteri were 
removed 48 hr after the first dose of theophylline. The 
uteri were weighed and the amount of protein and 
the activity of prolyl hydroxylase were determined as 
described above. 

For the determination of prolyl hydroxylase 
activity and prolyl hydroxylase-related antigen, the 
tissues were homogenized at 0 with an all-glass 
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homogenizer in 0-01 M Tris-HCI buffer (pH 7-4) con- 
taining 0-25M_ sucrose, 0:1°,, Triton X-100, 10°*M 
dithiothreitol and 10°° M EDTA. The homogenates 
were centrifuged at 27.000 g for 30 min, and the super- 
natants were assayed for prolyl hydroxylase activity 
by the tritium release method [11] using a 
[3.4-"H]proline-labeled substrate prepared from 
8-day-old chick embryos. The enzyme immunoassay 
is based on the finding that prolyl hydroxylase is 
inhibited by the antibody to this enzyme and that 
enzymatically inactive but immunologically reactive 
protein can compete with enzyme for antibody bind- 
ing sites [14]. The enzymatic activity of the extracts 
was destroyed by heating at 56 for 10 min. However, 
heating does not destroy the ability of the inactivated 
enzyme or cross-reacting protein to combine with the 
antibody directed against the active enzyme. Prolyl 
hydroxylase, purified from newborn rat skin [15], 
which had been heated to destroy its enzyme activity, 
was used as a standard antigen. Therefore, the total 
amount of antigen in an extract could be expressed 
in terms of enzyme equivalents. The amount of cross- 
reacting protein in the extract was calculated by sub- 
stracting the prolyl hydroxylase content, which was 
determined before heating, from the total antigen 
content. 


RESULTS 


Time course of the increase in activity of prolyl hy- 
droxylase in the uterus of both the immature and ovari- 
ectomized rat after the administration of a single dose 
of estradiol-17P. There is a marked increase in the 


specific activity and total activity of prolyl hydroxy- 


lase in the uterus of the immature rat after the 
administration of Sg estradiol-17f. Maximum 
activity is observed at approximately 24 hr (Fig. 1). 
The results in the ovariectomized rat are qualitatively 
the same, although there appears to be a longer time- 
lag before specific activity rises (Fig. 2). The adminis- 
tration of estradiol-17f to both the immature and the 
ovariectomized rat stimulates the synthesis of total 
protein in the uterus. The wet weight of the immature 
uterus was significantly increased 4hr after estra- 
diol-17f. reached a maximum at 24hr, and had 
almost returned to control value at 48 hr. The wet 
weight of the uterus of the ovariectomized rat was 
highest 4hr after estradiol-17/ and declined to con- 
trol value at 48 hr (data not shown). 

Time course of the decrease in activity of prolyl hy- 
droxylase in the uterus of the immature and ovariecto- 
mized rat after the administration of a single dose of 
estradiol-17f. The prolyl hydroxylase activity de- 
creases slowly in the uterus of the immature rat after 
reaching a maximum 24hr following the adminis- 
tration of a single dose of estradiol-17/ (Fig. 3). The 
gradual decline in enzyme activity is paralleled by 
a decrease in total protein. In the ovariectomized rat, 
there is a sharp initial decrease in prolyl hydroxylase 
activity (from 32 to 40 hr) followed by a slow decline 
toward the control value (Fig. 4). In both the imma- 
ture and ovariectomized rat, there was a 50 per cent 
reduction in enzyme activity 8-l2hr after reaching 
a maximum activity. When these data are compared 
to the decrease of enzyme activity observed in other 
experiments (Figs. | and 2). it is obvious that there 
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Fig. 1. Time course of the increase in prolyl hydroxylase 
in the uterus of the immature rat after the administration 
of estradiol-178. Groups of 20-day-old rats were given 
either 5 ug estradicl-178 or an equal volume of vehicle 
(S5°,, ethanol in saline) intraperitoneally. Each point is the 
mean value + S.E.M. of the determinations on at least 
three 27,000 g supernatants, each prepared from three 
uteri. The standard error bar (I) is absent if this value 
falls within the area of the symbol for the mean. 


can be considerable biological variation in the half- 
life-of prolyl hydroxylase. 

Effect of cAMP and dibutyryl cAMP on prolyl hy- 
droxylase activity in the uterus of the immature rat. It 
has been reported that after the administration of 
cAMP or dibutyryl cAMP, the wet weight and the 
activity of phosphofructokinase of the uterus in- 
creased significantly. These effects were augmented 
when either nucleotide was given in combination with 
theophylline [16,17]. These treatments have been 
assessed in the immature rat for their effect on uterine 
wet weight and on the activity of prolyl hydroxylase 
in the uterus. As shown in Table 1, cAMP adminis- 
tration caused a small (20 per cent) increase in the 
wet weight of the uterus, but there was no increase 
in prolyl hydroxylase activity. Uterine wet weight was 
also unchanged from the zero control (25:3 + 1-4 
mg) at 3 (289+ 25mg), 4 (268+ 12mg), 5 
(25-4 + 1-0 mg) and 6 (28-3 + 2-4 mg) hr after a single 
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Fig. 2. Time course of the increase in prolyl hydroxylase 
activity in the uterus of the ovariectomized rat after the 
administration of estradiol-17f. Adult rats with an age 
variation of no more than 7 days were castrated when 
body weight reached 155-160g. A single dose of estra- 
diol-17 (5 4g) was administered intraperitoneally 22 days 
after castration. The controls were ovariectomized rats in- 
jected with vehicle (5°, ethanol in saline). Each point is 
the mean value + S.E.M. of determinations on at least 
four 27,000 g supernatants, each prepared from one to 

three uteri. 











dose of dibutyryl cAMP (5 mg, i.p.). In other groups 
of rats, a 5-mg dose of the latter compound was 
administered at zero-time and again either 2, 3 or 
4hr later. The uteri of these animals were removed 
and weighed at 4 (26:6 + 0-3 mg), 6 (26:5 + 0:5 mg) 
and 8 (27-6 + 0-6 mg) hr, respectively, after the first 
dose. Uterine wet weight did not change with this 
treatment. 

As shown in Table 1, theophylline caused a small 
(24 per cent) increase in the wet weight of the uterus, 
but was without effect on prolyl hydroxylase activity. 
Theophylline failed to augment the effect of a 
submaximal dose of estradiol-17f (0-01 ug) on either 
uterine wet weight or prolyl hydroxylase activity. The 
increase in uterine wet weight observed with cAMP 
and theophylline treatment is considerably less than 
that reported by other investigators [16]. It should 
also be noted that there was a 50 per cent mortality 
in theophylline-treated rats in our experiments. 

Effect of inhibitors of protein and RNA synthesis on 
the estradiol-17B-induced increase in prolyl hydroxy- 
lase activity. Total prolyl hydroxylase activity in- 
creased approximately 2-fold in the uterus of the im- 
mature and ovariectomized rat 8 and 6hr, respect- 
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Fig. 3. Time course of the decrease in activity of prolyl 

hydroxylase in the uterus of the immature rat after the 

administration of a single dose of estradiol-17f. See legend 
to Fig. | for details. 


ively, after the administration of estradiol-17f (Figs. 
| and 2). This increase was inhibited in the immature 
rat by cycloheximide but not by actinomycin, puro- 
mycin or 5-fluorouracil, using maximally tolerable 
doses (Fig. 5). This dose of cycloheximide also 
blocked the estradiol-17f-induced increase in total 
protein. The estradiol-17f-induced increase in prolyl 
hydroxylase activity in the uterus of the ovariecto- 
mized rat was blocked about 85 per cent by cyclohex- 
imide. The increase in enzyme activity was also 
partially inhibited by actinomycin and 5-fluorouracil, 
while puromycin had no effect (Fig. 6). However, in 
another experiment in which the dose of puromycin 
was increased to 100 mg/kg. the increase in prolyl 
hydroxylase activity was inhibited about 90 per cent. 
These results suggest that the estradiol-17f-induced 
increase in prolyl hydroxylase activity in the uterus 
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Table 1. Effect of cAMP and theophylline on uterine wet weight and prolyl hydroxylase activity 





Prolyl hydroxylase 





Wet wt 
of uterus Total activity 


(cpm x 10° 4/uterus) 


Specific activity 


Treatment (cpm x 10 3/mg protein) 





16:7 
16:8 


0-7 19°] 
0-3 20-9 + 


None 
cAMP* 


+ + 


16-4 
20-4 
13-8 


1-1 
O-8t 
0-3 


None 

Estradiol-17f (0-01 yg) 
Theophyllinet 
Estradiol-17f and 
theophyllinet 


He +> + 


169 + 0-4 23-4 + 03 


I+ 





*A- group of 21-day-old rats were given cAMP (5 mg/rat, ip.) at 0 and Shr; the uteri were removed 16hr after 
the first dose and weighed. The enzyme source for each assay was the 27,000g supernatant from the homogenate 
of two pooled uteri. 

' +These values are significantly different from the appropriate controls (P < 0-05). 

t Groups of 21-day-old rats were given a daily intraperitoneal dose of estradiol-17f (0-01 xg) for 2 consecutive days. 
Theophylline-treated rats were given 5 mg (i.p.) on the first day and 25mg b.id. the second day. Theophylline was 
administered just prior to estradiol-17f$. The appropriate vehicle was administered in the absence of other treatment. 
The uteri were removed from each group 24hr after the last dose of estradiol-17f. weighed and pooled in groups 


of two to assay for prolyl hydroxylase. Each value is the mean activity of five assays + S.E.M. 


of the immature and ovariectomized rat is dependent, 
at least in part, upon protein synthesis. 

Prolyl hydroxylase activity and cross-reacting pro- 
tein (CRP) in the uterus of the immature and ovariecto- 
mized rat after the administration of estradiol-17B. The 
administration of estradiol-17f (5 j«g/day) to the im- 
mature rat for 2 consecutive days resulted in a 5-fold 
increase in prolyl hydroxylase activity of the uterus, 
while the amount of CRP increased approximately 
3-fold (Table 2). In contrast, prolyl hydroxylase ac- 
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Fig. 5. Effect of actinomycin, puromycin, 5-fluorouracil 
and cycloheximide on the estradiol-17f-induced increase 
in prolyl hydroxylase activity in the uterus of the immature 
rat. Either 5 yg estradiol-178 or vehicle (control) was 
administered intraperitoneally and uteri were removed for 
assay of enzyme activity S8hr later. Actinomycin 
(250 ug/kg), puromycin (100mg/kg) and cycloheximide 
(1 mg/kg) were administered intraperitoneally 1 hr before 
estradiol-178 and again 4hr later, while 5-fluorouracil 
(150 mg/kg) was injected only | hr prior to the steroid. 
Each value is the mean + S.E.M. of five assays. The 
enzyme source for each assay was the 27,000 g supernatant 
obtained from a homogenate of two uteri. 


tivity and the amount of CRP decreased in the heart, 
kidney and lung. In the ovariectomized rat, prolyl 
hydroxylase activity of the uterus increased 25-fold, 
while CRP increased approximately 9-fold (Table 3). 
The prolyl hydroxylase activity did not change signifi- 
cantly in heart, kidney and lung. The amount of CRP 
increased in heart and decreased in lung. 
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Fig. 6. Effect of actinomycin, puromycin, 5-fluorouracil 
and cycloheximide on the estradiol-17f-induced increase 
in prolyl hydroxylase activity in the uterus of the ovariec- 
tomized rat. Either 5 zg estradiol-17f or vehicle (control) 
was administered intraperitoneally and uteri were removed 
for assay of enzyme activity 6hr later. Actinomycin 
(0-5 mg/kg), 5-fluorouracil (150 mg/kg) and cycloheximide 
(2 mg/kg) were administered intraperitoneally | hr before 
estradiol-178. while puromycin (50 mg/kg) was injected 
1 hr before and 3hr after the steroid. Each value is the 
mean + S.E.M. of five assays. The enzyme source for each 
assay was the 27,000 g supernatant obtained from a homo- 

genate of two uteri. 





Estradiol-17f and proly! hydroxylase activity 


Table 2. Prolyl hydroxylase and cross-reacting protein in different tissues of the immature 
female rat after administration of estradiol-17/* 





Control 
(cpm x 10° */organ) 


Estradiol-17f 
(cpm x 10° */organ) 





Prolyl 
hydroxylase 
activity 


Cross- 
reacting 


Tissue protein 


Cross- 
reacting 
protein 


Prolyl 
hydroxylase 
activity 





36+ 01 
124+ 0-2 
24-8 + 0-1 
744 + 1-2 


Uterus 
Heart 
Kidney 
Lung 


+ HH + 
ty 


17-9 + 03+ 
9-8 + 0-4t 
15-0 + 1-44 
63-7 + 44+ 


194-1 

87-2 
201-0 
686-3 


0-67 
2:0 
7-94 
19-67 


He He + + 





* Estradiol-17f (5 yg/day. ip.) was administered for 2 


consecutive days: tissues were 


removed 24hr after the second dose. The tissues were homogenized in 0:01 M Tris-HCl 
buffer (pH 7-4) containing 0-25M_ sucrose, 0-1°,, Triton X-100, 10°*M dithiothreitol and 
10 °M EDTA. The 27,000 g supernatants were assayed for prolyl hydroxylase activity and 
cross-reacting protein as described in Materials and Methods. The results are expressed 


as the mean + standard error (n = 6). 


+ These values are significantly different from the controls (P < 0-05). 


DISCUSSION 


The hydroxylation of proline has been recognized 
as a key reaction in the biosynthesis of collagen, even 
though the function of hydroxyproline was not under- 
stood [4-8]. It is now known that the thermal 
stability of the triple helical structure of the collagen 
molecule is a function of the hydroxyproline content 
of the molecule [2,3]. Moreover, the evidence indi- 
cates that the triple helical configuration is required 
for the normal secretion of collagen into the extracel- 
lular space [3,18]. These findings demonstrate the 
importance of prolyl hydroxylase in collagen biosyn- 
thesis. 

The estradiol-17f-stimulated uterus of the rat pro- 
vides a convenient model in vivo for the study of the 
regulation of collagen biosynthesis. The purpose of 
these investigations was to determine whether the in- 
crease in prolyl hydroxylase activity in the uterus 
after the administration of estradiol-17f was due to 
de novo synthesis of enzyme protein. Because of the 
toxicity of inhibitors of protein and RNA synthesis, 
inhibition of the estradiol-17f-induced increase in 
prolyl hydroxylase activity was only attempted for the 
initial 6-8 hr. In the immature rat. this effect of estra- 


diol-17/ was inhibited 85 per cent by cycloheximide, 
while this response was unaffected by maximally 
tolerated doses of actinomycin, puromycin and 
5-fluorouracil. These inhibitors were partially effective 
in blocking this response in the ovariectomized rat. 
This was probably related to the ability of the adult 
animal to tolerate higher doses of these drugs. These 
results suggest that the stimulatory effect of estra- 
diol-17f6 on prolyl hydroxylase activity is related in 
part to de novo synthesis of enzyme protein. 

Prolyl hydroxylase is present in all mammalian tis- 
sues tested. in an inactive as well as an active form 
[14]. This has been demonstrated by use of a specific 
enzyme immunoassay [14,19]. This procedure was 
used to quantitate total prolyl hydroxylase antigen, 
active prolyl hydroxylase and cross-reacting protein. 
After estradiol-17f administration, there is a marked 
increase in the amount of this antigen in the uterus 
of both the immature and ovariectomized rat. These 
findings provide further evidence that the increase in 
prolyl hydroxylase activity is accompanied by de novo 
synthesis of enzyme protein. However, it is possible 
that a decrease in the degradation of enzyme protein 
or other post-transcriptional effects of estradiol-17f 
could also account for the increase in the activity of 


Table 3. Prolyl hydroxylase and cross-reacting protein in different tissues of the ovariecto- 
mized rat after administration of estradiol-17/* 





Control 
(cpm x 10° */organ) 


Estradiol-17/ 
(cpm x 10° 4/organ) 





Prolyl 
hydroxylase 
activity 


Cross- 
reacting 


Tissue protein 


Prolyl 
hydroxylase 
activity 


Cross- 
reacting 
protein 





28-5 


Uterus 1-1 2 
146°5 


Heart 18-9 
Kidney 49-2 
Lung 137-0 


38 
13-5 


H+ H+ HH 


1-St 273-4 + 5:24 
I: 234-4 + 1-St 
6: 449-0 + 40-4 
7: 599-4 + 32-5t 


He HH 


110-0 





* See legend of Table 2 for experimental details. The results are expressed as the mean + 


standard error (n = 4). 


+ These values are significantly different from the controls (P < 0-05). 
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prolyl hydroxylase. Earlier results in L-929 fibroblasts 
suggested that inactive enzyme protein can be con- 
verted to active enzyme [20, 21]. The decrease in the 
ratio of inactive to active enzyme in the uterus after 
estradiol-17f could be due to a similar conversion. 
It is possible that this mechanism, is in part, respon- 
sible for the increase in prolyl hydroxylase activity 
seen after the administration of estradiol-17/. 

In addition to altering prolyl hydroxylase activity 
in the uterus. estradiol-17/ administration also caused 
significant changes in the quantity of this enzyme in 
heart. lung and kidney of the immature rat. In con- 
trast to findings in the uterus, both the prolyl hydroxy- 
lase activity and the amount of cross-reacting protein 
were reduced in these tissues. 


Estradiol-17f causes an increase in the activity of 


other enzymes in the uterus such as phosphofructo- 
kinase [22]. It has also been reported that cAMP 
and dibutyryl cAMP cause a marked increase in uter- 
ine Wet weight and in the activity of uterine phospho- 
fructokinase [16,17]. These investigators suggest that 
the estradiol-17/-stimulated increases are mediated 
through cyclic nucleotides. In our studies, a small in- 
crease in uterine wet weight occurred after the 


administration of large intraperitoneal doses of 


cAMP but not after dibutyryl cAMP; the activity of 
prolyl hydroxylase was unaffected. Theophylline has 
been reported to significantly increase uterine wet 
weight (50 per cent) and the activity of hexokinase, 
phosphofructokinase and pyruvate kinase in the im- 
mature rat [23]. In the latter study, theophylline was 
also reported to potentiate the action of a submaxi- 
mal dose of estradiol-17/. A more modest increase in 
uterine wet weight (24 per cent) was observed in our 
studies but there was no augmentation of the effect 
of a submaximal dose of estradiol-17f. Although the 
dose of theophylline we used was less than that 
reported above as stimulating these effects, a 50 per 
cent mortality occurred. Theophylline administration 
did not affect prolyl hydroxylase activity of the uterus. 
The reason for these differences is not immediately 
apparent but could be related to experimental differ- 
ences such as the route of theophylline administration 
or the strain of rat employed. There are other reports, 
however. whose results are similar to our own 
[ 24. 25]. These findings do not support the suggestion 
that cyclic AMP mediates the action of estrogens in 
the uterus 
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Abstract—y-Glutamy] transpeptidase activity has been determined in the urine from isolated perfused 
rabbit kidneys. Kidneys were perfused for 60 min at 37° with a cell-free salt solution, and with the 
same solution containing 1-4, 2:1 or 2-8 M dimethylsulfoxide (DMSO). The enzyme is relatively stable 
when stored at 4° or at —20, and the addition of DMSO to urine samples had no appreciable 
effect on enzyme stability. Analysis of urinary y-glutamyl transpeptidase activity demonstrated time- 
dependent release of this enzyme by the isolated rabbit kidney perfused with the cell-free salt solution. 
The addition of 1-4 and 2°83 M DMSO to the solution led to significant increases in the level of 
transpeptidase found in the urine. There was no significant correlation between urinary enzyme levels 
and urine flow rates in the presence or absence of DMSO. This represents the first demonstration 
of a urinary form of this enzyme which is unequivocally derived from renal tissue. Unlike natural 
urine, the urine derived from perfused kidneys contains mostly particulate ;-glutamyl transpeptidase. 
The increase in particulate urinary transpeptidase and alkaline phosphatase levels with time. coupled 
with the significant increases in urinary transpeptidase activity during perfusion with cytotoxic levels 
of DMSO, suggests that pieces of renal brush border are being broken off and are appearing in 


the urine. 


Since the early work of Hanes et al. [1], a great deal 
of interest has been focused on the enzyme }-glutamyl 
transpeptidase (y-GT). This enzyme is found in par- 
ticularly high concentrations in the microsomal frac- 
tion of the renal cortex [2-4], and has also been used 
as an enzyme marker for the brush border [5,6]. 
Orlowski and Meister [7] have suggested that 7-GT 
may play a role in a cyclic series of enzymatic events 
which mediate amino acid transport. More recently, 
it has been proposed that y-GT may function in an 
opposite direction, e.g. this enzyme may be involved 
in the secretion of substances from the cell [8.9]. 

Determination of serum levels of y-GT has gained 
clinical significance as a result of the correlation 
between elevated serum transpeptidase activity and 
the involvement of both hepatic cancer [10-12] and 
alcoholic hepatic injury [13,14]. Urinary y-GT levels 
have received much less attention, since there appears 
to be no correlation between urinary enzyme activity 
and liver damage. Recently, several investigators 
[15-17] have demonstrated that urinary »-GT levels 
can be used as an indicator of destructive renal 
disease. These results are consistent with the observa- 
tions of Szewezuk [4], who suggested that serum 
y-GT comes from the liver, while urinary 7-GT 
originates in the kidney. 

Previous reports from this laboratory have shown 
that kidney perfusion causes progressive functional 
and ultrastructural deterioration with time, resulting 
in tubular necrosis and severe glutathione depletion 
after 2 hr [18-20]. In view of these findings, it was 
of interest to determine if perfusion of the isolated 
rabbit kidney leads to increased levels of urinary 


y-glutamy! transpeptidase with time. One method de- 
veloped to determine the viability of an isolated organ 
has been the measurement of intracellular enzymes, 
such as lactate dehydrogenase, in the venous effluent 
and urine of stored organs [21-23]. The appearance 
of intracellular enzymes in either of these fluids is 
taken to indicate damage to epithelial cell mem- 
branes. Although it is well known that the kidney 
contains high concentrations of y-glutamy] transpepti- 
dase, the majority of which is membrane bound, there 
have been no reports in the literature dealing with 
the presence of this enzyme in the urine of isolated, 
perfused kidneys. 

The present study was undertaken to determine the 
levels of y-GT in the urine of isolated rabbit kidneys, 
the time course of y-GT appearance in the urine dur- 
ing perfusion, the influence of urine flow rate on y-GT 
activity, and the effects of perfusion with the dipolar 
aprotic solvent dimethylsulfoxide (DMSO) on urinary 
y-GT levels. During the course of this investigation, 
a report appeared in the literature which had a direct 
bearing on our results. Stokke [24] reported that 
y-GT in human urine was often inactivated when 
stored at —20°. He also reported that the addition 
of DMSO prevented freeze-inactivation. Since our 
urine samples were routinely frozen and stored at 
—20° before analysis, we felt compelled to investigate 
the stability of the enzyme in these urine samples un- 
der these conditions. In addition, it became necessary 
to ascertain whether or not DMSO had an effect on 
enzyme stability, since the increases reported in uri- 
nary y-GT during perfusion with DMSO might be 
due to this cryoprotective effect. 
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MATERIALS AND METHODS 


New Zealand albino rabbits of both sexes were 
anesthetized with urethane (1-5 g/kg) by intraperi- 
toneal injection, heparinized (1000 units/kg), and their 
left kidneys were exposed by a mid-ventral incision. 
After surgical isolation, the kidneys were removed, 
flushed with oxygenated perfusate at 37° by means 
of a syringe at a flow rate of approximately 0-5 
ml/g/min, and weighed. Kidneys were then connected 
to the perfusion circuit previously described [19]. The 
perfusion protocol was as follows: after connection 
to the circuit, the kidney was flushed for 10 min, while 
the pumping rate was adjusted to produce a flow rate 
through the kidney of 0:9 ml/g/min. Kidneys which 
did not achieve this flow rate at a pressure of 70 
mm Hg or below, or which did not develop a con- 
stant urine flow during this time, were rejected from 
the study. After this initial equilibration period, per- 
fusion with the standard perfusate (Solution A) was 
continued for 10 min, after which urine and effluent 
perfusate samples were taken, arterial pressure was 
determined, and urine and perfusate flow rates were 
recorded. In control kidneys, perfusion with DMSO- 
free Solution A was continued, and sampling was then 
done every 10 min thereafter for a total experimental 
period of 60 min. Urine flow was determined by timed 
collection of urine over each 10 min period, and was 
expressed as ml/g of tissue/min. In kidneys perfused 
with DMSO, the perfusate reservoir was exchanged 
for one containing DMSO after the first 10-min clear- 
ance period, after which the kidney was perfused for 
an additional 50 min with the DMSO perfusate. After 
the perfusion, kidneys were removed from the circuit 
and weighed. 

The perfusate used in all experiments was a K‘°- 
Mg?*-rich solution (Solution A) of the following 
composition (in mM): NaCl, 96:2; KCl, 40-3; CaCl,, 
1:7; MgSO,, 12:°5; NaHCO;, 11-9; dextrose, 11-1. 
Creatinine (10 mg/liter), para-aminohippuric acid 
(PAH) (10 mg/liter), and heparin (2000 units/liter) 
were also added. The perfusate contained isoxsuprine 
(10 mg/liter), as a vasodilating agent. The solution 
was oxygenated with a mixture of 97% O, and 3% 
CO,, resulting in a final pH of 7:35 and an oxygen 
tension of approximately 550 mm Hg. Constant ionic 
concentrations were maintained in DMSO-containing 
perfusates by replacing solvent water with DMSO. 
Replacement of 10, 15 and 20°, of solvent water with 
DMSO resulted in final DMSO concentrations of 1-4, 
2:1 and 2:8 respectively. All experiments were con- 
ducted at 37°. 

Urine samples were routinely stored at —20° for 
2-4 weeks before analysis for y-GT activity. In 
subsequent studies, fresh urine was analyzed and 
time-dependent inactivation of y-GT was studied. 
Analysis of transpeptidase activity was performed as 
follows. Samples contained 20 jumoles glycylglycine 
and 5 umoles L-y-glutamyl-p-nitroanilide in 1-8 ml 
Tris-HCl] (0:10 M, pH 9-0); the reaction was started 
by the addition of 0:20 ml urine and samples were 
incubated at 37° for 10 min. Renal tissue levels of 
y-GT were assessed in the same manner except for 
the addition of 0:20 ml of diluted tissue homogenate 
instead of urine. The reaction was terminated by the 
addition of 2 ml of 2 M acetic acid and the absorbance 


was read at 410 nm. A standard curve was prepared 
with p-nitroaniline and values are expressed as 
pumoles p-nitroaniline formed/ml of urine/min. 

Alkaline phosphatase determinations were per- 
formed according to a standard procedure [25]. p- 
Nitrophenylphosphate (5-5 x 10~* M) was suspended 
in 5 x 10°? M glycine buffer (pH 10-5); 1:0 ml of 
this solution was incubated for 30 min at 37° with 
0-2 ml of urine or tissue homogenate. The reaction 
was terminated by the addition of 10 ml of 0-02 N 
NaOH and the absorbance at 405 nm was determined. 
p-Nitrophenol was used to construct a standard curve 
and results are reported as jamoles p-nitrophenol 
formed/0:20 ml of sample/30 min. 

Lactic dehydrogenase (LDH) was determined spec- 
trophotometrically [26], and values are reported as 
milliunits of activity/ml of sample. 

Perfused kidney urine samples used for enzymatic 
determinations were obtained by combining aliquots 
of each of the timed urine samples collected during 
a perfusion experiment. Human urine was collected 
from healthy adult males. Rabbit urine was aspirated 
from the bladder of the rabbit used for the perfusion 
experiment. The perfused kidney was always paired 
with the unperfused kidney from the same animal for 
comparison. Tissue homogenates were made in 0-10 
M Tris-HCl, pH 9-0. Cortical tissue was blotted, 
weighed, and a 5° (w/v) homogenate was made in 
a tight-fitting glass homogenizer. Tissue homogenates 
were spun at 1000g for 5 min to remove whole cells. 
Supernatant solutions of each type of sample were 
obtained by centrifugation at 100,000g for 45 min. 

Statistical analyses were performed using the Wang 
600 programmable calculator and standard Wang 
programs. Experimental groups were compared statis- 
tically using the unpaired t-test, and differences were 
considered significant if ¢ values corresponded to P 
(probability) values of 0-05 or less. Linear regression 
analysis was also utilized. with r values corresponding 
to P values of 0-05 or less being regarded as statisti- 
cally significant. — 


URINARY ENZYME ACTIVITY 
(AAMOLES PRODUCT/ ML URINE / MIN) 











30 40 
TIME 
(MIN) 
Fig. 1. Plot of urinary 7-GT levels from control kidneys 
vs time. Enzyme activity is expressed as jumoles p-nitroani- 
line formed/ml of urine/min. Vertical bars above and below 
data points represent + S. E. M. 





Table 1. Urinary levels of y-glutamyl transpeptidase in isolated rabbit kidneys perfused with various 


y-GT in urine from isolated perfused rabbit kidneys 


_concentrations of DMSO* 





Time 
(min) 


Urinary enzyme 
(umoles product/ml urine/min) 





DMSO (0-0 M) 
(control) 


DMSO (1-4 M) 


DMSO (2:1 M) 


DMSO (2:8 M) 





10 
20 
30 
40 
50 
60 


0-032 + 0-020 
0-043 + 0-026 
0-051 + 0-022 
0-078 + 0-022 
0-085 + 0-014 
0-112 + 0-019 


0-038 + 0-005 
0-063 + 0-009 
0-144 + 00317 
0-432 + 0-138F 
0-357 + 0-1087 
0-205 + 0:020t 


0-023 + 0-006 
0-065 + 0-033 
0-062 + 0:028 
0-120 + 0-036 
0:267 + 0-184 
0-115 + 0-058 


0-061 + 0-025 
0-073 + 0-011 
0-125 + 0-026 
0519 + 0-123+ 
0-344 + 0-093+ 
0-172 + 0-030 





* Values are expressed as mean + | S.E.M. 


+ Denotes significant difference from control value. 


RESULTS 


Figure | shows the change in urinary levels of 
y-glutamyl transpeptidase during the course of per- 
fusion in the absence of DMSO. There is an obvious 
increase in urinary y-GT levels throughout the course 
of the 60-min perfusion period. Linear regression 
analysis revealed a significant correlation between 
time and urinary levels of y-GT (r = 0:56, P < 0-01). 
Urinary enzyme levels in control kidneys at the 
beginning of perfusion varied considerably, but the 
increases with time appeared linear in all of the 
samples studied (n = 5). 

Perfusion with DMSO resulted in significant 
changes in urinary levels of y-GT, when compared 
with controls, as shown in Table 1. Previous studies 
have shown that during perfusion with DMSO, this 
agent appears in the urine at approximately the same 
concentration as that found in the perfusate after 30 
min [27]. DMSO (1-4 M) produced the most consist- 
ent changes in urinary enzyme levels and resulted in 
significantly elevated levels after 30, 40, 50 and 60 
min. Perfusion with 2:1 M DMSO led to smaller, 
non-significant increases in urinary enzyme levels, 
while 2°83 M DMSO produced significant increases 
in y-GT levels after 40 and 50 min of perfusion. 
Urinary enzyme levels were significantly correlated 
with time in kidneys. perfused with both 1-4 M 
DMSO (r = 0-47, P< 0-05) and 2°83 M DMSO 
(r = 0-41, P < 0-05). 

It was observed that perfusion with DMSO led to 
increases in urine flow rates. The data in Table 2 


Table 2. Urine flow rates in isolated rabbit 


depict mean urine flow rates obtained in kidneys 
perfused with and without DMSO. Urine flow rates 
in the control group showed relatively little change 
during the course of perfusion. Although 1-4 and 2:8 
M DMSO did cause elevated urine flow rates, there 
were no statistically significant deviations from con- 
trol values at any time with any of the concentrations 
of DMSO studied. It was of interest to note that the 
highest ievels of urinary y-GT activity were found in 
conjunction with the highest values of urine flow rate. 
However, there was no statistical correlation, either 
direct or inverse, between urinary )-GT levels and 
urine flow rate in control kidneys or kidneys perfused 
with DMSO. 

The urine samples used in these studies had rou- 
tinely been stored at —20° for 2-4 weeks before being 
assayed for y-GT activity. In order to ascertain 
whether or not these samples had lost enzymatic 
activity because of this treatment, several experiments 
had to be conducted. First, these samples were 
assayed again, after 3-4 months storage at — 20°. For 
these studies, samples were selected which would 
distinguish the effect of DMSO (Table 3) and the 
effect of the time of perfusion (Table 4). Since there 
was a linear increase in enzyme activity with time 
(see Fig. 1), this also represents a concentration curve. 

The data presented in Tables 3 and 4 seem to indi- 
cate that there is only a slight decrease in enzymatic 
activity which can be demonstrated after several 
months of storage at —20°. Of those samples tested, 
only two have y-GT values significantly lower than 
the initial values obtained. This finding would argue 


kidneys perfused without and with DMSO* 





Urine flow rate 


(ml/g/min) 





DMSO (0-0 M) 


(control) 


DMSO (1-4 M) 


DMSO (2:1 M) 


DMSO (2:8 M) 





0-075 + 0-019 
0-084 + 0-020 
0-087 + 0-019 
0-086 + 0-018 
0-082 + 0-017 
0-074 + 0-016 


0-116 + 0-011 
0-130 + 0-015 
0-130 + 0-020 
0-130 + 0-020 
0-109 + 0-009 
0-095 + 0-008 


0-091 + 0-021 
0-088 + 0-019 
0-080 + 0-015 
0-096 + 0-016 
0-096 + 0-007 
0-085 + 0:007 


0-086 + 0-022 
0-105 + 0-023 
0-104 + 0-023 
0-119 + 0-022 
0-098 + 0-011 
0-066 + 0-011 





* Values are expressed as mean +1 S.E.M. 





D. J. Pittion, A. H. Jeske and F. H. Leipacu 


Table 3. Effect of DMSO on the stability of y-GT in the urine from an isolated perfused 
rabbit kidney* 





y-GT activity Activity 
DMSO remaining 
First determination Second determinationt 








0-112 + 0-019 0-093 + 0-014¢ 

0-205 + 0-020 0-205 + 0-034 

0-115 + 0-058 0:094 + 0-045 

0-172 + 0-030 0-134 + 0-O18f 78-0 





* Kidneys were perfused for 60 min with Solution A which contained various amounts 
of DMSO and samples were collected during the last 10 min of perfusion. Results were 
expressed as ymoles product formed/ml of urine/min + S. E. M.; n = 5. 

+ The second determination was made 90-120 days after the first determination. 

tP< 005. 


Table 4. Effect of perfusion time and enzyme concentration on the stability of »-GT activity* 





Perfusion y-GT activity Activity 
time remaining 
(min) First determination Second determination? 








10 0-032 + 0-020 0-028 + 0-017 
20 0-043 + 0-026 : 0-034 + 0-022 
30 0-051 + 0-022 0-043 + 0-015 


40 0-078 + 0-022 0-059 + 0-014 


50 0-085 + 0-014 0-073 + 0-009 
60 0-112 + 0-019 0-093 + 0-014¢ 





* Kidneys were perfused for 60 min with Solution A and urine samples were collected 
over 10-min intervals. Values represent jamoles product formed/ml of urine/min + S. E. M.; 
n = 5. 

+ The second determination was made 90-120 days after the first determination. 

~P < 005. 


against the possibility that DMSO protects against ie. values from samples which had been stored for 
freeze-inactivation and gives artificially high enzyme 2-4 weeks in the freezer, were not already depressed 
levels to those urine samples in which it is present. below the level found in fresh urine. For this reason, 

In addition to this, however, it was necessary to samples of fresh urine were collected at various times 
demonstrate that the initial values obtained above, from one kidney, pooled, and treated in various ways. 


TREATMENT 
@—@NONE B 
O—O1.4M DMSO 
@—#2.1 M DMSO 
O—02 8M DMSO 
4—# CENTRIFUGED 


itmnoles product/mi urine/min 











6) 


TIME (weeks) 


Fig. 2. Urinary y-GT activity during storage at —20° (panel A) and at 4° (panel B). 





y-GT in urine from isolated perfused rabbit kidneys 


DMSO was added to aliquots of the urine at several 
concentrations, while another aliquot was centrifuged 
at 5000 rev/min for 10 min. All samples were then 
assayed for y-GT activity and divided in half. One 
half of each sample was stored at —20°, while the 
other half was stored at 4. Subsequent analyses of 
y-GT activity were run on each of these samples after 
7, 14, 21 and 32 days. 

The results of these studies are shown in Fig. 2, 
A and B. Figure 2A depicts the time course of enzy- 
matic activity found in urine which is stored at — 20°. 
It can be noted that the addition of various concen- 
trations of DMSO to fresh urine has little effect on 
the level of y-GT activity. Centrifugation at 5000 rev 
min for 10 min does seem to reduce the level of 
enzyme activity somewhat. It is apparent that all of 
these urine samples show a loss of enzymatic activity 
in the first week. After this time, the »-GT activity 
is relatively stable, with the individual experimental 
error large enough to explain any differences. We 
have repeated this experiment with the urine from 
another kidney and found an even smaller decrease 
over the time period tested. Urine which is stored 
at 4° (Fig. 2B) shows a remarkably similar pattern. 
These results indicate that urine samples from a per- 
fused kidney can be stored for several weeks without 
significant loss of transpeptidase activity. In addition, 
there is no indication that DMSO, at any of the con- 
centrations tested, caused a change in the stability 
of y-GT activity in these urine samples. 

These results are quite different 


from values 


Table 5. Urinary and tissue levels of y-glutamy] transpepti- 
dase, alkaline phosphatase and lactic dehydrogenase* 





Sample y-GT* APt 





0-032 
0-014 
0-048 
0-005 
0-084 


0-033 
0-027 
0-025 
0-005 
0-160 


Human urine 

Human urine sup 

Rabbit urine 

Rabbit urine sup 

Perfused kidney 
urine 

Perfused kidney 
urine sup 

Kidney homogenate 

Kidney sup 

Perfused kidney 
homogenate 

Perfused kidney sup 

10-min 

20-min 

30-min 

40-min 

50-min 

60-min 


0-002 0-018 23 
3-010 
0-038 
2-006 


3-560 
0-324 
2-070 


1793 
1705 
1074 


0-025 
0-032 
0-041 
0-062 
0-114 
0-160 
0-200 


0-200 
0-063 
0-096 
0-128 
0-178 
0-225 


0-231 


1032 





* Kidneys were perfused for 60 min with Solution A and 
urine samples were collected over 10-min intervals. Human 
urine, rabbit urine, perfused kidney urine, and renal tissues 
were collected and prepared as described under Materials 
and Methods. Samples labeled ‘sup’ refer to supernatants 
from centrifugation at 100,000 g. 

+ Expressed as sumoles product/ml of urine/min or 
mmoles product/50 mg of tissue/min. 

t Expressed as ymoles product/0-20 ml of urine/30 min 
or pmoles product/10 mg of tissue/30 min. 

§ Expressed as milliunits/ml of urine or milliunits/50 mg 
of tissue. 
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reported previously for human urine; therefore, we 
investigated the possibility that the urine obtained 
from a perfused kidney contained a different form of 
y-glutamyl transpeptidase than that found in human 
urine. The data shown in Table 5 indicate the differ- 
ences between human, rabbit and_ perfusion-derived 
urine with regard to y-GT, as well as alkaline phos- 
phatase (AP), which is also associated with the brush 
border, and LDH, an intracellular enzyme. Human 
urine contains relatively low levels of all three 
enzymes and a significant fraction of each appears 
in the 100,000g supernatant. Rabbit urine contains 
a considerably smaller percentage of the soluble form 
of y-GT and AP. In comparison, perfused kidney 
urine has less than 3 per cent of its »-GT activity, 
and less than 12 per cent of its AP activity in the 
soluble form. Also included in Table 5 are data for 
the enzyme distribution in renal cortical tissue of 
perfused and non-perfused kidneys. It is clear that 
perfusion urine is more similar to renal tissue, in its 
percentage distribution of soluble enzymes, than it is 
to natural urine. 

These results prompted the suggestion that pieces 
of renal brush border are being broken off during 
perfusion and coming out in the urine. Previously 
reported light and electron microscopic findings 
support this contention, in that detached fragments 
of apical cell membranes were observed within the 
lumen of proximal tubules in kidneys perfused with 
DMSO [27]. To test this hypothesis, the appearance 
of y-GT, AP and LDH as a function of time was 
determined in kidneys perfused without DMSO. It 
can be seen in Table 5 that, as y-GT increases with 
time, AP does likewise. These two enzymes are both 
believed to be found on the brush border membrane 
in high concentrations. If indiscriminate tissue deterior- 
ation were occurring, one would expect to also find 
increasing levels of the intracellular enzyme LDH. 
On the contrary, the values for LDH in perfusion 
urine appear to decrease with time. 


DISCUSSION 


This report establishes for the first time the pres- 
ence of y-glutamyl transpeptidase in the urine from 
an isolated perfused kidney. In addition, this investi- 
gation has demonstrated that in these urine samples. 
*-GT is not subject to inactivation by storage at 


—20 and it is not stabilized by the addition of 
DMSO. These findings are substantially different 
from those found for y-GT in human urine [24], but 
this is not unexpected. This study was undertaken 
with an entirely different experimental design. Iso- 
lated, perfused rabbit kidneys provide the investigator 
with a much more uniform system than could be 
attained by the collection of human urine. These iso- 
lated kidneys are all perfused with the same solution 
and there are no hormonal or neural influences to 
affect renal function. With such an experimental sys- 
tem it is possible to easily determine the effect of an 
exogenous reagent (such as DMSO) on renal function, 
without concern for other changes that might take 
place in the whole animal. The disadvantage of such 
a system is that results obtained from an isolated 
organ may not reflect the situation in vivo. 
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In addition to these inherent experimental differ- 
ences, it also appears that human urine contains a 
much higher percentage of the soluble form of y-GT 
than the urine from a perfused kidney. Recently it 
has been suggested [28] that soluble y-GT is asso- 
ciated with the secretory component of sIgA. Appar- 
ently, these perfused kidneys are not secreting sIgA, 
but the possibility of stimulating such activity by bac- 
terial infection is presently being investigated. It 
would appear that during perfusion, pieces of the 
brush border membrane are being ‘shed’ into the 
renal tubule, accounting for the increasing concen- 
tration of particulate y-GT and AP with time. The 
LDH levels of the perfused kidney urine are elevated 
initially, presumably by the ischemic damage caused 
by the transfer of the kidney to the perfusion appar- 
atus, and the kidney then makes a gradual recovery. 

The concentration of y-glutamyl transpeptidase in 
the urine-of isolated perfused kidneys appears to be 
independent of the urine flow rate. If y-GT were 
released into the urine of perfused kidneys at a con- 
stant rate, the observed enzyme activity in urine 
samples would vary reciprocally with urine flow rate: 
higher urine flows would tend to dilute the enzyme, 
while lower urine flow rates would concentrate y-GT 
activity. Conversely, if high urine flow rates caused 
an increase in the amount of tubular damage, one 
would expect higher urine flow rates to increase such 
damage and thus increase the y-GT levels of urine. 
To verify the independence of urinary y»-GT levels 
from urine volume, we have acutely lowered urine 
flow rate by ureteral occlusion and by infusion of 
hypertonic colloid: neither of these treatments 


changed urinary enzyme activity when compared with 
control. values (unpublished observation). 

Previous reports from this laboratory have shown 
that the isolated rabbit kidney perfused at 37° under- 
goes progressive functional and ultrastructural deter- 
ioration with time, which results in loss of reabsorp- 
tive function and frank tubular necrosis after 2 hr 


[18-20]. The increasing urinary levels of y-GT 
observed in the control kidneys with time may be 
related to this loss of tissue integrity, possibly because 
of damage to cell membranes. Although electron 
microscopic observations demonstrated good preser- 


vation of tubular cell ultrastructure after 60 min of 


normothermic perfusion without DMSO [20], studies 
of kidneys perfused with 2°83 M DMSO for the same 
length of time revealed conspicuous cytopathological 
changes in the apical plasma membranes of proximal 
tubular cells [27]. Even in kidneys perfused with 1-4 
M DMSO, in which proximal tubular epithelium has 
been previously demonstrated to remain intact, in- 
creased levels of urinary y-GT have been found; this 
may be due to the known effect of DMSO in incréas- 
ing cell membrane permeability [29, 30]. The obser- 
vation that 2:1 M DMSO did not significantly alter 
urinary y-GT activity is not consistent with these find- 
ings, and cannot be explained at present. The value 
of this enzyme determination as a viability assay in 
renal perfusion studies has yet to be confirmed. Only 
after experiments are done which involve correlation 
of urinary y-GT levels during perfusion, with kidney 


survival following post-perfusion reimplantation, can 
one interpret the effectiveness of urinary y-GT as an 
indicator of tissue viability. 
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Abstract—The effect of treatment in vitro with either isoproterenol or acetylcholine on the levels of 
cyclic AMP and cyclic GMP in male mouse prostate gland and seminal vesicle was studied. In each 
experiment, tissues were preincubated with aminophylline (5 mM) for 10 min prior to exposure to 
the autonomic agonist. Treatment with 1 x 10°°M isoproterenol for 5 min resulted in significant 
increases in endogenous levels of cyclic AMP in both prostate glands and seminal vesicles obtained 
from intact mature male mice. This effect of isoproterenol on cyclic AMP could be blocked by pretreat- 
ment for 10 min with an equimolar (1 x 10°°M) concentration of propranolol. On the other hand, 
isoproterenol (1 x 10°°M for 5 min) had no effect on sex accessory organ levels of cyclic GMP. 
If sex accessory organs obtained from intact mature male mice were subjected to acetylcholine 
(1 x 10°5M for 5 min), significant increases (P < 0-05) in cyclic GMP were noted in the seminal 
vesicles; this effect could be blocked by atropine pretreatment (1 x 10~°M for 10 min). Just as isopro- 
terenol had no effect on sex accessory cyclic GMP levels, acetylcholine produced no changes in cyclic 
AMP in these tissues. Although treatment with neurotransmitters resulted in striking increases in cyclic 
nucleotides in sex accessory tissues obtained from normal mice, this treatment had little or no effect 


on cyclic nucleotide levels in tissues obtained from 7-day castrate mice. 


Recently, several investigators[1-4] have reported 
that cyclic AMP might be involved in the actions 
of the androgens on the male sex accessory organs. 
In the prostate and seminal vesicles, castration results 
in decreases in the amount of *H-cyclic AMP formed 
from [*H]adenosine. This decrease can be reversed 
by treatment with testosterone or with dihydrotestos- 
terone. Several androgen-dependent carbohydrate- 
metabolizing enzymes in the rat ventral prostate 
gland can be stimulated by the administration of exo- 
genous cyclic AMP [4]. The content of both cyclic 
AMP and cyclic GMP in mouse sex accessory tissues 
was reduced after castration [5]. Other workers [6-8] 
have failed to show any relationship between 
androgens and cyclic nucleotides in the male sex 
accessories. Since the role of androgens in the regula- 
tion of cyclic nucleotide levels in male sex accessory 
organs is not firmly established, the present studies 
were a further attempt to clarify any such interaction. 

The autonomic innervation of the male sex access- 
ory organs consists of both sympathetic and parasym- 
pathetic components [9-11]. However, the relative in- 
fluence of these two autonomic divisions in initiating 
and maintaining the exocrine secretion of the sex ac- 
cessory glands remains unresolved [12]. Recently, in 
non-sex accessory tissues, the cyclic nucleotides have 
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been implicated as possible second messengers in the 
autonomic nervous system [13-16]. 

The present investigation was undertaken to deter- 
mine if a relationship exists between the autonomic 
innervation of these organs and the tissue levels of 
either cyclic AMP or cyclic GMP. The effects of 
various autonomic drugs and appropriate blocking 
agents were investigated in sex accessory tissues 
obtained from either normal mature male mice or 
7-day castrate mice. 


MATERIALS AND METHODS 


Mature (35-40 g) albino Swiss-Webster mice were 
killed and their sex accessory organs (anterior pro- 
state glands and seminal vesicles) were rapidly 
removed. The internal secretions of these organs were 
removed, and the organs were rinsed in isotonic 
saline, blotted, placed in incubation vials, and prein- 
cubated for 10 min in freshly oxygenated Krebs 
Ringer bicarbonate buffer (pH 7:4, 37°) containing 
5mM aminophylline. Preliminary experiments have 
shown this to be necessary in order to decrease the 
variability of the results due to differential rates of 
metabolism of the formed cyclic nucleotides between 
individual animals. When using autonomic blocking 
agents, this preincubation medium also contained the 
appropriate antagonist (viz. propranolol or atropine, 
1 x 10°°M). After this preincubation period, the tis- 
sues were transferred to clean incubation vials con- 
taining fresh Krebs-Ringer bicarbonate buffer. Ace- 
tylcholine or isoproterenol was added and the tissues 
were further incubated at 37° for 5 min. Preliminary 
work has shown this exposure time to and dose of 
agonist to be optimal. All incubations were carried 
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Table 1. Effect of isoproterenol (1 


Cyclic AMP 
(pmoles/mg protein) 


Treatment Semina 


Anterior prostate 


J. A. THOMAS 


10°°M) on cyclic nucleotide levels in mouse sex accessory organs in vitro in 
the presence or absence or propranolol (1 x 10° > M)* 





Cyclic GMP 
(pmoles/mg protein) 





1 vesicle Anterior prostate Seminal vesicle 





Control 
Isoproterenol 
Isoproterenol + 


propranolol 9-38 + 0-93 


‘Tissues were preincubated in buffer containing aminophylline (5 mM) for 10 min with or 


2 + 0:33 


3+ 621TS 


0-67 
1:20 


8-72 
10-43 


8-84 + 0-84 


= 
= 9-59 + 1-46 


+ 0-40 





without propranolol. 


Tissues were then placed in fresh buffer containing isoproterenol or buffer alone and further incubated for 5 min. 


* Mean + S.E.M. of six observations; group. 
t Significantly different from control (P < 0-05). 


$ Significantly different from isoproterenol + propranolol group (P < 


out under an atmosphere of 95°,, O, and 5°, CQ;. 
After the incubation period the tissues were removed, 
blotted, and immediately frozen in liquid nitrogen for 
subsequent cyclic nucleotide and protein assay. 

The tissues were processed for biochemical analysis 
by removing them from the liquid nitrogen and im- 
mediately homogenizing them (motor-driven Duall 
glass homogenizer) in | ml of cold 5°, trichloroacetic 
acid (TCA). The homogenate was centrifuged (1000 g) 
to separate the protein-containing precipitate from 
the cyclic nucleotide-containing supernatant fluid. 
The protein pellet was reconstituted in cold distilled 
water to a concentration of 4°, (w/v) and the amount 
of protein was determined by the method of Lowry 
et al. [17]. The supernatant fluid containing the cyclic 
nucleotides was acidified with 0-1 ml of 1N HCL. 
extracted five times with 2 vol of diethyl ether to 
remove the TCA, and the final aqueous phase of the 
extract subsequently lyophilized. After lyophilization, 
the cyclic nucleotides were reconstituted in cold 
sodium acetate buffer (pH 4-0) and the levels of either 
cyclic AMP or cyclic GMP were determined by com- 
petitive protein binding. Kits for the determination 
of the cyclic nucleotides by competitive protein bind- 
ing were purchased from Diagnostic Products Corp. 
(Culver City, Calif.). Preliminary studies indicated 
that there is good specificity of the binding protein 
for its respective cyclic nucleotide with little cross- 
reactivity (less than | per cent) for other nucleotides. 


Table 2. Effect of acetylcholine (1 


0-05). 


Results were statistically analyzed using Student's 
(-test. 

RESULTS 

Isoproterenol (1 x 10° ° M) significantly (P < 0-05) 
increased the concentration of cyclic AMP in the 
mouse sex accessory tissues (Table 1). These increases 
were approximately 95 per cent in the prostate gland, 
while in the seminal vesicle they exceeded 440 per 
cent. While isoproterenol produced definite increases 
in sex accessory cyclic AMP, it was without effect 
on cyclic GMP in these tissues (Table 1). 

The effect of propranolol on the isoproterenol-pro- 
duced increases in cyclic AMP in the sex accessory 
tissues was of interest. As can be seen in Table 1, 
preincubation with propranolol (1 x 10~*M) for 10 
min was completely effective (P < 0-05) in blocking 
the effects of an equimolar concentration of isoproter- 
enol in both the prostate gland and the seminal vesi- 
cles. Preliminary experiments have shown proprano- 
lol alone to be without effect (P > 0-05) on cyclic 
AMP levels in the sex accessories. 

Since isoproterenol would markedly increase sex 
accessory cyclic AMP without affecting cyclic GMP 
(Table 1), it was of interest to examine what effect 
a cholinergic agent might have on these same cyclic 
nucleotides. Table 2 shows the effects of acetylcholine 
(1 x 10°°M) on cyclic nucleotide levels in mouse sex 
accessory organs. Acetylcholine produced a 210 per 


10° °M) on cyclic nucleotide levels in mouse sex accessory organs 


in vitro in the presence or absence of atropine (1 x 10° * M)* 


Treatment 


+ 0-524 
+ 0-82 


Control 
Acetylcholine 

Acetylcholine 4 
atropine 


Cyclic AMP 


(pmoles/mg protein) 





Cyclic GMP 
(pmoles/mg protein) 





Seminal vesicle Seminal vesicle 





10-27 
8-92 


1-11 


e + 
ts 


0-74 
0-76 


795 


+ 
24-72 + 


= 
= 


10-01 + 1-88 





atropine. Tissues were then placed in fresh buffer 
incubated for 5 min. 


* Tissues were preincubated in buffer containing aminophylline (5 mM) for 


10 min with or without 
containing acetylcholine or buffer alone and further 


+ Mean + S.E.M. of at least four observations, group. 


t Significantly different from control (P < 0-05). 


+ 


§ Significantly different from acetylcholine + atropine group (P < 0-05). 
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Table 3. Effect of isoproterenol (1 x 10°°M) on cyclic AMP or acetylcholine (1 x 10 *M) on cyclic GMP in sex 
accessory organs obtained from castrate mice in vitro* 





Cyclic AMP 
(pmoles/mg protein) 


Cyclic GMP 
(pmoles/mg protein) 





Treatment Anterior prostate 


Seminal vesicle 


Anterior prostate Seminal vesicle 





9-80 + 0-874 
11-73 + 0-55 


Control 
Isoproterenol 
Acetylcholine 


1:6 21-46 + 2:89 15:99 + 


0-43 
23°26 + 


29 22:31 + 1-67t 





* Tissues from 7-day castrate mice were preincubated in aminophylline (5S mM) for 10 min then removed from the 
aminophylline and further incubated for 5 min in buffer with or without the appropriate neurotransmitter. 


+ Mean + S.E.M. of at least four observations/group. 
t Significantly different from control (P < 0-05). 


cent increase in cyclic GMP levels in the seminal vesi- 
cle, while pretreatment with an equimolar concent- 
ration of atropine (1 x 10°°M) for 10 min abolished 
this response. The cyclic GMP response of the pro- 
state gland to acetylcholine (not shown) was inconsis- 
tent in several experiments, hence was considered too 
variable to allow any interpretation. As can be seen 
also in Table 2, acetylcholine had no effect (P > 0-05) 
on sex accessory levels of cyclic AMP. 

It was next of interest to determine if the hormonal 
state (i.e. castration) of the animal could modify the 
effects of the autonomic agents on the levels of cyclic 
nucleotides in the sex accessory organs. While isopro- 
terenol provoked significant increases in cyclic AMP 
in organs obtained from normal mice (Table 1), cast- 
ration abolished the response to this adrenergic agent 
(Table 3). Similarly, although acetylcholine markedly 
increased cyclic GMP levels in seminal vesicles from 
normal mice (Table 2), the response of this cyclic nu- 
cleotide to acetylcholine in vesicles from castrate ani- 
mals was considerably less than that in tissues from 
intact animals (28 vs 210 per cent, respectively) (Table 
3). Also, acetylcholine was ineffective in elevating cyc- 
lic GMP in prostates from castrate mice (Table 3). 


DISCUSSION 


The present studies reveal that isoproterenol can 
elevate endogenous levels of cyclic AMP in sex ac- 
cessory organs of the mouse. Similar findings have 
been reported to occur in the rat uterus[18] and in 
the rat prostate gland[19]. The present findings 
reveal that castration abolishes the stimulatory effects 
of isoproterenol in androgen-dependent tissues like 
the prostate and the seminal vesicles. 

Just as castration can abolish the stimulatory 
effects of isoproterenol upon cyclic AMP levels, so 
too can the addition of propranolol lead to a blocking 
of the effects of this adrenergic agent. Blockade by 
propranolol suggests that beta-adrenergic innervation 
is somehow involved in the regulation of cyclic AMP 
levels in mouse sex accessory organs, but such an 
interpretation does not explain the loss of effect of 
isoproterenol in the sex accessory organs obtained 
from castrate animals. It is well known that castration 
can reduce many biochemical parameters in sex ac- 
cessory organs, but less is known about the autono- 
mic regulation of these androgen-dependent tissues. 
Denervation studies reveal a several-fold increase in 


sensitivity of vas deferens smooth muscle to autono- 
mic neurotransmitters [20]. Other workers have 
reported the stimulation of canine prostate gland se- 
cretions by various cholinomimetic agents [21] and, 
to a lesser extent, sympathomimetic amines [22]. In 
other steroid-dependent tissues such as the uterus, 
epinephrine reportedly stimulates adenylate cyclase 
activity [23]. Epinephrine also produces a relaxation 
in the smooth musculature of the rat uterus [23]. 
In the present studies, due presumably to the greater 
proportion of smooth musculature in the seminal 
vesicles, the cyclic AMP response of the prostate to 
isoproterenol was not as marked. 

Even though acetylcholine can stimulate the secre- 
tory activity of sex accessory tissues [12], a 10°°M 
concentration of this cholinergic agent failed to affect 
cyclic AMP in either the mouse prostate gland or 
seminal vesicles. While a wider range of acetylcholine 
doses would reinforce the idea that cholinergic agents 
do not affect sex accessory cyclic AMP levels, the 
present dose of 10°° M was nevertheless effective in 
influencing another cyclic nucleotide (viz. cyclic 
GMP). 

Cyclic GMP has been found to be involved with 
cholinergic activity in a variety of tissues including 
the brain [24], heart [25] and submaxillary gland 
[26], as well as in the ductus deferens [26,27] and 
the uterus [28]. Changes in uterine cyclic GMP were 
associated with cholinergically induced contractions 
of the smooth muscles [28]. Likewise, the present 
studies reveal that the smooth muscle-rich seminal 
vesicles exhibit a greater stimulatory cyclic GMP 
response to acetylcholine. The fact that atropine 
blocked the response of cyclic GMP to acetylcholine 
supports the notion that cholinergic activity is asso- 
ciated with the modulation of cyclic GMP, possibly 
via a muscarinic mechanism. As was the case with 
isoproterenol and cyclic AMP, castration reduced the 
response of cyclic GMP to acetylcholine in the 
seminal vesicle. That castration did not completely 
abolish the increase in cyclic GMP suggests that this 
cyclic nucleotide is more closely associated with the 
smooth muscle of the seminal vesicle than is cyclic 
AMP and is affected somewhat less by the androgenic 
state of the animal. Either cyclic nucleotide appears 
to be altered by autonomic agents with isoproterenol 
apparently more apt to affect cyclic AMP. while 
acetylcholine is more inclined toward changing levels 


of cyclic GMP. 
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The present studies reveal that both hormone and 
autonomic factors can affect levels of cyclic nucleo- 
tides in androgen-dependent tissues. Further studies 
will more clearly establish the role that the adrenergic 
mediators play in the regulation of cyclic AMP and 
the role that cholinergic mediators play in the modu- 
lation of cyclic GMP. The present findings suggest 
somewhat of an antagonistic action between the two 
divisions of the autonomic nervous system with 
regard to sex accessory levels of cyclic nucleotides. 
Further, the hormonal milieu appears to be important 
for the biochemical responses of the sex accessory tis- 
sues to autonomic stimulation. 
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Abstract 


The inhibitory effect of some pyrazole derivatives on purine biosynthesis was studied in 


a pigeon liver cell-free system. It was demonstrated that 3-amino-4-carbethoxypyrazole, 3-amino-4- 
carboxypyrazole and 3-(3’,3’-bis-B-chloroethyltriazenyl-1’)-4-carbethoxypyrazole were inhibitors, while 
N-B-hydroxyethyl-3-amino-4-carbethoxypyrazole was almost inactive. A possible mechanism of action 


is discussed. 


We found previously [ 1. 2, 3] that some pyrazole deri- 
vatives inhibit the growth of several strains of micro- 
organisms. The compounds were structural analogues 
of 5-amino-4-imidazolecarboxamide the ribose-5- 
phosphate derivative of which is a precursor of purine 
biosynthesis de novo. Previously [1] it was shown that 
aminoimidazole carboxamide did not reverse the in- 
hibitory effect of aminocarbethoxypyrazole on the 
growth of microorganisms. The compounds tested 
belong to four different series (Fig. 1 A, B, C, D). The 
first three of them differ in the N-2 substituent in 
the pyrazole ring, and the fourth in the alkyltriazeno 
group, replacing the 3-amino group. It was estab- 
lished that the triazeno-derivatives (series D) were the 
most active [3], followed by the compounds of series 
A with no substituent at N-2. The remaining com- 
pounds from series B and C with a f-hydroxyethyl 
or phenyl substituent at N-2 inhibited only slightly 
the growth of the microorganisms tested. The triazene 
derivatives are not very stable on prolonged storage 
and especially when exposed to light. However, the 
rate of decomposition is very low and under our ex- 
perimental conditions no measurable degradation of 
3-(3',3'-bis-f-chloroethyitriazenyl-1')-4-carbethoxypyr- 
azole was detected. 

We suggested that the compounds investigated in- 
terfered with purine biosynthesis. To check this 
assumption some of the analogues were tested in a 
pigeon liver cell-free system. The compounds were 
selected on the basis of the results from the microbio- 
logical screening. From the series A and B the most 
active compounds, i.e. the esters of the corresponding 
N-unsubstituted and N-f-hydroxyethyl substituted 
aminopyrazole carboxylic acids were tested. The less 
active 3-aminopyrazole carboxylic acid was also 
tested for comparison. The ester of N-phenyl substi- 
tuted aminopyrazole carboxilic acid, as well as the 
other compounds of series C were water-insoluble 
and for this reason were not studied in the cell-free 
system. From series D, 3-(3'.3’-bis-B-chloroethyltria- 
zenyl-1')-4-carbethoxypyrazole was tested. 





*This paper is a part of the Dissertation of M. Spassova. 

+ Abbreviation used: ATP, adenosine-5’-triphosphate; 
FGAR, 5’-phosphoribosyl-N-formylglycinamide; GAR, 
5’-phosphoribosylglycinamide. 


MATERIALS AND METHODS 

The acetone powder was prepared from pigeon 
liver according to the procedure described by Goldth- 
wait and Greenberg [4]. The enzyme system was iso- 
lated before use by extraction of the powder with 10 
volumes of veronal buffer, pH 7.5. 

D.L-Homocystein was obtained ex tempore by 
reduction of homocystine with tin shavings in HCl 
(0.1 g of homocystine, | g Sn, 10 ml HCl). The reduc- 
tion was carried out at 70-80 for 30 min. After dilu- 
tion of the initial volume of 10 ml to 60 ml with 
distilled water the solution was saturated with H,S. 
The precipitate was filtered out and the filtrate was 
evaporated to dryness under reduced pressure. The 
homocystein obtained was measured spectrophoto- 
metrically [3]. 

The inhibitors 3-amino-4-carbethoxypyrazole (AC- 
EP), 3-amino-4-carboxypyrazole (ACP) and N-/- 
hydroxyethyl-3-amino-4-carboxypyrazole (N-f-hyd- 
roxyethyl-ACEP) were obtained by the method of 
Schmidt and Druey [6] and Schmidt et al. [7]. 
3-(3',3'-Bis-B-chloroethyl - triazenyl - 1')-4-carbethoxy 
pyrazole (triazeno-CEP) was synthesized as described 
previously [3]. 

['*C]Formate was purchased from Isocommerz 
(DDR). 3-phosphoglyceric acid from Koch-Light. 
ATP from Kyova, Hanko & Kogio Co Ltd, glycine 
and glutamine from Reanal and ribose-5-phosphate 
from Boehringer. All other substances used were ana- 
lytical grade reagents. 

The action of the compounds on purine biosyn- 
thesis was tested by measuring the in vitro incorpor- 
ation of ['*C]formate into inosinic acid using a slight 
modification of the technique of Goldthwait and 
Greenberg [4] and Slavikova [8]. The incubation 
mixture contained in a final volume of 2.3 ml the 
following compounds in yumoles: glutamine, 10; ATP, 
5; ribose-5-phosphate, 50; 3-phosphoglyceric acid, 
7.3; MgCl,. 5; D.L-homocystein, 5; glycine, 5; veronal 
buffer (pH 7.5), 50; boiled extract of pigeon liver, 0.20 
ml; enzyme extract, 0.50 ml; ['*C]formate. 0.5 pCi: 
inhibitors, 20, 10, 5, 1, 0.5 or 0.1 moles. The samples 
were incubated at 37 for 40 min and then | ml of 
10°, CC1,COOH was added to precipitate the pro- 
teins. The veronal buffer and CCIl,COOH were 
removed by successive ether extractions. Hypoxan- 
thine, 0.5 mg, was added to each sample as a carrier 
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lable 1. The inhibitory effect of 5 moles of 3-amino-4-car- 

bethoxypyrazole (ACEP),  3-(3'.3'-bis-f-chloroethyl-tria- 

zenyl-1')-4-carbethoxypyrazole (triazeno-CEP), 3-amino-4- 

carboxypyrazole (ACP) and N-f-hydroxyethyl-3-amino-4- 

carbethoxy pyrazole (N-f-hydroxyethyl-ACEP) on the in 

ritro incorporation of ['*C ]formate into inosinic acid (see 
text). 


Number of 
experiments 


Pyrazole Inhibition 
analogue 





ACEP 

Triazeno-CEP 

ACP 

\V-Hydroxyethyl- 
ACEP 





The results are expressed as Mean + S.E.M. 4 or 5 ex- 
periments in which the cpm were in the range 700-1500 
for the controls (taken as 100 per cent) and 50-100 for 
the blank samples. 


and hydrolysis was carried out with 0.3 ml of 2°, 


FeCl, in 2 N HCI in a boiling water bath for 40 
min. The samples were evaporated to dryness, dis- 
solved in 0.5 ml of water and chromatographed on 
Whatman No. 3 paper. The chromatograms were de- 
veloped in water-saturated n-butanol and dried. The 
hypoxanthine spots were cut out, extracted with. 2 
ml of 0.1 N HCl, mixed with 10 vol of toluene-Triton 
X-100 scintillation fluid and counted with a Packard 
Tricarb 3200 liquid scintillation spectrometer [9]. 


RESULTS AND DISCUSSION 


The pyrazole derivatives tested inhibited the purine 
biosynthesis to a varying extent. As shown in Table 
| the most active inhibitors were ACEP and triazeno- 
CEP. ACP had a lower activity, while at the same 
concentration, N-/-hydroxyethyl-ACEP was almost 
inactive. 

Che dose-dependence of the inhibitory action of the 
analogues is shown in Fig. 2. The inhibitory effect 
of ACEP, ACP and N-f-hydroxyethyl-ACEP corre- 
lates with their effect on the growth of micro- 
organisms. Although triazeno-CEP and ACEP ‘dis- 
played almost equal activities in the cell-free system, 
all triazeno derivatives were considerably more active, 
when tested on bacteria. This discrepancy may be 
explained by the probable alkylating action of the 
alkyltriazeno-group in the cells of the micro- 
organisms. 


‘ig. |. Pyrazole derivatives: A—R,—H:; R,—NH;; 


-~CONH,, —CONHNH,, 
B—R,—CH,CH,OH: 
COOEFt. —CONH,. 

C(:NOH)NH,; C—R,—C,H; 

R,—NH,: | R,—COOH. COOEFt. -CONH, 
CONHNH,, —CN. —C(:NOH)NH,: D—R,—H. 
CH,. CH,CH,OH; = R,—N:NN(CH,CH,C)),. 
N: NN(CH)>. —N:NN(C,H,)>; R;—COOEt. 


COOEt. 

C(:NOH)NH,: 
COOH. 

CN, 


COOH. 
CN 

R,—NH;:  R; 
CONHNH,. 
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Fig. 2. Inhibition of the in vitro incorporation of ['*C]for- 
mate into inosinic acid by different pyrazole analogues (see 
text): --M™--®-, 3-amino-4-carbethoxypyrazole (ACEP); 

A A. 3-(3',3'-bis-f-chloroethyl-triazenyl-1')-4-car- 

bethoxypyrazole (triazeno-CEP); ----O--:-O--.. 3-amino-4- 
carboxypyrazole (ACP): @ e . N-f-hydroxy- 
ethyl-3-amino-4-carbethoxypyrazole — (N-f-hydroxyethyl- 
ACEP). 
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Analysis of the incorporation of labeled precursor 
into inosinic acid demonstrated that the pyrazole der- 
ivatives tested were in vitro inhibitors of purine bio- 
synthesis de novo. It was found that the compounds 
unsubstituted at the N-2 position of the pyrazole ring 
were more active in the cell-free system as well as 
on microorganisms. Some purine nucleotides and 
their analogues are known to inhibit the first steps 
of purine biosynthesis [10,11] up to the step of 
FGAR formation. It is likely, therefore, that the com- 
pounds tested act at some of these stages, and as cor- 
responding ribose-5-phosphates. Two facts support 
this assumption: (a) the N-2-substituted compounds 
are almost inactive in a cell-free system and (b) those 
active in a cell-free system and on most micro- 
organisms are not active on E. coli for which Le Gal 
et al. [12] reported GAR synthesis from ammonia 
and ribose-5-phosphate. 
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Abstract—Snail nervous tissue synthesizes ['*C]dopamine and ['*C]dihydroxyphenylalanine (DOPA) 
from ['*C]tyrosine. The K,, value for the overall conversion of ['*C]dopamine was 6 x 10°*M. 
The enzyme converting ['*C]tyrosine to ['*C]DOPA, tyrosine hydroxylase, has the following charac- 
teristics. Approximately 85-90 per cent of the enzyme is soluble, and the enzyme of the nervous tissue, 
isolated by ammonium sulfate fractionation, had the highest activity in the 25-40 per cent fraction. 
The enzyme has a pH optimum of 6:5 in Tris-HCl, sodium acetate and potassium phosphate buffers. 
The enzyme requires a tetrahydropteridine cofactor. K,, values toward various tetrahydropteridines 
such as 2-amino-4-hydroxy-6,7-dimethyltetrahydropteridine (DMPH,), 2-amino-4-hydroxy-6-methylte- 
trahydropteridine (6MPH,), and 2-amino-4-hydroxy-6-(L-erythro-1,2-dihydroxypropyl)tetrahydropteri- 
dine (L-erythro-tetrahydrobiopterin) (BH4) are 5 x 10°* M. 3:2 x 10°*M and 1-1 x 10°*M respect- 
ively. The K,, values for tyrosine at 10°? M BH, or 6MPHg are 1-4 x 10° 4M and 4:2 x 10° respect- 
ively. The enzyme is markedly stimulated by Fe?* and catalase. The activity is drastically inhibited 
by dopamine, 6-hydroxydopamine, 5-hydroxytryptophan (5-HTP), noradrenaline and sodium dodecyl 
sulphate. Analogues of tyrosine also slightly inhibit the activity while Triton X-100, homovanillic acid, 
dihydroxyphenylacetic acid (DOPAC), reserpine, tyramine, pargyline and sucrose have little effect. The 


properties of the snail tyrosine hydroxylase are compared with those of the vertebrates. 


A great deal of evidence has accumulated during the 
past few years to suggest that dopamine serves as 
a neurotransmitter substance in the gastropod (e.g. 
Helix pomatia) nervous system [7, 11, 33]. This is sup- 
ported by the high concentration of this amine within 
certain neurons [24, 30], its localisation within synap- 
tic type vesicles [28], the ability of dopamine-contain- 
ing neurons alone to synthesize the amine from tyro- 
sine [26], and the effects of its iontophoretic appli- 
cation upon the activity of certain neurons [1]. More- 
over, data from experiments on the release of dopa- 
mine from a single neuron containing the amine [2] 
and its accumulation by an uptake mechanism into 
nervous tissue [27,28] all tend to substantiate the 
hypothesis that dopamine is a transmitter in gastro- 
pod nervous tissue. 

The present paper describes results of experiments 
made to investigate the presence. level and properties 
of tyrosine hydroxylase (E.C. 1.14.6.2) in the snail 
brain. This enzyme regulates the formation of dopa- 
mine in the vertebrates [15]. The properties of the 
invertebrate tyrosine hydroxylase are compared with 
those reported for the mammalian enzyme. 


MATERIALS AND METHODS 


L-[U-'*C]Tyrosine (522 mCi/m-mole) was _pur- 
chased from Amersham Buchler Company and puri- 
fied before use by t.l.c. on Silica gel 60 plates (Merck) 
with the solvent system butanol-pyridine—glacial ace- 
tic acid—water (15:2:3:5 v/v). The strip corresponding 
to tyrosine was eluted with methanol and dried. 





* Present address: Neurosciences Division, University of 
California, San Diego, La Jolla, California 92037 U.S.A. 
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2-Amino-4-hydroxy-6,7-dimethyltetrahydropteridine 
(DMPH,) and 2-amino-4-hydroxy-6-methyltetrahyd- 
ropteridine (6MPH4,) were obtained from Calbio- 
chem: catalase (3900 units/mg) from Sigma. 
2-Amino-4-hydroxy-6-(L- erythro - | ,2- dihydroxy - 
propyl)tetrahydropteridine (L-erythrotetrahydrobiop- 
terin) (BH4) was the generous gift of Dr. K. J. M. 
Andrews of Roche Products Ltd.. Welwyn Garden 
City, UK. 

In initial experiments, snail circumoesophageal 
ganglia were dissected free of most connective tissue 
and incubated for various lengths of time at 25° in 
snail saline [18] containing ['*C]tyrosine (20 wCi/ml), 
pyridoxal-5-phosphate (15 g/ml), pargyline (150 
ug/ml) and DMPH, (15 yg/ml). The ganglia were 
then freeze-dried and subsequently homogenized in 
0-01 N HCl-acetone (1:2 v/v), centrifuged, and the 
supernatant, together with carrier amounts of dopa- 
mine, dihydroxyphenylalanine (DOPA), and tyrosine 
applied to 20 x 20cm Silica gel 60 plates. After 
chromatography with the solvent system butanol 
pyridine-glacial acetic acid—water (15:2:3:5 v/v), the 
plates were sprayed first with ninhydrin and then with 
potassium ferricyanide in 20°, ammonium hydroxide 
solution in order to localize the various substances. 
Autoradiograms were also prepared. The areas corre- 
sponding to tyrosine, DOPA and dopamine were 
eluted with methanol, dried, and the activity 
measured in a Packard Tricarb 3380 Liquid Scintilla- 
tion Counter. 

In other experiments, circumoesophageal ganglia 
were dissected into ice-cold snail saline, and homo- 
genized in 0-25 M sucrose. Soluble tyrosine hydroxy- 
lase was partially purified according to Nagatsu et 
al. [21]. The 25-40°,, ammonium sulfate fraction was 
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used as the enzyme source for the kinetic studies. 
Alternatively, selected ganglia were homogenized in 
0:32 M sucrose and centrifuged at 800g for 5 min at 
4 to remove connective tissue material and cell 
debris, the supernatant then being centrifuged at 
17000 g for 30 min to give a crude mitochondrial pel- 
let fraction and a soluble cytoplasmic fraction. 
Tyrosine hydroxylase activity was analysed by a 
modification of the method of Nagatsu et al. (1965). 
A total reaction volume of 30 yl contained: 3-3 yxmole 
of potassium phosphate buffer pH 65: 30nmole 
6MPH,: 90nmole FeSO,: |-Snmole tyrosine con- 
taining 1-7 x 10°dpm:; 50smole mercaptoethanol; 
10 «ul enzyme preparation. The mixture was incubated 
at 30 for 30min and then stopped by the addition 
of OSml O4N_ perchloric acid containing 2 pg 
DOPA. After the addition of 3 ml of a solution con- 
taining 1°, EDTA, 0-05 M KPO, buffer pH 9-0 (citric 
acid. KH,PO,, H,BO, and diethylbarbituric acid), 
and 0-067 M NaOH, the solution, now at pH 9-0, was 
applied to a column of 200 mg acid-washed alumina. 
The column was washed twice with 30 ml deionized 
water under a slight vacuum. The labelled DOPA was 
eluted with 1-5 ml 0-5 N acetic acid. 10 ml Bray’s scin- 
tillator [3] was added and the activity was measured 
in a Packard Tricarb Liquid Scintillation Counter 
with external standardization. Typical counting effi- 


B A 








_—s 


Fig. 1. An autoradiogram (A) and a stained thin layer 
chromatogram (B) to show the separation and the incor- 
poration of radioactivity from ['*C]tyrosine into 
['*C]DOPA and ['*C]dopamine. The conditions of the 
experiments are described in Materials and Methods. The 
autoradiogram indicates the content of radioactive prod- 
ucts, present in snail nervous tissue after incubation for 
15 and 90 min. in ['*C]tyrosine. 1 = tyrosine, 2 = dopa- 
mine, 3 = DOPA, 4 = ['*C]tyrosine. The direction of 
chromatography is indicated by the arrow. 


1Smin & 90min 
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ciency was 78 per cent. DOPA recovery was checked 
by alumina absorption and elution of a known 
amount of L-[1-'*C]DOPA and ranged from 65-72 
per cent. 70 per cent was used as a standard recovery 
in all calculations. Protein was analysed according 
to Lowry et al. [16]. 


RESULTS 

Synthesis of dopamine from tyrosine. Figure 1 is a 
photograph of an autoradiogram of a chromatogram 
demonstrating the capacity of snail nervous tissue 
to form ['*C]DOPA and ['*C]dopamine from 
['*C]tyrosine. The time course for this metabolism 
is shown in Fig. 2. From Fig. 2 it is clear that the 
amount of dopamine formed is linear for the first 
90min and then gradually stabilizes, while the 
amount of DOPA formed remains more-or-less con- 
stant after the first 45 min. By using different concent- 
rations of tyrosine and constructing a Lineweaver- 
Burk plot it was found that the apparent K,, for the 
overall conversion of tyrosine to dopamine was ap- 
proximately 6 x 10~4M. 

Intracellular distribution and partial purification of 
snail tyrosine hydroxylase. From Table 1 it can be 
seen that tyrosine hydroxylase is associated mainly 
with the soluble fraction and occurs with approxi- 
mately the same activity in both the sub- and supra- 
oesophageal ganglia masses. Only about 11 per cent 
of the total enzyme activity remains with the connec- 
tive tissue and cell debris after centrifugation. Of the 
remaining activity, only 3-6 per cent remained in the 
mitochondrial pellet (see Table 1). 

When the soluble enzyme was fractionated with 
ammonium sulfate, the highest activity was observed 
in the 25-40% fraction. 


3000 5 
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Fig. 2. Time course of synthesis of ['*C]dopamine and 
['*C]DOPA from ['*C]tyrosine in the circumoesophageal 
ganglia of Helix pomatia. Each point is the mean + S.E.M. 
of four separate determinations, each of which was carried 
out on a single circumoesophageal ganglion and expressed 
as dis/min/dry wt tissue. The conditions of the experiments 
were carried out as described in Materials and Methods. 
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Table 1. Intracellular distribution of tyrosine hydroxylase activity in various fractions of the snail CNS. Activity was 

assayed as described in Materials and Methods. Activity is expressed as either nmole/g protein/min or nmole/g tissue/min. 

The activity of the fractionated enzyme is expressed as nmole/g protein/min and total nmole/min, with the percent 
of 100,000 g supernatant activity in parenthesis. Each value represents the mean of four different experiments 





Sp. act. 
(nmole/g protein/min) 


Total act. 
(nmole/min) 


Sp. act. 
(nmole/g tissue/min) 





Sub-oesophageal ganglia 
Homogenate 
17,000 g mitochondrial pellet 
17,000 g supernatant 
Supra-oesophageal ganglia 
Homogenate 
17,000 g mitochondrial pellet 
17,000 g supernatant 


Ammonium-sulfate fractionation 
100,000 g supernatant 
0-25% (NH4)2SO4 
25-40% (NH4)2SO4 
40-66% (NH,),SO,4 


10:06 


0-438 
0-013 
0-411 


0-665 
0-038 
0-622 


2842 
328 (11-5%) 
1600 (56:2%) 
264 (9:3%) 





Properties of snail tyrosine hydroxylase. The 
ammonium sulfate fractionated enzyme (25-40% frac- 
tion) had an absolute requirement for a reduced pteri- 
dine cofactor. DMPHag, a synthetic cofactor used by 
most earlier researchers, gave only 33% activity when 
compared with 6MPH,.BH4,, the probable natural 
cofactor for mammals [10,32], gave 118% activity 
when used instead of 6MPH4. 


SNAIL RAT 
—O- DMPH, Km=5:0*1074M 

—O- 6MPH, Km=6:2#10°4M -@- 6MPH, Km= 5:0*10™4M 
Km= 7-6*1074m 


—- BH, Km=11+1074M  -@- BH, 
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Fig. 3. Lineweaver—Burk plot of tyrosine hydroxylase ac- 
tivity against reduced pteridine concentration with par- 
tially purified enzyme preparations from both rat (cere- 
brum and brainstem) and snail nervous tissue using 
various reduced pteridines as cofactor. The assay was car- 
ried out as described in Materials and Methods. Tyrosine 
hydroxylase activity is expressed in nmole/g protein/min. 
PH, indicates reduced pteridine. Each value represents the 
mean of two determinations from two separate 
preparations. 


Analysis of Lineweaver—Burk plots gives K,,, values 
for the pteridine cofactors at 10°*M tyrosine as 
I'l x 10°*M, 3:2 x 10°*M and 5x 10°*M for 
BH,, 6MPH,, and DMPHg, respectively (see Figure 
3). For tyrosine, the K,, values were 1:4 x 10°*M 
and 4:2 x 10°°M at 10°7>M 6MPH, and 10°7M 
BH, respectively (see Figure 4). 


SNAIL 

—O— 6MPH, Km=1-4"1074M 
—O- BH, = Km=4:2+1075M 
RAT 


-@- BH, Km=2-5=1075M 


I, (nmole/g protein/min) 








100 


[Tyrosine] - 
Fig. 4. Lineweaver—Burk plot of tyrosine hydroxylase ac- 
tivity against tyrosine concentration with partially purified 
enzyme preparations from both rat (cerebrum and brain- 
stem) and snail nervous tissue using various reduced pteri- 
dines as cofactors. The assay was carried out as described 


in Materials and Methods. Tyrosine hydroxylase is 

expressed in nmole/g protein/min. Each value represents 

the mean of two determinations from two separate 
preparations. 
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Fig. 5. Effect of pH and buffer on tyrosine hydroxylase 
activity in the snail. The assay was carried out as described 
in Materials and Methods, with phosphate buffer pH 6:5 
being replaced by the appropriate buffer and pH. Activity 
is expressed as per cent of phosphate buffer, pH 6:5. Each 
value represents the mean of two determinations from two 
separate experiments. 
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Fig. 6. Time activity curves at various temperatures. The 
activity is expressed as nmole/g protein. All volumes given 
in Materials and Methods were increased and aliquots 
were taken after the specified time and then handled as 
Each point represents the mean of duplicate 
determinations. 


usual. 


The enzyme showed maximum activity at pH 6:5 
for the three buffer systems tried (see Figure 5) with 
potassium phosphate giving.the highest activity. Fur- 
thermore, the enzyme had an optimum temperature 
of 30 , at which temperature the reaction was linear 
for 30min, as shown in Figure 6. The Qj9 (20-30 ) 
was 3-5. Above 30 the enzyme was rapidly inacti- 
vated. No measurable activity was found at 0 even 
after 60 min incubation time. 

The effects of various substances on snail tyrosine 
hydroxylase activity are listed in Table 2. Fe** and 
catalase increased the activity in an additive fashion. 
There was a small but significant activity (34°,,) with- 
out Fe**. Diethyldithiocarbamate, a chelating agent. 
reduced the activity to the level found when Fe?* 
was not included. Cu** inhibited the enzyme, having 
the same effect as the chelater. Two tyrosine deriva- 
tives (z-methyl-p-tyrosine methylester and z-methyl- 
m-tyrosine) inhibited the enzyme, but to a somewhat 
minor degree in view of the concentrations used. Of 
the catechol compounds tested, 6-hydroxydopamine 
and dopamine were the most effective inhibitors (50°, 
inhibition at 0-4mM). 5-Hydroxytryptophan (5-HTP) 
was a strong inhibitor (60°, inhibition at 0-4 mM), 
while 5-hydroxytryptamine had a little effect. The 
main metabolites of dopamine in gastropods, homo- 
vanillic acid and dihydroxyphenylacetic acid 
(DOPAC) [25, 26], also had little influence as had 
tyramine, reserpine and pargyline. Of the two deter- 
gents tested, sodium dodecyl sulphate (SDS), even in 


~- Noradrenaline Km=1-6*1074M 
~® None Km=11 104M 
o> Dopamine Km=1-9*1074M 
i 5-HTP Km= 8#1079M 
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Fig. 7. Lineweaver-Burk plot of tyrosine hydroxylase ac- 

tivity against BH, concentration in the presence and 

absence of various inhibitors. The inhibitors were at a con- 

centration of 0-2mM. The assay was carried out as de- 
scribed in Materials and Methods. 
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Table 2. Effect of various drugs and inhibitors on tyrosine hydroxylase activity. The 
complete system consisted of 3-3 wmole potassium phosphate pH 6:°5, 30nmole 
6MPHg, 90 nmole FeSO,, 1-5 nmole tyrosine containing 1:7 x 10° dpm, 5 nmole mer- 
captoethanol, 10 1 enzyme preparation. The activity was assayed as described in 
Materials and Methods. Each point represents the mean of duplicate determinations 





Compound 


Activity 
Concentration 





Complete System 

Minus 6MPH, 

Minus 6MPH, plus DMPH, 
Minus 6MPH, plus BH, 
Plus catalase 
Minus Fe?* 
Minus Fe?* 
Minus Fe?’ 
Plus Cu?’ 
Plus diethyldithiocarbamate 

Plus z-methyl-p-tyrosine methylester 
Plus z-methyl-m-tyrosine 

Plus 6-hydroxydopamine 

Plus dopamine 

Plus t-DOPA 

Plus noradrenaline 

Plus 5-HTP 

Plus 5-Hydroxytryptamine 

Plus homovanillic acid 

Plus DOPAC 

Plus tyramine 

Plus reserpine 

Plus pargyline 

Plus SDS 

Plus SDS 

Plus SDS 

Plus triton X-100 

Plus triton X-100 

Plus triton X-100 

Plus sucrose 

Plus sucrose 

Plus sucrose 


plus catalase 
plus Cu** 


1mM 
1mM 
400 units 


400 units 
3mM 
3mM 
3mM 
0-4 mM 
0-4 mM 
0-4 mM 
0-4 mM 
0-4 mM 
0-4 mM 
0-4 mM 
0-4 mM 
0-4 mM 
0-4 mM 
0-4 mM 
0-4 mM 
0-4 mM 
0-50°, 
010°, 
005°, 
0-50°% 
0-10°,, 
0-05°, 
50 mM 

100 mM 

150 mM 





low concentrations (0-05",,). resulted in almost com- 
plete inhibition of activity while Triton X-100 had 
little effect upon the enzyme. Sucrose had the interest- 
ing effect of inhibiting the enzyme slightly at low con- 
centrations, but had less influence at higher concen- 
trations. 

The effect of three of the strongest inhibiting sub- 
stances, 5-HTP, dopamine and noradrenaline, on 
snail tyrosine hydroxylase was further examined kine- 
tically (see Figures 7,8). Dopamine and noradrenaline 
were competitive with respect to BH, and essentially 
uncompetitive with respect to tyrosine. 5-HTP exhi- 
bited rather unusual characteristics, being partially 
competitive with BH, at high concentrations but un- 
competitive at lower concentrations. 


DISCUSSION 


‘The present data show clearly that Helix pomatia 
nervous tissue has the enzymatic capacity for making 
dopamine from tyrosine and supports previous find- 
ings on a related gastropod [26]. Since gastropod ner- 
vous tissues are known to convert DOPA to dopa- 
mine [4], these data provide additional proof that 
DOPA is an intermediary product in the synthesis 
of dopamine from tyrosine. The radioactivity asso- 
ciated with DOPA remains more or less constant, 


whereas that associated with dopamine increases with 
the length of incubation, suggesting that the hydroxyl- 
ation of tyrosine by tyrosine hydroxylase is the rate- 
limiting step in the formation of dopamine [15]. 

In general, the present results indicate that the 
characteristics of snail tyrosine hydroxylase are 
similar to those of the vertebrate enzyme 
[5, 6, 12, 13,17, 21,23]. Though some distinctive fea- 
tures have been found for snail tyrosine hydroxylase, 
the differences are no greater than those differences 
described between the various vertebrate tyrosine 
hydroxylase. 

Like the vertebrate enzyme (for a review see 
Musacchio and Craviso 1973), snail tyrosine hydroxy- 
lase is a soluble enzyme. Moreover, BH, the prob- 
able natural cofactor in the vertebrates [10, 32], gives 
the highest activity in the snail. The interesting obser- 
vation that the V,,, value for tyrosine hydroxylase 
with BH, is lower than that with 6MPH, is probably 
not of physiological importance since several authors 
[8,19] have suggested that the reduced pteridine 
cofactor limits the reaction velocity in the in vivo sys- 
tem. At lower pteridine concentrations, BH4 gives a 
considerably higher activity than does 6MPH, or 
DMPH.g. A comparison of the K,, values of tyrosine 
hydroxylase for varying concentrations of 6MPH, 
and BH, for the rat brain and snail nervous tissue, 
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Fig. 8. Lineweaver-Burk plot of tyrosine hydroxylase ac- 
tivity against tyrosine concentration in the presence and 
absence of various inhibitors. The inhibitors were at a con- 
centration of 0-2mM. The assay was carried out as de- 
scribed in Materials and Methods. Each point represents 
the mean of duplicate determinations. 


as determined in this study, shows some variation (see 
Figure 3) ie. 5 x 10°*M and 3-2 x 10°*M for 
6MPHg, and 7-6 x 10°°M and 1-1 x 10°*M for 
BH, for the rat and the snail respectively. In both 
instances the ratio of V,,,6MPH4/Vina,BH4 is similar. 
The K,, values determined for the different pteridine 
cofactors are difficult to compare with those pub- 
lished by other authors for various reasons, though 
the values reported by Shiman et al. [31] for bovine 
adrenal tyrosine hydroxylase (1 x 10°*M for BH, 
and 3-3 x 10°*M for 6MPH,) are very similar. 

The K,,, value of snail tyrosine hydroxylase for tyro- 
sine differed from that of the rat as determined by 
this study (Figure 4). With BH, as cofactor, the K,, 
value for the rat was 2-5 x 10°° M and for the snail 
4:2 x 10°° M, almost a 2-fold difference. The signifi- 
cance of-this observation is not clear, though it is 
of interest to note that the K,, value for bovine 
adrenal tyrosine hydroxylase quoted by Shiman et al. 
[31], (2:1 x 10°°M) is similar to that found for the 
rat in this study and the value reported by Nagatsu 
et al. [22], also for bovine adrenal enzyme 
(4 x 10°°M), is similar to that found for the snail 
enzyme. Also of interest is that substrate inhibition 
by tyrosine using BH, as cofactor was not observed, 
even at 10-fold K,, levels. Shiman ert al. [32] found 
substrate inhibition with the bovine adrenal enzyme 
at 2-fold K,, levels. It is thus very difficult to compare 
critically the kinetic data of the snail tyrosine hydrox- 


ylase with the vertebrate tyrosine hydroxylase, though 
they appear to be very similar. 

The pH optimum of 6°5 for the snail tyrosine hyd- 
roxylase activity in phosphate, acetate and Tris-HCl 
buffers is also in general agreement with what a 
number of authors have found for the vertebrate 
enzyme, though there are minor differences. For 
example, Numata and Nagatsu [23] found maximum 
activity in bovine peripheral nerve extracts at pH 6°5 
when using Tris-HCI or phosphate buffer, but a pH 
of 5-9 was required for maximum activity when using 
acetate buffer. 

As in the vertebrate, snail tyrosine hydroxylase is 
drastically inhibited by dopamine and noradrenaline, 
suggesting a possible feed-back regulation of catecho- 
lamine biosynthesis in the snail. 5-HTP also had a 
potent inhibitory effect upon the snail enzyme, which 
is of special interest since it may indicate a possible 
mutual regulation between catecholamine and indola- 
mine biosynthesis. Evidence for such an interregula- 
tion between various transmitter pathways can be 
found in the inhibition of tyrosine hydroxylase by 
5-HTP [23] and the inhibition of tryptophan hydrox- 
ylase by various catechols [9]. The functional signifi- 
cance of this mutual inhibition suffers from the pro- 
posal that the catechol inhibition of tryptophan hyd- 
roxylase is due to chelation of Fe?*; this area should 
be investigated more closely, however. In this context 
is of interest to note that other metabolites of cate- 
cholamines viz. DOPA, homovanillic acid, DOPAC 
and 5-hydroxytryptamine, had little effect upon the 
snail enzyme. This has also been reported for verte- 
brates [23]. As in vertebrate preparations, in the snail, 
catecholamines are competitive with respect to the 
reduced pteridine cofactor and not with substrate tyr- 
osine [23]. The mechanism of the effect of 5-HTP 
for the snail enzyme seems to be similar to the bovine 
peripheral enzyme [23]. 

Of a number of other substances tested, 6-hydroxy- 
dopamine and sucrose had interesting effects and 
should be further analysed, while reserpine, pargyline 
and tyramine had no effect. Triton X-100, used to 
liberate tyrosine hydroxylase from tissue [5], had a 
minor inhibitory influence while SDS, even at con- 
centrations of 0:05%, almost completely inhibited the 
enzyme. Of interest is to note that a recent report 
has shown that very low concentrations of SDS 
(0-006",,) can activate rat striatal tyrosine hydroxy- 
lase [14]. Catalase had the effect of stimulating the 
enzyme to greater degree than did Fe**. Contradic- 
tory data on the relative effects of catalase and Fe?* 
have been reported. In general, however, authors who 
have used phosphate buffers [5,32] have, as here, 
found a greater stimulatory effect with catalase than 
with Fe** ; those who used other buffer systems have 
found the reverse [5, 23]. These contradictory reports 
may result from the formation of the insoluble FeSO, 
salt. In any event, a higher purification of snail 
enzyme is necessary before a definite conclusion can 
be reached. 
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Abstract—The i.v. administration of streptozotocin (40 or 80 mg/kg body wt) decreases muscle glycogen 
in fasted rats within a few hours and impairs glycogen accumulation after refeeding. This may help 
to elucidate the simultaneous increase in plasma glucose levels. The possible role of changes in the 


level of insulin is discussed. 


It is known that 2-4 hr after streptozotocin adminis- 
tration blood glucose levels are remarkably increased 
both in fasted [1] and even more in fed rats [2]. 
The amplitude of this effect suggests that important 
changes of sugar metabolism occur simultaneously in 
some tissues. Little attention has been paid to changes 
in tissue glycogen: increased levels have been reported 
only in the liver [3]; surprisingly, we could not find 
any data concerning muscle. 


METHODS 


Random groups of male Wistar albino rats, 170 
g body wt, fasted for 18 hr, received either streptozo- 
tocin (40 or 80 mg/kg body wt in 0:20 ml saline buf- 
fered at pH 4:5 with tO mM citrate), or the vehicle 
only, by i.v. injection. The early effects of the drug 
on blood glucose and muscle glycogen could be 
amplified by giving the animals free access to food 
2 hr after the injection. 

Groups of animals were decapitated 0, 2, 4, 6 and 
8 hr after streptozotocin administration, their blood 
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collected and the extensor digitorum longus and the 
soleus muscles removed and weighed. Muscle gly- 
cogen was then purified and determined colorimetri- 
cally [4]. Commercially available kits were used to 
assay plasma glucose (by the glucose oxidase—peroxi- 
dase method) and IR-insulin (using human insulin as 
the standard). 

Streptozotocin was obtained from the Upjohn Co., 
Kalamazoo, MI, U.S.A. Kits for glucose assays were 
supplied by Sclavo ISVT (Siena, Italy); those for insu- 
lin assay were supplied by the Radiochemical Centre, 
Amersham, U.K. 


RESULTS AND DISCUSSION 


In the fasted rats, streptozotocin significantly de- 
creased muscle glycogen (P < 0-01, F-test) both in a 
white (extensor digitorum longus, ELD) and in a red 
(soleus, S) muscle. Besides the strong dependence on 
dosage (P < 0-01}—which is mainly attributable to 
the response of the ELD—the quantitative response 
of the two muscles was different (P < 0-01) and the 
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Fig. 1. Effect of the administration of 40 mg/kg body wt (4) or of 80 mg/kg body wt (@) streptozotocin 

on glycogen levels in the extensor digitorum longus (ELD) or in the soleus (S) muscles in fasted 

animals. Ordinate, muscle glycogen levels (mg/g wet tissue): abscissa, hr after the i.v. injection of 

the drug. Means + S.E.M. of 5 samples are given. The statistical significance (t-test) is shown according 

to the following notations: -P < 0-05; -*P < 0-01. The injection of the vehicle did not effect the levels 
of muscle glycogen at any time. 
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Fig. 2. Effect of the administration of buffered saline (@), 
40 mg/kg body wt (A) or 80 mg/kg body wt (@) streptozo- 
tocin on glycogen levels in the ELD muscle. Animals had 
free access to food 2 hr after the drug injection (i.e. immedi- 
ately after the sacrifice of the first experimental group). 
Ordinate, mg glycogen/g wet tissue; abscissa, hr after the 
i.v. injection of the drug. Means + S.E.M. of 6 samples 
are given. Statistical significance is shown as in Fig. 1. 
pattern of glycogen changes in the two muscles dif- 
fered as a function of dose and time (P < 0-05). These 
variations may be consequences of the different meia- 
bolic attitudes of white and red muscle fibres (see Fig. 
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Fig. 3. Effect of the administration of 40 mg/kg (A) or 

80 mg/kg body wt (@) streptozotocin on the levels of liver 

glycogen in fasted rats. Means + S.E.M. of 5 samples are 
given. Statistical significance is shown as in Fig. 1. 


After refeeding, similar results were obtained in the 
ELD and in S: streptozotocin opposes glycogen ac- 
cumulation by increasing the lag and by lowering the 
accumulation rate (see e.g. Fig. 2). Interestingly, 40 
mg/kg body wt was effective after refeeding, unlike 
the effect on ELD of fasted rats. The changes in gly- 
cogen after refeeding indicate that glycogen synthesis 
is impaired, which may be an appropriate explanation 
for the absolute decrease observed in the fasted ani- 
mals. 


Table 1. Effect of the i.v. injection of different doses of streptozotocin (see also Figs. 1 and 2) on blood glucose (expressed 
as g/l) of fasted rats and of rats given free access to food 2 hr after the injection 





Hr after injection 








eatments Plasma glucose levels 





1. Fasted rats 
Streptozotocin 40 mg kg 0-89 4 
Streptozotocin 80 mg kg ORD + 
2. Fed rats 
Streptozotocin 0 mg kg 0-66 + 0-07 (6) 1-68 + 
Streptozotocin 40 mg kg O91 + 014(6) 
Streptozotocin 80 mg kg 1-S1 + 0-03 (6) 


0-03 (5) 1:84 + 
0-07 (5) 2:14 + 


0-25 (5) 1:74 + 0-13(5) 
0-13 (5) 1-97 + 0-23(5) 


+ 0-07 (5) 
+ 0-05 (5) 


0-38 + 0-10(5) 
0-31 + 0:07 (5) 


0-07 (6) 
5 + 0-25(6) 
2 + 01216) 


+ 0-06 (6) 1-56 + 0-04 (6) 
§ + 061 (6) 2-52 + 0-29 (6) 
+ 0-42 (6) 3-30 + 0-12(6) 





Results are expressed as mean + S.E.M. with number of rats in parentheses. 
The early increase in blood glucose after streptozotocin (see [1,6]) is remarkably magnified by feeding the animals, 
which also prevents the subsequent hypoglycaemia (see [2]). 


Table 2. Effect of the i.v. injection of different doses of streptozotocin (see also Figs. 1 and 2) on plasma insulin 
. ae . oO 8 . . . 
levels (expressed as mU/1) of fasted rats and of rats given free access to food 2 hr after the injection 





Hr after the injection 








Treatments Plasma insulin levels 








1. Fasted rats 
+ 0-73(5) 41+ 
+ 2:74(5) 10-4 + 


1-08 (5) 10-6 + 3:02(5) 23-8 + 8:74(5) 
5-89 (5) 43-4 + 9-93(5) 24-9 + 3:24(5) 


Streptozotocin 40 mg kg + 1-73(5) 
Streptozotocin 80 mg kg + 1°53(5) 
2. Fed rats 

+ 1-11 (6) 27:8 + 
+ 0-87 (6) 15-3 + 
+ 089 (6) 15-6 + 


5-10 (6) 21-0 + 
1-23 (6) 28-5 + 


1:26 (6) 24:5 + 


3-58 (6) 29-3 + 7:72(6) 
9-86 (6) 36-2 + 7:30(6) 
3-52 (6) 32-6 + 6-49 (6) 


Streptozotocin 0 mg kg 
Streptozotocin 40 mg kg 
Streptozotocin 80 mg kg 





The well known increase of plasma insulin after streptozotocin (see ref. 6}—which is apparent in the fasted rats 
after 6 hr (P < 0-01}—almost disappears in the fed rats. Most likely, this finding is at least partly related to the 
inhibition by streptozotocin of the postprandial increase of plasma insulin (P < 0-01). 





Administration of streptozotozin on muscle glycogen 


If this is the case, the poor utilization of blood 
glucose to synthetize muscle glycogen may be an im- 
portant clue to understanding the as yet unexplained 
simultaneous primary hyperglycaemia afier streptozo- 
tocin (see Table 1). In fact, changes in the rate of 
gluconeogenesis do not seem important (primary 
hyperglycaemia is not dependent on the adrenal gland 
[5]) and liver glycogen increases (see Fig. 3 and Ref. 
3). 

In this connection, we should mention the possible 
role of the inhibition (P < 0-01) of the increase of 
IR-insulin after refeeding (Table 2), one of the earliest 
signs of impaired insulin secretion after streptozotocin 
so far reported in in vivo experiments. However, re- 
sistance to insulin might also be another possible fac- 
tor: when comparing glycogen changes between 4 and 
6 hr in the control, versus the period 6-8 hr in strep- 
tozotocin-treated rats, it becomes clear that the rate 
of glycogen accumulation at similar insulin levels is 
significantly lower (P < 0-05) in the treated rats, in 
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spite of the higher blood glucose (see Fig. 2 and 
Tables 1 and 2). 
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Abstract 


The inhibition of prostaglandin biosynthesis by SL-573 (1-cyclopropylmethyl-4-phenyl-6- 


methoxy-2-(1H)-quinazolinone), indomethacin. and aspirin was determined by the selective extraction 
method of prostaglandins, using bovine seminal vesicle microsomes as enzyme sources and arachidonic 
acid-1-['*C] as a substrate. SL-573 was found to inhibit the prostaglandin biosynthesis. The relative 
inhibitory potencies of indomethacin, SL-573, and aspirin were 1000, 227, and 1.0, respectively. SL-573, 
however, differed from other drugs in the nature of the inhibition. The inhibition of SL-573 was 
reversible. while that of indomethacin and aspirin was irreversible and progressed time-dependently. 
Furthermore. SL-573 was found to prevent the progressive increase of the irreversible inhibition of 
indomethacin and aspirin. On the basis of such findings, the lack of the gastrointestinal side-effect 


of SL-573 was discussed. 


The inhibition of prostaglandin biosynthesis has been 
well established as the mechanism of action for many 
nonsteroidal anti-inflammatory agents [1-4]. On the 
other hand, there is some evidence that the same 
mechanism may be involved in the gastrointestinal 
side-effect, that is, (i) prostaglandins and prostaglan- 
din synthetase are present in gastrointestinal tract 
[5,6], (ii) prostaglandins are related to the normal 
physiological function of gut [7], (ili) most nonsteroi- 
dal anti-inflammatory agents cause gastrointestinal 
injury [8,9], (iv} some prostaglandin derivatives pos- 
sess anti-ulcerogenic activity [10], (v) the intestinal 
ulcers induced by indomethacin and flufenamic acid 
are prevented by administration of prostaglandins 
[11]. 

SL-573 is a new anti-inflammatory compound of 
low toxicity, as reported in a previous publication 
[12]. It was equivalent or superior to mefenamate 
and phenylbutazone in anti-inflammatory and analge- 
sic activities, but did not cause any gastrointestinal 
lesions even at a high dose level of 400 mg/kg. 

SL-573 inhibited prostaglandin _ biosynthesis 
(Tomio Segawa*), so that its lack of adverse effect 
on the gastrointestinal tract was in conflict with the 
hypothesis that the inhibition of prostaglandin bio- 
synthesis may result in gastrointestinal injury. The 
present study, therefore, was carried out to clarify 
whether SL-573 is different from indomethacin and 
aspirin as to the nature of prostaglandin biosynthesis 
inhibition. 


MATERIALS AND METHODS 


Chemicals. Arachidonic acid-1-['*C] (sp. act. 58 
mCi/m-mole, Radiochemical Center, Amersham, Eng- 
land), unlabeled arachidonic acid (Sigma, Grade I: 
approx. 99°%) and aspirin (Sanko Seiyaku Kogyo) 
were commercially obtained. SL-573 and indometha- 
cin were synthesized in this laboratory. Prostaglandin 





*Personal communication. 


E, and F, were kindly provided from the Nihon-Up- 
john Co., Ltd. 

Preparation of enzymes. Bovine seminal vesicle mic- 
rosomes were prepared by the modified method of 
Takeguchi et al. [13] as follows. Frozen bovine 
seminal vesicles were thawed, trimmed of fat and 
other tissues, and cut into small pieces. The seminal 
vesicles were suspended in 2 vol of 0.1 M potassium 
phosphate buffer (pH 8.0), and homogenized in a Ver- 
tis-45 homogenizer (Vertis Co., Ltd.) for 2 min. The 
homogenates were centrifuged at 12,000 g for 10 min. 
The supernatant was filtered with a double layer of 
cheese cloth and centrifuged at 65,000 g for 90 min. 
The precipitated microsomes were suspended in 0.25 
M sucrose containing 5 mM phosphate buffer (pH 
7.4) to yield the protein concentration of 21.7 mg/ml, 
and stored at — 70° until used. Protein concentration 
was determined by the method of Lowry er al. [14], 
using bovine serum albumin as a standard. 

Reaction medium. Unless otherwise stated, prosta- 
glandin biosynthesis was carried out in | ml of reac- 
tion medium consisting of arachidonic acid-1-['*C] 
(0.082 mM), enzymes (1.1 mg protein/ml), hydro- 
quinone (1.0 mM), ethanol (1.0%) and pH 7.4 potas- 
sium phosphate buffer (SO mM). Inhibitors were 
added as described below. Ethanol was used to dis- 
solved the arachidonic acid and inhibitors. The effect 
of ethanol on prostaglandin biosynthesis was insig- 
nificant. 

Thin-layer chromatography. Thin-layer chroma- 
tography (t.l.c.) was performed on precoated Silica gel 
plates (HF,<,4, thickness 0.25 mm, E. Merck A.-G. 
Darmstadt, Germany). The chromatogram was devel- 
oped with chloroform—methanol-acetic acid (18:1:1, 
v/v). R, values of arachidonic acid, prostaglandin E, 
and F,, were 0.72, 0.35 and 0.20, respectively. The 
radioactive spots on t.l.c. were located by t.l.c. radio- 
scanner (Aloka, Model 202B) and tlc. radioauto- 
graphy. 

Selective extraction of prostaglandins. Prostaglan- 
dins produced from arachidonic acid-1-['*C] in the 
above reaction medium at 37 for 60 min were 
extracted by two different methods as follows. 
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Fig. 1. Selective extraction of prostaglandins from incuba- 
tion medium. (I) ethyl acetate extract at pH 3.0. (II) n-hex- 
ane-ethyl acetate (2:1, v/v) extract at pH 7.4. (III) ethyl 
acetate extract at pH 3.0 after extraction (II). The chroma- 
togram was developed with chloroform—methanol-acetic 
acid (18:1:1, v/v). The radioactive spots were localized by 
t.l.c. radioscanner and t.l.c. radioautography. The reaction 
medium contained arachidonic acid (0.082 mM), hydro- 
quinone (1.0 mM), and enzymes (1.1 mg protein/ml) in 50 
mM potassium phosphate buffer (pH 7.4). Incubation was 

carried out at 37° for 60 min. 


First, the reaction was terminated by addition of 
0.5 ml of 200 mM citrate buffer (pH 3.0) and immedi- 
ately 3 ml ethyl acetate were added to the medium. 
The radioactivity was quantitatively extracted in the 
ethyl acetate phase. Extraction was repeated three 
times. The extracts were evaporated in vacuo, and 
submitted to t.Lc. analysis. As shown in Fig. 1—I, three 
radioactive spots were detected by t.l.c. radioscanner. 
Spot A and C coincided with arachidonic acid and 
prostaglandin E,, respectively, while spot B was un- 
known. Moreover, besides these spots, various minor 
unknown products were localized by t.l.c. radioauto- 
graphy. Spot B was found to be made up of three 
products, (r), (s) and (t). Two products, (u) and (v), 
were detected between spot B and C, and more than 
four products, (w), (x), (y), (z), and so on, below spot 
©. 

Second, the reaction was stopped by addition of 
3 ml n-hexane-ethyl acetate (2:1, v/v), and the mix- 
ture was shaken under neutral pH condition (pH 7.4). 
T.l.c. demonstrated that spot A and B were extracted 
into organic solvent phase (Fig. 1-I]). The aqueous 
phase was then acidified with 0.5 ml of 200 mM 
citrate buffer (pH 3.0) and extracted with 3 ml ethyl 
acetate. Prostaglandin E, was extracted together with 
minor products, (u), (Vv), (Ww), (x), (y), (z), and so on. 
into the ethyl acetate phase (Fig. 1—III). 


Under these reaction conditions, prostaglandin E, 
was a main product which occupied more than 80%, 
of total products. Examining the time-course of for- 
mation of minor products, products (r), (s), and (t) did 
not increase with time, while others did. Accordingly, 
the data suggest that the former products were inter- 
mediates or artifacts produced during extraction pro- 
cedure, and the latter were by-products, although no 
detailed analysis of these products was performed. 

The above results indicated that arachidonic acid 
and product (r), (s), and (t) were selectively extracted 
with n-hexane-ethyl acetate (2:1, v/v) under neutral 
pH condition, while prostaglandin E, and by-pro- 
ducts remained in the aqueous phase. 

Biological estimation of prostaglandin E,. The rat 
stomach strip was prepared accordingly to the 
method’of Vane [15] from Sprague-Dawley male rats 
weighing 200-250 g which had been fasting overnight. 
Rat stomach strips were suspended with 0.6 g of ten- 
sion in 10 ml Tyrode’s solution at 37’. Contractions 
were recorded using a isotonic transducer (TD-111S 
and JD-111S, Nihon Kohden Kogyo, Co., Ltd.) and 
a recticorder (RJG-3028, Nihon Kohden Kogyo, Co., 
Ltd.). Prostaglandin E, was dissolved in 50%, (v/v) 
polyethylene glycol (av. mol. wt: approx. 400) and 
added to the tissue bath not to exceed 10 sl. A dose- 
response curve was obtained by single contractions. 
After the first contraction, the muscle was over- 
stretched with a 2-g weight for 20 min, the medium 
was exchanged five times and then the second con- 
traction was performed. 

A radioactive spot (spot C in Fig. 1), which coin- 
cided with prostaglandin E, on t..c., was scraped 
from the plates and extracted with ethyl acetate. The 
extract was evaporated: in vacuo, dissolved in 50% 
polyethylene glycol and added to the tissue bath. The 
extract contracts the rat stomach strip. The amount 
of prostaglandin E, calculated from a dose-response 
curve was well consistent with that from the specific 
radioactivity. These data confirm that spot C in Fig. 
| is prostaglandin E,. 

Assay of prostaglandin biosynthesis activity. The 
reaction was started by addition of an aliquot of 
enzymes at 37. Ten minutes later, the medium was 
extracted with 3 ml n-hexane-ethyl acetate (2:1, v/v) 
under neutral pH condition. After centrifugation 
(2500 rpm, 5 min), the aqueous phase was frozen at 
—25° and the organic solvent phase was discarded. 
Extraction was repeated twice. The aqueous phase 
was mixed with 0.5 ml ethanol to minimize protein 
binding of radioactivity, and centrifuged at 2500 rpm 
for 5 min. Since prostaglandin E, and minor by-pro- 
ducts selectively remained in the aqueous phase, the 
prostaglandin biosynthesis activity was determined by 
measuring the radioactivity in the aqueous phase with 
a liquid scintillation spectrometer (Packard Tri-Carb 
Model 3375). The reaction progressed linearly with 
time for first 10 min. 

Inhibition of prostaglandin biosynthesis. The inhibi- 
tion of prostaglandin biosynthesis by SL-573, indo- 
methacin and aspirin was investigated under three dif- 
ferent incubation conditions as follows. 

No pre-incubation: Inhibitor and arachidonic acid 
were simultaneously added to the medium and im- 
mediately the reaction was started by addition of an 
aliquot of enzymes at 37° for 10 min. 





Inhibition of prostaglandin biosynthesis by SL-573 


Pre-incubation: Inhibitors were preliminarily incu- 
bated with enzymes (1.1 mg protein/ml) in 50 mM 
potassium phosphate buffer (pH 7.4) at 37. After 
fixed time intervals of preincubation, 0.9 ml of this 
solution was added to 0.1 ml of 50 mM potassium 
phosphate buffer (pH 7.4) containing arachidonic acid 
(0.82 mM) and hydroquinone (10 mM) and the reac- 
reaction was immediately started at 37 for 10 min. 
Accordingly, the inhibitor concentrations in the reac- 
tion medium were diluted to 9/10 of those in the pre- 
incubated medium. In this paper, the concentration 
of inhibitors under pre-incubation condition are 
represented as those in the pre-incubated medium. 

Dilution of inhibitors: Inhibitors were preliminarily 
incubated with enzymes (5.5 mg protein/ml) in 50 mM 
potassium phosphate buffer (pH 7.4) at 37° for 2 min. 
The reaction was started by addition of 0.2 ml of 
this solution to 0.8 ml of 50 mM potassium phosphate 
buffer (pH 7.4) consisting of arachidonic acid (0.103 
mM) and hydroquinone (1.25 mM). Consequently, the 
concentration of inhibitor was diluted in the reaction 
medium to 1/5 of that in the pre-incubated medium. 
In the case of reversible inhibitors, dilution of inhibi- 
tors is expected to result in the restoration of the 
enzyme activity, while in the case of irreversible ones 
the enzyme activity is not restored. 


RESULTS 

Inhibition of prostaglandin biosynthesis by SL-573, 
indomethacin, and aspirin. Under the no pre-incuba- 
tion condition, SL-573, indomethacin, and aspirin in- 
hibited prostaglandin biosynthesis as illustrated in 
Fig. 2. The concentrations of inhibitors used were as 
follows: SL-573: 0.5, 1.0, 2.5, 5.0, and 10 jeg/ml, indo- 
methacin: 0.06, 0.1, 0.2, 0.4, 0.6, 1.0, and 2.0 pg/ml, 
and aspirin: 100. 200, 300, 500, and 800 pg/ml. The 
IDs, Values (concentration of inhibitor resulting in 
50°,, inhibition of prostaglandin biosynthesis) were 1.4 
ug/ml for SL-573, 0.32 ug/ml for indomethacin, and 
320 pg/ml for aspirin, respectively. Accordingly, the 
relative potencies of indomethacin, SL-573, and 
aspirin were calculated to be 1000, 227, and 1.0, re- 
spectively. 

Probably, SL-573 inhibits the early stage of pro- 
staglandin biosynthesis in a manner similar to indo- 
methacin and aspirin, because t.l.c. radioautography 
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Fig. 2. Inhibition of prostaglandin biosynthesis by indo- 
methacin, SL-573, and aspirin. The reaction medium con- 
tained arachidonic acid (0.082 mM), hydroquinone (1.0 
mM), various concentrations of inhibitor (indomethacin, 
SL-573, and aspirin) and 1.! mg protein bovine seminal 
vesicle microsomes in | ml of 50 mM phosphate buffer 
(pH 7.4). Incubation was carried out at 37° for 10 min. 
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Fig. 3. Effect of substrate concentration on prostaglandin 
biosynthesis inhibition by indomethacin, SL-573, and 
aspirin. Substrate concentrations: O. 0.033 mM: @, 0.049 
mM; §, 0.082 mM: &, 0.164 mM: @, 0.328 mM. The 
reaction medium contained various concentrations of ara- 
chidonic acid, hydroquinone (1.0 mM), inhibitor (indo- 
methacin, 0.4 ug/ml; SL-573, 1.0 xg/ml; aspirin, 300 pg/ml) 
and 1.1 mg protein of bovine seminal vesicle microsomes 
in | ml of SO mM phosphate buffer (pH 7.4). Incubation 
was carried out at 37 for 10 min. 
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indicated that these inhibitors suppressed the forma- 
tion of all products of arachidonic acid to the same 
extent. 

Effect of substrate concentration on inhibition of pro- 
staglandin biosynthesis by SL-573, indomethacin, and 
aspirin. Different concentrations of arachidonic acid 
(0.033, 0.049, 0.082, 0.164, and 0.328 mM) were added 
to the reaction medium simultaneously with the in- 
hibitors, and the reaction was started by addition of 
an aliquot of enzymes. Inhibitors were used at a fixed 
concentration (SL-573: 0.5 yg/ml, indomethacin: 0.4 
ug/ml, and aspirin: 100 g/ml). As illustrated in Fig. 
3, the inhibition of prostaglandin biosynthesis de- 
creased concomitantly with an increase of substrate 
concentration. At the lowest concentration of arachi- 
donic acid (0.033 mM), the inhibition was 64.5°, in 
SL-573, 76.0°,, in indomethacin, and 74.2°, in aspirin, 
while at the highest concentration (0.328 mM) the in- 
hibition was 6.4°,, in SL-573, 36.0°,, in indomethacin, 
and 21.2°,, in aspirin. From these data, the inhibition 
is assumed to be competitive. 

Kinetic confirmation of such an assumption was 
not performed in the present study because Linewea- 
ver—Burk’s plot indicated no linear relationship in the 
presence of inhibitors. In the absence of inhibitors, 
Lineweaver—Burk’s plot was observed to be linear, so 
that K,,- and V,,,,-values of this enzyme were deter- 
mined to be 0.106 mM and 2.0 x 10~° moles/min/mg 
protein, respectively. 

Effect of pre-incubation of inhibitors with enzymes 
on prostaglandin biosynthesis. The inhibition of pro- 
staglandin biosynthesis by SL-573, indomethacin, and 
aspirin was compared under both conditions of pre- 
incubation and no pre-incubation. Inhibitors were 
used at the following concentration: SL-573: 0:5 
ug/ml, indomethacin: 0.1 pg/ml and aspirin: 100 
pg/ml. 

The inhibitory activities of indomethacin and 
aspirin were remarkably potentiated by their pre-in- 
cubation with the enzymes as illustrated in Fig. 4. 
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Fig. 4. Effect of pre-incubation of inhibitors with enzyme 
on prostaglandin biosynthesis. ). no pre-incubation (sub- 
strate and inhibitor were simultaneously added to incuba- 
tion medium). @. pre-incubation (inhibitor was pre-incu- 
bated with enzyme at 37 and 2 min later substrate was 
added). The reaction medium contained arachidonic acid 
(0.082 mM), hydroquinone (1.0 mM), inhibitor (indometha- 
cin, 0.1 ug/ml; SL-573, 0.5 g/ml: aspirin, 100 g/ml) and 
1.1 mg protein of SO mM phosphate buffer (pH 7.4). Incu- 
bation was carried out at 37 for 10 min. 


The pre-incubation of indomethacin altered its inhibi- 
tory activity from 28.5°,, in no pre-incubation to 
71.6°,,, and in the case of aspirin from 22.5°,, to 90.4". 
In addition, the inhibition by indomethacin and 
aspirin was found not to be restored by their dilution. 
These data show that indomethacin and aspirin in- 
hibit the enzymes in an irreversible manner. SL-573, 
on the other hand, produced almost identical inhibi- 
tion under both conditions, namely 31.6°, in pre- 
incubation and 36.9°,, in no pre-incubation. Dilution 
of SL-573 from 0.5 yg/ml in the pre-incubated 
medium to 0.1 jg/ml in the reaction medium resulted 
in full restoration of original activity, so that the inhi- 
bition of SL-573 appears to be reversible. 
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Fig. 5. Effect of pre-incubation time on prostaglandin bio- 
synthesis inhibition by SL-573, indomethacin, and_ their 
combined use. —O-—-O—. control; —-A-: A -. SL-573 (0.5 
ug/ml); -—-™--@--, indomethacin (0.1 ug/ml); --@- -® -, 
SL-573 (0.5 g/ml) + indomethacin (0.1 pg/ml). Inhibitors 
were pre-incubated with enzymes at 37 for 0, 1, 2, 3, and 
5 min and the reaction was started by addition of sub- 
strate. The reaction medium contained arachidonic acid 
(0.082 mM), hydroquinone (1.0 mM), inhibitor and 
enzymes (1.0 mg protein/ml) in 50 mM phosphate buffer 
(pH 7.4). Incubation was carried out at 37° for 10 min. 


Various concentrations of inhibitors were preli- 
minarily incubated with the enzymes at 37 for 2 min, 
and the 1D,,. values were determined to be 2.2 g/ml 
for SL-573, 0.032 jg/ml for indomethacin, and 16 
ug/ml for aspirin, respectively. As described above, 
the ID<, values under no pre-incubation condition 
were 1.4 g/ml for SL-573, 0.32 pg/ml for indometha- 
cin, and 320 pg/ml for aspirin. The potentiation of 
inhibitory activities by 2-minute pre-incubation, 
therefore, is calculated to be ten times for indometha- 
cin and twenty times for aspirin. In the case of 
SL-573, the 1D;, value under pre-incubation condi- 
tions was slightly lower than the no pre-incubation 
one. Probably, this is due to the fact that SL-573 
is a reversible inhibitor and its concentrations in the 
reaction medium under pre-incubation conditions 
were 9/10 of those under no pre-incubation one (see 
Materials and Methods). 

Effect of SL-573 on time-dependent progressive inhi- 
hition of indomethacin. Inhibitors were pre-incubated 
with enzymes at ‘37 for 0, 1, 2, 3, and 5 min, and 
the reaction was started by addition of 0.9 ml of the 
pre-incubated medium to 0.1 ml of 50 mM potassium 
phosphate buffer (pH 7.4) consisting of arachidonic 
acid (0.82 mM) and hydroquinone (10 mM). As illus- 
trated in Fig. 5, the inhibition of prostaglandin bio- 
synthesis by indomethacin (0.1 yg/ml) progressed 
time-dependently, while that of SL-573 (0.5 pg/ml) did 
not. In the combined use of indomethacin and 
SL-573. the enzyme activity also decreased time-de- 
pendently, but more slowly than in indomethacin 
alone. In addition, the effect of SL-573 was found 
to be synergistic to the instant inhibition of indometh- 
acin, and antagonistic to the time-dependent increase 
of inhibition. These data suggest that there are at least 
two processes involved in the inhibition of prosta- 
glandin synthetase by indomethacin; the same obser- 
vation was made with aspirin. 


DISCUSSION 


The inhibition of prostaglandin biosynthesis by 
SL-573, indomethacin, and aspirin was determined by 
the method of selective extraction of prostaglandins. 
The assay of prostaglandin biosynthesis activity has 
been carried out by various methods, namely spectro- 
photometric [13, 16, 17], radiometric [18-20], polaro- 
graphic [21], immunochemical [22,23], g.l.c.-mass 
spectrometric [24, 25], g.l.c. techniques [26], and bio- 
logical assay methods [27-29]. The advantage of the 
present method is to be rapid, accurate, and simple 
in comparison with other methods. Its disadvantage 
is the lack of specificity, because several unknown by- 
products were measured together with prostaglandin 
E,. 

Flower et al. [20] have reported that indomethacin 
and aspirin inhibited the formation of the cyclic endo- 
peroxide, an early stage of prostaglandin biosynthesis, 
while phenylbutazone suppressed the conversion of 
the cyclic endoperoxide into prostaglandin E, and 
F,, and did not inhibit the formation of by-products 
such as prostaglandin D, and hydroxy acid. Since 
SL-573 was found to inhibit the formation of all prod- 
ucts from arachidonic acid to the same degree, it is 
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considered to inhibit the formation of the cyclic endo- 
peroxide as well as indomethacin and _ aspirin. 
Recently. the prostaglandin synthetase system was 
solubilized and separated into two enzymes, namely 
the oxygenase which catalyzed the formation of the 
cyclic endoperoxide and the isomerase which con- 
verted the cyclic endoperoxide to the E-type prosta- 
glandin, by Miyamoto et al. [30]. They have reported 
that indomethacin and aspirin inhibited the oxy- 
genase. The present assay method, therefore, appears 
to be valid for the inhibitors of the oxygenase, while 
unsuitable for the inhibitors of the isomerase. 

The inhibitory activities of indomethacin and 
aspirin were potentiated by their pre-incubation with 
the enzymes, and their inhibition was not restored 
by dilution. These results are in agreement with those 
of other workers [19, 21, 31, 32], suggesting that indo- 
methacin and aspirin inhibit prostaglandin synthetase 
in a time-dependent and irreversible manner. SL-573, 
on the other hand, was found to be a reversible in- 
hibitor. The in vivo effect of reversible inhibitors such 
as SL-573 is considered to be a short-lasting inhibi- 


tion parallel with tissue concentration, while that of 


the irreversible ones is a long-lasting inhibition. The 
low adverse effect of SL-573 in gastrointestinal tract, 
therefore, may be accounted for by the short-lasting 
inhibition of prostaglandin synthetase in the gut. 
The combined use of SL-573 and indomethacin 
revealed that there are at least two different processes 
involved in the inhibition of prostaglandin synthetase 
by indomethacin. Its first process is the instant inhibi- 
tion, to which the effect of SL-573 is synergistic, and 
the second one is the progressive irreversible inhibi- 
tion, to which the effect of SL-573 is antagonistic. 


Such effects of SL-573 are very similar to those of 


o-phenanthroline as shown by Smith er al. [21]. 
although SL-573 was much more potent (approx. one 
thousand times) than o-phenanthroline. 

The findings that SL-573 prevented the time-depen- 
dent progressive inhibition of indomethacin suggest 
that SL-573 may modify the in vivo effect of indo- 
methacin. In fact, Hiroshi Awata et al.* have shown 
that SL-573 blocked the gastrointestinal damage in- 
duced by indomethacin without concomitant decrease 
of their anti-inflammatory and analgesic activities in 
rats. Accordingly, these data led us to the assumption 
that the irreversible and time-dependent progressive 
inhibition of prostaglandin synthetase by indometha- 
cin type drugs may be correlated to their gastrointes- 
tinal complication. Further investigation is being un- 
dertaken to clarify this assumption. 
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Abstract—The effects of the antibiotic rifampin on microsomal drug metabolizing enzymes were investi- 
gated. On acute administration, rifampin (100 mg/kg i.p.) doubled hexobarbital sleeping time and 
zoxazolamine paralysis time in mice. The in vitro metabolism of zoxazolamine (0.25 mM) and 17/-estra- 
diol (10 uM) were inhibited 50°, by rifampin in concentrations of 0.4 and 0.3 mM, respectively. The 
inhibition of ethylmorphine N-demethylase was competitive with an apparent K; of 52 uM. Repeated 
administration of rifampin to mice (50 mg/kg i.p. daily for 6 days) increased liver weight by 20%, 
cytochrome P-450 (50°,), NADPH cytochrome c reductase (43°,), ethylmorphine N-demethylase (85°4), 
zoxazolamine hydroxylase (77%), benzpyrene hydroxylase (174°,), and 17f-estradiol metabolism (89°). 
Microsomal protein (mg/g), aniline hydroxylase and p-nitrophenol glucurony! transferase activities were 
unaffected. 

Rat microsomal drug metabolizing enzyme activity was also inhibited after acute administration 
of rifampin as exemplified by an increase in hexobarbital sleeping time of 44°, and a competitive 
inhibition of ethylmorphine N-demethylase by rifampin. The K; (33 uM) was close to that obtained 
with the mouse enzyme. The similarity in the in vivo and in vitro inhibition suggests that rifampin 
binds to microsomes in a similar manner in both species. Chronic administration of rifampin to rats 
(SO mg/kg i.p.) twice daily for six days did not lead to induction, indicating a species difference with 
respect to rifampin’s inducing ability. Rifampin did not modify microsomal induction in rats by pheno- 
barbital when both drugs were administered concomitantly. The mechanism responsible for the species 


difference and the clinical relevance of these results are discussed. 


Rifampin{, an antibiotic isolated from Streptomyces 
mediterranei [1] is used mainly in the treatment of 
tuberculosis in combination with other drugs [2] 
(isoniazid, ethambutol, streptomycin). At low concen- 
trations (10° 8-10~7 M) it is a specific inhibitor of 
bacterial DNA-directed RNA polymerase [3,4]. At 
much higher concentrations rifampin or other rifamy- 
cins inhibit other polynucleotide polymerases, notably 
the viral RNA-directed DNA polymerase (reverse 
transcriptase) [5-7]. Furthermore, the rifamycins 
have been reported to possess, at high doses, antiviral 
[8,9], anticancer [10-13] and immunosuppressive 
[14-16] activities. 

Rifampin has been shown to have a number of 
effects on the liver. It produces hepatitis [17], es- 
pecially when given with isoniazid [18], and this is 
the major drawback to its clinical use. In man the 
drug has been shown to increase sulfobromophthalein 
(BSP) half-life and bilirubin levels probably by com- 
peting for the hepatic uptake of these drugs [19]. 
Depending on the dose, in rats, rifampin may increase 
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or decrease bile flow [20]. In humans the antibiotic 
increased its own metabolism [21], as well as that 
of warfarin [22] and cortisol [23]. During the 
administration of rifampin to volunteers Remmer et 
al. found either a smail increase or no effect on the 
metabolism of novaminsulfonum [24]. However this 
metabolism was increased by 50-100°, three to four 
days after terminating the administration of rifampin, 
suggesting that in the presence of rifampin the activity 
of the induced enzyme was inhibited. Thus it appears 
that rifampin could both inhibit and increase drug 
metabolizing enzyme activity. 

The fragmentary and complex data relative to the 
effects of rifampin on the liver prompted the present 
study which examines systematically the actions of 
this drug on the hepatic drug metabolizing enzymes. 
The effects of acute and chronic administration of 
rifampin on both the in vivo and the in vitro metabo- 
lism of drugs by rat and mouse microsomal enzymes 
are reported. 


MATERIALS AND METHODS 


Animals. Male ICR-—Swiss mice (Flow Res. Lab., 
Dublin, Va), a strain derived from Swiss-Webster 
mice, weighing 25-30 g or male Sprague-Dawley rats 
(Madison, Wisc.) weighing 150-200 g were used 
throughout this study. 

Chemicals. Cytochrome c, 17/-estradiol, glucose-6- 
phosphate, _glucose-6-phosphate dehydrogenase, 
NADP, NADPH, neotetrazolium, p-nitrophenol, 
reduced glutathione, rifampin and uridine 5’-diphos- 
pho-glucuronic acid (UDPGA) were purchased from 
Sigma Chemical Co., St. Louis. Mo. Benzpyrene was 
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purchased from Calbiochem., Los Angeles, Ca.; ethyl- 
morphine from Merck and Co., West Point, Pa.; and 
hexobarbital from Winthrop Lab., N.Y., N.Y. 3-Hyd- 
roxvbenzpyrene was kindly supplied by Dr. Harry 
Gelboin of the National Cancer Institute, and zoxazol- 
amine by McNeil Lab., Fort Washington, Pa. 

[ 4-'*C]17f-Estradiol (sp. act., 58.2 mCi/m-mol) was 
purchased from New England Nuclear, Boston, Ma. 
Its purity was checked by tc. on Baker-flex Silica 
gel IBF plates developed with ethylacetate-cyclohex- 
ane-ethanol (45:45: 10). 

All other chemicals were of the highest grade com- 
mercially available. 

Treatment. Solutions of rifampin were prepared im- 
mediately before use. For the in vivo studies the drug 
was dissolved in HCl in a concentration of 15 mg 
rifampin ml (pH 3.0) and injected i.p. in doses of 50 
mg/kg or 100 mg/kg. Controls received HCI (pH 3.0) 
only. For the in vitro experiments, rifampin was dis- 
solved in water. 

In vivo metabolism. Hexobarbital sleeping time and 
zoxazolamine paralysis time were measured as the 
time between loss and recovery of the righting reflex 
after injection ip. of 100 mg/kg of the appropriate 
drug. Liver and whole blood ‘rifamycin’ levels were 
measured by the spectrophotometric assay of Maggi 
et al. [25]. This technique measures both rifampin 
and metabolite(s). Hepatic zoxazolamine levels were 
determined by the method of Trevor [26]. 

Tissue preparation and in vitro metabolism. The 
hepatic 10,000 g supernatant and microsomal frac- 
tions were prepared as previously described [27]. In- 
cubations were carried out aerobically at 37° using 
a Warner-Chilcott shaker-incubator. Ethylmorphine 
\V-demethylase, aniline hydroxylase and neotetrazo- 
lium reductase were assayed as previously described 
[27]. The cofactor mixture was modified in that no 
nicotinamide was added to the incubates. Ethylmor- 
phine N-demethylase activity was determined for 20 
min with the mouse liver fraction and for 10 min 
only when the rat preparation was used. The ether 
extraction method was used for the assay of aniline 
hydroxylase. Benzpyrene hydroxylase activity was 
determined by the method of Kuntzman et al. [28], 
using microsomes from 5 mg wet wt liver. Conversion 
of ['*C]17f-estradiol into water-soluble—ether-insolu- 
ble metabolites was measured by the method of Jel- 
linck and Perry [29], using microsomes from 50 mg 
wet wt liver. Zoxazolamine hydroxylase activity was 
determined by the method of Trevor [26] using 
10,000 g supernatant equivalent to 250 mg of liver. 
p-Nitrophenol glucuronyl transferase activity was 
assayed by a modification of the method of Lueders 
and Kuff [30]. In the non-detergent-activated assay. 


microsomes from 125 mg of liver were incubated at 
37° for 20 min with 0.5 ymole of p-nitrophenol, 5 
pmole UDPGA, 25 umole MgCl,, in a total vol of 
3.5 ml of 0.05 M Tris buffer pH 7.4. The detergent-ac- 
tivated assay was the same except that 0.05°,, Triton 
X-100 was added, microsomes from 50 mg of liver 
were used and the incubation time was 10 min. 

When studying the in vitro effects of rifampin, the 
antibiotic was added at the concentrations shown in 
the figures in both the blank and the test flasks. 
Rifampin is a highly colored compound [1]. Thus, 
when necessary, special precautions were taken to be 
certain that rifampin did not affect the quantitative 
aspects of the various procedures. In the ethylmor- 
phine demethylase assay, where a formaldehyde com- 
plex was being measured at 415 nm, the absorbance 
of an incubated blank containing rifampin but no 
ethylmorphine was subtracted from the absorbance 
of the test. It was ascertained by adding various 
amounts of formaldehyde to non-incubated flasks 
that formaldehyde was indeed accurately being 
measured under these conditions. The zoxazolamine 
and estradiol assays were unaffected by rifampin. 

Microsomal NADPH cytochrome c reductase ac- 
tivity. cytochromes P-450 and b, levels, and microso- 
mal protein were assayed as previously described 
[27]. Total microsomal heme was measured by the 
method of Omura and Sato [31]. 


RESULTS 
Effect of acute rifampin treatment 

Hexobarbital sleeping time and zoxazolamine para- 
lysis. Administration of rifampin (100 mg/kg) ip. to 
mice 30 min prior to the test doubled the duration 
of action of hexobarbital and zoxazolamine above 
controls (Table 1). Since both hexobarbital and zoxa- 
zolamine are metabolized by the microsomal mixed 
function oxidase system [32], these results imply that 
rifampin may be inhibiting microsomal activity. 
When the hexobarbital experiment was repeated in 
rats, rifampin also significantly (P < 0.05) increased 
the sleeping times from 27 + 2 to 39 + 4 min (mean 
of 9 rats + S.E.M.). 

Correlation of hepatic ‘rifamycin’ levels and hexobar- 
bital sleeping times. Based on the above observation 
an experiment was performed to determine the 
duration of rifampin’s effect. Hexobarbital sleeping 
times were therefore determined 30 min, 3, 6, and 
18 hr after the administration of rifampin (100 mg/kg) 
ip. to mice. The data in Fig. | indicate that hexobar- 
bital sleeping time, which was increased by 108° 30 
min after rifampin treatment, was only 33°, above 
controls 3 hr later and 20°, at the end of 6 hr. On 


Table 1. Effect of acute rifampin treatment of mice on hexobarbital sleeping time 
and zoxazolamine paralysis 





Increase 


Control Rifampin 4 





Hexobarbital sleeping time (min) 
Zoxazolamine paralysis time (min) 


6 108 
10 135 


+ 
+ 


87* 





Rifampin (100 mg/kg i.p.) was injected 30 min before either hexobarbital (100 mg/kg 
i.p.) Or zoxazolamine (100 mg/kg i.p.). Values are the mean of 12 mice + S.E.M. 


* P < (0.001 with respect to control. 
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Fig. |. Hexobarbital sleeping times and hepatic ‘rifamycin’ 
levels at various time periods after rifampin administration. 
Rifampin (100 mg/kg) was injected i.p. at zero time. At 
4 different time periods thereafter, hexobarbital (100 
mg/kg) was administered i.p. to 4 different groups of 12 
rifampin-treated and 12 control mice. The sleeping times 
(solid line) are expressed as the per cent increase (mean 
+§.E.) above the mean of the simultaneously run controls. 
Hepatic ‘rifamycin’ levels were measured as described in 
Methods in 5 separate other groups of 4 mice per group. 
They are shown (mean + S.E.M.) on the dotted line. 


the other hand, the hepatic ‘rifamycin’ levels had only 
decreased by 35°, at the end of 3 hr and by 54°, 
at the end of 6 hr. Thus, although the effect of rifam- 
pin on sleeping time rapidly diminished, the hepatic 
‘rifamycin’ levels slowly decreased. The half-life of 
‘rifamycin’ in the liver and in the whole blood was 
found to be 6 hr. 

In vitro effects of rifampin on drug metabolism. 
Three different substrates were selected to study these 
effects: zoxazolamine as an example of drug hydroxyl- 
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Fig. 2. Rifampin inhibition of zoxazolamine metabolism 

by mouse 10,000 g supernatant. Zoxazolamine (0.25 mM) 

disappearance was measured as described in Methods. The 

reciprocal of the rate is plotted against the rifampin con- 

centration. Each point is the mean of 3. distinct 
experiments. 
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Fig. 3. Rifampin inhibition of estradiol metabolism by 

mouse microsomes: Conversion of ['*C]17/-estradiol 

(10 uM) to water-soluble-ether-insoluble metabolites was 

measured as described in Methods. The reciprocal of the 

rate is plotted against the rifampin concentration. Each 
point is the mean of 3 distinct experiments. 


ation and a compound already studied in vivo, ethyl- 
morphine as an example of N-demethylation, and 
17f-estradiol as an example of steroid metabolism. 
The inhibition by rifampin of zoxazolamine hydroxyl- 
ation by mouse 10,000 g supernatant is shown in Fig. 
2. The substrate concentration of zoxazolamine was 
0.25 mM. which was equivalent to the zoxazolamine 
liver concentration (0.25 jumole/g) in mice just 
recovering from zoxazolamine paralysis. [n vitro zox- 
azolamine metabolism was decreased by 50°, with a 
rifampin concentration of 0.4 mM. This concentration 
is close to the liver ‘rifamycin’ levels (0.35 pmole/g) 
which in vivo resulted in a doubling of the paralysis 
time. The conversion of 17/-estradiol into water- 
soluble-ether-insoluble metabolites by mouse micro- 
somes was decreased by 50°, with a rifampin concen- 
tration of 0.3 mM (Fig. 3). Both mouse and rat micro- 
somal ethylmorphine N-demethylase activities were 
competitively inhibited by rifampin (Figs. 4 and 5). 
When the 10.000 g supernatant fraction of mouse liver 
was used as a source of enzyme the apparent kinetic 
constants (mean + S.E.M.) were determined graphi- 
cally to be: K,, = 0.50 + 0.11 mM and K; = 52 + 13 
uM. The kinetic constants were similar when the rat 
fraction was used. The K,, was 0.80 + 0.09 mM and 
the K; was 33 + 4 uM. 


Effect of chronic rifampin treatment 


In mice rifampin pretreatment (50 mg/kg Lp. for 
6 days) affected the components of the mixed function 
oxidase system as well as enzymatic activity. As 
shown in Table 2, liver weight, cytochrome P-450, 


total heme and NADPH-cytochrome c reductase 
were all significantly increased. The maximum absor- 
bance of the carbon monoxide binding pigment after 
rifampin was at 450 nm. In contrast to the phenobar- 
bital type of induction, the microsomal protein (mg/g) 
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Fig. 4. Competitive inhibition by rifampin of ethylmor- 
phine N-demethylation by mouse 10,000 g supernatant. 
The formation of formaldehyde was measured as described 
in Methods. The rifampin concentrations were: (1) 0 uM, 
(2) 25 uM, (3) 50 uM, (4) 100 uM. A double reciprocal 
plot of a single experiment is shown. The kinetic constants 
(mean of 3 experiments + S.E.M.) were respectively: 
K,, = 0.50 + 0.11 mM and K; = 52 + 13 uM. 


m 


was not increased. The effect of 6 days of rifampin 
treatment on the in vitro microsomal drug metabo- 
lism is shown in Table 3. These data indicate that 
the metabolism of ethylmorphine, zoxazolamine, 
benzpyrene and 17/-estradiol were all significantly in- 
creased. In contrast to the above substrates aniline 
hydroxylation and_ the 
p-nitrophenol were essentially unaffected. 

When rat microsomal activity was tested against 
6 different substrates (Table 4) no significant differ- 
ence between the rifampin treated and the control 
rats was observed. Table 4 also shows that microso- 
mal protein, cytochrome P-450 and liver weight were 
unaffected. Clearly this demonstrated a sharp species 


difference with respect to induction by rifampin of 


microsomal mixed function oxidase activity. 
Coadministration of rifampin (SO mg/kg) twice 

daily with phenobarbital (80 mg/kg) once daily for 

3 days to rats did not affect the induction observed 


Table 2. Effect of rifampin pretreatment of mice on liver 


glucuronoconjugation of 


MINxMG MICROSOMAL PROTEIN 
nMOLES FORMALDEHYDE 














[ETHYLMORPHINE] (mM) 


Fig. 5. Competitive inhibition by rifampin of ethylmor- 
phine N-demethylation by rat 10,000 g supernatant. The 
formation of formaldehyde was measured as described in 
Methods. The rifampin concentrations were: (1) 0 uM, (2) 
25 uM, (3) 50 uM, and (4) 100 uM. A double reciprocal 
plot of a single experiment is shown. The kinetic constants 
(mean of 3 experiments + S.E.M.) were respectively: 


K,, = 0.80 + 0.09 mM and K; = 33 + 4 uM. 


with phenobarbital alone. The percent increase above 
controls were essentially equal in both the phenobar- 
bital and the phenobarbital plus rifampin-treated rats. 
The liver weights were increased respectively 29 and 
27%, the concentrations of microsomal protein 20 and 
23%. and of cytochrome P-450 146 and 153%. 


DISCUSSION 


In the experiments presented here it has been 
shown that the antibiotic rifampin can affect the ac- 
tivity of the hepatic drug metabolizing enzymes in 
two ways: (1) by inhibiting microsomal activity on 
acute administration and (2) by inducing microsomal 
activity upon chronic treatment. 


weight and some microsomal 


components 





Control 


Increase 


Rifampin 





1.92 + 0.10 
protein (mg/g 
27.3 
0.60 
0.39 
1.09 


Liver wt (g) 
Microsomal 

liver) 
Cytochrome P-450* 
Cytochrome h.* 
Total heme* 
NADPH-cytochrome c 

reductase? 49 + 3 


0.6 

0.04 
0.02 
0.05 


I+ 1+ H+ H+ 


2.30 + 0.05 20 


I+ 


0.5 

0.02 
0.02 
0.03 


28.4 
0.90f 
0.45 
1.34t 


I++ I+ I+ I+ 


5 
a 


+ 


70t 





Rifampin = 50 mg/kg ip. daily for 6 days. Animals were sacrificed 24 hours after the 
last injection of rifampin. Data are the mean + S.E.M. of 10 values; each individual 


value was obtained from 2 pooled livers. 
*nmole/mg microsomal protein 


+nmole of cytochrome c reduced/min/mg microsomal protein. 


{ P < 0.005 with respect to control. 
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Table 3. Effect of rifampin pretreatment of mice on in vitro drug metabolism 





Enzyme activity 


Control 


Increase 
Rifampin 





Ethylmorphine N-demethylase 
Zoxazolamine hydroxylase 
Benzpyrene hydroxylase 
17B-Estradiol metabolism 
Aniline hydroxylase 
p-Nitrophenol glucurony! transferase 
without Triton X-100 
with Triton X-100 (0.05%) 


37° +92 
1.08* + 0.05 
0.200* + 0.012 
0.17* + 0.02 
0.17 + 0.01 


1. 0.1 
12. 0.3 





Rifampin = 50 mg/kg daily for 6 days. Animals were sacrificed 24 hr after the last injection of rifampin. All activities, 
measured as described in Methods, are expressed in nmole/min/mg of microsomal protein. Data are mean + S.E.M. 
of 10 values; each individual value was obtained from two pooled livers. 


*P < 0.05 with respect to control. 


Microsomal inhibition in mice was strongly sug- 
gested by the finding that hexobarbital sleeping time 
and zoxazolamine paralysis were doubled by treat- 
ment of the animals 30 min earlier with rifampin (100 
mg/kg ip.) (Table 1). The effect of rifampin on the 
hexobarbital sleeping time rapidly diminished with 
time (Fig. 1). An attempt was made to correlate the 
observed inhibition of hexobarbital metabolism in 
vivo with the hepatic ‘rifamycin’ levels. Although there 
was a gross correlation, there were some differences 
(Fig. 1). While ‘rifamycin’ slowly disappeared from the 
liver, its effect on hexobarbital sleeping time rapidly 
diminished. Obviously a number of factors may have 
contributed to this lack of absolute correlation, one 
of which being that the analytical procedure measures 
both rifampin and its metabolite(s). Rifampin metabo- 
lite(s) may have no effect on hexobarbital sleeping 
time. Further evidence supporting the inhibitory effect 
of rifampin was obtained from the in vitro exper- 
iments which demonstrated that rifampin inhibited 
zoxazolamine, 17f-estradiol, and  ethylmorphine 
metabolisms in mice (Figs. 2, 3, and 4). The rifampin 
concentration (0.4 mM), which in vitro inhibited the 
metabolism of zoxazolamine by 50°,, was close to 
the liver ‘rifamycin’ levels (0.35 zmole/g) which in vivo 
resulted in a doubling of the paralysis time. The inhi- 
bition of ethylmorphine N-demethylase was competi- 
tive; the apparent K; (52 uM) was one order of mag- 
nitude higher than that obtained for SKF-525A (6 
uM) [33], a very potent inhibitor of microsomal drug 
metabolizing enzymes. 


The acute inhibitory effect of rifampin was also 
observed in rats, both in vivo, as measured by the 
hexobarbital sleeping time and in vitro on ethylmor- 
phine N-demethylation (Fig. 5). The apparent K; for 
ethylmorphine N-demethylase obtained with the rat 
enzyme was very close to that obtained with the 
mouse enzyme. This suggests that rifampin binds to 
the microsomes in a similar manner in both species. 
A number of attempts were made to determine the 
microsomal binding spectrum of rifampin. No bind- 
ing spectrum could be obtained. Rifampin absorbance 
at these wavelengths is very high and this may have 
concealed a binding spectrum. 

The clinical significance of the acute inhibitory 
effect of rifampin on drug biotransformations is not 
known. If one were to extrapolate our animal data 
it would imply that initial therapy with rifampin 
could inhibit the biotransformation of concomitantly 
administered drugs in humans. 

In the chronic studies all tests were done 24 hr 
after the last dose of rifampin. At this time period 
there is very little rifampin remaining in the liver of 
both rats and mice. Thus, it is unlikely that inhibition 
by any residual rifampin could significantly mask an 
induction process. 

On chronic administration, in mice, rifampin 
shared a number of effects with the classical enzyme 
inducer, phenobarbital. Similar to phenobarbital [34], 
rifampin (50 mg/kg ip. daily for 6 days) increased 
liver weight, cytochrome P-450 hemoprotein, 
NADPH cytochrome c_ reductase, ethylmorphine 


Table 4. Absence of induction after rifampin pretreatment of rats 





Control 





Hexobarbital sleeping time (min) 
Ethylmorphine N-demethylase* 
Aniline hydroxylase* 

Neotetrazolium reductase* 
NADPH-cytochrome c reductase* 
p-Nitrophenol glucuronyl transferase* 
Cytochrome P-450 (nmol/mg protein) 
Microsomal protein (mg/g liver) 
Liver weight (g) 


23: +3 
5.7 + 0.4 
0.32 + 0.02 
55+ 4 
60 + 5 
2.2 + 0.4 
0.59 + 0.01 


—) 
YWwNmUANnwYy 


i) 


6+ 1 
5.6 + 0.2 


hUOfOWOWRK ND 
Ie EH EH HE HH H+ 





Rifampin = 50 mg/kg i.p. twice daily for 6 days. Animals were tested 24 hr after 
the last injection of rifampin. All values are mean + S.E.M. of 7 rats. 
* All activities are expressed in nmole/min/mg microsomal protein. 





948 D. PressaAyReE and P. MAZEL 


N-demethylase, zoxazolamine hydroxylase, benzpyr- 
ene hydroxylase, and 17f-estradiol metabolism 
(Tables 2 and 3). However rifampin differed from 
phenobarbital [34,35] in that microsomal protein 
(mg/g). aniline hydroxylase, and p-nitrophenol glucur- 
onyl transferase activities were unaffected. Rifampin 
differed from 3MC [32] in that rifampin induced 
P-450 formation and not P-448. Rifampin induced 
NADPH-cytochrome c reductase whereas 3MC does 
not. They were similar in that both 3MC and rifam- 
pin did not increase microsomal protein/g liver. 

Although the acute inhibitory effects of rifampin 
were similar in rats and mice, there was a sharp spe- 
cies difference with respect to induction of drug meta- 
bolizing enzymes after repeated doses of rifampin. 
Chronic rifampin treatment did not induce these 
enzymes in rats (Table 4). It is unlikely that the faster 
rate of rifampin metabolism in rats was responsible 
for this lack of effect. Rifampin half-life in rats is half 
of that in mice [1]. Therefore, rifampin (50 mg/kg) 
was injected ip. for 6 days twice daily in rats as 
opposed to once daily in mice. Qualitatively the meta- 
bolism of rifampin by deacetylation and N-demethyl- 
ation was reported to be similar in rats and mice 
[36]. Although rifampin did not induce in rats, 
neither did it affect microsomal induction by pheno- 
barbital. Thus rifampin does not inhibit the transcrip- 
tional and translational steps necessary for enzyme 
induction in rats. Rather it seems probable that rifam- 
pin failed in rats to trigger the unknown initial event 
which starts the transcriptional step. 

Our results agree with those of Barone et al. [37]. 
Rifampin treatment of mice increased pentobarbital 
and hexobarbital metabolisms, as well as the cyto- 
chrome P-450 levels. These workers found no induc- 
tion in rats or guinea pigs, although in this last spe- 
cies an increase in the smooth endoplasmic reticulum 
was reported [38]. 

In humans. there ts little doubt that rifampin leads 
to microsomal enzyme induction. Chronic adminis- 
tration of rifampin to humans decreased the plasma 
half-life of rifampin itself [21], and of warfarin [22]. 
In man, the daily production rate of cortisol [23]. 
b-glucaric acid [23]. and the amount of smooth endo- 
plasmic reticulum in liver cells [38,39] were  in- 
creased. 

Induction of drug metabolizing enzymes by rifam- 
pin may have harmful consequences in man. In a 
patient with Addison’s disease, maintained on steroid 
therapy. an addisonian crisis developed when rifam- 
pin was added to the treatment regimen [23]. The 
patient was reequilibrated with higher doses of steroid 
which led to cushinoid manifestations upon rifampin 
withdrawal. Patients on long-term therapy with oral 
anticoagulants required an increase in their daily 
doses, in order to maintain adequate prothrombin 
levels, whenever rifampin was concomitantly adminis- 
tered [40,41]. Furthermore, a high incidence of preg- 
nancies (5 out of 88) was reported in women taking 
oral contraceptives in conjunction with rifampin [42]. 
Bolt et al. found a fourfold increase in the in vitro 
metabolism of ethynylestradiol by liver microsomes 
from patients receiving rifampin [43]. These findings 
and our mice studies could explain the reduced effec- 
tiveness of oral contraceptives in patients on chronic 
rifampin therapy. Finally, it has been suggested that 


the seemingly increased incidence of hepatitis when 
rifampin and isoniazid are given together could result 
from an induction by rifampin leading to an increased 
production of a hepatotoxic reactive metabolite of 
isoniazid [44]. 

In summary the results presented here suggest that: 
(1) In mice rifampin has a biphasic effect. It inhibits 
microsomal drug metabolizing enzymes on acute 
administration and induces on chronic treatment. (2) 
Acutely, the inhibitory effect of rifampin is similar 
in rats and mice. Thus rifampin probably binds to 
microsomes similarly in both species. (3) The induc- 
tion by rifampin was species specific in that no induc- 
tion was observed in rats. (4) These results and those 
of others suggest that, in man, rifampin may modify 
the metabolism and the effectiveness or toxicity of 
concomitantly administered drugs. 
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Abstract—Addition of simple aromatic hydrocarbons (benzene, ethylbenzene, naphthalene) to guinea 
pig adrenal microsomes produced typical Type I difference spectra (AOD 3 5 429). Spectral dissociation 
constants (K,) for each indicated a far higher affinity for adrenal than hepatic cytochrome P-450. 
Hydrocarbon affinities for adrenal cytochrome P-450 were similar to that for progesterone, an endo- 
genous steroid substrate. Ethylmorphine and aniline produced Type I and Type II spectral changes 
respectively in adrenal microsomes. The K, and magnitude of spectrum for each in adrenals was 
similar to that in livers. Nonetheless, demethylation of ethylmorphine proceeded far more rapidly 
in adrenal than hepatic tissue. The Michaelis constants (K,,) for ethylmorphine metabolism in both 
tissues were similar. Although the aniline-induced difference spectra in adrenal and hepatic microsomes 
did not differ substantially, aniline hydroxylase activity was far greater in liver. Pretreatment of guinea 
pigs with phenobarbital or 3-methylcholanthrene increased hepatic but not adrenal ethylmorphine 
metabolism. Spironolactone pretreatment, in contrast, did not affect hepatic metabolism, but signifi- 
cantly lowered adrenal demethylase activity. The results indicate a relative non-specificity of guinea 
pig adrenal microsomal cytochrome P-450 and suggest that the adrenal cortex may represent a signifi- 


cant site for the extra-hepatic metabolism of foreign compounds in the guinea pig. 


In recent years considerable attention has been 
focused upon the metabolism of foreign compounds 
by extra-hepatic tissues. Varying amounts of drug- or 
hydrocarbon-metabolizing activity have been demon- 
strated in lung, intestine, kidney, skin, spleen, pla- 
centa, testis and adrenals [1-11]. Generally, enzyme 
activity in liver far exceeds that in other tissues. Cyto- 
chrome P-450-dependent enzyme activity in steroido- 
genic organs in particular, has been found to be 
highly specific for steroid substrates. Wattenberg and 
Leong [1,2] noted that benzpyrene (BP) was hydroxy- 
lated by rat adrenal glands, but in relatively limited 
quantities. Similarly, Kupfer and Orrenius [12] 
demonstrated demethylase activity in guinea pig 
adrenal microsomes but far less than in liver. 

In contrast to the results obtained in lower species, 
adrenal metabolism of foreign compounds in the pri- 
mate fetus has been shown to equal or exceed hepatic 
oxidation [13-17]. The specific activities of aryl hy- 
drocarbon hydroxylase, aromatic nitro reduction, azo 
linkage reduction and aniline hydroxylation were all 
found to be greater in human fetal adrenals than 
livers. Since comparable adrenal activity has yet to 
be demonstrated in other species, no suitable animal 
model is readily available to study adrenal metabo- 
lism of xenobiotics. However, we have recently noted 
maturational changes in adrenal microsomes in 
guinea pigs, resulting in increasing rates of hydroxyl- 
ation of endogenous steroid substrates with increasing 
age (unpublished observations). Studies have now 
been carried out to examine the interactions of 
various exogenous compounds with adrenal cyto- 
chrome P-450 in mature guinea pigs. The results indi- 
cate a relative non-specificity of adrenal microsomal 
mixed function oxidases in the adult guinea pig, par- 
ticularly in relation to substrate-induced spectral 
changes. 


METHODS 

Adult (650-800 g) male guinea pigs of the English 
Smooth Hair variety were obtained from Hilltop 
Farms, Scottdale, PA. Animals were maintained un- 
der standardized conditions of light (6 a.m.6 p.m.) 
and temperature 22 + | on a diet of Purina Labora- 
tory Chow and water ad lib. Sodium phenobarbital 
(75 mg/kg/day for 7 days), 3-methylcholanthrene (20 
mg/kg/day for 4 days) and spironolactone (100 mg/ 
kg/day for 3 days) were administered as 1.p. injections 
in saline, cotton seed oil and propylene glycol respect- 
ively. In all experiments controls received the appro- 
priate vehicle only. 

Animals were sacrificed by decapitation between 
9:00 and 10:00 a.m. Adrenals and livers were quickly 
removed and placed in cold 1.15°,, KCI. Tissues were 
homogenized in 1.15% KCl containing 0.05 M 
Tris-HCl, pH 7.4. Homogenates were centrifuged at 
9000 g for 20 min in a Sorvall Refrigerated Centrifuge. 
Aliquots of the supernatants were taken for enzyme 
assays and the remainder centrifuged at 105,000 g for 
60 min in a Beckman preparative centrifuge. Microso- 
mal pellets were resuspended in buffered KCI (pH 7.4) 
at a concentration of 2-3 mg protein/ml. Substrate- 
induced spectral changes in hepatic and adrenal 
microsomes were obtained using a Cary 17 recording 
spectrophotometer at room temperature. Adrenal 
microsomes were essentially free of mitochondrial 
contamination as indicated by an absence of signifi- 
cant 11f-hydroxylase activity and of any 11-deoxy- 
cortisol-induced spectral change. Spectral dissociation 
constants (K,) were calculated by the method of 
Schenkman et al. [18]. Cytochrome P-450 was 
measured as described by Omura and Sato [19], 
using a molar extinction coefficient of 91 mM~! 
cm ' and microsomal protein was determined by the 
method of Lowry et al. [20]. 
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Table 1. Drug and hydrocarbon-induced spectral changes in guinea pig adrenal and hepatic 
microsomes 





Compound 


(Type spectrum) Liver 


AOD(10° ?)/mg protein 
Adrenal 


K{M) 
Adrenal 





Benzene 
(I) 
Ethylbenzene 
(I) 
Naphthalene 
(I) 
Ethylmorphine é 
(I) (1.0-1.6) 
Aniline 1.9 
(II) (1.6-2.1) 
Metyrapone 
(II) 
Progesterone 


(I) (0.8—1.4) 


11 =x 10 


10 


10 


10 


meu faw: 


x 10 


Mn NvVnuVnnrs 


= 


10 


(4.14.7) 


10.5 ; , /. 10 


(8.2-12.7) 





Values represent means (range) of 2-4 determinations. 


Reaction mixtures for enzyme assays contained 
either aniline (1S smoles) or ethylmorphine (10 
pmoles) and 0.5 ml 9000 g supernatant from liver (200 
mg/ml) or adrenal (100 mg/ml), glucose-6-phosphate 
(9 pmoles), MgSO, (24.2 umoles), NADP (2.08 
pumoles) and Tris-HCl buffer (0.02 M) pH 7.4, in a 
final vol of 3.0 ml. Semicarbazide HCI (25 pmoles) 
served as a trapping agent for formaldehyde produced 
from ethylmorphine. Incubations were carried out in 
a Dubnoff Metabolic Incubator at 37° for 15 min 
under air. Formaldehyde [21] and p-aminophenol 

22] were assayed by methods previously described. 
All samples were read against appropriate tissue and 
substrate blanks and standards. Values obtained by 
incubating heat inactivated tissue did not differ from 
unincubated controls. 


RESULTS 


As previously noted [23], addition of benzene, eth- 
ylbenzene or naphthalene to hepatic microsomes pro- 
duced typical Type I (AOD3..5 45.) difference spectra 
(Table 1). The same aromatic hydrocarbons also pro- 
duced Type I spectral changes of similar magnitude 
in adrenal microsomes. In fact, the spectral dissocia- 
tion constants (K,) calculated for each indicated a far 
greater affinity for adrenal than hepatic microsomal 
cytochrome P-450 (Table 1). The affinities of the hy- 
drocarbons for adrenal cytochrome P-450 as deter- 
mined spectrally were similar to that for progesterone 
(Table 1). Binding of simple aromatic hydrocarbons 
to adrenal cytochrome P-450 might, as in the liver 
[23], be the result of hydrophobic interaction. The 
increasing affinity observed with increasing hydro- 
carbon size (Table |) is consistent with that hypoth- 
esis. 

Ethylmorphine and aniline, foreign compounds 
that produce classical Type I and Type II difference 
spectra respectively in hepatic microsomes, produced 
the same spectral changes in adrenal microsomes 
(Table 1, Figure 1). For both substances the magni- 
tudes of the induced spectra and the spectral dissocia- 
tion constants were similar in hepatic and adrenal 
microsomes. McIntosh and Salhanick [24] previously 


reported that aniline produced a Type II difference 
spectrum when added to bovine adrenal mitochon- 
dria, but did not inhibit 11f-hydroxylation. In addi- 
tion, metyrapone, an inhibitor of hepatic oxidative 
metabolism [25]. but in the adrenal previously found 
to be a relatively specific inhibitor of mitochondrial 
hydroxylases [26,27], interacted with guinea pig 
adrenal microsomal cytochrome P-450 to produce its 
characteristic spectral change (AOD,4;5 405, Table 1). 
Metyrapone-induced spectra were similar (K, and 
AOD) in adrenal and hepatic microsomes. The mag- 
nitude of spectral change produced by metyrapone 
in adrenal microsomes was far too great to be 
explained by mitochondrial contamination. 

Since substrate-induced spectral changes cannot 
necessarily be equated with oxidative metabolism, 
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Fig. |. Ethylmorphine-induced spectral changes in guinea 
pig adrenal microsomes. Ethylmorphine was added to the 
sample cuvette in final concentrations of 1.7 x 10°* M 
(A); 3.5 x 10°* M (B); 6.0 x 10°* M (C). Cuvettes con- 
tained 2.8 mg protein/ml and 2.1 nmoles cytochrome 
P-450/mg protein. Equal volumes of water were added to 
the reference cuvette with each addition of ethylmorphine. 





Interaction of aromatic hydrocarbons and drugs 


Table 2. Adrenal and hepatic metabolism of ethylmorphine and aniline in male guinea 
pigs 





Liver Adrenal 





Organ wt (g) 

Microsomal protein 
(mg/g tissue) 

Cytochrome P-450 
(nmoles/mg prot) 

Ethylmorphine metabolism 
(nmoles/min/g tissue) 
Ki, 

Aniline metabolism 
(nmoles/min/g tissue) 


K 


m 


BA i Be ay 3 | 0.81 + 0.09 


26:4 + 


+ % 
x 10°*M 
+ 40 

x 10°37 M 





Values expressed as mean + S.E.M.; 6-10 values/tissue. K,, values are means of 


duplicate determinations. 
*P < 0.05 (vs. liver) ND 


further studies were carried out to compare drug- 
metabolizing activity in guinea pig adrenal and hepa- 
tic tissue (Table 2). Ethylmorphine (EM) demethylation 
by adrenal microsomes proceeded far more rapidly 
than hepatic metabolism. Hepatic EM metabolism in 
guinea pigs, as previously noted by several investiga- 
tors [10,28], is low when compared to other com- 
monly studied species, but adrenal activity is compar- 
able to that in male rat liver. The K,, (Table 2) for 
adrenal EM demethylation is also similar to that in 
hepatic tissue and closely approximates the spectral 
dissociation constants for EM in both adrenal and 
hepatic microsomes (Table 1). Both adrenal and hepa- 
tic EM metabolism were inhibited by metyrapone, 
with K;s of 4.8 x 10°° M and 6.2 x 10°° M, re- 
spectively. 

In contrast to the rapid metabolism of ethylmor- 
phine by guinea pig adrenal microsomes, little aniline 
hydroxylase activity was demonstrable. Aniline meta- 
bolism by liver far exceeded that by adrenal tissue. 
However, the K,,, for hepatic aniline metabolism was 
far higher than for most other substrates including 
ethylmorphine (Table 2). Accurate determination of 
the K,, for aniline hydroxylation in the adrenal was 
made impossible by the extremely low activity. Thus, 
despite producing similar spectral changes in adrenal 
and hepatic microsomes, aniline was not metabolized 
to any significant degree by adrenal tissue. 


not determined. 


Administration of phenobarbital or 3-methylcho- 
lanthrene to guinea pigs increased hepatic but not 
adrenal EM metabolism (Table 3). Others [1, 7, 13] 
had previously noted that adrenal benzpyrene meta- 
bolism also was not inducible. Treatment with spir- 
onolactone, however, markedly reduced adrenal EM 
demethylation (Table 3) without significantly affecting 
hepatic metabolism. As reported by Menard et al. 
[29], spironolactone produced a large decline in 
adrenal microsomal cytochrome P-450 concentration. 


DISCUSSION 


Previous investigations suggested that adrenal mic- 
rosomal cytochrome P-450 was relatively specific for 
endogenous steroid substrates. Few reports of sub- 
stantial adrenal metabolism of foreign compounds 
have appeared. Only in the primate fetus has adrenal 
drug metabolizing activity previously been found to 
exceed that in liver [ 13, 14]. Even when adrenal meta- 
bolism of exogenous substances was observed, how- 
ever, substrate-induced Type I spectral changes could 
not be demonstrated. Zachariah and Juchau [17] 
found that neither ethylmorphine nor aminopyrine, 
in concentrations up to 10° M, produced spectral 
changes in human fetal adrenal microsomes. Aniline 
and nicotinamide produced Type II spectra, but only 
at very high concentrations (K, of about 10°? M). 


Table 3. Effects of pre-treatment with phenobarbital, 3-methylcholanthrene or spir- 
onolactone on adrenal and hepatic ethylmorphine metabolism in guinea pigs 





Pre-treatment 


Effects of pretreatment (°,, of control) 
Liver Adrenal 





Phenobarbital 
Cytochrome P-450 
Ethylmorphine metabolism 
3-Methylcholanthrene 
Cytochrome P-450 
Ethylmorphine metabolism 
Spironolactone 
Cytochrome P-450 
Ethylmorphine metabolism 


?+ 12* 


+ 13* 


103 
92 - 
15 


.* 


75 


+ 18 
80 + 


19 





Values expressed as per cent of control values + 
Mode of expression of parameters as in Table 2 


* P < (0.05 (vs. controls). 


S.E.M.; 4-6 animals/group. 
a 
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Kupfer and Orrenius [12]. using younger guinea 
pigs than employed in the present studies, demon- 
strated adrenal demethylation of aminopyrine and 
p-chloro-N-methylaniline, but less than in_ liver. 
Aminopyrine and hexobarbital produced Type I spec- 
tral changes in hepatic microsomes but none in 
adrenal preparations. However, both compounds 
diminished the magnitude of the cortisol-induced 
Type I spectrum in adrenal microsomes, suggesting 
some interaction with adrenal cytochrome P-450. 
Estabrook et al. [30], using bovine adrenals, found 
that various drugs including ethylmorphine, amino- 
pyrine and hexobarbital, upon addition to mitochon- 
dria and/or microsomes produced ‘inverted Type [ 
spectral changes. The authors suggested that the 
drug-induced spectra resulted from the displacement 
of endogenous steroid substrates from cytochrome 
P-450. Moreover, both ethylmorphine and hexobarbi- 
tal were found to inhibit adrenal 11/-hydroxylation, 
a mitochondrial cytochrome P-450 catalyzed reaction. 

The present studies provide further evidence for the 
non-specificity of adrenal microsomal mixed function 
oxidases, at least in the guinea pig. Simple aromatic 
hydrocarbons (benzene, ethylbenzene, naphthalene) 
interacted with adrenal microsomes, producing typi- 
cal Type I spectra. Spectral dissociation constants 
(K,) indicated a far greater hydrocarbon affinity for 
adrenal than hepatic cytochrome P-450. In fact, the 
apparent affinities in adrenal microsomes were similar 
to that for progesterone, an endogenous steroid sub- 
strate. The significance of hydrocarbon interactions 
with adrenal microsomes is presently unclear. Simple 
aromatics can serve as substrates for hepatic mixed 
function oxidases [31-33]. Although various investi- 
gators have reported benzpyrene metabolism by 
adrenal microsomes [1, 2, 7,9], oxidation of simple 
aromatic hydrocarbons by adrenals has never been 
demonstrated. Studies are now in progress to consider 
the possibility. Adrenal metabolism of hydrocarbons 
may be of particular importance if, as in the liver, 
toxic metabolites are produced, resulting in local or 
peripheral tissue damage. Even if little adrenal oxi- 
dation of hydrocarbons occurs, however, the high 
affinity of aromatics for adrenal microsomal cyto- 
chrome P-450 could produce inhibition of normal 
corticosteroidogenesis. 

Ethylmorphine and aniline also produced spectral 
changes in guinea pig adrenal microsomes. Spectral 
dissociation constants and the magnitude of the spec- 
tra for both compounds were similar in hepatic and 
adrenal preparations. Nonetheless, catalytic activity 
differed significantly in adrenals and liver. Ethylmor- 
phine was metabolized far more rapidly by adrenal 
tissue. whereas the rate of aniline hydroxylation was 
greater in liver. These observations demonstrate a 
marked divergence of spectral and catalytic activities 
and illustrate the danger inherent in assuming the two 
to be identical. The ratio of adrenal to hepatic amino- 
pyrine demethylation noted by Kupfer and Orrenius 
[12] and confirmed by us (unpublished observations) 
was intermediate between that for aniline and ethyl- 
morphine metabolism (Table 2). Thus, relative 
adrenal activity varies with the substrate employed, 
making further studies necessary to determine the 
catalytic specificity of adrenal mixed-function oxi- 
dases. Such studies may also serve to identify those 


foreign compounds most likely to interfere with nor- 
mal adrenal steroid hormone synthesis. 

The apparent broad specificity of adrenal cyto- 
chrome P-450 in the guinea pig suggests that the 
adrenal cortex may represent a significant site of 
extra-hepatic metabolism in that species. In addition, 
the guinea pig adrenal gland may provide a suitable 
model for the study of extra-hepatic drug metabolism 
in a steroidogenic organ. Little is presently known 
about the relationship between exogenous and endo- 
genous substrate interactions with cytochrome P-450 
in steroidogenic tissues. In hepatic microsomes, ster- 
oids and drugs have been shown to act as competitive 
substrates [34]. If the relationship in the adrenal is 
similar, exposure to foreign compounds like simple 
aromatic hydrocarbons, for example, could affect 
adrenal steroidogenesis. Estabrook et al. [30] have 
demonstrated inhibition by drugs of mitochondrial 
but not microsomal steroid hydroxylation in bovine 
adrenals. Further insight into the relationship 
between exogenous and endogenous substrate meta- 
bolism by adrenal microsomes may be obtained by 
examining the factors affecting each. The present 
results indicate that spironolactone decreases adrenal 
but not hepatic EM metabolism. Previous studies 
[29] demonstrated a .similar decline in adrenal 
17-hydroxylase activity after spironolactone pre-treat- 
ment. Of particular interest for further study are the 
effects of various hormones, particularly ACTH, 
which contribute to the regulation of adrenal steroid 
secretion, on the interaction of steroids and foreign 
compounds with adrenal and hepatic cytochrome 
P-450. Such comparative studies may contribute valu- 
able information concerning the substrate specificities 
and catalytic components of various cytochrome 
P-450-containing mixed function oxidases. 
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Abstract—The inhibition of mitochondrial monoamine oxidase (MAO) activity in rat uterus and liver 
by clorgyline, harmine and pargyline is reported. MAO activity is shown to be present in mitochondria 
of the rat uterus by rate-zonal centrifugation on a sucrose gradient. Each inhibitor was tested for 
its ability to inhibit the oxidation of tyramine (TYN), 5-hydroxytryptamine (SHT) and f-phenylethyla- 
mine (PEA). TYN deamination by uterine organelles was inhibited in two distinct steps by clorgyline 
and harmine, whereas in liver mitochondria only clorgyline manifested the two-step inhibition pattern. 
Elimination of TYN oxidation by pargyline occurred as a single sigmoid curve. Single sigmoid inhibition 
curves with all three inhibitors were also observed for SHT and PEA in both tissues. For uterine 
and liver mitochondria the relative effectiveness of each inhibitor toward the oxidation of the three 
substrates was as follows: (a) clorgyline and harmine, SHT > TYN > PEA; (b) pargyline. PEA > 
TYN > SHT. It was concluded that, as has been previously demonstrated in liver, two forms of MAO 
exist in mitochondria isolated from the rat uterus. This conclusion is based upon (1) the biphasic 
inhibition of TYN deamination by clorgyline and harmine and (2) the reversal of the relative inhibitory 
effectiveness of the two classes of MAO inhibitors, (a) clorgyline and harmine and (b) pargyline. toward 
the three substrates. Semicarbazide did not inhibit the oxidation of any of the substrates. This indicates 
that the mitochondrial enzyme activity from the uterus, as in the liver, is a true monoamine oxidase. 


Mitochondrial monoamine oxidase (MAO; E.C. 
1.4.3.4.) is believed to exist in multiple forms in a 
variety of tissues from various species. This interpre- 
tation has been drawn from reports of (1) biphasic 
inhibition patterns of the enzyme activity by drugs 
which specifically inhibit MAO [1-4], and (2) the sep- 
aration of multiple bands of activity on polyacryla- 
mide gels [5]. Johnston [1] concluded that two forms 
of MAO must exist in rat brain mitochondria on the 
basis of the biphasic inhibition of tyramine oxidation 
by clorgyline (M & B 9302). That portion of the ac- 
tivity which was inhibited by low concentrations of 
clorgyline was labelled as A and the remaining ac- 
tivity as B. MAO-A preferentially oxidizes 5-hydroxy- 
tryptamine (SHT) [7] and norepinephrine [6] and is 
also inhibited by harmine [2]. MAO-B is inhibited 
by pargyline [2] and deprenyl[7] and demonstrates 
a high affinity for f-phenylethylamine (PEA) [7]. 

Recent reports have correlated alterations in MAO 
activity in the rat uterus with variations in the endo- 
crine state of the animal [8,9]. The changes were 
found to be substrate dependent [9] suggesting that 
more than one form of MAO may be present in the 
rat uterus. Multiple forms of MAO have been demon- 
strated in liver mitochondria [3,5]. 

We present evidence for the existence of multiple 
forms of MAO in mitochondria isolated from the rat 
uterus on the basis of the response of the enzyme 
activity to MAO inhibitors. 


MATERIALS AND METHODS 
Female Sprague-Dawley rats originally derived 
from Charles River Breeding Laboratories, Wilming- 
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ton, Massachusetts, U.S.A., were bred in our own col- 
ony for these studies. Animals were housed on a 14/10 
light cycle (lights on from 05:00 to 19:00 hr). Purina 
Laboratory Chow and water were available ad lib. 
Tissues were taken from 90-110-day-old animals 
killed by decapitation. Animals from all stages of the 
estrous cycle were used. 

Preparation of mitochondria. Minced livers were 
homogenized in 3 vol of 0.32 M sucrose medium con- 
taining 0.1 mM EDTA at pH 7 by a motor-driven 
Potter-Elvehjem homogenizer with Teflon pestle and 
then diluted to 10 vol and centrifuged in a Sorvall 
Model RC2-B refrigerated centrifuge at 3000g for 
3 min 20 sec timed from the point at which the rotor 
attained speed to the time of shutdown in an SS-34 
rotor. Supernatant was then centrifuged at 35,000g 
for 15 min and the pellet resuspended using a Dounce 
homogenizer and washed twice in 0.32 M sucrose. 

Minced uteri were subjected to enzymatic digestion 
according to the method of Williams and Gorski [10] 
prior to homogenization. Incubations were done in 
air at 37 in Krebs-Ringer phosphate buffer medium, 
pH 7.4, containing 10mg/ml Ficoll. Approximately 
200 mg/ml of uterine tissue, wet weight, was incubated 
for 30 min in the presence of 20 mg/ml trypsin and 
11.5mM CaCl,. The tissue was centrifuged and the 
sediment washed twice with buffer. The washed tissue 
fragments were then incubated 30 min with a volume 
of buffer equal to the original volume containing 
4 mg/ml trypsin and 7 mg/ml collagenase. The tissue 
fragments were sedimented and washed twice with 
buffer containing soybean-trypsin inhibitor, 0.2 mg/ml 
and a third time with 0.1 mg/ml. The digested tissue 
was suspended in sucrose medium, 3 vol, calculated 
on the basis of the original tissue weight, homo- 
genized and treated as for the preparation of liver 
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mitochondria. The relative specific activities of undi- 
gested and digested tissue for the three substrates 
were the same. Total activities in digested tissue were 
somewhat higher, presumably due to the reduced 
effort required to disrupt the tissue fragments. In the 
absence of enzymatic digestion of the tissue only a 
small per centage of the MAO activity co-sediments 
with cytochrome c oxidase on a sucrose gradient. The 
majority of the activity remains at the top of the gra- 
dient. 

Rate-zonal sucrose gradient centrifugation. Mito- 
chondria suspended in 0.32M_ sucrose were layered 
atop a linear sucrose gradient, 1.05, 1.25 g/cm*. The 
gradient was centrifuged in a Beckman Model L2-65B 
ultracentrifuge for 30 min at 25,000 rpm in an SW 27 
rotor (88.900g). Each fraction, approx 2ml, was 
assayed for protein content, cytochrome oxidase ac- 
tivity and monoamine oxidase activity. 

Monoamine oxidase assay. A modification of the 
radiochemical assay of Otsuka and Kobayashi [11] 
was employed to measure MAO activity. Assays were 
carried out in 0.1 M borate buffer, pH 7.8, in a final 
volume of 0.5 ml for 30min in a shaking water bath 
at 37 . Each assay tube contained 5 yg of amine (free 
base), approx. 50,000 dis/min of ['*C]amine, | mM 
EDTA and an aliquot of mitochondrial preparation 
equivalent to 125 yg of protein for liver mitochondria 
and 225 yg of protein for uterine mitochondria. The 
reaction was stopped by adding 0.2 ml of 2M citric 
acid to each tube and radioactive product was 
extracted into 5 ml of anisole containing 0.4%, Omni- 
fluor (98°, 2.5-diphenyloxazole and 2°, p-bis-(O-meth- 


o- 


ylstyryl)-benzene), cooled at 4 and centrifuged in a 


table-top centrifuge. An aliquot of extract was 
removed and counted in a liquid scintillation counter, 
Beckman Instruments, Model LS 100-C. The extrac- 
tion efficiency of anisole for the oxidation products 
of all substrates was approximately 90°,. 
Cytochrome oxidase assay. Enzyme activity was 


determined by measuring the rate of oxidation of 


cytochrome ¢ at 550 nm [12] with the aid of a Beck- 
man DU-2 spectrophotometer and Honeywell Elec- 
tronic 194 recorder. Assays were conducted in 0.1 M 
potassium phosphate buffer, pH 7, containing 0.1°, 
Tween 80 at 23. 

Protein assay. Protein was estimated by the method 
of Lowry et al. [13]. using bovine serum albumin 
as a standard. 

Inhibition of enzyme activity. An aliquot of frozen 
and thawed mitochondria was placed in the assay 
tube along with inhibitor and incubated for 15 min 
at 23 . Substrate solution, 0.1 ml in buffer, was added 
and the tubes incubated 30 min at 37. Each assay 
was done in duplicate. ; 

Chemicals. Tyramine-1-['*C]hydrochloride, 9.2 
mCi/m-mole, — 5-hydroxytryptamine-2-['*C]binoxa- 
late, 51.7 mCi/m-mole, and /-phenylethylamine-1- 
{'*C Jhydrochloride, 9.9 mCi/m-mole, were obtained 
from New England Nuclear, Boston, Mass., U.S.A. 
Tyramine hydrochloride, 5-hydroxytryptamine crea- 
tinine sulfate, b-phenylethylamine, trypsin, Type III, 
collagenase, Type I, soybean trypsin inhibitor, Type 
I-S. cytochrome c, Type III, bovine serum albumin 
and Ficoll were purchased from Sigma Chemical 
Company, St. Louis, Missouri, U.S.A. Anisole and 
disodium EDTA were from Fisher Scientific Co.. 


Boston, Mass., U.S.A. Tween 80 was purchased from 
Nutritional Biochemicals Corp., Cleveland, Ohio, 
U.S.A. Semicarbazide hydrochloride was from East- 
man Chemical Co., Rochester, N.Y., U.S.A. Pargyline 
(N-methyl-N-propargy!benzylamine) and harmine hy- 
drochloride hydrate were purchased from Aldrich 
Chemical Co., Milwaukee, Wis., U.S.A. Clergyline (M 
& B 9302; N-methyl-N-propargyl-3-(2.4-dichloro- 
phenoxy) propylamine hydrochloride) was a gift from 
D. R. Maxwell of May & Baker Ltd., Dagenham, 
Essex, RM10 7XS, England. 


RESULTS 


Mitochondrial enzyme activities. The specific activi- 
ties for TYN, SHT and PEA of the mitochondrial 
preparations from the liver and uterus are presented 
in Table |. Under the conditions used in these studies 
the specific activities for TYN and PEA were greater 
than for SHT in organelles from both tissues. Specific 
activities were greater for the three amines in liver 
mitochondria than in uterine mitochondria. 

Rate-zonal sucrose gradient centrifugation. Rat uter- 
ine monoamine oxidase co-sediments with the inner 
membrane marker enzyme cytochrome oxidase at a 
sucrose density of 1.185 g/cm*, Fig. 1, demonstrating 
that the MAO activity measured in these studies was 
of mitochondrial origin. The peaks of enzyme activity 
are broad indicating that some disruption of the mito- 
chondrial membranes has occurred during isolation. 
The muscular nature of the uterus makes the isolation 
of intact mitochondria impossible using standard 
techniques. By employing an enzymatic pre-digestion 
of the minced uteri the yield of mitochondrial enzyme 
activity was tripled and a preparation with greatly 
reduced membrane disruption was obtained. Inhibitor 
studies utilized frozen and thawed mitochondria. We 
do not believe that the biphasic inhibition curves 
shown in Fig. 3 are simply the result of the presence 
of two populations of mitochondria in the prep- 
arations with different degrees of disruption of their 
outer membranes. 

Inhibition of liver mitochondrial M AO. Inhibition of 
liver mitochondrial monoamine oxidase by pargyline, 
clorgyline and harmine is depicted in Fig. 2. Each 
compound was tested for its ability to inhibit the oxi- 
dation of TYN, SHT and PEA. Each curve represents 
the mean for two independent experiments utilizing 
different mitochondrial preparations. 

Pargyline was most efficient in inhibiting PEA de- 
amination and least effective against SHT, Fig. 2a. 


Table |. Monoamine oxidase activity of rat liver and uter- 
ine mitochondria. 





Substrate 
(nmoles/30 min/mg protein) 


Tissue TYN SHT PEA 





25.7 67.5 


Liver $2.; 
49.5 15.8 40.5 


Uterus 





Enzyme activity measured with tyramine (TYN), 5-hyd- 
roxytryptamine (SHT) and /-phenylethyl-amine (PEA). 
Each value represents the mean from two mitochondrial 
preparations. 
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Fig. 1. Rate-zonal centrifugal analysis of rat uterine mito- 
chondria on a linear sucrose gradient. Mitochondria sus- 
pended in 0.32 M sucrose, 12 mg protein/S ml, was layered 
atop a linear sucrose gradient, 27 ml of 1.05 1.25 g/cm? 
sucrose, and centrifuged for 30 min at 25,000 rpm (88,900 g) 
in the SW 27 rotor in the L2-65B ultracentrifuge. Each 
fraction, approximately 2 ml, was assayed for protein, cyto- 
chrome oxidase activity and monoamine oxidase activity 
with tyramine (TYN), 5-hydroxytryptamine (SHT) or 
B-phenylethylamine (PEA) as substrates. Relative vol = ac- 
cumulated fraction vol/total vol. Relative activity/unit 
vol = per cent activity in fraction/per cent vol in fraction. 


Concentrations of pargyline giving 50°, inhibition of 
enzyme activity, i.e. pI59, were as follows, PEA = 7.5, 
TYN = 6.0, 5HT = 5.5. 

Clorgyline inhibition, Fig. 2b, differed in two im- 
portant aspects from that observed for pargyline. 
First the inhibition of TYN and PEA oxidation 
occurred in two distinct steps. Approximately 30-50”, 
of the enzyme activity toward PEA and TYN was 
inhibited below 10°'°M clorgyline. The remaining 
activity was not eliminated until a concentration of 
10°-*M was reached. For PEA pl... (A) = 11 and 
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Fig. 2. The inhibition of rat liver mitochondrial mono- 
amine oxidase by (A) pargyline, (B) clorgyline and (C) har- 
mine. Each curve represents the inhibition of MAO using 
either ['*C]5-hydroxytryptamine (0), ['*C]tyramine (A) 
or ['*C]f-phenylethylamine (C1) as substrate. An aliquot 
of mitochondrial enzyme preparation was pre-incubated 
15 min at 26 in the presence of inhibitor after which sub- 
strate was added and the assay carried out at 37° for 
30 min. Each point is the mean for two separate exper- 
iments. Enzyme activities for the three substrates are as 
shown in Table |. Activity in the presence of inhibitor 
was compared to these values to determine the per cent 
inhibition. 


(B) = 4 and for TYN(A) = 10.5 and (B) = 5. Over 
80%,, of SHT oxidizing capacity was inhibited at 
10° '°M clorgyline, pI5q = 11.5. The remaining 20°, 
of the activity was not eliminated until a concen- 
tration of 10° *M was reached. Secondly, the relative 


Table 2. Inhibition of MAO activity of rat liver and uterine mitochondria. 





Inhibitor 


Per cent Inhibition 
Substrate 
SHT 





Semicarbazide 

Clorgyline 

Pargyline 
Uterus Semicarbazide 


Clorgyline 


Pargyline 


0 
13 
98 





Semicarbazide, clorgyline or pargyline was incubated with an aliquot of mitochondria 
for 15 min at 23°. Tyramine (TYN), 5-hydroxytryptamine (SHT) or f-phenylethylamine (PEA) 
was then added and the assay run for 15 min at 37. Values represent the loss of enzyme 
activity compared to mitochondria incubated in the absence of inhibitor. M = moles/I. 
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order of inhibitory capacity toward the three sub- 
strates was inverse to that of pargyline. 

Our data demonstrate similar effects of clorgyline 
on the oxidation of SHT and TYN by rat liver mito- 
chondrial MAO to those reported earlier by Hall et 
al. [3]. The pI;, values for SHT and TYN inhibition 
by clorgyline are lower than previously reported for 
the liver. Differences in assay conditions such as sub- 
strate and protein concentrations are likely to be the 
reason for any apparent discrepancies. Furthermore, 
many studies in the past have been done on tissue 
homogenates [1-3] rather than purified organelles. 

The relative inhibitory activity of harmine toward 
the three amines was the same as observed for clorgy- 
line. PEA metabolism was the least effectively inhi- 
bited, never reaching a value greater than 60°, at 
10°*M. TYN and SHT had nearly the same 
pl.) = 8. The inhibition curve for SHT was shifted 
to slightly lower concentrations than that for TYN, 
however. 

Semicarbazide did not inhibit amine oxidation even 
at a concentration of 10° 4M, Table 2. 

Inhibition of uterine mitochondrial M AO. Pargyline. 
clorgyline and harmine inhibition of MAO activity 
in uterine mitochondria is shown in Fig. 3. Each 
curve represents the mean for two independent exper- 
iments utilizing different mitochondrial preparations. 
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Fig. 3. The inhibition of rat uterine mitochondrial mono- 
amine oxidase by (A) pargyline, (B) clorgyline and (C) har- 
mine. Each curve represents the inhibition of MAO using 
either ['*C]5-hydroxytryptamine (0), ['*C]tyramine (A) 
or ['*C]f-phenylethylamine (4) as substrate. An aliquot 
of mitochondrial enzyme preparation was incubated 
1Smin at 26 with inhibitor after which substrate was 
added and the assay carried out at 37° for 30 min. Each 
point is the mean for two separate experiments. Enzyme 
activities for the three substrates are as shown in Table 
|. The activity in the presence of inhibitor is compared 
to these values to determine per cent inhibition. 
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The patterns of inhibition of amine oxidation in 
uterine mitochondria by pargyline, clorgyline and 
harmine were analogous to those observed with liver 
organelles. Pargyline, Fig. 3a, exhibited a pl<. = 7 
with PEA, 6.5 with TYN and 5 with 5HT. These are 
very close to the respective values of 7.5, 6.0 and 5.5 
for liver preparations. 

As was the case for the liver, the order of inhibition 
of metabolism of SHT, TYN and PEA by clorgyline 
and harmine was reversed with respect to that of par- 
gyline. SHT oxidation was inhibited at much lower 
concentrations than was PEA oxidation. The pl<o 
values for clorgyline were SHT = 9.5 and PEA = 4. 
For harmine these same figures were SHT = 8 and 
PEA = 3.5. TYN deamination was inhibited in two 
steps by both clorgyline, pl;,_ (A) = 10.5 and (B) = 5, 
and harmine, pl, (A) = 9 and (B) = 4. 

Semicarbazide is ineffective as an inhibitor of TYN, 
SHT or PEA oxidation by uterine mitochondria, 
Table 2. Enzyme activity is nearly completely inhi- 
bited at 10° * M clorgyline or pargyline whereas semi- 
carbazide at 10°*M abolishes only 20°, of the 
enzyme activity. 

Differences in the inhibition patterns for liver and 
uterine mitochondrial MAO are apparent in compari- 
sons of Figs 2 and 3. Clorgyline inhibition of TYN 
and PEA oxidation was characterized by biphasic in- 
hibition curves in liver mitochondria, whereas only 
TYN deamination was inhibited in two stages in uter- 
ine organelles. Oxidation of SHT was inhibited at 
lower concentrations of clorgyline in liver, pls, = 11, 
than in uterus. pl<, = 9. Another distinguishing fea- 
ture of the uterine enzyme was the biphasic inhibition 
of TYN oxidation by harmine which was not 
observed in the liver. 

The relative specific activity for SHT, in compari- 
son to TYN or PEA, Table 1, was lower in the uterus 
than in the liver. The ratio MAO-A:MAO-B was 
lower in the uterus, 20:80, Fig. 3, than in the liver, 
40:60, Fig. 2. It is possible that the difference in the 
ratios of MAO-A:MAO-B in the two tissues was the 
reason for the difference in the relative specific activi- 
ties for SHT in the two tissues. 


DISCUSSION 


On the basis of our studies it is apparent that 
monoamine oxidase activity of rat uterine mitochon- 
dria exists in at least two different forms possessing 
distinct substrate and inhibitor specificities. In the ter- 
minology of Johnston [1], one form, MAO-A, is inhi- 
bited at low concentrations of clorgyline and exhibits 
a high affinity for SHT. The other form, MAO-B, is 
most active toward PEA and is less sensitive to clor- 
gyline than is MAO-A but it is more susceptible to 
pargyline inhibition. Both forms metabolize tryra- 
mine. 

These results compare favorably with reports of the 
occurrence of multiple forms of MAO in the brain 
[1,4]. intestine [2], kidney [2] and liver [3] as well 
as tissue specific MAO activities in sympathetic gang- 
lion and pineal gland [4, 6]. 

Semicarbazide, an inhibitor of the pyridoxal-linked 
enzyme ‘benzylamine oxidase’ [14], did not inhibit 
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the oxidation of TYN, SHT or PEA by uterine mito- 
chondria to any appreciable extent. This also sup- 
ports the conclusion that the amine oxidase activity 
of the uterine mitochondria is a true monoamine Oxi- 
dase. 

The uterus is a heterogeneous tissue consisting of 
a muscular outer layer and a glandular inner layer. 
It is richly innervated [15-17] and the nerve supply 
undergoes alterations as the hormonal state of the 
animal changes [16-17]. The uterus and other organs 
of the reproductive tract are atypical in that they pos- 
sess a dual adrenergic nerve supply composed of the 
usual ‘long’ neurons and ‘short’ neurons which arise 
from ganglia within or near the organ in question. 

Neuron-specific MAO activities have been reported 
[4]. MAO in the uterus varies with changes in the 
endocrine state of the rat [8.9] and is a substrate-de- 
pendent phenomenon [9]. It is believed that only the 
‘short’ neurons of the guinea pig uterus respond to 
changes in hormone levels [18]. The two types of 
uterine i:!:.ochondrial MAO observed in these studies 
may be located in different types of adrenergic 
neurons with distinct roles in the mechanisms respon- 
sible for regulating the physiological activities of the 
uterus. 
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Abstract—Acetaldehyde, the primary metabolite of ethanol oxidation, inhibited a number of mitochon- 
drial functions in vitro. Cysteine, in vitro, afforded protection against the depression of CO, production 
from palmitate, octanoate and z-ketoglutarate by acetaldehyde. Relief occurred when the concentrations 
of cysteine and acetaldehyde were equimolar; greater relief was produced in the presence of excess 
cysteine. Acetaldehyde had no effect on glutamate-linked state 4 oxygen consumption, whereas the 
state 3 rate was inhibited. Cysteine almost completely relieved the inhibition of state 3 oxygen uptake, 
while the state 4 rate was slightly increased. Similar results were obtained with several other NAD* -de- 
pendent substrates. The oxidation of succinate was inhibited only by much higher concentrations of 
acetaldehyde than those which inhibited the oxidation of NAD*-dependent substrates. This inhibition 
was not affected by cysteine. Thiols containing free amino and free sulfhydryl groups in close proximity 
were the most effective in relieving the inhibition by acetaldehyde. Although a small protective effect 
was observed, cysteine did not significantly prevent the inhibition of oxidative phosphorylation by 
acetaldehyde. However, the mitochondria rémained coupled in the presence of acetaldehyde plus cys- 
teine. The ability of cysteine and acetaldehyde to interact was demonstrated by several criteria. Cysteine 
may exert its protective effect by forming a complex with acetaldehyde, thereby preventing acetaldehyde 


from interacting with the mitochondria. 


Acetaldehyde, which is produced during ethanol 
metabolism in the liver, is a toxic compound, with 
numerous effects on mitochondrial functions [1-4]. 
Most of the acetaldehyde is believed to be oxidized 
by the mitochondria [5-7]. Acetaldehyde depressed 
oxygen consumption with NAD-dependent sub- 
strates and inhibited energy transduction and utiliza- 
tion by the mitochondria [8.9]. In addition, acetalde- 
hyde depressed CO, production from fatty acids [10] 
and several citric acid cycle intermediates.+ 

Many of the effects of acetaldehyde on mitochon- 
drial functions are similar to those reported for other 
agents capable of reacting with mitochondrial thiol 
groups, e.g. Cu** [11], compounds with a thiuram 
structure [12] and 5,5’-dithionitrobenzoic acid [13]. 
Thiols apparently participate in many mitochondrial 
active sites and functions, e.g. oxidative phosphoryla- 
tion [14,15], active accumulation of Mg?* [16]. the 
active site of coupling factor B [17], NADH [18,19] 
and succinic [20,21] dehydrogenases, the active site 
of the phosphate carrier [22] and the adenine nucleo- 
tide translocase [23]. It has also been claimed that 
acetaldehyde interacts with CoASH [24]. It seemed 
possible, therefore, that some of the effects of acetal- 
dehyde on mitochondrial functions may be related 
to a reaction between acetaldehyde and thiols. 

Aldehydes react quite readily with mercaptans 
[25-27]. In the case of cysteine, ring closure can occur 
with the consequent formation of thiazolidines 
[25.26]. Cysteine reacts nonenzymatically with for- 





* These studies were supported in part by USPHS Grant 
AA00287. 
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maldehyde, forming thiazolidine-4-carboxylic acid 
[25-27]. Cysteine could complex with acetaldehyde 
to form the hemiacetal, which upon cyclization, 
would form 2-methylthiazolidine-4-carboxylic acid 
[25.28.29]. It has recently been suggested that such 
a complex may be a nontoxic detoxification product, 
since cysteine was claimed to protect against death 
from acetaldehyde toxicity in vivo [30]. In this report, 
we studied the ability of cysteine to reverse the acetal- 
dehyde-induced inhibition of several mitochondrial 
functions. 


MATERIALS AND METHODS 

Preparations. Rat liver mitochondria were prepared 
as previously described [8]. The mitochondria were 
washed and suspended in 0:25M_ sucrose-0-01 M 
Tris-HCl, pH7:-4-0:001M EDTA. All radioactive 
counting procedures were performed in 0-7°,, 2,5-di- 
phenyloxazole and 0-05°%,, 1,4-bis-2(5-phenyloxazoly)- 
benzene in toluene. Protein was determined according 
to Lowry et al. [31]. Bovine serum albumin was de- 
pleted of fatty acids by the charcoal treatment of 
Chen [32]. The acetaldehyde was characterized as 
previously described [8] and shown to be identical 
with a chromatographically pure acetaldehyde stan- 
dard. A 0-01 per cent impurity could have been 
detected under these conditions. Acetaldehyde was 
prepared by dilution with ice-cold H,O and used im- 
mediately. The concentrations of acetaldehyde given 
are the amounts initially added, i.e. there is no correc- 
tion for loss of acetaldehyde via volatilization or oxi- 
dation by the mitochondria. The thiol reagents were 
also freshly prepared and purged with nitrogen. 
Thiols were neutralized and kept on ice in well-stop- 
pered flasks. We found it essential that only freshly 
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prepared cysteine in the reduced form be used in these 
studies. As the cysteine aged or was exposed to air, 
it became inhibitory to several mitochondrial func- 
tions, presumably owing to its oxidation to the disul- 
fide, cystine. 

Oxygen consumption. Oxygen uptake was assayed 
at 30° using a Clark oxygen electrode and a Yellow 
Springs oxygen monitor. The reaction system con- 
‘sisted of 0-3 M mannitol; 10mM Tris-HCl, pH 7-4; 
10mM potassium phosphate. pH 7-4: 2-5mM MgCl: 
10mM KCI; and mitochondria equivalent to 3-4 mg 
protein in a final volume of 3-0 ml. Substrates (10 mM 
final concentration) included succinate, glutamate, 
z-ketoglutarate, f/-hydroxybutyrate and pyruvate-ma- 
late. ADP (1 mM) was added to initiate state 3 condi- 
tions. When calculating the ADP/O ratio, 0-9 ~mole 
ADP was added (final concentration of 0-3 mM). 

Oxidative phosphorylation. The P/O ratio was 
assayed using a Gilson differential manometer, as pre- 
viously described [8,33]. B-Hydroxybutyrate served as 
the substrate in all experiments. Oxygen uptake was 
determined manometrically, whereas the rate of phos- 
phorylation was determined from the rate of synthesis 
of glucose 6-phosphate [34]. 

'*CO, production. '*CO, production was assayed 
using either palmitate[1-'*C], octanoate[1-'*C] or 
z-ketoglutarate[ 1-'*C] (New England Nuclear) as the 
substrates. The reaction was carried out in center well 
flasks containing 0:3 ml hydroxide of hyamine in the 
center well. The reaction system for the fatty acid 
experiments consisted of 100mM KCl, 0-4mM 
malate, |1!mM MgCl,, 3mM ATP, 3mM carnitine, 
10mM _ potassium phosphate (pH 7:4), 6mg of fatty 
acid depleted bovine serum albumin, 3-33mM ADP 
and about 2mg of mitochondrial protein in a final 
volume of 3-0 ml. For the experiments with x-ketoglu- 
tarate, the same reaction mixture as described for the 
oxygen consumption experiments was used, with 
3-3mM ADP also being added. The reaction was in- 
itiated by the addition of labeled fatty acid or «-ke- 
toglutarate (final concentrations of 67 uM or 6-7 mM. 
respectively; 0-33 wCi). After 15 min, the reaction was 
terminated by the addition of | ml of 2 N HCI. CO, 
was allowed to collect in the center well for 
30-60 min. The contents of the center well were col- 
lected, the center well was washed three times with 
0:3 ml aliquots of scintillation fluid, and the sample 
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plus washings was counted in a liquid scintillation 
counter. 

Interaction of acetaldehyde and cysteine. Cysteine 
(400 and 600nmoles) was incubated in 4ml of 
100mM Tris-HCl, pH 8-5, with various amounts of 
acetaldehyde (cysteine/acetaldehyde ratio 0-1 to 2-0) 
for 2, 5, 10 or 20min. 5,5’-Dithionitrobenzoic acid 
(final concentration 0-2 mM) was then added, and the 
absorbance at 412 nm was recorded in a Gilford 240 
spectrophotometer. A millimolar extinction coefficient 
of 13-6 was used to calculate the concentrations of 
cysteine. Blanks included samples containing acetal- 
dehyde but lacking cysteine. 

Acetaldehyde (360 and 900 nmoles) was incubated 
in 4ml of 100 mM potassium phosphate, pH 7-0, with 
various amounts of cysteine (cysteine/acetaldehyde 
ratio 0-5 to 5-0) for 2, 5: 10 or 20 min. Semicarbazide 
(15 mM in 160 mM phosphate buffer) was then added, 
and the absorbance at 224nm was recorded [35]. A 
millimolar extinction coefficient of 9-4 was used to 
calculate the concentration of acetaldehyde. Blanks 
included samples coritaining cysteine but lacking ace- 
taldehyde. Preliminary experiments indicated that 
similar results were obtained in the mannitol or KCl 
medias described for the oxygen uptake or CO, pro- 
duction experiments as in the simpier Tris or phos- 
phate media described above. 

Statistics. All values represent the mean + standard 
error of the mean. The number of experiments is indi- 
cated in the individual tables. Statistical analysis was 
performed by Student’s t-test. In the case of samples 
containing acetaldehyde plus cysteine, the analysis 
was made against controls which lacked these two 
compounds, as well as samples which contained only 
acetaldehyde. 


RESULTS 


Effect of cysteine on the acetaldehyde-induced inhi- 
hition of '*CO, production from octanoate and _pal- 
mitate. Acetaldehyde is a potent inhibitor of '*CO, 
production from fatty acids[10] (Tables | and 2). 
This inhibition is not due merely to dilution of '*CO, 
by unlabeled CO, derived from acetaldehyde oxi- 
dation by the mitochondria, since acetaldehyde was 
considerably more inhibitory toward fatty acid oxi- 
dation than were comparable concentrations of ace- 
tate [10}. Cysteine itself (1 to.3-3 mM) had little effect 


Table |. Effect of cysteine on acetaldehyde-induced inhibition of '*CO, production from palmitate* 





“oD. 
production 
(cpm/mg protein) 


Acetaldehyde 
conen 
(mM) 


Cysteine 
conen 


(mM) 


Effect on 
acetaldehyde P 
(°,) (acetaldehyde) 


Effect on 
control P 
(A) (control) 





23,463 

10,337 

17,973 

22.614 

20,417 

16,182 

4294 

1-0 7759 
33 10,198 
10-0 11.339 


2104 
1742 
3546 
3660 
3463 
3085 
1182 
2149 
2486 


2296 


H+ + 1+ 1+ 4 


+ I+ H+ + + 


+73 
+118 
+97 


0-10 > P > 0-05 
<0-02 
<0-02 


+ 80 
+137 
+ 164 


NS 
0-04 
0-03 





*'*CO, production from palmitate[1-'*C] was assayed as described in Materials and Methods in the absence or 
presence of acetaldehyde and cysteine. The number of experiments is four for 0-75 mM acetaldehyde and six for 1-5 mM. 





Protective effect of cysteine 


Table 2. Effect of cysteine on acetaldehyde-induced inhibition of '*CO, production from octanoate* 





“CO, 
production 
(cpm/mg protein) 


Acetaldehyde 
concen 
(mM) 


Cysteine 
concn 
(mM) 


Effect on 
acetaldehyde P 
(°.) (Acetaldehyde) 


Effect on 
control P 
(°,) (control) 





25,521 
15,910 
25,588 
24,534 
21,020 
27,995 
12.946 
20,053 
24,594 
19.876 
19.580 + 3655 
6902 + 1580 
8886 + 1581 
12,676 + 2171 
13.111 


1-0 
1-0 
1-0 
1-0 


2-0 
20 
20 
2-0 


3-0 
3-0 
3-0 
3-0 


+ 1645 





<0-001 
0-02 
NS 
NS 


NS 
0-04 
0-02 


+28 
+83 
+89 





*!14CO, production from octanoate[1-'*C] was assayed as described in Materials and Methods in the absence 
or presence of acetaldehyde and cysteine. Results represent the mean of two individual experiments for 1-2 mM acetalde- 


hyde and the mean of six for 3 mM. 


on octanoate or palmitate oxidation: with octanoate 
the control activity was 25,251 cpm/mg of protein in 
the absence of cysteine, and 25,639 and 
25,638 cpm/mg in the presence of | and 3-3mM cys- 
teine respectively. With palmitate, the control activity 
was 22,738 cpm/mg of protein in the absence of cys- 
teine, and 22,350 and 21,334 cpm/mg in the presence 
of 1 and 3-3mM cysteine respectively. Some inhibi- 
tion of fatty acid oxidation was observed using 
10mM cysteine (about 10-20 per cent). CO, produc- 
tion from palmitate[1-'*C] was depressed 56 and 73 
per cent by 0:75 and 1-5mM acetaldehyde respect- 
ively (Table 1). The addition of |mM_ cysteine 
afforded considerable relief of the inhibition of '*CO, 
production caused by 0-75mM acetaldehyde (Table 
1), while 3-3 and 10mM _ yielded almost complete 
relief. At the higher concentration of 1-5 mM acetalde- 
hyde, cysteine also protected against the depression 
of CO, production (Table 1). 

Acetaldehyde depressed CO, production from 
octanoate[ 1-'*C] 38, 54 and 65 per cent at acetalde- 
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hyde concentrations of 1, 2 and 3mM respectively 
(Table 2). Cysteine almost completely prevented the 
inhibition observed at | and 2mM acetaldehyde (tak- 
ing into consideration that 10mM cysteine itself pro- 
duced about 15 per cent inhibition of CO, production 
from octanoate). Even at 3mM acetaldehyde, cysteine 
(3:3 and 10mM) still yielded significant protection 
against the inhibition by acetaldehyde. 

Effect of cysteine on the acetaldehyde-induced inhibi- 
tion of ‘*CO, production from x-ketoglutarate. Part 
of the mechanism for the inhibition of CO, produc- 
tion from fatty acids by acetaldehyde involves inhibi- 
tory effects of acetaldehyde on the activity of the citric 
acid cycle. Acetaldehyde depressed '*CO, production 
from several citric acid cycle intermediates, with a 
major site of inhibition in the »-ketoglutarate—suc- 
cinate span of the cycle.* Acetaldehyde depressed 
'$CO, production from x-ketoglutarate[1-'*C] by 31 
and 47 per cent at acetaldehyde concentrations of | 
and 3mM respectively (Table 3). Cysteine itself had 
little effect on CO, production from z-ketoglutarate, 
but almost completely relieved the inhibition pro- 
duced by | mM acetaldehyde, and partially relieved 
the inhibition with 3mM acetaldehyde (Table 3). 


Table 3. Effect of cysteine on acetaldehyde-induced inhibition of '*CO, production 
from z-ketoglutarate[ 1-'*C]* 





Acetaldehyde 
concn 
(mM) 


Cysteine 
concn 


(mM) 


CO, 


production ffec P 
(cpm/mg protein) 


(control) 





1-0 
1-0 oe 
1-0 10-0 


3-0 
3-0 
3-0 


aS 
10-0 





*14CQ, production was assayed as described in the legend to Table |. Results 
are from either four (3mM _ acetaldehyde concentrations) or two individual exper- 


iments. 
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Table 4. Effect of cysteine on glutamate and succinate oxidation* 





Cysteine 
concn 
(mM) 


Substrate State 4 


Oxygen consumption 
(natoms/min/mg protein) 


State 3 State 4 State 3 





14-05 
14-63 
15-99 
22:13 
23-0 
22°5 
293 
33-0 


Glutamate 
1-0 
3-0 
10-0 
Succinate 
1-0 
3-0 
10-0 


72-0 
743 
769 
69-4 
111-0 
103-5 
105-0 
117-8 


+4 
+14 
+58 


—2 
+27 
+43 





* Oxygen consumption was assayed as described in Materials and Methods in the presence 
or absence of cysteine. Results are from three separate experiments. 


Effect of cysteine on the oxidation of glutamate and 
succinate. As a control in the experiments to be de- 
scribed below, we measured the effect of cysteine on 
the oxidation of glutamate and succinate by isolated 
mitochondria. Cysteine had no effect on the state 3 
rate of oxidation of either of these substrates (Table 
4). However, the state 4 rate of oxygen consumption 
was stimulated with both substrates, particularly at 
10mM cysteine. This suggests the possibility of a 
slight uncoupling effect by cysteine. As a consequence, 
the respiratory control ratio associated with the oxi- 
dation of glutamate and succinate was depressed 38 
and 27 per cent, respectively, by 10mM cysteine. The 
addition of 3 or 10mM cysteine to the mitochondria 
in the absence of a substrate gave rise to some oxygen 
uptake in excess of the endogenous rate (about 
2 natoms/min/mg of protein). 

Effect of cysteine on acetaldehyde-induced inhibition 
of glutamate oxidation. State 4 oxygen consumption 
with glutamate as the substrate was not affected by 
3mM acetaldehyde, whereas energy-dependent (state 
3) oxygen uptake was depressed 34 per cent (Table 
5). This inhibition was to a large extent prevented 
by cysteine (Table 5). The state 4 rate of oxygen 
uptake was stimulated to a comparable extent by cys- 
teine in the presence or absence of acetaldehyde, sug- 
gesting that the stimulation is due to cysteine itself. 
One mM cysteine had no effect on the inhibition of 
oxygen uptake caused by 3mM acetaldehyde (Table 
5). However, with 1-2mM acetaldehyde, | mM _ cys- 


teine afforded considerable protection against the in- 
hibition of state 3 oxygen uptake, and 3-3mM cys- 
teine completely prevented the inhibition (Table 6). 
This suggests that, in general, amounts of cysteine 
equimolar to those of acetaldehyde are required for 
complete protection. Very high concentrations of ace- 
taldehyde inhibited numerous mitochondrial func- 
tions, apparently owing to nonspecific interactions 
and damage to the mitochondria [8-10]. The inhibi- 
tion of state 3 glutamate oxidation by 12 mM acetal- 
dehyde was not prevented even by 10mM cysteine 
(Table 6). 

In these experiments, the mitochondria were incu- 
bated with cysteine for 1-2 min in the polarograph 
chamber. Acetaldehyde was then added and oxygen 
uptake was recorded. ADP was subsequently added 
to initiate state 3 conditions. When mitochondria 
were first incubated with acetaldehyde and ADP, the 
subsequent addition of cysteine provided considerably 
less relief than in experiments in which cysteine was 
initially present in the incubation medium. Thus, cys- 
teine probably interacts with acetaldehyde; the longer 
the period of interaction, the greater the relief of the 
acetaldehyde-induced inhibition. Apparently the inhi- 
bition by acetaldehyde is not easily reversible, poss- 
ibly because acetaldehyde forms a strong complex 
with a mitochondrial receptor. In this respect, the in- 
hibition of energized Ca** uptake by acetaldehyde 
in vitro was only partially reversed after several wash- 
ings of the mitochondria [8]. 


Table 5. Effect of cysteine and acetaldehyde on oxygen consumption associated with the oxidation of glutamate* 





Acetal- 

dehyde 
concen 

(mM) 


Respir- 
atory 
state 


Cysteine 
conen 


(mM) 


Oxygen 
uptake 
(natoms/min/mg 


No. of 
expts. 


Effect 
‘on 
control 
(°,) 


Effect 
on acetal- 
dehyde 
(%) 


P 
(acetal- 
dehyde) 


P 


protein) (control) 





13-89 + 0-80 


3-0 
3-0 
3-0 
3-0 


1:0 
3:3 
10-0 


13-5] 
18-01 
21-53 
72-09 
47-39 
50:93 
62:90 
63-63 


3-0 
3-0 
3-0 
3-0 


1-0 
53 
10-0 


14:00 + 0:94 


NS 

NS 

0-01 
<0-001 


+1 
—5 
+29 
+60 


NS 
0-012 
<0-001 


—8 
+34 
+69 


—34 
—29 
~12 
~9 


<0-001 

<0-001 

<0-05 
NS 


NS 
<0-001 
0-001 


+13 
+32 
+34 





* Oxygen uptake was assayed as described in Materials and Methods in the presence of cysteine. Results are compared 


to the controls for the indicated experiments. 





Protective effect of cysteine 


Table 6. Effect of cysteine on 


inhibition of glutamate oxidation by 


acetaldehyde* 





Acetaldehyde 
concn 
(mM) 


Cysteine 
conen 
(mM) 


Oxygen 
uptake 


(natoms/min/mg protein) 





a3 
10:0 





* State 3 oxygen uptake was assayed as described in Materials and Methods. 
Results are means of two to three individual experiments. 


Effect of cysteine on acetaldehyde-induced inhibition 
of state 3 oxidation of NAD* -dependent substrates and 
succinate. Acetaldehyde was previously shown to be 
particularly inhibitory toward energy-dependent 


oxygen consumption associated with the oxidation 
of NAD*-dependent substrates [8]. Acetaldehyde 
comparably depressed state 3 oxygen uptake asso- 
ciated with the oxidation of B-hydroxybutyrate, «-ke- 
toglutarate, pyruvate-malate and glutamate (Table 7) 
[8]. Cysteine relieved the inhibition of the state 3 oxi- 


dation of all NAD*-dependent substrates tested 
(Table 7). 

Significant inhibition of the state 3 oxidation of 
succinate was observed only at very high levels of 
acetaldehyde (Table 7) [8]. Under these conditions, 
cysteine afforded no relief of the acetaldehyde-induced 
inhibition, even at concentrations up to 20mM (Table 
7). 

Effect of other thiols on inhibition of oxygen uptake 
by acetaldehyde. Thiols, other than cysteine, were also 


Table 7. Effect of cysteine on inhibition of state 3 oxidation of NAD*-dependent substrates and 
succinate by acetaldehyde* 





Acetaldehyde 
concn 


Substrate (mM) 


Cysteine 
concn 
(mM) 


Oxygen 
uptake 
(natoms/min/mg protein) 





B-Hydroxy butyrate 
3-0 
3-0 
3-0 
3-0 
2-Ketoglutarate 
3-0 
3-0 
3-0 
Pyruvate-malate 
3-0 
3-0 
3-0 
Succinate 
3-0 
3-0 
3-0 
6°67 
6°67 
6°67 


12:0 
12:0 
12-0 
12-0 
12:0 


66:0 
92:5 
66°6 
67°5 
63°8 
57-4 
55:5 





* Oxygen consumption was assayed as described in Materials and Methods. Results are from 


two to three individual experiments. 
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Table 8. Effect of thiols on the inhibition of glutamate oxidation by acetaldehyde* 





Oxygen consumption 


(natoms, min/mg 
protein) 


Addition 


Acetaldehyde State 4 


Cysteine (3 mM) 

Cysteine (3 mM) 
Mercaptoethylamine (3 mM) 
Mercaptoethylamine (3 mM) 
Mercaptoethylamine (10 mM) 
Mercaptoethylamine (10 mM) 
Mercaptoethanol (3 mM) 
Mercaptoethanol (3 mM) 
Mercaptoethanol (10 mM) 
Mercaptoethanol (10 mM) 
Glutathione (3 mM) 
Glutathione (3 mM) 
Glutathione (10 mM) 
Glutathione (10 mM) 
Dithiothreitol (1 mM) 
Dithiothreitol (1 mM) 
Dithiothreitol (3 mM) 
Dithiothreitol (3 mM) 


Effect on control Effect on thiol control 
(%) (%) 


State 3 State 4 State 3 State 4 State 3 





- 
+14 

+10 

a DF 

+ 3] 

3] 

s 

+ 12 

+ 20 

18 

} 33 

+ 33 

+17 3 
+10 — 32 
+8 _ 
0) 44 
+8 ~18 
+18 — 60 





* Oxygen uptake was assayed as described in Materials and Methods in the presence or absence of 3 mM acetaldehyde, 
and the indicated thiols. Results are from two to three individual experiments. 


tested to determine if they could protect against the 
inhibition of glutamate oxidation by acetaldehyde. 
Similar to cysteine, mercaptoethylamine, in_ the 
absence of acetaldehyde, had no effect on the state 
3 rate of oxygen uptake, whereas the state 4 rate was 
stimulated (Table 8). Mercaptoethylamine completely 
relieved the inhibition of state 3 oxygen uptake by 
acetaldehyde (Table 8). Mercaptoethanol also had no 
effect by itself on state 3 oxygen uptake, whereas the 
state 4 rate was slightly stimulated. There was a slight 
protective effect by mercaptoethanol (Table 8). Glu- 
tathione, in the absence of acetaldehyde, resembled 
cysteine in stimulating state 4 oxygen uptake. A slight 
decrease in the state 3 rate of glutamate oxidation 
was observed in the presence of 3 and 10mM glutath- 
ione (Table 8). Glutathione exerted no protective 
effect. However, since glutathione itself caused a slight 
depression of the state 3 rate, when the results were 
compared to the glutathione control rate, a slight pro- 
tective effect by glutathione was noted (Table 8, 
column 8). In any event, the slight protective effect 
of mercaptoethanol or glutathione was considerably 
less than that observed for cysteine and mercaptoeth- 
ylamine. Dithiothreitol had little effect on state 4 or 
state 3 oxygen uptake at a |mM_ concentration. 
whereas some inhibition of the state 3 rate was 
observed at a 3mM concentration (Table 8). Dith- 
iothreitol did not protect aginst the inhibition of state 
3 glutamate oxidation by acetaldehyde. In fact, the 
slight inhibition of glutamate oxidation by dithioth- 
reitol appears to be additive to that of acetaldehyde 
(Table 8). Cystine (3-3 mM) produced no relief of the 
inhibition by acetaldehyde. Another disulfide-generat- 
ing agent, 5,5’-dithionitrobenzoic acid, produced 
severe inhibition of state 3 glutamate oxidation (85 
per cent at 0-3 mM) by itself. Inhibition of energy pro- 
duction and utilization by disulfide-generating agents 
has been shown by others [13-15]. 


Effect of cysteine on the inhibition of oxidative phos- 
phorylation by acetaldehyde. Since acetaldehyde 
depressed state 3 oxygen consumption without any 
effect on the state 4 rate, the respiratory control ratio 
associated with the oxidation of glutamate was 
depressed by acetaldehyde [8] (Table 9). As men- 
tioned above. cysteine itself caused some depression 
of the respiratory control ratio because it stimulated 
state 4 respiration, without any effect on state 3 res- 
piration. Consequently, the respiratory control ratio 
was depressed to the same extent in the presence of 
cysteine plus acetaldehyde as it was in the presence 
of acetaldehyde alone (Table 9). In fact, in the pres- 
ence of acetaldehyde plus 10mM cysteine, the ratio 
was slightly, but significantly, decreased beyond that 
observed in the presence of acetaldehyde itself (Table 
9. columns 8 and 9). Thus, any potential protective 
effect by cysteine on the inhibition by acetaldehyde 
is masked by an inhibitory effect of cysteine itself. 
The ADP.O ratio was depressed 23 per cent by 3 mM 
acetaldehyde (Table 9). Cysteine caused a_ slight 
reduction in the extent of inhibition by acetaldehyde. 
However the ADP/O ratio was still significantly 
depressed in the presence of acetaldehyde plus cys- 
teine (Table 9, columns 6 and 7). Similar results were 
obtained when assaying the P/O ratio of oxidative 
phosphorylation with /-hydroxybutyrate as the sub- 
strate. The depression of the P/O ratio by acetalde- 
hyde was not significantly relieved by cysteine (Table 
9). The rate of phosphorylation was depressed 38 per 
cent by 3mM_ acetaldehyde. Cysteine provided 
modest relief of this inhibition by acetaldehyde. 

Effect of inhibitors of mitochondrial functions on 
oxygen uptake in the presence of glutamate, acetalde- 
hyde and cysteine. Oxygen uptake in the presence of 


_ glutamate, acetaldehyde and cysteine was strongly in- 


hibited by the typical inhibitors of the mitochondrial 
respiratory chain, rotenone, antimycin and cyanide 





Protective effect of cysteine 


Table 9. Effect of cysteine on the acetaldehyde-induced inhibition of oxidative phosphorylation* 





Acetal- 

dehyde 
concen 
(mM) 


Cysteine 
conen 


Reaction (mM) 


Ratio or 
reaction rate 


Effect 
on acetal- P 
dehyde = (acetal- 
(°,) dehyde) 


Effect on 
control P 
(%) (control 





Respiratory 
control ratio 3-0 


3-0: 
3-0 
ADP.O ratio 
3-0 
3-0 
3-0 
3-0 
P/O ratio 
3-0 
3-0 
3-0 
3-0 
Rate of 
phosphorylation 3-0 
3-0 1-0 
3-0 33 
3-0 10-0 


5-62 
¥53 
3-0 3-78 


2 
+.) 
7 


hoy tye tv tot 


():27 
0-16 
0-23 
0:23 
0-13 
0-06 
0-05 
0-09 
0-O8 
0-08 
0-14 
0-15 
O-18 
0-14 
0-10 
18 

12 38 <0-01 
13 - 0-028 
15 —25 0-024 
20 2: 0-046 


<(0-001 
<(0-001 
<0-001 
<0-001 


<0-001 
0-005 
0-002 
0-002 


IE HEE HE HH + + 


0-03 
<0-05 
<0-05 
< 0-05 


HH HHHHHH 


+21 
+21 
+23 


Ht Fe +4 





* The respiratory control ratio associated with the oxidation of glutamate was calculated from the state 4 and 3 
rates of oxygen consumption shown in Table 5. The ADP/O ratio was determined by adding limiting amounts of 
ADP and calculating the extra consumption of oxygen produced by the addition of ADP. The P/O ratio was assayed 
as described in Materials and Methods. The rate of phosphorylation refers to net nmoles glucose 6-phosphate produced 


min/mg of mitochondrial protein. 


(Table 10). The effect of rotenone confirms the fact 
that electrons enter the respiratory chain prior to the 
rotenone-sensitive site, as would be expected with 
NAD ‘* -dependent substrates (glutamate and acetalde- 
hyde). The inability of cysteine to relieve the inhibi- 
tion of energy transduction by acetaldehyde suggested 
the possibility that, in the presence of cysteine and 
acetaldehyde, the mitochondria may be in a partially 
uncoupled state. Thus, the inhibition of oxygen 
uptake by acetaldehyde, but not energy transduction, 
would be significantly relieved by cysteine. If this were 
so, oxygen uptake would not be very sensitive to 
atractyloside, since this inhibitor of adenine nucleo- 
tide translocation would only block coupled or ADP- 
linked oxygen uptake and not uncoupled oxygen con- 


sumption. However, atractyloside completely abol- 
ished the stimulation of oxygen uptake by ADP to 
the same extent in controls and in samples incubated 
with acetaldehyde plus cysteine, whereas the state 4 
rate remained unaffected (Table 10). Furthermore, oli- 
gomycin, which inhibits phosphorylation-linked 
oxygen consumption, without any effect on uncoupled 
or resting respiration [36], was as effective in block- 
ing state 3 respiration in the presence of glutamate, 
acetaldehyde and cysteine as in controls containing 
glutamate alone (Table 10). Oligomycin did not affect 
the state 4 rate of oxygen uptake. Thus, the mitochon- 
dria remain coupled in the presence of acetaldehyde 
plus cysteine. Further evidence for this conclusion 
was provided by the observation that cysteine, alone 


Table 10. Effect of inhibitors on oxygen consumption* 





Cysteine 
concn 


(mM) 


Acetaldehyde 
conen 
(mM) 


Inhibitor 


Oxygen consumption 
(natoms/min/mg protein) 
State 4 State 3 





2.2 
7) 


10-0 
10-0 
10-0 
10-0 
10-0 
10-0 
10-0 


Cyanide (1 mM) 


wen wr ss 


Rotenone (0-002 mM) ; 
Antimycin (0-002 mM) <, 


Atractyloside (0-05 mM) 
Oligomycin (0-0016 mM) 
Oligomycin (0-004 mM) 


11-0 
11-0 
12-0 
16-0 


0 
12-0 
10-0 
12-0 


Oligomycin (0-004 mM) 8-8 





* Oxygen uptake was assayed as described in Materials and Methods using glutamate as the substrate. 
Rotenone, antimycin and oligomycin were dissolved in ethanol, the final ethanol concentration being 


0-05° 


This concentration of ethanol had no effect on oxygen consumption. 
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Table 11. Reaction of cysteine and acetaldehyde* 





Ratio of 
cysteine 
acetaldehyde 5 10 


Cysteine 
(nmoles) 


Acetaldehyde 
(nmoles) 


Amount of cysteine 
detected (nmoles) 
Time of 
incubation (min) 





400 
200 
400 
800 
1200 
4000 
600 
300 
600 
1200 0-5 
1800 0:3 
6000 Ol 


396 377 


251 
168 
30 
0 





* Cysteine was incubated with various amounts of acetaldehyde for 2, 5, 


10 or 20 min, 


as described in Materials and Methods. Dithionitrobenzoic acid was added, and the absor- 


bance at 412 nm was recorded. 


or in the presence of acetaldehyde, did not stimulate 
latent or Mg**-ATPase activity, whereas dinitro- 
phenol, a typical uncoupler, stimulated this activity. 

Interaction of acetaldehyde and cysteine. Cysteine 
could complex with acetaldehyde to form 2-methyl- 
thiazolidine-4-carboxylic acid [28-30]. Free sulfhyd- 
ryl groups can be readily detected by use of the re- 
agent, dithionitrobenzoic acid (Ellman’s reagent) [37]. 
Interaction of the sulfhydryl groups of cysteine with 
acetaldehyde should decrease the number of free sulf- 
hydryl groups that can be detected with Ellman’s re- 
agent. Cysteine was incubated with different amounts 
of acetaldehyde, Ellman’s reagent was then added, 
and the absorbance at 412nm was recorded. In the 
absence of acetaldehyde, the amount of cysteine 
detected decreased with longer periods of incubation, 
presumably because of auto-oxidation of cysteine to 
cystine (Table 11). The addition of increasing 
amounts of acetaldehyde progressively decreased the 
detectable content of cysteine (Table 11), particularly 
at longer incubation periods. Under conditions used 
in studies of oxygen uptake (incubation times of 
about 5 min) 30-40 per cent of the added cysteine 
was not detectable at equimolar amounts of cysteine 
and acetaldehyde, whereas under the conditions of 
the experiments in which CO, production was 
measured (10-20 min incubation), 60-80 per cent was 
not detected at equimolar amounts of cysteine and 
acetaldehyde. 

Acetaldehyde readily interacts with semicarbazide 
to form a semicarbazone, which is detected by its 
absorption at 224nm. Interaction of acetaldehyde 
with cysteine would be expected to decrease the 
amount of acetaldehyde that can be detected as the 
semicarbazone complex. Acetaldehyde was incubated 
with different amounts of cysteine, semicarbazide was 
then added, and the absorbance at 224nm was 
recorded. The addition of increasing amounts of cys- 
teine progressively decreased the detectable content 
of acetaldehyde, particularly after prolonged incuba- 





* A. I. Cederbaum, C. S. Lieber and E. Rubin manuscript 
submitted for publication. 


tion (Table 12). The cysteine-acetaldehyde complex 
appeared stable, since there was no release of acetal- 
dehyde from the complex, in the presence of semicar- 
bazide even after prolonged periods of incubation. 
Further verification for the interaction of acetalde- 
hyde and cysteine was provided by using gas chroma- 
tography to determine the concentration of acetalde- 
hyde in the gas phase, in equilibrium with an aqueous 
solution of acetaldehyde. After incubating 30 min with 
cysteine, the detectable acetaldehyde content in the 
gas phase was depressed 11, 42 and 99 per cent, when 
the cysteine to acetaldehyde ratios were 0-33, 1-0 and 
3-33 respectively. 


DISCUSSION 

Acetaldehyde has numerous toxic effects on mito- 
chondrial functions. It is a strong inhibitor of NAD*- 
dependent state 3 oxygen consumption; glutamate 
oxidation is depressed to a greater extent than that 
of succinate. Energy utilization is also inhibited by 
acetaldehyde, as evidenced by the decrease in respira- 
tory control, P/O and ADP/O ratios, as well as the 
decrease in the rate of phosphorylation. Fatty acid 
oxidation is also reduced by acetaldehyde, owing to 
a variety of effects, including inhibition of /-oxida- 
tion, citric acid cycle activity, and the respiratory- 
phosphorylation chain [10]. That the activity of the 
citric acid cycle is affected is suggested by the depres- 
sion of CO, production from z-ketoglutarate[ 1-'*C] 
(Table 3).* 

It has been suggested that thiols are involved in 
many mitochondrial functions [12-24]. We therefore 
entertained the possibility that acetaldehyde may in- 
hibit mitochondrial functions by interacting with 
essential thiols: thus, externally added thiols might 
be effective in protecting against the inhibition by ace- 
taldehyde. In this report, cysteine reversed the inhibi- 
tion by acetaldehyde of CO, production from fatty 
acids and x-ketoglutarate, as well as the depression 
of state 3 oxygen consumption. Cysteine was most 
effective when it was present before acetaldehyde was 
added to the mitochondria. Cysteine may form a 
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Table 12. Reaction of acetaldehyde and cysteine* 





Ratio of 
cysteine; 
acetaldehyde 2 5 10 


Acetaldehyde 
(nmoles) 


Cysteine 
(nmoles) 


Amount of acetaldehyde 
detected (nmoles) 
Time of 
incubation (min) 





360 
180 
360 





* Acetaldehyde was incubated with various amounts of cysteine for 2, 5, 10 or 20 min, 
as described in Materials and Methods. Semicarbazide was added, and the absorbance at 


224nm was recorded. 


complex with acetaldehyde, thereby preventing the 
latter from interacting with the mitochondria. It is 
possible that complex formation may not entirely 
explain the protection by cysteine, since the inhibition 
of succinate oxidation by acetaldehyde is not relieved 
by cysteine. However, higher concentrations of acetal- 
dehyde are required to inhibit the oxidation of suc- 
cinate than the oxidation of NAD*-dependent sub- 
strates. At these higher concentrations, acetaldehyde 
may have numerous nonspecific effects on mitochon- 
drial functions. In this regard, the depression of 
oxygen consumption by 12mM acetaldehyde, when 
glutamate was the substrate, could not be prevented 
by cysteine. 

Semimercaptals are formed by a nonenzymatic 
reaction between aldehydes and mercaptans [25-27]. 
The reaction sequence has been particularly well 
characterized in the case of formaldehyde. 


HCHO + HS — CH,— CH—COOH—®S — CH,— CH — COOH 


NH2 NH, 


tee 
Pp —CH2z 
2H 
7 COOH 


Thiazolidine-4-carboxylic acid 
In the case of acetaldehyde, 2-methylthiazolidine-4- 
carboxylic acid is formed. 
S—CHe 


HC—C 
H 


iw —cH— coon 

H 

It has been shown that, in the presence of excess 
cysteine (cysteine/acetaldehyde ratio of 2 or more), 
djenkolic acid is produced [38]. However, this reac- 
tion proceeds very slowly at neutral pH and probably 
does not play a significant role under our conditions. 
We obtained direct evidence for the interaction of 
acetaldehyde and cysteine by studying the effect of 
acetaldehyde on the reaction of cysteine and Ellman’s 
reagent and the effect of cysteine on the reaction of 
acetaldehyde and semicarbazide. The results suggest 


that a free SH and a free amino group in close prox- 
imity protect against inhibition by acetaldehyde. 
Thus, £-mercaptoethylamine is as effective as cysteine 
in relieving the inhibition by acetaldehyde. The car- 
boxyl group of cysteine apparently plays no signifi- 
cant role in the interaction with acetaldehyde. Vicinal 
dithiols such as dithiothreitol do not exert any protec- 
tive action. The need for the thiol group is suggested 
by the fact that compounds with free amino and free 
carboxyl groups (glycine or alanine) provide no relief 
of the acetaldehyde-induced inhibition. The impor- 
tance of the amino group is suggested by the observa- 
tion that thiols with free hydroxyl groups (mercap- 
toethanol or thioglycerol) are less effective than cys- 
teine or f-mercaptoethylamine in providing a protec- 
tive effect. Glutathione, which has a free SH and a 
free amino group, is not as effective as cysteine. The 
amino and thiol groups are further apart in glutath- 
ione than in cysteine, suggesting the necessity for the 
proximity of both ligands for maximum protection. 

These findings that cysteine can protect against ace- 
taldehyde toxicity on a molecular level may explain, 
at least in part, the observation that both cysteine 
and the complex of acetaldehyde and cysteine, 
2-methylthiazolidine-4-carboxylic acid, in vivo, pro- 
tected against death from acetaldehyde toxicity [30]. 
In subsequent studies, the protective effect of cysteine 
was mimicked by other thiols, whereas disulfides were 
ineffective [39]. The inhibition of the pyruvate de- 
hydrogenase complex from ox brain by | mM acetal- 
dehyde was reduced to about 50 per cent by 5mM 
cysteine. There was no protection against the acetal- 
dehyde inhibition by 5 mM glutathione, mercaptoeth- 
anol and dithiothreitol [40]. Essentially similar 
results were observed here, as these thiols were not 
as effective as cysteine in protecting against the inhibi- 
tion of mitochondrial functions by acetaldehyde. It 
is also interesting that the reductioiu in cholinesterase 
activity in the brain of rats after chronic ethanol treat- 
ment has been reported to be prevented by 1% cys- 
teine [41]. It is possible that this effect of chronic 
ethanol treatment may be mediated, in part, by ace- 
taldehyde. In a similar manner, the decrease in glu- 
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tathione content found after a single administration 
of a large amount of alcohol [42] may be due, in 
part, to interaction of glutathione with acetaldehyde 
generated from the oxidation of ethanol. 

The addition of cysteine alone gave rise to some 
oxygen consumption (about 2 
‘mitochondrial protein). In manometric experiments, 
practically no oxygen was consumed in the presence 
of cysteine for the first 20min [29]. After this lag 
period, oxygen uptake occurred at a rate of about 
5-10 natoms/min/mg of protein (calculated from the 
_data of Fig. | and Table 1, Ref. 29). The complexation 
product. of formaldehyde and cysteine, thiazolidine-4- 
carboxylic acid, was also oxidized by liver mitochon- 
dria at a rate of about 10-20 natoms oxygen/min/mg 
of protein [28,29]. Thus, it is possible that the ‘relief 
of the acetaldehyde-induced inhibition of glutamate- 
linked oxygen uptake may represent mitochondrial 
oxidation of 2-methylthiazolidine-4-carboxylic acid. 
However, the 2-methyl derivative is oxidized at a rate 
only 25 per cent of that of thiazolidine-4-carboxylic 
acid [28,29]. Thus the maximum theoretical increase 
of oxygen uptake would correspond to about 2-5 
natoms/min. a rate considerably less than the increase 
in oxygen uptake (about 15-20 natoms/min) which 
actually occurs. 

A trend toward slight relief by cysteine of acetalde- 
hyde-induced inhibition of energy transduction -was 
observed. However, the ADP/O, P/O and respiratory 
control ratios, and the rate of phosphorylation still 

remained depressed in the presence of acetaldehyde 
plus cysteine, suggesting the possibility that the mito- 
chondria are uncoupled in the presence of cysteine 
plus acetaldehyde. Hence oxygen uptake, but not the 
associated energy-coupling reactions, would be ele- 
vated; this oxygen uptake would respresent an uncou- 
pled rate, and not an energy-coupled state 3 rate. 
However, glutamate-supported oxygen uptake in the 
presence of acetaldehyde and cysteine was depressed 
by atractyloside and oligomycin, inhibitors which do 
not affect uncoupled respiration. Furthermore. 


ATPase activity was not elevated in the presence of 


acetaldehyde and cysteine, and state 4 respiration was 
only increased about 50 per cent. True uncouplers, 
such as dinitrophenol, increase ATPase activity and 
state 4 respiration more than 5-fold. Thus, the inabi- 
lity of cysteine to relieve the inhibition of oxidative 
phosphorylation by acetaldehyde remains unex- 
plained. It is possible that, in the presence of acetalde- 
hyde and cysteine, the mitochondria are only partly 
coupled. While the rate of oxygen uptake in the pres- 


ence of acetaldehyde is increased by cysteine, part of 


this increase may represent uncoupled oxygen uptake, 
since the state 4 rate itself is somewhat increased by 
cysteine. Another complicating factor is that cysteine 
itself causes a very slight decrease in oxidative phos- 


phorylation which may mask any potential relief of 


‘the acetaldehyde-induced inhibition. 

The inhibition of mitochondrial functions by ace- 
taldehyde in vitro resembles that found after chronic 
ethanol consumption [8—10,43]. These concentrations 
of acetaldehyde (0-75 to 3m™M) are higher than those 
usually found in blood after ethanol administration 
[44]. However, blood levels of acetaldehyde may 


*G,. Cohen, personal communication. 


natoms/min/mg of 


reach levels of 0-5 to 1 mM or greater after administ- 
ration of ethanol with certain drugs, e.g. disulfiram 
[44.45]. pyrogallol [46] or pargylline [47]. Moreover 
levels of acetaldehyde in the liver considerably exceed 
those in the blood [48].* Most of the above studies 
were performed with acute ethanol administration. 
Chronic exposure to lower levels of acetaldehyde may 
result in effects similar to those seen in acute exper- 
iments. After chronic exposure to ethanol, acetalde- 
hyde blood levels increased in man [49], and rat 
hepatic mitochondrial oxidation of acetaldehyde was 
depressed [50]. It would, therefore, be of interest to 
determine the effect of cysteine in vivo during chronic 
ethanol intoxication, which results in chronic expo- 
sure to acetaldehyde. 
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SHORT COMMUNICATIONS 


Relationship between intracellular dihydrofolate reductase 
and tightly bound intracellular methotrexate in 
human neoplastic cells 


(Received 9 December 1974; accepted 20 August 1975) 


The mode of anti-tumor action of methotrexate (MTX) 
is thought to be stoichiometric, high-affinity binding to 
the enzyme, dihydrofolate reductase (DHFR), with resul- 
tant depletion of folate coenzymes and eventual cell death 
[1]. Transport studies [2] suggest that non-effluxable in- 
tracellular MTX is specifically bound to DHFR and not 
to other intracellular proteins [3]. The present studies were 
undertaken to re-examine this question in human neoplas- 
tic cells using two independent techniques for assessing 
intracellular DHFR levels. 

Determinations of high-affinity intracellular MTX bind- 
ing were performed by efflux studies or enzymatic titration 
on peripheral neoplastic cells obtained either by leuko- 
phoresis or venipuncture from patients with Burkitt’s lym- 
phoma (BL; n = 4), acute lymphocytic leukemia (ALL; 
n = 4), and acute myelogenous leukemia (AML; n = 6). 
Patients had received no chemotherapy within 2 weeks of 
study and no MTX within 2 months of study. 

Leukemic or lymphomatous cells were prepared for 
study by a 60-sec hypotonic lysis to free them from red 
cell contamination, two washes in 4° bicarbonate-buffered 
saline to remove plasma, and resuspension in 37° Eagle’s 
minimal essential medium without serum or folates. Blast 
cell counts and cell viability (by trypan blue exclusion) 
were greater than 90 per cent in each case. Tritiated, puri- 
fied MTX was then added to the suspension to achieve 
a final concentration of | 4M and cellular uptake permit- 
ted for 80-120 min. Cells were then washed free of extracel- 
lular MTX and resuspended in a large volume of Eagle’s 
medium to allow efflux. Cell pellets were isolated and pro- 
cessed as previously described [4] and intracellular MTX 
determined. Drug metabolism and membrane _ binding 
were negligible during the period of study [4]. The ter- 
minal efflux points were taken as the non-effluxable drug 
levels, as incubation in excess of 240 min led to decreased 
cell viability. As both AML and BL cells were closely 
approaching or had reached a steady-state at 240 min (120 
min of uptake and 120 min of efflux) such an assessment 
seems justified. However, as the ALL cells had not reached 
a steady-state at this time, the terminal efflux point prob- 
ably over-estimates the actual value of non-effluxable MTX 
(see Fig. 1). 

Dihydrofolate reductase activity was determined by first 
suspending. washed cells in two volumes of buffer 
(Tris-HCI; 0.05 M; pH 7.5 containing 0.1 M KCl), lysing 
cells by alternate freezing and thawing (three times), and 
then centrifuging the homogenate (27,000 g for 15 min at 
4°). Preliminary studies revealed 14 per cent of the cells 





*The dilution factor (DF) used in the assay. The term 
(pmoles MTX)/aliquot x DF represents the I,, value. 

+ The factor (2) converts the I<, to the I, 99. 

t The conversion factor is used to convert cell number 
to dry wt. It has been calculated for L1210 murine leuke- 
mia [2] and is not, as yet, available for these human cell 
types. 
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to be intact after the first freeze-thaw operation, | per cent 
after the second, and none after the third. DHFR activity 
(units/ml) rose from 0 to 0.045 after the first freeze-thaw, 
to 0.290 after the second freeze-thaw, and stabilized at 
0.311 after the third, fourth, and fifth freeze-thaw pro- 
cedures indicating complete recovery of the enzyme follow- 
ing the third freeze-thaw operation. Activity of DHFR 
(umoles of dihydrofolate converted to the tetrahydrofolate 
per hr) in the supernatant fraction was assayed by deter- 
mining the decrease in absorbance (340 nm) which accom- 
panies the conversion of dihydrofolate and NADPH, to 
tetrahydrofolate and NADPH, respectively [5]. A standard 
assay system contained 100 ymole of Tris-HCI buffer (pH 
7.5); 50 pmol KCI; 0.1 pmole NADPH, (Sigma Chemical 
Co.); 0.05 umole dihydrofolate (prepared from folate by 
the method of Blakely [6]) containing 0.1 «mole of 2-mer- 
captoethanol, and enzyme extract in a final volume of | 
ml. When MTX was titrated against the enzyme a constant 
enzyme activity (0.2 ymoles/hr) was preincubated with 
MTX in buffer for 2 min at 37° before NADPH, and 
dihydrofolate were added to initiate the enzyme reaction. 
The residual enzyme activity was determined and plotted 
against MTX concentration to determine I<, values. 

The conversion of I, values to nmoles DHFR/g dry 
cell wt was performed using the following formula and 
assuming a 1:1 DHFR-MTX association: 


nmoles DHFR 
g dry cell wt 
pmoles MTX 
aliquot 
ge (no. of cells lysed/6.62¢) x 10° cells/mg dry cell wt 


x DF* x 2+ 





The results of the DHFR and non-effluxable MTX deter- 
minations are summarized in Table |. The non-effluxable 
MTX levels exceed the DHFR level in 2 of 4 patients with 
BL, 3 of 4 patients with ALL. and 4 of 6 patients with 
AML. Further, the mean values of non-effluxable intracel- 
lular MTX exceed the DHFR levels for each cell type. 
However, in spite of this tendency, the mean values of 
the respective levels in each tumor type do not significantly 
differ as determined by paired t-test analysis. 

The results suggest that the high-affinity intracellular 
sites to which MTX binds may be exclusively DHFR in 
that DHFR and non-effluxable MTX levels do not signifi- 
cantly differ in the three cell types studied. Although a 
suggestion of high-affinity binding in excess of DHFR sites 
is seen in individual patient data, an overall analysis does 
not support this view. Because marked variability is 
observed among individual patients, additional patient 
data will be necessary in order to resolve this point. 
Further, it is important to recognize that the interaction 
between MTX and DHFR in the intact cell may not be 
adequately reflected by the cell-free assay used to assess 
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CELLULAR MTX (nmoles/g. dry cell wt.) 





0 


Oo 


4L....1.. 





a 


TIME (minutes) 


Fig. 1. Uptake and efflux of MTX in human neoplastic cells. Specific procedural details are contained 

in the text. Each point represents the mean value of duplicate determinations at each time for the 

patients listed in Table 1. Uptake curves are represented by a solid line and solid symbol and efflux 

curves by an interrupted line and open symbol. The time course for uptake is on the abscissa with 

that for efflux represented by separate numbered lines above the abscissa. The symbol at the beginning 
of each of these lines designates the cell type to which it corresponds. 


Table |. Levels of intracellular DHFR or MTX observed 


in neoplastic cells. 





Non-effluxable 
DHFR MTX 


(nmoles/g dry cell wt) 


Cell type 





1.07 
0.65 
1.46 
0.85 
1.01 + 0.17 


Burkitt's lymphoma I 
Il 
Ill 
IV 


1.09 + 0.42 


1.5] 
0.70 
2.16 
0.24 

1.15 + 0.43 


Acute lymphocytic 
leukemia 


0.67 + 0.36 


0.09 
0.71 
0.41 
0.11 
0.58 


0.30 
1.00 
0.75 
(0.60 
0.45 
0.25 
0.56 + 0.13 


Acute myelocytic 
leukemia 


0.33 + 0.13 





* Specific procedural and technical details are described 
in the text. The mean + S.E. appears at the bottom of 
each column of figures. The mean value of the DHFR 
and non-effluxable MTX levels do not differ significantly 
in the cell types studied. 


DHFR levels. This observation is especially relevant in 
light of recent investigations [7] which suggest that intra- 
cellular MTX in excess of the tightly bound fraction is 
necessary for a maximal cytotoxic effect. Furthermore, the 
non-effluxable MTX may consist, to a significant degree, 
of polyglutamate metabolites of the drug. Formation of 
these derivatives has recently been demonstrated in L1210 
leukemia cells [8]. Although these derivatives are as potent 
as the parent compound as inhibitors of DHFR [8]. they 
may possess different transport characteristics and may not 
freely efflux from cells. 
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Rat liver N-acetyltransferase: inhibition by melatonin 


(Received 21 May 1975: accepted 29 August 1975) 


Mammalian liver N-acetyltransferase (EC 2.3.1.5.) has 
been studied extensively in rabbits, rats, monkeys and man 
[1,2]. This enzyme (or family of enzymes) is responsible 
for the acetylation of various drugs, including isoniazid, 
sulfadiazine and other aromatic amines: it may also par- 
ticipate in the metabolism of endogenous serotonin [3-5]. 
Weber and Cohen [6] have reported that an acetylated 
end-product (N-4-acetylsulfamethazine) competitively in- 
hibits N-acetyltransferase activity: others have observed in- 
hibition by various psychotropic drugs, such as reserpine, 
iproniazid and harmine [5]. We now report that melatonin 
(N-acetyl-5-methytryptamine) and N-acetylserotonin are 
also potent inhibitors of rat liver N-acetyltransferase ac- 
tivity. 

Rat liver N-acetyltransferase was prepared by the 
method of Saavedra et al. [7], which involves precipitation 
of the enzyme in a 40-65°,,-saturated NH,SO, fraction, 
and then dialysis. The enzyme assay was a modification 
of that used by Deguchi and Axelrod [8]: this method 
consisted of adding tryptamine or serotonin (final concen- 
tration 10 >-10°°M) and ['*C] or [SH]JAcCoA (1-10 x 
10-°M, at 60 mCi/m-mole and 0.74 mCi/m-mole, respect- 
ively; New England Nuclear Co., Boston, Mass.) to the 
enzyme (0.5-2.0 yl), and incubating for 10-30 min at 37 
in 0.1 M phosphate buffer (pH 7.9, the enzyme’s optimum). 
in a final incubation vol. of 50 yl. The reaction was stopped 
with 0.5 ml of 0.5 M borate buffer (pH 10.0) and the prod- 
uct extracted with 5ml of isoamyl alcohol-toluene, 3:97 
(for acetyltryptamine), or with 5 ml of pure isoamyl alcohol 
(for acetylserotonin). Four milliliters of the organic phase 
were removed and evaporated to dryness in a scintillation 
vial; 10 ml of toluene fluor were then added for counting. 

Rat pineal N-acetyltransferase was similarly measured 
(incubation time, 10 min: pH 6.5, its optimum) in a homo- 
genate of rat pineals, which had been collected at night 
in the dark and quick-frozen. We also studied a bovine 
pineal N-acetyltransferase, in a dialyzed 35—65°,, NH4SO4 
fraction prepared according to Saavedra et al. [7] (incuba- 
tion time, 10-60 min; pH 5.5-9.0, enzyme optimum about 
6.5). Bovine pineals were ‘mixed butcher run’ from Pel- 
Freez (Rogers, Ark.). The activities of the rat liver and 
bovine pineal enzymes were linear for at least 30 min; 
that of the rat pineal enzyme was linear for only 10 min. 

Rat liver N-acetyltransferase was found to have an 
apparent K,, for tryptamine of 6 x 10°°M and a K; for 
melatonin of | x 10°°M at an AcCoA concentration of 
3.5 x 10°°M (Fig. ta, 1b}. When the tryptamine concen- 
tration was near saturation (10° *M), ['*C]acetyltrypta- 
mine was formed at a rate of about 3 pmoles/min/mg of 
liver. The inhibition by.melatonin of N-acetyltransferase 
activity was competitive with tryptamine and noncompeti- 
tive with AcCoA. Acetylserotonin was equipotent with 
melatonin in competitively inhibiting the enzyme. The liver 
enzyme acetylated serotonin at a lower rate than it did 
tryptamine, and melatonin was a correspondingly better 
inhibitor: 50 per cent inhibition of acetylation was 
obtained with 10 ng (43 pmole) of melatonin with trypta- 
mine as substrate, compared to 5 ng (22 pmole) with sero- 
tonin as substrate (Fig. 2). 

Rat pineal N-acetyltransferase, assayed at pH 6.5 with 
3.5 x 10 *M AcCoA. had an apparent K,, for tryptamine 
of 6 x 10 *M. Concentrations of melatonin up to 10 *M 
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did not significantly inhibit this enzyme. With tryptamine 
as substrate, in a concentration near saturation (10° * M), 
the rate of ['*C]acetyltryptamine formation was about 
60 pmole/min/mg of pineal. The N-acetyltransferase found 
in the bovine pineal extract (assayed at pH 6.5, with 
3.5 x 10°°M AcCoA) exhibited a K,, for tryptamine of 
10° ° M. Melatonin and acetylserotonin competitively inhi- 
bited this enzyme (K; ca. 10°°M). The activity of the 
bovine pineal enzyme with tryptamine concentration near 
saturation (10°*M) was about 0.03 pmole/min/mg of 
pineal. 


Melatonin 
(107>m) 


7 Meictonin 
e 


(1.4 x 10°°m) 
et Melatonin 
(10-6m) 


Pe at arate 


— 


Tryptamine 
(4x 10°M) 


Tryptamine 
Pa (6 x 10°5m) 


Tryptamine 
(2x10 °M) 


Tryptamine 
(10°4m) 


Melatonin (x 10°°mM) 

(b) 
Fig. 1. Lineweaver-Burke (a) and Dixon—Webb (b) plots 
showing that melatonin competitively inhibits tryptamine 
acetylation by rat liver N-acetyltransferase. Samples con- 
taining ['*C]AcCoA in a concentration of 3.5 x 10°°M 
were incubated for 10 min; 1/v represents 1/cpm x 10%. 
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Control 


% of 


Melatonin (x 10M) 
Fig. 2. Inhibition of rat liver N-acetyltransferase by 
various concentrations of melatonin, using tryptamine or 
serotonin as substrates. Incubation time was 30 min: 
fH JAcCoA concentration was 1.4 x 10°° M: tryptamine 
(@) and serotonin (O) concentrations were 10°°M. All 
samples were run in triplicate: tryptamine controls gave 
1995 120 (S.E.M.) cpm, with blanks of 280 + 20 cpm: 
serotonin controls gave 1200 + 95cpm, with blanks of 
690 + 40 cpm. Results are plotted as per cent of control: 
bars show S.E.M.: asterisks indicate statistical significance 
(P < 0.05). 1 x 10°" M melatonin = 1.15 ng in 50 yd. 


These studies demonstrate that rat liver N-acetyltrans- 
ferase and a bovine pineal N-acetyltransferase are quite 
sensitive to inhibition by melatonin and acetylserotonin: 
in contrast, the N-acetyltransferase activity in pineals of 
rats killed at night appears to be insensitive to these in- 
doles. (We were unable to examine the effect of melatonin 
on homogenates of pineals obtained from animals killed 
during the day, because the basal enzyme activity was too 
low.) The fact that melatonin and N-acetylserotonin can 
inhibit the liver enzyme does not, of course, prove that 
these indoles normally do affect N-acetyltransferase ac- 
tivity in vivo. The concentrations of these compounds in 
blood are probably very low: their concentrations in the 
liver are unknown. Liver N-acetyltransferase activities vary 
widely in animal and human populations [1,9]: it is thus 
possible that inhibition of this enzyme by melatonin or 
V-acetylserotonin might be significant in the low-acetyla- 
tor phenotype. or in conditions associated with elevated 
levels of melatonin or acetylserotonin (e.g., after L-DOPA 
administration [10], or, possibly, in patients with pineal or 
carcinoid tumors). 

The stable, low-activity bovine pineal enzyme differs 
from the high-activity, highly labile rat pineal enzyme [11], 
and is not necessarily the same enzyme that catalyzes most 
of the acetylserotonin synthesis in bovine pineals. Its 
properties seem more like those of the N-acetyltransferase 
recently observed in rat brain tissue [12, 13]. Since mela- 
tonin may be present in the brain [14,15], its effects on 
this latter enzyme would be worthy of investigation. 

Rat pineal melatonin levels exhibit a daily rhythm, aver- 
aging less than I ng/pineal (ca. 5 x 10 °° M) during the 
day and about 6 ng/pineal (ca. 3 x 10°° M) at night [16]. 
These concentrations failed, in the present study, to affect 
rat pineal N-acetyltransferase activity. Melatonin was simi- 
larly without effect on the conversion of ['*C]tryptophan 
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to serotonin or melatonin by cultured rat pineal organs 
[17]. Melatonin could theoretically suppress its own syn- 
thesis by acting on hydroxyindole O-methyltransferase 
[18]: however, the concentration necessary to cause signifi- 
cant inhibition of this enzyme may be beyond that present 
in mammalian pineals. 

The inhibition of rat liver N-acetyltransferase by mela- 
tonin makes possible an enzyme-inhibition assay for mela- 
tonin with a sensitivity of less than 2 ng. Although more 
sensitive assays are available [19, 20], these involve bioas- 
say or immunochemical techniques. Hence, an assay based 
on enzyme inhibition might have use where facilities for 
bioassay or immunoassay are unavailable. 


Acknowledgement»—These studies were supported in part 
by a grant from the United States Public Health Service 
(A7-11709). Dr. Howd holds an NIH postdoctoral fellow- 
ship (1 F22 NSO1158-01). 


Rospert A. Howp* 
KAREN S. SEO 
RICHARD J. WURTMAN 


Laboratory of Neuroendocrine 
Regulation 

Department of Nutrition and 
Food Science 

Massachussetts Institute of Technology 

Cambridge. Mass. 02139, U.S.A. 


REFERENCES 


. D. A. P. Evans and T. A. White, J. Lab. clin. Med. 
63, 394 (1964). 

. W. W. Weber, S. N. Cohen and M. S. Steinberg, Ann. 
N.Y. Acad. Sci. 151, 734 (1968). 

. W. M. Mclsaac and I. H. Page, J. biol. Chem. 234, 
858 (1959). 

. M. S. Steinberg, S. N. Cohen and W. W. Weber, Bio- 
chim. biophys. Acta 184, 210 (1969). 

. W. Schloot, F.-J. Tiges, H. Blaesner and H. W. Goede, 
Hoppe-Seyler’s Z. physiol. Chem. 350, 1353 (1969). 

. W. W. Weber and S. N. Cohen, Molec. Pharmac. 3, 
266 (1967). 

. J. Saavedra, M. Brownstein and J. Axelrod, J. Phar- 
mac. exp. Ther. 186, 508 (1973). 

. T. Deguchi and J. Axelrod, Analyt. Biochem. 50, 174 
(1972). 

. J. W. Frymoyer and R. F. Jacox, J. Lab. clin. Med. 
62,.891 (1963). 
H. J. Lynch, P. Wang and R. J. Wurtman, Life Sci. 
12, 145 (1973). 

. D.C. Klein and J. L. Weller, Science, N.Y. 169, 1093 
(1970). 

. H.-Y. T. Yang and N. H. Neff, Pharmacologist 16, 199 
(1974). 

_S. M. Paul. L. L. Hsu and A. J. Mandell, Life Sci. 
15, 2135 (1975). 

4. S. H. Koslow, Adv. biochem. Psychopharmac. 11, 95 
(1974). 

. R. J. Wurtman, J. Axelrod and L. T. Potter, J. Phar- 
mac, exp. Ther. 143, 314 (1964). 
H. J. Lynch, Life Sci. 10, 791 (1971). 

. J. Axelrod, H. Shein and R. J. Wurtman, Proc. natn. 
Acad. Sci. U.S.A. 62, 544 (1969). 

. B. Weiss, Adv. Pharmac. 6A, 152 (1968). 

. C. L. Ralph and H. Lynch, Gen. comp. Endocr. 15, 
334 (1970). 
L. Levine and L. Riceberg, Res. Commun. chem. Path. 
Pharmac. 10, 693 (1975). 





Biochemical Pharmacology. Vol. 25. pp. 979-980. Pergamon Press. 1976. Printed in Great Britain 


Different pathways involved in the metabolism of the 7,8- and 9,10-dihydrodiols of benzo(a)pyrene 


(Received 12 September 1975; accepted 8 October 1975) 


The conversion of aromatic hydrocarbons into dihydro- 
diols is an established route of metabolism. Recently it 
has become evident that some of the dihydrodiols are 
themselves further metabolized by the oxidation of the 
adjacent olefinic bond, as in the conversion of 8,9-dihydro- 
8,9-dihydroxybenz(a)anthracene into 8,9-dihydro-8,9-di 
hydroxybenz(a)janthracene 10,11-oxide [1], which may be 
the metabolite that reacts with the DNA of hamster 
embryo cells that are grown in culture in the presence 
of benz(q)anthracene [2]. 

Benzo(a)pyrene is converted into the 4,5-, 7,8- and 
9,10-dihydrodiols [3,4] but only the 7,8-isomer is further 
metabolized by hamster liver microsomal fraction to an 
active intermediate that reacts with DNA [5]. 

Furthermore, when the DNA from hamster embryo cells 
that had been treated with *H-labelled benzo(a)pyrene was 
hydrolysed to nucleosides and the nucleosides separated 
by column chromatography, only the 7,8-dihydrodiol 
formed a derivative that was coincident with a nucleoside 
derived from the hydrocarbon [6]. This paper reports that 
the major route of microsomal metabolism of benzo(a)- 
pyrene 7,8-dihydrodiol is different from that of the 
9,10-isomer. 

3H-labelled 7,8- and 9,10-dihydrodiols of benzo(a)pyrene 
(sp. act. 352 mCi/m-mole) were prepared enzymicaily [7] 
and microsomal and soluble fractions were prepared [1] 
from the livers of male rats that had been pretreated with 
3-methylcholanthrene [7]. Incubation mixtures (30 ml), in 
0-1 M pyrophosphate buffer (pH 8-0) contained microsomal 
fraction (=5g liver), *H-labelled 7,8- or 9,10-dihydrodiol 
(150 ug added in 0-6 ml acetone) and an NADPH generat- 
ing system that consisted of NADP* (9 mg). glucose 
6-phosphate (45 mg) and glucose 6-phosphate dehydrogen- 


or 
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Fig. 1. Thin layer chromatography of microsomal metabo- 
lites of (a) 7.8-dihydrodiol and (b) 9,10-dihydrodiol. Details 
of thin-layer chromatography are described in the text. 
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ase (36 units). After incubation for | hr, the mixtures were 
extracted twice with ethyl acetate (40 ml). The extracts were 
dried with Na,SO,, concentrated and part of the solutions 
chromatographed on thin layers of Silica gel G developed 
with chloroform: methanol (4:1, v/v). The chromatograms 
were divided into 23 fractions and the radioactivity asso- 
ciated with each fraction determined by liquid scintillation 
counting. The profiles of radioactivity are shown in Fig. 1. 
Compounds A in Fig. l(a) and 1(b) were unreacted sub- 
strates since they had u.v. absorption spectra and chroma- 
tographic properties that were identical with those of the 
7,8-dihydrodiol and the 9-10-dihydrodiol respectively. 
Compound B (Fig. I(a)), which is the major metabolite 
of the 7,8-dihydrodiol, is more polar (R, 0:37) than the 
parent compound (R, 0-72) and is not formed in the 
absence of NADPH or O,. The metabolite was probably 
the 7,8.9,10-tetrahydrotetrol of benzo(a)pyrene since the 
u.v. absorption spectrum was very similar to that of 
7,8.9,10-tetrahydrobenzo(a)pyrene (Fig. 2(a) and (b)). This 
was supported by measurement of the mass spectrum 
which showed M*, 320 (C39H,,O4 requires M, 320). 
Metabolism of a bond of the 7,8-dihydrodiol, other than 
the adjacent 9,10-bond, would not give products showing 
a ‘pyrene type’ spectrum. The results therefore suggest that 
the dihydrodiol is converted by the microsomal mono-oxy- 
genases into a diol-expoxide by metabolism of the olefinic 


ie ) 








Absorbance 








Wavelength (nm) 


Fig. 2. Ultra-violet absorption spectra measured in ethanol 

of (a) 7.8.9,10-tetrahydrotetrol derived from either the 7.8- 

or 9,10-dihydrodiol of benzo(a)pyrene; (b) 7,8,9.10-tetra- 

hydrobenzo(a)pyrene; (c) metabolite C (Fig. 1(b)) derived 
from the 9,10-dihydrodiol. 
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Fig. 3. Microsomal metabolism of benzo(a)pyrene 7,8- and 9,10-dihydrodiols. Thick arrows represent 
major and thin arrows minor routes. Compounds in brackets were not isolated. 


9.10-bond and this epoxide is then hydrated to the corre- 
sponding tetrahydrotetrol by a microsomal ‘epoxide hyd- 
rase’ [8]. Furthermore, a chromatographically identical 
minor metabolite of the 9,10-dihydrodiol (B in Fig. 1(b)) 
had a u.v. absorption spectrum that was identical with 
that of the major metabolite of the 7,8-dihydrodiol. The 
same tetrahydrotetrol would only be obtained from both 
ditiydrodiols if oxidation of the isolated adjacent bond of 
each isomer had occurred. 

Compound C (Fig. 1(b)), the major metabolite (R, 0-60) 
of the 9,10-dihydrodiol (R, 0:69), is probably 9,10-dihyd- 
rox ybenzo(a)pyrene since the mass spectrum shows a mole- 
cular ion M*, 284 (C,)H,.O, requires 284) and the u.v. 
absorption spectrum (Fig. 2(c)) is that expected of a pheno- 
lic derivative. Furthermore, a ‘diol-dehydrogenase’ in 


“mammalian liver has been reported [9] and dihydrodiols 


of aromatic hydrocarbons are converted into the corre- 
sponding o-dihydroxy derivatives by the soluble fraction 
of rabbit liver and NADP* [10]. When the 9,10-dihydro- 
diol of benzo(a)pyrene was incubated under these condi- 
tions, but using rat liver soluble fraction, the product was 
identical. in its chromatographic and u.v. absorption 
properties to the microsomal metabolite described above, 
whereas the 7,8-dihydrodiol was not metabolized under 
similar conditions. 

Compound C (Fig. 1(b)) is a minor metabolite of the 
9,10-dihydrodiol of unknown structure that is more polar 
(R, 0:29) than any of the other metabolites and may arise 
through the further metabolism of 9,10-dihydroxybenzo(a)- 
pyrene. 

To study the formation of GSH conjugates, similar reac- 
tion mixtures but with the addition of soluble liver fraction 
(3 ml) and GSH (9 mg) were used. The amounts of GSH 
conjugates were determined by measuring the amount of 
radioactivity remaining in the aqueous phase after extrac- 
tion of the mixtures with ethyl acetate [11]. Samples of 
the conjugates, for measurements of u.v. absorption spectra 
were purified by chromatography of Sephadex G25 
columns eluted with water [12]. The results, which showed 
that the presence of the microsomal fraction caused an 
18-fold increase in the amount of radioactivity that 
remained in the aqueous phase in each case, demonstrated 
the formation of GSH conjugates [11]. Since epoxides are 
the only hydrocarbon metabolites known to be substrates 
for ‘glutathione S-epoxide transferase’ present in the sol- 
uble fraction, the synthesis of these conjugates probably 
takes place through the oxidation of the dihydrodiol to 
a diol-epoxide by the microsomal fraction and NADPH 
followed by conjugation of the diol-epoxide with GSH by 
the enzyme in the soluble fraction. The u.v. absorption 
spectra of both conjugates were similar to that of 
7,8,9,10-tetrahydrobenzo(a)pyrene, confirming that micro- 
somal oxidation occurs on the 9,10-bond of the 7,.8-dihyd- 


rodiol and on the 7,8-bond of the 9,10-dihydrodiol. The 
principal absorption maxima were at 249. 268. 281. 332 
and 348 nm and at 249, 268, 281, 328 and 344nm for the 
conjugates derived from the 7.8- and 9,10-dihydrodiols re- 
spectively. 

Although the structure of the major metabolite of the 
9.10-dihydrodiol has not been conclusively established, it 
is clear that the two dihydrodiols studied are metabolized 
by different major pathways (Fig. 3). This difference may 
be related to the finding that only the 7,.8-dihydrodiol is 
converted by cells into an intermediate that reacts with 
DNA [5, 6}; this isomer is apparently largely metabolized 
through a diol-epoxide intermediate whereas the main 
route of metabolism of the 9,10-isomer probably involves 
dehydrogenation. 
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The effect of indomethacin on serum and skeletal muscle enzyme 
activities of dystrophic hamsters 


(Received 27 January 1975; 


Recently, it has been shown that administration of predni- 
sone [1,2] or diethylstilbestrol [3] to patients with 
Duchenne muscular dystrophy produces a marked reduc- 
tion of the raised serum levels of creatine kinase 
(CPK EC 2.7.3.2) found in this condition, and in the case 
of diethylstilbestrol of lactate dehydrogenase (EC 1.1.1.30) 
also. Moreover, Drachman et al. [4] have claimed that 
prednisone induced significant, though limited, clinical im- 
provement. High serum enzyme activities in muscle disease 
appear to be a leakage phenomenon [5] so that, if agents 
which reduce serum enzyme activities, act on tissue outflow 
rather than on clearance, they may also affect enzyme con- 
centrations in the muscle. Consequently, since effects on 
muscle rather than serum do not seem to have been 
reported previously and. if present, may be highly relevant 
to the problem of understanding drug action in muscle 
disease, we have studied the effect of indomethacin on both 
muscle and serum enzyme activities in an_ hereditary 
muscle disorder. 

Eppenberger et al. [6] have shown that, as in human 
Duchenne dystrophy, serum CPK is greatly elevated in 
the hereditary muscular dystrophy of the Syrian hamster. 
The present study confirms that serum enzyme activities 
are raised in this disorder and provides evidence that skele- 
tal muscle as well as serum enzyme activities can be altered 
by drug administration. 

In hamster dystrophy, there are histological changes 
such as interfibrillar round cell infiltration [7], which sug- 
gest the presence of an inflammatory reaction, no doubt 
secondary in nature. Because of this and because of pre- 
vious reports using anti-inflammatory steroids, e.g. predni- 
sone, we decided to see if administration of an anti-inflam- 
matory agent would modify the biochemical changes which 
occur in this disorder. Indomethacin, rather than a steroid, 
was chosen to minimise complications from general meta- 
bolic changes and the possible development of a steroid 
myopathy. 

As a basis for comparison, we assayed CPK, lactate de- 
hydrogenase (LDH) and hydroxy butyrate dehydrogenase 
(EC 1.1.1.30) in muscle and serum. together with muscle 
succinate: (INT) oxidoreductase (EC 1.3.99.1) as a represen- 
tative of a particle-bound (mitochondrial) enzyme in four 
groups of animals. These were normal untreated, normal 
treated, dystrophic untreated and dystrophic treated ham- 
sters. 

Dystrophic hamsters were supplied by Mr. D. I. Roberts, 
The Coombehurst Breeding Establishment. Baughurst, 


Table 1. The effect of indomethacin treatment on 


accepted 8 November 1975) 


nr. Basingstoke, Hants, England. They were derived by 
brother—sister mating from animals of the Bio. 14.6 strain 
originally imported from Telaco, Boston, Mass., U.S.A. 
Since all these animals are homozygous. with respect to 
the dystrophic gene, it was necessary to use animals from 
another strain as controls. 

Indomethacin was given orally in drinking water. The 
concentration was estimated from the desired dose, i.e. 
| mg/k, body wt/day, the average daily ad lib., water intake 
and body weight. at a particular stage of the experiment. 
Since indomethacin was only very sparingly soluble at the 
slightly acid pH. due to disssolved CO,. of our distilled 
water, the following procedure was adopted: The required 
amount was dissolved in 100 ml of 150 mM NaHCO, and 
diluted to 1 litre with distilled water. Control animals 
received 15mM NaHCO, . 

Blood was removed by heart puncture under ether an- 
aesthesia and allowed to clot before separation of the 
serum. In rats, clotting releases CPK from platelets [8] 
making it necessary to measure plasma rather than serum 
levels. By contrast, this does not occur in hamsters [9] 
and serum can be used. 

Homogenates were prepared from three different 
muscles, biceps femoris. gastrocnemius and tibialis anter- 
ior. The muscles were dissected out, as far as possible free 
of visible nerve, fat and connective tissue, and cut into 
small pieces with a scalpel. 100mg of tissue was homo- 
genized in ice cold 0.1 M Tris-HCI buffer, pH 7.4, contain- 
ing 0.25 M sucrose with an Ultra Turrax (Janke & Kunkel, 
K. G., Staufen 1 Breisgau, W. Germany) homogenizer at 
approximately 75 per cent full speed for two periods of 
30sec and filtered through Green’s Lens Tissue (Reeve 
Angel & Co. Ltd., London SEI 6BD). The volume was 
made up to a total of 10 ml. 

The succinate. (INT) oxidoreductase activity of the 
homogenates was determined immediately by the method 
of Pennington [10]. LDH and hydroxybutyrate dehydro- 
genase (HBD) were measured after overnight storage at 
4°, using the methods of Wroblewski an La Due [11] 
(LDH) and Rosalki and Wilkinson [12] (HBD) respect- 
ively. Creatine phosphokinase (CPK) was assayed, using 
a sulphydryl-activated. coupled enzyme procedure (Boeh- 
ringer, u.v.-activated kit, Boehringer Corp. (London) Ltd). 
Samples of homogenates for CPK assay were stored at 
—18 for not more than | month. Changes in optical density 
at 340 um in the methods for LDH. HBD and CPK were 
measured with a Gilford Reaction Rate Analyser, Type 


serum enzymes in normal and dystrophic hamsters 





Enzyme Ne Nt 


Dec Dt 





335 + 92(9)* 
192 + 61 (6) 
0.502 + 0.030 (6) 


CPK 
LDH 
HBD-LDH 


970 + 38 (9) 
141 + 44(9) 
0.476 + 0.050 (7) 


6500 + 1250(10)* 
1094 + 226(7) 


0.403 + 0.030(6)* 


11900 + 980 (12) 
1241 + 484 (7) 
0.341 + 0.017 (6) 





Values are given as mean + S.D. and the numbers of animals in parentheses, Ne 


control, De—dystrophic control, Dt—treated dystrophic. 


normal control, Nt—treated 


* Differences between treated and control groups significant with P < 0.001 
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Fig. 1. Muscle CPK activities in Control (Nc), dystrophic 

untreated (Dc), and treated dystrophic (Dt) hamsters. 

Results are depicted as means + S.D. Differences between 

the mean$ of Ne and De and Dt and Dc are significant 
with P < 0.02 (Student’s f-test). 


300N, with automatic recorder (Gilford Instruments 
Laboratories Inc., Oberlin, Ohio). Units of enzyme activity 
are expressed as ymole of substrate utilized per min, per 
litre or per mg protein under the defined conditions, i.e. 
International Units (L.U.). 

Protein was measured by the Lowry technique [13], 
using human serum albumin (Dade) as standard. Since in 
this procedure protein soluble in dilute NaOH is esti- 
mated, the result is equivalent to non-collagen protein. 

The significance of the difference between mean values 
for the various groups was evaluated using Student's t-test. 

Our results confirm the very high serum activity of CPK 
in dystrophic hamsters noted by Eppenberger et al. [16] 
and show that total serum LDH is also greatly elevated. 


The isoenzyme pattern of LDH, as indicated by 
HBD-LDH ratio, differs from normal in that the propor- 
tion of muscle type (M) subunits is increased. The same 
change in isoenzyme pattern is seen in the muscle and, 
in this respect, the alteration found in hamster dystrophy 
is somewhat unusual, since in human Duchenne dystrophy 
[14] and in denervation atrophy [16] the trend is in the 
other direction, so that the isoenzyme pattern becomes 
more like that of immature or foetal muscle, i.e. a higher 
proportion of heart type (H) subunits are present. How- 
ever, a similar finding has been reported by Pearson et 
al. in the gastrocnemius of patients with sex-linked dys- 
trophy of the benign Becker type [16]. 

The fact that the serum HBD/LDH ration in both nor- 
mal and affected animals is appreciably higher than the 
ratios in the three muscles studied suggests a considerable 
contribution to the serum activity from some tissue other 
than skeletal muscle; nevertheless, the lowered serum 
HBD-LDH ration in the diseased animals is consistent 
with the increase in serum LDH being due mainly to leak- 
age from skeletal muscle. 

Administration of indomethacin (1 mg/k body wt per 
day) produces a highly significant fall in serum CPK, both 
in normal and dystrophic animals (Table 1). In the case 
of LDH, although the serum activity is somewhat lower 
in the treated dystrophic hamsters by comparison with the 
dystrophic controls, the difference is not significant. How- 
ever, the HBD-LDH ratio in the treated group is signifi- 
cantly higher, i.e. it is closer to that observed in the normal 
group. 

Before considering the effects of indomethacin on tissue 
enzymes in the particular muscles studied, it is pertinent 
to compare differences between these muscles in the un- 
treated normal and dystrophic animals, particularly since 
information on biochemical changes in hamster dystrophy 
is relatively limited. In the normal group, gastrocnemius 
and tibialis anterior are very similar, on a non-collagen 
protein basis, in their content of all three enzymes assayed, 
whereas the biceps femoris contains significantly less suc- 
cinate: (INT) oxidoreductase but more CPK activity (Fig. 


Table 2. Muscle enzyme levels in normal, untreated dystrophic and treated dystrophic hamsters (1.U./mg protein) 





Enzyme Muscle Ne 


Dc 


Dt 





Gastro- 
cnemius 
Tibialis 
Ant. 
Biceps 
femoris 
Gastro- 
cnemius 
Tibialis 
Ant 
Biceps 
femoris 
Gastro- 
cnemius 
Tibialis 
Ant 
Biceps 
femoris 
Gastro- 
cnemius 
Tibialis 
Ant 
Biceps 
femoris 


Succinate: 
(INT) 

Oxidore 
ductase 


+ .0.06 (28) 
+ 0,07 (27) 
+ 0.05 (26) 
LDH + 0.27(17) 

+ 0.21 (15) 

+ 0.26 (18) 
0.70 + 0.07 (17) 
0.68 + 0.07 (i 5} 


0.68 + 0.09 (18) 


0.51 


HBD-LDH 0.289 + 0.015 (17) 0.262 


0.266 + 0.010 (15) 


0.263 + 0.020 (15) 0.243 


+ 0.08 (17) 
+ 0.07 (19) 
+ 0.06 (20) 
+ 0.30 (16) 
+ 0.35 (15) 
+ 0.27 (17) 
+ 0.07 (16) 
+ 0.07 (15) 
+ 0.05 (17) 
+ 0.016 (16) 
0.264 + 


+ 0.014(17) 


0.39 + 0.09 (14) 


0.41 + 0.07 (15) 


(0.22 + 0.06 (18) NS. 


2.27 + 0.16 (10) 0.05 > P > 0.02 


2.10 + 0.06 (15) N.S. 


2.17 + 0.16 (16) NS. 


0.04(10) 0.01 > P > 0.001 


0.02 (7) N.S. 


0.06 (8) NS. 


0.262 + 0.026 (10) NS. 


0.016 (15) 0.263 + 0.008 (7) NS. 


0.257 + 0.015 (8) 0.05 > P > 0.02 





Values are given as mean + S.D. 
untreated, Dt—dystrophic treated. 


and the numbers of animals in parentheses. Nc 


normal untreated, Dc—dystrophic 


* Significance of difference between means for untreated and treated dystrophic hamsters 
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1) than the other two. This pattern is maintained in the 
dystrophic group. When the muscles in untreated normal 
and untreated dystrophic animals are compared, the dys- 
trophic muscles contain less CPK, LDH and HBD, but 
the activity of succinate: (INT) oxidoreductase, except in 
the gastrocnemius, is not significantly altered. Depending 
on which muscle is considered, the loss in activity of CPK 
and LDH is between 14 and 18 per cent for LDH and 
between 17 and 33 per cent for CPK. The HBD-LDH 
ratio is also reduced by 5-7 per cent except in the tibialis 
anterior, the lowered value indicating a higher proportion 
of M-subunits. 

The effect: of indomethacin treatment on muscle enzyme 
activities in dystrophic hamsters is complex and depends 
upon which muscle is examined (Table 2). However, firstly, 
muscle enzyme levels in the treated normal group, in con- 
trast to serum, were unaffected by the drug so that data 
for the normal treated group is omitted. When the dystro- 
phic treated group is compared with the dystrophic con- 
trols, the mean tissue enzyme activities generally show a 
trend towards normal, but only in certain instances is the 
difference significant. The most striking effect is on CPK, 
data for which is presented separately (Fig. 1). In the gas- 
trocnemius, for example, indomethacin treatment causes 
a significant rise in CPK, LDH and HBD. In all three 
muscles, although CPK activity in the treated dystrophic 
hamsters remains lower than that in the normals, the dif- 
ference is no longer significant. The rise in gastrocnemius 
in LDH and HBD is similar, so that the ratio HBD-LDH 
is not significantly altered. 

In the biceps femoris, there is an increase in HBD unac- 
companied by any overall increase in LDH; consequently, 
the ratio HBD-LDH rises. 

At present, there is no proof that these effects are related 
to the known pharmacological action of indomethacin, e.g. 
inhibition of prostaglandin synthetase [17] or of lysosomal 
enzyme release [18], so that the chief interest of the present 
study is the demonstration that the biochemical changes 
in muscle, as well as in serum, which occur in an hereditary 
muscle disease can be partially reversed by drug adminis- 
tration. 

We must emphasise that, although indomethacin treat- 
ment leads to a partial restoration of intra-cellular enzyme 
levels to normal, we have no evidence, as yet that there 
is any corresponding increase in survival time of the 
affected animals. A pilot study now in progress may pro- 
vide evidence on this point. 
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Correlation between inhibition by anti-inflammatory substances. of 
arachidonic acid-induced hypotension and of prostaglandin 
biosynthesis in vitro* 


(Received 3 July 1975; accepted 14 October 1975) 


According to Vane [1], the nonsteroidal anti-inflammatory 
drugs act as inhibitors of prostaglandin biosynthesis. 
Various studies have sought to find a parallel between the 
inhibition of prostaglandin biosynthesis and their antiphlo- 
gistic action, but marked differences in the inhibitory 
action were observed according to the organs providing 
prostaglandin synthetases. Therefore, no strict parallel can 
be drawn between synthesis inhibition and antiphlogistic 
effect [2, 3]. 

On the other hand, the hypotensive action of arachi- 
donic acid, precursor of PGE, and PGF,,, is enhanced 
by high doses of heparin [4], whereas this hypotension 


is inhibited by eicosatetraynoic acid, an inhibitor of pro- 
staglandin synthesis [5,6]. The arachidonic acid-induced 
hypotension, which depends on endogenous formation of 
prostaglandins, could be considered as evidence of prostag- 
landin synthesis in vivo, facilitated in the presence of 
heparin [4]. Therefore, a study of the hypotensive activity 
of arachidonic acid in animals treated with nonsteroidal 
anti-inflammatory compounds could be used as an indi- 
cator of their inhibitory property towards prostaglandin 
synthetases in vivo. A measure of the total inhibitory 
activity of the anti-inflammatory drugs using intact ani- 
mals could be a better approach to the actual mechanism 
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Table 1. Inhibitory action of several drugs on arachidonic acid-induced hypotension and on other systems described 
in the literature 





Arachidonic acid-induced 
hypotension 
Minimal active 
dose* Inhibition 


Drug (mg kg) (%) 


Vesicular 
synthetaset 


Mycobacterium 
arthritis§ 


Carrageenin 
oedemat 


ID <=, 
(M) 


ID 50 
(mg/kg) 


IDsy 
(mg/kg) 





L 8027 


0.8 + 0.23 
(i.v.; n = 8) 
1.84 + 0.4 
(i.v.; n = 12) 
6.43 + 0.34 

9) 


Indomethacin 
_ $109 


_ 7035 


. 2197 


107° 2? 


4 


100 to 


tx 10°* 
(inactive) 








*Mean + S.D. 

+ From reference 7 
t From reference 8. 
$ From reference 9. 


of their antiphlogistic potency. In order to test this new 
in vivo method, we used five substances. with known effects 
on the biosynthesis of prostaglandins in vitro [7] 

White Wistar rats of either sex (270-300 g) were anaes- 
thetized with sodium pentobarbital (Nembutal, Abbott) (3 
mg/100 g, i.p.). The right jugular vein was cannulated for 
intravenous injection and the left carotid artery to record 
arterial blood pressure by means of a mercury manometer. 
A cannula was inserted in the trachea. The rats were pre- 
treated by intravenous injection of heparin (20 to 25 
mg/kg). Dose-response hypotension curves were initially 
recorded for PGE, and PGE, (0.25 to 2 yg/kg). The mini- 
mal active dose of arachidonic acid (AA) was determined 
and repeated until a constant response was obtained. An 
inhibitory substance was given thereafter and the minimal 
dose of this substance inhibiting the vasodepressor action 
of AA injected in increasingly large doses up to 2.5 mg/kg 
was determined. Finally, the injection of a prostaglandin 
was repeated. Only one substance was tested by each ani- 
mal 

Rabbits weighing between 2.5 and 3 kg were anaesthe- 
tized by intravenous injection of 20°, urethan (1.4 g/kg) 
After tracheotomy. the caroud artery was cannulated in 
order to record blood pressure and the jugular vein was 
catheterized for intravenous injections. The animals were 
heparinized (20 mg/kg). Arachidonic acid was injected (0.15 
mg/kg) before the administration of the anti-inflammatory 
substance, and at doses of 0.15, 0.25 and | mg/kg there- 
after. The vasodepressor activity of PGE, was recorded 
before and after the injection of each test substance. 

The following drugs were used: L 8027, 3-(2-isopropyl 
indolyl)-3-pyridylketone; L 8109, (5-chloro-3-methyl 2- 
benzo [b] thienyl) acetic acid: L 2197, 2-ethyl-3-(4-hyd- 
roxybenzoyl)-benzofuran; these substances were dissolved 
in polyethylene glycol-NaCl 0.9°,, (10:90, v/v). L 7035, 
2-isopropyl 3-isonicotinoyl benzofuran, was dissolved in 
polyethylene glycol-NaCl 0.9°, (40:60, v/v). These four 
drugs were supplied by Labaz, Avenue de Beéjar. 1120 Brus- 
sels. Indomethacin (Indocid, Merck, Sharp & Dohme) was 
dissolved in a small volume of saturated sodium carbonate 
solution, adjusted to pH 7.4 with HCI! and made to a final 
concentration of | mg/ml in NaCl 0.9°,. Arachidonic acid 
(Sigma) was dissolved in 2 M Tris-HCl at pH 7.8 and 
adjusted to 0.5 mg/ml in NaCl 0.9°,. 

Indomethacin, L 8027 and L 8109 induced a 10 to 15 
per cent increase in blood pressure for more than one hour. 


This increase was sometimes preceded by a transient fall. 
a response which was only induced by L 7035 and L 2197. 

None of the substances inhibited the hypotensive action 
of PGE, and PGE, in the rat or rabbit. In the rabbit, 
L 8027, L 8109 (1.5 mg/kg) and indomethacin (4.5 mg/kg) 
completely inhibited the hypotensive response induced by 
AA (1 mg/kg). L 7035 and L 2197 (9 mg/kg) did not inter- 
fere with the hypotensive action of AA. In the rat, indo- 
methacin, L 8027 and L 8109 suppressed the vasodepres- 
sive activity of AA. The effect was obtained in one minute 
and lasted for more than one hour. L 7035 and L 2197 
had no inhibitory effect. Polyethylene glycol had no in- 
fluence upon the hypotensive action of PGE,, PGE, and 
\A. 

Table | compares the doses of the substances which sup- 
press the hypotensive activity of AA (2.5 mg/kg) in the 
rat with the data found in the literature on the in vitro 
inhibitory power of these five substances against vesicular 
synthetases [7] and also their ID<59 against carrageenin 
oedema and Mycobacterium arthritis in the rat [8,9]. 
There is a good parallel between the inhibition of vesicular 
synthetases and their action on the vasodepressive activity 
of AA. In both cases. the activity decreases from com- 
pounds L 8027 to L 8109. For the first three of the series 
the correlation coefficient is 0.98 (P < 0.01). L 2197 has 
no inhibitory action in the two tests. L 7035, as the single 
exception. is much weaker than indomethacin on synthesis 
in ciuro but has no action in vivo. 

This discrepancy between the in vitro and in vivo effect 
of L 7035, might be explained by its low water-solubility. 
In vivo the drug would not reach the synthetases involved 
in the biosynthesis of prostaglandins. According to Fer- 
reira and Vargaftig [10]. prostaglandin formation, which 
is responsible for the vasodilator action of AA in the vascu- 
lar bed on the dog’s leg. takes place in platelets. However, 
in the platelet-depleted rabbit, AA remains hypotensive 
[11]. Thus. PG synthesis from AA might occur in some 
vascular walls. The sensitivity of these synthetases towards 
the anti-inflammatory substances may be different from the 
sensitivity of the vesicular synthetases. This difference 
could also explain the in vivo inactivity of L 7035. 

Table 1 shows that there is no parallel between the 
antiphlogistic activity of the tested anti-inflammatory 
drugs and their inhibitory activity on prostaglandin syn- 
thesis, either in vivo or in vitro [7, see also Ref. 12]. More- 
over the ID<, of the inhibitors tested varies with the 
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selected model of inflammatory reaction. This difference 
could be explained, according to Vane [1-3], either by 
a variation in the sensitivity of the prostaglandin synthe- 
tases with respect to the anti-inflammatory drugs or by 
the altered role of prostaglandins in the determination of 
the various inflammatory responses. In the latter case, the 
action of the anti-inflammatory agents could be attributed 
to other mechanisms. 
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Effect of benzo(a)pyrene and chlorpromazine on aryl 
hydrocarbon hydroxylase activity from rat tissues 


(Received 21 March 1975; accepted 10 October 1975) 


Aryl hydrocarbon hydroxylase (AHH). an inducible mixed- 
function oxidase system, is found in animal tissues, essen- 
tially those at the portals of entry to the body [1-12]. This 
enzyme system metabolizes polycyclic hydrocarbons and 
related compounds[11, 13,14]. As polycyclic hydro- 
carbons are found in the environment, the metabolism of 
such compounds has been the object of many investiga- 
tions [3, 13, 15-19]. The biotransformation process renders 
these compounds more water-soluble, and hence more 
excretable, but during this process of some polycyclic hy- 
drocarbons, toxic intermediates may be formed [20,21]. A 
polycyclic hydrocarbon, benzo(a)pyrene, has been impli- 
cated through an AHH formed intermediated, as one of 
the precarcinogens found in cigarette smoke and thereby 
a contributor to the rapidly increasing lung cancer in 
man [15,16] and perhaps to carcinogenesis in other tis- 
sues. Genetic and physical factors as well as xenobiotics 
from drugs, dietary and environmental sources have also 
been shown to increase or the activity of 
AHH [19, 22-26]. 

From recent studies discussed by Gillette, Mitchell and 
Brodie [24, 26] it appears that mixed-function oxidases of 
extrahepatic tissues may also be of importance in the de- 
‘velopment of serious drug toxicities through activated in- 
termediates. Thus there is a need to examine the distribu- 
tion, levels, induction response and related contribution 
to total body xenobiotic metabolism, of these enzyme sys- 
tems. 

This communication reports on the distribution and 
relative levels of AHH in nine rat tissues, with data on 
the induction response to two xenobiotics, BP and CP,* 
to which man may become exposed. 

The materials were obtained from known commercial 
sources as indicated in a previous paper [23]. Dr. Harry 


decrease 





* Abbreviations used: BP = 3.4-benzo(a)pyrene. CP = 
chlorpromazine. 


V. Gelboin of NIH U.S.A. generously donated the 3-OH- 
benzo(a)pyrene. 

{nimals. Male rats weighing between 150-200 grams or 
female rats in a 250-300 gram weight range (on their 15th 
day of pregnancy) were obtained from the Sprague-Dawley 
Laboratory in Madison, Wisconsin. Housing was in over- 
hanging steel cages (20 x 11 x 8in.) over Sanicel as bed- 
ding and in well-ventilated rooms at 76 +1 °F with a 
12-hr light cycle. Rat chow (Ralston Purina Co. in St. 
Louis, Mo.) was fed ad lib. The experiment was started 
after a 5-day acclimation period. 

{HH Assay. In vitro drug metabolism was assayed by 
a microsomal hydroxylase found in various animal species 
and different tissues that catalyzes the ring hydroxylation 
of benzo(a)pyrene yielding a mixture of hydroxylated prod- 
ucts, the major one being 3-OH-benzo(a)pyrene. 

All rats were guillotined and exsanguinated between 
9:00 a.m. and 12:00 noon and tissues were used immedi- 
ately after washing in cold saline. Tissues were removed 
and prepared in the cold as follows: 

Lungs from male rats were scraped with a clean single- 
edged razor blade to remove connective tissues of the lobar 
bronchi, their major branches, and the accompanying 
branches of the pulmonary veins and articles. Lymph 
nodes from male rats were removed from the mesentery 
and stripped of fascia. Two rats were pooled for each assay. 
The submaxillary and sublingual salivary glands from two 
male rats were pooled for each assay. One kidney from 
each male rat was removed and minced for assaying. With 
prostate tissue, two rats were pooled for each determina- 
tion. Portions of the mammary glands were removed and 
scraped (as done with lung) to remove connective tissue. 
The livers of newborn male rats from separate litters were 
minced into l-cm pieces and pooled. All tissues were 
homogenized as previously described [23]. 

After removing and preparing the tissues the AHH ac- 
tivity was assayed using modifications of the methods of 
Wattenberg and Kuntzman[1,27] as previously de- 
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Table 1. Benzo(a)pyrene effect on AHH in rat tissues 





Tissue AHH units* 

Fold 
increase 
of mean 





Significance 
P value less 
than 


Benzo(a)pyrene 


Group Tissue Control treated 





Adult male rats Lymph + 0.62 (5) 9.40 + 1.91 (5) 0.001 
node 
Lung 
Prostate 
Kidney 
Salivary 
glands 
Liver 
Spleen 
Mammary 
gland 
(lactating) 
Newborn male rats Liver 


0.05 
0.001 
0.01 
0.01 


0.90 (6) 
1.25 (5) 
4.03 (6) 
0.22 (6) 


333 
13.24 
192.01 
3.91 


25.02 (2) 
1.57 (5) 
38.82 (6) 
0.53 (6) 


I+ I+ I+ I+ 
Ht 4 H+ 


82.06 (6) 
0.43 (6) 
0.89 (5) 


1955 
8.90 
11.39 


0.001 
0.001 
0.001 


185.73 (6) 
1.19 (6) 
1.60 (5) 


I+ I+ I+ 


oe ee 


Adult female rats 


350.45 + 33.21 (5) 552.72 + 61.81 (5) 0.05 





Benzo(a)pyrene in 5°,, tween 80 and 0.9°,, saline was dosed ip. to adult male rats at 25 mg/kg 1 day prior to 
enzyme assay. Controls were treated with Tween-saline vehicle only. Adult female rats were dosed similarly but three 
times, 2-4 days post partum every 72hr. The lactating mammary glands of the mothers and the livers of the suckling 
male young were assayed on the 10th day post partum. The number of experiments is reported in brackets. Each 
experiment was performed with tissue from 1 adult or 3-6 newborn rats. 

* One AHH unit = 1.0 pg of 3-OH-benzo(a)pyrene formed/mg wet wt tissue/min. Results are given as means + S.E.M. 


scribed [23] except that the incubation medium contained 
215 umole KCl, 10 pmole MgCl,, 3-5 ~mole NADPH, 3-9 
pmole NADH, 0.5 ml 12,000 g tissue supernatant and then 
sufficient 0.1 M K,HPO,-KH,;PO, buffer pH 7.4 to a 
total volume of 3.0 ml. The reaction was then initiated 
by the addition of 100 yg of benzo(a)pyrene in 0.1 ml ace- 
tone. After incubation for 15 min at 37°, separation and 
estimation of the products was performed on an Amico 
Bowman Spectrophotofluorometer as previously de- 
scribed [23]. 

The importance of AHH in extra-hepatic tissues as a 
protective device for metabolizing polycyclic hydrocarbons 
at the portals of entry to the body has been the subject 
of a number of communications [1—3, 13, 15-19]. AHH has 
previously been reported in intestine, lung, kidney, skin, 
placenta, testes and adrenals. In light of the importance 


of AHH mediated metabolism, in this laboratory, other 
portals of entry or exit to the body were investigated. 
The data in Table 1 indicate that from rats on a Purina 
Chow diet, there is an endogenous AHH activity in the 
lymph node, prostate, salivary glands and lactating mam- 
mary gland in addition to those tissues previously 
reported. Although the endogenous levels of AHH are 
quite low in the extrahepatic tissues when compared to 
liver, after induction with PB, the fold increase is equal 
to or greater than that for liver. The importance of this 
induction is that these tissues function as portals of entry 
or exit in the body in metabolism of xenobioties. It is 
noteworthy however that liver AHH and to a lesser extent 
kidney and lung AHH provide the primary means of meta- 
bolizing polycylic hydrocarbons in both BP induced and 
non-induced animals. Liver tissue has approximately 


Table 2. Chlorpromazine effect on AHH in rat tissues 





Tissue AHH units* 


Fold 





Group Tissue Control 


Significance 
P value less 
than 


increase 
of mean 


Chlorpromazine 
treated 





12.46 
54.38 
798.90 


Adult male rats Lung 1.86 (6) 
Kidney 
Liver 
Salivary 
glands 1.92 
Prostate $.53 
Spleen 4.27 
Lymph 
node 
Mammary 
gland 
(lactating) 
Newborn male rats Liver 


+ 0.52 (6) 
1.28 (5) 
0.48 (6) 

3.14 + 0.62 (5) 

Adult female rats 


2.67 + 1.60 


10.39 (6) 
60.27 (6) 


0.01 
0.001 
0.05 


50.20 + 11.68 (6) 
7.57 (6) 


75.74 (6) 


0.71 (6) 
1.98 (5) 
+ 0.70 (6) 


NS. 
N.S. 
N.S. 


+ 0.51 (5) N.S. 


+ 1.17 (5) N.S. 


356.46 + 55.25 (5) + 91.08 (5) NS. 





Chlorpromazine in 0.9%, saline was dosed i.p. to adult male rats at 20 mg/kg | day prior to enzyme assay. Controls 
were treated with saline vehicle only. Adult female rats were dosed similarily but three times, 2-4 post partum every 
72 hr. The. lactating mammary glands and the livers of the suckling male young were assayed on the 10th day. The 
number of experiments is reported in brackets. Each experiment was performed with tissue from 1 adult or 3-6 newborn 
rats. 


*One AHH unit = 


1.0 pg of 3-OH-benzo(a)pyrene formed/mg/wet wt tissue/min. Results are given as means + S.E.M. 
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120-fold more AHH activity than lung tissue and approxi- 
mately 17-fold more AHH activity than kidney tissue un- 
der normal conditions i.e., without BP induction but on 
a Purina Chow diet. Upon treatment of rats with BP how- 
ever, the induced liver AHH activity becomes only 27-fold 
greater than lung and only 10-fold greater than kidney 
AHH activity. Hence, upon induction kidney and lung tis- 
sues become quantitatively more significant in the metabo- 
lism of the total body intake of hydrocarbons. Of impor- 
tance also is that lymph node, prostate, mammary glands 
and salivary glands can be induced up to levels approach- 
ing that of ‘normal’ lung. 

The data in Table 2 indicates that CP, a commonly used 
drug, given in one low dose can induce significantly lung 
and kidney as well as liver. As with the BP induced ani- 
mals, the liver again plays the most significant role in 
metabolizing polycyclic hydrocarbons but the kidney and 
lung become quantitatively more important in metaboliz- 
ing these hydrocarbons after induction with CP [28]. 

Lactating female rats were given PB or CP in three 
doses, 72hr apart to determine if the mammary glands 
could be induced. BP induces the mammary gland AHH 
activity 9.1-fold in this experiment but even so, in prelimi- 
nary studies some BP (or metabolites) appear to be se- 
creted and to induce the newborn rat livers. A previous 
report [29] with methylcholanthrene dosing indicated that 
this might be the case, for tumors were found in the young, 
however, no determinations of AHH levels were made. The 
increase in the mammary gland AHH activity is of interest 
in that apparently there was not full protection of the 
young even by this induction. This suggests that in lactat- 
ing women who smoke heavily, BP might possibly be se- 
creted into the milk. A parallel case can be made from 
the reports that the placenta, from smoking pregnant 
women [13, 30], has induced levels of AHH. One wonders 
how much BP gets through to the fetus even though this 
portal of entry the placenta has been induced and what 
this does to fetal steroid levels [31]. 

The results reported above indicate that AHH is an 
enzyme system which can be measured and induced in 
many rat tissues. This AHH activity in these various tissues 
is of importance not only in protective tissues of entry 
into the body, but also in light of the focusing knowledge 
on carcinogenic intermediates of certain polycylic hydro- 
carbons and toxic intermediates of certain 
drugs [15-17, 19-21]. This paper expands the number of 
tissues which may form such intermediates. Of importance 
also is that the significant metabolism of polycyclic hydro- 
carbons occurs primarily via the liver, but upon induction 
with either BP or CP, kidney and lung tissues apparently 
become much more significant in metabolizing these hy- 
drocarbons to which the animal has or may become 
exposed. 
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OBSERVATIONS OF 1,1',1"-PHOSPHINOTHIOYLIDYNETRISAZIRIDINE (THIOTEPA) 
IN ACIDIC AND SALINE MEDIA. A ‘H-NMR STUDY 
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Much of the widespread interest in 1,1',1"-phosphinothioylidynetrisaziridine (thiotepa, 


1,2 . 3 . 
1) derives from its utility as an anticancer agent and chemosterilant. Following 


earlier studies on the acid sensitivity. of thiotepa and possible pharmacological effects” 
thereof, Benckhuijsen’ investigated the behavior of thiotepa under strongly acidic conditions 
(pH 1.1). It was thus claimed, on the basis of colorimetric assay data for sul fhydry1 and 
alkylating” groups, that protonation of thiotepa results in rapid (< 5 min) rearrangement 


to 2, which in turn undergoes relatively slow hydrolysis to 3A or 3B (Fig. 1). Thin-layer 
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chromatographic evidence was offered as proof that aziridine was not formed. In contrast to 
these conclusions, Maxwell et air: have recently suggested that reaction of thiotepa in 
acidic saline leads to production of 4 and 5, with 4 being the sole product in saline itself. 


These proposals” seemed especially intriguing to us when considered in view of ‘H-NMR re- 


11 
sults obtained with tepa, which clearly demonstrated the vulnerability of phosphorus-bound 


aziridinyl rings toward acid-catalyzed P-N cleavage and ring-opening. Consequently, we have 
initiated studies in vitro of thiotepa in various media using sensitive high-resolution 
‘H-NMR methods to directly elucidate product structures, and now wish to present preliminary 
findings which disprove the aforementioned clans.” 

In accordance with the reaction conditions specified by Benckhuijsen, a freshly pre- 
pared solution of purified thiotepa (m.p. 51.5 to 53°; 6.5 mM) in DC1-D20 (pD 1.2)" was 
immediately analyzed by ‘H-NMR at 220 MHz (20°) using Fourier transform techniques. The 
observed spectrum revealed the absence of thiotepa, which would appear in ~ 6 mM D.0 as a 
doublet (°Upy = 17 Hz) at 6 2.26, as well as the absence of detectable aziridinyl ring proton 
absorptions attributable to intermediate 2 or final product 3 in the 6 2.0 to 2.5 region.! 
Instead, a sharp singlet at 5 2.67 was accompanied by complex absorption patterns at 6 3.22 
to 3.50 and 6 3.62 to 3.91, with the relative integrated intensities of these signals being 
1.0 : 2.2 : 1.4. A similar product spectrum obtains for tepa in D0 buffered at pH 4.0... 
The singlet was identified as N-dj-aziridinium ion by noting an increase in its relative in- 
tensity upon addition of aziridine to the NMR sample. From the observed relative signal in- 
tensities, it may be calculated that ~ 20 per cent of the original aziridinyl functionalities 
in thiotepa were converted to aziridinium ion. While characterization of the remaining reac- 
tion products formed under these conditions ([thiotepa] : [2H*] = 1 : 10) is still in pro- 
gress, it has been found (60 MHz) that an analogous product distribution is formed at higher 
concentrations of thiotepa (~ 60 mM) in the presence of only one molar equivalent of 2H*. 
This observation implies that the aziridiny] rings in thiotepa and products subsequently de- 
rived from it are subject to acid-catalyzed P-N cleavage and/or ring-opening. However, with 


0.5 molar equivalent of 2Ht 


» relative signal integrations showed that ~ 25 per cent of the 
thiotepa remained; among the usual array of products was a small amount (~ 5-10 per cent) of 
a new component indicated by a somewhat broadened doublet (J ~ 17 Hz) at 6 2.16. We are 
pursuing the isolation and characterization of this latter product, which presumably contains 


at least one intact aziridiny] ring bonded to phosphorus. The doublet at 6 2.16 was not due 





* 
Correction of a precalibrated standard glass electrode reading of "pH" 0.8 to give an 
13 
actual value for pD of 1.2 was based on studies by Lumry et al. 
' All chemical shift values refer to the water-soluble sodium salt of 3-(trimethylsily1) 


propionic acid (TSP). 





Preliminary Communications 


to tepa, since addition of authentic tepa to the reaction mixture gave rise to a relatively 
low-field doublet (J = 14.5 Hz) até 2.34. It is also noteworthy that sample preparation 
involving addition of room temperature acid solutions to crystals of thiotepa yields essen- 
tially the same spectrum as that obtained by slow mixing of solutions of thiotepa and acid 
at ice-bath temperatures. 

Reaction of thiotepa with one molar equivalent of 2H* in a 4-fold molar excess of 
sodium chloride gave a product mixture indistinguishable (60 MHz) from that obtained in the 
absence of added chloride ion. In as much as no high-field absorptions expected for the 


aziridinyl rings in either 4 or 5 were detected, we are compelled to discard the reaction 


n 


10 
scheme pertaining to thiotepa in acidic saline proposed by Maxwell et al. The additional 


clain that thiotepa yields 4 in saline was not substantiated by an NMR experiment with 6 mM 
thiotepa in 1 M sodium chloride: after 2 days no reaction was observed at room temperature; 
however, at 55° thiotepa did undergo gradual reaction and ultimately afforded (> 3 days) a 
product spectrum void of an aziridinyl moiety bonded to phosphorus. A control study with 
thiotepa in pure D20 at 55° led to similar decomposition, albeit at a somewhat slower rate, 
thus revealing the competitive incursion of normal hydrolysis. The mechanistic complexity 
of thiotepa hydrolysis was revealed by 'H-NMR kinetic measurements in D.0 at 100°, which 
yielded for the disappearance of thiotepa (0.2 M) an induction period (» 20 min) followed by 
adherence to a first-order rate law (k * 3 x 107" sec™!). By way of comparison, substitution 
of anhydrous dimethylsulfoxide-d, (DMSO-d) for D.0 led to regular first-order decomposition 
of thiotepa (k * 2 x 107° sec™!) at 100°, even in the presence of approximately one equiva- 
lent of sodium chloride (0.2 M). This thermal instability and resistance to nucleophilic 
attack of thiotepa in DMSO apparently foiled our attempt to prepare authentic 2 by reaction 
of thiotepa with sodium iodide in DMSO at 80°, which instead gave insoluble dark colored 
tarry material. Detailed kinetic and product studies for these reactions of thiotepa will be 
reported at a later date. 

While complete definition of the actual reaction pathways available to thiotepa in 
acidic media awaits further experimentation, it is none the less apparent that conclusions 
regarding product structures and mechanisms based on indirect chemical evidence (e.g. func- 
tional group tests) must now be considered tenuous. A direct and more reliable investigative 


methodology may be found in the various NMR spectroscopic techniques. 
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OBSERVATIONS ON THE DIFFERENTIAL METABOLISM 
AND BIOLOGICAL ACTIVITY OF THE OPTICAL ISOMERS OF 
CYCLOPHOSPHAMIDE 


P.J.Cox, P.B.Farmer, M. Jarman” and M. Jones 
Chester Beatty Research Institute, Institute of Cancer Research: 


Royal Cancer Hospital, Fulham Road, London SW3 6JB, England 


and 
W.J.Stec and R. Kinas 
Centre for Molecular and Macromolecular Studies, Polish Academy of Sciences, 


90-362 Lodz, Boczna 5, Poland 


Cyclophosphamide (I ), a widely used anticancer drug, is a dissymmetric molecule because it contains a 
chiral phosphorus atom and optical isomers are therefore possible. Studies of metabolism (1,2) and the 


clinical use of the drug have hitherto involved the 
- CH, — NH a, as 


CH, Pp 


racemic (+) form of cyclophosphamide produced by 


the conventional method of synthesis (3). The 


i 
\ = 
CH, O N(CH,CH,Cl), 


‘: observation (4) that, following the administration of 
. racemic cyclophosphamide to patients, the drug 
recovered from the urine was laevorotatory, indicated that stereoselective metabolism had occurred. The 
recent synthesis (5) of the optical isomers of cyclophosphamide has allowed an assessment of the degree of 
stereoselective metabolism of racemic cyclophosphamide in man and a demonstration of markedly different 
antitumour effects of the enantiomers in animal tests. 

Total 24-hour urine samples were collected from 3 patients each treated i.v. with racemic 
cyclophosphamide (1 g).. Each urine sample was extracted with chloroform (3 x 500 ml) and 
cyclophosphamide was recovered from the extracted material by elution from a column (25 x 2 cm) of silica 
gel’ (Merck, Kieselgel 60) with chloroform followed by thin-layer chromatography on silica gel (Merck, 
Kieselgel G) using chloroform-methanol (19:1). The products were crystallized from water and the data 


in Table | show that two of the samples were markedly laevorotatory thereby demonstrating stereoselective 


metabolism of the dextrorotatory form. 


* Biology of Human Cancer Unit, Ludwig Institute for Cancer Research at the Institute of Cancer Research 
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Table | 


28-29 


D (1 dm cell) 


Patient Cyclophosphamide recovered [a] 
(24-hour urine) 


1 (ref.4) 9.5 mg -1.5° 0.1° (c 0.95, MeOH) 
2 16.9 mg -0.3° 0.1° (c 0.84) 


fe) 


3 17.5 mg -1.9°40.1° (c 0.88) 





The enantiomers of cyclophosphamide were synthesized (5) by condensation of (+)- or 
(-)-N-(3-hydroxypropy|)-1-phenylethylamine with N,N-bis(2-chloroethy!)phosphoroamidic dichloride 


and fractionation of each resulting pair of diastereoisomers of 3N-(1-phenylethy|)cyclophosphamide, 


followed bycatalytic hydrogenation to yield (+)- and (-)-cyclophosphamides having lal’? +2.3+0.1° 


(c 12.2 in MeOH, 1 dm cell) and -2.3+0.1° (c 4.6), respectively. Further studies on the optical 
purity of these enantiomers are in progress, but, on the basis of the foregoing lalp values, the two most 
laevorotatory cyclophosphamide samples reported in Table | are calculated to contain 83 and 91%, 
respectively, of the (-)-isomer. 

The enantiomers of cyclophosphamide were tested (two-fold dose spacing) against the ADJ/PC6 plasma 


cell tumour in mice (6) (Table 2) 





Table 2 


PC6 Tumour Test Results 


LD. IDo9 Therapeutic index (LDS / 1D) 


(mg/Kg) — (mg/Kg) 
(+)-cyclophosphamide 365 5.3 68.9 
(-)-cyclophosphamide 365 ‘ 128.1 


Racemic cyclophosphamide . 93.0 





The (-)-isomer is considerably more effective (lower IDg9) in killing the tumour cells in this test 
system than is the (+)-isomer. Preliminary experiments using a bioassay technique (2) showed that 
the (-)-isomer had greater toxicity towards tumour cells in tests involving in vitro incubation of TLX 5 
cells with the drug in the presence of a microsomal activating system and subsequent injection into mice. 
Measurement of the inhibition of growth of Walker ascites cells in culture after microsomal activation of 
the drugs (7) showed that when metabolism of the racemate and the (+)- and (-)- forms was 98% complete, 


the metabolic products were of equal toxicity (8). 
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The metabolism of the racemic, (+)- and (-)- forms of cyclophosphamide was monitored by 
quantitating the unchanged drug by stable isotope dilution-mass spectrometry (9) using racemic 
cyclophosphamide-4,5,6-dg as internal standard. The initial rates for the three forms were virtually 
identical, as was the extent of metabolism (45%) after 15 minutes. 

The rates and patterns of metabolism of the enantiomers of cyclophosphamide are being further 
investigated in relation to an assessment of the clinical implications of differential metabolism and the 


correlation between these rates and anti-tumour activity in experimental animals. It has long been known 


(10) that the enantiomers of drugs having a dissymmetric structure may show marked differences in biological 


activity and that certain enantiomers undergo different metabolic transformations (11). 

Assessment of the differential metabolism of the enantiomers in racemic cyclophosphamide on the basis 
of optical rotation data requires milligram quantities of carefully purified material. We are presently 
investigating an alternative approach involving microgram quantities and analysis by mass spectrometry 
utilising racemic cyclophosphamide in which one enantiomer is labelled with deuterium. A variety of 


deuterated derivatives of cyclophosphamide is now available (4, 9,12, 13). 
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APPLICATION AND INTERPRETATION OF KINETIC ANALYSES 
FROM THE MICROSOMAL DRUG METABOLIZING OXYGENASES 


WERNER LENK 


Pharmakologisches Institut der Universitit Miinchen, D-8000 Miinchen 2, Nussbaumstrasse 26 


Dedicated to Prof. Dr. Manfred Kiese on the occasion of his 65th birthday 


1. Kinetic constants 

Ll. Kyg and Viyax. Application of kinetic analysis 
to drug metabolism has created a need for the intro- 
duction of new expressions which are of practical 
value for both, those who have a fundamental interest 
in drug metabolism and those who just want to 
employ the kinetic tools available to solve their par- 
ticular problems. Therefore, besides the classical kin- 
etic constants V,,x, Ky, and K, the spectral dissocia- 
tion constants A,,, or A O.D.,,, and Ks and the 
I5o-value have been introduced. 

The attempt of determining Vj, and Ky of special 
metabolic pathways of various (drug) substrates by 
employing suspensions of microsomal membranes as 
the enzyme source and various xenobiotics as sub- 
strates of lipophilic character raises the question of 


a generalized applicability of equations derived for 


purified, soluble systems for a multicomponent 
enzyme system ‘buried’ in a membrane (see 5, Limi- 
tations of Applicability) and creates special problems 
which are discussed in 4, Essentials for Kinetic Analy- 
SiS. 

With one exception [1], however, the observed 
enzyme activities, like for example, O- and N-dealkyl- 
ation, C-oxygenation of aromatic nuclei, of cycloali- 
pathic and alipathic compounds, N- and S-oxygena- 
tion could be analyzed by employing equations based 
on the Michaelis-Menten theory of enzyme action 
[2]. Nevertheless, numerical values for Vj... Ky, and 
K, should not be taken as absolute, since among 
other reasons, they are found to vary occasionally 
from one laboratory to the other. Considering the 
relative significance of the numerical values, most 
authors have preferred to use the expressions app. 
Vnax and app. Ky. 

Vnax then, which is usually expressed in nmoles or 
‘pmoles of an oxygenation product formed per min 
per mg microsomal protein and rarely expressed in 
E(nzymatic.) U(nits), reflects the rate of breakdown 
of the enzyme-substrate complex after the insertion 
of oxygen has taken place and represents the maxi- 
mum velocity constant. Ky, the Michaelis constant, 





Abbreviations: PB = phenobarbital (C.A.,  5-ethyl-5- 
phenyl-2,4,6-(1H,3H,5H)-pyrimidinetrione); | 3-MCh = 3- 
methylcholanthrene (C.A., 1,2-dihydro-3-methyl-benz(j)- 
aceanthrylene): 3-MMAB = 3-methyl-4-methyl-aminoazo- 
benzene (C.A., N,2-dimethyl-4-(phenylazo)-benzenamin): 
SKF 525-A (C.A., %-phenyl-z-propyl-benzeneacetic acid 
2-(diethylamino)ethylester). 
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which is normally expressed in «M or mM can be 
looked at as the reciprocal affinity of the enzyme for 
the substrate in respect to a special metabolic path- 
way of the drug employed. Ky, is distinguished from 
Ks, the dissociation constant of the enzyme-substrate 
complex, which describes equilibrium conditions 
between enzyme, substrate, and enzyme-substrate 
complex. If the rate of breakdown of the complex 
into enzyme and oxygenated product(s) is so slow that 
it can be neglected, Ky becomes Ks. Furthermore, 
Ky, describes the ease with which the enzyme-sub- 
strate complex is formed, and it also represents the 
substrate concentration for which any observed oxy- 
genation velocity is one-half the maximal velocity. 
The aforementioned exception was reported by 
Nebert and Gelboin [1] who studied hydroxylation 
of benzo(a)pyrene by the microsomal fraction from 
hamster fetus cell cultures. They observed a linear 
dependence of the app. Ky, for benzo(a) pyrene hy- 
droxylation from microsomal enzyme concentration 
and explained this unusual result with an example 
of substrate depletion (Mutal Depletion System, see 
[3] due to binding of substrate to nonspecific com- 
ponents of the microsomal membranes. 

1.2. Cytochrome P-450 characteristics. On addition 
of various (drug) substrates to microsomal suspen- 
sions characteristic changes of the cytochrome P-450 
absorption are observed (among them: type I-, type 
II-, and the reverse type I-binding spectrum) which 
were assumed to reflect complex formation between 
(drug) substrate and the terminal oxygenase, until 
recently it was shown that the type I spectral change 
was rather due to an increase in electronegativity or 
polarity of the sixth heme ligand effected by type I 
substrates. (Drug) substrate and the properties of the 
microsomal enzyme source determine the type of the 
binding spectrum. Since the spectral changes depend 
upon the concentration of free substrate in microso- 
mal suspensions, and the reversibility of the complex 
formation has been demonstrated by washing exper- 
iments, Michaelis-Menten kinetics have been applied 
to measure maximal spectral changes (A,. or A 
O.D.nx) and the spectral dissociation constant Ks by 
plotting the reciprocal spectral changes versus reci- 
procal substrate concentrations. 

A comparison of the spectral changes obtained with 
aminopyrine, hexobarbital, and aniline with the mic- 
rosomal N-demethylation of aminopyrine, the meta- 
bolism of hexobarbital, and the p-hydroxylation of 
aniline suggested that at least for type I drug sub- 
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strates spectral changes (expressed as Am, and Ks) 
parallel enzyme activity (expressed as Vx and Ky). 
However, a number of reports on N-demethylation 
of ethylmorphine, of (+)- and (—)-amphetamine and 
benzphetamine, of (+)- and (—)-propoxyphene, car- 
binoxamine and methorphane, and N-oxygenation of 
N-ethylaniline and N,N-dimethylaniline which have 
appeared since, have shown that either no binding 
spectrum was observed at all or no correlation 
between”“Ks and Ky or Am, and V,,, was found. 
Recent papers have drawn the attention of the investi- 
gators of drug metabolism to the often ignored fact 
that most drug substrates are oxygenated in various 
positions of the molecule, V,,,, and Ky being different 
for each ‘specific oxygenation reaction. In order: to 
find a correlation between Ks and Ky, the kinetic 
constants of all these oxygenations would have to be 
determined to find out which of these is correlated 
with the optical dissociation constants. This is not 
feasible presently, because, among other reasons, 
many of the primary oxygenation reactions of drug 
substrates are still unknown. Thus, the results which 
indicated a correlation between Ks and Ky seem to 
be rather accidental and not universally applicable. 


2. Estimation of the kinetic constants 


2.1. Vinax and Ky. The numerical values for Ky and 
Vinax are obtained from pairs of v (rate of a specific 
oxygenation) and S (Substrate concentration) either 
by graphical procedures or by computer programs 
(on the basis of regression analysis or iterative fitting, 
for which FORTRAN programs are available) using 
initial estimates for V,,, and Ky from graphical 
methods, as recommended by Wilkinson [4] or Cle- 
land [5]. 

Among graphical procedures, V,,, and Ky are 
determined by a direct linear plot of v versus S$ 
according to Eisenthal and Cornish-Bowden [6]. Dif- 
ferent lines are drawn each corresponding one obser- 
vation of v and S. These lines intersect at a common 
point, provided there exists a one enzyme-one sub- 
strate relation and the experimental error of all-v 
values is small. The coordinates of that point provide 
the values for V,,,, and Ky. If, for several reasons, 
there is no common intersection point, the co- 
ordinates of each intersection point are drawn and 
the median of each series of v and S values taken 
as the best estimate for V,,,, and Ky. Other graphical 
procedures include linear plots derived from transfor- 
mations of the Michaelis-Menten equation, among 
them Lineweaver-Burk plots, where 1/v is plotted 
versus 1/S, Hanes plots, where S/v is plotted versus 
S, or Hofstee plots, where v is plotted versus v/S. 

Plotting the experimental data according to Line- 
weaver-Burk is the most frequently used graphical 
procedure for determining V,,,, and Ky. Yet, it has 
some disadvantages which have been discussed by 
Dowd and Riggs [7]. It has been criticized that the 
experimental points are concentrated near the left- 
hand side of the graph and that the values of v for 
very small substrate concentrations, which often can- 
not be determined with the required accuracy, have 
such an important influence on the curve. The author 
has experienced that in certain cases Lineweaver- 
Burk plots are not sensitive enough to detect a slight, 
but nevertheless distinct curvature in the kinetic 
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curve, and this is certainly true for Hanes plots, as 
can be seen by comparing Fig. 1D with 1B or IC. 
Instead, plotting pairs of v and S according to Hofstee 
will give a more uniform distribution of the exper- 
imental points. The Hofstee plot is also recommended 
as a method for estimating h,,,. and Ky from 
unweighted points and in all cases when the error 
of v is large and constant, or large and variable, 
although a disadvantage is that any error in v will 
cause an oblique displacement of the corresponding 
point. However, in all cases where the kinetic data 
reveal a two enzyme-one substrate relation, the Hof- 
stee procedure of plotting experimental! data is super- 
ior over the Lineweaver—Burk procedure, because the 
kinetic constants of the two participating enzyme 
activities can be evaluated more accurately. This is 
illustrated by Figs. 1A, 1B, 1C, and 1D, which show 
kinetic curves obtained by plotting kinetic data from 
microsomal (q-1)-hydroxylation of 4-chloropro- 
pionanilide according to Eisenthal and Cornish- 
Bowden, Lineweaver—Burk, Hofstee and Hanes, 
respectively. 

2.2 Amax and Ks. The numerical values for Ajax 
or A ODanax, the maximal spectral change 
(Amax = AA (absorption) per mg of protein per ml 
suspension) and for Ks; (mM), the spectral dissocia- 
tion constant, have been estimated graphically by 
plotting pairs of A versus S according to Lineweaver— 
Burk or Hofstee. 

2.3. K, and Iso. If a competitive or a noncompeti- 
tive inhibition pattern is observed of a special oxy- 
genation reaction due to the interference of a second 
(drug) substrate, the inhibition constant K, can be 
estimated graphically according to Dixon by plotting 
1/v versus inhibitor concentration [I] at two different 
fixed substrate concentrations. The intersection point 
of the two linear kinetics on the left of the vertical 
axis provides the numerical value for K,. It can also 
be determined from the position of the intersection 
point of a series of lines each representing the oxy- 
genation rate at a fixed inhibitor concentration. 
Whereas K, is independent on substrate concen- 
tration, I5, describing the inhibitor concentration 
causing a reduction of enzyme activity by 50%, 
depends on the (drug) substrate whose special oxy- 
genation reaction is inhibited. The relationship 
between K, and Is) has been discussed in more 
details by Cheng and Prussoff [8], Tipton [9], and 
Chou [10]. 


3. Aims of kinetic analyses 

3.1. Abnormal graphical plots. Aims of kinetic ana- 
lyses are to study the functioning of enzymes under 
in vitro conditions, that is to establish a relation 
between the rate of any specific oxygenation of a 
(drug) substrate v and its concentration S. The kinetic 
constants which are obtained from pairs of v and S 
characterize both, the participating enzyme(s) as well 
as the specific metabolic pathway, provided the assay 
procedure is specific enough. The condition for estab- 
lishing a relationship is that drug oxygenation by 
microsomal cytochrome P-450 follows Michaelis: 
Menten theory of enzyme action. However, investiga- 
tion of drug metabolism in vitro is mostly not aimed 
at determining the absolute values of the kinetic con- 
stants (see 5.0) obtained with a particular substrate 
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Fig. 1A—-D. Kinetic curves for (w-1)-hydroxylation of 4-chloropropionanilide (the curve for w-hydroxyla- 
tion is not shown) obtained from pairs of v and S$ in a single experiment with hepatic microsomes 
from untreated rabbits are shown in figures 1A, 1B, 1C. and 1D. corresponding to plots by Eisenthal 
and Cornish-Bowden. Lineweaver-Burk, Hofstee, and Hanes, respectively. Kinetic analyses were per- 
formed with 3 mg microsomal protein per ml incubation fluid; the relationship between specific activity 
of w- and (w-1)-hydroxylation and microsomal protein content was linear under the conditions used 
for 1-4 mg of protein. v is expressed as nmoles of 4-chlorolactanilide formed per min per mg of 
microsomal protein. S in uM. 
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or enzyme preparation, but to estimate alterations in 
specific enzyme activities and affinities, as they are 
observed following a repeated administration of cer- 
tain drugs (induction processes), or if a second (drug) 
substrate modifies enzyme activity or (and) affinity 
by either activation or inhibition. 

Direct linear plots of vr versus S permit the detec- 
tion of allosteric or cooperative effects. Whereas in 
most cases the kinetic curve has a hyperbolic shape, 
in cases of allosterism or cooperativity, sigmoidicity 
of the curve is observed. When double reciprocal 
plots of vr and S (Lineweaver-Burk) were used to 
establish a relation between v and S, mostly a linear 
function was observed. Sometimes, however, kinetics 
have been obtained which were linear at low and 
curved downward at high substrate concentrations or 
linear at high and curved upward at low substrate 
concentrations.* Although there are many reasons for 
a curvature at high substrate concentrations, it was 
explained by most authors as an indication for the 
presence of a second enzyme acting on the same sub- 
strate (a two enzyme-one substrate relation) in micro- 
somal membranes. A variety of reasons may explain 
an upward curvature of Lineweaver-Burk plots at 
low substrate concentrations, they are: an irreversible 
binding of substrate to an inhibitor, further metaboli- 


zation of the oxygenation product, an interference of 


endogenous substrates of the microsomal membranes 
with oxygen binding, or a limitation in the diffusion 
of oxygen through the microsomal membranes. 

3.2. One enzyme or many? Application of two sub- 
strate kinetic analysis [11] to drug metabolism has 
contributed to settle the long-discussed problem, 
whether or not 3-MCh treatment causes qualitative 
changes of the cytochrome P-450 moiety, that is, the 
formation of a second enzyme system besides that 
which is present in normal livers. Two-substrate kin- 
etic analyses are performed to determine whether or 
not two similar oxygenation reactions are catalyzed 
by a single nonspecific oxygenase or by many specific 
oxygenases. Sladek and Mannering [12] performed 
two-substrate’ kinetics of N-demethylation with ethyl- 
morphine and 3-methyl-4-methylaminoazobenzene as 
substrates to determine whether PB-treatment or 
3-MCh-treatment of rats causes the enhanced forma- 
tion of the same or another oxygenating system in 
microsomal membranes (quantitative or qualitative 
differences). In the first part of the kinetic analysis 
the concentration of 3-MMAB was kept constant and 
that of ethylmorphine was varied. Formaldehyde for- 
mation from either substrate was used to determine 
the sum of both velocities. In the second part of the 
kinetic analysis the concentration of ethylmorphine 
was varied in the absence of 3-MMAB. When the 
reciprocal velocity of formaldehyde formation was 
plotted reciprocal ethylmorphine concen- 
tration, hyperbolic curves were obtained in the pres- 
ence of 3-MMAB with liver microsomes from un- 
treated and PB-treated rats, but not from 3-MCh- 
treated rats. These curves intersected a similarly plot- 
ted linear curve obtained in the absence of 3-MMAB 
if normal or PB-stimulated, but not when 3-MCh-sti- 
mulated liver microsomes were employed. With 


versus 





* Kinetics curved upward at high substrate, indicative 
of substrate inhibition, will not be discussed here. 
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3-MCh stimulated microsomes both kinetic curves 
did not intersect nor merge, an indication for the in- 
volvement of two different enzyme systems in the 
N-demethylation of ethylmorphine and 3-methyl-4- 
methylaminoazobenzene in 3-MCh-stimulated liver 
microsomes. 

Two-substrate kinetics of N-demethylation with 
morphine and ethylmorphine as substrates [13] have 
also contributed to understand alterations in enzyme 
activity due to repeated administration of PB, es- 
pecially to understand the classic issue of drug meta- 
bolism, whether only quantitative or qualitative 
changes occur in the drug metabolizing enzyme sys- 
tem after repeated administration of PB. 

3.3. Kinetic analysis and mechanism of oxygena- 
tion. Kinetic analysis can be an appropriate tool for 
analyzing and understanding the complex mechanism 
of drug oxygenation, if the rates of all descrete oxy- 
genation reactions of a substrate which really occur, 
are measured and not simply one. This is not feasible 
at present, because not all specific metabolic path- 
ways are known for that particular substrate under 
investigation and because it certainly is a time con- 
suming task to work out sensitive and specific assay 
procedures for the estimation and to estimate several 
different products at a time. Archakov et al. [14] and 
a few authors before have drawn the attention of the 
investigators of drug metabolism to the often neg- 
lected fact that most (drug) substrates are not metabo- 
lized by a single specific oxygenation reaction, but 
by a variety of distinct oxygenations, each generating 
a defined derivative of the substrate, and that the pri- 
mary oxygenation products may be further metabo- 
lized. N,N-dimethylaniline, for example, may serve as 
substrate for N-demethylation, N-oxygenation, and 
p-hydroxylation. In addition, N-methylaniline, N,N- 
dimethylaniline-N-oxide, and aniline being oxygena- 
tion products themselves, may also serve as substrates 
for further N-demethylation, N-oxygenation, or 
p-hydroxylation. Archakov et al. have found that in 
this complex reaction, where starting material, pri- 
mary and secondary metabolites can serve as sub- 
strates, all discrete oxygenations differ in \,,, and 
Ky. and that even for N,N-dimethylaniline as sub- 
strate the kinetic constants for the three specific oxy- 
genation reactions (N-demethylation, N-oxygenation, 
and p-hydroxylation) are different. Table | contains 
these results, and similar results were obtained from 
other authors with different substrates. 

When they measured the velocity with which mic- 
rosomal cytochrome P-450 is reduced by NADPH 
in the presence of N,N-dimethylaniline or amidopyr- 
ine and their oxygenation products, they found that 
N.N-dimethylaniline increased the reduction rate of 
the cytochrome P-450 complex, but that the N-de- 
methylation proceeded at a much higher rate than 
either N-oxygenation or p-hydroxylation, and that 
aniline, which decreased the rate of reduction was 
p-hydroxylated with the same velocity as N,N-di- 
methylaniline. These data allowed them to deduce 
that reduction of the cytochrome P-450-substrate com- 
plex is not the rate-limiting step in drug oxygenation. 


4. Essentials for kinetic analyses 
In the early experiments on mixed function oxy- 
genation the velocity of drug oxygenation was deter- 
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Table 1. 





J max 


(nmoles/min 
mg protein) 


app. K Mu 
(mM) 


Specific metabolic 


Enzyme source Substrate pathway References 





1-93 
0-75 
13-0 


0-128 
0-093 
33-0 


N-demethylation [15] 
N-oxygenation 


N-demethylation 


-dimethylaniline 
-dimethylaniline 
-dimethylaniline- 
»xide 
N,N-dimethylaniline 
N.N-dimethylaniline 
N.N-dimethylaniline- 

N-oxide 
N-methylaniline 

Aniline 

Aniline 

Aniline 

Amidopyrine 
Nor-amidopyrine 
4-aminophenazone 
4-Chloropropion- 
anilide 


Rat liver 
microsomes 


(0:66 
0:26 
70-0 


N-demethylation [14] 
p-hydroxylation 


N-demethylation 


Rat liver 
microsomes 


1,N 
iN 
1.N 
N- 
N 
N 


0-50 
0-14 
0-53 
5:8 
0-42 
0-62 
n.d. 
0-085 
0-466 = Ky, 
0-019 = K yy, 


N-demethylation 
p-hydroxylation 
p-hydroxylation 
N-hydroxylation 
N-demethylation 
N-demethylation 
N-demethylation 
co-hydroxylation 
(w-1)-hydroxylation { 


Rabbit liver 
microsomes 
Rat liver 
microsomes 5-4 
n.d. 
0-066 
1-256 = Vinax, 
0-686 = Vina. 
0-30 
0:32 


Rabbit liver 
microsomes 
['*C]Griseofulvin 4-O-demethy lation 
6-O-demethy lation 


Rat liver 
microsomes 





mined by measuring the oxygen consumption during 
the incubation period after it had been established 
that one oxygen atom of the O,-molecule is inserted 
in the substrate and the other is reduced and utilized 
as an acceptor for the protons released during the 
oxygenation cycle. A second method was to correlate 
the decline in NADPH concentration during the incu- 
bation period with drug oxygenation. Both methods 
are now obsolete, not only because of lack of speci- 
ficity, but also because oxygen as well as NADPH 
are also consumed in the absence of substrate as well 
as in the presence of such substrates as perfluoro-n- 
hexane, which stimulate NADPH oxidation but are 
not oxygenated themselves (so-called uncouplers). In 
both cases an accumulation of H,O, is observed 
which effects ia. lipid peroxidation. Kamataki and 
Kitagawa [19] have shown that lipid peroxidation 
can alter the kinetic constants of a variety of drug 
oxygenations and that addition of 100 uM EDTA 
effectively inhibits lipid peroxidation. However, addi- 
tion of EDTA was reported to decrease enzyme ac- 
tivities in few cases. 

Furthermore, NADPH may be metabolized by 
enzyme(s) residing in the microsomal fraction (nucleo- 
tide pyrophosphatase) which is prominent only in rat 
liver microsomes. 

Perfluoro-n-hexane was recognized as an uncoupler 
of mixed function oxygenation because attempts have 
failed to prove oxydative displacement of fluorine. 
Obviously, the C-F bonds in_perfluoro-n-hexane 
resisted the attack by the oxygenase. It is noteworthy 
that C-F bonds do not generally resist the attack 
by oxygenase. Gottlieb et al. [20] have shown that 
fiuorine is not only oxydatively displaced from aro- 
matic p-fluoro compounds, like p-fluorophenylaniline 
or 4-fluoroaniline, but also from alipathic compounds 
as trans-4-fluoroproline, which is catalyzed by proline 
hydroxylase from guinea pig granuloma minces. Thus 
proline hydroxylase, one of the mixed function oxy- 
genases, resembles other (aromatic) oxygenases in its 
mode of action. 


For determining the velocity of drug oxygenations 
today, most investigators chose the rate of formation 
of the oxygenated substrate, or if it is unstable as 
is the case with aromatic hydroxymethylether or hyd- 
roxymethyl-methylamines, with its decomposition 
products. 

4.1. Lack of sensitivity and specificity of the assay 
procedure. Some investigators have preferred to deter- 
mine the amount of formaldehyde produced from 
xenobiotics with more than one N-methyl group, like 
for example amidopyrine or N,N-dimethylaniline, in- 
stead of estimating the N-demethylation product(s), 
that would have been more specific. Because 3 moles 
of formaldehyde can be generated from amidopyrine, 
at least three different compounds may serve as sub- 
strates for N-demethylation, namely amidopyrine 
itself, Nor-amidopyrine, and 4-aminophenazone (des- 
dimethylamidopyrine), each being distinguishable in 
affinity (Ky) and reaction rate (V,,,.). This has been 
proved for the first and second stage of N-demethyla- 
tion of amidopyrine and the corresponding stages of 
N,N-dimethylaniline (see Table 1). 4-Amino-phena- 
zone may be further N-demethylated to 4-amino-1- 
phenyl-3-methyl-pyrazol-5-one, a biochemical reac- 
tion which was shown to proceed in vivo but has not 
yet been measured in vitro. Only few, because of lack 
of specific assay procedures, determined the residual 
substrate. This method, which suffers from a lack of 
specificity, has been applied for the metabolism of 
diphenylhydantoin, for the hydroxylation of benzo(a)- 
pyrene, and for the metabolism of hexobarbital. It 
was only recently that a more specific assay procedure 
has been introduced for the metabolism of hexobarbi- 
tal, which permits to measure the time course of hy- 
droxylation in 3’-position. The method of studying 
drug metabolism by measuring the rate of disappear- 
ance of substrate also suffers from a lack of specificity. 

It is therefore recommendable to find and use a 
sensitive and specific assay procedure which permits 
the determination of that product with sufficient ac- 
curacy, whose formation rate is to be measured. 
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4.2. Assay conditions 

4.2.1. Initial velocity. Chief factors which determine 
the initial velocity are: Enzyme concentration, 
expressed in mg of (microsomal) protein per ml incu- 
bation mixture, substrate concentration, pH, tempera- 
ture, the presence of a second substrate, the specific 
activity of the enzyme source (depending on the grade 
of induction of drug-metabolizing enzymes), and lipid 
peroxidation, which however, is species-dependent 
and is highest in rats. If the experimental conditions 
have been worked out under which the initial velocity 
of a special oxygenation reaction to be studied is 
linear by determining v versus t, v is then assayed 
on variation of S. Substrate concentrations to be used 
vary from 1/3 x Ky to 3 x Ky as recommended by 
Wilkinson [4] or 1/5 x Ky to 5 x Ky as recom- 
mended by Cleland [5]. 

4.2.2. Enzyme concentrations. Enzyme source. Some 
authors have observed higher oxygenation rates with 
the 9000 g supernatant fraction of liver homogenate 
as the enzyme source than with microsomes (105,000 
g pellet). However, since the 105,000 g supernatant 
contains a variety of enzymes for which the primary 
oxygenation products formed by microsomes are sub- 


strates. the determination of actual concentrations of 


primary oxygenation products with the 9000 g super- 
natant might be misleading, and the same holds for 
hepatocytes being employed as enzyme source. Investi- 
gators of microsomal enzyme kinetics have used 
microsomal protein concentrations of 1-4 mg per ml 
incubation fluid. Although it was recommended to 
choose 2 mg or less [28], a general recommendation 
concerning the protein concentration cannot be given 
at present. If a (drug) substrate is oxygenated in 


various positions of the molecule and the rates of 


all these or at least some of them are to be deter- 
mined, then one probably finds that the V,,,- as well 
as the Ky,-values vary considerably, so that with a 
given protein concentration of 1 mg per ml, the kin- 
etic data for a rapid oxygenation reaction could be 


determined, but not for a slow, because of lack of 


sensitivity of the assay procedure. In this case the 
experiments may be carried out with 2 or 3 mg ml, 
provided a linear relationship is established between 
the oxygenation rate and the concentration of micro- 
somal protein, that is, if the specific activity, expressed 
in gmoles or nmoles product formed per mg protein 
per minute, is independent on protein concentration. 
The finding that the specific activity of a special oxy- 
genation reaction is greater with | mg_ protein/ml 
than it is with 3 mg, reflects a limitation in the capa- 
city of the method of estimation due to an exhaustion 
of substrate or of the cofactors required for mixed 
function oxygenation. Investigators of kinetic analysis 
may experience pitfals if they compare specific activi- 
ties of different microsomal enzyme preparations, for 
example, controls versus PB- or 3-MCh-stimulated 
microsomes without having established this linearity 
with each specific preparation before. However, if the 


limitation is caused by the presence of inhibitors of 


NADPH-cytochrome c¢ reductase formed from 
NADPH by the action of an enzyme (pyrophospha- 
tase) present in rat liver microsomes, then a depen- 
dence of Ky, (NADPH) for benzo(a)pyrene hydroxyl- 
ation on protein concentration is observed. It was 
recommended therefore. that protein concentration 
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should not exceed 0-1 mg/m] [21]. In another case, 
the explanation for a linear relationship between the 
Ky, for benzo(a)pyrene hydroxylation, effected by the 
microsomal fraction of hamster fetus cell cultures, and 
the microsomal protein concentration was to assume 
nonspecific binding of substrate to nonspecific 
enzyme site(s) or other membrane components [1]. 

4.2.3. On the use of nicotinamide for measuring rate 
constants. In 1941 Mann and Quastel [22] detected 
that the breakdown of NADPH or NADP * in homo- 
genates of rat brain or rat liver due to the presence 
of a NADPH-nucleotidase, could be inhibited by the 
addition of 0-1°,, nicotinamide. Without to determine 
whether this additive affects drug oxygenation unless 
NADPH is the limiting factor in the incubation fluid, 
nicotinamide was added in the early experiments on 
mixed function oxygenation in concentrations ranging 
from 8 mM to 50 mM. Schenkman er al. [23] who 
studied the effect of nicotinamide on the rate con- 
stants for the N-demethylation of amidopyrine and 
p-hydroxylation of aniline with concentrations from 
5 to 50 mM, and Sasame and Gillette [24] who 
studied its effects on the rate constants for the N- 
demethylation of amidopyrine and ethylmorphine and 
p-hydroxylation of aniline with concentrations rang- 
ing from 6-6 mM to 40 mM, found that nicotinamide 
even in such low concentrations as 5 mM can alter 
the upp. Ky, for a substrate and give rise to an inhibi- 
tion pattern depending on the substrate and the 
enzyme source. In addition, Schenkman er al. found 
that the presence of 50 mM of nicotinamide did not 
significantly protect NADPH so that enzyme activity 
decreased during the incubation period. Cohen and 


Fstabrook [25] confirmed the inhibitory effect of 
nicotinamide on the N-demethylation of amidopyrine 
but demonstrated the stabilizing effect of 10 mM 
nicotinamide on the concentration of NADPH in the 


NADPH-regenerating system. The presence of 10 
mM nicotinamide in microsome suspensions prepared 
from the livers of rats enabled them to measure initial 
rates of N-demethylation. Parli and Mannering [26] 
studying the N-dealkylation of morphine, ethylmor- 
phine, 3-MMAB, and SKF 525-A employing rat liver 
microsomes and concentrations of 4 and 50 mM nico- 
tinamide, found some inhibition of the N-dealkylation 
of 3-MMAB and SKF 525-A as substrates even with 
the lowest concentration of nicotinamide. However, 
the effect of 12 mM nicotinamide on the w- and (w-1)- 
oxygenation of 4-chloropropionanilide by PB-stimu- 
lated rabbit liver microsomes appears complex: 
whereas (-1)-oxygenation is slightly inhibited, «- 
oxygenation is activated [17]. Netter and Illing [27] 
who studied NADH oxidation rates with rat liver 
microsomes confirmed the results of Cohen and Esta- 
brook that nicotinamide is necessary to maintain a 
constant level of NADPH but that the lowest effective 
concentration was 0-4 mM. Evidence has been pre- 
sented by several authors that nucleotide pyrophos- 
phatase is far less active in corresponding enzyme 
preparations from rabbits, guinea pigs, dogs, or mice 
as it is in rats, so that a generalized employment of 
nicotinamide does not seem necessary nor desirable. 

4.2.4. Substrate concentration. Some investigators 
have used a relatively short range of substrate con- 
centrations (25-100 4M for example) to estimate the 
kinetic constants as if they could be certain that only 
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one enzyme is involved in that specific oxygenation 
reaction studied. This certainty, however, does not 
exist if the microsomal fraction or the 9900g super- 
natant fraction of liver or adrenal cortex homogenate 
is used as enzyme source in oxygenation reactions. 
Short range plots may show linearity, but if it is only 
a part of a curved kinetic, it would have little mean- 
ing; if only a short range of low substrate concen- 
trations is used, the part of the kinetic where substrate 
activation (due to the action of a second enzyme) is 
likely to be observed and which then may be curved 
downward, is missing. It may also be difficult to 
detect the true shape of a kinetic curve with short 
range plots, for, if its curvature is only small, it would 
not be detected. 

Although the lower limit of the substrate concen- 
tration normally is the sensitivity of the assay method, 
the postulate of the Michaelis-Menten theory holds. 
that even at low S values the concentration of sub- 
strate should be much higher than that of the enzyme 
in order to enable still the formation of the enzyme 
substrate complex, otherwise too small values for v 
are obtained. 

The upper limit of substrate concentration usually 
is the solubility and (or) the homogenous distribution 
of the substrate in the incubation mixture. As one 
is dealing mostly with lipophilic organic molecules. 


their solubility in aqueous systems is limited, and at 
high concentrations the problem of an even distribu- | 


tion may arise. 

Factors which affect an even distribution of sub- 
strate in the incubation mixture are the shaking rate 
of the flasks and agitation, whose efficiency may be 


increased by the addition of glass marbles [28]. but 
also the properties of the enzyme source, for example 
of microsomal preparations. It was observed by the 
author that the distribution of substrate was much 
better in suspensions with PB-stimulated than with 


controls or 3-MCh-stimulated rabbit liver micro- 
somes, probably due to the increased content of phos- 
pholipids in this enzyme source. However. a high 
shaking rate is not only required for an even distribu- 
tion of substrate, but also to improve oxygen supply 
in those monooxygenations, in which the velocity in- 
creases with increasing substrate concentration. 
4.2.5. Standardisation. Investigators using enzyme 
preparations from laboratory animals for their kinetic 
studies should try to perform kinetic analyses under 
standardised conditions, that is, beginning with age 
and sex of the animals (sex differences are relevant 
only in rats and mice), the preparation of the enzyme 
source and the performance of the assay itself should 
be carried out always in the same manner within the 
same time period. If this is ignored, results within 
one series of experiments as well as. results from 
various laboratories cannot be compared. The con- 
siderable variation of the kinetic constants among dif- 
ferent laboratories, for example. the variation of Ky 
for aniline p-hydroxylation (140-200 uM) or of Ky, 
for benzo(a)pyrene hydroxylation (2°95—-60-6 4M) may, 
at least, partly be due to the lack of uniformity of 
assay performance. The requirement of standardisa- 
tion not only for the experiments, but also for feeding, 
holding and inducing the animals stems from our 
present knowledge on the alterations of Vina, and Ky 
during postnatal development and maturation in 


1003 


laboratory animals, on changing the periods of feed- 
ing (starvation) and the diet, on differences in the kin- 
etic constants between male and female rats and mice, 
on differences in enzymic activity within 24 hr (circa- 
dian rhythms) and within a year (seasonal rhythms), 
and on the decrease of some, but not all enzyme ac- 
tivities during storage at low temperatures. 


5. Limitation of applicability 

5.1. Composition of microsomal enzymic complex. If 
the microsomal fraction (105.000 g sediment) or the 
9900 g supernatant fraction of liver or kidney cortex 
homogenate prepared from various vertebrata is used 
as enzyme source for studying mixed oxygenation in 
vitro, one should be aware of the heterogeneity of 
the enzyme system one is dealing with. Hepatic mic- 
rosomes are artefacts that are formed by destruction 
of the endoplasmic reticulum and are composed of 
rough and smooth microsomes as well as fragments 
from the cell membrane, of lysosomes and _ peroxi- 
somes, and they are probably contaminated from 
membranes from the Golgi apparatus, plasma mem- 
brane. and disrupted mitochondria. The microsomal 
fraction is composed of phospholipids, protein, 
hemin, steroids, and ribonucleic acid, and their par- 
ticle size is 60-200 yum in diameter. Microsomes have 
been shown .to contain not only the components of 
the electron transport chains for mixed function oxy- 
genase system with the oxygen-activating terminal 
oxygenase cytochrome P-450 integrated in a mem- 
brane, but also enzymes with hydrate epoxides, 
dehydrogenate certain carbinols, reduce ketones, nitro 
compounds, N-hydroxy derivatives of aryl- or alkyl- 
amines or N-arylacetamides, and azo compounds, 
deacylate esters or amides (esterases), and glucuroni- 
date amines, phenols, alcohols, hydroxamic and car- 
boxylic acids. In addition, microsomes contain en- 
zymes, such as glucose-6-phosphatase, NADH-semi- 
dehydroascorbate-oxidoreductase, and 3-ketosteroid- 
A*-dehydrogenase which are not directly involved in 
mixed function oxygenation. A variety of soluble 
enzymes have been shown to reside in the 105,000 g 
supernatant fraction, so that the number of enzyme 
components is still much higher in such preparations, 
if the 9900 g supernatant is used as the enzyme source. 

5.2. Problem of kinetic constants measurements with 
non-purified enzymes. What do kinetic constants really 
mean if they have been obtained not from single, puri- 
fied enzyme entities in solution, but from unsoluble 
membrane-bound multicomponent enzyme systems? 
Can the observed activities be analyzed and described 
by the use of Michaelis-Menten equations derived for 
single, soluble purified enzymes? 

It was argued that not the absolute value of the 
kinetic constants is relevant, but that they can serve 
only as indicators of changes in enzyme activity, not 
definers of change. If for example, alterations of 
enzyme activity are observed due to various induction 
processes or due to activation or inhibition by the 
interference of a second drug. then characteristic 
changes of the kinetic constants are observed. Thus, 
Ky, can merely reflect a rate limiting step, but it is 
interesting to know when a rate limiting step is shifted 
from one reaction site to another [29]. 

5.3. Immobilized enzymes as a model. Recent exper- 
iments on the kinetic behaviour of enzymes immobi- 
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lized in artificial membranes have elucidated some of 
the rules which control heterogeneous enzyme kin- 
etics. Results obtained with such systems can serve 
as a model for analyzing the kinetic behaviour of the 
multicomponent enzyme system present in micro- 
somes. 

Boguslaski et al. [30] using urease integrated into 
a membrane, analyzed the factors which determine 
rate constants. They found that the formation of the 
enzyme-substrate complex is complicated by inter- 
phase diffusion and mass transport of reactants and 
products, and that a critical factor is the thickness 
of the membrane. Three models were designed to test 
the influence of diffusion and mass transport on the 
rate constant: a membrane covered sensor, a mem- 
-brane separating two solutions of different concen- 
tration, and a membrane immersed into a solution. 
Among them, the immersed membrane seemed to be 
the most promising and widely applicable for the 
determination of rate constants. 

Sundaram et al. [31] discussed five main reasons 
why. enzymes in solution behave differently as com- 
pared to those attached to solid supports: since kin- 
etic behaviour depends on enzyme conformation, free 
enzymes in solution may undergo conformational 
changes, whereas solid-supports may be hindered 
more or less, depending on the chemical nature of 
the membrane. The formation rate of the enzyme- 
substrate complex depends on the dielectric constant 
of the medium, for the concentration in the environ- 
ment of a membrane-bound enzyme is different from 
that of a free enzyme. There will be partitioning of 
the substrate between the solution and the mem- 
brane: the concentration of substrate in the vicinity 
of the membrane-bound enzyme may be different 
from that of the free enzyme in solution. Diffusion 
may play an important role for the reaction within 
the membranes: reactions in which free enzymes in 
solution are involved are usually not diffusion con- 
trolled. However, if the thickness of the membrane 
is lower than | mm, or if the reaction is very slow, 
diffusion will not be the rate-limiting step. At low 
substrate concentrations, reaction rates will be less 
for the immobilized enzyme, if the substrate is less 
soluble in the membrane than in solution, and, 
besides, app. Ky will be greater. Conversely, if the 
substrate is more soluble in the membrane, reaction 
rates will be greater and the app. Ky smaller. 

5.4. Differences between membrane-bound and soluble 
enzymes. Hervagault et al. [32] studied the kinetic 
behaviour of two enzymes, xanthine oxidase and uri- 
case, both in solution and when bound to a protein 
membrane. As substrate served xanthine, a competi- 
tive inhibitor of uricase, for which uric acid, formed 
by the action of xanthine oxidase, is a substrate. Uric 
acid is transformed by uricase into allantoin. Exper- 
iments on the kinetic behaviour of uricase in solution 
and immobilized in a membrane were first performed 
in the absence of xanthine oxidase with increasing 
amounts of xanthine. It turned out that the immobi- 
lized uricase was less sensitive to inhibition by xan- 
thine than the free enzyme in solution. The effect of 
a second enzyme was investigated in the presence of 
‘xanthine oxidase in the membrane. Whereas the in- 
stantaneous activity of uricase in solution was deter- 
mined only by the concentration of substrate and in- 
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hibitor, the activity of membrane-bound uricase was 
additionally determined by local concentrations of 
substrate and inhibitor, modulated by the second 
enzyme. When the effect of the concentration of the 
second enzyme in the membrane on uricase activity 
was studied, it turned out that, above a critical con- 
centration of xanthine oxidase, uricase activity was 
higher in the presence of the inhibitor xanthine than 
without it due to the modulation of the concen- 
trations inside the ‘tertiary structure’ of the mem- 
brane. Due to modulation of the relative concen- 
trations of substrate and metabolites inside the mem- 
brane is the fact that, provided the concentration of 
xanthine oxidase is high enough, the activity of the 
membrane-bound uricase is higher than that of the 
free enzyme in the bulk solution. 

5.5. Application. A comparison of the kinetic 
properties of free enzymes in solution with that of 
the immobilized bienzyme system showed that, at 
least for a fixed ratio of xanthine oxidase to uricase, 
the maximum enzyme activities are the same in both 
cases. It was due to the high initial velocity of the 
bienzyme that during the first 2 hr three times more 
allantoin was formed than by the free enzymes in 
solution. 

The thickness of the microsomal membrane is far 
below the critical value, and the immersed mem- 
branes were recognized as an appropriate model to 
eliminate interphase diffusion and the transport of 
reactants and metabolites as the rate-limiting step. As 
for enzyme conformation, evidence has been pre- 
sented that among others, a binding site exists in mic- 
rosomal membranes which displays a sigmoidal be- 
haviour on binding (drug) substrates [33]. This is in 
agreement with the findings of Hlavica [34,35] that 
conformational changes of the CO-sensitive cyto- 
chrome P-450 may play an.important role in the 
N-oxygenation of aniline or N,N-dimethylaniline by 
rabbit liver microsomes. Thus, conformational 
changes of the enzymes effecting mixed function oxy- 
genation do not seem to be hindered by integration 
into a protein membrane. 

Although there is no conclusive evidence today that 
the observed kinetic constants (app. Vanax, app. Km) 
reflect the actual kinetic behaviour of the enzymes 
participating in mixed function oxygenation, the 
results of the aforementioned papers suggest that mic- 
rosomal membranes constitute a system applicable 
for the determination of rate constants. 
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Abstract—To substantiate the binding of quinidine in human sera and predict variations of binding, 
dissociation constants and number of binding sites were determined for separate serum proteins. Human 
sera were fractionated by gel filtration and ultracentrifugation, and binding was evaluated by equilib- 
rium dialysis at pH 7-30 at 20° and 37° in a Krebs-Ringer phosphate buffer. Quinidine was bound 
to all serum lipoproteins and to serum albumin. The binding was influenced by the buffer composition. 
In sodium phosphate buffer there were two separate binding sites for quinidine on LDI. and HDL, 
while there was only one detectable binding site on VLDL and HDL in a Krebs-Ringer phosphate 
buffer. On LDL also there appeared to be one binding site but it exhibited a positive cooperative 
binding effect at lower concentrations of quinidine. This effect was assumed to be caused by inorganic 
ions of the Krebs-Ringer phosphate buffer. At a therapeutic level of quinidine in normal human 
serum the concentration of quinidine bound to serum proteins was 1-062 x 10°°M. Calculated from 
the evaluated binding parameters VLDL contributed with 0-101 x 10°°M of this binding, LDL with 


0-143 x 10°° M. HDL with 0-083 x 10°°M and albumin with 0-699 x 10°°M. 


When evaluating the interaction between ligand and 
macromolecules the results can be influenced by the 
method, pH, electrolytes, protein conformation and 
concentration. To state that experimental binding 
with isolated protein preparations has direct rele- 
vance for native serum, the total binding produced 
by the separate protein fractions should be compared 
with the binding obtained with whole serum. 

Serum protein binding of the antiarrhythmic agent 
quinidine exhibits great interindividual variability 
[1.2]. The variability of binding seems not to be 
related to the concentration of serum albumin pres- 
ent. The causes of the variable binding are unknown. 
To approach this problem, the binding of quinidine 
to some of the different serum proteins was investi- 
gated qualitatively. From these observations serum 
albumin [3.4] and high and low density serum lipo- 
proteins [4] appeared to be responsible for the 
greater part, but not the total of quinidine bound 
in human serum. when estimated in a sodium phos- 
phate buffer. Earlier observations indicated that very 
low density lipoproteins may also be important quini- 
dine binding molecules in human serum [4] as well 
as in rat serum [5]. However, the binding parameters 
of the quinidine-albumin complex differ depending 
on the buffer and the albumin preparation used [6]. 

The aim of this investigation was to quantitate the 
binding of quinidine to human serum albumin, chylo- 
microns, very low, low and high density lipoproteins 
in a more physiological buffer, the Krebs-Ringer 
phosphate buffer, to substantiate that these serum 
proteins actually explain the total binding of quini- 
dine in serum at therapeutic concentrations, and that 
the choice of buffer may also influence the binding 
of quinidine to lipoproteins. 


MATERIALS AND METHODS 


Serum. Serum was obtained from fasting healthy 
males, 27-35 yr of age. Blood was allowed to clot 
at room temperature (20°) for 2hr. Serum was 
obtained by centrifugation at 1100g for 30min at 
room temperature. Three different sera were pooled. 

Chemicals. Quinidine hydrochloride of a purity of 
96:7", was supplied by the Norwegian Drug Mono- 
poly, Oslo [5]. *H-labelled quinidine (sp. act. about 
500 mCi/m-mole) was supplied by Buchler & Co.. 
Braunschweig, W. Germany. The tritiated quinidine 
had identical R, values with the main spot of un- 
labelled quinidine when chromatographed in three 
separate solvent systems. 

Equilibrium dialysis. Equilibrium dialysis was _per- 
formed in Perspex“ cells with two chambers separ- 
ated by semipermeable membranes (Visking dialysis 
membranes 20/32). The serum or protein solution 
(500 yl) and the drug were added to one chamber and 
the buffer (500 yl) to the other. Serum was dialyzed 
against Krebs-Ringer bicarbonate buffer, pH 7-30 in 
an atmosphere of 5°, (v/v) carbon dioxide in air, and 
the protein fractions against Krebs-Ringer phosphate 
buffer, pH 7:30. The dialysis was usually run for 18 hr 
at 20 under standardized rotary shaking, although 
equilibrium was achieved within 6hr and remained 
unaltered during the next !2hr for all fractions in- 
volved; the lipoproteins, albumin and serum. The pH 
and protein concentration were determined before 
and after dialysis. The concentrations of quinidine 
were measured in both compartments after dialysis 
was completed. The protein concentration measured 
in serum after equilibrium dialysis was equal to that 
in the original serum, because the gassing of serum 
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with carbon dioxide prior to the equilibrium dialysis 
caused a slight evaporation of water which was 
balanced by the dilution during equilibrium dialysis. 

Protein binding calculation. To make a direct com- 
parison of the binding of quinidine to different pro- 
teins. the extent of binding should be related to the 
same concentration of unbound drug [5]. This could 
not be achieved in the dialysis cells because of the 
relatively small volume of buffer used. Therefore, the 
quinidine binding was expressed as [B]/[F] and 
[B| [F] x [P]: [B). LF] and [P] being the molar 
concentration of bound drug, unbound drug and pro- 
tein. respectively. Number of binding sites and disso- 
ciation constants for the drug-protein complexes were 
obtained by plotting the data according to Scatchard 


[7] as described earlier [6]. The concentration of 


6 


quinidine used was in the range 1:25 x 10 to 


40 x 10°4*M. 


Che protein binding of quinidine in a solution of 
protein molecules may be evaluated on the basis of 


the actual free concentration [F] of quinidine in two 
ways. One possibility is to use the number of binding 
sites (n) on the protein molecule and the dissociation 
constant (K) in the following equation [8]. 
“ i 
py = 0PL «LF 
K + [F] 

giving the molar concentration of quinidine bound. 
The molar concentration of quinidine bound may 
also be evaluated directly from the binding curve. The 
actual concentration of free quinidine may be pre- 
sented as a straight line through the origin in the 
Scatchard plot with the free concentration given as 
the slope (value of abscissa/value of ordinate) of the 
line [9]. The value on the abscissa corresponding to 
the intercept of the binding curve and the straight 
line representing the fixed concentration of free quini- 
dine gives the number of quinidine molecules bound 
per protein molecule. The molar concentration of 
quinidine bound in the solution was obtained by 
multiplying by the molar concentration of protein. 

Protein determination. Protein content was deter- 
mined by the method described by Lowry et al. [10]. 
using bovine serum albumin as a standard. The con- 
centration of lipoproteins was calculated on the 
assumption that the protein part of the lipoprotein 


20 


(apoprotein) occupies 4:3°,, (w/w) of the chylomicron. 
83°, (w/w) of the very low density lipoprotein, 22-7, 
(w/w) of the low density lipoprotein and 58-1°,, (w/w) 
of the high density lipoprotein molecules [11]. 

Quinidine determination. The activity of the *H-iso- 
tope was determined by liquid scintillation in a Pac- 
kard Tri-Carb spectrometer model 3330 operated at 
5S . 50 4d buffer or protein solution was added to 10 ml 
scintillation liquid as described earlier [5]. The count- 
ing efficiency was 28:5 per cent and was the same 
in the buffer and in the protein solution. 

Isolation of chylomicrons. Serum was centrifuged at 
12.200 rev/min (9800 g) and 4° for 30 min in a L2-65 
Beckman ultracentrifuge using a Ti-50 rotor. The 
floating chylomicrons were aspirated and layered un- 
der an equal volume of 0:15M sodium chloride and 
recentrifuged. The floating chylomicrons were then 
removed and emulsified in 0-15M sodium chloride 
and recentrifuged. The last washing procedure was 
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carried out until the infranatant was free from tur- 


bidity. 

Isolation of very low density lipoproteins (VLDL). 
After the removal of chylomicrons, the serum was 
centrifuged at 40,000 rev/min (105,000 g) and 4° for 
18 hr using a Ti-50 rotor. The VLDL present in the 
supernatant were removed and _ recentrifuged 
(105,000 g) at a density of 1:006g/ml for I8hr, to 
remove the remaining LDL. The VLDL fraction was 
then layered under an equal volume of 0:15 M sodium 
chloride and centrifuged at 9800g in the Ti-50 rotor 
for 30 min; remaining chylomicrons floated and were 
excluded. 

Isolation of low density lipoproteins (LDL). Solid 
potassium: bromide (18:39 mg/ml serum) was added 
to the serum from which chylomicrons and VLDL 
had been removed, to achieve a density of 1-019 g/ml. 
This solution was centrifuged for 18 hr as described 
earlier. The floating proteins, consisting mainly of 
VLDL. were excluded. 64-37 mg potassium bromide 
per ml was added to the remaining infranatant to 
increase the density to 1-063 g/ml. The solution was 
centrifuged at 40,000 rev/min and 4° for 22hr using 
the same equipment as before and the floating LDL 
were removed. 

Isolation of high density lipoproteins (HDL). The 
serum remaining after removal of the LDL was 
adjusted to a density of 1:195g/ml by adding 
211-:14mg potassium bromide per ml. This solution 
was centrifuged at 40,000 rev/min and 4° for 45 hr 
using the Ti-50 rotor, and the floating HDL fraction 
was removed. After centrifugation the individual lipo- 
protein fractions (about 20 ml) were dialyzed against 
three changes of 1000ml Krebs-Ringer phosphate 
buffer pH 7:30 at 4 for 24 hr. 

Isolation of serum albumin. The remaining serum 
protein solution (20ml) with density higher than 
1:195g/ml was dialyzed against three changes of 
1000 ml Krebs-Ringer phosphate buffer pH 7-30, and 
applied on a Sephadex G-200 column (100 x S5cm, 
A.B. Pharmacia, Uppsala. Sweden). and the serum 
albumin was eluted at 4 with Krebs-Ringer phos- 
phate buffer. pH 7:30. The albumin preparation was 
obtained from the last eluted protein peak as de- 
scribed earlier [6]. where the initial part of the pro- 
tein peak was discarded. to obtain an albumin prep- 
aration relatively free from other proteins. The purity 
of albumin was determined by polyacrylamide gel 
electrophoresis. Polymers of albumin were not assign- 
able, but traces of pre-albumin and transferrin were 
observed [5]. 

Solubility experiment. Three ml Krebs-Ringer phos- 
phate buffer pH 7-30, containing *H-labelled and un- 
labelled quinidine in concentrations ranging from 
1-25 x 10° to 4 x 10°*M, was added to an equal 
volume of chloroform in stoppered glass tubes. After 
mechanical shaking for 30 min at 20°, the two phases 
were allowed to separate for 60 min. 50 ul of each 
phase was taken for liquid scintillation counting. The 
chloroform phase was evaporated prior to addition 
of scintillation liquid (10 ml) to avoid quenching. 

Buffers. Krebs-Ringer phosphate buffer [12] pH 
7-30 or Krebs-Ringer bicarbonate buffer [12] pH 7-30 
was used as noted for the separate experiments. When 
Krebs-Ringer bicarbonate buffer was used, dialysis 
was performed in air with 5°, (v/v) carbon dioxide. 
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Table 1. Binding of quinidine* to isolated human serum lipoproteins, chylomicrons and albumin 





Protein and 
lipoprotein 
concentration 


of free 
quinidine 
Protein 


Concentration 


(M x 1075) 


Concentration 
of bound 
quinidine Binding ratiot 
({B)/[F]) 





0-96 
0-62 
0-67 
0°83 
0-72 


Chylomicrons 
VLDL 

LDL 

HDL 
Albumin 


0-041 (0:032-0-060) 
1-177 (1-158-1-201) 
0-955 (0:947-0-960) 
0-410 (0:397—-0-432) 
0-764 (0:761—0-768) 





* Initial concentration of | x 10°°M. 
+ Mean values and range of 3 experiments. 


RESULTS 


Binding of quinidine to chylomicrons, lipoproteins 
and albumin. Serum lipoproteins, chylomicrons and 
albumin were isolated as described in Methods. These 
protein preparations were used to estimate the bind- 
ing of quinidine by adding | x 10~* moles to the di- 
alysis cells, giving an initial concentration of 
1 x 10°°M. All proteins were dialyzed against a 
Krebs-Ringer phosphate buffer pH 7-30 prior to the 
equilibrium dialysis which was performed with the 
same buffer. The concentration of lipoproteins used 
was approximately twice that found in normal human 
sera [13] and albumin was present in a concentration 
half that in serum. As can be seen from Table 1, the 
extent of binding to lipoproteins was greater than to 
albumin when lipoprotein and albumin concen- 
trations were taken into account. The chylomicrons 
did not seem to be of any importance as quinidine 
binding molecules. 

The binding of quinidine to lipoproteins. The interac- 
tion of quinidine with the three classes of human 
serum lipoproteins, VLDL, LDL and HDL was deter- 
mined by equilibrium dialysis in a Krebs-Ringer 
phosphate buffer pH 7:30 with concentrations of 
quinidine ranging from 1-25 x 10°° to 40 x 10°*M 
and the results are shown in Figs. |, 2 and 3, plotted 
according to Scatchard [7]. Assuming one group of 
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Fig. 1. Scatchard plot showing the binding of quinidine 
to human serum very low density lipoproteins (VLDL) at 
20° in a Krebs-Ringer phosphate buffer pH 7-30, r being 
moles of quinidine bound per mole of lipoprotein and F 
the molar concentrations of unbound quinidine. Each 
point represents the mean value of duplicate experiments. 
The continuous line represents a computer plot drawn as 
a least square regression line with equal weight on each 
point. The concentration of VLDL after equilibrium dialy- 


sis was in the range (9:89-9:99) x 10°’ M. 
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Fig. 2. Scatchard plot showing the binding of quinidine 

to human serum low density lipoproteins (LDL). Each 

point represents the mean value of duplicate experiments. 

Conditions and designations are the same as those in Fig. 

1. The concentration of LDL after equilibrium dialysis was 
in the range (4-29-4-60) x 10°°M. 


binding sites, the dissociation constants and number 
of binding sites per molecule were calculated from 
these plots (Table 2). All the lipoproteins appeared 
to have one group of binding sites for quinidine in 
the concentration range investigated. The average 
molecular weights of VLDL, LDL and HDL were 
estimated to be 5:2 x 10°, 23 x 10° and 2:5 x 10°, 
respectively [11]. The binding site of LDL exhibited 
a positive cooperative binding effect at lower concen- 
trations of quinidine and the binding parameters 
given for quinidine in Table 2 are valid only when 
the concentration of free quinidine is more than 
2:5 x 10°°M ascan be seen from Fig. 2. To evaluate 
whether a physical distribution of quinidine to the 
lipid phase of the lipoproteins produced a similar 
curve as those observed, the distribution of quinidine 
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Fig. 3. Scatchard plot showing the binding of quinidine 

to human serum high density lipoproteins (HDL). Each 

point represents the mean value of duplicate experiments. 

Conditions and designations are the same as in Fig. 1. 

The concentration of HDL after equilibrium dialysis was 
in the range (2:34-2:51) x 107° M. 
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lable 2. Binding characteristics of quinidine with human 
serum lipoproteins and albumin* 


Number of 
binding sites 
molecule 


Dissociation 


Protein per constant (M) 


399- 


2 
3 
128-5 


VLDL (4) 
LDL (3) 
HDL (4) 
Albumin (3)* 
First bind- 


18-5 


O-OLL + 0-001 (6:94 + 0-9) x 10 


ing site 
Second bind- 
1:29 + 0-12 (680 + 0:6) x 10° * 


ing site 


Mean values + S.E.M. The number in parentheses is 
the number of separate experiments. 

The experimental results for albumin are taken from 
a previous investigation [6] 


between chloroform and Krebs-Ringer phosphate 
buffer pH 7-30 was examined. The result indicated a 
proportional distribution of quinidine between the 
two phases in this concentration range. 

Theoretical calculation. The concentration of bound 
quinidine in pooled normal human sera identical to 
those from which the protein fractions were separ- 
ated, was determined to be 1-062 x 10°°M ata total 
quinidine concentration in serum close to the 
accepted therapeutic range [15] (1-43 x 10°°M = 
Sg per ml). On the basis of the actual free con- 
centration of quinidine in’ this serum pool 
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(3-66 x 10°°M = 1-25yg per ml) the binding of 
quinidine to the separate proteins were calculated 
from the evaluated binding parameters for VLDL. 
HDL and albumin while the binding of quinidine to 
LDL was evaluated directly from the binding curve 
for LDL as described in Methods. The binding of 
quinidine to the pooled sera was determined experi- 
mentally in a Krebs-Ringer bicarbonate buffer pH 
7:30. The experimental and calculated data are pre- 
sented in Table 3. 

Influence of temperature. The effect of temperature 
on the binding of quinidine to human serum, lipopro- 
teins and albumin was investigated at 20° and 37°. 
The equilibrium dialysis was run for 9hr only, 
because the lipoprotein fraction exhibited a marked 
decrease in pH from 7-30 to 7:00 when the dialysis 
was continued for 18 hr at 37. A slight fall in pH 
from 7:30 to 7:25 was still observed after only 9 hr 
of dialysis. The pH of serum and albumin remained 
constant during the equilibrium dialysis at both tem- 
peratures. Table 4 demonstrates that an increase in 
temperature decreased the binding ratio of quinidine 
to all protein fractions. All fractions, except the lipo- 
proteins. demonstrated also a decreased binding ratio 
with increased concentration of quinidine in accord- 
ance with the law of mass action. 


DISCUSSION 
It has been shown previously that human high and 


low density lipoproteins bind quinidine extensively 
[4]. The present experiments establish that serum 


Theoretical calculations of the binding of quinidine to lipoproteins and albumin from normal 


human sera 





Protein 
concentration 
in serum* 


Protein (M) 


Unbound 
quinidine 
(M) 


Bound quinidine 
Experimental Calculated 
(M) (M) 





2-48 
1-9] 
1:20 x 
6°52 x 


1j-* 
iO * 
10 

10 * 


VLDL 

LDL 

HDL 

Albumin 

First binding site 
Second binding site 
All protein fractions 
Serum 


3-66 
3-66 
3-66 
3-66 


3-66 


“10 
10 
10 
10 


0-101 
0-143 
0-083 > 


(0-248 
0-45] 
1-026 


x 1O* 1-062 x 10 





*Mean values of the serum protein concentrations in healthy males [13]. 


Table 4. The influence of temperature 


on the protein binding of quinidine* 





Concen- 
tration 
ol 
1-25 


20 


protein} 


Protein (g/l) 


Concentration of quinidine 


4:00 x 10°*M 
37 


1-00 x >M 


37 


10 
20 





Serum 58-2 4-03(3-98-4-10) “39) 


Lipo- 
45 


eel 


0-92(0-90--0-93) 
0-98(0-96-0-99) 


0-8$2(0-8 1-083) 
(0-86(0-84-0-87) 


proteinst 


Albumin 


1-O01(1-00- 1-02) 
0-83(0-82-0-85) 


2-12(2-10-2-15) 0-97(0-95-0-98) 0-91(0-89-—-0-92) 


():74(0-73 
(0:46(0-45 


0-75) 
0-48) 


0-8 5(0-83 
0:75(0-74 


0-86) 
0:76) 


0-89(0-85-0-91) 
0-50(0-48-0-51) 





The binding to albumin and lipoproteins was performed in Krebs-Ringer phosphate buffer pH 


7-30, while the 


binding to serum was performed in Krebs-Ringer bicarbonate buffer of the same pH. Binding is presented as the 
ratio [B]/[F]. Results are given as mean values and range of three experiments. 

+ The lipoprotein fraction consist of lipoproteins with density <1-195 g/ml. 

t The lipoprotein concentration is related to the concentration of apoprotein. 
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very low density lipoproteins also participate in the 
binding of quinidine, while the chylomicrons are of 
less importance for the total binding. The albumin 
together with the serum lipoproteins are responsible 
for the quinidine that is bound in human serum. 

The binding parameters obtained with Krebs 
Ringer phosphate buffer should be considered to be 
more adequate when human serum is used as this 
buffer has an ion composition close to that of serum. 
Krebs-Ringer phosphate and bicarbonate buffers of 
the same pH produced identical binding of quinidine 
when measured by equilibrium dialysis. The present 
experiments with different serum proteins were per- 
formed with Krebs-Ringer phosphate buffer pH 7-30, 
while the binding parameters for high and low density 
lipoproteins were formerly [4] obtained with a 0-15 M 
sodium phosphate buffer at the same pH. The binding 
parameters for the lipoproteins determined in these 
two investigations, were similar with respect to the 
low affinity binding sites, but the high affinity sites 
for quinidine were not detectable when Krebs-Ringer 
phosphate buffer was used. This observation may be 
explained by an association between buffer ions, poss- 
ibly the chloride ions [6], present in the Krebs 
Ringer phosphate buffer and the lipoproteins, block- 
ing binding sites for quinidine or producing an allos- 
teric effect on the macromolecules. A similar modifi- 
cation of the binding parameters produced by inor- 
ganic anions and buffer was observed for the interac- 
tion between quinidine and albumin [6]. Furthermore 
the binding of acetyl-L-tryptophan and skatol with 
albumin was also reported to be influenced by halide 
or halide-like ions, the binding of the former being 
inhibited and the latter favoured [16]. The ions 
mainly affected the primary binding site for skatol. 

The binding parameters for the lipoproteins were 
calculated on the assumption of identical multiple 
binding sites for molecules within each group, and 
a possible difference in binding of subgroups [17-19] 
has not been examined. 

Low density lipoproteins exhibited an unexpected 
pattern, exhibiting increased binding with rising 
quinidine concentrations in the lower concentration 
range. A similar effect was reported [14] for the inter- 
action between tetracycline and serum lipoproteins. 
However, this interaction was assumed to be a result 
of a partition of tetracycline into the lipophilic por- 
tion of the lipoprotein molecule, rather than an as- 
sociation with binding sites. This is probably not 
valid for the quinidine-low density lipoprotein inter- 
action, because the distribution ratio for quinidine 
was constant in the chloroform-buffer system in con- 
trast to that observed for tetracycline. The present 
observation for quinidine could more likely be 
explained by a cooperative effect on the low density 
lipoprotein produced by quinidine in Krebs-Ringer 
phosphate buffer or by the buffer alone. A similar 
cooperativity is known for the binding of succinate 
to the native enzyme aspartic transcarbamylase 
(ATCase) [20]. It is also reported [21] that if the 
progesterone-AAG (z-acid glycoprotein) complexes 
are exposed to increasing concentrations of sodium 
chloride, the association constant rises proportionally 
to the salt concentration. The interaction of proges- 
teron-AAG is anticipated to be favoured energetically 
by sodium chloride which produces a more ordered 
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conformation of the protein [22]. With this back- 
ground and the fact that this cooperativity was not 
observed with the low density lipoproteins in sodium 
phosphate buffer [4], it can be assumed that the ad- 
ditional ions in a Krebs-Ringer phosphate buffer. 
possibly mainly the chloride ions, may produce simi- 
lar conformational alterations of the low density lipo- 
proteins making the binding of quinidine cooperative 
at low concentrations. Figure 2 demonstrates that the 
therapeutic level of quinidine in serum is within the 
range where cooperativity is present. 

An increase in temperature resulted in a fall in pro- 
tein binding of quinidine to serum, albumin and lipo- 
proteins. Our results were obtained at 20° and differ 
consequently from the ideal conditions at 37°. How- 
ever, the effect of temperature on the binding of quini- 
dine to the isolated albumin and lipoprotein fractions 
seemed to be about equal to the effect observed in 
serum. For this reason a comparison of quinidine 
binding to isolated protein fractions and serum at 20 
seems to be adequate even though the in vivo tem- 
perature is 37°. 

An interesting observation in Table 4 is that while 
serum and albumin obey the law of mass action, the 
lipoprotein fraction (d < 1-195 g/ml) does not. They 
actually demonstrated an increased binding when the 
concentration of quinidine was raised from 
1:25 x 10°°M to 1:00 x 10°°M. This is in accord- 
ance with the observation made on the isolated low 
density lipoproteins. Being the most important quini- 
dine binding molecules among the lipoproteins, they 
also bind quinidine with a cooperative effect at low 
concentrations of quinidine. This cooperative binding 
effect seems consequently to be dominant in the total 
lipoprotein fraction while the albumin, following the 
law of mass action, probably blurs this effect of the 
lipoproteins in serum. 

The albumin molecule possessed less than one pri- 
mary binding site per molecule. This may be due to 
endogenous substances such as free fatty acids or 
bilirubin tightly bound to the albumin molecule 
partially blocking the primary binding site. The 
ability of these substances to interact with the bind- 
ing of several drugs to albumin [23-28] is well 
known. 

The calculated values for the binding of quinidine 
in serum are based on the assumption that the bind- 
ing parameters obtained for the isolated proteins are 
valid for the different proteins when present in serum 
[4]. The lipoproteins contribute with 30-8 per cent 
and albumin with 65-8 per cent of the total protein 
binding in a normal human serum. This indicates that 
only 3-4 per cent of the quinidine in serum is bound 
to other serum proteins. The binding to lipoproteins 
may contribute even more to the total binding in 
common types of hyperlipoproteininemia where the 
concentration of VLDL and LDL are considerably 
increased. Even the normal values of plasma lipids 
and lipoproteins are known to vary depending on age, 
sex, environment, food and race [29]. When the total 
binding of quinidine to human serum proteins is to 
be evaluated, the plasma lipids and lipoproteins must 
be taken into consideration in addition to albumin. 
In general the binding of other compounds to lipo- 
proteins should be considered when serum protein 
binding is investigated. 
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Abstract—The effects of tetrahydropapaveroline (THP), salsolinol (SAL) and various hydroxylated and 
methoxylated tetrahydroprotoberberine (TH PB) alkaloids on monoamine oxidase (MAO) forms A and 
B in rat brain homogenates were investigated. The substrates utilized were serotonin, a specific substrate 
for type A MAO; tyramine, a substrate for both type A and B MAO; and benzylamine, a preferred 
substrate for type B MAO. The concentrations of THP, SAL, 2,3,9,10-tetrahydroxyberbine and 
2,3,10,11-tetrahydroxyberbine producing 50 per cent inhibition (I59) of the oxidation of serotonin were 
1.0mM, 0.25 mM, 0.24mM and 0.04mM, respectively. In marked contrast, the I5,9 concentrations 
of these alkaloids with benzylamine as substrate were 4.4 mM, 50 mM, 5.6 mM and 13 mM, respectively. 
These findings indicated that SAL and the tetrahydroxyberbines were substrate-preferred inhibitors 
of type A MAO whereas THP was a relatively nonspecific inhibitor of rat brain MAO. Kinetic data 
revealed that THP, SAL and 2,3,10,11-tetrahydroxyberbine inhibited the oxidation of serotonin in 
a typical competitive manner with apparent K; values of 0.82 mM, 0.11 mM and 0.05 mM, respectively. 
THP and SAL noncompetitively inhibited benzylamine oxidation with apparent K; values of 5.0mM 
and 52 mM, respectively, while 2,3,10,11-tetrahydroxyberbine competitively inhibited the oxidation of 
benzylamine with an apparent K; of 3.8mM. Sequential replacement of the hydroxyl groups at the 
2,3,9,10 and 11 positions of the berbine ring system by methoxyl groups substantially decreased the 
potency and selectivity of MAO inhibition. The interaction of these alkaloids with the metabolic path- 
ways of neurotransmitters suggests that these compounds may be of relevance in the modification 


of central synaptic function. 


Monoamine oxidase (MAO; monoamine: oxygen oxi- 
doreductase (deaminating) EC 1.4.3.4.) has a wide tis- 
sue distribution and is inhibited by a large number 
of diverse compounds. Compounds of the hydrazide, 
hydrazine, propargylamine, cyclopropylamine, f-car- 
boline, indolealkylamine and pyrimidine classes have 
been shown to be effective inhibitors of the enzyme 
[1, 2]. 

The multiplicity of monoamine oxidase has been 
rigorously investigated. Early studies demonstrated 
the separation of monoamine oxidases capable of 
metabolizing either aliphatic or aromatic mono- 
amines exclusively [3]. Liver MAO from various spe- 
cies was found to metabolize a homologous series of 
monoamines at differing maximal velocities [4]. 
Based on kinetic inhibition studies of the oxidative 
deamination of serotonin and tyramine, it was con- 
cluded that these two substrates were metabolized by 
enzyme variants of MAO [5]. Partial separation of 
two fractions from rat liver mitochondria with vary- 
ing MAO activities utilizing two substrates has been 
reported [6]. 

Some investigators have also postulated the exist- 
ence of multiple forms of MAO because several bands 
of enzyme activity were separated by polyacrylamide 
gel electrophoresis [7-12]. These electrophoretically 
separable forms of MAO were differentiated by their 
thermostability [10,11], substrate — specificities 
[7, 10,12] and inhibitor sensitivities [10,11]. Other 
studies, employing substrate-selective inhibitors, have 
contributed more information elucidating the multi- 


plicity of MAO. Utilizing the substrate selective in- 
hibitor clorgyline, Johnston [13] found that two forms 
of MAO (type A and type B) were present in rat 
brain. Clorgyline [14-16], Lilly-51641 [14] and har- 
maline [17] have been considered to be substrate 
selective inhibitors of MAO type A, while deprenyl 
[14, 15], imipramine [18], chlorpromazine [19], par- 
gyline [17] and desmethylimipramine [18] were 
shown to be more effective inhibitors of the B form 
of MAO. Substrate preferences for MAO type A and 
B have also been described. Serotonin [13, 16], nore- 
pinephrine [20] and normetanephrine [21] were con- 
sidered to be preferred substrates for MAO type A, 
while benzylamine [13, 16] and phenethylamine [15] 
were preferred substrates for MAO type B. Tyramine 
[13,16], dopamine [21] and tryptamine [21] were 
found to be substrates common to both enzyme 
forms. 

Yang and Neff [15] demonstrated that types A and 
B MAO enzyme activities could be partially separated 
by continuous sucrose density gradient centrifuga- 
tions. Additionally, McCauley and Racker were able 
to distinguish between types A and B MAO on the 
basis of differing antigenic properties [22]. The neural 
distribution of types A and B MAO has also received 
much attention. Equal proportions of types A and 
B MAO were found in various regions of brain [23]. 
Type A MAO was shown to be the predominant form 
in sympathetic nerves [24,25] and superior cervical 
ganglion [20, 26], while type B MAO was the major 
form associated with the cells of the pineal gland [26]. 
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Evidence has been accumulating indicating the 
capability of mammalian systems to elaborate alka- 
loids of the tetrahydroisoquinoline, benzyltetrahydro- 
isoquinoline and tetrahydroxyberbine classes under 
certain circumstances. Salsolinol, the condensation 
product of dopamine and acetaldehyde, has been 
demonstrated to form in rat liver and brain homo- 
genates during ethanol and dopamine metabolism 
[27]. Collins and Bigdeli [28] have also reported for- 
mation of salsolinol in brains of pyrogallol-treated 
rats during acute ethanol intoxication. The tetrahy- 
droisoquinoline alkaloids formed by direct condensa- 
tion of norepinephrine or epinephrine with acetalde- 
hyde have been demonstrated in acetaldehyde per- 
fused adrenal glands [28,29]. Biosynthesis of tetra- 
hydropapaveroline, a benzyltetrahydroisoquinoline 
alkaloid arising by condensation of dopamine with 
the aldehyde derivative of this parent amine, has been 
demonstrated in vitro [30-33] and in vivo in exper- 
imental animals [30] and in man [34]. It has been 
shown that tetrahydropapaveroline can be converted 
metabolically to tetrahydroprotoberberine alkaloids 
in rat liver and brain preparations by an S-adenosyl- 
methionine-dependent enzyme [35, 36]. Furthermore. 
tetrahydroprotoberberine alkaloids have been identi- 
fied as urinary excretion products in rats after 
administration of tetrahydropapaveroline and in par- 
kinsonian patients receiving L-dopa therapy [37]. 

These neuroamine-derived alkaloids exert diverse 
pharmacological activities [38-57]. Because of their 
structural similarity to the putative neurotransmitters, 
the alkaloids might be expected to inhibit enzymes 
that metabolize biogenic amines. Initial observations 
in our laboratory [58] indicated inhibitory effects of 
salsolinol and tetrahydropapaveroline on brain 
MAO. Therefore, the major thrust of this present in- 
vestigation was to examine the possible inhibitory 
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effects of various tetrahydroisoquinoline, benzyltetra- 
hydroisoquinoline and __ tetrahydroprotoberberine 
alkaloids on the multiple forms of rat brain mono- 
amine oxidase, types A and B. To lend further insight 
into the nature of inhibition produced by these neuro- 
amine-derived alkaloids, substrate-preferential inhibi- 
tion and kinetic parameters were also examined. 


MATERIALS AND METHODS 


Reagents. Serotonin creatinine sulfate and tyramine 
hydrochloride were purchased from Calbiochem, La 
Jolla, Calif. (+) Salsolinol hydrobromide, (+) tetra- 
hydropalmatine (2,3,9,10-tetramethoxyberbine) and 
benzylamine were purchased from Aldrich Chemical 
Company, Milwaukee, Wis. (+) Tetrahydropapavero- 
line hydrobromide was a gift from Wellcome 
Research Laboratories, Beckenham, Kent, England. 
Clorgyline (M and B 9302), N-methyl-N-propar- 
gyl-3-(2,4-dichlorophenoxy)-propylamine hydrochlo- 
ride, was supplied by May and Baker Ltd., Dagen- 
ham, England. Deprenyl (E-250), 1-phenyl-2-(N-meth- 
yl-N-propargyl)-aminopropane hydrochloride, was 
supplied by Dr. J. Knoll, Semmelweiss University, 
Budapest, Hungary. The radioactive chemicals, 5-hy- 
droxytryptamine binoxalate [2-'*C] and tyramine 
[1-'*C]hydrobromide, were purchased from New 
England Nuclear Corporation, Boston, Mass., and 
benzylamine [7-'*C]hydrochloride was obtained 
from California Bionuclear Corporation, Sun Valley, 
Calif. All other alkaloids (racemic mixtures) used in 
this study were synthesized in our laboratory. The 
purity and structure of these alkaloids were evaluated 
by liquid chromatography, gas chromatography and 
mass spectrometry. The structures of the inhibitor 
compounds used in this study are represented in Fig. 
l. 
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Fig. 1. Structures of inhibitors used. 





Inhibition of MAO by neuroamine-derived alkaloids 


Preparation of rat brain homogenates. Male albino 
Sprague-Dawley (TEX/SDD) rats from Texas Inbred 
Mice Company, Houston, Tex. were used. Rats 
weighing between 200-250g were decapitated. The 
brains were rapidly removed and rinsed in chilled 
0.1 M sodium phosphate buffer, pH 7.4. A 10°, (w/v) 
homogenate was prepared with twelve strokes of a 
teflon pestle in a glass homogenizer in ice-cold 0.1 M 
sodium phosphate buffer, pH 7.4. The resultant 
homogenate was used for all subsequent enzymatic 
assays. 

Monoamine oxidase assay. MAO activity was moni- 
tored by a radioisotopic assay as previously described 
[14]. Radiolabeled ['*C]serotonin, ['*C]tyramine 
and ['*C]benzylamine were used as substrates. The 
incubation mixtures consisted of 50 umoles sodium 
phosphate (pH 7.4), enzyme preparation (3—4 mg pro- 
tein), 0.5 zmoles of the particular ['*C]labeled sub- 
strate (sp. act. 0.1 wCi/umole), various concentrations 
of selected inhibitors and distilled water in a reaction 
volume of 1.0 ml. Reaction blanks contained no sub- 
strate during the incubation. Reaction mixtures were 
preincubated for 10min before addition of the sub- 
strate. Following a 30-min incubation at 37°, 0.3 ml 
of 2 N HCI was added to terminate the reaction. Sub- 
strate was then added to the blank reaction mixtures. 
The deaminated metabolites were extracted into 7 ml 
of toluene, 4-ml! aliquots of the organic layer were 
removed and counted in 11 ml of scintillation fluid. 
The liquid scintillation mixture consisted of 333 ml 
of Triton-X-100, 667 ml of toluene, 0.2 g of 1,4-bis-[2- 
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(5-phenyl-oxazolyl)]-benzene (POPOP) and 4g of 
2,5-diphenyloxazole (PPO). Radioactivity was deter- 
mined with a Packard Tri-Carb Spectrometer. MAO 
activity was expressed as a percentage of the control 
sample that contained no inhibitor. The percentage 
inhibition was then calculated and plotted against the 
negative log of inhibitor concentration. 

Determination of apparent K,, and K; values. Five 
substrate concentrations (covering a 20-35-fold range 
and not exceeding 7.0 x 10°* M), each in duplicate, 
were included for each determination of K,, with 
proper blanks maintained at the various concen- 
trations. The data were plotted in single reciprocal 
form as described by Hofstee [59]. K; values were 
calculated from averages of two inhibitor concen- 
trations. 

Protein determination. Protein concentrations rela- 
tive to bovine serum albumin standards were deter- 
mined by a biuret method [60]. 


RESULTS 


Substrate selective inhibition of MAO. Plots of per- 
centage inhibition of MAO activity with serotonin, 
tyramine and benzylamine as substrates vs concen- 
tration of various selected inhibitors are shown in Fig. 
2. A simple sigmoidal curve characterized clorgyline’s 
inhibition of serotonin oxidation by MAO, whereas 
a double sigmoidal curve (with a plateau) was 
obtained when tyramine was substrate. Since tyra- 
mine is assumed to be a substrate common to both 
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Fig. 2. Effects of various inhibitor compounds on rat brain MAO activity with 0.5mM _ serotonin 


), tyramine ( 


) or benzylamine ( 


) as substrates. 





1016 


forms of monoamine oxidase [13,16], the first por- 
tion of the double sigmoidal curve presumably rep- 
resents inhibition of MAO type A, and the second 
portion of the double sigmoidal curve indicates inhi- 
bition of MAO type B. Benzylamine oxidation was 
much less inhibited by clorgyline. Deprenyl, on the 
other hand, strongly inhibited the oxidation of 
benzylamine at concentrations which had little effect 
on the oxidation of serotonin. These results are in 
full agreement with the results reported by other in- 
vestigators [14-16] and provide the model for charac- 
terizing the substrate selective inhibitory actions of 
the various neuroamine-derived alkaloids studied. 

In experiments with serotonin or tyramine as 
substrates, the inhibition of MAO followed a simple 
sigmoidal curve where deamination was inhibited by 
a low concentration of 2,3,10,11-tetrahydroxyberbine, 
2,3,9,10-tetrahydroxyberbine and salsolinol. On the 
other hand, the oxidation of benzylamine was rela- 
tively insensitive to inhibition by these alkaloids. The 
order of the degree of substrate-selective inhibition 
was 2,3,10,11-tetrahydroxyberbine > salsolinol > 
2,3,9,10-tetrahydroxyberbine. The inhibition curves 
obtained with these alkaloids are comparable to the 
inhibition curves produced by the type A MAO sub- 
strate-selective inhibitor, clorgyline. In marked con- 
trast, the inhibition curves for tetrahydropapaveroline 
with the three substrates were characteristic of a non- 
substrate-selective inhibitor (Fig. 2). The I59 values 
derived from these data are shown in Table 1. The 
I59-benzylamine/I;,9-serotonin reveal that the order 
of preferred inhibition of type A MAO was clorgyline 
> 2,3,10,11-tetrahydroxyberbine >  salsolinol > 
2,3,9,10-tetrahydroxyberbine. Deprenyl was a selective 
inhibitor of type B MAO, whereas tetrahydropapa- 
veroline had little selectivity. 

Kinetics of enzyme inhibition. Since a representation 
of percentage inhibition vs inhibitor concentration 
(Fig. 2) may not accurately represent the binding 
affinities of these alkaloids for the different forms of 
monoamine oxidase, K,, and K; values were deter- 
mined as well as inhibition type from graphic repre- 
sentation of kinetic data as described by Hofstee [59]. 
Apparent Michaelis constants of serotonin and 
benzylamine for rat brain MAO were determined. 
Under our assay conditions the amount of product 
formed was linear with protein concentration within 
the range utilized and duplicate assay systems were 
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within 10°, of one another with respect to recovered 
radioactivity. 

The apparent K,, values for serotonin and benzyl- 
amine calculated from Hofstee plots were 
13+10x10°*M and 234+12x 10°*M, re- 
spectively. Michaelis constants of '*C-labeled sero- 
tonin for MAO were determined in the presence of 
THP, SAL or 2,3,10,11-tetrahydroxyberbine and it 
was found that these alkaloids inhibited the oxidation 
of serotonin in a classical competitive manner (Fig. 
3). The calculated apparent K; values for these alka- 
loids with serotonin as substrate were 0.82mM, 
0.11 mM and 0.05 mM, respectively (Table 2). 

Michaelis constants of '*C-labeled benzylamine for 
MAO were also determined in the presence of THP, 
SAL or 2,3,10,11-tetrahydroxyberbine. THP and SAL 
inhibited the oxidation of benzylamine in a typical 
non-competitive manner, while 2,3,10,11-tetrahydroxy- 
berbine competitively inhibited benzylamine oxi- 
dation with respective apparent K; values of 5.0mM, 
52mM and 3.8 mM (Fig. 4 and Table 2). The appar- 
ent K; values and the inhibition type obtained by 
graphic treatment (Figs. 3 and 4) of the data on the 
deamination of serotonin and benzylamine in the 
presence of THP, SAL and 2,3,10,11-tetrahydroxyber- 
bine are shown in Table 2. 

Inhibition of serotonin, tyramine and benzylamine 
oxidation by selected tetrahydroprotoberberine analogs. 
Since 2,3,10,11-tetrahydroxyberbine and 2,3,9,10-tetra- 
hydroxyberbine proved to be relatively potent in- 
hibitors of rat brain MAO and exhibited substrate 
preferential inhibitory effects, their structural analogs 
were examined with respect to these parameters. The 
effects of the sequential replacement of ring hydroxyl 
groups at the 2,3,9,10 or 11 positions by methoxyl 
groups are shown in Table 3. Both 2,3,9,10- and 
2,3,10,11-tetrahydroxyberbine exhibited — substrate- 
preferred inhibition of serotonin oxidation (MAO 
type A) compared to benzylamine oxidation (MAO 
type B). These compounds at | mM concentrations 
inhibited serotonin oxidation approximately 80°, 
while only approximately 12%, inhibition was ob- 
served when benzylamine was utilized as substrate. 
As seen with 2,3,1 1-trihydroxy-10-methoxyberbine and 
2,9-dihydroxy-3,10-dimethoxyberbine, the potency 
and also the selectivity of inhibition declined when one 
or two methoxyl groups were substituted for hydroxyl 
groups. The partially methoxylated derivatives, 


Table 1. Substrate-preference of selected monoamine oxidase inhibitors 
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Concentrations of inhibitor compound producing 50°, inhibition of the oxidation of the substrate by rat brain homo- 
genates were obtained from the curves of inhibitor concentration vs °,, inhibition of MAO. Assay conditions are described 


in text. 


* Ratio represents the concentration of a particular inhibitor producing 50°, inhibition of MAO utilizing benzylamine 
as substrate divided by concentration of the same inhibitor producing 50°, inhibition of MAO utilizing serotonin 


as substrate. 





Inhibition of MAO by neuroamine-derived alkaloids 
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Fig. 3. Hofstee single reciproca! plots depicting inhibition 

of MAO type A by differing concentrations of tetrahydro- 

papaveroline, salsolinol and 2,3,10,11-tetrahydroxyberbine 

with serotonin (5-HT) as the variable substrate. Velocity 

is expressed as nmoles serotonin oxidized/min/mg protein. 

The ordinate intercept is V,,.x, the abscissa intercept is 
Venax/Km and the slope is —K,. 
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2,3,11-trihydroxy-10-methoxyberbine and 2,9-dihyd- 
roxy-3,10-dimethoxyberbine, inhibited serotonin oxi- 
dation 45°, and 43°, and benzylamine oxidation by 
39%, and 21%, respectively, at a concentration of 
1 mM. Inhibitor potency further declined and lack of 
substrate-preferred inhibition was evident on replace- 
ment of three or four of the hydroxyl groups by meth- 
oxyl groups as exemplified by 2-hydroxy-3,10-11-tri- 
methoxyberbine and 2,3,10,11-tetramethoxyberbine. 


DISCUSSION 


Metabolism of the biogenic amines such as sero- 
tonin, norepinephrine and dopamine in brain tissue 
involves deamination by monoamine oxidase to the 
corresponding aldehydic derivatives [61,62]. The 
aldehyde formed may be oxidized to the correspond- 
ing acid via NAD*-dependent aldehyde dehydrogen- 
ases [63, 64] or reduced to the alcohol metabolite by 
NADPH or NADH-dependent aldehyde reductases 
[65, 66]. 

A further metabolic transformation of biogenic 
amines has been described by Holtz et al. [67]. These 
workers found that incubation of dopamine with 
guinea pig liver mitochondrial preparations of mono- 
amine oxidase led to the formation of tetrahydropa- 
paveroline (THP). THP is a_benzyltetrahydroiso- 
quinoline alkaloid formed by condensation of 3,4- 
dihydroxyphenylacetaldehyde with the unchanged 
parent amine. 

Additional studies have shown that tetrahydropa- 
paveroline may be metabolized by catechol-O-methy]- 
transferase to its corresponding methoxylated deriva- 
tives [58] or may be converted enzymatically to 
various tetrahydroprotoberberine alkaloids by a ben- 
zyltetrahydroisoquinoline methyltransferase [36, 37]. 
Tetrahydropapaveroline, _tetrahydroprotoberberines 
and salsolinol have been shown to be formed in mam- 
malian systems under certain circumstances [27-37]. 
Various studies have shown these alkaloids to possess 
differing pharmacological properties. Tetrahydropa- 
paveroline, for example, has been reported to have 
f-sympathomimetic properties and to produce hypo- 
tensive effects among other pharmacological actions 
[38-45]. The tetramethoxylated protoberberines pos- 
sess sedative, tranquilizing, and analgesic properties 


Table 2. Inhibition of serotonin and benzylamine oxidation by tetrahydropapaveroline, salsolinol 
and 2,3,10,11-tetrahydroxyberbine 





Substrate Inhibitor 


Inhibition Type* K; x 10°M 





Serotonin 
Serotonin 
Serotonin 
Benzylamine 
Benzylamine 
Benzylamine 


Tetrahydropapaveroline 
Salsolinol 
2,3,10,11-Tetrahydroxyberbine 
Tetrahydropapaveroline 
Salsolinol 
2,3,10,11-Tetrahydroxyberbine 


Competitive 0.82 
Competitive 0.11 
Competitive 0.05 
Non-competitive 5.0 
Non-competitive 52.0 
Competitive 3.8 





Rat brain homogenates were used for determination of the kinetic constants which were deter- 
mined from the graphic representation of the data as described in the text. All values are the 
average of three separate determinations performed in duplicate. Assay conditions are described 


in text. 


* Inhibition type was determined from the graphic representation of data described by Hofstee 


[59]. 
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Fig. 4. Hofstee single reciprocal plots depicting inhibition 

of MAO type B by differing concentrations of tetrahydro- 

papaveroline, salsolinol and 2,3,10,11-tetrahydroxyberbine 

utilizing benzylamine as the variable substrate. Velocity 

is expressed as nmoles benzylamine oxidized/min/mg pro- 

tein. The ordinate intercept is Vj... the abscissa intercept 
is Vax/K,, and the slope is —K,,. 


max 


[46-51]. Salsolinol and its structural analog, 6,7-di- 
hydroxytetrahydroisoquinoline, have been the target 
of many pharmacological studies as well. Representa- 
tive effects include vasoconstriction, synergistic action 
with epinephrine, inhibition of catecholamine uptake 
and enhanced release of catecholamines from storage 
sites [52-56]. Recent reports indicate that tetrahydro- 
papaveroline and certain tetrahydroprotoberberines 
inhibit catecholamine uptake in synaptosomal 
preparations [ 7]. 

This study demonstrates that tetrahydropapavero- 
line, salsolinol and tetrahydroprotoberberbines exert 
inhibitory effects upon rat brain monoamine oxidase. 
Johnston [13] suggested that there are two forms of 
MAO in rat brain designated as type A and type 
B based on an in vitro study. Apparently MAO type 
A and B have specific functions in brain. Type A 
MAO metabolizes the neurotransmitters serotonin, 


norepinephrine and normetanephrine, while type B 
MAO metabolizes compounds such as benzylamine 
and phenethylamine. 

The findings of experiments utilizing clorgyline as 
a substrate-preferred inhibitor of type A MAO and 
deprenyl as a substrate-preferred inhibitor of type B 
MAO are in accord with data obtained in other 
laboratories [13-16]. Additionally, our results indi- 
cate that SAL, 2,3,10,i1-tetrahydroxyberbine and 
2,3.9,10-tetrahydroxyberbine are substrate-preferred 
inhibitors of type A MAO. On the other hand, the 
inhibitory effects produced by THP showed very little 
substrate preference. Since I59 ratios are not a true 
indication of inhibitor binding affinities, apparent K; 
values for these alkaloids were used in assessing 
potency of the corresponding alkaloids as MAO in- 
hibitors. The calculated apparent K; values for the 
various alkaloids examined closely correlated to the 
I) values, indicating that the I;9 inhibitor values pro- 
vided a reasonable estimation of the inhibitor binding 
affinities (Tables 1 and 2). 

The present data indicate that the alkaloids, tetra- 
hydropapaveroline, salsolinol and 2,3,10,11-tetrahyd- 
roxyberbine, are competitive inhibitors of serotonin 
oxidation. Although derived from the catecholamines 
and retaining certain molecular characteristics of the 
catecholamines, the intramolecular geometry of these 
alkaloids closely approximates the indole structure of 
serotonin. The findings of Tabakoff et al. [68] suggest 
that separate interacting sites may exist in brain 
MAO of intact mitochondria for the binding of 
phenyl- or catechol-substituted amines and for those 
possessing an indole nucleus. Therefore, the substrate- 
selective inhibition of serotonin oxidation exhibited 
by these neuroamine-derived alkaloids may be attri- 
butable to their competition with the indoleamine 
metabolizing sites in brain tissue. 

Serotonin is generally accepted as a preferred sub- 
strate for brain MAO type A. The existence of a speci- 
fic enzyme site which readily accepts the serotonin 
molecule has been postulated [69]. Both the amino- 
nitrogen and the 5-hydroxyl moieties are evidently 
necessary for substrate binding. For example, 5-meth- 
oxytryptamine, is not preferentially metabolized by 
MAO type A but is utilized by MAO type B [70]. 
As a direct analogy to these reports, the presence of 
the free hydroxyl groups of the berbine molecule 
along with the close resemblance to the indole nuc- 
leus of serotonin may be responsible for the preferred 
inhibition of serotonin oxidation (MAO type A) com- 
pared to benzylamine oxidation (MAO type B). Thus, 
it was found that sequential replacement of the hy- 
droxyl groups at the 2,3,9,10 or 11 positions of the 
berbine ring system by methoxyl groups markedly 
attenuates the substrate selective inhibition as well 
as the potency of inhibition of MAO type A. Indeed, 
the completely methoxylated berbine, 2,3,9,10-tetra- 
methoxyberbine, exhibited modest substrate selective 
inhibition of MAO type B (Table 3). 

It has become evident that pharmacologic activity 
of alkaloid enantiomers may differ markedly, presum- 
ably due to steric requirements at ‘receptor sites’ 
[71-74]. Activity may reside solely in one optical 
isomer, Or One enantiomer may be inactive or even 
negate the actions of the other. Since the in vivo ela- 
boration of neuroamine-derived alkaloids may prefer- 
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Table 3. Inhibition of serotonin, tyramine and benzylamine oxidation by selected tetrahydroprotober- 
berine alkaloids 





*, Inhibition of MAO activity 
Substrate 





Inhibitor 


Serotonin Tyramine Benzylamine 





2,3,10,11-Tetrahydroxyberbine 

0.1 mM 

1.0 mM 
2,3,9,10-Tetrahydroxyberbine 

0.1 mM 

1.0mM 
2,3,11-Trihydroxy-10-methoxyberbine 

1.0mM 

2.5mM 
2,9-Dihydroxy-3,10-dimethoxyberbine 

1.0mM 

2.5mM 
2-Hydroxy-3,10,11-trimethoxyberbine 

1.0mM 

2.5 mM 
2,3,10,11-Tetramethoxyberbine 

2.5 mM 

5.0 mM 
2,3,9,10-Tetramethox yberbine 

2.5 mM 

5.0 mM 


55 
80 





Reaction mixture contained 50 zmoles sodium phosphate buffer (pH 7.4), enzyme preparation (3-4 mg 
protein), varying amounts of inhibitor, 0.5 moles of particular '*C-labeled substrate (sp. act. 0.1 Ci 
umole), distilled water to a total volume of 1 ml and incubated at 37° for 30 min. Deaminated metabo- 


lites were determined as described in text. 


entially result in generation of one specific optical 


isomer, the actual binding or dissociation constants 
of these alkaloids for enzyme systems or ‘receptor 
sites’ may vary according to the particular stereo- 
isomer generated. Only racemic mixtures of the 
representative alkaloids were available for use in these 
experiments. Resolution of the optical isomers of 
these alkaloids is now underway in our laboratory 
and stereoselectivity of the pharmacologic activity of 
these alkaloids is being evaluated. 

Although the K; values obtained with racemic mix- 
tures of the various alkaloids for MAO are in the 
millimolar range for benzylamine oxidation (MAO B), 
the corresponding K; values for serotonin oxidation 
(MAO A) are in the low millimolar range and in the 
micromolar range for 2,3,10,11-tetrahydroxyberbine. 
It is of interest to note that the inhibitor potency 
of 2,3,10,11-tetrahydroxyberbine exceeds that of the 
tricyclic antidepressants, imipramine, doxepin, iprin- 
dole and amitriptyline, which share with this alkaloid 
the property of inhibiting MAO and neuronal reup- 
take of biogenic amines [18, 19, 57, 75-79]. It is rele- 
vant to note that in vitro homogenate preparations 
contain the basic cellular components but in a dis- 
rupted and diluted state and direct comparison 
between homogenates and in vivo situations is not 
possible. Thus, data generated with homogenates offer 
only an indication of potential in vivo effects. 

While only small amounts of these neuroamine- 
derived alkaloids have been detected in brain tissue 
to date, the possibility exists that these alkaloids may 
be elaborated, under certain circumstances, in loca- 
lized discrete brain structures yielding local concen- 
trations of alkaloids capable of eliciting pharmacolo- 


gic alterations in aminergic neurons. Therefore, pro- 
duction of neuroamine-derived alkaloids character- 
ized in part by their capability to preferentially inhibit 
monoamine oxidase and to alter neuroamine uptake 
and release may be implicated in some of the pharma- 
cologic and behavioral actions related to alcohol 
abuse [80] or L-dopa therapy in parkinsonianism 
[81-83]. 
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Abstract—Fragments from human term placenta accumulated [N-Me-*H]choline against a concen- 
tration gradient. Uptake was linearly related to incubation time and temperature. Analysis of the 
kinetics of choline accumulation revealed the concurrent existence of a diffusional component occurring 
both at low temperature as well as high (50 mM) choline concentration and a carrier-mediated transport 
which had characteristics predicted by the Michaelis-Menten equation showing a K,, = 3.46 x 10°*M 
and a V,,,, of 75 nmoles/ml intracellular water x min~'. Net concentration ratios, corrected for diffusion 
and extracellular water, were larger than 1.0 within 5 min and about 4.0 after 15 min. Hemicholinium-3 
was a competitive inhibitor of choline uptake with a K; of 0.45mM. [?H]Choline accumulation was 
decreased by conditions known to lower intracellular ATP levels. Thus, 2.4-dinitrophenol (1 mM), 
sodium cyanide (5 mM) and anaerobic incubation reduced [*H]choline accumulation 36, 54 and 33 
per cent respectively. Ouabain (0.1 mM) also decreased the concentration ratios by 50 per cent. Modifi- 
cation of the ionic environment led to an increase of 36 per cent in the amount of tritium in intracellular 
water when Na* was reduced to one half of the usual 145 mM or 150 per cent when it was completely 
omitted and replaced by an osmotically equivalent amount of sucrose. Li* was without effect, while 
high K* (>25mM), Rb* and Cs* (145mM) depressed [*H]choline accumulation. The metabolic 
fate of [*H]choline was studied. Following a 5-min incubation with 54M [*H]choline 95 per cent 
of the radioactivity was acid-soluble and 5 per cent remained in the acid-insoluble fraction. After 
30 min the distribution was 88 and 12 per cent, respectively. Paper high voltage electrophoretic analysis 
of the acid-soluble material showed that after 5min 55 per cent of the *H had a mobility equal 
to authentic choline, 35 per cent equal to acetylcholine, 6 per cent to phosphorylcholine and | per 
cent to betaine. After 20 min it was 25 per cent in choline, 60 per cent in acetylcholine, 10 per cent 
in phosphorylcholine and 2 per cent in betaine. A chloroform—methanol extract from ihe acid-insoluble 
residue revealed a linear increase of *H-content suggesting incorporation of [*H]choline into phospho- 
lipids. 


The uptake and metabolism of choline have been in- 
vestigated in a variety of tissues among them excitable 
tissues such as the mammalian and invertebrate brain 
and its subcellular components [1-9], the diaphragm 
[10], sympathetic ganglia [11], the squid axon [12] 
as well as in nonexcitable tissues such as erythrocytes 
[13], the kidney [14] and in cells derived from neuro- 
blastoma and maintained in culture [15-16]. Little 
seems to be known about the fetal ability to synthe- 
size choline de novo and its requirements for this im- 
portant base. The role of the placenta for the supply 
of choline derived from the mother or its synthetic 
abilities are not established. However, large concen- 
. trations of free choline reach the human placenta via 
the maternal blood, which contains about 7-16 
nmoles/ml [17-18] and perfuses the mature placenta 
at the rate of about 500 ml/min [19]. Therefore, free 
choline in the bloed could be an important source 
for placental and fetal needs of this compound if there 
was a means of transfer existing. Once in the placental 
parenchymal cells choline could be metabolized by 
a variety of enzymes, among which would be choline 
acetyltransferase (acetyl-CoA-choline O-acetyltrans- 
ferase, E.C. 2.3.1.6, ChAc) which occurs in high con- 
centrations in the noninnervated human placenta 
[20, 21]. Metabolic conversion to acetylcholine (ACh) 
could have important bearing on placental function 
if the speculations concerning permeability control 
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and regulation of transport could be proven to be 
correct [21-23]. Therefore it was of interest to study 
the accumulation of choline by human placenta and 
follow its metabolic fate in this tissue. This communi- 
cation reports the characteristics of choline uptake 
by placenta fragments in vitro, the effects of variations 
in the ionic environment and some aspects of choline 
metabolism in term placenta. 


MATERIALS AND METHODS 


Tissue sources, preparation and solutions. Human 
placentae derived from uncomplicated term pregnan- 
cies by vaginal delivery or Caesarean section were 
obtained immediately after removal from the body 
and transported to the laboratory in an_ice-chest. 
They were placed into a plastic tray surrounded by 
crushed ice. After slicing the placenta disk at about 
1/3 of its tota! thickness parallel to the decidua 
basalis, small pieces of villous tissue (46mm) were 
free-hand dissected [24] and collected in ice cold 
Krebs-Henseleit medium (KHM) of pH 7.4 which 
was continuously gassed with 5°, CO, in oxygen. 
This solution had the following composition in mM: 
NaCl, 118; KCl, 4.8; CaCl,, 2.5; MgSO, 1.2; 
KH,PO,, 1; NaHCOs, 27.2; glucose, 11.1. The tissue 
was ready for use within 60-90 min after obtaining 
the specimen. Only when the conversion of [*H]cho- 
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line into various metabolic products was measured 
was 10 uM paraoxon present in the standard Krebs- 
Henseleit medium as an inhibitor of cholinesterases. 
When’ the ionic environment was modified and 
Na* or K* were to be omitted, 1 mM HEPES (N-2- 
hydroxyethylpiperazine N’-2 ethane sulfonic acid, 
Sigma Chemical Company, St. Louis, Mo.) was used 
as a buffer and adjusted with ammonium hydroxide 
to pH 7.4. KH,PO, and NaHCO, were omitted from 
the HEPES-buffered solutions. When the NaCl con- 
centration was modified, sucrose was used in twice 
the amounts to maintain isosmolarity. When K* was 
raised above the usual 4.8 mM in the incubation 
medium, Na* was reduced by an equimolar amount. 

Tissue incubations, corrections for extracellular 
water space and measurement of radioactivity were 
performed as described [24, 25]. The incubation solu- 
tion containing inulin at 25 nCi/ml (inulin-carboxyl- 
['*C], Mallinckrodt, St. Louis, Mo., and California 
Bionuclear Corp., Sun Valley, Calif., sp. act. (SA) 
1.71 mCi/g) was used to dissolve carrier choline iodide 
(Sigma Chemical Company, St. Louis, Mo.) to which 
choline chloride (methyl-[*H], Amersham-Searle, Arl- 
ington Heights, Ill., S.A. 16.5 Ci/mmole) was added 
to provide 50 nCi/ml medium. 

Isolation and identification of [*H]choline-contain- 
ing metabolites. Placenta fragments were incubated 
for 5, 10, 20 and 30 min. in inulin-free KHM contain- 
ing 5uM [*H]choline. The amount of radioactivity 
was increased to 400 nCi/ml KHM of which 5 ml was 
used for each assay. At the end of the incubation 
period the flask content was rapidly filtered through 
glass fiber filters (Whatman GF/B, 2.4-cm diameter) 
placed in Millipore filtering devices and mounted on 
Erlenmayer flasks with vacuum attachment. The frag- 
ments were trapped and washed rapidly three times 
with 5ml of ice-cold KHM containing 5 uM carrier 
choline. The tissue was then homogenized in 1 ml of 
ice-cold 10%, trichloroacetic acid (TCA) in hand-oper- 
ated glass homogenizers (Tenbroeck type, Kontes, 
Vineland, N.J.). The sample was transferred to conical 
12ml tubes and the homogenizer rinsed twice with 
0.5 ml cold 5°, TCA. To the homogenate were added 
100 wg each choline, ACh and_ phosphorylcholine 
(PhCh) as carrier. Following centrifugation the super- 
natant was transferred to 12-ml conical centrifuge 
tubes with ground glass necks and glass stoppers. 
TCA was removed by shaking four times with two 
volumes of water-saturated ether. The tubes were 
briefly gassed with dry nitrogen to evaporate any 
remaining ether. A known amount of the acid-soluble 
extract was removed at this point and lyophilized 
overnight just as the remaining sample was. One of 
the samples was dissolved in 50 yl of acidic buffer 
(1.5M acetic acid—-0.75M formic acid, pH 2.0 [26)]). 
Duplicate aliquots of 5 ul were removed and radioac- 
tivity determined in a dioxane base scintillation. fluid 
[27] using a model 3380 liquid scintillation spec- 
trometer equipped with a model 544 absolute activity 
analyzer (Packard Instruments, Downers Grove, IIl.). 
Another aliquot of 20 yl was used for analysis by high 
voltage electrophoresis. This sample was applied to 
dry Whatman No. | paper strips 3 x 40cm on a 2-cm 
wide part of the starting line which was drawn 5cm 
away from the anodal side of the paper. The electro- 
pherogram was moistened with the acidic buffer by 
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placing Whatman 3 MM paper on top of it to within 
15mm on either side of the starting line. Thus buffer 
diffused slowly towards the start where the purified 
tissue extract (or standards) had been applied. The 
moist strips were placed on the flat bed of the electro- 
phoresis cell (CAMAG HVE-System, Camag, New 
Berlin, Wisc.) and 100V/cm were applied for 
25-30 min. Mixtures of standards ACh (20 yg), cho- 
line (20 yg), PhCh (100 wg) and betaine (200 ug) were 
separated on adjacent strips during the same run. The 
electropherograms were dried until only moist and 
exposed to I, vapors. All iodine-stained spots were 
marked in pencil and the paper allowed to hang in 
a fume hood overnight. On the next day the strips 
were cut into I-cm long sections beginning 2 cm ano- 
dal from the starting line towards the cathode. These 
pieces were placed into counting vials and 2ml of 
water were added. The vials were vigorously shaken 
for 30min on a reciprocating shaker to elute the 
radioactivity from the paper. Thereafter 15 ml of diox- 
ane scintillation fluid were added and radioactivity 
was determined. 

The second aliquot of the acid-soluble lyophilized 
extract was redissolved in 0.5 ml of 10mM phosphate 
buffer pH 6.6, a 25-1 aliquot removed for radioacti- 
vity determination and the remainder subjected to 
treatment with tetraphenylboron (Sigma) in 3-hep- 
tanone (Eastman Kodak) (5 mg/ml, | ml per extrac- 
tion [28] to remove choline and ACh by liquid cation 
exchange, while leaving behind PhCh and betaine 
[29]. The tubes were vigorously mixed and then cen- 
trifuged to break the emulsion. Eight hundred pl of 
the upper organic layer was transferred to tubes con- 
taining 800 ul 0.4 N HCl and choline and ACh reex- 
tracted into the aqueous layer. Radioactivity was 
measured in this sample and also in the originally 
extracted phosphate buffer. The latter would be in- 
dicative of radioactivity which was not attributable 
to choline and ACh and thus did not complex with 
tetraphenylboron. 

The acid-insoluble material was also examined for 
its content of radioactivity. First lipid material was 
extracted by washing the pellet twice with 2ml of 
chloroform—methanol (2:1) and pooling the superna- 
tant obtained after centrifugation. The remaining pel- 
let was then solubilized in | ml of Soluene (Packard 
Instruments) and the radioactivity determined in a 
toluene base scintillation fluid. 

Control samples of placenta fragments were pro- 
cessed in a similar manner. They contained an equiv- 
alent amount of tissue but they were not incubated 
with [*H]choline. Rather, the paraoxon pretreated 
fragments were homogenized in TCA prior to the 
addition of 100 ug of the carrier standards plus about 
400,000 dis/min of [7H ]choline and 500,000 dis/min of 
[1-'*C]acetyl-ACh. 

Data calculations. The distribution of total tissue 
water (TW) between extracellular water (ECW) as 
measured by ['*C]inulin space and_ intracellular 
water (ICW) as well as the concentrations of *H in 
ICW in relation to *H in the medium (Ratio C;:Co) 
[24] were calculated with a computer program pre- 
pared for a CDC central computer. Statistical evalu- 
ations were performed with Student’s t-test and by 
completely randomized analysis of variance for which 
the confidence limit was set at P < 0.05. 
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Fig. 1. Time course of accumulation of [*H]choline by 
human term placenta fragments. Fragments were incu- 
bated in standard medium containing 5 uM [*H]choline 
for the time periods indicated. Ordinate: corrected concen- 
tration ratios (dis/min/ml intracellular water: dis/min/ml 
medium, after deduction of ['*C]inulin extracellular water 
space). Each point shows the mean + S.D. of 8-12 deter- 
minations from 2-3 placentae. 


RESULTS 


Time course of [?H]choline accumulation. The con- 
centration of free choline in fresh term placenta upon 
arrival in the laboratory was 1260 + 236 nmoles/g tis- 
sue (mean + S.E., n = 7; unpublished observations, 
made by phosphorylating endogenous choline in the 
presence of choline kinase and y-[*?P]ATP to form 
[??P]PhCh [30]). Following a 2-hr delay period for 
dissecting and handling the tissue fragments as out- 
lined above, there was no significant increase in the 
concentrations of free choline. When the tissue was 
kept on ice for 24hrs following the initial choline 
determination, choline levels were increased by about 
80 per cent. It is difficult to decide from these prelimi- 
nary observations whether free choline was generated 
during the initial storage period but immediately 
metabolized again. Obviously, the placenta behaved 
very differently from brain tissue where choline meta- 
bolism has been studied in more detail and where 
the free choline concentration increased 5-fold at 
room temperature within 15 min after the interrup- 
tion of blood flow [31]. When placenta fragments 
were incubated with 5 uM [*H]choline radioactivity 
appeared rapidly in the ICW compartment. This con- 
centration was chosen because it was quite close to 
the concentration of free choline reported in human 
blood plasma at the time when these experiments 
were begun (1-2 ug/ml = 7-14 nmoles/ml [17]). Ac- 
cumulation was linearly related to incubation time 
for 15-30 min, then slowed down and reached steady 
state values in about 3 hr. ICW concentrations of *H 
exceeded those in the incubation medium within 
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3-5 min and the concentration ratio rose about 4.0 
within 15 min, 7.5 in 30min, 11.5 in 60min and to 
20.0 and higher in 3 hr (Fig. 1). Fragments from some 
placentae (about 10 per cent of the specimens exam- 
ined) took up [*H]choline much more rapidly than 
the majority of the specimens. Differences in the mode 
of delivery (vaginal vs Caesarean section) were not 
the cause for these variations. It remains to be estab- 
lished whether these variations might be related to 
the choline content of the placenta. Regardless of the 
quantitative differences, qualitatively the plots of con- 
centration ratios vs incubation time, and a variety 
of modifications in the incubation conditions were 
well reproducible when expressed in terms of per cent 
of control values. 

The movement of [*H]choline into ICW was mark- 
edly altered by variations in the incubation tempera- 
ture. The concentration ratios obtained in a represen- 
tative experiment at 0°, 17°, 27°, and 37° are shown 
in Fig. 2. With 5 uM [*H]choline at 0° equilibration 
by diffusion was reached between 20-30 min, and the 
ratio C,/C, remained 1.0 thereafter for several hours. 
This diffusion contribution was deducted from all 
concentration ratios already corrected for ECW based 
on ['*C]inulin space, and the resulting values are 
referred to as net concentration ratios. The value of 
the ratio attributable to diffusion was indistinguish- 
able from the one obtained in the presence of high 
choline concentrations at 37° (see following para- 
graph). 

Effects of choline concentration. Upon variation of 
the choline concentration between 0.05 uM and 5mM 
the ratios obtained were not different from 0.05 uM 
to 75M, but then began to decrease and reached 
values around 1.0 at 10mM. This indicated saturabi- 
lity of the [*H]choline accumulation. When 50 mM 
[*H]choline was incubated with placenta fragments 
concentration ratios of about 1.0 resulted, a value 
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Fig. 2. Effects of various incubation temperatures on ac- 
cumulation of [*H]choline by human term placenta frag- 
ments. Fragments were incubated in standard medium 
containing 5 uM [*H]choline at 0° O-----O, 17° @—®, 
2 OD and 37° @——4@ for the time periods indi- 
cated. Ordinate: corrected concentration ratios (see Fig. 
1). Each point is the mean + S.D. of 4 determinations 
from one placenta. 
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Fig. 3. Effects of choline concentration on accumulation 
of [*H]choline by human term placenta fragments. Panel 
A: Fragments were incubated with [*H]choline concen- 
trations ranging from 0.1 x 10°*M to 8 x 10°4M. The 
radioactivity present in the intracellular water compart- 
ment was calculated after correction for extracellular 
water. Ordinate: Accumulation expressed in nmoles/ml in- 
tracellular water x min™' based on the sp. act. of 
[*H]choline. Dashed line indicates contribution by non- 
saturable diffusion estimated from slope resulting from 
choline concentrations higher than 4 x 10°*M and by 
extending this line to intersect with the ordinate. Total 
accumulation O O and saturable accumulation @ ® 
corrected for the non-saturable component by deduction 
of the values depicted in the lower dashed line. 

Panel B: Saturable accumulation analyzed according to 
Schuberth er al. [1] by plotting the reciprocal of the satur- 
able active component of the concentration ratio (R,) mul- 
tiplied by the concentration of choline in the medium (C 

against the reciprocal of C.,,. 


ext) 


which was essentially identical to the ratios obtained 
at 0 with 5M. Either approach has been used by 
other investigators to assess the contribution of non- 
saturable diffusion [1,32]. Subsequently a narrower 
concentration range was examined and revealed a 
slope typical for a dual uptake mechanism with a 
non-saturable and a carrier-mediated saturable com- 
ponent (Fig. 3, panel A). If the net concentration 


values obtained during the linear uptake phase were 
calculated by deducting the non-saturable component 
and were plotted according to Schuberth et al. [1] 
a straight line resulted. In this graphical analysis the 
reciprocal of the saturable, and presumably active, 
uptake component (R,) times outside concentration 
of choline (C,,,) was plotted against the reciprocal 
of C.,, (Fig. 3, panel B). The line which was obtained 
indicated that the saturable choline uptake followed 
kinetics predicted by the Michaelis-Menten equation 
with an apparent K,, (x 10°*) = 3.46+0.72M 
and a V,,, of 75+ 15nmoles/ml ICW x min™! 
(mean + S.E., n= 5). Based on the observations 
obtained from intact placenta fragments with eight 
choline concentrations ranging from 0.05 to 10 uM, 
there was only one choline transport system as was 
originally reported to exist in brain slices [1, 2,4] 
while more recent studies on subcellular brain frac- 
tions have revealed a high and low affinity choline 
uptake system in synaptosomes [6-8, 32]. 

Effects of oxygen and glucose deprivation. When 
placenta fragments were collected, washed and incu- 
bated in KHM saturated with 5% CO, in nitrogen, 
[*H]choline accumulation in ICW was not different 
from control samples gassed with 5% CO, in oxygen 
after 15 min of incubation (Fig. 4) but the concen- 
tration ratios were significantly reduced after 30 min. 
Omission of glucose or replacement by equimolar 
2-deoxyglucose had no effect-after 15 and 30min of 
incubation. These results did not appear surprising 
in view of the observation that active uptake of amino 
acids by placenta slices was not abolished following 
1-6hr of anaerobic incubation [33] and were in 
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Fig. 4. Effect of anaerobic incubation conditions on ac- 
cumulation of [*H]choline by human term placenta frag- 
ments. Fragments were incubated in standard medium 
gassed with 5% CO, in oxygen @——® or 5%, CO, in 
nitrogen A~-—A containing 5 uM [*H]choline for the time 
periods indicated. Ordinate: net concentration ratios after 
deduction of extracellular water space and diffusional com- 
ponent. Each point is the mean + S.D. of quadruplicate 
determinations from 4 placentae. Value marked with aster- 
isk differs significantly from O, control (P < 0.01, one- 
tailed t-test). 
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Table 1. Effects of metabolic inhibitors on accumulation of [?H]choline by human term placenta fragments 





Incubation 
time 
(min) 


2,4-DNP 


1 x 107-3 1 x 1074 


Metabolic inhibitor (M) 


NaCN 
5x 10-3 


Ouabain 


1x 107-3 1x 1074 





15 35.77 + 303 29.80 + 3.12 
(3) (3) 

30 64.93 + 8.49 41.36 + 12.50 
(4) (4) 


53.73 + 4.99 31.21) £131 50.52 + 6.67 
(4) (4) (4) 
DT + 591 62.11 + 6.39 49.75 + 2.89 
(5) (4) : (4) 





Placenta fragments were incubated in standard medium to which the inhibitors in the concentrations indicated were 
added 15min prior to the addition of [*H]choline. Data are expressed in terms of per cent inhibition produced at 
the incubation times specified. Values are means + S.D., and the numbers in brackets are the number of placenta 
specimens which were examined in quadruplicate samples. Net concentration ratios of control values were 3.38-7.56 


(5) at 15 min and 5.58—13.84 (5) at 30 min. 


agreement with the results on ACh uptake where it 
required incubation times of more than 1 hr for the 
manifestation of the effects of 2-deoxyglucose [25]. 

Effects of various metabolic inhibitors. When oxida- 
tive phosphorylation and/or electron transport was 
inhibited with 2,4-dinitrophenol (DNP, |mM _ and 
0.1 mM) or NaCN (5 mM, | mM), both of which de- 
plete intracellular ATP levels, accumulation of 
[*H]choline was markedly reduced (Table 1). Oua- 
bain (0.1 mM) also decreased the amount of radioacti- 
vity in ICW drastically. This suggested that Mg?*- 
dependent Na* and K* activated ouabain-sensitive 
adenosine triphosphatase (ATP phosphohydrolase, 
E.C. 3.6.1.3., Na*-K* -ATPase) which has been identi- 
fied in human term placenta [34] could be involved 
in choline accumulation. 
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Fig. 5. Effects of variations in Na* concentration on ac- 
cumulation of [7H]choline by human term placenta frag- 
ments. Fragments were incubated in HEPES buffered 
medium containing 5 uM [*H]choline for 30 min with the 
Na* concentrations indicated in the abscissa. Ordinate: 
Per cent [*H]choline uptake, where the net concentration 
ratio of control values (145mM NaCl and 48mM KCl) 
of 4.13 + 0.53 was set to be 100 per cent. NaCl was 
replaced by twice the concentration of sucrose to maintain 
isosmolarity. Each point shows the mean + S.D. of at least 
16 determinations obtained from at least 4 different placen- 
tae. Values marked with asterisk are significantly different 
from control (P < 0.05). 


Effects of variations in the ionic environment. Grad- 
ual reduction or complete omission of Na* and re- 
placement by an osmotically equivalent amount of 
sucrose led to a dramatic increase in [*H]choline ac- 
cumulation (Fig. 5), which amounted to 36, 60 and 
150 per cent of the 145-mM NaCl-containing solution 
when Na* was 72, 22 and 0 mM, respectively. The 
concentration ratio-enhancing effect of complete lack 
of Na* was also present when the choline concen- 
tration was lowered to between 0.1 and 10 uM. When 
the effects of variation of K* concentrations (which 
were always paralleled by an equimolar change in 
Na* in the opposite concentration direction such that 
overall no change would result in osmolarity) were 
examined, a continuous decline of [*H]choline 
uptake was observed (Fig. 6). The most profound 
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Fig. 6. Effects of variations in K* concentration on ac- 
cumulation of [*H]choline by human term placenta frag- 
ments. Fragments were incubated in HEPES buffered 
medium containing 5 uM [*H]choline for 30 min with the 
K* concentrations indicated in the abscissa. Na* was 
changed by an equimolar amount such that NaCl and KCl 
equaled 150mM. Ordinate: Per cent [*H]choline uptake 
where the net concentration ratio of control values 
(145 mM NaCl and 4.8 mM KCl) of 441 + 0.16 was 
set to be 100 per cent. Each point shows the mean + 
S.D. of 12 determinations from 3 different placentae. All 
values with K* > 10mM are significantly different from 
the control value (P < 0.05). 
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Fig. 7. Effects of Li*, Cs* and Rb* on accumulation of 
[*H]choline by human term placenta fragments. Frag- 
ments were incubated in HEPES buffered medium contain- 
ing 54M [*H]choline for 30min. NaCl was partially or 
completely replaced by LiCl, CsCl or RbCl as indicated 
in the abscissa. Vertically positioned numbers in bars give 
the mM concentration of the ions examined. Ordinate: Per 
cent [*H]choline uptake where the net concentration ratio 
of control values (145mM NaCl and 4.8mM KCl) of 
4.33 + 0.15 was set to be 100 per cent. Each bar shows 
mean + S.D. (or variance if n = 2) of the numbers of 
placentae examined in quadruplicate samples stated below 
the respective salts. Values marked with asterisk are signifi- 
cantly different from control (P < 0.05). 


depression under the experimental conditions chosen 
occurred at 150mM KCl and 0mM NaCl. Thus, the 
stimulating effect of lack of NaCl with osmotic make- 
up by sucrose was completely reversed in the pres- 
ence of high concentrations of KCl. Partial or com- 
plete: replacement of Na* by lithium (LiCl), which 
in some respects closely resembles Na [35] was with- 
out significant effect on the [7H ]choline accumulation 
(Fig. 7) compared with control levels of NaCl, but 
LiCl inhibited the stimulation of [*H]choline ac- 
cumulation observed in the absence of NaCl in a su- 
crose-containing environment. Complete replacement 
of NaCl by cesium (CsCl) or rubidium (RbCl) which 
resembles K* closely in some of its biologic charac- 
teristics [35] resulted in a significant reduction of the 
amount of *H label in ICW with values reaching 
about 50 per cent of control NaCl concentrations 
after 30 min of incubation (Fig. 7). The RbCl-caused 
decrease was similar to the one produced by high 
concentrations of KCI. 

Effects of hemicholinium-3 (HC-3). HC-3 has been 
widely used in experiments which have examined cho- 
line uptake and metabolism in a variety of tissues. 
From these studies the drug has become well known 
as a competitive inhibitor of choline transport carrier 
systems. The placenta proved to be no exception. 
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Fig. 8. Effects of hemicholinium-3 on the accumulation of 
[*H]choline by human term placenta fragments. Frag- 
ments were incubated in standard medium (with or with- 
out | x 10°*M HC-3) containing [*H]choline concen- 
trations varying between 0.25 x 10°*M and 7 x 10°*M. 
Abscissa: Reciprocal of molar choline concen- 
tration x 10° *; Ordinate: Reciprocal of amount of choline 
taken up into the intracellular water compartment. Each 
point is the mean of 12 determinations from 3 placentae. 


Choline uptake by the fragments was inhibited by 
HC-3, and when the effect was analyzed graphically 
with a Lineweaver—Burk plot [36] the lines obtained 
for control and HC-3-treated fragments had the same 
intercept on the ordinate but different intercepts on 
the abscissa which was indicative of competitive inhi- 
bition (Fig. 8). When accumulation was measured 
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Fig. 9. Dixon analysis of inhibition of [*H]choline ac- 
cumulation by hemicholinium-3 in human term placenta 
fragments. Fragments were incubated in standard medium 
containing two different concentrations of choline [S] in 
the presence of various concentrations of hemicholinium-3 
[HC-3] as indicated in the abscissa. Ordinate: Reciprocal 
of amount of choline taken up into the intracellular water 
compartment (moles/ml x min~') after 15 min incubation. 
The data describe a straight line for each concentration 
of [°H]choline. The point of intersection of the two lines 
gives K; on the abscissa and 1/V,,,, where they intersect 
with the ordinate. Each point is the mean of 8 determina- 
tions from 2 placentae. 
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Table 2. Distribution of *H-label following incubation of 
human term placenta fragments in [*H]choline 





Acid-insoluble 


oO 


a dis/min A 


Acid-soluble 


Time 
i dis/min 


min 


o 





69443 4195 
+6184 94.3 +230 5.7 
(3) (3) 
116840 8895 
+23120 +1255 
(4) (4) 
175480 18460 
+37703 +2728 
(4) (4) 
201901 27388 
30 + 18227 88.0 +3177 
(4) (4) 


12.0 





Fragments were incubated in Sml standard medium 
containing 2 wCi [*H]choline for the time periods speci- 
fied. Tissue was homogenized in TCA and distribution of 
radioactivity measured between the acid-soluble fraction 
and the acid insoluble precipitate which was extracted with 
chloroform—methanol, (2:1 v/v). Each value shows the 
mean + S.D. of duplicate determinations from the number 
of placentae indicated in brackets. Data are also expressed 
in terms of per cent distribution of the total radioactivity 
in each homogenized sample. 


with 2 choline concentrations below and above K,, 
in the presence of various concentrations of HC-3, 
analysis of the data obtained by means of a Dixon 
plot [36] revealed a K; of 0.45 mM (Fig. 9). 

Fate of (?H]choline in placenta fragments. Follow- 
ing a 5-min incubation in paraoxon containing KHM, 
95 per cent of the 3H label was found in the acid-sol- 
uble fraction (Table 2) and 5 per cent was in the acid- 
insoluble residue where in turn the radioactivity was 
almost completely soluble in chloroform—methanol. 
This suggested an association of label with lipid meta- 
bolites. Between 5 and 30min the acid-soluble por- 
tion decreased gradually to 88 per cent, while at the 
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same time the chloroform—methanol extract from the 
acid-insoluble residue increased to 12 per cent of the 
total radioactivity in a fashion which was linearly 
dependent on the incubation time. This was indicative 
of a time-dependent incorporation of [*H]choline 
into lipid material. Very little radioactivity was found 
at any of the incubation times in the acid-insoluble 
residue once extracted with the lipid solvent. 
Further attention was focused on the acid-soluble 
fraction which would contain the precursor [*H]cho- 
line and [7H]JACh, the metabolite of major interest. 
A typical example of an electropherogram of placenta 
extract and of authentic standards is shown in Fig. 
10. Recovery of radioactivity after elution from the 
paper was 93.90 + 5.59% (mean + S.D., n = 32) of 
the amount applied to the starting line. PhCh moved 
only about 2cm. Larger amounts of authentic sub- 
stance were required for PhCh and betaine to pro- 
duce iodine staining than for ACh and choline. 
When the distribution of radioactivity among the 
different metabolites was calculated it became appar- 
ent that [*H]choline was rapidly converted to several 
products. Most prominent was the labelling of ACh. 
After 5min incubation 36 per cent of the *H was 
found in the ACh region (Fig. 11). This increased to 
45 per cent after 10min and reached a plateau of 
60 per cent after 20 min. Concomitantly, [*H]choline 
had dropped to 55 per cent of the total acid-soluble 
3H after Smin, 44, 28 and 24 per cent after 10, 20 
and 30min, respectively. The only other metabolite 
which increased significantly during the 30 min incu- 
bation period was PhCh, amounting to 7 per cent 
after 5 min and increasing to 17 per cent after 30 min. 
There was always 7H label in that area of the electro- 
pherogram where authentic betaine would migrate 
but the increase in the labelling of this component 
was not significant over the 30-min period. The areas 
corresponding to betaine and ACh were eluted in a 
separate experiment, the eluates from all the paper 
strips tentatively assigned to each compound were 
combined, lyophilized and again subjected to electro- 
phoresis. Again the radioactivity migrated a distance 
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Fig. 10. High voltage electrophoresis of acid-soluble placenta extract and of authentic standards. Lyo- 
philized acid-soluble radioactivity derived from incubation with 54M [*H]choline was dissolved in 
formic acid-acetic acid buffer pH 2.0 and applied to dry Whatman No. | paper strips, 3 x 40cm. 
For further details see Methods. Authentic substances were run on parallel strips. Abscissa: migration 
distance in cm. Ordinate: log dis/min eluted from consecutive 1-cm sections of electrophoresis paper. 
This run derived from a sample incubated for 20 min. Comparison strip in upper part of the figure 
shows location of iodine vapor stained authentic standards PhCh, betaine, ACh and choline (Ch). 
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Fig. 11. Distribution of *H-label following high voltage 
electrophoretic separation of acid-soluble placenta extract. 
Radioactivity was eluted from acid-soluble extracts derived 
from incubation with 5 uM [*H]choline which were sub- 
jected to high voltage electrophoresis. Abscissa: Incubation 
time of fragments in min. Ordinate: Per cent of total 
radioactivity recovered from eluted electrophoresis paper 
attributable to each of the 4 identified compounds. Each 
point is the mean + S.D. of duplicate determinations from 
3 placentae at 5 min and 4 placentae at all other times. 
© - O Choline, @ @ Ach, @ @ PhCh and 
A A betaine. 


equal to the authentic standards, producing a sharper 
peak of radioactivity associated with ACh than in the 
first run. 

When a part of the acid-soluble fraction was sub- 
jected to liquid cation exchange with tetraphenyl- 
boron, 8 per cent of the radioactivity did not complex 
with this compound (2 experiments) after 5 min of 
incubation in [*H]choline. This increased to 18 per 
cent after 30 min. These values agreed quite satisfac- 
torily with the percentage of radioactivity attributable 
to PhCh and betaine based on the electrophoretic 
separation (about 9 and 19 per cent respectively, Fig. 
11). 

When [*H]choline and ['*C]ACh were added to 
placenta homogenates in TCA and subjected to tetra- 
phenylboron liquid cation exchange or electro- 
phoresis about 5 per cent of *H but only less than 
2 per cent of '*C did not complex with tetraphenyl- 
boron. On the electropherograms some label was 
always found in the area of PhCh. These observations 
implied that a certain amount of 4H got into PhCh 
without the involvement of choline kinase but by 
spontaneous base exchange. Negligibte radioactivity 
remained in the acid-insoluble fraction. In regards to 
PhCh labelling this [*H]choline base exchange would 
mean that the observed values could include a certain 
percentage of incorporation which was nonenzymatic. 


DISCUSSION 
Several observations support the interpretation that 


the choline accumulation observed in human term 
placenta fragments met conventional criteria of an 


active transport. All conditions which decreased the 
intracellular levels of ATP reduced the uptake of cho- 
line, supporting the contention that [*H]choline 
movement against its concentration gradient was 
dependent on continuous cell metabolism and gener- 
ation of ATP. The presence of DNP which uncouples 
oxidative phosphorylation by inhibition of electron 
transport in mitochondria thus depleting ATP [33] 
or the presence of NaCN, a non-specific inhibitor of 
electron transfer through heme proteins to oxygen 
which causes a profound depression of ATP [37], led 
to a marked inhibition of 7H accumulation (Table 
1). Anaerobic incubation also reduced [*H]choline 
uptake although the effect was not significant prior 
to 30min. These observations can be explained by 
the ability of the placenta to use the glycolytic path- 
way extensively [38, 39] and to maintain active trans- 
port during hypoxia [33]. 

The net concentration ratios of *H in ICW 
exceeded the value of the surrounding medium very 
rapidly. However, a value larger than unity did not 
necessarily indicate choline accumulation against a 
concentration gradient because metabolic conversion 
of [*H]choline could explain such a distribution of . 
radioactivity without participation of active transport. 
The physiological conditions concerning the concen- 
trations of free choline in the maternal blood and 
placenta favored the idea that an active transport pro- 
cess coupled to the expenditure of metabolic energy 
could be operating because choline would have to 
move against a steep concentration gradient if free 
choline in the blood was used as a source of choline 
by placenta or fetus. Using the choline values of 
7-16 uM reported in blood plasma of man [17, 18] 
and our preliminary measurements of 1250 nmoles/g 
term placenta (=1250 uM) there is a concentration 
difference of about 80—180-fold against which choline 
would have to be transferred in the in vivo situation. 
The real free choline concentration in the placenta 
may even be higher. This is because the above esti- 
mate was based on an even distribution while it is 
not unreasonable to expect most of the choline to 
be in the ICW compartment, which makes up 20-45 
per cent of TW in human term placenta [24, 40]. 

Metabolic conversion was an important aspect to 
be considered. Net concentration ratios after 10 min 
were 3.0 and higher, varying with the placenta speci- 
mens (Figs. 1, 2 and 4). Using the [*H]distribution 
(Table 2) and the labelling in the precursor and meta- 
bolites (Fig. 11) both of which derived from paraox- 
on-exposed tissue (where ACh was able to accumu- 
late) the net concentration ratios of free [*H]choline 
were still in excess of 1.0. Since all other experiments 
were performed in paraoxon-free incubation medium 
it can be expected that a significant portion of newly 
synthesized [*H]ACh would be hydrolyzed by acetyl- 
cholinesterase. Thus, more of the *H would be present 
as free [*H]choline in ICW than the data with para- 
oxon present showed. 

Marked effects on [*H]choline accumulation were 
observed when the ionic milieu in the bathing solu- 
tion was altered. Since high K* is commonly used 
to depolarize cells, it could be argued that the 
[*H]choline accumulation observed with physiologi- 
cal K* concentrations was a cation phenomenon for 
which K* concentration differences provided the 
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Fig. 12. Metabolic pathways of choline. 


electrochemical gradient and thus the driving force. 
High K* also decreased [*H]choline uptake in brain 
slices significantly [2,4]. It is important at this point 
to stress the striking differences between brain tissue 
and placenta. The human placenta is a non-excitable 
tissue and its resting membrane potential in fresh 
term placentae was only 0-20 mV, and disappeared 
altogether in less than 3 hr [41]. These measurements 
discount the probability than an electrochemical gra- 
dient was responsible for the [*H]choline accumu- 
lation. Additional support against this interpretation 
derived from the observation that an equimolar con- 
centration or a 10-fold molar excess of the quaternary 
compound tetramethylammonium did not alter the 
concentration ratios. To an unknown degree the 
depression of choline accumulation by high K* could 
also be related to intracellular levels of ATP, because 
it has been reported that high K* lowered ATP [42]. 

Although ouabain inhibited the [*H]choline ac- 
cumulation this had probably no direct relationship 
to Na*-K*-ATPase and its function in cation trans- 
port because the choline cation will not bind to and 
substitute on this enzyme for Na” or K*. Rather, 
the effect may be related to the significant use in the 
placenta of the glycogenolytic pathway. Ouabain in- 
hibits ADP formation by inhibition of Na*-K’°- 
ATPase. ADP is a crucial substrate of phosphoglycer- 
ate kinase during the synthesis of ATP via the glyco- 
lytic pathway. This enzyme has been shown to be 
an important rate-limiting point linking cation trans- 
port and glycolysis in erythrocytes which depend 
almost exclusively on energy provided by glycolysis 
[43]. 
- An unusual feature compared to the different tis- 
sues in which choline uptake has been studied was 
the stimulation of 7H accumulation in the absence 
of Na*. A similar effect has been observed by one 
group of investigators who studied guinea pig brain 
synaptosomes [3]. The actions of K*, Li” and Cs’ 
were more comparable to the changes which these 
ions brought about in choline carrier systems of other 
tissues [2-4, 8, 15]. The carrier mediated transport in 
placenta had also in common with all other tissues 
that it was competitively inhibited by HC-3. 

It is interesting to compare the metabolic fate of 
radioactive choline in the variety of tissues where its 


uptake has been studied. The results obtained in the 
placenta (Fig. 11, Table 2) in the presence of paraoxon 
suggested that synthesis of [SH]ACh was the major 
product of enzymic activity (Fig. 12, Pathway 1). 
Pathway 2, the choline kinase catalyzed synthesis of 
[*H]PhCh, was also quite prominent. This metabolite 
also provided the precursor for the biosynthesis of 
those products which appeared in the acid-insoluble 
but chloroform—methanol-soluble lipid extract. This 
fraction probably contained phosphatidylcholine. 
Pathway 3, leading to the synthesis of betaine was 
not very prominent in the placenta, while this com- 
pound was the main metabolite in the kidney [14]. 
When brain slices were incubated with radiolabelled 
choline in the absence of a cholinesterase inhibitor, 
very little ACh was formed and most of the radioacti- 
vity was present as unchanged choline [1,4], while 
synaptosomes synthesized substantial amounts of 
radioactive ACh in the presence of physostigmine [5]. 
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Abstract—Tritiated angiotensin II binds in a highly specific manner to zona glomerulosa cells prepared 
from the adrenal cortex of male rabbits. The reaction is a time-dependent process which obeys second- 
order kinetics (k, = 2.4 x 10° M~! sec~') and reaches saturation in 5-7 min. Dissociation of the 
angiotensin II-cell complex is rapid (t,,. = 100 sec) and obeys first-order kinetics for the first 3 min 


(k_, = 69 x 1073 sec™!). 


Increased binding was observed with NaCl concentrations from 0 to 40 x 10°73 M; however, concen- 
trations from 40 to 140 x 10°* M decreased binding. Neither MgCl, nor CaCl, at concentrations 
of 0 to 4 x 10° M alter the binding of angiotensin II to zona glomerulosa cells. A significant decrease 
in binding was observed with increasing concentrations of KCI (0 to 140 x 1077 M). 

Temperature studies indicate that initially binding is more rapid at 37° (37° > 25° > 0°). However, 
binding of angiotensin II decreases after 3 min at 37° and after 7 min at 25°. Binding at 0° did 


not reach a plateau in the 15-min period studied. 


The pharmacologic action of the octapeptide angio- 
tensin II has been extensively studied [1]. Some of 
the actions of the hormone are contraction of smooth 
muscle and stimulation of aldosterone production in 
the adrenal cortex. Recent investigations into these 
target tissues have demonstrated receptors for angio- 
tensin II in intact rabbit aorta, [2], in microsomes 
from the intimal-medial layer of rabbit aorta [3], and 
in a membrane fraction from plasma membranes [4] 
of the same tissue. These investigators have also 
reported the solubilization of an angiotensin-binding 
component [5] from rabbit aorta plasma membranes. 

Evidence for angiotensin II receptors has also been 
reported in bovine and rat adrenal subcellular par- 
ticles [6] and in zona glomerulosa cells prepared from 
the cortex of rat adrenals [7]. Brecher and co-workers 
[8] have shown that tissue specificity to angiotensin 
II binding is higher in homogenized rat adrenal cap- 
sules than in decapsulated adrenals, liver, aorta, kid- 
ney or uterus which confirms studies done by Gloss- 
mann et al. [6]. Specific binding of '?*I-labeled angio- 
tensin II to bovine and rat adrenal subcellular frac- 
tions was found to be influenced by the cation content 
of the incubation medium [9] and inhibited by 
guanyl nucleotides [10]. 

This study was undertaken to characterize the 
binding of angiotensin II to Zona glomerulosa (z.g.) 
ceils prepared from the cortex of rabbit adrenals and 
to determine whether binding characteristics are simi- 
lar in different species. 


METHODS 


Tritiated angiotensin II (7HJAII, sp. act. 70 Ci/m- 
mole) was a gift from the Centre d'Etudes Nucleaires 
de Saclay (France). The material was stored in small 
aliquots in liquid nitrogen. Hypertensin was pur- 
chased from Ciba-Geigy Corp. (Summit, New Jersey). 
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Trypsin, trypsin inhibitor, deoxyribonuclease 
(DNAase) and bovine serum albumin (BSA) were pur- 
chased from Sigma Chemical Corp. (St. Louis, Mis- 
souri). Collagenase was obtained from Worthington 
Biochemical Corp. (Freehold, New Jersey). 

Male rabbits of the New Zealand strain (2.54.0 
kg) were given air embolli via the ear vein. A midline 
incision was made, the adrenals quickly removed and 
placed in cold buffer [0.02 M Tris-HCl (pH 7.4), and 
0.12 M NaCl] containing 0.2°, (w/v) glucose and 4°, 
(w/v) BSA. Extraneous material was dissected from 
the adrenals, each gland was halved, and the medulla 
and inner cortical mass were gently scraped away. 
The capsular layer with adherent outer cortex was 
minced finely with scissors. Zona glomerulosa cells 
were prepared by the trypsin-collagenase digestion 
procedure[11] under an atmosphere of 95% O, and 
5% CO, . All subsequent cell suspensions and incuba- 
tions were performed with plastic labware. Isolated 
cells were resuspended in 0.02 M Tris-HCl (pH 7.4) 
and 0.12 M NaCl containing 0.2% glucose and 0.1% 
BSA. An aliquot of the cell suspension was stained 
with an equal volume of 0.5% nigrosin or 0.2% trypan 
blue exclusion dyes and counted in a Neubauer 
hemocytometer. The yield of Zona glomerulosa cells 
was 1—1.5 x 10° cells per adrenal and contamination 
by Zona fasiculata was less than 5 per cent. Protein 
concentrations were determined by the method of 
Lowry et al. [12]. 

Incubations were performed at 25° unless stated 
otherwise. Labeled and unlabeled angiotensin II were 
added to the incubation medium in small volumes 
using microliter pipets. Cation studies were performed 
after resuspending pellets in the proper salt concen- 
tration. Aliquots (200 yl) of the incubation medium 
were placed on HAWP millipore filters (0.45 zm). The 
filters were washed with 10 ml of buffer, air-dried, 
and counted in a Packard liquid scintillation counter 
at 23 per cent efficiency. 
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Fig. 1. Binding of 10°* M [4H] angiotensin II to Zona 

glomerulosa cells at 25 . The arrow indicates time at which 

1000-fold excess unlabeled angiotensin was added to the 

incubation. The dotted line shows the dissociation of the 

complex. Open circles depict the binding with cells heated 

at 70 and open triangles the binding with 1000-fold excess 
unlabeled angiotensin. 


RESULTS 


The binding of 10° * M [*H] angiotensin II vs time 
is depicted in Fig. 1. Saturation of binding was 
reached between 5 and 7 min and the half-life of the 
dissociation (induced by addition of 1000-fold excess 
unlabeled angiotensin II after a 5-min incubation) of 
the complex was approximately 100 sec. Non-specific 
binding is very low as is the binding to cells which 
have been placed in a 70 water bath for 10 min. 

The association of the angiotensin-cell complex fol- 
lows second-order kinetics while the dissociation of 
the complex follows first-order kinetics (Table 1) for 
the first 3 min [5, 13]. The association rate constant 
at 25 isk, = 2.4 x 10° M“! sec”! and the dissocia- 
tion rate constant is k_, = 6.9 x 10°* sec™!. 

A Scatchard plot [14] of the specific binding of 
angiotensin IJ to Zona glomerulosa cells is presented 
in Fig. 2. A single high affinity binding site is charac- 
terized with [*H] angiotensin II] at concentrations 
between 10°’ and 10°’ M. The number of sites is 
approximately 2 pmole/mg protein and the apparent 
dissociation constant is 3.8 x 10°° M. The dissocia- 
tion constant at equilibrium (k_,/k,) is 2.9 x 10°° 
M (Table 1). 

Incubation of Zona  glomerulosa_ cells with 
1-2 x 10°° M [°H] All at 0°, 25°, and 37° vs time 
is shown in Fig. 3. Binding at 0 appears to increase 
during the 15-min incubation and is lower than the 
binding at 25° and 37. At 25 binding reaches a 
maximum between 5-7 min then steadily decreases. 
Binding at 37 reaches a maximum in 3-5 min then 
decreases. 


Table |. Kinetic constants for the binding of angiotensin 
II to Zona glomerulosa cells 





10° M 


10-3 sec”! 


Association rate constant (k,) 2.4 
Dissociation rate constant (k_,) 6.9 
Dissociation constant (K,) 
From Scatchard plot 3.8 
From k_,/k, 2.9 


10°-° M 
10-5 M 





bound / free 


(B/F)x 100, 








B (bound), pmol/mg 


Fig. 2. A Scatchard plot of the binding of [*H] angiotensin 

II to Zona glomerulosa cells. Each point is the average 

of triplicate determinations and has been corrected for 

non-specific binding. Incubation was at 25° for 5 min at 

concentrations of angiotensin II between 107° and 1077 
M. 


The effect of increasing NaCl and KCl concen- 
trations on angiotensin binding is depicted in Table 
2. Binding increases from 0 to 40 mM NaCl then 
begins to decline to below the zero value at 150 mM. 
Increasing concentrations of KCI decrease binding, 
with binding at all concentrations significantly differ- 
ent from the zero value. In order to be sure if the 
effect was due to increasing KCl concentrations or 
increasing ionic strength, another study was_per- 
formed with a buffer containing 20 mM NaCl as 
opposed to the original buffer which contains 120 
mM NaCl. Binding increases with the lower concen- 
tration of NaCl as compared to 120 mM NaCl, and 
then decreases as KCI concentration becomes greater 
than 20 mM. 

Table 3 shows that increasing concentrations of 
MgCl, and CaCl, do not significantly alter the bind- 
ing of angiotensin II to Zona glomerulosa cells. 


DISCUSSION 


Some of the criteria for binding studies, as set forth 
by Cuatrecasas [15], are: binding must demonstrate 
strict substrate specificity, saturability, reversibility, 
target-cell specificity and affinity, and kinetic rate 
constants that correlate with the biologic properties 
of the hormone. 

The binding data in this study have met most of 


_these criteria. Angiotensin II binding to Zona glomer- 


ulosa cells is specific (non-specific binding is less than 
5 per cent), saturable and readily reversible, and kin- 
etic constants correlate well with the biologic proper- 
ties of the hormone. Zona glomerulosa cells responded 
to angiotensin II (1 x 10-8 to 5 x 10°’ M) with a 
dose dependent increase in aldosterone synthesis [16]. 
The concentration (10° ® M) of hormone used in this 
study also compares favorably with the amount 
necessary for contraction of aorta [4] and release of 
calcium from microsomes [3]. 





Angiotensin II binding from rabbit adrenal glands 
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Time, min 


Fig. 3. Incubation of Zona glomerulosa cells with tritiated 
angiotensin IT vs temperature. Closed circles (@) 0°, open 
circles (O) 25°, open triangles (A) 37°. 


The kinetic data (Table 1) of angiotensin II binding 
to Zona glomerulosa cells from rabbit adrenals com- 
pare favorably to those for solubilized receptors from 
rabbit aorta (k, = 2.5 x 10° mole™' sec™'; k_, = 4.1 
x 1073 sec™'; k_,/k, = 2.0 x 10°® M) [5] and to 
the association constant for bovine adrenal subcellu- 
lar particles (k,; = 2.4 x 10° mole™' sec” ') but varies 
slightly from the dissociation and equilibrium con- 
stants (k_, = 5 x 10°* sec™';k_,/k, =2 x 10°? M) 
[6] due to the long half-time of dissociation of the 
complex. These results indicate the binding of angio- 
tensin II is similar for the three different systems es- 
pecially since all three systems report at least one 
receptor site is being measured at 1-2 pmoles of bind- 
ing sites per mg of protein (100,000 cells is approx 
45 yg protein). Kinetic data for angiotensin II binding 
to rat adrenal preparations have not been reported, 
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K* may be due to an increase in ionic strength of 
the medium rather than to the presence of KCl. 
Neither calcium nor magnesium significantly affect 
the binding of angiotensin to Zona glomerulosa cells 
from rabbit adrenals (Table 3). Glossmann and co- 
workers [9] have shown that sodium and potassium 
ions increased binding of angiotensin II to bovine 
adrenal cortex receptors while rubidium, cesium, lith- 
ium, and magnesium did not, and in high concent- 
rations caused inhibition of binding. Increasing 
amounts of Na* were found to enhance angiotensin 
II activity in rat pressor and uterotonic assay systems 
with Ca** twice as effective as Na* [17] Devynck 
and co-workers [18] have reported that sodium in 
the incubation medium did not alter the binding of 
angiotensin II to smooth muscle cell membranes but 
variations in binding were observed with increasing 
calcium concentrations. Addition of CaCl, (2.5 and 
5mM) had no significant effect on the binding of 
angiotensin II to bovine adrenal cortex receptor prep- 
arations [6]. A possible explanation for these differ- 
ences may be that sodium and potassium do not 
affect intact cells but do affect the subcellular particles 
from bovine adrenals. 

Binding studies performed at different temperatures 
indicate that angiotensin II binding to Zona glomeru- 
losa cells decreases with time at 25 and 37° but in- 
creases at zero degrees (Fig. 3). Rapid degradation 


Table 3. The effects of increasing CaCl, and MgCl, on 
angiotensin II binding on Zona glomerulosa cells for 5 min 
at 25°. 





Concn 
(mM) 


CaCl,+ 


c.p.m./mg proteint 


MgCl, * 


c.p.m./mg protein } 





14035 + 964 
15038 + 1311 
14787 + 977 
14026 + 1451 
14644 + 1866 
14803 + 1189 


11163 + 800 
10485 + 769 
10844 + 730 
10988 + 969 
10449 + 447 
10682 + 609 


13302 + 986 
13285 + 1103 


10898 + 1168 


however, Glossmann and co-workers [6] indicate that 
10954 + 1015 


angiotensin II affinity for rat adrenal subcellular par- 
ticles is ten times greater than in bovine adrenal sub- 
cellular particles. 





Determinations were carried out in 0.02 M Tris-HCl 
ag 7 eget 5 (pH 7.4), 0.12 M NaCl, 0.2°, (w/v) glucose, and 0.1% BSA. 
Binding studies of this report show no absolute re- * Values not significantly different from zero value. 
quirement for cations. Angiotensin II binds to Zona + Concentration of [3H] Angiotensin I] was 2 x 1078 

glomerulosa cells without Na* in the buffer. The de- = M. 
crease in binding with increasing concentrations of t Values are mean + S.D. 


Table 2. The effects of increasing NaCl and KCI concentrations on the binding of angiotensin II to Zona glomerulosa 
cells for 5 min at 25 





KCIt 
c.p.m./mg proteint 


KCI* 
c.p.m./mg proteint 


NaCl 
c.p.m./mg protein 





9648 + 767 

9724 + 1741 NS. 
9086 + 1179 NS. 

7215 + 423 P < 0.001 
6898 + 425 P< 0.001 
6588 + 394 P< 0.001 
5726 + 343 P < 0.001 


9232 + 819 7798 + 1006 
10,679 + 1062 P < 0.01 6734 + 798 
11,492 + 777 P< 0.001 6109 + 895 
10,924 + 784 P < 0.001 5302 + 558 
10,746 + 741 P < 0.001 4839 + 754 
9550 + 1002 N.S. 4454 + 543 
7875 + 1245 P < 0.025 3481 + 716 


= 
+ 


P < 0.025 
P < 0.005 
P < 0.001 
P < 0.001 
P < 0.001 
P < 0.001 





* Incubation medium contained 120 mM NaCl. 
+ Values are means + S.D. 

t Incubation medium contained 20 mM NaCl. 
N.S. means not statistically significant. 
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of angiotensin II during incubation has been reported 
by Glossmann et al. [6] at 22° and 37°. These authors 
have shown that the peptide eluted from the binding 
sites had substantial retention of binding activity and 
minimal degradation. This was found to be in marked 
contrast to unbound peptide in the incubation 
medium which had extensive degradation and loss of 
binding activity. 

Studies of possible reasons for decreased binding 
of angiotensin have not been completed. Binding 
studies with angiotensin analogs and fragments may 
lead to a better understanding of this phenomenon. 
The 2-8 heptapeptide was almost equipotent with the 
octapeptide in binding inhibition and similar in sti- 
mulating aldosterone secretion [19]. Chiu and Peach 
[16] suggest that des-Asp'-angiotensin II has a higher 
affinity than does angiotensin for the angiotensin re- 
ceptor in the adrenal cortex and the steroidogenic re- 
sponse of the two peptides is similar. The 2-8 hepta- 
peptide has been reported to be nearly equipotent 
to the octapeptide in binding inhibition studies on 
bovine adrenal cortex particulate fractions [6]. Bravo 
and co-workers [20] report that [1l-des (Aspartic 
acid), 8-Isoleucine] angiotensin II is a specific anta- 
gonist of the steroidogenic effect of angiotensin II but 
does not affect its pressor action. These findings all 
seem to suggest that fragments of angiotensin play 
an important role in the adrenal cortex. 

Since there is little circulating heptapeptide in the 
blood, Chiu and Peach [16] have suggested that 
angiotensin I] may stimulate synthesis of aldosterone 
by production of heptapeptide by aminopeptidases. 
If this postulation is true then perhaps the angiotensin 
receptor site on Zona glomerulosa cells is an enzyme 
which converts the octapeptide to the heptapeptide 
inducing the steroidogenic response. 

Further studies on angiotensin II binding to Zona 
glomerulosa cells prepared from rabbit adrenals will 
concern the effects of various angiotensin II analogs 
and fragments; to determine why binding with in- 
creasing temperatures appears to decrease with time; 
and an attempt at solubilizing receptors and isolating 
membrane fragments that may be involved with 
angiotensin binding. 
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Abstract—Chromaffin granules isolated from bovine adrenal glands were incubated in solutions of 
non-electrolytes, and the release of catecholamine from these granules was measured. Chromaffin 
granules are rapidly lysed upon incubation in hypotonic sucrose, or during incubation in isotonic 
solutions of low molecular weight non-electrolytes such as methanol, ethanol, ethylene glycol, glycerol, 
formamide, or urea. Lysis of chromaffin granules in isotonic solutions of larger non-electrolytes occurs 
more slowly. At 30°, the time required for the release of 50 per cent of the osmotically releasable 
catecholamine is approximately 0.6 min in isotonic erythritol, 4 min in arabitol, and 9 min in mannitol 
or glucose. The lysis of chromaffin granules is markedly temperature dependent. Below 16-19”, the 
rate of catecholamine release from granules incubated in isotonic erythritol, arabitol, mannitol or 
glucose is greatly decreased. Above 20°, the granules behave as though their membranes are permeable 


to hexoses, hexitals, and smaller non-electrolytes. 


Chromaffin granules are the organelles within which 
catecholamines are stored, and from which they are 
secreted. Because the membranes of chromaffin 
granules may play an important role in the synthesis, 
storage and secretion of catecholamines, an under- 
standing of the properties of these membranes is of 
interest. Considerable information is available con- 
cerning the chemical composition of chromaffin 
granule membranes. These membranes are character- 
ized by a high cholesterol to phospholipid ratio, and 
by a high content of lysolecithin [1]. Relatively little 
information is available concerning the permeability 
of chromaffin granule membranes. Hillarp and Nilson 
have shown that chromaffin granules are osmotically 
active particles [2]. These granules are stable in iso- 
tonic solutions of sucrose or of salts, but are lysed 
in hypotonic solutions. Lysis consists of the release 
of catecholamines, ATP, and soluble proteins from 
the chromaffin granules [3], and is associated with 
a decrease in the turbidity of chromaffin granule sus- 
pensions [4,5]. I have studied the permeability of 
chromaffin granules to non-electrolytes by measuring 
the lysis of these granules in isotonic solutions of 
these compounds. This paper presents the results of 
these studies. 


METHODS 


Chromaffin granules were isolated from bovine 
adrenal glands by differential centrifugation. Adrenal 
medullas were homogenized in 5 ml/g of STE buffer 
(0.27 M sucrose-10 mM TES*—!1 mM EDTA, pH 7.0), 
in a Potter-Elvehjem homogenizer with a Teflon pes- 
tle. The homogenate was centrifuged for 10 min at 
800 g, and the supernatant obtained after this centri- 
fugation was centrifuged for 10 min at 20,000 g. The 
20,000 g pellet was washed once with STE, and was 
then resuspended in this buffer and used as the chro- 





*TES, N-tris(hydroxymethyl)methyl-2-aminoethane sul- 
fonic acid. 


maffin granule fraction for all experiments. The chro- 
maffin granules were analyzed for catecholamines by 
the method of Shore and Olin [6]. Protein was 
measured by the method of Lowry et al. [7], after 
precipitation with 10° trichloroacetic acid. Typical 
preparations contained about 0.5 umoles of catecho- 
lamine/mg protein. All steps in the isolation pro- 
cedure were performed at 4°, and the granules were 
kept at 0-4° until use. 

Chromaffin granules (containing about 10 nmoles 
of catecholamine) were incubated with the substances 
to be tested, as described in the text. Unless otherwise 
indicated, incubations were for 10 min at 30°, in a 
vol of 0.5 ml; all incubation mixtures contained 10 
mM TES-! mM EDTA, pH 7.0, in addition to the 
compounds mentioned. Incubations were terminated 
by the addition of 2 ml of ice-cold STE, followed 
by centrifugation at 20,000 g for 10 min at 4°. The 
supernatants were assayed for catecholamines by the 
method of Shore and Olin [6]. Catecholamine release 
was estimated after the subtraction of the small 
amount of catecholamine found in samples main- 
tained at 4° in STE, and was expressed as the percent- 
age of the osmotically releasable catecholamine con- 
tent of the granules. For these calculations, catechola- 
mine release in samples incubated for 10 min at 30 
in H,O was taken as 100 per cent. In most exper- 
iments, incubation of the chromaffin granules in water 
resulted in the release of between 85 and 95 per cent 
of the total catecholamines in the granules. All chemi- 
cals were reagent grade, and were obtained from com- 
mercial sources. Glass-distilled water was used 
throughout. 


RESULTS 


Chromaffin granules behave as osmotically active 
particles. When suspended in isotonic sucrose, the 
granules are relatively stable; under the conditions 
of these experiments, chromaffin granules release 
about 15 per cent of their catecholamine content in 
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10 min at 30° in 0.27 M sucrose. Catecholamine 
release in hypertonic sucrose (0.3 M) is slightly less. 
However, when the granules are incubated in hypo- 
tonic sucrose, they release a larger percentage of their 
stored catecholamines. Figure | illustrates the effect 
of hypotonic media on catecholamine release. About 
50 per cent of the osmotically releasable catechola- 
mine is released in 0.21 M sucrose. Even at 0°, the 
rate of catecholamine release in hypotonic media 
occurs too rapidly to be estimated by the methods 
used in these experiments. 

In subsequent experiments, the lysis of chromaffin 
granules in solutions of non-electrolytes was used as 
a measure of the permeability of the granules to these 
compounds. Chromaffin granules are rapidly lysed in 
0.3 M solutions of low molecular weight non-electro- 
lytes. Incubation of the granules in 0.3 M solutions 
of methanol, ethanol, formamide, urea, ethylene gly- 
col, and glycerol results in virtually complete lysis 
(release of more than 90 per cent of the osmotically 
available catecholamine) within | min at 0° and at 
30° (data not shown). When chromaffin granules are 
incubated in isotonic solutions of higher molecular 
weight non-electrolytes, they lyse more slowly. Figure 
2 illustrates the rate of catecholamine release from 
chromaffin granules incubated at 30° in isotonic solu- 
tions of erythritol, arabitol, mannitol, and lactose. 
The time required for release of 50 per cent of the 
osmotically releasable catecholamine is approxi- 
mately 0.6 min in erythritol, 4 min in arabitol, 9 min 
in mannitol, and much longer than 10 min in lactose. 
These differences are reproducible, and are statisti- 
cally significant (P < 0.05 for the difference between 
incubation in erythritol and arabitol at 2 min, and 
for the differences between incubations in arabitol 
and mannitol, and in mannitol and lactose, at 10 
min). Experiments of the type illustrated in Fig. 2 
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Fig. 1. Lysis of chromaffin granules in hypotonic sucrose. 
‘Chromaffin granules were incubated for 10 min at 30° in 
solutions containing varying concentrations of sucrose, as 
indicated in the figure. All solutions contained, in addition, 
10mM TES, | mM EDTA, pH 7.0. Catecholamine release 
is expressed as the percentage of the catecholamines which 
were released during incubation for 10 min at 30° in water. 
The figure shows the mean + S.E.M. for three samples. 
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Fig. 2. Time course of chromaffin granule lysis. Chromaffin 
granules were incubated at 30° for varying periods of time, 
in solutions containing 0.3 M erythritol, 0.3 M b-arabitol, 
0.3 M b-mannitol, or 0.27 M lactose. All solutions con- 
tained, in addition, 10 mM TES, | mM EDTA, pH 7.0. 
Catecholamine release is expressed as the percentage of 
the catecholamines which were released during incubation 
for 10 min at 30° in water. The figure shows the mean 
+ S.E.M. for three samples. 


were also done in isotonic solutions of other non-elec- 
trolytes. These experiments are summarized in Table 
1, which presents the percentage of catecholamine 
released from chromaffin granules incubated for 10 
min at 30° in 0.3 M solutions of a number of 5- and 
6-carbon containing polyhydroxy alcohols and 
sugars. Table | also presents the effective hydrodyna- 
mic radii of some of these substances, as determined 
by Schultz and Solomon [8]. Incubation in solutions 


Table 1. Catecholamine release by carbohydrates 
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Ribitol 

b-Arabitol 

Xylitol 

bD-Ribose 
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D-Fructose 
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p-Glucose 4.2 
L-Glucose 4.2 
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Chromaffin granules were incubated for 10 min at 30 
at 0.3 M solutions of the compounds listed in the table. 
All solutions contained, in addition, 10 mM TES, | mM 
EDTA, pH 7.0. Catecholamine release is expressed as the 
percentage of the catecholamines which were released dur- 
ing incubation for 10 min at 30° in water. The table reports 
the mean + S.E.M. for three samples. Effective hydrodyna- 
mic radii are taken from Schultz and Solomon [8]; —, 
not reported by these authors. 





Permeability of chromaffin granules 


of pentoses or penitols results in the release of 80-100 
per cent of the catecholamine under these conditions. 
In contrast, only 45-60 per cent of the catecholamine 
was released during incubation in solutions of hexoses 
or hexitols. The percentage of catecholamine released 
from the granules during incubation in solutions of 
5-carbon compounds (92 + 4°) is significantly differ- 
ent from that released during incubation in solutions 
of 6-carbon compounds (55 + 3°, P < 0.001). There 
is no evidence for stereospecificity in the lysis of chro- 
maffin granules by non-electrolytes. Thus, L-glucose 
and p-glucose lyse chromaffin granules at identical 
rates. 

It was of interest to examine the temperature 
dependence of the lysis of chromaffin granules by 
non-electrolytes. As mentioned above, chromaffin 
granules are rapidly lysed in hypotonic media, and 
in isotonic solutions of low molecular weight non- 
electrolytes, at 0°. The present methods did not allow 
measurement of the temperature dependence of chro- 
maffin granule lysis by these compounds. However, 
there is a profound effect of temperature on the rate 
of chromaffin granule lysis by the higher molecular 
weight non-electrolytes. Figure 3 depicts the effect of 
temperature on the lysis of chromaffin granules in 
isotonic solutions of erythritol, arabitol, and manni- 
tol. There is a clear temperature transition in the lysis 
of chromaffin granules by these compounds. Below 
about 16-—19°, the rate of lysis by these compounds 
is greatly decreased. There is no significant release 
(less than 10°) of catecholamines from chromaffin 
granules incubated for up to | hr at 0 in 03 M 
arbitol, mannitol, b-glucose, or L-glucose (not shown). 
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Fig. 3. Temperature dependence of chromaffin granule 
lysis. Chromaffin granules were incubated at varying tem- 
peratures in solutions containing 0.3 M erythritol, 0.3 M 
p-arabitol, or 0.3 M pb-mannitol. All solutions contained, 
in addition, 10 mM TES, | mM EDTA, pH 7.0. Samples 
in erythritol were incubated for 3 min, whereas those in 
arabitol and mannitol were incubated for 10 min. Catecho- 
lamine release is expressed as the percentage of the cate- 
cholamines which were released during incubation for 10 
min at 30° in water. The figure shows the mean + S.E.M. 
for three samples. 


DISCUSSION 


In this study, the release of catecholamines from 
chromaffin granules was used to estimate the permea- 
bility of the granules to non-electrolytes. Although 
it is possible that some of the compounds tested have 
direct effects on the chromaffin granule membranes, 
the most reasonable interpretation of these exper- 
iments as a whole is that the release of catecholamines 
from chromaffin granules incubated in isotonic solu- 
tions of non-electrolytes is due primarily to the entry 
of these compounds into the granules, and the sub- 
sequent osmotic lysis of the granules. The correlation 
between molecular size and rate of catecholamine 
release, and the lack of stereospecificity of this pro- 
cess, are both consistent with this interpretation. At 
temperatures above 20 , chromaffin granules behave 
as though they have hydrophilic pores large enough 
to accommodate hexoses and hexitols, which have 
radii of about 4.2 A [8]. However, heterogeneity of 
the chromaffin granule population, compartmentali- 
zation of chromaffin granule water, active transport 
processes in the chromaffin granule membrane, and 
non-osmotic mechanisms of catecholamine release are 
all factors that might complicate any quantitative 
analysis of chromaffin granule permeability from this 
data. I have not measured the release of other sub- 
stances, such as ATP and protein, from the chromaf- 
fin granules in these experiments, but preliminary ex- 
periments indicate that the release of catecholamines 
is accompanied by a decrease in the turbidity of chro- 
maffin granule suspensions. Thus, it seems likely that 
the catecholamine release observed here is associated 
with lysis of the chromaffin granules. Lloyd has used 
similar methods to study the permeability of rat liver 
lysosomes to carbohydrates [9]. The permeability of 
lysosomes to non-electrolytes is qualitatively similar 
to that of chromaffin granules; the main difference 
is that lysosomes are apparently impermeable to hexi- 
tols, whereas chromaffin granules are permeable to 
these compounds. It is not clear whether the slow 
release of catecholamine from chromaffin granules in- 
cubated in isotonic solutions of disaccharides is due 
to osmotic lysis or to some other process. However, 
the known stability of chromaffin granules in sucrose 
solutions is inconsistent with the report of Carlsson 
and Hillarp that the granules are freely permeable 
to sucrose [10]. 

The marked temperature dependence of chromaffin 
granule permeability is of particular interest. Below 
15, the granules behave as though they are only 
slightly permeable to erythritol, and are impermeable 
to 5- and 6-carbon containing non-electrolytes. 
Because the granules are rapidly lysed both in hypo- 
tonic solutions and in isotonic solutions of I- to 
3-carbon containing compounds at 0, the effect of 
temperature on chromaffin granule lysis most prob- 
ably reflects a temperature-dependent change in the 
permeability of the chromaffin granule membrane, 
rather than a change in the catecholamine-ATP 
chromogranin storage complex. Chromaffin granules 
are permeable to catecholamines and to ATP at 0 
[10,11], but neither of these compounds are incor- 
porated into the intra-granular storage complex at 
this temperature [12, 13]. The entry of catecholamines 
and of ATP into chromaffin granules is probably due 
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to the presence of specific transport carriers for these 
substances in the chromaffin granule membrane. A 
catecholamine transport system has been demon- 
strated in chromaffin granules [13,14], but a trans- 
port system for ATP has not yet been identified. 
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Abstract—The action of methanethiol (CH,SH) on rat brain (Na*,.K*)-ATPase was examined. The 
results show that CH,SH acts at several sites on the enzyme system. The effects are characterized 
by an inhibition of the ATPase activity, but a concurrent stimulation of the associated K * -dependent 
phosphatase. The inhibitory effect of CH,;SH was of an apparently mixed type with respect to the 
activation of the ATPase by Na* or by ATP suggesting that CH;SH may inhibit the formation 
of phosphoenzyme intermediate in the ATPase reaction, and the inhibition may not be fully reversed 
by increasing Na*. Methanethiol inhibited the activation of the ATPase by K~ in an apparently 
uncompetitive manner, whereas it produced a competitive stimulation of the K* activation of the 
K*-dependent phosphatase activity by increasing the affinity of K* for the enzyme. There was no 
significant change in the apparent K,, for the substrate p-nitrophenyl phosphate for the phosphatase 
activity. These effects of CH;SH may be relevant to its toxicity, and offer a possible molecular site 


of its action with implications for the encephalopathy of hepatic failure. 


One of the features of hepatic failure is the abnormal 
production of methanethiol, ethanethiol, and dimeth- 
ylsulfide. These agents have been detected in the urine 
[1] and breath [2] of patients in hepatic coma. In 
experimental animals, these agents are capable of pro- 
ducing reversible coma [3], and methanethiol appears 
to be the most potent of the three. However, to our 
knowledge, no biochemical studies on the action of 
methanethiol are reported in the literature. Therefore, 
the biochemical basis of its toxicity remains unclear. 
The rapid onset of coma on exposure of rats to meth- 
anethiol and its reversibility, suggest that the possible 
locus of action of CH;SH is on a function of the 
nerve membrane. In a preliminary report [4] we 
showed that methanethiol did not inhibit mitochon- 
drial oxidative phosphorylation suggesting that it 
did not interfere with cellular energetics. On the 
other hand, membrane-associated (Na ~*.K * )-ATPase, 
believed to be involved in the transport of alkali 
metal cations across cell membranes, was inhibited 
by various mercaptans, methanethiol being the most 
potent one [4]. In other work [5] we have demon- 
strated that methanethiol can stabilize erythrocyte 
membrane against hemolysis, a property in common 
with general anesthetic agents [6] which may explain 
the comatogenic action of methanethiol. However, 
unlike the usual effective anesthetic agents, it appears 
that methanethiol, at concentrations which afford 
protection against hemolysis, also demonstrates a 
strong inhibition of brain (Na*,K~)-ATPase: the 
close dosage relationship for the inhibition of these 
two membrane-associated phenomena may be a basis 
of methanethiol toxicity. The present work describes 
the action of methanethiol on the kinetics of the acti- 
vation of (Na*,K*)-ATPase by its various ligands. 
A preliminary account of this work has been given 
[4, 5]. 


MATERIALS AND METHODS 


Chemicals. Methanethiol was obtained from East- 
man Organic Chemicals, Rochester, New York and 
rubber septums from Arthur H. Thomas Company, 
Philadelphia, Pennsyivania. The details concerning 
other reagents used have been published previously 
[7,8]. 

Assay of methanethiol. Methanethiol (CH;SH) stock 
solutions were prepared in ethanol and stored at 
—20 in glass bottles fitted with a tight 13 x 18-mm 
rubber septum. These solutions were kept no longer 
than three months. The precise concentration of 
CH;SH in these solutions was measured initially and 
every two or three weeks thereafter by g.l.c. using 
mercuric methylmercaptide as a standard according 
to the procedure of Doizaki and Zieve [9]. For this 
purpose, a 5-yl sample of the ethanolic stock solution 
of CH,SH (brought to 0) was rapidly injected into 
a 9-ml glass bottle fitted with a tight rubber septum 
(13-mm size) and containing | ml of double-distilled 
H,O. The CH3SH was then quantitatively released 
into the gas phase by heating the bottle to 70° for 
25 sec with constant shaking. A 0.5-ml sample of the 
gaseous phase was removed (using a gas syringe), and 
injected into the gas chromatograph which had been 
previously standardized [9]. Each determination was 
made in several replicates which gave good reproduci- 
bility. It is noteworthy that the glass bottles used 
should have very tight rubber septums to avoid leak- 
age of CH;SH and, further, these stoppers should be 
discarded after each use. Routine weekly or biweekly 
assay of CH3SH in stock solutions is essential, since 
control experiments showed a gradual decline in the 
concentration of CH3SH in these solutions over a 
period of several months, due possibly to leakage or 
absorption in the rubber septum. 

The partition of CH3SH between the aqueous and 
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gaseous phases was determined for the actual reaction 
medium used for the assay of the (Na*,K~)-ATPase. 
For this purpose, 12-ml conical glass tubes which 
could be tightly stoppered with 14 x 18-mm rubber 
septums were used as the reaction vessels. These were 
filled with 2 ml of the standard (Na*,K*)-ATPase 
assay medium containing 35 yg of the enzyme pro- 
tein. Experiments were performed to measure (a) the 
solubility of CH;SH in this medium under the precise 
experimental conditions employed for the ATPase 
assay, and (b) to estimate the time required for the 
equilibration of CH;SH between the liquid and gas 
phase in the reaction tube when samples were trans- 
ferred from 0 to 37 (at which temperature the 
ATPase assays were performed). A known amount 
of CH,SH solution was injected into these tubes; the 
precise amount of this CH;SH was determined in 
parallel experiments by adding the same volumes to 
stoppered tubes containing 2 ml of H,O, heating to 
70 for 45 sec, and measuring the CH;SH released 
in the gas phase as described above. For equilibration 
experiments (b, above) a known amount of CH3;SH 
was introduced into the tubes containing 2 ml of the 
ATPase assay medium. These tubes were then incu- 
bated on ice for 10 min followed by incubation for 
varying periods of time (0-12 min) at 37°, with con- 
stant shaking, at which times samples of the gas phase 
were analysed for CH;SH. The results of this control 
experiment, shown in Fig. | (inset), demonstrate that 
the concentration of CH;SH in the gas phase did 
not alter after the initial incubation period of 5 min. 
This indicated that the concentration of CH3SH in 
the liquid phase (the ATPase assay medium) remained 
constant during the experiment. A CH;SH solubility 
curve for the ATPase assay medium (a, above) was 
prepared by incubating several concentrations of 
CH,SH for 10 min on ice followed by 12 min at 
37 with constant shaking. A sample of gas phase 
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Fig. 1. Solubility of CH3SH in the standard ATPase assay 

medium, and (inset) equilibration time necessary to achieve 

a constant CH;SH concentration in solution. All the 
details are described in Methods. 
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was then assayed and the amount of CH,;SH in the 
liquid phase was estimated by the difference between 
this amount and the total amount of CH;SH added 
(which had been estimated separately as outlined 
above). The concentration of CH;SH in the complete 
(Na*,.K*)-ATPase assay system was thus calculated 
and used to describe all the experimental work. The 
graph of the solubility of CH;SH in the ATPase assay 
system is given in Fig. 1. 

Preparation of (Na* .K* )-ATPase. Sprague-Dawley 
rats, weighing about 250 g, were used as the source 
of brain tissue. The preparation of (Na*,K * )-ATPase 
was based on the procedure of Ahmed and Judah 
[10], except that in the various preparative media 
mannitol was replaced by sucrose. The final enzyme 
preparation after an additional wash in a medium 
consisting of 0.25 M sucrose-10 mM imidazole HCl 
and | mM EDTA, pH 7.4 (24) was suspended in 
the same medium, and was stored frozen in small 
aliquots. It was stable over several months. The speci- 
fic activity of the (Na* ,K * )-stimulated ATPase on the 
average was 125 yumoles of Pi released per mg of pro- 
tein per hour. The basic Mg?*-stimulated component 
was generally between 5 and 10°, of the total Mg?* 
+ Na* + K*-dependent ATPase. All other details 
concerning this preparation have been published pre- 
viously [7, 8, 10, 11]. 

Assay of enzyme activities. The standard reaction 
medium for the determination of Mg?* + Na* + 
K *-stimulated ATPase activity consisted of 3 mM 
MgCl,, 3 mM ATP (Tris salt), 110 mM NaCl, 10 
mM KCl, and 30 mM Tris-HCl buffer, pH 7.4 at 
37 , and 5-50 yg of brain microsomal membrane pro- 
tein, in a final volume of 2 ml. The basis Mg?* -stimu- 
lated component of the ATPase was determined by 
omitting K* from the reaction. 

K*-stimulated p-nitrophenyl phosphatase (K *-p- 
NPPase) was assayed in the presence of 3 mM 
MgCl,, 10 mM KCl, 3 mM p-nitrophenyl phosphate 
(Tris salt), and 50 mM Tris-HCl buffer, pH 7.4 at 
37, and 40-50 yg of enzyme protein, in a final 
volume of 2 ml. The basic Mg**-stimulated com- 
ponent, which was about 5—10°,, of the total phospha- 
tase activity, was estimated by omitting K* from the 
reaction. To insure that both the ATPase and p-NP- 
Pase assays were performed during the linear phase 
of the reactions, the total amounts of substrates hyd- 


_rolysed were kept below 10°, of the amounts present 


at the beginning of the reaction [7]. 
The above assays were performed in glass tubes 


fitted with tight rubber septums (14-mm size) de- 


scribed above. It is important to use tightly-capped 
tubes to achieve a good reproducibility of exper- 
iments. These tubes containing all of the reagents, 
were placed on ice, and following the addition of the 
enzyme, were capped with the rubber septums. The 
solutions of CH;SH were introduced into the tubes 
by means of Hamilton syringes which had been 
cooled on a slab of dry ice prior to use. To the control 
experimental tubes, appropriate volumes of ethanol 
were added by the use of the same techniques. The 
tubes were then allowed to stay on ice for a period 
of 10 min. They were then transferred to a 37° bath, 
and were incubated for an appropriate period of time 
(usually 9-30 min). The reaction was terminated by 
the addition of 1 ml of ice-cold 15°, (w/v) trichloro- 
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Fig. 2. Inhibition of (Na*,K*)-ATPase by CH3SH. 1-10 

ul of stock ethanolic CH3SH solutions were used in order 

to vary the concentration of CH;SH as shown. Suitable 

ethanol controls were included throughout. 36 yg of the 

enzyme protein was present; all other details are the same 
as given under Methods. 


acetic acid. All other details of these assays, and the 
chemical methods used for Pi analysis, estimation of 
protein etc., have been detailed previously [7, 10, 12]. 
Suitable blanks were included in all experiments. Any 
variations from these procedures have been described 
under the appropriate legends to tables or figures. 

Expression of results. The (Na*,K*)-ATPase ac- 
tivity (APi) refers to xmoles of Pi formed in the pres- 
ence of Mg?* + Na* + K* minus that in the pres- 
ence of Mg?* + Na*. K*-stimulated p-nitrophenyl 
phosphatase is calculated as APi, micromoles of Pi 
formed in the presence of Mg?* + K* minus that 
in the presence of Mg?*. All the values were calcu- 
lated from the initial rates of the enzyme activities 
which were established from time course experiments 
in the absence and presence of CH,;SH. 


RESULTS 


Inhibition of (Na*,K*)-ATPase by CH3SH. The 
result given in Fig. 2 illustrates the effect of increasing 
concentrations of CH,SH on (Na*,K*)-ATPase ac- 
tivity. When the concentration of CH;SH is gradually 
increased, there is a rapid increase in the inhibitory 
effect up to a concentration of 0.1 mM which caused 
about 50°, inhibition of the ATPase activity. How- 
ever, as the concentration of CH;3SH is increased 
further, the increase in the inhibitory effect is very 
gradual so that at 1 mM CH;SH the enzyme was 
inhibited by some 72°. Owing to technical difficulties 
of achieving concentrations of CH;SH greater than 
1 mM in the reaction, the effect of higher concen- 
trations of CH3SH could not be measured. However, 
from these data it appears that CH;SH may not be 
able completely to inhibit the (Na*,.K * )-ATPase. This 
conclusion was also confirmed by an analysis of the 
above data according to the method of Dixon [13], 
i.e. a plot of 1/v vs concentration of CH3SH, where 
a concave downward curve was obtained (Figure not 
given). The basic Mg?*-stimulated portion of the 
ATPase was either unaffected by CH;SH or some- 
times was slightly increased (about 10%,). The inhibi- 
tion of the ATPase was not time-dependent and did 
not increase over a time course of 30 min. The inhibi- 
tion produced by CH3;SH was freely reversed when 
the inhibitor was removed by dilution of the assay 
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medium so as to reduce the concentration of CH3SH, 
or by washing the enzyme [7,12] after an exposure 
to the inhibitor. Further, the addition of 2 mM dith- 
iothreitol or 2 mM 2-mercaptoethanol to the reaction 
medium did not alter the inhibitory effect of CH3SH. 

Effect on the activation of (Na*,K*)-ATPase by 
Na*. The effect of CH;SH on the activation of 
(Na*,K*)-ATPase by Na* was investigated in the 
presence of 1.5 mM K~ and 0.19 mM CH;SH while 
varying Na* from 0.5 to 3.3 mM (Fig. 3) or in the 
presence of 30 mM K* and 0.66 mM CH;SH while 
varying Na* from 10 to 60 mM. In the absence of 
CH;SH, the data in the former case could be de- 
scribed by linear plots as (1/V)''* vs 1/Na* [11]. 
or as (1/V)'/3 vs 1/Na* [14], whereas in the latter 
case (i.e. 30 mM K* and Na®* from 10 to 60 mM), 
the best fit in the double reciprocal plot was obtained 
by plotting (1/V)'’* vs 1/Na* (Figure not given). This 
is in accord with the observations of Lindenmayer 
et al. [14]. The data in the presence of CH;,SH could 
be treated in the same fashion in either of the two 
cases. It is clear from Fig. 3 that CH3SH inhibited 
the Na”* activation of the ATPase by reducing the 
apparent V,,,x but increasing the apparent K,, for 
Na*. These results suggest that the CH,SH inhibition 
of (Na*,K*)-ATPase is of a mixed type (competitive 
plus non-competitive) with respect to Na* [13]. 

Effect on the activation of (Na*,K*)-ATPase by 
K*. The activation of (Na*,K*)-ATPase by K* in 
the absence or presence of CH;SH was studied by 
gradually increasing the K~* concentration while 
keeping Na* at a constant level. For this purpose 
two concentrations of Na”, i.e. 30 mM and 110 mM, 
were chosen and K* was varied from 0.2 to 0.6 mM 
(in the case of 30 mM Na‘, 0.19 mM CH;SH) or 
from 0.8 to 10 mM (in the case of 110 mM Na‘, 
0.63 mM CH;SH). It is shown in Fig. 4 (data illus- 
trated only from the latter case) that when the results 
were plotted according to Lineweaver and Burk [15], 
the presence of CH3SH resulted in a decrease of both 
the apparent Vx and K,, in a manner which would 
be expected if the inhibition were of the uncompeti- 
tive type. The result was the same in the presence 
of 30 mM Na’, with K* varying from 0.2 to 0.6 
mM (not shown). 
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Fig. 3. The effect of CH3;SH on the activation of 

(Na*,K*)-ATPase by Na*. The assay conditions were the 

same as for Fig. 2, except that Na* was varied as shown 

while keeping K* at 1.5 mM. 0, controls; @, 0.19 mM 
CH,SH. 
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Fig. 4. The effect of CH3SH on the activation of the 

(Na*,K*)-ATPase by K*. 47 ug of enzyme was present 

in the assay: the conditions were the same as for Fig. 2 

except that K* was varied as shown while keeping Na~* 
at 110 mM. O, controls; @, 0.63 mM CH,SH. 


Effect on the activation of (Na*,K*)-ATPase by 
ATP. The result given in Fig. 5 shows that when 
the concentration of ATP is varied while keeping all 
other conditons constant, the inhibition of the 
(Na*,K*)-ATPase by CH,;SH appeared to be of a 
‘mixed’ type as characterized by a decrease in appar- 
ent V,,.x but increase in apparent K,,. Thus the effect 
of CH;SH on substrate utilization by the ATPase is 
similar to its effect on the activation of the enzyme 
by Na”. The result also suggests that whereas at low 
concentrations of ATP the inhibition by CH,;SH 
appears to be of a non-competitive type, it tends to 
approach a competitive relationship at higher levels 
of ATP (Fig. 5). 

Effect on the activation of p-nitrophenyl phosphatase 
by K*. K*-stimulated p-nitrophenyl phosphatase 
(K *-p-NPPase) activity associated with the (Na’, 
K*)-ATPase, originally described by us [10,16], is 
generally recognized as a model for the K *-depen- 
dent phosphatase step in the overall ATPase reaction 
[17-20]. It was. therefore. of interest to examine the 
effects of CH,SH on this activity. The result given 
in Fig. 6 shows that CH,SH stimulates K * -p-NPPase 
activity and that this stimulation appears to be of 
a competitive nature with respect to the activation 
of the enzyme by K* as characterized by an increased 
affinity of K* for the phosphatase activity. It is of 
interest that the Lineweaver and Burk plot [15] 
shown in Fig. 6 was made linear by plotting 1/K* 


6.0 | 


~O 05 10 t5 
{/ {ATP} (mM) 
Fig. 5. Lineweaver—Burk plot of the inhibition by CH;SH 
of ATP activation of the (Na*,K*)-ATPase. ATP concen- 
trations were varied from 0.30 mM to 2.50 mM; all other 
details were the same as given in Fig. 2. O, controls; @, 
0.17 mM CH,SH. 
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Fig. 6. The effect of CH3SH on the activation of p-nitro- 

phenyl! phosphatase by K™. All the details are the same 

as under Methods. K* was varied from 0.60 mM to 3.00 

mM and the amount of enzyme present was 43 pg. O, 
controls; @, 0.54 mM CH,SH. 


vs (1/V)'? which may possibly be interpreted to indi- 
cate two K” activation sites for the phosphatase ac- 
tivity. This observation appears to be in agreement 
with the postulation of two K* sites for (Na*,K*)- 
ATPase by Lindenmayer er al. [14]. However, the 
same data could also be expressed by the Hill plot, 
which indicated a clear change in Ky; for K* in 
the presence of CH,SH (not shown). 

Effect on the utilization of p-nitrophenyl phosphate. 
When the effect of CH,;SH on K*-p-NPPase was 
measured in the presence of 2 mM K”*, while varying 
the concentration of p-nitrophenyl phosphate, the 
stimulation appeared to be essentially of a non-com- 
petitive nature with respect to the substrate. This is 
suggested by an increase in the apparent Vax, but 
no significant change in the apparent K,, for p-NPP 
(Fig. 7). Thus, it appears that the stimulation of K * -p- 
NPPase by CH;SH is primarily a consequence of in- 
creased affinity for K* in the presence of CH3SH. 


DISCUSSION 


It is now generally agreed that membrane 
(Na*,K*)-ATPase represents the enzymic basis of 
Na* and K* transport across cell membrane [21]. 
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Fig. 7. Lineweaver—Burk plot of the effect of CH;SH on 
the substrate activation of the K*-p-NPPase. The assay 
conditions were the same as detailed under Methods 
except that p-NPP was varied from 0.6 mM to 3.0 mM, 
while keeping K* at 2 mM. 43 yg of enzyme protein was 
present in the assay. O, controls; @, 0.53 mM CH,SH. 





Action of methanethiol on membrane 


The operation of this enzyme system, though not fully 
defined, proceeds through a series of steps resulting 
from the interaction of the various ligands with the 
enzyme. It is generally believed that the partial reac- 
tions of the enzyme involve a phosphorylation step 
yielding a phosphoenzyme (E,-P) in the presence of 
Na* and Mg?*, and that the E,-P form of the phos- 
phoenzyme undergoes a conformational change to a 
second form, E,-P, which has a high affinity for K* 
and undergoes hydrolysis in its presence [22—25]. 
From the foregoing results it is clear that CH3;SH 
is a fairly potent inhibitor of the (Na*,K* )-ATPase, 
and that its action is apparent at several sites on the 
enzyme system. These effects do not appear to be a 
generalized disruption of the membrane structure, 
since they are freely reversed, and further, the addi- 
tion of 2-mercaptoethanol or dithiothreitol in the 
reaction did not prevent the inhibitory action of 
CH;SH. The effect of CH3SH on the (Na*,K*)-AT- 
Pase is characterized by an inhibition of the ATPase 
activity, but a concurrent stimulation of the asso- 


ciated K *-dependent phosphatase. In this regard, the . 


action of CH3SH on these activities appears to resem- 
ble that of dimethylsulfoxide and deuterated water 
[7, 26-28]. However, it appears to differ from alcohols 
which tend to inhibit the K * -dependent phosphatase, 
while stimulating the Na* -dependent phosphoenzyme 
formation in the ATPase [29,30]. With respect to 
the activation of the ATPase by Na~ or ATP, the 
inhibitory effect of CH;SH was of an apparently 
mixed type suggesting that CH3,SH would inhibit the 
formation of Na*-dependent phosphoenzyme in the 
ATPase, but that the inhibition would not be fully 
overcome by increasing the concentrations of Na‘ 
or ATP. Preliminary studies have shown that CH;SH 
indeed inhibits the phosphoenzyme formation in the 
(Na*,K*)-ATPase [4], which is only partially 
reversed by increasing the concentration of Na” in 
the reaction.* The second action of CH;SH appears 
to be on the K*-dependent steps in the ATPase. This 
is characterized by an increase in the affinity of K* 
for both the (Na*,K*)-ATPase and the associated 
K*-phosphatase. This suggests that CH,;SH further 
interacts with the phosphoenzyme (E,-P) to stabilize 
it in a conformation which facilitates the action of 
K* on it. Another possibility which may account for 
these observations on the action of CH;SH on the 
(Na*,K~)-ATPase may reside in the possible stimu- 
lation of E,; — E, shift in the enzyme conformation 
by CH;3SH [8,28]. Thus, despite our ignorance of 
the molecular mechanism of the interaction of 
CH,SH with the membrane structure, it is possible 
to interpret its action on the (Na*,K*)-ATPase in 
the framework of the existing schemes of the oper- 
ation of the enzyme system. 

Our interest in the membrane actions of CH,;SH 
stems from the observation that this agent may be 
involved in the pathogenesis of hepatic coma [3]. 
However, it is not our intention to say that the onset 
of coma is mediated by CH,;SH by virtue of its action 
on the (Na*,K* )-ATPase. Other studies in our labor- 
atory have shown that, in common with a variety 
of anesthetic agents [6], CH3SH can stabilize the 
erythrocyte membrane against hypotonic hemolysis 





*D. Foster and K. Ahmed, unpublished data. 
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[5]. The concentrations at which CH3SH produces 
a 50°, protection against hemolysis of erythrocytes 
are of the same order as those which produce a 50°, 
inhibition of the brain (Na*,K*)-ATPase shown 
above [32]. Thus, it may be speculated that the sug- 
gested in vivo toxicity of CH,SH (e.g. in hepatic coma) 
is due to the narrow range of concentration at which 
this agent affects the diverse activities related to mem- 
brane function. It is of interest that the other agents 
implicated in a synergistic action with CH;SH in the 
onset of experimental hepatic coma are NHj and 
fatty acids [3, 33]. 

The fatty acids inhibit both the membrane 

(Na*.K*)-ATPase. and mitochondrial oxidative 
phosphorylation [12, 31] at concentrations which are 
somewhat higher than the concentrations which stabi- 
lize erythrocyte membrane as expected of an anesthe- 
tic agent [6]. The mode by which NHgq exerts a 
synergistic effect with CH,SH in the production of 
coma [3] is not clear. It is conceivable that one 
of the sites of its action may be the (Na*,K*)-AT- 
Pase reaction, presumably because of the ability of 
NHj to substitute for K* in this system. 
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Abstract—Trimethoquinol _[6,7-dihydroxy-1-(3’,4’,5'-trimethoxybenzy])-1,2,3,4-tetrahydroisoquinoline] 
(TMQ) was chosen as a model compound for studying inhibition of platelet aggregation in vitro, 
because of its B-adrenoceptor agonist properties and structural resemblance to the anti-aggregatory 
agent, papaverine. TMQ inhibited collagen-induced aggregation of human platelet-rich plasma (I<o, 
2 uM), the second wave of aggregation induced by 2.5 4M ADP (I<o, 0.9 uM), and the second wave 
of aggregation induced by 45 uM epinephrine (I59, 2.5 uM). Collagen-induced aggregation of human 
washed platelets was inhibited by TMQ (Iso, 1 “M). TMQ was a better inhibitor than aspirin and 
papaverine and had an inhibitory activity similar to indomethacin in all of the systems studied. TMQ 
retained inhibitory activity in the presence of both f-adrenoceptor antagonist :propranolol (50 4M), 
and a-adrenoceptor antagonist :phentolamine (2.5 4M). Platelet adenylate cyclase was not activated 
and neither cAMP nor cGMP-phosphodiesterase activities were inhibited by TMQ. PGF,, biosynthesis 
by aggregating platelets during the coagulation of blood obtained from rats pretreated with aspirin 
(10 mg/kg, p.o.) or indomethacin (1 mg/kg, p.o.) was inhibited. However, similar pretreatment with 
TMQ (100 mg/kg, p.o.) and papaverine hydrochloride (100 mg/kg p.o.) had no effect. TMQ acted 
synergistically with the aggregation inhibitors: papaverine, aspirin, and PGE,. The in vitro inhibitory 
action of papaverine, aspirin, and TMQ was enhanced by increasing calcium concentration. These 
data indicate that the platelet anti-aggregation activity of TMQ, in contrast to its myocardial stimulat- 
ing and bronchodilating mechanism, is independent of adrenergic activation. Cyclic AMP accumulation 
or prostaglandin biosynthesis also seem not to be involved in TMQ action. Therefore, it appears 


that TMQ may have a novel anti-aggregatory mechanism of action. 


INTRODUCTION 


Investigations on the nature of the response of plate- 
lets to catecholamines have indicated the presence of 
both «- and f-adrenoceptors [1-4]. Activation of the 
platelet B-adrenoceptor by isoproterenol was shown 
to inhibit platelet aggregation induced by collagen, 
whereas f-adrenoceptor blockade by propranolol 
' reversed this inhibition [2]. Furthermore, isoproter- 
enol was found to stimulate the activity of adenylate 
cyclase in platelet lysates [3] and its inhibitory effect 
on platelet aggregation was increased by the addition 
of drugs that inhibit platelet cyclic nucleotide phos- 
phodiesterase [2]. Since agents that increase platelet 
cyclic AMP levels may inhibit platelet aggregation 
[5], it was desirable to investigate potential dual-act- 
ing compounds namely, agents that have both f-ad- 
renoceptor stimulating and cAMP _ phosphodiester- 
ase inhibiting activities. Racemic  trimethoquinol 
(TMQ) was chosen as a model compound since it 
combined a potent f-adrenoceptor stimulating ac- 
tivity [6,7], with a structural similarity to papaverine 
which is an inhibitor of both platelet aggregation [8] 
and platelet cyclic nucleotide phosphodiesterase ac- 
tivity [9]. 

We found TMQ to have potent platelet anti-aggre- 
gatory activity in human platelet-rich plasma and in 
washed platelets. This activity was unrelated to 
adrenergic mechanisms, stimulation of adenylate cyc- 
lase, CAMP accumulation, or inhibition of prostaglan- 
din biosynthesis. Our studies might reflect a novel 


way of interfering with the platelet release reaction 
and platelet aggregation, involving calcium ions. 


MATERIALS AND METHODS 


Platelet aggregation. Venous blood was collected 
from human volunteers, who had not taken aspirin 
for at least 7 days prior, in siliconized 20-ml Vacu- 
tainer tubes (Becton & Dickinson & Co., Rutherford, 
N.J.) fitted with 20-gauge needles using 3.8°,, sodium 
citrate as the anticoagulant (9 vol blood to 1 vol 
sodium citrate). Platelet-rich plasma (PRP) was separ- 
ated from the red blood cells by centrifugation for 
15 min at 180 g at room temperature. Platelet-poor 
plasma (PPP) was prepared by centrifuging PRP for 
2 min at 1000 g. 

Washed platelets were prepared by centrifuging 
PRP for 15 min at 1110 g. PPP was removed and 
platelets were resuspended in saline containing 0.02%, 
EDTA (disodium). The suspension was centrifuged for 
10 min at 950 g, and the washing procedure was 
repeated. Platelets were finally resuspended in Tyrode 
suspending medium containing 0.35%, bovine plasma 
albumin [10]. 

Techniques established by Born and Gross [11] 
were used to study platelet aggregation in vitro 
employing a Payton Dual Channel Aggregation 
Module (Payton Associates, Inc., Buffalo, N.Y.). One 
ml of PRP was added to a siliconized cuvette, con- 
taining a siliconized stirring bar, and placed in a den- 
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sitometer maintained at 37 and stirred at 1000 rpm. 
Various concentrations of test compounds were 
added in 50 yl of saline and preincubated with PRP 
for 5 min. Aggregation was initiated by the addition 
of (2.5 uM) ADP, (45 4M) epinephrine HCI or human 
mammary gland collagen (kindly donated by Dr. 
Harvey Weiss, Roosevelt Hospital, N.Y.) sufficient to 
give about 60 per cent of the maximum aggregation 
response, as defined by transmission through PPP. 

Cyclic nucleotide phosphodiesterase activity. Washed 
platelets were prepared as described above and resus- 
pended in 10 mM Tris buffer, containing 1 mM 
MgCl, pH 7.4. The platelet suspension was sonicated 
for 30 sec, frozen, thawed, and centrifuged for 1 hr 
at 105,000g. The supernatant was radioassayed 
for both cAMP and cGMP phosphodiesterase activi- 
ties, as previously described [12]. The cyclic nucleo- 
tide concentration was 10 4M. Aqueous solutions of 
the drugs were added directly to the reaction tubes 
to yield a final volume of 250 yl. Enzyme activity, 
calculated on the basis of the disappearance of 
labelled cyclic nucleotide, was expressed as picomoles 
of substrate hydrolyzed/mg protein/min. Drug inhibi- 
tory activity is expressed in terms of the concentration 
required to inhibit 50 per cent of the enzyme activity 
(Iso). 

Adenylate cyclase activity. Washed human platelets 
were prepared as described above. Platelets were 
resuspended in 0.14 M sodium chloride, containing 
0.15 M EDTA (disodium), and centrifuged at 120 g 
for 10 min to remove any remaining leucocytes. The 
supernatant was centrifuged at 2250 g for 15 min and 
the resultant pellet was resuspended in 1.0 ml of 
hypotonic Tris buffer (2 mM), pH 7.4. The lysed plate- 
let preparation was centrifuged at 15,000 g for 10 min 
and the resultant pellet was resuspended in the assay 
incubation mixture, containing 80 mM Tris, 3 mM 
.MgCl,, 10 mM theophylline, and 50 uM ATP, pH 
7.4. Drugs were added to give a final volume of 0.5 
ml and the reaction was stopped after 10 min by plac- 
ing the mixture in boiling water for 3 min. The reac- 
tion mixture was centrifuged at 2000 g for 10 min 
and aliquots of the supernatant were assayed for 
cAMP by the radio-immunoassay method of Steiner, 
et al. [13] 

Prostaglandin formation. Male rats, 5 per group, 
weighing approximately 200 g were given various 
doses (up to 100 mg/kg) of the test compounds by 
oral intubation and sacrificed after one hr. Blood was 
collected and serum prepared. The serum samples 
were extracted with ethyl acetate. Aliquots of the 
extract were evaporated under nitrogen and assayed 
for PGF,, content by radioimmunoassay employing 
antibodies raised to PGF,, in rabbits. 

Materials. The substances used in this study were: 
trimethoquinol [6,7-dihydroxy-1-(3’,4’,5’-trimethoxy- 
benzyl)-1,2,3,4-tetrahydroisoquinoline], (synthesized 
by Dr S. Teitel, Hoffmann-La Roche Inc., Nutley, 
N.J.); | papaverine hydrochloride (Mallinckrodt 
Chemical Works, St. Louis, Mo.); epiiephrine hydro- 
chloride (Parke Davis & Co., Detroit Michigan); iso- 
proterenol hydrochloride (Winthrop Laboratories 
Inc., New York, N.Y.); adenosine-5’-diphosphate, 
sodium salt (Sigma Chemical Co., St. Louis, Mo.); 
propranolol, _1-isopropylamino-3-(1-naphthyloxy)-2- 
propanol hydrochloride (Ayerst Laboratories Inc., 


G. SHTACHER, H. J. CROWLEY and C. DALTON 


New York, New York); phentolamine, 2-(m-hydroxy- 
N-p-tolylanilinomethyl)-2-imidazoline (Ciba Pharma- 
ceutical Co., Summit, N.J.); practolol, 4’-(2-hydroxy- 
3-isopropylamino)propoxy) acetanilide = (Ayerst 
Laboratories Inc., New York, N.Y.); prostaglandin E, 
(P-L Biochemical Inc., Milwaukee, Wisconsin); theo- 
phylline (Hoffmann-La Roche Inc., Nutley, N.J.); 
aspirin and indomethacin (Merck & Co., Inc., Rah- 
way, N.J.). 


RESULTS 


Preincubation of human citrated PRP for 5 min 
with 10 uM TMQ resulted in the complete inhibition 
of second wave platelet aggregation induced by 45 
uM epinephrine (Fig. 1). In a concentration-depen- 
dent manner, TMQ also inhibited the second wave 
of platelet aggregation induced by 2.5 uM ADP (Fig. 
2). Single phase aggregation induced by human col- 
lagen was inhibited by preincubating with different 
concentrations of TMQ, as shown in Fig. 3. An in- 
hibitory response was apparent at a TMQ concen- 
tration of 1 “wM and the maximum effect occurred 
at 10 uM. Known platelet aggregation inhibitors were 
also studied and I<. values were obtained from a plot 
of inhibitor concentration vs per cent inhibition 
(Table 1). In the inhibition of collagen-induced aggre- 
gation, TMQ [I< 9 of 2 “M) was a better inhibitor 
than aspirin (I;. of 30 uM) or papaverine (I5,. of 20 
pM) and had an inhibitory activity similar to indo- 
methacin (I;. of 1 «M). TMQ had a similar potency 
in inhibiting the second wave platelet aggregation in- 
duced by epinephrine (Table 1). The second wave of 
ADP-induced aggregation appeared to be sensitive to 
inhibition by TMQ and indomethacin. The I. values 
for TMQ and indomethacin were 0.9 and 0.1 uM, 
respectively (Table 1). TMQ was also an effective in- 
hibitor (Iq of 1 «M) of the monophasic collagen-in- 
duced platelet aggregation of washed human platelets, 
resuspended in Tyrode’s solution, containing 0.35 per 
cent albumin. 

In various smooth muscle preparations, TMQ has 
been shown to be an eflective B-adrenoceptor agonist 
[6], an effect which was blocked by the f-adrenocep- 
tor antagonist, pronethalol [7]. Inhibition of platelet 
aggregation by TMQ, however, was not affected by 
adequate f-blocking concentrations of either pro- 
pranolol or practolol (Table 2). 


70¢ 
z Contro! 


b on ro) 
oO (e) oO 


w 
oO 
T 


Light transmission units 


- EP!-45uM 


U 


Trimethoquinol- |O4.M 





a eee 
3 4 
Time, min 


Fig. 1. Trimethoquinol inhibition of epinephrine-induced 
platelet aggregation in human citrated platelet rich plasma. 
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Fig. 2. Trimethoquinol inhibition of ADP-induced platelet 
aggregation in human citrated platelet-rich plasma. 


In contrast to the findings of others [2,3], isopro- 
terenol (50 uM) did not inhibit collagen-induced 
platelet aggregation and did not influence the inhibi- 
tory action of TMQ on aggregation (Table 2). Simi- 
larly, the inhibitory activity of TMQ was retained in 
the presence of «z-adrenoceptor blocking concen- 
trations of phentolamine, which completely inhibited 
the aggregatory response of epinephrine (Table 3). 

Papaverine is a potent inhibitor of cyclic nucleotide 
phosphodiesterase in many tissues [14], including 
human platelets [9], and thereby causes an elevation 
of intracellular cAMP. Since the elevation of intracel- 
lular cAMP is thought to be associated with inhibi- 
tion of platelet aggregation [5] TMQ or papaverine 
may inhibit platelet aggregation by inhibiting platelet 
phosphodiesterase activity. The inhibition of cyclic 
nucleotide phosphodiesterase probably does not 
explain the mechanism of action of TMQ. Papaverine 
was a potent inhibitor of both cAMP and cGMP 
phosphodiesterase activities in a platelet supernatant 
preparation, whereas TMQ had only minimal inhibi- 
tory activities (Table 4). TMQ also had no effect on 
platelet adenylate cyclase. Neither TMQ nor isopro- 
terenol had any effect in a broken cell preparation 
of human platelets in which the previously described 
activators of platelet adenylate cyclase, PGE, and 
NaF [15,16], caused 3-fold increases in activity 
(Table 5). Confirmation of a lack of a TMQ effect 





*R. J. Haslam, personal communication 
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Fig. 3. Concentration response curve for trimethoquinol 

inhibition of collagen-induced platelet aggregation in 

human citrated platelet-rich plasma. The number indicated 

at each point on the curve represents the number of deter- 
minations at that concentration. 
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Table 1. Activity of platelet aggregation inhibitors in 
human citrated platelet-rich plasma 





Iso (uM) 





Collagen ADP Epinephrine 





Aspirin 
Papaverine 
Indomethacin 
Trimethoquinol 





Drugs were preincubated for 5 min in PRP before addi- 
tion of 10 yl collagen suspension, 2.5 46«M ADP or 45 uM 
epinephrine. I, values, against single phase collagen- 
induced aggregation and against second wave aggregation 
induced by ADP or epinephrine, were obtained by inspec- 
tion of duplicate plots of per cent inhibition vs at least 
10 different concentrations of the drug. 


on platelet cAMP accumulation was also obtained 
in intact washed human platelets. TMQ at concen- 
trations below 100 uM had minimal effect on the in- 
corporation of ['*C]adenine into ['*C]cAMP in the 
platelet [17]*. 

The anti-aggregating activity of aspirin and other 
non-steroidal anti-inflammatory agents is believed to 
be due to inhibition of platelet prostaglandin biosyn- 
thesis [18]. Inhibition of platelet prostaglandin for- 
mation is readily detected in rats treated with aspirin 
or indomethacin, by allowing blood to coagulate and 
assaying for serum PGF,, by radioimmunoassay. 
Aspirin significantly reduced PGF,, formation at a 
dose of 10 mg/kg, p.o. and indomethacin was even 
more active at 1 mg/kg, p.o. However, neither TMQ 
nor papaverine had inhibitory activity on PGF,, for- 
mation when administered at doses as high as 100 
mg/kg, p.o. (Table 6). 

TMQ platelet anti-aggregatory activity was syner- 
gistic with those of other aggregation inhibitors. The 
combined anti-aggregatory activities of TMQ 
together with either aspirin, papaverine, or PGE,, 
were greater than the sum of their individual effects 
(Fig. 4). Calcium is an obligatory component of plate- 
let aggregation [19]. In resuspended, washed human 
platelets, challenged with collagen, aggregation 
occurred at Ca?* concentrations of 4.5 to 8.5 meq/l. 
Outside of this concentration range there was either 
an absence or a diminished aggregation response to 
collagen. The platelet anti-aggregatory activities of 


Table 2. Effect of B-adrenergic agents on trimethoquinol 
inhibition of collagen-induced platelet aggregation 





Aggregation amplitude 
Transmission units + S.E.M. 





Additions Without TMQ With TMQ 





Sas #05 
54.0 + 0.6 
59.0 + 0.6 
58.0 + 0.7 


14.0 + 0.9 
11.0 + 0.6 
110+ 04 
11.0 + 1.1 


None 

Propranolol (50 uM) 
Practolol (50 uM) 
Isoproterenol (50 4M) 





Human PRP was incubated with propranolol, practolol 
or isoproteranol for 10 min with or without TMQ (5 uM) 
which was added 5 min before aggregation was induced 
by addition of collagen. Each point represents the mean 
of 4 incubations. 
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Table 3. Effect of phentolamine on trimethoquinol inhibi- 
tion of platelet aggregation 
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Table 5. Effect of trimethoquinol on adenylate cyclase ac- 
tivity in human platelets 





Aggregation amplitude 
Transmission units + S.E.M. 





With 
TMQ 


Without 
TMQ 


Aggregating 


agent Addition 





59.5 + 0.5 
46.0 + 0.7 
59.0 + 0.4 
10.8 + 0.5 


8.8 + 0.5 
10.3 + 0.3 
11.8 + 0.3 
98 + 0.3 


None 
Phentolamine 
Epinephrine None 
Phentolamine 


Collagen 





Human PRP was incubated with phentolamine (2.5 uM) 
with or without TMQ (5 uM) which was added 5 min 


before aggregation was induced by addition of collagen . 


(5 ul) or epinephrine (45 uM). Each point represents the 
mean of 4 incubations. 


aspirin, papaverine and TMQ were enhanced by in- 
creasing [Ca**] within the range of 4.5-8.5 meq/I 
(Fig. 5). TMQ, however, was more sensitive to [Ca** ] 
than were the other anti-aggregatory agents studied. 
The inhibitory action of TMQ was enhanced by a 
Ca?* concentration (6 meq/l), that was ineffective in 
stimulating the activities of papaverine and aspirin. 
At higher concentrations of Ca**, the increment in 
inhibiting potency due to Ca** was greater in the 
case of TMQ than in those cases with papaverine 
or aspirin (Fig. 5). 


DISCUSSION 


TMQ was a better inhibitor than aspirin or papa- 
verine and had inhibitory activity similar to indo- 
methacin against epinephrine, ADP or collagen-in- 
duced aggregation of human platelet-rich plasma. 
Papaverine was chosen as a reference drug for com- 
parison with TMQ because, apart from its obvious 
structural resemblance to TMQ, it is an inhibitor of 
cyclic AMP phosphodiesterase activity [14,9]. Inhibi- 
tion of cAMP phosphodiesterase may explain the 
platelet anti-aggregatory activity of papaverine [9], 
since the elevation of intracellular cAMP is associated 
with the inhibition of platelet aggregation [5]. We 
tend to eliminate inhibition of phosphodiesterase as 
a mechanism of action of TMQ because TMQ was 
not inhibitory in a platelet supernatant system, in 
which the inhibitory action of papaverine was readily 
detected. 

TMQ is a definite f-adrenoceptor agonist in some 
tissues because of its characteristic effects such as 
myocardial stimulation, bronchodilatation [6, 7], acti- 


Table 4. Effect of trimethoquinol on cyclic nucleotide phos- 
phodiesterase activity in human platelets 





Iso (uM) 





cAMP cGMP 





Papaverine 3 21 
Trimethoquinol 240 340 





I5. values were obtained by inspection of triplicate plots 
of per cent inhibition vs at least 3 concentrations of the 
drug. 


Pmoles 
cAMP/mg protein/10 
min + S.E.M. 





640 + 86 
1530 + 246* 
1690 + 229* 

820 + 114 

820 + 147 


Control 

PGE, (1 uM) 

NaF (7 mM) 
Isoproterenol (1 uM) 
Trimethoquinol (100 uM) 





Each figure represents the mean of 6 incubations. 
*P < 001 


vation of adenylate cyclase [20] and elevation of tis- 
sue CAMP levels [21], ali of which are specifically 
blocked by f-adrenoceptor antagonists [6,7]. The 
human platelet has been reported to have a f-adreno- 
ceptor. [2-4] and an adenylate cyclase that is acti- 
vated by PGE, and NaF [15,16]. The powerful in- 
hibitory activity of TMQ on platelet aggregation 
could thus be attributed to the activation of the plate- 
let B-adrenoceptor and consequent elevation of intra- 
cellular cAMP. However, careful analysis of the TMQ 
effect on platelet adenylate cyclase activity and plate- 
let cAMP accumulation failed to show any response, 
nor was the inhibitory action of TMQ on platelet 
aggregation antagonized by f-adrenoceptor anta- 
gonists such as propranolol or practolol. These exper- 
iments would tend to eliminate an involvement of the 
f-adrenoceptor or cAMP accumulation in the 
mechanism of action of TMQ in platelets. Our exper- 
iments might also raise a question about the validity 
of the occurrence of a f-adrenoceptor in the human 
platelet. In agreement with Clayton and Cross [1], 
and Vargaftig and Chignard [22] we found no anti- 
aggregatory effect with isoproterenol in our platelet 
system. This lack of effect is consistent with the failure 
of isoproterenol to activate platelet adenylate cyclase 
as found in our studies and also reported by others 
[15, 16]. 

Aspirin is considered as the standard platelet anti- 
aggregating drug and some inconclusive clinical trials 
of aspirin as an anti-thrombotic agent have been con- 
ducted [23-27]. Inhibition of platelet prostaglandin 


Table 6. Effect of pretreatment of rats with platelet anti- 
aggregating agents on blood prostaglandin formation 





No. of 
rats 


Serum PGF,, 
ng/ml + S.E.M. 


Dose 


Agent mg/kg p.o. 





Placebo - 

Aspirin 10 
Indomethacin 1 
Trimethoquinol 100 
Papaverine 100 





Male rats weighing approx 200 g were given various 
doses (up to 100 mg/kg) of the test compounds orally and 
sacrificed after 1 hr, at which time blood was collected 
and serum prepared. The serum samples are extracted with 
ethyl acetate. Aliquots of the extract were evaporated un- 
der nitrogen and assayed for prostaglandin-like activity by 
radio-immunoassay employing antibodies raised to PGF, 
in rabbits. 

*P < 001 
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Fig. 4. Inhibition of collagen-induced platelet aggregation 
in human platelet-rich plasma with combinations of TMQ, 
papaverine, aspirin and PGE,. Concentrations of agents 
added individually or in combination were; TMQ, 0.5 uM; 
papaverine, 25 uM; aspirin, 12.5 uM and PGE,, 0.014 uM. 


formation has been widely accepted as platelet anti- 
aggregatory mechanism of aspirin and indomethacin 
[18] however, inhibition of platelet prostaglandin bio- 
synthesis does not explain the mechanism of action 
of TMQ. When tested under in vivo conditions, that 
detect the inhibitory effect of aspirin and indometha- 
cin on platelet prostaglandin biosynthesis, TMQ had 
no inhibitory activity. The bioavailability of TMQ in 
these experiments was assured because TMQ is 
known to be orally absorbed in the rat with a plasma 
half-life of 190 min and maximum tissue levels are 
reached 1 hr after drug administration [28-29]. We 
administered 100 mg/kg of TMQ by both oral intuba- 
tion and i.p. injection and measured the éffect of 
platelet prostaglandin biosynthesis 1 hr after drug 
administration. This dose of TMQ, which was in 


(— Trimethoquinol 
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Papoverine 





Inhibition of aggregation, 


Aspirin 











455556657 75885 

Calcium, meg/t 
Fig. 5. Effect of calcium on drug inhibition of collagen- 
induced platelet aggregation in washed platelets. Human 
washed platelets were incubated for 5 min with trimetho- 
quinol (1 4M), papaverine (5 uM) or aspirin (15 uM) and 
different concentrations of Ca?* before aggregation was 

initiated by the addition of collagen. 
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excess of the inhibitory doses of aspirin (10 mg/kg) 
or indomethacin (1 mg/kg), was totally inactive. 

Experiments with washed human platelets indi- 
cated that the platelet anti-aggregatory effects of 
TMQ, papaverine, and aspirin were enhanced by in- 
creasing Ca** concentration in the incubation 
medium. TMQ, however, appeared to be more sensi- 
tive to the influence of increased Ca** concentrations 
than the other anti-aggregatory agents studied. An 
explanation of this finding is not apparent from these 
experiments. It is quite possible that Ca** is displac- 
ing the drug molecule from albumin binding sites in 
the incubation medium thus making more free drug 
molecules available for inhibitory action on the plate- 
let. Ca** has been shown to be an essential intracellu- 
lar mediator of the coupling of external stimuli to 
internal secretion or contraction in many biological 
systems [30]. It is likely that an increase in intra- 
platelet Ca** arising from the release of intra- 
cellularly bound calcium and/or influx of Ca?* from 
the external medium is a vital link in the initiation 
of platelet contractile protein interaction and the se- 
cretion of platelet storage granules [19]. ADP-in- 
duced aggregation is associated with an influx of [44] 
CaCl,; ADP also induces a redistribution of platelet 
calcium from the bound state towards the ionized 
state [31]. TMQ could be interfering with such a 
redistribution of calcium. 

In conclusion, our results indicate that TMQ is a 
potent inhibitor of platelet aggregation in vitro. Its 
inhibitory action is unrelated to adrenergic 
mechanisms, cAMP accumulation or prostaglandin 
biosynthesis. Contrary to previous findings the 
f-adrenoceptor agonist, isoproterenol, is devoid of 
platelet anti-aggregatory activity. TMQ may have a 
novel mechanism of action, different from that of 
other platelet aggregation inhibitors currently being 
considered clinically as potential anti-thrombotic 
compounds. 
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Abstract—The O-glucuronide of N-hydroxy-N-2-fluorenylacetamide (N-GIO-FAA) was deacetylated by 
guinea pig liver. tRNA reacted with the product of this deacetylation, the O-glucuronide of N-2-fluor- 
enylhydroxylamine (N-GIO-FA), to give fluorenylamine-substituted nucleic acid adducts. The quantity 
of adduct formation was used to determine deacetylase activity. 

Of the various guinea pig tissues assayed, only the liver contained enzyme activity, and this activity 
was confined to the microsomal fraction of the cell. Guinea pig liver microsomes were about four 
times as active as rabbit liver microsomes and about fourteen times as active as rat liver microsomes 
in promoting fluorenylamine-tRNA adduct formation. Adduct formation induced by guinea pig micro- 
somes was about seven times greater at pH 8.5 than at pH 7.0. 

The aglycone of the O-glucuronide, N-hydroxy-N-2-fluorenylacetamide (N-hydroxy-FAA) also yielded 
fluorenylamine-substituted nucleic acid adducts following deacetylation at pH 8.5 by guinea pig liver 
microsomes in the presence of tRNA. In contrast to results obtained with N-GIO-FAA, adduct forma- 
tion with N-hydroxy-FAA was not as efficient, and it was independent of pH over the range 7.0-8.5. 
Rabbit and rat liver microsomes were more active in promoting adduct formation of tRNA with 
N-hydroxy-FAA than with N-GIO-FAA. 

The differential inhibition of the microsome-induced formation of adducts of N-GIO-FAA and N- 
hydroxy-FAA with tRNA affirms that the first step in the binding mechanism of N-GIO-FAA with 


tRNA is enzymatic deacetylation and not hydrolysis to the aglycone N-hydroxy-FAA. 


N-Hydroxylation is considered to be the primary step 
in the metabolic activation of carcinogenic aromatic 
amines and amides. Further metabolism of the 
N-hydroxylated metabolites is required to initiate 
their reaction with tissue macromolecules [1, 2]. 

The O-glucuronide of N-hydroxy-N-2-fluorenyl- 
acetamide (N-GIO-FAA) is a metabolite of N-2-fluor- 
enylacetamide (FAA) in species which are capable of 
N-hydroxylation [3]. Along with N-acetoxy-N-2- 
fluorenylamine, a reactive intermediate which is 
believed to be formed as a product of the reaction 
between the enzyme acyltransferase and N-hydroxy- 
N-2-fluorenylacetamide (N-hydroxy-FAA) [4-6], the 
O-glucuronide has been considered to be responsible 
for the binding of fluorenylamine residues to nucleic 
acids in vivo [3]. In the case of N-GIO-FAA, this 
modification of nucleic acids is thought to involve 
prior deacetylation to the unstable and more reactive 
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O-glucuronide of N-2-fluorenylhydroxylamine (N- 
GIO-FA) [7]. 

In vitro studies have shown that, with increasing 
pH, N-GIO-FAA is readily deacetylated to N- 
GIO-FA. This product reacts with the guanine resi- 
dues of RNA and DNA at a rate much faster than 
its acetylated analog, N-GIO-FAA [7]. While it has 
been suggested that N-GIO-FA may be formed in vivo 
by conjugation of N-2-fluorenylhydroxylamine (N- 
hydroxy-FA) [8], the deacetylation of N-GIO-FAA 
would also yield the reactive conjugate of the hydro- 
xylamine. 

The present investigation was undertaken to deter- 
mine if N-GIO-FAA could be converted to the more 
reactive N-GIO-FA by enzymatic deacetylation. Since 
N-hydroxy-FAA and FAA are rapidly deacetylated 
by guinea pig liver, as compared to rabbit and rat 
liver [9], initial experiments designed to detect the 
presence of a deacetylase capable of acting on 
N-GIO-FAA were carried out with guinea pig tissues. 
tRNA was used to trap the reactive product of this 
deacetylation, N-GIO-FA [7]. Consequently, the 
demonstration of deacetylase activity was a function 
of the rate of formation of fluorenylamine-tRNA 
adducts. 


MATERIALS AND METHODS 


Chemicals. N-Hydroxy-FAA-9-['4C] 
m-mole) was purchased from International Chemical 


(12.7 mCi/ 
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and Nuclear Corp., Cleveland, Ohio. N-Hydroxy- 
FAA-2’-[?H] (41.5 mCi/m-mole) was prepared by the 
reaction of N-hydroxy-FA [10] with acetic anhydri- 
de-[*H] (Amersham/Searle Corp., Arlington Heights, 
Ill.) (1.5/1 mole ratio) in benzene. The hydroxamic acid 
‘was purified by conversion to its sodium salt, extrac- 
tion with ether, and precipitation with acid. The yield 
was: 90°,. based on acetic anhydride. Double-labeled 
N-hydroxy-FAA-[9-'*C]-[2-7H] was prepared to 
give final specific radioactivities of 6.3mCi '*C 
m-mole and 19.1 mCi 7H/m-mole. Radiochemical pur- 
ity was determined by t.l.c. on Eastman 6060 Silica 
gel using chloroform—methanol (97:3) as a solvent for 
N-hydroxy-FAA (R, 0.54) [6]. Radioautography with 
Kodak Medical No-Screen X-ray film (Eastman 
Kodak Co., Rochester, N.Y.) gave a single radioactive 
spot coincident with the fluorescent-quenching spot 
detected by t.l.c. 

The O-glucuronide of N-hydroxy-FAA-[9-'*C]- 
[2’-H] (0.99 mCi '*C/m-mole and 4.9 mCi *H/m- 
mole) was prepared biosynthetically. The bile ducts 
of 3 female Sprague-Dawley rats were cannulated and 
a solution of 10 mg of N-hydroxy-FAA-[9-'*C]- 
[2’--H] in 150 pl of dimethylsulfoxide was adminis- 
tered i.p. to each rat. The bile was collected and the 
O-glucuronide was isolated according to the method 
of Irving, Veazey and Russell [8]. A sample of the 
O-glucuronide was treated with f-glucuronidase (bac- 
terial, Type I, Sigma Chemical, Co., St. Louis, Mo.) 
in Sorensen’s phosphate buffer, pH 7.0, at 37° for 1.5 
hr. Ether extraction of the incubation mixture and 
subsequent t.l.c. and radioautographic analysis of the 
ether extract gave one fluorescent-quenching radio- 
active spot due to the aglycone, N-hydroxy-FAA. 

The following were obtained from the commercial 
sources indicated: yeast tRNA, p-chloromercuriben- 
zoate, N-ethylmaleimide, dithiothreitol, saccharo-1,4- 
lactone, and _ p-nitrophenyl-f-glucuronide (Calbio- 
chem, Los Angeles, Calif); diethyl p-nitrophenyl 
phosphate (K & K_ Laboratories, Inc., Plainview, 
N.Y.); trisodium pentacyanoamine ferrate (Fisher 
Scientific Co., Pittsburg, Pa.); sodium fluoride (Merck 
and Co., Inc., Rahway, N.J.). 

Animals and tissue preparation. Male animals, were 
used in all experiments. Albino guinea pigs (340 
450 g) (Camm Research Institute, Wayne, N.J.), albino 
rabbits (2-3kg) (Thompson Research Foundation, 
Monee, Ill.) Syrian golden hamsters (100-125 g) 
(Charles Rivers Lakeview Hamster Colony, Newfield, 
N.J.), albino rats (180-230 g) and mice (20-25 g) (ARS 
Sprague-Dawley, Madison, Wis.) were purchased 
from the commercial sources indicated. 

The rabbits were sacrificed by injection of air into 
the heart. The other animals were anesthetized with 
ether prior to removal of tissue samples. The tissues 
were minced and homogenized in the cold with 9 ml 
of 0.25M_ sucrose/g of tissue in a glass and Teflon 
homogenizer [10]. The homogenates were centrifuged 
at 8000g for 20min. The sediments were discarded 
and the supernatant centrifuged at 105,000g for 1 hr. 
The pellets were suspended in the original volume 
of 0.25M sucrose and recentrifuged at 105,000g for 
30 min. These pellets were homogenized in the cold 
in 0.05 M Tris-HCl buffer, pH 8.5 (1 g equiv tissue 
wt/2 ml buffer) and used as the microsomal prep- 
aration. The washed guinea pig liver microsomal pel- 
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lets were stable at —20° for several days. For assay 
of urinary bladder epithelium the mucosa was 
stripped from rabbit tissue or from a surgically-re- 
moved human specimen, and homogenized in 0.05 M 
Tris-HCI buffer, pH 8.5. 

Protein determination. Protein concentrations were 
determined by use of a modified Folin method using 
bovine serum albumin as a standard [11]. 

Assay method for enzyme-induced adduct formation 
of the O-glucuronide of N-hydroxy-FAA with tRNA. 
The standard assay system contained 1.0 ml of 0.05 M 
Tris-HCI buffer, pH 8.5, 3 mg of yeast tRNA, 0.2 ml 
of whole homogenate (equivalent to 20 mg tissue wt) 
or 0.2 ml of microsomal homogenate (equivalent to 
100 mg tissue wt, usually 0.5—0.7 mg protein), and the 
O-glucuronide of N-hydroxy-FAA-[9-'*C]-[2-7H] 
(0.028 ymoles) in water (10 yl). The mixture was incu- 
bated with shaking at 37° for 20 min in air. The reac- 
tion was stopped by addition of buffer-saturated 
phenol (1.0 ml). The incorporation of fluorenylamine 
residues into RNA was determined as previously de- 
scribed [6] by precipitating the nucleic acid from 
0.6-ml aliquots of the aqueous phase with 6 ml of 2% 
potassium acetate in 95%, ethanol. The precipitate was 
collected on glass-fiber filters and washed successively 
with 70 and 95°, ethanol, acetone, and diethyl ether. 
The dry filters were placed in counting vials and 
moistened with 0.15 ml of water. A solubilizer (1 ml, 
NCS, Amersham/Searle Corp., Arlington Heights, I1.) 
and toluene-based scintillator (10 ml) were added, and 
the vials were counted in a liquid scintillation 
counter. Enzyme activity was expressed as nmoles of 
fluorenylamine bound to tRNA. 

Controls used in this study included incubations 
containing boiled microsomes, no enzyme or the agly- 
cone of the O-glucuronide, N-hydroxy-FAA-[9-'*C]- 
[2’-°H} (0.028 umole/10 ul dimethylsulfoxide). Single 
assays were carried out routinely; duplicate assays 
using the glucuronide as substrate usually agreed 
within 10 per cent, but replicates using N-hydroxy- 
FAA were subject to slightly greater variation. With 
the exception of Table 1, which is a composite of 
experiments carried out on 5 different microsomal 
preparations, data from analysis of single tissue prep- 
arations are shown. Most experiments were carried 
out at least twice with different microsomal prep- 
arations. 

RESULTS 


Deacetylation of N-GIO-F AA by guinea pig liver and 
formation of fluorenylamine-tRNA adducts. Incuba- 
tions of N-GIO-FAA with tRNA and guinea pig liver 
microsomes resulted in substantially greater levels of 
nucleic acid adduct formation as compared with incu- 
bations containing either no enzyme or boiled micro- 
somes. Since the nucleic acid adducts contained less 
than | per cent incorporation of the acetyl group their 
formation was most likely due to enzymatic deacety- 
lation of N-GIO-FAA. The product of this deacetyla- 
tion, N-GIO-FA, is unstable and known to combine 
spontaneously with nucleic acids to yield fluorenyla- 
mine—nucleic acid adducts [7]. 

Incubation of the aglycone, N-hydroxy-FAA, with 
tRNA and guinea pig liver microsomes also gave 
fluorenylamine-tRNA adducts. As with the O-glucur- 
onide incubations, only slight incorporation of the 
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Table 1. Effect of modifying substances on the formation of fluorenylamine-nucleic acid 
adducts on incubation of N-GIO-FAA or its aglycone, N-hydroxy-FAA, with tRNA and 
guinea pig liver microsomes 





% of control activity* 





N-GIO-FAA 
as substrate 


N-Hydroxy-FAA 


Modifier Concentration as substrate 





None (Control) 
p-Chloromercuribenzoate 
N-Ethylmaleimide 

Diethyl p-nitrophenyl phosphate 
Sodium fluoride 


Trisodium pentacyanoamine ferrate 


Dithiothreitol 
Saccharo-1,4-lactone 





* Enzyme activity was determined by the amount of fluorenylamine-tR NA adducts formed 
and is expressed as per cent of activity without modifiers for each substrate. Adduct formation 
by 5 different microsomal preparations ranged from 0.25 to 0.45 (average value = 0.35) 
nmoles fluorenylamine bound to tRNA/mg protein using N-GIO-FAA as substrate, and 
0.18-0.35 (average value = 0.25) using N-hydroxy-FAA as substrate. 

The enzyme-induced adduct formation by guinea pig liver microsomes was determined 


in 0.05 M Tris-HCI buffer, pH 8.5, as described in Materials and Methods. 


acetyl group (2 per cent) of N-hydroxy-FAA was 
shown to be present in these adducts. 

The effect of pH on adduct formation using either 

_ N-GIO-FAA or its aglycone as substrate in 0.05M 

Tris-HCl buffer is shown in Fig. 1. Whereas adduct 

formation with N-hydroxy-FAA as substrate was 

essentially independent of pH over the range 7-8.5, 














FLUORENYLAMINE BOUND to tRNA (nmole) 


pH 
Fig. 1. Effect of pH on the guinea pig liver microsome- 
induced activation of N-GIO-FAA and N-hydroxy-FAA. 
The formation of fluorenylamine—nucleic acid adducts as 
a function of pH on incubation of N-GIO-FAA or N-hyd- 
roxy-FAA with tRNA and guinea pig liver microsomes 
was determined in 0.05M Tris-HCl buffer as described 
in Materials and Methods. Data shown are from incuba- 
tion of: @, N-GIO-FAA and microsomes; O, N-GIO-FAA 
and boiled microsomes; x, N-hydroxy-FAA and 
microsomes. 


approximately a 7-fold increase was found with 
N-GIO-FAA as substrate on increasing the pH of the 
incubation mixture from 7.0 to 8.5. At pH 9.0 the 
N-GIO-FAA is rapidly deacetylated and no difference 
in the yield of adduct formation by enzymatic or 
chemical deacetylation could be shown. 

In incubation mixtures containing N-GIO-FAA, 
tRNA and guinea pig liver microsomes at pH 8.5, the 














30 


FLUORENYLAMINE BOUND to tRNA (nmole) 


INCUBATION TIME (min.) 


Fig. 2. Time-dependent formation of fluorenylamine—nuc- 
leic acid adducts on incubation of N-GIO-FAA with tRNA 
and guinea pig liver microsomes. The formation of fluor- 
enylamine-nucleic acid adducts as a function of the period 
of incubation of N-GIO-FAA with tRNA and guinea pig 
liver microsomes (@) or boiled microsomes (0), in 0.05 M 
Tris-HCl buffer, pH 8.5, was determined as described in 
Materials and Methods. 
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amount of fluorenylamine residues bound to the nuc- 
leic acid was proportional to incubation times of up 
to ~ 20 min (Fig. 2), and to the concentration of mic- 
rosomes (Fig. 3) and substrate (Fig. 4). The results 
of control incubations which contained no micro- 
somes or boiled microsomes are also shown in Fig. 
1-4. Adduct formation in control incubations was 
~1/5-1/10 of that obtained in incubations with 
guinea pig liver microsomes. 

Effect of modifying substances on adduct forma- 
tion. The effect of various modifying substances on 
the formation of fluorenylamine—nucleic acid adducts 
obtained on incubation of N-GIO-FAA or its agly- 
cone, N-hydroxy-FAA, with tRNA and guinea pig 
liver microsomes at pH8.5 is shown in Table 
1. Whereas nucleic acid-adduct formation with 
N-hydroxy-FAA was reduced by 55 per cent with 
p-chlororomercuribenzoate at a concentration of 
10°*M, it was essentially unchanged with N-GIO- 
FAA. In contrast to this, N-ethylmaleimide almost 
completely inhibited adduct formation with N-GIO- 
FAA at a concentration of 10° * M, but had no effect 
on adduct formation with N-hydroxy-FAA. ’ 

Diethyl p-nitrophenyl phosphate at a concentration 
of 10°°M completely inhibited adduct formation 
with both substrates. However, at a concentration of 
10°°M it had no effect on adduct formation with 
N-hydroxy-FAA, but it reduced adduct formation 
with N-GIO-FAA by approximately one half. 

In the presence of 10°*M dithiothreitol, adduct 
formation was enhanced by about one and a half 
times with N-hydroxy-FAA as substrate, but it was 

-reduced by about 1/4 when N-GIO-FAA was used 
as substrate. Sodium fluoride at a concentration of 
10°*M inhibited adduct formation to approximately 
the same degree with both substrates, while 10°? M 
saccharo-1,4-lactone, a known /-glucuronidase inhibi- 
tor [12], did not inhibit adduct formation with either 
substrate. 

Trisodium pentacyanoamine ferrate, which rapidly 
forms a stable colored complex with N-hydroxy-FA 





o 
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° 
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FLUORENYLAMINE BOUND to tRNA (nmole) 


0.25 





MICROSOMES (mg protein) 


Fig. 3. Fluorenylamine-substitution of nucleic acid as a 

function of guinea pig liver microsomes incubated with 

N-GIO-FAA and tRNA. The quantity of fluorenylamine 

nucleic acid adducts formed on incubation of varying 

amounts of guinea pig liver microsomes with N-GIO-FAA 

and tRNA was determined in 0.05M Tris-HCl buffer, 
pH 8.5, as described in Materials and Methods. 
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to tRNA (nmole) 











FLUORENYLAMINE BOUND 


N-GIO-FAA (nmole) 


Fig. 4. Substrate-dependent formation of fluorenylamine- 
nucleic acid adducts on incubation of N-GIO-FAA with 
tRNA and guinea pig liver microsomes. The quantities of 
fluorenylamine-substituted nucleic acid formed on incuba- 
tion of varying amounts of N-GIO-FAA with tRNA in 
the presence (@) or absence (O) of guinea pig liver micro- 
somes was determined using 0.05M Tris-HCl buffer, 
pH 8.5, as described in Materials and Methods. 


[13]. did not inhibit adduct formation with N-hyd- 
roxy-FAA at concentrations of 10°?-10°*M. How- 
ever adduct formation with N-GIO-FAA was inhi- 
bited by 75 per cent at 10°*M trisodium penta- 
cyanoamine ferrate. 

Intracellular distribution of enzyme activity. Adduct 
formation resulting from incubation of N-GlO-FAA 
or its aglycone, N-hydroxy-FAA, with tRNA and sub- 
cellular fractions of guinea pig liver is shown in Table 
2. When N-GIO-FAA was used as the substrate, only 
the microsomal fraction deacetylated the O-glucur- 
onide and produced fluorenylamine-tRNA adducts. 
In contrast, each intracellular fraction was capable 
of adduct formation with N-hydroxy-FAA as sub- 
strate. In other experiments the microsomal fraction 
was shown to be relatively more effective in the for- 
mation of adducts using N-hydroxy-FAA as sub- 
strate. 

Distribution of enzyme activity in tissues of various 
species. Table 3 shows a comparison of the formation 
of nucleic acid adducts on incubation of N-GIO-FAA 
or its aglycone with tRNA and the liver microsomes 
of several species. With N-GIO-FAA as substrate, 
guinea pig liver microsomes were about four times 
as active as rabbit liver microsomes in inducing com- 
bination of fluorenylamine residues with tRNA. Rat 
liver microsomes were only marginally active and no 
activity was detected in either hamster or mouse mic- 
rosomes. 

In contrast to these results, when the aglycone 
N-hydroxy-FAA was used as substrate, rabbit liver 
microsomes were about one and a half times as active 
as guinea pig liver microsomes in forming fluorenyla- 
mine-tRNA adducts. Also, rat liver microsomes were 
about three times as active in promoting nucleic acid 
adducts with N-hydroxy-FAA as substrate as they 
were with N-GIO-FAA as substrate. 

The amounts of fluorenylamine—nucleic acid 
adducts formed on incubation at pH 8.5 of N-GIO- 
FAA, tRNA and microsomes isolated from the spleen, 
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Table 2. Fluorenylamine—nucleic acid adduct formation on incubation of N-GIO-FAA or 
its aglycone, N-hydroxy-FAA, with tRNA and subcellular fractions of guinea pig liver 





Fluorenylamine bound to tRNA 


nmoles x 10!* 





N-GIO-FAA 


N-hydroxy-FAA 





Per 100 mg 


Liver cell fraction* tissue 


Per mg 
protein 


Per 100 mg 
tissue 


Per mg 
protein 





Whole homogenate 
Nuclei 
Mitochondria 
Cytosol 
Microsomes 





* Values given for adduct formation were corrected by subtracting the binding obtained 


in control incubations with boiled microsomes. 


+ Fractionation of guinea pig liver was accomplished according to the method of Lotlikar, 


et al. [10]. 


The enzyme-induced adduct formation by guinea pig liver fractions was determined in 
0.05 M Tris-HCI buffer, pH 8.5, as described in Materials and Methods. 


small intestine, colon, kidney, lung, stomach or blad- 
der of the guinea pig or rat, or homogenates of 
human or rabbit bladder mucosa were not signifi- 
cantly different from control incubations containing 
boiled microsomes. 

Partially purified arylhydroxamic acid acyltransfer- 
ase [6], an enzyme which is present in the cytosol 
of tissues of a variety of species and is known to 
promote fluorenylamine-RNA adduct formation on 
incubation with N-hydroxy-FAA [14] did not induce 
adduct formation when incubated with N-GIO-FAA 
and tRNA at pH 7.0. Similarly, homogenates of ham- 
ster liver which contain high levels of acyltransferase 
[14] were also ineffective in promoting nucleic acid 
adduct formation when incubated with the O-glucur- 
onide and tRNA at pH 8.5. 


DISCUSSION 


This study has demonstrated the enzymatic deace- 
tylation of an O-glucuronide conjugate, N-GIO-FAA. 
The possibility that hydrolysis of this O-glucuronide 
conjugate to its aglycone, N-hydroxy-FAA, was 


Table 3. Comparative formation of fluorenylamine—nucleic 

acid adducts on incubation of N-GIO-FAA or its aglycone, 

N-hydroxy-FAA, with tRNA and the liver microsomes of 
several species 





Fluorenylamine bound to tRNA/mg 
Protein nmoles x 10'* 





Species N-GIO-FAA N-hydroxy-FAA 





Guinea pig i 4.2 
Rabbit m 6 
Rat . bz 
Mouse 

Hamster 





* Values given for adduct formation were corrected by 
subtracting the binding obtained in control incubations 
with boiled microsomes. 

The enzyme-induced adduct formation by liver micro- 
somes was determined in 0.05 M Tris-HCl buffer, pH 8.5, 
as described in Materials and Methods. 


occurring prior to enzymatic deacetylation and bind- 
ing with tRNA was not supported by the data. 

The dependence of enzyme-induced fluorenyla- 
mine—nucleic acid adduct formation on pH was criti- 
cal with N-GIO-FAA as substrate. The optimum pH 
for adduct formation was 8.5, and while incubations 
at pH 7.0 gave little adduct formation, incubations 
at pH 9.0 rapidly deacetylated the O-glucuronide and 
enhanced the yield of fluorenylamine—nucleic acid 
adducts even in enzyme-free controls. However, 
adduct formation with N-hydroxy-FAA as substrate 
was essentially independent of pH between 7.0 and 
8.5. The pH optimum of f-glucuronidase in mam- 
malian tissues is about 5 [12], and the possibility that 
enzyme-induced nucleic acid—adduct formation with 
N-GIO-FAA as substrate resulted from initial clea- 
vage of the O-glucuronide to its aglycone by f-glucur- 
onidase was unlikely. If this were the case, enzyme- 
induced nucleic acid—adduct formation with the O- 
glucuronide would have been expected to be greater 
at pH 7.0. where f-glucuronidase activity would be 
higher, than at pH 8.5. Indeed, independent measure- 
ment in our laboratory of the ability of guinea pig 
liver microsomes to hydrolyze p-nitrophenyl-f-glu- 
curonide [12] has shown that the /-glucuronidase 
activity was essentially abolished as the pH was in- 
creased from 7.0 to 8.5. Also, saccharo-1,4-lactone, an 
inhibitor of f-glucuronidase [12], did not decrease 
the amount of adduct formation when it was added 
at a concentration of 10°? M to a mixture of N-GIO- 
FAA, tRNA and guinea pig microsomes at pH 8.5. 
Although it has previously been demonstrated that 
the efficiency with which saccharo-1,4-lactone inhi- 
bited f-glucuronidase activity decreased as the pH 
was increased, the net effect of the inhibitor was to 
inhibit the hydrolysis of the glucuronide conjugates 
in all cases [15]. 

The possibility of cleavage of N-GIO-FAA to 
N-hydroxy-FAA prior to enzyme-induced nucleic 
acid—adduct formation was also diminished by the 
fact that 10°*M_p-chloromercuribenzoate inhibited 
adduct formation by 55 per cent when N-hydroxy- 
FAA was used as substrate, but had essentially no 
effect on nucleic acid adduct formation with the 
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O-glucuronide. If hydrolysis of N-GIO-FAA to 
N-hydroxy-FAA were an obligatory event for the 
activation of the O-glucuronide, then p-chloromercur- 
ibenzoate should also have inhibited adduct forma- 
tion when the O-glucuronide was used as substrate. 

In view of the preceding discussion, and the obser- 
vation that N-ethylmaleimide and trisodium penta- 
cyanoamine ferrate, at concentrations of 10° * M, in- 
hibited adduct formation only when the O-glucur- 
onide was used as substrate, it appears that two dis- 
tinct enzymes in guinea pig liver microsomes may be 
responsible for the activation of N-GIO-FAA and 
N-hydroxy-FAA. Irving [9] has demonstrated that 
trisodium pentacyanoamine ferrate slightly stimulated 
the deacetylation of N-hydroxy-FAA by guinea pig 
liver microsomes at pH 7.0. In our study trisodium 
pentacyanoamine ferrate was used in an attempt to 
inhibit adduct formation of N-hydroxy-FAA and 
tRNA by reaction with the deacetylated product, 
N-hydroxy-FA, if indeed it was formed. Since adduct 
formation was not inhibited, either the trisodium pen- 
tacyanoamine ferrate did not trap the N-hydroxy- 
FA at a rate sufficient to prevent its reaction with 
tRNA or some other intermediate was responsible for 
the introduction of fluorenylamine residues into 
tRNA when N-hydroxy-FAA was used as substrate. 

Enzyme-induced nucleic acid-adduct formation 
with both substrates was inhibited by low concen- 
trations of diethyl p-nitrophenyl phosphate. The 
enzymes in guinea pig liver microsomes which deace- 
tylate N-hydroxy-FAA and FAA have been shown 
to be inhibited by low concentrations of this organic 
phosphorous compound [9,16]. This suggests that 
the enzyme for the deacetylation of the O-glucuronide 
of N-hydroxy-FAA may be an esterase-type enzyme 
[9, 16]. 

Although steroid glucuronides have been shown to 
undergo metabolic transformation without hydrolysis 
of the carbohydrate moiety [17], analogous metabolic 
transformations of xenobiotic conjugates are less well 
known. The present study indicates that enzymatic 
action on the aglycone moiety of so-called detoxified 
conjugates, such as glucuronides, may have important 
pharmacological and toxicological implications. 

The role of the enzymatic deacetylation of N-GlO- 
FAA in carcinogenesis is at present difficult to assess. 
The tissue distribution of the enzyme appears to be 
limited inasmuch as deacetylase activity has been 
demonstrated only in the liver of a few of the several 
species tested. Furthermore, the guinea pig, which is 
not susceptible to the induction of liver tumors by 
N-hydroxy-FAA [18], has much higher levels of this 
enzyme than does the rat, which is susceptible to the 
induction of liver tumors by N-hydroxy-FAA [19]. 

If the alteration of tissue macromolecules plays an 
important role in the induction of tumors by chemi- 
cals, the metabolic activation of aromatic amines and 
other carcinogens to reactive derivatives may be cru- 
cial to the carcinogenic process [20]. Although the 
conjugation of N-hydroxy-FAA with sulfate has been 
implicated in the development of liver tumors in the 
rat [21-23], this metabolic pathway is apparently not 
involved in the production of tumors in other tissues 
of the rat or other species [21,24]. Enzymes capable 
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of activating arylhydroxamic acids by N—O acyl- 
transfer are widely distributed in tissues that develop 
tumors, as well as in tissues that have not been shown 
to be susceptible to carcinogenic aromatic amines 
[ 5,6, 14,25]. Still other tissues develop tumors but 
have not been shown to possess a metabolic acti- 
vation system [14]. Consequently, it seems that no 
single metabolic pathway is uniquely associated with 
the carcinogenicity of these compounds. 
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Abstract—High diamine oxidase (DAO) and histaminase activity are present in rat intestine, thymus 
and adrenals, and a close correlation exists between the two activities in these tissues (Biochem. Pharmac. 
24. 979 (1975)). The distribution of histaminase in normal and germ-free rat tissues and the release 
of this enzyme from intestine, thymus and adrenals was investigated in further detail with a tritium- 
release assay. Contrary to previous reports, histaminase activity was detected in brain, in the hypo- 
thalamus, thalamus and medulla but not in cortex and cerebellum. The enzyme was released by heparin 
into blood from intestine and adrenals but not from thymus. In high doses, heparin produced almost 
complete (> 80 per cent) depletion of the enzyme in intestine within | hr. The enzyme activity re- 
appeared and returned to normal levels by 24 hr. Prior administration of cycloheximide prevented 
the repletion of enzyme activity. The time course of the responses to the drugs suggested that DAO 
is synthesized continuously at a relatively rapid rate (t, ~ 10 hr). Studies in vitro indicated that DAO 
unlike monoamine oxidase diffuses from the mucosal surface into the lumen of the gut. DAO may 


therefore have a role in deaminating diamines of bacterial origin in the intestinal contents. 


The enzyme diamine oxidase (diamine, O, oxido- 
reductase [deaminating], E.C.1.4.3.6) catalyzes the 
deamination of both histamine and diamines, such 
as putrescine and cadaverine [1]. Along with hista- 
mine-N-meihyl transferase, it is responsible for the 
metabolism of histamine in the body, and in some 
species including the rat [2-4], diamine oxidase plays 
the major role in the degradation of histamine. The 
highest levels of enzyme are found in the intestine 
[5]. thymus [6] and, in some species, kidney [5]. The 
enzyme is also produced by the placenta [7,8], and 
increasing levels. of the enzyme appear in plasma dur- 
ing the course of pregnancy [9—11 ]. 

An interesting property of the enzyme is that it 
is released into circulation by the administration of 
heparin in man [12, 13], rat [14], rabbit [14], 
guinea pig [14,15] and other vertebrates [16]. In 
man, the plasma enzyme levels increase after rela- 
tively small doses (10 units/kg) of heparin [17]. The 
enzyme appears within minutes and then disappears 
from plasma in an exponential fashion [13, 17]. The 
kinetics of this response suggests that the release of 
enzyme is immediate and short-lived. Kobayashi and 
Maudsley have shown there is no response to heparin 
in rat once the intestine is removed. This indicates 
that the major source of the enzyme appearing in 
plasma is the intestine [18]. 

The purpose of the present study was to identify 
tissues with high diamine oxidase activity in rat and 
to determine which of these tissues are depleted of 
enzyme activity by administration of heparin, and 
secondly, to study the turnover and release of the 
enzyme in one organ, the intestine. The turnover rate 
was determined by measurement of the rate of reap- 
pearance of enzyme after depletion with heparin and 
the rate of disappearance after inhibition of protein 
synthesis with cycloheximide. The release of intestinal 


DAO was also investigated in vitro and compared 
with that of monoamine oxidase, which coexists with 
DAO in the gut. 


MATERIALS AND METHODS 


Male, Sprague-Dawley rats (Taconic Farms), 
180-220 g, were fed Purina rat chow and distilled 
water ad lib. Germ-free rats (Sprague-Dawley) were 
obtained from the Division of Research Resources, 
N.I.H., and were used immediately. 

Heparin sodium solution, 1000 and 10,000 units/ml 
(Upjohn Co., Kalamazoo, Mich.), was given intra- 
venously into the tail vein. Powdered sodium heparin 
USP (Hynson, Westcott, Dunning, Inc., Baltimore, 
Md.) was used to prepare solutions of higher strength. 
Cycloheximide (Calbiochem Corp., San Diego, Ca.) was 
administered in saline by intraperitoneal injection. 
The animals were killed by dislocation of the neck. 
Blood was obtained by cardiac puncture using 5-ml 
plastic disposable syringes which contained 5 units | 
of heparin. Plasma was obtained by centrifugation of 
the blood at 2000 g for 20 min. The intestine was 
cut open and briefly rinsed by dipping into water. 
The mucosal surface was not washed vigorously to 
avoid loss of enzyme activity (see below). Tissues were 
washed in distilled water, blotted dry, then frozen on 
dry ice for storage at —20°. Brain sections were pre- 
pared for us by Dr. R. M. Kobayashi according to 
the procedure of Glowinski and Iversen [19, 20]. 

The dose of cycloheximide used in these studies, 
2 mg/kg, was one that produced no apparent signs 
of toxicity over the course of 24 hr but produced 
maximum reduction in intestinal histaminase activity. 
Preliminary experiments had indicated that smaller 
doses, 0.5 mg/kg, produced only partial depletion, 35 
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Table 1. Distribution of histaminase activity in rat tissues 





Histaminase activity 


Tissue (units/g) 





(9,024-16,500) 

(2,583-—7,535) 

(6,970-9,750) 
(384-1,400) 
(467-975) 
(108-820) 


Placenta* 
Small intestine (mid-ileum)* 
germ free rats 
Thymus 
germ free rats 

Adrenals 

Stomach 
Membranous 
Glandular 

Pancreas 

Lung 

Spleen 

Bone marrow (femur) 

Liver 

Kidney 

Heart 

Plasma 

Skin (paw) 

Submaxillary gland 

Testicles 

Whole brain 
Cerebral cortex 
Cerebellum 
Medulla pons 
Thalamus 
Hypothalamus 


I+ I+ I+ I+ 14+ 1+ 


(166,168) 
(242,276) 
(39,43) 
(25-57) 
(26-36) 
(26,30) 
(3-16) 
(5-11) 
(2-14) 
(1.6-7.5) 


I+ I+ 
to ws) 


—woe— 
— 


MM mMWNN bh 


0.5 
0.5 
1.6 


(2.44.5) 
(3.0-4.4) 
(4.2-6.3) 


3.5 


RWW WW OWS WW DN NNN WN bo 


= 
= 
ao 
= 
< 
< 
< 
< 
<= 
< 
= 
a + 
+ 


5.5 





* Placentas were obtained from female Sprague-Dawley rats on the 20th to 23rd day 
of pregnancy. 

+ The following values were obtained along the intestinal tract in one rat: duodenum 
3,160; jejunum 4,570; upper, middle and lower third of the ileum 5,220, 5,460 and. 6,260 
respectively; cecum 7,800; and upper part of large intestine 5,400 units/g. In a second rat, 
values of 5,400, 8,200 and 7,420 units/g were obtained for the jejunum, middle and lower 


part of the ileum respectively. 


Values are means + S.E.M. Range of values. are shown in parentheses. 2 


units/g is the 


minimal detectable activity in tissues as discussed under Materials and Methods. 


per cent in 10, P < 0.025) of enzyme activity, 
and that doses of 5 mg/kg or greater produced death 
in some animals within 24 hr. 

For the assay of enzyme activities, tissues were 
homogenized freshly in 9 vol of ice-cold sodium phos- 
phate buffer, 0.1 M (pH 6.8). Plasma was used undi- 
luted. 

Histaminase activity* was measured by the tritium 
release assay of Beaven and Jacobsen [21] in which 
[B-*H]histamine is deaminated with quantitative 
release of the f-tritium to form tritiated water. In 
this procedure, the sample is incubated with [p-*H]- 
histamine (0.1 «Ci, 14 pmoles) in phosphate buffer, 
pH 6.8 (total vol 0.2 ml) and water is collected by 
sublimation in glass Thunberg tubes. Assay blanks 
were prepared by incubation of tissue homogenate 
or plasma in the presence of aminoguanidine, 2 x 
10°° M, a specific inhibitor of diamine oxidase [22]. 
Enzyme activity is expressed as units/ml or g of tissue 
where | unit equals | pmole of [f-*H]histamine dea- 
minated/hr of incubation. In the usual assay, an ac- 
tivity of 2 units/g tissue or 0.2 units/ml plasma yielded 
about 70 dpm of *H above a blank value of 300 dpm 
3H and was the minimal detectable activity. 





*In this present work, histaminase activity is considered 
the same as diamine oxidase activity and the two terms 
are used interchangeably. See Discussion. 


t 


Monoamine oxidase activity was assayed by a 
modification of the method of Robinson et al. [23]. 
The concentration of substrate, [x-'*C]benzylamine, 
was 10°” M (100 nCi/ml). Activity is expressed as 
units/ml or g where. | unit equals 1 nmole [a-'*C]- 
benzylamine deaminated/hr of incubation. 

For the studies in vitro, 2- to 3-cm segments of 
ileum (wt about 1 g) were used. These were either 
inverted or left uninverted and were made into closed 
sacs by tying both ends of the segments with cotton 
thread. The sacs were incubated at 37° for varying 
periods of time in a shaking incubator which was 
set at 40 oscillations/min. At the end of the incubation 
the bath fluid and tissue were assayed for enzyme 
activity. 


RESULTS 


Distribution of histaminase activity in rat tissues. 
Apart from placenta, the highest levels of histaminase 
activity as measured by the tritium release assay were 
found in small intestine, thymus and adrenals (Table 
1). High activity was found in intestine and thymus 
in both normal and germ-free animals. Stomach con- 
tained moderate amounts of activity. There was also 
some activity in pancreas, lung, spleen and bone mai- 
row, low activity in liver, kidney, heart and plasma, 





Turnover and release of DAO in rat tissues 


and no activity could be detected in skin, submaxil- 
lary gland, testicles and whole brain. When enzyme 
activity was assayed in various parts of brain, no ac- 
tivity was found in cerebral cortex and cerebellum. 
Traces of activity were present, however, in the 
hypothalamus, thalamus and medulla pons with the 
highest levels being present in the hypothalamus. In 
all cases, tritium release was suppressed by amino- 
guanidine, which specifically inhibits DAO activity 
but not monomaine oxidase. Along the gastrointes- 
tinal tract, enzyme activity appeared to increase and 
was highest in the terminal portion of the ileum and 
in the cecum. Beyond the cecum, activity was lower 
(Table 1). 

Effect of heparin on tissue histaminase activity. His- 
taminase activity increased in plasma, decreased in 
ileum and adrenals and remained unchanged in thy- 
mus after heparin. These changes were dose-depen- 
dent (Fig. 1). After large doses, 40,000 units/kg of 
heparin, the ileum was depleted almost completely 
of enzyme activity. In adrenals, enzyme activity de- 
creased markedly (by 76 per cent) with small doses 
of heparin, but the decrease was less marked (35 and 
50 per cent) with larger doses of heparin, due possibly 
to the higher circulating levels of enzyme in plasma 
with these doses (Fig. 1). 

Additional doses of heparin did not further de- 
plete the intestine. For example, after a single dose 
of 4000 units of heparin, i.v., enzyme activity was de- 
creased by 57 per cent in one experiment and 51 per 
cent in another. The injection of up to four additional 
doses of heparin, 30 min apart. did not deplete intes- 
tine of activity by more than 62 per cent (n = 4), 
whereas the same amount of heparin given in a single 
dose of 20,000 units/kg depleted the intestine by up 
to 86 per cent. 

Kinetic studies showed that after the injection of 
heparin the decline in intestinal enzyme activity was 


J Control 
4,000 U/kg 

EB 20,000 U/kg 
GB 40,000 U/kg 
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Fig. 1. Effect of heparin on histaminase activity in various 
rat tissues. Rats received 4000, 20000, or 40000 units/kg 
heparin i.v. as indicated and were killed 30 min later. 
Values are the mean + S.E.M. for tissues from 6 animals. 
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HOURS AFTER HEPARIN 
Fig. 2. Time course of changes of histaminase activity in 
rat small intestine and plasma following the injection of 
a single dose of heparin. Rats received 4000 units/kg 
heparin i.v. and were killed at various times after the injec- 
tion. Values are mean + S.E.M. for groups of 5—7 animals. 
The values are from 2 experiments as indicated by the 
open and closed circles. 


rapid and complete by 30 min to 2 hr. At this time, 
plasma levels of enzyme activity were at their highest 
(Fig. 2). Thereafter, enzyme activity reappeared slowly 
in the intestine and declined in plasma (Fig. 2). 
Plasma enzyme levels, in fact, fell to below their ori- 
ginal levels and did not return to normal levels until 
24 hr later (Fig. 2, insert), at which time enzyme acti- 
vity had also returned to normal high levels in intes- 
tine. The period of low activity in plasma appeared 
to correspond with the period of low activity in intes- 
tine. 

Prior administration of cycloheximide prevented 
repletion of enzyme activity after depletion with 
heparin (Fig. 3). Alone, cycloheximide in doses of 2 
mg/kg, ip., depleted the intestine of DAO activity 
within 24 hr (Fig. 3). 

Release of histaminase and monoamine oxidase ac- 
tivities in vitro. Histaminase activity readily diffuses 
from ileum in vitro. Studies with inverted and nonin- 
verted ileal sacs indicated that the enzyme diffused 
from the mucosal but not the serosal surface (Table 
2). The addition of heparin, 40 units/ml, to the bath 
fluid did not further release or enhance the diffusion 
of the diamine oxidase activity into the bath fluid 
(Table 2). In contrast monoamine oxidase, which is 
present in high levels in the rat intestine, did not dif- 
fuse from the intestinal sacs (Table 2). Other studies 
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Heparin 


of control 


“.. Cycloheximide 


HISTAMINASE ACTIVITY (° 








HOURS 
Fig. 3. Effect of cycloheximide on repletion of histaminase 
activity in rat small intestine after depletion by heparin. 
Rats were injected with cycloheximide (2 mg/kg) or saline 
i.p., and | hr later were given heparin, 4000 units/kg, i.v., 
or saline. The animals were killed at various time intervals. 
Values for the individual time points were determined by 
separate experiments, each with its own control group. 
Values are expressed as per cent (mean + S.E.M) of the 
control values (average 4468 + 417 pmoles/hr/g, n = 15). 


had shown that the soluble monoamine oxidase acti- 
vity in ileum, 522 (range 400-663, n = 4) units/g, was 
the highest in the body except for stomach, 876 
units/g, adrenals, 896 units/g tissue. 


DISCUSSION 


The present work provides more extensive data on 
the distribution of histaminase activity in rat tissue 
than is given by our earlier publications [6, 21, 24]. 
The work also shows that the enzyme is released by 
heparin from intestine and adrenals but not from 
thymus. In intestine, the release is rapid and almost 
complete with high doses of heparin. This rapid 
release is in contrast to a slow decline in histaminase 
activity after inhibition of protein synthesis with cyc- 
loheximide. The time course of these responses indi- 
cates that the enzyme is synthesized continuously and 
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at a relatively rapid rate in intestine. We shall return 
to these points later in the discussion. 

In the past, there has been controversy as to 
whether histaminase and diamine oxidase are the 
same enzyme (for example, see discussion by Zeller 
[1]). The term histaminase was first used by Best and 
McHenry [25] to describe a histamine-destroying 
principle in dog kidney. The term was subsequently 
adopted by other workers to describe a similar princi- 
ple in hog kidney [26], human placenta [7] and 
plasma of pregnant women [27]. Zeller and his as- 
sociates showed in a series of studies that these same 
tissues deaminated aliphatic diamines and that hista- 
mine and the diamines competed for deamination. 
This work has been reviewed by Zeller [28,29]. He 
proposed that a single enzyme was responsible for 
the deamination of histamine and diamines, and he 
introduced the term diamine oxidase to describe this 
enzyme. Subsequent work has supported Zeller’s con- 
tention. Highly purified preparations of enzyme from 
hog kidney [30-33] and, more recently, placenta 
[34,35] have been shown to deaminate both hista- 
mine and diamines. An exact correlation between his- 
taminase and diamine oxidase activities has been 
observed also in plasma during the course of preg- 
nancy [10]. In the latter study, histaminase activity 
was assayed by biological assay by measurement of 
the rate of histamine destruction, and diamine oxidase 
activity was measured by a modification of the pro- 
cedure of Okuyama and Kobayashi [36] in which 
['*C]putrescine was used as substrate. 

In contrast to the above studies, Kapeller-Adler 
and McFarlane [37,38], using different analytical 
procedures, obtained purified preparations of enzyme 
from hog kidney and human placenta which appeared 
to deaminate histamine but not diamines. These 
authors concluded that histaminase and diamine oxi- 
dase were separate enzymes. Zeller later attributed 
the inability of these authors to demonstrate dea- 
mination of diamines to an artefact in their assay pro- 
cedure [1]. Although we have shown that there is 
a close correlation between histaminase activity, as 
measured by the deamination of [f-*H]histamine, 
and diamine oxidase, as measured by the deamination 
of ['*C]putrescine [24], we have continued to use 
the term histaminase in our studies [6, 24, 39-44] in 


Table 2. Diffusion of histaminase and soluble monoamine oxidase activity from inverted 
and noninverted segments of rat ileum 





Enzyme activity 





Tissue 
Preparation* 


(units/g) 


Bath fluid 





without heparin with heparin 
(units/10 ml bath fluid) 





Noninverted sac 
Inverted sac 


5822 (3374-9072) 
5175 (3951-6314) 


Histaminase activity 
104 (40-160) 
834 (410-1030) 


112 (43-290) 
740 (686-900) 


Soluble monoamine oxidase activity 


Noninverted sac 
Inverted sac 


537 (541,533) 
657 (655,658) 


0 (<1) 
0 (<1) 





* The preparations consisted of small noninverted or inverted ileal segments, tied at each 
end. These segments were incubated in 10 ml Tyrode ringer with or without added heparin 
(2,000 units/incubation) for 30 min as described in Materials and Methods. Monoamine 
oxidase was assayed in the supernatant fraction, (500 g for 10 min), of the tissue homogenate. 
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reference to activity measured by the tritium release 
assay. Other enzymes are capable of deaminating his- 
tamine, for example, pig plasma benzylamine oxidase 
[45] and human serum monoamine oxidase [46], and 
these could contribute to the histaminase activity in 
certain tissues. There are differences also in the dea- 
mination of histamine and diamines as far as the 
effects of substrate concentration and pH are con- 
cerned, both with purified enzyme and crude tissue 
extracts. These differences and the mechanism of tri- 
tium release have been discussed in detail in an earlier 
paper [24] and in the publications of Bardsley and 
co-workers [35, 47]. 

The present studies confirm our earlier findings in 
rat that high enzyme activity exists in placenta, intes- 
tine, thymus and adrenals and lesser amounts in other 
tissues. Unlike in other species, there is little activity 
in rat kidney. In intestine and thymus, high activity 
was found in both normal and germ-free rats. 
Although these two organs are important components 
of the immune system, exposure to bacteria does not 
appear to be an important factor in determining the 
levels of enzyme activity. 

No activity could be detected in whole brain, as 
was reported previously [21]; however, when discrete 
areas of the brain were analyzed, histaminase activity 
was observed in hypothalamus, thalamus and pons. 
This distribution appears to be similar to that 
observed for histamine N-methyltransferase, histidine 
decarboxylase and histamine in brain [48]. There has 
been discussion on whether histamine has a role in 
the CNS and whether deamination is an important 
route of metabolism for the amine in brain (for 
example, see article by Schwartz et al. [49]). Although 
DAO activity has been demonstrated previously in 
fish brain [50], the present finding is the first 
demonstration that histaminase activity exists in 
mammalian brain. Earlier studies had not been con- 
clusive about this point. Studies by Zeller and 
coworkers [51] and Burkard and associates [50] had 
indicated that DAO activity in mammalian brain was 
low or less than the sensitivity of the procedures used. 
It is difficult to assess the importance of the enzyme 
in brain. Its activity is low, but it is possible that 
the enzyme is present in high levels in highly localized 
areas. The fact that the distribution of diamine oxi- 
dase appears to parallel that of the other histamine- 
metabolizing enzymes may be significant. The inabi- 
lity to detect the diamine oxidase in whole brain is 
probably due to dilution of midbrain with cortex and 
cerebellum, which are devoid of this enzyme. 

The studies with heparin indicate that the enzyme 
is not released from all tissues. The intestine, because 
of its size, is likely to be the major source of the 
enzyme appearing in plasma after the injection of 
heparin, as was suggested earlier by the experiments 
of Kobayashi and Maudsley [18]. The intestine may 
also be the major source of enzyme in plasma. 
This is suggested by the finding that plasma 
histaminase activity is low when the intestine is de- 
pleted of enzyme and that the plasma levels return 
to normal when the levels of enzyme in intestine are 
restored 24-48 hr after the heparin injection. Studies 
in this laboratory have shown that plasma histami- 
nase levels are low in patients with certain disorders 
of lipid metabolism [17]. These patients also give an 
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abnormally small rise in plasma histaminase activity 
in response to heparin. Whether the small response 
in these patients was a reflection of low levels of 
enzyme in intestine could not be determined [17]. 

The mechanism of release of histaminase by 
heparin is unknown. The highly ionic nature of 
heparin might suggest that the mechanism is by ionic 
displacement, although simple displacement could not 
be demonstrated in vitro with heparin. The fact that 
the extent of release is dependent on initial dose 
rather than cumulative dose of heparin suggests that 
the phenomenon is dependent on blood levels of 
heparin. The release is also immediate and short- 
lived, and kinetic studies in humans suggest that his- 
taminase is released directly into the blood stream, 
perhaps from vessel walls [17]. A rapid release of 
DAO activity has been observed previously in guinea 
pig. In this species, the major source of the enzyme 
is liver, and an 88 per cent release of liver DAO acti- 
vity was noted within 5 min after a large dose of 
heparin [52]. 

The ability to release the enzyme from rat intestine 
has allowed us to study the turnover of the enzyme 
in this organ. Histaminase appears to be continually 
produced with a turnover time of about 10 hr. A con- 
tinuous production and release of diamine oxidase 
has also been observed with perfused human placenta 
[53]. The studies in vitro indicate that a substantial 
part of the release is into the gut lumen. These results 
suggest that the enzyme has a role in deaminating 
diamines of bacterial origin in the lumen of the gut. 
However, monoamine oxidase, which is also pre- 
sumed to play a role in inactivating amines of bac- 
terial origin, is not released into the gut lumen. 
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Abstract—Tetrachloro-4-pyridinol (4-TCP) and 2-chloro-3-phytyl-1,4-naphthoquinone (Cl-K), like the 
coumarin and indanedione anticoagulants, caused the accumulation of prothrombin precursor activity 
in liver microsomes. Unlike the coumarins and indanediones, 4-TCP and Cl-K interrupted the vitamin 
K,—vitamin K, epoxide cycle by inhibiting the epoxidation of vitamin K,. Epoxidase activity assayed 
in vitro was decreased by about 40 per cent relative to controls in rats treated 24hr previously with 
4-TCP or CI-K. In vitro assays demonstrated that 3 x 10°°M Cl-K and 10°*M 4-TCP inhibited 
the epoxidation of vitamin K, by about 75 per cent. Inhibition of phylloquinone epoxidase activity 
was determined in vivo by blocking the reduction of epoxide with warfarin and measuring the conversion 
of [7H]K, to [*H]epoxide. Doses of Cl-K and 4-TCP which blocked prothrombin synthesis also 
inhibited epoxidation while doses which did not lower plasma prothrombin aiso had no significant 
effect on the K,—epoxide conversion. 

When inhibition of prothrombin synthesis by 4-TCP and Cl-K was reversed by vitamin K,, a mini- 
mum of 6-17 nmole of epoxide were formed in the liver for each nmole of prothrombin that appeared 
in plasma. The results suggest that epoxidation of vitamin K may be involved in prothrombin produc- 
tion and that interference with either the epoxidation or reduction step in the cycle will result in 


inhibition of clotting protein synthesis. 


A major pathway of vitamin K metabolism in man 
and the rat is conversion to the 2,3-epoxide which 
is reduced back to the vitamin [1-3]. A number of 
observations have suggested that the vitamin K ,—vita- 
min K, epoxide cycle is involved in the mechanism 
of action of the vitamin and its antagonism by anti- 
coagulants [4-6]. Coumarin and indanedione antico- 
agulants inhibit the reduction of the epoxide to the 
vitamin while two other anticoagulants, tetrachloro-4- 
pyridinol (4-TCP) and 3-phytyl-1,4-naphthoquinone 
(CI-K) have little effect on this reaction [7]. Therefore, 
we investigated the possibility that 4-TCP and Cl-K 
may interrupt the cycle by inhibiting the epoxidation 
of vitamin K. We also wished to determine whether 
4-TCP caused the accumulation of prothrombin pre- 
cursor activity in the microsomes like warfarin and 


CI-K [8]. 


MATERIALS AND METHODS 


Materials. Male Sprague-Dawley rats (6-12 weeks 
old) fed Purina Laboratory Chow were used in these 
studies. ['*C]phylloquinone, uniformly labelled in the 
phytyl side chain, and 6,7-[°H]phylloquinone were 
synthesized and _ purified as described  pre- 
viously [1,9]. Cl-K was provided by J. Lowenthal 
(Pharmacology Departmen}, McGill University, 
Montreal, Canada) and wés purified by chroma- 
tography on silicic acid[1# The sodium salts of 
4-TCP and tetrachloro-2-pyridinol were gifts from F. 
Marshall (Dow Chemical Company, Zionsville, Ind.) 
and sodium warfarin from Endo _ Laboratories 
(Garden City, N.Y.). For intracardial injections (i.c.), 
[*H]phylloquinone and Cl-K were dissolved in 
Tween 80 and diluted with 0.9°,, NaCl to make solu- 
tions containing 5°,, Tween or less. Sodium warfarin 


and sodium TCP were dissolved in water for intraper- 
itoneal (i.p.) injections. 

Epoxidase assay. Livers were prepared and assayed 
for phylloquinone epoxidase as previously de- 
scribed [10]. Rats were decapitated and the livers 
quickly excised and chilled. The livers were minced 
and homogenized using a Polytro 20ST homogenizer 
(Brinkmann Instruments) at low speed. Homogenates 
(25°,,, w/v) were prepared in 0.25 M sucrose contain- 
ing 0.05M_ potassium phosphate buffer, pH 7.5. 
Homogenates were centrifuged at 15,000g for 20 min 
in a Sorvall RC2-B centrifuge for preparation of 
supernatant fractions used in the epoxidase assay. 

1.6nmole of ['*C]phylloquinone (s.a. 70 mCi/m- 
mole) dissolved in 50, of ethanol were added to in- 
cubation mixtures containing 1.5 ml of the liver super- 
natant, 30nmole of sodium warfarin to inhibit vita- 
min K epoxide reductase [6], and homogenization 
solution to a final volume of 3 ml. The mixtures were 
shaken in open flasks at 37 in a Dubnoff incubator 
and the reaction terminated by the addition of 7 ml 
of isopropanol-hexane (3:2). The mixture was trans- 
ferred to stoppered tubes, shaken vigorously and cen- 
trifuged at 1500 rev/min for 10min. The extract, 
which contained 80-100 per cent of the added 
radioactivity, was separated by t.l.c. with carrier phyl- 
loquinone and phylloquinone epoxide as previously 
described [1, 5]. The phylloquinone and epoxide spots 
accounted for 90-100 per cent of the chromato- 
graphed '4C. 

Prothrombin precursor assay. The venom of Echis 
carinatus (Sigma Chemical Co., St. Louis, Mo.) has 
been used to generate thrombin activity from pro- 
thrombin [11] and from microsomal extracts of livers 
from hypoprothrombinemic rats [8]. Microsomes 
were prepared from 15,000 g liver supernatant by cen- 
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trifugation-at 105,000 g for | hr. The microsomal pel- 
let was suspended in fresh homogenizing medium at 
one-half the volume of the 15,000g supernatant, 
treated with an equal volume of 1°, Triton X-100 
(Rohm and Hass, Philadelphia, Pa.) and dialyzed for 
18-20 hr against 0.025 M potassium phosphate buffer, 
pH 7.5. Insoluble material was removed by centrifu- 
gation at 105,000g for | hr. In order to remove any 
prothrombin, the supernatant was treated with 
BaSO, (30 mg/ml) for | hr with frequent mixing in 
an ice-bath. The BaSO, was removed by centrifuga- 
tion at 2000g for 5 min. A portion of the supernatant 
(0.2 ml) was incubated with 0.1 ml of Echis carinatus 
venom in water (1 mg/ml) at 37 for 20min. The 
timed clotting reaction was started by adding 0.1 ml 
of BaSO, absorbed beef plasma [12] and measured 
with a coagulation timer (Fibrometer clot timer, BBL, 
Cockeysville, Md.). No clot was observed if beef 
plasma was incubated with microsomal protein or 
snake venom alone. The clotting times obtained were 
converted to NIH thrombin units by comparison with 
a standard curve prepared by dilution of a stan- 
dardized solution of thrombin (Thrombin, Topical; 
Parke-Davis. Detroit, Mich.). 


RESULTS 


When groups of rats were treated 24 hr before with 
doses of 4-TCP and CI-K sufficient to block proth- 
rombin synthesis completely for more than 24 hr [7], 
the liver epoxidase activities were 40 per cent less 
than controls in both groups (Table 1). Prothrombin 
precursor activity was increased in the livers of these 
groups to a comparable extent as rats treated with 
warfarin for comparison (Table 1). 

Inhibition of phylloquinone epoxidase activity in 
vitro. To determine the relative effectiveness of 4-TCP 
and Cl-K in inhibiting epoxidase activity, various 
concentrations of the anticoagulants were added to 
epoxidase assay mixtures derived from livers of un- 
treated rats (Fig. 1). As low as 6 x 10°’M CI-K in 
the incubation mixture inhibited epoxidase activity by 
over 50 per cent and 6 x 10°°M inhibited by over 
80 per cent. CI-K was about thirty times more potent 
an inhibitor than 4-TCP: 3 x 10°°M CI-K gave ap- 
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TCP or Cl-K (M) 
Fig. 1. Inhibition of phylloquinone epoxidase in vitro by 
Cl-K (O) and TCP (@). 4-TCP, dissolved in homogenizing 
medium, or Cl-K, dissolved in 50 yl ethanol, were added 
to incubation mixtures (see Materials and Methods). Each 
point represents the average + S.E.M. of triplicate 5-min 
incubations. Control activity was 0.28 + 0.01 nmole of 
epoxide formed in 5 min. 


proximately the same inhibition (75 per cent) as 
10° *M 4-TCP. From Table 2, Cl-K is at least twenty 
times more effective than 4-TCP in inhibiting proth- 
rombin synthesis over an 8-hr period. 

Inhibition of epoxidation and prothrombin synthesis 
in vivo. In order to test the effect of CIl-K and 4-TCP 
on epoxidation of vitamin K in vivo, reduction of the 
epoxide was inhibited with warfarin and the conver- 
sion of [*H]phylloquinone to [*H]phylloquinone 
epoxide was measured. Warfarin alone produced an 
epoxide: K, ratio of 4.3 (Table 2). A reduction in this 
ratio was presumed to have resulted from inhibition 
of the conversion of [*H]K to [*H Jepoxide. Separate 
experiments were carried Out to determine the inhibi- 
tion of prothrombin synthesis by the anticoagulants 
to see whether inhibition of epoxidation was corre- 
lated with inhibition of prothrombin synthesis. Cl-K 
at doses of 0.3 and 0.05 and 4-TCP at 6mg/100g 


Table 1. Effect of anticoagulants on epoxidase and prothrombin precursor activity of rat liver 





Plasma 
prothrombin 
(per cent of control) 


Epoxidase 
activity 
(nmole formed) 


Precursor activity 
(NIH thrombin units/t 
mg protein) 





Untreated 74 
Cl-K 6 
4-TCP 5 
Warfarin 17 


4* 
| 
l 
5 


I+ I+ I+ I+ 


0.27 + 0.01 

0.16 + 0.01 

0.16 + 0.02 
+ 





Rats (6 weeks old) were injected i.p. with 4-TCP (6 mg/100g body wt), warfarin (0.1 mg/100g body wt) or ic. with 
CI-K (0.3 mg/100 g body wt). At 24hr, blood samples were taken for prothrombin assay [12]. The livers were removed 
and assayed for epoxidase and prothrombin precursor activity (see Materials and Methods). Incubations for epoxidase 
were for 5 min at 37. Values are the average + S.E.M. for 4 rats. 

* Control plasma was pooled plasma from twenty 11—12-week old male Sprague-Dawley rats. Younger rats as used 
in these experiments have been observed to have lower plasma prothrombin [19]. 

+ Epoxidase activity was not determined. Data from similar experiments indicate that epoxidase activity in warfarin- 
treated rats is from 1.5 to 2 times that observed in untreated animals [10]. 

} NIH thrombin units were determined as described in the text by comparison of clotting times of experimental 
samples to the clotting times of standardized solutions of thrombin. 





Anticoagulants and phylloquinone epoxidase 


Table 2. Inhibition of epoxidation of phylloquinone and prothrombin synthesis 





Plasma prothrombin* 
at 8hr 
(per cent of control) 


Dose 
(mg/100 g 
body wt) 


Hepatic ratiot 


Drug 
[*H]epoxide:[*H]K, 


administered 





43+ 0.6 
0.71 + 0.08 
1.8+ 0.5 
3:0: 05 
1.8 + 0.4 
29 O35 
43+ 1.0 


Control 
Cl-K 


4-TCP 


Tetrachloro- 


2-pyridinol 2.6 + 0.2 





Rats were killed 2 hr after injection of [7H]K, and the livers were analyzed for [7H]K, 
and [*H] epoxide as described previously [1,5]. The results are the averages + S.E.M. for 
3-7 animals. 

* To determine inhibition of prothrombin synthesis, rats were injected ic. with Cl-K and 
ip. with the tetrachloropyridinols and blood samples were taken at 8hr for prothrombin 
assay [12]. The control plasma was pooled plasma from twenty 11—12-week old male Spra- 
gue-Dawley rats. The values are the averages for 4-8 rats + S.E.M. 

+ To determine the inhibition of epoxidation of vitamin K,, separate groups of rats were 
injected with warfarin (1 mg/100 g body wt) 5 min after a tracer dose of [*H]K, (Sng/100g 
body wt). The other anticoagulant, where indicated, was injected just before the radioactive 
vitamin. [7H]K, and CI-K were injected ic. while warfarin and the tetrachloropyridinols 


were administered i.p. 


body wt blocked prothrombin synthesis over 8 hr* 
and significantly reduced the hepatic epoxide:K, 
ratio (P < 0.05). CIl-K was substantially more effective 
than 4-TCP (Table 2). When CI-K (0.005 mg/100 g 
body wt) and 4-TCP (0.1 mg/100g body wt) were 
administered at doses which did not lower plasma 
prothrombin the ratios were not significantly different 


from the control treated with warfarin alone 
(P > 0.1). 4-TCP at 1 mg/l00g body wt caused a 
slight inhibition of prothrombin synthesis and the 
epoxide:K, ratio was less than the control (P < 0.1). 
Tetrachloro-2-pyridinol, an isomer of 4-TCP, lowered 
plasma prothrombin only slightly at the same dose 
(6mg/100g body wt) at which 4-TCP completely 
blocked prothrombin synthesis. The 2-isomer also de- 
creased the epoxide:K, ratio relative to the control 
(P < 0.1). These results show a rough correlation 
between inhibition of prothrombin synthesis and inhi- 
bition of the epoxidation of vitamin K. 

Epoxide formation in reversal of inhibition of proth- 
rombin synthesis. Since vitamin K,, in sufficient 
amount, can overcome the anticoagulant effects of 
Cl-K and 4-TCP [14, 15], we compared the amount 
of vitamin K, epoxide formed with the amount of 
prothrombin synthesized when ineffective and effec- 
tive doses of vitamin K, were administered to anti- 
coagulant-treated rats (Table 3). All rats were treated 
with warfarin to inhibit reduction of any epoxide 
formed. Groups given warfarin alone, or warfarin 
with CI-K or 4-TCP 24hr previously were injected 
with 1 or 200 ng of ['*C]phylloquinone. The small 
dose of phylloquinone did not increase plasma proth- 
rombin and 0.05-0.22 nmole of epoxide were pro- 
duced in the liver. Two hundred yg of phylloquinone 
increased plasma prothrombin by I-3nmole and 
14-31 nmole of epoxide were found in the liver. 





*The half-life of prothrombin in the rat, determined by 
blocking protein synthesis, estimated to be around 
7 hr [13]. 


DISCUSSION 

4-TCP, like warfarin and Cl-K [8], caused the ac- 
cumulation of prothrombin precursor activity in the 
microsomes, suggesting that 4-TCP also interferes 
with the conversion of precursor to active plasma 
prothrombin. However, previous studies indicated 
that CIl-K and 4-TCP do not have the same mode 
of action as coumarin and indanedione anticoagu- 
lants [7]. Inhibition of prothrombin synthesis was 
reversed by phylloquinone epoxide in CI-K and 
4-TCP treated rats but not in warfarin and phenylin- 
danedione treated animals because the latter antico- 
agulants blocked the epoxide-K, conversion. Also, 
rats genetically resistant to warfarin and phenylin- 
danedione were not resistant to 4-TCP and Cl-K [7]. 
The present results demonstrate that 4-TCP and Cl-K 
also interfere with the K,—epoxide cycle but inhibit 
the epoxidation rather than the reduction step both 
in vivo and in vitro. It might be anticipated that Cl-K 
would inhibit vitamin K metabolism because of struc- 
tural similarity but the inhibition by 4-TCP, which 
has no apparent similarity, lends support to the possi- 
bility that epoxidation of vitamin K is somehow 
linked to clotting protein synthesis. In this connection 
Willingham and Matschiner found that hepatic phyl- 
loquinone epoxidase activity was inversely propor- 
tional to the concentration of plasma prothrombin 
and directly proportional to microsomal prothrombin 
precursor activity [10]. In addition, the cis isomer of 
phylloquinone, which has little or no vitamin K ac- 
tivity [16], is poorly converted to an epoxide either 
in vivo or in vitro[17]. It may be significant that the 
inhibitors of epoxidation, 4-TCP and Cl-K, were 
more. effective than warfarin in inhibiting prothrom- 
bin production in an in vitro system [18]. 

If inhibition of epoxidase activity is somehow in- 
volved in inhibition of prothrombin synthesis, then 
the doses of Cl-K and 4-TCP which block prothrom- 
bin synthesis must be high enough to inhibit hepatic 
epoxidase activity. Epoxidase activity assayed in vitro 
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Table 3. Vitamin K, and epoxide in liver and prothrombin in plasma | hr after administration of vitamin K to anticoagu- 
lant-treated rats : 





Liver Plasma 





Prothrombin 
increase* 
(nmole) 


Vitamin K 
administered 
(nmole) 


K + Epoxide 
(nmole) 


Epoxide 
(nmole) 


Anticoagulant 
administered 





Cl-K + warfarin 
4-TCP + warfarin 
Warfarin 
Cl-K + warfarin 
4-TCP + warfarin 

Warfarin 


p ay 0.39 + 0.02 
0.38 + 0.01 
0.45 + 0.04 
123 + 28 
137 + 18 
182 + 18 


0.05 + 0.01 

0.05 + 0.01 

0.22 + 0.05 
17+4 
14+] 
3144 


Ww hO— 
Sono 
+H ooo 
Sos 
ort 





Rats were injected i.p. with 4-TCP (6 mg/100 g body wt), warfarin (0.1 mg/100 g body wt) or ic. with CI-K (0.3 mg/100g 
body wt). After 24hr, rats were injected i.v. with either 1 yg (2.2 nmole) or 200 yg (444 nmole) of ['*C]phylloquinone. 
After | hr blood samples were taken for prothrombin assay [12] and the livers were removed and analyzed as previously 
described [1,5]. Each value represents the average + S.E.M. for 3 rats. 

*Rat prothrombin has a mol. wt of 86,000[20]; normal rat plasma contains about 200 Iowa units/ml and the 
sp. act. of purified prothrombin is about 2400 units/mg [21]. Based on these values, plasma (vol = 40 ml/kg) of a 200g 
rat contains about 8 nmole prothrombin (1 nmole/ml). From 12-37 per cent of this normal concentration of prothrombin 


(1-3nmole) was formed during the experiment. 


from rats treated 24hr previously with Cl-K 
(0.3 mg/100 g body wt) or 4-TCP (6mg/100g body 
wt) was decreased by 40 per cent. From the data in 
Fig. 1, 40 per cent inhibition occurs at about 
4x 10°7M Cl-K and 2 x 10°°M 4-TCP. The liver 
was diluted 1:8 in the epoxidase assay so that the 
concentration in liver after 24hr would be about 
3.2 x 10°°M Cl-K and 1.6 x 10°*M 4-TCP which 
represents 80 per cent inhibition of the epoxidase (Fig. 
1). From these calculations, it can also be estimated 
that less than | per cent of the injected anticoagulant 
was present in the liver after 24 hr. Calculations were 
made on the assumption that a 200-g rat has a 10-g 
liver which is 72 per cent water. 

When the inhibition of prothrombin synthesis by 
warfarin, Cl-K or 4-TCP was reversed by vitamin K,, 
a substantial amount of phylloquinone epoxide was 
formed from the vitamin (Table 3). It was calculated 
(that 6-17 nmole of vitamin K epoxide were found in 
liver for every nmole of prothrombin which appeared 
in the plasma. The amount of epoxide actually formed 
during the experiment was probably greater than the 
amount found in the liver since reduction of the epox- 
ide back to the vitamin is not completely inhibited 
by warfarin [7]. These results do not provide a reli- 
able estimate of the stoichiometry between vitamin 
K epoxidation and prothrombin formation but they 
do show that sufficient epoxide was formed during 
the synthesis of prothrombin to be consistent with 
the idea that epoxidation of vitamin K is required 
for the formation of prothrombin [10]. It may be 
anticipated that any compounds which interrupt the 
interconversion of vitamin K and vitamin K epoxide 
will interfere with the production of prothrombin. 
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Abstract—In female warfarin-resistant rats, coumatetralyl at 0.5 mg/100 g body wt blocked prothrombin 
synthesis and interrupted the vitamin K,—K, epoxide cycle by almost completely blocking the conver- 
sion of epoxide to vitamin K,. In contrast, prothrombin synthesis and the epoxide-K, conversion 
were unaffected by warfarin at the same dose, although at 2 mg/100g body wt warfarin also blocked 
prothrombin synthesis and the conversion. In Sprague-Dawley rats, the anticoagulants inhibited proth- 
rombin synthesis about equally well over a range of doses. At 0.05mg/100g body wt or greater, 
warfarin and coumatetralyl severely inhibited both prothrombin synthesis and the reduction of the 
epoxide to K,, while at 0.01 mg/100 g body wt the anticoagulants had little effect. 

Metabolic studies with tracer doses of [7H]K, and [*H]epoxide indicated that resistant rats have 
hepatic epoxide: K, ratios 5—6-fold greater than in Sprague-Dawley animals. The hepatic concen- 
trations of [*H]K, in male and female resistant rats were 41 and 26 per cent, and plasma prothrombin 
concentrations 17 and 39 per cent respectively, of those values in Sprague-Dawley rats. When resistant 
rats were injected with vitamin K, plasma, prothrombin increased while the hepatic epoxide: K, 
ratio decreased. Two days later prothrombin and the ratio had returned to their original values. 

These results are consistent with the idea that the K,—epoxide cycle is involved in clotting protein 
synthesis and that the site of action of coumarins is the epoxide-K, conversion. The impaired epox- 
ide-~K, conversion may explain why warfarin-resistant rats have a lowered rate of prothrombin syn- 


thesis. 


It was proposed that coumarin and indanedione anti- 
coagulants inhibit clotting protein synthesis by caus- 
ing the accumulation of vitamin K, epoxide, a meta- 
bolite and inhibitor of the vitamin [1—3]. Recently it 
was observed that there is a lack of correlation 
between the relative amounts of epoxide* and vitamin 
K, in the liver and inhibition of prothrombin synthe- 
sis [4-6]. However, the interconversion of vitamin K, 
and epoxide is very likely involved in the mechan- 
ism of warfarin (3-(x-acetonylbenzyl)-4-hydroxycou- 
marin) action since in warfarin-resistant rats the inhi- 
bition of the epoxide-K, conversion by warfarin was 
greatly reduced [7,8]. Another 4-hydroxycoumarin, 
coumatetralyl (4-hydroxy-3-(1,2,3,4-tetrahydro-1-nap- 
thyl)coumarin) was reported to be substantially more 
toxic than warfarin to warfarin-resistant rats [9]. 
Martin subsequently found that coumatetralyl was 
about six times more effective than warfarin in bloc- 
king clotting protein synthesis in the resistant strain 
but was about twice as effective in normal laboratory 
rats [10]. If the locus of action of coumarins is the 
epoxide-K, conversion, then coumatetralyl should be 
much more effective than warfarin in blocking this 
conversion in resistant rats and slightly more effective 
in Sprague-Dawley animals. We investigated the 
K,-epoxide cycle by injecting tracer doses of [7H]K, 
and [*H]epoxide into male and female resistant rats 
in order to ascertain the relative endogenous amounts 
of vitamin K, and epoxide and to determine if there 
is a correlation with prothrombin synthesis. We then 
compared the effect of warfarin and coumatetralyl on 





*Epoxide stands for vitamin K, epoxide and K, for vita- 
min K, in this paper. 


the cycle and prothrombin synthesis in Sprague 
Dawley and resistant animals. 


MATERIALS AND METHODS 


6,7-[°H]Vitamin K, was obtained and purified as 
described [11,12]. Tritiated vitamin K, epoxide was 
prepared according to Tishler et al. [13]. Tween emul- 
sions of [7H]K, and [*H]epoxide (5 ng/100g body 
wt) were injected as tracer doses. Coumatetralyl and 
sodium warfarin were generous gifts from Mr. Lance 
Pohl and Dr. William Trager of the University of 
Washington, Seattle and Endo Laboratories (Garden 
City, N.Y.), respectively. Coumatetralyl was dissolved 
in dilute NaOH solution and the pH adjusted to 7.5 
wtih HCl. Plasma prothrombin was assayed by the 
method of Hjort et al.[14] and control plasma was 
pooled plasma from twenty 11—12-week old male 
Sprague-Dawley rats. The results are expressed as per 
cent of control prothrombin although the assay is 
somewhat sensitive to the concentration of Factor X 
which is also a vitamin K-dependent factor. 

Warfarin-resistant (10-15-week old) rats, obtained 
as described previously [7], and Sprague-Dawley rats 
(10-15-weeks old) from Charles River Laboratories 
were used in these experiments. They were fed Purina 
rat chow unless it is stated otherwise. 


RESULTS 


Male warfarin-resistant rats. The hepatic epoxide: 
K, ratio, was 6-fold greater in resistant rats than was 
found previously in Sprague-Dawley animals [12] 
(Table 1). The [7H] K, concentration in resistant rats 
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Table 1. Metabolism of tracer doses of [*H]K, in resistant rats 





Warfarin 
(mg/100 g 
body wt) 


Per cent 
injected *H 
in [7H]K, 


Epoxide: K, 
ratio 


Prothrombin 
per cent 
of controlt 





Male, resistant 
Fed Purina chow 


Female, resistant 
Fed Purina chow 
Fed Purina chow and 
injected with vitamin K* 
Fed vitamin K-deficient diett 
Female, Sprague-Dawley 
Fed Purina chow 


0.94 + 0.11 
16+ 0.1 
yo C2 

0.96 + 0.12 


0.34 + 0.03 
0.93 + 0.13 


0.18 + 0.04 


+3 


+4 


10 
6 


159+ 8 





Rats were injected ic. with tracer doses of [*H]K, and killed 2hr later. Where indicated warfarin was injected 
ip. O.Shr before the labeled vitamin or epoxide. Livers were analyzed as described previously [7]. The results are 


the mean + S.E.M. for 3-8 rats. 


* Rats were injected intramuscularly with vitamin K, (40 ug/100g body wt) 16hr before injection with a ,tracer 


dose of [*H]K, to determine the epoxide: K, ratio. 


+ Rats were fed vitamin K-deficient diet (prepared by General Biochemicals, Chagrin Falls, Ohio according to Mats- 


chiner and Taggart [23]) for 4 days. 
t Control plasma was pooled plasma from male rats. 


was 41 per cent of that found in Sprague-Dawley 
rats. A dose of warfarin (0.1 mg/100 g body wt), which 
blocked prothrombin synthesis and increased the 
epoxide: K, ratio almost 20-fold in Sprague-Dawley 
rats [12], did not block prothrombin synthesis [12] 
and increased the ratio by less than 2-fold in resistant 
animals (Table 1). Warfarin at 5mg/100g body wt 
blocked prothrombin synthesis in resistant rats [7] 
and increased the ratio to 3.5 (Table 1), which is simi- 
lar to that found in Sprague-Dawley rats treated with 
0.1 mg/100g body wt of warfarin [12]. Experiments 
with tracer doses of [*H]epoxide confirmed these 
results. After administration of either labeled K, or 
epoxide to Sprague-Dawley and resistant rats the 


K ,-epoxide cycle comes to equilibrium at epoxide: 
K, ratios of about 0.2 and 1, respectively. After war- 
farin (0.1 mg/100 g body wt) treatment the ratios were 
approximately 3.0 and 1.6 respectively. 

When male resistant rats were injected with a near- 
minimum effective dose of [7H]K, (3 ug/100g body 
wt), plasma prothrombin increased rapidly and the 
hepatic epoxide: K, ratio decreased to 0.37 at 2hr 
(Fig. 1): The ratio was 0.16 in Sprague-Dawley males 
which have normal prothrombin levels [12]. In resist- 
ant animals the ratio was 0.48 at 11 hr after which 
plasma prothrombin declined. At 48 hr the prothrom- 
bin concentration and the ratio had returned to ap- 
proximately their zero-time values. 


Table 2. Inhibition of prothrombin synthesis and the vitamin K, epoxide—vitamin K, conversion in female Sprague-Daw- 
ley and resistant rats 





mg/100 g body wt 


Per cent 
control prothrombin 
at 8 hr 


Hepatic ratio 
epoxide: K, 





Sprague-Dawley 
Control 
Warfarin 


Coumatetraly] 


Resistant 
Control 
Warfarin 2.0 
0.5 
Coumatetraly] 2.0 
0.5 
0.05 
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To determine inhibition of prothrombin synthesis, rats were injected ip. with the anticoagulants at zero-time. The 
resistant rats were injected intramuscularly with vitamin K, in a Tween emulsion (25 pg/100g body wt) 16hr before 
zero-time in order to increase plasma prothrombin to levels found in Sprague-Dawley animals. The values are the 


mean + S.E.M. for 4-8 rats. 


For determination of the inhibition of the epoxide-K, conversion, rats were injected ic. with a tracer dose of 
[*H]epoxide and killed 2hr later. Where indicated warfarin or coumatetralyl were injected ip. 2 hr before the labelled 
epoxide. Livers were analyzed as described previously [7]. The results are the mean + S.E.M. for 3 rats. 





Coumarin resistance and vitamin K-K epoxide cycle 





m= ma 
ratio (e) 


nN 
fe} 
Epoxide: 4 





= ! 
ae 10 

Time, hr 
Fig. 1. Hepatic epoxide: K, ratios and plasma prothrom- 
bin in male resistant rats. Groups of rats were injected 
i.c. with [7H]K, (3 ug/100 g body wt) and killed at times 
indicated for liver analysis to determine the epoxide: K, 
ratios (@) [7]. Blood samples were taken at times indicated 
for prothrombin assays (O). The values are the averages 
for 3-4 animals. 








Prothrombin, per cent of control (©) 


Female warfarin-resistant rats. Resistant females 
also had elevated levels of epoxide relative to vitamin 
K, and prothrombin concentrations 39 per cent of 
those found in Sprague-Dawley females. The hepatic 
epoxide: K, ratio was about 5-fold higher and the 
[°H]K, concentration was 26 per cent of that found 
in Sprague-Dawley rats (Table 1). These results were 
confirmed by studies with tracer doses of [*H]epox- 
ide. Resistant females were injected with vitamin K, 
(40 zg/100 g body wt) which increased plasma proth- 
rombin and decreased the hepatic epoxide: K, ratio 
over 16hr (Table 1). When female rats were fed a 
vitamin K-deficient diet, plasma prothrombin de- 
creased but the hepatic epoxide: K, ratio did not 
change significantly. 

Effect of warfarin and coumatetralyl on prothrombin 
synthesis and epoxide~K, conversion. In Sprague 
Dawley rats, warfarin and coumatetralyl blocked pro- 
thrombin synthesis effectively over 8 hr at 0.5 mg and 
0.05 mg/100 g body wt (Table 2). With these doses 
the half-life of plasma prothrombin was calculated to 
be 7.7 to 10.3 hr. The half-life of prothrombin in the 
rat, determined by blocking protein synthesis, was 
estimated to be 5.3-7.0 hr [15]. The epoxide-K, con- 
version was also greatly inhibited over 4hr by both 
anticoagulants (Table 2). Coumatetralyl was more 
effective than warfarin. At 0.01 mg/100 g body wt both 
anticoagulants had little effect on either prothrombin 
synthesis or the epoxide-K, conversion. 

In warfarin-resistant rats, warfarin had no effect on 
prothrombin synthesis or the epoxide-K, conversion 
at 0.5 mg/100 g body wt but at 2mg/100g body wt 
both prothrombin synthesis and the conversion were 
clearly inhibited. Coumatetralyl at 0.5 mg/100 g body 
wt blocked both prothrombin synthesis and the con- 
version. 


DISCUSSION 


The correlation of inhibition of prothrombin syn- 
thesis with the blocking of the epoxide-K, conversion 
by coumatetralyl in warfarin-resistant rats provides 
additional evidence that anticoagulant resistance is 
due to loss of sensitivity of this reduction to certain 
coumarins and indanediones [7, 8,12]. In Sprague 
Dawley animals, coumatetralyl and warfarin blocked 
prothrombin synthesis about equally well over a 
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range of doses. At 0.05 and 0.5 mg/100 g body wt both 
anticoagulants blocked prothrombin synthesis and 
clearly inhibited the epoxide-K, conversion while at 
0.01 mg/100 g body wt they had little effect. In con- 
trast, coumatetraly! at 0.5 mg/100 g body wt blocked 
prothrombin synthesis and the epoxide-K, conver- 
sion in warfarin-resistant rats while the same dose 
of warfarin had no effect on the synthesis or conver- 
sion. In agreement, Martin [10] found that coumate- 
tralyl was about as effective as warfarin in blocking 
prothrombin synthesis in normal laboratory rats but 
was much more effective in resistant animals. How- 
ever, he also found that coumatetralyl was twenty 
times more effective in laboratory rats than in resist- 
ant animals whereas our studies indicate that it was 
only slightly more effective. The site of action for cou- 
marin anticoagulants appears to be altered in resist- 
ant rats so that the relative affinities of coumarins 
have been changed. 

Sadowski and Suttie [6] compared the effects of 
warfarin and three other coumarins on the K ,;-epox- 
ide cycle and prothrombin synthesis in laboratory 
rats. They found that the least effective coumarin in 
blocking prothrombin synthesis was also the least 
effective in inhibiting the reduction of vitamin K, 
epoxide to vitamin K,. 

Previous results with large doses of [*H]K, and 
[*H]epoxide indicated that the conversion of epoxide 
to K, was much less sensitive to warfarin in warfarin- 
resistant rats[7]. Studies with tracer doses of the 
labeled compounds confirmed this and in addition 
showed clearly that the K ,-epoxide cycle was altered 
in resistant animals in the presence or absence of war- 
farin. In resistant rats, the epoxide: K, ratio was ele- 
vated as though they had been treated with warfarin. 
This may explain the observation of Shah and Sut- 
tie [17] that resistant rats respond to vitamin K and 
the 2-chloro-analog of the vitamin as though they had 
been treated with warfarin. When the low prothrom- 
bin levels of resistant rats were increased by vitamin 
K, administration, the epoxide: K, ratios decreased. 
Presumably, vitamin K, epoxidase and other liver 
enzymes that metabolize vitamin K were saturated 
by the administered vitamin and the epoxide: K, 
ratio decreased. If the K ,-epoxide cycle enzymes were 
not saturated in the resistant animals fed Purina 
chow, then it is not surprising that feeding a vitamin 
K-deficient diet did not increase the epoxide: K, ratio 
still further (Table 1). 

In male and female resistant rats the hepatic con- 
centrations of [*H]K, were 41 and 26 per cent, re- 
spectively, of those values found in Sprague-Dawley 
animals [12] (Table 1). This decrease, in the most 
part, can be accounted for by the change in the equi- 
librium of the K,—epoxide cycle. The reduced vitamin 
level may be the cause of or at least contribute to 
the reduced rate of prothrombin synthesis in resistant 
rats. Although Hermodson et al. [16] found that male 
resistant rats required the administration of 20-fold 
more vitamin K, than normal laboratory rats to 
maintain normal prothrombin levels, it is not known 
how much the actual vitamin K level in the liver was 
increased. If the cycle is impaired either by warfarin 
or by a less efficient reductase, more vitamin K_ is 
required for normal prothrombin synthesis. Even if 
the epoxide-K, conversion is severely inhibited by 
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warfarin, prothrombin synthesis still occurs if suffi- 
cient vitamin is supplied. Thus, epoxidation of vita- 
min K may be necessary for prothrombin synthesis, 
as suggested by the observations that (1) inhibitors 
of epoxidation are also anticoagulants [18], (2) there 
is an inverse relationship between epoxidase activity 
and plasma prothrombin [19], (3) cis-vitamin K, has 
little vitamin K activity [20] and is a poor substrate 
for epoxidation [21] and (4) epoxidation and proth- 
rombin synthesis are tightly coupled in vitro [22]. 

If epoxidation of vitamin K is necessary for proth- 
rombin synthesis, then coumarins probably act by 
cutting down the supply of vitamin from the epoxide. 
Warfarin resistance results from loss of sensitivity of 
the epoxide-K, conversion to warfarin and a relative 
lack of coumatetralyl resistance results from inhibi- 
tion by this anticoagulant of reduction of the epoxide. 
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Abstract—Rats with denervated left and intact right adrenal glands were treated with morphine twice 
daily and the individual adrenals were analyzed for catecholamine (CA) content and for tyrosine hydrox- 
ylase (TH) and dopamine f-hydroxylase (DBH) activities. After one day of treatment at a low dosage 
level (10 mg/kg) neither side demonstrated any change in CA, but DBH was increased in both; TH 
was elevated only in the intact side. After one week of treatment, CA levels were elevated only slightly 
in both intact and denervated adrenals, while the effect on DBH was more marked (30 per cent 
elevation). While TH was increased in the innervated side by more than 50 per cent, there was only 
a small increase in TH in the denervated adrenal. With the subsequent initiation of higher dosages. 
there was an initial decline in CA which was more pronounced in the innervated gland, accompanied 
in the denervated side by short-term decreases in DBH. Chronic administration of 40 mg/kg or 
100 mg/kg led to larger increases in CA, TH and DBH in the innervated glands. In the denervated 
adrenal there were only slight increases in CA and TH after chronic administration of the higher 
doses, while DBH activity was markedly elevated during chronic administration of 40 mg/kg but de- 
clined toward control levels during chronic treatment with 100 mg/kg. 

These data indicate that: (1) most of the morphine-induced increases in TH activity and CA content 
result from increased stimulation of the splanchnic nerve; (2) morphine also exerts a direct effect 
on the adrenal medulla which influences DBH activity primarily; (3) the direct action of morphine 


may display tolerance while the increased splanchnic stimulation does not. 


The release, synthesis and storage of catecholamines 
in the sympatho-adrenal axis are subject to a number 
of regulatory mechanisms which are designed to 
maintain transmitter levels in the face of situations 
in which there is increased sympathetic tone. Thus, 
administration of agents such as morphine [1], reser- 
pine [2], 6-hydroxydopamine [3] or insulin [4], cold 
or immobilization stress [5, 6], or sinoaortic denerva- 
tion [7] all evoke catecholamine-release from sym- 
pathetic tissues like the adrenal medulla but also 
cause increased levels of the catecholamine biosynthe- 
tic enzymes, tyrosine hydroxylase and dopamine 
B-hydroxylase and accelerated synthesis of storage 
vesicles. It is thought generally that the predominant 
mode of control is trans-synaptic, ie. that in the 
adrenal medulla the key signal is neural input via 
the splanchnic nerve; this simple model for drug 
action in the sympatho-adrenal axis has been compli- 
cated by the discovery of a second control system 
which is mediated through the hypothalamo-anterior 
pituitary-adrenocortical axis [8,9]. In addition, Yosh- 
izaki[10] has suggested that agents like morphine 
may exert a direct catecholamine-releasing effect in 
an adrenal medulla which has been denervated 
several days before drug exposure; neonatal rats, 
which do not have a functional nerve supply to the 
adrenal medulla [11] still display a reduction in cate- 
cholamines upon morphine treatment [12], further 
suggesting actions of the drug exclusive of trans- 
synaptic effects. 

The current studies with denervated adrenals were 
undertaken to determine (1) whether morphine does 


*Supported by USPHS DA-00465. 
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indeed exert non-neural effects on the sympatho-ad- 
renal axis, and (2) whether regulatory mechanisms for 
catecholamine release, synthesis and storage can func- 
tion in the absence of trans-synaptic signals. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats (Zivic-Miller) with the 
left adrenal glands denervated 10 days previously 
were given morphine-HCl subcutaneously twice daily 
for 4 weeks. The dose was 10 mg/kg for the first week, 
40 mg/kg for the second week, and 100 mg/kg for the 
third and fourth weeks, after which time the injections 
were stopped to initiate withdrawal. Control rats 
received the same surgical procedure, but were in- 
jected with saline. Animals were killed by decapi- 
tation at 24hr or 6 days after each dosage increment, 
at 2 weeks after the initiation of 100 mg/kg, and at 
24 hr and 3 days after discontinuing morphine. Indivi- 
dual adrenal glands were excised, cleaned of fat and 
homogenized glass-to-glass in 2.5 ml of 300mM suc- 
rose containing 25mM Tris (pH 7.4) and 0.01 mM 
iproniazid. One-tenth-ml aliquots of the homogenate 
were removed, deproteinized with perchloric acid 
(final concentration, 3.5 per cent) and centrifuged for 
10min at 26,000g. The supernatants were analyzed 
for catecholamines by the trihydroxyindole method 
using an autoanalyzer [13]. Duplicate 0.2-ml portions 
of the homogenate were added to 0.2 ml of water con- 
taining 2000 U of catalase and assayed for dopamine 
B-hydroxylase (periodate oxidation method [14], 
using [*H]tyramine (10 uM) as substrate. p-Hydroxy- 
mercuribenzoate (0.5mM) was used to inactivate 
endogenous inhibitors[15]. The remainder of the 
homogenates was centrifuged at 26,000 g for 10 min, 
and duplicate 0.1l-ml portions of the supernatants 
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were assayed for tyrosine hydroxylase activity by the 
method of Waymire et al. [16], using ['*C]tyrosine 
(100 4M) as substrate. 

Results are presented as means + S.E.M., and levels 
of significance calculated by Student’s t-test [17]. 

Materials. Tyramine-[G-*H] and tyrosine-[1-'*C] 
were purchased from New England Nuclear Corpo- 
ration. Epinephrine bitartrate was obtained from 
Winthrop Laboratories and morphine hydrochloride 
from Merck, Sharp & Dohme. 


RESULTS 


Low doses of morphine (10 mg/kg) had no initial 
(24 hr) effect on catecholamine levels (Fig. 1); how- 
ever, 24hr after each subsequent increase in dose 
there was a 10-15 per cent depletion of catechola- 
mines in both denervated and intact glands when the 
results were compared to the level at the previous 
point. Maintenance of each dose level for a period 
of several days resulted in an increase in catechola- 
mine content of intact glands with a much smaller 
effect in denervated glands. The maximum effect 
achieved in intact adrenals was about 50 per cent 
elevation after chronic administration of either 40 or 
100 mg/kg, while increases in the denervated side 
never exceeded 15 per cent and often were not statisti- 
cally significant. After discontinuing morphine, cate- 
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Fig. 1. Effects of morphine administration and withdrawal 
on catecholamines in intact and denervated rat adrenals. 
Points and bars represent means + S.E.M. of 6 animals. 
Control values (66 animals) were: intact gland, 13.1 + 0.4 
ug/gland; denervated gland, 8.36 + 0.22 yg/gland. 
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Fig. 2. Effects of morphine administration and withdrawal 
on dopamine f-hydroxylase activity in intact and dener- 
vated rat adrenals. Points and bars represent means + 
S.E.M. of 6 animals. Control values (66 animals) were: in- 
tact gland, 1.29 + 0.05 nmoles/gland/hr; denervated gland, 
0.89 + 0.03 nmoles/gland/hr. 





= 
ou] 


a 
© 


N 
a 


8 





PERCENTAGE OF CONTROL 











cholamine content in the denervated gland returned 
to the control level within 3 days; in the intact gland, 
the level of catecholamines was still slightly elevated 
(13 per cent) compared to controls after 3 days. 

Adrenal DBH activities in both innervated and 
denervated sides were increased by about 20 per cent 
24hr after initiation of administration of 10 mg/kg 
of morphine and by 30-40 per cent after 6 days (Fig. 
2). When the dose was increased to 40 mg/kg, there 
was an initial decline in DBH in the denervated side, 
but after several days at this dose level DBH in both 
sides were elevated by 50-75 per cent. Within 24 hr 
of initiation of 100mg/kg, DBH in the denervated 
gland fell nearly to control levels while there was little 
or no decline in the innervated adrenal; after 6-14 
days at 100mg/kg DBH activity in the intact side 
remained elevated by 50-80 per cent while in the 
denervated gland there was only a 30 per cent eleva- 
tion at 6 days and no significant elevation after 14 
days. Within 3 days of discontinuing morphine 
administration, DBH levels in the innervated gland 
began to decline toward control, but were still ele- 
vated compared to the denervated adrenal. 

Because newly-formed vesicles contain below-nor- 


Effects of morphine administration on the ratio of catecholamines to dopa- 


mine /-hydroxylase in intact and denervated rat adrenals 
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Data represent means + S.E.M. of 6 animals at each point. Control values (66 
animals) were: innervated side, 10.5 + 0.3 ug CA per unit of DBH; denervated side, 
9.88 + 0.32 wg per unit. Dosage schedule is described in Materials and Methods. 
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Fig. 3. Effects of morphine administration and withdrawal on tyrosine hydroxylase activity in intact 
and denervated rat adrenals. Points and bars represent means + S.E.M. of 6 animals. Control values 
(66 animals) were: intact gland, 10.9 + 0.4 nmoles/gland/hr; denervated gland, 7.78 + 0.28 
nmoles/gland/hr. 


mal catecholamine contents but normal levels of pro- 
teins, the ratio of catecholamines to DBH is in part 
a measure of the relative rates of amine synthesis and 
formation of new vesicles [1, 11,12]. In innervated 
glands, the ratio was low throughout the course of 
morphine administration except after 2 weeks at 
100 mg/kg (day 27; Table 1); in contrast, the dener- 
vated glands demonstrated normal ratios by the first 
day of treatment with 100mg/kg (day 15). In both 
sides, the initiation of withdrawal again produced a 
decline in the CA:DBH ratio. 

The effects of morphine on tyrosine hydroxylase 
(TH) activity are shown in Fig. 3. In the intact 
adrenals, TH activity was markedly increased at all 
times and by all doses of morphine, reaching a maxi- 
mum of about three times control at 40-100 mg/kg. 
The denervated adrenals showed much smaller eleva- 
tions (maximum of 40 per cent, typically about 20 
per cent), which often were not statistically signifi- 
cantly above control levels. Cessation of morphine 
administration produced after 3 days a partial decline 
toward control values in the innervated side. 


DISCUSSION 


The actions of morphine on the intact adrenal 
medulla comprise at least three types of effect [1]: 
first, morphine evokes secretion of catecholamines; 
second, stimulation results in compensatory induction 
of tyrosine hydroxylase and dopamine f-hydroxylase; 
and third, there is an acceleration of storage vesicle 
synthesis and formation of ‘immature’ vesicles with 
abnormally low ratios of catecholamines to dopa- 
mine f-hydroxylase. Classically, the effects on se- 
cretion and on enzymes have been attributed to reflex 


stimulation of the splanchnic nerve and consequent 
transsynaptic induction [18,19]; however, Yoshi- 
zaki [10] has demonstrated a direct catecholamine-re- 
leasing effect of morphine in chronically denervated 
adrenals. The current study confirms the partial non- 
neural nature of morphine-induced secretion, since in 
both innervated and denervated adrenals there was a 
decrease in adrenal catecholamines 24 hr after initia- 
tion of administration of 40 mg/kg or 100 mg/kg. The 
observation of a direct component of secretion in 
chronically denervated adrenals may also explain why 
morphine causes a depletion of catecholamines in 
newborn rats, where splanchnic innervation is not yet 
functional [12]. 

The recovery of catecholamine stores after deple- 
tion is dependent in part upon the activity of the 
rate-limiting enzyme, tyrosine hydroxylase [20]. In in- 
tact adrenals, catecholamine levels after chronic mor- 
phine administration were markedly elevated, reflect- 
ing the 3-fold increase in tyrosine hydroxylase ac- 
tivity; on the other hand, catecholamine levels in 
denervated adrenals increased only slightly, reflecting 
the much smaller degree of tyrosine hydroxylase in- 
duction. These data confirm the previous observa- 
tion [19] that acute morphine administration induces 
tyrosine hydroxylase primarily by a trans-synaptic 
mechanism, and also that the trans-synaptic increases 
do not display tolerance [1]. The small degree of tyro- 
sine hydroxylase induction in denervated glands may 
be a direct effect of morphine, but mediation via 
ACTH from morphine-induced stimulation of the 
hypothalamo-pituitary axis [8,21-23] cannot be 
ruled out. 

In contrast to the marked neural dependence of 
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morphine-induced increases in adrenal catechola- 
miries and tyrosine hydroxylase activity, dopamine 
f-hydroxylase activity in denervated glands kept pace 
with the increases in the innervated side after chronic 
administration of 10 or 40 mg/kg. It is unlikely that 
ACTH secretion alone is responsible for all of the 
increase; while hypophysectomy decreases adrenal 
dopamine f-hydroxylase levels which are partially 
restored by ACTH administration, in animals with 
intact pituitaries ACTH given for 5 days produces 
little or no elevation of dopamine /-hydroxylase ac- 
tivity [21], nor does ACTH increase tyrosine hydrox- 
ylase activity in non-hypophysectomized rats [23]. In 
the present study, morphine treatment resulted in an 
elevation in DBH activity as early as 24hr after the 
first injection, an effect which cannot be duplicated 
by ACTH administration. Thus, in addition to cate- 
cholamine secretion, the increase in dopamine f-hyd- 
roxylase activity may represent a direct effect of mor- 
phine on the adrenal medulla. It is of special interest 
that while the dopamine f-hydroxylase induction 
after chronic morphine administration in innervated 
glands does not display tolerance, the directly evoked 
increase in denervated glands disappears after chronic 
administration of high doses (contrast days 6, 13, 20 
and 27 in Fig. 2). The ability to increase dopamine 
f-hydroxylase activity in the absence of neural input 
is not peculiar to morphine, since chronic administ- 
ration of at least two other agents, reserpine [4] and 
chlorisondamine [24] can evoke increases in dener- 
vated glands. 

Since dopamine /-hydroxylase is a marker enzyme 
for storage vesicles, these data suggested that the mor- 
phine-induced increase in storage vesicle synthesis 
could occur in the absence of neural input. One index 
of increased vesicle formation is the catecholamine:- 
dopamine f-hydroxylase ratio [20, 25,26], which 
depends upon the relative rates of synthesis of amines 
and storage vesicles. Typically, new vesicle synthesis 
precedes increases in amine levels, resulting in a fall 
in the ratio when the tissue is stimulated [1, 11, 20, 25]. 
Additionally, exocytotic secretion itself reduces the 
catecholamine to dopamine f-hydroxylase ratio be- 
cause empty vesicle membranes with enzyme activity 
remain behind after secretion [20, 25,26]. However, 
even after massive secretion of adrenal vesicle content 
evoked by insulin, most of the remaining empty vesicle 
membranes are destroyed within 24 hr [20]. Thus, in 
long-term studies with morphine, which causes a much 
smaller degree of secretion than insulin, it is not likely 
that the increased dopamine f-hydroxylase activity 
and reduced catecholamine:dopamine f-hydroxylase 
ratios result from accumulated empty membranes; in- 
deed, it has been shown earlier [1] that the chronic 
morphine-induced drop in catecholamines/dopamine 
f-hydroxylase corresponds to an increase in the 
number of new, intact storage vesicles. 

In the current study, both innervated and dener- 
vated glands demonstrated a fall in the catechola- 
mine:dopamine f-hydroxylase ratio over the first 2 
weeks of treatment, indicating that the increased 
enzyme activity probably represents accelerated for- 
mation of vesicles. The denervated glands, however, 
displayed a normal ratio over the following 2-week 
period (the period during which tolerance to the in- 
crease in dopamine f-hydroxylase developed), while 
the innervated glands maintained a low ratio at least 
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1-2 weeks longer. The recovery of the ratio in the 
innervated glands occurred at a time when both cate- 
cholamines and dopamine f-hydroxylase were still 
elevated, indicating that in these glands, recovery 
resulted not from tolerance, but rather from the fact 
that amine synthesis ‘caught up’ to vesicle synthesis. 
These studies suggest that the rate of synthésis of stor- 
age vesicles is subject to direct as well as trans-synap- 
tic control, and that while the former mechanism dis- 
plays tolerance to morphine, the latter does not. 

In conclusion, it is evident that morphine exerts 
both direct and neurally-mediated effects on catecho- 
lamine synthesis, storage and release in the adrenal 
medulla. Direct effects consist primarily of morphine- 
evoked catecholamine secretion and increased storage 
vesicle synthesis (dopamine f-hydroxylase activity) 
and may display tolerance; neurally-mediated effects 
include the above factors plus tyrosine hydroxylase 
induction and increased catecholamine levels and do 
not display tolerance. 
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Abstract—The interaction of morphine with an enzymatic oxidation—reduction system was investigated. 
It has been reported that morphine is converted to a highly water-soluble metabolite by incubation 
with horseradish peroxidase (HRP), albumin and H,O, (Misra and Mitchell, Experientia 27, 1442 
(1971)). After incubating ['*C]morphine with HRP and H,O,, we detected two radioactive compounds 
with t.l.c. One compound corresponded to morphine. Using spectral analysis, the other, '*C-labeled 
compound, was identified as pseudomorphine, a dimerized oxidation product of two molecules of 
morphine. Using compounds structurally related to morphine, it was determined that: (1) a free phenolic 
hydroxyl group in position 3 was necessary for the enzymatic oxidation of morphine to pseudomor- 
phine; (2) a carbonyl group in position 6 of the morphinan ring prevents the formation of the dimer; 
and (3) substitution of other functional groups on the morphine molecule did not affect the peroxidase- 
catalyzed dimerization. By optimizing reaction conditions, measurable rates of peroxidase-catalyzed 
pseudomorphine formation were observed at morphine concentrations as low as 5 x 10°’M. The 
nature of peroxidase enzymes and the phenolic character of morphine suggest that the formation 


of pseudomorphine proceeds through a morphine-free radical intermediate. 


The interaction of morphine with enzymatic oxida- 
tion-reduction systems has been demonstrated by 
several investigators. Wang and Bain found that incu- 
bation of morphine with a reduced pyridine nucleo- 
tide and ferricytochrome c resulted in the nonenzyma- 
tic reduction of the cytochrome c[1]. Hosoya and 
Brody [2] found that incubation of morphine with 
rat liver homogenate to which cytochrome c had been 
added resulted in the condensation of two morphine 
molecules to form pseudomorphine. More recent 
work by Wang and Roerig demonstrated that mor- 
phine acts as a catalyst in the transfer of reducing 
equivalents from a reduced pyridine nucleotide to fer- 
ricytochrome c, presumably through some reversible 
oxidation reduction intermediate of morphine [3, 4]. 

Recently, Misra and Mitchell reported that incuba- 
tion of morphine with horseradish peroxidase (HRP), 
MnCl, or H,O, and albumin resulted in the forma- 
tion of some highly water-soluble product of mor- 
phine [5]. They suggested that a reactive intermediate 
of morphine was formed which became covalently 
bound to albumin. 

Because of our interest in the interaction of mor- 
phine with enzymatic oxidation—reduction systems, 
the present work was designed to study the interac- 
tion of HRP and morphine in relation to our previous 
work with cytochrome c and morphine. 


MATERIALS AND METHODS 


Horseradish peroxidase Type II (125 units/mg) and 
human serum albumin were purchased from the 
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Sigma Chemical Company, St. Louis, Mo. Morphine 
sulfate (USP), and morphine ('*C, N-methyl) hydro- 
chloride (5 wCi/umole) were obtained from the Mal- 
linckrodt Chemical Company, St. Louis, Mo. All 
other opiates were obtained from their respective 
manufacturers and used without further purification. 
Incubation of morphine with HRP. In initial exper- 
iments, the reaction mixture used was the same as 
that described by Misra and Mitchell [5]. For most 
of our studies, however, this reaction mixture was 
modified and contained 0.041 umole morphine sulfate, 
0.018 mole morphine ('*C, N-methyl) HCI (1 wCi), 3 
units of HRP (0.025 mg protein), 0.18 wymoles H,O, 
with 0.1M Tris buffer pH 9.0 to a final volume of 
1.0 ml. In some experiments albumin (2.0 mg) was in- 
cluded. The reaction mixture was incubated at 37°. 
In initial experiments, the reaction mixture was 
allowed to incubate for a given period of time and 
then extracted according to the method of Misra and 
Mitchell to quantify products formed from morphine. 
We found the results of this procedure to be highly 
variable. Therefore, the progress of the reaction was 
monitored either by removing 10,1 portions of the 
reaction mixture and analyzing them by t.l.c. and 
liquid scintillation spectrometry or by monitoring the 
production of fluorescent reaction products. 
Thin-layer chromatography. Products from the 
above reaction were quantified by applying a 10-1 
portion of the reaction mixture to Gelman instant 
t.l.c. sheets (ITLC), Type SG and Type SA. The Type 
SG chromatogram was developed in butanol-acetic 
acid—water (70:3:10) (system A) and the Type SA 
chromatogram was developed in pyridine—isopro- 
panol-ammonium hydroxide (90:10:1) (system B). 
The amounts of unchanged morphine and reaction 
products were measured by cutting the chromato- 
grams into | cm-square strips from 1cm below the 
origin to 1 cm above the solvent front. The amount 
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of radioactivity in each strip was measured by placing 
it in 6.5 ml of scintillation fluid and counting on a 
Model 3330 Packard scintillation spectrometer. 

The scintillation fluid consisted of 0.05 g PPO and 
4.0 g POPOP dissolved in 1.51 of toluene. 

Fluorometric assay. Once the major reaction prod- 
uct was identified as pseudomorphine, a spectropho- 
tofluorometric assay was used to monitor the pro- 
gress of the reaction. The reaction mixture was the 
same as that used for the t.l.c. assay, except that the 
radioactive morphine was replaced by an equal 
amount of unlabeled morphine. The reaction was in- 
itiated by the addition of the H,O, and the increase 
in fluorescence caused by pseudomorphine formation 
was followed on an Aminco- Bowman Spectrophoto- 
fluorometer with excitation wavelength set at 320 am 
and emission wavelength at 440 nm. The increase in 
fluorescence with time was linear for about the first 
min of the reaction. Therefore the initial linear rate, 
in terms of fluorescence unit/sec, was used as a 
measure of pseudomorphine formation. 

Isolation of reaction products. A reaction mixture 
similar to the above was used except that the amount 
of unlabeled morphine was increased to | zmole/ml. 
The reaction was initiated by the addition of H,O, 
and allowed to incubate overnight at room tempera- 
ture (22°). The precipitate formed was collected by 
centrifugation,, washed with 5 ml of 0.1 M carbonate 
buffer pH 9.0, centrifuged and washed again with 5 ml 
of methanol. The resultant precipitate was a snow- 
white powder which was stored in a vacuum desic- 
cator until analyzed. 

Synthesis of pseudomorphine. Pseudomorphine was 
synthesized using a modification of the method of 
Bentley and Dyke [6]. Two grams of morphine sulfate 
were dissolved in 200 ml of 0.4°4 KOH at 80°, then 
cooled to room temperature, followed by the addition 
of 80 ml of potassium ferricyanide (2.31 g/ml) added 
slowly (SO min) with stirring. The reaction mixture 
was stirred for an additional 30 min and filtered. The 
yellow precipitate was washed twice with 50 ml of hot 
methanol to remove morphine. The off-white precipi- 
tate was dissolved in a minimum volume of pyridine 
and 50% (v/v) water-methanol was added until a 
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Fig. 1. Per centage of ['*C]morphine converted with time 

to '*C-labeled product by HRP and H,O,. Data shown 

above were obtained using t.l.c. analysis of reaction mix- 

ture using chromatography system A. Equivalent results 

were obtained with system B. Each point is the mean of 

three separate determinations. Reaction conditions were as 
described in the text. 
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slight cloudiness persisted. The solution was then kept 
at 4 for 24 hr, during which pseudomorphine precipi- 
tated as fine white crystals. The crystals were collected 
by filtration and stored in a desiccator under 
nitrogen. This material melted at 273-276 with 
decomposition and the i-r., u.v. and fluorescence spec- 
tra were similar to the published spectra for pseudo- 
morphine [6, 7]. 

Spectral methods of analysis. The products of the 
action of HRP and H,O, on morphine were isolated 
as described and analyzed with u.v., ir. and fluores- 
cent spectroscopy. U.v. spectra were run on a Gilford 
Model 2400 spectrometer equipped with a Model 
2430 scanning attachment. For the ir. spectrum, the 
compounds were mixed with KBr and pressed into 
1.5-mm pellets. Spectra were run on a Perkin-Elmer 
Model 467 ir. spectrophotometer equipped with a 
beam condenser. All fluorescence studies were per- 
formed using an Aminco-Bowman Dual Mono- 
crometer spectrophotofluormeter. 


RESULTS 


Incubation of ['*C]morphine with HRP, H,O, 
and albumin followed by extraction with organic sol- 
vents as described by Misra and Mitchell [5] resulted 
in varying per centages (30-60 per cent) of '4C 
remaining in the aqueous phase. Because of this vari- 
ation in results, we altered the analysis procedure and 
used two different t.l.c. systems to study the products 
of morphine formed in the reaction. In system A, two 
major spots were observed for a reaction mixture that 
had been incubated for 6hr at 37° and then overnight 
at room temperature, one spot at R, 0.1 and another 
spot at R, 0.8. The spot at R, 0.8 corresponded to 
morphine which was spotted as a standard on each 
chromatogram. In system B, two spots were observed, 
one at .R, 0.73 and a second at R, 0.33. The spot 
at R, 0.73 corresponded to the standard morphine 
spot in this system. 

In reaction mixtures separated with either t.l.c. sol- 
vent system there was considerable streaking of the 
spots. It was found that decreasing the H,O, concen- 
tration by a factor of 100 from that used by Misra 
and Mitchell resulted in better spot differentiation. 
In addition, we found no significant differences 
between reaction mixtures with and without the albu- 
min. In subsequent studies, therefore, the albumin was 
omitted. 

The amount of the radioactive metabolite of mor- 
phine that separated on both chromatography sys- 
tems A and B (R, 0.1 and R, 0.33, respectively) in- 
creased with time, as shown in Fig. |. It can be seen 
that at Shr about 90 per cent of the morphine had 
been converted. The zero time point shows about 24 
per cent conversion of morphine. This is due to the 
fact that some reaction takes place while the reaction 
mixture is being spotted and dried on the tlc. sheet. 
In control reactions in which either HRP or H,O, 
was omitted, only about 5 per cent of the radioacti- 
vity was found at the R, of the metabolite. 

Identification of reaction product. In order to iden- 
tify the product(s) of the action of HRP and H,O, 
on morphine, it was necessary to isolate sufficient 
quantities of this material from a reaction mixture. 
The morphine concentration was increased 10-fold 
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Fig. 2. Lr., fluorescent and u.v. spectra of the product of the action of HRP and H,O, on morphine: 

(a) Ir. spectrum, per cent transmission vs reciprocal cm (cm~'), (b) fluorescence spectrum in 0.1 M 

Tris buffer pH 9.0, relative fluorescence intensity vs excitation wavelength (nm). Emission wavelength 
set at 440 nm, (c) u.v. spectra —-—-— in 0.1 M HCl, and —— in 0.1M Tris buffer pH 9.0. 


(1 x 10°*M), and the incubation mixture was in- 
creased to 5 ml. Under these conditions, a fine white 
precipitate began to form after about 2hr at room 
temperature. This precipitate was purified as pre- 
viously described (see Methods). Analyses of this 
material by ir., u.v. and fluorescent spectrophoto- 
metry were performed, and the spectra are shown in 
Fig. 2. The ir. spectrum (Fig. 2a) of the reaction prod- 
uct is similar to the published spectrum [7] of pseu- 
domorphine and virtually identical to the ir. spec- 
trum of pseudomorphine synthesized in our labora- 
tory. The fluorescence spectrum of the reaction prod- 
uct (Fig. 2b) shows the characteristic peaks at 250, 
280 and 320nm for pseudomorphine that were de- 
scribed by Kuferberg et al. [8]. In addition, the fluor- 
escence spectrum of the reaction product was the 
same as that of the synthesized pseudomorphine. The 
u.v. spectra of the reaction product (Fig. 2c) were run 
in both acid (0.1 N HCl) and at pH 9.0 (0.1M Tris). 
In 0.1 N HCl, a maximum was observed at 231 nm 
with shoulders at 265 nm and 292 nm. This spectrum 
is similar to that reported by Holcomb et al. for pseu- 
domorphine in 0.05 N HCI [9]. At pH 9.0 the reaction 
product exhibited maxima at 233, 267 and 310nm. 
The u.v. spectra of synthesized pseudomorphine, in 
both acid and at pH 9.0, were the same as those of 
the reaction product (Fig. 2c). 

In addition to spectral data, further confirmation 
of the reaction product was obtained from the melting 
point. The reaction product melted with decomposi- 
tion between 272 and 275°, as compared to 273 to 
276° for the synthesized pseudomorphine and a pub- 
lished value of 276° with decomposition [10]. 


Optimizing reaction conditions. Since the product of 
the action of HRP and H,O, on morphine was iden- 
tified as pseudomorphine, an assay was designed to 
take advantage of the fluorescence of pseudomor- 
phine (see Materials and Methods). This assay was 
used for all subsequent studies. 

Effect of pH on pseudomorphine formation. The pH 
of the reaction mixture was varied using different pH 
buffers at constant ionic strength (J = 0.1). The con- 
version of morphine to pseudomorphine by HRP and 
H,O, exhibited a pH optimum at 9.0. A second pH 
optimum was observed at pH 5.5. However, at the 
lower pH, pseudomorphine was not very stable, 
resulting in a more non-linear increase in fluorescence 
with time. As a result, pH 9.0 was used for further 
studies. 

Effect of H,O, concentration. The effect of H,O, 
concentration on the reaction rate was studied by in- 
itiating the reaction with 101 of various concen- 
trations of H,O,. Above an H,O, concentration of 
1 x 10°°M the reaction was essentially zero order 
with respect to H,O,. Above an H,O, concentration 
of 1 x 10~3M, however, we did observe some inhibi- 
tion of pseudomorphine formation. A H,O, concen- 

*tration of 1 x 10°°M was selected for our routine 
reaction mixture. 

Effect of morphine concentration. The rate of pseu- 
domorphine formation was measured using morphine 
in concentrations of 1 x 10°7M to 1 x 10°3M. 
Measurable rates of pseudomorphine formation were 
observed at morphine concentrations as low as 
5 x 10°7M morphine (0.005 fluorescence units/sec). 
At higher morphine concentrations (greater than 
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Table |. Rate of fluorescence increase of morphine analogs in the presence 
of HRP and H,O, 





Fluorescence 
units/sect nm 


Compound tested* 


Fluorescent maxima in 
excitation spectra** 





Morphine 


Dihydrodesoxy 
morphine 
Nalorphine 
EN-2265t 
Levorphanol 
Dihydromorphinone 
Naloxone 
Codeine 
Ethylmorphine 
Naltrexone 
Oxymorphone 


10.3 
Normorphine 0.8 
6-Acetylmorphine 0.9 


250 
250 
250 
243 


275 
275 
275 


273 


320 
320 
315 
315 


250 
250 
257 


275 
277 


320 
320 
325 





* The concentration of all compounds tested was | x 10~* M. Other con- 
ditions the same as described in the text. 

+ Fluorescence units are a per centage of full scale with excitation wave- 
length at 320nm and emission at 440 nm. 


** Emission wavelength at 440 nm. 


t EN-2265, N-allyl-14-hydroxy-7,8-dihydro normorphine. 


10° *M), the reaction rate was less linear with time. 
In addition, at morphine concentrations above 
1 x 10°3M_> pseudomorphine precipitated, making 
the fluorescence assay unusable. 

Analogs of morphine. Our previous studies have 
shown that the functional groups in the mor- 
phine molecule are important for its mediation of 
the NADPH-dependent reduction of cytochrome 
c[1,3;4]. Therefore, chemical analogs of morphine 
were used to determine which functional groups in 
the morphine molecule were necessary for its enzyma- 
tic conversion to pseudomorphine. Shown in Table 
1 is a list of compounds that were incubated with 
HRP and H,O,. The reactions were monitored by 
fluorometry, since condensation of any of these com- 
pounds should result in a fluorescent compound ana- 
logous to pseudomorphine. Shown are the initial rates 
of fluorescence increase for each compound. Com- 
pounds with a free phenolic hydroxyl group in pos- 
ition 3 (compounds 1-7) exhibited increased fluores- 
cence. In addition, excitation scans resulted in spectra 
very similar to that of pseudomorphine. The only 
exception, was levorphanol, in which the excitation 
spectrum consisted of only two peaks, at 257 nm and 
325 nm. Compounds 8~13 failed to show any increase 
in fluorescence when incubated with HRP and H,O,,. 
Codeine and ethylmorphine lack the free phenolic hy- 
droxyl group, and dihydromorphinone, naloxone, nal- 
trexone and oxymorphone all have a carbonyl oxygen 
in position 6 of the morphinan ring. Other changes 
in the functional groups of the morphinan ring system 
do not appear to affect the production of fluorescent 
compounds analogous to pseudomorphine. For 
example, substitution or elimination of the N-methyl 
group had little effect, since both normorphine and 
nalorphine formed fluorescent products. In a similar 
manner, reduction of the double bond between car- 
bons 7 and 8 (nalorphine, dihydrodesoxymorphine, 
EN-2265) or addition of a hydroxyl group at position 


14 of the morphinan ring (EN-2265) did not prevent 


the formation of a fluorescent product. Addition of 
the narcotic antagonists naloxone or naltrexone in 
a concentration of | x 10°*M toa standard reaction 
mixture containing morphine had no effect on the 
rate of pseudomorphine formation. 

It should be noted that those analogs of morphine 
which did form fluorescent products in the presence 
of HRP and H,O, did so at a much slower rate 
than did morphine. At present, we can offer no 
explanation for this observation. 


DISCUSSION 


Incubating ['*C]morphine with HRP, albumin and 
H,O, as described by Misra and Mitchell [5], we 
found about 30-60 per cent of the morphine remained 
in the aqueous phase after organic solvent extraction. 
This finding is in contrast to the 80-90 per cent 
remaining in the aqueous phase reported by Misra 
and Mitchell. Using two different t.l.c. systems to ana- 
lyze the reaction mixture, we found two '4C-labeled 
spots, one corresponding to morphine and the other 
to some product of morphine formed during the reac- 
tion. In further contrast to the results of Misra and 
Mitchell, we found that omitting albumin from the 
reaction did not affect the amount of '*C remaining 
in the aqueous phase after extraction or the formation 
of the '*C-labeled product of morphine observed on 
t.Le. Using t.c., we found that about 90 per cent of 
the morphine was converted to product in 5 hr (Fig. 
1). Special analysis of the reaction product (Fig. 2) 
identified this compound as pseudomorphine, a con- 
densation product of two molecules of morphine. 

The oxidation of morphine to pseudomorphine is 
catalyzed by a number of other agents such as 
air [11], u.v. irradiation [12], sunlight [13] and potas- 
sium ferricyanide [8, 14]. In fact, the condensation of 
morphine to pseudomorphine has been reported in 
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almost all reactions involving gentle oxidation condi- 
tions for morphine [14, 15]. Pseudomorphine has also 
been reported to be a morphine metabolite in ani- 
mals [16], and to be formed from morphine in putri- 
fying tissue[10]. In addition, Hosoya and Brody 
reported the oxidation of morphine to pseudomor- 
phine by liver homogenates to which cytochrome c 
had been added [4]. 

Because of the ease with which morphine is oxi- 
dized to pseudomorphine, it is not unreasonable that 
this oxidation is also catalyzed by a peroxidase in 
the presence of H,O,. In general, peroxidase catalyzes 
a transfer of one reducing equivalent from the sub- 
strate to H,O,, forming a free radical product of the 
substrate. The free radical can then dimerize, dispro- 
portionate or undergo further oxidation. Guilbault 
and Hackley have utilized the peroxidase catalyzed 
dimerization of phenols to develop a fluorescent assay 
for peroxidase enzymes [17, 18]. These workers found 
that, in the presence of a peroxidase and H,QO,, 
phenols such as homovanillic acid or p-hydroxy- 
phenylacetic acid dimerize to a fluorescent product 
by forming a covalent bond between the aromatic 
rings at a position ortho to the phenolic hydroxyl 
group. The structure of pseudomorphine suggests that 
the action of peroxidase on morphine is analogous 
to its action on other phenolic compounds. Presum- 
ably a free radical of morphine is formed by the 
action of HRP and H,O,. This free radical then 
dimerizes with another morphine molecule to form 
pseudomorphine. Such a mechanism is consistent 
with the mechanism proposed by Yeh and Lach for 
the ferricyanide oxidation of morphine to pseudomor- 
phine [19]. Furthermore, Yeh and Lach suggested 
that pseudomorphine formation would be favored at 
a higher pH. The pH optimum in the present study 
was found to be pH 9.0. 

Further support for the formation of a morphine 
free radical is obtained from the data in Table |. 
Essential for a free radical of morphine is the presence 
of a free phenolic hydroxyl group. With morphine 
analogs which lack the free phenolic hydroxyl group 
(codeine and ethylmorphine) no fluorescent products 
analogous to pseudomorphine were formed. 

Wang and Bain found that a free phenolic hydroxyl 
group was also necessary in the morphine mediated 
NADH-dependent reduction of cytochrome c [1]. In 
addition, Wang and Roerig found that the oxygen 
bridge between carbons 4 and 5 of the morphine ring 
was necessary for this reduction [4]. With the HRP, 
H,O, system, however, the data indicate that the 
oxygen bridge is not necessary for the formation of 
the proposed free radical and subsequent dimeriza- 
tion. As shown in Table 1, levorphanol (3 hydroxy-N- 
methyl morphinan) when incubated with HRP and 
H,O, did form some fluorescent product, but with 
a fluorescence spectrum different from pseudomor- 
phine. The fluorescence was, however. dependent on 
both HRP and H,O, and increased with time, which 
suggests that a levorphanol analog of pseudomor- 
phine was formed. This difference between the cyto- 
chrome c system and the HRP system points out that 
different enzymatic oxidation—reduction systems with 
which morphine interacts may have different specifici- 
ties concerning the functional groups in the morphine 
molecule. 
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It is interesting to note that no fluorescent products 
were formed for those morphinans which had a car- 
bonyl group in position 6 (dihydromorphinone, oxy- 
morphone, naloxone, naltrexone). This does not 
appear to be a function of enzyme specificity, since 
these compounds fail to produce fluorescent products 
using the ferricyanide methods of Kuferberg et al. [8]. 
Apparently the carbonyl group in position 6 prevents 
either free radical formation or dimerization. 

Substitution or elimination of other functional 
groups on the morphine molecule does not appear 
to affect the HRP catalyzed formation of pseudomor- 
phine. This finding is similar to the specificity found 
in our earlier work with the transfer of electrons from 
NADPH to cytochrome c [1, 3, 4]. 

Misra and Mitchell found that addition of the nar- 
cotic antagonist nalorphine to their reaction mixture 
containing ['*C]morphine, HRP, H,O, and albumin 
inhibited the formation of the water-soluble product 
of morphine [5]. They suggested that this represents 
a model system for the antagonism of morphine by 
nalorphine. In the data presented here, however, we 
found (Table 1) that nalorphine acts a substrate 
for HRP and H,O, in a manner like that of mor- 
phine. We suggest that these authors observed a sim- 
ple competition of two substrates (morphine and 
nalorphine) for the HRP enzyme. In addition, we 
found that narcotic antagonists such as naloxone or 
naltrexone did not inhibit pseudomorphine formation. 

At present no correlation can be made between the 
enzymatic oxidation of morphine to pseudomorphine 
and the pharmacological action of morphine, since 
the ability of HRP and H,O, to cause the oxidative 
dimerization of several morphine analogs did not cor- 
relate with the pharmacological properties of these 
compounds. For example, narcotic antagonists nalor- 
phine and EN 2265 did form fluorescent products, 
while certain analgesics (dihydromorphinone and 
oxymorphone) and other narcotic antagonists (nalox- 
one and naltrexone) were not oxidized to fluorescent 
products by HRP and H,O,. While the above results 
do not support a correlation between the HRP-cata- 
lyzed oxidation of opiates and their pharmacological 
properties, the data do not preclude the possibility 
that such a correlation may exist for some other enzy- 
matic oxidation-reduction system that exhibits a 
specificity different from those systems studied to 
date. As previously stated, a comparison of the inter- 
action of morphine and its analogs with the cyto- 
chrome c system[1,3,4] and the HRP system 
demonstrates that different enzymatic oxidation—re- 
duction systems can exhibit different specificity con- 
cerning the functional groups in the morphine mole- 
cule. 

It is noteworthy that both of the above reactions 
have been found to occur at a morphine concen- 
tration (5 x 10~’M) in the range of those estimated 
in morphine-tolerant animals [1,4]. Furthermore, the 
production of a highly reactive free radical metabolite 
of morphine is interesting in light of the work of 
Misra and co-workers who have suggested the forma- 
tion of 2,3 quinone and 2,3 diol metabolites of mor- 
phine in rat brain [20-22]. The possibility cannot be 
overlooked that these metabolites are generated 
through a free radical mechanism similar to the HRP- 
catalyzed oxidation of morphine. 
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Abstract—Glutathione-S-epoxide transferase activity in rat liver was studied with three epoxide sub- 
strates. The specific activities in the high-speed liver supernatant fraction for 3MC 11,12 oxide, styrene 
oxide and 3,3.3-trichloro-1,2 epoxy propane were 5.7, 86.4 and 165 nmoles/5 min/mg protein, respect- 
ively. Phenobarbital (75 mg/kg body wt for 3 days) or 3-methylcholanthrene (20 mg/kg body wt for 
2 days) administration to rats resulted in a 40-60%, increase in enzyme activity. f-naphthoflavone 
administration on the other hand was without any effect on glutathione-S-epoxide transferase activity. 


In animal tissues, polycyclic aromatic hydrocarbons 
are metabolized at least in part to epoxides [1-5]. 
These highly reactive oxides are known to have in- 
creased biological activity over the parent compounds 
in producing malignant transformations [6-8]. The 
Oxides are metabolically produced via the action of 
the mixed function oxidases, principally in liver. The 
epoxides are detoxified by (a) hydration to the corre- 
sponding diol by hepatic epoxide hydrase(s) [9-12] or 
(b) conjugation with glutathione as catalyzed by a 
family of enzymes, the glutathione-S-epoxide transfer- 
ases [9, 10, 13-15]. We have studied earlier [16] the 
effect of PB+ and 3MC administration on hepatic 
epoxide hydrase levels. We now report the effects of 
PB and 3MC administration on the levels of rat liver 
supernatant glutathione-S-epoxide transferase ac- 
tivity. The results of the present study indicate that 
the conjugation of the polycyclic hydrocarbon oxides 
with glutathione is elevated in rat liver by prior 
administration of these agents. 


MATERIALS AND METHODS 


Source of enzyme. Male Sprague-Dawley rats were 
injected with the appropriate inducer and were killed 
24 hr after receiving the last injection. The livers from 
the animals were removed, homogenized in cold 
0.25 M sucrose (1:5 w/v), the homogenate was centri- 
fuged at 9000g for 20min at 5° and the pellet was 
discarded. The 9000 g fraction was further centrifuged 
at 100,000g for 1 hr at 5°, the resultant supernatant 
was carefully transferred to another tube and was 
used as the enzyme source. Protein content of the 
supernatant was determined by the method of Lowry 
et al. [17] with bovine serum albumin as the reference 
standard. 


*Supported by grants from the National Institutes of 
Health, CA 17565 and CA 12906. 

+ The following abbreviations are employed throughout: 
PB, phenobarbital; 3MC, 3-methylcholanthrene; TCPO, 
3,3,3-trichloro-1,2 epoxy propane; SO, styrene oxide; and 
BNF, f-naphthoflavone. 





Assay of glutathione-S-epoxide transferase with 
TCPO and styrene oxide. Assays were performed 
essentially according to the method of Hayakawa et 
al. [18]. [°°S]glutathione (500 wCi/3.88 mg) was pur- 
chased from Schwarz/Mann and _ nonradioactive 
reduced glutathione from Sigma. TCPO and styrene 
oxide were products of Aldrich Chemicals while 3MC 
11,12 oxide was prepared by the method of Sims [19]. 

Incubation mixtures contained 0.5 umole of 
[?°S]glutathione (2-3 x 10° cpm), 100 moles of 
pyrophosphate buffer pH 8. 0.6 umole of TCPO in 
5 ul dimethylsulfoxide or 0.5 umole of styrene oxide 
in 2 ul ethanol, and enzyme in a total volume of | ml. 
The reaction was started by the addition of the oxide 
solution. After incubation for 5 min at 22°, the reac- 
tion was terminated by the addition of 50 4 of 4N 
acetic acid. The conjugates produced during the incu- 
bation were adsorbed on 20 mg of activated charcoal. 
After 30 min at room temperature, the charcoal was 
collected by centrifugation washed twice with 4 ml of 
water and the conjugates were eluted twice with | ml 
of methanol-benzene-aqueous ammonia (87:10:3, 
v/v). The combined eluates were evaporated under 
nitrogen and then suspended in 50 pl of 50%, ethanol 
and 201 was applied to Whatman No. | paper. 
Chromatograms were developed in a descending 
manner with n-butanol-acetic acid—water (12:3:5, 
v/v). The bands on each chromatogram correspond- 
ing to R, = 0.37 and 0.43 for conjugates of SO and 
TCPO, respectively, were made visible by spraying 
with ninhydrin. Thereafter, the chromatograms were 
scanned in a Packard Radiochromatogram Scanner, 
the radioactive areas on the strips which were ninhyd- 
rin-positive were cut out, transferred to a vial contain- 
ing 10m! of a toluene-PPO-POPOP scintillation 
fluid and measured in a Beckman liquid scintillation 
spectrometer. The per cent radioactivity in the conju- 
gate region was then determined and the nmoles of 
product were calculated. Incubations carried out in 
the absence of enzyme served as control. Dimethylsul- 
foxide at the concentration employed to dissolve 
TCPO was without effect on enzyme activity. 
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Table 1. Enzymatic and nonenzymatic conjugation of glutathione with oxide 
substrates 





Incubation system 


3 MC oxide SO 


nmoles/5 min 
TCPO 
37 





— Supernatant 
+ Supernatant 


0.86 


2.82 


0.94 29 83 
5.32 107 248 





Legend: [*°S]glutathione was incubated with the oxide substrates at 22 
or 37° for Smin (SO or TCPO) or 10 min (3MC 11,12 oxide) in the presence 
or absence of a rat liver supernatant fraction which contained 1.1—1.6 mg pro- 


tein. The temperature of incubation with SO and TCPO was 22’. 


The amount 


of conjugate was determined as described in the text. 


Assay of glutathione-S-epoxide transferase activity 
with 3MC 11,12 oxide as substrate. Assays were per- 
formed essentially as described above except the incu- 
bations were carried out at 37° for 10 min. The extent 
of the non-enzymatic reaction at this temperature was 
the same as at 22. In addition, the location of the 
conjugates (R, = 0.63) was easily ascertained under 
a u.v. light. 


RESULTS 


The formation of a glutathione conjugate of 3MC 
11.12 oxide, SO and TCPO was tested under enzyma- 
tic and nonenzymatic conditions at 22 and 37 
(Table 1). The extent of the nonenzymatic reaction 
is limited and not markedly affected by increasing 
the temperature from 22 to 37. The nonenzymatic 
reaction was highest with TCPO but significantly 
lower than that of the enzymatic reaction. On the 
other hand, an increase of 88 per cent in the conjuga- 
tion of 3MC 11,12 oxide with glutathione was 


Table 2. Relative 


observed in the enzymatic catalysis by raising the 
temperature from 22° to 37°. 

The enzymatic reaction with 3MC 11,12 oxide was 
linear with respect to (a) supernatant protein, up to 
4 mg per assay and (b) time, to 10 min. 

The relative activity of glutathione-S-epoxide trans- 
ferase in the rat liver supernatant fraction was deter- 
mined with styrene oxide, TCPO and with 3MC 11,12 
oxide as substrates. These data are presented in Table 
2. Of the three epoxides, TCPO was the most effica- 
cious while 3MC 11,12 oxide was the least reactive. 

The effect of prior administration of phenobarbital 
upon glutathione-S-epoxide transferase activity was 
ascertained with the three substrates. These data are 
tabulated in Table 3. Highly significant elevations of 
52. 20, and 35 per cent were observed with styrene 
oxide, TCPO, and 3MC 11,12 oxide, respectively, as 
substrates. 

The administration of 3MC to rats is also attended 
by an increase in the specific activity of the enzyme 
in the rat liver supernatant preparation (Table 4). 


activity of glutathione-S-transferase with various epoxide 


substrates 





Epoxide 
substrate 


nmoles conjugate/5 min/mg protein 





Styrene oxide 
TCPO 
3MC 11,12 oxide 


86.4 + 2.6(100) 
165 + 5.2(192) 
5.7 + 0.2 (7) 


x 
+ 





Enzyme activity was determined with the above epoxides as substrates as 
described in the text. The incubation was conducted at 22 for Smin. The 
data are presented as means + S.E.M. (8 determinations). The figures within 
the parentheses represent the relative substrate efficacy with the conjugation of 
styrene oxide set as 100 per cent. 


Table 3. Effect of phenobarbital administration on glutathione-S-epoxide transferase 
activity 





nmoles conjugate/5 min/mg protein 


Treatment Styrene oxide 3MC 11,12 oxide 





Saline 
Phenobarbital 


86.4 + 2.6* 
131+ 49 
(P < 0.001) 


10.8 + 0.4 
14.6 + 0.3 


(P < 0,001) (P < 0,001) 





* Values represent mean + S.E.M. of eight determinations. Male 50-60 g rats were 
injected i.p. with phenobarbital, 75 mg/kg body wt, for three days and were killed 24 hr 
after the last injection. The activity with styrene oxide and TCPO was determined at 
22° while that with 3MC 11,12 oxide was determined at 37°. The P values were determined 
and are indicated within the parentheses. 





Effects of phenobarbital and 3-methylcholanthrene administration 


Table 4. Effect of 3MC administration on glutathione-S-epoxide transferase activity 





nmoles conjugate/5 min/mg protein 


Treatment Styrene oxide 


TCPO 3MC 11,12 oxide 





$0.5: +-.3.9* 
122,439 
123 + 28 
129 + 44 
13+ 3. 


Corn oil 

3MC, 20 mg/kg 
3MC, 40 mg/kg 
3MC, 60 mg/kg 
3MC, 100 mg/kg 


126 + 8.6 
172+ 49 
178 + 2.9 
162 + 10.2 
187 + 3.7 


CDAIMNN 
He HH FE 





* Values represent mean + S.E.M. of three determinations. The rats were injected 
at 24hr intervals with 3MC at the specified dose and were sacrificed 24hr later. 
Activity with styrene oxide and TCPO was determined at 22°; that with 3MC 11,12 


oxide at 37°. 


Table 5. Effect of 3-methylcholanthrene and f-naphthoflavone administration on glutathione- 
S-epoxide transferase activity 





nmoles conjugate/5 min/mg protein 


Treatment Styrene oxide 


TCPO 3MC 11,12 oxide 





Corn oil 82.6 + 3.0(8)* 
3MC 24 hr 112 + 2.1 (8) 
(P < 0.001) 
118 + 4.6(4) 
(P < 0.001) 
81.8 + 3.6 

(P > 0.01) 


+ 
z 


3MC 48 hr 


p-NF 


134 + 7.1 (4) 
177 + 3.4(4) 
(P < 0.001) 
179 + 5.3 (4) 
(P < 0.001) 
127 + 4.9 (4) 
(P > 0.01) 


9.4 + 0.3(8) 
14.71 + 1.0(8) 
(P < 0.001) 
12.0 + 0.5 (4) 
(P < 0.001) 
10.3 + 0.4 
(P > 0.01) 





*Mean + S.E.M. (number of determinations). Rats were injected with (a) 3MC (20 mg/kg) 
daily and were sacrificed 24 hr later at the times indicated in the table or (b) B-naphthoflavone 
(BNF) 100 mg/kg, for two days at 24hr intervals and were sacrificed 24hr after the last 


injection. 


After administration of the polycyclic hydrocarbon 
twice at 20 mg/kg, the specific enzyme activity was 
elevated 52, 37 and 53 per cent respectively, with styr- 
ene oxide, TCPO and 3MC 11.12 oxide as substrates. 
At the higher dose, i.e., twice at 100 mg/kg, increases 
of 90, 49 and 66 per cent respectively, were noted. 

The effect of a single or of two doses of 3MC at 
20 mg/kg body wt upon enzyme activity in the rat 
liver supernatant fraction was also studied. These 
data are represented in Table 5. Highly significant 
increases with all three substrates were observed at 
these times. On the other hand, /-naphthoflavone 
administration did not affect the specific activity of 
glutathione-S-epoxide transferase in liver with any of 
the substrates. 


DISCUSSION 


The formation of polycyclic hydrocarbon oxides in 
biologic systems is of great importance in carcino- 
genesis as these substances, at least in some instances, 
may be the ultimate carcinogens [4, 6, 20]. Conse- 
quently, the enzymatic pathways for the inactivation 
of these oxides will play a major role in the potential 
susceptibility of a tissue to their carcinogenic action. 
At least two mechanisms for this detoxification are 
available, epoxide hydrase and glutathione-S-epoxide 
transferase. We have recently reported on the distri- 
bution of the former in rat liver, kidney and lung [12], 
in its activity in regenerating rat liver and during de- 
velopment [21], and on its blockade by TCPO [21]. 
We have also shown that the application to mouse 
skin of TCPO along with 3MC resulted in a consider- 


able reduction in latency time before the onset of 
tumors, an increase in the per cent of mice exhibiting 
tumors, and a profound increase in the numbers of 
tumors per mouse [22]. 

In the research reported in the present manuscript, 
we have initiated studies on the activity of the second 
enzyme system which is capable of catalyzing the in- 
activation of the polycyclic hydrocarbon oxides, glu- 
tathione-S-epoxide transferase. The enzyme (or 
enzymes) does (or do) indeed catalyze conjugate for- 
mation with 3MC 11,12 oxide as substrate but at a 
considerably lesser extent than with several other sub- 
strates employed in this study, namely, TCPO and 
styrene oxide. 

Boyland and Williams[13] and Hayakawa et 
al.[18] have previously reported the interaction of 
styrene oxide with glutathione as catalyzed by a 
transferase while Fjellstedt et al. [23] have estimated 
conjugate formation with TCPO as substrate. Using 
rat liver homogenates, Sims [19] presented evidence 
for the formation of a glutathione conjugate of 3MC 
11,12 oxide. 

Considerable evidence has been accumulated which 
suggests multiple enzymes with transferase acti- 
vity [24-26]. Furthermore, it has been claimed that 
one of the transferases, glutathione-S-transferase B, 
is identical to the intracellular protein which is in- 
volved in binding of a number of anions, ligan- 
din [27]. One of the pieces of evidence in this regard 
is based upon the analogous induction by phenobar- 
bital of both ligandin [28] and of the transferase [27]. 
We have reported in the present manuscript the ele- 
vated activity of the transferase(s) in liver with either 
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TCPO, styrene oxide or 3MC 11,12 oxide as sub- 
strates. In addition, we have also observed an in- 
creased activity of this (or these) enzyme(s) after 3MC 
pretreatment. 

It would be of paramount importance to ascertain 
the relative activities of these enzymes, active in 
detoxification, in tissues which are susceptible to the 
action of the polycyclic hydrocarbon, e.g., lung or 
skin, and the inducibility of these enzymes by barbitu- 
rates or other substances. Furthermore, the effects of 
exogenous glutathione or inhibitors of glutathione 
synthesis upon the carcinogenic process would be of 
interest. These studies are presently under way. 
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Abstract—Four aliphatic alcohols, namely methanol, ethanol, n-propanol and n-butanol, prevented 
the diabetic state induced by alloxan in Swiss-Webster mice, as judged at 72 hr by two criteria: blood 
glucose levels and granulation of the f-cells of the pancreas. n-Propanol and n-butanol were better 
protective agents than methanol or ethanol. Thiourea also proved to be protective, while hydroxyurea 
and urea did not. In experiments in vitro, the order of reactivity of the above mentioned compounds 
with the hydroxyl radical was found to correlate reasonably well with their capacity to prevent alloxan 
diabetes. None of the compounds reacted with superoxide radicals to any significant extent, while 
only thiourea was shown to react directly with hydrogen peroxide. There was no correlation between 
the capacity of the compounds to act as substrates for the peroxidatic activity of catalase and their 
ability to prevent alloxan diabetes. It had been previously postulated that hydrogen peroxide or the 
hydroxyl radical might be involved in the diabetogenic action of alloxan. The data of the present 
study are consistent with a role for the hydroxyl radical and appear to rule out a direct causative 
role for hydrogen peroxide. Other data rule out any protective role for transiently elevated levels 


of blood glucose resulting from the administered compounds. 


Dialuric acid is the reduced form of alloxan (a 
quinone). The reaction of dialuric acid with oxygen 
(autoxidation) leads to the formation of three highly 
reactive species: hydrogen peroxide (H,O,), the super- 
oxide radical (O; ) and the hydroxyl radical (OH) [1]. 
Both dialuric acid and alloxan can induce a diabetic 
state in experimental animals[2] and erythrocyte 
hemolysis in vitamin E-deficient animals [3]. Alloxan 
is reduced by ascorbic acid in vitro to dialuric acid 
which, in turn, spontaneously autoxidizes to form 
H,O, [4] as well as Oz and ‘OH. The detection of 
H,O, in erythrocytes after injection of alloxan [5] 
implies that tissue-reducing agents similarly carry out 
the conversion of alloxan to dialuric acid in vivo. 

H,0,, O; and ‘OH have been shown or postulated 
to be cytotoxic in a variety of biological systems. For 
example, O, and ‘OH have been implicated as causa- 
tive agents in lipid peroxidation [6,7], and there is 
evidence that O; is toxic to micro-organisms which 
metabolize oxygen [8]. It appears that O; [9] and 
H,O, [10,11] are both required for the destruction 
of micro-organisms by phagocytes. In addition, ‘OH 
reacts rapidly with nucleic acids and may be respon- 
sible for the damage caused by X-irradiation [12, 13]. 
In light of these observations, it appeared likely [1] 
that H,0,, O; or ‘OH could be responsible for the 
destruction of the f-cells of the pancreas by dialuric 
acid and alloxan. 

In a previous study [5], it was shown that ethanol 
prevented the diabetogenic action of alloxan. This 
result was consistent with two possible modes of pro- 
tection: removal of H,O, by the peroxidatic activity 
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of catalase or removal of ‘OH by direct reaction with 
ethanol. We have now extended the study with eth- 
anol to include three other aliphatic short chain alco- 
hols, namely, methanol, n-propanol and n-butanol. 
The use of a homologous series of alcohols allowed 
a differentiation to be made between the two pre- 
viously mentioned modes of protection. Thiourea was 
also tested because this compound, like the alcohols, 
reacts rapidly with ‘OH[14]. The data obtained in 
the present study point to a contributory role of (OH 
in the development of alloxan diabetes. 


MATERIALS AND METHODS 


Experiments were carried out with male Swiss 
Webster mice in the weight range of 23-33 g. Animals 
were routinely fasted 3-4hr before alloxan injection 
and given free access to food Ihr later. Alloxan 
monohydrate (50 mg/kg) was injected into a tail vein 
in 0:2 ml saline. All pretreatment compounds (meth- 
anol, ethanol, n-propanol, n-butanol, urea, thiourea 
and hydroxyurea) were given as i.p. injections in 
saline [0:9°% (w/v) NaCl in water]. Animals received 
alloxan alone or were pretreated prior to alloxan in- 
jection. Control animals were either untreated, or pre- 
treated with one of the above compounds or saline, 
but not alloxan. 

Blood glucose was measured 72hr after alloxan 
administration. Animals were decapitated and blood 
was collected from the neck. Blood glucose was 
measured in Ba(OH),-ZnSO, filtrates by a glucose 
oxidase method (Worthington Biochemicals). 
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The pancreases from 43 mice including controls, 
alloxan-treated and alloxan plus various alcohols 
were excised and fixed overnight in Zenker for- 
mol [15]. Six-m thick paraffin sections were treated 
with aldehyde fuchsin reagent [16] to stain the f-cells 
of the pancreatic islets. 

The reaction of the various pretreatment com- 
pounds with hydroxyl radicals, superoxide radicals 


and H,O, were evaluated as follows. An ‘OH-gener- _ 


ating system consisted of autoxidizing 6-aminodopa- 
mine in 0-2M acetate buffer at pH 64 containing 
10°*M EDTA [1]. Hydroxyl radicals are known to 
react with 3-thiomethylpropanal [1,17] or with 2- 
keto-4-thiomethylbutyric acid (used in this investiga- 
tion) to form the hydrocarbon gas, ethylene, which 
can be measured by gas chromatography [1]. The 
reactivity of compounds with ‘OH is given by the 
suppression of ethylene formation from 10°? M 2- 
keto-4-thiomethylbutyric acid. 

Reactivity with O; was studied in a system consist- 
ing of autoxidizing 10°*M 6-hydroxydopamine in 
0-05 M phosphate buffer, pH 7-4, containing 10°*M 
EDTA. The effect of the various compounds on the 
rate of formation of quinoidal products was followed 
at 490 nm [18]. The rate is catalyzed by O; generated 
during the autoxidation and suppressed by agents 
that react with and remove the O, catalyst [18, 19]. 
Reactivity with O; is given by suppression of color 
development. 

The reaction with H,O, was studied by incubating 
the various compounds with H,O, and then measur- 
ing residual H,O, with the peroxidase-chromogen 
procedure employed in the glucose oxidase method 


(glucose omitted). Additionally, the effect of the 
various compounds was studied by incorporating 
them into the glucose oxidase reaction mixture during 
the oxidation of 10°*M glucose. 


Chemicals 


Alloxan monohydrate, urea, thiourea and hydroxy- 
urea were purchased from Sigma Chemical Co. (St. 
Louis). Methanol, n-propanol and n-butanol were 
purchased from Fisher Scientific (Fairlawn, N.J.). 
Ethanol was obtained from the Mount Sinai Hospital 
(distributed by Publicker Industries Co., Linfield, Pa.). 
Glucose oxidase kits were purchased from Worthing- 
ton Biochemicals, Freehold, N.J. 6-Hydroxydopa- 
mine hydrobromide was purchased from Regis 
Chemicals (Morton Grove, IIl.). 6-Aminodopamine 
dihydrochloride was a gift of Dr. E. Englehardt, 
Merck, Sharp & Dohme, West Point, Pa.). 2-Keto- 
4-thiomethylbutyric acid was a gift from Dr. Morris 
Lieberman (U.S. Dept. of Agriculture, Beltsville, 
Md.); we thank Dr. Lieberman for recommending 
the use of this odorless compound. 


RESULTS 

Effects of short chain alcohols and urea analogues on 
the induction of experimental diabetes by alloxan 

Alloxan, administered intravenously in a 50 mg/kg 
dose, produced the expected increase in blood glucose 
levels 72 hr later (P < 0-001 compared to untreated 
controls, Fig. 1). Pretreatment with methanol (4 g/kg), 
ethanol (4 g/kg), n-propanol (1-6 g/kg), or n-butanol 
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Fig. 1. Effect of pretreatment with various alcohols on 
blood glucose levels 72 hr after alloxan. Alloxan (50 mg/kg, 
i.v.) was administered alone or 30 min after an intraperi- 
toneal injection (0-02 ml/g body weight) of 25% methanol 
(v/v in saline), 25% ethanol, 10% propanol or 5% n-bu- 
tanol. Control animals were treated with one of the above 
alcohols or were untreated. Blood glucose levels are shown 
for individual animals. The following abbreviations were 
used: methanol (MeOH), ethanol (EtOH), n-propanol 
(n-PropOH) and n-butanol (n-ButOH). 


(0-8 g/kg) prevented this hyperglycemic effect. Average 
blood glucose levels (mg/100 ml + S.E.M.) for each 
group were as follows: alloxan (445 + 19), meth- 
anol + alloxan (175 + 33), ethanol + alloxan 
(107 + 6), propanol + alloxan. (111 + 5), n-bu- 
tanol + alloxan (141 + 24), and combined controls 
(120 + 3). The protective action for each alcohol was 
statistically significant (P < 0-001) compared to the 
group receiving alloxan alone. The ethanol dose cor- 
responded to that used in a previous study [5]. Much 
smaller doses of n-propanol or n-butanol were used 
because these alcohols proved lethal at higher doses. 

The pancreases from some animals in each group 
were removed and stained with Gomori’s aldehyde 
fuchsin reagent. The f-cells from untreated animals 
were fully granulated (Fig. 2A), whereas those from 
animals treated with alloxan alone were totally 
degranulated (Fig. 2B, Table 1). In the alcohol-pro- 
tected groups, certain animals displayed some 
degranulation of P-cells (Fig. 2, panels C and D), 
although blood glucose was in a normal range (Table 
1). However, the f-cells from most of the alcohol-pro- 
tected animals were fully granulated (Fig. 2, panels 
F, G and H), as were those from the alcohol-treated 
controls (Fig. 2E). 

In order to compare directly the relative protective 
actions of the alcohols, mice were injected ip. with 
equimolar doses of the alcohols (10~* moles/kg, Fig. 
3). Thiourea was also tested. For comparison with 
the doses listed in Fig. 1, 10? moles/kg is equivalent 
per kg to 0-32 g methanol, 0-46 g ethanol, 0-60 g n-pro- 
panol, 0-74 g n-butanol or 0-76 g thiourea. The pre- 
treatment compounds appeared to fall into two cate- 
gories: thiourea, methanol and ethanol at 10°? 
moles/kg afforded weaker protection, based on mean 
blood glucose levels, than n-propanol and n-butanol 





Alloxan-induced diabetes 


(Fig. 3). It should be noted that the mean blood glu- 
cose level for each group was obtained by averag- 
ing low (protected, 50-250 mg/100 ml), intermedi- 
ate (250-400 mg/100 ml) and high (unprotected, 
401 mg/100 ml and higher) blood glucose values. The 
distribution of animals in low, medium and high 
blood glucose ranges were as follows: saline + al- 
loxan (0%, 18°, 82°4), thiourea + alloxan (39°%, 11%, 
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50%), methanol + alloxan (33%, 17°, 50%), eth- 
anol + alloxan (17%, 33°,, 50°.) propanol + alloxan 
(72%, 17%, 11%), butanol + alloxan (90°%, 5°, 5°%), 
and combined controls (100°,, 0°, 0°,). In the exper- 
iments with higher doses of methanol and ethanol 
(Fig. 1), on the other hand, very few animals were 
found in the intermediate or high blood glucose 
ranges. 


Fig. 2. (A-H) Mouse pancreas stained with Gomori’s aldehyde fuchsin reagent. (A) Section 
from an untreated control mouse demonstrating three islets which consist mostly of well- 
stained, fully granulated f-cells (X 88). (B) Section from an alloxan-treated mouse demon- 
strating two completely degranulated islets (arrows) (X 88). (C) Section from a mouse 
treated with methanol plus alloxan. The smaller islet on the left contains fully granulated 
B-cells and the larger one on the right contains numerous, partially degranulated /-cells 
(X 88). (D) Another islet from a mouse treated with methanol plus alloxan, viewed under 
higher power than those shown in C. The islet exhibits f-cells in various stages of degranu- 
lation. Only two small groups (arrows) and several scattered f-cells are fully granulated 
(X 313). (E) Section from a control mouse treated with n-propanol alone. Three islets 
with fully granulated B-cells can be seen (X 88). (F) Section from a mouse treated with 
n-propanol plus alloxan, demonstrating three islets with fully granulated P-cells (X 88). 
(G) Section from a mouse treated with n-butanol plus alloxan, demonstrating three islets 
with fully granulated f-cells (X 88). (H) Portion of another islet from a mouse treated 
with n-butanol plus alloxan, viewed under a higher power than the islets shown in G. 
Nearly all of the f-cells are fully granulated (X 313). 
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Table 1. Correlation between morphologic characteristics of the B-cells of the pancreas and blood glucose levels 72 hr 
after alloxan.* 





Experimental group 


Appearance of f-cells 


Blood glucose 
(mg/100 ml) 





Combined controlst 


Alloxan 


Methanol (4 g/kg) + alloxan 


Ethanol (4 g/kg) + alloxan 


n-Propanol (1:6 g/kg) + alloxan 
n-Butanol (0-8 g/kg) + alloxan 


Granulated (normal) 


Totally degranulated 


Granulated 

Partially degranulated 
Mostly degranulated 
Granulated 

Partially degranulated 
Granulated 
Granulated 


87, 88, 96, 99, 111, 
111, 114, 115, 117, 
125, 129, 130, 131, 
136, 138 

376, 444, 483, 501, 
567, 587 

99, 101, 128 

97, 117 

112 

85, 100, 103, 112, 114 
130 

59, 107, 117 

103, 125, 129 


Partially degranulated 151 





* Animals were treated as described in the legend to Fig. 1. The tissues were stained with Gomori’s aldehyde fuchsin 
reagent. Blood glucose levels are given for individual animals. 
+ Controls were either non-treated or given only i.p. methanol, ethanol, propanol or butanol at the doses indicated 


for the other experimental groups. 


In order to compare structure—activity relationships 
for some structural analogues of thiourea, we pre- 
treated mice with 3-0g/kg of urea, hydroxyurea or 
thiourea (Table 2). Urea and hydroxyurea did not 
give significant protection when administered either 
0-5 hr or 2 hr prior to alloxan. Thiourea, on the other 
hand, exerted a strong protective action with an 
apparently greater effect in the 2-hr pretreatment 
schedule (see Table legend). It should be noted that 
the protective action observed for 3 g/kg of thiourea 
in experiment B was as powerful as that seen with 
any of the alcohols (compare Fig. 1). 


Reaction of short chain alcohols and urea derivatives 
with hydroxyl radicals, superoxide radicals and H,O, 

The hydroxyl radical can be detected in aqueous 
solution by its ability to generate ethylene from cer- 
tain aldehydes or keto acids (see Methods). In a sys- 
tem containing a known ‘OH-generating agent (viz. 
6-aminodopamine), the alcohols and urea derivatives 
were compared directly with regard to their relative 
abilities to scavenge ‘OH (inhibit ethylene formation). 

In preliminary experiments, it was noted that sup- 
pression of ethylene generation by the alcohols was 
dose dependent. The results summarized in Fig. 4 
show that, when the alcohols were compared at 
10°7.M (which was the effective dose used in the 
experiments in vivo in Fig. 3), the reactivity with ‘OH 
increased with increasing chain length. Similar results 
had been noted by other investigators who employed 
other kinds of detection systems [14]. The urea deri- 
vatives were also compared in the same system. Urea 
itself was inactive, while thiourea was a powerful in- 
hibitor of ethylene formation (Fig. 4); hydroxyurea 
was intermediate in activity. 

As shown below, ‘OH can arise from a reaction 
between H,O, and Oy; [17,20]. Since both H,O, 
and O, are generated during the autoxidation of 


6-aminodopamine or dialuric acid [1], it follows that 


inhibition of ethylene formation could have resulted 
from removal of either H,O, or O;, rather than a 
direct reaction with ‘OH. In separate experiments we 
tested these possibilities, as follows. 

The reactivity of the alcohols and urea compounds 
with O; was tested in a system in which O; was 
generated during the autoxidation of 6-hydroxydopa- 
mine. The rate of quinone formation from 6-hydroxy- 
dopamine is catalyzed by O; and is markedly sup- 
pressed by scavengers of O; such as superoxide dis- 
mutase [18] or catecholamines [19]. In this system, 
none of the compounds at 10~? M inhibited the rate 
of quinone formation from 6-hydroxydopamine. 
Therefore, these compounds did not react directly 
with O;. 
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Fig. 3. Comparison of the effect of various alcohols or 
thiourea (10°? moles/kg) on blood glucose levels 72 hr 
after alloxan. Data are the mean blood glucose values in 
mg/100 ml + S.E.M. Except for the dose of pretreatment 
compound, animals were treated as described in the legend 
to Fig. 1. Some alloxan-treated animals and some controls 
were pretreated with ip. saline. There were 17-19 animals 
in each experimental group and 87 animals in the com- 
bined control group which consisted of mice receiving 
saline alone, or one of the alcohols or thiourea. These con- 
trols exhibited blood glucose levels ranging from 73 to 
211 mg/100 ml. 
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Table 2. Comparison of the protective effects of urea, hydroxyurea and thiourea on 
the induction of hyperglycemia by alloxan* 





Blood glucose (mg/100 ml + S.E.M.) 


Treatment Experiment At Experiment Bt 





433 + 43(9) 
443 + 44(7)t 
364 + 86(6)t 
250 + 43(11§ 
118 + 5(25) 


449 + 9 (24) 
478 + 17(21)t 
390 + 29 (13)t 
147 + 11 (20)| 
124 + 2(61) 


Saline + alloxan 

Urea + alloxan 
Hydroxyurea + alloxan 
Thiourea + alloxan 
Combined controls 





* Animals were pretreated with test compounds (i.p., 3 g/kg) either 0-5 hr (Expt. 
A) or 2hr (Expt. B) before alloxan. Other details are the same as those described 
in the legend to Fig. 1. The number of animals in each group is shown in parentheses. 

+ The distribution of animals in three blood glucose ranges (50-250, 251-400, and 
401 mg/100 ml and higher) was as follows (expressed as the per cent of total in each 
group): Experiment A: saline + alloxan (11%, 22°, 67%), urea + alloxan (14%, 0°, 
86%), hydroxyurea + alloxan (33%, 17°, 50%), thiourea + alloxan (64°, 18°, 18°%) 
and combined controls (100%, 0%, 0°%); and Experiment B: saline + alloxan (0%, 
4%, 96°), urea + alloxan (0%, 14%, 86%), hydroxyurea + alloxan (15%, 23°%, 62%), 
thiourea + alloxan (95%, 5°, 0%) and combined controls (100%, 0%, 0°). 

t Not significant when compared to saline + alloxan group. 


§ P < 0-01 when compared to saline + alloxan group. 
|| P < 0-001 when compared to saline + alloxan group. 
© Control animals received only i.p. saline, urea, hydroxyurea or thiourea (3 g/kg). 


Reaction directly with H,O, was studied in modifi- 
cations of the glucostat system used in this investiga- 
tion for the measurement of glucose in blood. The 
measurement of glucose is dependent upon the gener- 
ation of H,O, by glucose oxidase and subsequent 
reaction of H,O, with 3,3-dimethoxybenzidine (cata- 
lyzed by peroxidase) to yield a chromophore which 
is measured spectrophotometrically. We tested the 
effect of adding 10°? M concentrations of alcohols 
or urea compounds on the rate of color formation 
in the presence of 10°*M glucose. Hydroxyurea 
(10-7 M) could not be tested because it interfered 
with color development from H,O), in this system. 
None of the compounds showed an effect except for 
thiourea, which inhibited color development by less 
than 10 per cent. 

Additionally, we incubated 10°?M compounds 
with 10°*M H,O, in separate tubes at room tem- 
perature for 10 min. Aliquots were removed for deter- 
mination in the glucose oxidase—peroxidase system 
(no glucose added). Only thiourea reacted with H,O, 
under these conditions; approximately half of the 
H,O, was decomposed in 10 min. The lack of reacti- 
vity of the alcohols excluded a direct reaction of the 
alcohols with H,O, as a contributory factor in the 
suppression of ethylene. 

With regard to thiourea, it had been shown by 
others [14] to be a good ‘OH trap. In our system, 
suppression of ethylene by 10°? M thiourea was un- 
doubtedly due both to removal of H,O, as well as 
a direct reaction with ‘OH. However, 10°*7M 
thiourea suppressed ethylene formation by 43-7 + 1-4 
per cent (mean + S.D., N = 4 experiments run in 
quadruplicate) in 10min but decomposed only 
12:1 + 1:3 per cent (N = 3) of 10°*M H,O,. These 
data indicated that thiourea reacted more rapidly 
with ‘OH than with H,O, in the ethylene system. 
In comparison, butanol at 10°° M suppressed ethyl- 
ene formation by only 4-9 + 3-2 per cent (N = 4) in 
10 min. The combined data indicated that thiourea is 


a better OH scavenger than n-butanol. As noted ear- 
lier, hydroxyurea could not be evaluated because it 
interfered with color development in the peroxidase 
system. 


Effect of short chain alcohols and urea derivatives on 
blood glucose levels 


Transiently elevated blood glucose levels can pro- 
tect against the diabetogenic action of alloxan [21]. 
Previously, we observed that pretreatment with eth- 
anol (4 g/kg) significantly increased blood sugar levels 
at 30 min, normally the time of alloxan adminis- 
tration [5]. Experiment A of Table 3 shows that meth- 
anol, ethanol, n-propanol and n-butanol administered 
in the doses used in Fig. 1 significantly increased 
blood glucose at 30 min (P < 0-001 for each alcohol 


fir 
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ADDITIONS (10°? m) 


Fig. 4. Effect of several alcohols and urea derivatives at 
10°? M on ethylene generation. The system consisted of 
10-7 M 2-keto-4-methylthiobutyric acid in 0:2 M acetate 
buffer at pH 6-4, containing 6-aminodopamine (10°~* M) 
as a hydroxyl radical-generating agent. Results are the 
mean + S.E.M. for three to five experiments with each 
compeund, run in quadruplicate and expressed as a per 
cent of the control. Control generation of ethylene was 
0-79 nmole at 40 min 
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Table 3. Blood glucose levels 30 min after i.p. injection of alcohols and thiourea.* 





Experiment A 
Dose 


Treatment (g/kg) 


Blood glucose 
(mg/100 ml + S.E.M.) 


Experiment B 
Blood glucose 
(mg/100 ml + S.E.M.) 


Dose 
(g/kg)t 





Saline 
Methanol 
Ethanol 
n-Propanol 
n-Butanol 
Thiourea 


95 + 5(14) 


163 + 9(14)t 
159 + 14(15) 
211 + 27(15)¢ 
153 + 14(15)E 


t 0:46 


100 + 4(18) 
106 + 3 (18) 
88 + 5(18) 
115 + 5(18) 
145 + 7(18)¢ 

5 (18) 


0-32 


0-60 
0-74 


0-76 114+ 





* The doses in Expt. A correspond to those in Fig. 1, while those in Expt. B correspond 


to Fig. 3. In both experiments, food was withheld 3-4 hr prior to injection. The number 
of animals in each group is shown in parentheses. 


+ Doses in Expt. B were all 10° * moles/kg. 


+ P < 0-001 when compared to saline control. 
§ Not significant when compared to saline control. 
P < 0:05 when compared to saline control. 


group compared to saline control). However, in essen- 
tially lower, equimolar doses (10°? moles/kg, Exper- 
iment B of Table 3), identical to those used in Fig. 
3, only butanol caused a clear-cut and strong eleva- 
tion in blood glucose. (Note, however, that the dose 
of butanol was essentially identical in Experiments 
A and B.) Thiourea and n-propanol gave small in- 
creases of borderline significance (P < 0-05), while 
methanol produced no change and ethanol appeared 
to produce a slight decrease in blood glucose. 

Blood glucose was also determined 2hr after 1p. 
injection of 3 g/kg of urea, hydroxyurea or thiourea 
(cf. Experiment B of Table 2). No elevation in blood 
glucose was observed at 2hr after injection of these 
compounds (Table 4). 

Earlier experiments with starved animals [5] 
demonstrated that protection by ethanol could not 
be attributed to an elevated blood glucose level per 
se; however, it was not clear whether or not an 
upward change in blood glucose occurring prior to 
the injection of alloxan could play a significant pro- 
tective role. In order to test this possibility we per- 
formed experiments with 10°? moles (0-6 g)/kg of 
n-propanol as a protective agent (cf. Fig. 3), or 4 g/kg 
of urea as a negative control (cf. Table 2). Blood was 
‘sampled from the tail of each animal immediately 
prior to i.p. injection of propanol or urea and again 
30 min later (immediately prior to alloxan). The data 
of Table 5 show that out of a total of seventeen ani- 
mals receiving n-propanol, five animals became dia- 


Table 4. Blood glucose levels 2hr after ip. injection of 
urea, hydroxyurea and thiourea.* 





Blood glucose 
Treatment (mg/100 ml + S.E.M.) 





116 
113 + 
116 + 


99 + 


Saline 
Urea 
Hydroxyurea 
Thiourea 


+8 (10) 
12 (9) 
12 (9)+ 
10 (13)* 





* Food was withheld 3-4 hr before injection. Each com- 
pound was administered at 3 g/kg, the same dose used for 
the experiments described in Table 2. The number of ani- 
mals per group is shown in parentheses. 

+ Not significant when compared to saline control. 


betic: however, the blood glucose increases in these 
five animals during the 30-min period after n-pro- 
panol injection was not different from that observed 
in the twelve protected animals. All urea-treated ani- 
mals became diabetic; however, some of these mice 
displayed relatively large increases in blood glucose 
levels during the period from 0 to 30 min, comparable 
to the increases seen in the propanol-protected ani- 
mals. Therefore, it can be concluded that an upward 
change in blood glucose cannot be the overriding fac- 
tor in protection against alloxan. 


DISCUSSION 


It had been shown previously that ethanol protected 
mice against the diabetogenic action of alloxan [5]. 
Two possible modes of protection were suggested: 
removal of H,O, through the peroxidatic activity of 
catalase with ethanol as substrate, or removal of ‘OH 
by direct reaction with ethanol. 

In the present study, methanol, n-propanol and 
n-butanol were shown also to protect against alloxan. 
These alcohols prevented degranulation of the f-cells 
of the pancreas (Table 1, Fig. 2), as well as the rise 
in blood glucose 72 hr after alloxan (Fig. 1). The abi- 
lity of the alcohols to scavenge ‘OH radicals in vitro 
was studied in a system where ‘OH gave rise to ethyl- 
ene. Reactivity with ‘OH (suppression of ethylene for- 
mation) for the homologous series of alcohols in- 
creased with increasing chain length (Fig. 4). The pro- 
tective actions of the alcohols were compared in vivo 
at a fixed dose (10°? moles/kg, equivalent to the con- 
centration of 10°? M used in the ethylene-generating 
system in vitro). Although fine distinctions between 
the various alcohols could not be made, the results 
of Fig. 3 showed that n-butanol and n-propanol were 
more effective protective agents than either ethanol 
or methanol. Furthermore, a breakdown of the distri- 
bution of animals with regard to final blood glucose 
levels indicated very few diabetic animals in the 
butanol and propanol groups, but considerably larger 
numbers of diabetic animals in the ethanol and meth- 
anol groups. 

These data permit a distinction to be made between 
the two suggested protective mechanisms. The rank 
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Table 5. Change in blood glucose after urea or n-propanol and subsequent hyperglycemia 72 hr after alloxan.* 





Change in blood glucose 


30 min after 
propanol or urea 
(mg/100 ml) 


Group 


Blood glucose 72 hr 
after alloxan 
(mg/100 ml) 





Propanol + alloxan (protected) 
Propanol + alloxan (not protected) 
Urea + alloxan (protected) None 


Urea + alloxan (not protected) 


6, 16, 25, 38, 39, 44, 
48, 49, 52, 54, 55, 55 
19, 19, 30, 33, 56 


—24, —21, —12, —11, 
—9, —7, —7, —2, 5, 
23, 26, 29, 34, 37, 

41, 41, 66, 147 


. 178, 121, 136, 137, 160, 
. 113, 134, 148, 130, 147 
. 381. 422, 365, 396 


474, 478, 618, 457, 
454, 661, 507, 393 
440, 468, 444, 561 
452, 440, 441, 390 





* Tail blood was sampled from individual mice immediately before and 30 min after ip. urea (3 g/kg) or n-propanol 
(10°? moles/kg = 0-60 g/kg). Alloxan (50 mg/kg) was injected i.v. immediately after the second blood sample. Data are 
listed so that the numbers listed in the “Change in blood glucose” column correspond to the same animals in the 
“Blood glucose 72 hr” column (i.e. the animal that showed a change of 6mg/100 ml on injection of n-propanol showed 
a final blood glucose after alloxan of 226 mg/100 ml and so on). 


order of the homologous series of alcohols for reac- 
tion with ‘OH in vitro (n-butanol > n-propanol > 
ethanol > methanol) [14] (Fig. 3) is exactly oppo- 
site to their rank order as substrates for the peroxida- 
tic activity of catalase (methanol > ethanol > n-pro- 
panol > n-butanol) [22, 23]. The’ results with regard 
to protection against alloxan (n-butanol or n-pro- 
panol > ethanol or methanol) are inconsistent with 
the peroxidatic activity of catalase but are in keeping 
with a reaction with ‘OH radicals. 

Urea and its analogues, hydroxyurea and thiourea, 
exhibited marked differences in their reactivity in the 
‘OH-detecting system (Fig. 4). Urea did not inhibit 
ethylene production and, therefore, cannot be consi- 
dered an ‘OH trapping agent. In addition, urea did 
not protect mice against alloxan (Table 2). Thiourea, 
on the other hand, has been shown by others [14] 
to be a good ‘OH scavenger, and in our experiments 
it was an effective protective agent against alloxan-in- 
duced diabetes (Table 2). Thus, these results were qua- 
litatively supportive of the point of view that the trap- 
ping of ‘OH radicals provided protection against 
alloxan. 

Hydroxyurea was an exception in that it appeared 
to exhibit moderate ability to trap ‘OH (Fig. 4), but 
did not give statistically significant protection against 
alloxan (Table 2). However, although thiourea was 
decidedly superior to n-butanol as an ‘OH scavenger, 
it was a less potent protective agent in vivo when 
the two compounds were compared at the same 
dosage (10°? moles/kg). It may be that thiourea and 
other urea compounds are not as rapidly absorbed 
after i.p. injection or not taken up into the pancreatic 
B-cells as readily as the alcohols. From the relative 
potencies of hydroxyurea and thiourea in vitro (Fig. 
4), it might be anticipated that a very much higher 
dose of hydroxyurea would be required in vivo to 
achieve a level of protection similar to that given by 
thiourea (Table 2). 

One source of concern in the interpretation of these 
experiments was that an elevation in blood glucose 
levels might protect against the diabetogenic action 


of alloxan. However, thiourea failed to give any de- 
tectable elevation in blood glucose in a regimen which 
provided significant protection (Table 4 compared to 
Experiment B of Table 2). Additionally, in exper- 
iments with n-propanol (a protective agent) and urea 
(non-protective), there was no correlation between the 
rise in blood glucose and whether or not an animal 
was protected (Table 5). Therefore, blood glucose did 
not appear to be an important factor in these exper- 
iments. 

Although direct evidence is lacking for the presence 
of hydroxyl radicals in the f-cell, the results of the 
current study tend to support the view that hydroxyl 
radicals play a primary role in the cytotoxic action 
of alloxan. None of the protective agents reacted with 
O, and, with the exception of thiourea, none reacted 
directly with H,O0,. Thiourea was, however, more 
reactive with ‘OH than with H,O,. These data tend 
to exclude a direct reaction with either O; or H,O, 
as a basis for the protective actions of the compounds 
studied. Moreover, as noted earlier, the peroxidatic 
action of catalase can also be ruled out. On the other 
hand, the correlation between protective action in vivo 
and reaction with ‘OH in vitro makes scavenging of 
‘OH a likely mechanism for protection by the alipha- 
tic alcohols and thiourea. 
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BY TERTIARY ALKYLAMINOETHYL ESTERS 


PeTeR P. ROWELL and C. Y. CHIOU 
Department of Pharmacology and Therapeutics, University of Florida College of Medicine. 
Gainesville, Florida 32610, U.S.A. 


(Received 27 March 1975; accepted 22 August 1975) 


Abstract—Several dimethylaminoethyl esters were synthesized in order to develop a compound which 
would be better able to cross cell membranes and to inhibit choline acetyltransferase (ChAc) within 
the nerve terminal. A structure—activity relationship study demonstrated three requirements for ChAc 
inhibition by the alkylaminoethyl esters: (1) a terminal cationic head on the amine end of the molecule, 
(2) the ability to stabilize a partial negative charge on the acyl end, and (3) a leaving group on 
the a-carbon on the acyl end. Three tertiary amine esters which fulfilled these requirements were 
studied: N,N-dimethylaminoethyl chloroacetate (CI-DMA); N,N-dimethylaminoethyl bromoacetate 
(Br-DMA); and N,N-dimethylaminoethy! acrylate (acryl- DMA). The I,,’s of these compounds to inhibit 
ChAc were 1.29-5.75 x 10°*M in both extracted cell-free ChAc system and cellular minced brain 
ChAc system. These compounds showed reversible inhibition and were uncompetitive in nature with 
respect to both substrates, choline and acetyl CoA. The interaction of CI-DMA and acryl-DMA with 
acetylcholinesterase and butyrylcholinesterase was also investigated. CI-DMA and acryl-DMA were 
20-150-fold and 3-S-fold less potent, respectively, to inhibit cholinesterases than to inhibit ChAc, 
demonstrating fair specificity toward ChAc inhibition, particularly with Cl-DMA. The hydrolysis of 
the ester linkage in either compound was not affected by these cholinesterases. Both compounds pro- 
duced blockade of indirectly stimulated nerve-muscle preparations both in vitro and in vivo, and the 
blockade in the isolated preparation was reversible with washing. Therefore, CI-DMA, in particular, 


would be a compound of interest to inhibit ChAc in the whole animal. 


In recent years, a number of compounds have been 
described which are able to inhibit choline acetyl- 
transferase (Choline acetylase, ChAc, I.U.B.2.3.1.6), 
the enzyme responsible for the synthesis of acetylcho- 
line (ACh) from choline and acetyl-CoA. All of these 
- inhibitors have several disadvantages which have pre- 
vented their general use in vivo. These disadvantages 
include rapid metabolism, isomerization, non-specific 
action, and inability to cross cell membranes. Styryl- 
pyridines, which are the most widely studied of these 
inhibitors, possess most if not all of these disadvan- 
tages [1-5]. Since several analogs of the choline esters 
have been shown to be inhibitors of ChAc in vitro 
[6-8], but also possessing similar disadvantages as 
styrylpyridines, it was felt that a further study of the 
tertiary nitrogen analogs of some of these compounds 
might produce a compound which would not have 
these drawbacks and could be used as a ChAc inhibi- 
tor in vitro. Two compounds emerged as inhibitors 
deserving further study: N,N-dimethylaminoethyl 
acrylate (acryl-DMA) and N,N-dimethylaminoethy! 
chloroacetate (CI-DMA). In this report. the structure 
activity relationships of the esters studied are de- 
scribed, and the enzymatic inhibitory action and kin- 
etics of inhibition ‘are presented. The effects of 
CI-DMA and acryl-DMA on in vivo and in vitro prep- 
arations are also investigated in this research. 


MATERIALS AND METHODS 


Materials. Drugs used in this study are listed in 
Table 1: vinylcholine ether bromide (VCE, compound 
No. 1); carbamyicholine chloride (carbachol, com- 
pound No. 2); 3,3-dimethyl-l-butanol choloacetate 
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(CI-DBA, compound No. 3): N,N-dimethyla- 
minoethyl chloroacetate (CI-DMA, compound No. 4): 
N,N-dimethylaminoethyl bromoacetate (Br-DMA, 
compound No. 5); N,N-dimethylaminoethyl acrylate 
(acryl-DMA, compound No. 6): N,N-dimethyla- 
minoethyl methacrylate (methacryl- DMA, compound 
No. 7); acrylic acid (compound No. 8) and N,N-di- 
methylaminoethanol (DMA, compound No. 9). The 
drugs used to test ChAc inhibitory activity in these 
studies were either obtained commercially (carbachol, 
acrylic acid, DMA, methacryl-DMA) or synthesized 
in this laboratory (VCE, CI-DBA, CI-DMA, Br-DMA, 
acryl-DMA). Acetylcholinesterase (AChE) and butyr- 
ylcholinesterase (BuChE) was obtained from Nutri- 
tional Biochem. Corp. The radioisotopic [l-'*C]ace- 
tyl-CoA was obtained from International Chem. and 
Nuclear Corp. and had a specific activity of 50mCi 
m-mole. Acetylthiocholine and 5,5’-dithiobis-2-nitro- 
benzoate (DTNB) were obtained from Aldrich Chem. 
Co., Inc. 

Inhibition of ChAc. The ChAc for all studies except 
minced brain preparation was extracted from the ace- 
tone powder of Holtzman rat brain [9] with ice-cold 
extraction medium (NaCl, 100mM; EDTA, | mM; 
cysteine, 4mM; bovine serum albumin, 0.05°,; and 
NaH,PO,-Na,HPO,, 10mM at pH 7.0) modified 
from Burger et al. [10]. The acetone powder was 
extracted with the extraction medium [25 mg/ml] for 
20 min with constant stirring. The extract was centri- 
fuged at 9000g at 4 for 10 min and the supernatant 
fraction containing ChAc was retained. Acetylcholine 
synthesis was determined by radioassay using a modi- 
fied method of Schrier and Shuster [11]. The enzyme 
extract [0.05 ml] was pre-incubated with the inhibitor 
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Table 1. Structure-activity relationship of ChAc inhibitors 





Per cent 


Name* Structure Inhibition 


Compound No. 





- 
CH ,—CH—O—CH,—CH,—N(CH), 
O 


VCE 


@ 
NH,—C—O—CH,—CH,—N(CH;); 
O 


Carbachol 


Cl-DBA ClI—CH,—C—O—CH,—CH,—C(CH;); 


O 


CIl-DMA ClI—CH,—C—O—CH,—CH,—N(CH;), 


O 


Br-DMA Br—CH ,—C—O—CH,—CH,—N(CH), 
O 
Acryl-DMA CH,=CH—C—O—CH,—CH,—N(CH;); 


CH, 0 


Methacryl-DMA CH,=C—C—O—CH,—CH,—N(CH;), 


O 


Acrylic Acid CH,=—CH—C—OH 


DMA 


HO—CH ,—CH,—N(CH,), 





* Chemical names of these compounds may be found in the section of Materials and Methods. 
+ All compounds present in the incubation system at | x 10 3M concentrations. Means + S.E.M. (N = 4 for all 


studies except carbachol where N = 3). 


(or water in the case of control) in 0.2 ml of incuba- 
tion medium (NaCl, 150 mM; neostigmine, 0.05 mM; 
choline, 25 mM; and sodium phosphate buffer pH 7.0, 
25mM). After 20 min pre-incubation at 37, 0.01 ml 
of [l-'*C]Jacetyl-CoA was added to give a final con- 
centration of 0.065 mM containing 0.15 Ci radioacti- 
vity. The reaction was continued at 37 for 30 more 
min. The reaction was then stopped by adding 4.3 ml 
of ice-cold water and immediately thereafter 500 mg 
of Bio-Rad AG | x | anion exchange resin to remove 
unreacted acetyl-CoA. After vigorous stirring for 
30 sec, each incubation tube was centrifuged for 5 min 
at 1500 g. Then, 0.5 ml of the supernatant fraction was 
transferred to 10 ml of scintillation solution (2,5-di- 
phenyloxazole, 7g; naphthalene, 100g; dioxane, 
1000 ml) and counted in a liquid scintillation counter 
(Beckman Model 1650). The remaining supernatant 
was transferred to a clean centrifuge tube and 250 mg 
of Amberlite CG 120 cationic exchange resin was 
added to trap choline and acetylcholine. After stirring 
and centrifuging as above, 0.5 ml of the supernatant 
was again added to 10 ml of scintillation solution for 
counting. The amount of acetylated product was cal- 
culated by subtracting the cpm obtained after both 
anionic and cationic exchange from the cpm obtained 
after anionic exchange alone. 10,000 cpm is equivalent 
to 1.04nmoles of acetylated product synthesized 
min/mg acetone powder. 

For studies on the reversibility of ChAc inhibition 
by CI-DMA, Br-DMA and acryl-DMA, the concen- 
tration of ChAc varied from 10 to 40mg acetone 
powder/ml. For studies on inhibition kinetics of 
CI-DMA and acryl-DMA, either the acetyl-CoA con- 
centration varied from 0.016 to 0.065mM while the 
concentration of choline remained constant at 
25 mM; or the choline concentration varied from 0.4 


to 40mM while the acetyl-CoA concentration 
remained constant at 0.65mM. 

ChAc inhibition in minced brain. Holtzman rats were 
decapitated and their brains removed and immedi- 
ately placed in 0.9°,, ice-cold saline. The brains were 
then minced gently with a mortar and pestle in cold 
saline for several min. The brain tissue was trans- 
ferred to a centrifuge tube and centrifuged at 9000g 
for 2min. The supernatant was discarded and _ the 
separated cellular fraction was transferred to another 
centrifuge tube and resuspended in saline. These cells 
were then centrifuged, the supernatant discarded, and 
the cells again resuspended in saline. This was 
repeated twelve times to remove all soluble ChAc. 
At the final time, a sample of the supernatant was 
collected for a test as a blank to insure that all the 
soluble ChAc had been removed. This procedure for 
the assay of ChAc was the same as described above, 
except that the extracted ChAc was replaced with 
50 4 of the minced brain tissue with 10mg wet wt 
in each incubation sample, and the brain tissue was 
homogenized prior to the ACh determination. 

Cholinesterase inhibition. The inhibition of cholines- 
terases was studied according to the method of Ell- 
man et al. [12] in which the cholinesterase hydrolyzes 
acetylthiocholine yielding thiocholine which in turn 
reacts with DTNB to yield the yellow 5-thio-2-nitro- 
benzoic anion. The colorimetric determination was 
made with a Gilford Automatic Recording Spectro- 
photometer (Model 2400) at 412 my. The reaction sys- 
tem consisted of 3ml of sodium phosphate buffer 
(pH 8.0), 10mM; DTNB, 0.32mM; and AChE, 
0.083 U/ml or BuChE, 0.017 U/ml. This was preincu- 
bated with the inhibitor in concentrations ranging 
from 1.0 to 10.0mM for 15 min at 25 in the spectro- 
photometric cuvette. Ten ; of acetylthiocholine was 
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then added for a finai concentration of 6.0 x 10°*M 
and the rate of hydrolysis was measured with time 
as a function of the change in absorbance at 412 mu. 

Hydrolysis of esters. To determine the stability of 
the ester linkage of CI-DMA and acryl-DMA, the rate 
of autohydrolysis and hydrolysis in the presence of 
AChE and BuChE were measured by the acid pro- 
duction with a modified method of Chiou [13]. The 
reaction was run at 25 for 20min with 10 ml of an 
aqueous barbital buffer solution (sodium barbital, 
1.5mM; KH,PO,, 0.3mM:; NaCl, 150mM) contain- 
ing either no enzyme or 0.83 units of AChE or 0.17 
units of BuChE. Since acryl-DMA was used as the 
free base, the pH was adjusted with 1 N HCI (0.05 ml) 
so that the addition of the acryl-DMA gave an initial 
pH of 7.3-7.6. Acryl-DMA or CI-DMA was added 
to give a final concentration of 5.0mM and the 
change in pH with time was measured and compared 
with a standard curve obtained with identical solu- 
tions titrated with acrylic or chloroacetic acid. The 
pH determinations were made with a Beckman SS-3 
pH meter with a Beckman combination electrode No. 
39030. 

Frog sciatic nerve gastrocnemius, muscle preparation 
in vitro. Rana pipiens weighing 20-25 g were stunned 
by a blow to the head, decapitated, and pithed. The 
skin was removed from the leg and the sciatic nerve 
was isolated, tied, and cut at its upper end. A loop 
of suture was tied around the tendon at the lower 
end of the gastrocnemius muscle and the tendon was 
cut distal to the tie. The femur was cut, leaving the 
joint still attached to the muscle. A long thread was 
attached to the joint bones. The gastrocnemius 
muscle with the sciatic nerve attached was then 
removed from the animal and placed in 40 ml of frog 
Ringer solution (NaCl, 110mM; KCl, 2.01 mM; 
CaCl,, 0.77mM; NaHCO,, 4.25mM:; and dextrose, 
11.1mM) in an organ bath oxygenated with 95%, 
O,-5°,, CO, at pH 7.4 and 25. The loop at the distal 
end of the muscle was attached to a stationary sup- 
port and the tie at the other end on the joint bone 
was attached to a Narco Bio-Systems Myograph-B 
isometric force transducer (E & M Instrument Co. 
Inc., Houston, Texas) with 1 g initial tension. The 
nerve was passed through a platinum two-ring elec- 
trode and stimulated with supramaximal voltage 
(10V), OSmsec duration and 250Hz_ frequency 
administered in monophasic square wave pulses for 
0.1 sec every 10 sec. Muscle contractions measured by 
the Myograph were recorded on a Model Four-A 
Narco Bio-Systems Physiograph (E & M Instrument 
Co., Inc.). Drugs were added to the bath in volumes 
not exceeding 0.8 ml. 


1095 


Rat sciatic nerve gastrocnemius muscle preparation 
in situ. Holtzman rats weighing 300-500 g were anes- 
thetized with an ip. injection of ethyl carbamate, 
1.6 g/kg. An incision was made on the neck and the 
carotid artery was cannulated and the tubing from 
the artery containing heparinized saline (10 U/ml) was 
attached to a pressure transducer (Model P-1000 A, 
Narco Bio-Systems Inc.) for recording blood pressure 
and heart rate. The jugular vein was also cannulated 
for injection of drugs. The leg was opened to expose 
the sciatic nerve. This was tied and cut distal to the 
gastrocnemius muscle. The tendon of the gastrocne- 
mius muscle at the back of the leg was tied with 
suture, and as much of the muscle as possible was 
isolated while still maintaining blood supply. The rat 
was then positioned so that the leg could be immobi- 
lized by securing it with nails to the mounting board. 
The tendon tie was attached to a Myograph-C force 
transducer. The sciatic nerve was passed through a 
platinum two-ring electrode and stimulated at supra- 
maximal voltage (3V) of O.Smsec duration and 
250 Hz frequency administered for 0.1 sec every 
10sec. Muscle contractions were recorded as de- 
scribed previously. Drugs dissolved in saline were 
administered intravenously in doses not exceeding 
0.5 ml. 

Statistical analysis. Standard errors of the means 
(S.E.M.) are given for mean figures. The 95°, confi- 
dence limits for the EDs,)’s were computed according 
to Litchfield and Wilcoxon [14]. 


RESULTS 


ChAc inhibitory activities of alkylaminoethyl esters. 
In order to determine the relationship of ChAc inhibi- 
tion with different alkylaminoethyl esters and their 
derivatives, a number of compounds were tested for 
inhibition of cell-free ChAc in vitro. The results of 
this study are presented in Table 1. It can be seen 
that at a concentration of | x 10°? M, only three of 
these compounds, CI-DMA (compound No. 4), 
Br-DMA (compound No. 5), and acryl-DMA (com- 
pound No. 6) produced an effective inhibition of the 
enzyme. The hydrolysis products of these compounds, 
however, did not produce any inhibition of ChAc. 
To determine the potency of these three compounds, 
the I<,’s were determined and the results are pre- 
sented in Table 2. They are approximately 10-fold 
less potent than their quaternary analogs, reported 
by others [6,8, 15]. This might be expected mainly 
because of the difference in conformation due to the 
removal of a methyl group, but also because these 
compounds are not permanently charged. 


Table 2. Io's of ChAc inhibition 





Iso (M x 10%) 





Cell-free ChAc extracted 
from brain acetone powder 


Compound 


Cellular ChAc in 
minced brain tissue 





CI-DMA 
Br-DMA 
Acryl-DMA 


1.29 + 0.05* 
5.80 + 0.09 
5.02 + 0.95 


2.25 + 0.23 


Stove O91 





* Mean + S.E.M. 
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Since these compounds are tertiary amines which 
are able to exist in the uncharged form, they should 
be able to penetrate biological membranes to inhibit 
ChAc in the intracellular site. To investigate this, a 
minced brain preparation was used in which the 
ChAc was still contained within the intact nerve ter- 
minal. The I<.’s for Cl-/DMA and acryl-DMA were 
determined and compared with the potency in the 
cell-free extracted ChAc assay (Table 2). It is seen 
that both CI-DMA and acryl-DMA are almost as 
potent in the minced brain, demonstrating their abi- 
lity to gain entry into the nerve terminal and inhibit 
ChAc in the inside. 

The reversibility of CI-DMA, Br-DMA, and acryl- 
DMA was tested on cell-free ChAc in vitro and the 
results in Fig. | show that all three produced a rever- 
sible inhibition of ChAc. Originally, it was thought 
that CL-DMA and Br-DMA might show differences 
in their reversibility on ChAc. That this might be the 
case was suggested by the studies of Chiou and Sastry 
[16] showing that the quaternary derivatives of 
CI-DMA and Br-DMA, chloroacetylcholine and bro- 
moacetylcholine respectively, had different binding 
characteristics on the cholinergic receptor. The former 
produced reversible binding to the cholinergic recep- 
tor whereas the latter produced irreversible binding. 
Although chloroacetylcholine has been shown to pro- 
duce reversible inhibition of ChAc [6], the reversibi- 
lity of bromoacetylcholine has not been reported. 
Since Br-DMA was not irreversible (Fig. 1), it appar- 
ently has no advantages over CI-DMA; and since it 
is more hygroscopic and more difficult to synthesize, 


it was decided that of the two, only the chloro-com- 
pound would be investigated further. 

The kinetics of the inhibition seen with ClI-DMA 
and acryl-DMA was investigated and the results are 
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Fig. 1. Reversibility of ChAc inhibitors. All three inhibitors 

in incubation medium were at 5 x 10°*M concentration. 

Means + S.E.M. were presented with N = 3. Note the in- 

hibited line changed the slope and originated from the 
orgin, indicating a reversible inhibition. 
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presented in Fig. 2. Both CI-DMA and acryl-DMA 
showed an uncompetitive type of inhibition with re- 
spect to both substrates of ChAc, choline and acetyl- 
CoA. 
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Fig. 2. Kinetics of ChAc inhibition. Assay was done on 
cell-free ChAc extracted from rat brain acetone powder. 
Acetyl-CoA concentrations varied from 0.0163mM_ to 
0.065 mM. Choline concentrations varied from 0.4mM to 
4mM. Means + S.E.M. were presented with N = 3. Where, 
(@). control; (O), with CI-/DMA or Acryl-DMA; (A), with 
| x 10°*M of CI-DMA: (B), with 2 x 10°*M of acryl- 
DMA; (C), with 4x 10°*M of CI-DMA; (D), with 
| x 10°*M ofacryl-DMA. Note the parallel shift of con- 
trol lines by inhibitors indicating an uncompetitive type 

of inhibition. 











Choline acetylase inhibitors 


Interaction with cholinesterases. To determine the 
specificity of CI-DMA and acryl-DMA to inhibit 
ChAc, the I,’s for inhibition of both AChE and 
BuChE were determined. Table 3 shows that both 
compounds are more potent inhibitors of ChAc than 
either of these two cholinesterases, 20-150 times more 
potent in the case of CI-DMA and 3-5 times more 
potent for acryl-DMA. 


Table 3. Inhibition of cholinesterases 





I<o (M x 10°) 





Compound AChE BuChE 





CI-DMA 
Acryl-DMA 


2.64 + 0.04* 
2.24 + 0.11 


19.60 + 3.08 
1.60 + 0.04 





* Mean + S.E.M., N = 3. 


The stability of the ester linkage of these two com- 
pounds was investigated, and the rates of autohydro- 
lysis and the rates of enzymatic hydrolysis in the pres- 
ence of AChE and BuChE are shown in Table 4. The 
rates of hydrolysis of acetylcholine in this system are 
also presented for comparison. It can be seen that 
neither CI-DMA nor acryl-DMA are significantly 
hydrolyzed by either enzyme. The autohydrolysis 
rates, while much faster, are not unmanageable. The 
t; 28 for hydrolysis at pH 7.4 are 24hr for acryl- 
DMA and Shr for CIl-DMA. 

Effects on biological preparations. Finally the ability 
of these compounds to block muscle contractions in 
indirectly stimulated nerve-muscle preparations was 
investigated both in vitro and in vivo. A record of 
the blockade by both CI-DMA and acryl-DMA in 
the isolated frog sciatic nerve gastrocnemius muscle 
preparation is presented in Fig. 3; and a record for 
acryl-DMA in the rat sciatic nerve gastrocnemius 
muscle preparation in situ is presented in Fig. 4. Both 
compounds produced a slow blockade of twitch con- 
tractions in both preparations. The blockade was 
reversible upon washing in the isolated preparation 
with ED<.'s, measured after 1 hr of drug administ- 
ration of 42.0 (20..0-88.2) x 10°*M for Cl-DMA and 
5.5 (2.02-12.63) x 10°*M for acryl-DMA. Control 
preparations were stable for over 3 hr. In in vivo ex- 
periments, both drugs produced an immediate but 
transient hypotension when injected (Figure 4). This 
is probably due to the direct action of. these com- 
pounds on the vascular smooth muscle. 


DISCUSSION 

This study on the structure-activity relationship of 
alkylaminoethyl esters has revealed three require- 
ments for ChAc inhibition: (1) a cationic terminal 
charge on the amine end of the molecule, (2) the abi- 
lity to stabilize a partial negative charge on the acyl 
end, and (3) a leaving-group on the x-carbon of the 
acyl end (Fig. 5). These requirements were demon- 
strated by the following results. 

To determine the importance of the terminal 
cationic head on ChAc inhibition, Cl-DBA (com- 
pound No. 3) was tested but did not show ChAc inhi- 
bition. Since CI-DBA is the exact molecule as chloro- 
acetylcholine, a potent ChAc inhibitor [6], except 
that the nitrogen is replaced with a carbon to elimin- 
ate the positive charge, this shows that the cationic 
head is essential for the ChAc inhibitory activity. 

Therefore, in order to retain the positive charge 
but still allow cell membrane penetration, a number 
of tertiary amine esters were tested. All of these com- 
pounds had a significant inhibitory action on ChAc 
except methacryl-DMA (compound No. 7). The rea- 
son for this exception will be discussed later. Since 
the compound must have a cationic head, or possess 
the potential for a positive charge formation, this re- 
quirement can be satisfied either by quaternary or 
tertiary amines. The latter are over 90°, ionized at 
physiological pH. Compounds such as Cl-DBA (com- 
pound No. 3), which cannot be charged, are not ChAc 
inhibitors. 

Secondly, there is a requirement for stabilizing a 
partial negative charge on the acyl end of the mol- 
ecule. Electron withdrawal groups such as halogen 
substitution or a combination of carbonyl and vinyl 
group satisfy this requirement. For example, x,f-unsa- 
turated esters satisfy this requirement by resonance- 
stabilization of the negative charge. If the carbonyl 
group of acryloylcholine is removed it becomes VCE 
(compound No. 1) which does not allow resonance- 
stability, and consequently, does not inhibit ChAc. 
An adjacent halogen also causes electron withdrawal. 
For this reason, chloroacetylcholine is a potent in- 
hibitor of ChAc [6] but acetylcholine is not [17]. 

Finally, there is a requirement for a leaving group 
on the acyl end of the molecule (Fig. 5). This is evi- 
denced by the fact that as the acidity of the x-hyd- 
rogen increases, as with halogen substitution or with 
a vinyl group, the potency of ChAc inhibition in- 
creases. Substitution of the hydrogen with a methyl 
group, as in the case of methacryl-DMA (compound 
No. 7), or replacement of the acetyl group with a 


Table 4. Hydrolysis of esters 





Rate of hydrolysis (moles/min x 10°) 





Compound* Autohydrolysis 


AChE’ BuChEt 





CI-DMA 
Acryl-DMA 
ACh 


0.22 + 0.05 
0.07 + 0.01 
1.46 + 0.03 


0.32 + 0.21 
0.06 + 0.01 
6.57 + 0.17 





* All compounds present at 5 x 1073 M. 
* AChE, 0.083 U/ml. 

+ BuChE, 0.017 U/ml. 

§ Mean + S.E.M., N = 3. 
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Fig. 3. Effect of CI-DMA and acryl-DMA on muscle contractions in the frog sciatic gastrocnemius 
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Fig. 4. Effect of acryl-DMA on blood pressure and muscle contractions in the rat sciatic gastrocnemius 
preparation in situ. Acryl-DMA, 100 mg/kg. Each time interval represents | min. Blood pressure cali- 
brated in mm Hg. 


carbamyl group, as with carbachol, (compound No. 
2) completely eliminates inhibition. Since haloacetyl- 
cholines and acryloylcholine have been shown to in- 
hibit ChAc [6,8], VCE and carbachol (compounds 
Nos | and 2 in Table 1) were tested as compounds 
which would be more stable to hydrolysis. Neither 
of these, however, inhibited ChAc because of the 
aforementioned reasons. 

The results of the kinetic studies show that all of 
the three inhibitors studied are reversible inhibitors 
of ChAc. CIl-DMA and acryl-DMA (compounds Nos 
4 and 6) also produce uncompetitive inhibition with 
respect to both substrates, choline and acetyl-CoA. 
It appears that all of the alkylaminoethyl esters pro- 
duce inhibition of ChAc via the same mechanism 
since all have been shown to produce uncompetitive 
inhibition with respect to both substrates [6, 8, 15]. 

Neither CI-DMA nor acryl-DMA are suitable sub- 
strates for hydrolysis by AChE or BuChE. Although 
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Fig. 5. Molecular structure of dimethylaminoethyl esters 
, that inhibit ChAc. 


the rate of autohydrolysis .is fairly rapid with 
CI-DMA and may present a problem in animal 
studies, this could be overcome by a more frequent 
administration. Because CI-DMA and acryl-DMA are 
more potent inhibitors of ChAc than cholinesterases, 
they appear to be sufficiently specific to inhibit ChAc 
and to allow further study in animal preparations. 

Both CI-DMA and acryl-DMA are able to produce 
neuromuscular blockade in vitro and in vivo. Since 
the effects are reversible with washing after 3hr in 
vitro, it indicates that the compounds are still active 
over this period of time. 

In conclusion, the results of these studies show an 
interesting structure-activity relationship for ChAc 
inhibitors. Two compounds, Cl-DMA and _ acryl- 
DMA, have demonstrated sufficient potency and 
specificity for use in biological studies, and each is 
able to inhibit neuromuscular contractions both in 
isolated preparations and in vivo. 
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Abstract—Treatment of CS7BL/6J male mice with allylisopropylacetamide (AIA) produced a decline 
in hepatic catalase activity. However, a large fraction (50 per cent of the enzyme) is unaffected by 
treatment with the drug. The enzyme purified from AIA-treated mice is spectrally, electrophoretically 
and immunologically indistinguishable from that prepared from saline-treated animals. Specific enzyme 
activity of the enzyme prepared from AIA-treated animals is approximately one-half that of enzyme 
prepared from saline-treated mice. These results suggest that the decline in hepatic catalase activity 
observed in AIA-treated mice is not solely a result of interference of the drug with hepatic heme 
biosynthesis, or insensitivity of a fraction of the enzyme to AIA, but that the catalase enzyme present 
in AIA-intoxicated mouse liver possesses some alteration in molecular structure. 


Catalase (EC 1.11.1.6) is an enzyme found in a variety 
of tissues in aerobic organisms. The properties and 
characteristics of the enzyme have been recently 
reviewed [1]. Catalase enzyme activity is normally 
maintained in a steady state, such that the number 
of molecules destroyed per unit of time equals the 
number of molecules synthesized within the same 
time period. The enzyme is regulated in a differential 
manner, in that different levels of activity are present 
in different tissues within the same organism [2]. The 
level of enzyme activity is inducible to much higher 
levels in both rat [3,4] and mouse liver [5] through 
treatment of the animals with «-p-chlorophenoxyiso- 
butyrate (clofibrate) which increases the rate of 
enzyme synthesis, thereby increasing the amount of 
catalase protein [4]. 

One of the most interesting aspects of catalase 
research concerns the steady state regulation of the 
activity of the enzyme. Heim, Appleman and Pyfrom 
[6] demonstrated that 3-amino-1,2,4-triazole (3-AT) 
destroyed rat liver and kidney catalase, without inter- 
fering with its resynthesis, through an irreversible 
binding of the drug to the protein moiety of the 
enzyme [7]. Through an analysis of the rate of 
renewal of catalase activity following the destruction 
of enzyme activity with 3-AT, both the rates of syn- 
thesis (Ks) and degradation (Kp) of rat hepatic and 
renal catalase were determined [8]. These findings 
were subsequently expanded and thoroughly dis- 
cussed [9,10]. This method has subsequently been 
exploited to study the regulation of catalase activity 
in animals of differing genotypes [11], differing 
chronological ages [12], in insects [13], and in human 
diploid cells [14]. 
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The effectiveness of the *3-AT method’ for the deter- 
mination of both Kp, and Kg for catalase was ori- 
ginally substantiated by an alternative method. It was 
shown that rats treated with allylisopropylacetamide 
(AIA) exhibit a fall in liver catalase activity resulting 
from interference with heme biosynthesis in liver of 
treated animals [15]. The slope of this exponential 
decline in enzyme activity should be equal to Kp, 
the rate of enzyme destruction, and it was demon- 
strated that K, for rat catalase activity determined 
directly by the AIA method was identical to that 
obtained indirectly from the 3-AT method [9]. 

In addition, however, it was observed in AIA- 
treated rats that about 8 per cent of the hepatic cata- 
lase was unaffected by treatment with the drug [9]. 
This observation apparently was not a major con- 
sideration at that time, as it did not cause difficulty 
as regards either the 3-AT or AIA methods of deter- 
mining the K, for catalase in rodent tissues. In the 
present paper we show that a much larger (50 per 
cent) proportion of hepatic catalase activity in 
C57BL/6J male mice is insensitive to treatment with 
AIA. Furthermore, purification of the catalase protein 
present in the livers of AlA-treated mice results in 
an enzyme preparation with a markedly lower specific 
enzyme activity than of that prepared from saline- 
treated control animals. 


MATERIALS AND METHODS 


CS57BL/6J male mice were used throughout the 
course of this study. The animals were 200 days old 
and weighed 30-32 g at the time of sacrifice. The 
mice were purchased at 2 months of age and main- 
tained in our colony, six animals per cage, at 23 + 
0.5° and approximately 50 per cent relative humidity. 
Lights were ‘on’ from 0600-1800 hr EST. Purina lab 
chow and tap water were available to the animals 
ad lib. 
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In the initial experiments, animals were divided 
into four groups. Mice in Group A were injected 
twice daily, at 0900 and 2100 hr EST, with allyliso- 
propylacetamide (AIA) at a dose level of 100 mg/kg 
body wt (20 mg AIA/ml in water). Animals in Group 
B were injected with 3-amino-1,2.4-triazole (3-AT) at 
a dose level of | g/kg body wt (100 mg 3-AT/ml in 
water). The animals immediately received another in- 
jection, which consisted of AIA as described, with suc- 
ceeding injections of AIA at 12-hr intervals. Animals 
in Group C were injected with AIA for 2 days, twice 
daily. On day three and succeeding days they received 
treatment as described for Group B. Thus, animals 
in Group C were treated as were those in Group 
B. except that they were pretreated for 2 days with 
AIA. Animals in Group D received injections of water 
(0.3 ml) twice daily at the indicated times. All injec- 
tions were given intraperitoneally. 

At each of the indicated times after the initiation 
of pharmacological treatment, five animals per group 
were killed by cervical dislocation. The livers were 
removed, rinsed twice in ice-cold water, and blotted 
dry. Individual livers were weighed and homogenized 
in a Teflon-glass homogenizer with 10 ml of water. 
The homogenates were filtered through two layers of 
fiber-glass cloth (Miracloth) into a 50-ml volumetric 
flask, and brought to volume with ice-cold water. 

Whole homogenates were assayed for catalase acti- 
vity by the spectrophotometric method previously de- 
scribed [12], except that the reaction temperature was 
24°. Protein content was determined by the micro- 
biuret method [16] using crystalline egg albumin 
standards. 

Mouse liver catalase was purified from three groups 
of animals which had received AIA for 2 days, 3-AT 
(once) followed by AIA for 2 days. or saline. The cata- 
lase was purified essentially as described by Price et 
al. [9]. and enzyme activity at different steps in the 
purification procedure was determined. Protein con- 
tent was determined by a Folin method [17] using 
standards of crystalline egg albumin. Purified enzyme 
solutions were dialyzed overnight into 0.02 M sodium 
phosphate. pH 6.8 prior to subsequent characteriza- 
tion. 

Absorption spectra of the purified enzymes were 
determined with a Cary Model 11M scanning spec- 
trophotometer. 

Purified catalase solutions were electrophoresed in 
5°, polyacrylamide gels with a Buchler Gel Electro- 
phoresis Apparatus. Running pH of the system was 
8.3 (boric acid-Tris-HCI buffer). The current applied 
was 2 mA per gel column, and electrophoresis was 
carried out for 2 hr. The resultant gels were stained 
in 1%, Amido Schwartz B made up in 7% acetic acid 
and then destained in 7°, acetic acid for | hr. Draw- 
ings of the gels were prepared immediately after de- 
staining as some of the very faint bands tended to 
disappear when the gels were stored overnight in 7% 
acetic acid. 

Sedimentation velocity constants of the purified 
mouse liver catalase were determined in a Beckman 
Model E ultracentrifuge operating at 56.000 rpm. The 
cells were scanned at 405 nm. 

Gel diffusion plates (Ouchterlony) were prepared 
with 1°, Difco Noble Agar. The purified mouse cata- 
lases were placed in the outer wells of the gel. Anti- 
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serum to purified rat hepatic catalase was placed in 
the inner well. The gels were photographed after 24 
and 48 hr of incubation at room temperature. Anti- 
serum against rat hepatic catalase was prepared in 
the following manner. Catalase was purified as de- 
scribed by Price et al. [9]. The O.D. 407:276 ratio 
of the purified preparation was 1.06. Young adult 
male New Zealand White rabbits were injected subcu- 
taneously along the flanks with | mg of purified cata- 
lase in complete Freund’s adjuvant. The animals 
received an intramuscular booster of | mg of catalase 
after 3 weeks. Blood was collected 2 weeks after the 
booster injection by cardiac puncture. Whole serum 
was collected: by centrifugation, heat-treated at 56 
for 30 min, and stored frozen in small aliquots. 


RESULTS 


Treatment of male C57BL/6J mice with AIA pro- 
duces a decrease in hepatic catalase activity to one- 
half the initial activity 48 hr after initiation of treat- 
ment (Fig. |, line A). Repeated injections of AIA for 
longer periods of time produce no additional effect. 
Injection of mice with 3-AT and AIA produces a fall 
in catalase activity, followed by a return to one-half 
the initial level of enzyme activity (Fig. 1, line B). 
Identical results were obtained when the mice were 
pretreated with AIA for 48 hr prior to treatment with 
3-AT and AIA (Fig. 1, line C). 

It seemed reasonable to assume that these results 
represented a species difference between the mouse 
and the rat as regards the dose-response of hepatic 
catalase activity to AIA treatment. Doubling the dose 
(200 mg/kg body wt, twice daily), however, resulted 
in identical results, while 300 mg/kg body wt of AIA 
twice daily was lethal to the mice. 

Thus, while a small fraction (8 per cent) of hepatic 
catalase activity in the male Buffalo rats is insensitive 
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Fig. 1. Time course of changes in C57BL/6J male mouse 

hepatic catalase activity following treatment with water 
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Evidence for altered hepatic catalase molecules 


to AIA treatment [9], approximately 50 per cent of 
the enzyme activity in C57BL/6J mouse livers appears 
unaffected by the drug. These results indicate that 
AIA only partially interferes with hepatic heme bio- 
synthesis in the mouse, assuming that AIA produces 
effects in the mouse identical to those which are pro- 
duced by the drug in rats. An alternative explanation 
for these findings is that mouse liver produces altered 
molecules (e.g., only partially active or totally inactive 
enzyme) in the presence of the drug. 

Therefore, hepatic catalase was purified from 
saline-treated and AlA-treated mice, and partially 
characterized by several physicochemical methods. 
There was no obvious difference in the u.v.—visible 
spectra of catalases prepared from saline-treated and 
AIA-treated mice (Fig. 2). Assuming, for the moment, 
that the criteria for purity set down for purified rat 
liver catalase [9] are applicable to purified mouse 
liver catalase, both preparations were at least 99 per 
cent pure (407:276 ratio for saline-treated was 1.09, 
while the 407:276 ratio for AIA-treated was 1.05). The 
strong Cotton effect in the Soret band in both prep- 
arations was destroyed by treatment with 8 M urea, 
with a subsequent shiftt from 407 to 368 nm. This 
shift was accompanied by a 60-65 per cent loss in 
magnitude of absorption. There was little effect of 
treatment with 8 M urea upon either the position 
or magnitude of the peak corresponding to protein 
(276 nm). 

The results obtained upon electrophoretic separ- 
ation of the two purified catalase preparations are 
shown in Fig. 3. There were no great differences in 
electrophoretic mobility of the purified catalases, sug- 
gesting that the loss in catalase activity in AIA-treated 
mice is not a result of the production of subunits, 
with concomitant loss of activity. Both preparations 
are characterized by a slow-moving major band and 
several more rapidly migrating minor components. 
Dilution of the preparations followed by subsequent 
electrophoresis resolves the major band into four 
components, which quite possibly represent different 
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Fig. 2. u.v.-visible spectra of hepatic catalase purified from 
C57BL/6J male mice treated twice daily for two successive 
days with allylisopropylacetamide or saline. 
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Fig. 3. Electrophoretograms of hepatic catalase purified 
from CS57BL/6J male mice following treatment for two suc- 
cessive days with allylisopropylacetamide or saline. 


oxidation states of the purified enzyme as appears 
to be the case with ‘isozymes’ of beef liver catalase 
[18]. The minor bands are extremely faint to the un- 
aided eye, and probably represent only a very small 
percentage of the total material. 

Gel diffusion plates reveal that purified mouse liver 
catalase is immunologically similar to purified rat 
liver catalase, as shown by the heavy precipitin band 
produced by the interaction between mouse liver 
catalase and rat liver catalase antiserum (Fig. 4). 
There is no indication from Fig. 4 and from other 
plates not shown that there are any immunological 
differences between the hepatic catalase purified from 
AIA-treated mice and enzyme prepared from control 
animals. 

These results obtained with purified enzyme prep- 


. arations are consistent with the motion that AIA inter- 
‘feres with liver heme biosynthesis to such an extent 


that the intoxicated livers are able only to produce 
one-half of the catalase protein which is normally 
produced. Table | shows, however, that the specific 
enzyme activity of catalase purified from AIA-treated 
mice is approximately one-half that of enzyme puri- 
fied from control animals. This difference is manifest 


Fig. 4. Gel diffusion of hepatic catalase purified from 
C57BL/6J male mice following treatment for two succes- 
sive days with allylisopropylacetamide or saline. A—cata- 
lase prepared from allylisopropylacetamide-treated ani- 
mals; C—catalase prepared from saline-treated animals; 
Center well—rat hepatic catalase antiserum. 
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Table |. Recovery of hepatic catalase activity from C57BL/6J male mice at different stages of purification following 
treatment with saline, allylisopropylacetamide or 3-amino-1,2,4,triazole and allylisopropylacetamide. 





Liver wt. 
g 


Treatment Sample 


Total vol. 


ml 


Units/mg 


Units/ml Total units protein 





Homogenate 

S; 

Ss 

So 
Homogenate 
S; 
S; 

So 
Homogenate 


Saline 


AIA and 3-AT 


1 
S; 
Sy 


AIA 


460.0 
391.0 


18. 


8.44 
8.00 
l 127.92 
1101.51 


3882 
3128 
2315 
1322 
3612 
2372 
1991 

667 
4030 
1914 
1585 

570 


0.50 
6.26 
23.35 
228.34 
0.33 
3.46 
14.10 
146.15 
0.33 
2.40 
13.78 


438.85 127.83 





throughout the course of the purification of the 
enzyme from AJA-treated animals (Table 1). It 
appears, therefore, that the catalase molecules found 
in AJA-treated mouse liver are catalytically distinct 
from those found in control animals, even though 
these differences are not demonstrated by spectral, 
electrophoretic or immunological methods. 

We have noted a slight difference in sedimentation 
velocity constants between the two purified catalases. 
The velocity constants have been calculated as fol- 
lows: AIA, S,,. 29 = 11.2, saline, S,, 59 = 11.6. We do 
not know at the present time if this slight difference 
is significant, inasmuch as it represents single deter- 
mination of sedimentation velocity constants. It does 
suggest, however, that the catalase molecules purified 
from AIA-treated mice may differ in size and/or shape 
which are not detectable by a number of other 
methods. 


DISCUSSION 


The role of catalase in any organism is unknown. 
It has been suggested that the enzyme is superfluous, 
a fossil enzyme [19]. This notion is indeed a distinct 
possibility as studies from our laboratory have shown 
that experimental destruction of catalase activity in 
Drosophila melanogaster with 3-AT has no effect upon 
adult survival [13]. It is possible, however, that the 
presence of the enzyme is obligatory during preadult 
development, or that there are other enzyme systems 
which are able to perform the functions of catalase 
when catalase activity is absent. 

In any case. studies of the regulation of catalase 
activity in a variety of tissues, and under various phy- 
siological states, are potentially of signal importance 
in that they may yield information about other less 
readily studied steady-state enzymes, as well as pro- 
vide a method to determine the effects of different 
physiological states (e.g., age, species or pharmacolo- 
gical treatment) upon the regulation of activity of at 
least one enzyme. 

The results of this study clearly show that the re- 
sponse of mouse liver catalase activity to treatment 
with AIA differs from that observed in the rat. It 
appears from the results of this study that treatment 


S,. S; and S, refer to steps in the purification procedure described by Price et al. (1962). 


of mice with AIA results in the formation of a mol- 
ecule with altered enzyme activity possibly coincident 
with an altered sedimentation velocity. Inasmuch as 
we have not, as yet, studied the effects of AIA upon 
heme biosynthesis in mouse liver, a fraction of the 
decline in catalase activity in treated animals quite 
possibly reflects interference of heme biosynthesis by 
the drug. 

Price et al. [9] discussed the AIA-resistant catalase 
observed in male Buffalo rats. They suggested that 
this activity might be a property of catalase which 
is distributed in cells which are resistant to AIA. This 
is a distinct possibility since a number of rodent tis- 
sues (e.g. kidney) as well as certain hepatomas are 
sensitive to 3-AT, but not to AIA [20]. In this connec- 
tion we have found that concentrations of AIA in 
the food medium of Drosophila up to the lethal limit 
(10 mg/ml) have no effect upon Drosophila catalase 
activity (unpublished data). 

Certain hepatic cell types may be insensitive or less 
sensitive to AIA than are others. Van Berkel [21] 
has shown that there is a much higher catalase acti- 
vity in rat hepatic parenchymal cells than is found 
in reticulo-endothelial (Kupffer) cells. If Kupffer cells 
are insensitive to treatment with AIA, their contribu- 
tion to total hepatic catalase activity would be unaf- 
fected by the drug. Although these cells make up 
approx 30 per cent of the rat liver mass [22], it is 
not known what proportion of the liver in the mouse 
is represented by reticulo-endothelial cells. Further- 
more, this tentative suggestion must be considered in 
light of the fact that CS7BL/6J mice exhibit a regula- 
tory mutation which affects hepatic catalase activity 
[11]. It is not known whether the mutation affects 
parenchymal and non-parenchymal cells to the same 
extent. This suggestion does not explain the apparent 
presence of altered hepatic catalase molecules in AIA- 
treated mice. It is possible, however, that there are 
normally two types of catalase with differing enzyme 
activities elicited in mouse liver, and that AIA prefer- 
entially interferes with the synthesis of one form. 

We suggest that AIA produces manifold effects in 
experimental animals. Treatment with the drug results 
in a decline in ali heme-containing molecules in rat 
liver, through its effect on heme biosynthesis [15]. 
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However, the drug also specifically degrades microso- 
mal cytochrome P,;, a hemeprotein, through degra- 
dation of the molecule within the microsomal mem- 
branes [23]. Finally, the results of this study suggest 
that the drug specifically alters the structure of cata- 
lase, thereby altering its activity, or selects from 
several forms of hepatic catalase one representative 
which possesses a distinct specific enzyme activity. 
This general scheme allows for the interference of 
heme biosynthesis which produces a decline in cata- 
lase activity in AIA-treated mice, as well as for pro- 
duction of altered molecules with a decreased enzyme 
activity in the treated animals. In addition, a manifold 
action of AIA also permits an explanation for the 
specific effect of the drug upon microsomal cyto- 
chrome P45) [23]. The observed decline in hepatic 
enzyme activity observed in the AIA-treated mice 
would then be a result of two distinct, yet simul- 
taneous, processes, both of which effectively produce 
a decreased enzyme activity. 
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Abstract—A fibroblast clone SM-Cl was established by cloning cultured fibroblasts derived from a 
rat carrageenin granuloma. The cloned fibroblasts were found to produce and secrete large amounts 
of acidic glycosaminoglycans (AGAG) and collagen into the medium, and the AGAG were identified 
with chondroitin 4-sulfate and hyaluronic acid by 2-dimensional electrophoresis and enzymatic diges- 
tion. The cells were exposed to 10~° M cortisol or 10°*M tetrahydrocortisol for 2 days during their 
stationary phase. The amounts of AGAG and collagen secreted into the medium, the protein and 
RNA contents of the cells, the amounts of free amino acids per 10° cells, the intracellular concentration 
of each free amino acid, and the distribution ratio (ratio of intracellular concentration to that in 
the medium) of each free amino acid of the cells were compared with those of control cells. The 
production of intercellular substances was markedly inhibited by cortisol, i.e., by 75 per cent for AGAG 
and by 50 per cent for collagen. Both the amount of each amino acid per 10° cells and the distribution 
ratios were markedly depressed by cortisol treatment for all the determined amino acids except serine. 
The cloned fibroblasts were then studied with regard to the rate of uptake of 2-amino[1-'*CJisobutyric 
acid (AIB) from the medium by control and steroid-treated cells. Cortisol treatment decreased ['*C]AIB 
uptake of the cell markedly from the beginning up to 90 min of incubation. Tetrahydrocortisol, one 
of the main metabolites of cortisol, exerted no effect even at a concentration as high as 10°* M. 


Incorporation of [*H]thymidine into DNA of the cells in the growing phase was affected very 


slightly by the drugs. 


Among many experimental models of inflammation, 
the carrageenin granuloma method has often been 
used for evaluating anti-inflammatory activity of 
drugs [1]. Using the rat carrageenin granuloma, the 
authors have reported a series of in vivo experi- 
ments [2-8] with respect to the mode of anti-inflam- 
matory action of glucocorticoids. Betamethasone has 
been demonstrated to have very strong anti-inflam- 
matory activity not only by inhibiting granuloma for- 
mation but also in reducing the pre-existing carra- 
geenin granuloma [2]. In these processes, fibroblasts 
in the inflamed tissue are considered to play an im- 
portant role. However, in vivo experiments involve 
many unknown factors, hence there are difficulties in 
analyzing the phenomena. For this reason, an in vitro 
experimental model was desired. An attempt was 
made by the authors to isolate and culture the cells 
derived from the carrageenin granuloma which 
resulted in establishing a fibroblast line SM-15 [9]. 

This report demonstrates some characteristics of 
the fibroblast clone SM-Cl, which was obtained from 
the line SM-15 by cloning, as well as the direct effect 
of cortisol on the cloned fibroblast in culture with 
special reference to the production of intercellular 
substances, the amino acid pool, and amino acid 
transport. 


MATERIALS AND METHODS 
Cloning and culture 


A fibroblast line SM-15, which was established by 
the authors[9] from 15-day-old rat carrageenin 
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granuloma, was used for cloning. Cloning was in- 
itiated in the 15th month of cultivation. About 50 
dispersed cells were placed on a 90mm Petri dish 
with 20 ml of Ham’s F-12 medium supplemented with 
20% fetal bovine serum and antibiotics, and incubated 
at 37° in a 5%, CO, atmosphere. After 16 days, several 
colonies were separated by local trypsinization in a 
small stainless steel cylinder, and from them the clone 
Cl was used for the following experiments. Plating 
efficiency at the time was about 20 per cent. The 
cloned fibroblasts were cultured in monolayers on a 
Petri dish. As a rule, medium transfer and subculture 
were performed every 2-4 days and every 7-10 days, 
respectively. The medium used was Ham’s F-12 (pur- 
chased from Nissui Seiyaku Co. Ltd., Tokyo, Japan) 
supplemented with 10% fetal bovine serum (pur- 
chased from Microbiological Associates Inc., Beth- 
esda, Md., U.S.A.) and antibiotics. Cortisol or tetra- 
hydrocortisol (purchased from Sigma Chemical Co., 
Ltd., St. Louis, U.S.A.) was added to the cultures in 
the stationary phase at a concentration of 10°°M 
for cortisol and 10°*M for tetrahydrocortisol, 48 hr 
before harvesting unless otherwise stated. 

Before doing this series of experiments, the effective 
concentrations and duration of activity of cortisol 
were determined. The preliminary experiments 
showed that the cells remained viable after exposure 
to 10° *-10°*M cortisol for 48 hr, i.e., all the treated 
cells were not stained with 0.25°%% trypan blue or 
0.06% erythrosin in an isotonic phosphate-buffered 
saline. Moreover, the treated cells (10°*M cortisol 
for 48 hr) recovered lost activity within 10 days, if 
the cells were cultured again in a cortisol-free 
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medium. There was no difference between 10°°M 
and 10°*M in the effect of cortisol on various in- 
dices, such as on production rate of AGAG and col- 
lagen, on DNA synthesis, on AIB uptake, on amino 
acid pools, and so on. 


Analytical procedure 

(A) Determination of intercellular substances and 
cellular components. AGAG from the cultures were 
extracted by the methods of Di Ferrante [10] and 
Aoki and Koshihara [11]. The extracted AGAG were 
analyzed by 2-dimensional electrophoresis on cellu- 
lose acetate strips with 0.1 M pyridine-0.47 M formic 
acid buffer (pH 3) for the first dimension and 0.1 M 
barium acetate (pH 8) for the second dimension as 
reported by Hata and Nagai[12]. As for authentic 
samples, chondroitin 4-sulfate (C4S), chondroitin 
6-sulfate (C6S), and hyaluronic acid (HA) were 
obtained from Seikagaku Kogyo Co., Ltd. (Tokyo, 
Japan), heparin (HP) from Novo (Copenhagen, Den- 
mark), heparan sulfate (HS) and keratan sulfate (KS) 
were gifts from Dr. R. Hata of Tokyo Medical and 
Dental University (Tokyo, Japan). 

As‘an aid to identification of individual AGAG 
produced by the cells, the cells were cultured in a 
medium containing p-[U-'*C]glucosamine hydro- 
chloride (sp. act. 200 mCi/m-mole) or [*°S]sodium sul- 
fate (sp. act. 100 mCi/m-mole). They were purchased 
from The Radiochemical Centre, Amersham, Eng- 
land. The extracted radioactive AGAG samples were 
mixed with authentic standard samples and subjected 
to the 2-dimensional electrophoresis on cellulose ace- 
tate strips. The radioactivity of individual AGAG on 
the electrophorogram was detected by autoradiogra- 
phy or was measured by a liquid scintillation spectr- 
ometer in the conventional toluene-PPO-POPOP 
system by cutting off the individual spot stained with 
alcian blue. 

Prior to electrophoresis, a part of the AGAG 
extract to be examined was digested with hyaluroni- 
dase from Streptomyces hyalurolyticus in 0.05 M 
scdium acetate buffer, pH 5.0, for 48 hr at 50° [13] 
or digested with testicular hyaluronidase in 0.05M 
Tris-HCI buffer containing 2.5mM CaCl,, pH 7.0, 
for 48 hr at 40° [14]. The other part of the extract 
was digested with chondroitinase AC or ABC in 
0.05M Tris-HCl buffer containing 60mM_ sodium 
acetate and 100 ug/ml of bovine serum albumin, pH 
8.0, for 16 hr at 40° [15]. All these enzymes were pur- 
chased from Seikagaku Kogyo Co., Ltd., Tokyo. 

The amount of AGAG produced by the cultures 
was measured by the method of Emura and Muk- 
uda [16]. The details of the analytical procedure were 
described in a previous paper [9]. 

Total hydroxyproline in harvested medium was 
estimated according to the method of Kivirikko et 
al. [17]. DNA and RNA in the cultured cells were 
extracted by the method of STS[18,19] and 
measured by the diphenylamine reaction [20] and the 
orcinol reaction [21], respectively. The protein frac- 
tion was determined by the method of Lowry [22]. 
Activity of the cultured cells in incorporating 
[*H]thymidine (sp. act. 12 Ci/m-mole, purchased from 
Daiichi Pure Chemicals Co., Ltd., Tokyo, Japan) into 
DNA was assayed by the ‘coverslip technique’ of Bal- 
timore and Franklin [23] and Ohtsubo et al. [24]. 
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(B) Amino acid amount per cellular DNA and amino 
acid concentration in medium. The cells were cultured 
in monolayers on 90-mm Petri dishes until a con- 
fluent cell layer was obtained with repeated renewal 
of the medium. Cells of 10 dishes (about 7 x 10’ cells) 
were used for one determination of the intracellular 
amino acid pool. The cells were harvested with a 
piece of Teflon sheet 48 hr after the last renewal of 
the medium. At the time of harvesting the cells, con- 
tamination of the medium was successfully prevented 
by rinsing the cell layer twice, as quickly as possible, 
each time with Sml of chilled isotonic phosphate 
buffer. Then the cells were transferred to a tight fitting 
Teflon homogenizer by a siliconized Pasteur pipette, 
with 5% TCA. Intracellular amino acid was extracted 
by homogenizing the TCA suspension of the cells fol- 
lowed by centrifugation at 10,000g for 30min. The 
extract (the 10,000g supernatant) was evaporated un- 
der reduced pressure below 40° after having removed 
the TCA with ether. DNA was extracted from the 
10,000 g precipitate as mentioned in (A) above. Free 
amino acids remaining in the medium after harvesting 
the cells were obtained from 0.5 ml of the medium 
with much the same procedure described above. 
Amino acid analyses of these dried samples contain- 
ing 0.1~1 umole of each amino acid were performed 
by an automatic amino acid analyzer, type JUC-6AH 
(Japan Electron Optics Laboratory Co. Ltd., Tokyo, 
Japan). From these results, the content of each amino 
acid per unit DNA was calculated, which was con- 
verted to the value for a unit cell number by the 
next procedure. 

(C) Cell volume and intracellular amino acid concen- 
tration. A part of the culture was harvested as a cell 
suspension, and was centrifuged in a graduated 
(0-30 ul), siliconized, and modified Van Allen 
tube [25] at 800g for 20 min to determine the packed 
cell volume. Aliquots of the cell suspension were used 
for counting cell numbers and for determining DNA. 
From these estimations, together with these obtained 
in (B) above, each free amino acid amount per 10° 
cells and the intracellular free amino acid concen- 
tration could be calculated. No correction was made 
for the intercellular space of the packed cells in esti- 
mating the cell volume. However, the culture cells 
are as flexible as red blood cells, so that the intercellu- 
lar space is small enough to be negligible after such 
centrifugation. 
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Fig. 1. Growth of the fibroblast clone SM-C1 at the 18th 
month in cultivation. Medium transfer was performed 
every day. 
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Fig. 2. Electron microscopic appearance of the fibroblast clone SM-Cl, at the 18th month in cultivation, 

derived from 15-day-old carrageenin granuloma of rat. The cells in the stationary phase were fixed 

with 2.5% glutaraldehyde for 3 hr and post-fixed with 1% osmic acid for 2hr. Notice well-developed 

rough endoplasmic reticulum, dilated cisternae with amorphous and lightly osmophilic material and 
free ribosomes, ( x 9,600). 


(D) Labeled AIB uptake by the cloned fibroblasts 
in culture. [‘*C]AIB (sp. act. 60 mCi/m-mole, pur- 
chased from the Radiochemical Centre, Amersham, 
England) was added to an incubation medium at 
0.05 wCi/ml. The labeling of the cells in monolayers 
was accomplished within 90 min at 37°. Two 35-mm 
Petri dishes with confluent cell layers in each point 
were quickly chilled at the end of each time with 2 ml 
of isotonic phosphate buffer containing carrier AIB 
(5 mM), to remove medium contamination. The cells 
were peeled off by a piece of Teflon sheet in 1.5 ml 
of distilled water, pooled in a centrifuge tube, soni- 
cated twice for 10sec each using a setting of 3 on 
a Branson’s Sonifier, and centrifuged at 1000g for 
10min. A 1-ml aliquot of the supernatant solution 
was transferred to a counting vial containing a scintil- 
lator (toluene containing 0.6% PPO-Triton X-100, 
2:1, v/v), and the radioactivity was counted by a 
liquid scintillation spectrometer (Beckman, LS-100C). 


RESULTS 


Characteristics of the cultured fibroblast clone 
SM-Cl. Figure 1 shows the growth curve of the cloned 
fibroblasts, whence generation time was estimated to 
be about 20.4hr. DNA and RNA contents in the 
stationary phase were about 1.0 x 10°°yg and 
1.1 x 10°” ° yg per cell respectively. Since biosynthesis 
of collagen and AGAG is one of the main character- 
istics of fibroblasts, the production of both intercellu- 
lar substances was determined at the same time. The 


daily production rate in the stationary phase per 10° 
cells was about 6-8 wg uronic acid for AGAG and 
2 ug hydroxyproline for collagen. The AGAG pro- 
duced by the cells were identified with C4S and HA 
as mentioned below. 

Electron microscopic examination of the cloned 
fibroblasts was carried out. Cells in the stationary 
phase were fixed with an ice-cold 2.5% glutaraldehyde 
in phosphate buffer, pH 7.4, for 3 hr and post-fixed 
in a 1% OsO, for 2hr at 4°. As shown in Fig. 2, 
there were well developed rough endoplasmic reticu- 
lum, dilated cisternae with amorphous and lightly 
osmophilic material and free ribosomes. Fine fila- 
ments could be seen in all portions of the cytoplasm. 
They were mostly haphazardly oriented in tightly 
woven masses. 

Identification of the AGAG produced by the cloned 
fibroblasts with chondroitin 4-sulfate and hyaluronic 
acid. The cloned fibroblasts in confluence on a 90-mm 
Petri dish were treated with 10 ml of ['*C]glucosa- 
mine-containing medium (1 wCi/ml). After 20 hr, the 
medium was collected and from this AGAG were 
extracted in the manner described above. The extract 
was subjected to 2-dimensional electrophoresis with 
7 authentic standard samples. The method used 
enables one to separate and identify seven kinds of 
AGAG, namely C4S, C6S, DS, HS, KS, HP and HA 
owing to its high resolving power and sensitivity [12]. 
The radioactivities detected by autoradiography were 
exclusively located on the authentic C4S and HA 
stained by alcian blue. Moreover, the radioactivity 
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Table 1. Effects of cortisol and tetrahydrocortisol on the production of intercellular substances and on RNA and 
total protein contents of cloned fibroblasts in culture 





AGAG 


pg uronic acid Protein 


RNA 


ug/10° cells 


Collagen 


Treatment 10° cells/day ug Hyp/10° cells/day ug/ 10° cells 





6.10 + 0.43* 1.69 + 0.23 
Cortisol (10° ° M) 1.30 + 0.27+ 0.84 + 0.07+ 
Tetrahydrocortisol (10° * M) 6.09 + 0.35 1.92 + 0.58 


11.4 + 0.20 143 + 5.8 
6.31 + 0.367 108 + 8.67 
14.4 + 0.23 165 + 11.5 





*Mean + S.E.M. (n = 
+P < 0.01 vs control 


The cloned fibroblasts were exposed to each steroid for 48 hr during stationary phase. The daily production rate 
of intercellular substances secreted into the medium by the cells, and the total amount of RNA and protein in the 
cells, were compared with those of control cells. AGAG and collagen were determined by analyzing the collected 
medium. For the harvested cells. RNA and protein contents were measured. 


corresponding to C4S was not detectable if the extract 
was pretreated with chondroitinase AC, chondroi- 
tinase ABC, and testicular hyaluronidase. The radio- 
activity corresponding to HA did not appear if the 
extract was pretreated with hyaluronidase from Strep- 
tomyces hyalurolyticus, which is generally considered 
to have such high substrate specificity that it digests 
HA but not the other AGAG. Moreover, when 
[°°S]sodium sulfate-containing medium (0.5 zCi/ml) 
was used instead of a ['*C]glucosamine containing 
one, only one radioactive spot corresponding to C4S 
was detected. From these facts, the AGAG produced 
by the cloned fibroblasts were identified with C4S and 
HA. 

Effects of cortisol and tetrahydrocortisol on the pro- 
duction of intercellular substances and on RNA and 
total protein contents in the cloned fibroblasts in cul- 
ture. The experiment was performed by inoculating 
4 x 10° cells into a series of 90-mm Petri dishes con- 
taining 20 ml of medium. The medium was transferred 
every 2 days. After 6 days when the cultures reached 
a stationary phase (about 7 x 10° cells), a part of 
each culture was treated with cortisol (10~° M) for 
48 hr. The amounts of AGAG and collagen produced 
by the cells in the last 2 days were measured by ana- 
lyzing the collected medium. The cells were harvested 
and the RNA and protein contents were analyzed. 
The results are given in Table 1. Intercellular sub- 
stances produced and secreted by the cells into the 
medium were markedly inhibited by cortisol, i.e., col- 
lagen by 50 per cent and AGAG by 75 per cent. RNA 
and total protein contents in cortisol-treated cells 
were decreased to 50 and 70 per cent of control, re- 
spectively. Tetrahydrocortisol, one of the main meta- 
bolites of cortisol, exerted almost no effect on these 
components even at a concentration as high as 
10°*M. 

Table 2. Effect of cortisol and tetrahydrocortisol on the 
[*H]thymidine incorporation into DNA of cloned fibro- 
blasts in culture 


Per cent of control 





Cortisol (10° " M) 
Cortisol (10° ° M) 
Tetrahydrocortisol (10° * M) 





S.E.M. (n = 8) 
*P <Q.01 vs control 
The cloned fibroblasts were exposed to each steroid for 

23 hr during the logarithmic growth phase, then the cells 

were incubated with [*H]thymidine for | hr. 


*Mean + 


Effects of cortisol and tetrahydrocortisol on (* H|thy- 
midine incorporation into the DNA of cloned fibroblasts 
in culture. Cells were treated with cortisol (10° °M 
or 10°°M) or tetrahydrocortisol (10° * M) for 24 hr 
during their logarithmic growth phase, and [*H]thy- 
midine incorporation into DNA was compared with 
that of control cells. As shown in Table 2, a slight 
decrease was observed in the treated groups. There 
was no significant difference in the effect between cor- 
tisol and tetrahydrocortisol. 

Effects of cortisol and tetrahydrocortisol on cell 
volume and on free amino acid pools of the cloned fibro- 
blasts in culture. Table 3 shows the cell volumes of 
the cloned fibroblast controls as well as of corti- 
sol-(10~ ° M) and tetrahydrocortisol-(10~ * M) treated. 
When treated with cortisol, the packed cell volume 
decreased markedly, while tetrahydrocortisol in- 
creased the packed cell volume slightly. 

Table 4 shows the amounts and concentrations of 
the intracellular free amino acids in the control, corti- 
sol, and tetrahydrocortisol-treated cells, as well as the 
ratios of the intracellular concentrations to those of 
the extracellular phases, i.e. concentrations in the 
medium at harvest. This ratio is designated as a distri- 
bution ratio (D.R.) in the table. Tryptophan, cystine, 
and methionine are not shown in the table, because 
they could not be quantitatively determined in satis- 
factory fashion. The experiments were repeated at 
least once. Less than 10 per cent variation was found 
in the amount per 10° cells for each amino acid 
between the replicate experiments. As indicated in 
Table 2, all the amino acids detected were concen- 
trated in the cells. In control cells, the most highly 
concentrated amino acid was glutamic acid, followed 
by glycine, threonine, proline, alanine, and_ serine. 
When treated with cortisol, each amino acid content 
was reduced almost to 30 per cent or less except for 


Table 3. Effects of cortisol and tetrahydrocortisol on the 
cell volume of the cloned fibroblasts in culture 





Treatment Cell vol ml/10” cells Mean 





Control 2.89 3.07 
Cortisol (10° ° M) 1.83 1.68 
Tetrahydrocortisol (10° * M) 3.46 2.69 





The cloned fibroblasts were exposed to each steroid for 
48 hr during the stationary phase. Cells were collected in 
a modified Van Allen Haematocrit tube so as to have 
15~20 pl of packed cell volume after centrifugation at 800g 
for 20 min. 
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Table 4. The effects of cortisol and tetrahydrocortisol on the amino acid pools of cloned fibroblasts in culture 


Control Cortisol (10° M) Tetrahydrocortisol (10° * M) 





Concn in 
medium 


Conen in 
Concn in medium 


Concn in 


Concn in medium Conen in 


umoles 
10° cells 


umoles cell at harvest 
10° cells mM mM 


cell at harvest at harvest 


mM mM 


umoles cell 
10” cells 





2.29 0.19 0.37 
1.56 52 0.09 18 0.29 
7.50 2.52 0.70 1.62 
2.93 § 0.10 1.05 
0.06 1.46 
0.01 0.98 
0.04 0.84 
0.22 : 8.05 
0.30 ; 3.92 
0.16 8.98 
12.75 : 0.25 2 4.79 
1.02 3 0.05 0.61 
0.43 0.01 0.17 
0.28 0.03 0.17 
0.64 2 0.02 0.20 
0.52 0.02 0.02 


0.21 0.16 
0.16 0.06 
0.92 0.43 
0.60 0.10 
0.83 0.09 
0.56 0.03 
0.48 0.05 
4.57 0.22 
2.23 0.32 
5.10 0.26 
2.72 0.31 
0.35 0.07 5 3 0.06 
0.10 0.03 3.33 3 0.01 
0.10 0.04 pb 0.04 
0.11 0.03 3.67 3 0.02 
0.01 0.03 3 3 0.02 





D.R. = distribution ratio, i.e., the ratio of the concentration in the cells to that in medium at the time of harvest. 
The cloned fibroblasts were exposed to each steroid for 48 hr during the stationary phase. Intracellular amino acids 
were extracted with 5°, TCA in the manner described in the text. 


serine; the most marked reductions occurred in the 
cases of phenylalanine, lysine, histidine, and proline. 
These reductions of amino acid content in the corti- 
sol-treated cell could not be the result only of the 
decrease in cell volume, because even considering the 
reduction of cell volume, the distribution ratios of 
each amino acid were also decreased markedly in cor- 
tisol-treated ceils, especially in the cases of phenyl- 
alanine, isoleucine, threonine and lysine. 
Tetrahydrocortisol was found to have slight effect 
on the distribution ratios of each amino acid, except 
for some increase in histidine and serine and de- 
creases in tyrosine, threonine, and arginine. Fig. 3 


Distribution ratio 















































50 
Per cent of control 

Fm, |O°M THEO, 10°M 

Fig. 3. Distribution ratio of each amino acid in 10°°M 
cortisol (solid bar) or 10° * M tetrahydrocortisol (open bar) 
treated fibroblast was compared with that of control cells. 
The steroids were exposed for 48hr. The values are 
expressed as per cent of control. F: Cortisol, THF: 

Tetrahydrocortisol. 


illustrates the distribution ratio of each amino acid 
in the steroid-treated cells as a per cent of control. 

Effects of cortisol on uptake of labeled AIB by the 
cloned fibroblasts in culture. The short-term uptake 
of labeled AIB by the cells was determined. Fig. 4 
shows the time-course of the AIB uptake by control 
and steroid-treated cells. It was found that the uptake 
of the labeled AIB was much depressed in cortisol- 
treated cells but not in tetrahydrocortisol-treated 
cells. 


DISCUSSION 


Carrageenin granuloma has provided us with an 
experimental model of inflammation useful in evaluat- 
ing anti-inflammatory activity of drugs[1,2]. By 
studying the mechanism of anti-inflammatory activity 
of glucocorticoid, it has been demonstrated that the 


e Control 
2 F (10-8 M) 
x THF (IO? M) 


S 
[o) 
2) 
ie) 


+ F(107® M) 


fe) 
3 


['4c] AIB uptake, dis/min 


7515. 30 60 
Incubation time, min 
Fig. 4. Time course of the uptake of ['*C]AIB by the 
cloned fibroblasts in culture. The cultures were exposed 
to each steroid at the indicated concentrations for the pre- 
vious 48hr. Then the cultures were transferred to 
['*C]AIB-containing medium (0.05 Ci/ml) and incubated 
at 37° for several min. F: Cortisol, THF: Tetra- 
hydrocortisol. 











1112 


glucocorticoid-induced involution of the granuloma 
is mainly due to antianabolic rather than catabolic 
action [4]. During the late phase of inflammation, 
rapid proliferation of granulation tissue takes place, 
at which time fibroblasts in the tissue are considered 
to play an important role in the multiplication. An 
attempt was made to isolate and culture the fibro- 
blasts from the granulation tissue, and to analyze the 
direct effect of glucocorticoid on the fibroblasts in 
vitro. The fibroblasts were isolated from 15-day-old 
rat carrageenin granuloma and the clone SM-C1 was 
established, which was found to maintain the charac- 
teristics of connective tissue cells in producing large 
amounts of intercellular substances such as AGAG 
and collagen. The question whether individual fibro- 
blasts existing as distinct fixed cell types are special- 
ized to form one AGAG or if the same fibroblast 
type can produce more than two products is answered 
by these experiments, since the cells used were a 
cloned population. In addition, it has been demon- 
strated that a cloned population can produce collagen 
and AGAG at the same time. 

Using cell culture systems, specific glucocorticoid 
receptor proteins have been reported in mouse fibro- 
blasts [26,27], in rat thymus cells [28,29], in hepa- 
toma cells [30-32] and lymphoma cells[33]. As 
shown in Table 1, cortisol exhibits very strong anti- 
anabolic effects in vitro, as well as in vivo as demon- 
strated previously by the authors [4]. Especially, the 
inhibition of biosynthesis of intercellular substances 
such as AGAG and collagen accords with the in vivo 
regression of granulation tissue as a result of cortisol 
treatment. The involution of granulation tissue with 
cortisol treatment may be due to a decrease of inter- 
cellular substances rather than of cell number, since 
inhibition of DNA synthesis by cortisol is not 
remarkable (Table 2). An electron microscopic obser- 
vation of cortisol-treated fibroblast revealed the tend- 
ency to marked decrease of rough endoplasmic reticu- 
lum, cisternal dilation and free ribosomes (the data 
will be published elsewhere). These morphological 
alterations by cortisol treatment may correlate with 
the remarkable decrease of RNA and protein contents 
in cortisol-treated cells (Table 1), which then would 
suggest a direct effect of cortisol on both plasma and 
. intracellular membranes. 

Accordingly the effect of cortisol on the transport 
of amino acids into the cloned cells was investigated. 
All living cells contain greater concentrations of free 
amino acids than do environmental fluids, such as 
blood. They are designated as the ‘free amino acid 
pool’ in cells [34]. In growing cells in cluture, it has 
been shown that the free amino acid pool is not an 
intrinsic part of the cell but instead is in dynamic 
equilibrium with components of the medium [35-37]. 
It has been found that the degree of intracellular con- 


centration is specific for each amino acid, in spite. 


of variations in concentration in the medium [37]. 
The exact mode of such intracellular retention of 
amino acids is not known, but it is evident that trans- 
port of amino acid across the cell membrane could 
be a very important factor in the regulation of the 
composition of the intracellular amino acid pool. 

To our knowledge, there has been no other study 
of the free intracellular amino acid pools in cloned 
cells in culture. Free amino acid pools of cultured 
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cells have been studied in HeLa cells by Eagle and 
Piez [35] and Mohri [38], in L cells by Kuchler and 
Grauer [36] and Mohri[38], and in human skin 
fibroblasts by Melancon et al. [37]. Published differ- 
ences in the intracellular concentrations and the dis- 
tribution ratios of amino acids could be due to differ- 
ences in the cell types and in the composition of the 
media used, since varying concentrations of amino 
acids, peptides, and serum proteins in the medium 
influence the intracellular concentrations and there- 
fore the distribution ratios of free amino acids. How- 
ever, it has been consistently observed that non-essen- 
tial amino acids have, in general, larger distribution 
ratios than essential ones; the distribution ratio for 
glutamic acid is the largest, followed by that for gly- 
cine (see control values in Table 4). In the present 
report, cortisol has been shown to have a specific and 
direct effect on cloned fibroblasts of decreasing the 
distribution ratios of free amino acids. Phenylalanine, 
isoleucine, threonine, and lysine had greatly reduced 
distribution ratios. The growth of cultured cells and 
the rate of protein synthesis of ribosomes have been 
reported to be dependent largely upon the concen- 
tration of the intracellular free amino acids avail- 
able [35, 39]. Therefore, the cortisol effect reported 
above of decreasing intracellular amino acid concen- 
tration seems to explain the ‘antianabolic’ effect of 
cortisol on cultured cells, which has previously been 
demonstrated in vivo experiments by the authors [4]. 
Fig. 4 would suggest that the depression of intracellu- 
lar free amino acid pools caused by cortisol treatment 
results in inhibition of influx of amino acids across 
the cell membrane. 

In contrast, tetrahydrocortisol, one of the main 
metabolites of cortisol, had no effect even at a concen- 
tration of 10~* M, which suggests the importance of 
the functional group, A*-3-keto, in the cortisol mol- 
ecule in exerting biological influence on the cultured 
cells. 
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SHORT COMMUNICATION 


Effects of dimethylsulfoxide on metabolism of isolated perfused rat brain 


(Received 3 July 1975; accepted 17 October 1975) 


There is a considerable amount of evidence indicating that 
dimethylsulfoxide (DMSO) alters the permeability of cells 
and facilitates the transport of substances across mem- 
branes [1]. DMSO has been shown to enhance the trans- 
port across the blood-brain barrier of the drug, pemo- 
line [2], of L-dopa [3], and of the catecholamines [4]. This 
property of DMSO makes it a potentially valuable agent 
for the study of psychopharmacologic agents and their 
effects on the metabolism of the brain. Such studies require 
a knowledge of the effects of DMSO itself on the brain 
and its metabolism. We have investigated the changes in 
the metabolism of the isolated rat brain during perfusion 
with fluid containing DMSO. We found that DMSO 
caused an increase in the rate of glycolysis, a slight de- 
crease in the energy reserves of the brain, and a definite 
shift to a more reduced state in the brain tissue. 
Unanesthetized male rats of the Long-Evans strain, 
weighing about 200g, were rendered deeply hypothermic 
(rectal temperature 18°) as described previously [5]. The 
isolated brain preparation, consisting of the detached skull 
and its contents, was made without lapse of circulation 
from the hypothermic rat and was perfused through the 
internal carotid arteries as described previously [6]. The 
perfusion fluid[7] contained the perfluoro compound 
FC-80 (3M Co., St. Paul, Minn.) as an erythrocyte substi- 
tute, which was dispersed ultrasonically in an 8% (w/v) 
solution of bovine serum albumin (fraction V powder, 
Sigma Chemical Co., St. Louis, Mo.) in Krebs-Ringer 
bicarbonate buffer. The concentration of glucose in the 
perfusion fluid was 2 mg/ml (11 mM). Closed circuit per- 
fusion was performed at 25° with continuous oxygenation 
of the perfusion fluid with 5% CO,-95% O,. The venous 
drainage during the first 10 min was discarded, recircula- 
tion was started, and then DMSO was added to the per- 
fusion fluid. Biopolar electroencephalograms (EEG) were 
recorded from electrodes placed in depressions made in 
the bone of the frontal and parietal regions on both sides. 
If the EEG was not normal during the first 10 min of 
perfusion, the preparation was discarded. Samples of per- 
fusion fluid were collected at periodic intervals from the 


venous drainage directly into pipettes. The perfusion fluid 
samples were analyzed for glucose by a glucose oxidase 
method using the commercial reagent Glucostat (Worth- 
ington Biochemical Co., Freehold, N. J.), for lactate with 
lactate dehydrogenase spectrophotometrically [8], and for 
potassium by flame photometry. 

At the end of the perfusion period, the calvarium was 
removed while perfusion continued and the brain prep- 
aration was rapidly crushed between the jaws of heavy 
tongs which had been immersed in liquid nitrogen. This 
caused the cerebral tissue to be extruded from the skull. 
The whole preparation was immediately immersed in 
liquid nitrogen. The extruded frozen cerebral tissue was 
separated from bone and stored in liquid nitrogen until 
analysis was performed. Extracts of the brain tissue were 
made and analyzed for glycolytic intermediates, creatine 
phosphate and adenine nucleotides by enzymic fluoro- 
metric methods described previously [9]. 

In the experiments [4] in which DMSO was shown to 
facilitate the transport of catecholamines into the brain, 
the dose injected was 2.75 g/kg. In other experiments [2, 3] 
in which DMSO was injected, the dosage was similar or 
lower. Since DMSO penetrates most cells rapidly, it is 
reasonable to assume that it becomes distributed in all 
of the body water; this would result in a concentration 
in blood and body fluids which is about 0.4 g/100 ml 
or 0.05M. Therefore in our experiments, we used 
concentrations of 0.01 and 0.1M DMSO in the perfus- 
ion fluid. 

Isolated rat brains were perfused for 40 min with fluid 
containing either 0.01 or 0.1 M DMSO or no DMSO (con- 
trols). The EEG (recorded from electrodes on the skull) 
of the brains perfused with DMSO contained spikes and 
occasional bursts of spikes which were more frequent in 
the brains perfused with 0.1 M than with 0.01 M DMSO. 
The EEG of the controls showed a relatively constant 
amplitude for the duration of the perfusion period whereas 
those perfused with DMSO showed decreasing amplitudes, 
with the effect more marked in the brains perfused with 
0.1 M DMSO. 


Table 1. Effects of DMSO on metabolic rates of isolated, perfused rat brains* 





Control 


Concn of DMSO 
in perfusion fluid 





0.01 M 0.1 M 





Glucose consumption 23.0 + 4.0 
(umoles/hr) 

Lactate production 
(umoles/hr) 

K* efflux 
(umoles/hr) 

Lactate/pyruvate ratio 


20.0 + 3.2 
16.7 + 2.6 


iS3 +. 3.7 


30.5 + 6.1 47.3 + 3.4 


25.0 + 3.4 27.8 + 4.0 
242: 4 22 32.5 + 3.9 


17.5 + 2.6 20.8 + 2.2 





*The values given are the mean + standard deviation of ten control experiments and 


of four experiments for each of the two concentrations of DMSO. Closed-circuit perfusion 
was done at 25° for 40 min with an artificial blood equilibrated with 95°%, O,-5°%, CO. 
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Table 2. Effects of DMSO on levels of glycolytic intermediates and energy reserves in cerebral 
tissue of isolated, perfused rat brains* 





Control 


Conc of DMSO 
in perfusion fluid 








73.0 + 8.4 
20.0 + 4.0 


Glucose 6-phosphate 
Fructose 6-phosphate 
Mannose 6-phosphate 
Fructose 1,6-diphosphate 
Triose phosphate 
3-Phosphoglycerate 
2-Phosphoglycerate 
Phosphoenolpyruvate 
Pyruvate 

Lactate 

Creatine phosphate 


> 
i) 
+ 


m= NO 
“Io WwW 
NOa 
ocd 
I+ I+ 4 14+ 14+ 14+ 14+ 14+ | 
a ee ee ee ee Oe 
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AMP 

ATP + ADP + AMP 
Lactate/pyruvate 
ATP/ADP 


240 + 40 
2950 + 130 
31 +7 
2.93 + 0.37 


4330 + 1400 
2450 + 530 
1700 + 110 
690 + 50 
430 + 50 
2820 + 70 
72 + 28 
2.48 + 0.38 


: 


~) 
Ww 
> 
i) 
+ 
N 

=) 
o 


ae 


1850 + 140 
690 + 70 
330 + 100 

2860 + 130 

60 + 15 

2.71 + 0.52 


< 





* All concentrations are in nmoles/g (wet wt) of tissue. All values are mean + standard 
deviation of ten control experiments and of four experiments for each of the two concen- 
trations of DMSO. Closed-circuit perfusion was done at 25° for 40 min with.an artificial 


blood equilibrated with 95% O,-5% CO. 


From changes in the concentrations in the known 
volume of perfusion fluid, the rates of glucose utilization, 
lactate production and efflux of potassium were computed. 
These values and the lactate/pyruvate ratios in the per- 
fusion fluid at the end of the perfusion period are listed 
in Table 1. These results indicate that DMSO caused a 
modest increase in the rate of glycolysis and in the rate 
of efflux of potassium from the brain into the perfusion 
fluid. At the same time there was an increase in the lactate/ 
pyruvate ratio in the perfusion fluid, suggesting that the 
brain tissue was moving to a more reduced state under 
the influence of DMSO. 

The concentrations of the intermediates of glycolysis and 
.of the adenine nucleotides and creatine phosphate in the 
cerebral tissue of the perfused brains are listed in Table 
2. The most pronounced changes from control values were 
the approximately 100 per cent increases in lactate concen- 
tration and in the lactate/pyruvate ratio in the brains per- 
fused with 0.01 M DMSO; in the brains perfused with 
0.1 M DMSO there were somewhat larger increases in 
these values. The other significant changes in the concen- 
trations of the glycolytic intermediates were a decrease in 
fructose diphosphate, and increases in phosphoenolpyru- 
vate and lactate without significant changes in pyruvate. 
The changes in the levels of fructose diphosphate and 
phosphoenolpyruvate indicate that there were alterations 
in the regulation of glycolysis at both phosphofructokinase 
and pyruvate kinase steps with the resulting increase in 
glycolytic flux which occurred. This does not mean that 
the changes observed were due to a direct action of DMSO 
on these glycolytic enzymes, although this possibility is 
not excluded. The large change in the redox state of the 
tissue and the decrease in ATP level suggest that the 
‘changes in regulation of glycolysis were more likely 
secondary to an effect on the mitochondrial enzymes. 

The creatine phosphate levels were not significantly 
changed but the ATP levels were reduced and the AMP 
levels were increased in the cerebral tissue of the brains 
which were perfused with DMSO. Thus, the energy 
reserves of the brain appear to have been slightly reduced 
by the presence of DMSO in the perfusion fluid. It is also 


noteworthy that, although there was a small change in 
the ATP level, the total adenine nucleotides (ATP + 
ADP + AMP) of the tissue were not changed sig- 
nificantly in the brains perfused with DMSO. This suggests 
that DMSO, in the concentrations used, did not exert an 
irreversible deleterious effect on the tissue of the perfused 
rat brain. 

In our experiments, the principal effects of DMSO on 
the cerebral tissue of perfused rat brains were: (1) an in- 
crease in the rate of glycolysis, (2) an increase in lactate/ 
pyruvate ratio indicating a marked shift to a reduced state 
in the tissue, and (3) a small decrease in the tissue energy 
reserves (i.e. in the concentrations of creatine phosphate 
+ ATP). These findings are similar to the effects of acute 
hypoxia on cerebral tissue of mice observed by Duffy et 
al.[10]. In our experiments, there was no lack of oxygen 
and it seems unlikely that DMSO could have blocked the 
delivery of oxygen to the tissue. Therefore, it is likely that 
DMSO reduced the utilization of oxygen, probably by an 
inhibitory effect on mitochondrial function. Presumably, 
the energy loss due to inhibition of oxidative activity was 
largely compensated by the increase in glycolytic activity. 
The effects of DMSO on mitochondrial activity have not 
been studied, but Conover [11] observed that DMSO inhi- 
bited ATPase activity and *?P-ATP exchange in submito- 
chondrial particles from bovine heart muscle. 

Our results (Table 1) showed that both glucose con- 
sumption and lactate production increased in the brains 
perfused with DMSO but the increase in lactate produc- 
tion did not account for all of the increased glucose uti- 
lized. It seems unlikely that there was increased oxidation 
of glucose during perfusion with DMSO since the brain 
tissue became more reduced. It also seems improbable, 
although not excluded, that there was increased synthesis 
of glycogen; usually an increase in glycolysis in a tissue 
is accompanied by a decrease in glycogen content [10]. 
The other possibility is that DMSO caused an increase 
in the normally very low level of activity of the pentose 
phosphate pathway[12]. Various experimental stresses 
have been found to cause marked changes in the levels 
of the intermediates of this pathway [13] in brain tissue. 
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It has been clearly shown that methemoglobinemia produced by nitrobenzene is associated 

with the formation of the reduction products, nitrosobenzene and phenylhydroxylamine (1). 
The carcinogenic activity of nitrofurazone (2,3) and 4-nitroquinoline-l-oxide (4,5) is 
believed to be associated, at least in part, with the formation of hydroxylamines. Certain 
aromatic and heterocyclic hydroxylamines have been shown to be cytotoxic, mutagenic and 
carcinogenic in certain animals (6). Thus the biological reduction of nitroaromatic and 
heterocyclic compounds appears to play an important role in the toxicities elicited by 
various nitro compounds. However, the important question that remains unanswered is the 
localization of the nitroreductase activity that is responsible for the reduction of the 
nitro compounds involved in the observed toxicities. 


The reduction of aromatic and heterocyclic nitro compounds by several mammalian enzyme 


systems has been documented. Cytochrome P-450 (7), cytochrome ¢ reductase (8,9), xanthine 


oxidase (2,9,10), and aldehyde oxidase (11) have all been shown to catalyze this reaction 
in vitro, although their substrate specificities do differ. These reductions appear to 
occur only in the absence of oxygen (7-11). Since it is not possible to have complete 
anaerobic conditions in various tissues for any length of time, the question has been 
raised whether the nitro reductases present in the tissues play any important role in the 
nitro reduction of aromatic compounds (11,12). 

The microbial flora of the gastrointestinal tract can also reduce aromatic and hetero- 
cyclic nitro compounds via hydroxylamine intermediates (13). in comparison to the mammalian 
nitro reductases, the bacterial nitro reductase has been shown to carry out nitro reduction 


even in the presence of oxygen (13,14). Since the gut flora consists predominantly of 
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anaerobic and facultative anaerobic bacteria, the existence of comparatively anaerobic 
conditions in the gastrointestinal tract may favor the reduction of nitro compounds. 

Recently Zachariah and Juchau have shown that the gut flora accounts for most of the 
reduction of para-nitrobenzoic acid (14) even though this substrate is rapidly reduced 
by liver microsomes under anaerobic conditions in vitro (7). However, there have been no 
convincing reports on the role of nitro reduction by the gut flora on the toxicities 
elicited by nitro compounds. In order to determine whether nitro reduction by the gut flora 
can play an important role in chemical toxicity, we have measured methemoglobin formation 
after the administration of nitrobenzene to germ-free rats and to germ-free rats acclima- 
tized to the normal animal room. We also employed antibiotic pretreatment of the animals 
which is known to reduce the microbial flora of the gut (15). 

When nitrobenzene (200 mg/kg in sesame oil) is administered to normal male Sprague 
Dawley rats intraperitoneally, about 30-40% of the hemoglobin in blood is converted to 
methemoglobin within 172 hr after administration. When the same dose of nitrobenzene is 
ataismikiined to either male Sprague Dawley germ-free or antibiotic pretreated rats, 


no measurable methemoglobin formation occurs even when measured up to seven hours after 


administration. However, if ma@le litter mates of the germ-free animals are acclimatized in 


the normal animal room for seven days, nitrobenzene induces methemoglobin to the same degree 


as in normal animals (Fig. 1). 


e@—e ANTIBIOTIC 

ncaa Fig. 1. Methemoglobinemia induced by nitro- 

&--—4GERM FREE benzene (200 mg/kg, ip). Three animals were 

ACCLIMATIZED : £ 

employed in each group and methemoglobin was 
determined by the method of Evelyn and 
Malloy (16). The results are expressed as 
means + S.E. 
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In order to test whether the nitro reductase present in various tissues is altered 
markedly by acclimatization of germ-free animals, the rate of aniline formation from 
nitrobenzene was measured in the homogenates of various tissues from germ-free, germ-free 
acclimatized and normal animals. As shown in Table I, there were no marked differences among 


normal, germ-free and acclimatized animals in the nitro reductase activity of various tissues. 
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The only difference was a marked decrease in the nitro reductase activity in the gut 
contents of the germ-free animals. Since germ-free animals are free from microbial flora, 
it seems likely that the gut flora present in the normal and acclimatized animals is 


responsible for the reduction of nitrobenzene in vivo and subsequent methemoglobin formation. 





Table 1. REDUCTION OF NITROBENZENE BY VARIOUS RAT TISSUE HOMOGENATES* 








Tissue Nitroreductase Activity! 
Germ-Free Germ-Free Control 
Acclimatized 








Aniline Formed (nmoles/mg protein/hr) 
Liver 0+ 0.2 2.54 0.4 
Kidney 0.1 0.8 + 0.1 
Gut Wall 0.4 + 0.4 


Gut Contents 2 + 0.9 5.2: 2 2.7 





*the tissues were homogenizéd in two parts (w/v) ice cold 0.1 M potassium 
phosphate buffer (pH 7.35) and 0.4 ml of each homogenate was incubated 
anaerobically with 1.5 mM nitrobenzene for 1 hr in a final volume of 2.7 ml. 
Aniline formed was estimated by the method of Bratton and Marshall as described 
by Zachariah and Juchau (14). The reactions were linear with time. Addition 
of an NADPH generating system did not alter markedly the amount of aniline 
produced in any of the tissues. 


tResults are expressed as means + S.E. of determinations on three animals in 
each group. Each assay was performed in triplicate. 





Similar investigations with other toxic aromatic and heterocyclic nitro compounds are 
needed to determine whether other nitro compounds are reduced in vivo mainly by bacterial 
flora. 
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COMMENTARY 


ALKALOID PRODUCTS IN THE METABOLISM 
OF ALCOHOL AND BIOGENIC AMINES 


GERALD COHEN 
Department of Neurology, Mount Sinai School of Medicine, New York, N.Y. 10029, U.S.A. 


Tetrahydroisoquinoline (TIQ) alkaloids comprise a 
large group of naturally occurring (plant kingdom) 
as well as synthetic compounds. many of which exhi- 
bit pharmacologic actions on nerves and smooth 
muscles. Recently, two hypotheses attempted to relate 
the potential biosynthesis of TIQ alkaloids from cate- 
cholamines in mammalian tissues to some of the ac- 
tions of alcoholic beverages and the sequelae of alco- 
hol intoxication. Both hypotheses invoked the ethanol 
metabolite. acetaldehyde. as a critical intermediate. 
Acetaldehyde is generated mainly in the liver where 
a small portion escapes metabolism and passes into 
the blood stream. As a result, all tissues of the body 
are perfused with acetaldehyde. 


TIQ alkaloids 

Simple TIQ alkaloids. One hypothesis [1-3] pro- 
posed that acetaldehyde condensed directly with en- 
dogenous catecholamines in tissues to form substi- 
tuted 6,7-dihydroxy-TIQs (Fig. 1). The similarity in 
structure between the TIQs and the catecholamines 
opened the possibility that TIQs would interact with 
mechanisms that normally regulate the physiologic 
properties of catecholamines. For example. TIQs 
might be sequestered within adrenergic nerve ter- 
minals and subsequently leaked or discharged into 
adrenergic receptor areas, there to function as acti- 


(I) (I) 


Fig. 1. Top panel: the Pictet-Spengler condensation of 
catecholamines with aldehydes to form substituted 
1,2,3,4-tetrahydroisoquinolines (TIQs). Bottom panel: (1) 
salsolinol, the condensation product of dopamine with ace- 
taldehyde; (II) tetrahydropapaveroline, the condensation 
product of dopamine with 3,4-dihydroxyphenylacetalde- 
hyde; and (III) 1-methyl-6-hydroxy-1,2,3,4-tetrahydro-p- 
carboline, the condensation product of serotonin with 
acetaldehyde. 


vators (agonists) or inhibitors (antagonists) of cate- 
cholamine receptors. Or. TIQs might bind competi- 
tively to enzyme systems that synthesize or limit the 
actions of catecholamines. The physiologic end result 
was envisaged as an unusual alteration in function 
within the affected adrenergic system. In this way. 
TIQ alkaloids in adrenergic systems might contribute 
to the development of dependence upon alcohol and 
or to the general pharmacologic effects of ethanol in- 
gestion. 

The experimental basis for the hypothesis was the 
demonstration that TIQs were formed within the ca- 
techolamine-rich cells of the adrenal medulla during 
perfusion of cow adrenal glands with solutions of ace- 
taldehyde [1.2]. Synthesis of TIQs was observed with 
a concentration of acetaldehyde as low as | pg/ml 
(2 x 10°° M). a level reported in the blood stream 
of persons ingesting alcoholic beverages [4]. 

Complex TIQs and “morphine-like” alkaloids. 
Another hypothesis [5.6] proposed the biosynthesis 
of a special TIQ. not formed directly from acetalde- 
hyde. Since acetaldehyde can competitively inhibit the 
aromatic aldehyde dehydrogenase. it was suggested 
that the aldehyde product of dopamine (DA). pro- 
duced in brain by monoamine oxidase. would be di- 
verted from further oxidation to an acid. This alde- 
hyde (namely. 3.4-dihydroxyphenylacetaldehyde) can 
condense with DA to form the TIQ derivative tetra- 
hydropapaveroline (THP. see Fig. 1). Davis and 
Walsh. the proponents of this hypothesis. were inter- 
ested in the possibility that THP. formed in mam- 
malian cells. would be transformed to complex multi- 
ring structured alkaloids. termed “morphine-like” al- 
kaloids. The basis for this supposition was the obser- 
vation that THP served as an intermediate in the syn- 
thesis of morphine in the opium poppy. The bio- 
chemical basis for physical dependence on alcohol 
was envisaged as formation of THP. which might 
have an addictive liability of its own, and which 
would be further transformed to addictive alkaloids 
of the morphine type. The molecular mechanisms for 
addiction to ethanol were not further specified. except 
for the presumption that they would be similar to 
morphine. 

Although THP is not recognized as a product of 
DA metabolism in mammalian tissues under basal 
conditions. earlier work by Holtz et al. [7] had shown 
that THP was formed when liver mitochondria were 
incubated with DA. The experimental support for the 
Davis and Walsh hypothesis was based on similar 
studies with homogenates of rat brainstem [5,6]. In 
this system, when ['*C]DA was added, 47 per cent 
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of the deaminated product appeared as ['*CJTHP. 
When acetaldehyde was added in concentrations of 
(5. 1-0 and 2-0 mM. the amount of ['*C]THP rose 
in increments to 58. 64 and 65 per cent respectively. 
During these experiments. not only THP was formed 
but. additionally. the acetaldehyde condensed directly 
with ['*C]DA to yield the simple TIQ, ['*C]salso- 
linol (Fig. 1). Consideration was given to the possibi- 
lity that salsolinol might also play a role in mediating 
some of the actions of ethanol [8]. 

In more recent work, Davis et al. [9] have reported 
that ['*C]norepinephrine ({'*C]NE) added to rat 
brainstem homogenates was transformed to a sub- 
stance possessing the physical properties of an hy- 
droxylated form of THP. Product formation was en- 
hanced by the addition of barbiturates. Additionally, 
the metabolism of injected ['*C]THP was studied in 
rats. and 2-5 per cent was excreted as a group of 
complex protoberberine alkaloids [10]. 

Portions of the morphine-alkaloid hypothesis have 
been criticized [11-13] and Davis and Walsh [14. 15] 
have responded. One technical point that requires 
clarification is that while acetaldehyde is invoked as 
an inhibitor of the oxidation of aromatic aldehydes, 
similar inhibition is obtained with antabuse (disulfir- 
am). a drug frequently used in the treatment of alco- 
holism. It would seem that antabuse by itself (no alco- 
hol) should promote formation of THP in brain. 

\lthough the remainder of this commentary will 
not deal further with the hypothesis concerning “mor- 
phine-like” alkaloids and alcoholism. experiments 
with THP are included in some of the discussion 
about the properties of TIQs. 


Synthesis and biosynthesis of TIO alkaloids 


Organic chemists have utilized the condensation 
reaction of aldehydes with phenylethylamines (Pictet 
Spengler condensation) under conditions of strong 
acidity and high temperature to synthesize a variety 
of. simple and complex TIQs [16]. As early as 1934. 
it was shown that two catecholamines. DA and 
epinine. condensed spontaneously with acetaldehyde 
at neutral pH and ambient temperature [17] and this 
route was proposed as a biosynthetic pathway in 
plants. The hydroxyl group in the 3-position (Fig. 1). 
but not a methoxyl group. activates the benzene ring 
and facilitates .spontaneous ring closure of the 
intermediate Schiffs base at neutral pH [18]. 

The Pictet Spengler condensation reactions of 
epinephrine (E), NE. DA and L-dopa with aldehydes, 
such as formaldehyde. acetaldehyde and pyridoxal 
phosphate. have been studied in aqueous neutral solu- 
tion [2.3.17 20] and in the presence of tissue homo- 
genates [6.8]. Inadvertent synthesis of the TIQ con- 
densation product of dopa and acetaldehyde was re- 
ported in samples of stored [*H]dopa [21]: appar- 
ently. acetaldehyde was generated from the ethanol 
preservative during radio-decay of the [*H]dopa. 
TIQs are also recognized intermediates in the formalde- 
hyde condensation method for visualizing DA, NE 
or E under the fluorescence microscope [22]. 

Condensation products are formed in adrenal chro- 
maffin cells during perfusion of cow adrenal glands 

FE. E. Smissman, J. R. Reid. D. A. Walsh and R. T. 
Borchardt. manuscript in preparation. 
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with acetaldehyde [2. 23-25]. Total conversion of en- 
dogenous E and NE to the corresponding TIQs has 
been observed. after perfusion of glands with | mg 
formaldehyde/ml [3]. In perfusion studies with 
['*C]Jacetaldehyde. over 95 per cent of the '*C within 
the adrenal chromaffin granules was in the form of 
['*C}TIQs [24]. 

Formation in vivo of small quantities of TIQs has 
been reported. Evidence for the formation of formal- 
dehyde-derived TIQs in the adrenal glands of rats 
during methanol intoxication was obtained with 
fluorescence and '*C-tracer methods [26. 27]. Collins 
and Bigdeli [28] used a gas chromatographic method 
to demonstrate the formation of salsolinol in the 
brains of rats treated with ethanol combined with 
other drugs. Sandler et al. [29] used a gas chromato- 
graph mass spectrometer combination to observe the 
presence of salsolinol and THP in the urine of Par- 
kinson patients in treatment with L-dopa, who drank 
a test dose of ethanol; levels of salsolinol before eth- 
anol intoxication, as originally reported. were subse- 
quently found to be due mainly to trace aldehyde 
contamination of the solvents used for extraction (M. 
Sandler and M. Lengyel, personal communication). 


Transmitter-like properties of TIQs 

Uptake. TIQ condensation products of DA or NE 
with formaldehyde or acetaldehyde are taken up into 
rat brain synaptosomes [30] and into sympathetic 
nerve endings in the heart. iris, pineal and salivary 
glands [31-33]. Uptake is blocked by traditional 
agents such as desmethylimipramine and cocaine 
[31.32]. Additionally, TIQs inhibit uptake of cate- 
cholamines into rat brain synaptosomes and tissue 
slices [30, 34-36]: the inhibition by salsolinol is of 
the competitive type [35]. Therefore, the uptake sys- 
tems for TIQs appear to be similar to those for the 
catecholamines. TIQs are also weak inhibitors of the 
uptake of serotonin into brain slices [34, 37]. 

Storaye. TIQs formed in the adrenal gland during 
perfusion with acetaldehyde are stored in chromaffin 
granules [24. 38]. Electron microscopy has shown 
that 6,7-dihydroxy-TIQ is stored in the catechol- 
amine-binding vesicles of the iris and pineal gland 
[33]. Fluorescence microscopic evidence indicates 
that the latter TIQ is taken up into vesicles. even 
in reserpinized animals [32]. 4.6,7-Trihydroxy-TIQ 
(NE condensed with formaldehyde), on the other 
hand. does not enter reserpinized vesicles [32]. 

Release of catecholamines. The addition of TIQs to 
rat brain synaptosomes or tissue slices labeled with 
{*H catecholamine results in efflux of the [*H]cate- 
cholamine [30, 35,39]. This is probably due to the 
displacement of catecholamines from storage sites. 
The releasing action of 6,7-dihydroxy-TIQ on 
[*H]DA in rat brain slices can be distinguished from 
a stronger inhibitory action on the uptake and ac- 
cumulation of [SH]DA [39]. Release of [H]NE from 
sympathetic nerve terminals of the heart in vivo by 
several TIQs administered subcutaneously has been 
described.* There is evidence that direct injection of 
6.7-dihydroxy-TIQ into the lateral ventricles of the 
brain results in the release of catecholamines from 
central nerve terminals. [40]. 

Release of TIQs. TIQs formed in situ in the adrenal 
medulla during perfusion of adrenal glands with ace- 





Alkaloid products from ethanol 


taldehyde are released along with catecholamines dur- 
ing stimulation of the glands with agents such as ace- 
tylcholine or carbamylcholine [23.25]. The release 
process for TIQs is Ca** dependent and is probably 
identical to that for the catecholamines (viz. exocyto- 
sis). In the absence of Ca**, the efflux of catechol- 
amines during perfusion with acetaldehyde becomes 
dissociated from the efflux of TIQs. which are re- 
tained within the gland [25]. Depletion of 6,7-dihyd- 
roxy-TIQ from sympathetic nerve terminals of the iris 
during electrical stimulation of the sympathetic trunk 
(i.e. the preganglionic fiber) has been observed by 
fluorescence microscopy [32]. In addition to release 
by stimulation. there is a propensity for TIQs to 
“leak” from the unstimulated adrenal and from decen- 
tralized sympathetic nerves [ 

Receptor responses. During electrically stimulated 
(preganglionic stimulation of the superior cervical 
ganglion) release of 6.7-dihydroxy-TIQ from sym- 
pathetic nerve terminals of the eye in NE-depleted 
rats, the following changes indicated activation of al- 
pha adrenergic receptors: retraction of the upper eye- 
lid. protrusion of the eyeball and dilation of the pupil 
[32]. Such responses are typical for the stimulated 
release of the natural transmitter (NE) in normal rats. 
Therefore. 6.7-dihydroxy-TIQ appears to exhibit 


agonist actions in this system. However. 6,7-dihydroxy- 
TIQ was relatively ineffective in altering blood pres- 
sure or heart rate in rats [41]. Some central and peri- 
pheral actions of a series of hydroxylated and O- 
methylated TIQs have been described by Hjort er al. 
[42. 43]. Incubation of the isolated vas deferens with 
6 x 10° M concentrations of 6.7-dihydroxy-TIQ or 


S(—)-salsolinol results in modifications in the end 
organ response to stimulation of the sympathetic trunk; 
both the “twitch” (rapid contraction and relaxation) 
and the second phase (sustained contraction) were 
altered [44]. 


Miller et al. [45] have studied the activation of 


adenyl cyclase in the striatum by 6.7-dihydroxy-TIQ; 
in their system. salsolinol appeared inactive. Sheppard 
and Burghardt [46] reported blockade of striatal 
adenyl cyclase by the R(+)- and s(—)-stereoisomers 
of salsolinol and THP. There is extensive literature 
on beta-agonist action by THP and other 1-benzyl- 
substituted TIQs on, for example, the guinea pig 
trachea [47] and rat adipose tissue [48]. The s(—) 
conformation appears to be favored in these systems 
[36. 47-49]. Injection of 6.7-dihydroxy-TIQ or salso- 
linol into the brain evokes changes in body tempera- 
ture [40,50]. which may be due largely to release 
of endogenous catecholamines [40]. 


Other properties of TIQs 

Metabolism of TIQs. O-methylation of TIQs by ca- 
techol-O-methyl-transferase has been studied in tissue 
homogenates and with purified enzyme preparations 
[51--54.*]. O-methylation of both DA-derived TIQs 
[52-54.*] and NE-derived TIQs [51] was reported. 
Creveling et al. [52] reported that both the 6- and 
7-positions of two DA-derived TIQs were methylated. 
Salsolinol and THP were competitive inhibitors of 
the O-methylation of DA [53]. There is no evidence 
that TIQs are metabolized by monoamine oxidase. 

Inhibition of monoamine oxidase. Salsolinol and 
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values in the range of 0:14 to 0-35 mM were reported. 
6.7-Dihydroxy-TIQ, taken up into nerves of the reser- 
pinized rat, markedly improved the accumulation of 
[*H]NE and diminished the levels of 7H-deaminated 
metabolites in the sympathetic nerve plexus of the 
heart in vivo[56]: such results are typical for in- 
traneurona! inhibition of monoamine oxidase. 

Stereoisomers. Substitution in the |-position of the 
TIQ ring provides a center of asymmetry. Thus. two 
stereoisomeric forms are possible on condensation of 
catecholamines with acetaldehyde. Teitel and Brossi 
[57] have discussed the potential importance of the 
absolute configuration in the |-position. If the conden- 
sation reactions in tissues were to be catalyzed by 
enzymes, preferential formation of one of the stereo- 
isomers would not be unexpected. Recent studies have 
demonstrated differential pharmacologic properties 
for the R- and S-stereoisomers of several TIQs. includ- 
ing salsolinol and THP [36. 46. 48. 49]. When a center 
of asymmetry pre-exists in the parent catecholamine 
(e.g. L-norepinephrine or L-dopa). cis-or trans-isomers 
can be formed preferentially. even in non-enzymatic 
reactions [57.58]. For example. acetaldehyde con- 
denses with L-dopa to form the cis-product preferen- 
tially under acidic conditions. but the yield of trans- 
product can be increased from 5 to 25 per cent by 
carrying out the cyclization reaction in phosphate 
buffer at pH 7-0 [57]. 


of serotonin in rat brain and liver homogenates; K; 


Critical areas for further work 

Measurement of biosynthesized T1Q alkaloids in tis- 
sues. It has been difficult to document the levels of 
TIQ alkaloids formed in the brains of experimental 
animals during exposure to alcohol. The amounts 
present are relatively small and there are difficulties 
related to the separation of TIQs from catechol- 
amines. The single success to date has been the exper- 
iments of Collins and Bigdeli [28]; these investigators 
showed that TIQ levels in brain were in the range 
of 1 per cent of the endogenous catecholamines in 
animals receiving ethanol along with pargyline (a 
monoamine oxidase inhibitor) and pyrogallol (a cate- 
chol-O-methyltransferase inhibitor). The observed 
TIQ levels were close to the lower limit of detectabil- 
ity with the available methodology (a gas chromato- 
graphic-electron capture method). The importance of 
the work lay in its demonstration that TIQs were. 
in fact. formed at the proposed sites in vivo. What 
is needed now is further development of methods cap- 
able of routinely measuring TIQs in tissues, particu- 
larly when metabolic inhibitors are not used. This 
would provide the means to evaluate the relationships 
between quantities of TIQs in local brain areas and 
behavioral events (e.g. drinking behavior, withdrawal 
signs) or pharmacodynamic events (e.g. catecholamine 
turnover, receptor sensitivity). 

A relatively simple radioenzymatic method would 
be a most welcome development; the method must 
be capable of distinguishing the TIQs from endo- 
genous catecholamines and their metabolites. An im- 
munologic radioassay could provide the required sen- 
sitivity and specificity. Gas chromatography-mass 
spectrometry represents a potentially valuable. but ex- 
pensive approach. There has been limited success with 
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a qualitative method based on the conversion of non- 
fluorescent TIQs to fluorescent dihydroisoquinolines 
(by heat in the absence of formaldehyde) for direct 
microscopic examination of the adrenal medulla [26]: 
but the method could not be applied in the study 
of peripheral adrenergic nerves (unpublished observa- 
tion). 

LO metabolites. Ina study with [7H ]6.7-dihydroxy- 
TIQ. the O-methylated form(s) appeared to be re- 
tained in sympathetically innervated tissues, such as 
the heart and salivary glands. in amounts greater than 
or equal to the unmetabolized TIQ [31]. With the 
exception of the early studies of Hjort et al. [42. 43] 
little or no work has been directed toward the phar- 
macologic properties of O-methylated TIQs, now re- 
cognized as metabolites. It is not known whether or 
not O-methylated forms can exert neurotransmitter 
or other actions in adrenergic systems. 

Because there is an inherent difficulty in evaluating 
the significance of unmetabolized TIQs excreted in 
the tirine. metabolite studies would be most impor- 
tant in investigations concerned with human subjects. 
Do TIQ products found in urine arise from the con- 
densation of excreted aldehyde and excreted catechol- 
amines during storage in the bladder? Since 3-0- 
methylated catecholamines appear not to undergo 
spontaneous ring-closure reactions with aldehydes. 
the presence of the corresponding 6-O-methylated 
TIQs in urine could mean that such TIQ metabolites 
were not formed in the bladder. Are excreted TIQs 
formed in liver (a trivial site) or at adrenergic loci? 
This question will be more difficult to answer. 
Nonetheless. metabolite studies may represent the 
best approach for human studies. 

How much TIQ is required to alter adrenergic func- 
tion? There is no experimental answer to this question 
at the current time. mainly because methodology is 
not available to routinely measure TIQ levels in ad- 
renergically innervated areas. However, some appre- 
ciation of the potential effects of TIQs present in 
small amounts (e.g. 1 per cent or less of the corre- 
sponding catecholamines) can be gleaned from the 
following theoretical consideration. It has been esti- 
mated from fluorescence microscopic studies that the 
absolute concentrations of catecholamines in_peri- 
pheral sympathetic nerves are in the range of 6 x 
10°* M in the rat [59] and 6 x 10°* M in the 
mouse [60]: Jonsson [61] estimates a concentration 
as high as 0-5 M within the catecholamine storage 
vesicles. These are not outrageous estimates, as the 
levels of catecholamines in the adrenal medulla, 
measured by standard chemical techniques, are in the 
range of 8 x 10°* M [62]. Condensation of | per 
cent of endogenous catecholamine with acetaldehyde 
in nerve terminal areas could result in endogenous 
TIQ concentrations in the range of 6 x 107° M to 
5 x 10-3 M. Expressed as pg/g of tissue, TIQs might 
appear to be present in “trace” amounts. But, local- 
ized in nerve terminals, these concentrations could 
suffice to exert pharmacologic actions. When TIQs 
are pharmacologically inert or when they function as 
weak agonists. as do many of the known “false trans- 
mitters.” no change in adrenergic function would be 
expected when the amounts of TIQ are small relative 
to the endogenous catecholamines. However, when 
there is an unusually high affinity for a receptor or 
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enzyme and/or when TIQs possess a property not 
directly competitive with the catecholamines. physio- 
logic sequelae would be anticipated. 

A provocative theoretic aspect to be considered for 
TIQ function is their apparent tendency to “leak” 
from cells [23.32]: this phenomenon could result in 
a relative concentrating effect for TIQ over catechol- 
amine in the synaptic cleft. Additionally, transient ele- 
vations of TIQs relative to catecholamines at receptor 
sites could result from the relatively weaker affinity 
of TIQs for neuronal uptake mechanisms [34] as well 
as their failure to be metabolized by monoamine oxi- 
dase. 

Availability of TIQs. Collins and Kernozek [63] 
have successfully synthesized 4.6,7-trihydroxy-TIQ, 
the condensation product of NE with formaldehyde. 


‘However. pure samples of acetaldehyde-derived TIQ 


derivatives hydroxylated in the 4-position (corre- 
sponding to the f-hydroxyl group of NE and E) have 
never been prepared. Organic synthesis of these com- 
pounds, making them available for biologic evalu- 
ation. is urgently required. The direct condensation 
of NE or E with acetaldehyde in aqueous solution 
can provide these TIQs. but contaminated with sever- 
al products of uncertain identity [2.3]; these’ conta- 
minants may represent stereoisomers [57, 58] or ring- 
closure to the 2-position of the catecholamine ring 
(ortho to the activating hydroxyl group. see Fig. 1) 
[ 16, 58, 64]. Stereoisomers of TIQs derived from DA 
and .t-dopa have been recently synthesized [57]. 

Pharmacological and behavioral studies. Further 
work is needed to evaluate the actions of TIQs on 
various isolated adrenergic systems. as well as on 
drinking behavior and other behavioral events in in- 
tact animals. Some recent studies offer promising new 
leads. M. Hamilton and M. Hirst (personal communi- 
cation) have observed that salsolinol antagonizes the 
contractions induced by serotonin in rat stomach and 
uterus preparations; of particular interest. antagonism 
of responses to the pituitary hormones. oxytocin and 
vasopressin, was observed in isolated tissue prep- 
arations. Blum et al. [65] reported that intracerebral 
injections of 6.7-dihydroxy-TIQ increased “withdraw- 
al” scores (hyper-excitability on handling) in mice pre- 
viously exposed to ethanol. Amit and associates have 
observed changes in free-choice alcohol consumption 
in animals receiving central infusions of TIQs (per- 
sonal communication; cf. Ref. 66). 

Ross et al. [67,68] have provided an interesting 
observation that links the effects of salsolinol. ethanol 
and morphine on brain calcium levels. The depletion 
of brain calcium levels by each of these agents is anta- 
gonized by naloxone, a specific morphine antagonist. 
Control studies with other calcium depletors (pheno- ” 
barbital. reserpine) showed unresponsiveness to nalo- 
xone; similarly, naloxone did not affect t-butyl alco- 
hol or isopropanol. neither of which can be trans- 
formed in vivo to aldehydes (TIQ precursors). Ross 
suggests that alcohol (via formation of a TIQ) and 
morphine interact with a common pool of brain cal- 
cium and, therefore, share certain common loci of ac- 
tion for their effects on central neurons. 


Related areas of interest 
The 
tryptamines with aldehydes yields a class of 1,2.3.4- 


Beta-carbolines. condensation reactions of 





Alkaloid products from ethanol 


tetrahydro-f-carbolines. This reaction is analogous to 
the formation of TIQs from catecholamines. The reac- 
tion in vitro of 5-methoxytryptamine with acetalde- 
hyde has been studied by MclIsaac [69]. Urinary ex- 
cretion of tetrahydro-f-carbolines by rats receiving 
ethanol has been reported [69. 70]. Tetrahydro-f-car- 
bolines are of interest because they are structurally 
related to the class of harmala alkaloids (e.g. harma- 
line) which are hallucinogenic and are strong inhibi- 
tors of monoamine oxidase. The tetrahydro-/-carbo- 
line condensation product of serotonin with acetalde- 
hyde (Fig. 1) may play a physiologic role at serotoner- 
gic sites. similar to the one proposed for TIQs at 
adrenergic sites. 

Endogenous alkaloids. Laduron and coworkers have 
pioneered the use of 5-methyltetrahydrofolate as a 
cofactor in the methylation of biogenic amines; 
these [71-72] and other investigators [73-75] found, 
however, that the reaction products were not the 
expected N-methylated biogenic amines. Instead, 
TIQs [71-73] and tetrahydro-f-carbolines [71, 74, 75] 
were formed. The reaction in tissue extracts is pro- 
moted by an enzyme which catalyzes the formation 
of a reactive |-carbon fragment. The intermediate 
appears to be formaldehyde [71-73]. One reason for 
interest in this research area is the possible synthesis 
of aberrant alkaloid metabolites of serotonin or cate- 
cholamines in schizophrenia [73, 74]. However, if the 
reaction pathway with 5-methyltetrahydrofolate is 
operable in intact cells under basal conditions, syn- 
thesis of alkaloids may take place normally and these 
alkaloids may subserve a normal function, perhaps 
as neurotransmitters in, as yet unidentified neuronal 
tracts. 

TIQs and Parkinsonism. Although the formation of 
TIQs such as salsolinol or THP would be considered 
to be an unusual cellular event. there is a special cir- 
cumstance in which the mammalian system may be 
predisposed to their formation. In the treatment of 
patients with Parkinson’s disease. unusually large 
amounts of the amino acid. L-dopa. are used; as much 
as 7-0 g or more are given to patients on a continuous 
day-to-day basis. These’ circumstances are favorable 
for the formation of TIQs via the condensation of 
either DA or L-dopa with endogenous aldehydes (e.g. 
the aldehyde evolved when monoamine oxidase acts 
on DA). Sourkes [76] has suggested that THP and 
other complex alkaloids may be responsible for some 
of the actions of L-dopa. A recent report [77] sug- 
gested the presence of THP in the brains of rats 
treated with large amounts of L-dopa. The urinary 
excretion of THP in Parkinson patients treated with 
L-dopa (in the absence of ethanol) has been described 
[29]. Inhibition of the Da-sensitive adenylate cyclase 
in the striatum of rat brain by salsolinol or THP 
has been reported [46]. These latter observations may 
indicate that THP or other TIQs formed in vivo can 
be responsible, in part, for the “on-off? effect during 
L-dopa therapy or for the failure of some subjects 
to respond favorably to L-dopa. 


Concluding remarks 


The supposition that TIQs would be recognized in 
adrenergic systems as analogues of catecholamines 
has to some extent been borne out. TIQs possess 
properties of false or surrogate transmitters in some 
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adrenergic systems. In others. they act as inhibitors 
of physiologic mechanisms that regulate the actions 
of catecholamines. These results are supportive of the 
idea, but do not establish that TIQs are involved 
in bodily responses to alcohol. 

Although present in relatively small amounts. TIQs 
can achieve a precision of action by their discharge 
from nerve terminals directly into adrenergic receptor 
areas. The capacity of TIQs to be taken up and stored 
in nerve endings and their failure to serve as sub- 
strates for monoamine oxidase provide a way to con- 
ceive how a chemical residuum of alcohol can persist 
into post-intoxication states. 

TIQs may conceivably play a role in modulating 
either the pleasurable or unpleasant aspects of expo- 
sure to alcoholic beverages. The higher blood levels 
of acetaldehyde that occur in alcoholic subjects as 
compared to normal subjects [78] may act as a spur 
to TIQ synthesis in the alcoholic group. The variety 
of bodily changes seen during social drinking or on 
chronic exposure to alcohol range from sedation and 
loosening of social constraints during intoxication. to 
psychomotor agitation and “hangover” as immediate 
after-effects. to tremulousness. hallucinosis and seiz- 
ure after heavy or long-term drinking. The following 
questions remain to be answered. Are any of these 
changes dependent on the presence of TIQs in ad- 
renergic systems? Are some actions of TIQs masked 
during alcohol intoxication. but made more evident 
as the general sedative or depressant action of alcohol 
wears off? Can an understanding of the pharmacology 
of TIQs lead to an understanding of the addictive 
aspect of alcoholism? 
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Abstract—The effects of p-penicillamine and f-aminopropionitrile on collagen breakdown of carra- 
geenin granuloma was studied by measuring the amounts of dialysable hydroxyproline formed during 
incubation in vitro of minced granulation tissue from rats treated with the drugs. p-Penicillamine 
or B-aminopropionitrile fumarate were injected into the granuloma pouch for 7 or & days after carra- 
geenin injection. The collagenolytic activity of granulation tissue was increased by f-aminopropionitrile 
fumarate treatment, while p-penicillamine was ineffective. The changes in tissue collagenolytic activity 
are discussed in connection with the increased solubility of the tissue collagen. 


b-Penicillamine and BAPNf* have been shown to 
enhance the solubility of tissue collagen and reduce 
its tensile strength [1-3]. The increased solubility in 
neutral salt solutions reflects the absence of inter- and 
intra-molecular cross-links [4]. Neither of the drugs 
affected the rate of collagen synthesis [1,5], but their 
effect on the breakdown of tissue collagen is not yet 
well understood. In the present investigation the col- 
lagenolytic activity of granulation tissue obtained 
from rats treated with D-penicillamine or BAPNf was 
studied in connection with the solubility of the tissue 
collagen. 


EXPERIMENTAL 


Treatment of animals. A subcutaneous granuloma 
pouch was induced on the back of male rats of the 
Donryu strain weighing 110-140 g by injecting a 2°, 
solution of Seakem 202 carrageenin (Marine Colloid 
Inc., Springfield, N. J., U.S.A.) according to the pro- 
cedure previously described [6]. 

BAPNf (80 mg per rat in a volume of 0.5 ml) was 
injected daily into the granuloma pouch for 8 days 
commencing the day after carrageenin injection. Con- 
trol animals were given 0.9%, NaCl. Animals were sac- 
rificed 6 hr after the last injection of BAPNf. b-Peni- 
cillamine (40 mg per rat in a volume of 0.5 ml, kindly 
supplied by Taisho Pharmaceutical Co., Ltd., Tokyo) 
with pyridoxine HCI (1 mg per rat) was injected into 
the granuloma pouch at 12-hr intervals from day 1 
to day 6, while control animals were given 0.5 ml 
of 0.9°, NaCl. Animals were sacrificed on day 7. 
Granulation tissue was harvested from the rats having 
a large granuloma pouch immediately after sacrifice. 

Incubation in vitro of granulation tissue. The colla- 
genolytic activity of granulation tissue was deter- 





*The abbreviations used are: BAPNf, $-aminopropioni- 
trile fumarate; NSC, neutral salt-soluble collagen; GSC, 
guanidine soluble collagen; IC, insoluble collagen. 
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mined according to the procedure described in a pre- 
vious report [7]. Briefly, the minced granulation tis- 
sue (800 mg) was incubated under an atmosphere of 
95°, O,-5%, CO, at 35° for 6 hr in 8 ml of Krebs’ 
saline serum substitute [8] containing 0.8 mg each 
of potassium penicilline-G and dihydrostreptomycin 
sulfate. After incubation, the mixture was homo- 
genized in a glass homogenizer at | . The homogenate 
was dialysed against 50 ml of distilled water at 4 
for 5 days. The amount of free hydroxyproline in the 
dialysate was measured by the method of Kivirikko 
et al. [9]. The amount of dialysable total hydroxypro- 
line was measured by the method of Kivirikko et al. 
[9] after hydrolysis of an aliquot of the dialysate with 
6 N HCI at 105° for 16 hr. Amounts of free and 
dialysable total hydroxyproline formed during incu- 
bation were calculated by subtracting the values of 
the non-incubated samples from those of incubated 
samples, respectively. The amount of dialysable total 
hydroxyproline formed was used as an index of tissue 
collagenolytic activity. 

Fractionation of tissue collagen. An aliquot (1.0 g) 
of minced granulation tissue was homogenized in 30 
ml of ice-cold 1 M NaCl with a Vir-Tis homogenizer. 
The homogenate was shaken for 2 days at 4 and 
then centrifuged at 8000 g for 20 min at | . The pre- 
cipitate was suspended in 30 ml of | M NaCl and 
the extraction was repeated three times. The superna- 
tants were pooled and filtered. The filtrate was 
referred to as neutral salt-soluble collagen (NSC). In- 
soluble collagen (IC) was obtained as gelatin by 
autoclaving the residue remaining after NSC extrac- 
tion with 30 ml of distilled water at 120° for 60 min. 
The gelatinization was repeated twice. 

The abdominal skin collagen of the rats which had 
the granuloma was also fractionated into NSC and 
IC by the procedure described above. 

An aliquot of each fraction (NSC and IC) was hyd- 
rolyzed with 6 N HCl at 105 for 16 hr. Total hydroxy- 
proline in the hydrolysate was measured by the 
method of Kivirikko et al. [9]. 
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CM-Cellulose chromatography. A granuloma pouch 
was induced in male Sprague-Dawley rats weighing 
130-150 g by the method already described. b-Penicil- 
lamine and BAPNf treatments were similar except 
that D-penicillamine (40 mg/100 g body wt, equivalent 
to approximately 80 mg per rat) together with pyri- 
doxine-HCl (1 mg/100 g body wt) was injected daily 
into the granuloma pouch for 8 days. 

NSC was extracted by a method similar to that 
described above and then IC was further fractionated 
by using 5 M guanidine. Briefly, the residue remaining 
after NSC extraction was suspended in 30 ml of 5 
M guanidine HCI (pH 7.5). Guanidine extraction was 
carried out by shaking for 4 days at 4 followed by 
centrifugation. The extraction was repeated twice. 
NSC and guanidine-soluble collagen (GSC) were 
obtained as precipitates after the extracts were dia- 
lysed against running tap water (16-18 ) overnight 
and then against distilled water at 4. 

An aliquot of the precipitate (NSC or GSC) was 
dissolved in i0 ml of 0.1 M acetic acid and then dia- 
lysed against 0.06 M sodium acetate (pH 4.8). The 
dialysate was heated at 45 for 30 min and centrifuged 
at 20,000 g for 5 min. The supernatant was chromato- 
graphed on a column (16 x 110 mm) of CM-cellulose 
(Whatman CM-52) at 40 in 0.06 M sodium acetate 
(pH 4.8). Elution was achieved with a linear gradient 
of NaCl from 0 to 0.1 
400 ml at a flow 
each fraction (4 ml) was measured at 230 nm. 

Disc electrophoresis. Samples were dialysed against 
0.01 M NaH,PO, (pH 7.2) containing | M urea and 
denatured at 50 for 30 min. Electrophoresis of the 
denatured samples in sodium dodecyl sulfate acryla- 
mide was performed as described by Furthmayr and 
Timple [10] in 5°, gels for 5 hr at 5 mA per tube. 
Gels were stained for 60 min in Coomassie Brilliant 
Blue and destained in 7°, acetic acid. 


RESULTS AND DISCUSSION 
Enhancement of collagenolytic activity by BAPNf. 


Collagenolytic activity of granulation tissue was 
determined by measuring the amount of dialysable 


hydroxyproline formed during incubation in vitro of 


the minced granulation tissue, since it was demon- 
strated in a previous paper [7] that this reflects the 
degradation of tissue collagen in vivo. As shown in 
Table 1, BAPNf increased the amounts of free and 
dialysable total hydroxyproline, suggesting that 
BAPNf enhanced collagen breakdown of granulation 
tissue in vivo. In accordance with these results, Martin 
et al. [11] found increased urinary excretion of hyd- 
roxyproline in BAPN-treated rats. 

The solubility of collagen in granulation tissue was 
markedly increased by BAPNf treatment (Table 1). 
The CM-cellulose chromatographic pattern of the 
NSC (Fig. 1) showed that the collagen extracted with 
1 M NaCl consisted almost exclusively of x com- 
ponents, with a small amount of f,;, component, sug- 
gesting that BAPNf inhibited the formation of cross- 
links of collagen in granulation tissue. 

Effect of D-penicillamine on granulation tissue col- 
layen. As shown in Table 2, the collagenolytic activity 
of granulation tissue was not affected by b-penicilla- 


mine treatment. The increase in the solubility of 
: : 


M over a total volume of 
rate of 60 ml/hr. Absorbance of 
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Table 1. Effect of f-aminopropionitrile fumarate on the 
collagenolytic activity and the solubility of collagen of 
granulation tissue in rats 





Control BAPNf treatment 





No. of rats 
Net body wt (g) 130.0 + 
Granulation tissue. wet wt (g) 5.22 
Collagenolytic activity: 

99594 


31.38 


Free hydroxyproline formed (yg) 

Dialysable total hydroxyproline 
formed (ug) 

Collagen content (mg 
hydroxyproline) 

10.087 + 0.923 
1.219 + 0.046 
8.868 + 0.806 

« 100 (°.) 13.75 + 1.53 


Total collagen 





Results are means + S.E.M. 
Values significantly different from controls: *P < 0.05, 
+P < 0.01. 


granulation tissue collagen was relatively slight (Table 
2) and x components of the NSC were also slightly 
increased (Fig. 1), suggesting that the cross-link for- 
mation was slightly inhibited by D-penicillamine. On 
the other hand, p-penicillamine markedly increased 
the solubility of skin collagen (Table 2). Bailey et al. 
[12] demonstrated that granulation tissue collagen 
possesses a more stable aldimine cross-link (dihyd- 
roxylysinonorleucine [13] as a major cross-link after 
reduction) which is not present to any significant 
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Fig. 1. CM-Cellulose chromatograms of NSC from granu- 

lation tissues of control, BAPNf- and_ pb-penicillamine- 

treated rats. The conditions of chromatography are de- 
scribed in the text. 
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Table 2. The collagenolytic activity of granulation tissue 
and the solubility of skin collagen and granulation tissue 
collagen from rats treated with D-penicillamine 





D-Penicillamine 


Control treatment 





No. of rats 

Net body wt (g) 

Granulation tissue, wet wt (g) 

Collagenolytic activity of 
granulation tissue; 

Free hydroxyproline formed (ug) 

Dialysable total hydroxyproline 
formed (yg) 

Collagen content of granulation 
tissue (mg hydroxyproline in 
entire tissue); 

Total collagen 0.370 

NSC 0.093 + 0.232 

IC + 0.305 2.945 + 0.685 

NSC/IC x 100(°%,) 2.0 + 3.0* 

Collagen content of skin (mg 
hydroxyproline/g wet wt 
of skin); 

Total collagen 10.586 

NSC 4.785 

IC 5.801 - 

NSC/IC x 100(°,) 83.6 


+ 0.910 


+ 0.483 
5.118 + 0.476 
3.605 + 0.157+ 
144.0 + 15.0 





The results are means + S.E.M. 


Values significantly different from control: *P < 0.05, 


TP < 0.01. 


extent in normal subcutaneous skin collagen. It is 
proposed by Deshmukh and Nimni [14] that the 
cross-linking inhibition caused by D-penicillamine in- 
volves a reversible interaction with the aldehydes 
present in x chains of tropocollagen to form a thiazo- 
lidine type complex, while BAPN has a capacity to 
inhibit the activity of an amine oxidase which con- 
verts lysyl residues of x chains into corresponding 
6-semialdehydes, aldehydic cross-link precursors [15]. 
These results suggest that the differences in the solubi- 
lity of skin and granulation tissue collagen from rats 
treated with BAPNf or D-penicillamine are based on 
the differences in the nature of collagen cross-links 
in these tissues [16] and in the mechanisms of action 
of both the drugs. 

CM-Cellulose chromatography of guanidine extracted 
insoluble collagen. Approximately 20%, of IC was solu- 
bilized by 5 M guanidine extraction. After dialysis 
of the GSC fraction against running tap water 
(16-18°) and then against cold distilled water (4°), the 
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Fig. 2. CM-Cellulose chromatograms of GSC from granu- 

lation tissue of control rats. The GSC was obtained by 

dialysis of GSC fraction against (top) running tap water 

(16-18°) overnight or (bottom) cold distilled water (1°). 

Purified rat tail tendon collagen was chromatographed as 

a standard sample. ——, GSC; -, purified rat tail 
tendon collagen. 


resultant precipitate was chromatographed on a CM- 
cellulose column. As shown in Fig. 2, the CM-cellu- 
lose chromatographic pattern of GSC was clearly dif- 
ferent from that of NSC (Fig. 1). No differences were 
observed in CM-cellulose chromatographic patterns 
of GSC from control, BAPNf- and p-penicillamine- 
treated rats. Each peak labeled I-VI in Fig. 2 was 
examined by electrophoresis in sodium dodecyl sul- 
fate acrylamide in order to clarify the nature of the 
peaks. The results are shown in Fig. 3 and 4. Peaks 
I and II were mixtures of degradation products of 
x chains. Peaks III, V and VI corresponded to al, 
B,2 and «2 components, respectively. This result was 
supported by the elution pattern of CM-cellulose 
chromatography of purified rat tail tendon collagen 
(Fig. 2). There were no differences in the peaks from 
control, BAPNf- and b-penicillamine-treated rats. 
However, peak IV of each group gave a characteristic 
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Fig. 3. Sodium dodecyl sulfate acrylamide gel electrophoresis of the peaks isolated by CM-cellulose 
chromatography of GSC from granulation tissue of control rats. Peaks I-VI labeled in Fig. 2 were 
examined by disc electrophoresis. The standard (purified rat tail tendon collagen) is on the left. 
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Std. Control Std. 
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Fig. 4. Sodium dodecyl sulfate acrylamide gel electrophoresis of peak IV isolated by CM-cellulose 
chromatography of GSC from granulation tissues of control, BAPNf- and p-penicillamine-treated rats. 
The standard (purified rat tail tendon collagen) is on the left. 


' 
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pattern upon electrophoresis in 5°,, sodium dodecyl 
acrylamide gels. As shown in Fig. 4, peak IV from 
control and b-penicillamine-treated rats gave a simi- 
lar pattern on disc electrophoresis. The components 
of peak [V migrated a little faster than fB components, 
suggesting that the molecular weights were lower than 
those of f components. Peak IV from BAPNf-treated 
rats (Fig. 4) had an additional more rapidly migrating 
component as a main band. The components pre- 
sented in peak IV may be formed by limited proteo- 
lysis of B or » components. The finding that peak 
IV from BAPNf-treated group had a lower molecular 
weight component than those from the control and 
b-penicillamine-treated groups may reflect the inhibi- 
tion of cross-link formation and the enhanced degra- 
dation of the tissue collagen by BAPNf treatment. 
In order to clarify a possibility that a limited pro- 
teolysis of GSC may have occurred during dialysis 
against running tap water (16-18), part of the GSC 
fraction was dialysed against cold distilled water at 
|. As shown in.Fig. 2, the CM-cellulose chromato- 
graphic pattern of the GSC dialysed against cold dis- 
tilled water was similar to that of purified rat tail 
tendon collagen and peaks I, I] and IV were not 
found. It can be presumed therefore, that some pro- 
teolytic enzymes are present in the GSC fraction and 
a limited proteolysis of collagen may have occurred 
during dialysis of GSC against running tap water. 


{cknowledgement—The authors wish to thank Miss Set- 
suko Utsuki for excellent technical assistance. 


REFERENCES 


1. C. I. Levene, in Molecular Pathology of Connective Tis- 
sues (Eds. R. Perez-Tamayo and M. Rojkind) p. 175. 
Marcel Dekker Inc., New York (1973). 

. M. E. Nimni, J. biol. Chem. 243, 1457 (1968). 

. M. E. Nimni, N. Gerth and L. A. Bavetta, Nature 213, 
921 (1967). 

. G. R. Martin, J. Gross, K. A. Piez and M. S. Lewis, 
Biochim. biophys. Acta 53, 599 (1961). 

. M. L. Tanzer, in International Review of Connective 
Tissue Research (Ed. D. A. Hall), Vol. 3, p. 91. Aca- 
demic Press, New York (1965). 

. M. Fukuhara and S. Tsurufuji, Biochem. Pharmac. 18, 
475 (1969). 

. H. Nakagawa and S. Tsurufuji, Biochim. biophys. Acta, 
in press. ' 

3. H. A. Krebs, Biochim. biophys. Acta 4, 249 (1950). 

. K. IL. Kivirikko, O. Laitinen and D. J. Prockop, Analyt. 
Biochem. 19, 249 (1967). 

. H. Furthmayr and R. Timple, Analyt. Biochem. 41, 510 
(1971). 

. G. R. Martin, S. E. Mergenhagen and D. J. Prockop, 
Nature, 191, 1008 (1961). 

. A. J. Bailey. S. Bazin and A. Delaunay, Biochim. bio- 
phys. Acta 328, 383 (1973). 

. D.S. Jackson and G. Mechanic, Biochim. biophys. Acta 
336, 228 (1974). 

. K. Deshmukh and M. E. Nimni, J. biol. Chem. 244, 
1787 (1969). 

5. P. Bornstein, A. H. Kang and K. A. Piez. Proc. natn 
Acad. Sci. U.S.A. 55, 417 (1966). 

. M. L. Tanzer, Science 180, 561 (1973). 





Biochemical Pharmacology. Vol. 25. pp. 1133-1138. Pergamon Press, 1976. Printed in Great Britain 
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Abstract—Rat liver mitochondrial monoamine oxidase was inhibited by deprenil (selective inhibitor 
for the ‘B form’ of monoamine oxidase) to study the “A form’ of the enzyme separately. The activity 
towards serotonin (usually classified as a substrate for the ‘A form’) was estimated in the presence 
of additional monoamine oxidase substrates. All of the additional substrates investigated inhibited 
the activity towards serotonin competitively. In the deprenil inhibited preparation all of the residual 
activity towards f-phenylethylamine (usually classified as a substrate for the ‘B form’) was shown 
to be sensitive to the ‘A form’ inhibitor clorgyline, indicating that the “A form’ was also able to 
oxidize this substrate. The K,, values of the ‘A form’ for serotonin, tyramine and f-phenylethylamine 
did not differ significantly. 

When the ‘B form’ of monoamine oxidase was studied after inhibition of the ‘A form’ by clorgyline. 
all additional substrates investigated were able to inhibit the activity towards f-phenylethylamine in 
a competitive fashion. All of the remaining activity towards serotonin in the clorgyline inhibited prep- 
aration was sensitive to deprenil. Thus the ‘B form’ also appears to be able to oxidize this substrate. 
The K,, values for the ‘B form’ differed considerably: 4 uM for B-phenylethylamine, 102 44M for tyra- 


mine, and 2.5 mM for serotonin. 


There is much evidence for the existence of two types 
of functional forms of monoamine oxidase (mono- 
amine: O, oxidoreductase [deaminating] EC 1.4.3.4) 
in many different tissues from several species [1]. The 
two forms, called ‘A’ and ‘B’ according to their prefer- 
ential sensitivity to the inhibitors clorgyline [2] and 
deprenil [3], respectively, have also been shown to 
have different substrate specificities [1]. Serotonin 
and norepinephrine are oxidized mainly by the ‘A 
form’ in, for example, rat and human liver, while the 
‘B form’ oxidizes preferentially benzylamine and 
B-phenylethylamine. Some substrates (e.g. tyramine, 
tryptamine and dopamine) appear to be substrates 
for both the ‘A’ and the “B form’. However, it cannot 
be excluded that the ‘A form’ of the enzyme may also 
oxidize the substrates of the ‘B form’ to some extent 
and that the ‘B form’ of the enzyme may also oxidize 
those of the ‘A form’. 

By using mixed substrate experiments Houslay and 
Tipton [4, 5] obtained results which indicate that the 
active sites of the two forms can also bind compounds 
that are substrates for the other form. In the present 
study the ‘A form’ of monoamine oxidase in rat liver 
mitochondria was selectively inhibited by clorgyline 
and the ‘B form’ by deprenil in order to investigate 
this phenomenon further. The inhibitory effect of 
various monoamines on the ‘A form’ and on the ‘B 
form’ was then investigated separately and the cata- 
lytic properties of the two forms towards different 
monoamines were compared. 


MATERIALS AND METHODS 
Chemicals 

['*C]Serotonin, ['*C]tyramine, and p-[{'*C]- 
phenylethylamine were obtained from New England 
Nuclear, Boston, Mass., and the corresponding unla- 
belled substrates from Sigma Chemical Co., St. Louis, 
Mo. 

Deprenil (phenylisopropylmethylpropionylamine 
hydrochloride, E-250) was kindly provided by Dr. 
Magyar, Budapest, Hungary, through Dr. Kinemuchi, 
Tokyo, and _ clorgyline [N-methyl-N-propargyl-3 
(2,4-dichlorophenoxy)-propylamine hydrochloride, M 
& B 9302] from May & Baker Ltd., Dagenham, Eng- 
land (Dr. R. A. Robinson). 

Methods 

Preparation of mitochondria. Rat liver mitochondria 
were prepared as described by Hollunger and Ore- 
land [6] for pig liver mitochondria. 

Assay of monoamine oxidase. Monoamine oxidase 
activity was estimated essentially according to Jain 
et al. [7]. KCl was, however, omitted. The incubation 
medium contained, when not otherwise stated, 
['*C]serotonin (0.5 mM), ['*C]tyramine (0.5 mM) or 
B-['*C]phenylethylamine (0.05 mM) in a total volume 
of 275 yl of potassium phosphate (0.01 M, pH 7.4). 
In some experiments additional unlabelled substrate 
was present. Usually the reaction was started by the 
addition of 25 wl of an appropriate dilution of the 
enzyme preparation. The incubation was carried out 
for 20 min at 37° and the reaction was stopped by 
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the addition of 0.2 ml of 2 M hydrochloric acid. The 
enzyme reaction was found to be linear during the 
incubation time. The medium was extracted by ether 
in the case of serotonin and tyramine and with 
toluene in the case of f-phenylethylamine. Samples 


of the extracts were then taken for determination of 


radioactivity in a Packard Tri-Carb Liquid Scintilla- 
tion Spectrometer with Aquasol (New England Nuc- 
lear, Boston, Mass.) as scintillation liquid. 

Protein. Protein was estimated according to Lowry 
et al. [8] with human serum albumin as a standard. 


RESULTS 


Inhibition of the serotonin oxidizing activity by other. 


monoamine oxidase substrates. To investigate whether 
or not the ‘A form’ of monoamine oxidase in rat liver 
mitochondria could be inhibited by other monoamine 
oxidase substrates, the activity towards ['*C]sero- 
tonin was studied in the presence of increasing con- 
centrations of other monoamines (Fig. 1). In a control 
experiment increasing concentrations of unlabelled 
serotonin was added. As can be seen in Fig. | all 
of the unlabelled substrates added inhibited the acti- 
vity towards serotonin approximately to the same 
extent as in the control experiment. At a concen- 
tration of the additional monoamine equal to the con- 
centration of the ['*C]serotonin (0.5 mM) the activity 
towards ['*C]serotonin was reduced to about 50 per 
cent. When the concentration of the unlabelled amine 
was twenty times higher than that of the ['*C]sero- 
tonin (i.e. 10 mM) almost all of the activity towards 
the ['*C]serotonin was inhibited, irrespective of 
which additional amine was added. 

Inhibition of the B-phenylethylamine oxidizing acti- 
vity by other monoamine oxidase substrates. B-['*C]- 
Phenylethylamine, at a concentration of 0.05 mM was 
used as a substrate for the *B form’ of monoamine 
oxidase in the mitochondrial preparation. In the con- 
trol experiment, in which increasing concentrations 
of unlabelled f-phenylethylamine were added, the 
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Fig. 1. Inhibition by additional monoamines of rat liver 
mitochondrial monoamine oxidase activity towards sero- 
tonin. The monoamine oxidase activity towards ['*C]sero- 
tonin at a final concentration of 0.5 mM was estimated 
in the presence of increasing concentrations of addition- 
al unlabelled monoamines. Additional monoamines: 
x—x-—x: serotonin; O—O—Q: norepinephrine; 
A—A—A: tyramine; A—A—A: tryptamine: @—@®—®: 
benzylamine; O—O—O: f-phenylethylamine. 


activity towards f-['*C]phenylethylamine was inhi- 
bited to about 50 per cent when 0.05 mM unlabelled 
B-phenylethylamine was present (Fig. 2). At higher 
concentrations of B-phenylethylamine, substrate inhi- 
bition occurred. It is also evident from Fig. 2 that 
all of the additional monoamines used were able to 
reduce the activity towards f-['*C]phenylethylamine, 
but to a lesser extent than in the control experiment. 
Even when the concentration of unlabelled nore- 
pinephrine or serotonin was two hundred times 
higher than that of the f-['*C]phenylethylamine (i.e. 
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Fig. 2. 


Inhibition by additional monoamines of rat liver mitochondrial monoamine oxidase activity 


towards f-phenylethylamine. The activity of monoamine oxidase towards f-['*C]phenylethylamine 

at a final concentration of 0.05 mM was estimated in the presence of increasing concentrations of 

additional unlabelled monoamines. The symbols represent the same additional monoamines as indicated 
in the legend to Fig. 1. 
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Fig. 3. Clorgyline inhibition of monoamine oxidase acti- 
vity in uninhibited and deprenil inhibited rat liver mito- 
chondria. The deprenil inhibited mitochondria were 
obtained from the experiment described in Table 1. 
Samples of the uninhibited and deprenil inhibited rat liver 
mitochondria were then incubated in the presence of 
various concentrations of clorgyline at 25 for 20 min prior 
to the estimation of monoamine oxidase activity. The acti- 
vity is expressed as per cent of the activity in the absence 
of clorgyline. x — x— x: uninhibited mitochondria with 
serotonin as substrate; x x x : deprenil inhi- 
bited mitochondria with serotonin; A—-A—A: uninhibited 
mitochondria with tyramine: A A A: deprenil 
inhibited mitochondria with tyramine; O—O—O: un- 
inhibited mitochondria with -phenylethylamine; 
O----O ©: deprenil inhibited mitochondria with 
B-phenylethylamine. 
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Fig. 4. Inhibition by additional monoamines of serotonin 
oxidation of deprenil inhibited rat liver monoamine oxi- 
dase. Lineweaver—Burk plot of initial velocity of serotonin 
oxidation against serotonin concentration in the presence 
of fixed concentrations of additional unlabelled mono- 
amines. Rat liver mitochondria were preincubated in the 
presence of deprenil as described in Table 1. The mono- 
amine oxidase activity in samples of the deprenil inhibited 
mitochondrial preparation was estimated with various con- 
centrations of ['*C]serotonin as substrate in the presence 
of additional unlabelled monoamines. Additional mono- 
amines: O-—O—OQ): 75 nmoles of norepinephrine; 
A—A—A: 75 nmoles of tyramine; A—A—A: 25 nmoles 
of tryptamine; O—O—O: 75 nmoles of f-phenylethyla- 
mine; @—@—@: 75 nmoles of benzylamine: B—#—: 
no additional monoamine. 
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10 mM) 30-35 per cent of the activity towards the 
B-['*C]phenylethylamine remained. 

Inhibition of monoamine oxidase activity by clorgy- 
line and deprenil. As can be seen in Figs. 3 and 5 
the activity towards serotonin in the mitochondrial 
preparation was inhibited by low concentrations of 
clorgyline and only by high concentrations of 
deprenil, while the opposite result was obtained with 
B-phenylethylamine as substrate. With tyramine as 
substrate about half of the activity was sensitive to 
clorgyline and half to deprenil. Those results are in 
full agreement with previous findings [2, 3, 9]. 

Substrate specificity of the “A form’. To study the 
substrate specificity of the “A form’ separately, the *B 
form’ of monoamine oxidase was selectively inhibited 
by deprenil leaving 56 per cent of the activity towards 
serotonin, 20 per cent towards tyramine and 4 per 
cent towards f-phenylethylamine (Table 1). When the 
remaining activity was subsequently inhibited by in- 
creasing concentrations of the ‘A form’ inhibitor clor- 
gyline, almost all of the activity towards serotonin, 
tyramine and f-phenylethylamine was found to be in- 
hibited by low concentrations of clorgyline (Fig. 3), 
indicating that all these substrates now had been oxi- 
dized only by the ‘A form’ of the enzyme. 

The deprenil inhibited preparation was also used 
to study the type of inhibition of the ‘A form’ of 
monoamine oxidase by additional unlabelled mono- 
amines with ['*C]serotonin as substrate (Fig. 4). The 
K,, value was found to be higher in the presence of 
every one of the additional monoamines, while no 
significant change in the maximum velocity was 
obtained, indicating a competitive type of inhibition 
by both the substrates classified for the ‘A’ and the 
‘B form’. 

Substrate specificity of the *B form’. When the ‘B 
form’ of monoamine oxidase in the mitochondrial 
preparation was inhibited by clorgyline to study ‘A 
form’ activity selectively, 94 per cent of the activity 
towards f-phenylethylamine, 55 per cent towards tyr- 
amine and 2 per cent of the activity towards serotonin 
remained (Table 1). The enzyme preparation thus in- 
hibited by clorgyline was then inhibited by increasing 
concentrations of deprenil. As shown in Fig. 5 almost 
all of the activity in this preparation was highly sensi- 
tive to deprenil, irrespective of the substrate used, in- 
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Table 1. Per cent of monoamine oxidase activity remain- 
ing after inhibition of rat liver mitochondria by clorgyline 
and deprenil 





Deprenil inhibited Clorgyline inhibited 


Substrate mitochondria* mitochondria* 





Serotonin 56 
Tyramine 20 
f-phenylethylamine + 





* Rat liver mitochondria (53 mg protein) were preincu- 
bated in the presence of 5 nmoles of deprenil and 5 nmoles 
of clorgyline, separately, in a total volume of 1.0 ml at 
25° for 20 min. After preincubation the monoamine oxi- 
dase activity was estimated in aliquots. The rest of the 
samples were then chilled and used in the experiment de- 
scribed in Figs. 3 and 5 within 10 min. At this time no 
further reduction of the activity was found. 
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dicating oxidation of ‘A form’ substrates by the ‘B 
form’ of the enzyme. 

The type of inhibition by additional monoamines 
was also studied in the clorgyline inhibited mitochon- 
drial preparation with f-[{'*C]phenylethylamine as 
substrate (Fig. 6). None of the additional monoamines 
changed the maximum velocity, whereas the K,, value 
increased. Thus, the ‘B form’ activity was also inhi- 
bited in a competitive fashion. 

Determination of K,, values. The K,, values for unin- 
hibited (‘A° and ‘*B form’), clorgyline-inhibited (‘B 
form’) and deprenil-inhibited (‘A form’) mitochondrial 
monoamine oxidase were calculated from Linewea- 
ver Burk plots and are shown in Table 2. Compared 
to the *B form’ of the enzyme. the ‘A form’ had a 
much lower K,, for serotonin, considerably higher K,, 
for f-phenylethylamine and about half the K,, value 
for tyramine. In the uninhibited preparation com- 
paratively low K,, values were obtained both for sero- 
tonin and f-phenylethylamine, whereas with tyramine 
the K,, value was found to be in betweeen those of 
the ‘A’ and the ‘B form’. 


DISCUSSION 


Evidence has recently been presented that the two 
forms of monoamine oxidase are also able to bind 
monoamines which are substrates for the other form 
of the enzyme [4,5]. To compare the affinities of the 
two forms towards different substrates, the mono- 
amine oxidase activity in rat liver mitochondria 
towards serotonin and f-phenylethylamine was esti- 
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Fig. 5. Deprenil inhibition of monoamine oxidase activity 
in uninhibited and clorgyline inhibited rat liver mitochon- 
dria. The clorgyline inhibited mitochondria were obtained 
from the experiment described in Table 1. Samples Of the 
uninhibited and deprenil inhibited rat liver mitochondria 
were then incubated in the presence of various concen- 
trations of deprenil at 25 for 20 min prior to the estima- 
tion of monoamine activity. The activity is 
expressed as per cent of the activity in the absence of 
deprenil. x —-x-— x: uninhibited mitochondria with ser- 
otonin as substrate: x x x : cloreyline inhibited 
mitochondria with serotonin; A—A—A: uninhibited 
mitochondria with tyramine: A A A: clorgyline 
inhibited mitochondria with tyramine; O—O—O: un- 
inhibited mitochondria with f-phenylethylamine; 
oO O ©: clorgyline inhibited mitochondria with 
$-phenylethylamine. 
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Fig. 6. Inhibition by additional monoamines of f-phenyl- 
ethylamine oxidation of clorgyline inhibited rat liver 
monoamine oxidase. Lineweaver-Burk plot of initial vel- 
ocity of f-phenylethylamine oxidation against f-phenyleth- 
ylamine concentration in the presence of fixed concen- 
trations of additional unlabelled monoamines. Rat liver 
mitochondria were preincubated in the presence of clorgy- 
line as described in Table 1. The monoamine oxidase acti- 
vity in samples of the clorgyline inhibited mitochondrial 
preparation was estimated with various concentrations of 
B-['*C]phenylethylamine as substrate in the presence of 
additional unlabelled monoamines. Additional mono- 
amines: x — x — x : 375 nmoles of serotonin; 0—O—O: 
150 nmoles of norepinephrine; A—A—A: 75 nmoles of 
tyramine; A—A—A: 2.5 nmoles of tryptamine: @—@—®: 
30 nmoles of benzylamine: M—M@—@: no additional 
monoamine. 


mated in the presence of various concentrations of 
other monoamines. As can be seen in Fig. | all sub- 
strates investigated (i.e. substrates for both the ‘A’ and 
the *B form’ of monoamine oxidase) were able to in- 
hibit the activity towards serotonin (the ‘A form’ acti- 
vity) to about the same extent. Thus, the ‘A form’ 
does not appear to have a high preference for the 
substrates which are mainly oxidized by this form 
(serotonin and norepinephrine). 


Table 2. K,, values for monoamine oxidase in uninhibited, 
deprenil inhibited and clorgyline inhibited rat liver 
mitochondria* 





Clorgyline 
inhibited 
mito- 
chondria 
(uM) 


Deprenil 
inhibited 
mito- 
chondria 
(uM) 


Uninhibited 
mito- 
chondria 


Substrate (uM) 





Serotonin 60 62 2500 

Tyramine 88 ST 102 

f-phenyl- 14 62 4 
ethylamine 





* Rat liver mitochondria were preincubated by deprenil 
and clorgyline as described in Table 1. The monoamine 
oxidase activity in samples of the deprenil inhibited and 
the clorgyline inhibited preparation was then estimated 
with various concentrations of labelled substrates. The K,, 
values were obtained from Lineweaver—Burk plots. 





Substrate specificity of monoamine oxidase 


All of the monoamines investigated also inhibited 
the activity towards f-phenylethylamine, but the 
degree of inhibition differed considerably between the 
monoamines (Fig. 2). Thus, the substrates which are 
mainly oxidized by the ‘A form’ of monoamine oxi- 
dase inhibited the activity towards /-phenylethyla- 
mine significantly less than those which are sub- 
strates for the ‘B form’ or for both forms of the 
enzyme. Even at two hundred times the concentration 
of B-phenylethylamine norepinephrine and serotonin 
did not abolish this activity, but it seems likely, with 
respect to the shape of the curves, that the activity 
would have approached zero if the concentrations of 
these amines were further increased. 

In order to study the kinetics of the ‘A form’ of 
monoamine oxidase separately. the “B form’ of the 
enzyme was inhibited by deprenil. All of the mono- 
amines investigated inhibited the activity towards ser- 
otonin in this preparation in a competitive fashion 
(Fig. 4). This result contrasts, in part, to the findings 
of Houslay and Tipton [4] who found that benzyl- 
amine inhibited the activity towards serotonin in a 
mixed fashion in uninhibited rat liver mitochondria. 

When the ‘B form’ of monoamine oxidase was stud- 
ied after inhibition of the ‘A form’ by clorgyline, all 
the monoamines investigated competitively inhibited 
the activity towards f-phenylethylamine (Fig. 6). This 
is in agreement with the results of Houslay and Tip- 
ton [4] when they inhibited the activity towards 
benzylamine by serotonin. 

To investigate whether or not the ‘A form’ of 
monoamine oxidase also has some catalytic activity 
towards the inhibiting monoamines, the residual acti- 
vity towards f-phenylethylamine (4 per cent) and tyr- 
amine (20 per cent) in the deprenil inhibited prep- 
aration was inhibited by various concentrations of 
clorgyline (Fig. 3). Contrary to the finding in the unin- 
hibited preparation, all the residual activity was sensi- 
tive to clorgyline. According to the postulation that 
the ‘A form’ of monoamine oxidase is highly sensitive 
to clorgyline only the ‘A form’ remained. The ‘A form’ 
thus is also able to oxidize B-phenylethylamine, which 
is usually classified as a “B form’ substrate. It seems 
likely that this oxidation should also occur to some 
extent in uninhibited mitochondria, but, the propor- 
tion of f-phenylethylamine oxidized by that form 
seems to be too small to be recorded. The finding 
that all of the activity towards tyramine was sensitive 
to clorgyline in the deprenil inhibited preparation is 
also compatible with the explanation that the *B form’ 
alone was responsible for the oxidation of tyramine 
in this preparation. 

When the mitochondrial preparation was_pre- 
treated with clorgyline, almost all of the residual acti- 
vity towards serotonin (2 per cent) and tyramine (55 
per cent) was sensitive to deprenil (Fig. 5), indicating 
that almost only the ‘B form’ of monoamine oxidase 
remained and that the ‘B form’ was also able to cata- 
lyze the oxidation of serotonin. 

Thus, it seems probable that both the ‘A’ and the 
‘B form’ of monoamine oxidase is able to oxidize a 
variety of monoamines, but that some of them are 
predominantly oxidized by one or the other form of 
the enzyme. However, the proportion of a particular 
substrate oxidized by the ‘A form’ to that oxidized 
by the ‘B form’ may vary from tissue to tissue. Thus, 
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in pig liver mitochondria, in contrast to most other 
tissues, there is evidence that serotonin is oxidized 
by both forms of the enzyme to about the same extent 
[10]. This may be due to differences between the 
ratios of the two forms or to different catalytic activi- 
ties of the enzyme in different tissues. 

The K,,, values for both serotonin and /-phenyleth- 
ylamine differed considerably between the two forms 
of monoamine oxidase in rat liver mitochondria 
(Table 2), which at least partly explains why serotonin 
and f-phenylethylamine are mainly oxidized by differ- 
ent forms of the enzyme in that tissue. The finding 
that the K,, values for both serotonin and f-phenyl- 
ethylamine in uninhibited mitochondria are com- 
paratively low is also compatible with the postulation 
that serotonin is mainly oxidized by the ‘A form’ and 
f-phenylethylamine by the *B form’ of monoamine 
oxidase in uninhibited rat liver mitochondria. It may 
be noted, however, that the activity towards serotonin 
was estimated at a concentration below the K,,, for 
the ‘B form’ of the enzyme, and it is possible that 
the proportion of serotonin oxidized by the *B form’ 
of the enzyme had been greater, if the activity towards 
serotonin had been estimated at a higher concen- 
tration. 

A comparatively small difference between the K,, 
values of the two forms was obtained for tyramine 
and the K,, value in the uninhibited preparation was 
in between those of the ‘A’ and the ‘B form’ (Table 
2). These findings are in agreement with the assump- 
tion that this substrate is oxidized by both forms of 
the enzyme to about the same extent in uninhibited 
rat liver mitochondria. (Figs. 3 and 5). 

The finding that the ‘A form’ of the enzyme has 
about the same affinity for all substrates investigated 
and that the ‘B form’ has a higher affinity for the 
substrates without a p-hydroxyl group (i.e. f-phenyl- 
ethylamine benzylamine and tryptamine) may be 
compatible with the hypothesis of Severina [11], who 
proposed that the active site has both a hydrophobic 
and a polar region, that participate to varying degrees 
in the binding of different amines. In the binding of 
substrates without a p-hydrozyl group to both the 
‘A’ and the ‘B form’ of the enzyme only the hydro- 
phobic region of the active site may be involved. On 
the other hand, in the binding of substrates with a 
p-hydroxyl group (i.e. serotonin, norepinephrine and 
tyramine) to the ‘B form’ of the enzyme repulsive 
forces may act on the p-hydroxyl group, while these 
forces may not be present when these substrates bind 
to the “A form’ of the enzyme. 
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Abstract—The enzymes involved in the activation of the O-phosphate of p-hydroxyaniline mustard 
in cells in culture have been studied. The results are consistent with the view that the cytotoxic action 
of the drug against HeLa cells is dependent on the activity of alkaline phosphatase, of the carcinoplacen- 
tal type, located in the cell membrane. The drug was shown to be a substrate for each of the isoenzymes 
of HeLa alkaline phosphatase. The importance of extracellular phosphatase in drug activation was 


also established. 


The mouse plasma cell tumour Adj-PCS5, normally 
resistant to alkylating agent therapy, was shown by 
Connors and Whisson [1, 2] to be extremely sensitive 
to aniline mustard (I). Complete regression of large 
tumours was obtained with a single treatment. A cor- 
relation was subsequently established between aniline 


(1) R=H 
COOH 


CI CH, CH, 
\y . 
/ 

CICH, CH, 


R 
) R = —0-Po(oH), 
R = —0-SO0,0H 
Scheme 1. 


mustard sensitivity and tumour glucuronidase 
levels [3,4] and it was suggested that the activity of 
the drug was due to metabolism to the O-glucuronide 
(AMGI, II) in the liver and subsequent hydrolysis in 
the high glucuronidase environment of the tumour 
liberating the potently cytotoxic p-hydroxyaniline 
mustard (AMOH, III) selectively in the tumour. 
Metabolism of AM to AMGI was later confirmed in 
the rat[5]. Preliminary clinical trials indicate that 
there may be a correlation between response to ani- 
line mustard and glucuronidase activity in prostate 
tumours [6]. A logical extension of this work was the 
synthesis of AMGI and of the O-phosphate (AMPh, 
IV) and O-sulphate (AMSu, V) of AMOH as possible 
selective agents against tumours containing high 
levels of glucuronidase, phosphatase and sulphatase 
respectively [7]. Further work in this laboratory 
showed that AMPh and AMGI are deconjugated by 
the appropriate enzymes in vitro whereas AMSu is 
refractory to hydrolysis by arylsulphatases [8, 9]. 
AMPh, in common with the other conjugates, will 
be in the ionised form at physiological pH and conse- 
quently will be unable to penetrate cell membranes. 
Prior deconjugation of the drug by a phosphatase, 
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located extracellularly or in the tumour, must occur 
in order to release the uncharged, chemically reactive 
and highly toxic AMOH. AMPh therefore possesses 
latent activity [10] and deconjugation results in drug 
activation. Therefore selectivity could be achieved by 
the preferential liberation of AMOH in tumours con- 
taining high phosphatase levels. If AMPh is to be 
used rationally to treat such tumours it is necessary 
to determine (1) the relative importance of acid and 
alkaline phosphatase activity and (2) the importance 
of particular isoenzymes, in drug activation. In this 
paper a more detailed investigation of the action of 
AMPh in HeLa cells in culture is described, which 
has been previously reported in abstract form [11]. 

HeLa cells contain alkaline phosphatase of the car- 
cino-placental (or Regan) type [12,13] and evidence 
was obtained that this enzyme was responsible for 
drug activation by the cells. 


MATERIALS AND METHODS 


Cell culture methods 


HeLa cells were routinely cultured in spinner flasks 
at 0-5-2 x 10° cells/ml in Minimal essential Eagle’s 
medium (MEM) for suspension culture, supplemented 
with 7°, foetal bovine serum, penicillin and strepto- 
mycin (all reagents obtained from Flow Laboratories 
Ltd.). Monolayer cultures for colony survival assays 
were plated in MEM containing 15%, foetal bovine 
serum and antibiotics. Cells were plated at suitable 
concentrations and treated in monolayer by replacing 
the medium with drug-containing medium. In certain 
experiments this medium had phosphatase ac- 
tivity destroyed by heat inactivation at 70° for 5 min 
and in others L-phenylalanine (10 mM) added as well. 
In all cases drug was added to the medium in 
dimethyl sulphoxide (1° v/v). After 1 hr at 37° the 
drug was removed by careful washing in normal 
medium, and normal medium then added for the final 
incubation at 37° to produce colonies. After an appro- 
priate interval the colonies were fixed, stained and 
counted. 
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Drugs 

The alkylating agents used in this study were a gift 
from the Chester Beatty Research Institute to whom 
we wish to express our sincere thanks. AMPh (p-di-2- 
chloroethylaminopheny! phosphate) was used as the 
dicyclohexylamine salt. AMOH (p-di-2-chloroethyla- 
minophenol) was used as the hydrochloride. Drug 
solutions were used immediately to minimise mustard 
hydrolysis. 


Enzyme methods 


Enzyme preparation. Whole homogenates of suspen- 
sion culture cells were prepared by centrifugation of 
cell suspensions (800 rev/min, 5 min), resuspending the 
cells and washing twice in NaCl solution (0-9°,), 
resuspending in distilled water and homogenisation 
with an Ultra-Turrax homogeniser. Whole homo- 
genates of monolayer cultured cells were prepared in 
the same way after removal of the cells from the 
monolayer by scraping. 

For electrophoretic studies HeLa alkaline phospha- 
tase was partially purified by a modification of the 
method of Morton [14]. Washed cells were suspended 
in Tris-HCl buffer (0-2 M, pH 7-5) to give a 20% 
homogenate (wet wt/vol). The cells were broken by 
treatment with an ultrasonic disintegrator (Kerry’s 
Ultrasonics Ltd., 3 x 10 sec treatments, 100 w). N-bu- 
tanol was added (20°, v/v), the homogenate was 
shaken thoroughly, centrifuged (2500 g, 45 min) and 
the lower aqueous layer removed. 

Enzyme assays. Enzyme assays were normally car- 
ried out in a total volume of 0-6 ml containing equal 
parts of enzyme solution, buffer and substrate, at 37 . 
(i} Hydrolysis of the standard substrate p-nitrophenyl- 
phosphate (PNPP, Sigma Chemical Co. Ltd.) was 
measured by the release of p-nitrophenol. The reac- 
tion was stopped by the addition of 0:2°,, sodium 
dodecyl sulphate in 0:-2M_ glycine buffer, pH 12 
(4-4 ml) and the extinction at 412 nm was determined 
against an appropriate blank with reference to a p-ni- 
trophenol standard. (ii) Hydrolysis of AMPh was 
measured by the release of inorganic phosphate using 
a modification of the method of Fisk and Subba- 
Row [15]. The reaction was stopped by the addition 
of 5N sulphuric acid (0-6 ml), followed by 2:5°, 
ammonium molybdate solution (0-6 ml), reducing 
agent (0-1 ml), and water (5-0 ml). The reducing agent 
(100 ml) contained — l-amino-2-napthol-4-sulphonic 
acid (0-16 g), sodium bisulphate (0-8 g) and sodium 
sulphite (1:6 g). The extinction at 660nm was deter- 
mined against an appropriate blank and referred to 
a Calibration curve of KH,PO, in water. Incubation 
times were kept to a minimum to reduce complication 
by mustard hydrolysis. 


The details of experimental conditions for assay of 


the various enzymes studied are given below. 

1. Acid phosphatase. The acid phosphatase activity 
of HeLa cells, and foetal bovine serum was assayed 
in acetate buffer (66 mM, pH 4-9). 

2. Alkaline phosphatase. Alkaline phosphatase’ ac- 
tivity was assayed in carbonate-bicarbonate buffer 
(33 mM): HeLa alkaline phosphatase at pH 10-6, foe- 
tal bovine serum at pH 10-1. 

3. [Neutral phosphatase’. The term is used here to 
denote the activity observed when the assay was per- 
formed in Tris-HCl buffer (66mM) at pH 7-4, the 
pH of the cell-culture medium. 
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K,, determination 


1. Acid phosphatases. The substrate concentration 
was varied over the range 0:125—2 mM for both PNPP 
and AMPh. 

2. Alkaline phosphatases. The substrate concen- 
tration for PNPP was varied over the range 
05-15 mM, that for AMPh over the range 
0-125 2mM, the upper limit of which was determined 
by the poor solubility of the drug in water. 

K,, values were determined from double reciprocal 
plots of initial velocity against substrate concen- 
tration by the method of Lineweaver and Burk [16]. 
The line of best fit was computed by the method of 
least squares regression analysis using a Multi-8 com- 
puter. 


Inhibition by L-phenylalanine 


L-phenylalanine (LPA, Sigma Chemical Co. Ltd.) 
was dissolved in the appropriate buffer to give the 
required concentration and pH for the assay. Normal 
assay procedure was then carried out. The enzyme 
activities in the presence of LPA were compared to 
controls containing no inhibitor and the percentage 
activity remaining was determined. 

The kinetic nature of the inhibition of LPA on 
HeLa alkaline phosphatase was studied by varying 
the substrate (PNPP) concentration (2-15mM) at 
fixed inhibitor concentrations (0, 2:5, 5mM). The 
results were analysed in the form of a double recipro- 
cal plot of initial velocity against substrate concen- 
tration at the three inhibitor concentrations. 

The inhibition data was also analysed by the 
method of Taketa and Pogell [17,18]. A plot of log 
{control velocity — inhibited velocity/inhibited  vel- 
ocity] against log [LPA concentration] allows a cal- 
culation of the number of inhibitor molecules com- 
bining with one molecule of enzyme and of the disso- 
ciation constant of the inhibitor, Kj. 


pH Dependence of enzyme activity 


The effect of pH on the activity of HeLa alkaline 
phosphatase was studied over the pH range 9-12 in 
carbonate-bicarbonate buffer at a PNPP concen- 
tration of 15 mM. 

Enzyme specific activities 

Tetal enzyme activity was determined, under the 
conditions described for particular enzymes, using 
PNPP (15mM) as substrate. Protein concentration 
was estimated by the method of Lowry et al. [19], 
using bovine serum albumin (Sigma Chemical Co. 
Ltd.) as standard. Enzyme activities are expressed as 
pumoles/min/mg protein for HeLa enzymes and as 
umoles/min/| for foetal bovine serum enzymes in cell 
culture medium. 

Electrophoresis and isoenzyme preparation 

The isoenzymes of HeLa cell alkaline phosphatase 
were separated by polyacrylamide gel disc electro- 
phoresis based on the method of Davis [20], as used 
by Spencer [21-23]. Small-pore gels (105-mm long; 
S5mM_ dia) were 5% polyacrylamide; large-pore 
(spacer) gels (10 mM; 5-mm dia) were 2:5°% polyacry- 
lamide. The sample (50-100 ul) was applied mixed 
with an equal volume of sucrose solution (40°, w/v) 
and overlayered with buffer. The reservoir buffer was 
Tris-glycine (0-06°,, Tris, 0-29°, glycine, pH 8-3) and 
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the upper solution contained | ml bromophenol blue 
(BDH Chemicals Ltd., 0-001°,) as a marker. Electro- 
phoresis was performed using an analytical polyacry- 
lamide electrophoresis apparatus (Shandon Scientific 
Co. Ltd.), at a current of 5mA per gel supplied by 
a Vokam power supply, for approximately 90 min 
according to the migration of the dye front, in a cool 
air stream or refrigerator. 

Gels were stained for protein using 0-05°,, amido 
black (Edward Gurr Ltd.) in 7° acetic acid and 
stored in 7°, acetic acid. A variety of techniques were 
used for the detection of alkaline phosphatase activity 
on the gels. 

(i) Diazo coupling technique. Gels were incubated 
with a pre-filtered solution containing sodium 
f-naphthyl phosphate (Sigma Chemical Co. Ltd. 
1 mg/ml) and Fast Blue B (tetrazotised o-dianisidine), 
Sigma Chemical Co. Ltd. 1 mg/ml) in 0-2 M Tris-HCl, 
PH 8:7. A red colour is produced in regions of enzyme 
activity. Gels were washed and stored in 7°, acetic 
acid. 

(ii) Lead precipitation technique. The method used 
was based on the modification of Gomori's [24] ori- 
ginal procedure by Allen and Hyncik [25]. Gels 
were incubated with a solution containing 15 mM cal- 
cium chloride, 33mM _ Tris, and either the normal 
substrate sodium f-glycerophosphate (Sigma Chemi- 
cal Co. Ltd., 50mM) or AMPh (saturated solution), 
adjusted to pH 9-5, for 15min and 30 min respect- 
ively. Gels were then rapidly rinsed in distilled water 
and incubated for 30min in a solution containing 
3 mM lead nitrate, 80mM Tris, adjusted to pH 7 with 
1 N HNO,. After thorough rinsing in distilled water 
the gels were incubated in 5°,, ammonium sulphide 
for 2 min, resulting in a precipitation of lead sulphide 
in regions of enzyme activity. All incubations were 
at room temperature. Gels were washed thoroughly 
and stored in 7% acetic acid. 

(ili) p-Nitrophenol phosphate method. When a rapid 
non-permanent stain was required the gels were incu- 
bated in with 30mM PNPP in 50 mM carbonate-bi- 
carbonate buffer pH 10-6. 

The isoenzymes were prepared by slicing replicate 
gels with reference to a gel stained for enzyme activity 
with one of the above techniques. The gel slices were 
broken and the enzyme eluted with distilled water. 
The enzyme preparations were dialysed overnight 
against two changes of distilled water. 

To investigate the effect of neuraminidase on the 
electrophoretic mobility of HeLa alkaline phospha- 
tases | vol partially purified enzyme was incubated 
with 0-4 vol neuraminidase (N-acetylneuraminate gly- 
cohydrolase from Vibrio cholerae, BDH Chemical 
Ltd.; activity 500 units/ml), in 150mM_ Tris-HCl 
buffer, pH 7-5, for 18 hr at 37. 


RESULTS 

Cell survival experiments. The cytotoxicity of 
AMPh towards HeLa cells under various incubation 
conditions was investigated. Cell survival was deter- 
mined by the ability of cells to form colonies at vary- 
ing drug concentrations. The line of best fit was calcu- 
lated by linear regression analysis. The results of the 
experiments are shown in Fig. | and the data is sum- 
marised in Table | in the form of the D3, (calculated 
dose required to reduce survival to 37 per cent of 


Dose (ug/ml) 
2:0 
T 





Surviving fraction 





10* 
Fig. 1. HeLa cell survival curves. AMPh was incubated 
with cells in full medium (4), ‘heat inactivated’ medium 
(A), and ‘heat inactivated’ medium containing 10 mM LPA 
(CO) 
the control). The D3; for AMOH is included for com- 
parison. 

AMPh exhibits maximum effect when incubated 
with cells in normal medium, which contains con- 
siderable phosphatase activity (alkaline phosphatase 
16:7 umoles/min/l; ‘neutral phosphatase’ 0:8 «moles 
min/l; and acid phosphatase 1-2 pmoles/min/l). Kin- 
etic experiments showed that AMPh is a good sub- 
strate for both acid and alkaline phosphatase 
(K,, = 0-15mM, 0:50mM respectively) from foetal 
bovine serum and it is clear that extracellular phos- 
phatase activity is important in drug activation. Thus 
when this activity is destroyed prior to drug treat- 
ment, the observed D3; is much higher. Although the 
toxic effect of AMPh is much reduced in the absence 
of extracellular phosphatases cell killing is_ still 
observed, establishing the ability of the cells to acti- 
vate the drug. This was to be expected from the find- 
ing that AMPh was a good substrate for both alkaline 
and acid phosphatase in whole homogenates of HeLa 
cells (see next section). 

When the incubation was carried out in heat-inacti- 
vated medium containing LPA the D3, for the HeLa 
cell line was increased by about 50°,. LPA is an in- 
hibitor of HeLa alkaline phosphatase in vitro [12] but 
was found to have little effect on HeLa acid phospha- 
tase. 

AMPh as a substrate for HeLa phosphatases. Table 
2 shows the K,, values for AMPh and the standard 
substrate PNPP for the acid and alkaline phospha- 
tase of HeLa cell whole homogenates (monolayer cul- 
tured cells). AMPh is a good substrate for all the 
enzymes. 


Table 1. Summary of the cell survival experiments 





Bes 


Treatment ug/ml 





0-20 
0-43 


AMOH in normal medium 

AMPh in normal medium 

AMPh in ‘heat inactivated’ 
medium 

AMPh in ‘heat inactivated’ 
medium + LPA 


1-06 


1-65 
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Table 


2. K,, values for acid and alkaline phosphatase of HeLa cell 


homogenate 





K,, AMPh 
(mM) 


K,, PNPP 
(mM) 





HeLa acid phosphatase 
HeLa alkaline phosphatase 


0-2 0-2 
1-0 3:5 





In order to elucidate the enzyme or enzymes re- 
sponsible for drug activation by the cells the inhibi- 
tory properties of LPA toward the various phospha- 
tases were studied. 

Inhibition by LPA. The effect of LPA on the activity 
of alkaline, acid and ‘neutral’ phosphatases from 
HeLa cells is shown in Figure 2. Clearly alkaline 
phosphatase is inhibited quite strongly (80°, inhibi- 
tion), ‘neutral phosphatase’ less strongly (35°, inhibi- 
tion) and acid phosphatase not at all, by 10 mM LPA. 
LPA is known to inhibit several alkaline phospha- 
tases, including HeLa, in a pH-dependent man- 
ner [26, 18], but it is not known to inhibit acid phos- 
phatases. Kinetic analysis using double reciprocal 
plots confirmed that LPA was acting as an uncompe- 
titive inhibitor of HeLa alkaline phosphatase 
(K; = 2:5 mM). Treatment of the data by the method 
of Taketa and Pogell gave a similar K; value and 
confirmed that one molecule of LPA binds per mol- 
ecule of enzyme [18]. The inhibition of ‘neutral’ phos- 
phatase activity is therefore likely to be due to inhibi- 
tion of alkaline phosphatase activity, particularly in 
view of the far greater activity of this enzyme over 
acid phosphatase in the cell homogenate (Table 3). 

Since alkaline phosphatase appeared to be impor- 
tant in the mechanism of action of AMPh it was 
necessary to establish if particular isoenzymes were 
involved. The results of this study are reported in 
the next section. 

Isoenzyme_ studies. The electrophoretic variants 
(isoenzymes) of HeLa alkaline phosphatase were 
separated by polyacrylamide gel electrophoresis. The 
observed electrophoretic pattern is shown in Figure 
3. The electrophoretogram from cells grown in sus- 
pension culture shows four well separated bands and 
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LPA concentration (mM) 
Fig. 2. Inhibition of phosphatase activity in HeLa cell 
homogenate by L-phenylalanine at pH 4-9 (0), pH 7:4 (A) 
and pH 106 (0). 


differs from that obtained from cells in monolayer 
in which the fastest-running anodic band (isoenzyme 
1) is absent. These results confirm those obtained by 
Spencer and Macrae[23]. An_ identical electro- 
phoretic pattern to that shown in Figure 3(i) was 
obtained with the standard substrates, sodium f-nap- 
thylphosphate (diazo coupling technique), sodium 
B-glycerophosphate (lead precipitation technique), 
PNPP, and also with AMPh. Thus AMPh is a sub- 
strate for all 4 isoenzymes. To confirm this the isoen- 
zymes were purified by slicing the gels and eluting 
the enzyme. The contributions of the isoenzymes to 
the total activity were: 1; 3%, 2; 12%, 3; 39%, 4; 
46°. Some kinetic properties were studied in an 
attempt to characterise the isoenzymes. The results 
are summarised in Table 4, together with data for 
whole homogenate. The kinetic properties observed 
for total alkaline phosphatase in whole homogenates 
of monolayer and suspension-cultured cells were 
identical. 

AMPh is clearly a good substrate for all four isoen- 
zymes. Since the loss of isoenzyme | from HeLa cells 
of monolayer and suspension-cultured cells were 
takes several days [23], each of these enzymes could 
be responsible for drug activation. 

The overall electrophoretic pattern is of the car- 
cino-placental type [27, 12] and the kinetic properties 
of (i) high pH optimum (10-6) and (ii) inhibition by 
LPA exhibited by each of the isoenzymes is consistent 
with the view that all four isoenzymes are of this type. 
The kinetic properties of the isoenzymes are similar 
which is in agreement with the general behaviour of 
alkaline phosphatase isoenzymes within other tis- 
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Fig. 3. Diagram of alkaline phosphatase activity on 
polyacrylamide gels of HeLa cell homogenate (i) suspen- 
sion culture, (ii) monolayer culture. 


Table 3. Specific activity of HeLa cell (monolayer) phosphatases 





Sp. act. 
(umoles/min/mg + S.E.M.) 





Acid phosphatase 
Alkaline phosphatase 
‘Neutral phosphatase’ 


0-104 + 0-007 
4:06 + 0:18 
0-091 + 0-006 
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Table 4. Summary of the kinetic analysis of the isoenzymes of HeLa cell (suspension culture) alkaline phosphatase 





Enzyme 





Isoenzyme 
1 


Whole 
homogenate 


Isoenzyme Isoenzyme Isoenzyme 
2 4 





K,, PNPP (mM) 1-0 
K,, AMPh (mM) 1-6 
pH optimum 10-6 
Inhibition by LPA (5 mM), %, 60 


35 3 35 35 

1-4 10 
10-6 106 
65 s 65 





sues [28]. Treatment with neuraminidase was found 
to reduce the mobility of the three faster running 
bands, and it is likely that the isoenzymes differ 
mainly in their sialic acid content [21]. Isoenzyme 1 
was less sensitive than the other three to inhibition 
by LPA. 


DISCUSSION 


The primary object of this work was to determine 
the factors likely to be involved in the action of 
AMPh in vivo. AMPh is a strongly polar compound 
which would be fully ionised under physiological con- 
ditions and would therefore be unlikely to penetrate 
the cell membrane. In contrast the dephosphorylated 
compound, AMOH, would be taken up by the cell. 
It would seem a reasonable hypothesis that the 
observed cell killing effect of AMPh is due to the 
uptake of the potently cytotoxic AMOH produced 
by the action of a phosphatase located extracellularly 
or in the cell membrane. This is illustrated schemati- 
cally in Figure 4. The results reported here support 
this view and suggest that the enzyme involved is 
alkaline phosphatase. 

A number of observations are consistent with this 
hypothesis. AMPh is extremely toxic toward HeLa 
cells when phosphatase activity is present in the incu- 
bation medium and the toxicity is greatly reduced 
by the elimination of this activity by denaturation 
of the foetal bovine serum prior to treatment. This 
observation highlights two important facts. Firstly, 
that extracellular phosphatases may contribute con- 
siderably to deconjugation of the drug in vivo (both 
acid and alkaline phosphatases from foetal bovine 
serum accept the drug as a substrate). Secondly, that 
in the absence of extracellular phosphatase activity 
deconjugation is carried out by the cells. Acid and 
alkaline phosphatases from HeLa cells were able to 
deconjugate the drug in vitro. When LPA is included 
in the incubation medium the cytotoxicity of AMPh 
to HeLa cells is further reduced. LPA was shown to 
inhibit HeLa alkaline phosphatase exclusively and 
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Fig. 4. Schematic representation of activation of AMPh. 


has no appreciable effect on HeLa acid phosphatase. 
These results clearly implicate alkaline phosphatase 
as the enzyme responsible for deconjugating the drug. 

This is in good agreement with the sub-cellular 
location of the phosphatases. Alkaline phosphatase 
is known to be associated, though not exclusively, 
with cell membranes, for example in the brush- 
borders of intestinal and kidney tubule epithelium 
where it may be involved in transport of metabo- 
lites [29]. In contrast acid phosphatase is mainly, 
though not exclusively, a lysosomal enzyme [30]. Cell 
fractionation studies have shown that a considerable 
proportion of HeLa cell alkaline phosphatase activity 
is associated with the plasma membrane [31]. 
Recently it was suggested that the uptake of Synkavit 
(a phosphorylated napthoquinol) and its tritiated ana- 
logues into cells in culture was dependent upon 
dephosphorylation by an alkaline phosphatase 
located in the plasma membrane [32,33]. These 
authors showed that the uptake of the drug into 
HEp2 cells was reduced by inhibitors of alkaline 
phosphatase which was located mainly in the cell 
membrane. Unpublished work in this laboratory has 
shown that HEp2 alkaline phosphatase has similar 
kinetic and electrophoretic properties to the HeLa 
enzyme. It seems likely that a similar mechanism is 
operative in the activation of AMPh and Synkavit 
involving dephosphorylation by a carcino-placental 
type alkaline phosphatase at the cell membrane. 

Our investigation of the kinetic properties of puri- 
fied HeLa alkaline phosphatase isoenzymes showed 
that all the isoenzymes were of the carcinoplacental 
type and were able to deconjugate the drug in vitro. 
This is of possible clinical relevance in the light of 
recent reports of the occurrence of carcino-placental' 
type alkaline phosphatase in neoplasms of various 
types [34, 35]. Tumours in which this enzyme or other 
membrane phosphatases are elevated, or those in 
which there are high levels of extracellular phospha- 
tase in the tumour environment may be possible tar- 
gets for AMPh. Tumours of the prostate, for example, 
often have elevated acid phosphatase. AMPh is 
known to be effective against the alkylating agent sen- 
sitive Adj-PC6A tumour [7] which contains elevated 
levels of both acid and alkaline phosphatase (unpub- 
lished results). 

Several other studies have illustrated the impor- 
tance of alkaline phosphatase in therapeutics. A cor- 
relation has been established between the alkaline 
phosphatase levels of various human cell lines and 
resistance of the glucose analogue 2-deoxyglu- 
cose [36]. It was suggested that the enzyme reduces 
the level of the active phosphorylated metabolite. A 
similar mechanism has been suggested for the aquire- 
ment of resistance of neoplastic cells to the 6-thiopur- 
ines and other compounds in which the phosphory- 
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lated metabolites are the active  anti-tumour 
agents [37-42]. However Balogh and Szendr6i [43] 
have reviewed the use of Honvan (diethylstilboestrol 
diphosphate), originally designed by Druckery and 
Raabe [44] as a specific agent for prostate tumours 
with high acid phosphatase, and concluded that pros- 
tatic phosphatase activity is probably not responssible 
for the clinical efficacy of this agent. 

Work is in progress in this laboratory to determine 
the frequency with which acid and alkaline phospha- 
tase (and also glucuronidase and sulphatases) are ele- 
vated in human tumours. Although the phosphatases 
are known-to be elevated in a variety of human 
tumours[26] it remains to establish the levels 
required to produce a significant therapeutic advan- 
tage. Whether or not sensitivity to the drug can be 
correlated with total acid or alkaline phosphatase ac- 
tivity, or with particular isoenzymes, in vivo, will be 
investigated in a series of transplantable mouse colon 
tumours. 

The effects of deconjugation of the drug by host 
phosphatases also remain to be established. The 
results described in this paper clearly suggest that 
extracellular phosphatase can contribute considerably 
to deconjugation. It has been suggested that Estracyt 
(a phosphorylated estradiol mustard, used clinically 
in the treatment of prostate tumours) is rapidly hyd- 
rolysed by serum phosphatases [45]. Furthermore 
serum phosphatases are elevated in a variety of malig- 
nant diseases (see review by Schwartz [46]). Extensive 
deconjugation of AMPh in the serum, or indeed in 
other host tissues, would obviously negate the poten- 
tial selective effect of the drug. These problems will 
be investigated by analysis of the pharmacokinetics 
of AMPh and its metabolites. 

The factors involved in activation of AMPh in vivo 
are clearly complex and of general relevance to 
chemotherapy involving phosphorylated agents. The 
cell culture model described in this paper has allowed 
the mechanisms involved at the cellular level to be 
determined. 
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Abstract 


Interaction of miconazole, an antifungal agent, with mammalian erythrocytes has been stud- 


ied. Miconazole brings about hemolysis of sheep erythrocytes and 50 per cent hemolysis is observed 
at a drug concentration of 1-58 x 10°**M. The drug-induced hemolysis is dependent on drug:cell 
ratio. Erythrocytes from different species do not show any significant variation in their sensitivity 
to miconazole. The uptake of miconazole by erythrocytes is very rapid and major portion of the 
drug taken up is associated with the cell membrane. Miconazole binds mostly to membrane lipoprotein 
fractions containing a lipid:protein ratio of 1-0. Miconazole-induced hemolysis is inhibited by serum 
and the serum components responsible for the inhibition have been identified as albumin and IgG. 
Bovine serum albumin is found quite effective in protecting erythrocytes against drug-induced hemolysis. 
The hemolytic activity of miconazole has been compared with polyene antibiotics, digitonin and 
2-phenethylalcohol. From these results it is concluded that miconazole interacts directly with the red 


cell membrane and alters its permeability. 


Miconazole nitrate [1-(2.4-dichloro-f-(2.4-dichloro- 
benzyloxy) phenethyl)imidazole nitrate] has a broad- 
spectrum of activity against most pathogenic fungi 
and Gram-positive bacteria [1-3]. Its effective thera- 
peutic use as a topical applicant in treating skin and 
nail infections and in vaginal candidiasis has been 
well documented [4-8]. 

Biochemical and electron microscopic studies on 
the mechanism of action of miconazole have been 
reported [9-11]. The drug caused a significant in- 
crease in membrane permeability in cells of Candida 
albicans as evidenced by a rapid loss of intracellular 
materials [9]. At low concentrations, miconazole sel- 
ectively inhibited the uptake of purines and glutamine 
by the cells of C. albicans [10]. Electron microscopic 
examination of C. albicans cells exposed to micona- 
zole revealed that the earliest drug-induced alter- 
ations are seen at the plasma membrane before any 
other cytoplasmic organelle seems to be in- 
volved [11]. These findings clearly reveal that 
miconazole impairs membrane function by inducing 
selective permeability changes in the cell membranes 
of sensitive cells. 

In an attempt to determine whether the action of 
miconazole on membrane permeability is restricted 
to yeast cells or has a similar action on animal cells, 
its effect on the permeability of sheep erythrocytes 
is investigated. The present paper reports a study of 
various aspects of interaction of miconazole with red 
blood cells. 


MATERIALS AND METHODS 
Materials. Crystalline bovine serum albumin, cho- 
lesterol, digitonin and sodium dodecyl sulphate were 
purchased from Sigma Chemical Co., St. Louis, 
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U.S.A. Amphotericin B and nystatin were kindly 
donated by E. R. Squibb and Sons, Inc., Princeton, 
U.S.A. Miconazole nitrate was a gift sample from 
Ethnor Ltd., Bombay, India. [*H]Miconazole (sp. act. 
292-3 mCi/m-mole) was a kind donation of Janssen 
Pharmaceutica, Belgium. 

Erythrocyte preparation. Fresh blood from healthy 
human adults, wistar rats, guinea pigs, rabbits and 
sheep (for non-nucleated erythrocytes) or from 
chickens (for nucleated erythrocytes) were obtained 
using Alsever’s solution as an anticoagulant. Immedi- 
ately after collection, the blood was centrifuged at 
1500 g in a Sorvall centrifuge model RC-2B for 10 min 
at 4 and the plasma and the buffy coat were 
removed. The packed erythrocytes were washed four 
times with 0:15 M NaCl (isotonic saline) followed by 
centrifugation. The cells after the last wash were sus- 
pended in 0:15 M NaC] to give an erythrocyte suspen- 
sion containing approximately 1-5 x 10° cells/ml (by 
hemocytometer count). Unless otherwise specified, all 
experiments were done with this cell suspension. Ali- 
quots of the cell suspension were pre-incubated for 
15min at 37 before the start of the reaction. 

Measurement of hemolysis. Hemolysis was deter- 
mined by the addition of 0-1 ml of washed erythro- 
cytes to 49 ml of 0-15 M NaCl (preincubated at 37 
for 15 min) containing miconazole (in 50°, ethanol) 
at various concentrations. Each sample had a final 
volume of Sml and erythrocyte concentration of 
3 x 10’ cells/ml. Control tubes containing appro- 
priate quantity of ethanol were included in each ex- 
periment and the final concentration of ethanol in 
all the samples was | per cent. After the required 
time of incubation at 37, the tubes were centrifuged 
and the hemoglobin released was determined by mea- 
suring the absorbance of the supernatant at 540 nm 
in a Beckman model-DU spectrophotometer. The 
data were corrected: for the release of hemoglobin 
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observed in controls. To determine the total amounts 
of intracellular hemoglobin, 0-1 ml of cell suspension 
was lysed in 4-9 ml of distilled water and centrifuged. 
The supernatant had an absorbancy of 0-800 at 
540 nm. Loss of hemoglobin was expressed as a per 
centage of total cellular content of hemoglobin in the 
untreated cells. 

Uptake of [*H]miconazole. [7H]Miconazole (sp. 
act. 292-3 mCi/m-mole) was diluted with unlabeled 
miconazole to achieve the desired molar concen- 
tration of the drug. This diluted solution (4 x 10° 
M) was used to measure the uptake of miconazole 
at different concentrations in 0:15M NaCl-0-01 M 
sodium phosphate buffer, pH 7-4. Erythrocytes (1-6 x 
10° cells) were incubated at 37° with different concen- 
trations of [*H]miconazole dissolved in 50°, ethanol. 
The final volume of each sample was 4ml and con- 
tained 4 x 10’ cells/ml. After 15min of incubation, 
2-ml aliquots of cell suspension were removed and 
centrifuged. Aliquots (100 yl) of supernatant fraction 
and total cell suspension were spotted on Whatman 
3 MM filter squares, dried under infrared lamp, and 
counted in Beckman LS-100 liquid scintillation 
counter using 10 ml scintillation fluid containing 0:4°, 
PPO and 0-005°,, POPOP in toluene. The difference 
between the counts in the supernatant and total cell 
suspension was taken as the amount of drug taken 
up by the cells. 


The amount of miconazole associated with the 


cytoplasm and bound to the cell membrane was 
determined in the following way. Cell suspensionn in- 
cubated with [*H]miconazole (1 x 10°°M) was 


washed twice with 0-15 M NaCl and were then hemo- 
lysed in 5mM sodium phosphate buffer, pH 7-4. An 
aliquot (100 sl) of the hemolysate was removed for 
counting and the remainder was centrifuged at 
20,000 g for 20 min to separate the red cell membrane 
from the cytoplasm. Radioactivity in 100 ul of the 
supernatant fraction (cytoplasm) was determined as 
described above. The difference between the amount 
of drug taken by the cells and the amount in the 
cytoplasm is taken as the amount of drug bound to 
membranes. 

Preparation of erythrocyte membranes. Sheep eryth- 
rocyte membranes were prepared by the procedure 
of Dodge et al.{12]. The cells were washed thrice 
with 0-15M NaCl by centrifugation at 1500g for 
10 min at 4°. Membranes were prepared by the osmo- 
tic lysis of washed erythrocytes by adding 10 volumes 
of-cold 65mM sodium phosphate buffer, pH 7:4 to 
1 volume of packed cells and mixed with a magnetic 
stirrer for 15 min. The hemolysate was centrifuged at 
30,000 g at 4° for 40 min in a Sorvall centrifuge model 
RC-2B. Following centrifugation, the post hemolytic 
residue was washed four to six times with the same 
buffer and a final wash with isotonic saline. The milky 
membrane preparation thus obtained from the last 
centrifugation, was suspended in isotonic saline to a 
protein concentration of 13 mg/ml. 

Solubilization of erythrocyte membranes and gel filt- 
ration. Solubilization of erythrocyte membranes and 
subsequent gel filtration was done according to the 
method of Zimmer et al. [13]. Membrane preparation 
containing 9 mg protein was incubated at 37° with 
055ml of 1% sodium dodecyl sulphate for 30 min. 
The -concentration of sodium dodecyl sulphate was 
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about 0-6 mg/mg of membrane protein. 0-015 pmoles 
of [*H]miconazole contained in 0-15M NaCl was 
then added and the final volume was made up to 
2:5 ml with 0:15M NaCl. Incubation was continued 
for a further 30min and the solubilized membranes 
were gel filtered. 

Sephadex G-100 column (48 x 1-2.cm) was equili- 
brated with 05M NaCl0-01M Tris-HCl, pH 8-4. 
The dissolved membranes were layered onto the 
column and gel filtration was carried out at 28°. Frac- 
tions of about 1-5ml were collected. The fractions 
comprising within the peak at 280nm were analysed 
for protein, lipid and radioactivity. Protein, phospho- 
lipid and cholesterol were determined in 0-1—0-2-ml 
samples. Radioactivity in 0-!-ml sample was deter- 
mined as described above. 

Incubation of serum with [*H]miconazole and gel 


filtration. One ml sheep serum was incubated with 


[*H]miconazole (0-025 umoles) at 37° for 30 min and 
gel-filtered at 28° on Sephadex G-200 column 
(53 x 2cm) equilibrated with 0-1M NaCl-0-:05 M 
sodium phosphate buffer, pH 7:4. Fractions of 3 ml 
were collected and absorbancy at 280nm_ and 
radioactivity determined. 

Analytical procedures. Protein was determined by 
the procedure of Lowry et al.[14] with crystalline 
bovine serum albumin as standard. Membrane lipids 
were isolated by the method of Bligh and Dyer [15]. 
Lipid phosphorous was determined by a modification 
of the method of Bartlett [16], as reported by Mar- 
inetti [17] and phospholipid was estimated by multi- 
plying the lipid phosphorus content by 25. Chole- 
sterol was determined by the method of Glick et 
al. {18}. 


RESULTS 


Miconazole-induced hemolysis. The time course of 
miconazole-induced hemolysis of sheep erythrocytes 
is shown in Fig. la. At a miconazole concentration 
of | x 10°*M,'the hemolysis by miconazole is very 
rapid and the rate is linear up to 20min. Complete 
hemolysis resulted in 40min. In control tubes con- 
taining ethanol at a final concentration of 1% (con- 
centration equivalent to those in experimental tubes) 
hemolysis is less than 0:5 per cent. 

The effect of miconazole concentration on the in- 
itial rate of hemolysis is shown in Fig. 1b. The cells 
are incubated with various concentrations of drug for 
Smin at 37°. The extent of hemolysis is markedly 
influenced by the drug concentration. Up to a drug 
concentration of 1-2 x 10°*M the rate of hemolysis 
is very slow and thereafter increases rapidly. The drug 
concentration required for 50 per cent hemolysis is 
1-58 x 10°*M and complete hemolysis occurs at a 
concentration of 2:2 x 1074 M. 

The loss of hemoglobin from the erythrocytes is 
dependent not only on the concentration of micona- 
zole in the incubation medium, but also on the 
number of erythrocytes present in the suspension. 
When miconazole concentration is held constant, and 
the number of cells per unit volume of suspending 
medium is increased, the hemolysis is progressively 
decreased with increasing cell concentration (Fig. 2). 
The hemolysis is oniy 60 and 20 per cent at erythro- 
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Fig. 1. Miconazole-induced hemolysis of sheep erythro- 

cytes. (a) Time course of hemolysis of sheep erythrocytes 

by miconazole. Miconazole concentration, | x 10~* M. (b) 

Effect of miconazole concentration on the initial rate of 

hemolysis of sheep erythrocytes. Incubation time, 5 min at 
oF: 


cyte concentration of 3 x 10’ and 6 x 10” cells/ml, 
respectively. 

Uptake and distribution of miconazole. When eryth- 
rocytes are incubated with [*H]miconazole at non- 
hemolytic concentrations for 15min at 37°, the 
uptake of drug by erythrocytes is very rapid and is 


linear over the concentrations tested (Fig. 3). 
Measurements of its uptake by red cells at different 
concentrations show that more than 60 per cent of 
the drug added to the red cell suspension is associated 
with the red cells. The distribution of radioactivity 
in cellular fractions of erythrocytes incubated with 
[*H]miconazole was studied. The major portion of 
the radioactivity taken up by the cells (83%) is found 
associated with the cell membranes. 

Binding of [*H]miconazole to erythrocyte membrane 
fraction. When sheep erythrocyte membranes are 
solubilized with sodium dodecyl] sulphate and gel fil- 
tered on Sephadex G-100, the partial separation of 
membrane lipoproteins is achieved. As the gel filt- 
ration proceeds, the lipid:protein ratio changes from 
above | to about 0-2. This separation of membrane 
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of sheep erythrocyte concentration on 
miconazole. Miconazole concentration, 
1 x 10°*M. 


Fig. .2. Effect 
hemolysis by 


lipoproteins indicate that the lipoproteins with the 
higher lipid content are eluted first. To characterize 
the miconazole binding site on membranes the solubi- 
lized membranes are incubated with [*H]miconazole 
and gel-filtered. The pattern of elution of lipoproteins 
and radioactivity are shown in Fig. 4. The radioacti- 
vity peak coincided with the membrane lipoprotein 
peak having a lipid:protein ratio of 1:0. About 90 
per cent of the total radioactivity present during the 
incubation of membranes with the drug got eluted 
with the liproprotein fractions indicating a strong 
binding of miconazole to membrane components. 

Inhibition of hemolysis by serum. The effect of 
homologous serum on the miconazole-induced hemo- 
lysis of sheep erythrocytes is shown in Fig. 5. The 
erythrocytes are preincubated with serum and the 
reaction is started by the addition of miconazole to 
a final concentration of 1 x 10°*M and incubated 
for 20 min at 37°. The serum has a protective action 
and inhibits the miconazole-induced hemolysis even 
at low concentrations. At 0:2 serum level, the hemo- 
lysis is inhibited by 60 per cent and at 1% the inhibi- 
tion is more than 90 per cent. 
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. 3. Uptake of [*H]miconazole by sheep erythrocytes. 
Incubation time, 15 min at 37°. 
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Fig. 4. Binding of [*H]miconazole to erythrocyte mem- 
brane lipoprotein fractions. Erythrocyte membranes, solu- 
bilized with sodium dodecyl sulphate, were incubated with 
{[*H]miconazole and gel-filtered on Sephadex G-100 
column. After gel filtration, individual fractions were ana- 
lysed for radioactivity, protein and lipid content. 


To characterize the serum component(s) respon- 
sible for the inhibition of miconazole-induced hemo- 
lysis, serum is incubated with [*H]miconazole and 
gel-filtered on Sephadex G-200 (Fig. 6). The radioacti- 
vity of the drug eluted in fractions containing IgG 
and albumin. About 40 per cent of the total radioacti- 
vity is found in IgG fraction and 60 per cent in the 
albumin. These results indicate that miconazole binds 
to serum proteins and the inhibitory effect of serum 
on hemolysis is a consequence of miconazole binding 
to serum proteins. 
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Fig. 5. Inhibition of miconazole-induced hemolysis of 
sheep erythrocytes by homologous serum. Miconazole con- 
centration, | x 10°*M. 
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Fig. 6. Binding of [*H]miconazole to serum proteins. One 
ml sheep serum was incubated with [*H]miconazole and 
gel-filtered on Sephadex G-200 column. After gel filtration, 
each fraction was analysed for absorbancy at 280nm and 
radioactivity. 


Since miconazole binds to albumin it is of interest 
to see the hemolytic activity of miconazole in the 
presence of albumin. Erythrocytes are preincubated 
with various amounts of bovine serum albumin for 
30 min at 37° before the addition of miconazole. As 
shown in Fig. 7 the hemolytic activity of miconazole 
is inhibited by albumin and at an albumin concent- 
ration of 0-4 mg/ml, the hemolysis is inhibited by 68 
per cent. The hemolytic activity of miconazole is par- 
tially retained at 2 mg/ml albumin concentration. 

Relative hemolytic effect of miconazole compared 
with other membrane-active drugs. For comparison, 
the effect of other membrane-active agents like 
polyene antibiotics, digitonin and 2-phenethylalcohol 
on sheep erythrocytes is studied. The cells are incu- 
bated with the different concentrations of each drug 
for Smin at 37° and from the graphic plot of the 
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Fig. 7. Effect of bovine serum albumin concentration on 
hemolysis of sheep erythrocytes by miconazole. Micona- 
zole concentration, | x 10°*M. 





Mechanism of action of miconazole 


Table 1. Comparative hemolytic effect of miconazole with 
other membrane active agents 





Concentration of drug required 


Drugs tested for 50°, hemolysis 





9-2 x 10°°M 
84x 10°°M 
2-6 x 10°°M 
5-7 x 10°7M 
1:58 x 10°*M 


Amphotericin B 
Nystatin 

Digitonin 
2-Phenethylalcohol 
Miconazole 





To tubes containing different concentrations of drugs in- 
dicated in the table, washed sheep erythrocytes were added 
to a final concentration of 3 x 107 cells/ml, incubated for 
5 min at 37° and immediately centrifuged. The hemoglobin 
released was measured as described under Materials and 
Methods. Amphotericin B and nystatin were dissolved in 
dimethylformamide, digitonin in absolute alcohol and dilu- 
tions of 2-phenthylalcohol in 50°, ethanol. The control 
tubes contained the equivalent amount of solvents in which 
the drug was dissolved. 


data, the concentration of each drug needed to bring 
about 50°, hemolysis is calculated. As shown in Table 
1, digitonin is a more potent hemolytic agent while 
2-phenethylalcohol is least effective. Digitonin, 
amphotericin B and nystatin cause 50°, hemolysis at 
60, 17 and 1-8-fold lesser concentration than micona- 
zole, respectively. On the other hand, 2-phenethylal- 
cohol requires about 360-fold higher concentration 
than miconazole to bring about 50%, hemolysis. 
Hemolytic effect of miconazole on erythrocytes from 
different species. Erythrocytes from different species 
are examined for their susceptibility to miconazole 
(Table 2). The washed erythrocytes from different spe- 
cies are incubated with different concentrations of 
miconazole for 5 min at 37 and from a graphic plot 
of the data, the hemolytic value corresponding to 50°, 
hemolysis is calculated. Among the non-nucleated 
erythrocytes, the variation in their susceptibility to 
miconazole-induced hemolysis is not very significant. 
Erythrocytes from hamster require comparatively 
lower concentration (0-9 x 10° 4 M) than erythrocytes 
from humans which require a 3-fold higher concen- 
centration (2:76 x 10°* M). Erythrocytes from guinea 
pig, rabbits and sheep are susceptible to the same 


Table 2. Hemolytic effect of miconazole on erythrocytes 
from different species 





Concentration of miconazole 
required for 50°,, hemolysis 


Erythrocyte source (x 10°*M) 





Rat 

Rabbit 
Guinea pig 
Hamster 
Sheep 
Human 
Chicken 





The washed erythrocytes (3 x 107 cells/ml) from differ- 
ent species were incubated with different concentrations 
of miconazole for 5min at 37 and centrifuged immedi- 
ately. Hemoglobin released was measured as described un- 
der Materials and Methods. From the graphic plot of the 
data, the concentration of drug required for 50°,, hemolysis 
was calculated. 
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extent and require about 1-7-fold lower concentration 
than human erythrocytes. The nucleated erythrocytes 
from chicken are also equally sensitive to the action 
of miconazole and 50°,, hemolysis occurs at a drug 
concentration of 1-48 x 10°* M. 


DISCUSSION 


The drug-induced hemolysis of red cells is currently 
thought to occur by either of two basic mechanisms 
[19-22]. The first involves direct interaction of the 
drug with the red cell membrane which results in 
changes in membrane structure, increased permeabi- 
lity, osmotic swelling and hemolysis. In the second 
mechanism, the drug first penetrates into the cell in- 
terior where it interferes with cellular metabolism ulti- 
mately resulting in membrane damage and hemolysis. 
The drug-induced hemolysis in the second mechanism 
may be due to enzyme deficiencies, unstable hemoglo- 
bins or immune mechanisms [ 20, 21 ]. 

The present findings reveal that miconazole has a 
profound effect on erythrocyte membrane structure 
and brings about rapid hemolysis. This raises the pos- 
sibility that hemolysis is the result of a direct interac- 
tion between miconazole and the plasma membrane 
of the erythrocytes. A prerequisite to direct alteration 
of membrane permeability is that miconazole must 
interact with the cell membrane. Data presented in 
this paper show that [*H]miconazole at low, non-he- 
molytic concentrations binds largely to the red cell 
membrane and thus satisfying a necessarv condition. 

Identification of the binding site on the erythrocyte 
membrane surface would help for a better under- 
standing of the mechanism of action of membrane- 
active drugs. In our effort to characterize the micona- 
zole-binding site on the erythrocyte membrane, it has 
been shown that miconazole binds to membrane lipo- 
proteins strongly and that miconazole binding is 
maximum in lipoprotein fraction containing lipid: 
protein ratio of 1-0. The concentration of sodium 
dodecylsulphate (0-6 mg SDS/mg membrane protein) 
employed to solubilize the membrane in the present 
experiment does not cause any loss of biological ac- 
tivity of the membrane [13, 23], and no disruption of 
lipoprotein structure of the membrane is evident (Fig. 
4). The present experiments, however, do not indicate, 
the differential binding of miconazole to either lipid 
or protein part on the membrane. 

The protective effect of serum against miconazole- 
induced hemolysis apparently results from the bind- 
ing of miconazole to serum proteins. Serum albumin 
is found quite effective in protecting erythrocytes 
against miconazole-induced hemolysis. The binding of 
miconazole to serum proteins would result in a reduc- 
tion of effective drug concentration to bring about 
hemolysis of erythrocytes. Several drugs are known 
to bind to albumin in the serum, but the binding 
of miconazole to IgG, presented in this paper, raises 
two possibilities. It may be either due to the binding 
of miconazole to IgG itself or to the elution of albu- 
min dimers formed in the serum along with IgG. In 
the latter case the drug primarily binds to albumin, 
but due to the formation of albumin dimers the 
radioactivity appears in the IgG peak. 

Polyene antibiotics, which have been extensively 
studied for their membrane damaging properties, 
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have been compared with miconazole for their hemo- 
lytic activity. Among the polyenes, amphotericin B 
showed higher hemolytic effect than miconazole and 
nystatin showed almost equal effect. Digitonin, a 
plant saponin, exerts higher hemolytic activity than 
miconazole. Polyenes and saponins induce membrane 
damage by their strong binding to cholesterol in the 
membrane [24-32]. 2-Phenethylalcohol, which is 
known to impair the cell membrane function in bac- 
teria [33, 34], yeasts [35], fungi [36], tumor cells [37] 
and mammalian erythrocytes [38], showed lower 
hemolytic activity than miconazole. 


There is little variation in the hemolytic effect of 


miconazole on erythrocytes from different species and 
it is independent of the presence or absence of a nuc- 
leus. The basis for the reported differences in the 
hemolytic tendency among species is not known but 
variation in the protein and lipid composition of the 
red cell membrane may account for such differen- 
ces [39-46]. 

On the basis of the results presented in this paper 
we conclude that miconazole interacts directly with 
the red cell membrane and brings about permeability 
alterations. Though miconazole binds to membrane 
lipoproteins strongly, the nature of this interaction 
is not known. The chemical nature of the drug indi- 
cates a possible mode of interaction. Since the drug 
is hydrophobic in nature, the interaction may be of 
a hydrophobic type and this would lead to an impair- 
ment of membrane function. Further studies are 


needed to elucidate this aspect. 
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OF POSSIBLE CLINICAL USE IN CANCER 
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Abstract—Pharmacokinetic experiments have shown that radiobiologically significant levels of metro- 
nidazole (Flagyl) can be achieved in the serum, brain, liver and kidneys of rats following oral adminis- 
tration of the compound. Drug doses of | g/kg body wt in rats bearing Walker 256 sarcoma resulted 
in tumour levels of approx | mM (170 ug/ml) | hr post-treatment. No change occurred in the weights 
of liver, kidneys, spleen, lungs, heart and adrenals or in the erythrocyte count following administration 
of metronidazole (0:2 g/kg body wt) over a period of 6 weeks compared to the control group. The 
body weight gain of the metronidazole-treated animals in the 6-week period showed a small but 
significant decrease; a slight leucocytosis was observed but this was not statistically significant. No 
significant change in liver cytochrome P-450, NADPH-cytochrome c reductase, aminopyrene demethyl- 
ation or glucose-6-phosphatase levels were observed in rats given | g/kg body wt metronidazole daily 
for 4 days compared to water treated control animals. However, a smail but significant decrease in 
NADPH-linked lipid peroxidation and NADPH-neotetrazolium reductase activity was observed. 
Several enzymatic parameters in serum remained unchanged. A 2-fold increase in the weight of the 
caeca of drug treated animals was associated with a change in the bacterial flora of their intestinal 
contents. Whereas the contents of the caeca of the control group rapidly degraded metronidazole, 
those of the drug-treated group did not. The significance of these results to the use of metronidazole 


in cancer radiotherapy is discussed. 


It is believed that the failure to cure a primary 
tumour by radiotherapy is due in some instances to 
the presence of malignant cells that are relatively dis- 
tant from a capillary vessel at the time of treatment; 
in consequence, oxygen diffusing from the capillaries 
may be utilized prior to reaching these cells. At the 
time of radiation treatment a proportion of these cells 
may be viable but extremely hypoxic. Unfortunately 
hypoxic cells are much more resistant to radiation 
killing than normal cells and following radiation 
exposure may remain undamaged. On subsequent 
shrinkage of the tumour the oxygen supply to the 
previously hypoxic zones may be improved and rapid 
regrowth of the remaining tumour cells may occur. 

Attempts to overcome this hypoxic cell problem 
have included the use of hyperbaric oxygen [1 ]. Clini- 
cal trials to date, however, have yielded equivocal 
data [2]. Following the discovery that several organic 
nitroxyl derivatives selectively sensitized hypoxic cells 
to radiation damage, attempts have been made to dis- 
cover other drugs with more favourable pharmacolo- 
gical properties [3,4]. If such drugs are not metabo- 
lized as rapidly as oxygen they may diffuse further 
within the tumour mass and consequently lead to a 
generally increased sensitivity of the tumour to 
radiotherapeutic treatments. 

Recently several organic nitro compounds used in 
the treatment of urinary tract infections, have shown 
considerable promise in radiosensitising applica- 
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tions [5-17]. In particular, studies with metronidazole 
(Flagyl, May and Baker Ltd.) showed that radiobio- 
logically significant concentrations of the nitroimida- 
zole could be obtained in the serum of mice following 
injection i.p. of one-twentieth of the LDs9 [10]. The 
radiation dose which cured 50 per cent of a group 
of mouse mammary tumours was_ subsequently 
reduced by a factor of 1:2-1-3 when the drug was 
administered orally 30 min before radiation treat- 
ment [8, 9]. 

Whilst these results were encouraging, the drug 
doses administered to mice were much higher than 
those normally used clinically for anaerobic infes- 
tations (200-400 mg t.id.). For a detectable radio- 
therapeutic gain, doses of the order of 0-2 g/kg (ie. 
14 g/70 kg) will probably be required. Although recent 
preliminary clinical studies [15-17] suggest that such 
high levels of metronidazole may be tolerated three 
times per week for two weeks, it was considered that 
further pharmacological and toxicological studies in 
animals would be advisable before any long-term 
clinical usage of such high doses. 

In this paper experiments with rats are described: 
additional information on the pharmokinetics of the 
drug administered in high doses and its effect on 
various liver parameters have been obtained. 


METHODS 


Except in the case of tumour-bearing animals 
where male rats were used, studies were undertaken 
using female albino Wistars fed diet 41B modified 
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(Oxoid Ltd.. London, S.E.1.) and water ad lib. The 
dose of metronidazole was in the range of 0:2 to 
|g kg body wt and was usually administered orally 
as a Suspension 

fo examine the chronic eflect of metronidazole, 
0-22 kg body wt was given three times a week for 
six weeks including the final day of the experiment. 
Phe growth rates, organ weights and their histological 


appearance were compared with a control group of 


rats which had been given an equal volume of water. 
Before sacrifice, a blood sample was removed from 
the tail vein for a blood cell count which was per- 
formed using a Coulter Counter (Coulter Electronics 
Lid.. Harpenden, Herts). Protein was precipitated 
from a serum sample (0:2 ml) by the addition of 4 ml 
of ethanol. Folléwing centrifugation, the metronida- 
zole was estimated spectrophotometrically [15] at 
316nm taking € = 9310M ' cm '. For histological 
examination, tissue samples were fixed in formal 
saline and sections cut and stained with haematoxylin 
and eosin. 

lo examine the short term effects of metronidazole 
on induction of endoplasmic reticulum, the microso- 
mal fraction was prepared by differential centrifuga- 
tion in 0-25 M sucrose from the livers of rats which 
had received | g/kg body wt of metronidazole daily 
for the 4 days before sacrifice. The microsomal pellet 
was resuspended in 0-15 M KCI to give the equivalent 
of |g wet wt liver‘ml. Protein concentration was 
determined by the method of Lowry et al. [18] using 
bovine serum albumin as standard. 
determination of NADPH-cytochrome c oxidoreduc- 
tase. NADPH-neotetrazolium oxidoreductase activi- 
ties and aminopyrene demethylation have been de- 
previously [19,20]. Glucose-6-phosphatase 
was assayed by the method described by Delaney and 
Slater [21] and NADPH-dependent lipid peroxida- 
tion by the system given by Jose et al. [22]. Blood 
samples were removed from these rats under pento- 
barbital anaesthesia and the serum levels of lactate 
dehydrogenase, sorbitol dehydrogenase and gluta- 
mate pyruvate transaminase were determined by the 


scribed 


Fable | 


The methods of 
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methods of the Boehringer Corporation (London) 
Ltd. 

Walker 256 Sarcomas (Chester Beatty Cancer 
Research Institute, London) were induced in male 
Wistars by subcutaneous inguinal injection of 2 x 10° 
cells. After 8 days metronidazole was administered 
per os in a range from 0-25 to | g/kg body wt.. Blood 
samples were taken under ether anaesthesia. Tumours 
and brains were excised and homogenized in ice-cold 
borate buffer and the tissue drug concentration esti- 
mated using a polarograph (Shandon Southern In- 
struments), calibrated by adding known aliquots of 
metronidazole to tissue suspension under identical 
conditions. The level of metronidazole in the liver and 
kidney in non-tumour bearing rats was also estimated 
by this procedure. 

In the investigation of the metabolism of metroni- 
dazole by anaerobic bacteria. a suspension of the cae- 
cal contents from both normal and metronidazole- 
treated rats (1 g/kg body wt for 4 days) was prepared. 
Following cervical dislocation, the caecum was 
removed from the animal inside a glove box that had 
been flushed with oxygen-free nitrogen and the caecal 
contents suspended in nutrient broth containing 
100mM_ succinate. The suspension was filtered 
through gauze and an aliquot transferred to 
a nitrogen-flushed glass cell metabolism _ vessel. 
Metronidazole was added, and the suspension was 
incubated at 37 while being continually bubbled with 
nitrogen. At timed intervals 0-5 ml of suspension was 
drawn off into I-Sml of ethyl acetate and 0:2 ml 
100mM KOH _ added. After centrifugation. the 
metronidazole was extracted from 0-Sml of the 
organic layer by the addition of 2 ml of 100 mM HCL. 
1-5 ml of the aqueous layer was removed. 2 ml of | M 
KOH added and the absorbance read at 320 nm tak- 
inge = 9310 M ‘cm"'. 


RESULTS 


There was no change in the weights of liver, 
kidneys spleen, lungs, heart and adrenals or in the 


rhe effect of metronidazole or organ weights, blood cell count and growth 


rate in female rats 


Liver 

Kidneys 

Spleen 

Lungs 

Heart 

Adrenals 

Original body wt 

Gain in body wt 
over 6 weeks 

Red blood cell count, 
million per mm* 

White blood cell count 
per mm~ 


P > 0-02. 


Metronidazole 





Control 
(g) (g) 





| , 


9-50 + 0:24 


9-36 + 0:30 
1-60 + 0-03 1:77 + 0-04 


+ 0-02 0:56 + 0-03 
+ 0-04 1:29 + 0-03 
+ 0-02 0-88 + 0-03 
+ 0-01 0-12 + 0-01 
rz 154 + 


11.200 + 





Metronidazole was given 0-2¢ kg body wt 3 times a week for 6 weeks, per os. 
rhe control group was given an equal volume of water. 


Results are expressed as means 


S.E.M. of the 12 rats in each group. 





Metronidazole (Flagyl) 


Table 2. The effect of metronidazole on caecal weight 





(g/kg body wt) Route Duration 


Weight 
control 


Caecal 
metronidazole 





0-2 (12) 
6 weeks 
1-0 (8) 
4 days 
1-0 (12) 
5 days 


18 doses in 
4 doses in 


6 doses in 


5-7 + 03+ 41+02 


79 + O3* 364+ 01 


9-9 + 0-3* 42+02 





* p> 0-001. 
The results are expressed as means + S.E.M. with the number of animals shown in parentheses. 
The control group received an equal volume of water. 


erythrocyte count following the administration of 
metronidazole (0-2 g/kg body wt) over a period of 6 
weeks when compared with the control group (Table 
1). There was a slight leucocytosis but this was not 
statistically significant. The body weight gained in the 
6-week period showed a small but significant decrease 
in the metronidazole-treated groups (Table 1). The 
most striking effect of metronidazole administration 
was on caecal weight together with an alteration in 
the appearance from grey to orange—brown. The cae- 
cal weight increased with increasing doses of metroni- 
dazole (Table 2). 

There was little change in cytochrome P4so, 
NADPH-cytochrome c reductase, aminopyrene de- 
methylation or glucose-6-phosphatase levels in the 
liver microsomes prepared from rats given | g/kg 
body wt for 4 days (Table 3). However, a small but 
significant decrease in NAPDH-linked lipid peroxida- 
tion and NADPH-neotetrazolium reductase activity 
was observed. The serum sorbitol dehydrogenase, glu- 
tamate—pyruvate transaminase and lactate dehydro- 
genase activities remained unchanged (Table 3). 

The level of metronidazole in serum, liver and kid- 
ney following oral administration of | g/kg body wt 


is shown in Figure 1. A serum concentration of over 
1mM was attained by 60 min with only a further 
small rise in the next hour. While the level of the 
drug in the liver closely followed that of serum, the 
values obtained for the kidney were somewhat higher 
(Fig. 1). 

In tumour-bearing rats the serum levels were fol- 
lowed after a dose of | g/kg. Here a rapid increase 
in serum concentration was observed followed by a 
partial decrease and a late rise reaching a maximum 
by 60 min (Fig. 2). The level of metronidazole in brain 
and the Walker 256 sarcomas also gradually in- 
creased to a maximum after | hr but was at a lower 
concentration than serum (Fig. 2). 

Studies with lower doses of metronidazole showed 
that the serum or tissue level after 60 min varied ap- 
proximately linearly with dose over the range 
0-2-1-0 g/kg (Fig. 3). 

In view of the changes in the appearance and 
weight of the caeca from metronidazole treated rats 
and previous reports that nitrofuran derivatives [24], 
metronidazole [25] and chloramphenicol [26] are 
degraded by bacterial suspensions, the activity of the 
caecal contents was investigated. It was found that 


Table 3. The effect of metronidazole on enzyme activities in the liver and serum of female rats 





Enzyme 


Metronidazole Control 





NADPH-cytochrome c oxidoreductase 
(per min 25°) 
NADPH-neotetrazolium oxidoreductase 
(per 10 min 37°) 
Aminopyrene demethylation 
(HCHO per 10 min 37°) 
NADPH-linked lipid peroxidation 
(per 15 min 37°) 
Cytochrome P45o 
Glucose-6-phosphatase 
(ug Pi per 10 min 37) 
Sorbitol dehydrogenase 
(mU/ml) 
Glutamate-pyruvate transaminase 
(mU/ml) 
Lactate dehydrogenase 
(mU/ml) 


1S +3 108 + 8 


+ 55" 70-0 + 





*p — 


‘P= 


> 0-05 
> 0-001 


Metronidazole was administered as a single daily dose at 1 g/kg body wt i.p. for 4 days. The liver enzyme activities 
are shown as nmoles product per mg protein. The results are expressed as means + S.E.M. with the number of animals 


given in parentheses. 
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Metronidazole mM 








min 
Fig. |. The concentration of metronidazole in serum 
(A—-A). liver (O—O) and kidney (@—@) following oral 
administration of | g/kg body wt. The results are the 
means of 3 animals in each group. 


an anaerobic caecal suspension from untreated rats 
rapidly metabolized metronidazole which was added 
to give an initial concentration of 1mM. The fall in 
drug concentration was exponential with a half-life 
of 8-5 min. In contrast a caecal suspension from rats 
given metronidazole for the 4 previous days (1 g/kg 
body wt) failed to metabolize metronidazole (Fig. 4). 


DISCUSSION 


There are several criteria to be attained if a chemi- 
cal is to be an effective radiosensitiser of hypoxic cells 
when used in conjunction with radiotherapy. Of these 
a maintenance of a high serum concentration for a 
reasonable period of time coupled with the ability 
to diffuse into all parts of the tumour in a sufficient 
concentration are of paramount importance. Up to 
recent times metronidazole has been given mainly to 
combat parasitic protozoal infections especially Tri- 
chomonas vaginalis, the therapeutic dose (200-400 mg 
tid.) giving a serum level of 4-8 yg/ml [27]. It has 
been estimated that the serum concentration of 
metronidazole required during the application of each 


Metronidazole mM 





1 
100 =: 120 





Fig. 2. The concentration of metronidazole in serum 

(4—<A), tumour (@—@) and brain (O—O) following oral 

administration of | g/kg body wt to rats with a Walker 

256 sarcoma implanted 8 days before dosing. The results 
are the means of 3 animals in each group. 


2.0 


Metronidazole mM 





1. | J 
02 04 O06 O08 10 





Dose g/kg 


Fig. 3. The level of metronidazole in serum (A—A) 

tumour (@—@) and brain (O—O) 60 min after oral 

administration of metronidazole ranging from 0-2 to | g/kg 

body wt. The results shown are the means of 3 animals 
in each group. 


dose of radiation in a functional course of radio- 
therapy is in the region of 170 ug/ml (1 mM) [10]. 

The highest human serum level measured up to 
1973 was 70 ug/ml after a 4g oral dose [28]. Since 
the commencement of this study preliminary clinical 
trials have been undertaken at two centres [15-17]; 
the results have shown that serum level increases 
linearly with the oral dose of metronidazole adminis- 
tered and produce a maximum concentration in the 
range of 200-300 g/ml following a dose of 0-2 g/kg 
body wt [17]. 

The results reported here have shown that serum 
concentration of the order of 200 ug/ml may be 
achieved and maintained for at least an hour in rats 
provided a considerably higher oral dose is given 
(1 g/kg body wt). In the present studies although the 
measurements observed have been equated with in- 
tact metronidazole, this may not entirely be accurate 
since the analytical method, i.e. spectrophotometry or 
polarography, detects the unchanged nitro group 
[29]. However, since the radiosensitising effect of the 





Metronidazole mM Log scale 








Fig. 4. The removal of metronidazole by an anaerobic cae- 

cal suspension prepared from 4 control rats (O—O) and 

from 4 rats which had received | g/kg body wt of metroni- 

dazole orally for 4 days, the final dose being given 24 hr 

before sacrifice (@—@). For details of the caecal prep- 
aration see the text. 
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min 


Fig. 5. The ratios of metronidazole in liver (O—O) and 

kidney (@—@) to serum in female rats and in Walker 256 

sarcoma (A&—A) and brain (A—A) to serum in male rats 
following oral administration of | g/kg body wt. 


drug is due to the presence of the nitro group the 
levels quoted here are directly relevant to the sensitis- 
ing activity. 

It can be seen that there is some difference in the 
pharmokinetic properties of the drug in the two 
groups studied. Although the groups differ in sex and 
by the fact that one group was tumour-bearing, it 
is believed that the differences observed reflect vari- 
ations in gastric emptying and intestinal motility. 
These differences in the pharmokinetics of metronida- 
zole have been observed previously both in rats (R. 
M. J. Ings, private communication) and in humans 
[30]. 

Since the concentration of metronidazole in tissues 
will be directly related to the serum level, it is useful 
to examine the tissue to serum ratio as a function 
of time. This is shown in Fig. 5. Metronidazole can 
be seen to penetrate the liver to give an equal concen- 
tration whilst reaching an elevated level in the kidney. 
The latter result may be accounted for by the report 
that the major route of excretion for metronidazole 
is in the urine and at least 15 per cent of the dose 
is excreted unchanged [31]. Although a lower ratio 
of metronidazole was observed between the Walker 
256 sarcoma and serum, a concentration of 1 mM was 
attained within the tumour. Similar results were 
obtained for brain. The ability to cross the blood- 
brain barrier [32] and to produce a high concen- 
tration in tumour tissue which in general is poorly 
vascularized reflects the physico-chemical nature of 
metronidazole. The drug is a relatively small molecule 
with a lipid/water partition coefficient of 1:1 and is 
not bound to protein [10]. 

A further criterion to be considered is whether the 
drug is toxic at the concentration that will be required 
for radiotherapy. The observed absence of a rise in 
the serum enzymes on GPT, SDH and LDH is an 
indication of no significant major organ injury follow- 
ing | g/kg for 4 days. Furthermore, metronidazole did 
not inhibit the drug metabolizing enzymes NADPH- 
cytochrome c reductase and cytochrome P4509 or the 
rate of aminopyrene demethylation. This is in con- 
trast to the 1l-alkylimidazoles many of which are 
powerful inhibitors of the liver microsomal drug oxi- 
dations [33]. The lower rate of NADPH-linked lipid 
peroxidation may reflect a competition by metronida- 
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zole for electron flow along the cytochrome P-450 
chain. 

Although metronidazole has been reported to cause 
marked degeneration of the Purkinje cells in dogs 
such alterations were not observed in other species 
including rat [34]. In the present studies the chronic 
dose of metronidazole caused few alterations in the 
parameters measured. The drug has been reported to 
produce a leucopaenia when administered over a long 
period [35]; however, in the present studies no signifi- 
cant difference in the mean white cell count was 
found. 

The observed change in the caecal weights and col- 
ouring in rats may be due to a disturbance in the 
balance of the bacterial flora present. Metronidazole 
is well known for its selective action against anaerobic 
rather than aerobic bacteria. Since over 90 per cent 
of the flora of the small intestine of rats and man 
belong to the group of strict anaerobes, e.g. Bacter- 
oides [36], the removal of these species would permit 
other organisms to flourish. 

It has been proposed [37] that the toxic action of 
metronidazole is due to a reduced product of the drug 
which interacts with some essential cellular constitu- 
ent. This implies that the degradation of the drug 
may well occur at the same time as it exerts its toxic 
action. A wide variety of other electrophilic com- 
pounds including azodyes are metabolized by intes- 
tinal microflora [38,39]. The actual mechanism of 
degradation remains uncertain, however results of 
studies with a ferrous-—cysteine system [40] suggests 
interaction with iron—sulphur compounds may be in- 
volved. This is supported. by previous observations 
of the rapid degradation of trinitrotoluene [41 ], nitro- 
furan derivatives [42], and niridazole [43], by xan- 
thine oxidase, an enzyme containing an iron—sulphur 
moiety and of metronidazole and chloromphenicol by 
ferredoxin [25,4446]. The lack of toxicity of 
metronidazole towards well oxygenated tissues may 
similarly be accounted for by the failure to transform 
the drug to its active principle by a_ reductive 
mechanism. 

Finally there are reports of possible carcinogenic 
and mutagenic actions of metronidazole which 
require comment. The increase of tumours in mice 
was found to be increased if the animals were fed 
on a diet containing 0-15 per cent metronidazole [47]. 
However, there was a high incidence of spontaneous 
tumours in the control group and other studies in 
rats no carcinogenic activity was observed [48]. In 
both studies on mutagenicity, bacteria were incubated 
with the drug under conditions in which there was 
a high probability that they were seriously deprived 
of oxygen. As described above the cytocidal action 
of metronidazole is probably due to its conversion 
by reduction to a toxic intermediate which can be 
rendered harmless in the presence of oxygen by reoxi- 
dation. Thus any mutagenic action of metronidazole 
is more likely to manifest itself under anaerobic con- 
ditions and is unlikely in normally aerated cells in 
vivo. Indeed this selective cytocidal action of metroni- 
dazole on anaerobes rather than aerobes may also 
have an analogous conterpart in mammalian cellular 
systems. Recent results with cells in spheroid cul- 
ture [49] and also with ascites cells in vitro [SO] sug- 
gest that metronidazole may also selectively kill 
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hypoxic mammalian cells leaving normal well-oxy- 
genated cells unaffected [51]. Thus metronidazole 
may provide a two-pronged attack on the hypoxic 
cell problem in radiotherapy; a sensitising effect at 
the time and a chemotherapeutic effect before, during 
and after, radiation treatment. 
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Abstract—Administration of apomorphine to rats leads to a temporary decrease in adrenal catechola- 
mines and a long-term increase in adrenal tyrosine hydroxylase activity. The kinetic characteristics 
of tyrosine hydroxylase of the apomorphine-treated and control rats were determined. A significant 
increase in V,,. was observed in the treated group as compared to controls: however, there was 
no change in the K,, for the cofactor DMPH, or tyrosine between the two groups in undialyzed 
or dialyzed preparations, indicating that the increase in tyrosine hydroxylase activity was probably 
due to an increase in enzyme protein. The temporary decrease in adrenal catecholamines was found 
to be due to increased secretion after apomorphine treatment, even though the concentration of injected 
apomorphine appeared to be sufficient to inhibit adrenal tyrosine hydroxylase. This was further substan- 
tiated by the fact that the decrease in adrenal catecholamines was prevented by adrenal denervation. 
The delayed increase in tyrosine hydroxylase activity after apomorphine treatment was observed in 
hypophysectomized rats; however, it was abolished after splanchnic nerve transsection. A relationship 
was sought between the decrease in adrenal catecholamines and increase in adrenal tyrosine hydroxylase 
activity. When apomorphine and L-3.4-dihydroxyphenylalanine (L-DOPA) were administered simul- 
taneously, there was no short-term decrease in adrenal catecholamine content but the increased tyrosine 
hydroxylase activity was still observed. Also, the administration of z-methyl-p-tyrosine to rats decreased 
the concentration of adrenal catecholamines and yet did not affect adrenal tyrosine hydroxylase activity. 
The results suggest that increased nerve activity, and not adrenal catecholamine concentrations, regu- 
lates the induction of adrenal tyrosine hydroxylase. Furthermore, regulation would be by way of some 
central mechanism involving dopamine-sensitive receptors. 


Tyrosine hydroxylase (TH, tyrosine 3-monooxy- 
genase, EC 1.14.16.2) is regarded as the rate-limiting 
enzyme in the conversion of tyrosine to the catechola- 
mines (CA) [1]. Regulation of adrenal TH is believed 
to involve two main types of mechanism. The first 
requires a short-term, rapid alteration in enzyme ac- 
tivity which can be mediated through feedback inhibi- 
tion [2, 3], allosteric modulators [4, 5,6], or changes 
in substrate concentrations [7,8]. The second mech- 
anism involves delayed, long term changes in enzyme 
protein and can be neuronally or hormonally medi- 
ated. Immobilization, cold exposure, reserpine and 
6-hydroxydopamine increase preganglionic nerve ac- 
activity and lead to an increase in adrenal TH in 
24-48 hr, which can be prevented by splanchnic trans- 
section [9-11]. ACTH can restore adrenal TH ac- 
tivity in hypophysectomized rats to normal levels 
[12]. 

Recently it has been suggested that the concen- 
tration of adrenal CA may play a role in the induc- 
tion of adrenal TH. Dairman and Udenfriend [13] 
observed a decrease in adrenal TH after rats were 
given L-DOPA;; the effect appeared to be. due to a 
decrease in the amount of enzyme protein [14]. Both 
neuronal and hormonal factors were excluded and ex- 
perimental evidence indicated that it was the in- 
creased formation of CA from L-DOPA which caused 
the reduction in adrenal TH. Bhagat [15] showed 
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that the reserpine-induced increase in adrenal TH ac- 
tivity can be reduced by the simultaneous administ- 
ration of pargyline; this monoamine oxidase inhibitor 
would be expected to increase CA concentrations. It 
was also shown [15] that phenoxybenzamine, an 
z-adrenergic blocker which decreases adrenal CA, 
causes increased TH activity in innervated adrenals, 
whereas the z-adrenergic blocking drug, phentola- 
mine, which does not affect adrenal CA concen- 
tration, has no effect. Molinoff et al. [16] have sug- 
gested that the reserpine-induced increase in TH may 
be controlled by the CA concentrations in the sym- 
pathetic postganglionic nerve ending, even though 
this increase is abolished upon denervation. Work 
with cultured rat adrenal gland has also shown there 
is an inverse relationship between TH and CA after 
exposure to a prolonged depolarizing stimulus in the 
form of raised extracellular potassium concentration 
[17]. Experimental evidence contrary to this view has 
been presented by Mackay and Iversen [18] and 
Mackay [19]. They found no consistent relationship 
between TH activity. and noradrenaline concen- 
trations of superior cervical ganglia cultured in the 
presence of ouabain, reserpine or x-methyl-p-tyrosine. 

In this paper we have used apomorphine, an inhibi- 
tor of TH in vivo and in vitro [20] and a dopamine 
agonist influencing brain monoamine concentrations 
[21], as well as the drugs L-DOPA, a CA precursor, 
and z-methyl-p-tyrosine, a TH inhibitor [22], to 
explore the possible relationship between CA levels 
and adrenal TH activity. The results presented sug- 
gest that it is not adrenal CA concentrations, but pre- 
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ganglionic nerve activity, which regulates the induc- 
tion of adrenal TH. Furthermore, evidence indicates 
that the increased neuronal firing which initiates the 
increase in adrenal TH is due to stimulation of central 
dopamine receptors. 


MATERIALS AND METHODS 


Drugs. The following drugs were purchased: 6,7-di- 
methyltetrahydropterin (DMPH,) from Calbiochem 
(Los Angeles, CA.); z-methyl-p-tyrosine methyl ester 
(zMPT) and L-DOPA from Sigma (St. Louis, MO.): 
and L-tyrosine-3.5-[°H] (58 Ci/m-mole) from New 
England Nuclear Corp. (Boston, MA.). The radioac- 
tive tyrosine was purified before use by passage 
through a Dowex SOW-X8 column, 0.5 x 3.0cm. 
Brocresine (m-hydroxy-p-bromobenzyloxyamine was 
a gift of Lederle Laboratories (Pearl River, N.Y.): 
apomorphine hydrochloride and mecamylamine hy- 
drochloride were donated by Merck Sharp and 
Dohme Research Laboratories (West Point. PA.). All 
other chemicals were obtained from standard com- 
mercial sources. 

Inimals. Male Sprague-Dawley rats weighing 
130-160g were obtained from Canadian Breeding 
Farms and Laboratories, Ltd., St. Constant, Quebec. 
Hypophysectomized and sham-operated rats were 
purchased from the same supplier. Hemi-splanchnic- 
ectomies were performed under sodium pentobarbi- 
tal anesthesia in this laboratory. Because the weight 
of denervated and innervated adrenals were identical 
(8.5+02mg and 84+0.2mg, respectively: 18 


organs in each mean), ie. no glands had atrophied, 


there is assurance that the vascular supply had 
remained intact. Experiments were begun 3-4 days 
after denervation. 

Apomorphine: HCl, x-methyl-p-tyrosine methyl es- 
ter and mecamylamine: HCl were administered to rats 
ip. The drugs were dissolved in distilled water and 
injected in a volume of 0.2 ml at the indicated doses 
(expressed in terms of apomorphine, z-methyl-p-tyro- 
sine and mecamylamine). When apomorphine: HCl 
and z-methyl-p-tyrosine methyl ester were . both 
administered, they were injected simultaneously in a 
volume of 0.2 ml. The controls were injected with 
0.2 ml of distilled water at the same times as the ex- 
perimental group. L-DOPA was injected s.c. as a fine 
suspension in 0.9°,, NaCl in a volume of 0.5 ml. The 
controls received 0.5 ml saline. The dosages and tim- 
ing of the experiments are indicated in the legends 
to the figures and tables. 

In the cold exposure experiments, rats were kept 
at 4 singly in wire cages. For the immobilization 
experiments, the animals’ limbs were placed through 
gaps in a specially prepared metal grid. The two fore 
limbs and the hind limbs were then bound using 
adhesive tape. 

Preparation of the tissue. Animals were killed by 
decapitation. The adrenals were immediately removed 
and placed in ice-cold 0.3 M sucrose. The fat and con- 
nective tissue were removed, the adrenals weighed 
and each pair homogenized in 0.9 ml of 0.3 M sucrose 
for 10sec with an Ultraturrax homogenizer. An ali- 
quot (0.2 ml) was used for assay of TH activity. In 
some of the experiments the adrenal homogenates 
were dialyzed for 5 hr against 300 volumes 5 mM Tris 
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acetate buffer pH 7.0 at 0 ; the final volume of dialy- 
sate was adjusted to 2.0ml with the buffer and a 
(.3-ml aliquot was used for the enzyme assay, which 
was done immediately afterwards. 

Tyrosine hydroxylase assay. TH was assayed 
according to the method of Nagatsu er al. [23] with 
certain modifications. The incubation mixture, in a 
total volume of 0.5 ml, contained: 0.05 ml-0.3 ml en- 
zyme preparation; 0.1 ml of a mixture of 100 ~zmoles 
sodium acetate, Symoles potassium phosphate, 
1000 U catalase and 50 nmoles brocresine. pH 6.1; 
0.05 ml solution of 50 nmoles L-tyrosine-3,5-[*H] con- 
taining approximately 200.000 cpm. This was preincu- 
bated for 5 min at 30° in a shaking water bath. The 
reaction was begun by the addition of 0.5 umoles 
DMPH, and 1.25 pmoles ascorbate in 0.05 ml. After 
20 min the reaction was stopped by the addition of 
0.1 ml 25°, trichloroacetic acid (TCA) and the precipi- 
tated proteins sedimented by centrifugation. The 
supernatant was passed through a Dowex SOW-X8 
column (0.5cm x 2.0cm), previously equilibrated 
with | ml TCA pH 1.8; the columns were then washed 
with 0.8 ml TCA pH 1.8. Both effluents were collected 
and assayed for radioactivity in a liquid scintillation 
counter. 

Catecholamine determinations. Adrenal CA were 
determined in aliquots (0.05 ml) of the sucrose homo- 
genates, which were acidified with 8 ml 0.4 N perch- 
loric acid. The mixture was centrifuged and the pro- 
tein-free supernatant brought to pH 7.5-8.0 using 4 N 
NaOH containing 250 mM EDTA. The CA were then 
adsorbed on an alumina column (0.5cm x 2 cm), pre- 
viously equilibrated with a solution of 10mM 
Na,EDTA/10mM _ f-mercaptoethanol. The CA were 
eluted with 5 ml 0.1 N perchloric acid [24]. Norad- 
renaline and adrenaline were then assayed by the hyd- 
roxyindole technique of Laverty and Taylor [25] with 
slight modifications: 0.5 ml of a 250 mM citrate solu- 
tion was added to each 5-ml aliquot, which was 
titrated to pH 4.0 using -1N NaOH containing 
500 mM NaH,PO,. A 2-ml aliquot was taken for the 
adrenaline estimation which was done in the standard 
way. The remaining solution was titrated to pH 6.7 
using | N NaOH containing 500 mM NaH,PO,. The 
noradrenaline measurements were done on a 2-ml ali- 
quot, with development of fluorescence at 100° for 
3 min. For blanks the oxidant and reductant were 
added in reverse order. All samples were read im- 
mediately after the heating period. 

Apomorphine determinations. Apomorphine — was 
measured in the following way. The tissue (4 pairs 
of rat adrenals) was homogenized with a Teflon hom- 
ogenizer in a mixture containing 1.5 ml 0.1 N HCl, 
0.5ml ethyl acetate, 0.025ml 10°, Na,SO, and 
0.025 ml 10°, Na,EDTA [26]. Approximately 0.5 g 
NaCl was added after which the apomorphine was 
extracted into 2.5 ml ethyl acetate. The procedure of 
Van Tyle and Burkman [27] was then followed. 

Purification of bovine adrenal TH. The purification 
process was carried out essentially as described by 
Nagatsu et al. [28] with the following modification. 
After ammonium sulfate precipitation, the resus- 
pended enzyme preparation was passed through a 
Sephadex G-25 column, previously equilibrated with 
10mM Tris acetate buffer pH 7.6 containing 0.3M 
sucrose, for the removal of CA [29]. The column was 
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Fig. 1. The effect of apomorphine on tyrosine hydroxylase (TH) activity and catecholamine (CA) con- 

centrations in rat adrenal glands. The first group of rats received 7 injections of 10 mg/kg apomorphine 

(APO) at 1.5-hr intervals and were killed 24hr after the first injection. The second and third groups 

received the same treatment for 2 and 3 successive days, respectively, and were killed 48 and 72 hr 

after the initial injections. In all experiments controls received equivalent volumes of water at the 

same time as the experimentals. Significance of differences from control (CON) are indicated as follows: 
*P < 0.05 **P < 0.01 ***P < 0.001. Each bar represents the mean + S.E.M. of 9-10 animals. 


eluted with this buffer and the enzyme preparation 
diluted with it to adjust the protein concentration to 
about 2mg/ml. The preparation yielded about 
0.15 umoles DOPA/hr/mg protein. The enzyme was 
stored at —20 ; it remained stable for 4 weeks. 


RESULTS 


The effect of apomorphine on rat adrenal TH $ac- 
tivity and CA concentration. The effect of 1, 2 or 3 
days of injection with apomorphine on adrenal TH 
activity and CA concentrations is shown in Fig. 1. 
Twenty-four hr after the first of a series of injections, 
providing 70 mg/kg over a 10.5-hr period (see legend 
to Fig. 1), a small (18°,) but significant increase in 
TH activity was observed in the apomorphine-treated 
rats; there was no change in the CA concentrations. 
After 2 days of the injection schedule a 44°, increase 
in TH activity occurred. There was a small increase 
in the noradrenaline concentration (P < 0.05), but no 
change in adrenaline. An increase of 91°, in the TH 
activity of the adrenals was observed after 3 days of 
injection with apomorphine with no alteration in the 
CA concentration. 

An experiment was also done to determine whether 
1 or 2 days of injections would be sufficient to elicit 
a significant increase in TH activity measured 72 hr 
after the initial injection. When treatment was discon- 
tinued | or 2 days prior to killing the animals, no 
increase in enzyme dctivity or changes in CA concen- 
trationg were observed. 

The ‘effect of injected apomorphine on the’ kinetic 
characteristics of TH. The increase in TH activity 
noted in Fig. | could stem from actual increases in 
the amount of enzyme protein or from changes in 
the kinetic characteristics of the enzyme that were 
induced by the drug treatment. For this reason kinetic 
studies were done with adrenal preparations obtained 


from apomorphine-treated and control rats. There 
was no change in the K,, for DMPH, or tyrosine 
between the two groups, whether the enzymic prep- 
arations were dialyzed or not; however, there was a 
significant increase in \,,,. (P < 0.001) in the treated 
group as compared to controls. Because changes in 
enzyme activity could be due to the formation of acti- 
vators or loss of inhibitors, adrenal homogenates 
from control and apomorphine-treated rats were 
combined. In all cases the enzyme activities were 
additive. These results indicate that the increase in 
TH activity was due to an increase in the amount 
of enzyme protein. 

The effect of apomorphine on adrenal CA concen- 
trations immediately after a series of injections. Several 
investigators [13-17] have suggested that there is a 
relationship between alterations in the adrenal CA 
content and delayed changes in adrenal TH activity. 
We therefore considered the possibility that apomor- 
phine had actually caused some significant alteration 
in the CA levels but that these had been restored 
to normal 24hr after the initial injection. Rats were 
injected with apomorphine according to the 1|-day 
schedule (10 mg/kg, every 1.5 hr on 7 occasions) and 
were then killed 1.5 hr after the seventh injection. The 
results are shown in Table 1, experiment A. It is clear 
that the treatment with apomorphine brought about 
large decreases in the concentration of the CA; 20", 
in the case of noradrenaline and 30°, in the case of 
adrenaline. 

Concentration of apomorphine in adrenal glands after 
a_ single i.p. injection of 10 mg/kg. The decrease 
obtained in adrenal CA after a series of injections 
could occur in several ways. The first mechanism we 
considered was the inhibition of TH activity by apo- 
morphine. Goldstein et al. [20] have shown that apo- 
morphine inhibits rat brain TH in vivo and in vitro 
at concentrations as low as 10 °M. Kinetic studies 
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Table |. Effect of z-MPT and t-DOPA on the apomorphine-induced decrease in adrenal CA 





Total catecholamines 
Control 


Noradrenaline 
Control 
pg/pr adrenals of 


Adrenaline 
Control 


Treatment ug/pr adrenals adrenals 


Experiment 





100 ; 0.5 
80 5 + 0.6** 
100 0.3 
123 0.67 
100 0.7 


\ Control 
Apomorphine 
0.4 
e O1**.2 


0.5 


B Control 

A pomorphine 

4MPT 

A pomorphine 
+ xMPT 

Control 

Apomorphine 

L-DOPA 

A pomorphine 
+L-DOPA 10.5 


I+ I+ I+ 


1.0** ts 


0.8 
0.3)| 88 
0.8 


tO" 2s 60 
- 0.2 100 
0.2\| 4 84 
0.2 110 


L:eP* T5 

0.6 

0.3*. 81 
0.6 92 


I+ l4+ 14+ I+ 


0.6 100 + 0.2 116 + 0.5 





In experiment A rats were given 7 injections of 10 mg/kg apomorphine (or distilled water for controls) ip. at 1.5-hr 
intervals. In experiment B rats were injected with 10mg/kg apomorphine every 1.5hr, 7 times: with one injection 
of 125 mg/kg MPT and 6 subsequent injections of 50 mg/kg every 1.5 hr: or a combination of 10 mg/kg apomorphine 
plus 125 mg/kg zMPT for the first injection and 10 mg/kg apomorphine plus 50 mg/kg xMPT for 6 subsequent injections 
given every |.S hr. Controls were injected with carrier solution at the same time as experimentals. In experiment-C 
rats were injected s.c. with | g/kg L-DOPA or saline 15min prior to 7i.p. injections of 10 mg/kg apomorphine or 
distilled water given at 1.5-hr intervals. In all experiments, rats were killed 1.5 hr after the last injection of apomorphine 
or xMPT or distilled water. Each value represents the mean + standard error of 10 rats in experiment A and 4-6 


rats in experiments B and C 
* Significantly different from controls (P - 
* Significantly different from controls (P < 0.01). 
** Significantly diflerent from controls (P < 0.001). 
t Significantly different from xMPT (P < 0.001). 
$ Significantly different from apomorphine (P < 0.01). 
Significantly different from L-DOPA-treated rats (P 


0.05). 


0.05). 


* Significantly different from apomorphine-treated plus L-DOPA group (P < 0.05). 
S$ Significantly different from apomorphine-treated plus L-DOPA group (P < 0.01). 


with partially purified bovine adrenal TH confirmed 
these findings. Double reciprocal plots of activity 
against substrate concentration showed that apomor- 
phine inhibits the enzyme cooperatively with respect 
to the pteridine and uncompetitively with respect to 
tyrosine.* 

For this reason we measured the amount of apo- 
morphine in rat adrenals immediately after a single 
injection of 10 mg/kg to determine whether sufficient 
apomorphine reached the adrenals to be inhibitory. 
The adrenal glands of 4 rats, killed at given time in- 
tervals, were pooled for each determination. A peak 
concentration of 188 ng/pr adrenals occurred after 
3 min; this decreased to 28 ng/pr adrenals at 75 min 
and 6ng at 90 min (Fig. 2). A second experiment of 
this kind gave similar results. A content of 188 ng/pr 
adrenals weighing 20mg would be equivalent to 
3 x 10 ~ moles/kg. At 75 min the content would be 
4.4 x 10 ° moles/kg and at 90 min, 10° ° moles/kg. If 
the apomorphine were distributed evenly throughout 
the adrenal this would correspond to a concentration 
of 3 x 10°°M, declining to 10°° in 1.5 hr. 

The effect of apomorphine on the adrenal CA concen- 
trations in rats treated with zMPT. If apomorphine 
is decreasing adrenal CA concentrations by inhibition 
of TH activity, administration of a known inhibitor 
of TH, zMPT, or a combination of zMPT and apo- 
morphine, should lead to the result obtained with 
apomorphine alone. zMPT was therefore given to 





*M. Quik and T. L. Sourkes, unpublished data. 
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Fig. 2. Concentration of apomorphine in adrenal glands 

after a single injection. Rats were sacrificed at various time 

intervals after receiving 10 mg/kg apomorphine i.p. The 

adrenals from 4 rats were pooled and the amount of apo- 

morphine determined as described in Materials and 
Methods. 


rats receiving the schedule of apomorphine injections 
and to suitable controls. In these experiments the 
total amount of xMPT injected was 400 mg/kg over 
a 10.5-hr period. This dose is known to inhibit TH 
activity about 100 per cent [22]. The results in Table 
1, experiment B, show that MPT alone had no effect 
on adrenal CA presumably due to the slow turnover 
rate [30]. Apomorphine again caused a very highly 
significant decrease (26°,,) in the adrenaline concen- 
trations; however, there was no change in the norad- 
renaline concentration in this experiment, in contrast 





Regulation of adrenal tyrosine hydroxylase 


TH-nmoles dopa/hr/pr adrenals 





C3) TH 
ADRENALINE 
E38 NORADRENALINE 


sjouaipo 4d/Ba-y > 








DAY 2 


Fig. 3. The effect of «MPT on rat adrenal TH and CA concentrations. Rats were given an initial 

injection of 200 mg/kg xMPT and 2 subsequent injections of 100 mg/kg at 4.5-hr intervals for | or 

2 days and were sacrificed 24 and 48 hr, respectively, after the initial injection. An aliquot of the 

adrenal homogenate was removed for CA determinations and the remainder dialyzed as described 

in Materials and Methods. Each bar represents the mean + S.E. of 4-8 rats. Significance of differences 
from control (CON) are indicated as follows: **P < 0.01 ***P < 0.001. 


to results in Table 1, experiments A and C. Administ- 
ration of both drugs lead to an even greater decrease 
than with apomorphine alone: a 45° decrease in 
adrenaline and a 40% decrease in noradrenaline. 
These results suggest that apomorphine increases se- 
cretion of adrenal CA. 

The effect of prolonged treatment with aM PT on rat 
adrenal TH and CA. In order to determine whether 
the increase in TH activity after apomorphine treat- 
ment could be due to the preliminary decrease in 
adrenal CA, we made further use of «MPT. Figure 
3 shows that both 24 and 48 hr after the initial injec- 
tion statistically significant decreases in the adrenaline 
and noradrenaline concentrations are observed in 
aMPT-treated rats; however, injection of the drug for 
2 days did not result in an increase in TH activity 
over controls. Failure to obtain an increase in enzyme 
activity in zMPT-treated rats was not due to the pres- 
ence of any residual «MPT which could inhibit the 
enzyme in vitro. The adrenal preparations of the 
treated and control rats had been dialyzed, and mix- 
ing experiments showed the enzyme activities to be 
additive. 

The effect of apomorphine on TH activity and CA 
concentrations of hypophysectomized rats. Table 2 


gives the results obtained with apomorphine treat- 
ment of hypophysectomized rats. The values for 
sham-operated animals correspond to those for intact 
rats (Fig. 1): there was a 76%, increase in the TH 
activity of the apomorphine-injected rats, while the 
CA concentrations remained unchanged. In the apo- 
morphine-treated hypophysectomized rats there was 
a highly significant increase in TH activity; however, 
there was also an 88°, decrease in the adrenaline con- 
centration and a 40°, decrease in the noradrenaline 
concentration. 

Because TH is inhibited by catechols [3,28] the 
possibility exists that the increase in TH activity in 
the apomorphine-injected hypophysectomized rat 
may be due to the low concentrations of adrenaline 
and noradrenaline in vitro. For this reason, adrenal 
homogenates of hypophysectomized rats injected with 
apomorphine and controls were dialyzed. The results 
(Table 2) show that after dialysis the same type of 
increase in TH activity occurs. 

Effect of apomorphine treatment on adrenal TH ac- 
tivity and CA concentrations in hemi-splanchnicecto- 
mized rats. To determine whether the increase in TH 
activity was neuronally mediated the left splanchnic 
nerve was cut. Rats were then injected with apomor- 


Table 2. Effect of apomorphine on adrenal TH activity and CA concentrations in hypophysectomized rats 





Tyrosine hydroxylase 
(nmoles dopa/hr 
pr adrenals) 


Apomor- 


Group phine No. rats 


Noradrenaline 


Mg/pr 
adrenals 


Adrenaline 


g/pr 
adrenals 





Sham-operated 
Hypophysectomized 


Hypophysectomized* 


3.0+ 03 
4.5 + 0.3” 
2.7+0.1 
1.6 + 0.2: 
29+ 03 
1+ 0.2" 


I+ I+ I+ I+ I+ I+ 
No 

ctomnNuUs 
wD oO oN 
I+ I+ I+ I+ I+ I+ 





Animals were given 10 mg/kg apomorphine i.p. at 1.5-hr intervals 7 times daily for 3 days. Seventy-two hr 
the first injection the rats were killed and the TH activity and CA concentrations determined. 

“The adrenal homogenates were dialyzed prior to the TH assay as described in Materials and Methods. 

Significantly different from control (P < 0.01). 

* Significantly different from control (P < 0.001). 
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Fig. 4. Effect of adrenal denervation on the apomorphine-induced increase in TH activity and CA 

concentrations of rat adrenals. Five days after left splanchnic transsection, rats were given injections 

of apomorphine (APO) according to the 3-day schedule described in the legend to Fig. 1. They were 

killed 72 hr after the initial injection. Each bar represents the mean + S.E.M. of 8-11 animals. Significance 
of differences from control (CON) are indicated as follows: ***P < 0.001. 


phine for 3 days. The results (Fig. 4) show there were 
slight decreases in the TH activity and CA concen- 
trations in the denervated control adrenal (left) as 
compared to the sham-operated control (right); how- 
ever, these were not significantly different (P > 0.05). 
After apomorphine treatment, the expected increase 
in TH activity was no longer observed in the dener- 
vated adrenal. Moreover, the adrenaline and norad- 
renaline concentrations were identical to those in the 
denervated adrenal glands of rats receiving no apo- 
morphine. 

The effects of adrenal denervation and of apomor- 
phine treatment on the short term adrenal CA con- 
centrations were also determined. Five days after 
denervation of the left adrenal rats were injected with 
apomorphine, 10 mg/kg i.p., 7 times at 1.5-hr inter- 
vals. They were killed 1.5 hr after the last injection. 


TH-nmoles dopa/hr/pr adrenals 











The decrease which occurred in the CA concentration 
after apomorphine treatment was no longer observed 
when the splanchnic nerve was cut. 

The effect of mecamylamine on the increase in TH 
activity induced by various treatments. Costa et al. 
[31] have shown that the ganglionic blocker mecamy- 
lamine can prevent the increase in adrenal TH ac- 
tivity induced by cold exposure if the blocker is in- 
jected prior to the treatment. A series of experiments 
was carried out in which rats received 10 mg/kg meca- 
mylamine i.p. The drug treatment was divided into 
4 doses and given over the same period the animals 
were receiving apomorphine (see legend to Fig. 1). 
The first injection of mecamylamine was given 15 min 
prior to the apomorphine treatment. There was no 
effect of the blocker on TH activity in control or apo- 
morphine-treated rats. 
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Fig. 5. The effect of -DOPA on the apomorphine-induced increase in adrenal TH. Rats were injected 


with 10 mg/kg apomorphine (APO) ip. every 1.5 hr, 


7 times daily for 4 days: with | g/kg L-DOPA 


s.c. given once daily for 4 days: or with one injection of | g/kg L-DOPA given 15min prior to the 

first of a series of 7 injections of apomorphine. The rats were sacrificed 96 hr after the initial injection. 

An aliquot of the adrenal homogenate was removed for CA determinations and the remainder dialyzed 

prior to assay as described in Materials and Methods. Each bar represents the mean + S.E.M: of 6 

animals. Significance of differences from control (CON) are indicated as follows: **P < 0.01 
*oeP < 0.001. 
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Fig. 6. The effect of -DOPA on the immobilization-induced increase in adrenal TH. Rats were sub- 
jected to a 3-hr immobilization (IMMOB) period daily; injected with | g/kg L-DOPA s.c. once daily: 
or were injected with | g/kg L-DOPA s.c. once daily 15 min prior to a 3-hr immobilization period. 
The results presented here are those pooled from a 3 and 4 day experiment: thus the rats were killed 
72 or 96hr after the initial treatment. An aliquot of the adrenal preparation was removed for CA 
measurements and then the preparations were dialyzed prior to TH assay as described in Materials 
and Methods. Each bar for TH represents the mean + S.E.M. of 10-12 animals; each bar for CA 
the mean + S.E.M. of 5-6 rats. “Significantly different from controls P < 0.01; from L-DOPA treatment 
P < 0.01; from L-DOPA plus immobilization treatment P < 0.05. "Significantly different from controls 
P < 0.05. 


In additional experiments animals were immobi- 
lized 3 hr/day for 3 days; mecamylamine, 4.2 mg/kg, 
was injected 15 min prior to the immobilization, im- 
mediately after it and 3 and 6hr later. Rats subjected 
to 10.5-hr cold exposure received the blocking agent 
in 4 injections, each 2.5 mg/kg, at 3-hr intervals with 
the first injection given 15 min prior to treatment. The 
inclusion of the mecamylamine injection did not pre- 
vent the immobilization-induced or cold-induced in- 
crease in TH activity. 

The effect of L-DOPA on the apomorphine-induced 
increase in adrenal TH activity. Both the prevention 
of the apomorphine-induced increase in TH activity 
by denervation and the negative results obtained with 
the 2 day xMPT experiment suggest that the increase 
in TH activity is regulated neuronally and not locally. 
Further proof of this is evident from experiments 


using apomorphine in combination with L-DOPA. If 


the apomorphine-induced increase in TH activity is 
mediated through a local decrease in CA then the 
administration of L-DOPA, which would favour rep- 
letion of CA, together with apomorphine should pre- 
vent the increase in enzyme activity. If, on the other 
hand, the increase in TH is neuronally mediated 
L-DOPA would have no effect. Figure 5 shows that 
apomorphine given for 4 days increases adrenal TH 
activity by 70°, with no changes in the CA concen- 
trations. One injection of | g/kg L-DOPA, given daily 
for 4 days, caused no statistically significant changes 
in adrenal TH or CA. When both apomorphine and 
L-DOPA were administered, the increase in TH ac- 
tivity was 120°, over controls and more than 20°, 
greater than the activity obtained with apomorphine 
alone (Fig. 5). A significant increase was also observed 
in the noradrenaline concentration. These results 


favour the view that the increase in TH is central 
in origin. 

The effect of L-DOPA on the apomorphine induced 
decrease in adrenal CA. To ensure that L-DOPA was 
indeed repleting adrenal CA in apomorphine treated 
rats, the adrenaline and noradrenaline concentrations 
were measured |.5hr after a series of 7 injections of 
apomorphine. L-DOPA had been injected 15 min 
prior to the first apomorphine injection. As is evident 
from Table 1. experiment C the decrease in CA 
observed after apomorphine treatment is restored by 
L-DOPA administration. 

The effect of L-DOPA on the increase induced by 
immobilization in adrenal TH activity. L-DOPA was 
unable to counteract the effect of apomorphine on 
TH activity (Fig. 5); however, Dairman et al. [32] 
have shown that the reserpine-induced increase in 
adrenal TH. which is neuronally mediated, can be 
completely blocked by the simultaneous administ- 
ration of L-DOPA. To gain insight into this problem 
we looked at the effect of this amino acid on the 
immobilization-induced increase in TH activity. Im- 
mobilization 3 hr/day for 3 days increased rat adrenal 
TH activity by 58°, (Fig. 6). Injection of L-DOPA 
1 g/kg, given once daily, again caused no significant 
change in adrenal TH activity or CA concentrations. 
When L-DOPA was administered prior to a 3-hr im- 
mobilization period the increase in TH activity was 
no longer observed. The implications of this exper- 
iment are dealt with in the discussion. 


DISCUSSION 


These results show that apomorphine can increase 
TH activity in rat adrenal glands. A schedule of 7 
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injections.of apomorphine per day for 1, 2 or 3 days 
significantly increases adrenal TH in vitro when it is 
measured |5hr after the last injection. The CA con- 
centrations measured at each time period are the 
same for apomorphine-treated and control animals. 
The only exception to this is at 48 hr when there is 
a small but significant increase in the noradrenaline 
concentration: however, total CA concentrations are 
the same in the two groups. The gradual increase 
obtained .in TH activity over the 3-day period is in 
accord with the concept that this increase is the result 
of a slow process in which the transcription phase 
takes approximately 18-24hr to be completed, and 
translation another 24-36 hr [33]. 

A single injection of reserpine [34], a 2-hr swim 
stress [35] or a 2-hr cold stress [10] is sufficient to 
initiate an increase in rat adrenal TH detectable 
24-48 hr after the initial stimulus. However, when rats 
are injected with apomorphine for | or 2 days and 
sacrificed 72 hr after the first injection, no significant 
increase in TH is observed. Interruption of the stimu- 
lus appears to allow adaptive mechanisms to restore 
enzyme activity to control levels. 

Activation of TH in the adrenals of apomorphine- 
treated rats by an effector molecule was ruled out 
through kinetic studies as well as mixing and dialysis 
experiments. Kinetic studies of adrenal TH prep- 
arations from apomorphine-injected and control ani- 
mals showed there was no change in the K,, of the 
enzyme for the pteridine cofactor, DMPH,, or tyro- 
sine. However, an approximately 2-fold increase in 
J was observed. When preparations made from 


max 


adrenals of apomorphine-treated and control rats 
were incubated together and then assayed, the enzyme 
activities were additive: this indicates that the in- 
crease in activity was probably due to an increase 
in enzyme protein and not to the presence of an acti- 


vator or loss of an inhibitor. To substantiate this 
point further, the adrenal preparations were dialyzed 
and the kinetic parameters were again determined. 
The increase in enzymic activity was still observed 
after dialysis and the K,, values for control and apo- 
morphine-treated rats were identical. Thus apomor- 
phine treatment increases TH activity and_ this 
appears to occur through an increase in the amount 
of enzyme protein. 

It has been suggested [13-17,36] that a relation- 
ship may exist between adrenal CA and adrenal TH 
activity. Although we found CA levels to be identical 
in apomorphine-treated and control rats when 
measured 24, 48 and 72hr after the initial injection, 
that is, 15 hr after the last of a series of 7 injections 
(Fig. 1), a decrease was noted when the CA concen- 
trations were determined only 1.5 hr after the daily 
schedule of injections was completed (Table 1). 

Goldstein et al. [20] have shown that apomorphine 
inhibits rat brain TH at concentrations as low as 
10°° M and our in vitro studies confirmed these find- 
ings. To determine whether apomorphine could be 
inhibiting TH in vivo, the concentration was measured 
in rat adrenals after a single injection of the drug. 
After 3 min, a peak concentration corresponding to 
3 x 10°°M was obtained which decreased to 10° ° M 
at 90 min. Jn vivo inhibition of adrenal TH is there- 
fore a possibility. In a further effort to determine this, 
apomorphine was given simultaneously with the TH 
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inhibitor MPT over a 1|-day period; the adrenaline 
and noradrenaline concentrations were measured 
1.Shr after the last injection of apomorphine (Table 
1). The MPT was injected in amounts sufficient to 
produce nearly complete inhibition of adrenal TH 
[22]. If the action of apomorphine is through enzyme 
inhibition, the apomorphine-induced decrease in 
adrenal CA should be similar to that with xMPT; 
also injection of both drugs should result in a de- 
crease in CA similar to or slightly greater than with 
4MPT (since MPT may not be inhibiting TH 100°,). 
The results show, however, that administration of 
xMPT in the conditions used in these experiments 
did not cause a significant decrease in adrenal CA; 
this can be explained by the long half-life of adrenal 
CA [30]. More surprisingly, the simultaneous ad- 
ministration of MPT with apomorphine potentiated 
the decrease caused by the latter drug alone. That 
joint inhibition of TH by the two drugs is responsible 
for this effect does not seem likely, because the de- 
crease in CA is observed only as long as adrenal in- 
nervation is intact. This favours the interpretation 
that apomorphine is causing increased secretion of 
CA by means of increased nerve stimulation. 

To determine whether the adrenal CA may play 
a regulatory role in the induction of adrenal TH 
further use was made of zMPT. Administration of 
this drug caused highly significant decreases in the 
adrenal CA concentrations after | and 2 days; how- 
ever, the TH activity 48hr after the beginning of 
treatment was identical to that of controls (Fig. 3). 
This result is, of course, not consistent with the con- 
cept that adrenal CA are important in regulating the 
induction of adrenal TH. 

Since local control does not appear to be a factor 
in regulating the induction of TH, hormonal and 
neuronal control was investigated. Mueller et al. [12] 
have shown that hormonal control is important for 
maintaining the basal level of TH and that in hypo- 
physectomized rats ACTH can restore the decreased 
TH activity to normal. To determine whether apo- 
morphine was causing the increase in TH activity 
through pituitary-mediated mechanisms, the drug was 
administered to hypophysectomized rats. The increase 
in enzyme activity observed after apomorphine treat- 
ment was the same in operated as in sham-operated 
animals; however, a large decrease was observed in 
the adrenaline and noradrenaline content of adrenals 
of hypophysectomized rats given apomorphine. This 
parallels the effect observed by Kvetnansky et al. [37] 
in hypophysectomized rats after immobilization. 

In all previous reports, intact innervation was 
required if increases in adrenal TH were to be 
observed: reserpine, 6-hydroxydopamine, phenoxy- 
benzamine [11], cold exposure [10] and immobiliza- 
tion [9] no longer cause an increase in TH activity 
after the nerve fibers to the adrenal gland are cut. 
The apomorphine-induced increase in adrenal TH 
and short term decrease in CA also require intact 
innervation, indicating that increase in enzyme syn- 
thesis required nervous input. 

To demonstrate further that the apomorphine-in- 
duced increase in adrenal TH required intact innerva- 
tion, we attempted to use the observation of Costa 
et al. [31] that injection with the ganglionic blocker 
mecamylamine prevents the increase in adrenal TH 
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observed after cold exposure. Using the same dose 
of mecamylamine as described [31], and with the first 
injection given 15min prior to the apomorphine 
treatment, we were unable to prevent the increase in 
adrenal TH activity. In a further experiment this drug, 
in a dose nearly twice as large as prescribed, was 
administered to rats subjected to immobilization and 
again it did not prove effective in blocking the in- 
duced increase in TH. To reproduce the conditions 
of the original experiment [31] rats were exposed to 
cold; the increase in TH activity was not blocked. 
No other ganglionic blockers were tested as Mueller 
et al. [38] have shown them to be ineffective in block- 
ing increases in adrenal TH activity. 

Further studies were undertaken to investigate the 
reason for the increase in TH activity after apomor- 
phine treatment. When L-DOPA was administered 
prior to the apomorphine treatment the induced in- 
crease in TH activity was obtained (Fig. 5), despite 
the restoration of adrenal CA to control levels (Table 
1). The facts that (1) L-DOPA was totally ineffective 
in blocking the increase in TH after apomorphine; 
(2) the initial decrease in CA and the long term in- 
crease in TH activity were prevented by adrenal 
denervation; and (3) MPT decreases adrenal CA and 
yet does not increase adrenal TH, indicate that in- 
creased preganglionic nerve activity is the major con- 
trolling factor in the induction of adrenal TH. 

Experiments by Dairman et al. [32] appear to con- 
tradict the results we obtained after the simultaneous 
administration of apomorphine and L-DOPA. It has 
been shown that reserpine increases adrenal TH ac- 
tivity and decreases adrenal catecholamines [34]. 
When t-DOPA and reserpine were given simul- 
taneously the increase in TH was completely abol- 
ished and control enzyme levels were obtained. This 
might lead to the conclusion that adrenal CA are 
regulatory, despite the fact that the increase after 
reserpine can only occur with intact innervation [11 ]. 

Further work was done using immobilized rats 
since this treatment induces adrenal TH and bears 
some resemblances to the action of apomorphine. 
Kvetnansky and Mikulaj [39] showed that adrenal 
CA are decreased significantly immediately after a 


daily 2.5-hr immobilization up till the 14th day of 


immobilization. There is also a delayed increase in 
adrenal TH [9]. Both the increase in TH activity and 
the decrease in CA concentrations can be abolished 
by splanchnicectomy [40]. In the present work 
L-DOPA was administered 10 min prior to a 3-hr im- 
mobilization period: in this case, in contrast to apo- 
morphine treatment the increase in TH was not 
observed (Fig. 6). 

Thus, L-DOPA was able to overcome the reserpine- 
and immobilization-induced increase in adrenal TH, 
but not the apomorphine-induced increase. This 
apparent contradiction can be interpreted if the 
actions of the drugs are considered at the central and 
not the local level. Watanabe er al. [41] have shown 
that increasing central nervous system CA_ with 
L-DOPA produces a generalized reduction of efferent 
sympathetic nerve activity. Reserpine, in contrast, de- 
pletes brain monoamines [42] and produces a reflex 
increase in sympathetic nerve activity [43]. The com- 
bination of L-DOPA and reserpine may result in a 
balance in brain CA and, thus, normal firing of pre- 
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ganglionic sympathetic fibers. A similar situation to 
that with reserpine may exist with immobilization: 
Bliss and Zwanziger [44] have shown that immobili- 
zation leads to a decrease in brain noradrenaline. 

Since the apomorphine-induced increase in adrenal 
TH activity was still observed with L-DOPA pretreat- 
ment the mechanism by which the increase occurs 
must be different from that caused by immobilization 
stress and reserpine. This implies that apomorphine 
is not producing its effect in the present instance 
through the stress of the induced stereotyped behav- 
iour [21] or by alterations in the caliber of the peri- 
pheral vasculature [45]. 

Apomorphine, however, is known to. stimulate 
dopamine receptors in brain [21, 46,47], a condition 
which, from our results, appears to cause increased 
activity of splanchnic nerve fibers and an increase in 
adrenal TH. Stimulation of these central dopamine 
receptors would occur in the presence or absence of 
t-DOPA with resultant nerve firing in either case. 
This implies that a dopaminergic system is involved 
in the induction of adrenal TH. 

The claim that alterations in brain activity can 
regulate adrenal TH has been made by several 
authors. Reis et al. [48] have shown that stimulation 
of certain brain areas can increase adrenal TH. Smith 
et al. [49] have shown that diazepam, a central ner- 
vous system depressant, can increase the induction 
of adrenal TH by isoproterenol. It has been proposed 
that this occurs through the ability of the drugs to 
interfere with the firing of CNS neurons. Specific 
brain systems have also been implicated in the induc- 
tion of adrenal TH. Mueller er al. [50] and Breese 
et al. [51] have suggested that interference with sero- 
tonin nerve function potentiates the induction of 
adrenal TH by various treatments. That a dopaminer- 
gic system may be important is evident from the work 
of Beuning and Gibb [52]. Methamphetamine, a drug 
which releases brain dopamine, increases adrenal TH 
activity; however, when haloperidol, a dopamine 
receptor blocker, is administered in combination with 
methamphetamine, the increase in TH is decreased 
about 50 per cent. 

In conclusion, we have shown that increases in 
adrenal TH are mediated centrally, and not locally 
through alterations in the CA concentration. Further- 
more, the results suggest that stimulation of central 
dopamine receptors by apomorphine alters the ac- 
tivity of preganglionic neurons which innervate the 
adrenal medulla and results in an increase in the TH 
activity. 
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Abstract—Endogenous inhibitors of dopamine-f-hydroxylase (DBH) are present in organ homogenates 
from several mammalian species. An assay for these inhibitors which utilizes DBH partially purified 
from the bovine adrenal medulla has been developed. A rat spleen homogenate, diluted 1:8000 in 
Tris buffer, inhibited bovine DBH activity by more than 50 per cent. Similar amounts of inhibitory 
activity were present in other organs. The inhibitory activity in homogenates of rat heart was reduced 
by treatment at 95° while most of that in the spleen was resistant to heat denaturation. Mixing exper- 
iments showed that there were constituents in heart homogenates which could cause the inhibitory 
activity in spleen to become heat labile. Divalent cations and the heme containing protein cytochrome 
c also conferred heat lability on the inhibitory activity in rat spleen homogenates. N-Ethylmaleimide 
had no effect on the inhibitory activity in rat heart, spleen or adrenal gland but Cu?* and p-chloromer- 
curibenzoate completely reversed the effects of the endogenous inhibitors in these organs. Sulfhydryl 
reagents can inhibit DBH but there was no correlation between inhibitory activity and either total 


tissue sulfhydryl concentration or TCA soluble sulfhydryl concentration. 


Endogenous inhibitors of dopamine-/-hydroxylase 
(EC 1.14.2.1; DBH) exist in many tissues [1, 2]. Their 
existence was first surmised from the observation that, 
although little or no DBH activity was detectable in 
homogenates of adrenal glands, activity was readily 
demonstrable when the homogenate was fractionated 
[3, 4,5]. This observation led to the suggestion that 
endogenous inhibitors may limit the rate of dopamine 
hydroxylation in intact tissues [2, 4, 5]. 

During the f-hydroxylation reaction, Cu?*, which 
is at the active site of the enzyme [6,7] undergoes 
cyclic oxidation and reduction. The action of the 
endogenous inhibitors and probably of inhibitory 
compounds, such as cysteine and glutathione, appears 
to be exerted by interaction with the Cu** at the 
active site of the enzyme [1]. 

Endogenous inhibitors of DBH (DBHI) have been 
purified from heat denatured homogenates of bovine 
heart [8] and bovine adrenal gland [1,9, 10]. The ac- 
tivity of the DBHI which was purified from bovine 
heart was not affected by N-ethylmaleimide (NEM), 
but it could be neutralized by the addition of Cu**. 
The purified inhibitory substance was reported to be 
heat stable, to have a molecular weight between 750 
and 1200, and to contain organic phosphate and 
carbohydrate [8]. 

The inhibitor isolated from homogenates of bovine 
adrenal glands had an amino acid composition simi- 
lar to that of glutathione but it differed from glutathi- 
one in the kinetics of the inhibition of DBH. Storage 
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caused the inhibitor to become inactive but inhibitory 
activity was regenerated on exposure to HS gas [10]. 
The adrenal activity was reversed both by NEM [1] 
and by Cu’* [9]. The difference in the effect of NEM 
on the heart and adrenal inhibitors suggests that the 
endogenous inhibitors differ in different organs. 

In order to assess the potential physiological role 
of DBHIs in regulating DBH activity in vivo and 
thus of regulating norepinephrine — biosynthesis, 
studies of the endogenous inhibitors of DBH in rat 
organs have been initiated. In this report an assay 
for DBHPs is described as are the basic character- 
istics of the endogenous DBHI’s in several rat organs. 


MATERIALS AND METHODS 


Animals. Male Sprague-Dawley rats (Simonsen) 
weighing 150-250 g were used in all experiments. 
They were killed by cervical fracture. 

Chemicals. S-Adenosylmethionine-['*C] (53 mCi, 
m-mole) was purchased from International Chemical 
and Nuclear Corporation, Irvine, California. The fol- 
lowing compounds were obtained from Sigma Chemi- 
cal Co.: octopamine HCl, tyramine HCl, bovine 
serum albumin, cytochrome c, 5,5’-dithiobis-2-nitro- 
benzoic acid (DTNB), |-arterenol HCI (1-norepineph- 
rine), adenosine, adenosine 5’-monophosphate (AMP) 
and adenosine 5’-triphosphate (ATP); from Schwarz 
Mann: p-chloromercuribenzoate (PCMB); from 
Abbott Laboratories: pargyline HCI (Eutonyl); from 
Boehringer Chemical Company: catalase (EC 
1.11.1.6); from Calbiochem: Cleland’s Reagent (dith- 
iothreitol); from Eastman Kodak Company: diethyl- 
maleate; from Aldrich Chemical Company: N-ethyl- 
maleimide (NEM); from Pharmacia Fine Chemicals, 
Inc: DEAE Sephadex A-50 and Sephadex G-200, and 
from Regis Chemical Company: 6-hydroxydopa- 
mine. 
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DBH purification. DBH was purified by a modifica- 
tion of the method of Foldes et al. [11]. Bovine 
adrenal medullae. dissected free of cortical tissue, 
were weighed and homogenized in 3 vol of cold 0.3 
M sucrose. The supernatant obtained after centrifuga- 
tion at 800 g for 15 min was centrifuged at 10,000 
y for 20 min. The pellet thus obtained was resus- 
pended in 0.3 M sucrose, layered on cold 1.6 M suc- 
rose, and centrifuged at 100,000 g for 60 min in a 
Beckman SW 25.2 rotor. The pellet, which was highly 
enriched in chromaffin granules, was lysed by suspen- 
sion in potassium phosphate buffer, 10 mM, pH 7.2. 
The membranes were sedimented by centrifugation 
(100,000 g for 1 hr) and the lysate was applied to 
a 40 2.5 cm column of DEAE Sephadex (A-50). 
DBH was eluted with a gradient running from 0 to 
0.8 M Nacl in 10 mM phosphate buffer, pH 7.2. The 
fractions with the highest activities were combined 
and stored in polypropylene tubes in the presence of 
0.1°,, bovine serum albumin at —10°. Enzyme stored 
in this manner retained full activity for at least 26 
months. The DBH used in these experiments had a 
specific activity of 47 uzmoles octopamine/hr/mg pro- 
tein. 

Phenylethanolamine-N-methyl transferase _ purifica- 
tion. Phenylethanolamine-N-methyl transferase (EC 
2.1.1.1; PNMT) was purified by a modification of pre- 
viously described methods [12,13]. Bovine adrenal 
medullae were homogenized in 3 vol of 1.15°, KCI 
and centrifuged at 28.000 g for 30 min. The superna- 
tant was adjusted to pH 5.3 with | N acetic acid 
and centrifuged at 28,000 g for 30 min. The resulting 
supernatant was readjusted to pH 7.0 with 2 M Tris 
buffer. pH 8.6, and solid ammonium sulfate was 
added to 30 per cent of saturation (176 g/l). After 
centrifugation the supernatant was brought to 50 per 
cent of saturation (127 g/l) with solid ammonium sul- 
fate. The pellet obtained after centrifugation at 28,000 
y for 30 min was resuspended in a minimal volume 
of 5mM Tris buffer, pH 7.4, and dialysed against 
100 vol of buffer. The dialysate was then layered on 
a Sephadex G-200 column (100 x 4 cm). The active 
fractions were collected and stored frozen at —10 
in polypropylene test tubes. The enzyme was stable 
for at least 20 months when prepared and stored in 
this manner. 

DBH assay. A modification of the assay of Molinoff 
et al., [13] was used. The assay is based on the con- 
version of tyramine to octopamine by DBH and the 
subsequent conversion of the octopamine thus formed 
to synephrine['*C] by PNMT using S-adenosyl- 
methionine[ '*C] as the methyl donor. Sciatic nerve 
sections (0.3 cm) were homogenized in | ml of 5 mM 
Iris buffer, pH 7.4. Other organs were weighed and 
homogenized in 25 vol of buffer. Homogenizations 
were with a Polytron homogenizer running at the 
highest speed for 20 sec. The homogenates were cen- 
trifuged at 12.000 g for 10 min, after which the super- 
natants were diluted as necessary with Tris buffer. 
When the effect of boiling was studied, the superna- 
tants were subjected to a temperature of 95° for 5 
min. Precipitated proteins were removed by centrifu- 
gation, after which the supernatants were diluted with 
Tris buffer. The reaction mixture contained 3.5 mM 
ascorbic acid, pH 5.5; 37 mM sodium fumarate, pH 
5.5: 0.46 mM pargyline; 5 units of catalase per sl 
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of reaction vol: 0.88 mM tyramine HCl, pH 5.5: 30 
mM _ sodium acetate, pH 5.5; and either 100 ul or 
200 sl of sample. The final reaction volume was either 
160 or 310 yl. Stock solutions of octopamine, sodium 
fumarate and tyramine HCI were adjusted to pH 5.5 
and stored at —10. Sodium ascorbate, pH 5.5, and 
paragyline were prepared fresh daily. Catalase, stored 
at 4, was diluted with 5 mM Tris, pH 7.4, on the 
day of each experiment. The first step of the assay 
was carried out for 20 min at 37° at pH 5.5, while 
the N-methylation step was carried out for 30 min 
at 37 at pH 8.6. Sodium borate, pH 10, was added 
to a final concentration of 0.2 M to stop the PNMT 
reaction. The synephrine['*C] was extracted into 
either 4 or 6 ml (with 160 or 310 yl reaction vol, 
respectively) of a mixture of toluene and isoamy] alco- 
hol (3:2. v/v, 310 yl reaction vol) or 5.5 ml of ethyl 
acetate (160 yl reaction vol) with a Vortex Genie 
mixer. After centrifugation at low speed, either 3 or 
4 ml of the 3:2 toluene: isoamy! alcohol organic layer 
was dried at 80 as previously described [14] and 
5 ml of a phosphor containing 150 ml of methanol 
and 4.29 g of 2,5-diphenyloxazole/] of toluene were 
added to each scintillation vial. When ethyl acetate 
was used for the extraction the radioactivity in 4 ml 
of the organic phase was determined with 6 ml of 
the toluene counting solution described above. Blanks 
and internal standards were included in each exper- 
iment. The internal standards (125 pmoles of octopa- 
mine) were used to calculate absolute amounts of 
DBH activity. They also correct for any variation in 
the activity of the PNMT. 

DBHI assay. The reaction mixtures for DBHI 
assays were the same as those used in the DBH assay 
described above except that an aliquot of partially 
purified bovine adrenal medullary DBH, sufficient to 
convert 10-20 pmoles of tyramine to octopamine/min, 
was added to each assay tube. Blanks and octopamine 
internal ‘standards were carried out as described 
above. DBHI’s did not affect the second step of the 
reaction. Since the tissue homogenates were usually 
very dilute, only minimal amounts of endogenous 
DBH activity were seen. The activity of the partially 
purified DBH was determined in the abserice of in- 
hibitor in each experiment and the experimental 
results were compared to this activity with results 
being expressed as percent inhibition. The reproduci- 
bility of duplicate samples was unsatisfactory unless 
special precautions were observed to insure that glass- 
ware was scrupulously clean. Soaking glassware in 
cleaning solution (NoChromix [Godax Labs., N.Y.]) 
usually resulted in acceptable reproducibility. The 
best results were obtained, however, when new dis- 
posable glassware and pipettes (Van-Lab, VWR 
Scientific) were used throughout the experiment. 

Sulfhydryl assay. Sulfhydryl concentrations in rat 
organ homogenates were determined by the method 
of Sedlak and Lindsay [15]. Total sulfhydryl concen- 
tration was determined by adding 0.5-ml samples of 
a 1:25 (w/v) organ homogenate in 20 mM EDTA, 
pH 4.7, to 1.5 ml of 0.2 M Tris buffer, pH 8.2, contain- 
ing 0.1 ml of 1O mM DTNB. The volume of the mix- 
ture was adjusted to 10 ml with methanol and color 
was developed for 30 min, after which the samples 
were centrifuged at low speed. Absorbance was read 
at 412 nm in a Beckman DU spectrophotometer. Sulf- 
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hydryl concentration was calculated using an extinc- 
tion coefficient of 13,600 M~' cm™'. Reagent and 
tissue blanks were run with each sample. Non-protein 
sulfhydryl. which is acid soluble and includes reduced 
glutathione as a major constituent [16], was deter- 
mined by adding 5 ml of tissue homogenate in EDTA 
to 4 ml of distilled water. Trichloroacetic acid (1 ml 
of 50%, w/v) was added and after 10 min of intermit- 
teat mixing the solution was centrifuged at low speed 
in an IEC centrifuge. An aliquot (2 ml) of the superna- 
tant was added to 4 ml of 0.4 M Tris buffer, pH 
8.9, containing 0.1 ml DTNB (10 mM). The absor- 
bance at 412 nm was determined and the concen- 
tration of TCA soluble sulfhydryl was calculated as 
described above. 


RESULTS 


Characteristics of the DBH1 assay. The assay for 
DBH and for DBHI's was linear for at least 30 min. 
Preincubation of the enzyme for up to 60 min with 
a preparation containing endogenous inhibitor from 
rat spleen did not affect the degree of inhibition. 

In order to use bovine adrenal DBH to study the 
endogenous inhibitors found in rat organs, it was im- 
portant to establish that the inhibitors had the same 
effect on exogenous bovine DBH as they had on the 
endogenous DBH present in homogenates of rat 
organs. Experiments were carried out in which DBH 
activity was determined in homogenates of heart, 
spleen, adrenal glands and brain as a function of the 
concentration of Cu**. It has been shown previously 
[2.9.13], that a very precise concentration of Cu?” 
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Fig. 1. The effect of Cu** on the DBH inhibitor from 
heart. The curves drawn with solid lines show the effect 
of Cu** on endogenous tissue DBH in a 1:25 homogenate 
of rat heart (T. —-A—) and on partially purified adrenal 
DBH added to the heart homogenate (T + P, —@—). 
The dashed line is derived by mathematically subtracting 
the activities obtained with tissue from those obtained with 


partially purified bovine adrenal DBH in the presence of 


tissue (T + P — T, -- x --). The activities of tissue DBH 
(T) and tissue + partially purified DBH (T + P) in the 
absence of Cu** are shown by the intercepts on the 
ordinate. The activity of partially purified DBH in the 
absence of Cu** is shown on the ordinate (@) and is the 
mean of 5 determinations + S.E.M. The data is expressed 
as the average of duplicate determinations. The inset shows 
the effect of increasing concentrations of Cu?* on the ac- 
tivity of partially purified bovine adrenal DBH in the 
absence of tissue. 
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Fig. 2. Reversibility for DBH inhibitor from adrenal, 
spleen, and heart. Assays for DBH activity were carried 
out for 20 min as described in Materials and Methods. 
The tissues added to partially purified DBH (—@—) were 
as follows: (a) a 1:7000 dilution of rat adrenal supernatant 
(—A—) or a 1:5000 dilution of a boiled rat adrenal super- 
natant (—-M—); (b) a 1:10,000 dilution of rat spleen super- 
natant (—A—), or a 1:500 dilution of boiled rat spleen 
supernatant (—M@—); (c) a 1:6000 dilution of rat heart 
supernatant (—-A—) or a 1:300 dilution of boiled rat heart 
supernatant (—M@—). The data represents the average of 
duplicate determinations. 


is required to obtain maximal DBH activity in vitro. 
If an insufficient amount of Cu** is used, the inhibi- 
tors will decrease the activity of the enzyme. If too 
high a concentration of Cu?* is added, the Cu** will 
itself inhibit either the partially purified DBH (Fig. 
1. inset) or the DBH which is present in the homo- 
genate (Fig. 1). The partially purified DBH did not 
require Cu?* for maximal activity since there was 
no inhibitor in this preparation (Fig. |. inset). In these 
experiments, when the activity of exogenous bovine 
adrenal DBH was measured in the presence of an 
organ homogenate, as a function of the concentration 
of Cu’*, the bovine adrenal enzyme was affected in 
the same way as was the DBH in the homogenate 
(Fig. 1). These results, which were obtained with heart 
(Fig. 1), brain [2], spleen and adrenal homogenates 
(not shown), suggest that it is valid to use partially 
purified bovine adrenal medullary DBH in an assay 
of the DBH inhibitors which are found in rat organs. 

To determine whether the inhibitors of DBH act 
reversibly, reaction velocity was determined as a func- 
tion of enzyme dilution in the presence and in the 
absence of inhibitor [17]. This analysis was_per- 
formed for the unboiled and boiled rat spleen, heart 
and adrenal homogenates (Fig. 2). 

When inhibitor was added to partially purified 
DBH the reaction velocity was decreased. The percent 
inhibition was constant, however, regardless of the 
amount of DBH activity in the assay. This suggests 
that the effect of the inhibitors is reversible. 

Amount of DBH1 activity in various rat organs. The 
amount of inhibitory activity was such that in order 
to obtain an I<. dilution by several thousand-fold 
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Effect of dilution on DBHI activity in homogenates 

heart and spleen. Rat spleen (—-@—) and heart 
(--O--) homogenates were prepared. A portion of each 
homogenate served as the control while other aliquots of 
the spleen homogenate (-A&~—) and heart homogenate 
(--A--) were studied after being at 95 for 5 min. Dilution 
curves were performed on the 2 preparations from each 
homogenate. The per cent mhibition of an aliquot of par- 
tially purified DBH is represented on the ordinate and 
dilution of the supernatant or boiled supernatant on the 

abscissa. Values are means of 5 organs + S.E.M. 


was required for all organs examined. The dilution 
curves for spleen and heart are shown in Fig. 3. In 
these experiments a mean dilution of 1:2950 for the 
heart and of 1:8000 for the spleen was required to 
inhibit the partially purified DBH by 50°, (Fig. 3). 
When these homogenates were heated at 95 for 5 
min, an average of only 2 per cent of the inhibitory 
activity remained in the heart homogenate while 60 
per cent of the inhibitory activity in the spleen 
appeared to be heat stable (Fig. 3). Heating for an 
additional 15 min had no further effect on the heat 
stability of the inhibitor present in either the spleen 
or. heart homogenates. The I;, and percentage of 
the inhibitory activity which was heat stable were 
determined for homogenates of several rat organs 
(Table 1). 

The differences in the heat lability of the DBHI 
in homogenates of heart from that observed in spleen 
homogenates (Table |) could indicate that the DBHI’s 
are Organ specific [2] or it could be due to the pres- 
ence of a constituent in the heart homogenate which 
rendered the inhibitor labile to heat. Homogenates 
of heart and spleen were mixed in equal proportions 


Table 1. DBHI levels in rat organs 


Percentage heat stable 


Organ Dilution (I55) (S’ at 95°) 





Heart - 0.6 (11) 
Spleen 
Adrenal 
Sciatic 
nerve 
Salivary 
gland 


1750 (3) 
175 (6) 


1:2185 300 (8) 





Dilution curves of boiled and unboiled inhibitor were 
determined (see Fig. 3). I,)’s were calculated from the dilu- 
tion curves. The percentage heat stable was calculated 
using the following formula: 

I<, boiled 
100. 
I.,, unboiled 
Ihe numbers ih parentheses are the numbers of separate 
determinations. Results are mean S.E.M. 
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Fig. 4. Effect of rat heart supernatant on the heat lability 
of rat spleen DBHI. Dilution curves were performed for 
heart (—-@—), boiled heart (--O--), spleen (—@—) and 
boiled spleen (----) as Fig. 3. Control curves and curves 
after heat denaturation (5 min at 95°) are shown. Dilution 
curves were also performed for boiled (--A--) and unboiled 
(—-A—) mixtures of equal volumes of the heart and spleen 
homogenates. The heart plus spleen boiled curve represents 
the dilution of the spleen homogenate in the mixture (e.g. 
a 1:25 heart + 1:25 spleen homogenate would produce 
a 1:50 spleen dilution). The data represents the average 
of duplicate determinations. 


and dilution curves were determined for the spleen, 
the heart and for a 1:1 mixture of the two homo- 
genates (Fig. 4). When a mixture of heart and spleen 
homogenates was placed in a boiling water bath for 
5 min, there was a marked decrease in the inhibitory 
activity present in the spleen homogenate. This sug- 
gested that a constituent present in the heart homo- 
genate was responsible for the heat lability observed 
with these mixed homogenates. Similar results were 
obtained when adrenal and heart homogenates were 
combined and subjected to a temperature of 95° for 
5 min. 

Effect of metals on the heat lability of DBHI. In 
view of the possibility that DBHI’s may be sulfyhdryl 
compounds [1], and the ability of metals, particularly 
divalent cations, to inactivate sulfhydryl compounds 
[18, 19, 20], the effect of metals on the heat stability 
of spleen DBHI was investigated. When a concen- 
tration of Fe** greater than 10°* M was added to 
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Fig. 5. Effect of Fe** on the heat lability of rat spleen 
inhibitor. FeSO, was added to a 1:25 rat spleen homo- 
genate to produce concentrations between 10 and 
10 °M. The supernatants from these homogenates were 
boiled for 5 min at 95°. Precipitated proteins were removed 
by centrifugation and the supernatant was diluted with 
buffer to produce the desired final dilution. Fe** does not 
inhibit DBH at concentrations below 10°? M. The control 
curve is the dilution curve for boiled spleen supernatant 
in the absence of exogenous Fe?* (--A--). The data rep- 
resent the average of duplicate determinations. 
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Fig. 6. Effect of Ca**, Mg?*, Fe**. cytochrome c and 
bovine serum albumin on increasing the heat lability of 
rat spleen inhibitor. CaCl, (— x —), FeSO, (--@--), MgCl, 
(- -A--), cytochrome ¢ (Cc, —™—) or bovine serum albu- 
min (BSA, —&—) were added to a 1:25 spleen homo- 
genate to produce final concentrations between 10° *® and 
10°* M. These homogenates were centrifuged and an ali- 
quot of the supernatant was heated at 95° for 5 min. Dena- 
tured proteins were removed by centrifugation and dilution 
curves _ performed with each of the resulting superna- 
tants. Ca?*, Fe?* or Mg?* did not inhibit DBH at or 
below 10 3 M. At those concentrations of Cc or BSA 
which inhibited DBH directly (>10~° or >10°* M, re- 
spectively) 100°, values were obtained by adding the 
appropriate concentration of protein to Tris buffer, 5 mM, 
pH 7.4, and assaying DBH in the presence of this solution. 
In order to eliminate exogenous non-protein metals the 
solutions of Cc and BSA were heated for 5 min at 95°, 
dialyzed against Tris buffer 5 mM, pH 7.4, EDTA (2.9 
mM) and deferoxamine (0.3 mM) (Desferal, Ciba Pharma- 
ceutical Co., Summit, N.J.) for 48 hr. The proteins were 
then dialysed against Tris buffer 5 mM, pH 7.4, for an 
additional 48 hr to remove the chelating agents. The per 
cento increased lability was calculated using the following 
formula: 
' I;,, boiled in presence of metal or protein 
I;, boiled in absence of metal or protein 


Results are expressed as mean + S.E.M. of 3-5 experiments. 
a spleen homogenate, a marked reduction in DBHI 
activity occurred on exposure to a temperature of 95 
for 5 min (Fig. 5). Ca** and Mg** caused similar 
increases in the heat lability of DBHI in spleen homo- 
genates (Fig. 6). In order to determine whether metal- 
loproteins could also cause the inhibitor in the spleen 
to become heat labile, the heme protein cytochrome 
¢ (Fig. 6) was added to a spleen homogenate. Expo- 
sure of the mixture to a temperature of 95° for 5 
min resulted in a marked increase in the lability of 
the inhibitor. Similar results were obtained with the 
heme containing proteins yeast lactic dehydrogenase 
and hemoglobin. Bovine serum albumin, a non-iron 
containing protein, was able to labilize DBHI, but 
a much higher concentration was required. (Fig. 6). 

Relation of glutathione concentration to endogenous 
DBH1 levels. Sulfhydryl compounds such as cysteine, 
glutathione and mercaptoethanol have been shown 
to inhibit DBH [1,10]. Furthermore, the effects of 
at least some of the endogenous inhibitors of DBH 
are reversed by appropriate concentrations of sulf- 
hydryl reactive agents such as Cu?*, Hg**, Ag’, 
PCMB, and NEM [9]. To examine the possibility 
that DBH inhibitory activity might be related to 
levels of reduced glutathione, rats were injected with 
the glutathione depleting agent diethylmaleate [16]. 
A dose-response curve for diethylmaleate and the 
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time course of trichloroacetic acid (TCA) soluble sulf- 
hydryl depletion were determined for rat liver. A dose 
of 1.3 mg/kg was chosen and the animals were killed 
30 min after the administration of the drug. At higher 
doses or longer times increased mortality was 
observed. This treatment resulted in a marked de- 
crease in total sulfhydryl content in rat heart and 
spleen (Fig. 7) as well as in the liver. Under conditions 
in which there was a highly significant decrease in 
TCA soluble sulfhydryl concentration, no change was 
seen in the amount of inhibitory activity in either 
the rat spleen or heart (Fig. 7). 

Reversibility of endogenous DBHI. The ability of 
homogenates of spleen, heart and adrenal to inhibit 
partially purified bovine adrenal DBH was fully 
reversed by appropriate concentrations of Cu?* and 
PCMB (Fig. 8). NEM failed to reverse inhibition in 
any of these rat organ homogenates. In these exper- 
iments dithiothreitol was added during the N-methyl- 
ation step in order to reverse the inhibitory effects 
of PCMB and NEM on PNMT. 

Inhibitor activity stability. The stability of DBHI 
activity was determined for the rat heart, spleen and 
adrenal (Table 2). Dilution curves were performed at 
the indicated times and Is,)’s were determined from 
these curves. The heart and boiled heart homogenates 
and the unboiled spleen homogenates retained nearly 
full inhibitory activity for at least 3 days when stored 
at —10°. On the other hand, the inhibitory activity 
in boiled spleen homogenates and in adrenal homo- 
genates (either boiled or unboiled) was labile when 
stored at —10° for from 1-3 days. In other exper- 
iments exposure of inhibitor preparations to a pH 
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Fig. 7. Effect of sulfhydryl depletion on rat heart and 
spleen inhibitor. Diethylmaleate (DEM) (1.3 mg/kg) was 
injected i.p. in cottonseed oil. The controls were injected 
with cottonseed oil alone. After 30 min the animals were 
killed and their spleens and hearts were removed and 
assayed for total sulfhydryl, TCA soluble sulfhydryl, and 
ability to inhibit DBH (I,,). Sulfhydryl concentration is 
expressed as the molar concentration in a 1:25 organ 
homogenate. Ht = heart. Sp = spleen. Results are 
expressed as mean + S.E.M. with n = 5 for experimental 
and control animals. *P < 0.5, **P < 0.005, ***P < 
0.0005. 
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DBHI activity by Cu?*, NEM and 
PCMB. Cu** (—@—), N-ethylmaleimide (NEM, —i—) 
and p-chloromecuribenzoate (PCMB, —-A—) were added 
jo a mixture of partially purified DBH plus an aliquot 
of a homogenate to produce final concentrations of 
between 10°° and 10°* M. Spleen (1:2000), heart (1:400) 
and adrenal (1:4000) homogenates were used. These dilu- 
tions were chosen so as to obtain preparations with only 
negligible -amounts of DBH activity. Dithiothreitol was 
added to the N-methylation step to reduce the inhibition 
of PNMT by PCMB and NEM. The partially purified 
DBH (P) and tissue + partially purified enzyme (T + 
P) activities were obtained in the absence of PCMB, NEM 
or Cu** 


Fig. 8. Reversal of 


as low as 2.0 or as high as 10.0 did not affect the 
DBHI activity. 

Effect of norepinephrine, ATP, AMP and adenosine 
on pure DBH. Since ATP and norepinephrine are 
found in high concentrations in adrenergic storage 
granules, the ability of norepinephrine, ATP, AMP 


Table 2. 


Stability of rat organ DBHI’s 





Percentage original inhibitory 
activity remaining after 

Organ 72 hr. 
Heart 
Boiled heart 96.0 
Spleen 92.8 
Boiled spleen 9.4 
Adrenal 62.0 
Boiled adrenal 52.8 





88.8 


I IH I 1H HE + 





Dilution curves for the indicated organs were performed 
on the same day that the animals were killed and ‘again, 
72 hr later, using homogenates which had been stored at 

10°. The boiled samples were prepared and assayed on 
day | and were also stored at — 10°. Results are expressed 
as per cent of original inhibitory activity remaining after 
72 hr + S.E.M. of 4 determinations. Per cent of original 
inhibitory activity is calculated by the following formula: 


I<59 at 72 hr 
100. 
I<, at day 0 


and adenosine to inhibit DBH was examined. The 
cencentration of norepinephrine in the spleens of rats 
used in these experiments was about 0.4 yg/gm. The 
concentration of norepinephrine in a 1:7000 dilution 
of rat spleen would therefore be about 3.4 x 10° '° 
M. Norepinephrine up to 10~° did not inhibit par- 
tially purified DBH. The concentration of ATP is 
one-fourth that of norepinephrine in the adrenal 
medullary chromaffin granule [21]. The concen- 
tration of ATP and its degradation products should 
therefore be no greater than 8.5 x 10°'' M ina 
1:7000 dilution of a spleen homogenate. Neither 
ATP, AMP nor adenosine at concentrations up to 
10°* M had any effect on DBH activity. 


DISCUSSION 

It has been suggested that tyrosine hydroxylase (EC 
1.14.3) is the rate-limiting step in the biosynthesis of 
catecholamines [22]. It is likely that tyrosine hydroxy- 
lase limits the maximum rate of catecholamine syn- 
thesis, but it is probably an eversimplification to sug- 
gest that tyrosine hydroxylase is the only regulated 
step in this biosynthetic pathway [2]. There are at 
least two potential regulatory mechanisms which may 
function in vivo to limit the expression of DBH ac- 
tivity. The first of these derives from the fact that 
DBH is contained within and bound to the mem- 
branes of adrenal chromaffin granules [23,24] and 
adrenergic storage granules [25,26]. Thus, access of 
dopamine to DBH may be restricted and may limit 
the expression of DBH activity. Endogenous inhibi- 
tors of DBH provide a second potential means of 
regulating DBH activity. These inhibitors have been 
described in several organs [1,8] but little is known 
concerning their physiological role in terms of a poss- 
ible contribution to the regulation of norepinephrine 
biosynthesis in vivo. 

As assay for the endogenous inhibitors of DBH has 
been established. This assay is based on the ability 
of various dilutions of organ homogenates to inhibit 
the activity of a standard preparation of DBH. The 
DBH used in these experiments was obtained from 
bovine adrenal medullae and it had an activity of 
approximately 47 umoles octopamine/hr/mg protein. 
This activity compares with an activity of 93-105 
moles octopamine/hr/mg protein reported by Foldes 
et al. [11] for enzyme that was biochemically homo- 
genous. It is important to point out that the assay 
depends on having a preparation of DBH which is 
free of endogenous inhibitors. It is not necessary, 
however, to have biochemically pure enzyme. The fact 
that Cu** does not lead to an increase in the activity 
of the DBH preparation used indicates that it is not 
contaminated with inhibitors (Fig. 1. inset). 

The activity of endogenous inhibitors in various rat 
organs is extremely high. There is, for example, 
enough inhibitor present in a 1:8000 homogenate of 
rat spleen to inhibit partially purified bovine adrenal 
medullary DBH by approximately 50 per cent. The 
endogenous inhibitors derived from several organs 
differed markedly in terms of their apparent heat sta- 
bility. We thus suggested that there are organ specific 
differences in DBHI [2]. Mixing experiments demon- 
strated, however, that there are constituents in heart 
homogenates which can confer heat lability on both 
the heart and spleen inhibitors. It is likely that this 
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effect is due to the presence of divalent cations per- 
haps in the form of metalloproteins. Divalent cations 
such as Fe**, Ca?*, and Mg** confer heat lability 
on DBHI derived from rat spleen. Similar results 
were obtained with Fe** containing proteins such as 
cytochrome c and hemoglobin. The concentration of 
cytochrome c is approximately ten times higher in 
the heart than in the spleen [27]. The heart may also 
contain large amounts of other metalloproteins which 
are involved in oxidative phosphorylation. It is likely 
that this may explain the difference in the heat lability 
of the DBHL in heart as opposed to spleen homo- 
genates. 

The greater heat lability of the inhibitory activity 
in heart than in spleen homogenates does not, there- 
fore, imply the existence of organ specific DBHTI’s. 
On the other hand, the inhibitor isolated from the 
bovine heart did not react with NEM [8] while that 
isolated from the bovine adrenal gland could be neu- 
tralized by NEM [1.9]. This suggests that there may 
be organ specificity in the DBHI’s in bovine tissue. 
The inhibitory activity of rat heart, spleen, and 
adrenal was uniformly insensitive to NEM while inhi- 
bition could be completely reversed by both Cu?* 
and PCMB. Even though pharmacologic approaches 
did not demonstrate the existence of multiple DBHTs, 
several lines of evidence do suggest that there is more 
than one endogenous inhibitor present in the homo- 
genates being studied. While most of the inhibitory 
activity in rat heart was destroyed by exposure to 
- 95° for 5 min, there is a portion of the inhibitory 
activity which was not destroyed by heating for even 
20 min. Furthermore, when homogenates of various 
rat organs were chromatographed on Sephadex 
G-200 at least four discrete peaks of inhibitory acti- 
vity were seen. Two of the peaks are of high stokes 
radius and are heat labile, while two of lower appar- 
ent molecular weight are heat stable (Orcutt and 
Molinoff, unpublished). 

Additional evidence with regard to the possible 
multiplicity of endogenous inhibitors comes from 
consideration of the effects of glutathione. Glutathi- 
one is present in the homogenates being studied and 
it is able to inhibit DBH. Depletion of glutathione 
with diethylmaleate did not, however, affect the total 
ievel of inhibitory activity in either rat heart or spleen. 
This suggests that glutathione contributes only a 
small fraction of the total inhibitory activity which 
is present in these homogenates. 

These results do hot rule out the possibility that 
the inhibitors are sulfhydryl compounds since most 
of the depletion in total sulfhydryl can be accounted 
for by the decrease in glutathione (TCA soluble sulf- 
hydryl). Experiments have been carried out to test 
the ability of glutathione to inhibit partially purified 
DBH. Concentrations below 0.2 mM had no effect 
while 50 per cent inhibition was seen at | mM. The 
concentrations of reduced glutathione in 1:25 homo- 
genates of rat heart and spleen were determined to 
be 73 uM and 110 uM respectively. This means that 
glutathione cannot be contributing significantly to the 
inhibitory activity which is observed even in concen- 
trated homogenates. The lack of potency of glutathi- 
one stands in marked contrast to the more active 
endogenous inhibitors which are able to inhibit DBH 
after a dilution of several thousand-fold. 
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For endogenous inhibitors of DBH to have a sig- 
nificant physiological role they must have access to 
DBH which is contained within and bound to the 
membranes of adrenergic storage vesicles and adrenal 
chromaffin granules [23, 24, 25,26]. The enormous 
amount of inhibitory activity which is present in the 
homogenates examined suggests that most of it is 
located in an extragranular pool since if all or even 
most of the total inhibitory activity had access to 
DBH, it would result in almost complete inhibition 
of the enzyme. On the other hand, if even a small 
percentage of the DBHI has access to DBH, then 
the inhibitors may be playing a very significant 
physiological role in regulating DBH activity and 
thus the synthesis of norepinephrine. 

Attempts to document the presence of DBHI’s in 
vesicles have not led to clear-cut results. The exper- 
iments are complicated by the large amount of inhibi- 
tory activity which is present in the homogenates and 
is apparently derived from non-neuronal tissues. Sur- 
gical sympathetic denervation or treatment with 
6-hydroxydopamine [28] had no effect on the I<, 
of iris or heart, respectively. On the other hand, 
several lines of evidence suggest that the endogenous 
inhibitors of DBH do have access to the enzyme 
which is sequestered in adrenergic storage granules. 
When DBH activity is measured in perfusates of the 
isolated cat spleen [29]. the perfused cat adrenal 
(Mosimann and Molinoff, unpublished), or in vesicle- 
rich fractions obtained from density gradients of 
homogenates of rat heart [26], exogenous Cu** must 
be added in order to obtain full expression of DBH 
activity. It is not possible to use the concentration 
of Cu** which is required to obtain maximal DBH 
activity as a quantitative measure of the amount of 
inhibitor present in a preparation since most of the 
Cu’* is apparently bound nonspecifically. However, 
the fact that some Cu?~ is required implies that there 
is at least some inhibitor present. Experiments are 
now under way which are designed to explore the 
possibility that a small percentage of the total amount 


of DBHI does have access to DBH. 
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Abstract 


The binding of tolbutamide, chlorpropamide and glibenclamide to human and bovine serum 


albumin has been estimated in the presence of a number of acidic drugs. It is shown that agreement 
between experimental data and that calculated using the competitive binding equation is very poor. 
The degree of displacement of tolbutamide and chlorpropamide is much greater than that calculated 
using the equation while displacement of glibenclamide is much less. These findings suggest that dis- 
placement is essentially non-competitive and that glibenclamide is less susceptible to displacement 
by acidic drugs than tolbutamide or chlorpropamide. 


It is generally assumed that the degree of displace- 
ment of one drug by another from protein binding 
sites can be calculated using the well known competi- 
tive binding equation [1,2]. Implicit in this is the 
further assumption that both drugs are bound to and 
compete for common discrete binding sites. This is 
particularly the case where binding constants are 
determined by measuring the displacement of a fluor- 
escent [3,4] or other probe. 

The displacement of the sulphonylurea drugs from 
serum albumin has received considerable interest 
[6-9]. A variety of drugs can displace tolbutamide 
[6-10] and chlorpropamide [6-8, 10] from binding 
sites but little is known about the newer drug gliben- 
clamide. 

In this work displacement of the three sulphonyl- 
ureas by several common acidic drugs has been esti- 
mated. The extent of displacement calculated using 
the competitive binding equation is compared with 
experimental data. 


MATERIALS AND METHODS 


Bovine serum albumin (BSA lot number 300-2060) 
and human serum albumin (HSA lot number 
81c-13028) were both crystalline fraction V albumin 
obtained from Sigma Co. Tolbutamide and chlorpro- 
pamide have been described elsewhere [11]. ['*C]gli- 
benclamide was labeled as foliows: 


Cl 


—CONHCH,CH,— SO, NHCONH— 


OCH, 


The pKa was estimated as 6.5 + 0.03 [11] and the 
sp. act. was 0.84 mCig~'. Phenylbutazone and sul- 
phaphenazole were donated by Ciba—Geigy and war- 
farin was donated by Endo Laboratories. All drugs 





*This work was supported in part by grant 72/9148 from 
the National Health and Medical Research Council of 
Australia. 


including salicylic acid and paracetamol were recrys- 
tallised prior to use. 

Dialysis procedure. Binding of tolbutamide and 
chlorpropamide was determined in the presence of 
displacing drugs using the dynamic dialysis technique 
[12]. The volume of the protein solution inside the 
dialysis bag was 7 mf and that of the external solution 
was 250 ml. This technique is unsuitable for use with 
glibenclamide because the drug is strongly bound to 
the membrane and has a very low rate constant for 
diffusion across the membrane [11]. Thus to study 
binding at the low therapeutically significant levels 
of glibenclamide, extended dialysis times plus a large 
correction for membrane binding would be necessary. 
An equilibrium dialysis technique was therefore used. 
Good agreement between the two dialysis techniques 
has been reported [13, 14]. Studies were carried out 
in sterile glass dialysis cells of 5-ml capacity. All dialy- 
sis studies were conducted at pH 7.4 in 0.067 M phos- 
phate buffer. Binding parameters were calculated as 
described previously [14]. 

To estimate the effect of a co-solute drug on the 
binding of another, two approaches are possible. The 
more common is to study the binding in systems con- 
taining a fixed total concentration of co-solute. This 
has the substantial disadvantage that the binding pro- 
file of the drug under consideration is determined un- 
der conditions of varying co-solute activity since as 
binding of the drug varies binding of the co-solute 
also varies. The second approach is to determine the 
complete binding profile of the drug while maintain- 
ing a constant free concentration and thus a constant 
displacing effect of the co-solute. Only binding data 
obtained in this way is suitable for treatment accord- 
ing to the competitive binding equation. This equa- 
tion states that for a particular class of identical and 
independent binding sites. the apparent association 
constant for a drug A, k’,. in the presence of a com- 
petitor B is given by 

k’, = k,/( + ky Dep) 1. 


where k, and kp are association constants for binding 
of A and B to protein and D,;, is the free concen- 
tration of competitor B. 
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In dynamic dialysis procedures this is achieved by 
adding a suitable concentration of displacing drug to 
the albumin solution and the corresponding free con- 
centration is maintained in the external compartment. 
When samples are removed from the external solution 
they are replaced with buffer containing the same co- 
solute concentration. As dialysis of the primary drug 
occurs, more co-solute will tend to bind to protein. 
Therefore, co-solute from the large external solution 
may enter the protein compartment. However, the 
same free concentration of co-solute should be main- 
tained because of the reservoir effect of the large 
external compartment. For tolbutamide, chlorpropa- 
mide and the dynamic dialysis procedure, free concen- 
trations of displacing drugs never varied by more 
than +2 per cent. Agreement of replicates for several 
systems indicated good reproducibility. 

It is more difficult to maintain a particular free 
co-solute level in equilibrium dialysis because there 
is no reservoir effect. However, in the case of gliben- 
clamide, it was present in such low concentrations 
compared to co-solutes, that little displacement of co- 
solutes occurred. It was possible to maintain free con- 
centrations of phenylbutazone, warfarin and salicylate 
to within +5 per cent. 


ANALYSIS 
Tolbutamide, chlorpropamide and glibenclamide 


were estimated as described previously [11]. Parace- 
tamol. sulphaphenazole. salicyclate, phenylbutazone 


lable |. Binding parameters for the interaction of tolbutamide with albumin at pH 7.4 and 37 


and warfarin were assayed spectrophotometrically at 
245, 252, 299, 268 and 310nm, respectively. Where 
necessary, small absorbance contributions due to tol- 
butamide, chlorpropamide and glibenclamide at these 
wavelengths were subtracted. 


RESULTS 


The effect of phenylbutazone, warfarin, salicylate, 
sulphaphenazole and paracetamol on binding con- 
stants of tolbutamide to BSA and HSA are shown 
in Table 1. Significant displacement of tolbutamide 
occurs in the first class of sites but there is little effect 
on the second class. It is interesting to note that the 
apparent association constant, kj, with BSA is very 
similar to that with HSA. 

The binding constants for the various displacing 
compounds are listed in Table 2. Phenylbutazone, like 
tolbutamide, is bound to three primary sites on the 
albumin molecule. If these sites are common it might 
be expected that binding of tolbutamide in the pres- 
ence of phenylbutazone could be described by the 
competitive binding equation. Values of the apparent 
primary association constants, ki, for tolbutamide 
were calculated using the respective binding para- 
meters for tolbutamide and phenylbutazone and Eq. 
1. (Table 1) These values are seven times greater than 
those observed experimentally. 

Phenylbutazone cuased greater displacement of 
chlorpropamide from BSA than warfarin at equival- 
ent free concentrations (Table 3). Warfarin and chlor- 


in the presence of 


various drugs 





Binding parameters for tolbutamide 


Calculated 





Mean free 
concentration 
(M 10%) 


Displacing 


agent Albumin 








0.08 
0.16 
0.16 
0.04 
0.16 
0.16 
3.00 
3.00 
6.00 
().32 
0.64 


Phenylbutazone 
Warfarin 
Salicylate 


Paracetamol 


Sulphaphenazole 


Wwhytvty wh wi 


Table 2 





Binding constants for drugs used to displace the sulphonylureas from serum albumin at 


37 in 0.67 M phosphate buffer, pH 7.4 





Drug Albumin 


(M 





HSA 
BSA 
HSA 
BSA 
HSA 
BSA 
BSA 
BSA 


Phenylbutazone 


Warfarin 
Salicylate 


Sulphaphenazole 
Paracetamol 








Displacement from serum albumin by anionic drugs 


Table 3. Binding parameters for the interaction of chlorpropamide with BSA at pH 7.4 and 37 


1177 


in the presence of 


warfarin and phenylbutazone 





Binding parameters for chlorpropamide 


Mean free 


Calculated 





concentration 
M x 10+ 


Displacing 
agent 


k; k' 
(M~! x 107?) (M7! x 1074) 





Warfarin 0.04 
0.16 
0.08 


0.16 


Phenylbutazone 


4.14 
2.88 
1.86 
2.41 
1.42 


3.20 
1.64 





Table 4. The effect of warfarin, phenylbutazone and salicylate on the interaction of glibenclamide 
with HSA at pH 7.4 and 37 





Mean free 
Displacing concentration 


agent 


Binding parameters for 
glibenclamide Calculated 





k 
M7! x 1075 M 





Warfarin 


Phenylbutazone 


Salicylate 


7.64 
5.66 
5.47 
5.72 
4.52 
3.77 
5.90 
5.31 
4.64 





propamide are both bound to two primary sites on 
the albumin molecule. However, the calculated values 
of k; for chlorpropamide in the presence of warfarin 
were again considerably greater than those observed 
experimentally (Table 3). A noteworthy point is that 
warfarin and phenylbutazone also appear to displace 
chlorpropamide from the secondary binding sites. 


V/D¢ , molar"x107° 


. 
oO 


Peco 
aio oe 


e° Pitter, 
as <i. 
Seo 


PM we ee ee 





0 0-5 1-0 5 v 

Fig. 1. The effect of phenylbutazone and warfarin on the 

binding of glibenclamide to 0.5°, HSA at 37° in 0.067M 

pH 7.4 phosphate buffer. © Glibenclamide alone. Warfarin 

free concentrations (M x 10%): YV O11 (...)*:; O 0.26 

(---—-)*. Phenylbutazone free concentration (M x 10*):@ 
O.11 ( )*: @ 0.24 (0000)*; K 0.45 (xxxx)*. 

* Binding curves predicted from k’ values (Table 4) calcu- 
< lated from Eq. 1. 





In contrast displacement of glibenclamide from 
HSA by phenylbutazone, warfarin and salicylate is 
far less than that predicted by the competitive binding 
equation (Table 4, Fig. 1). At the highest phenylbuta- 
zone free level (0.45 x 10°*M) the association con- 
stant was reduced by a factor of only 2 compared 
to a 35-fold reduction in k, for tolbutamide in the 
presence of 0.16 x 10°*M free phenylbutazone. Thus 
glibenclamide is far less susceptible to displacement 
by anionic drugs than tolbutamide and_ possibly 
chlorpropamide, 


DISCUSSION 


The standard competitive equation gives a very 
poor estimate of the degree of displacement for the 
systems considered here. In the case of tolbutamide 
and chlorpropamide displacement is far greater than 
that calculated. These drugs [11] and phenylbutazone 
[15] appear to bind to serum albumin by ionic forces. 
Calculations which account for electrostatic repulsion 
between the albumin molecule and sulphonylurea 
anions due to attachment of phenylbutazone anions 
produced little improvement in the fit of calculated 
data to that observed experimentally. 

The possibility that materials may cause non-com- 
petitive displacement of drugs from plasma proteins 
has been recognized previously [15-17]. 

The environment around a binding site may facili- 
tate hydrogen bond formation or van der Waal’s 
attraction between drug and protein, contributing to 
the free energy of binding through either an enthalpic 
or entropic stabilisation [18]. If a competitor induced 
configurational changes in the albumin molecule thus 
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disturbing the favourable environment this could 
bring about displacement in addition to that caused 
by direct competition for common complexation sites 
[15]. The significance of these findings is that the 
degree of displacement cannot always be predicted 
directly by consideration of the respective association 
constants of the drug and displacing compound. 

The displacement of tolbutamide from its primary 
sites by warfarin, salicylate, paracetamol and sulpha- 
phenazole deserves consideration. These four drugs 
are bound to only one or two primary sites (Table 
2) but they cause displacement in the three primary 
tolbutamide binding sites. Therefore it is difficult to 
explain the displacement in terms of competition for 
common sites. It could be argued that competition 
occurs due to overlap of binding sites of the two 
drugs. 

Warfarin, for example, would then compete for 
only two of the three tolbutamide binding sites. How- 
ever, the three primary sites for tolbutamide are 
apparently still equivalent (Table 1) and the concept 
of overlapping sites does not seem to apply. 

It has been suggested previously that the tendency 
of one drug to displace another depends on its ability 
to distort the albumin molecule [19]. The mechanism 
of displacement may therefore be essentially non- 
competitive. 

The displacement of glibenclamide from albumin 
by phenylbutazone, warfarin or salicylate is far less 
than that calculated by the competitive binding equa- 
tion, (Eq. 1), assuming competition for both binding 
sites. This may be related to its mechanism of binding. 
Glibenclamide is bound by non-ionic forces whereas 
tolbutamide and chlorpropamide appear to be bound 
chiefly by ionic forces [11]. In addition anions would 
not displace glibenclamide by increasing the charge 
on the albumin molecule. The displacement that does 
occur may be due to an effect of the drugs on tertiary 
albumin structure. If this is the case, the effect is small 
possibly because the sites of attachment are remote 
from those of glibenclamide. 

Although the binding parameters cannot be used 
quantitatively to calculate displacement, there does 
appear to be a rank order correlation between the 
binding constants of displacing drugs and the extent 
to which they reduce binding ofa particular sulphonyl- 
urea. For example, phenylbutazone is the most 
strongly bound compound in Table 2 and appears 
to be the most effective at a given free concentration. 
Warfarin: is more weakly bound and is less effective. 
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The degree of displacement is therefore still a function 
of the number of drug molecules bound even though 
the mechanism of displacement may be essentially 
non-competitive. 

The binding of glibenclamide is relatively unaf- 
fected by therapeutic levels of these displacing drugs. 
At most the free glibenclamide level would be dou- 
bled. Hence glibenclamide may be a safer drug to 
use when there is likelihood of concurrent administ- 
ration of other drugs. It should be emphasized that 
the displacing drugs used in this work were all anions. 
It is possible that drugs bound by non-ionic forces, 
similar to glibenclamide may cause more substantial 
displacement. 
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Abstract 


The effects of various thiopyrano [3,4-b]indoles and pyrano [3,4-b] indoles on norepineph- 


rine (NE) and 5-hydroxvtryptamine (S-HT) uptake were determined in mice. A thiopyranoindole. tanda- 
mine.* was a potent inhibitor of [*H]NE uptake in the heart, being three times more active than 
desimipramine, and was relatively ineffective in potentiating the 5-hydroxytryptophan (5-HTP) behav- 
ioural syndrome. A pyranoindole and a thiopyranoindole blocked both [*H]NE and brain 5-HT uptake 
with activities greater than, or similar to imipramine. Structure—activity relationships for these two 
activities were determined. Tandamine was the most potent in antagonizing reserpine-induced hypother- 
mia and the guanethidine-induced depletion of heart [*H]NE. The (—)enantiomer of tandamine exhi- 
bited greater activity in blocking NE and 5-HT uptake. The results indicate that tandamine and certain, 
of its congeners, differing chemically from the known tricyclic antidepressants, exert relatively selective 
stereochemical effects on NE and 5-HT uptake mechanisms. Such agents are potentially useful as 
antidepressants and as tools for further studies of the uptake mechanism and functional significance 


of NE and 5-HT. 


The principal mechanism for the inactivation of in- 
jected or endogenously released norepinephrine (NE) 
is re-uptake into adrenergic neurons by an active 
neuronal membrane transport mechanism [1, 2], 
usually designated as the membrane pump. Such 
active transport mechanisms have been shown in both 
peripheral and central catecholamine neurons [3, 4]. 
A similar active transport mechanism has been shown 
to exist in central dopamine (DA) and 5-hydroxytryp- 
tamine (5-HT) neurons [4]. Blockade of the mono- 
amine membrane pumps by certain tricyclic antide- 
pressant drugs results in a decrease in the inactivation 
of the monoamines and a subsequent potentiation of 
their effects both in the periphery and the central ner- 
vous system [4-6]. 

Various tricyclic antidepressants have been shown 
to exert some specificity in blocking the monoamine 
pumps [7,8]. The secondary amines, e.g. desimipra- 
mine and protriptyline, are more potent blockers of 
the membrane pump in central NE neurons than the 
tertiary amines, e.g. chlorimipramine, imipramine and 
amitriptyline. The converse is true for blockade of 
the membrane pump of central 5-HT neurons. None 
of the drugs had any significant effect on the mem- 
brane pump of central DA neurons. 


In the present studies members of two series of 


compounds, i.e. the pyrano [3,4-b] and thiopyrano 
[3, 4-b]indoles, have been found to exhibit blocking 
activities with regard to the NE and 5-HT membrane 
pumps. One of these agents, tandamine, is shown to 
be relatively selective in blocking NE uptake and is 
currently of interest clinically. 


MATERIALS AND METHODS 


Radioactive norepinephrine levels. Male albino mice, 
(23-25 g: Canadian Breeding Laboratories) were in- 





*}]-[2-(dimethylamino)ethyl ]-9-ethyl-1,3,4.9-tetrahydro - 
|-methyl-thiopyrano [3,4-6]indole hydrochloride. 


jected in the tail vein with 0.25 ml containing 2.5 
uCi di-[7-*H]norepinephrine-HC! (7.7 Cim-mole: 
Radiochemical Centre, Amersham). ([*H]NE), in a 
solution of 0.75°,, NaCl and 0.01 N HCl. Test com- 
pounds were injected intraperitoneally (i.p.) in 0.5 ml 
0).025°,, acetic acid: the doses refer to the salt of the 
compound. The tissue samples were homogenized in 
ice-cold 0.4 N perchloric acid and centrifuged. A por- 
tion of the supernatant fluid was transferred to a vial 
containing a mixture of 1 ml methanol, 3 ml ethanol 
and 10 ml toluene-phosphor [0.4°, 2,5-diphenyl- 
oxazole and 0.005°,, 1,4-bis (5-phenyl-oxazole-2-yl) 
benzene], and the total radioactivity was measured 
by liquid scintillation counting (efficiency, 10 per cent). 
The radioactivity in the heart at times comparable 
to those of the present studies is almost entirely due 
to [*H]NE [9]. 

5-H ydroxytryptophan-induced syndrome. The behav- 
ioural syndrome produced by potentiation of the 
effects of di-5-hydroxytryptophan (5-HTP) consists of 
head twitches, lordosis, tremors, extension and abduc- 
tion of hind limbs and excitation[10,11]. Male 
albino mice (23-25 g) were administered the test com- 
pounds (i.p.) 30 min prior to the administration of 
5-HTP (300 mg/kg, i.p.) and the syndrome was scored 
after 15 min. The degree of intensity of the 5-HTP 
syndrome following the compounds is indicated by 
an arbitrary scale: ineffective (I); +1 (weak effect): 
+2 (moderate effect); +3 (strong effect): +4 (very 
strong effect). Any changes in gross behaviour prior 
to the injection of 5-HTP were also noted. 5-HTP 
alone did not cause any changes under these condi- 
tions. 

Antagonism of — reserpine-induced — hypothermia. 
Groups of ten male albino mice (23-25 g) were pre- 
treated (i.p.) with graded doses of the test agents | 
hr before administration of reserpine (1 mg/kg, s.c.). 
One group was kept as control (saline) and another 
group received saline plus reserpine. Rectal tempera- 
ture was measured with a YSI telethermometer and 
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402 physiological probe before drug treatment and 
every hour after the treatment for 5 hr. 

intagonism of the displacement of [7H]NE_ by 
guanethidine. Male albino mice (23-25 g) were injected 
in the tail vein with 2.5 Ci of [7H]NE. Test agents 
were given i.p. 45 min after, and guanethidine sul- 
phate (20 mg kg, ip.) 75 min after the [*H]NE 
administration. All animals were killed 4 hr after the 
[*H]NE injection, the hearts removed and _ total 
radioactivity determined as described previously. 

As some of the test agents, when given alone, de- 
creased the spontaneous release of the [*H]NE from 
mouse heart, the per cent displacement of [7H]NE 
by guanethidine was calculated utilizing a formula 
similar to that proposed by Bruinvels [12]: 


{°H]NE agent + guan. 
[°H]NE ager 
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50 per cent at 10 mg/kg, ip., were not usually exam- 
ined further in this assay. Those compounds which 
did exhibit this activity were further examined and 
their EDs9's determined as were their effects on the 
release of [7H]NE in the mouse heart. The effects 
of tandamine (compound 17) and the reference drugs 
desimipramine, imipramine and amitriptyline are 
shown on the uptake in Fig. 1A and release in Fig. 
1B of [H]NE as representatives of results obtained 
in these assays. The relative activities of the reference 
agents were: desimipramine > nortriptyline > imi- 
pramine > amitriptyline (Table 1). 

Compounds 1, 3, 8, 9, 10, 13 and 14, members of 
the pyranoindole series. like the reference tricyclic 
antidepressants, caused a decrease (ED;, < 10 mg/kg) 
[°H]NE guan. 
[H]NE saline 





Per cent inhibition 


(“H]NE guan. 
[*H]NE saline 


intagonism of displacement of 5-HT induced b\ 
z-ethy|-3-hydroxy-4-methyl phenylethylamine (H75/12). 
Male albino mice (23-25 g) were injected with two 
doses of H75/12 (25 mg/kg, i.p.) 2 hr apart. All ani- 
mals were killed 2 hr after the last dose of H75/12. 
The test agents were injected 30 min before the 
H75,/12, the second dose of the agents being half the 
first. 

Mice were killed, whole brains quickly removed, 
rinsed in saline and frozen on dry ice. 5-HT was 
extracted [13] and assayed spectrofluorimetrically 
[14]. Per cent inhibition of the displacement of 5-HT 
by H75,12 for each of the agents was calculated by 
the formula used above for the guanethidine-induced 
displacement of [*H]NE, ie. by substituting 5-HT for 
[°H]NE and H75/12 for guan. 

In both of the experimental models, i.e. uptake of 
[°H]JNE and guanethidine-induced 
[ “H]NE, the per cent inhibition of activity vs the log 
dose (mg/kg) was plotted and the dose at which 50 
per cent inhibition occurred (EDs9) was read from 
graph. 

The agents employed in the studies were gifts from 
Ciba-Geigy Ltd.—guanethidine sulphate (Ismelin): 
reserpine injection U.S.P. (Serpasil): imipramine 
(Tofranil) and desimipramine (Pertofrane) hydroch- 
lorides and Merck. Sharp & Dohme Ltd.—amitrip- 
tyline hydrochloride (Elavil). Butriptyline hydrochlo- 
ride (Evadyne) was from Ayerst Laboratories. Nor- 
triptyline hydrochloride was prepared by Dr. M. A. 
Davis, Chemistry Department, Ayerst Laboratories. 
dl-5-Hydroxytryptophan monohydrate was obtained 
from Calbiochem Co. and x-ethyl-3-hydroxy-4-methy] 
phenylethylamine (H75/12) from Aldrich Chemical 
Co.*The test compounds were synthesized by Drs. 
A. A. Asselin, C. A. Demerson and I. Jirkovsky, 
Chemistry Department, Ayerst Laboratories. The 
doses refer to the salt of the compound. 


RESULTS 
Inhibition of [H]NE uptake. In Tables 1 and 2 
are shown the EDso's of various test compounds and 
tricyclic antidepressant drugs on the 
[°H]NE in the mouse heart. Compounds which did 
not cause a decrease in [°H]NE levels of at least 


depletion of 


uptake of 





when given before. but not after the [*H]NE, thus 
indicating a blockade of the [*H]NE uptake by these 
compounds (Table 1). In this series introduction of 
an ethyl group on the indole nitrogen in the com- 
pound containing the 2-dimethylaminoethy! side chain 
(1) yielded a compound (13) displaying the greatest 
blockade of the NE membrane pump, the level of 
activity being three times greater than imipramine. 
This appears to be the optimal length of the alkyl 
chain on the indole nitrogen since the compounds 
containing a propyl (14) or methyl group (9). or the 
unsubstituted compound (1), were greater than, or 
equivalent to imipramine, in potency, but less than 
compound 13. 

The importance of the 2-dimethylaminoethy! side 
chain in compounds | and 9 is demonstrated by the 
finding that increasing the length by one carbon, i.e. 
2 and 7, respectively, caused loss of activity: however, 
when in addition the nitrogen was secondary instead 
of tertiary, ic. 3 and 8, respectively, the derivatives 
were similar in activity. Further, the activity was also 
lost when the replacement group was a 2-methyla- 
minoethyl (4 and 12) or a 2-diethylaminoethy! alkyl 
chain (5 and 6). The placing of a 2-dimethyla- 
minoethyl group on the indole nitrogen with the 
group at position | being a methyl (15) or propyl 
(16) yielded inactive compounds. 

Compounds 10 and 11, enantiomers of compound 
9, exhibited different activities, the (— )-enantiomer 
(10) being about three times more potent than the 
(+)-enantiomer (11) and the latter being similar in 
activity to the racemate, compound 9. These findings 
demonstrate the importance of the stereochemical 
configuration for biological activity. 

Members of the thiopyrano indole series, Le. 17, 
18, 20, 21, 22, 23, 25. 26, inhibited the uptake of 
[*H]NE as they caused a decrease in [H]NE when 
given before, but not after, the [*H]NE (Fig. 1; Table 
2). Enhanced activity is achieved by replacement of 
the oxygen (1, Table 1) by a sulfur atom (20, Table 
2) in the compound containing an unsubstituted in- 
dole nitrogen and the 2-dimethylaminoethyl side 
chain (i.e. EDs): 7.3 mg/kg, ip. vs 2.4 mg/kg, Lp., re- 
spectively). The importance of the substituent on the 
indole nitrogen in the thiopyranoindoles is shown by 
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Table 1. Effects of pyrano [3,.4-b]indoles and reference drugs on heart [7H]NE uptake and the 5-HTP syndrome 
in mouse 








2 
cH, R, baicg , 
~~ Potentiation of 
5-HTP syndromet 
oo Inhibition of Dose (mg/kg, ip.) 





[7H]NE uptake* 
Treatment R, > Form EDs9: mg/kg, Lp. 23. - #2. 6.25 





CH,CH,N(CH3)2 .C,H,04 fi. 
CH,CH,CH,N(CH;), .C,H,O,4 >10 
CH,CH,CH,NHCH, .C,H,0, 8.2 
CH,CH,NHCH, .CysH,O, >10 
CH,CH,N(CH;CH;), HCI > 10 
CH,CH,N(CH,CH;3), C .HCI >10 
CH,CH,CH,N(CH;3), .CysHyOx > 10(11.5) 
CH,CH,CH,NHCH, .CyHyOg 
CH,CH,N(CH3;), HCl 
(—)-CH,CH,N(CH3), CH; .HCI 
(+ )-CH,CH,N(CH;), CH; .HCI 

CH,CH,NHCH, CH; -HCl 
CH,CH,N(CHs3), CH,CH, .HCI 
CH,CH,N(CH3)2 CH,CH;3CH, .CyHygOg 
CH; CH,CH,N(CH;3), .CyHyOx 
CH,CH,CH; CH,CH,N(CH3). .C,H,O4 

Imipramine 

Desimipramine 

Amitriptyline 

Nortriptyline 





* Mice were administered [7H]NE (2.5 pCi, iv.) 45 min after the test agent. Animals were killed 2 hr after the 
latter treatment. The EDs9 for inhibition of [SH]NE uptake is derived from at least 3 doses for each agent as shown 
in Fig. | for tandamine and reference drugs. 

+ Mice were injected with compounds 30 min before an i.p. injection of 5-hydroxytryptophan (S-HTP: 300 mg/kg) 
and the syndrome scored as I (ineffective), +1 (weak effect), +2 (moderate effect), +3 (strong effect), +4 (very strong 
effect) 15 min after the 5-HTP injection. 

+ 1.9-Dimethyl-1-[2-dimethylamino)ethyl ]-1.3,4.9-tetrahydro-pyrano [3.4-b indole hydrochloride. 


Table 2. Effects of thiopyrano [3,4-b]indoles and structurally-related agents on heart [°H]NE uptake and the 5-HTP 
syndrome in mouse 








Potentiation of 
5-HTP syndrome* 
Inhibition of Dose (mg/kg, i.p.) 
[?H]NE uptake* 
Treatment No. R, ; EDso: mg/kg, Lp. 25 2 6:25 








+ 


Tandaminet CH,CH,N(CH;), CH,CH, 
(—)-enantiomer CH,CH,N(CH;), : 
(+ )-enantiomer CH,CH,N(CH;), 

CH,CH;N(CH;)> 

CH,CH,N(CH;), 

CH,CH,N(CH;), 

CH,CH,NHCH, 

CH,CH,NH, 


4. 


+ 


+ 


co 
mwN— w= 


4 


O 
CH CH,NCH,¢ { \-c CH,CH, 


CH, 


CH, CH,CH,N(CH,), 


CH,CH, 





* +See legend to Table | for experimental details. 
t 1-[2-(Dimethylamino)ethy] ]-9-ethyl-1,3.4,9-tetrahydro-|-methyl-thiopyrano [3.4-b Jindole hydrochloride. 
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A. Compound given before 34-NE 


B. Compound given after 3H-NE 





Tandamine 


3H-NE Content (% Decrease + S.E.) 





it 1 | rT 


Desimipramine 


Imipramine 


Amitriptyline 


3H-NE Content (% of Control + S.E.) 











0.3 0.6 1.0 2.0 
Dose (mg/kg, i-p.) 


Fig. 1. 


Dose (10 mg/kg, i.p.) 


Mice were administered [7H]NE (2.5 pCi, iv.) either 45 min before (Fig. 1A) or after (Fig. 


1B) the test agent. Animals were killed 2 hr after the latter treatment. Each value is mean + S.E.M. 
of at least 8 animals. 


the findings that the compound containing a methyl 
group (21) is more active (EDs,: 1.0 mg/kg, ip.) than 
the unsubstituted derivative (20, ED<,: 2.4 mg/kg, i.p.). 
Furthermore, as in the pyrano indole series. the most 
effective compound in the series, i.e. tandamine (17), 
EDs: 0.3 mg/kg, i.p., contains an ethyl group on the 
indole nitrogen; the activity was about eighteen times 
that of imipramine and-five times that of the corre- 
sponding pyrano indole, compound 13 (Table 1). 
(Tandamine was also highly effective when adminis- 
tered orally, being one-half as active as intraperi- 
toneally—EDs,: 0.6 vs 0.3 mg/kg, i.p.). Increasing the 
length of the substituent on the indole nitrogen to 
that of a propyl (22) or an allyl group (26) led to 
a decrease. in activity; the unsaturation in the latter 
substituent was not of relevance as these two com- 
pounds were similar in activity. The significance of 
the dimethylamino group in the dimethylaminoethyl 
side chain at position | of this series was demon- 
strated, since replacement by a methylamino (23), a 
p-chloro-phenacyl-methylamino (25) or an amino 
group (24) led to a decrease in potency, in that order, 
as compared to tandamine (17). 

Resolution of the racemate, tandamine, into its 
enantiomers was of importance as the (—)-enan- 
tiomer, 18, was the most potent compound of those 
examined; it was about twice as active as tandamine 
and at least thirty times as active as the (+)-enan- 
tiomer, 19, indicating the relevance of the sterochemi- 
cal configuration for biological activity. 

In the thiopyrano [4,3-b]Jindole series, instead of 
the thiopyrano [3,4-b]indole series, compound 27, 
containing the dimethylaminoethyl side chain, was 
inactive. 

Potentiation of the 5-HT P-induced behavioural syn- 


drome. Sub-threshold behavioural doses of 5-HTP: 


have been shown to be potentiated by certain tricyclic 
antidepressants [10,11]. The degree of potentiation 
of the syndrome produced by 5-HTP for compounds 
examined and the reference drugs are presented in 
Tables | and 2. Only compound 9, a pyranoindole, 
and 21, a thiopyranoindole, displayed an activity with 
a potency at least similar to that of imipramine, the 
second most effective reference drug. Amitriptyline 


was the most effective in this respect whereas desimi- 
pramine was relatively inactive. 

With respect to the pyranoindoles the importance 
of the 2-dimethylaminoethyl side chain was shown 
by the findings that, in contrast to the compound 
which contains this chain and also a methyl on the 
indole nitrogen (9), the compounds in which the 
dimethylamino group was substituted by a diethyl- 
amino (6) or the chain was lengthened to the 3-di- 
methylaminopropyl (7) or the 3-methylaminopropyl 
group (8) were ineffective. The significance of the 
nature of the substituent on the indole nitrogen was 
demonstrated by the findings that the activity was 
lost, or greatly reduced, when the methyl group of 
compound 9 was replaced by a hydrogen (1), ethyl 
(13) or propyl group (14) whether in the hydrogen- 
containing compound (1) the side chain was 2-amino- 
methyl (4) or 2-diethylaminoethyl (5), 3-dimethyla- 
mino (2) or 3-methylaminopropy! (3). 

Similar to the findings obtained on the ability to 
block the uptake of [*H]NE, the (—)-enantiomer (10) 
was highly effective, retaining the same degree of 
5-HTP-potentiating activity as the racemate (9) 
whereas the (—)-enantiomer (11) was only weakly 
effective. 

In the thiopyranoindoles, compound 21 (Table 2) 
produced potentiation of 5-HTP equivalent to that 
of imipramine. Thus, the oxygen in the pyrano indole ' 
(9, Table 1) can be replaced by a sulfur atom. How- 
ever, the presence of the methyl group on the indole 
nitrogen is of relevance, since the compounds contain- 
ing an ethyl (17), propyl (22), or allyl (26), group or 
a hydrogen atom (20) were relatively ineffective. This 
was also observed when the substituent on the indole 
nitrogen was an ethyl group, and the side chain, 
instead of the 2-dimethylaminoethyl (17), was a 2- 
methylamino-(23), amino-(24) or a p-chloro-phenacyl- 
methyl-amino (25)-ethyl group. The compound hay- 
ing the thiopyrano [4.3-b]indole (27), instead of the 
thiopyrano [3.4-b]indole (17), exhibited comparable 
activity at the highest dose, but not at the lower dose. 
Neither enantiomer of tandamine (17) potentiated 
5-HTP strongly. but as observed with their effect on 
[7H]NE uptake. the (—)-enantiomer (18) was rela- 
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Table 3. Effects on reserpine-induced hypothermia in mouse 





Dose 


Treatment (mg/kg, i-p.) 


Temperature 
hr after reserpine 





Agent 
alone 3 4 5 





Tandamine 


Compound 9 


Desimipramine 


Imipramine 


Amitriptyline 





Mice (10 per group) received test agents | hr before administration of reserpine 
(1 mg/kg, s.c.). Temperatures were measured before test agents and reserpine and 


thereafter up to 5 hr. 


Score P < 0.05: difference between mean experimental and mean control tempera- 


ture: 1+, < 1°: 2+, 


1-2 : 34+, 2-3: 4+, > 3. Mean control temperatures of saline- 


reserpine group at 3, 4 and 5 hr after reserpine were 32.9 + 0.36, 31.7 + 0.30 and 


31.5 + 0.51 , respectively. 


tively more active than the (+)-enantiomer (19) or 
the recemate (17). 

Effect on reserpine-induced hypothermia. A com- 
pound of each series, i.e. compound 9 (Table 1) and 


tandamine (17, Table 2), was compared to desimipra- 
mine, imipramine and amitriptyline for its effect on 
reserpine-induced hypothermia. Each of the agents in 
doses ranging from 1 to 20 mg kg. ip.. antagonized 


the reserpine-induced hypothermia at 3, 4 and 5 hr 
after the reserpine (Table 3). (Little or no change was 
seen in the temperature | or 2 hr following reserpine). 
The antagonism was dose-dependent. The order of 
activity was tandamine > desimipramine > com- 
pound 9 = imipramine. Amitriptyline antagonized 
the hypothermia; however, alone it lowered the rectal 
temperature significantly in contrast to the other 


Table 4. Effects on the guanethidine-induced displacement of [7H]NE 





Agent 
Dose alone 


Treatment (mg kg, i.p.) 


(cpm x 10°/g heart + S.E.M.) 


Agent + 
guanethidine Per cent. 


inhibition* 


EDso 
(mg/kg, ip.) 





34.2 


50.1 
43.0 
43.4 
40.2 


41.7 
44.3 
41.0 
34.2 
34.3 
35.7 


48.8 
41.2 
41.0 
56.2 
38.6 
34.6 
42.4 
34.3 
32.4 


0-90 
1.77 
2.71 
2.45 
0.91 


2.75 


Saline 


I+ 


Tandamine 


I+ I+ 


H+ H+ 


Compound 9 


I+ I+ I+ 


Desimipramine 


+ | 


Imipramine 


I+ I+ I+ 


Amitriptyline 


H+ H+ + 


Butriptyline 


I+ H+ I+ 


0.41 
1.57 
1.69 
2.08 
2.38 
1.74 
2.12 
1.59 
3.00 
3.30 
0.98 


1.98 
1.74 
E12 
2.20 
1.84 
Li 


0.70 
1.65 
1.09 


Hit HHH HAH HAH HAHAH 


H+ + H+ 





The animals were killed 4 hr after the i.v. administration of [‘H]NE. Guanethidine (20 mg/kg, ip.) was given 45 
min after the test agents and saline injections, which were given 75 min following [7H]NE. Each value is mean + S.E.M. 
of at least 6 mice per group. EDs is dose at which agents inhibited the depletion of [7H]NE by 50 per cent. * Per 


cent inhibition was calculated by formula stated in methods. 
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lable 5. Effects on H75/12-induced displacement of 5-hydroxytryptamine (5-HT) in mouse brain 





Brain 5-HT (ug/g + S.E.M.) 
Per cent 
inhibitions 





First dose 
Treatment (mg/kg, ip.) Drug alone Drug + H75/12 





0.75 
0.74 
0.67 
0.62 
0.72 
0.73 


0.02 
0.01 
0.01 
0.01 
0.05 
0.06 


0.40 + 0.02* 
0.70 + 0.03 
0.40 + 0.02 
0.50 + 0.02+ 
0.48 + 0.02 
0.61 + 0.02t 


Saline 
Compound 9 
Saline 
Compound 21 
Saline 
Imipramine 


I+ 1+ I+ I+ I+ [4 





Mice were injected with two doses of z-ethyl-3-hydroxy-4-methyl phenylethylamine (H75/12: 100 
mg/kg, 1p.) 2 hr apart. All animals were killed 2 hr after the last dose of H75/12. Test agents 
were injected 30 min prior to H75/12, the second dose being half the first. Each result is mean 


of 5~7 animals. 
* P < 0.001 with respect to saline. 


+P < 0.01: = P < 0.05 with respect to saline + H75/12. 
S Per cent inhibition was calculated by formula stated in methods. 


agents. Thus, a comparison of the effects of amitripty- 
line with the other agents is difficult. 

Effect on  guanethidine-induced displacement — of 
[°H]NE. The agents examined with respect to their 
effects on the reserpine-induced hypothermia were 
studied as to their effects on the guanethidine-induced 
displacement of previously administered [*H]NE. 
Butriptyline, another tricyclic antidepressant [15], 
was also examined. The guanethidine-induced dis- 
placement of the [*H]NE was prevented by various 
of the agents in a dose-related manner with the order 
of activity and EDso9's (mg/kg, ip.) being tandamine 
(2.1) desimipramine (2.6) > amitriptyline (15) > 
compound 9 (= 20) imipramine (>20) (Table 4). 
Butriptyline was ineffective when studied at doses at 
which the other agents exhibited activity. 

Effect on displacement of 5-HT by H75/12. H75/12 
caused a depletion of mouse brain 5-HT levels (Table 
5). Compounds 9, 21 and imipramine (25 + 12.5 
mg/kg, ip.) antagonized the H75/12-induced deple- 
tion, with compound 21 exhibiting a level of activity 
equivalent to imipramine; the effect of compound 9 
was greater than either imipramine or compound 21. 
No alterations in 5-HT levels occurred when the 
agents were administered alone. 


DISCUSSION 


The present findings indicate that certain pyrano 


[3.4-b]indoles and thiopyrano [3,4-b]indoles are 
blockers of NE and/or 5-HT uptake in vive, and in 
addition, those which block [*H]NE uptake exhibit 
the ability to antagonize reserpine-induced hypo- 
thermia and guanethidine-induced displacement of 
[H]NE from heart. Such activities are in accord with 
the hypothesis that drugs which block the inactiva- 
tion of catecholamines and/or 5-HT through block- 
ade of their uptake at the respective NE and/or 5-HT 
neurons can cause potentiation of their effects [6, 16]. 

Activity with respect to the inhibition of the 
[*HJNE uptake is shown by compounds containing 
the pyranoindole ring system which is substituted 
with two substituent groups in position 1, ie. with 
a methyl group and with a 2-dimethylaminoethyl or 
3-methylaminopropyl groups. Substituting the ring 
oxygen with a sulfur atom in the 2-dimethyla- 
minoethyl compound results in enhanced activity (i.e. 
tandamine). This latter observation is of interest as 


such a change in a bicyclic series leads, in contrast, 
to a decrease in activity, ie. Lu 3-010 vs Lu 
5-003 [17]. In the pyrano-indole series containing the 
2-dimethylaminoethy! side chain, alkylation of the in- 
dole nitrogen with an ethyl group yields the com- 
pound exhibiting the highest activity. 

Similar structural elements were observed to be 
essential for [7H]NE uptake in the thiopyrano-indole 
series. The presence of the thiopyrano group is much 
more favourable as the highest activity of all of 
the compounds examined in this study was exhibited 
by tandamine and its (— )-enantiomer-compounds con- 
taining this group. In this respect these latter com- 
pounds appear to be among the most potent agents 
known to block the NE membrane pump. The import- 
ance of the indole ring in the most active compounds 
in the thiopyrano and pyrano-indole series is indi- 
cated by the findings that replacement by an indene 
ring, i.e. in pirandamine, resulted in loss of the activity 
(W. Lippmann and T. Pugsley, in preparation). 

The secondary methylamines were more potent 
blockers of NE uptake than the tertiary derivatives 
(ie. dimethylamines) in the present studies, as 
observed with the 3-aminopropy! derivatives of the 
9-methylpyrano indoles (8 vs 7, Table 1). This relative 
activity has also been demonstrated in other series 
such as the dihydrodibenzazepines, i.e. desimipramine 
vs imipramine[16,18] and the  3,3-dimethyl-l- 
phenylphthalan-l-[3-aminopropyl] derivatives (Lu 
3-010 vs Lu 3-009)[17]. In the present studies this 
relative activity was also observed in the dibenzocyc- 
loheptadiene (nortriptyline vs amitriptyline) and the 
dihydrodibenzazepines (desimipramine vs _ imipra- 
mine). In studies in vitro with the rabbit aortic 
strip [19, 20] and rat cerebral cortex slices [21] such 
relationships were observed with the secondary vs 
tertiary methylamines of the dihydrodibenzazepine, 
dibenzocycloheptadiene and  diphenylmethylidene 
series. These findings thus demonstrate the similarity 
of the mouse heart in vivo system to the above two 
in vitro preparations with these drugs. 

In contrast to the relative activities of the com- 
pounds mentioned above, the 2-aminoethyl deriva- 
tives of the pyrano-indoles exhibited a reverse struc- 
ture-activity relationship, ie. the tertiary (1, Table 1) 
was more active than the secondary (4, Table 1) 
methylamine. Thus, the nature of the side chain, Le. 
the 2-aminoethyl group, appears to be critical since 
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when, instead of the 2-aminoethyl group the chain 
is the aminopropyl, in the 9-methyl (8 vs 7, Table 
1) and in the unsubstituted (2 vs 3, Table 1) deriva- 
tives, the secondary derivative is the more active. In 
accord are the findings that, of the 9-methyl pyrano- 
indoles and thiopyrano-indoles containing the 2- 
aminoethyl side chain, the tertiary is more active than 
the secondary (9 vs 12, Table 1; 17 vs 23, Table 2). 

Maxwell et al. [19] suggested, in regard to space- 
filling molecular models of various series of tricyclic 
compounds, with respect to the blockade of the NE 
uptake mechanisms, that compounds if which the 
bridges between the two phenyl rings held the phenyls 
at angles to one another were potent, whereas those 
in which the rings were planar, or near planar, were 
considerably less potent. In the present studies the 
most potent blockers were either a thiopyrano-indole 
or a pyrano-indole; the compounds were more potent 
than imipramine. In these series the indole and the 
thiopyran or pyran ring are in a near planar configur- 
ation; therefore, this is in contrast to the angular con- 
figuration of the phenyls in imipramine. Thus, this 
indicates that other factors are of importance. The 
conclusions of Maxwell et al. [19] were based upon 
findings in vitro whereas the present studies were car- 
ried out in vivo and the availability of the active com- 
pounds would thus be a factor. With respect to the 
amine uptake mechanism in the rabbit aortic strip 
and that in the heart in vitro, based on the kinetics 
of NE uptake and the inhibitory effects of tricyclics 
and related compounds, Maxwell et al. [19] con- 
cluded that the amine uptake mechanisms were simi- 
lar; Salama et al. [21] reported that the amine uptake 
mechanism in the rabbit aorta and rat cerebral cortex 
in vitro preparations appeared to be fundamentally 
similar. 

Pharmacologically, it has been shown that most 
clinically useful tricyclic antidepressants antagonize 
reserpine-induced hypothermia [22, 23]. This activity 
is generally considered to represent a_ central 
effect [24]. Tandamine and compound 9, like the 
known antidepressants examined when given before 
reserpine, antagonized the hypothermia produced by 
reserpine in a dose-related manner. Tandamine dis- 
played the greatest activity in preventing the reser- 
pine-induced hypothermia. The order of activity was 
similar to that found in blocking the [*H]NE uptake. 
Such a relationship has also been observed with these 
agents when the in vivo rat brain NE uptake system 
was utilized (T. Pugsley and W. Lippmann, in prep- 
aration). Thus, this effect can be considered to be due 
to the ability of these agents to inhibit the re-uptake 
of NE that is released in the depleting process by 
reserpine, thus leading to higher levels of NE in the 
vicinity of the adrenergic receptors [24]. 

A number of agents, including some members of 
the tricyclic antidepressant group which block the NE 
membrane pump, have been shown, in addition, to 
inhibit the depletion of NE stores caused by guanethi- 
dine [25-27]. Further, these agents have been shown 
to antagonize the guanethidine-induced reduction of 
various responses to sympathetic nerve stimula- 
tion [26-28]. Guanethidine, when given after an i.v. 
injection of [7H]NE, has been shown to increase the 
rate of the spontaneous release of labelled amine [29]. 
Tandamine and compound 9, similar to imipramine, 
desimipramine and amitriptyline, antagonized the 
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guanethidine-induced decline in [*H]NE levels. This 
antagonism is consistent with the hypothesis [30] that 
agents which block NE uptake also block the uptake 
of guanethidine into adrenergic neurons, as guanethi- 
dine utilizes the same membrane pump as NE. The 
lack of effect of butriptyline is consistent with this 
hypothesis as it did not exhibit an effect on the NE 
membrane pump [31 ]. In this respect, tandamine exhi- 
bited the strongest activity in antagonizing the 
guanethidine-induced displacement, in agreement 
with its activity in blocking the uptake of [*7H]NE. 

A blockade of the 5-HT membrane pump is also 
considered to be of importance in the mechanism of 
action of certain tricyclic antidepressants [7, 32]. In 
the present study potentiation of the behavioural syn- 
drome produced by 5-HTP was used to indicate the 
effects of various compounds upon 5-HT related ac- 
tivities [10, 11]. An effect in this test has been shown 
generally to correlate with the ability of a compound 
to inhibit the 5-HT membrane pump[11], provided 
such an agent is neither a monoamine oxidase (MAO) 
inhibitor nor a releaser of serotonin[7]. Further, a 
potentiation of a subthreshold dose of 5-HTP appears 
to reflect mainly an action on brain 5-HT neurons 
[33, 34]. In the present study, imipramine, but not 
desimipramine, potentiated strongly the 5-HTP- 
induced syndrome; these findings are thus consistent 
with those of Carlsson et al. [10,35]. It is of interest 
that amitriptyline exhibited even more potentiation 
than imipramine. 

From the present studies, optimal potentiation of 
5-HTP in both the pyrano and thiopyrano series is 
achieved when there is present at position | a methyl 
group and a 2-dimethylaminoethy!l alkyl side chain 
with a methyl group on the indole nitrogen. It is of 
interest that enhanced activity is obtained by replace- 
ment of the indole ring by an indene ring, with the 
same groups at position | of the pyrano ring, yielding 
a compound, pirandamine, which like amitriptyline 
maximally potentiates S-HTP and is relatively ineffec- 
tive in blocking NE uptake (W. Lippmann and T. 
Pugsley, in preparation). 

Both compounds, i.e. 9 and 21 which, like imipra- 
mine, exhibited optimal 5-HTP potentiating activity, 
also antagonized the H75/12-induced depletion of 
brain 5-HT. Such an antagonism is considered to re- 
flect a blockade of the 5-HT membrane pump as 
H75/12 must be taken up by this pump in order to 
cause depletion of brain 5-HT[7]. Thus, the bio- 
chemical findings correlate with the functional find- 
ings. As these compounds do not inhibit monoamine 
oxidase (T. Pugsley and W. Lippmann, in_prep- 
aration), the present findings support the conclusion 
that they blocking the S5-HT membrane 
pump. 

The structural requirements for blockade of the 
5-HT membrane pump shows some general charac- 
teristics similar to those for the NE pump but various 
striking differences exist. Imipramine and amitripty- 
line blocked both, with these drugs generally con- 
sidered to exhibit a higher activity on 5-HT uptake 
[7]: desimipramine did not exhibit appreciable acti- 
vity on the 5-HT pump, but was potent in its action 
on the NE pump. Thus, in contrast to NE uptake, 
the presence of a tertiary nitrogen is more favourable 
than the secondary for a blockade of 5-HT uptake. 
A similar relationship between the compound 9 and 
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the secondary derivative compound 12 is apparent 
in the present study. 

As with the blockade of [°H]NE uptake, the nature 
of the substituent on the indole nitrogen was of rele- 
vance for high 5-HT uptake blockade activity in the 
pyrano and thiopyrano-indoles. However, the two 
systems differ as, in contrast to the ethyl group for 
maximal NE uptake blockade, the methyl group 
yielded the most active compound for 5-HT uptake 
blockade. In these two series, each of the most active 
compounds on the 5-HT pump, like imipramine, exhi- 
bited blocking action on both the 5-HT and NE 
membrane pump, whereas the most active NE pump 
blockers tandamine (17) and compound 13 displayed 
only weak effects on the 5-HT pump. 

The resolution of the enantiomers of biologically 
active compounds has proved to be of importance 
[ 36, 37]. The present studies further substantiate this 
finding. The (—)-enantiomer of tandamine and com- 
pound 9 proved either to be greater with regard to 
inhibition of the NE uptake or equivalent for the inhi- 
bition of 5-HT uptake to the racemate, whereas the 
(+)-enantiomer was ineffective or less effective. 

NE- and 5-HT-containing neurons have been im- 
plicated in a variety of centrally mediated effects, for 
example sleep [38], thermoregulation [39], behav- 
iour [40,41] and depression [41-43]. With respect to 
depression, an increase in drive or psychomotor acti- 
vation in depressed patients has been correlated with 
an inhibition of brain NE uptake, e.g. desimipramine 
and protriptyline, whereas a brightening of mood in 
such patients has been related to an inhibition of 
5-HT uptake, e.g. imipramine and amitriptyline [7, 8]. 
In each case, the net effect is probably an increase 
in the levels of NE or 5-HT at critical receptor sites 
in the central nervous system and this is considered 
to be one of the important factors in the antidepres- 
sant action of such drugs in humans [44]. Agents such 
as tandamine, which is shown in the present study 
to be one of the most potent and selective NE mem- 
brane pump inhibitors known, exhibiting no appreci- 
able effect on the 5-HT membrane pump, should be 
useful for studying various physiological activities of 
NE. Where an action on both NE and 5-HT mem- 
brane pumps is desired, compounds 9 or 21, which 
respectively exhibited activity either greater than or 
equivalent to imipramine, would be useful. In this re- 
spect, tandamine is currently of interest clinically for 
use as an antidepressant drug. 
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BILIARY EXCRETION OF DRUGS IN THE RAT 
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Abstract—Alterations in rat liver function during liver regeneration were studied by measuring bile 
flow and the biliary excretion of bile salts, bromosulfophthalein (BSP), its glutathione conjugate 
(BSP-GSH), phenol-3,6-dibromophthalein disulfonate (DBSP) and tartrazine (TZ). Immediately after 
partial hepatectomy, bile flow and bile salt secretion, expressed per g of liver, were significantly in- 
creased. Thereafter bile flow remained high through the third day. The concentration of bile salts 
on the first day was significantly lower than that of controls and remained low through the fourth 
day, suggesting an increased osmotic potency. Plasma clearance of BSP was proportional to residual 
liver mass. The excretion of BSP-GSH after injection of BSP was decreased in parallel to the decrease 
in BSP-GSH transferase activity during liver regeneration. In contrast, the excretion of unconjugated 
BSP and unknown conjugates was actually increased. Biliary excretion of injected BSP-GSH was 
significantly decreased up to the third day postoperatively. These results suggest that some of the 
decreased BSP-GSH excretion after injection of BSP is attributable to the decreased activity of 
BSP-GSH transferase and to competition by unconjugated BSP. After partial hepatectomy the excretion 
of injected BSP-GSH and DBSP, expressed per g of liver, was about twice that of controls and thereafter 
rapidly returned to control levels. In contrast to the other dyes, the excretion of TZ decreased in 
proportion to liver mass following partial hepatectomy. On the second and third day, the marked 
sex differences seen in controls were not observed. These findings suggest that TZ may be transported 


by mechanisms different from those controlling the excretion of BSP and related compounds. 


This investigation was undertaken to study the biliary 
excretion of drugs during liver regeneration. When 
two thirds of a rat liver is removed surgically, growth 
of the remaining lobes is markedly stimulated so that 
nearly 100 per cent of the original weight is restored 
in 1-2 weeks. Many cytological and biochemical 
changes occur at this time which reflect the primary 
objective of the regenerating liver, i.e. replacement of 
the original liver mass [1, 2]. During this period, some 
hepatic processes are temporarily suspended. There 
is a depression of catabolism of nucleic acids and pro- 
tein precursors [1] and of microsomal drug metabo- 
lism [3-6]. In connection with the latter, it was of 
interest to determine what other changes relating to 
drug disposition occur during liver regeneration, in 
particular those associated with bile production and 
the biliary excretion of drugs. There is a paucity of 
publications pertaining to biliary function during liver 
regeneration. Forty-eight hr after partial hepatec- 
tomy, mitotic activity of bile duct epithelium increases 
but returns to normal after 3 weeks[7]. This time 
course lags well behind that of liver growth and the 
return of activity is apparently due somewhat to in- 
creased size [7]. In residual lobes the membranes bor- 
dering the bile canaliculus are unchanged [7]. Bile 
output, although initially depressed, returns to nor- 
mal slightly faster than does liver weight [8]. Bilirubin 
excretion is low at first but gradually approaches nor- 
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- rats show a 


mal values [7,9]. Twenty-four hr after partial hepa- 
tectomy a loss of nearly two thirds of the liver mass 
is associated with only a one third decrease in the 
rate of biliary excretion of several drugs and a de- 
crease of 10-20 per cent in the rate of bile produc- 
tion [10, 11]. 

In the present study, we investigated the biliary se- 
cretion of bile salts and three organic anions during 
liver regeneration. These organic anions were chosen 
on the basis of their excretion characteristics. Sulfo- 
bromophthalein (BSP) is largely metabolized before 
excretion. Phenol-3,6-dibromophthalein disulfonate 
(DBSP) is rapidly excreted mainly as the unchanged 
form. Tartrazine (TZ) is also excreted unchanged and 
marked sex difference in its excre- 
tion [12]. 


MATERIALS AND METHODS 


Animals. Male and female Wistar rats weighing 
200-220 g were used throughout. The rats were anes- 
thetized with ether, and the median and left lateral 
lobes of the liver were removed. These two lobes con- 
stituted approximately 70-75 per cent of the total 
liver mass. In the sham-operated animals (controls) 
the peritoneum was opened and the wound closed 
as in the hepatectomized rats. The rats were allowed 
to recover with access to food and water ad lib. for 
various periods of time prior to the experimental pro- 
cedure. 

Drugs and chemicals. BSP and DBSP were obtained 
from Hynson, Wescott and Dunning (Baltimore, Md.) 
and were injected i.v. in saline. A supply of DBSP 
was also provided by Dr. Norman Javitt of the 
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Table |. Liver weight, bile flow and bile salt secretion during liver regeneration 





Bile flow Bile salts 
(ml/hr/g 


liver) 


(umole/hr/g 
liver) 


Liver wt 
(°., body wt) 


Time after 


hepatectomy (ml/hr/kg) (umole/hr/kg) (umole, ml) 





98 + 0.09 
24 + 0.04? 
0).06* 
0.08* 
0.06* 
0.06* 
+ O10 ; : 


0:2 
0.4* 


0.28 
+ 0.12* 
- 0.25 
+ 0.41 


4 (0.99 


0.11 + 0.01 
0.23 + 0.01* 
0.21 + 0.0!* 
0.21 + 0.02* 
0.18 + 0.01* 
0.16 + 0.01 
0.12 + 0.01 


Controls 
3 hr 
1 day 


2 day 


NK io 


I+ I+ I+ I+ I+ I+ [4+ 


‘om, 


3 day 
4 day 


7 day 3. 


4N ND = — GW 


O28 
0.13 


I+ I+ I+ I+ I+ I+ [4+ 


I+ I+ I-A I+ I+ I+ I+ 
Io bo we We Ww 


to 





Rats received | ml of saline iv 


Results are expressed as the mean 


Department of Medicine, Cornell University Medical 
College. (New York, N.Y.). TZ was purchased from 

\llied Chemical (Morristown, N.J.) and injected Lv. 
‘in saline. BSP-GSH was prepared synthetically by the 
method of Whelan, Hoch and Combes [13]. Reduced 
glutathione (GSH) was purchased from Sigma Chemi- 
cal Co. (St. Louis, Mo.). 

Plasma disappearance of BSP. After the i.v. injection 
of BSP into anesthetized animals. blood samples were 
obtained at 7, 10, 15, 20 and 30 min, centri- 
fuged and dye concentration in the plasma deter- 
mined after dilution with 0.1 N NaOH, as described 
below. 

Biliary excretion. Animals were anesthetized with 
urethane I g/kg. ip. and the bile duct isolated 
through a midline abdominal incision and cannulated 
with PE-10 tubing. Renal pedicles were ligated in rats 
receiving TZ. During bile collection, body tempera- 
tures were monitored through rectal probes and 
maintained at 38 + 0.5 . All compounds were injected 
iv. and 10-min bile samples were collected in gra- 
duated tubes for 60 min. 

tnalytical methods. For the determination of BSP 
and DBSP. bile samples were appropriately diluted 
with 0.1 N NaOH and the absorbance determined at 
580 and 575 nm, respectively. BSP and its metabolites 
in bile were separated by t.l.c. as described by Whelan 
and Plaa[1i4]. For the determination of TZ, bile 
samples were diluted 500-fold with water and the 
absorbance at 427 nm measured against a blank of 
diluted bile. Total bile salts were determined by the 
method of Mrozezak and Riegelman [15]. Sodium 
taurocholate was used as the standard. 

Assay of BSP-GSH conjugation. Conjugation of 
BSP with glutathione was measured as previously de- 
scribed by Goldstein and Combes [16]. The reaction 
mixtures contained 0.2 sumoles of BSP and 15 jumoles 
of GSH in a final volume of 3.2 ml, at pH 8.0. The 
105,000 g supernatant fraction of rat liver was the 
source of enzyme. Drugs and enzyme solutions were 
prepared in 0.1M_ sodium pyrophosphate buffer 
adjusted to pH 8.1 with 5 N HCI. The assay was car- 
ried out at 25 and changes in absorbance at 330 nm 
were monitored. 

Protein was determined by the method of Lowry 
el al. [17] 

Statistical analysis. Data were analyzed by a group 
comparison Student's t-test: P < 0.05 was considered 
significant. 


f, &s 


and bile was collected for 60min. + Number of animals is shown in parentheses 
+ §.E.M. * Significantly different from the control salues; P < 0.05. 


RESULTS 


Changes in liver weight bile flow and bile salt se- 
cretion during liver regeneration. In the first set of ex- 
periments, we studied liver weight, bile flow and bile 
salt secretion during regeneration. Animals were in- 
jected with I ml of saline in these experiments. At 
various times after partial hepatectomy, bile was col- 
lected for | hr and the residual liver removed and 
weighed. Compensatory growth of the residual liver 
was almost complete within 7 days (Table 1). This 
corresponds closely with the results of Henderson and 
Kersten [3]. Three hr post operatively total bile flow 
was lower than that of controls (Table 1), but there- 
after did not differ significantly from that of controls. 
Bile flow as a function of liver weight (ml/hr/g liver) 
was significantly increased at 3 hr and remained high 
through the third day. Total bile salt secretion at 3 hr 
Was approximately one third lower than that of con- 
trols but when calculated as a function of liver weight 
was far greater than that of controls. Figure | shows 


o@---0 CONTROL 


o— 3hr 











BILE FLOW, ml/hr/kg 











100 150 
TOTAL BILE ACIDS, pe moles/ hr/kg 


Fig. 1. Relation between total bile salt excretion and bile 

flow during liver regeneration. Each slope was calculated 

by the method of least squares. Rats received | ml of saline 
i.v. Bile was collected for 60 min. 
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Fig. 2. Plasma disappearance of BSP immediately after 

‘partial hepatectomy. Both groups received 10mg of BSP 

iv. Results are given as the mean + S.E.M. for 5 or 
more animals. 


the relationship between bile flow and bile salt se- 
cretion. The slope of the straight line for 3-hr animals 
was less than that seen in controls and the y-intercept 
was decreased. 

Thus, there appeared to be a decrease in the bile 
salt independent fraction associated with the decrease 
of liver mass. Bile salt secretion on the first day after 
surgery was significantly lower than that of controls 
(Table 1), although the bile flow at this period was 
not significantly different from that of control (Table 
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Fig. 3. Biliary excretion of BSP and its metabolites during 

liver regeneration. Ten mg of BSP was administered i.v. 

Bile was collected in 10-min periods for 60 min. Each point 

indicates the mean + S.E.M. for 3-6 animals. Open circles 

indicate control values. * Significantly different from the 
control values; P < 0.05. 
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Fig. 4. BSP conjugating activity in 105,000 g supernatant 

fractions of regenerating liver at various intervals after par- 

tial hepatectomy. Each point indicates the mean + S.E.M. 

for 3-6 animals. Open circles indicate control values. 
* Significantly different from control values; P < 0.05. 


1). The concentration of bile acids on the first day 
was also significantly lower than that of controls 
(Table 1). It can also be seen in Fig. | that the slope 
of the line from the first day’s animals was greater 
than that of controls. It appears that at this time 
a smaller amount of bile salt produced bile flow equal 
to that of controls. After the first day, the slope of 
line and the )-intercept gradually returned to control 
levels in 7 days (Fig. 1). 

Plasma disappearance of BSP. BSP, 10 mg, was in- 
jected into control and partially hepatectomized rats 
and plasma levels of dye were determined at various 
times after injection. The plasma disappearance rate 
was approximately proportional to liver mass. Thus 
in the experimental group in which two thirds of the 
liver had been removed, the initial T, , was nearly 
three times that of controls (Fig. 2). 

Alteration of biliary excretion of BSP during liver 
regeneration. After the i.v. administration of BSP. it 
is excreted into the bile of normal rats mainly as the 
glutathione conjugate (BSP-GSH), plus a_ small 
amount of free BSP and three unknown conju- 
gates[14]. In this study, the biliary excretion of 
BSP-GSH, free BSP and the sum of three unknown 
conjugates were determined. In Fig. 3a it is shown 
that the excretion of BSP-GSH was greatly decreased 
3hr after partial hepatectomy, reached a minimum 
after 2 days, and returned to control levels at 4 days. 
On the other hand, the excretion of free BSP and 
unknown conjugates did not diminish at any time. 
In fact, the excretion of BSP on the first and second 
days and the excretion of unknown conjugates on the 
third and fourth days were significantly higher than 
that of controls. When expressed per g of liver, excre- 
tion of BSP-GSH was over twice that of controls at 
3 hr and excretion of free BSP and of unknown conju- 
gates four and three times, respectively, that of con- 
trols (Fig. 3b). 

The decreased excretion of BSP-GSH (Fig. 3A) 
could be due to decreased BSP-GSH transferase ac- 
tivity and/or a decreased hepatic transport of 
BSP-GSH. This was investigated in two ways. First, 
rats were partially hepatectomized and BSP-GSH 
transferase was subsequently measured in the 
105,000 g supernatant fraction of the residual liver. 
As seen in Figure 4, enzymic activity expressed per 
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Fig. 5. Dye excretion after administration of BSP-GSH 
during liver regeneration. BSP-GSH (equivalent to 10 mg 
of BSP) was administered i.v. Bile was collected in 10-min 
periods for 60 min. Each point indicates the mean + 
S.E.M. for 3-7 animals. * Significantly different from con- 
trol values; P < 0.05. Open circles indicate control values. 


g of liver gradually decreased postoperatively and 
reached a minimum on the second day. Complete re- 
covery of activity was obtained in | week. Concen- 
tration of protein within the supernatant fraction was 
not significantly changed during the entire course of 
the experiment. In a second set of experiments, chemi- 
cally prepared BSP-GSH (equivalent to 10mg of 
BSP) was injected into rats at various times after par- 
tial hepatectomy and excretion of dye determined. 
Excretion was slightly decreased up to the third day 
postoperatively (Fig. 5a). On the other hand, dye 
excretion expressed per g of liver was significantly 
higher between 3hr and | day postoperatively and 
returned to control levels by the second day (Fig. 5b). 

Biliary excretion of BSP after bile drainage. In view 
of the possible association between the biliary excre- 
tion of BSP and bile salts, the excretion of this dye 
was determined after partial depletion of bile salts. 
The bile ducts of anesthetized animals were cannu- 
lated and bile collected for 4hr. BSP was then in- 


Table 2. Relationship between BSP and bile salt excretion 
after partial hepatectomy 


Bile salt 
excretion 
(moles/hr/g 

liver) 


Dye excretion 
(°,,dose/hr/g 


Conditions liver) 





Sham operated 7.64 + 0.14 2.29 + 0.14 
Sham operated + 
bile drainage* 

Hepatectomized 
Hepatectomized + 
bile drainage* 9.4 + 


7.18 
19.4 


0.17 + 0.14 
6.20 + 0.45 


+ 
+ 


3.39 + 0.18 





*In these animals bile was allowed to drain for 4hr 
prior to BSP injection. Bile salts were determined on bile 
obtained during the fourth hr. Values are the mean + 
S.E.M. for 4 or more animals. 


jected and total dye excretion determined. Bile salts 
were also measured on the bile sample collected just 
prior to the injection of BSP. In Table 2 it can be 
seen that in the partially hepatectomized rats dye and 
bile salt excretion per g of liver were quite high when 
determined directly after cannulation. However, after 
4hr of bile drainage both dye and bile salt excretion 
had decreased approximately 50 per cent. On the 
other hand, in sham-operated animals the bile salt 
excretion per g of liver fell to rather low levels after 
several hr of bile drainage while the excretion of BSP 
was not significantly altered. 

Alterations of biliary excretion of DBSP during liver 
regeneration. In Fig. 6a it is shown that dye excretion 
after administration of DBSP (10 mg) was markedly 
decreased between 3 hr.and 4 days after partial hepa- 
tectomy. Dye excretion at 3hr, expressed per g of 
liver, was twice that of controls and returned to con- 
trol levels in one day (Fig. 6b). Accordingly, it appears 
that DBSP excretion is affected only during the early 
periods of regeneration as has been demonstrated for 
BSP-GSH (Fig. 5). 

Alteration of biliary excretion of TZ during liver 
regeneration. In view of a marked sex difference in 
the biliary excretion of TZ in rats[12], we studied 
the biliary excretion of TZ in male and female rats 
after partial hepatectomy. After the i.v. injection of 
26.7 mg the excretion in control female rats was about 
three times that seen in males (Fig. 7). Immediately 
after partial hepatectomy, the excretion of TZ in 
males and females fell to 25 and 20 per cent, respect- 
ively, of controls levels, while the liver weight of male 
and female rats was about 30 and 26 per cent, respect- 
ively of controls. Therefore, the decrease in TZ excre- 
tion was approximately proportional to the decrease 
in liver mass in the both sexes. This is also apparent 
from Fig. 7b in which TZ excretion is expressed per 
g liver. TZ excretion at 3 hr was slightly decreased 
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Fig. 6. Biliary excretion of DBSP during liver regene- 

ration. Ten mg of DBSP was administered i.v. Bile was 

collected in 10-min periods for 60 min. Each point indi- 

cates the mean + S.E.M. for 3 7 animals. Open circles 

indicate control values. * Significantly different from 
control values; P < 0.05. 
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Fig. 7. Alteration of TZ excretion and of liver weight in 

male and female rats during’ liver regeneration. Rats with 

ligated renal pedicles received 26.72 mg (50 moles) of TZ 

i.v. Each point indicates the mean + S.E. for 3-7 animals. 

Open circles indicate control values. * Significantly differ- 
ent from the values of female rats; P < 0.05. 


from control levels in both sexes but the difference 
was not statistically significant. Excretion of TZ 
reached a minimum on the first day after partial 
hepatectomy in males and on the second day in 
females (Fig. 7a and b). On the second and third days, 
TZ excretion in males and females was not signifi- 
cantly different, while thereafter the sex differences 
returned. It appears that the excretion mechanism for 
TZ undergoes marked changes in both sexes during 
regeneration. Moreover, these results suggest that 
there is a large difference between the excretion 
mechanisms of TZ and BSP or DBSP. 


DISCUSSION 


Following partial hepatectomy on rats restoration 
of original liver weight occurs in 1-2 weeks (Table 
1) [1.3.6], depending on the age of the animals. 
Henderson and Kersten [3] observed that the com- 
pensatory growth of the residual liver was almost 


complete within | week using rats, weighing 
150-180 g. Our results with rats weighing 200-220 g 
were similar (Table 1). Slower growth was observed 
in experiments using male rats weighing 300-375 g 
[18]. Here 90-95 per cent or the preoperative liver 
mass was restored in 15 days. These differences may 
reflect rates of mitosis [19] and DNA synthesis [20] 
which vary with the age of the animal. 

Three hr after partial hepatectomy bile secretion 
was 60 per cent that of controls, although 70 per cent 
of the liver had been removed (Table 1), as has been 
observed by others [11,18]. At this time excretion of 
total bile salts was reduced approximately 30 per cent 
but the concentration of bile salts was essentially un- 
changed (Table 1). Here too, it is seen that at 3 hr 
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bile salt excretion per g of liver was more than twice 
that of controls. The results in Fig. | suggest that 
after partial hepatectomy, bile salt independent flow 
may be somewhat diminished. This may contribute 
to the overall decrease in total bile production. Prob- 
ably only a small proportion of the total bile salt 
pool is normally contained within the liver. Much 
of it is within the intestinal tract and perhaps other 
extra-hepatic areas [21]. Therefore, the total amount 
of bile salts potentially available for hepatic transport 
is only slightly less in hepatectomized animals com- 
pared to controls. Furthermore, blood flow per g of 
liver in the rat has been reported to be 30-80 per 
cent greater than that of controls between 4 and 16 hr 
following partial hepatectomy [22]. This may account 
for the relatively small diminution of bile salt excre- 
tion (30 per cent) and bile flow (40 per cent) compared 
to a loss of 65-70 per cent of the liver mass. 
Klaassen [11] has speculated that under normal con- 
ditions many hepatocytes are quiescent, but may 
become active under stress conditions such as partial 
hepatectomy. This could contribute to the increase 
in both bile salt (Table 1) and dye (Figs 3, 5, 6) excre- 
tion calculated per g of liver. However, the results 
in Fig. | suggest a diminished bile salt independent 
flow, which may be attributable to a change in the 
composition of bile during regeneration. Changes in 
bile composition 24 hr after partial hepatectomy have 
been reported [11]. However, none of these could 
readily explain the steeper slopes seen in Fig. | and 
a reason for the seemingly greater choleretic effect 
of bile salts at this time is not yet available. 

Partial hepatectomy depressed the rate of plasma 
clearance for BSP in proportion to loss of liver mass 
(Fig. 1). The small increase in hepatic blood flow a 
few hr following partial hepatectomy [22] apparently 
did not alter the hepatic uptake process. Biliary excre- 
tion of dye was also decreased as observed pre- 
viously [11]. However, when BSP, BSP-GSH and the 
unidentified conjugates were determined individually 
in bile considerable differences were seen. The total 
excretion of BSP-GSH diminished to less than half 
of control values by the second day (Fig. 3a). After 
the injection of BSP-GSH itself, dye excretion was 
also decreased but to a lesser extent (Fig. Sa). Total 
excretion of free BSP, however, was not decreased 
after partial hepatectomy (Fig. 3a). In fact, excretion 
rates exceeded those of controls on the first and 
second days. Evidence has been presented that 
BSP itself may inhibit the biliary transport of 
BSP-GSH [23]. Thus higher levels of free BSP trans- 
port after partial hepatectomy may partially account 
for the marked drop in BSP-GSH transport (Fig. 3a). 
Another contributory factor may be the drop in hepa- 
tic BSP conjugating activity. The time course of 
change for this enzyme (Fig. 4) parallels that of 
BSP-GSH excretion (Fig. 3) very closely and is typical 
of a number of drug metabolizing enzymes [ 3-6, 24]. 
Glutathione S-transferase B has been shown to be 
identical to the hepatic anion binding protein, ligan- 
din [25]. Diminished ligandin concentration may be 
associated with decreased storage capacity for BSP 
and consequently a more rapid biliary excretion. 

When biliary excretion of each of the drugs (BSP, 
BSP-GSH, DBSP) is measured per g of liver, an in- 
crease is apparent in every case immediately following 





1192 


partial hepatectomy (Figs 3b, 5b, 6b). This is particu- 
larly evident for unconjugated BSP where excretion 
per g of liver is 370 per cent that of controls 3 hr 
after surgery (Fig. 2b). In addition to the above 
explanation, the apparent increase in free dye trans- 
port may be associated with the increase in bile salt 
excretion, which, when measured per g of liver 3 hr 
after surgery is 240 per cent that of controls (Table 
|). This is inferred from recent evidence that the in- 
creased unconjugated BSP transport seen during bile 
salt administration is attributable to a direct stimulat- 
ing effect of the bile salt on BSP excretion rather 
than to an increase in bile flow alone [26-28]. In sup- 
port of this idea are the experiments in which bile 
was allowed to drain for 4hr after hepatectomy. Bile 
salt excretion was considerably less than that in ani- 
mals without bile drainage and there was a propor- 
tional decrease in dye excretion (Table 2). In control 
animals the loss of bile salts during biliary drainage 
was not accompanied by lower dye excretion. It is 
inferred that the lower rate of dye excretion in control 
animals is not dependent on concomitant excretion 
of bile salts. Excretion of unknown BSP conjugates 
was also enhanced on the second and fourth day fol- 
lowing partial hepatectomy (Fig. 2a and b). This sug- 
gests that unlike BSP-GSH biosynthesis (Fig. 4) mer- 
capturic acid formation may not be depressed during 
the regenerating period. However, there have been no 
specific investigations on these enzyme systems during 
regeneration. 

A profound decrease in TZ excretion, both total 
and per g of liver, was observed after partial hepatec- 
tomy in both males and females. although excretion 
of TZ in controls is much greater in females than 
in males (Fig. 7). This sex difference has been reported 
previously [12] and it appears to be related to sex 
hormones [29]. However, there is no direct evidence 
for the mechanism by which the hormones influence 
the biliary excretion of TZ. The sex difference disap- 
pears during the second and third day after surgery 
but subsequently returns on the fourth day (Fig. 7a 
and b). 

Functional heterogeneity of hepatocytes within the 
lobule is known and the turnover of cells during 
regeneration begins near the portal area and pro- 
gresses toward, the central lobular zone [30]. It can 
be speculated that such heterogeneity may also apply 
to biliary transport. If the major contribution to the 
biliary excretion of bile salts and BSP is normally 
made by periportal cells, then their rapid proliferation 
might account for the higher excretion per g of liver 
seen in the early stages of regeneration. In such a 
situation one could imagine that TZ is handled by 
central lobular cells, which reproduce more slowly. 
This would explain the depressed excretion of TZ 
during regeneration. 

Until recently it had been thought that organic 
anions were excreted into bile through a common 
process [31, 32]. However, recent reports suggest that 
more than one hepato-biliary pathway may function 
in the transport of organic anions [33-35]. We have 
previously shown that the hepatic transport of several 
organic anions but not taurocholate is inhibited in 
rats by pretreatment with the hypolipidemic drug, 
nafenopin [36,37]. In contrast, this drug markedly 
enhances the hepatic transport of chlorothiazide (T. 
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Uesugi and W. G. Levine, unpublished results). BSP 
excretion in the rat can be enhanced by infusion of 
taurocholate [38] but is inhibited by several 
anions [31]. The results reported in this paper imply 
that BSP-GSH and DBSP are transported into the 
bile by a similar mechanism while the mechanism for 
TZ transport is considerably different. It can be seen 
that direct information on _ biliary excretion 


mechanisms may be obtained by investigating the 
changes that occur during liver regeneration. 
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Abstract—The anti-anginal drug amiodarone produced a dose dependent reduction in the overflow 
of transmitter from the isolated blood perfused cat spleen following nerve stimulation at 30 Hz. 

In the presence of phenoxybenzamine (30 pg/ml) the normal increase in overflow of transmitter, 
following 200 stimuli at 10 Hz was prevented. This effect occurred whatever the order of addition 
of phenoxybenzamine and amiodarone, indicating that amiodarone did not reduce the overflow by 
stimulation of inhibitory presynaptic x receptors. 

In experiments in which the transmitter stores were labelled with [°H](—)-noradrenaline, amiodarone 
inhibited the release of label following nerve stimulation but had no effect on release induced by 
tyramine. Responses of the spleen to both nerve stimulation and tyramine were reduced by amiodarone 
but uptake of [°H](—)-noradrenaline given as injections (pulses) or as infusions, was not significantly 
affected. The effects of amiodarone on nerve evoked overflow of transmitter are not therefore related 
to changes in uptake of noradrenaline or to selective stimulation of presynaptic x receptors but probably 


reflect a neurone blocking action of the drug. 


Amiodarone (2-butyl-3-(4-diethylamino-ethoxy-3, 5- 
diiodobenzoyl)-benzofuran hydrochloride) (see Fig. 
1) has been reported to have beneficial actions in 
patients with angina pectoris [1]. It has been shown 
to decrease heart rate, vascular resistance and myo- 
cardial oxygen consumption and to increase myocar- 
dial blood flow [2]. Both x and f effects of catechola- 
mines are antagonised in a non-competitive man- 
ner [3]. Amiodarone has no demonstrable effect on 
the catecholamine content of both heart and 
adrenals [4]. The antiarrythmic properties of the drug 
protect anaesthetised guinea pigs against ouabain in- 
duced ventricular fibrillation [5]. In isolated rabbit 
atria or ventricular muscle strips the drug prolongs 
the duration of the action potential but has no effect 
on the resting potential or action potential height [5]. 
The present study was undertaken to determine 
whether a drug known to antagonise the actions of 
catecholamines non-competitively would elevate the 
overflow of transmitter from the cat spleen following 
nerve stimulation in the same way as competitive 
a-receptor blockers such as hydergine [6] and phento- 
lamine [13]. 
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Fig. 1. 


METHODS 


Overflow of endogenous transmitter. Cat spleens 
were perfused with blood in vitro [7,9]. The splenic 
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nerves were stimulated supramaximally with shielded 
bipolar platinum electrodes. In order to stabilise the 
transmitter overflow, 3 trains of 200 impulses at 10 
Hz followed by 2 trains of 200 impulses at 30 Hz 
were given at 10 min intervals. Subsequent overflows 
of transmitter following 200 impulses at 30 Hz 
remained at a steady level [7]. Blood containing over- 
flowing transmitter was collected in chilled tubes for 
30 sec from the start of nerve stimulation. 

Bioassay of transmitter. Blood samples containing 
transmitter were spun at 3100 g for 15 min at 0. 
Plasma was removed from the buffy coat and packed 
red cells. The plasma samples were assayed against 
noradrenaline for pressor activity on the blood pres- 
sure of the pithed rat[8]. Amiodarone is rapidly 
taken up by the spleen and does not interfere with 
the assay. 

Uptake of radioactively labelled noradrenaline. 
Uptake from | yg pulses of [7-*H ]( —)-noradrenaline 
was measured as previously described [9]. Venous 
blood containing [*H ](—)-noradrenaline that had not 
been taken up and [°H] metabolites was collected 
in chilled tubes during the 3 min following the injec- 
tion. Uptake of [7-*H](—)-noradrenaline was also 
measured from infusions [10]. In all these exper- 
iments uptake was taken as the difference between 
the amount of label given and the amount recovered 
in the venous blood. Evans Blue was added to the 
noradrenaline to act as an intravascular marker for 
the determination of the overall recovery of the injec- 
tate or infusate [10]. 

Labelling of transmitter stores. In order to label the 
transmitter stores [*H](—)-noradrenaline (10-1 Ci/ 
m-mole) was infused close arterially into the blood per- 
fused spleen for 10 min at a rate of 45 ng/min. The 
spleen was then perfused with Krebs-Henseleit solu- 
tion for 30 min during which two periods of stimu- 
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lation of 200 impulses at 10 Hz were given. The total 
venous effluent during the infusion of label and for 
30 sec afterwards was collected and counted to deter- 
mine the amount of radioactivity retained by the 
spleen. The Krebs-Henseleit solution was replaced 
with fresh blood and perfusion continued for a further 
30 min during which one train of stimuli was given 
(200 impulses at 10 Hz). 

Release of label by nerve stimulation and tyramine. 
Initially two trains of stimuli of 200 impulses at 30 
Hz were given at 10 min intervals followed by alter- 
nate periods of stimulation and the administration 
of tyramine (5 yg/g) close arterially to the spleen. 
Blood was collected for 1 min after stimulation and 
for 4 min following the administration of tyramine. 
Each of these collection periods was at least twice 
‘as long as the responses produced by the procedures. 
After centrifugation of the blood, plasma samples 
were assayed biologically for transmitter and counted 
for tritium. 

Sample counting. 10 ml of scintillant comprising 5°, 
Scintol 2 (Koch-Light Laboratories Ltd.), 33-3°,, Tri- 
ton X 100 (Scintillation Grade) and 61-7% toluene 
were added to 0-1 ml of plasma and 1-0 ml distilled 
water. Samples were counted for *H on a Packard 
Tri-Carb Scintillation Counter. Blank and quench 
corrections were applied. 

Amiodarone determination. Since amiodarone con- 
tains 37°,, by wt of iodine, the difference between the 
iodine content of control untreated spleen and spleens 
exposed to the drug was taken as an index of amio- 
darone content. Small pieces of spleen were freeze 
dried and assayed for iodine content by neutron acti- 
vation analysis. 

Drugs. [7-“H](—)-Noradrenaline (10-1 Ci/m-mole), 
Radiochemical Centre, Amersham; amiodarone hy- 
drochloride, Labaz Laboratories; tyramin hydrochlo- 
ride, Sigma; phenoxybenzamine hydrochloride, 
Smith, Kline & French Laboratories Ltd; Heparin 
(mucus), Boots Pure Drug Co.; Prostaglandin E,, Dr. 
John E. Pike, Upjohn, Kalamazoo. Amiodarone and 
phenoxybenzamine were dissolved in a few drops of 
ethyl alcohol, diluted with about 10 ml Krebs solu- 
tion and added to the blood as an opalescent solu- 
tion. All doses of the amines are expressed as base. 

Unless otherwise defined results are presented as 
means + S.E.M. 


RESULTS 

(a) Fate of amiodarone added to blood perfusing the 
spleen. Almost all the amoidarone added to the per- 
fusing blood was bound to the spleen. This can be 
seen in Fig. 2 which shows the amount of amiodarone 
(as iodine) recovered from the spleen at the end of 
the experiment plotted against the dose administered. 
If all the amiodarone is bound the points should fall 
along the line shown which has a gradient of 1-0. 
Since there was good agreement between the points 
and the line it can be assumed that almost all the 
amiodarone is bound within the spleen and for this 
reason all doses of amiodarone are expressed as mg/g 
(wet wt spleen). 

(b) Effect of amiodarone on overflow of transmitter 
following nerve stimulation. Following the condition- 
ing series of stimuli the overflow of transmitter col- 
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Fig. 2. The relationship between the dose of amiodarone 
administered to the spleen in the blood and the amount 
found in the spleen at the end of the experiment. 


lected in each of the four control periods after 200 
impulses at 30 Hz remained essentially constant. 
Addition of amiodarone to the blood in the reservoir 
produced a dose-dependent inhibition of overflow of 
transmitter which reached a maximum 30-40 min 
after the addition of the drug (Fig. 3). 

When the overflow of transmitter at the fourth 
stimulus period after the drug was compared to the 
overflow following the last stimulus before the drug 
(@) and plotted against the log concentration of drug 
measured as mg/g (wet wt of the spleen) and the 
points tested by linear regression analysis, it was 
found that the points fell along a straight line 
(P < 0-001) (Fig. 4). The dose of drug required to pro- 
duce 50 per cent inhibition of the overflow of trans- 
mitter (ED;,) was 0-16 mg/g (wet wt spleen) (95°, C.L. 
0:10-0:24 mg/g). 

(c) Effect of phenoxybenzamine on overflow of 
transmitter in the presence of amiodarone. Forty min 
after amiodarone, phenoxybenzamine (30 yg/ml) was 
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Fig. 3. The effect of amiodarone (A); 71 sg/g (wet wt 

spleen) (O); 270 ug/g (@); and 857 ug/g (A). on transmitter 

overflow from the cat spleen in three typical experiments. 

Splenic nerves were stimulated at 10-min intervals with 

trains of 200 supramaximal stimuli at 30 Hz. Transmitter 

overflow is expressed as a fraction of the mean overflow 
of the pre-drug stimulations in each experiments. 
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Fig. 4. Effect of amiodarone on overflow of transmitter 
(@) and vascular response (O) following 200 stimuli at 30 
Hz. Overflow (O,) and response (R,) are expressed in terms 
of the mean pre-drug values (O, and R,). 


added to the blood and allowed to act for 30 min 
without nerve stimulation. The overflow of transmit- 
ter following 200 stimuli at 10 Hz was then collected 
for two successive periods of 40 sec. It was found 
that amiodarone was able to prevent the increase of 
transmitter normally produced by phenoxybenza- 
mine [11] and that the effect was dose dependent. The 
log dose/inhibition line is plotted in Fig. 5. (In the 
absence of other treatment the overflow of transmitter 
from 200 stimuli at 10 Hz in the presence of phenoxy- 
benzamine is 3-15 times that with stimuli at 30 Hz 
in the absence of drugs). The dose of amiodarone 
required to reduce the overflow following phenoxy- 
benzamine to 50 per cent of the normal value was 
0:30 mg/g (95%, C.L. 0:13-0:68 mg/g). 

(d) Receptor protection experiments. The results of 
the previous section illustrate that amiodarone can 
prevent the increase in transmitter overflow produced 
by phenoxybenzamine. Since it is possible that amio- 
darone may produce its effect by selective stimulation 
of presynaptic «-receptors, experiments were per- 
formed in which the order of addition of phenoxyben- 
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Fig. 5. Effect of amiodarone on overflow of transmitter 

in the presence of phenoxybenzamine (30 pg/ml) following 

200 stimuli at 10 Hz. Transmitter overflow (O,) is expressed 

in terms of the mean pre-drug overflow from 200 stimuli 
at 30 Hz (O,). 
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Fig. 6. The effect of amiodarone (A) (1 mg/g spleen) and 
phenoxybenzamine (PBA) (25 pg/ml) upon transmitter 
overflow from the spleen following 200 stimuli at 10 Hz. 
(A — PBA) A followed by PBA, n = 6, (PBA— A) PBA 
followed by A, n = 12. and PBA alone, n = 20. 


zamine and amiodarone was altered. In each case the 
drug was allowed 30 min to act before the addition 
of the second drug. Since phenoxybenzamine pro- 
duces an irreversible blockade of x-receptors, addition 
before amiodarone should prevent amiodarone’s 
action if it acts through this mechanism. However, 
as shown in Fig. 6, the overflow of transmitter follow- 
ing stimulation of the nerves at 10 Hz was signifi- 
cantly reduced by amiodarone (0-93 mg/g) compared 
with the overffow with phenoxybenzamine alone, 
whether amiodarone was given before or after 
phenoxybenzamine. 

(e) Effect of amiodarone on overflow of transmitter 
and tritium following nerve stimulation and tyramine. 
Amiodarone (1-33 mg/g) significantly reduced the 
overflow of both endogenous transmitter and tritium 
following stimulation of the nerves with 200 impulses 
at 30 Hz (P <0-001; n = 9) but had no significant 
effect on the overflow produced by tyramine (5 pg/g) 
injected close arterially (P >0-6; n = 8) as shown in 
Fig. 7a. The administration of the amiodarone solvent 
(ethanol in saline) (Fig. 7b) had no significant effect 
on the overflow of transmitter (P >0-8; n = 3) or tri- 
tium (P >0:2; n = 3) following nerve stimulation. In 
the control experiments tyramine evoked release was 
also unchanged. 

(f) Responses of the spleen to nerve stimulation and 
tyramine. The spleen responded to stimulation at 30 
Hz with increases in perfusion pressure (vascular re- 
sponses) and reductions in spleen volume (capsular 
responses). Amiodarone produced inhibition of the 
vascular responses of the spleen which were dose-de- 
pendent but the responses were never abolished even 
with the highest doses used in these experiments (Fig. 
4); this confirms what has been observed with other 
vascular beds [2]. The graph of splenic vascular re- 
sponse expressed as a percentage of the control re- 
sponses against log dose of drug (mg/g wet wt spleen) 
shows a linear relationship (P <0-001) and the EDso 
is 0-24 mg/g (95°, C.L. 0:13-0:66 mg/g). The effects 
of amiodarone on the capsular responses of the spleen 
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Fig. 7. (a) Effect of amiodarone (A) 1-3 mg/g spleen and 
(b) effect of vehicle (V) on release of endogenous transmit- 
ter (E) and 4H (taken up previously as [*H ](—)-noradrena- 
line) by nerve stimulation (S) and tyramine (T). The 
numbers in the columns are the number of observations. 


to nerve stimulation were variable. With high doses 
of amiodarone (0-6-1 mg/g) the response was inhi- 
bited whereas with low doses no consistent effect was 
observed. The reduction in response is due to the 
combined effect of a reduction in transmitter release 
and a post-synaptic z-blocking action. Responses of 
the spleen to tyramine were also inhibited but not 
to the same extent as those to nerve stimulation. This 
inhibition can be explained in terms of post-synaptic 
4-blockade alone. 

(g) Effect of amiodarone on uptake of [°H](—)-nor- 
adrenaline. (i) Uptake from pulses of [*H](—)-norad- 
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Fig. 8. Recovery of *H in splenic venous blood following 
7 min infusion of [*H](—)-noradrenaline close arterially 
at 345 ng/min in the presence of (A) and absence (A) of 
amiodarone (1 mg/g). (@) recovery of Evans Blue intravas- 


cular marker (n = 4). 


renaline—In the blood perfused cat spleen it has been 
shown that the characteristics of uptake of [7H](—)- 
noradrenaline given as an infusion varies from that 
of [°H](—)-noradrenaline given as pulses [10]. 1 pug 
pulses of [*H](—)-noradrenaline were given over a 
period of 6 sec to the spleen before and 40 min after 
addition of amiodarone (1 mg/g). Uptake (corrected 
for Evans Blue recovery) from the first pulse of 
[°H](—)-noradrenaline was 366 + 10 ng and from 
the second, 40 min after amiodarone (1 mg/g), 
455 + 36 ng (n = 3; P >0-1). In control experiments 
uptake from the first pulse was 400 + 32 ng and from 
the second, 40 min after the addition of amiodarone 
vehicle, 363 + 24 ng (n = 4; P >0-3). Amiodarone, 
therefore, had no significant effect on uptake of 
[°H](—)-noradrenaline from pulses. Overall recovery 
of the Evans Blue intravascular marker in these ex- 
periments was 96-2 + 2:3 per cent. (ii) Uptake from 
infusions—On infusion of [*H](—)-noradrenaline into 
the isolated blood perfused cat spleen a steady-state 
condition is reached within 2-3 min of the start of 
the infusion [10]. In the absence of drugs the spleen 
is able to take up about half the [*H](—)-noradrena- 
line presented to it at a rate of 345 ng/min (spleens 
were perfused at a mean rate of 8-0 + 0.4 ml/min). 
The remaining label overflows into the venous circu- 
lation to be collected and counted. As shown in Fig. 
8 the pattern of overflow of label in the spleens 
treated for 40 min with amiodarone (A 1 mg/g) was 
not significantly different from that observed in 
spleens treated with the amiodarone vehicle (A). The 
overflow of the intravascular marker Evans Blue in 


the plasma during these experiments (@) rose to about 
93°,, of the amount given, the losses being due to 
small leaks and trapping of Evans Blue in the extra- 
cellular space of the loosely packed red cells (3—5°,). 
Amiodarone, therefore, has no demonstrable effect on 
uptake of noradrenaline from infusions. 


DISCUSSION 


The effect of amiodarone, a non-competitive x and 
f antagonist upon the overflow of endogenous trans- 
mitter from the isolated blood perfused cat spleen, 
is Opposite to that of all tested pure x anta- 
gonists [12]. A reduction in overflow after amiodar- 
one could be due to several factors: increased inacti- 
vation of transmitter, a depletion of the nerve ter- 
minal, a reduction in transmitter liberation, either di- 
rectly or indirectly via an x agonist effect upon postu- 
lated presynaptic x receptors, or to a local anaesthetic 
effect. 

The reduction in overflow does not appear to be 
due to increased inactivation of transmitter by uptake 
since spleens treated with amiodarone showed no in- 
crease in their ability to remove noradrenaline given 
as infusions or pulses. Since the transmitter overflow 
is measured by a bioassay method which detects only 
noradrenaline in the overflowing venous blood, a 
reduction in overflow could be brought about by in- 
creased metabolism. However, in the experiments in 
which the transmitter stores were labelled with 
radioactive noradrenaline, the overflow of label fol- 
lowing nerve stimulation, which includes both norad- 
renaline and metabolites, was reduced by amiodarone 
to the same extent as the bioassayed noradrenaline. 





The effects of amiodarone 


An effect of amiodarone on metabolism could not 
therefore explain its effect on overflow. Catechola- 
mine depletion also seems unlikely as a mode of 
action since no response was seen following injection 
of amiodarone which might have indicated release of 
amines, and in addition, other workers have looked 
for but not found, a_ catecholamine-depleting 
effect [2]. Amiodarone has also been tested for local 
anaesthetic effects using the guinea pig wheal test [5]. 
No effect was seen even in concentrations as high 
as 50 mg/ml. The most likely explanation for the 
reduction of overflow produced by the drug is, there- 
fore, an effect on liberation of transmitter. It is inter- 
esting to note that in the past overflows from spleens 
treated with phenoxybenzamine have been used as 
an index of transmitter liberation [7] and in the pres- 
ent experiments the increase in overflow usually seen 
after phenoxybenzamine was antagonise’ by amio- 
darone. The drug, therefore, could be p: ducing its 
effect by acting on the release mechanism. The exper- 
iments in which nerve stimulation evoked release has 
been compared with that produced by tyramine pro- 
vide support for this conclusion. Since stimulation 
evoked release is calcium-dependent unlike that pro- 
duced by tyramine and only stimulation evoked 
release is reduced by amiodarone it would indicate 
that the drug may act on calcium metabolism in the 
nerve endings. The effect is unlikely to be mediated 
through presynaptic x receptors since the irreversible 
x antagonist phenoxybenzamine did not protect 


against the action of amiodarone. In addition, even 
in high concentrations the drug failed to produce any 
response of the splenic musculature indicating that 


it has no stimulating effect on post-synaptic x recep- 
tors. Amiodarone also blocks f as well as x recep- 
tors[2] and this must be considered as a_ possible 
site of action since it has recently been suggested that 
presynaptic f-receptor stimulants increase and /f- 
antagonists decrease release of transmitter in guinea 
pig auricles [13]. However, the effect on noradrena- 
line overflow of the f antagonist propranolol is too 
small to be considered as an explanation for the 
almost total abolition of transmitter liberation in the 
presence of large doses of amiodarone. 
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In conclusion, amiodarone reduces transmitter 
overflow from the cat spleen following nerve stimu- 
lation. The effect is not related to changes in uptake 
or metabolism of noradrenaline or to selective stimu- 
lation of presynaptic x receptors but probably reflects 
a neurone blocking action of the drug. In this amio- 
darone appears to resemble adrenergic blocking drugs 
such as guanethidine or bretylium. However, unlike 
these drugs it does not block uptake of noradrenaline 
and its effects are not reversed by amphetamine 
(Blakeley and Summers, unpublished observations). 
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Abstract—Monoamine oxidase (MAO) of porcine brain mitochondria was differentially affected by 
hashish components: with benzylamine as a substrate, A'-tetrahydrocannabinol (A'-THC) inhibited 
MAO activity markedly, while cannabidiol (CBD) was essentially innocuous at the same concentrations. 
When added concomitantly, CBD obviated the inhibitory effect of A'-THC. An extract of hashish 
was over '10-fold more inhibitory toward MAO than A'-THC on weight basis. A prior incubation 
of the mitochondrial preparation with the cannabis compounds was required to express the inhibitory 
effect. Liver mitochondrial MAO was not affected by either A'-THC, CBD or hashish extract, despite 
a prolonged preincubation period, thus demonstrating tissue selectivity with respect to the cannabinoid 


effect. 


The mode of action of hashish is not known. One 
of the hypotheses emerging from recent reports as- 
sociates the influence of hashish constituents to their 
effects on biogenic amines in the brain. The influence 
of several cannabis components on biogenic amines 
in the brain has been examined [1-8] but the results 
are inconsistent. In view of the complications inherent 
in in vivo studies, it is worthwhile to ascertain the 
hashish effects on defined preparations from brain. 
We have chosen to study mitochondrial monoamine 
oxidase (MAO, E.C. 1.4.3.4, amine: oxidoreductase) 
for several reasons. First, MAO plays a key role in 
the metabolism of monoamines in brain tissue [9]. 
Secondly, the interaction of hashish components with 
cellular membranes is a paramount feature of their 
effect [10-14]. Finally, since MAO can be isolated 
by similar means from both brain and liver mitochon- 
dria, it would be possible to discern tissue selectivity 
with respect to the drug effect. A'-Tetrahydrocanna- 
binol (A'-THC) is a major psychoactive compound, 
while cannabidiol (CBD) is not active in comparable 
concentrations [15] and their effect was therefore 
compared by us. In addition, a petroleum ether 
extract of hashish was also tested, as a source for 
other cannabinoids as well. 


MATERIALS AND METHODS 


Preparation of mitochondria. Porcine brain and liver 
mitochondria were prepared according to McCauley 
and Racker [16]. Whole brain (about 100 g) and 100 g 
of liver were obtained from a nearby slaughter house 
and kept on ice for about 30 min, until used. During 
all further operations, the temperature was kept 
below 5°. The tissues were cut into pieces (3 cm*) and 
rinsed in 0:-25M _ sucrose-0-1 M_ Tris-0:02 M EDTA 





* Correspondence should be addressed to: Dr. A. Livne, 
Department of Biology, Ben-Gurion University of the 
Negev. P.O. Box 1025 Beer Sheva, Israel. 
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(pH 7:4) to remove blood. The pieces were homo- 
genized for 45sec in a Waring Blender in 400 ml of 
the same medium. The homogenate was centrifuged 
twice in a Sorvall RC2-B centrifuge at 800g for 
10 min and the pellets were discarded. The superna- 
tant was then centrifuged at 12,000g (18,000g for 
liver mitochondria) for 20 min in the same centrifuge 
and the precipitate was washed twice more with 
100ml of sucrose-Tris-EDTA and resuspended in 
50 ml of the medium. The mitochondrial suspensions 
were frozen for two days at —18. To the thawed 
mitochondria, an additional 50ml of the sucrose 
Tris-EDTA medium were added and the mixture was 
homogenized in a Teflon—glass Potter-Elvehjem hom- 
ogenizer and then sedimented at 12,000 g (18.000 g for 
liver mitochondria) for 20 min. The pellet was resus- 
pended in 50mM _ potassium phosphate buffer, pH 
7-4, to give a final protein concentration of 10 mg/ml. 
This preparation was then used for the assay of MAO 
activity and cannabinoid effect. 

Assay of MAO activity. The reaction mixture con- 
tained, in a total volume of 3 ml: potassium phos- 
phate buffer, pH 7:4, 50mM; mitochondrial suspen- 
sion, | mg protein and substrate, 1 mM. The reaction, 
initiated with the substrate, took place at 37, com- 
monly for 30min and was terminated with 1:4% 
ZnSO, and 0:03 N NaOH (final concentration). Fol- 
lowing centrifugation, the supernatant was analyzed 
spectrophotometrically (Bausch & Lomb Spectronic 
200 UV). When benzylamine was used as a substrate, 
readings were taken at 250 nm [17]. If tyramine was 
used as a substrate, the supernatants were first alka- 
linated (1° KOH, final concentration) and then read 
at 330 nm. €y, of the product, 3 x 10*, was determined 
by simultaneous polarographic [18] and _ spectro- 
photometric assay of the enzymatic activity. Protein 
was determined according to Lowry et al. [19]. 

Effect of cannabinoids. Aliquots of ethanolic stock 
solutions of cannabinoids were mixed with 3 ml of 
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the assay buffer and the brain mitochondrial suspen- 
sion were then added, as described above. Ethanol 
was included in the control at the same final concent- 
ration (0-05°,, v/v). Similar procedure was employed 
for liver mitochondria, except that methanol was used 
as a solvent. Following the preincubation with the 
cannabinoids (0-60 min at 37°), the reaction was in- 
itiated by adding the substrate. 

Hashish extract. Hashish was extracted twice with 
petroleum ether (1 g in a total of 100 ml). The extract 
included about 25 per cent of the hashish solid mater- 
ials. Stock solutions were prepared in ethanol. 

Compounds used. The smuggled Lebanese hashish, 
used for extraction, was kindly provided by the Israeli 
Police. CBD and A'-THC were purchased from 
Makor Chemical Co., Jerusalem. Benzylamine and 
tyramine were obtained from Sigma Chemical Co., 
St. Louis. 

Data presented. Each of the experiments was 
repeated at least 6 times, in duplicates, yielding identi- 
cal patterns. Duplicates agreed within 5°, experimen- 
tal error, and representative experiments are shown. 


RESULTS AND DISCUSSION 


MAO activity of brain mitochondria is inhibited 
by A'-THC and hashish extract. Figure | shows that 
the inhibition is dependent on preincubation with 
these cannabis compounds. In contrast, CBD was in- 
effective even after | hr of incubation with the mito- 
chondrial preparation. The requirement for a period 
of preincubation has been established for known 
MAO inhibitors [20,21]. Such a requirement may 
account for the cited conclusion the “MAO is not 
affected by THC in vitro’ [22]. 

The extent of inhibition of MAO by A'-THC or 
by the hashish extract is dose-dependent (Fig. 2), the 
extract being about ten times more potent than 
A'-THC. A'-THC present in the hashish extract can- 
not account for the relatively high efficacy of the 
extract, and studies are in progress to isolate and 


identify the potent compounds. The inhibition of 


MAO activity by A'-THC and hashish extract was 
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Fig. 1. Inhibition of MAO activity of brain mitochondria 
by hashish components as affected by preincubation with 
the drugs. Aliquots of the mitochondrial suspension (1 mg 
protein in 3ml KPi, pH 7-4) were incubated at 37° with 
one of the hashish compounds as follows (ug/mg protein): 
A'-THC, 94; CBD, 94: hashish extract, 19. 
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also examined at a range of benzylamine concent- 
rations (0-1-2:5 mM). Lineweaver-Burk plots [23] in 
the presence and absence of these drugs were linear, 
exhibiting different slopes and also different intercept 
points with the ordinate. Such kinetic behaviour is 
classified as noncompetitive [24]. However, the inter- 
pretation of the kinetics is not clear, particularly since 
we are not dealing with a pure enzyme system. 
Unlike A'-THC and the hashish extract, CBD is 
essentially innocuous at a wide concentration range 
(Fig. 2). The marked difference in potency of CBD 
and A'-THC is of significance since it correlates with 
the established differential effects of these canna- 
binoids in vivo [15]. Solubility properties of CBD and 
A'-THC and their partition between membranes and 
aqueous media are too similar to account for their 
different in vitro effects, particularly in view of the 
wide concentration range tested. Some specific inter- 
action between the cannabinoids and a membrane 
component, possibly a lipophylic one, is a likely inter- 
pretation. The differential effect as well as the extent 
of inhibition are greatly diminished if tyramine is used 
as a substrate, instead of benzylamine (Fig. 3). Poss- 
ibly, MAO isozymes are present in porcine brain 
mitochondria, which vary in sensitivity to hashish 
components. The presence of MAO isozymes in beef 
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Fig. 3. Effect of hashish compounds on MAO activity, 
with tyramine (1 mM) as a substrate. Preincubation time: 
30 min. 
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Fig. 4. Inhibitory effect of A'-THC and hashish extract 

interfered with by CBD. Preincubation time: 30min. 

Where indicated, CBD (135 ug/mg protein) was added 
along with the inhibitor. 


and rat brain mitochondria has already been demon- 
strated [16, 25]. 


If administered concomitantly, cannabidiol is 


known to interfere with the effects of A'-THC in man 
[26], and in experimental animals [27]. The counter- 
action of CBD, which by itself appear to exert little 
activity, is clearly of interest, but its mechanism is 
not known. The phenomenon can be demonstrated 
in vitro as the inhibitory effect of A'-THC on MAO 


of brain mitochondria is essentially obviated by CBD 
(Fig. 4). CBD also partly diminishes the inhibitory 
effect of the hashish extract. If CBD is added at the 
onset of the reaction, following the preincubation 
period, it no longer interferes with the inhibitory 
effect of A'-THC. When CBD is added during the 
pretreatment with A'-THC, the interference is pro- 
portional to the duration of concomitant incubation. 
On the basis of these data, we are encouraged to pur- 
sue experimentally the challenging antagonistic effect 
of CBD. 

The present study is probably the first case in 
which a differential effect of the cannabinoids is 
demonstrated in biochemical terms, in vitro. Evi- 
dently, the MAO system from brain is potentially 
very useful for studying structure-function relation- 
ships of cannabinoids and particularly the pheno- 
mena of antagonism and synergism. This conclusion 
is reinforced by an intriguing tissue selectivity: MAO 
of porcine liver mitochondria is not affected by either 
A'-THC, CBD or hashish extract (given in doses of 
94, 94 and 19 yg/mg protein, respectively), with either 
benzylamine or tyramine as a substrate, despite a pro- 
longed preincubation period. 
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In contemplating the mode of action of hashish in 
brain tissue, an effect on MAO should be taken into 
account. 
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Abstract—The protein binding of diazepam, indomethacin, salicylic acid, sulfadimetoxine and warfarin 
in serum of uremic patients has been studied by equilibrium dialysis and circular dichroism measure- 
ments and compared with that in normal serum. Comparisons have also been made with isolated 
human serum albumin (HSA) from uremic patients and healthy individuals. The binding of diazepam, 
salicylic acid, sulfadimetoxine and warfarin is impaired in the uremic sera, while the binding of indo- 
methacin is apparently unchanged. The apparent binding constants of salicylic acid and warfarin in 
both uremic and normal sera are affected by dilution of the sera in buffer. The binding constants 
obtained with isolated albumins, however, are unaffected by dilution. The albumin isolated from uremic 
serum shows lower binding affinity for salicylic acid and warfarin than normal HSA, but the affinity 
was normalized by charcoal treatment at pH 3.0. It is shown that the binding both in normal and 
uremic sera is impaired compared with isolated defatted serum albumin due to the presence of competi- 
tive inhibitors. The inhibition is more pronounced in uremic serum. In addition, the binding to albumin 
in uremic sera is impaired by strongly bound allosteric inhibitors. It is also emphasized that determina- 
tions of association constants have to be related to the dilution of the serum, plasma or blood, respect- 
ively. 


Plasma from uremic patients has a decreased ability 
to bind‘certain drugs, which was first observed for 
some sulfa drugs[1,2]. Reidenberg and _associ- 
ates[3] also observed a decreased binding of 
diphenylhydantoin in uremic plasma, the unbound 
fraction of the drug being strongly correlated to the 
levels of creatinine and blood urea nitrogen. They 
concluded that the lowered binding was not explained 
by low plasma albumin levels, since it occurred also 
in uremic patients with normal albumin levels. Subse- 
quently. a decreased binding in uremic plasma or 


serum has been demonstrated for several other drugs, 
most,of which have the common feature that they 
are weak acids (cf Table 1 where some earlier findings 
as well as the results from the present study are in- 
cluded). It should be observed that the bases diaze- 
pam and dapsone, which are uncharged at pH 7.4, 
contain electronegative centres, which may promote 
the binding. 

Two hypothetical mechanisms are advanced to 
explain the observed phenomenon: (1) The serum 
from the uremic patients contains abnormal albumin 


Table |. The binding of various drugs in uremic plasma or serum 





Drug pKe 


Binding compared 
with normal serum 





1.0+ 
10.17 
neutral 


Dapsone 
Desmethylimipramine 
Digitoxin 
Diphenylhydantoin 
Furosemidet 
Pentobarbital 
Quinidine 
Sulfaisodimidine 
Sulfamethazine 
Sulfamoxole 
Triamterene 
Trimethoprime 
Diazepam 
Indomethacin 
Salicylic acid 
Sulfadimethoxine 
Warfarin 


4.3+, 8.4+ 
75 


decreased or unchanged 


unchanged 
decreased 


increased or unchanged 


decreased 


unchanged 
decreased 
unchanged 
decreased 


This work 


[8] 





* Approximative pK,-values. 


+ Basic compound. The pK, is given for the corresponding acid, HB”. 
t The study was made on plasma from blood drawn immediately after hemodialysis. 
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species. (2) The albumin in the uremic serum is nor- 
mal, but the binding of certain drugs to the albumin 
is impaired due to the presence of one or more inhi- 
biting agents. The inhibition may be either competi- 
tive or noncompetitive. 

The purpose of the present investigation was to 
study the mechanisms responsible for the impaired 
drug binding of uremic serum. Binding properties of 
three drugs with different affinities for albumin were 
studied in parallel by two different techniques, namely 
equilibrium dialysis and circular dichroism measure- 
ments. Binding experiments were undertaken with dif- 
ferent dilutions of serum in buffer, to study if the 
impaired binding is due to inhibitors or to changed 
properties of the albumin. 


MATERIALS AND METHODS 


Serum. Samples were collected on three occasions, 
pooled and stored frozen until the experiments were 
undertaken. Pools | A and | B were used for experi- 
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ments on intact serum, pools 2 A and 2 B for dilution 
experiments whilst pools 3 A and 3 B were used for 
the preparation of albumin. (A denotes normal serum 
pools and B uremic serum pools). 

Altogether 13 healthy persons and 15 uremic 
patients participated in the study. Nine of the uremic 
patients were treated at the Renal Unit, Department 
of Internal Medicine, Karolinska Hospital, Stock- 
holm. Sera from 4 of the uremic patients were kindly 
supplied by Drs. J. Bergstr6m and B. Wehle, St. Eriks 
Hospital, Stockholm. The diagnosis, serum creatinine 
values and pharmacotherapy of the patients are given 
in Table 2 as well as the serum creatinine values of 
the pools. Most uremic patients included in this study 
were selected so as to avoid patients treated with 
drugs which fulfill the criteria of having high thera- 
peutic serum levels and high binding to serum albu- 
min. The presence of serum from one patient treated 
with a sulfonamide preparation in pool 2 B was 
thought to be of little significance for the overall 


Table 2. Clinical data of the uremic patients 





Serum creatinine 


Individual 
values 
(mg/100 ml) 


Serum 
pool 
number 


Patient Diagnosis 


(mg/100 ml) 


Serum 
albumin 
Pool 
values 
(mg/ml) 


Pool 
values Drugs 


(g/day, orally) 





K.H. 20.0 


Chronic pyelonephritis 


Polycystic kidneys 
Chronic pyelonephritis 
Chronic 
glomerulonephritis 


Hypoplastic kidney 
Nephrosclerosis 


Aplastic kidney 
Hydronephrosis 
Dysplastic kidneys 
Chronic pyelonephritis 





Chronic 
glomerulonephritis 


Chronic pyelonephritis 


Chronic pyelonephritis 


Nephrosclerosis 
Hypertension 





B:P:* 
AL. 


Polycystic kidneys 
Chronic nephritis 
M.B.* Chronic 

glomerulonephritis 


Hydralazine 0.075, Alprenolol 
0.15, Aliopurinol 0-1, Furosemide 
0.08 

Hydralazine 0.05, 
Propranolol 0.08 


Furosemide 0.08 


Digoxin 0.00013 every third day, 
Furosemide 0.5 


Alphamethyldopa 1.5, Allopurinol 
0.1, Sulfamethizole 0.4 and 
Sulfamethoxypyridazine 0.1 every 
second day, Digoxin 0.00006, 
Furosemide, 0.08, Ferrous 
succinate 0.075 


Ferrous succinate 0.075 
Furosemide 1.0, Cephalosporin 2.0 
Digoxin 0.00013, Cortisonacetate 
0.05, Clemastin 0.003, Dicumarol 
0.05, Allopurinol 0.1, Noscapine 
0.075, Promethazine 0.025 


Bendroflumethiazide 0.005, 
Hydralazine 0.075, Alprenolol 0.6, 
Clofibrate 1.0 

Digoxin 0.00013, Ampicillin 0.5, 
Furosemide 0.008 
Dihydrotachysterol 0.0012 
Digoxin 0.00013, Allopurinol 0.1, 
Amitriptylin 0.03, Trimethoprim 
0.08. Sulfamethoxazole 0.4 


Digoxin 0.00013, Clemastin 0.003, 
Promethazine 0.025, Prednisolone 
0.02, Levomepromazine 0.015, 
Furosemide 0.25. Ascorbic acid 1.5 
Alphamethyldopa 1.5. 

Ferrous succinate 0.037 


Cephalexin 1.0, Clonidine 0.0003 





* These patients were also treated by chronic intermittent hemodialysis. 





Protein binding of drugs in uremic and normal serum 


results. Serum creatinine was determined according 
to Heinegard and Tiderstr6m[15]. Some circular 
dichroism studies were also made on individual sera 
as specified in the figure legends. 

Human serum albumin. HSA was prepared from 
normal blood-bank plasma by (NH4),SO, fractiona- 
tion and ion-exchange chromatography mainly 
according to McMenamy et al. [16]. The albumin was 
treated with activated charcoal at pH 3.0 according 
to Chen [17]. The albumin monomer was then iso- 
lated by gel-filtration on Sephadex G-100 in 0.02 M 
sodium phosphate buffer, pH 7.4. The concentration 
of HSA was determined from the extinction at 280 nm 
(Ej... = 5.80). Albumin from pooled uremic serum 
was prepared by the same method. 

Drugs. ['*C]Salicylic acid (31.4 mCi/m-mole) and 
['*C]warfarin (23.5 mCi/m-mole) were purchased 
from The Radiochemical Centre, Amersham, Eng- 
land. ['*C]Indomethacin (26.3 mCi/m-mole) was a 
gift from Merck, Sharpe and Dohme. The radio- 
chemical purity (>98°,) was checked by thin layer 
chromatography. After purification of ['*C]warfarin 
less than 0.5°, radiochemical impurities were 
detected. The corresponding unlabelled compounds 
were added to the isotope solutions to achieve suit- 
able drug concentrations (0.1-2mM). Unlabelled 
drugs were gifts from the different manufacturers. 

Equilibrium dialysis. The serum protein binding was 
determined by equilibrium dialysis at 37° against iso- 
tonic phosphate buffer, pH 7.4[18], using Technicon 
Type A standard membranes. For each drug concen- 
tration, duplicate determinations using 500,41 of 
serum and buffer were performed. The time used for 
equilibration was 5 hr for salicylic acid, 17 hr for war- 
farin and 8 hr for indomethacin. After equilibration, 
radioactivity (expressed in dis/min) was determined 
in duplicate with 100 sd of sample aliquots from both 
sides of the dialysis cells in 10 ml of Instagel® (Pac- 
kard Instrument Company) using a Packard Tricarb 
Scintillation Spectrometer 3375 or a Beckman Scintil- 
lation Counter, LS 100-C. The binding was related 
to the serum albumin concentration, which was deter- 
mined by immunochemical quantitation according to 
Mancini et al. [19]. 

Circular dichroism (CD) measurements. These were 
made on a Jasco J-20 spectropolarimeter, Japan Spec- 
troscopic Co., Tokyo. The instrument was calibrated 
with D-camphorsulphonic acid and tested daily with 
a built-in test-signal system. Rectangular cells with 
path-lengths of 0.5-10 mm were used, in order to opti- 
mize the measuring conditions. The temperature was 
kept between 25 and 27°. 

The sera were diluted with 0.005 M phosphate in 
0.1M KCl, pH 7.4, to a suitable albumin concen- 
tration. The drugs, dissolved in the same buffer or 
in a mixture of buffer and ethanol (final ethanol con- 
centration never exceeded 1°.) were then added to 
the diluted sera in a 1—3-fold molar excess at pH 7.4. 

The results are expressed as molar ellipticity |} 
in degrees-cm?-dmole™ ', calculated with reference to 
the albumin concentration, assuming a molecular 
weight of 65,100[16]. The molar ellipticity (0; is 
defined according to the equation: 


0-M 
{Oo} = 
c 1-10 
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where @ is the observed ellipticity in degrees, M is 
the molecular weight, c the concentration in g/ml and 
/ the path-length in cm. 


MATHEMATICAL ANALYSIS 


The serum protein binding data for salicylic acid 
and warfarin were analyzed according to Scatchard, 
assuming binding mainly on albumin and assuming 
one class of binding sites [20]. The equation: 

P 

(D) 
was used where r = moles of bound drug/moles of 
albumin, D = moles of unbound drug, n = number 
of binding sites, K,,, the apparent association con- 
stant. In the Scatchard plots, the points were fitted 
to a straight line by linear regression using r as the 
independent and r/(D) as the dependent variable. 
Linear regression analysis was also used to character- 
ize Other linear relationships. 

Characterization of inhibition of drug binding. When 
the binding of a ligand to a macromolecule is in- 
fluenced by a competitive inhibitor, the following 
relationship exists [21] between the apparent associ- 
ation constant K,,,. determined in the presence of 
the inhibitor, J, and the ‘true’ association constant, 
K*. 


= n° | EE - "Kapp ( I ) 


Ki 
1+ (1)-K; 
where K; is the association constant for the binding 
of the inhibitor to the same site on the macromolecule 
and (J) is the unbound inhibitor concentration. The 
equation can be rearranged to: 
K,.=Ki-K 


Roos = 


(1): K; (3) 


The true association constant, K3, for a particular 
drug can be obtained from a series of diluted sera 
by estimating the apparent association constants in 
these sera. When the concentration of the inhibitor 
is unknown, it may be practical to introduce the 
approximate substitution: 


(1) = 1,°C,. (4) 
where J, is the initial concentration of the inhibitor 
in the undiluted serum and C,, is the fractional con- 
centration of the serum in the diluted samples. One 
then obtains: 


K.. = K:-K,, -C,.'1,:K; (5) 


When K_is plotted against K, -C,,, a straight line 
is obtained if the binding is competitively inhibited. 
The ordinate intercept corresponds to the K; of the 
particular drug-protein system. The slope of the line 
(—J,:K,) is characteristic for a particular inhibitor 
in a particular serum. The numerical value of the 
slope is directly proportional to the initial inhibitor 
concentration and the association constant, K;, of the 
inhibitor for the binding to the particular site, that 
binds the drug. 


RESULTS 
Equilibrium dialysis studies. Serum protein binding 


data for the lowest drug concentrations of indometha- 
cin. salicylic acid and warfarin are given in Table 3. 
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Table 3. Serum 


protein binding in per cent of total drug concentration 





Salicylic acid 


Serum 0.10 mM 


Indomethacin 
0.10 mM 


Warfarin 
0.13 mM 





Normal 1A 
Uremic 1B 
Normal 2A 
Uremic 2B 


93.5 
74.7 
94.3 
88.9 


99.2 
97.8 
99.1 
97.5 


96.1 
96.0 
96.7 
94.3* 





* At the time of the investigation 
creased from 31.8 to 25.3 mg/ml. 


Examples of the Scatchard plots are given in Figs. 
_1-3. As seen from the table and Figs. | and 2, the 
protein binding of salicylic acid and warfarin was 
lower in the uremic serum than in the normal serum. 





— 























° 
° 1.0 
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Fig. 1. Scatchard plots of the 

(a) normal serum 2 A (OOO, undiluted: AAA, diluted 

1+ 1;000, diluted 1 + 4; + + +, diluted 1 + 9) and 

(b) uremic serum 2 B (@@@. undiluted: AAA. diluted 

1+ 1; MMB, diluted | + 4; + + +, diluted 1 + 9) stud- 

ied by equilibrium dialysis. The sera were diluted with an 
isotonic phosphate buffer, pH 7.4. 


binding of salicylic acid to 


the albumin concentration had de- 


The binding in the sera was also lower than to corre- 
sponding amounts of isolated and charcoal-treated 
HSA taken from normal serum or uremic serum (see 
Table 4 and Figs. 4 and 5). The Scatchard plots for 
warfarin (Fig. 2) showed a slightly curved form and 
only the points with r < 0.6 were used to estimate 
the productn:-K_ ,nand K, . For salicylic acid the 
intercept on the x-axis gave n around 2.5. In this case 
the estimated K, , (eqn. 1) is a composed constant 


























Fig. 2. Scatchard plots of the binding of warfarin to (a) 
normal serum 2 A (OOO, undiluted; A AA, diluted 1 + 1; 


undiluted: AAA, diluted 1+ 1; SMW. diluted | + 4) 
studied by equilibrium dialysis. The sera were diluted with 
an isotonic phosphate buffer, pH 7.4. 
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Fig. 3. Scatchard plots of the binding of indomethacin to normal serum pools | A (OU) and 
2 A (* * *) and uremic serum pools | B (@@@) and 2 B (OOO). 


Table 4. Data obtained from Scatchard plots 





Salicylic acid 


n'K 


Serum pool M-!- 1074 


n 


Warfarin 
or 
M~!-107* 


nK,, 
1.4975 


M- 





2.3 
0.7 
2.6 
1.7 


Normal 1A 

Uremic 1B 

Normal 2A 

Uremic 2B 

Charcoal treated HSA 
from normal serum 

Untreated HSA 
from uremic serum 

Charcoal treated HSA 
from uremic serum 


4.8 


3.0 


4.7 





with contributions from at least two binding sites. 
This means that the mathematical discussion above 
giving equations (2}{5) can only be used for a com- 
parative study of the binding of salicylic acid in differ- 





T T 











fe} | 1 
° 0.5 1.0 1.5 


Kapp* Cse » 107% 
Fig. 4. Graphs of Kap, versus Kapp x Cy. for salicylic acid 
in normal serum 2 A (AAA), uremic serum 2 B (@@@), 
human serum albumin (OOO), isolated uremic albumin 
(@ @ B) and charcoal-treated uremic albumin (A A A), The 
product K,pp X C,. in the different sera is corrected for 
the different albumin concentrations, defining C,, = 1 as 
40 mg albumin per ml. 





ent sera and HSA-solutions. The results summarized 
in Table 4 demonstrate that for both warfarin and 
salicylic acid there is a significant decrease in K, 
in uremic serum. The decrease in the product n-K,, 
is even more pronounced, due to an effect on the 
n values. 











1 | 
1.0 2.0 
kKapp* Cse x 107% 








Fig. 5. Graphs of Kapp versus Kapp X C,. for warfarin in 

normal serum 2A (AAA), uremic serum 2B (@@@), 

human serum albumin (OOO), isolated uremic albumin 

(@ @ B®) and charcoal treated uremic albumin (A A A). The 

product K,,, x C,. in the different sera is corrected for 

the different albumin concentrations, defining C,, = 1 as 
40 mg albumin per ml. 
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In contrast to the findings with salicylic acid and 
warfarin, no clear differences in protein binding of 
indomethacin could be demonstrated between uremic 
and normal serum (Table 3, Fig. 3). The Scatchard 
plots indicated a considerable contribution of second- 
ary binding sites. The data were therefore not ana- 
lyzed according to eqn. 1. 

The binding of salicylic acid and warfarin was also 
studied in different dilutions in buffer of a uremic 
serum pool, a normal serum pool and HSA. The Scat- 
chard plots for the binding are shown in Figs. | and 
2. The lines drawn are the linear regression lines. The 
intercepts on the r/D-axis from which the apparent 
binding constants, K,,,, are obtained, changed with 
‘the dilution of sera, while they were constant within 
experimental errors with different concentrations of 
isolated HSA. With increasing dilution of the serum 
K.,,, increased, whereas the intercepts on the r-axis 
remained constant. 

The effect on K,,, from the Donnan equilibrium 
will be small and will not change the results. This 
is evident from the results with isolated HSA giving 
the same K,,,,-values with widely different HSA-con- 
centrations (Figs. 4 and 5) and from the fact that the 
main portion of the negatively charged proteins in 
serum is HSA, as the isoelectric points of the im- 
munoglobulins vary around 7. With undiluted serum 
samples the maximal error in the calculation of the 
concentration of the negatively charged, free drugs, 
and thus the K,,,, value, will then be about 5°, under 
our experimental conditions, which apparently will 
not significantly influence the results. Figs. 4 and 5 
show the plots of K,,,,, versus K.,,,,°C,. for the bind- 
ing of salicylic acid and warfarin, respectively, to ure- 
mic serum, normal serum and isolated normal HSA. 
All the experimental data fall on straight lines. The 
slope of the lines obtained with the uremic serum 
is steeper than with the normal serum for both drugs. 
According to eqn. 5 this means that the product K;-/, 
is larger. 

The apparent binding constants with isolated HSA 
were the same with different concentrations. For both 
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Fig. 6. Circular dichroism spectra of diluted serum from 
a uremic patient M.B. (MMW) and a healthy person 
(OOO) recorded between 200 and 250 nm in a 0.5 mm cell, 
pH 7.4. The albumin concentration was 0.5 mg/ml. 
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Fig. 7a. Circular dichroism spectra, recorded with 10mm 
cells at pH 7.4, of the drug—protein complexes between 
sulfadimetoxin and two uremic sera from patients A.L. 
(AAA) and K.H. (@@@) and one normal serum (OOO) 
obtained as the difference spectra after subtraction of the 
CD-spectra for the sera alone. The albumin concentration 
was 1.5 mg/ml and the drug—albumin ratio was 0.5. 


salicylic acid and warfarin, the intercepts, K7, on the 
Y-axes coincided with those from the normal serum, 
which evidently means that the binding in the sera 
can be explained entirely by the albumin contents. 
However, the intercepts, K3, obtained with the two 
drugs from the uremic serum pool were considerably 
lower. 

In Figs. 4 and 5 the results obtained with albumin 
isolated from the uremic serum pool 3 B are also 
included. As is evident, the affinity of this albumin 
for salicylic acid and warfarin was significantly lower 
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Fig. 7b. Circular dichroism spectra, recorded with 2mm 
cells at pH 7.4, of the drug-protein complexes between 
salicylic acid and one uremic serum pool | B (@@@) and 
one normal serum (A A A) obtained as the difference spec- 
tra after subtraction of the CD spectra for the sera alone. 
The albumin concentration was 20mg/ml and the drug 
was present in a 2-fold molar excess. 
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Fig. 7c. Circular dichroism spectra, recorded with 2mm 
cells at pH 7.4, of the drug-protein complexes between 
warfarin and two uremic sera, pool 1 B (@@@), patient 
A.L. (A AA) and one normal serum (OOO) obtained as 
the difference spectra after subtraction of the CD-spectra 
for the sera alone. The albumin concentration was 
20 mg/ml and the drug was present in a 2-fold molar 
excess. 
than that of normal HSA. However, the binding 
properties of the albumin were the same as those of 
the normal HSA after treatment with activated char- 
coal according to Chen [17]. 

Circular dichroism studies. To study secondary and 
tertiary structures of the proteins in uremic and nor- 
mal sera, the CD spectra of the sera were recorded 
in the far ultraviolet region at 200-250 nm. The ellip- 
ticity in this wavelength region is dominated by the 
contribution from the atbumin present. As is shown 
in Fig. 6, there are no significant differences between 
the CD spectra of normal and uremic sera. 

The binding of salicylic acid, warfarin, sulfadimeth- 
oxine and diazepam to normal and uremic serum was 
studied in the wavelength region 250-350 nm. When 
the drugs are bound to the proteins in the sera, new 
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Fig. 7d. Circular dichroism spectra, recorded with 10mm 

cells at pH 7.4, of the drug-protein complexes between 

diazepam and one uremic serum pool | B (@@@) and 

one normal serum (A A A) obtained as the difference spec- 

tra after subtraction of the CD-spectra for the sera alone. 

The albumin concentration was 0.9 mg/ml and the drug 
was present in a 2-fold molar excess. 
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extrinsic Cotton effects are created at the wavelengths 
where the substances have absorption maxima. The 
magnitude of the extrinsic Cotton effects are directly 
proportional to the concentration of the drug—protein 
complexes. In Fig. 7, the difference CD spectra for 
the different drug-protein complexes are shown. The 
difference spectra were obtained by subtracting the 
CD spectra given by the respective sera alone from 
those obtained when the respective drug was present. 
As is evident from the figures, the uremic sera pro- 
duced significantly smaller extrinsic Cotton effects 
than the normal sera. This means that they have an 
impaired binding ability. It should be pointed out 
that the HSA and drug concentrations were the same 
in the two sera. 


DISCUSSION 


Studies on the binding of a drug to plasma proteins 
are of fundamental importance in pharmacokinetic 
investigations[22] since it affects the apparent 
volume of distribution (V,) of the drug [23] a par- 
ameter which usually is based on total plasma con- 
centration data. For drugs with very high protein 
binding and small V, the binding will also have pro- 
found influence on the pharmacological effects and 
the elimination. One representative of this group of 
drugs is warfarin [24]. Salicylic acid, indomethacin, 
and sulfadimetoxin, also studied in this work, are in- 
teresting as potential displacing agents in protein 
binding interactions. Moreover, diazepam, which is 
a weak base, uncharged at physiologic pH-values, is 
of great theoretical interest in this connection, since 
it is strongly bound to HSA at only one primary 
site [25, 26]. 

Many studies on protein binding of drugs have 
been performed on purified plasma fractions, es- 
pecially the albumin fraction. While necessary for the 
understanding of the mechanism of binding, such data 
do not allow a direct extrapolation to the in vivo sit- 
uation. Therefore parallel studies have to be per- 
formed with serum or plasma from patients in which 
the drugs in question are used, in order to obtain 
a basis for conclusions about the practical significance 
of drug—protein binding. In the present study, it is 
unequivocally shown by both equilibrium dialysis and 
circular dichroism that the binding of salicylic acid, 
warfarin, diazepam and sulfadimetoxin is impaired in 
uremic patients suffering from chronic renal failure 
of different genesis. 

In contrast to the drugs mentioned, the binding 
of indomethacin apparently was unchanged. An 
abnormal binding behaviour of indomethacin has 
been described by Mason and McQueen [27] who 
found that phenylbutazone did not displace indo- 
methacin, despite the fact that indomethacin displaces 
phenylbutazone [28]. Studies by Dollery et al. [29] 
and Mason and McQueen [27] as well as the present 
study indicate, however, that indomethacin binds to 
several sites on HSA, which might explain why the 
binding degree of indomethacin is not significantly 
changed when the binding is disturbed at one site. 

It is thus well established that the binding of certain 
drugs is significantly decreased in uremic patients. 
However, the mechanisms behind this effect are at 
present not well understood. Two possible explana- 
tions seem feasible, either the presence of inhibitors 
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in the serum or a modified albumin pool. The Scat- 
chard plots (Figs. | and 2) clearly show that Kapp 
increases when the sera are diluted. This indicates the 
presence of competitive inhibitors, the effect of which 
is decreased with dilution resulting in higher K,zp, 
values. Even normal serum contains inhibitors of the 
drug protein binding. This fact is hardly surprising 
considering the transport function of albumin and 
must be taken into account in all drug binding studies 
with serum, plasma or blood. With the accumulation 
of metabolic products in uremia the ‘load’ on the 
albumin increases and predisposes to an increased in- 
hibition of drug-protein binding. This concept is in 
consistence with the findings by Andreasen, who 
obtained increased protein binding capacity of both 
normal and uremic serum after in vitro dialysis [8]. 

For both salicylic acid and warfarin the affinity 
constant for the binding to isolated HSA in buffer 
was almost twice as high as the constant for the bind- 
ing in normal serum. By successive dilution of the 
serum with buffer, the latter constant gradually in- 
creased so that at infinite dilution the two constants 
became identical. These results prove that albumin 
is the only binding protein of importance in serum 
for these two drugs. 

The dilution experiments performed with uremic 
serum gave K*-values at infinite serum dilution which 
were considerably lower than those for normal sera. 
The decreased protein binding in uremic serum can 
thus be explained only to a certain degree by competi- 
tive inhibition. Additional factors must therefore be 
considered. The interest is then focused on the idea, 
advanced by several authors[1,3], that there is a 
qualitative change in the uremic serum albumin. The 
microheterogeneity among albumins isolated from 
serum from normal volunteers and uremic patients 
observed by Shoeman and Azarnoff is especially inter- 
esting in this context [6]. By isoelectric focusing they 
observed the presence of two separate bands of albu- 
min, bands A and B, in plasma from normal volun- 
teers and uremic patients and in commercially avail- 
able HSA. The relative amount of the B-band was 
highest in normal plasma and appeared to correlate 
to the binding capacity. 

Also in other diseased [30] or abnormal states [31], 
as well as in normal HSA [32-34] heterogeneities 
have been detected in the albumin pool. It is therefore 
not unreasonable that there should be a changed drug 
binding capacity of the albumin in uremic patients. 
The CD studies in the far ultraviolet region 
(200-250 nm), where the contributions from second- 
ary and tertiary structures of the polypeptide back- 
bone of the albumin determine the ellipticity, were 
performed to detect any conformational differences 
between the albumin in the uremic and the normal 
serum (Fig. 6). However, no such differences were 
established. Unfortunately, the sensitivity of the 
method is limited, and minor changes of the confor- 
mation around the binding sites, e.g. due to an allos- 
teric inhibition or minor alterations in the secondary 
or tertiary structures might not be detected. This 
means that the absence of any detectable CD differ- 
ences is not conclusive evidence that no conforma- 
tional differences exist. 

By analogy with non-competitive Michaelis 
Menten kinetics, it is easy to show that irreversibly 
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inhibited or allosterically changed albumin will give 
constant but lower K,,,-values than normal albumin 
at different dilutions. At infinite dilution the uremic 
serum pool also gave lower binding constants, K%, 
with salicylic acid and warfarin than those obtained 
with-normal serum. Moreover, the binding to isolated 
uremic albumin was impaired, but charcoal treatment 
of the albumin at pH 3.0 normalized the binding. A 
similar effect of the charcoal treatment on the binding 
properties of neonatal plasma albumin has_ been 
observed by Chignell et al. [35]. Most probably, the 
charcoal treatment removed strongly bound inhibi- 
tors. 

The present study thus shows that the binding of 
salicylic acid and warfarin is normally considerably 
inhibited in serum by competitive mechanisms involv- 
ing endogenous compounds as displacers. In uremic 
sera the displacement is even greater, but the de- 
creased binding cannot.be fully accounted for by the 
presence of reversibly bound displacing agents. The 
possibility of distinctly different albumin species is 
contradicted by the fact that charcoal treatment of 
the uremic albumin at acidic pH restored the binding 
properties and by the unchanged CD spectra 


obtained with uremic serum or isolated uremic albu- 
min. The findings are best explained by the presence 
of a binding inhibitor irreversibly bound at normal 
pH but reversibly bound at pH 3.0. Studies are under 
way to isolate and identify the inhibitor(s). 
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SHORT COMMUNICATIONS 


Thermodynamics of fatty acid anion displacement of warfarin and 


phenylbutazone from human albumin 


(Received 22 August 1975; accepted 17 October 1975) 


While it is recognized that the concentration of plasma 
free fatty acid (FFA) fluctuates considerably in response 
to changes in physical stress and food intake [1-4], these 
physiological changes in concentration generally have not 
been thought to have a significant effect on drug binding. 
However, in contrast to this view, recent work [5,6] sug- 
gests that plasma FFA may have an important influence 
on the extent of drug—albumin interactions. The manner 
in which FFA alters drug binding can be expected to vary 
with the mechanism(s) and site(s) of binding of a given 
drug and, in the cases of warfarin and phenylbutazone, 
is incompletely understood. This paper seeks to further 
examine certain published data concerning the human 
serum albumin binding of warfarin and phenylbutazone 
and their displacement of FFA in an effort to gain ad- 
diticnal insight into the identity of their binding sites and 
the mechanism of their displacement. 

The interactions of long-chain fatty acids with serum 
albumin was studied by Goodman[7] at a pH of 7-45 
at 23. Apparent association constants were determined by 
the method of Scatchard [8] and correspond to the binding 
of the fatty acid anions at this pH. The even-numbered 
saturated fatty acids from C,, to C;g were found to bind 
to three classes of sites (coordination numbers of n, = 2. 
n> = 5 +1 andn, ~ 20) and to have association constants 
which increased with increasing acid chain length. Solo- 
mon et al. [9,10] have employed ultrafiltration to charac- 
terize the displacement of warfarin and phenylbutazone 
from human serum albumin by various drugs and fatty 
acids. Double-reciprocal piots showed apparent competi- 
tive displacement of both warfarin and phenylbutazone by 
lauric acid at acid—albumin molar ratios of 1-8 and 8-8 
respectively. However, these authors [10] also found that 
stearic, myristic and lauric acids, at an acid—albumin molar 
ratio of 35, reduce the per cent bound of both drugs inver- 
sely with fatty acid chain length. 

The latter evidence, together with the FFA~albumin 
binding data of Goodman [7], suggests in two ways that 
the predominant mechanism of drug displacement at the 


higher FFA levels is other than competition for binding. 


sites. Competitive displacement would require that the 
fatty acid anions displace drug in rank order correspond- 
ing to their affinities for albumin; however, the inverse 
relationship is observed. Secondly, because the association 
constants of the fatty acid anions for albumin exceed those 
of warfarin and phenylbutazone by from one to three 
orders of magnitude, almost no binding of either drug 
would be expected to occur with simultaneous acid—albu- 
min and a~4-drug molar ratios of 35 and 85 respectively. 
The experimental observations can be explained if it is 
assumed that the displaced drug, warfarin or phenylbuta- 
zone, binds to n independent identical sites on serum albu- 
min and that the effect of FFA of reducing the binding 
of drug results solely from a change in the binding affinity 
of the site. The apparent association constant, K, for drug 
binding to a given site is defined as 
(DP) 
(D)(P) 


where (DP) and (P) are the concentrations of a given site 
occupied and unoccupied by drug, respectively, and (D) is 
the free.drug concentration. The fraction of drug bound, 
F, is then given by the expression 


n(DP) 
~ (D) + n\DP) 


It follows that, given F, the product nK(P) can be calculated 
from the equation: 


nK(P) = : 

1—F 
If only the per cent drug bound is known or can be 
determined, an approximate apparent FFA-induced 
change in the free energy of binding can be calculated from 
the ratio, K(P)/K‘(P), where the prime denotes values 
determined in the presence of FFA. Where values of (P) 
and (P) can be measured or calculated, the apparent FFA- 
induced free energy change in drug binding, AAG , can 

be determined from the relationship: 


AAG = RT\n(K/K’) 


This has been done for the data presented by Solomon, 
whose measurements were made in pH 7-4 phosphate 
buffer at 30, and is shown in Table 1. 

The close correspondence of AAG between warfarin and 
phenylbutazone, pairwise with each of the three acids, sug- 
gests that these drugs are bound to the same primary site, 
as was also reported by Solomon er al. [9,10], and that 
they are displaced from albumin by the same mechanism. 
This is of significance since, although there is general 
agreement [10-12] that phenylbutazone binds primarily to 
a single site on human albumin, various values have been 
reported for warfarin: a single primary site [9, 10], two pri- 
mary sites [13,14] and recently approximately 1-5 primary 
sites [15]. Similarities in binding are known wherein war- 
farin appears to bind to secondary sites [14,15], as does 
phenylbutazone [12], and both drugs have been reported 
to bind to hydrophobic primary sites by other than ionic 
interactions [13]. 

Spector et al. [5] have proposed an allosteric mechanism 
to account for the effect of FFA on the albumin binding 
of chlorophenoxyisobutyrate ion, which has been shown 
to competitively displace warfarin [10]. The thermodyna- 
mic data derived in this paper also are consistent with 
an allosteric mechanism as a dominant mode of FFA dis- 
placement of drug from albumin for both warfarin and 
phenylbutazone. These data also suggest that the 
mechanism is the same for the three acids, since the calcu- 
lated AAG values do not show erratic changes with in- 
creases in fatty acid chain length. FFA-induced spatial re- 
arrangements in human albumin sufficient to result in an 
allosteric influence on drug binding are not unexpected 
since bovine serum albumin is known to undergo signifi- 
cant conformational shifts in response to FFA [16]. The 
results obtained from the calculations in the present paper 
indicate that useful tests of the similarity of binding sites 
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Fable | 


(P) 
10°) 


Fatty 
acid 


nK(P) 


None 
Stearic 
Myristic 
Lauric 


0-829 
0-515 
0-306 
0-160 


Thermodynamic data of warfarin and phenylbutazone displacement by FFA 


AAG 
(cal/mole) 


AK AG 
(M ' x 10°34) (cal/mole) 





Warfarin 


0 
1020 
1611 


2156 


Phenylbutazone 





6°36 


7-32 


0-913 
0677 
0-509 
0-286 


10:49 
2:10 
1-04 
0-40 


None 
Stearic 
Myristic 
Lauric 


8-01 
8-93 


~7237 
—6181 
~ 5703 
— 5065 


165 
28-6 
12-9 


4-49 





of drug and albumin assuming n = 1. 


and mechanisms for pairs of drugs, such as warfarin and 
phenylbutazone, are possible via molecular probes such 
as fatty acids 
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Elevation of central )-aminobutyric acid levels by isoniazid in 


mice and convulsant thresholds 


(Received 26 August 1975: 


The accumulating evidence for a role of y-aminobutyric 
acid (GABA) as a central inhibitory transmitter [1, 2] has 
prompted several studies about a relationship between the 
central levels or the metabolism of this amino acid and 
the sensitivity to convulsions. The results of these studies 
have been cbntradictory: some authors did not find any 
such relationship [3-5], whereas the results of others seem 
to indicate a role of GABA for central excitability [6] or 
seizure activity [7-9]. Interpretation of the results was 
made difficult by the use of drugs with powerful pharmaco- 
dynamic properties, as for example thiosemicarbazide or 
aminooxyacetic acid, as tools for alterations in the central 
GABA metabolism. Recently, however, Perry and Han- 
sen [i0] reported that isoniazid administered in the food 
over several days in nontoxic doses was able to elevate 
central GABA levels considerably. Wood, Peesker and 
Urton [11] and Wood and Peesker [12] showed that treat- 


accepted 20 November 1975) 


ment with isoniazid indeed protected chicks against seiz- 
ures elicited by exposure to hyperbaric oxygen or by injec- 
tion of picrotoxin or pentetrazole, but was ineffective in 
rodents against hyperbaric oxygen seizures. 

Since a daily uptake of 100 mg/kg isoniazid in the 
drinking water was tolerated by mice without behavioral 
changes, and since this treatment neither seemed to affect 
the central metabolism of monoamines, the effect of which 
on convulsant thresholds had been studied previously [13]. 
we thought it worthwhile to look for a correlation between 
central GABA concentration and the electro- and chemo- 
convulsant thresholds in this species. 


MATERIAL AND METHODS 


The study was done in mice of NMRI-strain (Molle- 
gaard Hansens Avlslaboratorier A/S. Ejby, DK-4632 L1. 
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Skensved, Denmark) weighing 20-25 g. Equal numbers of 
male and female mice were used in all experiments, but 
the sexes were kept apart. 

he animals were kept in groups not exceeding ten 
in Macrolon-cages and had free access to food (Altro- 
min R 10-pellets) and water. 

Isoniazid treatment. Isoniazid was dissolved in the drink- 
ing water in concentrations of 0.3 or 0.5 mg/ml, in other 
experiments, 0.06 or 0.1 mg/ml of pyridoxine-HCl was 
added to the concentrations of isoniazid mentioned. The 
relation of 5:1 between both drugs had been adopted from 
the work of, Perry and Hansen [10]. Fresh solutions were 
made up every second day. Treatment with isoniazid, both 
with and without pyridoxine, was given for 4 and 7 days 
preceding the determination of the convulsant thresholds 
and the biochemical parameters. By weighing the bottles 
for the drinking water and the mice every day, the daily 
intake of isoniazid could be calculated. Controls were used 
both without treatment and with pyridoxine only. 

Determination of convulsant thresholds. Electroshock was 
applied by using an A-615-B_ shocker, 
(Lafayette Co.). Stimulation data were 50 cycles/sec for 0.2 
sec with the serial resistance of the apparatus set to 10 kQ. 
Endpoint was the tonic extension of the hind limbs. For 
the determination of the electroconvulsant threshold. the 
voltage of the shock was changed according to the ‘up 
and down’ method of Kimball, Burnett and Doherty [14]. 
The threshold for clonic and tonic chemoconvulsions was 
determined in freely moving mice by the method of Hint 
and Richter [15]. A 1°, solution of pentetrazole was in- 
fused intravenously at a rate of 0.3 ml/min by means of 
a Sage syringe pump. model 351. Endpoints were the fully 


eye electrodes 


developed clonic seizure with loss of the righting reflexes 
and the tonic extension of the hind limbs. Twenty mice 
were used for each threshold determination. Determina- 
tions were always done at the same time of the forenoon. 


The thresholds are given as the voltage or the dose of 
pentetrazole provoking the respective endpoint in 50 per 
cent of the mice. Details of the method have been described 
in a previous paper [13]. 

Biochemical determinations. Groups of six mice were 


used for the determination of the central levels of the cate- 
cholamines, 5-hydroxytryptamine (5-HT), 5-hydroxyindo- 
leacetic acid (5-HIAA), and of GABA. Noradrenaline and 
dopamine were determined by the method of Chang [16]. 
5-HT and 5-HIAA by: that of Curzon and Green [17]. 
GABA was extracted from whole brains that had been 
homogenized in chilled ethanol. After separation by paper 
chromatography, GABA was coloured by ninhydrin, eluted 
from the paper, and the colour was measured at 
575nm[1!8]. The concentrations determined in this way 
in control animals amounted to about 200 g/g and are 
considerably lower than those determined later by the 
fluorometric method of Sutton and Simmonds [19] which 
gave control values of about 400 g/g in the same strain 
of mice. The activity of glutamic acid decarboxylase (GAD) 
was determined in homogenates of mouse brain by the 
method of Lowe, Robins and Eyerman[20], that of 
GABA-z-oxoglutarate aminotransferase (GABA-T) by the 
method of Salvador and Albers[21]. The results of the 
GABA-T determinations are given in fluorescence units 
(FU), since samples of succinic semialdehyde which had 
been kindly prepared by Dr. Smalla polymerized too 
rapidly to permit the construction of a quantitatively reli- 
able standard curve. In the determinations of GABA, GAD 
and GABA-T, the brains of the mice were homogenized 
in ice-cold media within 45 sec after decapitation. Deter- 
minations were always done at the same time of the fore- 
noon. 


RESULTS AND DISCUSSION 


The results of the study are summarized in Table 1. 
Treatment with isoniazid increased the central 


level of 
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GABA as expected from the work of Perry and 
Hansen [10], and this increase was fairly well correlated 
to the total amount of drug consumed (r = 0.8, P < 0.01). 
However, these changes in the concentration of GABA 
were not related to the thresholds for either maximal elec- 
troconvulsion or the clonic or tonic components of the 
pentetrazole seizure. Neither was there any relation 
between isoniazid intake and central monoamine levels. 
In some instances, the monoamine levels or the convulsant 
thresholds showed significant deviations from the control 
values, but these were in no way related to either drug 
intake or GABA levels. 

GAD activity was hardly altered by isoniazid treatment, 
but the GABA-T activity was reduced in most of the 
treated groups. The latter change is probably not the cause 
of the rise in central GABA since the mitochondrial 
GABA-T is regarded not as playing a major role for the 
levels of GABA [22]. Sutton and Simmonds [23] have also 
reported comparable increases in the GABA concentration 
after treatment with ethanol for 3 weeks without changes 
in the activity of both enzymes. Readily reversible changes 
in enzyme activity induced by isoniazid might have 
escaped detection with the method used, but we were also 
unable to show an increase in GAD activity after the addi- 
tion of the drug in vitro (Loscher and Frey, unpublished). 

The addition of pyridoxine to the drinking water had 
no effect on the GABA elevation induced by isoniazid 
which is in agreement with results of Perry and Han- 
sen[10]. The biochemical data of mice treated with 
0.1 mg/ml pyrodoxine-HCl for 7 days did not differ from 
those of untreated controls. 

Our results have thus shown that the convulsant thresh- 
olds are not elevated by the moderate rises in the central 
levels of GABA that can be induced by the intake of well- 
tolerated doses of isoniazid for some days. This lack of 
correlation between elevated GABA levels and seizure sen- 
sitivity is in agreement with results of other authors using 
less indifferent drugs and regimens of treatment [3-5]. An 
apparent exception is the protective effect of elevated 
GABA levels in avian seizures [11, 12,24]. On the other 
hand, there is some rather convincing evidence that de- 
creases in central GABA levels lead to increased seizure 
activity [6,9, 25,26]. This would be consistent with the 
assumption of an optimal ‘protective’ effect of physiologi- 
cal levels of GABA that cannot be improved by an increase 
in these levels, and with the hypothesis of disinhibition 
as the organizing principle in the nervous system [22]. The 
exact localization of the surplus GABA is also of interest 
in this regard: Andén [27] has recently suspected an ac- 
cumulation of GABA in dopaminergic neurons of animals 
treated with aminoxyacetic acid, which, though consider- 
ably increasing the central level of GABA by inhibition 
of GABA-T, is devoid of a true anticonvulsant effect 
(Léscher and Frey, in preparation). 
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ENZYMATIC CONJUGATION OF BENZO(a)PYRENE OXIDES, PHENOLS AND 
DIHYDRODIOLS WITH UDP-GLUCURONIC ACID 


Nobuo Nemoto and Harry V. Gelboin 
Chemistry Branch, National Cancer Institute, Bethesda, Md. 20014, U.S.A. 


(Received 19 January 1976; accepted 25 February 1976) 
Benzo(a)pyrene is a polycyclic aromatic hydrocarbon, which is a common 


environmental pollutant and carcinogen in experimental animals (1). Polycyclic 
aromatic hydrocarbons are metabolized to reactive carcinogenic and mutagenic 
intermediates as well as to detoxified products by the microsomal mixed-function 
oxidases and metabolically related enzymes. The pathways and extent of metabolite 
formation are thus intimately related to carcinogenic activity. The microsomal 
aryl hydrocarbon hydroxylase system, which includes the mixed-function oxygenases 
and epoxide hydratases, converts benzo(a)pyrene to epoxides, phenols, dihydrodiols, 
and quinones (2-7). In experiments with isolated microsomes, smal] amounts of 
water-soluble metabolites are also formed (8,9). With cells in culture and systems 
in vivo, the amount of water-soluble metabolites formed from BP is much 

higher relative to the organic solvent extractable metabolites (10-13). For 
example, bile and urinary metabolites of BP are largely in the form of water- 
soluble conjugates (14,15). Since the conjugation step may be of great importance 


to the removal of carcinogenic, mutagenic and toxic intermediates, we have sought 


to define the enzymatic basis of conjugate formation. The level of these enzymes 


may relate to an individual's ability to detoxify reactive intermediates of 
benzo(a)pyrene and hence to individual susceptibility to carcinogen action. In 

a previous report, we showed the presence of benzo(a)pyrene oxide S-glutathione 
transferase in the liver soluble fraction (16) and the transferase activity of 
seven pure homogeneous enzymes from rat liver and human liver in the conjugation 
of glutathione with benzo(a)pyrene 4,5-oxide (17). In this study, we report that 
a series of hydroxylated metabolites including phenols, dihydrodiols and epoxides 
of benzo(a)pyrene form glucuronide conjugates in the presence of UDP-glucuronic 


acid and microsomes. 
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Microsomal enzyme fractions were obtained from the livers of male Sprague- 
Dawley rats by ultracentrifugation of the postmitochondrial fraction at 105,000 g 
for 60 min. The standard incubation contained 5 x 10° M 3u-1abeled or non- 


radioactive 3-OH-BP (or other substrates), 1.5 mM non-radioactive or uridine 


diphosphate 4 glucuronic acid (UDPG), 50 yg microsomal protein and 5 mM 


MgCl, in 0.2 ml of 20 mM Tris-HCl buffer, pH 7.5. The mixture was incubated 

for 30 min at 37° and the reaction was stopped by the addition of cold 

acetone; the amount of conjugate formed was calculated after its isolation 

by Silica gel thin-layer chromatography (Eastman Kodak) with a solvent mixture 

of ethyl acetate-methanol-water-formic acid, at a ratio of 100:25:20:1. With 

this chromatographic system, the conjugate product migrated with an Rf of 0.8. The 


unreacted 3-OH-BP or UDPG migrated with the solvent front and an Rf of 0.1-0.2 


2 14 


respectively. The product contained both ~H and ‘C when the incubation was 


(cl4 


performed in the presence of (34)-3-CH-BP and Cl-qlucuronic acid) UDPG. The 


amount of glucuronide formed was identical when calculated on the basis of either 


3y or 4, The molar equivalent in the conjugate of 


the specific activity of 
3-OH-BP and glucuronic acid was identical. Treatment with g-qlucuronidase 
decreased the amount of the product (Table 1). The product was not extractable 
into ethyl acetate. These results suagest that the product formed during the 
incubation is a glucuronide conjugate of 3-OH-BP. 

The reaction was linear with incubation time for 60 min and the amount of the 
conjugate formed was linear in the range of microsomal protein concentration from 
5 to 50 ug protein. No conjugate was formed when either bovine serum albumin or the 
105,000 g liver supernatant replaced the microsomes. Thus, conjugate formation is 
mediated by microsomal bound enzymes. Enzyme activity was affected by treatment 
with compounds which destroy or digest the microsomal matrix. We used two proteinases, 
trypsin and pronase (Table 1). Treatment with trypsin slightly enhanced the enzyme 
activity, and treatment with pronase destroyed most of the activity. Pronase 
digests peptide bonds more randomly than trypsin, and the milder digestion by 


trypsin may expose the enzyme to make it more available to substrate. 
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Effects of various treatments on the conjugation of 
3-hydroxybenzo(a)pyrene with UDPG 





Formation of 
Incubation conditions glucuronide conjugate 
(nmoles/mg protein) 





Control a 
8-Glucuronidase (pre-treatment) 6 
4 


8-Glucuronidase (post-treatment) 


Control 9.7 
‘inus microsome + bovine serum albumin 

Minus UDPG 

Microsome pretreatment 100° for 5 min 


Control 
Trypsin (200 ug) 
Pronase (200 ug) 


Control 
Triton X-100 (0.025%) 
Triton X-100 (0.1%) 


Liver 
Lung 
Kidney 





Severe digestion by pronase may destroy the enzyme. After treatment with Triton 
X-100, the enzyme activity decreased drastically (Table 1). This may be due to 
inactivation of the enzyme or to a change in the ionic environment which prevents 
access of the benzo(a)pyrene derivative to the enzyme. Treatment with Triton X-100 
(0.025%) has been reported to enhance the alucuronidation of p-nitrophenol (18). 
We observed a 9-fold stimulation of p-nitrophenol conjugation and a 50 per cent 
decrease in 3-OH-BP conjugation. Thus, the enzyme conjugating the benzo(a)pyrene 
derivative may be different than that conjugating p-nitrophenol. The character 
and relationship of this enzyme to the UDPG transferase system have not been 
established. It may well be related although not identical to the UDPG transferase 
described for other substrates (19-24). We also examined the relative activity of 
this enzyme system in liver, lung and kidney microsomes and found lung and kidney 
_ to exhibit activity at about 1/5 to 1/7 the level in liver. 

Table 2 shows the conjugation of a number of known metabolites and synthetic 
oxygenated derivatives of benzo(a)pyrene. All of the phenols tested were conjugated 
to about the same extent except 8-0H, 2-0H, 4-CH and 6-0H which were conjugated to 


a lesser extent. 3-CH-BP is a major metabolite and 9-NH-BP is a metabolite 





Preliminary Communications 


Table 2. Formation of glucuronide conjugates with various oxygenated 


metabolites and derivatives of benzo(a)pyrene” 





Amount of conjugates 
BP derivatives (nmoles/mg protein/30 min) 





1-0H 29. 

2-0H 

3-0H 

4-0H 

6-0H 

7-0H 

8-0H 

9-0H 

10-0H 

12-0H 
cis-4,5-diol 
trans-4,5-diol 
trans-7,8-diol 
trans-9,10-diol 
1,6-dione 


POON WNnNnD OO FPO DO OD DW 


3,6-dione 
6,12-dione 
4,5-oxide 
7,8-oxide 


fA@¢gdgdd oe HN BO & 
= 


nm 
io) 
co 





9 M were incubated at 37° for 30 min 


with 50 g rat liver microsomes, 5 mM MgCl, and 1.5 m™ '4c -upPG in 0.2 ml of 
20 mM Tris-HCl, pH 7.5. The amounts of conjugates were determined as described 


* o 
BP derivatives at a concentration of 5 x 10 


_in the text. All of the above derivatives were synthesized by published methods 
by Midwest Research Institute on NCI Contract No. 1-CP-33387. Small quantities 
of these compounds are available upon request to: Dr. Marcia Litwack, Mgr., 
Information and Resources Segment, National Cancer Institute, Bethesda, Md., 
20014. 


generally found in somewhat lesser amounts (4,6). Recently, studies with a new 
method of high-pressure liquid chromatography have isolated and identified 1-QH-BP and 
7-OH-BP as'benzo(a)pyrene metabolites (25). The other examined phenols have not been 
isolated as metabolites, although the metabolic formation of 6-OH-BP can be deduced 
from the known activation of the 6 position (26) and the isolation of 1,6-quinone, 


3,6-quinone and 6,12-quinone. We found that each of the four metabolically formed 





Preliminary Communications 


phenols are conjugated by the UDPG transferase system. No conjugation of 
quinone metabolites was detected. The 4,5-oxide ("K-region") is also 
conjugated. This conjugation, however, may be via the dihydrodiol which is 
formed by BP 4,5-oxide hydratase, another microsomal enzyme (27). The 
7,8-oxide is conjugated to a large extent, greater than that observed for 
the corresponding dihydrodiol formed by the epoxide hydratase. The pathway of 
conjugation may be determined by the structural characterization of the conjugate. 
The 7,8-diol has been shown to be the most active metabolite which binds 
to DNA in the presence of active microsomes (€). The synthetic 7,8-diol-9,10- 
oxide was found to be the BP derivative most active in the ability to bind 
to DNA (28). In experiments testing direct mutagenicity, we found that the 
7,8-di01-9,10-oxide was about 3500- to 4000-fold more potent as a mutagen in 
mammalian cells than either benzo(a)pyrene or the K-region BP-4,5-oxide (29). 
The 7,8-di0l-9,10-oxide has also been shown to be a metabolite and its precursor 
is the 7,8-diol (29). We also found that the 7,8-diol was the most active 
metabolite converted to a mammalian cell mutagen by metabolic activation (29). 
These studies suggest that a specific form (29) of the diol oxide may be the 
active carcinogenic form of benzo(a)pyrene. The latter was also most active as 
a bacterial mutagen when activated by microsomal enzymes (30), although in the 
latter report the 7,8-diol-9,10-oxide was no more active than the 4,5-oxide. 
The 7,8-dihydrodiol is conjugated to a lesser extent than the phenol metabolites 


and the K-region 4,5-diol. Thus, once formed, the 7,8-diol may be more susceptible 


to conversion to the potent mutagen (and carcinogen?) 7,8-diol-9,10-oxide than 


the glucuronide conjugate. 

This report establishes directly the enzymatic basis for the glucuronidation 
of the oxide, phenol and dihydrodiol metabolites of benzo(a)pyrene. This pathway of 
polycyclic hydrocarbon metabolism may be of key importance as a determinant of 
polycyclic hydrocarbon carcinogenicity. 
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EFFECTS OF ADRIAMYCIN ON SURFACE PROPERTIES OF SARCOMA 180 ASCITES CELLS 
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Department of Pharmacology and Section of Developmental Therapeutics, Comprehensive Cancer 


Center, Yale University School of Medicine, New Haven, Connecticut 06510, U.S.A. 


(Received 26 January 1976; accepted 12 February 1976) 


Adriamycin is an important therapeutic agent in the treatment of a variety of neo- 


plastic diseases. The biochemical mechanism of action of this agent, as well as for the 


related anthracycline antibiotic daunorubicin, has been equated with intercalation with DNA 
and consequent inhibition of DNA and RNA biosynthesis (1-7). While intercalative binding 
of the anthracycline antibiotics to DNA and blockade of DNA and/or RNA synthesis might well 
be sufficient to account for their cytotoxic action, Silvestrini et al. (8,9) and Kitaura 
et al. (10) reported significant mitotic inhibition by adriamycin and daunorubicin under 
conditions in which nucleic acid synthesis was unaffected. Similarly, we have observed in 
the present study essentially complete inhibition of the growth of Sarcoma 180 cells in 
culture by adriamycin with no decrease in the rate of incorporation of 34-thymidine or 
3H-uridine into nucleic acids. Furthermore, N-acetyldaunorubicin, which is a weak inhib- 
‘iter of nucleic acid synthesis, has significant antimitotic activity (1). 

Several investigators have reported that chromosomal aberrations were produced by 
adriamycin and daunorubicin (11-13), as well as extensive DNA fragmentation, at relatively 
low concentrations of drug (2). DNA breakage did not appear to be simply the result of 
the formation of a drug-DNA complex, since isolated DNA was not degraded when mixed in 
vitro with daunorubicin (14). Other effects have been noted for the anthracycline anti- 
biotics that appear to be unrelated to their actions on the nucleic acids. Drug induced 
decreases in the respiration of isolated mitochondria (15) and of the coenzyme Q mediated 
enzyme activities succinoxidase and NADH oxidase (16) have been documented; however, 
relatively high concentrations of drug are required to produce these inhibitions. We have 
reported in abstract form (17), an adriamycin induced alteration of the concanavalin A 
(Con A) mediated agglutination of Sarcoma 180 ascites cells. This communication extends 
these findings and implicates cell surface phenomena in the growth inhibitory properties 


of adriamycin. 
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Sarcoma 180 ascites cells were removed from the peritoneal cavities of mice and 
incubated with adriamycin in Fischer's medium containing 10% horse serum for 2 to 3 hours. 
Under these conditions, the rate of agglutination of cells by Con A, as measured by the 
procedure of Hwang et al. (18), was enhanced 2- to 3-fold. 5H-Acetyl Con A (New England 
Nuclear Corp., Sp. Act. 2 wCi/mg) binding to Sarcoma 180 cells was determined after exposure 


5 -0 s , : ; 
of.cells to 7 x 10°? Mor 7 x 10 M adriamycin for 3 hours. This was accomplished by 


++ a, ++ 
= 


washing cells with Ca ig’ free phosphate buffered saline (18) and incubating untreated 
and adriamycin treated cells (1.6 x 10° cells) in 0.25 ml of reaction mixture containing 
various concentrations of °H-Con A in Ca**-Mg** free phosphate buffered saline. After 

0 to 30 min at 23° in a shaking water bath, the reactions were terminated by the addition 


of 5 ml of ice-cold Ca**-Mg** 


free phosphate buffered saline, and cells were collected 
by centrifugation, washed twice with 10 ml of Ca**-Mg** free phosphate buffered saline, 
dissolved in 0.3 ml of 0.4 N NaOH, and radioactivity was determined in a Packard scintilla- 
tion spectrometer using a toluene-liquifluor based scintillation fluid. 

Neither the rate nor the extent of binding of 511-Con A to Sarcoma 180 cells was 
affected by exposure to adriamycin, suggesting that the number of sites available for 
binding by the plant lectin and the rate of their occupancy by Con A were unaffected by 


the treatment with this agent. The adriamycin induced increase in the rate of cellular 


agglutination by Con A in the absence of effects by the anthracycline on the binding of 


the plant lectin suggests that the antineoplastic agent may be causing an acceleration of 


the clustering of the Con A occupied receptors, a phenomenon necessary for cellular 
agglutination. Thus, an action of adriamycin would appear to be at the membrane level 
affecting the movement of molecules in the membrane itself. In keeping with a possible 
effect of the anthracyclines on processes involved-with both movement of cellular components 
and mitosis, Dano (19,20) has suggested that adriamycin and daunorubicin might interfere 
with the function of microtubules; this hypothesis was based upon the cross-resistance 
between the anthracycline antibiotics and the vinca alkaloids expressed by neoplastic cells. 

To equate the actions of adriamycin on’surface phenomena with its growth inhibitory 
capabilities, we have measured the effects of a°range of concentrations on the growth of 
Sarcoma 180 cells in culture. 


By 


The results shown in Table 1 demonstrate that adriamycin at a concentration of 10” 
was not inhibitory to the growth of Sarcoma 180 cells at either 24 or 72 hours after 
continuous exposure to this agent. Adriamycin, at a level of 107 7M, however, caused a 


marked interference with the proliferation of these cells. Higher concentrations of this 


agent were even more inhibitory to the growth of Sarcoma 180 cells. 
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Table 1. Effects of Adriamycin on the Growth of Sarcoma 180 Cells* 








Concentration Cells/ml % Control Cells/ml % Control 
of adriamycin (M) (24 hours) growth (72 hours) growth 





2.6 2.5 x 10° 100 
88 
17 

4.4 

1.8 


1074 : : 1.6 





*Log phase Sarcoma 180 cells were incubated in the presence and absence of adriamycin 
in Fischer's medium supplemented with 10% horse serum at an initial concentration of 104 


cells/ml. Tubes were incubated at 37° and at various times thereafter, the cell number 


was determined using a Model B Coulter Counter. 


The rate of agglutination of Sarcoma 180 cells was measured after 24 hours of continu- 
ous exposure of cells in culture to adriamycin employing a micromodification of the method 
of Hwang et al. (18). This involved the addition of 0.25 ml of a cell suspension (107 
cells/ml) and 0.05 ml of Con A (0.2 mg/ml) to a 0.5 ml microcuvet, as described earlier 


(18). The contents of the cuvet were gently mixed by inversion, the cuvet was placed 


into the heated (37°C) chamber of a Gilford recording spectrophotometer and the absorbancy 


at 546 nm was measured. Figure 1 shows that a concentration of 1078 adriamycin, which 


was not inhibitory to the growth of Sarcoma 180 cells under these conditions, did not 
alter the rate of agglutination by Con A; however, the growth inhibitory level of 107 7M 
adriamycin caused an increase in the rate of plant lectin induced cellular agglutination. 
A higher concentration of the anthracycline (107m) , which was even more toxic to Sarcoma 
180 cells, not only increased the rate of agglutination, but also shortened the time 
required for the agglutination process to begin. 

The findings indicate a correspondence in the concentrations of adriamycin required for 
both cytotoxicity and effects on surface phenomena, suggesting that the changes in the cell 
surface induced by adriamycin may be involved, at least in part, in the antineoplastic 


actions of this drug. 
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The rate of agglutination of 


Sarcoma 180 cells by Concanavalin A 


(10 ug/0.3 ml) after exposure to 


various concentrations of adriamycin 


0.1 unit 


1 | 


Decrease Asag 


for 24 hours in culture. 
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NUCLEOSIDE ANALOGS WITH ANTIVIRAL ACTIVITY* 


WILLIAM H. PRUSOFF and Davip C. WARD 


Departments of Pharmacology (W. H. P.) and Molecular Biophysics and Biochemistry (D. C. W.), 
Yale University School of Medicine, New Haven, Conn. 06510, U.S.A. 


The fact that numerous nucleoside analogs have been 
synthesized as potential antiviral drugs demonstrates 
that there is no magic road to the development of 
an ideal antiviral agent. Many of the compounds 
tested evolved from programs centered on the prep- 
aration of antineoplastic agents, and several nucleo- 
side derivatives have been obtained that are clinically 
useful as both antiviral and anticancer drugs. Is it, 
however, possible to prepare nucleosides which exhi- 
bit highly specific antiviral activity? What are the 
desirable features of such an ideal antiviral drug? 
How close do the nucleosides currently in clinical use 
or trial come to achieving these objectives? In this 
Commentary, we will attempt to answer some of these 
questions. 

The first nucleoside approved for clinical use in the 
early 1960's was 5-iodo-2’-deoxyuridine (IdUrd). It is 
of some historical interest that Johnson and Johns 
[1] reported the synthesis of 5-iodopyrimidines in 
1905 from Yale University. It was not until 1945, 
however, that Hitchings et al. [2] initiated a system- 
atic study of the biological activities of various ana- 
logs of purine and pyrimidine bases. Soon after, this 
group [3] documented the modest inhibition by 
5-bromouracil, 5-hydroxyuracil and 2,4-dithiothymine 
of the replication of vaccinia virus in cell culture. 
Visser et al. [4] in 1952 reported that various 5-sub- 
stituted analogs of uridine (5-chloro, 5-diazo, 5-forma- 
mido, 5-hydroxy and 5-amino) inhibited the replica- 
tion of Theiler’s mouse encephalitis virus in mouse 
brain cultures. Because pyrimidine bases and ribonuc- 
leosides with substituents in the 5-position are poorly 
utilized in the biosynthesis of DNA precursor nucleo- 
tides, it perhaps was predictable, retrospectively, that 
when the 5-chloro [5], 5-bromo [6] and 5-iodo [7] 
derivatives of deoxyuridine were synthesized, they 
would exhibit, relative to the free bases, significant 
antiviral activity in vitro [8]. The subsequent 
demonstration that IdUrd was effective in an estab- 
lished virus infection in man [9,10] was, therefore, 
of utmost importance. Other antiviral nucleosides 
were soon found; for example, 6-azauridine [11] and 
1-B-b-arabinofuranosyl cytosine [12, 13]. 

A representative example of the type of modifica- 
tions which yield nucleosides with antiviral activity 
is depicted in Fig. 1 for the pyrimidine series. The 
rationale for the synthesis of many of the known anti- 
viral nucleosides evolved logically from our know- 
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ledge of the structure of the nucleic acids, with the 
hope that the synthetic nucleosides thus prepared 
might interfere either with the biosynthesis or func- 
tion of the viral nucleic acids. There appears to be 
no limit to the creativity of the synthetic organic 
chemist in producing potential agents. However, limi- 
tations of time and funds dictate the imposition of 
priorities relative to the directions that one could 
pursue. Obviously one should not attempt to synthe- 
size every conceivable nucleoside derivative even 
though the probability is that such an approach 
would produce some useful agents. Money and man- 
power not being a factor would make this a heavenly 
project for those chemists so inclined. One alternative 
to the ‘shotgun’ approach is to prepare derivatives 
of those nucleosides which have established antiviral 
activity in the hope that agents may evolve which 
have a greater selectivity for a virus-specific function 
and a lower, if not a total lack of, host toxicity. 

As our knowledge of the molecular basis of viral 
reproduction becomes more sophisticated, because of 
applications of modern techniques of biochemistry 
and molecular biology, the goals of the chemothera- 
pist in the design of potential antiviral substances 
have been given emphasis. Several biochemical events 
that are unique to the virus-infected cell or to the 
reproduction of the virus are now known, and these 
should provide novel targets in the development of 
new antiviral agents. Although critical biochemical 
differences do exist in the replication of viruses and 
mammalian cells, the question is whether we are 
astute enough to find and take advantage of such 
differences. 

What are some of the potential sites for selective 
inhibition? It is well recognized that there are marked 
differences among the various viruses—for example, 
the composition of the viral nucleic acid as well as 
the capsid proteins, the presence within some viruses 
of specific enzymes, and the ability to induce the syn- 
thesis of virus-genome specified enzymes. Thus, it is 
not surprising that the various viruses may be affected 
differently by a particular physical or chemical agent. 
Dales [14] has recently reviewed some aspects of vir- 
us-cell interactions which are of importance to our 
understanding of the basis for such variation in drug 
effects. 


INHIBITION OF VIRUS ADSORBTION 


Most viruses interact with specific receptors on the 
cell surface. This primary event of viral infection 
determines host-range or cell-type specificity and pre- 
cedes all aspects of viral replication. It is somewhat 
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Fig. 1. Modified pyrimidine nucleosides with antiviral activity. 


surprising, therefore, that the biochemical nature of 
virus receptors has not received more extensive inves- 
tigation. While one must assume that the molecular 
architecture of the cell surface has a more important 
function than that of primarily aiding and abetting 
virus infection, the adsorbtion process represents a 
prime, yet little studied, target for specific viral inhibi- 
tion. Cellular glycoproteins or glycolipids have been 
implicated in the attachment of Myxo, Paramyxo, 
Papova and Togaviruses, whereas the viral adsorb- 
tion sites on Picorna, Reo and Rhabdoviruses contain 
functional sulfhydryl groups. Although a variety of 
polyanions, 1,2-diketones and natural glycoproteins 
inhibit viral adsorption to some degree, the only nuc- 
leic acid analog so far shown to exhibit such interfer- 
ence is 2-thiouracil [15]. 


INHIBITION OF VIRUS PENETRATION AND UNCOATING 


The mechanisms involved in the penetration of vir- 
uses into the host cell and their subsequent uncoating 
have also been reviewed by Dales [14]. Four methods 
of penetration are now recognized. Of these, phagocy- 
tosis (viropexis) and fusion of the viral and plasma 
membrane are probably the most common. The other 
two methods .propose entry through breaks in the 
plasma membrane or by direct passage through the 
membrane. After penetration into the cell, the viral 
genome becomes exposed within or separated from 
its capsid structure. The mechanisms of uncoating are 
often complex, and the details of the processes in- 
volved differ from virus to virus. While no nucleoside 
analog is known to inhibit these reactions, adaman- 
tanamine hydrochloride (amantadine HCl) and 
related structures prevent the initiation of progeny 
virus growth either by blocking the penetration or 
uncoating of the incoming virus particles [16,17]. 
Although the exact mechanism of inhibition is un- 
known, the properties of amantadine HCI and related 
compounds have been reviewed recently [18]. 


INHIBITION OF AN INTRACELLULAR EVENT 


Such events include inhibition of virus genome rep- 
lication or transcription, viral mRNA translation, 
virus enzyme catalysis, or virus maturation. The 
various antiviral nucleosides, the active agent of inter- 
feron action, isatin f-thiosemicarbazone (marboran), 
guanidine, 2-(x-hydroxybenzyl)benzimidazole (HBB), 
ansamycins (rifamycin SV derivatives and streptovari- 
cins), radiations sensitized by dyes (e.g. proflavin, neu- 
tral red), and phosphonoacetic acid all exert their 
effects in this area. Because this review is charged 
with discussion of antiviral nucleosides, the non-nuc- 
leoside agents will be mentioned only where appro- 
priate for purposes of comparison. 


5-lodo-2'-deoxyuridine (IdUrd, IUdR, IDU, Idoxuri- 
dine) 


The first clinically effective antiviral nucleoside, 
5-iodo-2’-deoxyuridine, was synthesized originally as 
part of an anticancer program [7]. The chemistry, 
biochemistry and clinical applications of IdUrd have 
been reviewed recently [19-21]. The importance of 
IdUrd lies in the demonstration that a nucleoside 
drug can be developed which is effective clinically in 
an established virus infection. The efficacy of Idoxuri- 
dine in the therapy of herpes simplex infection of the 
corneal epithelium in man, a disease which is the 
major cause of blindness due to a corneal infection 
in the United States, has been unequivocally estab- 
lished and has been approved by the FDA for such 
use. Juel-Jensen [22,23] has recently reviewed the 
clinical utility of Idoxuridine and several other anti- 
viral agents in man. In addition to therapy of herpes 
keratitis, beneficial results with Idoxuridine in man 
have been obtained in the therapy of herpetic whit- 
lows, genital herpes, recurrent. genital herpes, cold 
sores, herpes zoster, vaccinia lesions and vaccinia 
whitlow [22, 23]. 





Nucleoside analogs with antiviral activity 


The mechanism of the antiviral action of IdUrd 
has been reviewed by Prusoff and Goz [19,21] and, 
in brief, it is related to the adverse biological conse- 
quences of incorporating this thymidine analog into 
viral DNA. The incorporation of IdUrd into the 
DNA of normal uninfected cells is most likely primar- 
ily responsible for the toxicity that has been found 
during either topical or systemic therapy. Systemic 
toxicity is dose related and when infused into man 
at a concentration of about 100mg/kg daily for 5 
or 6 days, one observes stomatitis, leukopenia and 
alopecia [24]. Topical therapy does not result in these 
toxicities since, even if the total amount used were 
absorbed in the systemic circulation, the concent- 
ration achieved would be several orders of magnitude 
below the level required to produce these symptoms 
in man. Nevertheless, there are hazards involved in 
the topical therapy of herpes keratitis with Idoxuri- 
dine. These have been reviewed recently by McGill 
et al. [25] and include contact dermatitis, punctate 
epithelial keratopathy, follicular conjuctivitis, narrow- 
ing and occulation of the puncta, lid changes, and 
lacrimation. 

In addition to these undesirable features, there are 
other concerns whose significance to man is difficult 
to evaluate, and these include the ability of IdUrd 
to: (1) induce the formation of virus particles in cell 
culture, (2) increase the mutation rate in bacteria, 
(3) produce chromosomal damage, and (4) affect 
embryonic development and differentiation (refer- 
ences cited in 19). 

Thus, it would appear that IdUrd should perhaps 
rest its laurels on the knowledge that it is the first 
compound to clearly demonstrate a successful treat- 
ment of an established virus infection in man. The 
corollary is that there is a need for antiviral agents 
with considerably less toxicity. The desirable features 
of such an ideal antiviral drug should include: (1) 
ease of preparation (low cost), (2) good solubility at 
or close to the physiological pH, (3) chemical stabi- 
lity in solution and to heating (120°), (4) metabolic 
stability in the circulatory system, (5) sufficient non- 
polarity to avoid problems of cell transport, (6) no 
incorporation into the DNA of the uninfected cell, 
(7) no immunosuppression, (8) no activation of virus, 
(9) no teratogenic effects, and (10) no mutagenesis or 
carcinogenesis. 

Let us now examine the status of other nucleosides 
that are either in clinical trial or appear to have good 
merit (Table 1). 


5-lodo-2'-deoxycytidine (IdC yd, ICdR) 


This precursor analog of IdUrd was first synthe- 
sized by Chang and Welch [26] and found to be effec- 
tive against herpes simplex virus in culture by Herr- 
mann [8] and against experimental herpetic keratitis 
in rabbits by Perkins et al. [27]. Schildkraut er al. 
[28] reported that IdCyd and the corresponding 
bromo analog both inhibit herpes simplex virus in 
culture, but have the advantage over the deoxyuridine 
analogs of being significantly less toxic to uninfected 
host cells. This is attributed to the presence of a virus- 
induced deoxycytidine kinase which allows IdCyd to 
be phosphorylated only in the infected cell. The 
mononucleotide of IdCyd then is deaminated by the 
cellular enzyme, dCMP deaminase. to IdUMP. 


Table 1. Some nucleosides with antiviral activity 





5-Iodo-2'-deoxyuridine (IdUrd, T[UdR, IDU, Idoxuri- 
dine) 

5-Iodo-2'-deoxycytidine (IdCyd, ICdR) 
5-Trifluoromethyl-2’-deoxyuridine (F;TdR, F3dThd) 
5-Ethyl-2’-deoxyuridine 

. 1-f-D-arabinofuranosylcytosine (Cytarabine, ara-C) 

. 9-B-p-arabinofuranosyladenine (Vidaribine, ara-A) 
1-B-bD-Ribofuranosyl-1,2,4-triazole-3-carboxamide (Vir- 
azole, Ribavirin) 
6-Azauridine 
Miscellaneous nucleosides 
a. 3-Deazauridine 
b. 3-Deazacytidine 
c. 1,3-Dideazauridine 
d. 5-Methoxylmethyl-2'-deoxyuridine 
e. Isoprinosine 





Although increases in deoxycytidine kinase activity 
after infection with herpes simplex virus have been 
found by a number of investigators [29, 30], failure 
to find such an increase has also been reported by 
Cheng et al. [31]. Thus, the selective effect of the 
deoxycytidine analogs against herpes simplex virus 
may vary with the cell infected. 

Mendez and Martenet [32] found IdCyd to be 
more effective than IdUrd in the therapy of exper- 
imental deep herpetic keratitis. Presumably IdCyd, in 
contrast to IdUrd, is protected from phosphorylase 
action, and hence has the opportunity to reach the 
infected area before being converted to the active dea- 
minated derivative. 
5-Trifluoromethyl-2'-deox yuridine (F;TDR, F 3dThd) 

This antiviral and antineoplastic agent was first 
synthesized by Heidelberger and has been reviewed 
recently [33]. The reported advantages of this agent 
over IdUrd are the 10-fold greater potency against 
herpetic keratitis in rabbits and a 10-fold greater 
solubility in aqueous solution. Although F,;TDR is 
more potent than IdUrd, clinical trials in man took 
advantage of the greater solubility of F;TDR, and 
hence comparison was made between a 1%, solution 
of F;TDR and a 0:1°% solution of Idoxuridine [34]. 
Under these conditions, F,TDR produced a greater 
beneficial effect in the therapy of herpetic keratitis 
in man relative to IdUrd. The basis for the antiviral 
effect is the incorporation of this analog into the virus 
DNA and a subsequent effect on the transcription 
of late mRNA. 

As with IdUrd, F;TDR is incorporated into the 
DNA of both the target virus and the uninfected cells. 
F3dThd exhibits teratogenic activity in a number of 
experimental systems [35] and is toxic to bone mar- 
row [33]. McGill et al. [25] have reported that 
F;TDR therapy of herpetic keratitis in man will pro- 
duce punctate epithelial erosions and epithelial micro- 
cysts if given more frequently than five times a day 
for more than a few days. If these toxicities are 
ignored and treatment continued, then frank epithe- 
lial edema with stromal swelling is observed. How- 
ever, in contrast to IdUrd, F;TDR was reported by 
Itoi et al. [36] not to be teratogenic when adminis- 
tered topically in the eyes of rabbits. In addition, 
while F,;Thd is mutagenic to bacteriophage T4, it has 
not been found to be mutagenic to Chinese hamster 
cells in culture. The toxicities of F;dThd presumably 
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are related to its incorporation into the DNA of the 
uninfected cells as well as its potent and irreversible 
inhibition of thymidylate synthetase, a key enzyme 
in the biosynthesis of dTMP, an essential precursor 
of DNA. 


5-Ethyl-2'-deox yuridine 

The biological activity of this antiviral agent has 
been reviewed recently by Shugar [37,38] and by 
Prusoff and Goz [20]. This thymidine analog is effec- 
tive against several DNA viruses and, although incor- 
porated into DNA, does not produce a mutagenic 
effect in phage or in drosophila. In addition, studies 
by Singh et al. [39] with human lymphocytes and 
fibroblasts in culture have shown this analog to have 
no effect on chromosome morphology. 

Clinical studies with 5-ethyl-2’-deoxyuridine indi- 
cated a positive therapeutic effect in the treatment 
of herpetic keratitis (references cited in 20). Recently, 
Martenet [40] reported this analog to be effective in 
the treatment of experimental deep herpetic keratitis 
in rabbits. 

Although this antiviral agent is not quite as effec- 
tive as IdUrd or F;TDR, it does possess the impor- 
tant characteristic of being non-mutagenic. The lack 
of mutagenicity may be related to the fact that the 
pKa values of 5-ethyl-2’-deoxyuridine and thymidine 
are essentially identical. The lower pKa of IdUrd 
permits a greater probability of base-pair errors after 
incorporation into DNA because IdUrd is in the 
anionic form to a significantly greater extent. 


1-$-pArabinofuranosylcytosine (ara-C, Cytarabine) 

[he antiviral potential of ara-C has been well 
reviewed [21,41-44] and the activity against exper- 
imental herpetic and vaccinia keratitis established. 
Although initial studies of the therapy of varicella- 
zoster infections in man looked encouraging, a sub- 
sequent double-blind study showed no enhanced effi- 
cacy relative to a placebo. Similarly, reservations exist 
for its use in therapy of herpetic encephalitis or cyto- 
megalovirus infections. Its use in herpetic ketatitis in 
man is restricted because of its toxicity and similar 
considerations apply to its potential systemic use. The 
marked antiviral activity in vitro is diminished in vito 
because of the high rate of deamination to ara-U, 
a compound with no antiviral activity. 

Associated toxicities include teratogenesis, potent 
immunosuppression, chromosomal aberrations, cor- 
neal speckling, leukopenia, thrombocytopenia, mega- 
loblastosis, and mild hepatic and gastrointestinal toxi- 
city. Lauter et al. [45], following a study of the cyto- 
toxicity, minimal antiviral concentrations, and the 
pharmacokinetics of ara-C, concluded that ara-C 
would not be a useful antiviral agent in man because 
its therapeutic to toxic ratio approaches unity. Rela- 
tive to IdUrd, ara-C is 10 times more toxic to cell 
cultures. 

Because if its marked toxicity the use of this com- 
pound should be restricted to those situations where 
a controlled double-blind study has established its 
efficacy, and then only if other less toxic agents are 
not available. 


9-f-D- Arabinofuranosyladenine (ara-A, Vidarabine) 


Ara-A, like IdUrd, was first synthesized as an anti- 
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cancer agent by Lee er al. [46]. A number of reports 
have appeared recently that review the antiviral 
activity of ara-A and its derivatives [41-A4,47]. A 
broad spectrum of DNA viruses as well as oncogenic 
RNA viruses, such as Rous sarcoma virus and Gross 
murine leukemia virus [48] are sensitive to ara-A. 
Most non-oncogenic RNA viruses are not, however, 
inhibited by ara-A. 

Cutaneous herpetic lesions in hairless mice were 
treated with either ara-A, IdUrd or 6-azauridine by 
intraperitoneal administration, and beneficial effects 
were found with both ara-A and IdUrd, but not with 
6-azauridine [49]. Neither ara-A nor ara-C had any 
significant effect on the final mortality of newborn 
mice infected with herpes virus hominus type 2 [SO]. 

Ara-A appears to be equivalent to IdUrd in the 
therapy of herpetic keratitis in man, but not better. 
Herpes keratouveitis in man is not affected by IdUrd 
but was benefically treated by intravenous ara-A [51]. 
A pilot study by Ch’ien et al. [52] indicates a possible 
beneficial effect of ara-A in neonatal herpes if 
administered early after onset of neurological symp- 
toms. 

The unique feature of ara-A, which has encouraged 
clinical trial, is its relative lack of toxicity. It has been 
reported to be beneficial when given systemically in 
deep stromal infections of herpes keratitis, in herpes 
genitalis and is, at present, in clinical trial for therapy 
of herpes encephalitis. Ara-A is not immunosuppres- 
sive, a fortunate characteristic because ara-A requires 
an effective uncompromised immunological host 
defense mechanism for its antiviral activity [53]. 

Ara-A, after phosphorylation to the triphosphate 
derivative, has been reported to either inhibit DNA 
polymerase or to be incorporated into DNA. In con- 
trast to ara-C, no incorporation into RNA has been 
found. Whereas ara-C is rapidly deaminated to an 
inactive substance, ara-hypoxanthine (ara-H), the 
deaminated product of ara-A, retains activity. Con- 
siderable effort [54] is in progress to find agents, such 
as coformycin [55] or erythro-9-(2-hydroxy-3-nony]) 
adenine [56], which inhibit adenosine deaminase, the 
enzyme responsible for metabolic alteration of ara-A. 

Although no acute toxicity has been reported in 
man, nausea and vomiting is a problem in about 30 
per cent of the patients who receive ara-A. A reduc- 
tion in hemoglobin, white blood cells and platelets 
has also been observed but this is not considered to 
be serious. Chromosomal aberrations have been 
found in human leukocytes exposed to ara-A in cul- 
ture, and teratogenic effects in experimental animals. 

A major disadvantage of both ara-A and IdUrd 
is their very low solubility, a property that necessi- 
tates the infusion of very large volumes when given 
systemically. Increased solubility of ara-A is afforded 
by the 5’-phosphate derivative or by the recently 
described arabinofuranosyladenine-S’-formate [57]. 
Since the efficacy of ara-A in vivo may be due to 
ara-H, the development of ara-H derivatives with in- 
creased solubility is in progress [47]. 


1-B-D-Ribofuranosyl-1,2,4-triazole-3-carboxamide (Vir- 
azole, Ribavirin) 

This compound, synthesized by Witkowski et al. 
[58]. has a broad spectrum of antiviral activity 
against RNA and DNA viruses both in vitro and in 
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vivo. Protection against a lethal infection by influenza 
virus, types A and B, in mice was best achieved when 
the drug was administered immediately after inocula- 
tion with the virus [59]. The compound is also effec- 
tive in experimental herpes and vaccinia keratitis in 
rabbits, and recent studies by Sidwell et al. [60] 
showed Ribavirin to have a modest effect on Friend 
leukemia virus infections in mice. Again, the efficacy 
of the drug is related to the time of treatment. 

The molecular basis for its antiviral activity has 
been reviewed by Simon et al. [61]. Ribavirin is first 
converted to the 5’-phosphate derivative through the 
action of deoxyadenosine kinase [62]. This nucleotide 
is a potent inhibitor of the enzyme inosinate dehydro- 
genase (K; of 2:7 x 10°’ M), which is responsible for 
the conversion of inosinate (IMP) to xanthylate 
(XMP), the immediate precursor of guanylate. 

Unfortunately, Ribavirin is most effective as a 
prophylactic agent, a characteristic which severely 
limits its utility. In addition, teratogenesis has also 
been observed. The great significance of this com- 
pound is the demonstration that a single nucleoside 
can have an effect against a wide variety of both DNA 
and RNA viruses. The spectrum of antiviral activity 
of other nucleosides is more limited. 


6-Azauridine 

The biological activity of azapyrimidine nucleosides 
has been thoroughly reviewed by Skoda [63]. 
6-Azauridine in high concentrations has a broad spec- 
trum of antiviral activity in vitro which includes both 
DNA and RNA viruses. Limited experiments with 
herpetic keratitis in rabbits and in man indicate a 
potentially benefical effect. 6-Azauridine was reported 
also to reduce the mortality in patients with smallpox. 

This agent is immunosuppressive and is terato- 
genic. Although in man large doses generally produce 
no serious toxicities, Dantzig et al. [64] found a high 
incidence of serious CNS disturbances. The potential 
of 6-azauridine as an antiviral agent is limited both 
by its low potency and its toxicity, which may be 
related to either the presence of 6-azauracil in the 
preparation or to the sensitivity of the patient. 


Miscellaneous nucleosides 

Schabel and Montgomery [65] have compiled an 
extensive list of purine and pyrimidine nucleosides 
that have been evaluated for antiviral activity, and 
more recently Bloch [66] has reviewed the structure 
activity relationship of a large number of biologically 
active nucleosides. Modest antiviral activity against 
several RNA viruses was exerted by the pyridine 
nucleoside derivatives 3-deazauridine [67,68] and 
3-deazacytidine [67]. More recently, Sharma et al. 
[69] reported that 4-(f-p-ribofuranosyl)-1,3-di- 
hydroxybenzene (1,3-dideazauridine) inhibits herpes 
simplex virus type | in vitro. 

5-Methox ymethyl-2’-deoxyuridine, the methyl ether 
of 5-hydroxymethyl-2’-deoxyuridine, was found by 
Meldrum et al. [70] to markedly inhibit the herpes 
virus of infectious bovine rhinotracheitis. 

Of interest is the ability of the ‘normal’ nucleosides, 
thymidine [71,72], deoxyguanosine [72] and deoxy- 
cytidine [72], to inhibit the replication of herpes sim- 
plex virus type 2 but not that of herpes simplex virus 
type 1. Borman and Roizman [73] had previously 
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found deoxyadenosine and uridine to inhibit the repli- 
cation of herpes simplex virus at relatively high con- 
centrations. 

Isoprinosine, the para-acetamidobenzoic acid salt 
of inosine dimethylaminoisopropanol in a molar ratio 
of 1:3, has been reported to inhibit a number of RNA 
and DNA viruses [74]. Conflicting reports have 
appeared concerning its efficacy as an antiviral agent 
in animal systems [75]; however, negative effects have 
been found [76,77] in man challenged with influenza 
virus or rhinovirus. The mechanism responsible for 
its antiviral effect in cell culture has not been clarified 
as yet. 


NEW DIRECTIONS 


None of the above nucleosides possess all of the 
characteristics of the ideal antiviral agent. Perhaps 
the two most troublesome properties are toxicity and 
poor solubility. Because incorporation of drugs into 
nucleic acids of normal cells may be responsible for 
many of the toxicities associated with certain antiviral 
agents, we have embarked on a program concermed 
with the synthesis of compounds which hopefully 
would not be incorporated into the DNA of normal 
tissues. While such compounds might have little selec- 
tive activity against those viruses suspected to be 
totally dependent on cellular enzymes for nucleotide 
metabolism and viral genome replication, the major- 
ity of clinically significant viruses do not fall into this 
category. 

Previous studies [78,79] have shown that S’- 
amino-5’-deoxythymidine is a potent inhibitor of 
mammalian thymidine kinase, an enzyme that shows 
enhanced activity in many neoplasms and _virus- 
infected tissues. This compound in addition has mild 
antivirus activity against herpes simplex virus type 
1 in cell culture [80]. Therefore, the 5’-amino analog 
of 5-iodo-2’-deoxyuridine (5’-amino-2’,5’-dideoxy-5- 
iodouridine, AIU) was synthesized with the hope that 
we would retain the antiviral activity of IdUrd, 
decrease or eliminate incorporation into DNA of nor- 
mal tissues (in an attempt to obviate host toxicity), 
and possibly increase its solubility (by virtue of the 
amino group in the 5’-position affording the possibi- 
lity of salt formation). 

Initial studies with AIU showed that it was a 
potent inhibitor of the replication of herpes simplex 
virus type 1 at concentrations which were totally 
devoid of apparent cellular toxicity [80,81]. The anti- 
viral activity and cytotoxicity of AIU relative to IdUrd, 
F3dThd, ara-C and ara-A were determined. AIU is 
less potent than IdUrd, F,dThd or ara-C on a molar 
basis; however, it is considerably more potent than 
ara-A. The most striking finding, however, is the 
marked cytotoxicity of IdUrd, F3dThd and ara-C 
relative to AIU, when comparison is made at compar- 
able antiviral concentrations [81]. Although an im- 
portant feature of ara-A is its relative lack of cellular 
toxicity, we found that, at a concentration of ara-A 
that produced less antiviral activity than AIU, signifi- 
cant cytotoxicity was nevertheless observed. The total 
lack of toxicity of AIU to cells in culture was 
extended to include murine, avian, simian and human 
cells. Studies of toxicity in newborn and &8-day-old 
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mice revealed no evidence of gross or histological tox- 
icity. These findings encouraged studies of the thera- 
peutic effect of AIU on experimental herpetic keratitis 
in rabbits, and ATU (0-8°%) and IdUrd (0-1°%) were 
essentially equally successful [82]. The obvious exten- 
sion of these studies to determine the effect of AIU 
on other herpes viruses, such as herpes zoster and 
cytomegalovirus, is in progress. 

An additional remarkable feature of this agent is 
the restricted spectrum of antiviral activity. Of 
various DNA viruses challenged with AIU, herpes 
simplex virus type | is uniquely sensitive to inhibition. 
This selective antiviral activity and complete lack of 
host-cell toxicity would imply that the site of inhibi- 
tion may be that of a virus-specific function. This is 
supported by the finding that radioactive AIU is 
taken up only by the herpes virus-infected cells. Fur- 
thermore, only in the infected cell is there a large 
increase in the pool size of dATP, dGTP and dCTP. 
Normally, infection of a cell with herpes virus results 
in a very marked increase in the pool size of dTTP; 
however, in the presence of AIU, a significant de- 
crease in the magnitude of such an increase was 
observed. This may be attributed to a decreased virus 
effect as a result of the inhibition by AIU of herpes 
virus propagation or possibly by a feedback inhibi- 
tion of ribonucleoside diphosphate reductase. Studies 
on the site of inhibition by AIU, as well as its 
mechanism of action, are in progress. 

A potentially very important finding, which is in 
its early stages of exploration, is the inhibition of the 
replication of the oncogenic RNA viruses—Maloney 
and Rauscher murine leukemia virus. This direction 
is under intensive investigation in view of the relation- 
ship between certain RNA viruses to oncogenesis in 
experimental animals and the theoretical extension of 
such a relationship to man. 

A very important characteristic of 5’-amino analogs 
of nucleosides may be their unique spectrum of anti- 
viral activity. Indeed, the 5’-amino analog of ara-C 
[1-(5-amino- 5 - deoxy - D - arabinofuranosyl)cytosine ; 
(Am-ara-C)] has been found to inhibit vaccinia virus 
but not herpes simplex virus. Therefore, the 5’-amino 
analogs appear to represent a unique class of antiviral 
agents with a highly restricted spectrum of antiviral 
activity, and a decreased toxicity which ranges to 
total absence as with AIU. 

In conclusion, we have seen a very interesting tran- 
sition in our thinking about antiviral agents in gen- 
eral and that of nucleosides in particular. Not too 
many years ago the concept of finding an antiviral 
drug was considered bordering on ludicrous. Today 
we are no longer concerned with the concept of an 
antiviral agent, but rather with the development of 
effective antiviral agents with little or no host cell 
toxicity. AIU appears to represent that type of com- 
pound since studies in cell culture, as well as with 
experimental animals, show excellent antiviral activity 
4hat is accompanied with an apparently complete 
absence of host-tissue toxicity. Whether this relation- 
ship will extend to man remains to be seen—the pre- 
sumption based on animal experiments is that such 
indeed will be the case. 

Thus, a new era may be evolving in the search for 
clinically effective antiviral drugs in which the 
emphasis will be on the development of compounds 
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with little or no host-cell toxicity. Whether we can 
eventually find a compound that has all the character- 
istics of our ideal antiviral agent (see above) remains 
to be seen—but why not! 
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Abstract—The interaction of hashish compounds with phosphatidyl choline or phosphatidyl serine 
black lipid membranes are investigated. Asymmetric distribution of cannabidiol across lecithin mem- 
branes generates a membrane potential and a decrease in electrical resistance of a transient nature. 
Symmetric distribution of the compounds results in the generation of membranes of low resistance 
in which no membrane potential or transient behaviour of resistance can be observed. 


It is generally accepted that A'-tetrahydrocannabinol 
(THC) is the major psychoactive component of hash- 
ish (cannabis) [1]. Relatively little is known about 
the other constituents of hashish, in particular of can- 
nabidiol (CBD) which may constitute up to 40 per 
cent of cannabis extracts [2]. Exposure to THC and 
CBD leads to different physiological responses in vivo 
[3]. Both compounds do however affect similarly 
various membrane systems when isolated celis or 
organelles are exposed to the compounds under in 
vitro conditions. THC and CBD have been shown 
to lead to membrane stabilization against osmotic 
lysis [4-6]. to inhibition of glucose efflux from pre- 
loaded erythrocytes [7], inhibition of cation uptake 
and ATPase activity in rat and human erythrocytes 
[8], induction of K* leakage from bull sperm [9] 
and leakage of enzymes from mitochondria and lyso- 
somes [6, 10, 11]. Cannabinoids are lipid soluble neu- 
tral compounds with a very high membrane—aqueous 
solution partition coefficient [12]. All the above-men- 
tioned studies point to an effect of hashish com- 
pounds on the structural and functional integrity of 
membranes. It was deemed of interest to study the 
interaction of CBD and THC with artificial phospho- 
lipid membranes since the phospholipid domain of 
biological membranes seems to be a logical candidate 
for an interaction with lipid-soluble compounds. 

In the present study we have looked at the interac- 
tion of hashish compounds with black lipid mem- 
branes generated from either lecithin or phosphatidyl 
serine. 


MATERIALS AND METHODS 


Cannabinoids. Cannabidiol (white crystalline 
powder) and A!-tetrahydrocannabinol, a brownish 
oil, were obtained from Makor Chemicals, Jerusalem, 
Israel. Both compounds were dissolved in freshly dis- 
tilled ethanol at a concentration of about 0.1 M and 
kept at — 18°. The THC solution only adsorbed light 
at wavelengths of 320-265 nm, with absorption peak 
at 280 nm, characteristic of the pure compound, indi- 
cating that the concentration of the brownish oxi- 
dation products was very low. 

Phospholipids. Egg lecithin, chromatographically 
pure, was obtained from Applied Science Labora- 


tories, State College, Pa., U.S.A. Dioleyl lecithin was 
a gift from Dr. R. Pagano, Carnegie Institution of 
Washington, Baltimore, Md. U.S.A., egg lecithin 
Grade I and phosphatidyl serine monosodium salt, 
Grade I were obtained from Lipid Products, Nutfield, 
England. 

Experimental set-up. Black lipid membranes (BLM) 
were formed from either 1°, lecithin or 0.5°,, phospha- 
tidyl serine in n-decane, at a temperature of 25° for 
the lecithin membranes and 37° for the phosphatidyl 
serine membranes. The technique of BLM formation 
and the electrical set-up for measuring both resistance 
and membrane potential were as described previously 
[13]. The aqueous phase in the outer (27.5 ml) and 
inner (5 ml) compartments was 0.15M NaCl or KCl 
(unbuffered). CaCl, at a concentration of 10-3 M was 
added in some of the experiments with phosphatidyl 
serine. The salts, all of analytical grade, were dis- 
solved in water double-distilled over permanganate. 
Cannabinoids (from 5 to 25 yl) were added either to 
the outer grounded compartment after the membrane 
turned black (asymmetric membranes) or were added 
to both compartments before the generation of the 
membrane (symmetric membranes). Surface tension of 
aqueous solutions of cannabinoids was measured with 
a torsion balance—Federal Pacific (Newark, N.J., 
U.S.A.) equipped with a Wilhelmy plate. Concen- 
trated solutions of cannabinoids (in ethanol) were in- 
jected into stirred 0.15 M NaCl or KCI solutions. The 
measurements were performed at 22°. 


RESULTS 


Both THC and CBD are poorly soluble in water. 
To get an indication as to the saturation concen- 
tration of cannabinoids in 0.15M NaCl or KCl the 
effect of cannabinoid concentration on the surface 
tension of the salt solutions was studied. At a concen- 
tration of 4 x 10°°M both CBD and THC reduce 
the surface tension of the solutions from 73 + 1 to 
64 + | dyne/cm. The surface tension is not reduced 
any further even by a 3-fold increase in concentration 
of the cannabinoids. At a concentration of about 
8 x 10°°M white crystals appear in solution of both 
of the compounds. A THC solution with a concen- 
tration of 3 x 10°°M has high turbidity, while at 
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Fig. 1. The effect of cannabidiol on the d.c. resistance (R) 
and potential (V) of egg lecithin bilayer membranes. Can- 
nabidiol was added at zero time (indicated in the figures) 
to one chamber only—{a) 0.15 M NaCl in both chambers; 
2.2 x 10°°M_ cannabidiol (b) 0.15M NaCl in both 
chambers; 4.5 x 10°°>M _ cannabidiol (c) 0.15M KCl in 
both chambers; 4.5 x 10°°M_ cannabidiol. Each time 
course is representative of the behaviour of one membrane. 
Four different experiments have been carried out for each 
condition, giving essentially the same pattern. 


the same concentration CBD has a crystalline appear- 
ance, and the crystals accumulate on the surface. 

Exposure of black lecithin membranes to cannabi- 
diol in the outer compartment, salt concentration in 
both compartments being equal, results in the appear- 
ance of an anionic potential (negative in the inner 
compartment) and a decrease in the electrical resist- 
ance. The peak value of the asymmetric potential is 
between —5 and —15 mV, the decrease in resistance 
is up to 100-fold and is transient. In the absence of 
cannabinoids the change of resistance with time was 
small (the lowest value obtained was ~3.10’Q cm?) 
and the potential was less than -2 mV. 

Figure | represents the time dependence of resist- 
ance and membrane potential of BLM exposed to 
cannabidiol. The time required to attain minimum 
membrane resistance depends on cannabidiol concen- 
‘tration and on the cation used. It is of interest that 
at lower cannabidiol concentrations (2.2 x 10°°M, 
Fig. la) minimum resistance is reached at a time in- 
terval shorter than needed at higher concentrations 
(4.5 x 10°°M, Fig. 1b and 9 x 10°°M not shown), 
and the resistance reverts back to higher values. 
Membrane potential increases with time and reaches 
almost a stable peak value that is independent of can- 
nabidiol concentration (Fig. la, b). Using KCl as the 
salt in the aqueous solution leads to similar transient 
resistance changes, but in contrast to the behaviour 
in NaCl solutions, membrane potential is also of a 
transient nature, its peak coinciding with the time at 
which resistance is at its minimum (Fig. Ic). Prior 
to the decrease in membrane resistance, the surround 
of the membrane becomes turbid, masking the lipid 
films. The turbidity decreases with time showing a 
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Fig. 2. Time dependence of resistance (R) of egg lecithin 
bilayers formed in 0.15M NaCl containing cannabinoids 
on both sides (symmetric films). (O——O) 2 x 107° M can- 
nabidiol; (@——@) 2.7 x 10°°M A!'-THC. Each time 
course is a representative of the behaviour of one mem- 
brane. Four different experiments have been carried out 

for each condition, giving essentially the same pattern. 


certain degree of correlation with the regaining of 
higher membrane resistance. 

BLM generated in solutions containing either CBD 
or THC (symmetric membranes) have a very low re- 
sistance that remains constant at a low value for 
extended periods. There is no detectable membrane 
potential (Fig. 2). 

THC, the psychoactive compound is a very potent 
membrane labilizer, BLM exposed to the compound 
are broken within minutes. At low concentrations 
1-2 x 10°°M, membranes of longer life spans could 
be generated and decrease in resistance and gener- 
ation of membrane potential were detected but the 
results were erratic. Symmetric membranes generated 
in the presence of THC were similar in their behav- 
iour to those generated in the presence of cannabidiol 
(Fig. 2). 

Negatively charged phospholipids are common 
constituents of biological membranes. The effect of 
cannabinoids on negatively charged BLM derived 
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Fig. 3. Effect of cannabidiol 4.5 x 10°°M_-on d.c. resist- 
ance (R) of phosphatidyl serine bilayers. Aqueous phase 
0.15M NaCl. (@——@) without Ca**; (O——©) in the 
presence of 10°? M Ca’*. Cannabidiol was added at zero 
time to one chamber only. Each time course is a represen- 
tative of the behaviour of one membrane. Four different 
experiments have been carried out for each condition, giv- 
ing essentially the same pattern. 





Interaction of hashish compounds 


from phosphatidyl serine is given in Fig. 3. Cannabi- 
diol does not significantly affect the electrical resist- 
ance of phosphatidyl serine membranes. In the pres- 
ence of 10°*M Ca?*, cannabidiol gives up to a 
10-fold decrease in membrane resistance. THC was 
very potent also in labilizing phosphatidyl serine 
membranes—the bilayers were stable for no more 
than 15 min during which period the effect of the 
compound was similar to that of CBD. 


DISCUSSION 


Membrane stabilization against osmotic lysis is 
commonly observed when membranes are exposed to 
low concentration of various lipid-soluble com- 
pounds. Upon exposing the membranes to higher 
concentrations of the lipid-soluble compounds a rapid 
labilization and lysis ensue. The stabilizing phase in 
the ‘biphasic effect’ exhibited by many drugs is usually 
indicative of an interaction between the drug and the 
membrane that confers on the membrane a higher 
expansion capacity under hypotonic conditions. 
Membrane labilization under high concentrations of 
the drug is in line with an extensive interference with 
phospholipid organization within the membrane [14]. 

Measurements of electrical resistance of phospho- 
lipid membranes are directed at a different membrane 
parameter, namely permeability to ions. In the pres- 
ent study we have shown that cannabidiol and poss- 
ibly also THC interact with lecithin membranes in 
a way leading to a decrease in the electrical resistance. 
The generation of an anionic membrane potential in 
the absence of salt gradient suggests that an anionic 
species traverse the membrane creating an asym- 
metry. The decrease in resistance is transient to a cer- 
tain degree when CBD is applied on one side of a 
BLM implying that the drug is able to diffuse across 
the membrane tending to equilibrate its concentration 
on both sides. Another possibility is reorganization 
within the membrane of cannabinoid aggregates that 
interact with it. The primary aggregates may affect 
membrane permeability to a higher extent than the 
redistributed cannabinoid. In fact the cloudy appear- 
ance of the BLM at the time of minimum resistance, 
and the clearing of the membrane at the phase of 
reversion in resistance to a higher value lends some 
support to such a mechanism. The transient nature 
of the effect of the cannabinoids may in addition stem 
from a possible equilibration of the compound with 
the torus of the membrane, with phospholipid sus- 
pended in solution (remains of the lipid applied to 
the support) and possibly also from a rate-determin- 
ing step involving the transport of the compound 
across the unstirred layers at the membrane-solution 
interface. — 

A similar transient decrease in resistance was found 
by Van Zutphen et al.[15], and Seufert [16,17] in 
response to addition of various detergents on one side 
of the bilayer membranes. Seufert [16,17] has also 
observed the generation of an anionic potential upon 
interaction of anionic and nonionic detergents in the 
absence of a salt gradient. ; 

In negatively charged bilayers CBD has no effect 
on membrane resistance suggesting that it is a nega- 
tive entity that permeates the modified membrane and 
creates the potential. Addition of Ca** ions leads to 
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a certain masking of the negative charges on the sur- 
face and probably enables negative entities, be it free 
chloride ions or any interacting species of chloride 
ions with CBD to reach the surface and penetrate 
the membrane. McLaughlin et al. [18] found simular 
effects of surface charge and its reduction by Ca’*, 
on the transport of negatively charged iodide across 
phosphatidyl serine or phosphatidyl glycerol bilayers. 

The observation that the time needed for the mem- 
brane to reach its minimal resistance increases with 
increasing CBD concentration in solution (Fig. 1) 
could evolve from the tendency of CBD to form crys- 
tals at concentrations above 8 x 10°°M. Under the 
experimental conditions used, higher concentrations 
could mean bigger aggregates or crystals and thus 
a longer time needed for interaction with the mem- 
branes. 

The transient nature of the decrease in membrane 
resistance is relevant to hashish interaction with bio- 
logical systems. It was found that its interaction with 
erythrocytes is reversible [5] namely the compound 
can leave the membrane without causing a permanent 
change in structure. The fact that CBD or THC can 
readily leave the membrane results in a rapid redistri- 
bution of these compounds. In living cells, such redis- 
tribution means that the compound would get access 
to intracellular membranes and other structures. The 
effect of either THC or CBD on intracellular 
organelles is not necessarily reversible [6], the extent 
of damage depending on the concentration of the 
compounds at the intracellular site. Irreversible 
damage leading to extensive cell vacuolation, auto- 
phagocytosis and eventually to cell death was indeed 
observed when mouse peritoneal macrophages were 
exposed to either THC or CBD [19] and in alveolar 
macrophages derived from hashish smokers [20]. 
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Abstract 


The effects of an antifungal compound 2,4,3’,5’-tetrahydroxystilbene (THS)+ on oxidative 


phosphorylation by rat liver mitochondria were studied. THS at low concentrations was: found to 
inhibit state 3 respiration (Is9 = 44 nmoles/mg protein) but had no effect on uncoupled respiration 
induced by 2,4-dinitrophenol. The inhibitory effect of THS on state 3 respiration was observed with 
either glutamate or succinate as respiratory substrates. However when rat liver mitochondria were 
respiring with glutamate as substrate and in the presence of calcium chloride and inorganic phosphate, 
THS produced a strong inhibition of 2,4-dinitrophenol-stimulated respiration. This inhibition was over- 
come by adding succinate. The tetramethoxy derivative of THS had no effect on the mitochondrial 
reactions mentioned above suggesting that the phenolic groups are essential for the action of THS. 
The sites at which THS inhibits mitochondrial oxidative phosphorylation are proposed. 


2,4,3',5'-Tetrahydroxystilbene? is a phenolic compound 
isolated from the aqueous extract of Artocarpus lakoo- 
cha Roxb. heartwood [1]. The substance was first iso- 
lated by Takaoka [2] from the root of the white helle- 
bore (Veratrum grandiflorum) and since then it has 
been isolated from Osage orange (Toxylon pomiferum) 
[3]. Morus bambycis [4], Morus alba [5], and Chloro- 
phora regia [6]. THS and other hydroxystilbene deri- 
vatives from these plants have attracted attention 
because of their fungicidal and fungistatic properties 
[7], their effect on pulping under acid conditions [8]. 
and the cause of coloration in pulps [9]. Barnes and 
Gerber [3] showed that THS is responsible for the 
antifungal action of the aqueous extract of Osage 
orange wood and that it inhibits the growth of five 
out of thirteen fungi tested. It has been suggested that 
the remarkable resistance of certain woods, for 
example, Osage orange and Artocarpus lakoocha 
Roxb., is due to the toxicity of THS on the fungi 
which normally initiate the decomposition process. 
Moreover, this hydroxystilbene obtained from the 
aqueous extract of Artocarpus lakoocha Roxb. has 
been widely used in Thailand as an anthelmintic and 
is believed to be effective against tapeworm. The bio- 
chemical action of THS as well as the mechanism 
by which THS exerts its antifungal action have never 
been reported. In the present study, the effects of THS 
on mitochondria oxidative phosphorylation were in- 
vestigated. 


MATERIALS AND METHODS 


Chemicals. N-Tris(hydroxymethyl) methyl-2 amino- 
ethane sulfonic acid (TES), sucrose and L-glutamic 





*This work was supported by a fund from The Rocke- 
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+ Abbreviations used: THS. 2.4.3'.5-tetrahydroxystilbene; 
MeO-THS, 2.4.3’.5’-tetramethoxystilbene; DNP, 2,4 dini- 
trophenol; TES, N-Tris (hydroxymethyl) methyl-2 amino- 
ethane sulfonic acid. 


acid were obtained from Sigma Chemical Company, 
Missouri. ADP was obtained from Calbiochem, Cali- 
fornia. Folin phenol reagent and succinic acid were 
obtained from British Drug Houses. THS was puri- 
fied as described by Mongolsuk et al. [1] and its 
tetramethoxy derivative was prepared according to 
Barnes and Gerber [3]. 

Reagents were dissolved in double distilled water 
and if necessary the solutions were adjusted to pH 
7.4 with dilute potassium hydroxide or hydrochloric 
acid. THS and the tetramethoxy derivative were dis- 
solved in absolute ethanol. In the experiments in 
which alcoholic solutions of reagents were used, only 
small volumes (10-25 sl) were added to the reaction 
mixtures and equivalent amounts of pure alcohol 
were added to controls. 

Preparation of rat liver mitochondria. Albino rats 
weighing 150-200 g were used. The liver mitochon- 
dria were prepared by the method of Hogeboom [10] 
as described by Myers and Slater [11]. Ice-cold 0.25 
M sucrose was used throughout the procedure and 
all centrifugations were carried out in a Beckman 
model J-21B refrigerated centrifuge at 0°. 

The concentration of protein in the mitochondrial 
preparation was determined with the folin phenol re- 
agent according to Lowry et al. [12] as modified by 
Miller [13]. 

Measurement of oxygen uptake. The measurements 
of oxygen uptake were carried out at 26° in the 
chamber (about 2 ml) of a Gilson Oxygraph (Gilson 
Medical Electronics, Inc., Middleton, Wisconsin) with 
a Clark oxygen electrode. The rates of oxygen uptake 
under various conditions were expressed as patoms 
O/ml/min. 

The composition of the reaction mixture in the oxy- 
graph chamber varied from experiment to experiment. 
However, in all cases the standard incubation 
medium (40 mM TES buffer, pH 7.4, 10 mM MgCl, 
and 80 mM KCl) was used. To this medium various 
cofactors were added. 
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RESULTS 


The effects of THS and MeO-THS on oxidative 
phosphorylation. The effects of THS and MeO-THS 
on oxidative phosphorylation by rat liver mitochon- 
dria are shown in Fig. |. In these experiments gluta- 
mate was present as respiratory substrate. Curve A 
shows the control response of rat liver mitochondria 
to the addition of ADP + Pi and DNP. When mito- 
chondria were pretreated with 0.28 mM THS for 
about 3 min the respiratory response of rat liver mito- 
chondria at the addition of ADP + Pi was severely 
depressed whereas DNP-stimulated respiration was 
much less inhibited (curve B). Curve C shows that 
the tetramethoxy derivative of THS (MeO-THS) had 
almost no effect on both the ADP + Pi and DNP- 
stimulated respirations. Similar results were obtained 
when rat liver mitochondria were respiring in the 
presence of succinate as substrate. In other exper- 
iments it was observed that the inhibitory effect of 
THS on mitochondrial oxidative phosphorylation 
had a rapid onset of action since addition of THS 
shortly after the addition of excess ADP + Pi caused 
almost immediate inhibition of ADP + Pi induced in- 
crease in respiratory rate and the degree of inhibition 
did not increase with time. It was also observed that 
two times washing of rat liver mitochondria which 
were pretreated with THS did not restore the respira- 
tory response of rat liver mitochondria to the addi-* 
tion of ADP + Pi. This suggests that THS binds 
strongly or produced irreversible damage to the mito- 
chondrial inner membrane. 

Figure 2 shows the degree of inhibition of oxidative 
phosphorylation and DNP-stimulated respiration at 
various concentrations of THS. Significant inhibition 
of the respiratory response of rat liver mitochondria 
to ADP was observed at concentrations of THS as 
low as 0.01 mM whereas DNP-stimulated respiration 
remained unaffected up to 0.2 mM THS. At about 
0.55 mM THS, 90 per cent of ADP-stimulated respir- 
ation was inhibited while the uncoupling effect of 
DNP was only 20 per cent depressed. The I59 of THS 
on oxidative phosphorylation was found to be 44 
nmoles/mg protein. It is clear from these experiments 
that oxidative phosphorylation was more sensitive 
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Fig. |. The effect of THS and MeO-THS on oxidative 

phosphorylation. Composition of reaction medium: 28.89 

mM TES (pH. 7.4), 7.22 mM MgCl,, 16.67 mM potassium 

glutamate, 27.78 mM sucrose and KCI to 250 mOsM: 

THS, MeO-THS, ADP, Pi and DNP as indicated. The 

figures denote the rate of oxygen uptake in patom O/ml 
min. Mitochondrial protein was 2.6 mg/ml. 
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Fig. 2. Inhibition of ADP + Pi- and DNP-stimulated res- 
pirations by various concentrations of THS. Composition 
of reaction medium: 28.89 mM TES (pH 7.4), 7.22 mM 
MgCl,, 16.67 mM potassium glutamate, 27.78 mM sucrose, 
and KCI to 250 mOsM. Various concentrations of THS 
were added as indicated; 0.28 mM ADP and 2.78 mM 
Pi were added after 4min of preincubation with THS. 
DNP (0.06 mM) was added 3 min after the additions of 
ADP and Pi. Mitochondrial protein was 3.17 mg/ml. 
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than the DNP-induced uncoupling to the inhibitory 
action of THS. 

The effect of THS on calcium-stimulated respiration. 
The effect of THS on calcium-stimulated respiration 
by rat liver mitochondria is shown in Fig. 3. Like the 
preceding experiments, glutamate was used as sub- 
strate and inorganic phosphate was present initially 
in excess. Curve A shows the control response of the 
mitochondria to two additions of 0.2 mM CaCl). 
In the presence of 0.28 mM THS the respiratory re- 
sponse of the mitochondria to the first addition of 
CaCl, was significantly depressed as evidenced by a 
slower rate of respiration; however, the mitochondrial 
response to the second CaCl, addition was com- 
pletely abolished (curve B). A somewhat more striking 
result was obtained with higher amounts of CaCl). 
As shown in curve D, THS at the same concentration 
caused more inhibition of the initial respiratory re- 
sponse to CaCl, when higher amounts of CaCl, was 
added to the mitochondria. This initial, brief calcium- 
stimulated respiration was followed by inhibition as 
compared to control experiment without THS (curve 
C). The finding that there was some inhibition of the 
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Fig. 3. The effect of THS on calcium-stimulated respir- 

ation. Composition of reaction medium: 33.33 mM TES, 

8.33 mM MagCl,, 15.79 mM potassium glutamate, 13.89 

mM sucrose, 2.63 mM P; and KCI to 250 mOsM: THS 

and CaCl, as indicated. Mitochondrial protein was 1.28 
mg/ml. 
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initial mitochondrial response to CaCl, is consistent 
with the earlier observation that THS at relatively 
high concentrations also depressed DNP-stimulated 
respiration. 

The above results suggest that when mitochondria 
have accumulated some CaCl,, THS interferes with 
the process of energy conservation associated with the 
respiratory chain so that further respiratory stimu- 
lation by CaCl, is inhibited. This hypothesis is sup- 
ported by results of the experiments reported in Fig. 
4. Curve A shows the control response of rat liver 
mitochondria to CaCl, and DNP. With curve B, it 
can be seen that THS completely inhibited the DNP- 
stimulated respiration when DNP was added after the 
respiratory response of mitochondria to CaCl, had 
stopped. This inhibition, observed with glutamate as 
substrate, was relieved by adding succinate. Identical 
results were obtained when THS was added after 
CaCl, (curve C). It is interesting to note that when 
THS was added after CaCl, there was a small and 
brief stimulation of mitochondria respiration (curve 
C). The tetramethoxy derivative of THS at the same 
concentration as THS was found to be ineffective. 
Similar results were also obtained when malate plus 
pyruvate were used as respiratory substrates. 

In order to determine the role of CaCl, and Pi 
in the inhibitory effect of THS on mitochondrial re- 
sponse to DNP, similar experiments in the presence 
and absence of Pi were carried out. The results are 
shown in Fig. 5. It can be seen that only a small 
inhibition of DNP-stimulated respiration was 
observed when CaCl, was added, in the absence of 
Pi, to the mitochondria respiring in the presence of 
glutamate and THS (curve B), as compared to the 
control (curve A). When Pi was present initially 
together with THS, DNP-stimulated respiration was 
totally inhibited when DNP was added after CaCl, 
(curve C). Again, this inhibition was completely 
reversed by the addition of succinate. It was also 
observed in other experiments that, in the absence 
of CaCl), the small inhibition of DNP-stimulated res- 
piration produced by THS was not altered by the 
presence of excess Pi. These findings indicated that 
rat liver mitochondria had to accumulate both CaCl, 
and Pi before THS was able to block the respiratory 
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Fig. 4. The effect of THS on DNP-stimulated respiration 

after the addition of calcium chloride and inorganic phos- 

phate. Composition of reaction medium: 30 mM TES. 7.5 

mM MgCl,, 16.67mM potassium glutamate, 2.78mM Pi, 

20.83 mM sucrose and KCI to 250 mOsM; CaCl,, THS, 

DNP and succinate as indicated. Mitochondrial protein 
was 2.49 mg/ml. 
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Fig. 5. The effect of THS on DNP-stimulated respiration 
after the addition of calcium chloride in the presence or 
absence of inorganic phosphate. Composition of reaction 
medium: 30 mM TES, 7.5 mM MgCl,, 16.67 mM potas- 
sium glutamate, 20.83 mM sucrose and KCI to 250 mOsM: 
THS, CaCl,, Pi, DNP and succinate as indicated. Mito- 


chondrial protein was 2.21 mg/ml. 


response to DNP. The results of the experiments 
reported in Fig. 6 showed that, with glutamate as sub- 
strate and in the presence of excess Pi, rat liver mito- 
chondria had to accumulate a certain amount of cal- 
cium ion before the DNP-stimulated respiration was 
further depressed by THS. It should be pointed out 
that a small inhibition of DNP-stimulated respiration 
by THS was also found in the absence or in the pres- 
ence of a small amount of CaCl). This is in agreement 
with the earlier observations that THS at relatively 
high concentrations, besides strongly inhibiting oxida- 
tive phosphorylation, also caused some depression of 
the respiratory response of rat liver mitochondria to 
DNP. 


DISCUSSION 


The results of these experiments indicate that THS 
has profound effects on energy-linked reactions of rat 
liver mitochondria. The finding that THS at low con- 
centrations selectively inhibited the respiratory re- 
sponse of mitochondria to ADP (+Pi) but had no 
effect on DNP-stimulated respiration indicates that 
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Fig. 6. The effect of THS on DNP-stimulated respiration 
at different calcium chloride concentrations. Composition 
of reaction medium: 31.11 mM TES (pH 7.4), 7.78 mM 
MgCl,, 16.67 mM potassium glutamate, 2.78 mM _ potas- 
sium phosphate, 12.89 mM _ sucrose and KCl to 250 
mOsM; THS and CaCl, as indicated. DNP (0.06 mM) 
was added 2 min after the addition of CaCl,. Mitochon- 
drial protein was 1.81 mg/ml. 
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THS acts beyond the site of action of DNP, presum- 
ably at the phosphorylation process itself. However, 
the exact point and mechanism of action are not 
known at present. Since the tetramethoxy derivative 
of THS was found to be inactive, it appears that 
phenolic groups are essential for the action of THS. 
. Of particular interest is the observation with rat 
liver mitochondria respiring in the presence of NAD- 
linked substrates accumulate certain amounts of cal- 
cium and inorganic phosphate. Under these condi- 
tions, THS produced a strong inhibitory effect on the 
respiratory response of mitochondria to DNP. It is 
known that when rat liver mitochondria accumulate 
calcium in the absence of phosphate or similar anions, 
calcium becomes bound to the inner mitochondrial 
membrane. Only when matching permeant anions are 
present does the accumulated calcium appear in the 
matrix, together with the anions [14]. This suggests 
that THS produces an inhibitory effect only when cal- 
cium and Pi-are in the mitochondrial matrix. Again, 
the tetramethoxy derivative of THS was also found 
to be inactive in this respect. Since addition of suc- 
cinate completely relieved the inhibition of DNP- 
stimulated respiration induced by THS in the presence 
of calcium and inorganic phosphate, it is likely that 
the site of action of THS involves the energy-conser- 
vation reactions associated with the oxidation of 
reduced nicotinamide adenine nucleotides by the 
mitochondrial respiratory chain. 

From these studies, the concentrations of THS for 
complete inhibitions of respiration stimulated by 
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ADP and by DNP are 0.6 mM (Fig. 2) and 0.28 mM 
(at 0.3 mM CaCl,, Fig. 6), respectively. These concen- 
trations of THS are comparable with that required 
for antifungal activity (0.815 mM) as reported by 
Barnes and Gerber [3]. It is not known at present 
whether inhibition of mitochondrial oxidative phos- 
phorylation by THS is responsible for its antifungal 
action. 
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Abstract—Triparanol (8 x 10°*M) completely suppressed the growth of Saccharomyces cerevisiae, 
whereas 3f-($-dimethylaminoethoxy)-androst-5-en-17-one (10° * M) displayed only slight growth-inhibi- 
tory properties. Preliminary observation suggests that major effects caused by triparanol on the incor- 
poration of [1-!*C]sodium acetate into non-saponifiable lipids involved interference with the conversion 
of lanosterol to ergosterol, and to a lesser extent inhibition of squalene oxidation. 
3B-(B-Dimethylaminoethoxy)-androst-5-en-17-one at 10°°M caused no apparent reduction in the 
incorporation of [1-'*C]sodium acetate into the total non-saponifiable fraction, nor into ergosterol, 


yet did cause the accumulation of an unidentified compound. At a higher concentration (10° *M) 
2 


the major non-saponifiable compound that accumulated was isolated and characterized as 2,3-oxido- 
squalene. With prolonged incubation 2,3-oxidosqualene appeared to be converted to one or more com- 


pounds less polar than lanosterol. 


Triparanol and 3-(f-dimethylaminoethoxy)-androst- 
5-en-17-one (DMAE-DHA) are two examples 
of hypocholesterolemic compounds containing a 
dimethylaminoethoxy group. Both lower serum cho- 
lesterol levels and have been shown to inhibit a step 
in the cholesterol biosynthetic pathway-reduction of 
desmosterol to cholesterol [1,2]. 

The effects of both compounds on lipid metabolism 
in other biological systems have also been studied. 
Triparanol causes growth inhibition of the protozoan 
Tetrahymena pyriformis [3], and has been shown to 
inhibit the conversion of squalene to tetrahymanol 
by this organism [4,5]. It has also been suggested 
that it interferes with the synthesis of unsaturated 
fatty acids by T: pyriformis [3,6] and also by Ochro- 
monas danica [7]. Malhotra and Nes [8] have demon- 
strated that triparanol inhibits the C-24 alkylation of 
sterols in a cell-free system from germinating peas, 
whereas in Chlorella [9, 10] triparanol appears to in- 
hibit other reactions of sterol biosynthesis; viz remo- 
val of the 14%-methyl group, the second alkylation 
at C-24, reduction of C-7, and the A’-A’ isomeriza- 
tion. 

The effects of DMAE-DHA on growth and on 
several areas of metabolism of T: pyriformis have been 
studied. Inhibition of the conversion of squalene to 
tetrahymanol [11] and to diplopterol [12] appeared 
to be the proximate cause of growth inhibition. Sipe 
and Holmlund [5] noted inhibition by DMAE-DHA 
of both cyclization of 2,3-oxidosqualene and conver- 
sion of C3, to C,, sterols by rat liver homogenates. 

Although inhibition of yeast growth by triparanol 





*Some of the data in this paper were presented at the 
59th Annual Meeting of the Federation of American Socie- 
ties for Experimental Biology, Atlantic City, New Jersey, 
April 13-18, 1975. 


has been reported by Aaronson [13], no data have 
appeared concerning the effects of this compound on 
lipid metabolism by this organism. This paper will 
present initial findings concerning the effects of tripar- 
anol and DMAE-DHA on the growth of S. cerevisiae 
and on the conversion of [1-'*C]sodium acetate to 
nonsaponifiable lipids by this organism. 


MATERIALS AND METHODS 


Growth and maintenance cerevisiae. S. cerevi- 
siae, strain MY306, was obiaine.’ through the cour- 
tesy of Dr. Eugene Dulaney, Research Laboratories 
Merck & Co., Inc. Rahway, N.J., and was maintained 
and grown on a medium consisting of Difco yeast 
extract (2°,), ammonium chloride (0.1%), K,HPO, 
(1.1%), KH,PO, (1.85°,) and glucose (2°,). Cultures 
were incubated at 28 in a Psychrotherm incubator 
(New Brunswick Scientific Co., New Brunswick, N.J.) 
with shaking at 5Orpm. Cultures in 18 x 150mm 
tubes were incubated at approximately 60° from the 
vertical to improve aeration. Seventeen-hour cultures 
were employed as inoculum (5°, v/v) to initiate ex- 
periments. For experiments involving growth studies 
and [1-'*C]sodium acetate incorporation a freshly in- 
oculated culture was added to sterile tubes or flasks 
containing triparanol or DMAE-DHA, which were 
added in methanol followed by removal of solvent 
in vacuo. Growth was followed by measurements of 
the absorbance of the culture at 640nm (Ag4o) with 
a Bausch and Lomb Spectronic 20, Uninoculated 
medium, suitably diluted, was used as a blank. All 
results are presented as mean values of duplicate test 
samples. Agreement between duplicates was within 10 
per cent. 

Extraction and analysis of lipids. Cells were centri- 
fuged at 1000 g for 10 min. in a Sorvall RC-2B centri- 
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fuge, washed twice with distilled water (0.5 x the ori- 
ginal volume of the culture), and extracted three times 
with 0.2 vol of methanol. This procedure yielded 
reproducible results, provided more '*C-non-saponifi- 
able lipids than could be obtained from cells dis- 
rupted by one passage through a French press, fol- 
lowed by lyophilization and extraction with chloro- 
form-methanol (2:1; v/v), and yielded about 90 per 
cent of the '*C-lipids extractable by the more cum- 
‘ bersome Deierkauf and Booij procedure [14]. 

Saponification was conducted by addition of suffi- 
cient 10°, aqueous potassium hydroxide (w/v) so that 
the final volume ratio of methanol to water was 3:2. 
The solution was allowed to stand overnight at room 
temperature. This procedure effected hydrolysis of 
triglycerides and phospholipids, but was without sig- 
nificant effect on steryl esters. 

'4C-Lipids were extracted from the saponification 
mixture with petroleum ether and were resolved by 
thin-layer chromatography (t.l.c.) on Silica gel G plas- 
tic plates (Brinkman Instruments, Inc., Westbury, 
N.Y.) by developing twice with benzene-ethyl acetate 
(5:1: v/v) to. 10cm and once with petroleum ether 
diethyl ether—glacial acetic acid (95:5:1, v/v) to 15cm. 
Reference compounds were visualized by brief expo- 
sure to iodine, and the '*C-labeled lipids were 
detected by radioautography [11]. '*C-Labeled zones 
were cut from the plate, added to scintillation vials, 
and radioactivity was measured in a Packard Tricarb 
Scintillation Spectrometer after addition of 5ml of 
scintillation fluid consisting of 4g 2,5-diphenyloxa- 
zole, 0.1 g bis-o-methylstyryl(-benzene), 660 ml toluene 
and 340 ml cellosolve. 

Analytical gas liquid chromatography (g.l.c.) was 
conducted with a model 5750 gas chromatograph 
(Hewlett Packard Instrument Co., Avondale, PA.) 
equipped with a flame ionization detector. A 6-foot, 
1/8-inch id. stainless steel column packed with 
Anachrom ABS (90/100 mesh) impregnated with 1°, 
SE30 was employed. The oven temperature was 220 
and the nitrogen carrier gas flow was 25 ml/min. Pre- 
parative g.l.c. was carried out with a Varian Aero- 
graph Gas Chromatograph model 90-P. The carrier 
gas used was helium (40 ml/min). A 5-foot, 1/4-inch 
id. column packed with Anachrom ABS (90/100 
mesh) and impregnated with 1°,, SE30 was employed. 
The column temperature was 220 and the detector 
temperature 300. The collector port was heated to 
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about 157° by a nichrome wire to prevent sample 
condensation in the system. As the recorder revealed 
the emergence of a fraction from the column a collec- 
tor tube, immersed in a dry ice-acetone bath, was 
connected to the collector outlet. 

I.r. spectra were taken with a model IR-8 infrared 
spectrophotometer (Beckman Instruments, Fullerton, 
CA). Preparations were dissolved in carbon tetra- 
chloride. Mass spectra were obtained with a DuPont 
model 21-491 mass spectrometer under the following 
operating conditions: source temperature 250°; inlet 
probe temperature 100°; source pressure 4 x 10°” 
torr; 70 eV; filament current, 300 microamps. 

Chemicals. DMAE-DHA was kindly provided by 
Dr. S. Bernstein, Lederle Laboratories, Pearl River, 
N.Y. Triparanol is a product of the William S. Merril, 
Co., and was kindly supplied by Dr. Glenn Patterson, 
Department of Botany, University of Maryland. 
[1-'*C]Sodium acetate was obtained from New Eng- 
land Nuclear, Boston, MA. Yeast extract was pur- 
chased from Difco Laboratories, Detroit, MI. Refer- 
ence Compounds for t..c. were purchased from 
Applied Science Laboratories, Inc., State College, PA. 
2,3-Oxidosqualene was kindly provided by Dr. J. D. 
Sipe. 

Solvents were redistilled before use; chloroform 
59-61 , petroleum ether 68-70 and diethyl ether 
34-36 . All other solvents and chemicals were reagent 
grade. 


RESULTS AND DISCUSSION 


Effects on growth of S. cerevisiae. From the data 
of Table | it appears that triparanol is a more active 
inhibitor of the growth of S. cerevisiae than is 
DMAE-DHA. At 8 x 10°°M triparanol completely 
suppressed growth, whereas DMAE-DHA at 10°*M 
had little effect on the growth rate. Even at 10°7M 
DMAE-DHA succeeded only in sharply curtailing the 
growth rate without totally abolishing cellular multip- 
lication. In contrast, DMAE-DHA was somewhat 
more active than triparanol against the protozoan T. 
pyriformis [5]. 

Effects on incorporation of [1-'*C]sodium acetate 
into non-saponifiable lipids. Table 2 presents data on 
the effects of several concentrations of triparanol and 
DMAE-DHA on the incorporation of [1-'*C]sodium 
acetate into non-saponifiable lipids. As indicated in 


Table |. Effects of triparanol and DMAE-DHA on growth of S. cerevisiae 





Concentration 
Compound M 


A 640 


2 hr 4hr 6 hr 8 hr 12 hr 





Triparanol* 0 
Pe 
8 x 10°° 
DMAE-DHAt 0 
10°4 
10-3 


0.58 8 a0 
0.58 yi 4.0 
0.47 0.74 





* Fifty ml. of culture, initial A,go = 0.26, were added to sterile 500-ml Erlenmeyer 
flasks containing sufficient triparanol as a dry residue to provide the indicated final 
concentration. 

+ Five ml of culture, initial 
tubes containing sufficient DMAE-DHA as a dry residue to provide the indicated 
final concentration. 


1640 


= ().35, were added to sterile 18 x 150-mm culture 





Effect of triparanol and DMAE-DHA on growth 


Table 2. Effects of triparanol and DMAE-DHA on production of '*C-non-saponifiable lipids from 
[ 1-'*C]sodium acetate by S. cerevisiae 





Concentration 
Compound M 


4hr 


Non-saponifiable lipids* 
8 hr 





Triparanol* 0 
x 3 
$x 16° 
x 16-7 


DMAE-DHA* 0 
io * 
* 
10-4 


19.1 (2.3) 
8.6 (1.6) 
3.1 (0.43) 
3.2(0.41) 

25.0 (2.7) 

33.4 (2.7) 

27.2 (2.7) 

32.8 (2.3) 


25.2 (4.5) 
17.6 (3.7) Pe 
3.9 (0.46) = 
3.7 (0.36) 


36.2 (11.0) 
43.0 (11.5) 
38.6 (11.5) 
44.6 (10.5) 





* Data are expressed as cpm x 10°* per 5 ml culture. Values in parentheses represent Agqo turbidity 


readings—a measure of cell population density. 


+ The experiment was initiated as described for triparanol in Table 1. An ethanol solution (0.8 ml, 
800 Ci) of [1-'*C]sodium acetate (59 mCi/mmole) was added to 400 ml of culture before distribution 
of 50-ml aliquots to flasks for incubation. Ten-ml aliquots of culture were removed at intervals for 


extraction and analysis of lipids. 


the Material and Methods section the saponification 
conditions employed were without effect on steryl 
esters, which continue therefore to be present in the 
‘non-saponifiable lipids’ fraction. Commensurate with 
its more drastic effects on growth, triparanol, even 
at 2 x 10°°M caused a sharp reduction in the rate 
of incorporation of the label into the non-saponifiable 
lipid fraction. DMAE-DHA, at concentrations up to 
10° *M, exerted no inhibition on the rate of forma- 
tion of labeled non-saponifiable lipids. 

Of considerable interest is the relative distribution 
of label in the non-saponifiable fraction from yeast 
grown in the presence of triparanol or DMAE-DHA. 
Figures | and 2 are radioautographs of non-saponifi- 
able lipid fractions, resolved by t.l.c.. from cultures 


. INCUBATION - 4 HOURS 


squalene O 
chol. oleate O 


2,3-Oxidosq. CE) 


lanosterol © 


ergosterol O 


Control 


exposed to triparanol and [1-'*C]sodium acetate for 
4 and 8 hr. Visual inspection of Figure 2 suggests that 
at 2 x 10°°M triparanol might cause an accumu- 
lation of a substance with t.l.c. mobility comparable 
to that of lanosterol (zone D). At higher concen- 
trations of triparanol this accumulation is more pro- 
nounced, and the ‘ergosterol’ zone is only slightly 
labeled in the presence of 5-8 x 10°~°M triparanol. 
Moreover there appears to be a greater accumulation 
of a substance (zone K) with mobility characteristic 
of squalene than witnessed in the controls. Zones B 
(‘ergosterol’), D (‘Lanosterol’), J (‘steryl esters’) and 
K (‘squalene’) were removed from the t.l.c. plate for 
determination of the '*C content. Analysis of the 4-hr 
samples (Fig. 1) revealed that in the presence of 


ZONES 
K 


J 


——Triparanol 
20M 


50yM 680yM 


Fig. 1. Effect of triparanol on incorporation of [1-'*C]sodium acetate by S. cerevisiae into non-saponifi- 
able lipids. Cultures were exposed to [1-'*C]sodium acetate and varying concentrations of triparanol 
for 4hr before extraction and analysis by t.l.c. of the non-saponifiable fractions. 
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INCUBATION - 8 HOURS 


squalene & 
chol. oleate 


2,37> Oxidosq. O 


lanosterol O 


ergosterol O 


Control 


20 uM 


Tring sant BO uM 


Fig. 2. Effect of triparanol on incorporation of [1-'*C]sodium acetate by S. cerevisiae into non-saponifi- 
able lipids. Cultures were exposed to [1-'*C]sodium acetate and varying concentrations of triparanol 
for 8 hr before extraction and analysis by t.Lc. of the non-saponifiable fraction. 


2 x 10°°M triparanol, the incorporation of '*C into 
‘ergosterol’ represented 26 per cent of the total non- 
saponifiable lipids, whereas for the controls the value 
was 37 per cent. Comparable values for the ‘lanos- 
terol’ zone were 6.5 per cent for the control and 15.8 
per cent for the samples incubated with 2 x 10°°M 
triparanol. The fraction of '*C-non-saponifiable lipids 
represented by ‘ergosterol’ and ‘lanosterol’ for 
samples incubated with 5 x 10°°M triparanol were 
1.9 per cent and 25 per cent, respectively. The steryl 
ester fraction represented 29 per cent of the non- 
saponifiable lipids for the control and this fraction was, 
surprisingly, not greatly affected by triparanol at 
2-5 x 10° °M. The fraction of non-saponifiable lipids 
represented by ‘squalene’ was almost two to three 
times control values in the 5-8 x 10°*M_= samples. 
Analysis of the 8-hr incubation data (Fig. 2) revealed 
similar trends. 

These observations, though admittedly premature 
because of incomplete characterization of the labeled 
fractions, do suggest that in yeast triparanol affects 
the metabolism of non-saponifiable lipids primarily 


at one or more sites subsequent to the formation of 


lanosterol, and secondarily restricts the rate of epoxi- 
dation of squalene. Similar findings have been made 
in a rat liver system [15]. Major effects of triparanol 
on events subsequent to cyclization of 2,3-oxidosqua- 
lene have also been reported for a cell-free system 
from germinating peas [8] and with intact Chlorella 
species [9, 10]. 

Figures 3 and 4 represent radioautographs of 
'$C-Jabeled non-saponifiable lipids from yeast incu- 


bated for 4 and 24hr with varying concentrations of 


DMAE-DHA. Most startling perhaps is the observa- 
tion that at 10°°M DMAE-DHA, a concentration 
only | per cent of that causing only slight growth 


inhibition, there was a significant modification in the 
pattern of non-saponifiable lipids. By 24hr (Fig. 4) 
substances in zone G are significantly labeled (about 
7.9 per cent and 5.3 per cent of total non-saponifiable 
lipids) in samples from cultures incubated with 
10°-°M and 10°°M DMAE-DHA, respectively. In 
contrast, radioactivity from the same zone from con- 
trols represented only 0.8 per cent of the non-saponifi- 
able lipids. Exposure to 10°°M DMAE-DHA 
revealed by 4hr (Fig. 3) additional abberations from 
control data. When expressed as a percent of the non- 
saponifiable lipids comparisons with the control were 
as follows: ‘ergosterol’ was 20.9 (31.0 for the control); 
‘lanosterol’ was 28.3 (5.7 for the control); zone F was 
2.9 (1.2 for the control) and zone H was 8.2 (0.6 for 
the control). “Steryl esters’, though not quantitatively 
measured, also appeared to be reduced in quantity. 
At the highest concentration of DMAE-DHA tested, 
10°-*M, there appeared to be no label in the ‘steryl 
ester’ zone; ‘ergosterol’ represented only about 3 per 
cent of the total non-saponifiable lipids, whereas zone 
H amounted to 54 per cent. There appeared to be 
a gradual movement of '*C from zone H to zone 
F with time (cf Figs. 3 and 4) when cultures were 
incubated with 10°* to 10°*M DMAE-DHA. 

As will be described, the substance in zone H has 
been characterized as 2,3-oxidosqualene. One possible 
explanation for the observations made with differing 
concentrations of DMAE-DHA is suggested in the 
following scheme where the indicated concentration 
of DMAE-DHA causes a partial or complete block- 
ing of ‘the reaction. 

At the highest concentration of DMAE-DHA, 
10°*M., formation of lanosterol from 2,3-oxidosqua- 
lene is almost completely blocked. However, with in- 
creasing time of incubation 2,3-oxidosqualene is con- 





Effect of triparanol and DMAE-DHA on growth 


INCUBATION - 4HOURS 


squalene 
chol. oleate © 


2,3-Oxidosq. © 


lanoster ol 


ergosterol 


Control 


——— DMAE - DHA 
10° 4M 


10-°>mM ~—s 10" © 


Fig. 3. Effect of DMAE-DHA on incorporation of [1-'*C]sodium acetate by S. cerevisiae into non- 
saponifiable lipids. Cultures were exposed to [1-'*C]sodium acetate and varying concentration of 
DMAE-DHA for 4 hr before extraction and analysis by tlc. of the non-saponifiable fraction. 


sumed and apparently converted to F. At 10 °M 


DMAE-DHA there is an early accumulation of 


2,3-oxidosqualene and lanosterol together with a 
smaller quantity of F. By 24 hr the 2,3-oxidosqualene 
and lanosterol have disappeared some F is still pres- 
ent, and G has been formed. Steryl esters are less 
abundant than in the control. while the ergosterol 


squalene 
chol. oleatet) 


2,3-OxidosqD 7 


level is comparable to the control. Since F appears 
to come from 2,3-oxidosqualene, and F and G are 
observed in significant quantity only in the presence 
of DMAE-DHA, it is possible that F and G are inter- 
mediates in the biosynthesis of ergosterol or of steryl 
esters. As depicted in the scheme, either F or lanos- 
terol might serve as a precursor for G. Isolation and 


INCUBATION - 24HOURS 


is 


= a 


———-DMAE - DHA——— 


10°5m =—s- 10" © 


Fig. 4. Effect of DMAE-DHA on incorporation of [1-'*C]sodium acetate by S. cerevisiae into non- 
saponifiable lipids. Cultures were exposed to [1-'*C]sodium acetate and varying concentrations of 
DMAE-DHA for 24 hr before extraction and analysis by t.l.c. of the non-saponifiable fraction. 
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identification of F and G will be required to elucidate 
their role in the biosynthesis of sterols and _ steryl 
esters. 

Identification of zone H substance as 23-oxidosqua- 
lene. Two Fernback flasks, each containing one liter 
of sterile medium with DMAE-DHA (10° * M), were 
inoculated with 50-ml portions of an overnight cul- 
ture of S. cerevisiae. After 4 hr incubation lipids were 
extracted from the culture and saponified. The non- 
saponifiable fraction weighed approximately 30 mg. 
By t.l.c. it was found that the most abundant com- 
ponent in the non-saponifiable preparation was zone 
H materia] with a small quantity of zone K material. 
After concentration the entire non-saponifiable frac- 
tion was chromatographed on a thick layer plate 
using the same chromatographic conditions described 
in the Materials and Methods section. The substance 
migrating in zone H was recovered by scraping the 
plate and extracting three times with 15-ml portions 
of methanol. The extracts were combined, filtered, 
and concentrated under nitrogen to about 3 ml. Ali- 
quots were analyzed by t.l.c. employing three different 
developing systems. In each case only one substance 
was observed, and it migrated in the same manner 
as 2,3-oxidosqualene. The R, values were as follows: 
0.58 for the developing conditions described in the 
Materials and Methods section, 0.26 for the system 
consisting of petroleum ether-—ethyl acetate (95:5, v/v), 
and R, 0.39 with methylene chloride. 

Lr. spectra for the zone H substance and for auth- 
entic 2,3-oxidosqualene were obtained. The spectra 
were very similar, and both exhibited maxima at 2960, 
2920, 2860, 1445, 1375 and 1245cm '. These maxima 


agree with those reported by Willet et al.[16] for 
2.3-oxidosqualene. 

Further evidence for the purity and identity of zone 
H substances as 2,3-oxidosqualene was obtained by 
g.l.c. and mass spectroscopy. Analytical g.l.c. on a 1% 
SE30 column at 220° indicated a relative retention 
time of 1.88 compared to squalene for each of the 
two preparations. Preparative g.lc. was also con- 
ducted with a 1°, SE30 column. Three fractions were 
collected from the peak emerging as 2,3-oxidosqua- 
lene from the authentic compound and from the zone 
H substance. All were analyzed by mass spectroscopy 
and were found to display mass spectra with the fol- 
lowing m/e values: 426, molecular ion, 357, 203, 191, 
189, 177, 175, 163, 161, 153, 149, 147, 137, 135, 123, 
121, 109 and 107. Willet et al. [16] reported the same 
m/e values for 2,3-oxidosqualene. 
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Abstract—The effect of PCBs or phenobarbital on the biosynthesis of phospholipids in hepatic endo- 
plasmic reticulum of rats was studied by the intraperitoneal injection of [°?P orthophosphate, [Me-!* 
C]choline or [2-*H]glycerol. Significant increases in liver microsomal phospholipid content after the 
administration of either PCBs or phenobarbital indicated the actual proliferation of endoplasmic reticu- 
lum membranes. The rate of both [77P] and ['*C] incorporations into microsomal choline-containing 
phospholipids, such as phosphatidylcholine, sphingomyelin and lysophosphatidylcholine, was reduced 
to one fifth by PCBs administration compared with control animals. The incorporation of [*?P ]Jortho- 
phosphate into phosphatidylethanolamine or other phospholipid classes was less or not affected, respect- 
ively, by PCBs administration. The specific inhibitory effect of PCBs on the incorporation into choline- 
containing phospholipids was not observed when [2-*H ]glycerol was used as a precursor. Phenobarbital 
administration, however, increased significantly the rate of [°°P] incorporation into liver phospholipids, 
especially phosphatidylcholine. It is suggested that the increase in microsomal phospholipid content 
by PCBs administration is not due to the stimulation of synthesis but to the inhibition of the catabolism 
of membrane phospholipids and that the increase in content caused by phenobarbital is due at least 
in part, to the stimulation of synthesis. The possible site(s) of PCBs-induced inhibition of phospholipid 


biosynthesis in rat liver is discussed. 


Induction of hepatic drug-metabolizing enzymes by 
administration of many kinds of lipophilic substances 
is accompanied by proliferation of the membranes of 
the endoplasmic reticulum [1,2]. The proliferation of 
the membranes is characterized by an increase in both 
phospholipid and protein content. 

Whether such lipophilic substances cause these 
effects mainly by enhancing synthesis or slowing cata- 
bolism, however, remains obscure with respect to 
membrane phospholipids. 

Orrenius and co-workers [3-5] first found that 
phenobarbital markedly increased the rate of incor- 
poration of [**P]Jorthophosphate into phospholipids 
of rat liver microsomal fraction, and they suggested 
that enhanced phospholipid synthesis was an early 
step in the phenobarbital-induced proliferation of 
liver endoplasmic reticulum. Furthermore, Young et 
al. [6] and recently Davison and Wills [7] reported 
that the increased synthesis of phospholipid in the 
liver of phenobarbital-treated rats resulted from the 
stimulated synthesis of phosphatidylcholine via trans- 
methylation of phosphatidylethanolamine. Holtzman 
and Gillette [8], however, failed to confirm these 
results and found that phenobarbital increased hepa- 
tic microsomal phospholipid by inhibiting phospho- 
lipid catabolism. 

On the other hand, the important role that phos- 
pholipid. especially phosphatidylcholine, plays in the 
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Abbreviations: PL. phospholipid(s); PC, phosphatidy!- 
choline: PE, phosphatidylethanolamine: PI, phosphatidy- 
linositol; PS, phosphatidylserine; Sph, sphingomyelin; 
DPG, diphosphatidylglycerol (cardiolipin); LPC, lisophos- 
phatidylcholine; NL, neutral lipids; PB, phenobarbital. 


microsomal drug metabolizing system has _ been 
demonstrated by the finding that the preparation of 
solubilized components cannot function in a reconsti- 
tuted system unless phospholipid is added [9, 10]. 
The fact that treatment of liver microsomes with 
phospholipases [11,12] or with organic solvents 
[ 13, 14] causes a significant decrease of drug metabo- 
lizing activity also indicates the essential role of phos- 
pholipid. 

The present studies were undertaken in order to 
characterize the alterations in phospholipid metabo- 
lism associated with lipophilic substance-induced pro- 
liferation of hepatic endoplasmic reticulum. Polych- 
lorinated biphenyls (PCBs) was chosen as the sub- 
stance because this highly lipophilic compound is 
known to be widely distributed in the environment 
and its toxic effects to animals, including man, have 
recently been documented [15]. Since PCBs has been 
shown to induce the activity of the hepatic mixed- 
function oxygenase system in a manner similar to 
phenobarbital [16-18], comparative studies were 
done with respect to the effects of both compounds 
on hepatic phospholipid metabolism. 

The results indicate that the proliferation of endo- 
plasmic reticulum membranes caused by the 
administration of lipophilic substances to rats is not 
necessarily accompanied by the stimulated synthesis 
of phospholipids in membranes. 


EXPERIMENTAL 


[Me-'*C]Choline (sp. act. 10mCi/m-mole) and 
[2-3H ]glycerol (sp. act. 500 mCi/mM) were purchased 
from Daiichi Pure Chemicals Co. Ltd.. Japan. and 
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the Radiochemical Centre. Amersham, England, re- 
spectively. Carrier free H3[**P]O, was purchased 
from Japan Atomic Energy Research Institute. 

Male Wister rats weighing 80-100 g were used for 
all experiments. Rats were housed two per cage, fed 
Clea CE-2 Laboratory Chow, and allowed free access 
to water. 

For oral administration, PCBs  (Polychloro 
Biphenyl, tetra, obtained from Wako Pure Chem. In- 
dust. Co. Ltd., Japan) and phenobarbital were made 
homogeneous in 2°, (w/v) sodium carboxymethyl 
cellulose (CMC) solution by sonic treatment or by 
mixing in a glass mortar. respectively. Experimental 
animals were given 100 mg/kg/day of PCBs or 80 mg 
kg/day of phenobarbital by gastric intubation once 
a day in the morning, and control animals were given 
equivalent volumes of 2°,, CMC. In order to assure 
equal food intake and negate the possible effect of 
altered feeding habit owing to the administration of 
the substance, food was removed from the cages of 
all rats after the morning administration, and 
returned in the evening. 

At various times after the administration of the 
drugs, radioactive precursor (250 wCi H3[**P]O, in 
0.5 ml of 0.9°,, NaCl solution containing phosphate, 
pH 7.4, 10 wCi [Me-'*C]choline chloride or 100 uCi 
[2-*H ]glycerol, each in 0.5 ml of 0.9%, NaCl) was in- 
jected intraperitoneally into the control and_ the 
treated animals. 

At different time intervals after the injection of pre- 
cursor, the rats were killed by decapitation. The livers 
and kidneys were removed, washed twice with ice- 
cold 0.9°,; NaCl, weighed, chilled on ice, homogenized 
in 20 vol. of chloroform—methanol (2:1, v/v) contain- 
ing a trace amount of butylated hydroxytoluene 
(BHT), and the lipids extracted according to the 
‘method of Folch et al. [19]. 

For the preparation of microsomes, animals were 
starved overnight before they were killed and the 
livers. were excized and homogenized in 4 vol. of 
1.15°, (w/v) KCI containing | mM EDTA at 4. The 
post-mitochondrial supernatant prepared by centri- 
fuging the homogenate twice for 20 min at 9,000 g was 
recentrifuged for 60 min at 105,000 g. The pellet was 
used as the source of the liver endoplasmic reticulum. 
The microsomal lipids were extracted by the pro- 
cedure mentioned above. 

‘Phospholipids were fractionated either by DEAE- 
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cellulose column chromatography combined with 
quantitative thin layer chromatography (t.l.c.) accord- 
ing to the method of Rouser et al. [20] or by two-di- 
mensional t.l.c. developed with chloroform—meth- 
anol-28°,, aqueous ammonia (65:35:5), followed 
by chloroform—acetone—methanol-acetic acid—water 
(5:2:1:1:0.5) according to the method of Rouser, 
Simon & Kritchevsky [21], except that magnesium 
silicate-free adsorbent (Silica Gel H, Merck No. 7736) 
was used. The spots were identified by iodine vapor, 
scraped off and extracted with methanol and chloro- 
form—methanol-acetic acid (50:40: 2). 

Phospholipid phosphorus was determined by the 
molybdate—ascorbic acid method after digesting with 
70°, (w/v) perchloric acid [22]. 

The radioactivity incorporated into the phospho- 
lipid fraction was counted in a Packard Tri-Carb 
model 2002 scintillation spectrometer using 10 ml of 
toluene with 0.4% (w/v) 2.5-diphenyl-oxazole (PPO) 
and 0.01%, (w/v) 2,2’-p-phenylene-bis-(5-phenyl-oxa- 
zole) (POPOP). 

RESULTS 


Effect of administration of PCBs on the incorporation 
of [°*P orthophosphate into phospholipids. Table 1 
shows the sp. act. of individual phospholipids of rat 
liver and kidney. The liver weight and phospholipid 
content increased in PCBs-treated animals, but the 
incorporation of [**P orthophosphate into total liver 
phospholipids decreased to about one half of that in 
control animals. The sp. act. of individual phospho- 
lipids decreased; the greatest decrease was observed 
in the choline-containing phospholipids, phosphati- 
dylcholine, sphingomyelin and lysophosphatidylcho- 
line. 

In kidney, the phospholipid content and the sp. 
act. of total phospholipids were not significantly dif- 
ferent between the treated and control animals, but 
the distribution of [*?P]orthophosphate in both 
phosphatidylethanolamine and_ phosphatidylinositol 
was somewhat lower in PCBs-treated animals. 

Time course of effect of PCBs and phenobarbital on 
[°?P ]orthophosphate incorporation. The sp. act. of 
total phospholipids, phosphatidylcholine, phosphati- 
dylethanolamine and phosphatidylinositol in the liver 
of control animals during the experimental periods 
were always within the ranges of 354 + 41, 291 + 66, 
527 + 57 and 216 + 9, respectively. 


Table 1. Effect of administration of PCBs for 3 days on the incorporation of [*?P]orthophosphate into the phospholipids 
of rat, liver and kidney 





act. (cpm yg lipid-P) 





Total-Pl 


Pl PS Sph + LPC DPG 





Control < + < 33 +02 690 + 7 

Treated | +4 7.4 4 38 + 0.2 298 + 
Kidney 

Control + 0.2 ? 0.1 418 + 

Treated 1.2 29 +01 414 + 22 


390 + § 


+ 80 53 + 314132 523+ 18 370 + 30 





PCBs (100 mg kg) was administered orally daily for 3 days. On the fourth day, [°*P]orthophosphate (250 wCi) was 
injected | hr before the animals were killed. Other experimental details are described in the text. The values are means 


+ S.E.M. of duplicate measurements from three animals. 


* Fraction eluted by acetic acid through DEAE-cellulose column. 


+ The values are averages from two animals. 
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re) 
fe) 
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| 
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Figs. | and 2. Effect of PCBs or phenobarbital administ- 
ration on the incorporation of [**P]Jorthophosphate into 
rat liver phospholipids. PCBs (100 mg/kg) or phenobarbital 
(80 mg/kg) was administered daily and the animals were 
killed at the times specified. At 1 hr before being killed, 
they were injected with 200 Ci of [°?P orthophosphate. 
Other experimental procedures are described in the text. 
X----x , sp. act. (epm/sg lipid-P) of total liver phospho- 
lipids; O O, sp. act. of phosphatidylcholine; A A, 
sp. act. of phosphatidylethanolamine: © ©, sp. act. of 
phosphatidylinositol. 


At 24hr after a single dose of PCBs, there was 
a significant decrease (45°,) in the rate of [**P] incor- 
poration into phosphatidylcholine, as shown in Fig. 
1. Repeated administration of PCBs caused a further 


Table 2. Effect of PCBs or phenobarbital on the incorporation of [**P]Jorthophosphate into the 
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decrease as seen at 48 and 72hr after the first 
administration. The sp. act. of phosphatidylethanola- 
mine, on the other hand, did not decrease until 48 hr 
after the first administration, but a rapid decrease 
(50%) was seen at 72 hr. 

Figure 2 shows the effect of phenobarbital 
administration on [°*P] incorporation into the main 
phospholipid classes in rat liver. At 12 hr after the 
first administration of phenobarbital, the [>*P] incor- 
poration into total phospholipids and phosphatidyl- 
choline was maximum, showing a 47% and 113° in- 
crease in sp. act., respectively. At 24 hr, however, both 
the sp. act. returned to the control levels. The incor- 
poration into phosphatidylethanolamine, on the other 
hand, was not affected by phenobarbital administ- 
ration during experimental periods and that into 
phosphatidylinositol increased gradually 24 and 48 hr 
after the first administration. 

Effect of PCBs and phenobarbital on [*?P ]ortho- 
phosphate incorporation into liver microsomal phospho- 
lipids. The microsomal phospholipid content in- 
creased in rats given either PCBs or phenobarbital 
(Table 2), suggesting a marked proliferation of endo- 
plasmic reticulum membranes. 

The administration of PCBs caused a significant 
decrease in the rate of [*?P] incorporation into total 
microsomal phospholipids, mainly due to the de- 
crease in incorporation into choline-containing phos- 
pholipids such as phosphatidylcholine and sphingo- 
myelin, as was seen in the whole liver experiments 
(Table 1). 

Phenobarbital, however, had no significant effects 
on the incorporation rate of [**P]orthophosphate 
into microsomal phospholipid classes. 

Incorporation of [Me-'*C]choline into phospholipids 
of liver microsomes of rats pre-treated with PCBs or 
phenobarbital. Table 3 shows the sp. act. of individual 
phospholipid classes. In all animals, more than 98°, 
of radioactivity incorporated into total lipids were 
detected in phosphatidylcholine; the remainder, less 
than 2°,. were detected in lysophosphatidylcholine, 
sphingomyelin and phosphatidylserine. 

The initial incorporation of [Me-'*C]choline, into 
microsomal choline-containing phospholipids, like- 
wise [*?P]orthophosphate, was strongly inhibited by 
pretreatment with PCBs, and the extent of the inhibi- 
tory effect of PCBs on the incorporation of the both 
precursors into phosphatidylcholine was similar. 

Pretreatment with phenobarbital caused no signifi- 
cant changes in the incorporation rate of [Me-'*C]- 
choline into microsomal phospholipids. 


phospholipids of 


rat liver microsomes 





Microsomal 
Body PLs g liver 


(mg) 


act. (cpm/yg lipid-P) 





Total-PL ; PE PI PS Sph 





Pay 
Control + + 5.94 + 0.53 
PCBs + 3+03 13.48 + 1.48 
Expt. 2 
Control + + OR 4.10 + 0.32 
Phenobarbital + §.3+03 9.17 + 1.51 


214+ 16 39+8 


12 + 12.1227 


310 + 17 297 454 + 42 98 + 
134 + 21 60 263 + 36 83 


329 + 36 254+! 559 + 101 127 + 44 
327 + 11 244 + $25 + 53 145 + 31 





Either PCBs (100 mg/kg/day) or 


phenobarbital (80 mg/kg/day) was administered orally for 2 days. On the third 


day, [°?P orthophosphate (250 Ci) was injected i.p. | hr before the animals were killed. Other experimental procedures 
are described in the text. The values are means + S.E.M. from four animals 
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Table 3. 


Incorporation of [Me-'*C]choline into microsomal phospholipids of 


rats treated with either PCBs or phenobarbital 





Sp. act. (dpm/yg lipid-P) 





Total-Pl 


PC 


LPC 





1434 + 163 
977 + «79 457 


150 2159 


PCBs 2 
Phenobarbital 1359 + 


2213 + 


139 


+ 137 


$25 
99 + 
460 + 


129 
45 
170 


+ 308 + 21 





PCBs (100 mg/kg/day) and phenobarbital (80 mg/kg/day) were administered 


orally for 2 


days. On the third day, [Me-'*C]choline (10 Ci) was injected 


i.p. | hr before the animals were killed. Other experimental details are described 
in the text. The values are means + S.E.M. from five animals. 


Incorporation of [2-*H]glycerol into liver microso- 
mal lipids of rats pretreated with PCBs. Fifteen min 
after the injection of [2-*H]glycerol, the distribution 
of the radioactivity incorporated into microsomal 
lipids was not affected by pretreatment with PCBs, 
except that the radioactivity of phosphatidylinositol 
from treated rats was somewhat higher than that of 
the controls (Table 4). 

The sp. act. of total microsomal phospholipids in 
PCBs-treated animals, on the other hand, decreased 
to 56°, of that in control animals, and this decrease 
was mainly due to the reduction of incorporation of 
radioactivity into both phosphatidylcholine and phos- 
phatidylethanolamine. It is interesting that the sp. act. 
of phosphatidylinositol was significantly higher in 
treated animals than in the control. 

At 60 min after the injection of the precursor, the 
total radioactivity incorporated into microsomal 


lipids was mainly detected in phospholipid fractions 


(80°) in control animals, while in PCBs-treated ani- 
mals, more than 30°, of the radioactivity remained 
in the neutral lipid fraction. The differences in sp. 
act. of each phospholipid class between control and 
PCBs-treated animals were less. : 
Phospholipid composition of rat liver microsomal 
fraction after treatment with PCBs or phenobarbi- 
tal. The phospholipid composition of liver micro- 
somes of rats given either PCBs or phenobarbital for 
2 days is shown in Table 5. The content of phosphati- 


dylcholine was higher, and that of phosphatidylserine 
and sphingomyelin was lower after both PCBs and 
phenobarbital treatment. 

DISCUSSION 

A number of reports have demonstrated that ani- 
mals given PCBs and phenobarbital, show a marked 
proliferation of smooth endoplasmic reticulum in the 
liver [23-25] associated with increased activities of 
microsomal drug-metabolizing enzyme _ [16~—18, 
26-28]. 

The present studies showed that the possible pro- 
liferation of endoplasmic reticulum in rat liver follow- 
ing PCBs administration, which was estimated by an 
increase in microsomal phospholipid content per 
weight of liver (Table 2), was not always accompanied 
by an enhancement of de novo synthesis of hepatocyte 
phospholipid. 

The incorporation of [°?P]orthophosphate into 
both whole liver and microsomal phospholipids was 
strongly inhibited by the administration of PCBs 
(Tables | and 2, Fig. 1). This decrease was found to 
be mainly due to the inhibition of the incorporation 
into phosphatidylcholine and other choline-contain- 
ing phospholipids such as sphingomyelin and lyso- 
phosphatidylcholine. The incorporation of [Me-'*C]- 
choline into microsomal phospholipid also was inhi- 
bited by the administration of PCBs (Table 3). 
Although the decrease of the initial incorporation of 


Table 4. Incorporation of [2-*H]glycerol into liver microsomal lipids of rats pretreated with 
PCBs 





Control 
Sp. act 
(dpm/g lipid-P) 


Count 


Treated 
Sp. act Sp. act. ratio 
(dpm, yg lipid-P) (°,) 


Count 
) 





PE, 
Pl 
PS 
Sph 
NI 
60 min 
Total 
PC 

PI 

PI 
PS 
Sph 
LPC 
NI 


\+ 


316+ 19 
17.8 + 1.5 
39 +08 
0.2 + 0.1 
0.2 +01 
46.0 + 1.0 


+ I+ I+ I+ 1+ 


404 +13 
18.6 + 2.1 
40 +09 
03 
0.7 +03 
0.5 + 0.1 
35.4 + 2.0 


I+ I+ 1+ I+ 4+ 1+ 





PCBs (100 mg/kg/day) was administered orally for 2 days. On 


the third day, 100 Ci of 


[2-*H]glycerol was injected ip. 15 or 60 min before the animals were killed. The values 


are means + S.E.M. from four animals. 


* The values in these columns are means of two animals. 
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Table 5. Phospholipid composition of rat liver microsomal fraction after treatment with either PCBs or phenobarbital 





Composition (°,, of total phospholipid) 





Treatment PC PE PI 


Yield 


PS Sph Others (%) 





Control 
PCBs 
Phenobarbital 


50.9 + 0.4 
53.6 + 0.6 
53.0 + 1.9 


23.6 + 0.8 
25.6 + 0.5 
23.8 +19 


11.1 + 0.6 
11.7+0.1 
11.6 + 0.3 


46 +04 
3.1+0.1 
3.6 + 0.2 


58 +03 3.7+05 
34+04 2.7+09 
4.0 + 0.6 38 +03 


97.3 + 2.2 


97.0 + 3.5 
984+ 1.5 





Either PCBs (100 mg/kg/day) or phenobarbital (80 mg/kg/day) was administered for 2 days. On the third day, the 
animals were killed by decapitation and microsomal lipids were prepared and fractionated as described in the text. 


The values are means + S.E.M. from four animals. 


[3?P orthophosphate was recognized in the phospha- 
tidylethanolamine fraction of whole liver and the mic- 
rosomes, the inhibitory rate was far smaller than cho- 
line-containing phospholipids and the incorporation 
into phosphatidylinositol and phosphatidylserine was 
almost unaffected. 

These findings suggest that PCBs or its metabolites 
cause a severe inhibition of hepatic phospholipid syn- 
thesis at the level of CDP-choline formation via phos- 
phorylcholine, namely inhibition of choline kinase 
[ATP:choline phosphotransferase, EC 2.7.1.32] and/ 
or cholinephosphate cytidyltransferase [CTP :choline- 
phosphate cytidyltransferase, EC 2.7.7.15]. The 
smaller extent of inhibition observed in phosphatidy- 
lethanolamine could be explained by assuming that 
ethanolamine kinase [EC 2.7.1.?] and ethanolamine- 
phosphate cytidyltransferase [EC 2.7.7.14] are less 
sensitive to the administration of PCBs. 

The activity of choline phosphotransferase 
[CDP-choline: 1,2-diacyl-sn-glycerolcholinephospho- 
transferase, EC 2.7.8.2] is unaffected for the following 
reasons; the incorporation of both [**P]Jorthophos- 
phate and [Me-'*C]choline into membranous sph- 
ingomyelin and phosphatidylcholine decreased to a 
similar extent in PCBs-treated animals. In addition, 
the incorporation of [2-*H]glycerol, injected 1 hr 
before decapitation, into microsomal phosphatidyl- 
choline was not significantly affected by PCBs pre- 
treatment. 

Bjornstad and Bremer [29], Kanoh and Ohno 
[30, 31] and recently Sundler et al. [32] reported that 
the formation of phosphatidylcholine from CDP-cho- 
line and diglyceride is freely reversible, whereas this 
is not the case with phosphatidylethanolamine. There- 
fore, it would be expected that, if CDP-choline syn- 
thesis is impeded, the back reaction of phosphotrans- 
ferase would proceed to retain the CDP-choline level. 
Thus, the fact that the incorporation of [2-*H]gly- 
cerol into microsomal phosphatidylcholine was not 
significantly affected, at least 1 hr after injection of 
the precursor, by pretreatment with PCBs (Table 4) 
would not conflict with the fact that PCBs caused 
an inhibition in the process of CDP-choline synthesis 
via phosphorylcholine. 

Another possible site could be in the process of 
permeation of choline into liver cells. A number of 
reports have shown that choline entry into erythro- 
cytes [33,34], kidney slices [35,36], synaptosomes 
[37, 38], hepatoma [39] and ascites tumor cells [40] 
is dependent on a carrier-mediated mechanism (cho- 
line permease) within the range of its physiological 
concentration. Thus inhibition of the choline per- 
mease in the liver, but not in the kidney, by PCBs 
or its metabolites may be another explanation. 


The initial rate of incorporation of [2-*H]glycerol, 
when injected 15 min before the animals were killed, 
into liver microsomal phosphatidylcholine and phos- 
phatidylethanolamine was decreased by PCBs pre- 
treatment to about ene half of that in control animals 
(Table 4), indicating that the metabolic process from 
glycerol to diglyceride via phosphatidic acid also is 
affected by the administration of PCBs. Inhibition of 
phosphatidate phosphatase [L-x-phosphatidate phos- 
phohydrolase, EC 3.1.3.4] may be a_ plausible 
explanation for these results, because of the fact that 
the incorporation rate of [2-*H]glycerol into micro- 
somal phosphatidylinositol, which is formed from 
phosphatidic acid via CDP-diglyceride, did not de- 
crease but somewhat increased in PCBs-treated rats. 

It has been demonstrated that the phosphatidylcho- 
line content in rat liver endoplasmic reticulum mem- 
branes increases significantly after the injection of 
phenobarbital for several days [4, 6, 41, 42], and it has 
been suggested also that this increase is mainly due 
to the stimulation of phosphatidylcholine synthesis 
via transmethylation from phosphatidylethanolamine, 
since the activity of S-adenosylmethionine-phosphati- 
dylethanolamine methyltransferase increases at an 
early time after the injection of phenobarbital [6, 7]. 
Holtzman and Gillette [8], on the other hand, found 
that phenobarbital enhances the synthesis of microso- 
mal phospholipid in male rats but not in females, 
and that it reduces the catabolism of microsomal 
phospholipid in both male and female rats. 

In the present study, the concentration of microso- 
mal phospholipids significantly increased 48 hr after 
the first administration of phenobarbital (Table 2), 
and the rate of the incorporation of [*?P]Jorthophos- 
phate into the phospholipids, especially into phospha- 
tidylcholine, was markedly stimulated 12 hr after a 
single dose of phenobarbital (Fig. 2). This suggests 
that the increase in microsomal phospholipid content 
is probably attributable, at least in part, to an actual 
increase in hepatic phosphatidylcholine synthesis. 

The increase of microsomal phospholipid content 
was observed also in liver of rats pretreated with 
PCBs. However, the rate of incorporation of 
[°?P]orthophosphate into microsomal phospholipids 
was reduced by the administration of PCBs and this 
decrease was greatest in the case of phosphatidylcho- 
line. The decrease in the sp. act. of phosphatidylcho- 
line caused by PCBs administration was also recog- 
nized in the incorporation of [Me-'*C]choline. 

These results indicate that the increase of microso- 
mal content of phospholipid, particularly phosphati- 
dylcholine, is not due to the stimulation of the syn- 
thesis but is due entirely to a decrease in catabolism, 
thus differing from the effect of phenobarbital. 
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Abstract 


The influence of buffer and two different albumin preparations on the albumin—quinidine 


interaction was investigated. Human serum albumin was prepared by either alcohol fractionation or 
ultracentrifugation with subsequent gel filtration. The interaction between albumin and quinidine was 
determined by equilibrium dialysis. It was inhibited by halide ions and consequently different binding 
parameters were found to be valid for the complex in sodium phosphate and in Krebs-Ringer phosphate 


buffer. The influence of Ca**. Mg?* and SO} 


in physiological amounts was negligible. The albumin 


obtained by alcohol fractionation possessed one binding site for quinidine, while the albumin isolated 
by ultracentrifugation with subsequent gel filtration possessed two binding sites when tested in a Krebs 
Ringer phosphate buffer. In sodium phosphate buffer both albumin preparations had two independent 
binding sites, and showed essentially identical binding parameters. 


When investigating the problem of serum protein 
binding by in vitro methods, the relevance of the 
results to the in vivo situation is questionable. The 
conditions used in the in vitro systems should be as 
close as possible to those in serum concerning electro- 
lytes and the native proteins. However, the in vitro 
methods necessitate the use of artificial buffer systems 
and isolated protein preparations. The influence of 
these factors on the binding needs to be clarified. 

Drug-—protein interactions are known to be affected 
by the salt concentration of the aqueous phase [1, 2]. 
The effect of [H*], [Ca?*] and [Cl-] ions beyond 
the physiological range, have been reported to reduce 
the binding of quinidine to human serum albumin 
[3]. -At the concentrations obtainable in_ living 
organisms only chloride ions demonstrated a minimal 
effect [3]. The in vitro interaction between quinidine 
and human serum albumin has been investigated [4] 
in a 0.2M phosphate buffer, pH 7.4. However, an in 
vitro investigation of quinidine—albumin binding in a 
more ‘physiological’ buffer than sodium phosphate, 
containing chloride, calcium and other ions was con- 
sequently considered of biological interest. 

Human serum albumin is readily available in rela- 
tively pure form [5], but the presence of other pro- 
teins and components adsorbed to the albumin may 
vary depending on the isolation procedure and these 
may interfere differently with the drug—protein inter- 
action. The binding characteristics such as dissocia- 
tion constant and number of binding sites per protein 
molecule may not be comparable therefore when the 
serum albumin is obtained by different isolation pro- 
cedures. For this reason the binding characteristics 
for quinidine was determined for two different prep- 
arations of albumin. 


MATERIALS AND METHODS 


Human serum albumin prepared by ultracentrifuga- 
tion and gel filtration. Preparative ultracentrifugation 
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was performed in a Spinco ultracentrifuge Model 
L2-65B with a Ti-50 rotor. Fresh sera were obtained 
from fasting healthy individuals of both sexes, of 
23-35 years of age. Serum samples were pooled and 
potassium bromide added (324.7 g/l) to produce a 
density of 1.210 g/ml. Serum was then ultracentrifuged 
for 45 hr at 105,000 g and 4°. The floating lipoproteins 
were withdrawn, and the remaining serum proteins 
(50 ml) were dialyzed against three changes of 1000 ml 
Krebs-Ringer phosphate buffer, pH 7.35. 25 ml of the 
serum, proteins devoid of lipoproteins were applied 
to a Sephadex G-200 column (100 x 5cm, A.B. Phar- 
macia, Uppsala, Sweden) equilibrated with the same 
buffer at 4°. The elution rate was | ml/min and serum 
albumin was eluted in the last protein peak [6]. The 
albumin fraction used was obtained from the last part 
of the last eluted protein peak to avoid interference 
with proteins from the previous peak. The albumin 
containing fractions were then concentrated to one 
fifth of their volume under nitrogen pressure 
(1.3. Kp/cm’) using a Diaflo ultrafiltration PM-10 
membrane (Amicon Corp., Lexington, Mass. U.S.A.) 
and then dialyzed against 3 changes of 1000 ml 
Krebs-Ringer phosphate buffer, pH 7.35 for 24 hr. 
This solution containing about 2°, (w/v) albumin, was 
stored at —21. 

Human serum albumin prepared by alcohol fractiona- 
tion, The commercially available albumin (AB Kabi, 
Stockholm, Sweden) was prepared by a modified 
Cohn method [5] from human plasma. This lyophi- 
lized albumin preparation was stored in solid form 
at 4. 

Equilibrium dialysis. The binding of quinidine was 
determined by equilibrium dialysis in Perspex cells 
with 2 chambers of | ml separated by a semiperme- 
able membrane [7]. The cells were shaken at 20° for 
18 hr. The concentration of quinidine was determined 
in both chambers after completion of dialysis. Recov- 
ery of radioactivity was close to 100 per cent. pH 
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and concentration of albumin were determined before 
and after dialysis. 

Protein determination. Protein content was deter- 
mined by the method of Lowry et al. [8], using 
bovine serum albumin, Cohn fraction V (Sigma, St. 
Louis, U.S.A.) as standard. 

Calculation of protein binding. Protein binding was 
determined as the binding ratio B/F where B and 
F represent the molar concentration of bound and 
unbound quinidine respectively as described pre- 
viously [12]. 

The number of binding sites and the dissociation 
constants for the albumin—quinidine complexes were 
obtained by plotting the data according to Scatchard 
[9]. The binding parameters for two independent 
binding sites were obtained by drawing asymptotic 
straight lines to the curve close to the abscissa and 
ordinate and then moving these lines parallel so that 
the sum of the distances to the ordinate intercepts 
equalled the initial distance to the ordinate intercept 
[10]. From these asymptotic lines the curve was 
regenerated by drawing arbitrary straight lines 
through the origin of the coordinates. Along these 
the distance from the origin to the regenerated curve 
was made equal to the sum of the distances from 
the origin to the intercepts of the two asymptotic lines 
as described by Rosenthal [11]. Corrections were 
made on the asymptotic lines until the fit with the 
experimental curve was satisfactory. Each asymptotic 
line presented one binding site on the protein mol- 
ecule. The number of binding sites (n) and the disso- 
ciation constant (K) were given by the intercept with 
the abscissa (n) and the ordinate (n/K). 

Quinidine determination. The distribution of quini- 
dine after equilibrium dialysis was determined by 
using a quinidine *H-labelled isotope with a specific 
activity of 500 mCi/m-mole [12]. The B-emmitance of 
the tritiated quinidine was determined by liquid scin- 
tillation spectrometry [12]. 

Analytical polyacrylamide gel electrophoresis. Gel 
electrophoresis was carried out at pH 9.3 with a Shan- 
don analytical polyacrylamide electrophoresis appar- 
atus with minor modifications of the original method 
[13] as described in ‘Instructions for the Analytical 
Temperature Regulated Disc Electrophoresis Appar- 
atus’ published by Buchler Instrument Inc., New Jer- 
sey, U.S.A. Staining was performed with Coomassie 
Brilliant Blue R obtained from Sigma Chemical Com- 
pany, St. Louis, U.S.A. 

Buffers. 0.15 M_ sodium phosphate buffer [14], 
Krebs-Ringer phosphate and bicarbonate buffer [15] 
was used. Krebs-Ringer bicarbonate buffer was equi- 
librated with 5°, (v/v) carbon dioxide in air during 
the whole procedure. 

Free fatty acids. Free fatty acids were measured 
according to the method of Lauwerys [28]. 


RESULTS 


The effect of inorganic salts on the quinidine—albumin 
interaction. The effect of some inorganic salts on the 
binding of quinidine to human serum albumin (Kabi) 
was investigated in 0.05 M sodium phosphate buffer, 
pH 7.35 by adding the sodium and potassium salts 
of chloride, bromide, iodide and fluoride. The results 
are presented in Table 1, and demonstrate that the 
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Table 1. The effect of sodium and potassium salts of some 
halides on the binding of quinidine* to human serum 
albumint 





Salt (0.1 M) in 
sodium phosphate 
buffer (0.05 M) Binding ratiot 
(B/F) 





1.46 (1.44-1.49) 
0.59 (0.57—0.60) 
0.59 (0.57-0.60) 
1.10 (1.09-1.12) 
1.12 (1.09-1.14) 
0.48 (0.46-0.50) 
0.46 (0.46-0.47) 
0.42 (0.41—0.43) 
0.43 (0.42-0.43) 





* Concentration of quinidine 1 x 107° M. 

+ Concentration of Kabi albumin 1.25°, (w/v). 

t Mean values and range of four experiments expressed 
as the binding ratio B/F; B and F represent the molar 
concentration of bound and unbound drug respectively. 


anions I. > Br Cl > F” inhibit the binding of 
quinidine to serum albumin. No difference was 
observed between the sodium and potassium salts. 
The effect of chloride and bromide on the quinidine 

albumin binding. The inhibitory effect on binding of 
chloride and bromide was examined with a 1.25% 
(w/v) solution of human albumin (Kabi) and a 0.05 M 
phosphate buffer, pH 7.35 with different concen-' 
trations of sodium chloride and bromide. Figures | 
and 2 give the double reciprocal plot of the binding 
data obtained by equilibrium dialysis at different con- 
centrations of quinidine and demonstrate increased 
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Fig. 1. Inhibitory effect of sodium chloride on the binding 
of quinidine to human Kabi serum albumin (1.25% (w/v)) 
in 0.05 M sodium phosphate buffer, pH 7.35 presented as 
a double reciprocal plot. 1/F and 1/B represent the recipro- 
cal values of free and bound quinidine respectively. Each 
point represents the mean value from two experiments and 
all lines are computerized by least square regression lines 
with equal weight on each point. 
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Fig. 2. Inhibitory effect of sodium bromide on the binding 


of quinidine to human serum Kabi albumin. Conditions 
and designation are the same as in Fig. 1. 


inhibition of the quinidine—albumin interaction by 
higher concentrations of the salts. 

Influence of other salts. The binding of quinidine 
to human serum albumin (Kabi) was performed in 
a 0.15M sodium phosphate buffer and a Krebs- 
Ringer phosphate buffer with and without MgSO, 
and CaCl, at three different concentrations of quini- 
dine. Table 2 demonstrates that in the absence of 
MgSO, and CaCl, the binding ratio is not changed 
from that obtained in Krebs-Ringer phosphate buffer, 
while sodium phosphate buffer produces a much 
higher binding ratio. All albumin fractions were dia- 
lyzed against their respective buffer prior to equilib- 
rium dialysis. This was performed at pH 7.35 and 20°. 

The binding of quinidine to two different preparations 
of human serum albumin. Analytical polyacrylamide 
gel electrophoresis was carried out with albumin 
obtained by alcohol fractionation and by ultracentri- 
fugation with subsequent gel filtration. As can be seen 
from Fig. 3, both preparations contained in addition 
to serum albumin, traces of transferrin. The commer- 
cial serum albumin preparation prepared by Cohn 
fractionation was also shown to contain a large quan- 
tity of dimer and polymer aggregates of albumin, 


A B 


Fig. 3. The albumins isolated by alcohol fractionation and 
by ultracentrifugation with subsequent gel filtration are 
designated A and B respectively. 


while the albumin prepared in the laboratory by 
ultracentrifugation with subsequent gel filtration also 
contained traces of prealbumin, but no aggregates of 
albumin. The binding of quinidine to both human 
serum albumin preparations was evaluated in a 
0.15 M sodium phosphate buffer, pH 7.35 and in a 
Krebs-Ringer phosphate buffer, pH 7.35, with con- 
centrations of quinidine ranging from 1.25 x 10°° to 
4.00 x 10°*M. The results were plotted according to 
the method of Scatchard [9] and are shown in Figs. 
4 and 5. All the experimental values are distributed 
along a curved line except those for the commercially 
available Kabi albumin in Krebs-Ringer phosphate 
buffer, where the experimental values represent a 
straight line. This demonstrates that in sodium phos- 
phate buffer albumin of both preparations possess 
more than one group of binding sites while in Krebs 

Ringer phosphate buffer the Kabi albumin possesses 


Table 2. Binding* of quinidine to albumin? in different buffers at pH 7.35 





Concentration 
of quinidine 
(M) 


0.15 M Sodium 
phosphate buffer 


Krebs-Ringer 
phosphate buffer 


Krebs-Ringer 
phosphate buffer 
without CaCl,§ 


Krebs-Ringer 
phosphate buffer 
without MgSO,t 





4.00 x 1074 
1.00 x 1075 
L253 x 160°° 


1.21 (1.20-1.22) 
3.41 (3.37-3.45) 
3.55 (3.51-3.59) 


0.49 (0.48-0.50) 
0.68 (0.67-0.69) 
0.70 (0.69-0.7') 


0.49 (0.48-0.50) 
0.66 (0.64-0.68) 
0.70 (0.68-0.72) 


0.48 (0.47-0.49) 
0.64 (0.62-0.66) 
0.70 (0.69-0.71) 





* Mean values and range of two experiments expressed as the binding ratio B/F. 


+ Concentration of Kabi albumin 2° (w/v). 
t Original concentration in the buffer 1.23 mM. 
§ Original concentration in the buffer 1.30 mM. 
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Table 3. Influence of buffers and protein preparations on the binding of quinidine 
to human serum albumin 





Sodium phosphate buffer 
Dissociation 
constant (M) 


Number of 


Protein binding sites 


Krebs-Ringer phosphate buffer 
Number of Dissociation 
binding sites constant (M) 





Albumin A* 0.1 2.8 
1.5 1.4 

Albumin B 0.06 2.1 
1.1 


1.4 


1o-* 2.0 7.7 x 1074 
10 
10-> 0.01 


10 1.3 


6.9 x 10°° 
6.8 x 1074 





* Albumin A refers to the protein fraction isolated by alcohol fractionation (Kabi 
albumin) and B to the albumin prepared by ultracentrifugation with subsequent gel 
filtration. Mean values from 3 experiments are given. 


one and the other albumin preparation possesses 
more than one group of binding sites per albumin 
molecule. 

The binding parameters evaluated from these plots 
are shown in Table 3. As can be seen from Table 
3, the two different albumin preparations possessed 
almost equal binding parameters for quinidine in 
sodium phosphate buffer while different parameters 
for the two preparations were obtained in Krebs 
Ringer phosphate buffer. 

Free fatty acids. The concentration of free fatty 
acids in the Kabi albumin and in the albumin separ- 
ated by ultracentrifugation and gel filtration was 
0.030 and 0.013 meq/g protein, respectively. Free fatty 
acids were determined after equilibrium dialysis and 
the concentration of both albumin preparations was 
2° (w/v) after dialysis. 


DISCUSSION 


The binding of quinidine to human serum albumin 
was inhibited to the same extent by the sodium and 
potassium salts of several halide ions. Consequently 
the inhibitory effect seems to be related to the anions 
which is in accordance with earlier observations 
establishing that more than 11 chloride ions were 
bound per albumin molecule in a 0.15M_ sodium 
chloride solution, while only a small 
sodium ions was bound [16]. 


(r/F)x1074, 





Fig. 4. Binding of quinidine to human albumin isolated 
by alcohol fractionation plotted according to the method 
of Scatchard. @, binding in sodium phosphate buffer 
pH 7.35; A, binding in Krebs-Ringer phosphate buffer 


50 


pH 7.35. Concentration of albumin is 2°% (w/v). 


amount of 


The increased concentration of chloride and bro- 
mide in Figs. | and 2 will increase the negative charge 
on the albumin molecule because of the binding of 
these anions. The observed inhibition of quinidine 
binding to albumin may therefore be explained by 
some electrostatic interaction between the negatively 
charged albumin molecule and the positively charged 
quinidine molecule at pH 7.4; (pKa > 8.6). The inhi- 
bition cannot be explained by an electrostatic attrac- 
tion between these molecules because an increased 
negative charge on the albumin molecule would have 
increased the binding of quinidine. The inhibitory 
effect can, however, be explained by a shielding effect 
or an indirect inhibition of binding sites by the halide 
ions. An indirect inhibition could be caused by the 
additional charged halide ions on the albumin mol- 
ecule making an interaction possible between protons 
and negatively charged binding sites usually available 
for quinidine. The resulting neutrality could result in 
the loss of this binding site for quinidine. 

Salts are also known to influence enzyme activity 
[18] and protein denaturation [17] by affecting pro- 
tein. structure. It has been shown that anions can be 
ranked by their capacity to alter the organized struc- 
ture of several macromolecules [19]. Other work 
established that the effect on protein conformation 
was in the order Cl < Br <I [18,20]. As the 
binding of quinidine to albumin was also inhibited 
in the order F- < Cl” < Br’ <I, an additional 
explanation for the inhibition may be conformational 
changes produced in the albumin molecule. 


(1/F) x10°4, 








Fig. 5. Binding of quinidine to human albumin isolated 

by ultracentrifugation with subsequent gel filtration plotted 

according to the method of Scatchard. The symbols and 
conditions are as in Fig. 4. 





Variability in protein binding 


It is of interest that the inhibitory effect of the 
halide ions on the quinidine—albumin binding is not 
according to their affinity for serum albumin, which 
increases according to Cl” < F- <I [21,22]. This 
indicates that the inhibitory effect of the halide ions 
is not due to competition with quinidine for the same 
binding site on the albumin molecule. This is also 
confirmed by the inhibition pattern in the double reci- 
procal plots. The binding of phenol red by serum 
albumin is reported [1] to be similar to that of quini- 
dine with respect to the order of inhibition by small 
anions. 

Table 3 shows essentially equal binding parameters 
for both albumin preparations in sodium phosphate 
buffer. The small differences are probably caused by 
heterogeneity of the two albumin preparations, one 
containing dimers and other polymers of albumin, the 
other pre-albumin in addition to monomeric albumin. 
Table 3 gives an exceptionally low number of binding 
sites (0.1, 0.06 and 0.01) for quinidine on the albumin 
molecule. This may be due to endogenous substances 
being bound to the albumin molecule with a high 
affinity, thus partly blocking the high affinity binding 
site for quinidine. The low number may also be 
caused by heterogeneity of the serum albumin mol- 
ecules combined with a disappearance of binding sites 
due to polymerization of albumin molecules. 

The binding parameters for both albumin prep- 
arations were different when evaluated in sodium 
phosphate and Krebs-Ringer phosphate buffer. As 
the SOZ-. Mg** and Ca?’* ions present in the Krebs 
Ringer phosphate buffer did not seem to effect the 
binding of quinidine to human albumin and the elec- 
trolytic strength was equal in the two buffers, the 
observed differences in binding must be due to the 
chloride ions altering either the charge on the albu- 
min molecule or its conformation. 

The disappearance of the high affinity binding site 
for quinidine from Kabi albumin but not from the 
other albumin preparation in Krebs-Ringer phos- 
phate buffer could be due to interference by endo- 
genous substances such as free fatty acids or bilirubin 
bound to albumin. Both substances are known to 
affect the binding of many drugs to albumin [23-25]. 
Comparing the two albumin preparations, Kabi albu- 
min contained double the amount of free fatty acids 
per gram of protein. Even small variations in the 
strongly bound free fatty acids [26] are known to 
produce conformational changes in the albumin mol- 
ecule. Different amount of free fatty acids in the two 
albumin preparations could, besides blocking the high 
affinity binding sites for quinidine to different degrees, 
also produce different conformations of the two albu- 
min preparations. These changes alone are probably 
not sufficient to make the whole binding site disap- 
pear, but the additional binding of chloride ions may 
be able to block the high affinity binding site in one 
albumin preparation completely, but not in the other 
because of conformation changes or differences in the 
loss of the high affinity binding site due to endo- 
genous substances. The involvement of chloride ions 
in the latter problem is due to the high affinity bind- 
ing site on the Kabi albumin not disappearing when 
sodium phosphate buffer is used. The mechanism of 
such a combined effect of endogenous substances and 
ions is unclear. 
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The high affinity site observed in Krebs-Ringer 
phosphate buffer for the albumin fraction isolated by 
ultracentrifugation may represent binding to contami- 
nants rather than to albumin. However, the identical 
binding result obtained with the two albumin prep- 
arations in sodium phosphate buffer make _ this 
explanation improbable. 

The few experimental points on the binding curve 
close to the abscissa in Figs. 4 and 5 resulted in an 
inaccuracy for the first extrapolation to the intersec- 
tion point with the abscissa. However, this was cor- 
rected for by regenerations of the whole binding curve 
from the asymptotic lines as described in Methods. 
In this way each asymptotic line and consequently 
the total number of binding sites, were not only deter- 
mined by a few points but also by the whole binding 
curve. 

These results demonstrate that the binding of quini- 
dine to human serum albumin is greatly affected by 
the electrolytes and the isolation procedure for the 
albumin. These factors will probably also influence 
the binding of other drugs to serum proteins. To 
obtain protein binding representative of the in vivo 
situation, two factors must be considered. First, the 
use of a buffer containing all of the electrolytes pres- 
ent in normal undialyzed serum. Secondly that the 
isolation procedure for the protein should be as mild 
as possible in order that naturally occurring endo- 
genous substances remain on the protein. 

To be sure that in vitro results are applicable to 
the in vivo situation, the sum of the binding to the 
isolated proteins of serum, should equal the total 
binding by whole serum. Results (to be published) 
indicate that the albumin preparation obtained by 
ultracentrifugation and gel filtration binds quinidine 


just like native serum albumin, while the Kabi prep- 


aration has other properties. 
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Abstract—The thiol agent, methyl phenylazoformate is moderately stable in rat blood but rapidly 
oxidises in liver homogenates due chiefly to the action of the microsomal and mitochondrial fractions. 
The reaction involves enzymic hydrolysis of the ester followed by catalysis of the autoxidation of 
phenyldiazene, the intermediate product. This autoxidation, studied directly by generating the diazene 
in situ with chymotrypsin, occurs most readily with erythrocytes but microsomes, mitochondria and 
solutions of haemoglobin are also effective. Methyl phenylazoformate is found to be a partial uncoupling 
agent for oxidative phosphorylation in mitochondria and its action is discussed in the light of its 


rapid degradation by this organelle. 


Substituted diazenes have been extensively used as 
thiol reagents [1-6] particularly methyl phenylazofor- 
mate, C,H;N==N—COOCH,(‘Azoester’) and diazene 
dicarboxylic acid—bis (dimethylamide), (CH;), 
NCON=NCON(CH);), (‘Diamide’) which are both 
commercially available. Azoester is said to produce 
free radicals [7] and this has been regarded as of 
importance after reaction with thiol is complete. 
However, in the course of studies on mitochondrial 
thiols, it was found that azoester is rapidly and prob- 
ably quantitatively autoxidised in the presence of a 
number of rat tissue preparations. 

This paper is concerned with elucidating the 
mechanism for the oxidation. 


METHODS 


All reactions were carried out in a medium consist- 
ing of mannitol (0.25M) containing 3-~N-morpho- 
lino)propane sulphonate (10° 7 M; pH 7.4) and ethyl- 
ene glycol-bis (f-aminoethyl ether)N,N’-tetra-acetic 
acid (10° * M). The subcellular fractions from rat liver 
were prepared in the above medium as described by 
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Fig. 1. Autoxidation of azoester by liver mitochondria. A 

mitochondrial suspension (containing 2 mg protein for (a) 

and (c)) was diluted in the electrode chamber to 3 ml. With 

stirring at 30°, azoester in ethanol (500 nmole for (a) and 
(b)) was added and O, immediately measured. 


Schneider and Hogeboom [8]. Protein was assayed 
by a Biuret method [9] and spectrophotometry was 
carried out using a Unicam SP800 recording spectro- 
photometer. Dialyses were performed in Visking 
(8/32) tubing against two changes of medium at 0 
for 72hr. Oxygen uptake was measured using a 
Clarke oxygen electrode coupled to a Goetz 20mV 
recorder. The chamber (capacity, 4 ml) was jacketed 
and the temperature maintained at 30° by circulating 
water from a thermostat. A magnetic stirrer was used 
to maintain constant mixing. Azoester and Diamide 
were both obtained from Calbiochem, San Diego, 
Calif. Azoester was standardised by adding it in 
ethanol to GSH (~Symole) in phosphate buffer 
(0.05 M; pH 7.4) under nitrogen and measuring the 
loss in thiol with DTNB [10] after 1 hr at 0°. 


RESULTS 


As shown in Fig. | oxygen is consumed when 
azoester is added to a dilute mitochondrial suspen- 
sion in a reaction which is unaffected by cyanide or 
other respiratory inhibitors (Fig. 1). The initial rate 
of uptake increases with the amount of mitochondria 
(Fig. 1B) or azoester (Fig. 1C) in the mixture to a 
maximum but the total consumption of oxygen (Fig. 
1A) varies linearly with the azoester concentration 
and when the reaction has ceased (about 15 min) 
0.87 + 0.11 mole oxygen is found to be taken up per 
mole of azoester added. Other notable features of the 
reaction observed are that (i) neither the stoichio- 
ometry nor the rate of this reaction is affected by 
adding catalase (100 units) to the system (ii) reduction 
of azoester by preincubation with GSH before adding 
to the mitochondrial suspension abolishes subsequent 
oxygen uptake (iii) lysis of mitochondria with 0.1% 
deoxycholate does not affect the reaction rate signifi- 
cantly (iv) no oxygen consumption is obtained on 
adding diamide (up to | zmole) in place of azoester. 

Other tissue fractions also catalyse the autoxidation 
of azoester (Table 1). Rat liver microsomes show the 
highest specific activity whereas there is very little ac- 
tivity present in the cytoplasmic fraction. Addition 


1267 





1268 


Table |. Catalysis of the autoxidation of azoester by prep- 


arations from rat tissues* 





Initial rates (nmole/min) 


Tissue Fraction O, uptake = Azoester loss 





Medium 0) 
Mitochondria 40 
Microsomes 210 


Liver 


Cytoplasm 11 
Mitochondria 34 
Supernatant 29 
Erythrocytes 0 
Plasma 5 


Kidney 
Blood 


* The fraction containing | mg protein was added to the 
medium (3 ml) containing azoester (500 nmoles) at 30 
either in a spectrophotometer cuvette or in the chamber 
of an oxygen electrode 


of azoester to rat erythrocytes of plasma also gives 
little uptake of oxygen. 

Azoester is known to hydrolyse slowly in neutral 
aqueous solution (half life, 20 min) [4]. The first 
formed acid is reported to decarboxylate spon- 
taneously (estimated half life at pH 7, 0.5 sec) [11] 
and this allows the overall reaction to be followed 
from the resulting loss in extinction at 305nm. As 
shown in Table |, initial rates of ester hydrolysis, 
measured in this way with tissue preparations corre- 
late well with the rates of oxygen uptake suggesting 
that the first reaction is rate limiting the second. 
However, separate catalysis is required for the oxi- 
dation because chymotrypsin which is known to cata- 
lyse a rapid hydrolysis of azoester [12] gives only 
a very slow initial rate of oxygen uptake (Fig. 2). 


nmoles 
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Fig. 2. Concentrations of oxygen (CJ), azoester (=) and 
phenyldiazene (©) found at different times after adding chy- 
motrypsin to azoester. Chymotrypsin (100 ug) was added 
to azoester (500 nmoles) in the medium (3 ml) at 30. Azoes- 
ter losses were computed from the fall in extinction at 
505 nm (E,,, 1.11 10*) after substracting that remaining 
after 26 hr (6 per cent of the original). Phenyldiazine con- 
centrations were obtained from the extinction changes at 
265 nm by using the published value (11) of E,,. 0.74 « 10* 
and on the assumptions that no diazene remains after 
26 hr, that the initial extinction, E', is due solely to azoester 
and the final extinction. E’/, to undetermined products. At 
time ¢. the fraction of the experimentally determined 
extinction at 265nm, E‘, which is due to phenyldiazene 
given by E' — [(Azoester')/(Azoester')] 
(E' — E’). 
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Fig. 3. Catalysis of phenyldiazene autoxidation by some 
tissue fractions. Chymotrypsin (100 ug) was added to 
azoester (500 nmol) in the medium (3 ml) in an oxygen elec- 
trode chamber. After 2 min at 30°, the tissue fraction, un- 
treated ( x ), dialysed (2) or heated for 3 min at 100° (0), 


was added and the oxygen uptake then determined. 


Phenyl diazene, the decarboxylated product of azo- 
ester hydrolysis, shows an extinction peak at 265 nm 
[11] and incubation of azoester with chymotrypsin 
in fact gives an immediate increase in the extinction 
at this wavelength which is then followed by a slow 
fall over several hours coincident with the slow 
uptake of oxygen (Fig. 2). Calculation of minimum 
phenyldiazene concentrations from the data in Fig. 
2 shows that, though this compound is reported to 
be instantly autoxidised in acetonitrile solution [11], 
it is relatively stable in neutral aqueous solution. The 
oxygen uptake in the presence of tissue extracts is 
therefore due to catalysis of phenyldiazene oxidation 
and the reaction can thus be directly studied by 
generating this substance from azoester with chymo- 
trypsin before adding the tissue extract. Under these 
conditions (Fig. 3) the highest specific activity is now 
given by the erythrocyte fraction while plasma shows 
only a little catalysis of the autoxidation. Among the 
liver subcellular fractions, microsomes are more 
active than mitochondria and the cytoplasm shows 
little activity. The effect of heating or dialysing these 
active fractions has also been studied. Heating has 
little effect on the microsomes but considerably 
reduces activity in the mitochondrial and erythrocyte 
fractions. In contrast these fractions are less affected 
by dialysis than the microsome fraction (Fig. 3). 

The effect of erythrocytes on phenyldiazene oxi- 
dation suggests that haemoglobin may catalyse the 
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Fig. 4. Catalysis of phenyldiazene oxidation by haemoglo- 
bin (x), cytochrome c (O) or FeSO, (2). Azoester was 
preincubated with chymotrypsin as described in Fig. 3. 
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Fig. 5. Effect of azoester (100nmole) on oxygen uptake 

by mitochondria (7 mg protein) in the presence of succinate 

(100 umole). To a coupled suspension of mitochondria in 

the medium (final vol, 2 ml) was added as indicated either 

succinate followed by azoester (O) or azoester followed by 
succinate ( x ). 


oxidation. Haemoglobin in fact has a much greater 
molar effect than Fe** (which can itself react with 
diazene) [13] while cytochrome c and Cu’* are not 
active at all (Fig. 4). However, the haemoglobin cata- 
lysis can only account for a part of the erythrocyte 
activity and the nature of the remaining catalysis 
remains to be determined. 

The catalysed oxidation of phenyldiazene does not 
appear to result in gross loss of function of subcellular 
particles. This is shown in the case of mitochondria 
by observing that when oxygen uptake from azoester 
has fallen off, oxidative phosphorylation still occurs 
on adding substrate, ADP and phosphate. Partial un- 
coupling has however been established by using lower 
azoester concentrations as illustrated in the case of 
succinate (Fig. 5). Such uncoupling has also been 
obtained with the other Krebs acids as evidenced by 
an increment of oxygen uptake on adding azoester 
to the substrate which is sensitive to the respiratory 
inhibitors. 


DISCUSSION 


The results show that the oxidation of azoester by 
tissue fractions occurs by the mechanism shown in 
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Fig. 6. Pathway of azoester catabolism in tissues. 
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Fig. 6. Two separate catalytic capacities are seen to 
be required. Thus there is little oxidation of azoester 
in the presence of either chymotrypsin (esterase ac- 
tivity only) or erythrocytes (oxidase activity only) but 
rapid oxidation when they are present together. 

Catalysis of the hydrolysis of azoester by micro- 
somes is in accordance with the localisation of most 
of the intracellular carboxylic acid esterases in this 
fraction [14]. However this explanation fails to 
account for the hydrolysis observed by mitochondria. 
Because of the hydrolysis by chymotrypsin it is poss- 
ible that in this case the proteolytic enzymes known 
to be present in mitochondria [15] are involved in 
the catalysis. 

The oxidation of phenyldiazene, allowing for slight 
losses by amidation reactions [16], approaches a 
value of one molecule of oxygen per mole of reagent 
suggesting that superoxide is first formed and subse- 
quently oxidises other initial reaction products. Cata- 
lysis of the reaction probably occurs by a different 
mechanism in each tissue preparation. Thus the 
effects of heat and dialysis suggest that in microsomes 
it is due to small molecules whereas in mitochondria 
and erythrocytes it is associated primarily with mac- 
romolecules. 

Erythrocytes may mediate an enzyme catalysed oxi- 
dation of phenyldiazene by oxyhaemoglobin since 
cytochrome ¢ is inactive and since purified haemoglo- 
bin, which is known to form a complex with phenyl- 
diazene [17], is much less active than erythrocytes 
containing roughly equivalent amounts. Several other 
drugs undergo oxidation in the presence, of erythro- 
cytes but the mechanism is likewise uncertain [18]. 
Because of the low esterase activity of plasma and 
erythrocytes, a substantial amount of an administered 
dose of azoester would be expected to reach the tis- 
sues intact for hydrolysis and oxidation. It therefore 
seems possible that the substance could be a useful 
agent for experimentally inducing a short term 
hypoxia. 

The rapid loss of azoester by mitochondria is of 
particular significance in view of its demonstrated 
effect even at small concentrations in permanently un- 
coupling oxidation from phosphorylation. The impli- 
cation is that the effect cannot be exerted directly. 
Azoester is known as a potent thioldepleting agent 
and this is the most likely basis for its action particu- 
larly as diamide [6] and other SH reagents [19] have 
similar effects. It follows that any SH groups oxidised 
by azoester would have to be reactive enough to suc- 
cumb to the momentary exposure to the reagent 
which is all they could receive. 
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Abstract—The uptake of [n-methyl'*C]morphine by mouse kidney slices was saturable, reversible, 
temperature- and pH-dependent, and was inhibited by strong metabolic poisons and by structural 
analogs, thereby satisfying criteria for mediation by active transport processes. There were species 
differences: rat kidney cortex slices took morphine up at rates similar to those of mouse kidney, 
but guinea pig kidney cortex had lower uptake. Thin-layer chromatography (t.l.c.) of slice extracts 
after incubation with ['*C]morphine did not indicate significant metabolism of morphine. Morphine 
efflux after equilibrium uptake from 30nM or 104M initial medium levels required 20 min for 50 
per cent of the ['*C]morphine to exit. The uptake at 5min was proportional to the equilibrium 
level at 30 min from 5nM to 104M. No evidence for counter-transport was observed. Tissue/medium 
levels of 10-12 at 39-90nM morphine (after 30 min at 37°).were reduced 50 per cent at pH 6°5 or 
at 20°, or by mitochondrial enzyme inhibitors, e.g. rotenone. Narcotic antagonists and analogs (metha- 
done, nalorphine and levorphanol) and quinine also reduced the uptake of morphine from medium 
levels of 0-01 to 0-1 uM. However, at morphine concentrations above 10 4M, narcotic analogs or anta- 
gonists up to 504M did not inhibit uptake. Transport system inhibitors, quarternary bases, reducing 
agents and SH-oxidants also inhibited morphine uptake from 30nM to 0:5 mM. Phloretin, phloridzin 
and atractyloside did not block uptake, while glucose, ouabain and NaF were very weak inhibitors. 
The results suggest that uptake of morphine in kidney slices involves SH groups and mitochondrial 
activity rather than glycolytic or ion-pump mechanisms. With a few exceptions, the characteristics 
and inhibitor sensitivity of morphine uptake by kidney slices and of amino acid uptake by brain 
slices appear similar. 


The major excretory route for morphine is via renal 
transport [1-3]. Active transport of morphine into 
kidney slices from rats was shown by Bell [4] to be 
energy dependent, pH sensitive, and saturable. Subse- 
quently, Hug [5] extended these findings to dihydro- 
morphine and related narcotics using dog kidney cor- 
tex. As part of a program to determine whether speci- 
fic transport processes exist for drugs of abuse into 
brain tissue (see preliminary reports [6,7]), we used 
kidney tissues from the same mice, rats and guinea 
pigs as positive controls for the various attempts to 
modify brain uptake of the drugs. Although we were 
not able to demonstrate that active transport of mor- 
phine occurs in rodent brain slices [7,8], we con- 
firmed the presence of transport processes for mor- 
phine in kidney slices. In contrast, amino acids are 
actively transported to higher tissue concentrations 
by brain slices than they are in kidney tissue slices, 
and we could study effects of various experimental 
treatments on the transport characteristics of both tis- 
sues. Results from the kidney slice experiments indi- 
cated that a major portion of the energy for morphine 
uptake was due to mitochondrial activity [9]. These 
observations were extended to studies of the ener- 
getics of active transport of amino acids in both kid- 
ney and brain slices [10]. Here we report studies of 





* Present address: Dept. of Psychiatry and Behavioral 
Sciences, Univ. Louisville Medical School, P.O. Box 
105S—MDR 517 Louisville, KY 40201, U.S.A. 

tIn this report, the term inhibitor is used to identify 
those compounds that decrease morphine uptake into 
slices, as well as specific inhibitors of enzymes. 


factors affecting morphine uptake into kidney tissue 
that seem to be remarkably similar to those control- 
ling the active transport of amino acids into kidney 
or brain slices. 


MATERIAL AND METHODS 


Materials. Morphine (57 mCi/m-mole), labeled with 
'4C in the N-methyl group, was obtained from Amer- 
sham-Searle. Morphine hemisulfate, from Mallinck- 
rodt Chemical Works, was converted to the hydro- 
chloride by reaction with BaCl, and CO,. The solu- 
tion was dried under N,; the morphine HCI was re- 
crystallized from ethanol and was assayed colorime- 
trically with the same reagents and procedure used 
for protein [4,8] with authentic morphine hemisulfate 
as a standard. Procedures for calibration of volu- 
metric glassware and liquid scintillation spectrometry 
were reported previously [8]. Radioactive amino 
acids, uniformly labeled with '*C, were obtained from 
New England Nuclear Corp. Nonradioactive com- 
pounds were prepared in water, buffer, medium, or 
solvent as indicated, and controls were added to the 
experimental protocol to measure the effects of the 
diluent, alone, on the uptake of the radioactive drug. 
Concentrated solutions of the narcotics and their ana- 
logs were kept dark and cold, or frozen, before use. 
With some drugs, e.g. levorphanol, nalorphine, chlor- 
promazine and quinine, the room was darkened dur- 
ing the entire procedure to avoid photodecomposition 
of the dilute compounds. Table | lists the various 
drugs and inhibitorst used in this study; commercial 
source, analytical data and formula weight used in 
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calculating concentrations: and the method of solubi- 
lization. 

Methods. Mice, rats and guinea pigs were inbred 
from strains derived from Swiss-Webster, Wistar and 
Cayley varieties respectively. The mice were 6 to 
10-weeks-old, the rats were 6 to 8-months-old, and 
the guinea pigs were 9-months-old when they were 
used for these experiments. Some animals were in- 
jected with morphine, from 40 mg/kg, i.p., to more 
than | g/kg, s.c., to produce tolerance.* Animals ‘with- 
drawn’ from morphine were given no injection for 
18 hr prior to being killed; ‘chronic’ animals received 
a last dose of 400 mg/kg, i.p., 2-3 hr before use; ‘acute’ 
animals received a single dose of 40 mg/kg, i.p.. 1 hr 
before they were killed. In all cases, both sexes were 
used because no consistent effects were observed that 
might be attributable to sex differences. 

Kidneys were removed after the animals were de- 
capitated: the renal tunic was removed; each kidney 
was rinsed in ice-cold incubation medium and divided 
longitudinally opposite the hilum. In the case of 
mouse tissue, the entire half-kidney was sliced trans- 
versely, but rat and guinea pig kidneys were cleaned 
of connective tissue, vessels, and the hard mass of 
urinary collecting tubules before the cortex and 
medulla were dissected for slicing. The variations in 
weight between right and left kidneys, and between 
males and females were randomized in the distribu- 
tion of the tissue slices into the incubation flasks. 

The methods of the slice preparation, incubation 
and determination of amino acid uptake, ion content, 
ATP levels, dry weight and swelling followed the 
same procedures as have been used in this laboratory 
for brain slices [8, 9, 11]. Briefly, 0-42-mm_ thick slices 
were prepared with a Mcllwain-Mickle tissue slicer. 
After the slices from half of a mouse kidney were 
incubated in 45 to S5ml of oxygenated medium for 
30 min at 37, the labeled morphine or amino acid 
was added for the experimental incubation period. 
The HEPES-2 medium contained 119mM_ NaCl, 
5OmM KCl, 0:75mM CaCl,, 1-2mM MgSO,, 
1G6mM NaH,PO,, 1-0mM NaHCO,, 10mM glu- 
cose and 25mM_ N-2-hydroxyethylpiperazine-N’-2- 
ethanesulfonic acid (HEPES): 12 mM NaOH adjusted 
the pH to 7:35. which increased the Na’ 
tration to 132 meq). 


concen- 


* Animals were injected every 12 hr, and the morphine 
was increased daily: 40, 80, 160, 240 mg.. i-p.. 
240 mg, s.c., 320 (3 days), 1 g. s.c. (3 days). 


dose kg 
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Fig. 1. Uptake of morphine by kidney tissue is dependent 
upon tissue mass. Slices were equilibrated for 30 min at 
37 before the addition of morphine['*C] to a final con- 
centration of 3:17 x 10°°M for a 30-min uptake incuba- 
tion. Varying amounts of tissue were placed in the flasks 
(from 37 to 500 mg). The minimal T/M, 2-01, was obtained 
experimentally by incubating 500 mg tissue. A linear fit 
of the data yields zero T/M at 375 mg: however, a better 
fit. r (wt/(T/M)) = (—) 0-916, was obtained with 24 points, 
T/M = 12:328e~ 9°09383(m) using the formula 
(solid line). 
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The medium was filtered from the slices after incu- 
bation; the tissue was frozen and weighed. In some 
cases, the frozen tissue was homogenized in 3°,, perch- 
loric acid (PCA) (w/v) for determination of ions or 
ATP. In most cases the tissue mass was dissolved 
in | N NaOH at 60° for 10-20 min. This was acidified 
with HCI and was rinsed into tT76 scintillation fluid 
with sufficient water to form a thixotropic gel [8]. 
The tT76 scintillator contained 8 g of 2,5-diphenylox- 
azole and 150mg of 2,2'-p-phenylenebis(4-methyl-5- 
phenyloxazole)/l. of toluene, and 860 ml Triton X-100. 
Corrected dis./min were measured with an Intertech- 
nique/Teledyne SL-30 liquid scintillation spectro- 
meter with a Multimat 8K-bit computer. The count- 
ing efficiency for '*C varied from 92 to 78 per cent 
with a background of 45 cpm. 

Calculations of the results were based upon a tissue 
water content of 0-8 ml/g of fresh weight for both 
brain and kidney: 


(dis./min in tissue/tissue wet weight) /0.8 





dis.min/ml medium at the start of incubation 


Whenever more than 10 per cent of the radioactivity 
was removed from the medium by the tissue mass 


Table 1. Substances tested for effect on uptake of morphine by kidney slices 





Compound 


Formula wt 


Grade* Effectt 


Source 





General metabolic and glucose transport inhibitors 
Ouabain octahydrate 
KCN 
NaN, 


Fluoroacetic acid 
Phloretint.s 
Phloridzint 

IAc 

Nak 

Dimethyl ketone 
Ethanol 


Mann 

Fisher 

Matheson, Coleman 

& Bell 

CalBiochem A wl 

K&K 95 0 

K&K 99 0 

Sigma 98-5 ml 

Fisher Reagent wl 

Fisher Reagent ml 
95 (vol®,) ml 


USP. wl 
Reagent ml 
Reagent ml 





Morphine uptake into kidney slices 


Table 1—continued 





Compound Formula wt Source Grade* Effect? 





Bases 
Choline chloride 39: Sigma 
TEA bromide 210-2 K&K 
Hexamethonium bromide 362: Sigma 
Decamethonium bromide S° K&K 
Hemicholinium tribromide 574: Aldrich 
Succinylcholine chloride dihydrate 397°: Sigma 
Procyclidine hydrochloride 323: Burroughs Wellcome 
Quinine hemisulfate hydrate from 391-5 Sigma 
(diquinine dihydrate monosulfurate) 
Narcotic analogs and antagonists 
pDL-Methadone hydrochloride 345- Mallinckrodt 
Levorphanol-L-tartrate dihydrate ar Roche 
Dextrorphan-d-tartrate hydrate Sf Roche 
Nalorphine hydrochloride 347°8 Merck 
Naloxone hydrochloride 363- Endo 
Transport system inhibitors 
Probenecid 35: Sigma 
Amantadine hydrochloride 7° Aldrich 
Atractyloside, potassium 39: CalBiochem 
Valinomycin CalBiochem 
Respiratory uncoupling agents 
2-Nonyl-hydroxyquinoline-n-oxidet Sigma 98 
Quinacrine dihydrochloride, dihydrate 508- Sigma 99 
Oligomycin 24, 3 Sigma (15A, 85B) 
Amobarbital 5°: Sigma 
Chloramphenicol?.s Bb Sigma 
Gramicidin D (in HAc) 2 CalBiochem 
Oxidative substrates and endogenous amines 
Glucose 50-2 Fisher Reagent 
L-Glutamic acid ]: CalBiochem A 
bDL-Lactic acid, sodium (syrup) 2 Sigma 60 
4-Ketoglutaric acid , Sigma 98 
Oxaloacetic acid 32: Sigma 100 
Pyruvic acid 88- Sigma 96 
Succinic acid, sodium trihydrate 59: Sigma 98 
L-Alanine 39: CalBiochem 
L-Lysine hydrochloride 82- CalBiochem 
L-Cadaverine, dihydrochloride = CalBiochem 
SH-reagents 
DTE 54: Pierce 
NEM 5: Mann 
PCMB, sodium 379: CalBiochem 
CPZ, hydrochloride 355: Smith. Kline & sI 
French 
Electron transport (redox) enzyme inhibitors 
2.4-DNP , K&K ml 
Methylene blue : Sigma ml 
PMS 306°3 DAJAC (Borden) sI 
Ascorbic acid . Fisher J.S.P. ml 
Antimycin-A, 1i.8 548- CalBiochem rs sI 
Rotenone § 394: Sigma 2 sl 
Malonic acid ; Sigma 3 wl 





* Per cent composition where numerical data are shown. 

+ Key: w = weak (effective at 10°*-10°*M); m = moderate (effective at 10°*-10°*M): s = strong (effective at 
<10°>°M): I = inhibitor of uptake: and S = stimulator of uptake. 

t Soluble in alcohol 

» Soluble in acetone. 

Abbreviations: CPZ, 2-chloro, 10-dimethylaminopropyl phenothiazine (chlorpromazine); 2,4-DNP, 2,4-dinitrophenol; 

DTE, dithioerythritol; [Ac, iodoacetic acid; NEM, n-ethylmaleimide; PMS, n-methylphenazonium methyl sulfate (phena- 
zine methyl sulfate); PCMB, p-chloromercuriphenyl sulfonic acid; TEA, tetraethylammonium bromide. 


during the incubation, the final medium concen- Efflux of radioactive morphine was measured by 
tration was determined by counting a sample of the filtering the radioactive medium from the slices 
medium from each incubation flask. through a Hirsch funnel, rinsing with 2 ml of warmed, 
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oxygenated medium, and transferring the slices to 
fresh oxygenated medium that contained no radioac- 
tivity. After an additional 2-120 min, the slices were 
filtered from the washout medium and were frozen. 
In some cases, nonradioactive morphine, naloxone, 
CN, ouabain, and other substances were in, the 
‘washout’ medium. During the course of these exper- 
iments, one unexpected source of variation was traced 
to the tissue/medium volume. Uptake was greater 
with small masses of tissue in large volumes of 
medium. The relationship is shown in Fig. 1. This 
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Fig. 2. (a) Indicates the appearance of a developed 250 uM 
Silica gel G plate under u.v. light. The following extracts 
were spotted on the marked position: (1) solvent blank 
from extract of 01 m-mole nonradioactive morphine sul- 
fate; (2) extract of carrier (0-1 m-mole) + 1-88 x 10° dis. 
min of morphine['*C]; (3) extract from rat brain slices, 
1-5 x 10* dis./min (no carrier); (4) extract from rat kidney 
slice homogenate, 3-44 = 10* dis./min (no carrier); (5) same 
as No. 4 with addition of 0-1 m-mole carrier at start of 
extraction; (6) extract of a PCA filtrate of mouse kidney 
slices, 4:16 x 10* dis./min + carrier; (7) same as No. 6 with 
addition of 1:88 x 10°°dis./min of morphine['*C]. (b) 
Shows the same plate, sprayed with 0-5°, Ptl, in 2% KI. 
The solvent was ethylacetate-methanol-water-ammonium 
hydroxide (85:10: 3:2). Development time was 2:3 hr at 23°. 
Recovery of applied dis./min in origin (O) spots was 1-6 
per cent and in the area of morphine (sections labeled B) 
was 82-93 per cent. 
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contributed a small but significant variation among 
results obtained with, for example, rat kidney cortex, 
in comparison to data from the more uniform masses 
of mouse kidney tissue. To avoid artifacts based on 
this tissue/medium volume effect, the incubation 
volume was kept constant at 5ml in a 25-ml flask, 
with 80-120 mg tissue slices. 

Sodium and potassium concentrations of diluted 
perchloric acid supernatants were measured with an 
IL/343 flame photometer (Instrumentation Labora- 
tories). ATP was determined with a du Pont Lumines- 
cence Biometer [11 ]. 

Extraction and thin-layer chromatography of the 
radioactive material from tissue. Our modifications of 
the procedures of Misra and Mule [12] have been 
reported elsewhere [8]. In a typical experiment, 50 ml 
of oxygenated HEPES-2 in a 250-ml flask contained 
1g of rat kidney cortex slices. To this was added 
0-5 ml of 0-1 mM morphine containing 1-2 x 10’ dis./ 
min. After 30 min at 37° the slices were filtered, 
frozen, weighed and homogenized in 3% PCA 
(10 vol./g of tissue) as described previously [8] for 
brain tissue. A sample of the PCA extract (4ml) or 
the homogenate was adjusted to pH 10, treated with 
salt and phosphate buffer, and extracted with isopro- 
panol in dichlorethane. The recovery of homogenate 
radioactivity was 96-97 per cent in the organic 
extract. Up to 93 per cent of the radioactivity applied 
to the t.l.c. plates was recovered at the Ry of mor- 
phine (Fig. 2). Similar results were obtained with 
extracts from slices of mouse kidney and rat brain. 


RESULTS 
Characteristics of morphine uptake into and efflux from 
kidney slices 
Time course of uptake. Uptake was rapid in mouse 
kidney slices (Fig. 3), and under certain conditions 
was linear from 2 to 15 min after incubation started. 
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Fig. 3. Time course of morphine uptake by kidney slices. 
Mouse kidney slices 416m thick were suspended in 
HEPES-2 in ice-water (control) or in a boiling water bath. 
The temperature of the medium in the heated test tubes 
rose to 95° within | min, and 10 min later the ‘tubes were 
cooled in ice-water. Then the medium was decanted and 
the slices were transferred into 5 ml of freshly oxygenated 
HEPES-?; the radioactive morphine was added after tem- 
perature equilibration (i.e. after shaking for 30 min at 37°). 
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In rat kidney slices, uptake was due to renal cortical 
oe) tissue because rat kidney medulla and collecting 
O tubule regions did not take up morphine (ice. 
T/M = 1) at medium levels above 10°° M. Equilib- 
rium in mouse or rat kidney slices was reached after 
46 (+4, S. D.) min in 177 control incubations that 
were stopped at 5-min intervals up to 90min at 
3—1000 nM. Similar results were obtained with guinea 
pig renal cortex tissue, but the uptake was not as 
high. 

Temperature dependence of uptake. During the 
linear period after incubation at 31 nM medium levels 
morphine uptake showed a sharp decrease from 14 
pmoles/ml of tissue water/min at 37° to 4-6 pmoles 
ml/min at 16-20. At 0-5” uptake was only 2 pmoles 
ml/min for the first 10 min. Similar effects were also 
observed with slices from rat kidney cortex (Fig. 4). 
If the slices were suspended in 5ml medium and 
O ss des +s ie heated to 95° in a boiling water bath for 10 min, the 

TEMPERATURE, °C. uptake of 30nM or 5 uM morphine was markedly 
reduced when the slices were transferred into fresh 
Fig. 4. Rate of morphine uptake into kidney slices is tem- oxygenated medium (Fig. 3). 

perature dependent. The media in these experiments con- Saturability of uptake. Measurement of the decrease 
tained 31 nM morphine['*C]. Data from 2 to 10 min after in T/M with increased M (Fig. 5A) indicated that the 

the morphine addition (three to four time intervals, three . i” wer : 
incubations/interval) were used to calculate renal uptake morphine uptake might be mediated by at least two 
(V) in pmoles/ml of tissue vol/min. Key: rat kidney cortex mechanisms, one of which was saturable at concen- 
(); mouse kidney (0). Estimated standard errors of aver- trations less than 10°*M. A plot of M/T vs (—) log 
ages plotted were less than 3 per cent. M (initial medium concentration) is used to show a 
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Fig. 5. (A) Morphine uptake by kidney-slices is saturable. Both initial (0 to 5-min, A) and equilibrium 
(30-min. A) uptake of morphine decrease with respect to increasing concentrations of morphine in 
the medium, becoming unsaturable at >10°*M (T/M = 3:7 + 0:2S.D.). Data points are averages 
from 3 to 45 separate incubations at each concentration in HEPES-2. (B) Reciprocal plot of M/T 
vs M. Prior loading of kidney slices with unlabeled morphine does not increase subsequent uptake 
of radioactive morphine, nor does the efflux of ‘preloaded’ morphine. (1) The equilibration medium 
was loaded with 107°, 10° 4, 107°, 10°° or 10°’ M unlabeled morphine, and the slices were incubated 
for 30 min. Radioactive morphine (80nM) was added and incubation continued for an additional 
30 min. The uptake of the radioactive morphine (QC) decreased (curve 1, ‘Preload’) in parallel with 
controls represented by the broken line, data taken from (A) above. (2) The equilibration medium 
was loaded with the same concentrations but the slices were transferred after the first 30 min to fresh 
medium containing 80nM morphine['*C] for 30 min additional incubation. Separate experiments (e.g. 
see Fig. 9) had indicated that 60 per cent of the morphine taken up by slices, from 10°-* to 10°°M 
exited in 30 min after one transfer into fresh medium. Therefore, the abscissa position for the uptake 
data of the slices transferred from higher morphine concentrations (@, curve 2, ‘Preload and Transfer’) 
was placed over the equivalent medium morphine concentration calculated from 80nM + (60 per 
cent of the unlabeled tissue morphine/tissue wt/5 ml of fresh medium volume). The concentration 
of the unlabeled morphine in the tissue was determined from control experiments measuring uptake 
for the first 30-min equilibration period, with a similar pattern of uptake vs concentration to those 
data shown in A. The results indicate that this procedure causes inhibition of morphine uptake. with 
apparent saturation at 5-10 uM. The efflux of large amounts of unlabeled morphine did not increase 
the uptake of the radioactive morphine, and thus no evidence for counter-transport was observed 
(with the exception of slices ‘preloaded’ with 10° * M morphine, data point marked *). The star indicates 
the only data point that shows evidence for counter-transport, i.e. higher uptake than control or pre- 
loaded slices at the same medium concentrations; N = 9, t (independent) = 7:24, P < 0-025. Experimen- 
tal data points are the averages of three separate incubations with approximately 100mg of mouse 
kidney slices. 
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Fig. 6. The pH dependency of morphine uptake in the 
presence and absence of glucose. Uptake at 5 and 30 min 
in HEPES-2 medium, containing 10mM_ glucose (solid 
symbols and solid line), and in HEPES-G, containing no 
glucose (dashed line, open symbols). The pH of the normal 
HEPES buffer was changed with HCl or NaOH. NaCl 
added at pH 6:2 did not change the uptake. Estimated 
standard errors of data points (N = 6) were less than 8 

per cent. 


distinct change in the type of uptake that occurs at 
5x 10°°M. A change in M/T vs (—) log M is 
observed when unlabeled morphine was equilibrated 
for 30 min with the slices before small concentrations 
of radioactive morphine were added (‘preload’) (Fig. 
5B). At concentrations above 10°*M, morphine 
uptake appeared to be unsaturable. 

The pH, glucose and ion dependence of uptake. In 
standard medium (HEPES-2) the uptake was optimal 
at pH 7-4 to & (Fig. 6). In media lacking glucose 
(HEPES-G) the uptake was enhanced above pH 7-4. 
At pH 7-4, an increase or decrease of Ca** or Mg?* 
had relatively minor effects. The optimal glucose con- 
centration appeared to be | mM for uptake, although 
the absence of glucose in incubations with morphine 
below 1 uM did not inhibit uptake (Fig. 7). In the 
presence of glucose, there was an inhibition of mor- 
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Fig. 7. Effect of varying the glucose concentrations on the 
uptake of morphine. Each data point represents the aver- 
age from three separate incubations with 0, 1, 5 or 10 mM 
glucose in the HEPES medium, represented by (M). (0), 
(LJ), and (@) symbols respectively. The sets of data are for 
uptake of 0-2mM, | «M and 90nM morphine. 
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Fig. 8. K* can stimulate morphine uptake in the absence 

of glucose. The morphine concentration was 89nM and 

the incubation duration was 15 min at 37 . The potassium 

was added as KCl and was present throughout the equilib- 

ration and incubation period. The normal HEPES-2 

medium contains 5mM K”. Each point is the average 
from three incubations. 
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phine uptake by K~* addition to the medium. How- 
ever, if the slices were incubated in HEPES-G + 
(2-10mM additional K*) there was up to a 20 per 
cent increase in the uptake of morphine. At K* con- 
centrations above 20mM the uptake was inhibited 
(Fig. 8) in HEPES-G. 

Oxygen dependence of morphine uptake. If the 
medium was warmed to 37° and vigorously bubbled 
with water-saturated N, for 10 min and then the slices 
were equilibrated for 30min under N,, the 30-min 
uptake of morphine was reduced below medium levels 
from 10° ® to 10°3M. (To block uptake, it was not 
sufficient to just pass N, over the surface of the 
medium, particularly if the latter was still cold from 
storage.) Tissues treated in this manner never 
regained any uptake capability if they were trans- 
ferred to fresh, oxygenated medium after equilibration 
under N,. Thus it appeared that even the unsaturable 
uptake of morphine required viable kidney tissue. 

Morphine exit and effects of inhibitors of transport 
on exit. Although morphine uptake was inhibited by 
both cyanide and ouabain, at | to 5 x 10°*M both 
inhibitors could inhibit, and cyanide could also in- 
crease exit. If the slices were incubated for short 
periods in a concentration of CN” that was mildly 
inhibitory toward uptake, and the CN~ was washed 
out during efflux, in some cases the exit of morphine 
appeared to be retarded or decreased because some 
of the morphine that did exit was rapidly taken up 
again by the reactivated tissue. Thus, exit as well as 
uptake could be inhibited. However, if rapid reuptake 
of morphine (from unchanged efflux media) was 
blocked by residual cyanide from the prior incubation 
step, then it appeared that exit was stimulated. 

There was no difference in the time required for 
50 per cent of the morphine to exit after 30 min of 
incubation at 10°, 10°° or 10°*M. If slower exit 
in unchanged media was indeed due to reuptake, it 
did not increase in 10 to 100-fold higher external 
morphine concentrations, i.e. we did not observe evi- 
dence for counter-transport (see also Figs. 9 and 14 
below). 
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Efflux of morphine from the slices was measured 
in the presence and absence of morphine, antagonists, 
methadone and other substances. When the incubated 
slices were transferred into a single efflux solution, 
the amount of morphine remaining in the tissue was 
higher after 10-60 min than in slices that were trans- 
ferred at frequent intervals. This occurred after incu- 
bation at 3 to 9 x 10°°M for 30min at 37°. How- 
ever, if the efflux incubation medium contained meth- 
adone (3 uM), rotenone or nalorphine (1 4M), the exit 
of morphine was more rapid. The most rapid exit 
occurred with sequential transfers or in 1 uM 
rotenone. The results of these experiments are sum- 
marized in Fig. 9. We were unable to determine 
whether uptake or exit was more sensitive to a meta- 
bolic inhibitor, and with these few exceptions most 
experiments reported here are concerned only with 
effects upon morphine uptake. 

Effects of treatment in vivo and species differences 
on morphine uptake. Slices of rat renal cortex equival- 
ent in mass to those of mouse kidney took up mor- 
phine at the same rate from | “uM initial medium 
levels, but slices from guinea pig renal cortex took 
up less morphine at equilibrium (only 40-50 per cent 
as much as the slices of the other two species) from 
30nM or 254M medium levels. The equilibrium 
uptake of 30nM morphine by renal cortex slices from 
morphine-tolerant guinea pigs was further reduced 
30 per cent from untreated controls. Such reduced 
uptake was not affected by 10 uM methadone, levor- 
phanol or nalorphine but was inhibited 75 per cent 
by 1-5 uM rotenone, as in slices from untreated ani- 
mals. Morphine uptake by kidney slices from rats 
made tolerant to or withdrawn from morphine did 
not show significant changes from controls. 





2 


Lo 5 


aie 


1 1 <2 
10 20 40 50 
EFFLUX DURATION, MINUTES 








LOG OF % MORPHINE IN TISSUE 





Fig. 9. Effects of morphine, methadone, nalorphine, and 
rotenone on the efflux of morphine from kidney slices, 
semilogarithmic plot. After 30 min of incubation in 35 nM 
morphine['*C], the slices were transferred into fresh 
HEPES-?2 containing one of the following: (a) 3-5 or 
8:0 1M morphine. or 1 uM rotenone, or | 4M nalorphine 
(): (b) 34M methadone (0); or (c) 88nM morphine (A). 
Efflux without additional drug in the exit medium is shown 
by the line marked ‘control’ (@). If the slices were trans- 
ferred to fresh media at each time point, the efflux followed 
the same pattern as that in rotenone (a) (M). The left-hand 
ordinate, marked in even intervals, is the log of the per- 
centage of morphine['*C] remaining in the slices; the 
right-hand ordinate is the percentage of the mor- 
phine{'*C] remaining in the tissue. Data points are aver- 
ages of six to nine incubations with estimated standard 
errors less than 6 per cent. 
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Fig. 10. Inhibition of morphine uptake by narcotic anta- 
gonists and analogs. Test compounds were equilibrated 
with the slices 30 min before 30nM ['*C]morphine was 
added for a 20-min incubation. The ordinate scale, 
v-'=(morphine in medium/morphine in tissue volume) 
= M/T. In contrast with these results, no inhibition of 
10°°M morphine uptake was observed with 5 x 10°°M 
levels of the antagonists or analogs. Data points are aver- 
ages from six to twelve separate incubations with estimated 
standard errors less than 7 per cent. 


Inhibition of morphine uptake in kidney slices 

Effects of narcotic analogs, antagonists and other 
bases or alkaloids on morphine uptake into kidney 
slices. Levorphanol, nalorphine, dextrorphan, metha- 
done or naloxone was equilibrated with slices prior 
to addition of ['*C]morphine (Fig. 10). Below 1 uM, 
methadone was most effective in inhibiting the uptake 
of morphine, with levorphanol and nalorphine next 
most inhibitory, followed by dextrorphan, while 
naloxone was least effective at any concentration. 
Methadone inhibition was not complete or propor- 
tional to concentration and essentially ceased at 
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Fig. 11. Inhibition of 80nM morphine uptake into mouse 
kidney slices by some quaternary ammonium salts, amino 
acids and bases. Nonstandard abbreviations are: TEA, 
tetraethylammonium: HC-3, hemicholinium; DECA, deca- 
methonium; HEXA, hexamethonium; SCC, succinylcho- 
line; and CAD, cadaverine. All ‘inhibitors’ were equili- 
brated with the slices at 37° for 30 min before ['*C]mor- 
phine was added for a 30-min incubation. Data points are 
averages from three incubations. Control incubations with 
addition of H,SO, at the concentrations used with 
quinine, i.e. up to 50 ul of 0-1 N H,SO,, showed no effect 
on uptake. 
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1-2 uM. Levorphanol inhibition was more effective 
as its concentration increased, in a nonlinear fashion. 
Nalorphine appeared to be a very strong inhibitor 
(equivalent to methadone) at concentrations below 
5 x 10°7M, but above | uM, nalorphine inhibition 
of morphine uptake was stronger. Naloxone inhibited 
morphine uptake to a very slight degree, from 3 nM 
to 10 uM. At morphine concentrations above 2:5 uM, 
none of the analogs or antagonists markedly inhibited 
the equilibrium T/M of morphine when they were 
present at 1-50 uM for 30min prior to the addition 
of the radioactive morphine. 

Choline and other quaternary compounds inhibited 
morphine uptake into kidney slices. For this reason, 
we did not use choline-based media to study ion 
dependency of morphine uptake. The approximate 
potency with which these substances reduced the 
equilibrium T/M of 30-80nM morphine is shown in 
Fig. 11. Quinine hemisulfate and procyclidine hydro- 
chloride were the strongest inhibitors of morphine 
uptake, while weak inhibition was also observed with 
basic or acidic amino acids and the amine, cadaver- 
ine, at 1OmM. In the absence of glucose, 10mM 
alanine inhibited uptake by 50 per cent, although it 
had no effect when glucose was present. 

Effects of enzyme inhibitors, SH-reagents, glycolytic 
and mitochondrial poisons, electron-transfer trapping 
agents. The following substances at concentrations 
below |mM_ had little or no effect on the uptake 
of 30-80nM or 1-SuM morphine: ouabain, NaN;, 
NaF, phloridzin, chloramphenicol, malonate, glucose, 
pyruvate, lactate, z-ketoglutarate and succinate. 
When the kidney slices were treated with higher con- 
centrations of some of these, inhibition (> 20 per 
cent) of morphine uptake was observed with ouabain 
(2mM), amytal, NaN, (3mM), malonate (5-0mM), 
chloramphenicol (6 mM), glucose, NaF, succinate and 
lactate (10mM). In contrast, another group of com- 
pounds in the range of | uM-I mM effectively inhi- 
bited morphine uptake by kidney slices: methylene 
blue, ascorbate, quinacrine, chlorpromazine, iodoace- 
tate, dinitrophenol, oligomycin, amantadine, probene- 
cid and cyanide. Much stronger effects on morphine 
uptake were observed with specific mitochondrial 
enzyme inhibitors: rotenone, antimycin-A, nonyl-n- 
hydroxyquinoline-n-oxide, phenazine methosulfate 
and valinomycin. These substances caused a substan- 
tial (> 20 per cent) decrease in the rate of morphine 
uptake when they were present at concentrations 
below | uM in the medium. 

Some of the compounds (e.g. 2,4-DNP)* caused a 
time-dependent inhibition of uptake. They had little 
effect on the initial uptake (the first 5 min of incuba- 
tion) whereas later (after 30 min incubation) they 
caused a decrease in the equilibrium level of mor- 
phine taken up (Fig. 12). Because all the inhibitors 
were present during the equilibration period (for 
30 min) with the tissue before the uptake of morphine 


*Abbeevishions wad in this paper are: CPZ. 2-chloro, 
10-dimethyiaminopropyl phenothiazine (chlorpromazine); 
2.4-DNP, 2.4-dinitrophenol; DTE, dithioerythritol; FAA, 
fluoroacetic acid; [Ac, iodoacetic acid; NEM, n-ethylmalei- 
mide; PMS, n-methylphenazonium methyl sulfate (phena- 
zine methyl sulfate); PCMB, p-chloromercuriphenyl sul- 
fonic and TEA, tetraethylammonium bromide. 
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Fig. 12. Inhibition of morphine uptake by dinitrophenol 
increases during incubation. Kidney slices were incubated 
for 5 and 30 min in various 2,4-DNP concentrations prior 
to the addition of 90nM morphine['*C]. No inhibition 
of uptake was observed with 5 x 10°’ M of 2.4-DNP. The 
right-hand ordinate (°,1, 5')/(°,1. 30’) = (100 — °, of con- 
trol at 5 min)/(100 — °%% of control at 30 min) and is the 
scale for the triangular data points. Data points are aver- 
ages from three incubations. 


started, the constant inhibition of all phases of uptake 
by amytal, methadone, rotenone, antimycin-A, etc., 
appeared to be qualitatively different from inhibition 
by 2.4-DNP, even though equilibrium T/M values 
were depressed in all cases. 

SH-reagents. The uptake of morphine from 30 nM 
to 100 uM medium levels was strongly inhibited by 
SH-oxidizing or -complexing reagents. Some of the 
inhibition could be reversed by subsequent treatment 
with DTE, and the activity of at least one of the in- 
hibitors, CPZ, was nullified by DTE (Table 2). Other 
reducing agents, such as ascorbate and methylene 
blue, caused considerable inhibition and were not 
effective in reversing inhibition by NEM or CPZ. In- 
hibition by iodoacetate or PCMB was not reversed 
by washing the slices with fresh medium or with DTE. 

Transport system inhibitors. Ouabain did not mark- 
edly inhibit uptake of morphine. At 10°? M this gly- 
coside had much less effect on the kidney uptake of 
morphine than on brain uptake of amino acids. How- 
ever, amantadine and probenecid were effective in- 
hibitors of morphine uptake (Fig. 13). Amantadine 
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Fig. 13. Inhibition of 85nM morphine uptake at 37° in 
30 min by transport system inhibitors, solvents and iodo- 
acetate (conditions same as for Fig. 11). 
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Table 2. Inhibition of morphine uptake by SH-reagents 





Morphine 

Duration of 

incubation 
(min) 





Control T/M 
(no inhibitor) 


’., of control 
uptake 


Concn.in 


Compound (M) medium T/M 





NEM 10-4 30 nM 
2-5 uM 
30 nM 
35 nM 
35 nM 
2:5 uM 
35 nM 
35 nM 


10°> 
10°4 
5x 19°° 


10-3 
10" * 
10° * 
1073 
10° + 
1073 
iS x 107+ 


DTE 


NEM + 
DTE* 


NEM; 
DTE 


CPZ 


35 nM 


35 nM 
35 nM 
2-5 uM 
35 nM 
2:5 uM 


35 nM 
35 nM 


1-5 x 10°* 
10-3 

lo" * 

5x 10°* 


CPZ ;+ 
DTE 
IAC 


44-4 
54:5 


5.05 
5-80 
9-37 
5-47 
9-98 
6-47 
5-06 
508 


5-06 


4-83 
5-06 
5-77 
5-48 
5-80 

11-07 

11-07 





* Both compounds present during first 30 min of temperature equilibration of slices, before morphine addition. 
+ After 30 min slices were removed, rinsed and transferred to fresh medium with no NEM or CPZ, but containing 
DTE and ['*C]morphine. Values are averages from three separate incubations. 


did not appear to cause linear increments of inhibi- 
tion with increasing concentration, but its effects on 
morphine uptake were similar to those caused by 
TEA or hemicholinium, shown in Fig. 11. Acetone, 
used as a solvent for some of the other drugs in this 
study, was much less inhibitory than ethanol; both 
solvents inhibited kidney uptake of morphine to a 
greater extent than they reduced brain uptake of 
amino acids. Atractyloside and atractylic acid (inhibi- 
tors of ADP translocation during oxidative phosphor- 
ylation) at up to 1 mM also had no effect on mor- 
phine uptake. We also tested phloridzin and the aglu- 
cone, phloretin, substances that block glucose trans- 
port in the brush border cells. They had no effect 
at up to | mM. Any inhibition that was obtained with 
phloretin in acetone solutions was also found when 
the same volume of acetone was tested without the 
phloretin. Valinomycin inhibition was 50 per cent at 
2 uM. Results obtained with this compound are dis- 
cussed below. 

Glycolysis inhibitors. Glucose, at 10mM_ in the 
usual HEPES-2 medium, was inhibitory toward mor- 
phine transport. However, longer incubations (more 
than 10 min) in the absence of glucose decreased the 
equilibrium T/M of morphine, particularly when the 
medium concentration of morphine was greater than 
1 uM (see Fig. 7). A compromise between inhibition 
of initial uptake and maintenance of continued trans- 
port was approximated by | mM glucose. It was not 
unexpected, therefore, that inhibitors such as phlorid- 
zin or NaF would have little effect on morphine 
uptake, e.g. finely divided suspensions of phloretin, 
shaken for 30 min with the slices, had no effect. In 
comparison to the relative lack of effects of fluoride, 
ouabain, phloretin, etc., there was strong inhibition 


by more than 2mM azide (Table 3) and by 50 mM 
solvents (Fig. 13). 

Inhibitors of mitochondrial enzymes. The strongest 
inhibitors of morphine uptake by kidney were those 
that block mitochondrial enzymes: rotenone, alkyl 
hydroxyquinolines and antimycin-A. Even relatively 
nonspecific mitochondrial inhibitors such as cyanide 
(Fig. 14) were much more active than those described 
in the preceding sections. The binding of 35nM mor- 
phine was effectively blocked by less than | uM 
rotenone (Fig. 15). At higher medium concentrations 
of morphine the effect of rotenone was similar. Amino 


Table 3. Effect of inhibitors of glycolysis on morphine 
uptake by kidney slices 





Morphine uptake 





Concn % of 


Compound T/M control 





4-83* 
2:07 
1:94 
4:74 
3-97 
3-86 
10-47 
10-4 
2:37 
2:00 
2:34 
1-60 


NaN, 


NaF 


Phloridzin 


Phloretin 
(in acetone) 
Acetone 





* Incubation in 30nM ['*C]morphine for 5 min at 37°. 

+ Incubation in 85 nM ['*C]morphine for 30 min at 37°. 
T/M values are averages from six to nine incubations with 
estimated S.E.M. less than 10 per cent. 
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Fig. 14. Inhibition of 5- and 30-min uptake of morphine 
from 80nM medium levels by cyanide. In these exper- 
iments, cyanide and morphine were added simultaneously. 
The bars represent the range of the standard deviation 
of the averages (@) from twelve incubations. There was 
no significant difference between the effect of CN at 5 or 
at 30 min on the morphine uptake: 50 per cent inhibition 
of uptake was produced by 2:5 x 10° *M CN, but uptake 
was not quite reduced to the level obtained with boiled 
slice controls ( ) even at 0-5 to 1mM CN. 


acid transport into kidney slices was also blocked by 
rotenone to the same extent as morphine uptake 
(Table 4). Figure 16 shows the effect of antimycin-A 
and oligomycin on morphine uptake in the presence 
and absence of glucose. Whether glucose was present 
or not, or was replaced with succinate (cf. Discussion), 
the inhibition by antimycin-A remained the same, but 
inhibition by oligomycin was reduced when glucose 
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Fig. 15. Inhibition of 30-min morphine uptake into mouse 
kidney slices by rotenone. Conditions are same as in Figs. 
11 and 13; the inset shows that similar results were 
obtained with rotenone on the equilibrium uptake of mor- 
phine using 13 nM, 130nM and 1:344M morphine levels 
in the medium: 10°’ M rotenone caused 50 per cent inhi- 
bition of morphine uptake. Data points are averages from 
three incubations at each rotenone concentration. The 
rotenone solutions were prepared from clear, cold 100 mM 
stock concentrates in acetone, by serial dilution. The final 
rotenone solution added to each incubation flask was 75”, 
(v/v) acetone in water. Acetone concentrations were kept 
below 10°3M in the medium. The room was darkened 
for all of these incubations to prevent photodecomposition 
of the rotenone. 
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Table 4. Effect of rotenone on morphine and b-glutamate 
uptake by kidney and brain slices 





T/M 
after 
30 min* 


Rotenone 


(uM) control 





Kidney slices 
p-Glutamate (1 mM) 2:46 100 
0-62 25-3 
8-94 100 
1-99 223 


Morphine (31 nM) 


Brain slices 
b-Glutamate (1 mM) 


Morphine (31 nM) 





* Slices were equilibrated with rotenone for 30 min at 
37 before the radioactive D-glutamate or morphine was 
added. Values are averages from six to fifteen incubations 
with estimated.S.E.M. less than 6 per cent. 


was replaced by succinate. A maximal inhibition 
obtainable with oligomycin was 64 per cent under 
the latter conditions. Valinomycin, an inhibitor of K* 
transport, was also examined in a similar set of exper- 
iments, but no difference was obtained if glucose was 
replaced in the medium by succinate (Fig. 16). Inhibi- 
tion by nonyl-hydroxyquinoline n-oxide was similar 
to that of antimycin-A. 

In contrast to these strong inhibitors, other un- 
coupling agents, e.g. amytal, quinacrine and chlor- 
amphenicol, had a lesser effect. 2.4-DNP (see Fig. 12) 
caused up to 20 per cent less inhibition of the 5-min 
morphine uptake than it did of the equilibrium 
uptake at 30 min. Previously, Piccoli and Lajtha [13] 
showed that 34M of 2.4-DNP reaches equilibrium 
in 30 min in brain and it may require longer equilib- 
ration with such compounds to obtain constant inhi- 
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Fig. 16. Extent of inhibition of 350nM morphine by oligo- 
mycin depends upon the presence of glucose or succinate, 
while that due to antimycin-A and valinomycin does not. 
Symbols used are: solid, in HEPES-2 with glucose; open, 
in HEPES (—) glucose, + succinate; triangles, antimy- 
cin-A; squares, oligomycin; and circles valinomycin. If glu- 
cose was absent, it required a 3-fold increase in the concen- 
tration of oligomycin to produce the same inhibition as 
when glucose was present. Data points are averages from 
three incubations. 
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Table 5. Effects of inhibitors with Krebs’ cycle substitutions for glucose in HEPES-G medium: T/M 
at 30 min 





Additions 


Succinate 
(1 mM) 


Glucose 
(1 mM) 


4-Ketoglutarate 
(1 mM) 


Lactate 
(1 mM) 





None 


9:96 = 100% —_78-2°% 


82:8°% 134°, 





PMS (2:5 uM) 
PMS (2:5 uM) + 
ascorbate (32 uM) 
PMS (2:5 uM) + 
ascorbate (32 4M) + 
Rotenone (1-5 uM) 
Rotenone (1:5 uM) 
Malonate (50 mM) 
Malonate (10 mM) 
Malonate (10 mM) + 
succinate (10 mM) 
Chlorpromazine (10 4M) 
(or, +PMS: or +ascorbate) 


29-1* 


57-9 25 50:1 


34:2 





*Each value is the average of three incubations using mouse brain slices and 80nM morphine- 
['*C], as per cent of control, 9-96 T/M. Similar results were obtained with 30nM and 8 uM morphine. 


bition of initial and equilibrium uptake. Chloram- 
phenicol (10°°-10°*M) had no effect on uptake, 
while quinacrine at 804M inhibited uptake 58 per 
cent (higher quinacrine concentrations interfered with 
counting procedures). Inhibition of 31 nM or 1:3 uM 
morphine uptake increased linearly from 15 per cent 
at 10°°M amytal to 45 per cent at 2mM. No effect 
of gramicidin-D was observed that was not also pro- 
duced by the acetic acid solvent. 

Electron transfer traps and Krebs’ cycle substitution. 


Relatively mild reducing agents, such as ascorbate or 
methylene blue, inhibited morphine uptake. Results 
of the addition of various electron acceptor and sub- 


strate substitutions are summarized in Table 5. 
Phenazine methosulfate alone, or in combination with 
ascorbate, inhibited morphine uptake strongly. Part 
of the PMS inhibition with succinate was relieved by 
ascorbate, but the reducing agent increased PMS in- 
hibition with lactate. Partial reversal of rotenone inhi- 
bition also occurred when PMS and ascorbate were 
added to all substrates, being most notable with lac- 
tate. Malonate inhibited uptake the least with lactate, 
and its inhibition was partially reversed by additions 
of succinate to all other substrates. Inhibition by CPZ 
(using succinate or glucose) was not ameliorated by 
PMS or ascorbate. 


DISCUSSION 


Mode of morphine entry into kidney slices. Morphine 
appears to enter the kidney by at least three indepen- 
dent mechanisms. First, we obtained evidence for 
entry by diffusion, shown by uptake in boiled tissue 
with T/M > 1, although transport mechanisms were 
inactivated. Second, concentrative mechanisms, 
requiring metabolic energy and inhibited by specific 
mitochondrial enzyme poisons, as well as general 
metabolic inhibitors, appeared to derive energy from 
Krebs’ cycle intermediates substituted for glucose. 
The uptake of morphine from 5x 10°’ to 
5 x 10°°M appeared to satisfy criteria for active 
transport processes via concentrative, energy-depen- 
dent mechanisms. Third, unsaturable uptake was 


observed in loading experiments at concentrations 
above 10°*M. The tissue/medium levels under these 
conditions were relatively constant at 3 to 4-fold the 
external medium concentrations. This type of mor- 
phine uptake occurs with brain slices [8], with other 
drugs in both brain and kidney [6,7], and at mor- 
phine concentrations greater than 10° *M _ with liver 
slices (unpublished results). Hug [5] also showed that 
this occurs with dog kidney uptake of dihydromor- 
phine. 

Indirect evidence for a fourth type of morphine 
uptake, binding (inherent to carrier-mediated concen- 
trative mechanisms described above), was obtained in 
experiments with morphine concentrations lower than 
50 nM in which analogs inhibited uptake and pre- 
vented reuptake. However, when the medium mor- 
phine concentrations were more than | uM, the inhi- 
bition by the analogs was no longer observed. If all 
of the morphine uptake was due to binding, we could 
have expected to observe evidence for some stoichi- 
ometry between the tissue mass and amount of mor- 
phine removed from the medium, with a T/M de- 
creasing sharply to a constant value within at most 
two orders of magnitude change in medium concen- 
tration. Even with a weak affinity of morphine for 
the tissue, when the medium concentration was in- 
creased 100-fold, binding sites would have been rela- 
tively saturated and additional uptake would have 
stopped, unless the morphine in the tissue was 
removed to another compartment by a carrier or con- 
version to a metabolite. Moreover, the efflux time for 
the exit of SO per cent of the tissue load of morphine 
would have varied inversely with the initial medium 
concentration if the morphine were bound internally 
in the slice. Instead, the efflux time was uniform after 
varous loads. We did not observe any evidence for 
morphine metabolism, and the T/M did not decrease 
so sharply with increments in M that we could deter- 
mine what the number of binding sites were per g 
of tissue. Therefore, although both binding and trans- 
port processes are saturable, and binding is a first 
step in carrier-inediated transport, the degree of satur- 
ability is greater when only binding is involved, and 
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we observed no evidence other than limited structural 
analog competition to suggest that morphine uptake 
in kidney involved binding alone. 

Type of inhibition of uptake. Our results with mor- 
phine generally are in accord with what had been 
previously reported by Bell [4], Hug et al. [1] and 
Hug [5] for dihydromorphine in kidney. Because the 
characteristics of morphine uptake into brain slices 
appeared to be different from those reported for 
dihydromorphine [8], we decided to reinvestigate 
morphine uptake in kidney slices, particularly from 
mice, using various inhibitors of transport and 
enzyme activity. Some of the inhibitory compounds 
had been shown to interfere effectively with dihydro- 
morphine uptake into dog kidney slices, e.g. IAc, 
2.4-DNP, FAA and NaCN [1], nalorphine, probene- 
cid, levorphanol and dextrorphan [5]; or into choroid 
plexus, e.g. decamethonium and hexamethonium [5]. 
Some potentially inhibitory compounds were shown 
to be accumulated in rat and chicken kidney slices 
(hexamethonium and tetraethylammonium) during 
investigations of the binding of organic bases [14]. 
Many of the others had been used in our laboratory 
to study energy requirements for amino acid transport 
in brain slices [10, 11]. 

ihe presentation of drug uptake data in pseudo- 
Lineweaver—Burk format is not entirely valid for 
morphine uptake by kidney slices for the following 
reasons. First, the choice of a baseline would be arbi- 
trary since boiled tissue, tissue incubated under N, 
atmosphere, or CN-treated tissue each showed a dif- 
ferent reduction of morphine uptake. Although boil- 
ing the slices undoubtedly destroyed membranes and 
reduced the equilibrium uptake to a T/M of <3, incu- 
bation under N,, which might be considered a milder 
treatment, caused much greater inhibition to a T/M 
of 6-8. Second, the uptake of morphine was not due 
to passive binding. Thus the effects of inhibitors of 
such uptake might appear to be noncompetitive when 
examined with standard graphical analyses (i.e. reci- 
procal plotting of T/M vs I), but the inhibitor could 
be acting on an entirely different component of the 
uptake process, e.g. depleting the available energy 
required to concentrate the morphine within the tis- 
sue. At present we have too little information con- 
cerning the degree of coupling of energy-producing 
and carrier systems to simply reduce them to a single 
component for graphical analysis. Third, some inhibi- 
tors (e.g. 2.4-DNP) had little effect on the initial rate 
of morphine uptake but decreased the equilibrium 
levels. 

Factors controlling morphine uptake: competition for 
carrier by structural analogs and other organic bases. 
The concentrative uptake was sensitive to potent 
mitochondrial enzyme poisons such as rotenone or 
antimycin-A. However, the bulk transport (from 
medium levels above 10° ° M) of morphine did not 
show the same sensitivity to inhibition by analogs 
or pharmacological antagonists as did morphine 
uptake from medium concentrations below 10°’ M. 
Methadone may be a stronger inhibitor of morphine 
uptake than levorphanol or nalorphine at relatively 
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block the excretion of morphine in vivo and amplify the 
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low concentrations due to the extremely high affinity 
of the tissue for methadone [15]. Furthermore, 
although levorphanol and nalorphine appeared to be 
more potent than dextrorphan in blocking morphine 
uptake, the relative lack of inhibition of morphine 
uptake by naloxone indicates that, for the kidney slice 
experiments, we were probably not observing stereo- 
specific, receptor-type binding. 

Differences in inhibition of morphine uptake by 
various Organic bases may be due, in part, to their 
accumulation to different levels in kidney slices. Mc- 
Isaac [14], for example, showed that 10 uM TEA was 
accumulated by rat kidney 4- to 5-fold above the 
medium, while 10 uM decamethonium was accumu- 
lated only 1-5 to 2-5-fold. In accord with his observa- 
tion, we observed that TEA was about twice as effec- 
tive as decamethonium in inhibiting morphine uptake 
by mouse kidney. The same compound may also be 
more inhibitory toward one type of organic base than 
another. Whereas Mclsaac demonstrated that quinine 
sulfate at 0:2mM inhibited 10°°M TEA uptake by 
50 per cent. in these experiments the morphine uptake 
was twice as sensitive: 0-8 uM quinine inhibited 
80nM morphine uptake by 50 per cent.* Further- 
more, some differences between our findings and 
those reported by previous investigators who 
measured drug effects on renal morphine uptake may 
be due to a peculiarity of the sensitivity of the tissue 
from a particular species. For example, we observed 
decreased uptake in guinea pig kidney slices in com- 
parison with tissue from mice or rats. 

Of the other compounds exainined, choline is taken 
up to high levels by kidney tissue yet appears to be 
a very weak inhibitor of morphine uptake in compari- 
son with hemicholinium or TEA. This suggests that 
the renal morphine uptake may be poorly controlled 
by the intracellular organic base concentrations. In 
addition, loading of slices with up to 504M _ nalor- 
phine, levorphanol, dextrorphan or naloxone had no 
effect on 10 uM morphine uptake, despite the fact that 
nalorphine, levorphanol annd dextrorphan are all 
accumulated much above medium levels of 10°*M 
by kidney tissue [5]. Indeed, Hug has shown that 
mM nalorphine is required to inhibit } of the dihyd- 
romorphine uptake from 10 «.M medium levels in dog 
kidney slices, an ‘inhibitor-substrate’ index of 100 for 
33 per cent inhibition. In the present study, a 100-fold 
higher concentration of nalorphine inhibited uptake 
of 30nM morphine by 75-80 per cent. This apparent 
sensitivity of the morphine uptake by kidney slices 
at low concentrations to inhibition by analogs and 
antagonists (at low concentrations) is suggestive of 
a competition for binding sites but is not necessarily 
indicative of inhibition of the transport process for 
the following reasons. 

First, for binding precedent to transport, inhibition 
diminishes as the absolute morphine concentration in 
the medium increases, provided that the effect of such 
competitive inhibition is primarily upon a first step 
in the total uptake process. This was observed in 
these experiments. Second, however, binding may also 
occur within the tissue to terminate uptake, as shown 
by Holm [16] for decamethonium. If the internal 
binding of the first (analog or antagonist) compound 
is at a site where the morphine must finally bind, 
inhibition of uptake would be expected to increase 
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Table 6. Comparison of characteristics of morphine and amino acid uptake in mouse or rat brain 
and kidney 





Brain Kidney 





Amino acid 
uptake 


Amino acid 
uptake 


Morphine 
uptake 


Morphine 
uptake 





Saturable 
Temperature sensitive 
High-affinity components 
Low-affinity components 
Inhibited strongly by: 
Anoxia 
LM mitochondrial poisons 
mM general poisons 
Depletion of glucose 
mM solvents 
mM SH-oxidants 
pH change 
mM ouabain 


++4++4+ 


+++ 14+4+4++4 


++++ 


+++14+++4 





exponentially as the concentration of the analog or 
inhibitor increases. Such was the case with relatively 
low concentrations of levorphanol (below 3 uM) but 
did not occur consistently with the other analogs or 
antagonists. Third, furthermore, the finding of a uni- 
form exit time for efflux of various loads of morphine 
does not support the hypothesis of internal binding 
sites. 

In this study we did not attempt to increase the 
concentration of morphine analogs and antagonists 
above 50 uM because above this concentration they 
begin to interfere with tissue respiration [4], and 
other functions in a nonspecific manner [17]. More- 
over, the increase in efflux of morphine after addition 
of CN, rotenone, methadone or nalorphine did not 
indicate any structural specificity to suggest that the 
narcotic or antagonist was competing with morphine 
for some internal binding site. Thus, despite some 
apparent stereospecificity among the analogs inhibit- 
ing 10°-°M morphine uptake, it appears that mor- 
phine is not bound in the kidney slice by passive 
effects (i.e. an affinity of association with binding sites 
in competition with structural analogs) but that active 
metabolic processes retain an internal, diffusible pool 
of the drug. 

Role of mitochondrial metabolism in renal morphine 
uptake. Morphine uptake is metabolically sensitive, 
i.e. if the kidney tissue was heated to 95° for 10 min 
or poisoned with strong inhibitors of mitochondrial 
function, the slices no longer took up morphine, even 
from 10°°M medium levels. This is quite different 
from the relative insensitivity of morphine uptake by 
brain slices [8]. In fact, the lowest T/M values (80 
per cent inhibition) were obtained with three treat- 
ments that block mitochondrial energy production: 
complete anoxia (under N,), in the presence of more 
than 1M rotenone, |1mM_ cyanide or 50mM 
malonate, regardless of the substrate replacing glu- 
cose as a source of energy for uptake. An inhibitory 
effect of glucose on morphine uptake was observed 
in this study, but inhibitors of glucose transport or 
of glycolysis had little or no effect on morphine 
uptake, although they stimulate amino acid uptake 
by rat renal cortex [18,19]. Because some of the glu- 
cose-transport inhibitors, as well as atractyloside, 


were inactive, we cannot show positive evidence of 
their penetration into the tissue. Therefore, we cannot 
directly demonstrate the glucose requirements for 
morphine transport into kidney slices. 

We were able to maintain uptake of morphine from 
30nm to 104M medium levels with various Krebs’ 
cycle substrates: succinate and z-ketoglutarate being 
most efficient. Inhibition caused by malonate was 
reversible by succinate, while that due to rotenone 
was partially reversed with PMS and ascorbate. These 
effects suggest that transport of morphine requires 
mitochondrial, rather than glycolytic, activity. The 
reduction of inhibiton by oligomycin when succinate 
was substituted for glucose also suggests the possi- 
bility that phosphorylated intermediates other than 
ATP may be used for active transport. The inhibition 
of uptake by K”* ion and the relative resistance of 
the morphine uptake to ouabain (in comparison to 
brain amino acid transport) suggest that ion flux may 
not be a driving force for renal morphine transport. 

Comparison of morphine uptake by kidney slices and 
amino acid uptake by brain slices. Comparison of the 
results of these experiments with those using brain 
slices [8] indicates that morphine uptake in kidney 
is very different from that in brain but has many 
characteristics that are similar to those of amino acid 
transport in brain (Table 6). However, the kidney slice 
uptake of morphine is much more sensitive to inhibi- 
ton by alcohol, acetone or K* and is much less sensi- 
tive to NaF, CPZ and ouabain than is the brain slice 
uptake of amino acids, while the mass of amino acids 
that can be taken up by brain slices is much greater 
than that of morphine, amino acids or TEA into kid- 
ney tissue (i.e. the capacity at equilibrium for valine 
or leucine in brain is more than 5-10 mM from 2 mM 
medium). Despite these differences, certain aspects of 
mitochondrial function appear to be required for 
transport in both tissues. 
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Abstract—The effect of chronic clofibrate administration on fatty acid oxidation by isolated liver and 
skeletal muscle mitochondria was studied to determine if the hypolipidemic action of clofibrate may 
be mediated by reducing levels of fatty acyl substrates via enhanced fatty acid oxidation. Oxygen 
consumption and CO, production associated with the oxidation of fatty acids were decreased 30 
per cent in liver mitochondria from clofibrate-treated rats. By contrast, CO, production from acetate 
and citric acid cycle intermediates was not significantly affected. This indicates impairment of f-oxida- 
tion of fatty acids to’the level of acetyl CoA, an interpretation supported by the findings of a decrease 
in ketone body production. In liver mitochondria, oxygen consumption associated with the oxidation 
of glutamate, succinate and ascorbate was depressed. The per cent decrease was comparable in the 
absence or presence of ADP or dinitrophenol. suggesting impairment of the respiratory chain. There 
was no effect on energy production or utilization, as evidence by unchanged respiratory control, ADP/O 
ratio, ATP-*?P exchange reaction, and substrate- or ATP-supported Ca?* uptake. Unlike isolated 
liver mitochondria, there were no effects on oxygen uptake or fatty acid oxidation by muscle mitochon- 
dria. It is unlikely that the hypolipidemic effects of clofibrate are mediated by reducing fatty acyl 


substrate levels via enhanced fatty acid oxidation. 


The ethyl ester of x-p-chlorophenoxyisobutyric acid 
(clofibrate) is widely used to lower serum levels of 
cholesterol and triglycerides [1,2]. Reduction of trig- 
lyceride levels may be due to the ability of clofibrate 
to displace thyroxin from albumin-binding sites [3] 
since thyroid hormones exhibit hypocholesterolemic 
and hypotriglyceridemic properties. Clofibrate in- 
creases the uptake of triglycerides by adipose tis- 
sue [4] and decreases the release of fatty acids from 
adipose tissue [5,6]. Turnover of low-density lipopro- 
teins is lowered by clofibrate [7] and hepatic release 
of lipids or lipoproteins is depressed [8,9]. Hence de- 
creased triglyceride formation or release, or decreased 
lipoprotein formation or release, may be involved in 
the lipid-lowering action of clofibrate. It is possible 
that reduction of fatty acid levels in the liver may 
participate in the clofibrate effect. Depression of fatty 
acid or triglyceride biosynthesis is suggested by an 
inhibitory effect of clofibrate on acetyl CoA carboxy- 
lase [10] or on the acylation of glycerol-3-phos- 
phate [11,12]. Accelerated fatty acid oxidation by 
hepatic mitochondria may contribute to the hypolipi- 
demic effect of clofibrate by reducing stubstrate con- 
centrations. Indeed, it has been reported that, in man, 
chronic clofibrate administration increased the oxi- 
dation of palmitate to CO, and acetoacetate [13]. 
Clofibrate administration was reported to augment 
hepatic activities of mitochondrial «-glycerophos- 
phate dehydrogenase, cytochrome oxidase and cata- 
lase [14], and to increase the content of mitochon- 
dria [15,16]. Mitochondria protein synthesis in vivo 
was stimulated by clofibrate administration. However, 
the half-life of this organelle was unchanged [17]. 
Hepatic mitochondrial oxygen uptake and oxidative 
phosphorylation were reported not to be affected by 
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clofibrate feeding [18], whereas the specific activities 
of several enzymes of the outer mitochondrial mem- 
brane were decreased 30-40 per cent[17]. In vitro, 
clofibrate was reported to have numerous effects on 
mitochondrial functions [19-21]. We previously 
reported that clofibrate, in vitro, inhibits mitochon- 
drial oxygen consumption with several substrates, res- 
piratory control, oxidative phosphorylation, energized 
Ca** uptake, and the transfer of reducing equivalents 
into the mitochondria, as catalyzed by reconstituted 
substrate shuttles[22]. In this report, a study was 
made of the effect of chronic clofibrate administration 
on fatty acid oxidation by hepatic and skeletal muscle 
mitochondria, to determine if altered fatty acid oxi- 
dation plays a role in the hypolipidemic action of 
clofibrate. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats, weighing about 200 g, 
were injected subcutaneously with 30 mg _ clofi- 
brate/100 g of body wt/per day for 14 or 18 days [23]. 
Controls were injected with saline. The animals were 
killed 16-24 hr after the last dose of clofibrate. Liver 
mitochondria were prepared as previously described 
[24], washed and suspended in 0.25 M sucrose—0.01 
M Tris-HCl, pH 7.4—0.001 M EDTA. Muscle mito- 
chondria were prepared by the method of Chappell 
and Perry [25]. Protein was determined according to 
Lowry et al. [26]. All radioactive counting procedures 
were performed in a liquid scintillation counter using 
either Econofluor or Aquafiluor as the scintillation 
medium. 

Oxygen consumption. Oxygen uptake was assayed 
at 30° using a Clark oxygen electrode as previously 
described [22, 27, 28]. The reaction system consisted 
of 0.3 M mannitol, 10 mM Tris-HCl (pH 7.4), 10 
mM potassium phosphate (pH 7.4), 10 mM KCl, 2.5 
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mM MgC}l,. and mitochondrial protein equivalent to 
about 3-5 mg protein in a final volume of 3.0 ml. 
Substrates included 10 mM glutamate, 10 mM suc- 
cinate, 5 mM_= ascorbate-0.2 mM_ tetramethyl-p- 
phenylenediamine, 17 uM_ palmitoyl-/-carnitine and 
1 mM NADH. State 3 oxygen consumption is the 
rate of oxygen uptake in the presence of | mM ADP, 
whereas state 4 is the rate in the absence of ADP. 
When present, the final concentration of dinitro- 
phenol* was 0.08 mM. 

ATP-**P exchange. ATP-*?P exchange was assayed 
as previously described [22, 27,28], using 32P0, 
(20,000 cpm/umole of Pi). 

Ca** uptake. The uptake of Ca?* by the mitochon- 
dria was measured using | mM *°Ca** (60,000 
80,000 cpm/umole of Ca?*) as previously described 
[22, 27, 28]. The source of energy was 10 mM gluta- 
mate (plus ATP), 10 mM succinate (plus ATP) or 3.3 
mM ATP alone. Energy-independent Ca** uptake is 
defined as the uptake which occurs in the presence 
of 0.1 mM DNP 

17 Pase activity. ATPase activity was determined 
as previously described [22, 27,28] in the absence or 
presence of 3 mM Mg?* or 0.1 mM DNP. 

CO) production from fatty acids and citric acid cycle 
intermediates. CO, production was assayed at 30° in 
center-well flasks containing 0.3 ml hydroxide of hy- 
amine in the center well [29, 30]. The reaction system 
consisted of 0.3 M mannitol, 10 mM Tris-HCl (pH 
7.4), 10 mM potassium phosphate (pH 7.4), 2.5 mM 
MgCl,, 10 mM KCl, 3.3 mM ADP and about 2 mg 
of mitochondrial protein in a final volume of 3.0 ml. 
Substrates included 67 uM sodium palmitate[1-'*+C], 
67 uM sodium octanoate[1-'*C], 1 mM sodium ace- 
tate[1-'*C], 6.7 mM sodium a-ketoglutaratef 1-'*C], 
6.7 mM sodium succinate[1,4-'*C], 6.7 mM sodium 
citrate[6-'*C], or 5.4 mM sodium malate (uniformly 
labeled). When fatty acids were the substrates, 3 mM 
ATP plus 3 mM carnitine and 0.2 mM sodium malate 
was also added, and the palmitate was bound to albu- 
min. The reaction was terminated after 15 min by 
the addition of | ml of 2 N HCl. After a 60-min 
equilibration period, the contents of the center well 
were collected, the center wells were washed three 
times with Econofluor, and the samples counted. 

Ketone body production. Ketogenesis was assayed 
at 25 as previously described [20, 29], using an incu- 
bation mixture of 100 mM KCl, 10 mM potassium 
phosphate (pH 7.4), | mM MgCl,, 0.1 mM sodium 
malate, 6 mg of fatty acid-free bovine serum albumin, 
1 mM ADP and about 5 mg of mitochondrial protein 
in a final volume of 3.0 ml. The reaction was initiated 
by the addition of 0.1 mM palmitoyl-/-carnitine. After 
20 min the contents of the flasks were poured into 
centrifuge tubes containing 0.3 ml ice-cold HCIO, 
(60°,, w/v). After centrifugation and neutralization, the 
concentrations of acetoacetate and B-hydroxybutyrate 
were determined enzymatically [31] in 1.5-ml ali- 
quots of the supernatant. 

Source of materials. Palmitoyl-l-carnitine was a gift 
of Otsuka Pharmaceuticals, Tokoshima, Japan. Clofi- 
brate was obtained from Ayerst Laboratories, Inc., 
New York. Hydroxide of hyamine-10X, Econofluor 
and Aquafluor were from Packard Instruments. 





*The abbreviation used is: DNP, 2,4-dinitrophenol. 
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Downers Grove, Ill. Sodium octanoate[1-'*C] (sp. 
act. 20 mCi/m-mole), palmitic acid[1-'4C] (56.8 mCi/ 
m-mole), *°CaCl, (12.8 mCi/mg), NaH, **PO, (500 
mCi/m-mole), x-ketoglutaric acid{1-'*C] (5 mCi/m- 
mole), citric acid[6-'*C] (5 mCi/m-mole) and succinic 
acid[1.4-'*C] (5 mCi/m-mole) were obtained from 
New England Nuclear Corp., Boston, Mass. L-Malic 
acid{'*C] (U) (35 mCi/m-mole) was obtained from 
Amersham Searle, N.Y. 

Statistics. All values refer to mean + S.E.M. The 
number of pairs is indicated in parentheses: or stated 
in the legends. Statistical analysis was made by Stu- 
dent’s t-test. 


RESULTS 


_ The ratio of liver to body weight was increased 
from 3.8 per cent in controls to 4.8-5.2 per cent in 
rats treated with clofibrate for 14 or 18 days. This 
increase of 29 per cent is similar to that found by 
others [ 16, 18, 32]. Mitochondrial «-glycerophosphate 
dehydrogenase activity increased 3 to 4-fold (11-15 
nmoles cytochrome c reduced/min/mg of protein). 
The recovery of mitochondria increased by about 
30-40 per cent after clofibrate administration. 

Fatty acid oxidation. The oxidation of palmitoyl-!- 
carnitine by isolated liver mitochondria was studied 
after 14 and 18 days of clofibrate administration. 
Oxygen consumption associated with the oxidation 
of palmitoyl-/-carnitine was decreased under state 4 
(41 per cent) and state 3 (32 per cent) conditions (Fig. 
1) after 14 days of clofibrate administration. However. 
oxidative phosphorylation was not impaired, as evi- 
denced by the comparable respiratory control and 
ADP/O ratios in mitochondria isolated from controls 
and from clofibrate-treated rats. Similar results were 
obtained after 18 days of clofibrate treatment; oxygen 
uptake associated with palmitoyl-/-carnitine oxidation 
was decreased in the absence of ADP, from 13.6 + 1.4 
natoms/min/mg of protein to 8.5 + 0.6 after clofibrate 
administration (—38 per cent, N = 6, P = 0.01) and 
was decreased in the presence of ADP from 56.9 + 6 
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Fig. 1. Effect of chronic clofibrate administration on 
oxygen consumption associated with palmitoyl-l-carnitine 
as substrate. Oxygen uptake was assayed as described in 
Materials and Methods after 14 days of clofibrate 
administration. The concentration of palmitoyl-/-carnitine 
was 17 uM. Results are from seven pairs of animals. 
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Table 1. Effect of clofibrate administration on CO, production from labeled fatty acids* 





CO, production 





Substrate 


Control Clofibrate Effect 
(cpm/mg protein) P 





A. Palmitate[1-!*C] 
Octanoate[1-!*C] 
B. Palmitate[1-'*C] 
Octanoate[1-'*C] 


0.02 
<0.05 
<0.02 
<0.05 


5998 + 617 
4610 + 497 
+ 
+ 


4253 + 
3247 
2594 
3930 


543 
+ 716 


+ 490 
+ 800 


4326 
5778 


722 
566 





* CO, was collected and counted as described in Materials and Methods. Experiments A and B 
refer to 14 and 18 days of clofibrate administration respectively. 


natoms/min/mg of protein to 40 + 3 (30 per cent, 
N = 6, P = 0.02). Respiratory control and ADP/O 
ratios were not affected. In these experiments palmi- 
toyl-/-carnitine was used as the substrate so that the 
fatty acid was already available as the carnitine ester, 
which is the activated, easily penetrable, form. Clofi- 
brate administration was reported to increase the ac- 
tivities of long-chain acyl CoA synthetase and carni- 
tine palmitoyl transferase [33]. Consequently, we 
studied the effects of clofibrate administration on the 
oxidation of the albumin-bound free fatty acid, a sys- 
tem which requires the participation of these enzymes. 
Palmitate oxidation was also decreased under state 
4 (27 per cent) and state 3 (37 per cent) conditions 
after clofibrate treatment. The respiratory control and 
ADP7/O ratios were not affected. 

CO, production from fatty acids and citric acid cycle 
intermediates. In man, CO, production from palmi- 
tate was increased by clofibrate ingestion [13]. We, 
therefore, investigated the effect of chronic clofibrate 
administration on CO, production from labeled pal- 
mitate and octanoate by isolated rat liver mitochon- 
dria. CO, production from both palmitate and 
octanoate was decreased 30 per cent after 14 days 
of clofibrate administration (Table 1), a decrease com- 
parable to that of state 3 oxygen consumption associ- 
ated with fatty acids as substrate (32 per cent). After 
18 days of clofibrate administration, CO, production 
from palmitate was decreased 40 per cent, while that 
from octanoate was decreased 32 per cent (Table 1). 
Since activation and translocation of fatty acids are 
enhanced by clofibrate feeding [33], the decrease in 
CO, production by isolated mitochondria may reflect 
impaired f-oxidation of the fatty acids to the level 


of acetyl CoA or decreased citric acid cycle activity. 
To distinguish between these two possibilities, the 
effect of clofibrate administration on CO, production 
from acetate and several citric acid cycle interme- 
diates was studied. 

The use of acetate[1-'*C] allows assay of the com- 
plete citric acid cycle, since neither of the CO, mole- 
cules produced is derived from acetate on the first 
turn of the cycle. Upon subsequent revolutions, 
labeled acetyl carbon is eliminated as radioactive 
CO). The use of citrate[6-'*C] allows measurement 
of the formation of labeled CO, produced in the 
citrate-x-ketoglutarate span of the cycle, while use of 
z-ketoglutarate[1-'*C] permits measurement of the 
formation of labeled CO, produced in the x-ketoglu- 
tarate-succinate span of the cycle [34]. The use of suc- 
cinate[ 1,4-'*C], or uniformly labeled malate, coupled 
with the information derived from experiments with 
citrate[6-'*C] and »-ketoglutarate[1-'*C], provides 
information concerning the spans succinate — citrate 
or malate — citrate respectively [34]. CO, production 
from acetate was not affected by 14 or 18 days of 
clofibrate administration (Table 2), suggesting that the 
overall activity of the citric acid cycle was not im- 
paired. This may correlate with the lack of effect of 
clofibrate administration on CO, production from 
citrate[6-'*C] (Table 2). The slight decreases in CO, 
production observed with x-ketoglutarate, succinate 
and malate were not statistically significant (Table 2). 

Ketone body production. In rat liver mitochondria, 
clofibrate administration depressed CO, production 
from fatty acids, without any effect on the overall 
activity of the citric acid cycle. It is possible that clofi- 
brate acts by inhibiting f-oxidation of fatty acids to 


Table 2. Effect of clofibrate administration on CO, production from citric acid cycle intermediates* 





No. of 


Substrate pairs 


CO, production 





Control Clofibrate 
(cpm/mg protein) 





A. Acetate[1-!*C] 1: 

Citrate[6-'*C] 
a-Ketoglutarate[1-!*C] 
Malate['!*C] (U) 

. Acetate[1-'*C] 
Citrate[6-'*C] 
a-Ketoglutarate[1-'*C] 
Succinate[1,4-'*+C] 


8913 
$527 
9478 
2411 
4192 
4788 
5991 
1648 


515 
402 
890 
301 
411 
838 
1025 


314 


8734 + 414 
5328 + 647 
8328 1085 
2025 + 404 
4676 + 510 
5078 + 1030 
5241 + 1054 
1284 + 324 


Ht HEHEHE HEH HE 
He HE HH HEH 





* CO, was collected and counted as described in Materials and Methods. Experiments A and B 
refer to 14 and 18 days of clofibrate administration respectively. In all cases there were no statistically 
significant differences between controls and rats given clofibrate. 
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the level of acetyl CoA. The effect of clofibrate on 
ketone body. production from palmitoyl-/-carnitine 
was therefore studied, because this system is depen- 
dent upon the formation of acetyl CoA. The endo- 
genous rate of ketone body formation (in the absence 
of added fatty acid) was not significantly affected by 
clofibrate administration (Fig. 2). When 100 4M pal- 
mitoyl-/-carnitine was added, ketone body production 
was increased in mitochondria from controls and 
from clofibrate-treated rats. Both the total (24 per 
cent) and the net (28 per cent) rates of ketone body 
production were decreased after clofibrate adminis- 
tration (Fig. 2). The extent of decrease was compar- 
able to that in CO, production (29-30 per cent) and 
the oxygen uptake (32 per cent) associated with the 
oxidation of fatty acids. Thus, the decreased forma- 
tion of the end products of fatty acid oxidation 
appears to result either from an inhibition of f-oxida- 
tion to acetyl CoA or from an effect on the respira- 
tory chain. The latter would decrease the rate of 
regeneration of NAD* and FAD, cofactors which 
participate in the process of f-oxidation. 

Oxygen consumption by isolated liver mitochondria. 
-To determine if clofibrate administration altered 
f-oxidation of fatty acids by affecting the respiratory 
chain, the effect of clofibrate administration on 
oxygen consumption was studied. Several substrates 
were used to supply electrons to different parts of 
the respiratory chain in vitro: glutamate, an NAD*- 
‘ dependent substrate, which donates electrons to 
NADH dehydrogenase: succinate, which reduces ubi- 
quinone; and ascorbate, which reduces cytochrome 
c, near the terminus of the respiratory chain. After 
14 days of clofibrate administration, a modest de- 
crease of 15-25 per cent in mitochondrial oxygen con- 
sumption was observed with all substrates tested 
(Table 3). The extent of decrease was comparable un- 
der state 4 and state 3 conditions, suggesting ‘that 
clofibrate administration affected the respiratory 
chain, rather than the energy coupling sequence. As 
a consequence, the respiratory control ratio (an index 
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Fig. 2. Effect of chronic clofibrate administration on 

ketone body production. Ketogenesis was assayed as de- 

scribed in Materials and Methods in the absence (endo- 

genous) or presence of 100 uM _ palmitoyl-/-carnitine. 
Results are from seven pairs of animals. 


of mitochondrial integrity) was not altered by clofi- 
brate (Table 3). If clofibrate affected the respiratory 
chain itself, the rapid rate of oxygen uptake in the 
presence of an uncoupling agent would also be de- 
creased. Indeed, the rate of oxygen uptake in the pres- 
ence of DNP was also decreased by clofibrate (Table 
3). The extent of the decrease was comparable to that 
in state 4 and state 3 oxygen consumption. Clofibrate 
administration had no effect on the ratio of oxygen 
uptake in the presence of DNP to that in the absence 
of DNP. Thus, it appears that chronic administration 
of clofibrate has an inhibitory effect on the respiratory 
chain, but not on the phosphorylation sequence. 
These effects contrast with those of clofibrate in 
vitro [22], which are dependent on the substrate and 
the energy state of the mitochondria. After 18 days 
of clofibrate administration, oxygen uptake associated 
with the oxidation of all substrates tested was again 
depressed, with results similar to those observed after 
14 days of clofibrate administration (Table 3). The 
respiratory control ratio was, however, not affected 
by prolonged clofibrate administration. 

Clofibrate administration for 18 days depressed the 
activity of succinate-cytochrome c reductase 23 per 
cent (724+ 7.4 nmoles cytochrome c_ reduced/ 
min/mg of protein for controls, 55.6 + 10.6 for rats 
treated with clofibrate), while succinate-dichloro- 
phenol indophenol reductase activity was decreased 
26 per cent. This suggests the possibility that one in- 
hibitory effect of clofibrate administration may be in 
the succinate-ubiquinone oxidoreductase segment of 
the respiratory chain (complex II). The-general extent 
of decrease of these partial electron transport reac- 
tions is similar to the decrease in succinate-linked 
oxygen uptake. 

Energy production and utilization. Oxidative phos- 
phorylation, as reflected in the ADP/O ratio, was not 
affected after 14 days of clofibrate administration 
(Table 4). The ATP-*?P exchange reaction, a partial 
reaction of oxidative phosphorylation, was slightly, 
but not significantly, decreased by clofibrate adminis- 
tration. The uptake of Ca?* by the mitochondria may 
be energized by ATP itself or by energy derived from 
substrate oxidation [35]. Neither substrate-supported 
(glutamate or succinate) nor ATP-supported Ca?* 
uptake was affected by clofibrate administration 
(Table 4). Energy-independent Ca** binding was also 
not affected by clofibrate. Again, these results contrast 
with the effects of clofibrate in vitro[22], in which 
case respiratory control, oxidative phosphorylation 
and Ca’** uptake are depressed by clofibrate. 

Mitochondrial integrity. The effects of clofibrate 
administration on mitochondrial fatty acid oxidation 
might reflect nonspecific effects on mitochondrial in- 
tegrity or a greater sensitivity of mitochondria from 
rats treated with this drug to damage by the prep- 
aration techniques. Therefore, the effects of clofibrate 
administration on several reactions characteristic of 
mitochondrial damage were studied. Intact mitochon- 
dria are normally impermeable to NADH. Therefore, 
oxidation of NADH is often used as an index of mito- 
chondrial damage [36]. The normally low perme- 
ability of intact liver mitochondria toward NADH 
was maintained in mitochondria from rats treated 
with clofibrate (1.82 + 0.20 natoms oxygen con- 
sumed/min/mg of protein for controls, with 1 mM 
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Table 3. Effect of clofibrate administration on mitochondrial oxygen consumption* 





Activity 





Control Clofibrate 
(natoms oxygen/min/mg) 
Substrate Reaction (or ratio) 





. Glutamate (20) State 4 19.7 + 2.2 14.6 + 1.0 
State 3 95.7 + 6.9 73.7+44 
Uncoupled 123.7 + 9.9 91.4+ 10.1 
Respiratory control 5.38 + 0.37 6.11 + 0.32 
ratio 
Uncoupler control 5.40 + 0.25 
ratio 
Succinate (20) State 4 30.9 + 2.1 
State 3 150.2 + 5.8 
Uncoupled 196.5 + 13.7 
Respiratory control 5.18 + 0.3 
ratio 
Uncoupler control 5.77 + 0.37 
ratio 
Ascorbate (20) State 4 85.0 + 45 ? , < 0.05 
State 3 152.6 + 6.0 : i 2 < 0.001 
Respiratory control 1.64 + 0.07 J 
ratio 
. Glutamate (6) State 4 12.8 + 2.4 
State 3 73.7 + 10.0 
Respiratory control 
ratio 
Succinate (6) State 4 
State 3 
Respiratory control 
ratio 
Ascorbate (6) State 4 
State 3 
Respiratory control 1.40 + 0.20 
ratio 





* Oxygen consumption was assayed as described in Materials and Methods. State 4 respiration is the respiratory 
rate in the absence of ADP, state 3 respiration is the respiratory rate in the presence of 1.0 mM ADP, and uncoupled 
respiration is the respiratory rate in the presence of 0.08 mM DNP. Respiratory control is the state 3/state 4 ratio, 
while the analogous ratio in the presence of an uncoupler is the uncoupler control ratio (uncoupled respiration/state 
4 respiration). Experiments A and B refer to 14 and 18 days of clofibrate administration respectively. In experiment 
A, results are from 20 pairs of animals, except for the uncoupler experiments, in which 8 pairs of animals were used. 


NADH as substrate, 1.45 + 0.20 for mitochondria Disruption of mitochondrial integrity results in an 
from rats treated with clofibrate). This agrees with elevated latent or Mg?*-stimulated ATPase activity. 
the previous finding that the endogenous rates of the Clofibrate, in vitro, slightly stimulated ATPase acti- 
reconstituted substrate shuttles (a measure of NADH _vity [22]. However, the extent of stimulation was far 
penetration into mitochondria) were not altered by less than that observed with DNP. Chronic adminis- 
clofibrate treatment [23]. tration of clofibrate did not increase the activities 


Table 4. Effect of clofibrate administration on mitochondrial energy production and utilization* 





No. of Activity or ratio Effect 
Reaction pairs Substrate Clofibrate (%) 





+6 
+1 
+2 
—19 
+15 


ADP/O ratio Glutamate 
Succinate 
Ascorbate 
ATP-??P exchange 
Energized Ca?* Glutamate 
uptake + ATP 
Succinate + 51. £ ; +15 
+ ATP 
ATP . 37. +6 
None + DNP . y +6 


ANS rN 
ND — © & 
oo & CO 
I+ I+ + I+ I+ 





* Reactions were assayed as described in Materials and Methods. Specific activity for the ATP-*?P 
exchange reaction refers to nmoles ATP-*?P formed/min/mg of protein. Specific activity for energized 
Ca?* uptake refers to nmoles Ca?* bound/mg of protein. The ADP/O ratio was calculated from 
additional oxygen consumed upon the addition of 1200 nmoles ADP. There were no statistical differ- 
ences between mitochondria from clofibrate-treated rats and those of controls. 
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Table 5. Effect of clofibrate administration on oxygen consumption by muscle mitochondria* 





No. of 


Substrate pairs Reaction 


Oxygen consumption 





Control Clofibrate 
(natoms oxygen/min/mg protein) 





State 4 

State 3 

Respiratory 
control 

ADP/O ratio 

State 4 

State 3 

Respiratory 
control 

ADP/O ratio 

State 4 

State 3 

Respiratory 
control 

ADP/O ratio 

State 4 

State 3 

Respiratory 
control 

ADP/O ratio 


Glutamate 5 


Succinate 


Ascorbate 


Palmitoyl-!- 


carnitine 


34.5 + 4.0 25. 23 
262.5 + 28.3 
7.78 


I+ 


2.77 
58.4 
193.9 
3.31 


I+ I+ I+ I+ 
I+ I+ I+ I+ 


1.75 
143.3 
264.2 

1.85 


H+ He H+ 
He He H+ H+ 


1.01 
26.4 
147.3 
5.51 


HH Ht 


2.67 + 0.18 2.29 + 0.20 


I+ 





* Oxygen uptake was assayed as described in the legend to Table 3. In all cases, there were no 
statistically significant differences between controls and rats given clofibrate. 


of latent, Mg?*-stimulated and DNP-stimulated 
ATPase. .In fact, these activities were slightly de- 
creased (20-30 per cent). 

Mitochondria isolated from rats treated with clofi- 
brate underwent swelling in isotonic solutions of 
ammonium phosphate and malate but not in isotonic 
solutions of potassium phosphate or malate. There- 
fore, clofibrate administration did not alter the nor- 
mally low permeability of intact mitochondria to K* 
(in the absence of an ionophore). In view of the main- 
tenance of low permeability toward NADH and K’‘, 
the lack of elevated ATPase activity and state 4 
oxygen consumption, and the lack of effect on mito- 
chondrial energy transduction and utilization, the 
effects of clofibrate administration on mitochondrial 
functions cannot be attributed to non-specific impair- 
ment of mitochondrial integrity. 

Effect of clofibrate administration on muscle mito- 
chondria. The effects of chronic clofibrate adminis- 
tration on oxygen consumption by isolated muscle 
mitochondria are shown in Table 5. Unlike the results 
with liver mitochondria, there was no effect of clofi- 
brate administration on state 4 or state 3 oxygen 
uptake with succinate, ascorbate or palmitoyl-/-carni- 
tine as substrates. Glutamate oxidation was decreased 
to a somewhat greater extent than that of other sub- 
strates, but this difference did not reach statistical sig- 
nificance (0.10 > P > 0.05, Table 5). As has been 
found with liver mitochondria, there was no effect 
of clofibrate on the respiratory control or ADP/O 
ratios with any of the substrates. CO, production was 
slightly increased from palmitate (+24 per cent), 
octanoate (+19 per cent) and acetate (+15 per cent) 
(means of three experiments). It appears that muscle 
mitochondria are more resistant to the effects of clofi- 
brate than those of the liver. 


DISCUSSION 


Chronic administration of clofibrate produces 
changes in mitochondrial functions which persist in 
the absence of the drug. Some of the effects reported 
for.clofibrate in vitro may not occur in vivo. In vitro, 
i.e. in‘ the presence of the drug, clofibrate inhibits 
NAD* -dependent oxygen consumption [19-22], oxi- 
dative phosphorylation[19-22], the ATP-*?P 
exchange reaction[22] and energized Ca** uptake 
[22], and stimulates ATPase activity [22]. After clofi- 
brate administration, oxygen consumption and fatty 
acid oxidation are depressed in isolated hepatic mito- 
chondria, whereas the other functions are not affected. 
These changes probably reflect chronic alterations of 
the mitochondria, because clofibrate is not present 
in the incubation medium, the mitochondria are 
washed, and clofibrate is not concentrated in the 
liver [37]. Hepatic levels of p-chlorophenoxyisobu- 
tyric acid. the active component produced upon hy- 
drolysis of clofibrate, are low (at least in monkey 
liver) [38]. Several investigators [32,39] have shown 
that, 12-24 hr after the last dose of clofibrate, liver 
size and triglyceride concentration revert to normal. 
Therefore, the alterations reported here represent a 
persistent effect produced by chronic administration 
of clofibrate. 

It is possible that accelerated oxidation of fatty 
acids may contribute to the hypolipidemic action of 
clofibrate by reducing fatty acyl substrate levels. After 
21 days of clofibrate treatment, palmitate oxidation 
to CO, and acetoacetate was increased [13]. The ac- 
tivities of long-chain acyl CoA synthetase and carni- 
tine palmitoyl-transferase were doubled in the liver 
after 10 days of clofibrate feeding [33]. It was, there- 
fore, suggested that after clofibrate feeding, there is 
increased fatty acid oxidation, with a greater part of 
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the activated fatty acid undergoing oxidation rather 
than glyceride formation [33]. However, the activities 
of the enzymes which activate or transport fatty acids 
into the mitochondria may not be rate limiting in 
fatty acid oxidation [29, 30]. Consequently, an effect 
on the enzymes which activate or translocate fatty 
acids into the mitochondria does not imply a similar 
effect on the actual oxidation of the fatty acid. A study 
was made, therefore, of the effects of chronic clofi- 
brate administration on fatty acid oxidation by hepa- 
‘tic mitochondria. Oxygen consumption, CO, produc- 
tion and ketone body production associated with the 
oxidation of fatty acids are depressed about 30 per 
cent in isolated hepatic mitochondria. Thus, it is un- 
likely that the hypolipidemic action of clofibrate is 
mediated via accelerated oxidation of fatty acids by 
mitochondria. Since the activity of the citric acid cycle 
is not affected, inhibition of f-oxidation or the respir- 
atory chain by clofibrate administration may be re- 
sponsible for the decrease in f-oxidation of fatty 
acids. Pande [40] has suggested that oxidation of 
fatty acids by liver mitochondria is limited by the 
capacity of the electron transport—phosphorylation 
chain. Since skeletal muscle utilizes fatty acids and 
ketone bodies as a major fuel, we also studied the 
effects of chronic clofibrate administration on fatty 
acid oxidation by skeletal muscle mitochondria. The 
functions of muscle mitochondria, including fatty 
acid oxidation, were not affected by clofibrate 
administration. That clofibrate administration can 


have different effects in liver and skeletal muscle is 
not surprising, since it has been reported that the 


effects of clofibrate treatment on rat liver mitochon- 
dria are different from those on rat kidney mitochon- 
dria [41]. In the latter case, clofibrate feeding (0.5 per 
cent in diet) increased state 3 oxygen uptake with 
glutamate plus malate 40-60 per cent, whereas there 
was no significant effect with liver mitochondria [41 ]. 

A distinction should be made between the effects 
of clofibrate treatment on specific activities and on 
the functions of the total liver. Since the hepatic mito- 
chondrial content of the rat increases 40-50 per cent, 
while fatty acid oxidation (30 per cent) or oxygen 
uptake (15-25 per cent) is depressed 30 and 15-25 
per cent/mg of mitochondrial protein, respectively, 
the capacity of the whole liver to oxidize various sub- 
strates might actually increase. Westerfield et al. [42] 
found that the endogenous QO, for liver slices in- 
creased 30 per cent after feeding clofibrate for 3-5 
weeks, while a 17 per cent increase was found after 
giving clofibrate (300 mg/kg) orally for 1 week [43]. 
These increases probably reflect the increase in mito- 
chondrial content per g of liver. DNP-stimulated suc- 
cinoxidase activity increased 41 per cent (expressed 
per mg liver protein) after 15 days of clofibrate feed- 
ing, but there was no significant effect (decrease of 
12 per cent) when expressed per mg of mitochondrial 
protein [18]. The oxidation of cholesterol to CO, was 
increased 35-65 per cent after 3 weeks of clofibrate 
administration [32]. This increase was due to the in- 
creased liver weight, since there was no increase when 
the data were expressed per mg of nitrogen (protein) 
[32]. Therefore, the effect of clofibrate on the specific 
activities of various functions catalysed by isolated 
mitochondria, where activities are calculated per mg 
of mitochondrial protein, may differ from its effect 
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on the total activity of the liver. Hence, inhibitions 
observed with isolated mitochondria may be over- 
come by the increase in total mitochondrial mass of 
40-50 per cent. Thus, fatty acid oxidation may be 
elevated in the whole liver or animal, but not when 
expressed per mg of mitochondria protein. Indeed, 
Kritchevsky et al.[32] found that, after 3 weeks of 
administering clofibrate to rats, oxidation of 
octanoate by rat liver preparations was not altered. 
However, octanoate oxidation was decreased about 
25 per cent when the data were expressed per mg 
of nitrogen (84 + 5.7 to 63.2 + 2.4 per cent, Table 5, 
Ref. 32). The lack of effect on skeletal muscle mito- 
chondria, plus the possibility that the increased hepa- 
tic mitochondrial content compensates for the de- 
crease in fatty acid oxidation observed per mg of 
mitochondrial protein, suggests that the hypolipide- 
mic effect of clofibrate is not mediated via effects on 
mitochondrial fatty acid oxidation. 

Chronic administration of clofibrate reduced 
oxygen consumption with various substrates in rest- 
ing. energized and uncoupled hepatic mitochondria, 
but did not cause biochemical disruption of the mito- 
chondrial membranes. This suggests that the drug in- 
hibits the respiratory chain. Ascorbate oxidation may 
be impaired because of an effect on the activity of 
cytochrome oxidase. We previously found that clofi- 
brate, in vitro, inhibits cytochrome oxidase activity 
[22]. Oxygen uptake with succinate as the substrate 
may be impaired because of damage to complex II. 
After 18 days of clofibrate administration, succinate- 
cytochrome and_ succinate-dichlorophenol _indole- 
phenol reductase activities were depressed by 25 per 
cent and CO, production from succinate was de- 
pressed by 22 per cent (Table 1). Our previous studies 
of clofibrate, in vitro, suggested that a clofibrate- 
sensitive site may reside in the NADH-ubiquinone 
oxidoreductase complex, whereas another site may in- 
volve succinic dehydrogenase or the reduced ubi- 
quinone-cytochrome c oxidoreductase complex [22]. 
Mackerer et al. [20] also suggested that there are at 
least two distinct sites at which clofibrate in vitro can 
inhibit respiration, one in the NADH-ubiquinone oxi- 
doreductase segment of the respiratory chain, the 
other between succinate dehydrogenase and cyto- 
chrome c. In agreement with the data of Kurup et 
al. [18], respiratory control and ADP/O ratios were 
not affected by clofibrate administration. In addition, 
we find no effect on ATP-*?P exchange or energized 
Ca** uptake. However, Kurup er al.[18] also 
reported that, after 15 days of clofibrate feeding, 
oxygen uptake with succinate or glutamate was not 
significantly affected. More recently, the adminis- 
tration of clofibrate to rats (100 and 300 mg/kg orally/ 
day for 1 week) had no effect on oxygen uptake by 
isolated mitochondria with succinate or f-hydroxy- 
butyrate as the substrates [43]. The addition of a 
very large amount of clofibrate (100 mg/kg/day via 
stomach tube) produced a decrease in succinate oxi- 
dase activity 6-12 hr after treatment, but no effect 
was observed after 7 days of treatment [44]. Thus, 
our findings that respiration is depressed 15-25 per 
cent after clofibrate administration may reflect some- 
what different experimental conditions than those 
used by others, e.g. mode of administration (sub- 
cutaneous as opposed to oral administration 
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[ 18, 43,44] or feeding experiments) [18], time interval 
after the last treatment with clofibrate and killing of 
the rat (e.g. 16 hr in our experiment, | hr in the exper- 
iments of Mackerer and Haettinger [43]) length of 
clofibrate administration (14 and 18 days vs 7) 
[43,44]. fasting [44] or not fasting the rats during 
the 16 hr prior to sacrifice. It is also possible that 
these differences may be more apparent than real, 
since the decrease in respiration observed here is only 
15-25 per cent. Furthermore, oral, but not subcu- 
taneous, administration of clofibrate would lead to 
rapid hydrolysis to the sodium salt, and the sodium 
derivative in vitro was a less potent inhibitor of mito- 
chondrial functions than the ethyl ester [22]. 

Some hypocholesterolemic drugs can uncouple 
oxidative phosphorylation; it has been suggested that 
these drugs can affect hepatic ATP levels [21, 45]. 
ATP is required in the synthesis of cholesterol. How- 
ever, in rats, clofibrate administration did not uncouple 
oxidative phosphorylation [18, 43] (Table 4) and 0.25 
per cent clofibrate feeding for 14 days did not alter 
hepatic ATP levels [46]. Furthermore, the increased 
hepatic mitochondrial mass more than compensates 
for any decrease in ATP synthesis which could result 
from the slightly lower rate of respiration observed 
here after chronic clofibrate administration. 
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Abstract—Galactosamine treatment (400 mg/kg, i.p., 4hr) markedly decreased the level of UDP-glucur- 
onic acid (UDPGA) and 1-naphthol glucuronidation in perfused liver. In contrast, bilirubin glucuroni- 
dation was not affected. In non-activated microsomes both |-naphthol and bilirubin glucuronidation 
were dependent upon the concentration of UDPGA. In UDP-N-acetylglucosamine-activated micro- 
somes, |-naphthol glucuronidation remained dependent upon UDPGA whereas bilirubin glucuronida- 
tion tended to be independent of UDPGA. 

Carbon tetrachloride treatment (5 ml/kg, per os, 24 hr) strongly decreased |-naphthol glucuronidation 
in the intact liver without altering the level of UDPGA. Bilirubin glucuronidation was affected similarly 
but to a lesser extent. In contrast, 1-naphthol glucuronidation in liver microsomes was increased under 
these conditions. In the presence of UDP-N-acetylglucosamine and UDP, however, enzyme activity 
in microsomes from CCl4-treated rats was lower than in control microsomes. 

The results suggest a differential regulation of 1-naphthol and bilirubin glucuronidation and stress 


the importance of intracellular effectors for glucuronidation in the intact liver. 


Glucuronidation is a major pathway by which the 
body inactivates and eliminates a wide variety of 
foreign chemicals as endogenous substances[1]. In 
previous papers [2,3] methods have been described 
to study |-naphthol and bilirubin glucuronidation in 
the intact liver. In the present report the level of 
UDP-glucuronic acid was altered by various treat- 
ments and the microsomal membrane structure was 
damaged by CCl, treatment in order to evaluate dif- 
ferent factors influencing glucuronidation in vivo. The 
influence of these treatments on glucuronidation of 
1-naphthol and bilirubin was studied. The effects 
observed in the intact liver were compared with 
properties of UDP-glucuronyltransferase (1-naphthol 
and bilirubin as substrates) in liver microsomes. 

Part of this work has been presented in preliminary 
form [4]. 


MATERIALS AND METHODS 


1-[1-'*C]naphtho! (20.8 mCi/m-mole) and 
(1',2,3',4,5,6.,.7,8-'*C) bilirubin (16.9 mCi/m-mole) 
were obtained from Radiochemical Center, Amer- 
sham. 

Male Sprague-Dawley rats (200-250 g) were fed ad 
lib. a standard diet containing 20 per cent protein 
(Altromin, Lage-Lippe, Germany). Animals were 
treated either with galactosamine-HCl (400 mg/kg, 
ip., for 3hr [5]), with orotic acid (1 g/kg, ip., for 





*Previous papers in the series are references [2] and [3]. 

+ Present address: Kowa company, Ltd., Higashimur- 
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2 hr[5]) or with insulin (4 I.U./kg, ip., for 2 hr [6]). 
When the pretreated livers were perfused, 5 mM 
galactosamine-HCI or 5 mM orotic acid, or 4 LU. 
insulin, respectively, were added to 70 ml perfusion 
medium at the start of perfusion. Carbon tetra- 
chloride was dissolved in olive oil (1:1, v/v) and was 
given orally at 1,3 and 5 ml CCl4/kg. Animals were 
sacrificed after 24 hr [7]. 

Previously described methods were used for the 
determination of 1-naphthol glucuronidation and sul- 
fate ester formation in the isolated perfused rat liver, 
for estimating UDP-glucuronic acid levels in liver tis- 
sue and for the preparation of liver microsomes [2]. 
Bilirubin glucuronidation in perfused liver and in fis- 
tula rats was estimated from the rate of appearance 
of ['*C]bilirubin conjugates in bile and the analysis 
of labeled bilirubin conjugate according to Heirwegh 
et al. [8] as described [3]. With this method bilirubin 
glucuronidation can only be roughly estimated for the 
following reason: under the conditions of diazotiza- 
tion tetrapyrroles are split into two dipyrroles. Pure 
bilirubin monoglucuronide would therefore yield azo- 
dipyrrole and azodipyrrole glucuronide in a ratio of 
1:1 [9]. The ratio of azodipyrrole glucuronide plus 
nonglucuronide polar azodipyrrole to azodipyrrole 
was found to be about 7:3 in fistula bile [Table 2] 
indicating that a high proportion of bilirubin was 
conjugated at both propionic acid groups. The pro- 
portion of bilirubin mono- and diconjugates with 
glucuronic acid and other groups is unknown, thus 
the proportion of glucuronic conjugates cannot be 
predicted accurately. However, it can be clearly 
shown whether glucuronic conjugates are decreased 
or increased after treatment in comparison with con- 
trol bile. 
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tssuy of UDP-glucuronyltransferase. Assays were 
performed at 37 in a total volume of | ml containing 
100 mM Tris-HCl (pH 7.4), 5 mM MgCl, as well 
as different acceptor substrates as indicated. The 
enzyme reaction was started by the addition of 3 mM 
UDP-glucuronic acid. 

In controls UDP-glucuronic acid was omitted. (a) 
|-naphthol glucuronidation: 0.5 mM _ I-naphthol dis- 
solved in 0.25°,, (v/v) dimethylsulfoxide was incubated 
with 0.04 Ci 1-[1-'*C]naphthol and 1 mg microso- 
mal protein of 0.2 ml liver homogenate (1:5, w/v). 
After 0.5 to 2 min incubation the reaction was 
stopped by addition of 0.4 M trichloroacetic acid—0.6 
M glycine buffer, pH 2.2. Following centrifugation at 
3000 g for 5 min the supernatant was extracted with 
8 ml chloroform to remove unreacted naphthol. The 
radioactivity of the aqueous phase was determined 
in Brays scintillation fluid[10]. Zero-time blanks 
were subtracted. The rate of naphthol glucuronida- 
tion was calculated from the total radioactivity of the 
original naphthol solution which corresponded with 
500 nmole |-naphthol. The identity of the glucuronide 
in the aqueous phase was verified by t.l.c. on cellulose 
plates with ethanol-1 M ammonium acetate (9:1, v/v) 
as the solvent system and by the detection of 1-naph- 
thol after hydrolysis with f-glucuronidase. (b) Biliru- 
bin glucuronidation was determined according to Van 
Roy and Heirwegh[11] as previously described [12] 
except that 0.05 mM bilirubin was used. 

Protein was determined according to Lowry et 
al.[13] using bovine serum albumin as the protein 
standard. 


RESULTS AND DISCUSSION 


!. Influence of UDP-glucuronic acid levels on 1-naph- 
thol and bilirubin glucuronidation. The formation of 
UDP-glucuronic acid is regulated primarily at the 
level of UDP-glucose dehydrogenase [14]. Similar 
levels of UDP-glucuronic acid have been found in 
vivo and in the perfused rat liver[2]. The level in 
the perfused organ was not altered during prolonged 
glucuronidation indicating that the regeneration of 
the nucleotide could not be exhausted under our per- 
fusion conditions. The level of UDP-glucuronic acid 
can be decreased by the administration of galactosa- 
mine which traps uridine nucleotides primarily as 
UDP-galactose [5]. The decrease of UDP-glucuronic 
acid could be reversed by the administration of orotic 
acid the precursor of uridine nucleotides. It was there- 
fore of interest to learn whether a high dose of orotic 
acid may increase the nucleotide level above its nor- 
mal value. Insulin treatment has been reported to in- 
crease the hepatic UDP-glucuronic acid content by 
an unknown mechanism [6]. 

As shown in Table 1, galactosamine treatment sig- 
nificantly decreased the level of UDP-glucuronic acid 
both in vivo and in the perfused liver. Treatment with 
orotic acid or insulin only slightly increased the nu- 
cleotide level. Carbon tetrachloride treatment will be 
discussed later. Under the conditions of treatment, 
listed in Table 1, 1l-naphthol glucuronidation was 
determined. The formation of l-naphthol glucuronide 
was decreased in galactosamine-treated livers (Fig. 1). 
The decrease in glucuronic acid conjugation was com- 
pensated by increased sulfate ester formation. Treat- 
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Table 1. Hepatic levels of UDP-glucuronic acid after 


various treatments of rats 





UDP-glucuronic acid levels 
In perfused 
In vivo liver 


Treatment (umole/g liver) 





0.30 
0.17 


0.03 
0.02 


0.29 + 0.07* 
0.18* 


Control 
Galactosamine 
(400 mg/kg i.p., 
3 hr) 
Orotic acid 
(1 g/kg ip. 
2 hr) 
insulin 


0.38 + 0.03 


0.38 + 0.04 


+ 0.05 

per os 24hr) 
CCl, (5 ml/kg, 
per os 24hr) 


+ 0.05 





* data taken from reference [2] 

UDP-glucuronic acid was determined in liver tissue, 
excised under ether anesthesia, as described in Methods. 
The mean + S.D. of 4 experiments is shown. 


ment with orotic acid or insulin (data not shown) 
slightly increased glucuronide formation. In contrast 
to 1-naphthol glucuronidation bilirubin glucuronida- 
tion was not significantly altered by galactosamine- 
treatment (Fig. 2). This was demonstrated in perfused 
liver as well as in fistula rats (data not shown) no 
matter whether a trace dose of ['*C]bilirubin or a 
saturating concentration of bilirubin was used. Simi- 
larly treatment with orotic acid or insulin did not 
alter bilirubin conjugation. In order to exclude the 
possibility that an altered glucuronide conjugation 
was compensated by other conjugation pathways, 
bilirubin conjugates in bile were analysed with the 
method of Heirwegh er al. [8]. Non-glucuronide con- 
jugates are shown collectively as discussed pre- 
viously [3]. No significant alterations of bile pigment 
composition were found after treatment with either 
galactosamine, orotic acid or insulin (Table 2). 

The differential effect of galactosamine on 1-naph- 
thol and bilirubin glucuronidation in intact liver was 
interesting since both reactions are dependent upon 
the concentration of UDP-glucuronic acid when 
assayed in non-activated microsomes (Fig. 3). When 
kinetic properties were studied in the presence of the 
allosteric activator, © UDP-N-acetylglucosamine, 
l-naphthol glucuronidation remained dependent 
upon UDP-glucuronic acid: bilirubin glucuronida- 
tion, however, tended to be independent on the endo- 
genous substrate in the physiological concentration 
range. The latter finding confirms observations by 
Vessey et al. in guinea pig microsomes [15]. The fact 
that bilirubin glucuronidation becomes practically in- 
dependent of the UDP-glucuronic acid concentration 
in the UDP-N-acetylglucosamine-activated form may 
explain why galactosamine treatment has no effect on 
bilirubin glucuronidation in the intact liver. 

The results suggest that UDP-N-acetylglucosamine 
is an important intracellular effector of the enzyme. 
The differential effects of the allosteric effector on 
l-naphthol and bilirubin glucuronidation are in 
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Fig. |. Effects of treatment with galactosamine and orotic acid on the excretion of 1-naphthol conjugates 

into the perfusion medium of the perfused rat liver. (A) Control; (B) galactosamine treatment (400 

mg/kg, i.p., 4hr); (C) treatment with orotic acid (1 g/kg, i.p., 3 hr). 1-Naphthol conjugates were deter- 
mined as described in Methods. The mean of 4 experiments is shown. 


favour of the hypothesis that these two substrates are 
glucuronidated by different forms of UDP-glucur- 
onyltransferase. There is accumulating evidence for 
a multiplicity of this enzyme [1, 12, 16-19]. 

2. Influence of carbon tetrachloride treatment on glu- 
curonide formation in the intact liver. Carbon tetra- 
chloride is known as a hepatotoxic agent [20]. During 
its metabolism a reactive radical is formed which 
causes lipid peroxidation in the microsomal mem- 
branes. Since the activity of microsomal UDP-glucur- 
onyltransferase is constrained by the phospholipids 
of the membrane [21] it was of interest to investigate 
the effect of CCl, treatment on 1-naphthol and biliru- 
bin glucuronidation in the intact liver. Conditions of 
treatment were used which have been demonstrated 
to cause stimulation of UDP-glucuronyltransferase 
activity in liver microsomes [7]. As shown in Fig. 4, 
a strong and dose dependent decrease of 1-naphthol 
glucuronidation in perfused liver of CCl4 treated rats 
was found. At high doses sulfate ester formation was 


also decreased but to a lesser extent. The low glucur- 
onide formation was not due to a decreased level of 
UDP-glucuronic acid (Table 1). 

The effect of CCl, treatment in the intact liver is 
in contrast to the stimulated enzyme activity in liver 
microsomes. Therefore properties of the microsomal 
enzyme were studied in more detail. Liver micro- 
somes from CCl, treated rats were compared with 
untreated controls (Table 3). UDP-glucuronyltrans- 
ferase activity, without additions to the assay, was 
higher than in controls, When the enzyme was fully 
activated by the addition of 0.05°,, (w/v) Triton X-100 
initial glucuronidation rates were lower than in con- 
trols. These findings confirm the results of Aitio [7] 
who concluded that the enzyme is activated by CCl4- 
treatment. Interestingly the enzyme could not be acti- 
vated by UDP-N-acetylglucosamine in the CCl,- 
treated group. It has been shown that UDP is an 
effective product inhibitor in the absence of UDP-N- 
acetylglucosamine. In its presence the K,; for UDP 


Table 2. Analysis of bilirubin conjugates in rat fistula bile after various treatments 





Azodipyrrole 
glucuronide 


Azodipyrrole 


Excretion of bili- 
rubin conjugates 
3hr after labeling 


Non-glucuronide 
azodipyrrole 
conjugates 





Treatment 


(°%, of radioactivity) (°., of dose) 





Control 
Galactosamine—HCl 

(400 mg/kg, i-p.. 4 hr) 
Orotic acid 

(1 g/kg, i.p., 3 hr) 
Insulin 

(4 1.U./kg, i.p., 3 hr) 
CCl, (3 ml/kg, 

per os, 24hr) 
CCl, (5 ml/kg, 

per os, 24hr) 


95 
95 





Bilirubin conjugates were analyzed according to Heirwegh et al. [8] 3 hr after intravenous injection of 0.1 Ci ['*C]bi- 


lirubin. The mean of 3 experiments is shown. 
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Fig. 2. Effect of galactosamine treatment on the biliary 
excretion of bilirubin conjugates in the perfused rat liver. 
(@) Control, (O) galactosamine treatment (400 mg/kg, i-p.. 
4hr). (A) 0.1 wCi ['*C]bilirubin (=3.5 pg) was added to 
the perfusion medium at zero time. (B) 25 mg bilirubin 
was added together with ['*C]bilirubin. Bile was collected 
every quarter hour and counted for radioactivity. The 
: mean + S.D. of 4 experiments is shown. 


is markedly increased [22]. This is also seen in Table 
3.in the control group. However in the CCl,-treated 
group UDP was an effective inhibitor even in the 
presence of UDP-N-acetylglucosamine. These results 
suggest that the allosteric effector has lost its regula- 
tory properties in microsomes from CCl4-treated rats. 
It is very likely that in these microsomes the con- 
straint of UDP-glucuronyltransferase is released, and 
that the release of the constraint is associated with 
the loss of regulatory properties of UDP-N-acetylglu- 
cosamine. 
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It has been demonstrated previously that the 
release of the constraint of UDP-glucuronyltransfer- 
ase leads to a number of other alterations, e.g., to 
inhibition of the enzyme by other UDP-sugars [21]. 
This inhibition is probably caused by competition 
between UDP-glucuronic acid and other UDP-sugars 
for a common binding site. In the constrained form 
the enzyme is specific for UDP-glucuronic acid. Lack 
of activation by UDP-N-acetylglucosamine as well as 
increased inhibition by UDP and possibly by UDP- 
sugars may be dominant factors leading to the pro- 
found decrease of 1-naphthol glucuronidation in the 
intact liver after treatment with CCl4. 

The total amount of bilirubin conjugates excreted 
in livers from CCl,-treated animals was not signifi- 
cantly different from that of controls described in Fig. 
2. However, when bilirubin conjugates in bile were 


Table 3. Effect of CCl,-treatment on microsomal UDP- 
glucuronyltransferase activity 





UDP-glucuronyltransferase 
(nmole/min/mg protein) 


Additions to assay Control CCl,-treated 





None 

None + UDP 

UDP-N-acetylgluc- 
osamine 

UDP-N-acetylgluc- 
osamine + UDP 

Triton X-100 

Triton X-100 + 
UDP 





Rats were treated with 5 ml/kg CCl, per os. Liver micro- 
somes were prepared after 24 hr and assayed for UDP-glu- 
curonyltransferase activity as described in Methods. The 
concentration of the nucleotides was 3 mM, that of Triton 
X-100 0.05% (w/v). The mean + S.D. of 4 experiments 
is shown. 


W/v 


15_ §8ilirubin Glucuronidation 








(6) T ay 


0 5 10 
[(uoP - glucuronic acid} Timm ~!) 


Fig. 3. Effect of UDP-N-acetylglucosamine on double reciprocal plots of initial rates of 1-naphthol 

and bilirubin glucuronidation. (@) Control; (0) addition of 3 mM UDP-N-acetylglucosamine to the 

assay. Liver microsomes were prepared and assayed for l-naphthol and bilirubin glucuronidation as 
described in Methods. The mean of 3 experiments is shown. 
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Fig. 4. Effects of CCl, treatment of 1-naphthol glucuronidation in the perfused rat liver. (A) Control; 
(B) CCl, treatment (1 ml/kg): (C) CCly treatment (3 ml/kg); (D) CCl, treatment (5 ml/kg). Livers 
were hepatectomized and perfused after 24 hr. The mean of 3 experiments is shown. 


analyzed with the method of Heirwegh et al. [8], bilir- 
ubin glucuronides were significantly decreased and 
concommittantly non-glucuronide conjugates were in- 
creased (Table 2). Bile pigment composition was 
altered similarly in postcholestatic bile which prob- 
ably releases the constraint of UDP-glucuronyltrans- 
ferase [3, 23]. Bilirubin glucuronidation was affected 
less severely than 1-naphthol glucuronidation in livers 
from CCl,-treated rats, but the glucuronidation of 
both substrates was decreased. 

Treatment with galactosamine and CCl, have selec- 
tive effects on glucuronide formation in the intact 
liver. Galactosamine treatment reduces the level of 
UDP-glucuronic acid without altering the constraint 
of the microsomal enzyme. This was judged from the 
activation by UDP-N-acetylglucosamine or Triton 
X-100 which was similar to controls. Carbon tetra- 
chloride treatment probably releases the constraint of 
the enzyme but does not alter the hepatic level of 
UDP-glucuronic acid. The experiments with liver 
microsomes from CCl,-treated rats demonstrate the 
importance of the constrained form of the enzyme 
for glucuronide formation in the intact liver. Informa- 
tion about the constraint may be conveniently 
obtained by testing the activation by UDP-N-acetylg- 
lucosamine. 
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Abstract 


The enzyme, a monooxygenase, catalyzing the sulphoxidation of ethionamide (2-ethyl thioi- 


sonicotinamide) to ethionamide sulphoxide is located primarily in the liver and serum of guinea pigs. 
Administration of ethionamide enhances the activity of the enzyme; the enhancement in activity is 
due to increased synthesis of the enzyme. This oxygenase is not specific to ethionamide because com- 
pounds like chlorpromazine and thioridazine are also oxidized by the enzyme. However, administration 
of chlorpromazine itself does not induce the enzyme. The enzymes in various tissues (liver, pancreas. 
spleen, kidney and lungs) and serum of guinea pigs have been purified to homogeneity, as evidenced 
by electrophoretic and antigenic criteria. The comparison of properties of all these enzyme preparations 
reveals that the enzymes are identical. There is no apparent involvement of cytochrome P-450 in 


the sulphoxidation reaction. 


Ethionamide (2-ethyl thioisonicotinamide) is an active 
tuberculostatic second line drug, which plays an im- 
portant role in the retreatment of pulmonary tubercu- 
losis, resistant to one or more of the classical drugs. 
The drug possesses very high activity and relatively 
low toxicity, thus offering good scope for the treat- 
ment of tuberculosis, especially in cases of infection 
caused by organisms resistant to primary drugs like 
isoniazid or streptomycin. Ethionamide is readily 
converted into its sulphoxide on administration to 
guinea pigs [1]; ethionamide sulphoxide has also 
been identified as a metabolite in man and rabbits 
[2-5]. The enzyme, an oxygenase, responsible for the 
conversion of ethionamide to ethionamide sulphoxide 
has been shown to be localized in the microsomal 
fraction of liver, in guinea pigs [6]. The enzyme is 
a flavoprotein, containing nonhaem iron and requires 
NADPH for its activity; the sulphoxidation is 
mediated through the formation of superoxide anions 
[6,7]. Since ethionamide sulphoxide shows more in 
vitro antituberculous activity when tested against 
Mycobacterium tuberculosis H37Rv than ethionamide 
itself [1], the metabolic conversion may have signifi- 
cant influence on the action of the drug in vivo. 

In this communication, we report the distribution 
of the oxygenase catalyzing the sulphoxidation, in 
various tissues and the serum of guinea pigs and the 
effect of ethionamide administration on the status of 
these enzymes. The enzymes localized in various tis- 
sues have been purified to homogeneity and their 
properties have been compared. 


MATERIALS AND METHODS 


Ethionamide (Trescatyl) was obtained from May & 
Baker Ltd, Dagenham, Essex, U.K.; chlorpromazine 





*Present Address: Department of Biochemistry, Tuber- 
culosis Chemotherapy Centre, Madras-600031. 

+ Abbreviations: Hepes, 2-(N-2-hydroxyethylpiperazin- 
N’-yl) ethanesulphonic acid; SDS, sodium dodecyl sul- 
phate. 


from May & Baker (India) Ltd, Bombay, India and 
mellaryl (thioridazine) from Sandoz (India) Ltd, Bom- 
bay, India. All these compounds were recrystallized 
before use. Sephadex G-200 was from Pharmacia Fine 
Chemicals, Uppsala, Sweden. Noble agar was from 
Difco Laboratories, Detroit, Michigan, U.S.A. The re- 
agents for gel electrophoresis were from Eastman 
Kodak Co., Rochester, N.Y., U.S.A. Cycloheximide, 
actinomycin D, all of the marker enzymes (alcohol 
dehydrogenase, /-galactosidase, catalase etc.), cofac- 
tors and other biochemicals (Tris, Hepes? etc.) were 
from Sigma Chemical Co., St. Louis, Mo., U.S.A. 

Carbon monoxide differential spectra - were 
recorded using Cary Model L2 spectrophotometer. 

Polyacrylamide gel electrophoresis was done by the 
method of Ornstein and Davis [8] using Tris-glycine 
buffer, pH 8.3 or f-alanine-acetic acid buffer, pH 4.3. 
on 7.5°,, (w/v) polyacrylamide gels. The gels were 
stained with Amido Schwartz. SDS (sodium dodecyl 
sulphate)-polyacrylamide gel electrophoresis was car- 
ried out by the method of Weber and Osborn [9]. 

The approximate molecular weight of the enzyme 
was determined by gel filtration [10] and SDS—po- 
lyacrylamide gel electrophoresis [9]. 

Preparation of antiserum against the enzyme and 
the techniques of immunodiffusion and immunoelec- 
trophoresis were carried out as described earlier [6]. 
The pure enzyme preparation from liver was used as 
antigen, in Freund’s complete adjuvant to raise the 
antienzyme serum from rabbits. 

The protein content was determined by the biuret 
method [11] in crude extracts or by the method of 
Lowry et al. [12] in purified preparations. Bovine 
serum albumin fraction V was used as standard. 

Enzyme assays. The enzymic sulphoxidation of eth- 
ionamide was assayed as described by Prema and 
Gopinathan [6]. A typical reaction mixture con- 
tained, in a final volume of 1.5ml, 0.2 «mole 
NADPH, 0.36 mole substrate, 0.02 M_ potassium 
phosphate buffer, pH 7.4, and varying amounts of tis- 
sue extracts. Incubations were carried out at 38 for 
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90 min under aerobic conditions. At the end of- the 
reaction, the unreacted substate and the product 
formed were extracted from the assay mixture into 
chloroform after saturation with ammonium sulphate 
and reextracted into dilute hydrochloric acid. The 
extinction of the samples at 315 nm (for ethionamide) 
and at 395nm (for ethionamide sulphoxide) was 
recorded. A standard curve was prepared by using 
a mixture of authentic samples of these compounds. 

The assay system was similar when chlorpromazine 
was used as a substrate. Chlorpromazine and chlor- 
promazine sulphoxide were estimated as described by 
Salzman and Brodie [13]: they were extracted with 
heptane containing 1.5°,, isoamyl alcohol and the hep- 
tane phase was taken into 0.1 N hydrochloric acid. 
The extinction of the aqueous phase was measured 
at 255nm and 270nm. A standard curve was pre- 
pared using a mixture of authentic samples of these 
compounds. The product of the enzyme reaction was 
identified as chlorpromazine sulphoxide by chromato- 
graphy of the samples after solvent extraction on thin 
layer Silica gels and by comparison of their Ry values 
and u.v. absorption spectrum, with those of authentic 
samples. 


A unit of enzyme activity is defined as nmoles of 


product formed/min under the conditions of the assay 


and the specific activity is expressed as units/mg of 


protein. 

Treatment of animals and preparation of tissue homo- 
genates. Male guinea pigs (700-800 g), random bred, 
were used in all experiments. The animals were fed 
ad lib. on stock diet obtained from Hindustan Lever 
Ltd, Bombay, India. Ethionamide was dissolved in 
10°,, citric acid containing sucrose and was given 
orally at a dose of 140 mg/kg. Controls were treated 
with a solution containing only citric acid and suc- 
rose. Cycloheximide (10 mg/kg) and actinomycin D 
(400 g/kg) were injected intraperitoneally. 

The blood samples were collected by cardiac punc- 
ture, for the preparation of serum. The tissues (liver, 
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kidney, spleen, pancreas and lungs) were removed and 
homogenized in an MSE Nelco homogenizer for 
2 min with 1.15°, potassium chloride (2 ml/g wet tis- 
sue). The homogenates were centrifuged at 9000 g for 
20 min and the supernatants were used for the deter- 
mination of enzyme activity. 

Purification of the enzyme from the different tissue 
homogenates and serum was carried out using the 
same steps and sequence as those described for the 
purification of the liver enzyme [6]. 


RESULTS 


Distribution of the enzyme. The activity of the 
enzyme catalyzing the conversion of ethionamide to 
its sulphoxide was examined in various tissue homo- 
genates. The highest sp. act. (nmoles of product for- 
med/min/mg protein) of 0.09 was found in the liver 
followed by pancreas (0.035), spleen, kidney (0.020) 
and lung (0.009); the serum also showed a fairly good 
activity (0.06). 

The enzyme acted on other substrates like chlor- 
promazine and thioridazine. Chlorpromazine was 
readily converted to chlorpromazine sulphoxide, but 
the sp. act. of the enzyme was lower compared to 
ethionamide sulphoxidation (only 10 per cent). The 
action on thioridazine was demonstrated indirectly by 
using it as an inhibitor for ethionamide sulphoxida- 
tion (since there was not any ready assay for thiorida- 
zine sulphoxide). Thus, at equimolar concentrations, 
thioridazine inhibited the sulphoxidation of ethiona- 
mide by 62 per cent; when the concentration of thiori- 
dazine was increased to twice or more than the molar 
concentration of ethionamide, there was complete in- 
hibition. 

Induction of the enzyme. Administration of ethiona- 
mide enhanced the levels of the enzyme, in guinea 
pigs (Fig. 1). In the liver, there was a 7—10-fold in- 
crease in sp. act. of the enzyme reaching the maxi- 
mum in 24hr which came down to almost normal 
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Fig. 1. Induction of the enzyme. Ethionamide was administered orally, at a dose of 140 mg/kg, and 


the animals were sacrificed at different time intervals. 


he tissue homogenates and sera were prepared 


and the enzyme assays were carried out as described under Materials and Methods. Enzyme sp. act.; 
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Enzymatic sulphoxidation 


Table 1. Sulphoxidation of ethionamide and chlorproma- 
zine by the liver enzyme 





Sp. act. of the enzyme 

(nmoles of product 
Treatment formed/min/mg protein)* 
of 


animals 





Ethionamide Chlorpromazine 





0.092 + 0.005 
0.748 + 0.012 
0.090 + 0.005 


0.010 + 0.001 
0.078 + 0.045 
0.010 + 0.001 


None (control) 
Ethionamide 
Chlorpromazine 





* The values are expressed as mean + S.D. 

The animals (5 in each group) were sacrificed 24 hr after 
the administration of the drug and the livers were removed 
immediately and processed for enzyme activity. Ethiona- 
mide was administered orally at a dose of 140 mg/kg as 
a solution in 10°, citric acid, containing sucrose. The ani- 
mals in the control group were given 10°, citric acid con- 
taining sucrose. Chlorpromazine was_ injected Lp. 


(50 mg/kg). 

The details of the enzyme assay for sulphoxidation of 
ethionamide and chlorpromazine, are given under Mater- 
ials and Methods. 


levels in 36hr. In the other tissues, the levels of 
enzyme activity did not show any change. The activity 
of the serum enzyme increased and came down to 
normal levels as in the liver; the highest sp. act. 
attained, however, was still much lower than that of 
the liver. 

Ethionamide treatment also enhanced the enzyme 
activity with chlorpromazine (Table 1). Nevertheless, 
the administration of chlorpromazine itself to the ani- 
mals, did not lead to increased levels of enzyme acti- 
vity. Thus, although chlorpromazine can serve as a 
substrate for the enzyme it does not induce the syn- 
thesis of the enzyme. 

In order to see whether the enhancement of enzyme 
activity after ethionamide administration was due to 
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the induction of enzyme synthesis or only to the acti- 
vation of previously existing enzyme, the effect of 
actinomycin D (transcription inhibitor) and cyclohex- 
imide (translation inhibitor) on the enzyme levels was 
studied. The results are presented in Table 2. 

On administration of cycloheximide or actinomycin 
D, the enhanced levels of activity decreased to below 
those of the controls. Even in the case of control ani- 
mals (not given ethionamide), actinomycin D and cyc- 
loheximide administration led to large decrease in 
enzyme activity. 

Purification and properties of the oxygenase from 
various tissues. The enzyme was purified from the 
various tissues and serum of guinea pigs. The purifica- 
tion steps used were the same from all sources as 
standardized for the enzyme from liver and they were 
as follows (carried out in sequence, starting from the 


9000 g supernatants of the tissue homogenates or 


serum): ammonium sulphate precipitation (40-75 per 
cent saturation), adsorption and elution from calcium 
phosphate gel, adsorption and elution from DEAE 
cellulose, a second ammonium sulphate precipitation 
at alkaline pH and gel filtration on Sephadex G-200 
column (for details, see ref. 6). The enzyme prep- 
arations from all the tissues and serum showed the 
same pattern of purification with a total recovery 
ranging from 28 to 35 per cent. 

The purified enzyme preparations from all the tis- 
sues showed a single band on polyacrylamide gel elec- 
trophoresis (both at pH 8.3 and 4.5). The immunodif- 
fusion tests with the antiserum (prepared against the 
pure enzyme from liver) using the Ouchterlony 
double diffusion technique showed a single precipitin 
band (Fig. 2a and b). Immunoelectrophoresis also 
revealed the presence of only one band (Fig. 3a and 
b) in all cases. These results clearly indicate that the 
enzyme preparations were immunologically homo- 
geneous and indistinguishable. 

The general properties of the enzyme were also 


Table 2. Effect of actinomycin D and cycloheximide on the induction of the enzyme 





Groups Treatment 


Percentage 
inhibition 


Sp. act. 
(units/mg of protein)* 





None 

Actinomycin D 

Cycloheximide 

Ethionamide 

Ethionamide + actinomycin Dt 

Ethionamide + actinomycin Dt 
+ 
i 


Control 


Experimental 


Ethionamide + cycloheximides 
Ethionamide + cycloheximide 


0.092 + 0.005 

0.021 + 0.005 77 
0.015 + 0.002 83 
0.720 + 0.021 

0.006 + 0.0003 96¢ 
0.002 + 0.0001 ge 
0.001 + 0.0002 gge 
0.001 + 0.0003 ge 





The animals were fasted for 3hr prior to the administration of actinomycin D or cycloheximide. 
Each group contained 5 animals. In the control groups, actinomycin D (400 ug/kg) or cycloheximide 
was administered as a singie dose. intraperitoneally. Ethionamide was administered orally at a dose 
of 140 mg/kg. The animals were sacrificed 24 hr after drug administration and the liver was immediately 
processed for enzyme activity. 

* Unit = nmoles of product formed/min at 38°. The values are expressed as mean + S.D. 

+ Actinomycin D (400 yg/kg) was injected ip. 15min prior to the administration of ethionamide. 

t Actinomycin D (400 g/kg) was given in 2 equal doses, 15 min prior to and 6hr after the administ- 
ration of ethionamide. 

§ Cycloheximide (10 mg/kg) was administered 15 min prior to the administration of ethionamide. 

Cycloheximide (10 mg/kg) was given in 2 equal doses, 15 min prior to and 6hr after the administ- 
ration of ethionamide. 

© The extent of inhibition is even more pronounced if calculated on the basis of induced enzyme 
levels. 





1302 


studied and are listed in Table 3. Irrespective of the 
source of enzyme, all of them exhibited the same gen- 
eral properties and sensitivity to the enzyme inhibi- 


tors. 


DISCUSSION 


The induction of liver microsomal enzymes is im- 
portant pharmacologically as it leads to an acceler- 
ated biotransformation of drugs in vivo and thereby 
alters the duration and intensity of drug action in 
animals. When the metabolite has a potency compar- 
able with or greater than the drug, enzyme induction 
may intensify the effects of the drug by accelerating 
the production of the metabolite. Several drugs are 


2(b)i 


Fig. 2. Immunodiffusion patterns of the enzyme. The im- 
munodiffusion was carried out by the Ouchterlony double 
diffusion method. Antiserum against purified enzyme (from 
liver), was prepared from rabbits. Subcutaneous injections 
of 2.5 mg protein in Freund’s complete adjuvant were given 
at weekly intervals for 3 weeks and the animals were bled 


one week after the third injection, for the preparation of 


antienzyme serum. The immunodiffusion plates were 
washed (after keeping for 72hr in the cold) with 0.9% 
NaCl, followed by water and then stained with amido- 
black: the plates were destained by washing with methanol 
acetic acid-water (2:3:35). (a) Varying concentration of 
the purified enzyme from liver. The central well contained 
the antiserum; the peripheral wells El, E2. E3, E4, ES and 
E6 contained 250, 125, 63, 32, 16 and 8 yg respectively, 
of the purified enzyme from liver. (b) Immunodiffusion 
against purified enzymes prepared from the different tissues 
and serum. The central well contained the antiserum. 50 yg 
of purified enzyme preparations were used in the peri- 
pheral wells. The wells a, b, c, d, e and f contained purified 
enzymes from liver, kidney, spleen, lungs, pancreas and 
serum. 
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Fig. 3. Immunoelectrophoresis of the purified enzyme pre- 
parations. Immunoelectrophoresis at pH 8.6 was carried 
out in agar gel (1.5°,, w/v) on microscope slides. The plates 
were stained after completion of the immunodiffusion, as 
described under Fig. 2. The wells contained the enzyme 
and the central trough contained the antiserum prepared 
against the pure enzyme from liver. (a) top, kidney enzyme; 
bottom, liver enzyme. (b) top, liver enzyme; bottom, pan- 
creas enzyme. 


Table 3. Properties of the enzyme from guinea pig liver, 
pancreas, kidney, spleen, lungs and serum 





Molecular weight* 85,000 
Homogeneity 

(a) polyacrylamide gel electrophoresis 
(b) immunodiffusion 

(c) immunoelectrophoresis 

Optimum pH 

Optimum temperature 

Thermal stabilityt 

K,, value for ethionamide 
Cytochrome P-4508 


single band 
single band 
single band 





*The molecular weight of the enzyme from liver was 
determined by SDS-polyacrylamide gel electrophoresis, gel 
filtration on a calibrated column of sephadex G-200, suc- 
rose gradient centrifugation and analytical ultracentrifuga- 
tion (sedimentation velocity method) as given in ref. [6]. 
The mol. wt of the other enzyme preparations was deter- 
mined only by SDS-polyacrylamide gel electrophoresis and 
gel filtration on sephadex G-200. The markers used for 
gel filtration were catalase (250,000), alcohol dehydrogen- 
ase (150,000), bovine serum albumin (68,000), ovalbumin 
(45,000) and horse radish peroxidase (40,000). For gel elec- 
trophoresis, f-galactosidase (130,000), ovalbumin (45,000), 
pepsin (35,000). lysozyme (14,300) and cytochrome (11,700) 
were used as mol. wt markers. 

+The optimum pH for the enzyme activity was deter- 
mined in different buffer systems, viz., Tris-HCl (pH 7-9), 
Tris-maleate (pH 5.5—8.5), Hepes (pH 6.8-8.2) and potas- 
sium phosphate (pH 6.0-8.0). 

¢t The enzyme was maintained for 1 min at various tem- 
peratures and the given value represents 50%, inactivation. 
At temperatures of 55° and above, there was complete in- 
activation of the enzyme within 1 min. 

$ The presence of cytochrome P-450 was checked by the 
carbon monoxide differential spectrum of the enzyme in 
a Cary recording spectrophotometer. The enzyme prep- 
arations were not sensitive to inhibition by SKF 525A (a 
known inhibitor of microsomal oxidases). 





Enzymatic sulphoxidation 


metabolized by liver microsomes through the mixed- 
function oxidase system. Often, the drugs activate or 
enhance the levels of the components of the mixed- 
function oxidase system which actually make up the 
membrane constituents of the endoplasmic reticulum. 
Thus, hypertrophy of the endoplasmic reticulum may 
be taken as a response of the animal liver towards 
increasing its capacity to metabolize the drug. Many 
groups of workers have attempted to correlate the 
ability of drugs to increase the levels of NADPH-cy- 
tochrome c reductase and cytochrome P-450 in mic- 
rosomes, with their ability to enhance the metabolism 
of various other drugs [18-21]. 

The results presented in this paper indicate that 
on administration of ethionamide to guinea pigs, 
there was induction of the enzyme involved in the 
sulphoxidation of the drug. The induction of enzyme 
synthesis was found only in the case of liver. A small 
increase in the activity of the serum enzyme may be 
due to the release of the enzyme from its site of syn- 
thesis, which is presumably the liver. This enzyme has 
already been shown to be a monooxygenase contain- 
ing 2 moles of FAD and 1 g atom of iron per mole 
and which required NADPH and molecular oxygen 
for activity [6]. Further, the mechanism of sulphoxi- 
dation has been elucidated which involves the partici- 
pation of superoxide anions [7]. Analysing the sub- 
strate specificity of the enzyme, it is apparent that 
the enzyme is not specific to ethionamide oxidation 
and may act on other substrates (drugs) like chlorpro- 
mazine and thioridazine which can undergo biologi- 
cal sulphoxidation. Oxidation of chlorpromazine to 
its sulphoxide has been reported previously [13, 22], 
but the enzyme system responsible has not been char- 
acterized so far. Unlike ethionamide, chlorpromazine 
administration to the animals, however, did not in- 
duce the enzyme synthesis. 

The enzymes distributed in the various tissues and 
serum have been purified to a homogeneous state 
using the same procedure as standardized for the liver 
[6]. It is clear from the results presented that they 
all possessed similar biochemical properties and were 
immunologically indistinguishable. From this and the 
enzyme induction data, it is reasonable to conclude 
that the liver is the primary site for the synthesis of 
the enzyme which is subsequently distributed in 
various other tissues. The induced enzyme prep- 
arations from liver and serum showed the presence 
of a small amount of protein separating from the bulk 
of enzyme at the Sephadex gel filtration stage in puri- 
fication, but possessing the enzyme activity. This pro- 
tein had a molecular weight of 110,000 (i.e., approxi- 
mately 25,000 more than the normal enzyme) in both 
cases (unpublished results of the authors). Even these 
fractions did not reveal the presence of cytochrome 
P-450 and it is not established whether the apparent 
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increase in molecular weight is due to the attachment 
of any other protein factors. However, this species 
of protein constituted only 10% of the total enzyme. 

The sulphoxidation reaction may be of special sig- 
nificance with certain drugs like ethionamide which 
is readily metabolized to the sulphoxide on administ- 
ration to the experimental animals and man [2-5, 7]. 
Ethionamide sulphoxide appears to be more potent 
in vitro in its antitubercular action than the parental 
compound [1] and hence the metabolic conversion 
may lead to a higher degree of activity of the drug 
in vivo. 
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Abstract 


Gas chromatographic determination of blood and brain levels of acetaldehyde was made 


by two methods in C57B1/6J and DBA/2J mice after a single injection of ethanol (3 g/kg, i.p.). Ninety 
min after the administration of ethanol, blood levels of acetaldehyde were 70 nmoles/ml and 200 
nmoles/ml for the C57 and DBA mice respectively. Corresponding brain levels, after correcting for 
blood content, were 6.4 nmoles/g and 17.3 nmoles/g for C57 and DBA mice respectively. These results 
indicate that blood acetaldehyde levels after acute administration of ethanol do not reflect those found 
in brain. The results further suggest that brain may be protected, at least in part, from concentrations 
of acetaldehyde found in blood, by an effective metabolic barrier. 


Certain physiologic effects noted after after ingestion 
of ethanol have been attributed to the action of the 
ethanol metabolite, acetaldehyde, in the central ner- 
vous system (for review, see Ref. 1). Recent work 
[2-4] on the pharmacology of ethanol “addiction” 
has also led to speculation that acetaldehyde may be 
involved in induction of the ethanol dependence syn- 
drome. Before a critical evaluation of the effects of 
ethanol and acetaldehyde in vivo can be made, one 
should determine the concentrations of these agents 
at their proposed site of action. Few investigators 
[5-7], however, have measured both brain and blood 
ethanol or acetaldehyde levels after ethanol adminis- 
tration and the published reports are contradictory. 
In many cases, blood levels of ethanol or acetalde- 
hyde have been assumed to reflect the levels of these 
compounds in the CNS. However, a recent report by 
Sippel [8] has indicated that no acetaldehyde was 
present in rat brain tissue at blood acetaldehyde levels 
of less than 200 nmoles/ml. 

Much current work in our laboratory and those 
of others has been directed toward elucidating the 
effects of ethanol administration (for reviews, see Refs. 
9 and 10). We, therefore, measured the blood and 
brain levels of ethanol and acetaldehyde after ethanol 
administration and compared two methods used for 
the determination of acetaldehyde in brain [6, 8]. We 
also determined the rate at which brain tissue may 
metabolize acetaldehyde to determine whether meta- 
bolism of the acetaldehyde delivered to brain may 
be an effective barrier [8] to the accumulation of this 
ethanol metabolite in the CNS. Due to the popularity 
of C57B1/6J and DBA/2J mice in evaluating both the 
behavioral [11-13] and biochemical [14-16] effects of 
ethanol, these animals were chosen for the present 
study. 


MATERIALS AND METHODS 


Male C57Bl/6J and DBA/2J mice were obtained 
from Jackson Laboratories, Bar Harbor, Me., and 
were housed in our facilities for at least 7 days before 
use. The mice were given access to Purina Lab Chow 
and water, ad lib., and maintained at a constant tem- 


perature of 22 + 1, with a 6:00 a.m.-6:00 p.m. light 
cycle. All mice used in these experiments were 
between 55 and 65 days of age. Absolute ethanol was 
purchased from U.S. Industrial Chemical Co., and 
sealed ampules of acetaldehyde were obtained from 
Matheson, Coleman & Bell and redistilled prior to 
use. Mice were injected intraperitoneally with a 20% 
(v/v) aqueous solution of ethanol (3 g/kg). Ethanol 
and acetaldehyde levels in blood and brain were 
determined at various times thereafter. 

Ethanol and acetaldehyde levels in blood were 
determined by the paper disc method as described 
by Coldwell et al. [7]. Twenty sl of blood was col- 
lected in heparinized capillary tubes from the tip 
of the tail or from mixed arterial and venous flow 
after decapitation and placed on a sodium fluoride- 
impregnated filter paper disc. The disc was contained 
in a 25-ml flask which was immediately sealed. 
Alternatively, 20 xl of blood was added to | ml of 
ice-cold 0.6M_ perchloric acid containing 25mM 
thiourea [17] in a 25-ml flask, and the flask was im- 
mediately sealed. After an equilibration period of a 
minimum of 30min at room temperature, | or 2 ml 
of the gas volume from the flasks was injected into 
the port of a Beckman GC-65 gas chromatograph 
equipped with a flame ionization detector. The eth- 
anol and acetaldehyde were chromatographed on 
Porapak Q (Walters Associates, Inc.) packed in a 
glass column (6 ft x 4mm) and quantified by use of 
standards prepared by adding known amounts of eth- 
anol or acetaldehyde at appropriate concentrations 
to heparinized blood and carrying these standards 
through the procedures. Operating parameters of the 
gas chromatograph were as follows: nitrogen (carrier 
gas) flow rate 40 cc/min; hydrogen gas flow 45 cc/min; 
air flow 300 cc/min; inlet, column, and detector tem- 
peratures were 150°, 115° and 250° respectively. 

Ethanol and acetaldehyde levels in brain tissue 
were determined by a modification of the method of 
Duritz and Truitt [6]. Brains were removed quickly, 
blotted, weighed and added to 0.25 ml of ice-cold 5°, 
zinc sulfate. Cold distilled water was added such that 
the total volume was 1.75 ml. Brain tissue was homo- 
genized using a Tekmar Tissuemizer; 0.25 ml of 0.3 N 
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barium hydroxide was added to the homogenate ‘and 
| ml of the resultant mixture was pipetted into a 
25-ml flask which was quickly sealed. Flasks were 
gently shaken in a water bath for approximately 
30 min at 30°, or allowed to stand at room tempera- 
ture for 4-5 hr. Alternatively, brain tissue was homo- 
genized in 2 ml of ice-cold 0.6 M perchloric acid con- 
taining 25mM _thiourea[8]. One ml of the homo- 
genate was pipetted into 25-ml flasks. The flasks were 
sealed and equilibrated before determination of eth- 
anol and acetaldehyde by gas chromatography as de- 
scribed above. One or 2 ml of gas from the headspace 
of flasks containing the homogenized brain tissue was 
chromatographed using Porapak Q. Standards con- 
sisted of known amounts of ethanol or acetaldehyde 
added to brain tissue from saline-injected animals and 
processed in a similar manner as brain from ethanol- 
injected mice. Under our assay conditions, the reten- 
tion times for acetaldehyde and ethanol were 3.5 and 
6.6 min respectively. 

Aidehyde dehydrogenase activity in brain was 
measured by following the decrease in the concen- 
tration of acetaldehyde in reaction mixtures. Reaction 
mixtures. contained NAD* (1 mM), nicotinamide 
(SmM), acetaldehyde (0.1 mM), and mouse brain 
homogenate (50 mg tissue), in 25mM_ sodium phos- 
phate, pH 7.4. Incubations were performed in a 2 ml 
total volume at 23 in sealed 10-ml flasks. Control 
incubation mixtures contained all ingredients except 
that brain homogenate had been kept at 100° for 
10 min before being added to these mixtures. At 5-min 
tinie intervals, 10 ul of incubation mixture was with- 
drawn using a Hamilton pl syringe and transferred 
onto a sodium fluoride-impregnated disc contained 
in a sealed 25-ml flask. After a 30-min equilibration 
period at-room temperature, | ml of headspace gas 
was chromatographed on Porapak Q as described 
above. 

The amount of blood present in brain was esti- 
mated by measuring the relative hemoglobin content 
of brain and blood. Blood was collected in hepar- 
inized capillary pipettes and hemolyzed in 5 ml of 
0.4°,, ammonium hydroxide. Sodium hydrosulfite 
(Na,S,04) was added to an aliquot of the hemolyzed 
blood to convert oxyhemoglobin to free hemoglo- 
bin [18] and a differential spectrum of oxyhemoglo- 
bin (reference) vs deoxygenated hemoglobin (sample) 
was obtained using a Beckman Acta III recording 
spectrophotometer. Such a spectrum contained a 
peak at 555-557nm followed by a trough at 
576-578 nm. The optical density difference between 
peak and trough was found to be proportional to 
the hemoglobin present in the lysate. 

Brain was obtained in a manner similar to that 
used for obtaining tissue for determination of ethanol 
and acetaldehyde levels and was disintegrated in dis- 
tilled H,O (4ml total volume). Particulate material 
was removed by centrifugation at 17,300g for 30 min 
at 4. Ammonium hydroxide was added to the resul- 
tant supernatant such that the final concentration was 





*When blood ethanol levels were measured by the 
method of Sippel [8], the resultant levels appeared lower 
[e.g. at 60 min after injection blood ethanol was calculated 


to be 71 + 11 wmoles/ml (n = 6)]. However, these differ- 
ences were not statistically significant. 
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0.4°,, and a differential spectrum was obtained after 
addition of sodium hydrosulfite to an aliquot of the 
supernatant. Blood content of brain was calculated 
from the optical density difference between peak 
(555-557 nm) and trough (576-578 nm) of the differen- 
tial spectrum for brain superriatant. In other exper- 
iments, blood was added to brain before disinteg- 
ration to monitor recovery of hemoglobin as 
measured by this method. 


RESULTS 


Blood ethanol levels in C57Bl/6J mice measured 
by the paper disc method [7] reached peak concen- 
trations of 102 + 19 ymoles/ml (n = 9) within 30 min 
after injection. The blood levels of ethanol* at 60 and 
90min after injection measured by the same 
method [7] were 82 + 8 (n = 9) and 72 + 9 (n = 5), 
respectively, and declined thereafter. Ethanol levels 
became undetectable 4.5 hr after injection. Brain eth- 
anol levels were found to peak earlier (within the first 
10 min) reaching levels of 120 + 9 wmoles/g and de- 
clined thereafter. CS7Bl/6J mice lost their righting 
reflex 2-7 min after the injection of ethanol and 
regained the righting reflex in 24.8 + 6.8 min after in- 
jection (n = 8). Blood acetaldehyde levels in C57B1/6J 
mice increased during the first 10-20 min after eth- 
anol injection (Fig. 1). For 120 min thereafter the 
mean blood acetaldehyde levels were maintained at 
approximately 60-70 nmoles/ml. A secondary peak in 
blood acetaldehyde became evident after 150 min with 
levels rising to approximately 100 nmoles/ml. Similar 
blood acetaldehyde levels were found when tail blood 
was assayed by either the paper disc method de- 
scribed by Coldwell et al. [7] or with the use of perch- 
loric acid containing 25mM thiourea [8,17] (Table 
1). Blood obtained from the neck after decapitation 
of C57B1/6J mice was also assayed for acetaldehyde. 
The values obtained 90min after ethanol injection 
(71 + 1Snmoles/ml of blood; n = 3) did not differ 
significantly from levels found in blood taken from 
the tail. Blood acetaldehyde levels in DBA/2J mice 
were found to be significantly higher than levels found 
in C57B1/6J mice (Table 1). 





n moles/m! Blood 


TIME 
Fig.l. Acetaldehyde levels were determined at various 
times after an intraperitoneal injection of ethanol (3 g/kg). 
Blood acetaldehyde levels were determined by the method 
of Coldwell et al.[7]. Four to six animals were used at 
each time point, and values are the mean + standard 
deviation. 
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Table 1. Blood and brain acetaldehyde levels determined 
by various methods 





Methods 





Perchlorate 
+ thioureat 


Acetaldehyde 


levels* Paper disct 





Blood 
(C57B1/6J mice) 
(DBA/2J mice) 


60 + 14 (6) 


ZnSO, + 
Ba(OH),s 


Perchlorate 
+ thioureat 





Brain 
(C57B1/6J mice) 
30-min equilibration 
4- to 5S-hr_ equilib- 
ration 

Brain 
(DBA/2J mice) 
30-min equilibration 17.3 + 6.8 (4) 


29.4 + 8.3 6.4 + 2.2 (11) 


1303 + 23 4.2 + 1.2 (5) 





* Acetaldehyde levels were determined 90 min after an 
intraperitoneal injection of 3g/kg of ethanol and are 
expressed as nmoles/ml of blood or nmoles/g of brain + | 
standard deviation. The number of experiments is in paren- 
theses. 

+ Blood was placed on a paper disc impregnated with 
sodium fluoride and contained in a sealed flask. Headspace 
was analyzed for acetaldehyde content. See text and Ref. 
7 for further details. 

t Blood was placed in | ml of 0.6 M perchloric acid con- 
taining 25mM thiourea in a sealed flask. Brains were 
homogenized in 2 ml of 0.6M perchloric acid containing 
25mM thiourea, and | ml of homogenate was placed in 
a sealed flask. Headspace was analyzed for acetaldehyde. 
See text and Ref. 8 for further details. Brain acetaldehyde 
levels were adjusted for: the contribution of acetaldehyde 
contained in blood. 

§ Brains were homogenized in ZnSO, and Ba(OH), was 
added to the mixture. The mixtures were contained in a 
sealed flask and headspace was assayed for acetaldehyde. 
See text and Ref. 6 for further details. Brain acetaldehyde 
levels were adjusted for the contribution of acetaldehyde 
contained in blood. 

Due to the presence in brain supernatant of com- 
pounds which interfered with an accurate determina- 
tion of hemoglobin by direct spectral analysis, we uti- 
lized the differential spectrum produced by treatment 
of a portion of the supernatant with sodium hydrosul- 
fite for determination of this protein. By this method, 
the amount of blood present in brain tissue was found 
to be 13.4 + 1.9 pl/g (n = 8). This value was corrected 
for an 89 per cent recovery of blood hemoglobin from 
brain tissue. 

Brain acetaldehyde levels were determined at a time 
that blood acetaldehyde levels were at a steady state 
(Fig. 1). Since brain tissue used in our experiments 
contained blood, acetaldehyde levels found in brain 
tissue were adjusted by subtracting blood-borne ace- 
taldehyde from acetaldehyde found in brain tissue. 
Ninety min after the injection of ethanol, brain acetal- 
dehyde levels, determined by the method of Duritz 
and Truitt [6], were approximately 29 nmoles/g of 
brain. These levels were obtained using a headspace 
equilibration period of approximately 30 min. How- 
ever, if samples were allowed to equilibrate for several 
hr, acetaldehyde levels in the assay mixtures increased 
to 130 nmoles/g of brain (Table !). On the other hand, 
brain acetaldehyde levels (corrected for the presence 
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Fig. 2. Decline in acetaldehyde concentration (uM) was 

monitored in incubation mixtures containing mouse brain 

homogenate, acetaldehyde (100 4M) and NAD* (1 mM). 

Results show one typical experiment. Rate constants and 

initial velocities were calculated from the first-order plots 
of such regression lines. 


of blood in brain) assayed in the presence of 25 mM 
thiourea were found to be quite low, and there were 
no significant differences between values obtained 
after a 30-min incubation and those from a 5-hr incu- 
bation of samples (Table 1). Under our assay condi- 
tions for acetaldehyde in brain, the limit of sensitivity 
was approximately 2 nmoles acetaldehyde/g of tissue. 

The metabolism of acetaldehyde by C57BI/6J 
mouse brain homogenates was determined to be 
104 + 54nmoles/min/g of brain (n = 3) when assayed 
at 23°. The rate determined within each experiment 
followed first-order kinetics (Fig. 2). No acetaldehyde 
metabolism was witnessed with brain homogenates 
which were preheated to 100° for 10 min before being 
cooled and used in incubation mixtures. 


DISCUSSION 


A lack of agreement exists in the literature as to 
the relative concentrations of acetaldehyde in blood 
and brain after ethanol administration. Duritz and 
Truitt [6] reported higher levels of acetaldehyde in 
rat brain compared to blood after ethanol adminis- 
tration. Ridge [5] found no differences in rat blood 
and brain levels of acetaldehyde, but reported signifi- 
cant synchronized variation in blood and brain acet- 
aldehyde concentrations over time. Wiberg et al. [19], 
on the other hand, reported that blood and brain 
acetaldehyde levels did not oscillate in a synchronous 
manner. Truitt [20] has noted that acetaldehyde con- 
centrations found after ethanol administration may 
be erroneous due to “release” of endogenous acetalde- 
hyde by ethanol, and recently it has been proposed 
that this “released” acetaldehyde is actually formed 
non-enzymatically from ethanol [17]. The addition of 
thiourea to homogenates of tissue samples was shown 
to prevent this spurious formation of acetaldehyde 
during assay procedures [8, 17]. 

Our results (Table 1) showed an increase in assayed 
acetaldehyde levels in brain homogenates, as a func- 
tion of the sample equilibration time, when the 
method similar to that described by Duritz and 
Truitt [6] was used. These results indicated that ace- 
taldehyde could be produced during the assay pro- 
cedure described by Duritz and Truitt[6]. On the 
other hand, the levels of acetaldehyde detectable in 
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mouse brain tissue were not altered by sample equi- 
libration time if thiourea was present in the homogen- 
izing medium (Table 1). The levels of acetaldehyde 
found in brains of both C57B1/6J and DBA/2J mice 
were considerably lower than blood acetaldehyde 
levels in these animals. DBA/2J mice, however, were 
found to have higher brain levels of acetaldehyde as 
well as higher blood acetaldehyde levels when com- 
pared to C57B1/6J mice. Sippel [8] found that acetal- 
dehyde was not detectable in rat brain until blood 
acetaldehyde levels exceeded 200nmoles/ml. His 
values were corrected for the presence of 75 yl blood, 
containing acetaldehyde, per g of brain. Such results 
led Sippel [8] to hypothesize that the capacity of rat 
brain to metabolize acetaldehyde was between 
100-180 nmoles/min/g. We found the amount of 
blood present in mouse brain tissue was only ~ 13 yl, 
and brain tissue of these animals contained low but 
detectable. levels of acetaldehyde even at blood acet- 
aldehyde concentrations of ~ 70 nmoles/ml. The low 
brain acetaldehyde levels found in our study would, 
however, still be consistent with an active metabolism 
of this compound by brain tissue. 

The capacity of mouse brain to metabolize acet- 
aldehyde at levels of acetaldehyde approximating 
those in blood 90 min after the injection of ethanol 
was found to be > 100 nmoles/min/g of brain. How- 
ever, due to the volatility of acetaldehyde, the exper- 
iments were perfomed at 23° and one may expect 
enzyme activity to be greater at physiologic tempera- 
ture.* The metabolic rate would, of course, be depen- 
dent on several factors. such as: the accessibility of 
acetaldehyde to aldehyde dehydrogenase in brain tis- 
sue, Michaelis constants for acetaldehyde with brain 
aldehyde dehydfogenase(s) [21,22], and the levels of 
NAD* in brain after ethanol administration as well 
as the presence of other enzymes capable of metabo- 
lizing acetaldehyde. NAD* levels in rat brain have 
been shown to be approximately 0.35 mM [23]. These 
levels are significantly above the K,, for NAD“, deter- 
mined for liver aldehyde dehydrogenase from 
C57B1/6J mice[15]. Since little change in brain 
NAD*/NADH ratios occurs even after anesthetic 
doses of ethanol[24], the availability of cofactor 
should not be a rate-limiting factor for the activity 
of brain aldehyde dehydrogenase. In addition to the 
NAD‘ -dependent aldehyde dehydrogenase, a lower 
amount of NADP* -dependent aldehyde dehydrogen- 
ase has been found in brain tissue, and may also 
metabolize acetaldehyde [12,25]. Using near satu- 
ration levels of acetaldehyde, we found that mouse 
brain tissue can metabolize acetaldehyde at a faster 
rate than the rate at which acetaldehyde would be 
delivered to brain by blood. Assuming a blood flow 
of 0.8 ml/min/g of brain [26], one can estimate that 
acetaldehyde would be delivered to brain at a rate 
of approximately 50nmoles/min/g of brain. Blood 
flow through brain has been shown to be little 
affected by ethanol administration [27]. As men- 
tioned above, however, the rate of metabolism would 
depend on the availability of the substrate. 





*The Qio for liver aldehyde dehydrogenase has been 
determined to be 2.8 (R. A. Dietrich, personal communica- 
tion). Q;o is used to indicate the fold increase in enzymatic 
activity for every 10° rise in temperature. 
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The reported competitive inhibition by acetalde- 
hyde of the metabolism of 5-hydroxyindoleacetalde- 
hyde by brain aldehyde dehydrogenase in vitro [28] 
would suggest that the production of 5S-hydrexyindole- 
acetic acid (5-HIAA) from serotonin should be 
diminished if significant amounts of acetaldehyde 
were being metabolized in brain. However, previous 
work using push-pull perfusions of localized brain 
areas[29] and analysis of whole brain 5-HIAA 
levels [14] demonstrated that 5-HIAA levels actually 
increased in brain after ethanol administration. On 
the other hand, we have demonstrated that ethanol 
administration inhibits the exit of 5-HIAA from 
brain [30, 31]. Thus, an inhibition in the production 
of 5-HIAA may be overlooked due to accumulation 
of this metabolite in a system where transport from 
brain is also inhibited. The presence of acetaldehyde 
in brain and the participation of acetaldehyde in the 
CNS effects of ethanol by competing with endogenous 
aldehydes for metabolic enzymes should, therefore, 
not be ignored. 
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Abstract 


The chronic administration of chlorisondamine, a ganglionic blocking agent, for periods 


up to | week produced dose-dependent increases in rat adrenal catecholamines (CA), tyrosine hydroxy- 
lase (TH) activity and dopamine f-hydroxylase (DBH) activity, and also increased plasma levels of 
circulating DBH. Uptake of [*H]epinephrine into isolated adrenal medullary storage vesicles from 
rats given chlorisondamine was reduced compared to controls. Prior denervation of the adrenal elimin- 
ated the chlorisondamine-induced increases in CA and TH, and reduced but did not eliminate the 
increases in DBH. Atropine pretreatment did not reduce the stimulatory effects of chlorisondamine. 
Ganglionic blockade was effective throughout the period of chronic chlorisondamine administration, 
as confirmed by the failure of insulin to evoke CA secretion even when given at the longest time 
period between chlorisondamine injections. These data suggest that chlorisondamine produces a mixture 
of direct and trans-synaptic sympatho-adrenal stimulation as well as ganglionic blockade, and that 
the mixed effect persists upon chronic administration. 


Chlorisondamine is a long-acting ganglionic blocking 
agent which has been used clinically for the treatment 
of hypertension and in the laboratory as a pharma- 
cological tool. Administration of chlorisondamine to 
rats results in physiological action consistent with 
blockade of autonomic transmission [1,2]; at the 
level of sympathetic neurotransmitter regulation, 
chlorisondamine has been shown to lower serum cate- 
cholamine levels [3] and to block the adrenal cate- 
cholamine-secreting effect of reflex sympathetic stimu- 
lators [4-6]. Despite the clear-cut capability of chlori- 
sondamine to interrupt ganglionic transmission, a 
number of findings have been reported which are in- 
consistent with simple blockade. While chlorisond- 
amine (and other ganglionic blockers) indeed prevents 
reserpine-induced acute secretion of adrenal cate- 
cholamines, the blockers themselves cause tyrosine 
hydroxylase (TH) induction [4]. Similarly, adrenal 
dopamine levels (an indicator of stimulation of cate- 
cholamine synthesis) increase within Ihr of 
chlorisondamine administration[7], and plasma 
dopamine f-hydroxylase (DBH), a putative indicator 
of sympathetic tone, does not decline after six injec- 
tions of chlorisondamine administered over a 48-hr 
period, despite marked reductions in plasma catechol- 
amines [3]. These data all suggest that chlorisond- 
amine may produce a mixture of stimulation and 
blockade. 

The current study was undertaken to demonstrate 
on the biochemical level whether chlorisondamine 
actually does exhibit a stimulatory action, at what 
point stimulation may occur, and whether stimulation 
persists upon chronic administration. 


MATERIALS AND METHODS 


Treatment of animals. Male Sprague-Dawley rats 
weighing 200-250 g were given subcutaneous injec- 
tions of chlorisondamine chloride dissolved in 0.25 ml 


saline, while controls received saline alone. Doses 
ranged from 2.5 to 20mg/kg, given twice daily for 
periods up to | week. In some experiments, rats were 
pretreated with atropine sulfate (10 mg/kg s.c.) 30 min 
before each chlorisondamine injection, while in other 
experiments, the left adrenal was denervated 10 days 
prior to commencement of chlorisondamine adminis- 
tration. To test the effectiveness of ganglionic 
blockade, rats receiving saline or chlorisondamine 
(20 mg/kg) for 3 days were starved overnight and in- 
sulin (5 I.U./kg i.v.) was administered 10 hr after the 
last chlorisondamine injection; animals were killed 
2 hr later. 

Treatment of tissues. Rats were killed by decapi- 
tation after 1, 2, 3 or 7 days of chlorisondamine treat- 
ment (in each case 12hr after the last injection) and 
blood was collected for determination of plasma 
DBH activity. Adrenals from each animal were homo- 
genized in 2.5 ml of 0.3 M sucrose containing 25 mM 
Tris (pH 7.4) and 10 uM _ iproniazid. Homogenate 
(0.1 ml) was added to 1.9ml of 3.5% perchloric acid 
(PCA), centrifuged at 26,000g for 10 min and the 
supernatant analyzed for catecholamines. Homo- 
genate (0.5 ml) was added to an equal volume of water 
containing 2000 units/ml of beef catalase (Sigma) and 
used for DBH assays. The remainder of the homo- 
genate was centrifuged at 800g for 10 min, and 1 ml 
of the supernatant was used for determination of 
[*H]epinephrine uptake (vide infra). The rest of the 
800g supernatant was centrifuged at 26,000g for 10 
min to sediment the catecholamine storage vesicles 
and the supernatant used for duplicate determinations 
of TH activity. This fractionation procedure has been 
described in detail previously [8]. 

The abilities of the storage vesicles in the 800g 
supernatant to incorporate [*H]epinephrine were 
determined by standard techniques [9]. For each 
adrenal preparation, duplicate tubes were prepared 
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containing 0.5 ml of the 800g supernatant, 5 ~moles 
ATP and Mg?"*, 5 Ci epinephrine[7-*H] isotopically 
diluted with 0.1 mole of unlabeled epinephrine bitar- 
trate, and sucrose-Tris in a final volume of 1 ml. 
Samples were incubated for 30 min at 30° while the 
duplicates were kept on ice to serve as blanks. Uptake 
was stopped by the addition of 2ml of ice-cold 
sucrose- Tris. and labeled vesicles were sedimented at 
26.000 g for 10 min. The supernatant was depro- 
teinized with an equal volume of 7°, PCA, centrifuged 
and analyzed for catecholamines and for radioactivity 
by liquid scintillation spectrometry; this enabled 
determination of the specific activity of the labeling 
medium. The vesicular pellet was washed with fresh 
sucrose-Tris and recentrifuged twice and then sus- 
pended 3ml of 3.5°,, PCA, centrifuged and the 
supernatant analyzed for catecholamines and radioac- 
tivity. Although contaminating particles are present, 
under these conditions labeling occurs solely in the 
storage vesicles [10]. The temperature-dependent 
uptake was calculated as described previously [10] 
and expressed as uptake per gland (a composite 
measure reflecting the number of functional vesicles 
per gland as well as the uptake capability of each 
vesicle) or as uptake per unit of catecholamines (a 
measure of the abilities of individual vesicles to incor- 
porate [*H]epinephrine relative to endogenous 
content, 
present). 

For studies of the effects of chlorisondamine in 
vitro, vesicles and enzymes from control animals were 
incubated with and without | mM _chlorisondamine, 
and uptakes and activities determined as already 
described. 

{ssays. Catecholamines were determined by the tri- 
hydroxyindole method using an autoanaylzer, and 
radioactivity was measured by liquid scintillation 
spectrometry [10,11]. Rat adrenal tyrosine hydroxy- 
lase activity was determined by the method of Way- 
mire et al. [12] using 100 uM tyrosine[1-'*C], with 
activity expressed as nmoles '*CO, evolved per hr: 
dopa decarboxylase activity was measured by the 
method of Waymire et al. [12] using hog kidney as 
the enzyme source and 33 uM dopa[1-'*C] as sub- 
strate, with activity expressed as nmoles '*CO, 
evolved per hr; monoamine oxidase (water homo- 
genates of rat adrenal without iproniazid) was assayed 
according to Laduron and Belpaire [13] using 10 uM 
tyramine[G-*H] as substrate, with activity expressed 
as nmoles [}H]p-hydroxybenzaldehyde formed per 
hr; dopamine /-hydroxylase activity was measured by 
a modification [14] of the method of Friedman and 
Kaufman [15], using 10 u«M tyramine[G-*H] as sub- 
strate and either, 0.5 mM _ p-hydroxymercuribenzoate 
(adrenal) or 1.5mM_ N-ethylmaleimide + 4 uM 
CuSO, (plasma) to inactivate endogenous inhibitors, 
with activity expressed as nmoles [*H]octopamine 
formed per hr. 

Materials. Rats were obtained from Zivic—Miller 
Laboratories. Chlorisondamine chloride was provided 
by Ciba Pharmaceuticals. Atropine sulfate, tyramine 
hydrochloride, p-hydroxymercuribenzoate and N- 
ethylmaleimide were obtained from Sigma Chemical 
Corp., regular insulin (80 [.U./ml) was obtained from 
Squibb Pharmaceuticals and epinephrine bitartrate 
from Winthrop Laboratories. Epinephrine[7-°H ]. tyr- 
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amine[G-7H}, dopa[1-'*C] and tyrosine[1-'*C] were 
purchased from New England Nuclear Corp. 


RESULTS 


Chronic administration of chlorisondamine led to 
dose-dependent increases in adrenal catecholamines 
(CA), tyrosine hydroxylase activity (TH) and dopa- 
mine f-hydroxylase activity (DBH) (Fig. 1). The mag- 
nitudes and time courses of the increases differed for 
each parameter; the CA and DBH increases required 
high doses and several days of treatment, while TH 
was elevated after 3-7 days at low doses and after 
only | day at 20 mg/kg. Chlorisondamine (20 mg/kg) 
had little or no effect on vesicular uptake of 
[*H]epinephrine after 1 day of treatment, but with 
chronic administration there was a marked decrement 
both in uptake per gland and in uptake per unit of 
CA (Table 1).. 

To determine the role of neural input in the chlori- 
sondamine-induced changes in adrenal CA, TH and 
DBH, rats with one adrenal denervated were given 
20 mg/kg for 3 days (Table 2). Prior denervation com- 
pletely blocked the elevations in CA and TH and 
reduced the increase in DBH, while in the same ani- 
mals CA, TH and DBH levels were all increased in 
the innervated gland. 

The possibility that muscarinic receptor stimulation 
could be involved in the stimulatory effects of chlori- 
sondamine was tested by pretreatment of the rats with 
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4 2.5mg/kg 





Per centage of control 
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Days of treatment 


Fig. 1. Effect of chronic treatment with chlorisondamine 

(twice daily, subcutaneously at indicated doses) on the rat 

adrenal medulla. Points and vertical bars represent means 

+ §.E.M. of between 5 and 30 determinations. Control 

values were: catecholamines, 12.4 + 0.5 yg/gland; tyrosine 

hydroxylase, 11.1 + 0.9 nmoles/gland/hr; dopamine f-hyd- 
roxylase, 0.93 + 0.05 nmoles/gland/hr. 
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Table 1. Effect of chlorisondamine (20 mg/kg s.c. twice 
daily) on [*H]epinephrine uptake into isolated adrenal 
medullary vesicles 





Epinephrine uptake 





(nmoles/100 yg 
endogenous 
cate- 
cholamines) 


No.. of 
determina- 
tions 


Days ‘of 


treatment (nmoles/gland) 





Control 2.38 + 0.16 21.1 + 1.5 12 





Control (°,) 





* P < 0.01 vs control. + P < 0.001 vs control. 


large doses of atropine (Table 3). Atropine alone had 
no effect on CA, TH or DBH and did not interfere 
with the chlorisondamine-induced increases. To deter- 
mine whether animals receiving 20 mg/kg twice daily 
maintained ganglionic blockade throughout chronic 
treatment, rats were given insulin 10hr after the last 
chlorisondamine injection and sacrificed 2 hr later; 
insulin-induced hypoglycemia evokes massive 
sympatho-adrenal stimulation [5]. Both control and 
chlorisondamine-treated rats evidenced hypoglycemic 
shock after insulin, as exhibited by convulsions. In 
rats which did not receive chlorisondamine, insulin 
caused a 60 per cent depletion of adrenal CA (Table 
4); chronic chlorisondamine pretreatment completely 
prevented the depletion, indicating effective gang- 
lionic blockade even at the maximum time period 
between injections. 
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Plasma DBH activity demonstrated a similar dose- 
and time-dependent increase during chronic chlori- 
sondamine administration (Table 5). There was no 
change in activity after 3 days at 20 mg/kg. However, 
after 1 week at 2.5 mg/kg, there was a 30 per cent 
increase in plasma DBH and after 1 week at 20 mg/kg 
activity tripled. 

Chlorisondamine in vitro had little or no effect on 
activities of catecholamine biosynthetic or degrada- 
tive enzymes, and caused a small degree of inhibition 
of [*H]epinephrine uptake into isolated storage vesi- 
cles (Table 6). Since the concentrations utilized 
(1mM) are considerably higher than that which 
should be achieved with the highest dose in vivo, it 
is unlikely that direct actions of chlorisondamine on 
enzymes and vesicles are responsible for the results 
obtained after chronic administration to rats. 


Table 4. Effect of chlorisondamine (20 mg/kg s.c. twice 
daily for 3 days) on insulin-induced secretion from the rat 
adrenal medulla* 





No. of 
determina- 
tions 


Catecholamines 


Treatment (ug/gland) 





10.4 
4.18 


+ $0 
+ 0.407 


Control 

Insulin 

Chlorisondamine + 
insulin 


11.8 +0.7 





*Insulin (5 L.U./kg iv.) was given 10hr after the last 
chlorisondamine injection and rats were sacrificed 2 hr 
later. 

+P < 0.001 vs control. 


Table 2. Influence of prior denervation on effects of chlorisondamine on the rat adrenal medulla 





Catecholamines 
(ug/gland) 


Tyrosine hydroxylase 
(nmoles/gland/hr) 


Dopamine /-hydroxylase 
(nmoles/gland/hr) No. of 


determina- 





Treatment _Innervated Denervated 


Innervated Denervated 


Innervated Denervated tions 





Control 10.0 + 0.5 986+ 0.37 163+ 1.3 


Chlorisond- 
amine (20 
mg/kg s.c., 
twice daily 
for 3 days) 12.4 + 0.6* 


10.5 + 0.3 35.0 + 2.4t 


16.4 + 14 


139) + 42 


0.858 + 0.056 0.807 + 0.035 6 


1.47 +0.14t 1.08 +0118 





*P < 0.02 vs control. + P < 0.001. t P < 0.005. § P < 0.05. 


Table 3. Influence of atropine pretreatment on the effects of chlorisondamine on the rat adrenal medulla* 





Catecholamines 


Treatment (ug/gland) 


Tyrosine hydroxylase 
(nmoles/gland/hr) 


No. of 
determina- 
ations 


Dopamine f-hydroxylase 
(nmoles/gland/hr) 





9.91 + 0.47 
9.59 + 0.60 
10.6 +09 


Control 

Atropine alone 

Chlorisondamine alone 

Atropine + chlori- 
sondamine 


13.8 


10.3 + 0.6 16.5 


8.55 + 0.72 
7.78 + 0.54 


0.821 + 0.065 
0.662 + 0.019 


+ aT 1.06 + 0.10 


+ 22t 1.13) + 0.08§ 4 


Srey 





* Rats were given twice daily subcutaneous injections of chlorisondamine (20 mg/kg) or atropine (10 mg/kg) for 2 


+ 


days. With combined treatment, atropine was given 30 min prior to chlorisondamine. 


+P < 0.01 vs control. 


t P < 0.02 vs control; not significant vs chlorisondamine alone. 
§ P < 0.05 vs control; not significant vs chlorisondamine alone. 





1314 


Table 5. Effects of chlorisondamine (s.c. twice daily) on 
rat plasma dopamine f-hydroxylase 





No. of 
determina- 
tions 


Plasma DBH 


Treatment (nmoles/hr/1.) 





Control or 4A 12 
2.5 mg/kg, 7 days + Ea" 
20 mg/kg, 3 days 
20 mg/kg, 7 days 





* P < (0.005 vs control. 
+P < 0.01. 


Table 6. Effects of chlorisondamine (1 mM) in vitro on 

catecholamine biosynthetic and degradative enzymes and 

on [*H]epinephrine uptake into adrenal medullary 
vesicles* 





Inhibition 


Determination (%) 








SI 


Tyrosine hydroxylase 
Dopa decarboxylaset 
Dopamine /-hydroxylases 
Monoamine oxidase 

[*H Jepinephrine uptake* 


Aw Ww Ww 





* Four determinations were made for each point. 
+ Rat adrenal; control activity 15.3 + 0.5 nmoles/hr/ml 
of preparation. 
t Hog kidney; control activity 201 + 16nmoles/hr/ml 
of preparation. 
$ Rat adrenal; control 
hr/ml of preparation. 
Rat adrenal; control 
hr/ml of preparation. 
“Rat adrenal control uptake 
nmoles/100 zg of endogenous catecholamines. 
** P < 0.005. 


activity 0.681 + 0.20 nmole 


activity 2.31 + 0.04 nmoles 


120+ 0.3 


vesicles: 


DISCUSSION 


Stimulation of the sympatho-adrenal axis is accom- 
panied by changes in the biochemistry of CA syn- 
thesis, uptake, storage and release. Thus, after the 
acute administration of reserpine, insulin or nicotine, 
there is induction of the CA biosynthetic enzymes, 
TH and DBH, and an increase in the synthesis of 
new CA storage vesicles [4-6, 8-10, 16]. Adrenal CA 
levels may be decreased, unchanged or even increased, 
depending upon the relative balance between stimula- 
tion-induced CA release and stimulation-induced in- 
creases in CA synthesis and storage. For example, 
acute administration of large doses of nicotine pro- 
duces adrenal CA depletion, but upon chronic 
administration CA levels increase [16]; other doses 
of nicotine can be chosen which produce little change 
in CA levels but which still cause TH and DBH in- 
duction [16]. 

In the present study, results have been obtained 
which indicate that chronic administration of chlori- 
sondamine, a ganglionic blocking agent, produces 
also a stimulatory effect in the sympatho-adrenal axis. 
This is demonstrated by the dose-dependent increases 
in adrenal TH and DBH activity and in CA levels, 
a biochemical pattern which is identical in every re- 
spect to that after chronic administration of nicotine 
[16]. These results cannot be accounted for by a poss- 
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ible muscarinic stimulation by chlorisondamine, since 
atropine pretreatment did not prevent the chlori- 
sondamine-induced biochemical changes. 

Chronic chlorisondamine treatment also produced 
changes in the functioning of CA storage vesicles, as 
evidenced by the reduction in vesicular uptake. The 
uptake decrease probably results from TH induction, 
with a consequent increase in the CA content of each 
vesicle and thus a decline in uptake/100 ug of CA; 
it should be noted that the higher level of uptake 
per gland vs uptake/100 ug of CA (P < 0.05) provides 
corroborative evidence that the number of vesicles is 
increased (as suggested by DBH induction) while 
uptake per vesicle is decreased. A similar pattern of 
changes in uptake has been observed after chronic 
nicotine or morphine administration [16, 17], both of 
which, like chlorisondamine, have little or no effect 
on uptake in vitro. In contrast, outright inhibition of 
uptake by reserpine results in a greater or equal de- 
crease in uptake per gland and per unit of CA [6]. 

To evaluate further the sympatho-adrenal stimu- 
lation by chlorisondamine, plasma DBH activity was 
determined: plasma DBH is presumed to come from 
sympathetic nerves and to a lesser extent from the 
adrenal medulla [18] and thus has been suggested 
as an index of sympatho-adrenal activity. Chronic 
administration of chlorisondamine produced a dose- 
dependent increase in plasma DBH, and the increase 
required a somewhat longer period of treatment than 
for adrenal changes. These data are consistent with 
sympathetic stimulation and further suggest that the 
time courses of the biochemical changes may vary 
with the tissue studied. 

It was important to determine whether chlorisond- 
amine stimulates sympathetic tissues directly (like 
nicotine) or whether the biochemical changes are 
trans-synaptic. Mueller et al. [4] have reported that 
the increase in adrenal TH caused by acute chlori- 
sondamine administration could be prevented by 
prior sectioning of the splanchnic nerve, thus impli- 
cating a purely trans-synaptic mechanism. In the cur- 
rent studies, we have obtained evidence after chronic 
administration which partially corroborates this 
hypothesis. Prior denervation completely prevented 
the chronic chlorisondamine-induced increases in TH 
and CA, and reduced, but did not eliminate, the in- 
duction of DBH. Similar results have been obtained 
with denervated adrenals after morphine or reserpine 
administration [19,20]. These data indicate that the 
stimulation during chronic chlorisondamine adminis- 
tration has both trans-synaptic and direct com- 
ponents, and the levels of DBH (in contrast to TH) 
may be regulated in part by a non-trans-synaptic 
mechanism. The trans-synaptic component may result 
from reflex compensatory mechanisms, as suggested 
by Maxwell et al. [2], or from direct presynaptic 
release of acetylcholine, as demonstrated for another 
ganglionic blocking agent, tetraethylammonium [21 ]. 

There are two time points at which stimulation is 
likely to occur: if the response is due directly to chlori- 
sondamine, stimulation should ‘occur early (when 
drug concentrations are high); if the response is due 
to rebound stimulation from a wearing off of gang- 
lionic blockade, stimulation should occur late, when 
drug concentrations might be low enough to permit 
ganglionic transmission. The latter hypothesis can be 
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ruled out, since insulin administration, even at the 
time when chlorisondamine concentrations would be 
at their lowest (10-12 hr after the last dose), failed 
to evoke CA release; this indicates that ganglionic 
blockade did not wear off between doses. The conten- 
tion that stimulation occurs early after chlorisonda- 
mine administration is supported by the observation 
of Carlsson and Lindqvist [7] that adrenal dopamine 
levels (an indicator of short-term, stimulation-induced 
TH activation) show a peak 60-90 min after chlori- 
sondamine; this corresponds to the time period in 
which blood pressure returns to normal in conscious 
rats given chlorisondamine [2]. 

In conclusion, it is evident that the effects of chlori- 
sondamine constitute a mixture of direct and trans- 
‘synaptic sympatho-adrenal stimulation as well as 
ganglionic blockade. Because of the relatively long 
half-lives of CA biosynthetic enzymes and storage 
vesicles (hours to days [6, 9, 10, 22]), the short bursts 
of stimulation which accompany cach dose may be 
sufficient to maintain elevated tissue levels of CA, TH, 
DBH and vesicles. Consequently, the chronic use of 
chlorisondamine to interrupt sympathetic transmis- 
sion can yield results which are difficult to interpret 
on the basis of ganglionic blockade alone. It is of 
interest that Pardo and Vidrio [23] have demon- 
strated that chronic administration of chlorisond- 
amine or mecamylamine to dogs results eventually 
in sustained elevations in blood pressure; thus, sym- 
patho-adrenal stimulation accompanying long-term 
treatment with chlorisondamine may be of functional 
significance. 
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Abstract 


Mice were chronically exposed to between | x 10° 8 and 5 x 10°?M plasma methotrexate 


(MTX) for 2 months. No signs of toxicity were manifested except minor facial hair loss. At the end 
of this time they were sacrificed, and the activity of dihydrofolate reductase in crude Tris extracts 
of small intestine, femur, liver and kidney was determined at pH 7.0 and 8.6. At pH 7.0 the enzyme 
activity was maintained at control levels in small intestine and femur but was decreased to half of 
controls in liver and kidney. The enzyme activity at pH 8.6 was increased significantly above controls 
in small intestine and femur but remained at control levels in liver and kidney. These results suggest 
that some organs adapt to the chronic presence of MTX by increasing their enzyme synthesis rate 
while other organs are able to function normally for prolonged periods of time with less than normal 


amounts of active enzyme. 


Recent evidence has indicated that long-term expo- 
sure of mice to very low concentrations of methotrex- 
ate (MTX) can be toxic. Under these conditions the 
time of exposure is a critical factor [1,2]. Concepts 
derived from these and earlier studies by Hakala [3], 
Werkheiser [4,5] and others [6—9] suggest that the 
primary parameters determining tissue sensitivity to 
methotrexate are rate of drug entry, degree of drug 
binding to the enzyme dihydrofolate reductase (DHFR) 
[5, 6, 7, 8-tetrahydrofolate: NAD(P)” oxidoreductase 
EC 1.5.1.3], and rate of new DHFR synthesis. 

We have done experiments which indicate that 
mice can be exposed to between | x 10°% and 
5 x 10°°M plasma methotrexate by constant infu- 
sion for months without any apparent toxicity, as 
judged by weight loss and external appearances. 
However at plasma methotrexate concentrations of 
2 x 10°°M or higher, maintained for 3-4 days, many 
mice die [1]. This type of data suggests that there 
is a very critical balance between drug entry, drug 
binding with inactivation of some enzyme, and new 
enzyme synthesis rate. We have conducted these ex- 
periments to determine whether a more rapid than 
normal enzyme synthesis rate could be the 
mechanism by which mouse tissues tolerate a low 
constant methotrexate exposure. 


THEORETICAL CONSIDERATIONS 


Normally in the steady state in vivo there is a 
balance between synthesis and attrition such that 
DHFR activity in various tissues remains constant 
within normal limits imposed by diet, diurnal and 
seasonal variation. If, however, methotrexate is con- 
stantly present in the extracellular fluid, a new steady 
state is established. In such a new steady state, the 
conditions illustrated in Fig. | most likely exist. In 
response to an initial decrease in active enzyme due 
to methotrexate binding, there may be an increase 
in enzyme synthesis rate so that active enzyme 


remains constant. On the other hand there may be 
no change or even an inhibition of enzyme synthesis 
rate because of the potential effect of methotrexate 
on protein synthesis through its effects on purine and 
RNA synthesis. Considering these alternatives we 
might expect the following, after exposing mice to 
methotrexate at a constant level for 2 months. If an 
increase in rate of enzyme synthesis occurs to com- 
pensate for enzyme removed by methotrexate binding, 
then the amount of active enzyme measured in tissues 
from these mice should be similar to that from tissues 
of mice not receiving methotrexate. If no change or 
a decrease in enzyme synthesis occurs, then the 
amount of active enzyme in tissues of treated mice 
would be less than that in tissues of normal mice. 
In both situations if methotrexate is indeed entering 
cells and binding to enzyme, the total amount of 
enzyme present (free plus bound) should in the exper- 
imental mouse tissues be equal to or greater than 
that in the control mice. We make the assumption 
that enzyme activity measurements in vitro in the 
presence of methotrexate at a pH of 7.0 give us an 
estimate of relative free enzyme activity in vivo. It 
has been reported that the dissociation of the metho- 
trexate-DHFR complex is greater at a pH of 8.6 than 
7.0[10]. Therefore, remeasurement of enzyme activity 
with comparison to controls at a pH of 8.6 gives us 
an indication as to whether methotrexate was indeed 
entering the cell and binding to enzyme. This enzyme 
activity at a pH of 8.6 would then represent free 
enzyme activity plus the enzyme activity released 
from methotrexate binding by the shift in pH. We 
refer to this activity as total enzyme activity. It is 
probably an underestimate of the total enzyme in vivo, 
since recovery in vitro of bound enzyme activity is 
less than 100 per cent and varies with the quantity 
of methotrexate present (see Fig. 3 and accompanying 
text). However, absolute recoveries have little bearing 
on interpretation of results which are based on rela- 
tive comparisons. 
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Fig. 1. Schematic diagram to illustrate the steady state condition after chronic exposure to MTX. 
. . . . 4 
Subscript i = intracellular, e = extracellular. 


EXPERIMENTAL 


General approach 

Six normal CDF, male mice were implanted sub- 
cutaneously with an MTX-containing infusion cell 
which put out drug in vitro at 37° at approximately 
0.2 ng/hr [11]. If replaced every 2 weeks, this infusion 
cell maintained the plasma MTX constant between 
10°° and 5 x 10°°M (see Fig. 2). Six control 
mice were treated simultaneously with infusion cells 
containing no drug. The mice were weighed daily and 
were decapitated after 2 months. Blood was collected 
in heparinized tubes; plasma was separated and 
frozen for future MTX assay. Tissues were removed 
and blotted, and aliquots were dropped into liquid 
nitrogen. These samples were then weighed, wrapped 
and stored at —15° for future enzyme assay. 

Other aliquots of tissue including the lung, heart, 
small intestine, kidney, liver, spleen, pancreas, skin, 
lymph nodes and thymus were fixed in 10°, buffered 
formalin, sectioned at 6 um and stained with hema- 
toxylin and eosin for pathological analysis. 


| A 


Plasma MTX assay 


Plasma was assayed for its methotrexate concen- 
tration by an enzymatic assay [12], which is based 
on the principle that dihydrofolate reductase converts 
dihydrofolate to tetrahydrofolate in the presence of 
NADPH and is prevented from so doing to a degree 
determined by the quantity of methotrexate present. 
Dihydrofolate reductase from L1210 leukemia cells 
was used as the enzyme source in this assay. In the 
manner used, the assay was sensitive to methotrexate 
plasma concentrations as low as | x 10°? M. 

Tissue preparation 

The frozen tissues were homogenized in 2 ml of 

0.1M Tris buffer (pH 7.4) within 2-3 days. Aliquots 


of tissues used ranged from a low of 0.07 g for femurs 
to a high of 045g for liver. They were centrifuged 


at 56,000 g at 4° for 30 min, and both the clear super- 
natant and the precipitant were refrozen. The super- 
natants were thawed and divided into aliquots for 
DNA, protein and enzyme activity determinations. 
Protein was measured in the supernatants by the 
technique of Lowry er al.[13] using bovine serum 
albumin as the standard. DNA was determined in 
both the supernatant and precipitant fractions by a 
modified Schneider method[14,15]:; calf thymus 
DNA type | (Sigma) was used as the standard. 


Tissue DHFR assay 

DHER activity measurements were performed on 
the Tris supernatants at 37 with dihydrofolate as 
substrate at two pH values: 7.0 and 8.6. A spectro- 
photometric method based on the decrease in absor- 
bance at 340 nm was used [16]. Initial rates over the 
first 5-10 min were determined by absorbance read- 
ings made at 6-sec intervals on a Gilford automatic 
recording spectrophotometer. Specific activities are 
expressed as nmoles of dihydrofolate reduced/h/mg 
of protein; a combined extinction of 12,300M~' 
cm! was used[17]. The standard assay mixture in 
a total volume of I ml contained 0.12 m-mole Tris 
buffer (either pH 7.0 or 8.6), 0.17m-mole KCl, 
30nmoles dihydrofolate, 130nmoles NADPH and 
approximately 4 moles of 2-mercaptoethanol. The 
reaction was initiated by adding 0.025 to 0.10 ml of 
tissue extract. Reaction blanks with the standard 
assay mixture minus dihydrofolate were always run 
concomitantly with each sample tested for DHFR 
activity. The reported DHFR value is the total acti- 
vity minus the NADPH oxidase activity in the 
absence of dihydrofolate. 

The small intestine Tris supernatant initially had 
so much NADPH oxidase activity that the DHFR 
activity was not possible to quantitate. However, with 
several steps of refreezing, thawing and centrifuging, 
sufficient oxidase activity was removed so that quanti- 
tation of DHFR activity in this crude extract was 
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possible. Although repeated freezing and thawing also 
cause a decrease in DHFR activity, controls and ex- 
perimental samples were treated identically so that 
relative comparisons should be valid. The intestinal 
NADPH oxidase activity at the time of DHFR quan- 
titation represented approximately 50 per cent of the 
total optical density change. The other tissue Tris 
extracts (femur, kidney and liver) have less NADPH 
oxidase activity than the small intestine extract and, 
therefore. repeated freezing and thawing were not 
necessary to quantitate DHFR activity in these 
samples. 


MTX titration of control tissues 


Each control tissue was titrated with MTX at both 
pH 7.0 and 8.6 in addition to measuring DHFR acti- 
vity at these two pH values. This was done in order 
to determine the quantity of MTX-bound enzyme 
activity at pH 7.0 that could be recovered at pH 8.6. 


RESULTS AND DISCUSSION 
Gross and histopathological animal changes 

The animals’ body weight change was no different 
between controls and experimentals. In all respects 
except one, the experimental mice appeared normal. 
The one exception was the loss of facial hair. This 
could have been due to the reduced activity of DHFR 
in the liver with a consequent reduction in the supply 
of reduced folate coenzymes to the hair follicles. This 
would suggest that the hair follicles depend on an 
external supply of reduced folate coenzymes for nor- 
mal function. 

Histopathological evaluation of hematoxylin-and 
eosin-stained sections resulted in no abnormal defini- 
tive drug-induced alteration of the organs or tissues 
examined. The skin and subcutaneous tissue adjacent 
to the cel] dispensing site were free of tissue reaction. 


Protein and DNA 

Results indicated no _ detectable — differences 
(P > 0.05) between experimental and control tissue 
content of DNA in homogenates or protein in the 
Tris extracts. This is not surprising, since the animals 
appeared normal. The DHFR probably represents 
such a small per cent of the total protein that changes 
in DHFR content are not detectable by total protein 
determination. 


Plasma methotrexate 


Plasma methotrexate concentrations are illustrated 
in Fig. 2. The mean methotrexate plasma concen- 


Table 1. Effect of chronic 2-month MTX exposure on DHFR activity in several mouse tissues 
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tration of the six experimental mice at the time of 
sacrifice (60 days) was 5.25 + 1.17 x 10°? M (mean + 
standard error). Additional mice were sacrificed at 
various intervals during the 2 months of exposure to 
determine whether plasma methotrexate was con- 
stantly maintained. Analysis of variance of the means 
of groups of six mice indicated that when mice were 
sacrificed 2? weeks after cell implant the differences 
among means_ was _ statistically insignificant 
(P > 0.05). However, the mean yalues obtained 2-4 
days after cell implant were significantly different 
from those obtained 2 weeks after cell implant. 
Further investigation indicated that this difference 
was due to a slight decrease in infusion cell output 
with residence time in vivo. These data indicate that 
plasma concentration was maintained in the mice for 
2 months between | x 10°~8 and 5 x 10°? M metho- 
trexate.. 


Active enzyme at pH 7.0 

The data in Table 1, columns | and 2, indicate 
that the free enzyme activity in the four organs sam- 
pled was similar in experimentals and controls except 
for kidney and liver. Kidney was 48 per cent of con- 
trol and liver was 41 per cent of control. The conclu- 
sion based on our prevous theoretical considerations 
is that kidney and liver do not increase their rate 
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Fig. 2. Plasma methotrexate concentrations in mice at 
various times after subcutaneous implantation of infusion 
cells. The cells were replaced every 2 weeks. The clear 
circles represent plasma values for individual mice. The 
filled circles represent the mean + S.D. for six mice. 
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Type 
of 


tissue Control 


DHFR activity 


(nmoles FH, converted/hr/mg protein) 
Free enzyme (pH 7.0) 
Experimental 


Total enzyme (pH 8.6) 
Control Experimental 





11.71 
79.02 
167.80 
54.63 


Small intestine 
Femur 
Kidney 


Liver 12.68 


I+ I+ I+ I+ 


12.20 
96.58 
447.32 
180.00 


38.54 + 
149.76 
477.56 

176.5 


4.4 
6.34 
26.83+ 
4.887 


I+ I+ I+ I+ 





* Mean + S.E.M.. 
at pH 7.0 different from control at pH 8.6. 


N =5 or 6. + P = 0.05, experimental different from control. | P < 0.05, control 
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of enzyme synthesis during this new steady state with 
constant MTX exposure. 


Tetal enzyme at pH 8.6 

Controls... Figure 3 illustrates a typical MTX tit- 
ration of DHFR activity in a control tissue extract 
in vitro at pH 7.0 and 8.6. The data indicate that 
between 75 and 85 per cent of the enzyme activity 
that is inhibited at pH 7.0 is measured at pH 8.6. It 
can be seen that this recovery varies with the concen- 
tration of MTX present in the cuvette. At low MTX 
(< 1 x 10°” M) concentrations, the DHFR recovery 
is greater than at higher MTX concentrations. All 
control tissue extracts were titrated with MTX in a 
way similar to that illustrated in Fig. 3 at pH 7.0 
and 8.6 with respect to their DHFR activity. All 
extracts had an equivalent amount of enzyme activity 
inhibited at least 50 per cent at pH 7.0 by | x 10°?M 
methotrexate in the assay cuvette. The recovery of 
enzyme activity at pH 8.6 that was inhibited at pH 
7.0 between | x 10°? and 5 x 10°?M was as fol- 
lows: liver 50 per cent, kidney 50 per cent and femur 
40-80 per cent. 

Comparison of experimental and control. The data 
in Table 1, columns 3 and 4, indicate that the total 
enzyme activity in the small intestine and femur was 
higher in experimentals than controls. These data, 
considered along with the finding that free enzyme 
was similar in experimentals and controls, suggest 
that these organs can increase their rate of new 
enzyme synthesis to maintain constant levels of active 
enzyme in the presence of constant MTX. The liver 
and kidney total enzyme activity was similar in exper- 
imental and controls and these data verify that the 
decrease in free enzyme activity at pH 7.0 in exper- 
imentals as compared to controls was most likely due 
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Fig. 3. DHFR activity and its inhibition by MTX in nor- 

mal mouse small intestine. The activity of control Tris 

extracts was titrated in vitro against MTX using the DHFR 

assay described in the Experimental section. Mean + 
S.E.M. with N = 5 or 6. 
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to the presence of MTX. These tissues, therefore, are 
unable to increase their new enzyme synthesis rate 
sufficiently to overcome this decrease in active 
enzyme. Studies by Ngu et al. [18] suggested that in 
rat liver the level of DHFR normally present rep- 
resents the maximal level obtainable. Since we saw 
neither in the animals nor in the tissues any gross 
or pathologically discernable toxicity, either these 
organs are able to function normally with less than 
normal DHFR or toxicity is subtle and takes more 
than 2 months to manifest itself. 


Comparison of enzyme activity at pH 7.0 and 8.6 


The DHFR activity in the control tissue extracts 
at pH 7.0 was similar to the activity at pH 8.6 in 
small intestine and femur; it was significantly higher 
(P < 0.05), however, at pH 8.6 in the kidney and liver. 
This could be due to the presence of significant pools 
of reduced forms of folic acid in our extracts, which 
have been reported to inhibit DHFR activity to a 
greater extent at neutral pH than at higher pH [19]. 
This phenomenon, although interesting in_ itself, 
should not influence our interpretations, which are 
based on relative comparisons of experimental with 
contro! animals at the two pH values. 

We conclude from the above comparisons that the 
maintenance of free enzyme activity at the same level 
in intestine and femur of experimental animals as in 
control animals is the result of increased enzyme syn- 
thesis. MTX must have entered the cell, since there 
was an increase in total enzyme activity in these two 
organs relative to controls. In contrast, kidney and 
liver did not exhibit an increase in total enzyme acti- 
vity. This suggests no increase or a decrease in 
enzyme synthesis in these organs under the conditions 
of constant MTX exposure. There was some question 
as to whether the decrease in free DHFR in the liver 
and kidney could have been due to the binding of 
extracellular MTX to enzyme during the homogeni- 
zation in vitro of experimental tissue because of the 
high levels of MTX in bile and urine. Calculations 
indicated that these factors would not contribute sig- 
nificantly. However, an additional experiment was 
conducted to check out this possibility. Twelve mice 
were treated identically as before except that they 
were sacrificed 24 hr after stopping the methotrexate 
infusion. By this time the plasma MTX was undetect- 
able and pharmacokinetic calculations indicated that 
urine and bile methotrexate concentrations would 
also be below detectable levels. The measured enzyme 
activity at pH 7.0 of experimental liver and kidney 
extracts was 54 and 67 per cent of controls respect- 
ively. These results were not significantly different 
from results of the previous experiment in which 
methotrexate was infused until the time of sacrifice. 
The slightly higher values of measured free enzyme 
activity, although not statistically significant (compare 
to previous values of 41 and 48 per cent of controls 
for liver and kidney, respectively), suggest some titra- 
tion of enzyme ‘by methotrexate in bile and during 
homogenization procedures. However, as suggested 
by pharmacokinetic calculations it is an insignificant 
amount under these experimental conditions. 

In summary, mice were able to tolerate chronic 
exposure of MTX without any adverse manifestations 
of toxicity except some hair loss. This adaptation 
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appeared to be due to several mechanisms. The femur 
and small intestine maintained a constant amount of 
free enzyme activity in the presence of chronic MTX 
whereas the liver and kidney were unable to do so. 
Increased enzyme synthesis rate is suggested as one 
mechanism of tolerance. Ability to function ade- 
quately with less than normal amounts of enzyme is 
also suggested as a mechanism of tolerance to chronic 
methotrexate exposure. 
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8-Hydroxyquinoline, a widely used fungicidal and bactericidal agent, is weakly carci- 
nogenic in some animal studies [1-4], but negative results have been found by others 
[5-8]. The contradictory opinions on the carcinogenicity of 8-hydroxyquinoline in animals 
may result from differences in experimental methodology and/or from the possibility that 
8-hydroxyquinoline requires metabolic activation. Recently, Ames et al. [9,10] have 


developed Salmonella typhimurium tester strains which are highly efficient in detecting 





chemical mutagens and carcinogens which act as mutagens, including those activated by 
liver mixed-function oxidases. To date, the Ames system has demonstrated, for a variety 
of chemicals, a strong correlation between mutagenicity and carcinogenicity [11]. In this 
study, we have used the Ames bioassay to evaluate the mutagenic properties of hydroxy- 


quinolines and quinoline and the associated requirements for metabolic activation. The 


results show that, in the presence of NADP* and Aroclor 1254-induced rat liver 9000 g 


supernatant, 8-hydroxyquinoline, 5-hydroxyquinoline and quinoline are mutagenic in S. 
typhimurium TA 100. 

The monohydroxyquinolines were obtained from commercial sources. Purity of the 
chemicals was checked by thin-layer chromatography (TLC): each compound (200 ug) was 
spotted on a Merck Silica gel 60 plate and developed in a closed chamber containing 
chloroform-acetic acid-methanol-water (65:20:10:5). Fluorescent spots were detected by 
ultraviolet light and, when trace amounts of impurities were noted, test compounds were 
purified by preparative TLC or by recrystallization. Quinoline, kindly provided by the 
University of California Department of Chemistry, was distilled twice before testing. 

The assay for mutagenic activity is based on the ability of chemicals to revert 
mutant strains of S. typhimurium from a histidine requirement back to prototrophy. The 
methods used in this investigation are described in detail by Ames et al. [9,10] and were 
followed essentially without modification. Rat liver 9000 g supernatant fraction (S-9) 
was prepared from Aroclor 1254-induced animals [10]. Each compound, dissolved in dimethyl- 
sulfoxide, was tested on four bacterial strains, TA 98, TA 100, TA 1535 and TA 1537, at 
three doses (20 ug, 100 ug and 1 mg/plate), with and without the addition of 0.2 ml of S-9 
to the incubation mix. 

Of the compounds tested with liver S-9 in the co-factor mix, only 8-hydroxyquinoline, 
5-hydroxyquinoline and quinoline were mutagenic to S. typhimurium TA 100 (Table 1). The 
activity observed with quinoline is in agreement with a recent report by Ito [12]. The 


mutagenic effects of 8-hydroxyquinoline, 5-hydroxyquinoline and quinoline were dose 
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Fie. i Dose-response relationships of 8-hydroxyquinoline, 5-hydroxyquinoline 
and quinoline to mutagenic activity. Squares = 8-hydroxyquinoline, 
triangles = 5-hydroxyquinoline, and circles = quinoline. 
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dependent at low doses, but 8-hydroxyquinoline became toxic to the tester strain at doses 

above 40 ug/plate (Fig. 1). From the linear portion of the dose-effect relationship, the 

mutagenic specific activities of 8-hydroxyquinoline, 5-hydroxyquinoline and quinoline were 
calculated to be 1-2 revertants/nmole. 

The mutagenic activities of 8-hydroxyquinoline, 5-hydroxyquinoline and quinoline 
required the presence of Aroclor 1254-induced liver S-9 and were expressed principally in 
strain TA 100. Although several compounds appeared slightly positive in TA 98 (Table 1), 
the number of revertant colonies was low and variable, and no clear dose-response relation- 
ships were obtained. The presence of a hydroxyl group on C-2, C-4, C-6 or C-7 of quinoline 
precluded activation, as these compounds were not mutagenic in TA 100. None of the com- 
pounds at the doses tested were mutagenic in tester strains TA 1535 and TA 1537. 

The factors governing the activation of 8-hydroxyquinoline, 5-hydroxyquinoline and 
quinoline were studied. When S-9 from untreated rats was substituted from Aroclor 1254 
S-9 or when NADP* was omitted from the incubation mixture, the quinoline compounds were no 
longer mutagenic (Table 2). Reduced glutathione (2 mM), in the presence of a complete 
incubation mix, could also block the mutagenic actions of these compounds. These results 
are consistent with an activation mechanism involving P -450-dependent epoxidation of the 
quinoline ring [13,14]; however, further studies with different inducers and inhibitors 
are needed to explore this possibility. 

These results demonstrate that 8-hydroxyquinoline and related compounds, under certain 
conditions of metabolic activation, are mutagenic to strain TA 100 of the Ames bioassay. 
The mutagenic potency of 8-hydroxyquinoline, 5-hydroxyquinoline and quinoline can be 
compared to the potency of 300 chemicals tabulated by McCann et al. [11] in the Ames 
system; the activities, 1-2 revertants/nmole (Fig. 1), place the quinoline compounds at 4 
orders of magnitude below aflatoxin, 2 orders of magnitude below benzo(a)pyrene, and at 
the same order of magnitude as benzidine. Thus, it appears that 8-hydroxyquinoline, 5- 
hydroxyquinoline and quinoline are mutagens of low to medium potency. Further studies are 
required to determine if 8-hydroxyquinoline, a widely used chemical, can, under the appro- 


priate conditions, cause mutations in cells of higher species. 


Acknowledgements - This study was supported by N.I.H. Postdoctoral Fellowship 1F22-CA01323- 





02 and N.1I.0.S.H. Training Grant TOl OH 00020. We thank Dr. B. N. Ames for the S. 
typhimurium strains. 





Preliminary Communications 


REFERENCES 


Boyland and G. Watson, Nature, Lond. 77, 837 (1956). 
>. Hoch-Ligeti, J. 
. Hueper, Archs. Path. 79, 245 (1965). 
Hadidan, T. Fredrickson, E. Weisburger, J. Weisburger, R. Glass and N. Mantel, J. 
natn. Cancer Inst. 41, 985 (1968). 


R. Yamamoto, G. Williams, H. Frankel and J. Weisburger, Toxi. appl. Pharmac. 19, 687 


(1971). 
. Haddow and E. Horning, J. natn. Cancer Inst. 24, 109 (1960). 

Boyland, C. Charles and N. Gowing, Br. J. Cancer 15, 252 (1961). 
Salaman and F. Roe, Br. J. Cancer 10, 363 (1956). 

.. Ames, F. Lee and W. Durston, Proc. natn. Acad. Sci. U.S.A. 70, 782 (1973). 

. Ames, J. McCann and E. Yamasaki, Mutation Res., in press. 

- McCann, E. Choi, E. 
Ito, J. natn. Cancer Inst., in press. 
Daly, D. Jerina and B. Witkop, Experientia 28, 1129 (1972). 
Felston and D. Nebert, J. biol. Chem. 250, 6789 (1975). 





Biochemical Pharmacology, Vol 25, pp. 1329 — 1322. Pergamon Press, 1976. Printed in Great Britain. 
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The use of irreversible blocking agents such as dibenamine (1) or benzilylcholine 
mustard (2) as tools to study the nature of drug receptors still remains a controversial 
subject in the field of molecular pharmacology. However, these agents have been employed 
to investigate the effects of temperature changes on alternative macromolecular geometries 
or transitions which may be relevant to their drug specificity. 

Recent studies by Kunos and Szentivanyi (3), Buckley and Jordan (4), and Kunos et al. 
(5) have indicated that either the g-adrenergic receptors in the isolated frog heart act 
like a-adrenergic receptors at low temperatures or that there are two pools of adrenergic 
receptors, the availability of either being governed by temperature. However, Reinhardt 
et al.(6) observed that, on the isolated guinea pig atria, the affinity of g-blockers was not 
influenced by temperature. More recently, Harri (7) has demonstrated that the affinity of 
a-blockers on the adrenoreceptors of the toad heart is increased at low temperatures, while 
the affinity of the g-blockers is increased at high temperatures. 

It has been observed (8,9) that the release of acetylcholine at neuromuscular junctions 


is a function of temperature. Taylor (8) reported that the output of acetylcholine is about 


80 per cent lower at 20. than at 37 in the rat phrenic nerve diaphragm preparation. 


Furthermore, Ehrenpreis and Rosen (10) have demonstrated that the receptors involved in 
neuromuscular contraction undergo molecular conformational changes as a function of temperature. 
Like the earlier work of Taylor (8), the authors found a negative temperature dependence of 
blockade using an irreversible neuromuscular blocking agent. 

The significance of investigating muscarinic acetylcholine receptors using irreversible 


blocking agents becomes apparent when one considers that ko is temperature dependent. Here, 
k 


D + R Dc 
D is the drug concentration, R is the number of receptors available for binding, and D-R is 
the concentration of drug-receptor complex. With this in mind, we prepared a series of 
muscarinic blocking agents. These compounds were conceived and prepared on the principle of 


using an established pharmacologically active molecule as the carrier (a furan ring) for 
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a potential alkylating moiety (8-haloethylamine). 

In our continuing study of the cholinergic receptors, we have taken the opportunity to 
study the effect of temperature changes on the binding of muscarinic antagonists on the 
guinea pig ileum. We report, herein, that at 21. the number of receptors available for 
binding is less than at 37 

- The irreversible muscarinic blocking agent, 2-[(2-chloroethy] )methylamino]ethyl] 5- 
methyl-2-furoate hydrochloride, was prepared according to the method of Rosen et al.(11). 

The guinea pig ileum was prepared by conventional methods (12,13). Contractions of the 
ileum were measured isotonically with a Harvard heart/smooth muscle transducer under a tension 
of 1 a. Contractions were elicited at equilibrium by injecting acetylcholine into the tissue 
bath every 2 min. 

In a typical experiment, a dose-response curve was generated using acetylcholine in- 
jected at various concentrations. The [Aca] of acetylcholine was used as the control dose 
for the remainder of the experiment. At this point, a concentrated solution of the ir- 
reversible blocker was added to the Tyrode's bathing solution such that a final concentration 
of 107° of the inhibitor was obtained. Then, the [Aco] of acetylcholine was injected, in 
the presence of the inhibitor, every 2 min for a 30 min exposure. After that, the tissue 
was washed with plain Tyrode's solution for an additional 30 min continuing the schedule of 
acetylcholine injections, and the height of muscle contraction was compared with that of 
control. 

With a new tissue, an initial dose-response curve was obtained at 7. Then, the tem- 
perature of the bathing solution was lowered to 21° over a 10 min period of time. After 
equilibrium had been established, a new dose-response curve was generated. The tissue was 
then subjected to the irreversible blocker (1076 M), and the ability to block the effects of 
acetylcholine was determined. After removal of the drug from the bathing medium and con- 
tinual washing for an additional 30 min, the temperature of the tissue bath was slowly 
raised to 7 . at which point the dose-response curve was repeated. 

We have established that, like other blocking agents of the g-haloethylamine type, the 
formation of the aziridinium ring is rapid, and it is this moiety which is responsible for 


the alkylation of the receptors. We have observed that the Th72 for the aziridinium ion 


formed from 2-[(2-chloroethyl )methylaminoJethy] 5-methy1-2-furoate is 50 min at 30. At 


37 , the irreversible inhibitor at 1076 M blocked 85 per cent of the muscular activity of the 
guinea pig ileum, as elicited by acetylcholine. This blockade could not be reversed by ex- 
haustive washing for an additional 30 min (Fig. 1). 

In studying the effect of temperature upon availability of a drug to be bound to 
a receptor complex, we initially generated a dose-response curve at 37° for acetylcholine. 
Then the temperature of the tissue bath was lowered to 21. After equilibrium was reached, 


we observed that the response of the tissue to acetylcholine decreased to approximately 30 
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per cent of control (at 37). This shift in dose-response mimics that obtained when the 
tissue is subjected to a competitive inhibitor in the presence of acetylcholine at 7. 

This temperature effect upon muscle contraction was reversible in that, when the temperature 
was raised to 37, the initial dose-response was obtained. Subjecting the tissue at 21. to 
1076 M of the irreversible inhibitor for 30 min eliminated essentially all contractual re- 
sponse. After washing the tissue for an additional 30 min at 21, tuere was still no re- 
sponse of the smooth muscle to injections of acetylcholine. liowever, upon raising the 
temperature of the bathing medium to 7. the response to acetylcholine returned to the level 
of initial control (at ae note Fig. 2). This indicated that, during the time of reaction 


° 
at 21 , only a small fraction of the receptors had reacted with the irreversible antagonist, 


but this was sufficient to produce essentially a complete block at this temperature. 


Fig. 1. Irreversible inhibition of the guinea pig 


jleum at 37 . 
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Fig. 2. Effect of temperature upon inhibition. 
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° 
It is possible that, when raising the temperature to 37 , reversal of the block was due 
to cleavage of the drug-receptor bond. To test this hypothesis, the degree of reversal was 
°o ° 
determined when the temperature was raised from 21 to 37 and then lowered to 21 . The two 


curves were almost identical (Fig. 3). Thus, the reversal of the block produced by raising 
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the temperature was not due to a change in receptor occupancy. 


Fig...3: ffect of changing ~ 
temperature upon the contraction 
of the guinea pig ileum 
irreversibly blocked at 21 . 
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In another experiment, after 85 per cent of the muscular contraction was blocked at 37° 
by the inhibitor, the temperature was then: lowered to 21. We observed that essentially no 
response was elicited by acetylcholine. Upon warming the tissue bath to 37, the response 
of the smooth muscle returned to its previous degree of blockade. One possible explanation 
for the apparently greater blockade at the lower temperature despite a smaller fraction of 
receptors occupied is that a smaller number of “elements" may be involved in the contraction 
of the muscle at the lower temperature. Hence, occupation of a smaller fraction would be 
sufficient to block contraction. This explanation is in harmony with the observations of 
Taylor (8) and Ehrenpreis and Rosen (10). 
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Models in vitro, despite their artifactual nature, have 
long proven useful in the investigation of growth con- 
trol mechanisms, permitting the systematic dissection 
and elucidation of a rapidly growing list of factors 
which participate in growth regulation. Recent exper- 
imental observations in this laboratory, demonstrat- 
ing that it is possible to restore certain aspects of 
normal in vitro growth control to malignant cells by 
replacing a single cell surface-associated protein lack- 
ing in such neoplastic cells, have prompted us to 
review some of these known factors and to speculate 
upon the implications of new findings. 

One of the most useful models for studying growth 
regulation is based upon the observation that normal 
cells in culture limit their growth by cellular interac- 
tions which depend upon population density. When 
such cells grow together to form confluent (and in 
some cases well-oriented) monolayers, they stop proli- 
ferating even though the culture medium is still cap- 
able of supporting growth at lower cell densities. Such 
arrest of growth occurs in the G,; (Go) phase of the 
cell cycle, and is associated with a marked decrease 
in the rate of synthesis of DNA, RNA, and protein, 
increased turnover of certain cell surface proteins, and 
early diminution of transport of hexose and phos- 
phate. 

By contrast, malignant cell types, upon reaching 
confluence, fail to stop proliferating, but proceed to 
form multilayered (disoriented) heaps of cells, growing 
usually to much higher saturation densities than their 
normal counter-parts. Even in such crowded cultures 
considerable DNA synthesis may continue, and there 
is little decline in transport of either hexose or phos- 
phate. 

This limitation of growth in normal cells has been 
termed contact inhibition of growth [1], density-de- 
pendent inhibition of growth [2], or topoinhibition 
[3]. 

The relevance of contact inhibition of growth as 
a valid experimental model is based upon the obser- 
vation that it is the property in vitro whose loss is 
most closely correlated with malignancy in vivo [4]. 
For example, among different strains of a malignant 
cell line, there is a direct correlation between the 
degree of loss of contact inhibition of growth 
(measured as increasing saturation densities of cul- 
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tures) and ease of transplantability of tumors in vivo 
[5]. 

There is good evidence that cell contact plays a 
role in growth limitation in vitro [5-10]. Such a role 
is also favored by the cell contact-dependent regula- 
tion in normal, but not in transformed cells, of the 
transport of hexose [11] and phosphate [12], increase 
in membrane D-galactopyranosyl-like residues [13], 
redistribution of intrinsic membrane proteins [14], 
and synthesis of glycolipid [15]. 


Factors causing overgrowth of cells 

At the same time it is essential to recognize that 
this density-dependent growth limitation can be 
removed by a variety of exogenous factors including 
increased serum concentration [16,17], increased pH 
of the medium [18], alterations in the microenviron- 
ment [19], and even changes in metal ion concen- 
trations [20]. Other factors which can increase the 
density at which cells cease proliferating include the 
presence of “co-promotors” or “conditioning factors” 
like insulin[21], heparin, histamine and _ sero- 
tonin [22] and corticosteroids [23]. Furthermore, a 
variety of “overgrowth” factors elaborated by trans- 
formed or embryonic cells can overcome the density 
dependence of non-transformed cells [24—30]. 

Transformed cells also have been shown to release 
into the culture medium increased amounts of pro- 
teases, particularly serine proteases capable of activat- 
ing plasminogen to plasmin [31], and such proteolytic 
activities have previously been shown capable of in- 
itiating cell proliferation and release from density-de- 
pendent inhibition of growth [32, 33]. 

In addition, a number of “growth factors” presum- 
ably of normal origin have been reported to be able 
to initiate growth in quiescent cultures of their respec- 
tive target cells. Fibroblast growth factor (FGF), a 
polypeptide purified from bovine brain and pituitary, 
stimulates division both of human diploid and murine 
heteroploid fibroblasts, overcoming the contact-inhi- 
bited state [34]. Also reported are an ovarian cell 
growth factor (OGF)[35], a fibroblast “multiplica- 
tion-stimulating” factor [36], growth-stimulating fac- 
tors in the sera of normal [37] or hepatectomized [38] 
rats, and a fraction from bovine brain which is mito- 
genic for myoblasts and amniotic cells [39]. Finally, 
a group of esteroproteolytic enzymes has been iso- 
lated from mouse submaxillary glands which includes 
a nerve growth-promoting factor (NGF) [40], an epi- 
dermal growth factor [41], an epithelial growth fac- 
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tor [42], a fraction which stimulates growth of mesen- 


chymal cells [43], and one promoting overgrowth of 


rat hepatoma cells [44]. 


Factors inhibiting growth of cells 


In juxtaposition to the many factors which act to 
promote cell growth and the loss of density-depen- 
dent restrictions are a variety of factors which inhibit 
growth in vitro and/or restore one or more morpho- 
logic features of the contact-inhibited state. These in- 
clude: cAMP, phosphodiesterase inhibitors, PGE, 
and PGE,, inhibitors of proteases and of hyaluroni- 
dase, “monovalent” plant lectin, dimethylsulfoxide, 
halogenated pyrimidine analogues, a factor found in 
cultures of chick fibroblasts, and a protein isolated 
from cultures of a contact-inhibited line of hamster 
melanocytes. 

Thus, cyclic AMP and/or its dibutyryl analogue 
produce distinct morphological changes in cultured 
neoplastic cells of fibroblastic [45,46], ovarian [47], 
hepatic [48], glial [49], neuroectodermal [50 51], and 
mast cell [52] origins. Such neoplastic cells are in- 
duced to express varying degrees of structural and 
functional differentiation or maturation, thus exhibit- 
ing a partial phenotypic reversion. These changes are 
accompanied by a decrease in DNA synthesis, slow- 
ing or cessation of growth, increase in size of soma 
and nucleus associated with increase of total protein 
content, and decrease in agglutinability by lectins. 
Such differentiated cells have a higher proportion of 
poly-A-rich cytoplasmic RNA [53]. 


There is evidence that the morphologic changes in- 
duced by cAMP are mediated by effects upon the 


microtubular-microfibrillar system. Intact microtu- 
bules and microfilaments are required for the mor- 
phologic expression of the differentiated state in 
cAMP-treated fibroblasts [45], Chinese hamster ovary 
cells [47], Schwannoma cells [54], and melanoma cells 
(unpublished data). It has been suggested that cAMP 
causes assembly, stabilization and orderly alignment 
of the microtubular system [55], resulting in morpho- 
logical alteration of the cell surface and of cell shape. 
The latter may be mediated via actin-containing mic- 
rofilaments known to be closely associated with the 
plasma membrane in several cell types. cAMP exerts 
a direct effect upon the activity of glycosyl transfer- 
ases in plasma membranes of transformed, but not 
normal, mouse kidney cells, and therefore it has been 
suggested that such an effect of CAMP might be trans- 
mitted by the microfilaments [56]. It should be noted 
that the growth inhibition and morphologic changes 
induced by cAMP are not cell density dependent, 
occurring in subconfluent log phase cultures as well 
as at confluence [48, 55]. Not all neoplastic clones re- 
spond to cAMP (nor to PGE’s or phosphodiesterase 
inhibitors), indicating that other factors, e.g. binding 
of cAMP to receptors, are important [57]. cAMP also 
increases the sensitivity of adenylate cyclase to 
various neurotransmitters [58], that of cAMP phos- 
phodiesterase activity to divalent ions [59], and that 
of PGE,-stimulated adenylate cyclase activity to 
guanosine triphosphate potentiation [58]. cAMP- 
mediated growth arrest involves the rapid, reversible 
inhibition of incorporation of precursors into DNA, 
with prolongation of the S phase of the cell cycle [60]. 
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In view of the growth-suppressive effects of cAMP 
in vitro, it is of interest that a variety of tumors (but 
not all tumors) are growth-inhibited by cAMP in vivo, 
in a dose-dependent, reversible fashion [61,62], and 
tumor lines which are induced to differentiate in vitro 
by cAMP may be less tumorigenic in vivo [63, 64]. 
Nevertheless, it should be emphasized that both basal 
and induced cAMP levels are variable in different sys- 
tems [61] and an increase of intracellular cAMP is 
not the sole determinant of cAMP-induced tumor 
regression. Other cyclic nucleotides, in particular cyc- 
lic GMP, may play important roles as regulators of 
cell proliferation [65]. 

Phosphodiesterase inhibitors, e.g. theophylline or 
R020-1724, also may induce morphologic changes of 
differentiation, by facilitating the accumulation of 
cAMP [53]. PGE’s have also been shown to decrease 
growth rate and lectin agglutinability of transformed 
cells while inducing differentiative changes, presum- 
ably by increasing adenylate cyclase activity [66, 67]. 
PGE, also increased survival of B16 melanoma-bear- 
ing mice [68]. 

The ability of “monovalent” Concanavalin A to re- 
store to normal levels the density of transformed 3T3 
cultures [8] may reflect experimental stabilization of 
membrane protein components, restoring to trans- 
formed cells those normal restrictions upon lateral 
translation of lectin-binding sites found in non-trans- 
formed cells. 

The inhibition of cell growth in vitro, as well as 
of cutaneous carcinogenesis in vivo [69], by protease 
inhibitors is consistent with the known ability of very 
low concentrations of proteases to stimulate growth 
of normal cells [32], and with the demonstration that 
growth characteristics of transformed cells appear to 
require proteolytic, particularly plasmin activity [31]. 

In view of the apparent importance of the normal 
cell surface as a locus for mitotic regulatory control, 
as well as the obvious fact that differences in social 
behavior between benign and malignant cells in vitro 
must ultimately reflect differences in their surfaces 
and surface interactions, it is of interest that a number 
of workers have now described the selective deletion, 
following malignant transformation of chick embryo, 
mouse and hamster fibroblasts, of a high molecular 
weight (250 K) external glycoprotein [70-76]. The 
functional correlate(s) of these large external proteins 
is (are) not known, nor whether the latter are indeed 
the same or closely related species. However, we 
recently demonstrated that a line of contact-inhibited 
hamster melanocytes produces a high molecular 
weight (ca. 160,000) external protein (melanocyte con- 
tact inhibitory factor, MCIF) which is capable of re- 
storing to malignant melanocytes the capacity for 
contact inhibition of growth [77]. It is significant that 
MCIF-induced contact inhibition of growth involves 
a G, arrest (unpublished data), as in the classical case 
of diploid fibroblasts. The effects of the isolated pro- 
tein transcend both species and tissue barriers[/78, 79], 
and it appears to be a potent reversible growth inhibi- 
tor for a very broad spectrum of cell types, both 
malignant and benign. A protein having identical 
electrophoretic mobility on polyacrylamide gels has 
been detected in cultures of other contact-inhibited 
fibroblastic cell lines of murine and human ori- 
gin {80]. It will be of interest to determine whether, 
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in fact, MCIF is functionally identical with the above- 
mentioned external proteins which become deleted 
during viral transformation. Such identity would indi- 
cate the existence of a closely related class of surface- 
associated glycoproteins concerned with the regula- 
tion of normal cell-cell interaction permitting the 
generation and/or reception of signals leading to feed- 
back inhibition of growth. The recently isolated major 
cell surface glycoprotein of chick embryo fibro- 
blasts [81], obtained by a urea-extraction procedure, 
would also appear to function in a similar manner, 
since a factor released into culture medium from the 
chick cells by urea restores contact inhibition of 
growth to urea-“transformed” cells. 


Possible interactions among proteases, protease inhibi- 
tors, and external glycoproteins 

Since the regulation of cell division appears to 
depend upon cellular responses to environmental 
stimuli, mediated through the plasma membrane, it 
is natural to consider this organelle as the locus of 
receptor(s) for the “divide” signal; this does not 
exclude the possibility that alternate internal recep- 
tors may co-exist and respond to internally generated 
signals. Of various factors exerting effects on the cell 
surface, proteolytic enzymes have been the subject 
of much experimental effort [ 71,82]. These 


enzymes are able to trigger cell division in resting 
cells, and also are present at elevated levels in trans- 
formed cells [83]. Non-dividing cells treated with pro- 
tease acquire altered surface properties and cytoplas- 
mic states similar to those observed in dividing 
cells [84]. Thus, it appears that proteolytic activation 


of cell division is a convenient model to study the 
environmental “divide” signal. The suitability of this 
model is strengthened by observations that certain 
tissue specific growth factors possess proteolytic (or 
esterolytic) functions [42, 44, 85,86], and that a var- 
iety of protease inhibitors exhibit growth regulatory 
properties [69, 87-89]. A number of critical cellular 
events follow protease treatment, although not necess- 
arily in this order: (1) loss of 250 K glycoprotein [82], 
(2) altered levels of cyclic nucleotides [90], (3) in- 
creased lectin agglutinability [91-93], (4) increased 
nutrient transport [94], (5) phosphorylation of histone 
and non-histone proteins [95], and (6) cell divi- 
sion [ 32, 33, 71, 82]. 

The removal of the 250 K glycoprotein may be 
an important event leading to cell proliferation. The 


absence of this protein from the surface of trans- - 


formed cells suggests that either it is not made by 
the cells, or that it is continuously removed—perhaps 
by the cells’ own proteases [96]. Similarly, the 
melanocyte contact inhibitory factor is a high molecu- 
lar weight membrane glycoprotein found in contact- 
inhibited, but not in non-contact-inhibited cultures, 
which restores growth regulation to the latter [77, 78]. 
Such surface glycoproteins may themselves be regula- 
tory molecules, and may act by combining with 
enzymes (proteases?) involved in initiating growth or 
transformation of cells. It is significant that tumor 
promotors increase proteases by combining with spe- 
cific receptors on the cell surface [97]. In this connec- 
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tion, the surface glycoproteins may instead block such 
specific receptors and prevent appearance of the pro- 
teases. 

In such a scheme, changes in cyclic nucleotide 
levels might be secondary to changes in levels of sur- 
face regulatory macromolecules. In the above formu- 
lations, the presence (or absence) of the latter macro- 
molecules at the cell periphery would directly in- 
fluence subsequent events. In fact, when trypsin is 
added to cells in culture, it triggers cell division and 
removes the 250 K glycoprotein. However, thrombin 
can stimulate cells to divide (more effectively than 
trypsin) without removing the 250 K_ glycopro- 
tein [82]. Moreover, chymotrypsin can remove this 
protein without initiating cell division. On the basis 
that trypsin and thrombin preferentially attack at 
lysine or arginine sites in the peptide chain, one might 
assume that the triggering region has an exposed 
lysine or arginine residue, i.e. trypsin and thrombin 
trigger cell division, while chymotrypsin does not, 
despite its effect on the 250 K protein. Thus, there 
are apparently at least two sites of tryptic attack on 
the cell surface: (1) the 250 K glycoprotein, and (2) 
a “thrombin” site, seemingly more proximal to direct 
triggering of cell division; removal of the 250 K glyco- 
protein may not be an absolute requirement for cell 
division. 

An alternative possibility is that these membrane 
glycoproteins may act as receptors for external regu- 
latory molecules. There is some evidence for this; par- 
tially purified MCIF appears to be associated with 
one or more protease inhibitory species which, in 
turn, may derive from serum.* As pointed out pre- 
viously, protease inhibitors (including ovomu- 
coid) [87] can indeed inhibit the growth of trans- 
formed cells. Serum protease inhibitors can also in- 
hibit the neutral protease produced by transformed 
cells [98,99]. In fact, the relation between serum fac- 
tors and cell growth needs to be more clearly defined. 
It is possible that the mitogenic impulse may be deter- 
mined by an equilibrium between protease and anti- 
protease at the cell surface. Excess protease (whether 
from exogenous or endogenous sources) would cause 
a shift toward mitosis; conversely, excess inhibitor 
would favor arrest of growth. The latter effect would 
be considerably enhanced by a surface glycoprotein 
capable of binding protease inhibitors. These surface 
glycoproteins which are deleted from transformed 
cells could play a regulatory role in mitogenesis by 
serving in such a binding role. Absence of these glyco- 
proteins in tumour cells [71] might permit continuous 
triggering of cell division by endogenous protease. 
The neutral protease reported in tumor cells, does 
in fact, attack at an arginine site [100]. In untrans- 
formed or non-dividing cells, the presence of MCIF 
or 250 K may bind sufficient inhibitor to prevent pro- 
teolytic activation of mitosis by ambient levels of pro- 
tease. 

It is thus apparent that patterns of cell growth in 
vitro reflect the complex interplay of numerous factors 
modulating the expression of cell surface character- 
istics. A more complete knowledge of the interactions 
among these factors is certain to suggest new 
approaches to therapeutic intervention and control 
of neoplastic growth processes. Such strategies may 
well be based upon the premise that it is not necess- 
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ary to eradicate cells to control neoplastic disease; 
functional “repair” may be an effective alternative. 
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Abstract 


Three combinations of steroid contraceptive drugs (mestranol plus lynestrenol, norethindrone 


or norethynodrel) were given orally at effective antifertility doses for 30 days to rats, mice and guinea 
pigs. Eighteen hr after the last treatment, the animals were sacrificed for preparation of liver microsomal 
enzymes and the evaluation of mestranol metabolism in vitro. 

The results obtained indicate that these three animal species convert mestranol into ethynylestradiol., 
a hormonally active agent, which is further metabolized into more polar metabolites. 

A prior administration of contraceptive agents increases in rats and mice the disappearance of mes- 
tranol and the metabolism of ethynylestradiol in vitro. In guinea pigs the effect was much less marked. 

The results are discussed considering that the estrogen activity of mestranol in vivo depends on 
the availability of ethynylestradiol for the estrogen receptors. 


Mestranol (17-«-ethynyl-3-methoxy - 1,3,5(10)-estra- 
trien-17-f-ol) is widely prescribed as an orally admin- 
istered estrogen compound, particularly used in con- 
traceptive formulations. 

Several reports indicate that mestranol acts as an 
estrogen only after the formation of ethynylestradiol, 
a hormonally active compound formed by the liver 
microsomal O-demethylase, which can readily interact 
with the binding sites of estrogen receptor protein 
in the target tissues [1,2]. Thus, the therapeutic acti- 
vity of mestranol in the organism depends on its bio- 
transformation to ethynyl-estradiol and on the avail- 
ability of this latter compound for the estrogen recep- 
tors. 

Individual differences in the metabolism of mes- 
tranol may lead, therefore, to an alteration of the 
estrogenic effectiveness of mestranol [2,3]. In addi- 
tion some progestational compounds added in vitro 
have been shown to inhibit the O-demethylation of 
mestranol [2]. 

The aim of this work was to investigate the effect 
of some of the most widely used steroid contraceptive 
drug (SCD) combinations on mestrano! metabolism 
in experimental conditions duplicating human clinical 
utilization. Therefore the SCD combinations were 
administered chronically to three animal species for 
periods covering more than one estrus cycle, in doses 
which produced an experimentally controlled antifer- 
tility effect. At the end of the treatment O-demethyla- 
tion of mestranol by liver microsomes in vitro was 
measured by determining the disappearance of mes- 
tranol and the presence of ethynylestradiol. 


MATERIALS AND METHODS 


Animals. Female Charles River rats (body wt 
220 + 10 g), female CD, mice (body wt 25 +3 g) 
and female PIR bright/Z guinea pigs (body wt 
350 + 30 g) were used in all experiments. 

The rats and mice were housed in makrolon cages 
(six per cage) and the guinea pigs in steel rod cages 
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(five per cage). The animals were kept at a constant 
room temperature of 22° with a relative humidity of 
60°%%. Food and water were given ad lib. 

Drug administration. The following SCD combina- 
tions were used in rats and mice: lynestrenol (5 
mg/kg) plus mestranol (0.3 mg/kg); norethindrone (4 
mg/kg) plus mestranol (0.2 mg/kg); norethynodrel (4 
mg/kg) plus mestranol (0.06 mg/kg). In guinea pigs 
the same combinations were used at the following 
doses: lynestrenol (1.25 mg/kg) plus mestranol (0.075 
mg/kg), norethindrone (4 mg/kg) plus mestranol (0.2 
mg/kg); norethynodrel (1 mg/kg) plus mestranol 
(0.015 mg/kg). 

The dose of each drug combination was selected 
according to the previously established antifertility 
effect [5] as measured by a bioassay procedure, devel- 
oped by Kincl and Dorfman [4] in the different ani- 
mal species (EDg5). 

The drugs were dissolved in corn oil and given 
orally for a period of 30 days to rats and mice and 
32 days to guinea pigs which in this animal species 
is the length of two estrus cycles. Controls received 
only corn oil. Animals were sacrificed by decapitation 
18 hr (at 10:00 a.m.) after the last treatment. Repeated 
analyses of mestranol and ethynylestradiol in several 
liver microsomal preparations, indicated that no 
traces of steroid contraceptives are present in liver 
microsomal preparations of the three animal species 
tested. 

Preparation of liver microsomes. Following animal 
sacrifice the livers were immediately removed and 
homogenized in ice-cold 1.15°%, KCI solution (1:4 w/v) 
with a Teflon-glass homogenizer. The homogenate 
was centrifuged at 9000 g for 20 min and the superna- 
tant fraction was centrifuged again at 105,000 g for 
1 hr (rotor 40’-Beckman Model L ultracentrifuge). 

Incubation in vitro. Microsomal suspension in 
1.15% KCl solution containing 8-10 mg protein/ml 
were used. Protein determinations were carried out 
according to Lowry’s method [6]. Each incubation 
mixture consisted of 2.5 ml of microsomal suspension 
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Table 1. Disappearance of mestranol (M) and formation of ethynylestradiol (EE) with 
liver microsomes obtained from different animal species after 30 days of treatment 
with lynestrenol + mestranol 





Parameter 
measured 


Animal 


species group 


Concentrations of mestranol (ug/5 ml) 
100 300 500 





Rat Controls 


°. M unchanged 
°*., EE found 
°. M unchanged 
’, EE found 


Treated* 


» M unchanged 
° EE found 
°’., M unchanged 
°., EE found 


Guinea Controls °., M unchanged 
pig °., EE found 
Treated* °., M unchanged 
°., EE found 


Mouse Controls 


Treated* 


H+ H+ H+ H+ 


+ He HE + 
H+ + H+ H+ 


H+ H+ H+ 


I+ I+ I+ I+ 
m— wee hh wWNwh LUNDY 
I+ I+ I+ I+ 


H+ H+ + + 
+ + 1+ H+ 


+ H+ HH 


40 





Thirty-day treatment with lynestrenol 
*5 +03 mg/kg orally. 

* 1.25 + 0.075 mg/kg orally. 

Value are mean + S.E.M. of at least 4 


equivalent to 1 g of liver; NADP (1.5 pmoles); 
glucose-6-phosphate (50 ymoles); glucose-6-phos- 
phate dehydrogenase (0.5 units): magnesium chloride 
(25 moles), nicotinamide (50 yxmoles): 1.4 ml of 0.2 
M phosphate buffer pH 7.4; mestranol (100-500 jg): 
0.45 ml of 1.15°,, KCl and water to obtain a final 
volume of 5 ml. The concentrations of mestranol or 
ethynylestradiol were selected after preliminary exper- 
iments. The mixtures were incubated in a Dubnoff 
metabolic shaker at 37 under air for various periods 
of time. At the end of the incubation period the mix- 
ture was extracted twice with 10 ml of ether—chloro- 
form (3:1 v/v). The combined organic extracts were 
evaporated to dryness, redissolved in an acetone solu- 
tion of the internal standard, and then gaschromato- 
graphed. 

Chemical determination. The analyses of mestranol 
and its metabolite ethynylestradiol (EE) were carried 
out by using a gas chromatograph (Model GI, Carlo 
Erba, Milan) equipped with a flame ionization detec- 
tor. The stationary phase was OV 17, 3°,, on Gas 
Chrom Q (100-120 mesh) packed into a 2-m glass 
column (3 mm 1.d., 6mm o.d.). The flow rate of carrier 
gas (nitrogen) was 30 ml/min and the column tem- 
perature was 265”. 

For the quantitative steroid analysis the internal 
standard technique was used. 2,4-Dinitrophenylhyd- 
razone of camphor was chosen as an internal stan- 
dard, because of its suitable retention time. 

Recovery studies of mestranol and its main meta- 
bolite, 17-z-ethynyl-estradiol, from microsomes incu- 
bation mixtures of the three animal species were satis- 


factory ranging from 75 + 2%, to 90 + 2%, 


RESULTS 


Effect of a 30-day treatment with lynestrenol plus 
mestranol (L + M). The combination of L + M given 
30 days to rats and mice (5 + 0.3 mg/kg orally) or 
to guinea pigs (1.25 + 0.075 mg/kg orally) is capable 
of influencing the rate of metabolism of mestranol 


determinations 


+ mestranol. 


30 min incubation. 


in vitro liver microsomal 
enzymes. 

The results obtained are summarized in Table 1 
(different concentrations of M added in vitro) and in 
Table 2 (different times of incubation). For the three 
animal species it is evident that M disappears at a 
faster rate from liver microsomes obtained from ani- 
mals pretreated with L + M with respect to controls. 

Although the data do not allow strict comparison 
it seems possible to suggest that the increased disap- 
pearance of mestranol in animals pretreated with 
L+M is more marked in rats and mice than in 
guinea pigs. 

The formation of EE cannot be entirely calculated 
because this hormonally active metabolite is further 
metabolized to unknown compounds in all three ani- 
mal species. Data reported in Table 7 (controls) indi- 
cate; in fact that EE disappears from liver micro- 
somes in vitro at an increasing rate going from guinea 
pigs to rats and to mice. 

In any case it is evident that the amount of EE 
can be found at the end of incubation with M is de- 
creased for rats and mice while it is increased for 
guinea pigs. 

Effect of a 30-day treatment with norethindrone + 
mestranol (Ne+M). The combination Ne+M 
(4 + 0.2 mg/kg orally) given for 30 days to rats, mice 
and guinea pigs increases the disappearance of mes- 
tranol in vitro by liver microsomal enzymes only for 
rats and mice but not for guinea pigs. 

Tables 3 and 4 summarize these findings by using 
different concentrations of M and different times of 
incubation with a given M concentration. As far as 
the presence of EE at the end of the incubation, there 
is a marked decrease in mice while for rats and guinea 
pigs there is not a significant change when the ani- 
mals are pretreated with the combination Ne + M 
with respect to controls. 

Effect of a 30-day treatment with norethynodrel + 
mestranol (NI + M). The results obtained with the 
combination NI + M given for 30 days to rats and 
mice (4+ 0.06 mg/kg orally) or to guinea pigs 


(O-demethylation) by 
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Table 2. Disappearance of mestranol (M) and formation of ethynylestradiol (EE) with 
liver microsomes obtained from different animal species after 30 days of treatment 
with lynestrenol + mestranol 





Parameter 
measured 


Animal 
species 


Exptl. 
. group 


Min after incubation with mestranol 
(100 pg/Sml) 
60 120 





°., M unchanged 

°., EE found 

’, M unchanged 
EE found 


M unchanged 
EE found 
M unchanged 
EE found 


Guinea Controls M unchanged 
pig » EE found 
Treated* M unchanged 
EE found 


Rat Controls 
Treated 
Controls 


Mouse 


Treated* 


++ 


He HH He 
He He H+ H+ 


wrmew ke we tow 
Silt I+ 
fe H+ 

Nmrm Wd db 

w 

Ht EH HE + H+ 


w 


HHH HHH HAE 
ww 


He H+ He H+ 
I+ I+ I+ I+ 


hm th 





Thirty-day treatment with lynestrenol + mestranol. 


*5 + 0.03 mg/kg orally. 
+ 1.25 + 0.045 mg/kg orally (n = 4). 
t Values are mean + S.E.M. 


(1 + 0.015 mg/kg orally) are presented in Tables 5 
and 6. It is evident that liver microsomes obtained 
from rats and mice pretreated with NI + M metabo- 
lize M at a faster rate than untreated animals. On 
the contrary the liver microsomes of guinea pigs pre- 
treated with Nl + M are less effective than controls 
in metabolizing M particularly when different times 
of incubation are considered (see Table 6). 

The presence of EE at the end of the incubation 
is also differently affected by the treatment with 
NI + M in the three animal species. In fact, while 
with liver microsomes from mice there is a marked 
decrease, with liver microsomes of guinea pigs there 
is a slight decrease and with liver microsomes from 
rats a moderate increase. 

However, while the decrease of EE in mice is 
accompanied by an increased metabolism of M, the 
decreased level of EE in guinea pigs is related to a 
reduced disappearance of M. 


Effect of treatment with mestranol on ethynylestra- 
diol metabolism. Data reported in Table 7 show that 
EE can be metabolized by liver microsomal enzymes. 
The rate of disappearance of EE is faster with liver 
microsomes of mice followed in decreasing order by 
liver microsomes of rats and guinea pigs. 

A previous treatment with M (6 mg/kg per os for 
3 days) increases the disappearance of EE by liver 
microsomes of rats and mice while it decreases the 
disappearance of EE in guinea pigs after a 3 day treat- 
ment at the dose of 3 mg/kg twice a day. 


DISCUSSION 


The reported results indicate first that liver micro- 
somal enzymes are capable of metabolizing mestranol 
with the formation, through an O-demethylation, of 
the hormonally active agent ethynylestradiol. This 
metabolizing activity occurs at the highest rate with 


Table 3. Disappearance of mestranol (M) and formation of ethynylestradiol (EE) with 
liver microsomes obtained from different animal species after 30 days of treatment 
with norethindrone + mestranol (4 + 0.2 mg/kg oral) 





Parameter 
measured 


Animal 
species 


Exptl. 
group 


Concentrations of mestranol (jg/5 ml) 
100 : 500 





°., M unchanged 
, EE found 

’, M unchanged 
EE found 

M unchanged 
EE found 

, M unchanged 
EE found 


, M unchanged 


Rat Controls 
Treated* 
Mouse Controls 


Treated 


Controls 


Guinea 
pig , EE found 


Treated M unchanged 


°. EE found 


* 


Ww 


73 


w 
wee 


us oe 
HE 
NWN 


— GW 
UAnNmw 


No 
HH HE IE 
p= 


> 
HE HE OEE + 


NUw Ss _ 
SON A Oo AINWO 
I+ I+ + + 
whnw 
wd 
— co 
ot. 
+ + |+ |+ 





Thirty min of incubation 
* Values are mean + S.E.M. (n = 4). 





F. Marcucci et al. 


Table 4. Disappearance of mestranol (M) and formation of ethynylestradiol (EE) with 
liver microsomes obtained from different animal species after 30 days of treatment 
with norethindrone + mestranol (4 mg + 0.2 mg/kg oral) 


Animal 
species 





Exptl. 
group 


Parameter 
measured 


Min after incubation with mestranol 
(100 yg/5 ml) 
30 120 





Rat Controls °., M unchanged 
’, EE found 

Treated °., M unchanged 
°., EE found 

Controls °., M unchanged 
°., EE found 

Treated °., M unchanged 
°., EE found 


Guinea Controls °, M unchanged 
pig °*., EE found 
Treated °, M unchanged 
°’., EE found 


Mouse 


I+ I+ I+ I+ 


* 
+ 


39 ; 


tN bh 


+ I+ H+ + 
H+ H+ H+ | 

1+ : + H+ 
H+ H+ + H+ 


w 


Arnon 


NwWwWwWw hk we 
S I+ I+ I+ 
Sl+ + I+ 


S l+ + I+ 
a 


w 
a 


ww 
rv 
Aon © 


why 

H+ H+ Ht He 
whnw 
HH H+ H+ 
mw hwe 

t 

I+ I+ I+ I+ 
m— MN h 





* Values are mean + S.E.M. (n = 4). 


the liver microsomes of mice followed in decreasing 
order by liver microsomes of rats and guinea pigs. 
Furthermore. ethynylestradiol can be further metabo- 
lized by liver microsomes at a rate which is decreasing 
from mice to rats and to guinea pigs. 

These findings are in agreement with other investi- 
gations carried out in vivo[2] and with isolated 
perfused rat liver[7] showing that mestranol is 
O-demethylated and that the resulting ethynylestra- 
diol is transformed into 2-hydroxyethynylestradiol 
and other, yet unidentified, more polar metabolites. 

Since mestranol is utilized in several contraceptive 
combinations for women, our experiments to investi- 
gate whether prolonged contraceptive treatments 
were able to alter the rate of mestranol metabolism 
by liver microsomal enzymes were particularly inter- 
esting. The three SCD combinations were given at 
different doses to the three animal species over a pro- 
longed period. The results obtained clearly indicate 
that the animal species is an important variable. In 


rats and mice, but not in guinea pigs, there is on 
the whole, following SCD treatment an increased in 
vitro disappearance of mestranol and a relatively 
lower level of ethynylestradiol with respect to con- 
trols. 

The kinetics of mestranol disappearance and eth- 
ynylestradiol formation are such as to establish that 
the ethynylestradiol measured is the net result of the 
amount formed with respect to the amount metabo- 
lized. 

In this respect it may be tentatively concluded that 
SCD treatments increase in rats and mice both the 
transformation of mestranol into ethynylestradiol and 
the further metabolization of ethynylestradiol. 

However, the type of contraceptive combination 
may be also of importance in determining changes 
of mestranol by liver microsomes. 

In fact, in rats the presence of ethynylestradiol after 
incubation with liver microsomal enzymes is de- 
creased with respect to controls when the animals 


Table 5. Disappearance of mestranol (M) and formation of ethynylestradiol (EE) with 
liver microsomes obtained from different animal species after 30 days treatment with 
norethynodrel and mestranol 
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group 
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Thirty-day treatment with norethynodrel + mestranol. Thirty-min incubation. 
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0.06 mg/kg orally. 


+ 1 + 0.015 mg/kg orally. 


¢ Values are mean + S.E.M. (n = 4). 





Effect of estrogen—progestin combinations 


Table 6. Disappearance of mestranol (M) and formation of ethynylestradiol (EE) with 
liver microsomes obtained from different animal species after 30 days of treatment 
with norethynodrel + mestranol 





Parameter. 
measured 


Animal 
species 


Exptl. 
group 


Min after incubation with mestranol 
(100 yg/S ml) 
0 30 60 120 
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Thirty-day treatment with norethynodrel + mestranol. 


*4+ 0.06 mg/kg orally. 
+ 1+ 0.015 mg/kg orally. 
t Values are mean + S.E.M. (n = 4). 


were pretreated with lynestrenol + mestranol, is in- 
creased with norethynodrel + mestranol and is un- 
changed with norethindrone + mestranol. 

In the guinea pig, although the changes are rela- 
tively small, the pretreatment with lynestrenol + mes- 
tranol increases the disappearance of mestranol and 
the presence of ethynylestradiol, while the combina- 
tion norethynodrel + mestranol gives the opposite 
effect and the treatment with norethindrone + mes- 
tranol has no effect. 

The effects observed with the SCD treatments do 
not appear to depend on the dose of mestranol 
because in mice the same increase of mestranol meta- 
bolism was observed with doses of the estrogen com- 
ponent ranging from 0.06 to 0.3 mg/kg per os. 

On the other hand, no relationship was observed 
with doses ranging from 0.015 to 0.2 mg/kg per os 
in guinea pigs. Although ad hoc experiments must be 
performed it appears likely that the individual proges- 
tin component may have a marked influence depend- 
ing on the species and on the metabolism of mes- 
tranol and ethynylestradiol. 


In this study the dosage of SCD preparation was 
that found to be the minimal effective antifertility 
doses in the animal species. 

The significance of this investigation is that the 
estrogen component may change during the treatment 
particularly when the administration is prolonged. 

This may be especially important with estrogen 
compounds such as mestranol which do not bind, per 
se, to estrogen receptors [1,2], but require a previous 
biotransformation. 

Owing to species variability it is impossible to 
attempt any extrapolation from these studies to 
human use of contraceptive medication. However, the 
present findings strongly suggest the need of similar 
investigations in women to ascertain whether a 
change in the availability of the estrogen component 
occurs in the prolonged administration of contracep- 
tive treatment. 
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Table 7. Disappearance of ethynylestradiol (EE) from liver microsomes obtained from 
different animal species after 3 days of oral treatment with mestranol twice a day 
(6 mg/kg) in rats and in mice and 3 mg/kg in guinea pigs 





Min after incubation with ethynylestradiol 


Animal 
species 


Exptl. 
group 


(100 pg/5 ml) 
60 





Rat Controls* 
Treated 
Controls 
Treated 
Guinea Controls 
pig Treated 


Mouse 


45 
58 





Figures represent the °,, of EE found in respect to the added concentration (n 


* Values are means + S.E.M. 
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Abstract—Studies on the metabolism of ['*C]biphenyl and of 2-hydroxy and 4-hydroxybiphenyls con- 
firm that preincubation of fresh hepatic microsomal preparations from rats or hamsters with chemical 
carcinogens such as safrole, benz[a]}pyrene and 2-acetamidofluorene and a NADPH regenerating system 
produces an increase in the levels of 2-hydroxybiphenyl, through a specific increase in its formation 
from biphenyl. These data also support the validity of the fluorimetric assay method for monitoring 
this reaction. The addition of oestradiol or glutathione to the incubation mixture and the use of 
various preincubations and time periods with the carcinogens and NADPH prior to adding biphenyl 
indicate that production of an active metabolite of the carcinogens is probably a pre-requisite for 
the in vitro enhancement of biphenyl 2-hydroxylase to occur. 

The lack of effectiveness of EDTA in enhancing biphenyl 2-hydroxylase and the complete destruction 


of this enhancement by short-term storage of microsomal preparations at —20 


suggests that the 


phenomenon is different from that of degranulation of the endoplasmic reticulum by carcinogens. 


Increased biphenyl 2-hydroxylation activity has been 
observed in hepatic microsomes isolated from rats 
treated with safrole or 3,4-benz[a]pyrene 2 hr pre- 
viously [1]. A similar elevation of this biphenyl 2-hyd- 
roxylase was also found following the in vitro addition 
of a number of carcinogenic but not non-carcinogenic 
chemicals to rat, hamster or mouse hepatic micro- 
somes. Other hepatic microsomal drug metabolising 
mixed function oxidases were not affected in this 
manner [2,3]. Aithough the mechanism of this en- 
hancement has not been established, NADPH 
appears to be required in the in vitro system and the 
possibility arises that these carcinogens require meta- 
bolism before they can mediate their effect on 
biphenyl 2-hydroxylase activity, This is compatable 
with the fact that many carcinogens are known to 


exert their carcinogenic effect via the formation of 


active metabolites produced by the enzymes of the 
endoplasmic reticulum [4, 5]. 

The purpose of this present paper is primarily to 
investigate whether metabolism of the carcinogen is 
required for the in vitro enhancement of biphenyl 
2-hydroxylase to take place, and to appraise the 
mechanism by which this enhancement might occur. 


MATERIALS AND METHODS 


Materials were employed as described previously. 
Glutathione was purchased from Sigma Chemicals 
(London) Ltd., oestradiol from Steraloids Ltd., Croy- 
don, Surrey and ['*C]biphenyl (sp. act. 2.7 wCi/mg; 
98°, chemically pure and 99°, radiochemically pure) 
was kindly provided by Dr. A. Monro, Pfizer Limited, 
Sandwich, Kent. 
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Assessment of the influence of test compounds on 
biphenyl hydroxylation. Freshly prepared rat or ham- 
ster hepatic microsomes were added to an NADPH, 
regenerating system containing glucose-6-phosphate 
(25mM), NADP 500nM, glucose-6-phosphate de- 
hydrogenase (2 units/ml) together with magnesium 
sulphate (0.5 mM) to give a final hepatic microsomal 
protein content of 2 mg/ml. 

Test compounds (benz[a]pyrene, | mM, safrole or 
CCl,, | mM-0.1 uM) were added in either ground nut 
oil (for safrole and 3,4-benzpyrene) or in 1.15% KCl 
(phenobarbitone, EDTA and 2-acetamidofluorene) 
and the system preincubated (typically for 10 min) at 
37° in a shaking water bath (100 cycles/min). After 
this preincubation period, biphenyl (13 mM in 1.15%, 
KCI containing 1.5°% Tween 80) was added and the 
incubation continued for a further 5 min. The reaction 
was then terminated by the addition of | ml 4 N HCl. 
the 2- and 4-hydroxybiphenyl metabolites extracted 
and determined fluorimetrically [6]. Separate controls 
were run in which either test substances or biphenyl 
was omitted from the system, or test compound was 
added after termination of the reaction. 

In vitro metabolism of ['*C]biphenyl. Preincuba- 
tions with ['*C]biphenyl were as above except for 
the following modifications: 

Following preincubation, 0.5 ml of a | mM solution 
of ['*C]biphenyl (in 1.15°, KCI and 1.5°, Tween 80) 
was added and the reaction terminated after 5 min 
with HCl. The mixture was then extracted with 7 ml 
n-heptane for 20 min, the heptane extract (5 ml) eva- 
porated to dryness at 40° by bubbling through with 
nitrogen and the residue redissolved in 0.1 ml of 
methanol containing 1.5 mg/ml unlabelled 2- and 
4-hydroxybiphenyl, 2,2’- and 4,4’-dihydroxybiphenyl. 
The methanol extract (50 ul) was applied to a Silica 
gel HF,>, thin-layer chromatography (t.l.c.) plate, 
which was then developed in benzene—ethanol (95:5). 
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The hydroxybiphenyl metabolites and unchanged 
biphenyl were located under u.v. light by the observed 
quenching at 254nm. The relevant areas of the plate 
were scraped off into 0.8 ml of a 1% Tween 80 solu- 
tion and shaken for 10 min. The supernatant was then 
decanted into scintillation vials and mixed with 10 ml 
toluene-Triton X-100 (2:1) scintillant containing 
0.55°,, (w/v) PPO (2-5 diphenyl oxazole) and counted 
in a Packard Scintillation Counter (Packard Instru- 
ments, Reading). (Addition of 0.1 ml ['*C]toluene as 
internal standard indicated a counting efficiency of 
78 + 4%) 

Conditions of storage. For storage experiments, 
freshly prepared liver microsomal preparations from 
hamsters or rats were stored either as microsomal 
pellets. overlaid with 0.3 M phosphate buffer, pH 7.4. 
containing 1°, glycerol, or as 1-ml aliquots in 1.5%, 
KCI buffered to pH 7.4 with 0.3 M phosphate buffer, 
to a, final microsomal protein content of 15 mg/ml. 
Samples were initially stored at —40° for | hr and 
then transferred to —20° for the remaining storage 
period. 

In an attempt to reduce damage to the material 
as much as possible thawing of material was carried 
out in two stages, firstly the material was allowed 
to equilibrate to 0° and then to 4. 

Effects of oestradiol and glutathione upon the in vitro 
enhancement of biphenyl 2-hydrox ylase. These were in- 
vestigated by the addition of glutathione (1 mg/ml) 
or oestradiol (0.5 mg/ml) to the preincubation system 
simultaneously with the carcinogen test compounds. 


RESULTS 


Effects of pre-incubation upon the microsomal meta- 
holism of ('*C]}biphenyl. To confirm that the detect- 
able increase in fluorescence measured at 290 nm exci- 
tation and 415nim emission was attributable solely 
to 2-hydroxy biphenyl, the effects of pre-incubating 
rat hepatic microsomes with the carcinogens safrole 
or 3,4-benz[a]pyrene or the non-carcinogen pheno- 
barbitone upon ['*C]biphenyl metabolism was inves- 
tigated. In control microsomal preparations 5.6 per 
cent of ['*C]biphenyl was metabolised to a product 
having identical R, and fluorescence characteristics 
to 2-hydroxybiphenyl and 30.9 per cent was converted 
to 4-hydroxybiphenyl, 2,2’-dihydroxybiphenyl and 
4.4’-dihydroxybiphenyl were tentatively identified as 
minor metabolites. However, after pre-incubation of 
microsomes with 3,4-benz[a]pyrene (1 mM), 2-hyd- 
roxybiphenyl accounted for 18.9 per cent of metabo- 
lised biphenyl (Table 1) representing approximately 
a 2.5-fold increase compared to control values, while 
only a slight decrease in the amount of 4-hydroxy 
formed (28.8 per cent) was noted. These changes were 
comparable with those observed using the fluori- 
metric assay method, thus validating the fluorimetric 
technique for assessing modifications in biphenyl 2- 
and 4-hydroxylation. It can be seen from Table | that 
the increase in formation of 2-hydroxybiphenyl fol- 
lowing pre-incubation with 3,4-benz[a]pyrene is due 
to increased metabolism of ['*C]biphenyl reflecting 
an increase in enzyme activity rather than a conver- 
sion of ‘biphenyl 4-hydroxylase’ to ‘biphenyl 2-hyd- 
roxylase’. The above findings were substantiated using 
microsomes preincubated with safrole or acetamido- 


F. J. MCPHeRSON, J. W. BripGes and D. V. PARKE 


Table 1. Kinetics of biphenyl hydroxylation: The effect of 

preincubation of 3.4-benzpyrene with hamster hepatic mic- 

rosomes in vitro on the characteristics of 2- and 4-biphenyl 
hydroxylase activities 





Biphenyl 2-hydroxylase K,,10° + ee 





43+1.4 i2 +02 


Control + 
0.14+0.2 6740.6 


Benz[a]pyrene incubated 


Biphenyl 4-hydroxylase 





Control f ‘ . 0.3 
Benz[a]pyrene preincubated & : 1.9 + 0.2 





fluorene and ['*C]biphenyl for which a smaller but 
significant enhancement of biphenyl 2-hydroxylase 
was apparent (see Table 3). In the case of safrole, 
but not of acetamidofluorene, a marked decrease in 
the amounts of 4-hydroxybiphenyl produced was 
found. The inhibitory properties of methylenedioxy- 
phenyl compounds such as safrole upon P-450 depen- 
dent mixed function oxidase enzyme systems is well 
documented [7-9] and it seems likely that the inhibi- 
tion of biphenyl 4-hydroxylase is explicable in these 
terms. In contrast, pre-incubation with phenobarbi- 
tone provoked no significant changes in either 2- or 
4-hydroxybipheny] levels. 

Effects of preincubation upon the metabolism of 
2-hydroxy and 4-hydroxy biphenyl. The possibility was 
investigated that carcinogenic compounds might 


20 


Per centage disappearance of hydroxybipheny! 
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Time, min 


Fig. 1. Effects of preincubation with 3,4-benz[a]pyrene 
upon the in vitro metabolism of 2-hydroxy and 4-hydroxy 
biphenyl (1 mM). Studies were carried out in male mature 
Syrian hamsters (6 animals). No significant differences 
between test and control incubations were detectable for 
either 2-hydroxy or 4-hydroxy biphenyl metabolism. 
Results shown are for control microsomes using 2-hydroxy 
biphenyl as substrate (A A) or 4-hydroxy biphenyl as 
substrate (0 0), and for microsomes preincubated 
with 3,4-benz[a]pyrene (1 mg/ml) in groundnut oil using 
2-hydroxy biphenyl as substrate (A———A) or 4-hydroxy 
biphenyl as substrate (i ®). 





In vitro enhancement of biphenyl 2-hydroxylation 


Table 2. Kinetics of further hydroxylation of hydroxybiphenyls: Effect of in vitro preincuba- 
tion upon kinetic parameters of further microsomal hydroxylation of 2-hydroxy and 4-hyd- 
roxy biphenyl 
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* Dissolved in 1.15% KCl plus 1.5% Tween 80 to a final concentration of 5 x 10°*+M. 

+ Added in groundnut oil (Saladin®) 1 mg/ml, 0.5 ml, added to incubate. 

Results are as shown for hamster hepatic microsomes, mean + S.E.M. 8 animals. Values 
are expressed as K,, 10° mole/l and V,,,, 10° mole/min/mg microsomal protein. 


Table 3. The effects of preincubation of rat liver microsomal preparations with 3,4-benzpyrene, safrole and phenobarbi- 
tone on the metabolism of ['*C]-biphenyl in vitro and the effects of intraperitoneal safrole on the enhancement of 
{'*C]-biphenyl metabolism in male Wistar rats 





(a) In vitro Preincubation 





2,2'-hydroxy 
biphenyl 


4-hydroxy 
biphenyl 


4,4’-hydroxy 
biphenyl 


2-hydroxy 
biphenyl 


Preincubation of 


microsomes origin 


biphenyl 





3.1+0.1 1.1 +01 1. 
3.0 + 0.2 12+0.1 1. 
3.2 + 0.2 1.1 +02 1. 
3.2 + 0.2 1.1+0.1 2 


0+ 0.1 
| 0.1 
2 +0) 
+03 


58.3 + 0.4 
47.2 + 0.2 
64.0 + 0.2 
58.6 + 0.3 


30.7 + 0.4 
28.8 + 0.6 
21.0 + 0.3 
30.4 + 0.4 


6.2 + 0.3 
18.8 + 0.5 
10.2 + 0.6 

5.3 + 0.4 


Control 
3,4-benz[a]pyrene 
Safrole 
Phenobarbitone 


(b) In vivo studies 2 hr after intraperitoneal administration of Safrole 
4.4’hydroxy 
biphenyl 


524 OZ 
3.2 + 03 





2,2’-hydroxy 
biphenyl 


2-hydroxy 
biphenyl 


4-hydroxy 
biphenyl 
30.2 + 0.6 
21.1 + 0.4 


Microsomes biphenyl origin 





1.0 + 0.1 
1.2:+ 0.1 


58.6 + 0.5 
63.8 + 0.6 


6.5 + 0.4 
11.1 +05 


Control 
Safrole 





Results of two experiments (3 animals per experiment) are expressed in terms of percentage of total activity added 
to the t.l.c. plate. 


cause an apparent increase in the in vitro biphenyl 
2-hydroxylase activity by partially interfering with the 
further metabolism of 2-hydroxybipheny]l. 

Figure | shows that on preincubation of micro- 
somes with 3,4-benz[a]pyrene, (the most potent in 
vitro enhancer of biphenyl 2-hydroxylation), and 
adding 2- or 4-hydroxybiphenyl rather than biphenyl 
as substrate, no significant effect on the further meta- 
bolism of 2-hydroxy- and 4-hydroxybiphenyl was dis- 
cernable. Moreover, although in vitro preincubation 
with 3,4-benz[a]pyrene caused significant changes in 
both the K,, and ¥,,,, of biphenyl 2-hydroxylase 
(Table 1), when 2-hydroxy- and 4-hydroxybiphenyls 
were substituted for biphenyl no significant changes 
in either the K,, or V,,, for further hydroxylation 
of either compound was detectable after pre-incuba- 
tion with either carcinogenic or non-carcinogenic 
compounds (Table 2). 

Effects of preincubation of rat liver microsomal prep- 
arations with benz[a]pyrene or safrole on ethyl iso- 
cyanide and carbon monoxide difference spectra. To in- 


Absorbance 








Wavelength, nm 


vestigate whether the effects of preincubation of liver 
microsomal preparations with 3,4-benz[a]pyrene or 
safrole on biphenyl 2-hydroxylation could be mani- 
fested by a major modification in cytochrome P-450, 
the carbon monoxide and ethyl isocyanide binding 
spectra were determined (Fig. 2) using control micro- 


Fig. 2. Effects of preincubation with carcinogenic and non- 
carcinogenic compounds upon cytochrome P-450-ethyliso- 
cyanide binding spectra in hepatic microsomes prepared 
from male Wistar rats. Results shown are ( ) control 
values; (——) preincubation with phenobarbitone, and 
(----) preincubation with 3,4-benz[a]pyrene. Plots are 
arbitarily displaced to facilitate presentation. 
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Table 4. Effects of storage on the in vitro effects of safrole invoked biphenyl 2- and 
4-hydroxylase activity in hepatic microsomes prepared from Wistar Rats 





Pellet stored 
biphenyl 4-hydroxylase 
control test 


biphenyl 2-hydroxylase 
control 


Storate time 


(hr) test 





0.27 + 0.02 
0.21 + 0.03 
0.19 + 0.01 
0.21 + 0.02 


0.46 + 0.04 2.1 + 0.09 
0.20 + 0.03 2.0 + 0.10 
0.18 + 0.02 1.6 + 0.11 
0.22 + 0.01 1.4 + 0.08 


16+ 011 
1.5 + 0.07 
1.2+012 
1.0 + 0.10 


Suspension stored 
biphenyl 2-hydroxylase biphenyl 4-hydroxylase 
control test control test 


Storate time 





0.06 3+0. 1.5 + 0.08 
0.05 9+0. 1.1 + 0.12 


0.02 I 10+ 0.11 
0.01 


0.13 1.0 + 0.09 


Litit+i+ 1+ 





Materials were stored at —40 either as a suspension of protein concentration 
10 mg/ml in media containing 0.01 M f-mercaptoethanol, 0.25 M sucrose and 0.1 M 
magnesium sulphate or as a microsomal pellet overlaid with 0.1 M phosphate buffer 
— 20°, v/v glycerol buffer, pH 7.4. 

Results are expressed as nmoles/mg microsomal protein/min. Percentage variation 


from control are expressed in parentheses. 


somal preparations and microsomes preincubated for 
10min with benz[a]pyrene, safrole or phenobarbi- 
tone. The compounds were added either to liver 
homogenates or to microsomes and preincubated. In 
no instance could a change in the ethyl isocyanide 
or carbon monoxide spectra be distinguished, in con- 
trast with the situation pertaining 48 hr after pretreat- 
ing the whole animal with benz[a]pyrene or safrole 
in which P-448 is formed [10, 11]. 

Stability studies. To ascertain the stability of the 
enhancement of biphenyl 2-hydroxylation in vitro, 
studies were made comparing freshly prepared micro- 
somes with those which had been stored at —20 
prior to usage. It can be seen from Table 4 that 24 hr 
after storage of rat microsomes at —20° either as pel- 
lets or suspension, no in vitro enhancement of 
biphenyl 2-hydroxylation was detectable following 
preincubation with either safrole or 3,4-benz[a]pyr- 
ene, although the activity of basal levels of biphenyl 
2- and 4-hydroxylase were not greatly affected under 
these storage conditions. Similar results were noted 
using hamster microsomes. 


DISCUSSION 


The findings using ['*C]labelled biphenyl confirm 
that the use of fluorimetry to evaluate carcinogen in- 
duced changes in 2- and 4-hydroxylation is a valid 
one. Safrole, benz[a]pyrene and acetamidofluorene all 
rapidly enhance biphenyl 2-hydroxylation when 
preincubated with washed microsomes and NADPH. 
The specific nature of this enhancement is indicated 
by the fact that no change in biphenyl 4-hydroxylase 
or in the further hydroxylation of 2- and 4-hydroxybi- 
phenyl was observed with either benz[a]pyrene or 
acetamidofluorene. Furthermore, no alteration in the 
CO or ethylisocyanide P-450 binding spectrum was 
detectable supporting the view that a major change 
in P-450 is not involved. This agrees with previous 
studies which showed that the activities of P-450- 


dependent drug metabolising enzyme systems such as 
7-ethoxycoumarin de-ethylase, ethoxyresorufinde-eth- 
ylase, p-nitroanisole demethylase and aniline hydrox- 
ylase are also unchanged under these conditions [1 ]. 

It is generally accepted that carcinogens adminis- 
tered in vivo elicit damaging effects through their con- 
version to an active electrophilic or free radical inter- 
mediate, this metabolism probably being primarily 
dependent upon a NADPH cytochrome P-450 hyd- 
roxylating system [2,3]. It is not readily possible to 
determine directly whether carcinogen metabolism is 
a pre-requisite for the enhanced biphenyl 2-hydroxy- 
lase activity since obvious approaches such as the use 
of inhibitors of cytochrome P-450 cannot be employed 
because they would also interfere with the biphenyl 
2- and 4-hydroxylation which is also thought to be 
at least partly cytochrome P-450-dependent. That 
metabolism of the carcinogen may be required is indi- 
cated by the time dependency of preincubation of rat 
hepatic microsomes with 2-acetamidofluorene or 
safrole for optimal enhancement of biphenyl 2-hyd- 
roxylase (Fig. 3). 

Further evidence that the carcinogens require prior 
metabolism in order to cause an enhancement of 
biphenyl 2-hydroxylase activity was obtained from an 
examination of cofactor requirements. An unusual 
characteristic of biphenyl! 2-hydroxylase is that, unlike 
most drug metabolism systems, it is not entirely 
dependent upon NADPH, being able to utilise 
NADH to a much greater extent than typical P-450 
substrates such as ethylmorphine. When NADH was 
substituted for a NADPH regenerating system for 
safrole, the enhancement of biphenyl 2-hydroxylase 
was not detectable although the control level acti- 
vity of this enzyme was not significantly altered 
(Table 5). In the absence of NADPH, safrole is not 
metabolised [9], thus the lack of enhancement using 
NADH is presumably due to the failure to form the 
active safrole metabolite(s) which provokes the en- 
hancement. 
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Glutathione has been shown to exert a protective 
influence against the toxic effect of various com- 
pounds upon microsomal membranes. probably 
either by a general protective effect on the micro- 
somes against oxidative damage or by reducing the 
availability of active metabolites to interact with the 
microsomes [12]. In keeping with this observation, 
glutathione in high concentrations reduced the in 
vitro enhancement of biphenyl 2-hydroxylase (Table 
6) produced by safrole and 3.4-benzy[a]pyrene. 
Biphenyl 4-hydroxylase on the other hand showed 

Control values little response to either carcinogens or to glutathione, 
again emphasing the apparent differences between the 
inducible biphenyl 2-hydroxylase and biphenyl 4-hyd- 
roxylase. 

The addition of oestradiol (0.5 mg/ml) (Table 6) 
with 3.4-benz[a]pyrene also produced a decreased 
level of enhancement of biphenyl 2-hydroxylase acti- 
vity although no significant change was observed 
when safrole rather than benzpyrene was added. This 
effect of oestradiol upon 3.4-benz[a]pyrene initiated 














Preincubation time, 

Fig. 3. Variation of preincubation time and its effect upon 
2-acetamidofluorene and safrole mediated changes in 
biphenyl 2-hydroxylase and biphenyl 4-hydroxylase acti- PE EE IE ST eT OE Seg oR pret ae 
vity in rat hepatic microsomes. Results shown are for ipheny! <-hydroxylase enhancement may be because 
changes with time produced by safrole addition (1 mM on oestradiol can serve as a competitive substrate for 
biphenyl metabolism indicated by (™——-®) for biphenyl benz[a]pyrene metabolism. 
2-hydroxylase and (A A) for biphenyl 4-hydroxylase, However. oestradiol has also been implicated in 
whereas changes caused by acetamidofluorene addition maintaining the association of ribosomes with the 
(1mM) are (O——O) for biphenyl 2-hydroxylase and liver endoplasmic reticulum whereas carcinogens in 

(@——-@) for biphenyl 4-hydroxylase). the presence of NADPH cause dissociation of ribo- 


Table 5. Showing the effects of Safrole* preincubation with either NADH or NADPH 
(0.9 m-mole/l) upon biphenyl 2-hydroxylase in rat and hamster hepatic microsomes 





Rat Hamster 





Control + NADPH 0.23 + 0.04 0.31 + 0.02 
Control + NADH 0.20 + 0.03 0.32 + 0.03 


Safrole preincubation + NADPH 0.39 + 0.06 (470) 0.46 + 0.04 (+48) 


Safrole preincubation + NADH 0.24 + 0.02 (+17) 0.35 + 0.02 (+9) 





* Dissolved in 1.15°, KCl + 1.5°, Tween 80 to a final concentration of 5 x 10°+™M. 
Results are expressed as nmoles/mg microsomal protein/min. Percentage value relative 
to control are expressed in parentheses. 


Table 6. Showing the effects of glutathione and oestradiol upon biphenyl 
2-hydroxylase activity in preincubated microsomes 





Glutathione concn. 
(mg/ml) Safrole 3.4-Benz[a]pyrene 





0 0.50 + 0.03 (+88) 0.91 + 0.03 (+237) 
0.4 0.39 + 0.07 (+47) 0.64 + 0.04 (+ 140) 
0.8 0.38 + 0.04 (+43) 0.59 + 0.02 (+118) 
1.2 0.37 + 0.02 (+40) 0.58 + 0.02 (+115) 
1.6 0.36 + 0.04 (+37) 0.57 + 0.04 (+112) 
2.0 0.33 + 0.03 (+25) 0.55 + 0.03 (+ 106) 
Oestradiol concen. 
(mg/ml) 

0 0.50 + 0.05 (+88) 0.91 
0.4 0.46 + 0.04 (+73) 0.76 

0.44 + 0.03 (+69) 0.70 

0.43 + 0.04 (+58) 0.67 

0.41 + 0.02 (+50) 0.62 

0.40 + 0.02 (+49) 0.59 


0.05 (+237) 
0.06 (+ 180) 
0.04 (+ 162) 
0.03 (+ 148) 
0.07 (+130) 
0.04 (+ 120) 


IH I+ H+ H+ 








Test compounds and either glutathione or oestradiol were added simul- 
taneously. 

Biphenyl 2-hydroxylase activity is expressed as nmoles/mg microsomal pro- 
tein/min. 

Percentage variations from control are expressed in parentheses. 
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somes (degranulation) [13, 14]. A possible explanation 
of our results might be that biphenyl 2-hydroxylase 
is at the ribosomal binding sites and that the active 
metabolites of the carcinogen cause its enhancement 
through the displacement of the ribosomes. This 
hypothesis would rationalise the specificity of the 
effect for the endoplasmic reticulum, the time depen- 
dency of the reaction and the protective effect of oes- 
tradiol. However, a closer comparison of our findings 
with those of Rabin and Williams for degranulation 
reveals some important dissimularities between the 
two systems. A very much shorter time period is 
required for the maximum effect of benz[a]pyrene on 
biphenyl 2-hydroxylase (<10 min) than for its opti- 
mal degranulation activity (~1 hr). Preincubation 
with EDTA (up to 10mM) has no effect and carbon 
tetrachloride (100 mM)[3] a very weak effect on 
biphenyl 2-hydroxylase whereas these agents cause 
very extensive degranulation. Furthermore, short 
term storage of the microsomes does not unduly effect 
the ability of these carcinogens to cause degranulation 
whereas it totally destroys biphenyl 2-hydroxylase en- 
hancement. 

A less direct relationship between our system and 
that of degranulation should not be completely dis- 
counted because our studies (cited here and else- 
where) like those of Rabin and Williams indicate that 
a relatively specific, rapid and probably irreversible 
change in the endoplasmic reticulum membrane is in- 
voked by carcinogens such as benz[a]pyrene, aceta- 
midofluorene and safrole following their metabolism, 
whereas no such changes are seen using claimed non- 
carcinogens in the rat like phenobarbitone or 1,2,3,4 
dibenz(o)pyrene, the precise nature of these changes 


F. J. MCPuHERSON, J. W. BRIDGES and D. V. PARKE 


and their relationship to carcinogenicity provoked by 
chemical agents must await further study. 
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Abstract—The porphyrin-inducing activity of a series of aromatic esters and amides was measured 
in chick embryo liver cells. Sterically unhindered aromatic esters which are inactive in the absence 
of a carboxylesterase inhibitor, bis-[p-nitrophenyl]phosphate (BNPP), are markedly active in the pres- 
ence of BNPP. On the other hand, the potency of sterically hindered esters is similar in the presence 
and absence of BNPP. In contrast to the aromatic esters, both sterically hindered and unhindered 
aromatic amides are active in the absence of BNPP. A high correlation was shown between porphyrin- 
inducing activity and lipophilicity of aromatic amides and esters after inhibition of aromatic ester 
hydrolysis by BNPP. It was concluded that porphyrin-inducing activity of aromatic esters and amides 
depends upon lipophilicity and resistance to rapid metabolism to compounds of lower lipophilicity. 


Studies of the relationship between chemical structure 
and porphyrin-inducing activity have shown that a 
series of aliphatic and aromatic esters and amides are 
potent as porphyrin-inducing agents, while the corre- 
sponding acids are devoid of activity [1-3]. Recent 
evidence suggests that, in order for a chemical to 
cause porphyrin accumulation, it must remain in the 
liver for a period of at least several hr in order to 
induce and maintain high levels of 6-aminolevulinic 
acid (ALA)-synthetase [4-7]. Consequently, it follows 
that a porphyrin-inducing drug should possess, in 
addition to other features, appropriate chemical 
properties that prevent it from being rapidly metabo- 
lized and inactivated by the liver. In earlier studies 
[2,3], we attempted to demonstrate that porphyrin- 
inducing activity was confined to aromatic and ali- 
phatic esters and amides which were sterically hin- 
dered from hydrolysis to the corresponding acids. 
This hypothesis could not account for the relative 
porphyrin-inducing activity of the compounds studied 
and has been modified to take into account the im- 
portance of lipophilicity [8]. In recent studies of ali- 
phatic amides [9], we have shown that porphyrin-in- 
ducing activity in chick embryo liver cells could be 
correlated with two properties of the compounds, viz. 
lipophilicity and resistance to rapid hydrolysis to 
compounds of lower lipophilicity. Bis-[p-nitro- 
phenyl ]phosphate (BNPP) [10,11] is a specific rela- 
tively non-toxic inhibitor of liver carboxylesterase 
(carboxylic-ester hydroiase, EC 3.1.1.1.). The liver car- 
boxylesterase also possesses amidase activity [12]. 
and the hydrolysis of several amides can be inhibited 
by BNPP. The objective of this study was to deter- 
mine whether the porphyrin-inducing activity of aro- 
matic esters and amides could be correlated with lipo- 
philicity after blockade of hydrolysis to compounds 
of lower lipophilicity with BNPP. 





*This work was supported by a grant from the Medical 
Research Council, Canada. 


EXPERIMENTAL 


Fertilized eggs of a white Leghorn strain were 
obtained from Archers Poultry Farm. Brighton. 
Ontario. The eggs were stored in the refrigerator at 
4 for no longer than 7 days prior to incubation at 
38° at a relative humidity of 68 per cent. The age 
of the embryo was taken as the number of days from 
the onset of incubation. 

Source of compounds and reagents. BNPP was pre- 
pared by the condensation of p-nitrophenol with 
phosphorous oxychloride [13]. The following com- 
pounds were purchased from Aldrich Chemical Co.: 
3,5-dimethylbenzoic acid, 2,4,6-trimethylbenzoic acid 
and 2-(2,4,6-trimethylphenyl)-ethanoic acid (mesityl 
acetic acid). Ethyl benzoate and benzamide were 
obtained from Eastman Organic Chemicals and 
2-(phenyl)-ethanoic acid and 2,4,6-trimethylbenzoic 
acid were purchased from Canadian Laboratory Sup- 
plies. The remaining esters and amides were synthe- 
sized by methods described previously [1, 2]. 

Trypsin (2.5%, in saline) and powdered basal 
medium (Eagle) containing Earle’s salts and gluta- 
mine were purchased from Grand Island Biological 
Co. Pooled bovine serum (lot 35) was purchased from 
Pentax, Inc., Winley-Morris Co., Ltd. 

Cell culture techniques. Chick embryo liver cell cul- 
tures were prepared using the procedure of Granick 
[14] with the following modifications [15]: 17-day- 
old chick embryo livers were removed and a cell sus- 
pension was prepared in a mixture of 10 ml of 2.5°, 
trypsin in saline and 10 ml magnesium- and calcium- 
free Earle’s solution. The cell suspension was centri- 
fuged at 250g for 5 min, the supernatant was dis- 
carded and the cells were resuspended in warm 
growth medium (3 ml/liver); 0.2 ml of this suspension 
was added to each Petri dish, containing 5ml of 
warm growth medium and placed in a Napco incuba- 
tor at 37° and a constant air flow of 8.4 litres/min. 
The air flow was adjusted to contain 5%, CO,. After 
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24hr of incubation, the media were removed from 
the cells and replaced with fresh media. 

BNPP (50 sg) in 95 °,, redistilled ethanol (54) or 
ethanol alone (5/4) was added to the cell cultures 
which were then returned to the incubator for | hr. 
Drugs dissolved in ethanol (10 4) were then added 
to the cell cultures and the cultures were re-incubated. 
The porphyrin and protein content of the cells and 
medium was measured 24 hr later [14]. 


RESULTS AND DISCUSSION 


The porphyrin-inducing activity of a series of ana- 
lagues of ethyl benzoate has been shown previously 
to correlate with the degree of steric hindrance to 
hvdrolysis of the ester group provided by adjacent 
ortho-methyl groups [1,2]. Moreover, sterically un- 
hindered esters. such as ethyl benzoate, which exhi- 
bited no activity in the absence of BNPP, were shown 
to be markedly active in the presence of BNPP [16]. 
On the other hand, the potency of sterically hindered 
esters such as ethyl 2.4,6-trimethylbenzoate was found 
to be similar in the presence and absence of BNPP 
[16]. The porphyrin-inducing activity of a series of 
analogues of benzamide is shown in Table |. The 
results obtained in the present study using a quantita- 
tive procedure for porphyrin analysis are in general 
agreement with results previously obtained using a 
qualitative procedure for porphyrin analysis [1,2]. In 
contrast to the aromatic esters [16], steric hindrance 


Table | 
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to the hydrolysis of the amides provided by the pres- 
ence of ortho-methy! groups plays no role in the ac- 
tivity of these compounds, and sterically unhindered 
compounds such as benzamide, 3,5-dimethylbenza- 
mide. 3-phenylpropanamide. 2-(2.4.6-trimethylphenyl) 
ethanamide and  3-(2,4,6-trimethylphenyl)propana- 
mide display activity. Since the free acid analogues 
of the above aromatic amides are inactive, it follows 
that hydrolysis must be a slow process. In view of 
the above considerations, one would not expect 
BNPP pretreatment of liver cells to result in mark- 
edly increased activity of sterically unhindered aro- 
matic amides as was the case with sterically unhin- 
dered aromatic esters. To see if this idea was correct, 
the activity of the sterically unhindered aromatic 
amides, 3-phenylpropanamide and 2-(2.4,6-trimethyl- 
phenyl) ethanamide, was measured before and after 
BNPP pretreatment of liver cells. No increase in por- 
phyrin-inducing activity was observed (Table 1). 

The relative biological activity of many different 
series of drugs can be correlated either linearly or 
parabolically with their lipophilicity [17-19]. There- 
fore. we have attempted to utilize the procedures de- 
veloped by Hansch and co-workers to assess the im- 
portance of lipophilicity in determining porphyrin-in- 
ducing activity of the aromatic amides. As a measure 
of lipophilicity, Hansch and co-workers used log P. 
where P is the octanol-water partition coefficient of 
a drug. The log P values of benzamide (0.64), of 
3-phenylpropanamide (0.91) and of 2-phenylethana- 


Porphyrin accumulation in response to benzamide analogues in a primary culture of chick 


embryo liver cells 





Porphyrin accumulation? 
(ng/mg protein) 





Concn 


Compound* (ug/ml) 


In presence of 


BNPP (10 ng/ml) 


In absence of 
BNPP 





3-Phenylpropanamide 
} 


2-(2.4.6-Trimethyl- 
phenyl) ethanamide 


3-(2.4.6-Trimethyl- 
phenyl) propanamide 


Benzamide 


3.5-Dimethyl- 
benzamide 


2.4.6-Trimethyl- 
benzamide 


30 
150 
300 


10 
30 
100 

| 

10 
40 
500 
1000 
1500 


150 
250 
400 

30 


100 
200 


12.0 + 
188.0 - 


422.3 


245.5 


399.6 4 
406.6 + 


15.2 


73.9 


410.6 


674.8 4 


63.1 


625.6 


(4) 
(4) 
(5) 


(4) 
7 (4) 
2 (4) 
2 (4) 
23.5 (4) 
~ 142.2 (4) 


1127.1 ; 


SOS.0 
697.0 


743.1 + 


546.6 + 
645.6 + 33. 


754.0 


19.5 
142.3 
251.1 
244.8 
415.9 


393.0 


I+ I+ I+ 


I+ |+ I+ 


4.7 


(4) 


54.6 (5) 


31.5 (5) 


12.0 (3) 
18.5 (4) 
30.0 (4) 





* Control experiments were carried out as follows: 95 
ethanol (5 yl) to three dishes. After I-hr of incubation, 95°,, ethanol (10 sd) 


and BNPP (50 jig) in 95° 


ethanol (5 yl) was added to three dishes 


was added to the dishes which were reincubated. for 24 hr. The porphyrin content of the dishes was 


then determined. The 95°, ethanol control had 10.7 


control had 8.8 + 0.2 ng/mg of protein. 


+ 0.9 ng/mg of protein and the BNPP~95°,, ethanol 


+ The values shown represent the mean of the number of determinations shown in parentheses + stan- 


dard error. 
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Table 2. Observed and calculated concentrations of aromatic amides and esters which give the same 
porphyrin-inducing activity as AIA (10 pg/ml) 





Compound 


Log P 


Log LC 
Obs‘d 





Caled A Log 1/C 





Linear case* 
Ethyl benzoate 
Ethyl 2-(phenyl) ethanoate 
Ethyl 3,5-dimethylbenzoate 
Ethyl 2,4.6-trimethylbenzoate 
Ethyl 2-(2.4.6-trimethyl) 
ethanoate 
Ethyl 3-(2.4.6-trimethyl- 
phenyl) propanoate 
Benzamide 
3,5-Dimethylbenzamide 
2.4.6-Trimethylbenzamide 
2-(2.4,6-Trimethylphenyl) 
ethanamide 
3-(2.4,6-Trimethylphenyl) 
propanamide 
3-Phenylpropanamide 


Parabolic case+ 

Ethyl benzoate 

Ethyl 2-(phenyl) ethanoate 

Ethyl 3,5-dimethylbenzoate 

Ethyl 2,4.6-trimethyl- 
benzoate 

Ethyl 2-(2.4.6-trimethyl- 
phenyl) ethanoate 

Ethyl 3-(2.4.6-trimethyl- 
phenyl) propanoate 

Benzamide 

3.5-Dimethylbenzamide 

2.4,6-Trimethylbenzamide 

2-(2.4,6-Trimethylpheny]) 
ethanamide 

3-(2.4,6-Trimethylphenyl) 
propanamide 

3-Phenylpropanamide 


2.539 
0.91 


3.59 0.23 
0.21 
0.14 


0.32 


3.36 
3.65 
3.97 
4.04 


0.24 


0.03 
0.60 
0.00 
0.02 


0.19 
0.23 


0.41 


0.33 
0.12 
0.15 


0.24 
0.26 
0.16 
(0.42 
0.04 
0.11 
0.11 


0.13 
3.21 2 0.51 


a 4 


* Linear case: log 1/C = 0.458 log P + 2.384; n = 12; r = 0.897; S.E.M. of estimate 0.299 (3). 
+ Parabolic case: log 1/C = —0.067 (log P)? + 0.812 log P + 2.011: n = 12: r= 0.910; S.E.M. of 


estimate 0.296 (4). 


mide (0.45) were available [20,21], and the log P 
values of the other amides (Table 2) were calculated 
by adding a value of 0.56 for each —CH,;— group 
added to the benzene ring. Hansch and co-workers 
have defined the relative biological activity of a drug 
in terms of log 1/C, where C is the molar concen- 
tration of a drug producing a standard biological re- 
sponse. For our studies. we have defined the porphy- 
rin-inducing activity observed 24 hr after the addition 
of AIA (10 pg/ml) to chick embryo liver cells as the 
standard biological response. Dose-response relation- 
ships were determined for each amide and the molar 
concentration (C) of each drug, which gave the same 
response as AJA (10 pg/ml), in the same experiment, 
was determined. Observed log 1/C values (Table 2) 
were derived from this information. 

The degree of correlation between log 1/C and log 
P was determined for the aromatic amides. For this 
purpose regression analysis by the method of least 
squares was used to determine equations defining the 
‘best’ fit straight line (equation 1) and the ‘best’ fit 
parabola (equation 2) through the data. 


The equations derived were: 
log 1/C = 0.645 log P + 2.098: 
n = 6: 
r = 0850; 
S.E.M. of estimate = 0.352. 


= —0.266 (log P) 

+ 1.487 log P + 1.576: 
n = 6; 
r = (865: 


log 1/C 


I 
S.E.M. of estimate = (),387. (2) 
where n is the number of data points, r is the correla- 
tion coefficient, and S.E. is the standard error [17, 19]. 
Our analysis indicated that F, 4 for the linear case 
was 10.394 (F, 4 % 0.95 iS 7.71) and F,., for the para- 
bolic case was 4.469 (Fz 3 % 9.95 18 9.55). It was con- 
cluded that a linear relationship existed between lipo- 
philicity and the porphyrin-inducing activity of aro- 
matic amides. 
Since the aromatic esters previously studied [16] 
and the aromatic amides are congeners of benzoic 
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acid, the possibility was considered that a single equa- 
tion might describe a relationship between lipophili- 
city and the porphyrin-inducing activity of both aro- 
matic esters and amides. The log P value of the aro- 
matic esters (Table 2) was calculated as follows. The 
log P values of ethyl benzoate (2.64), ethyl 2-(phenyl) 
ethanoate (2.30) and methyl 3-(phenyl) propanoate 
(2.32) were available [21]*, and the log P values of 
the other esters (Table 2) were obtained by adding 
a value of 0.56 for each methyl group added to the 
benzene ring and of 0.5 when an ethoxycarbonyl 
group was substituted for a methoxycarbonyl group 
[22]. Dose-response curves were constructed for each 
aromatic ester, in the presence of BNPP, in a single 
chick embryo liver cell culture experiment. This pro- 
cedure was adopted in order to eliminate experiment- 
to-experiment -variation. From each dose-response 
curve, the molar concentration (C) of each ester was 
determined, which gave the same porphyrin-inducing 
activity as a dose of AIA (10 g/ml) in the same ex- 
periment. From this information observed log 1/C 
values were obtained (Table 2). The log P values and 
the log 1/C values of the aromatic esters, in the pres- 
ence of BNPP, and the corresponding values deter- 
miried for the aromatic amides, in the absence of 
BNPP. were combined (Table 2) and_ regression 
analysis of the data gave equations 3 and 4: 

0.458 log P + 2.384: 


Pe 


log 1/C 
n = 
; r = 0.897: 
S.E.M. of estimate = 0.299: 
log 1/C = —0.067 (log P) 
+0.812 log P + 2.011; 
n bz: 
r 0.910; 
S.E.M. of estimate = 0.296. (4) 


For each compound, the log P value, the experimen- 
tally observed log 1/C value and the log 1/C value 
calculated to fit equations 3 and 4 are given in Table 
2. The experimentally observed values of log 1/C for 
each drug are plotted against the log P values in Fig. 
| and the ‘best’ fit straight line (defined by equation 
3) was drawn through them. Our analysis indicated 
that F, ,o for the linear case was 41.2 (F, 40 % 0.001 
is 21.04) and F,., for the parabolic case was 21.74 
(F256 % 9.90; iS 16.39). Thus, a linear equation suffices 
to correlate lipophilicity with the porphyrin-inducing 
activity of aromatic esters and amides. Since the 
above correlation cannot be achieved if the activity 
of aromatic esters is measured in the absence of 
BNPP pretreatment, it is clear that neither steric fac- 
tors nor lipophilicity alone can explain the porphyrin- 
inducing activity of these compounds but that con- 
sideration of both factors is required. 





*C. Hansch, private communication (1975). 
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Fig. 1. Relationship between lipophilicity and porphyrin- 
inducing activity of aromatic esters in the presence of 
BNPP and of aromatic amides alone. 
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Abstract—Male rats were given 0.1 or 0.4 g/kg of disulfiram (DS) daily by gavage for up to 12 days. 
in order to study the effects of chronic DS administration on hepatic microsomal drug metabolism. 
Administration of 0.4 g/kg of DS resulted in significant impairment of aniline (ANL) hydroxylase 
after | day. but 2 days of DS treatment were required for significant inhibition of ethylmorphine 
(EtM) metabolism and depression of cytochrome P-450 levels. At this time, maximum impairment 
of ANL and EtM metabolism and maximum reduction of cytochrome P-450 levels were seen. Continued 
administration of DS for 10 additional days produced no further change in these parameters. ANL 
hydroxylase was also significantly reduced in treated animals throughout a 12-day period during which 
0.1 g/kg of DS was given. ELM N-demethylase activity and cytochrome P-450 levels were also reduced 
in animals so treated, but not until DS had been given for at least 5 days. However, by the end 
of the 12-day experimental period, EtM metabolism and cytochrome P-450 levels had returned almost 
to control levels and only ANL hydroxylase was significantly different from control activity. Daily 
DS administration (0.4 g/kg) produced small but significant increases in microsomal cytochrome b, 
levels and in NADPH-cytochrome c reductase activity, whereas NADPH oxidase and NADPH-cyto- 
chrome P-450 reductase activities were significantly lower in treated rats. In addition to these effects 
in vivo, DS competitively inhibited EtM N-demethylase in vitro and bound to cytochrome P-450, 
producing a type I difference spectrum, thus providing additional mechanisms to account for impair- 


ment in vivo of drug metabolism by DS. 


Disulfiram (Antabuse. DS) has been used for over 20 
years in avoidance therapy for certain patients with 
chronic alcoholism. This usage is based on the obser- 
vation that DS inhibits aldehyde dehydrogenase 
resulting in acetaldehyde accumulation upon inges- 
tion of ethanol [1]. This elevation in blood acetalde- 
hyde levels appears to be primarily responsible for 
the unpleasant symptoms of the so-called “Antabuse 
reaction” [1,2]. Since the early work with this com- 
pound. several other mechanisms for its effectiveness 
in alcoholism therapy have been proposed [3,4] and 
DS has been shown to inhibit other enzymes such 
as: dopamine f-hydroxylase [5], hexokinase [6], gly- 
ceraldehyde 3-phosphate dehydrogenase [7] xanthine 
oxidase [8], and D-amino acid oxidase [9]. 

Of particular clinical significance are the observa- 
tions that DS administration to man prolongs the 
half-life of antipyrine [10] and may result in toxic ac- 
cumulation of diphenylhydantoin and warfarin by in- 
hibiting the metabolism of these drugs by hepatic 
microsomal enzymes [11,12]. More recently, DS has 
been shown to inhibit rat hepatic microsomal and 
plasma esterases that are responsible for hydrolysis 
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of many ester and amide drugs [13]. Oxidative drug 
metabolism has also been studied in rat liver micro- 
somes after DS administration, but previous work has 
focused primarily on the acute effects of a single dose 
of the drug [14-16]. Since DS is given in daily doses 
during therapy for chronic alcoholism [17], the pres- 
ent study was undertaken to more clearly define the 
effects of daily DS administration on the metabolism 
in vitro of drugs and on the various components of 
the microsomal enzyme systems in rat liver. 


MATERIALS AND METHODS 


Animals. Male Sprague-Dawley rats weighing 
180-200 g at the beginning of the dosing period were 
used in all studies. Animals had free access to Purina 
lab chow and water. The average weights for each 
group were not statistically different at the beginning 
of the dosing period or at any subsequent sacrifice 
time. Both control and treated rats ate normally; the 
average weight gain for the control animals was 7.8 
g/day, while rats receiving 0.1 or 0.4 g/kg of DS daily 
gained 8.6 g/day and 7.1 g/day respectively. 

Dosing. Disulfiram (Sigma Chemical Co., St. Louis, 
Mo.) was finely powdered with a mortar and pestle 
and was suspended in 0.5°%, carboxymethyl-cellulose 
(CMC) solution. Rats were given DS (0.1 or 0.4 g/kg) 
daily by gavage with a stainless steel feeding tube 
fitted to a 5-cm* disposable syringe. The concen- 
tration of DS was adjusted in the solution so that 
the final volume given was 2-3 ml. Control animals 
received an equal volume of vehicle (0.5%, CMC). 
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Tissue preparation and assays. After various periods 
o! daily DS administration. groups of control and 
treated animals were decapitated: their livers were 

> 


removed and immediately homogenized in 2 vol. of 


ice-cold Tris-KCI buffer (0.02 M_ Tris-HCl, pH 
7.4-1.15°,, KCl). Microsomal suspensions were pre- 
pared as previously described | 14]. The protein con- 
tent of the microsomes was determined by the Biuret 
method [ IS]. 

Cytochrome P-450 and cytochrome /. contents ol 
the microsomal suspensions were determined with an 
Aminco-Chance spectrophotometer as described: by 
Omura and Sato[19,20]. NADPH-cytochrome c 
reductase activity was estimated according to the 
method of Phillips and Langdon [21] as modified by 
Gigon et al. [22]. NADPH oxidase activity was esti- 
mated according to the method of Gillette et al. [23] 
and NADPH-cytochrome P-450 reductase activity 
was determined as described by Gigon et al. [22]. A 
Gilford model 2400 spectrophotometer with a cell 
block maintained at 37 was used for these determina- 
tions. 

Drug metabolism was determined in a 3.0-ml incu- 
bation mixture consisting of 5 mM MgCl,. 0.43 mM 
NADP. 10 mM glucose 6-phosphate. 1.5 enzyme units 
of glucose 6-phosphate dehydrogenase. 50 mM 
Tris HCI buffer. 2-4 mg of microsomal protein. and 
appropriate substrate at optimal concentration. The 
mixtures Were incubated in a Dubnoff metabolic incu- 
bator at 37 for 10 min (ethyl-morphine \-demethy- 
lase assay) or 15 min (aniline hydroxylase assay) in 
an air atmosphere 

The \-demethylation of ethylmorphine (5.0 mM) 
was measured in the described incubation mixture by 
the method of Nash [24], which measures the amount 
of formaldehyde formed from the cleaved methyl 
group. The metabolism of aniline (1.0 mM) to 
p-aminophenol (paP) was measured by the method 
of Imai et al. [25] as modified by Chhabra et al. [26]. 

Studies in vitro. In the kinetic study, the K,, and 
| for ethylmorphine \-demethylation in the pres- 
ence and absence of DS were obtained as described 
by Davies et al. [27]. The binding of DS to cyto- 
chrome P-450 was determined in an Aminco-Chance 
spectrophotometer operated in the split beam 
mode [2S]. For this study. washed microsomes were 
prepared by centrifuging the original microsomal sus- 
pension at 78.000 g for 30 min and resuspending the 
pellet in fresh Tris-KCI buffer (2. mg_ protein/ml). 
Washed microsomes (3 ml) were placed in each ol 
two matched cuvettes. and a baseline was recorded 
from 340 to 500 nm. Microliter additions of 30 mM 
DS in absolute ethanol were made to the sample 
cuvette with equal volumes of ethanol to the reference 
cuvette. The absolute spectra of DS in Tris-KCl 
buffer were graphically subtracted from the difference 
spectra recorded in microsomes to correct for the 
absorbance of the compound in the range of 340-420 
nm. 

Statistics. Student’s t-test was used to make com- 
parisons between the control and treated animals. 


RESULTS 


The effect of daily administration of 0.4 g/kg of 
DS on the level of microsomal cytochrome P-450 and 
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Fig. |. Effects of daily oral administration of U.4 g/kg ol 

DS on cytochrome P-450 | ) EtM N\-demethylase 

( ). and ANL hydroxylase ( ) activity in 

rat liver microsomes. The asterisk (*) indicates different 
from control. P*< 0.05. 


on the metabolism in vitro of ethylmorphine (EtM) 
and aniline (ANL) is shown in Fig. |. Treated animals 
were given the first dose of DS by gavage at 7:00 
a.m. on day 0 and they received subsequent doses 
at the same time each day. Groups of control and 
treated animals (N = 4) were sacrificed 24 hr after 
the last dose of DS. Enzyme activities and cyto- 
chrome P-450 levels are presented as percentage of 
decrease: values (mean + S. E. M.) for the 20 control 
animals sacrificed during the experiment were: cyto- 
chrome P-450, 0.601 + 0.024 nmole/mg of protein; 
Etm N-demethylase, 10.10+040 nmoles HCHO 
formed/mg of protein/min; and ANL hydroxylase, 
0.45 + 0.02 nmole pAP formed/mg of protein/min. 

As shown in Fig. |. after | day of DS administ- 
ration. no significant differences in cytochrome P-450 
levels or EtM \-demethylase activity were observed 
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Fig. 2. Effects of daily oral administration o! U.1 g/kg of 

DS on cytochrome P-450 ( ). EtM \-demethylase 

( ). and ANL hydroxylase ( ) activity 

in rat liver microsomes. The asterisk (*) indicates different 
from control. P < 0.05. 
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Table 1. Effect of daily disulfiram administration on heme components and oxido-reductase activity of rat liver 
microsomes 





Experimental 
group 


Parameter measured* 


Days of DS administration 
(0.4 g/kg) 


2 Days 8 Days 





Cytochrome P-450 
(nmoles/mg) 
Cytochrome bh, 
(nmoles/mg) 
NADPH-cytochrome c reductase 
(nmoles cytochrome c reductase/mg/min) 
NADPH oxidase 
(nmoles NADPH oxidase/mg/min 
NADPH cytochrome P-450 reductase 
(nmoles cytochrome P-450 reductase/mg/min) 


Control 
DS 0.343 + 0.23+ 
Control 
DS 0.337 + 0.015 
Control 
DS 
Control 
DS 
Control 
DS 


0.546 + 0.015 0.645 + 0.017 
0.429 + 0.0407 
0.266 + 0.014 
0.402 + 0.019T 
122.4 + 38 


135.7 + 6.5 


0.288 + 0.014 
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* Mean + S. E. M. 
+ Different from control, P < 0.01. 


in microsomes isolated from control or treated ani- 
mals. However. ANL hydroxylase activity was signifi- 
cantly inhibited by 33 per cent in the treated group. 
After 2 days of DS treatment. cytochrome P-450 
levels as well as EtM and ANL metabolism were sig- 
nificantly reduced in treated rats. Moreover. signifi- 
cant impairment of all three parameters was observed 
throughout the remainder of the 12-day study. 
Although EtM \-demethylase activity expressed per 
mg of microsomal protein was significantly inhibited 
in treated animals from days 2 through 12. when 
demethylase activity was calculated in terms of cyto- 
chrome P-450 content. it was significantly reduced in 
treated rats only at the 2-day determination 
(P < 0.05). In contrast. ANL hydroxylase was signifi- 
cantly below control activity at all time points when 
calculated in terms of microsomal protein or cyto- 
chrome P-450 content. 

Impairment of demethylase activity and cyto- 
chrome P-450 levels was also observed during daily 
administration of 0.1 g/kg of DS (Fig. 2): however. 
the reductions were not statistically significant until 
after 5 days of treatment. Demethylase activity and 
cytochrome P-450 levels were also lower in treated 
rats after 8 and 12 days, but the 12-day decreases 
were not statistically significant. On the other hand, 
ANL hydroxylase was significantly inhibited in 
treated animals at all times from 2 to 12 days. When 
metabolic activity was expressed in terms of cyto- 
chrome P-450 content, EtM N-demethylase activity 
was not significantly reduced by 0.1 g/kg of DS daily, 
while ANL hydroxylase activity was significantly 
below control values after 5 or 12 days of treatment. 

Table | summarizes the effect of daily DS (0.4 g/kg) 
administration for 2 or 8 days on microsomal heme 
components and oxido-reductase activity. In contrast 
to the decrease in cytochrome P-450 levels produced 
by DS administration. no significant changes 
occurred in cytochrome /. levels after 2 days of DS 
administration: after S days the cytochrome /,. levels 
in treated rats were actually increased by about 50 
per cent. Daily treatment with DS slightly increased 
NADPH-cytochrome c reductase activity while it sig- 
nificantly decreased NADPH oxidase and NADPH- 
cytochrome P-450 reductase activities by approxi- 
mately 25 and 40 per cent respectively. 


During the studies summarized in Figs. | and 2. 
impairment of EtM \-demethylase closely paralleled 
corresponding decreases in cytochrome P-450 levels. 
Although lower cytochrome P-450 levels probably 
account for the decreased EtM \-demethylase acti- 
vity in microsomes isolated from DS-treated rats. 
other direct interactions between DS and the micro- 
somal mixed function oxidase system may also 
account for impaired metabolism in vivo of drugs such 
as aminopyrine when administered after DS pretreat- 
ment [15]. Since compounds administered to animals 
prior to isolation of hepatic microsomes may be 
“washed out” during preparation of the microsomal 
suspension [29], EtM metabolism was also measured 
in pooled control microsomes in the presence and 
absence of added DS. Disulfiram was added to appro- 
priate incubations (as described in Materials and 
Methods) in 10 yl acetone; control incubations con- 
tained an equal amount of acetone. In order to evalu- 
ate changes in the kinetics of EtM N-demethylation, 
six concentrations of EtM from 0.1 to 1.0 mM were 
employed. The results of this study are summarized 
in the Lineweaver—Burk plots [30,31] presented in 
Fig. 3. The addition of 1 x 10°° or 5 x 10°° M DS 
to control microsomes increased the K,, for EtM 
\-demethylation by about 170 and 580 per cent. re- 
spectively. while the | for the reaction was only 
slightly decreased (by 10 and 30 per cent respectively). 
Therefore. inhibition in vitro of ELM metabolism by 
DS appears to be competitive in nature with an in- 
hibitor constant (A,) of approximately 1.2 x 10°* M 
calculated according to the formula A = A,, |/J 
K,,' — K,,. where A,, represents the Michaelis con- 
stant in the absence of inhibitor and A,’ represents 
the apparent Michaelis constant in the presence ol 
DS at a given concentration [7] [30.31]. 

Since the first step in oxidative metabolism ol 
foreign compounds by hepatic microsomal enzymes 
appears to be the binding of substrate to ferric cyto- 
chrome P-450 [33]. the experiment summarized in 
Fig. 4 was carried out. Disulfiram. like EtM. binds 
to cytochrome P-450 producing a type I spectrum. 
and may therefore inhibit EtM metabolism by com- 
peting with the substrate for binding sites on cyto- 
chrome P-450. The aftinity constant (A,) and maxi- 
mum spectral shift (A) between 390 nm (peak) and 
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Fig. 3. Effect of DS on the kinetics of Etm metabolism 
in vitro. Key: (a) control; (b) | x 10°° M DS; and (c) 
5x 10°° M DS. The K,, (mM) and J (nmoles 
HCHO/mg of protein/min) were calculated by means of 
a computer program [32]. These values (K,, + S.E.M. 
Vinay + S.E.M.) under the described incubation conditions 
were: (a) 0.29 + 0.01/10.99 + 0.14; (b) 0.49 + 0.01/9.88 + 
0.13; and (c) 1.69 + 0.08/7.33 + 0.25. 


423 nm (trough) for DS were calculated for micro- 
somes prepared from five male rats. These values 
(mean + S. E. M.) were: K, (M x 10°) = 1.17+ 0.19 
and AA,,,,, (A300-423 nm/Mg protein) = 0.028 + 0.004. 

Since DS is reduced to the corresponding thiol, 
diethyldithiocarbamate (DDTC), upon administration 
in vivo to the rat [4], studies in vitro were also carried 
out with this metabolite. Unlike DS, DDTC produced 
no detectable binding spectrum when the compound 
was added to control microsomes or to microsomes 
prepared from phenobarbital-treated rats. However, 
DDTC was found to competitively inhibit micro- 
somal EtM N-demethylation, but it was considerably 
less potent than equimolar concentrations of DS; the 
K; for DDTC was calculated to be 1.8 x 10°* M, 
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Fig. 4. Difference spectra obtained upon the addition of 

DS to liver microsomes. Microliter additions of 30 mM 

DS in ethanol were made to microsomes from a control 

male rat containing 0.733 nmole cytochrome P-450/mg of 

protein, and difference spectra were recorded. The final 

DS concentrations were: (A) 2 x 10°° M; (B) 4 x 10 
M; and (C) 8 x 107° M. 


an order of magnitude greater than the K; for DS 
(1.2 x 107° M). 


DISCUSSION 


' 

These studies clearly demonstrate that repeated 
administration of DS to rats results in prolonged im- 
pairment of microsomal drug metabolism. Prolonged 
impairment of drug oxidation during chronic DS 
treatment is in contrast to results obtained with 
several other “inhibitors” of drug metabolism. For 
example, daily administration of SKF-525A (2-diethyl- 
aminoethyl 2,2-diphenyl-valerate HCI) for 5 days pro- 
duced initial inhibition followed by induction of drug 
oxidation [34]. Moreover, in a study of several other 
inhibitors, Kato et al.[{35] found that DEPA(2,4- 
dichloro-6-phenyl-phenoxyethylamine), Lilly 18947 
(2,4-dichloro -6- phenyl - phenoxyethyl- N - N -diethyl- 
amine HBr) and CTF 1201 (diethylaminoethylphenyl- 
diallyl acetate) inhibited microsomal drug oxidation 
shortly after administration but induced drug meta- 
bolism 48 hr after pretreatment. No such biphasic 
pattern was observed during chronic DS adminis- 
tration (Figs. | and 2) or from 4 to 168 hr after a 
single oral dose of 1.0 or 2.0 g/kg (data not shown). 

Data presented in Figs. | and 2 also indicate that 
the rate of onset, maximum effect and persistence of 
impairment of drug metabolism by DS are different 
during administration of the high (0.4 g/kg) or low 
0.1 g/kg) dose of the compound. After 0.4 g/kg, maxi- 
mum effects were achieved after two daily doses and 
persisted without significant change throughout the 
experimental period. In contrast. the maximum effects 
produced by 0.1 g/kg of DS were not seen until 5 
days of treatment and both EtM N-demethylation 
and cytochrome P-450 levels had returned to near 
control levels by day 12. despite continued DS treat- 
ment. These data suggest that administration of low 
therapeutic doses of DS to man may result in rela- 
tively small effects on drug metabolism during 
chronic therapy. 

When EtM N-demethylase activity during daily DS 
treatment was calculated in terms of cytochrome 
P-450 levels. activity in treated animals was signifi- 
cantly below control activity in only one case (0.4 
g/kg of DS for 2 days). In contrast, ANL hydroxylase 
was generally lower in treated rats even when activity 
was calculated in terms of microsomal cytochrome 
P-450 content. Therefore, impairment of EtM meta- 
bolism appears to be due primarily to depression of 
cytochrome P-450, at least after 48 hr, while ad- 
ditional factors are involved in impairment of ANL 
metabolism. The exact nature of the interactions re- 
sponsible for the more “selective impairment” of ANL 
hydroxylase are not known. However, it should be 
emphasized that the metabolism of a type II com- 
pound such as aniline is often affected differently from 
that of type I compounds after exposure of an animal 
to chemicals such as polycyclic hydrocarbons [36] 
and urethane [37]. Moreover, since microsomes pre- 
pared from DS-pretreated rats metabolize ANL at a 
reduced rate in the absence of overt changes in cyto- 
chrome P-450 levels, the interaction could involve 
covalent binding of DS or a metabolite to a micro- 
somal component essential for ANL hydroxylation or 
may represent a “permanent inactivation” of this 
component. 





Impairment of ‘microsomal drug metabolism by disulfiram 


In addition to the depression of cytochrome P-450 
levels produced by DS administration, studies in vitro 
indicate that DS may also impair drug metabolism 
by competing with the drug substrate for hepatic mic- 
rosomal enzymes. DS was shown to bind to cyto- 
chrome P-450 producing a type I spectrum (Fig. 4). 
Therefore, it appears that the two type I compounds, 
DS and EtM, compete for the same binding site on 
cytochrome P-450, since DS competitively inhibits 
EtM N-demethylation (Fig. 3). Moreover, results in 
vitro indicate that the reduced metabolite of DS, 
diethyldithiocarbamate, is a comparatively weak in- 
hibitor of EtM metabolism and does not bind to cyto- 
chrome P-450 as does the oxidized disulfide. 

Although daily DS administration depresses micro- 
somal cytochrome P-450 levels, it increases or does 
not alter cytochrome b,; content (Table 1). These 
results are consistent with the observations of Stripp 
et al. [14] who found that, 24 hr after a single dose 
of DS (200 mg/kg, ip.), there was a significant de- 
crease in cytochrome P-450 and no change in cyto- 
chrome b, levels in microsomes isolated from treated 
rats. Although the actual mechanism by which DS 
lowers cytochrome P-450 levels is not known, the 
above observations indicate that the mechanism does 
not involve a generalized heme destruction or impair- 
ment of heme synthesis in the liver. 

Since cytochrome c reduction was catalyzed equally 
well by microsomes from control or DS-treated rats 
(Table 1), chronic DS administration apparently had 
no direct effect on NADPH-cytochrome c reductase 
of rat liver microsomes. However, microsomal reduc- 
tase activity measured with cytochrome P-450 as the 
terminal electron acceptor (NADPH-cytochrome 
P-450 reductase) was significantly decreased by 37 or 
45 per cent after 2 or 8 days of treatment (Table 1). 
Since NADPH-cytochrome c reductase and NADPH- 
cytochrome P-450 reductase are now assumed to be 
the same enzyme [38], apparent differences depend on 
the substrate used to assay its activity. Cytochrome 
c is added to microsomes at approximately 10 times 
its K,, concentration [39] and, therefore, the reaction 
proceeds at maximum velocity. However, in the 
NADPH-cytochrome P-450 reductase assay, the sub- 
strate concentration. is determined by the level of 
cytochrome P-450 in the microsomal membrane and 
cannot be varied as can cytochrome c. Although the 
K,, for cytochrome P-450 in the reaction is unknown, 
if the cytochrome P-450 content of control or treated 
microsomes is near the K,,, lower levels in micro- 
somes from DS-treated animals would be expected 
to result in proportionally lower NADPH-cytoch- 
rome P-450 reductase activity. Such appears to be 
the case since after 2 or 8 days of DS treatment, de- 
creases in NADPH-cytochrome P-450 reductase acti- 
vity roughly paralleled decreases in microsomal cyto- 
chrome P-450 levels. Therefore, chronic DS administ- 
ration does not appear to decrease the level of micro- 
somal flavoprotein reductase, but does decrease the 
rate at which cytochrome P-450 is reduced, presum- 
ably by depressing microsomal cytochrome P-450 
content. 

Since several investigators demonstrated that alter- 
ations in the fatty acid (FA) content of the microso- 
mal membrane can affect drug oxidation [40, 41], 
microsomal FA content was determined by gas—liquid 
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chromatography during chronic DS administration 
(data not shown). The total FA content of micro- 
somes isolated from DS-treated rats was slightly 
lower than control animals (by approximately 10-20 
per cent). However, the slight decrease in total FA 
content was not due to loss of a particular class of 
FA, since each FA measured (16:0, 18:0, 18:1. 18:2. 
20:4, 22:6) was decreased in treated animals to ap- 
proximately the same extent. Therefore, significant 
alterations in the content or relative distribution of 
microsomal! fatty acids apparently do not contribute 
to the observed impairment of microsomal drug 
metabolism by DS. 

Recent studies in man suggest that daily administ- 
ration of DS results in a relatively constant degree 
of impairment in drug metabolism. For example. the 
prolongation o: the half-life of antipyrine in persons 
receiving DS (7 mg/kg) for 4 days was practically 
identical to that observed after 10 days of treat- 
ment [10]. Moreover, a similar inhibition of warfarin 
hydroxylation has also been reported in normal 
volunteers given 250 or 500 mg of DS daily from 
3 to 21 days[42]. These observations in man and 
our observations in rats given 0.4 g/kg of DS daily 
indicate that, during chronic therapy with relatively 
high doses of DS, a prolonged impairment of drug 
oxidation occurs. Therefore, the dose of other drugs 
given concurrently with commonly used doses of DS 
(250-500 mg/day) must be closely evaluated. On the 
other hand, results obtained after administration of 
0.1 g/kg of DS daily to the rat indicate that at lower 
doses the impairment of drug oxidation by DS is not 
cumulative with continuing therapy; in fact. microso- 
mal enzyme activity may return to near control levels 
after several days of continued DS administration. 
Since administration of relatively low doses of DS 
to the rat results in only transitory impairment of 
hepatic microsomal enzymes, it would be of interest 
to determine the effect of low daily doses of DS on 
drug biotransformation in man. If such studies 
revealed that low doses of DS did not produce cumu- 
lative impairment of drug metabolism in man, these 
data would be valuable in treating the alcoholic 
patient with DS while minimizing adverse drug reac- 
tions resulting from impaired bio-transformation of 
drugs given concurrently with DS. 
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Abstract—After the administration of 50 «moles sulfobromophthalein (BSP) or BSP glutathione conju- 
gate (BSP-GSH) to rats, the maximal dye excretion was approximately 50 per cent higher for the 
latter as compared to the former. BSP or BSP-GSH and three glucuronides, thiamphenicol glucuronide 
(TPG), chloramphenicol glucuronide (CPG) and phenolphthalein glucuronide (PPG). depressed each 
other’s bilary excretion. Competition between BSP or BSP-GSH and these glucuronides was not 
observed in the first phase of disappearance from blood. Transport of these drugs from blood to 
bile occurs rapidly. From these results, it can be inferred that in the transport of these drugs from 
blood to bile at least one common step is involved. but that this step is not the uptake from blood 
to liver. The binding affinity of these organic anions to hepatic cytoplasmic proteins was examined 
by Sephadex G-75 gel filtration and by ultrafiltration. In the former experiment, BSP showed an 
apparent binding affinity to the cytosol fraction containing ligandin and Z protein. BSP-GSH showed 
a lower affinity than that of BSP. On the other hand, three glucuronides were not eluted with the 
fraction. In the latter experiment. 41 per cent of BSP was bound to the cytosol fraction, whereas 
only 10 per cent of BSP-GSH and PPG and none of CPG and TPG were bound. These results 
also suggest that the competition in biliary excretion observed between BSP or BSP-GSH and the 
glucuronides does not occur at the binding sites of ligandin or Z protein, and that binding to these 


proteins may not be required for the overall transport of these glucuronides from blood to bile. 


Sulfobromophthalein (BSP) is rapidly taken up by the 
liver in several animal species and excreted against 
a concentration gradient into the bile mainly as the 
glutathione conjugate (BSP-GSH). A much higher 
rate of excretion of dye into the bile is observed after 
the administration of conjugated BSP rather than free 
BSP in the rats and guinea pigs [1,2]. Although this 
may indicate that conjugation facilitates dye transport 
into the bile and is rate limiting in the overall trans- 
port from blood to the bile of these animals, other 
interpretations of these results are possible [3]. The 
observations that free BSP also appears in the bile 
and competitively inhibits the transport of conjugated 
BSP into the bile [4] further complicate the problem. 

Thiamphenicol glucuronide (TPG), chlorampheni- 
col glucuronide (CPG) and phenolphthalein glucur- 
onide (PPG) are transferred from blood into bile 
against a large concentration gradient in rat and their 
transport processes are saturable. The excretion of 
these glucuronides is inhibited by probenecid [5]. 
However, no definite mechanisms have been defined 
for the overall transport of these organic anions from 
blood to bile. The purpose of the present report was 
to investigate the interaction between BSP or its 
major metabolite, BSP-GSH., and these glucuronides 
with regard to disappearance from blood and biliary 
excretion, and to discuss their hepatic transport 
mechanisms. 

In recent years, two hepatic cytoplasmic protein 
fractions, designated as ligandin (or Y protein) and 
Z protein, have been described [6, 7]. It has been 
proposed that binding to these proteins, especially 
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ligandin, is an important event in the hepatic uptake 
and storage and/or transport into bile of cholephilic 
agents [6.8.9]. As a second phase of this project. the 
binding affinity of these organic anions to the cytop- 
lasmic proteins was compared, and _ their possible 
roles in the overall transport of these anions are dis- 
cussed. 


MATERIALS AND METHODS 


Drugs. TPG, m.p. 190-192. was isolated from 
guinea pig urine and bile by a method described else- 
where [10]. CPG was isolated from human urine by 
the method of Uesugi et al.[11]. PPG and b-sac- 
charic acid-1,4-lactone were obtained from the Sigma 
Chemical Co. BSP was obtained from K & K Labor- 
atories Inc. BSP-GSH was isolated from rat bile by 
the methods of Combes [12] and Grodsky er al. [13]. 

Biliary excretion. Male Wistar rats weighing 
340-360 g were anesthetized with sodium pentobarbi- 
tal ip. (40 mg/kg). Through an abdominal incision, 
the renal pedicles were ligated and the bile duct was 
cannulated with polyethylene tubing (18 cm in length). 
A thermometer probe was placed on the surface of 
the liver, and body temperature was maintained at 
38 with a heating lamp throughout the experiments. 
After the incision had been closed, bile was collected 
for 10 min prior to administration of drugs. The drugs 
(50 zmoles) were then injected into the femoral vein 
over a 1.5-min period, and bile was collected for 
90 min at 10-min intervals. TPG, CPG and PPG in 
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bile were determined by the methods reported pre- 
viously [5, 10], and BSP was determined in bile by 
measuring the absorbance at 578 nm after alkaliniza- 
tion with 0.1 N NaOH. Determination of these glu- 
curonides was not disturbed by the presence of BSP 
or BSP metabolites. For the determination of BSP 
metabolites, a portion of bile was chromatographed 
on’ Toyo No. 51 paper in a descending system 
employing n-propanol—water—acetic acid (10:5:1) for 
Shr [12]. After the position of the fractions had been 
determined with ammonia, each band was cut out 
and the dye was eluted with 20ml of 0.5 N NaOH 
by shaking for 10 min. The BSP content of the eluate 
was measured colorimetrically. Two spots corre- 
sponding to free BSP and BSP-GSH and two spots 
of unknown metabolites were observed by this 
method. The fraction of the unknown metabolites can 
be separated to three spots by the method of Whelan 
and Plaa [14]. In the present study, we measured the 
sum of these unknown metabolites. 

Blood samples. Blood samples (0.2 ml) were drawn 
from the common jugular vein into heparinized syr- 
inges at 2, 4, 6, 8, 10, 15, 20 and 30min after the 
start of injection of drug over a 1.5-min period, and 
diluted with distilled water to a volume of 10 ml. For 
the determination of CPG and TPG, 4ml of the 
diluted blood sample was deproteinized with 1 ml of 
0.5 N-NaOH followed by | ml of 10% ZnSO,4.7H,O 
solution, and the supernatant was treated by the 
methods reported previously [10]. PPG was deter- 
mined in blood samples by the method reported pre- 
viously [5], after hydrolysis of 4ml of the diluted 
sample with | ml of conc. HCI at 100° for 60 min. 
BSP was determined in blood using DEAE-cellulose 
column as reported previously [15]. 

Gel filtration. Heparinized male rats weighing 
340-360 g were anesthetized with sodium pentobarbi- 
tal, and the livers were perfused in situ through the 
hepatic vein with ice-cold 0.9°, NaCl solution to 
remove residual blood. The perfused livers were 
rapidly excised and washed with the perfusion fluid. 
A 25°, homogenate was prepared in 0.25 M _ sucrose 
in 0.01 M phosphate buffer (pH 7.4). The homogenate 
was centrifuged at 2) at 110,000 g (max) for 120 min. 
The supernatant fraction was separated from the pel- 
let and surface lipid. BSP (2.4 umoles), BSP-GSH 
(2.4 «wmoles), TPG, CPG or PPG (20 mmoles) and 
20 yumoles of D-saccharic acid-1,4-lactone as an inhibi- 
tor of f#-glucuronidase were added to 2ml of the 
supernatant fraction containing about 36-43 mg of 
protein and thoroughly mixed. After standing at 4 
for 20 min, the mixture was applied to the bottom 
of a Sephadex G-75 column (2.2 x 100cm) equili- 
brated with 0.01 M phosphate buffer at 4°. Elution 
was performed using the same buffer and a pump- 
driven, upward flow system. Fractions of 4.4 ml of 
eluate were. collected. The flow rate was 31.2 ml/hr. 
The absorbance at 280nm was determined for each 
fraction, and protein content was estimated by sub- 
tracting the absorbance at 280 nm of drug itself from 
the absorbance of the mixture measured at 280 nm, 
because of considerably high absorbance at 280 nm 
of the drugs themselves. Determination of drugs in 
the fractions was made by the methods described 
above for the bile samples and was not affected by 
protein. Protein concentration in the supernatant 
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fraction was estimated by the method of Lowry et 
al. [16]. 

Binding of drugs to rat liver supernatant fraction in 
vitro. Three ml of solution in 0.01 M phosphate buffer 
containing 5 wmoles drug and 10 pmoles pD-saccharic 
acid-1.4-lactone was mixed with | ml of the superna- 
tant fraction prepared above in a Visking tube (6.4 mm 
in diameter), and ultrafiltered at 1500g for 3hr at 
4. Another 3 ml of drug solution was mixed with 
1 ml of buffer solution, instead of the supernatant 
fraction, and treated as described above. The concen- 
tration of drugs in the filtrate was determined by the 
same methods described above. 

Statistical analysis. Data were analyzed by a group 
comparison Student’s t-test; P < 0.05 was considered 
significant. 


RESULTS 


Biliary excretion of BSP and BSP-GSH. In the first 
experiment, BSP and BSP-GSH were injected in two 
groups of rats with ligated renal pedicles and their 
rates of biliary excretion of total dye were compared. 
In Fig. | it is seen that peak excretion was 40 min 
after injection of BSP and 20min after injection of 
BSP-GSH. Subsequently, .the excretion rate after 
BSP-GSH injection fell more rapidly than was seen 
after the injection of BSP. One possible explanation 
for this observation is that the formation of 
BSP-GSH is the rate-limiting step in the excretion 
of BSP and accounts for the delay in the excretion 
peak observed after injection of BSP [1, 2, 17]. 

Interaction of BSP and glucuronides in biliary excre- 
tion. In the previous studies of this series [5], it 
appeared that TPG, CPG and PPG were transferred 
from blood to bile against a large concentration gra- 
dient and that the transport process was saturable. 
The excretion was influenced by probenecid. There- 
fore, it was postulated that these glucuronides and 
BSP would influence each other’s biliary excretion. 
This indeed was seen in the experiments illustrated 
in Fig. 2 and Table 1. The biliary excretion of these 
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Fig. |. Biliary excretion of BSP after injection of BSP or 
BSP-GSH in rat. Rats with ligated renal pedicles received 
BSP (50 umoles) or BSP-GSH (50 pmoles) intravenously. 
Bile was collected in !9-min periods for 90 min. Results 
are given as the mean + S.E:M. for six animals receiving 
BSP and four animals receiving BSP-GSH. An asterisk 
(*) indicates significantly different (P < 0.05) from the 
group injected with BSP. 
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Fig. 2. Effect of BSP on biliary excretion of TPG, CPG and PPG. Rats with ligated renal pedicles 

received glucuronide (50 pmoles) alone, or glucuronide together with BSP (50 moles) intravenously. 

Bile was collected in 10-min periods for 90 min. The number of experiments is shown in parentheses. 

Results are given as the mean + S.E.M. An asterisk (*) indicates significantly different (P < 0.05) 
from the group injected with each drug alone. 


glucuronides was markedly depressed by the simul- 
taneous administration of BSP. The excretion of BSP 
was also significantly (P < 0.05) depressed by these 


Table |. Interaction of BSP or BSP-GSH and TPG, CPG 
and PPG in biliary excretion 








Biliary excretion 
(uzmoles/90 min + S.E.M.) 


Drug 





0.76 
1.37* 
1.75* 


TPG alone 

+ BSP 

+ BSP-GSH 
CPG alone 

+ BSP 

+ BSP-GSH 
PPG alone. 

+ BSP 

+ BSP-GSH 
BSP alone 

+ TPG 

+ CPG 

+ PPG 
BSP-GSH alone 

+ TPG 

+ CPG 

+ PPG 


28.17 
14.29 
18.13 
42.13 
i327 
24.21 
36.65 
16.81 
25.24 
32.32 
28.35 
26.62 
25.91 
34.15 
30.93 
30.86 
30.33 


Ie HE HE EEE HH HX 





* Significantly different (P < 0.05) from the group in- 
jected with each drug alone. 


glucuronides. It appeared that the biliary excretion 
of BSP was influenced most by PPG and least by 
TPG under these experimental conditions. 

Effect of PPG on excretion of BSP metabolites. In 
another set of experiments, the effect of PPG on the 
excretion of BSP metabolites was determined. Table 
2 shows the biliary excretion of BSP metabolites after 
injection of BSP alone. Rats with ligated renal pedi- 
cles were given i.v. injections of 50 ymoles BSP, and 
30-min bile samples were collected for 90 min. It was 
confirmed by paper chromatography that free BSP, 


Table 2. BSP and its metabolites excreted in rat bile after 
injection of BSP* 





Amount excreted 
(umoles) 


Fraction 0-30 min 30-60 min 60-90 min 





Free BSP 

Unknown 
metabo- 
lites 

BSP-GSH 


2.79 + 0.39 
0.49 + 0.10 


1.78 + 0.02 
2.04 + 0.02 


0.68 + 0.16 
1.03 + 0.17 


8.97 +039 12354003 2.:17+011 





* Chromatography was carried out on bile collected 
from rats with ligated renal pedicles after i.v. administ- 
ration of 50 umoles BSP. Results are expressed as the 
mean + S.E.M. for five animals. 
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Table 3. Effect of PPG on excretion of BSP and its meta- 
bolites after injection of BSP* 





Amount excreted (jmoles) 


Fraction 0-30 min 30-60 min 60-90 min 





Free BSP 

Unknown 
metabo- 
lites 

BSP-GSH 


1.99 + 0.08 
0.24 + 0.01 


1.46 +.0.33 


2.70 + 0.32 
+ 1.78 + 0.03 


0.98 + 0.04 


3.50+0.15 6.79 + 0.46 5.67 + 0.04 





* Bile was collected after simultaneous i.v. administ- 
ration of 50 nmoles each of BSP and PPG. Results are 
expressed as the mean + S.E.M. for three animals. 


BSP-GSH and unknown metabolites were in the bile. 
It can be seen in Table 2 that. at all time periods, 
the percentage of total dye excretion as free BSP 
was less than that of total BSP metabolites and that 
the percentage excreted as BSP-GSH was higher than 
that of other fractions. The percentage of excreted 
dye in the unknown metabolites fraction was the low- 
est of all fractions during the first 30-min period but 
increased with time. 

Table 3 shows the effect of PPG on the biliary 
excretion of dye after injection of BSP. PPG 
(50 sumoles) was injected together with 50 pmoles BSP. 
and 30-min bile samples were collected for 90 min. 


o TPG alone (4) 
@ TPG together with BSP-GSH(3) 








TPG excreted, pmoles/lOmin 


PPG alone (4) 
PPG together with BSP-GSH (3) 








PPG excreted, .moles/|Omin 
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The results show that the excretion of free BSP in 
the first 30-min period was substantially (P < 0.05) 
lower than that of control (Table 2), although it was 
significantly increased in the later periods. The excre- 
tion of BSP-GSH and unknown metabolites was 
markedly (P < 0.05) depressed by PPG in the first 
and second periods, and significantly increased in the 
last 30-min period. Consequently, the total recovery 
of unknown metabolites was statistically unchanged. 
However, the total recovery of BSP-GSH was sub- 
stantially (P < 0.05) lower than that of control. These 
results may explain the inhibition by the glucuronides 
on the biliary excretion of dye after injection of BSP, 
seen in Fig. 2 and Table 1. 

Interaction of BSP-GSH and glucuronides. It can be 
seen in Fig. 3 and Table | that the simultaneous injec- 
tion of BSP-GSH significantiy decreased the peak 
excretion rate and the total amount excreted in 90 
min of TPG, CPG and PPG. However, there was 
no delay in the peak excretion of these glucuronides 
as was seen with BSP (Fig. 2). The inhibitory effect 
of BSP-GSH on the excretion of these glucuronides 
was apparently less than that of free BSP. On the 
other hand, the peak excretion rate of BSP-GSH was 
depressed significantly by the simultaneous injection 
of PPG and CPG. PPG caused a delay in the peak 
excretion of BSP-GSH, whereas CPG did not cause 
such a delay. TPG did not significantly depress the 
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Time after injection, min 
Fig. 3. Effect of BSP-GSH on biliary excretion of TPG, CPG and PPG. Rats with ligated renal 
pedicles received glucuronide (50 zmoles) alone, or glucuronide together with BSP-GSH (50 pmoles) 
intravenously. Bile was collected in 10-min periods for 90 min. The number of experiments is shown 
in parentheses. Results are given as the mean + S.E.M. An asterisk (*) indicates significantly different 
(P < 0.05) from the group injected with each drug alone. 
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Fig. 4. Effect of BSP on blood disappearance of TPG and PPG. Blood (0.2 ml) was collected from 
the common jugular vein at 2, 4, 6, 8, 10, 15, 20 and 30 min after the start of iv. injection (femoral 
vein) of glucuronide (50 yxmoles) alone, or glucuronide together with BSP (50 szmoles) over a 1.5-min 
period. The number of experiments is shown in parentheses. Each point represents the mean + S.E.M. 


excretion of BSP-GSH at any time period, although 
the glucuronide significantly suppressed dye excretion 
after BSP injection and caused a delay in its peak 
excretion (Table | and Fig. 2). 

Effect of BSP and BSP-GSH on blood disappearance 
rate of glucuronides. The effect of BSP on the blood 
disappearance of TPG and PPG was minimal during 
the first phase but more evident later on. The disap- 
pearance of BSP from blood was not influenced by 
TPG and PPG at any time during the course of the 
experiment (Fig. 4). In Fig. 5, it is seen that the disap- 
pearance of PPG from blood is not influenced by 
BSP-GSH during the first phase but some inhibition 
is apparent during the second phase. The disappear- 
ance of BSP-GSH from blood was not influenced dur- 
ing either phase by PPG, although among three glu- 
curonides PPG caused the greatest depression of the 
biliary excretion of BSP-GSH (Fig. 3). 

Binding of drugs to rat liver supernatant fractions 
in vitro. Levi et al.[6,18-21] have suggested that 
ligandin is a major determinant of the net flux of 
organic anions such as BSP, bilirubin and indo- 
cyanine green from plasma into liver. A role for hepa- 
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tic cytoplasmic proteins has also been suggested in 
the hepatic transport of acid azo dyes and brom- 
phenol blue [8]. From these observations, it was con- 
sidered possible that BSP-GSH and three glucur- 
onides would also bind to cytosol proteins. 

In the first set of experiments, binding of the drugs 
to cytosol proteins was examined according to the 
method of Levi et al. [6]. The presence of the organic 
anions binding proteins, ligandin and Z protein, in 
the supernatant fraction of a liver homogenate was 
demonstrated by the elution profile of BSP from 
Sephadex G-75, shown in Fig. 6. These results were 
in accord with the findings of Levi et al.[6]. BSP 
was also eluted at two low molecular weight regions 
centering around tubes 95 and 120. The peak at tube 
No. 120 is thought to represent unbound BSP. Tubes 
70-100 absorbed at 280 nm but contained no protein 
detectable by the method of Lowry et al. [16]. 
Measurement of these peaks at 280 and 260 nm [22] 
suggested the presence of nucleic acids, proteins with 
low molecular weight, or peptides. Since BSP was not 
eluted in this region when BSP alone was applied 
to a Sephadex G-75 column under the same condi- 


BSP-GSH 


o Control (3) 
e PPG (2) 








Time after injection, min 


Fig. 5. Effect. of BSP-GSH on blood disappearance of PPG. Blood (0.2 ml) was collected from the 

common jugular vein at 2, 4, 6, 8. 10, 15, 20 and 30min after the start of iv. injection (femoral 

vein) of PPG (50 umoles) alone, or PPG together with BSP-GSH (50 umoles) over a 1.5-min period. 
The number of experiments is shown in parentheses. Each point represents the mean + S.E.M. 
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Fig. 6. Elution patterns of rat liver supernatant fraction with drugs added in vitro using Sephadex 
G-75. Two ml supernatant (110,000 g, max), containing 35.5 to 43.2 mg protein, from 2 g of rat liver 
was added to BSP or BSP-GSH (2.4 umoles) or glucuronide (20 ymoles) in vitro, and eluted from 
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a 2.2 x 100cm Sephadex G-75 column in 0.01 M phosphate buffer (pH 7.4). Flow rate was 31.2 ml/hr 
and collections were 4.4 ml/tube. Ajgo was corrected by deducting the absorption calculated at 280 nm 
of drug itself from the absorption of the mixture measured at 280 nm. 


tions, it was inferred that BSP was truly bound to 
some low molecular components. As shown in Fig. 
6. BSP-GSH was bound to ligandin and Z protein 
fractions only to a slight extent. TPG and CPG 
appeared not to be associated at all with these frac- 
tions, although they were in the low molecular weight 
region of tubes 70-90. On the other hand, PPG was 
not eluted with any protein fraction. It should be 
pointed out that the amount of each glucuronide 
(20 zmoles) applied to the column was about eight 
times as much as of BSP or BSP-GSH (2.4 pmoles). 
However, interaction between the drug and gel may 
occur, especially with BSP, BSP-GSH and PPG in 
view of their affinity for liver supernatant shown 
below. Interaction with the gel could give the impres- 
sion of little or no protein binding. 


Table 4. Binding of drugs to rat liver 
supernatant fraction in vitro* 





Per cent of binding 





TPG 
CPG 
PPG 
BSP-GSH 
BSP 


0.01 - 
0.02 + 
9.57 + 
9.90 + 
40.73 


0.01 
0.01 
2.15 
0.64 
+ 0.75 





* Results are given as the 
S.E.M. for three animals. 


mean + 


In the second experiment, binding was examined 
by ultrafiltration, and BSP showed considerable 
affinity for the rat liver supernatant fraction (Table 
4). BSP-GSH and PPG showed much lower affinity 
than did BSP, and TPG and CPG were not bound 
at all. 


DISCUSSION 


BSP is conjugated with glutathione in the liver 
[12, 13,23-25]. A number of investigators have 
reported that the conjugation of BSP facilitates dye 
transport from the parenchymal cell into bile in rats 
[1, 2,17, 26] and guinea pigs [2]. Our results corrob- 
orate these findings: after the administration of 
50 zmoles BSP or BSP-GSH to rats the maximal dye 
excretion was approximately 50 per cent higher for 
the latter compared to the former (Fig. 1). However, 
whether the conjugating step of BSP is rate limiting 
in the overall transport of BSP from blood to bile 
is highly controversial [3]. Whelan and Combes [4] 
have reported that when excretion of conjugated BSP 
reached a constant level during BSP infusion into 
guinea pigs and rats, conjugated BSP was present in 
the liver in quantities sufficient to result in much 
higher rates of excretion, had only conjugated mater- 
ial been present in the liver. Furthermore, they 
observed that the rate of excretion of conjugated BSP 





Hepatic interaction between BSP and glucuronides 


during infusion of conjugated BSP alone was mark- 
edly depressed when BSP was added to the infusion. 
From these observations they concluded that the 
lower maximal rate of excretion of dye into the bile 
for BSP compared to conjugated BSP was not due 
to a rate-limiting conjugation step but reflected the 
competition between BSP and conjugated BSP. In ex- 
periments using single i.v. injections of free BSP, how- 
ever, more conjugated than free BSP is excreted into 
the bile over a wide range of doses [1, 2] (Table 2). 
At least two processes, conjugation and excretion, are 
involved in the transport of dye into bile after injec- 
tion of BSP. Conjugated BSP is much less readily 
bound to the proteins of the supernatant fraction of 
rat liver than is free BSP [1] (Table 4), and we have 
shown that the excretion rate of conjugated BSP is 
higher than that of free BSP (Fig. 1). Varga et al. [26] 
demonstrated that the hepatic concentration of free 
BSP was approximately seven times higher than that 
of BSP-GSH after administration of 200 mg/kg of free 
BSP or an equimolar dose of BSP-GSH in diethylma- 
late-treated rats which have low conjugation ability. 
After a single BSP injection, hepatic concentration 
of free BSP high enough to inhibit the transport of 
BSP-GSH can probably be maintained only a short 
time after injection, because free BSP is rapidly conju- 
gated and excreted into the bile [1] (Table 2). The 
results from these experiments using single i.v. injec- 
tions of BSP or conjugated BSP have given us the 
impression that conjugation may be the rate-limiting 
step in the overall transport of BSP from blood to 
bile. 

It is well known that organic anions of varying 
structure influence each other’s biliary transport 
[5, 27-30]. It has now been found that BSP, 
BSP-GSH and three glucuronides (TPG, CPG and 
PPG) depress each other’s biliary excretion (Figs. 2 
and 3, and Table 1). The biliary excretion of these 
glucuronides was markedly depressed by the simul- 
taneous injection of BSP or BSP-GSH. On the other 
hand, the peak excretion rate and total amount of 
BSP excreted in 90 min were significantly depressed 
by these glucuronides. Only the peak excretion of 
BSP-GSH was suppressed by PPG and CPG. 
Although TPG significantly suppressed dye excretion 
after BSP injection, this glucuronide did not depress 
the excretion of BSP-GSH. As possible explanation 
for the different effects of three glucuronides on the 
excretion of dye after BSP or BSP-GSH injection was 
offered. A high concentration of conjugated BSP at 
the transport site in liver is undoubtedly reached 
more rapidly after BSP-GSH injection than after free 
BSP injection, because the amount of conjugated BSP 
in the liver in the latter case is dependent upor the 
rate of BSP conjugation. Therefore, the glucuronides 
may be competing with less BSP-GSH and thus may 
inhibit more efficiently the transport of conjugated 
BSP after injection of free BSP. This possibility is 
supported by the results shown in Table 3. The simul- 
taneous administration of PPG and BSP resulted 
mainly in the inhibition of excretion of BSP-GSH 
rather than of free or unknown metabolites. This sug- 
gests that the glucuronide suppression of dye excre- 
tion after BSP injection may be due mainly to the 
competition between the glucuronides and BSP-GSH, 
while the delay in the excretion of glucuronides may 
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be attributable to the strong inhibitory effect of free 
BSP. It is not apparent whether the competitive inhi- 
bition occurs at the level of uptake, transport through 
the hepatocyte, excretion or some combination. In 
our study, there was no apparent inhibition during 
the early phase of blood disappearance (Figs. 4 and 
5). Thus, the level of inhibition probably is not hepa- 
tic uptake. The subsequent suppression at the second 
phase may be due to competition for active transport 
within the liver or from liver to bile. The decreased 
biliary:excretion may also lead to a greater efflux of 
drug into the blood. 

Recently, it was shown that ligandin, one of the 
cytoplasmic proteins, was identical to glutathione 
s-transferase B, an enzyme catalyzing the conjugation 
of glutathione with such electrophiles as BSP, ethac- 
rynic acid and 1-chloro-2,4-dinitrobenzene [31]. This 
protein is also capable of binding some neutral com- 
pounds such as methylcholanthrene, certain steroids 
[7] and iodomethane [31]. Indocyanine green is not 
only an ineffective substrate but is a competitive in- 
hibitor for the enzyme [31]. These facts suggest that 
binding affinity of the protein is directed toward elec- 
trophilic sites rather than limited to organic anions 
{31]. BSP has a very high affinity for the cytoplasmic 
proteins. On the other hand, BSP-GSH and PPG 
have lower affinity for the proteins than does BSP, 
and TPG and CPG have little affinity (Fig. 6 and 
Table 4). From these observations, it is inferred that 
competition for biliary excretion observed between 
BSP, BSP-GSH and the glucuronides does not occur 
at the binding sites on the cytoplasmic proteins. In 
view of the low affinity, these proteins may not play 
a role in the transport of these glucuronides and 
BSP-GSH from blood to bile, but rather may play 
a role as a storage site [1] of some cholephilic com- 
pounds such as BSP, billirubin and indocyanine green 
which have electrophilic sites. 
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Abstract—Three carbonyl reagents, namely sodium bisulfite, hydroxylamine and phenylhydrazine, in- 
creased the release of [*H]norepinephrine from sliced mouse heart during stimulation with 50 mM 
potassium ion. The [*H]norepinephrine was identified by binding to aluminum hydroxide and sub- 
sequent thin-layer chromatography. These carbonyl reagents at 10°* M increased the overflow of 
[*H]norepinephrine by 162-249 per cent. Semicarbazide, another carbonyl reagent, proved to be an 
exception. However, semicarbazide reacted more slowly than the other carbonyl reagents with pyridoxal 
phosphate (which was used as a model aldehyde). Therefore, the ability of carbonyl reagents to increase 
overflow of [*H ]Jnorepinephrine appeared to correlate with their ability to react with carbonyl groups. 
The augmented release of [*H]norepinephrine by sodium bisulfite, hydroxylamine or phenylhydrazine 
was not due to inhibited reuptake of released transmitter since cocaine, a strong uptake blocker, 
did not increase the release of [7H ]norepinephrine. When animals were pretreated with 6-hydroxydopa- 
mine to destroy adrenergic nerve terminals, the stimulus-induced overflow of [*H]neurotransmitter 
in the presence of sodium bisulfite was virtually abolished. Similar results were obtained when cocaine 
was used to prevent the accumulation of [*7H]norepinephrine by nerves. Thus, the adrenergic nerve 
endings were the source of the increased overflow of [*H]norepinephrine. These data implicate endo- 
genous aldehydes or ketones in a regulatory role during the release of neurotransmitter. Experiments 
with norepinephrine-depleted hearts (reserpine, 16 hr) labeled with [*H]metaraminol (not metabolized 
by monoamine oxidase) as neurotransmitter showed increased release of *>H-neurotransmitter in the 
presence of 10°3-M sodium bisulfite. This indicated that the aldehyde derived from norepinephrine 
by the action of monoamine oxidase was not responsible for the action of the carbonyl-binding agents. 
In separate experiments, two oxidative phosphorylation uncouplers. 2.4-dinitrophenol (5 x 10° *M) 
and carbonyl cyanide m-chlorophenylhydrazone (10~° M), similarly increased overflow of [*H]nore- 
pinephrine. Experiments with cocaine showed that the increased release of [*H Jnorepinephrine in the 
presence of carbonyl cyanide m-chlorophenylhydrazone was derived from nerve terminals. The oxidative 
phosphorylation uncouplers and the carbonyl reagents may have a common site of action, perhaps 
at an adenosine triphosphate-dependent carbonyl site in the axonal membrane. 


The release of norepinephrine (NE) has been studied MATERIALS AND METHODS 


with isolated organs or tissue slices that were exposed 


to either potassium[1,2] or electrical stimulation 
[3.4]. The amount of NE released from stimulated 
sympathetic nerve terminals is influenced by a 
number of factors. These factors include activation 
of cholinergic receptors[5], blockade of ~-recep- 
tors [3,6] and stimulation of x-receptors [7]. Addi- 
tionally, prostaglandins regulate the release of NE, 
apparently by influencing the influx of calcium ions 
into the neuron [8]. The data dealing with x-receptor 
blockade or stimulation have led some investiga- 
tors [3, 4, 6, 7,9] to hypothesize that the regulation of 
transmitter release was via a feedback mechanism in- 
volving either pre- or postsynaptic receptors or both. 
We were interested in exploring the possibility that 
3,4-dihydroxyphenylglycolaldehyde (the aldehyde de- 
rived from NE by the action of monoamine oxidase) 
might play a role in negative feedback regulation of 
NE release. Therefore, aldehyde-binding agents were 
tested for their effect on the K*-stimulated release 
of NE from mouse heart. Although sodium bisulfite, 
hydroxylamine and phenylhydrazine did, in fact, in- 
crease the overflow of NE, the mechanism of action 
did not appear to be the one postulated. 


Male, Swiss-Webster mice (25-30 g) were killed by 
cervical dislocation. Hearts were removed and sliced 
open longitudinally from the apex so that the two 
halves remained joined near the atria. Each heart was 
rinsed briefly in cold 0.9%, (w/v) saline and then 
spread out on cold moist (0.9°,, saline) filter paper 
on the stage of a Mcllwain-Mickle tissue chopper. 
The heart was chopped from the apex of one half 
to the apex of the other at a setting of 0.5 mm. Each 
heart was put into a 10-ml beaker containing 2 ml 
of cold, modified Krebs-Ringer phosphate buffer and 
equilibrated for 5 min at 37° on a shaker bath. 
[H]NE (18-34nM) was added and uptake was per- 
mitted to continue for 15 min at 37°. Each heart was 
then rinsed briefly in fresh Krebs buffer and incubated 
with 10 ml of fresh buffer (50-ml beaker) for 15 min 
at 37 to remove extraneuronal and loosely bound 
[*H]NE. Subsequently, each heart was removed with 
a pair of forceps, blotted gently on a paper towel 
to remove adhering liquid, and transferred to 1.5 ml 
of fresh Krebs buffer in the well (approximately 2 
ml capacity) of a plastic tissue culture plate. At 5-min 
intervals, each heart was removed and blotted as 
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above, and then transferred into the next well. Each 
plate contained four rows of six wells, sufficient for 
four hearts. The fifth position in each row contained 
50 mM KCI, which had been substituted for an equi- 
molar amount of NaCl. This procedure was carried 
out at 37° with slow shaking on a water bath. Each 
heart was held together by strands of connective tis- 
sue and this facilitated the transfer procedure. At the 
end of each experiment, a 1.0-ml aliquot was sampled 
frony each.well for the determination of released 
radioactivity. Additionally, the radioactivity in each 
heart was leeched into 3 ml of absolute ethanol by 
shaking at 37 for 20 min and then scintillation count- 
ing fluid was added. Fifteen ml of Bray’s solution was 
used in some experiments and 10 ml Aquasol (New 
England Nuclear) in others. 

In some experiments, Al(OH); was used to isolate 
[°H]NE from the total *H liberated from the heart. 
One ml of fluid from the wells of duplicate heart 
specimens was combined and treated with freshly pre- 
cipitated Al(OH), with a modification of the method 
described by Locke et al.[10] as follows: Al(OH), 
was precipitated from 10 ml of 20% (w/v) Al,(SO4); 
in 120 ml of distilled water, containing 480 mg ascor- 
bic acid and 0.1 M NH,Cl, and the suspension was 
adjusted to pH 8.3 with NaOH. Upon addition of 
3 ml of the Al(OH); suspension to the 2-ml exper- 
imental sample, the pH remained at 8.3, which was 
optimal for binding catechol compounds. The mixture 
was permitted to stand at room temperature for 5 
min with occasional shaking, and then the precipitate 
was centrifuged at 700 g for 10 min. A 1.0-ml] aliquot 
of the supernatant was assayed for radioactivity to 
determine the amount of unbound (non-catechol) 
compounds. The precipitate was washed once by 
resuspension in 4.5 ml of 95% ethanol followed by 
centrifugation. Finally, bound catechol compounds 
were eluted by adding 4.5 ml of 95° ethanol-—conc. 
HCl (99:1) and allowing the mixture to stand at room 
temperature for | hr; samples were centrifuged at 700 
g for 10 min to sediment the residual precipitate. 
Two-ml aliquots of each purified extract were assayed 
for radioactivity. The recovery of standard [7H]NE 
in this procedure was 90-92 per cent. 

In other experiments, the radioactivity released 
from the heart during stimulation with 50 mM K”* 
in the presence of 10-3 M phenylhydrazine was sub- 
jected to thin-layer chromatographic analysis. For 
these experiments, eight hearts were run as usual in 
the presence of 10°° M phenylhydrazine and then 
1.25 ml of medium from the K*-stimulated samples 
was combined and 20 mg ascorbic acid, 54 mg NH,Cl 
and 0.5 ml of 20°, (w/v) Al,(SO4); were added. The 
pH was adjusted to 8.3 with NaOH and the purifica- 
tion was completed according to Locke er al. [10]. 
Thin-layer chromatographic radioassay [10] was per- 
formed with Silica gel G and_ sec-butanol-formic 
acid—water (15:3:2) as solvent. 

The rate of reaction of the carbonyl reagents with 


pyridoxal phosphate was measured at 390 nm[11]° 


on a Gilford model 300 spectrophotometer equipped 
with a flow-through cell. The reaction was run at 
room temperature in the same medium used to study 
the release of [*H]NE from sliced mouse heart. The 
reaction was initiated by the addition of 100 yl of 
concentrated carbonyl reagent (prepared in distilled 
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water) to 10 ml of the buffered pyridoxal phosphate. 
Sodium bisulfite at 10°~?M (final concentration) 
reacted with all of the pyridoxal phosphate to form 
an addition complex which exhibited no absorbancy 
at 390 nm; therefore, 10°? M bisulfite was routinely 
added to aliquots of reaction mixture to distinguish 
the absorbance of pyridoxal phosphate from the 
absorbance of the reaction products with the other 
carbonyl reagents. The residual pyridoxal phosphate 
was given by the difference in readings between 
samples read directly and samples to which 10°? M 
sodium bisulfite had been added. 

[ °H ]pL-norepinephrine (6.9 to 10.1 Ci/m-mole) and 
[*H ]metaraminol (6.7 Ci/m-mole) were obtained from 
New England Nuclear. Sodium bisulfite, hydroxyla- 
mine hydrochloride and phenylhydrazine hydrochlo- 
ride were obtained from Fisher Scientific; semicarba- 
zide hydrochloride, J. T. Baker; 2.4-dinitrophenol 
(2.4-DNP), Nutritional Biochemicals; carbonyl 
cyanide m-chlorophenylhydrazone (CCCP), Sigma 
Chemical Co.; pyridoxal phosphate monohydrate, 
CalBiochem; and reserpine (Serpasil), Ciba. 6-Hyd- 
roxydopamine hydrobromide (6-OHDA) was _pur- 
chased from Regis Chemical Co.; solutions were pre- 
pared in ice-cold N,-sparged 0.9%, saline. The modi- 
fied Krebs-Ringer buffer consisted of 118 mM NaCl, 
4.7 mM KCl, 32.0 mM sodium phosphate, 1.8 mM 
CaCl,, 1.2 mM MgSO, and, additionally, contained 
5.6 mM glucose, 1.7 mM ascorbic acid and 1.3 mM 
EDTA. 

Statistical analyses were carried out with the Stu- 
dent’s t-test [12]. 


RESULTS 


Studies with carbonyl reagents. Figure | shows the 
spontaneous efflux of tritium from sliced heart with 
time and the effect of stimulation with 50 mM K’°* 
in the presence (upper panel) and absence (lower 
panel) of 10°* M sodium bisulfite. The spontaneous 
efflux diminished with time in control hearts. When 
sodium bisulfite was added, the spontaneous effiux 
initially increased with time and then exhibited a pla- 
teau between 20 and 30 min. The plateau region was 
used to study the effect of K~ stimulation. The stimu- 
lus-induced efflux of tritium was increased in the pres- 
ence of sodium bisulfite. After stimulation with K°, 
the overflow of tritium decreased and then fell below 
that seen for the corresponding unstimulated samples. 
This effect was augmented in the bisulfite-treated 
samples. There was then a return toward baseline (un- 
stimulated) values. 

In addition to bisulfite, two other carbonyl re- 
agents, namely, hydroxylamine and phenylhydrazine, 
increased the K*-evoked overflow of tritium. In the 
experiments shown in Fig. 2, the data are the dis./min 
released by 50 mM K° .(stimulated sample minus 
baseline value; see legend to Fig. 2). The increased 
overflow compared to control \as 162 per cent for 
sodium bisulfite, 179 per cent for hydroxylamine and 
249 per cent for phenylhydrazine (P < 0.001). In these 
experiments, there was an upward trend in the spon- 
taneous efflux of tritium in the presence of phenylhyd- 
razine or hydroxylamine. The spontaneous efflux 
exhibited a plateau after 20 min with hydroxylamine, 
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Fig. 1. Effect of 10°? M sodium bisulfite on the overflow 
of tritium from sliced mouse heart during stimulation with 
50 mM potassium ion. Individual sliced hearts were 
labeled with [7H]NE for 15 min at 37° and then rinsed 
in fresh medium for 15 min. Each heart was then incubated 
in 1.5 ml of fresh medium and transferred at 5-min inter- 
vals into fresh medium. At the fifth interval (20-25 min), 
the medium contained 50 mM K”, which was substituted 
for an equimolar amount of Na*. Data are not shown 
for the first 5S-min time interval, which was considered to 
be an equilibration period. Data points are the mean + 
S.E.M. for six hearts. The mean heart content of [H]NE 
(+ S.E.M.) after uptake and the initial 15-min rinse was 
111,416 + 4,433 dis./min (N = 24). 


but was still increasing at 30 min with phenylhydra- 
zine. 

In other experiments, the carbonyl reagents were 
tested at a concentration of 2.5 x 10°* M. There was 
increased stimulated overflow of tritium with hydrox- 
ylamine or phenylhydrazine, but much smaller in 
magnitude (viz. 56.7 and 41.4 per cent, respectively, 
P < 0.02) than that seen at 10°* M. There was no 
significant increase in stimulated overflow of tritium 
with sodium bisulfite at this concentration. 

One other carbonyl binding agent, semicarbazide, 
was also tested. This compound is known to react 
more slowly with aldehyde groups [13]. Semicarba- 
zide at 10°* M did not increase the K *-stimulated 
overflow of tritium, nor did it alter the spontaneous 
efflux. The data (stimulated sample minus baseline 
value; see legend to Fig. 2) were as follows. The *H 
released by 50 mM K* from the control hearts was 
131.9 + 9.4 dis./min/10,000 dis./min in the heart 
(mean + S.E.M.; N = 9), while that released in the 
presence of semicarbazide was 102.6 + 10.6 dis./min 
(N = 8; —22 per cent compared to control, P > 
0.05). 

The rate of reaction of the carbonyl reagents with 
a representative biological aldehyde, pyridoxal phos- 
phate (vitamin B,), was studied spectrophotometri- 
cally (Fig. 3). The concentration of carbonyl reagent 
(10° M) corresponded to that used in studies with 
sliced mouse heart. The concentration of pyridoxal 
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phosphate (2.5 x 10° * M) was selected to give a con- 
venient absorbancy (1.4 to 1.5 units) at the absorption 
maximum (390 nm). Phenylhydrazine reacted very 
rapidly with pyridoxal phosphate; the reaction was 
essentially complete within | min. Sodium bisulfite 
also reacted rapidly, but 23 per cent of the pyridoxal 
phosphate remained in equilibrium with the bisulfite 
addition complex. When the concentration of bisulfite 
was raised to 10~? M, the addition complex with pyr- 
idoxal phosphate was quantitatively formed within 20 
sec. Hydroxylamine reacted with pyridoxal phosphate 
more slowly; the reaction went to 70 per cent of com- 
pletion by 2 min and to 90 per cent of completion 
by 5 min. Semicarbazide was the slowest reacting car- 
bonyl reagent. Based on the length of time required 
for the reaction to go to 50 per cent of completion, 
we estimated that semicarbazide reacted only one- 
eighth as quickly as hydroxylamine with pyridoxal 
phosphate. 

The radioactive material released from the hearts 
was subjected to purification with freshly precipitated 
Al(OH), in order to bind *H-catechols and eliminate 
3H-O-methylated metabolites. Most of the tritium 
was bound to the Al(OH), (Table 1). Thin-layer chro- 
matographic analysis of pooled Al(OH),-purified 
extracts of samples collected during stimulation with 
K * in several experiments with phenylhydrazine con- 
firmed that the purified tritium consisted of a single 
substance with an R, corresponding to that of cold- 
carrier NE. During stimulation with 50 mM K’“, the 
percentage of Al(OH);-bound tritium rose (Table 1), 
indicating preferential release of [7H]NE. Addi- 
tionally, the percentage of bound tritium rose during 
the washes prior to stimulation and appeared higher 
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Dis/min released per 10% disper min in heart 


Fig. 2. Effect of carbonyl reagents (10°* M) on the over- 
flow of tritium from sliced mouse heart during stimulation 
with 50 mM potassium ion. Labeling with [*H]NE and 
other details were the same as for Fig. 1. For each heart, 
the average of the pre- and post-stimulus samples (see Fig. 
1) was subtracted from the K *-stimulated sample to obtain 
the dis./min released by 50 mM K~. Data were then 
expressed as dis./min released/10,000 dis./min in the heart 
of the pre-stimulus sample. Data are the mean + S.E.M. 
for N = 7 (controls), N = 6 (bisulfite) and N = 8 (phenyl- 
hydrazine, hydroxylamine). The mean heart content of 
[*H]NE (dis./min + S.E.M.) after uptake and the initial 
15-min rinse was 43,164 + 2,390 (controls), 43,410 + 4,985 
(bisulfite), 44,555 + 6,732 (hydroxylamine) and 43,132 + 
4.679 (phenylhydrazine). 
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Fig. 3. Rate of reaction of the carbonyl reagents (10° 37M) 
with pyridoxal phosphate (2.5 x 10°* M). The reaction 
was run at room temperature in the same medium used 
to study the release of [SH]NE from sliced mouse heart. 
The absorbancy was measured at 390 nm. The amount 
of pyridoxal phosphate was given by the difference in read- 
ings between samples read directly and samples to which 
10°? M sodium bisulfite had been added to complex the 
residual aldehyde. Sodium bisulfite at 10° 7 M reacted with 
all of the pyridoxal phosphate to form an addition complex 
exhibiting no absorbance at 390 nm. Residual absorbance 
in the samples containing the other carbonyl reagents was 
due to the presence of products (viz. the phenylhydrazone, 
semicarbazone, or oxime of pyridoxal phosphate). The 
phenylhydrazone had a stronger absorbance than the pyri- 
doxal phosphate: therefore, samples were diluted 4-fold to 
obtain spectrophotometric readings. The initial absorbance 
of 2.5 x 10°*M pyridoxal phosphate was 1.4 to 1.5 units. 
Abbreviations used are: semicarbazide (SC), hydroxyla- 
mine (HX), sodium bisulfite (BS) and phenylhydrazine 

(PH). 


in the prestimulus samples containing the carbonyl 
reagents. This may indicate that the elevated spon- 
taneous efflux seen with sodium bisulfite in Fig. 1 
represented overflow of unmetabolized [7H]NE. 

In order to determine if the increased overflow of 
[°H]NE in the presence of the carbonyl reagents was 
derived from nerve terminals, the following exper- 
iments were run (Fig. 4). Cocaine (10° > M) was added 
to the medium during the labeling of the heart with 
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Fig. 4. Neuronal and non-neuronal release of tritium dur- 
ing stimulation with 50 mM K * in the presence of 10° M 
sodium bisulfite. The open circles are hearts from control 
(untreated) mice. The closed circles are from hearts incu- 
bated with 10°° M cocaine during the uptake of the 


’ [?H]norepinephrine and subsequently rinsed and incu- 


bated in medium without cocaine (see Materials and 
Methods). The open squares represent hearts from mice 
treated twice with 6-OHDA-: HBr (i.v., 100 mg/kg, 40 and 
20 hr). In the earlier experiments (Figs. 1 and 2), data were 
expressed as dis./min released/10,000 dis./min in the heart 
in order to account for differences in net neuronal uptake 
of [SH]NE due to biologic variability. In this experiment 
(Fig. 4), changes in uptake were due to drug treatment 
and, therefore, data were expressed simply as released dis. 
min (mean + S.E.M.). The mean heart content of [H]NE 
(+ S.E.M.) after uptake and the initial 15-min rinse was: 
controls, 59.731 + 7,536 dis./min (N = 6): cocaine-treated, 
11,945 + 662 dis./min (N = 6) and 6-OHDA, 9,646 + 754 
(N = 4). 


[*H]JNE in order to block uptake into the nerve ter- 
minals (see legend to Fig. 4). Subsequently, the hearts 
were rinsed and reincubated in cocaine-free medium. 
Upon stimulation with 50 mM K™ in the presence 
of 10° M bisulfite, there was very little or no re- 
sponse. Similar results were obtained (Fig. 4) when 
animals were pretreated with 6-hydroxydopamine to 
destroy the sympathetic nerve terminals in the 


with [*H]norepinephrine—binding to aluminum 


hydroxide* 





Tritium recovered from aluminum hydroxide ( 


°o 


of total) 


°o 





Control 


Sample (N = 9) (N = 


Bisulfite 


Hydroxylamine 
(N = 3) 


Phenylhydrazine 
(N = 3) 


3) 





No. 
No. 
No. ; 
No. 
50 mM K 
Wash 


Wash 
Wash 
Wash 
Wash 


“so 
ih 
nw SC 
I+ 


+ I+ 


x — 
ROD 
wwMunwn 


ty low we bY 
~ 
oO 

I+ I+ 1+ 


SI. 


~ 


66.0 
69.7 
73.3 
76.0 
83.0 
77.3 


68.7 
73.7 
80.0 
85.7 
91.7 
90.7 


1.2 
0.6 
1.0 
0.6 


1.5 


0.6 


Wr we We 
> an A) 

I He HEH H+ + 

Ie HE HE H+ 


—— 





* Data are uncorrected for recoveries which were in the range of 


90-92 per cent. Data are the 


mean + S.E.M. for the number of samples (N) shown in parentheses. Each sample consisted of pooled 
aliquots from two replicate hearts. The experimental format was as described for Fig. 1. The concen- 


tration of each reagent was 10°37 M. 
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Table 2. Tritium released from normal and reserpinized 
mouse hearts labeled with [*H]metaraminol* 





Tritium released by 50 mM 
K* 
(dis./min/10* dis./min in the 


Group heart + S.E.M.) 





283 + 21(N = 6) 
1102 + 91(N = 6) 


Normal 

Normal + 10°? M 
bisulfite 

Reserpine treated 

Reserpine + 10°37 M 
bisulfite 


514 
1028 


36(N = 6) 
86(N = 8) 


+ 
x 





*Hearts from control mice and from mice pretreated 
with reserpine (i.p., 10 mg/kg, 16 hr) were prepared as in 
Fig. 1, except that [*H]metaraminol (46 nM) was used 
in place of [*H]norepinephrine. Data were analyzed as 
in Fig. 2. The mean heart content of [*H]metaraminol 
after uptake and the initial 15-min rinse (dis./min + 
S.E.M.) was 83,985 + 4,033 for control hearts (N = 12) and 
53,425 + 2,718 for reserpine-treated hearts (N = 14). 


heart [14,15]. These data showed that the increase 
in K *-stimulated overflow of [H]NE in the presence 
of the carbonyl reagents was derived from nerve ter- 
minals and not from extra-neuronal [*H]NE uptake 
sites. 

In order to determine whether or not the carbonyl 
reagents might be acting by blocking reuptake of a 
portion of the released [*H]NE, the following exper- 
iment was run. Subsequent to the uptake of [7H]NE 
into the nerves of the heart, cocaine (10° M) was 
added to prevent reuptake of released [7H]NE. The 
data were analyzed as in Fig. 2. The *H released by 
50 mM K* from the control (untreated) hearts was 
148.5 + 20.4 dis./min/10,000 dis./min in the heart 
(mean + S.E.M.: N = 6), while that released after the 
addition of cocaine was 106.8 + 16.3 (N = 6). Thus. 
cocaine failed to augment the efflux of tritium: in- 


() Control 
EJ 2,4 DNP (5 xi0-4 M) 
(J cccp (107m) 


* P<0.OO0l 
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Fig. 5. Effect of the oxidative phosphorylation uncouplers, 
2.4-dinitrophenol (2.4-DNP, 5 x 10°* M) and carbonyl 
cyanide m-chlorophenylhydrazone (CCCP, 10°°M) on 
the overflow of tritium from sliced mouse heart during 
stimulation with 50 mM potassium ion. Data were calcu- 
lated as described in Fig. 2. Data are the mean + S.E.M. 
for N = 12 (controls), N = 10 (2.4-DNP) and N = 10 
(CCCP). The mean heart content of [*H]NE (dis./min + 
S.E.M.) after uptake and the initial 15-min rinse was 
76,002 + 4,002 (controls), 67,555 + 4,807 (2,4-DNP) and 
74,458 + 4,991 (CCCP). 


1373 


stead, there was a somewhat diminished response to 
K* stimulation (—28 per cent, P > 0.1). 

In other experiments, animals were depleted of 
endogenous NE by treatment with reserpine (10 
mg/kg. 16 hr). Then, [*H]metaraminol, a false trans- 
mitter which is not metabolized by monoamine oxi- 
dase, was taken up into the heart. [*H]Metaraminol 
can enter the catecholamine-binding granules via a 
reserpine-resistant uptake mechanism[16,17] and, 
subsequently, it can be released by field stimu- 
lation[18]. In our experiments with reserpinized 
preparations, sodium bisulfite (10° * M) increased the 
K *-stimulated release of [*H]metaraminol by 100 
per cent (Table 2). Results with normal hearts are 
presented for comparison. 

Studies with oxidative phosphorylation uncouplers. 
The effect of the oxidative phosphorylation un- 
couplers, 2.4-DNP and CCCP, on K °-stimulated 
release of [*H]NE is shown in Fig. 5. The data are 
expressed as the dis./min released by 50 mM K ~* (see 
legend to Fig. 2). 24-DNP and CCCP at concen- 
trations known to uncouple oxidative phosphoryla- 
tion [19, 20] increased the stimulated overflow of tri- 
tium as compared to control by 220 and 406 per cent, 
respectively. The spontaneous efflux of tritium from 
hearts exposed to 2,4-DNP or CCCP was greater 
than that in control hearts at each time period prior 
to stimulus. However, this spontaneous overflow 
diminished with time in DNP-treated hearts, but in- 
creased with time in CCCP-treated hearts and 
reached a plateau at about 20 min. 

The radioactive material released from the hearts 
in the presence of CCCP was purified by adsorption 
onto and elution from Al(OH);. Most of the tritium 
was bound to the Al(OH), (Table 3). Data with con- 
trol hearts from within the same experiment are pre- 
sented for comparison. The results obtained with 
CCCP were very similar to those with the carbonyl 
reagents (see Table 1) in that the percentage of 
Al(OH)3-bound tritium rose during K* stimulation 
and was higher in all drug-treated samples compared 
to untreated controls. The Al(OH)3-purified extract 
of samples collected during K* stimulation of CCCP- 
treated hearts was subsequently extracted with ethyl 


Table 3. Tritium released from mouse heart labeled with 
[°H Jnorepinephrine—binding to aluminum hydroxide* 
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* Data are uncorrected for the recovery, which was 90 
per cent. Data are the mean + S.E.M. for the number of 
samples (N) shown in parentheses. Each sample consisted 
of pooled aliquots from two replicate hearts. The exper- 
imental format was as described for Fig. 1. The concen- 
tration of CCCP was 10°° M. 
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acetate to estimate the amount of deaminated prod- 
uct[21]; only 20.2 per cent represented *H-dea- 
minated products. Thus, the majority of the tritium 
released was comprised of unmetabolized NE. 

As in experiments with sodium bisulfite (see Fig. 
4). we also determined the effect of CCCP (10°° M) 
on the K *-stimulated overflow of tritium from hearts 
incubated with cocaine (10°° M) during the uptake 
of [7H]NE:; this was done in order to evaluate poss- 
ible extraneuronal release of tritium by CCCP. The 
results with CCCP were similar to those obtained 
with bisulfite, in that the response to 50 mM K°* 
was markedly diminished in cocaine-treated vs un- 
treated hearts. The data were calculated by subtract- 
ing the average of the pre- and post-stimulus samples 
from the K *-stimulated sample. The amount of *H 
released, expressed as dis./min (mean + S.E.M.), was 
2706 + 294 (CCCP, N=10) and 361 + 683 
(cocaine + CCCP, N = 6). Therefore, the released tri- 
tium was derived from nerve terminals. 


DISCUSSION 


The work of several investigators has indicated the 
presence of feedback regulatory mechanisms that con- 
trol the release of catecholamine neurotransmit- 
ters[3,4,6-9]. It has been proposed that these 
mechanisms operate through activation by released 
neurotransmitter of receptors that may be located 
either presynaptically or postsynaptically. We were 
interested in the possibility that 3,4-dihydroxy- 
phenylglycolaldehyde, the product generated by 
monoamine oxidase acting on NE, might be involved 


in regulating the release of neurotransmitter from 
sympathetic nerves. In an attempt to trap this meta- 
bolic aldehyde, a number of carbonyl-binding agents 
were added to preparations of sliced mouse heart. 
Three agents (namely, sodium bisulfite, hydroxyla- 


mine or phenylhydrazine) increased the amount of 
[*H]NE released during stimulation with 50 mM K* 
(Fig. 2). One other agent, semicarbazide, did not in- 
crease stimulated release. The lack of an effect by 
semicarbazide correlated with the known slow rate 
of reaction of semicarbazide with aldehydes [13], 
which we confirmed by studying the rate of reaction 
of the carbonyl reagents with pyridoxal phosphate 
(Fig. 3). The augmented overflow of [*H]NE from 
hearts incubated with bisulfite was shown to be neur- 
onal in origin. Thus, there was little or no response 
to K~ stimulation in hearts from animals which had 
been sympathetically denervated with 6-OHDA (Fig. 
4) or in normal hearts where the uptake of [7H]NE 
into nerves had been prevented with cocaine (Fig. 4). 
Additionally, inhibition of reuptake of a portion of 
the released [*H]NE was excluded as a mechanism 
for the increased overflow of [*H]NE by experiments 
with cocaine (see Results). 

In other experiments (to be reported separately), 
monoamine oxidase (MAO) inhibitors were similarly 
tested because these drugs would be expected to pre- 
vent formation of the aldehyde. Pargyline and a 
number of other MAO inhibitors increased the over- 
flow of [*H]NE by 40-80 per cent. These latter data, 
taken in conjunction with the current results with car- 
bonyl reagents, were in keeping with a role for meta- 
bolic aldehydes (derived from MAO activity) in feed- 
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back regulation of neurotransmitter release. However, 
the experiments with [*H]metaraminol (Table 2) 
appeared to obviate this possiblity. In these latter ex- 
periments, NE was first depleted with reserpine so 
that the formation of aldehyde from released endo- 
genous neurotransmitter could be excluded. Labeling 
(via uptake) with [*H]metaraminol then provided a 
nonmetabolizable amine for study. It is known that 
[*H]metaraminol can be taken up into sympathetic 
nerves and storage vesicles and that it can be released 
as a false transmitter [18,22]. The uptake of [*H]me- 
taraminol into catecholamine storage vesicles is not 
strongly affected by reserpine; that is, it enters the 
vesicles via the so-called “reserpine-resistant” mechan- 
ism that can be utilized additionally by dopa- 
mine [16-18], but not by NE. Farnebo[18] has 
shown that [*H ]metaraminol in reserpinized catecho- 
lamine storage vesicles of the rat iris can be released 
by electric field stimulation. In our experiments, there 
was release of [*H]metaraminol from reserpinized 
nerves of the heart during stimulation with 50 mM 
K*. When sodium bisulfite (10 * M) was added, the 
release of tritium was augmented markedly (Table 2). 
This result indicated that the action of bisulfite did 
not require endogenous NE. Therefore, the idea con- 
cerning metabolic aldehydes appears untenable as an 
explanation for the actions of the carbonyl reagents. 
It should be noted, however, that the release of 
tritium from hearts labeled with [*H]metaraminol 
was increased by reserpinization (Table 2, absence of 
bisulfite). This observation was in keeping with the 
idea that the endogenous metabolic aldehyde (derived 
from NE) might be capable of exerting a negative 
feedback influence. Therefore, this possibility cannot 
be totally excluded by the current data. Alternatively, 
the increased overflow of tritium elicited by K* in 
reserpinized preparations may reflect other factors, 
such as an alteration in the properties of the amine 
storage vesicles caused by the binding of reserpine. 
The action of bisulfite persisting in reserpinized 
preparations after the uptake of [*H]metaraminol 
remains to be explained. A pertinent possibility may 
lie in a reaction with structural aldehydes or ketones 
of the membranes. If the release of transmitter 
requires an interaction between storage vesicles and 
the neuronal membrane [23], carbonyl groups in the 
neuronal membrane may modulate the interaction. 
An alternative mode of action for bisulfite (as well 
as hydroxylamine and phenylhydrazine) could be a 
general toxic effect unrelated to a reaction with car- 
bonyl groups. Other investigators had noted that oxi- 
dative phosphorylation uncouplers [which deprive 
neurons of adenosine triphosphate (ATP)] increased 
the overflow of transmitter during stimulation 
[24,25]. Therefore, we tested two well-known oxida- 
tive phosphorylation inhibitors. 2,4-DNP and CCCP 
increased the spontaneous as well as the stimulated 
efflux of tritium as compared to control hearts (Fig. 
5); the results were similar to those obtained with 
the carbonyl reagents (Fig. 2). 2,4-DNP produced a 
response that was in the range of the carbonyl-bind- 
ing compounds, while CCCP, at much lower concen- 
tration, evoked the strongest response of all the com- 
pounds studied. In addition, the K *-stimulated over- 
flow of [H]NE in the presence of CCCP was mark- 
edly diminished in hearts exposed to cocaine to pre- 
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vent the accumulation of [*H]NE by nerve terminals 
(see Results). Thus, CCCP, like bisulfite (Fig. 4), in- 
creased the release of [7H]NE from neuronal sites. 

Other investigators who utilized 2,4-DNP or 
CCCP in studies of transmitter release reported the 
following findings. Farnebo [24] showed a moderate 
increase in the overflow of [*H]NE from isolated rat 
irises which had been incubated with 2,4-DNP and 
electrically stimulated; he attributed this effect to par- 
tial blockade of reuptake of NE caused by 2.4-DNP. 
Von Euler and Lishajko [26] reported an increase in 
the spontaneous release rate of NE from isolated 
splenic nerve granules incubated with 2,4-DNP or 
CCCP. They suggested that their data may have indi- 
cated that an energized state was necessary for the 
granules to retain bound NE. Kirpekar ef al. [25] 
showed an enhanced stimulated release of NE (both 
electrical and K”* stimulation) from perfused cat 
spleen in the presence of 2,4-DNP. These authors 
theorized that sympathetic nerves may depolarize 
during inhibition of oxidative metabolism to cause 
an accentuated release. In a later paper, Chang et 
al. [27] described a cardiac stimulant action in iso- 
lated guinea pig heart perfused with 2,4-DNP. They 
attributed their findings to a possible direct action 
of 2.4-DNP on extragranular stores of NE, i.e. a pool 
of NE which is available for immediate release and 
subsequently filled from the main granular stores. 

It is interesting to note that most of the investiga- 
tors in the studies described above did not ascribe 
their findings with oxidative phosphorylation un- 
couplers to a general toxic action of the drugs, but 
rather offered more specific alternative explanations. 
Our studies and those of the previous investigators 
indicate that a generalized deprivation of energy 
stores can increase the overflow of transmitter. This 
possibility also has to be considered as a possible 
mode. of action for the carbonyl reagents. A direct 
study of the ATP levels in the adrenergic nerves of 
the mouse heart was not feasible, since it would be 
virtually impossible to separate the small amount of 
neuronal ATP from the ATP in heart muscle. 

Our data indicated a good correlation between the 
reactivity of the carbonyl reagents and increased over- 
flow of [7H]NE. Thus, bisulfite (which makes a sim- 
ple addition product) and hydroxylamine and phenyl- 
hydrazine (which react with the elimination of water) 
reacted rapidly with pyridoxal phosphate and also in- 
creased [°H]NE overflow. On the other hand, semi- 
carbazide, another hydrazine compound, reacted 
much more slowly with pyridoxal phosphate and did 
not effectively increase [*H]NE overflow. 

It may be that carbonyl reagents and oxidative 
phosphorylation uncouplers act at a common site. 
Perhaps a regulatory site on the neuronal membrane 
contains an essential carbonyl moiety and also has 
a requirement for ATP. Although the current exper- 
iments offer no clues as to the identity of such reactive 
carbonyl groups, they may be part of a carbohydrate 
residue, or they may be derived from plasmalogens, 
which give rise to aldehydes on mild hydrolysis. Such 
carbonyl groups may react reversibly with NE to 
form Schiff's bases. Although Schiff bases of catecho- 
lamines can undergo ring closure to form tetrahydroi- 
soquinoline products[28], steric factors in mem- 
branes may preclude such irreversible reactions. The 
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reactive carbonyl groups may be part of a presynaptic 
regulatory mechanism that interacts with the released 
transmitter [9]. 

It is of interest to note that phenylhydrazine has 
been reported [29] to pctentiate neuronally evoked 
contractions in a muscle preparation from the locust, 
where glutamate is the presumed neurotransmitter. 
Although the authors did not interpret the action of 
phenylhydrazine as being due to its reaction with car- 
bonyl groups, this may be a likely explanation. If so, 
this may mean that the presence of regulating car- 
bonyl moieties in neuronal membranes may be a gen- 
eral phenomenon. 
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Abstract—Bucolome (BC, |-cyclohexyl-5-n-2.4.6-trioxoperhydropyrimidine), which was developed and 
used as a non-steroid, anti-inflammatory drug, has been reported to decrease the plasma _ bilirubin 
and sulfobromophthalein (BSP) levels in man and rats. Since this drug is also a choleretic, the effect 
of this drug on the BSP transport maximum (BSP Tm) and canalicular bile formation was studied 
in the dog. Intravenous administration of BC (10 mg/kg BW) increased the bile flow by 130 per cent 
in dogs without BSP infusion and 71 per cent in dogs with BSP infusion. Bile to plasma concentration 
ratio of ['*C]erythritol was decreased only 10 per cent by BC administration, and thus BC-induced 
choleresis was suggested to be primarily of canalicular origin. Neither BSP Tm nor bile salt excretion 
rate was significantly changed by BC administration. These results indicate that the increased clearance 
of BSP from the plasma by this drug can not be attributed to the enhancement of hepatic transport 
process. Furthermore. the results are compatible with the currently proposed view that the dependency 
of BSP Tm on the bile salt induced choleresis is not due to the increased canalicular bile flow. but 
due to the increased excretion of bile salts into the bile. 


Bucolome (1-cylohexyl-5-n-butyl-2,4,6-trioxoperhyd- 
ropyrimidine, Fig. 1), was originally developed as a 
non-steroid anti-inflammatory agent [1], but is also 
a potent choleretic [2]. Recently, its similarity in 
chemical structure to phenobarbital, a well known 
hepatic microsomal enzyme inducer, prompted inves- 
tigators to examine its effect on hepatic dye clearance 
[3]. As was anticipated, it significantly enhanced the 
bilirubin [3] and BSP [4] plasma clearances. In con- 
trast to the need for several doses of phenobarbital 
to enhance dye clearance, Bucolome (BC) was effec- 
tive after a single administration. It has also been 
reported that after repeated administration of this 
drug, there is no induction of the microsomal 
enzymes [4]. Recently, it has been shown that the 
effect of BC on dye clearance is due to its ability 
to decrease binding of the dyes to plasma proteins 
[5]. 

There is little information available on its choleretic 
property. It is also possible that BC can facilitate the 
plasma clearance of dyes by enhancing the hepatic 
excretion function related to choleresis. 

It was felt that further study of BC-induced choler- 
esis, in terms of its effects on canalicular bile forma- 
tion and sulfobromophthalein transport maximum 
(BSP Tm), might be worthwhile for several reasons. 
(1) If the hepatic BSP Tm is enhanced by a single 
injection of BC, the reported acceleration of BSP 
plasma clearance by this drug could be at least partly 
attributed to the increased excretion of the dye. (2) 
On the other hand, if BSP Tm is unchanged by this 
drug, and if it enhances the canalicular bile formation. 
it would contribute to the understanding of the in- 
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crease in BSP Tm produced by bile salt-induced cho- 
leresis. 

Since the report of O’Maille er al. [6] and Combes 
et al. [7] that the BSP Tm could be increased as 
the bile salt infusion rate increased, it has been widely 
accepted that this increase of BSP Tm is due to the 
increase of canalicular bile flow [8,9]. However, 
several recent studies have challenged this hypothesis 
[10, 11,12]. The contention of all these studies is that 
BSP Tm is increased not by the increase of canalicu- 
lar bile flow, but by the increase in bile salts excreted 
into the bile canaliculus. The latter theory is based 
upon the findings that the BSP Tm can not be in- 
creased by a mere increase of canalicular bile flow 
unless it is accompanied by an increase in bile salt 
excretion. In these studies, an increased canalicular 
bile flow with unchanged BSP Tm was produced 
using several different drugs. such as theophylline 
[ 10, 12]. methylumbelliferone [10] and SC 2644 [11]. 
In this report, we will also demonstrate that BC can 
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Fig. 1. Phenobarbital and Bucolome (1-cylohexyl-5-n- 
butyl-2,4.6-trioxoperhydropyrimidine). 
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increase the canalicular bile flow in dogs, but not the 
BSP Tm. 


MATERIALS AND METHODS 


Experimental design. Thirteen mongrel and two 
beagle dogs of both sexes weighing 7-19 kg were used 
in the study. Dogs were anesthetized by an intra- 
venous (i.v.) administration of sodium pentobarbital 
(35 mg/kg, Nembutal, Abbot, North Chicago) after 
fasting overnight. Additional doses were administered 
as needed. ; 

Through an abdominal incision, the common bile 
duct was cannulated, and the cystic duct was ligated. 
A femoral vein was cannulated and sodium taurocho- 
late (TC, Calbiochem, Los Angeles) was infused con- 
tinuonsly at a constant rate of 7-9 ymole/min using 
a motor-driven syrivge pump (Harvard Apparatus). 
Canalicular bile flow was measured by the erythritol 
clearance method [13]. About 20 wCi of ['*C]erythri- 
tol (Radiochemical center, Amersham) was dissolved 
in 20 ml of 5°, glucose solution. Ten ml was injected 
i.v. and the rest was constantly infused over 4—S hr. 
After an equilibrium period of 2 hr, bile was collected 
every 10 min in a graduated tube for three or more 
time intervals. Blood (1.5 ml) was drawn from an 
arterial catheter into, a tube containing powdered 
heparin every 10 min at the midpoint of the 10 min 
bile collection period. BC* solution in saline (10 ml) 
then infused iv. over a period of 5 min 
(10 mg/kg). Bile collection was continued for another 
60 min at 10-min intervals. 

The BSP transport maximum (Tm) was determined 
in a series of separate experiments, however in three 
experiments, (Dogs 8, 9, 10), both BSP Tm and canali- 
cular flow were studied simultaneously. The bile col- 
lection and the infusion of TC were performed as 
described in the erythritol study. Sulfobromophtha- 
lein sodium (BSP, Daiichi Kagaku, Tokyo) solution 
in 5°., glucose was infused constantly at a rate of 
0.4 mg/kg/min after the administration of a priming 
dose of 12 mg/kg. Bile was collected every 10 min. 
Ninety to 120 minutes after the beginning of the infu- 
sion, the bile flow became constant and BSP excretion 
rate also reached a plateau. Three to six bile samples 
were then taken to obtain a baseline BSP excretion 
rate (Tm). The effect of BC administration (10 mg/kg 
in 5 min) on bile flow and BSP excretion rate were 
evaluated for another 60-90 min. In three experiments 
(Dog 5, 6, 9), an additional continuous infusion 
(0.2 mg/kg/min) of BC was given to obtain a more 
constant choleresis. In Dog 9, a second dose 
(1G mg/kg followed by 0.2 mg/kg/min for | hr) was 
given 50 min after the first dose of BC, and samples 
collected for another hour. Plasma BSP concen- 
trations were measured from the arterial blood 
samples taken at every 10 min during the bile collec- 
tion period. ; 

Arterial blood pressure and EKG were monitored 
continuously during the experiment. Rectal tempera- 
ture was maintained at 37.5° + 0.5° using a warmed 
table and a heating lamp. 


Was 





* Sodium salt of BC in crystalline form was kindly sup- 
plied by Takeda Chemical Industries. Ltd. Osaka, Japan 
and was used without further purification. 
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Analytical procedures. The bile flow rate was esti- 
mated by weighing the bile sample, assuming the spe- 
cific gravity of bile is 1.0. 

In early experiments, '*C activity in the plasma 
and bile was measured by the method reported by 
Wheeler et al. [13]. The color of bile pigment and 
BSP in the bile was bleached with the use of sodium 
hypochlorite. Later, the procedure for plasma sample 
preparation was changed to the use of Instagel (Pac- 
kard, Downers Grove), which enabled us to omit 
several steps in the preparation of plasma samples. 
The correction for the quenching was performed 
using an internal standard. The activity was measured 
by a liquid scintillation counter (Aloka, Tokyo). 

The concentration of BSP in bile and plasma was 
determined with the samples diluted with a suitable 
amount of alkaline saline (pH 9.4). The extinction was 
read at 580 nm in a Hitachi spectrophotometer. Stan- 
dards were prepared in dog bile and plasma using 
BSP solutions of known concentrations. Bile salt con- 
centration was determined enzymatically by the 
method of Talalay et al. [14] modified by Paum- 
gartner ef al. [15] using 3-hydroxysteroid dehydro- 
genase (Worthington Biochemical Corp, Freehold, 
N.J.). Methanolic bile solutions were prepared with 
20 ul of bile diluted with 420 ul of methanol. The reac- 
tion mixture contained 2 ml of 1 M glycine buffer (pH 
9.4) containing EDTA (5.6 m-mole/l), and hydrazine 
sulfate (0.4 mole/l), 0.2ml of NAD solution (5.4 
m-mole/ |), 0.2 ml of hydroxysteroid dehydrogenase 
solution (0.7 U/ml), and 0.04ml of methanolic bile 
solution. The reaction mixture was incubated at 26 
for 30 min and the extinction was read at 340 nm 
against appropriate blanks. For the standard bile salt 
solution, methanol solution of cholic acid (Calbio- 
chem., Los Angeles) was used. It has been reported 
that, in the presence of BSP, this method gives abnor- 
mally low values for bile salt concentrations [16]. 
However, with the range of concentrations of bile 
salts (31.3-81.1 amole/ml) and BSP (5.3-18.5 mg/ml) 
in the bile obtained in the present study, this cause 
of error was found to be less than 2 per cent, and 
thus correction was not performed. 

Statistical analysis. Data were analysed using the 
Student f-test. 


RESULTS 

Figure 2 shows the results of a typical experiment 
for the erythritol clearance study without BSP infu- 
sion. The bile flow rate began to increase during the 
5-min BC infusion period, and the maximal flow rate 
was observed in the first 30 min after BC adininst- 
ration. Thereafter, the bile flow rate showed a gradual 
decline, but the choleresis continued for more than 
6hr. The gradual decline of bile flow rate was pre- 
vented by an additional continuous infusion of BC 
(0.2 mg/kg/min) in three experiments (Dog 5, 6. 9), 
in which the bile flow rate was kept almost constant 
during the infusion period (Fig. 3). 

The bile flow rates after BC administration, 
depicted in Tables | and 2, are the averages of the 
three highest flow rates. On the average. BC adminst- 
ration produced a 130 per cent increase in bile flow 
in seven dogs without BSP infusion (Table 1) and 
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Fig. 2. The effect of Bucolome on the canalicular bile flow 
(Dog 2). Lv. administration of BC (10 mg/kg) increases the 
bile flow more than twice as the original bile flow, while 
bile plasma concentration ratio of erythritol (B/P) falls very 
slightly. The calculated cananicular bile flow also increases 
significantly, accounting for the most of the increased bile 
flow. 


71 per cent in eight dogs with BSP infusion (Table 
2). However, the B/P erythritol ratio decreased to a 
much smaller extent (approximately 10 per cent on 
average), so that the choleresis caused by BC seemed 
to be mostly of canalicular origin. 

Figure 3 illustrates an example of the BSP Tm 
study and Table 2 summarizes all the results. BC sig- 
nificantly increased bile flow as in the erythritol study. 
However, the concentration of BSP decreased to an 
extent to compensate for the bile flow increase. Con- 
sequently, BSP excretion rate (Tm) was not changed 
significantly. As is shown in Fig. 3, the rise in BSP 
concentration in the plasma was not decreased after 
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the administration of BC. In Table 2, bile salts excre- 
tion rates before and after BC administration are also 
shown. There was no significant change in bile salt 
excretion rates caused by BC administration. 


DISCUSSION 


BC was originally developed as a non-steroid anti- 
inflammatry drug [1]. Although the choleretic effect 
of this agent was noted during development, little 
attention has been given to this aspect until recently 
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Fig. 3. The effect of Bucolome on the BSP Tm and bile 

salt excretion rate (Dog 9). BC administration (10 mg/kg 

followed by continuous infusion at a rate of 0.2 mg/kg/min) 

effected to increase the bile flow as well as canalicular bile 

flow. Second dose of BC further increased the bile flow. 

However, either BSP Tm or bile salts excretion rate was 
not changed during these choleretic periods. 


Table 1. Effect of Bucolome on canalicular bile flow in the dog 





Bile flow 


Canalicular bile flow 


B/P ratio 





Body 
Before BC After BCt Increase 
(l/min) (°,) 


Before BC 


Increase 


Before BC After BC+ 
(,d/min) 


After BC+ 





122 
298 
232 


388 


103 


1.45 
0.92 
0.92 
0.79 
1.19 
0.98 
0.59 
0.98 
0.26 


1.10 
0.83 
0.74 
0.66 
1.08 
1.01 
0.77 
0.88 
0.16 











8 10.0 
ot 15.0 


10 19.0 
Mean 14.7 
S.D. 3.7 


1.43 
1.39 
0.03 





* Dogs 1-7, without BSP infusion, Dogs 8-10, with BSP infusion. 


+ After i.v. administration of 10 mg/kg Bucolome. 


t Initial dose (10 mg/kg) was followed by continuous administration of BC (0.2 mg/kg/min). 
§ Values in parenthesis are those after second dose administration (see Fig. 3). 
© Significantly different from values in control period (P < 0.005). 


N.S. (P > 0.1). 
** Significantly different (P < 0.01). 
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Table 2. Effect of Bucolome on BSP Tm and bile salt excretion rate 





Bile salts 


Bile flow rate BSP Tm excretion 
Dog 


no. Body wt 


Before BC = After BC* Increase 
(l/min) (/) 





Before BC = After BC* 


(mg/min) 


Before BC After BC* 
(umole/min) 





182 266 46 32 8 7.8 
186 307 65 10.9 
(92)t (10.2)¢ 
200 412 106 

174 281 62 


isi 
(357)¢ 


273 449 

105 184 

95 180 

214 345 

Mean : 179 3038 
S.D. 53.8 90.9 





* After iv. administration of 10 mg/kg Bucolome. 


¥ Initial dose (10;mg/kg) was followed by continuous administration of BC (0.2 mg/kg/min). 
t Values in parenthesis are obtained after second dose of BC (10 mg/kg + 0.2 mg/kg/min). 
$ Significantly different from values in control period (P < 0.001). 


* N.S. (P 


> ().5). 


and the mechanism of choleresis remains unknown 
[2]. On the other hand, Yamamoto et al. [3] reported 
a rapid decrease of the unconjugated billirubin levels 
in the plasma of patients with constitutional jaundice 
after the administration of this drug. They assumed 
this effect was due to enzyme induction in the liver 
microsomes, since the chemical structures of BC and 
phenobarbital are similar (Fig. 1). 

Yatsuji et al. [4] further reported that BC enhanced 
the clearance of BSP in rats and decreased plasma 
bilirubin levels in jaundiced Gunn rats. They demon- 
strated, however, that unlike phenobarbital, BC did 
not enhance the enzyme activity of glucuronyl trans- 
ferase in the liver homogenate nor the binding activity 
of ligandin (Y protein) in the liver. They further found 
altered in vitro binding of ICG with plasma proteins 
obtained from rats given BC. Yamamoto et al. [5] 
demonstrated that BC injected into Gunn rats de- 
creased the binding of bilirubin to albumin and in- 
creased its distribution to various tissues including 
the nervous system. They concluded that the decrease 
in plasma bilirubin levels caused by BC is due to 
its effect of decreasing the binding of BSP to plasma 
proteins, possibly by competitive processes. Thus, the 
clinical use of BC for the treatment of neonatal jaun- 
dice lost a rationale, because of the increased concen- 
tration of bilirubin in the nervous system. 

The magnitude and the duration of choleresis in- 
duced by BC observed in the present study are in 
agreement with a previous observation* in the dog 
with the same dose of BC (10 mg/kg). However, it 
is higher than was observed in rats or guinea pigs, 
in which the average increase rate was approximately 
60 per cent.+ Furthermore, the results of the present 
study have shown that BC increases the canalicular 
bile flow in the dog. However the canalicular choler- 
esis caused by BC was not accompanied by an in- 
crease in bile salt excretion. Thus, BC produces an 
increase in the bile salt independent fraction of canali- 





* H. Sato. Personal communication. 
*K. Kitani. Unpublished observation. 


cular bile formation. It is also clear that BC-induced 
choleresis does not increase BSP Tm. This is a finding 
similar to that reported by Forker et al. [11] using 
a different choleretic, SC-2644. 

According to a previous study [17], the plasma half 
life of BC in man and in other animals was long, 
ranging from. 5-30hr. The biliary excretion rate in 
the rabbit of i.v. administered BC and its metabolites 
is reported to be less than 2 per cent of the dose 
in the first 8hr [17]. In the rat, only 5 per cent of 
the i.v. administered dose was recovered in the feces 
in 24hr, while more than 50 per cent was recovered 
in the urine [18]. Assuming these values can be 
applied to the dog, 2 per cent of the presently used 
dose is only 7-10 umoles of BC. Furthermore, the 
choleresis observed in the present study was for more 
than 6hr, with a very gradual decline of bile flow. 
Even if we assume that the amount of BC (or its 
metabolites) excreted in dog bile is more than ten 
times that of rabbits, the degree and duration of cho- 
leresis are contrary to the explanation that BC- 
induced choleresis is due to the osmotic force of BC 
or its metabolites excreted in the bile. 

As in the case of SC-2644, it is difficult to com- 
pletely exclude the possibility that BC inhibits the 
BSP transport in the canalicular membrane by an 
unknown mechanism. However competitive inhibi- 
tion of the transport process is very unlikely. It is 
possible that the canalicular choleresis produced by 
BC increased the BSP Tm and in some way also in- 
creased the reabsorption of BSP from the biliary tree. 
However. even if such a coincidence occurred with 
one drug, it would be an extraordinarily rare event 
to happen with several different drugs. The addition 
of a new member, BC, to the group of choleretics 
(SC-2644, theophylline, methylumbelliferone) seems to 
support the contention that BSP Tm is dependent 
on the bile salt excretion rate and not on the canalicu- 
lar bile flow per se. 

From the present results, it would appear that 
enhanced BSP clearance reported in a previous study 
[4] is not due to the enhanced transport of the dye 
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in the liver. However in contrast with the previous 
work reporting the enhanced dye clearance in the rat 
[4], the rise in BSP concentration in the plasma in 
the present study was not significantly decreased by 
the BC administration. The cause of this discrepancy 
is not clear. Differences in the animal species, dose, 
the test procedure (clearance after single dye injection 
versus continuous infusion of the dye), and the condi- 
tion of bile salts reserve and supply, all could be pos- 
sibilities. 
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Abstract 


Seven selected colchicine analogs have been studied for their ability.to inhibit mitosis in 


HeLa cell culture and for their ability to inhibit tubulin polymerization in mouse brain supernatants 
in order to assess the molecular features of colchicine associated with these activities. A good correlation 
between the systems in vivo and in vitro was found for the compounds tested. It was found that 
for a substance to exhibit biologic activity it must contain the two aromatic ring systems and the 
phenyl ring must bear methoxy groups. The tropone ring is not necessary for activity in colchicine 
since its conversion to a benzene ring in allocolchicine is accompanied by retention of biologic activity. 


The potent and specific antimitotic activity of colchi- 
cine has been known for about 40 years; the presently 
accepted structure of colchicine (1) was first proposed 
30 years ago[1]. During the intervening period the 
relationship between the molecular structure of col- 
chicine (1) and its antimitotic activity has been a.sub- 
ject of continuing interest [2—5]. Although many deri- 
vatives of colchicine have been prepared, the essential 
molecular features responsible for antimitotic activity 
have remained unknown because most of the struc- 
tural modifications of colchicine have resulted in mol- 
ecules of equivalent or greater complexity. Significant 
observations on analogs of simpler structures have 
been few: they include desacetamidocolchicine (2) [4] 
and 2-methoxytropone (8) [2]. 

Within the last few years it has become clear that 
the antimitotic activity of colchicine is the result of 
a 1:1 interaction between colchicine and tubulin, a 
dimeric protein which aggregates to form the micro- 
tubules of the mitotic spindle [6]. It has been sug- 
gested that this interaction disrupts a dynamic equi- 
librium between tubulin and its polymeric form, the 
microtubule. Among a series of colchicine analogs, 
a good correlation has been found between antimitotic 
activity and ability to bind to the colchicine-binding 
site on tubulin [7]. 

Although cell culture techniques for determination 
of antimitotic activity have been available for many 
years, only recently have turbidometric and visco- 
metric techniques been described for analysis of poly- 
merization of tubulin to form microtubules in 
vitro [8,9]. Incubation of high-speed supernatants of 
mammalian brain homogenates at 37 with added 
GTP induces formation of microtubules from tubulin 
and is accompanied by an increase in viscosity and 
development of turbidity in the supernatants. Both 
parameters have been used to characterize the poly- 
merization reaction. It has been found that formation 
of microtubules in vitro is pH and temperature depen- 
dent, colchicine sensitive and requires addition of 
GTP. Viscometry has been shown to be a rapid, sensi- 
tive and quantitative method for the study of tubulin 


aggregation [8]. It is also a simple and flexible tech- 
nique and for these reasons has been used in this 
work. 

It was the major objective of this research to deter- 
mine those features of the colchicine molecule associ- 
ated with antimitotic activity and ability to inhibit 
tubulin polymerization in vitro. To this end seven 
selected colchicine derivatives and related compounds 
(Fig. 1) have been evaluated for their antimitotic acti- 
vity in HeLa cells and for their ability to inhibit 
aggregation of tubulin in mouse brain supernatants 
as determined by viscometry. The results show that 
colchicine’s activities can be manifested by structures 
simpler than that of colchicine. In addition, a good 
correlation between antimitotic activity and ability to 
inhibit tubulin polymerization has been observed 
among these derivatives of colchicine. 


MATERIALS AND METHODS 


Preparation of brain extracts. Female CF-1 mice 
(20-30 g) were killed by cervical dislocation, and the 
brains were removed and homogenized in a cold glass 
homogenizer with 1.5 vol. (ml) of ice-cold 100 mM 
Pipes buffer (pH 6.94) containing | mM EGTA and 
2.5 mM GTP. The homogenate was centrifuged at 
20,000 rev/min (100,000 g) for | hr at 4 (Spinco-type 
65 fixed angle rotor, 9.0 ml polycarbonate tubes), and 
the supernatant fraction (henceforth referred to as 
“supernatant”) was used for subsequent experiments. 
The protein concentration (range 8-12 mg/ml) was 
determined by a modified biuret assay [10]. Superna- 
tants were used within 3 hr of their preparation. 

Viscometry. Ostwald capillary viscometers (Can- 
non—Manning semimicro viscometers, type 100, Can- 
non Instrument Co., State College, Pa.) were im- 
mersed in a large water bath regulated at 37.0 + I’, 
and outflow times were measured using stopwatches 
calibrated to 0.5 sec. To obtain experimental data, 
0.6 ml of supernatant prepared at 0-4 was placed 
in a viscometer equilibrated at 37 , and viscosity de- 
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|, R= NHCOCH, 
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5, R= CH,0 
6, R= H 


Fig. 1. Molecular structures of the compounds investigated. 


velopment was followed as a function of time of incu- 
bation. 

Determination of mitotic inhibition. HeLa cells pur- 
chased from Flow Laboratories (Rockville. Md.) were 
grown in Eagles medium with 10°, fetal calf serum. 
Logarithmically growing cells were exposed to the 
compound in monolayer for 7 hr. The cells were then 
trypsinized off the culture dish, fixed (acetic acid 
methanol; 1:3), treated with Geimsa stain and exam- 
ined (500 cells/slide, two slides from separate cultures 
in each experiment). 

Drug solutions. Whenever possible the compound 
to be tested was dissolved directly in buffer. However, 
many of the substances exhibited poor solubility in 
water. Such compounds were dissolved in a small 
amount of dimethylsulfoxide (DMSO) and _ then 
diluted with buffer. Solutions used in viscometry ex- 
periments contained not over 2°”,, DMSO: those used 
in cell culture contained not over 3°,, DMSO. 

Reagents. Colchicine was purchased from Sigma 
Chemical Co. Trimethoxybenzene (7) was purchased 
from Aldrich Chemical Co. Isocolchicine (3) [11]. 
desacetamidocolchicine (2)[12], 2-methoxytropone 
(8) [13] and allocolchicine (4) [14] were prepared by 
the appropriate literature method. 

Preparation of 2-methoxy-5-(2',3',4'- trimethox y- 
phenyl)tropone (5). Tropolone (488 mg) (Aldrich) in 10 
ml H,O was treated with a solution of sodium nitrite 
(552 mg) in 5 ml H,0 followed by 0:5 ml acetic acid 
to give 505 mg of 5-nitrosotropolone [15], reduction 
of which to give 5-aminotropolone was accomplished 
with sodium dithionite as has been described for 
reduction of 5-nitrotropolone [16]. 

A mixture of trifluoroacetic acid (342 mg) and 
5-aminotropolone (274 mg) was dissolved in 2,3-di- 
methoxyphenol (5 g), and the resulting solution was 
cooled in ice, stirred and treated with isoamyl nitrite 
(0.2 ml) to effect diazotization. After 30 min, pow- 
dered copper (1 g) was added, and stirring was con- 
tinued for 20hr at room temperature. The mixture 
was diluted with dichloromethane and filtered 
through diatomaceous earth; the filtrate was treated 
with H,S, again filtered and this filtrate, after extrac- 


tion with 1°, sodium bicarbonate solution, was 
treated overnight with diazomethane. Solvents were 
evaporated, and the remaining oil was chromato- 
graphed on a column of Silica gel packed in chloro- 
form and eluted with 1° methanol in chloroform. 
Compound §, crystallized from ethyl acetate-hexane, 
m.p. 117-119", was obtained in 15 per cent yield. Ele- 
mental analysis, u.v., ir. and NMR spectra were con- 
sistent with the proposed structure. 

Preparation of 2-methoxy-5-phenyltropone (6). 
5-Aminotropolone (548 mg) and isoamyl nitrite (0.4 
ml) were refluxed in benzene (i5 ml) for 20 hr, and 
the resulting mixture was purified by extraction with 
1°, sodium bicarbonate solution. Treatment of the 
purified mixture with diazomethane was followed by 
evaporation of solvents and chromatography on a 
Silica gel column packed in chloroform. The desired 
compound was eluted with chloroform and crystal- 
lized from benzene, m.p. 139-140 (lit.[17] m-p. 
140-141 ) in 8 per cent yield. Elemental analysis and 
ir. and NMR spectra were consistent with the pro- 
posed structure. 


. RESULTS 


Incubation of HeLa cells with colchicine for 7 hr 
at 37 resulted in an accumulation of mitotic figures 
up to 20-25 per cent of the total number of cells. 
With shorter incubation times a smaller number of 
mitotic figures was seen: with longer incubation times 
other effects such as vacuolization and change in cell 
shape appeared, indicating that the cells had under- 
gone degenerative alterations. All subsequent mitotic 
determinations were performed after 7-hr incubations. 
Control cultures of HeLa cells under these conditions 
consistently showed a mitotic index (per cent of cells 
in metaphase) of 4.0 + 1.3 per cent (S. D.). 

Because some of the derivatives exhibited low water 
solubility, it was necessary to employ DMSO to pre- 
pare solutions of adequate concentrations. Concen- 
trations of DMSO up to 3°, affected neither the con- 
trol mitotic index nor the antimitotic activity of col- 
chicine. 
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Fig. 2. Inhibition of mitosis (metaphase) by colchicine (1) 
(A): desacetamidocolchicine (2) (A): allocolchicine (4) (C); 
compound 5 (O): and compound 6 (@). 


Log-concentration vs mitotic index curves for com- 
pounds having observable antimitotic activity in con- 
centrations at or below 10°*M are displayed in Fig. 
2. Isocolchicine (3) and trimethoxybenzene (7) showed 
no antimitotic activity in concentrations up to 
10° * M. Lack of antimitotic activity in 2-methoxytro- 
pone (8) in concentrations up to 7.35 x 10°*M has 
previously been recorded [2]. 

When the various compounds were incubated with 
mouse brain supernatants attainment of a lower level 
of maximum viscosity compared to a control incuba- 
tion indicated inhibition of polymerization of tubulin. 
A typical curve for this process is shown in Fig. 3 
for desacetamidocolchicine (2). For those compounds 
which exhibited low water solubility it was necessary 
to use DMSO. No brain supernatants were exposed 
to DMSO concentrations of greater than 2°,, and this 
concentration affected neither tubulin polymerization 
as measured by viscosity nor inhibition of polymeriza- 
tion by colchicine. Results are expressed as specific 
Viscosity, 4. Which was calculated in terms of out- 




















Time, min 
Fig. 3. Temporal profile of tubulin polymerization and 
effect of desacetamidocolchicine (2), 1.47 x 10°°?M (@): 
1.47 x 10°°M (A); 1.47 x 10°7M (A): 4.42 x 10°°M 
(OC): 1.47 x 10°° M (): and control (0). 


flow times of buffer (OT,,) and supernatant (OT,) by 
the equation: 


Nay = (OT, — OT,)(OT,) 


Half-maximal inhibition values for development of 
viscosity were estimated from specific viscosity vs log- 
concentration curves and are shown in Table | for 
compounds with half-maximal inhibition values of 
less than 10°~* M. Viscosity values were taken shortly 
after maximal viscosity had been reached, usually at 
25 or 30 min. A typical curve is shown for compound 
5 in Fig. 4. 

From Table | it can be seen that there is a good 
correlation between ability to inhibit mitosis and abi- 
lity to block polymerization of tubulin in vitro. In 


Table 1. Inhibition of tubulin polymerization and antimitotic activity of colchicine and related 
compounds 





I5o* 


Compound (M) 


Mitotic inhibition 





Per cent of cells 
in metaphase at 
maximum 
inhibition 


Concn of 

maximum 

inhibition 
(M) 





Colchicine (1) 
Desacetamidocolchicine (2) 
Isocolchicine (3) 


Allocolchicine (4) 
2-Methoxy-5-(2',3’,4’- 
trimethoxyphenyl)tropone (5) 4-0 x 10 
2-Methoxy-5-phenyltropone (6) + 
1,2,3-Trimethoxybenzene (7) > 10 


19 x 10 


2-Methoxytropone (8) > 10 


2:3 x 10° 
19x 107’ 
> 10° 


10 20 
1078 21 
Control value 
up to 10°4 
Lo- 7 


10 
107+ 
Control value 
up to 10°4 
oh 


+ 





* I<, is the half-maximal inhibitory concentration for tubulin polymerization. 
+ Less than 30 per cent inhibition of tubulin polymerization was obtained at 1-5 x 10°4 


M 


t Lettré[2] reported lack of mitotic inhibition by this compound in chicken embryo fibro- 


blasts at 7:35 x 10°* M. 
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Fig. 4. Inhibition of tubulin polymerization by compound 
5 as expressed by maximal specific viscosity obtained in 
mouse brain supernatant. Dashed line indicates initial vis- 
cosity level of the supernatant. 


the case of 2-methoxy-5-phenyltropone (6), activity 
displayed in both systems was marginal. Desacetami- 
docolchicine appeared to be more active in cell cul- 
ture than in brain supernatants relative to colchicine. 
The data in Table | also give a clear indication of 
the structural features associated with activity in vitro 
and in vivo. Removal of the 3-carbon bridge which 
links the phenyl ring (ring A of colchicine) and the 
tropone ring (ring C of colchicine), and therefore forms 
ring B of colchicine. gave the bicyclic derivative (5) 
which retained full colchicine-type activity in systems 
both in vivo and in vitro. Removal of the methoxy 
groups from the phenyl ring of this compound (5) 
to give 6 resulted in considerable diminution of both 
activities, only weak inhibition of tubulin polymeriza- 
tion being detected for this compound (6) at a concen- 


tration 375-fold greater than the half-maximal inhibi- 


tory concentration of the parent substance (5). 
Neither the trimethoxybenzene ring (7) nor the meth- 
oxytropone system (8) alone or together possessed 
any activity in either system at concentrations tested. 

Conversion of the seven-membered tropone ring 
(ring C) of colchicine to the corresponding six-mem- 
bered benzoate ester of allocolchicine (4) was accom- 
panied by retention of potency essentially identical 
to colchicine in both test systems. 


DISCUSSION 


It is clear that colchicine-like antimitotic activity 
and ability to inhibit polymerization of tubulin are 
retained in molecules considerably simpler than col- 
chicine itself. Inspection of the structures of the com- 
pounds investigated (Table |) reveals that the molecu- 
lar features of colchicine responsible for antimitotic 
activity and inhibition of tubulin in vitro are embo- 
died in the bicyclic derivative, 5. This is the simplest 
derivative of colchicine with similar potent activities. 
It remains to be seen if other ring systems or side 
chains can replace either ring in 5 and still retain 
colchicine-like activity. The conformation shown for 
5 is that corresponding to colchicine but it should 
be noted that the two rings are free to rotate with 
respect to each other and can, therefore, assume an 
infinity of conformations. It seems likely that the 
active conformation would be similar to that of col- 
chicine, since isocolchicine (4) is inactive in both sys- 
tems (colchicine and isocolchicine can be considered 
semirigid analogs of the bicyclic compound, 5). 

In light of the results obtained it seems reasonable 


to presume that both the trimethoxypheny! and meth- 
oxytropone systems of 5 are involved in binding to 
tubulin and that the binding results in inhibition of 
polymerization and, in vivo, inhibition of mitosis. This 
finding parallels that of Bhattacharyya and 
Wolff [18]. who, on the basis of tubulin-induced 
fluorescence obtained with a series of colchicine deri- 
vatives, have suggested that the trimethoxyphenyl and 
methoxytropone ring systems represent at least two 
sites on the colchicine molecule involved in binding 
to tubulin. 

Neither of the two ring systems (7 and 8) which 
comprise the tetramethoxy bicyclic compound (5). 
when tested individually or together, possessed any 
activity in tissue culture or in cell-free supernatants, 
thereby demonstrating the necessity for both rings to 
be combined in a single molecular entity in order 
to exhibit biological activity. Incubation of either col- 
chicine (at 10°” M) or compound 5 (at 10°” M) with 
either 7 or 8 individually (at 10°*M) or 7 and 8 
together (at 10°*M) in mouse brain supernatants 
produced no decrease in the ability of colchicine or 
compound 5 to inhibit tubulin polymerization as 
might have been expected if 7 and/or 8 could interact 
significantly with the binding site for colchicine and 
compound 5. These results show that the combination 
of both rings in a single molecule (i.e. colchicine or 
5) is required for proper interaction with tubulin as 
well as for biological activity. It is not possible to 
state at present whether binding to tubulin is suffi- 
cient. for colchicine and compound § to inhibit poly- 
merization or whether events subsequent to binding 
of these compounds are more significant in this re- 
spect. Other workers [19,20] have suggested that a 
conformational alteration in tubulin may be associ- 
ated with the binding of colchicine. 

The high activity of allocolchicine (4) as an antimi- 
totic in HeLa cell culture and in vitro as an inhibitor 
of tubulin polymerization indicates that the seven- 
membered methoxytropone ring of colchicine is not 
essential for biological activity. This finding. that a 
six-member benzene ring can replace the tropone sys- 
tem is consistent with the results of Zweig and Chig- 
nell [17], who reported that N-acetylcolchinol and 
N-acetyliodocolchinol (both of which have a phenolic 
ring in place of a tropone ring) effectively and com- 
petitively displaced colchicine from its binding site 
on tubulin. Apparently Lettré [2] recognized antimi- 
totic activity in allocolchicine but never reported its 
quantitation. 

The dramatic loss of biological activity which 
accompanies removal of the three methoxy groups 
from the phenyl ring of 5 to give 2-methoxy-5-phenyl- 
tropone (6), strongly suggests that one or more meth- 
oxy groups on the phenyl ring are required for potent 
inhibition of mitosis and inhibition of tubulin poly- 
merization in compound § and, by analogy, in colchi- 
cine also. A requirement for methoxy groups on the 
phenyl ring to sustain antimitotic activity has been 
suggested by several investigators [1,2,4,21,22], but, 
until now, without direct supporting evidence. That 
the methoxy groups on the phenyl ring of 5 are 
important for binding is clear from the fact that co- 
addition of 5 (10°’ M) and 6 (10°*M) to a brain 
supernatant did not affect the ability of 5 to inhibit 
polymerization of tubulin. 
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The data clearly suggest that, for the analogs of 
colchicine tested, a good correlation exists between 
antimitotic activity and ability to inhibit tubulin poly- 
merization (Table 1). With regard to rank correlation, 
desacetamidocolchicine (2) presents the only excep- 
tion. This molecule possesses a greater degree of 
hydrophobic character relative to colchicine at the 
seven position (the nitrogen-bearing carbon in colchi- 
cine) and is a more potent antimitotic agent not only 
in HeLa cell culture as demonstrated here, but in 
various other cell lines [4,5, 23]. The fact that desace- 
tamidocolchicine is only equal to colchicine in its abi- 
lity to inhibit tubulin polymerization in vitro suggests 
that some feature of the intact cell may permit more 
ready access to or facilitate interaction with the tubu- 
lin molecule. However, presently available informa- 
tion does not permit emphasis of any particular 
hypothesis on this point. 
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Abstract—Synaptosomal uptakes of a number of amino acids were strongly inhibited by vinblastine 
(I59 = 30-50 uM). Vincristine was a less effective inhibitor and colchicine had virtually no effect. The 
inhibitory effects of vinblastine on uptakes of alanine, leucine and serine were modified by cations 
and by nucleotides. The degree of inhibition was reduced by Mg?*, Ca?* and Na*: nucleotides anta- 
gonized the inhibitory effect of vinblastine but this effect required the presence of divalent cations. 
The inhibitory effects of vinblastine were almost abolished when the incubations were carried out 
at 5° instead of 37°. The efflux of amino acids from synaptosomal particles was retarded by vinblastine: 
this effect could be observed at a concentration as low as 154M. By analogy with the effects of 
vinca alkaloids on biological processes in other tissues, our present results suggest that neurotubular 
protein participates in the initial rapid uptake and the subsequent efflux of amino acids in synaptosomal 


fractions. 


Amino acid transport systems which are present in 
isolated nerve endings have been a subject of primary 
interest in this laboratory [1-3]. Although the rela- 
tionship of these transport systems to synaptic func- 
tion is unclear, one potential importance of these sys- 
tems stems from the fact that some amino acids serve 
as precursors in the biosynthesis of neurotransmitters. 
Furthermore, recent studies [4,5] indicate that certain 
other amino acids may themselves act as neurotrans- 
mitter substances. 

There is a growing amount of evidence [6-8] that 
the release of some neurotransmitters at the synaptic 
junction, like many similar stimulus-release processes 
in other tissues (e.g. insulin secretion [9]), is mediated 
by a contractile mechanism involving an actomyosin- 
like protein. The effects that vinca alkaloids and col- 
chicine have on neurotransmitter transport processes 
in isolated synaptosomal systems [6] strongly suggest 
that these mechanisms are associated with a microtu- 
bular system. In the present investigation, we have 
studied the effects of vinca alkaloids on synaptosomal 
transport of amino acids. It is shown that the charac- 
teristics of vinblastine inhibition of the transport of 
a number of amino acids are similar to those reported 
[6] for synaptosomal transport of several neurotrans- 
mitter substances, and the results raise the possibility 
that a microtubular system mediates the synaptoso- 
mal uptakes of these amino acids in much the same 
manner as those of the neurotransmitters. 


MATERIALS AND METHODS 


Materials 


Vinblastine sulfate and vincristine sulfate were gifts 
from Eli Lilly & Co. (Indianapolis, Ind.). Colchicine 
was obtained from Sigma Chemical Co. (St. Louis, 
Mo.). Uniformly labeled L-['*C]-amino acids were 
purchased from New England Nuclear Corp. (Boston, 
Mass.) and had the following specific radioactivities 
(mCi/m-mole): alanine, 139; aspartic acid, 208; gluta- 


mic acid, 240; glycine, 104; histidine, 310; isoleucine, 
298; leucine, 312; phenylalanine, 459; proline, 230; 
serine, 155; threonine, 205; and valine, 210. Uniformly 
labeled L-[*H]tyrosine was also purchased from New 
England Nuclear Corp. and had a specific radioacti- 
vity of 60 Ci/m-mole. 


Assay of synaptosomal amino acid uptake 


Cerebral cortices obtained from adult Sprague 
Dawley rats were homogenized in 10 vol. of ice-cold 
0.32 M sucrose solution. Synaptosomal fractions were 
prepared from the homogenates by the method of 
Kurokawa et al. [10] and suspended in one of the 
following five media: (1) medium TS containing 
10mM Tris-HCl (pH 7.4) and 345mM sucrose, (2) 
medium TMS containing 10mM Tris-HCl (pH 7.4), 
15mM MgCl, and 300 mM sucrose, (3) medium TCS 
containing 10mM Tris-HCl (pH 7.4), 15 mM CaCl, 
and 300mM sucrose, (4) medium TNS containing 
10mM_ Tris-HCl (pH7.4), 225mM NaCl and 
300 mM sucrose, and (5) medium TMNa containing 
10mM Tris-HCl (pH 7.4), 15mM MgCl, and 
150mM NaCl. A I-ml portion of each suspension 
(containing 0.1 to 0.2 mg of synaptosomal protein) 
was incubated with a labeled amino acid (0.1 wCi) and 
various concentrations of inhibitors and nucleotides 
under the conditions given in the legends to the tables 
and figures. At the end of the incubation period the 
particles were collected on Millipore filters and 
assayed for radioactivity as described elsewhere [1]. 


RESULTS 

Characteristics of vinblastine inhibition of amino acid 
uptake by synaptosomal fractions 

The inhibitory effects of the vinca compounds have 
been expressed in terms of the I;, concentration (the 
concentration of inhibitor that produced a 50 per cent 
inhibition in synaptosomal uptake of substrate amino 
acids). The values for I,9 were derived from Hill-type 
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Fig. 1. Vinblastine inhibition of amino acid uptake by 
synaptosomal fractions prepared from rat cerebral cortex. 
Synaptosomal fractions prepared as described in Methods 
were incubated with 0.1 wCi (0.2 to 0.8 uM) of the labeled 
amino acid and the various concentrations of vinblastine 
sulfate, at 37° for | min. For proline uptake the incubation 
medium was TMNa and for the other amino acids the 
incubation medium was TMS. Key: rp is the rate of uninhi- 
bited amino acid accumulation and v the rate of accumu- 
Jation in the presence of vinblastine; @ @, serine; 
oO O, leucine; @ @, alanine; [ OC, glycine; 
A A, proline; and x x, leucine accumulation 
when the leucine concentration in the incubation mixtures 
was 10 uM. 


plots, in which log[(v 9 — v)/v] (vo is the uptake rate in 
the absence of inhibitor and v the rate in the presence 
of inhibitor at a concentration, [I]) was plotted 
against log [I]. Each plot was constructed from data 
obtained with three to four concentrations of the in- 
hibitor substance. The plots were approximately 
linear in all cases, and their regression equations were 
computed by the method of least squares. The I<o 


Table 1. Inhibition of synaptosomal uptake of amino acids 
by vinblastine* 





Amino acidt Is (uM) 





137 + 10 (7) 
313 + 62 (3) 
38 (3) 
28 (3) 
7 (8) 
36 (3) 
10 (6) 
10 (3) 
21 (3) 


Alanine 
Glycine 
Histidine 108 
Isoleucine 107 
Leucine 105 
Phenylalanine 115 
Serine 93 
Tyrosine 63 
Valine 91 


H+ H+ H+ HH He 





*Synaptosomal fractions prepared as described in 
Methods were incubated with the labeled amino acids for 
1 min at 37° in a final volume of | ml of medium TMS. 
The incubation mixtures contained various concentrations 
of vinblastine sulfate. I59 values (given with the standard 
deviations) were determined from Hill plots, as described 
in Methods. The numbers in parentheses are the numbers 
of experiments. 

+ All of the amino acids except tyrosine were labeled 
uniformly with ['*C]; tyrosine was labeled with tritium. 
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Fig. 2. Effects of vinblastine on the initial rate of leucine 
uptake. Synaptosomal fractions were incubated . with 
0.1 «Ci of labeled leucine for various time intervals. The 
incubation medium was TMS. Key: @ @. incubation 
at 37 in the absence of vinblastine: A A, incubation 
at 37° in the presence of 250 uM vinblastine; O———O, incu- 
bation at 17° in the absence of vinblastine; A———A, incu- 
bation at 17° in the presence of 250 uM vinblastine. 


values are the inhibitor concentrations at which the 
values for log[(v9 — v)/v] are zero and were calculated 
from the regression equations. Representative Hill 
plots of vinblastine inhibition are shown in Fig. 1. 
The slope of each plot is approximately unity, sug- 
gesting a first-order interaction of vinblastine with 
each of the amino acid transport processes [11]. 
Data presented in Table 1 compare the inhibitory 
effects of vinblastine on the accumulations of nine 
different amino acids. Vinblastine strongly inhibited 
the uptakes of leucine, isoleucine, valine, histidine, 
tyrosine, phenylalanine, serine and alanine, with I< 





A 0.4 0.6 0.8 
t tum] 
Fig. 3. Double-reciprocal plot of inhibition of serine 
uptake by vinblastine. Synaptosomal fractions were incu- 
bated with 0.1 wCi of labeled serine and various concen- 
trations of unlabeled serine at 37° for 1 min. The incuba- 





tion medium was TMS. Key: O O, serine uptake in 
the absence of vinblastine; @ @. serine uptake in the 
presence of 100 uM vinblastine. 
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Fig. 4. Effects of vinblastine on serine accumulation as a 
function of synaptosomal protein concentration. Various 
concentrations of synaptosomal protein were incubated 
with 0.1 wCi of labeled amino acid at 37° for | min. The 
incubation medium was TMS. Key: @——®, accumulation 
of serine in the absence of vinblastine; @-—-—@, accumu- 
lation of serine in the presence of 100 4M _ vinblastine; 
O——O, accumulation of leucine in the absence of vinblas- 
tine; O-—-~—O, accumulation of leucine in the presence of 
100 uM vinblastine. 


values in the range of 100 uM. The alkaloid had a 
considerably lesser inhibitory effect on the uptake of 
glycine, as indicated by the 3-fold higher value for 
Iso. 

The effects of vinblastine on the initial rate of leu- 
cine uptake at two incubation temperatures are 
shown in Fig. 2. The early influx of leucine was inhi- 
bited more at 37° than at 17°, though at both the 
temperatures the extent of inhibition remained con- 
stant during the entire time interval studied. 

Experiments in which the concentrations of sub- 
strate amino acids were varied indicated that vinblas- 
tine inhibition of synaptosomal amino acid uptake 
was of the noncompetitive type. Noncompetitive in- 
hibition of serine uptake is demonstrated by the 
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double-reciprocal plot in Fig. 3. Noncompetitive inhi- 
bition of leucine uptake can be inferred from the fact 
that the velocity function of the Hill plot (ordinate 
in Fig. 1) remained unchanged when the concen- 
tration of leucine was increased to 10 uM (see Fig. 
1). Under these conditions, the I;9 value is indepen- 
dent of the substrate concentration and is equivalent 
to the inhibitory constant, K;, derived from Michaelis 
Menten kinetics (see Ref. 11). 

The extent of vinblastine inhibition was not depen- 
dent on the concentration of synaptosomal protein 
in the incubation mixture. A plot of amino acid 
uptake against protein concentration (Fig. 4) resulted 
in a straight line through the origin in the presence 
as well as in the absence of inhibitor, and hence the 
inhibition conforms to a reversible type [12]. 


Factors which influence vinblastine inhibition of amino 
acid uptake 

A number of factors were found to alter the effec- 
tiveness of vinblastine as an inhibitor of synaptosomal 
amino acid uptake. The quantitative effects of these 
factors were measured as changes in the I<) values 
for vinblastine inhibition. 

Temperature. The inhibition of amino acid uptake 
by vinblastine occurred to a much lesser extent at 
5° than at 37° (Table 2). This effect of reduced tem- 
perature was most pronounced in the case of alanine 
uptake, where the I;, value at 5° was about ten times 
the value determined at 37°. The I,. values for serine 
and leucine accumulations were about four times 
greater at 5° than at 37°. 

Cations. The above experiments were carried out 
with incubation media which contained 15mM 
Mg?*. The initial rate of amino acid accumulation 
from medium lacking divalent cations is only about 
4 of that from medium containing either Mg?* or 
Ca?* (unpublished data). However, vinblastine had 
a substantially greater inhibitory effect in cation-free 
medium than in medium containing either of the di- 
valent cations (Table 3). This effect was more pro- 
nounced in the cases of serine and leucine uptakes, 
where the I<, values for vinblastine inhibition were 
2.5- to 5-fold less in TS medium. Additional exper- 
iments showed that the uptakes of valine, isoleucine, 
histidine, phenylalanine, tyrosine and threonine from 
TS media were also more strongly inhibited by vin- 
blastine than the corresponding uptakes from TMS or 
TCS medium. The data given in Table 3 further show 
that Na* acts in a manner similar to the divalent 
cations in reducing the vinblastine inhibition of the 
uptakes of the three amino acids. These experiments 


Table 2. Effect of incubation temperature on vinblastine inhibition of amino 
acid accumulations by synaptosomal fractions* 





Iso (uM) 





Incubation 


temperature Leucine 


Serine Alanine 





37 105+ 7 (8) 
5 407 + 44 (6) 


137 + 10 (7) 
> 1000 (5) 





* Synaptosomal fractions were incubated with labeled amino acids in medium 
TMS at 37° for 1 min or at 5° for 10 min. Vinblastine was included at various 
concentrations in the incubation mixtures. I, 9 values were computed as de- 


scribed in the text. 
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Table 3 
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3. Effects of cations alone, and in combination with ATP, on vinblastine inhibition of synaptosomal amino 


acid uptake* 





I;, values for vinblastine inhibition of synaptosomal amino acid 


uptake from medium 





Additions 
(0.5 mM) TS 


Amino acids 


TMS TNS 





None 30+7 (11) 

ATP 65 + 12 (4) Z 
None 42+3 (3) 
ATP 53 + 15 (3) 
None 86 4 
ATP 115 + 12 (3) 


Serine 


Leucine 


Alanine 


93 + 10 (6) 30 (4) 


720 + 80 (5) + 146 (3) 
20 (4) 137 
665 


128 + 13 (3) 
181 + 21 (3) 
180 + 20 (3) 
325 + 33 (3) 
136+ 4 (2) 
224 + 13 (3) 


146 (3) 

» t+ 22 6) 
244+ 41 (4) 
570 + 90 (3) 


+ 10 (7) 
+ 90 (3) 





* Synaptosomal fractions were incubated with the labeled amino acids for | min at 37° in the incubation media 


indicated. The I<, values for vinblastine inhibition of the amino acid uptake were computed as described in the text. 


were concerned with amino acids which are maxi- 
mally accumulated by synaptosomal fractions in the 
absence of Na* [1]. Initial experiments with aspartic 
acid, which is transported via a totally Na*-depen- 
dent system, indicated a virtual lack of vinblastine 
inhibition in the presence of 150mM Na”. Since it 
was not clear whether Na‘*-dependent uptake 
mechanisms per se might be insensitive to vinblastine, 
or whether any possible inhibitory effects were 
masked by the high Na* concentration, the effects 
of vinblastine of Na*-dependent systems were stud- 
ied at suboptimal Na* concentrations. Data for 
aspartic acid and glutamic acid, summarized in Table 
4. show that the effects of vinblastine were consider- 
ably modified by Na*. At the lowest Na* concen- 
tration, | mM, vinblastine did in fact substantially in- 
hibit the uptakes of both amino acids. The alkaloid 
had progressively less effect on the uptakes at increas- 
ing Na* concentrations, and, in the case of aspartic 
acid, had virtually no effect when the Na* concen- 
tration was 150 mM. The data in Table 4 also show 
an interesting effect of Na* on the slope of the Hill 
plot. The slope is unity or slightly greater than unity 
at a Na” concentration of 1 mM and increases with 
increasing Na~ concentration, reaching values greater 
than 2 at the higher Na” concentration. A possible 
interpretation of this change in the slope value is that 


increasing Na* concentration results in an increase 
in the number of vinblastine molecules which interact 
at the transport site (see Ref. 11). This effect of Na* 
would be in addition to its effect in antagonizing the 
vinblastine inhibition of the uptake rate, as indicated 
by the increase in the I<, value. Essentially similar 
results were obtained in experiments with proline, 
another amino acid which is accumulated by synapto- 
somes via a totally Na*-dependent system [1]. 

Nucleotides. When divalent cations were present in 
the medium, the inhibitory effects of vinblastine were 
antagonized by a number of nucleotides. Among the 
nucleotides studied, ATP caused the greatest reduc- 
tion in the vinblastine inhibition. In the presence of 
ATP, and in medium TMS or TCS, the Is value 
for vinblastine inhibition of serine uptake was in- 
creased by 3-fold and the values for leucine and 
alanine uptakes by nearly 7-fold (Table 3). cAMP and 
GTP increased the I59 values by 2- to 3-fold. The 
following nucleotides produced a relatively small but 
statistically significant (P < 0.01) increase in the Iso 
value for vinblastine inhibition of serine uptake from 
medium TMS: ITP, UTP, CTP, and f,y-methylene 
ATP. Adenosine and f,y-methylene GTP had no 
effect. 

It can be seen from the data in Table 3 that the 
ability of ATP to antagonize the inhibitory effects of 


Table 4. Effects of Na* on the slope of the Hill plot and I, for vinblastine inhibition 
of synaptosomal aspartic acid and glutamic acid uptakes* 





Iso 


Slope 





Na’ 
concn 


(mM) 


Glutamic 
acid 


Aspartic 
acid 


Glutamic 
acid 


Aspartic 
acid 





7 (6) 

10(2) 

24 (3) 

25 (4) 

70 (3) 

+ 10(2) 

> 10004 (3) 


188 - 


290 + 
340 


580 + 


62 (4) 
156+2 (2) 
188 + 27 (5) 
12 (4) 
40 (4) 
40 (3) 
590 + 20 (2) 


1.25 + 0.17 (6) 
1.63 + 0.05 (2) 
1.67 + 0.28 (3) 
2.28 + 0.12 (4) 
55 + 0.17 (3) 
41 + 0.40 (2) 





* Synaptosomal fractions were incubated with either ['*C]aspartic acid or ['*C]glutamic 
acid for | min at 37°. The incubation medium contained various concentrations of Na~ 
and vinblastine. Hill plots of the vinblastine inhibition were constructed and the slopes 
and I;9 values were derived from the latter plots. Numbers in parentheses represent the 


number of determinations. 


+ Vinblastine at a concentration of 1000 4M caused 12 per cent inhibition of uptake. 
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Table 5. Effects of vincristine on synaptosomal amino acid 
uptake* 





Iso (uM) 





Medium 
TMS 


Medium 
Amino acid TS 





1000 + 400 (3) 
1000 + 300 (3) 


180 + 20 (2) 
430 + 110 (2) 


Serine 
Leucine 





incubated with the 
in either medium TS 


*Synaptosomal fractions were 
labeled amino acid for | min at 37 
or medium TMS. 


vinblastine is largely dependent on the presence of 
divalent cations; in both TS and TNS media ATP 
had little or no effect. 


Effects of vincristine and colchicine on synaptosomal 
amino acid uptake 

A comparison was made of the inhibitory effects 
of vinblastine with another vinca alkaloid, viz. vincris- 
tine, and with colchicine. As in the case of vinblastine 
the inhibitory effects of vincristine on serine and leu- 
cine uptakes were substantially greater in cation-free 
medium than in medium containing Mg?* (Table 5). 
However, quantitatively, vincristine exerted a much 
lesser inhibition than vinblastine. The I; 9 values for 
vincristine inhibition of serine, leucine and alanine 
were 6- to 10-fold higher than those for inhibition 
by vinblastine. Colchicine, at comparable concen- 
trations, produced practically no inhibition of amino 
acid uptake. Even at a concentration of 1 mM, only 
20 per cent inhibition could be observed with colchi- 
cine. 


Effects of vinblastine on efflux of amino acids 

The initial rapid influx of amino acids into synapto- 
somal fractions is followed by a period of progressive 
efflux [1]. The effects of vinblastine on this efflux pro- 
cess were studied. 
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Fig. 5. Recovery of ['*C]serine from synaptosomal par- 
ticles as a function of incubation time. Synaptosomal frac- 
tions were incubated with 0.1 wCi of labeled serine in 
medium TS for time intervals ranging from 3 to 90 min. 
Key: O——, incubation in the presence of 15 uM vinblas- 
tine; @ @, incubation in the presence of 30 uM vinblas- 
tine; @——®, incubation in the absence of vinblastine. 
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Fig. 6. Recovery of ['*C]serine from synaptosomal par- 
ticles as a function of incubation time. Synaptosomal frac- 
tions were incubated with 0.1 wCi of labeled serine in 
medium TS for time intervals ranging from 3 to 90 min. 
After 20 min of incubation (indicated by arrow) vinblastine 
was added to final concentrations of 30 and 60 uM. Key: 
@ @. incubation mixtures containing no vinblastine: 
O O, incubation mixtures containing vinblastine at a 
final concentration of 30uM; @ @. incubation mix- 
tures containing vinblastine at a final concentration of 
60 uM. 


In the first type of experiment, vinblastine was 
added to the incubation mixtures at the beginning 
of the incubation period. In the absence of vinblas- 
tine, the net loss of amino acid began after about 
10min. With vinblastine in the medium, efflux did 
not begin until after about 30 min of incubation, and 
thereafter proceeded at a relatively slow rate. Figure 
5 shows that vinblastine, at concentrations of 15 and 
30 uM, prolonged the retention of the amino acid 
over a period of 90 min. 
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Fig. 7. Recovery of ['*C]serine from synaptosomal par- 

ticles as a function of incubation time. Synaptosomal par- 

ticles were incubated with 0.1 wCi of labeled serine in 

medium TMNa. Key: @ @, amino acid recovery in the 

absence of vinblastine; O ©, amino acid recovery in 
the presence of 60 4M vinblastine. 
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In the second type of experiment, vinblastine was 
added to the incubation mixtures after 20 min of incu- 
bation. As can be seen in Fig. 6, the fractions pro- 
gressively lost amino acid in the absence of vinblas- 
tine, but in the presence of vinblastine, retained a reia- 
tively constant amount of amino acid over a 60-min 
period. 

These experiments on the effects of vinblastine on 
amino acid efflux were carried out in TS medium. 
In media containing Na* and Mg?* (medium 
TMNa), the efflux of amino acid was substantially 
enhanced. Vinblastine still clearly reduced the efflux 
of amino acid from this latter medium (Fig. 7). 


DISCUSSION 


The magnitude of vinblastine inhibition of the 
synaptosomal amino acid transport systems studied 
in the present investigation is comparable to that 
reported by Nicklas et al. [6] for inhibition of synap- 
tosomal uptake of DOPA, norepinephrine and 
y-aminobutyric acid. In contrast to vinblastine, vin- 
cristine was a weak inhibitor of synaptosomal amino 
acid uptake. The study of Secret et al. [13] on the 
binding of vinca alkaloids by rat blood platelets is 
pertinent to our results. In the platelet system, vincris- 
tine interacted much more slowly with platelet-bind- 
ing sites than did vinblastine, in terms of its ability 
to displace vinblastine. The authors give two possible 
interpretations of this finding. The first, which they 
favor, is that vincristine shares the same binding site 
as vinblastine, but binds to the site more weakly than 
vinblastine; the second is that vincristine binds to a 
different site but modifies the binding characteristics 
of the vinblastine site. In either case, we consider it 
possible that an analogous dissimilarity in the interac- 
tion of the two alkaloids with synaptosomal amino 
acid transport sites could account for the difference 
in the degree of inhibition of amino acid uptake. 

It should be noted that the more neurotoxic of 
these two vinca alkaloids, vincristine, is the less effec- 
tive inhibitor of synaptosomal amino acid uptake. 
Since there is apparently little difference in the degree 
to which the two compounds gain entry into the 
CNS, a correlation cannot be made between their 
neurotoxic effects and their inhibitory effects on 
synaptosomal transport of amino acids. 

Colchicine had practically no effect on synaptoso- 
mal amino acid accumulation; even at a concen- 
tration of | mM, it produced only a slight inhibition, 
Several investigators have observed such a dissimi- 
larity in the inhibitory effects of vinca alkaloids and 
colchicine in systems known or presumed to be 
mediated by microtubules. Thoa et al. [14], for 
example, found vinblastine to be about ten times 
more effective than colchicine in blocking the phenoxy- 
benzamine-stimulated release of norepinephrine and 
of dopamine-f-hydroxylase from sympathetic nerves. 
In the experiments described by Poisner and Bern- 
stein [15], vinblastine was about ten times more effec- 
tive in inhibiting catecholamine release from the 


adrenal medulla than was colchicine. Moreover, col- 


chicine had relatively little effect, as compared to 
vinblastine, on the synaptosomal uptakes of putative 
transmitter substances [6]. There has been disparity 
in the reported effects of colchicine on fast axonal 
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transport. Some investigators have observed colchi- 
cine to be as inhibitory as vinblastine, whereas others 
found little or no colchicine inhibition. Although the 
lack of a colchicine effect questions an independent, 
role for a neurotubular system in axonal transport, 
Redburn and Cotman [16] suggest that maximum 
sensitivity of the transport system to colchicine may 
require a prolonged exposure to the drug. In fact, 
Wilson [17] has shown that colchicine complexes 
with isolated chick brain tubulin protein at a very 
slow rate; this binding process does not attain equi- 
librium for several hr at 37°. An insufficient exposure 
time could, therefore, account for our failure to 
observe colchicine inhibition. We could not ascertain 
if colchicine could inhibit synaptosomal amino acid 
transport after a long duration of exposure, because 
the transport systems are labile and display net 
uptake of amino acid only during the first few min 
of incubation. 

The inhibitory effects of vinblastine on amino acid 
uptake were almost abolished when the incubations 
were carried out at 5° instead of at 37°. A reduction 
in temperature causes characteristic changes in the 
conformation of microtubular protein [18]. Such con- 
formational changes could also alter vinblastine bind- 
ing and thereby reduce its inhibitory effects on amino 
acid uptake. Consistent with this possibility is the fact 
that vinblastine binding to rat blood platelets is 
nearly 5-fold less at 4° than at 37° [13]. 

The inhibitory effects of vinblastine were greatest 
in incubation media solely containing Tris-HCl buffer 
and sucrose. The inclusion of Na* in the incubation 
media substantially increased the I; values for vin- 
blastine inhibition ; this effect was observed in the case 
of both amino acids which do not require Na* for 
uptake (leucine, serine, alanine) and those which are 
transported via strictly Na*-dependent systems 
(aspartic acid, glutamic acid, proline). Nicklas et al. 
[6] have reported a relatively weak inhibitory effect 
of vinblastine on glutamic acid uptake by synaptoso- 
mal preparations. Our data indicate that the lack of 
pronounced inhibition of glutamic acid uptake by 
vinblastine, reported by Nicklas et al. [6], is perhaps 
a result of the high Na* levels employed in their 
studies. Under the experimental conditions used by 
these authors (high Na*), the synaptosomal uptake 


‘of y-aminobutyric acid was strongly inhibited by low 


concentrations (~ 50 uM) of vinblastine. A strong in- 
hibition of y-aminobutyric acid uptake by vinblastine 
occurred under our experimental conditions as well; 
moreover, we found that this inhibitory effect was not 
changed by a reduction in Na“. The latter observa- 
tion is consistent with the suggestion that the sites 
of glutamate and y-aminobutyric acid accumulations 
are distinct [6]. 

The inhibitory effects of vinblastine on synaptoso- 
mal amino acid uptakes were reduced by Mg?* and 
Ca’**. Nucleotides antagonized vinblastine inhibition, 
but this effect required the presence of either Ca** 
or Mg?*. The ionic factors and nucleotides which 
modify vinblastine inhibition of synaptosomal amino 
acid uptake all presumably have a fundamental in- 
volvement with the structure and function of tubular 
protein and microtubular systems [19]. Evidence in 
support of such an involvement is derived in part 
from the stabilizing effects which these agents have 
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in terms of colchicine-binding activity of microtubular 
protein. Colchicine-binding activity is stabilized by 
high ionic strength medium, by Mg?*, and by GTP 
in the presence of Mg?*. This stabilizing action has 
been attributed to conformational changes in the 
tubulin protein which retard the release of bound col- 
chicine. Moreover, there is much evidence which indi- 
cates that vinblastine (also a stabilizer of colchicine- 
binding activity), guanine nucleotides and colchicine 
all bind to microtubular protein at different sites. 
Ca?*, as well as Mg?*, may play a role in microtubu- 
lar assembly, and the possibility has been raised that 
tubulin possesses a high affinity binding site for Ca?* 
which is related to the vinblastine-binding site [19]. 

There were quantitative differences in the effects 
which the nucleotides had on the uptakes of leucine, 
serine and alanine. ATP caused a much greater reduc- 
tion in the vinblastine inhibition of leucine and 
alanine uptake than in vinblastine inhibition of serine 
uptake. We have also observed that cAMP had a 
greater effect in reducing vinblastine inhibition of 
alanine uptake than of either serine or leucine uptake 
(data not shown). These quantitative differences 
would seem to indicate that the three amino acids 
are transported by dissimilar mechanisms at indepen- 
dent sites. Further evidence for an independent 
alanine system can be seen in the far greater effect 
of reduced temperatures on the synaptosomal uptake 
of this amino acid. 

Amino acid that is accumulated by synaptosomal 
particles is extruded from the particles after a short 
period of incubation. This efflux is retarded by vin- 
blastine at a concentration as low as 15 uM (Figs. 5 
and 6). Previous studies [1] suggested that the reten- 
tion of amino acid is dependent in part on the activity 
of Na*-K*-dependent ATPase, and that efflux is 
coupled in some manner with ionic movements. Thus, 
it was observed that: (1) the efflux was greater (sooner 
onset and more rapid rate) from medium containing 
150mM Na* than from Tris-sucrose medium; (2) the 
addition of K* substantially reduced amino acid 
efflux in the Na* -containing medium; and (3) K* had 
no such effect in the presence of ouabain. Synaptoso- 
mal fractions are known to be capable of exchanging 
Na* and K”. In the Na*-containing medium, they 
would presumably fill up with Na* and, by ion 
exchange, lose internal K*. The resulting depletion 
of K* would in turn reduce the ATPase activity. The 
pronounced effect which vinblastine had in promoting 
the retention of amino acid in the Na“ -containing 
medium (Fig. 7) strongly suggests that this efflux of 
amino acid involves an active role of microtubular 
protein. 

The work of Nicklas et al. [6] indicates that actin- 
like protein is involved in the uptake and release of 
putative neurotransmitters by synaptosomes. Actin- 
like protein as well as tubulin protein has been iso- 
lated from synaptosomal fractions [20] and from grow- 
ing nerve cells [21], and both of these protein systems 
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have recently been shown to interact with vinca alka- 
loids [21]. Vinblastine sulfate can precipitate a variety 
of cell structure proteins much in the same manner 
as tubulin and actin [22], and we cannot rule out 
possible roles for such proteins in the synaptosomal 
transport processes. However, the strong similarities 
between the effects that these alkaloids have on 
synaptosomal amino acid uptake and the effects 
observed by Nicklas et al. [6] on neurotransmitter 
uptake suggest a role for actin-like protein in synap- 
tosomal amino acid uptake also. Since actin and 
tubulin are major constituents of the synaptic mem- 
brane [8], it may well be that either each of these 
proteins alone or both together are involved in amino 
acid uptake and release processes in nerve endings. 
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Abstract 


The effects of several 2-diarylmethyl-1,3-indandiones on the activity of f-glucuronidase from 


different rat and bovine tissues was examined. 2-Benzhydryl-1,3-indandione appeared to be a potent 
inhibitor of f-glucuronidase whereas this compound did not affect some other lysosomal enzymes 
such as, acid phosphatase and, some glycosidases. Small alterations of the molecular structure caused 
a loss of inhibitory activity. Introduction of substituents into the phenyl rings usually lowered the 
inhibitory activity and bulky substituents were very unfavourable. The inhibition could be correlated 
with physicochemical parameters, and both steric effects and lipophilicity appeared important. Elec- 
tronic effects were of little consequence. The inhibition was uncompetitive and not related to anticoagu- 


lant activity. 


In the course of our investigations on the effects of 
anti-inflammatory indandione derivatives on some 
biochemical processes [1, 2] we studied the effects on 
enzyme release from rat liver lysosomes [3]. None of 
the compounds investigated did affect this release but 
2-benzhydryl-1,3-indandione (BHID) appeared to be 
an inhibitor of f-glucuronidase (EC 3.2.1.31). 1,3-In- 
dandiones display several biological properties of 
which the anticoagulant and anti-inflammatory activi- 
ties come most to the fore, and therefore, it would 
be of interest to study the inhibition of f-glucuroni- 
dase in more detail and, furthermore, its relation to 
other biological properties. 

In vitro inhibition of f-glucuronidase has, until 
now, been reported for substrate analogues [4-7], 
acid mucopolysaccharides [8], heavy metal ions [6], 
a few lipids [19], peroxides [10] and some tissue frac- 
tions of unknown structure [6, 11, 12], but there was 
never a clear relation to the in vivo activities of these 
compounds. Phenylbutazone has likewise been 
reported to inhibit f-glucuronidase, albeit at rather 
high and unphysiological concentrations [13-15]. 
Inhibition by substrate analogues was of the competi- 
tive type, whereas in most other cases inhibition 
proved noncompetitive. 

The present paper describes the effects of a series 
of substituted 2-diarylmethyl-1,3-indandiones and 
some related compounds on f-glucuronidase activity 
from different sources. 


MATERIALS AND METHODS 


Chemicals. 2-Diarylmethyl-1,3-indandiones and 
related compounds were synthesized as described pre- 
viously [16]. Warfarin was obtained from Sigma 
Chemical Co, phenylbutazone from Ciba-Geigy and 
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indomethacin from Merck Sharpe & Dohme. p-Nitro- 
phenyl phosphate was obtained from BDH Chemicals 
Ltd., and the p-nitrophenyl glycosides used as sub- 
strates for the determination of the glycolytic enzymes 
listed in Table | were purchased from Koch-Light 
Laboratories Ltd. All other chemicals were analytical 
grade preparations from the usual sources. 

Enzyme preparations. Two types of enzyme prep- 
arations were used, namely lysosome-rich fractions 
from different tissues of rat and calf and purified 
f-glucuronidase from rat or bovine liver. A lysosome- 
rich fraction from rat liver (Wistar strain) was pre- 
pared by centrifuging a 10°, homogenate in 0-25M 
sucrose at 900g for 5 min and recentrifuging the 
supernatant at 25,000g for 20 min. The pellet was 
suspended in 0:25 M sucrose and contained about 50 
per cent of total /-glucuronidase activity and about 
50 per cent of total protein. Lysosome-rich fractions 
from rat brain and kidney and calf liver, brain and 
kidney were prepared by the same method. f-Glucur- 
onidase from rat liver was purified following the pro- 
cedure of Stahl and Touster [17] up to and including 
the dialysis of the ammonium sulphate precipitate. 
The dialyzed materials of 10 rats were pooled and 
this preparation was used in most experiments. Puri- 
fied B-glucuronidase from bovine liver was obtained 
from Sigma Chemical Co. (type B-1). 

Protein content of each preparation was deter- 
mined according to the method of Lowry er al. [18] 
using bovine serum albumin as a standard. 

Lysosomal enzyme assays. Acid phosphatase (EC 
3.1.3.2) was determined according to the method of 
Torriani [19] using p-nitrophenyl phosphate as the 
substrate. f-Glucuronidase was determined by a 
modification of the method of Gianetto and De 
Duve [20] using p-nitrophenyl glucuronide as the 
substrate. The incubation medium (1 ml) contained 
0-1 M acetate buffer, pH 45, 2.5 mM substrate, 0:03% 
(v/v) Triton X-100, 3°% (v/v) ethanol and an appro- 
priate amount of enzyme. After incubation at 37° the 
reaction was terminated by adding 4 ml of 0-1 M gly- 
cine/NaOH buffer, pH 10-3, and the absorbance of 
the nitrophenyl anion measured at 415 nm. 


1397 





G. VAN DEN BERG, M. L. DE WINTER, W. A. DE BOER and W. TH. NAUTA 


Table 1. Effect of 0-1 mM BHID on various lysosomal enzymes present in the lysosome-rich 
fraction from rat liver 





Incubation conditions 


Enzyme activity 





Enzyme Buffer 





Control* BHID present? 





acetate 
acetate 
citrate 
acetate 
citrate 
citrate 
acetate 
acetate 


Acid phosphatase 
4-Galactosidase 
B-Galactosidase 
4-Mannosidase 
f-Glucosaminidase 
f-Galactosaminidase 
B-Glucuronidase 
Neuraminidase** 


143-0 
2:33 
6:94 
3:17 

34-9 
5:23 

19-2 
0:28 





Values are the means of two experiments. 


* Activity as nmoles p-nitrophenol/min/mg protein. 


+ Activity as per cent of control. 


** Neuraminidase was determined in grey matter from calf brain and activity expressed 


as nmoles neuraminic acid/min/mg protein. 


The activities of some other glycosidases [a-galac- 
tosidase (EC 3.2.1.22), f-galactosidase (EC 3.2.1.23), 
x-mannosidase (EC 3.2.1.24), B-acetylglucosaminidase 
(EC 3.2.1.30) and’ f-acetylgalactosaminidase (EC 
3.2.1—)] were determined by similar procedures as 
described by Barrett [21] using p-nitrophenyl glyco- 
sides as the substrates. Acetate or citrate buffers of 
an appropriate pH were used as indicated in Table 1. 

Neuraminidase (EC 3.2.1.18) was assayed with gan- 
gliosides as the substrate as described by Roukema 
and Heijlman [22]. 

All compounds tested were added to the incubation 
mixture as an ethanclic solution to a final ethanol 
concentration of 3° (v/v). This amount of ethanol 
did not influence enzyme activity. 

Multiple regression analysis. Inhibitory activities 
have been correlated with physicochemical parameters 
using the Hansch approach [23]. z values were taken 
from Hansch [23], Hammett’s electronic parameter 
(c) from Jaffe [24] and the steric parameters from 
Taft [25]. Regression equations will be given under 
Results, where n is the number of compounds, r is 





%o 


8&-Glucuronidase, 











Triton X-100, % (%/v) 


Fig. 1. Effect of Triton X-100 on f-glucuronidase activity 

in the lysosome-rich fraction from rat liver (O, control; 

A, 0-1mM BHID present) and on the purified enzyme 
from rat liver (@, control; A, 0-1 mM BHID present). 


the correlation coefficient, s is the standard error and 
F is the overall statistical significance of the equation. 
The Student’s t-test values of the regression coeffi- 
cients are placed in brackets. 


RESULTS 


Effect of BHID on f-glucuronidase. Figure 1 shows 
that BHID is an inhibitor of 6-glucuronidase activity 
in rat liver. Since Triton X-100 is known to be an 
activator of lysosomal enzymes, the influence of this 
detergent on enzyme activity and inhibition by BHID 
was studied. Triton X-100 appeared to enhance the 
inhibitory action of BHID considerably but other 
studies showed that a Triton X-100 concentration of 
at least 0-01°%% is necessary to ensure the complete 
solubility of BHID under the incubation conditions 
used. Hence, in the experiments described in the pres- 
ent paper 0:03°, Triton X-100 was always present in 
the incubation medium. 

Specificity of inhibitory action. In order to establish 
whether the inhibitory action of BHID was specific 
for B-glucuronidase, the effects of this drug on some 
other lysosomal enzymes including some glycosidases, 
were studied. Table 1 shows that only f-glucuroni- 
dase is inhibited by BHID. This inhibition is, how- 
ever, not restricted to f-glucuronidase from rat liver 
but also occurs in other rat tissues and in some 
bovine tissues (see Table 2). 

Inhibition by derivatives of BHID. The effects of a 
series of substituted derivatives of BHID on purified 
f-glucuronidase from rat liver were studied. Inhibi- 
tion was measured at three suitable drug concent- 
rations and the concentration producing 50 per cent 
inhibition (C59) was determined graphically. The C<, 
values listed in Table 3 are the means of five exper- 
iments with S.D. 

The activities of two derivatives substituted in the 
indandione ring and a few analogues derived from 
4-hydroxycoumarin were also studied and the results 
are shown in Table 4. 

The activities of some compounds chemically 
related to BHID were evaluated so as to ascertain 
on what structural elements of the BHID molecule 





Inhibition of f-glucuronidase 


Table 2. Effect of BHID on f-glucuronidase activity in lysosome-rich fractions from 
different sources and on the purified enzyme 





Enzyme activity 





Activity in the presence of 
varied concentrations of 
BHID (uM) as % of control 





Source Control* 10 100 





+ 
nw 
aa 
ww 


14 

6 
58 
28 
13 
65 


Rat liver 19-1 , 
Rat kidney 4:35 
Rat brain 0-51 
Calf liver 10-9 
Calf kidney 2:70 
Calf brain 0:28 
Rat liver 

purified 110+ 5 
Bovine liver 

purified hs + 


Io Ww 
nm con 
7 


a 
hs) 
I I+ I I I+ I+ 


I+ I+ I+ 14+ I+ 1+ 
I+ I+ I+ I+ | 
awn he 


13 


+ 
I+ 
I+ 

te 


37 


I+ 
t+- 





Values are the means of 5 experiments with S.D. 
* Activity as nmoles p-nitrophenol/min/mg protein. 


Table 3. Effects of 2-diarylmethyl-1,3-indandiones on purified £-glucuronidase from rat liver. 





Compound 
No. R 


a 





H 
4-methyl 
4-ethyl 
4-t-butyl 
4-fluoro 
4-chloro 
4-bromo 
4-dimethylamino 
4-methyl 4-methyl 
4-t-butyl 4-t-butyl 
4-t-butyl 4-fluoro 
4-fluoro 4-fluoro 
3-methyl 
3-t-butyl 
3-chloro 
3,5-di-t-buty] 
3,5-di-t-butyl- 
4-hydroxy 
3,5-dimethyl 3,5-dimethyl 
2-methyl 
2-ethyl 
2-isopropyl 
2-t-butyl 
2-chloro 
2-methyl 2-methyl 
2-ethyl 2-ethyl 
2-isopropyl 2-isopropyl 
2-t-butyl 2-t-butyl 
2,2'-ethylene* 
2,2'-vinylenet 
2,6-dimethyl H 
2,6-diisopropyl H 
2,6-dichloro H 
2,6-dimethyl 2-methyl 
2,6-dichloro 2-methyl 
2,6-dimethyl 2,6-dimethy] 
2,6-dichloro 2.6-dimethyl 


ra Dike oie oie ite ote ote oie» 


1 
2 
3 
4 
5 
6 
7 
8 
9 


= Looe 


ed 


je ie oie oie oie of 





Results are the means of 5 experiments with S.D. 
* 2-(10,11-Dihydro-SH-dibenzo[a,d]cyclohepten-5-yl)-1,3-indandione. 
+ 2-(SH-Dibenzo[a.d]cyclohepten-5-yl)-1,3-indandione. 
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Table 4. Effects of some BHID derivatives and 4-hydroxycoumarin analogues on 
purified f-glucuronidase from rat liver. 





Compound 


Cso (uM) 





o 


KK 
)—-CH(CgHs)> 
~~ 


° 


R = 4-nitro 
R = 4,5,6,7-tetrachloro 





R’ 





39 
40 
4] 
42 


4-methyl 
4-fluoro 
2,6-dimethyl 


H 


4-methyl 
4-fluoro 


2,6-dimethyl 





Results are the means of 5 experiments with S.D. 


activity would be dependent. Table 5 shows the inhi- 
bitions produced by 0-1mM of these compounds 
(means of three experiments). 

The Cs, values of the active compounds listed in 
Tabie 3 were analyzed using the Hansch approach 
[23] and the physicochemical parameters used are 
listed in Table 6. Compound 28 was omitted as the 
parameters for this substitution pattern were not 
available. Compared with the 2,2’-disubstituted com- 
pounds, the 2,6-disubstituted derivatives form a par- 
ticular group which did not fit in the regression (see 
Discussion). Hence, compounds 30 and 33 were omit- 
ted from the calculations. 


For the whole series of compounds listed in Table 
6 eq. | was obtained: 


—log Cso = 4920 — 0-419 2, + 0-134 EP? 
(—13-691) (7-157) 
s=0115 F= 95-74 


where z, is the sum of z values of the ortho substi- 
tuents and E? the steric parameter for para substi- 
tuents. It follows from this equation that substitution 
into meta position exerts no effect on the inhibitory 
activity. 

For para-substituted compounds (Nos 1-12) eq. 2 
was found and the activities of the ortho-substituted 


(1) 


n= 23 


r = 0-952 


Table 5. Effects of some 1,3-indandione derivatives on purified f-glucuronidase from rat liver. 





f-glucuronidase activity in 
the presence of 0:1 mM drug 
as per cent of control 





CH,C,H; 
CH(C,Hs)> 
C(C.Hs)s3 
COCH(C,Hs)> 
CH(C,Hs)> 





OD] HCl Cet). 

‘o 
HOOC-CH,CH(C,Hs), 
Warfarin 
Phenylbutazone 
Indomethacin 





Results are the means of 3 experiments. 





Inhibition of B-glucuronidase 


Table 6. Inhibitory activities and physicochemical properties of some 2-diaryl- 
methyl-1,3-indandiones. 





Compound No. 


—log Cso (M~') 


E?t Found Calc.** 





NSDUH wWN 


2-48 a Po 
5-09 
5-08 
4-88 
5:19 
+12 
5-10 
4-92 
451 
4-82 
S15 
5:25 
5-25 
5:25 
5:25 
5-02 
4:83 
461 
4-42 
4:96 





* From ref. 23: + from ref. 24; 


derivatives (Nos 19-26) showed a good correlation 
with 2, alone (eq. 3): 
—log Cso = 4863 + 0-172 E? — 0-419 o (2) 
(11-126) (—3-656) 
n=11 r=0977 s=0053 F = 82:84 
—log Cso = 5-362 — 0-476 To (3) 
(—7:783) 
n=8 r=0954 s=0135 F = 60-58 
Calculations in which other parameters, such as E% 
(steric parameter for ortho substituents), 7,,, (sum of 
the z values of meta and para substituents) and 1,,, 
(sum of the zx values of all substituents) were used 
provided equations of poor quality. 

Mechanism of inhibitory action. Further studies con- 
cerning the inhibition of f-glucuronidase by BHID 
showed that inhibition was not time-dependent and 
constant over a pH-range from 3-6-5:5. At pH 7-4 














(nmoles p—nitrophenol/min per mg protein) 





|/substrate, 


Fig. 2. Lineweaver-Burk plot of the inhibition of purified 
B-glucuronidase from rat liver by BHID: O, control; A, 
5 uM BHID and @, 10uM BHID. 


** by using eq. 1; 


t from ref. 25. 


(0-1M sodium acetate) the inhibition was, however, 
much lower. 

The enzyme reaction shows the normal Michaelis 
Menten kinetics, and in the absence of inhibitor a 
K,, value of 0:16 mM was found. This is in agreement 
with the value of 0:12mM reported by Fishman et 
al. [26]. However, inhibition appeared to be depen- 
dent on the substrate concentration, and the Linewea- 
ver-Burk plot showed that the inhibition was of the 
uncompetitive type (Fig. 2). 


DISCUSSION 


2-Diarylmethyl-1,3-indandiones have anticoagulant 
properties which result from the inhibition of the bio- 
synthesis of vitamin K-dependent clotting factors in 
the liver [16]. The inhibition of f-glucuronidase de- 
scribed in the present paper is another interesting 
property of these compounds which is, apparently, 
not related to anticoagulant activity as 2-phenyl-1,3- 
indandione (43), 2-diphenylacetyl-1,3-indandione (46) 
and warfarin (51) which are potent anticoagulant 
agents, have no effect on f-glucuronidase. Inhibition 
of f-glucuronidase by phenylbutazone (52) has been 
reported more than once [13-15] but in spite of these 
findings it is not very likely that there is any relation- 
ship between this inhibition and anti-inflammatory 
action as indomethacin (53) does not affect /-glucur- 
onidase (see Table 5) and BHID is devoid of anti-in- 
flammatory activity [16]. Since BHID already exhi- 
bits a significant inhibition of /-glucuronidase at 
1-10 uM, this effect might have some significance un- 
der physiological conditions. In this connection, it 
would be of interest to investigate if BHID can inhibit 
the development of bladder tumours, a_ property 
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which has been reported for /-glucuronidase inhibitor 
SLA [27, 28]. 

The inhibitory effect of BHID on f-glucuronidase 
is rather specific: small alterations in the molecule 
eliminate activity (see Table 5) and, furthermore, some 
related enzymes are not affected by this compound. 
On the other hand, all enzyme preparations investi- 
gated could be inhibited by BHID (Table 2). The 
effects on liver and kidney enzymes are comparable 
but the enzyme from brain is less sensitive to BHID. 
Furthermore, enzymes from rat tissues are inhibited 
more strongly than those from bovine tissues. The 
differences might be due to different characteristics 
of the enzymes (tissue and species differences of B-glu- 
curonidase have been reported by Levvy and Con- 
chie [6]) but some caution must be used in the inter- 
pretation of these results. The specific activity of 
f-glucuronidase in the lysosomal fraction from brain 
is rather low which implies the presence of many 
other proteins. These accompanying proteins possibly 
bind BHID, thus lowering the effective concentration 

.of this compound. This causes an apparently poor 
activity of BHID on f-glucuronidase from brain. This 
view is supported by the fact that the purified liver 
enzymes are inhibited in a more pronounced way 
than the enzymes present in the lysosome-rich frac- 
tions from liver (Table 2). 

As can be seen in Table 3, there exists a clear rela- 
tionship between inhibitory activity and the structure 
of a series of BHID derivatives. The unsubstituted 
compound (BHID) is a strong inhibitor and, generally 
speaking, substitution lowers activity. Steric effects or 
lipophilicity appear to play a major role and substitu- 
tion with three or four ortho substituents or substitu- 
tion with bulky groups causes a loss of activity (see 
compounds 27, 31-36). NMR studies of these com- 
pounds revealed that compounds 28-34 have an anti 
conformation with respect to the vicinal aliphatic pro- 
tons, whereas all other compounds show a gauche 
conformation [16]. The great difference in activity 
between compounds 28 and 29 is however not clear, 
as these compounds have the same molecular confor- 
mation and about the same lipophilicity. 

Multiple regression calculations carried out with 
the compounds listed in Table 6 confirm the above 
considerations. Substitution by lipophilic or bulky 
groups into ortho or para position lowers activity con- 
siderably whereas electronic effects are of little conse- 
quence (eq. 1—3). It should be noted that the activities 
of too few meta-substituted compounds have been 
determined for a reliable assessment of the effect of 
meta substitution on the inhibitory activity. Lack of 
activity of compounds 16 and 17 shows, however, that 
the introduction of two bulky meta substituents into 
the same phenyl ring causes a loss of activity. This 
indicates that in the meta series steric effects probably 
also play an important role, which does not appear 
from eq. 1. Similarly, the low activity of compound 
8 is not predicted by eq. 2 (E? = 0-77 and o = —0'83) 
but the presence of the basic amino group may be 
decisive in this respect. On the contrary, eqs | and 
3 do predict the low activity of compound 27 
(,, = 3-96). Substitution into the indandione moiety 
scarcely affects the inhibitory action, suggesting that 
this part of the molecule is less important (see Table 
4). The 4-hydroxycoumarin derivatives investigated 
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are much less active than their 1,3-indandione ana- 
logues, although in both series the effects of substitu- 
tion in the two phenyl rings are about the same. 

Table 5 shows that any change in the BHID mol- 
ecule causes loss of activity and it can be concluded 
that two phenyl rings and, moreover, two vicinal ali- 
phatic protons are essential for good activity. The in- 
dandione part is also necessary being that the 4-hyd- 
roxycoumarin analogue of BHID is only slightly 
active and compound 50 totally inactive. 

The mechanism of the inhibitory action of BHID 
has not yet been elucidated. In contrast to substrate 
analogues which are competitive inhibitors of /-glu- 
curonidase [6,7] and some tissue factors which are 
noncompetitive inhibitors[11,12], BHID causes an 
inhibition of the uncompetitive type (Fig. 2). This is 
a rather unusual type of inhibition but has also been 
reported by Tappel and Dillard for the inhibition of 
f-glucuronidase by cholesterol [9]. These authors 
believe that the inhibition by cholesterol is due to 
a disaggregation of the enzyme molecule into inactive 
units. Other studies by Christner et al. [10] showed 
that f-glucuronidase is not inhibited by cholesterol 
but by the hydroperoxide formed during autoxida- 
tion. Other peroxides, too, proved to be inhibitors 
and the activity increased in accordance with the lipo- 
philic character of the compounds. This is rather in 
contrast to the results described in the present paper 
for the 2-diarylmethyl-1,3-indandiones, where the in- 
crease in lipophilicity has a negative effect on the in- 
hibitory activity (eqs 1-3). Since drug protein binding 
has been reported to increase with lipophilicity [29], 
it is not very likely that the inhibitory action of the 


2-diarylmethyl-1,3-indandiones results from binding 
of these compounds to the protein part of /-glucur- 
onidase. In addition, the inhibition of /-glucuronidase 
by BHID is of the uncompetitive type which might 
point to a mechanism in which the inhibitor binds 
to the enzyme-substrate complex. However, further 


experiments will be necessary to elucidate the 
mechanism of f-glucuronidase inhibition by 2-diaryl- 
methyl-1,3-indandiones. 


Note added in proof: Recently, Marselos et al. reported 
that the f-glucuronidase inhibitor pD-glucaro-1,4-lactone 
can shorten the pharmacological action of drugs like 
phenobarbital and progesterone by enhancing the excre- 
tion of their glucuronic acid conjugates [M. Marselos, G. 
Dutton and O. Hianninen, Biochem. Pharmac. 24, 1855 
(1975)]. This effect may also be important in connection 
with the in vivo effects of the 2-diarylmethyl-1,3-indan- 
diones described in the present paper. 
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Abstract—The role of electrostatic forces in the interaction between local anesthetics and phospholipid 
membranes has been well studied previously. The present work tested the hypothesis that the tertiary 
amine local anesthetics can also interact with charged groups that may be present on membrane 
proteins. 

The rotational mobility of a spin-labeled local anesthetic, 2-[ N-methyl-N-(2,2.6.6-tetramethy|lpiperi- 
dinooxyl)] ethyl p-hexyloxybenzoate, in erythrocyte membranes was found to decrease upon addition 
of chemical modifiers that react covalently with free amino groups of the membrane and decrease 
the concentration of the membrane’s fixed positive charge. Reagents that did not react with free amino 
groups, or those that did react with amino groups but did not alter the net charge of the membrane, 
had no effect on the mobility of the spin-labeled local anesthetic. The decrease in the anesthetic’s 
mobility found after reaction with amino-directed reagents was shown to be due to the attraction 
of the positively charged anesthetic to the modified site. The immobilization of the anesthetics was 
primarily due to modification of the membrane protein components. The immobilized anesthetics are 


most probably located at the inner surface of the membrane. 


. 


Local anesthetics block the action potential of nerve 
axons by preventing the transient increases in per- 
meability of sodium and potassium ions to the axonal 
membrane [1]. Although the detailed molecular 
nature of the site of anesthetic action is unknown, 
Narahashi and his coworkers [2,3] have demon- 
strated that the tertiary amine local anesthetics exert 
their effect on the cytoplasmic surface of the axonal 
membrane. In addition, it has been shown that the 
tertiary amine local anesthetics are active in their pro- 
tonated form [2, 3]. The interaction of these positively 
charged anesthetics with phospholipid model mem- 
branes has been thoroughly examined [4-8], and the 
results of these experiments have indicated a strong 
correlation between the ability of local anesthetics to 
interact with negatively charged phospholipids, and 
their pharmacological action in blocking nerve exci- 
tation. However, no information is available concern- 
ing what role the charge on membrane proteins may 
play in the binding of local anesthetics. In the present 
investigation, we examine how modification of the net 
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t Abbreviations used are: FDNB, 1-fluoro-2,4-dinitro- 
benzene; DFDNB, 1,5-difluoro-2,4-dinitrobenzene; TNBS, 
2.4,6-trinitrobenzenesulfonic acid: MNT, 2-methoxy-5- 
nitrotropone; NEM, N-ethylmaleimide; PCMBS, para- 
chlormercuriphenyl sulfonic acid; SITS, 4-acetamido-4’- 
isothiocyano-stilbene-2,2’-disulfonic acid; DMA, dimethyl- 
adipimidate dihydrochloride; DMS, dimethylsuberimidate 
dihydrochloride; C6SL, 2-[ N.methyl, N-(2,2,6,6-tetramethyl- 
piperidinooxyl)] ethyl p-hexyloxybenzoate; C6SLMel, the 
methyl iodide salt of C6SL; esr, electron spin resonance. 


membrane protein charge influences the interaction 
of a local anesthetic with a natural membrane. 

The membrane preparation which we have chosen 
for this series of experiments is the red cell membrane. 
The well-defined responses of erythrocytes to local 
anesthetics [9] and the considerable amount of infor- 
mation that is available concerning the structure of 
the erythrocyte membrane [10], make it an ideal 
model system for the study of local anesthetic action. 
Furthermore, the action of a number of chemical 
modifiers on the red cell membrane has been thor- 
oughly examined. For instance, the covalent reaction 
of reagents such as _ 1-fluoro-2,4-dinitrobenzene 
(FDNB)i and 2-methoxy-5-nitrotropone (MNT) with 
red cells irreversibly decreases anion fluxes and in- 
creases cation permeability [11,12]. These alterations 
in ion permeabilities have been explained by the reac- 
tion of FDNB with membrane amino groups, whose 
dissociable fixed charges are thought to control the 
ion permeability properties of the red cell membrane 
[12]. It is assumed that this reaction with FDNB de- 
creases the concentration of fixed positive charges in 
the membrane, and for electrostatic reasons, results 
in an increase in the concentration of diffusable 
cations and a decrease in the concentration of diffus- 
able anions in the ion-permeable regions of the cell 
membrane. In this investigation it is demonstrated 
that chemical modifiers which decrease the net con- 
centration of positive charges in the erythrocyte mem- 
brane also reduce the rotational mobility of a popula- 
tion of membrane bound local anesthetics. 

The local anesthetic that we have employed for this 
study is a spin-labeled analog of an intracaine deriva- 
tive (Fig. la), and is a highly active local anesthetic 
[13]. The spin-labeling technique [14-16] is based 
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Fig. |. A) A spin-labeled local anesthetic, 2-[ N-methyl-N- 

(2.2,6,6-tetramethylpiperidinooxyl)] ethyl p-hexylox ybenzo- 

ate, abbreviated C6SL, and B) its quaternary amine analog, 
abbreviated C6SLMel. 


upon line shape changes in the electron’ spin 
resonance spectrum of the nitroxide radical, and can 
provide information concerning the molecular 
properties of binding sites. In situations where the 
nitroxide radical undergoes a rapid isotopic tumbling 
motion as in a nonviscous solvent, three narrow sym- 
metrical lines result. As the molecular motion of the 
radical decreases, the lines become broad and asym- 


metrical. In previous studies, we have reported on , 


the interaction of spin-labeled local anesthetics with 
lobster walking leg nerves [17], erythrocyte mem- 
branes [18], and phospholipid model membranes [8]. 


METHODS 


Chemicals 

The synthesis and pharmacology of the spin-labeled 
local anesthetic '2-[N-methyl-N-(2,2,6,6-tetramethyl- 
piperidinooxyl)] ethyl p-hexyloxybenzoate, C6SL 
(Fig. la), has been described previously [13]. Its qua- 
ternary amine analog, the methyl iodide salt C6SL- 
Mel (Fig. 1b), was synthesized by addition of a 
10-fold excess of methyl iodide to the free base of 
COSL dissolved in dichloromethane. The reaction was 
allowed to proceed for 24hr at room temperature: 
The solution was diluted with ether, and the precipi- 
tate filtered and washed with ether to give the final 
product. 

FDNB and PCMBS were purchased from Sigma. 
Glutaraldehyde and SITS were obtained from Ladd 
Research Laboratories and Polysciences, respectively. 
DMA and DMS were products of Pierce Chemicals 
(DMA was a kind gift from Dr. L. Packer). DFDNB, 
MNT, and NEM were purchased from Calbiochem. 
TNBS and bovine serum albumin were obtained from 
Eastman and Miles Laboratories, respectively. The 
salts utilized were of analytical reagent grade. Chloro- 
form and methanol were of reagent grade. Double 
distilled water was used throughout. 


Membrane preparation 


Red blood cell ghosts were prepared by the method 
of Dodge et al. [19] from outdated blood purchased 
from the San Jose Red Cross. Whole red cells were 
washed with 310 mOsm phosphate buffer, pH 7.4, 
and the cells were lysed in the presence of 20 mOsm 
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phosphate buffer, pH 7.4, and washed at least 5 times. 
Membranes were utilized within 1 day after prep- 
aration, or quick-frozen and used within a 2-week 
period. Identical results were obtained with both 
membrane samples. 


Reaction of erythrocyte membranes with chemical re- 
agents 

(a) DFDNB and FDNB. A procedure similar to 
that of Marinetti et al. [20] was used to react erythro- 
cyte membranes with FDNB and DFDNB. The mem- 
brane pellet, containing a total of 15mg protein as 
determined by the method of Lowry et al. [21], was 
suspended to a total vol of 17 ml in a Krebs buffer, 
pH 8.5 (consisting of 100ml 0.154M NaCl, 4ml 
0.154M KCl, 3ml 0.055M CaCl,, Iml 0.154M 
MgSO,, 21 ml 1.3° NaHCO;, and 234mg glucose 
to a final vol of 130 ml). To this suspension was added 
the desired amount of FDNB or DFDNB dissolved 
in 0.5 ml ethanol. The final concentrations of the 
nitrobenzene derivatives ranged from 0 to 5.6mM. 
For the control, samples were treated as above except 
DFDNB and FDNB were omitted. After gentle agi- 
tation of the mixture at room temperature for a given 
time period, the reaction was terminated by the addi- 
tion of cold 10 mM Tris—HCl, pH 7.4, and the sample 
was spun down and washed twice in this buffer. 

(b) Glutaraldehyde. A membrane pellet containing 
15mg membrane protein was suspended in 5 ml of 
freshly prepared 2°; glutaraldehyde solution in Kreb’s 
buffer. After reaction at room temperature for | hr, 
the sample was diluted with cold 10mM _ Tris-HCl, 
pH 7.4, spun down, and washed twice. 

(c) TNBS. For reaction at higher TNBS concen- 
trations (5 mM), a membrane pellet containing 15 mg 
protein was suspended to a total vol of 5 ml in 0.1M 
phosphate buffer, pH 8.0, and 5 ml of a freshly pre- 
pared 10mM TNBS solution in 0.1 M_ phosphate 
buffer, pH 8.0, was added. The mixture was reacted 
at room temperature for a given time period. At the 
end of this time, cold 10mM Tris-HCl, pH 7.4, was 
added and the pellet was spun down and washed 
twice. 

For time-dependent studies at lower TNBS concen- 
trations (1 mM), 2 ml of a 10 mM TNBS solution was 
added to an 18-ml suspension of red blood cell ghosts 
containing a total of 75mg protein in 0.1 M_ phos- 
phate buffer, pH 8.0. The suspension was gently agi- 
tated at, room temperature and at various periods in 
time, 2-ml aliquots were removed and 38 ml of cold 
50 mM Tris-HCl, pH 7.4 was added to terminate the 
reaction. The pellets were quickly spun down and 
washed twice in 10 mM Tris-HCl, pH 7.4, suspended 
in 10 ml of this buffer, and the absorbance at 335 nm 
was recorded after the samples came to room tem- 
perature. 

(d) MNT. Because of its low solubility in aqueous 
media, 6 mg of MNT was placed in 40 ml of Krebs 
buffer and heated in hot tap water at 50-60° for 5 
min. This solution was allowed to cool to approxi- 
mately 30° and the dissolved MNT was added to a 
membrane pellet containing 7.5 mg protein. The pellet 
was suspended and the solution allowed to incubate 
for 3hr at room temperature. The sample was spun 
down, the above procedure repeated, and the pellet 
washed twice in 10mM Tris-HCl, pH 7.4. 
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(e) NEM and PCMBS. For each sample, a mem- 
brane pellet containing 15 mg protein was suspended 
to a total vol of 5ml in 20mOsm phosphate buffer, 
pH 7.4, and the reagents NEM and PCMBS were 
added in solid form to give final concentrations of 
20mM and 2m, respectively. The mixtures were 
agitated at room temperature for 4hr, diluted with 
cold 10 mM Tris-HCl buffer, pH 7.4, spun down, and 
washed twice. 

(f) DMA and DMS. A membrane pellet (15 mg pro- 
tein) was suspended to a total vol of 10 ml ina 10 mM 
NaCl and a 50mM NaHCO, solution, pH 8.8. The 
desired amount of DMA or DMS was added in its 
solid form, and the pH of the suspension was 
manually readjusted to pH 8.8 as quickly as possible 
by addition of 2 N NaOH. The mixtures were incu- 
bated at room temperature for up to Shr, diluted 
with cold 10mM Tris-HCl, pH 7.4, spun down and 
washed twice. 

(g) SITS. A membrane pellet containing 15 mg pro- 
tein was suspended to a total vol of 5 ml in a 0.166 M 
NaCl solution with 20mOsm phosphate buffer, pH 
7.4. SITS was added in its solid form to give a final 
concentration of 0-4.5 mM. The reaction was allowed 
to proceed at room temperature for up to 2 hr, and 
the sample was diluted with Tris-HCl, spun down 
and washed twice. 

Liposomes. Total lipids from erythrocyte ghosts 
were extracted with 2:1 chloroform—methanol (v/v) 
by the method of Folch et al. [22]. The lipids were 
reacted with FDNB, DFDNB, and TNBS in a similar 
manner to that described above for erythrocyte mem- 
branes. For instance, 15 mg of red blood cell lipids 
dissolved in 1 ml of 2:1 CHCl,-CH3;OH were placed 
in a round bottom flask and the chloroform—meth- 
anol was removed by a rotary evaporator. The lipids 
were then placed under a stream of nitrogen for 
several minutes to insure complete removal of the sol- 
vent. Unsonicated liposomes were prepared by plac- 
ing the lipids, suspended in 2 ml Krebs buffer, on 
a vortex mixer for 2 hr. The suspension was diluted 
with Kreb’s buffer to a total vol of 17 ml and 10 mg 
of DFDNB dissolved in 0.5 ml ethanol was added, 
giving a final DFDNB concentration of 2.8 mM. The 
mixture was incubated at room temperature for 4 hr, 
and the sample was diluted with cold 10mM 
Tris-HCl, pH 7.4, spun down at 27000g for 30 min, 
and washed twice. 


Incorporation of spin labels 


The membrane samples were suspended to a total 
vol of Sml in 10mM Tris-HCl, pH 7.4, and micro- 
liter quantities of a concentrated solution of C6SL 
or C6SLMel in ethanol were added to give a final 
spin-labeled local anesthetic concentration of 
1.2 x 10°*M. The samples were allowed to incubate 
at room temperature for | hr, diluted with 10mM 
Tris-HCl, spun down, and the e.s.r spectra recorded. 
For some experiments, erythrocyte membranes were 
spin-labeled before reaction with the chemical re- 
agent, and identical results were obtained. Most of 
the spin-labeled anesthetic C6SL remained bound to 
the membrane preparation even after several washes, 
which is in agreement with the failure of C6SL to 
be washed off lobster nerves over a 12-hr period [17]. 


Spectral measurement 

Samples were placed in sealed-tip disposable Pas- 
teur pipettes or sealed capillary tubes for e.s.r study. 
All spectra were recorded at room temperature with 
a Varian E-3 spectrometer at a power setting of 
5 mW. Experiments were repeated at least three times 
with consistent readings obtained throughout. 


Correlation times 


The tumbling times for nitroxides were estimated 
by the following equation [23]: 


T = 6.5 x 107 !° Wo((ho/h_,)'/7 — 1) (1) 


where To is an empirical approximation of the spin 
label’s tumbling time, Wg is the width of the central 
line, and hy and h_, are the heights of the mid-field 
and the high-field lines. Strictly speaking, this equa- 
tion is only valid for rotation correlation times faster 


- than 10° ° sec [56]. However, since we are only inter- 


ested in the relative but not absolute values of the 
correlation times, the equation serves adequately. 


RESULTS 


Erythrocyte membranes spin-labeled with C6SL. The 
e.s.r spectrum of the spin-labeled local anesthetic 
C6SL with erythrocyte membranes is shown in Figure 
2a. In qualitative terms, this spectrum results from 
a moderately immobilized nitroxide [16], and has a 
correlation time of 4.7 x 10~° sec, as calculated from 


Fig. 2. E.s.r. spectra of C6SL A) in the presence of erythro- 
cyte membranes; B) in the presence of erythrocyte mem- 
branes after treatment with 2.8 mM DFDNB for 30 min; 
C) in the presence of erythrocyte membranes after treat- 
ment with 5mM TNBS for 2 hr. Arrows indicate strongly 
immobilized components. For details, see Methods. 
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equation (1). The es.r spectrum of C6SL with red 
celi membranes appears similar to the spectrum 
obtained with C6SL bound to lobster walking leg 
nerves [17]. 

The effect of DFDNB treatment on the e.s.r spec- 
trum of C6SL spin-labeled red blood cell ghosts is 
exhibited in Figure 2b. This spectrum is distinctly 
modified from that obtained with the untreated mem- 
branes. The most noticeable difference between the 
two spectra is the broadening of the low-field peak 
(the field increasing from left to right) after DFDNB 
treatment. A strongly immobilized component is now 
readily apparent (arrow). Such a strongly immobilized 
component can be assigned a correlation time on the 
order of 10° 7 sec [14]. Unfortunately, it is quite com- 
plicated to calculate molecular mobilities of spin 
labels that have correlation times greater than 
5 x 10°” sec, especially for a spectrum such as that 
shown in Figure 2b which results from superimposed 
spectra of moderately immobilized and strongly im- 
mobilized spin labels. However, we are able to say 
that .treatment of erythrocyte membranes with 
DFDNB gives rise to a population of spin-labeled 
local anesthetics with slower rotational mobility than 
that observed with the unaltered membranes labeled 
with C6SL. The nature of this strongly immobilized 
component will be dealt with in the discussion. 

It was found that other chemical agents could also 
produce this effect. For instance, a broadening of the 
low-field peak and a strongly immobilized component 
(arrow) is observed in the e.s.r spectrum of C6SL- 
labeled erythrocyte membranes after reaction with 
5mM TNBS for 2hr (Figure 2c). This spectrum is 
very similar to that shown in Figure 2b after DFDNB 
treatment. 

In general, it was found that the degree of broaden- 
ing of the C6SL e.s.r spectra depended upon the 
amount of membrane sample present, the concen- 
tration of the chemical modifier, and its time of incu- 
bation. For instance, Figure 3 shows the reaction of 
1 mM TNBS with erythrocyte membranes containing 
a total of 75mg protein over a 24-hr period. Most 
of the label has reacted after 8 hr. The e.s.r spectra 
of the C6SL in the presence of erythrocyte mem- 
branes at various periods in time after 1mM TNBS 
treatment are presented in Figure 4. As can be seen 
from. the figure, the e.s.r spectra became broader as 
more TNBS reacts with the membranes. However, 
even for the longest reaction times, the broadening 
was not as great as that observed with the higher 





* This may be shown by the following calculation (see 
Methods. for exact conditions): 


75 mg protein 
FT os eeameerer — x 3-74 x 10° °° mole NH; 
5-4 x 10 mg protein/ghost 
groups/ghost = 5:2 x 10 


reaction mixture. 


* mole of amino groups in the 


A total of 2 ml of a 10 
mole of TNBS, was added to the 75 mg protein suspension. 
Therefore, for this series of experiments, there were over 
twice as many amino groups as TNBS molecules. (The 
number of moles of NH; groups/ghost was obtained from 
Knauf and Rothstein [24] and the mg protein/ghost was 
calculated from the data of Hanahan [25] and Rosenberg 
and Guidotti [26].) 


2M TNBS solution, or 2 x 107° 
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Fig. 3. Time-dependent reaction of !mM TNBS with red 
blood cell ghosts. For details, see Methods. Each point 
represents the average of three experiments. 


TNBS concentration shown in Figure 2c. This is 
because the TNBS concentration was limiting for this 
series of experiments.* 

Three other reagents were examined which, after 
reaction with erythrocyte membranes, gave rise to a 
population of strongly immobilized local anesthetics 
and e.s.r spectra similar to those shown in Figures 
2b and 2c. The monofluoro agent FDNB has essen- 
tially the same effect as DFDNB at twice the 
DFDNB concentration (Fig. 5a, top spectrum). Again, 
the broadening of the C6SL e.s.r signal was dependent 
on the concentration and the time of incubation of 
FDNB. However, the maximal broadening observed 
was as found in Figures 2b, 2c, and 5a; higher reagent 
concentrations and long incubation times did not 
promote any further immobilization of the spin labels. 
In addition, treatment of erythrocyte membranes with 
glutaraldehyde or MNT decreased the rotational 
mobility of a population of spin-labeled local anesthe- 
tics in the membrane (Table 1). As will be discussed 
shortly, the one parameter that all of the above 
chemical modifiers have in common is their ability 
to react with free amino groups of the membrane to 
form uncharged derivatives. 

A number of other compounds were examined the* 
had no detectable effect on the e.s.r spectrum of C6SL 
spin-labeled erythrocyte ghosts (Table 1). The reac- 
tion of the sulfhydryl agents PCMBS and NEM, and 
the diimidoesters DMA and DMS with erythrocyte 
membranes, even at extremely high concentrations 
and long reaction times, did not alter the C6SL e.s.r 
spectra. In addition, the reagent SITS had no detect- 
able effect on the rotational mobility of C6SL in the 
presence of red cell ghosts (Table 1). 
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Fig. 4. E.s.r. spectra of C6SL in the presence of erythrocyte 
membranes treated with 1mM TNBS for A) 0 min; B) 
30 min; C) 4hr. 
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Table 1. The effect of chemical reagents on the e.s.r spec- 
trum of the spin-labeled local anesthetic C6SL in the pres- 
ence of human erythrocyte membranes. 





Strongly 
immobilized 
componentt 


Reagent Concentration* 





FDNB 
DFDNB 
Glutaraldehyde 





* Maximum concentration that was tested; for details, 
see Methods. 

+ A + indicates that the action of the chemical reagent 
on red blood cell membranes caused a strongly immobi- 
lized component to appear in the e.s.r spectrum of the 
C6SL as is shown in Figures 2b) and 2c). A — indicates 
that the action of the chemical reagent on red blood cell 
membranes caused no detectable change in the e.s.r spec- 
trum of C6SL. 

$ Because of MNT’s low solubility in aqueous media, 
the membrane suspension was treated twice with a MNT 
solution (see Methods). 


Effect of pH. The e.s.r spectrum of C6SL in the 
presence of erythrocyte membranes after treatment 
with 5.6mM FDNB for 2hr is shown in Figure Sa. 
The top spectrum is that of the sample in a pH 7.4 





*Since only a limited supply of the C6SL spin label 
is available, we could not use a substantial amount of the 
C6SL for an accurate pK, reading. However, the 2-(N,N- 
diethylamino) ethyl p-alkoxybenzoates, a series of local 
anesthetics from which C6SL is derived, have pK, values 
of 8.95 [27]. In addition, the commonly used local anesthe- 
tics procaine, tetracaine, and dibucaine all have pK,’s in 
the range of 8.59.0 [28]. It is very probable that the pK, 
of C6SL lies in this region. 


1409 


buffer. Again, a strongly immobilized component is 
readily apparent. However, when the sample is placed 
in a pH 9.0 buffer (Fig. Sa, bottom spectrum) much 
of the strongly immobilized component disappears; 
the low-field becomes noticeably sharper and the 
spectrum reverts towards the moderately immobilized 
spectrum of the C6SL spin label in the presence of 
unmodified erythrocyte membranes (Fig. 2a). 

The above observation may be explained by (1) a 
change in the net charge of the membrane (and poss- 
ibly membrane structural changes) or by (2) a change 
in the amount of C6SL in its positively charged or 
uncharged form as the pH is brought from 7.4 to 
9.0. The pK, of the C6SL is approximately 8.5—9.0.* 
Therefore, at pH 7.4 most of the spin-labeled local 
anesthetic will be positively charged whereas at pH 
9.0 at least half of the anesthetic molecules will be 
in the form of the uncharged free base. In order to 
distinguish between the effect of pH on the membrane 
and on the anesthetic, we employed the quaternary 
amine analog C6SLMel (Fig. 1b), the methyl iodide 
salt of C6SL. This compound has a permanent posi- 
tive charge independent of the solution’s pH. The e.s.r 
spectrum of C6SLMel in the presence of red blood 
cell membrane is shown in Figure 6. 

The e.s.r spectrum of C6SLMel in the presence of 
red blood cell membrane after treatment with 5.6 mM 
FDNB for 2 hr is shown in Figure 5b. The top spec- 
trum is that of the sample in a pH 7.4 buffer and 
the bottom spectrum represents the sample in a pH 
9.0 buffer. The two spectra are essentially the same: 
the strongly immobilized component is apparent in 
both. Thus it seems that the removal of the strongly 
immobilized component of the spin label C6SL at 
pH 9.0 (Fig. 5a), is primarily due to the removal of 
the charge on the anesthetic molecule. The average 
pK, of the red cell amino groups is also thought to 
be approximately 9 [12], but after treatment of the 
membranes with FDNB, it is likely that uncharged 
dinitrophenyl derivatives would have formed with the 
majority of the membrane amino groups, and that 
the charge on these groups would no longer be sus- 
ceptible to the pH of the solution. 


Fig. 5. A) E.s.r spectra of C6SL in the presence of erythrocyte membranes treated with 5.6mM FDNB 

for 2hr. Top spectrum was taken in 10mM Tris-HCl, pH 7.4. For the bottom spectrum, the spin- 

labeled pellet was spun down, suspended in 40 ml of 10 mM Tris-HCl. pH 9.0, and incubated at 

room temperature for 30 min. The sample was spun down and the e.s.r. reading taken. B) E.s.r. spectra 

of the quaternary amine analog C6SLMel in the presence of erythrocyte membranes after treatment 

with 5.6mM FDNB for 2hr. Top spectrum was taken in 10mM Tris-HCl, pH 7.4, and the bottom 
spectrum in 10mM Tris-HCl, pH 9.0. 
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Fig. 6. E.s.r spectrum of the quaternary amine analog 
C6SLMel in the presence of erythrocyte at pH 7.4. 


Liposomes. The spectrum of C6SL-labeled lipo- 
somes prepared from the total lipids of red blood 
cell ghosts is presented in Figure 7a. The correlation 
time for C6SL in the presence of liposomes is 

x 10°” sec; approximately 2/3 the value obtained 
with C6SL in the presence of red blood cell ghosts. 
Upon reaction of the liposomes with the reagent 
DFDNB (Fig. 7b), only relatively small alterations 
occurred in the spectrum. The spin-labeled local anes- 
thetic is somewhat more immobilized in the DFDNB 
treated than in the untreated liposomes, and from 
equation (1) its correlation time is estimated at 
5.4 x 10°” sec. However, no strongly immobilized 
component was apparent after reaction with DFDNB 
as was found with the intact erythrocyte membranes 
(Fig. 2b). Similar results were obtained when lipo- 
somes were reacted with FDNB and TNBS. Even at 


very high reagent concentrations (up to 10mM) and 
long reaction times (up to 24hr), the e.s.r signal of 
C6SL in the presence of chemically modified lipo- 
somes did not show any further decrease in mobility 
from that shown in Figure 7b. 


DISCUSSION 


Of the 10 chemical modifiers examined, most of 
them have a known effect on the passive ion permea- 
bilities of the erythrocyte membranes. However, only 
the action of 5 of these reagents result in a strongly 
immobilized component in the e.s.r spectra of C6SL 
spin-labeled erythrocyte membranes. The other 5 re- 
agents showed no effect whatsoever on the mobility 
of the spin-labeled local anesthetic (Table 1). In order 
to understand the nature of this strongly immobilized 
component, we shall consider the action of each 
chemical modifier on erythrocyte membranes. 

FDNB and DFDNB. It was discovered by Berg et 
al. [29] that treatment of erythrocytes with nitroben- 
zene derivatives caused a large increase in the Na* 
and K* permeability of erythrocytes. Furthermore, 
it was found that reaction with DFDNB induced a 
greater increase in cation permeability than reaction 
with FDNB. In a later study it was shown that the 
anion permeability of red cells reacted more sensi- 
tively to FDNB treatment than cation permeability 
[30]. For a given FDNB concentration, the inhibition 
of anion permeability developed faster than the facili- 
tation of cation permeability. 

In the present investigation, it was found that reac- 
tion of red cell membranes with FDNB and DFDNB 


_ Fig. 7. E.s.r spectra of C6SL A) in the presence of lipo- 


somes prepared from the total lipids of the red cell mem- 
brane, and B) in the presence of liposomes prepared from 
the total lipids of the red cell membrane after treatment 
with 2.83mM DFDNB for 4hr. For details, see Methods. 


reduced the mobility of a population of spin-labeled 
local anesthetics. The action of FDNB was qualita- 
tively similar to but smaller than that of DFDNB. 

To explain the decrease in anion permeability, in- 
crease in cation permeability, and decrease in the 
mobility of the spin-labeled local anesthetic C6SL 
after treatment with nitrobenzene derivatives, we 
must look:at the mode of action of these reagents. 
FDNB reacts by displacement of fluorine and forma- 
tion of a covalent bond with free amino, sulfhydryl, 
tyrosyl, and histidyl groups to form stable dinitro- 
phenyl derivatives [31]. One important consequence 
of this reaction is the removal of uncharged amino 
groups from the equilibrium 


R—NHj; = R—NH, + H* (2) 


by the formation of (NO,),-C,;H3-NH-R, where R 
represents a membrane component. This decrease in 
the concentration of fixed positive charges in the 
membrane has been invoked to explain the observed 
inverse changes of the penetration rates for cations 
and anions after FDNB treatment [30]. 

We believe the decrease in rotational mobility of 
the anesthetic C6SL in the erythrocyte membrane 
after reaction with FDNB (Fig. 2b) or DFDNB (Fig. 
5a) can also be explained by the removal of the mem- 
branes positively charged amino groups. This suppo- 
sition is strengthened as we consider the action of 
the other chemical modifiers. 

T NBS. The main reactions of TNBS are with sulf- 
hydryl and unprotonated amino groups [32,33]. As 
with the nitrobenzene derivatives, the reaction of 
TNBS with free amino groups results in a decreased 
concentration of the membrane’s fixed positive charge 
and inhibits anion permeability and enhances cation 
movements [30]. In the present study, reaction of 
erythrocyte membranes with TNBS reduced the rota- 
tional mobility of a population of spin-labeled local 
anesthetics (Figs. 2c, 4). 

Glutaraldehyde. When glutaraldehyde reacts with 
macromolecules the solution slowly becomes more 
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acidic [34]. This phenomenon is explained by the 
reaction of glutaraldehyde with free amino groups 
removing the uncharged amino groups from the equi- 
librium between the uncharged and protonated amino 
groups, again resulting in a decreased concentration 
of positive charges in the membrane. Although free 
amino groups are the primary targets for glutaralde- 
hyde, reaction also occurs to some extent with guani- 
dinium, secondary amino, and hydroxyl groups [34]. 

Upon treatment of red cell membranes with glutar- 
aldehyde, an immediate leakage of K* ions was 
observed [35]. This increase in passive K* diffusion 
out of the cells was explained by the blocking of 
amino groups by glutaraldehyde. In our experiments 
(Table 1), glutaraldehyde treatment of red blood 
cell membranes resulted in a strongly immobilized 
component of the C6SL e.s.r signal and a reduced 
mobility of local anesthetics in the membrane. 

MNT. All of the reagents discussed above react 
with free amino groups, but they may also exhibit 
certain side reactions. In contrast, MNT is thought 
to be specific for free amino groups of biomolecules 
and does not react with sulfhydryl, hydroxyl, or im- 
idazole groups [36]. The reaction of MNT with intact 
red cells has also been found to lower anion permea- 
bility and accelerate cation efflux [11]. In addition, 
MNT treatment of erythrocyte membranes resulted 
in a reduced rotational mobility of a population of 
the spin-labeled local anesthetics (Table 1). 

Thus, the one common property of the reagents 
FDNB, DFDNB, TNBS, glutaraldehyde, and MNT 
is that they are all able to react with free amino 
groups and decrease the concentration of the mem- 
brane’s fixed positive charge. The result is a decreased 
anion and increased cation permeability of the red 
blood cell, and a decrease in the rotational motion 
of the anesthetic CoSL. However, the other 5 chemi- 
cal modifiers did not alter the e.s.r spectra of C6SL 
labeled erythrocyte membranes (Table 1). We now 
consider the action of each of these reagents. 

NEM. The reaction of NEM is fairly specific for 
sulfhydryl groups at neutral pH, but reaction may 
occur with imidazole and amino groups under certain 
conditions [37]. This reagent has been found to in- 
crease red cell permeability to K* ions [38]. How- 
ever, even at concentrations up to 20 mM, NEM had 
no effect on the C6SL e.s.r signal. (Table 1). 

PCMBS. PCMBS is another reagent which is speci- 
fic for sulfhydryl groups. The reaction of intact red 
cells with PCMBS increased the cation permeability 
but had no effect on anion permeability [24]. It is 
interesting to note that although both FDNB and 
PCMBS increased cation permeability, PCMBS did 
not protect against the effects of FDNB [24]. It was 
concluded that PCMBS and FDNB increased cation 
permeability by different mechanisms. In our exper- 
iments, PCMBS (2 mM) had no detectable effect on 
the e.s.r spectrum of C6SL spin-labeled membranes. 

SITS. This reagent was first employed by Maddy 
[39] as a non-penetrating label of the erythrocyte’s 
outer surface. Its effect on intact red cells is rather 
unusual in that it decreases anion permeability but 
has no effect on cation permeability [24]. At first, 
it was thought that the isothiocyanate group of the 
SITS molecule reacted covalently with amino or sulf- 
hydryl groups of the membrane, because washing the 


1411 


SITS treated cells caused little reversal of binding or 
of inhibition [24, 39]. However, this was found not 
to be the case. Washing the cells with a buffer con- 
taining albumin reversed the inhibitory effect on 
anion permeability and showed that only a small frac- 
tion of the SITS was covalently bonded [40]. The 
decrease of anion permeability by SITS could then 
be explained by an increase in the membrane’s net 
negative charge due to noncovalent bonding of the 
disulfonic SITS. SITS had no effect on the rotational 
mobility of the spin-labeled local anesthetic C6SL in 
the presence of erythrocyte membranes (Table 1). 

DMA and DMS. Imidoesters are known to react 
specifically with amino groups of proteins [41]. How- 
ever, unlike the amino reactive reagents FDNB, 
DFDNB, TNBS, MNT, and glutaraldehyde, imido- 
esters do not alter the net charge of the biomolecule 
after reaction. In addition, the action of imidoesters 
on the red cell is relatively mild compared to the 
other amino reagents. Red cells are capable of main- 
taining K* ion selectivity even after treatment with 
5mM DMA, although higher DMA concentrations 
resulted in K* loss from the cell [42]. Both DMA 
and DMS, at extremely high concentrations and for 
reaction periods up to Shr, had no detectable effect 
on the es.r spectrum of C6SL labeled erythrocyte 
membranes (Table 1). 

From the above discussion, we conclude that the 
strongly immobilized component (to ~ 10°” sec) of 
the C6SL spin-labeled anesthetic after treatment with 
chemical modifiers results from the removal of the 
positively charged amino groups. Those reagents 
which do not react with free amino groups, or react 
with amino groups but do not alter their net charge, 
have no effect on C6SL mobility. 

One might argue that reagents such as DFDNB 
and glutaraldehyde decrease the mobility of C6SL by 
crosslinking membrane components. In fact, since 
these were the first compounds we tested this was 
our initial interpretation. We are now able to exclude 
this notion on the following grounds: (1) The mono- 
functional agents FDNB, TNBS, and MNT also give 
rise to a strongly immobilized population of spin- 
labeled anesthetics after reaction with red cell mem- 
branes at approximately twice the bifunctional re- 
agent concentration, and (2) DMA and DMS have 
no effect on the e.s.r spectra of C6SL even though 
diimidoesters are known to make red cells resistant 
to hypotonic hemolysis [42, 43] and crosslink eryth- 
rocyte membrane components [20, 44-46]. 

Effect of pH. When the pH of the solution was 
raised to 9.0 after FDNB treatment, much of the 
strongly immobilized component in the e.s.r spectrum 
of C6SL disappeared (Fig. Sa). However, the change 
in pH did not alter the e.s.r spectrum of the C6SLMel 
labeled membranes after FDNB treatment (Fig. 5b). 
Thus it appears that upon removal of certain posi- 
tively charged amino groups in the membrane, a 
population of the positively charged C6SL molecules 
are able to approach these sites and become immobi- 
lized. If the positive charge is removed from the anes- 
thetic molecules, they are no longer attracted to the 
modified site and the strongly immobilized com- 
ponent disappears. Presumably, a similar type of 
attraction and immobilization at these modified sites 
could occur with cations such as Na* and K’, result- 
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ing in an increased concentration of cations at these 
sites and an increased cation permeability, as pre- 
dicted by the fixed-charge hypothesis [12]. 

Involvement of lipid and protein components. The in- 
teraction of C6SL with liposomes prepared from the 
total lipids of erythrocyte membrane exhibits at to 
value of 3.3 x 10°” sec (Fig. 7a). After treatment with 
DFDNB, C6SL_ spin-labeled liposomes show an 
apparent correlation time of 5.4 x 10° ° sec (Fig. 7b). 
This was the maximal effect: treatment at higher re- 
agent concentrations and for longer periods in time 
did not promote any further decrease in rotational 
mobility of C6SL. Thus the lipids seem to play at 
best a minor role in the immobilization of the C6SL 
spin labels in erythrocyte membranes after treatment 
with amino reactive agents. The lipids involved would 
be one or both of the amino phospholipids, phos- 
phatidylserine and phosphatidylethanolamine, which 
together compose approximately 28 per cent of the 
lipids of the human erythrocyte membrane [25]. 
However, reaction with lipids alone cannot explain 
the strongly immobilized component (tp ~ 10°” sec) 
in the e.s.r spectra of C6SL spin-labeled erythrocyte 
membranes reacted with amino attacking compounds 
(Figs. 2b, 2c, Sa). It therefore appears that reaction 
of protein amino groups with reagents such as FDNB 
and TNBS plays a primary role in immobilizing the 
spin-labeled local anesthetics in the red cell mem- 
brane. The reaction of these chemical modifiers with 
membrane proteins has been further exemplified by 
the ability of these ‘reagents to alter the e.s.r spectra 
of two protein spin labels covalently bound to red 
cell membrane sulfhydryl groups [47]. 


One other point of interest is that the rotational 
correlation time of C6SL in liposomes prepared from 


the total lipids of the red cell membrane (3.3 x 10°” 


sec) is approximately 2/3 of the value obtained with 
C6SL in the presence of red blood cell ghosts 
(4.7 x 10°” sec). A plausible explanation for the 
higher mobility of C6SL in the isolated lipids than 
in the erythrocyte membranes is that a small popula- 
tion of the spin-labeled local anesthetics are strongly 
bound to the membrane proteins. In fact, nanosecond 
lifetime measurements have shown a direct interac- 
tion of local anesthetics with membrane proteins [48]. 
rhus the es.r. spectrum of C6SL in the presence of 
erythrocyte membranes may be represented by two 
different components. The first component, contain- 
ing a vast majority of the spin labels, is represented 
by a moderately immobilized signal arising from 
C6SL bound to the lipid components of the mem- 
brane. The second component, containing a small 
population of the spin labels, is represented by a 
strongly immobilized e.s.r signal arising from C6SL 
bound to the protein components of the membrane. 
Presumably then, the reaction of free membrane pro- 
tein amino groups with reagents such as DFDNB, 
TNBS, and FDNB, increases the population of spin- 
labeled anesthetics bound to membrane proteins, and 
the strongly immobilized component in the e.s.r spec- 
trum of C6SL becomes readily apparent (Figs. 2b, 
2c and 5a). 

{symmetrical location of the strongly immobilized 
component. As was mentioned above, phosphatidylser- 
ine and phosphatidylethanolamine are the lipids 
which are capable of reaction with amino agents. A 
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number of studies have shown that these phospho- 
lipids are distributed asymmetrically across the red 
cell membrane, residing almost completely in the in- 
ner half of the bilayer [49-53]. Therefore, any broa- 
dening of the C6SL e.s.r signal due to the action of 
FDNB, DFDNB, TNBS, MNT, or glutaraldehyde on 
these lipids most likely results from the action of these 
compounds on the inner surface of the membrane. 

In addition, in a recent study the positions of pro- 
tein amino groups in the red cell membrane were 
explored with the aid of two radioactive imidoesters 
[54]. One’ imidoester was isethionyl acetimidate 
which was unable to penetrate the erythrocyte mem- 
brane but had the same specificity for amino groups 
as ethyl acetimidate, which was able to penetrate the 
membrane. Double labeling experiments with these 
compounds showed that there were more than ten 
times as many reactive amino groups in protein on 
the inner surface than on the outer surface of the 
membrane. Thus it seems probable that the strongly 
immobilized component in the C6SL e.s.r signal that 
develops after reaction of red cell membranes with 
amino reagents. whether due to reaction with the 
lipids or the proteins, arises from the inner surface 
of the membrane. This interpretation may be com- 
pared with the finding by Sheetz and Singer [55] that 
the tertiary amine local anesthetics are cup-formers 
of the intact erythrocyte. They proposed that local 
anesthetics and other cationic drugs bound preferen- 
tially to the inner half of the red cell bilayer and 
atiributed the differential distribution of the local 
anesthetics to interactions with acidic phosphatidyl- 
serine molecules concentrated in the cytoplasmic half 
of the membrane. Our results, combined with those 
of Whitely and Berg [54], indicate that after treat- 
ment of red cell membranes with amino reagents, a 
population of spin-labeled anesthetics also bind 
strongly to proteins located at the cytoplasmic mem- 
brane surface. It is tempting to speculate that the 
strongly immobilized C6SL molecules bound to pro- 
teins of the unmodified erythrocyte membrane are 
also found at the cytoplasmic surface. The asymmetric 
distribution of local anesthetics in the nonexcitable 
red cell membrane may be directly compared to the 
asymmetric action of local anesthetics in nerve mem- 
branes [2,3], and suggests that the red cell mem- 
brane, whose lipid and protein composition are very 
well characterized, will prove very useful in future 
studies for determining the exact molecular nature of 
local anesthetic binding sites. 


Acknowledgements—This research was supported in part 
by grants from the U.S.P.H.S. and the Research Corpor- 
ation. 


REFERENCES 


1. J. M. Ritchie and P. Greengard, A. Rev. Pharmac. 6, 
405 (1966). 

. T. Narahashi, D. T. Frazier, and M. Yamada, J. Phar- 
mac. exp. Ther. 171, 32 (1970). 

. T. Narahashi, D. T. Frazier and J. W. Moore, J. Neur- 
obiol. 3, 267 (1972). 

. M. B. Feinstein, J. gen. Physiol. 48, 357 (1964). 

. M. P. Blaustein and D. E. Goldman, Science 153, 429 
(1966). 

. H. Hauser, S. A. Penkett and D. Chapman, Biochim. 
biophys. Acta 183, 466 (1969). 





Spin-labeled local anesthetic 1413 


. D. Papahadjopoulos, Biochim. biophys. Acta 265, 169 
(1972). 

. G. J. Giotta, D. S. Chan and H. H. Wang, Archs Bio- 
chem. Biophys. 163, 453 (1974). 

. P. Seeman, Pharmac. Rev. 24, 583 (1972). 

. T. L. Steck, J. Cell Biol. 62, 1 (1974). 

. H. Passow and K. F. Schnell, Experentia 25, 460 
(1969). 


2. H. Passow, Prog. Biophys. molec. Biol. 19, 424 (1969). 
13. R. J. Gargiulo, G. J. Giotta and H. H. Wang, J. med. 


Chem. 16, 708 (1973). 

. C. L. Hamilton and H. M. McConnell, in Structural 
Chemistry and Molecular Biology (Eds. A. Rich and 
N. Davidson) p. 115, W. H. Freeman and Co., San 
Francisco (1968). 


5. H. M. McConnell and B. G. McFarland, Q. Rev. 


Biophys. 3, 91 (1970). 

6. P. Jost, A. S. Waggoner and O. H. Griffith, in Structure 
and Function of Biological Membranes (Ed. L. I. Roth- 
field) p. 83. Academic Press, New York (1971). 

. G. J. Giotta, R. J. Gargiulo and H. H. Wang, J. Mem- 
brane Biol. 13, 233 (1973). 

3. D. D. Koblin, S. A. Kaufmann and H. H. Wang, Bio- 
chem. biophys. Res. Commun. 53, 1077 (1973). 

. J. T. Dodge, C. Mitchell and D. J. Hanahan, Archs 
Biochem. Biophys. 100, 119 (1963). 

. G. V. Marinetti, R. Baumgarten, D. Sheeley and S. 
Gordesky, Biochem. biophys. Res. Commun. 53, 302 
(1973). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 

. J. Folch, M. Lees and G. H. Sloane Stanley, J. biol. 
Chem. 226, 497 (1957). : 

. R. J. Mehlhorn and A. D. Keith, in Membrane Molecu- 
lar Biology (Eds. C. F. Fox and A. D. Keith) p. 192. 
Sinauer Associates, Inc., Conn. (1972). 

. P. A. Knauf and A. Rothstein, J. gen. Physiol. 58, 190 
(1971). 


5. D. J. Hanahan, in Red Cell Membrane: Structure and 


Function (Eds. G. A. Jamieson and T. J. Greenawalt) 
p. 83. J. B. Lippincott Company, Phiiadelphia (1969). 
. §. A. Rosenberg and G. Guidotti, in Red Cell Mem- 
brane: Structure and Function (Eds. G. A. Jameison 
and T. J. Greenawalt) p. 93. J. B. Lippincott Company, 
Philadelphia (1969). 


7. J. Biichi, X. Perlia and R. Portmann, Arzneim.-Forsch. 


18, 619 (1968). 
. A. P. Truant and B. Takman, Anesth. Analgesia 38, 
478 (1959). 


29. H. C. Berg, J. M. Diamond and P. S. Marfey, Science 


150, 64 (1965). 


30. P. Poensgen and H. Passow, J. Membrane Biol. 6, 210 


(1971). 
. F. Sanger, Biochem. J. 39, 507 (1945). 


r . T. Okuyama and K. Satake, J. Biochem. 47, 454 (1960). 
. R. B. Freedman and G. K. Radda, Biochem. J. 108, 


383 (1968). 
. D. Hopwood, Histochem. J. 4, 267 (1972). 


. P. S. Vassar, J. M. Hards, D. E. Brooks, B. Hagen- 


berger and G. V. F. Seaman, J. Cell Biol. 53, 809 
(1972). 

. H. Tamaoki, Y. Murase, S. Minato and K. Nakanishi, 
J. Biochem. 62, 7 (1967). 

. D. G. Smyth, A. Nagamatsu and J. S. Fruton, J. Am. 
chem. Soc. 82, 4000 (1960). 

. H. S. Jacob and J. H. Jandl, J. clin. Invest. 41, 779 
(1962). 

. A. H. Maddy, Biochim. biophys. Acta 88, 390 (1964). 

. Z. 1. Cabantchik and A. Rothstein, J. Membrane Biol. 
10, 311 (1972). 

. M. J. Hunter and M. L. Ludwig, J. Am. chem. Soc. 
84, 3491 (1962). 

. N. L Krinsky, E. N. Bymun and L. Packer, Archs 
Biochem. Biophys. 160, 350 (1974). 

. A. Dutton, M. Adams and S. J. Singer, Biochem. bio- 
phys. Res. Commun, 23, 730 (1966). 


4. W. G. Niehaus and F. Wold, Biochim. biophys. Acta 


196, 170 (1970). 


45. F. W. Hulla and W. B. Gratzer, FEBS Lett. 25, 275 


(1972). 

. T. H. Ji, Proc. natn Acad. Sci. U.S.A. 71, 93 (1974). 

. J. L. Rigaud, C. M. Gary-Bobo and C. Taupin, Bio- 
chim. biophys. Acta 373, 211 (1974). 

. D. D. Koblin, Ph.D. Thesis, University of California 
at Santa Cruz.(June 1975). 

. M.S. Bretscher, Nature, New Biol. 236, 11 (1972). 

. S. E. Gordesky and G. V. Marinetti, Biochem. biophys. 
Res. Commun. 50, 1027 (1973). 

. A. J. Verkleij, R. F. A. Zwaal, B. Roelofsen, P. Com- 
furius, D. Kastelijn and L. L. M. van Deenen, Biochim. 
biophys. Acta 323, 178 (1973). 

. A. Kahlenberg, C. Walker and R. Rohrlick, Can. J. 
Biochem. 52, 803 (1974). 

. S. E. Gordesky, G. V. Marinetti and R. Love, J. Mem- 
brane Biol. 20, 111 (1975). 


54. N. M. Whiteley and H. C. Berg, J. molec. Biol. 87, 541 


(1974). 
. M. P. Sheetz and S. J. Singer, Proc. natn Acad. Sci. 
U.S.A. 71, 4457 (1974). 


. S. A. Goldman, G. V. Bruno, and J. H. Freed, J. phys. 


Chem. 76. 1858 (1972). 








Biochemical Pharmacology, Vol. 25, pp. 1415-1419. Pergamon Press, 1976. Printed in Great Britain 


REGIONAL UPTAKE OF NEUROTOXIC AND NONTOXIC 
AMINO ACIDS IN VIVO BY THE INFANT 
MOUSE BRAIN* 


VERNON J. PEREZ,+ JOHN W. OLNEY,{ CONSTANCE F. FROLICHSTEIN, JULIE F. MARTIN 
and WILLIAM O. CANNON 


Neuropsychology Laboratory, Department of Psychiatry, Washington University School of Medicine, St. Louis, Mo. 
63110, U.S.A. 


(Received 8 March 1975; accepted 15 August 1975) 


Abstract 


The acidic amino acids, glutamate, cysteate and homocysteate, destroy neurons in the arcuate 


nucleus of the hypothalamus when administered subcutaneously to infant mice, but alanine. a neutral 
amino acid, does not. The neurotoxicity of glutamate, cysteate and homocysteate was confirmed in 
this study. It was further demonstrated that glutamate accumulates in the arcuate nucleus after the 
administration of glutamate but not after cysteate or homocysteate administration. This rules out 
the possibility that the neurotoxicity of the latter two compounds is mediated by the conversion in 
vivo of these compounds to glutamate. It supports the thesis that the similar neurotoxic manifestations 
of these compounds stem from the similar molecular structure they share. Alanine accumulated in 
the arcuate and ventromedial nuclei of the hypothalamus and, to a lesser extent, the medial nucleus 
of the thalamus but had no neuropathologic effects in any brain region. The failure of alanine to 
damage arcuate neurons is interpreted as evidence that, because of its dissimilar molecular structure, 
it either does not react or reacts very differently from the acidic neurotoxic amino acids at some 


receptor locus on neural membranes. 


Several years ago Olney et al. demonstrated that glu- 
tamate (Glu) induces acute neuronal necrosis in the 
arcuate nucleus of the hypothalamus (ARH) when 
administered subcutaneously [1, 2] or orally [3] to 
infant mice. This observation has been confirmed re- 
peatedly in mice [4-8] and extended to include rats 
[6,9], chicks [10,11], guinea pigs [12] and monkeys 
[13,14]. Definitive agreement has not been reached, 
however, regarding the mechanism(s) of Glu neuro- 
toxicity. 

In 1957 Lucas and Newhouse [15] reported acute 
necrosis of neurons in the inner layers of the infant 
mouse retina after subcutaneous injections of either 
Glu or aspartate (Asp). They concluded, tentatively, 
that Glu was responsible for the neurotoxic activity 
and that Asp merely mimicked the effect by convert- 
ing in vivo to Glu. 

Perez and Olney [16] have shown that Glu, subcu- 
taneously administered, accumulates in the ARH but 
not in other regions of the infant mouse brain and 
that the temporal course of Glu accumulation coin- 
cides with that of acute degeneration of arcuate 
neurons. This suggests that Glu influx into the 
arcuate region is a primary step in the pathogenesis 
of the ensuing neurotoxic reaction. It has been 
argued, however, that some metabolite of Glu might 
also accumulate in the arcuate region over the same 
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time course and that such a metabolite, rather than 
Glu, could be responsible for the neurotoxic reaction 
[8]. 

Olney et al. [17] recently tested a large series of 
compounds and demonstrated that a select few—-the 
exact group of amino acids which Curtis and Watkins 
[18, 19] have identified in microelectrophoretic exper- 
iments as neuroexcitatory amino acids—reproduce 
the Glu-type lesion in the ARH. These compounds 
(aspartic, cysteine sulfinic, cysteic, homocysteic acids 
and certain synthetic congeners of these amino acids), 
all of which are close structural analogues of Glu, 
were 1-100 times as potent as Glu in destroying 
arcuate neurons when given subcutaneously [17]. 
Members of the group previously shown [19] to be 
outstandingly potent neuroexcitants (DL-homocys- 
teate and n-methyl-DL-aspartate) were found to be the 
most potent neurotoxins [17]. Olney [20] has sug- 
gested the term “excitotoxic amino acids” for this in- 
teresting group of neuroactive compounds and has 
postulated that their excitatory and toxic activities 
may be linked by a common mechanism, perhaps act- 
ing at a common receptor locus on neural mem- 
branes. 

The present experiments were undertaken to 
explore further the postulate that excitotoxic amino 
acids destroy arcuate neurons, not by conversion to 
Glu but by virtue of molecular structural character- 
istics they share with Glu. If this postulate is correct, 
it should not require increased Glu concentrations 
in ARH for excitotoxic amino acids such as cysteic 
(Cys) or homocysteic (H-Cys) acids to induce a lesion 
there. The first portion of this study confirms this 
assumption. The second portion confirms another 
assumption, namely, that a nonexcitatory amino acid 
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such as alanine (Ala), which lacks the structural speci- 
ficities thought to confer excitotoxic activity, can ac- 
cumulate in ARH without destroying ARH neurons. 
Elsewhere [3,17] it was shown that Ala and various 
other nonexcitatory amino acids could be adminis- 
tered orally or subcutaneously to infant mice without 
an ARH lesion resulting [3,17], but whether such 
compounds actually entered the ARH region of brain 
as Glu does was not ascertained. That subcutaneously 
administered Ala does accumulate in ARH without 
damaging ARH neurons is demonstrated here. 


MATERIALS AND METHODS 


{nimals. Cox Swiss albino mice (Laboratory Sup- 
ply Co., Indianapolis, Ind.) were bred in our labora- 
tory and used in all experiments. The room in which 
they were housed was maintained at 25 and kept 
on a schedule of 10 hr dark and 14 hr light. 

Chemicals. L-Cysteic acid (Cys) and L-z-alanine 
(Ala) were purchased from Sigma Chemicals (St. 
Louis, Mo.) and pi-homocysteic acid (H-Cys) from 
CalBiochem (La Jolla, Calif). L-Glutamic acid (Glu) 
was obtained as the monosodium salt widely avail- 
able under the trade name “Accent.” 

Treatment. Within 24 hr after birth, each litter was 
randomly culled to nine pups. At 4 days of age, mice 
were randomly selected from each litter, weighed on 
a triple-beam balance, and injected once subcu- 


taneously over the back with an aqueous solution of 


the sodium salts of Glu, Cys, H-Cys or Ala at neutral 
pH, using 30 gauge hypodermic needles and 100-yl 
Hamilton syringes. The dose of Glu, Cys and Ala 
was 12 m-moles/g of body wt. H-Cys was given at 
a dose of only 0.3 m-mole/g of body wt because of 
its greater neurotoxic potency [17]. Concentrations 
of solutions were such that volumes of 80-100 sl were 
injected. Injections were spaced 5 min apart and after 
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each the mice were put individually into cubicles of 
plastic ice-cube trays, the bottoms of which were 
covered with a thin layer of cedar shavings. The trays 
were kept in a Thelco model 2 incubator which was 
modified so that the inner glass door was replaced 
with one of Plexiglas, the bottom third of which was 
removed to guarantee free entry and circulation of 
air in the chamber. The temperature of the chamber 
was set at 37 at the start of a day’s experiment. How- 
ever, repeated opening and closing of the Plexiglas 
door to admit or remove mice from the chamber tran- 
siently caused as much as a 3 drop in temperature 
so that a range of 34-37 was characteristic of a day’s 
experiment. 

Preparation of tissues and plasma. At 0 hr (nested 
controls, no injection), 15 and 30 min, and 1, 2, 3, 
6 and 9 hr after injection, mice were killed by decapi- 
tation. Untreated controls were also killed by decapi- 
tation after being kept in the incubator for 1, 3, 6 
or 9 hr. The heads were buried in powdered CQO), 
and blood was collected from the neck in heparinized 
capillary tubes for the preparation of plasma. Heads 
and plasma were stored at —110.. Samples of the 
ARH. ventromedial nucleus of the hypothalamus 
(VMH) and medial nucleus of the thalamus (NMT) 
were dissected from cryostat sections cut 40 4m thick 
and lyophilized as described by Lowry [21] and 
Lowry and Passonneau [22, 23]. 

For histological purposes, randomly selected ani- 
mals treated with each of the test agents were sacri- 
ficed at 3 hr by perfusion fixation and their brains 
processed as described elsewhere [2,3] for micro- 
scopic examination of the hypothalamus. 

Assay procedures. Glu and Ala were measured in 
the frozen-dried tissues and plasma according to the 
method of Young and Lowry [24] as adapted for 
regional studies on infant mouse brain by Perez and 
Olney [16]. Corresponding histochemical methods 
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Fig. 2. Alanine (Ala) content (m-moles/kg dry tissue wt + S. E. M.) in (A) the arcuate (RH) and 
(B) ventromedial (VMH) nuclei of the hypothalamus, and (C) the medial nucleus of the thalamus 
(NMT) in 4-day-old mice injected subcutaneously with Ala, 12 m-moles/kg of body wt. 


for measuring Cys and H-Cys are not yet available. 
Standard solutions of Glu, Glu + Cys, and Glu + 
H-Cys were assayed for Glu as just described to 
determine if the presence of Cys or H-Cys interfered 
with the accurate measurement of Glu. Standard 
curves for Glu were included in every assay for the 
amino acid in tissue and plasma. 


RESULTS 


Standard curves for solutions containing Glu, Glu 
+ Cys, and Glu + H-Cys did not differ from each 
other (arbitrary fluorescence units), indicating that the 
presence of Cys or H-Cys in the tissues of animals 
injected with these compounds did not influence the 
Glu assay. | 

Levels of Glu measured in the brain of 4-day-old 
mice injected with Glu, Cys or H-Cys, and in untreated 
controls are illustrated in Fig. 1, panels A, B and 
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Fig. 3. Plasma alanine (Ala), mM + S. E. M., in 4-day-old 
mice injected subcutaneously with Ala, 12 m-moles/kg of 
body wt. 


C. for the ARH, VMH and NMT respectively. Con- 
sistent with previous findings [16,25], Glu concen- 
trations rose in the ARH, but not VMH or NMT, 
of mice injected with Glu. reaching a maximal con- 
centration of 82.9 m-moles/kg dry tissue wt approxi- 
mately 1 hr after injection (Fig. 1A). Glu concen- 
trations did not rise in ARH (Fig. 1A) or in the other 
regions studied (Fig. 1. panels B and C) after injec- 
tions of Cys or H-Cys. It is noteworthy that, at each 
time after injection of Cys, the amount of Glu 
measured in the ARH (Fig. 1A) was appreciably less 
than that measured in untreated controls or in H-Cys 
mice. This was not the case in the VMH (Fig. 1B) 
or NMT (Fig. IC). 

Concentrations of Ala in the ARH, VMH and 
NMT at various times after an Ala injection are 
shown in Fig. 2. panels A, B and C respectively. Like 
Glu (Fig. 1A), Ala readily entered the ARH, reaching 
37.7 m-moles/kg by | hr. a 4-fold increase over the 
0-hr value of 9.7 m-moles/kg. Unlike the influx of 
Glu, which was restricted to the ARH (Fig. 1A), sub- 
stantial increases in Ala—two to three times higher 
than corresponding control values—-were detectable 
at | hr in the VMH (Fig. 2B) and NMT (Fig. 2C). 
The time course of the Glu (Fig. 1A) and Ala (Fig. 
2A) accumulations in ARH after Glu and Ala injec- 
tions, respectively, were similar with each reaching 
maximal levels about | hr after injection and return- 
ing to near control levels 1-2 hr later. The pattern 
of increase of Ala in plasma (Fig. 3) corresponded 
well with that for an equimolar dose of Glu reported 
earlier [16] with the maximal Ala concentration of 
6.5 mM being reached 15-30 min after the injection 
and return to control levels of about 0.5 mM occur- 
ring within 6 hr. 

Histological examination of the hypothalami of 
treated infants revealed typical Glu-type lesions in 
those treated with Glu, Cys (Fig. 4A) or H-Cys but 
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Fig. 4. Light micrographs of the arcuate nucleus of the hypothalamus (ARH) in the 4-day-old mouse 
injected subcutaneously with 12 m-moles/kg of body wt of (A) cysteic acid (Cys) or (B) alanine (Ala). 
Magnification (x 180). 


not in those treated with Ala (Fig. 4B). The lesion 
induced by H-Cys was smaller than that induced by 
Glu and Cys. which suggests that a slightly higher 
dose of H-Cys, perhaps 0.4 to 0.5 mg/g, might have 
been suitable for these experiments. However, we 
have noted in other experiments [17] that the more 
potent excitotoxic amino acids, including H-Cys, in- 
duce lethal seizures in infant mice at very nearly the 
same dose as is required to induce extensive hypotha- 
lamic damage. It was to avoid this problem that we 
chose the lower dose. 


DISCUSSION 


Glu. Cys and H-Cys, three excitotoxic amino acids, 
were administered subcutaneously to infant mice to 
determine how this would influence Glu concen- 
trations in the ARH over the same time period during 
which ARH neurons are known to undergo degener- 
ation from the administration of these compounds. 
The findings rule out the possibility that Cys and 
H-Cys produce neuronal necrosis in the ARH by in- 
creasing the concentrations of Glu to toxic levels in 
that hypothalamic nucleus. Administration of Cys 
and H-Cys was not associated with an increase of 
Glu in the ARH. In fact, Cys administration led to 
a reduction in ARH concentrations of Glu. Unfor- 
tunately, measurement of Cys and H-Cys in the ARH 
after administration of these compounds was not 
possible because suitable procedures for microassay 
of these compounds in minute brain samples remain 
unavailable. In the absence of such procedures, one 
can only speculate that Cys and H-Cys did enter the 
arcuate nucleus like Glu and that each of these com- 
pounds is independently capable of interacting with 
arcuate neurons in such a manner as to trigger 
degeneration of these neurons. Our findings do not 
directly rule out the possibility that some unidentified 
compound, which is a common metabolite of Glu, 
Cys and H-Cys, is the toxic agent. However, in the 
absence of evidence that Glu, Cys and H-Cys (and 
all other excitotoxic amino acids which have thus far 


been identified [17,26] including certain heterocyclic 
analogues of Glu [27]) have a common metabolite 
which has neurotoxic activity, this hypothesis seems 
barely tenable. Furthermore, an important observa- 
tion not taken into account by the common metabo- 
lite hypothesis is the potency differences among exci- 
totoxic amino acids, some being at least 100 times 
more potent than Glu [17, 26,27]. The more potent 
compounds need only be given in minute doses to 
destroy arcuate neurons, and in such doses they 
would not be expected to generate anywhere near as 
much of a toxic by-product as a compound such as 
Glu given in much higher doses. 

Ala readily entered the ARH in the 4-day-old 
mouse after subcutaneous administration with a per- 
centage increase over baseline levels greater than that 
for Glu, yet Ala produced no toxic reaction in ARH 
neurons. Thus, the previous observation by Olney et 
al. [3,17] that Ala, even after such a heavy dose as 
3 mg/g, induces no ARH damage cannot be attributed 
to failure of the amino acid to penetrate ARH. Glu, 
Cys and H-Cys all have excitatory properties, pre- 
sumably because their acidic molecules are sufficiently 
similar to allow them to interact similarly at a com- 
mon receptor site on neural membranes. We would 
postulate that the nonacidic Ala molecule is suffi- 
ciently dissimilar so that it either interacts differently 
or not at all at this receptor site and that this is 
why Ala does not destroy arcuate neurons. We sus- 
pect that Glu and related excitotoxic analogues which 
depolarize neural membranes exert their toxic action 
by effecting a sustained increase in membrane per- 
meability. Ala has been reported to inhibit neuronal 
firing when introduced by microelectrophoresis [18], 
presumably by hyperpolarization mechanisms. Thus, 
an interesting interpretation suggested by our findings 
would be that sustained hyperpolarization of neural 
membranes has less dire toxicological implications for 
the neuron than sustained depolarization. 

An apparent difference between blood brain bar- 
riers for Ala and Glu was demonstrated here in that 
Ala readily entered all brain regions tested but Glu 
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only entered ARH or, at least, did not accumulate 
‘anywhere but ARH. Our data suggests that brain 
regions other than ARH tend to discriminate rigor- 
ously even in early infancy against an accumulation 
of Glu (and probably its excitotoxic analogues) but 
not as rigorously against Ala. Oldendorf [28] has pre- 
sented evidence that, in general, essential amino acids 
are admitted freely to brain and nonessential amino 
acids are denied entry. However, both Ala and Glu 
are nonessential amino acids, but we found that only 
Glu is rigidly prevented from accumulating in the in- 
fant rodent brain, making necessary some other 
explanation for our data. For example, a protective 
barrier may be operative in specific relation to such 
neuroactive compounds as Glu and its excitotoxic 
analogues because they could seriously interfere with 
CNS function if allowed free access to brain from 
blood. Why the arcuate nucleus of the hypothalamus 
is less well protected than other brain regions from 
hematogenous exposure to such amino acids remains 
an enigma. 
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Abstract 


Glucuronidation of [*H]acetaminophen (pHAA) in mouse liver microsomes is enhanced 


about 3-fold by 0.025°,, Triton X-100. Oxazepam inhibits microsomal glucuronidation of pHAA, yield- 
ing apparent competitive kinetics in native microsomes. Phenobarbital-pretreatment has no effect on 
the microsomal glucuronidation of pHAA. MH,C, rat hepatoma cells also glucuronidate pHAA, ap- 
proximately 40 nmoles per mg cell protein per hr being conjugated at a concentration of | mM. Oxaze- 
pam also inhibits pHAA glucuronidation in the cell culture system. Intraperitoneal injection of mice 
with oxazepam 15 min before subcutaneous injection of pHAA significantly increases the plasma half-life 


of pHAA. 


The major metabolites of the analgesic aceta- 
minophen in man and experimental animals are the 
glucuronide and sulfate derivatives [1-4]: the ratio 
of glucuronide and sulfate metabolites varies widely 
between the different species, however. After low 
doses of acetaminophen, mice excrete more glucur- 
onide than sulfate whereas rats excrete more sulfate 
than glucuronide [5]. Humans are reported to excrete 
63 per cent as the glucuronide and 32 per cent as 
the sulfate in the urine after oral therapeutic doses 
of the drug [6]. 

The urinary excretion of the tranquilizer oxazepam 
both in man and in laboratory animals is largely as 
its glucuronide. accounting for at least 95°, of urinary 
metabolites [7.8]. Oxazepam glucuronide can also be 
formed after previous demethylation and hydroxyl- 
ation of diazepam [9]. If acetaminophen and oxaze- 
pam are glucuronidated by a similar liver microsomal 
glucuronyl transferase. they might impede each others 
metabolism. The present paper is concerned with the 
action of oxazepam on acetaminophen glucuronida- 
tion. 


MATERIALS AND METHODS 


Chemicals. [7H\(G)-Acetaminophen (sp. act. 370 
mCi/m-mole) was obtained from New England Nuc- 
lear Co. and unlabelled acetaminophen from Eastman 
Kodak Co. Oxazepam was obtained from Wyeth 


Laboratories Inc. Uridine 5’-diphosphoglucuronic 
acid (UDPGA, ammonium salt) was purchased from 
Sigma Co. Other chemicals used were the best avail- 
able commercial grades. 

Microsome experiments. Livers from male Swiss 
Webster mice (20-22 g) were homogenized in two vol. 
of 1.15°, KCl containing 20mM Tris buffer, pH 7.4. 
The homogenate was centrifuged at 9000g in a Sor- 
vall RC-2 centrifuge for 20 min and the supernatant 
was decanted and recentrifuged for | hr at 105,000g 
in a Beckman preparative ultracentrifuge. The micro- 
somal pellet was resuspended in the Tris-K Cl buffer. 
Microsomes from mice pretreated with phenobarbital 
(75 mg/kg i.p. daily for three days) or with 5,6-benzo- 
flavone (80 mg/kg ip. 48hr before sacrifice) in corn 


oil, were prepared in an identical manner. Control 
mice were injected with 0.9°,, sodium chloride or corn 
oil for similar periods. 

The incubation mixture contained (final concen- 
trations) in ice-cold reaction tubes in a final volume 
of 0.5 ml (unless otherwise stated): 2 mg/ml microso- 
mal protein, 0.5mM [*H]acetaminophen (approx. 
300. dis/min/nmole), 2mM UDPGA, 40mM_ Tris 
buffer, pH 7.4, 10mM MgcCl,. To the appropriate 
tubes 0.025°, Triton X-100 and oxazepam in 1% 
DMSO were added; in the oxazepam experiments 
control tubes received 1°, DMSO. Tubes were incu- 
bated in a shaking water-bath usually for 20 min; 
reactions were stopped by immersing the tubes in 
boiling water for 2min. Samples were extracted 5 
times with 2 ml of ethyl acetate [5], and an aliquot 
(50 ul) of the remaining water phase was counted in 
15 ml of a BBOT scintillation fluid. Values were cor- 
rected for blanks (tubes without UDPGA) and 
expressed as nmoles acetaminophen glucuronide 
formed per mg of microsomal protein per min. Micro- 
somal cytochrome P-450 was measured according to 
the method of Omura and Sato [10]. 

Cell culture experiments. MH,C, cells, a cell line 
derived from Morris rat hepatoma No. 7795 (Ameri- 
can Type Culture Collection, CCL 144) were grown 
in Ham’s F10 medium containing 15°, horse serum 
(Gibco), 2.5°%% fetal calf serum (Gibco) and antibiotics. 
In some experiments H-4-II-E cells (Reuber cells), a 
cell line derived from Reuber rat hepatoma H-35 
(generously given to us by Dr. Snorri S. Thorgeirsson, 
National Institute of Child Health and Human Devel- 
opment, Bethesda, Md., U.S.A.) and grown in Eagle’s 
medium No. 2 with 10°, calf serum (Gibco) and 10°, 
fetal calf serum, were used. 

For experiments cells were washed twice with warm 
serum-free medium and incubated with varying con- 
centrations of [*H]Jacetaminophen (approx. 300 dis 
min/nmole) in 10 ml serum-free medium with or with- 
out oxazepam in 0.4% DMSO. Control cultures 
received only 0.4%, DMSO. One-ml samples of the 
incubation medium were withdrawn at desired time 
intervals. extracted 5 times with 5.0 ml ethyl acetate 
and aliquots (100 yl) of the water phase were counted 
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and corrected for blanks ([{°H Jacetaminophen 
medium incubated without cells). Similar samples 
from cell incubations were applied to DEAE-cellulose 
thin-layer plates (Avicell, 250 zm thick) and developed 
in a system of n-propanol-0.4M ammonium hydrox- 
ide (80:20), as described by Jollow et al. [5]. After 
development, the chromatograms were scraped off in 
l-cm sections and transferred to scintillation vials; 
each sample was eluted with 0.4 ml water and counted 
in ISml BBOT. After incubation with aceta- 
minophen, the cells were washed twice with 5 ml PBS 
pH 7.4 and dissolved in 4.0ml NaOH. The protein 
concentration in both cell culture and in microsome 
experiments was determined by the method of Lowry 
et al. [11] using bovine serum albumin as standard. 


In vivo experiments. The rate of disappearance of 


acetaminophen from plasma determined by 
administering [*H]acetaminophen (50 mg/kg 
0.3 wCi/mole) to mice 15 min after injection of oxaze- 
pam (50 mg/kg in DMSO. 0.05 ml per animal, i.p.) 
or DMSO alone. Animals were decapitated at desired 
time intervals and blood was collected in heparinized 
tubes. The samples were centrifuged, and the 
[°H Jacetaminophen in 0.1 ml of plasma was extracted 
into 2.0 ml of ethyl acetate. One ml of ethyl acetate 
was added to 15 ml BBOT scintillation fluid; counts 
were corrected for background and quench and con- 
verted to yg [°H Jacetaminophen/ml plasma. 


Was 


S.C., 


RESULTS 


on ° ¢ . . 
The microsomal glucuronidation of [*H Jaceta- 


minophen is shown in Fig. | and Table |. In native 
microsomes the reaction was linear with respect both 
to time up to 30min and protein concentration up 
to 5 mg/ml. Addition of low concentrations of Triton 
X-100 increased the amount of [*H]acetaminophen 
glucuronidated, and activity was maximally enhanced. 
about 3-fold, by 0.025°,, Triton X-100 (with 2 mg/ml 
microsoinal protein) when compared with control 
microsomes (Fig. |C). Increasing the amount of pro- 
tein at constant Triton concentration diminished this 
eflect above | mg/ml (Fig. 1B). 

MH,C, cells also metabolized [*H Jacetaminophen 
(Fig. 2), showing time and substrate concentration 
dependency in the production of water-soluble meta- 
bolites. At higher acetaminophen concentrations there 
was a deviation from linearity, perhaps due to prod- 
uct inhibition or direct effects of acetaminophen on 
the cells. Reuber cells, on the contrary, did not show 
any sign of glucuronidation measured at substrate 
concentrations between 0.05 mM and 1.0mM during 
6hr of incubation. Thin-layer chromatography of 
medium from cells that had been incubated with 
[*H Jacetaminophen gave two sharp peaks with R, 
values similar to those reported for acetaminophen 
glucuronide and acetaminophen respectively [5]. 

Pretreatment of mice with phenobarbital increased 
. the microsomal content of cytochrome P-450 to 238°, 
of control levels (Table 1), yet it did not alter the 
rates of microsomal acetaminophen glucuronidation 
either in the unactivated or Triton-activated state. 
The polycyclic hydrocarbon inducer. benzoflavone, 
which in this mouse strain increases cytochrome 
P-448 levels by only 24°,. had a comparable effect 
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on unactivated and Triton-activated microsomal glu- 
curonidation of acetaminophen. 

Kinetic analysis of the effect of 0.5mM oxazepam 
on the microsomal glucuronidation of acetaminophen 
is shown in Fig. 3. Reciprocal reaction velocities from 
incubations with and without Triton were plotted 
against reciprocal substrate concentrations between 
0.1 and 1.0mM: the points were fitted to the line 
by the method of least squares, and the kinetic par- 
ameters of the Michaelis-Menten equation were cal- 
culated. As determined from the plot the K,, for the 
native microsomes was 0.21 mM, whereas the maxi- 
mal velocity was 1.00 nmoles/mg protein/min. In Tri- 
ton-activated microsomes the K,, was increased to 
0.62 mM and the V,,., to 3.70 nmoles/mg protein/min. 
Oxazepam, 0.5 mM altered the K,, in the native mic- 
rosomes to 0.41 mM, whereas the V,,,, was unchanged 
(1.04 nmoles/mg protein/min). In the presence of Tri- 
ton and oxazepam the.K,, and the V,,,. were increased 
to 1.30mM and 5.41 nmoles/mg protein/min, respect- 
ively. The addition of 1% DMSO did not alter the 
rates of microsomal glucuronidation. 
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Fig. 1. A,B,C. Glucuronidation of 0.5mM_ [*H]aceta- 
minophen in mouse microsomes. A. Time course in unacti- 
vated (O ©) and Triton X-100, 0.025°, activated 
(® @) microsomes, 2 mg protein/ml. B. Varying protein 
concentrations in unactivated (O ©} and Triton X-100, 
0.025°,, activated (@ @) microsomes. C. Effect of vary- 
ing Triton X-100 concentrations at microsomal concen- 
tration of 2 mg/ml. Values are means of duplicates for each 
point. 





Inhibition of acetaminophen glucuronidation by oxazepam 


Table 1. Effects of pretreatment on 0.5mM [?H acetaminophen glucuronidation by micro- 
somes and content of cytochrome P-450 in mice 





pHAA glucuronidation 


Cytochrome P-450 





Unactivated 


Pretreatment (nmoles/mg/min) 


(P-448) 
(nmoles/mg) 


Triton-activated 
(nmoles/mg/min) 





Control 
Phenobarbital 
Benzoflavone 


0.89 + 0.05 
0.97 + 0.08 
1.16+ 0.10 


1.89 + 0.14 93 + 0.10 
1.95 + 0.08 + 0.19 
2.10 + 0.08 15+ 0.12 





Livers from four animals in each treatment group were pooled: values are means + S.D. 


of four determinations. 


Oxazepam also inhibited the glucuronidation of 
acetaminophen in MH,C, cells (Fig. 4). Cells without 
oxazepam metabolized 73.2nmoles  [*H ]aceta- 
minophen per mg cell protein in 4hr starting with 
a substrate concentration of 0.5SmM. Oxazepam, 
0.05mM and 0.1 mM, reduced this amount to 39.5 
and 24.7 nmoles/mg protein, respectively. The final 
concentration of DMSO was 0.4°,: this did not alter 
the rates of glucuronidation. 

The effect of oxazepam on the metabolism of aceta- 
minophen in vivo was also studied (Fig. 5). Plasma 
concentrations of acetaminophen in control animals 
and in animals injected i.p. with oxazepam were 
measured after s.c. injection of [*H Jacetaminophen; 
after log,, transformation of acetaminophen concen- 
trations the lines were plotted by the method of least 
squares. There is evidently a very rapid absorption 
of acetaminophen, and a fairly rapid decline of aceta- 
minophen concentration in plasma in the control ani- 
mals up to 60min after injection (t,; = 17.6 min); 
below 5 pg/ml the elimination proceeds more slowly. 
This biphasic pattern is also seen in oxazepam treated 
animals. In this situation, the elimination of [7H Jace- 
taminophen is impeded, the plasma t of the rapid 
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Fig. 2. Glucuronidation of [*H]actaminophen in MH,C, 

cells. Parallel subcultures were incubated with varying con- 

centrations of [7H Jacetaminophen and samples withdrawn 

at intervals. Values are from two flasks for each concen- 
tration of acetaminophen. 


phase being 27.0 min. The rate of decline of aceta- 
minophen concentration in oxazepam-treated mice 
was significantly different from the control 
(P < 0.001) using the Aspin-Welch procedure to cal- 
culate degrees of freedom [12]. 


DISCUSSION 


The microsomal glucuronidation of acetaminophen 
can be enhanced 3-fold by in vitro addition of Triton 
X-100. Glucuronidation of several phenolic sub- 
stances is increased by a wide variety of detergents 
[ 13, 14, 15]. as well as trypsin [16] and phospholipase 
A [17]. Whether any activation of microsomal UDP- 
glucuronyl transferase occurs in vivo and thus plays 
a role in the glucuronidation of endogenous sub- 
strates or drugs is not known with certainty. 

The activity of hepatic glucuronyl transferase in 
rats is known to increase after pretreatment of ani- 
mals with phenobarbital, polycyclic hydrocarbons 
and polychlorinated biphenyls [18, 19, 20]. However, 
phenobarbital pretreatment does not increase the 
amount of urinary metabolites of acetaminophen in 
rats at doses below 400mg/kg: only at 800 and 
1200 mg/kg was an increase in glucuronide excretion 
and a decrease in sulfate excretion seen [5]. Pheno- 
barbital failed to increase the microsomal glucuroni- 
dation of acetaminophen in Swiss-Webster mice; this 
corresponds well with the effect in vivo (Dr. Mitchell, 
NIH, personal communication). It is also known that 
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Fig. 3. Lineweaver-Burk plots of the effect of oxazepam 

on the microsomal glucuronidation of [*H Jacetaminophen. 

Values are means of duplicates for each point. O O 

Acetaminophen; @ @ acetaminophen + oxazepam, 0.5 

mM: 0 © acetaminophen + Triton X-100, 0.025°,: 

a @ acetaminophen + Triton X-100, 0.025", + oxaze- 
pam, 0.5 mM. 
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Fig. 4. Effect of oxazepam on the glucuronidation of 

0.5 mM [7H Jacetaminophen in MH,C, cells. Values rep- 

resent means from two control cultures (O ©), two with 

0.05 mM oxazepam (@ ®). and two with 0.1 mM oxa- 
zepam (@ @). 


benzoflavone is a poor inducer of acetaminophen glu- 
curonidation in vivo in this strain (Dr. Mitchell, per- 
sonal communication). 

The finding that MH,C, cells are able to glucur- 
onidate acetaminophen means that these cells must 
possess both a glucuronyl transferase and enzymes 
for the synthesis of UDPGA. These cells have pre- 
viously been shown to glucuronidate bilirubin [21] 
and phenols [ 22, 23]. Reuber cells, however, although 
containing an inducible aryl hydrocarbon hydrox- 
ylase [24], were not able to conjugate acetaminophen. 


Lgl 


Acetaminophen, 





102030 45 60 #490 120 
Min 


Fig. 5. Concentration of [*H Jacetaminophen in plasma of 


control mice (@ @) and in oxazepam treated mice 
(O ©). (50 mg/kg ip. 15 min prior to acetaminophen) 
at various times after the subcutaneous injection of 
50 mg/kg. Each point is the mean + S.D. from four ani- 
mals. *Significantly different from control value, P < 0.05. 


Oxazepam is clearly seen to inhibit the microsomal 
glucuronidation of acetaminophen in mice; the kin- 
etic plots of oxazepam vs. acetaminophen in non-acti- 
vated microsomes suggest that both drugs have 
affinity for the same glucuronyl transferase. In acti- 
vated microsomes the situation is more complex; per- 
haps the glucuronidation of oxazepam is_ not 
enhanced as readily as that of acetaminophen. Most 
studies with glucuronyl transferase suggest that there 
is a multitude of similar enzymes with overlapping 
substrate specificities [25], so that oxazepam and ace- 
taminophen might interact at the level of several 
transferases. 

In the cell culture system also, oxazepam inhibited 
acetaminophen glucuronidation indicating that the 
two drugs are eliminated by similar pathways in this 
whole cell preparation. p-Nitrophenol has been 
shown to inhibit the glucuronidation of p-amino- 
phenol and bilirubin both in cultures of MH,C, cells 
and in homogenates from the same cells fortified with 
UDPGA [26]. 

At similar doses oxazepam also inhibited the in vivo 
metabolism of acetaminophen in mice, measured by 
the rate of disappearance of acetaminophen from 
plasma. showing that the interaction seen in the two 
in vitro systems has a bearing on the in vivo situation. 
Whether a similar interaction will take place at thera- 
peutic concentrations of the two drugs in humans is 
not known; it could play a role in cases with large 
overdoses of either of the two compounds when elim- 
ination is of importance for the patient. The very 
rapid absorption of acetaminophen after subcu- 
taneous injection is presumably due to the presence 
of DMSO. 
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Abstract—Previous experiments have revealed changes in the metabolism of nicotinic acid and nico- 
tinamide—adenine dinucleotides due to CS, intoxication. In this study the incorporation of tryptophan 
into nicotinamide—adenine dinucleotides in the liver of rats chronically intoxicated with CS, has been 
measured. The concentration and radioactivity of NAD in the liver of rats were determined 5 hr after 
administration of a loading dose of tryptophan and 2 hr after injection of a trace dose of ['*C]trypto- 
phan. It was found that tryptophan was more extensively incorporated into nucleotides in the liver 
of rats intoxicated with CS,. This indicates, that tryptophan, rather than nicotinic acid, is the main 
precursor of NAD synthesis in animals intoxicated with CS). 


The results from our previous studies have shown 
chronic exposure to CS, of both men [9] and labora- 
tory animals [9, 10,15] causes an increased urinary 
excretion of metabolites of nicotinic acid (NAc) and 
nicotinamide (NAm), but does not produce depletion 
of nicotinamide-adenine dinucleotides in tissues 
[11,12,14] although the metabolic turnover of 
the nucleotides is significantly increased [13]. Since, 
apart from nicotinic acid, tryptophan is the main pre- 
cursor of NAD, it seemed plausible to suppose that 
this amino acid could compensate for these require- 
ments in CS, intoxicated animals, in which case its 
utilization for the synthesis of nicotinamide—adenine 
nucleotides would be significantly increased. Our 
studies were aimed at verifying this hypothesis. 


MATERIALS AND METHODS 


The experiments were performed on 3-month-old 
white rats of the Wistar strain, weighing 170 g at 
the beginning of the experiment. The animals were 
exposed to CS, vapour at a concentration of 1-7 
(1'45-2-05) mg/I of air, for 5 hr daily, 6 days per week 
over a period of 7-8 months. The control animals 





* This investigation has been done partly under the 
Polish-American agreement No. 05-003-3 with the Occupa- 
tional Health Program, U.S. Public Health Service. 


were maintained under the same conditions without 
exposure to CS,. During the whole experimental 
period water and diet containing adequate amounts 
of vitamins and mineral salts were supplied ad libitum. 
Both the control and the exposed animals consumed 
about 20g of the diet/day/rat. 

The rate of synthesis of nicotinamide—adenine 
dinucleotides from tryptophan was measured in two 
experiments, simultaneously in the control and 
CS,-intoxicated rats. In the first experiment rats from 
both groups were injected intraperitoneally with a 
single dose of 1-2 m-mole per kg body weight of DL- 
tryptophan. Five hours later the rats were decapitated 
and the livers excised. The levels of oxidized nicotin- 
amide—adenine dinucleotides were determined in the 
livers before and after the injection of tryptophan 
according to the method of Sokal er al. [7]. In the 
second experiment intoxicated and control rats were 
injected intraperitoneally with a single dose of 20 uCi 
(1 zmole) of DL-tryptophan in physiological solution. 
DL-Tryptophan ['*C] uniformly labeled in the ben- 
zene ring, sp. act. 100 mCi/m-mole, was obtained from 
the Radiochemical Centre, Amersham, England. Two 
hours later the rats were decapitated and the levels 
and the specific radioactivity of nicotinamide-adenine 
dinucleotides in the liver were determined according 
to the method described in our former paper [13]. 


Table 1. The levels of oxidized nicotinamide-adenine dinucleotides in the livers of rats exposed to CS, 





NAD + NADP 
(m sumole/g) 


The rise in 
NAD + NADP level 
after tryptophan 





before tryptophan 
loading 


loading 
(m pmole/g) 


after tryptophan 
loading 





652 + 60 
(8) 
666 + 77 
(6) 


Control 


CS,-exposed 


884 + 167 232 
(3) 
1036 + 124* 
(6) 


370 





The control rats and rats exposed to CS, for 7 months were given intraperitoneally 0-25 m-mole of DL-tryptophan 
in 0-8 ml of 2-5°% NaHCO3. Shr later the animals were decapitated and the livers were excised for the determination 
of the oxidized nicotinamide—adenine dinucleotides, NAD + NADP. 

The results are expressed as mean + S.D. The numbers of animals in the experimental groups are given in parentheses. 


* Significantly different from the control group (P < 0-05). 
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Table 2. Specific radioactivity of NAD + NADP in the 
livers of control and CS,-intoxicated rats after adminis- 
tration of ['*C]tryptophan 





NAD + NADP 
(cpm/pmole) 


Number 
of animals 





6716 


+ 1250 
14600 + 


1983* 


Control : 
CS,-exposed 5 





Control rats and rats exposed to CS, for 7 months were 
given intraperitoneally 20 zCi (1 ymole) of pL-['*C}trypto- 
phan in 0-5 ml of physiological solution. After 2 hr the ani- 
mals were decapitated, the livers excised and the specific 
radioactivity of NAD + NADP determined. 

The resuits are expressed as mean + S.D. 

* Significantly different from the controls (P < 0-05). 


RESULTS 


Rats after 7 months of exposure to CS, displayed 
symptoms of intoxication such as disturbances in 
equilibrium, muscular weakness and slight paresis of 
the hind limbs. The mean body weight of the control 
and exposed animals was 220 and 215 g, respectively. 
Despite the long period of exposure, concentrations 
of the oxidized nucleotides in the livers from the con- 
trol rats and from those exposed to CS, before injec- 
tion of tryptophan were similar (Table 1). Adminis- 
tration of tryptophan in a single dose of 0-25 m-mole 
per rat resulted in an increased level of oxidized nu- 
cleotides in the liver. However, much higher rise in 
the concentration of the nucleotides was noticed in 
exposed rats (370m yumole/g), than in the control ani- 
mals (230m jsumole/g) (Table 1). 

Table results of the second experiment (Table 2) indi- 
cate that the incorporation of ['*C] tryptophan into 
liver nucleotides is much faster after exposure to CS5, 
since the specific activity of nucleotides is more than 
100°,, higher than that in control animals. 


DISCUSSION 


Previous studies [ 6, 9, 10-15] have shown that the in- 
creased excretion of metabolites of nicotinic acid and 
nicotinamide caused by CS, intoxication was pro- 
duced not only by an increased degradation of the 
nucleotides but was due to the accelerated metabolic 
turnover of the. nicotinamide—adenine dinucleotides. 
Since, even after long-term exposure to CS,, the levels 
of tissue nucleotides are not changed [11], the 
mechanism of these changes must involve increased 
delivery of the precursor of nicotinamide dinucleo- 
tides to compensate for the higher rate of their meta- 
bolic degradation. 


Table 3. Effect of chronic CS, exposure on the level of 
tryptophan in rat liver 





Number 
of animals 


Tryptophan 
(mg/g tissue) 





Control 7 3-1 +02 


CS,-Exposed 7 3-2 +018 





The level of tryptophan was measured in the liver of 
control rats and experimental animals after 7 months of 
exposure to CS, vapour at a concentration of 1-5—1-7 
mg/l of air. The homogenized liver was refluxed with 5N 
NaOH and tryptophan determined according to method 
of Spies[ 8]. 

[he results are expressed as mean + S.D. 
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Nicotinic acid and tryptophan are the main pre- 
cursors of nicotinamide dinucleotides [5]. However, 
the uptake of nicotinic acid from the diet was 
shown [13] to be unchanged in rats exposed to CS,. 
The results of the present study show an increased 
rate of utilization of tryptophan for the synthesis of 
nucleotides in the liver of rats intoxicated with CS. 
This increase was not caused by dietetic factors since 
the control and intoxicated rats were provided with 
an adequate and controlled amount of food covering 
their daily requirements for calories, vitamins and 
amino acids. The rats of both groups were provided 
with 22 mg of tryptophan per rat per day, sufficient 
to cover the daily requirement of the animal for this 
amino acid [4]. 

Results, not shown, indicate that the prolonged in- 
toxication with CS, does not alter the size of the 
tryptophan in the liver. The level of endogenous tryp- 
tophan in the liver is similar in rats exposed to CS, 
and in control animals (Table 3). Therefore, the dif- 
ference in specific radioactivity of the nucleotides 
between control and exposed animals cannot be 
explained by differences in the specific radioactivity 
of tissue tryptophan. Any changes in the concen- 
tration of liver tryptophan after 7 months of exposure 
would be reflected in significant changes in the level 
of nucleotides. Yet the results of a number of our 
experiments indicated no changes in the level of oxi- 
dized nucleotides in the liver of rats intoxicated with 
CS, even after 14 months of exposure [11, 12, 14]. 

Chronic intoxication with CS, induces a significant 
rise in the activity of tryptophan pyrrolase in the liver 
of rats [2]. This also supports the conclusion that 
the rate of conversion of tryptophan to nucleotides 
is increased. 

In conclusion, the results suggest that animals in- 
toxicated with CS, use more tryptophan for the syn- 
thesis of nucleotides and, in this way, the augmented 
demands of the organism for the precursor of nico- 
tinamide nucleotides are met. 
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SHORT COMMUNICATIONS 


Stimulation of phosphatidylinositol turnover by histamine, 
5-hydroxytryptamine and adrenaline in the longitudinal smooth 
muscle of guinea pig ileum 


(Received 27 October 1975; 


The increase in phosphatidylinositol turnover which is eli- 
cited by physiological stimuli in various tissues has been 
studied for many years [1]. Recently it was suggested that 
breakdown of phosphatidylinositol. the reaction which in- 
itiates this increased turnover, may have a direct role in 
the sequence of events which links the agonist-receptor in- 
teraction to the final response of the cell [1, 2]: it was sug- 
gested that this reaction might be involved in the 
mechanisms of various receptor systems which increase the 
permeability of cell surfaces to Ca?*. 

It is thought that those agonists which stimulate con- 
traction of the longitudinal smooth muscle of guinea pig 
ileum do so by elevating the intracellular concentration 
of Ca** ions. In this tissue, muscarinic cholinergic stimuli, 
which elicit contraction, cause a rapid increase in turnover 
of phosphatidylinositol [3]. Contraction can also be pro- 
voked by other stimuli, including histamine (acting 
through H, receptors), 5-hydroxytryptamine and, to a 
lesser extent, adrenergic stimuli interacting with x-excita- 
tory receptors[4]. We have therefore investigated the 
effects of these stimuli on phosphatidylinositol metabolism 
and have concluded that each of the stimuli which pro- 
vokes contraction also elicits, through the same receptor 
population, an increase in phosphatidylinositol turnover. 


Materials and methods 

Histamine, 5-hydroxytryptamine, carbamylcholine, 
adrenaline and mepyramine were from Sigma (London) 
Chemical Co. Ltd. or from sources previously speci- 
fied [3, 5,6]. Metiamide was from Smith, Kline & French, 
Welwyn Garden City, Herts, U.K. and methysergide bima- 
leate from Sandoz Ltd., Basle, Switzerland. 

The methods used for tissue isolation, incubation with 
3?Pi and lipid analysis were the same as were described 
previously [3]. As in the previous study, the experimental 
design was: (a) to incubate tissue fragments with *?Pi for 
30 min to label intracellular pools of ATP and other phos- 
pholipid precursors, and then (b) to add an agonist and 
continue incubation for a further 30 min. When antagonists 
were included they were normally present during both 
periods of incubation. Lipids were extracted and the separ- 
ated phosphatidylinositol was analysed for phosphate and 
radioactivity [3]. 


Results 

In the initial experiments, adrenaline, histamine and 
5-hydroxytryptamine were tested at a concentration of 
125 uM. Each produced a marked increase in phosphatidyl- 
inositol labelling. the effect produced by noradrenaline 
being about half that of the other agonists. We therefore 
proceeded to a study of the characteristics of the receptors 
responsible for these effects. 





Correspondence to: Dr. R. H. Michell, Department of 
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The longitudinal smooth muscle of guinea pig ileum con- 
tains histamine receptors of both H, and H, types, with 
the former being responsible for the contractile response 
to histamine [7]. The increased phosphatidylinositol label- 
ling produced by histamine was abolished by 12.5 4M 
mepyramine, an antagonist of H, receptors, but was un- 
changed by metiamide, which blocks H, receptors [8]. 
Table 1 also shows that neither mepyramine nor metia- 
mide alone had any appreciable effect on phospholipid 
labelling. 12.5 .M mepyramine had no effect on the mus- 
carinic cholinergic response to carbamylcholine. 

The smooth muscle preparation contains muscle cells 
and nervous elements, both of which are sensitive to 5-hyd- 
roxytryptamine. The receptors in the nerve cells are desig- 
nated M-receptors and are antagonised by morphine [4], 
whereas the receptors on the muscle cells, which directly 
trigger contraction, are methysergide-sensitive D-receptors. 


Table 1. Effect of agonists and antagonists on phosphati- 
dylinositol turnover 





Specific 
radioactivity of 
phosphatidyl- 

inositol 
(dmp °°P per 

nmole) 


Increase 
over 
control 
(%) 





Experiment A 
No additions 81 
Histamine (125 4M) 143 
Mepyramine (12.5 4M) 87 
Histamine (125 «M) + 96 
mepyramine (12.5 uM) 
Metiamide (12.5 «M) 80 
Histamine (125 uM) + 142 + 
metiamide (12.5 uM) 
Experiment B 
No additions 
5-hydroxytryptamine 
(125 uM) 
Carbamylcholine (125 uM) 
Methysergide (10 ug/ml) 
5-hydroxytryptamine 
(125 uM) + methysergide 
(10 xg/ml) 
Carbamylcholine (125 uM) + 
methysergide (10 pg/ml) 


7 
= 


i iH + & 
t 





Tissue fragments were incubated for 30 min with *?Pi 
and for a further 30 min with **Pi and agonist (histamine, 
5-hydroxytrypatmine or carbamylcholine). Antagonists 
(mepyramine, metiamide or methysergide) were present 
during both periods of incubation. Results in experiment 
A are mean + S.E.M. (number of incubations) and in ex- 
periment B are mean values of duplicate (5-hydroxytrypta- 
mine) or triplicate (all others) incubations. 
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The D-receptors appeared to be responsible for the in- 
creased phosphatidylinositol labelling in response to 
5-hydroxytryptamine since this response was abolished by 
methysergide bimaleate. This effect was specific in 5-hyd- 
roxytryptamine receptors since methysergide did not in- 
hibit the response to carbamylcholine. 

Adrenaline regularly produced a smaller stimulation of 
phosphatidylinositol labelling. In this tissue, adrenergic 
control is mainly inhibitory to contraction, but a distinct 
population of x-excitatory receptors is _ present [4]. 
Adrenergic control of phosphatidylinositol labelling in 
several tissues [including smooth muscle of rat vas deferens 
[9], rabbit iris[10] and cat aorta (E. G. Lapetina and 
P. Briley. personal communication)] is through z-adrenergic 
receptors[1,2]. This also appears to apply to ileum 
smooth muscle, since its response was reproduced by 
phenylephrine. a specific x-agonist (S.S.J. and R.H.M., un- 
published data). However, in view of the better systems 
available for the characterisation of z-adrenergic responses 
this effect was not explored in detail. 


Discussion 


Many tissues, including ileum smooth muscle. show 
increased phosphatidylinositol turnover when exposed 
to muscarinic cholinergic or z-adrenergic — stimula- 
tion [1-3,9,10,11,12]. Recently it was suggested that 
phosphatidylinositol breakdown, the reaction which is con- 
trolled by stimulation of receptors, might play an essential 
part in the mechanisms of action of these and other recep- 
tors which increase cell-surface permeability to Ca? * [1, 2]. 
The effects of histamine and 5-hydroxytryptamine reported 
here appear to add support to this idea, since in both 
cases the receptors which increase intracellular Ca?*, and 
thus provoke contraction, and those which stimulate phos- 
phatidylinositol turnover appear to belong to the same 
pharmacological classes; the histamine receptors are of the 
mepyramine-sensitive H,-type and the 5-hydroxytrypta- 
mine receptors are sensitive to inhibition by methysergide. 

In earlier studies a less well-defined effect of histamine 
on phospholipid, metabolism was observed in gastric 
mucosa [13] and, more recently, a small stimulatory effect 
of histamine on phosphatidylinositol metabolism has been 
observed in rat brain in vivo [14]. The latter response, like 
that of ileum smooth muscle, was sensitive to blockade 
of H, receptors, this time by tripelennamine [14]. Effects 
of 5-hydroxytryptamine on lipid metabolism have been 
studied more frequently, and stimulation of phosphatidyl- 
metabolism has been observed in cerebral cor- 

tex [15, 16] and pineal gland [17, 18]. However, the present 
study appears to be the first in which it has been shown 
that specific 5-hydroxytryptamine receptors are involved. 

It was noted previously that most receptors which trig- 
ger a phosphatidylinositol response also cause elevation 
of the intracellular concentrations of Ca?* and of guano- 
sine cyclic phosphate, and that receptors which stimulate 
adenylate cyclase do not usually have an obvious role in 
control of phosphatidylinositol metabolism [1]. The infor- 
mation reported here fits into this pattern, in that both 
5-hydroxytryptamine and histamine (acting through H, 
receptors) stimulate phosphatidylinositol turnover and also 

“elevate cellular Ca** and guanosine cyclic phosphate 
levels [19,20]. In contrast, histamine probably acts on 
H,-receptors to stimulate adenylate cyclase [21] and our 
information suggests no role for these receptors in control 
of phosphatidylinositol metabolism. 

An observation consistent with the view that stimulated 
phosphatidylinositol breakdown might be integral to 
receptor mechanisms, rather than a typical cellular. re- 
sponse produced by elevation of intracellular [Ca?*], is 
its complete or partial insensitivity to reduction of extracel- 


inositol 
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lular [Ca?*] in a variety of cells [1, 2, 11, 12, 22-24]. Pre- 
liminary studies of stimulated ileum smooth muscle suggest 
that it also shows increased phosphatidylinositol turnover 
in a Ca’? *-free medium or in the presence of some ‘calcium 
antagonists’ (S.S.J. and R.H.M., unpublished work), and 
it seems likely that this tissue will prove valuable in explor- 
ing the suggested relationship between phosphatidyl- 


inositol breakdown and receptor-controlled changes in cell 
surface permeability to Ca*~ 
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Effect of 7.8-benzoflavone on the duration of zoxazolamine 
paralysis and hexobarbital hypnosis in rats 


(Received 22.September 1975; accepted 5 December 1975) 


Flavones and flavonoids are potent inducers of microsomal 
drug-metabolizing enzymes in vivo [1-5] and modulate the 
activity of these enzymes in vitro [6-8]. The synthetic fla- 
vone, 7.8-benzoflavone, not only induces aryl hydrocarbon 
hydroxylase, a typical mixed-function oxygenase. in hepatic 
and extrahepatic tissues [2,9], but also strongly inhibits 
the metabolism of polycyclic hydrocarbons by _ these 
enzymes in cultured cells and in isolated microsomes from 
mammalian tissues [6-10]. Inhibition of the aryl hydro- 
carbon hydroxylases by 7,8-benzoflavone was instrumental 
in demonstrating the involvement of these enzymes in the 
conversion of polycyclic hydrocarbons to cytotoxic and 
carcinogenic intermediates [2.11,12]. 7.8-Benzoflavone 
markedly reduced the binding of carcinogenic polycyclic 
hydrocarbons to macromolecules of skin, suggesting that 
7.8-benzoflavone inhibits carcinogen activation in vivo 
[11,12]. 7.8-Benzoflavone has also served as a probe for 
the existence of different forms of polycyclic hydrocarbon- 
metabolizing enzymes [6, 8.13]: in vitro, this compound 
shows greater inhibition toward the methylcholanthrene- 
induced aryl hydrocarbon hydroxylase than the constitu- 
tive or phenobarbital-induced enzyme from rat liver 
[6.13]. In view of the differential effects in vitro of 7,8- 
benzoflavone on the aryl hydrocarbon hydroxylases, it was 
of interest to determine the properties of this compound 
as an inhibitor of drug-metabolizing enzymes in vivo. 

In this communication, we report the effect of 7.8- 
benzoflavone on the duration of zoxazolamine paralysis 
and hexobarbital hypnosis times. both of which are func- 
tions of microsomal oxygenases [14, 15]. Hexobarbital (a) 
and zoxazolamine (b) were chosen as model substrates for 
two types of drug-metabolizing enzymes: (a) oxygenases 
which are inducible by phenobarbital and not by polycy- 
clic hydrocarbons and contain cytochrome P-450, and (b) 
oxygenases which are induced by polycyclic hydrocarbons 
and contain cytochrome P-448. 

Materials and methods. Male Sprague-Dawley rats 
weighing 100-150 g were used throughout the experiment. 
They were kept on a Wayne Blox diet and water ad lib. 
and housed in metal cages. All compounds were given by 
intraperitoneal injection. Animals were pretreated with 
phenobarbital (80 mg/kg). injected in 0.2 ml of 0.9%, NaCl 
on 3 consecutive days, or with 3-methyl-cholanthrene (40 
mg/kg) injected once in 0.5 ml corn oil. The effects of zoxa- 





*5.6-Benzoflavone belongs to the group of inducers of 
mixed-function oxygenases typified by polycyclic hydro- 
carbons [1-5]. 


zolamine or hexobarbital were tested 20 hr after the last 
injection of phenobarbital or methylcholanthrene. 

Zoxazolamine solutions were prepared by dissolving the 
compound in | N HCI (500 mg/0.6 ml) and diluting with 
0.9°, NaCl to give a final concentration of 20 mg/ml. 
7.8-Benzoflavone was dissolved in corn oil with slight heat- 
ing. Animals were injected with 100 mg kg of 7,8-benzofla- 
vone in 0.75 ml corn oil or with corn oil alone. After 15 
min, they received 100 mg/kg of zoxazolamine injected in 
0.75 ml solvent or 100 mg/kg of hexobarbital injected in 
0.65 ml of 0.9°,, NaCl if not stated otherwise. 

The duration of hexobarbital sleeping and zoxazolamine 
paralysis times were measured from the time of injection 
to the time the rats regained the ability to “right” them- 
selves three times in 30 sec. 

Chemicals were obtained from the following sources: 
sodium phenobarbital from Merck & Co.. Inc.. sodium 
hexobarbital from Winthrop Laboratories, and 3-methyl- 
cholanthrene from Eastman Organic Chemicals. 7,8- 
Benzoflavone (=z-naphthoflavone) was purchased from 
Aldrich Chemical Co., and recrystallized from ethanol. 
Zoxazolamine was a generous gift from McNeil Labora- 
tories, Inc. 

Results and discussion. Pretreatment of rats with pheno- 
barbital or methylcholanthrene decreases zoxazolamine 
paralysis time to 4 and 7p. respectively. of that in untreated 
animals (Table 1) in agreement with observations of others 
[14.16]. Injection of 7.8-benzoflavone shortly before the 
application of zoxazolamine has no significant effect on 
the paralysis time in control animals or on the change 
in paralysis time caused by phenobarbital pretreatment. 
However, 7.8-benzoflavone nearly doubles the duration of 
paralysis time in methylcholanthrene-pretreated animals. 
This suggests a strong inhibitory effect of the methylcho- 
lanthrene-induced ‘enzyme activity. The preferential inhibi- 
tion of methyl-cholanthrene-inducible metabolism of zoxa- 
zolamine in vivo corresponds to the inhibition of hydroxyl- 
ation in vitro of benzo(a)pyrene by the methylcholanthrene- 
induced enzyme [6-8] and O-demethylation of p-nitroani- 
sole. O-deethylation of 7-ethoxycoumarin, and N-demethyl- 
ation of 3-methyl-4-methylaminoazobenzene by the 5,6-ben- 
zoflavone-induced* enzyme [3]. These inhibitory effects of 
7.8-benzoflavone were not observed in the livers of un- 
treated or phenobarbital-pretreated (male) rats. 

As shown earlier [14.16]. phenobarbital pretreatment 
strongly decreases hexobarbital sleeping time (Table 2) 
The dose of hexobarbital was doubled to 200 mg/kg to 
achieve a measurable hypnotic effect. In contrast, pretreat- 
ment with methylcholanthrene causes a prolongation of 


Table 1. Effect of 7.8-benzoflavone on the duration of zoxazolamine paralysis time in rats 





Zoxazolamine 


Pretreatment (mg/kg) 


Zoxazolamine 
+ corn oil 


Sleeping time (min) 
Zoxazolamine 
+ 7.8-benzoflavone 


Corn oil 
7.8-benzoflavone 





100 

65 
100 
100 


None 

None 

Phenobarbital 
Methylcholanthrene 


+ H+ HH 


74 
40 
12 


5 


0.97 
0.77 
1.03 


236 
140 
115 

40 


105 (11) 
57 (14) 
19 (15) 
6 (13) 


* (12) 
(14) 
(15) 
(13) 


I+ I+ I+ I+ 





* Mean + standard deviation. 
in Materials and Methods. 


The number of rats/group is given in parentheses. Other conditions are as described 





Shert communications 


Table 2. Effect of 7,8-benzoflavone on the duration of hexobarbital sleeping in rats 





Hexobarbital 


Pretreatment (mg/kg) 


Hexobarbital 


+ corn oil 


Sleeping time (min) 


Corn oil 
7,8-benzoflavone 


Hexobarbital 
+ 7.8-benzoflavone 





None 
Phenobarbital 0 + 
Phenobarbital 20 + 


Methylcholanthrene 92 + 


49 + 11* 


4 


39 


(10) 1.06 
(15) 
(13) 
(9) 


IS (8) 

(15) 
5 (13) 
28 (9) 


0.91 
1.18 


I+ I+ I+ I4 





Mean + standard deviation. Number of rats/group 
Materials and Methods 


hexobarbital sleeping time (Table 2. also Ref. 14). This find- 
ing agreement with the decrease in metabolism in 
vitro of hexobarbital in microsomes from methylcholanth- 
rene-treated rabbits [17]. 

As shown in Table 2. 7.8-benzoflavone did not signifi- 
cantly affect the duration of hexobarbital sleeping time in 
untreated animals or after treatment with either phenobar- 
bital or methylcholanthrene 

The molecular mechanism by which 7.8-benzoflavone in- 
hibits hepatic drug metabolism has not been determined. 
indicate that at lower concen- 
trations (3 uM) 7.8-benzoflavone acts as a competitive in- 
hibitor for microsomal benzo(a)pyrene hydroxylase from 
methylcholanthrene-treated animals [13]. 

It has not been excluded that 7.8-benzoflavone has to 
be metabolized to become an inhibitor of the oxygenase. 
Pretreatment with methylcholanthrene might induce the 
metabolism of 7.8-benzoflavone similarly to that of poly- 
zoxazolamine. An increased 
metabolism and activation of the benzoflavone could then 
account for the prolongation of the paralysis time observed 
in the methylcholanthrene-treated but not the untreated 
animals. It should be pointed out that 7.8-benzoflavone 
apparently does not interfere with the metabolism in vivo 
of hexobarbital even after pretreatment with methylcho- 
lanthrene when the presumed activation of the inhibitor 
may occur (Table 2) 

Livers of mammals contain several forms of microsomal 
mixed-function oxygenases with widely differing substrate 


specificities [15] 


Is In 


Previous observations 


cyclic hydrocarbons or of 


The development of specific inhibitors 
is important for the exploration of these various oxy- 
genases and ultimately their therapeutic manipulation. Pre- 
ferential inhibitors of the enzyme group typified by hexo- 
barbital hydroxylases or the constitutive aryl hydrocarbon 
hydroxytase are already available in compounds such as 
SKF-525A or metyrapone [5, 18-21]. The present results 
indicate that 7,8-benzoflavone may provide the means to 
selectively inhibit in vivo those oxygenases which are char- 


acterized by their induction by polycyclic hydrocarbons. 
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given in parentheses. 


Other conditions are as described in 
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Inhibition of PNMT activity in the adrenal glands 
and brain stem of rats* 


(Received 21 May 1975; accepted 29 August 1975) 


Phenylethanolamine N-methyltransferase (PNMT) cata- 
lyzes the formation of epinephrine from norepinephrine 
and S-adenosylmethionine (SAM) serves as a methyl donor 
[1]. The enzyme is localized primarily in the adrenal 
medulla and small amounts of a PNMT enzyme have been 
detected in the CNS [2,3]. Using immunofluorescence 
techniques, we have mapped out the PNMT neuronal sys- 
tem in the CNS of rats [4,5]. Subsequently, these results 
were confirmed by measuring biochemically, PNMT ac- 
tivity in specific regions of the CNS [6, 7]. Several inhibi- 
tors of adrenal PNMT have been described [8,9]. but their 
inhibitory potency on the PNMT activity in the brain were 
not elucidated. This report describes the effects of several 
PNMT inhibitors on the in vivo and in vitro activity of 
PNMT in the brain. 

[°H]Methyl-SAM (sp. act. 12.3 Ci/m-mole) was _pur- 
chased from New England Nuclear, 3-methyl-1-2,3,4-tetra- 
hydro(1)benzothieno(3,2-c) pyridine hydrochloride (SK&F 
7698) was obtained from Smith Kline & French Labora- 
tories, 2-amino-5-6,7-trifluoro-methyl benzimidazole and 
1-methyl-4 or 5-(4-trifluoromethylphenyl) imidazole from 
Merck Sharp & Dohme Research Laboratories and 
2,3-dichloro-x-methyl benzylamine (DCMB) from Eli Lilly 
& Co. 

The rats were killed by decapitation and the tissues were 
immediately frozen. The tissues were homogenized with 
10 vols of isotonic KCI solution containing 5 x 10°*M 
dithiothreitol, and the homogenate was centrifuged at 
40,000 g for 30 min. The supernatant solution was used 
for the enzymatic assay. 

PNMT was assayed by a previously described procedure 
using phenylethanolamine as substrate [10]. Each incuba- 
tion mixture consisted of 50 yl of the supernatant solution 
and 50 ul of a solution containing 50 nmoles of phenyleth- 
anolamine, 0.15 nmoles of [*H]methyl-SAM (1 wCi:; sp. act. 
12.3 Ci/m-mole), 4 umoles of Tris-HCl, pH 8.0 buffer. The 
reaction mixture was incubated for 60 min at 37 and ter- 
minated by addition of 0.4ml of 0.32M borate, pH 10 
buffer. The radioactive product was extracted into 3 ml 
of 3°,, isoamyl alcohol intoluene and re-extracted into | ml 
of 0.1 N HCl. The aqueous extract was taken to dryness 
in a vacuum oven at 70° under slightly reduced pressure. 
The dried residue was dissolved in Bray’s counting solution 
and assayed for radioactivity. The re-extraction procedure 





* This work was supported by USPHS Grant MH-02717 


was necessary to remove the non-specific radioactive prod- 
ucts. 

The kinetic studies were carried out under conditions 
in which the reaction was found to be linearly dependent 
on time (for 60 min) and substrate concentrations (for 
phenylethanolamine, 4 x 10°°>M-4 x 10°*M_ and_ for 
SAM, 10° 7 M-3 x 10°°M). The K,, values were deter- 
mined by the method of Lineweaver and Burke [11] and 
the K; values by the method of Dixon [12]. Kinetic data 
were computed by fitting data to linear functions by the 
method of least square analysis. Statistics were calculated 
by paired Student’s -tests. 

The effects of several PNMT inhibitors on the activity 
of the enzyme isolated from rat adrenals and the brain 
stem are summarized in Table 1. Among the tested com- 
pounds SK&F 7698 was found to be the most potent in- 
hibitor of PNMT activity in the adrenals and in the brain 
stem. At various concentrations SK&F 7698 was equipo- 
tent in inhibiting the enzyme activity obtained from both 
tissues. DCMB was a less potent inhibitor of PNMT ac- 
tivity than SK&F 7698. The per cent of inhibition by 
DCMB and the other tested compounds is the same for 
the enzyme isolated from the adrenals as from the brain 
stem. The kinetic studies reveal that both SK&F 7698 and 
DCMB alter the appaaent K,, for the substrate, phenyleth- 
anolamine, (K,, for phenylethanolamine was found to be 
4 x 10°*M in absence of the inhibitor and | x 10° 47M 
when the concentration of the inhibitor was 5 x 10° 7M) 
without affecting the V,,., values. This kinetic pattern with 
the enzyme isolated from the brain stem indicates a com- 
petitive type inhibition with respect to phenylethanolamine 
and is consistent with the results obtained with the enzyme 
obtained from the adrenals [8,9]. The K; values for both 
inhibitors (SK&F 7698 and DCMB) are summarized in 
Table 2. It is evident that approximately the same K;, 
values were obtained for both inhibitors when measured 
with the enzyme isolated from the adrenal glands of rats 
or from brain stems of various species. 

The results in Table 3 show that following a single 
administration of SK&F 7698 or of DCMB, the PNMT 
activity. in the brain stem is effectively inhibited. SK&F 
7698, at a dose of 100 mg/kg (i.p.), and DCMB, at a dose 
of 45 mg/kg (i.p.), almost completely inhibit PNMT activity 
in the brain stem. The relative higher potency of DCMB 
as compared with SK&F to inhibit the brain enzyme in 
vivo might be due to its greater accumulation in the 
PNMT containing neurons. 


Table 1. The inhibition of PNMT activity obtained from rat adrenal gland and brain stem by various 
compounds 





Inhibition per cent 





Adrenal gland 


Inhibitor 10O°-°M_ + 10°°M 


Brain stem 


10°*M 10°7M 10°°M 10°°M_ 10°*M 





98 
80 
55 
34 


SK&F 7698 ’ 75 
DCMB 31 
ATMB 14 
MTMI 9 


100 
100 
92 


85 


100 61 94 
98 : 9] 
90 53 
85 40 





Abbreviations used: ATMB (2-amino-5-(6)-trifluoro-methyl benzimidazole) MTMI (1-methyl-4 or 


5-(4-trifluoro-methyl phenyl) imidazole) [15]. 


The results are the means of 3 experiments +S.E.M. (5-10°,). 
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Table 2. The K; values for SK&F 7698 and for DCMB 





K; (4uM)* 





SK&F 7698 DCMB 


Enzyme source 





Adrenal glands 31 2.0 
(rats) 

Brain stems 
(rats) 

Brain stem 
(monkey) 

C, and C, areas 
(post-mortem human) 


0.66 


0.41 


0.303 0.425 





* Each value is the mean + S.E.M. (5—12°,) generated 
from intercepts of 5 separate lines. The K; values were 
determined at 7 concentrations of phenylethanolamines 
(ranging from 4 x 10 °*M-4 x 10°*M), constant SAM 
concentration (1.4 x 10 
the respective inhibitors (5 x 10° 7 and 1 x 10°°M). 
hibitors of PNMT activity in the adrenal glands have 
almost the same inhibitory effectiveness in the brain stem. 
The immunotitration curve of PNMT from rat adrenal 
glands and from rat brain stem against bovine adrenal 
PNMT antiserum are similar (Lew and Goldstein, unpub- 
lished data), indicating that the enzyme from both tissues 
have similar antigenic determinants. Unlike the PNMT ac- 
tivity in the adrenal glands, the activity in the brain stem 
is not altered significantly by hypophysectomy reported 
(Lew and Goldstein, unpublished data). Thus, although the 
regulation of PNMT in the adrenal may be different than 
in the brain stem, the enzymes themselves appear to be 
similar 

The existence of a PNMT-containing neuronal system 
which arises from cells in the medulla oblongata (cell 
Table 3. The effect of SK&F 7698 and DCMB adminis- 
tration on PNMT activity obtained from the brain stem 

of rats 

Inhibition 

per cent 


Inhibitor 








SK&F 7698 (45 mg/kg: ip.) 24 : 
SK&F 7698 (100 mg/kg: ip.) 90 8 
DCMB (45 mg/kg: ip.) 94+ 10 





The results are the means + S.E.M. of 5 experiments. 


The animals were sacrificed 
the inhibitor 


°M) and at 2 concentrations of 


| hr after administration of 
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groups C, and C,) and projects to the spinal cord, pons, 
midbrain, hypothalamus and thalamus [4,5] raises the 
question on the role of these neurons in the control of 
various brain functions. It was also shown that small quan- 
tities of epinephrine are localized in the PNMT-containing 
regions of the CNS [13,14]. The effects of the PNMT 
inhibitors on epinephrine levels in the specific regions of 
the CNS are now under investigation and these studies 
may contribute to the elucidation of the role of epinephrine 
in the CNS functions. 


J. Y. Lew 
T. MIYAMOTO 
M. GOLDSTEIN 


New York University Medical Center 

Department of Psychiatry, Neurochemistry 
Laboratories 

550 First Avenue, 

New York, N.Y. 10016, U.S.A. 
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The control of rheumatic disease by endogenous protein 


(Received 8 October 1975; accepted 26 November 1975) 


Inflammation is a feature of the rheumatic diseases and 
is treated clinically by the use of anti-inflammatory drugs. 
Unfortunately, the adverse side effects of these drugs often 
limit their use, particularly in the long term therapy 
required in chronic rheumatic disease. Consequently some 
workers are exploring alternative methods of therapy such 
as boosting the body’s natural defences against the 
degenerative changes induced by inflammatory disease. 
One possible defence mechanism is that the body produces 
circulating proteins which can inhibit the action of inflam- 
matory mediators produced by disease. 

It has been known for some time that inflammatory exu- 
dates contain substances that have anti-inflammatory 
properties [1]. Billingham and Robinson [2] isolated pro- 
tein from an inflammatory exudate produced by sponge 
implantation in the rat and found that it was capable of 
inhibiting carrageenin-induced inflammation in the rat by 
55 per cent at a dose level of 8 mg/kg body wt when 
administered by subcutaneous injection. 

In previous work [3] we have reported the presence of 
high mol. wt. proteins in human rheumatoid synovial fluid 
which have properties against inflammatory mediators in 
vitro and which may inhibit inflammation in vivo. In this 
communication we have isolated the high mol. wt. globulin 
fraction from normal rat plasma by diluting the plasma 
with an equal volume of 4M ammonium sulphate at 0. 
The precipitated globulins were solubilised by dialysis 
against 0.15 M sodium chloride at 4°. The precipitation 
and dialysis processes were repeated three times and the 
final globulin preparation was freeze-dried. The prep- 
aration was tested for anti-inflammatory activity against 
adjuvant arthritis in the rat{4] and carrageenin induced 
inflammation [5] in the rat. 

Male rats, Wistar strain, body wt 200-250 g, were in- 
jected intraperitoneally with either 1 ml of the reconsti- 
tuted protein preparation (20 mg/kg body wt), or 1 ml 
of 0.15 M saline, 24 hr before the injection of adjuvant 
and then daily until the end of the experiment. The adju- 
vant (heat-killed finely ground human tubercle bacilli, 
kindly supplied by the Ministry of Agriculture Labora- 
tories at Weybridge, 5 mg/ml in liquid paraffin) (0.05 ml) 
was injected intradermally into the foot-pad of the right 
hind foot. The joint diameters of both hind feet were 
measured in the anaesthetised animals with a micrometer. 

In the carrageenin experiments the protein (10 mg/ml) 
was mixed with the carrageenin solution 20 mg/ml and 
0.05 ml injected intradermally into the right hind footpad. 
Other rats were injected separately with either the protein 
or carrageenin alone. Inflammation was determined by 
measuring the volume of the injected foot immediately 
prior to the injection by immersing it to the hairline in 
a mercury bath connected to a pressure transducer linked 
to a pressure inducer linked to a Devices recorder [6]. 
Further measurements were made at 3 and 6hr after the 
initial injections. 

The results of the adjuvant experiment are plotted in 
Fig. 1. Clearly, the protein has delayed the development 
of arthritis in both the injected and non-injected feet. The 
experiment was terminated after 14 days due to two deaths 
in the adjuvant non-protein treated group. In a later exper- 
iment using a smaller amount of adjuvant (0.02 ml) to 
determine whether joint diameters in treated and untreated 
rats were the same of maximum values the joint swellings 
reached maximum values on the 22nd day. In the protein 
treated group the increase in joint diameters, over initial 


mm 


Foot dia increase, 





Time, days 


Fig. 1. Effect of high mol. wt. plasma proteins on adjuvant- 

induced arthritis in the rat. The results are the mean 

values + S.E.M. from ten determinations. Right foot. @ 

adjuvant alone, @, adjuvant and protein. Left foot, M adju- 
vant alone, A adjuvant and protein 


values, were 12 per cent (injected foot) and 42 per cent 
(non-injected foot) less than the corresponding mean values 
obtained in the non-protein treated group. 

A similar anti-inflammatory action was found in the car- 
rageenin experiments (Table 1). Since the carrageenin and 
the protein were administered together it is unlikely that 
the anti-inflammatory action can be explained by a coun- 
ter-irritant hypothesis [7]. The slight irritant action when 
the protein was administered alone may have been due 
to slight traces of denatured protein present in the prep- 
aration when mixed with the carrageenin. The protein (2 
mg/kg body wt) was effective in suppressing the carra- 
geenin-induced inflammation by about 30 per cent (Table 
1) after 3 hr (P < 0.01). 

The nature of the anti-inflammatory proteins in the 
preparation is not clear. In previous work, we have shown 
that the high mol. wt. fraction is enriched with globulins 
which act against lysosomal and other proteases and also 
with x/f globulins capable of stabilising lysosomal mem- 
branes [3]. Persellin[8] has reported that an z-globulin 
capable of stabilising lysosomes is present in the blood 
of adjuvant arthritic rats. In preliminary experiments we 
have found that the present globulin preparation is both 
capable of stabilising isolated lysosomes [3] and inhibiting 


Table 1. Effect of plasma proteins on carrageenin-induced 
inflammation in the rat 





°. increase in volume after 
the initial injection. (Initial 
values adjusted to 100) 


Treatment 6 hr 





Carrageenin alone + 144 

Protein alone 120 

Carrageenin mixed 140 
with protein 





The results are the mean values + S.E.M. for ten deter- 
minations. 
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proteases [9]. The trypsin-inhibiting capacity (T.LC.) of 
normal male rat blood was found to be 3.5—-3.8 pmole 
min/ml (Parrott, unpublished results) and the T.I.C. value 
of the daily globulin dose administered to the adjuvant 
arthritic rats was approximately equivalent to 5 ml of rat 
blood. 

It has been suggested that protective substances against 
inflammation are synthetised as a result of the inflamma- 
tion. Certainly certain conditions e.g pregnancy [10], viral 
hepatitis [11] result in the remission of symptoms in rheu- 
matoid arthritis. Liver injury in the rat, induced by the 
administration of dimethylnitrososamine [12], also leads to 
a remission of adjuvant-induced arthritis. When other rats 
with adjuvant arthritis were treated with saline extracts 
of the livers from animals treated with dimethylnitrososa- 
mine a similar anti-inflammatory action was observed. It 
was suggested that the damaged livers produced substances 
with anti-inflammatory properties as a result of the 
damage since saline extracts of normal livers did not pos- 
sess anti-inflammatory properties [12]. 

Ihe protective ‘substances present in the proteins used 
in our experiments were from normal rat plasma. and it 
may well be that protective substances are present in blood 
but are elevated as a consequence of inflammatory disease. 
During inflammatory disease inflammatory mediators are 
also produced and the course of the disease might depend 
on the resulting balance of inflammatory and non-inflam- 
matory factors. 

In other experiments we treated rats daily by intraperi- 
toneal injection with | ml of our protein preparation (40 
mg/kg body wt) for 30 days and we observed no ill effects. 
The major organs of the animals appeared normal on post- 
mortem examination 
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The presence of EDTA in commercial preparations of isocitrate dehydrogenase 


(Received 22 July 1975; accepted 29 August 1975) 


We communicate this note merely to call attention to the 
presence of EDTA in Sigma Type IV isocitrate dehydro- 
genase preparations (IV-ICD) and certain consequences 
thereof. In isolated microsomal preparations, iron-stimu- 
lated lipid peroxidation results in degradation of phospho- 
lipids and is accompanied usually by a reduction in mixed 
function oxidase activity [1]. EDTA, in micromolar con- 
centrations, inhibits lipid peroxidation and usually 
enhances microsomal enzymatic activity [2,3]. In addition, 
cytosol, upon recombination with the microsomal pellet, 
inhibits lipid peroxidation and enhances the oxidation of 
substrates [4]. 

Most investigations involving the hepatic microsomal 
mixed function oxidase complex have employed either glu- 
cose-6-phosphate dehydrogenase or isocitrate dehydrogen- 
ase in the NADPH generating system. The commonly uti- 
lized IV-ICD has recently been found to contain a factor, 
separable from the dehydrogenase-protein by gel filtration, 
which inhibits microsomal lipid peroxidation and enhances 
microsomal mixed function oxidase activity [5]. Certain 
properties of the factor in IV-ICD, such as its apparent 
molecular weight (10,000 daltons) upon gel filtration, its 
heat stability, and its effects on lipid peroxidation and 
mixed function oxidase activity, suggested possible identity 
with the hepatic cytosol factor currently under investiga- 
tion in different laboratories [5-7]. 

‘ Discussion with Sigma Chemical Company, St. Louis, 
Mos., revealed that IV-ICD is prepared by Method II of 
the procedure of Siebert et al. [8] through and including 
Step 5 which involves dialysis against 10 mM EDTA. Most 


investigators utilize an assay system for mixed function 
oxidase activity that involves approximately a 1:2500 final 
dilution of IV-ICD. If the original EDTA concentration 
were 10mM, ‘final concentrations would approximate 
4M, a concentration well within the range in which 
EDTA has been found to influence lipid peroxidation and 
mixed function oxidase activity. 

Spectral data indicate the expected presence of at least 
10mM, and more likely ca. 40, mM EDTA in IV-ICD 
(Fig. 1). The absorption spectra (600-800 nm) of EDTA-—cu- 
pric ion complex and of mixtures of cupric ion and IV- 
ICD, before or after boiling and centrifugation to remove 
denatured protein were identical. The inclusion of glycerol 
with EDTA, as in IV-ICD, did not alter results. The effects 
of IV-ICD and EDTA on microsomal ethylmorphine 
N-demethylation and lipid peroxidation are compared in 
Fig. 2. Upon serial dilution, the maximal effects of IV-ICD 
and EDTA on both processes were identical, but IV-ICD 
was about twice as potent as 10 mM EDTA. Dialysis, but 
not heat denaturation, of [V-ICD resulted in the complete 
loss of effect on N-demethylation. lipid peroxidation, and 
chelate spectral properties. The gel filtration characteristics 
of the active factor in IV-ICD preparations may reflect 
the recently reported anomalous behaviour of EDTA upon 
Sephadex G-25 gel filtration [12]. 

These data suggest that the action of IV-ICD on the 
forementioned aspects of mixed function oxidase activity 
reflects the presence of EDTA. The higher potency of IV- 
ICD, as compared to 10mM EDTA, could indicate an 
additional mode of action, but the spectral chelate data 
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Absorbance 








Wavelength, nm 


Fig. 1. Absorption spectra of EDTA-Cu?* ( ) and 
IV-ICD-Cu?* (----) complexes. Each cuvette contained 
20 mM cupric sulphate and either EDTA at the final 
concentrations indicated or a 1:10 dilution of IV-ICD 
(Curve A). Curve B is the spectrum obtained with a 1:10 
dilution of IV-ICD after extensive dialysis. In both A and B, 
the protein was heat denatured and removed by centri- 
fugation prior to addition of copper. 


(Figure 1) suggest a concentration of EDTA in IV-ICD 
of about 40 mM. Kotake et al.t have confirmed our find- 
ings of EDTA in the commercial preparations of ICD used 
in their laboratory and conclude that these preparations 
contain sufficient EDTA to account for the inhibition of 
microsomal lipid peroxidation seen in their published 
studies [5]. An awareness of its presence could serve to 
decrease some inter-laboratory differences with respect to 


studies of lipid peroxidation and microsomal mixed func- 
tion oxidase. 
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Fig. 2. Effects of serial dilution of IV-ICD ( ) and 
10 mM EDTA (-—-—-—-) on microsomal lipid peroxidation 
(©) and ethylmorphine N-demethylation (@). Incubation 
mixtures consisted of sodium phosphate buffer, 30 mM, 
pH 7.4; NADP, 0.5 mM; glucose-6-phosphate, 20 mM; 
glucose-6-phosphate dehydrogenase, Sigma, 2 units; Mg”*, 
25 mM; micotinamide, 5 mM; ethylmorphine, 2 mM; and 
microsomes, | mg protein. Semicarbazide-HCl, 10 mM, was 
included only when N-demethylation was measured. Incu- 
bations were conducted at 37° for 30 min. N-Demethylation 
was assayed by measurement of formaldehyde production 
[9] and lipid peroxidation by malonic dialdchyde pro- 
duction [10]. Microsomes were prepared as described 
previously [11] and were used without further washing. 
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Effect of 3-amino-1,2,4-triazole on lipid metabolism 
in the rat 


(Received 10 January 1975: accepted 3 October 1975) 


It is known that catalase is a major component of peroxi- 
somes (microbodies) [1]. The intraparticulate localization 
of peroxisomal enzymes in rat liver was elucidated pre- 
viously in this laboratory[2,3]. It was reported that 
administration of ethyl-z-p-chlorophenoxyisobutyric acid* 
[4.5] and 2-methyl-2-[p-(1,2.3,4-tetrahydro-1-naphthyl)- 
phenoxy ]-propionic acid* [6]. which are hypolipidemic 
drugs, to male rats and mice, results in proliferation 
of peroxisomes and a marked increase in catalase. An as- 
sociation between peroxisomes and lipid metabolism was 
suggested. In addition, it was reported that mutant ‘acata- 
lasemic’ mice had an unstable catalase, which was readily 
inactivated [7], and had a low level of circulating sterol 
and triglyceride [8]. Thus it was proposed that the de- 
crease of catalase activity was related to the inhibition of 
liver sterol and fatty acid synthesis [9]. 

*On the other hand, it is known that 3-amino-1.2.4-triazole 
combines irreversibly with catalase in the hepatic cell and 
inactivates this enzyme without affecting catalase syn- 
thesis[10, 11]. In order to investigate the relationship 
bétween liver catalase and lipid metabolism. we have in- 
quired into the effect of AT-administration on liver cata- 
lase activity and lipid content. 

{nimals and drugs—Male Wistar rats weighing about 
150 g were fasted for 24hr before sacrifice. 3-Amino-1,2,4- 
triazole (AT) was purchased at Tokyo Kasei Kogyo Co. 
It was dissolved in physiological saline in various concen- 
trations. The rats were injected intraperitoneally (i.p.) at 
a dose of 10ml of the solution per kg of body weight. 
The control group received only saline. After the rats were 
killed, the liver was perfused with approx 20 ml of ice-cold 
saline and a 30 per cent homogenate in saline was pre- 
pared. 

Catalase activity was measured accord- 


issay methods 
ing to the method of Liick [12]. A Hitachi 323 recording 


spectrophotometer was used. Prior to measurement of 


enzyme activity, the homogenate was treated with Triton 
X-100 and then diluted with water. One unit of enzyme 
is defined as the amount with a k value of 1, where k 
is the decrease in extinction at 240 nm per second at 25. 
Liver and serum -triglyceride (TG) were assayed by the 
method of Van Handel-Kawade [13] with modification: 
phenyfhydrazine hydrochloride was used instead of chro- 
motropic acid. Free fatty acid (FFA) was assayed by the 
method of Kushiro et al. [14]. Cholesterol was assayed by 
the modified method of Zak—Henly [15]. Phospholipid was 
determined according to  Fiske-Subbarow’s ° ashing 
method [16], and the inorganic phosphate produced was 
measured according to the method of Lindberg and Erns- 
ter [17]. 

To study the effect of liver catalase activity on lipid 
metabolism, liver catalase activity and lipid content were 
determined after the injection of AT (1 g/kg). The correla- 
tion of these changes in the liver and the time relationship 
are shown in Fig. |. Liver catalase activity decreased to 
7 per cent of control level at | hr after AT-injection and 
this inhibition was continued for about 12 hr after the in- 
jection (Fig. l-a). Liver TG level began to decrease at 1 hr 
after AT-injection and then reached 40 per cent of control 
level at 12 hr (Fig. 1-b). This decrease caused by AT-treat- 
ment was statistically significant (P < 0.05), while changes 





* Trade-names: Ethyl-x-p-chlorophenoxyisobutyrate, 

Clofibrate; | 2-methyl-2-[p-(1,2,3,4-tetrahydro-1-naphthyl)- 
henoxy]-propionate, Nafenopin. 

Pp ys-P p 


in the level of cholesterol, FFA or phospholipid were not 
significant (Fig. 1-c,d,e). 

On the other hand, lipid content of the serum did not 
show a significant change, as shown in Fig. 2. Among the 
parameters measured, serum FFA showed a tendency to 
decrease, although this change was not a statistically sig- 
nificant one compared to that of the control (Fig. 2-c). 
TG, cholesterol and phospholipid levels in the serum did 
not vary significantly during this time (Fig. 2-a,b,d). Thus, 
only the liver TG content changed significantly by the in- 
jection of AT, and this change was found to occur 
promptly after AT-injection. 

The dose-response of liver catalase and lipid content 
to AT was further investigated (Fig. 3). Liver catalase ac- 
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Fig. 1. Changes in liver catalase activity and lipids after 
a single injection of AT: a, catalase activity; b, triglycer- 
ide; c, cholesterol; d, free fatty acid; e, phospholipid. Rats 
received i.p. injections of either AT (1 g/kg) or an equal 
vol of 0.9 per cent NaCl and were killed at various time- 
intervals thereafter. Each group consisted of 5 animals and 
points represent the mean + S.D. The solid line indicates 
the values after AT treatment and the dotted line indicates 
that of the control. 
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Fig. 2. Changes in serum lipids after a single injection of 
AT: a, triglyceride; b, cholesterol; c, free fatty acid; d, 
phospholipid. Rats received i.p. injection of either AT 
(1 g/kg) or an equal vol of 0.9 per cent NaCl and were 
killed at various time-intervals thereafter. Each group con- 
sisted of 5 animals and points represent the mean + S.D. 
The solid line indicates the values after AT treatment and 
the dotted line indicates that of the control. 


tivity was not affected when AT was administered at a 
dose of 0.01 g/kg body wt. However, the activity began 
to decrease at a dose of 0.05 g/kg body wt and showed 
a linear decrease until it reached a dose of 0.5 g/kg. Along 
with this change, the liver TG level also decreased and 
reached 28 per cent of control at a dose of 2g AT/kg 
body wt. Changes in cholesterol and serum TG levels were 
not significant. 

In order to investigate the change of TG level during 
the low level of catalase activity in the liver, the liver cata- 
lase activity was measured after the repeated injection of 
AT for 3 days. As shown in Table 1, liver catalase activity 
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Fig. 3. Dose-response curves for liver catalase activity and 
lipids of liver and serum after a single injection of AT: 
a, catalase activity; b, triglyceride;, c, cholesterol. Rats 
were injected i.p. with various doses of AT and were killed 
at 12 hr after the injection. Each group consisted of 5 ani- 
mals and plots represent the mean value + S.D. The solid 
line indicates the values for the liver and the dotted line 
indicates that for the serum. 


reached a markedly low level (9 per cent of control level). 
The TG level was found to decrease by 37 per cent of 
control level in the liver though decrease in the serum 
was not as significant as that in the liver (76 per cent 
of control). In addition, the liver weight increased in the 
AT-treatment group. These results corresponded with the 
results obtained by D’Acosta et al. [18] and Raisfeld et 
al. [19]. 

A relationship between liver catalase activity and lipid 
metabolism has been suggested on the basis of the alter- 
ation of catalase activity and lipid metabolism in acatalase- 
mia[8,21] and in rats dosed with hypolipidemic 
drugs [6, 20]. Liver catalase activity and several lipid com- 
ponents of the serum and the liver were measured after 


Table 1. Effect of repeated injection of AT on liver weight, catalase activity and triglyceride, and serum triglyceride 





Number 
of rats 


Liver weight 


Group (g/100 gb. w.)* 


Liver catalase activity 
(Unit/g liver)* 


Triglyceride 





Serum 
(mg/dl)* 


Liver 
(mg/g liver)* 





3.44 + 0.21 
4.28 + 0.39 
(P < 0.01)* 


Control 7 
AT 7 


49.9 + 89 
4.5 + 1.0 
(P < 0.01)7 


$3 +11 
2.2+ 04 
(P < 0.01)t 


71.4 + 12.9 
54.5 + 14.9 
(P < 0.01)t 





Rats received i.p. injection of either AT (1 g/kg) or an equal vol of 0.9%, NaCl at 12-hr intervals from 72 hr before 
sacrifice. The rats were fasted for 24hr prior to sacrifice and were sacrificed 12 hr after the final injection. 


* The results are expressed as the mean + S.D. 


+ Comparison of treatment with saline control by Student’s 1-test. 
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the injection of AT, and the results are described in this 
paper. Only the liver TG level decreased significantly after 
a single injection of AT (1 g/kg). 

On the other hand, other lipids did not show any signifi- 
cant change until 12 hr after AT-treatment. Catalase acti- 
vity showed minimum activity at 1 hr after AT-adminis- 
tration and this inhibition continued for 12 hr after AT- 
administration. 

The parallel changes in liver catalase activity and TG 
level were again seen in the dose-response curve, though 
the other lipid contents did not show any significant 
change. In the present work, depression of the serum TG 
and cholesterol levels have not been found after a single 
injection of AT, which produces a condition similar to aca- 
talasemia. 

On the other hand, the serum TG level was decreased 
by repeated injection of AT, somewhat analogous to acata- 
lasemia. Since the amount of decrease in the liver TG level 
was equal to that seen after the single injection of AT, 
it may be considered that the maintenance of lowered cata- 
lase activity is not necessary for the occurrence of this 
action. It is known that administration of ethyl-z-p-chloro- 
phenoxyisobutyrate, a hypolipidemic drug, increases cata- 
lase activity. Furthermore, Reddy et al. suggested a connec- 
tion between catalase activity and lipid metabolism 
because of the fact that the decrease of serum TG changed 
parallel to the increase of catalase activity [6]. TG level 
decreased along with liver catalase activity when AT was 
used. suggesting that perhaps catalase itself is directly 
related to TG metabolism. However, it appears that cata- 
lase itself is not directly related to lipid metabolism. 

No report has previously been presented dealing with 
AT action and its effect on hepatic TG. It is assumed that 
the depression of liver TG caused by AT is not dependent 
on the acceleration of the release of liver TG into the blood 
stream, or on an antilypolytic action of AT. This assump- 
tion is supported by studies in progress which indicate that 
the increase of serum FFA caused by the administration 
of adrenalin was not inhibited by pretreatment with AT. 
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Cordycepin (3'-deoxyadenosine) is a nucleoside antibiotic originally isolated from the 


culture broth of Cordyceps militaris (LINN.) Link. by Cunningham and his co-workers in 1951 





(1). The compound is rapidly converted in vivo to the corresponding mono-, di- and tri- 
phosphate forms, and exhibits growth-inhibitory properties in both bacterial and mammalian 
test systems (2). In addition, cordycepin is an effective inhibitor of viral replication, 
an effect due to its ability to block poly(A) synthesis and thus interfere with the process- 
ing and maturation of both cellular and viral mRNA (3). In vivo, however the effectiveness 
of cordycepin as an antibacterial, antitumor and antiviral agent is limited because of the 
rapid deamination of the compound to yield 3'-deoxyinosine; the reaction is catalyzed by 

the widely distributed enzyme adenosine deaminase (4). 

From these earlier studies, it is evident that inhibition of the adenosine deaminase- 
catalyzed inactivation of cordycepin could permit its more efficient conversion to the 
biolegically active nucleotide forms, and thus offer the prospect of enhancing the 
pharmacological activity of this agent. The purpose of the present communication is to 
describe the effect of the recently reported adenosine deaminase inhibitor 2'-deoxycoformycin 
(5) (Fig. 1) on the enzyme-catalyzed conversion of cordycepin to 3'-deoxyinosine and on 
the antitumor activity of cordycepin in cell culture systems and in vivo. 

Adenosine deaminase (Type I) from calf intestinal mucosa, activity 255 units/mg 
protein, and cordycepin were purchased from Sigma Chemical Co. 2'-Deoxycoformycin was 
obtained from the Drug Research and Development Branch, National Cancer Institute. For 
studies of the inhibitory effect of 2'-deoxycoformycin on the adenosine deaminase-catalyzed 


deamination of cordycepin, the conversion of cordycepin to 3'-deoxyinosine was monitored 


a -1 
at 265 nm; the value used for the molar absorbance change was -8600 M lcm ~ (4). For 


assay of adenosine deaminase activity in murine L1210 cells, 5-day ascites cells were 
harvested, erythrocytes lysed by osmotic shock, and the cells suspended in 3 volumes of 
hypotonic phosphate~buffered saline, pH 7.4, and homogenized utilizing a Potter-Elvehjem 


homogenizer with Teflon pestle. After centrifugation for 30 min at 26,090 x g, the 
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Cordycepin (3’-deoxyadenosine) 2'-deoxycoformycin 





iM x 10°) iM x 10°) 


Fig. 1 (left): Structural formulas of cordycepin and 2'-deoxycoformycin. Fig. 2 (right): 
Inhibition by 2'-deoxycoformycin of the adenosine deaminase-catalyzed conversion of 
cordycepin to 3'-deoxyinosine, Cuvettes contained potassium phosphate buffer, pH 7.4, 

50 umoles; cordycepin, 0.06 umole; and enzyme and inhibitor as indicated, in a total 
volume of 1 ml. V = A A/min at 265 nm, 37°. I = concentration of 2'-deoxycoformycin. 

Fig. 2A (left): Comparison of inhibitory activity of 2'-deoxycoformycin against adenosine 
deaminase from calf intestine and from L1210 murine leukemia cells. The inhibitor was 
incubated with the enzyme for 5 min prior to the addition of substrate. A: Calf intestinal 
adenosine deaminase, 0.0073 units; O: Adenosine deaminase from L1210 leukemia cell extract, 
0.0070 units. Fig. 2B (right): Effect of preincubation with enzyme on inhibitory activity 
of 2'-deoxycoformycin. Cuvettes contained adenosine deaminase from L1210 leukemia cell 
extract, 0.0060 units. A: Reaction started by the addition of enzyme. 0: Inhibitor 
incubated with enzyme for 5 min prior to the addition of substrate. 


supernatant was utilized immediately for enzyme assays. Specific activity ranged from 
0.07 to 0.11 umole cordycepin deaminated/min/mg extract protein. Kinetic studies were 
carried out at 37°, utilizing a Gilford multiple sample absorbance recorder. Details 
of reaction conditions are given in the legend for Fig. 2. 

When compared under the same reaction conditions, 2'-deoxycoformycin was found to 
be almost equally effective as an inhibitor of crude adenosine deaminase activity in the 
supernatant fraction from L1210 ascites cells and of highly purified adenosine deaminase 


from calf intestine (Fig. 2A); when the inhibitor was preincubated with enzyme for 5 min 


prior to addition of cordycepin, the 159 values observed with these two enzyme prepara- 


tions were 4.5 x 10710 and 6.9 x 10719 respectively. Under these conditions, the Michaelis 
constant for cordycepin was 90 uM. Preincubation of enzyme and inhibitor was found to be 
essential for maximal inhibitory activity (Fig. 2B). In the light of the latter observa- 
tion, 2'-deoxycoformycin was given 10 minutes prior to the administration of cordycepin 
in the in vivo studies described below. 

To determine the effects of cordycepin, 2'-deoxycoformycin, and combinations of 
these two agents in mammalian cell culture systems, the compounds were evaluated for 
growth inhibitory effects against the murine leukemia cell lines L1210 and P388 and the 
human lymphoblastic leukemia cell line CEM; experimental conditions are described in 
Table 1. When added together, cordycepin and 2'-deoxycoformycin resulted in marked 


inhibition of cell growth at the lowest doses studied (cordycepin 0.1 ug/ml and 
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2'-deoxycoformycin 1 ug/ml) (Table 1). When cordycepin was added alone, a drug con- 
centration three to four orders of magnitude higher (10 - 100 ug/ml) was required to 
produce a comparable effect. 2'-Deoxycoformycin when used alone at levels of 1 ug/ml 
and 10 ug/ml was without growth inhibitory effect. 


Table 1. EFFECT OF 2'-DEOXYCOFORMYCIN (2'-DCF; 1 ug/ml) ON INHIBITION BY CORDYCEPIN OF 


GROWTH OF THREE MAMMALIAN TUMOR CELL LINES IN SUSPENSION CULTURE* 





Percent inhibition of cell growth at 48 hr 
Cordycepin L1210 P388 
Concentration Minus Plus Minus Plus 
(ug/ml) 2'-DCF 2'-DCF 2'-DCF 2'-DCF 
0.1 19 77 a: 62 
1 24 77 82 
10 45 80 84 


100 85 82 83 





*Cordycepin and 2'-deoxyadenosine in physiological saline, 0.1 ml, were added to cells 
in log phase growing in 5 ml volume of RPMI 1630 (L1210 and P388 cells) or 1640 medium (CEM 
cells) with 10% fetal calf serum. 2'-Deoxycoformycin alone (1 and 10 ug/ml) showed no effect 
on cell growth. Cells were counted at 24 and 48 hr; all experiments were performed at least 
twice in duplicate, with the values shown being mean values at 48 hr from duplicate culture 
bottles from a single representative experiment. Initial (zero time) cell counts were 10 
L1210 cells/ml, 2 x 10° P388 cells/ml and 3 x 10° CEM cells/ml. Final (48 hr) cell counts 
in control (saline-treated) cultures in the experiment shown were 9.1 x 10? L1210 cells/ml, 
16.0 x 10° P388 cells/ml and 12.5 x 10° CEM cells/ml. 

For the assessment of antitumor activity in vivo, cordycepin, 2'-deoxycoformycin, and 
combinations of the two agents were evaluated in CDF, male mice bearing the P388 leukemia 
(Table 2). Cordycepin alone was only marginally active in this test system, but resulted 
in significant prolongation of survival when administered in combination with 2'-deoxyco- 
formycin. 2'-Deoxycoformycin alone was without antitumor activity. 


Table 2. EFFECT OF 2'-DEOXYCOFORMYCIN (2'-DCF: 0.5 mg/kg) ON ANTITUMOR ACTIVITY OF 


CORDYCEPIN IN MALE CDF, MICE BEARING P388 ASCITES LEUKEMIA* 





Cordycepin Optimal Mean survival at 
dose range daily optimal dose 
Drug tested (mg/kg) dose (mg/kg) (days+S.E.) 
Controls (saline) 11.4+0.3 
Controls (2'-DCF) 11.0+0.4 
Cordycepin 1.25.= 300 14.5+0.8 


Cordycepin + 2'-DCF 1.25 - 300 : 21.0+0.6 





*Mice received 10° tumor cells i.p. Drug treatment was started 24 hr later by the i.p. 
route and was continued once daily for 10 days. In experiments with cordycepin: 2'-DCF 
combinations, 2'-DCF was administered 10 min prior to cordycepin. Treatment groups consisted 
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of 10 mice each. The experiment was repeated 3 times, with the results shown being a 
single representative experiment. 


Discussion. The unusually potent inhibitory activity of 2'-deoxycoformycin toward 
adenosine deaminase (Fig. 2A), and the time-dependent increase in inhibition observed on 
preincubation of the enzyme and inhibitor (Fig. 2B), are similar to the results obtained by 
Cha and his co-workers (6) in a careful and detailed study of the kinetics of inhibition of 
human erythrocytic adenosine deaminase by the closely related compound coformycin, utilizing 
adenosine rather than cordycepin as substrate. As the latter investigators point out, the 
non-steady state nature of the inhibition by coformycin when studied under conventional 
enzyme assay conditions, and the unusually high inhibitory potency of the compound, render 


the determination of meaningful inhibition constants difficult. On the basis of the 


0 9 


to 10 M, 


present studies, however, 2'-deoxycoformycin, with I5g values in the range 10°! 


appears to be at least as potent an inhibitor of adenosine deaminase as is coformycin. 

Plunkett and Cohen (7) recently showed that the toxicity of cordycepin toward L-cells 
in culture is enhanced significantly by the addition of the adenosine deaminase inhibitor 
erythro-9-(2-hydroxy-3-nonyl) adenine; in vivo studies with the latter combination were not 
reported. In the present studies, utilizing the combination of cordycepin and the consider- 
ably more potent adenosine deaminase inhibitor 2'-deoxycoformycin, we have been able to 
demonstrate not only inhibition of the deamination of cordycepin in vitro, but also in- 
creased activity of this agent in an experimental tumor system in vivo. Furthermore, 
since 2'-deoxycoformycin retains its potent adenosine deaminase-inhibitory activity in vivo, 
it offers the possibility of significant enhancement of the pharmacological activity not 
only of cordycepin as reported here, but also of several other adenosine analogs, whose 
in vivo activity is presently limited by rapid metabolic inactivation. 
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RALPH A. BRADSHAW and MICHAEL YOUNG 
Department of Biological Chemistry, Washington University School of Medicine, St. Louis, 
Mo. 63110: and Departments of Biological Chemistry and Medicine, Harvard Medical School and 
the Massachusetts General Hospital, Boston, Mass. 02114, U.S.A. 


Nerve growth factor (NGF) is a protein, discovered 
nearly 30 years ago, which has the remarkable pro- 
perty that it can stimulate rapid neurite outgrowth 
from embryonic sensory and sympathetic ganglia 
both in vivo and in vitro [1-3]. The factor was ori- 
ginally discovered as a soluble diffusible substance 
released by two mouse tumors (sarcomas 180 and 37), 
and subsequently it was found in much larger 
amounts in certain snake venoms and particularly in 
the male mouse submandibular gland. 

In the review presented below, only the more recent 
studies on the chemical and biologic properties of 
NGF have been considered in detail. For information 
relating to the historical development of the field as 
well as earlier work, the reader is referred to several 
detailed reviews [4-7]. 


CHEMICAL PROPERTIES 


Most information on the chemical structure of 
NGF stems from studies on the protein isolated from 
mouse submandibular gland. Nerve growth factor can 
exist in several molecular forms and this feature has 
led to the appearance of an unsystematic and rather 
confusing nomenclature. It apparently occurs in the 
glands as a high molecular weight form, which has 
been given the name 7 S NGF (referring to its sedi- 
mentation coefficient). This species is a complex of 
three different noncovalently linked proteins desig- 
nated x, f, and y [8]. of which only the f-component 
displays the characteristic biological activity of NGF 
in producing neurite outgrowth in vitro. The function 
of the 7 S complex is not known, although it is poss- 
ible that it is related to storage of NGF within the 
submandibular gland. 

If the biologically active subunit of NGF is isolated 
from pure 7 S complex (following pH-induced disso- 
ciation), then the protein obtained has been desig- 
nated BNGF. If, however, the same subunit is iso- 
lated from gland homogenates (without first purifying 
the 7 S complex), then the biologically active species 
obtained is called 2.5 S NGF [9]. This species closely 
resembles the f-subunit. It differs from /NGF only 
in that, during isolation, limited proteolysis occurs 
at both amino and carboxyl termini with the extent 
of proteolysis depending upon conditions of isolation. 
Since these chemical differences do not apparently 
affect biologic activity, we shall distinguish between 
2.5 S- and BNGF only when referring to their struc- 
tures. 





*Preparation of this review was supported by NIH 
grants NS-10229 (R. A. B.) and CA 17137 (M. Y.). 


jointed to 


The complete primary structure of the biologically 
active protein from mouse submandibular glands is 
known [10]. It consists of two [11,12] identical non- 
covalently linked polypeptide chains. Each chain con- 
tains 118 amino acids, 3 disulfide bonds, and a high 
amide content which accounts for its high isoelectric 
point [13]. As noted above, the proteolytic cleavages 
which distinguish the f-subunit from 2.5S_prep- 
arations occur at the amino and carboxyl ter- 
mini[10,14]. The amino terminal modification 
results in removal of the first eight residues of BNGF 
whereas the carboxyl terminal cleavage involves exci- 
sion of the C-terminal arginine. Neither modification 
has been shown to have an effect upon biologic acti- 
vity [14]. 

‘ NGF is also found in relatively high levels in cer- 

tain snake venoms[15], and the partial sequence of 
the factor from the venom of the cobra Naja naja 
has been determined[16]. Like mouse NGF, the 
snake protein is composed of two identical polypep- 
tide chains but with only 116 residues/chain. The 
sequence positions of some 70 per cent of the residues 
have been established, and of these, the percentage 
of residues occupying identical sequence loci is about 
65 per cent including the positions of the six half 
cystines—suggesting an identical disulfide structure. 
These studies indicate that the primary structure of 
NGF has been appreciably conserved over a wide 
range of the evolutionary scale. 


MECHANISM OF ACTION 


The molecular mechanism whereby NGF stimu- 
lates ganglionic neurite growth is not known. Several 
lines of evidence indicate that the initial event in the 
action of NGF is binding of the protein to the surface 
of sensitive cells in both sensory and sympathetic 
ganglia. For example, when NGF is covalently 
BrCN-activated Sepharose beads, the 
resulting Sepharose-NGF conjugate is biologically 
active in producing neurite outgrowth[17]. These 
results do not appear to stem from free NGF in the 
Sepharose-NGF preparation, although it is difficult 
to exclude the possibility that enzymic cleavage of 
the protein (or a biologically active segment of it) 
might occur at the cell surface. Preparations of NGF 
covalently linked (by glutaraldehyde) to bacterio- 
phage Ty, are also biologically active in the sensory 
ganglion assay, although this sytem was not examined 
for leakage of free NGF during the biological 
assay [18]. 

Of particular interest is the observation that the 
amino acid sequence of mouse NGF bears certain 
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striking similarities to the primary structures of insu- 
lin and proinsulin [19, 20]. For example, three of the 
six haif cystinyl residues which occur in both insulin 
and NGF are in identical positions, and two of these 
residues are paired in the same way in the two pro- 
teins. The sequence of mouse NGF can be aligned 
with human proinsulin with only five deletions 
required to yield the maximum similarity of 21 per 


cent identical residues. Moreover, the majority of 


identical residue positions are clustered in the segments 
of NGF which align with the A and B chain sections 
of proinsulin, separated by exactly the 35 residues 
required to accommodate the C-peptide of proinsulin. 
Taken together, these observations suggest that NGF 
and insulin are related in an evolutionary sense and 
may have arisen from a common ancestral gene. 
Moreover, the fact that insulin [21], as well as NGF, 
appears to act upon the cell surface and that both 
proteins elicit pleiotypic cellular metabolic events 
could mean that the two molecules possess a similar 
biological mechanism of action. 

Recently, several studies have appeared in which 
the binding of NGF to NGF-sensitive nervous tissues 
has been measured. Frazier et al. [22] observed that 
binding of '?°I-NGF to sensory and sympathetic 
neurons is a’ non-saturable process which displays 
multiple apparent association constants (K = 10'° to 
10°M~'). Unlabeled NGF accelerates the dissocia- 
tion of bound '*°I-NGF, and the authors suggested 
that NGF receptors might operate in a negatively 
cooperative fashion [22] similar to that proposed by 


De Meyts et al. [23,24] for insulin receptors. Insulin 
can also reduce the binding of '*°I-NGF [22], 


and 
this effect could possibly be mirroring the structural 
similarities between the two proteins. In light of the 
observation that chick embryo sensory ganglia in cul- 
ture respond maximally to NGF during days 7-9 of 
development [6], Frazier et al. [22] also measured 
'?51-NGF binding to ganglia as a function of embryo 
age and binding per pg of tissue protein increased 
from 7 to 8 days and then declined (see also Ref. 
25). Thus, the temporal variation of binding parallels 
that of biologic activity, and it may be that loss 
of biologic responsiveness stems from a decrease in 
functional receptors. It should be noted that two 
other studies of '?°I-NGF binding to ganglia or gang- 
lionic membrane preparations have demonstrated 
saturable binding. In both of these [26, 27]. the maxi- 
mum concentrations of NGF employed were appre- 
ciably less than those used by Frazier et al. [22]. 
Although NGF is a dimer of identical chains at 
concentrations in the mg/ml range, a study of the 
gel filtration and sedimentation properties of the pro- 
tein in dilute solution reveals that the dimer is in 
reversible equilibrium with monomer [28]. The as- 
sociation constant for the reaction is 9.4 x 10°M~! 
at pH 7.0, and this means that, at a total protein 
concentration of I ng/ml, the equilibrium mixture 
contains greater than 99 per cent monomer. Conse- 
quently, over the concentration range usually 
employed in bioassay (1-10 ng/ml), the monomer is 
the biologically active species. This finding raises the 
intriguing possibility that a monomer $s dimer equilib- 
rium might play some role in regulating the biological 
‘action of NGF and perhaps other noncovalently 
linked multisubunit hormones as well. Such a 
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mechanism would require that the dimer be biologi- 
cally inactive, yet capable of competing with 
monomer for cellular binding sites. In this regard, it 
should be noted that when the two NGF chains are 
covalently cross-linked, the resulting molecule is bio- 
logically active [29, 30]. However, the extent of cross- 
linking is not known and it may be that, at high 
dilution (1-10 ng/ml), the noncovalent forces between 
chains are still disrupted, with concomitant unfolding 
of the dimer and exposure of the active site(s) within 
individual monomer ‘chains [28]. Finally, it is also 
possible that the biphasic tissue binding of '?°I-NGF 
discussed above may be reflecting the existence of a 
monomer +5 dimer reaction, wherein the monomer and 
dimer possess different association constants toward 
cell receptors. 

In the course of studies on binding of '?°I-NGF 
to its known responsive target tissues, Frazier et 
al. [31, 32] also measured binding to a variety of non- 
neuronal tissues as well as brain, with the surprising 
result that all peripheral organs examined, including 
brain, display significant levels of '?°I-NGF binding. 
Moreover, this feature is not due simply to the pres- 
ence of sympathetic nerve terminals in these tis- 
sues [32]. Consequently, the authors suggested that 
the existence of these binding sites in non-neuronal 
tissues might play a role in directing the growth of 
sympathetic fibers as well as maintaining functional 
innervation. Recent observations that NGF is 
absorbed by sympathetic [33] and sensory [34] nerve 
terminals and subsequently transported to the cell 
bodies by retrograde axoplasmic flow may bear upon 
this idea. However, there is another equally inter- 
esting possibility—namely, that these widespread 
tissue-binding sites might represent functional 
receptors for NGF on cells unrelated to the nervous 
system. ' 

The finding that brain exhibits '?°I-NGF binding 
sites, taken together with the observation that NGF 
can stimulate regeneration of adrenergic neurons of 
the central nervous system[35], indicates that the 
action of the growth factor is not confined to the 
peripheral nervous system. Moreover, Merrell et 
al. [36] have studied the effect of NGF upon the sur- 
face specificity of chick embryonic tectal cells in cul- 
ture. When dissociated 7-day-old embryonic tectal 
cells are treated with NGF in culture for 24 hr, they 
display a change in cell surface specificity character- 
istic of 8-day-old tectal cells. The concentration of 
NGF required (about 1.2 wg/ml) is nearly 100 times 
the concentration necessary to produce neurite exten- 
sion from sensory ganglia, and the reasons for this 
are not clear. 

NGF does not appear to operate upon the adeno- 
sine 3’,5'-monophosphate (cyclic AMP) system of sen- 
sory ganglia. It has been recognized for some time 
that cyclic AMP (at rather high concentrations) can 
also stimulate neurite extension from embryonic sen- 
sory ganglia in culture, although the morphologic 
effects are considerably less striking than those pro- 
duced by NGF [37-39]. However, subsequent studies 
revealed that NGF displays no effect upon intracellu- 
lar levels of cyclic AMP or upon the activity of adeny- 
late cyclase of sensory ganglia [40, 41]. Consequently, 
it appears unlikely that cyclic AMP is a second mes- 
senger for the action of NGF. 
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BIOSYNTHESIS OF NGF 


The problem of the relationship of NGF and the 
mouse subinandibular gland (and its high concen- 
tration in the gland) is as perplexing now as when 
this tissue was first discovered to contain large 
amounts of the growth factor. Several lines of evi- 
dence suggest that NGF may be synthesized by the 
gland, although its removal appears to have no 
obvious adverse effects upon the mouse, and other 
mammalian submandibular glands do not seem to 
contain the factor[6]. Furthermore, the radioim- 
munoassay studies of Hendry and_ Iversen [42] 
demonstrate that the submandibular glands cannot 
be the sole source of NGF in the mouse, since serum 
levels of the factor decrease for a short period and 
then return to normal 2 months after removal of both 
glands. Although NGF or NGF-like biologic activity 
has been detected in a variety of animal tissues and 
sera, only recently have several cellular sites of syn- 
thesis been identified. 

In 1974, the highly malignant mouse L cell line 
(which produces fibrosarcomas in vivo) was shown to 
secrete rather large amounts of a protein which is 
biologically active in producing intense neurite out- 
growth in the sensory ganglion assay and which by two 
independent immunoassays is immunochemically in- 
distinguishable from mouse submandibular gland 
NGF [18]. This finding is reminiscent of the early 
observation on the presence of NGF in mouse sar- 
comas 180 and 37 [1-3]. However, although the early 
NGF literature consistently refers to these tumors as 
sarcomas, further historical search indicates that they 


did not originate as such. “Sarcoma” 180 was ori- 
ginally described in 1914 as an axillary carcinoma 


of a male mouse and “sarcoma” 37 arose in 1908 
as an adenocarcinoma of the mammary gland 
[43,44]. Thus, the precise nature of these tumors is 
unclear. 

Further studies were undertaken to examine some 
chemical properties of the L-cell NGF [45]. L cells 
were grown in the presence of radioactive amino 
acids, after which the cells were removed and the cul- 
ture fluid was treated with nonradioactive submandi- 
bular gland NGF as carrier. Ion-exchange chromato- 
graphic plus electrophoretic analyses of these solu- 
tions demonstrated the presence of a component in- 
distinguishable from NGF itself. 

The observation that L cells secrete NGF (or a 
molecule closely similar to it) is pertinent to the well- 
established finding that these cells are a source of 
so-called conditioned medium. That is, medium har- 
vested from L-cell cultures contains factors which 
stimulate proliferation of other unrelated cells (see, 
for example, Ref. 46). In this connection, it is possible 
that L-cell NGF could be responsible, or partly so 
in concert with other secreted L-cell growth factors, 
for some of the conditioning effects observed. 

L cells are a transformed and malignant cell line 
and secretion of NGF could be simply a function 
of this property. Consequently, other cells in culture 
have been examined. Table | presents a list of those 
cells which so far have been shown to produce a bio- 
logically active nerve growth factor which reacts with 
monospecific antibody to mouse NGF. Several fea- 
tures emerge from Table 1. First, both biological acti- 


Table I. Cells which screte NGF in culture 





Cell type Source 





Mouse 
Mouse 
Mouse 
Chick 
Mouse 
Mouse 
Rat 

Rat 
Human 
Human 
Human 


L cells [18] 

3T3 cells [18] 

SV40 3T3 cells [18] 

Primary fibroblasts [47] 
Neuroblastoma [48] 
Melanoma* 

Myoblastst 

Glioma [49] 

Glioblastoma [49] 

Primary skin fibroblasts [50] 
Primary synovial fibroblasts [50] 





*R. A. Murphy, S. M. Krane, B. G. W. Arnason and 
M. Young, unpublished observations 

+R. A. Murphy, J. Singer, J. D. Saide, B. G. W. Arnason 
and M. Young, unpublished observations. 


vity (chick sensory ganglion system) and immunoreac- 
tivity are preserved over a wide species range. Second, 
primary as well as transformed cells synthesize and 
secrete an NGF-like molecule. Third, this property 
is not confined to a particular cell type. Taken 
together, the information of Table 1, while not exten- 
sive, suggests the possibility that many (and conceiv- 
ably all) cells have the capacity to secrete NGF. 

* As shown in Table 1, rat C-6 glioma cells in cul- 
ture [49] as well as rat glioma tumors[51] produce 
an NGF-like factor, and these findings are pertinent 
to recent studies on the effects of glial cells upon neur- 
onal cells in culture. For example, glial cells can pro- 
mote nerve fiber production by dissociated chick sen- 
sory ganglion cells[52] and they can also induce 
morphologic changes in mouse _ neuroblastoma 
cells [53]. Thus, it could be that one function of glial 
cells in vivo is to supply neurons with NGF. If so, 
then one might predict that neuronal cells would not 
secrete NGF. However, as shown in Table 1, mouse 
C1300 neuroblastoma cells (albeit, a malignant line) 
do synthesize and secrete considerable amounts of the 
factor into their culture medium [48]. This raises an 
interesting and unanswered question: do certain nor- 
mal untransformed neurons secrete NGF (either in 
vivo or in vitro) to which they are also functionally 
responsive? In the case of neuroblastomas (both 
mouse and human), several pieces of information indi- 
cate that these cells in culture do respond to 
NGF [54, 55]. Moreover, mouse neuroblastoma cells 
display surface receptors for NGF—and this property 
is a function of the interphase cell cycle, with recep- 
tors appearing largely in late G, [56-58]. This raises 
several interesting possibilities. One is that certain 
cells within the clone secrete NGF and other cells 
respond to it. Alternatively, a given cell may secrete 
the factor at one stage of the cell cycle and respond 
to it at another stage—perhaps as part of an autore- 
gulatory growth mechanism [48]. Whether the capa- 
city to secrete and to utilize NGF is a property not 
only of neuroblastoma but also of other cells which 
produce it is not known. 

Table | reveals that certain human cells in culture 
secrete an NGF-like molecule. By immunologic and 
biologic criteria, the factor is also present in human 
serum [50]. Based upon radioimmunoassays, sera of 
normal males and females contain 40-80 ng/ml of a 
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substance which is immunologically similar to mouse 
NGF [50]. Moreover. the serum levels of this factor 
are consistently and greatly elevated in at least one 
disease process, Paget’s disease of bone. This disease 
is characterized by intense osteoblastic and osteoclas- 
tic activity in the affected areas of bone. By radioim- 
munoassay, of 32 patients with Paget’s disease, all 
displayed serum levels of an NGF-like immunoreac- 
tive substance which were up to five times as high 
as the levels found in normal subjects [50]. After pro- 
longed treatment with diphosphonates. 28 of 32 
patients’ serum levels decreased markedly—and_ in 
most cases to below 100 ng/ml [50]. The meaning of 
these findings is not clear, but it could be that 
enhanced secretion of an NGF-like molecule by cells 
occurs when they are undergoing extensive prolifera- 
tion—perhaps in the malignant state as well. If so, 
then a central question is why do activated cells sec- 
rete increased amounts of the factor and what does 
this have to do with the nervous system? 


FUTURE PROJECTIONS 


Despite the considerable progress that has been 
made in defining the chemical properties of NGF and 
its physiologic role, many questions remain unans- 
wered. The most important of these, perhaps, is the 
physiologic scqpe of its action. The early studies 
on the biologic effects of NGF revealed that only 
the sympathetic nervous system was under its direct 
influence in vivo [6]. But, then, why is it that so many 
different kinds of cells (at least in vitro) secrete the 
factor? Is it because these cells in some way require 
it themselves? Do they secrete it in order to communi- 
cate chemically with other cel! types, or only to main- 
tain a functional sympathetic innervation in vivo? 
What is the biologic meaning of NGF in serum? In 
this regard, it will be very important to understand 
the biologic and structural properties of cell-secreted 
and serum NGF in light of our knowledge of the 
mouse factor. It may be that these properties are 
closely similar to those of submandibular gland NGF. 
yet slightly but significantly different. NGF is clearly 
part of a larger group of trophic substances that have 
been termed growth factors. and it is possible that 
many of these substances will be found to be structur- 
ally as well as functionally related. 

A central question that arises with any hormone 
or hormone-like substance, namely its mechanism of 
action, remains unsolved with NGF since no “second 
messenger” has been defined for any NGF effect. This 
problem is complicated by the possibility that NGF 
may have more than one mechanism of action. 

At present, the role of NGF in disease and its poss- 
ible therapeutic uses are unknown. Nonetheless, we 
believe that this protein is one of the more interesting 
substances with which to explore the growth and 
metabolic regulation of cells. 
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Abstract—The effects of acetylsalicylic acid, sulphadimidine, phenylbutazone and chlorpromazine on 
glucose- and tolbutamide-stimulated insulin release by isolated rat islets of Langerhans have been 
investigated. Acetylsalicylic acid did not influence glucose-stimulated insulin secretion; although at 
2.5 mM it potentiated the effect of tolbutamide. Sulphadimidine potentiated the effects of glucose 
and tolbutamide on insulin secretion, whereas phenylbutazone was found to augment glucose-stimulated 
insulin release and to antagonize the tolbutamide effect. The effects of glucose and tolbutamide on 
insulin secretion were inhibited by low concentrations of chlorpromazine (0.005 mM-—0.0! mM) and 
were stimulated by high concentrations (0.5 mM-1 mM). These results are discussed in relation to 
the possibilities that certain drugs may affect tolbutamide-stimulated insulin release either by altering 
the binding of tolbutamide to the B-cell or to other proteins, or by affecting the cyclic AMP system 


of the B-cell. 


A number of drugs, such as salicylates, sulphonamides 
and phenothiazines, have been shown to induce 
hypoglycaemia and/or hyperglycaemia in experimen- 
tal animals and human subjects. Salicylates have in 
general been reported to cause hyperglycaemia [1-4] 
although hypoglycaemia has been observed [5, 6]. 
Hypoglycaemia has also been encountered with the 
use of sulphonamides [7]. Studies on the effects of 
chlorpromazine, a phenothiazine derivative, on carbo- 
hydrate metabolism have yielded conflicting results. 
Some reports have shown hyperglycaemia and de- 
creased glucose tolerance [8-11], while other studies 
have shown hypoglycaemia [12]. 

Studies have also indicated that these drugs may 
potentiate or inhibit the hypoglycaemic action of sul- 
phonylureas. Thus, salicylates [13-15], sulphona- 
mides [16-18] and phenylbutazone [19-21] have 
been reported to potentiate the hypoglycaemic effect 
of sulphonylureas, whereas chlopromazine has been 
found either to inhibit [10,22] or to potentiate [12] 
the hypoglycaemia. 

Since it was possible that part of the effect of these 
drugs on plasma glucose concentrations might be 
related to changes in rates of insulin secretion, we 
have attempted to assess the effect of aspirin, sulpha- 
dimidine, phenylbutazone or chlorpromazine on insu- 
lin release stimulated by glucose and tolbutamide 
from islets of Langerhans. We have used islets of Lan- 
gerhans isolated from rat pancreas since they provide 
an in vitro system for the study of insulin release that 
is highly sensitive to the effect of glucose and sul- 
phonylureas [23,24]. 


MATERIALS AND METHODS 


Reagents. Collagenase was obtained from Sigma 
Chemical Company, Kingston, Surrey; bovine albu- 
min from Armour Pharmaceutical Company Ltd.. 
Eastbourne, Sussex; Tolbutamide from Hoechst 


Pharmaceuticals; acetylsalicyclic acid (Aspirin) from 
Evans Company, Liverpool; sulphadimidine (Sulpha- 
mezathine) from Imperial Chemical Industries Ltd. 
Pharmaceutical Division, Macclesfield, Cheshire; 
phenylbutazone (Butazolidin) from Geigy Pharma- 
ceuticals, Macclesfield, Cheshire, and chlorpromazine 
(Largactil) from May and Baker, Dagenham, Essex. 

Incubation medium. In all experiments using iso- 
lated islets of Langerhans, the incubation medium 
was that described by Gey and Gey [25]. In exper- 
iments in which insulin secretion from isolated islets 
was being studied, this medium was supplemented 
with bovine serum albumin Fraction V (1 mg/ml). 
Glucose and drugs were added to this medium as 
required. 

Isolation of islets of Langerhans. Islets of Langer- 
hans were prepared by the collagenase digestion of 
pancreatic tissue taken from female Sprague-Dawley 
rats, as described in detail by Howell and Taylor [26] 
and Montague and Taylor [27]. 

Insulin secretion from isolated rat islets. Islets were 
pre-incubated for 30 min at 37° in buffer containing 
2 mM glucose. The incubation medium for insulin 
secretion studies contained either 8 mM glucose alone 
or 8 mM glucose plus the drug under study, and the 
gas phase was O, + CO, (95:5). Each drug was 
added to the medium alone or in combination with 
tolbutamide. In all the experiments the effects of glu- 
cose and tolbutamide were compared in the presence 
and absence of the drug under study. The islets were 
incubated in 0.6 ml of incubation buffer in groups 
of three at 37° for 60 min with gentle shaking. At 
the end of this period, a sample of the medium was 
removed and diluted for the determination of insulin 
content. 

Insulin assay. Insulin was assayed in duplicate, 
using a double antibody technique based on that of 
Hales and Randle [28] with the reagents supplied by 
the Radiochemical Centre. Amersham, Bucks. These 
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reagents, which are basically used for the immunoas- 
say of human insulin, react with equal sensitivity to 
rat insulin. These reagents can be used therefore to 
determine rat insulin [27]. 


RESULTS AND DISCUSSION 


Studies on the effect of salicylates on blood sugar 
have indicated that their hyperglycaemic effect might 
be related to epinephrine-stimulated glycogenolysis 
[3]. Salicylate-induced hypoglycaemia, on the other 
hand, has been attributed to increased uptake and 
utilization of glucose by muscles and a decrease in 
the synthesis of glucose from non-carbohydrate pre- 
cursors [29]. Since insulin might participate in the 
alterations of blood sugar caused by salicylates, we 
have investigated the effect of aspirin on insulin se- 
cretion by islets of Langerhans. Aspirin did not affect 
the release of insulin in response to glucose from iso- 
lated islets (Table 1). This is in agreement with the 
findings of a number of authors that the effect of sali- 
cylates on blood sugar is not mediated by alterations 
in the rate of insulin release [30-32]. At a small con- 
centration (0.025 mM) aspirin inhibits tolbutamide- 
stimulated insulin secretion. However, there was a 
remarkable potentiation of the effect of tolbutamide 
by aspirin at the high concentration of 2.5 mM (Table 
1). This potentiation might result from a displacement 
of tolbutamide from the albumin present in the incu- 
bation medium used in the present study [33], since 
the addition of salicylate to tolbutamide-containing 
serum has been shown to increase the proportion of 
the unbound sulphonylurea [34]. 

Sulphadimidine was found to potentiate the effects 
of glucose and tolbutamide on insulin release by islets 
(Table 2). An increased rate of insulin release might 
account for the potentiation by sulphonamides of the 
hypoglycaemic effect of sulphonylureas [8. 35]. Some 


Table 1. Effect of aspirin alone or in combination with 

tolbutamide on glucose-stimulated insulin release by islets 

of Langerhans in vitro. Isolated islets were incubated for 

| hr at 37: in Gey and Gey buffer containing albumin 
(1 mg/ml) 


Mean insulin 
secretion 
Treatment (ng islet/hr) 


5.82 + 0.43 (20)* 
19.06 + 1.56% (12) 


Glucose (8 mM) control 


Glucose (8 mM) + tolbutamide 
(1 mM) 

Glucose (8 mM) 4 
(0.025 mM) 

Glucose (8 mM) 4 
(0.5 mM) 

Glucose (8 mM) + aspirin 
(S mM) 

Glucose (8 mM) + aspirin 
(0.025 mM) + tolbutamide 
(0.5 mM) 

Glucose (8 mM) + aspirin 
(2.5 mM) + tolbutamide 
(0.5 mM) 


aspirin + 0.43 


aspirin 0.56 


+ 0.67 


* Values are means + S.E.M. 
+ Significant difference from control at P = 0.001. 
- Figures in parenthesis are number of observations. 
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Table 2. Effect of sulphadimidine alone or in combination 

with tolbutamide on glucose-stimulated insulin release by 

islets of Langerhans in vitro. Isolated rat islets were incu- 

bated for 1 hr at 37° in Gey and Gey buffer containing 
albumin (1 mg/ml) 





Mean insulin 
secretion 


Treatment (ng/islet/hr) 





- 0.22: (12)* 


1.42% (12) 


Glucose (8 mM) control 

Glucose (8 mM) + tolbutamide 
(1 mM) 

Glucose (8 mM) + sulphadimidine 
(0.025 mM) 

Glucose (8 mM) + sulphadimidine 
(0.25 mM) 

Glucose (8 mM) + sulphadimidine 
(2.5 mM) 

Cilucose (8 mM) + sulphadimidine 26. + 3.6% (8) 
(0.125 mM) + tolbutamide 
(0.5 mM) 


F 3.68% (5) 
+ 0.95% (8) 


2.26 





* Values are means + S.E.M. 

+ Significant differences from control at P = 0.001. 
t Significant difference from control at P = 0.05. 
Figures in parenthesis are number of observations. 


authors have attributed the potentiating effect of sul- 
phonamides to their capacity to increase the serum 
tolbutamide level by displacing it from serum protein 


mides directly increase the binding of sulphonylureas 
to islets isolated from mice, an effect which might 
be related to its displacement from albumin present 
in the incubation medium. 

Phenylbutazone was found to increase the effect of 
glucose on insulin secretion by islets, although it 
appeared to inhibit the effect of tolbutamide on insu- 
lin secretion (Table 3). The potentiation of sulphonyl- 


~ 


Table 3. Effect of phenylbutazone alone or in combination 
with tolbutamide on glucose-stimulated insulin release by 
islets of Langerhans in vitro. Isolated rat islets were incu- 
bated for | hr at 37 in Gey and Gey buffer containing 

albumin (1 mg/ml) 








Mean insulin 
secretion 


Treatment (ng islet/hr) 





Glucose (8 mM) Control 

Glucose (8 mM) + tolbutamide 
(1 mM) 

Glucose (8 mM) + phenylbutazone %.33 + 0.73$ (5) 
(0.025 mM) 

Glucose (8 mM) + phenylbutazone 
(0.25 mM) 

Glucose (8 mM) + phenylbutazone 
(2.5 mM) 

Glucose (8 mM) + phenylbutazone 
(0.125 mM) + tolbutamide 
(0.5 mM) 


0.46 (9)* 
1.61% (12) 


8.00 + 0.898 (8) 
10.49 


7.40 + 0.718 (10) 





* Values are means + S.E.M. 

* Significant difference from control at P = 

* Significant difference from control at P = 0.01. 

: Significant difference from control at P = 0.05, 
Figures in parenthesis are number of observations. 


0.001. 





Glucose and tolbutamide-stimulated insulin release 


Table 4. Effect of chlorpromazine alone or in combination 

with tolbutamide on glucose-stimulated insulin release by 

islets of Langerhans in vitro. Isolated rat islets were incu- 

bated for | hr at 37° in Gey and Gey buffer containing 
albumin (1 mg/ml) 





Mean insulin 
secretion 


Treatment (ng/islet/hr)* 





4.66 + 0.35 (21)* 
17.90 + 0.85% (12) 


Glucose (8 mM) control 

Glucose (8 mM) + tolbutamide 
(1 mM) 

Glucose (8 mM) + chlorpromazine 
(0.01 mM) 

Glucose (8 mM) + chlorpromazine 
(0.1 mM) 

Glucose (8 mM) + chlorpromazine 
(1 mM) 

Glucose (8 mM) + chlorpromazine 
(0.005 mM) + tolbutamide 
(0.5 mM) 

Glucose (8 mM) + chlorpromazine 
(0.05 mM) + tolbutamide 
(0.5 mM) 

Glucose (8 mM) + chlorpromazine 
(0.5 mM) + tolbutamide 
(0.5 mM) 


2.81 + 0.39% (8) 
15.35 + 2.45% (10) 
20.60 + 0.93% (10) 


2.37 + 0.12¢ (7) 


490+ 0.91 (8) 


38.6 + 1.4% (10) 





* Values are means + S.E.M. 
+ Significant difference from control at P = 0.001. 
Figures in parenthesis are number of observations. 


urea-induced hypoglycaemia by phenylbutazone as 
previously reported [37,38], does not therefore 
appear to be a result of drug effect on insulin se- 
cretion. 

Chlorpromazine at a concentration of 0.01 mM was 
found to inhibit glucose-stimulated insulin secretion 
(Table 4). This result is in agreement with the obser- 
vation of Ammon and Steinke [42] that chlorproma- 
zine inhibits insulin secretion by isolated rat islets and 
with the suggestion of Sustin et al. [10] that chlorpro- 
mazine reduces the ability of the pancreatic B-cells 
to secrete insulin in response to glucose. Such an 
effect of chlorpromazine could contribute to the inci- 
dence of hyperglycaemia observed in human subjects 
[39-41] treated with the drug. Chlorpromazine at 
0.005 mM was found to abolish completely tolbuta- 
mide-stimulated insulin release (Table 4), results 
which agree with the observations that chlorproma- 
zine antagonizes tolbutamide-induced hypoglycaemia 
and decrease tolbutamide-induced elevation in serum 
insulin [10, 22]. Conversely, at higher concentrations, 
i.e. 0.1 mM and | mM, chlorpromazine produced very 
marked increases in insulin secretion (Table 4). A sti- 
mulatory effect of high concentrations of chlorproma- 
zine has also been reported by Ammon and Steinke 
[42]. When chlorpromazine at a concentration of 0.5 
mM was given in combination with tolbutamide (0.5 
mM) potentiation was observed (Table 4) suggesting 
that the two drugs act by different mechanisms on 
the islet cells. Chloropromazine has been shown to 
increase fluoride-stimulated adenyl cyclase activity in 
a number of tissues [44] and it might therefore be 
expected to stimulate islet cell adenyl cyclase and ele- 
vate c-AMP level. thereby potentiating the secretory 
response to tolbutamide. 
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The results of this study indicate that the effects 
of a wide variety of drugs on blood glucose levels 
may result in part from changes in the rate of insulin 
release from the pancreas. Studies are currently in 
progress to define in detail the mode of action on 
insulin release of the drugs used in this study. 
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Abstract 


A single intraperitoneal injection of hexachlorophane into rats produced an increase in water 


in the brain and spinal cord. The additional fluid has been shown to contain sodium and chloride 
ions. The effect of hexachlorophane on some cerebral intermediary metabolites was also examined. 
Twenty-four hours after hexachlorophane administration a small increase in cerebral glucose was seen. 
A single intraperitoneal injection of triethyltin also produced an increase in cerebral water and glucose. 
Calculations of the glucose concentration present in the additional cerebral water indicates that the 
extra fluid is derived from either cerebrospinal fluid or plasma. 


It is now well established that triethyltin produces 
an increase in water in the brain and spinal cord of 
several species [1—3]. In rats, the increase in cerebral 
water is influenced by the environmental tempera- 
ture [4]. The increased water, which contains sodium 
chloride [1], is located in the white matter [5]. Elec- 
tron microscopic examination indicates that the water 
is intramyelinic and causes splitting of myelin at the 
intraperiod line [6]. 

Hexachlorophane [ 2-2’ methylene bis (3,4,6 trichlor- 
ophenol)] also produces an oedematous lesion in the 
brain of several species including man [7-11]. Again, 
the increased fluid is localised in the white matter 
and electron microscopic examination indicates that 
the water is intramyelinic and causes splitting of mye- 
lin at the intraperiod [10, 12]. 

In this study, an increase in cerebral water has been 
measured after a single intraperitoneal (i-p.) injection 
of hexachlorophane or triethyltin into rats. The ad- 
ditional fluid has been shown to contain glucose, 
sodium and chloride suggesting that the fluid resem- 
bles an ultrafiltrate of plasma or cerebrospinal fluid 
and is therefore extracellular, however a conclusive 
decision as to whether the fluid is intra- or extracellu- 
lar cannot yet be made. The effect of hexachlorophane 
on the level of some cerebral intermediary metabolites 
has also been examined. 


METHODS AND MATERIALS 


Triethyltin sulphate was prepared from triethyltin 
hydroxide supplied by the Tin Research Institute, 
Greenford, Middlesex, England as previously de- 
scribed [13]. Hexachlorophane [2-2’ methylene bis 
(3.4.6-trichlorophenol)] was a gift from Cooper Techni- 
cal Bureau, Berkhampstead, Herts., England. Male 
rats (170 g body wt) of the Porton strain were injected 
i.p. with either hexachlorophane (78.5 pmole/kg) in 





* Present address: Imperial Chemical Industries Limited, 
Central Toxicology Laboratory. Alderley Park, Nr Mac- 
clesfield, Cheshire SK10 4TJ. 


dimethylformamide or triethyltin sulphate (40 pmo- 
le/kg) in saline, and kept after dosing at an environ- 
mental temperature of 20°. 

Brain and spinal cord water content was deter- 
mined by drying to constant weight at 105°. The dried 
tissue was then extracted with 5°, trichloroacetic acid, 
and the sodium, potassium and chloride ions present 
in the extract determined. The sodium and potassium 
ions were measured by flame photometry using a Un- 
icam SP 90, whilst chloride was determined by poten- 
tiometric titration using an Eel chloride meter. The 
tissue chloride values were corrected for the chloride 
ions present in 5% trichloroacetic acid. 

For the determination of cerebral metabolites, the 
supratentorial portion of the brain was removed using 
the brain-blowing technique [14]. The frozen brains 
were rapidly homogenised in ice-cold | M HCIO4, the 
protein removed by centrifugation and the acid solu- 
ble fraction neutralised to pH 7 with KOH. The 
potassium perchlorate precipitate was filtered and the 
filtrate evaporated to dryness at 35°. The dried brain 
extract was dissolved in water and stored at —20 
prior to use. Blood glucose was measured in blood 
collected from the trunk after decapitation. Whole 
blood samples were deproteinised by adding ice-cold 
0.2M HC1O, and the precipitate removed by centri- 
fugation. The supernatant was neutralised to pH 7 
with KOH, the potassium perchlorate precipitate was 
removed and the glucose in the supernatant was 
determined. 

The concentration of cerebral ATP and creatine 
phosphate was measured by the method of Lowry, 
Passonneau, Hasselberger and Schulz[15]; malate 
and 2-oxoglutarate by the method of Goldberg. Pas- 
sonneau and Lowry [16]; glutamate and aspartate by 
the method of Graham and Aprison [17] and gluta- 
mine by the method of Nahorski [18]. Ammonia was 
assayed as described by Folbergrova, Passonneau, 
Lowry and Schulz[19]. Glycogen was extracted, 
degraded enzymatically and assayed as glucose by 
essentially the method of Nahorski and Rodgers [20]. 
Citrate was determined by a fluorimetric modification 
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A comparison of the glucose and electrolyte content in the additional fluid in rat brain and spinal cord 


after a single dose of hexachlorophane or triethyltin with that present in either cerebrospinal fluid or plasma 





Concentration found 
in additional water 
(m-mole/]) 


Tissue 


Treatment component 


Concentration present in: 
CSF plasma 
(m-mole/] H,O) (m-mole/] H,O) 





Hexachlorophane Brain Na’ 192 
(78.5 umole/kg i.p. Cl 
24 hr before test) glucose 

Spinal Na’ 

cord 

Cl 

Triethyltin 
(40 pmole/kg i.p. 
24 hr before test) 


Brain glucose 


150 
109 
10.55 
150 


109 


9.35 





The concentration of glucose or electrolytes found in the tissues was calculated by substituting the results from 


Fig. 2 and Table 2 into the following equation: 


Giucose or electrolyte found in additional tissue water (m-mole/l) = 
Glucose or electrolyte tissue content (Experimental — Control) m-mole/kg dry wt 


Tissue water content (Experimental — Control) I/kg dry wt 
The concentration of glucose and electrolytes in plasma and cerebrospinal fluid was calculated using the following 


data. Plasma Na”~* and Cl 


levels were taken as 142 and 106 meq/I plasma [31] and plasma glucose from the values in 


Table 3. knowing that 80 per cent of glucose in whole blood is in the plasma [32]. Plasma water was taken at 


946 g.| plasma [33]. Cerebrospinal fluid Na” and Cl 
fluid glucose as about 67 per cent of that in plasma [34]. 


of the enzymatic method of Moellering and 
Gruber [21]. Lactate was measured spectrophotome- 
trically as described by Bergmeyer [22]. b-Glucose 
was determined in blood and brain extracts using 
hexokinase and ‘glucose-6-phosphate dehydrogen- 


ase [22]. 


RESULTS AND DISCUSSION 


Following a single i.p. injection of hexachlorophane 
the water content of the brain increases continuously 
from 3 hr after administration (Fig. 1). At 24 hr, an 
increase in brain and spinal cord sodium, chloride 
and-water content is found (Fig. 2) with no change 


\/kg dry wt 


Brain water, 














12 
Time after hexachlorophane, hr 


Fig. |. The increase in brain water after the ip. injection 

of hexachlorophane (78.5 upmole/kg body wt). The results 

for the treated animals are given as the mean (circles) and 

range (bars). The hatched area is the range of the controls. 
The number ot animals is in brackets. 
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Fig. 2. The increase in brain and spina! cord water and 
electrolytes 24 hr after a single ip. injection of hexachloro- 
phane (78.5 pmole/kg) and brain water 24 hr after triethyl- 
tin (40 zmole/kg). The plain area is the control and the 
hatched areas §§ are hexachlorophane and & triethyltin. 
The column height represents the mean and the bars the 
S.E.M. The number of animals is shown in brackets. Signi- 
ficance of difference from -appropriate control values 
*P < 0.05, **P < 0.001. 





Increase in cerebral fluid in rats 


Table 2. The effect of hexachlorophane (78.5 ymole/kg) and triethyltin (40 pmole/kg) on 
the concentration of some cerebral metabolites 





Metabolite 
(umole/g frozen 


brain) Control 


Hexachlorophane Triethyltin 





1.47 + 0.10 (6) 
1.51 + 0.05 (11) 
1.38 + 0.16 (13) 
2.25 + 0.08 (6) 
3.83 + O11 (6) 
0.34 + 0.01 (6) 
0.18 + 0.02 (6) 
0.21 + 0.01 (6) 
3.44 + 0.25 (6) 
10.00 + 0.21 (6) 
4.40 + 0.37 (6) 
0.65 + 0.03 (4) 


Glycogen 
Glucose 
Lactate 

ATP 
Phosphocreatine 
Citrate 
2-oxoglutarate 
Malate 
Aspartate 
Glutamate 
Glutamine 
NH; 


1.71 + 0.13 (4) 
1.91+ + 0.08 (11) 
1.61 + 0.16 (8) 
2.34 + 0.09 (4) 
4.00 + 0.11 (4) 
0.34 + 0.01 (4) 
0.134 + 0.01 (4) 
0.17+ + 0.01 (4) 
3.12 + 0.21 (4) 
9.35 + 0.24 (14) 
4.81 + 0.26 (4) 
0.60 + 0.04 (4) 


1.85* + 0.07 (7) 
1.64 + 0.30 (6) 


TAST + 0.37 





Rats were killed 24 hr after a single i.p. injection of hexachlorophane or triethyltin, as 
described in the methods section. Hexachlorophane results were multiplied by a factor of 
1.069 and the triethyltin data by 1.067 to correct for the increased brain water. Results 
are expressed as Mean + S.E.M. with the number of determinations in brackets. Test of 
significance between treated and controls *P <0.01, +P <0.001. 


in the potassium content. The exact composition of 
the extra fluid is not known, but it is possible to 
calculate the amount of additional fluid present in 
the oedematous brain and spinal cord and the quanti- 
ties of sodium and chloride present in it (Table 1); 
these values were compared with those expected if 
the additional fluid were derived from the plasma or 
cerebrospinal fluid (Table 1). These calculations indi- 
cate that the extra sodium and chloride present in 
the additional tissue water may be derived from either 
the plasma or cerebrospinal fluid. 

The concentration of cerebral glucose is signifi- 
cantly increased 24 hr after hexachlorophane (Table 
2, see also[23]) and 24 hr after triethyltin administ- 
ration (Table 2). Both these compounds produce an 
increase in brain water (Fig. 2) and if the extra fluid 
is derived from the plasma or cerebrospinal fluid this 
may be the source of the extra glucose. Hyperglycae- 
mia is seen 24 hr after either hexachlorophane or 
triethyltin administration (Table 3) with no alteration 
in the haematocrit values (Table 3). Calculations 
(Table 1) show that the concentration of glucose in 
the additional water more closely resembles that cal- 
culated to be present in the cerebrospinal fluid than 
in plasma, but a conclusive decision as to whether 
the additional fluid is derived from the cerebrospinal 
fluid or plasma cannot yet be made. The increase in 
brain glucose seen after hexachlorophane or triethyl- 


tin administration is small and no increase in the 
ratio of brain/blood glucose is seen (Table 3). This 
is unlike the action of some drugs or anaesthetics, 
e.g. ethanol [24] and phenobarbitone [16,25] where 
a very large increase in brain glucose is seen with 
a corresponding increase in the brain/blood glucose 
ratio. 

A significant decrease in batch 2-oxoglutarate and 
malate was found after hexachlorophane (Table 2) 
which suggested that the redox state of the brain may 
have changed. However, both glutamate and aspar- 
tate were slightly depressed and calculations of the 
mitochondrial [NAD* ]/[NADH] ratio from the glu- 
tamate dehydrogenase reaction as described by Wil- 
liamson, Lund and Krebs[26] showed no change in 
the redox state. This finding agrees with that of Harris 
et al.,[23], who could detect no changes in redox 
or phosphorylation states in the brain 24 hr after a 
single oral dose of hexachlorophane. That cerebral 
glutamate is lowered after triethyltin (Table 2) has 
been known for some time [27] and it has also been 
shown that cerebral alanine and y-aminobutyric acid 
are lowered by triethyltin. 

Hexachlorophane is known to uncouple oxidative 
phosphorylation of isolated rat liver and brain mito- 
chondria [28-30]. In this study changes indicative of 
uncoupling, i.e. lowering of cerebral ATP and phos- 
phocreatine. or alteration of the redox state were 


Table 3. Blood glucose concentration, haematocrit values and brain/blood glucose ratios for rats treated with hexachloro- 
phane (78.5 ymole/kg) or triethyltin (40 umole/kg) 





Control 


Hexachlorophane Triethyltin 





Blood glucose 
(umole/ml whole blood) 
Haematocrit 

(°% red blood cells) 


Brain/blood glucose 0.30 + 0.01 


5.04 + 0.14 (8) 


42.3 + 0.5 (8) 


7.00* + 0.44 (9) 6.33* + 0.24 


43.9 + 1.0 (9) 42.6 + 0.7 


0.27 + 0.02 0.29 + 0.02 





Blood glucose and haematocrit values were measured in blood collected from severed neck vessels following decapi- 


tation of rats, 24 hr after a single ip. dose. Brain/blood glucose ratios were calculated using the mean brain glucose 
values in Table 2, and the mean blood glucose values in this Table. The results are expressed as mean + S.E.M. 
with the number of observations in parentheses. Significant difference between treated and control group *P <0.001. 
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not seen 24hr after hexachlorophane administration. 
Caldwell et al. has shown that the uncoupling action 
of hexachlorophane is an early response to poison- 
ing [29]. 
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Abstract 


The interaction of four sulfonamides with bovine and human serum albumin (BSA and 


HSA) was investigated by means of circular dichroism and u.v. absorbance measurements. In the 
case of all sulfonamides, extrinsic Cotton effects could be’ found for the interaction with BSA and 
HSA. The anisotropy factors of the electronic transitions in the p-amino benzenesulfonic acid and 
in the heterocyclic moieties of the drugs do not differ, therefore it is concluded that both parts of 
the sulfonamide molecules, the p-amino benzenesulfonic acid part and the heterocyclic ring are bound 
to the albumin surface. The circular dichroism measurements especially reveal some differences of 
the interaction of the sulfonamides with both albumins. 


The binding of the sulfonamides to serum albumins, 
an important factor of the pharmacokinetic of these 
drugs, has been extensively studied by several workers 
[1-10], especially regarding the extent of binding, the 
stoichiometry, and the influence of the chemical struc- 
ture on the binding. But only little information is 
available on the mechanism of the binding and on 
the nature of the sulfonamide—albumin complex [11]. 

Some workers have shown a correlation between 
the partition coefficients of the sulfonamides and the 
extent of the binding [8,9] and concluded that the 
binding is mainly hydrophobic [5, 8,9]. These obser- 
vations do not sufficiently agree with the conclusions 
of Jardetzky and Wade-Jardetzky [11], who have 
suggested by NMR measurements with BSA that the 
p-amino benzenesulfonic acid moiety is the the main, 
probably the sole binding group of the sulfonamide 
molecule. All observed changes of the hydrophobic 
nature of the sulfonamides must be mainly due to 
the different heterocyclic moieties of the drugs, since 
the p-amino benzenesulfonic acid part remains un- 
changed. It seems very unlikely that changes of the 
hydrophobic nature of that part of the molecule. 
which should not take part in the binding mech- 
anisms, has such strong effects on the extent of the 
binding. These considerations are supported by 
studies with benzodiazepines, indicating that the in- 
troduction of hydrophilic substituents in the benzo- 
diazepine molecule influences the binding only—if the 
substituents are introduced in the main binding 
moiety of the benzodiazepine molecule [12]. 

We investigated, therefore, by circular dichroism 
measurements in which way the heterocyclic moieties 
participate in the binding mechanism. This method 
was shown to be very suitable for obtaining informa- 
tion on the binding moieties of ligand molecules 





* Reprint requests should be addressed to: Walter E. 
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D 65 Mainz, Obere Zahlbacher Str. 67, Germany. 


[12-14]. The method based on the fact that the bind- 
ing of optically inactive organic molecules to asym- 
metric macromolecules induces optical activity in the 
ligand molecule, so that in the regions of the absor- 
bance bands of the ligands, Cotton effects can be 
observed [15,16] which are called extrinsic Cotton 
effects [16]. 

A few studies are known on circular dichroism 
measurements of albumin bound — sulfonamides 
[17-20]. Whereas Chignell has pointed out that the 
binding of sulfonamides to HSA does not generate 
extrinsic Cotton effects [15], Perrin and co-workers 
could show that the binding of sulfaethidole to BSA 
produces a biphasic extrinsic Cotton effect [17], but 
this observation was used only to get information on 
the extent of the binding and displacing phenomena 
[17-19]. Furthermore, Wood and Stewart have 
briefly reported that several sulfonamides show 
extrinsic Cotton effects when bound to BSA [20]. But 
in no case were conclusions regarding the mode of 
interaction of sulfonamides with albumins drawn 
from these experiments. 


MATERIALS AND METHODS 


Materials. Human and bovine serum albumin 
(HSA and BSA) were obtained from Behringwerke, 
Marburg (trocken, reinst: electrophoretic purity 
100°). The sulfonamides were obtained from the 
manufactures: sulfadimethoxine (Madribon®), SDM, 
from Hoffmann-La Roche, Grenzach; sulfamethoxy- 
diazine (Durenat®), SMD, from Bayer, Leverkusen; 
sulfamethoxypryridazine (Lederkyn®), SMPD, from 
Lederle-Cyanamid, Miinchen; and sulfamethoxypyra- 
zine (Longum®), SMP, from Farmitalia, Freiburg. 
The chemical formulas of the sulfonamides are 
shown in Table |. All other chemicals were of reagent 
grade. All solutions were prepared with deionized 
water. 
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Table 1. Physico-chemical data of the sulfonamides 





)—SO2—NH—R 


Buffer 90°,, Ethanol 


ex 10° 





Sulfadimethoxine 
(SDM) 


Sulfamethoxydiazine 
(SMD} 


Sulfamethoxypyridazine 
(SMPD) 


Sulfamethoxypyrazine 
(SMP) 


5.90* 
6.107 


2.46 
2.41 
0.29 


6.65* 
7.00+ 


“181 
1.89 
0.26 


6.70* 
7.207 


2.08 
6.70* 


6.107 0.84 





The chemical formulas, the partition coefficients between isobutanol and buffer P, the pK,-values, and the molar 


extinction coefficients of the sulfonamides at the wavelength of the u.v. maxima / 


ethanol. 
* Taken from reference [8]; 
+ Taken from reference [27]. 


Circular dichroism measurements. CD measurements 
were made at 27 with a Cary 61 CD spectropolari- 
meter calibrated with d-10-camphorsulfonic acid. All 
spectra were recorded in cylindrical cells with 10-mm 
path length, using a full-scale deflection of 0.02° or 
0.05° @ and a spectral bandwidth of 2 nm. Results 
are expressed as molar ellipticities. [0] (deg x 
cm * x dmole~'), calculated with reference to the 
BSA or HSA concentration, using a molecular weight 
of 69,000 for both albumins. Molar ellipticities of 
the sulfonamides bound to BSA or HSA represent 
difference values, using the molar ellipticities of the 
albumins at the same wavelengths as blank. The solu- 
tions for the CD measurements were prepared as de- 
scribed elsewhere [12]. The final BSA or HSA con- 
centrations were 13.1 uM (0.09°,). The sulfonamide 
concentrations were varied. All solutions were made 
with M 15 phosphate buffer and adjusted to the 
desired pH with 1M HCl or 1M NaOH. Each 
CD spectrum reported is the average of three indivi- 
dual observations 

The anisotropy factors (g-values) [14] were calcu- 
lated following the equation [14] 


[0], 
I~ 33006€, 


were [(], = the molar ellipticity of the sulfonamides 
(S50 uM) in the presence of BSA or HSA 13.1 uM 
at the wavelength of the CD maximum, calculated 
with reference to the concentration of the bound sul- 
fonamides, and €, = the molar extinction coefficient 
of the sulfonamides (10 4M) in presence of BSA or 
HSA (13.1 uM) at the wavelength of the CD maxi- 
mum. 


in buffer pH 7.40 and in 90°, 


*ma 


Ultraviolet measurements. Ultraviolet measurements 
were made with a Gilford spectrophotometer, model 
2400. Molar extinction coefficients of the sulfona- 
mides were determined using a sulfonamide concen- 
tration of 10 4M dissolved in M 15 phosphate buffer 
pH 7.40, 90°, ethanol or BSA or HSA 13.1 “M in 
buffer, pH 7.40, using an albumin solution without 
sulfonamide as blank. 

Albumin binding measurements. The binding of the 
sulfonamides to BSA or HSA (13.1 4M) was deter- 
mined using the ultracentrifugation method of Schol- 
tan [21]. Pollyallomer tubes were used instead of 
cellulose nitrate tubes. The sulfonamide concentration 
in the supernatant was determined by the method of 
Bratton and Marshall [22]. 


RESULTS 


Circular dichroism measurements. The binding of all 
four sulfonamides investigated to BSA and HSA gen- 
erates extrinsic Cotton effects (Figs. 1, 2 and 3, and 
Table 2). These induced Cotton effects superpose the 
intrinsic circular dichroism spectra of the albumins 
(Fig. 1). By subtracting the ellipticities of the albumins 
alone at each wavelength, difference spectra were 
obtained (Figs. 2 and 3). In most cases the induced 
Cotton effects of the sulfonamides in the presence of 
both albumins have three ellipticity bands (Figs. 2 
and 3). All four drugs have, in presence of both albu- 
mins, a positive extrinsic CD band near 250 nm, 
which maximum can not be determined for some sub- 
stances because of the high ellipticity values of the 
albumins alone at wavelengths shorter than 250 nm 
(Fig. 1). Except SMD and SMP when bound to BSA, 
the drugs investigated have a negative CD band near 
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Fig. 1. CD spectra of BSA and HSA (0.09°,) alone and of SDM (50 4M) in presence of BSA or 


HSA (0.09°,) at pH 7.40. Ordinate: molar ellipticity calculated with respect to the albumin concen- 
tration. Abscissa: wavelength in nm. 























Wavelength, nm 


Fig. 2. Extrinsic Cotton effects of the sulfonamides (50 1M) in the presence of HSA (0.09°,) at pH 

7.40. At each point of the curves the effects of HSA alone are subtracted. Each point represents 

the mean of three determinations. Ordinate: molar ellipticity calculated with respect to the HSA concen- 
tration. Abscissa: wavelength in nm. 























Wavelength,nm 


Fig. 3. Extrinsic Cotton effects of the sulfonamides (50M) in the presence of BSA (0.09°,) at pH 
7.40. All other conditions are similar to the conditions of Fig. 2. 
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Table 2. Spectroscopic data of the albumin-sulfonamide complexes 





iD 


“max 


(nm) 


Substance 


Albumin 


[0] x.10°4 


X + S,(n) 


yg x 107 





SDM 
—11.21 
SMD 


+ 0.20 (9) 


+0.51.+ 0.14 (6) 


—(.21 + 


SMPD 


0.08 (6) 


—6.36 + 0.14 (9) 
+1.17 + 0.20 (9) 


+ 0.65 
~0.37 + 
+ 19.83. 
~ 13,93 
+ 5.80 
—3.16+ 
—1.12+ 
+ 4.53 
~2.56 4 


~ 1.89 


SDM 


SMD 


SMPD 


SMP 
— 1.25 
+0.93 


315 


(6) 
(6) 
(9) 
(9) 
7 (9) 
(9) 
(9) 
(9) 
8 (9) 
(9) 


0.10 (6) 
0.05 (6) 





The molar ellipticities of the sulfonamides bound [0] at the wavelengths of the CD maxima /,,,,CD. calculated 
with reference to the albumin concentration, the corresponding anisotropy factors g, and the molar extinction coefficients 
€ at the wavelengths of the u.v. maxima /,,,,u.v. of the sulfonamides bound to BSA or HSA. 


: 


270 nm, when bound to both albumins (Figs 2 and 
3, and Table 2). SMD and SMP bound to BSA have 
a positive band at this wavelength (Fig. 3, and Table 
2). In contrast, the signs of the induced CD bands 
of the sulfonamides bound to BSA and HSA near 
310 nm differ (Figs. 2 and 3 and Table 2). This band 
is absent in the case of the interaction of SDM with 
both albumins (Figs 2 and 3). The intensities of the 
induced Cotton effects of the sulfonamides in presence 
of BSA and HSA differ greatly, as shown by the molar 
ellipticities in Table 2. Similar differences were found 
for the anisotropy factors (g-values), which give an 
information on the degree of the optical perturbation 
of the electronic transitions of the drugs [14]. The 
g-values {Table 2) are corrected for the amount of 
drug bound and for binding-induced changes of the 
u.v. absorbance of the sulfonamides. 

Ultraviolet absorbance measurements. The binding 
of the sulfonamides to both albumins has only a small 
influence on the u.v. absorbance of the drugs. This 
can be seen by comparing the wavelengths of the u.v. 
maxima and the molar extinction coefficients of the 
drugs in buffer (Table 1) and when bound to BSA 
or HSA (Table 2). In most cases, the binding to BSA 
or HSA produces a small red-shift of the absorbance 
_ Maxima, accompanied by a small increase of the 
extinction coefficients. Higher effects on the u.v. 
absorbance can be found by changing the solvent 
from buffer to 90°, ethanol (Table 2). Whereas the 
u.v. absorbance of SDM and SMP is influenced in 
a smaller degree, the absorbance of SDM and SMPD 
is highly changed, as regards the wavelength positions 
of the maxima and the extinction coefficients. 

Albumin binding measurements. Using concentration 
conditions similar to the CD measurements, the bind- 


ing of the sulfonamides to both albumins was deter- 
mined by ultracentrifugation. The percentages of free 
and bound drug (#- and f-values) and the quotient 
between x- and f-values are given in Table 3. 


DISCUSSION 


The quotient of the percentage of bound and free 
drug can be used to characterize the binding of drugs 
to albumins [23]. In the case of the four sulfonamides 
bound to BSA and HSA, the extent of the binding 
seems to depend on the lipophilic nature of the drugs 
(Fig. 4, left). A similar relation was reported by Schol- 
tan [8]. All sulfonamides are higher bound to HSA 
than to BSA (Fig. 4. left). Note the large difference 
of the binding of SMD to BSA and HSA (Fig. 4, 
left). This difference was also found for the interaction 
of SMD with bovine and human serum [5]. It is con- 
cluded from our results that this different binding be- 
haviour must be due to specific differences of both 
serum albumins. 

All investigated sulfonamides show a positive CD 
band near 250 nm when bound to BSA (Fig. 3) and 
HSA (Fig. 2), but in the latter case the intensities 
are smaller. The wavelength position of this CD band 
corresponds with a maximum of the u.v. spectra of 
the drugs bound (Table 2). The wavelength position 
of this u.v. band is relatively similar in the case of 
all four sulfonamides investigated as well as the pos- 
ition and the signs of the corresponding CD bands. 
It is known that the wavelength position of the 'L, 
band of the three diazines is influenced to a greater 
extent by the position of the two nitrogen atoms [24] 
and in the case of the methoxy-substituted diazines 
is largely located at wavelengths higher than 250 nm 
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Table 3. The albumin binding of the sulfonamides 





Albumin Substance x B B/x 


X + s;(n = 6) 





l. 37.24 
I, 11.19 
2. 31.19 

9.32 


0.59 
0.13 
0.45 
0.10 


BSA 62.76 
88.81 
68.81 


90.68 


+ H+ H+ H+ 


1.12 
0.46 
0.75 
0.19 


47.16 
68.73 
57.24 
83.75 


52.84 
31.27 
42.76 
16.25 


He He He H+ 





% = the percentage of free drug; f = the percentage of 
bound drug, 

B/a = the ratio of the percentages of bound and free 
drug. 


[24]. We suggest, therefore, that this u.v. band and 
the corresponding CD band are due to the 'L, transi- 
tions of the p-amino benzenesulfonic acid moieties of 
the molecules. This is supported by the findings that 
this band is located in sulfanilamide at 258 nm [25]. 
In the sulfanilamide anion, which is the present form 
of the investigated drugs at pH 7.40 [4, 27], this band 
is located at 251 nm [26]. 

The CD band near 270 nm (negative in nearly all 
cases) does not correspond to a u.v. maximum of the 
substance bound in the case SMPD and SMP (Table 
2). But, as regards the u.v. maxima of these substances 
in ethanol (Table 1), it can be seen that there are 
u.v. bands at this wavelength, which seem to be super- 
posed in aqueous solution by the high band at 250 
nm. The wavelength position of this u.v. band and 
of the corresponding CD band as well as the signs 
of these CD bands are different for the investigated 
sulfonamides. We think that this CD band is due to 
a perturbation of the 'L, transition of the different 
substituted diazine moieties of the sulfonamides, 
which is located in the case of the three diazines near 
270 nm [24] and is largely influenced by the position 
of the two nitrogen atoms as well as by the substi- 
tuents [24]. 

The CD band at the longest wavelength seems to 
be due to electronic transitions of the heterocyclic 
moieties of the sulfonamides bound. probably to the 





e/ * 
SMPD SMPD 


F) * 
/ SMO 

















Fig. 4. Left: The relationship between the partition coeffi- 

cient of the sulfonamides (ordinate) and the quotient 

between the percentage of bound and free drug (f/x) (abs- 

cissa). Right: The relationship between the anisotropy fac- 

tors of the CD band near 270 nm (ordinate) and the quo- 
tient f/x (abscissa). 
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n—7* transition of the diazines, which is located 
near 300 nm [24]. But at present, a contribution of 
the secondary benzene band of the p-amino benzene- 
sulfonic acid moieties can not be excluded. Because 
of the sufficient agreement of the wavelength positions 
of the CD bands and the u.v. maxima of the sulfona- 
mides investigated, we conclude with other authors 
[17, 19, 20] that the Cotton effects observed for the 
complexation of sulfonamides with albumins are 
extrinsic in the origin. 

Based on these considerations, it must be concluded 
for the binding of the four sulfonamides to HSA that 
(1). The sulfonamides form a rigid and well defined 
complex with HSA, which is a condition for the gen- 
eration of extrinsic Cotton effects [14,15] (2). These 
complexes of the four sulfonamides with HSA must 
be similar, which is obvious from the similar signs 
and wavelength positions of the CD bands near 250 
nm and 270 nm. (3) Both moieties of the sulfonamide 
molecule are rigidly fixed at the albumin surface, near 
or at an asymmetric locus of the albumin molecule, 
since it is known that the perturbation of electronic 
transitions decreases when the distance between the 
asymmetric locus and the perturbed chromophore in- 
creases [14,28] and because the anisotropy factors 
of both CD bands, due to the p-amino benzenesul- 
fonic acid moiety and to the heterocyclic moiety of 
the molecule. are of the same order of magnitude. 
A binding of the sulfonamide molecule only by the 
p-amino benzenesulfonic acid moiety would not 
hinder the heterocyclic ring from rotating freely, and 
therefore only perturbations of the electronic transi- 
tions of this part of the molecule lower than those 
observed (Table 2), would be expected [12, 14]. 

This is partially in contradiction to the conclusions 
of Jardetzky and Wade-Jardetzky [11], who have 
assummed that the p-amino benzenesulfonic acid 
moiety represents the main, or probably the sole. 
binding group of the sulfonamide molecule. It must 
be noted that Jardetzky and Wade-Jardetzky were 
working with BSA [11]. Our results with BSA reveal 
differences in the interaction of the suifonamides with 
both albumins, especially regarding the different signs 
of the heterocyclic band near 270 nm (Table 2). This 
indicates differences in the interaction of the diazine 
rings with BSA. But despite these differences, it must 
be concluded from the partially high anisotropy fac- 
tors of this band that the heterocyclic moiety is 
attached to the BSA molecule when the drugs are 
bound. The optical perturbation of the heterocyclic 
band near 270 nm depends only partially on similar 
factors as the extent of the binding (Fig. 4, right). 
In the case of HSA, the g-values of the four deriva- 
tives differ only slightly and, in the case of BSA, the 
signs of this band are positive for the weakly-bound 
derivatives SMP and SMD and are negative for the 
strongly-bound derivatives SMPD and SDM (Fig. 4, 
right). It seems, therefore, that there are in addition 
some other factors by which the heterocyclic moieties 
influence the type of the sulfonamide—albumin com- 
plex. 
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Abstract—Bovine superoxide dismutase (SOD: 0.5-2.0 mg/kg) administered intravenously to rats, com- 
pletely suppressed the prostaglandin phase swelling (2-4 hr) of carrageenan foot-oedema, but had no 
effect on the histamine and serotonin phase (}—14 hrs.). Heat-inactivated SOD, bovine serum albumin 
and catalase and high doses of the hydroxyl radical scavengers, sodium benzoate and pb-mannitol 
or the oxygen scavenger. 1|,3-diphenylisobenzofuran had no effect on the swelling. Mepylamine plus 
methysergide did not influence the inhibitory action of SOD. Carrageenan foot-oedema of agranulocyte 
rats, induced by methotrexate injections, was more susceptible than that of normal rats to SOD inhibi- 
tion. Even at | hr, about 70 per cent inhibition of swelling was observed suggesting the importance 
of macrophages in this inflammation model. Indomethacin and oxyphenbutazone were also examined 
for comparison with the effect of SOD. The role of superoxide anions in inflammation is discussed 
in connection with macrophage emigration, releases of lysosomal enzymes and prostaglandin biosyn- 


thesis. 


It has been reported [1,2,3] that granulocytes pro- 
duce superoxide anions (‘O; ) to destroy invasive bac- 
teria. Gemsa et al. [4] reported endotoxin-stimulated 
heme oxygenase activity in rat macrophages. The pro- 
duction of superoxide anions in macrophages col- 
lected from intraperitoneal exudates of paraffin oil- 
injected guinea pigs has also been demonstrated [5]. 
McCord [6] protected bovine synovial fluid degrada- 
tion by superoxide dismutase (SOD: E.C. 1.15.1.1.) 
or by catalase and Repine et al. [7] observed an aug- 
mentation of oxygen consumption, hexose monophos- 
phate shunt activity and reduction of nitroblue tetra- 
zolium in human neutrophils by addition of phorbol 
myristate which is an effective component of croten 
oil, a typical inflammation-inducing agent. These bio- 


chemical changes suggest the enhanced production of 


superoxide anions. 

On the other hand, the role of prostaglandins (PGs) 
in inflammation is well discussed and the inhibition 
of prostaglandin synthetase has been proposed as a 
good in vitro screening method for non-steroidal anti- 
inflammatory drug. PGs production from incubated 
polymorphonuclear (PMN) leucocytes is reported by 
Glatt et al. [8] and the level of prostaglandin E in 
carrageenan (= carrageenin) granuloma is reported to 
parallel the development of inflammation [9]. Willis 
et al.[10} detected PGs in carrageenan foot-oedema. 

The oxidation of arachidonic acid to PGs requires 
superoxide anions[11]. Panganamala er al. [12.13] 
reported that the active radical in PGs syntheses is 
not superoxide but a hydroxyl-like radical derived 
from superoxide anions. Toxic free radicals produced 
from superoxide anion, are hydroxyl radical (-OH), 
singlet oxygen ('O,) and malondialdehyde [3, 14, 15]. 
The H,O,-myeloperoxidase-halide system is also in- 
volved in the production of these radicals. 

Our investigations have focused therefore on the 
role of superoxide anions in carrageenan-induced 


foot-oedema. Direct administration of SOD into the 
inflamed foot failed to have any anti-inflammatory 
effect, because SOD, like many anti-inflammatory 
agents, also possesses irritant properties. Carrageenan 
is known by electromicroscopic observation to be 
engulfed into macrophages [16]. Di Rosa er al. 
[17,18] insisted on the importance of macrophages 
in carrageenan foot-oedema, but Blackham et al. [19] 
claimed that leucocyte emigration is essential to car- 
rageenan oedema. Vinegar et al. [20] distinguished 
two phases in the swelling of carrageenan foot- 
oedema. The first phase (1/2-1 1/2 hr) is maintained 
by the release of histamine and serotonin and the 
second phase (2-6 hr) by prostaglandins. The Kinins 
phase (1 1/2-2 1/2) is minor and overlaps the two 
other phases. 

This report concerns the effects of SOD, radical 
scavengers and anti-inflammatory drugs on rat carra- 
geenan foot-oedema. 


MATERIALS AND METHODS 


Animals. Male Sprague-Dawley rats, SLC-strain 
(190-220 g), were obtained from Sizuoka Agr. Coop. 
Assoc. for Lab. Animal. 

Assay. Carrageenan (0.1 ml in saline), 1.5% (except 
Fig. 1), was injected into the plantar surface of the 
hind paw. The control group received saline only. The 
thickness of the foot was measured in mm with a 
capiller compass always by the same person and 
represented the degree of swelling. The foot was cut 
off for weighing 4hr after carrageenan injection. 
Drugs (0.5 ml) were injected intravenouly (i.v.) in gen- 
eral. The group given one injection always received 
the drug 30 min before carrageenan, the group given 
two injections received the drug 30 min before and 
2 hr after carrageenan and the three-dose group was 
also injected at 3 hr. 
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Chemicals. Bovine superoxide dismutase (lyophi- 
lized powder) was purchased from Sigma Chem. Co.. 
Catalase I (50,000 U/mg, beef liver, crystal suspension 


in thymol saturated water) was the product of Boehr-. 


inger Co. Sigma bovine blood catalase (3,000 U/mg, 
lyophilized powder) was used for comparison. SOD 
was inactivated by boiling the enzyme solution 
(800 xg/ml) at pH 7.0 and 100° for 20 min. Mepyla- 
mine (Pylilamine) hydrochloride (K & K Lab.), meth- 
ysergide bimaleate (Sandoz Co.) and methotrexate 
(Lederle Co.) were used as_ saline solutions. 
|.3-Diphenylisobenzofuran (= 2,5-diphenyl-3,4-benzo- 
furan, Aldrich Chem. Co.) were injected as a hom- 
ogenous suspension in 3°, N,N’-dimethylformamide 
(DMF) at pH 7.0. All other chemicals were analytical 
grade preparations obtained from the usual commer- 
cial sources. 

Calculations. The percentage inhibition of swelling 
or of foot weight. was calculated by the following 
formula: 


Inhibition (°,.) = 


Value of drug Value of drug 


} 


| carrageenan rat saline rat 


100 


Value of control Value of control 


| carrageenan rat / | saline rat 


When DMF was used as solvent, control values were 
obtained with a DMF-injected group. 
RESULTS 


Carrageenan concentration. To test the irritant 
capacity of the carrageenan, four different concen- 


trations were examined (Fig. 1). A concentration of 


1.5°,, was chosen for the experiment, because high 


L Carrageenan 








O 
t Time, hr 
C 


Fig. |. Foot swelling induced by different concentrations 

of carrageenan (0.1 ml) at arrow C. 3.0°, (A): 1.5% (O): 

1.0°,, (@) and 0.75°,, (A). Vertical lines represent the stan- 
dard errors (S.E.M.) of the mean of 6-10 experiments. 
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SOD — Dose 











Time, 


Fig. 2. Effect of two injections of superoxide dismutase 

(SOD) at DI and D2 on carrageenan (1.5% solution at 

C) induced foot-swelling. Saline injected control (@); SOD 

0.5 mg/kg (MI); | mg/kg (A); 2 mg/kg (OC); heat-inactivated 

SOD | mg/kg (A) and saline without carrageenan (0). Ver- 

tical lines represent S.E.M. of the mean of at least 4 exper- 
iments (exact number is in Tables 1-3). 


concentrations possibly demand a higher drug dose 
than is really required and at concentrations of 1.0 
or 0.75%, the swelling began to decrease at 4 hr. Con- 
trol values with 1.5°, carrageenan solution were esti- 
mated in each experiment. 

Inhibition by superoxide dismutase. A linear dose 
inhibition relationship at 4hr was obtained between 
0.5 and 2.0mg/kg SOD with two administrations 
(Fig. 2). Swelling of the first phase (1/2-1 1/2 hr) which 
is sustained by histamine and serotonin was not in- 
fluenced by SOD and this enzyme was found to in- 
hibit only the prostaglandin phase (2-4 hr). Heat-inac- 
tivated SOD, like bovine serum albumin, did not in- 
hibit significantly the foot swelling (Fig. 2, Table 1). 
The inhibitory effect of 2mg/kg SOD was reduced 
when the second injection was omitted and three in- 
jections suppressed completely the swelling of the 
prostaglandin phase (Fig. 3). SOD seemed to be inac- 
tivated in the blood stream or absorbed rapidly by 
tissues so that repeated administration was necessary 
for maximum inhibition of swelling. Intravenous 
administration of SOD had no effect on a normal 
foot. 

Inhibition by manganese ion. Manganese chloride is 
known as a superoxide radical scavenger [21]. The 
production of superoxide radicals by guinea pig mac- 
rophages was reduced 50 per cent by 4 x 10°°M 
manganese ions[5]. The effect of 20mg/kg man- 
ganase chloride was similar to that of 1 mg/kg SOD 
in reducing the swelling of the prostaglandin phase 
(Fig. 4). 

Effects of catalase and radical scavengers. Hydrogen 
peroxide produced by superoxide anions could in- 
fluence foot swelling, but high concentration of liver 
catalase had no effect (Fig. 5). Blood catalase caused 





Participation of superoxide anions 


Table 1. Suppression of carrageenan foot-oedema by superoxide dismutase at 4 hours 





Swelling Wt increased 





mg/kg Injection No. of 


Drug 1.V. time* exp. 


Mean +S.E.M. 


Inhibition Mean +S.E.M. Inhibition 


(%) (g) 





Control 
SOD 

SOD 

SOD 
Inactivated 
SOD 


te by tv bo 


te 


(0) 0.80 + 0.03 

8 0.63 + 0.02+ 

29 0.40 + 0.07+ 
0.37 + 0.024 


0.67 + 0.01+ 





Control 
SOD 

SOD 

SOD 

SOD 
Inactivated 
SOD 


0.93 
0.47 
0.27 
0.26 
0.18 


0.05 

0.07¢ 
0.05¢ 
0.02¢ 
0.014 


H+ H+ H+ H+ + 


0.83 + 0.05 


I+ 





Control 

SOD 

(Mp + Ms) only* 
(Mp + Ms) + SOD 
MTX only* 

MTX + SOD 


0.70 
0.10 
0.67 
0.34 
0.74 
0.20 


0.12 
0.04% 
0.07 
0.07% 
0.06 
0.04% 


Be He He bP Fe 





* For the time of injection and other conditions, see Materials and Methods. Mp (mepyramine-HCl. 10 mg/kg) and 
Ms (methysergide-bimaleate, 4 mg/kg) were mixed with SOD solution in every injection. MTX (methotrexate, 2.5 mg/kg 
day, i.p.) was given for 3 days. The last injection was | hr before carrageenan injection. 

+ Significantly different from the control at 0.001 < P < 0.05 by Students t-test. 


t Significantly different from controls (P < 0.001). 


$ One or three injections of saline solution had the same effect on swelling as the two injection group. 


some reduction of swelling after 2 hr. This difference 
may be due to the different sources of the catalase 
preparations as Halliwell et al. [22] demonstrated in 
in vitro assay. Blood catalase seems to contain SOD. 


8 
SOD 











+ 
DI D2 D3 
Time, hr 
Fig. 3. Effect of injection times of SOD (2 mg/kg). Two 
saline injections, control (@); one injection of SOD at D1 
(A); two injections of SOD at DI and D2 (0); three injec- 
tions of SOD at D1, D2 and D3 (A) and two injections 
of SOD at DI and D2 without carrageenan (O). Other 
indications as in Fig. | and Fig. 2. 


Hydroxyl radical (OH) generated from superoxide 
radical and hydroxygen peroxide, may be a directly 
acting sweiling factor. High doses of sodium benzoate 
and p-mannitol, both of which are typical hydroxyl 


- 


Manganese chloride 











D2 
Time, hr 


Fig. 4. Effect of manganese chloride. Two saline injections, 

control (@); two injections of MnCl, 10 mg/kg (A); two 

injections of 20 mg/kg (A); three injections of 20 mg/kg 

(CQ); and two injections of 20 mg/kg without carrageenan 
(©). Other indications as in Fig. | and Fig. 2. 
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Catalase 
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DI D2 


Time, hr 


Fig. 5. Effect of two injections of bovine liver catalase. 

Saline control (@); catalase 240,000 U/kg (A), 960,000 U/kg 

(A) and 960,000 U/kg without carrageenan (©). Other indi- 
cations as in Fig. | and Fig. 2 


radical scavengers, had no effect (Fig. 6). Singlet 
oxygen ('O,) is not a direct acting radical, because 
a singlet oxygen. scavenger, 1.3-diphenylisobenzo- 
furan [23] did not inhibit the oedema (Fig. 7). On 
the contrary. this agent enhanced the swelling of car- 
rageenan foot-oedema. The details of this mechanism 
remain a problem. 


*OH- Scavengers 








D2 


Time, hr 


Fig. 6. Effects of two injections of hydroxyl radical sca- 

vengers. Saline control (@); sodium benzoate 160 mg/kg 

with (A) and without (A) carrageenan; p-mannitol 

400 mg/kg with (0) and without (MH) carrageenan. Other 
indications as in Fig. | and Fig. 2 


| 
O3— Scavenger 








. 
: 


Time, hr 





Fig. 7. Effect of two injections of the singlet oxygen sca- 

venger, 1,3-diphenylisobenzofuran dissolved in 3°, DMF. 

5 mg/kg (A): 10 mg/kg (7): 20 mg/kg (A) and 10 mg/kg 

without carrageenan (QO); 3°,, DMF, control (@). Other in- 
dications as in Fig. | and Fig. 2. 


Effects of antagonists of histamine and serotonin. The 
first swelling phase (1/21 1/2 hr) was not influenced 
by the antagonists of histamine, mepyramine 
(10 mg/kg) and of serotonin, methysergide (4 mg/kg), 
but when they were mixed about fifty per cent inhibi- 
tion was observed at | hr (Fig. 8). Inhibition of swell- 
ing by this mixed solution was slight after 3 hr despite 


Mepylamine + Methysergide 











D2 
Time, hr 


Fig. 8. Effect of three injections of SOD (10 mg/kg) mixed 
with mepylamine- HCl (10 mg/kg) plus methysergide bima- 
leate (4 mg/kg). Saline control (@); mepylamine plus methy- 
sergide (A): SOD (CQ): SOD and mepylamine plus methy- 
sergide with (A) and without (O) carrageenan. Other indi- 


cations as in Fig. | and Fig. 2. 
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repeated administration at 2 hr and 3 hr (Fig. 8, Table 
2). Three injections of a mepyramine (10 mg/kg), 
methysergide (4 mg/kg) and SOD (1 mg/kg) mixture, 
reduced the swelling by about 50 per cent at 1 hr, 
but the suppression of the prostaglandin phase by 
SOD was gradually resumed. This phenomenon may 
be explained by recompense swelling owing to strong 
inhibitions of the first phase. The mepyramine plus 
methysergide group also showed accelerated swelling 
speed after | hr. The same tendency was observed 
when 10mg/kg indomethacin was administered 
before the carrageenan injection (Fig. 11). However, 
it is evident that SOD inhibits the prostaglandin 
phase under the influence of mepyramine plus methy- 
sergide ' 

The concentrations of mepyramine (10 mg/kg) plus 
methysergide (4 mg/kg) used induced temporary con- 
vulsions in the rat so that an increase in the concen- 
trations in order to inhibit completely the first phase 
was not possible. Treatment with compound 48/80 
to deplete histamine and with cellulose sulphate to 
deplete kinins, may be a way to abolish completely 
the first phase. Nevertheless, even with such treat- 
ment, the recompense swelling acceleration after | hr 
may still appear and may interfere with the analysis 
of the SOD effect. 

Effect of methotrexate treatment. Agranulocyte rats 
were produced by intraperitoneal injections of metho- 
trexate for three days[17]. More than 95 per cent 
of the cells found at the carrageenan injected site at 


Methotrexate 











Time, 


Fig. 9. Effect of three injections of SOD (1 mg/kg) on 

methotrexate treated rats. Saline injected normal control 

(@); methotrexate treated control (A): normal rat, SOD 

(C1), methotrexate treated, SOD with (A) and without (0) 

carrageenan. Other indications as in Fig. | and Fig. 2. 
See also the legend of Table 1. 


Table 2. Suppression of carrageenan foot-oedema by various agents at 4 hours 





Swelling Weight increased 





Injection 
time* exp. 


mg/kg 


Drug 


No. of Mean +S.E.M. 


Inhibition Mean +S.E.M. Inhibition 


(mm) (%) (g) 





Control 
MnCl, 


Wwhyhd bv 


1,3-diphenyl- 
isobenzofuran 


MM bh 


—NNw 
om UN Ww 
He HH 
© © © © 


0.98 + 0.11 
0.68 + 0.037 
0.72 + 0.05t 
0.58 + 


1.02 
1.08 
0.95 + 


We Le Le 
aS 
H+ H+ H+ 





Control 
Sodium 
benzoate 
pb-Mannitol 


ty hy h& be bo 


Bovine Serum 
Albumin 


to 


0.69 + 
0.60 + 
O52'+ 
0.67 
0.78 


WNNN w 
—-cononN 
be i ee BE 


3.0 + 0.1 O57 + 





Control 
Boehringer 
liver 
catalase 240,000 U/kg 
960,000 U/kg 


30+ 01 0.72 + 


0.75 
0.67 


3.1 + 0.2 





Control 
Mp* 10 
Ms* 4 


0.70 
0.86 
0.62 





*See Materials and Methods. 
Mp: mephylamine-HCl, Ms: methysergide-bimaleate 
+t As in Table 1. 
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Table 3. Suppression of carrageenan foot-oedema by anti-inflammatory drugs at 4 hours 





Swelling Weight increased 





Injection No. of Mean +S.E.M. Inhibition Mean +S.E.M. Inhibition 
Drug mg/kg time* exp. (mm) (%) (g) (%) 





0.1 (O) J98 
0.2 3 ’ 0.97 
0.1 ) 0.79 


0.11 (O) 
0.14 l 
0.05+ 19 


Control 
3°, DMF (:.v.) 
10°, DMF ({2v.) 
Indomethacin 
in 3°, DMEF 10 
(1.V.) 20 
10 
; 10 
(1.p.) 10 


20 


I+ I+ I+ 
I+ I+ I+ 


0.147 
0.107 
0.11 
0.047 
0.13 
0.067 


0.1% f 0.72 
0.15 0.67 
0.2¢ 2 0.78 
0.2% 4 0.77 
0.1¢ : 0.80 
0.3¢ 0.72 


Nh w— wt 
I+ I+ I+ I+ I+ [4 
+ + > FE > 


Oxyphen- 
butazone in 10 
3°) DMF ({i.v.) 20 


0.2$ E 0.76 
0.3f 0.65 


0.077 
0.057 


H+ H+ 


I+ I+ 





See Materials and Methods. 
* As in Table | 


4hr and 6hr were macrophages. In the normal rat — eration by macrophages was significantly inhibited by 
only about 30 per cent of the cells were macrophages, these drugs [5]. It is tempting to attach importance 
the rest being PMN leucocytes. The swelling of carra- to the role of macrophages in carrageenan foot- 
geenan oedema \n agranulocyte rats was not very dif- | oedema from the results of Fig. 9 and of in vitro mac- 
ferent from that in normal rats (Fig. 9), yet the re- rophage experiments. 
sponse to SOD was different. Already at 1 hr, SOD Effects of anti-inflammatory drugs. The effects of in- 
inhibited the swelling by about 70 per cent in agranu- domethacin and oxyphenbutazone were compared 
locyte rats. As there is little leucocyte in agranulocyte with those of SOD. Three percent DMF used as sol- 
rat, the swelling at | hr is probably sustained mainly vent, had no effect on the swelling but 10°, DMF 
by the prostaglandin phase instead of histamine or was slightly inhibitory (Fig. 10, Table 3). Two injec- 
serotonin. Strong inhibition by SOD continued for — tions of indomethacin (10 mg/kg and 20 mg/kg) pro- 
4hr suggesting that macrophages are more sensitive duced about 40 per cent inhibition throughout the 
to SOD than leucocytes. observation period (Fig. 10). Three injections of indo- 
Mason er al.[24] found that the arachidonate in methacin (10 mg/kg) resulted in a little stronger inhi- 


20 


PMN leucocytes is only 3°, of the total fatty acids, bition at 4hr, and almost no inhibition was observed 


oO 


but in macrophages it constitutes about 20 per cent. | Malondialdehyde which is also a toxic free radical 
- 8 
Indomethacin — Dose I Indomethacin 

a 


a 5 
i 
Ve : i es 














1 ro 
; . 4 








DI D2 DI D2 D3 


Time, hr Time, hr 
Fig. 10. Effect of two injections of indomethacin dissolved _ Fig. 11. Effect of indomethacin (10 mg/kg). 3°, DMF twice 
in 3°, DMF. Saline control (4); 3°, DMF control (@): injected control (@); one injection of indomethacin (A); 
indomethacin 10 mg/kg (A). 20 mg/kg (C4) and 3°, DMF _ two injections (A); three injections (4) and two injections 
without carrageenan (O). Other indications as in Fig. | without carrageenan (©). Other indications as in Fig. | 
and Fig. 2. and Fig. 2. 
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Oxyphenbutazone 











| 
C 


Fig. 12. Effect of two injections of oxyphenbutazone dis- 
solved in 3°, DMF. 3°,, DMF control (@): oxyphenbuta- 
zone 10 mg/kg (A), 20 mg/kg with (A) and without (0) car- 


rageenan. Other indications as in Fig. | and Fig. 2. 


Time, 


produced from superoxide anion, was detected only 
in macrophages. We have not yet examined the effects 
of anti-inflammatory drugs on the generation of 
superoxide anions in isolated leucocytes, but the gen- 
after 3hr in the group given one injection (Fig. 11). 
The inhibition of carrageenan foot-oedema by oxy- 
phenbutazone is shown in Fig. 12. 


DISCUSSION 


It is difficult to demonstrate directly the increase 
in superoxide anions in an inflamed region, because 
this radical is extremely active and reacts with tissues 
or with foreign substances. Histochemical detection 
may be possible if a suitable reactant can be found 
to combine selectively with superoxide anions. The 
use of SOD, nevertheless, demonstrates the involve- 
ment of superoxide anions in carrageenan foot- 
oedema; only the prostaglandin phase was inhibited 
suggesting the inhibition of prostaglandin biosyn- 
thesis. Other models of experimental inflammation 
such as ultra-violet erythema, adjuvant arthritis or 
metal mercury oedema [25], are future projects. Mor- 
ley et al.{26] proposed a hypothesis that macro- 
phages producing PGs regulate the release of lym- 
phokines from lymphocytes. If this 
mechanism exists, the participation of superoxide 
anions 1s also possible in an immunologically induced 
inflammation. The reactive site of SOD is not clear 
from our results, but it is probably on macrophages 
either in the blood stream or at the inflamed site. 
Superoxide production by isolated macrophages is in- 
hibited by many non-steroidal anti-inflammatory 
drugs [5]. 

Davies et al.[27] reported the action of carra- 
geenan on the compliment system ten years ago and 
Giroud et al. [28] showed that inflammatory irritants 
stimulate the complement system resulting in hista- 


kind of 


1471 


mine release and fatty acid production serving to 
form PGs through lecithinase activation. The supply 
of PGs substrates is naturally important, but they are 
no more essential rate-limiting factors than superox- 
ide anions in the formation of PGs. Malmsten et 
al. [29] demonstrated that the endoperoxide PGG, 
was more important than prostaglandins E, or F;, 
in the aggregation of human platelets. Arachidonate 
is transformed via two main pathways: (1) by lipoxy- 
genase to hydroxyeicosatetraenoic acid (HETE) (2) by 
a cyclo-oxygenase into endoperoxide PGG;. Prostag- 
landins E, and F,, are produced from PGG, and 
very small amounts of arachidonate resulted to form 
prostaglandin E, and F,,. Indomethacin and aspirin 
inhibit endoperoxide synthesis and not the conversion 
of PGG, to PGE, and PGF, ,,. 

PGs act as a chemotactic factors as well as increas- 
ing vascular permeability [30]. The other lipid oxides 
can induce chemotaxis of PMN leucocyte [31]. Con- 
sidering the available information, an inflammatory 
reaction cycle is proposed, designed partially accord- 
ing to Root er al. [36] (Fig. 13). The mechanism of 
superoxide production in leucocytes or in macro- 
phages is not clear, but the initiation of the produc- 
tion does not always require phagocytosis of bacteria 


Z 


Complement 


Irritant etc 





\ Lipid 
peroxides 


a 


Vascular 
permeability 


Chemotaxis 


Fig. 13. A concept of the inflammation mechanism. Irri- 
tants such as carrageenan, bacteria and perhaps antigen 

antibody complexes activate unknown system of macro- 
phages or leucocytes to generate superoxide anions. This 
mechanism is direct and/or through a compliment system 
and phagocytosis. Generated superoxide anions overwhelm 
the capacity of endogenous cytoplasmic SOD activity and 
act on membrane arachidonate or other lipids to produce 
prostaglandins (PGs) or lipid peroxides. Superoxide anions 
attack lysosomal membranes and may be released to react 
with extracellular foreign bodies. PGs and lipid peroxides 
attract more macrophages or leucocytes to the inflammed 
site by their chemotactic and vascular permeability in- 
creasing characters. A, B and C indicate the sites of inhibi- 

tion by anti-inflammatory drugs. See also the text. 
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étc. The contact of leucocytes with cytochalasin E in- 
duced superoxide production [21]. Superoxide anions 
once generated in large amounts, may attack directly 
the. tissues which do not contain sufficient endo- 
genous SOD. Denaturation of proteins and enzymes 
in vitro by superoxide anions was reported by Lavelle 
et al. [32]. Peroxidation of lysosomal membranes by 
hydroxyl radicals resulting in the rupture of the mem- 
branes and release of the lysosomal enzymes was 
reported by Fong et al.[15], but it is difficult to 
explain the inflammation by the release of lysosomal 
enzymes alone. In many investigations on the lysoso- 
mal membrane stabilizing effects of anti-inflammatory 
drugs. high doses of agents were used. The release 
of lysosomal enzymes by superoxide anions did not 
seem to be the main reason for the development of 
inflammation. The cycle, macrophages (leucocytes) 

»superoxide anions—PGs_ (lipid peroxides) 
chemotaxis (vascular permeability increase)— more 
macrophages (leucocytes) shown in Fig. 13, is the 
major scheme in the development of inflammation. 
In a following paper we report that site A is a point 
where many non-steroidal anti-inflammatory drugs 
act [5]. Site B is the site of inhibition of PGs biosyn- 
thesis. Site C is related mainly to steroid action which 
inhibits the cell migration. Whilhelmi [33] reported 
that butazolidin and indomethacin as well as pro- 
donisone, suppress the chemotaxis of cells in formalin 
peritonitis. Inhibition of chemotaxis in vivo by non- 
steroidal anti-inflammatory drugs must be a reflection 
of chemotactic PGs deficiency. According to Rine- 
hart [34], steroids inhibit only the emigration of mac- 
rophages and not of leucocytes. Their results are in 
accordance with the concept that macrophages play 
a more important role than leucocytes in many type 
of inflammations. 

Anti-inflammatory drugs may also compete with 
PGs for PGs receptor(s) and the inhibition of PGs 


release from tissue, as supposed by Lewis et al. [35} 


for steroids in adipose tissue. These effects are equiv- 
alent to the inhibition of PGs biosynthesis or chemo- 
tactic suppression in vivo. When the immunological 
concept is introduced, Fig. 13 must be supplemented 
with lymphokins effects etc. There is still a possibility 
however that superoxide generation is a membrane 
event [37]. 
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Abstract 


The inhibition by anti-inflammatory drugs of the production of superoxide anions (-O;) 


by isolated guinea pig macrophages was studied spectrophotometrically using NADH and lactate 
dehydrogenase. IDs, values were: 4 x 10 7M (diclophenac sodium), 1 x 10°°M (oxyphenbutazone), 
1 x 10°°M (indomethacin), 4 x 10°5M (phenylbutazone), 7 x 10°°M (mefenamic acid), 8 x 10°° M 
(flufenamic acid), 8 x 10°°M (colchicine), 3 x 10° *M (aspirin), 3 x 10°*M (benzydamine), 10°°7M < 
(dexamethasone) and 10°*M < (gold sodium thiomalate). They seemed to block the cell membrane- 
associated mechanism to produce superoxide anions, since most of them did not abolish the generation 
of superoxide anions from the xanthine oxidase plus hypoxanthine system. Cytochalasin B, pyrogallol, 
ascorbate, NEM, L-epinephrine and chlorpromazine also inhibited, the production of superoxide anion, 
but many non anti-inflammatory drugs were ineffective. This technique was evaluated as a screening 
method in vitro for nonsteroidal anti-inflammatory drugs. 


It has been proposed that the inhibition of prosta- 
glandin (PG) synthetase by anti-inflammatory drugs 
could be used as a screening method, but the exper- 
imental procedures are difficult and it is impossible 
to relate the results to anti-inflammatory potency in 
vivo. The technical difficulties were ameliorated by 
Takeguchi et al. [1] who introduced a spectrophoto- 
metric assay. Using bovine seminal vesicle micro- 
somes (BSVM) they showed that during the oxidative 
cyclization of arachidonic acid into PGs, L-epine- 
phrine was also oxidized to adrenochrome at pH 8.3 
and this oxidation was inhibited by indomethacin 
(IDs5 = 2 x 10°-°M) or by mefenamic acid (IDs. = 
2 x 10° °M). However it is impossible to correlate the 
drug effect in vivo with the result obtained in vitro 
at non-physiological pH by tissues which have little 
relation to inflammation such as BSVM. The effect 
of a drug depends on the source of PG synthetase: 
The half inhibitory dose (1D; 9) of indomethacin was 
34 uM with BSVM and 0.17 uM with dog spleen 
microsomes [2]. In spite of the fact that leucocytes 
and macrophages are essential cells to the develop- 
ment of inflammation, the effect of drugs on the PG 
synthetase of these cells has not been investigated 
except by McCall er al. [3]. They observed that pha- 
gocytosing rabbit polymorphonuclear (PMN) leuco- 
cytes showed increased PG synthesis which was inhi- 
bited by 28 «M indomethacin. 

The oxidation of arachidonic acid to PGs requires 
superoxide anions [4], and I have demonstrated that 
the prostaglandin phase of rat carrageenan foot- 
oedema was completely suppressed by repeated intra- 





Abbreviations used: BSVM = bovine seminal vesicle 
microsomes; PG = prostaglandin; XOD = xanthine oxi- 
dase; LDH = lactate dehydrogenase: NEM = N-ethylma- 
leimide; MEM = minimum essential medium for cell cul- 
ture; DMF = N,N’-dimethylformamide; SOD = superox- 
ide dismutase. 


venous (i.v.) injections of superoxide dismutase 
(SOD :EC 1.15.1.1) [5]. Moreover, using agranulo- 
cyte rats, the role of macrophages appeared to be 
more important than that of leucocytes in carra- 
geenan foot-oedema. 

The aim of this investigation was to establish a 
simple spectrophotometric assay to quantitate the 
superoxide anions (-O;) generated from _ isolated 
macrophages or from a xanthine oxidase (XOD) sys- 
tem. The common method adopting cytochrome c to 
detect the superoxide anions, was not employed. 
Changes in absorbance at 550 nm. by macrophages 
were not sufficiently large to assay the effects of the 
drugs and purified protein derivatives (PPD) and phy- 
tohemagglutinin (PHA), which were intended to be 
used in future, caused interference. Other methods 
were unsuitable, because they require alkaline condi- 
tions where macrophages cannot survive. The only 
method suitable for the present purpose was that of 
Chan et al. [6] adopting NADH and lactate de- 
hydrogenase (LDH). 


MATERIALS AND METHODS 


Macrophages. Male Harthlay guinea pigs (250 
350g) were injected i.p. with 30 ml liquid paraffin oil 
and sacrificed 3 days later. Cells were washed from 
the peritoneal cavity with 100 ml fresh medium (0.93 
g/l Eagle MEM “Nissui 3” for cell culture without 
phenol red and 0.292 g L-glutamic acid, adjusted to 
pH 6.5 with 10% sodium bicarbonate). Cells from 10 
to 20 animals were centrifuged separately (10 min 500 
g) at room temperature and washed once with the 
same medium. Precipitated cells were pooled and sus- 
pended in MEM medium. Preparations contaminated 
with many red cells were discarded. More than 90 
percent of the cells were viable macrophages. 

Assay of superoxide anion production by macro- 
phages. The decrease of NADH absorption at 340 nm 
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was recorded continuously with a Shimadzu Multi- 
purpose MPS-5000 spectrophotometer at 37 . Unless 
indicated, the 3-ml cuvette contained 125 mM sodium 
phosphate buffer (pH 6.5), 0.08 mM EDTA, 1.2 U 
LDH. 320 nM NADH, 2-3 x 10° macrophages/ml 
and various concentrations of drugs. The reaction was 
started by the addition of NADH. Samples containing 
drugs but no macrophages were used to obtain basal 
values of NADH oxidation. DMF, final concentration 
0-1°... was used to dissolve the drugs, and included 
in control samples. The percent inhibition was calcu- 
lated from the following equation: 


AA (macrophage drug sample) — AA (drug basal) 


AA (macrophage control) — AA (medium basal) : 


where AA is difference of absorption at 340 nm. 
before and after the reaction. 

{ssay of superoxide anion production by XOD. The 
medium and conditions were the same as in the mac- 
rophage assay, except for the addition of 0.1 U/ml 
XOD and 80 uM hypoxanthine instead of macro- 
phages. The use of xanthine (80 4M) as substrate for 
XOD resulted in a little lower NADH oxidation and 
its solubility in water was inferior to hypoxanthine. 
The drug inhibition was calculated as in the macro- 
phage assay. 

Assay of LDH activity. LDH activity was measured 
by modifications of the methods of Chan er al. [6] 
and Novoa et al. [7] using 125 mM sodium phos- 
phate buffer, 0.08 mM EDTA, 0.16 mM NADH and 
2.4 x 10°* U/3 ml LDH with 0.1 mM sodium pyru- 
vate as substrate. NADH oxidation was linear for the 
initial 30 sec. at 37. Sodium oxamate. a specific in- 
hibitor of LDH, suppressed the oxidation by 97 per- 
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Fig. |. Concentration effect of sodium phosphate buffer 
on the production of superoxide anions by macrophages. 
Medium contained sodium phosphate buffer, 0.08 mM 
EDTA (pH 6.5), 1.2 U/3 ml LDH and 320 uM NADH. 
Incubation was started by the addition of NADH and con- 
tinued for 10 min at 37. M: 2.9 x 10° macrophages/ml 
MEM medium. B: MEM medium only, Net NADH oxidi- 
zed = M — B. Vertical lines represent the standard errors 
(S.E.M.) of the mean of three experiments. 
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cent at 10°°M, 94 percent at 10°°M and 73 percent 
at 10° *M. Inhibitory effects of drugs were determined 
at 30 sec. 

Chemicals. LDH (from rabbit muscle, suspended in 
3.2 M ammonium sulfate, 550 U/mg), B-NADH (lyo- 
philized disodium salt from yeast, Grade II), XOD 
(from cow milk, suspended in 3.2 M ammonium sul- 
fate. 0.4 U/mg) and bovine liver catalase (Catalase 
I, crystal suspension in thymol saturated water, 50,000 
U/mg) were the products of Boehringer Co. SOD 
(lyophilized powder) and bovine blood catalase (lyo- 
philized powder, 3,000 U/mg) were purchased from 





x 100 








Sigma Chemical Co. SOD (800 pg/ml, pH 7.0) was 
inactivated by boiling at 100° for 20 min. 

The drugs were obtained from the following 
sources: diclofenac sodium (GP 45840, Ciba-Geigy), 
colchicine (Merck), dexamethasone (Decadron, 
Japan-Merck, 4 mg/ml phosphate ester for injection), 
gold sodium thiomalate (Shiosol, Shionogi Pharm. 
Co. 10 mg/ml for injection), allopurinol (Zyloric, 
Wellcome-Tanabe, 100 mg/tablet), cytochalasin A 
(Aldrich Chem. Co.), cytochalasin B (Serva Feinbio- 
chemica), 1.3-Diphenylisobenzofuran (Aldrich Chem. 
Co.), D,O (Merck) and oxysuran (synthesized in this 
laboratory). All the other chemicals were analytical 
grade preparations obtained from the usual commer- 
cial sources. 


RESULTS 


Effect of sodium phosphate concentration. The pro- 
duction of superoxide anions from isolated macro- 
phages or from XOD plus hypoxanthine’ was 
measured in various concentrations of sodium phos- 
phate buffer. It was found that the oxidation of 
NADH by macrophages was greater at high concen- 
trations of sodium phosphate (Fig. 1). The use of con- 
centrations above 125 mM was not practical because 
of the solubility. The amount of NADH oxidized 
could be regarded as the level of superoxide produc- 
tion, because SOD suppressed completely the NADH 
oxidation (explained later). 

The augmentation of net NADH oxidation in 125 
mM buffer was attributed to phosphate anions be- 
cause the addition of NaCl up to 200 mM in 25 mM 
buffer solution had no effect. ADP (1 x 10°*M 
5 x 10°3M) and ATP (1 x 10° °M~1 x 10°?M) also 
increased the net NADH oxidation to the degree of 
that by 125 mM sodium phosphates. Addition of con- 
centrated drugs adjusted between pH 5.0 and pH 8.0 
in advance, did not influence the final pH of medium 
containing 125 mM sodium phosphate buffer. The 
concentration of sodium phosphate had no effect on 
the production of superoxide anions from the XOD 
system. 

Time dependency. Figure 2 shows the time depen- 
dency of NADH oxidation by macrophages. Ten min 
incubation with about 2.3 x 10° macrophages/ml was 
used to test the inhibitory activity of drugs. Figure 
3 shows the time dependency with different concen- 
trations of substrate in the XOD system. XOD con- 
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centrations were tested up to 0.3 U/ml finding always 
linearity with the amounts of superoxide anions pro- 
duced. 

Effects of pH and temperature. Basal NADH oxi- 
dation changed according to the medium pH. Figure 
4 shows the net maximum NADH oxidation was at 
pH 6.5 with living macrophages. For the XOD assay, 
pH 7.4 was proposed [8] but we used pH 6.5 for 
comparison with the macrophage assay. Incubations 
which were carried out at 20°, 30° and 40° with pH 
6.5 medium, demonstrated that the production of 
superoxide anions was temperature-dependent in 
both assay methods. 

Effect of LDH concentration. In the macrophage 
assay the LDH concentration- NADH oxidation rela- 
tionship was linear up to 2.4 U/3ml of LDH, and 
1.2 U/3ml LDH was regarded as sufficient for practi- 
cal use (Fig. 5). The same concentration of LDH was 
adopted for the XOD assay to facilitate the compari- 
son of results obtained from two assay methods. 

Effect of SOD. It was demonstrated that NADH 
was oxidized only by superoxide anions from macro- 
phages. SOD dose-inhibition curves of the macro- 
phage and XOD assays corresponded well (Fig. 6). 
SOD suppressed even MEM basal NADH oxidation 
at higher doses. Heat-inactivated SOD had little effect 
on NADH oxidation. 

Effect of DMF. The use of the solvent DMF facili- 
tated the assay of many water-insoluble drugs. Figure 
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Fig. 2. Effect of macrophage concentration on superoxide 
anion production. Medium contained 125 mM _ sodium 
phosphate buffer (pH 6.5), 0.08 mM EDTA, 1.2 U/3 ml 
LDH and 320 uM NADH. Incubation was started by the 
addition of NADH at 37°. Final macrophage numbers/ml 
were 4.6 x 10° (@); 2.3 x 10° (MH) and 1.15 x 10° (A). The 
same vol (0.2 ml) of MEM medium was added in the con- 
trol sample (©). Vertical lines represent S.E.M. of mean 
of three experiments. 
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Fig. 3. Effect of hypoxanthine concentration on superoxide 
anion production in the XOD system. Medium and condi- 
tions are as in Fig. 2. XOD (0.1 U/ml) and hypoxanthine 
were mixed just before NADH addition. Hypoxanthine 160 
uM (¥), 120 uM (@), 80 uM (MM). 40 M(A). no hypoxan- 
thine with XOD (A) no hypoxanthine or XOD (0). 


7 shows the effect of DMF on the production of 
superoxide anions. At a final concentration of 01°, 
DMF had a negligible effect on the production of 
superoxide anions from macrophages and augmen- 
tation of the DMF concentration did not influence 
the inhibition by the anti-inflammatory drug diclo- 
fenac sodium. DMF(0.1—1.0°,) increased by about 10 
percent, the NADH oxidation induced by the XOD 
system. 
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NADH Oxidized, 








pH 
Fig. 4. Effect of pH on the production of superoxide 
anions. Medium and conditions are as in Fig. 2. Basal 
values were substracted. 2.7 x 10° macrophages/ml (@), 0.1 
U/ml XOD +80 uM hypoxanthine (A). Averages of two 
experiments. 
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LOH, U/ 3ml 
Fig. 5. Effect of LDH concentration on superoxide anion 
production. Medium and conditions are as in Fig. 2. except 
the LDH concentration. 3.3 x 10° macrophages/ml (@), 0.1 
U/ml XOD + 80 uM hypoxanthine (4), MEM medium 
only (©), control without LDH (A). Averages of two 
experiments. 


Effect of macrophage concentrations on drug effects. 
Diclofenac sodium (10°°M)~ and aspirin 
(2.5 x 10°*M) were almost equally inhibitory at all 
macrophage concentrations (Fig. 8). However, this 
was not the case with all the drugs; the inhibitory 
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Fig. 6. Effect of SOD on superoxide anion production. 
Medium and conditions are as in Fig. 2. 2.8 x 10° macro- 
phages/ml with native (@) and inactivated SOD (0), 0.1 
U/ml XOD +80 uM hypoxanthine with native (A) and 
inactivated SOD (A). Averages of two experiments. 
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Fig. 7. Effect of DMF on superoxide anion production. 

Medium and conditions are as in Fig. 2. 2.0 x 10° macro- 

phages/ml. DMF (@), DMF + 10°” M diclofenac sodium 

(O), DMF without macrophages (A). Averages of two 
experiments. 


activity of SOD was a little weak at 3.4 x 10°M mac- 
rophages/ml. Figure 9 shows the NADH oxidizing 
capacities of different macrophage preparations. Mac- 
rophage preparations possessing the capacity to oxi- 
dize 0.20-0.27 pmoles NADH per 10 min with 
2-3 x 10° macrophages/ml, were used routinely to 
test the drug action. 

Inhibitions by anti-inflammatory drugs. Eleven anti- 
inflammatory drugs were tested on the macrophage 
assay (Fig. 10 and Table 1). Diclofenac sodium was 
the most potent inhibitor of the production of super- 
oxide anions by macrophages, followed by oxyphen- 
butazone and indomethacin. Dexamethasone and 
gold sodium thiomalate were ineffective. Except for 
these two drugs all anti-inflammatory drugs tested, 
had IDs» values less than 2.5 x 10°4M. 
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Fig. 8. Effect of macrophage concentration on drug inhibi- 
tions. Medium and conditions are as in Fig. 2. Control 
(©), 0.1% DMF (@), 2.5 x 10°*M aspirin in 0.1°%, DMF 
(A), 10°°M diclofenac sodium in 0.1° DMF (0) and 4 
pg/ml SOD (A). 
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Fig. 9. Relationship between macrophage concentration 
and superoxide anion production. Medium and conditions 
are as in Fig. 2. Separately prepared macrophages (@) and 
diluted samples from some of them (O) were plotted. 
NADH oxidized [nmoles/10° macrophages/10 min] value 
using all points was 85.5 + 4.5 (mean + S.E.M.) and that 
calculated from 8 points within the dotted lines was 90.5 
+ 25: 


A drug which decreased the production of superox- 
ide anions in the XOD assay system, can be inter- 
preted as an inhibitor of XOD enzyme activity or 
a scavenger of superoxide anions. Diclofenac sodium 
like many other anti-inflammatory drugs had no 
effect on NADH oxidation induced by XOD plus 
hypoxanthine. This means that diclofenac sodium is 
not a simple scavenger of superoxide anions, but it 


Table 1. 1Dso of anti-inflammatory drugs 





Inhibition 1Ds5> (M)* 
Macrophage XOD 
superoxide superoxide 
production production 


LDH 


Drugs activity 





Diclofenac 
sodium 
Oxyphen- 
butazone 
Indomethacin 
Phenylbutazone 
Mefenamic acid 
Flufenamic acid 
Colchicine 
Aspirin 
Benzydamine 
Dexamethasone 
Gold sodium 
thiomalate W 10°- : 3< 


+ 
A 


NWNMeOoN hee 
exe Rox 


ANAAAAAAA 


~ 
—) 





* For calculations, see Materials and Methods. IDs» 
values were determined from at least three different doses, 
each being the average of three experiments. 

+ Solvent used for dissolving drugs, D: DMF, final 
concen. 0.1°,, W: water. 

t Maximum solubility. 


blocks the mechanism which produces superoxide 
anions in macrophages. On the other hand, colchicine 
acted as a scavenger or XOD inhibitor of superoxide 
anions, because the inhibition in the XOD assay par- 
alleled that in the macrophage assay. Indomethacin, 
mefenamic acid and flufenamic acid possessed both 
characteristics, but the inhibition of superoxide anion 
production was dominant. There were still differences 
of 4- to 30-fold in the IDs9 in both assay methods 
concerning these drugs. 

None of the anti-inflammatory drugs inhibited 
LDH activity. Oxamate (2 x 10°4M), a specific in- 
hibitor of LDH, suppressed by 50 per cent the NADH 
oxidations in both the macrophage and XOD assays. 
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Fig. 10. Inhibition of superoxide anion production in macrophages by anti-inflammatory drugs. Incuba- 


tions were for 10 min at 37 


(0.20-0.27 moles NADH oxidizing capacities per 10 min with 


2.0-3.0 x 10° cells). DMF (0.1% final concentration) was used to dissolve diclofenac sodium (@—), 


oxyphenbutazone (0 
fenamic acid (O—), colchicine (@ 
and gold sodium thiomalate (A 


), indomethacin (A—), phenylbutazone (@- 
) and aspirin (A 
) were water soluble. Drug dilutions were by serial four fold dilution 


-), mefenamic acid (A-~—~), flu- 
). Benzydamine (O-——), dexamethasone (™—) 


beginning at 10°-°M. Vertical lines represent S.E.M. of the mean of three experiments. 
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Table 2. IDs) of non anti-inflammatory agents which inhibit the production of macro- 
phage superoxide anions 





Macrophage 


superoxide 


Drugs production 


Inhibition 1Ds5, (M)* 
XOD 

superoxide 

production 


LDH 


activity 





10 
x 10 
LO 
10 
10 
10 
10 


Cytochalasin B 
Pyrogallol 


— Ww a 


Ascorbate 
NEM 
L-Epinephrine 
Chlorpromazine 
Luminol 


mn 


Nh 


= 


x 10 
3 


O°" < 


Oxamate § 
Allopurinol § 


6. 10°°< 
10> 44 10 
1O- * 1073 
d< 10 
10 10 
1o"* 


6.4 x 10° 5< 
3 


10 
10 6 





* For calculations, see Materials and Methods and Table 1. 


+ Solvent used, see Table 1. 


For pyrogallol, ascorbate and L-epinephrine, the reactions were started within 5 min 


after dissolving the drugs. 


t Dose- inhibition curve of pyrogailol was not linear and inhibition was maximum 


at 10° 4M. 


$ Oxamate, a specific inhibitor of LDH, was used to determine the degree of effect 
on the macrophage assay and XOD assay. Allopurinol which is an inhibitor of XOD 


reaction, was used for comparison. 


Phese results showed that the inhibitions by drugs 
in the macrophage assay and XOD assay, were not 
due to the suppresion of LDH activities. The inhibi- 
tion by oxamate in the macrophage assay was a little 
weaker than in the XOD assay. Some of the oxamate 
might be absorbed or inactivated in macrophages. 

Inhibitions by non anti-inflammatory agents. Cyto- 
chalasin B was a potent inhibitor of superoxide anion 
production in the macrophage assay but had no effect 
in the XOD assay (Table 2). This was an expected 
result, because this agent has been reported to modu- 
late the organization of the plasma membrane and 
may influence the activity of membrane enzymes [9]. 
The superoxide anion producing system in macro- 
phages might be membrane-associated enzyme(s). 
Pyrogallol, which traps the superoxide anions in alka- 
line solution [10], was not as inhibitory in the XOD 
assay at pH 6.5. Maximum inhibition was obtained 
near 10° *M (50 percent) and the inhibition at 10° 7M 
and 10°°M was 20 percent, so that this agent also 
acts On superoxide anion producing sites of macro- 
phage. Ascorbate, known as a scavenger [11], was 
also inhibitory in the XOD assay. NEM and L- 
epinephrine acted as blockers of superoxide anion 
production in macrophages. The inhibition by L- 
epinephrine (10°°-10° 3M) in the XOD assay, de- 
creased at higher concentrations. Lack of scavenger 
role of this agent was not expected and further inves- 
tigations were needed. Chlorpromazine known as a 
hydroxyl radical scavenger [12], showed about the 
same inhibition in both the macrophage and XOD 
assays. There was a 20-fold difference between the 
1Ds9 Of LDH inhibitor oxamate in the macrophage 
assay and that in LDH activity assay. Allopurinol 
known as an inhibitor of the XOD reaction, had no 
effect in the macrophage assay, suggesting that the 
production of superoxide anions in macrophages does 
not depend on the XOD reaction. 

Hydroxyl radical (-OH) scavengers, p-mannitol. 
sodium benzoate, KI and ethanol [13.14]. the oxygen 


scavenger, 1,3-diphenylisobenzoate [15] and Boeh- 
ringer liver catalase (S0-1,000 U/ml) were ineffective 
(Table 3). Sigma blood catalase showed inhibitions 
(40 percent with 20 U/ml and 60 percent with 100 
U/ml) which might be due to the contamination with 
SOD as reported by Halliwell [16]. Neither the mito- 
chondrial electron transport inhibitor sodium azide 
nor the glycolytic inhibitors monoiodoacetic acid and 
NaF suppressed superoxide anion production. Rifam- 
picin and Daunomycin were about 30 percent inhibi- 


Table 3. Agents not inhibiting the production of macro- 
phage superoxide anions at 10° 7M* 





Free radical scavengers and catalase: 
b-mannitol, sodium benzoate, KI, ethanol, 1,3-diphenyl 
isobenzofuran, Boehringer liver catalase (1,000 U/ml) 
SH-reagents: 
Reduced glutathione, dithiothreitol 
Energy metabolism inhibitors: 
Sodium azide, monoiodoacetate, sodium fluoridet 
Antibiotics: 
Tetracycline HCl{, chloramphenicol . semisuccinate. 
rifampicin, cephasolin-sodium, penicillin G-potassium, 
streptomycin sulfate 
Anti-tumor agents: 
mitomycin C, daunomycin HCl, bleomycin HCl, cyto- 
sine arabinoside, 5-fluorouracil, cyclophosphatamide, 
L-asparaginase 
Miscellaneous agents: 
nitroglycerin (coronary vasodilator), propranolol, theo- 
phylline, phenoxybenzamine (x-blocking agent), D,O, 
cytochalasin A. 





* Averages of three experiment at 10°*M or indicated 
concentration of agents, were below IDs9. Many of the 
agents were also tested at 2.5 x 10°*M and 6.4 x 10°°M. 
DMF was used as a solvent if necessary. 

+ About 20 percent increase of superoxide anion produc- 
tion was observed between 1.6 x 10°°M and 10° °M. 

t Tetracycline above 10°°M_ without macrophages, 
enhanced NADH oxidation, so the result was not clearly 
determined. 
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Table 4. IDs, of metal salts 





Macrophage 
superoxide 
production 


Metal salts 


Inhibition IDs, (M)* 
XOD 
superoxide 
production 


LDH 


activity 





MnCl, 

HgCl, 
Cu(CH;COO), 
FeCl,7 

FeCl, 

NiCl, 

CoCl, 


10 


10 
10 
10 


Mmwvwmwkwe 


oO 


(NH4),.Mo7O2,4 io- > 
BaCl, te? 
CaCl, 1@-* 
CdCl, 10-3 
PbCl, 10-3 


10~ 
O° 


107° 


19°* 
10~+ 
1075 





* For calculations, see Materials and Methods and Table |. DMF was not 


used to dissolve drugs. 


+ The reaction was started within 5 min after dissolving FeCl). 


tory between 10°°M and 10° °M but never attained 
50 percent inhibition. Theophylline and nitroglycerin 
showed some inhibition (about 50 percent at 10° °M, 
30 percent at 2.5 x 10° 4M). 

Table 4 shows the inhibitory effect of metal salts. 
Mn?*, Hg’*, Fe?*, Fe**, Ni?* and Co?* blocked 
the production of superoxide anions from macro- 
phages. Cu?* seemed to react mainly as a scavenger 


of superoxide anions. Cu** and Hg** showed some 
inhibition of LDH enzyme activity. 


DISCUSSION 


In rat carrageenan foot-oedema, it is clear that 
superoxide anions participate in the swelling of the 
prostaglandin phase [5]. In this study paraffin oil- 
induced peritoneal macrophages were demonstrated 
to produce superoxide anions. Nonsteroidal anti- 
inflammatory drugs inhibited significantly the pro- 
duction of superoxide anions from macrophages at 
physiological pH. 1Ds9 values were a little higher than 
those obtained with PG synthetase assay using guinea 
pig lung homogenate or dog spleen microsomes [17]. 
There are no reports on PG synthetase from macro- 
phages for comparison with the results obtained here. 
A 30 percent inhibition by diclofenac sodium (5 x 
10° 8M), oxyphenbutazone (5 x 10° 7M), indometha- 
cin (7 x 10°’M) and mefenamic acid (8 x 10° °M), 
must be appreciated, because dose—inhibition curves 
of anti-inflammatory drugs in the macrophage assay 
were rather flat compared with the PG synthetase 
assay. Dexamethasone had no effect. Steroids inhibit 
the emigration of macrophages or leucocytes and 
decrease the total amount of PGs at inflamed sites. 
Cytochalasin B was tested in vivo with carrageenan 
foot-oedema according to our previous report [5]. 
Two i.v. injections of 240 yug/kg cytochalasin B (six 
experiments) suppressed 21 + 3 (S.E.) percent of foot 
swelling and 20 + 3 percent of weight increase at 4 
hr. Cytochalasin B suppressed only the prostaglandin 
phase (2-4 hr.). L-Epinephrine and chlorpromazine 
are known to possess anti-inflammatory activity. 
They are not used as anti-inflammatory drugs because 


of other undesirable properties. Ascorbate might be 
a good anti-inflammatory drug if it is a stable and 
lipophilic compound. The inhibitory effect of NEM 
is not clear, but the mechanism which produces 
superoxide anions in macrophages may contain a SH 
inhibitor-sensitive site. Another SH inhibitor HgCl, 
also inhibited the production of superoxide anions 
but reduced glutathione and dithiothreitol had little 
effect. 

When a new compound with possible tested anti- 
inflammatory activity is found, it is worth examining 
its effect in the macrophage assay at a concentration 
of 2.5 x 10°4M and below. It is preferable to check 
also the lipophilicity of the compound as Skidmore 
et al. [18] mentioned. Many indomethacin type anti- 
inflammatory drugs, are lipophilic and stable in 
aqueous solution containing 0.1°%, DMF. 
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Abstract 


Okuda et al. (J. Biochem. 75, 131 (1974)) recently showed that lipolysis in lipid micelles 


(LM) prepared by hypotonic treatment of adipocytes was stimulated by adrenaline. The authors sug- 
gested that adrenaline acted by a direct promotion of the reaction between triglycerides and lipase, 
circumventing the adenylate cyclase system. In the present study we confirmed that adrenaline (as 
well as other hormones) stimulated lipolysis in LM. However, the release of free fatty acids (FFA) 
was accompanied by a measurable accumulation of cyclic AMP. Furthermore, the /-adrenolytic 
(—)-bupranolol caused a competitive inhibition of catecholamine-induced lipolysis, while the effects 
of ACTH remained unchanged. The LM preparation performed as described by Okuda er al. was 
found to be highly contaminated with intact fat cells. Additional hypotonic treatment of LM stepwise 
reduced the content of adipocytes, accompanied in a parallel pattern by a decrease of hormone-induced 
cyclic AMP accumulation and FFA release to the limit of detection. Our results show that the intact 
fat cells remaining in LM preparations were responsible for the effects seen after stimulation of LM 


with hormones. 


INTRODUCTION 


A hormone-sensitive lipase, first described by Rizack 
[1] represents the key enzyme in the mobilization of 
free fatty acids from adipose tissue. Experiments with 
intact adipose tissue [2], as well as with isolated adi- 
pocytes [3], and adipose tissue homogenates [4] 
revealed the physiological importance of the effects 
of individual hormones on the release of free fatty 
acids (FFA) and glycerol from endogenous substrate. 
It is generally accepted that hormone-induced lipo- 
lysis in adipose tissue is mediated through an acti- 
vation of adenylate cyclase with subsequent formation 
of adenosine 3’,5’-monophosphate (CAMP) which is 
responsible for the activation of cAMP-dependent 
protein kinase. This, in turn, catalyzes the phosphory- 
lation of inactive hormone-sensitive triglyceride lipase 
to give its active form [5,6]. However, Okuda and 
coworkers [7.8] have recently shown that lipolysis 
was stimulated by adrenaline, dibutyryl-cAMP and 
theophylline in lipid micelles isolated from adipo- 
cytes, but not by addition of cAMP. On account of 
the lack of added cAMP to stimulate lipolysis in lipid 
micelles [7,8], the authors suggested that adrenaline 
acted by promoting the reaction between triglyceride 
lipase and its substrates and not by activating lipo- 
lysis via adenylate cyclase. A lipolytic effect of cate- 
cholamines circumventing adenylate cyclase appeared 
to be interesting enough to reinvestigate the mode 
of action of adrenaline and other hormones in lipo- 
lysis of so-called lipid micelles. A preliminary report 
of some of this work has been presented at the Spring 
Meeting of the Deutsche Pharmakologische Gesell- 
schaft [9]. 


MATERIALS AND METHODS 


Chemicals were obtained from the following 
sources: Bovine serum albumin (BSA) (fraction V. 


Serva Feinbiochemica) was purified by charcoal treat- 
ment according to Chen [10]; crude bacterial col- 
lagenase (Worthington Biochemical Corporation); 
adenosine [U-*H]-3’,5’-cyclic phosphate, sp. act. 24.1 
Ci/m-mole (NEN Chemicals GmbH); cyclic 3’,5’- 
AMP (Boehringer Mannheim); (—)-noradrenaline 
hydrochloride (Schuchardt GmbH); ACTH (Syn- 
acthen®, CIBA); bupranolol (Betadrenol®, Sanol 
Arzneimittel Dr. Schwarz GmbH Monheim); adrena- 
line (Farbwerke Hoechst AG); all other chemicals 
were analytical grade or best commercially available. 

Fat cell preparation. Isolated fat cells were prepared 
according to Rodbell [3] from epididymal adipose 
tissue of Wistar rats (220-280 g), fed ad lib. The cell 
preparation was diluted to 6-8 x 10° cells/ml with 
Krebs-Ringer phosphate buffer (pH 7.4) containing 
2°., of bovine albumin (referred to as Step 1). 

Preparation of lipid micelles. After counting the fat 
cells in a Syl sample of a 80-fold dilution as hang- 
ing drops on a microscopic slide, the fat cells were 
suspended in a hypotonic lysing medium (5mM 
Tris-HCl buffer, pH 7.4) at room temperature [11]. 
The suspension was mixed by slowly inverting the 
plastic centrifuge tube several times (twenty five times 
within 2 min) and centrifuged at 200g for 2 min. The 
supernatant fraction below the fat layer was with- 
drawn through a plastic tube and replaced by an 
equal volume of 5mM Tris-HCl buffer. The pro- 
cedure of mixing by inversion and centrifugation was 
repeated four times, according to Okuda and Fujii 
[11]. referred to as Step 2. Additional washings up 
to nine times are designated as Steps 3-6 in text or 
figures. After each step, an aliquot of the micelle sus- 
pension was diluted 40-fold and 5 yl samples were 
quickly examined (as hanging drops on a microscopic 
slide) for cell content. 

Lipolysis in adipocytes and lipid micelles. After each 
step, aliquots (250 yl) of the suspensions were added 
to equal volumes of Krebs-Ringer phosphate buffer 
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(pH 7.4: 37 ) containing 2°,, bovine albumin. In the 
presence or absence of lipolytic agents, the samples 
were incubated in plastic vials at 37 . The incubation 
was terminated by adding 0.5 ml of a copper reagent 
according to Noma et al. [12], containing 2.0M Cu 
(NO,), - 3H,O. To 400-1 aliquots, 1.0 ml of chloro- 
form—heptane-methanol (49:49:2 by vol) was added. 
The samples were vigorously shaken, kept at 0 for 
| hr, mixed again and were centrifuged at 12,000g 
for 2 min. 0.7-ml Aliquots of the upper organic phase 
were transferred to test tubes and mixed with 250 pl 
DDC-reagent (0.1°, sodium diethyl dithiocarba- 
minate in (2)-butanol) according to Duncombe [13]. 
Extinction was measured at 436nm against the re- 
agent blank. Standard curves with palmitic acid were 
run with each experiment. Lipase activity was 
expressed as eq FFA/ml micelle preparation/2 hr. 

Determination of cyclic AMP accumulation. Incuba- 
tion of adipocytes and lipid micelle suspensions in 
order to determine cAMP levels was similar to the 
incubation for lipolysis and performed at each step. 
The usual incubation time was 5 min. The incubation 
(0.5 ml) was terminated by adding 0.5 ml 10°, trichlor- 
oacetic acid (TCA). The precipitated material was 
removed by centrifugation (2 min at 12,000g). Two- 
hundred yl aliquots of the supernatant were extracted 
three times with | ml water-saturated diethyl ether in 
order to remove TCA. After lyophilising, the samples 
were dissolved in 2001 sodium acetate buffer 
(pH 4.0, 50 mM). Cyclic AMP levels were determined 
according to the method of Gilman [14]. It was ascer- 
tained that none of the tested compounds interfered 
with the assay of cAMP. Results were expressed as 
pmoles cAMP per ml micelle preparation per 5 min. 

Staining and counting adipocytes and lipid micelles. 
Using the fluorescent dye acridine orange [15], adipo- 
cytes and micelle suspensions were stained in order 
to determine the contamination of lipid micelle prep- 
arations (LM) with intact adipocytes. The stained sus- 
pensions were observed in a Zeiss fluorescence micro- 
scope at 50-fold magnification. The differentiation 
between lipid micelles, normal living cells and meta- 
bolically inactive cells is facilitated by fluorescence 
at different wavelengths [16]. Lipid micelles show a 
pale green fluorescence, the nuclei of living cells show 
a bright green to yellow fluorescence, while the cell 
membranes are yellow. Nuclei of metabolically inac- 
tive (dying) adipocytes show a fluorescence ranging 
from orange to red. 


RESULTS 

In Fig. 1, the effect of several lipolytic agents on 
lipolysis in LM, prepared up to Step 2, are shown 
as dose-response curves, obtained from the same LM 
preparation. We could confirm the observation [7] 
that adrenaline stimulated lipolysis in this LM prep- 
aration. Noradrenaline and ACTH showed to be even 
more powerful lipolytic agents than adrenaline. Maxi- 
mal values for lipolysis (expressed as peq FFA/ml 
LM x 2hr), stimulated with ACTH were reached at 
a concentration of S0nM ACTH. In comparable ex- 
periments with isolated fat cells (Step 1), the concen- 
trations of the stimulants necessary to elicit half-maxi- 
mal or maximal effects were almost identical [17,19]. 

A time-course showed that lipolysis in LM (Step 
2) incubated with adrenaline (2 uM) proceeded con- 
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Fig. | Effects of various concentrations of ACTH, adrena- 
line and noradrenaline on the lipolysis of a single LM 
preparation, prepared up to Step 2. 1 ml micelle prep- 
aration is equivalent to 0.13 g fat tissue. The LM prep- 
aration contained about 98,000 intact cells/ml. Each point 
represents the mean + S.E.M. of two experiments per- 

formed in duplicate. For details see Methods. 


tinuously for at least 2 hr. The release of FFA, how- 
ever, was accompanied by a measurable accumulation 
of cAMP. In contrast to cAMP time-courses per- 
formed in adipocytes [18], a time-course for LM did 
not show a maximal cAMP level within 5-10 min 
with a subsequent return to control levels after ap- 
proximately 30min of incubation. The cAMP ac- 
cumulation in LM did not reach maximal values until 
60 min of incubation time (15 pmoles cAMP/ml LM). 

The accumulation of cAMP in LM (Step 2) after 
incubation in the presence of noradrenaline prompted 
us to examine LM by fluorescence microscopy, show- 
ing micelle preparations which were highly contami- 
nated with intact adipocytes. Varying with different 
preparations, 20-40 per cent of the number of adipo- 
cytes from Step | was found. Additional hypotonic 
treatment (Steps 3-6) of LM, stepwise reduced con- 
tamination with intact cells to 7 per cent counted 
in Step 1. This reduction was accompanied by a signi- 
ficant decrease of cAMP accumulation and FFA 
release induced by 4uM_ noradrenaline, which is 
supramaximal with respect to both parameters in adi- 
pocyte suspensions (Fig. 2). No stimulation of lipo- 
lysis could be obtained at the lowest contamination 
rate we finally achieved by nine washings correspond- 
ing to Step 6. 

To obtain supporting evidence that the lipolytic 
effects of catecholamines in LM represent an interac- 
tion with adrenergic f-receptors located at the fat cell 
membrane, experiments were done to show an anta- 
gonism by f-adrenolytics. Bupranolol caused a dose- 
dependent inhibition of noradrenaline-stimulated 
lipolysis at concentrations ranging from 0.004 uM to 
4 uM. Lipolysis stimulated by 4 uM noradrenaline was 
inhibited completely by bupranolol at an equimolar 
concentration. No interference by bupranolol was 
seen using ACTH as the stimulant (results not 
shown). A double reciprocal plot (Fig. 3) according 
to Lineweaver and Burk [20], which also allows an 
estimation of the ‘apparent affinity’ (K,,,) of the stimu- 
lant, clearly showed a competitive pattern in the pres- 
ence of bupranolol. The K,, of noradrenaline was 
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Fig. 2 Effects of stepwise hypotonic treatment on cAMP 
accumulation, lipolysis and fat cell content of LM prep- 
arations. Isolated fat cells (Step 1), were further treated 
by hypotonic washings as described in Methods. Numbers 
on the abscissa refer to the steps defined in Methods. Incu- 
bations were performed in the presence of 44M _ norad- 
renaline. Determinations are the means + S.E.M. of 3 ex- 
periments performed in duplicate. For details see Methods. 




















found to be 1.27 4M which agrees with the value 
found in intact adipocytes [19]. The K; estimated for 
bupranolol was 0.13 uM, which was also found in in- 
tact fat cells [19] or even in whole fat pads [26]. 


DISCUSSION 


Our results confirm previous observations [7,8] 
that adrenaline induces lipolysis in so called lipid 
micelles (LM), prepared according to Okuda and 
Fujii [11]. In addition we found that noradrenaline 
as well as ACTH, both known to activate lipolysis 
via adenylate cyclase by binding to specific receptors 
on the outer cell surface (for review see [21]), stimu- 
lated lipolysis in LM even to a greater extent. In their 
discussion Saito et al. [22] briefly mentioned, without 
giving experimental details, the presence of 30 per 
cent adenylate cyclase activity in LM, as compared 
to adipocytes, indicating at least the presence of mem- 
brane-like structures. The authors propose an inter- 
esting ‘first messenger’ hypothesis for the lipolytic 
action of adrenaline in LM preparations, without 
mediation by activation of adenylate cyclase and sub- 
sequent activation of protein kinase. Their arguments 
are based on the following observations: (1) the extent 
of adrenaline-induced lipolytic activity in micelles and 
adipocytes was equal; (2) no increase of protein 
kinase activity was observed during stimulation of 
lipolysis in LM by adrenaline; (3) cAMP (4mM) 
added to LM did not induce lipolysis in contrast to 
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Fig. 3 Double reciprocal plot of the inhibition of lipolysis 
by the f-adrenolytic (—)-bupranolol. LM, prepared up to 
Step 2 were incubated in the presence of 0.3-2 uM norad- 
renaline. The lipolytic effect (ordinate) was calculated by 
the cell numbers of the LM used (1.5 +0.24 x 10° 
cells/ml). Each point represents the mean of 3 experiments 

performed in duplicate. For details see Methods. 


dibutyryl-cAMP (4mM), although the former was 
found to penetrate adipocyte cell membranes as 
readily as the dibutyryl derivative [7]. 

Our data, however, show an accumulation of 
cAMP concomitant to the FFA release in LM after 
the addition of hormones. Lipolysis seen with norad- 
renaline was inhibited competitively by the /-adreno- 
lytic bupranolol, as shown before in adipocyte sus- 
pensions [19]. If K,, of noradrenaline and K;, of the 
inhibitor were calculated by the number of cells found 
in the LM used, values almost identical with those 
found in adipocytes were obtained. Furthermore, it 
has been shown in adipocytes [19] or plasma mem- 
branes [24] that the formation of cAMP induced by 
catecholamines is also blocked competitively by 
B-adrenolytics. The concentrations of the /-adrenoly- 
tic used were sufficiently low to indicate an interac- 
tion with noradrenaline receptors at the cell mem- 
brane and to exclude ‘unspecific’ effects of /-adrenoly- 
tics which occur beyond the formation of cAMP and 
definitely show non-competitive antagonism [23]. 

In our hands, however, lipolysis found in LM was 
reduced to the limit of detection by additional hypo- 
tonic washings beyond the steps described by Okuda 
and Fujii [11]. Moreover, (fluorescence-) microscopy 
showed that the LM was contaminated with intact 
adipocytes. 

Thus, it appears that under the described condi- 
tions the remaining intact cells in LM preparations, 
previously considered as contamination of LM, are 
at least in our studies responsible for all the effects 
seen after stimulation with hormones. 

A definite answer to the question whether catecho- 
lamines are unable at all to stimulate lipolysis by cir- 
cumventing the adenylate cyclase system requires 
more refined studies. Based on findings with ACTH 
and some of its derivatives, Schwyzer [25] discusses 
the possibility that an ACTH-induced increase of 
cAMP in adipocytes could be a rather parallel than 
a causative event with regard to lipolysis. To our 
knowledge, similar studies with catecholamines have 
yet to be performed. 
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Abstract 


The toxicity of a single dose of methotrexate in the rat was observed to be substantially 


increased when probenecid was concurrently administered. The increased toxicity was associated with 
a marked inhibition of the elimination of methotrexate from the blood. The effects of probenecid 
on the renal and biliary secretion of methotrexate were determined using steady state conditions. 
Inhibition of biliary secretion accounted for most of the decreased elimination of methotrexate. 


Methotrexate, a folic acid antagonist, has been used 
in the treatment of a variety of neoplastic diseases. 
Like most anticancer drugs, methotrexate is a nonspe- 
cific agent which prevents cell replication in normal 
as well as in malignant tissues. The response of a 
tissue to the effect of methotrexate is greatly depen- 
dent on the length of time for which the tissue is 
exposed to the drug after the initial insult [1]. If a 
tissue is exposed to methotrexate for a prolonged 
time, recovery from the initial insult is prevented, and 
complete tissue destruction may occur. The nonmalig- 
nant tissues most susceptible to the effect of metho- 
trexate are those with rapid cell turnover rates, most 
notably the mucosa of the gastrointestinal tract and 
the bone marrow [2]. 

The importance of the length of exposure to metho- 
trexate was first reported by Ferguson et al. [3]. They 
observed that methotrexate was more toxic to mice 
and rats when administered in divided doses over a 
period of time than when given as a single dose. They 


reported an LDso for a single intraperitoneal dose of 


94 + 9 mg/kg in mice, but when the total intraperi- 
toneal dose was divided into five equal consecutive 
daily fractions, the LD;, decreased to 9.7 + 1.5 mg/kg. 
Increased toxicity, even death, can occur after pro- 
longed exposure to methotrexate resulting from either 
continuous or frequent administration, or as a result 
of impairment of an individual’s ability to eliminate 
the drug [4]. The problem of dosing methotrexate 
in patients with impaired renal function has been in- 
vestigated [5,6], and though no firm guidelines have 
been established for administering methotrexate to 
such patients, the problem is recognized and caution 
can be exercised. 


The problem of inhibition of the elimination of 


methotrexate by concurrently administered drugs, 
however, has not received very much attention. 
Leigler et al. [7] have reported that salicylate and 
high concentrations of para-aminohippurate reduce 
the renal clearance of methotrexate to below the glo- 
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merular filtration rate, and that sulfisoxazole also has 
a slight inhibitory effect on methotrexate’s renal 
excretion. More recently Bourke et al. [8] have 
reported that probenecid inhibits the renal secretion 
of methotrexate in dogs. Because of the relatively 
nonspecific nature of the acid transport systems which 
are involved in the elimination of methotrexate, 
numerous drugs of an acidic nature have the potential 
for interfering with methotrexate’s elimination. 

Both active renal secretion and biliary secretion of 
organic acids are known to be inhibited by probene- 
cid. Methotrexate is eliminated from the blood by 
both these processes [9]. Because of the possible toxic 
consequences resulting from current administration of 
methotrexate and probenecid, an investigation of this 
potential drug interaction was undertaken. 


MATERIALS AND METHODS 


Animals. Male Sprague-Dawley rats, weighing 
225-275 g, obtained from Simonsen Laboratories 
were used for these studies. 

Drugs. Sodium methotrexate parenteral solution, 
marketed by Lederle Laboratories, Division of Ameri- 
can Cyanamid, was administered in the initial toxicity 
study. Tritiated methotrexate was used in the blood 
level and clearance studies. The tritiated drug, 
obtained from Amersham/Searle Corp., was diluted 
with nonlabeled methotrexate and purified by the 
method of Oliverio [10]. The nonradiolabeled metho- 
trexate was obtained from Nutritional Biochemicals 
Corp. A [°H]methotrexate solution for injection was 
prepared by dissolving a weighed amount of the puri- 
fied drug in a few drops of pH 8.3, 0.1 M ammonium 
bicarbonate buffer and then diluting with normal 
saline. The final concentration was 12.5 mg/ml. Pro- 
benecid, obtained as a powder from Merck Sharp & 
Dohme Research Laboratories, was prepared by dis- 
solving a weighed amount of the powder in a few 
drops of 1.0N NaOH, and the pH was adjusted to 
7.4 with a pH 7.0, 0.1 M phosphate buffer. This solu- 
tion was then diluted to the desired volume with nor- 
mal saline. The final concentration of the probenecid 
injectable solution was 20 mg/ml. 

Assay procedures. The concentration of radiolabel 
in blood, bile and urine samples was determined by 
scintillation counting techniques. All samples were 
collected in dialysis casing sacs. dried. and oxidized 
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on a Packard model 305 sample oxidizer in prep- 
aration for scintillation counting. Blood samples were 
weighed immediately after they were obtained. To 
estimate the blood volume, the weight of each sample 
was divided by 1.05, the average specific gravity of 
rat blood [11]. The amount of radioactivity in each 
sample was determined by counting on a Packard 
model 3375 Tri Carb scintillation spectrometer. The 
automatic external standard feature was utilized for 
all quench corrections. 

One sample each of bile, blood and urine was also 
examined for the presence of nonmethotrexate labeled 
species by a previously reported paper chromato- 
graphic method [12]. 

The concentration of probenecid in plasma samples 
was determined by the method of Dayton et al. [13]. 

Toxicity stuaty. Twenty rats were injected intraperi- 
toneally with 12.5 mg/kg of methotrexate. Ten rats 
also received intraperitoneal injections of 100 mg/kg 
of probenecid 20 min before and 20 min after the 
methotrexate was administered. A total of 200 mg/kg 
of probenecid was given. 

Another 20 rats were injected intraperitoneally with 
25 mg/kg of methotrexate. Ten of these were injected 
with 200 mg/kg of probenecid in the same manner 
as described above. 

All rats were observed for signs of toxicity for 30 
days. Feces were collected daily and assayed for 
occult blood by the Benzidine test [14] to determine 
if any gastrointestinal hemorrhaging was occurring. 

Blood level study. Since these studies required fre- 
quent sampling of blood from rats, the right jugular 
vein was cannulated to facilitate blood collection. The 
rats were anesthetized with pentobarbital for the can- 
nulation procedure, but were allowed to recover from 
anesthesia prior to commencement of the study. The 
rats were kept in restraining cages [15] throughout 
the study. 

Five rats were injected intravenously with 25 mg/kg 
of [*H methotrexate, and blood samples were with- 
drawn at specified times. Another five rats were in- 
jected intravenously with 200 mg/kg of probenecid in 
addition to the 25 mg/kg of [*H]methotrexate. Pro- 
benecid was administered in two equal doses as in 
the toxicity studies. Blood samples were drawn at spe- 
cific times and the concentration of radiolabel was 
determined. 

Clearance study. In order to measure the effect of 
probenecid on the renal and biliary clearance of 
methotrexate, the bile duct and the urinary bladder 
were cannulated. As described previously, the right 
jugular vein was cannulated for the sampling of 
blood. Another cannula, used for maintaining a con- 
stant infusion of the two drugs, was inserted into the 
aorta via the left cartoid artery. 

Methotrexate was administered by infusion at a 
constant rate of 0.5 mg/hr throughout the study after 
a loading dose of 0.5 mg. Five hr into the methotrex- 
ate infusion probenecid was administered in a loading 
dose of 15mg and by infusion at the constant rate 
of 5 mg/hr to the end of the study. 

Bile and urine samples were collected over intervals 
of | hr. Blood samples were obtained at the midpoint 
of each sampling period. Plasma samples to be 
assayed for probenecid were obtained at 8.5, 12.5 and 
IS hr after the initiation of the study. 
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RESULTS AND DISCUSSION 


The results of the toxicity study are presented in 
Table 1. While administration of a dose of 12.5 mg/kg 
of methotrexate alone did not produce any signs of 
toxicity, the concurrent administration of probenecid 
produced mild transient diarrhea on days 2 and 3 
after the injection. Fecal examinations for occult 
blood were negative. All rats appeared healthy after 
the brief episode of diarrhea. and no deaths were 
noted during the 30 days of observation. 

A dose of 25mg/kg of methotrexate produced 
moderate to severe diarrhea from about day 
through day 5 after the injection, and all rats suffering 
from diarrhea appeared to be dehydrated. The 
observed course of intoxication corresponded very 
closely to the description of methotrexate intoxication 
presented by Ferguson et al. [3]. All the rats receiving 
only methotrexate at this dose level survived, and 
appeared to have fully recovered by day 10 after 
administration. 

Concurrent administration of probenecid with a 
dose of 25mg/kg of methotrexate produced very 
severe intoxication. Eight of the ten rats in this group 
died. The rats which died all appeared extremely 
dehydrated and suffered from severe diarrhea. Due 
to the destruction of the intestinal mucosa, sodium 
and water reportedly leak into the lumen, and the 
animal dies from dehydration [16]. After the initial 
destruction of the intestinal mucosa, dehydration 
occurs fairly rapidly and death may occur as soon 
as 3 days after the injection of a lethal dose [3]. In 
this study, of the ten rats injected with both metho- 
trexate and probenecid, four died between day 3 and 
day 5 and four more died between day 5 and day 
10. The two surviving rats in this group recovered 
from the diarrhea syndrome by day 7. 

Examination of the blood concentration-time 
course of radiolabel in the presence and absence of 
probenecid reveals that elimination of methotrexate 
from the blood is substantially inhibited by probene- 
cid. Figure | illustrates a semilogarithmic plot of the 
blood concentration-time course of radiolabel in rats 
after an intravenous injection of a dose of 25 mg/kg 
of methotrexate. The blood concentrations of radiola- 
bel in the probenecid-treated rats, between | and 8 hr, 
were markedly greater than the levels at the corre- 
sponding times in the nonprobenecid-treated rats. It 


Table 1. Effect of probanecid on the toxicity of methotrex- 
ate in male Sprague-Dawley rats 





Cases of 
N_ diarrhea 


Drugs 


administered* Deaths* 





Methotrexate (12.5 mg/kg) 0 
Methotrexate (12.5 mg/kg) + 

probenecid (200 mg/kg) 0 
Methotrexate (25 mg/kg) 0 
Methotrexate (25 mg/kg) + 

probenecid (200 mg/kg) 





* Methotrexate was administered as a single i.p. injec- 
tion. Probenecid was administered as two i.p. injections 
of 100 mg/kg each. One was administered 20 min before 
and the other 20 min after the methotrexate was adminis- 
tered. 

+ Rats were observed for 30 days. 





Methotrexate toxicity due to probenecid administration 


should be noted that plasma levels reported are for 
total radiolabel, and may reflect the presence of both 
methotrexate- and nonmethotrexate-labeled species. 
As reported previously [12]. after an i.v. bolus of 
methotrexate to rats, the contribution of nonmetho- 
trexate species to total plasma radiolabel may become 
significant at the later time points. No attempt was 
made, however, to separate methotrexate from other 
labeled species in this study. As will be discussed, this 
refinement of the plasma concentration data was not 
necessary to satisfy the intended objectives. 

An estimate of the effect of probenecid on the total 
body clearance of methotrexate can be made by com- 
paring the areas under the blood concentration-time 
curves for methotrexate in the presence and absence 
of probenecid. The time-averaged total body clear- 
ance of a drug is related to area by the equation 
[17] 


dose/area = total body clearance 


Using the trapezoidal rule, the areas under the two 
blood concentration-time curves were determined for 
the time period 15 min—8 hr. When methotrexate was 
administered alone, the area for the 25 mg/kg dose 
was 6.4 g-hr/ml; when administered in the same dose 
with probenecid, the area was found to be 
27.5 yg-hr/ml. From these data it can be established 
that probenecid retards the removal of methotrexate 
from the plasma. The estimated reduction of the total 
body clearance of methotrexate due to the administ- 
ration of probenecid was approximately 75 per cent. 

No calculation of the actual total body clearance 
of methotrexate was made, as the area under the 
curve was only determined for the period 15 min-—8 hr. 
It should also be pointed out that the presence of 
nonmethotrexate-labeled species in the plasma does 
not significantly interfere with this estimation, as their 
presence only becomes important beyond 4hr, 
whereas 95 per cent of the measured area in the non- 
probenecid-treated rats occurred prior to this time. 

In an effort to further elucidate and quantitatively 
assess the processes involved in this interaction, a 
study of the effect of probenecid on the renal and 
biliary clearance of methotrexate was conducted. 
Figure 2 illustrates the biliary and urinary clearance 
data obtained from this study. The clearance values 
are plotted at the midpoint of each collection interval. 
The values for renal and biliary clearance for hr | 
are unreliable estimates; they are much higher than 
the actual clearances. The reason for this can be 
readily explained. As shown in Fig. 1, blood concen- 
tration of methotrexate, after a bolus injection, de- 
creases by at least a factor of ten during hr 1. Despite 
the initiation of a constant infusion of the drug, the 
blood concentration measured 30 min after the start 
of the study was too low to be representative of the 
average blood concentration during hr 1. Thus, the 
calculated value of clearance was too high. 

Ignoring the values for hr | of the control, and 
of the probenecid-treated periods, the blood concen- 
tration and the biliary, renal and total body clear- 
ances were averaged (Table 2). Averaging was felt to 
be justified as the levels of methotrexate and probene- 
cid were each virtually at steady state. The concen- 
trations of probenecid in the plasma at 8.5, 12.5 and 
15hr after the start of the study were 86, 100 and 
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120 g/ml respectively. The concentration of metho- 
trexate during the probenecid treatment period aver- 
aged 2.12 yg/ml with a range of 1.7 to 2.6 ng/ml. 

The average renal and biliary clearances of metho- 
trexate during the control (1-Shr) period were 4.3 
and 5.5 ml/min respectively. From these data it can 
be seen that the biliary excretion of methotrexate was 
significantly inhibited by probenecid. The average 
biliary clearance of methotrexate, between hr 6 and 
hr 15, was 1.1 ml/min. This was a decrease of 80 per 
cent from the control value. The inhibitory effect of 
probenecid on the renal secretion of methotrexate was 
much less than the effect on biliary secretion. The 
average renal clearance during the period of probene- 
cid administration was 2.8 ml/min, a decrease of 35 
per cent from the control value. The total body clear- 
ance of methotrexate, as determined by dividing the 
infusion rate by the averaged steady state blood con- 
centration, was accounted for, within experimental 
error, by the sum of renal and biliary clearances. 

As with the single-bolus studies, total radioactivity 
was used to determine the concentration of metho- 
trexate in the blood. In a previous report [12] a frac- 
tion of the radioactivity in the blood was shown to 
be due to nonmethotrexate species after a single bolus 
injection of methotrexate to rats, and the fraction of 
total label representing this nonmethotrexate com- 
ponent increased with time. In this study, however. 
it was found that the fraction of nonmethotrexate 
radiolabel, in blood, bile and urine samples, collected 
during hr 10 of the infusion was undetectable. There 
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Fig. 1. Semilogarithmic plot of methotrexate concentration 
with time showing the effect of probenecid. Each data 
point represents the geometric mean (+S.E.M.) of five 
studies. A dose of 25 mg/kg of methotrexate was adminis- 
tered at t = 0. Doses of 100 mg/kg of probenecid were 
administered 20 min before and 20 min after methotrexate 
administration. Key: methotrexate alone (@); methotrexate 
plus probenecid (A). 
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Fig. 2. 


Influence of probenecid on the renal and biliary clearance of methotrexate. Methotrexate was 


infused throughout the study at a rate of 0.5 mg/hr after an initial loading dose of 0.5 mg. Probenecid 
was infused from hr 5 on at a rate of 5 mg/hr after a loading dose of 15 mg. Key: biliary clearance 
(A): renal clearance (@). 


are two possible explanations for a significant non- 
methotrexate fraction of the radiolabel in rat plasma 


after a bolus injection but not in the current studies . 


in which methotrexate is administered by constant 
infusion. After a bolus injection. methotrexate is 
rapidly eliminated from the blood. while the non- 
methotrexate component, being very slowly removed, 
becomes the increasingly dominant species present. 
The nonmethotrexate component after a single bolus 
gains significance with time due to its retention in 
the blood. Under conditions in which a constant 
blood level is maintained, the concentration of the 
nonmethotrexate component is insignificant in rela- 
tion to the concentration of the unchanged drug. 
Another possible explanation arises from the fact 
that methotrexate has been shown to be metabolized 
by the bacteria of the lower intestine [18,19]. The 
nonmethotrexate species present in the blood could 
be an absorbed bacterial metabolite. In the current 
studies, the bile ducts of the rats were cannulated. 
and therefore methotrexate was not available in the 


Table 2. Summary of average methotrexate clearance data 


Probenecid 
treatment 
(6-15 hr) 


Control 
(1-Shr) 


Average blood 
concentration 
(ug/ml) 


0.83 
(0.71-1.00)* 
Biliary clearance 
(ml/min) 

Renal clearance 

(ml min) 

Biliary plus renal 
clearance (ml/min) 
Total body clearance, 
(ml/min) 

*P < 0.001. 

+ Range of concentrations. 

+P < 0.0085. 

Total body clearance is calculated by dividing the infu- 
sion rate by the average blood concentration. 


intestinal lumen for bacterial metabolism. The radio- 
label in the urine and bile was found to only be as- 
sociated with methotrexate. 

In conclusion, the data obtained in this study 
demonstrate that probenecid substantially increases 
the toxicity of methotrexate in the rat. This interac- 
tion primarily appears to be a result of the inhibition 
of the biliary secretion of methotrexate. 
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Abstract—The initial rate of uptake of [*H]prednisolone by cultured Novikoff and Reuber rat hepa- 
toma cells at 18 was directly proportional to the hormone concentration in the medium between 
0.01 um and 5 mM. Uptake of 0.05.M prednisolone was not affected by 100M dexamethasone 
or deoxycorticosterone or by depletion of the cells of ATP by preincubation in glucose-free medium 
containing KCN and iodoacetate. Uptake was also not affected by treatment of the cells with neuramini- 
dase or phospholipase C and no countertransport of prednisolone could be demonstrated. Uptake 
was also unaffected by a 5000-fold excess of D-glucose in the medium, in spite of the fact that predniso- 
lone acts as a simple competitive inhibitor of p-glucose transport. The results indicate that prednisolone 
is not taken up by the p-glucose or some glucocorticoid-specific transport system, but rather enters 
both types of cells by simple diffusion. Net uptake of prednisolone by the glucocorticoid-unresponsive 
Novikoff cells ceased when the intracellular concentration was 20-100°,, higher than that in the medium 
regardless of the medium concentration, indicating some nonspecific binding of the hormone to cellular 
components. At a concentration of 0.01 4M in the medium the glucocorticoid-responsive Reuber hepa- 
toma cells accumulated two to three times more prednisolone/cell than Novikoff cells. This concentra- 


tive effect diminished at higher concentrations, indicating saturation of binding sites. 


Glucocorticoids induce a number of effects in mam- 
malian cells. These include the inhibition of growth 
of mouse lymphoid [1] and L cells [2], the inhibition 
of p-glucose metabolism in various types of cells 
[3-8], alterations in the surface membrane of certain 
hepatoma cells [9] and the induction of various 
enzymes in these cells and liver [10-15]. An initial 
step in the action of glucocorticoids is the binding 
of the hormones to cytoplasmic receptor proteins 
[16-20]. The hormone resistance of certain mutant 
lines of mouse L [17] and lymphoma cells [1] and 
the unresponsiveness to enzyme induction of certain 
clones of hepatoma cells [20] seem to be related to 
a decreased binding capacity for the hormone. The 
mode of entry of glucocorticoids into cells, however. 
has not been elucidated [21], and the possibility that 
an unresponsiveness of cells to glucocorticoids may 
also be regulated at the cell membrane level. there- 
fore, has not been ruled out. Nevertheless, studies on 
the incorporation of glucocorticoids into whole cells 
as a measure of their binding to intracellular recep- 
tors indicated that the entry of glucocorticoids into 
cells must be quite rapid. From a series of recent 
experiments, it has been suggested that a stereospeci- 
fic transport system is involved in the uptake of 
triamcinolone acetonide by a line of mouse pituitary 


present results show that simple diffusion is the sole 
process by which prednisolone enters cells of the glu- 
cocorticoid-unresponsive Novikoff hepatoma and the 
Reuber hepatoma in which tyrosine aminotransferase 
and phosphoenolpyruvate carboxylase are induced by 
glucocorticoids [11, 12,14]. Furthermore, the initial 
rates of uptake are about the same for both types 
of cells and are not affected by the presence of p-glu- 


cose, although prednisolone inhibits b-glucose trans- 
port by both types of cells in a competitive manner. 


MATERIALS AND METHODS 


Novikoff rat hepatoma cells (subline N1S1-67) were 
propagated in suspension culture [24]. and cells in 
the exponential phase of growth were harvested and 
suspended to | x 10’ cells/ml of basal medium 42 
(BM42B [25]) or pb-glucose-free BM42B (BM42A 
[26]). Suspensions of cells were supplemented with 
p-glucose and [*H- 1.2.4] prednisolone (Schwarz 
Mann) and unlabeled prednisolone-21-sodium  suc- 
cinate (Sigma) as indicated in the appropriate exper- 
iments and incubated on a gyrotory shaker. Duplicate 
samples of suspension were analyzed for radioactivity 
in total cell material as follows. The cells were col- 
lected by centrifugation, washed once in Sml of 
balanced salt solution (BSS [27]), and suspended in 
0.2 ml of 0.5 N trichloroacetic acid. The mixtures were 
heated at 70° for 30 min and analyzed for radioacti- 
vity [24]. Other samples of cell suspension were ana- 
lyzed for radioactivity in acid-insoluble material [27]. 
Perchloric acid extracts were prepared from labeled 
cells and analyzed by ascending paper chromatogra- 
phy with various solvents as described previously 
[26.27]. The composition of the solvents was as fol- 
lows: solvent 9: 79 ml saturated ammonium sulfate, 
19 ml of 0.05M phosphate buffer (pH 6) and 2 ml 
isopropanol; solvent 28: 30ml of 1M ammonium 
acetate (pH 5) and 70 ml of 95°, ethanol: solvent 30: 
85 ml n-butanol and 15 ml H,O. 

H-35 Reuber rat hepatoma cells [28] grew poorly 
in suspension and were therefore routinely propa- 
gated in monolayer culture in plastic tissue culture 
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flasks (Falcon Plastics) with surface areas of 25 or 
75 cm*. The growth medium was composed of 90°, 
(v/v) Eagle’s basal medium containing four times the 
normal concentration of vitamins and amino acids, 
5°. (v/v) fetal calf serum. and 5°%% (v/v) bovine serum. 
Cells of confluent monolayers were dispersed by 
incubation with trypsin and EDTA [29]. For uptake 
experiments, cells were propagated in 5-cm Falcon 
Petri dishes to 2 to 5 x 10° cells/dish. Each mono- 
layer was briefly washed with 3 ml BM42A, and 1.5 ml 
BM42A containing the appropriate concentrations of 
{*H]prednisolone was added to each plate. After 
various times of incubation, the medium was poured 
off duplicate plates and the plates were briefly drained 
on paper towels. The monolayers were rapidly rinsed 
four times with 4 ml of cold (4') BSS, and the plates 
were drained thoroughly. Then the cells were scraped 
off the plate in | ml H,O with a rubber policeman 
and the lysate was analyzed for radioactivity. 
Control experiments in which samples without cells 
were processed indicated that the washing procedure 
for both types of cells removed over 97 per cent of 
the extracellular radioactivity. Furthermore, ad- 
ditional rinses of monolayer cultures of H-35 cells 
removed only insignificant amounts of additional 
radioactivity from the cells, indicating that little if any 
intracellular radioactivity was removed by the wash- 
ing procedure. Duplicate incorporation values did 
generally not vary more than 10 per cent from the 


average. 


PLAGEMANN and J. Err 


Dexamethasone, deoxycorticosterone, neuramini- 
dase and phospholipase C were purchased from 
Sigma Chemical Co. 


RESULTS AND DISCUSSION 


Suspensions of 10’ Novikoff cells/ml were supple- 
mented with 0.05 uM [*H]prednisolone, and the in- 
corporation of radioactivity into total cell material 
was determined as a function of time of incubation 
at 18. A typical time course of incorporation is 
shown in Fig. 1A (control). Incorporation was rapid 
and a maximum intracellular level of radioactivity 
was attained within about 15 min of incubation. Sub- 
sequently, the amount of radioactivity associated with 
the cells remained approximately constant (not 
shown). None of the prednisolone was recovered in 
perchloric acid-insoluble material (not shown). In one 
preparation of [*H]prednisolone. about | per cent 
of the radioactivity became precipitated in 0.5 N 
trichloroacetic and perchloric acid, but this precipi- 
tation occurred whether or not cells were present and 
thus probably reflected the precipitation of a labeled 
contaminant. Chromatographic analysis of acid 
extracts from 15-min labeled cells with three different 
solvents (solvents 9, 28 and 30) showed that the intra- 
cellular radioactivity was solely associated with pred- 
nisolone (not shown). The results in Fig. 1A also show 
that the time course of incorporation of [*H]predni- 
solone at 0.05 nM was not affected by the presence 
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Fig. 1. Effect of various treatments on the incorporation of [*H]prednisolone by N1S1-67 cells. (A) Sam- 
ples of a suspension of | x 107 cells/ml of BM42A at 18 were supplemented (zero time) with 0.05 uM 
[°H] prednisolone (4000 cpm/pmole) and at the same time where indicated with 100 uM dexamethasone 
or 100 uM deoxycorticosterone. Another sample of suspension was supplemented with 5mM KCN 
and 5mM iodoacetate and incubated at 37° for 10 min and at 18 for 5 min prior to addition of 
[*H prednisolone. (B) Samples of a suspension of 1.4 x 107 cells/ml of BM42B were supplemented 
where indicated with 10 4g neuraminidase/ml or-10 xg phospholipase C/ml and incubated at 37° for 
20 min and at 18° for 5 min. Then the samples were supplemented (zero time) with [*H ]prednisolone 
as in (A). (C) One sample of a suspension of 1.6 x 107 cells/ml in BM42B was supplemented with 
10mM _ prednisolone; another sample did not receive hormone. Both samples were incubated at 37 
for 15 min, then centrifuged and the cells were resuspended (zero time) to the original density in 
BM42B containing 0.05 4M [*H]prednisolone (4500 cpm/pmole) and pre-equilibrated at 18°. All 
samples in this figure were incubated at 18° in a gyrotory water bath shaker, and duplicate 1-ml 
samples were analyzed for radioactivity in total ceil material. All points represent averages of the 
duplicate samples. 
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Fig. 2. Initial rates of prednisolone incorporation as a 
function of prednisolone concentration in the medium. 
Samples of suspensions of | x 10’ N1ISI-67 cells/mi of 
BM42A in (B) and (C) or BM42B in (A) were supplemented 
in (A) with 0.01, 0.02, 0.04, 0.1, 0.2 or 0.4 uM [3H ]predniso- 
lone (9000 cpm/pmole) or in (B) with 0.1, 0.2 or 0.4 uM 
[*H]prednisolone (8000 cpm/pmole) or 0.4, 0.8, 1.4, 2, 4 
or 8 uM [4H ]prednisolone (500 cpm/pmole) or in (C) with 
100.000 cpm [*H]prednisolone/ml plus unlabeled predni- 
solone to 0.1, 0.2, 0.5, 1, 2 or 5mM. The suspensions were 
incubated at 18 and duplicate 1-ml samples were analyzed 
for radioactivity in total cell material after 1, 3, 5, 10 and 
20 min of incubation. The points represent averages of 
the duplicate 1-min values. 


of 20000-fold higher concentrations of other glucocor- 
ticoids. such as dexamethasone or deoxycorticoster- 
one in the medium. Depletion of the cells of ATP 
by incubation of the cells in a glucose-free medium 
containing 5mM KCN and 5 mM iodoacetate((30] 
and in preparation) had also no effect on the time 
course of prednisolone incorporation (Fig. 1A). 
Neither did pretreatment of cells with neuraminidase 
or phospholipase C (Fig. 1B), which was found to 
markedly inhibit the incorporation of triamcinolone 
acetonide by cultured mouse pituitary tumor cells 
[23]. The shapes of the incorporation curves were 
about the same at various concentrations of predniso- 
lone between 0.01 uM and 5 mM, that is, maximum 
intracellular levels were attained within about 15 min 
(not shown). The I-min values of such time courses 
of incorporation were taken as estimates of the initial 
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rates of prednisolone uptake. The results in Fig. 2 
show that the initial rate of uptake at 18° was directly 
proportional to the concentration of prednisolone in 
the medium between 0.01 uM and 5 mM. Thus, pred- 
nisolone uptake was not stereospecific or energy 
dependent, and nonsaturatable at least to a concen- 
tration of 5 mM. These results are consistent with the 
view that prednisolone was taken up by N1IS1-67 cells 
by simple diffusion through the membrane. This con- 
clusion is supported by the finding that countertrans- 
port could not be demonstrated for prednisolone (Fig. 
1C). When N1S1-67 cells pere preloaded with 10 mM 
of unlabeled prednisolone and then exposed to 
0.05 uM [*H]prednisolone, the initial time course of 
uptake of radioactivity was about the same as in the 
control cells which had not been preloaded. Counter- 
transport has been demonstrated to occur in N1S1-67 
cells with various substrates that enter these cells by 
facilitated diffusion [31, 32]. It has been observed that 
lowering the ATP level in Chinese hamster ovary cells 
results in an acceleration of the entry of various sub- 
strates that seem to enter cells by simple diffusion, 
suggesting that ATP is involved in establishing a bar- 
rier to simple diffusion in animal cells [33]. Our 
results in Fig. 1A do not support this view for predni- 
solone uptake in N1S1-67 cells since uptake was the 
same in normal and ATP-depleted cells. 

The experiments illustrated in Fig. | and 2 were 
conducted at 18°, because at this temperature incor- 
poration was slow enough to allow the estimation 
of initial rates of uptake, whereas at 37 uptake was 
too rapid for obtaining accurate initial rates (Fig. 3). 
However, all experiments described so far were also 
conducted at 37°. The results (not shown) were similar 
to those at 18°, in that incorporation was not affected 
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Fig. 3. Effect of temperature on prednisolone incorpor- 
ation. Samples of N1S1-67 cells were suspended to | x 107 
cells/ml of BM42B pre-equilibrated at the indicated tem- 
peratures. The suspensions were supplemented (zero time) 
with 1 uM [4H ]prednisolone (230 cpm/pmole) incubated at 
the appropriate temperatures. Duplicate |-ml samples were 
analyzed for radioactivity in total cell material. All points 
represent averages of the duplicate samples. 
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Fig. 4. Maximum concentrations of prednisolone accumu- 

lated by N1S1-67 cells as a function of the prednisolone 

concentration in the medium. The details of the experiment 

are described in the legend to Fig. 2. All points represent 

averages of the 20-min incorporation values. The dashed 

line indicates direct proportionality between intracellular 
and extracellular concentration. 


by other glucocorticoids, or by treatment with neura- 
minidase or phospholipase C, or preloading the cells 
with 10mM prednisolone, and occurred normally in 
KCN-iodoacetate-treated cells. 

One finding not entirely consistent with the simple 
diffusion model for prednisolone uptake was that the 
glucocorticoid accumulated slightly against a concen- 
tration gradient regardless of the temperature of incu- 
bation (Fig. 3). Based on an average cell volume of 
about 20 yl/10’ cells [34]. the maximum intracellular 
concentration was between 20 and 100°, higher than 
the extracellular concentration even when the cells 
were exposed to millimolar concentrations of predni- 
solone (Fig. 4). The latter finding suggests that the 
apparent accumulation of prednisolone against a con- 
centration gradient was not only due to the binding 
of the hormone to cytoplasmic hormone receptors 
[16-20]. It seems, in part at least. to reflect a non-spe- 
cific interaction of prednisolone with cell components, 
since it was not affected by the presence of high con- 
centrations of other glucocorticoids (Fig. 1A). The 
nature of this interaction or of the cell components 
involved is not known, but a similar accumulation 
against a concentration gradient has been observed 
with other glucocorticoids in HTC hepatoma cells 


however, seems to be involved, since the ratio of intra- 
cellular to extracellular concentration of prednisolone 


was lower at a high than at a low concentration of 


the hormone in the medium (Fig. 4). This difference 
was most apparent in experiments in which duplicate 
samples of cell suspension were supplemented with 
the same amount of [*H]prednisolone (0.05 uM: 
400,000 cpm/ml) and one of the samples was also sup- 
plemented with 2mM unlabeled prednisolone. Regu- 
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Fig. 5. Release of prednisolone from preloaded cells (A) 
and effect of p-glucose on prednisolone incorporation 
(B). (A) Two samples of a suspension of | x 10’ N1IS1-67 
cells/ml were supplemented with 0.05 uM [*H ]predniso- 
lone (4700 cpm/pmole) and one of them was also supple- 
mented with unlabeled prednisolone to 2 mM. The suspen- 
sions were incubated at 37. and duplicate 1-ml samples 
were analyzed for radioactivity in totai cell material. After 
30 min of incubation, the remaining cells were collected 
by centrifugation, washed once in BM42B, suspended (zero 
time) to the same density in fresh BM42B, and the suspen- 
were further incubated at 37. Duplicate 1-ml 
samples were centrifuged and the supernatant fluid (culture 
fluid) and the cell pellet (cell material) were analyzed for 
radioactivity. All points represent averages of the duplicate 
samples. (B) Two samples of a suspension of 1 x 107’ 
N1S1-67 cells/ml of BM42A were supplemented (zero time) 
with 2 uM [*H ]prednisolone (450 cpm/pmole) and one of 
them was also supplemented with 10mM_ p-glucose. The 
suspensions were incubated at 18, and duplicate 1-ml 
samples were analyzed for radioactivity in total cell mater- 
ial. All points are averages of the duplicate samples. 


sions 


larly the amount of radioactivity accumulated by the 
cells-in the latter suspension was between 20 and 30 
per cent lower than that accumulated by the cells 
in the control suspension (Fig. SA). This difference 
might have reflected binding to specific receptor sites. 
Upon washing of the [*H]prednisolone-labeled cells 
and incubation in fresh medium, a large proportion 
(about 60 per cent) of the accumulated prednisolone 
was released from the cells whether the cells had been 
labeled with 0.05 4M or 2 mM [*H ]prednisolone (Fig. 
5A). A second wash and incubation in fresh medium 
resulted in the release of 50 per cent of the residual 
radioactivity but most of the remainder of the 
radioactivity (about 15 per cent of the total associated 
initially with the cells) remained cell bound regardless 
of how often the cells were washed (not shown). Thus, 
the interaction of most of the prednisolone with cell 
components was readily reversible. Because of this in- 
teraction of prednisolone with cell components it is 
not entirely clear whether the effect of temperature 
on the initial rate of incorporation (1-min values, Fig. 
3) solely reflected an effect on uptake or also on bind- 
ing to cell components. Although accurate values 
could not be obtained from these data, the Q,, for 
the initial rate of prednisolone incorporation seemed 
to fall between 1.2 and 1.6 (Fig. 3). 
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Fig. 6. Maximum intracellular concentration of predniso- 
lone accumulated by H-35 cells as a function of the predni- 
solone concentration in the medium. The details of the 
experiment are described in the legend to Fig. 7. All points 
represent averages of the duplicate 20-min incorporation 
values. The dashed line indicates direct proportionality 
between intracellular and extracellular concentration. 


Results with H-35 cells were very similar to those 
obtained with N1S1-67 cells, except that at low con- 
centrations of the hormone (0.01 to 1 uM) H-35 cells 
accumulated two to three times more prednisolone 
on a per cell basis than N1S1-67 cells (Fig. 6). Since 
the overall volume of H-35 cells is approximately the 
same as that of N1S1-67 cells (about 20 pl/10” cells), 
the ratio of intracellular to extracellular concentration 
at these low concentrations was even higher in H-35 
than in N1S1-67 cells. A slightly increased intracellu- 
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lar accumulation of glucocorticoids at low concen- 
trations has also been reported for another glucocor- 
ticoid-sensitive hepatoma cell line, HTC [1, 26, 27]. 
and related to the binding of hormone to cytoplasmic 
receptors [1]. H-35 cells have been shown to possess 
a receptor protein similar or identical to that of nor- 
mal rat liver [37]. Nonspecific binding as observed 
with N1S1-67 cells, however, also occurred with H-35 
cells, since the ratio of intracellular to extracellular 
concentration was greater than | even at millimolar 
concentrations of the hormone (Fig. 6). 

The initial rates of prednisolone uptake (1l-min 
values) by H-35 cells, as by N1S1-67 cells, were di- 
rectly proportional to hormone concentration (Fig. 
7), and the initial rates of uptake were about the same 
for both types of cells (compare Figs. | and 7). For 
instance, at 8 uM prednisolone in the medium the in- 
tial rates of uptake were 110 and 140 pmoles/10’ 
cells/min for N1S1-67 and H-35 cells respectively. 
These results suggest that glucocorticoids enter both 
types of cells by simple diffusion and that they enter 
glucocorticoid-responsive and -unresponsive cells 
equally well. Furthermore, the uptake of prednisolone 
by either cell type was not affected by the presence 
of 10mM _ b-glucose in the medium either at 18° or 
37° (see Fig. 5B for N1SI1-67 cells), in spite of the 
fact that prednisolone has approximately the same 
affinity for the D-glucose transport system of N1S1-67 
cells as the substrate itself [8]. This conclusion was 
indicated by the finding that the K; for the competi- 
tive inhibition of 2-deoxy-p-glucose transport by 
prednisolone was about the same as the K,, for 
2-deoxy-D-glucose or D-glucose transport (1-2 mM). 
Additional studies have shown that the D-glucose 
transport system of H-35 cells is inhibited by predni- 
solone to a similar extent as that of N1S1-67 cells; 
the K; for the competitive inhibition of 2-deoxy-pb- 
glucose transport at 37° was approximately 10 mM. 
The results indicate that prednisolone interacts with 
and blocks the pb-glucose transport system without 
being itself transported by the system. The physiologi- 
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Fig. 7. Uptake of prednisolone by H-35 cells as a function of hormone concentration in the medium. 
Petri plate cultures (5-cm diameter) of H-35 cells (3.5 x 10° cells/plate) were rinsed with cold BM42A 
and then overlayed with 1.5 ml of 18° BM42A containing (A) 0.01, 0.02, 0.04, 0.1, 0.2 or 0.4 uM 


[*H]prednisolone (8000 cpm/pmoles) or (B) 0.4, 1, 


2, 4 or 8 uM [4H]prednisolone (500 cpm/pmole). 


The plates were incubated at room temperature, and at | and 20 min of incubation duplicate plates 
were analyzed for radioactivity in total cell material. All points represent averages of duplicate plates. 
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cal significance of this inhibition of b-glucose trans- 
port is uncertain, however, since the effect is apparent 
only at unphysiologically high concentrations of pred- 
nisolone and since glucocorticoid-responsive and 
-unresponsive cells are equally affected. 

Our finding that prednisolone enters, equally weil, 
glucocorticoid-responsive and -unresponsive hepa- 
toma cells and that uptake is by simple diffusion con- 
trasts with the report of Harrison et al. [22,23] that 
triamcinolone acetonide enters cultured mouse pitui- 
tary adenocarcinoma cells by a stereospecific trans- 
port system. Their conclusion, however, may not be 
warranted, since these investigators did not clearly 
distinguish between glucocorticoid uptake and bind- 
ing. No initial rates of uptake, saturation kinetics or 
stereospecificity of uptake were demonstrated. The 
conclusion of these investigators was largely based 
on the temperature dependence of incorporation of 
the hormone by the cells and on differences in the 
time courses of binding of the substrate by whole cells 
and cell-free extracts. The Arrhenius plot of whole 
cell incorporation of triamcinolone acetomide exhi- 
bited a temperature transition at 16° [22], but this 
observation was probably unrelated to glucocorticoid 
uptake since equilibrium concentrations of hormone 
were analyzed rather than initial rates of uptake. 
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Abstract—The capacity of isolated rat hepatocytes to carry out drug metabolism in vitro was studied. 
The aromatic hydroxylation of quinine sulfate was measured fluorometrically from two starting concen- 
trations of the drug. The N-demethylation of dansylamide and antipyrine was measured by following 
the release of tritium into water after hydroxylation of *H-labeled methyl groups. The N-demethylation 
of antipyrine and dansylamide was inhibited by SKF-525A and ethylmorphine. The metabolism was 
rapidly increased (approximately 10 per cent) by the addition in vitro of 0.1 mM phenobarbital. Isolated 
rat hepatocytes are well suited for drug metabolism studies. They are readily prepared, retain their 
viability for hours, and allow many, well-controlled experiments from the same preparation of cells. 
The formation of 3H,O from suitably labeled precursors is a sensitive and promising technique to 


study certain aspects of drug metabolism. 


A technique for the preparation of isolated rat hepa- 
tocytes involving the use of collagenase and hyalur- 
onidase was first discussed by Howard et al. [1]. This 
method was then improved by Berry and Friend [2]. 
In recent years, many investigators have adopted and 
modified these procedures, and are currently isolating 
liver cells that are capable of many physiological 
functions. There have been recent reports of isolated 
hepatocytes synthesizing fatty acids and cholesterol 
[3], albumin [4] and glucose [5]. Fatty acid oxi- 
dation [6] and stimulation of gluconeogenesis by glu- 
cagon have been investigated in these cells [7]. Thus, 
the metabolic integrity of the isolated hepatocytes has 
been well established. 

The liver is by far the most important organ for 
the metabolism of xenobiotics. Therefore, isolated 
mature hepatocytes would make an excellent model 
for the study of drug metabolism and drug-—drug in- 
teractions. Despite the advantages of this system, 
there have been few attempts to use it to study drug 
metabolism. Berry [8] has successfully used isolated 
hepatocytes to study the action of pyruvate on eth- 
anol metabolism. Holtzman et al. [9] have found that 
these cells will metabolize aniline, ethylmorphine and 
3,4-benzo(a)-pyrene, while Corona et al. [10] and 
Zimmerman et al. [11] have studied hepatotoxicity 
by drugs in isolated liver cells. Recently, Moldéus et 
al. [12,13] have studied drug-cytochrome P-450 inter- 
actions and drug metabolism linked to cytochrome 
P-450 in isolated hepatocytes. Von Bahr et al. [14] 
have also studied the binding of drugs to cytochrome 
P-450 in this system. To our knowledge, this is a com- 
prehensive list of drug metabolism experiments in iso- 
lated hepatocytes. We have worked with isolated rat 
hepatocytes in the past measuring gluconeogenesis 
and fatty acid oxidation and have found that the 
mechanics of preparation of these parenchymal cells 
greatly influence their metabolic activities. 

In this paper, we will describe drug metabolism ex- 
periments in cells prepared by perfusion of isolated 
rat livers with collagenase. The advantage of such a 


drug-metabolizing system is obvious. While maintain- 
ing the integrity of the perfused liver system, one can 
now do many parallel experiments with aliquots of 
cells from one liver. These cells metabolize drugs for 
extended periods of time. If one wants to do exper- 
iments with relatively small aliquots of liver cells, one 
will have to use sensitive assay systems. We describe 
in this report the use of two assay systems which 
fulfill these requirements. One of these methods in- 
volves the use of *H-labeled drugs; the other, more 
classically, employs fluorescence measurements. One 
relatively simple approach for the measurement of hy- 
droxylation reactions has not been used extensively 
in drug metabolism studies. This particular approach 
is based on the exchange of tritium with water from 
3H-labeled aliphatic substituents or side chains fol- 
lowing the formal interjection of an oxygen atom into 
a C-H bond (Fig. 1). In the case of an aliphatic side 
chain, tritium is released on formation of a primary 
alcohol, and more tritium can be released on succes- 
sive metabolism to an aldehyde or the acid. For a 
secondary alcohol, the only successive oxidation pos- 
sible would lead to the formation of the ketone. In 
the case of alkyl substituents or heteroatoms, such 
as S-O- and N-, hydroxylation on the carbon next 
to the heteroatom leads to dealkylation and forma- 
tion of aldehydes. Secondary tritium release occurs 
on further metabolism of these aldehydes to their cor- 
responding acids. 


MATERIALS AND METHODS 
Materials 


Male Sprague-Dawley rats, 200-250 g, were main- 
tained on a standard Purina rat chow diet at 22 
in temperature-controlled rooms on a cycle of 12 hr 
of light and 12 hr of darkness. Animals used in glu- 
coneogenesis experiments and citrate metabolism ex- 
periments were deprived of food for 48hr. Colla- 
genase (CLS-111, 132U/mg) was obtained from 
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Fig. 1. Mechanism of tritium exchange into water from 
*H-labeled aliphatic substituents or side chains following 
a-hydroxylation and successive reactions. 


Worthington Biochemical Corp. Antipyrine, EDTA,* 
HEPES. and bovine albumin, fraction V, were 
obtained from Sigma Chemical Co. Amino acids 
(100 X), L-glutamine (200mM) and “antibiotic-anti- 
mycotic” were purchased from Grand Island Biologi- 
cal Co. Dextran T-70 was from Pharmacia and dex- 
trose from Mallinckrodt. Lithium lactate was 
obtained from Nutritional Biochemicals Corp. and 
dansylchloride from Pierce Chemical Co. Dansyl- 
chloride[ N-methyl-*H]. 1-5 Ci/m-mole, antipyrine- 
[N-methyl-°H], 100-200 mCi/m-mole, and _ citric 
acid[1,5-'*C], 2-10mCi/m-mole, were purchased 
from New England Nuclear. Ethylmorphine-HCl and 
quinine sulfate were purchased from Merck & Co. 
and sodium phenobarbital from Eli Lilly & Co. 
SKF-525A was obtained from Smith Kline & French 
Labs. The mitochondrial uncoupler FCCP was a 
generous gift of the E. I. Dupont De Nemours Co. 
Fresh cow blood was obtained from a local slaughter- 
house, allowed to clot, and centrifuged. The serum 
was then poured off and frozen in 100-ml containers 
at —30. Dansylamide was synthesized by reacting 
dansylchloride with excess ammonia in tetrahydrofur- 
ane-water. After standing overnight, the reaction mix- 





*Abbreviations used: EDTA, ethylenediamine tetraacetic 
acid; HEPES, N-2-hydroethyl piperazine-N-2-ethane sul- 
fonic acid; dansylchloride, B-dimethylamine-1-napthalene 
sulfonyl chloride; SKF-525A, 2-diethylaminoethyl-2, 
2-diphenylvalerate HCl; FCCP, P-trifluoromethoxyphenyl- 
hydrazone of carbonyl cyanide. 
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ture was taken to dryness on a rotary evaporator and 
the residue recrystallized from alcohol water. 

Buffers. The composition of the main buffers were 
as follows: (a) perfusion buffer: 30g dextran, 4.05 g 
NaCl, 465 ml of 0.154M HEPES (pH 7.45), 30 ml of 
0.154M KCl, 115ml of 0.154M MgSO,.7H,0, 
4.6 ml of  0.825mM EDTA, 1S ml of 
0.154 M K,HPO,, 60 mg penicillin, and 375 ml H,O; 
(b) wash buffer: 30g dextran, 7.65 g NaCl, 65 ml of 
0.154M HEPES (pH 7.45), 30ml of 0.154M KCl, 
15 ml of 0.154 M MgSO, .7 H,O, 4.6 ml of 0.825 mM 
EDTA, 15 ml of 0.154M K,HPO,, 60 mg penicillin, 
and 775 ml H,O; and (c) incubation buffer: 150 mg 
dextrose, 100 mg lithium lactate, 0.5 ml of 0.154M 
CaCl,. | ml amino acid mixture (100 x ), | ml L-gluta- 
mine (200 mM), 2g bovine albumin, | ml antibiotic- 
antimycotic (100 x ), add perfusion buffer to 100 ml. 
All buffers had a final pH of 7.4. Before the above 
three buffers were used, they were filtered through 
a Millipore filter of 0.45 zm pore size. The dextrose, 
lithium lactate and glutamine were excluded from the 
gluconeogenesis and citric acid metabolism exper- 
iments. 

Perfusion system. The perfusion system incorpor- 
ated the foliowing features: isolated organ in vitro: 
a circulating perfusate volume of 100ml; enclosed 
silastic membrane oxygenating system; constant 
volume nonpulsatile pump; perfusion pressure moni- 
toring; and the canulated organ submerged in buffer 
inside the thermostated perfusion vessel [15]. The 
ischemic period was no longer than 15 sec. 


Preparation of hepatocytes 


The rats were anesthesized with ether throughout 
the surgical procedure. The abdominal cavity was 
opened, the bile duct isolated, and a polyethylene 
catheter (PE 10, Intramedic) inserted. The portal vein 
was then isolated and the canula of the perfusion 
apparatus (grooved !5 gauge SS needle) inserted and 
tied into the portal vein at the general locus of the 
lienal branch. The perfusion was started (6 ml/min) 
and the liver transferred from the abdominal cavity 
to the perfusion apparatus. After the transfer, the per- 
fusion rate was adjusted to a flow rate of 10 ml/g/min. 
The entire procedure takes less than 5 min, and the 
ischemic period was usually less than 15 sec. 

The perfusion apparatus was filled prior to the liver 
isolation with 100ml of the perfusion buffer, and 
equilibrated with oxygen at 32). About 25 ml of the 
perfusate was used to clear the liver of red cells at 
a flow rate of 10 ml/min. The liver was then placed 
in the apparatus, the perfusate recirculated, and 50 mg 
collagenase in 25 ml perfusion buffer added to bring 
the total perfusing volume back to 100 ml. The per- 
fusion time in the presence of collagenase was 
15-20 min at a flow rate of 10 ml/g/min. When the 
liver had significantly increased in size and started 
to leak perfusate out of the lobes, the system was 
changed to noncirculating and the collagenase-con- 
taining buffer was washed out of the liver. Three 
25-ml washes of clean buffer were perfused through 
the liver to wash out remaining collagenase. The liver 
was disconnected from the canula, the tissue gently 
separated by opening scissors, and poured onto a 
sieve of |-mm mesh size. The liver was washed into 
a second plastic beaker with bovine serum and the 
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gentle stirring motion of a soft rubber bulb. The 
bovine serum contains an x%,-macroglobulin. which 
irreversibly binds to and inhibits collagenase [16], 
and thereby helps in the removal of remaining 
enzyme, which can be deleterious in long time incu- 
bations of isolated liver cells. The crude liver cell sus- 
pension was gently drawn into a 100-ml pipet through 
a 3-mm fire-polished opening. This was repeated two 
times to dispense the cells. The suspension was then 
placed in the top conical tube of two stacked 50-ml 
plastic centrifuge tubes. The bottom tube was prefilled 
with 45 ml of clean oxygenated wash buffer and the 
upper tube was a conical centrifuge tube with a 6-mm 
opening in the bottom. The tubes were centrifuged 
for 2 minutes at 40g, forming a loosely packed pellet. 
The supernatant was discarded and the pellet was 
resuspended in wash buffer, and the washing pro- 
cedure repeated two more times. The final pellet was 
resuspended in 100 ml of the incubation buffer. The 
cell yield was 90-95 per cent. 

Each incubation reaction contained 5-ml cells 
which were pipetted into 25-ml Erlenmeyer flasks, the 
bottoms of which had been heated and pushed inward 
to form a conically raised center which kept the cells 
from settling in the center of the flask. The opening 
of the pipet tip used for the dispension of the cells 
was enlarged to 3mm and fire polished. The 100-ml 
cell suspension was swirled continuously while pipet- 
ting to insure equal aliquots of cells in each reaction. 
The concentration was 45-60 mg wet weight cells/ml 
or about 4.4 to 5.9 x 10° cells/ml. All incubations 
were carried out at room temperature. The reaction 
flasks were swirled in a gyrating incubator at 120 rev 
min. 


Assays 

The fluorescence assay of quinine and its metabo- 
lites has been previously described [17]. In our exper- 
imental procedure, it was somewhat modified. Two 
ml of a 10-ml reaction containing liver cells was 
added to 10 ml benzene + 0.2 ml NaOH. The mixture 
was sonicated and centrifuged. Five ml of the benzene 
layer was then sonicated with 4ml of 7% HCIlOx,. 
The fluorescence of the resulting aqueous layer con- 
taining quinine was measured. One ml of the original 
aqueous phase containing guinine metabolites was 
adjusted to:-7°,, HClO, and its fluorescence deter- 
mined. This separation of parent compound and 
metabolite is based on the differences in solubility 
after glucuronide conjugation of hydroxylated 
quinines. 

The radioactive assay involved the formation of tri- 
tiated water from molecules which were tritiated in 
a position such that the tritium was labilized upon 
hydroxylation by the P-450 enzyme system. Tritium 
(CH,—N)-labeled antipyrine and dansylamide were 
used in these experiments. The appropriate concen- 
trations of drug plus 0.5 Ci of very high specific 
radioactivity drug were added to each reaction. One- 
half ml of the incubation medium containing cells was 
taken at various time intervals and centrifuged, and 
200 ul of the supernatant was placed on a short 
Dowex-50 cation exchange column in the H* form. 
The column was eluted with 2ml water, and the 
effluent counted in 14ml of a solution containing 
333 ml Triton X-100 (Rohm & Haas). 667 ml toluene 


1497 


and 3.8 g Omnifluor. The vials were then counted in 
a Beckman LS 250 liquid scintillation counter. 


RESULTS AND DISCUSSION 

Cell viability 

The trypan-blue exclusion test (0.25°, trypan blue 
in perfusion buffer) indicated that about 95 per cent 
of the cells were intact. The isolated liver cells utilized 
oxygen at a linear rate (Fig. 2) and synthesized glu- 
cose from various precursors at rates comparable to 
the isolated perfused liver (Fig. 3). They also metabo- 
lized [1,5-'*C]citrate in a linear fashion for 8 hr (Fig. 
4). 


Metabolism of quinine sulfate 

Quinine is metabolized primarily in the liver. Many 
of the metabolic degradation products have been 
identified as hydroxy derivatives [18], with the main 
metabolite arising from hydroxylation in the 2-posi- 
tion of the quinoline ring. The metabolites are soluble 
in water at high pH, whereas the parent compound 
is soluble in benzene under these conditions. Metabo- 
lism of quinine and the formation of its fluorescing 
metabolites are shown in Fig. 5. 

There is not an equal amount of fluorescence 
appearing to account for the disappearance of quinine 
fluorescence. This may indicate that some of the 
metabolites are not fluorescent or that the molar 
fluorescence for the metabolites is lower than that 
of the parent compound. Quinine disappears from the 
preparation in a logarithmic fashion with a half-life 
of 66 min (Fig. 6). The half-life was the same when 
starting from either 3.7 or 1.4 ug/ml of quinine sulfate. 
This experiment shows that aromatic hydroxylation 
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Fig. 2. Oxygen consumption of isolated hepatocytes as 

measured with a Clark-type oxygen electrode. Liver cell 

concentration was 50 mg/ml wet weight. Measurements 

were made at 37° in a volume of 2 ml of buffer. The cells 
were “uncoupled” with 0.25 uM FCCP. 
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Fig. 3. Cumulative glucose production by isolated hepato- 

cytes from 10 mM of gluconeogenic substrates. Incubations 

were carried out at 23° with liver cell concentrations of 
50 mg/ml wet weight. 


followed by glucuronidation takes place in our prep- 
aration of isolated liver cells, which is in agreement 
with findings in other laboratories. 
Metabolism of antipyrine and dansylamide 

Antipyrine, a drug that is distributed in total body 
water and does not bind appreciably to plasma pro- 
teins, has been used to measure drug metabolic acti- 
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Fig. 4. Citrate metabolism by isolated hepatocytes. Tracer 

amounts of [1,5-'*C]-citric acid were used as the substrate. 

The '*CO, production was measured by continuous trap- 

ping of **CO, evolved from reaction mixtures in an 

oxygen atmosphere at 23°. Incubation flasks contained 
50 mg/ml of liver cells and 0.05 Ci of substrate. 
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Fig. 5. Disappearance of quinine sulfate and the appear- 
ance of fluorescing metabolites in preparations of isolated 
hepatocytes. Reaction flasks contained 50 mg/ml of liver 
cells and were incubated at 23°. Samples were taken at 
0, 1, 2 and 3hr and assayed as described in the text. 


vity. Conney et al. [19] have shown that dogs pre- 
treated with chlordane had increased metabolism of 
antipyrine. In contrast, the rate of metabolism of anti- 
pyrine is slowed when dogs are treated chronically 
with bishydroxycoumarin, a competitive inhibitor of 
drug metabolism. Although the main metabolite of 
antipyrine is 4-hydroxy-antipyrine and hydroxylation 
of the C-methyl group has been reported [20], 
N-demethylated antipyrine has been shown to con- 
tribute 10-20 per cent of the total metabolites [21]. 
We have found in our experiments that N-demethyla- 
tion of antipyrine definitely contributes to the overall 
metabolism, up to 20 per cent of the total. The 


demethylated metabolite has been identified and the 
@ 
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Fig. 6. Semilog plot of quinine sulfate disappearance from 

isolated hepatocyte reaction media. A_ half-life time of 

66 min was obtained from a starting concentration of 

3.5 pg/ml of quinine. Similar results are obtained by plot- 

ting the disappearance of drug from a starting concen- 
tration of 1.5 ug/ml. 





N-demethylation as an example of drug metabolism 
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Fig. 7. Lineweaver—Burk plot of the N-demethylation of 
antipyrine (@) and dansylamide (A). 


formation of 7H,O from [N-?H-methyl]Jantipyrine is 
only possible after hydroxylation of the N-methyl 
group. The question arises whether the appearance 
of tritiated water reflects the rate of drug hydroxyl- 
ation, since further *>H,O is released on secondary 
mietabolism of formaldehyde. The rate of formalde- 
hyde metabolism by liver cells, i.e. soluble and mito- 
chondrial aldehyde dehydrogenase, is faster than drug 
metabolism as concluded from the following exper- 
iments. The rate of 7H,O formation from 0.5mM 
antipyrine was not retarded by the addition of 65 mM 
methanol, which produces high levels of intracellular 
formaldehyde. Also, when formaldehyde was added 
to the reaction medium after centrifugation, and pre- 
cipitated with dimedone and the precipitate counted 
in a liquid scintillation counter, no radioactivity was 
found to be incorporated, which attests to the very 
low formaldehyde pool during N-demethylation. This 
indicates that the P-450-catalyzed hydroxylation 
reaction is the rate-limiting step in the overall 
sequence of events leading to the formation of *H,O. 
The rate of *H,O release from the two radioactive 
drugs is concentration dependent and a Lineweaver-— 
Burk plot shows the Michaelis constants to be 
1.4mM for antipyrine and 0.3mM for dansylamide 
respectively (Fig. 7). 

Isolated liver cells rapidly metabolized antipyrine 
and dansylamide. The metabolism of 0.5 mM dansyla- 
mide and 0.5 mM antipyrine was inhibited by 19 and 
17 per cent, respectively, with 1.5 mM _ ethylmorphine, 
a drug which is also N-dealkylated. Antipyrine and 
ethylamorphine are type I binding drugs, while dansy- 
lamide has not been categorized. SKF-525A is a com- 
pound that inhibits the metabolism of many type I 
drugs [22]. At a concentration of 50,yg/ml, 
SKF-525A inhibited the N-demethylation of 0.5 mM 
antipyrine by 50 per cent, and inhibited the 
N-demethylation of 0.5mM dansylamide by 62 per 
cent (Figs. 8 and 9). Heat inactivation of the cells 
for 1 min at 100° prior to incubation completely 
stopped the release of 7>H,0 from both drugs (shown 
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for antipyrine only, Fig. 8). SKF-525A is a type I 
binding drug [23,24] and may inhibit drug metabo- 
lism by irreversibly binding to the type I binding site 
of the cytochrome moiety (Bidleman and Mannering, 
unpublished results). This might indicate that dansy- 
lamide N-demethylation is preceded by type I bind- 
ing. 

The N-demethylase activity of the liver cells was 
slightly but reproducibly increased when the cells 
were incubated simultaneously with 0.5 mM _ antipyr- 
ine and 0.05 or 0.1 mM _ phenobarbital. Higher con- 
centrations of phenobarbital inhibited antipyrine 
N-demethylation. We have no explanation for the 
stimulation phenomenon at this time, although this 
might be due to enzyme induction in vitro. On the 
other hand, this effect is evident within the first 
30 min indicating the likelihood of a stabilization of 
existing enzyme activity [25]. Phenobarbital is a good 
inducer of drug metabolism in vivo [26,27] but has 
not been used to induce drug metabolism in isolated 
liver cells. However, Nebert and Gielen [25] have 
successfully induced aryl hydrocarbon hydroxylase 
with phenobarbital in cultured mammalian liver cells. 

There are several advantages for the use of isolated 
liver cells in the study of drug metabolism. The endo- 
plasmic reticulum of adult rat hepatocytes is fully de- 
veloped, while this is not true of embryonic liver cells 
which would be used in hepatocyte cell culture. In 
addition, isolated hepatocytes can be obtained in 
large quantities. It is also possible to pretreat rats 
prior to cell isolation in order to manipulate condi- 
tions affecting drug metabolism. Thus, it becomes 
possible to do parallel experiments with cells from 
one animal, thereby eliminating biological variation. 
Because of the greater stability of isolated suspended 
cells as compared to microsomes, drug metabolic 
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Fig. 8. Effect of inhibitors and stimulators on antipyrine 
N-demethylation by isolated hepatocytes. Key: N-demeth- 
ylation of O.SmM_ antipyrine or 0.5mM_=§antipyr- 
ine + 65mM methanol (2); 0.5mM antipyrine + boiled 
cells (A); 0.5 mM antipyrine + 1.5 mM ethylmorphine (M@); 
0.5 mM antipyrine + 50 ug/ml of SKF-525 A (A); 0.5 mM 
antipyrine + 0.05mM_ phenobarbital (@); and 0.5mM 
antipyrine + 0.1 mM phenobarbital (©). Incubations were 
carried out at 23° with 50 mg/ml wet weight liver cells. 
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metabolites. The sensitivity is comparable to a 
radioactive assay. 
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Fig. 9. Effect of inhibitors on N-demethylation of dansyla- 
mide by isolated hepatocytes. Key: N-demethylation of 
0.5mM dansylamide (@); 0.5 mM dansylamide + 1.5mM 
ethylmorphine (M); and 0.5mM dansylamide + 50 ug/ml 
of SKF-525 A (A). Incubations were carried out at 23 
with liver cell concentrations of 50 mg/ml wet weight. 


reactions may be carried out over relatively long 
periods of time and yield linear kinetics. 

In conclusion, isolated rat hepatocytes prepared by 
a modification of the Berry and Friend technique are 
highly suitable for drug metabolism studies in vitro. 
They retain their viability for long periods of time 
and allow many, well-controlled experiments from the 
same batch of cells. 

It is possible to demonstrate the inhibition and 
stimulation of drug metabolism in isolated liver cells. 
The N-demethylation of both antipyrine and dan- 
sylamide is inhibited to about the same degree 
with SKF-525A. Ethylmorphine also inhibited the 
N-demethylation of both compounds, probably by 
competing with the two labeled drugs for the type 
I binding site. SKF-5S25A may have a_ similar 
mechanism of action. The metabolism of antipyrine 
was stimulated by adding small concentrations of 
phenobarbital. Dansylamide metabolism demon- 
strated a similar, but less consistent stimulation by 
small additions of phenobarbital. Since, in both cases, 
the effects are seen at the 30-min time points of incu- 
bation, it is likely that these increased metabolic rates 
are not due to induction of new enzyme synthesis 
but are due to stimulation or stabilization of existing 
enzymes. The release of “H,O from suitably labeled 
precurors appears to be a promsing technique to 
study certain aspects of drug metabolism. 

_ The fluorescent properties of quinine make it a con- 
venient alternate tool to study effects on drug meta- 
bolism. In isolated liver cells, one can follow the dis- 
appearance of the fluorescent parent compound and 
simultaneously the appearance of the fluorescing 
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Abstract—Hepatocytes of adult rats were isolated by infusion of a hyaluronidase collagenase mixture. 
High yields of cells excluding trypan tlue were obtained. These cells, in Hank’s buffer containing 
rat serum and 0.1% glucose, N-demethylate [‘H-CH3-N]ethylmorphine. The formaldehyde initially 
formed is further metabolized to tritiated water. Fifteen per cent of the original metabolic activity 
was Observed after 21 hr at 37° in 5°, CO,-air, and cumulative metabolism is linear for up to 90 min 
under these conditions. The K,, for the N-demethylation of [*7H-CH3-NJethylmorphine is 50 ~M, 20 
per cent of the value observed for this reaction by microsomal preparations. An active transport 
of the substrate into the cell is postulated to account for this difference. 


The study of drug metabolism in the past has gener- 
ally been restricted to the use of whole animals, per- 
fused organs or tissue homogenates. Although these 
studies have provided valuable information concern- 
ing the biochemical, physiological and pharmacologi- 
cal mechanisms regulating drug metabolism, they 
often have significant limitations. Whole animals or 
isolated organ studies are often subject to uncon- 
trollable and frequently unidentified factors which 
may have significant effects on the results. On the 
other hand, while more amenable to manipulations, 
tissue homogenates suffer from the fact that they do 
not retain much of the organization of the native cells, 
which may play a prominent role in the regulation 
of metabolism in the intact animal. 

Workers in many areas of biochemistry have 
sought models which retain cellular organization yet 
are readily manipulated. In the main they have devel- 
oped techniques for preparing isolated, metabolically 
active cells. Yet. in spite of the success over the years 
in culturing a wide range of mammalian cells, only 
recently have techniques been reported for the prep- 
aration of hepatocytes which could serve as a poten- 
tial model in the study of drug metabolism. 

Nebert and Gelboin [1] first reported the use of 
the cultured explants or dispersions of fetal rodent 
livers for drug metabolism studies. Although studies 
with this model led to a marked increase in our 
knowledge concerning the inductive process, it does 
not appear to be a good model for the nonreplicating 
adult liver. Further, it is difficult to obtain large quan- 
tities of material for many biochemical studies. 
Finally, these cells, and the original tissue from which 





*Preliminary reports of these results were presented at 
the American Society for Pharmacology and Experimental 
Therapeutics Meetings in East Lansing, Mich. U.S.A. 
(August 1973) (Pharmacologist 15, 10, 1973) and Montreal. 
Quebec (August 1974) (Pharmacologist 16, 205, 1974). 


they are derived, seem to metabolize a relatively nar- 
row range of substrates [1]. These limitations place 
significant restrictions on the areas of drug metabo- 
lism which can be studied with this system. 

Mechanical [2,3], chemical [4] and enzymatic [5] 
methods have been utilized to prepare relatively pure 
suspensions of hepatocytes from adult animals. Of 
these methods, the perfusion of the liver with a mix- 
ture of collagenase and hyaluronidase gives cells 
which appeared to be the best model for metabolic 
studies [5]. We [6], Cantrell and Bresnick [7], and 
Henderson and Dewaide [8] examined early versions 
of these enzyme techniques for the preparation of cells 
for drug studies. None proved to be very successful 
for broader investigations. 

Recently Seglen [9,10] has reported a modification 
of these methods in which the liver is continuously 
perfused with the enzyme mixture at 37° using a per- 
fusion pump. Further, she added Ca?* ion to the per- 
fusion medium, which is known to be an obligate 
cofactor for clostridinal collagenase [11] and which 
Howard et al. [12] have found will help to maintain 
the integrity of the mitochondria. This method gives 
a yield of cells of 50 per cent or more. Further, a 
much higher fraction of these cells excluded trypan 
blue, suggesting that they are metabolically active. 

We have examined this method for its application 
to drug studies by ascertaining the ability of these 
cells to metabolize [*H-CH3-N]ethylmorphine and at 
the same time sought to establish the ideal incubation 
conditions. Our studies indicate that these cells very 
actively metabolize this substrate in the presence of 
glucose as the sole source of energy and in the 
absence of added pyridine nucleotides or their precur- 
sors. Further, kinetic studies suggest that there is an 
active transport of ethylmorphine from the medium 
into the cell. Concurrent with these studies, Moldeus 
et al. [13] have examined the activity of this prep- 
aration for another substrate, alprenolol, and found 
excellent activity. 
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MATERIALS AND METHODS 


[*H-CH3-N]ethylmorphine was prepared as pre- 
viously described by the method of Abdel-Monem 
and Portoghese [14], in which norethylmorphine 
phenylearbamate was reduced by LiAl?H,. HEPES 
buffer was obtained from Sigma Chemical Co. (St. 
Louis, Mo.); the hyaluronidase and collagenase from 
Worthington Biochemical Corp. (Freehold, N.J.); and 
the trypan blue (direct blue 14) from Matheson Scien- 
tific (Elk Grove Village, III). 

All animals used in these experiments were fed male 
C-D rats (200-250 g) obtained from Charles River 
(North Willmington, Mass.). 

Isolated hepatocytes were prepared essentially by 
the method of Seglen [9]. The animals were anesthe- 
tized with ether, the abdomen was opened by a mid- 
line incision, and the portal vein was cannulated with 
a 21 gauge butterfly needle. The liver was then infused 
in situ with oxygenated 0.5mM EGTA buffer* at 
20 ml/min while the liver was being excised and 
placed in the perfusion apparatus. The perfusion rate 
was then increased to 40 ml/min for 5 min, after which 
50 mM CaC\,* (4.5 ml) was added, followed by cal- 
cium-free HEPES buffer (6 ml) containing collagenase 
(44 mg) and hyaluronidase (25 mg). The perfusion was 
continued for 10min, at which time the liver was 
placed in a polypropylene beaker, the capsule rup- 
tured and the suspension filtered through 110 mesh 
nylon. The filtrate was centrifuged at 100g for 2 min 
at room temperature. The supernatant was discarded 
and the pellet was resuspended in Ca**-free HEPES 
buffer{ containing 20°, rat serum and 0.1°% glucose. 
The cells were resedimented and washed twice. They 
were finally suspended in Hanks buffer§ with 20°, rat 
serum to the desired concentration and maintained 
at room termperature with very gentle agitation un- 
der a constant flow of air with 5° CQO,. 

The cells were counted with a hemocytometer. A 
0.05°,, trypan blue solution in Ca?*-free buffer was 
used to determine the integrity of the plasma mem- 
brane. For the purposes of this study, those cells 
excluding the dye were defined as viable, although 
we realize that this may or may not be related to 
their metabolic acitivity. 

Metabolic activity was further assessed by deter- 
mination of oxygen uptake. In these studies Hanks 
buffer was equilibrated with 5°, CO, in air at 37°. 
The buffer was then placed in a jacket incubation 
vessel fitted with a YSI 5331 oxygen electrode (Yellow 
Springs instrument, Yellow Springs, Ohio). The reac- 
tion was initiated by the addition of the cell suspen- 
sion. The concentration of oxygen was derived from 
standard tables [15]. 





*EGTA buffer: 8.00 g NaCl. 0.35 g KCl, 0.16 g KH,POx4. 
0.16 g MgSO,-7 H,O, 2.38 g HEPES, and 0.19 g EGTA in 
t liter H,O. 

+ Ca** buffer: 4.90 NaCl, 0.55 mg KCl, 0.13 g MgCl,-6 
H,O, 2.38 g HEPES, and 7.35g CaCl,-2 H;O in 1 liter 
H,0. 

{Ca?*-free buffer: 818g NaCl, 0.35g KCl, 0.16g 
KH,PO,, 0.16g MgSO,4-7 H,O, and 2.38 g HEPES in 
| liter H5O. 
$ Hanks buffer: NaHCOs, 2.2 g/l.: NaCl, 6.8 g/l: glucose, 
g/l.: KCI, 0.4 g/l.; CaCl,, 0.2 g/l.; NaH,PO,:H,O, 0.14 
l.; and MgSOg, 0.1 g/l. 
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Three ml of the cell suspension was placed in un- 
stoppered serum vials and the substrate added. The 
vials were incubated in air for 10-90 min at 37° as 
indicated. The reaction was stopped by adding 2 ml 
of 8.9%, ZnSO,:7H,O. In early experiments, an ali- 
quot (1 ml) of this mixture was diluted with H,O 
(6 ml) and a portion run through a column of XAD-2 
polystyrene resin (Mallinckrodt Incorp., St. Louis, 
Mo.), prepared as described previously [16]. Aliquots 
(1 ml) of the untreated and resin-treated solutions 
were suspended in Aquasol (New England Nuclear 
Corp., Boston, Mass.) and counted in a Beckman LS 
100 liquid scintillation counter. We have previously 
shown that since ethylmorphine is quantitatively 
absorbed by the resin [16], the radioactivity of the 
effluent is due solely to 7HCHO and °H,0. In later 
experiments, the incubation system was lyophylized, 
the water trapped in a U-tube at —77°, and the 7H,O 
activity determined as above. In the latter technique, 
the water phase is trapped in a U-tube which is 
cooled in a dry ice-ethanol bath. Since the formalde- 
hyde remains with the solids, it can be separated from 
the ethylmorphine by forming the dimedon derivative. 
precipitating the derivative, and counting the precipi- 
tate [16]. 

Glucose was determined by the phosphomolybdic 
acid method of Lauber and Mattice [17]. Hepatic 
microsomes were prepared after homogenization of 
the liver in KCI-Tris (150 mM, 50 mM. pH 7.4) and 
differential centrifugation in a Sorval RC-2B and 
Beckman L2-65 centrifuge [18]. Microsomal protein 
was determined by the method of Sutherland ef al. 
[19]. Microsomal ethylmorphine N-demethylase was 
determined by incubating KCl-Tris-Mg (150 mM, 
20 mM, 5 mM, pH 7.4) (3 ml) with NADP (0.33 mM), 
glucose 6-phosphate (25mM), and glucose 6-phos- 
phate dehydrogenase (0.67 units/ml) at 37° for 10 min 
with 0.1 to 2mM ethylmorphine [18]. The reaction 
was terminated by the addition of ZnSO, (1 ml) fol- 
lowed by BaQOH (sat.) (1.5 ml) and NaB,O, (sat.) 
(0.5 ml) and the suspension centrifuged. The formalde- 
hyde was determined in the supernatant by the 
method of Nash [20]. 


RESULTS 


We obtained an average of 3.2 + 0.4 x 10° cells 
from a liver, and 77 per cent of these cells excluded 
trypan blue. These values agree with the report of 
Seglen [10]. Further examination of the cell prep- 
aration at 400 magnification revealed little conta- 
minating debris. A recent report by Ingebretsen and 
Wagle [21] suggested that satisfactory preparations 
could be obtained in the absence of hyaluronidase. 
Unfortunately, in our hands, deletion of this enzyme 
led to clumped cells with poor activity. 

Examining the products of the N-demethylation of 
[*H]ethylmorphine by the cells. we could not detect 
any HCHO colorimetrically, although significant 
amounts of metabolism were observed by the radioas- 
say (0.91 nmole HCHO/10° cells). This suggested that 
all the HCHO formed during the metabolism of the 
ethylmorphine was itself further metabolized to HO, 
presumably by the mitochondrial aldehyde dehydro- 
genase. Further, we found that all the enzymatically 
released activity could be lyophylized, while in pre- 
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Fig. 1. Effect of hepatocyte concentration on N-demethyla- 

tion of [>H]ethylmorphine. Hepatocytes of increasing con- 

centrations were incubated with 2mM [*H ]ethylmorphine 

for 30 min as described in the text. Values are the average 
of triplicate incubations +S.E.M. 








vious studies (Thompson and Holtzman, unpublished 
data) we found that the formaldehyde remained 
behind with the solids. Finally, when carrier formal- 
dehyde was added and precipitated with dimedon, a 
procedure which removes all HCHO from solution 
[16], all the activity remained in solution. Because 
of the close agreement between the resin and lyophili- 
zation methods, the two were used interchangeably 
in subsequent experiments. 


In view of the significant activity of this prep- 
aration, we next investigated the behavior of the sys- 
tem with regard to a number of parameters. The first 
was the effect of cell concentration on metabolism 


nmoles/10® cells 


60 


40 
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minutes 
Fig. 2. Cumulative metabolism of [*H]ethylmorphine by 
isolated hepatocytes. Isolated hepatocytes (3 x 10° viable 
cells/ml) were incubated with 2mM [*H]ethylmorphine in 
medium containing 20% rat serum and 0.1% glucose as 
described in the text. The cumulative metabolism was 
measured at the times indicated. 
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(Fig. 1). Clearly this preparation is quite linear to 
about 5 x 10° cells/ml. The loss of linearity after this 
concentration of cells is not due to a decrease in the 
glucose concentration or to a drop in the pH of the 
suspension medium since both are quite stable. Nor 
was there a significant decrease in the oxygen content 
over the 10 min of the incubation. During subsequent 
incubations, the cell concentration was routinely 
maintained at 2 to 3 x 10° cells/ml. 

We next examined the linearity of the activity with 
time and found that the reaction was quite linear to 
90 min (Fig. 2). In view of the linearity with time and 
cell concentrations, we were able to compare the in- 
itial activity of cell preparations and the isolated mic- 
rosomes. In later studies, the activity of these cell 
preparations was about 3 nmoles/min-10° cells which 
is about equal to the V,,,, usually observed for the 
isolated microsomes run under optimal conditions. 
This comparison is based on our usual yield of 20 mg 
of microsomal protein/g of liver, which is about half 
the microsomes present in the intact liver. Hence 
there would be about 40 mg of microsomal protein /g 
of liver. Further, it has been estimated that there are 
about 2 x 10° cells/g so that 10° cells would equal 
about 0.2 mg of microsomal protein and the metabo- 
lism would be about 15 nmoles/mg of microsomal 
protein-min[ 22]. 

About the time we had completed this portion of 
the studies, it was reported that CO, appeared to 
be an important nutrient for cells. above and beyond 
its buffering capacity [23]. Up to this time we had 
been using the HEPES buffer of Seglen [10]. which 
contained neither CO, nor Ca?* ion. Hence. we 
decided to investigate the importance of these two 
components on cellular metabolism (Fig. 3). Clearly 
there is improved metabolism when CO, is included 
in the medium. All studies reported below were. there- 
fore, performed in Hanks bicarbonate buffer with 
Ca?* included. 

In all of these studies, serum was added to give 
a concentration of about 20°. The reason for this 
requirement is unclear but has been reported for a 
wide variety of culture systems [24]. Yet it seems to 
be only beneficial in Hanks bicarbonate buffer (Fig. 
3). In view of these results, all subsequent studies were 
performed with Hanks bicarbonate buffer and 20°, 
rat serum. 

We next examined the viability of the hepatocytes 
as determined by three indices of function. The first 
was the ability of the cells to exclude trypan blue. 


Yy 
Hanks 








Fig. 3. Effect of incubation medium on ethylmorphine 

N-demethylation by isolated hepatocytes. The effect of 20°, 

rat serum (open boxes) was assessed in Ca**-free HEPES, 

HEPES with 5mM Ca?*, and in Hanks buffer. Cells were 

incubated for 10 min at 37° in air (HEPES) or 5°,, CO,~air 
(Hanks). 
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Fig. 4. Effect of preincubation on oxygen uptake (top), for- 
maldehyde formation (middle) and trypan blue exclusion 
(bottom) by isolated hepatocytes in the absence (O O) 
and presence (@ @) of penicillin G (100 ng/ml) and 
streptomycin (100 ug/ml). Cells were withdrawn at the 
specified times and counted. Further, the oxygen uptake 
and formaldehyde formation were determined at 37° in 
Hanks buffer under 5°,, CO,~air. 


which indicates whether the plasma membrane is in- 
tact; second, the ability of the cell to respire; and 
finally, the rate of ethylmorphine N-demethylation 
(Fig. 4). Clearly on the basis of these indices, this 
preparation showed good but decreasing metabolism 
for at least several hr. Further, the three indices 
appear to parallel each other during the course of 


nmoles HCHO/ min - 10® cells 


00 


the preincubation. This is not unreasonable since it 
is Clear that the hepatocyte with a ruptured plasma 
membrane will not be able to retain critical cofactors, 
as the pyridine nucleotides. Yet, these studies were 
not performed in a totally aseptic environment, so 
that it may well be that bacterial contamination com- 
promised the cells. We than added penicillin 
(100 pg/ml) and streptomycin (100 yg/ml) and fol- 
lowed these same indices (Fig. 4). At the end of 24 hr 
the concentration of cells viable was 15°% of the zero 
time, but their specific activity was constant. Interest- 
ingly, at 24hr the cells which still excluded trypan 
blue tended to be clumped, suggesting that aggrega- 
tion could prove to be a problem in further studies. 

The question also arises as to whether specific hor- 
mones. such as insulin, cortisone and thyroxine. may 
affect the stability of the drug-metabolizing systems, 
much as these and other hormones have been shown 
to affect casein synthesis in mammary gland explants 
[25-27]. Of these, only thyroxine appears to have a 
significant effect (Fig. 5). This is not surprising, since 
this hormone has been shown to have profound 
effects on drug metabolism in intact subjects [28]. 
But the failure of insulin to be active is surprising, 
since a number of workers have shown that it has 
significant effects on isolated hepatocytes [29-33]. All 
these agents, however, are metabolized by the liver 
so that the actual concentrations are not known. 
Hence, the cells may have reduced hormone concen- 
trations to a point where they have no effect. This 
question will require further evaluation. In sub- 
sequent studies, hormones were not included. 

In a final study, we examined the substrate-depen- 
dent kinetics of the ethylmorphine N-demethylase 
(Fig. 6). The K,, for this metabolism (50 4M) is signifi- 
cantly lower than the K,, found for the isolated mic- 
rosomes (250 uM) determined in a parallel study in 
Hanks bicarbonate. This difference could be due to 
a number of causes in such a complex system. For 
example, oxygen depletion or suboptimal! pyridine nu- 
cleotide concentrations could reduce the K,, by reduc- 
ing the turnover number of the enzyme. Alternatively. 
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Fig. 5. Effect of insulin (40 munits/ml) (O 
(30 pg/ml) (A A) on the control (@ 


O), thyroxine (0.05 pg/ml) (x 
@) ethylmorphine N-demethylase of hepatocytes from male 


x) and cortisone 


rats. Cells were incubated for 10 min in Hanks buffer in 5°, CO,-air. 
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Fig. 6. K,, for ethylmorphine N-demethylase of isolated 
hepatocytes. [*H]ethylmorphine (0.01 to 2.0mM) was in- 
cubated with 1.3 x 10° viable cells/ml in 20°, rat serum 
and 0.1°, glucose for 10 min in 5%, CO,~-air at 37°. Meta- 
bolism was measured as described in the text. 


the cells may transport drug into the cytoplasm to 
increase the drug concentration bathing the enzymes. 
This point has been investigated in only a preliminary 
fashion. 

One possible explanation for the differences in K,, 
values of N-demethylation observed for hepatocytes 
and microsomes could be due to the removal of prod- 
uct from the reaction site of the membrane by glucur- 
onidation. Hence, if the product acted as a competi- 
tive inhibitor of N-demethylation, then its removal 
by glucuronidation should decrease the apparent K,,. 
To rule this out, varying concentrations of ethylmor- 
phine were incubated with microsomes and an 
NADPH-generating system in the presence and 
absence of 2 mM UDPGA. The K,,, for the demethy- 
lation of ethylmorphine was unaffected by the addi- 
tion of UDPGA, while the V,,,, was slightly increased. 
Under similar conditions Von Bahr and Bestilsson 
[34] found that half of the 2-HO-desmethylimipra- 
mine formed from desmethylimipramine is conjugated 
with UDPGA, suggesting that the lack of effect is 
not due to a failure of our system to form the glucur- 
onide. Thus, if glucuronide formation takes place in 
the cells, there appears to be no effect on the K,,. 

Interestingly, Moldeus et al. [13] found no such 
difference in K,, values for alprenolol. This agent is 
a highly lipid-soluble drug which exhibits first pass 
metabolism, much like its congener propranolol [35], 
where a large fraction of the drug is removed from 
the portal system before ever entering the systemic 
circulation. This phenomenon has _ never been 
reported for ethylmorphine. It is unclear how this dif- 
ference between the kinetics of ethylmorphine and 
alprenolol metabolism could be related to the pres- 
ence or absence of first pass metabolism. 


DISCUSSION 


These studies clearly indicate that the preparation 
of hepatocytes by the method of Seglen gives an 
abundant yield of metabolically active cells capable 
of rapidly metabolizing ethylmorphine. In agreement 
with Bissell et al. [36], this high activity can be 
observed on a chemically defined medium in the total 
absence of added cofactors. but in the presence of 
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rat serum. This preparation should permit a thorough 
evaluation of the many factors which may control 
drug metabolism in a system where hormonal and 
other homeostatic mechanisms can be carefully con- 
trolled. 

A second significant result of these studies is that 
they suggest that the hepatocyte is capable of actively 
transporting drugs into its cytosol. We feel, on the 
basis of present evidence, that this is the most likely 
explanation for the marked discrepancy between the 
K,, for N-demethylation by the intact hepatocyte and 
the microsomes. This result is not entirely unexpected 
since the usual therapeutic concentrations for many 
drugs, such as barbiturates, hydantoins and opiates, 
rarely exceed 100 xM in the serum. Yet. the microso- 
mal hydroxylations are only at 30 per cent of V,,, 
at these concentrations. This value is quite low, es- 
pecially for an enzyme system with a low turnover 
number of no more than 20 [37]. These consider- 
ations would suggest that the evolutionary process 
would lead to mechanisms to enhance the metabolism 
of potentially toxic xenobiotics. The transport process 
may represent such a mechanism. 

It is of interest that Moldeus et al. [13] have 
recently reported metabolic studies with this hepato- 
cyte preparation. They found that the K,, values for 
the metabolism of alprenolol by the hepatocyte and 
the isolated microsomes are both about 9 uM, sug- 
gesting that there is no active transport of this drug 
into the cell. This is a very lipophilic agent with a 
high affinity for microsomes. Taking their results 
along with our own would suggest that the more 
water-soluble compounds with a low affinity for the 
microsomes may be transported into the cell, while 
the more lipophilic agents with high affinities for the 
microsomes may rapidly enter by simple diffusion 
through the plasma membrane. Preliminary results in 
our laboratory would directly suggest that the water- 
soluble compounds are transported. 
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Abstract 


The properties of human serum and synovial fluid hyaluronidases were compared with each 


other and bovine testicular hyaluronidase. The parameters measured were pH optimum, molecular 
size, action on high molecular weight hyaluronate, substrate specificity, inhibition by non-substrate 
glycosaminoglycans and inhibition by sulphydryl reagents. The results obtained provide evidence that 
serum and synovial fluid hyaluronidases are similar, if not the same, enzyme. Serum and synovial 
fluid gave parallel results for all the parameters examined and differed substantially from those obtained 
with testicular enzyme. In particular, the sulphydryl properties of the human enzyme may offer a 
useful approach to the design of inhibitory drugs useful in the treatment of rheumatoid arthritis. 


Markedly increased levels of lysosomal enzymes have 
been demonstrated in synovial fluid from inflamed 
joints in rheumatoid arthritis [1-5]. Both acid pro- 
teases and glycosidases are elevated, and have been 
implicated in the degradation of synovial hyaluronate 
[6] and cartilage proteoglycan [7]. 

The precise identity and specificity of the enzymes 
responsible has not been demonstrated. The existence 
of hyaluronidase in synovial fluid was originally pos- 
tulated on the basis of the decreased viscosity of rheu- 
matoid fluids [6]. Its presence was subsequently 
doubted [8] and its identity has remained obscure. 

Studies from these laboratories have established the 
existence of a true hyaluronidase in synovial fluid [9]. 
Measurements of activity in rheumatoid fluid suggest 
it is not increased. Further, no significant difference 
could be found in the levels in supernatants of aspir- 
ates from osteoarthritic and rheumatoid knee joints. 
If synovial fluid hyaluronidase comes from the blood, 
then this would explain a synovial fluid level which 
remains largely independent of localised inflamma- 
tory conditions prevailing in joint tissues. 

The present study compares the properties of 
human synovial fluid and serum hyaluronidase in an 
attempt to elucidate the origin of this enzyme and 
explain the lack of correlation of enzyme activity with 
inflammatory indices. As testicular hyaluronidase has 
been used by many workers [10-13] as a model sys- 
tem for examination the effects of drugs and other 
agents on postulated human hyaluronidases, it was 
considered desirable to include this enzyme in the 
present study to illustrate its differences to the human 
varieties. 


MATERIALS AND METHODS 


Bovine testicular hyaluronidase type IV (750 NF 
units/mg) and human umbilical cord hyaluronate type 


HIS were obtained from Sigma Chemical Co., St. 
Louis, Mo. Chondroitin-6-sulphate (super special 
grade, from shark cartilage) was from Seikagaku 
Kogyo Co. Ltd., Tokyo. Beaded agarose gel of exclu- 
sion limit 500,000 mol. wt units (Biogel A 0.5 m), 
and hydroxylapatite (HTP) gel were obtained from 
Bio-Rad Laboratories, Richmond, California. Sodium 
gold thiomalate (Myocrisin for injection) was from 
May & Baker (Aust.) Pty. Ltd., and penicillamine hy- 
drochloride from Dista Products Ltd., Liverpool, 
U.K. 

Fluids were obtained fresh from clinics. The cells 
were centrifuged down and the supernatant stored 
frozen. Synovia! fluid supernatant was used untreated 
or purified [9] by ammonium sulphate fractionation 
and agarose gel permeation chromatography, as indi- 
cated. Further purification of synovial fluid hyalur- 
onidase was possible using 30 mM phosphate buffer 
(pH 7.0) on hydroxylapatite gel, but this gave low 
yields. Under these conditions, the enzyme did not 
adsorb to the gel, but a significant amount of other 
proteins did. At 20 mM phosphate or less, enzyme 
activity was not recovered in either the first bed 
volume or by elution with 0.3 M phosphate. The 
pooled fractions from agarose columns were free of 
hyaluronate and did not contain f-glucuronidase or 
B-N-acetylglucosaminidase (assayed as in [9]). 

Serum was prepared from blood taken from 
healthy volunteers and without the use of anticoagu- 
lants. 

Assays of hyaluronidase were carried out as pre- 
viously described [9], but substituting the citrate 
phosphate buffer of McIlvaine [14] for formate. No 
further additions of metal cations (e.g. as NaCl) were 
made to the incubation mixture. The assay measures 
the N-acetylglucosamine end groups produced from 
200 yg of human umbilical cord hyaluronate at pH 
4.0 and 37° in 20 hr. 
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Fig. 1. pH Optima of hyaluronidase. The pH’s shown were obtained by varying the proportions of 
0.1 M citrate and 0.2 M disodium phosphate in the buffer. 


When inhibitors were used, these were added to 
the normal enzyme incubation as solutions in buffer; 
control tubes for inhibitor studies were treated with 
inhibitor immediately before assay of N-acetylgluco- 
samine, i.e. after the enzyme incubation. 


RESULTS 


pH Optima. The citrate-phosphate buffer enabled a 
pH range of 2:5—-5.5 to be studied, and suitable con- 
centrations of the three sources of enzyme were 
chosen to give comparable activities. A distinctly dif- 
ferent pH/activity function was obtained for bovine 
testicular enzyme compared to the other two (Fig. 
1). 

Serum and synovial fluid gave essentially the same 
pH/activity relationship, and behaved as typical lyso- 
somal acid hydrolases. Their pH optimum was ap- 
proximately 3.4, and no activity was detectable at or 
above pH 5.0. However, bovine testicular hyaluroni- 
dase had optimal activity at pH 5.0, and very low 
activity at pH 3.4. 

Molecular size. The molecular size of the three 
enzymes was compared directly using agarose gel per- 
meation chromatography with 0.05 M Tris-HCl, 0.15 


Table 1. Elution ratios of hyaluronidases on agarose gel 





Enzyme source Ve/Vo 





1.84 + 0.04 
1.83 + 0.05 
1.72 + 0.02 


Human serum 
Human synovial fluid 
Bovine testicular extracts 





Enzyme samples containing blue dextran were applied 
to an analytical column (80 x 2.1 cm) of agarose 0.5 m 
gel (Bio-Rad) equilibrated with 50 mM Tris-HCl, 0.15 M 
NaCl (pH 7.3). Synovial fluid hyaluronidase was partially 
purified prior to chromatography by ammonium sulphate 
fractionation of synovial fluid (see [9)). 


M NaCl (pH 7.3) as eluting buffer. The bovine testicu- 
lar enzyme has a well-characterised mol. wt of 60,000 
[15]. The serum and synovial fluid enzymes were 
eluted slightly later than the testicular enzyme, indi- 
cating they have a lower mol. wt (Table 1). 

Cleavage of high molecular weight hyaluronate. The 
production of oligosaccharides from high mol. wt. 
hyaluronate was studied using column chromatogra- 
phy on Sephadex G75 (exclusion limit 50.000 mol. 
wt for dextrans). Size changes in the hyaluronate were 
investigated after hydrolysis by 1 N HCl at 100° for 
1 hr, and after digestion for 30 hr at 37° with 10% 
human serum in 0.1 M formate pH 4.0 containing 
80 4M saccharo-1,4-lactone. The latter concentration 
of saccharo-1,4-lactone is sufficient to give complete 
inhibition of B-glucuronidase [9], and since B-N-ace- 
tylglucosaminidase acts in concert with this enzyme 
[20], both exoglycosidases are effectively inhibited. 
Oligosaccharides which may be produced by a true 
hyaluronidase under these conditions will then be evi- 
dent on column chromatography. The dilution of 
serum used (1:10) is sufficient largely to overcome 
the effect of the well-known serum inhibitor of hyalur- 
onidase [16]. 

Incomplete acid hydrolysis also produces a mixture 
of oligosaccharides, and this was used for comparison. 
Extensive studies with testicular hyaluronidase [17] 
have already demonstrated the characteristic mixture 
of oligosaccharides produced by this enzyme. 

Untreated umbilical cord hyaluronate (Fig. 2A) was 
completely excluded by the Sephadex G75, consistent 
with its high mol. wt. After hydrolysis with 1 N HCl, 
it gave a strongly retarded peak (Fig. 2B) which was 
totally dialysable. Incubation of hyaluronate with 
serum also produced oligosaccharides _ strongly 
retarded on G75 (Fig. 2C); this peak was partially 
dialysable. 

Degradation could be routinely followed by the 
assay of N-acetylglucosamine end groups [18]; with 
serum and with synovial fluid supernatant, a time- 
dependent release of reducing ends was observed. . 





Huiman serum and synovial fluid hyaluronidase 


A- Untreated hyaluronate 





B-Acid hydrolysed 


Uronic acid 





C-Serum digested 








Eluent, ml 
Fig. 2. Human umbilical cord hyaluronate was treated as 
shown and chromatographed on a Sephadex G75 column 
(1.6 x 70 cm) with 0.05 M Tris HCl, 0.15 M NaCl (pH 
7.3) eluting buffer. Uronic acid was measured by the 
method of Bitter and Muir [29]. Acid hydrolysis (B) was 
with | N HCl at 100° for 1. hr; serum digestion (C) used 
10°,, serum in formate buffer (pH 4.0) at 37° for 30 hr. 


Substrate specificity. Insufficient synovial fluid hya- 
luronidase activity was obtained in purified prep- 
arations to permit measurements of substrate affinity 
constants. However, these preparations were shown 
to be active against both hyaluronic acid and chon- 
droitin-6-sulphate. It was not meaningful to measure 
these constants with unpurified synovial fluid due to 
its endogenous hyaluronate content. 

Constants were readily obtained, however, for 
serum and testicular enzymes. Notable differences 
were found between these enzymes in their affinity 
for hyaluronic acid and chondroitin-6-sulphate. 
Serum type enzyme had a considerably greater 
affinity for chondroitin-6-sulphate compared to tes- 
ticular enzyme, as shown by the ratios in Table 2. 

Inhibition by non-substrate glycosaminoglycans. The 
difference between bovine testicular enzyme and the 
other two enzymes was further demonstrated by their 
behaviour with non-substrate glycosaminoglycans 
whcih bear negative charges. Heparin was a consider- 


Table 2. Substrate affinities of hyaluronidases 





Chondroitin- 
Hyaluronate 6-sulphate 
(ug/ml) 


Fnzvme source Ratio 





800 
1250 


1450 1.81] 
3300 2.64 


Hluman serum 
Bovine testicular 
serum 





The concentration of glycosaminoglycan substrate in the 
normal assay was varied and the affinity constants derived 
from double reciprocal plots. 
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Table 3. Inhibition by heparin and dermatan sulphate 





Dermatan 


Enzyme source Heparin sulphate Ratio 





0.83 
0.82 


Human serum 

Purified synovial 
filuid* 

Bovine testicular 
extract 


4.64 





Figures are per cent inhibition compared to controls 
with inhibitor added after enzyme incubation. Inhibitors 
were added to enzyme assays at a final concentration of 
100 ug/ml. 

* Purified synovial fluid hyaluronidase was the pool 
from agarose chromatography of an ammonium sulphate 
fraction of synovial fluid. 


ably more potent inhibitor of testicular enzyme than 
dermatan sulphate, but these two polyanions gave 
similar inhibition with serum hyaluronidase and puri- 
fied synovial hyaluronidase (Table 3). 

Thiol reagents and inhibition. lodoacetamide and 
p-hydroxymercuribenzoate were used as specific thiol 
blocking agents with each of the three enzymes. 
lodoacetamide appeared to have little, if any, effect 
on all three (Table 4). p-Hydroxymercuribenzoate, 
however, when used at a concentration of 1 mM, was 
a potent inhibitor of serum and_ synovial fluid 
enzymes. This concentration had no detectable effect 
on the activity of bovine testicular enzyme. 

Cysteine was used to test the effect of a mild reduc- 
ing agent. Under the conditions of the enzyme assays 
(pH 4 and pH 5) cysteine did not bring about non- 
enzymic degradation of hyaluronate. All three sources 
of hyaluronidase were activated by the addition of 
cysteine, the effect being least with the testicular prep- 
aration. Penicillamine showed a similar effect. 

Sodium gold thiomalate (Myocrisin) has previously 
been reported as an inhibitor of lysosomal exoglycosi- 
dases [19], and we have also found it to be an inhibi- 
tor of synovial fluid hyaluronidase [25]. It inhibits 
serum and synovial fluid enzymes more strongly than 
testicular hyaluronidase (Table 4). 


DISCUSSION 


The present and previous studies [9] have now 
confirmed the presence of a true endoglycosidase, 
hyaluronidase, in synovial fluid. This hyaluronidase, 
alone, can attack high mol wt hyaluronate in synovial 
fluid. Exoglycosidases may, indeed. contribute to 
degradation, but only by acting on oligosaccharides 


Table 4. Thiol reagents and inhibition 





Synovial 


Drug Serum fluid Testicular 





2 mM Iodoacetamide 2 93 
mM PCMB 100 
mM Cysteine 150 
mM Sodium gold <10 25 

thiomalate 





Figures are per cent activity of controls with drug added 
after enzyme incubation. 
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produced initially by the hyaluronidase (Fig. 3). In 
this way, they may act to ensure continued degrada- 
tion by hyaluronidase, preventing the accumulation 
of inhibitory oligosaccharides [23, 30] in the reaction. 

rhe interesting effects of electrolyte concentration 
on the concerted action of the exoglycosidases, /-glu- 
curonidase and f-N-acetylglucosaminidase. and on 
the action of testicular hyaluronidase have been 
recently detailed [20,21]. At physiological electrolyte 
concentration (and, by inference, in McIlvaine buffer) 
it may be concluded that exoglycosidase action is 
limited to small oligosaccharides. Testicular hyalur- 
onidase is optimally active with high mol. wt hyalur- 
onate at 0.2 M NaCl, and inhibition occurs above 
this concentration with both hyaluronate and oligo- 
saccharides as substrates [21]. In our experience, 
serum and synovial fluid [9] hyaluronidase are inhi- 
bited by 0.3 M NaCl (using 0.1 M formate as assay 
buffer), the extent of inhibition varying with the purity 
of the preparations. Serum hyaluronidase purified by 
hydroxylapatite, ammonium sulphate and Sephadex 
G150 was inhibited 38°,, (unpublished data). 

The earliest reliable chemical measurements of 
synovial fluid hyaluronate degrading activity [24] did 
not exclude the possibility that a combination of 
exoglycosidase activities could degrade high mol. wt 
hyaluronate without the presence of any real hyalur- 
onidase. Viscometric assays were even less specific, 
as protease activity was included. 

The results obtained provide evidence that serum 
and synovial fluid hyaluronidases are similar, if not 
the same, enzyme. Serum and synovial fluid gave par- 
allel results for all the parameters examined, and dif- 
fered substantially from those obtained with the tes- 
ticular enzyme. Molecular size, pH optima, substrate 
specificity, polyanion inhibition, thiol properties and 
drug inhibition combined to present a strong body 
of evidence. 


Since hyaluronidase levels in rheumatoid synovial 
fluids do not sugnificantly differ from those in 
osteoarthritic fluids [9], it is unlikely that the enzyme 
is produced locally in the joint by inflammatory or 
synovial cells. Further, the level of hyaluronidase in 
the serum of rheumatoid patients was found to be 
from two to ten times the level in the corresponding 
synovial fluid [25]. Thus a concentration gradient 
exists across the synovial membrane. Since serum and 
synovial fluid hyaluronidase have a mol. wt compar- 
able with serum albumin, and the latter diffuses 
readily across the synovial membrane, it is probable 
that synovial fluid hyaluronidase is derived by diffu- 
sion from the blood. The permeability of the synovial 
membrane would then determine the level found in 
rheumatoid fluid, rather than the presence of the dis- 
ease. 

In pathological conditions of increased turnover by 
degradation, it is highly relevant to consider the inter- 
action of these enzymes with drugs. Bovine testicular 
enzyme is the best known of the different types of 
hyaluronidase [26], and is used extensively in molecu- 
lar structure and histochemical investigations. Its sub- 
strate requirements, products of reaction, inhibitors 
and physical structure have been reported previously 
[11, 15, 17]. 

Many investigators have assumed that testicular 
hyaluronidase behaves in the same way as any 
hypothetical hyaluronidase produced by tumours or 
rheumatoid joints [10, 12]. It has been postulated that 
hyaluronidase facilitates tumour spread [27], and in- 
hibitors of testicular hyaluronidase found in serum 
have been proposed to act as tumour growth inhibi- 
tors [12]. Anti-inflammatory drugs have been tested 
using testicular enzyme as a model for hyaluronidase 
produced in inflammed joints [10]. 

Such studies would now appear to have been made 
on a false assumption. This report extends and con- 
firms the early suggestions [28] that serum (and now 
synovial fluid) hyaluronidase is a distinctly different 
enzyme from that of testicular origin. The exper- 
iments with drugs and serum inhibitors mentioned 
above, will have to be repeated using human serum 
enzyme. 

In particular, the dependence of serum and synovial 
fluid hyaluronidase on free thiol groups is more im- 
portant for their activity than for testicular enzyme, 
and may prove useful in designing effective inhibitory 
agents. 

If hyaluronidase has a significant degradative role 
in rheumatoid arthritis and tumour _ spread 
mechanisms, then these drugs could possibly be of 
value in the treatment of such conditions. 
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Abstract—Reserpine (2.5 or 5 mg/kg, s.c.) was administered to neonatal rats and the adrenals were 
analyzed for catecholamines (CA), tyrosine hydroxylase (TH) and dopamine f-hydroxylase (DBH) activi- 
ties and for the ability of isolated storage vesicles to incorporate [*H ]Jepinephrine. Four hr after reser- 
pine administration, an acute depletion of CA was observed, and by 24hr CA fell to 10-20 per cent 
of controls; recovery required 2 weeks. Pretreatment of neonates with chlorisondamine (10 mg/kg, 
s.c.) did not prevent acute (4hr) CA depletion by reserpine, but did block the ‘decline observed in 
adult rats, indicating that the acute depletion in neonates is not due to neurogenic stimulation via 
the splanchnic nerve. At no time after the administration of reserpine to neonates was a change in 
TH observed, and only a small increment in DBH activity was obtained. In contrast, adult rats given 
reserpine showed marked increases in both TH and DBH, and depletion of CA was less marked 
and of shorter duration. Administration of reserpine to rats of different ages demonstrated that an 
“adult” pattern of response (TH induction) was obtained only after 8 days of age. On the other hand, 
nicotine (10 mg/kg, s.c.) given to neonates did evoke TH induction, indicating that at birth the tissue 
is capable of induction if stimulated directly. Inhibition of [7H]epinephrine uptake by reserpine in 
vitro (10-7 M) was lower in vesicles from neonates than that observed in vesicles from adults, but 
drug administration in vivo produced marked inhibition in both adults and neonates by 4hr, with 
recovery occurring by 4 days post-injection. These data show that the administration of reserpine 
to neonatal rats produces an acute depletion of CA which is not dependent on either blockade of 
vesicular uptake or on reflex actions of the drug, and which is not accompanied by TH induction. 
These differences from the adult may account for the more intense and longer-lasting effects of the 
drug in neonates. The lack of functional connections between the central nervous system and the 
neonatal adrenal medulla may be responsible for the immature response pattern. 


Administration of reserpine to adult rats produces 
depletion of catecholamines by two mechanisms: 
blockade of amine uptake into storage vesicles [1-3]. 
and stimulation-induced secretion of catecholamines 
[4]. As a result of stimulation, administration of 
reserpine produces increases in tyrosine hydroxylase 
(TH) and dopamine f-hydroxylase (DBH) activities 
in both adrenergic neurons and in the adrenal 
medulla (“trans-synaptic induction”) [5-7]; addi- 
tionally, there is an increase in the formation of stor- 
age vesicles [8,9]. These changes aid in the rapid re- 
plenishment of catecholamine stores [9, 10]. 

Studies conducted in developing rats have shown 
that the administration of reserpine or tetrabenazine 
to neonates produces a depletion of brain catechola- 
mines which is more profound and longer-lasting 
than that observed in adult rats [11]. Additionally, 
the metabolism of reserpine in neonates appears to 
be impaired compared to that in adults [12]. How- 
ever, few studies have been conducted on the effects 
of reserpine in developing peripheral tissue, nor have 
the mechanisms for the different effects of reserpine 
in neonates been identified. 

During the maturation of the rat adrenal medulla. 
catecholamine biosynthetic enzymes and storage vesi- 
cles undergo a series of changes which are in part 
dependent upon the levels of neuronal input to the 
gland [13-16]. In the neonatal rat and calf, innerva- 


tion of the adrenal medulla appears to be non-func- 
tional in that electrical or pharmacological stimu- 
lation of the splanchnic nerve fails to cause secretion 
of adrenal catecholamines [14, 17]. Additionally, mor- 
phine, which elicits trans-synaptic induction in adult 
rats, fails to do so in perinatally addicted rats [18]. 

Because the actions of reserpine on the adrenal 
medulla depend to a large’ measure on the integrity 
of the nerve supply to the tissue, it seemed likely that 
the effects of the drug in developing rats would be 
markedly different from those in mature rats. In the 
present study, the effects of reserpine on the synthesis, 
uptake and storage of catecholamines in developing 
rat adrenal medulla have been examined, along with 
the mechanisms underlying the different actions of the 
drug in neonates. 


METHODS 


Treatment of rats. Timed pregnant Sprague-Daw- 
ley rats (Zivic-Miller) were housed in individual 
breeding cages and maintained at 22° with 12-hr alter- 
nating light-dark periods. Water and food were pro- 
vided ad lib. Pups received a single injection of reser- 
pine (2.5 or 5.0 mg/kg, s.c.) at birth, while control 
pups received saline. The rats were killed by decapi- 
tation at various time intervals from 4hr to 29 days 
after drug administration. In other experiments, reser- 
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pine was administered at different ages, with a single 
dose (2.5 mg/kg. s.c.) given at age 0, 4, 8 11 or 17 
days: assays were performed 3 days after each injec- 
tion. 

For short-term studies, rats were pretreated with 
saline or chlorisondamine (10 mg/kg, s.c.) followed 
30 min later by saline or reserpine and were killed 
4hr after the second injection; other groups received 
saline or nicotine (10 mg/kg, s.c.) and were killed 24 hr 
later. or z-methyl-p-tyrosine methyl ester (300 mg/kg. 
i.p.) and were killed 4 hr later. 

{ssays. Adrenals were excised and homogenized 
(glass-to-glass) in 2.5 ml of ice-cold 300 mM _ sucrose 
containing 25 mM Tris (pH 7.4) and 0.01 mM ipronia- 
zid (irreversible monoamine oxidase inhibitor). At 
early stages of development. adrenals from several 
pups were pooled to obtain sufficient material. One- 
tenth ml of the homogenates was removed and depro- 
teinized with 1.9 ml of 3.5°,, perchloric acid (PCA), 
and centrifuged at 26,000 g for 10min. The superna- 
tants were analyzed for catecholamines by the trihyd- 
roxyindole method, using an autoanalyzer [19]. One- 
half ml of the remaining homogenate was added to 
an equal volume of water containing 2000 units/ml 


of beef catalase. and used for duplicate assays of 


dopamine /-hydroxylase (DBH) activity by the 
method of Friedman and Kaufman [20]. using 10 uM 
tyramine[G-*H] as a substrate. Parahydrox ymercuri- 
benzoate (optimal concentration, 0.5 mM) was used 
to inactivate endogenous inhibitors [21 ]. 

An aliquot of homogenate was centrifuged at 
26.000 g for 10min to sediment the catecholamine- 
containing storage vesicles. and duplicate 0.1-ml por- 
tions of the supernatant were assayed for tyrosine hy- 
droxylase activity by the method of Waymire et al. 
[22], using L-tyrosine[1-'*C] (100 uM) as substrate. 

The re.iutnder of the homogenate was centrifuged 
at 800g for 10 min. and the supernatant used for the 
determination of [*H Jepinephrine uptake into storage 
vesicles by standard techniques described previously 
[13]. Duplicate tubes were prepared containing 0.5 ml 
of the vesicle-containing 800g supernatant, 5 pmoles 
ATP and Mg? *. 5 Ci of [*H ]Jepinephrine, 0.1 umole 
of unlabeled epinephrine (to obviate any differences 
in extravesicular catecholamine concentration among 
the samples), and sucrose Tris in a final volume of 
| ml. Samples were incubated at 30, while duplicates 
were kept on ice to serve as blanks. Uptake was 
stopped by the addition of 2 ml of ice-cold sucrose 
Tris and labeled vesicles were sedimented at 26,000 g 
for 10 min. The supernatant was deproteinized with 
an equal volume of 7°,, PCA. centrifuged, and ana- 
lyzed for catecholamines and radioactivity by liquid 
scintillation spectrometry; this enabled determination 
of the specific activity of the labeling medium. The 
vesicular pellet was washed with fresh sucrose-Tris 
and recentrifuged twice, and then the final pellet was 
resuspended in 3 ml of 3.5°,, PCA, centrifuged, and 
the supernatant analyzed for catecholamines and 
radioactivity. The temperature-dependent component 
of the uptake in each sample was calculated as de- 
scribed previously [23], and expressed as uptake per 
gland (a composite measure reflecting the number of 
functional vesicles per gland as well as the uptake 


capability of each vesicle), or as uptake per unit of 


catecholamines (a measure of the ability of individual 
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vesicles to incorporate [*H]epinephrine relative to 
endogenous content, independently of the number of 
vesicles present) [23,24]. Although contaminating 
particles are present in this preparation, under these 
conditions labeling occurs solely in the storage vesi- 
cles [13, 24]. 

Studies of the effects of reserpine in vitro on 
{*HJepinephrine uptake were conducted in a similar 
fashion, except that the animals received no drug 
treatment; instead, reserpine (10° ’ M) was added di- 
rectly to the incubation medium. 

Statistics. Results are expressed as means + stan- 
dard errors, and levels of significance calculated by 
Student's ‘t-test [25]. 

Materials. Tyramine[G-*H] (10 Ci/m-mole), dl- 
epinephrine[7-*H] (10 Ci/m-mole) and L-tyrosine 
[1-'*C] (10 mCi/m-mole) were obtained from New 
England Nuclear Corp. Reserpine phosphate and 
chlorisondamine chloride were obtained from Ciba 
Pharmaceutical Co. Epinephrine bitartrate was 
obtained from Winthrop Laboratories, and iproniazid 
phosphate, nicotine, parahydroxymercuribenzoate, 
beef liver catalse and DL-z-methyl-p-tyrosine methyl 
ester hydrochloride from Sigma Chemical Corp. 


RESULTS 


Effects of reserpine administered at birth. During 
the course of development, control rats increased in 
weight from 7g at birth to 83g at 29 days of age. 
In neonates injected with reserpine (2.5 mg/kg), body 
weight was approximately 10-15 per cent below con- 
trols through the first 2 weeks (Fig. 1). Neonates given 
the higher dose of reserpine (5 mg/kg) showed a 
greater retardation in weight gain in week 1, but re- 
covered to approximately normal body weight by 
week 2. 

Over the same period of development, adrenal cate- 
cholamines in control rats increased from 0.2 pg 
gland at birth to 5 yg/gland at 29 days (Fig. 2). Four 
hr after the injection of the low dose of reserpine 
to neonates, a marked decrease was observed in 
adrenal catecholamine content. One day later, cate- 
cholamine levels had declined to 20 per cent of con- 
trol. With the higher dose, depletion was nearly com- 
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Fig. 1. Body weights of developing rats after administration 
of a single dose of reserpine given at birth. Each point 
represents mean + standard error of six determinations. 
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Fig. 2. Adrenal catecholamines in developing rats after 
administration of a single dose of reserpine given at birth. 
Each point represents mean + standard error of six 
determinations. 


plete within 24hr. At both doses, the catecholamine 
depletion observed 24hr after drug administration 
was followed by a rapid recovery.to 80 per cent of 
normal 4 days after drug administration. After that 
point, recovery slowed such that normal levels for 
developing adrenals were not obtained until about 
2 weeks of age. 

The effects of neonatal reserpine treatment on tyro- 
sine hydroxylase (TH), and dopamine f-hydroxylase 
(DBH) activities in developing adrenal medullae are 
shown in Fig. 3. Control activities increased from 
1.2 nmoles/hr/gland at birth to 7.4 units at 29 days 
for TH, and from 0.04 nmole/hr/gland at birth to 0.47 
unit at 29 days for DBH. At no time after neonatal 
administration of either dose of reserpine was there 
an alteration in the development of TH activity. DBH 
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Fig. 3. Adrenal tyrosine hydroxylase and dopamine 

B-hydroxylase activities in developing rats after adminis- 

tration of a single dose of reserpine given at birth. Each 

point represents mean + standard error of six determina- 
tions. 
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Fig. 4. [*H Jepinephrine uptake per gland in isolated adrenal 

storage vesicles of developing rats after administration of a 

single dose of reserpine given at birth. Each point represents 
mean + standard error of six determinations. 


activity similarly displayed only minor differences 
from controls, with small increases at 4 and 21 days 
after the low dose, and an increase at 4 and decrease 
at 17 days after the high dose. 

The abilities of isolated storage vesicles to incor- 
porate [*H]epinephrine. expressed per gland, in- 
creased approximately 10-fold over the first 3 weeks 
of development in control animals (Fig. 4). while 
uptake per unit of catecholamines (CA) ranged from 
45 nmoles/100 zg of CA at birth to 25 nmoles/100 pg 
of CA at 3 weeks of age. These data indicate that 
in normal development the number of functional vesi- 
cles increases and that the uptake capabilities of the 
vesicles relative to CA content change [13,15]. Four 
hr after administration of either dose of reserpine to 
neonates, there was nearly complete blockade of 
[*H epinephrine uptake expressed either per gland or 
per unit of CA. Recovery of uptake per gland was 
nearly complete by 4 days of age (Fig. 4). Uptake 
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Fig. 5. [*H]epinephrine uptake per 100 yg of endogenous 

catecholamines in isolated adrenal storage 

developing rats after administration of a single dose of 

reserpine given at birth. Each point represents mean 
+ standard error of six determinations. 
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Fig. 6. Effects of reserpine administered to rats of different 
ages on the adrenal catecholamine content and tyrosine 
hydroxylase and dopamine f-hydroxylase activities. Rats 
received a single dose of reserpine (2.5 mg/kg, s.c.) at the 
ages indicated and were killed 3 days later. Bars represent 


means + standard errors of four to six determinations. 


per unit of (CA demonstrated a completely different 
pattern; after treatment with 2.5 mg/kg, there was a 
rebound from complete inhibition at | day of age 


& 


to supranormal levels (P < 0.02) by 4 days of age 
and normal uptake per unit of CA by 9 days of age 
(Fig. 5). The rebound occurred sooner and was much 
more pronounced and prolonged after the high dose, 
indicating that the remaining vesicles have been 
markedly depleted of endogenous CA. 

Effects of reserpine administered at different 
ages. Three days after drug administration, catechola- 
mine depletion was evident in all age groups except 
one (Fig. 6). There was no significant change in TH 
activity in neonates or 4-day-old pups after reserpine 


treatment. However, the administration of the drug 
at 8, 11 or 14 days of age produced TH increases 
ranging from 30 to 100 per cent above controls. Three 
days after reserpine administration, DBH activity was 
15-20 per cent above control values (P < 0.05) re- 
gardless of age at the time of injection. 

Effects of chlorisondamine on acute catecholamine 
depletion after reserpine administration. Reserpine 
alone at either 2.5 or 5 mg/kg caused an acute (4hr) 
depletion of neonata! adrenal catecholamines (Table 
1). In adult rats, 2.5 mg/kg failed to cause acute deple- 
tion, but 5 mg/kg reduced catecholamines to 57 per 
cent of controls. To determine the possible role of 
splanchnic stimulation in the reserpine-induced deple- 
tion of neonatal catecholamines, chlorisondamine (a 
long-acting ganglionic blocker) was administered 
30 min prior to reserpine. Chlorisondamine did not 
prevent depletion in neonates, but the same dose of 
chlorisondamine completely blocked the loss of cate- 
cholamines in adult rats. Chlorisondamine itself had 
no effect on adrenal catecholamine content in either 
neonates or adult rats. 

Effects of reserpine in vitro on [*H epinephrine 
uptake. In order to find out whether the enhancement 
of reserpine-induced depletion in neonates could be 
due to a greater effect of reserpine on the vesicular 
uptake mechanism, the drug was added directly to 
vesicle preparations from untreated animals of 
various ages. While reserpine at 10°’ M_ inhibited 
uptake 70-75 per cent in vesicles from 15-, 30- or 
50-day-old rats (Table 2), it was significantly less effec- 
tive in vesicles from neonates, indicating that the 
actions on uptake cannot account for enhanced deple- 
tion in neonates. 

Effects of Dt-x-methyl-p-tyrosine. To determine 
whether the greater CA depletion in neonates could 
result from an inherently higher rate of turnover, 
x-methyl-p-tyrosine was administered to block CA 
synthesis and CA was determined 4hr later (Table 
3). While a drug-induced decrease was observed in 
adult CA, neonatal CA levels did not differ from con- 


Table 1. Effects of reserpine and chlorisondamine on neonatal and adult 
adrenal catecholamines* 





Treatment 


Second injection 
(30 min later) 
(mg/kg) 


First injection 


Catecholamines 
(4hr after second injection) 
(Percentage of control) 
Neonates Adults 





Saline 
Saline 


Saline 
Chlorisondamine 
Saline 
Chlorisondamine 
Saline 
Chlorisondamine 
Saline 
Chlorisondamine 


Reserpine (2.5) 
Reserpine (2.5) 
Reserpine (5) 
Reserpine (5) 
Reserpine (10) 65 
Reserpine (10) 90 


6 (27) 100 
13 (9) 110 
37 (11) 96 
4t (10) 105 
38 (6) 57 
57 (6) 


5 (27) 
8 (6) 
6 (6) 
3 (6) 
5$ (6) 


I+ H+ H+ 1 I + 
+ H+ H+ H+ 


38 (6) 
9 (6) 


I+ I+ 





* Control values were 0.224 + 0.014 (26) and 16.8 + 0.9 (27) yg/gland, for 
neonates (1 day old) and adult rats (50 days old) respectively. All drugs were 
administered subcutaneously; the dose of chlorisondamine was 10 mg/kg. Data 
represent means + standard errors. Numbers in parentheses denote number 


of determinations. 
t P < 0.005 vs saline-saline. 
+P < 0.002. 
$P < 0.001. 
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Table 2. Effects of reserpine in vitro on [*H]epinephrine 
uptake into adrenal storage vesicles of developing rats* 





Epinephrine uptake 
(nmoles/100 zg catecholamines) 





Age 
(days) 


Percentage 
inhibition 


Reserpine 
Control 





=f 


mn ew 
—HA ~~) oO 
I+ I+ I+ I+ 


l 
15 
30 
50 


wa 


~ 
eH Fe Pre 


~~ 
BSP So) 
—— ND 





* Animals received no drug treatment; reserpine was 
added directly to the uptake incubation medium. Data rep- 
resent means + standard errors of four determinations. 

+P < 0.01 vs adult (50-day). 


trol values, indicating that the enhanced depletion 
after reserpine in neonates cannot be accounted for 
solely on the basis of alterations in turnover. 

Effects of nicotine on adrenal catecholamines and tyr- 
osine hydroxylase activity. To determine whether the 
lack of TH induction in reserpinized neonates 
resulted from an inability of the adrenal to increase 
enzyme levels, nicotine was administered to evoke di- 
rect stimulation. Twenty-four hr after administration 
of 10mg/kg of nicotine to 4- and 35-day-old rats, 
both groups showed significant induction of TH but 
normal CA levels (Table 4). 

Effects of reserpine administered to adult rats. In 
order to compare the actions of reserpine on the im- 
mature and mature adrenal, the effects of reserpine 
on catecholamine content, tyrosine hydroxylase and 
dopamine f-hydroxylase activities were determined in 
adult rats given 2.5 or S5mg/kg. Four hr after 
2.5 mg/kg, there was no significant CA depletion in 
adult adrenals, but at the higher dose, depletion was 
marked (Fig. 7). After 24hr, depletion of catechola- 
mines was obtained with both doses, but not to as 
great an extent as in neonates (Fig. 2). Within 3-6 
days, catecholamine content returned to normal adult 
levels. 

Twenty-four hr after the low dose of reserpine, TH 
activity was increased and reached an elevation of 
60 per cent above control by 3 days. Maximal TH 
activity with the higher dose (80 per cent above con- 
trol) was reached 24 hr after injection, and remained 
elevated at 7 days. DBH activity was elevated by | 
or 3 days post-reserpine at high and low doses, re- 
spectively, and reached values 25-65 per cent above 
controls. 

The effects of reserpine on [*H]epinephrine uptake 
into vesicles from adult adrenals were similar to those 
seen in reserpinized neonates (Fig. 8). Uptake per 
gland was nearly completely blocked 4 hr after either 
dose and returned to normal by 3-7 days. Uptake 
per unit of CA was low at 4hr post-reserpine and 
showed rebound elevations above control levels at | 
(high dose) and 3 (low dose) days after administ- 
ration; previous studies have shown that the eleva- 
tions indicate that the intact vesicles remaining in the 
tissue after the initial secretory response are partially 
depleted of endogenous CA, and that resynthesis of 
new vesicles (which have an initially low CA content) 
has begun [4, 8,9 26]. 


DISCUSSION 


Catecholamine (CA) depletion observed in adult 
rats after reserpine administration is biphasic: initially 
(first 4 hr) there is a reflex secretion of adrenomedull- 
ary CA (higher dose only), which is followed by a 
slower depletion (24-48 hr, either dose) resulting from 
reserpine-induced blockade of the vesicular CA 
uptake mechanism [1-4]. While 2.5 mg/kg of reser- 
pine produced no acute CA depletion in adults, the 
same dose given to neonates resulted in marked dep- 
letion within 4hr. A number of hypotheses can be 
advanced to explain this phenomenon. First, reserpine 
could cause a greater degree of splanchnic stimulation 
in neonates. This was ruled out by experiments show- 
ing that pretreatment with chlorisondamine, which 
blocks neuronal input to the adrenal [26], did not 
prevent the reserpine-induced acute depletion in 
neonates. The same dose of chlorisondamine pre- 
vented the stimulatory effect of higher doses of reser- 
pine in the adult rat. Second, reserpine might be a 
more potent blocker of vesicular uptake in neonates. 
This was ruled out by experiments in vitro showing 
that the degree of blockade by reserpine is less in 
neonates than in adults: studies after administration 
in vivo also confirmed that the time course of block- 
ade of vesicular uptake was similar in adults and 
neonates. Third, catecholamine turnover may be nor- 
mally high in neonates, thus enhancing the depleting 
effect of reserpine. This was ruled out by studies with 
z-methyl-p-tyrosine, which inhibits CA synthesis. If 
the enhanced CA depletion were due solely to higher 
turnover, z-methyl-tyrosine should produce a loss of 
CA equivalent to that seen after reserpine; instead, 
no depletion was seen. Fourth, reserpine could cause 
secretion of adrenal CA by a mechanism not involv- 
ing neurogenic stimulation or nicotinic receptors. 
This hypothesis is the most likely, since the acute dep- 
letion occurs too quickly to be accounted for by di- 
rect effects of reserpine on vesicles or by altered turn- 
over; furthermore, direct electrical stimulation of the 
splanchnic nerve or administration of agents which 
evoke increased splanchnic activity does not cause 
CA secretion in neonatal rats and calves [14,17], 
while certain stresses and drugs do elicit secretion 
[14.17.18]. In the present study, the acute loss of 
CA after reserpine could not be prevented by nico- 
tinic receptor blockade (30min pretreatment with 
10 mg/kg of chlorisondamine), indicating the non- 
neurogenic nature of the depletion. 


Table 3. Effects of bt-x-methyl-p-tyrosine methyl ester 
HCl (xMPT) on catecholamine content of neonatal and 
adult rat adrenals* 





Catecholamines 
(ug/gland) 
Neonates 


Treatment Adults 





0.218 + 0.005 (5) 


+ 15.2 + 0.4 (6) 
0.228 + 0.008 (7) 


13.4 + 0.4% (6) 


Control 
4M PT 





*Rats were killed 4hr after receiving 300 mg/kg of 
aMPT, i.p. Numbers in parentheses denote number of 
determinations. 

+P < 0.02 vs control. 
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Table 4. Effects of nicotine on adrenal catecholamines and tyrosine hydroxylase activity* 





Catecholamines 
(ug/gland) 


Treatment (4 days old) 


(35 days old) 


Tyrosine hydroxylase 
(nmoles/gland/hr) 
(4 days old) (35 days old) 





0.541 + 0.000 (4) 
0.561 + 0.028 (5) 


Control 
Nicotine 


8.31 + 0.45 (6) 
8.27 + 1.03 (6) 


1.20 + 0.04 (4) 
1.79 + 0.08% (5) 


10.5 + 1.0(6) 
19.7 + 3.0% (6) 





* Rats were killed 24 hr after receiving 10 mg/kg of nicotine, s.c. Numbers in parentheses denote number of determina- 


tions. 
+P < 0.001 vs control. 
+P < 0.02. 


Another factor which may operate in the enhanced 
reserpine-induced loss of CA in neonates is the lower 
rate of drug metabolism at that age [12]. However, 
the effect of reserpine administration on amine uptake 
mechanisms was equivalent in both degree -and 
duration in adults and neonates, indicating little or 
no difference n the intensity or persistence of direct 
effects of the drug. This is in keeping with the finding 
of Mueller and Shideman [12] that, although reser- 
pine metabolism is slower in the neonatal rat, the 
whole-body half-life for the drug is less than 2 hr. In 
any case, the effects of higher doses in adults still 
were not equivalent to the effects seen in neonates, 
since the mechanism of acute CA depletion was en- 
tirely different. 

In adult rats, one of the key factors in re-establish- 
ment of CA stores after reserpine-induced depletion 
is the trans-synaptic induction of the catecholamine 





O—O 2.5mg/kg 
O—O 5.0mg/kg 


CATECHOLAMINES 





~ 
fo) 


TYROSINE HYOROXYLASE 








PERCENTAGE OF CONTROL 





DOPAMINE /2 - HYDROXYL ASE 





DAYS AFTER INJECTION 


Fig. 7. Effects of reserpine on adrenal catecholamine content 

and tyrosine hydroxylase and dopamine [f-hydroxylase 

activities of adult rats (50 days old). Each point represents 
mean + standard error of five to six determinations. 


biosynthetic enzymes. tyrosine hydroxylase and dopa- 
mine f-hydroxylase [10]. Since induction requires 
neural input, and since neural connections between 
the CNS and the adrenal medulla appear to be absent 
at birth [14,17], it was important to determine 
whether TH and DBH activities increased in reser- 
pinized neonates and whether the rate of recovery 
of CA stores was affected. At no time after neonatal 
reserpine treatment was an increase in TH noted, and 
a consistent but small increment in DBH activity was 
seen at 3-4 days of age (Figs. 3 and 6); recovery of 
adrenal CA required 2 weeks (Fig. 2). In contrast, 
reserpine in adult rats caused a marked increase in 
both TH and DBH, and CA recovered to within 10 
per cent of normal within 3 days. These data demon- 
strate that reserpine exerts a more intense and pro- 
longed effect on CA in neonates as compared to 
adults, and that the difference results in part from 
a failure of the neonatal adrenal to compensate for 
depletion by enzyme induction. Reserpine adminis- 
tered early in development thus delayed the normal 
maturational increase in CA stores for up to 2 weeks. 

The lack of TH induction in reserpinized neonates 
raised two important questions: is the neonatal 
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Omg/kg 
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Percentage of control 





UPTAKE /lOOug CA 
Percentage of control 
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Fig. 8. Effects of reserpine on [*H]epinephrine uptake per 

gland and per 100 yg of endogenous catecholamines in 

isolated adrenal storage vesicles of adult rats (50 days old). 

Each point represents mean + standard error of five to six 
determinations. 
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adrenal inherently incapable of induction, and when 
does reserpine-induced induction first become poss- 
ible? To test the ability of the tissue to induce TH, 
direct stimulation was evoked by nicotine administ- 
ration; there was a prompt (24 hr) and marked incre- 
ment in TH activity, indicating that the neonatal 
adrenal is indeed capable of induction and, further, 
that functional nicotinic receptors are present. How- 
ever, not until 8 days of age did reserpine administ- 
ration evoke TH induction; this corresponds to the 
age at which innervation of the adrenal medulla 
becomes functional [14]. Since in adults reserpine 
causes induction via increased neuronal activity, these 
data suggest that the inability of reserpine to increase 
TH activity in neonates results from lack of functional 
connections and not from a deficiency inherent in the 
adrenal itself. 

The hypothesis that neuronal connections are 
required for an adult response pattern to reserpine 
is supported by studies with adult rats in which one 
adrenal was denervated [10]. Reserpine produced a 
long-lasting CA depletion and no TH induction in 
the denervated gland, but did evoke DBH induction. 
This pattern is qualitatively similar to that found in 
reserpinized neonates. The ability of drugs to induce 
DBH in the absence of neuronal input in denervated 
adult adrenals or in neonates may result from an ad- 
ditional. nontrans-synaptic regulatory mechanism 
[27]. 

In conclusion, these studies in developing rats indi- 
cate effects of reserpine completely different from 
those seen in adults; there is acute non-neural deple- 
tion without compensatory induction of catechola- 


mine biosynthetic enzymes, resulting in part from a 
lack of functional connections between the neonatal 
adrenal and the central nervous system. These differ- 
ences from the adult produce a marked delay in 
maturational increases in CA stores in_reserpine- 
treated neonates. 
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Abstract 


The time course of N,N-dimethyltryptamine (DMT) levels in brain and liver of adult male 


Holtzman rats was determined with and without pretreatment with the monoamine oxidase inhibitors 
iproniazid (32 mg/kg) and tranylcypromine (10 mg/kg) given i.p. DMT was given in doses of 1.0, 3.2 
and 10.0 mg/kg i.p. DMT was assayed spectrophotofluorometrically and in some instances by a radio- 
isotopic method. The results show that the half-life of DMT varied with different doses in the brain 
but not in the liver. Pretreatment with the monoamine oxidase inhibitors prolonged the total period 
during which DMT was found. A linear relationship exists between the mean time required to reach 
minimal DMT concentrations and the mean duration of suppression of FR4 barpressing behavior 
in rats trained for a milk reward. The results suggest a direct involvement of DMT in inducing behav- 


ioral toxicity. 


N,N-dimethyltryptamine (DMT) is one of the hallu- 
cinogenic indolealkylamines [1-3]. Biosynthetic path- 
ways exist for the potential synthesis of DMT in vivo 
[4-8]. This hallucinogen has been implicated in the 
pathogenesis of schizophrenia [9,10] although the 


findings are controversial [11,12]. DMT is also 
abused as a hallucinogen [13, 14]. 

DMT is known to produce abnormal behavior in 
animals [15-21]. Much of the speculation on the 
mode of action of DMT is centered on its interaction 
with 5-hydroxytryptamine (5-HT) [22, 23]. Neverthe- 
less, the time course of the increase in brain 5-HT 
[23] seems in disagreement with the duration of its 
behavioral deficits [24]. Many explanations can be 
offered for this discrepancy. Nevertheless, the direct 
involvement of DMT in inducing behavioral deficits 
is the most parsimonious. DMT can readily be 
detected in the rat brain after systemic injections [25]. 
It is known to disappear very rapidly from biological 
tissues. However, to our knowledge no attempt has 
been made to determine its half-life in various tissues. 

The purpose of this study is to determine in rats 
the rate of disappearance of DMT and to determine 
whether DMT-induced behavioral deficits are corre- 
lated with its concentration in the brain. Sai-Halasz 
[26] reported that the hallucinatory response to 
DMT in humans was diminished upon pretreatment 
with iproniazid. However, iproniazid prolonged and 
potentiated the toxic effects of DMT in animals using 
various behavioral endpoints [24].+ Therefore, the 
effects of both iproniazid and the now mere widely 
used monoamine oxidase (MAO) inhibitor tranylcy- 





* Supported in part by a grant from the State of Michi- 
gan for schizophrenia research. Part of this material was 
presented at the ASPET Meeting in Montreal, August 1974 
(Pharmacologist 16, 237, 1974). 

+ M. Lutz and E. F. Domino, unpublished data. 


promine were studied to determine if such behavioral 
potentiation in rats was a direct result of an elevated 


tissue DMT level. 


METHODS 


Design of experiments. Male Holtzman rats, at least 
90 days old, weighing 400-450 g, were used. Control 
animals received i.p. either 0.9°,, NaCl (1-2 ml/kg) 2 
and 16 hr, iproniazid (32 mg/kg) 16 hr, or tranylcypro- 
mine (10 mg/kg) 2 hr prior to guillotining. Experimen- 
tal rats received either 0.9°,, NaCl (2 ml/kg) 2 and 
l6hr, iproniazid (32 mg/2 ml/kg) 16hr, or tranyley- 
promine (10 mg/kg) 2hr prior to the administration 
of DMT in doses of 1-10 mg/kg. In some experiments, 
'$C-labeled DMT (side chain-[1-'*C]. purchased 
from New England Nuclear} in a dose of 3.2 mg/kg 
(sp. act. 0.94 wCi/mg) of compound was given. Each 
group consisted of five to ten animals. They were 
killed at different time intervals after DMT. After 
decapitation, the brain and liver were immediately 
removed and homogenized in 4ml of ice-cold 1 N 
HCl. All data were compared with the controls run 
during the same experiment. Group comparison Stu- 
dent’s t-tests [27] were used to determine statistical 
significance. Groups of rats were trained to barpress 
on a fixed ratio of four barpresses to one milk reward 
(FR4) schedule [24]. Trained rats received either 3.2 
or 10 mg/kg of DMT ip. The rats were sacrificed as 
soon as they resumed normal barpressing behavior. 
DMT content in brain was then analyzed. 

DMT assay. Homogenates were centrifuged at 
9000 g to give cleaner supernatants, which were separ- 
ated from precipitates and collected. The precipitates 
were each washed twice with 1.5 ml of 0.1 N HCl, 
shaken by a Vortex mixer, centrifuged, and the super- 
natants collected. All the acidic supernatants were 
then combined and used for subsequent assay. The 
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separation of supernatants is essential to give a clean 
extraction with organic solvent. To separate DMT 
from other metabolites, the combined acidic superna- 
tants were made basic with 2 ml of 10 N NaOH and 
extracted with 30 ml of a mixture of ethyl acetate and 
toluene (1:1 by volume). An aliquot of 25 ml of the 
organic solvent was removed and shaken with 2 ml 
of 0.1 N HCl. DMT was determined fluorometrically 
(285 nm/350 nm, uncorrected) by the 
Cohen and Vogel [25] in the Farrand spectrofluor- 
ometer, after the adjustment of the pH to 8—9 with 
0.1 M sodium borate buffer. 

In those experiments in which ['*C]DMT was 
given, the rats were sacrificed by decapitation 10 min 
later. Unchanged ['*C]DMT was extracted according 
to the procedure described for the fluorometric deter- 
mination. To count total radioactivity of unchanged 
['*C]DMT, an aliquot of 1.5ml of 0.1 N HCl was 
basified with 100 yl of 1O N NaOH and extracted with 
3 ml of the mixture of ethyl acetate and toluene. An 
aliquot of 2 ml of the organic phase was mixed with 
10 ml Aquafluor and counted in a liquid scintillation 
counter. The result obtained from this method was 
compared with that obtained from the fluorometric 
method. 

Qualitative presence of DMT in tissue extracts was 
demonstrated by thin-layer chromatography (t.l.c.) 
and radioscanning. The ethyl acetate and toluene 
phase of tissue extracts from rats receiving 


['*C]DMT was evaporated to dryness under a 
nitrogen stream. The residue was redissolved in 100 jd 
ethyl acetate. Aliquots of known radioactivity were 


spotted on a Silica gel GF plate (Analtech, Inc., New- 
ark, Del.) and developed in the following solvent sys- 
tems: (1) methanol-conc. ammonium hydroxide 
(300:45); the R, of tryptamine (T) was 0.32, of 
N-methyltryptamine (NMT) 0.18, and of DMT 0.42: 
(2) isopropanol-10°%, ammonium hydroxide-water 
(200:10:20); the R, value of T was 0.15, of NMT 0.05 
and of DMT 0.23; and (3) methanol- tetrahydrofuran 
formic acid (50:50:1); the R, value of T was 0.5, of 
NMT 0.32 and of DMT 0.25. Radioscanning of brain 
and liver extracts showed only one spot with detect- 
able radioactivity and with an R, value of that of 
known DMT. T.l.c. plates were then scored and each 
segment was removed. Radioactivity in each segment 
was counted in a liquid scintillation counter. The 
majority (97-98 per cent) of radioactivity appeared 
in the segment with an R, of that of DMT in contrast 
to the radioactivity detected for that of T and NMT. 
Chemical separation of tryptamine and N-methyl- 
tryptamine from DMT. Samples containing indole- 
alkylamines (T, NMT or DMT, radioactive material 
if available) in 30 ml of ethyl acetate and toluene were 
cooled, and 0.5 ml trifluoroacetic anhydride (TFAA) 
was added. The mixtures were then set in an ice bath 
for 0.5 hr. Excess TFAA was then destroyed with 7 ml 
of ice-cold H,O, basified with 3 ml of 10 N NaOH, 
vortexed, and centrifuged. Control samples which did 
not receive TFAA were washed with 10 ml of a pre- 
mixed combination of ice-cold H,O-10N NaOH 
trifluoroacetic anhydride (7 ml:3 ml:0.5 ml). An ali- 
quot of 25 ml of the ethyl acetate and toluene phase 
was then transferred to another tube, extracted with 
3 ml.of 0.1 N HCl, vortexed, and centrifuged. An ali- 
quot of 2ml of 0.1 N HCl extract was neutralized 
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with I ml of iON NaOH with cooling. The basic 
solution was then extracted with 3 ml of a mixture 
of ethyl acetate and toluene. To count total radioacti- 
vity, 2 ml of the organic phase was mixed with 10 ml 
Aquafluor and was counted in a liquid scintillation 
counter. In the case of NMT, where radioactive 
material was not available, the recovery and yield of 
its reaction with TFAA were determined by a fluoro- 
metric method: an aliquot of | ml of 0.1 N HCI was 
mixed with | ml of 0.1 M sodium borate buffer and 
fluorescence was read at an excitation wavelength of 
285nm and an emission wavelength of 350nm (un- 
corrected). 

Calculations. The biological half-life of DMT was 
determined according to the equation y= ae*’. 
where y is the original datum of DMT concentration 
in yg/g of tissue; x is time in min from ip. injection 
of DMT to sacrifice; and a represents the concen- 
tration at zero time. Half-life (t/2) was computed by 
the equation (t/2) = —h In 2 and estimated acces ding 
to the nonlinear regression analysis of Gavss [28]. 
Exponentials were fitted directly by solving the “nor- 
mal equations of curve fitting” with reciprocals of the 
observed variance estimates as weights. The par- 
ameters (initial concentration and half-life) were 
adjusted iteratively until both were stable to 0.01 per 
cent. Confidence limits were based on a small error 
analysis using the product-variance matrix. After ip. 
injection of DMT, its half-life was calculated from 
data measured after peak tissue DMT levels were 
reached, for absorption is presumably complete at 
that time. 


RESULTS 


As described in Methods, a mixture of ethyl acetate 
and toluene was used for the extraction of DMT from 
a basic tissue extract to ensure consistent and better 
recovery (80-90 per cent). Extraction with toluene 
alone, especially in the presence of tissue. gave vari- 
able results of recovery. The sensitivity of the assay 
is about 0.05 pxg/ml of sample, which is in agreement 
with Cohen and Vogel [25]. 

Fluorescence of extracts from 0.9%, NaCl-pre- 
treated animals was negligible. Extracts of tissue from 
iproniazid-pretreated control animals gave some 
fluorescence. This fluorescence could possibly come 
from endogenous T resulting from the pretreatment 
of iproniazid rather than DMT. However, when it 
was calculated as if it were DMT, then the mean + 
S. E. fluorescence intensity was equal to 
0.50 + 0.15 g/g of brain and 1.16 + 0.14 pg/g of liver 
DMT. Tranylcypromine-pretreated control rats also 
gave some fluorescence. The mean + S. E. fluores- 
cence intensity was equal to 0.24 + 0.11 g/g of brain 
and 0.45 + 0.07 g/g of liver DMT. 

Table | lists DMT concentrations in rat tissues 
(control values subtracted) 10min after adminis- 
tration of the drug (3.2 mg/kg) as determined by 
various methods. No significant difference in DMT 
levels could be detected between the two groups of 
five to six rats. 

Thin-layer chromatography of the concentrated 
ethyl acetate and toluene phase of tissue extracts indi- 
cated the presence of DMT with an R, value of 0.42 
(MeOH and NH,OH). 0.19 (isopropanol, 10°, 
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Table 1. Comparison of DMT concentrations (ug/g) in rat 
tissues (3.2 mg/kg at 10 min) 





Fluorometric 
method 


Radioisotopic 





1.60 + 0.11 
1.56 + 0.25 


Brain 
Liver 





* Each rat received 3 Ci/kg, ip. The mean + S. E. of 
five to six rats is given for each method of assay. 


NH,OH and HO) and 0.25 (MeOH, tetrahydrofuran 
and formic acid), which were in agreement with that 
of pure DMT. Radioscanning indicated one spot with 
detectable radioactivity with the R, value of DMT. 

Figure | is a flow diagram of the separation of 
T and NMT from DMT by reaction with TFAA. Re- 
covery results are shown in Table 2. TFAA treatment 
removed 98-100 per cent of the T and NMT. 

The ethyl acetate and toluene phase of the tissue 
extracts containing radioactive DMT or possibly 
NMT and T was equally divided into several por- 
tions. Half of the sampies were treated with TFAA 
and their recoveries of total radioactivity were com- 
pared with those samples which were not treated with 
TFAA. The data are given in Table 2. 

Figure 2 illustrates the concentration of DMT in 
rat brain and liver as a function of time after its ip. 
administration. The peak concentration of DMT was 
reached around 10min after injection in the 0.9% 
NaCl-pretreated animals. After a dose of 1 mg/kg of 
DMT, it was possible to detect some DMT in 
brain (0.24 + 0.07 ug/g) and liver (0.42 + 0.13 g/g) 3 
min after administration. The mean +S.E. half-life 
of DMT in rat liver was estimated to be 5.9 + 1.1 min 
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Table 2. Per cent recovery of indolealkylamines after their 
reaction with trifluoroacetic anhydride 





Reaction with TFAA 





Samples (0 ml TFAA) (0.5 ml TFAA) P 





DMT* 
NMTt 
f 

Brain 
extracts 
Liver 
extracts 


1.4 (8)* 
2.3 (4) 

3.2 (5) 

1.29 (6) 
1.3 (6) 
: 1.0* (6) 
105.0 + 1.1 (6) 


83.1 + 1.7(8) 
0.0 (6 
2.7 + 0.6 (5) 
88.3 + 3.4(6) 
106.4 + 4.1© (6) 
87.4 + 2.2(7) 
103.7 + 2.6 (7) 


<0.05 
<0.001 
<0.001 
NS 

NS 

NS 

NS 


in nt 
He i= > He FT 





* The purity of DMT, as determined by t.l.c. and quan- 
tified by liquid scintillation counting, was 99 per cent. 

+ Number of determinations is in parentheses. Mean per 
cent + S. E. is given. 

t Recovery of NMT was determined by fluorometric 
method, since its radioactive starting material was not 
available. 

$ Fluorescence readings were negligible. This indicated 
that the removal of NMT was nearly complete. 

Tissue extracts were obtained from rats given 10 mg/kg 
of DMT (sp. act. 0.81 nCi/mg), sacrificed 10 min after 
administration. 

“ Results were corrected for recoveries. Reaction of tis- 
sue extracts with or without TFAA did not change the 
recovery significantly. 


after a dose of 3.2 mg/kg and 7.4 + 0.7 min after a 
dose of 10 mg/kg. There was a slight difference in the 
half-life of DMT at these two given doses. but this 
was not statistically significant (P > 0.05, Fig. 2). Sur- 
prisingly different half-lives of DMT in the brain were 
noted after. different doses. The mean + S. E. half-life 


Sample (containing NMT, T, DMT as free base) 
¥Y Dissolve in ethyl acetate and toluene mixture 


v Add 0.5 ml TFAA 


Vv Set for Shr in ice bath 


Neutralize with 10 N NaOH 


| Wash with ice H,O 


p Vortex, centrifuge 





v 


Aqueous layer 


Discard 


v 
Organic layer (indolealkylamines) 
L Extract with 0.1 N HCl 





Vv 
Acid layer 
(DMT) 


Neutralize 
Extract with ethyl acetate 


and toluene 


ii 





Organic layer 
(containing amide of T and NMT) 


v 


Count 





v 
1 ml acid Aqueous layer 
mixed with | ml of 
0.1 M sodium borate 
buffer, 


read fluorescence 


Discard 


v 


Organic solvent 


Count 


Fig. 1. Flow chart illustrating the separation of T, NMT and DMT with TFAA. 
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Fig. 2. Half-life of DMT in rat brain and liver. Each point represents the mean DMT concentration of 

five to ten animals. Each group of animals was sacrificed by guillotine at various times after DMT 

injection i.p. as illustrated. Note that the half-life of DMT differs in the brain when given in doses 

of 3.2 vs 10 mg/kg i.p. On the other hand, the half-life of DMT in the liver is the same irrespective 
of dose. 


of DMT in rat. brain estimated to be 
6.5 + 0.7 min when given in a dose of 3.2 mg/kg and 
12.5 + 0.9 min when given in a dose of 10 mg/kg (Fig. 
2). The difference is highly statistically significant 
(P < 0.001). If the rats were pretreated with 32 mg/kg 
of iproniazid Lp., the mean + S. E. half-life of DMT 
was estimated to be 30.6 + 1.7 min in brain and 
27.6 + 0.7 min in liver (Fig. 3). The half-life of DMT 
in iproniazid-pretreated animals was greatly increased 
for both brain and liver from that of 0.9°,, NaCl-pre- 
treated animals (P < 0.001). The half-life of DMT 
(10 mg/kg) in tranylcypromine-pretreated animals 
was 38.5 + 2.5 min in brain and 39.7 + 2.7 min in 
liver (Fig. 3). Tranylcypromine also greatly in- 
creased the half-life of DMT in both brain and liver 
(P < 0.001). 

Correlation between tissue DMT level and FR4 bar- 
pressing behavior in male Holtzman rats. It has been 
previously observed by Kovacic and Domino [24] 
that rats trained to barpress for milk reward on an 


Was 


FR, schedule ceased to press for a mean period of 


23 min after 3.2 mg/kg of DMT, 46 min after 10 mg/kg 
of DMT, and 190 min in rats pretreated with ipronia- 
zid (32 mg/kg) and then given 10 mg/kg of DMT 16 hr 
later. Little or no behavioral disruption could be 
observed after | mg/kg of DMT. As is evident in Fig. 
2, the actual brain DMT level is about 0.41 pug/g 
23 min after 3.2 mg/kg of DMT. The brain DMT level 
is about 0.95 ug/g 46 min after 10mg/kg of DMT. 
Therefore, the minimal brain DMT level for suppres- 


sion of barpressing behavior is between 0.41 and 
0.95 pg/g. 

To verify the estimated threshold DMT level for 
disruption of barpressing behavior, groups of trained 
rats were given either 3.2 or 10mg/kg of DMT ip. 
The rats were sacrificed by decapitation as soon as 
they resumed normal barpressing behavior. The mean 
+ §. E. in their brains was analyzed and found to 
be 0.48 + 0.09 g/g of tissue after a dose of 3.2 mg/kg 
and 0.90 + 0.13 ug/g after a dose of 10mg/kg of 
DMT. These data are in agreement with the levels 
estimated through the time courses of clearance of 
brain DMT (Fig. 2). A slight but significant difference 
on the threshold levels for the disruption of barpress- 
ing behavior was noted upon the administration of 
different doses (3.2 and 10 mg/kg) of DMT (P < 0.03). 
The reason for this discrepancy is unknown. 

Figure 4 illustrates the correlation between the 
mean time required to reach minimal DMT concen- 
tration in tissues (0.24 ug/g of brain and 0.41 pg/g of 
liver) and the mean duration of suppression of FR4 
barpressing behavior. The values used are the DMT 
concentrations in brain and liver after 1 mg/kg of 
DMT ip. There is a linear relationship between the 
mean time required to reach the minimal DMT con- 
centrations in tissues and the mean duration of sup- 
pression of FR4 barpressing behavior with a correla- 
tion coefficient of 0.99 for brain (P < 0.02) and 1.00 
for liver (P < 0.001). Brain and liver DMT levels were 
highly correlated (r = 0.97, Fig. 5). 
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Fig. 3. Effects of iproniazid and tranylcypromine on the half-life of DMT in rat brain and liver. Note 

the difference in time scales between iproniazid and tranylcypromine pretreatment. After both MAO 

inhibitors, the half-lives of DMT in brain and liver are now similar. However, the half-lives of DMT 

for the tranylcypromine-pretreated animals are significantly longer than those of animals given iproniazid 
(P < 0.05). Iproniazid was given 16 hr and tranylcypromine 2 hr before DMT (10 mg/kg). 
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Fig. 4. Correlation between mean time required to reach minimal DMT concentrations in rat brain and 

liver and the duration of suppression of FR, barpressing behavior. In view of the fact that 1.0 mg/kg Lp. 

of DMT produced little or no behavioral deficits and achieved a concentration of 0.24 g/g of brain 

and 0.41 yg/g of liver 3 min after injection, these concentrations were chosen for these tissues. The time 

for DMT at the different doses to reach these levels was obtained from the half-life data described in 

Fig. 2. These times were correlated with the duration of suppression of FR, barpressing behavior 
at the different doses from the data of Kovacic and Domino [24]. 
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Fig. 5. Correlation of rat brain and liver DMT levels. The 

concentrations of DMT at different doses and times after 

reaching peak DMT levels in brain are compared. The DMT 

concentration in rat liver is plotted on the x-axis and the 

DMT concentration in rat brain on the y-axis. Note that a 

correlation coefficient of 0.97 was obtained. Each point 
represents a single experiment. 


DISCUSSION 


The slight modification of the extraction procedure 
of Cohen and Vogel [25] enabled us to analyze DMT 
in tissues for a longer period than that previously 
reported. The extraction procedure is standard for the 
recovery of N,N-di-, -mono- or -unsubstituted-3-indo- 
lealkylamines such as T, NMT and DMT. Therefore, 
this assay is not specific for DMT alone, which is 
in agreement with Gross and Franzen [29] but dis- 
agrees with Cohen and Vogel [25]. Within the sensi- 
tivity limits of this assay procedure, there was neglig- 
ible interference from endogenous indolealkylamines. 
N-demethylation of DMT has been proposed for its 
biological disposition [30]. To check whether this 
assay procedure could be utilized for the assay of in- 
jected DMT, tissue extracts were treated with trifluor- 
oacetic anhydride, which converted primary and 
secondary amines to their corresponding amides. 
‘ They could thus be separated from DMT by extract- 
ing DMT into an acid. The recoveries of tissue 
extracts treated with or without TFAA were not sta- 
tistically significant from each other. Therefore no 
attempt was made to separate T and NMT. Hence 
this assay procedure was adapted for the purposes 
of this study. 

A significant difference in the half-life of DMT in 
rat brain was noted after administration of two differ- 
ent doses. This suggests that different modes of clear- 
ance of DMT exist in the brain. Larger doses 
(10 mg/kg) of DMT resulted in a slower rate of clear- 
ance. This probably resulted from monoamine oxi- 
dase inhibition by the high doses of DMT, for it is 
known that tertiary amines can be weak MAO inhibi- 
tors and that DMT inhibits this enzyme [31 ].* There 
was no significant difference in the half-life of DMT 
in the liver after 3.2 or 10 mg/kg (P > 0.05). Although 
liver MAO might also be inhibited by DMT in vivo, 
this is not the only enzyme in the liver which can 
biotransform DMT. On the other hand, it is generally 
assumed that amines in brain are biotransformed 





* E. F. Domino and R. R. Krause, unpublished observa- 
tions. . 
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chiefly by MAO. The half-life of DMT was greatly 
increased in. both the brain and liver after pretreat- 
ment with iproniazid and tranylcypromine. This 
might be expected, for DMT is known to be con- 
verted to indoleacetic acid by mitochondrial and mic- 
rosomal enzymes [32,33]. This suggests that DMT 
is a substrate for MAO. It is of considerable interest 
that after MAO inhibition by either of these agents, 
the half-life of DMT in brain and liver is not very 
different (P > 0.05). This is strong evidence of similar 
modes of clearance of DMT from both the brain and 
liver after MAO inhibition. Perhaps after MAO inhi- 
bition, brain DMT is chiefly biotransformed by 
enzymes other than MAO. Tranylcypromine. pro- 
longed DMT half-life more than iproniazid under the 
present experimental conditions (P < 0.05). 

The fact that the time during which DMT could 
be detected in the brain correlates with the duration 
of cessation of barpressing behavior suggests that the 
behavioral deficit is due to the direct involvement of 
DMT itself rather than a secondary effect of the drug, 
such as the formation of a metabolite [34] or its inter- 
action with 5-HT [23]. The data are consistent with 
a direct central action of DMT. 
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Abstract—Drug-metabolizing enzyme activities and protein content of hepatic microsomal preparations 
from adult Sprague-Dawley rats were examined at 3, 6, 10 and 14 days after intravenous, subcutaneous 
and intradermal administration of two different strains of Bacillus Calmette-Guérin (BCG). Pasteur 
liquid strain BCG, injected intravenously at 6 x 10° organisms/m? in normal saline, caused 20-45 
per cent reduction of aniline hydroxylase (AH) and 5-(3,3-dimethyl-1-triazeno)imidazole-4-carboxamide 
demethylase (DICD) activities and the cytochrome P-450 content of microsomes from female rats 
but only 10-25 per cent decrease in these parameters in males. Microsomal protein content was de- 
creased 30-40 per cent in both sexes on days 10-14. Administration of BCG by the subcutaneous 
route caused only 5—25 per cent impairment of AH and DICD activities in female rats, while intradermal 
administration of the adjuvant was without discernible effect on the rat hepatic microsomal drug-meta- 
bolizing system. The duration of pentobarbital-induced narcosis was increased up to 70 per cent in 
both male and female rats after intravenous administration of BCG. Tice strain lyophilized BCG 
at the same dose elicited similar but lesser effects. BCG added in vitro had no effect on AH and 
DICD activities. Livers of rats treated intravenously contained numerous granulatomous lesions 
throughout the parenchyma: the damage was variable and less severe in the subcutaneously treated 


animals. Intradermally treated rats showed normal liver histology. 


Nonspecific augmentation of host immunity with bac- 
terial adjuvants has yielded encouraging therapeutic 
response in a number of experimental and human 
neoplasias [1]. Since immunotherapy is generally 
considered to be maximally effective for the eradica- 
tion of low tumor burdens, the antigenic stimulant 
is usually administered subsequent to, or concomitant 
with, conventional cytoreductive therapy. The most 
extensively investigated immunoadjuvant is Bacillus 
Calmette-Guérin (BCG) a strain of Mycobacterium 
bovis. In current experimental clinical studies, BCG 
is often used as an adjunct to chemotherapy. Gutter- 
man et al. [2] have demonstrated that the addition 
of BCG to 5-(3,3-dimethyl-1-triazeno)imidazole-4-car- 
boxamide (DIC) significantly prolongs remission 
duration and survival of patients with metastatic 
malignant melanoma. The same investigators have 
shown [3] that BCG increases the duration of chemo- 
therapy-maintained complete remissions in adults 
with acute myelogenous leukemia. These and other 
[4-7] promising results indicate that immunotherapy 
added to chemotherapy has an important role in the 
management of disseminated malignancies. 

Toxic manifestations of BCG therapy depend on 
the route and the frequency of administration. A high 
incidence of hepatic dysfunction has been reported 
(8-10] in patients with melanoma treated by intra- 
lesional BCG. Similar side-effects have been docu- 
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mented [10] in patients after intradermal administ- 
ration of the adjuvant. It has been suggested [10] 
that the overall incidence of hepatic dysfunction in 
BCG-treated patients may be much higher than 
recognized, since granulatomatous lesions are usually 
not apparent by serological tests or by routine clinical 
evaluation. Alteration in hepatic function assumes 
paramount significance in patients receiving chemo- 
therapy because the biological properties of many 
drugs are greatly modified by hepatic enzymes. The 
NADPH-dependent mixed-function oxidase system 
located in the endoplasmic reticulum plays a major 
role in the metabolism of several clinically important 
antitumor agents including cyclophosphamide [11], 
DIC [12], procarbazine [13], 1,3-bis(2-chloroethyl)-1- 
nitrosourea (BCNU) [14], 1-2-chloroethyl)-3-cyclo- 
hexyl-1-nitrosourea [14, 15] (CCNU), mercaptopurine 
[16], nitrogen mustard [17] and, probably, adriamy- 
cin.t Adjuvant-induced changes in mixed-function 
oxidase activity can affect the rate of metabolism of 
such drugs and, conceivably, alter their duration of 
action and toxicity. We have, therefore, examined the 
influence of BCG treatment on the activity of hepatic 
drug-metabolizing enzymes in the rat. We now report 
on the effects of two different strains of BCG, 
administered subcutaneously (s.c.), intravenously (i.v.) 
or intradermally (i.d.) on the activities of the mixed- 
function oxidase system. A preliminary account of 
this work has appeared [18]. 


MATERIALS AND METHODS 
In the present study, aniline and DIC were used 
as model substrates for drug metabolism in vitro. The 
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former compound undergoes ring-hydroxylation to 
give p-aminophenol, while the latter compound un- 
dergoes [12] oxidative N-demethylation to yield for- 
maldehyde, 4-aminoimidazole-5-carboxamide and 
other products. Cytochrome P-450, the central com- 
ponent of the electron-transport chain responsible for 
drug metabolism, was also monitored. 

Chemicals. The following drugs and reagent grade 
chemicals were used: NaDP sodium salt (Sigma), glu- 
cose 6-phosphate disodium salt (Sigma), glucose 
6-phosphate dehydrogenase (Sigma), aniline (Eastman), 
semicarbazide hydrochloride (Fisher), sodium dith- 
ionite (Fisher), ethylenediamine tetraacetic acid 
(EDTA) (Mallinckrodt), phenobarbital sodium (Mal- 
linckrodt), and pentobarbital sodium (Baker). DIC 
was provided by the Drug Development Branch of 
the Cancer Chemotherapy National Services Center, 
National Cancer Institute. DIC-dimethyl{'*C] 
(15.25 mCi/m-mole) was synthesized in 72 per cent 
yield from  5-diazoimidazole-4-carboxamide and 
dimethylamine['*C] [prepared from  dimethyla- 
mine['*C] hydrochloride (15.25 mCi/m-mole; New 
England Nuclear)] by the method of Shealy et al. 
[19]. The chemical purity of the DIC-dimethyl['*C] 
was established by spectrophotometric, chemical and 
chromatographic methods. The radiochemical purity, 
determined chromatographically in three different sol- 
vent systems, was greater than 99 per cent. It was 
stored as a solid in the dark at —20°. 

Animals. Adult male and female Sprague-Dawley 
rats (Sprague-Dawley Laboratories, Madison, Wis.) 
weighing 200-250 g at the start of the experiments 


were used. They were housed in metal cages in groups 
of four over hardwood bedding in an air-conditioned 
room (21—23°) with alternate periods of 12hr light 


and 12hr dark. Purina Lab Chow and water were 
provided freely. Both treated and control animals 
were weighed at the time of injection and daily there- 
after. 

BCG. Two strains of BCG were used: a liquid 
strain obtained from the Pasteur Institute, Paris, and 
a lyophilized strain (Tice) obtained from the Chicago 
Research Foundation, Chicago, Ill. Both preparations 
were suspended in physiologic saline and adminis- 
tered to rats as a single dose of 6 x 10° viable 
organisms/m? in a volume of 0.2 ml either i.v. into 
the tail vein, or s.c. or id. in the right axillary area. 
The BCG dosage approximates [20] that adminis- 
tered [2] to man by scarification in the immunother- 
apy of malignant melanoma. Control rats were 
treated with sterile physiologic saline, since it was 
found that administration of the culture media alone 
at dosages equivalent to those administered with the 
BCG had no effect on any of the parameters 
measured in this study. The composition of the cul- 
ture media/0.2 ml of BCG suspension was as follows: 
(1) Pasteur BCG: dipotassium hydrogen phosphate, 
10 wg; asparagine, 5 wg; citric acid 1.25 wg; magne- 
sium sulfate, 1.25 yg; ammonium ferric citrate, 
0.125 ug; and glycerol, 0.15 ul; and (2) Tice BCG: 
dipotassium hydrogen phosphate, 3.125 wg; aspara- 
gine, 25 yg; citric acid, 12.5 wg; magnesium sulfate, 
3.125 wg; ammonium ferric citrate, 0.375 zg; glycerol, 
0.375 ul; and lactose, 3.75 ug. At 3-, 6-, 10-, and 
14-day intervals after adjuvant administration, four 
experimental rats together with their respective con- 
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trols were killed by decapitation and exsanguinated 
for 10 sec. The activity of the hepatic drug-metaboliz- 
ing enzymes was assayed as described below. 

Preparation of microsomes. A 25%, liver homogenate 
in 0.1 M potassium phosphate buffer, pH 7.4, was cen- 
trifuged at 10,000 g for 20 min at 4°. The supernatant 
fraction was aspirated and centrifuged at 105,000g 
for 60 min at 4°. The microsomal pellet was washed 
by resuspension in ice-cold 1.15% KCI-10mM EDTA 
followed by resedimentation at 105,000g for 30 min. 
The final pellet was reconstituted in 0.1 M potassium 
phosphate buffer, pH 7.4, such that each ml of suspen- 
sion contained microsomes from 250mg wet wt of 
liver (approximately 5-10mg of microsomal pro- 
tein/ml). 

Microsomal protein content was determined by the 
method of Lowry et al. [21] using crystalline bovine 
serum albumin as the reference standard. 

Aniline hydroxylase (AH) assay. Each incubation 
mixture consisted of Symoles aniline, 2 umoles 
NADP, 25 umoles glucose 6-phosphate, 3.5 units of 
glucose 6-phosphate dehydrogenase, 25 ypmoles mag- 
nesium chloride and 1.0 ml of microsomal suspension 
in a total volume of 5.0 ml buffered at pH 7.4 with 
0.1 M potassium phosphate. Reaction was initiated by 
the addition of microsomes. Incubations, conducted 
in triplicate, were carried out for 20 min at 37° in 
open-necked 25-ml Erlenmeyer flasks in a Dubnoff 
shaker (120 oscillations/min). Reaction was. ter- 
minated by the addition of 2 ml of 20°, trichloroacetic 
acid. Precipitated protein was removed by centrifuga- 
tion, and aliquots of the clear supernatant were 
assayed spectrophotometrically for p-aminophenol 
according to the method of Kato and Gillette [22]. 

5-(3,3-Dimeth yl-1-triazeno)imidazole-4-carboxamide 
demethylase (DCID) assay. The method is a modifica- 
tion of the procedure of Mizuno and Humphrey [23]. 
The incubation mixture consisted of 1.5 wmoles DIC- 
dimethyl['*C] (5 wCi, 6.67 mCi/m-mole), 0.24 umole 
NADP, 3 umoles glucose 6-phosphate, 0.4 units of 
glucose 6-phosphate dehydrogenase, 3 zmoles magne- 
sium chloride, 5 umoles semicarbazide hydrochloride 
and 0.2ml of microsomal stspension in a _ total 
volume of 0.6 ml buffered at pH 7.4 with 0.1 M potas- 
sium phosphate. Incubations were conducted in tripli- 
cate in 10.0-ml Erlenmeyer flasks protected from light. 
Reaction was initiated by the addition of microsomes 
and allowed to proceed for 30 min at 37°. Under 
these conditions, the production of formaldehyde was 
linear with protein concentration and time. Reaction 
was terminated by the addition of 0.2ml of 15% 
ZnSO,7 H,O followed by 0.2ml of saturated 
Ba(OH),°8 H,O. After standing for 5 min, the precipi- 
tated protein and BaSO, were removed by centrifuga- 
tion at 10,000g for 10 min. Aliquots (0.5 ml) of the 
clear supernatant were transferred to 10-ml test tubes 
fitted with Teflon-lined screw-caps; 0.5 ml of 0.03% 
formaldehyde solution was added followed by 1.0 ml 
of 0.15% 2,4-dinitrophenylhydrazine in 1 N HCl. The 
tubes were heated at 85-90° for 3 min and then 
cooled to room temperature for 30 min. Benzene 
(2.0 ml) was added and the mixture was agitated on 
a vortex shaker for 20 sec. After a brief centrifugation 
at 2000g for 5 min to separate the phases, the ben- 
zene layer was aspirated and washed with 2.0 ml of 
0.05 N HCl. The benzene layer was again separated 
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by centrifugation, and aliquots (0.2 ml) were trans- 
ferred to counting vials. PCS scintillator (Amersham/ 
Searle Corp.) (11.0 ml) was added and the solutions 
were counted in triplicate. The counting efficiency was 
70-72 per cent; quenching was corrected with auto- 
matic external standards. The radioactivity contained 
in the benzene extracts was shown by thin-layer chro- 
matography to be entirely associated with formalde- 
hyde-2,4-dinitrophenylhydrazone. Recovery of liber- 
ated formaldehyde was 91 per cent as determined by 
adding known amounts of ['*C]formaldehyde to in- 
cubation mixtures containing nonradioactive DIC 
and repeating the above procedure. Enzyme activities 
were calculated on the assumption that only one of 
the methyl groups of DIC was converted into formal- 
dehyde. 

Cytochrome P-450. The cytochrome P-450 content 
of microsomes was determined by the dithionite-dif- 
ference method of Omura and Sato [24]. The molar 
extinction coefficient of the reduced P-450-CO com- 
plex was taken as 91cm~'mM~!. 

Sleeping times. Sodium pentobarbital, 0.35°% in phy- 
siologic saline, was administered ip. at a dose of 
35 mg/kg to male rats and 30 mg/kg to female rats. 
Sleeping time was defined as the time between the 
loss and the recovery of the righting reflex. 

All experiments were repeated at least twice to 
document the reliability and reproducibility of the 
data. Control values were determined at each time 
interval. Experimental and control groups were eva- 
luated by Student’s t-test. 

Histology. Freshly excised livers were sliced and 
immediately fixed in 10°, formalin. Sections were cut 
from paraffin-embedded blocks and stained with 
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hematoxylin-eosin and methyl green-pyronine. Ziehl— 
Neelsen staining was used to test for acid-fast 
organisms. Tissue sections were examined under a 
light microscope. 


RESULTS 


The effect of i.v. administration of Pasteur strain 
BCG on the activities of AH, DICD, and on the cyto- 
chrome P-450 content of hepatic microsomes from 
male and female rats over 14 days is shown in Fig. 
f. 

Compared to controls, the AH activity/mg of mic- 
rosomal protein in male rats was marginally reduced 
over the observation period (Fig. 1a), solid line), inhi- 
bition being significant only on day 3. By compari- 
son, the AH activity in female rats was significantly 
reduced at all time intervals after BCG administration 
(Fig. Id). The variation in DICD activity over the 
same time period (Fig. 1, panels b and e) was closely 
similar to that of AH in either sex. The cytochrome 
P-450 content of microsomes (Fig. 1, panels c and 
f), however, did not correlate closely with AH and 
DICD activities in either males or females. A clear 
sex difference was nevertheless apparent, P-450 levels 
being significantly depressed in males only on day 
10, but in females on days 6, 10 and 14. 

Expressed g wet weight of liver (Fig. 1, broken 
lines) rather than mg of microsomal protein, all three 
parameters were reduced to a greater extent in both 
sexes at all times after BCG treatment. The difference 
is due to decreased microsomal protein in the treated 
groups (Table 1), a consequence primarily of 
BCG-induced hepatomegaly. Over the duration of the 
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Fig. 1. Aniline hydroxylase (AH) and DIC demethylase (DICD) activities, and cytochrome P-450 con- 
tent per mg of microsomal protein, per G wet wt equivalent of liver and per whole equivalent in 
male and female Sprague-Dawley rats after an i.v. injection of Pasteur liquid strain BCG (6 x 10° 


organisms/m7*). Key: ( 


) per mg.of microsomal protein; ( 


) per g wet wt equivalent of liver; and 


(---:) per whole liver equivalent. Results are expressed as a percentage of control. Each point represents 
the mean value of observations from four rats. Average control values of AH (nmoles p-aminophenol/mg 
of protein/min), DICD (nmoles formaldehyde/mg of protein/min) and P-450 (nmoles cytochrome 
P-450/mg of protein)/mg of microsomal, per g wet wt equivalent of liver, and per whole liver equivalent 
are as follows. (Males) AH: 0.76 + 0:02, 13.41 + 0.24, 144.3 + 5.5; DICD: 0.167 + 0.008, 3.02 + 0.15. 


31.7 + 1.5; P-450: 0.97 + 0.02, 17.1 + 04, 


184.4 + 8.1. (Females) AH: 0.67 + 0.02, 


13.74 + 0.55, 


94.3 + 2.7; DICD: 0.161 + 0.009, 3.25 + 0.20, 22.7 + 1.3; P-450: 0.68 + 0.02, 13.9 + 0.4, 95.9 + 3.1. 
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Fig. 2. Aniline hydroxylase (AH) and DIC demethylase (DICD) activities, and cytochrome P-450 con- 
tent per mg of microsomal protein, per g wet wt equivalent of liver and per whole liver equivalent 
in male and female Sprague-Dawley rats after an i.v. injection of Tice-lyophilized BCG (6 x 10° 
organisms/m*). Key: (—) per mg of microsomal protein: ( ) per g wet wt equivalent of liver: and 
(----) per whole liver equivalent. Results are expressed as a percentage of control. Each point represents 
the mean value of observations from four rats. Average control values of AH (nmoles p-aminophenol/mg 
of protein/min), DICD (nmoles formaldehyde/mg of protein/min) and P-450 (nmoles cytochrome 
P-450/mg of protein) per mg of microsomal, per g wet wt equivalent of liver, and per whole liver 
equivalent. respectively, are as follows. (Males) AH: 0.73 + 0.03, 13.53 + 0.57, 142.1 + 5.9: DICD: 
0.192 + 0.012, 3.56 + 0.23, 37.4 + 2.4: P-450: 1.09 + 0.04, 20.20 + 0.74, 212 + 10.4. (Females) AH: 
0.74 + 0.03, 13.33 +0.53, 1138+46; DICD: 0180+ 0.019, 3.22+0.32, 27.5+3.1; P-450: 
0.91 + 0.05, 16.39 + 0.90, 139.9 + 7.7. 


experiment, the liver weight body weight ratio in- 
creased to 126 per cent of control values in male rats 
and to 168 per cent of control values in female rats 
(Table 1); no difference was apparent in the rate of 
body weight gain between the control and the treated 
groups during this period (Table 1). Since the increase 
in liver weight was not matched by a corresponding 
increase in total hepatic microsomal protein, the con- 
tent of microsomal protein unit wet weight of liver 
was reduced in the treated groups (Table 1). Despite 
the greater relative liver weight gain in females, the 
per cent decrease in microsomal protein concen- 
tration was similar in both sexes throughout the 
observation period; the rate of microsomal protein 
synthesis was therefore greater (and/or the rate of 
degradation slower) in females compared to males 
after BCG treatment. This difference is reflected in 
the total microsomal protein content of liver: by day 
14, levels decreased to 83 per cent of control values 
in male rats but increased to 128 per cent of control 
values in females (Table 1). The net result of the sex- 
related differences in enzyme-specific activities and 
total hepatic microsomal protein was that the AH 
and DICD activities of whole liver were reduced to 
a comparable extent in males and females on days 
3, 6 and 10 after BCG administration (Fig. 1, dotted 
lines). On day 14, AH and DICD activities were still 
significantly reduced in males but recovery to control 
levels was apparent in females. 

Tice strain BCG administered i.v. at a dose equal 
to that of the Pasteur strain elicited qualitatively simi- 
lar although quantitatively different results (Fig. 2). 


Female rats again were generally more susceptible to 
the inhibitory effects of the organism than male rats, 
and reduction of all three parameters was greatest 
in females 10 days after BCG treatment. A biphasic 
response was additionally evident, particularly in 
female rats. As with the Pasteur strain BCG, the sex- 
related differences in activity tended to diminish when 
the results were expressed in terms of the drug-meta- 
bolizing capacity of the whole liver although, overall, 
the correlation was less marked. Comparison of the 
relative magnitudes of the responses elicited by the 
two strains of BCG indicated that the Pasteur 
organism was generally the more inhibitory. 

The duration of pentobarbital-induced narcosis 
after i.v. administration of Pasteur strain BCG is 
shown in Table 2. With the exception of female rats 
on day 14, both sexes slept longer at all time intervals 
after BCG treatment. Relative to controls there was 
no apparent sex difference in sleeping times. Of the 
three indices of drug-metabolizing activity in vitro, the 
prolongation of sleeping times correlated most closely 
with the drug-metabolizing capacity of the whole 
liver. 

Administration of BCG by the s.c. route produced 
erratic and poorly consistent responses. Although 
none of the three parameters was significantly 
reduced in male rats, slight (15-25 per cent) but signi- 
ficant (P < 0.05) decreases in AH and DICD activities 
were evident in female rats on day 10. Pentobarbital- 
induced sleeping times were slightly increased (30 per 
cent) at this time but the difference was not statisti- 
cally significant (P = 0.18). 
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Table 2. Effect of an i.v. injection of Pasteur liquid strain BCG (6 x 10° organisms/m7) 
on the pentobarbital-induced sleeping time of Sprague-Dawley rats* 





Sleeping time, min (mean + S. E.) 





Days 
after 
BCG 


Males 





Control BCG 


Females 





Control BCG 
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57 (169) 
11§ (148) 
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10% (158) 
7+ (130) 
218 (169) 
12 (128) 
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* Eight animals per group. 
+ Significantly different from the control; 


P < 0.01. 


t Numbers in parentheses represent percentage of control. 


§ Significantly different from the control; 


Administration of BCG by the i.d. route had no 
perceptible effect on the hepatic microsomal drug- 
metabolizing enzyme system of the rat. 

Direct addition of BCG to the incubation mixtures 
at a dose of 10’ organisms/g equivalent of liver 
caused no change in the rates of metabolism. Addi- 
tion of BCG to whole liver slices prior to homogeni- 
zation likewise had no effect on the reaction rates. 

Histological examination of liver sections from rats 
treated i.v. revealed numerous granulatomous lesions 
throughout the parenchyma and pronounced infilt- 
ration of the portal fields by lymphohistiocytes; the 
intensity of the response was generally greater in 
female rats than in males. In the s.c.-treated group, 
livers of male rats were histologically normal; how- 
ever, in females a mild, although occasionally severe, 
granulatomous response was evident. No pathological 
abnormalities were observed in the i.d.-treated group. 
All of the examined tissues were free of acid-fast 
‘ organisms of Ziehl—Neelsen staining. 


DISCUSSION 


.The results presented in this report demonstrate 
that i.v. administration of BCG to Sprague-Dawley 
rats Causes a sex-related, time-dependent impairment 
of the hepatic microsomal drug-metabolizing enzyme 
system; s.c. administration of the agent produces simi- 
lar though much weaker effects. Impairment of the 
drug-metabolizing enzyme system by BCG was not 
due to the systemic toxicity of the agent; treated rats 
gained weight at the same rate as controls. Moreover, 
adjuvant-induced arthritogenic disease [25], a condi- 
tion in the rat frequently associated with repression 
of the drug-metabolizing system [26-29] was absent 
in the BCG-treated animals. Competitive inhibition 
of enzyme activity by binding of lipophilic com- 
ponents of BCG to microsomal protein seemed an 
unlikely mechanism, since direct addition of BCG to 
the incubation mixtures produced no change in reac- 
tion rates. Reduced enzyme activity is most probably 
a consequence of damage to some component of the 
electron-transport chain; cytochrome P-450, however, 
appeared not to be the critical target site since its 
levels did not correlate closely with enzyme activities. 

The more pronounced inhibitory effect of BCG 
treatment on drug-metabolizing enzymes from female 
rats is surprising, since a number of pathological or 


P < 0.05. 


abnormal physiological conditions including hyper- 
thyroidism [22], adrenalectromy [30], X-irradiation 
[31], and starvation [22] cause a reduction in enzyme 
activity in male rats without significantly affecting, 
or even increasing, enzyme activity in female rats. 
Moreover, conditions that alter enzyme activity in 
both sexes, e.g. diet [32] and tumors [33], generally 
affect males to a greater extent. These differences have 
been attributed [30,31] to depletion of androgens in 
males under stress and the ensuing loss of the normal 
hormonal stimulation on the drug-metabolizing 
enzyme system. The present observations, however, 
are not consistent with this interpretation. 

A plausible mechanism for the inhibition of the 
drug-metabolizing enzyme system by BCG involves 
elaboration of components of the immune effector 
arm. After i.v. injection bacterial adjuvants are cleared 
mainly in the liver and the spleen by phagocytosis 
[34]. A complex sequence of immune reactions 
ensues, finally resulting in stimulation of the reticu- 
loendothelial system (RES) with hepatosplenomegaly. 
Activated macrophages constitute an important com- 
ponent of the stimulated RES [35]. In the mouse 
[36-41], the activator macrophage response reaches 
maximum intensity 5-20 days after BCG administ- 
ration. It is conceivable that in the rat the macro- 
phage response damages some component of the elec- 
tron-transport chain of drug-metabolizing enzymes. 
The increased elaboration of superoxide anion [42] 
and hydrogen peroxide [35] by actively phagocytizing 
macrophages and the enhanced oxidative activity 
[35] of stimulated macrophages are particularly rele- 
vant in this context because it has been well estab- 
lished [43, 44] that the drug-metabolizing enzyme sys- 
tem is readily impaired by peroxidative degeneration 
of microsomal membrane phospholipids. Many of 
the principal features of our findings are consistent 
with an immune-mediated mechanism. First, the 
delayed onset of maximal enzyme inhibition is in 
keeping with the latent period required for macro- 
phage activation [36-41]. Second, the greater magni- 
tude of enzyme inhibition in females is reminiscent 
of the finding of Halpern er al. [39] that 1.v. administ- 
ration of BCG to mice produces greater stimulation 
of the RES in females than in males. Third, the return 
of enzyme activity to near control levels by day 14 
is commensurate with the rather rapid loss of macro- 
phage activity that normally follows stimulation 
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[36-41]. Fourth, the more pronounced inhibitory 
properties of Pasteur BCG than of Tice BCG con- 
form with the finding of Mackaness et al [45] that 
in mice the former organism is a more potent stimu- 
lator of the RES. Finally, good qualitative agreement 
is observed between the magnitude of enzyme inhibi- 
tion and the intensity of the hepatic granulomatous 
response. 

The clinical implications of adjuvant-induced im- 
pairment of drug-metabolizing enzyme activity with 
regard to the efficacy and toxicity of cancer chemo- 
therapeutic agents require further investigation. How- 
ever, it is likely that changes in drug efficacy will 
depend upon the pharmacokinetics of the individual 
drugs and whether metabolism is an activation or a 
detoxification process. For drugs which are activated 
by first-order kinetics and eliminated mainly as meta- 
bolites, e.g. cyclophosphamide, the total amount of 
metabolite(s) will probably not change as a result of 
changes in the rate of metabolism; accordingly, the 
therapeutic properties of such drugs are not expected 
to change. On the other hand, for drugs that are 
mainly cleared as the unchanged parent compound, 
e.g. DIC, it is likely that reduced rates of biotransfor- 
mation will lead to suboptimal levels of the active 
metabolite(s). For drugs that are detoxified by micro- 
somal enzymes, the effect of reduced metabolic acti- 
vity is more predictable: here, the prolonged duration 
of action will produce enhanced toxicity. 

In addition to the above, BCG may modify phar- 
macologic response by altering the level of activity 
of enzymes involved in conjugation, distribution and 
excretion. Finally, investigators concerned with the 
chemoimmunotherapy of transplantable tumors or 
the immunoprophylaxis of chemically induced tumors 
should be alerted to the possibility of drug—adjuvant 
interactions. The use of adjuvant dosages in such 
studies typically 10- to 100-fold in excess of those 
employed during the present investigation renders 
this a particularly cogent consideration. 
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Abstract—Male rats were given orally 2,8-dibenzylcyclooctanone (DBCO) at doses ranging from 0.3 
to 30 mg/kg/day for 1-6 weeks. The decrease in serum cholesterol after | week of treatment was 
dose dependent, and was due primarily to a lowering of cholesterol in the serum high density lipoprotein 
(HDL) fraction. Upon prolonged administration, the hypocholesterolemic effect of DBCO became 
smaller; thus, at 30 mg/kg/day, serum cholesterol in male rats decreased by 83 per cent after 1 week, 
and by 51 per cent after 4 weeks of treatment. The rate of hepatic cholesterol synthesis was suppressed 
and liver cholesterol was elevated only in rats given DBCO for | week. Similar changes were elicited 
in female rats. The effect of DBCO on serum triglycerides was sex dependent: in male rats, triglycerides 
were reduced on short-term treatment, but elevated when treatment was prolonged. In contrast, DBCO 
was hypertriglyceridemic in female rats, independent of duration of treatment. At doses which were 
hypocholesterolemic, DBCO produced dose-dependent decreases in accessory sex organ weights and 
increased adrenal weights in male rats; these findings were suggestive of estrogenic activity. 


The synthesis and hypolipidemic activity of 2,8-diben- 
zylcyclooctanone (DBCO) have been reported by 
Piantadosi et al. [1] and Carlson et al. [2], who found 
that the weakly estrogenic DBCO lowered serum cho- 
lesterol levels in rats; in addition, DBCO was also 
reported to lower serum triglycerides. 

In view of its potency and unusual structure (Fig. 
1), we have investigated the effects of DBCO on rat 
lipid metabolism in greater detail. The results of these 
studies are presented in this report. 


OO) 


Fig. 1. Structure of 2,8-dibenzylcyclooctanone (DBCO). 


MATERIALS AND METHODS 


Materials. DBCO was kindly supplied through the 
courtesy of Dr. C. Piantadosi, University of North 
Carolina, Chapel Hill. The compound was suspended 
in either 5% gum acacia or in 2% Tween 80, and was 
administered to rats orally by gastric intubation. Cho- 
lesterol, used as carrier in studies of cholesterol bio- 
synthesis and for feeding, was purified via its 
5,6-dibromo derivative [3]. Sodium [2-'*C]acetate 
and [7H ]pL-mevalolactone were purchased from New 
England Nuclear Corp. and from Amersham-Searle 
respectively. The mevalolactone was hydrolyzed to 
mevalonic acid prior to use. 

Animals. Male or female albino Charles River CD 
rats were kept under observation for 3-4 days prior 
to each experiment. Only animals with normal food 
intake and weight gain were used. Dietary regimen 
comprised Purina Laboratory chow. 

Lipid analyses. Total cholesterol levels in nonsa- 
ponifiable lipid extracts were determined by the 
method of Zlatkis et al. [4] as modified for the Auto- 


analyzer (method Np-24). Phospholipid [5], triglycer- 
ide [6] and nitrogen [7] levels were measured accord- 
ing to previously described techniques. Serum lipo- 
proteins were separated with dextran sulfate [8] into 
fractions of low density (LDL + VLDL) and high 
density (HDL). 

Cholesterogenic activity in liver homogenates 
obtained from rats treated with DBCO was measured 
as described previously [9]: homogenates were incu- 
bated simultaneously with 5 wCi sodium [2-'*C]ace- 
tate and/or 0.67 wCi [*H]mevalonate, together with 
appropriate cofactors; cholesterol was isolated, puri- 
fied and counted as its 5,6-dibromo derivative [3]. 

Estrogenicity. Estrogenicity in male rats was 
assessed by measuring the weights of the adrenals, 
seminal vesicles, levator ani and dorsolateral prostate. 


RESULTS 


Effect of DBCO on body weight. Groups of ten male 
rats (initial body weight, 70-80 g) were treated for 
1, 3 and 6 weeks with daily doses of 10 and 30 mg/kg 
of DBCO as follows: the animals treated for | week 
received the vehicle (5°,, gum acacia) daily for 5 weeks 
and DBCO in the sixth week, and the 3-week group 
received the vehicle for the first 3 weeks and DBCO 
for the last 3 weeks; the 6-week group received 
DBCO during the entire study. Body weights were 
measured each week. As shown in Fig. 2, body 
weights were lower in all the treated groups. 

Effect of DBCO on serum and liver lipid levels in 
male rats. Male rats (weighing 140-150 g) were given 
DBCO by gavage (in 5°, gum acacia), at doses rang- 
ing from 0.3 to 30 mg/kg/day for | week. Animals 
were decapitated, serum lipoproteins were  frac- 
tionated, and levels of cholesterol and phospholipids 
were measured. Triglyceride levels were determined 
in whole serum. Liver lipids were also measured. 

DBCO produced dose-dependent decreases in food 
intake and body weight gain. Liver cholesterol was 
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—— Controls 
10 mg/kg/day 
——— 30 mg/kg/day 








Weeks 


Effect of 1-, 3- and 6-week treatment with DBCO 
on body weight gain in male rats. 


Fig. 2 


elevated at the two higher doses (Table 1). Serum cho- 
lesterol was reduced at a dose as low as | mg/kg/day; 
the most pronounced decrease was in the HDL frac- 
tion (Table 2). At least 10 mg/kg/day was required 
to lower serum triglyceride and phospholipids. 

Effect of DBCO on cholesterol biosynthesis. Male 
rats (weighing 140-150 g) were treated for | or 3 


weeks with DBCO p.o. at doses ranging from 0.3 to 
30 mg/kg/day, and cholesterogenic activity was 
measured in liver homogenates incubated with 
['*C]acetate or with [*H]mevalonate. Cholesterol 
biosynthesis was suppressed in a dose-dependent 
manner in livers of rats treated with DBCO for | 
week (Table 3). The primary site of suppression was 
prior to the formation of mevalonate; a secondary 
site was observed after mevalonate. However, upon 
extending the treatment with DBCO to 3 weeks, ace- 
tate incorporation into cholesterol returned to that 
found in untreated rats used as control (Table 3). 

In view of the suppressed rate of cholesterol biosyn- 
thesis in rats treated with DBCO for 1 week, we have 
also determined the effect on cholesterol biosynthesis 
of DBCO added directly to normal rat liver homo- 
genates. As shown in Table 4, at a final concentration 
of | x 10°* M, DBCO had no effect on cholesterol 
formation from acetate or mevalonate. 

A comparison of the effects of different doses of 
DBCO on serum and liver cholesterol levels and on 
hepatic cholesterol synthesis (from ['*C]acetate) in 
rats treated with DBCO for | week is presented in 
Fig. 3. While 1 mg/kg/day significantly reduced the 
cholesterol levels in the serum, a daily dose of 10 
mg/kg was required to elevate cholesterol in the liver. 
DBCO suppressed hepatic cholesterol synthesis at 
doses ranging from 3 to 30 mg/kg/day. 

Effect of prolonged treatment. Serum lipid and liver 
cholesterol levels were also measured in male rats 
treated with 10 mg/kg/day of DBCO for periods rang- 
ing from 4 days to 4 weeks. As presented in Table 
5, liver cholesterol was elevated in animals treated 
with DBCO for 4-7 days, but returned to normal 
in rats treated for 2-4 weeks. At the same time, serum 
cholesterol was lower after 1 week than after 2, 3 
and 4 weeks of treatment. However. in all treated 


Table |. Food intake and liver lipid levels in male rats treated for 1 week with DBCO* 





W ight gain Average food intake 


(mg/kg/day) (g/rat/day) 


Liver weight 
(g) 


Liver lipids (mg/100 g) 


Cholesterol Phospholipids Triglycerides 





Control 18.9 
0.3 + 3 18.0 
16.3 
14.6 
11.6 
96 8.1 


+ 0.20 
$s + 0.21 
+ 0.30 


0.24 229 + 5 485 + 37 
231+6 
219+8 
250 + 18 
427 + 43t 


$5 + 29+ 
+ + 293 


457 + 40 
0.234 


0.20 326 + 19+ 





* Results are expressed as mean + S.E.M. for ten rats/group. 


TP < 005. 
+P < 0,001. 


Table 2. Serum lipid levels in male rats treated for 1 week with DBCO* 





Serum lipids (mg/dl) 


Cholesterol 
Dose 


(mg/kg/day) Total 





Phospholipids 


HDL 


Triglycerides 





5& 09 
54+ 2.1 
43 + 2.4 
3 34 + 3.3t 
10 5 t 5 + + 20 + 


7+ 

1.7} 
3 4 5 S 79+ 
30 8t $ 15 


<<+ 


88 + 4.7 
83+ 49 
80 + 5.0 
84+ 48 
56 + 8.48 
47+ 8.1t 





* Results are expressed as mean + S.E.M. 
+P < 0.05. 

tP < 0.001. 

§$P < 0.01. 


for ten rats/group. 
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Table 3. Hepatic cholesterol synthesis in male rats treated with DBCO* 





('*C]acetate 


[°H] mevalonate 


Cholesterol 
(dis./min 
mg nitrogen) 


Cholesterol 
(dis. min 
mg nitrogen) @) 


Change Change 


Dose No from controls from controls 


(mg/kg day) 


Duration 


of treatment of rats 





10,200 + 
960 + 
22.400 + 
11.300 + 
26.200 
22.800 4 


Control 10 
30 10 
Control FJ 


3 


1 
03 
Control 
10 
3 


1 week 


1 week 


tit H+ H+ + 


3 weeks 





* Liver homogenates were prepared and incubated with 5 wCi sodium [2-'*C]acetate with or without 0.67 yCi 
[*H]mevalonate (and appropriate cofactors). Cholesterol was isolated, purified and counted as its 5,6-dibromo deriva- 
tive [3,9]. 

+P < 0.001. 


Serum Cholesterol 


raj 
ioe 


tional to the duration of treatment. This was due to 
a shift of phospholipids from HDL to LDL; while 
phospholipid levels in the HDL fraction remained sig- 
nificantly lower in all treated rats, prolonged treat- 
ment increased the phospholipids in the LDL frac- 
tion. 

Effect of DBCO on lipid metabolism in female rats. 
7 Female rats (weighing 170-180 g) were given p.o. a 
ae 2°, Tween 80 suspension containing 3, 10 or 30 mg 
kg/day of DBCO for | week. Like in male rats, treat- 
ment of female rats with DBCO produced dose- 
dependent decreases in food intake, body weight gain, 
serum cholesterol and phospholipids, liver weight, 
liver triglycerides and hepatic cholesterol synthesis, 
as well as an elevation in liver cholesterol (data not 
shown). However, in contrast to the hypotriglyceride- 
mic effect in males, DBCO either increased or pro- 
duced no effect on serum triglycerides in female rats. 
This apparent sex dependence of the effects of DBCO 
was then reinvestigated and rats of both sexes (ten 
rats/group weighing 70-80 g) were given p.o. 10 
or 30 mg/kg/day of DBCO for periods ranging from 
4 to 28 days. The effects of DBCO on serum and 
liver cholesterol and phospholipids were similar in 
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Dose, mg/kg/day 
Fig. 3. Serum and liver cholesterol levels, and hepatic cho- 


lesterol synthesis (from ['*C]Jacetate in vitro) in rats treated 
for | week with different doses of DBCO. 


rats, serum cholesterol remained significantly lower 
than in controls. This difference in serum cholesterol 
levels was due in part to an increase of LDL choles- 
terol to normal levels in rats treated for 2 to 4 weeks: 
HDL cholesterol remained low in all rats. The magni- 
tude of phospholipid lowering was inversely propor- 


all animals. The most pronounced hypolipidemic re- 
sponse was observed in rats treated with DBCO for 
4 days. When the treatment was extended, LDL cho- 
lesterol (Fig. 4) and phospholipid levels were in- 
creased; thus partly reversing the lipid-lowering effect 
of DBCO. However, there were marked sex-depen- 
dent differences in the effect on serum triglyceride 
levels. In male rats, while short-term treatment with 
DBCO decreased the triglycerides, marked increases 


Table 4. Effect of DBCO on hepatic cholesterol synthesis in vitro* 





Radioactivity (dis./min)/incubation 


Nonsaponifiable lipids Cholesterol 


Group ['*C]Jacetate {*H] mevalonate ['*C acetate [*H]mevalonate 





164,000 
160,000 


46,000 
51,000 


213,000 
198.000 


90.000 
103,000 


Control 
DBCO (1 x 10°* M) 





*A pooled liver homogenate was prepared from normal male rats and incubated simultaneously 
with 4.8 wCi [2-'*C]acetate and 0.25 pCi [*H]mevalonate, appropriate cofactors, and DBCO at a 
final concentration of 1 x 10°* M, and the cholesterogenic activity was measured [9]. Cholesterol 
was isolated, purified and counted as its 5,6-dibromo derivative [3]. Results presented are averages 
of duplicate incubations. 
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Table 5. Serum and liver cholesterol, and serum phospholipids in male rats treated chronically with 10 mg/kg/day 
of DBCO* 








Serum lipids (mg dl) 


Cholesterol Phospholipids Liver cholesterol 


HDI tal (mg 100 g) (mg liver) 





) 105.0 + 2 
5 + 4.254 7 } + 100.5 4 





* Rats (initial body weight. 70-80 g) treated for 4 days received the vehicle (2°, Tween-80) daily for 24 days and 
then DBCO for 4 days; the timetable for the other groups was arranged in a similar manner, so that all animals 
were killed at the same time. Results are expressed as mean + S.E.M. for ten rats/group. 

+P < 0.001. 

+P < 0.01 

P < 0.05 


Cholesterol the longer the treatment, the greater the increase (Fig. 

DL Cholesterol 5): DBCO lowered liver triglycerides in both male 
rT and female rats. 

Estrogenicity. Male rats were treated for 3 weeks 

with |, 3 and 10 mg/kg/day of DBCO and the weights 

Female rats of the adrenals, seminal vesicles, dorsolateral pro- 

state and levator ani were measured. Treatment with 

DBCO resulted in dose-dependent increases in 

adrenal weight and decreases in weights of the access- 

P] 2 ory sex organs (Table 6). These changes, coupled with 

= lower food intake and body weight gain, are sugges- 

tive of estrogenic activity. As described in an accom- 

panying report[{ 11]. the estrogenicity of DBCO was 
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" _ DISCUSSION 
Days of treatment 
The hypocholesterolemic effect which we observed 
Fig. 4. Effect of duration of DBCO treatment (30 mg/kg yp : : 
i een i preg in normal rats treated with DBCO p.o. for | week 
day) on LDL and HDL cholesterol in sera of male and age . : , 
Siesta waite was similar to that reported earlier by Piantadosi et 
al.{1] in rats treated for 5 days: DBCO lowered 
serum cholesterol at doses as low as | mg/kg/day. 
occurred when treatment was prolonged (Fig. 5): the We have also found that, in rats receiving DBCO 
initial decrease in serum triglycerides was dose depen- for | week. the fall in serum cholesterol was accom- 
dent. In contrast, DBCO treatment increased serum _ panied by an increase in liver cholesterol and a con- 
triglycerides at all time intervals in female rats and, comitant suppression of hepatic cholesterol synthesis. 


triglycerides, 


mg/dl 


fe) 














ie) 





triglycerides, 


Weeks of treatment 
Fig. 5. Effect of duration of DBCO treatment (10 and 30 mg/kg/day) on serum and liver triglycerides 
of male and female rats. Dashed line represents triglyceride levels in control rats. Each point is the 
mean of ten rats/group. 
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Table 6. Weights of adrenals and accessory sex organs of male rats treated for 3 weeks with DBCO 





Tissue wt (mg/100 g body wt) 





Dose 


Compound (mg/kg/day) Adrenals 


Levator 
* 


Dorsolateral 
prostate ani 


Seminal 
vesicles 





Control 
DBCO I 
3 23 + O.8T 
10 27 + L.It 
17B-Estradiol$ 0.15 29 + 0.6F 


14+04 
17 + 0.6* 


94474 
65 + 3.4t 
35 + 5.2+ 
18 + 1.5t 
41 +2.9+ 


33 + 2.0 
24 + 2.13 
tf + U5 
7+0.9t 
10 + 1.2t 


180 +9 





* Includes bulbocavernosus muscle. 

+P < 0.001. 

tP<001. 

$ 17f-Estradiol was given subcutaneously. 


However, when treatment with DBCO was pro- 
longed, the hypocholesterolemic effect was dimin- 
ished, and liver cholesterol levels and hepatic choles- 
terol synthesis returned to normal. Since DBCO had 
no effect on cholesterol biosynthesis when added di- 
rectly to normal rat liver homogenate, it is likely that 
the suppression of hepatic cholesterol synthesis found 
after 1 week of treatment with DBCO was due to 
the increased cholesterol content in the liver. 

As in male rats, oral administration of DBCO to 
female rats produced similar changes in food intake, 
weight gain, serum cholesterol and phospholipids, 
liver lipid levels and hepatic cholesterol synthesis. 
However, the effect of DBCO on serum triglycerides 
was sex dependent. Thus, in male rats, serum trigly- 
cerides were lowered on short-term treatment with 
DBCO and elevated when treatment was prolonged. 
In contrast, DBCO increased serum triglycerides in 
female rats, independently of duration of treatment. 
If the effect of DBCO on serum triglycerides is associ- 
ated with its estrogenicity, then the observed sex 
dependence is in accordance with our findings that 
short-term administration of estrogens causes an in- 
crease in serum triglycerides in female rats[12], but 
not in male rats.* This phenomenon may be related 
to the sex dependence of the triglyceride secretion rate 
by rat liver [10]. 

Treatment of male rats with DBCO increased the 
weight of the adrenals and decreased the weights of 
the accessory sex organs; food intake body weight 
gain were also suppressed. 





*M. N. C., unpublished observations 


It was concluded that DBCO is a potent hypocho- 
lesterolemic agent in rats, its effectiveness tending to 
decrease on prolonged treatment. The cholesterol- 
lowering activity of DBCO was accompanied by 
changes in tissue weights which were suggestive of 
estrogenicity. 
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SHORT COMMUNICATIONS 


Studies on the hypolipidemic and estrogenic activities of 
2.8-dibenzylcyclooctanone and its analogues 


(Received 30 May 1975: 


It has been suggested that the hypolipidemic activity of 
2.8-dibenzylcyclooctanone (DBCO) in rats is associated 
with its estrogenicity [1,2]. In this report, studies are de- 
scribed which corroborate the estrogenic activity of 
DBCO. In addition, in order to assess whether structural 
modification could separate the hypolipidemic and estro- 
genic properties. we have investigated the effects of a series 
of analogues of DBCO on serum lipids and on estrogenic 
activity in rats. The results of these studies are described 
in the present communication. 

The compounds were kindly supplied through the cour- 
tesy of Dr. C. Piantadosi, University of North Carolina, 
Chapel Hill. Compounds listed in Table 1 were suspended 
in 2°, Tween-80 and administered at 9:00 a.m. by gavage 
to male albino Charles River CD rats (ten rats/group 
weighing 140-160 g) at a dose of 100 yumoles/kg/day for 
7 days. In each experiment, DBCO was used as reference 
compound. On the last day of treatment, food was with- 
drawn at 8:30 a.m. and decapitation was initiated at 12:00 
noon. Food intake was recorded as well as the weights 


accepted 22 August 1975) 


of the adrenals, seminal vesicles and ventral prostate. 
Serum cholesterol was measured by the method of Zlatkis 
et al.[3] as modified for the Auto-analyzer. Serum phos- 
pholipid [4] and triglyceride [5] levels were also deter- 
mined. 

The estrogenicity of orally administered DBCO was 
assessed in females by means of three tests: the Allen Doisy 
test in rats [6,7], the uterotrophic assay in mice [7], and 
gonadotrophin suppression in parabiotic — rats [8]. 
Although the exact EDs) was not determined in the Allen 
Doisy test, it was found that, after 3 days, 60 per cent 
of the rats exhibited cornification of the vaginal smear at 
2 mg/kg/day. and 100 per cent showed an estrus smear 
at 3 mg/kg/day. DBCO was tested at six dose levels in 
the uterotrophic assay and, at a dose of 850 s.g/kg/day, 
caused a 3-fold increase in uterine weight as compared 
to controls. In addition, 20 mg/kg/day of DBCO for 10 
days produced a 100 per cent suppression of gonadotro- 
phins in parabiotic rats; in the same test, the uterine weight 
of the castrated partner was significantly increased. This 


Table 1. Derivatives of DBCO 
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Table 2. Effect of structural analogues of DBCO on serum lipids and on weights of adrenals and seminal vesicles 
in male rats receiving 100 wmoles/kg/day p.o. for 7 days 





Per cent change from control* 





Serum lipids 


Tissue weight 





Compound Dose 


No. (mg/kg/day) Cholesterol 


Phospholipids 


Seminal 


Triglycerides Adrenals vesicles 





DBCOt —79t 


— 49+ + 105t —54t 





* Serum lipids were calculated as mg/dl and tissue weight as mg/100 g of body weight. 


+ Average of seven experiments. 
tP < 0.001. 
§$P<0.0l1. 
P < 0.05. 
* Data inconclusive. 


finding indicates that the gonadotrophin suppression was 
due to the estrogenic activity of the compound [9]. Thus, 
although the compound is a very weak estrogen, estrogenic 
activity was found at doses which were hypolipidemic [2]. 

The effects of the structural analogues of DBCO on 
serum lipids and on the weights of adrenals and seminal 
vesicles are summarized in Table 2. The changes observed 
in the weights of the ventral prostate were similar to those 
obtained with the seminal vesicles and are not included 
in the table. The data are expressed as percentage change 
from untreated animals used as control; only values which 
were significantly different from controls are presented. 
DBCO was the most potent hypolipidemic and estrogenic 
compound in the series. Only compounds containing the 
dibenzylcyclooctanone system were active. Some hypolipi- 
demic activity was retained when the aromatic nucleus was 
substituted by a cyclohexane ring, e.g. as in compound 
10. Cholesterol-lowering activity was observed with the 
p-chloro (compound 1), p-amino (compound 2), p-fluoro 
(compound 3) and o-methyl (compound 9) derivatives, as 
well as with the x-methoxy analogue (compound 8) of 
DBCO. No activity was detected in compounds containing 
a benzylidene. group or when the ketone group was 
reduced. Triglyceride-lowering activity was found only 
with compounds 2 and 15. 

All compounds showing hypocholesterolemic activity, 
except the weakly active compound 15, also decreased the 
weights of the seminal vesicles and ventral prostate, and 
increased adrenal weight. Such changes in the weights of 
these organs are known to occur in male rats treated with 
estrogenic compounds. Compound 3, which in male rats 
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+35 
+ 76f 
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—50t 








produced inconclusive changes in seminal vesicle weight 
was tested for estrogenic activity in female rats by the Allen 
Doisy test. At a dose of 30 mg/kg/day for 3 days, the 
compound caused vaginal cornification in all animals. 

It was concluded that, in this series of structural ana- 
logues of DBCO, the hypocholesterolemic activity was cor- 
related with estrogenicity. 
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The effect of sodium carbenoxolone on the permeability of 
phosphatidylcholine and phosphatidylcholine: cholesterol liposomes 


(Received 16 December 1975; accepted 6 February 1976) 


Sodium carbenoxolone has been widely used in the treat- 
ment of gastric ulcer since the first successful trials of Doll 
and colleagues [1,2]. Its specific mode of action however, 
remains unknown although many of its pharmacological 
and biochemical properties have been described [3-6]. 

Among the interesting properties of sodium carbenoxo- 
lone which improves the defence mechanism of the stomach 
is its ability to stimulate the amount of gastric mucus se- 
creted. Johnston et al.[7] have shown that the incorpor- 
ation of many hexose sugars into the glycoprotein fraction 
of the gastric mucosa of man, ferret and the rat is increased 
with carbenoxolone treatment. Lipkin [8] has also shown 
that carbenoxolone treatment in mice decreased the turn- 
over rate of gastric epithelial cells giving rise to a more 
stable cell population. 

Gastric mucosal cell membranes, like all other mam- 
malian membranes contain phospholipids. Spenney et 
al. [9] have characterised canine gastric mucosal mem- 
branes and shown phosphatidylcholine (lecithin) to be the 
most abundant phospholipid, followed by phosphatidyleth- 
anolamine. Two membrane fractions were isolated by these 
workers, one with a density of 1.04 and one with a density 
of 1.10. The former had a phospholipid:cholesterol ratio 
of 1.30 (molar ratio), and the latter 0.89. 

Bangham et al. [10] first showed that when aqueous dis- 
persions of pure phospholipids were sonicated they formed 
enclosed vesicles surrounded by a lipid bilayer (liposomes). 
Although these artificial bilayers possess a higher resistivity 
and lower ion permeability than natural membranes, (see 
Robinson [11]), cellular membranes might be likened to 
these lipid bilayers with their properties modified by the 
presence of protein. Phospholipid liposomes with incorpor- 
ated markers have been widely used for investigating the 
membrane effects of many series of compounds. Papahad- 
jopoulos[12] and Singer [13] showed that local anaes- 
thetics can reduce the cation permeability of model phos- 
pholipid bilayer membranes and Heap er al. [14] showed 
some interesting correlations between different steroid 
classes (corticosteroids, androgens and oestrogens) and 
their effects on the permeability of phosphatidylcholine 
liposomes. 

The present work describes the effect of a wide concen- 
tration range of the anti-ulcerogenic drug, sodium car- 
benoxolone, on the permeability of phosphatidylcholine 
and_ phosphatidylcholine:cholesterol (1:1 molar ratio) 
liposomes to sodium. 

Liposomes were prepared using egg lecithin (Grade |, 
B.D.H., England) and cholesterol (Biochemical standard. 
B.D.H., England). Both were stored as 30mM _ solutions 
in chloroform at —20°. Purity of the egg lecithin was 
checked before each experiment using t.l.c. Silica gel G 
plates were run in chloroform-methanol-water-ammonia 
(75:30:4:0.5), sprayed with 50°, sulphuric acid and devel- 
oped by heating at 110° for 15 min [15]. The egg lecithin 
used always ran as one spot (R, value 0.61). There were 
no traces of lysolecithin or free fatty acids. 

For the preparation of lecithin liposomes. 50 ymoles 
were taken to dryness in a 25-ml round-bottomed flask. 
For lecithin-cholesterol liposomes, 50 jumoles of each were 
taken to dryness from the chloroform solutions. The dried 
films were then shaken with 0.9ml 160mM ??NaCl 
(25 wCi/ml) and 0.1 ml 160mM Tris-HCl (pH 7.4) for 5 
min. The flask was flushed exhaustively with nitrogen 


before shaking to prevent oxidation of the lipids. The sus- 
pension was then sonicated for 60 min in a Pulsation 50 
bath (Kerry Ultrasonics Ltd.). The temperature of the 
water in the bath was kept below 28 and the flask flushed 
with nitrogen every 10 min. T.l.c. of the lipids after sonica- 
tion showed no presence of oxidation products. After soni- 
cation the lipid was allowed to equilibrate at room tem- 
perature (under nitrogen) for 24hr before use. Untrapped 
?2Na was removed by column chromatography. The |-ml 
aliquot of liposomes was passed over 3g of hydrated 
Sephadex G-50 prepared in non-radioactive 144mM 
NaCl-16mM _ Tris-HCl! (buffered saline, pH 7.4). Lipo- 
somes were eluted in the 12th—-15th I-ml fraction from the 
column. These fractions were bulked and diluted to 25 ml 
with buffered saline. 

Series of dialysis bags (8/32 visking tubing), previously 
washed, tied at one end and left soaking overnight in bul- 
fered saline, were then prepared containing | ml of the 
liposome suspension. Further aliquots were taken for esti- 
mation of the total liposome-?*Na content by }-radio- 
active measurement. Liposome containing dialysis bags 
were then placed in 10-ml screw-top test tubes containing 
8 ml of buffered saline or various concentrations of sodium 
carbenoxolone in buffered saline. Tubes were then slowly 
rotated at 37° (10 rev/min). At intervals the tube contents 
(diffusate) were taken for y-counting and calculation of 
sodium leakage from the liposomes. 

Figure | shows the leakage rates of sodium from lecithin 
and lecithin:cholesterol liposomes in the presence of buf- 
fered saline, (control rates). It can be seen that the leakage 
of sodium from lecithin liposomes was linear over 6 hr 
with approximately 1°, of the total entrapped sodium leak- 
ing out per hr. Further experiments showed that this linear 
rate continued for at least 24hr. Leakage rates from 
lecithin—-cholesterol liposomes were significantly reduced 
(Fig. 1), as found by Johnson [16]. 

Table | shows the effect of sodium carbenoxolone 
(10°3-10°° M) on sodium leakage from liposomes over 
a 6-hr period. Other experiments using non-radioactive 
liposomes in the dialysis bags and sodium ['*C]carbenox- 
olone (10°3-10°°M) in the test tubes established that 
equilibration of carbenoxolone with the contents of the 
dialysis bag was achieved after 3 hr. The results in Table 
| show that over the range 10°*-10°°M_ sodium car- 
benoxolone had a biphasic effect on the sodium permeabi- 
lity of both lecithin and lecithin-cholesterol liposomes. A 
concentration of 10°? M caused complete lysis of lecithin 
liposomes within 2hr. Lecithin-cholesterol liposomes. 
however, were more resistant and complete lysis was not 
apparent until 6hr incubation. Lower concentrations of 
sodium carbenoxolone (10°* and 10° M) also increased 
sodium leakage from both types of liposomes but not to 
the same extent as 10° *M. Again the lecithin-cholesterol 
liposomes were more resistant. After 6 hr, 82.1 and 9.5 per 
cent of the total entrapped sodium had leaked from 
lecithin liposomes in the presence of 10°*M and 10°°M 
sodium carbenoxolone, respectively. The control value at 
this time was 6.97 per cent. Values for lecithin cholesterol 
liposomes were 7.7 and 6.3 per cent with controls leaking 
2.74 per cent. 

Sodium carbenoxolone at 10°°M_ showed a different 
effect. The leakage of sodium from lecithin liposomes was 
lower than the controls at 2, 4 and 6 hr, the greatest stabili- 
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Sodium leakage from liposomes 





l 
4 





Time, hr 


Fig. |. Leakage of ?*Na from lecithin liposomes (@ ®) 

and lecithin-cholesterol (1:1 molar ratio) liposomes 

(a @). Sodium leakage is expressed as a percentage 

of total entrapped liposomal sodium. Results are the mean 
+§.E.M. of four experiments. 


sation being at 4hr (67 per cent of control values). This 
stabilising effect was even more apparent with the lecithin 
cholesterol liposomes. Sodium leakage was 47, 58 and 58 
per cent of control values at 2, 4 and 6hr, respectively. 
Lower concentrations of sodium carbenoxolone (10~7 and 
10°° M) were shown to have no effect on the leakage of 
sodium from either type of liposome. 

These results show that sodium carbenoxolone is a very 
“membrane active” compound and at concentrations at 
which it is likely to exist next to gastric mucosal cells after 
oral administration (usual dose 100-300 mg twice daily) 
may cause a significant decrease in plasma membrane per- 
meability. An increase in the stability of weakened gastric 
mucosal cells in ulcerogenic patients by sodium carbenoxo- 
lone could explain the decreased cell turnover noted by 


Table 1. The effect of sodium carbenoxolone (10> 7-107 ° 


Cholesterol 


Sodium 
Carbenoxolone 


structure of cholesterol and sodium 


carbenoxolone. 


Fig. 2. The 


Lipkin [8] and may explain the increase in glycoprotein 
synthesis which occurs after carbenoxolone treatment. 

It is worth noting that liposomes prepared with a 1:1 
molar ratio of lecithin and cholesterol, which is very simi- 
lar to the lipid composition of gastric mucosal cell plasma 
membranes, showed the maximal stabilising properties of 
carbenoxolone. Cholesterol and sodium carbenoxolone are 
somewhat similar in structure (Fig. 2) and both can cause 
a decrease in permeability of lecithin liposomes. It is sug- 
gested that insertion or uptake of the highly lipophilic 
sodium carbenoxolone molecules into phospholipid 
bilayers is altered by the presence of cholesterol in such 
a way that the labilising or detergent-like effect of car- 
benoxolone is reduced. The values for 10°* M carbenoxo- 
lone in Table | best illustrate this point. After 6hr, 82.1 
per cent of total entrapped sodium was released from 
lecithin liposomes but only 7.7 per cent from lecithin—cho- 
lesterol liposomes. Enhancement of the stabilizing proper- 
ties of carbenoxolone at 10°°M_ on lecithin cholesterol 


M) on the sodium leakage from (a) lecithin and (b) lecithin 


cholesterol liposomes over a 6-hr period 





Sodium carbenoxolone concn 


(M) 





Control sodium 
leakage* 


Time 
(h) 


10-5 





(a) Lecithin liposomes 
2 100 (2.19) 
4 100 (4.62) 
6 100 (6.97) 


498 
1510 


3870 
1880 
1250 + 


126 (84.7)* 
99 (86.9)+ 
68 (87.1) 


(b) Lecithin-cholesterol liposomes 
2 100 (1.01) 6369 
4 100 (1.78) 4422 
6 100 (2.74) 3086 


109 
203 


282 


284 (64.3)7 
214 (78.7)+ 
119 (84.5)* 


hn. 
ds 
+ 


+ 61 (10.9)7 


1178 + 


8 (1.5)t 
12(3.1)t 
9 (5.8)* 


129 + 17 (2.8) 
118 + 13(5.5)t 
136 + 9(9.5)t 


36 (69.8) 
87 (82.1)t 


+ + 1+ 


47 
58 
58 


7 (0.48)* 
9 (1.0) 
11 (1.6)* 


8 (1.1)8S 
10 (2.7)+ 
17 (6.3)* 


109 
149 
231 


4(1.1)t 
24 (3.8)+ 
19 (7.7)* 


I+ I+ I+ 





* Results are expressed as a percentage of control leakage (control = 100). Figures in parentheses represent leakage 
as a percentage of total liposomal entrapped sodium; i.e. control values are as shown in Fig. 1. Complete equilibration 
of labelled sodium between the |-ml liposome content of the dialysis bag and the 8-ml content of the tube would 
therefore be equivalent to 88.8°, (8/9) leakage of total liposomal entrapped sodium. Levels of significance are shown 
(Student's t-test) comparing these “percentage of total” values with controls. + P < 0.01, t P < 0.05, NS, no significant 
difference. 

Results are the mean +S.E.M. of four experiments. 
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liposomes was also significant; 1.6 per cent of entrapped 
sodium was released after 6hr from lecithin—cholesterol 
liposomes compared to 5.8 per cent from lecithin lipo- 
somes. 

The molecular composition of biological membranes 
and the concentration of carbenoxolone are therefore both 
important in determining the effect of the drug on mem- 
brane permeability. Studies to determine the actual mem- 
brane concentration of carbenoxolone in different liposo- 
mal systems may give more information on its molecular 
interactions in lipid membranes. 
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p-Chlorophenylalanine-induced enhancement of the effects 
of morphine on the adrenal medulla 


(Received 23 September 1975; accepted 13 November 1975) 


The actions of morphine on the adrenal medulla can be 
explained in large part by its combined direct and centrally 
mediated stimulation of the sympatho-adrenal axis [1-4]. 
Thus, acute administration of morphine results in adrenal 
catecholamine depletion and trans-synaptic induction of 
the catecholamine biosynthetic enzymes, tyrosine hydrox- 
ylase and dopamine f-hydroxylase, as well as increased 
formation of new storage vesicles [1,2]. Upon chronic 
administration, however, the ability of morphine to deplete 
catecholamines disappears and levels increase to supranor- 
mal values; this recovery is related directly to the stimula- 
tion-induced increases in catecholamine _ biosynthetic 
enzymes and storage vesicles [1]. However, there is evi- 
dence that other factors may operate in limiting both the 
degree to which morphine can deplete adrenal catechola- 
mines and the degree to which enzyme induction can 
occur. Morphine even in large doses appears to be incap- 
able of evoking the full degree of stimulation of which 
the sympatho-adrenal axis is capable, and no additional 
induction of adrenal tyrosine hydroxylase. is evident at 
doses of morphine exceeding 40 mg/kg [1,2]. Mueller et 
al. [5] and Breese et al. [6] have shown that depletion 
of central serotonin with p-chlorophenylalanine (PCPA) 
can enhance the sympatho-—adrenal effects of other stimula- 
tory agents, such as insulin or amphetamine. Since chronic 
morphine enhances serotonin turnover [7,8], it is possible 
that sympatho-adrenal stimulation by morphine is limited 


in part by enhancement of serotonergic negative input in 
the brain-stem [9]. In the present study, the action of 
PCPA on chronic morphine-induced stimulation of the 
adrenal medulla has been examined. 

Male Sprague-Dawley rats (Zivic-Miller) weighing 
200-250 g were given morphine HCI subcutaneously twice 
daily as follows: 10 mg/kg for 2 days, followed by 40 mg/kg 
for 2 days, followed by 100 mg/kg thereafter. Controls 
received saline on the same schedule. After 1 week at the 
highest dose, saline- or morphine-treated rats received 
saline or PCPA methyl ester HCI (150 mg/kg, ip.) once 
daily for 2 days and were killed 24hr after the second 
PCPA injection; animals continued to receive morphine 
or saline concurrently with PCPA or saline and thus were 
killed 12 hr after the last injection of morphine. 

Adrenals from the rats in the four groups (control, 
PCPA, morphine, PCPA plus morphine) were excised and 
each pair was homogenized in 2 ml of 0.15 M KCI. Ali- 
quots .(0.1 ml) were deproteinized with 1.9 ml of 3.5% 
perchloric acid, centrifuged at 26,000 g for 10 min, and the 
supernatant was analyzed for catecholamines by the tri- 
hydroxyindole method using an autoanalyzer [10]. Dupli- 
cate 0.2 ml aliquots of the homogenate were used for analy- 
sis of dopamine f-hydroxylase activity by the periodate 
oxidation method [11]. using 10 wM[?H]-tyramine as 
substrate and p-hydroxymercuribenzoate (optimal concen- 
tration, 0.5 mM) to inactivate endogenous inhibitors. The 
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remainder of the adrenal homogenate was centrifuged at 
26,000 g for 10 min to sediment the catecholamine-contain- 
ing storage vesicles, and the supernatant utilized for dupli- 
cate determinations of tyrosine hydroxylase activity by the 
method of Waymire et al. [12]. with 0.1 mM ['*C]-tyrosine 
as substrate. Results are expressed as means + standard 
errors, and levels of significance calculated by Student’s 
[-test. 

Morphine HCl was obtained from Merck, Sharp & 
Dohme; tyramine [G-*H] (10 Ci/m-mole) and L-tyrosine 
[1-'*C] (10 mCi/m-mole) were purchased from New Eng- 
land Nuclear Corp., and p-chlorophenylalanine methyl 
ester HCl and p-hydroxymercuribenzoate from Sigma 
Chemical Co. 

The administration of PCPA alone produced little or 
no alteration in adrenal catecholamines or tyrosine hy- 
droxylase or dopamine f-hydroxylase activities (Fig. 1). 
Chronic morphine alone resulted in elevations in all three 
parameters ranging from 160 to 220 per cent of controls. 
In the morphine-dependent rats, doses of PCPA which in 
themselves had. no effect produced a complete reversal of 
the morphine-induced increase in adrenal catecholamines 
(from 160 per cent of control to 80 per cent). PCPA also 
enhanced markedly the induction of tyrosine hydroxylase 
evoked by chronic morphine but caused only a small in- 
crease in the actions of chronic morphine on dopamine 
f-hydroxylase activity (not statistically significant com- 
pared to morphine alone). 

These results indicate that PCPA enhances the stimula- 
tory effect of morphine on the sympatho-adrenal axis. 
While chronic morphine alone evokes adrenal catechola- 
mine secretion, the stimulation results also in induction 
of tyrosine hydroxylase and dopamine f-hydroxylase ac- 
tivities which can maintain normal or elevated amine levels 
despite accelerated turnover. The additional increment in 
morphine-induced sympatho-adrenal stimulation after 
PCPA produces a pattern similar to that after acute mor- 
phine administration, where massive secretion occurs to 
an extent which cannot be compensated by enzyme induc- 
tion [1,2]: consequently, catecholamine levels fall, while 
the additional stimulation increases further the tyrosine hy- 
droxylase activity. The equivocal changes in dopamine 
f-hydroxylase in rats given PCPA plus morphine vs mor- 
phine alone reflect two opposing processes: additional loss 
of soluble dopamine f-hydroxylase via increased exocyto- 
tic secretion [13,14] and trans-synaptic enzyme induction 
[1,2,13,14]. 

The data obtained in this study are consistent with the 
hypothesis that the degree of sympatho-adrenal stimu- 
lation by. morphine is limited normally by negative input 
via central serotonergic neurons; thus, depletion of sero- 
tonin with PCPA results in an enhancement of the mor- 
phine-induced stimulation. This hypothesis is supported by 
the observations of Ho er al. [7] and Way et al. [8] that 
chronic morphine administration increases serotonin turn- 
over in the mouse whole brain and in brainstem, an area 
which contains serotonergic neurons responsible for reduc- 
ing sympatho-adrenal outflow [9]. The dual nature of mor- 
phine’s actions on sympatho-adrenal activity thus contrib- 
utes to the inability both to maintain catecholamine deple- 
tion and to induce tyrosine hydroxylase to the extent seen 
after other stimulatory agents which act by different 
mechanisms [15,16]. Only upon elimination of the sero- 
tonergic component with PCPA does the full sympatho- 
adrenal response to chronic morphine become evident. 
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Fig. 1. Actions of p-chlorophenylalanine (PCPA) and mor- 
phine on rat adrenal catecholamines, tyrosine hydroxylase 
and dopamine f-hydroxylase. Data represent means + 
standard errors of three to five animals. Controls values 
were: catecholamines, 12.6 + 1.3 wg/gland; tyrosine hy- 
droxylase, 8.42 + 0.76 nmoles'*CO, _  evolved/hr/gland; 
dopamine f-hydroxylase, 1.57 + 0.16nmoles *H-octopa- 
mine formed/hr/gland. Key: (*)P < 0.05 vs_ control; 
(**) P < 0.01 vs control; (***)P < 0.001 vs control; and 
(§) P < 0.005 vs morphine. 
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Lack of enhanced microsomal enzyme activity by oxandrolone, an 
inducer of hepatic smooth endoplasmic reticulum 


(Received 26 July 1975; accepted 5 December 1975) 


The relationship of serum cholesterol level to the preva- 
lence of coronary heart disease [1] has stimulated research 
on plasma lipid-lowering drugs [2]. Oxandrolone (17- 
hydroxy-17x-methyl-2-oxa-5«-androstan-3-one, Anavar), a 
synthetic anabolic steroid [3], effectively lowered plasma 
triglycerides in several clinical trials [4,5] and consistently 
lowered plasma cholesterol in retired breeder male rats 
[6], an animal model of hyperlipoproteinemia [7]. Recent 
work suggests that oxandrolone increases the activity of 
postheparin plasma hepatic lipase, but Ehnholm er al. [8] 
were unable to show that this change was responsible for 
its lipid-lowering effect. 

The finding in this laboratory [9] that oxandrolone in- 
creased the surface density of smooth endoplasmic reticu- 
lum (SER) in livers of young adult (YA) rats 35 per cent 
and retired breeder (RB) rats 68 per cent, as measured by 
quantitative morphometric techniques, is of considerable 
interest, since this organelle has been implicated in hepatic 
cholesterol [10] and lipoprotein [11] synthesis. Contrary 
to the findings of Horvath et al. [12], studies in this labora- 
tory have been unable to demonstrate an oxandrolone- 
induced SER proliferation in rat liver based on qualitative 
electron microscopy and quantitative biochemical criteria, 
i.e. total microsomal protein.* Administration of a number 
of compounds including barbiturates, chlorinated hydro- 
carbon insecticides, certain steroids, such as preneno- 
lone-16z-carbonitrile and spironolactone, suggests that 
there is a positive correlation between the amount of SER 
hypertrophy and the magnitude of microsomal enzyme in- 
duction [13-19]. However, Schmucker and Jones [9] sug- 
gested that the SER proliferation is a non-specific pharma- 
cological response to oxandrolone. 

The present work investigated the significance of this 
response by measuring alterations in those modalities of 
SER function most often affected by drugs which induce 
hypertrophy of this membrane system. The concentration 
of cytochrome P-450 and cytochrome b, and the activities 
of NADPH-cytochrome c reductase and drug metabolism 
(ethylmorphine N-demethylation) in the liver microsomes 
from YA and RB rats were examined. 

Male Sprague-Dawley rats (Holtzman Co., Madison, 
Wis.) (200-225 g) and recently retired breeder rats (500 
g) were housed in individual cages and provided tap water 
and Purina Laboratory Chow (Purina Ralston Co.) ad lib. 
The rats were fasted for 24 hr prior to collecting tail vein 





*Unpublished observations. 


blood from six rats for initial serum lipid determinations. 
Serum samples were extracted in chloroform—methanol 
(2:1) and analyzed for cholesterol according to the method 
of Rudel and Morris [20] and for triglycerides by the 
method of Eggstein and Kreutz [21] using the Biochemica 
Test Combination for Triglycerides (Boehringer Mannheim 
Corp.. Mannheim, West Germany). Oxandrolone was 
administered orally for 21 days by mixing the drug (100 
mg/kg body wt) with 250 mg corn oil margarine (Fleisch- 
mann). The RB and YA control animals received 250 mg 
of the vehicle/day for 21 days. The rats were fasted for 
24 hr prior to sacrifice. The animals were killed by decapi- 
tation on the morning of day 22. Serum samples were col- 
lected and the livers quickly removed, weighed and homo- 
genized in 10 vol. (w/v) of ice-cold 0.25 M sucrose contain- 
ing 0.05 M potassium phosphate buffer, pH 7.4, using a 
Potter-Elvehjem homogenizer with a Teflon pestle. Micro- 
somes were prepared as previously described [22], and 
microsomal protein was determined by the method of Gor- 
nall et al. [23]. NADPH-cytochrome c reductase was 
measured as described by Masters et al. [24] and cyto- 
chrome P-450 and cytochrome bh; were measured by the 
methods of Omura and Sato [25], using an Aminco 
Chance spectrophotometer in the split-beam mode. Micro- 
somal N-demethylation was measured as previously de- 
scribed [22] using ethylmorphine (6.5 mM) as substrate. 
Aliquots (1 ml) of the mixture were taken at |-min intervals 
for 10 min and mixed with | ml of 10°, (w/v) trichloroace- 
tic acid. The reaction was linear with time under these 
conditions. Formaldehyde produced was determined 
according to Nash [26]. Data were analyzed by Student’s 
t-test for differences between the means [27]. 

The results summarized in Table | show that oxandro- 
lone exerted a significant hypocholesterolemic effect on the 
serum of the RB rats but not on the serum of the YA 
rats. There was no effect by oxandrolone on serum trigly- 
cerides in either the YA or RB rats. The results of the 
hepatic drug metabolism studies are summarized in Table 
2. Liver/body weight ratios in the RB groups were lower 
(2.5 and 2.6 per cent) than in the YA rats (2.8 per cent), 
but this result is not statistically significant. Cytochrome 
P-450 and cytochrome bs concentrations in both groups 
of oxandrolone-treated rats were essentially the same as 
in the untreated controls. There was no difference in 
NADPH-cytochrome c reductase activity after oxandro- 
lone treatment in either the YA or RB rats. Drug metabo- 
lism. determined by the rate of formaldehyde formation 


Table 1. Effect of oxandrolone on serum lipid levels of male young adult and retired breeder rats* 





Serum cholesterol (mg, 100 ml) 


After 
21 days of 
Initial 


Group treatment 


Serum triglyceride (mg 100 ml) 
After 
21 days of 


Initial treatment 





Retired breeder 91+9 
Retired breeder 86 +8 
+ oxandrolone 
Young adult 
Young adult 
+ oxandrolone 


74+6 
79+4 


74 4 
45 4 


41 + 


$1 +5 





* All values represent mean + S. E. M. for six rats. 


tNS = not significant. 


+ Difference between initial and post-treatment determinations. 
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2. Measurements of liver microsomal drug metabolism in young adult and retired breeder rats treated with 


oxandrolone for 21 days* 





Young adult 


Young adult 
+ oxandrolone 


Retired breeder 


Retired breeder + oxandrolone 





toc me P-450 (nmoles * mg protein) 
tochrome h, (nmoles x mg protein) 
NADPH-cytochrome ¢ 
reductase (nmoles * min 
meg protein) 
wphine demethylation 
min « mg protein) 





t 


during incubation of microsomes with ethylmorphine, was 
slightly but not significantly higher in the YA rats com- 
pared to the RB rats. Ethylmorphine metabolism was not 
increased after oxandrolone treatment. 

The results of this study confirm and extend previous 
observations on the effects of oxandrolone on YA and RB 
rats [6,9]. The results show that oxandrolone administered 
for 21 days does not appear to have a marked effect on 
liver drug metabolism in YA or RB rats. We were unable 
to demonstrate a significant increase in liver weight/body 
weight ratios in either YA or RB rats after oxandrolone 
treatment. Although oxandrolone increased the surface 
density of SER significantly as measured by quantitative 
electron microscopy [9], this change does not appear to 
be accompanied by concomitant increases in microsomal 


metabolism of ethylmorphine, in the concentrations of 


cytochrome P-450 and cytochrome hs, or in the specific 
activity of NADPH-cytochrome c reductase. Some clinical 
trials have remarked that one parameter of liver function, 
serum transaminase, may rise after oxandrolone treatment 
[4.28] but this report has not been consistent. 

In contrast, several other lipid-lowering drugs, such as 
clofibrate, nafenopin, and bis-(hydroxy-ethyl-thio) 1-10 
decane (LL 1558) [29-31], cause marked changes in the 
liver. Clofibrate, the most successful hypolipidemic drug, 
causes hepatomegaly in rats [29], hepatic microbody pro- 
liferation [30], hypertrophy of the SER [32,33] and 
enhanced microsomal metabolism of drugs [34]. 

It appears that oxandrolone can be added to a growing 
list of compounds such as D-galactoseamine [35] and diel- 
drin [36], which, when administered to rats, result in a 
liver with a marked increase in the amount of SER but 
normal or reduced activity of drug-metabolizing enzymes. 
The reason for this lack of association is unclear. Fouts 

37] has suggested that prolonged exposure to some in- 
ducers (particularly at high doses) may lead to a state 
where structure ‘and function no longer correlate. Exper- 
iments to examine the effects of short-term administration 
of oxandrolone at lower doses are necessary to resolve 
this possibility. The present investigation is only a prelimi- 
nary report based on a single-dose treatment, but the 
results suggest that oxandrolone is an effective non-toxic 
lipid-lowering agent meriting further investigation. 
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Binding of narcotics and narcotic antagonists to 
triphosphoinositide 


(Received 13 September 1975; accepted 7 November 1975) 


Triphosphoinositide occurs mainly in the brain as a con- 
stituent of membrane. It is both water soluble and lipid 
soluble and has five negative charges concentrated in a 
molecule of about 1000 molecular weight. A role for tri- 
phosphoinositide in nerve transmission has been con- 
sidered based on the observation that calcium ion can che- 
late with triphosphoinositide [1] and that phosphate turn- 
over rate in triphosphoinositide is very rapid [2]. Apart 
from its physiologic functions, triphosphoinositide may 
also be involved in opiate action. 

It has been reported that morphine administration can 
deplete brain calcium in animals [3,4] and, since the level 
of calcium fluctuates with the level of triphosphoinositide 
[5], there is a possibility that the action of morphine may 
involve triphosphoinositide. To find any fluctuation in the 
triphosphoinositide pool during the morphine action may 
be futile, as the majority of triphosphoinositide is merely 
a part of myelin structure, and only a small part of total 
pool size may fluctuate. Mulé [6] studied the turnover 
of triphosphoinositide and found it to be increased during 
morphine treatment. 

It has been reported that acidic lipids, including triphos- 
phoinositide, can bind with opiates with different affinities 
in different media. Thus, in the organic phase, morphine 
is bound more than naloxone, while in the water phase 
the reverse is true. The differences in binding properties 
have been related to biologic activity.* This communica- 
tion reports a further study on the binding of three nar- 
cotic agonist-antagonist pairs to triphosphoinositide. 

[*H]Naloxone hydrochloride (23.6 Ci/m-mole) was 
obtained from New England Nuclear, and morphine sul- 
fate from Mallinckrodt. The tartrate salts of levorphanol 
and [*H]levorphanol (2.4Ci/m-mole) were donated by 
Hoffmann-La Roche and naloxone hydrochloride by Endo 
Laboratories. Triphosphoinositide was extracted from rat 
brain and purified by the method of Michell et al. [7]. 
Based on the total and individual lipid phosphorus analy- 
ses after thin-layer chromatography with potassium oxa- 
late impregnated Silica gel H plates and development with 
a solvent system of chloroform—methanol-4 N NH,OH 
(9:7:2, v/v) [8], the preparation was established to contain 
no lipids other than phosphoinositide lipids which were 
present in the amount of 1°, monophosphoinositide 





*T. M. Cho, Y. C. Wu, J. S. Cho, 
E. L. Way, manuscript in preparation. 

+This equation is obtained by multiplying the original 
Scatchard equation by the amount of TPI added. 


H. H. Loh and 


(MPI), 5° diphosphoinositide (DPI) and 70°,, triphos- 
phoinositide (TPI). The stability of TPI was examined by 
the azure assay method [9]; TPI was stable over a year 
when stored at 25 in chloroform-methanol (19:1, v/v): 
under neutral pH in water, in heptane, or in octanol, TPI 
was stable over a month. 

Two methods were used to study the binding of narcotic 
agonists or antagonists in various solvent systems. The 
binding was quantified by determining the concentration 
of drug needed to inhibit [*H]levorphanol binding to tri- 
phosphoinositide by 50 per cent (ID<0). 

Organic solvent-water partition. This method consisted 
of the addition of 1-ml of radioactive drug of varying con- 
centrations in water at pH 6.0 to | ml of triphosphoinosit- 
ide solution in heptane or octanol in a_ glass tube. 
13 x 100mm, and vortexing the mixture at medium speed 
for 1 min. After the mixture was centrifuged at 1500g for 
10 min, an 0.5-ml aliquot of both phases was removed and 
the radioactivity was determined by liquid scintillation 
spectrophotometry with 10ml of Scinti Verse solution 
(Fisher Scientific Co.); the counting of an_ efficiency 
in this system was determined to about 40 per cent. The 
amount of drug bound to TPI in the organic phase was 
calculated by the simplified equation of Weber er al. [10]: 
M, = M, — P x My — M,,, M, being the amount of drug 
bound by TPI in the organic phase, M,, the total amount 
of drug used, P, the partition coefficient of drug between 
the organic phase and the aqueous phase, and M,,. the 
amount of drug in aqueous phase. The dissociation con- 
stants of various TPI-drug complexes were obtained by 
Scatchard analysis [11]. M,/M,; = —M,/Kyg + M,,/Ky.t 
M,, being the amount of drug bound, M,, the amount of 
free drug, M,,, the maximum amount of drug which could 
be bound, and Ky, the dissociation constant of the TPI 
drug complex. The heptane—water partition was used to 
obtain ID<, values of various drugs using 5 ug/ml of tri- 
phosphoinositide and 5 x 10°* M[*H]levorphanol and 
varying concentrations of a test drug. 

Equilibrium dialysis. A solution of triphosphoinositide in 
chloroform—methanol (19:1) was dried in vacuo with a 
rotatory evaporator and the residue was sonicated in water 
at pH 6.0 to make a 0.01%, liposome solution. A coil of 
dialysis Visking membrane was boiled in |1mM EDTA 
solution and then in distilled water and soaked in water 
at room temperature for several hr. A dialysis cell of | ml 
capacity was assembled with a piece of Visking membrane 
separating the inner from the outer chamber, each contain- 
ing a small glass bead for the purpose of agitation. The 
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Fig. 1. Scatchard analysis of levorphanol and naloxone 

binding to triphosphoinositide. (a) [’H]levorphanol bind- 

ing to 5 xg triphosphoinositide in heptane by the partition 

method. (b) [*H]naloxone binding to S50 yg_ triphos- 

phoinositide in octanol by the partition method. (c) 

{*H]naloxone binding to 100 yg triphosphoinositide in 
water by the equilibrium-dialysis method. 


| 2 
Naloxone Bound x IO®M 
(Octanol) 


inner chamber was filled with 0.2 ml of 0.01", triphos- 
phoinositide liposome solution, and the outer chamber was 
filled with 0.2ml of [*H]naloxone of varying concen- 
trations in water at pH 6.0. The cells were shaken for 2 hr 
and the radioactivity of the solution from each chamber 
was determined by liquid scintillation spectrophotometry. 
The results were analyzed by the Scatchard method as de- 
scribed previously. 

Binding of opiate to triphosphoinositide in the various 
solvent systems was studied over a wide range of concen- 
trations from | x 10°° to 1 x 10°°M. A plot of the data 
according to Scatchard [11] is shown in Fig. 1; the 
ordinate indicates the ratio of bound to free drug, and 
the abscissa, the concentration of the drug bound. The 
reciprocal of the slope of the curve gives the dissociation 
constant for the drug-triphosphoinositide complex in that 

‘ particular solvent. The affinity of the drug for triphos- 
phoinositide is the reciprocal of the dissociation constant 
of the drug-triphosphoinositide complex. Thus, a steep 
slope yields a low dissociation constant, and this reflects 
a high affinity site that becomes saturated at a low drug 
concentration. As the drug concentration increases, other 
sites with lower affinities become gradually saturated. As 
shown in Fig. la, the levorphanol binding to triphos- 
phoinositide in heptane yielded dissociation constants of 
1.1 x 10°°M and 6.7 x 10°° M. 

Figure | (panels b and c) shows the Scatchard plot of 
the [*H Jnaloxone binding in octanol and in water respect- 
ively. The dissociation constant of naloxone binding in 


*T. M. Cho, Y. C. Wu, J. S. Cho, H. H. Loh and E. 
L. Way, manuscript in preparation. 





Table 1. The 1Ds9 of the three opiate agonists and their 
corresponding antagonists determined with the levor- 
phanol- heptane system* 





Agonist/Antagonist 





Levorphanol ; 

Levallorphan ° 107 
Morphine 49 x 10 
Nalorphine 10 
Oxymorphone 10 


7 
2 
Naloxone 4.7 x 107’ 





*1Dso is defined as the concentration of drug in heptane 
required to inhibit the binding of 5 x 10°* M [*M]levor- 
phanol to 5 yg triphosphoinositide by 50 per cent. 
octanol was 2.2 x 10°°M, while that in water was 
8 x 10°°M. 

In order to compare the binding of three agonist—anta- 
gonist pairs to triphosphoinositide, the 1Ds9 to inhibit the 
binding of 5 x 10°°M [*H]levorphanol to 5 yg triphos- 
phoinositide was determined using the heptane—water par- 
tition method. The results, as summarized in Table 1, have 
been corrected for the partition of drugs in heptane and 
water [16]. The partition coefficients, P,,,, of the drugs were 
as follows: levorphanol 0.011 levallorphan 0.04, morphine 
0.0005, nalorphine 0.0035, oxymorphone 0.002, and nalox- 
one 0,008. Since it had been shown in similar experiments 
that analgetic potency of narcotic drugs by intraventricular 
administration correlated with their abiiity to inhibit levor- 
phanol binding to cerebroside sulfate, it is clear that the 
drug concentration in heptane is more crucial than that 
in water for determining the IDs, of each drug [16]. In- 
variably, the affinity of TPI for agonist was higher than 
that for its corresponding antagonist. Thus, with each pair, 
the IDs_ of agonist was less than that of its antagonist 
analog, i.e. levorphanol < levallorphan; morphine < na- 
lorphine; oxymorphone < naloxone. 

With respect to the sodium ion effect on opiate binding 
to triphosphoinositide, the binding of [*H]levorphanol 
was inhibited completely by 100 mM NaCl, while that of 
[*H]naloxone was not affected, as shown in Table 2. 

Binding of opiate to triphosphoinositide had a different 
set of optimum experimental conditions for each particular 
drug. For levorphanol, it was in the heptane-water parti- 
tion system at 5 ug/ml of concentration; for naloxone, it 
was in an octanol-water system at 50 g/ml of concen- 
tration. As shown in Fig. | (panels a and b), the dissocia- 
tion constants for levorphanol binding by the heptane 
water partition method were K, = 1.1 x 10°°M and 
K, = 6.7 x 10°°M and that for naloxone binding by the 
octanol-water partition method was 2.2 x 10°°M. From 
our experiences with opiate binding to acidic lipids,* it 
is obvious that levorphanol binding to acidic lipids 


Table 2. Effect of sodium ion on levorphanol and nalox- 
one binding* 





Amount bound 
(pmoles) 
With 
NaCl 


Without 
NaCl 


°., Inhibition 


Opiate by NaCl 





0.56 97 
3.08 0 


22.06 
2.87 


[*H Jlevorphanol 
[?H]naloxone 





* Binding in water phase in the absence or presence of 
100 mM NaCl was performed with | ml of liposome solu- 
tion containing 20 yg triphosphoinositide and 5 x 10°8M 
{*H]levorphanol or 5 x 10 ° M [*H naloxone by the par- 
tition method with | ml octanol. 
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occurred at the heptane—water interface, where the lipids 
existed in at least two conformations yielding two dissocia- 
tion constants, while naloxone binding to acidic lipids in 
the octanol-water system occurred in the octanol phase, 
in which the lipids existed as one molecular state produc- 
ing One dissociation constant. 

It was evident that octanol inhibited protonation of 
naloxone and, if protonated naloxone was the binding spe- 
cies, binding could be inhibited: consequently, the true 
constant should be much lower than the observed dissocia- 
tion constant, 2.2 x 10°° M. In order to remove this factor 
of inhibited protonation, we resorted to the equilibrium 
dialysis method using 100 g/ml of concentration which 
nearly simulates the triphosphoinositide level in the rat 
brain. As shown in Fig. Ic, the dissociation constant of 
naloxone binding in water by the equilibrium dialysis 
method was 8 x 10° ° M which was about 270 times lower 
than that in octanol, providing evidence that protonated 
naloxone was the important species in naloxone binding. 
High affinity to bind opiate was evidenced, by the IDso 
values of levorphanol, levallorphan, morphine, nalorphine, 
oxymorphone and naloxone (shown in Table 1) ranging 
from 5 x 10°’ to 5 x 10° 8M. While these values approxi- 
mate their pharmacologically active concentrations in the 
brain, this does not necessarily mean that triphosphoinosit- 
ide is an opiate receptor. However, the binding studies 
in the presence of sodium are compatible with this possib- 
lity. As shown in Table 2, triphosphoinositide binding of 
levorphanol is virtually completely inhibited in the pres- 
ence of 100mM NaCl, while that of naloxone is not. The 
significance of this sodium effect on the agonist and anta- 
gonist binding can be linked with the observations made 
by Simon et al. [12] and Pert and Snyder [13] who 
reported that sodium ion decreases the binding of agonist 
but not that of antagonist to opiate receptors. Although 
the sodium ion effect on agonist-receptor binding can be 
mimicked with the triphosphoinositide liposome system, 
it is not certain that the binding noted in brain homo- 
genates involves triphosphoinositide per se, since post mor- 
tem hydrolysis of triphosphoinositide would continue to 
occur [14]. 

Lipid solubility and high affinity for opiate are common 
properties shared by cerebroside sulfate [15,16] and tri- 
phosphoinositide. However, cerebroside sulfate is ten times 
more abundant than triphosphoinositide in the brain and, 
under such conditions, triphosphoinositide would not com- 
pete favorably with cerebroside sulfate for agonist binding. 
On the other hand, as our results suggest, if the action 
of antagonist is facilitated in aqueous solution rather than 
in the membrane lipid,* then the antagonist binding pro- 
perty of triphosphoinositide would be more in evidence, 
since agonist but not antagonist binding would be inhi- 
bited by tissue sodium. 

There are no available studies concerning the allosteric 
effect of triphosphoinositide on the opiate binding to cere- 
broside sulfate except our preliminary experimental results 
which indicate that triphosphoinositide itself can anta- 
gonize the levorphanol binding to cerebroside sulfate. 
Based on our present and previous findings,* one might 
expect that an agonist might bind preferentially to cerebro- 
side sulfate to establish a stable “dehydrated” state in the 





*T. M. Cho, Y. C. Wu, J. S. Cho, H. H. Loh and E. 
L. Way, manuscript in preparation. 


nerve membrane. However, this stable agonistic state can 
be easily perturbed or even destroyed allosterically by the 
introduction of an antagonist which might bind first with 
triphosphoinositide and then facilitate a change of confor- 
mation in cerebroside sulfate from the dehydrated to the 
hydrated state. This view is consistent with the fact that, 
where there is cerebroside sulfate, there is also always tri- 
phosphoinositide, the highest concentration of both lipids 
being found in the brain stem [17]. Based on the evidence 
we have obtained to date, it appears that triphosphoinosi- 
tide as well as cerebroside sulfate might both be useful as 
models for studying the mechanisms involved in opiate 
agonist and antagonist action. Studies on the effect of other 
cations on drug binding to TPI and agonist-antagonist 
binding to other acidic phospholipids are in progress and 
will be reported in the near future. 
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Effect of lithium administration on neural enzymes in rats 


(Received 24 December 1975; accepted 6 February 1976) 


Several investigations have been carried out [1-3] to deter- 
mine the specificity of lithium-therapy for manic depressive 
psychosis. There are reports [4, 5] that lithium affects thyr- 
oid function and administration of lithium salts to animals 
brings about the hypothyroid condition [6]. Bera and 
Chatterjee [7] demonstrated that altered thyroid condition 
could bring about alteration in the release of the neural 


lysosomal enzymes and could also diminish the levels of 


some hydrolases in young hypothyroid rats. In this com- 


munication the action of lithium salt on the activities of 


a few enzymes in different subcellular fractions isolated 
from neural tissues in rats has been studied. 

Male albino rats weighing 90-100 g were divided into 
two groups of 6 rats each. The first group was given a 
basal diet [8] only. while the second group of animals was 
fed basal diet along with an oral feeding (by stomach tube) 
of lithium as lithium carbonate (suspension in distilled 
water) at a dose of 2 meq/kg body wt for three weeks. 
Animals of the first group were pair-fed with respect to 
the animals of the second group. After the treatment the 
animals were sacrificed, the serum was collected for the 
estimation of lithium by flame photometry using Specktro- 
mon-38IL and the brain tissues were taken out for bio- 
chemical investigations. The tissue homogenates were sub- 
fractionated as described previously [7]. Activities of acid 
phosphatase and alkaline phosphatase were assayed 
according to the method of Michell [9], activities of aryl- 


Table | 


sulphatase and cholinesterase were assayed following the 
method of Farooqui er al. [10] and of Augustinsson [11]. 
respectively. Protein content of the enzyme preparation 
was determined by the method of Lowry et al. [12] and 
that of the homogenate fraction was determined by the 
method of Gornall er al. [13]. 

Food consumption by the lithium-treated animals was 
lower only for the 4-6 days in comparison to that of nor- 
mal control. It was observed that administration of lithium 
initially caused a marked retardation in the growth rate 
after which body weights recovered to an appreciable 
extent. This finding is in agreement with the results 
obtained by other investigators [14]. Serum lithium con- 
centration was found to be approximately 1.0—1.8 meq/], 
in the case of lithium-treated rats. 

Lithium is known to influence brain functions [15, 16] 
and in respect of enzyme activity in neural tissues, Abreu 
and Abreu[17-19] reported that in the case of succinic 
dehydrogenase and fumarase. the specific activities were 
increased while the activity of aconitase was inhibited by 
lithium treatment. It has been noted here that there was 
no alteration in the activity of alkaline phosphatase, but 
the activities of acid phosphatase (Table 1) and arylsulpha- 
tase (Table 2) in neural tissue were found to be decreased 
in the various subcellular fractions including the homo- 
genate fraction. The total activity obtained by disrupting 
the synaptosomal fraction by the addition of 0.1°, (v/v) 


Effect of lithium administration on the activity of neural acid phosphatase in different organelles of rats 





Sp. act. (ug of p-nitrophenol liberated/min/mg of protein) 





Total weight 


Microsomal 
fraction 


Mitochondrial 
fraction 


gain (g/100 g 
body wt) 


Synaptosomal 
fraction 


Supernatant 


Group Homogenate fraction 





1. Basal diet 2.16 + 0.37 3.06 + 0.32 3 0.54 2.39 = 
fed & 0.66) 
1.74+0.26* 2.84 + 0.25 + 0.454 
0.38)£ 


2.07 + 0.16 


Basal diet fed 
Li” as Li,CO, 


1.63 + 0.40* 





Group 2 has been compared with group 1. 

rhe data inside the parenthesis denotes the total activity of the enzyme. 

** Values significantly different from control (P < 0.05 and 0.02, respectively). 

t Mean value highly significant (¢ > 4.59 for 10 degrees of freedom). 

Each result is expressed as mean +S.E.M. of six experiments: each on a different animal. 


Fable 2. Effect of lithium administration on the activity of neural arylsulphatase in different organelles of rats 





Sp. act. (Unit* of p-nitrocatechol/hr/mg of protein) 





Microsomal 
fraction 


Mitochondrial 
fraction 


Synaptosomal 
fraction 


Supernatant 


Group Homogenate fraction 


1. Basal diet 9.0 + 1.15 46.0 + 4.44 
fed (72.5 + 5.96) 

36.4 + 3.148 

(60.4 + 6.83)r 





3:4 4S RE E27 


Basal diet 0.837 
fed + l ! 
as Li,CO, 


6.1 + 142 


Group 2 has been compared with group I. 
The data inside the parenthesis denotes the total activity of the enzyme. 
Unit = 5 Klett reading. 
+} Mean values significantly different from control (P < 0.05 and 0.01, respectively). 
§ Mean value highly significant (t > 4.59 for 10 degrees of freedom). 
Each result is expressed as mean +S.E.M. of six experiments; each on a different animal. 
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Triton-X-100, was also found to decrease. A decrease in 
the activities of these enzymes in the microsomal fractions 
with simultaneous inhibition in both the free and total 
activities in the synaptosomal fraction indicated a 
diminished level of the net amount of these enzymes under 
lithium-administered condition. 

In vitro study indicates that lithium carbonate at 10 mM 
concentration could inhibit the activity of acid phospha- 
tase to the extent of approximate 38 per cent and this 
inhibition was slightly lowered (from 38 per cent inhibition 
it is reduced to 25 per cent) by dialysis of the enzyme 
against 0.02 M acetate buffer (pH 5.0) containing 1 mM 
EDTA. 

In the case of cholinesterase there was no alteration in 
the activity under the influence of lithium, which was also 
previously observed by other investigators [20]. 
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Activation of nitrofurantoin to a mutagen by rat liver 
nitroreductase 


(Received 1 August 1975; accepted 17 November 1975) 


Many nitrofurans have been found to be mutagenic [1, 
4, H. S. Rosenkranz, unpublished results] and to be 
endowed with oncogenic potential as well [5, 6]. Nitrofur- 
antoin (1-[(5-nitrofurylidene)amino ]-hydantoin, furantoin), 
the nitrofuran utilized most in antimicrobial chemotherapy 
is not carcinogenic [5,6], yet it possesses mutagenic and 
DNA-modifying activity when tested in bacterial systems 
[2,3 and H. S. Rosenkranz, unpublished results]. Because 
there has been a good correlation between mutagenicity 
in bacterial systems and carcinogenicity in animals [7-9], 
nitrofurantoin occupies a unique position in chemical car- 
cinogenesis. In view of this situation and its probable rele- 
vance to the relationship between mutagens and car- 
cinogens, we have investigated the mutagenicity of nitro- 
furantoin. 

The Salmonella mutagenicity assay developed by Ames 
et al. [10] was used in this study. The indicator micro- 
organism (histidine auxotrophs), the test agent and when 
indicated the rat liver preparation (including the required 
co-factors) [7] were incorporated into the overlay. These 
mixtures were incubated at 37° in the dark [11] for 46 hr 
and revertants (mutants) to histidine-independence were 
enumerated. When anaerobic conditions were. required, the 
plates were placed in a Gas-Pak system (BBL, Cockeys- 
ville, Md.), and incubated at 37° for 16 hr, whereupon they 
were incubated an additional 30 hr aerobically. Liver mic- 
rosomes (actually the S-9 post-mitochondrial fraction) were 
prepared from Sprague-Dawley rats by a previously de- 
scribed procedure [7]. : 

The indicator micro-organism was Salmonella typhi- 


murim TA100 [12] and a mutant (TA100-FR1) derived 
therefrom which was deficient in nitro-reductase. 
TA100-FR1 was obtained by selection [13] of a strain cap- 
able of growth in the presence of nitrofurazone (20 pg/ml, 
5-nitro-2-furaldehyde semicarbazone). The absence of 
nitroreductase (4 per cent of control) was confirmed colori- 
metrically [13]. TA100-FR1 was resistant to the growth 
inhibitory properties of other nitrofurans, nitro-heterocyc- 
lics and nitro-aromatic compounds which indicates that 
it is deficient in a non-specific nitroreductase. 

It might be argued that the mutagenicity of nitrofuran- 
toin in bacterial cells derives from its conversion by pro- 
karyotes to an active hydroxylamino derivative but that 
this enzymic activity is lacking in mammals which could 
account for its lack of carcinogenicity if it be assumed 
[7] that the active mutagenic intermediate is also the meta- 
bolite responsible for the carcinogenic event. To test this 
possibility we have prepared a microbial indicator strain 
(TA100-FR1) deficient in nitroreductase. Unlike its parent 
(TA100), this strain is not mutagenized by nitrofurantoin 
(Table 1), although it does respond normally to a series 
of mutagens lacking the nitro-function (Table 1). Upon 
addition of a preparation derived from rat liver, the muta- 
genic activity of nitrofurantoin for TA100-FR1 was res- 
tored (Table 1). When the mixtures were incubated anaero- 
bically for several hr, nitrofurantoin was mutagenic for 
TA100-FR1 even in the absence of the liver enzymes (Table 
1); this appears to be due to the presence in these bacteria 
of a second, oxygen-labile, non-specific nitroreductase (un- 
published results). However, upon supplementation with 
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Table |. Mutagenicity of nitrofurantoin for Salmonella typhimurium* 





Post 
mitochondrial 
fraction 


Additions (ug, plate) 


Revertants/plate 





TA100 TA100-FRI 





Aerobic Anaerobic Aerobic Anaerobic 





Nitrofurantoin 


Ethyl methanesulfonate 
2-Fluorenamine 


1,2-Epoxybutane 
2?-Bromoethanol 


354 + 18 
409 + 17 
128 + 4+ 


303 
435 


20 28 

21 47 

280 + 12f Bi 

102 + 3F 280 + 167 214+ 6 
5000 5000 5000 

0 0 

2500 2500 

390 + 20 410 + 18 430 + 26 

690 + 32 710 + 38 780 + 44 


+H HH 
Sit He + H+ 
SCrhew 
Cow CO 
wa 


450 + 18 
750 + 32 





* The data given are the averages of replicate plates (minimum number = 6) which were subtracted from the spon- 
taneous background, approximately 55 for TA100-FR1 and 190 for TA100. 

+ Decrease in number of revertants upon an increase in nitrofurantoin concentration is due to the lethal effect of 
this agent on TA100. This is not seen with TA100-FR1I which is resistant to this agent. 


the post-mitochondrial fraction, this mutagenic activity 
was increased further (Table 1). 

These results indicate the presence in rat liver of an 
enzyme activity capable of transforming nitrofurantoin 
into an active mutagen. There are a number of reports 
suggesting that nitrofurans and other nitro-heterocyclic 
substances can be reduced by rat liver enzymes; the 
enzymes implicated have been xanthine oxidase, NADPH- 
cytochrome c reductase and aldehyde oxidase [14-21]. In 
some instances, the isolation of the hydroxylamino deriva- 
tives has been reported [15.19]. In others, although only 
the amino derivative was recovered, the hydroxylamino in- 
termediate was implicated [18, 20, 21]. The difficulty in 
isolating the hydroxylamino derivates may be related to 
their extreme oxygen-lability [15]. It should be noted in 
this respect that the reduction of nitrofurans proceeds bet- 
ter anaerobically [17] and that the enzyme-mediated muta- 
genicity of nitrofurantoin was greatly enhanced by anaero- 
biosis (Table 1). 

With respect to nitrofurantoin, specifically, it has been 
reported that it can be reduced by NADPH-cytochrome 
¢ reductase and milk xanthine oxidase [20]. The identity 
of the intermediate or final products had not been identi- 
fied, although the hydroxylamino and amino derivatives, 
respectively, appear implicated [20, 21]. 

The present findings which indicate that nitrofurantoin 
can be metabolized by a mammalian enzyme to a muta- 
genic substance (presumably the hydroxylamino analog, 
see Ref. 8) lead to two alternate conclusions: (a) that it 
is possible to dissociate mutagenicity from carcinogenicity 
or (b) that the two functions cannot be dissociated but 
that the carcinogenicity of nitrofurantoin has not been 
tested under optimal conditions. 

In view of the fundamental importance of the first con- 
clusion and the immediate practical consequences of the 
second to human health due to the widespread use of this 
therapeutic agent, it would seem that further investigation 
of the biological properties of nitrofurantoin is a matter 
of urgency. 


icknowledgements— This investigation was supported by 
the Division of Cancer Cause and Prevention, National 
Cancer Institute (NO1-CP-33395). H. S. R. is a Research 
Career Development Awardee of the National Institute of 
General Medical Sciences (5 K3-GM 29, 024); W. T. S. 
is the Vivian Allen Fellow in Clinical Medicine. We thank 
Dr. Bruce N. Ames, University of California (Berkeley), 
for providing us with Salmonella typhimurium TA100. 





* Present address: Department of Microbiology. New 
York Medical College, Valhalla, N.Y. 10595, U.S.A. 


HERBERT S. ROSENKRANZ* 
WILLIAM T. SPECK 


Departments of Microbiology 
and Pediatrics, 

College of Physicians 
and Surgeons, 

Columbia University, 

New York, N.Y. 10032, U.S.A. 


REFERENCES 


. T. Kada, Jap. J. Genet. 48, 301 (1973). 

. T. Yahagi, M. Nagao, K. Hara, T. Matsushima, T. 
Sugimura and G. T. Bryan, Cancer Res. 34, 2266 
(1974). 

. D.R. McCalla, D. Voutsinos and P. L. Olive, Mutation 
Res. 31, 31 (1975). 

. T.-M. Ong and M. M. Shahin, Science, N. Y. 184, 1086 
(1974). 

. J. E. Morris, J. M. Price, J. J. Lalich and R. J. Stein, 
Cancer Res. 29, 2145 (1969). 

. S. M. Cohen, E. Ertiirk, A. M. Von Esch, A. J. Crovetti 
and G. T. Bryan, J. natn. Cancer Inst. 51, 403 (1973). 

. B. N. Ames, W. E. Durston, E. Yamasaki and F. D. 
Lee, Proc. natn. Acad Sci. U.S.A. 70, 2281 (1973). 

5. E. C. Miller and J. A. Miller, in Chemical Mutagens 
(Ed. A. Hollaender), Vol. 1, pp. 83-119. Plenum Press, 
New York (1971). 

. H. S. Rosenkranz, A. Rev. Microbiol. 27, 383 (1973). 

. B. N. Ames, F. D. Lee and W. E. Durston, Proc. natn. 
Acad Sci. U.S.A. 70, 782 (1973). 

. W. T. Speck and H. S. Rosenkranz, Photochem. Photo- 
biol. 21, 369 (1975). 

. J. McCann, N. E. Spingarn, J. Kobori and B. N. Ames, 
Proc. natn. Acad Sci. U.S.A. 72, 979 (1975). 

. D. R. McCalla, A. Reuvers and C. Kaiser, J. Bact. 
104, 1126 (1970). 

. J.D. Taylor, H. E. Paul and M. F. Paul, J. biol. Chem. 
191, 223 (1951). 

D. R. Feller, M. Morita and J. R. Gillette, Biochem. 
Pharmac. 20, 203 (1971). 

. M. Morita, D. R. Feller and J. R. Gillette, Biochem. 
Pharmac. 20, 217 (1971). 

. M. Akao, K. Kuroda and K. Mikayi, Biochem. Phar- 
mac. 20, 3091 (1971). 

. D. R. McCalla, A. Reuvers and C. Kaiser, Biochem. 
Pharmac. 20, 3532 (1971). 

. M. K. Wolpert, J. R. Althaus and D. G. Johns, J. 
Pharm. exp. Ther. 185, 202 (1973). 

. C. Y. Wang, B. C. Behrens, M. Ichikawa and G. T. 
Bryan, Biochem. Pharmac. 23, 3395 (1974). 

. C. Y. Wang, C. W. Chiu, B. Kaiman and G. T. Bryan, 
Biochem. Pharmac. 24, 291 (1975). 





Biochemical Pharmacology, Vol 25, pp. 1557-1560. Pergamon Press, 1976. Printed in Great Britain 


PRELIMINARY COMMUNICATION 
DIAZEPAM METABOLISM IN HUMAN CORTEX sKIDNEY MICROSOMES 


Else Ackermann, dlaus Richter and Siegfried Sage 
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of Urology, Medical Academy "Carl Gustav Carus" 


Dresden 8019, Fiedlerstr. 27, DDR 


Recently, a cytochrome P-450 linked monooxygenase system and its 


hydroxylating activity towards lauric acid has been demonstrated in 


human kidney cortex microsomes * In the present communication the 


metabolism in human kidney of diazepam, a drug widely used for treat- 


ment of emotional disorders, is described. 


Material and methods 





The metabolic studies were performed with cortex of kidneys taken at 
operation from three patients for medical reasons ( table 1 ). The 
homogenization of apparently healthy parts of the parenchyma was per- 
formed with an Ultra Turrax and the microsomal fraction was isolated 
according to Ernster et al.*, The microsomal suspension was stored 

at - 15°§ in a freezer until use within two weeks. The protein 
concentration was determined by the lowry method 3, Cytochrome P-450 

and ds were estimated according to Jacobsson and Cinti fi The difference 
spectra were recorded with an Unicam Sp 800 coupled with a Beckman 
recorder to expand the spectrum. NADPli-cytochrome c reductase was 
measured as described by Philipps and Langdon ’, 
The incubation of the microsomal suspension was performed as described 


5 


previously ~. After incubation the vessels were stored in a freezer 


at - 15°C until analysis by gas chromatography >, 


Results and discussion 





The specific activities of the NADPH-cytochrome c reductase in human 
kidney cortex microsomes were extremely low as compared with those in 
human adult and fetal liver microsomes. Cytochrome P-450 was not 


detected in the microsomal fraction. The values for cytochrome be 


1557 
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are given in table 1. 


Table 1 
Diagnoses of the patients studied and the specific activities of 


NADPH-cytochrome c reductase (cyt. c red.) and cytochrome De 





diagnosis cyt.c reduct* cyt.b- P-450 


cyt.c reduced 


nmol/mg x min” nmol. /mg 





kidney cortex 15 
adenoma 

hypernephroid 

carcinoma 


kidney rupture 8.3 





n.d.: not detectable; n.st.: not studied (the material was too small for 
spectral analysis); X values found in human adult liver microsomes : 


126 anoles” and in human fetal liver microsomes : 47 nmoles'. 


In the three kidneys studied the metabolic pathway of diazepam ( D ) 
is shown to involve C 3-hydroxylation and N,-demethylation yielding 


N-methyloxazepem ( MO ) and N-desmethyldiazepam ( DD ) ( table 2). 


rs) 
3 


—_ 


ND 

Vinax. 01 nmoles /mg prof. xhr™* 
Kn «0.1mM 

o—- MO 

Vmax= 209 nmoles /mg prot. whr“* 
Km. Q03mM 


2 
é 


8 


2 
b 





nmoles metabolites /mg protein » hr=* 





on az 
Diazepam (™™) 


Fig. 1 Rate of biotransformation in human kidney cortex microsomes 


from pat. W.W. as a function of diazepam concentration 
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Kidney cortex microsomes from patient W.W. were incubated with diffe- 
rent concentrations of D. The hyperbolic curves for both metabolic 


products are depicted in fig. 1. The Vo values calculated by the 


ax 
direct linear plot according to Kisenthal and Cornish-8owden® were 


1 ana 0.09 nmoles / mg protein x nr7! for 


O.1 nmoles / mg protein x hr 
uO and DD, respectively. It should be noticed that the reaction velocity 


was found to be linear up to 20 minutes incubation time using human 


liver microsomes?. Therefore, the actual om values are probably 


somewhat higher than 1.7 and 1.5 pmoles / mg protein x min™', 


Table 2 


Diazepam metabolizing activity in kidney cortex microsomes 





MO 


nmoles/mg prot.x nr7! 














X Reliable estimates of the quantities of metabolites formed were 


not possible with the analytical method used in this study. 


On the basis of these data, it is sugzested that human kidney cortex 
microsomes can degrade D although the kidneys studied are shown to be 
deficient in cytochrome P-450. It should be emphasized that this micro- 
somal pigment was measured by a spectrophotometric equipment probably 
not sensitive enouzh to detect traces of cytochrome P-450. The 

diazepam metabolizing capacity of human kidney is considerably lower 
than that of human liver and therefore seems to be without any signi- 


ficance on the plasma elimination rate of D. The possibility exists 





Preliminary Communication 


that activity may rise under certain conditions, thus increasing 


the proportion of D metabolized by. kidney. 
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ERRATUM 


SUNGMAN Cua: Tight-binding inhibitors—I. Kinetic behavior. Biochem. Pharmac. 24, 2177 (1975). 


The author wishes to make the following corrections in the above article: 


(1) Equation 28 on p. 2181 should read: 
(EI j 
ks(1)(E) — kg (EI) = — = -(1 ‘i 
¢ 


(2) Table 1 on p. 2182 should read as follows: 


Table 1. Comparison of different competitive and non-competitive inhibition mechanisms 





Mechanism A Mechanism B Mechanism C Mechanism D 





Assumptions K,, > K; K,. > K; K,, > K; K,, > K; 
k, > ke k, > k, k, > ke > ks k, > ke, kz > kg 
k,S>ksI k, > kg k,S> ksI,k,S > kj] 
Definitions 


(k. + k3)/ky (kz + k3/k, (ky + k3)(ks + ko Wkike Ky, = (ky + k3)/ki, 
Kin = kio/ko 
ke kg/ks(k> + kg) (ks + ke )kg/kgk- K;, = ke/ks, K;; = kg/k 


I S° : k,S kgS 

ka(1 +—+ ) (ks + *)y ke + — 
K Kn, 
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Ki Kn 
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Diagnostic plots 


k’ vs S’ Hyperbola Hyperbola Hyperbola Hyperbola 
k' vs I Linear Hyperbola Linear Linear 
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Although kallikrein was discovered half a century 
ago, recent years have seen involvement of the kallik- 
rein-kinin system in other areas of research, so much 
so that it is increasingly difficult for many to put this 
system into perspective. The purpose of this commen- 
tary is to give an overview of the field as related to 
other research areas. 

When I started to think about writing a brief status 
report on kinin research, it did not occur to me that 
Professor Eugen Werle’s death would make the need 
for such an article more obvious, since the develop- 
ment of this field cannot be separated from Werle’s 
work. I am still fascinated to see that the factors he 
observed by doing simple experiments many years 
ago are still with us and gaining in importance. An 
appraisal of his many contributions, however, has to 
be done elsewhere. 

The trend of the development in kinin research has 
been toward the complex. That is, the initially de- 
scribed simple reactions appeared to be more and 
more complicated later. We are slowly discovering 
that, in addition to their direct actions, the com- 
ponents of the kallikrein—kinin-kininase system play 
active roles in other systems such as the coagulation 
or complement system in blood, and that they can 
release or enhance the actions of other vasoactive and 
pain-producing substances. 

I should like to describe briefly some recent find- 
ings that I consider interesting because either they 
explain the mechanism of some biological phenomena 
or they may indicate new developments. Just as the 
remarks of a bird watcher should not be mistaken 
for a handbook of ornithology, a kinin watcher does 
not necessarily write a comprehensive review. Thus, 
here it is, as I see it. 

A complete description of all the interrelating meta- 
bolic cycles in blood that either result in the acti- 
vation and inactivation of the plasma kallikrein—kinin 
system or are affected by plasma kallikrein could 
show more intersecting circles than the Olympic emb- 
lem. In addition to the names of various factors 
coined some time ago from Greek words, we may 
have to remember the names of various patients (e.g. 
Fletcher and Hageman) whose families, for reasons 
known only to Mother Nature and her geneticists, 
lacked one or another blood-borne factor. 

A relatively simple scheme showing the processes 
which lead to activation of kallikrein and to the sub- 
sequent release of a kinin and its inactivation in blood 





* Some of the investigations mentioned have been sup- 
ported in part by Grants HL 16319, HL 16320 and HL 
14187 from N.LH.. U.S.P.H.S.. and by Contract 
N00014-75-0807 from O.N.R. 


is shown below (Fig. 1). The reactions and the com- 
ponents involved are numbered and discussed in 
sequence. 

This scheme illustrates what happens in blood 
when plasma kallikrein is activated. The activation 
of tissue prekallikrein is either relatively simpler or 
we know less about it. Some recent findings dealing 
with plasma and tissue kallikrein systems are dis- 
cussed together under the same heading below. 

The basic reactions which lead to the release and 
inactivation of a kinin were described in 1937 by 
Werle et al. (Ref. 1; Fig. 2). As we understand this 
process now, plasma kallikrein is a zymogen which 
can be activated by Hageman factor or by its frag- 
ment. The active kallikrein cleaves kininogen and 
releases bradykinin (tissue kallikrein releases kallidin; 
Fig. 3). The free kinin is rapidly inactivated by 
kininases, but part of kallidin may be converted to 
bradykinin prior to its inactivation [2]. 

Prekallikrein and its activators (1,2.3). Hageman fac- 
tor (Factor XII) has a molecular weight (m.w.) of 
about 90,000 [3, 4]. Contact with a negatively charged 
surface such as glass activates Hageman factor. The 
resulting active factor initiates blood clotting in vitro 
[3], and converts plasma prekallikrein to kallikrein 
[3.4]. It can also activate a prekallikrein in the colon 
wall [5]. Active Hageman factor is converted to a 
fragment of about 35,000 m.w. which is less effective 
than the native enzyme in initiating the coagulation 
of blood. but is fully effective in the activation of 
prekallikrein [3,4,6]. Only a portion of Hageman 
factor present in plasma is activated by charged sur- 
faces. The remainder can be converted enzymatically 
by plasma kallikrein [7] through a positive feedback. 
It was suggested[8] that plasma kallikrein cleaves 
Hageman factor in two places. If the m.w. of the fac- 
tor is estimated to be 80,000, kallikrein would cleave 
it to fragments of 40,000. 52.000, 28.000 and 
12,000 m.w. The 28,000 m.w. fragment is thought to 
be the prekallikrein activator [9]. This low m.w. deri- 
various active principles in blood which Webster 
diate, the plasminogen proactivator [7, 10]. Thus, the 
various active principles on blood which Webster 
[11] observed to be capable of activating prekallik- 
rein are not separate enzymes but products of enzy- 
matic conversion. In contrast to human blood, the 
Hageman factor of bovine blood is not converted to 
a lower m.w. derivative, but the whole molecule acts 
as prekallikrein activator [12]. 

These findings indicate that plasma kallikrein not 
only releases a kinin but also has other functions in 
plasma. For example. since Hageman factor can play 
a role in complement activation [13], plasma kallik- 
rein may also participate in this reaction, or in the 
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Hageman factor (1) 


Kallikrein activator (2) ~*~ Prekallikrein (3) 


rl Kallikrein inhibitors (6) 
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Inactive octapeptide + Arg 
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Kininogen (5) 


J * oe Kininase | (8) 
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Inhibitors (10) 


Kininase ti (9) 


Inactive heptapeptide + Phe-Arg 


Combines with, or acts upon: 
Yields a product, or converts to: —p— 


Fig. 1. The kallikrein-kinin-kininase system in blood. 


activation of Factor VII in blood coagulation [14]. 
The idea that plasma kallikrein has additional roles 
in blood clotting is supported by the observation of 
a new familial syndrome, the Fletcher disease. This 
genetic defect results in prolonged clotting time in 
vitro of the blood of afflicted persons and can be cor- 
rected by adding a specific factor from normal 
plasma. The missing factor is identical with prekallik- 
rein [15]. 

The conversion of Hageman factor to a lower m.w. 
derivative may also account for the factor Pf/Dil de- 
scribed as a mediator of vascular permeability. Acti- 
vated Hageman factor or its fragments are probably 


~— 
1 2 3 


Fig. 2. Liberation of kallidin by kallikrein in vitro. Isolated 
surviving guinea pig colon. (1) Dog submaxillary gland kal- 
likrein. (2) Kallikrein incubated with 0.8 ml human serum 
for | min. (3) Same as (2), but incubated for 5 min (see 
; Ref. 1). 


identical with the permeability factor Pf/Dil that is 
released when. normal plasma is diluted [7, 16,17]. 

There are some conditions which are associated 
with the lowering of the prekallikrein level in plasma. 
Cirrhosis of the liver in alcoholics is one of these 
[18.19]. 

Kallikrein (4, and tissue and urinary kallikreins; EC 
3.4.21.8). Since the discovery of kallikrein, attempts 
have been made to connect the vasodilator effects of 
kallikrein with the regulation of blood pressure. Elliot 
and Nuzum [20] and later Werle and Korsten [21] 
observed a decreased excretion of urinary kallikrein 
in patients with essential hypertension. Recently, 
Margolius et al. [22-25] have investigated the role 
of urinary kallikrein in hypertension in patients and 
in rats by using radioactive [*H]tosylylarginine 
methyl ester ([*H]Tame) as a substrate for kallikrein. 
The [*H]Tame assay is quite sensitive, although of 
limited specificity. It can be used to assay kallikrein 
if other proteases are not present in sufficient quantity 
to cleave the protected arginine ester. 

Using radioactive and other substrates, investiga- 
tors found lower than normal levels of kallikrein in 
urine of hypertensive patients and rats [22-27]. 
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Bradykinin 


Fig. 3. Structure of bradykinin and kallidin. 
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Restriction of sodium intake or increased aldoster- 
one level is associated with increased kallikrein excre- 
tion in normal humans [23]. Hypertensive patients 
excreted less enzyme under the same conditions [24]. 
In addition, vasodilators (PGE, acetycholine, isopro- 
teranol and bradykinin) increase urinary kallikrein 
excretion [27a]. An additional factor which can affect 
kallikrein excretion is fluid intake because increased 
fluid intake is associated with increased kallikrein 
excretion [28-30]. It is likely that kallikrein in the 
urine is identical with kidney kallikrein [31,32]. This 
is not as obvious as it first appears because the con- 
centration and the demonstrated rate of biosynthesis 
of kallikrein in kidney [33] are too low to account 
for the high rate of excretion in animals such as the 
rat. 

The physiologic significance of these changes in uri- 
nary kallikrein excretion as induced by changes in 
renal function and/or hypertension has yet to be pro- 
ven. It is likely that the biological effects of renal 
kallikrein are brought about by enzymic release of 
kinins. Urine contains bradykinin, kallidin and met- 
lys-bradykinin [34], and at least three different 
kininases are present in the renal cortex [35]. Of the 
urinary peptides, met-lys-bradykinin is more resistant 
to kininase II [36] than the two other kinins. Kinins 
are natriuretic and increase renal cortical blood flow 
[37, 38]. The increased flow could be due to a direct 
and/or an indirect action. The latter is probably 
mediated by the release of E type prostaglandin 
(PGE) from the interstitial cells of the medulla [39]. 

Renal kallikrein is an enzyme bound to mem- 
branes. At first it was thought to be a lysosomal 
enzyme [40], but later it was detected in the microso- 
mal fraction of homogenized kidneys [31,32]. 
Recently a plasma membrane fraction was isolated 
from rat kidney which was rich in kallikrein [41]. 
The kallikrein-containing membrane can be separated 
from the brush border, indicating that kallikrein is 
not on the lumen side of the proximal tubular epithe- 
lial cells [41]. Kallikrein in urine may originate from 
the distal tubules [41, 42]. 

Kallikrein is present in some white blood cells. 
Polymorphonuclear leucocytes contain a_ kallikrein 
that releases a kinin at a neutral pH [43-45, 45a].* 
Furthermore, at an acid pH, polymorphonuclear leu- 
cocytes and macrophages release leukokinin, which 
is different from bradykinin as it contains 21 amino 
acids [46-48]. Leukokinin may be involved in gener- 
ating ascites in murine neoplasia. Pepstatin, an acid 
protease inhibitor, inhibits the kininogenase that 
releases leukokinin and blocks the accumulation of 
ascites fluid [48]. 

Kininogen (5). Genetic studies have helped to solve 
another problem. The question of how many forms 
of kininogen, the substrate of kallikrein, exist in blood 
has been debated for many years. In 1966, the separ- 
ation of two kininogens from a plasma globulin was 
reported [49-51]. One, the — so-called high 
(100,000-200,000) m.w. kininogen [52,53], appears to 
be the preferred substrate of plasma kallikrein, while 
the low (50,000—70,000) m.w. kininogen [54] is a sub- 





* Human leukocytes from allergic persons released a kal- 
likrein-like enzyme when challenged with antigen [45a]. 
The presence of calcium was essential for the release of 
the enzyme. 


strate of glandular (tissue) kallikrein. Some investiga- 
tors could confirm the data and purify high m.w. 
kininogen; others found only one low m.w. kininogen 
after purification of plasma kininogen [53]). Re- 
cently, several families (e.g. Fitzgerald, Williams 
and Flaujeac) have been found with a blood clotting 
deficiency in vitro. Since this deficiency could be cor- 
rected by adding purified high m.w. kininogen to the 
blood of the afflicted persons, this protein must have 
a function in blood clotting, in addition to being a 
substrate of kallikrein [55—57a]. This observation also 
may answer a somewhat philosophical question of 
why more than 98 per cent of the kininogen protein, 
the portion which does not contain the kinin 
sequence, would be “wasted”? Obviously, the whole 
kininogen molecule has a role in blood clotting. 

Measurement of kininogen level has been used as 
an indicator of kinin release [58]. In young victims 
of trauma injuries complicated by sepsis, there was 
a good correlation between kininogen level and the 
outcome of shock. A drop in the kininogen substrate 
of plasma kallikrein to zero or near zero usually indi- 
cated a lethal outcome of the shock in hospitalized 
patients. The kininogen levels rose toward normal in 
those shock patients who survived [59]. Injection of 
live Escherichia coli bacteria also depleted the 
kininogen level to nearly zero in unanesthetized 
baboons [60]. Interestingly, infusion of epinephrine 
and norepinephrine into rats lowered the kininogen 
level in plasma [61 ]. 

In those species where kinin is located in_ the 
kininogen molecule in a position other than the C- 
or N-terminal end, kallikrein must liberate another 
peptide before releasing the kinin. One such peptide 
consisting of 41 amino acids and liberated from 
plasma kininogen was characterized by Han er al. 
[62]. This peptide contains a number of basic amino 
acids which suggests a biological activity such as his- 
tamine release, since other basic peptides release his- 
tamine [63, 64]. 

Kallikrein inhibitor (6). Some of the complications 
in kinin research have come from the ubiquitous pres- 
ence of kallikrein inhibitors in blood and tissues [65]. 
Aprotinin (Trasylol), a peptide extracted from bovine 
lung, is identical with the pancreatic trypsin inhibitor 
of Kunitz. It has been widely used clinically outside 
of the United States. Among the many published 
reports, a recent double blind study [66] evaluated 
its efficacy in acute pancreatitis. The investigations 
of Trapnell indicated that aprotinin in large doses 
(4,200,000 units i.v.) was beneficial in the treatment 
of pancreatitis. 

Before the dawn of affinity chromatography, kallik- 
rein coupled to insoluble carrier was used for the pur- 
ification of inhibitors [67]. Vice versa, aprotinin 
linked to a water-soluble matrix was employed for 
the purification of kallikrein [68,69]. As a result, a 
variety of inhibitors and kallikreins were purified. 

Kinins (7). I have not noticed the discovery of any 
significant new direct action of kinins. However, some 
recently described indirect actions of the peptides are 
worth mentioning. The venom of the wasp Polistes 
contains a kinin that consists of 18 amino acids [70]. 
The C-terminal half of the peptide (nine amino acids) 
is identical with bradykinin, but the N-terminal por- 
tion is different as it contains four basic amino acids. 
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The peptide is an efficient histamine releaser, and its 
potency on rat mast cells approaches that of the syn- 
thetic histamine releaser compound 48/80 [63]. On 
the other hand, bradykinin and kallidin themselves 
are only weak histamine releasers [63, 71, 72]. 

The interrelationship of kinins with prostaglandins 
is interesting. As previously mentioned, kinins release 
PGE tn the kidney [39], and that may be an impor- 
tant antihypertensive function [73]. Furthermore, 
bradykinin may be a mediator in inflammation also 
through the release of a prostaglandin. Prostaglandin 
may increase the algesic and edema-forming effects 
of the peptide. Thus, just as 5-hydroxytryptamine sen- 
sitizes tissues to pain caused by bradykinin [74], PGE 
enhances the effect of bradykinin on pain receptors 
and on capillary permeability [75.76]. Whether these 
findings can explain some of the actions of nonsteroi- 
dal anti-inflammatory agents which suppress postag- 
landin synthesis remains to be seen. 

Another recent observation may explain the para- 
doxical effect of bradykinin on blood vessels. 
Although bradykinin dilates arterioles, it constricts 
venules as shown by Guth et al. [77]. It was suggested 
that bradykinin releases the vasodilator PGE from 
the arteries. but it liberates the vasoconstrictor PGF 
from the veins. This finding may explain why brady- 
kinin constricts veins and dilates arteries, provided 
the phenomena can be reproduced at a much lower 
concentration of bradykinin than used in the initial 
experiments (50 g/ml: Ref. 78). 

An additional important action of bradykinin was 
attributed to prostaglandin release. It has been known 
since 1932 that kallikrein is a potent coronary vasodi- 


lator, presumably through the release of a kinin. This 
was confirmed by using synthetic bradykinin [79]. 


The vasodilator effect of bradykinin in the isolated 
perfused rabbit heart can be blocked with indometha- 
cin, indicating that it may be mediated through the 
release of PGE [80]. 

Kinins can increase the concentrations of cyclic 
AMP and GMP in lung slices. But, here again the 
concentrations of bradykinin required to induce tran- 
sient ‘accumulation of cyclic nucleotides are much 
higher (10-20 ng/ml) than those found in mammalian 
blood. Interestingly. the effect of bradykinin on cyclic 
AMP could be prevented completely by indometha- 
cin, but this treatment did not change the accumu- 
lation of cyclic GMP in the same tissue. Thus, the 
effect on cyclic AMP may be mediated by enhanced 
prostaglandin synthesis [81 ]. 

Kinins are released from all mammalian plasma 
tested [2]. Alligator and turtle plasma contain a kinin 
system similar to the mammalian one. A kinin can 
be liberated in avian plasma, provided the prekallik- 
rein activator is transferred from turtle or mammalian 
plasma. Other species such as amphibia, snakes or 
fish do not have the kallikrein-kinin system [82]. 
Pancreatic kallikrein added to fish or amphibian 





+ The very extensive work on non-mammalian kinins was 
described in a review article by G. Bertaccini (Pharmac. 
Rev., in press). He lists, for example, 12 different brady- 
kinins. Extracts of venom sacks contain a heptadecapeptide 
and a pentadecapeptide, vespulakinin | and 2. In addition 
to the complete sequence of bradykinin these peptides have 
basic amino acids and carbohydrate components [83a]. 
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plasma [83] liberated an oxytocic agent that is prob- 
ably not a kinin.* 

There are a number of diseases where the amounts 
of free kinins increase in blood or exudates [79]. 
Recently, the appearance of free kinins has been 
emphasized in the postgastrectomy dumping syn- 
drome, in certain transfusion reactions and in inflam- 
matory joint diseases [84]. 

Kininases (8.9) and their inhibitors (10). Blood and 
tissues contain enzymes, collectively called kininases, 
which rapidly inactivate kinins. Several kininases are 
known, but the importance of some of them still 
eludes us. Cleavage of any one of the eight peptide 
bonds in bradykinin completely inactivates the pep- 
tide. Kallidin can be converted to bradykinin by an 
aminopeptidase that hydrolyzes the Lys'—Arg’ bond 
of this decapeptide. Although the enzyme was already 
discovered in 1962 [85]. it was purified from liver 
only later [86] and recently from plasma [87]. In 
spite of the presence of this enzyme in blood and 
tissues, probably only a fraction of the liberated kalli- 
din is converted to bradykinin at the N-terminal end 
before it is inactivated at the C-terminal end. Brain 
also contains kininases. One of them was recently 
purified from rabbit brain; it cleaves bradykinin at 
the Phe*-Ser® bond [88]. 

The most important kininases have been named 
kininase I and II [85]. Kininase I is a carboxypepti- 
dase called carboxypeptidase N or arginine carboxy- 
peptidase (EC 3.4.12.7). Sometimes it is referred to 
as anaphylatoxin inactivator and has been described 
as “carboxypeptidase B-like enzyme in blood”. Since 
pancreatic carboxypeptidase B of animal [89] and 
man* has different properties and a molecular weight 
of 34,000 (which would exclude any long sojourn in 
blood), the latter name is erroneous. From studies 
done with immunological techniques, it can be esti- 
mated that less than 0.1 per cent of the carboxypepti- 
dase activity of human plasma may be attributed to 
pancreatic carboxypeptidase B [90]. Carboxypepti- 
dase N has a molecular weight of 280,000 and con- 
tains subunits of 90,000 and 45,000 m.w. On standing, 
it easily dissociates to subunits which retain some 
enzymic activity, although they are less stable than 
the native enzyme [91,92]. Carboxypeptidase N 
generally cleaves C-terminal lysine faster than 
arginine, except when alanine precedes the C-terminal 
arginine. An active peptide which is released when 
the complement system is activated, the C3a anaphy- 
latoxin has a C-terminal Ala~Arg sequence [93,94]. 
It was shown that C3a is readily hydrolyzed by car- 
boxypeptidase N [91-93]. A number of peptides such 
as the nerve growth factor [95] and the epidermal 
growth factor [96] have a C-terminal arginine: thus, 
if they enter the circulating blood, they might be 
cleaved by carboxypeptidase N. Carboxypeptidase N 
probably originates from the liver [91,92], but can 
be detected in other organs such as the lung [97] 
and possibly in the skin [98]. 

Streeten et al. [99] described a familial einen 
associated with orthostatic fall in pulse pressure, rise 
in heart rate, lightheadedness, etc. They attributed 
these symptoms to an abnormally low plasma 
kininase I activity. 

More attention has been paid recently to the 
“newer” kininase, kininase II. This interest is due in 
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part to the fact that the enzyme also converts angio- 
tensin I to angiotensin II and that specific inhibitors 
are available to explore its functions in vitro and in 
vivo (for reference see [100,101]). The enzyme is a 
peptidyldipeptide hydrolase (EC 3.4.15.1) which 
cleaves Phe*-Arg® from bradykinin and His’—Leu'® 
from angiotensin I. by this action it either inactivates 
the hypotensive kinins or activates the hypertensive 
angiotensin. Kininase II was concentrated first from 
a particulate fraction of the homogenized hog kidney 
and from human blood. It was observed later that 
this kininase is identical with the converting enzyme 
[35. 85, 100]. The enzyme is present in many tissues 
and cell types in the body. Most organs inactivate 
bradykinin rapidly, but the importance of the pul- 
monary circulation in the conversion of angiotensin 
I [102] and the inactivation of bradykinin [103, 104] 
has been especially emphasized. The vascular endo- 
thelium of the lung is a rich source of the membrane- 
bound enzyme [105]. Electron microscopy combined 
with labeled antibody technique localized the enzyme 
on the surface of the endothelial cells [106]. In addi- 
tion, it is present in the kidney, in tubular epithelial 
cells including the brush border of the proximal 
tubules. This was shown in vitro by using immuno- 
fluorescent antibodies to converting enzyme [106a]. 
Brush border membranes separated from homo- 
genized rat kidney by differential centrifugation [41] 
contained converting enzyme. The enzyme occurs also 
in high concentration in such diverse tissues as the 
testicles [107] and the choroid plexus [108]. 

Although kininase II cleaves both angiotensin I and 
bradykinin, bradykinin is the preferred substrate 
owing to its lower K,,. The larger kinin analogues 
such as met-lys-bradykinin are cleaved more slowly 
by the enzyme [36]. This fact may have some bearing 
on the functions of kinins. 

Many compounds prolong the actions of kinins in 
vivo; most of these agents bind the metal cofactor 
of a kininase [35, 85]. Lately peptides have been syn- 
thesized that inhibit kininase I] competitively [100]. 
Originally this type of inhibitors was found when 
snake venom was used to potentiate the action of 
bradykinin on the isolated guinea pig ileum [109]. 
Several peptides were purified from snake venoms 
and were later synthesized. They inhibit the inactiva- 
tion of bradykinin by kininase II, and the conversion 
of angiotensin I to angiotensin II by the same enzyme. 
The nonapeptide SQ 20881 (BPF9a) has been used 
most frequently [101]. It blocks kininase IT at a very 
low concentration (10° ’-10°°M) but does not in- 
hibit kininase I. This inhibitor has been employed 
to investigate the identity of kininase II and the 
angiotensin I converting enzyme, to block the con- 
version of angiotensin I during the perfusion of 
various organs or after iv. injection into animals, 
and to determine the importance of renin in shock 
and in regulating blood flow in organs, ete. 
[38, 101. 110, 111]. Lately SQ 20881 (BPF9a) has been 
tested as an aid for diagnosing renin-related hyperten- 
sion [112]. 

The concentration of kininase II in blood varies 
from species to species. For example, guinea pig 
plasma has a high enzymic activity but dog plasma 
has only traces of it [100]. Since many of the inhibi- 
tion studies have been carried out in dogs, in these 
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animals the inhibitor may block the membrane- 
bound tissue enzyme. In other laboratory animals, the 
inhibition of the blood-borne kininase II can also be 
important. 

Kininase II [85] cleaves a variety of peptides other 
than kinins or angiotensin 1 [100]. Some of these are 
short synthetic peptides used as substrates in the spec- 
trophotometer, fluorometer, or in the amino acid ana- 
lyzer. Since the enzyme is inhibited by metal-binding 
agents, it must have a bivalent metal cofactor. Chlor- 
ide ion activates the enzyme probably by inducing 
changes in the configuration of the protein molecule 
[91]. Kininase II has a lower m.w. than kininase I 
[85,91, 101]. The lowest estimated m.w. of the rabbit 
lung enzyme is 129,000 [101, 113]. 

It seems that kininase I functions mostly in blood, 
while in tissues kininase II terminates the actions of 
kinins. 

This brief survey of the literature indicates that the 
components of the kallikrein—kinin—kininase systems 
have functions other than the release and inactivation 
of kinins. They contribute to blood clotting, to the 
inactivation of anaphylatoxins, to the activation of 
plasminogen and angiotensin I, etc. Kinins themselves 
are hypotensive; they increase capillary permeability, 
cause pain and are chemotactic to leucocytes [2,79]. 
but in addition they release other agents such as cath- 
echolamines, histamine or prostaglandins, and can 
accentuate or modify the primary actions of the 
agents. 
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Abstract—The inhibition in vitro of L-asparagine synthetase (L-glutamine hydrolyzing. EC 6.3.5.4) from 
leukemia 5178Y rendered resistant to L-asparaginase (L5178Y/AR), and from mouse pancreas by the 
ketoamino acids, DON (L-DON; 6-diazo-5-oxo-L-norleucine), CONV (L-CONV; 2-amino-5-chlorolevu- 
linic acid; 5-chloro-4-oxo-L-norvaline) and DONV (L-DONV; 5-diazo-4-oxo-L-norvaline) was investi- 
gated using both L-glutamine and ammonium chloride as substrates. At a concentration of | mM, 
DON and CONV almost completely inhibited the utilization in vitro of L-glutamine by L-asparagine 
synthetase of L5178Y/AR and of mouse pancreas, whereas DONV inhibited both enzymes only by 
50 per cent. DON, CONV and DONV did not affect the utilization in vitro of ammonium chloride 
by L-asparagine synthetase of L5178Y/AR, while DON and CONV modestly inhibited the utilization 
of ammonium chloride by the pancreatic enzyme. The inhibition produced by DONV was fully and 
rapidly reversed by dialysis, whereas that produced by DON and CONV was essentially irreversible. 
The utilization in vitro of L-glutamine by eight fetal rat liver amidotransferases was strongly inhibited 
by DON and CONV, while DONV exerted modest inhibition on only two of these enzymes. In 
a survey of other enzymes which use L-asparagine and L-glutamine as substrates. DONV was shown 
to be the best inhibitor of L-asparagine-utilizing enzymes, DON was the best inhibitor of enzymes 
utilizing L-glutamine, and CONV affected both groups of enzymes to a variable degree. DON irreversi- 
bly inhibited L-asparaginase from Erwinia carotovora (EC 3.5.1.1). This enzyme also was found to 
catalyze the decomposition of DON. From these findings and also from kinetic studies. it is clear 
that all three ketoamino acids are capable of behaving as antagonists of L-glutamine in vitro. DON 
is the most universally active antagonist of this amino acid, followed by CONV, and last by DONV. 
Similarly, all three agents can function as L-asparagine antagonists under appropriate conditions. 


Among the antagonists of L-glutamine, only azaserine 
and 6-diazo-5-oxo-L-norleucine (DON) have under- 
gone extensive clinical trials for the chemotherapy of 
cancer. Because of their lack of consistent effective- 
ness in human malignancies, clinical interest in these 
agents has declined [1]. The utility of L-asparaginase 
(EC 3.5.1.1) in the therapy of certain human neo- 
plasms has revived interest in compounds affecting 
the metabolism of L-glutamine, inasmuch as the latter 
amino acid is a substrate in the synthesis of L-aspara- 
gine. 

Several analogs of L-asparagine and of L-glutamine 
have been examined recently in the hope of interfering 
with the synthesis of L-asparagine by inhibiting cyto- 
plasmic L-asparagine synthetase (L-glutamine hydro- 
lyzing, EC 6.3.5.4), an enzyme which catalyzes the fol- 
lowing amide-transfer reaction: 


COOH ~ CONH, 
| 
CH, CH, 


| 
CHNH, + CH, 


l | L-Asparagine 


| synthetase 
COOH ~~ CHNH, 


| 
L-Aspartic COOH 
acid 
L-Glutamine 
or 
NH, 


ATP MgCl, 


The present paper treats three such agents: DON 
(L-DON: 6-diazo-5-oxo-L-norleucine), CONV (L- 
CONV: 2-amino-5-chlorolevulinic acid; 5-chloro- 
4-o0xo-L-norvaline) and DONV (L-DONYV; 5-diazo-4- 
Oxo-L-norvaline). 

DON (Fig. 1), a close structural analog of L-gluta- 
mine, was first isolated in 1956 from the culture 
broths of an unidentified Streptomyces by Dion et 
al. [2]. Clarke et al.[3] subsequently demonstrated 
the activity of DON against Crocker sarcoma 180 
in mice. Sullivan et al. [4] in a large cooperative study 
on acute leukemia in children, reported remissions 
using a combination of DON and 6-mercaptopurine. 
Further clinical trials using DON, singly and in com- 
bination with other antineoplastic agents, have been 
reviewed by Duvall[5] and Livingston et al. [1]. 
Extensive biochemical studies have shown that DON 





COOH 
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CH, 


CONH, 
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CH, 
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CHNH, + 
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COOH 


CHNH, 
L-Asparagine COOH 
L-Glutamic acid 


or 
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L-ASPARAGINE 


L-GLUTAMINE 


Fig. 1. Structures of DON, CONV, DONYV, L-asparagine and L-glutamine. 


inhibits many enzymatic reactions involving L-gluta- 
mine [6]. Of greatest significance to the present study 
is the finding that DON powerfully inhibits the utili- 
zation of L-glutamine by L-asparagine synthetase in 
vitro [1]. 

DONYV (Fig. |) was first examined by Buchanan [7] 
in’ 1958 as the next lower homologue of DON and 
in 1959 was proposed as an analog of L-aspartic acid 
by Liwschitz et al. [8]. who demonstrated its activity 
in sarcoma 37 in mice. Handschumacher et al. [9] 
improved the method for the synthesis of DONV and 
documented its ability to inhibit L-asparaginase from 
Escherichia coli. These authors concluded that 
DONV was a reactive analog of L-asparagine. Sum- 
mers and Handschumacher [10], working with L-as- 
paragine-dependent and -independent clonal sublines 
of leukemia 5178Y, indicated that L-DONV, but not 
D-DONYV. was capable of killing cells whose growth 
did not depend on an exogenous supply of L-aspara- 
gine (although an additional cytotoxic effect of both 
stereoisomers on both sublines could also be demon- 
strated). Chou and Handschumacher [11] reported 
inhibition by DONV of L-asparagine biosynthesis in 
P815 mast cell leukemia, while no significant inhibi- 
tion of L-aspartic acid biosynthesis was observed. 

CONV (Fig. 1). a chloroketone analog of DONV 
in which a halogen replaces the diazo function, was 
first synthesized by Miyake [12] in 1960 as an antitu- 
bercular agent. Khedouri et al.[13] also prepared 
CONV and reported that the drug inhibited the utili- 
zation of L-glutamine by carbamyl phosphate synthe- 
tase (EC 2.7.2.5). CONV has been characterized as 
an effective inhibitor in vitro of the 


utilization of 


L-glutamine by L-asparagine synthetase of Gardner 
lymphosarcoma and RADA! Jeukemia[14]. Chou 
and Handschumacher [11] also established that this 
chloroketone impeded the biosynthesis and expor- 
tation of L-asparagine by short-term explants of the 
P815 leukemia. It is the purpose of the present paper 
to compare the biochemical properties of these three 
congeneric ketoamino acids, insofar as possible, under 
the same experimental conditions in vitro. 


MATERIALS AND METHODS 


Chemicals. DON, CONV and DONV were pro- 
vided by Dr. Harry B. Wood, Jr., Division of Cancer 
Treatment, National Cancer Institute, National Insti- 
tutes of Health, Bethesda, Md. Purity of the inhibitors 
was assessed by using the amino acid analyzer. u.v. 
absorption and high voltage electrophoresis. No de- 
tectable impurities were found. L[4-'*C]asparagine 
(sp. act. 12.9mCi/m-mole) and L[U-'*C]Jasparagine 
(sp. act. 151 mCi/m-mole) were purchased from Amer- 
sham/Searle Corp., Arlington Heights, Il. L[U-'*C]- 
glutamine (sp. act. 220 mCi/m-mole), L[4-'*C]aspartic 


acid (sp. act. 25 mCi/m-mole) were purchased from 
Biochemical Nuclear Corp., Burbank, Calif., and used 
without further purification. L-Glutamate oxaloace- 


tate transaminase (GOT) (EC 2.5.1.1, sp. act. 
180 I.U./mg of protein), L-glutamate pyruvate transa- 
minase (GPT) (EC 2.5.1.2, sp. act. 80 1.U./mg of pro- 
tein), and malate dehydrogenase (MDH) (EC 1.1.1.37, 
sp. act. 1100 I.U./mg of protein) were purchased from 
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Boehringer, New York, N.Y. L-Glutamate decarboxy- 
lase (EC 4.1.1.15, sp. act. 50 1.U./mg of protein) was 
partially purified from E. coli by the methods of 
Shukuya and Schwert [15]. L-Aspartate-f-decarbox y- 
lase (EC 4.1.1.12, sp. act. 77 1.U./mg of protein) was 


a generous gift of Drs. Suresh Tate and Alton Meister ' 


of the Cornell University Medical College, New York, 
N.Y. L-Asparaginase from E. coli (EC 3.5.1.1, sp. act. 
3401.U./mg of protein) was a donation to the 
National Cancer Institute from the Merck Institute 
for Therapeutic Research, Rahway, N.J. L-Aspara- 
ginase from Erwinia carotovora (sp. act. 500 I.U./mg 
of protein) was provided by the Department of Health 
and Social Security of Great Britain through Dr. H. 
E. Wade of the Microbiological Research Establish- 
ment, Porton Down, Salisbury, Wilts (SP4 0JG) Eng- 
land. L-Asparaginase from the serum of Dasyprocta 
aguti (sp. act. 0.16 LU./mg of protein) was provided 
by Dr. F. White, Drug Evaluation Branch, National 
Cancer Institute, National Institutes of Health, Beth- 
esda, Md. L-Asparaginase from the serum of Saimuri 
sciurea (sp. act. 0.03 I.U./mg of protein) was a gift 
of Dr. R. Morrison, Charles Pfizer, Maywood, N.J. 
L-Glutaminase (L-glutamine amidohydrolase, EC 
3.5.1.2, sp. act. 0.61.U./mg of protein) was obtained 
from Worthington Biochemical Corp., Freehold, N.J. 
All other chemicals used were of analytical reagent 
grade. Eppendorf 1.5-ml plastic centrifuge vessels. 
pipettes, pipette tips, centrifuges and incubation ovens 
were purchased from Brinkmann Instruments, Inc.. 
Silver Spring, Md. 

Preparation of partially purified soluble L-asparagine 
synthetase. Male BDF, mice, weighing between 18 
and 20g, were injected by the subcutaneous route 
with a suspension of 10° cells of leukemia 5178Y 
made resistant to L-asparaginase (L5178Y/AR) by 
repeated subcurative doses of the enzyme. Seven to 
10 days later the tumours were collected and homo- 
genized in 9 vol. of 0.1M Tris-HCl buffer, pH 7.6, 
containing 0.5mM EDTA and 1 mM dithiothreitol. 
The homogenate was centrifuged in the cold at 
100,000 g in a Beckman L2-65B ultracentrifuge for 30 
min and the supernatant (sp. act. 0.001 I.U./mg of 
protein) was collected. A portion of this supernatant 
was used as a source of crude L-asparagine synthetase. 
The remainder was partially purified (6-fold) by heat- 
ing at SO for 10 min after treating with ATP, MgCl,, 
L-glutamine and ammonium chloride each at a con- 
centration of 0.01 M[14]. The heated extract was im- 
mediately chilled on ice and centrifuged at 20,000g 
for 30 min to remove the precipitated proteins and 
nucleic acids. The supernatant was brought to 30%, 
saturation with solid ammonium sulfate and then cen- 
trifuged at 18,000g. The precipitate was discarded 
and the supernatant brought to 50°, saturation with 
solid ammonium sulfate. The resulting precipitate was 
suspended in 5 mM Tris-HCl buffer, pH 7.6, contain- 
ing | mM dithiothreitol, 0.5 mM EDTA and 10%, gly- 
cerol. and was dialyzed against three changes of the 





* Subsequent experience with the heating step at 50 has 
shown that this procedure produces a very labile enzyme 
with little or no purification. This method, therefore, can- 
not be recommended for routine use. 

+The L-aspartic acid concentration (0.00056 M) used in 
these experiments was. for reasons of economy. substan- 
tially lower than that required to saturate the enzyme. 
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same buffer for 3hr at 4°. This dialyzed extract (sp. 
act. 0.0058 I.U./mg of protein) was used as the source 
of partially purified L-asparagine synthetase of 
tumoral origin for inhibition studies in vitro. 

For the preparation of L-asparagine synthetase of 
mouse pancreas, male BDF, mice, weighing between 
18 and 20g, were killed by neck dislocation, and the 
pancreases collected and homogenized in 9 vol. of 
0.1M Tris-HCl buffer, pH 7.6, containing 0.5 mM 
EDTA and | mM dithiothreitol. The homogenate was 
centrifuged in the cold at 12.000g for 20 min. As 
before, a portion of this supernatant was used as the 
source of crude pancreatic L-asparagine synthetase. 
The remainder was partially purified (3-fold) as above. 
The resultant dialyzed enzyme (sp. act. 0.002 I.U./mg 
of protein) was used immediately as the source of 
pancreatic L-asparagine synthetase for inhibition 
studies in vitro.* 

L- Asparagine synthetase assay. L-Asparagine synthe- 
tase activity was measured in vitro by a radiometric 
technique [16]. In this assay, L[4-'*C]aspartic acid 
was used as the precursor of the carbon skeleton of 
L-asparagine: L-glutamine or NH,Cl served as the 
source of the amide, ATP-MgCl, as the energy 
source, and Tris-HCl, pH 8.4. as the buffer. In a final 
volume of 10 41 were admixed 5.6 nmoles (0.125 Ci) 
L[4-'*C]aspartic acid.+ 0.2 pumole L-glutamine or 
0.5 pmole NH,Cl, 0.1 umole ATP, 0.25 umole MgCl), 
and 2.5 ymoles Tris-HCl buffer, pH 8.4, along with 
5 pl of the enzyme to be assayed. After 30 min of 
incubation at 37 (during which time the synthesis 
of L[4-'*C]asparagine was found to be linear), the 
vessels were heated at 95° for 5 min to terminate the 
reaction, then centrifuged at 12,000g for 3 min to 
precipitate denatured proteins. In order to remove 
unreacted vestiges of L[4-'*C]aspartic acid, an enzy- 
matic reagent consisting of 50 41 of 0.66M sodium 
acetate buffer, pH 5.0, containing 6mM z-ketoglu- 
taric acid, 8.5mM ZnSO,. and 1 1.U. of GOT was 
added to the reaction vessels and the open vessels 
were incubated at 37° for 4hr. As a consequence, resi- 
dual unreacted L[4-'*C]aspartic acid was transa- 
minated to [4-'*C]Joxaloacetate by GOT, which was, 
in turn, B-decarboxylated by the Zn?* in the reagent 
mixture, and the resultant ['*C]O, driven from the 
open vessels by the acidity of the buffer. At this point, 
21.U. of E. coli L-asparaginase was added to each 
vessel, a droplet of 40°, (w/v) KOH was deposited 
on the underside of the lid, and the vessels were 
closed. In this way. any newly synthesized L[4-'*C]as- 
paragine was hydrolyzed to L-[4-'*C]aspartic acid, 
which, in turn, was transmitted and _ ultimately 
f-decarboxylated, as described above. The ['*C]O; 
so generated was trapped by the KOH droplet [17]. 
and after 3 hr at 37, the lids were removed and im- 
mersed in a scintillation mixture of ethanol-toluene 
(1:2, v/v) containing Liquifluor (New England Nuc- 
lear, Boston, Mass.), and the radioactivity was 
counted in a Beckman model LS-230 liquid scintilla- 
tion spectrometer at 87 per cent efficiency. Suitable 
blanks and standards were included in each assay to 
verify that the product synthesized was L-asparagine. 
Appropriate legends describe modifications to this 
basic procedure. 

Attempts to prevent or reverse the inhibition of 
L-asparagine synthetase. Attempts were made to deter- 
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mine if the ordinary substrates of L-asparagine syn- 
thetase could prevent or reverse the inhibition pro- 
duced by DON, CONV or DONYV. For this purpose, 
inhibitor was added to 50yl of crude tumoral 
L-asparagine synthetase to a final concentration of 
1 mM (in the case of DON and CONV) or 5mM 
(in the case of DONV) either 15 min before (for rever- 
sal studies) or 15 min after (for prevention studies) 
L-glutamine (0.01 to 0.1 M), NH4Cl (0.1 M), ATP 
MgCl, (0.01 M), L-aspartic acid (0.5 to 5 mM) or dith- 
iothreitol (0.05 M). After 30 min at 25, the enzyme 
was diluted 5-fold with 0.01 M Tris-HCl buffer, pH 
8.4, and assayed for L-asparagine synthetase activity 
in the usual manner. 

To investigate the possibility of reversal of the inhi- 
bition exerted by DON, CONV and DONYV by dialy- 
sis. crude extracts of L5178Y/AR were exposed to 
concentrations (10-20 mM) of the drugs calculated to 
inhibit the utilization of L-glutamine by L-asparagine 
synthetase by approximately 80-90 per cent, and then 
dialyzed exhaustively against 0.1 M Tris-HCl buffer, 
pH 7.6, in the presence or absence of | mM dithioth- 
reitol. The retentate then was assayed for L-aspara- 
gine synthetase activity as described above. 

Assay of amidotransferases utilizing L-glutamine. The 
effect of the inhibitors on some of the other L-gluta- 
mine-utilizing amidotransferases was examined in 
fetal rat liver. For this purpose, livers from twenty 
midterm fetuses were homogenized in 0.1 M Tris-HCl 
buffer, pH 7.6, containing 0.5 mM EDTA and 0.1 mM 
dithiothreitol. After centrifugation at 105,000 g for 30 
min, the supernatant was dialyzed for 6hr against 
.three changes of | liter each of homogenizing buffer 
containing 20°, (v/v) glycerin. This step was necessary 
to remove endogenous substrates. The assay measures 
the substrate-dependent breakdown of L-[U-'*C]glu- 
tamine to L[U-'*C]glutamic acid. In a final volume 
of 25 pl were admixed | pCi L[U-'*C] glutamine, neu- 
tralized. substrates (cf. Table 4) to a final molarity 
of ‘0.01 M, 0.05M Tris-HCl buffer, pH 7.6, ATP 
MgCl, to a final molarity of 0.01 M, and to initiate 
the reaction, 10 4 of dialyzed liver extract. Two sets 
of blanks were constituted: the first received all ingre- 
dients except the substrate (amide recipient), while the 
second received all ingredients except ATP-MgCl). 
The first set of blanks allowed an estimation of the 
basal L-glutaminase activity of the extract, while the 
second set, an estimate of ATP-independent amide 
transfer. After incubation at 37 for 30 min, the reac- 
tion was terminated by heating at 95 for 5 min. Any 
L[U-'*C]glutamic acid produced in the incubation 
step was subsequently quantitated by the addition of 
50 pl of 0.2 M sodium acetate buffer, pH 4.2, contain- 
ing 1 I.U. of L-glutamate decarboxylase. The ['*C]O, 
resulting from this step was collected in droplets of 
40°, (w/v) KOH deposited on the underside of the 
lid of the reaction vessel [17]. Under the conditions 
of this assay, DON, CONV and DONYV did not inter- 
fere with the quantitative decarboxylation of L-gluta- 
mate. 

L-Glutamine synthetase assay. L-Glutamine synthe- 
tase activity (EC 6.3.1.2) was measured in vitro by 
a radiemetric technique. The reaction allows the syn- 
thesis of L[{1-'*C]glutamine from L[1-'*C]glutamic 
acid in the presence of MgCl,, ATP and NH,CI. 
Brains and livers were removed from male BDF, 
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mice and homogenized as described above. Five jl 
of the 1:10 (w/v) tissue homogenate was incubated 
at 37 for 10 min with 5 yl of a reaction mixture con- 
taining 0.02 M ATP-MgCl,, 0.04 M L-glutamic acid, 
0.1 wCi L[E1-'*C]glutamic acid, 0.16 M NH,Cl., in the 
presence or absence of DON, CONV and DONV 
at a final concentration of 1.0mM. The reaction was 
terminated by heating the vessels at 95° for 3 min. 
The vessels were centrifuged at 12.000g for 3 min 
to precipitate any denatured protein. Unreacted 
L[1-'*C]glutamic acid was removed by the addition 
of 11.U. of L-glutamate decarboxylase in 0.33M 
sodium acetate buffer, pH 4.2, followed by incubation 
for 2hr at 37 [18]. L[1-'*C]glutamine then was hyd- 
rolyzed to L{1-'*C]glutamate by the addition of 
20 1.U. of L-asparaginase. The ['*C]O, generated by 
the subsequent »-decarboxylation by L-glutamate 
decarboxylase was collected and counted as described 
in the assay procedure for L-asparagine synthetase. 

Measurement of transaminases. L-Asparagine transa- 
minase (EC 2.6.1.14) activity and L-glutamine transa- 
minase (EC 2.6.1.15) activity were measured radiome- 
trically. The enzyme was a 12.000g supernatant of 
a 1:5 (w/v) homogenate of BDF, mouse liver: 0.05 M 
Tris-HCI buffer, pH 7.4, rendered 0.5mM in EDTA 
and | mM in dithiothreitol, was used for the homo- 
genization. After centrifugation, the supernatant was 
dialyzed overnight at 4 against 4 liters of the homo- 
genization buffer containing 20°, (v/v) glycerol and 
used immediately. The assay measures the conversion 
of the radioactive amides to a product z-decarboxy- 
lated by acid hydrogen peroxide. In Eppendorf ves- 
sels, in a final volume of 15 yl were admixed: 5 sl 
(0.25 wCi) L[U-'*C ]asparagine or L[U-'*C]glutamine, 
5 yl of 0.03 M x-ketovaleric acid in 0.05 M Tris-HCl 
buffer. pH 8.4, or 5 zd of the buffer alone (as a control) 
and 5 yl of crude transaminase. After 30 min at 37, 
50 ul 1 M HCl rendered 1°, (v/v) in H,O, was added 
to the reaction mixture at the same time as a 5-yl 
droplet of 40°, (w/v) KOH was deposited on the un- 
derside of the lid of the vessel. One hr later the 
radioactivity on the lids was measured by scintillation 
spectrometry. 

Measurement of L-asparaginase and L-glutaminase. 
L-Asparagine activity was measured by a spectro- 
photometric technique [19] in which 0.01 M L-aspara- 
gine was used as substrate. L-Glutaminase activity 
was measured by a radiometric technique: in a final 
volume of 20 1 were admixed 0.25 wCi, 9 nmoles, 
L[U-'*C]glutamine, 5 4d of 0.05 M Tris-HCl buffer, 
pH 8.4. or inhibitor at a concentration of 4mM in 
the same buffer, 5 sd of 0.4M sodium acetate buffer. 
pH 5.9, and to initiate the reaction, 5 yl of crude 
L-glutaminase. After incubating at 37 for 30 min, the 
vessels were heated at 95 for 3 min. L[U-'*C]gluta- 
mic acid was measured by means of L-glutamate 
decarboxylase as described earlier. 


RESULTS 


Inhibition of L-asparagine synthetase. A comparison 
of the relative inhibitory potencies of DON, CONV 
and DONYV against partially purified soluble L-aspar- 
agine synthetase from L5178Y/AR and from mouse 
pancreas is presented in Table 1. DON and CONV 
were potent inhibitors of tumoral as well as pancrea- 
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Table 1. Inhibition in vitro of partially purified soluble L-asparagine synthetase of 
LS178Y/AR and of mouse pancreas, using L-glutamine and ammonia as substrates* 





Per cent inhibition of L-asparagine synthetase from: 


L5178Y/AR 


Mouse pancreas 





Concen 


Inhibitor (mM) L-Glutamine 


Ammonia L-Glutamine Ammonia 





DON 10.0 
1.0 
0.1 
10.0 
1.0 
0.1 
10.0 
1.0 
0.1 16 


CONV 


DONV 


0 95 
0 86 
0 43 
0 95 
0 89 
0 39 
4 62 
0 43 0 
0 24 0 





* The reaction mixture consisted in a final volume of 45 yd, 


3 nmoles (0.07 pCi) 
= 


L[U-'*C]aspartic acid, | zmole L-glutamine or 2.5 wmoles NH4Cl. 1.5 nmoles ATP 
and MgCl,, and 2.5 umoles Tris-HCI buffer, pH 8.4, along with 5 yl of crude enzyme 
from tumor or pancreas. Procedures for the incubation are described in Materials 
and Methods. The specific activities of the uninhibited tumoral and pancreatic enzymes 
were approximately 40 and 25 nmoles/mg of protein/hr respectively. 


tic L-asparagine synthetases when L-glutamine was 
used as the amide donor. In this system, however, 
DONV was decidedly less effective at each concen- 
tration as an inhibitor of L-glutamine utilization by 
both enzymes. From Table 1, it can also be appre- 
ciated that DON, CONV and DONV did not inhibit 
the tumoral L-asparagine synthetase when ammonia 
(as NH4Cl) was the source of the amide, although 
modest inhibition of ammonia utilization by the pan- 
creatic L-asparagine synthetase was observed with 
CONV. and to a lesser extent, with DON.* In exper- 
iments not included in Table 1, a similar inhibitory 
pattern was observed with crude preparations of 
L-asparagine synthetase from tumor and pancreas. 
Characteristics of the inhibition of L-asparagine syn- 
thetase by DON, CONV and DONV. To delineate 


more precisely the characteristics of the inhibition of 


tumoral L-asparagine synthetase by each of the three 
drugs under investigation, specific kinetic parameters 


were examined. To minimize irreversible inhibition of 


the enzyme (see below), 5-min incubations were used. 
At low L-glutamine concentrations (0.625 to 5.0 mM), 
DONV and CONV appeared to act as noncompeti- 
tive inhibitors versus this substrate; when the L-gluta- 
mine concentration was elevated above 5mM, how- 
ever. these agents exerted inhibition which was for- 





* While this manuscript was in press we discovered that 
inhibition of the utilization of NH,Cl by L-asparagine syn- 
thetase of L5178Y/AR by DON, CONV and DONYV is 
apparently dependent on the substrate concentrations in 
the reaction mixture. Thus, while no inhibition of NH,Cl 
utilization by the tumoral enzyme was observed at a 1-mM 
concentration of DON and CONV and at a 10-mM con- 
centration of DONV (Table 1) when the NH,Cl, ATP, 
MgCl, and L-aspartic acid concentrations were 0.055, 
(0.033, 0.033 and 0.00066 M., respectively, 72°, inhibition 
by DON (1 mM), 43°, inhibition by CONV (1 mM) and 
47°, inhibition by DONV (10 mM) was produced when 
the concentrations of NH4,Cl, ATP, MgCl, and L-aspartic 
acid were lowered to 0.033, 0.007, 0.017 and 0.00056 M, 
respectively. 


mally competitive in type (Fig. 2). By contrast, 
DONV produced apparently competitive inhibition 
at all concentrations of L-glutamine. Not shown is 
the additional observation that DONV (the only 
agent of the three examined with L-aspartic acid as 
the variable substrate) produced noncompetitive inhi- 
bition in this case. 

Reversal of inhibition. Having determined that all 
three of these ketoamino acids could inhibit L-aspara- 
gine synthetase, it became important, for pharmacolo- 
gic reasons, to ascertain whether the inhibition was 
reversible by dialysis. Crude extracts of L5178Y/AR 
were exposed to concentrations (10-20mM) of the 
drugs calculated to produce approximately 80-90 per 
cent inhibition of the utilization of L-glutamine by 
L-asparagine synthetase, and then dialyzed exhausti- 
vely at 4 against 0.05M Tris-HCl buffer, pH 7.6, 
in the presence or absence of |mM _ dithiothreitol. 
The inhibition exerted by DONV was nearly fully 
reversed under these conditions, whereas that exerted 
by CONV and DON showed only marginal reversibi- 
lity (Fig. 3). Moreover, dithiothreitol in the outer di- 
alysis bath failed to reverse significantly the inhibition 
produced by DON and CONV. 

The ability of L-glutamine and L-aspartic acid as 
well as of the other substrates of L-asparagine synthe- 
tase to prevent or reverse the inhibition produced by 
DON, CONV and DONV was investigated next. 
Since these modifiers are normal constituents of body 
fluids, this study was expected to provide insight into 
the behavior of these drugs in the intact organism. 
Of the substrates tested, L-aspartic acid and 
ATP-MgCl, did not either prevent or reverse the in- 
hibition of L-asparagine synthetase produced by 
DON, CONV and DONV. L-Glutamine at a concen- 
tration of 10 mM (Table 2) also failed to prevent or 
reverse the inhibition exerted by any of these acids, 
but at 100 mM did retard significantly the inhibitory 
action of all three. Stated otherwise, a 20- to 100-fold 
molar excess of L-glutamine was required to shield 
the enzyme partially from inhibition by DON, CONV 
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Fig. 2. Double-reciprocal analysis of the inhibition of L-asparagine synthetase of L5178Y/AR by DON, 


CONV and DONV vs L-glutamine. Seven and a half ml of a 30-50°, (NH4),SO, fraction of L-aspara- 
gine synthetase from the L5178Y/AR was prepared as described in Materials and Methods with the 
exception that the 50 heating step was omitted. Subsequently, the preparation was dialyzed extensively 
at 4 for 16hr against two changes of 4000 ml! each of 0.01M Tris-HCl buffer, pH 7.6, containing 
0.1 mM dithiothreitol and 0.1 mM disodium-EDTA. The dialyzed enzyme was concentrated to 2 ml 
against Carbowax 20,000 (Fisher Scientific Co., Silver Spring, Md.). The concentrated enzyme (5 pl) 
was assayed for L-asparagine synthetase activity in the presence of DON (1 mM = oO, 0.5mM = A), 
CONV (1 mM = 0, 0.5mM = A), DONV (10mM = 0, 5mM = A), or water (@) essentially as 
described in Materials and Methods with the exception that the incubation time was limited to 5 
min at 37 and the L-glutamine concentration was varied as follows: 0.000625, 0.00125, 0.0025 and 
0.005 M (panels A, C and E) and 0.0075, 0.01, 0.015 and 0.02 M (panels B, D and F). The L-aspartic 
acid and ATP-Mg?* concentrations were 0.000475 and 0.01M respectively. The specific activity of 
L-asparagine synthetase at saturation was 40 nmoles/mg of protein/hr. S = molarity; V = cpm. 


and DONY, a finding which underscores the great 
affinity of these inhibitors for L-asparagine synthetase. 
On the other hand, L-aspartic acid wholly failed to 
antagonize inhibition exerted by these ketoamino 
acids. Inasmuch as the experimental design of these 
studies required subdilution of the inhibited enzymes 
prior to measurement of L-asparagine synthetase acti- 
vity and inasmuch as the inhibition produced by 
DONV was found to be reversible, separate exper- 
iments were undertaken with this ketoamino acid in 
which L-aspartic acid and inhibitor were added to 
the assay mixture. Even in this case. L-aspartic acid 
was ineffective as a counteragent at | mM and pro- 
tected only by 8 per cent at a concentration of 15 
mM. 


Of note was the pronounced protective effect of 


dithiothreitol on the inhibition exerted by all three 


ketoamino acids. The implications of this finding will 
be discussed below. 


Despite the fact that the rate of utilization of 
ammonia by tumoral L-asparagine synthetase was 
comparatively refractory to inhibition by the title 
compounds, attempts were made to determine 
whether these agents could modify. this activity in 
some subtle way not detectable under conditions of 
substrate saturation. To explore this point, tumoral 
L-asparagine synthetase was incubated with concen- 
trations (10-20mM) of DON, CONV and DONV 
known to produce 80-90 per cent inhibition of the 
enzyme. After incubation at 37° for 30 min, inhibitors 
were removed by exhaustive dialysis at 4°, and the 
affinity constants of surviving or restored enzyme 
were measured radiometrically. It is clear from Table 
3 that the affinity for ammonia of tumoral L-aspara- 
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Fig. 3. Effect of dialysis on the inhibition of L-asparagine 
synthetase by DON, CONV and DONV. A 1:10 (w/v) 
homogenate of L5178Y/AR was prepared in 0.1M 
Tris-HCI buffer, pH 7.6, containing 0.5 mM EDTA. Neu- 
tralized DONV (O-@~— 6) solution was added to a final 
concentration of 0.05M. DON (©-©) and CONV 
(©--— ©) were added to final concentrations of 5 mM. 
After 30 min at 37’, the activity of L-asparagine synthetase 
was estimated radiometrically. The tumor extract was then 
dialyzed against 0.01 M Tris-HCI buffer, pH 7.6, contain- 
ing 0.5mM EDTA, 10%, (v/v) glycerol either with (A) or 
without (B) | mM _ dithiothreitol. At the times indicated, 
samples were taken for radiometric analysis of L-aspara- 
gine synthetase activity using L-glutamine or NH,Cl as 
substrate. In a final reaction volume of 10 yl, the concen- 
trations of L[4-'*C]aspartic acid, L-glutamine (or NH,Cl), 
ATP, and MgCl; were 5.6 nmoles, 0.2 umole (or 0.5 umole), 
0.1 pmole and 0.25 yzmole respectively. The specific activity 
of the uninhibited enzyme was 35 nmoles/mg of protein/hr. 
Subsequent steps in the assay are as described in Materials 
and Methods. 
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Table 3. Michaelis constants and V,,,, for ammonia of 

L-asparagine synthetase of LSI78Y/AR inhibited with 

either DON, CONV or DONV and then subjected to 
dialysis* 





Relative V,,.. 
Inhibitor 





Buffer control 
DON 

CONV 
DONV 





* Crude L-asparagine synthetase of LS178Y/AR extract 
(1.0 ml) was incubated at 4° with DON, CONV or DONV 
(final concentration 4.5 mM) or dialyzing buffer [contain- 
ing 0.1 M Tris-HCl buffer, pH 7.6, 0.5 mM EDTA, 1.0 mM 
dithiothreitol and 20°, (v/v) glycerol] for 30 min with occa- 
sional stirring. The incubates were then dialyzed against 
300 ml of dialyzing buffer for 4hr at 4°. Dialysates were 
used as the source of enzyme for the study of Michaelis 
constants and V,,,, as described earlier. 


gine synthetase treated in this way is significantly and 
similarly depressed (i.e. the K,, values are elevated) 
by DON and CONV, whereas the Vj, is unaltered. 
These results indicate that the catalytic properties of 
the enzyme have been permanently altered by expo- 
sure to DON and CONY, irrespective of substrate. 

In Fig. 4, the time course of the inhibition of par- 
tially purified tumoral L-asparagine synthetase by 
DON and CONV is presented, along with an examin- 
ation of the protective action of a number of counter- 
agents. It can be appreciated from this figure that 
CONV required only 2 min to achieve 50 per cent 
of the maximal inhibition ultimately exerted. After 5 
min of incubation with CONV, enzyme activity was 
still approximately 45 per cent of control. DON, how- 
ever, required over 30 min to reduce the activity of 
L-asparagine synthetase to 50 per cent of control in 
the presence of all the substrates. Also apparent is 
the finding that no other substrate is required for 


Table 2. Effect of dithiothreitol, L-glutamine, L-aspartic acid and ATP-MgCl, on the inhibition of L-asparagine synthe- 
tase of L5178Y/AR by DON, CONV and DONV* 





Effect on inhibition of L-asparagine synthetase by: 





DON 


CONV DONV 





Agent Prevention Reversal 
(concn) A (/) 


Prevention 


Reversal Prevention 


Reversal 
(7%) (%) A (%) 





Dithiothreitol 
(50 mM) 
L-Glutamine 
(10 mM) 
(100 mM) 
L-Aspartic acid 
(0.5 mM) 
(5.0 mM) 
ATP-MgCl, 
(10 mM) 0 


17 


0 0 





* Protection and reversal studies were conducted according to the procedures outlined in Materials and Methods, 
in which enzyme activity was measured in a reaction volume of 10 4 consisting of 5.6nmoles L[4-'*C]aspartic acid, 
0.2 umole L-glutamine, 0.1 xmole ATP, 0.25 umole MgCl, and 2.5 umoles Tris-HCl buffer, pH 8.4. Brackets indicate 
that the effect is probably not true reversal inasmuch as DONV apparently produces inhibition that is freely reversible 


on subdilution, dialysis, etc. 
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ACTIVITY (% of control) 


TIME (minutes) 


Fig. 4. Time course of the inhibition of L-asparagine syn- 
thetase by DON and CONV. Aliquots (100 yl) of a par- 
tially purified extract of LSI78Y/AR dialyzed 8 hr against 
0.1 M Tris-HCI buffer, pH 7.6, containing 0.5 mM EDTA 
and 20°, (v/v) glycerin were added to nine Eppendorf 
1500-4 conical vessels containing in a final volume of 
125 yd either 0.125 jumole of drug (A), 0.125 jamole of drug 
and 10.0 uymoles of L-glutamine (O). 0.125 mole of drug 
plus 0.125 samole of L-aspartic acid (A), 0.125 mole of drug 
plus 1.25 ymoles of ATP-MgCl, (M5), 0.125 mole of drug 
plus 1.25ymole of ATP-MgCl, plus 0.125 umole of 
L-aspartic acid (C), 0.125 pzmole of drug plus 10.0 moles 
of L-glutamine plus 0.125 zmole of L-aspartic acid plus 
1.25 umoles of ATP- MgCl, (@). 1.25 pxmoles of dithiothrei- 
tol (©). 0.125 umole of drug and 1.25 yxmoles of dithiothrei- 
tol (@), or water and incubated at 25 for 30 min. At the 
times indicated, 20,4 of the incubation mixture was 
removed and added to 480 ,d of 0.1. M Tris-HCl buffer, 
pH 7.6, containing 0.5 mM EDTA. The vessel was inverted 
and 54d of the resulting mixture was added to 54d of a 
radioactive mixture containing L[4-'*C]aspartic acid, L- 
glutamine, ATP, and MgCl,, at 5.6 nmoles, 0.2 umole, 0.1 
umole and 0.25 pmole respectively, and assayed for 
L-asparagine synthetase activity as described in Materials 
and Methods. 





these two agents to produce inhibition. Nevertheless, 
ATP-MgCl, accelerated the rate and augmented the 
absolute degree of inhibition in both cases; L-aspartic 
acid did not. Furthermore, the presence of 
ATP-MgCl, and L-aspartic acid overcame the protec- 
tive effect of L-glutamine. These findings may indicate 
that the inhibitors interact preferentially with the 
adenylated form of the enzyme [14]. The stimulatory 
action of dithiothreitol is also revealed in Fig. 4. Such 
activation has previously been reported by Chou [20] 
using L-asparagine synthetase from the Gardner 
lymphosarcoma, as well as by Horowitz and Meis- 
ter [14] using the enzyme from the RADAI leukemia. 
This is further evidence for the essential role played 
by sulfhydryl groups in the catalytic function of this 
class of synthetases. 

Inhibition by DON, CONV and DONV of fetal rat 
liver amidotransferases. The demonstration of the inhi- 
bition of L-asparagine synthetase by DON, CONV 
and DONV prompted the study of the inhibitory 
potency of these agents against several additional 
amidotransferases which similarly utilize L-glutamine 
as an amide donor. All of the fetal rat liver amido- 
transferases examined (Table 4) were powerfully inhi- 
bited by DON and CONV: DONYV, on the other 
hand, exhibited modest inhibition only of fetal rat 
liver L-asparagine synthetase and L-glutamine-p-fruc- 
tose-6-phosphate amidotransferase (EC 2.6.1.16). 

Inhibition of L-glutamine synthetase. In the exper- 
iments with L-asparagine synthetase presented in 
Table 1, it appeared that DON, CONV and, to a 
lesser extent, DONV, behaved as anatgonists of L-glu- 
tamine. Accordingly, the interaction of these drugs 
with L-glutamine synthetase from mouse brain and 
liver was examined. Inasmuch as L-glutamine behaves 
as a product inhibitor of L-glutamine synthetase [21 ] 
under some circumstances, it might be conjectured 
that structural analogs of L-glutamine would inhibit 


Table 4. Inhibition by DON, CONV and DONYV of selected amidotransferases in fetal rat liver extracts* 





Substrate added Enzyme 


Per cent inhibition of the utilization 
of L[U-'*C]glutamine in the 
presence of: 





EC No. DON CONV DONV 





None 
L-Aspartic acid 
Desamido-NAD 
FGAR 
(5'-phosphoribosyl- 
formyl glycineamide) 
XMP 
(xanthosine-5'-phosphate) 
b-Fructose-6-phosphate 


L-Asparagine synthetase 
NAD synthetase 
FGAR synthetase 


XMP aminase 


L-Glutamine-p-fructose- 
6-phosphate amido- 
transferase 

PRPP PRPP amidotransferase 
(5'-phosphoribosyl- 
pyrophosphate) 

UTP 
(uridine-5’-triphosphate) 

NaHCO, 


CTP synthetase 


Carbamyl phosphate 
synthetase 


80 62 
100 86 
74 73 
100 100 





* Inhibitors were added to a final concentration of |mM. The substrate-dependent hydrolysis of L-glutamine was 
carried out as described in Materials and Methods. 





DON, CONV and DONV—I 


Table 5. Inhibition of L-glutamine synthetase and L-asparagine- or L-glutamine-utilizing 
enzymes by DON, CONV and DONV* 





Per cent inhibition in the 
presence of: 





Enzyme DON CONV DONV 





L-Glutamine synthetase (EC 6.3.1.2) 17 10 
from Mus musculus liver 
L-Glutamine synthetase (EC 6.3.1.2) 10 2 
from M. musculus brain 
L-Glutamine transaminase 
(EC 2.6.1.15) from 
M. musculus liver 
L-Glutaminase (EC 3.5.1.2) 
from E. coli 
L-Asparaginase (EC 3.5.1.1) 
from E. carotovora 
L-Asparaginase (EC 3.5.1.1) 
from E. coli 
L-Asparaginase (EC 3.5.1.1) 
from D. aguti plasma 
L-Asparaginase (EC 3.5.1.1) 
from S. sciurea plasma 
L-Asparagine transaminase 
(EC 2.6.1.14) from 


M. musculus liver 





* For the measurement of L-asparaginase activity, suitable aliquots of a solution containing 
10 1.U./ml of the enzymes from the sources listed were incubated at 37 for 30 min in 0.05 M 
Tris-HCl buffer, pH 8.4, containing either | mM _ L-asparagine (in the case of E. coli and 
E. carotovora L-asparaginase) or 10 mM L-asparagine (in the case of all other L-asparaginases). 
Inhibitor was added to a final concentration of 1 mM. The L-aspartic acid so generated 
was measured spectrophotometrically [19]. The activities of the transaminases, L-glutamine 
synthetase and L-glutaminase were assayed radiometrically as described in Materials and 


Methods. 


this enzyme. However, none of the agents produced 
significant inhibition of L-glutamine synthetase from 
mouse brain and liver (Table 5). 

Inhibition of L-asparagine- and L-glutamine-utilizing 
enzymes by DON, CONV and DONV. The interaction 
of these three inhibitors with a panel of additional 
enzymes acting on, or generating four or five carbon 
dicarboxylic amino acid amides, was examined next. 
The results of this study, presented in Table 5, indi- 
cated that DONV was the most general and potent 
of the inhibitors of the L-asparagine amidohydrolases 
examined: the activity of both the bacterial and mam- 
malian L-asparaginases was significantly reduced by 
this diazoketone, at a concentration of | mM. 

While DON and CONV both failed to inhibit 
L-asparaginase from E. coli, it is worthwhile stressing 
that the analogous hydrolase from the plant patho- 
gen, E. carotovora, was significantly inhibited by both 
agents. This inhibition by DON was studied further, 
From double-reciprocal plots, DON appeared to be 
competitive with L-asparagine (Fig. 5). However, that 
the inhibition was more complex than this was indi- 
cated by the finding that dialysis wholly failed to 
reverse it. This result raised the possibility that DON 
was alkylating the enzyme. To investigate this point, 
a spectrophotometric technique was used. It was rea- 
soned that the diazonium group would very likely 
be lost in the course of any alkylation, giving rise 
to gaseous N, and an enzyme with 6-hydroxy-5-oxo- 
L-norleucine covalently coupled to some functional 
group at its active site. Since the strong ultraviolet 


MoS 


absorbance of DON is a consequence of its dia- 
zonium group, it follows that a decline in absorbance 
at the Anax. 274mm, would be observed with alkyla- 
tion. If alkylation is the sole explanation for this effect 
it also follows that the decline should be stoichio- 
metric with the number of active sites on the mol- 




















200 400 

'/S 
Fig. 5. Inhibition of L-asparaginase from E. carotovora by 
DON; double-reciprocal analysis. L-asparaginase (0.061 
1.U.) from E. carotovora was incubated at 37° for 30 min 
with 200 yl of 0.01M L-asparagine in 0.05M_ Tris-HCl 
buffer, pH 8.4, with DON at | mM (0), 2mM (A), 4mM 
(@) and 8mM (©) or without DON (C0). The reactions 
were terminated by the addition of 50 ul of 2M HCI fol- 
lowed in 10 min by 50 yl of 2M NaOH. Any L-aspartic 
acid produced was measured spectrophotometrically as 

described in Materials and Methods. 
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ecule. Experimentally it was observed that | nmole 
L-asparaginase from Erwinia can decompose up to 
1Snmoles DON before the enzyme is inactivated. 
That this effect was attributable to the amidohydroly- 
tic activity of the L-asparaginase used, and not to 
some contaminant. was shown by the ability of an 
80-fold molar excess of alternate substrate. D-aspara- 
gine, to inhibit the decomposition of DON by 50 per 
cent. These findings warrant the conclusion that 
DON is interacting in two ways with this amidohyd- 
rolase: (1) the diazoketone is capable of covalently 
alkylating the enzyme. and (2) the enzyme is capable 
of catalytically decomposing the diazoketone. These 
interactions are comparable to those of DONV with 
L-asparaginase from E. coli [22]. However, it should 
be pointed out that whereas the L-asparagine amido- 
hydrolase from £. coli decomposes DONV rapidly. 
its counterpart from Erwinia decomposes DON at a 
very feeble rate. 

Only DON exerted inhibition against the pH 5.0 
L-glutaminase of E. coli (Table 5). Hartman [23-25] 
has published a comprehensive analysis of this inter- 
action and has reported that the diazoketone alkyl- 
ated the enzyme, giving rise to irreversible inhibition. 
On the other hand, DON alone of the three agents 
examined failed to inhibit mouse liver L-asparagine 
transaminase. CONV was a more powerful inhibitor 
of this transaminase than DONYV, but neither agent 
exhibited outstanding potency. The same was true of 
all three ketoamino acids against L-glutamine trans- 
aminase of mouse liver. In this case, however, the 
order of inhibitory potency differed from that antici- 
pated: DONV proved to be the best inhibitor of 
L-glutamine transaminase, while CONV and DON 
were both appreciably less active. It is of interest that 
DON appeared to permit transamination in_ the 
absence of an exogenous ketoacid. This finding may 
indicate that DON has itself been transaminated to 
the 2-keto form by the crude preparation used, or 
even that the 4-keto function adjacent to a diazonium 
group can be transaminated, possibly by analogy to 
the recognized transamination of succinic semialde- 
hyde. 


DISCL SSION 


Inhibition of tumor growth by L-asparaginase is 
presumed to be associated with the depletion of cellu- 
lar L-asparagine. The development of enhanced syn- 
thesis of L-asparagine from L-aspartic acid and L-glu- 
tamine (or NH3) via the enzyme L-asparagine synthe- 
tase has been linked with clinical resistance to therapy 
with L-asparaginase [1]. A variety of animal tumors 
sensitive to L-asparaginase contain low 


animals bearing these tumors with subcurative doses 
of L-asparaginase results in increased 
L-asparagine synthetase and the concomitant develop- 
ment of resistance to L-asparaginase [27]. It follows 
from this sequence that effective inhibition of L-aspar- 
agine synthetase should (1) increase the therapeutic 
efficacy of L-asparaginase in L-asparaginase-sensitive 
tumors by preventing the development of resistance. 
and possibly (2) convert tumors already resistant to 
L-asparaginase back to the sensitive state. Structural 
analogs of L-glutamine might be expected to compete 
for the L-glutamine-binding sites on L-asparagine syn- 


levels of 
L-asparagine synthetase [26]: repeated treatment of 


levels of 
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thetase and thus serve as effective inhibitors of this 
enzyme. Accordingly, a variety of these analogs have 
undergone trials as possible inhibitors of L-asparagine 
synthetase [1 ]. 

Haskell and Canellos [28] reported strong. inhibi- 
tion of L-glutamine utilization by L-asparagine syn- 
thetase of KB human tumor cells exposed to the 
ketoamino acids DON and DONV. Livingston et 
al. [1], in studying the effects of L-glutamine analogs 
on L-asparagine synthetase from Gardner lymphosar- 
coma, discovered that DON and CONV significantly 
inhibited the utilization of L-glutamine but not of 
NH, by the enzyme. Chou and Handschumacher [11 ] 
demonstrated that CONV and DONV were both 
potent inhibitors in vitro of L-glutamine utilization 
by L-asparagine synthetase of the murine mastocy- 
toma P815, while Horowitz and Meister [14] showed 
that CONV inhibited the utilization of L-glutamine 
as well as of ammonia by the enzyme from L-aspara- 
ginase-resistant RADAI mouse leukemia. 

In the present studies in vitro on L-asparagine syn- 
thetase from L5178Y/AR, both DON and CONV 
behaved as potent inhibitors of L-glutamine utiliza- 
tion by the enzyme: DONV was a comparatively 
weak inhibitor. None of the three ketoamino acids 
exerted any significant effect on NH, utilization. As 
an explanation for the difference between these results 
and those of Horowitz and Meister (using RADAI 
leukemia) [14] it may be suggested that L-asparagine 
synthetase from the latter neoplasm is biochemically 
similar to the L-asparagine synthetase of mouse pan- 
creas, an enzyme whose utilization of NH; was shown 
to be partially inhibited by DON and CONV in the 
present study. 

Further analysis of the inhibitory characteristics of 
the ketoamino acids against L-asparagine synthetase 
from LS5178Y/AR_ revealed that all three agents 
appeared to inhibit competitively with L-glutamine as 
substrate. However, at L-glutamine concentrations 
below 5mM, DON and CONV showed noncompeti- 
tive inhibition toward L-glutamine utilization by 
L-asparagine synthetase. These findings are consistent 
with those of Horowitz and Meister[14], who 
showed that CONV appears to compete with L-gluta- 
mine for utilization by RADAI L-asparagine synthe- 
tase. However, in view of the irreversible nature of 
the inhibition produced by DON and CONV. the 
apparent patterns of inhibition seen in the kinetic ex- 
periments with these agents must be viewed with cau- 
tion [29]. 

Nevertheless, in the case of at least three classical 
and irreversible antagonists of L-glutamine, unambi- 
guous, competitive double-reciprocal plots have been 
published. Thus, Chu and Henderson [30] presented 
good diagrammatic evidence that azaserine (O-dia- 
zoacetyl-L-serine) inhibited phosphoribosyl formyl 
glycinamidine synthetase (EC 6.3.5.3) in an apparently 
competitive manner; Mazlen [31] and Hartman [32] 
documented that the early interaction of DON with 
L-glutamine-D-fructose-6-phosphate amidotransferase 
(EC 6.3.1.19) and phophoribosyl pyrophosphate ami- 
dotransferase (EC 2.4.2.14), respectively, was formally 
competitive in type; and. Horowitz and Meister [14]. 
using CONV, also published Lineweaver- Burk plots 
which illustrate competitive inhibition. Therefore, des- 
pite the ultimate irreversibility of the inhibition 





DON, CONV and DONV 


exerted by these agents, the constancy of these appar- 
ent kinetic patterns does support the conclusion that 
inhibition is occurring in two steps, the earlier of 
which can be wholly overcome by an infinitely high 
concentration of L-glutamine. 

Horowitz and Meister [14] and Hartman [32] sug- 
gested that the specific mechanism by which CONV 
inhibits L-glutamine-utilizing enzymes is by irrevers- 
ible alkylation of L-cysteinyl residues. A similar 
mechanism has been proposed for DON [33-35]. The 
suggestion that the ketoamino acids bind at L-cys- 
teinyl residues is supported by our demonstration 
that dithiothreitol was capable of preventing and par- 
tially reversing the inhibition of the tumoral L-aspara- 
gine synthetase by DON, CONV and DONV. 

It appears from the present studies that DON, 
CONV and DONV behave predominantly as L-gluta- 
mine analogs in their inhibition of L-asparagine syn- 
thetase. To see whether these agents were universal 
analogs of L-glutamine, their effect on other enzymes 
involving L-glutamine either as a substrate or as a 
product was investigated. DONV and CONV pro- 
duced only marginal inhibition in vitro of L-glutamine 
synthetase from mouse brain and liver, while DON 
was totally inert. With E. coli L-glutamine synthetase, 
Wu and Yuan [36] likewise were unable to demon- 
strate inhibition by DON. Tiemeier and Milman [37] 
did, however, demonstrate that DON and DONV in- 
hibited the synthesis of L-glutamine catalyzed by the 
enzyme from Chinese hamster liver. Although L-gluta- 
mine has been known to act as a product inhibitor 
of L-glutamine synthetase in Bacillus subtilis [21], E. 
coli [38] and rat liver [39], it can be conjectured that 
the failure of these ketoamino acids to act as analogs 
of L-glutamine with respect to mouse liver L-gluta- 
mine synthetase may reflect specific resistance of the 
enzyme from this species to product inhibition. 

The fetal rat liver amidotransferases (Table 4) are 
closely related to mouse L-asparagine synthetase, in 
that they, too, utilize the carboxamide of L-glutamine. 
Accordingly, it was not surprising that the relative 
inhibitory potencies of the ketoamino acids against 
these enzymes mirrored their activity against L-aspar- 
agine synthetase of L5178Y/AR. DON and CONV 
inhibited all of the fetal rat liver amidotransferases 
studied, while DONV exhibited only modest inhibi- 
tion of fetal rat liver L-asparagine synthetase and fee- 
ble inhibition of L-glutamine-p-fructose-6-phosphate 
amidotransferase. Similar inhibition of several amido- 
transferases by one or more of the ketoamino acids 
has been demonstrated by others [6, 13, 30, 33, 40]. 

Inasmuch as these ketoamino acids bear a struc- 
tural resemblance to L-asparagine as well as to L-glu- 
tamine, it is reasonable to suppose that they might 
behave as L-asparagine antagonists under certain con- 
ditions. In fact, Livingston et al. [1] found that both 
CONV and DONYV were strong inhibitors of L-aspar- 
aginase from mouse liver, agouti plasma and E. coli. 
DON however, was without effect on any of these 
enzymes. Handschumacher et al. [9] also showed that 
DONV was a potent inhibitor of E. coli L-aspara- 
ginase. These findings are supported by the results 
of the present study (Table 5); DONV inhibited all 
four L-asparaginase tested and CONV inhibited the 
hydrolases from the plasma of the squirrel monkey 
and from E. carotovora. Of great interest is the inhibi- 
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~ tion of L-asparaginase from Erwinia by DON. This 


enzyme is known to exhibit a V,,,, with L-glutamine 
rougly three times that of its counterpart from E. coli, 
a feature which probably serves to explain its inhibi- 
tion by DON. Holcenberg er al. [41] also reported 
that DON was a good inhibitor of the mixed L-gluta- 
minase—L-asparaginase purified from the Actinobacter 
species, and a still better inhibitor of the analogous 
enzyme from Pseudomonas aeruginosa. Their data also 
indicate that the pseudomonal enzyme attacks DON 
at a rate 5000 times less than it attacks L-glutamine. 
In the present studies, DON has been shown to be 
decomposed by L-asparaginase from Erwinia at a 
similarly feeble rate. 

What emerges clearly from these studies is that 
DONV is a potent L-asparagine antagonist and a 
weak analog of L-glutamine. CONV, under different 
circumstances, may act as either an L-asparagine or 
L-glutamine antagonist, while DON is the strongest 
L-glutamine antagonist of the three, although exhibit- 
ing L-asparagine antagonism in select systems. 

Further studies on the possible therapeutic efficacy 
of these three agents in several experimental tumors 
as well as on their activity against L-asparagine syn- 
thetase in vivo are the subjects of companion 


papers [42. 43]. 
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Abstract—Compound 48/80-induced histamine release from isolated rat peritoneal mast cells was inhi- 
bited in a dose-dependent manner by papaverine (ICs) approx 20 uM). This effect of papaverine was 
not influenced by PGE, (14-140 uM), even though PGE, markedly increased mast cell cAMP levels. 
Papaverine (0.5 mM) completely inhibited histamine release without causing any change in cAMP 
levels. Theophylline (0.1 and 0.5 mM) potentiated histamine release induced by submaximal concen- 
trations of compound 48/80, while cAMP levels were increased. IBM X was as potent as papaverine 
in causing inhibition of mast cell phosphodiesterase. IBM X (0.14-0.7 mM) had no effect on histamine 
release but caused a 6-20 fold increase in mast cell cyclic AMP. Papaverine inhibition of histamine 
release was gradual at the onset and was parallelled by a depletion of mast cell ATP content. The 
inhibition of 48/80-induced histamine release and depletion of mast cell ATP levels was reversed by 
glucose. It is concluded that papaverine induced inhibition of 48/80-induced histamine release is inde- 
pendent of cAMP, is unrelated to phosphodiesterase inhibition but is dependent upon inhibition of 


energy production. 


Anaphylactic histamine release from isolated rat peri- 
toneal mast cells, human lung tissue and human leu- 
cocytes is depressed by agents that elevate cAMP 
levels [1-3]. The evidence suggesting a modulatory 
role of cAMP in anaphylactic histamine release was 
recently summarized [4]. 

There are similarities as well as dissimilarities 
between anaphylactic histamine release and release 
caused by the synthetic polyamine compound 
48/80 [5,6]. Loeffler et al. [7] found that dibuturyl 
cAMP, prostaglandin E, (PGE,) and certain phos- 
phodiesterase inhibitors decreased compound 
48/80-induced histamine release from isolated rat 
mast cells. The authors suggested that both anaphy- 
lactic and compound 48/80-mediated histamine 
release are modulated by cAMP. On the other hand, 
Johnson and coworkers [8], who compared mast cell 
histamine release with cAMP levels failed to detect 
any clear relationship between these two parameters. 

Papaverine is a well-known smooth muscle relax- 
ant and a potent inhibitor of cyclic nucleotide phos- 
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phodiesterase [cf. 9]. These facts have been taken as 
evidence both that cAMP is involved in smooth 
muscle relaxation and that papaverine acts pharma- 
cologically by elevating intracellular cAMP [9]. How- 
ever, papaverine inhibits not only phosphodiesterase 
but also numerous other cellular enzymes and pro- 
cesses, including mitochondrial respiration [10]. 

We report that papaverine inhibits histamine 
release from isolated mast cells. This inhibition of his- 
tamine release seems to be independent of phospho- 
diesterase inhibition or changes of the cAMP levels. 
The inhibition was related to lowered mast cell ATP 
levels and thus probably to inhibition of energy pro- 
duction 


MATERIALS AND METHODS 


Male Sprague-Dawley rats (Anticimex strain) 
weighing 350 to 450 g were used. Mast cells from peri- 
toneal and thoracic cavities were isolated by the 
Ficoll density gradient technique of Uvnis and 
Thon [11]. The cells were 85 to 96° pure mast cells 
as judged by cell counting of stained or unstained 
cell populations. 

After isolation, the cells were incubated at 37° in 
a medium containing 145mM NaCl, 2.7mM KCl 
and 10° (v/v) Sorensen phosphate buffer pH 7.0. His- 
tamine release was induced by compound 48/80 (AB 
Leo, Helsingborg, Sweden) either by adding a small 
amount of a concentrated 48/80 solution to a dilute 
cell suspension or by adding an aliquot (1.5 yl) of a 
concentrated mast cell suspension to 2ml medium 
containing compound 48/80. The final concentration 
of 48/80 was 0.5 ng/ml except where otherwise indi- 
cated. The histamine release was completed | to 5 min 
after addition of compound 48/80[11]; the reaction 
was then stopped by chilling the tubes in an ice-water 
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bath. Thereafter cells were separated from the 
medium by centrifugation (400 g for 5 min) at 4. 
Phe cell cake was lysed in distilled water and resus- 
pended by a Vortex-mixer. Histamine concentration 
in the medium and in lysed cells was measured as 
described previously[12]. Histamine release is 
expressed as per cent of total histamine content and 
was found to range between | and 7.2 per cent under 
basal conditions and between 42.5 and 81.6 per cent 
when stimulated by 0.5 zg/ml 48/80. The total amount 
of histamine in mast cells prepared by this procedure 
ranged between 12 and 24 yg per 10° cells. The in- 
fluence of drugs was studied by preincubating the 
cells for 10-15 min before initiating the histamine 
release by compound 48/80. 

For cAMP determinations 0.5-1 x 10° cells were 
deproteinized with 0.3 N perchloric acid (PCA). After 
centrifugation the clear supernatant was added to a 
0.7x 15cm column of Dowex S50W x 4 
(200-400 mesh) in hydrogen form. The cyclic AMP 
was eluted with water. The cAMP containing fraction 
was lyophilized and resuspended in assay buffer [13]. 
cAMP was measured according to Brown et al. [13] 


using bovine adrenal binding protein. By means of 


internal standards corrections could be made for in- 
complete recovery (80-90",). 

Cyclic nucleotide phosphodiesterase was measured 
according to Rutten et al.[14]. Concentrated mast 
cell suspensions (6-10 x 10° cells/ml) were incubated 


with drugs as indicated in the text. After 15 min of 


incubation the cell suspension was sonicated. An ali- 
quot (45 yl) of the crude homogenate was incubated 
in a total of 250 41 50 mM Tris-HCl, 10 mM NaAc, 
2mM MgaAc, pH 7.5 containing 0.75-200 4M cAMP 
and 0.25 wCi *H-cAMP for 10-45 min at 30°, during 
which time the assay was linear. The reaction was 
stopped by placing the reaction tube in a boiling 
water bath for 2.5 min. 25 ul 0.2 mg/ml 5’-nucleoti- 
dase was added and the incubation continued for an 
additional 20 min. Following reheating and centrifu- 
gation a 200 yl aliquot of the supernatant together 
with carrier adenosine was added to a 0.7 x 1.5cm 
column of Dowex-1-X8. Nucleosides were eluted with 
10 ml 0.1 M NaHCO,. Five ml eluant was mixed 
with 10 ml Instagel® (Packard) and the radioactivity 
counted in a Packard Tri-Carb liquid scintillation 
spectrometer. 

Mast cell ATP content was determined as described 
by Peterson [15]. Three to five ATP determinations 
were made on each sample, standard or blank. 
Human serum albumin was included during the isola- 
tion and incubation procedures in order to increase 
mast cell stability. This made protein determinations 
meaningless and results are consequently expressed 
per million cells (or billion cells in the case of ATP). 

Materials. Ficoll was obtained from Pharmacia 
Fine Chemicals (Uppsala, Sweden), human serum 
albumin from AB Kabi (Stockholm, Sweden) and 
bovine serum albumin (Fraction V) from Sigma Co. 
(St. Louis, Miss.. USA). Dowex 50 W-X 4 and Dow- 
ex-1-X8 were obtained from Kebo (Stockholm, 
Sweden) and were extensively washed with HCI and 
NaOH before use. 5’-Nucleotidase (Crotalus adaman- 
teus toxin) was obtained from Sigma (St. Louis, Miss.. 
USA), and *H-cAMP (27.5 wCi/m-mole) from the 
Radiochemical Centre (Amersham, England). Nucleo- 
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tides and nucleosides were obtained from Boehringer 
(Mannheim, BRD). Papaverine hydrochloride (ACO, 
Sweden) was dissolved in distilled water, theophylline 
(ACO, Sweden) and _ |-methyl-3-isobutylxanthine 
(Aldrich) in a minimal amount of acid. Dipyridamol 
(Boehringer-Ingelheim, BRD) and prostaglandin E, 
(Upjohn, Kalamazow, Mich., USA) were dissolved in 
ethanol. (The ethanol concentration in the incubation 
with mast cells never exceeded 10 mg/ml, a concen- 
tration known not to affect mast cell histamine [6]). 


RESULTS 


Effects on histamine release. A dose-dependent inhi- 
bition of histamine release was observed when dilute 
mast cell suspensions were preincubated with papa- 
verine for Smin before the addition of compound 
48/80 (Fig. 1). The histamine release induced by 
| ug/ml 48/80 (a dose giving close to maximal hista- 
mine release as seen in Fig. 1) was inhibited by ap- 
proximately 50 per cent by 10-20 4M papaverine and 
almost completely by 100 4M papaverine. A double 
reciprocal plot of the data in Fig. | suggests a mixed 
type inhibition. 

PGE, had a very slight inhibitory effect on com- 
pound 48/80-induced histamine release (12.7 + 1.7% 
inhibition at 0.14mM). The inhibitory effect of PGE, 
was not significantly affected by prolonging the time 
of preincubation to 30 min, even though the histamine 
release caused by 48/80 alone was decreased. The in- 
hibitory effect of papaverine on histamine release was 
not significantly changed by PGE, (0.01—0.14 mM). 
Theophylline (0.12mM) did not inhibit histamine 
release or alter the effectiveness of PGE, as an inhibi- 
tor. In another series of experiments concentrated sus- 
pensions of mast cells were preincubated with differ- 
ent phosphodiesterase inhibitors: theophylline, 
IBMX, papaverine or dipyridamol. After preincuba- 
tion an aliquot was transferred to fresh medium con- 
taining 48/80. The results are shown in Fig. 2. Papa- 
verine and the high concentration of dipyridamol 
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Fig. |. Inhibition of compound 48/80 induced histamine 
release by papaverine. Results are expressed as histamine 
release in per cent of control release induced by 1| ug/ml 
48/80 (70.4 + 4°). @ No papaverine (3 expts); Mi, 0.01 mM 
papaverine (1 expt); A, 0.02 mM papaverine (1 expt); A, 
0.033 mM _ papaverine (3 expts); O, 0.1mM_ papaverine 
(2 expts). Preincubation for 5 min before addition of 48/80. 
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Fig. 2. The effect of some phosphodiesterase inhibitors on 48/80-induced histamine release. Concen- 
trated cells were incubated with the drug for 15 min at the indicated concentrations. Results expressed 
as per cent of control release induced by 1| pg/ml 48/80 (46.7 + 3.3°,). Means of 3-6 determinations. 
Theophylline, A 0.1 mM, @ 0.5 mM. © 2.5 mM: dipyridamol, @ 0.05 mM, © 0.25 mM: papaverine, 


A 0.02 mM, @ 0.1 mM, 0 0.5 mM: IBMX (3-isobutyl-l-methylxanthine), @ 0.14 mM, O 0.7 mM. 


(0.25 mM) were inhibitory, but neither of the methyl- 
xanthines showed any inhibitory effect. In fact, the 
lower concentrations of theophylline enhanced the 
histamine release induced by suboptimal concen- 
trations of 48/80. It can be calculated from the results 
shown in Fig. 2 that 0.1 mM theophylline increased 
release by 77°, at 0.1 ug/ml 48/80, by 48°, at 0.2 ug/ml 
48/80, by 24°, at 0.5 ug/ml 48/80, but only by 4°, 
at | ug/ml 48/80. 

Effects on cyclic AMP. and _ phosphodiesterase. The 
cyclic AMP content of untreated mast cells was 
0.80 + 0.24 pmole/10° cells (n = 24). Papaverine 
(0.1 mM) caused an increase of 0.54 + 0.26 pmole/10° 
cells (n = 20) over basal values. PGE, alone at a con- 
centration of 0.14mM caused a four-fold increase in 
the cyclic AMP content (to 3.49 + 0.28 pmole/10° 
cells), and the addition of papaverine (0.1 mM) led 
to a further doubling (to 7.73 + 2.27 pmole/10° cells). 

Table | shows the results of two experiments on 
the effect of four phosphodiesterase inhibitors on his- 
tamine release and on cyclic AMP content of mast 
cells. It can be seen that the two methylxanthines 
(theophylline and IBMX) had little or no effect on 
histamine release but caused a dose-dependent in- 
crease in cyclic AMP. In particular IBMX (0.70 mM) 
caused a 20-fold increase in cyclic AMP but no signi- 
ficant inhibition of histamine release. Papaverine. on 
the other hand, caused a marked inhibition of hista- 
mine release at 0.02 to 0.5mM concentration, with 
a very minor effect on cyclic AMP. It is of interest 
that cyclic AMP elevations were more pronounced 


at low than at high concentrations of papaverine. 
These results demonstrate that histamine release 
caused by 48/80 can proceed normally even though 
cyclic AMP levels are elevated. They also show that 
papaverine inhibits histamine release independently of 
changes in cyclic AMP. 

A kinetic analysis of mast cell phosphodiesterase 
activity revealed the presence of two forms, one with 
a K,, of about 1.5 4M and one with a K,, about 
100 uM, in agreement with earlier results [8, 16]. The 
activity was found to be 0.08 and 1.8 nmole/min/10° 
cells at 1.5 uM and 100 uM cAMP, respectively, Le. 
values similar to those reported by the other authors. 
The effects of increasing concentrations of the drugs 
are presented in Fig. 3. The ICs, for the low K,, 
enzyme (assayed at 1.5 4M cAMP) was 9uM_ for 
IBMX, 14 uM for papaverine, 45 uM for dipyridamol 
and | mM for theophylline. The values are similar 
to those reported by Johnson et al. [8], who added 
the drugs directly to the assay medium. 

Effect on ATP levels. The degree of inhibition 
caused by papaverine was far less when concentrated 
cell suspensions were preincubated with the drug and 
an aliquot transferred to fresh medium containing 
48/80 (Fig. 2) than when dilute cell suspensions were 
used and the release reaction was initiated by a small 
aliquot of 48/80 added to the preincubation tube (Fig. 
1). The difference does not appear to be due to a 
difference in cell concentration (experiments not 
shown). On the other hand, as shown in Fig. 4, the 
inhibitory effect of papaverine was very rapidly 
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Table |. Relationship between compound 48/80-induced histamine release and cAMP 
content in mast cells treated with different phosphodiesterase inhibitors 





Concentration 


Drug (mM) 


cAMP content 
(pmoles/10° cells) 


Histamine release 
(°%, of total) 





None 
Theophylline 


Papaverine 


Dipyridamol 


Isobutylamethyl- 
xanthine 


0.58 
0.38 
0.95 


0.27 
0.12 
0.15 
0.25 
0.32 
0.52 
0.32 
0.25 


1.92 


46.1 + 1.2 


t 
He HE He HEH HH 
He HE HE HE HH HE 


On 


Aw 


+ 1.42 
+ 2.40 


I+ I+ 


44.9 





Rat peritoneal mast cells (6.5-7 x 10° cells/ml) were incubated with or without 
drug for 15min. 1.544 of the cell suspension was added to 2 ml buffer containing 
| ug/ml 48/80 (or no drug). After 3 min the reaction was stopped by cooling the 
tubes in ice water and histamine release was estimated as described in Methods. 
The remainder of the concentrated cell suspension was deproteinized by the addition 
of an equal amount of cold 0.6 N PCA, and used for the determination of cAMP. 
Mean + S.D. from triplicate determinations in two experiments. 


reversed when the cells were transferred to a fresh 
medium. Moreover, the inhibitory effect of papaverine 
on histamine increased progressively with time of 
preincubation of the drug. Such a time course is to 
be expected if papaverine acts by depleting the cell 
of an essential cofactor in the release reaction. Fig. 
5 shows that papaverine caused a progressive deple- 
tion of mast cell ATP levels, which were reduced to 
less than half the original concentration within 2 min 
and almost to zero after 10 min. The results summar- 
ized in Fig. 6 show that this effect of papaverine can 
be counteracted dose-dependently by glucose. The 
results in Fig. 7 further demonstrate that papaverine 
and papaverine plus glucose produce essentially par- 
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Fig. 3. Inhibition of low K,, phosphodiesterase by different 
drugs. Per cent of control PDE activity. Mean + S.E.M. 
of duplicate determination from 2 or 3 separate 
experiments. 
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Fig. 4. Time course of inhibition by papaverine. Dilute 
cell suspensions were incubated with 0.1 mM_ papaverine 
for the time indicated along the abscissa before the addi- 
tion of 48/80 (0.5 ug/ml). At W the cells were centrifuged 
and resuspended in fresh buffer either without (solid line) 
or with papaverine (broken line). The cells were then incu- 
bated for an additional minute before the addition of 
48/80. 


allel effects on histamine release and on mast cell 
ATP levels. 


DISCUSSION 


Several studies have examined the possible role of 
cyclic AMP on the histamine release process in mast 
cells. In some of these, cyclic AMP levels have been 
measured. In the present study, using a protein bind- 
ing assay, we found, the cAMP level in untreated 
mast cells averaged 0.80 pmole/10° cells. This value 
is close to that reported by Johnson and coworkers 
(0.68 pmole/10° cells) [8], using a protein-kinase acti- 
vation assay and by Gripenberg et al. (1.33 pmole/10° 
cells) [17], using radioimmunoassay. However, it is 
lower than the value reported by Kaliner and Austen 
(4.7 pmole/10° cells) [1] using a procedure similar to 
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Fig. 5. Depletion of mast cell ATP by papaverine 
(0.1 mM). Mast cells were incubated for varying periods 
of time with the drug. ATP content was measured as de- 
scribed under Methods. Mean (+ range) of three separate 
experiments. 


ours and 20 times lower than the values reported by 
Sullivan et al. (16pmole/10° cells)[18] using a 
radioimmunoassay. We have no explanation for the 
discrepancies between reported values for cAMP in 
untreated mast cells. 

There appears to be general agreement that PGE,, 
theophylline and papaverine elevate mast cell cAMP 
levels (Refs. 1,8,18 and present results), even though 
the absolute magnitude of the changes and the con- 
centrations of the drugs necessary to induce them 
seem to vary somewhat between laboratories. In our 
hands, a high concentration of PGE, (0.14mM) 
caused a very small, but statistically significant inhibi- 
tion of 40/80 induced histamine release. 

It is not possible to potentiate the slight inhibitory 
effect of PGE, by theophylline (Ref. 7 and present 
data). Theophylline in a concentration that caused a 
4-fold increase in cAMP concentration did not inhibit 
40/80-induced histamine release. In fact. the effect of 
submaximal concentrations of 48/80 was considerably 
enhanced. We did not find any inhibition of 
48/80-induced histamine release by IBMX, a potent 
phosphodiesterase inhibitor, even at concentrations 
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Fig. 6. Reversal of papaverine-induced inhibition of hista- 

mine release by addition of glucose. The mast cells were 

incubated at the indicated glucose concentrations with or 

without papaverine (0.1 mM) for 10 min before the addi- 
tion of compound 48/80 (0.5 ug/ml). 
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Fig. 7. Relationship between ATP content and histamine 

release. Mast cells were incubated in the absence (control), 

or in the presence of 0.1mM_ papaverine (pap) or with 

0.1 mM papaverine plus 2mM glucose (pap + glucose) for 

10 min before ATP determination or the addition of 48/80 
(0.5 pg/ml). 


causing a 20-fold increase in cyclic AMP. Johnson 
et al. [8], studying a number of drugs, failed to detect 
any clear relationship between changes in cAMP and 
changes in 48/80-induced histamine release. Our own 
results confirm this conclusion. 

When mast cell suspensions were incubated with 
papaverine for 5 min or longer, 48/80-induced hista- 
mine release was dose-dependently inhibited with an 
ICs, Of approximately 20 uM, which is close to the 
ICs, for phosphodiesterase inhibition by papaverine. 
Loeffler et al.[7] found a correlation between the 
concentration of theophylline, reserpine, DEAE-reser- 
pine and perphenazine necessary to inhibit phospho- 
diesterase and 48/80-induced histamine release. They 
suggested that these drugs acted by preventing the 
breakdown of intracellular cAMP. The results pre- 
sented in the present paper do not support this con- 
tention, however. Firstly, there is, as noted above, no 
clear evidence that increasing intracellular cAMP 
leads to an inhibition of 48/80-induced histamine 
release. A maximally effective concentration of papa- 
verine (0.5 mM) had no effect on cAMP, while lower 
concentrations (0.02 and 0.1 mM) causing less inhibi- 
tion of release did produce significant elevations of 
mast cell cAMP. Secondly, our data do not suggest 
a Clear relationship between inhibition of histamine 
release and of phosphodiesterase. In particular, IBMX 
caused a marked inhibition of phosphodiesterase 
without affecting histamine release. 

The inhibition of histamine release by papaverine 
was gradual in onset but rapidly reversed upon wash- 
ing and was overcome by glucose. Johnson et al. [9], 
who used 5.6mM glucose in the medium, found no 
significant inhibition by papaverine. These results 
suggest that papaverine inhibits energy metabolism 
in mast cells. There is considerable evidence that his- 
tamine release induced by compound 48/80 is an 
energy-dependent process and that inhibition of mast 
cell energy production can inhibit histamine release 
(for references see [15]). Browning et al. [19] recently 
reported a concentration dependent inhibition of res- 
piration by papaverine (ICs_) 54M) in C-6 astrocy- 
toma cells as well as a time-dependent depletion of 
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creatine phosphate and later of ATP. We also found 
a time-dependent depletion of mast cell ATP content. 
The time-course for depletion of ATP and inhibition 
of 48/80-induced histamine release was quite similar 
(Figs. 4 and 5). Furthermore, the reversal of papaver- 
ine inhibition of histamine release by glucose is paral- 
leled by a restoration of ATP levels (Fig. 7). 

In conclusion, we have found a_ concentration 
dependent inhibition of 48/80 induced histamine 
release by papaverine. This is probably not due to 
an inhibition of phosphodiesterase leading to in- 
creased intracellular cAMP levels, since there was no 
correlation between cAMP content of mast cells and 
the histamine release (Ref. 8 and present results) or 
between inhibition of histamine release and inhibition 
of mast cell phosphodiesterase. In contrast, our data 
suggest that papaverine acts via depletion of mast cell 
ATP, leading to an inhibition of energy requiring pro- 
cesses, into which category 48/80-induced histamine 


release falls. 
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Abstract 


The acetylation of hemicholinium-3 (HC-3) by choline acetyltransferase (ChAc) from a rat 


brain homogenate has been investigated using several different methods to recover the acetylated prod- 
uct. These methods are based on precipitation by ammonium reineckate, binding to an ion-exchange 
column (Amberlite CG-50), extraction with sodium tetraphenylboron in butyl ethyl ketone, extraction 
with mercuric potassium iodide in octanone and paper electrophoresis. Identification of the incubation 
product by electrophoresis showed that HC-3 was acetylated although it was not established whether 
the product was the mono- or the bi-acetylated form. The observed acetylation of HC-3 (1 mM) 
compared with choline (1 mM) varied between 0 and 27 per cent depending on the procedure used 
for isolation of the acetylated product. It is suggested that this variation arises out of differences 
in the relative percentage recoveries of acetyl HC-3 and acetylcholine by the different methods; the 
ion-exchange procedure was shown to recover ACh efficiently but did not recover any acetyl HC-3. 
The possibility that HC-3 is acetylated in vivo has been suggested and the significance of this possibility 


discussed. 


Hemicholinium-3 (HC-3), a bis-quaternary ammon- 
ium compound containing two choline-like moieties 
and first investigated by Schueler [1] has been 
shown to inhibit the formation of acetylcholine 
(ACh) in membrane-enclosed systems of cholinergic 
nerves [2,3]. An effect on the uptake of choline into 
the presynaptic nerve terminal has been proposed as 
the main action of HC-3 responsible for this inhibi- 
tion [4-7]. However interference with other aspects 
of ACh metabolism has also been suggested; these 
suggestions include effects on the conversion of cho- 
line to phosphorylcholine, phosphatidylcholine and 
betaine [5, 8,9, 10]; inhibition of the transfer of ACh 
from the cytoplasm into synaptic vesicles [11]; inhibi- 
tion of brain choline kinase [12]; and acetylation by 
choline acetyltransferase (ChAc, acetyl-CoA: choline- 
O-acetyltransferase, EC 2.3.1.6) the enzyme respon- 
sible for the synthesis of ACh from choline and acetyl- 
coenzyme A [13, 14]. 

The acetylation of HC-3 has been investigated by 
several workers and has produced conflicting results. 
It has been proposed by Rodriguez de Lores Arnaiz 
et al. [13] and Hemsworth [14] that for HC-3 as 
for triethylcholine (TEC), a compound with pharma- 
cological actions similar to HC-3 [15], that acetyla- 
tion by ChAc may take place followed by release of 
the acetylated product as a false transmitter. These 
workers have reported that HC-3 is acetylated in vitro 
by ChAc but that the acetylation is only about 25 
per cent as efficient as the acetylation of choline. 

This suggestion has been disputed, however, by 
Diamond and Milfay [16] who could find no evi- 
dence for the acetylation of HC-3 by soluble rat brain 
ChAc in vitro. In addition Collier [11] showed a lack 
of release of accumulated ['*C]HC-3 upon nerve 
stimulation of a cat superior cervical ganglion prep- 
aration. 

The present investigation seeks to resolve the con- 
troversy surrounding the acetylation of HC-3, by 
using several established methods to detect any acety- 
lated product that might be formed. 


MATERIALS AND METHODS 

ChAc enzyme preparation. Fresh rat brains were 
homogenised on ice in 0.1°,, Triton X-100 containing 
200mM KCI (10 ml/g wet wt) using a glass homo- 
geniser with a Telfon pestle. The homogenate was 
centrifuged at 20,000 g for 20 min and the supernatant 
containing the enzyme was used immediately or 
stored at —20. 

When ChAc was required free from endogenous 
choline, it was first passed through a Sephadex G-50 
column equilibrated with 200mM KCI. 

Incubation system. The rates of acetylation of cho- 
line and HC-3 were estimated by incubation with ace- 
tyl-1-['*C]coenzyme A and ChAc and by quantitative 
determination of the amount of labelled product 
formed. 

The incubation mixture was placed in a plastic mic- 
rofuge tube (Beckman) and contained 5 sl ChAc, 10 
of distilled water, choline (2.5 mM) or HC-3 (2.5 mM) 
and 101 of a buffer solution containing acetyl-1- 
['*C]coenzyme A (58 mCi/m-mole), 5 x 10°°M; 
MgSO,. 10°7M: NaCl, 6 x 10°? M; physostigmine 
sulphate, 4 x 10°*M: EDTA, 2 x 10°*M; albumin, 
0.1 mg/ml; and potassium phosphate (pH _ 7.7) 
3 x 10°? M. The total volume of the incubation mix- 
ture was 25 yl. The mixture was incubated at 37 for 
15 min over which time the reaction followed a linear 
time course as determined from a graph of cpm of 
acetylated product against time. 

To ascertain that endogenous choline had been 
removed by passage of the ChAc through Sephadex 
G-50, incubations were carried out in which no exo- 
genous substrate was added. Blank values were deter- 
mined in which the enzyme was denatured by precipi- 
tation with trichloroacetic acid before incubation. 
Isolation and identification of the acetylated product. 

(a) Reineckate precipitation. The method used was 
a modification of the procedure described by McCa- 
man and Hunt [17]. After incubation, 5 ul of 50 
per cent trichloroacetic acid (TCA) containing 
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2 x 10 'M choline chloride as carrier was added to 
precipitate the enzyme. The tubes were centrifuged 
in a microfuge (Beckman) and 204d of the superna- 
tant was transferred to SOyl of a_ saturated 
ammonium reineckate solution in 0.5 N HCl. The 
tubes were again centrifuged and after removal of the 


supernatant the precipitate was washed with 50 4 of 


0.2N HCl. Aftet recentrifugation and removal of the 
supernatant the precipitate was dissolved in 100 ul of 
acetone and transferred to Whatman glass-fibre filter 
discs. The radioactivity was then determined by 
adding 5 ml of a toluene-based scintillation fluor con- 
taining PPO (5 g/litre) and POPOP (0.3 g/litre) and 
counting in a liquid scintillation counter (Beckman 
LS-230). 

(b) Extraction with sodium tetraphenylboron in butyl 
ethyl ketone. After incubation, 20 il of the incubation 
was transferred to 7 ml of 10mM _ sodium phosphate 
buffer (pH 7.4) containing 0.25 mg of acetylcholine 
chloride according to the method of Fonnum [18]. 
One ml of butyl ethyl ketone containing 15mg of 
sodium tetraphenylboron was then added and after 
thorough mixing the tubes were centrifuged to separ- 
ate the layers. One-half ml of the upper ketone layer 
was then transferred directly to 10ml of toluene- 
based scintillation fluor and the radioactivity deter- 
mined. 

(c) Extraction with mercuric potassium iodide in 
octanone. The method used in the present experiments 
was a modification of that described previously by 
Glover and Green [19]. As in the reineckate method, 
the reaction was stopped by the addition of 5 yl of 
50 per cent TCA containing 2 x 10°'M choline 
chloride. One hundred yl of a solution containing 
Q.1M mercuric potassium iodide (K,HglIy) in 
octanone was added and mixed thoroughly. The tubes 
were then centrifuged in a microfuge to separate the 
two layers. The modification used in the present ex- 
periments consisted of removing 50 4d of the upper 
octanone layer which was transferred to a Whatman 
glass-fibre filter disc. The filter disc was dried and 
was then counted in 10 ml of toluene-based scintilla- 
tion fluor. In the method used by Glover and Green 
[19] an aliquot of the octanone layer was added di- 
rectly to scintillation fluor and counted for radioacti- 
vily. 

(d) Electrophoresis. Electrophoresis was used both 
to isolate and to identify the acetylated products after 
incubation. The reaction was stopped by adding 5 pl 
of acetic acid (1.5 M)/formic acid (0.75 M) buffer to 
the incubation medium. TCA was not used as it was 
found to interfere with the subsequent electrophoresis. 
Aftercentrifugation, 20 yd of the reaction mixture was 
applied to the mid-line of an electrophoresis paper 
strip. Four applications of 5 yl were used and the 
paper was allowed to dry in between the applications 
in order to obtain a narrow band of sample on the 
paper. The strips were then subjected to electro- 
phoresis at 500 V for | hr in a V-type Durrum cell 
(Beckman) using 1.5 M acetic acid—0.75 M formic acid 
buffer as described by Potter and Murphy [20]. After 
electrophoresis. the strips were stained in iodine 
vapour whilst barely damp and the position of any 
stained band was marked in pencil. 

Radioactive strips were passed through a Tracerlab 
4x .strip scanner to determine the position of the 
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radioactivity. For a quantitative assessment of the 
radioactivity the strips were cut into l-cm portions 
and counted in S5ml of toluene-based scintillation 
fluor. — 

The position of the radioactive bands obtained 
after electrophoresis of incubation mixtures were 
compared with the stained bands of authentic ACh 
and acetyl HC-3 similarly subjected to electro- 
phoresis. The authentic compounds were visualised 
by staining in iodine vapour or by spraying with Dra- 
gendorffs reagent. 

(e) Jon-exchange chromatography on Amberlite 
CG-50 (100-200 mesh). A modification of the method 
of Diamond and Kennedy [21] was used to isolate 
the acetylated products by ion-exchange chromato- 
graphy. 

After incubation 100 yl of 50 per cent ethanol con- 
taining 0.6 mg/ml acetylcholine chloride was added 
to the tubes (Eppendorf 3810) which were then centri- 
fuged for | min in an Eppendorf 3200 centrifuge. One 
hundred jd of the supernatant was then transferred to 
a 2.5-cem column of Amberlite CG-50 (100-200 mesh) 
prepared in distilled water and contained in a Pasteur 
pipette. The sample was allowed to run into the 
column which was then eluted five times with 0.5 ml 
sodium acetate (1mM) to remove unreacted ace- 
tyl-['*C]coenzyme A. This eluate was discarded. The 
column was then eluted with HCI] (IN) until a 
volume of 2 ml had been collected. The radioactivity 
in this 2 ml of HCI eluate was then determined using 
10 ml of a modified Bray’s [22] 1.4-dioxan-based scin- 
tillation fluor containing naphthalene (100 g/litre), 
methanol (100 ml/litre), PPO (4g/litre) and POPOP 
(0.2 g/l). 

When necessary, the observed recovery of radioac- 
tive products was corrected for the fact that only part 
of the incubation medium was used for the extraction 
procedure. 


Detection of Acetyl HC-3 and ACh in eluates from 
an Amberlite CG-50 column 


One hundred sl of a solution of acetyl HC-3 
(10°? M) or ACh (2.5 x 10°? M) was applied to the 
top of an Amberlite CG-50 column prepared in a 
Pasteur pipette. Elution was then carried out using 
sodium acetate (1 mM) and HCI (1 N) as described 
above. This procedure was followed by elution with 
2 ml NaOH (1 N). 

To detect the presence of acetyl HC-3 in the 
eluates, two methods were used as described below. 

(1) Column eluates were passed directly through 
a Uvicord II spectrophotometer LKB 8303A type and 
their absorption at 280 nm measured. Under these cir- 
cumstances, larger volumes of eluants were used than 
described above. 

(2) Sodium acetate and HCI eluates were collected 
to a volume of 2 ml. The NaOH eluate was collected 
in | ml fractions. One hundred ,d from each eluate 
fraction was then added to 100,;/ of a saturated 
ammonium reineckate solution in 6.5 N HCl. The 
presence of acetyl HC-3 in the eluate was indicated 
by the formation of a pink precipitate. 

The reineckate precipitation method was also used 
for the detection of ACh. 

Materials. Hemicholinium-3, (HC-3);  2.2’-(4.4- 
biphenylene)-bis-(2-hydroxy-4,4-dimethylmorpholin - 





The acetylation of hemicholinium-3 


ium bromide), was obtained from Aldrich Chem- 
ical Co. London. 

Acetyl hemicholinium-3, (AcHC-3); 4,4'-biphenyl- 
ene-bis-(2-oxoethylene)-bis-(2-acetoxyethyl-dimethyl- 
ammonium bromide), was obtained from Eastman 
Organic Chemicals. Rochester. New York. Ace- 


tyl-1-['*C]coenzyme A was purchased from the 
Radiochemical Centre, Amersham, England. 


RESULTS 


Five different methods were used for estimating the 
rate of acetylation of choline and HC-3 by ChAc by 
using various methods for isolating the radioactive 
acetylated products of incubation. These different 
methods gave very different estimates of HC-3 acety- 
lation and the results are shown in Table 1. 

(a) Reineckate precipitation. When either HC-3 or 
choline was used with acetyl-['*C]coenzyme A as a 
substrate for ChAc, a radioactive substance was preci- 
pitated during the isolation procedure by ammonium 
reineckate. ChAc enzyme preparations from brain 
homogenates generally contain endogenous choline 
partially from plasma and possibly from breakdown 
of phospholipids. The absence of endogenous choline 
substrate in the ChAc enzyme preparation after pass- 
ing through the Sephadex G-50 column was evident 
from incubations in which no exogenous substrate 
was added: such an incubation gave values for acety- 
lated product which were similar to blank values. 

HC-3 was acetylated at a rate of 27.9 per cent com- 
pared with the acetylation of choline at the same con- 
centration (Table 1). In the presence of endogenous 
choline with HC-3 as substrate the recovered radioac- 
livity was greater than when no HC-3 substrate was 
added also indicating an acetylation of HC-3. 

(b) Sodium tetraphenylboron-butyl ethyl ketone 
extraction. Acetylation of both HC-3 and choline was 
also evident with this method of extraction. The per- 
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centage acetylation of HC-3 compared with choline 
was shown to be 11.0 per cent (Table 1). When HC-3 
was used as substrate in the presence of endogenous 
choline, ie. when the ChAc enzyme had not been 
passed through the Sephadex G-50 column; the 
amount of radioactive product recovered after extrac- 
tion with sodium tetraphenylboron was greater than 
when no substrate was added. This recovery of 
radioactivity indicates that acetyl HC-3 was synthe- 
sised by ChAc in the presence of endogenous choline. 

(c) Mercuric potassium iodide-octanone extraction. 
Using the present modification in the method of 
Glover and Green [19] HC-3 was found to be acety- 
lated at a rate of 22.7 per cent compared to the acety- 
lation of choline at the same concentration (Table 
1). 

(d) Electrophoresis. Electrophoresis of an incuba- 
tion mixture without added substrate and using ChAc 
which had not been passed through Sephadex G-50, 
revealed two radioactive peaks (Fig. 1A). These peaks 
were identified as ACh and acetylcarnitine by com- 
parison with the electrophoresis of authentic com- 
pounds located by iodine staining. These peaks were 
absent when the ChAc preparation has been passed 
through Sephadex G-50 (Fig. 1B). These results show 
that choline and carnitine are present as endogenous 
substrates in brain fractions. Fig. 1C and 1D show 
that with HC-3 and choline as substrates respectively 
the acetylated products were obtained, identified as 
above using authentic biacetyl HC-3 and ACh. It is 
not known whether the acetylated product of the 
HC-3 incubation was entirely the biacetylated deriva- 
tive. 

A quantitative analysis of the acetylation of HC-3 
and choline was made by counting the radioactivity 
in l-cm strips of the electrophoresis paper in the 
liquid scintillation counter. This method showed that 
HC-3 was acetylated 16.3 per cent compared with the 
acetylation of choline (Table 1). 


Table 1. Acetylation of HC-3 and choline by ChAc 





Acetylation of HC-3 
(x 10* cpm/mg 
protein/min) 


Extraction 
procedure 


Percentage 
acetylation of 
HC-3 compared 
with choline 


Acetylation of choline 
(x 10* cpm/mg 
protein/min) 





Reineckate 
precipitation 

(n = 7) 
NaPh,B-butyl 
ethyl ketone 

(n = 7) 
K,HgI,-octanone 

(n = 7) 


1.50 


0.89 


1.32 


Electrophoresis 
(n = 2) 0.98 
lon-exchange 
Amberlite CG-50 
(n = 3) 


219 $2.7 


6.04 


4.63 





Conditions for the determinations were as described in Materials and Methods. Endo- 
genous choline had been removed from the ChAc by passage through Sephadex G-50. HC-3 
and choline substrates were added to the incubation system to obtain a final concentration 


of | mM. 


The results shown in the first two columns represent typical results for one determination 
for each extraction procedure. Those in the third column represent the mean +S.E.M. from 


a number of determinations. 
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Fig. 1. 





Determination of radioactive peaks on paper electrophoresis strip passed through Tracerlab 


strip scanner. Paper electrophoresis was undertaken as described in Materials and Methods. The arrows 
represent (1) the origin of scanning, (2) the origin of electrophoresis on the paper strip (3) the direction 
of the applied voltage from anode to cathode. In A: an incubation mixture without added substrate 


was electrophoresed. Peaks AcCar 


and ACh represent acetylcarnitine and acetylcholine respectively. 


In B; ChAc which had been passed through Sephadex G-50 was used in the incubation mixture without 

added substrate. In C: the incubation was with HC-3 as substrate. In D; the incubation was with 

choline as substrate. In all records peak AcCoA represents unreacted acetyl['*C] coenzyme A. In 

A. B and C full scale deflection on the abscissa, 0-10, corresponds to 1000 cpm; in C, 0-10 corresponds 
to 250 cpm. 


(e) lon-exchange on Amberlite CG-50. When choline 
and HC-3 were used as substrates in the presence 
of endogenous choline i.e. when the ChAc enzyme 
had not been passed through a Sephadex G-50 
column, no acetylation of HC-3 was observed. The 
total cpm of radioactive product, when HC-3 was 
present in the incubation was 1577cpm which was 
similar to the total cpm when no HC-3 was added. 
When | mM choline was added to the incubation sys- 
tem, in place of HC-3, ['*C]ACh was recovered in 
the HCI eluate from the Amberlite CG-50 ion- 
exchange column and the total amount of radioactive 
acetylated product obtained was 24534 cpm. These 
results are similar to those obtained by Diamond and 
Milfay [16]. 

When a ChAc enzyme was used which contained 
no endogenous choline substrate the rates of acetyla- 
tion in terms of cpm/mg protein/min were as shown 
in Table 1. 

Since the other extraction methods used in our ex- 
periments indicated that HC-3 was acetylated by 


ChAc two possible reasons for this discrepancy were 
considered. Firstly any acetylated HC-3 formed dur- 
ing the incubation might not bind to the ion-exchange 
column. Alternatively any acetyl HC-3 might be 
bound to the column but might not be eluted from 
the ion-exchange column by solutions which elute 
ACh. These two possibilities were therefore investi- 
gated. 

Acetyl HC-3 was shown to bind to the Amberlite 
CG-50 ion-exchange resin but the compound was not 
eluted by 1 N HCl. Larger volumes of 1 N HCl in 
excess of the 2 ml normally applied for elution purposes 
also had no effect on the binding of acetyl HC-3 to 
the column. Acetyl HC-3 was however shown to be 
detected in the eluate when | N NaOH was used for 
elution of the ion-exchange column. Detection of the 
acetyl HC-3 in the solutions applied to and eluted 
from the column was made by u.v. absorption at 
280 nm and by the use of ammonium reineckate (See 
Materials and Methods). 

ACh was found to be completely removed from 
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solution by passage through the Amberlite CG 50 
ion-exchange column. Elution of the ACh from the 
ion-exchange column was made with | N HCl. 

These results show therefore that both acetyl HC-3 
and acetylcholine bind to the ion-exchange column 
but that unlike ACh, acetyl HC-3 is not eluted by 
1N HCl. 


DISCUSSION 


The present results indicate that when HC-3 is used 
as a substrate for ChAc, together with acetyl CoA, 
a product is formed which can be recovered by a 
number of procedures which have been used pre- 
viously for the isolation of the radioactive products 
of acetylation by ChAc. Identification of this material 
by electrophoresis shows that the product is the ace- 
tylated form of HC-3. It is suggested that the vari- 
ation in percentage acetylation of HC-3 compared 
with choline is caused by the different recoveries of 
acetyl HC-3 and ACh with respect to each other and 
with respect to the different methods. The different 
estimates of HC-3 acetylation go a long way to 
explain the discrepancies in the literature. 

Different methods for determination of ChAc acti- 
vity have been developed over the past decade since 
the introduction of radiochemical methods by Schu- 
berth [23]. Modifications of this method were made 
by McCaman and Hunt [17] who used ammonium 
reineckate for precipitation of ACh. This method has 
the disadvantage of producing high blank values 
partly as a result of the colour of the reineckate pre- 
cipitate. In addition the method has been criticised 
for its lack of specificity because all quaternary salts 
including carnitine and acetylcarnitine are precipi- 
tated by this reagent. Fonnum’s [18] method has the 
advantage of being less laborious than the reineckate 
method and of producing lower blank values. The 
method of Glover and Green [19] has been shown 
to suffer from the fact that any hydrolysis of acetyl 
CoA during the incubation to liberate acetate will 
yield false high values (Bradshaw and Hemsworth; 
unpublished observations). This disadvantage has 
been overcome in the present experiments by drying 
the organic phase on filter paper. 

The method of paper electrophoresis first used by 
Potter and Murphy [20] has the advantage that the 
products of acetylation may be identified. It is sug- 
gested that because of this the electrophoresis method 
is the best procedure for investigating the acetylation 
of substrates for ChAc. 

The present results using the ion-exchange resin do 
show some agreement with the results reported by 
Diamond and Milfay [16] in that no acetylated 
radioactive product of incubation is observed when 
HC-3 is used as substrate. However our conclusions 
regarding the acetylation of HC-3 differ completely 
from those of Diamond and Milfay [16]. The reason 
for this difference in the conclusions is that the pres- 
ent results show that acetyl HC-3 is bound to the 
Amberlite CG-50 resin but is not eluted by HCl 
whereas ACh is bound to the resin and is eluted by 
1 N HCl. Diamond and Milfay [16] do not give an 
indication of the recoveries of ACh and acetyl HC-3 
obtained with their ion-exchange resin but seem to 
have assumed that acetyl HC-3 and ACh will react 
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with and elute from the ion-exchange resin in a simi- 
lar manner. The reason for the resistant binding of 
acetyl HC-3 to the column is not known but 1 N 
NaOH was shown to remove the quaternary com- 
pound. It would be expected that acetyl HC-3 would 
bind to the column in a similar manner to ACh, how- 
ever this does not occur and it may be that the acetyl 
HC-3 forms some covalent bonding with the matrix 
of the ion exchange resin. The ion-exchange pro- 
cedure therefore appears to be less suitable than other 
methods for studying the acetylation of choline ana- 
logues. 

A variety of choline analogues have been previously 
shown to be acetylated by ChAc in vitro [24-28] and 
it appears that HC-3 can be included among these. 
It also seems possible that the acetylation of HC-3 
might take place in vivo since it has already been 
shown that HC-3 is taken up into cholinergic nerve 
terminals [29] and the present results show that the 
acetylation occurs even in the presence of endogenous 
choline. The importance of this possibility has yet to 
be determined but Slater and Stonier [30] suggest 
that a competition between choline and HC-3 at an 
intracellular site may be a more important factor in 
the inhibition of ACh synthesis by HC-3 than is the 
impairment of choline uptake and it is possible that 
such a competition occurs for acetylation by ChAc. 

Collier [11] however showed that the cat superior 
cervical ganglion accumulated ['*C]HC-3 but the 
amount of HC-3 taken up was not changed by nerve 
stimulation. In addition the accumulated HC-3 was 
not released by subsequent nerve stimulation. Collier 
[11] concluded that HC-3 is not transported by the 
choline transport system and does not form a false 
cholinergic transmitter. However, Collier’s [11] con- 
clusions may be the result of tissue and species vari- 
ation because Guyenet et al. [7] showed that in rat 
striatal synaptosomes HC-3 had an afffinity for the 
carrier mechanisms which was one hundred times 
greater than the affinity of choline itself. Also Haga 
and Noda [31] and Snyder et al. [32] showed that 
HC-3 had a very low K; for inhibition of the high 
affinity component of the total uptake of choline. 

It is apparent that further studies are required into 
the acetylation of HC-3 both in vitro and in vivo 
in a number of different tissues and species. Malthe- 
Sorenssen and Fonnum [33] have demonstrated the 
heterogeneity of ChAc within the same species and 
in different species and it may be that these multiple 
forms of ChAc have different activities towards differ- 
ent substrates. 
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Abstract—Ornithine decarboxylase, the rate-limiting enzyme in polyamine biosynthesis, may be con- 
trolled by a cAMP-dependent mechanism. This hypothesis was investigated in the adrenal medulla 
of the rat. Exposure of rats to cold (4. 2hr) leads to increased cholinergic nerve transmission and 
to a 10- to 20-fold increase in cAMP levels in the medulla within 30 min. The cAMP level returned 
to normal within 2 hr of the initiation of cold exposure. Ornithine decarboxylase activity was elevated 
within | hr of cold exposure and by 4hr was increased 10- to 20-fold. We also studied the effects 
of various drugs which were agonists and antagonists of the cAMP response to cold exposure in 
the medulla. Aminophylline (200 yxmoles/kg), an inhibitor of phosphodiesterase activity, caused a large, 
rapid increase in the cAMP level followed by an increase in ornithine decarboxylase activity similar 
to that after cold exposure. Injection of a cholinomimetic drug, carbamylcholine (4.1 jmoles/kg), caused 
a 10- to 15-fold increase in cAMP within 20 min and a 10-fold elevation in ornithine decarboxylase 
activity within 2.5hr. Pretreatment of the rat with the nicotinic receptor antagonist. mecamylamine 
(15 zmoles/kg), greatly reduced the carbamylcholine-induced rise in both cAMP levels and ornithine 
decarboxylase activity. Mecamylamine administered alone did not alter either cAMP levels or ornithine 
decarboxylase activity. Administration of reserpine (16 s«moles/kg) also resulted in an early rise in 
cAMP concentration in the adrenal medulla and a concomitant increase of ornithine decarboxylase 
activity. Cyclic AMP has been postulated to exert its effect on cellular metabolism via the activation 
of a cAMP-dependent protein kinase. Varying doses of reserpine from 1.6 to 16 umoles/kg yielded 
a 1:1 relationship between the degree of activation of cAMP-dependent protein kinase(s) and the 
induction of ornithine decarboxylase. We feel that evidence from this and other laboratories supports 
the hypothesis that ornithine decarboxylase may be controlled by cAMP-dependent protein kinase(s). 


tyrosine hydroxylase in the adrenal medulla has been 
extensively studied [14-17] and forms the basis for 


Polyamines have been implicated in the regulation 
of growth processes in eukaryotes [1]. During periods 


of rapid growth, polyamine levels have been observed 
to increase dramatically, paralleling increases in RNA 
and protein synthesis [1-5]. Elevated polyamine levels 
are usually preceded by the induction of ornithine 
decarboxylase, the controlling enzyme in the polya- 
mine biosynthetic pathway. The activity of ornithine 
decarboxylase can be increased rapidly in a variety 
of tissues in response to stimuli which result in an 
increase in RNA and protein synthesis. Little, how- 
ever, is known about the mechanism by which ornith- 
ine decarboxylase is induced. The speed of this induc- 
tion [2]. as well as the many stimuli including hor- 
mones [6-9]. methylxanthine derivatives [10] and 
dibutyryl cAMP [11-13] which are capable of induc- 
ing ornithine decarboxylase, suggests the possibility 
that ornithine decarboxylase is controlled by a 
cAMP-dependent mechanism. We chose to investi- 
gate this possibility in the adrenal medulla of the rat. 


The role of cAMP in the transynaptic induction of 
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the work presented here. 

Cold exposure. aminophylline, carbamylcholine 
and reserpine all cause a rapid increase in medullary 
cAMP levels. We report that these stimuli also result 
in marked elevations in ornithine decarboxylase acti- 
vity. Studies with actinomycin D and cycloheximide 
indicate that this increase in activity may involve de 
novo synthesis of the enzyme. The dose-response 
curve for reserpine indicated a 1:1 relationship 
between the increase in ornithine decarboxylase acti- 
vity and the activation of cAMP-dependent protein 
kinase(s). Our results indicate that, in the adrenal 
medulla, the induction of ornithine decarboxylase 
may be controlled by cAMP-dependent protein 
kinase(s). We also discuss the possibility of a cAMP- 
mediated induction of ornithine decarboxylase in 
other tissues. 


MATERIALS AND METHODS 


The rats used in all experiments were male Spra- 
gue-Dawley (125-150 g). The activity of ornithine 
decarboxylase was determined in the 10,000 g super- 
natant of two to six freshly dissected adrenal medullae 
homogenized in 150-250 yl of assay media by measur- 
ing the release of '*CO, from pt-[1-'*C]ornithine 


1595 





1596 


(7.66 mCi/m-mole, New England Nuclear, Boston, 
Mass.). The assay was similar to that previously de- 
scribed [2,7], except that the buffer used was 0.05 M 
sodium-potassium . phosphate, pH 7.2, containing 
!mM_ dithiothreitol. The ornithine decarboxylase 
assays were performed at an L-ornithine concen- 
tration of 0.32 mM in a total volume of 100 yl. Satu- 
rated levels of substrate (+2 mM) yielded results simi- 
lar to those reported here. 

Cyclic AMP was determined in medullae of adrenal 
glands frozen within 10 sec of decapitation of the rat 
and separated from the adrenal cortex at 0-4 [14]. 
The medullae were homogenized in 0.4 N perchloric 
acid and cAMP separated from other acid-soluble nu- 
cleotides by aluminum oxide and Dowex chromato- 
graphy [18]. The concentration of CAMP was deter- 
mined by its ability to activate purified beef-heart 
cAMP-dependent protein kinase [19]. 

The activity of cAMP-dependent protein kinase in 
the adrenal medulla was determined in the 20,000 g 
supernatant according to the method of Guidotti ef 
al. [20]. Kinase activity was assayed for 5 min at 30 
in 170mM sodium acetate, pH 6.0: 10mM Mg ace- 
tate, pH6.0: 25mM NaF; 5mM aminophylline; 
50 wg of calf thymus histone (Schwarz/Mann); and 
().25 to 0.50 pCi of y-3?P ATP (sp. act. 100 wCi/umole). 
The degree of activation of cAMP-dependent protein 
kinase (i.e. the per cent of enzyme present as the free 
catalytic subunit not bound to the regulatory unit 
[21]) was expressed as the ratio of the activities 
measured in the absence and presence of saturating 
levels of cAMP (1 uM). Polyamine levels were deter- 


mined from two to six medullae homogenized in 
200 yl of 5°, trichloroacetic acid, and an aliquot of 
the 10,000 g supernatant was analyzed on a Durrum 
amino acid analyzer [22]. 


RESULTS 


medulla consists of a uniform cell 
chromaffin cells whose cholinergic 
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Fig. 1. Changes in cAMP concentration and ornithine 
decarboxylase activity in the adrenal medulla after cold 
exposure. Animals were immersed in water (25 ) for 60 sec. 
placed in individual cages, and exposed to cold (4°) for 
2hr. After cold exposure, the animals were kept at room 
temperature. Cyclic AMP and ornithine decarboxylase 
were determined as described in Materials and Methods. 
Each point represents the mean + S.E.M. of five to ten 
determinations. 
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Table 1. Changes in polyamine levels in the adrenal 


medulla after cold exposure* 





Spermidine 
(pmoles/mg protein) 


Time Putrescine Spermine 





0.66 
0.89 
0.67 
1.72 
1.54 
1.50 
1.31 
1.04 
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* Animals were immersed in water (25°, 60sec), placed 
in individual cages at 4° for 2 hr, then removed and kept 
at room temperature. Polyamine levels were determined 
from the adrenal medulla of animals sacrificed at the times 
indicated after the initiation of cold exposure. The values 
shown are the mean of four determinations, not differing 
by more than 15 per cent. 


afferent nerves activate primarily nicotinic receptors 
[14]. The exposure of rats to cold (4°, 2hr) leads to 
an increased rate of nerve transmission and elevated 
transmitter release from these afferent nerve terminals 
[23,24]. Cold exposure has been shown previously 
to result in a rapid elevation in the level of cAMP 
in the medulla and in the induction of tyrosine hy- 
droxylase by 12-24 hr [14, 24,25]. Within 1 hr of the 
initiation of cold exposure, cAMP levels were elevated 
10- to 15-fold above control values (Fig. 1). The con- 
centration of cAMP then rapidly fell to its original 
level. The activity of ornithine decarboxylase was 
markedly elevated by | hr and was increased more 
than 10-fold by 4hr of the initiation of cold exposure. 
We have shown [26] that severing of the splanchnic 
nerve (splanchnicotomy) prevents both this early in- 
crease in cAMP and the subsequent stimulation of 
ornithine decarboxylase. 

The actual concentrations of polyamines in the 
adrenal medulla also changed after cold exposure 
(Table 1). The concentration of putrescine was ele- 
vated up to 2.5-fold between 3 and 6hr after the in- 
itiation of cold exposure. While ornithine decarboxy- 
lase activity was falling by 5 hr (Fig. 1), the level of 
putrescine remained elevated until 6hr after cold 
exposure. The concentrations of spermidine and sper- 
mine, however, actually decreased by 25 and 34°, re- 
spectively. The concentration of spermine has also 
been observed to decrease by more than 50%, in the 
regenerating rat liver [27]. The large amount of sper- 
mine relative to spermidine (3:1) is generally not 
found in mammalian tissues. Resting lymphocytes do, 
however, have spermine/spermidine ratios of 3:1 [28]. 
This high ratio may be characteristic of metabolically 
quiescent cells or of cells with a low probability of 
entering the cell cycle. 

By using several drugs which are known to rapidly 
elevate cAMP levels in the medulla, we further inves- 
tigated the relationship between cAMP and ornithine 
decarboxylase. Injection of the cholinomimetic drug, 
carbamylcholine (4.1 zmoles/kg) rapidly increased the 
concentration of cAMP in the adrenal medulla (Fig. 
2). Cyclic AMP levels rose almost 20-fold within 
45 min of injection. The ornithine decarboxylase acti- 
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2 3 4 5 
Hours After Carbamylcholine 
Fig. 2. Changes in cAMP concentration and ornithine 
decarboxylase activity in the adrenal medulla after injec- 
tion of carbamylcholine. Carbamylcholine (4.1 «moles/kg, 
ip.) was injected in 0.9% NaCl, and cAMP and ornithine 
decarboxylase were determined at the times indicated. 
Each point represents the mean + S.E.M. of five to ten 
determinations. 


vity was elevated by | hr and reached a maximum 
within 2hr of injection (Fig. 2). The increase in 
ornithine decarboxylase activity which occurred 
between | and 2hr after carbamylcholine administ- 
ration was considerably more rapid than the elevation 
of ornithine decarboxylase activity after cold expo- 
sure. 

Mecamylamine, a nicotinic receptor antagonist, is 
capable of blocking the effects of carbamylcholine on 
the medulla and can block the induction of tyrosine 
hydroxylase after cold exposure or carbamylcholine 
[14]. Mecamylamine (15 ymoles/kg) injected 15 min 
prior to carbamylcholine lowered the increased con- 
centration of cAMP normally seen at 45min to 
100 pmoles cAMP/mg of protein and lowered the 
activity of ornithine decarboxylase at 2hr to 
220 pmoles of '*CO;/30 min/mg of protein. Mecamy- 
lamine alone had no effect on cAMP or ornithine 
decarboxylase activity. 





pmoles cAMP/mg protein o---o 
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Hours After Aminophylline 
Fig. 3. Changes in cAMP concentration and ornithine 
decarboxylase activity after injection of aminophylline. 
Aminophylline (200 pmoles/kg, i.p.) was injected in 0.9% 
NaCl, and cAMP and ornithine decarboxylase were deter- 
mined at the times indicated. Each point represents the 

mean + S.E.M. of five to ten determinations. 
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Sak ae 
Hours After Reserpine 
Fig. 4. Changes in cAMP concentration and ornithine 
decarboxylase activity after injection of reserpine. Reser- 
pine (16 wmoles/kg, ip.) was injected, and cAMP and 
ornithine decarboxylase were determined at the times indi- 
cate. Each point represents the mean + S.E.M. of five to 
ten determinations. 


Aminophylline, a methylxanthine derivative that is 
known to inhibit phosphodiesterases [29], also 
caused a large increase in cAMP | hr after injection 
(Fig. 3). Ornithine decarboxylase activity increased 
more slowly than after cold exposure and carbamyl- 
choline, but reached a maximum 10-fold greater than 
control values within 6 hr (Fig. 3). 

Reserpine has been shown to increase the level of 


cAMP in the adrenal medulla [17,20]. The level of 
cAMP was elevated 5- to 6-fold within | hr of injec- 
tion of reserpine (16 yzmoles/kg) (Fig. 4). In a manner 
similar to that after cold exposure (Fig. 1), ornithine 


decarboxylase activity was increased at Ihr and 
reached a maximum by 4hr after administration of 
the drug. 

Actinomycin D or cycloheximide at doses sufficient 
to block adrenal RNA or protein synthesis [30] was 
administered to animals at various times relative to 
the initiation of cold exposure or aminophylline injec- 
tion (Table 2). Actinomycin D given 30 min prior to 
aminophylline or cold exposure blocked the large in- 
crease in ornithine decarboxylase activity normally 
seen 4.5hr later (Figs. | and 3, Table 2). There was 
very little or no inhibition of ornithine decarboxylase 
when actinomycin D was injected at | or 2 hr. Cyclo- 
heximide, however, prevented the rise in ornithine 
decarboxylase activity seen at 4.5hr at all times it 
was administered. These data are consistent with the 
rapid half-life (10-20 min) of ornithine decarboxylase 
observed in other tissues [1,2]. Neither actinomycin 
D nor cycloheximide given 30 min before exposure 
to cold or aminophylline injection interfered with the 
rapid increase in cAMP concentration which nor- 
mally occurred after these stimuli (Figs. | and 3). 

Cyclic AMP has been postulated to exert its effects 
upon cellular metabolism through the activation of 
a cAMP-dependent protein kinase(s) [31]. If cAMP 
is involved in the induction of ornithine decarboxy- 
lase, then the degree of activation of the cAMP- 
dependent protein kinase(s) would be expected to re- 
flect the extent of induction of ornithine decarboxy- 





C. V. Byus and D. H. RUSSELL 


Table 2. Effect of inhibitors of RNA and protein synthesis on the increase 
in ODC activity in the adrenal medulla after cold exposure or amino- 
phylline injection* 





Time of injection (hr) 


Relative ODC activity 
(°,, of control) 








Saline Act D 


Cycloheximide 


Cold exposure Aminophylline 





0 
—0.5 
+1.0 


+20 


1700 1300 
200 180 
1500 1050 
1800 1400 
80 95 
59 85 
98 89 





* Actinomycin D (6 mg/kg, i.p.), cycloheximidine (50 mg/kg. ip.) or 
saline alone was injected into rats at the indicated time relative to the 
initiation of cold exposure (4, 2 hr) or to the injection of aminophylline 
(200 pmoles/kg, i.p.). ODC was assayed at 4.5hr after the beginning of 
cold exposure or aminophylline injection. Ornithine decarboxylase acti- 
vity is represented as per cent of the activity (ie. no cold exposure or 
aminophylline) present in control animals receiving no stimulation. 
(Values shown are the average of six determinations not differing by 


more than 15 per cent). 


lase. When the dose of reserpine was varied between 
1.6 and 16 pzmoles/kg, the activity of ornithine decar- 
boxylase measured at 4hr increased in a dose-depen- 
dent manner (Fig. 5). At concentrations of reserpine 
less than 1.6 ywmoles/kg, there was no increase in 
ornithine decarboxylase activity above control values, 
and at concentrations greater than 16 umoles/kg.. no 
further elevation was observed. The activation of 
cAMP-dependent protein kinase(s) measured at its 
point of maximal activation (1 hr after reserpine injec- 
tion [20]) occurred in a similar dose-dependent man- 
ner (Fig. 5). The time course for the activation of 
protein kinase and the stimulation of ornithine decar- 
 boxylase did not vary with the dose of reserpine. 


Protein Kinase Activity Ratio 
(-cCAMPACAMP) e—e 


pmoles“CO,/30min/mg protein 0o---o 


4 ~ 
Reserpine (umoles/kg) 
Fig. 5. Increase in ornithine decarboxylase activity and 
activation of cAMP-dependent protein kinase after varied 
doses of reserpine. Reserpine was injected at doses between 
1.6 and 16 xmoles/kg, i.p. Ornithine decarboxylase activity 
was determined 4hr after injection (Fig. 4). Cyclic AMP- 
dependent protein kinase was assayed as described in 
Materials and Methods at | hr after drug administration. 
Each point represents the mean + S.E.M. of five to ten 
determinations. 


DISCUSSION 


There is a close temporal correlation between the 
elevation of cAMP and the increase in ornithine 
decarboxylase activity in the adrenal medulla of the 
rat. This elevation in ornithine decarboxylase activity 
after cold exposure or aminophylline administration, 
carbamylcholine administration, or reserpine admin- 
istration was preceded in each instance by a 5-fold 
or greater increase in the concentration of cAMP 
(Figs. 1-4). The rise in cAMP was rapid, reaching 
a maximum in 30-60 min and returning to baseline 
by 1.5 to 2hr. Ornithine decarboxylase activity was 
elevated in all cases within |-2hr and reached a 
maximum between 2 and 6hr, depending upon the 
stimulus (Figs. 1-4). This relationship between cAMP 
and ornithine decarboxylase is strengthened by the 
observation that attenuation of the initial rise in 
cAMP by severing the splanchnic nerve before cold 
exposure [26] or by injecting mecamylamine prior 
to carbamylcholine significantly lowered the normally 
observed increase in ornithine decarboxylase activity. 
Ornithine decarboxylase and tyrosine hydroxylase are 
the only enzymes whose activities have been observed 
to increase after this rise in cAMP in the adrenal 
medulla [14-17]. 

Depending upon the stimulus used to induce 
ornithine decarboxylase in the adrenal medulla, there 
appears to be a difference in the time course of the 
increase in the activity. The maximal increase in 
ornithine decarboxylase activity occurs 2 hr after car- 
bamylcholine (Fig. 2), 4hr after cold exposure (Fig. 
1) and reserpine (Fig. 4), and 6 hr after aminophylline 
administration (Fig. 3). There are several possible 
explanations of these differences. The increase in the 
concentration of cAMP is more rapid after carbamyl- 
choline than after the other stimuli, perhaps account- 
ing for the earlier increase in ornithine decarboxylase 
activity. It is possible that different stimuli might 
affect the turnover rate of ornithine decarboxylase, 
thus varying the rate of enzyme accumulation. The 
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time course of activation and deactivation of protein 
kinase in the adrenal medulla also might vary 
depending upon the particular stimulus. Recently, 
putrescine has been shown to inhibit the induction 
of ornithine decarboxylase [32]. It is possible that 
the different stimuli result in the accumulation of 
varying amounts of putrescine, which would modu- 
late the induction of ornithine decarboxylase. 
Although an increase in ornithine decarboxylase 
activity in the adrenal medulla was always preceded 
by elevated cAMP levels, there does not seem to be 
a direct correlation between the absolute increase in 
cAMP and the degree of increase in ornithine decar- 
boxylase activity. Carbamylcholine resulted in a 
15-fold elevation (Fig. 2) and reserpine in a 5-fold 
elevation in cAMP (Fig. 4). and both drugs caused 
the same increase in ornithine decarboxylase activity. 
If cAMP acts intracellularly through a protein kinase 
[31], the degree of activation of cAMP-dependent 
protein kinase(s) may be a better indicator of the phy- 
siological action of cAMP than is the actual concen- 
tration of the nucleotide. For example, follicle-stimu- 
lating hormone has been shown to exert its early bio- 
chemical effect upon the seminiferous tubules of the 
rat testis via a cAMP-dependent mechanism [33]. 
Significantly less hormone is required to maximally 
activate a cAMP-dependent protein kinase than is 
needed to result in maximal intracellular levels of 
cAMP [34]. Cyclic AMP-dependent protein kinase 
is activated at a concentration of follicle-stimulating 
hormone which produces a barely detectable increase 
in cAMP concentration [35]. Similar observations 
have been reported for the action of luteinizing hor- 
mone upon the testis [36] and of ACTH on the 
adrenal cortex [37]. It is for this reason that we inves- 
tigated the dose-dependent increase in ornithine 
decarboxylase activity and of cAMP-dependent pro- 
tein kinase activation. Figure 5 indicates that there 
is a close correlation between the degree of activation 
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of cAMP-dependent protein kinase and the activity 
of ornithine decarboxylase. Guidotti et al. [20] ori- 
ginally showed a similar dose-dependent activation 
of cAMP-dependent protein kinase and induction of 
tyrosine hydroxylase in the medulla after reserpine. 
The level of induction of tyrosine transaminase in 
Reuber H35 cells also has been shown to depend 
upon the degree of activation of cAMP-dependent 
protein kinase(s) [38]. Such evidence strongly sup- 
ports the possible cAMP-dependent control of 
enzyme activity. 

The experiments with actinomycin D and cyclohex- 
imide seem to indicate that de novo synthesis of 
ornithine decarboxylase from newly transcribed 
mRNA is responsible for the increased activity of this 
enzyme seen in the medulla (Table 2). New RNA syn- 
thesis is required for at least | hr after tissue stimu- 
lation, after which induction of ornithine decarboxy- 
lase occurs in the absence of the synthesis of RNA. 
Inhibition of protein synthesis by cycloheximide 
blocks any increase in the activity of ornithine decar- 
boxylase. Experiments with these inhibitors, implicat- 
ing a transcriptional mechanism in the cAMP-depen- 
dent increase in ornithine decarboxylase activity, 
should be interpreted with caution since we are not 
measuring the actual rate of synthesis or amount of 
ornithine decarboxylase. Such studies await the prep- 
aration of specific antibodies to ornithine decarboxy- 
lase whose lability and poor antibody-titer thus far 
make this extremely difficult. 

At present, the precise mechanism(s) whereby 
cAMP may regulate the synthesis of any specific pro- 
tein has not been elucidated (for an extensive and 
well written review see Ref. 39). Regulation of gene 
activity by the phosphorylation of non-histone nuc- 
lear proteins by cAMP-dependent protein kinase(s) 
is One mechanism whereby cAMP might control 
enzyme synthesis at the transcriptional level [39]. 


Correlation between cAMP levels, cAMP-dependent protein kinase activation, and ornithine decarboxylase 


activity* 





Tissue Stimulus 


Ornithine 
decarboxylase 


Protein 
kinase 


Cyclic 
AMP 


References 





Liver, adrenals. BHK fibroblasts 


Analogues of cAMP 


1 13,42 


Liver 

Liver 

Liver 

Uterus after castration 
Salivary gland 

Liver 


Adrenal medulla 

Adrenal medulla 

Adrenal medulla 

Adrenal cortex 

Liver, kidney, adrenal medulla, 
adrenal cortex. BHK fibroblasts 

Chinese hamster V-+, cells 


(dibutyrl cAMP) 
Regeneration 
Growth hormone 
Glucagon 
17f-Estradiol 
Isoproterenol 
3-Methylcholanthrene, 

phenobarbital 
Cold exposure 
Reserpine 
Carbamylcholine 
ACTH 
Methylxanthine 

derivatives 
Synchrony by mitotic 
selection 


Insect pupae Ecdysone 


T 





* The systems listed illustrate instances in a variety of tissues when increased ornithine decarboxylase activity is 
preceded by or coincides with elevated cAMP concentration or activation of cAMP-dependent protein kinase(s). The 
table represents data compiled from this and other laboratories. 
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The evidence from our laboratory [10,26] and 
others suggests that ornithine decarboxylase may be 
controlled by a cAMP-dependent mechanism in a 
variety of systems (Table 3). Growth hormone, which 
causes a large increase in ornithine decarboxylase 
activity in the rat liver [7,8], to our knowledge, has 
never been shown to elevate the level of cAMP. We 
have found, however, that growth hormone does sig- 
nificantly activate cAMP-dependent protein kinase. 
We have also recently shown that phenobarbital and 
3-methylcholanthrene, drugs which cause an increase 
in ornithine decarboxylase activity [40], also activate 
cAMP-dependent protein kinase [41]. It is possible 
that the activities of other enzymes besides ornithine 
decarboxylase are elevated after the stimuli are 
applied to the various tissues illustrated in Table 2. 
We know of no other enzyme, however, whose induc- 
tion is preceded by an increase in cAMP concen- 
tration and/or activation of cAMP-dependent protein 
kinase in such a large variety of systems. This correla- 
tive evidence warrants further investigation into the 
generality of the cAMP dependency of the induction 
of ornithine decarboxylase and into the mechanism 
of this induction. 
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Abstract 


The binding of radioisotope-labeled clioquinol to human serum proteins in vitro was studied 


by means of agarose gel electrophoresis. The technique gave a satisfactory separation of free and 
bound forms of clioquinol without a significant interaction between clioquinol and the supporting 
medium even at considerably high concentrations of the drug. The clioquinol binding proteins in 
serum were identified as albumin and lipo-proteins. Clioquinol was bound to albumin at an equimolar 
ratio with an apparent binding constant of 5.6 x 10*M~'. When the amount of clioquinol exceeded 
the binding capacity of albumin, lipoprotein classes of very low density, low density and high density 
were capable of serving as auxiliary carrier proteins of clioquinol. 


The metabolic studies on clioquinol (5-chloro-7- 
iodo-8-quinolinol) were limited in number before its 
significant absorption from the gastrointestinal tract 
was demonstrated by several workers [1-3]. The 
studies of clioquinol binding to human serum pro- 
teins were initiated in our laboratory in view of the 
importance of protein binding for the absorption, tis- 
sue distribution and excretion of the drug and also 
in view of the consideration that the modification of 
clioquinol binding due to changes in the nature or 
amount of its binding proteins and in the serum level 
of other interfering substances in disease states would 
alter the above physiological processes and hence the 
action of the drug after absorption. 

The methods employed for the studies of clioquinol 
binding, such as gel filtration [4]. equilibrium dialysis 
[4-6] or paper electrophoresis [7], were found in our 
preliminary experiments to show a considerable inter- 
ference between clioquinol and the supporting 
medium particularly at higher clioquinol concen- 
trations. as was suggested also by others [4]. The diffi- 
culties were overcome by using agarose gel as the 
supporting medium in electrophoretic separation of 
protein-bound clioquinol. The present report de- 
scribes the binding of clioquinol to human serum pro- 
teins under normal and pathological conditions by 
means of agarose gel electrophoresis with a suffi- 
ciently high concentration of clioquinol. The results 
indicate that, besides albumin, lipoproteins can serve 
as clioquinol carrier proteins in serum. Part of this 
work has been reported in abstract form [8]. 


MATERIALS AND METHODS 


Either [7-'*'I]clioquinol (0.41 mCi/mg) prepared 
by Daiichi Radioisotope Laboratories, Ltd., Tokyo, 
or [2.4-'*C]clioquinol (13.6 wCi/mg) donated by Dr. 
Goro Urakubo. National Institute of Hygienic 
Sciences, Tokyo, was used after dissolving them in 
0.1 N NaOH to give a concentration of 0.15 mg/ml, 
placing them in dark bottles and freezing at —20°. 
Under these conditions, the labeled clioquinol gave 
a single spot of radioactivity with a positive organic 


iodine reaction on paper chromatography [9, 10]. Ten 
ml of 0.15 mg/ml of clioquinol and 100,41 of fresh 
serum after appropriate dilution with a_ barbital 
buffer, ionic strength 0.025 and pH 8.6, were mixed 
and kept for 10 min at room temperature. Control 
studies confirmed that the amount of NaOH present 
in the clioquinol solution did not alter the pH of 
variously diluted serum. Fight-d aliquots of the mix- 
ture for ['*'I]clioquinol or 20 yl for ['*C]clioquinol 
were applied on a 1°, agarose gel plate prepared in 
the barbital buffer (ionic strength 0.025 and pH 8.6). 
Electrophoresis was carried out for 90 min at room 
temperature with a constant voltage of 110V/10cm 
using a barbital buffer, ionic strength 0.05 and pH 
8.6. The agar plate was fixed by drying in a warm 
air stream at 45° immediately after electrophoresis. 
The radioactivity was located either by scanning with 
a thin-layer chromatogram scanner, model JTC-201, 
or by an autoradiographic technique, and the proteins 
and lipoproteins were stained with Ponceau 3R and 
acetylated Sudan Black B respectively. Lipoprotein 
fractions were separated by the ultracentrifugal 
method of Yasugi and Honma [11], desalted with 
Collodion bags (Sartorius-membrane filter GmbH) 
and studied for clioquinol binding by the electro- 
phoretic method with a 0.4°% agarose-0.12°, agar in 
place of 1°, agarose. 

Sera were separated from blood samples collected 
from patients with various diseases after an overnight 
fast. The sera similarly obtained from healthy subjects 
served as controls. The concentrations of serum bili- 
rubin, total protein and its fractions, nonesterified fatty 
acids (NEFA) and triglycerides were determined by 
routine laboratory methods. Crystallized human albu- 
min was obtained from Miles Laboratories, Inc. All 
experiments with radioisotope-labeled compounds 
were carried out at the Radioisotope Research Center, 
Okayama University Medical School. 


RESULTS 


In agarose gel electrophoresis of ['*'I]clioquinol 
mixed with sera from healthy subjects, a single peak 
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Electrophoretic patterns of radioactivity and protein staining with sera from a healthy subject 


and from a case with hypoalbuminemia. Panels a and c: serum from a healthy subject (Case 18 


in Table 1): 


(Case | in Table 1) 


panels b and d: serum from a case of metastatic liver cancer with hypoalbuminemia 
The concentrations of ['*'I]clioquinol in serum were: in panels‘a and b. 15 


g/ml: and in panels ¢ and d. 60 yg ml. The concentrations of total protein and albumin in these 


Table | 


sera are given in 


The photographs at the top show the patterns of protein staining for 


a and b; 0 denotes the origin. 


of radioactivity at the position of albumin migration 
was found when the clioquinol concentration was 


15 ng/ml of serum (Fig. la). By increasing the clio- 
quinol serum ratio to 60 g/ml, using diluted serum 
and keeping the clioquinol concentration constant, an 
additional shoulder or peak of radioactivity was pro- 
duced in the x,-/ globulin region (Fig. Ic). Omitting 
serum from the mixture gave a radioactivity peak 
remaining at the origin (cf. Fig. 2d). Among patients 
having either decreased albumin or increased biliru- 
bin, NEFA or triglyceride concentration, and com- 
binations thereof, Cases 1, 2 and 3 in Table 1 
an extra-albumin peak of radioactivity even at a clio- 
quinol concentration of 15 zg/ml of serum (Fig. 1b). 
and the peak height was more pronounced when the 


gave 


clioquinol concentration was increased to 60 pg/ml of 


serum (Fig. Id). These results suggest that clioquinol 
binds primarily to albumin and then to other proteins 
in the z,-f region as the amount of clioquinol exceeds 
the binding capacity of albumin. It is also apparent 
from the results given in Table | that the decreased 
concentration of albumin rather than the increased 
levels of serum bilirubin, NEFA and _ triglycerides. 
which might interfere with clioquinol binding to albu- 
min, is primarily important for the increased height 
of the extra-albumin peak in these patients. The clio- 


quinol displacement by NEFA may have a small but 
significant contribution to the increased extra-albu- 
min binding, since a small z,-/ peak was produced 
with a control serum mixed with ['*'I]clioquinol 
(60 ug/ml) and sodium palmitate at a final concen- 
tration of 2.21 meq/l. Unconjugated bilirubin tested 
at a concentration of 8.1 mg/d! had no such effect. 
The electrophoretic patterns of a clioquinol-serum 
mixture at a ratio of 60 g/ml in studied cases are 
summarized in Table |. In cases with increased serum 
lipid levels due to obstructive jaundice and nephrotic 
syndrome, the main extra-albumin peak was found 
in the f-globulin region. No apparent difference in 
the clioquinol binding pattern was found among cases 
of SMON (subacute myelo-optico-neuropathy) with 
or without a history of clioquinol administration, the 
patterns being identical to those of healthy subjects. 

In order to confirm the binding of clioquinol to 
albumin, crystalline human albumin was employed in 
place of serum in a similar experiment (Fig. 2). A 
single peak of radioactivity corresponding to the pos- 
ition of albumin migration was obtained with clio- 
quinol concentrations ranging from 15 to 60 ug/ml 
of albumin solution (4.15 g albumin/dl), suggesting 
that the isolated albumin, which is virtually free of 
fatty acids (which were measured and found to be 
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Table 1. Patterns of ['*!I]clioquinol binding to serum proteit 
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1603 


is and the serum concentrations of total protein. albumin. 
irious diseases and normal controls 





Bilirubi 
Total 


Extra-albumin 


n 
peak of ['3'T]- 





Case 
Total 
(mg/dl) 


Albumin 
(g/dl) 


No. 


protein 


(g/dl) 


Disease 


Direct 
(mg/dl) 


Trigly- 
cerides 
(mg/dl) 


clioquinol 


NEFA 
(mEq/1.) 


Position 


Height* 





| Metastatic 26.6 
liver cancer 
Liver cirrhosis 
Acute hepatitis 
Primary biliary 
cirrhosis 
Nephrotic 
syndrome 
Liver cirrhosis 
Liver cirrhosis 
Liver cirrhosis 
Chronic 
hepatitis 
y-G myeloma 
Chronic 
hepatitis 

2 SMON?*. = 
SMON?t 
SMONS 
Fatty liver 
Fatty liver 
Normal control 
Normal control 


1.30 ++ 


0.80 
0.84 
1.45 


0.38 


0.45 
0.93 
0.44 
0.91 


0.82 
0.39 


0.46 
0.34 
0.40 
0.58 
0.76 
0.47 
0.77 








* Symbols indicate: + +. comparable to the height of albumin-bound radioactivity peak: +, 


small but recognizable peak; —. no peak. simply a shoulder. 
*+SMON. subacute myelo-optico-neuropathy. 
+ Without history of clioquinol administration. 
$ With history of clioquinol administration. 


0.14 mole/mole of albumin), has a greater capacity 
to bind clioqguinol than albumin in serum. Similar 
results have been reported for sodium sulfobromoph- 
thalein binding to albumin [12]. As the relative 
amount of clioquinol to albumin solution was in- 
creased above 100 yg/ml, a tailing of radioactivity 
became apparent, indicating that a continuous disso- 
ciation of the clioquinol-albumin complex is taking 
place during migration through a clioquinol-free area 
of agarose. Thus, the radioactivity remaining at the 
origin represents the closest estimate of the amount 
of free clioquinol which is in equilibrium with the 
bound clioquinol in the original clioquinol-albumin 
mixture. This allows calculation of the concentrations 
of free and bound clioquinol at equilibrium, respect- 
ively. from the fractions of radioactivity remaining at 
the origin and the remainder on the recorded chart 
and from the initial clioquinol concentrations in the 
applied samples. With the molar ratios of bound clio- 
quinol to albumin thus obtained at different concen- 
trations of free clioquinol. the number of binding sites 
and the apparent binding constant were tentatively 
estimated by the Scatchard plot to be 0.91 and 
5.6 x 10* M~! respectively (Fig. 3). 

The presence of clioquinol binding proteins other 
than albumin was confirmed by separating serum 
protein fractions by electrophoresis, using sera from 
Cases | and 5 in Table 1, without addition of clio- 
quinol, subjecting them to re-electrophoresis with 
['?'I]clioquinol and demonstrating the migration of 
radioactivity with each of the x-. %2-f- and f-frac- 


tions in addition to the albumin fraction. Since the 
increased extra-albumin peak of radioactivity was 
found among patients with higher levels of serum 
lipids (Table 1). lipoproteins were stained and their 
mobilities were compared with those of ['*C]clio- 
quinol by the radioautographic technique. The mig- 
ration of the main extra-albumin band of ['*C]clio- 
quinol corresponded to that of the /-lipoprotein band. 
Small amounts of radioactivity were also found in 
z- and pre-f-lipoprotein bands. In order to confirm 
the binding of clioquinol to serum lipoproteins, lipo- 
protein fractions were separated by ultracentrifuga- 
tion according to Yasugi and Honma [11] and sub- 
jected to electrophoresis with ['*C]clioquinol. The 
results obtained with the serum from a patient with 
nephrotic syndrome (Case 4 in Table 1) are presented 
in Fig. 4. With an amount of clioquinol in excess 
of saturating serum albumin, clioquinol binding was 
observed both in albumin and extra-albumin (corre- 
sponding to f-lipoprotein) bands when the whole 
serum was employed. Electrophoresis of fractionated 
lipoproteins with clioquinol showed that not only 
low-density lipoprotein (LDL), which has the electro- 
phoretic mobility of f-lipoprotein, but also very low 
density lipoprotein (VLDL) and high density lipopro- 
tein (HDL) were capable of binding clioquinol, as 
revealed by positive radioautography and protein 
staining in the identical positions. After the removal 
of the lipoproteins. albumin was the sole clioquinol 
binding protein among the residual serum proteins. 
Similar results were obtained with sera from a 
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Fig. 2. Electrophoretic patterns of radioactivity with crystalline human albumin. The concentrations 

of clioquinol in albumin solution (4.50 g albumin/dl) were: (a) 16 pg/ml; (b) 50 pg/ml; (c) 96 pg/ml: 

and (d) no albumin. The albumin used contained free fatty acids in a molar ratio of 0.14. The photo- 
graph at the top shows the pattern of protein staining for b, and 0 denotes the origin. 


healthy subject (Case 18) and from a case with pri- 
mary biliary cirrhosis (Case 4 in Table 1). In a com- 
parison of the free clioquinol radioactivities remain- 
ing at the origins among these serum proteins, the 
capacities of lipoproteins to bind clioquinol in terms 
of unit protein weight appeared to be greater than 
that of albumin (cf. the legend to Fig. 4 as to the 
amounts of applied clioquinol per unit weight of pro- 
teins). 


DISCUSSION 


Studies of clioquinol binding to serum proteins 
reported by other workers have some limitations in 


quantitative interpretation of the results because of 


an interaction of clioquinol with the supporting 
medium, unless the isolation of bound clioquinol is 
carried out at very low concentrations of added clio- 
quino! and buffer solution. The difficulties were cir- 
cumvented in the present studies by employing agar- 
ose gel as the electrophoretic medium for separation 
of free and bound forms of clioquinol. As a result, 
clioquinol was found to be bound mostly to albumin 
at the clioquinol concentrations which could be 


attained in man by oral administration of the drug 
[14.15]. This is in agreement with the results 
obtained in studies in vivo in man [2] and other ani- 
mals [7]. Analysis of the binding data by Scatchard 
plot revealed that | mole of clioquinol is bound per 
mole of human albumin with a binding constant of 
5.6 x 10*M~'. The binding of clioquinol to albumin 
appears to represent a specific type of binding com- 
mon to that seen among other drugs, ie. the high 
affinity of clioquinol to albumin is comparable to that 
of warfarin [16]. phenylbutazone [16] or bilirubin 
[17]. However, clioquinol binding to albumin is less 
strong than that of long chain fatty acids [18]. This 
would explain the extra-albumin binding of clioquinol 
in cases with increased serum levels of NEFA as 
resulting from competition between clioquinol and 
NEFA for albumin and subsequent displacement of 
clioquinol to lipoproteins. 

The binding of clioquinol to lipoproteins was sug- 
gested by our previous studies [8] and was demon- 
strated by Ogata er al. [7] with antilipoprotein sera. 
The present studies further confirmed that lipopro- 
teins are virtually the sole serum components respon- 
sible for the extra-albumin binding of clioquinol. 
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Among the lipoprotein classes, f-lipoprotein or LDL 
appears to play a major role in constituting the extra- 
albumin peak, since the f-lipoprotein band and the 
most intense band of extra-albumin radioactivity were 
superimposed in the cases studied. However, isolated 
VLDL and HDL were shown to be as effective as 
LDL with respect to their binding capacity, suggest- 
ing that LDL has a stronger binding affinity to clio- 
quinol than the other lipoproteins. Thus, the small 
variation in the migration of main extra-albumin 
peak found among cases studied, i.e. %,-/ region or 
close to f-globulin. may well be due to the change 
in electrophoretic mobility of lipoproteins in the 
absence of added albumin [19]. 

In contrast to albumin, lipoproteins have weak 
binding affinities for clioquinol, since a significant 
binding was observed only after saturating albumin 
with clioquinol. However, the binding capacities of 
lipoproteins appear to be greater than those of albu- 
min. because the height of the radioactivity of the 
extra-albumin peak reached to that of albumin, as 
the relative amount of clioquinol to serum was in- 
creased, in spite of much lower concentrations of 
serum lipoproteins. This is in accord with the obser- 
vation made for sodium sulfobromophthalein §bind- 
ing to serum proteins [12]. The binding to lipopro- 
teins might represent a non-specific solubilization of 
clioquinol into the lipid moiety of lipoproteins, rather 
than a specific binding to the apolipoproteins, in view 
of the lipid-soluble nature of clioquinol. The patho- 
physiological significance of the present observation 
lies in the fact that, under circumstances where 
plasma clioquinol concentration exceeds the binding 
capacity of albumin, clioquinol would readily bind 
lipoproteins and other lipid-rich constituents of tis- 
sues in a manner analogous to the phenomenon 
observed with bilirubin [20] and sodium sulfobro- 
mophthalein [12]. Increased serum concentrations of 
other albumin binding drugs and endogenous sub- 
stances, such as NEFA, or hypoalbuminemia of vary- 
ing causes. would likewise alter the distribution in 
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Fig. 3. Scatchard plot of r/[clioquinol] vs r for the binding 
of clioquinol by albumin at varying concentrations of clio- 
quinol. A molecular weight of 65.000 was assumed for the 
human albumin. Key: r, the ratio of moles of clioquinol 
bound to total moles of albumin, and [clioquinol]. free 
clioquinol concentration (moles/liter). The binding data 
obtained at 20° in barbital buffer, pH 8.6, and ionic 
strength 0.025, were analyzed by means of the Scatchard 
equation [13]. 
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Fig. 4. Binding of clioquinol to serum lipoprotein frac- 
tions. Electrophoresis was carried out after mixing 
['*C]clioquinol with the following: whole serum (16 pg/ml 
of serum; or 1.2 xg/mg of albumin and 27 pg/mg of protein 
from lipoproteins); VLDL. very low density lipoprotein 
(9.9 ng/mg of protein): LDL, low density lipoprotein 
(3.5 ng/mg of protein); HDL. high density lipoprotein 
(4.8 ng/mg of protein); and original serum minus lipopro- 
teins (0.46 ng/mg of protein or 0.75 ug/mg of albumin). 
Electrophoresis of isolated lipoprotein fractions was per- 
formed with 0.4°,, agarose—0.12°,, agar and others with 1°, 
agarose. Key: RA, radio-autogram; PS, protein staining. 
Lipoprotein staining gave results similar to those of 
radioautography except for albumin, which gave very weak 
lipid staining. The extra-albumin band of radioactivity in 
the whole serum corresponded to f-lipoprotein on lipopro- 
tein staining with acetylated Sudan Black B. No significant 
radioactivity was found in z- and pre-f-lipoprotein bands 
with the whole serum in this case. 


vivo of clioquinol [21]. Alternatively, the binding of 
clioquinol to lipoproteins may alter the properties of 
lipoproteins as carriers of physiological substances 
[22 
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Abstract 


A procedure has been described for the specific and rapid isolation of rat urinary kallikrein 


using anion-exchange, affinity and Sephadex chromatography. Trasylol-bound Sepharose selectively 
adsorbed kallikrein which could be eluted between pH 5.5 and 3.5. The kallikrein was purified 694-fold 
by the entire procedure and 49 times in the individual step of affinity chromatography. The purification 
obtained by the Trasylol-Sepharose adsorption was one of the highest of any individual steps reported 
thus far. Antibodies generated against this kallikrein reacted with rat urine and kidney cortex homo- 
genate, but not with bovine trypsin, dog or human urine. The activity in vitro and in vivo of kallikrein 


was specifically blocked by the antikallikrein serum. 


The formation of hypotensive peptide kinin has been 
attributed:to a group of serine proteinases called: kal- 
likreins (kininogenin EC 3.4.21.8). The kallikreins 
release kinin peptides such as bradykinin and kalli- 
din from plasma kininogen. These enzymes have been 
separated into two main groups, plasma and glandu- 
lar kallikreins [1]. The kallikrein found in urine has 
characteristics similar to glandular kallikreins. Fur- 
thermore, the urinary kallikrein, which resembles 
renal kallikrein [2,3], is of special interest because 
of its possible involvement in the regulation of blood 
pressure [4] and sodium balance [5, 6]. 

Purification procedures of mammalian kallikreins 
have been reviewed [7]. Rat urinary kallikrein was 
isolated by Porcelli and Croxatto [8] and, more 
recently, by Nustad and Pierce [9] and by Silva et 
al. [10]. In the present report, we describe the use 
of Trasylol-bound Sepharose for isolation of pure kal- 
likrein. In addition, antibodies have been produced 
against this kallikrein and examined in vitro and in 
vivo for specific inhibition of kallikrein activity. 


MATERIALS AND METHODS 


The following materials were obtained from com- 
mercial sources: DEAE-cellulose (Whatman DE-52); 
DEAE-Sephadex A-50, CNBr-activated Sepharose 
4B, Blue Dextran and Sephadex G-100 from Pharma- 
cia Fine Chemicals, Inc.; polyacrylamide and Coo- 
massie Brilliant Blue R-250 from Eastman Kodak 
Co.; benzoyl-L-arginine ethyl ester (BAEE) from 
Cyclo Chemical Corp.; and crystallized human serum 
albumin from Nutritional Biochemicals Co. All other 
chemicals were of reagent grade. 


Preparation of Trasylol-Sepharose (T-Sepharose) 


The procedure used was similar to one described 
by Cuatrecasas et al. [11]. Binding of ligand was per- 
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formed in 0.1 M sodium bicarbonate. 0.5 M sodium 
chloride at pH 9.5 (bicarbonate buffer). Three 
hundred mg Trasylol (0.15 ug equivalent to 1.0 KIU) 
was added to 30g of activated Sepharose and stirred 
gently for 2hr at 25° and for 18 hr at 4°. Non-cova- 
lently bound ligand was eliminated by three washing 
cycles; each cycle consisted of a 100-ml wash with: 
(1) bicarbonate buffer, (2) 0.2M Tris-HCl, pH 7.5, 
and (3) 0.1M sodium acetate, 10M NaCl, pH 4.0. 
The product, 140 ml settled T-Sepharose, contained 
284 mg of bound Trasylol as estimated by absorbance 
at 280 nm. Any remaining active groups of Sepharose 
were further reacted with 1.0M ethanolamine at pH 
8.0 for 2hr, and the gel was re-equilibrated in bicar- 
bonate buffer. Sodium azide (0.1°%) was added as a 
preservative and the moist gel stored at 4° when not 
in use. 
Purification procedure 

Male Sprague-Dawley rats (200-300g) were 
housed in metabolic cages with free access to normal 
food and water. Twelve to fifteen liters of urine was 
collected, free of feces, in ice-cold containers, and the 
proteins were precipitated with 80°, saturation of 
ammonium sulfate. The precipitates were separated 
by centrifugation, redissolved in distilled water, dia- 
lyzed against the distilled water for 18 hr at 4° and 
lyophilized. The crude enzyme powder was stored at 
—20°. In the second step, the crude enzyme (10-15 g) 
was dissolved in 0.1M _ phosphate buffer, pH 5.0, 
and passed through a DEAE-cellulose column 
(8.5 x 28cm) equilibrated in the same buffer. The 
adsorbed enzyme was eluted with a linear sodium 
chloride gradient to 1.0 M and rechromatographed on 
a DEAE-Sephadex A-50 column (8.5 x 28cm) under 
identical conditions. 


Affinity chromatography 

Major activity fractions emerging from DEAE- 
Sephadex A-50 chromatography were pooled, equili- 
brated by dialysis against the bicarbonate buffer and 
stirred gently with T-Sepharose for 18 hr at 4°. The 
gel was packed in a column (2 x 35cm) and washed 
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with 140ml of 0.2M disodium hydrogen phosphate 
at pH 9.5. The kallikrein was eluted with a pH gra- 
dient for which two chambers were used. The first 
contained | liter of 0.05 M sodium dihydrogen phos- 
phate adjusted to pH 3.0 which was allowed to flow 
dropwise into a second mixing chamber which con- 
tained 100 ml of 0.2 M disodium hydrogen phosphate 
at pH 9.5. The second chamber was connected to the 
column so that the flow rate of the affinity column 
was proportional to the flow rate in the mixing 
chamber. In subsequent experiments, the contami- 
nants were removed with 0.2 M phosphate buffer, pH 
6.0, and kallikrein was eluted with 0.1 M acetic acid 
pH 3.5. 

The major activity emerging from the affinity 
column was equilibrated by dialysis with 0.1 M phos- 
phate buffer, pH 7.2, and passed through a Sephadex 
G-100 (2.5 x 100 cm) column pre-equilibrated in the 
same buffer. 


Esterase assay 


BAEE was used as a substrate in a final concen- 
tration of 1.0mM in 0.1 M phosphate buffer, pH 8.5 
(phosphate buffer). The procedure of Trautschold and 
Werle [12] was used with the exception that the spe- 
cific activity was expressed as pmoles/min/mg using 
a molar extinction coefficient of 2300 for the sub- 
strate. The enzyme aliquots were adjusted such that 
the AA‘? did not exceed 0.1 in 5 min. 


Estimation of kinins by bioassay 

The kinin-forming activity (kininogenase) was 
measured using the dog bioassay procedure of Marin- 
Grez and Carretero [13] with some modifications. 
Briefly, a 0.1-ml aliquot of suitably diluted enzyme 
was incubated with 2000 ng of partially purified sub- 
strate (dog kininogen) in phosphate buffer. The pepti- 
dases were inhibited by incorporating 15 mM sodium 
EDTA and 1.5mM O-phenanthroline in the assay 
system. The samples were incubated at 37 for 10 min 
and the proteolysis terminated by immersing them 
in a boiling water bath for an additional 10 min. The 
precipitates were separated by centrifugation and the 
supernatant was adjusted to pH 7.4 with | N HCl. 

The samples or the standards (kallidin, Schwarz 
Mann) were injected into the femoral artery through 
an indwelling cannula. The resulting increase in flow 
was recorded by an electromagnetic flowmeter and 
a recorder [14]. The activity of the unknown samples 
was bracketed between two close doses of the stan- 
dard and calculated by interpolation. 


Protein estimation 


The protein concentration was determined by the 
procedure of Lowry et al. [15] using human serum 
albumin as a standard protein. An average A};9 of 
1.51 was obtained for a kallikrein solution of 1 mg/ml 
as estimated by the Lowry procedure. This factor was 
used in the present preparation to estimate protein 
concentration. 


Electrophoresis 


Disc-gel electrophoresis (Canalco, Rockville, Md.) 
was performed in 16°, polyacrylamide gel [16] using 
0.025M Tris in 0.2M glycine at pH 9.5 according 
to the directions of the manufacturer using a column 
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size of 10cm. A current of 4mA/gel was applied at 
4° for about 4hr when the tracking dye (Bromo- 
phenol Blue) emerged at the bottom of the column. 
The gel was scanned (ISCO, Lincoln, Neb.) for absor- 
bance at 280 nm and then stained | hr with 0.1°%, Coo- 
massie Brilliant Blue R-250 in 10°, trichloroacetic 
acid. The destaining was performed in an aqueous 
solution which contained 10°, of acetic acid and iso- 
propyl alcohol. One of the unstained columns was 
sectioned into 0.5-cm segments, homogenized in phos- 
phate buffer, centrifuged, and the supernatant tested 
for esterase and kininogenase activity. 
Immunization 

Four New Zealand rabbits, weighing approxi- 
mately 3 kg each, were used. Two hundred yg kallik- 
rein emulsified in 1.0 ml of complete Freund’s adju- 
vant was injected weekly into the foot pads of rabbits 
for a 3-week period. Blood was drawn every week. 
and the booster injections were given after 4 weeks 
in incomplete Freund’s adjuvant. The antiserum was 
heated at 56 for 0.S hr and stored frozen. The devel- 
opment of antibody was monitored by a passive hae- 
maglutination test. 


Immunodiffusion and immunoelectrophoresis 


Double diffusion in agar gel was performed accord- 
ing to the method of Ouchterlony [17], and im- 
munoelectrophoresis on glass microscopic slides was 
employed as described by Scheidegger [18]. The anti- 
serum was tested with the Ouchterlony technique 
against pure kallikrein, crude enzyme, proteins 
excluded by the affinity column, and homogenates of 
kidney and liver, all of which were obtained from 
the rat. For the preparation of the homogenates, rat 
kidney and liver were washed by the infusion of saline 
in the renal artery and portal vein respectively. The 
liver was homogenized in saline, while the kidney cor- 
tex was homogenized in 0.5°;, deoxycholic acid, incu- 
bated at 4 for 30min and dialyzed against saline. 
In addition, human and dog urine (protein concen- 
trate) and bovine trypsin were also tested with the 
antibody in the Ouchterlony technique. 

Inhibition studies 

The antiserum was tested in vitro and in vivo for 
its ability to block kallikrein activity. For this pur- 
pose, the antikallikrein and normal rabbit serum were 
heated at 56 for 3hr for partial denaturation of the 
inhibitors [19]. 

In vitro. One hundred yg of crude kallikrein was 
mixed with 50 yl of either normal rabbit or antikallik- 
rein serum and injected in the hind leg of the dog 
immediately after mixing. The blood flow response 
was measured by an electromagnetic flowmeter. 

In vivo. The antiserum was tested in unanesthetized 
rats. Polyethylene catheters were implanted per- 
manently in the femoral artery and vein and brought 
out from the back of the head through a small inci- 
sion. The blood pressure was measured through the 
arterial cannula, and the test samples were injected 
through the venous cannula. After measuring the 
blood pressure response of 2 mg of crude enzyme and 
1.1 wg pf pure kallikrein, 1.0ml of normal rabbit or 
antikallikrein serum was injected. The animals were 
further tested for the blood pressure response of the 
same dose of kallikrein at hourly intervals. 
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Table 1. Purification of rat urinary kallikrein 





Sp. act. 
esterase 
(umoles/min/mg) 


Protein* 


Treatment (mg) 


Sp. act. 
kininogenase 
(ug/min/mg) 


Recoveryt Purification 





Crude enzyme 11,250 
DEAE-52 
chromatography 
DEAE-Sephadex 
A-50 chromatography 
Trasylol-Sepharose 
affinity 
chromatography 
Sephadex G-100 
chromatography 


1,430 


663 


(0.179)* 


2.13 100 


99 


1,795 





* Protein concentration was calculated on the basis of A}go of 1.51 for 1.0mg/ml of kallikrein solution at 25. 
+ Calculated on the basis of 66.2 per cent of the total activity as found by DEAE chromatography. 


RESULTS 


The analytical data, at each stage of purification, 
is presented in Table 1. In step 2 of the DEAE-chro- 
matography, ‘Esterase A’, reportedly possessing very 
little kininogenase activity [9], was eliminated in the 
unadsorbed effluents. The esterase activity of the 
adsorbed enzyme was found to be 66.2 per cent of 
the total activity and was taken as an index to deter- 
mine recovery and the degree of purification. The 
enzyme was eluted with a sodium chloride gradient 
and passed through a second column of DEAE- 
Sephadex A-50. In steps 2 and 3, the crude enzyme 
was purified 13.5-fold. The elution profile of kallik- 
rein, in the next step of affinity chromatography, is 
shown in Fig. 1. Approximately 90 per cent activity 
emerged between pH 5.5 and 3.5, and the kallikrein 
was purified 49-fold in this step. In one of the other 
preparations, Nustad and Pierce [9] purified kallik- 
rein 72-fold by immune precipitation of the enzyme 
followed by Sephadex G-100 chromatography. After 
the affinity chromatography, the enzyme was found 
to be labile and had a tendency to adhere to glass 
and plastic surfaces. For this reason, siliconized glass- 
ware was used. The most active fractions emerging 
from the affinity column were combined, equilibrated 
in 0.1M_ phosphate buffer, pH 7.2, and passed 
through Sephadex G-100. The kallikrein was resolved 
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— ABSORBANCE, 280 nm 











ret dae | 
120 160 
FRACTION 
NUMBER 
Fig. 1. Chromatography of kallikrein on a T-Sepharose 
column (2 x 35cm). The enzyme was eluted in 3.0-ml frac- 
tions with a pH gradient as shown by a broken line. The 
absorbance at 280 nm is shown by a solid line, and the 
activity toward BAEE is indicated by crosses. 


from inactive proteins as a symmetrical peak (Fig. 
2) at two times the void volume of the column. The 
filtration volume of the enzyme was 320 ml, while that 
of ovalbumin (mol. wt 45,000) was 260 ml. After the 
final stage of purification, the recovery of activity was 
31.9 per cent for kininogenase and 17.5 per cent for 
esterase. The specific esterase activity of pure kallik- 
rein was found to be 124 pmoles/min/mg, and the 
kininogenase activity was 1795 yg kinins/min/mg. 

Figure 3 shows the results of electrophoresis in 16°, 
polyacrylamide gel. The purified kallikrein showed a 
major and a minor protein band on staining. The 
scan of absorbance at 280 nm resulted in two peaks 
which coincided with the protein bands. Furthermore, 
the esterase and kininogenase activities, recovered in 
50 per cent yield, were confined to these two com- 
ponents of the kallikrein. 

Antiserum obtained after primary immunization of 
kallikrein had a titer between 1:4 to 1:64 in the pas- 
sive haemaglutination test. Titers rose steadily after 
the booster injection, and one of the rabbits gave a 
titer of 1:256. An antiserum with a haemaglutination 
titer of 1:64 could be diluted 1:15,000 to obtain 46 
per cent binding with 2300 cpm of tritiated kallikrein 
(unpublished results). 
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FRACTION NUMBER 
Fig. 2. Sephadex G-100 gel filtration of 5.28 mg kallikrein 
obtained from the previous step of affinity chromatogra- 
phy. Four-ml fractions were collected at the flow rate of 
48 ml/hr. The solid line denotes absorbance at 280 nm, and 
crosses represent activity toward BAEE. The elution 
volume of ovalbumin is shown by the arrow. The solid 
bar at the bottom indicates fractions which were pooled. 
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Fig. 3. Electrophoresis of 44 yg kallikrein in 16°, polyacrylamide gel. The kininogenase (squares) and 

esterase (solid circles) activity (dashed line), recovered in 50 per cent yield, was coincident with the 

peaks of absorbance at 280 nm (solid line) and the protein bands were stained with Coomassie Blue 
as shown at the bottom of the figure. 


. 

The antikallikrein serum gave a single line of iden- 
tity with kallikrein and crude enzyme (Fig. 4) but no 
discernible reaction with normal rat plasma, rat liver 
homogenate or the proteins excluded by T—Sephar- 
ose. Furthermore, the antibodies did not cross-react 
with bovine trypsin, dog or human urine. In im- 
munoelectrophoresis, kallikrein and crude enzyme 
showed an identical anodal migration as shown in 
Fig. 4. 


The increase in blood flow caused by 100 ng of 


crude kallikrein could be abolished when the enzyme 
was mixed in vitro with 50 4 of antikallikrein serum 
(Fig. 5). An equivalent amount of normal rabbit 
serum had no effect. 


The effect in vivo of antikallikrein serum in blood 
pressure was examined in six rats and a typical re- 
sponse is presented in Fig. 6. The depressor response 
either of 1.1 ug of pure kallikrein or 2.0 mg of crude 
enzyme was abolished for a period of up to 2 hr when 
1.0 ml antiserum was injected before the test. The cor- 
responding dose of normal rabbit serum had no effect. 


DISCUSSION 


Several procedures [8-10] have been described for 
isolation of rat urinary kallikrein. Using ion-exchange 
and Sephadex chromatography, rat urinary kallikrein 
was purified 390-fold [8]. In subsequent procedures, 


KALLIKREIN 
ANTI~ KALLIKREIN 
CRUDE ENZYME 


@ 


Fig. 4. On the left is shown Ouchterlony double diffusion. Center well: undiluted rabbit antikallikrein 

serum; peripheral wells: (1) pure kallikrein; (2) normal rat plasma; (3 and 5) | mg and 0.5 mg of 

crude kallikrein, respectively: (4) rat liver homogenate (1 mg); and (6) rat urinary proteins excluded 

by T-Sepharose (1 mg). On the right is shown immunoelectrophoresis of pure kallikrein (5 ug) and 
crude enzyme (1 mg) against antisera directed to pure kallikrein of rat urine. 
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Fig. 6. The blocking activity in vivo of antikallikrein serum 
in rats. The normal rabbit serum response (upper half) was 
compared with the antikallikrein serum (lower half). The 
antikallikrein serum blocked the depressor response of kal- 
likrein for up to 2hr as shown in the lower half of the 

figure. 


improved techniques have been employed such as 
electrofocussing [9] and affinity chromatography [10] 
using arginine methyl ester as the insoluble ligand. 
Arginine methyl ester has been reported to be a poor 
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ligand in the isolation of trypsin [20]. Fritz and Forg- 
Brey [21] used guanidinated Trasylol coupled to CM- 
cellulose for the purification of kallikrein from the 
porcine pancreas, submaxillary gland and urine. The 
resulting enzyme had a specific activity comparable 
to kallikrein preparations obtained by conven- 
tional procedure. In view of this, it appears that a 
combination of anion-exchange, T-Sepharose and 
Sephadex chromatography offers a specific and rapid 
procedure for isolation of rat urinary kallikrein. This 
procedure might also have a potential use in isolation 
of glandular and urinary kallikrein of other species. 

The specific activity of pure rat urinary kallikrein, 
isolated by different authors, is summarized in Table 
2. Esterase activity of kallikrein has been commonly 
measured with BAEE and/or TAME. The specific 
esterase (BAEE) activity of the kallikrein preparation 
reported here was 124 umoles/min/mg as compared 
to 51.5 umoles/min/mg in the preparation of Porcelli 
and Croxatto [8]. The enzyme was assayed spectro- 
photometrically in both of those measurements. 
Using titrimetric assay, the specific activity of another 
preparation [9] was reported to be 193 moles 
min/mg. In the present procedure, we used BAEE; 
however, we also used the colorimetric TAME assay 
of Roberts [24] in a subsequent preparation. The spe- 


: 
4 
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Fig. 5. Blood flow response (hind leg of the dog) to crude kallikrein in the presence and absence 
of antikallikrein serum. The test samples were injected as shown by the arrows 


Table 2. Rat urinary kallikreins 





Esterase (jumoles/min/mg) 





BAEE TAME* 


Kininogenase 
(ug kinins/min/mg) 


Purification 
factor 


Per cent 


yield 


Reference 





45 


124 


Porcelli and 
Croxatto [8] 
Porcelli 

et al. [22] 
Silva 

et al. [10] 
Nustad and 
Pierce [9] 
Nustad and 
Pierce [23] 
Present 
paper 


18.6 390 





* Tosyl-arginine-methyl ester. 


+ Calculated from | esterase unit equivalent to 0.05 pymole BAEE/min. 


t Calculated on the basis of enzyme B in rat urine. 


$ Revised data on the basis of protein estimated by the Lowry procedure. 
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cific activity for TAME hydrolysis of another prep- 


aration was found to be 123 pmoles/min/mg. The- 


kininogenase activity was measured with partially 
purified dog kininogen and found to be 1795 yg 
kinins/min/mg. Kininogenase activity has been 
measured by a variety of bioassay procedures, and 
the purity of kininogen is one of the important factors 
in the estimation. In view of this, it is difficult to 
compare kininogenase activity. The availability of a 
-universal kallikrein standard should be most useful 
for this purpose. ! 

The kallikrein demonstrated heterogeneity of two 
enzymic components when electrophoresed in 16%, 
polyacrylamide gel. Four forms of kallikrein, with 
marginal differences in isoelectric points, have been 
reported [9]. Although the resolution obtained in the 
disc-gel electrophoresis and electrofocussing is not 
comparable, it appears that the urinary kallikrein 
might consist of two or more components. Neverthe- 
less, it is not known whether the microheterogeneity 
is derived from a single proenzyme molecule or 
results from an aggregate. 

The antikallikrein serum gave a single line of iden- 
tity with pure kallikrein and crude enzyme. A weak 
reaction was also observed with kidney cortex homo- 
genate which was perhaps due to the fact that kidney 
tissue contains a very small amount of kallikrein [2]. 
The antikallikrein serum did not show a precipitation 
band in immunodiffusion when reacted with the pro- 
teins excluded by the affinity column, rat liver homo- 
genate or rat plasma. However, a possibility cannot 
be excluded that the antigen concentration in these 
preparations was below the detection limit of the 
Ouchterlony technique. Glandular kallikrein has been 
detected in lymph [25] but, as yet, not in plasma. 
The antikallikrein serum was found to have species- 
specificity, since it did not react with dog or human 
urinary proteins. The crude enzyme and pure kallik- 
rein formed identical precipitin arcs in immunoelec- 
trophoresis which confirmed the results of the Ouch- 
terlony test. These experiments suggested that the 
antikallikrein serum was monospecific. 

The antikallikrein serum was tested for its ability 
to block kallikrein activity. The increase in blood flow 
response (hind leg of the dog) due to kallikrein was 
completely blocked when the enzyme was mixed with 
antikallikrein serum just before the injection. The 
sheep antibody to rat urinary kallikrein has been 
reported [9] to inhibit the direct oxytocic effect of 
rat urinary kallikrein but not its TAME activity. Fur- 
thermore, the intravenous administration of 1.0 ml of 
antikallikrein serum in rats did not alter the existing 
blood pressure. The depressor response of crude kal- 
likrein and pure kallikrein was blocked for up to 
2 hr. Thus, urinary kallikrein appears to play no di- 
rect role in the regulation of blood pressure in normal 
rats, although its participation in the regulation of 
local blood flow cannot be excluded by these experi- 
ments. 

Urinary kallikrein resembles renal kallikrein [2, 3], 
and is different from plasma kallikrein [1]. The phy- 
siological role of renal kallikrein is unsettled in spite 
of several reports relating the excretion of kallikrein 
with sodium and water [26-28]. These experiments 


N. B. Oza, V. M. Amin, R. K. McGreGor, A. G. ScicLti and O. A. CARRETERO 


could be amply validated if a specific inhibitor of kal- 
likrein was available. The ability of the antikallikrein 
serum, reported here, specifically to inhibit the bio- 
logical activity of kallikrein could be of importance 
in resolving the involvement of kallikrein in the phy- 
siological process. 
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Abstract—The effect of acute ethanol treatment on hepatic metabolism of hexobarbital (Hb) was studied 
in the rat. Oral administration of 3 g/kg of ethanol (15% w/v) inhibited Hb hydroxylase activity 45-50 
per cent. A dose-response relationship was found for ethanol inhibition of Hb metabolism. The overall 
hepatic microsomal protein content was not affected, but the hepatic cytochrome P-450 level was 
reduced approximately 42 per cent by this ethanol treatment. Corticosterone (12.5 mg/kg, i.p.) inhibited 
Hb hydroxylase activity 43 per cent. The combination of ethanol and corticosterone treatment further 
inhibited Hb hydroxylase activity. Study in vitro showed that corticosterone inhibited Hb metabolism 
competitively. Ethanol caused a 3-fold increase in the plasma corticosterone level but had no effect 
on plasma corticosterone of adrenalectomized rats. Hexobarbital metabolism was not affected by 
ethanol in adrenalectomized rats. Thus, the inhibition of hepatic Hb metabolism by acute ethanol 
was caused by the increased release of corticosterone induced by ethanol. 


Alcohol has been found to interact with many drugs 
[1-3]. In rats, ethanol (5 g/kg, orally) doubled the 
half-life of pentobarbital in the plasma [4]. Normal 
human volunteers were given labeled meprobamate 
and pentobarbital orally, after which blood levels of 
these drugs were measured for 16 hr. After the 
administration of ethanol, the half-life of pentobarbi- 
tal was doubled and that of meprobamate was pro- 
longed two to five times [5]. Thus, it has been demon- 
strated that, in the presence of ethanol, drug metabo- 
lism was inhibited in both the rat and man. In pre- 
liminary studies, we found that hexobarbital (Hb) 
metabolism in the rat liver 9000g supernatant frac- 
tion and microsomal fractions was inhibited an aver- 
age of 45 and 25 per cent, respectively, | hr after the 
administration of 3 g/kg of ethanol orally, and that 
the inhibition of Hb metabolism occurred in the mic- 
rosomal fraction and not in the cytosol [6]. This 
paper presents a possible mechanism for ethanol- 
induced inhibition of Hb metabolism in the rat. 


METHODS 


Treatment. Adult male Sprague-Dawley rats, 
180-220 g, were maintained in a temperature-con- 
trolled room with a 12-hr light-dark cycle for a mini- 
mum of 5 days before they were used. The animals 
were fed with Purina rat chow and water ad lib. All 
experiments were scheduled so that animals were 
treated between 9:00 and 10:00 a.m. 

Ethanol (3 g/kg) was administered in a 15% solu- 
tion by oral intubation. Control animals received an 
equal volume of water. 

Tissue preparations. The animals were sacrificed by 
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cervical dislocation. The livers were perfused with ice- 
cold 1.15% KCl, rapidly excised, blotted dry, and 
weighed. The livers were cut into small pieces and 
homogenized in 3 vol. (w/v) 1.15% KCI with a motor- 
driven coaxial Teflon pestle and glass homogenizer 
for 3 min at 1000 rev/min. Fractionation of cell com- 
ponents was performed in a Beckman model L-2 
ultracentrifuge with a No. 30 rotor at 2°. The whole 
homogenate was centrifuged at 9000g (ave) for 
30 min. The 9000g (ave) supernatant fraction was 
either used directly or further centrifuged at 78,000 g 
(ave) for 90 min to separate microsomes and cytosol. 
The microsomal pellets were washed once by resus- 
pension in 1.15% KCl and centrifuged at 78,000 g 
(ave) for 60 min. The washed microsomal pellets were 
resuspended in pH 7.4 KCI-Tris buffer (150 mM KCl 
and 50 mM Tris). 

Metabolism studies. All experiments were performed 
in fresh tissue. The standard reaction mixture consist- 
ing of 2 uymoles NADP, 10 pumoles MgCl,:6 H,O, 
50 umoles nicotinamide, 20 pmoles glucose 6-phos- 
phate, and 2 I.U. glucose 6-phosphate dehydrogenase 
was added to 25-ml Erlenmeyer flasks. The remaining 
components of the incubation mixture included | ml 
liver fraction (333 mg of wet tissue), 4 zmoles hexo- 
barbital and sufficient pH 7.4 KCI-Tris buffer (0.2 M) 
to make a final mixture of 4ml. After addition of 
substrate, the samples were shaken in a Dubnoff 
metabolic incubator for 10 min at 37°. 

Tritiated sodium hexobarbital (New England Nuc- 
lear Corp.) was added to non-radioactive sodium hexo- 
barbital (Winthrop Laboratory), and a solution in 
water having a specific activity of 55 wCi/m-mole was 
used. The amount of unchanged hexobarbital or its 
metabolites was determined by the method of Kupfer 
and Rosenfeld [7]. 

Assay of plasma corticosterone and adrenalectomy. 
The plasma level of corticosterone was determined 
by a fluorometric method according to Zenker and 
Bernstein [8]. Adrenalectomy was performed on the 
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Fig. |. Effect of ethanol on hexobarbital hydroxylase acti- 

vity in the rat liver 9000g supernatant fraction. Doses of 

ethanol were administered orally | hr before sacrifice. Each 
point represents the mean of four determinations. 


rats under light ether anesthesia. A flank incision was 
made directly in front of either the palpated left or 
right kidney. The adrenals were approached retroperi- 
toneally. The kidney and fat masses around it were 
then gently manipulated until the adrenal could be 
visualized and removed by blunt dissection. The 
wound was then closed by wound clips and the ani- 
mals were allowed to recover for a period of 3 days. 
The animals were allowed food and a solution of 0.9%, 
NaCl plus 0.1°,, KCl as drinking water ad lib. during 
the recovery period. The adrenalectomized rats were 
used for studies day 4 after surgery. 

Determination of hepatic microsomal cytochrome 
P-450 content. Hepatic microsomal cytochrome P-450 
was determined by the method of Omura and Sato 
[9] as described by Gillette et al. [10]. Microsomal 
protein concentration was measured according to 
Lowry et al. [11]. 

inalysis of results. Results were compared by 
analysis of variance or by Student’s t-test. Differences 
were considered significant when the probability was 
less than 0.05. 


RESULTS 


A dose-response curve for the inhibitory effect of 
ethanol on hexobarbital hydroxylase (HbH) activity 
in the rat liver 9000 g supernatant fraction was con- 
structed (Fig. 1). Figure | is a probit plot and the 


Tabie |. Effect of acute ethanol treatment on hepatic mic- 
rosomal protein content and cytochrome P-450 level 





Treatment Protein content* P-450 levelt 





0.55 + 0.03 


0.32 + 0.02 


Control 
Ethanol (3 g/kg) 


18.75 + 2.95 
+ 


18.10 + 0.96 





* Values are means +S. E. M. (mg protein/g of liver) 
of six rats/group. 

* Values are means +S. E. M. (nmoles/mg of protein) 
of six rats/group. 

t Significantly different from control, P < 0.05. 


Table 2. Effect of acute ethanol treatment on plasma levels 
of corticosterone of non-adrenalectomized and adrenalec- 
tomized rats 





Coriicosteronet 


Treatment N* = (ug/100 ml) 





Control (water 
intubated) 
Ethanol (3 g/kg) 
Control (water 
intubated) 
Adrenalectomized 
rats 
Control (water 
intubated) 
Ethanol (3 g/kg) 


8.85 
26.13 


9.74 + 





* Number of animals used. 
ot. 


+ Values are means +S. E. M. 


t Significantly different from control in Expt. A, 
P < 0.05. 

§ Significantly 
P< 005. 

Not significantly different from adrenalectomized con- 


trol. 


different from control in’ Expt. B. 


line was drawn by regression analysis. The results 
show that increasing the dosage of ethanol caused 
an increase in inhibition of HbH activity. The concen- 
tration of ethanol which caused a 50 per cent inhibi- 
tion of HbH activity was estimated to be about 
3 g/kg. Since 3 g/kg was an effective dose and did not 
cause an anesthetic effect on the rats, this dosage was 
used throughout the entire study. 

Hepatic microsomal protein content and cyto- 
chrome P-450 levels of the ethanol-treated rats were 
determined. Although the overall microsomal protein 
content did not change | hr after ethanol administ- 
ration (3 g/kg). the hepatic microsomal cytochrome 
P-450 level was reduced 42 per cent (Table 1). These 
results suggest that ethanol may not affect the overall 
microsomal enzyme level, but has an effect on the 
microsomal drug-metabolizing system. 

It has been found that ethanol administered either 
intraperitoneally or by gavage to rats and other ex- 
perimental animals produces a marked decrease in 
adrenal ascorbic acid levels and cholesterol levels. 
which has been interpreted as evidence of stimulation 
of adrenocortical hormone release [12-14]. Therefore. 
the plasma level of corticosterone was determined 
| hr after the administration of ethanol (3 g/kg). The 
results in Table 2 show that a 66 per cent increase 
in the plasma level of corticosterone occurred in the 
ethanol-treated animals. This was tested in adrenalec- 
tomized rats and it was found that ethanol treatment 
did not significantly increase the plasma level of corti- 
costerone in comparison with the control adrenalec- 
tomized rats (Table 2). Hb metabolism in adrenalecto- 
mized rats was not affected by ethanol treatment 
(Table 3). 

It has been shown that the plasma level of corticos- 
terone reached the peak concentration 15 min after 
corticosterone (12.5 mg/kg in propylene glycol solu- 
tion) was administered i.p. in rats [15]. Table 4 shows 
that, when rats were given 12.5 mg/kg of corticoster- 
one (i.p.), the HbH activity was inhibited by 43 per 
cent. When ethanol (3 g/kg. p.o.) and corticosterone 





Effect of acute ethanol on hexobarbital metabolism 


Table 3. Effect of acute ethanol treatment on hexobarbital 
hydroxylase activity in liver 9000g supernatant fraction 
of adrenalectomized rats 





Hexobarbital 


Treatment hydroxylase activity* 





Control rats 6.01 + 0.54 
Adrenalectomized rats 
Control 


Ethanol (3 g/kg) 


6.10 + 0.44 
6.12 + 0.40 


/ “HB + Cort. (4 x107>M) 


s 
HB+Cort. (2x10"> M) 











* Values are means +S. E. M. (umoles/g of liver/10 min) 
of four rats/group. 


(12.5 mg/kg, 1.p.) were combined, the HbH activity 
was inhibited by 57 per cent. These results suggested 
that the inhibitory effect of ethanol may be a result 
of ethanol-induced corticosterone release rather than 
of ethanol itself. 

Figure 2 shows a double reciprocal plot of the in- 
hibitory effect of corticosterone on hepatic microso- 
mal metabolism of Hb. Two concentrations of corti- 
costerone (2 x 10°°M and 4 x 10°° M) were used 
and the results show that corticosterone inhibited Hb 
metabolism competitively. Corticosterone and hexo- 
barbital have the same V,,, (9.09 uwmoles/g of 
liver/10 min) but a different K,,,. 


DISCUSSION 


The metabolism of ethanol is generally known to 
be mainly in the cytosol by alcohol dehydrogenase, 
an enzymatic system quite different from that of the 
mixed-function oxidase system. On the other hand, 
Hb has been found to be metabolized by the microso- 
mal mixed-function oxidase system [16]. Therefore, 
the metabolism of ethanol would not have a direct 
effect on the metabolism of Hb. Although it has been 
reported that a hepatic microsomal ethanol-oxidizing 
system (MEOS) can oxidize ethanol in vitro [17, 18]. 


Table 4. Effect of ethanol, corticosterone and ethanol-cor- 
ticosterone combination treatments on hexobarbital hy- 
droxylase activity in rat liver 9000g supernatant fraction 





Hexobarbital 
hydroxylase 
*., Inhibition 


Treatment activity* 





6.41 + 0.40 
3.87 + O31 


Control 

Ethanol (3 g/kg) 

Corticosterone 
(12.5 mg/kg)t 

Ethanol + 
corticosterones 


3.66 + 0.174 


2.74 + 0.13% 





* Values are means +S. E. M. (umoles/g of liver/10 min) 
of six rats, group. 

+ Significantly different from control, P < 0.05. 

tCorticosterone in propylene glycol (10 mg/ml) was 
administered i.p. and animals were sacrificed 15 min after 
injection. 

$ Corticosterone in propylene glycol (12.5 mg/kg, i.p.) 
was adminstered 45 min after ethanol (3 g/kg, orally) and 
the animals were sacrificed 15 min after corticosterone in- 
jection. 


I/S x10°3 M 


Fig. 2. Double reciprocal plot of the inhibitory effect of 
corticosterone (cort.) on microsomal metabolism of hexo- 
barbital (Hb). Each point represents the mean of four 
determinations. Key: s = concentration of HB; v = velo- 
city of HB metabolism (yzmoles/g of liver/10 min). 


a substantial amount of evidence has suggested that 
this enzyme system plays no significant role in vivo, 
after either acute or chronic administration of ethanol 
[19-21]. Thus, the acute ethanol-induced inhibition 
of microsomal metabolism of hexobarbital may be 
derived from an indirect mechanism. 

The above evidence shows that acute administ- 
ration of ethanol produced inhibition in hepatic meta- 
bolism of Hb, and that this inhibition was not caused 
by the direct action of ethanol. This inhibition was 
associated with the release of corticosterone induced 
by ethanol. This study suggests that corticosterone 
is released by ethanol and serves as an alternate sub- 
strate in the hepatic microsomal drug-metabolizing 
system competitively inhibiting the metabolism of Hb. 


Acknowledgement—The authors are grateful to Dr. Robert 
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Abstract—These investigations were undertaken to show the presence of acetylcholine (ACh) and other 
quaternary ammonium compounds and choline acetyltransferase (ChA) activity in mammalian sperma- 
tozoa. The spermatozoa from the fresh ejaculates of the bull and man were washed with calcium-free 
Krebs-Ringer phosphate solution and extracted with acetonitrile. The quarternary ammonium com- 
pounds from the extracts were subjected to pyrolysis gas chromatography. In the gas chromatogram 
of the quaternary ammonium compounds of‘bull spermatozoa, two peaks were found which represented 
2-dimethylaminoethyl acetate and 2-dimethylaminoethyl propionate. In the gas chromatogram of the 
quaternary ammonium compounds of the human spermatozoa, a peak for 2-dimethylaminoethyl acetate 
was found. These observations suggest that ACh and propionylcholine (PCh) occur in bull spermatozoa 
and that ACh occurs in human spermatozoa. Bull spermatozoa contained 4.27 + 1.41 pmoles (mean 
+ S.E.M.) ACh/10° cells and 1.47 + 0.48 pmoles PCh/10° cells, and human spermatozoa contained 
28.57 + 3.38 pmoles ACh/10° cells. ChA activity was determined in the washed spermatozoa by a 
radiometric assay. Incubation of the homogenates of the sperm cells with ['*C]acetylcoenzyme A 
and choline resulted in the synthesis of ['*C]ACh, which was separated, using a column of an anion 
exchange resin, and assayed. ChA activity in bull spermatozoa was 200.19 + 32.08 pmoles ACh synthe- 
sized/10° cells/10 min, and ChA activity in human spermatozoa was 130.90 + 14.19 pmoles ACh synthe- 
sized/10° cells/10 min. The specific activity of ChA in the tails of bull spermatozoa was about five 


times higher than in the heads or midpieces. 


The existence of a cholinergic system consisting of 
the acetylcholine (ACh) cycle (synthesis, stimulation 
at a receptor, and hydrolysis by cholinesterase) at 
various sites of the nervous system has been well 
established. Recent investigations indicate that the 
ACh cycle plays a significant role in non-nervous tis- 
sues, one of which is spermatozoa [1-3]. 

Szent-Gyorgyi [4] developed the glycerine fiber 
muscle model as a standard experimental system in 
the field of muscle pharmacology. Subsequently, this 
model was extended to the study of non-muscular 
systems by a number of investigators [5,6]. Nelson 
[7] reviewed the evidence that contractile proteins 
were responsible for movement in a variety of cells 
and organelles, including spermatozoa. They were de- 
scribed as actin-like, myosin-like and actinomysin-like 
proteins which displayed many of the biochemical 
and physiological parameters of contractile proteins 
of the muscle. The motility of spermatozoa was com- 
pared with the automaticity of the smooth muscle, 
and it was suggested that an ACh cycle might be 
responsible for the contraction and relaxation cycles 
of spermatozoa. 

Although detailed studies are not available, the 
occurrence of ACh-like substances in the cytoplasm 
of the rabbit, bull, ram and boar spermatozoa was 
demonstrated by Saiko [8,9], using bioassay tech- 
niques. Adding ACh increased the motility of the 
spermatozoa from the Arbacia punctulata minimally 
but significantly [10]. In the presence of dimethylsul- 


foxide (DMSO), which increases the permeability of 
membranes to quaternary ammonium compounds, 
ACh increased the motility of spermatozoa in low 
concentrations (10°° to 5 x 10°*M) and inhibited 
the motility in high concentrations (10° * to 10° 7 M). 

The presence of a cholinesterase-like enzyme has 
been demonstrated in spermatozoa of several mam- 
malian and marine invertebrate species [11-14]. The 
enzyme of the pig and bull was identified as acetyl- 
cholinesterase (AChE) by using specific substrates and 
inhibitors. The enzyme selectively hydrolyzed ACh 
but was less effective at hydrolyzing butyrylcholine 
and benzoylcholine. The enzymatic hydrolysis of ACh 
showed an optimum substrate concentration of about 
1.4 x 10°?M. Physostigmine was a competitive in- 
hibitor of bull sperm AChE. Ethylmercuric thiosalicy- 
late (Merzonine), which inhibited horse serum ChE, 
did not inhibit pig sperm AChE. 

All parts of spermatozoa (head, midpiece and tail) 
contain significant amounts of AChE. In the bull 
spermatozoa, the tails contain higher concentrations 
of AChE than the heads or midpieces [13]. AChE 
in ram spermatozoa was largely confined to the tail 
fragments [15], while it occurred mostly in the heads 
of trout and perch spermatozoa [12]. 

Nelson [16] postulated that AChE may regulate 
sperm motility by controlling intracellular levels of 
ACh. Physostigmine increased the motility of A. punc- 
tulata spermatozoa at low concentrations (10° ° M) 
and inhibited their motility at high concentrations 
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(10°*M). Neostigmine and tetraethylammonium, 
which do not pass through membrane barriers, pro- 
duced minimal changes in motility. 

Hemicholinium, a pharmacologic agent which 
blocks the uptake of choline into acetylcholine-syn- 
thesizing cells, inhibited sperm motility. In the pres- 
ence of DMSO, the effectiveness of hemicholinium 
increased 2-fold. While junctional-like structures have 
not been identified in spermatozoa by ultrastructure 
techniques, evidence suggesting the presence of a 
junctional structure has been presented by Nelson 
[10]. Curare, which inhibits ACh binding to a post- 
synaptic receptor, produced effects ranging from 
about 20 per cent acceleration of motility at 
5 x 10°*M to 20 per cent inhibition at 5 x 10°? M. 
Strychnine, which blocks postsynaptic inhibition of 
Renshaw cells, exerted similar effects ranging from 40 
per cent stimulation at 10°° M to about 40 per cent 
inhibition at 5 x 10°*M. 

Trimethy! phosphate administered to male rabbits 
and rats caused sterility [17]. The spermatozoa from 
the treated animals exhibited abnormal motility. Cho- 
line acetyltransferase (ChA) activity in the spermato- 
zoa from animals treated with trimethyl phosphate 
was demonstrated to be lower than controls. 

Among the three components of the ACh cycle, 
synthesis of ACh and its occurrence in spermatozoa 
have been studied the least. These investigations were 
undertaken to demonstrate the presence of ACh and 
other quaternary ammonium compounds in human 
and bull spermatozoa. The distribution of ChA-like 
activity in subcellular fractions of these spermatozoa 
was also studied. 


METHODS 


Bull ejaculates were collected by an artificial vagina 
and cooled immediately to 4. All ejaculates were 
pooled and used within 2 hr of collection. Ejaculates 
were washed three times with cold (4) calcium-free 
Krebs-Ringer phosphate solution and counted with 
a Spencer Bright-line hemacytometer in 0.1°,, forma- 
lin. 

Human ejaculates were collected from normal 
healthy volunteers. Ejaculates were allowed to liquefy 
at room temperature (25 ) before being pooled and 
washed three times with cold (4 ) Norman—Johnson’s 
solution without glucose [18]. 

Extraction of quaternary ammonium compounds. 
Sperm pellets, containing in excess of 5 x 10’ and 
10° cells/em* (human and bull, respectively), were 
resuspended with | ml diluent. An internal standard 
was added to each suspension (propionylcholine and 
valerylcholine, respectively) for quantitation. 

The method for extraction of quaternary 
ammonium compounds was modified from the pro- 
cedure described by Schmidt and Speth [19]. Sperm 
suspensions were homogenized with a Polytron PT 
10 homogenizer at maximum speed for 20sec and 
9 ml acetonitrile. Extracts were centrifuged and the 
sediment was discarded. To the ACh extract 10 ml 
of an ether-toluene extract system (1:1) was added, 
the tubes were shaken for 2 min, and the solvent was 
aspirated off. This step was repeated before blowing 
off the remaining solvent with N,, which left an 
aqueous sperm extract of quaternary ammonium 
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compounds. The aqueous sperm extract was frozen 
(—70) and lyophilized overnight. In order to avoid 
the interference by endogenous choline, it was esteri- 
fied by adding 0.05 ml acetonitrile (containing 0.05 ml 
butyrylchloride) to the lyophilized extract and then 
heating the mixture at 60° for 60 min. Choline esters, 
as well as other quaternary ammonium compounds, 
were precipitated with 0.2 ml potassium iodide—iodine 
solution (10g KI, 9g I, in 50 ml H,O) in the presence 
of tetramethylammonium (1 yg/pl of acetonitrile). The 
precipitate was isolated by centrifugation and ana- 
lyzed by pyrolysis gas chromatography. 

Pyrolysis gas chromatography. The quaternary 
ammonium compounds were analyzed according to 
the procedure described by Schmidt and Speth [19]. 
During pryolysis. the quaternary ammonium com- 
pounds were converted into their tertiary analogs, 
whose peaks appeared in the gas chromatogram. 

The assays were run on a Fisher Victoreen No. 
4400 gas chromatograph equipped with a Nuclear 
Chicago pyrolyzer. The aluminum column was 
8 ft x Jin. in size and packed with 20°, carbowax 
6000 on 60/80 mesh Chromosorb W (HMDS). Gas 
flows were: N,, 65 ml/min; O,, 2000 ml/min; H,, 
30 ml/min. Temperatures were: column, 140 ; pyro- 
lyzer, 160; injection port, 180°; and flame ionization 
detector, 210. 

Choline acetyltransferase assay. The radiometric 
assay described by Sastry and Henderson [1] was 
modified and applied to the determination of the ChA 
activity in the sperm. The sperm enzyme preparation 
was made by adding a known quantity of washed 
spermatozoa to an equal volume of cold 0.02M 
sodium bicarbonate buffer (pH 7.4) (containing 
EDTA, 5.0mM; NaCl, 0.3M; and NaCN, 20mM) 
and homogenized with a Polytron PT 10 homogen- 
izer for 15sec at maximum speed. ChA-like activity 
in the sperm homogenate was determined by the con- 
version of ['*C]ACoA and choline to ['*C]ACh. The 
reaction mixture (0.3 ml) was composed of (a) 0.1 ml 
of substrate mixture, which brought the final concen- 
tration to 0.3M NaCl, 2 x 10°*M_ physostigmine 
sulfate, 0.02 M MgSO,, 10°*M choline and 10°°M 
labeled ['*C]ACoA and unlabeled ACoA; (b) 0.1 ml 
of 0.05M K,PO, buffer (pH 7.4): and (c) 0.1 ml of 
the sperm homogenate. Reactions were run at 37° for 
10 min and stopped by chilling the reaction tube in 
crushed ice. The ['*C]ACh was separated from the 
'4C-substrate by applying 0.1 ml of the incubation 
mixture to a column of anion exchange resin (BioRad, 
AGI1-X8; 1.3 g dry weight), followed by 2.0 ml distilled 
water, added in successive 4 x 0.5 ml portions. The 
eluate was collected in a scintillation vial to which 
ISml ‘fluor’ (p-dioxane containing 0.5°, of 2.5- 
diphenyloxazole and 10°, naphthalene) was added. 


The vial was counted in a Packard Tricarb scintilla- 


tion counter for 10 min and the '*C yield was corre- 
lated to ACh production. Values were expressed as 
pmoles ACh produced/10° cells/10 min of incubation 
time. 


RESULTS 


Gas chromatographic spectra of bull and human sper- 
matozoa. The spectrum of bull spermatozoa is repre- 
sented in Fig. 1. Spectrum A shows three peaks corre- 
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Fig. 1. (A) Pyrolysis gas chromatogram of standard ACh 
and PCh (1 nmole each) and VCh (2 nmoles). The peaks 
of the tertiary amines formed from ACh, PCh and VCh 
are labeled Ac, Pe and Ve respectively. (B) Gas chromato- 
grams resulting from the pyrolysis of the quaternary 
ammonium compounds from the bull sperm extract. Peaks 
that were identified are the tertiary analogs of ACh (Ac), 
PCh (Pc) and choline (Ch), which formed during pyrolysis. 
(C) Pyrolysis gas chromatogram from the same sperm 
samples as in (B) but with added ACh and PCh (1 nmole 
each) and VCh (2 nmoles). Sensitivity: 64 x 107''. 


sponding to dimethylaminoethyl acetate (Ac), dimeth- 
ylaminoethyl propionate (Pc) and dimethylaminoethyl 
valerate (Vc), which are products from pyrolysis of 
a standard mixture of ACh, propionlycholine (PCh) 
and valerylcholine (VCh). Spectrum B represents a 
gas chromatogram after pyrolvsis of the extract of 
bull spermatozoa. Two peaks (marked Ac and Pc) 
have the same retention times as those of 2-dimethyl- 
aminoethyl acetate and 2-diethylaminoethyl propi- 
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onate seen in spectrum A. A peak corresponding to 
VCh did not appear in the bull sperm extracts. Cho- 
line occurs in bull sperm and is represented as 
dimethylaminoethyl butyrate (Ch). When ACh 
(1.0nmole) and PCh (1.0nmole) were added to a 
duplicate sample of bull sperm extract, the peak 
heights of Ac and Pe increased (spectrum C). These 
two compounds, therefore, occur in bull spermatozoa. 

Extracts from human spermatozoa were analyzed 
in the same manner. Figure 2 represents the gas chro- 
matogram after pyrolysis of the human sperm extract. 
Spectrum A in Fig. 2 represents control samples of 
ACh and PCh. Pyrolysis of human sperm extract 
(spectrum B) gave one peak with the same retention 
time as that of the control ACh (Ac). The addition 
of 1 nmole ACh (spectrum C) increased the height 
of the Ac peak. These observations indicate that 
human sperm contains ACh but not PCh. As in the 
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Fig. 2. (A) Pyrolysis gas chromatogram of standard ACh 

and PCh (1 nmole each). Peaks of 2-dimethylaminoethyl 

acetate and 2-dimethylaminoethyl propionate were labeled 

as Ac and Pc respectively. (B) Pyrolysis gas chromatogram 

of human sperm extract. (C) Gas chromatogram of pyro- 

lysis of human sperm extract, duplicate sample to (B), with 
ACh (1 nmole) added. Sensitivity: 32 x 107''. 
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Fig. 3. (A) Pyrolysis gas chromatograms of ACh and PCh (5 nmoles each) with and without alkali 
treatment. (B) Pyrolysis gas chromatograms of human sperm extract with and without alkali treatment. 
(C) Pyrolysis gas chromatogram of the standard sample, ACh and PCh (5 nmoles each), with and 
without excess electric eel AChE treatment. (D) Pyrolysis gas chromatograms of human sperm extract 


with and without excess electric eel AChE. Sensitivity: A and C, 128 x 10 


'!. B and D, 32 x 10°?!. 


In all four panels, the upper tracing indicates the pyrolysis gas chromatogram of the sample before 
chemical treatment, and the lower tracing indicates the pyrolysis chromatogram of the same sample 
after the alkaline or enzymatic treatment. 


bull sperm, the human sperm contains abundant 
amounts of choline (Ch). 

Influence of alkaline hydrolysis and AChE hydrolysis 
of the extracts of spermatozoa on their gas chromato- 
grams. Hydrolysis by alkali treatment or by electric 
eel AChE treatment has been used by other investiga- 
tors to identify the presence of ACh and other choline 
esters. in extracts of biological samples [20-22]. Alka- 
linization of sperm extracts to pH 12 with 1 N NaOH, 
before the esterification step of choline, and sub- 
sequent incubation at 60° for 30 min, should remove 


the Ac, Pe and Ve peaks. Similarly, addition of eel 
AChE to the sperm extract and incubation of the mix- 
ture at 37 for 30min should remove the Ac, Pc and 
Vc peaks, if the corresponding compounds are sub- 
strates for the enzyme. 

After hydrolysis of human sperm extracts with 
alkali or electric eel AChE (Fig. 3), the height of the 
peak representing ACh (Ac) was significantly reduced 
(80 per cent) in the control samples, which contained 
Snmoles each of ACh and PCh (spectra A and C) 
as well as in the sperm extracts (spectra B and D). 
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Table 1. Acetylcholine (ACh) and propionylcholine (PCh) 
in mammalian spermatozoa 





Species ACh* PCh* 





4.27 + 1.41 
28.57 + 3.38 


Bull 1.47 + 0.48 


Human 





* Expressed as pmoles (mean + S.E.M.)/10° cells. 


In the spectra of the extracts of bull spermatozoa 
which were subjected to alkaline hydrolysis or AChE 
treatment, the two peaks corresponding to ACh and 
PCh (Ac and Pc) were absent. This suggests that 
endogenous ACh and PCh were hydrolyzed by alkali 
or AChE and, therefore, the corresponding peaks dis- 
appeared from the spectrum. 

Content of ACh and PCh in spermatozoa. Choline 
esters were quantified in bull and human spermatozoa 
by preparing the cells as mentioned in the above 
methods. Before homogenizing the sperm in ACh, 
valerylcholine (2nmoles) and propionylcholine (1 
nmole) were added to the bull and human sperm, 
respectively, as internal standards. The ratio between 
internal standard and ACh or PCh yielded the quan- 
tities in nmoles. In all cases sufficient numbers of cells 
were used to allow at least 1 nmole to be analyzed 
on the gas chromatograph. 

Table 1 gives the amount of ACh and PCh in bull 
and human spermatozoa. Human sperm contains 
higher amounts of ACh than the bull sperm. There 
is no evidence for the presence of PCh in human 
sperm. The ratio of ACh:PCh in bull sperm was 3:1. 

Influence of storage on sperm ACh content. The 
occurrence of ACh in membrane stores in nervous 
tissue is well established. In order to analyze for mem- 
brane stores of ACh in the sperm, fresh, washed bull 
spermatozoa were divided into two fractions. One 
fraction was refrigerated at 4° for 2 days and the other 
fraction was frozen for 2 days at —12°. If ACh is 
separated from AChE by a membrane, then the ACh 
peak should remain intact in the pyrolysis gas chro- 
matogram of the sperm extract. After freezing, the 
membranes will be disrupted, due to the formation 
of ice crystals. If the frozen sperm is thawed, ACh 
will be hydrolyzed by AChE. Therefore, the ACh peak 
should be absent in the gas chromatogram of the 
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Fig. 4. Choline acetyltransferase (ChA) activities in bull 
and human sperm. 
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frozen sperm. In the pyrolysis gas chromatograms of 
extracts of the refrigerated or frozen sperm, peaks cor- 
responding to ACh and PCh were absent. These ex- 
periments indicate that ACh does not exist in a stored 
form within the membranes of the sperm. 

Choline acetyltransferase-like activity in bull and 
human sperm. Both species contain ChA-like activity 
(Fig. 4). Bull sperm has greater ChA-like activity than 
human sperm were 200.19 + 32.07 and 130.90 + 14.19 
pmoles ACh formed/10° cells/10 min respectively. 

Distribution of choline acetyltransferase activity in 
spermatozoa. The ChA-like activities in the three 
sperm fractions (head, midpiece and tail) were deter- 
mined by subjecting a suspension of washed bull sper- 
matozoa to 20 kc of ultrasonic vibration and separat- 
ing the fractions by centrifugation, as described by 
Nelson [13]. A 90-95 per cent pure preparation was 
obtained with this method. In Fig. 5, the clear bars 
represent the specific activity of ChA {in pmoles ACh 
formed/mg of protein/10 min) and the bars with dia- 
gonal lines indicate AChE activity (in zg ACh break- 
down/mg of protein/hr), as reported by Nelson [13] 
in the sperm activity. Specific activities of both ChA 
and AChE of the tail fraction were about five times 
higher than the corresponding values for the head 
or the midpiece. 


DISCUSSION 


The gas chromatograms presented have indicated 
the occurrence of ACh in both human and bull sper- 
matozoa. Bull spermatozoa also contain PCh. The 
peaks representing the presence of ACh and PCh in 
sperm extracts were further identified by mass spec- 
trometry as those of the demethylated compounds of 
ACh and PCh (unpublished results from our labora- 
tory). There is a 7-fold difference between the quanti- 
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Fig. 5. Choline acetyltransferase (ChA) and acetylcholines- 

terase (AChE) distribution in bull sperm fractions. AChE 
values were quoted from Nelson [13]. 
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ties of ACh in bull and human sperm. The experimen- 
tal values for the bull sperm should be considered 
as lower than the normal values. A contributing fac- 
tor might be the immediate availability of a homo- 
geneous population of human donors unlike the 
population of bull donors. Although the bull ejacu- 
lates were immediately cooled to 4°, they were trans- 
ported several miles to our laboratory before they 
were analyzed. A sécond contributing factor for this 


difference is species variation. Human spermatozoa’ 


do not contain PCh, while the bull spermatozoa con- 
tain significant quantities of PCh. There is no signifi- 
cant difference in the pH values of semen from both 
species [23]. However, the AChE activity of human 
spermatozoa was considerably lower than that of the 
bull. Our results indicate that ChA activity in bull 
spermatozoa is greater than the ChA activity of 
human spermatozoa. These observations indicate that 
the rates of synthesis and hydrolysis were higher in 
the bull spermatozoa than those in the human sper- 
matozoa. 

Our results support the theory that a ChA-ACh 
AChE system plays a significant role in insuring and 
controlling the motility of the spermatozoa. The lack 
of membrane stores for ACh indicates that ACh syn- 
thesis, the stimulation of a receptor by ACh, and the 
hydrolysis of ACh by AChE are closely linked and 
may be localized within the same cell compartment, 
This is supported by the observation that the distribu- 
tion of ChA and AChE in subcellular fractions of 
bull spermatozoa is similar. In view of the lack of 
stores for ACh in spermatozoa, it is not possible to 
determine its subcellular distribution. 


Many factors are important for motility. Further 
characterization of an ACh cycle may give more in- 


sight into this process. Available evidence indicates 
that there is a cholinergic receptor of the nicotinic 
type in the spermatozoa. Therefore, investigations are 
being undertaken in our laboratory to isolate and 
characterize the ACh-binding proteins in spermato- 
zoa with '**I-c-bungarotoxin, which is known to bind 
to nicotinic receptors. A successful development of 
specific ChA inhibitors which would exhibit selective 
permeability into the testicular tissue may result in 
the development of a useful male contraceptive. 
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Abstract 


The metabolism of benzo(a)pyrene by isolated perfused lungs and tracheal, bronchial and 


lung cultures has been studied in both rats and hamsters. The ethyl acetate-soluble metabolites from 
the medium are qualitatively similar in the tracheal and bronchial cultures, whereas, in the lung cultures 
large amounts of a new metabolite (X) derived from 3-hydroxybenzo(a)pyrene are formed. An unidenti- 
fied metabolite (Y) migrating between 4,5-dihydro-4,5-dihydroxybenzo(a)pyrene and 3-hydroxybenzo(a)- 
pyrene was observed in rat and hamster lung cultures and isolated rat lung perfusions. Dihydrodiols, 
in particular 9,10-dihydro-9,10-dihydroxybenzo(a)pyrene, are the major metabolites formed in the tra- 
cheal and bronchial cultures. In contrast to this 3-hydroxybenzo(a)pyrene and a metabolite derived 
from it (X) are the major metabolites formed by the isolated perfused lungs and lung cultures respect- 
ively. In the lung cultures much higher concentrations of water-soluble metabolites are produced than 
in the tracheal and bronchial cultures. The formation, accumulation and relative resistance to metabo- 
lism to water-soluble metabolites of dihydrodiols in the trachea and bronchi may partially explain 
the higher susceptibility of these areas to hydrocarbon carcinogenesis compared to the lungs. 


Lung cancer is a major cause of death in many coun- 
tries. Based on clinical, experimental, epidemiological 
and autopsy data, cigarette smoking has been identi- 
fied as a major risk factor in the development of lung 
cancer [1]. The majority of these lung cancers in man 
are bronchogenic carcinomas which arise from a 
metaplastic squamous differentiation of the large 
bronchi. Thus this high and increasing incidence of 
lung tumours involves only a very small portion of 
respiratory epithelium and suggests a remarkable sus- 
ceptibility of this tissue to carcinogenesis. Polycyclic 
aromatic hydrocarbons, such as_ benzo(a)pyrene, 
found in cigarette smoke and as environmental pollu- 
tants, have been associated with lung cancer in 
man [2]. As most chemical carcinogens have to be 
metabolically activated in the body before exerting 
their carcinogenicity [3], it is important to study the 
metabolic fate of benzo(ajpyrene in the different areas 
of the respiratory tract. 

Polycyclic aromatic hydrocarbons are initially 
metabolised by the microsomal mixed function oxi- 
dase system to epoxides, which can then either be 
converted (i) enzymically by the microsomal epoxide 
hydrase system to the corresponding dihydrodiols or 
(ii) to glutathione conjugates by the soluble enzyme 
glutathione S-epoxide transferase or (iii) by spon- 
taneous rearrangement to the corresponding 
phenols [4]. Whilst the above reactions are thought 
to be detoxication reactions, the epoxides, in what 
is believed to be their toxic reactions can also react 
with nucleic acids and proteins. Sims and co-workers 
have also shown that dihydrodiols may be further 
metabolised by the microsomal mixed function oxi- 
dase system to diol-epoxides which can then bind to 
DNA. for example, the conversion of 7.8-dihydro-7,8- 
dihydroxybenzo(a)pyrene to  7,8-dihydro-7,8-dihyd- 
roxybenzo(a)pyrene 9,10-oxide and its subsequent 
reaction with DNA [5]. 


Whilst the liver has been shown to be the major 
organ for the metabolism of anutrients, benzo(a)pyr- 
ene metabolism has been shown to occur in a wide 
number of extrahepatic tissues, including kidney, skin, 
intestine, placenta and lung[6]. Benz(a)anthracene, 
7-methylbenz(ajanthracene and benzo(a)pyrene are 
metabolised by both rat lung homogenate and micro- 
somal preparations[7] and by cultures of human 
bronchi and trachea of rat and hamster [8]. In both 
of these studies benzo(a)pyrene was converted to a 
number of ethyl acetate-extractable metabolites in- 
cluding 3-hydroxybenzo(a)pyrene, 4,5-dihydro-4.5- 
dihydroxybenzo(a)pyrene, 7,8-dihydro-7,8-dihydroxy- 
benzo(a)pyrene and 9,10-dihydro-9,10-dihydroxyben- 
zo(a)pyrene [7, 8]. 

The rat and hamster were chosen for this study 
because they have been shown to be suitable models 
for the study of respiratory carcinogenesis [9, 10] and 
histologically the rodent trachea is similar to the 
human bronchus since it contains cartilage, com- 
pound mucous glands and goblet cells. In one of the 
major animal models for studying bronchogenic car- 
cinoma repeated intratracheal instillations of a mix- 
ture of benzo(a)pyrene and ferric oxide to Syrian 
golden hamsters result in a high incidence of tumours 
in both the trachea and the bronchi but only a low 
occurence of peripheral lung tumours [9], which is 
a similar tumour distribution to that found in man. 

In this study we report the metabolism of benzo(a)- 
pyrene by both isolated perfused rat and hamster 
lungs and compare the metabolite patterns obtained 
in these experiments with those from short term 
organ culture of rat and hamster trachea, bronchi and 
lungs. The structural integrity of the lungs was main- 
tained in the isolated lung perfusion experiments, thus 
more closely approximating the in vivo situation than 
in previous studies utilising lung microsomal prep- 
arations [7]. However, as no anastamoses have been 
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described between the pulmonary and bronchial cir- 
culations of the rat, perfusion of the isolated lungs 
via the pulmonary artery would not bring benzo(a)- 
pyrene into contact with either the trachea or bron- 
chi, i.e. those areas which are most susceptible to res- 
piratory carcinogenesis in both man and the animal 
model described above. Thus in these studies, we are 
able to compare the metabolic activation of benzo(a)- 
pyrene in different areas of the respiratory tract. The 
higher amounts of the dihydrodiols detected in the 
tracheal and bronchial cultures relative to those of 
the lung may partially explain the sensitivity of these 
areas to tumour formation. 


MATERIALS AND METHODS 


Materials. [*H]benzo(a)pyrene (Sp. act., 25 Ci/m- 
mole) was obtained from the Radiochemical Centre, 
Amersham, Bucks. It was further purified according 
to the method of De Pierre et al. [11]. Benzo(a)pyr- 
ene, was obtained from Koch-Light Laboratories 
Ltd., Colne, Bucks. Leibovitz L-15 medium and foetal 
calf serum were obtained from Biocult Laboratories 
Ltd., Paisley, Scotland, bovine serum albumin (Frac- 
tion V—Lot 45C-0420) and DNA (Calf thymus Type 
I) from Sigma Chemical Co., St. Louis, Mo. U.S.A. 
and pentobarbitone Na from Abbot Laboratories 
Ltd., Kent. Pre-coated t.l.c. aluminium sheets coated 
with Silica gel 60 (0.25 mm thickness) were obtained 
from Merck, Darmstadt, Germany. 

Animals. Male Syrian golden hamsters DSN 
(100-140 g) were obtained from D. Roberts, Basing- 
stoke, England. They were maintained on Sterolit 
bedding (Engelhard Corp., Edison, N.J., U.S.A.). Male 
Wistar albino rats (200-300 g) bred at the University 
of Surrey were maintained on wood shavings. All ani- 
mals were allowed food and water ad lib. and were 
kept under conditions of constant temperature (22>), 
relative humidity (50°,) and lighting (12-hr alternating 
light-dark cycle). 


Tissue preparations 


(a) Isolated rat and hamster lung preparations. The 
isolated lungs were perfused by the method of 
Junod [12] as follows. The animals were anaesthe- 
tized by an intraperitoneal (i.p.) injection of pentobar- 
bitone Na (60-90 mg/kg) and a tracheotomy was per- 
formed. After having opened the diaphragm, the ani- 
mals were ventilated by positive pressure ventilation, 
using an electronically controlled animal ventilator 
(C. F. Palmer (London) Ltd.), with a tracheal air pres- 
sure of 15cm H,O. respiration frequency 45 cycles 
min, inspiration time 30°, expiration time 50°, and 
pause 20°,. The lungs were perfused via the pulmon- 
ary artery and the aorta was tied off. The perfusion 
medium was 5°, bovine serum albumin in Krebs 
Ringer bicarbonate and the perfusate was collected 
via a cannula placed in the left ventricle. After an 
initial perfusion period of 5 min to allow both remo- 
val of all traces of blood and temperature equilibrium 
of the lungs to 36-37°, the lungs were perfused with 
the above medium containing [*H]benzo(a)pyrene 
(2 uM) at a flow rate of 5-6 ml/min using a Watson 
Marlow roller pump. The perfusate was recirculated 
and samples of perfusion medium were removed from 
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the reservoir at various times for analysis of metabo- 
lites as described below. 

(b) Tracheal, bronchial and lung cultures. The cul- 
tures were carried out according to the method of 
Kaufman et al. [13] with minor modifications as fol- 
lows. The animals were anaesthetised as described 
above and exsanguinated. The entire trachea and 
main bronchi were exposed and removed. The trachea 
was slit down the membranous posterior wall and 
separated from the bronchi at the tracheal bifurca- 
tion. The trachea, bronchi and lungs were then 
washed gently in Dulbecco’s phosphate-buffered 
saline [14], and placed in separate flasks containing 
10 ml of Leibovitz L 15 medium with 2 mM 1-gluta- 
mine, 10°% foetal calf serum, Penicillin 100 U/ml, 
Streptomycin 100 ug/ml and [*H]benzo(a)pyrene 
(2 uM). The flasks were then incubated for either 3 
or 24hr. For the 24-hr cultures, attempts were made 
to maintain sterile conditions and either the trachea 
or bronchi or lungs of a single animal were used. 
In the 3-hr experiments, pooled trachea or bronchi 
from five animals or lungs from two animals were 
used. At the end of the timed incubations the trachea, 
bronchi and lungs were removed either for fixation 
in formal-saline and subsequent examination by light 
microscopy or for determination of DNA[15] con- 
tent. After 24hr culture, the trachea and bronchi 
appeared normal but the lungs, whilst remaining 
structurally intact, had darker staining nuclei in hae- 
matoxylin and eosin stained sections. The culture 
medium was examined for benzo(a)pyrene metabolites 
as described below. 


Metabolism of benzo(a)pyrene by tissue preparations 


Aliquots of the perfusion and culture media were 
extracted with ethyl acetate (1 vol x 2), and portions 
of the extracts examined by t.l.c. using the method 
of Sims [16]. In some experiments the ethyl acetate 
extracts were dried with anhydrous sodium sulphate 
but this step did not appear to affect the results 
obtained. Unlabelled reference compounds 4,5- 
dihydro-4,5-dihydroxybenzo(a)pyrene, —__7,8-dihydro- 
7,8-dihydroxybenzo(a)pyrene, 9, 10-dihydro-9,10-di- 
hydroxybenzo(a)pyrene and 3-hydroxybenzo(a)pyrene 
were prepared and added as cold carriers [16]. Thin- 
layer chromatograms were developed either in solvent 
system (a) benzene—ethanol (9:1, v/v) or (b) benzene 
ethanol (19:1, v/v) and the products located by in- 
spection of the wet plates in u.v. light. The metabo- 
lites of [*H]benzo(a)pyrene were quantified by cutting 
the chromatograms into equal segments carrying the 
individual metabolites and the intermediate areas. 
The percentage radioactivity from different segments 
of the t.l.c. plate of appropriate controls were sub- 
tracted from the corresponding values obtained in the 
experimental determinations. The radioactivity was 
determined by liquid scintillation counting using a 
Packard Tri-Carb scintillation spectrometer, (Model 
3320) using a toluene solution containing 5g of 
2,5-diphenyloxazole and 0.5 g of 1,4-bis-[2-(4-methyl- 
5-phenyloxazolyl)]-benzene per litre. The *H- 
labelled metabolites were identified according to their 
chromatographic properties and it was assumed that 
the metabolites had the same specific activity as the 
original [°H ]benzo(a)pyrene. 
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RESULTS 


(a) Metabolite formation by isolated perfused rat and 
hamster lung preparations. Figure 1 shows results 
obtained from analysis of the perfusate of an isolated 
rat lung preparation after 120 min of perfusion. The 
major ethyl acetate-soluble metabolites formed during 
the perfusion were 3-hydroxybenzo(a)pyrene, 9,10- 
dihydro-9,10-dihydroxybenzo(a)pyrene and a quinone. 
Lower amounts of the dihydrodiols 7,8-dihydro-7,8- 
dihydroxybenzo(a)pyrene and 4,5-dihydro-4,5-dihy- 
droxybenzo(a)pyrene were also formed. The presence 
of benzo(a)pyrene 3,6-quinone was suggested by both 
its red colour and the R, = 0.85 (relative to benzo(a)- 
pyrene) [17]. Whether this quinone arises by air oxi- 
dation of 3-hydroxybenzo(a)pyrene or by enzymic 
means is not known. An unknown metabolite (Y) with 
an R, = 0.58 (relative to benzo(a)pyrene) and which 
fluoresced silver grey in u.v. light was formed in some 
perfusions (Fig. 1). The formation of the various meta- 
bolites during the perfusion is shown in Fig. 2. Pro- 
duction of all the metabolites appeared to follow simi- 
lar patterns during the perfusion and 3-hydroxy- 
benzo(a)pyrene appeared to be the major metabolite. 
In some experiments a decline in the amount of 
3-hydroxybenzo(a)pyrene was observed after 90 min 
of perfusion (Fig. 2). This decline is probably due 
either to enzymic or chemical conversion of 
3-hydroxybenzo(a)pyrene to further metabolites. The 
decline was generally accompanied by a concomittant 
decrease in the percentage of ethyl acetate-extractable 
metabolites and an increase in the water-soluble 
metabolites supporting the conversion of 3-hydroxy- 
benzo(a)pyrene to a water-soluble product. 

In contrast to the results seen with the isolated per- 


18 x is 


3 x108 


Lawl 


- Isolated 
rat lung 
perfusion 


dis/min 


Radioactivity, 












































| ] 
Yoo © 


i T 
3-hydroxy benzo [a] pyrene 
quinone 








|SF 








Fig. 1. Ethyl acetate-extractable metabolites from the per- 
fusate after 120 min perfusion of isolated rat lung with 
[*H]benzola)pyrene. The radioactive peaks co-chromato- 
graph with the reference unlabelled metabolites as shown. 
The products were separated by t.l.c. in a mixture of ben- 
zene and ethanol (9:1 v/v). S.F. indicates solvent front. 
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Fig. 2. Cumulative production of ethyl acetate-extractable 
metabolites in the perfusate during an isolated rat lung 
perfusion with [*H]benzo(a)pyrene. 3-hydroxybenzo(a)- 
pyrene. O ©: 9,10-dihydro-9,10-dihydroxybenzo(a)- 
pyrene @ @: 7,8-dihydro-7,8-dihydroxybenzo(a)pyrene, 
A A; 4,5-dihydro-4,5-dihydroxybenzo(a)pyrene 
x *. 


fused rat lungs much smaller amounts of ethyl acetate- 
extractable metabolites were detected after isolated 
perfused hamster lung experiments, where the major 
metabolite was 3-hydroxybenzo(a)pyrene. 

(b) Cultures of hamster trachea, bronchi and lungs. 
The metabolite patterns obtained by analysis of the 
media of hamster tracheal and bronchial cultures 
were similar (Fig. 3). Radioactive peaks which co- 
chromatographed with 3-hydroxybenzo(a)pyrene, 4,5- 
dihydro-4,5-dihydroxybenzo(a)pyrene, 7,8-dihydro-7,8- 
dihydroxybenzo(a)pyrene and 9,10-dihydro-9,10-di- 
hydroxybenzo(a)pyrene in both solvent systems (a) 
and (b) were obtained. The high concentration of di- 
hydrodiols, particularly 9,10-dihydro-9,10-dihydroxy- 
benzo(a)pyrene, relative to 3-hydroxybenzo(a)pyrene 
was very striking (Fig. 3). A similar pattern was seen 
after 3 hr culture, but smaller amounts of metabolites 
were formed. A small radioactive peak which moved 


‘just beyond the origin in solvent systems (a) or (b) 


was detected after analysis of the media of some cul- 
tures particularly those of the trachea. The amount 
of radioactivity connected with this peak increased 
with increasing duration of the cultures. This peak 
as well as the other metabolites were not obtained 
when either the trachea or bronchi was cultured at 
4° for 24 hr. In the majority of the culture exper- 
iments, insufficient amounts of 3-hydroxybenzo(a)- 
pyrene and 4,5-dihydro-4,5-dihydroxybenzo(a)pyrene 
were formed for accurate quantitation. Thus in Table 
1 only the amounts of 9,10-dihydro-9,10-dihydroxy- 
benzo(a)pyrene and 7,8-dihydro-7,8-dihydroxybenzo- 
(a)pyrene formed using the different culture systems 
are shown. 

In cultured hamster lungs benzo(a)pyrene was 
converted to 9,10-dihydro-9,10-dihydroxybenzo(a)- 
pyrene, and 7,8-dihydro-7,8-dihydroxybenzo(a)pyrene 
whereas little or no 4,5-dihydro-4,5-dihydrox ybenzo- 
(a)pyrene or 3-hydroxybenzo(a)pyrene was detected 
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Fig. 3. Ethyl acetate-extractable metabolites from the 
medium after 24 hr culture with [*H ]benzo(a)pyrene of (2) 
hamster trachea, and (b) hamster bronchi. The radioactive 
products were separated by t.l.c. in a mixture of benzene 
and ethanol (9:1, v/v). S.F. indicates solvent front. 


(Fig. 4b). The major ethyl acetate-extractable metabo- 
lite {X) migrated just beyond the origin in solvent 
systems (a) and (b). A radioactive peak, with similar 
chromatographic properties to Y (Fig. 1), migrating 
between 4,5-dihydro-4,5-dihydroxybenzo(a)pyrene 
and 3-hydroxybenzo(a)pyrene was also observed (Fig. 
4b). 

(c) Cultures of rat trachea, bronchi and lungs. The 
ethyl acetate-extractable metabolites formed by rat 
tracheal and bronchial cultures were similar to those 
formed by the hamster cultures and co-chromato- 
graphed in solvent systems (a) and (b) with the unla- 
belled reference compounds of 3-hydroxybenzo(a)- 
pyrene. — 4,5-dihydro-4,5-dihydroxybenzo(a)pyrene. 
7,8-dihydro-7,8-dihydroxybenzo(a)pyrene and 9,10- 
dihydro-9,10-dihydroxybenzo(a)pyrene (Fig. 5). A 
small radioactive peak which moved just beyond the 
origin -in both solvent systems (a) and (b) was also 
seen in the rat tracheal cultures. The amounts 


of 9.10-dihydro-9,10-dihydroxybenzo(a)pyrene and 
7.8-dihydro-7.8-dihydroxybenzo(a)pyrene formed in 
rat tracheal and bronchial cultures are shown in 
Table 1. 

In rat lung cultures the major ethyl acetate-extrac- 
table metabolite (X) remained near the origin in a 
similar manner to that seen with hamster lung culture 
(Fig. 4). The majority of the radioactivity associated 
with this spot, which remained near the origin in sol- 
vent systems (a) and (b) moved away from the origin 
in a mixture of benzene and ethanol (4:1. v/v) with 
an R, = 0.15 (relative to benzo(a)pyrene). This spot 
appeared blue in u.v. light. 

In preliminary experiments to determine the nature 
of this metabolite(X), [°H]7.8-dihydro-7.8-dihydrox y- 
benzo(a)pyrene, [*H]9.10-dihydro-9,10-dihydrox yben- 
zo(a)pyrene. [*H]4.5-dihydro-4,5-dihydroxybenzo(a)- 
pyrene and [*H]3-hydroxybenzo(a)pyrene were syn- 
thesized and incubated with rat lung. Only 
[°H]3-hydroxybenzo(a)pyrene gave a product with 
similar chromatographic and fluorescent properties to 
X. Thus this major metabolite (X) in both the rat 
and hamster lung cultures is a further metabolite of 
3-hydroxybenzo(a)pyrene. 

An unidentified radioactive peak, migrating 
between 4.5-dihydro-4,5-dihydroxybenzo(a)pyrene 
and 3-hydroxybenzo(a)pyrene was also observed after 
the rat lung culture (Fig. 4a). This unknown metabo- 
lite had similar chromatographic properties to the 
product (Y) formed after hamster lung culture (Fig. 
4b) and isolated lung perfusion (Fig. 1). 

Percentage of ethyl acetate-extractable radioactivity. 
The percentage of ethyl acetate-extractable radioacti- 
vity from the medium after lung culture was signifi- 
cantly lower than the corresponding values obtained 
from the media after tracheal or bronchial cultures. 
This difference was most marked after 24 hr when the 
percentages of ethyl acetate-extractable radioactivity 
from the media after rat and hamster lung cultures 
were 17.5 + 2.9 and 12.0 + 0.2 respectively, whereas 
those for the media after rat and hamster tracheal 
cultures were 54.3 + 8.0. and 48.5 + 0.8. respectively, 
and those obtained for rat and hamster bronchial cul- 
tures were 67.5 + 3.8 and 67.1 + 7.3, respectively. (All 
values represent mean +S.E.M. of at least 3 deter- 
minations). These differences are even more marked 
when percentages are corrected for the percentage 
ethyl acetate-extraction of 70.5 + 1.6 of [*H ]benzo- 
(a)pyrene (2 uM) after 24 hr incubation with the cul- 
ture media at 37. e.g. the percentages for hamster 
bronchial and lung cultures become 95.2 and 17.0 re- 
spectively. Thus even considering the differences in 
tissues weights. the lungs of both rat and hamsters 
appear to convert the benzo(a)pyrene more readily 
to water-soluble metabolites than either the trachea 
or bronchi. 


DISCUSSION 


These studies have shown that benzo(a)pyrene is 
metabolised (Figs. 3 and 5) qualitatively to similar 
metabolites by cultured trachea and bronchi of rat 
and hamster, whereas isolated perfused lungs of rat 
and cultured lungs of the rat and hamster produce 
an unidentified metabolite (Y) (Figs. | and 4), and 
the cultured lungs also produced a new metabolite 
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Table 1. Amount of ethyl acetate-soluble metabolites formed* 





pmoles/g/min 


pmoles/mg DNA/mint 





Incubation time 


Tissue (hr) 9.10-diol 


7,8-diol 9.10-diol 7,8-diol 





1.85 + 0.45 
8.27 + 0.39 
1.05 + 0.25 
8.45 + 2.91 
0.070 + 0.007 
0.15 + 0.03 
1.14 + 0.30 
1.59 + 0.40 
2.15 + 0.55 
2.29 + 0.91 
0.71 + 0.05 
0.061 + 0.026 


Hamster Trachea 3 
Hamster Trachea 24 


Hamster Bronchi 3 
24 


Hamster Bronchi 
Hamster Lungs 
Hamster Lungs 
Rat Trachea 

Rat Trachea 

Rat Bronchi 

Rat Bronchi 

Rat Lungs 

Rat Lungs 


0.34 + 0.06 1.08 0.19 + 0.05 
1.49 + 0.14 
0.40 + 0.04 
2.11 + 0.83 

0.029 + 0.001 

0.050 + 0.008 
1.48 + 0.33 0.55 + 
0.37 + 0.11 
2.37 + 0.23 
0.58 + 0.22 
0.26 + 0.02 


0.077 + 0.012 


+ 0.32 


0.60 + 0.12 0.25 + 0.05 


0.0096 + 0.0007 0.0040 + 0.0001 


0.01 0.74 + 0.07 


0.79 + 0.13 0.91 + 0.07 


0.11 + 0.01 0.04 + 0.004 





All values represent mean + S.E.M. of 3 determinations. 


* The amounts of metabolites were calculated after having cut the t.l.c. plates into segments and determined the 
radioactivity, and then subtracted the percentage activity from corresponding plates from a control flask incubated 


with [7H ]benzo(a)pyrene at 37° for an appropriate time. 


+ Results expressed on a DNA basis are shown only for 3-hr pooled samples where sufficient amounts of tissue 
were present for accurate estimations. 9,10-Diol is 9,10-dihydro-9,10-dihydroxybenzo(a)pyrene and 7,8-diol is 7,8-dihydro- 


7,8-dihydroxybenzo(a)pyrene. 


(X) (Fig. 4). Quantitatively the major ethyl acetate- 
extractable metabolites identified in the medium, after 
having cultured with trachea and bronchi, were the 
dihydrodiols particularly 9,10-dihydro-9,10-dihydroxy- 
benzo(a)pyrene (Table | and Figs. 3 and 5), whereas 
relatively small amounts of 3-hydroxybenzo(a)pyrene 
were formed. This was further emphasised by the 
observation that no major radioactive peak attribu- 
table to a further metabolite of 3-hydroxybenzo(a)pyr- 
ene was detected near the origin in the tracheal and 
bronchial cultures. In contrast to this, the major ethyl 
acetate-extractable metabolite in the perfusate from 
isolated perfused lungs was 3-hydroxybenzo(a)pyrene 
(Fig. 2), and in the cultured lungs it was a further 
metabolite of 3-hydroxybenzo(a)pyrene (X) (Fig. 4). 
Thus the dihydrodiols appeared to be the major ethyl 
acetate-extractable metabolites formed in the trachea 
and bronchi, whereas 3-hydroxybenzo(a)pyrene was 
formed predominantly in the lungs. 

In the lung cultures 3-hydroxybenzo(a)pyrene is 
further metabolised to an unknown metabolite (X). 
Experiments are in progress to determine the nature 
and reactivity of X. Capdevila et al. [18] have shown 
a cytochrome P-450-linked activation of 3-hyd- 
roxybenzo(a)pyrene by rat lung microsomes to a 
metabolite which binds covalently to DNA. The 
further metabolism of 3-hydroxybenzo(a)pyrene 
observed in this and other studies[18,19] further 
complicates the interpretation of the many studies 
measuring benzo(a)pyrene 3-monooxygenase (EC 
1.14.14.2) by the fluorescence of 3-hydroxybenzo(a)- 
pyrene. 

7,8-Dihydro-7,8-dihydroxybenzo(a)pyrene in the 
presence of microsomes will bind to a purified DNA, 
prepared from cultured hamster embryo cells, ap- 
proximately 15-fold greater than benzo(a)pyrene 
itself [17], and Sims et al. have shown that 7,8-di- 
hydro-7,8-dihydroxybenzo(a)pyrene is further metabo- 
lised to  7,8-dihydro-7,8-dihydrox ybenzo(a)pyrene- 
9,10-oxide and that it is this type of diol-epoxide 
which reacts with DNA in primary cultures of Syrian 


S144 


hamster embryo cells in vitro [5]. Their results also 
suggested that the 9,10-dihydrodiol was more resist- 
ant to further activation than the 7,8-dihydrodiol [5]. 
Thus the high concentrations of dihydrodiols formed 
in the trachea and bronchi in these experiments may 
be further metabolised to diol-epoxides which initiate 
the tumourigenic response. The higher amounts of 
9.10-dihydrodiol to 7,8-dihydrodiol formed in our ex- 
periments (Table 1) are consistent with a higher rate 
of formation and/or a decreased susceptibility to 
further metabolic activation of the 9,10-dihydrodiol. 
The higher amounts of dihydrodiols formed in the 
trachea or bronchi relative to the lungs is very strik- 
ing, when the results are expressed either on a wet 
weight of tissue basis or on DNA content (Table 1), 
e.g. the amounts of 7,8-dihydrodiol formed in the 
hamster trachea and bronchi at 24hr relative to the 
lung at the same time period are approx 30- and 
42-fold respectively when results are expressed on a 
wet weight of tissue basis. These differences were 
more marked when results were expressed on a DNA 
basis because of the higher content of DNA in the 
lung and the weight of cartilage included in the wet 
weight of trachea. 

The significantly lower values obtained for the ethyl 
acetate-extractable radioactivity from the medium 
after lung cultures compared to the other cultures 
suggest that the lung cultures convert the benzo(a)- 
pyrene to water-soluble products more rapidly than 
either the trachea or bronchi. This further metabolism 
of the metabolites in the lung by preventing an ac- 
cumulation of carcinogenic metabolites, may contrib- 
ute to the lower sensitivity of the lung to hydrocarbon 
carcinogenesis. However, this may mean that more 
dihydrodiols are produced in the lung than indicated 
in Table 1, but once formed are readily converted 
to water-soluble, probably less toxic, metabolites. 
This suggestion is supported by the much more rapid 
formation of metabolites by isolated perfused rat lung 
compared to the rat lung culture (Fig. 2 and Table 
1). In the perfused lung experiments when metabolite 
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Fig. 4. Ethyl acetate-extractable metabolites from the 

medium after 24 hr culture with [7H ]benzo(a)pyrene of (a) 

rat lung and (b) hamster lung. The radioactive products 

were separated by t.l.c. in a mixture of benzene and ethanol 

(9:1. v/v). The major metabolite migrated just beyond the 
origin. S.F. indicates solvent front. 


formation was still almost linear at 90 min the rates 
of formation of 3-hydroxybenzo(a)pyrene and 
9.10-dihydro-9,10-dihydroxybenzo(a)pyrene were ap- 
proximately 44 and 31 pmoles/g/min, respectively 
(Fig. 2). This relatively high rate of formation of meta- 
bolites could be due to the better perfusion of the 
lung in the perfusion experiments compared to the 
cultures. 

Mary chemical carcinogens such as the polycyclic 
aromatic hydrocarbons require metabolic activation 
to exert their carcinogenic action. These results, in 
agreement with Pal et al. [8], show a metabolic acti- 
vation of benzo(a)pyrene in those areas of the respira- 
tory tract most susceptible to carcinogenesis. This is 
supported by the observations that benzo(a)pyrene 
will bind to DNA in cultured human bronchial epith- 
elium [20f and in hamster tracheal epithelium [21]. 

Thus the metabolism of benzo(a)pyrene in trachea 
and bronchi, the high amounts of the dihydrodiols 
and their retention as dihydrodiols in these areas rela- 


tive to the lungs may partially explain the sensitivity 
of the trachea and bronchi to hydrocarbon carcino- 
genesis. The results and thereby the conclusions in 
this study on the amounts and types of metabolites 
obtained under the different experimental conditions 
may be affected by many factors, in particular further 
metabolism of the initial metabolic products and 
binding of activated metabolites to tissue macromole- 
cules. Both of these factors would lead to an underes- 
timation of the production of any particular metabo- 
lite. However considering these limitations, the higher 
amounts of the dihydrodiols formed in the trachea 
and bronchi and their retention as dihydrodiols in 
susceptible tissues as determined from the lower 
amounts of water soluble metabolites found after tra- 
cheal and bronchial cultures possibly contribute to 
the different susceptibility of areas of the respiratory 
tract to carcinogenesis. The susceptibility of a particu- 
lar tissue will also be dependent on many other fac- 
tors such as the absorption, distribution, dose and 
accumulation of the carcinogen within the tissue, the 
stage of the cell in the cell cycle, the ability of the 
cell to repair damage to DNA, the presence of tumour 
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Fig. 5. Ethyl acetate-extractable metabolites from the 

medium after 24 hr culture with [*H]benzo(a)pyrene of (a) 

rat trachea, and (b) rat’ bronchus. The radioactive products 

were separated by t.l.c. in a mixture of benzene and ethanol 
(9:1, v/v). S.F. indicates solvent front. 
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promoters as well as co-factor and enzymatic activity 
of a particular cell which will determine the further 
metabolite fate of a carcinogen such as_benzo(a)- 
pyrene. 
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Abstract 


Susceptible strains of mice when injected with Bordetella pertussis vaccine develop a marked 


hypersensitivity to histamine and other agents of pharmacologic interest. The possibility was raised 
that this hypersensitivity is due to a reduced responsiveness of adenylate cyclase to adrenergic stimu- 
lation in various tissues of the pertussis-sensitized organism. This paper describes experiments showing 
that, in contrast to some other tissues, the resting level of adenosine-3’,5’-cyclic monophosphate (cAMP) 
in lungs, as well as the capacity of the pulmonary cAMP system to respond to adrenergic activation, 
as effected by naturally occurring or synthetic catecholamines, is unaltered by the. pertussis sensitization 
of the animals. Another finding here-in described is the pulmonary cAMP rise in both normal and 
pertussis-sensitized mice after histamine administration. Using beta-adrenergically blocked and adrena- 
lectomized mice, evidence was obtained indicating that the increased amounts of cAMP after histamine 
may have resulted from an adrenergically mediated effect. 


Live or killed Bordetella pertussis cells or components 
thereof appear to be unique in their ability to mark- 
edly reduce the normally high resistance of mice to 
endogenously released or exogenously administered 
histamine. This increase in sensitivity to histamine 
reaches a maximum approximately 5 days after the 
injection of the pertussis organisms, at which time 
a 20- to 300-fold increase in sensitivity may be found. 
The hypersensitivity then declines, and the animals 
apparently regain a normal state [1~3]. 

Pertussis vaccination in mice also produces hyper- 
sensitivity to serotonin, acetylcholine, bradykinin and 
the slow-reacting substance of anaphylaxis, though 
the time-course of development. as well as the disap- 
pearance of sensitivity, may differ slightly from that 
to histamine [1-3]. 

In addition to its obvious significance to microbio- 
logists and clinicians, the phenomenon appears to 
attract -growing interest in several other disciplines. 
For neuropharmacologists and neurophysiologists, it 
represents an acquired hypersensitivity to naturally 
occurring agents which, in a broad sense, may be 
commonly regarded as chemical organizers of neuro- 
humoral integration. To immunopharmacologists and 
allergists, it represents, paradoxically, a unique exper- 
imental model of nonimmunologically acquired 
hypersensitivity to the established pharmacological 
mediators of immune reactions. Unlike antigen- 
induced hypersensitivity, which is mediated through 
a specific antibody response, this reaction is induced 
by another substance of undetermined nature. It is 
relatively transient; no anamnestic response is appar- 
ent and the histamine and serotonin sensitivity is not 
transferable by lymphoid cells or serum, the classical 
agents of the immune response [3]. The hypersensi- 
tive state may be duplicated in normal mice by phar- 
macologic beta-adrenergic blockade, a fact that led 
to the postulate that pertussis vaccination results in 


an impairment of the adenylate cyclase system to re- 
spond to adrenergic activation [4-9]. Indeed, sub- 
sequent investigations revealed a decreased stimu- 
lation of adenosine-3’,5’-cyclic | monophosphate 
(cAMP) synthesis by adrenergic agents in several tis- 
sues and cell systems: of the pertussis-sensitized 
organism [10-15]. 

This paper reports experiments showing that, in 
contrast to some other tissues of the pertussis-sensi- 
tized mouse examined so far, the capacity of the lung 
to synthesize cAMP is unaltered to adrenergic, and 
even magnified, to histamine stimulation. Since the 
pertussis-sensitized mouse has acquired in recent 
years a growing popularity as an animal model for 
the study of the basic abnormality in bronchial 
asthma [3], this combination of findings is of major 
potential importance. 


MATERIALS AND METHODS 


A total of 808 female mice, weighing 20-25 g each, 
was employed throughout this investigation. Animals 
were paired and one-half of each group was sensitized 
with B. pertussis vaccine (Eli Lilly & Co.). Each 
mouse received an intra-peritoneal (i.p.) injection of 
the vaccine diluted in 0.99, NaCl to a volume of 0.35 
ml containing 7.2 x 10° killed organisms. Five days 
later, portions of groups of control and vaccinated 
animals were injected with 70 mg/kg of histamine 
base to establish the actual development of hyper- 
sensitivity. Throughout this paper, hypersensitivity to 
histamine indicates that a standard i.p. injection of 
histamine without visible effect in control animals is 
lethal in 80-100 per cent of the vaccinated animals. 
In all experiments, each animal within the sensitized 
group expired within 15 min of a histamine challenge, 
while control mice were alert and appeared healthy. 
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After control or drug treatment sequences, the mice 
were decapitated by a scissor cut which also opened 
the thorax enabling removal of the heart and lungs 
to liquid nitrogen within 3 sec. Tissues were stored 
at —85 until dissected and weighed in a cryostat 
at —40.. Extraction was carried out in a cold room 
with 0.5 M perchloric acid. Extracts were centrifuged, 
supernatants decanted, neutralized with 2 M K,COs3, 
recentrifuged, and the neutralized supernatants stored 
at —&5 . Measurement of cAMP was accomplished 
on unchromatographed extracts using the protein 
binding method of Gilman [16]. It was demonstrated 
that concentrations of ATP, adenine, adenosine, 
adenosine-5’-monophosphate and cyclic GMP, at 
least 10-fold greater than that found in tissue, did 
not interfere with the cAMP determination. 

Dose-response curves were obtained by injecting 
L-isoproterenol hydrochloride (Sigma I-3878) or 
L-epinephrine bitartrate (Sigma E-4375) as the salt. 
Histamine dihydrochloride (Sigma H-7250) was in- 
jected as the base. In dose-response sequences. lung 
samples were taken 5 min after ip. drug adminis- 
tration. In time-course studies, animals were injected 
i.p. with histamine dihydrochloride (70 mg/kg of the 


base) or isoproterenol hydrochloride (1.75 mg/kg of 


the salt), and lungs removed at varying time periods 
after injection. Pharmacologic beta-adrenergic bloc- 
kade was established by 0.68 mg/kg of DL-propranolol 
as base (Sigma P-O884), diluted in 0.9%, NaCl and 
injected i.p. in a volume of 0.2 ml. 

In the adrenalectomized series, mice were main- 
tained on 0.9°,, NaCl until sacrifice. Before experi- 
mentation commenced on post-operative day 6, the 
animals were given three 1p. injections of hydrocorti- 


sone-21-phosphate (Sigma H-4251) in single doses of 


25 mg/kg. These were administered at 12-hr intervals 
with sacrifice and/or drug treatment at 3 hr after the 
last injection. 

Throughout these studies, statistical comparisons 
were based on standard t-tests for unpaired data [17]. 


RESULTS 


The effects of the histamine hypersensitive state on 
the pattern of responsiveness of the pulmonary cAMP 
system to adrenergic activation were explored by 
studying: (1) the basal cAMP levels, (2) the time 
course of cAMP response to isoproterenol or hista- 
mine, and (3) the changes in cAMP levels under con- 
ditions of exposure to progressively increasing doses 
of isoproterenol, epinephrine or histamine. While in 
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all these experiments the patterns of cAMP reactivi- 
ties of pertussis-sensitized animals were compared to 
normal controls, in separate sets of experiments an 
attempt was made to examine the effects of (4) prior 
beta-adrenergic blockade by propranolol on sub- 
sequent epinephrine responsiveness or (5) subsequent 
histamine responsiveness and (6) elimination of the 
adrenal medullary catechol store on histamine re- 
sponsiveness. 

Comparison of basal cAMP levels in lungs of con- 
trol and pertussis-sensitized animals demonstrated 
that sensitization did not alter basal cAMP levels 
(Table 1). The time course of cAMP response to iso- 
proterenol showed that at | min after isoproterenol 
administration, cAMP levels were increased approxi- 
mately 4.5-fold (Fig. 1) and remained elevated at 5 
min with a beginning decline toward baseline at the 
10-min time interval. Changes in lungs of pertussis- 
sensitized animals followed much the same pattern, 
however, with a possible tendency for a more rapid 
return to baseline (Fig. 1). 

Based on the peak-range of cAMP responses as 
determined in the time-course studies, the next exper- 
iments were designed to allow an optimum 5-min in- 
terval to elapse between drug administration and 
removal of lungs for the biochemical assays. As illus- 
trated in Fig. 2, isoproterenol was used in progress- 
ively increasing amounts. The dose-response curves 
so obtained in the control groups closely paralleled 
those in the pertussis groups with the only observable 
divergence at the highest isoproterenol dose (500 
mg/kg) level. This difference, however, could not be 
conceived as physiologically or pathologically mean- 
ingful, since this amount of isoproterenol was found 
to be sufficient to kill approximately 50 per cent of 
the animals. 

Essentially the same patterns of cAMP responses 
were found to apply to epinephrine, as shown in Fig. 
3. The integrity of at least some of the beta-adrenergic 
functions of pertussis lungs so shown was further sup- 
ported by the demonstration of the beta-adrenergic 
specificity of the pulmonary cAMP rise after epineph- 
rine. As seen in Table 2, it was found that propranolol 
(0-68 mg/kg) lowered basal cAMP levels within 15 
min by approximately 50 per cent and the response 
to 0.5 mg/kg of epinephrine was effectively blocked, 
while to 5 mg/kg significantly reduced. 

In subsequent experiments, it was examined 
whether pertussis sensitization alters the reactivity of 
the pulmonary adenylate cyclase system to histamine, 
that is, the agent itself toward which the increased 


Basal levels of cAMP in whole lung from CFW mice after pertussis 


sensitization* 
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cAMP 
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(5 days) 
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* Mice were sensitized by an i.p. injection of B. pertussis vaccine (Eli Lilly 
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& Co.) diluted in 0.9°, saline to a volume of 0.35 ml containing 7.2 x 10° 
killed pertussis cells. Lungs were removed 5 days later. Measurement of cAMP 
was by the protein binding method of Gilman [16]. 


+ Mean + standard deviation. 
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Fig. 1. Time course of cAMP changes after isoproterenol administration in lungs from pertussis-sensit- 
ized CFW mice. Animals were sensitized by an ip. injection of pertussis vaccine (Eli Lilly & Co.) 
diluted in 0.9°, NaCl to a volume of 0.35 ml containing 7.2 x 10° killed organisms. Five days later, 
animals received an i.p. injection of isoproterenol HCI in 0.9%, NaCl with 0.01 M HCl. Tissues were 
frozen in liquid nitrogen at indicated time intervals. Figures in parentheses indicate the number of 
mice at each point. cAMP was measured by the protein binding method of Gilman [16], using duplicate 
determinations for each animal. Data are plotted as means + the standard deviation. 


susceptibility of the animal is manifested. In the first 
approach, time-course studies were conducted 
employing a standard dose of 70 mg/kg of histamine 
base, that is the dose adopted for testing the actual 
development of hypersensitivity. While the length of 
observation was 30 min in controls, it was only 10 
min in the sensitized animals, since none of the latter 
survived for more than 12 min. As shown in Fig. 4. 
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Fig. 2. Dose-response relationships of the isoproterenol- 
induced cAMP response in lungs from pertussis-sensitized 
CFW mice. Animals were sensitized as in Fig. 1 and 5 
days later received an i.p. injection of isoproterenol HCl 
in 0.9% NaCl with 0.01 M HCl. Lungs were removed 5 
min after isoproterenol administration. Figures in paren- 
theses indicate the number of mice in each group. cAMP 
was measured by the protein binding method of Gilman 
[16], using duplicate determinations. Data are plotted as 
means + the standard deviation. 


control animals responded within | min with cAMP- 
level increases to a maximum of 163 per cent above 
baseline. Increases were smaller at 5 (148 per cent), 
10 (138 per cent) and 15 (152 per cent) min and by 
30 min levels were back to baseline (101 per cent). 
In animals sensitized with pertussis, the |-min mean 
cAMP level (Fig. 4) was 326 per cent above that of 
baseline, which is twice the increase that occurred in 
control mice. cAMP levels remained in the same 
range at 5 min (313 per cent) and were still highly 
elevated (256 per cent) at 10 min. 

In continuing the experiments, dose-response data 
were obtained for histamine, as plotted in Fig. 5. All 
doses of histamine caused a significant increase in 
pulmonary cAMP levels in both control and pertus- 
sis-sensitized animals. In the lower concentration 
range, histamine produced equivalent rises of cAMP 
in control and pertussis-sensitized animals. When 
higher doses of histamine were administered, the in- 
creases in CAMP levels of sensitized animals were 
greater than those observed in lungs of control mice. 
Thus, the maximum change in cAMP in control lung 
was 91 per cent above baseline, while the correspond- 
ing dose of histamine in lung of sensitized animals 
gave a value 333 per cent above the resting level. 

The possibility that the above-mentioned pulmonary 
cAMP rise is an adrenergically mediated effect of his- 
tamine was then examined in propranolol-pretreated 
or adrenalectomized mice. The effect of propranolol 
on histamine-induced pulmonary cAMP changes is 
summarized in Table 3. It is seen that histamine 
caused again an increased accumulation of pulmon- 
ary cAMP with average increases somewhat greater 
in pertussis-vaccinated (145 per cent more than con- 
trol) than in nonvaccinated (95 per cent) mice 5 min 
after histamine administration, but after 10 min they 
were approximately 30-34 per cent regardless of vac- 
cination. In contrast, these increases were consider- 
ably smaller after treatment of mice with propranolol. 
Under these conditions, administration of histamine 
raised cAMP levels only 56 and 57 per cent at 5 min, 
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Fig. 3. Dose-response relationships of the epinephrine-induced cAMP response in lungs from pertussis- 

sensitized CFW mice. Animals were sensitized as in Fig. | and 5 days later received an ip. injection 

of L-epinephrine bitartrate. Lungs were removed 5 min after epinephrine administration and frozen 

in liquid nitrogen for determination of cAMP by the protein binding method of Gilman [16]. Figures 

in parentheses indicate the number of mice in each group. Data are plotted as means + the standard 
deviation. 


and 4 and 15 per cent at 10 min relative to controls 
in nonvaccinated and vaccinated groups respectively. 
Thus, these histamine effects were about half or less 
than half as large as effects in the absence of pro- 
pranolol. 

Finally, the effects of bilateral adrenalectomy on 
the histamine-induced cAMP rise are shown in Fig. 
6. As seen, basal cAMP levels were lower in adrena- 
lectomized mice and the lung tissues did not respond 
by elevated cAMP levels after histamine challenge. 
Furthermore, the lack of response was apparently due 
to medullary catecholamine deprivation, since gluco- 


Table 2. 


corticoid replacement did not normalize the pulmon- 
ary basal cAMP level of the adrenalectomized mouse 
or restore the histamine response. 


DISCUSSION 


For reasons mentioned briefly above. and discussed 
extensively elsewhere [2,3], the B. pertussis-induced 


hypersensitivity of mice served in this and several 
other laboratories as an experimental model for the 
analysis of the nature of the basic biochemical abnor- 
mality in bronchial asthma [18-24]. The hypersensit- 


Effect of propranolol on epinephrine-induced cAMP changes in lung from pertussis- 


sensitized CFW mice* 





Treatment 


cAMP (pmoles/mg tissue) 
‘ontrol Pertussis-sensitized 





None 

Propranolol’ 
Propranolol plus 
epinephrine (0.5 mg/kg) 
Propranolol plus 
epinephrine (5 mg/kg) 
Epinephrine (0.5 mg/kg) 
Epinephrine (5.0 mg/kg) 


+ 0.26% (10)t 1.61 + 0.40 (10) 
+ 0.18 (7) 0.95 + 0.18 (8) 

0.14 (7) 0.99 + 0.14 (9) 
2.68 (9) 
0.22 (10) 
1.15 (9) 


(9) Sy. 
(10) 02 
(10) 59 


+ 1.16 
0.37 
1.20 


I+ + + 





* Mice were sensitized by an i.p. injection of B. pertussis vaccine (Eli Lilly & Co.) diluted 


in 0.9°, 
were removed 5 days later. 
+ Mean + the standard deviation. 


saline to a volume of 0.35 ml containing 7.2 x 10” killed pertussis cells. Lungs 


+ Figures in parentheses are the number of animals used (duplicate determinations of 
cAMP by protein binding assay of Gilman [16] for each animal). 
§ pL-Propranolol HCI (0.68 mg/kg) was injected ip. and animals were sacrificed 15 min 


later. 


Ten min after injection of propranolol, L-epinephrine bitartrate was injected ip. and 


tissues were taken 5 min after epinephrine. 
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Fig. 4. Time course of histamine-induced cAMP changes 
in lungs from pertussis-sensitized CFW mice. Animals were 
sensitized as in Fig. | and 5 days later received an ip. 
injection of 70 mg/kg of histamine as the base. Tissues 
were removed and frozen in liquid nitrogen at indicated 
time intervals. Figures in parentheses indicate the number 
of animals used to generate each point. cAMP was 
measured by the protein binding method of Gilman [16]. 
using duplicate determinations. Data are plotted as means 
+ the standard deviation. Comparison of cAMP levels 
in lung from control vs pertussis-treated mice at 1, 5 and 
10 min after histamine injection gave P values of < 0.001, 
< 0.001 and < 0.005 respectively. 


ive state produced by the bacterial cells may be dupli- 
cated by pharmacological beta-adrenergic blockade, 
and, by several metabolic criteria, the pertussis-sensi- 
tized mouse behaves as though it were beta-adrenergi- 
cally blocked. 

Furthermore, since the postulated role of cAMP 
is that of an intracellular mediator of beta-adrenergic 
mechanisms. the possibility was raised that pertussis 
vaccination results in reduced cAMP formation in 
cells [3]. Subsequent investigations did in fact reveal 
a reduced cAMP synthesis to adrenergic stimulation 
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in various tissues and cell systems of the pertussis- 
sensitized organism [10-15]. 

Under these conditions, and in view of the central 
role of pulmonary tissues in bronchial asthma, the 
present study was extended to include an examination 
of the possible involvement of cAMP in the pertussis- 
induced abnormality, using the lungs as the tissue of 
our inquiry. 

Contrary to earlier experiences with other tissues 
[1-15], these investigations demonstrated that the 
resting level of cAMP, as well as the capacity of the 
pulmonary cAMP system to respond to adrenergic 
activation, as effected by naturally occurring or syn- 
thetic catecholamines, is unaltered by the pertussis 
sensitization of mice to histamine. In the interpre- 
tation of this conclusion, it is realized that the lung 
contains many diverse types of metabolically active 
cells that receive an abundant blood supply, any of 
which may possess an adenylate cyclase system cap- 
able of responding to a variety of stimuli. It must 
be noted, therefore, that the cells of pulmonary tissue 
which contained the elevated amounts of cAMP have 
not as yet been identified, and there is no evidence 
that smooth muscle, either vascular or bronchial, is 
involved in the response. Nevertheless, it is permiss- 
ible to conclude that the integrity of at least some 
of the beta-adrenergic functions of lungs from pertus- 
sis-sensitized mice is preserved. 

Another important finding in the experiments here- 
in described is the pulmonary cAMP rise in both 
normal and _ pertussis-sensitized animals after the 
administration of histamine. There are at least four 
lines of evidence indicating that the increased 
amounts of cAMP may have resulted from an 
adrenergically mediated effect. First, both neuronal 
release of norepinephrine and depletion of adrenal 
medullary stores of epinephrine following exposure 
of mice or murine tissues to histamine were pre- 
viously demonstrated [6, 25,26]. Second, the in- 
creases in cAMP levels were greatly reduced by pro- 
pranolol which is known to block beta-adrenergic 


Table 3. Effect of propranolol on histamine-induced cAMP changes in lung from pertussis-sensitized ICR mice* 





Nonvaccinated 


cAMP 


Treatment and time (pmoles/mg tissue) 


Vaccinated 
Per cent Per cent 
of cAMP of 
control (pmoles/mg tissue) control 





None (control) 1.64 
Histamine (5 min) 3.20 
Histamine (10 min) 243 
Propranolol§ (15 min) 1.27 
Propranolol (20 min) 1.29 
Propranolol (15 min) + 1.98 
histamine! (5 min) 
Propranolol (20 min) + 1.34 + 
histamine (10 min) 


H+ H+ H+ H+ HH 


(10) 


0.24 (9) 
0.41 (10) 
0.23 (10) 
0.20 (9) 
0.17 (10) 
0.13 (9) 


HH EF I HH 


5 + 0.10 (9) 





* Mice were sensitized by an ip. injection of B. pertussis vaccine (Eli Lilly & Co.) diluted in 0.9% saline to a 
volume of 0.35 ml containing 7.2 x 10° killed pertussis cells. Lungs were removed 5 days later. 
§ pL-Propranolol HCI (0.68 mg/kg) was injected intraperitoneally and animals were sacrificed or further treated 15 


or 20 min later. 


Ten min after injection of propranolol, histamine dihydrochloride (70 mg/kg of the base) was injected 
intraperitoneally and tissues were taken 5 or 10 min after histamine. 


+ Mean + the standard deviation. 


+ Figures in parentheses are the number of animals used (duplicate determinations of cAMP by protein binding 


assay of Gilman [16] for each animal). 
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Fig. 5. relationships of the  histamine- 
induced cAMP response in lungs from pertussis-sensitized 
CFW mice. Animals were sensitized as in Fig. | and 5 
days later received an ip. injection of histamine. Lungs 
were removed 5 min after histamine administration and 
frozen in liquid nitrogen for determination of cAMP by 
the protein binding method of Gilman [16]. Figures in 
parentheses indicate the number of animals used to gener- 
ate each point. Data are plotted as means + the standard 
deviation. Statistical analysis of cAMP lung levels from 
control vs pertussis-treated mice provided P values of 
0.005, < 0.001 and < 0.005 at histamine doses of 5.0, 
50.0 and 500.0 mg/kg respectively 


Dose-response 


receptor sites. Third, resting cAMP levels were shown 
to be*lower in adrenalectomized mice and the lung 
tissues did not respond by elevated cAMP levels after 
histamine administration, nor did glucocorticoid re- 
placement normalize the basal pulmonary cAMP 
level of the adrenalectomized mouse or restore the 
histamine response. Fourth, in earlier experiments 
[6], the catecholamine-depleting efficiency of hista- 
mine was found to be considerably greater in the per- 
tussis-sensitized than in the normal animals. For 
example, 5 mg/kg of histamine given to pertussis- 


sensitized mice produced a catechol depletion of 


adrenal medullary stores comparable to that caused 
by 500 mg/kg in normal mice. Consequently, these 
earlier findings could account for those results of the 
present experiments which showed that histamine 
produces a much larger pulmonary cAMP increase 
in pertussis-sensitized than in normal animals. 
These findings and considerations provide sufficient 
justification’ for the postulate that the histamine- 
induced increase in pulmonary cAMP accumulation 
is an adrenergically mediated effect. Nevertheless, the 
possibility that some of the rise in cAMP level is due 
to more direct effects of histamine on pulmonary tis- 
sue cannot be entirely excluded. since propranolol did 
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not eliminate the histamine-induced cAMP rise al- 
together. Furthermore, although the possible in- 
fluence of species differences and dosage remains un- 
resolved. cAMP elevations in guinea pig, rat and rab- 
bit lung slices to added histamine in vitro have been 
reported by Palmer [27. 28]. 

Finally, the question arises whether there is any 
relation between the present findings and _ the 
mechanism of the pertussis-induced hypersensitivity 
to histamine. Increases in cAMP themselves cannot 
be responsible for the histamine hypersensitivity, since 
strong evidence is available that agents and stimuli 
known to cause intracellular accumulations of cAMP 
protect against rather than promote histamine suscep- _ 
tibility [3]. Also, propranolol, which was shown to 
reduce accumulations of cAMP, increases sensitivity 
to histamine. ‘ 

However. another alteration of cyclic nucleotide 
metabolism, involving the excessive pulmonary ac- 
cumulation of guanosine-3',S’-cyclic monophosphate 
(cGMP) might be a more meaningful factor in the 
developmental mechanism of the pertussis-induced 
hypersensitivity, Cyclic GMP, in addition to being 
a proposed functional antagonist of cAMP in several 
tissues including lung [29], has also been shown by 
our laboratory to accumulate after histamine 
administration in the lungs of pertussis-vaccinated, 
but not nonvaccinated mice [30]. Furthermore, phar- 
macological beta-adrenergic blockade, which has 
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Fig. 6. Effect of bilateral adrenalectomy with or without 
hydrocortisone replacement on histamine-induced cAMP 
changes in lung from CD mice. Animals were maintained 
on 0.9°,, NaCl until sacrifice. Before experimentation com- 
menced on post-operative day b, the mice were given three 
i.p. injections of hydro-cortisone-21-phosphate in single 
doses of 25 mg/kg. These were administered at |2-hr inter- 
vals with sacrifice and/or drug treatment at 3 hr after the 
last injection. cAMP was measured by the protein binding 
method of Gilman [16] and expressed as nmoles/g of tis- 
sue. The bars represent the means of cAMP levels in each 
group and the vertical lines are the standard deviations. 
Figures in parentheses indicate the number of animals used 
in each group. 
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been shown to duplicate the pertussis-induced hista- 
mine hypersensitivity [1-8], also caused increased ac- 
cumulation of pulmonary cGMP after histamine [30]. 
These findings suggest involvement of cGMP in the 
pertussis-induced abnormality and, by implication, in 
the pathogenesis of bronchial asthma [3, 7, 31-38]. 
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Abstract—Monoamine oxidase (MAO) from adrenergic mouse neuroblastoma N1E-115 cells was com- 
pared to MAO found in rat and mouse brain, rat superior cervical ganglion, and human platelet. 
In comparison to MAO from brain and ganglion, mouse neuroblastoma MAO deaminated 5-hydroxy- 
tryptamine (5-HT) to a proportionately greater extent than all other substrates studied, with benzyl- 
amine deamination representing only | per cent that of S5-HT. Neurcblastoma MAO was over 1000 
times more sensitive to inhibition by clorgyline than by deprenyl. With increasing concentrations of 
clorgyline, inhibition of tyramine deamination was represented by a simple sigmoid curve, suggesting 
the presence of primarily one form of MAO. Our results are consistent with evidence for a specific 
form of MAO associated with sympathetic neurons and suggest that neuroblastoma NIE-115 cells 


are highly enriched in MAO type A. 


Multiple forms of monoamine oxidase (MAO) 


[monoamine—O, oxidoreductase (deaminating) EC 
1.4.3.4] may be differentiated in mammalian tissues 
on the basis of properties such as thermal stability 
[1,2], antibody reactivity [3,4], electrophoretic mobi- 
lity [5-13], substrate specificity and inhibitor sensi- 
tivity [14-17]. Differences in thermal stability and 


electrophoretic mobility have often distinguished 
more than two forms of MAO; however, only two 
basic types, MAO A and MAO B, have been identi- 
fied on the basis of substrate specificity and inhibitor 
sensitivity [14]. MAO A appears relatively more 
active with serotonin and norepinephrine as sub- 
strates, and is sensitive to inhibition by low concen- 
trations of clorgyline [14-16]. MAO B, however, is 
relatively more active with benzylamine and phenyl- 
ethylamine, and is sensitive to inhibition by low con- 
centrations of deprenyl [2,15,18]. As other amines 
such as tyramine, tryptamine and dopamine appear 
to be deaminated by both forms of MAO [4,14,15], 
tyramine has been used as substrate in the presence 
of various concentrations of clorgyline to ascertain 
the relative amounts of deamination due to MAO 
A vs MAO B in various tissues. In a plot of per 
cent inhibition of MAO activity vs concentration of 
clorgyline (—log M), the initial plateau region, where 
inhibition is constant, has been interpreted as repre- 
senting 100 per cent inhibition of MAO A, and 
further inhibition has been attributed to the MAO 
B present in the preparation [14]. Rat brain, like 
most other tissues, has been reported to possess both 
MAO A and B [19]: in contrast, rat superior cervical 
ganglion and rat C6 glial cells contain predominantly 
MAO A [19],* while the human platelet appears to 
contain exclusively MAO B.+ 





*D. L. Murphy, C. H. Donnelly and E. Richelson, 
manuscript in preparation. 

+C. H. Donnelly and D. L. Murphy, manuscript in prep- 
aration. 


We have compared the MAO activity character- 
istics of an adrenergic clone of mouse neuroblastoma, 
NIE-115 [20], to that found in brain, ganglion and 
platelet preparations. Clone N1E-115 has high levels 
of tyrosine 3-hydroxylase [20,21] and acetylcholines- 
terase [20], moderate levels of dopamine-f-hydroxy- 
lase [22], and electrically excitable membranes [23] 
which are sensitive to acetylcholine [24]. 


MATERIALS AND METHODS 


Cell culture. N1E-115 cells (subcultures 14-21) were 
cultured in the Dulbecco-Vogt modification of 
Eagle’s medium (high glucose, no pyruvate, Grand 
Island Biological Co., Grand Island N.Y.) supple- 
mented with 10° (v/v) fetal calf serum (Colorado 
Serum Co., Denver, Colo.) without antibiotics at 37 
in an atmosphere of 10% CO, and 90° humidified 
air. Cells were first grown in monolayer culture in 
flasks (75 cm?/250 ml, Falcon Plastics, Oxnard, Calif.) 
before subculture into Petri dishes (150 mm x 25 
mm, Falcon Plastics) using a modified Puck’s D, 
solution (137 mM NaCl, 5.4 mM KCl, 0.17 mM 
Na ,HPOsg, 0.22 mM KH,POx,, 5.5 mM glucose, and 
59 mM sucrose), pH 7.2, 340 mosM [21]. The 
medium was changed every other day during the log 
phase of growth and daily during the stationary 
phase. For enzyme assays, cells were maintained in 
the stationary phase of growth for several days prior 
to harvesting. For harvesting, the growth medium was 
carefully poured from the Petri dish, and the cell 
monolayer was washed twice with 10-ml aliquots of 
modified Puck’s D,; solution containing 0.14 mM 
CaCl, and with one 10-ml aliquot of modified Puck’s 
D, solution at 4°. The Petri dish was then allowed 
to drain for 90 sec and the cells were harvested by 
scraping with a Teflon-covered spatula [21]. Cells 
were negative for mycoplasma (PPLO) by bacteriolo- 
gic criteria. 
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The cells were sonicated approximately 15 sec in 
0.08 M phosphate buffer, pH 7.2, using a Sonifier cell 
disruptor (model W140, Heat Systems-Ultrasonics, 
Inc., Plainview, L.L, N.Y.). The sonicate was distri- 
buted in 50-u aliquots (0.3 to 0.6 mg protein), and 
stored at —70 until assayed for MAO activity. 

Brain, ganglion and platelet. Wistar and Sprague 
»Dawley male rats, 150-250 g, were obtained from 
Microbiological Associates, Walkersville, Md., and 
Taconic Farms, Germantown, N.Y. respectively. Male 
A/J mice, 7 to 8-weeks-old, were obtained from Jack- 
son Laboratories, Bar Harbor, Me. Only small differ- 
ences in substrate specificity and inhibitor sensitivity 
were observed between mouse and rat brain in initial 
experiments; therefore, rat brain was utilized for most 
subsequent comparative purposes with neuroblas- 
toma, ganglion and platelet. 

Whole brains were homogenized in 10°, (w/v) 0.08 
M phosphate buffer, pH 7.2. The homogenate was 
centrifuged at 900 g for 10 min at 4.. The resultant 
supernatant was sonicated approximately 15 sec and 
distributed in 50-y aliquots (0.2 to 0.7 mg protein). 

Superior cervical ganglia, obtained from Sprague 
Dawley male rats, were homogenized in 0.08 M phos- 
phate buffer, pH 7.2. The homogenates were sonicated 
approximately 15 sec and distributed in 50-y aliquots 
(0.06 to 0.07 mg protein). 

Human blood platelet concentrates, prepared from 
venous blood collected in ACD solution (USP for- 
mula A, 75 ml/500 ml of whole blood). were obtained 
from Community Blood and Plasma, Baltimore, Md. 
The concentrates were centrifuged at 175 g for 5 min 
at 4°. “Fhe supernatant was removed and centrifuged 
at 2000 g for 20 min to obtain a platelet pellet. The 
pellet was washed once with ice-cold saline, resus- 
pended in distilled water, and sonicated approxi- 
mately 15 sec. The sonicated preparation was then 
distributed in 50-y aliquots (0.2 to 0.9 mg protein). 

All preparations were stored at —70 until assayed 
for MAO activity. 

MAO activity studies. MAO activity was deter- 
mined by a modification of the method used by 
Robinson et al. [25] using the following substrates: 
['*C]5-hydroxytryptamine creatinine sulfate (55 mCi 
m-mole), ['*C]dopamine HCl (57.3 mCi/m-mole), 
['*C-1]noradrenaline bitartrate (57 mCi/m-mole) 
(Amersham/Searle Corp., Arlington Heights, IIL); 
['*C]tyramine HCI (9.2 mCi/m-mole), ['*C]trypta- 
mine bisuccinate (47 mCi/m-mole), ['*C]f-phenyleth- 
ylamine HCI (9.86 mCi/m-mole) (New England Nuc- 
lear, Boston, Mass.); and ['*C]benzylamine HCI (3.5 
mCi/m-mole) (Mallinkrodt Chemical Works, St. 
Louis, Mo.). The sonicated preparations were assayed 
in duplicate by incubating 50-yl aliquots in 0.5 ml 
of 0.08 M_ phosphate buffer (Na,HPO,-KH,PO,), 
pH 7.2, with 25 pl '*C-labeled substrate for 20 min 
at 37°. Aliquots heated to 100° for 10 min were 
assayed simultaneously to establish blank values 
which were subtracted from those of the active 
enzyme preparation. Final concentrations (and speci- 
fic activities) of substrates used were 5-hydroxytrypta- 
mine (serotonin, 5-HT, 1.67 mCi/m-mole) and tyra- 
mine (TYR, 0.5 mCi/m-mole), 10°*7 M: norepin- 
ephrine (noradrenaline, NE, 3.3 mCi-m-mole) and 
dopamine (DA, 3.3 mCi/m-mole), 5 x 10°* M; 
benzylamine (BA, 3.5 mCi/m-mole), 2 x 10°* M; 
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tryptamine (TA, 4.46 mCi/m-mole), 8 x 10°° M: and 
phenylethylamine (PEA, 9.86 mCi/m-mole), 2 x 10° ° 
M. Nonradiolabeled amines [5-hydroxytryptamine 
creatinine sulfate complex; tyramine, monohydro- 
chloride; (—)arterenol bitartrate hydrate (NE); 3-hy- 
droxytyramine HCl (DA); tryptamine HCl, (CalBio- 
chem, San Diego, Calif.)] were added when required 
to obtain the desired final concentrations. When nor- 
epinephrine, dopamine or tyramine was used as the 
substrate, ascorbic acid (10°* M) and EDTA (10° + 
M) were added to the phosphate buffer to prevent 
nonenzymatic alteration of the substrate. In cases 
where inhibitors were used, the samples were preincu- 
bated at 25° for 30 min in the presence of either clor- 
gyline (May & Baker, Ltd. Essex, England) or 
deprenyl (Professor J. Knoll, Semmelweis University 
of Medicine, Budapest, Hungary), and then incubated 
at 37° in the presence of substrate as described above. 
After incubation, the samples were placed on ice and 
then transferred to pasteur pipettes containing 0.5 x 2.5 
cm Amberlite resin (CG-50, 100-200 mesh, Mallink- 
rodt Chemical Works). The columns were washed 
twice with | ml of distilled water, and the entire 2.5 
ml was collected in glass vials containing 17.5 ml 
Aquasol (New England Nuclear). The radioactivity of 
the products was determined by liquid scintillation 
spectrometry. In all of the tissues, monoamine oxidase 
activity was found to be linear with respect to the 
previously described protein concentration and time 
of incubation. K,, values were determined according 
to the method of Lineweaver and Burk [26] over a 
concentration range of 0.05 to 1.0 x 10°? M tyramine. 
Protein was determined by a modification of the 
method of Lowry et al. [27]. 


RESULTS 


The MAO specific activities of neuroblastoma, 
brain and ganglion preparations with the various sub- 
strates at concentrations previously described are 
listed in Table 1. In all preparations, 5-HT and tyra- 
mine were most actively metabolized, although in 
neuroblastoma, 5-HT deamination was almost twice 
that of tyramine. Deamination of f-phenylethylamine 
and benzylamine was lowest in neuroblastoma, repre- 
senting approximately | per cent of 5-HT; in ganglion 
and brain their deamination averaged approximately 
6 and 18 per cent of 5-HT respectively. In comparison 
to brain, the specific activities of neuroblastoma 
MAO were lowest for phenylethylamine and benzyl- 
amine, which represented only about 2 per cent that 
of brain, while deamination of the other substrates 
represented between 15 and 27 per cent that of brain. 
While norepinephrine deamination was regularly 
present in the brain preparations, only slight and vari- 
able activity was obtained with the ganglion and 
neuroblastoma preparations. 

Inhibition of MAO activity by various -concen- 
trations of clorgyline using | mM tyramine as sub- 
strate is illustrated in Fig. 1. In contrast to the pla- 
teau-shaped curve obtained with brain, a simple sig- 
moid curve was obtained with neuroblastoma, with 
100 per cent inhibition of MAO activity occurring 
at 10-7 M clorgyline. Curves similar to those pre- 
vicusly reported [19] were obtained with ganglion. 
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Table 1. Monoamine oxidase specific activities of mouse neuroblastoma N1E-115, rat brain and superior cervical gang- 
lion preparations 





MAO specific activities 


Specific activities 


(nmoles/mg protein/hr) of 


Substrate Brain Ganglion 


Neuroblastoma cells 


Neuroblastoma as per cent of brain 





Tyramine 174 192 
Serotonin 165 204 
Dopamine 84 87 
Tryptamine 60 78 
Norepinephrine 30 

Phenylethylamine 30 10 
Benzylamine 28 15 


26 
45 
15 


13 


0.60 
0.45 








% INHIBITION MAO 











CLORGYLINE (-Log Concentration M) 


Fig. 1. Clorgyline inhibition of MAO activity using 10 

M tyramine as substrate in neuroblastoma NIE-115 cells 

(¥), Sprague-Dawley superior cervical ganglion (x) and 
brain (@), and human blood platelets (@). 


Human platelet MAO, which appears to be MAO 
B*, was included for comparative purposes. 
Deprenyl inhibition of MAO activity is shown in 


Fig. 2. Neuroblastoma and ganglion MAO, which 
were most sensitive to inhibition by clorgyline. were 
least sensitive to inhibition by deprenyl. In contrast, 
platelet MAO was maximally inhibited by low con- 
centrations of deprenyl. A plateau region (midpoint 
at 44 per cent inhibition) was still observable with 
deprenyl in brain although it was not as.distinct as 
that observed with clorgyline. 

The plI59 values (—leg of the concentration of in- 
hibitor resulting in 50 per cent inhibition) were calcu- 
lated from curves presented in Figs. | and 2 and are 
listed in Table 2. The pls» for clorgyline represents 
a 1000-fold lower concentration required to inhibit 
neuroblastoma MAO than that required to inhibit 
platelet MAO. Conversely, the pI; for deprenyl rep- 
resents a 1000-fold lower concentration required to 
inhibit platelet MAO compared to that required for 
neuroblastoma MAO. When the inhibitor curves for 
brain were broken into segments at the plateau region 
and separate pIso values calculated for each segment, 
the resultant pI;9 values closely resembled those for 
neuroblastoma and platelet, respectively, regardless of 





*C._H. Donnelly and D. L. Murphy, manuscript in prep- 
aration. 


whether clorgyline or deprenyl was used as an inhibi- 
tor. Similar pI;9 values were previously reported for 
brain [14,19]. 

Inhibitor concentrations of 10°’ M clorgyline and 
10°° M deprenyl were chosen on the basis of these 
data as those which most completely and selectively 
inhibited MAO A and B using | mM tyramine as 
substrate. In comparing inhibition due to clorgyline 
(Fig. 3) and to deprenyl (Fig. 4), substrate concen- 
trations are important, as our preliminary studies 
have shown that the amount of deamination attribu- 
table to MAO A or B may be influenced by the choice 
of substrate and the substrate concentration. 

Clorgyline (10~’ M) inhibited 100 per cent of the 
MAO activity in neuroblastoma and ganglion with 
5-HT, dopamine and tyramine as substrates, and ap- 
proximately 95 per cent of that with tryptamine; how- 
ever, the deamination of benzylamine and phenylethyl- 
amine was inhibited 81 and 100 per cent, respectively, 
in neuroblastoma, but only 22 and 45 per cent, re- 
spectively, in ganglion. In brain, inhibition by clorgy- 
line of 5-HT and norepinephrine deamination was 
essentially complete; however, clorgyline inhibition of 
other substrates was less complete, especially with 
benzylamine and phenylethylamine, whose deamina- 
tion was inhibited by less than 10 per cent. Deprenyi 





100 r-— 
90 


80 


INHIBITION MAO 








DEPRENYL (-Log Concentration M) 


Fig. 2. Deprenyl inhibition of MAO activity using 10 

M tyramine as substrate in neuroblastoma NIE-115 cells 

(¥), Sprague-Dawley superior cervical ganglion (x) and 
brain (MH), and human blood platelets (@). 
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Table 2. Clorgyline and deprenyl inhibition of tyramine deamination by mono- 
amine oxidase in mouse neuroblastoma N1IE-115, rat superior cervical ganglion 
and brain, and human platelet preparations 





Preparation 


Clorgyline 
Plo 


Deprenyl 
Piso 





Neuroblastoma NIE-115 cells 
Rat superior cervical ganglion 
Rat brain 

Human platelet 


S.8 4.7 
8.5 4.7 
8.6, 5.2 7.3, 4.3* 
5.4 7.6 





* Estimated separately for the two phases of the inhibition curves presented 


in Figs. | and 2. 


(10°° M) inhibited benzylamine and phenylethyla- 
mine deamination in brain by approximately 90 per 
cent while 5-HT deamination was inhibited by only 
8 per cent. MAO activity in ganglion was less affected 
by deprenyl, with phenylethylamine deamination inhi- 
bited 45 per cent and other substrates less than 20 
per cent. In neuroblastoma, only phenylethylamine 
and dopamine deamination was inhibited (28 and 18 
per cent respectively) by deprenyl. 

The apparent K,, values for tyramine were similar 
in all three preparations. Neuroblastoma and 
Sprague-Dawley rat brain had K,, values of 
1.0 x 10°* M and the K,, for ganglion was found to 
be 0.8 x 10°* M. 


DISCUSSION 


These results indicating the occurrence of predomi- 
nantly MAO A in cultured neuroblastoma cells sup- 
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Fig. 3. Clorgyline (10° M) inhibition of MAO activity 

in neuroblastoma N1IE-115 cells, Sprague-Dawley superior 

cervical ganglion and brain using 10° * M tyramine (TYR), 

10°* M 5-hydroxytryptamine (5-HT), 5 x 10°* M dopa- 

mine (DA), 8 x 10°° M tryptamine (TA), 2 x 10°> M 

phenylethylamine (PEA), and 2 x 10°* M_ benzylamine 
(BA) as substrates. 
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Fig. 4. Deprenyl (10°° M) inhibition of MAO activity in 

neuroblastoma NIE-115 cells, Sprague-Dawley superior 

cervical ganglion and brain using 10° * M tyramine (TYR). 

10°* M 5-hydroxytryptamine (5-HT), 5 x 10°+ M dopa- 

mine (DA), 8 x 10°° M tryptamine (TA), 2 x 10°° M 

phenylethylamine (PEA), and 2 x 10°* M_ benzylamine 
(BA) as substrates. 


port indirect evidence provided by denervation exper- 
iments [19,28-30], which suggested that neuronal 
MAO in peripheral sympathetic nerves has A-type 
characteristics. Fujiwara et al. [29] have shown that 
denervation of dog submaxillary gland results in a 
significant reduction in MAO activity when serotonin 
(5-HT), but not tyramine, is used as substrate. Jarrott 
[30] similarly found reductions in MAO activity in 
the sympathetically denervated rabbit submaxillary 
gland and vas deferens of several species, with a 
greater loss in activity using 5-HT as substrate than 
with benzylamine as substrate. Jarrott observed that 
5-HT appeared to be deaminated more extensively 
by neuronal MAO in contrast to benzylamine, which 
appeared to be deaminated to a greater extent by 
extraneuronal MAO. 

Further support for a neuronal specific form of 
MAO was suggested by Goridis and Neff [19], who 
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showed that denervation of rat pineal gland resulted 
in a 70 per cent loss of MAO activity with serotonin 
as substrate, while activity with tyramine was not sig- 
nificantly changed. The reduction in MAO activity 
with serotonin as substrate was attributed to loss of 
MAO A associated with sympathetic nerves while the 
nonsignificant reduction in MAO activity with tyra- 
mine as substrate suggested that the MAO B, which 
contributed up to 85 per cent of tyramine deamina- 
tion in the pineal gland remained unchanged. 
Different proportions of MAO A and B occur in 
various preparations [16,19]: however, few tissues are 
as relatively free of MAO B as the neuroblastoma 
preparation. Goridis and Neff [16] have shown that 
the ratio of MAO A/B activity in superior cervical 
ganglion of rat is 9/1 in contrast to brain, which is 
6/4 when 2.1 mM tyramine is used as substrate. Using 
| mM tyramine as substrate, we have shown that in- 
hibition of neuroblastoma MAO with increasing con- 
centrations of clorgyline or deprenyl results in a sim- 
ple sigmoid curve, suggesting that MAO A is pre- 
dominant in the neuroblastoma NIE-115 cell line. 
Although differences may possibly exist between 
neuroblastoma N1IE-115 cells and adrenergic neurons 
in brain, NIE-115 cells contain enzymes for the syn- 
thesis of catecholamines and have other properties 
characteristic of differentiated neurons [20]. We have 
found that neuroblastoma (N1E-115) MAO preferen- 
tially deaminates the A-type substrate, 5-HT. Dea- 
mination of the B-type substrates, benzylamine and 
phenylethylamine, by neuroblastoma represents ap- 
proximately | per cent that of 5-HT compared to 
ganglion and brain, which average 6 and 18 per cent 


that of S5-HT, respectively. However, in contrast to 
ganglion and brain, deamination of benzylamine and 
phenylethylamine by neuroblastoma MAO is almost 


completely inhibited by 10°’ M clorgyline, which 
suggests that deamination of these two substrates in 
neuroblastoma may be largely attributed to a clorgy- 
line-sensitive MAO of the A-type. 

The substrate- and inhibitor-related characteristics 
observed with neuroblastoma MAO in comparison 
with the MAO of other preparations studied suggest 
that neuroblastoma contains primarily one form of 
MAO, MAO A, and is consistent with evidence that 
MAO A is the predominant form of MAO associated 
with sympathetic neurons [16,19,28—31]. 
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Abstract 


The sympathomimetic amines, epinephrine, norepinephrine and isoproterenol, were admini- 


stered in large doses to rats and the effects on the rates of protein synthesis in isolated perfused 
hearts of these animals were determined. Protein synthesis was found to be significantly elevated after 
each drug. Since it had been reported that the hydrazine monoamine oxidase inhibitors reduced or 
prevented the cardiac lesions caused by the administration of large doses of isoproterenol to experimen- 
tal animals, the effects of two such agents on the epinephrine-induced increase in cardiac protein 
synthesis were investigated. Iproniazid had no effect and phenelzine reduced the elevation in protein 
synthesis to a small degree only. The possible mechanisms by which high concentrations of sympathomi- 
metic amines promote cardiac protein synthesis are discussed. 


The administration of large doses of sympathomime- 
tic amines has been found to produce cardiac hyper- 
trophy [1-4] and/or cardiac necrosis[5-10] in a 
number of different species of experimental animals. 
The clinical counterparts of these laboratory pheno- 
mena occur in some patients with high endogenous 
levels of epinephrine and norepinephrine due to the 
presence of pheochromocytomas[11-15] and in a 
number of patients treated for shock by the intra- 
venous infusion of norepinephrine [11-16]. 

In an initial study of the mechanism of catechola- 
mine-induced cardiac hypertrophy, we found that in- 
cubated thin sections of left ventricle from hearts of 
rats that had been injected subcutaneously one or 
more times with large doses of suspensions of 
epinephrine, norepinephrine or isoproterenol in oil 
manifested significantly higher rates of protein syn- 
thesis than did similar sections from hearts of appro- 
priate controls [17]. The direct addition of catechola- 
mines to the incubation medium did not, however, 
alter the rate of protein synthesis in the sections. We 
therefore suggested that the increased cardiac protein 
synthesis in the animals treated with catecholamines 
was not due to a direct effect of these agents on pro- 
tein synthetic processes but to (a) an indirect effect 
on the latter provoked by increased cardiac rate, con- 
tractile force or work, or to (b) an adaptive or repara- 
tive response of the heart to cardiac injury produced 
by the drugs. The tissue slice was used as a simple 
model for the evaluation of the effect of drugs on 
protein synthesis in the heart that permitted the main- 
tenance of arbitrary constant levels of protein precur- 
sor amino acids in the environment as well as the 
avoidance of complicating effects of nervous and hor- 
monal stimuli at the time the rates of protein syn- 
thesis were measured. However, since results obtained 
with tissue slices may not necessarily reflect the situa- 
tion in intact animals, an additional model has been 
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chosen for the study—the isolated perfused heart. We 
report here the qualitatively similar results obtained 
with this preparation. 

Various monoamine oxidase (MAO) inhibitors, 
particularly those that are derivatives of hydrazine, 
have been reported to decrease the severity and fre- 
quency of the necroses produced in the hearts of ex- 
perimental animals by the administration of large 
doses of isoproterenol [18-20] or by coronary artery 
ligation [21,22]. Clinically, these agents have been 
found to reduce the frequency and severity of attacks 
of angina pectoris [23-26] and to increase subjective 
exercise tolerance [27]. We therefore thought that, if 
our observed catecholamine-induced increases in car- 
diac protein synthesis were consequences of cardiac 
injury, MAO inhibitors might act to inhibit such in- 
creases. The results of a study of the effects of two 
representative MAO _ inhibitor compounds on 
epinephrine-induced elevation of protein synthesis in 
rat hearts are presented. 


MATERIALS AND METHODS 


Animals. Male Sprague-Dawley rats, 350-400 g in 
weight, purchased from Holtzman Farms, Madison, 
Wis., and maintained on a diet of Agway rat and 
mouse diet pellets ad lib. except when otherwise 
noted, were used in all experiments. 

Materials. L-Epinephrine bitartrate, L-norepineph- 
rine (Arterenol) bitartrate, L-isoproterenol bitartrate, 
heparin, and nonradioactive amino acids were pur- 
chased from the Sigma Chemical Co., St. Louis, 
Mo. ['*C-U ]L-phenylalanine, [4, 5-*H]L-leucine 
and [°H-G]inulin were obtained from the New Eng- 
land Nuclear Co., Boston, Mass. Iproniazid phos- 
phate was purchased from the Aldrich Chemical Co., 
Inc., Milwaukee, Wis., and phenelzine sulfate was 
kindly supplied to us by the Warner-Lambert 
Research Institute, Morris Plains, N.J. 
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{dministration of drugs in vivo. Suspensions of the 
bitartrate salts of L-epinephrine, L-norepinephrine or 
L-isoproterenol in oil were prepared by grinding 
weighed quantities of the salts in measured volumes 
of cottonseed oil by means of a mortar and pestle 
at the times of injection. Doses of either 2.75 or 
5.50 ymoles/kg of the amines (5.5 jumoles of epineph- 
rine is equal to | mg of epinephrine base) were in- 
jected s.c. into the experimental rats three times dur- 
ing a 24-hr period (at 9a.m., 5p.m. and 9a.m. the 
following morning), While equal volumes of oil vehicle 
alone were injected at the same times into control 
animals. Food and water were permitted ad lib. 

In some experiments, rats. injected with epineph- 
rine on the above schedule, were also injected s.c. 
with a monoamine oxidase inhibitor—either phenel- 
zine sulfate or iproniazid phosphate—in aqueous 
solution. in doses of 25 mg/kg. three times. once at 
5 p.m. on the day prior to the start of the catechola- 
mine injections and also at the same times as the 
first and third catecholamine injections. Controls 
were injected with equal volumes of saline. The rats 
in these experiments were fasted during the entire 
period of drug administration. 

All animals were killed 5 hr after the last injection. 

Heart perfusions. The rats were injected i.p. with 
5mg heparin in 0.2 ml saline solution 0.5 to 1 hr 
before they were killed. At the latter time they were 
anesthetized by the i.p. injection of sodium pentobar- 
bital, after which their hearts were quickly removed 
and placed into Petri dishes containing ice-cold per- 
fusion medium, causing immediate cessation of beat- 
ing. The hearts were then dissected free of extraneous 
tissues, and after the three large arterial branches of 
the aortic arch were ligated, attached via the aortic 
stumps to glass cannulas of the perfusion apparatus. 
Perfusions were begun immediately at a temperature 
of 37 and the hearts promptly resumed beating. The 
first 15-20 ml of perfusion fluid expelled from each 
heart was discarded as washout fluid, and the heart 
was then placed into its appropriate chamber in the 
perfusion apparatus without interruption of perfusion. 
Recirculating perfusion was then carried out for 
1-2hr via the-aorta through the coronary arteries. 
These Langendorff preparations performed no or neg- 
ligible external work and were capable of beating 
vigorously for 4hr. Heart rates ranged from 200 to 
over 300 beats/min throughout the perfusion periods. 
Any heart with an initial rate blow 200 beats min 
was discarded. The perfusion apparatus employed 
was a modification of that of Neeley et al. [28]. 

Each heart was perfused with 100ml of Krebs 
Ringer bicarbonate buffer solution at pH 7.4 through 
which was continuously bubbled a mixture of 95°, 
O, plus 5°, CO,, and which contained glucose 


(10 mM), 20 non-radioactive amino acids (in concen-: 


trations approximately equal to those in normal rat 
plasma and previously reported[19]), and either 
['*C]-L-phenylalanine (5 Ci) or [4, 5-H ]L-leucine 
(50 or 100 Ci) and sometimes [*H]inulin (50 pCi). 
The radioactive inulin was added in those exper- 
iments in which intracellular specific activities of free 
['*C]phenylalanine were to be determined and tissue 
extracellular space had to be assessed. In some exper- 
iments with hearts from untreated rats, L-epinephrine 
bitartrate was added directly to the perfusion medium 
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at the start, in I-hr perfusions, to give a concentration 
in the medium of 0.11 yg (base)/ml (6 x 10°” M), and 
again, in the same quantity, at the beginning of the 
second hr, in 2-hr perfusion experiments. Greater 
concentrations tended to produce arrhythmias and 
therefore were not employed. In these experiments, 
ascorbic acid was also added to the perfusion fluid 
(Smg/100 ml) to inhibit oxidation of the added 
epinephrine. 

The perfusion flow rate through all hearts was 
maintained at exactly 10.2 ml/min. Initial experiments 
indicated that the rate of protein synthesis in the per- 
fused hearts increased to a maximum value as the 
flow rate was raised. The flow rate chosen permitted 
maximum protein synthesis yet did not cause deterior- 
ation of the hearts. At higher flow rates it was 
observed that a number of hearts became distended 
with fluid and beat weakly toward the end of the 
perfusion period, probably as a result of leakage of 
perfusion fluid through the aortic valves. At the fixed 
flow rate employed, perfusion pressures varied from 
50 to 70 mm Hg in different hearts. It was established, 
however. that as long as the flow rate was kept con- 
stant, these variations in pressure did not significantly 
affect the rates of protein synthesis. Thus, in an exper- 
iment in which pressures were deliberately varied but 
the flow rate was maintained at 10.2 ml/min, the 
radioactivities of the cardiac proteins after 2 hr of 
perfusion with radioactive phenylalanine were 2036, 
2249, 2168 and 1996 dis./min/mg of protein at flow 
rates of 52, 61. 65 and 70mm Hg respectively. 

In each experiment. two to four hearts were per- 
fused simultaneously. A fresh batch of perfusion fluid 
was made up for each experiment, and equal volumes 
were distributed to the chambers to contain the per- 
fused hearts; therefore, although the specific radioac- 
tivities of the radioactive amino acids in the perfusion’ 
fluid varied slightly in different experiments, they were 
exactly the same for all hearts perfused in any given 
experiment. The results obtained with hearts from 
drug-treated rats were then compared with those from 
the simultaneously perfused hearts of control animals. 

Protein radioactivity. After perfusion, the hearts 
were removed from the apparatus and the left ventri- 
cles plus intraventricular septa were quickly dissected 
out, rinsed in ice-cold saline solution, blotted well 
with filter paper. and divided into sections for the 
determination of protein radioactivity, water content 
and intracellular specific activity of free radioactive 
amino acid. Each section of heart used for protein 
isolation was placed into 5 ml of 5% trichloroacetic 
acid (TCA) (w/v), homogenized by means of a Poly- 
tron homogenizer (Brinkmann Instrument Co.), and 
centrifuged. The sediment was washed with cold TCA, 
then TCA at 95° containing | mg/ml of unlabeled 
phenylalanine or leucine, dissolved in 0.4M NaOH 
and re-precipitated with 50%, TCA, washed with 3:1 
ethanol-ether, then ether alone, and finally dried un- 
der a stream of nitrogen. Two 5- to 6-mg samples 
of the dried protein from each heart were weighed 
on an analytical balance, solubilized in 0.2 ml of NCS 
tissue solubilizer (Amersham/Sear!e Co.) and counted 
in the presence of a toluene fluor containing 
2,5-diphenyloxazole and 1,4-bis-[2-(5-phenyloxazo- 
lyi)] benzene (Spectrafluor, Nuclear Chicago) in a 
Nuclear Chicago Mark I scintillation counter. Cor- 
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rections of counts for quenching were made with the 
use of external standards and radioactivities were cal- 
culated as dis./min/mg of dry protein. 

Intracellular specific radioactivities. Intracellular 
specific radioactivities of ['*C]phenylalanine were 
calculated as follows, from determined values of total 
tissue and extracellular phenylalanine _ specific 
radioactivities, extracellular spaces and intracellular 
spaces, according to the procedure of Scharff and 
Wool [29]: 


Intracellular specific activity = (specific activity 

in total tissue water) — (specific activity in extra- 

cellular water) x (fraction of cell water that is 
extracellular) 





(fraction of cell water that is intracellular) 


It was assumed that labeled and unlabeled phenyl- 
alanine and inulin in the perfusion fluid were in equi- 
librium with the same substances in the tissue extra- 
cellular fluid. All determinations were made at the 
end of the perfusion periods. To determine total tissue 
water, small sections of left ventricle were blotted, 
weighed, placed in an oven at 100° for 48 hr, cooled 
in a desiccator, and weighed again. Sections of left 
ventricle were subjected to the procedure of Scharff 
and Wool [29] for extraction of total tissue phenyl- 
alanine and inulin. This involved placement of the 
tissues in boiling water for 5 min, precipitation of the 
proteins with sulfosalicylic acid, and filtration. Extrac- 
tion was found to be maximum when the tissue was 
minced before being immersed in the boiling water, 
and a water-clear filtrate could be obtained if the tis- 
sues in sulfosalicylic acid solution were put in the 
freezer overnight and thawed on the following day 
before being filtered through Whatman No. 2 filter 
paper. Aliquots of the filtrates were removed for 
counting ['*C]phenylalanine and [*H]-inulin (double 
labeling) in a scintillation counter and for determina- 
tion of total phenylalanine concentrations with the 
aid of an amino acid analyzer. Samples of perfusion 
fluid were also obtained after perfusion of the hearts. 
One ml of 20% (w/v) sulfosalicylic acid was added 
to 3 ml fluid to precipitate any protein present. After 
filtration, aliquots of the clear filtrates were removed 
for the counting of ['*C]phenylalanine and [*H]-inu- 
lin, and the determination of phenylalanine concen- 
tration. Because of the time involved in determination 
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Table 2. Effect of sympathomimetic amines in vitro or in 
vivo on intracellular specific activities of ['*C]phenyla- 
lanine in isolated perfused rat hearts 





Specific activities of ['*C]phenylalanine 
(uCi/ mole) 





Hearts exposed 


F\periments Perfusion fluids Control hearts to amine 


6 8. Table | 
4, 5. 7. 9, 10, 
Table 3 
1.3-7. Table 4 
| 9. Table 5 








0.490 + 0.051" 
0.502 + 0.043 


0.448 
0.499 


+ 0.036 
0.028 


0.489 + 0.042 
0.486 + 0.023 


0.496 
0.453 


0.475 + 0.026 
0.492 + 0.021 


+ 0.034 
0.031 


0.445 + 0.051 
0.477 + 0.025 





*Mean + standard error of mean. Specific activities 
were determined as described in Methods. 


of amino acids with the amino acid analyzer, intracel- 
lular specific activities of the labeled amino acids were 
not determined in all experiments. When they were, 
the rate of incorporation of amino acid precursors 
into heart protein was expressed not only as dis. 
min/mg of protein but also as pxmoles of amino acid 
incorporated into |g of cardiac protein/perfusion 
period. | 


RESULTS 


Epinephrine in vitro. The activity of epinephrine 
added in vitro was immediately manifested by an in- 
crease in heart rate. In every experiment, it was found 
that the addition of epinephrine to the perfusion fluid 
caused a small decrease in the rate of protein syn- 
thesis (Table 1). This was true whether radioactive 
leucine or phenylalanine was used as protein precur- 
sor and whether perfusion was carried out for | or 
2 hr. The decrease in rate of protein labeling in hearts 
exposed to epinephrine in vitro was not due to an 
effect of the drug on intracellular specific actactivities 
of the radioactive amino acid, since such activities 
were not significantly different in epinephrine-treated 
and control hearts in those experiments in which they 
were determined (Table 2). A decreased rate of incor- 
poration of amino acid into the protein of hearts 
exposed to epinephrine was manifested in the exper- 
iments in which intracellular specific activities were 
included in the calculations and the results expressed 
as moles phenylalanine/g of protein as well as dis. 
min/mg of protein (experiments 6-8, Table 1). 


Table 1. Effect of epinephrine in vitro on rate of protein synthesis in isolated perfused rat hearts* 





Radioactivity of 
cardiac protein 


Incorporation of labeled amino acid 


into cardiac protein 





Perfusion 
time Control 


(dis./ min, mg) 


Labeled 
amino acid 


Epinephrine* 
(dis. min; mg) (°.) 


Change Control Epinephrine* Change 


(umoles, g) (yumoles, g) (%) 





11.202 
12.009 


9926 
11.669 
12.803 
11.214 
10,937 

990 

1.499 

1.885 


(*H]leu 
{*H]leu 
{7H ]leu 
[*H]leu 
(*H]leu 
['*C]phe 
('*C]phe 
8 {'*C]phe 
Mean 
+ S.E.M 


au ke wie 


4 


+ 16.97 





* The same quantity of L-epinephrine bitartrate was added to the perfusion fluid at the 
The concentration of epinephrine in the perfusion medium after the first addition was 0.11 yg (base)/ml (6 x 10 


start of each hr of perfusion. 
\I) 


Hearts were perfused in the presence of a radioactive amino acid, unlabeled amino acids and glucose. 
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Table 3. 


Effect of administration of epinephrine in vivo on rate 
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of protein synthesis in isolated perfused rat hearts 





Radioactivity of 


cardiac protein 


Incorporation of labeled amino acid 
into cardiac protein 





Labeled Control 


imino acid I (dis. min, mg) 


Epinephrine* 
(dis./ min, mg) 


Control 
(umoles, g) 


Change Epinephrine* 


(umoles/g) (*.) 


Change 





13.869 
21.149 
1,093 
1,161 
1.002 


975 


Meai 
S.E.M 


+ 54.4 
+ 26.11 





* Epinephrine. in suspension in oil, was injected s.c. in a dose of 5.5 umoles/kg (1 mg base/kg) three times during 
a period of 24hr into the experimental rats while controls were injected with equal volumes of oil vehicle alone. 
Hearts were removed Shr after the third injection and perfused in the presence of a radioactive amino acid, unlabeled 


amino acids and glucose. 


Epinephrine in vivo. In contrast to the depression 
of cardiac protein synthesis caused by the presence 
of epinephrine in vitro, a consistently higher rate of 
protein synthesis occurred in perfused hearts from 
rats that had been injected with epinephrine than in 
the corresponding hearts from vehicle-treated con- 
trols (Table 3). The mean increase was 41 per cent. 
Again the result was the same whether radioactive 
phenylalanine or leucine was used as protein precur- 
sor and whether the hearts were perfused for | or 
2 hr. When intracellular specific activities were taken 
into consideration (Table 2), similar increases in pro- 
tein synthesis were manifested (mean = 54 per cent). 

Norepinephrine and isoproterenol in vivo. Because 
of the unacceptable mortality occurring when isopro- 
terenol was administered in a dose equal to that of 
epinephrine or norepinephrine (5.50 ymoles/kg), the 
dose of the former was reduced to half that of the 
latter agents. The administration of norepinephrine 
or of isoproterenol to rats led to increases in rates 
of protein synthesis in the perfused hearts of these 


animals that were similar to the increases produced 
by epinephrine administration (Table 4). 

Phenelzine or iproniazid plus epinephrine in vivo. To 
determine whether the MAO inhibitors phenelzine 
and iproniazid would prevent the increase in cardiac 
protein synthesis provoked by the administration of 
epinephrine, either one or the other of these drugs 
was administered once per day prior to as well as 
during the administration of epinephrine to rats. All 
rats, experimental and control, were fasted from the 
time of first injection with a drug to the time they 
were killed. The MAO inhibitors were administered 
at 5 p.m. on the day before epinephine administration 
was begun and also on the following two mornings. 
In the experiments with iproniazid, the usual dose 
of epinephrine was cut in half to 2.75 «moles/kg 
because the mortality of rats given iproniazid plus 
the full dose of epinephrine was too high. Phenelzine 
inhibited the rise in protein synthesis induced by 
epinephrine significantly, but to a small degree (31 
per cent), while iproniazid had no such effect. Either 


Table 4. Effect of administration of norepinephrine or isoproterenol in vivo on rate of protein synthesis in isolated 
perfused hearts 





Radioactivity of 
cardiac protein 


Incorporation of labeled amino acid 
into cardiac protein 





Control 
(dis./ min/mg) 


Labeled Perfusion Drug 


amino acid time (hr) 


(dis./min/mg) (°,) 


Change Control Drug 


(umoles/g) (%) 


Change 
(umoles, g) 





Norepinephrine* 


1.064 
1,381 1,768 


1.597 


|phe 2,137 
|phe 
|phe 2.108 


|phe 2,5 3.733 


+ 100.8 +389 
+28.0 
+32.0 
+44.9 
+ 51.4 
+ 16.85 


+834 
+61.6 
+61.2 


+ 12.76 


Isoproterenol* 


1.175 
3,596 
2.591 
14,212 
Mean 
+ S.E.M 


+ 48.7 


+32.6 


50.0 
+ 42.0 
15.2 + 36.5 
+ 30.5 
+344 
+ 7.56 +485 


+393 





* Norepinephrine or isoproterenol, in suspension in oil, in a dose of 5.5 and 2.7 pmoles/kg, respectively, was injected 
s.c. three times during a period of 24hr into experimental rats while controls were injected with oil vehicle alone. 
Hearts were removed from the animals 5 hr after the third injection and were perfused in the presence of a radioactive 


amino acid, unlabeled amino acids, and glucose. 
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MAO inhibitor alone did not affect the rate of protein 
synthesis significantly (Table 5). 


DISCUSSION 


The isolated perfused heart has been employed as 
a suitable preparation for the study of the effects of 
cardiac overload, oxygenation, and composition of 
the perfusion medium on the rate of cardiac protein 
synthesis [29-32]. Radioactive leucine and phenyl- 
alanine, which we used, have been reported to be par- 
ticularly satisfactory as protein precursor markers in 
this preparation [30]. There is a rapid equilibration 
of these amino acids across heart cell membranes. 
Phenylalanine not only equilibrates very rapidly with 
an intracellular pool of stable size, but is not pro- 
duced or converted to other amino acids during heart 
perfusion [30]. Furthermore, there is minimal reutili- 
zation of phenylalanine released from the heart pro- 
tein [33]. 

We previously reported that the subcutaneous in- 
jection of one or more large doses (5.46 pmoles/kg) 
of epinephrine, norepinephrine or _ isoproterenol 
({L-isomers) in oil suspension, into rats, increased the 
rate of cardiac protein significantly in vitro in slices 
of heart left ventricle obtained from these animals, 
a significant rise occurring as early as 5 hr after a 
single injection of epinephrine. We have now found 
that such an enharicement of cardiac protein synthesis 
is also seen in isolated perfused hearts of rats treated 
with the same doses of these agents. The increases 
were, somewhat smaller in our perfused hearts than 


they had been in heart slices, for reasons that are 
not apparent to us. We have observed, in a few pre- 
liminary experiments not yet reported. that injection 
of high doses of sympathomimetic amines into rats 
also increased the rate of cardiac protein synthesis 


when the latter was determined in vivo. This lends 
support to the assumption that the changes in rates 
we have observed in vitro truly reflect a phenomenon 
occurring in the intact animal. 

The increased rate of protein labeling in the iso- 
lated perfused hearts after the administration in vivo 
of sympathomimetic amines was not due to increased 
intracellular specific acitivities of the labeled amino 
acids in these hearts: there were no significant differ- 
ences in intracellular specific activities of radioactive 
amino acid precursor between control and drug- 
treated rat hearts, and increased rates of protein label- 
ing were manifested when intracellular specific acitivi- 
ties were taken into consideration and the rates of 
incorporation expressed as moles of precursor 
amino acid/g of cardiac protein/perfusion period. 

he observed increase in cardiac protein synthesis 
could involve a number of different mechanisms. 
Thus, it could be caused by a direct stimulation of 
intracellular processes of protein synthesis by the 
sympathomimetic amines, by an indirect stimulation 
of such processes resulting from catecholamine-pro- 
voked enhancement of cardiac function, or it could 


be part of an adaptive and/or reparative response of 


the heart to the damage caused by high levels of the 
drugs. Our observations that addition of these agents 
in vitro to incubating heart slices[17] or to isolated 
perfused hearts did not produce an increase of protein 


synthesis argue against a direct effect. In the case of 
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perfused hearts, addition of epinephrine actually 
caused small but persistent decreases in the rates of 
incorporation of the labeled amino acids into protein. 
This had not been the case with incubated slices of 
heart. We have no ready explanation for this differ- 
ence. Our results with isolated perfused hearts, how- 
ever, are more consistent with the findings of other 
investigators that the addition of epinephrine in vitro 
reduced the rate of incorporation of amino acids into 
the protein of sections of diaphragm and liver as well 
as of epididymal fat pads of rats [34-36]. 

The increased rate of protein synthesis provoked 
by the administration of sympathomimetic amines in 
vivo may be a consequence of increased cardiac func- 
tion such as rate, contractile force or work produced 
by the drugs. Such an indirect stimulatory effect 
would have to more than compensate for any direct 
small inhibitory effect, if the latter also occurs in the 
intact animal. The fact that addition of epinephrine 
in vitro to the isolated perfused nonworking hearts 
caused increases in heart rates but not in protein syn- 
thesis argues against increased heart rate per se as 
being an adequate stimulus for augmentation of pro- 
tein synthesis. It is well known, however. that cardiac 
overload results in enhanced cardiac protein synthesis 
[31.37.38] and ultimately in cardiac hypertrophy. If 
the sympathomimetic amines act in this manner, then 
they may increases protein synthesis and heart size 
by mechanisms no different from those responsible 
for these effects when the latter are provoked by aor- 
tic constriction or experimental hypertension. 

Since large doses of sympathomimetic amines cause 
cardiac necrosis as well as hypertrophy, it is possible 
that the observed enhancement of cardiac protein 
synthesis is associated with cardiac damage rather 
than with increased cardiac function. Thus. an in- 
crease in protein synthesis may occur as an adaptive 
response of reversibly injured cells [39] to their in- 
jury. It may even be due to the activity of non-myo- 
cardial cells infiltrating necrotic areas during the in- 
flammatory response to injury. Polymorphonuclear 
leucocytes, large monocytes and histiocytes accumu- 
late in the injured zones [1. 10. 40]. The macrophages 
actively synthesize proteins. including lysosomal 
enzymes [41]. At the same time and subsequently, 
there is a reparative response which includes infilt- 
ration with fibroblasts which proliferate, are active 
in protein synthesis, and secrete collagen [10, 40, 41]. 

We thought that the administration of MAO in- 
hibitors might prevent or reduce the increase in car- 
diac protein synthesis provoked by sympathomimetic 
amines if the increase. was a consequence of cardiac 
damage, since the MAO inhibitors have been found 
to decrease such damage [18-20]. Our data show that 
the inhibition of the epinephrine-induced increase in 
protein synthesis was small (about 30 per cent with 
phenelzine) or did not occur at all (with iproniazid). 
Stanton and Schwartz [20] reported that the cardio- 
megaly (as well as necrosis), caused in rats by the 
subcutaneous injection of isoproterenol in aqueous 
solution on 2 consecutive days. could be diminished 
by administration of phenelzine (15-50 mg/kg) to 
these animals on the 2 preceding days as well as on 
the days of isoproterenol treatment. However, the 
early increases in heart weights caused by isoproter- 
enol were found by the above authors to be mainly 
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due to increases in cardiac water content and there- 
fore may not have reflected increases in rates of car- 
diac protein synthesis. If the two MAO inhibitors we 
tested may be considered representative, then these 
agents are not potent inhibitors of the elevations in 
rates of cardiac protein synthesis produced by large 
doses of sympathomimetic amines. Since the former 
drugs have been found capable of diminishing iso- 
proterenol-induced cardiac necrosis considerably, our 
results may support the view that the effect of sym- 
pathomimetic amines on cardiac protein synthesis is 
not a consequence of or dependent upon the produc- 
tion of cardiac necrosis. 
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Abstract 


3-Isoxazolidone, a cyclic analogue of aminooxypropionic acid, was prepared and evaluated 


for its effect on y-aminobutyric acid (GABA) metabolism. Its administration to animals resulted in 
potent inhibitions of brain glutamic acid decarboxylase (GAD) and GABA-z-oxoglutarate aminotrans- 
ferase (GABA-T) activities. A small but significant increase in brain GABA content was observed. 
The inhibiting effects varied with the experimental species being greatest in chicks and least in mice. 
The enzyme inhibitions were not prevented by the concurrent administration of pyridoxine to the 
animals nor by the addition of pyridoxal phosphate to the assay system. Additions of 3-isoxazolidone 
directly to brain homogenates inhibited the activities of both GAD and GABA-T but not to the 
extent that might be expected from the studies in vivo. 


There is now convincing evidence that y-aminobutyric 
acid (GABA) is an inhibitory neurotransmitter sub- 
stance in the central nervous system [1.2], where it 
is formed by the action of glutamic acid decarboxy- 
lase (GAD) [3.4] and is degraded by the action of 
GABA-z-oxoglutarate aminotransferase (GABA-T) 
[5,6]. Not surprisingly, the possibility that a drug- 
induced elevation in GABA content might accentuate 
the inhibitory functions within the brain has stimu- 
lated a vigorous search for agents which inhibit 
GABA-T activity specifically. Unfortunately, potent 
GABA-T inhibitors, such as hydrazine, hydrazides, 
hydrazinopropionic acid and hydroxylamine, also in- 
hibit the GABA-synthesizing enzyme GAD [7-10]. 
Even the most commonly used GABA-T inhibitor, 
aminooxyacetic acid, significantly inhibits GAD acti- 
vity for several hr after its administration [11]. 
Aminooxypropionic acid, a close structural analogue 
of aminooxyacetic acid, is a more potent inhibitor 
of GABA-T activity in vitro than is amingoxyacetic 
acid but unfortunately it does not inhibit the enzyme 
system in vivo[12] due, presumably, to its inability 
to cross the blood brain barrier. 

A procedure which is frequently used to circumvent 
the impermeability of the blood-brain barrier is the 
administration of an analogue which is less polar then 
the compound in question, and which penetrates into 
the brain, where it is converted enzymatically to the 
desired active compound. Examples of this procedure 
which have been used with respect to GABA-T inhibi- 
tors include unsubstituted and substituted pyrroli- 
dones[13] and 3-pyrazolidone [14], the latter com- 
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3-isoxazolidone aminooxypropionic acid 


Fig. 1. Proposed metabolic transformation of 
3-isoxazolidone. 


pound hydrolyzing to the potent inhibitor hydrazino- 
propionic acid. 

In view of the above situation, we attempted to 
circumvent the impermeability of the blood-brain 
barrier to aminooxypropionic acid by administering 
its close structural analogue, 3-isoxazolidone, on the 
premise that brain tissue enzymes might hydrolyze 
the drug, resulting in the formation of aminooxypro- 
pionic acid itself (Fig. 1). The present report docu- 
ments the effect of 3-isoxazolidone on GABA metabo- 
lism under conditions both in vivo and in vitro. 


MATERIALS AND METHODS 

Synthesis of 3-isoxazolidone 

3-Isoxazolidone was prepared by the method of 
Shunk et al.{14]. Commercially available /-chloro- 
propionyl chloride (Aldrich)(25 g) was treated with 
hydroxylamine hydrochloride and sodium hydroxide 
at 0°. Subsequent extraction of the reaction mixture 
with butanol and evaporation to dryness gave a solid 
which upon extraction with several portions of ether 
yielded B-chloropropionohydroxamic acid (9.0 g). The 
hydroxamic acid (3.0g) was warmed to 50° (20 min) 
with sodium hydroxide (two equivalents), the result- 
ing mixture neutralized with hydrochloric acid, eva- 
porated to dryness and subsequently extracted with 
ethanol. Evaporation of the solvent gave a solid resi- 
due which when triturated with boiling ether gave 
the desired 3-isoxazolidone (1.45 g) m.p. 68-71", lit. 
68-70". 


Animals 

Male Swiss albino mice (25g), male Wistar rats 
(200 g) and white Leghorn cockerels (150-220 g) were 
used in the experiments. All animals were fasted for 
24hr prior to use. 
Drug administration 

Solutions of 3-isoxazolidone were prepared daily 
in 0.9% (w/v) NaCl, the pH being adjusted to 7.0 
immediately before use. The final concentration of in- 
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hibitor was adjusted so that the required dosage was 
administered. to mice in a volume equivalent to 0.5 
per cent of the body weight, and to rats and chicks 
in a volume equivalent to 1.0 per cent of the body 
weight. When animals were treated with 3-isoxazoli- 
done and pyridoxine, in eqimolar proportions, both 
compounds were dissolved in the same solution. All 
injections were intramuscular and the injected ani- 
mals’ were kept in a laboratory with minimal back- 
ground noise. 


Preparation of brain homogenates 


The animals were decapitated so that the heads fell 


directly into liquid nitrogen. The heads were stored 


in the liquid nitrogen until required for the assays. 
The heads were removed from the liquid nitrogen and 
partially thawed by placing them in cold 0.9%, NaCl 
for 30min. The whole brain was removed and 
weighed, and homogenates were prepared in a Pot- 
ter-Elvehjem homogenizer using the media described 
below for the specific assay. 


Biochemical analysis 
Brain GABA levels. The brains were excised, homo- 
genized in water, and GABA-containing extracts pre- 


pared as described previously [15]. The GABA con-- 


tent of the extracts was determined enzymically as 
described by Jakoby [16], except that 0.15 ml of 1M 
Na,SO,/tube was added. The total volume was 
1.2 ml. 

Enzyme activities. Glutamic acid decarboxylase 
activity was determined by trapping '*CO, liberated 
from [1-'*C]pt-glutamic acid (Amersham/Searle 
Corp.); sp. act. was 29 mCi/m-mole using the pro- 
cedure of Roberts and Simonsen [17]. The contents 
of each incubation flask consisted of 0.4 ml buffer sub- 
strate and 0.4 ml of 10°, (w/v) brain homogenate pre- 
pared in water containing 0.25°, (w/v) Triton X-100 
and 0.02 M mercaptoethanol. Incubation was carried 
out under nitrogen at 37° for 10min. The reaction 
was terminated by the addition of 0.1 ml of 8N 
H,SO,. The '*CO, liberated was trapped in 1.0M 
hyamine hydroxide (in methanol) and the radioacti- 
vity counted in an Isocap 300 liquid scintillation sys- 
tem. Unless otherwise stated, pyridoxal phosphate 
was not added to the incubation medium. When in- 
cluded in the medium, its final concentration was 
0.002 M. 

The activity of GABA-T in brain homogenates was 
monitored by measuring the rate of succinic semial- 
dehyde formation. Homogenates were prepared as de- 
scribed above, except that the concentration of Triton 
X-100 was 1.25%, (w/v), and the GABA-T activity was 
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determined by the method of Salvador and 
Albers[18] as modified by Salganicoff and De 
Robertis [19]. A portion of the homogenate (0.2 ml) 
was added to 5.0 ml of a buffer solution (pH 8.4) con- 
taining 0.1 M z-oxoglutarate and 0.25M GABA. In- 
cubation was carried out for 60 min at 38°. Samples 
(0.5 ml) were removed from the incubation mixture 
at zero time and at 60 min for the fluorometric deter- 
mination of succinic semialdehyde content using 
0.25 M 3,5-diaminobenzoic acid. 

The effect in vitro of 3-isoxazolidone on the enzyme 
activities was studied by adding it, dissolved in buffer 
appropriate to the enzyme assay, directly to the incu- 
bation vessels. The final concentration of 3-isoxazoli- 
done in the incubation medium is given in the per- 
tinent tables. 


Determination of CTs. values 

This value, expressed in min, was the time required 
after administration of convulsant agent for seizures 
to occur in 50 per cent of the animals. The CTs, value 
was determined by plotting cumulative percentage 
convulsed as a function of time on logarithmic probit 
paper as described by Paton [20]. 


Statistical treatment 

When required, statistical analysis was carried out 
using analysis of variance and Duncan’s multiple 
range test. 


RESULTS 
Effect in vivo of 3-isoxazolidone on GABA metabolism 


The intramuscular administration of 3-isoxazoli- 
done to mice at concentrations of 1, 1.5 and 2.0 
m-moles/kg produced a marked inhibitory action on 
both the decarboxylation of glutamic acid and the 
transamination of GABA (Table 1). However, the 
effect on GABA-T was much more pronounced than 
that on GAD, resulting in a net elevation in GABA 
level. The decrease in the activities of both enzymes 
and the increase in GABA concentration were all 
dose dependent. The 3-isoxazolidone-induced inhibi- 
tions in the activities of both GAD and GABA-T 
were relatively slow in developing, maximum inhibi- 
tions occurring 3 hr after administration of the drug 
(Fig. 2). Similarly, the return to normal activities was 
also slow, and significant inhibitions in both GAD 
and GABA-T activities still existed 24 hr after 
administration of the 3-isoxazolidone. 

The concurrent administration of pyridoxine with 
3-isoxazolidone did not alter the isoxazolidone- 
induced changes in GAD activity and GABA-T acti- 


Table 1. Effect of the administration of different amounts of 3-isoxazolidone on the brain GABA content and metabolism 
in mice* 





3-isoxazolidone Inhibition 


(m-moles, kg) (umoles, g/hr) 


GABA-T GABA 
Inhibition 


(umoles, g/hr) (umoles g) 





Control 
1.0 
1.5 


0 


191 +3 2.05 + 0.08. 
107 + 4+ 2.31 + 0.08 


6% + 44 2.43 + 0.04 
41 + 5+ 3.40 + O.28* 





* Mice were killed 6 hr after the administration of 3-isoxazolidone. All values are the mean + S.E. M. for four samples 
each containing three brains for GABA determinations and one brain for measurement of the enzyme activities. 
+ Significantly different from control P < 0.01 





3-Isoxazolidone and GABA metabolism 


GABA-T (ymol/g/h) 


GAD (umol/g/h) 











TIME (h) 

Fig. 2. Effect of 3-isoxazolidone (1.5 m-moles/kg) on GAD 

and GABA-T activities in mouse brain. Key: (O O) 

GAD activity: (@ @) GABA-T activity. Each value is 
the mean + S.E.M. for four samples. 


vity, nor did it alter significantly the net change in 
GABA concentration (Table 2). Pyridoxine treatment 
per se lowered the GABA content of brain although 
it was without effect on the enzyme activities. Addi- 
tion of the cofactor pyridoxal phosphate (PALP) to 
the incubation medium brought about the anticipated 
increase in GAD activity but was without effect on 
the degree of inhibition caused by the administration 
of the 3-isoxazolidone to the mice (Table 2). In con- 
trast, added PALP per se greatly decreased GABA-T 
activity but was again ineffective in ameliorating the 
3-isoxazolidone-induced inhibition. 

The administration of 3-isoxazolidone had a more 


marked inhibitory effect on brain GAD and GABA-T 
activities in rats and chicks than in mice, the drug 


Table 2. 


1655 


being a particularly potent inhibitor in the chicks 
(Table 3). The sensitivity to isoxazolidone of the GAD 
enzyme system relative to that of the GABA-T 
enzyme system was, however, similar in all three spe- 
cies. 


Effect in vitro of 3-isoxazolidone on GABA metabolism 


3-Isoxazolidone was a rather poor inhibitor of 
GABA metabolism under conditions in vitro (Table 
4). At a concentration of 10°*M it inhibited GAD 
activity by only 24 per cent and GABA-T activity 
not at all. Even at 10°?M _isoxazolidone inhibited 
the GABA-T enzyme system by a mere 28 per cent. 


Effect of 3-isoxazolidone on isonicotinic acid hydrazide- 
induced seizures 

Since 3-isoxazolidone causes a small but significant 
elevation in brain GABA content (Table 1), the effi- 
cacy of the drug as an anticonvulsant agent was 
examined. The prior administration of isoxazolidone 
(1.5 m-moles/kg) did not, however, significantly delay 
the onset of the isonicotinic acid hydrazide (INH) 
induced seizures (Fig. 3). Moreover, 3-isoxazolidone 
per se induced seizures in mice (CTs9, 107 min) when 
administered at a dosage level of 3 m-moles/kg (Fig. 
3). 


DISCUSSION 


The data presented here indicate that 3-isoxazoli- 
done, or a metabolite thereof, penetrates the blood 
brain barrier and inhibits both GAD and GABA-T 
activities in the brain. Whether these inhibitions are 
due to the action of the drug per se or whether they 
are caused by aminooxypropionic acid formed in vivo 


Effect of the administration of 3-isoxazolidone on GABA metabolism in mouse brain 





GABA-T 
(umoles/g/hr) 
No PALP 


GABA 
(moles, g) 


Treatment* 
(m-moles kg) 


PALPt 


GAD 
Inhibition (°,) 
No PALP PALP 


(umoles,g/hr) 


No PALP PALP* 





2.07 + 0.04 201 4 
2.58 + 0.15t 86 + 33 
1.47 + 0.04} 201 

1.75 + 0.10 87 + 


Control 
3-Isoxazolidone 
Pyridoxine 
3-Isoxazolidone 
+ Pyridoxine 
Control 85 + 
3-lsoxazolidone + 2% 


36 + 1 
8 + If 


37.9 + 1.4 61.6 + 0.7 
28.8 + 1.3¢ 44.2+ 0.7f 
36.3 + 3.2 63.8 + 3 


26.8 + 1.8t 46.9 + .2.7t 





* Mice were sacrificed 3 hr after administration of the drugs, which were given at a dosage level 


for each drug. 


of 1.5 m-moles/kg 


+ PALP was added to the incubation medium to give a final concentration of 0.002 M. 
t Significantly different from control values, P < 0.01. All values were the mean + S.E.M. for four samples each 
containing three brains for the GABA estimation and one brain for the determination of the enzyme activities, except 


for control values, which are the mean for eight samples. 


Table 3. Effect of 3-isoxazolidone on GAD and GABA-T activities in different species* 





GAD (umoles/g/hr) 


Treatment 


Species (m-moles kg) Control 


Inhibition 


GABA-T (umoles/g/hr) 


Inhibition 


Control Test (",) 





Mouse 
Rat 
Chick 


196.5 + 1.4 
173.2+09 
154.7 + 3.7 


152.7 


k4.1 + 59 
24.3 + 2.6 
33.5+2.5 


+ 2.9 6.6 + O8 





* Animals 
brains. 


were killed 3 hr after the administration of 3-isoxazolidone. All values are the mean + S. E. M. 


for four 
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Effect of 3-isoxazolidone on GAD and GABA-T activities in vitro* 





3-Isoxazolidone 


(umoles/g/hr) 


iAD 


GABA-T 
Inhibition . Inhibition 


(%) (umoles g/hr) (°,) 





197 


195 + 3 


142 +3 


5 


94 





* All values are the mean + S.E. M. for four brains. 
+ Final concentration in the incubation medium. 
t Significantly different from control (P < 0.01). 


from the 3-isoxazolidone is not clear. Although the 
data show that 3-isoxazolidone is a potent inhibitor 
of GABA-T and GAD activities, being superior to 
isonicotinic acid hydrazide in this respect [21], its in- 
hibitory action on GABA-T activity in mice is much 
less than that of aminooxyacetic acid[11]. In addi- 
tion, the ratio GABA-T inhibition/GAD inhibition 
observed with 3-isoxazolidone is closer to unity than 
that obtained with aminooxyacetic acid [11], thereby 
suggesting that the compound is inhibiting by virtue 
of its carbonyl-trapping properties (both GAD and 
GABA-T are pyridoxal phosphate enzymes), rather 
than as a result of it being a structural analogue of 
the GABA-T substrate, GABA. This finding tends to 
eliminate the possibility of the inhibition being due 
to aminooxypropionic acid formed from the 3-iscxa- 
zolidone. On the other hand, in contrast to the situa- 
tion with hydrazides [22], the addition of pyridoxal 


phosphate to the assay system did not prevent the 
3-isoxazolidone-induced inhibition of GAD. Likewise, 


in contrast to the situation with hydrazides [23], the 
simultaneous administration of pyridoxine did not 
protect against the 3-isoxazolidone-induced inhibition 
of GAD (Table 2). These findings, therefore, argue 
against a mechanism of inhibition based simply on 


> ° 


the carbonyl-trapping properties of 3-isoxazolidone. 


CONVULSED 


% 


TIME (min) 


Fig. 3. Effect of 3-isoxazolidone on isonicotinic acid hydra- 
zide (INH)-induced seizures in mice. Key: (A A) 2.2 
m-moles INH/kg; (O O) 2.2 m-moles INH/kg + 1.5 
m-moles 3-isoxazolidone/kg: (@ @) 3.0 m-moles 3-isox- 
azolidone/kg. Each group consisted of twenty mice. The 
data are presented as a logarithmic probit plot. 


The time required after the administration of 
3-isoxazolidone for maximum inhibition of GAD to 
develop (Fig. 1) is much longer than that required for 
maximum inhibition after treatment with aminooxya- 
cetic acid or hydrazides [11,24]. This could be due 
to a slower penetration of 3-isoxazolidone into the 
brain. On the other hand it might indicate that 3-isox- 
azolidone has to be converted to some other deriva- 
tive which is the active inhibitor. Similarly, the com- 
parably greater inhibition of 3-isoxazolidone in chicks 
and rats than in mice could be explained by either 
the blood-brain barrier in the former two species 
being more permeable to the compound or, alterna- 
tely, by the presence of a more active enzyme system 
converting the 3-isoxazolidone to the active inhibitor. 
However, the fact that 3-isoxazolidone is an equally 
effective inhibitor in vitro of GAD activity in homo- 
genates from chicks and mice (Table 4) favors the 
blood-brain barrier hypothesis since the conversion 
enzyme might be expected to be present in the brain 
homogenate, although of course the assay condition 
may not have been favorable for its activity. 

An interesting result obtained in the present study 
is the significant decrease in the concentration of 
GABA in the brains of mice treated with pyridoxine. 
A similar effect was observed previously with 
chicks [24]. The reason for this decrease is unclear 
but one possiblity is a change in the rate of membrane 
transport with respect to GABA, thereby altering the 
accessibility of the amino acid to its degradative 
enzyme. Stimulation of amino acid transport by B, 
vitamins has been reported previously although the 
mode of action is probably indirect [25]. 

In summary, a drug has been developed which is 
a potent inhibitor of both the GABA-synthesizing and 
the GABA-degrading enzyme systems but the 
mechanisms involved in the inhibitions remain uncer- 
tain. In view of the possible presence in brain homo- 
genates of an enzyme which converts 3-isoxazolidone 
to its active inhibitory compound, purification of 
GAD and GABA-T is a necessary prerequisite before 
kinetic studies with 3-isoxazolidone can be carried 
out. Preliminary work on the purification of these 
enzymes is now under way with a view to pursuing 
this experimental approach toward a resolution of 
the above uncertainties. Although 3-isoxazolidone 
may prove useful as a tool with which to study GAD 
and GABA-T enzyme systems, its potent inhibition 
of GAD activity with the attendant danger of seiz- 
ures [26] precludes any role for the compound as a 
possible therapeutic agent. 
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HEXOBARBITAL SLEEPING TIME AND DRUG 
METABOLISM IN RATS WITH LIGATED 
BILE DUCTS—A LACK OF CORRELATION 
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Abstract—Hexobarbital sleeping time is commonly used as an index of the activity of hepatic microso- 
mal drug-metabolizing enzymes in animals. This report describes anomalies between hexobarbital sleep- 
ing time and the rate of metabolism in vitro by microsomal enzymes in rats after bile duct ligation 
(BDL). The duration of hexobarbital sleeping time, 2-24 hr after BDL, was approximately twice that 
of sham-operated controls. No significant decrease in the activity of microsomal aminopyrine demethy- 
lase, aniline hydroxylase, hexobarbital oxidase or the amount of cytochrome P-450 was detected during 
this period. A further prolongation of hexobarbital sleeping time was observed 48-72 hr after BDL. 
and this was accompanied by a significant impairment of drug metabolism in vitro. The effect of 
BDL on hexobarbital sleeping time was independent of the route of administration. Thiopental sleeping 
time was prolonged at 12 and 72 hr after BDL. Zoxazolamine paralysis time was prolonged at 72 
hr after BDL, but not at 12 hr. Plasma protein binding of hexobarbital and thiopental was not altered 
by hyperbilirubinemia. These data suggest that changes in drug metabolism are not responsible for 
the prolongation of hexobarbital sleeping time during the early phase of cholestasis caused by BDL. 


Hexobarbital is a moderately short-acting barbiturate 
whose hypnotic action is thought to be terminated 
by metabolism rather than by tissue redistribution 
[1]. The genetic and environmental factors affecting 
the metabolism of hexobarbital by rodents and re- 
sponsiveness of rodents to hexobarbital have been 
studied in detail [2-4], and in most cases there is 
good correlation between the rate of metabolism of 
hexobarbital and the duration of loss of righting 
reflex after hexobarbital administration [5-7]. Hexo- 
barbital sleeping time, therefore is used by a large 
number of laboratories as a simple adjunct to their 
methods of assessing liver microsomal mixed-function 
oxidase activity. However, factors other than metabo- 
lism may contribute toward termination of the action 
of a drug. Changes in hexobarbital sleeping time, 
therefore, should be interpreted with this in mind. 

A gradual decline in the activity of hepatic microso- 
mal mixed-function oxidase has been reported [8] in 
extrahepatic cholestasis produced experimentally by 
bile duct ligation (BDL). This study reports a lack 
of correlation between hexobarbital sleeping time and 
drug metabolism in vitro during the early stages of 
BDL-induced cholestasis. 


MATERIALS AND METHODS 


Male Wistar rats (200-300 g) were used throughout 
this study and were allowed food and water ad lib. 
After abdominal midline incision, the common bile 
duct was doubly ligated while under ether anaes- 
thesia. Sham-operated animals served as controls. At 
various times after surgery, drug metabolism was 
measured in vitro, and the pharmacological activity 
of barbiturates was assessed in vivo. 


Assessment in vitro of drug metabolism. Animals 
were stunned, and then killed by exsanguination. 
Livers were perfused in situ via the portal vein with 
ice-cold saline. After removal, the livers were homo- 
genized with two to three times their weight of cold 
0.25 M sucrose containing 0.05 M Tris-HCl! buffer, 
pH 7.4, in a motor-driven Potter-Elvehjem homogen- 
izer. The homogenate was centrifuged for 20 min at 
10.000 g and the resulting supernatant was centri- 
fuged for | hr at 105,000 g. The microsomal pellet 
was resuspended in cold 1.15°, KCl (buffered with 
0.01 M phosphate buffer, pH 7.4) and resedimented 
for | hr at 105,000 g. The washed microsomes were 
finally resuspended in 5.0 ml of cold 1.15°, KCI. Mic- 
rosomal protein was measured by the method of 
Lowry et al. [9]. Microsomal cytochrome P-450 con- 
tent was determined from the carbon monoxide differ- 
ence spectrum of dithionite-reduced microsomes 
assuming a molar extinction difference of 91 cm! 
mM! between 450 and 490 nm [10]. Incubation 
media used for the determination of aniline hydrox- 
ylase and aminopyrine demethylase activities were as 
described by Schenkman et al. [11], except that semi- 
carbazide (4.1 mM) was used to trap formaldehyde 
produced by demethylation of aminopyrine. Formal- 
dehyde was estimated by the method of Nash [12]. 
and the metabolic product of aniline hydroxylation, 
para-aminophenol, was measured by a_ modified 
method of Imai et al. [13]. 

Microsomal hexobarbital oxidase activity was 
determined in a medium containing 0.05 M_ phos- 
phate buffer, pH 7.4, 1.33 mM hexobarbital, 0.33 mM 
NADP, 6.67 mM nicotinamide, 8 mM isocitrate and 
isocitric dehydrogenase (Sigma type IV) such that 0.4 
umole NADPH was generated/min/incubation at 37°. 
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Fig. 1. Hexobarbital sleeping time in BDL rats. The 

shaded area represents the mean + S. E. M. of control 

rats at various times after sham operation. Figures in par- 

entheses are the numbers of rats. A single asterisk indicates 

significant difference from controls (P < 0.001). A double 

asterisk indicates significant difference from controls (P_ < 
0.001) and from other groups (P < 0.01). 


The amount of unchanged hexobarbital was deter- 
_mined by the method of Cooper and Brodie [14]. 

Assessment in vivo of pharmacological activity. Hex- 
obarbital-, thio-pental-, and zoxazolamine-induced 
loss of righting reflex was measured according to the 
technique described by Fouts [15]. Hexobarbital (125 
mg/kg) and zoxazolamine (80 mg/kg) were adminis- 
tered intraperitoneally. Intravenous injections of hex- 
obarbital (50 mg/kg) and thiopental (20 mg/kg) were 
done via a tail vein. The time between the loss and 
spontaneous regaining of the righting reflex was 
regarded as being the duration of pharmacological 
activity. 


RESULTS 


The effects of BDL on hexobarbital sleeping time 
after intraperitoneal injection are shown in Fig. 1. 
Loss of righting reflex occurred within 4 min, and 
there was no difference between sham-operated and 
BDL rats in the onset of hexobarbital-induced nar- 
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Fig. 2. Effect of BDL on microsomal hexobarbital oxidase 
activity. Bars represent the mean + S. E. M. An asterisk 
indicates significant difference from controls (P < 0.001). 
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However, as early as 2 hr after BDL, there was 
a significant increase in hexobarbital sleeping time 


which remained at a constant level for the first 24 


hr. At 48 and 72 hr after BDL, there was a further 
significant increase in sleeping time. 

The changes in microsomal cytochrome P-450 con+ 
tent, aniline hydroxylase and aminopyrine demethy- 
lase activities (Table 1) are similar to those reported 
by Schaffner er al. [8] and contrast the results in vivo 
in Fig. 1. There was a gradual decline in metabolism 
in vitro and cytochrome P-450 up to 24 hr after BDL, 
but it was not until 48 hr that the decrease became 
significant. At 48 hr metabolism was approximately 
70 per cent of the respective controls; this decreased 
to 35 per cent 8 days after BDL. To ensure that the 
early change in sleeping time was not due to a specific 
decrease in hexobarbital metabolism, the microsomal 
oxidation of hexobarbital was measured 12 and 72 
hr after BDL (Fig. 2)..There was no significant differ- 
ence between the hexobarbital oxidase activity of mic- 
rosomes obtained from sham-operated control ani- 
mals and those that had been ligated for 12 hr. Seven- 
ty-two hr after BDL, the microsomal activity was sig- 
nificantly lower than control values. Hence, the initial 
increase in hexobarbital sleeping time cannot be attri- 


Table 1. Effect of BDL on microsomal drug metabolism* 





after BDL 
(hr) 


Time Cytochrome P-450 


(nmoles/mg microsomal protein) 
Control Control 


BDL 


(nmoles PAP formed/mg 
microsomal protein/min) 


Aniline hydroxylase Aminopyrine demethylase 


(nmoles HCHO formed mg 
microsomal protein/min) 


BDL Control BDL 





1.0% + 
1.02 
0.96 
0.94 
1.09 


1.25 


0.03 1.03 


0.95 


+ 0.06 
+ 0.02 


1.06 
0.87 
0.87 
0.83 
0.82 
O98 


+ 0.03 


+ 0.02 O88 + 0.02 
0.73 


0.61 
0.47 


+ 0.01 
+ 0.04 
+ 0.04 


+ 005+ 
+ 0.0 


+ 0.07% 
+ 


+ 0.02 
+ 0.04 
+ 0.03 
+ 0.04 
+ 0.01 
+ 0.08 


0.03 
+ 0.03 
+ 0.02 

0.05t 
+ 0.02t 


0.06t 


1.09 
0.79 
0.78 


7.69 + O41 7.83 + 0.39 
+ 0.16 5.77 + 0.10 
0.07 5.99 + 0.20 
0.32 5.11 + 045+ 
0.19 3.30 + 0.22 
0.74 2.55 +0.64 


0.57 
0.45 
0.36 





* Values are mean + S. E. M. for groups of four rats 
+ Significantly different from control (P < 0.05). 
t Significantly different from control (P < 0.01). 


in each case. 





Hexobarbital sleeping time and drug metabolism 


Sham-operated controls 


12 hour BOL 


Ed 72 hour BOL 


Intraperitoneal Intravenous 


T 
| 
ies 


(mins.) 


time 


Sleeping 














14 13 


Fig. 3. Effect of BDL on hexobarbital sleeping time after 

intra-peritoneal (125 mg/kg) or intravenous (50 mg/kg) 

administration. Bars represent the mean + S. E. M. A 

single asterisk indicates significant difference from controls 

(P < 0.001). A double asterisk indicates significant differ- 

ence from controls (P < 0.001! and from 12-hr BDL (P 
< 0.05). 


buted to a decrease in microsomal enzyme activity. 

The early prolongation of sleeping time was inde- 
pendent of the route of administration of hexobarbital 
(Fig. 3). BDL for 12 hr increased the duration of 
sleeping time 74 and 87 per cent after intraperitoneal 
and intravenous injections of hexobarbital; BDL for 
72 hr caused an increase of 368 and 223 per cent 
respectively. 

Hexobarbital-, thiopental- and zoxazolamine- 
induced loss of righting reflex was measured in ani- 
mals whose drug metabolism had been induced with 
phenobarbitone or inhibited by SKF-525A (Table 2). 
As anticipated, phenobarbitone pretreatment signifi- 
cantly decreased the duration of action of hexobarbi- 
tal and zoxazolamine, while SKF-525A significantly 
prolonged their action. Although SKF-525A had no 
effect on thiopental anaesthesia, phenobarbitone pre- 
treatment produced a small but significant decrease; 
this was probably due to changed distribution of thio- 
pental caused by increased liver size and increased 
hepatic blood flow. These data support the hypothesis 
that the pharmacological action of thiopental is ter- 
minated mainly by tissue redistribution and is rela- 
tively independent of the activity of the mixed-func- 
tion oxidase system [16]. 

The effects of 12 and 72 hr BDL on thiopental 
sleeping time and zoxazolamine paralysis time are 
shown in Fig. 4. Changes in thiopental sleeping time 
closely followed the changes seen in hexobarbital 
sleeping time. There was a significant increase 12 hr 
after BDL. which was followed by a further increase 
at 72 hr. The effect of BDL on zoxazolamine paralysis 
time was different from the effects on barbiturate sleep- 
ing time. Paralysis time in animals that had been 
ligated for 12 hr was the same as in sham-operated 
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Table 2. Effect of phenobarbitone and SKF-525A on hexo- 
barbital-, zoxazolamine- and thiopental-induced loss of 
righting reflex* 





Hexobarbital Zoxazolamine Thiopental 





3.0 (12) 
508 + 12+ (5) 34.2 + 3.7 (12) 


74. + 10+ (5) 17.2 + 2.0¢ (12) 


26.7 + 2.1 (5) 


131.7 + 17.3% (8) 


12.5 + 0.9t (6) 


Control 229 + 9 (23) 25.8 + 
SKF-S25A 
Phenobarbitone 





* Animals were pretreated with phenobarbitone (60 
mg/kg, i.p.) for 3 days or given SKF-525A (25 mg/kg, ip.) 
40 min before hexobarbital (125 mg/kg, i.p.), zoxazolamine 
(80 kg/kg, ip.) or thiopental (25 mg/kg, i.v.). Values rep- 
resent the mean loss + S. E. M. of the righting reflex 
in min for each treatment group. Figures in parentheses 
represent the number of animals in each group. 

+ Significantly different from controls (P < 0.001). 

t Significantly different from controls (P < 0.05). 


controls, but was significantly prolonged by 72-hr 
BDL. 

During BDL, there was a marked rise in serum 
bilirubin levels. Bilirubin is extensively protein bound, 
and the possibility of competitive displacement of the 
barbiturates from binding sites was investigated. The 
results are presented in Table 3. Plasma protein bind- 
ing of thiopental (approximately 90 per cent) or hexo- 
barbital (approximately 60 per cent) was unaffected 
by the bilirubin which accumulated after BDL. The 
lack of displacement of barbiturate by bilirubin may 
be due to the large number of available binding sites 
[17]. 

An increase in brain sensitivity to barbiturates 
could be another factor in prolonging sleeping time. 
Blood and brain levels of hexobarbital and thiopental. 
therefore, were measured at the time of awakening 
in sham-operated controls and BDL rats (Table 4). 
Thiopental blood and brain levels at the time of 
awakening were not altered by BDL. BDL rats (12 
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Fig. 4. Effect of BDL on thiopental sleeping time (25 
mg/kg, i.v.) and zoxazolamine paralysis time (80 mg/kg, 
i.p.). Bars represent the mean + S. E. M. A single asterisk 
indicates significant difference from controls (P < 0.001). 
A double asterisk indicates significant difference from con- 
trols (P < 0.001) and from 12-hr BDL (P < 0.001). 
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Table 3. Effect of BDL 


on serum protein 


binding of hexobarbital and 


thiopental* 





Serum bilirubin 
(mg/100 ml) 


Serum concn Protein bound 


(ug/ml) %) 





HEXOBARBITAL 
Controls 

!2-hr BDI 2.64 + 
72-hr BDI 444 + 
THIOPENTAL 
Controls 

!2-hr BDI 
72-hr BDI 


().27 


2.79 + 


0.23 + 0.04 


6.86 + 2 


999 + | + 38 
94.8 + 
124.0 + 


+ 50 


+ O09 


916 + 0.6 
91.9 + 
88.4 + 14 


66.2 
59.8 
42.9 + 


OS 





* Protein binding of hexobarbital and thiopental was determined by 
ration of serum samples obtained approximately 
of hexobarbital (125 mg/kg, i.p.) and approximately 


ultrafilt- 
5 min after administration 
2 min after thiopental (25 


mg/kg, i.v.). Hexobarbital and thiopental were determined by the methods of 
Cooper and Brodie [14] and Goldstein and Aronow [18]. Values represent 


the mean + S. E. M. 


and 72 hr) receiving hexobarbital regained their right- 
ing reflexes at lower blood and brain levels of hexo- 
barbital than did the sham-operated controls. 


DISCUSSION 


The duration of hexobarbital- and zoxazolamine- 
induced loss of righting reflex is sensitive to changes 
in microsomal enzyme activity. Bile duct ligation 
caused a gradual decrease in microsomal enzyme acti- 
vity, but the increase in hexobarbital narcosis 
occurred at a time when the microsomal parameters 
were not significantly reduced. Twelve hr after BDL, 


hexobarbital sleeping time doubled, but zoxazolamine 
paralysis time and activities in vitro of hexobarbital 


oxidase, aniline hydroxylase and aminopyrine 
demethylase were unchanged. Hence, the changes in 
hexobarbital sleeping time during the initial stages 
of BDL-induced cholestasis do not correlate with the 
activity of the microsomal mixed-function oxidase 
system. This lack of correlation is accentuated by the 
differences in response of the barbiturates and zoxa- 
zolamine to BDL and known modifiers of microso- 
mal enzyme activity. The enzyme inhibitor SKF-525A 
prolonged the effect of hexobarbital and zoxazola- 
mine but not that of thiopental. Twelve-hr BDL pro- 
longed the effect of hexobarbital and thiopental, but 


not zoxazolamine, while 72-hr BDL prolonged all 
three. 

Intraperitoneal injection is the most common 
method of administering hexobarbital to small labor- 
atory animals. By this route of administration the 
drug is mainly absorbed into the portal circulation 
and passes through the liver before reaching its sys- 
temic site of action [19]. After the common bile 
duct has been ligated, there is an increase in pressure 
within the bile canalicular tree due to the hepatocytes 
continuing to secrete bile for a short time. Under 
these circumstances, it is conceivable that an alter- 
ation in liver haemodynamics and/or the blood sup- 
ply to the gut could occur which might influence the 
absorption of hexobarbital. However, it is unlikely 
that this is a major contributing factor to the increase 
in hexobarbital sleeping time 12 hr after BDL because 
(a) similar increases in hexobarbital sleeping time 
were observed using both the intraperitoneal and in- 
travenous routes of administration; (b) there was no 
difference in the onset of action of hexobarbital in 
sham-operated or BDL rats; and (c) zoxazolamine 
was also given intraperitoneally and there was no 
change in the duration of its paralysis time 12 hr 
after BDL. 

The fact that BDL increased thiopental and hexo- 
barbital sleeping times by a similar amount suggests 


Table 4. Effect of BDL on hexobarbital and thiopental blood and brain concen- 
trations upon awakening* 





Sleeping time 


(min) 


Blood concen Brain concn 


(ug/ml) (ug, 2) 





HEXOBARBITAL 
Controls 

!2-hr BDL 

72-hr BDI 
THIOPENTAI 
Controls 

|2-hr BDI 

72-hr BDI 


3.1 
54.3 
109.2 
19.4 + 


48.6 + 
154.6 + 


1.6 


3.67 


+ 40% ; 


25 


23.0 + 


22.6 + 





* Animals were decapitated upon regaining their righting reflex after hexobar- 


bital (125 mg/kg, ip.) or thiopental (25 mg/kg, i.v.). Whole blood and brain 
concentrations of hexobarbital and thiopental were determined by the methods 
of Cooper and Brodie [14] and Goldstein and Aronow [18]. Values represent 
the mean + S. E. M. 

+ Significantly different from controls (P_ < 0.001). 

t Significantly different from 12-hr BDL «(P < 0.001). 

§ Significantly different from controls (P < 0.01). 
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that the same factor may be altering the action of 
both drugs. This factor is unlikely to be a reduced 
rate of metabolism, since hexobarbital and thiopental 
clearly differed in their response to enzyme inhibition 
with SKF-525A. Redistribution from the brain is pri- 
marily responsible for the short duration of thiopental 
anaesthesia [18]; hence BDL-induced changes in the 
redistribution of the two barbiturates might be the 
common factor. 

There are several ways in which BDL might result 
in altered barbiturate distribution. Firstly. hepatic 
uptake might be reduced as a result of changes in 
liver haemodynamics or uptake mechanisms. It would 
have to be argued that this is more important for 
the barbiturates than for zoxazolamine in order to 
explain the lack of effect of 12 hr of BDL on zoxazo- 
lamine paralysis time. Reyes et al. [20] reported that 
3 days of BDL decreased the hepatic content of Y 
and Z anion-binding proteins by approximately 40 
per cent, and reduced the hepatic uptake of sulfobro- 
mophthalein. However, there was no effect on this 
uptake mechanism at the earliest time studied (25 
min). One can only speculate on the effect that im- 
paired binding of barbiturates to hepatic Y and Z 
proteins might have on the duration of their pharma- 
cological action. It is unlikely that this factor can 
explain the prolongation of hexobarbital sleeping 
time seen 2—12 hr after BDL, although it might be of 
significance at subsequent times. Secondly, displace- 
ment from plasma protein binding sites by bilirubin 
might increase the amount of barbiturate available 
for distribution. The data of Table 3 suggest that this 
is unlikely. Thirdly, BDL might result in alteration in 
permeability of the blood-brain barrier. BDL animals 
woke up at lower blood and brain levels of hexobar- 
bital than did sham-operated controls, indicating an 
increased brain sensitivity to hexobarbital. However, 
BDL did not increase the sensitivity of the brain to 
thiopental, and it is difficult to rationalize how such 
a selective change in the sensitivity of the brain to 
barbiturates could occur in obstructive jaundice. 
Fourthly, BDL might alter barbiturate redistribution 
into fat. It was observed that food consumption was 
reduced after BDL and that rats lost weight. How- 
ever, in experiments where sham-operated rats were 
deprived of food for 12 or 72 hr, starvation for 12 
hr failed to reproduce the prolongation of either hex- 
obarbital or thiopental sleeping times seen after 12-hr 
BDL (Drew and Priestly, unpublished observations). 

A fifth possibility is that BDL prevents biliary 
excretion of the barbiturates. Although urinary excre- 
tion is generally considered to be the major route 
of barbiturate elimination, biliary excretion of 
['*C]phenobarbitone (18 per cent) and ['*C]pento- 
barbitone (28 per cent) in the form of polar metabo- 
lites has been reported [21]. Significant biliary excre- 
tion of hexobarbital has not been clearly established. 
Thompson et al. [22] detected unchanged hexobarbi- 
tal, and smaller amounts of the 3’-hydroxy metabolite 
and its glucuronide by gas-liquid chromatography- 
mass spectrometry in rat bile, but did not quantitate 
them. Holcombe et al. [23] recovered less than | per 
cent of a dose of ['*C]hexobarbital in the first 20 
min of bile collection from an isolated perfused liver. 
Analysis by thin-layer chromatography (t.l.c.) of the 
11 per cent of the dose recovered over 90 min bile 
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collection indicated that the radioactivity was all in 
a form more polar than unchanged hexobarbital. Our 
own t.l.c. experiments have also failed to detect un- 
changed drug in the bile of rats injected with hexobar- 
bital. The pharmacological activity of hexobarbital 
metabolites is unknown. If it can be assumed that 
the biliary metabolites are inactive, it is difficult to 
conclude that blockage of their biliary excretion by 
BDL should significantly alter hexobarbital sleeping 
time. 

Our conclusions are that hexobarbital sleeping time 
is not a reliable index of the activity of hepatic micro- 
somal drug-metabolizing enzymes after BDL. A 
change in brain sensitivity to hexobarbital may be 
as important as a change in its rate of metabolism, 
and this factor should not be ignored when interpret- 
ing a change in the duration of pharmacological re- 
sponse. Furthermore, since BDL changed the 
duration of response to thiopental without apparent 
alteration in brain sensitivity, altered drug distribu- 
tion should also be considered as a factor in sleeping 
time experiments. 
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Abstract 


The addition of acetylcholine to rat brain monoamine oxidase in vitro resulted in its inhibi- 


tion. This inhibition was found to be of the competitive type. Constants characterizing this inhibition, 


namely the binding constant K, (5.8 x 10~? M), and bimolecular rate constant k, (27 M7! 


were determined. 


Acetylcholine (ACh) and 5-hydroxytryptamine (5-HT; 
serotonin) are considered to be chemical neurohu- 
moral transmitters (beside other functions) and are 
widely distributed in tissues. They are acted upon by 
two different enzyme systems, cholinesterase (ChE) 
and monoamine oxidase (MAO). On the basis of 
structural relationship between 5S-HT and eserine (a 
well known inhibitor of cholinesterase) we suggested 
and investigated the inhibition of brain cholinesterase 
(ChE) by 5-HT. This inhibition was found to be of 
the competitive type [1]. This finding prompted us 
to study the reverse phenomenon, i.e. the inhibitory 
effect of ACh on brain MAO. Although various sub- 
stituted aryl ethers of choline [2] were previously 
reported to possess inhibitory effect on liver MAO, 
yet no attempt was undertaken to evaluate the poss- 
ible inhibitory effect of ACh. Our preliminary exper- 
iments showed that ACh inhibited the deamination 
of 5-HT by brain MAO. Accordingly, kinetic studies 
were conducted to determine the binding constant, 
the bimolecular rate constant and the type of inhibi- 
tion. 


MATERIALS AND METHODS 


Chemicals were purchased as follows: 5-hydroxytryp- 
tamine creatinine sulphate (contains 43.5% of 5-HT) 
May and Baker Ltd., Dagenham, England; Antemovis 
ampoules (each contains 5mg of 5-HT, creatinine 
double sulphate) Vister, Casatenovo, Italy; acetylcho- 
line (ampoules each contain 200 mg S.A.F.) Hoffmann 
La Roche & Co. Ltd. Basle, Switzerland. ., 

Brain MAO was prepared according to the method 
described by Roth and Gillis [3]. Albino rat brains 
(30 g), were homogenized in 2 vol of potassium phos- 
phate buffer (w/v; pH 7.4, 0.1 M) containing sucrose 
(0.25 M) in a Waring blender (5 sec, two times) and 
then in a motor driven Teflon-glass homogenizer. 
The resulting homogenate was centrifuged twice at 
600 g for 10 min to remove cellular debris. The super- 
natant solution from the second centrifugation was 
centrifuged at 10,000g for 20min and the resulting 
mitochondrial precipitate was resuspended by homo- 
genization in the phosphate buffer previously de- 
scribed. This suspension was again centrifuged at 
10,000 g for 20 min and the final mitochondrial pre- 
cipitate was resuspended by homogenization in potas- 


min ') 


sium phosphate buffer (15 ml; pH 7.4; 0.1 M). The 
protein content was determined by the method of 
Lowry [4]. The enzyme activity was assayed chemi- 
cally by the method of Udenfreind et al. [5], using 
5-HT as substrate. 

In this method the assay mixture contained 5-HT, 
0.124 pmole/ml; Na,HPO,; NaH,PO,, pH 7.4, 
375 pmole/ml, and an amount of enzyme equivalent 
to 150 mg brain tissue. 

The progress curve was evaluated from the data 
obtained by estimating the residual substrate after in- 
cubation for 2, 4, 6, 8 and 10 min at 37°. 

For the determination of the binding (K,) and 
bimolecular rate (k,) constants, AChCI in different 
concentrations (0.68, 1.36, 2.72 and 5.45 x 10°- M) 
was added to the above assay mixture and incubated 
at 37°. After suitable time intervals, 1, 2, 4, 6 and 
8 min, samples (1 ml) were withdrawn and _ the 
remaining 5-HT assayed colorimetrically [5]. 

For the determination of the type of inhibition and 
the enzyme-inhibitor dissociation constant (K;), the 
substrate concentration was varied (0.62, 0.94, 1.24, 
1.85 and 2.47 x 10°*M). The inhibitor (AChCl) was 
kept at constant concentration for each experiment 
(2.18 x 10°? or 3.27 x 10°? or 4.36 x 10°? or 
5.45 x 10°?M), then the mixture was incubated for 
5 min at 37°. 

The enzyme (0.15 ml) with the inhibitor 
(10.9 x 10-2 M) was dialysed overnight against phos- 
phate buffer at 4° with occasional change of buffer. 
Controls of enzyme without inhibitor dialyzed and 
undialysed were also taken. 


RESULTS AND DISCUSSION 


Figure | shows the rate of deamination of 5-HT 
by an amount of brain MAO (0.1 ml) preparation pre- 
viously found to deaminate not more than 20 per 
cent of substrate. Under these conditions, the rate of 
the reaction was satisfactorily linear up to 8 min. 
Accordingly, the inhibition of deamination of 5-HT 
by AChCI was studied during this time interval. 
AChCI at a low concentration (0.68 x 10°? M) pro- 
duced 10 per cent inhibition of brain MAO activity 
after 4 min incubation. By increasing AChCI concen- 
tration up to 5.45 « 10°? M the inhibition increased 
and reached 50 per cent. 


1665 





1666 








6 


Time, min 


Fig. 1. Progress curve of deamination of 5-hydroxy trypta- 
mine (5-HT, serotonin) by rat brain monoamine oxidase. 
Incubation was carried out at 37°. 


The inhibitory effect of AChC] on MAO could be 
abolished by dialysis. The dialyzed enzyme recovered 
its original strength and hydrolyzed nearly the same 
amount of substrate as that of uninhibited controls 
(Table 1). 

Graphical representation of the inhibition curves 
(AChCl concentrations 0.68, 1.36, 2.72, 5.45 x 
10° *M) obtained by plotting log v (where v is the 
velocity of hydrolysis of 5-HT by oxidase remaining 
uninhibited) against time (ft) a straight line was ob- 


Table 1. The effect of dialysis on the enzyme activity 
before and after the addition of AChCI 


Inhibitor 
(10.9 x 10°? M) 


Per cent 5-HT 
Enzyme hydrolyzed 
Without 
dialysis 
After 
dialysis 
Without 


Absent 


Absent 


dialysis 
After 
dialysis 


Present 
Removed by 
dialysis 





Cy 


log activity, 





| 
4 6 





Time, min 


Fig. 2. The time course of inhibition of brain monoamine 
oxidase (MAO) by acetylcholine chloride (AChCl) in vitro 
at constant substrate concentration 5-HT, 1.24 x 10~*M). 


Concentrations of AChCI [I] x 10°* M; 0.68 oO; 1.36 0: 


2.72 A and 5.45 @. 


Y. S. MOHAMMED et al. 


Table 2. Inhibition of brain MAO by AChCI. Caiculation 

of binding constant (K,) and the rate of inhibition (k;) from 

measurements of (2.303 A log v/At) at different concen- 

trations of AChCI[/]: k, is the bimolecular rate constant 
of inhibition of MAO by AChCI 





2.303 A log v/At 
(10-7 min) 


(1) 
(10°? M) 





4.00 

4.73 

5.90 

7.10 
7M 


1 


0.68 
1.36 
272 
5.45 

= 5.8 x 10 

= 1.55 min™ 

= 27M! min“! 





tained (Fig. 2). This indicated that the inhibition of 
MAO by AChCI follows first-order reaction kinetics 
[6]. The rate constant characterising this inhibition 
was calculated using the following equation [7-9]. 


2.303 Uo 
2 = So 
At[] Vo — U; 


where k, is the bimolecular rate constant 
(min-'M~'), vo the velocity of the uninhibited reac- 
tion, v; the velocity of the inhibited reaction, t the 
time (in min) of exposure of the enzyme to the inhibi- 
tor and [J] the molar concentration of the inhibitor. 
From Fig. 2, the slopes were computed and gave the 
values 2.303 A log v/At as shown in Table 2. These 


Table 3. The apparent dissociation constant (K,) and the 
enzyme-inhibitor dissociation constant (K,) for brain MAO 
in the presence of AChCI: K,, is the Michaelis constant 





Constant Value 





K 2.65 x 10°*M 


K, 0.66 x 10°? M 
*KO/K 25 
3.7x 10°7+03M 


Pp 


+K, 





. * These values calculated at an inhibitor concentration 
of 5.45 x 10~?M. 

+The mean ‘value of K; at different inhibitor concen- 
trations: 2.18, 3.27, 4.36 and 5.45 x 10°? M. 


min 


x 107°, 


(1] At 
2.303 Alog v 





1 
-1.5 


[1] x10-? M 





Fig. 3: Main plot of the data of the inhibition of rat brain 

monoamine oxidase by acetylcholine chloride. The slope 

of the straight line gave 1/k; (where k; is the rate of inhibi- 

tion); the intercept on [/]-axis gave K, (K,, binding con- 

stant) and the intercept on the ordinate gave 1/k, (k,, bimo- 
lecular rate constant. 





Effect of acetylcholine on monamine oxidase 








'Zts] x 10° M7! 
Fig. 4. Lineweaver-Burk plot of the inhibitory effect of 
acetylcholine chloride on the rate of deamination of 5-hyd- 
roxytryptamine (concentrations; 0.62, 0.94, 1.24, 1.85 and 
2.47 x 10°*M). Concentrations of acetylcholine chloride; 
2.18 Ml; 3.27 A; 4.36 0 and 5.45 x 10°? OM. 


values were used to construct the graph of [J] 
At/2.303 A log v plotted against [/]. The slope of the 
straight line obtained in Fig. 3 gave 1/k; (k; being 
the rate of inhibition), the intercept on the [J]-axis 
gave K, (K, being the binding constant), and the in- 
tercept on the ordinate gave Ik, (k, = k;/K,). The 
values of K,, k; and k, are given in Table 2. 
Regarding the type of inhibition, Fig. 4 shows that 
the double reciprocal curves of 1/v plotted against 
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1/[s], keeping the inhibitor at constant concentration 
in each experiment and changing the substrate con- 
centration, were in accordance with those mentioned 
by Dixon [10] for the competitive type of inhibition. 
The values of the enzyme-inhibitor-dissociation con- 
stant (K;) and Michaelis constant (K,,) are given in 
Table 3. 

The results indicated that monoamine oxidase and 
choline esterase are competitively inhibited by each 
other substrate, namely 5-hydroxytryptamine and 
acetylcholine, (cross inhibition) and, in both cases, the 
inhibition followed first order kinetics. 
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Abstract 


Rat kidney 15-hydroxy-prostaglandin dehydrogenase (PGDH) was isolated, and its character- 


istics and the effects of various drugs upon it were examined. The enzyme was found in the cell 


cytosol: was labile when unfrozen; and most active at alkaline pH, at 41 


. and with the E prostaglandins. 


Additionally, the enzyme was inhibited by furosemide (K; = 0.019 mM), ethacrynic acid (K; = 0.27 
mM). phenylbutazone (K; = 0.16 mM), acetylsalicylic acid (K; = 3.8 mM), and potassium cyanide 
(K; = 1.03 mM). Inhibition of PGDH may play a role in the mechanism of action of the diuretic 
and anti-inflammatory drugs. Little or no inhibition was seen with amobarbital, hydralazine, alpha- 
methyldopa, bethanidine and guanethidine. Amobarbital inhibits NADH oxidase (K; = 0.5 mM), but 
does not inhibit PGDH. This drug, therefore, may be useful in permitting the use of the fluorometric 
assay for PGDH in preparations of PGDH contaminated by NADH oxidase. 


The significance of prostaglandins (PG) in renal 
physiology has received much attention, including a 


proposed role in the etiology and pathogenesis of 


hypertension [1,2]. Though most speculation con- 
cerning the role of PG has centered around alter- 
ations in PG synthesis as the primary event, alter- 
ations in PG degradation may also be important. 
One of the major metabolizing enzymes for PG 
is PGDH. This enzyme oxidizes 15-hydroxy-PG to 
15-keto-PG, resulting in a 10-fold loss of PG activity 
[3]. PGDH has been extensively studied in human 
placenta and swine and bovine lung [4]. It has also 
been studied in chicken heart, dog lung, and various 
monkey tissues [5]. The kidney enzyme has been par- 
tially purified in swine [5, 6] and localized to the kid- 
ney cortex [7,8]. This study was initiated first to 
determine various kinetic parameters in the rat kid- 
ney enzyme so as to facilitate the development of a 
quantitative histochemical assay of PGDH in sub- 
structures of the kidney nephron. Second, the effects 
of various drugs on PGDH activity were studied, 





* This investigation was supported in part by a Pharma- 
ceutical Manufacturers Association Foundation Research 
Starter Grant (C.N.C.). 

+To whom requests for reprints should be addressed. 

t Abbreviations: PG = prostaglandins; PGDH = 15- 
hydroxy-prostaglandin dehydrogenase; ME = 2-mercap- 
toethanol; EDTA = ethylenediaminetetra-acetic acid; and 
BSA = bovine serum albumin. 

§$ Drug source and lot numbers: propranolol, No. 
81-6474-1, Ayerst, New York, N.Y.; guanethidine sulfate, 
No. M-5580, hydralazine, M-962, CIBA, Summit, N.J.; 
alpha-methyl-dopa, No. C2983, ethacrynic acid, M-2355, 
and hydrochlorothiazide, Merck, Sharpe & Dohme, West 
Point, Pa: bethanidine sulfate, No. 43157, A. H. Robins 
Co.. Richmond, Va.; furosemide, NDC-39-61, Hoechst 
Pharm.. Somerville. N. J.; sodium nitroprusside dihydrate, 
0002-05064, Roche Lab., Nutley, N.J.; amobarbital, No. 
05D66, Eli Lilly Co., Indianapolis, Ind.; PGE,, No. 
10315-VDV-115. PGE. No. 5-PRC-2001A (S). PGA,, No. 
10315-VDV-97, PGA, No. 10981-RBJ-120, PGF.z, No. 
11221-JHK-46.7, Upjohn Co., Kalamazoo, Mich. 


especially those known to have significant effects on 
renal function and on blood pressure regulation. 


MATERIALS AND METHODS 


Chemicals. NADH, NAD*, DEAE cellulose 
(medium mesh 0.95 mequiv/g) and Sephadex 
G-100-120 were obtained from the Sigma Chemical 
Co., St. Louis. Mo. The PG nomenclature used is 
as previously referenced [7,9]. The source of drugs 
is as indicated.§ All other reagents and chemicals 
were of analytical grade. 

Enzyme assay. Spectrophotometric assays were ana- 
lyzed with a Beckman DU-2 (Beckman Instrument 
Co., Fullerton, Calif.) Fluorometric assays were car- 
ried out using an Aminco Fluoro-Microphotometer 
(American Instrument Co., Silver Springs, Md.) modi- 
fied for |-cm diameter round cuvettes and a mercury 
arc lamp. The primary filter was No. 5860 and the 
secondary filters were Nos. 4303 and 3387. 

Kidneys were taken from Sprague-Dawley albino 
rats, 250-350 g, obtained from Zivic Miller Labora- 
tories or the Mellon Institute of Pittsburgh, Pa. The 
animals were maintained on Charles River CD Rat 
Chow and were fasted 12 hr before sacrifice. 

PGDH. Spectrophotometric assays were carried out 
at 37 by incubating PGDH in | ml of 100 mM 
potassium phosphate buffer, pH 7.5, 2 mM ME, 2 
mM EDTA, 0.77 mM NAD“~, 0.11 mM PGE,, and 
0.02°,, BSA. Aliquots were taken at 0, 5, 15 and 30 
min of reaction. The 15-keto-PG formed was deter- 
mined by the chromophore method [10]. This 
method was used to assay all steps in the purification 
procedures, in the subcellular fractionation, in the pH 
optimum, and at other times as indicated. 

Fluorometric assay of purified PGDH was con- 
ducted in a similar manner as for the lung enzyme 
[11]. The reaction was carried out at 37° in | ml 
containing 100 mM potassium phosphate buffer, pH 
7.5, 2 mM ME, 2 mM EDTA, 0.2 mM NAD* and 
0.02°%, BSA. Sufficient PGDH was added to reduce 
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Table 1. Isolation of PGDH of rat kidney 





PGDH?+ 
Sp. act. 
(m-moles 
ke~* ‘hr *) 


Total 


Isolation* protein 


Total act. 
(m-moles hr~ !) 


NADH oxidase 
Sp. act. 
(m-moles 


kg~' hr~') 


Total act. 
(m-moles hr 





(1) Whole 
homogenate 
(2) 78,000 g 
Supernatant 
Ammonium 
sulfate 
DEAE 
cellulose 
Sephadex 
G-100 


peng 
25.3 


6.15 
3 
2.56 
(4) 
2.26 
(5 


).026 


0.130 20,000 500 


0.099 588 3.62 


0.062 0.092 
0.042 0.005 


0.004 0 





* Purification steps are as described in Materials and Methods. 


+ Spectrophotometric assay was used as described in Materials and Methods. 


0.05 to 0.2 uM NAD*/min. The prostaglandins were 
added in the amounts indicated to start the reaction. 
Reaction rates were calculated from the rate of 
change of flourescence during the first few min of 
reaction. The fluorometer was standardized enzymati- 
cally on each day it was used by adding sufficient 
NAD* to generate 3-6 «M NADH in 100 mM phos- 
phate buffer, pH 7.5, 2 mM ME, 0.02°, BSA, 3 ug/ml 
of yeast alcohol dehydrogenase and 20 mM ethanol. 
A stock solution of NAD* was standardized weekly 
by the spectrophotometric assay [12, 13]. 

NADH oxidase. NADH was assayed fluorometri- 
cally at 37 using | ml of a reaction mixture contain- 
ing 100 mM phosphate buffer, pH 7.5, 2 mM ME, 
2 mM EDTA, 0.02°, BSA, and sufficient enzyme to 
oxidize 0.05 to 0.5 uM NADH/min. The reaction was 
started with 5-8 u.M NADH. 

Protein determinations were performed by the 
method of Lowry et al. [14]. Enzymatic activities are 
expressed as m-moles substrate transformed/kg of 
protein/hr at 37; (m-moles kg~' hr~'), unless other- 
wise indicated. 

Enzyme purification. PGDH was isolated using a 
modification of previously published methods [6, 8]. 
All steps were at 4°. The rat kidneys were homo- 
genized in 2 vol. of 60 mM phosphate buffer, pH 
7.5, 2 mM ME, and 2 mM EDTA for 3 min in a 
Waring blender and then for 10 strokes in a ground 
glass homogenizer (see Table 1). The homogenate was 
centrifuged first at 12,000 g for 15 min, then at 78,000 
g for 30 min. The 78,000 g supernatant was adjusted 
with ammonium sulfate crystals to 30°, saturation 
(167 g/liter) yielding a supernatant which was 
adjusted to 70°, ammonium sulfate (448 g/liter). The 
30-70%, ammonium sulfate precipitate was dissolved 
in 10 mM phosphate buffer containing 2 mM ME, 
2 mM EDTA and 1.4 nM NAD* and dialyzed twice 
for 3 hr against 200 vol. of the same buffer. The prep- 
aration was applied to a 4 x 13 cm DEAE cellulose 
column which was previously equilibrated with the 
same buffer. After washing with the buffer until the 
ultraviolet absorption at 280 nm had returned to the 
baseline, the column was eluted with a linear gradient 
_ utilizing 1500 ml of 10 mM phosphate buffer in the 
mixing chamber and 1500 ml of 400 mM _ buffer in 
the reservoir. Each solution contained 1.4 uM NAD“, 


5 


mM EDTA, 2 mM ME, and was at pH 7.5. The 
PGDH was eluted from the column at 10-225 mM 
buffer concentration. The bulk of the NADH oxidase 
was found in the 225-400 mM fractions. The PGDH 
fractions were pooled and the protein was recovered 
in 70%, ammonium sulfate. The preparation was next 
applied to a 2.5 x 100 cm Sephadex column (volume 
applied to column was less than 5 per cent column 
volume). The column was eluted with 10 mM buffer 
containing the ME, EDTA and NAD“. Peak NADH 
oxidase activity eluted at 1.03 bed volumes. Peak 
PGDH activity eluted at 1.40 bed volumes. Then 1.26 
to 1.94 bed volume fractions were pooled and the 
protein was recovered in 70°, ammonium sulfate. 
After dialyzing 8 hr against 500 vol. of the eluent 
buffer, the final enzyme was assayed and stored at 
5-10 mg protein/ml. 


RESULTS 


The isolation procedure yielded a PGDH prep- 
aration which was free of NADH oxidase activity 
(Table 1). When necessary, especially at the column 
chromatography steps, greater yields of PGDH were 
sacrificed in selecting the fractions to be pooled in 
order to insure complete removal of NADH oxidase 
activity. 

The half time of inactivation of the enzyme upon 
storage was as follows: 3 hr at 37°, 3-4 days at 4, 
1 month at —20°, and about | year at —90°. The 
short half time for the inactivation of the enzyme, 
especially in the unfrozen state, is significant in deter- 
mining the final recovery during purification. The 
time required for the isolation varied from 3 to 6 
days. 

The subcellular distribution of PGDH (whole kid- 
ney homogenized in 0.25 M sucrose) revealed that 
86 per cent of the activity was in the 115,000 g super- 
natant. The remaining activity was found in the mic- 
rosomal fraction. A similar distribution was _pre- 
viously reported for rat kidney [15]. 

The pH optimum for activity was found to be rela- 
tively sharp around 9.6 (Fig. 1). The ratio of activity 
of pH 9.6 compared to pH 7.4 was approximately 
5. An overlapping of the buffer systems at the various 
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Fig. 1. Effect of pH on rat kidney PGDH. The activity 

of PGDH was determined spectrophotometrically by incu- 

bating purified PGDH (0.05 mg/ml) at 37° (Materials and 

Methods). The reactions were buffered with 100 mM 

sodium phosphate, Tris, or 2-amino-2-methyl-1,3-propane- 
diol (AMP,). 


pH values revealed that the choice of buffers had no 
effect on enzyme activity. 

The effect of temperature on PGDH is shown in 
Fig. 2. The highest activity was around 41° with a 
marked decrease in activity above and below this 
temperature. 

The specificity of PGDH for substrates is shown 
in Table 2. At 120 uM PG. the reactions were linear 
for 30 min. PGE; yielded the highest reaction velocity 
and the lowest K,, while PGA, was the least active. 

The effect of several drugs on PGDH activity was 
determined (Table 3). Amobarbital did not inhibit 
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Fig. 2. Effect of temperature of kidney PGDH. The acti- 
vity of PGDH was determined fluorometrically by incubat- 
ing purified PGDH (0.03 mg/ml) with 44 uM PGE, and 
0.2 mM NAD*~ at 37° (Materials and Methods). Activity 
was calculated from the rate of NADH formation from 
0 to 15 min of reaction after correcting for the effect of 

temperature on fluorescence of NADH. 


Table 2. Specificity of rat kidney PGDH* 





Substrate K,, (uM) Relative Visax 





0.36 
1.00 
8.80 
1.53 
5.13 
8.0 


100.0 
80.6 
61.4 
60.0 
15.6 





* Fluorometric assays are as described in Materials and 
Methods utilizing purified PGDH (0.1 mg/mi). Relative 
velocities were calculated with the observed K,, and the 
relative rate obtained with 120 uM PGE;. The K,, for 
prostaglandins was determined with 200 4M NAD*~. The 
K,, for NAD* was determined with 120 u.M PGE). 


PGDH. However, over 99 per cent of NADH oxidase 
was inhibited by amobarbital. Potassium cyanide in- 
hibited both enzymes. The antihypertensive drug 
sodium nitroprusside caused significant PGDH inhi- 
bition, but at levels much higher than what is used 
therapeutically. This agent has some of the chemical 
characteristics of a cyanide. Propranolol was an in- 
hibitor, but at relatively high concentrations. Alpha- 
methyldopa, bethanidine, hydralazine and guanethi- 
dine had no effect on PGDH at the levels tested. 
Again, these levels were much greater than one would 
expect under therapeutic conditions. The diuretics 
furosemide and ethacrynic acid were tested. Furose- 
mide was a potent inhibitor of PGDH, and the inhibi- 
tion was of the noncompetitive type. These results 
are similar to the findings with human placental 
PGDH [16]. Ethacrynic acid caused a similar inhibi- 
tion; however, the concentration of ethacrynic acid 
required for half-maximal inhibition of PGDH was 
fourteen times greater than that for furosemide. The 
anti-inflammatory drugs phenylbutazone and acetyl- 
salicylic acid were effective inhibitors of PGDH. 


DISCUSSION 


In this study, rat kidney PGDH was isolated. Some 
of its characteristics and the effects of various drugs 
upon it were examined. The enzyme was most active 
at oxidizing PGE, followed by PGE,, PGA,, PGF x 
and PGA,. These relative rates agree more with those 
of the pig lung enzyme than those of the beef lung 
or human placental enzyme [4, 17-20]. Published 
ranges of the K,, values for the various substrates 
are: PGE, (5.3 to 200 uM), PGE, (1.14 to 7.7 uM), 
PGA, (4-14 uM) PGA, (6-25 uM), PGF, (6-31 
uM), and NAD* (30-800 uM), depending upon the 
author and tissue [8,17-20]. It can be seen from 
Table 2 that the K,, values for the substrates of the 
rat kidney enzyme are generally lower than those 
found in the other tissues. 

The vasodilator and anti-adrenergic antihyperten- 
sive drugs had little or no effect upon rat kidney 
PGDH at relatively high drug concentrations. This 
suggests that PGDH may not be involved in their 
mechanism of action. 

In contrast to the antihypertensives, the diuretic 
drugs furosemide and ethacrynic acid did inhibit 
PGDH. Both drugs are potent diuretics in dogs and 
man [21-23]. They along with the E prostaglandins 
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Table 3. 


Inhibitors of rat kidney PGDH and NADH oxidase 





Inhibitor 


Enzyme* Drug 


Per cent 
inhibition? 


Concn 
(mM) 


Kit 
(mM) 





Amobarbital 
Potassium 
cyanide 
PGDH 
Sodium nitro- 
prusside 
Hydralazine 
Alpha-methyldopa 
Bethanidine 
Guanethidine 
Propranolol 
Furosemide 
Ethacrynic acid 
Phenylbutazone 
Acetylsalicylic 
acid 


NADH 


oxidase 


Amobarbital 


Potassium 
cyanide 


4 0 


1.72 
0.019 
0.27 
0.16 
3.8 


0.5 


0.08 





* Purified PGDH (0.1 mg/ml) was assayed fluorometrically as described in 


Materials and Methods with 90 uM PGE, 


and 0.7 mM NAD ~. Due to interfer- 


ence of fluorescence, the chromophore spectrophotometric method was used 
for ethacrynic acid and acetylsalicylic acid. NADH oxidase was assayed with 
whole kidney homogenate (Materials and Methods). 

+ Per cent inhibition is recorded only at the level of drug tested. 

* Concentration for half-maximal inhibition (K,). 


have been shown to cause a redistribution of renal 
blood flow away from the antidiuretic juxtaglomeru- 
lar and outer medullary nephrons coincident with 
their diuretic action [24,25]. Rats are relatively in- 
sensitive to ethacrynic acid, yet the qualitative re- 
sponse is not unlike that seen with furosemide in this 
species [26]. In the present study, the concentration 
for half-maximal inhibition of PGDH by ethacrynic 
acid was fourteen times greater than for furosemide. 
It is suggested that the relative insensitivity of the 
rat to ethacrynic acid-induced diuresis can be 
explained at least in part on the basis of its decreased 
ability to inhibit rat kidney PGDH. Thus, one 
mechanism of action of these agents may involve the 
inhibition of PGDH, thereby prolonging the action 
of renal PG. This concept also lends additional sup- 
port to the role of PG in renal function. Other evi- 
dence for a role of PG in the regulation of renal func- 
tion comes from studies on inhibition of PG syn- 
thesis, such as that attended by alterations in renal 
function in dog kidney with inhibitors of PG syn- 
thesis [25]. It remains to be determined what the rela- 
tive importance of PGDH inhibition is compared to 
other events which have been observed with some 
diuretics, such as inhibition of carbonic anhydrase 
[21] and adenosine triphosphatase [27]. 

Inhibition in vitro and in vivo of PG biosynthesis 
by the anti-inflammatory drugs acetylsalicylic acid 
and phenylbutazone is well documented [28]. This 
property of these drugs has been proposed as one 
of their mechanisms of action. The concentrations for 
half-maximal inhibition which were obtained for the 


inhibition of PGDH by these drugs are of the same 
order of magnitude as the concentration for half-max- 
imal inhibition of PG biosynthesis. The significance 
of these findings is as yet unclear. 

Finally, there was a lack of inhibition of PGDH 
by amobarbital. The well-known effect of this drug 
as an inhibitor of NADH oxidase was also demon- 
strated in this study (Table 3). Amobarbital has been 
routinely included in assays of various enzymes in 
whole tissue homogenates where NADH is a cofactor 
and NADH oxidase is present [29,30]. There are 
several problems in the development of a histochemi- 
cal assay for PGDH. The major ones are interference 
by NADH oxidase, a relatively high tissue blank and 
a relatively low PGDH activity in kidney. The lack 
of inhibition of PGDH by amobarbital is an impor- 
tant observation in this matter, since the oxidase can 
be nearly totally eliminated in a selective manner. 

In summary, the partial purification of rat kidney 
PGDH was carried out to facilitate the description 
of some of its kinetic parameters. The enzyme may 
play a role in the mechanism of action of the diuretic 
drugs furosemide and ethacrynic acid and the anti- 
inflammatory drugs acetylsalicylic acid and phenylbu- 
tazone. Amobarbital, which inhibits NADH oxidase. 
does not inhibit PGDH and, therefore, may aid in 
the development of a sensitive histochemical assay for 


PGDH. 
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SHORT COMMUNICATIONS 


Effect of 6-hydroxydopamine on dopa and tyrosine entry into brain 


(Received 21 December 1974; accepted 29 December 1975) 


The drug, 6-hydroxydopamine (OHDA), has become an 
extremely valuable tool in brain research [1-4]. This drug 
can selectively destroy catecholaminergic nerve fibers leav- 
ing other types of nerve fibers relatively intact. It is gener- 
ally assumed that animals treated with the drug differ from 
normal animals only by the absence of catecholamine 
neurons. I have studied the entry of labeled tyrosine into 
various regions after injection into the carotid artery, com- 
paring normal rats with those previously treated with 
6-hydroxydopamine. This method of study was developed 
by Oldendorf [5] and gives information not available from 
conventional uptake studies employing brain slices and 
homogenates, where the interface between blood and 
brain cells has been obliterated. The Oldendorf technique 
compares removal of a '*C-test substance with that of 
[*H]H,O (THO) during a single passage through the cere- 
bral circulation. Only a very few studies on uptake in vivo 
of amino acids by brain have been published where the 
amino acid concentration presented to brain was con- 
trolled [5-7], and these did not consider possible regional 
differences. With the Oldendorf technique, it has been 
possible to study regional differences in tyrosine entry into 
the brain in normal and OHDA-treated rats. 

Rats (300-400 g), anesthetized with pentobarbital, 45 
mg/kg, were tied down on a frame which kept all four 
limbs extended. The neck was extended, an incision made 
in the neck, and the right common carotid artery dissected 
free by blunt dissection; cotton sutures were passed behind 
the artery to lift the vessel gently. During dissection, the 
tissues were kept moist with saline, and dissection and 
puncture of the artery were facilitated by use of a neurosur- 
gical magnifying loupe (25x). The artery was punctured 
with a 27 gauge needle attached to a Hamilton syringe. 
Injection volumes were 100 ji, and two different solutions 
were used for injecting the radioactive compounds. First, 
the radioactive materials were added to serum of another 
rat and injected. Subsequently, the radioactive compounds 
were suspended in the following artificial solution which 
was found to give the same extraction index as rat serum 
and was more convenient to use: (the data given in this 
paper all derive from use of the following “artificial 
plasma”) NaCl 120 mM, NaH,PO, 2.5, KCI 4.5, MgCl, 
2.5, CaCl, 1.6, Tris-HCl 20, glycine 0.2, L-glutamate 0.2, 
L-alanine 0.2, and L-threonine 0.4 mM, to which was added 
bovine albumin (final concentrations) 0.075°,, glucose | 
mg/ml, and brought to pH 7.4. The amino acids were added 
to approximate the concentration of the most abundant 
amino acids in rat serum [8] to insure that the radioactive 
tracers were accompanied by some amino acids when they 
passed through the cerebral circulation. In some exper- 
iments, DL['*C]dopa was added to the injectate in place 
of ['*C]tyrosine. but the same concentration and radioac- 
tivity were used. In other experiments, additional non- 
radioactive L-tyrosine was added to the solution to obtain 
a final concentration of 2 mM. The injection was made 
rapidly and after 15 sec the rat was decapitated without 
removal of the needle. Approximately 0.5 ml of blood from 
the decapitated head was allowed to run into a heparinized 
tube and the head was then dropped into a bath of dry 





* PPO = 2.5-diphenyloxazole. 


ice and- acetone. Radioactivity of the plasma from the 
severed head was checked to insure that the injectate had 
passed through the cerebral circulation and recirculation 
had not occurred. Animals whose plasma radioactivity 
exceeded 500 dis./min/ml (either isotope) were excluded 
from the study because it was not certain that the radioac- 
tivity in their brain represented extraction from a single 
pass through the cerebral circulation. Four of thirty other- 
wise satisfactory experiments were excluded for this reason. 

The brain was dissected on a slab of dry ice [9]: cortex 
was represented by a slab of parietal cortex, trimmed free 
of underlying white matter, weighing 100-200 mg; olfac- 
tory cortex was taken from the orbital surface of the brain, 
and included olfactory tubercle, piriform cortex and olfac- 
tory tract as far caudally as the anterior commissure, 
according to the atlas of Konig and Klippel [10] and 
weighed 60-100 mg on each side; hypothalamus weighed 
90-100 mg total; striatum weighed 80-90 mg and included 
the globus pallidus. but not septal nuclei; thalamus 
weighed 100-125 mg total; midbrain included the struc- 
tures from subthalamus to the caudal portion of the inferior 
colliculus and weighed 80-100 mg. The striatum and cortex 
were taken separately from each hemisphere, while tha- 
lamus, hypothalamus and midbrain were taken as single 
structures. Each specimen was homogenized in 10 vol. of 
10°,, trichloroacetic acid (TCA) and the supernatant used 
for liquid scintillation counting in a_ toluene-Triton 
X-100/PPO* scintillator solution [11]. The specimens were 
homogenized quickly to minimize evaporative loss of 
THO. Because double label counting required sufficient 
counts in order to obtain an accurate ratio of activities 
for the two isotopes. vials were counted for 20 min and 
any vials which failed to reach 10,000 counts in the 
'4C-channel were recounted for 50 min. The cortical speci- 
men contralateral to the side of injection is not included 
in the tables because its radioactivity was insufficient for 
proper analysis in almost all cases, typically being 5-15 
per cent of the activity of the cortex on the side injected. 
By using equal amounts (2 to 2.5 wCi) of *H and '*C 
in the injection mixture, it was not necessary to compute 
a “brain uptake index” as used by Oldendorf: the ratio 
of '*C and 7H found in the tissue indicated the relative 
extraction of the '*C-amino acid. Two of the thirty exper- 
iments which had been felt to be technically satisfactory 
had to be discarded because there was very little radioacti- 
vity in the brain; the second of these rats was found to 
contain approximately 85 per cent of the injected radioacti- 
vity still in the carotid artery at the site of injection. For 
subsequent experiments, the injection site was dissected 
out, homogenized. and counted, but never found to contain 
more than 5 per cent of the injected radioactivity. Flow 
through the vessel appeared normal so long as the needle 
was left in situ after the injection. The fact that six of thirty 
apparently successful experiments had to be discarded indi- 
cates that this technique requires careful checking to insure 
reproducible results. 

Uniformly labeled ['*C]t-tyrosine was obtained from 
New England Nuclear Corp. (382 mCi/m-mole), tritiated 
water (THO) from Mallinckrodt Chemical Corp. (500 mCi 
m-mole), pL-dopa[3-'*C] (58 mCi/m-mole) came from 
Schwartz—Mann, and L-dopa['*C] (uniformly labeled, 330 


1675 


B.P. 25/140 4 





1676 


lable 1. Comparison of extraction of ['*C]tyrosine by 
brain of normal and, 6-hydroxydopamine-treated rats* 





Region Controls (9) OHDA (8) 





Sensorimotor 0.392 + 0.016 0.360 + 0.025 
cortex 
Olfactory 
cortex 
Hypothalamus 
Striatum 
Thalamus 
Midbrain 


Opposite striatum 


0.412 + 0.028 0.360 + 0.019+ 
0.0214 
0.017¢ 
0.0198 
0.021+ 


0.0217 


0.450 + 0.025 
0.453 + 0.029 
0.407 + 0.015 
0.422 + 0.017 


0.408 + 0.025 


0.379 
0.364 
0.366 
0,349 
0.375 


H+ I+ 1+ + 14+ 


* After injection of equal amounts of THO and ['*C]L- 
tyrosine into the carotid artery, rats were decapitated, 
their brain regions were rapidly dissected and the extrac- 





tion of '*C-amino acid relative to THO was determined ° 


from the ratio of the two isotopes found in homogenates 
of the brain regions. Values given are means + S. E. M. 
and numbers in parentheses refer to the number of rats 
used. Significance tests on the difference between control 
and experimental values for each region were done by the 
Mann-Whitney test [13]. 

+ Difference significant at the P 0.05 level. 

t Difference significant at the P 0.01 level. 

§ Difference significant at the 0.10 < P < 0.05 level. 


mCi/m-mole) from New England Nuclear. Non- 
radioactive amino acids were from Sigma Chemical Co. 

Because the ratio of two normally distributed quantities 
is not itself ordinarily normally distributed [12], it was 
felt most appropriate to analyze the data by non-para- 
metric methods. The Mann-Whitney signed ranks test [13] 
was used for comparison between the control and OHDA- 
treated groups, whereas multiple comparisons between the 
means of severa! different groups were made by means 
the rank sum multiple comparison method of 
McDonald and Thompson [14]. 

Drug treatment. The OHDA-treated rats were given two 
separate injections of 250 jug (as the base) of 6-hydroxydop- 
amine hydrobromide (Regis Chemical Co.) stereo-tacti- 
cally into the left lateral ventricle, while anesthetized with 
ether. The drug was dissolved in 0.9%, saline containing 
0.10°., ascorbic acid. The injections were given 2 or 3 days 
apart and testing followed 7-10 days after the second injec- 
tion. Control rats received two separate injections of the 
saline vehicle. 

Two methods were used to estimate the changes in cate- 
cholaamines produced by OHDA pretreatment. Aliquots 


Was 


of 


of TCA homogenates of striatum and hypothalamus from. 


control and experimental rats were shaken with ether to 
remove TCA and were then applied to 3.0 x 0.6 cm 
columns of Amberlite CG-50 resin, Na* form. Tyrosine 
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was not retained by the resin and was measured by the 
method of Udenfriend [15]. Dopamine and norepinephrine 
were eluted from the resin with 2 N acetic acid and 
measured by the fluorimetric assay of Laverty and Taylor 
[16]. 

Additional rats received OHDA or vehicle injections but 
no carotid injections. They were anesthetized with pento- 
barbital, decapitated and their brains dissected and homo- 
genized in 5mM Tris-HCl, pH 7.0, containing 0.1°,, Tri- 
ton X-100. Tyrosine hydroxylase was estimated by the pro- 
cedure of Coyle [17] with these modifications: no pteridine 
reductase was added. pH of the KH,PO, buffer was 6.2. 
and the final concentration of 6,7-dimethyltetrahydropteri- 
dine (DMPH,) was 0.6 mM. Portions of the homogenates 
were assayed for tyrosine [15] and plasma tyrosine was 
also measured in blood obtained from the severed neck 
vessels. 

The amine fraction was isolated by column chromato- 
graphy after ['*C]dopa injections. Aliquots of the TCA 
homogenate were extracted with ether and sodium acetate 
buffer, 0.25 M. pH 6.0, was added to bring the pH to 
6. The homogenates were now poured over Amberlite 
CG-50 columns, Na* form, 4 x 0.6 cm, buffered to pH 
6.0, and were washed with 10 ml water. The amine fraction 
was eluted with 1.5 N HCl and aliquots were taken for 
liquid scintillation counting. In these experiments, sodium 
metabisulfite was added to the TCA prior to homogenizing 
the tissue to retard amine oxidation. 

The absolute amount of THO or amino acid found in 
any region varied considerably, but the ratio between THO 
and '*C-amino acid was much less variable than was the 
absolute number of dis./min found in each tissue. Table 
1 compares the extraction of 1.3 4M tyrosine (relative to 
extraction of THO) for control and 6-hydroxydopamine- 
treated rats. Every region studied showed less extraction 
of labeled tyrosine in the 6-hydroxydopamine-treated 
group, and these differences were statistically significant 
in all regions except for cerebral cortex and thalamus. In 
addition to comparing the values for experimental and 
control groups for each brain region, different regions 
within each group were also compared. Analysis of vari- 
ance and multiple comparison testing indicated that the 
tyrosine extraction index for striatum and hypothalamus 
was significantly different from that (P < 0.05) of the other 
brain regions among the control group, and that the small 
difference between striatal and hypothalamic extraction 
was not significant. The extraction values are similar 
for all regions in the 6-hydroxydopamine-treated animals, 
and analysis of variance indicated no significant difference 
between the brain regions of the drug-treated rats, in con- 
trast to the controls. 

Table 2 gives the brain extraction index for ['*C]tyro- 
sine at two higher concentrations of ['*C]tyrosine and in 
the presence of a large excess of L-alanine (5 mM). The 
decreasing extraction with increasing tyrosine concen- 
trations indicates a saturable process in all regions studied. 


Table 2. Brain extraction index for ['*C]tyrosine at two concentrations of ['*C]tyrosine and in 
the presence of a large excess of L-alanine* 





['*C]L-tyrosine, 
Region 100 uM (3) 


['*C]L-tyrosine, 


['*C]i-tyrosine, 1.3 uM. 


2 mM (3) +5 mM t-alanine (3) 





0.206 + 0.038 
0.187 + 0.040 
0.239 + 0.031 
0.188 + 0.029 
0.215 + 0.040 
0.221 + 0.033 


Sensorimotor cortex 
Olfactory cortex 
Hypothalamus 
Striatum 
Thalamus 
Midbrain 


0.126 + 0.045 
0.123 + 0.033 
0.175 + 0.049 
0.169 + 0.028 0.143 + 0.030 
0.121 + 0.019 0.128 + 0.044 


0.158 + 0.022 0.141 + 0.025 


0.115 + 0.032 
0.135 + 0.020 
0.185 + 0.021 





* Normal rats were injected with equal amounts of ['*C]L-tyrosine and THO. 
are means + S. E. M.; the numbers in parentheses refer to the number of rats 


of procedure, see legend to Table 1. 


The values given 
used. For details 
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Table 3. Brain extraction of ['*C]dopa* 





['*C]pL-dopa, 


Region 1.1 uM (6) 


['*C]L-dopa, 
1.5 uM (5) 


['*C]t-dopa, 1.5 uM, 
in OHDA-treated rats (4) 





0.241 + 0.032 
0.263 + 0.024 
0.303 + 0.030 
0.270 + 0.028 
0.255 + 0.027 
0.230 + 0.039 


Sensorimotor cortex 
Olfactory cortex 
Hypothalamus 
Striatum 

Thalamus 

Midbrain 


0.374 + 0.036 
0.360 + 0.038 
0.406 + 0.039 
0.387 + 0.031 
0.369 + 0.032 
0.399 + 0.030 


0.359 + 0.040 
0.371 + 0.031 
0.423 + 0.026 
0.360 + 0.0197 
0.388 + 0.029 
0.405 + 0.035 





* Values are means +S.E.M.; numbers in parentheses refer to the number of samples. 
+ Difference from control ['*C]t-dopa regional extraction significant at 0.10 < P < 0.05. 


In Table 3, extraction of ['*C]dopa is presented for con- 
trol and OHDA-treated rats, with data presented for both 
racemic and L-dopa. In contrast to the effect seen with 
tyrosine, dopa extraction did not differ between the OHDA 
and control groups. As with tyrosine (Table 1), the extrac- 
tion index for ['*C]dopa was significantly different 
between hypothalamus and striatum and all other regions 
studied. Analysis of variance indicates that this difference 
was significant at the P < 0.05 level. Table 4 gives the 
percentage of ['*C]dopa converted to amines in three 
brain regions for both control and OHDA-treated rats. 
Although this radioactivity may have been norepinephrine 
and epinephrine in addition to dopamine, it would all have 
derived ultimately from decarboxylation of ['*C]dopa. 
The table indicates a surprising finding: the percentage of 
radioactivity in the brain homogenate associated with the 
amine fraction did not differ between cortex, striatum and 
hypothalamus, nor did OHDA treatment alter this per- 
centage in any of regions studied. 

Table 5 provides data verifying the depletion of catecho- 
lamines by the OHDA treatment. Large decreases in tyro- 
sine hydroxylase activity, dopamine and norepinephrine 
concentrations were observed. Tyrosine content of the 
brain regions was not decreased in the OHDA grou, and 
actually increased in the striatum, although the increase 
is of marginal significance. Plasma tyrosine was not altered 
by the OHDA treatment (data not shown). 

This study indicates a small but consistent regional dif- 
ference in the extraction of low concentrations of tyrosine 
by brain. When tyrosine extraction was studied at a higher 
concentration, 100 4M, very close to the measured mean 
plasma tyrosine concentration of 92 4M, only hypotha- 
lamus had an extraction different from the other brain 
regions, but the number of rats studied was small (Table 
2). The fact that OHDA pretreatment lowered tyrosine 
extraction in all brain regions and abolished the regional 
differences in tyrosine uptake seen in the controls suggests 
that these regional differences may be somehow related 
to catecholamine neurons. The amount of THO/g of tissue 
did not differ between cortex, striatum and hypothalamus, 
so that differences in extraction are not due to differences 
in THO distribution. 


Table 4. Radioactivity of amine fraction after ['*C]L-dopa 
injection into carotid artery* 





Control (4) OHDA (4) 


Region 





w 


37.6 + 7.4 
30.8 + 7.0 
33.4 + 6.8 


Cortex 
Striatum 
Hypothalamus 


w 
SNE 
oN 
I+ I+ I+ 
LO NN 
Nw Oo 


w 





* Values given represent the '*C-radioactivity recovered 
in the amine fraction of the CG 50 column eluates, 
expressed as a percentage of the total radioactivity for each 
region. The concentration of ['*C]t-dopa was 1.5 uM. The 
number in parentheses refer to the number of samples. 


Autoradiographic studies would be required to deter- 
mine which cells retain radioactivity in this type of study, 
but since nerve cells do not directly contact the blood 
stream [18], it seems unlikely that the extraction measured 
is specific for neurons. It is known that OHDA is relatively 
selective in the doses used here (no effect on gamma amino 
butyric acid (GABA) or 5-hydropytryptamine (5-HT) con- 
centrations [2,4], but it is possible that glial cells related 
to catecholamine neurons might also be destroyed, or cir- 
culation in the brain might be altered. If it is estimated 
that 15 per cent of all striatal neurons, are catecholamine 
neurons [19], the decreased tyrosine extraction in the 
OHDA-treated rats (20 per cent less) is consistent with 
the suggestion that all neurons take up tyrosine approxi- 
mately equally and that the decreased uptake indicates the 
proportion of cells lost. This does not agree with the postu- 
late that specific neurons concentrate the precursor for 
their own transmitter [20-22]. Two points might be made: 
first, that some tyrosine hydroxylase activity remains after 
multiple OHDA injeections, indicating the persistence of 
some catecholamine neurons, and second, that the concept 
of specific uptake systems for different types of neurons 
derives from studies in vitro, where uptake from blood into 
brain is not relevant. Oldendorfs important work [6] indi- 
cated that substances such as GABA and glutamate, which 
are avidly taken up in vitro [23.24]. are poorly extracted 
from blood after carotid injections. 

It is known that blood flow is greater, per g of tissue, 
for cortex than for hypothalamus or striatum in both cat 
[25] and rat [26] and that this difference is reduced by 
barbiturate anesthesia. The relative blood content of rat 
cortex is also greater than that of hypothalamus or stria- 
tum [27]. These differences would, if anything, produce 
greater tyrosine accumulation in cortical tissue than in 
striatum and hypothalamus. For this reason, and also 
because of the uniformity of regional THO content, the 
small but consistent regional differences in tyrosine extrac- 
tion cannot be explained by regional differences in blood 
flow or vascularity. It is possible that the reduced extrac- 
tion after OHDA treatment relates in some way to vascu- 
lar changes. The data suggest a regional difference in dopa 
uptake, as well as for tyrosine, but the differences are not 
large. and the OHDA treatment had no clear effect on 
dopa extraction. 

Recent work by Nicklas and Berl [28] indicates that 
changes in amino acid labeling after intracisternal injec- 
tions of [1-'*C]Jacetate occur after OHDA treatment. 
OHDA treatment affects turnover, metabolism and uptake 
of amino acids in addition to its well known effect on 
catecholamines. Future research with the drug should con- 
trol for these additional effects of OHDA. 

The relatively uniform distribution of amine radioacti- 
vity after ['*C]dopa injection and the absence of any 
change in either dopa extraction or decarboxylation after 
OHDA treatment (Table 4) were surprising. The enzyme 
dopa decarboxylase is not uniformly distributed in the 
brain and its activity has been reported to decrease after 
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OHDA [4]. The tissue distribution of endogenous catecho- 
lamines in brain is very non-uniform [29]. At this very 
short time after injection, much of the radioactivity stud- 
ied is probably outside neurons. Only radioactive amine 
which is inside monoamine neurons can be stored and pro- 
tected from degradation by monoamine oxidase. If rats 
were killed minutes or hours after intra-arterial injec- 
tion of ['*C]dopa, the distribution of amine radio- 
activity would probably resemble more the distribution 
of endogenous amines, as was found by Romero et al. 
[30] who examined brain regions | or more hr after 
intraperitoneal injection of L-dopa, 100 mg/kg, in the rat. 
Large increases in brain dopa were found, but only small 
changes in the amines were found. Decarboxylation of 
dopa occurring in capillary and extra-neuronal tissues 
which lack storage granules may well explain the results 
of Table 4, but these decarboxylated products should not 
be able to increase total tissue amines unless a monoamine 
oxidase inhibitor is present. 


OHDA (4) 


Norepinephrine 


Control (4) 
1.14 + 0.29 
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The numbers in parentheses refer to the 


OHDA (4) 
1.95 + 0.4 
values. 


Dopamine 


hydroxylase 


Control (4) 


ADDENDUM 


tyrosine 


After submission of this work for publication, a detailed 
study of extraction of L-dopa labeled in both the 1- and 
3-carbon atoms was published by Wade and Katzman 
[31]. This careful study also found little regional difference 
in the decarboxylation of dopa, using loss of the carbon 
label from [1-'*C]t-dopa as an indication of decarboxyla- 
tion. 
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Effect of carbidopa on the metabolism of L-dopa in the 
pigtail monkey* 


(Received 6 November 1975; accepted 16 January 1976) 


Carbidopa [L-2- hydrazine -«- methyl - f -(3,4- dihydroxy 
phenyl) propionic acid (MK-486)] is an inhibitor of extra- 
cerebral dopa decarboxylase which has been used in com- 
bination with L-dopa in the therapy of Parkinson’s dis- 
ease [1-3]. Inhibition of peripheral dopa decarboxylase 
allows greater quantitics of L-dopa to reach the brain 
where it is then decarbo,\lated to dopamine, the active 
metabolite. We have examined the effect of carbidopa on 
the metabolism of [*H]L-dopa administered intravenously 
to the pigtail monkey. In a preliminary study [4], the 
excretion of [7H]dopamine in the urine was markedly 
reduced by carbidopa, while the urinary excretion of 
[*H]Jhomovanillic acid, a major dopamine metabolite. was 
not decreased. It was suggested that. in the presence of 
carbidopa. L-dopa is converted to homovanillic acid 
through a pathway which does not involve decarboxyla- 
tion to dopamine but may involve a sequence of reactions 
which include O-methylation. transamination and oxida- 
tive decarboxylation. Recently. a shift in the metabolism 
of oral L-dopa from decarboxylation to transmination has 
been reported[5] in Parkinsonian patients treated with 
carbidopa. Since the sulfate conjugates of dopamine can 
represent major metabolites of L-dopa in Parkinsonian 
patients [6-9], the excretion of dopamine 3-O-sulfate and 
dopamine 4-O-sulfate was also determined in control and 
carbidopa-treated monkeys. 

Decarboxylation of L-dopa was measured in vivo in the 
unanesthetized monkey in order to determine the effective- 
ness of carbidopa as an inhibitor of dopa decarboxylase 
under the conditions of this study. The procedure used 
by Hansson and Clark [10] for mice was modified for use 
in monkeys. A pigtail monkey (4.55 kg) was injected in 
the internal saphenous vein with 0.25 wCi (13.8 ug) of 
['*C]carboxy-labeled L-dopa (3.56 mCi/m-mole). Exhaled 
'4CO, was trapped in a solution of 27°,, phenylethylamine, 
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Health Service Research Grant NS-09199 of the National 
Institutes of Health. 


27% methanol and 46°, toluene at 10-min intervals for 
2 hr. Radioactivity was determined in each of the 10-min 
fractions by liquid scintillation spectrometry [11]. In a sep- 
arate experiment, more than 2 weeks later, carbidopa, 360 
mg/kg, was administered orally by nasal gastric tube in 
a suspension of 0.5°,, methylcellulose (adjusted to pH 4.2) 
1 hr prior to the injection of ['*C]i-dopa. The effect of 
carbidopa can be seen in Fig. 1. In the untreated monkey, 
38 per cent of the radioactivity was exhaled in the first 
60 min. During the same interval, only 11 per cent of the 
label was exhaled by monkeys receiving the decarboxylase 
inhibitor and, therefore, a 71 per cent inhibition of enzyme 
activity was achieved. Similar results were obtained when 
the experiment was repeated in a rhesus monkey (3.7 kg). 
Similar inhibition of dopa decarboxylase was also seen 
when pigtail monkeys were pretreated with the inhibitor 
2 and 3 hr prior to ['*C]t-dopa. 

The effect of carbidopa was then determined on the 
metabolism of [3-'*C]_-dopa (labeled on the f-carbon) 
administered intravenously to pigtail monkeys. A Foley 
catheter was placed in the urinary bladder of each of three 
female pigtail monkeys (4.2 to 5.7 kg) and urine was col- 
lected continuously. Each monkey was injected with 
10-25 pCi (100-250 pg) of [3-'*C]L-dopa (sp. act. 20-40 
mCi/m-mole) into the internal saphenous vein. Not less 
than 2 weeks later. the monkeys were treated with carbi- 
dopa as described above and the injection with [3-'*C]L- 
dopa was given 2.5hr later. Carbidopa, 360 mg/kg. was 
given again 1I2hr after the initial drug treatment. Each 
monkey received ['*C]i-dopa four times, twice as a con- 
trol and twice after carbidopa pretreatment. Urine samples 
were collected for 24hr after the injection of [3-'*C]L- 
dopa in bottles containing 200 mg sodium metabisulfite. 
The ‘metabolites of L-dopa were measured with a liquid 
chromatography flow monitoring system described by 
Goodall and Alton[12]. The acidic metabolites, dihyd- 
roxyphenylacetic acid, homovanillic acid, vanillactic acid, 
dopamine 3-O-sulfate. dopamine 4-O-sulfate and methoxy- 
tyramine sulfate, were eluted from a 0.9 by 35cm Dowex 
1 anion exchange column. The effluent from the ion 
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Fig. 1. Effect of 360 mg/kg of carbidopa on the decarboxylation of i.v. ['*C]carboxy-labeled-L-dopa. 
Results are expressed as the per cent of '* CO, exhaled/10-min interval of the total radioactivity which 
waa injected. Carbidopa was administered | hr prior to ['*C]t-dopa and the values are the mean + 


S.E.M. of three determinations. Key: 


exchange column containing the metabolites was then 
passed through an anthracene flow cell for determination 
of radioactivity of each metabolite. In some cases, the 
radioactivity was too small to be detected in the flow cell. 
Under these conditions, 14.5-ml samples of the eluate were 
collected in a fraction collector and the radioactivity was 
determined in each sample by liquid scintillation spectro- 
metry 

Since homovanillic acid and vanillactic acid co-chroma- 
tographed in this system, the values of these two metabo- 
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lites were determined by a separate procedure. Six ml of 
urine was adjusted to pH | with 6 NHCI. The two meta- 
bolites were extracted three times into 10 ml ethyl acetate. 
The 30ml of ethyl acetate was washed two times with 
10m! of 10% NaHCO,. The NaHCO, solution was 
adjusted to pH | with 6 N HCl, and the metabolites were 
again extracted three times into 10 ml ethyl acetate. The 
ethyl acetate extract was then evaporated to dryness on 
a rotary evaporator and 0.5 ml methanol was added to 
the flask. The methanol extract was applied to a Silica 
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Fig. 2. Fffect of carbidopa on the metabolism of [3-'*C]t-dopa. Values are expressed as the mean + 

S.E.M. trom 24-hr urine samples in duplicate experiments in each of three monkeys. Significance 

of the differences between control and carbidopa-treated monkeys was determined by Student's (-test. 

The single asterisk (*) indicates P < 0.05: the double asterisk (**) indicates P < 0.01. Abbreviations: 

DA. dopamine; DA-3-SO,, dopamine 3-O-sulfate: DA-4-SO,4, dopamine 4-O-sulfate; MTA, methoxytyr- 

amine; MTA-SO,. methoxytyramine 4-O-sulfate; DOPAC, 3.4-dihydroxyphenylacetic acid; HVA. 
homovanillic acid; and VLA, vanillactic acid. 
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gel GF plate (250 um). The metabolites were chromato- 
graphed in a solvent system consisting of 31 ml benzene, 
1 ml of gacial acetic acid and 0.8 ml water. The R, for 
homovanillic acid was 0.62 and the R, for vanillactic acid was 
0.28. The spots were visible with u.v. light. The spots were 
removed and eluted with 4 ml of 0.05 M Tris buffer (pH 
8.6). Radioactivity was determined in each eluate by liquid 
scintillation spectrometry. 

The values of the metabolites obtained in 24-hr urine 
samples are shown in Fig. 2. In control experiments, the 
eight metabolites measured contained 89 per cent of the 
total radioactivity which was inj¢cted, while in animals 
pretreated with the decarboxylase inhibitor only 62 per 
cent of the radioactivity was accounted for by these meta- 
bolites. This decrease in radioactivity could be due to in- 
creased formation of metabolites which are excreted at 
slower rates after carbidopa treatment. The excretion of 
dopamine. dopamine 3-O-sulfate, dopamine 4-O-sulfate 
and methoxytyramine sulfate was markedly decreased after 
treatment with carbidopa. Homovanillic acid, 3,4-dihyd- 
roxyphenylacetic acid and methoxytyramine excretion 
were not significantly lowered. Vanillactic acid, which is 
a stable intermediate formed following the transamination 
of dopa or 3-O-methyldopa, increased approximately 
14-fold after inhibition of dopa decarboxylase, and became 
the major metabolite measured in the samples. 

Vanillactic acid is clearly a minor metabolite in monkeys 
not receiving carbidopa and represents only | per cent 
of the L-dopa dose excreted in Parkinsonian patients [13]. 
Because it is the major metabolite measured after carbi- 
dopa pre-treatment, transamination of L-dopa or 3-0- 
methyldopa [14] becomes a major pathway of metabolism. 
In studies of the metabolism of ['*C]vanillactic acid in 
rats [15]. homovanillic acid accounted for 26 per cent of 
the radioactivity excreted and a major amount of 
['*C]methoxytyramine was formed. Therefore. the further 
metabolism of vanillactic acid to metabolites of L-dopa 
normally formed after decarboxylation could be at least 
partially responsible for the failure of homovanillic acid 
to decrease significantly after decarboxylase inhibition. 
Confirmation of this suggestion could be obtained by the 
administration of labeled vanillactic acid and measuring 
the formation of labeled homovanillic acid both before and 
after the administration of carbidopa. 

3.4-Dihydroxyphenylacetic acid and homovanillic acid 
levels have been reported to be reduced significantly in 
Parkinson patients pretreated with carbidopa [5, 16]. 
However. the dose (360 mg/kg) of carbidopa used in the 
present study is much larger than the dose given to 
patients with Parkinson’s disease. In the studies by Mes- 
siha et al. [16,17]. when the pretreatment dose of 100 mg 
carbidopa was increased to 100mg three times daily for 
7 days prior to L-dopa administration, the reduction in 
urinary homovanillic acid was much smaller. Thus, it is 
possible that at higher dose levels transamination occurs 
to a greater degree and that the two acid metabolites are 
formed by this pathway. 
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Much of the dopamine excreted by Parkinsonian 
patients is conjugated as the sulfate [7.8]. Dopamine is 
conjugated in the 3 position or the 4 position and, in Par- 
kinsonian patients receiving [*H]dopa either  intra- 
venously or orally dopamine 3-O-sulfate predomi- 
nates [18,19]. We have found that. in monkeys given 
['*C]L-dopa intravenously. dopamine 4-O-sulfate was one 
of the major metabolites excreted and was formed in an 
amount six times that of dopamine 3-O-sulfate. It therefore 
appears that a difference exists in the sulfate conjugation 
of dopamine in man.and monkey but it is unclear what 
factor or factors are responsible for determining which 
isomer will predominate because the sites of sulfation and 
the enzyme kinetics of the sulfotransferases in the two spe- 
cies are not known. 
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Increased biliary excretion of pentobarbital with bile 
salt-induced hepatic choleresis 


(Received 29 July 1975; accepted 16 January 1976) 


Hepatic excretion of drugs metabolized by the liver is a 
complex process dependent on organ blood flow, hepato- 
cyte uptake, biotransformation within the liver cell, and 
secretion of either a metabolite or the unmetabolized com- 
pound into the biliary canaliculus. When high plasma con- 
centrations of sulfobromophthalein (BSP) and bilirubin are 
produced, secretion is the limiting process which deter- 
mines the maximum hepatic capacity to excrete these two 
frequently studied organic anions[1,2]. Bile salts are 
potent choleretic agents whose infusion increases bile flow 


in all species studied including man [3]. Manipulation of 


this bile salt-dependent fraction of bile flow increased the 
maximal hepatic excretory capacity for both BSP and bilir- 
ubin [4-6]. The purpose of this study was to determine 
if bile salt-induced increases in bile flow might also 
enhance biliary excretion of pentobarbital, an organic 
anion whose ingestion is frequently abused. 

| °H]5-ethyl-5-(1-methylbutyl)-barbituric acid (pentobar- 
bital) was obtained from New England Nuclear and mixed 
with unlabeled pentobarbital sodium (Vitarine Co., Inc.) 
and 0.9°,, saline to give a concentration of 14 mg/ml and 
a specific activity of 0.08 wCi/mg. Grade A sodium salt 


of taurocholic acid was obtained from CalBiochem. Male. 


Walter Reed rats (250-350 g) were anesthetized with ether, 
and external biliary fistulae were constructed and the 
femoral veins catheterized with PE-10 tubing.* Animals 
were then placed in restraint cages for overnight biliary 
drainage to deplete bile salt pools. During this period, ani- 
mals were infused with 1.5 ml/hr of 0.9°,, saline to prevent 
dehydration and were allowed free access to laboratory 


chow. On the morning after the operation, 40 mg/kg of 


pentobarbital was given intravenously and bile was col- 
lected hourly for 4 hr to monitor biliary excretion of pento- 
barbital and its metabolites. Rectal temperatures were 
maintained at 37 +1 by heating pads[7]. Control ani- 
mals were perfused with 1.5 ml/hr of 0.9°, saline during 
the collection period, while experimental animals were per- 
fused with equal volumes of saline containing either 10 
or 30 mg sodium taurocholate/1.5 ml. 

Bile: volume for each collection period was determined 
gravimetrically. Bile salt outputs were measured using the 
hydroxysteroid dehydrogenase method as modified by 
Admirand and Small [8]. Duplicate 25-l aliquots of bile 
were counted with a Beckman LS-345 scintillation system. 
The external standard ratios method was used to correct 
for quenching. The degree of pentobarbital metabolism 
and the effect of bile salts on hepatic biotransformation 
were determined by sequential extractions of bile with 
petroleum ether and ethyl acetate after addition of 2.0 M, 
pH 5.0, acetate buffer [9]. Extracts were taken to dryness 
under nitrogen and chromatographed on Silica gel G in 
chloroform—acetate (9:1, v/v) [10]. Unmetabolized pento- 





*In conducting the research described in this report, 
the investigators adhered to the “Guide for Laboratory 
Animal Facilities and Care” as promulgated by the Com- 
mittee on the Guide for Laboratory Animal Facilities and 
Care of the Institute of Laboratory Animal Resources, 
National Academy of Sciences-National Research Council. 


barbital and pentobarbital metabolites were quantitated by 
the amount of radioactivity in the various extractions and 
chromatographic spots. Significance of difference between 
the three treatment groups was determined, employing Stu- 
dent’s t-test [11]. 

Total biliary excretion of pentobarbital and its metabo- 
lites in both saline-perfused, bile salt-depleted animals and 
bile salt-perfused animals showed a linear relation to bile 
flow (Fig. 1). Table 1 summarizes the effects of bile salt 
depletion and the two different rates of bile salt perfusion 
on bile flow, bile salt output, and pentobarbital biliary 
excretion in the three treatment groups. Pentobarbital bili- 
ary excretion was higher in the group perfused with 10 
mg/hr of taurocholate than in the bile salt-depleted group 
but did not reach statistical significance (P > 0.10). Excre- 
tion was significantly increased in the group perfused with 
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Fig. 1. Relationship of pentobarbital biliary secretion to 
bile flow. The bottom graph portrays data from saline-per- 
fused, bile salt-depleted animals, while the upper two 
graphs show results in the animals perfused with 10 or 
30 mg/hr of taurocholate. Each point represents an indivi- 
dual animal. The linear regression lines were calculated 
by the method of least squares; the dotted portions of 
the lines represent extrapolated rather than experimentally 
derived data. 
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Table 1. Effect of bile salt perfusion on bile flow, bile salt output and pentobarbital biliary 
excretion in the rat 





Bile flow* 
(4d/hr/100 g) 


Bile salt output 
(uM/hr/100 g) 


Pentobarbital 
biliary excretion 
(°% total dose, 0-4 hr) 





Bile salt depletion 25 
(n = 10)* 

Perfusion (10 mg) 
(n = 9) 

Perfusion (30 mg) 
(n = 7) 


326 + 27 

(P > 0.05) 
448 + 23 
(P < 0.001) 


0.72 + 0.18 


6.35 + 0.46 
(P < 0.001) 
18.98 + 1.79 
(P < 0.001) 


343 


40.38 + 2.76 
(P > 0.10) 
45.91 + 3.08 
(P < 0.05) 





* Mean + S. E. M. 
+ Number of animals. 


Table 2. Effect of bile salt perfusion on hepatic metabolism of pentobarbital 





Unmetabolized 
pentobarbital* 


Treatment 


Non-extractable 
metabolites 


Ethyl acetate 
metabolites 





Bile salt de- 

pletion (n = 5)+ 

Perfusion (10 mg) 
(n = 4) 

Perfusion (30 mg) 
(n = 4) 


16.6 + 4.0 4.3 
14.4 + 3.3 3.8 


13.6 + 3.9 +44 





* Mean percentage of total [*H]biliary secretion + S. D. 
+ No significant difference when compared to either bile salt-perfused group. 


30 mg/hr (P < 0.05). Since large individual! variations in 
bile flow among rats might obscure some of the effects 
of bile salt perfusion on pentobarbital biliary excretion, 
paired experiments were conducted in which pentobarbital 
biliary excretion was measured in each animal both during 
a saline-perfused, bile salt-depleted period and during taur- 
ocholate perfusion with 10 or 30 mg/hr. No significant 
spontaneous changes in bile flow or pentobarbital excre- 
tion occurred during a 2-day study period in which three 
animals were studied during the saline-perfused, bile salt- 


depleted state on both days. However, as an added control, 
half of the animals in each perfusion group were studied 
during the saline-perfused, bile salt-depleted state on day 
1 with the taurocholate perfusion study performed on day 
2 while the sequence of study was reversed in the remain- 
ing animals. Figure 2 compares the changes in bile flow 
rate and pentobarbital biliary excretion when individual 
animals were perfused with either 10 or 30 mg/hr of tauro- 
cholate as opposed to perfusion of the same bile salt-de- 
pleted animal with saline. Statistically significant increases 
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Fig. 2. Effect of bile salt perfusion on bile flow and pentobarbital biliary excretion in paired experiments 
using each animal as his own control. Pentobarbital biliary excretion was measured in each animal 
on 2 successive days. During the control experiments, the bile salt-depleted animals received saline 
infusions. During the perfused part of the experiment, animals were infused with 10 mg/hr or 30 
mg/hr of taurocholate. The left two graphs show results of bile flow and pentobarbital excretion for 
the 10 mg/hr perfusion group; the right two graphs show similar data in the 30 mg/hr perfusion 
group. Results obtained in each animal for bile flow and pentobarbital excretion under the two exper- 
imental conditions are connected by lines. 





1684 


in pentobarbital excretion were seen in both the 10 mg/hr 
and 30 mg/hr taurocholate-perfused groups. 

Taurocholate perfusion had no significant effect on the 
form in which pentobarbital was excreted into bile (Table 
2). Less than per cent of total biliary radioactivity 
remained as unmetabolized pentobarbital. Metabolites 
extracted into ethyl acetate and those metabolites remain- 
ing in the bile-buffer mixture after ethyl acetate extraction 
did not move from the origin when chromatographed on 
Silica gel G in chloroform—acetone (9:1, v/v). Further iden- 
tification of pentobarbital metabolites was not attempted. 

Biliary excretion of pentobarbital metabolites was in- 
creased in the rat by bile salt perfusion. Interdependence 
between bile flow rates and biliary excretion could explain 
the increased pentobarbital excretion in response to tauro- 
cholate perfusion. Such interdependence has been shown 
for digitoxin[ 12], propylthiouracil [13], and cholecysto- 
graphy contrast agents [14]. In addition, hypothermia pro- 
duced pronounced decreases in bile flow and markedly 
reduced excretion of pentobarbital into bile in the isolated 
perfused rat liver [15]. Direct interaction between pento- 
barbital metabolites and taurocholate is a second possibi- 
lity. Physicochemical interaction between BSP and tauro- 
cholate to form a large macromolecular complex has been 
demonstrated in vitro [16], and it has been postulated that 
the increased T,, for BSP during bile salt infusion rep- 
resents a specific effect of the bile salt rather than being 
attributable to bile salt-induced choleresis. It is possible 
that taurocholate combines with pentobarbital metabolites 
to form a complex which is then secreted into the biliary 
canaliculus. Whether enhanced biliary excretion of active 
pentobarbital metabolites by bile salt-induced choleresis 
actually decreases pentobarbital toxicity remains to be 
determined. Accumulation of a primidone metabolite has 
been shown to reduce primidone metabolism in the isolated 
perfused rat liver [17], so depletion of intrahepatic pools 
of metabolites may play some role in facilitating metabo- 
lism of parent compounds. Numerous other potentially 
toxic compounds such as digitoxin and chlorpromazine are 
excreted in bile as the unchanged parent compound or as 
pharmacologically active metabolites [12,18]. If bile salt- 
induced choleresis can be shown to increase hepatic drug 
metabolism by depletion of intrahepatic metabolites or to 
enhance biliary excretion of unchanged parent compounds 





+ Reprint requests should be sent to RGK, Division of 
Gastroenterology, University of New Mexico School of 
Medicine, Albuquerque, N.M., 87131. 
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or active metabolites, it may be a useful means of rapidly 
manipulating hepatic excretory function. 
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Comparison of the inhibition of 5-hydroxytryptamine uptake by 
methadone and its congeners in human platelets 


(Received 11 September 1975; 


Recent studies have indicated that methadone is a potent 
inhibitor of 5-hydroxytryptamine (5-HT) uptake by rabbit 
brain synaptosomes with a K; of approximately 10°” M 
[1 ].’Despite this low K;. no depletion of brain 5-HT during 
treatment of animals with methadone has been reported 
[2.3]. Apparently. the rate of endogenous synthesis of 
5S-HT in the brain is sufficient to maintain the normal 
levels. 

In contrast to 5-HT-containing neurons in the brain. 
itis thought that platelets derive most of their 5-HT stores 


accepted 29 December 1975) 


from exogenous sources [4]. Consequently. it is possible 
to deplete platelet 5-HT in man by uptake blockers. such 
as imipramine [5]. Although methadone has also been 
found to inhibit the uptake of 5-HT by human platelets 
in vitro, the concentration of methadone reported to cause 
a 50 per cent inhibition of uptake (2.1 x 10°° M) [6] 
appears to be much greater than the concentration 
required to inhibit uptake by synaptosomes [1]. The rela- 
tively large concentration of methadone reportedly 
required to inhibit human platelet 5-HT uptake [6] would 
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appear to indicate little or no effect of methadone main- 
tenance on platelet S-HT content in vivo, because the con- 
centration of 2.1 x 10~> M is about one order of magni- 
tude greater than the concentration of methadone in the 
plasma of patients maintained on a daily oral dose of 
100-120 mg [7]. The studies in vitro with human platelets, 
however, were carried out with excessively large concen- 
trations of 5-HT or relatively long incubation times (107 * 
M for 15 min or 10°° M for 1 hr) [6]. Tuomisto [8] 
has demonstrated that long incubation times or large con- 
centrations of 5-HT can lead to falsely low potencies for 
uptake inhibitors, due to nonlinearity of the rate of uptake 
or to diffusion respectively. 

The purpose of the present study was to determine 
whether methadone caused an appreciable inhibition of 
uptake of 5-HT by human platelets at concentrations that 
were likely to be encountered in a methadone-maintenance 
situation. We also studied the effects of several other meth- 
adone congeners in an attempt to identify a structural re- 
quirement for uptake inhibition. Imipramine and chlorimi- 
pramine were also tested for comparison. because these 
are known to be very potent inhibitors of 5-HT uptake 
(5. 6.9}. 

Fresh human platelet-rich plasma was obtained from the 
Irwin Memorial Blood Bank of the San Francisco Medical 
Society. The standard incubation mixture contained 0.5 ml 
of platelet-rich plasma and 1.5 ml of a modified calcium- 
free Tyrode’s solution described previously [6]. The incu- 
bations were carried out for 4 or 5 min in plastic scintilla- 
tion vials using a Dubnoff metabolic shaking incubator 
at 37°. The incubation mixture contained 0.92 x 10°7M 
of 1,2-[7H]5-HT (sp. act.: 2.72 mCi/umole; New England 
Nuclear Corp.) and 5 x 10°’ M of unlabeled 5-HT (Sigma 
Chemical Co.). The incubation mixture was preincubated 
at 37° for 5 min before the addition of platelet-rich plasma. 
All incubations were carried out in duplicate. The incu- 
bation was stopped by the addition of 6ml of chilled 
Tyrode’s solution. The platelets were collected by vacuum 
filtration on Whatman GF/C glass fiber discs with a dia- 
meter of 2.4cm and were washed twice with 8-ml aliquots 
of chilled Tyrode’s solution. The discs were dried and 
counted in 7.5 ml ScintiVerse (Fisher Scientific Co.) using 
a Packard Tri-Carb liquid scintillation spectrometer. 

The following drugs and methadone metabolites were 
gifts from the Lilly Laboratories, Eli Lilly & Co.: (+) and 
(—) methadone hydrochloride; (+) and (—) z-methadol 
hydrochloride; (+) and (—) f-methadol: (+) and (—) 
z-acetyl-methadol hydrochloride; (+) and (—) f-acetyl- 
methadol hydrochloride; (—) x-nor-methadol hydrochlo- 
ride; (+) 1.5-dimethyl-3,3-diphenyl-2-ethylidene pyrroli- 
dine perchlorate (referred to in this paper as metabolite 
A): and 3,3-diphenyl-2-ethyl-5-methyl-1-pyrrolidine hydro- 
chloride (referred to in this paper as metabolite B). (+) 
Methadone hydrochloride was obtained from Mallinck- 
rodt. Imipramine hydrochloride and chlorimipramine hy- 
drochloride were gifts from CIBA-Geigy. The drugs were 
dissolved in the modified Tyrode’s solution. The concen- 
tration of drug causing 50 per cent inhibition of uptake 
(ICsy) in the presence of 5.9 x 10°’ M 5-HT was deter- 
mined graphically by log-probit analysis [10]. using three 
or four concentrations of the drug. 

The K,, for 5-HT uptake was 3.81 + 0.15 x 10°’ M 
(mean + S. D. for three experiments), which is slightly 
lower than the K,, of approximately 6 x 1077 M reported 
by Lingjaerde [11]. The maximum velocity of 5-HT uptake 
in the absence of inhibitors varied with different prep- 
arations of platelet-rich plasma and ranged from 37.2 to 
99.5 pmoles/ml of plasma/min. The uptake of 5-HT at a 
concentration of 5.9 x 10~7 M was inhibited over 99 per 
cent by 3 x 10°° Mchlorimipramine, 9 x 10°° M imipra- 
mine, 3 x 10°° M (—) methadone and 3 x 10°* M (+) 
z-methadol. This indicated that very little of the uptake 
at this concentration of S-HT was due to simple diffusion. 
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Figure | shows that the inhibition of 5-HT uptake by (—) 
methadone appears to be competitive. The apparent K; 
for (—) methadone was 7.6 + 1.7 x 10°% M (mean + S. 
D. for three experiments). 

As shown in Table 1, all of the drugs and metabolites 
tested inhibited the uptake of 5-HT. Chlorimipramine, the 
most potent drug tested. was ten times as potent as (—) 
methadone. Although 5-HT does not possess an asym- 
metric carbon atom, the uptake inhibitors displayed stereo- 
selectivity. For example, (—) methadone was 30 times as 
potent as (+) methadone. and (+) 7-methadol was about 
26 times as potent as (—) x-methadol. In general. the 
potency for 5-HT uptake inhibition did not parallel the 
analgesic potency determined in mice by Eddy et al. [13]. 
but within certain groups (methadone and acetylmethadol) 
some enantiomorphic parallelism between uptake inhibi- 
tion and analgesia was observed. The potency for 5-HT 
uptake inhibition within the methadol group also did not 
parallel the potency for inhibition of tritiated dihydromor- 
phine (DHM) binding to the synaptic plasma membrane 
fraction from rat brain, as determined by Terenius [14]. 
These findings are in agreement with a previous report 
that the inhibition of platelet S-HT uptake by narcotic 
drugs does not parallel their analgesic potency [6]. Thus, 
the uptake carrier for 5-HT in platelet membranes does 
not appear to be a suitable model for the opiate receptor. 

There was a more striking parallelism. however, between 
uptake inhibition by methadone and its congeners and the 
absolute configuration of the enantiomorphs which pos- 
sessed an asymmetric center in common with methadone. 
Thus, the compounds with the 6R configuration, such as 
(—) methadone, (+) x-methadol, (+) z-acetylmethadol. 
(—) f-methadol and (—) /-acetylmethadol, were more 
potent uptake inhibitors than the compounds with the 6S 
configuration, such as (+) methadone, (—) x-methadol. 
(—) z-acetylmethadol, (+) f-methadol, and (+) f-acetyl- 
methadol. 

The results above indicate the possibility that platelets 
from patients in a methadone-maintenance program may 
have a decreased ability to take up 5-HT in vivo. The 
extent of this decrease will depend on primarily upon the 
concentrations of unbound (—) methadone and 5-HT in 
the plasma. The extent of inhibition shown in the present 
study may be greater than that occurring in vivo, due to 
the fact that about 85 per cent of the (—) methadone in 
plasma is protein bound [15]. Since the incubations in 
the present study contained only 25 per cent plasma, a 
greater proportion of methadone in the incubations may 
be expected to be unbound [16]. when compared to whole 
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Fig. 1. Double reciprocal plots of 5-HT uptake in the pres- 
ence of (—) methadone at concentrations of 0, 0.5, 1.0 and 
2.0 x 10°’ M. The incubations were carried out for 4 min. 
The 5-HT concentrations ranged from 1.18 to 
11.8 x 10°’ M. Velocity is expressed as moles x 107 ''/ml 
of plasma/min. 
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Table 1. Inhibition of 5-HT uptake by chlorimipramine, imipramine, methadone and its congeners 


ICs~ (M) for 
DHM bindings 


EDsq for 
analgesiat 


ICs (M) for 
5-HT uptaket 


Config- 


uration* Slope + S. E. 


Compound 





0.43 (10 
0.82 (10 
0.15 (10 
0.35 (10 
0.81 (10 
0.93 (10 


0.689 + 0.141 
0.616 + 0.053 


0.549 + 0.034 
0.659 + 0.024 
0.841 + 0.079 


0.640 + 0.044 
7 (10 0.681 + 0.024 
0.62 (10 oh 0.631 + 0.086 

(10 5. 0.670 + 0.332 


0.06 (10 0.745 + 0.024 
0.30 (10 0.787 + 0.030 
1.4 (10 0.721 + 0.048 
0.50 (10 0.717 + 0.119 


0.00 (10 0.635 + 0.017 
0.92 (10 0.605 + 0.034 
5 0.661 + 0.075 


25 (10 


Chlorimipramine 
Imipramine 


) Methadone 6R 
) Methadone 
) Methadone 6S 


) x-Methadol R:6R 
) B-Methadol S:6R 
) x-Methadol 38:68 
) 6-Methadol 3R:6S 
3R :6R 
3S :6R 
38:6S 
3R:6S 


1+ 


I+ 


H+ + + 


Nit —l4+ 


+) x-Acetylmethadol 
) B-Acetylmethadol 
) x-Acetylmethadol 
(+) f-Acetylmethadol 
Metabolite A 
(—) z-Normethadol 
Metabolite B 


I+ I+ + 


I+ 


+ |+ 


(38:6S) 


I+ 


* From Ref. 12. 


+ Incubations were carried out for 5 min at a 5-HT concentration of 5.9 x 10 


7 M. Data are expressed as the 


mean +S. D. for three experiments, with the exception of (+) and (—) f-methadol (two experiments). 
} Data from Ref. 13 showing s.c. EDs, values (mg/kg) in mice. using the hot plate method. 
§ Data from Ref. 14 showing ICs, values for inhibition of tritiated dihydromorphine (DHM) binding io the synaptic 


plasma membrane fraction of rat brain. 


Significantly different from the slope for (—) methadone, P = 0.05 or less. 


plasma. However, since a significant amount of protein 
binding of (—j methadone would be expected to occur 
in the incubations [16], the actual K; for (—) methadone 
inhibition of 5-HT uptake by platelets may be less than 
the apparent K; of 7.6 x 10°° M that was observed in 
the presence of 25 per cent plasma. 

Imipramine, which in the present study was about four 
times as potent as (—) methadone, has been reported to 
decrease human platelet 5-HT to 17 per cent of the control 
levels after 3 weeks of a daily oral dose of 150-300 mg 
[5]. Part of this depleting action may be due to the forma- 
tion of desmethylimipramine, which also depletes platelet 
5-HT [17]. It is not known at the present time whether 
a depletion of platelet 5-HT occurs during methadone 
maintenance. 

In summary, the two significant findings of the present 
study are: first, that the inhibition of platelet 5-HT uptake 
by methadone and its congeners shows structural speci- 
ficity in that compounds with the 6R configuration were 
more potent than compounds with the 6S configuration: 
and, second, that methadone is a more potent inhibitor 
of 5-HT uptake by platelets than was previously recog- 
nized, which raises the possibility that methadone main- 
tenance may cause depletion of platelet 5-HT in vivo. 
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It is generally accepted that 3-methoxy-4-hydroxyphenylethyleneglycol 
(MHPG)-sulphate is the main metabolite of noradrenaline in the brain of the 
rat and a number of other mammals 1 The level of MHPG-sulphate in the brain 
is often regarded to reflect the noradrenergic activity. Experiments in which 
foreign compounds are injected intraperitoneally in the rat and in which after 
a certain period of time the MHPG-sulphate levels in the brain are measured, 
are considered to be of value in estimating the influence of the drug under 
study on the noradrenergic system in brain. Although a number of such studies 
has been carried out in which the effect of various drugs on the MHPG-sulphate 
content in brain tissue has been examined, the possibility that the drugs 
might influence the sulphating reaction itself has not yet been studied. 

Probenecid (p-(dipropylsulfamoyl)benzoic acid) inhibits the active trans- 
port of acid compounds out of the brain. The drug has often been used to es- 
timate the turnover of monoamines by determination of the rate of accumulation 
of acid metabolites in brain tissue and cerebrospinal fluid after treatment a 

MHPG-sulphate is supposed to be eliminated from rat brain by a probenecid 
sensitive acid transport system, and the effects of probenecid treatment on 


MHPG-sulphate levels have been ascribed to inhibition of this transport sys- 


tem 3. The possibility of a direct action of probenecid on the enzyme con- 


verting MHPG to MHPG-sulphate was, however, never investigated. 
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This sulphate conjugation is catalyzed by the enzyme phenolsulphotrans- 
ferase (3'-phosphoadenylylsulphate: phenolsulphotransferase; EC 2.8.2.1). We 
here report the influence of probenecid on this reaction. Two methods are used 
for the enzyme assay, based on the use of two different substrates, 4-methyl- 
umbelliferone and MHPG itself 455. 

In these assays maximal enzyme activity is reached at a substrate con- 
centration of 0.2 mM; at 0.025 mM the enzyme is not saturated and at 0.5 mM 
substrate inhibition occurs. By addition of different concentrations of 
probenecid (a gift of Merck, Sharp and Dohme) to the incubation mixtures nor 
the internal standards nor the blanks used in the experiments were influenced. 
The enzyme preparation from rat brain was a 10% w/v homogenate in 0.32 M su- 
crose. As sulphate donor a crude preparation of 3'-phosphoadenosine-5'-phospho- 
sulphate (PAPS, “active sulphate") was used, generated by incubation of a 
lyophilized rat liver extract with ATP and sulphate in the presence of magne- 
sium ions. 


Table 1. Effect of probenecid on rat brain phenolsulphotransferase. 





substrate concentration mM 
probenecid 
mM 4-methylumbelliferone MHPG 





0.025 0.05 0.10 0.20 0.50 | 0.025 0.05 0.10 0.20 0.50 





85 109 106 100 80 63 80 100 78 
72 98 130+5 124 54 83 
58 86 130+7 153 39 71 
27 38 120 18 34 











No. of exp. 2 2 2 2 2 a 4 2 





Effects of variation in concentration of probenecid and substrates are pre- 
‘sented as percentages of the activities obtained at 0.2 mM substrate without 
added probenecid. The amount of product formed at this concentration were 300 
nmoles/g/h and 340 nmoles/g/h for 4-methylumbelliferone and MHPG respectively. 


When 4 or more experiments at the same concentration were performed the per- 


centage is given with S.E.M. 
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The 3.0 ml incubation mixture consisted of 2.0 ml PAPS-preparation, 0.5 
ml rat brain homogenate and a final concentration of Triton X-100 of 0.16%, 
tris-HCl buffer pH 7.4 0.4 M, KH,PO, 19 mM, and substrates and probenecid as 
given in Table 1. Incubations were performed for 30 min at 37° Cc. 

After addition of different concentrations of probenecid to the incu- 
bation mixture, at the optimal substrate concentration of 0.2 mM, a signifi- 
cant increase in the amount of formed product was observed, at probenecid con- 
centrations of 1.0 and 2.0 mM. A decrease, however, was found at the higher 
probenecid concentration. Probenecid itself does not interfere with the isola- 
tion nor with the determination of the formed product in both assay methods 
for phenolsulphotransferase. 

We also investigated the effect of probenecid on the phenolsulphotrans- 
ferase activities at higher and lower substrate concentrations. At the lower 
concentrations of both substrates the inhibitory effect of probenecid predomi- 
nates, at the higher substrate concentration an activating action is observed 
up to 5 mM probenecid. The results are summarized in Table 1. 

We tried to find out whether this effect could be attributed to other fac- 


tors than a direct action on the enzyme itself. The effect is also observed 


after the use of a relatively pure, chemically synthesized 6 preparation of 


PAPS. Deletion of Triton X-100, addition of EDTA, the use of recrystallized 
probenecid did not alter the effect. The same action of probenecid is also 
found for enzyme preparations consisting of high speed supernatant or high 
speed pellets from rat brain tissue in 0.32 M sucrose, as is the fact after 
application of hypo-osmotic shock. So we cannot ascribe the effect to an ac- 
tion of probenecid on intact membrane structures. 

We tried to find out whether we could observe the same results when using 
a rat liver preparation inetons of rat brain. In suitably diluted rat liver 
homogenates we observe only a concentration dependent inhibitory action of 
probenecid on phenolsulphotransferase. 


Probenecid appears to possess an inhibitory and an activating action on 
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rat brain phenolsulphotransferase, depending on its own concentration and on 
that of the substrate, an effect that is not observed for the rat liver en- 
zyme. To what extent these effects influence the MHPG-sulphate concentration 
in brain after probenecid in vivo cannot be anticipated. But, in view of the 
high doses of probenecid administered to patients and animals, these findings 
may have practical implications with regard to the measurement of MHPG-sul- 
phate after probenecid treatment and they may complicate the interpretation 


of the results of in vivo experiments using this drug. 
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The body synthesizes two families of compounds that 
it uses to carry signals from one cell to another—the 
hormones and the neurotransmitters. Hormones are 
distributed ubiquitously by the circulation, but only 
cells containing specific receptors can “decode” them. 
In addition, hormones include a considerable variety 
of chemicals, covering a wide range of polarity and 
molecular weight. Neurotransmitters, in contrast. are 
distributed only to cells that are anatomically close 
to their neurons of origin. They are relatively homo- 
geneous: all of the presently accepted group are low 
molecular weight, water-soluble compounds that are 
charged at physiological pH and are closely related 
to amino acids or to such other dietary constituents 
as choline. The studies that are summarized in this 
brief review provide evidence for another major differ- 
ence between most neurotransmitters and all hor- 
mones, i.e. their different dependencies on precursor 
availability. The rates at which serotonin, acetylcho- 
line, and perhaps other neurotransmitters are synthe- 
sized in the brain depend in part on “open-loop” con- 
trol systems: synthesis increases or decreases as a con- 
sequence of diet-induced changes in the plasma con- 
centrations of their precursors. The production of 
some hormones can be modified by imposing grossly 
unphysiologic limitations on the availability of their 
precursors (for example, the virtual absence of dietary 
iodine or lack of ultraviolet light exposure will limit 
production of thyroxine or vitamin D; respectively). 
To our knowledge, however, no evidence exists that 
normal variations in precursor levels ever control the 
rates at which glands produce or secrete steroids, pep- 
tides. or other hormones. In contrast, the simple 
choice between eating an apple or a chicken leg may 
determine how much serotonin the brain will make 
during the postprandial period, and a week of lun- 
cheon omelettes would probably elevate acetylcholine 
levels in the basal ganglia. 

This susceptibility of neurotransmitter synthesis to 
the availability of precursors probably reflects an in- 
terplay of three biochemical mechanisms: (a) the pro- 
pensity of rate-limiting biosynthetic enzymes (such as 
tryptophan hydroxylase and choline acetyltransferase) 
to require, for full saturation, higher concentrations 
of their substrates than are normally present in 
brain [1,2]: (b) the inability of the brain to synthesize 
or store large amounts of these substrates and its con- 
sequent dependence on the circulation for obtaining 
them [3.4]; and (c) the tendency for substrate levels 
in plasma to vary within a considerable dynamic 
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range, responding primarily, but not exclusively, to 
food consumption [5-7]. The coupling of synthesis 
rates to precursor availability is a fairly widespread 
phenomenon in mammalian cells, especially in tissues 
like liver and skeletal muscle that function as reser- 
voirs for dietary constituents. Protein consumption, 
for example, increases the proportion of hepatic 
tRNA molecules that are charged with tryptophan 
and other scarce amino acids, thereby facilitating the 
aggregation of polyribosomes and accelerating the 
production by liver of albumin, tyrosine transa- 
minase, and probably many other proteins. The 
body’s reliance on precursor availability as a control 
in the production of high molecular weight storage 
compounds differs considerably, however, from its use 
of this mechanism to produce trace quantities of 
highly potent chemical signals. Indeed, one is entitled 
to wonder why the evolutionary process “allowed” 
something so variable as food choice to influence 
something so important to the organism as neuro- 
transmitter synthesis. This relationship does provide 
the brain with chemical “windows” for monitoring 
nutritional state and we speculate below as to the 
possible uses to which the brain puts this information. 

The uses of these open-loop control mechanisms 
to the scientist and the physician are, happily, much 
more obvious: the fact that choline (or tryptophan) 
administration rapidly accelerates brain acetylcholine 
(or serotonin) synthesis provides the investigator with 
an enormously useful tool for manipulating choliner- 
gic (or serotoninergic) synapses with a relatively high 
degree of specificity, and provides the clinician with 
a novel, and probably safe, tool for treating disease 
states thought to be related to inadequate cholinergic 
(or serotoninergic) transmission. Similarly, the fact 
that normally occurring changes in precursor levels 
create corresponding changes in neurotransmitter 
synthesis (and. probably, release) gives the investiga- 
tor a rare opportunity to discover the real functions 
of the neurons that utilize these neurotransmitters: 
if cholinergic or serotoninergic neurons should 
happen to be essential to a system mediating a par- 
ticular brain output (e.g. sleep, secretion of a pituitary 
hormone, blood pressure, or myoclonus), then diet- 
induced changes in the synthesis of their neurotrans- 
mitter may correspond to changes in that brain out- 
put. 

The following discussion briefly summarizes the in- 
formation currently available concerning the relation- 
ships between precursor availability and the syntheses 
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of brain serotonin, acetylcholine, and the catechola- 
mines, dopamine and norepinephrine. It should be 
recognized that similar relationships may also exist 
for other neurotransmitters (for example, glycine in 
the spinal cord) and that these remain to be explored. 


SEROTONIN 


The uptake of the circulating essential amino acid 
L-tryptophan into raphe neurons initiates the syn- 
thesis of serotonin in the brain. The factors governing 
this uptake process apparently do not differ from 
those operating in other neurons or in glia, inasmuch 
as both the levels of tryptophan in whole-brain homo- 
genates and the amounts of tryptophan available for 
conversion to serotonin within raphe neurons can be 
predicted from two parameters of the plasma [8,9]: 
(a) its total concentration of tryptophan (free plus 
albumin-bound) and (b) the sum of the concentrations 
of the other-neutral amino acids (chiefly tyrosine, 
phenylalanine, leucine, isoleucine, and valine) that 
compete with tryptophan for a common uptake sys- 
tem, which is probably localized at the blood-brain 
barrier [10,11]. A high-affinity uptake system for 
tryptophan has been described in preparations of 
synaptosomes; however, this system probably bears 
little relation to the actual availability of tryptophan 
for serotonin synthesis in vivo. (It seems unlikely that 
tryptophan normally enters raphe neurons via the 
synaptic cleft.) The intraperitoneal administration of 
low doses of tryptophan (up to 25 mg/kg) causes 
linear increases in the concentrations of tryptophan 
and serotonin within whole-brain homogenates [6]. 
Although these doses are considerably less than the 
amounts of tryptophan that the animal would prob- 
ably receive from a routine daily diet, their effects 
on brain tryptophan levels are much greater because 
they are not accompanied—as is normally the 
case—by the much larger quantities of other neutral 
amino’ acids: present in all natural proteins. When 
tryptophan is administered alone, it must be thought 
of as a drug, not a food. 

That the increases in brain serotonin (following 
treatments that raise brain tryptophan) reflect in- 
creased synthesis, and not decreased release or meta- 
bolism of the monoamine, is indicated by the fact 


that brain levels of 5-hydroxyindole acetic acid. 


(S-HIAA), the major serotonin metabolite. also rise 
in parallel [6]. Investigators have also used an in- 
direct approach to demonstrate the positive rela- 
tionship between brain tryptophan levels and brain 
serotonin. synthesis, i.e. by showing that the rate at 
which the serotonin precursor, 5-hydroxytryptophan 
(S-HTP), accumulates in brain after treatment with 
a centrally acting inhibitor of aromatic L-amino acid 
decarboxylase varies as a function of brain trypto- 
phan concentration [12,13]. Such studies have also 
allowed the calculation of a K,, in vivo for trypto- 
phan hydroxylase, the enzyme that catalyzes the con- 
version of tryptophan to 5-HTP. This K,, value 
(6 x 10°°M)[12] approximates that observed in 
studies in vitro and supports the notion that trypto- 
phan hydroxyiase is normally not saturated with its 
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amino acid substrate in vivo. When brain tryptophan 
levels are elevated by administering the amino acid 
or, as described below, by feeding the animal a pro- 
tein-free meal[14], serotonin and 5-HIAA levels 
rapidly increase in both the brainstem (which con- 
tains the perikarya of serotoninergic neurons) and the 
telencephalon (where the monoamine is largely con- 
fined to nerve terminals)[13]; the smallest per cent 
increases are noted in the hypothalamus and corpus 
striatum. 

If a normal rat that has been fasted for 10-12 hr is 
allowed to consume a carbohydrate or carbohydrate- 
fat meal (i.e. one lacking protein), the levels of trypto- 
phan, serotonin and 5-HIAA in brain increase signifi- 
cantly within | hr and peak after 2hr[14]. These 
changes occur because insulin, which is secreted in 
response to the food, has peripheral effects on plasma 
amino acid concentrations: it lowers the plasma levels 
of al! of the neutral amino acids other than trypto- 
phan (largely by facilitating their uptake by skeletal 
muscle and their incorporation into muscle protein); 
in contrast, it raises plasma total tryptophan concen- 
trations in laboratory rodents. (In humans, insulin has 
no effect on tryptophan levels, or else decreases them 
only slightly [15].) 

This unique response of circulating tryptophan to 
insulin derives from another unusual property of the 
amino acid, i.e. its propensity to bind to circulating 
albumin. The ability of albumin to bind tryptophan 
apparently bears an inverse relationship to the plasma 
concentration of nonesterified fatty acids (NEFA) 
[ 15, 16]. (Fasting rats have NEFA concentrations of 
about 1-2 mM, and more than 99 per. cent of all cir- 
culating NEFA molecules are albumin-bound; in con- 
trast, their concentrations of tryptophan in plasma 
reach only 20 uM, of which about 20 per cent is albu- 
min-bound). Postprandial insulin secretion causes a 
marked fall in plasma NEFA, and, consequently, a 
major increase in the ability of albumin molecules 
to bind tryptophan. Hence, plasma levels of albumin- 
bound tryptophan may rise by as much as 50 per 
cent. Free (i.e. non-albumin-bound) tryptophan levels 
fall after the insulin secretion, as do the levels of other 
neutral amino acids. This fall, however, is of consider- 
ably less magnitude than the simultaneous rise in 
albumin-bound tryptophan; hence total plasma tryp- 
tophan levels rise. Fortunately, the binding of trypto- 
phan to albumin does not seem to render it unavail- 
able to the brain [9,16]: the brain’s affinity for tryp- 
tophan, in vivo, appears to be greater than that of 
albumin. Hence, brain tryptophan levels show a far 
better correlation with the ratio of plasma total tryp- 
tophan to the sum of the competing neutral amino 
acids than with the ratio of plasma-free tryptophan 
to the sum of its competitors.* 

If the test meal consumed by the fasted rat happens 
to contain protein as well as carbohydrate fat, brain 
tryptophan and serotonin levels do not rise as much 
as they do when protein is lacking, even though 
plasma tryptophan concentrations exhibit a greater 
increase [17].* If the amount of protein in the meal 
is increased beyond the 18-22 per cent contained in 
most commercial rat chows, brain tryptophan and 
serotonin levels may actually decrease postprandially. 
This relationship is clearly counter-intuitive: one 
would think that the addition of tryptophan to the 
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food (i.e. as a constituent of the protein) would 
amplify, rather than suppress, the increase in brain 
tryptophan and serotonin. Its explanation arises from 
the fact. mentioned above, that the uptake of circulat- 
ing tryptophan into the brain is competitive with the 
other neutral amino acids: virtually all natural pro- 
teins contain less than 1.5 per cent tryptophan (zein 
contains as little as 0.1 per cent), but more than 25 
per cent of their total mass derives from the five com- 
peting amino acids listed above. Moreover, the 
enzyme tryptophan pyrrolase catabolizes a consider- 
able fraction of the tryptophan entering the liver via 
the portal vein, while little or no metabolism of the 
branched-chain amino acids (leucine, isoleucine and 
valine) occurs in the liver. Hence, the consumption 
of any protein causes proportionately greater in- 
creases in the plasma concentrations of tryptophan’s 
competitors than in that of tryptophan itself. 

The precise effect of any meal on the plasma amino 
acid pattern (and, thereby, on brain tryptophan levels 
and serotonin synthesis) thus depends on a number 
of factors, including: (a) plasma insulin levels pre- 
and postprandially: (b) the amount of protein in the 
meal; and (c) the amino acid composition of the pro- 
tein. The amount of fat in the meal also has a small 
effect on brain serotonin. If the fat content is very 
high, plasma NEFA may not fall postprandially; thus, 
less tryptophan will become bound to albumin, and 
total plasma tryptophan will not rise as much, or it 
may actually fall. The regular consumption of a diet 
especially rich or poor in this amino acid will, at 
steady state, cause the expected parallel changes in 
brain tryptophan. Thus, tryptophan (and serotonin) 
levels are chronically depressed in animals consuming 
a diet in which the only protein source is corn (5.6 
per cent protein) [18]. However, even in this circum- 
stance, each particular meal will transiently elevate 
brain tryptophan, as predicted by its effect on plasma 
amino acid patterns. 

Just as brain tryptophan levels vary as a function 
of a plasma concentration ratio, so also can the brain 
levels of the other neutral amino acids be shown to 
vary as functions of their corresponding ratios. When 
plasma and brains are taken from a number of indivi- 
dual rats that have eaten a variety of different meals, 
the correlation coefficient (r) for brain tyrosine vs the 
ratio of plasma tyrosine to the sum of its five competi- 
tors is 0.91[19]. This competition among neutral 
amino acids for brain uptake and the dependence of 
brain serotonin synthesis on brain tryptophan levels 
may allow the investigator to suppress serotonin syn- 
thesis by administering a new category of “drug” that 
is not known to interact with any of the enzymes 
involved in serotonin synthesis or metabolism: Le. 
one of the branched-chain amino acids. As described 
below, this manipulation has already been used to 
suppress the synthesis of brain catecholamines from 
tyrosine. 

The ability of the investigator to induce increases 
in brain serotonin synthesis—whether it be by 
administering tryptophan or by feeding rats meals 
that elevate brain tryptophan—is the basis of a useful 
paradigm for examining the relative importance of 
other factors that could control serotonin formation 
in vivo. For example, if brain serotonin levels are ele- 
vated pharmacologically [by pretreating animals with 
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a low dose of a monoamine oxidase (MAO) inhibitor] 
and the animals are then allowed to consume a carbo- 
hydrate meal, the subsequent increase in brain 5-hy- 
droxyindole levels is every bit as great as in control 
rats not given the MAO inhibitor [20]; this finding 
indicates that end-product inhibition is not a signifi- 
cant factor affecting brain serotonin synthesis in vivo. 
Similarly, a dose of chlorimipramine that is sufficient 
to suppress the flow of impulses along serotoninergic 
neurons (as shown by electrophysiological methods 
[21] and by a reduction in brain 5-HIAA) does not 
suppress the carbohydrate-induced rise in brain sero- 
tonin at all, and reduces the rise in brain 5-HIAA 
by only 18 per cent[20]. These results suggest that 
brain serotonin synthesis is not as dependent as that 
of, say, dopamine on the rate of impulse flow. 

The above observations strongly suggest that sero- 
toninergic brain neurons are highly specialized “vari- 
able ratio sensors,” that is, they regulate their rate 
of neurotransmitter synthesis according to a plasma 
ratio that changes predictably in response to food 
consumption or hormone secretion. Unfortunately, 
data presently available do not prove that the flow 
of information from serotonin neurons also varies 
with brain tryptophan levels, or even that serotonin 
release exhibits this dependency. Ideally, one would 
choose to examine the relationships between plasma 
amino acids, serotonin synthesis, and serotonin 
release using a peripheral serotoninergic synapse, i.e. 
one from which the released serotonin and serotonin 
metabolites could be collected and the correlation 
between serotonin levels and the amounts of neuro- 
transmitter released per nerve impulse examined. We 
are unaware of a suitable peripheral synapse, and 
hence are unable to measure serotonin release into 
brain synapses directly. Therefore, it seems necessary 
to approach indirectly the relationship between food- 
induced changes in serotonin synthesis and release 
of transmitter from serotoninergic neurons. Three 
strategies suggest themselves: (a) to measure the 
amounts of serotonin and 5-HIAA entering the cer- 
ebrospinal fluid in fed and fasted animals after peri- 
pheral stimuli known to activate serotoninergic 
neurons; (b) to monitor the spontaneous electrical 
activity of raphe neurons (and the neurons they inner- 
vate) in animals given meals that raise or lower brain 
serotonin; and (c) to examine the effects of such meals 
on brain outputs that are believed to depend on cir- 
cuits with a serotoninergic synapse (examples of such 
outputs are food consumption, sleep. and secretion 
of anterior pituitary hormones). 

The utility of the first strategy is limited by the 
unavailability of peripheral manipulations that relia- 
bly activate serotoninergic neurons. Preliminary uses 
of the second strategy have shown that the electrical 
activity of raphe neurons that happen to be active 
already (i.e. they are undergoing fairly frequent depo- 
larizations prior to treatment) declines when rats are 
given pharmacologic doses of tryptophan (i.e. doses 
that elevate brain tryptophan levels beyond their nor- 
mal dynamic range [22]). In other words, when pre- 
cursor loading causes neuronal serotonin levels to in- 
crease, the accelerated release of transmitter activates 
the feedback mechanisms, which in turn suppress the 
further release that would accompany neuronal firing. 
Unfortunately, this finding with raphe neurons pro- 
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vides no insight into what happens in animals in- 


which brain serotonin levels are varying physiologi- 
cally. However, within this normal range of variation, 
changes in the quantity of serotonin released per 
nerve impulse do not appear to cause feedback modi- 
fications in the rate of impulse flow [23]; thus, the 
number’ of molecules impinging on_ post-synaptic 
receptors per unit of time may actually vary with 
brain serotonin levels. 

Application of the third strategy is, of course, sorely 
compromised by the fact that any measurable brain 
output undoubtedly involves a very large number of 


synapses and many more neurotransmitters than just - 


serotonin. Thus, for example, a dietary treatment that 
really did increase the flow of information across ser- 
otoninergic synapses might fail to modify sleep or 
food consumption because the outputs from other 
neurons in the synaptic chain underwent compensa- 
tory changes. Nevertheless, some evidence now exists 


that precursor-induced changes in brain serotonin * 


levels can significantly modify brain outputs. Perhaps 
the most compelling data concern the mechanism by 
which the rat chooses how much protein to consume 
over a fairly long period (4 weeks): when animals 
were allowed to pick from several diets that varied 
both in protein content and in amino acid composi- 
tion, their total protein intakes exhibited a very high, 
inverse correlation with the ratio of plasma trypto- 
phan to the sum of its neutral amino acid competi- 
tors[24]. (Brain serotonin levels were not actually 
measured.) If one assumes that protein homeostasis 
exists and is important to the organism, it makes 
some sense teleologically that a family of neurons 


whose function depends on the scarcest amino acid 
should “inform” the rest of the brain about the state 


of the body’s amino acid metabolism. 

Tryptophan administration has also been shown to 
modify sleep latency in humans [25], the secretion of 
prolactin and gonadotropins in humans (cf. Ref. 26). 
and the pain sensitivity of rats previously given a corn 
diet [27]. Apparently, no data are available on how 
meal-induced changes in brain tryptophan affect these 
brain outputs. Unfortunately, changes observed after 
administration of large doses of tryptophan do not 
necessarily reflect alterations in serotonin release: as 
a neutral amino acid, tryptophan can lower brain 
tyrosine levels, and thus, in large doses, transiently 
suppress brain catecholamine synthesis [28]. Such 
changes in the plasma amino acid pattern and in 
brain tryptophan may underlie some of the neurolog- 
ic findings in hepatic coma[29] and in numerous 
other metabolic diseases. 


ACETYLCHOLINE 


The K,, values of brain choline acetyltransferase 
for choline (400 uM) and acetyl CoA (18 uM)[2] 


are well above the actual brain concentrations of 


these acetylcholine precursors (approximately 37 uM 
[7, 30.31] and 7-11 uM [32], respectively); hence, it 
shouid not be surprising that acetylcholine synthesis 
can be accelerated by treatments that elevate brain 
choline (or, presumably, acetyl CoA) levels. What is 
perhaps surprising is that this effect was not fully 
documented until 1975[31]. when our laboratory 
reported that whole-brain acetylcholine levels were 
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significantly elevated (by 22 per cent) 40 min after rats 
received a single intraperitoneal dose of choline chlor- 
ide (60 mg/kg). Technological problems account for 
this delay in exploring what now appears an obvious 
relationship: until the recent application of focused 
microwave beams for rapid inactivation of brain 
enzymes, no method existed by which brain samples 
could be obtained in which acetylcholine levels were 
not artifactually depressed (and those of choline ele- 
vated) as a result of postmortem hydrolysis of acetyl- 
choline (and choline-containing phospholipids). More 
recent studies have affirmed that treatments which 
elevate brain choline levels subsequently increase 
those of acetylcholine and have further shown that 
this effect is especially marked within the caudate 
nucleus. The consumption of 129mg of dietary 
choline/day for 11 days was associated with caudate 
acetylcholine concentrations that were 46 per cent 
greater than those found in control animals on cho- 
line-free diets, and 15 per cent greater than those in 
animals eating 20 mg choline/day [7]. These increases 
in brain acetylcholine produced by administering 
physostigmine were additive to those produced by 
adding choline to the diet, ‘affirming that choline 
raises brain acetylcholine by accelerating its synthesis. 

Although a controversy continues regarding the 
ability of the brain to synthesize choline de novo, most 
investigators seem to agree that the brain lacks this 
capacity and that its sole source of choline is the cir- 
culation; the circulation, in turn, receives choline 
from endogenous synthesis in the liver and from cer- 
tain foods (especially eggs and meats). The extent to 
which the diet and the liver normally provide the 
brain with the choline molecules utilized for acetyl- 
choline synthesis has not yet been characterized. The 
diet is probably a very important source, however, 
in view of the fact that changes in dietary choline 
can induce such rapid and major changes in brain 
acetylcholine levels. The range of daily choline intakes 
utilized in the above dietary studies was probably of 
the same order as the range occurring normally in 
the human diet. 

Synaptosomal preparations from rat brain exhibit 
two uptake mechanisms for choline: (a) a sodium- 
dependent, high-affinity system specifically associated 
with the terminals of cholinergic neurons, and (b) a 
low-affinity system, not confined to cholinergic 
neurons, which is probably not saturated in vivo at 
normal plasma choline concentrations [33]. We sus- 
pect that these two uptake systems fulfill different 
functions: the high-affinity system may serve to allow 
choline molecules to be reutilized for acetylcholine 
synthesis, while the low-affinity system may regulate 
the uptake of circulating choline and, therefore, deter- 
mine the total amounts of choline (plus acetylcholine) 
present at steady state in brain. (Compared to those 
in rats deprived of dietary choline for 11 days, free 
choline concentrations in plasma were twice as high 
among rats eating 20mg choline daily and almost 
four times as high in animals eating 129 mg[7]. 
Hence, free choline levels do normally vary in plasma 
over a considerable dynamic range.) We do not yet 
known whether choline, like tryptophan, encounters 
competition from other dietary constituents or from 
endogenous choline analogs that can affect its uptake 
into brain. Another matter yet to be determined is 
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whether major changes in brain acetylcholine syn- 
thesis (produced by varying the availability of choline) 
ultimately cause compensatory feedback changes in 
the activity of choline acetyltransferase. 

The physiological significance of diet- and precur- 
sor-induced changes in brain acetylcholine levels 
remains to be explored, as does the possibility that 
similar changes occur in the more accessible, peri- 
pheral cholinergic neurons. However, the speed with 
which choline adminstration elevates brain acetylcho- 
line strongly suggests that the number of molecules 
in a “quantum” of acetylcholine need not be constant, 
and that it is subject to modification by nutritional 
and metabolic factors affecting plasma choline levels. 
Very soon after publication of the initial report on 
the choline effect in rats, oral choline supplements 
were tested as a therapeutic measure in a disease (tar- 
dive dyskinesia) thought by some psychopharmacolo- 
gists to reflect inadequate central cholinergic tone. 
The choline treatment did ameliorate the clinical find- 
ings in the single patient studied; however, it also 
produced unwanted signs of peripheral cholinergic ac- 
tivation [34]. Both the therapeutic effect and the side 
effect provide evidence that choline-induced changes 
in acetylcholine synthesis do, in fact, modify the flow 
of information across cholinergic synapses. One an- 
ticipates that numerous additional uses for choline 
administration (or deprivation) will be discovered by 
physicians and research scientists wishing to alter the 
functional activities of cholinergic synapses. 


CATECHOLAMINES 


When rats received a tyrosine dose considerably 
larger than the tryptophan doses needed to elevate 
brain serotonin, their brains, assayed several hours 
later, did not contain increased quantities of dopa- 
mine or norepinephrine. In coupling this negative 


finding with the broad repertory of alternate 
mechanisms by which the enzyme tyrosine hydrox- 
ylase can, by itself, control catecholamine synthesis. 
most observers have concluded that precursor avail- 
ability does not significantly determine the rates at 
which brain neurons produce dopamine or nore- 
pinephrine. For tyrosine levels not to influence cate- 
cholamine synthesis would be somewhat surprising, 
however, inasmuch as (a) tyrosine hydroxylase, like 
tryptophan hydroxylase, is probably not fully satu- 
rated in vivo, and (b) plasma and brain tyrosine levels 
normally vary within a broad dynamic range, rising 
considerably after animals consume high-protein 
meals [4] (probably because both the tyrosine and the 
phenylalanine in the protein contribute to plasma 
tyrosine). 

Because relatively large quantities of brain catecho- 
lamines are present within pools with slow turnovers 
and may thus obscure a tyrosine-induced rise in brain 
catecholamines, we explored the relationship between 
brain tyrosine levels and catechol synthesis using the 
decarboxylase inhibition method: rats received 
RO4-4602 intraperitoneally and, I5min later, a 
second injection of an amino acid that would either 
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raise, lower, or have no effect on brain tyrosine. Ani- 
mals were killed 1 hr after the first injection, and their 
brains were assayed for tyrosine and for the dopa 
that had accumulated subsequent to decarboxylase 
inhibition. Treatments that elevated whole-brain tyro- 
sine levels were found to have increased the synthesis 
of dopa; those that lowered or failed to affect tyrosine 
produced parallel changes in brain dopa levels [28]. 
We next examined the relationship between brain 
tyrosine levels and dopamine synthesis by following 
the accumulation of brain dopamine after inhibition 
of MAO, or of homovanillic acid (HVA), after the 
administration of probenecid. With these paradigms, 
the correlation between brain tyrosine and catechola- 
mine synthesis was poor. In contrast, an excellent cor- 
relation appeared when caudate HVA and whole- 
brain tyrosine levels were examined in rats pretreated 
with haloperidol (a dopamine receptor agonist).* 

We currently interpret these findings as follows: 
catecholamine synthesis within dopaminergic neurons 
(i.e. of the nigro-neostriatal tract) does, indeed, 
depend on both tyrosine hydroxylase activity and pre- 
cursor (tyrosine) availability. When tyrosine levels are 
elevated, a transient acceleration occurs in dopamine 
synthesis, which, in turn, increases the amounts of 
the neurotransmitter that are released into synapses. 
The increase in dopamine release activates feedback 
mechanisms (which might be mediated either by 
multi-synaptic pathways or by pre-synaptic receptors, 
or both), and these mechanisms cause a compensatory 
decrease in tyrosine hydroxylase activity; this de- 
crease restores dopamine synthesis to normal. When 
animals received the decarboxylase inhibitor or the 
dopamine receptor-blocking agent. precursor-induced 
changes in dopa (or dopamine) synthesis were 
blocked from causing corresponding changes in the 
activation of dopamine receptors; hence, these feed- 
back mechanisms did not operate. However, when 
animals received tyrosine or other amino acids plus 
an MAO inhibitor or probenecid, the hypothetical 
feedback mechanism could still operate; hence, brain 
tyrosine levels correlated poorly with dopamine syn- 
thesis. If this explanation is indeed correct. it will be 
of interest to determine whether similar feedback 
mechanisms also prevent brain tyrosine levels from 
influencing the rates of catecholamine synthesis in 
other dopaminergic neurons, or in noradrenergic 
neurons. A recent observation suggests that amino 
acid treatments that lower brain tyrosine can depress 
dopamine synthesis, at least transiently: pretreatment 
of rats with one of the branched-chain amino acids 
suppressed the hypothermic effect of d-amphetamine, 
which is mediated by dopamine release [35]. 
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Abstract—Propranolol (0.03-0.3 mM), an amphiphilic cationic drug which is used therapeutically as 
a B-blocker. was found to alter significantly the incorporation of ['*C]glucose, ['*C]glycerol. ['*C]ace- 
tate, >?Pi, [*H cytidine. [*H Jinositol, ['*C]choline, ['*C]ethanolamine and ['*C]serine into phospho- 
lipids of the iris muscle. Furthermore, it was found to exert a stimulatory effect on the ['*C]serine 
incorporation into phosphatidylserine of the muscle and microsomes. In contrast, sotalol, another 
B-blocker-but lacking the hydrophobicity of propranolol-exerted no effect on lipid metabolism. Whereas 
norepinephrine stimulated only the turnover of the phosphate moiety of phosphatidic acid and phospha- 
tidylinositol, in general propranolol caused the following changes: (a) it stimulated by 2- to 6-fold 
the labelling of phosphatidic acid and phosphatidylinositol from ['*C]glucose, ['*C]glycerol, [!*C]ace- 
tate, 3*Pi and [*H inositol, (b) it increased by 5- and 38-fold the incorporation of *?Pi and [*H]cytidine, 
respectively into CDP-diglyceride, (c) it inhibited appreciably the incorporation of ['*C]glucose. 
[{'*C]glycerol, ['*C]acetate and **Pi into phosphatidylcholine and phosphatidylethanoalmine. However. 
while it inhibited significantly the ['*C]choline incorporation into the former, it stimulated by 60 
per cent the ethanolamine incorporation into the latter phospholipid. These results indicate that pro- 
pranolol probably redirects phospholipid synthesis de novo, by inhibiting phosphatidate phosphohydro- 
lase, such that the increase obtained in the biosynthesis of phosphatidylinositol is accompanied by 
a corresponding decrease in the synthesis of phosphatidylcholine and phosphatidylethanolamine. 

Propranolol also caused a 250 per cent increase in the ['*C]serine incorporation into phosphatidyl- 
serine of the iris muscle and 28 per cent increase in that of microsomes. The drug appears to 
stimulate the Ca**-uptake by muscle and microsomes, which in turn could act to stimulate the Ca**- 
catalyzed base-exchange reaction. 

In addition the metabolic pathways involved in the biosynthesis of the major phospholipids of 
the iris, a smooth muscle, are reported for the first time. These pathways were found to be essentially 


similar to those reported for other tissues. 


A number of reports have recently appeared showing 
that a large variety of amphiphilic cationic drugs, in- 
cluding chlorpromazine and other phenothiazine 
tranquilizers[1-4], cinchocaine and other local 
anaesthetics [3-7], morphine [8], fenfluramine and its 
derivatives [3] and propranolol [6, 7, 9-14], markedly 
altered phospholipid metabolism in a wide variety of 
tissues. In general these changes involve redirection 
of phospholipid synthesis (see Fig. 2 in Discussion) 
away from triglycerides, phosphatidylcholine (PhC), 
phosphatidylethanolamine (PhE), and into phosphati- 
dic acid (PhA), phosphatidylinositol (PhI), CDP-dig- 
lyceride and diphosphatidylglycerol, and they could 
be explained in part if the drugs used inhibit phospha- 
tidate phosphohydrolase [3.4.7]. Support for this 
hypothesis comes from the recent report of Brindley 
and Bowley[3] who showed that amphiphilic 
cationic drugs such as fenfluramine, cinchocaine and 
chlorpromazine inhibited liver phosphatidate phos- 
phohydrolase by 50 per cent at concentrations 
between 0.2 and 0.9 mM. 





* This paper was written while this author was Visiting 
Professor at the Medical School, University of Notting- 
ham. 

+ Preliminary 


[11, 12]. 


reports of this study have appeared 


In previous communications from this laboratory 
we reported on the adrenergic and cholinergic stimu- 
lation of *?Pi labelling of phospholipids in rabbit iris 
muscle [11-13,15]. Among these findings was the 
observation that when the f-adrenergic blocker pro- 
pranolol was added to irises which were preincubated 
in Krebs-Ringer containing **Pi, the labelling of 
PhA, PhI and CDP-diglyceride was increased by 10-, 
2- and 16-fold, respectively, while that of PhC and 
PhE was inhibited by 90 and 30 per cent respectively. 
It is interesting to note that this drug is similar in 
its physicochemical properties to other amphiphilic 
cationic drugs, which were found to alter phospho- 
lipid metabolism, in that it possesses both a hydro- 
phobic region and a substituted amine group which 
can bear a net positive charge. The amphiphilic 
nature of these drugs appears to enable them to inter- 
act with the phosphatidic acid of membranes which 
in turn inhibits phosphatidate phosphohydrolase and 
subsequently the redirection observed in phospholipid 
metabolism [3, 16]. 

To throw more light on the molecular mechanism 
underlying the effects of propranolol on phospholipid 
metabolism in the iris muscle, a series of experiments 
was performed to investigate the effects of this drug 
on the incorporation of a number of radioactive lipid 
precursors into its phospholipids.* Our results clearly 
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show that: (a) propranolol altered the course of incor- 
poration of-labelled glucose, glycerol, acetate, inor- 
ganic phosphate. serine, myoinositol, choline, etha- 
nolamine and cytidine into lipids of the iris muscle. 
The results obtained from these experiments give sup- 
port to the hypothesis[3.4,7] that amphiphilic 
cationic drugs are inhibitors of phosphatidate phos- 
phohydrolase, (b) propranolol exerted marked effects 
on the incorporation of serine, ethanolamine and cho- 
line into their respective phospholipids by the Ca**- 
catalyzed base-exchange reaction. 


MATERIALS AND METHODS 


Preparation and incubation of iris muscle. Unanaes- 
thetized albino rabbits of either sex, weighing approx 
2 kg. were employed. They were stunned by a blow 
to the head and the eyes enucleated within 15 min 
of death and placed in Krebs-Ringer bicarbonate 
buffer, pH 7.4, that contained 11 mM _ glucose, at 0. 
After transportation of the rabbit eyes from the 
slaughter house (25min) the iris muscle, which 
weighed about 36-40 mg, was removed from each eye 
and placed in the Krebs-Ringer buffer at 0. In gen- 
eral one or more irises were placed in test tubes con- 
taining 1.3 ml of the same buffer which was gassed 
with 5°, CO, in O, before use. About 25 wCi of **Pi 
or 4-13 wCi of the other lipid precursors were added 
to each tube and pDL-propranolol and other agents 
were then added as indicated to give a final volume 
of 1.5 ml. Following incubation at 37° for 30min in 


a shaking incubator the irises were washed twice with 
5 ml of ice-cold Krebs-Ringer bicarbonate buffer, fol- 
lowed by addition of 5ml of chloroform—methanol 
(2:1, v/v). Lipids were extracted from the irises as 
was described previously [13, 15]. 
Isolation of microsomes from iris 


muscle. Rabbit 
eyes. enucleated immediately after sacrifice were 
placed in ice-cold saline. After transportation from 
the slaughter house the irises were removed and 
placed in 0.25 M sucrose containing 2.5mM EGTA 
(pH 7.0). in brief, about 4-8 g (100-200 irises) of tissue 
are suspended in the same solution to a final volume 
of 10°, (w/v). All the following steps were done at 
0-4. The irises were cut into small pieces with a fine 
scissor. Ten to fifteen ml volume of suspension at a 
time was homogenized in a Super Dispax Tissumizer 
Model SDT-182 (Tekmar Company, Cincinnati. 
Ohio. U.S.A.) at 14.000 rpm for 30sec followed by 
10sec (total 40sec). The pooled homogenate was 
quickly passed through a 2-fold cheese-cloth under 
mild water suction to remove most of the connective 
tissue and debris. The filtrate was then centrifuged 
at 800 g for 20 min. The mitochondria was spun down 
at 8000g for 20 min and the post-mitochondrial 
supernatant thus obtained was finally centrifuged at 
100.000 g for 90 min to pellet out the microsomal 
fraction. The microsomal pellet was washed twice 
with 0.25 M sucrose and then homogenized gently in 
0.25M sucrose using a loose-fitting Teflon—glass 
homogenizer (clearance 0.26mm). The homogenate 
was made up to the original volume with 0.25 M suc- 
rose then centrifuged at 100,000g for 90min. The 
microsomal fraction was suspended in 0.25 M sucrose 


(4 ml) and stored overnight at 20. Protein was deter- 
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mined by the procedure of Lowry et al.[17] using 
bovine serum albumin as standard. The yield of mic- 
rosomal protein was 1.5—1.7 mg/g tissue. The integrity 
and purity of the preparation was monitored by elec- 
tron microscopy and assessment of enzyme markers 
as previously described [18,19]. In brief the activity 
of Ca? *-ATPase (expressed as ymole Pi liberated/mg 
protein/30 min), acetylcholinesterase (umole ACh 
hydrolyzed/mg protein/30 min) and NADPH-cyto- 
chrome reductase (change in O.D. at 550 nm/mg pro- 
tein/30 min) was found to be 3.0, 3.7 and 12.1 in the 
homogenate and 9.6, 17.2 and 36.0 in the microsomal 
fraction, respectively. Further evidence for the enrich- 
ment of this preparation with microsomes can be seen 
from: the electron micrograph shown in Fig. 1. 

issay for incorporation of ['*C]serine and 
['*C]choline into phospholipids of the microsomal frac- 
tion. Under the following conditions of incubation 
['*C]serine and ['*C]choline were found to be incor- 
porated only into PhS and PhC, respectively. Based 
on these observations the following assay for the 
Ca**-catalyzed base-exchange reaction was adopted. 
The incubation mixture consisted of HEPES buffer 
(pH 8.5), 50 mM; CaCl,, 2.5 mM; 200-250 pg of mic- 
rosomal suspension in 0.25 M sucrose and 0.5 pCi 
of ['*C]serine (4 =x 10°°M) or ['*C]choline 
(2 x 10°*M) in a total volume of 0.5 ml. Whenever 
the effect of propranolol was studied, the drug was 
added in 0.1 ml of water and preincubation for 5 min 
at 37 was performed. The reaction was started by 
the addition of labelled serine or choline and incuba- 
tion was carried out for 30 min with shaking before 
it was terminated by the addition of 0.5 ml of ice-cold 


Fig. |. Electron micrograph of a microsomal fraction pre- 
pared from the rabbit iris muscle. Magnification: 5,200. 
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10° trichloroacetic acid. The content of the tubes was 
then filtered directly on a nitrocellulose membrane 
filter (HA 0.45 ym, Millipore Corp. Bedford, Mass.) 
which has been pre-washed once with 3ml of 5% 
TCA. The filter was washed with 20 volumes of ice- 
cold 5°, TCA containing 0.02 M unlabelled respective 
bases. The filter disc was then dried in an oven at 
60° for 30 min. The dried filters were placed in glass 
vials containing 10 ml scintillation liquid (0.4%, PPO 
and 0.015°,, POPOP) in toluene—ethanol, 600:378 v/v) 
and counted. The results are expressed as cpm/mg 
protein/30 min (or nmole/mg protein/30 min). The 
zero-time values of approximately 400 cpm were rou- 
tinely subtracted. 

*5Ca** uptake by iris muscle. Iris muscle obtained 
from right eye served as control while that of left 
eye was used for experimental. Irises were incubated 
in presence or absence of propranolol for 15 min at 
37° in Krebs-Ringer bicarbonate medium. At the end 
of preincubation 0.1 ml of *°Ca?* (2.5 wCi) was added 
and incubation was continued for another 30 min. 
The total volume of the reaction mixture was 2 ml. 
The slices were quickly transferred to tubes contain- 
ing 5 ml of ice-cold Ca**-free Krebs-Ringer solution. 
The tubes were stirred and the slices left for 30 min 
before being transferred into tubes containing 5 ml 
of the same buffer. The slices were washed twice and 
each time they were allowed to stay in solution for 
10 min. Finally they were transferred to scintillation 
vials containing | ml of NCS tissue solubilizer. The 
slices were digested at 50° for 24hr with occasional 
shaking. Ten ml of scintillation liquid was added and 
the vials counted. 

*5Ca?* uptake by iris microsomes. The reaction 
mixture for the **Ca?* uptake consisted of the fol- 
lowing (mM); KCl, 100; imidazole-histidine buffer 
(pH 6.8), 30; ammonium oxalate, 5; sodium azide, 
5; MgCl, 5: CaCl,, 0.02 (0.66 pCi) in a final volume 
of 0.5 ml. Propranolol was added as indicated. The 
incubation mixture was preincubated for 5 min at 37 
and the reaction was started by the addition of 100 
ug of microsomal proteins. After 15 min of incubation 
at 37° the reaction mixture was filtered through 0.45 
um membrane filters (Millipore Corporation). The 
filters were washed twice with 6 ml of 0.25 M sucrose. 
The filters were dried at 60° and their radioactive 
contents determined. The zero time values were rou- 
tinely substracted. 

Isolation of lipids. The individual lipids were iso- 
lated from the total lipid extract by means of two- 
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dimensional t.l.c. and their radioactive contents were 
determined as described previously [ 13, 15]. 
Materials. CDP-diglyceride, derived from egg 
lecithin, was purchased from Serday Research Labor- 
atories, London, Ontario. This preparation gave 
several spots when it was run in the above t.l.c. system 
and thus prior to use it was purified by means of 
silicic acid chromatography [20]. Its purity was ascer- 
tained by means of two-dimensional t.l.c. and chemi- 
cal analysis[20]. Furthermore, when [*H]cytidine 
was used as precursor all the radioactivity was found 
in the spot corresponding to CDP-diglyceride. 
[1.3-'*C]Glycerol (10-20 mCi/m-mole); [1,2-'*C]ace- 
tic acid (1-3 mCi/m-mole); [1-'*C]px-serine (10-25 
mCi/m-mole):; ['*C-U]L-serine (> 135 mCi/m-mole); 
[2-7H]myo-inositol (1-5 Ci/m-mole); [methyl-'*C]- 
choline (30-50 mCi/m-mole); [1.2-'*C]-ethanolamine 
(1-5 mCi/m-mole); [5-*H]-cytidine (20-30 Ci/m- 
mole); ['*C-U ]p-glucose (1-5 mCi/m-mole) and *°Ca 
(21.8 Ci/g Ca) were purchased from New England 
Nuclear. [°?P]-Phosphorus, carrier free, was obtained 
from Schwartz—Mann. DL-Propranolol was obtained 
from Ayerst and Sotalol (1991-1) was from Mead 
Johnson. All other reagents were reagent grade. 


RESULTS 


Effect of different concentrations of norepinephrine, 
propranolol and sotalol on the **P-labelling of iris 
phospholipids. The information sought from the fol- 
lowing experiments was to show if there was similar- 
ity in the action of the neurotransmitter norepineph- 
rine and each of the f-blockers propranolol and sota- 
lol on the turnover of phospholipids in the iris 
muscle. As can be seen from Table | norepinephrine 
at concentrations between 3 and 300 uM increased 
appreciably the *?P incorporation into PhA and PhI 
but not into PhC. Furthermore while propranolol 
(30-300 uM) stimulated the **P-labelling of PhA and 
PhI, it inhibited significantly that of PhC. In contrast 
sotalol, which possesses a polar moiety in its hydro- 
phobic region, exerted no effect on phospholipid 
metabolism. These data indicate firstly that the effects 
of norepinephrine and the amphiphilic amine pro- 
pranolol on phospholipid metabolism are different, 
which could suggest that the two phenomenan might 
be results of two different responses in the lipid meta- 
bolism of cells [1, 4, 6]. Secondly the finding that pro- 
pranolol was effective in altering phospholipid meta- 
bolism could be due to the fact that it possesses both 


Table 1. Effect of different concentrations of norepinephrine, propranolol and sotalol on the **P-labelling of iris 
phospholipids* 





Effect of drug on phospholipid metabolism 





PhA 


of control) 


Drug added (% 


PhC 
(°%%, of control) 


Phi 
(°% of control) 





117 + 3;176 + 5;220 + 7t 
111 + 4:133 + 6:968 + 15 
95 + 5:92 + 6:92 +5 


L-Norepinephrine 
DL-Propranolol 
Sotalol 


122 + 2;:153 +6; 193 + 5 
106 + 3; 129 + 73212 + 
90 + 8:98 + 3;103 + 2 


102 + 5;105 + 7;104+7 
10 67 +.5:34 +659 +2 
103 + 3;102 + 4;101 + 5 





*In the above experiment all the irises were first preincubated for 20 min in 15 ml of *?P-labelled Krebs Ringer, 
then each muscle was transferred into test tubes and reincubated for an additional 40 min in 1.5 ml of fresh *-P-labelled 
Krebs-Ringer in the presence or absence of the drug. The values represent mean + S.E.M. for three experiments. 

+ These values correspond to 0.003, 0.03 and 0.3 mM concentrations respectively. 
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Table 2. Effects of propranolol on the incorporation of various radioactive lipid precursors into phospholipids of the 
iris* 





Amount of 
radio- 


Effects of propranolol on phospholipid metabolism 


(°4 of control) 





activity 
Lipid precursor (uC) 


> 


PhE CDP-diglyceride 





['*C-U ]p-Glucose 
[1.3-'*C]Glycerol 452 
[1,2-'*C Acetate : 600 + 
32 pj Fa 478 + 
5-3H]Cytidine 
e-'*C]Choline 
-7H]Myo-inositol 
-'4C|pi-Serine 
C-U ]Serine 
1,2-'*C]Ethanol- 
amine 


I+ I+ I+ I+ 
Na+ 
— 
SNA DD 
ww Oo Oo 
+ I+ I+ I+ 
coo NN 


516 + 49 
3800 + 300 


I+ 
ae 


162 +7 





- * One to three irises were placed in test tubes which contained Krebs-Ringer bicarbonate buffer and the radioactive 
lipid precursor as indicated in a final volume of 1.5 ml. The reaction mixtures were incubated in the presence and 
absence of propranolol (0.3 mM) at 37° for 30 min. The individual phospholipids were isolated by means of two-dimen- 
sional t.l.c. and their radioactivities determined. The values represent mean + S.E.M. for three experiments. 


a hydrophobic region and a substituted amine group 
which can bear a net positive charge. 

Effect of propranolol on the incorporation of labelled 
glucose, glycerol, acetate and inorganic phosphate into 
phospholipids of the iris muscle. To throw more light 
on the molecular mechanism underlying the action 
of propranolo! on phospholipid metabolism a number 
of radioactive lipid precursors were employed in the 
following experiments (Table 2). The drug stimulated 
significantly the incorporation of labelled glucose, gly- 
cerol, acetate and Pi into PhA and PhI and inhibited 
their incorporation into PhC and PhE. These findings 
are in accord with the hypothesis that cationic amphi- 
philic drugs alter phospholipid metabolism by inhibit- 
ing phosphatidate phosphohydrolase [3,4]. Inhibi- 
tion of this regulatory enzyme results in accumulation 
in the cell of CDP-diglyceride and a corresponding 
decrease in diacylglycerol synthesis. The finding that 
propranolol increased by several-fold the incorpor- 
ation. of °*Pi and [*H]cytidine into the CDP-digly- 
ceride and inhibited ['*C]choline incorporation into 
PhC gives further support to this hypothesis. No 
effort was made in the present work to localize the 
distribution of radioactivity in the phospholipid mol- 
ecule when ['*C]glucose and ['*C]glycerol were 
employed as precursors. Brindley and Bowley, work- 
ing with liver slices reported that [1,3-*H]glycerol 
was incorporated almost exclusively into the glycerol 
backbone of the lipids [3]. 

Effect of propranolol on the 
[*H jinositol into.PhI of the iris muscle and microsomal 
fraction. As can be seen from Table 2 the drug also 
increased the incorporation of [*H]inositol into Phl 
by almost 200 per cent of that of the control. Inositol 
is. incorporated into PhI via the CDP-diglyceride 
pathway and the concentration of inositol is rate- 
limiting in this reaction [20]. Thus the increase in the 
incorporation of [*H]inositol (Table 2) could be due 
to the increase in the propranolol-stimulated CDP- 
diglyceride pool. This was demonstrated through the 
experiments summarized in Table 3. Thus when pro- 
pranolol was included in the reaction mixture there 
was a 19-fold increase in the incorporation of [*H]cy- 


incorporation of 


tidine into CDP-diglyceride and addition of unla- 
belled inositol brought it down to 53 per cent of that 
of the control. There was little incorporation of 
[*H]cytidine in the absence of the drug. It was of 
interest to show whether propranolol was increasing 
the labelling of PhI by stimulating the CDP-digly- 
ceride-inositol phosphatidyltransferase (E.C. 2.7.8.1 1). 
Results from these experiments revealed that the drug 
exerted a negligible effect on this pathway (Table 4). 
Thus it can be concluded from the above experiments 
that propranolol stimulates the formation of CDP- 
diglyceride. The problem arises as to whether this 
stimulation is caused (a) by the increase in phosphati- 
date, due to inhibition of phosphatidate phosphohyd- 
rolase, or (b) by stimulation of phosphatidate cytidyl- 
transferase (E.C.2.8.8.41). 

Effect of propranolol and calcium on the incorpor- 
ation of ['*C]serine, ['*C] ethanolamine and [!*C]cho- 
line into phospholipids of the iris muscle and microso- 
mal fraction. When ['*C]choline was the precursor, 
propranolol inhibited its incorporation into PhC by 
almost 65 per cent of that of the control (Table 2). 
This could be due to the inhibition by the drug of 
phosphatidate phosphohydrolase. However, when 
['*C]serine and ['*C]ethanolamine were employed 
as precursors, the drug increased their incorporation 
Table 3. Effect of the addition of inositol on the proprano- 


lol-stimulated incorporation of [*H]cytidine into CDP- 
diglyceride of the iris muscle* 





[°H]Cytidine incorporated 
into CDP-diglyceride 
Additions 





Control 

Inositol (0.15 mM) 

Propranolol (0.3 mM) 

Propranolol (0.3 mM) 
+ inositol (0.15 mM) 





* Conditions of incubation and analysis of phospholipids 
were as described under Table 2 except that only 1.8 pCi 
of [*H]cytidine was used. The values represent mean + 
S.E.M. for three experiments. 





Propranolol and phospholipid synthesis 


Table 4. Effects of propranolol and CDP-diglyceride on 
the incorporation of [*H]myo-inositol into phosphatidyl- 
inositol of the iris microsomal fraction* 





[*H]Inositol incorporated 
into phosphatidylinositol 


Additions (cpm) 





153 + 10 
218 + 17 
3090 + 187 


Control 
Propranolol (0.15 mM) 
CDP-diglyceride 
(0.15 mM) 
CDP-diglyceride 
(0.15 mM) + 
propranolol 
(0.15 mM) 


3327 + 220 





* The basic incubation medium for the incorporation of 
[7H ]inositol into PhI of the microsomes consisted of the 
following (mM); Tris-HCI buffer, pH 7.5, 80; MgCl,, 10; 
ATP. 1.5; [*H]inositol, 2.3 wCi; and microsomes equival- 
ent to 2 mg protein were added in a final volume of 1.0 ml. 
Time of incubation was | hr. The reaction was terminated 
by adding 0.5 ml of 10° TCA. The values represent mean 
+ S.E.M. for three experiments. 


into their respective phospholipids by 254 and 60 per 
cent respectively (Table 2). Since it is well established 
that in animal tissues serine is incorporated into 
phosphatidylserine (PhS) through the Ca?*-catalyzed 
base-exchange reaction [21,22] it was of interest to 
show whether this effect of propranolol could be due 
to the stimulation of this pathway. In a number of 
preliminary experiments we have demonstrated that 
cytidine and cytidine nucleotides including CMP, 
CDP, CTP and CDP-diglyceride exerted no effect on 
the ['*C]serine incorporation into PhS of the iris or 
its microsomal fraction. These studies indicate that 
['*C]serine, as in other animal tissues, enters into 
PhS by the Ca?*-catalyzed base-exchange reaction. 


Table 5. Effects of Ca?* 
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Since it is well known that Ca** is required for the 
latter reaction [21-26] the problem arises as to how 
does propranolol stimulate the base-catalyzed 
exchange reaction. The following experiments were 
designed to answer this question. As can be seen from 
Table 5 addition of Ca** to the muscle, which con- 
tains bound Ca’*, increased the ['*C]serine incor- 
poration by 42 per cent while in the microsomes the 
increase was 89 per cent. In contrast propranolol in- 
creased the ['*C]serine incorporation by up to 79 
per cent in the muscle and only 28 per cent in the 
microsomes. The effect of the drug plus Ca?* on the 
serine incorporation was less than additive. These data 
suggest that propranolol could be acting on the base- 
exchange reaction through Ca?*. Thus when EGTA 
(0.05 mM) was added to the incubation medium there 
was almost no incorporation of ['*C]serine into 
phospholipids of the microsomes (Table 5). Although 
the muscles were homogenized in sucrose-EGTA the 
finding that there was an appreciable amount of label- 
ling in the control suggests the presence of bound 
Ca?* in these particles. 

When ['*C]choline was the precursor, Ca** in- 
creased the labelling of PhC by 134 per cent and addi- 
tion of propranolol, either alone or with Ca?* had 
no influence on the labelling (Table 6). Thus of the 
three bases investigated in the present work, incorpor- 
ation of serine and ethanolamine into their respective 
phospholipids was stimulated by the drug while that 
of choline was inhibited. In contrast while in micro- 
somes the drug increased by only 28 per cent the 
serine incorporation into PhS it had no effect on that 
of choline. This could be due to the presence of high 
concentrations of bound Ca** in these particles. 

If propranolol stimulates the Ca?*-catalyzed base- 
exchange reaction by making more Ca** available 
to it, then one would expect the drug to act by in- 
creasing either the release or uptake of this ion by 


and propranolol on the incorporation of ['*C]serine into phosphatidylser- 


ine of the iris muscle and microsomal fraction* 





['*C]serine incorporated 
into PhS of muscle 


['*C]serine incorporated 
into PhS of microsomes 





Total radioactivity 
incorporated 


Additions (cpm) 


Total radioactivity 
of incorporated % of 
(cpm) control 


i) 
o 


control 





Control 

EGTA (0.05 M) 

EGTA (0.05 mM) + 
propranolol (0.15 mM) 
Ca?* (2.5 mM) 
Propranolol (0.15 mM) 
Ca?* (2.5 mM) + 
propranolol (0.15 mM) 


22035 + 1400 


31210 + 1900 
39200 + 1100 


44732 + 2100 


100 50533+ + 3200 (1.6)** 100 
+ 


850 + 30 


840 + 27 
142 95600 + 3900 (3.05) 189 
178 64635 + 3400 (2.06) 128 


203 137284 + 5400 (4.38) 272 





* Incubation conditions for incorporation of ['*C]serine into the muscle were as described under 
Table 2 except that Ca?* was omitted from the Krebs-Ringer buffer. The observation that there 


was ['*C]serine incorporation in the control indicates the presence of endogenous Ca** 


in the 


tissue. Incubation conditions for microsomes were as follows: 200-250 yg of protein in 0.25M 


sucrose were preincubated for 5 min at 37 


in a mixture containing 50mM HEPES buffer. pH 


8.5. 2.5mM CaCl, in a final volume of 0.5 ml. Propranolol was added as indicated. ['*C]Serine 
(4 x 10° °M) was added and the incubation was continued for an additional 30 min. The rate 
of incorporation into phospholipids was assayed as described under Methods. The values represent 


mean + S.E.M. for six experiments. 
+ cpm/mg of microsomal protein/30 min. 


++ nmoles/mg of microsomal proteins/30 min. 
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Table 6. Effects of Ca*~ and propranolol on the incorpor- 
ation of ['*+C]choline into phosphatidylcholine of the mic- 
rosomal fraction* 





['*C]choline incorporated into 
PhC 
Total radioactivity 


Conditions incorporated (cpm) control 





$2507 + 250 (0.98 )t* 100 
19330 + 1300(2.2) 234 
8250 + 270(0.98) 100 


Control 
CaCl, (2.5 mM) 
Propranolol 
(0.15 mM) 
CaCl, (2.5 mM) 4 
propranolol 


(0.15 mM) 


20772 


1200 (2.24) 


*Conditions of incubation described under 
Table 5 except that the concentration of choline was 2 

10° *M. The values represent mean S.E.M. for three 
experiments 

+ cpm/mg of microsomal protein/30 min. 

++ nmoles/mg of microsomal proteins/30 min. 


were as 


the tissue. A number of cationic drugs are known 
to increase the release or uptake of Ca** by various 
tissues [27]. Efforts to show if propranolol increases 
the *°Ca** release from either iris muscle or micro- 
somes were unsuccessful (Lakshmanan and Adel- 
Latif, unpublished work). However we found that 
propranolol at 0.15 mM and | mM concentrations 
increased the **Ca** uptake into the iris muscle by 
32 and 74 per cent. and into the microsomal fraction 
by almost 6- and 7-fold respectively (Table 7). Thus 
the drug could be stimulating ['*C]s:rine incorpor- 
ation by increasing Ca** -uptake. 


DISCUSSION 


In the present study, we have added the iris muscle 
to the tissues which show redirection of glyceride and 
phospholipid synthesis by amphiphilic cationic drugs. 
Thus propranolol provoked an enhancement in the 
labelling of PhA and PhI from labelled glucose, gly- 
cerol, acetate and **Pi and a corresponding decrease 
in the synthesis of PhC and PhE (Table 2). These 
data could be interpreted in the light of recent 
reports [3. 4,7] on the effects of a number of amphi- 
philic cationic drugs, including local anaesthetics, on 
phospholipid synthesis in various tissues. These drugs 


Table 7 


. accompanied by the 
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appear to exert their effect on phospholipid metabo- 
lism by inhibiting phosphatidate phosphohydro- 
lase [3.4, 16]. Our studies, which are summarised in 
Fig. 2, are in accord with this hypothesis. Thus, by 
blocking the formation of 1.2-diglyceride there is an 
increase in phosphatidate which in turn leads to an 
increase in the CDP-diglyceride pool and_ subse- 
quently in PhI. The enhancement in CDP-diglyceride 
synthesis was demonstrated by employing **Pi and 
[*H]cytidine as precursors (Tables 2 and 3). Further 
work is required to show whether the drug exerts 
a stimulatory effect on phosphatidate cytidyltransfer- 
ase, since it is possible that an increase in its activity 
could bring about a corresponding decrease in the 
formation of 1,2-diglyceride (Fig. 2). However this is 
unlikely in the light of the report by Brindley and 
Bowley [3] who reported that at concentrations of 
0.2 to 0.9 mM a number of amphiphilic amines inhi- 
bited phosphatidate phosphohydrolase by 50 per cent. 
Furthermore propranolol does not appear to exert 
an effect on the enzyme CDP-diglyceride-inositol 
phosphatidyltransferase since it showed no effect on 
the incorporation of [*H]inositol into PhI of the mic- 
rosomal fraction when CDP-diglyceride was added 
(Table 4). Thus one can conclude that this drug acts 
to redirect lipid synthesis by inhibiting phosphatidate 
phosphohydrolase (Fig. 2). This conclusion is sup- 
ported by the decrease in the labelling of PhE and 
PhC when a number of precursors were used includ- 
ing ['*C]choline (Tables 2 and 6). The mode of action 
of the amphiphilic cations on phosphatidate phospho- 
hydrolase is not clear at the present time. However. 
it is conceivable that the inhibition is caused by a 
physical interaction between the cations and the 
phosphatidate resulting in the neutralization of the 
negatively charged phosphate group. which may be 
displacement of _ bivalent 
cations [28]. The molecular mechanism underlying 
the action of propranolol on phospholipid metabo- 
lism in the iris muscle is different from that of nore- 
pinephrine (Table 1). They could be different in that 
whereas the former increases the synthesis of PhI de 
novo, the latter provokes a rapid turnover of only 
the phosphorylinositol group of the PhI  mol- 
ecule [29]. Furthermore, the effect of propranolol on 
phospholipid metabolism does not appear to be 
related to its well known /f-blocker activity. Thus 
sotalol. another /i-blocker but its structure is different 
from that of propranolol in that its hydrophobic 


Effect of propranolol on the Ca** -uptake into the iris muscle and microsomal 


fraction* 





Muscle 


Microsomes 








Total radioactivity 


bound 
(cpm) 


Conditions 


Ca** bound 


(nmoles) cpm/mg protein 





6428 
8486 
11191 


Control 
Propranolol (0.15 mM) 
Propranolol (1 mM) 


4 
wn 
= 


400 (6)+ 
570 (3) 45 
733 (3) 


34.1 3330 + 496 (7) 
22634 + 1970 (5) 


59.4 29850 + 3235 (8) 





* Conditions for the Ca?* 


uptake into muscle and microsomes are described in the 


Method section. The values represent mean + S.E.M. for the number of experiments 


indicated in brackets. 
* Number of experiments. 





Propranolol and phospholipid synthesis 


Cytidine Lnositol 


cTP 
! 
| 
| 


CDP-diglyceride 


Glucose 
Glycerol Phosphatidate 
Acetate —> ° 


ae ee 


Inhibited 
by propranolol 


Phosphatidylinositol 


Phosphatidate 
phosphohydrolase 


|,2-Diglyceride 
| 
Phosphatidyicholine 
Phosphatidylethanolamine 
Serine, 


| Stimulated by 
Car” 


| propranolol 


Phosphatidylserine 


Fig. 2. Effect of propranolol on the metabolism of phos- 
pholipids in the iris muscle. 


region possesses a more polar group, had no effect 
on phospholipid metabolism (Table 1) (see also com- 
pound $1204 in [3]). 

The other major finding in the present work is the 
observation that propranolol stimulated the incorpor- 
ation of ['*C]serine into PhS of the iris muscle and 
its microsomal fraction (Tables 2 and 5, Fig. 2). The 
only mechanism available for the formation of PhS 
in mammalian tissues is a Ca**-catalyzed base- 
exchange reaction, which involves an exchange of free 
L-serine with the polar moiety of phospholi- 
pids [21, 22, 30-33]. This reaction has also been 
shown to result in the formation of PhE[31] and 
PhC [23-26]. Kanfer and his collaborators [34] have 
recently succeeded in preparing a “solubilized” base- 
exchange enzyme from rat brain which has phospholi- 
pase D activity (phosphatidylcholine phosphatido- 
hydrolase, EC.3.1.4.4). This reaction is Ca?*-depen- 
dent and thus one can conclude that propranolol acts 
on the ['*C]serine incorporation into PhS by facili- 
tating the movement of Ca** to make it more avail- 
able for this reaction. That this hypothesis is feasible 
is supported by the finding that the drug increased 
significantly the uptake of *°Ca** both into the 
muscle and its microsomal fraction (Table 7). These 
conclusions could also apply to ethanolamine and 
choline, however the fact that the drug inhibited their 
do novo synthesis puts them in a different category. 
Thus in the microsomal fraction propranolol exerted 
no effect on the ['*C]choline incorporation into PhC 
(Table 6) but it inhibited its incorporation into that 
of the muscle (Table 2). It has been reported that 
the incorporation of serine, choline and ethanolamine 
into their respective phospholipids could be catalyzed 
by different base-exchange enzymes[33]. The vari- 
ations in the susceptibility of these enzymes to pro- 
pranolol could account for the differences obtained 
with serine, ethanolamine and choline incorporation. 

Thus at concentrations between 0.03 and 0.3 mM 
propranolol, which can be classified as an amphiphilic 
cationic drug. appears to interfere with phospholipid 
metabolism in the iris muscle in the following manner: 
(a) by inhibiting phosphatidate phosphohydrolase, an 
enzyme thought to have a regulatory function in con- 
trolling phospholipid synthesis [35-37], it causes a 
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redirection in the de novo synthesis of phospholipids 
(b) by enhancing the availability of Ca** in the 
muscle, it increased the ['*C]serine incorporation 
into the PhS through the Ca**-catalyzed base- 
exchange reaction by more than 2-fold. It will be im- 
portant now to show whether these effects can be 
demonstrated in vivo, and if so how are they related 
to its therapeutic use or side effects. 
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Abstract—The effects of nine antiblastic, 1,6-disubstituted hexitol derivatives were compared on DNA, 
RNA and protein synthesis. Each compound reduced '*C-thymidine incorporation into the DNA in 
surviving rabbit bone marrow cell culture, in vitro. The rate of inhibition increased as a function 
of incubation time with the compounds and of their concentration. Among the hexitol skeletons carrying 
identical substituents dulcitol (galactitol) proved to be the most effective, D-mannitol was less and 
D-sorbitol the least effective. Comparing the reactive functional groups carried by identical hexitol 
skeletons, the dianhydride (diepoxide) derivatives were the most effective, dibromo derivatives were 
less and dimethanesulphonyloxy (dimesyl) derivatives the least effective. The inhibition of DNA syn- 
thesis by diiodo-D-sorbitol was anomalously strong. At higher concentrations the hexitols reduced 
precursor incorporation into RNA and protein of human tonsillar cells, in vitro. At relatively low 
concentration and short incubation times, however, enhancement could be observed. A good correlation 
was established between the rate of inhibition of DNA synthesis and the cytotoxic effect. Since the 
dianhydride derivative of hexitol was always more effective than its corresponding dibromo- or dimeth- 
ane-sulphonyloxy derivative, the anhydrides may have formed from the latter in vivo and these are 
probably responsible for a large portion of the cytotoxic effect. The various hexitols, especially, dibromo- 
dulcitol and dianhydro-dulcitol, used with success in clinical practice have different properties in vivo 
(transport, transformation, target). In addition to DNA, the nuclear proteins may also be an important 


target site. 


Investigations of the first alkylating hexitol deriva- 
tives acting on neoplastic diseases showed that the 
various functional groups on the hexitol skeleton in- 
fluenced the nature of the cytostatic action. The first 
compound, Degranol®+ [1], exerted a lymphotropic 
action [2, 3], characteristic of nitrogen mustards, and 
proved to be suitable in particular for the treatment 
of chronic lymphoid leukemia [4]. The next hexitol 
derivative, DMM [5,6], contained the active meth- 
anesulphonyloxy (mesyl) group of myleran (busul- 
phan). This compound strongly inhibited myelo- 
poiesis, and resembled myleran. It has been success- 
fully used clinically in the treatment of chronic mye- 





* Cancer Research Laboratory, Chinoin Pharmaceutical 
and Chemical Works Ltd., Budapest, Hungary. 

+ Degranol ® = BCM = 1,6-bis(B-chloroethylamino)-1,6- 
dideoxy-D-mannitol. 

Abbreviations and chemical structures of the compounds 
used: 1,6-dibromo-1,6-dideoxy-dulcitol, (or galactitol), 
DBD, Mitolactol®; 1,6-dibromo-1,6-dideoxy-D-mannitol, 
DBM, Myelobromol®; 1,6-dibromo-1,6-dideoxy-p-sorbi- 
tol, DBS; 1,6-dimethanesulphonyloxy-1,6-dideoxy-dulcitol 
(or galactitol), dimesyl-dulcitol DMD; 1,6-dimethane- 
sulphonyloxy-1,6-dideoxy-D-mannitol, dimesylmannitol or 
mannitol-myleran, DMM (or MM), Mannogranol®; 1,6- 
diiodo-1,6-dideoxy-D-sorbitol, DIS; 1,2-5,6 dianhydro-dul- 
citol (or -galactitol), diepoxy-dulcitol, DAD; 1,2-5,6 dian- 
hydro-D-mannitol, diepoxy-mannitol, DAM; 1,2-5,6 dian- 
hydro-D-sorbitol, diepoxy-sorbitol, DAS. (see Fig. 1). 


loid leukaemia. In addition, it has tumor growth in- 
hibitory properties [4,7]. Considering this and its 
haematological effects, DMM represented a transition 
between the myleran-like and nitrogen-mustard-like 
pattern. 

Institoris and coworkers studied analogues with 
groups related to the methanesulphonyloxy group in 
which bromine or iodine were coupled to the hexitols. 
They expected that the lipophylic carbon—halogen 
moiety on the polyhydroxy skeleton might ensure 
favourable transport characteristics; DBM [8] has 
been used clinically in the treatment of granulocytotic 
leukaemia [9-11]. The diastereomeric DBD [12] also 
proved to be an excellent myelotropic cytostatic 
[13-16]. Accordingly, both DBM and DBD are mye- 
lotoxic and, as regards their effect, are related to 
DMM. 

It was concluded that changes of the substituents 
on the sugar alcohol skeletons or substitution of man- 
nitol by dulcitol resulted in an appreciable change 
in the biological action. The present paper compares 
the effects of some recently synthetized cytotoxic hexi- 
tol derivatives on nucleic acid and protein syntheses 
of treated cells. 

A further intention of these investigations was to 
determine whether the dihalogen—hexitol itself exerts 
some effect in the cell or whether it must first be 
transformed into an active compound within the cell. 
Davis and Ross [17] have already proposed for 
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Fig. 1. Chemical structure of the 1,6-disubstituted hexitols 
used. 


DMM that some reactive diepoxide (dianhydride) 
derivative is formed in the mildly alkaline physiologi- 
cal environment (pH 7.5). Since the formation of 
epoxide derivatives within the cell is theoretically 
possible both from DBM and DBD, this phenomenon 
was also studied. This type of investigation is impor- 
tant since experimental tumor research has suggested 
that as regards toxicity, tumor-inhibition and haema- 
tological effects, the dianhydro derivative of dulcitol, 
DAD, differs from DBD [18, 19] and also the clinical 
results obtained so far are promising [20]. 

Some new hexitol derivatives, DAS and DIS, not 
yet investigated biochemically were also studied. Each 
hexitol derivative studied, inhibited DNA synthesis 
in bone marrow cells in surviving cell cultures to dif- 
ferent degrees depending on the concentration. In 
high.concentrations they inhibited precursor incor- 
poration into RNA and protein, while in low concen- 
tration they stimulated them. 


MATERIALS AND METHODS 


Preparation and incubation of bone marrow cell sus- 
pension. Bone marrow cell suspension was prepared 
according to Antoni et al. from the femora and tibiae 
of rabbits [21,22]. Tyrode solution, pH 7.4, contain- 
ing 0.1% glucose and 10°, isologous serum was used 
for incubation.’ Ten ml of the suspension (107 
cells/mi) was incubated in 100-ml Erlenmeyer flasks 
at 37°, without shaking, for 3 and 6 hr; 0.25 pCi '*C- 
thymidine was added to each flask for the last 
60 min. The non-treated control cells incorporated the 
'$C-thymidine linearly during continuous labelling 
for at least 6 hr and therefore the comparative studies 
can be carried on for this long. At the end of the 
incubation the cells were quickly collected into cold 


saline, centrifuged and washed several times with cold 
saline. 

Preparation and incubation of human tonsillar cell 
suspension. The cell suspension was prepared from 
human tonsillar cells according to the method of 
Piffko et al. [23,24]. Parker-199 medium, containing 
20°, heat-inactivated human serum of AB group, was 
used for incubation. Five ml of the suspension (107 
cells/ml) was incubated in 100-ml Erlenmeyer flasks 
at 37° without shaking for various times up to 6 hr. 
To study RNA synthesis, 0.5 wCi of '*C-uridine was 
added to each flask of tonsillar cell suspension. To 
label the proteins 1.0 wCi '*C-glycine was added to 
each flask for the last 60 min of incubation. Incuba- 
tion was terminated as described above for the bone 
marrow suspension. 

Extraction of DNA, RNA, protein and determination 
of specific radioactivity. DNA and RNA were separ- 
ated according to the modified Schmidt-Tannhauser 
method [25]. The DNA content was determined by 
Burton’s reaction [26], the RNA content by orcinol 
reaction [22, 25]. The proteins were extracted accord- 
ing to the method of Siekevitz [27] and measured 
according to Lowry et al. [28]. 

Measurement of ‘*C-radioactivity. Radioactivity 
was measured as infinitely thin layers in a Frieseke— 
Hoepfner methane-gas flow counter. Sp. act. values 
were expressed as cpm/yg DNA-P, cpm/ug RNA-P 
and cpm/mg protein. 

Isotopes. Uniformly labelled '*C-thymidine, sp. 
act. 20mCi/mM, '*C-uridine, sp. act. 500 mCi/mM 
and '*C-glycine, sp. act. 109 mCi/mM were used. All 
the isotopes were obtained from The Radiochemical 
Centre (Amersham, England). 

The hexitol derivatives. The hexitol derivatives were 
produced by Chinoin Pharmaceutical and Chemical 
Works Ltd., Budapest. Before use they were checked 
by melting point measurements. Since DAS could not 
be crystallized its epoxide content was checked 
according to Jarman and Ross [29]. The compounds 
were always freshly dissolved either in isotonic saline 
or Parker's Medium-199, at pH 7.4. The dianhydro 
compounds and DBS dissolved immediately at room 
temperature. The dissolution of DBM and DIS 
required 30 to 60 min at room temperature, while 
DBD and DMD could be dissolved only by stirring 
in a larger volume of medium for | hr at 37. No 
more than 4-6°,, of each compound disintegrated un- 
der these conditions. 


RESULTS 


Incorporation of '*C-thymidine into DNA of rabbit 
bone marrow cells. The inhibitory effect of the two 
new hexitol derivatives, DAD and DIS, was 2 to 3 
times higher after incubation for 6 hr than after incu- 
bation for 3 hr, i.e. the inhibitory effect increased with 
prolongation of incubation time. The higher concen- 
tration of the compounds caused a higher degree of 
inhibition at the same time point. 

Detailed comparative studies were performed after 
treatment for 6hr with the various compounds. The 
effect of each compound was tested in a wide range 
of concentrations. Fig. 2A shows the effects of three 
dianhydro-hexitols (diepoxides) on '*C-thymidine in- 
corporation. All the dianhydro compounds strongly 
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Fig. 2. Concentration dependent inhibitory effect of 
1,6-disubstituted hexitol derivatives on '*C-thymidine in- 
corporation into DNA of rabbit bone marrow cells in vitro. 
Cells were incubated with the compounds for 6hr from 
the beginning. Labelled thymidine was added to the cells 
lhr before stopping. (A) 1,6-dianhydro hexitols. (B) 
1,6-dimethane sulphonyloxy hexitols. 


25 50 


inhibited the incorporation. The DAD was the most 
effective and DAS the least effective. Fig. 2B shows 
the effect of substituted hexitols. DIS was found to 
be the strongest inhibitor. Among the dibromo deri- 
vatives DBD was the most effective. Both DBS and 
DBM caused roughly the same degree of inhibition. 
Among the disubstituted hexitols the dimethanesul- 
phonyloxy (dimesyl) derivatives were least effective. 

The correlation between the effect on DNA syn- 
thesis and various reactive radicals of the molecule 
is most easily compared in the dulcitol series. As it 
is quite evident from Fig. 2, '*C-thymidine incorpor- 
ation was most strongly inhibited by the dianhydro 
derivatives DAD, the dibromo derivative DBD was 
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less effective and the dimethanesulphonyl derivatives, 
DMD, the least. The '*C-thymidine incorporation de- 
creased linearly to the logarithm of the increasing 
concentration of each compound. It can be seen that 
if identical functional groups are located on various 
hexitols skeletons the curves will become convergent 
in the range of higher concentrations. However, if 
various functional groups are on an identical hexitol 
skeleton the curves run almost parallel; they are 
appreciably less convergent within the concentration 
range studied. As to the first type of curve, quite inde- 
pendently of its being plotted according to the loga- 
rithm of the concentration, e.g. in the range of 25°, 
inhibition, the concentration of the less effective com- 
pound has to be increased 2.0 to 2.5-fold to achieve 
the same inhibition as the more effective compound. 
At about 75°, inhibition this requirement involves an 
increase in concentration of only 1.3 to 1.5. 

The degrees of efficiency of all the compounds can 
be compared on the basis of the inhibition of DNA 
synthesis in bone marrow cells, assessed by '*C-thy- 
midine incorporation. The concentration expressed in 
mM that reduced the rate of '*C-thymidine incorpor- 
ation by 50°, was chosen as a basis for comparison. 
On comparing the stereoisomer hexitol skeletons, 
(Table 1) it was established that dulcitol is the most 
effective, D-mannitol and pD-sorbitol the least effective. 
Dulcitol is 1.8 to 2.0 times more effective than D-man- 
nitol, considering either the dibromo or the dian- 
hydro derivative. Also DAM is 1.5 times more effec- 
tive than DAS. If one takes the functional group the 
difference in inhibition is even more appreciable. The 
dianhydro derivatives are 2.7 to 2.9 times more effec- 
tive than the dihalogens and the dihalogens 2.8 to 
3.0 more effective than the dimethanesulphonyl deri- 
vatives. Among the sorbitol derivatives it is again the 
dianhydro derivative that is more effective than the 
dibromo derivative. On the other hand, the diiodo 
derivative behaves anomalously, since DIS is appre- 
ciably more active in this in vitro system than DAS. 
This anomaly will be discussed. 

Incorporation of precursors into RNA and proteins 
of human tonsillar cells. Incorporation of '*C-uridine 
into the RNA of tonsillar cells was stimulated by low 
concentrations of DAD, DBD and DBM, especially 
during short incubation times (Table 2). During the 
first 60 min of incubation this stimulation reached 
30 to 50°,. Stimulation ceased in proportion to the 
length of incubation time and inhibition developed 


Table 1. Concentrations of hexitol derivatives inhibiting DNA synthesis in rabbit bone 
marrow by 50°, 





Compound Chemical denomination 


mM 





DAD 
DIS 


1,2-5,6-dianhydro-dulcitol 
l 


DMM (MM) 


.6-diiodo-1,6-dideox y-D-sorbitol 
1,2-5,6-dianhydro-b-mannitol 
1,6-dibromo-1,6-dideoxy-dulcitol 
1,2-5,6-dianhydro-p-sorbitol 
1,6-dibromo-1,6-dideoxy-pD-sorbitol 
1,6-dibromo-1,6-dideoxy-D-mannitol 
1,6-dimethanesulphonyloxy-1,6-dideoxy-dulcitol 
1,6-dimethanesulphonyloxy-1,6-dideoxy-D-mannitol 


0.136 
0.224 
0.274 
0.390 
0.410 
0.650 
0.730 
1.180 
1.700 





The mM values given in the Table are calculated from the data in Fig. 2. 





E. J. Hipvéai et al. 


Table 2. Effect of various hexitol derivatives on the incorporation of '*C-uridine into 
RNA and of '*C-glycine into proteins of human tonsillar cells in vitro 





Specific activity (° of control) 
RNA 


Compound ug/ml Protein 





1.5hr 2hr L.5hr 2hr 





118 108 3 3 122 


131 


88 104 











gradually between 2 and 3hr. Using relatively high 
concentrations of DAD, DAM and DAS the inhibi- 
tory effect was also time dependent. DBS and DIS 
reduced '*C-uridine incorporation by about 40%, dur- 
ing 3hr and the prolongation of incubation for 6 hr 
did not increase this effect. 

The incorporation of '*C-amino acid into the pro- 
teins of tonsillar cells was initially slightly inhibited 
at low concentrations of DAD and DBD (Table 2). 
This inhibition was followed by slight stimulation at 
2-3 hr with most of the hexitol derivatives. Stimu- 
lation was insignificant or even inhibition was 
observed with compounds containing sorbitol skele- 
ton (DAS, DBS, DIS) or with DBD. After 6 hr and/or 
at higher concentrations of the compounds the amino 
acid incorporation regressed. 

Under the in vitro conditions described the tonsillar 
cells did not show detectable DNA precursor incor- 
poration for 6 hr [23, 24]. 


DISCUSSION 


The cytotoxic hexitols exert the most prominent 
effect on DNA synthesis [30, 31]. Recently it has been 
established that '*C-thymidine incorporation into 
satellite DNA is reduced more than into main band 
DNA after treatment of Yoshida ascites tumor cells 
with DBD and DAD in vivo[32]. Changes in '*C-thy- 
midine incorporation into DNA should be considered 
as changes in the rate of DNA synthesis and not as 


changes either in the nucleotide pool [21,22] or of © 


the inhibition of the polymerase enzyme and nucleo- 
tide triphosphate formation [33,34]. As a result of 
DNA synthesis inhibition, 1 to 2 days after treatment 
with either DMM or DBM, the DNA content in the 
rabbit bone marrow drops to 30 to 50° [35, 47]. 
None of the hexitols appears to be particularly spe- 


cific to any phase of the cell cycle. If administered 
in the sensitive phases of the cycle they cause premito- 
tic block, mitotic delay and anomalies of mitosis [36], 
which is generally characteristic of the alkylating 
agents. DBD and especially DAD prevented ascites 
tumor cells from entering the S phase, and the latter 
was even more strongly inhibited [37, 38]. In synch- 
ronized cells, DBD acted on the S and G, phases 
[39,40] while, as shown by age response tests for 
HeLa cells, the transition from S to G, and the M 
phase where most sensitive to DAD [41]. The results 
obtained by biochemical methods and by autoradio- 
graphic techniques are in good agreement with the 
studies with mustard gas [42]. 

These experiments did not determine whether the 
initial, increased incorporation of labelled uridine and 
amino acid into the RNA and protein, respectively, 
represented an enhanced synthesis of tonsillar cells. 
Part of this increase should be attributed to the en- 
hancement of precursor transport through the cell 
membrane known for lymphocytes [43]. On the other 
hand the increased amino acid incorporation into 
protein is probably an indirect effect of the agents. 
It has been shown that DBM, DBD and DMM do 
not act directly on protein synthesis if measured in 
an in vitro cell-free ribosomal system [31 ]. 

Increase in RNA synthesis by mustard derivatives 
has been found previously [44,46]. Treatment of 
Yoshida ascites tumor cells with DBD increased 
'4C-orotic acid incorporation into the RNA in vitro 
[47], especially in the 20 S RNA fraction [48]. 

The question is whether the dihalogen and dimesyl 
hexitol derivatives themselves are acting in the cell 
or whether they are first transformed in vivo. The lat- 
ter possibility was assumed first by Elson and Ross 
et al., who postulated the formation of epoxide inter- 
mediates from disubstituted hexitols [2, 17, 29, 49, 50]. 
From the present experiments an essentially lower 
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concentration of dianhydride (diepoxide) hexitols in- 
hibited DNA synthesis in bone marrow cells than of 
dihalogen or dimesyl derivatives. This supports the 
suggestion that under in vivo conditions, weak alky- 
lating disubstituted hexitols gradually transform into 
strongly alkylating epoxide derivatives and the latter 
attack the target directly. This suggests that the dian- 
hydro hexitols should be used. Under in vivo condi- 
tions, however, the situation is modified by at least 
two factors. 

One of these factors is that the biotransformation 
of the disubstituted hexitols takes place through a 
number of intermediates. The biotransformation of 
DBM and DBD has been studied most intensively 
[51]. After hydrolysis, they might split so that they 
react directly with the target or, in slightly alkaline 
medium, form cyclic anhydrides. After DBD 
administration, besides the unchanged molecule, all 
the solvolytic intermediates were detected in vivo, 
among them the various bromo- and epoxide deriva- 
tives [52, 53]. It seems to be of interest that following 
the administration of DAD, unchanged drug could 
never be detected in tumor tissues, possibly because 
it reacted quickly with the nucleophilic sites of the 
tumor [54]. The various hexitols per se and their bio- 
transformation products (epoxides) come into contact 
with many targets. Consequently, they may have mul- 
tilateral effects. The early, epoxide-like cytotoxic effect 
of dibromo-hexites is due to drug that enters cells 
after transformation to the epoxide. The myleran-like 
effects are due to the dihalogen and dimesyl hexitols 
that have entered the cell intact [50]. Gradually, 
epoxides are also released from these and this might 
form an intracellular reserve for biological epoxide 
alkylations [55]. The earlier contradictions between 
the cytotoxic effect and alkylating ability of disubsti- 
tuted hexitols appear to be reconciled by the fact that 
under in vivo conditions the compounds have a differ- 
ent transformation ability than in vitro, in aqueous 
medium. 

The anomalously strong effect of DIS on DNA syn- 
thesis might be explained by its susceptibility for bio- 
transformation. The sorbitol derivatives are cytotoxic 
also in cell cultures [56]. On transplanted tumours, 
however, they did not have a definitive inhibitory 
effect [56]. It may be assumed that the halogen deri- 
vatives of sorbitol (and xylitol) are more labile in vivo 
than the halogen derivatives of dulcitol or mannitol 
and are degraded by the detoxication mechanism of 
the whole organism. 

The other factor that should be taken into account 
in the administration of hexitols is their different bio- 
transports. The dibromohexitols that enter the 
organism are transported bound to albumin, while 
the epoxides formed from them are unbound [57]. 
The brain tissues absorb more DBD than DAD and 
the situation is quite the opposite for the gastrointes- 
tinal tract [58]. The accumulation and the elimin- 
ation of active metabolite is different for the various 
derivatives [58]. The halogen and anhydride hexitols 
with different chemical structures have different trans- 
ports, “fates”, accumulation and elimination. Accord- 
ingly, the experimental antitumour and haematologi- 
cal effects are different [19,20]. This widens and at 
the same time specializes their field of clinical appli- 
cation. 
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The mechanism of action of hexitols is based on 
alkylation since hexitol derivatives with alkylating 
ability below a certain degree are ineffective. DNA 
seems to be one of the most sensitive targets of the 
bifunctional hexitols in which they might form cross 
links between DNA strands. No cross links could be 
detected by DNA melting technique in the isolated 
DNA treated with hexitol derivatives in vitro [59]. 
However, because of possible methodological prob- 
lems, the existence of the cross link should be exam- 
ined by various methods. In fact, applying another 
method, a good correlation could be found between 
the formation of cross links and cytostatic effect of 
dihalogen hexitols [60]. 

Recently, instead of DNA, attention has been 
focused on the nuclear proteins as the potential point 
of attack of hexitols and in general, of alkylating 
agents. Pretreatment of the histones with hexitol deri- 
vatives prevented the formation of the corresponding 
nucleohistone with DNA [59]. More labelled DBD 
bound firmly to the histones and to the non-histone 
proteins and less to DNA [61]. The changed function 
of the altered nucleohistone is suggested by the in- 
crease of DNA-dependent RNA polymerase activity 
following in vivo DBD treatment [62]. These results 
suggest that the binding of alkylating antitumor com- 
pounds to nuclear proteins may bring more profound 
and permanent changes than the cross bond in DNA 
which may be eliminated by repair [42]. This binding 
to the nuclear proteins might form an essential com- 
ponent of the mechanism by which these agents in- 
hibit the multiplication of the cell [63,64]. The 
assumption of a single point of attack for the alkylat- 
ing agents would be a simplification of the in vivo 
possibilities. 
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Abstract—Bile composition and flow rate were measured over a period of 5 days in rats subjected 
to biliary drainage. In the first 24 hr bile flow fell due to the reduction in the pool of bile salts 
but remained approximately constant thereafter. There was an increased. secretion of f-glucuronidase, 
acid phosphatase and acid ribonuclease in bile from normal rats during the period studied. Ether, 
halothane and pentobarbital were administered on the third day after the operations establishing the 
biliary fistulae. Ether and, to a lesser extent, halothane produced a transient fall in bile flow and 
in the secretion of bile salt; however, this treatment produced sharp rises in the activities of $-glucuroni- 
dase and acid phosphatase in the bile. Pentobarbital did not produce the changes seen following 
exposure to ether or halothane. Since exposure of rats to ether (but not pentobarbital) is known 
to result in high serum ACTH levels the effects of ACTH on bile flow and composition were studied. 
ACTH had little effect on bile flow or bile salt secretion, but did produce an increase in the activity 
of B-glucuronidase and to a smaller degree in the activity of acid phosphatase in bile. It is postulated 
that the fall in the bile production observed after exposure to ether or halothane results from direct 
actions of these volatile anaesthetics on the liver whilst the release of the acid hydrolases into the 
bile may be at least partially caused through an effect mediated by ACTH. 


One frequently used procedure when studying the _ rat to volatile anaesthetics have been briefly reported 
metabolism of a drug is to follow the excretion of — in an earlier publication [3], and a detailed analysis 
the drug and its metabolites in the bile. Such exper- of this phenomenon is given here. 

iments are frequently performed with anaesthetized 

animals, yet the effects of the commonly used anaes- MATERIALS AND METHODS 

thetics on bile flow rate and composition are not well 
documented. The following experiments were 
designed to study this problem by the use of rats 
that had recovered from the anaesthetic given at the 
time of establishing a biliary fistula. Since prolonged 
biliary drainage interferes with the enterohepatic cir- 
culation of some of the bile components, the bile flow 
rate and bile constituents were measured daily for 
a period of 5 days. 

Biochemical studies on the excretion of drugs and 
metabolites in rat bile are often performed after 
anaesthetizing the animals by simple inhalational pro- 
cedures that do not allow close control of the expo- 
sure to the anaesthetic agent, nor are the tissue levels 
of the anaesthetic usually determined. In the exper- 
iments reported here, using simple methods for anaes- 
thesia similar to those widely used in biochemical 
studies, we show that the choice of anaesthetic can 
greatly affect the composition of bile subsequently 
collected and analysed. 

Among the components of bile studied in this in- 
vestigation were four enzymes. The occurrence of a 
variety of enzyme activities in bile is‘well established; 
the enzymes present in normal rat bile include alka- 
line phosphatase and a number of acid hydrolases 
[1,2]. Pronounced increases in the activities of some 
of these enzymes in bile following exposure of the 


Female Wistar rats (body wt 180-230 g) were fed 
a standard diet (Diet 41B modified; Oxo Ltd., S.E.1.) 
and provided with drinking water ad lib. Cannulation 
of the common bile duct was performed whilst the 
rat was anaesthetized with sodium pentobarbital, the 
cannula passing under the skin to emerge in the mid- 
dle of the back. Bile was collected overnight in a glass 
container as described by Van Zyl [4]. 

Samples of bile were collected immediately follow- 
ing the operation and on the four subsequent days 
when the rats were fully conscious. Bile collection 
from unanaesthetized rats was accomplished by plac- 
ing the rat into a narrow cage that prevented the 
rat from turning round, whilst allowing some motion 
forwards and backwards. There was a long narrow 
slit in the roof of the cage through which emerged 
flexible nylon tubing (0.63 mm outside dia) that was 
connected to the indwelling biliary cannula. All bile 
samples were collected in small pre-weighed tubes 
cooled in ice. The weight of bile secreted in 1-hr 
periods was determined and a number of biliary com- 
ponents were assayed as follows: 

(1) B-Glucurenidase, using a modification of the pro- 
cedure of Gianetto and DeDuve. [5] The incubation 
vol was 0.225 ml and contained 25 pl of bile; incuba- 
tion was for | hr at 37°. 

(2) Acid phosphatase, using a modification of the 
procedure of King.[6] The incubation was for | hr 

Present address to which reprint requests should be sent: at 37° in a total vol of 0.625 ml: the substrate was 
MRC Cyclotron Unit, Hammersmith Hospital, London disodium phenyl phosphate (5 mM) and the volume 
Wi2. of bile used was 25 ul. 
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(3) Acid ribonuclease, using a modification of the 
procedure of Slater [7]. 

(4) B-Galactosidase, measured by the procedure of 
Sellinger et al. [8] using as substrate o-nitrophenyl- 
B-p-galactoside 25 yl samples of bile and an incuba- 
tion time at 37° of | hr. The buffer used was 0.1 M 
acetate buffer pH 5. 

(5) 5’-Nucleotidase, using the method of Belfield and 
Goldberg [9] where any alkaline phosphatase activity 
(which is low in rat bile [1]) is directed to the hy- 
drolysis of f-glycerophosphate. 

(6) 3-H ydroxy bile salts, assayed by a modification 
of the procedure of Talalay [10] as described by 
Slater and Delaney [11]. 

(7) Bilirubin, using a modification of the method 
of Malloy and Evelyn [12] as described by Slater 
and Delaney [11]. 

(8) Sodium and potassium ions, measured using a 
Perkin-Elmer atomic absorption spectrophotometer, 
Model 303. 

Where appropriate, rats were exposed to an anaes- 
thetic on the 3rd day following the operation to insert 
the biliary cannula. The procedure used was to collect 
two’ 30-min bile samples before the administration of 
the anaesthetic, two samples during the 1-hr period 
of light anaesthesia and a further two samples when 
the rat had regained consciousness. Two volatile an- 
aesthetics, diethyl ether and halothane (2-bromo-2- 
chloro-1:1:1-trifluoroethane, Fluothane, I-C.I) were 
used. These were administered by soaking a cotton 
wool pad with the anaesthetic and placing it in a 
face mask. The level of these anaesthetics in blood 
and in the liver was estimated by gas chromatography 
as described by Butler and Freeman [13] using a Per- 
kin Elmer F.11 gas chromatograph. Extraction of the 
anaesthetic from arterial blood into n-heptane fol- 
lowed the procedure of Butler and Freeman [13], 
while liver samples were homogenized in ice-cold 
n-heptane using an Ultraturrex homogenizer and the 
debris removed by centrifuging at 0°. Sodium pento- 
barbital (dissolved in physiological saline) (May & 
Baker Ltd.) was given by ip. injection at 40 mg/kg 
body wt. 
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Crystalline porcine ACTH = (Corticotrophin, 
Organon) was injected s.c. at 300 ywg/kg body wt dis- 
solved in physiological saline. 


RESULTS 


Bile flow rate and biliary constituents in the normal 
rat. One-hr samples of bile were collected immedi- 
ately following the operation to insert a biliary can- 
nula and from the conscious, unrestrained rats each 
day on the second to the fifth days following the oper- 
ation; the results obtained following analysis of the 
bile samples are given in Tables | and 2. The bile 
flow rate had fallen considerably by the second day 
and continued at this new rate until a further fall 
occurred on the fifth day. The secretion of bile salt 
also fell considerably during the first 24 hr but then 
showed a smaller rise during the subsequent days. 
The concentration of sodium ions in the bile had in- 
creased slightly by the second day and then remained 
at this level while potassium-ion concentration in- 
creased gradually over the 5-day period. The ratio 
of sodium ion/potassium ion concentration in bile 
showed a marked drop over the period studied rang- 
ing from approx 25 at the beginning of the experiment 
to approx 19 on the Sth day. There was a tendency 
for the excretion of bilirubin to decrease during the 
5-day period but this trend was not statistically signi- 
ficant. 

The activity in the bile of the acid hydrolases f-glu- 
curonidase, acid phosphatase and acid ribonuclease 
increased from the second to the fifth day. 5’-Nucleo- 
tidase activity was not significantly altered (Table 2). 

The activity of B-glucuronidase in normal rat bile 
was completely destroyed by heating the bile samples 
at 100° for 5min; moreover, no activity could be 
detected in bile samples deproteinized by treatment 
with an equal vol of 6% (v/v) perchloric acid followed 
by precipitation of the excess perchlorate ions with 
potassium carbonate. The enzyme activity was 
strongly inhibited by Saccharo-1:4 lactone; the per- 
centage inhibitions corresponding to Saccharo-lac- 
tone concentrations of 1,10 and 100 uM were 14, 74 


Table |. Bile flow rate and constituent levels over 5 consecutive days 





Parameter 


Days 
3 





Bile flow 
ml/hr 

Bile salt 
pmoles/hr 

Sodium 
m/e per | 

Potassium 
m/e per I. 

Bilirubin 
Total pg/hr 

Bilirubin 
direct yg/hr 
reacting .2 + 3.2 


0.96 + 


20.7 - 


38.7 + 1.9 


0.51 + 0.05 0.50 + 0.03 

6.3 + 0.6 8.0 + 2.5 

147+2 151 + 

6.7 + 0.1 8.1+0. 7.8 + 
51.1 + 5.6 


38.5 + 40.5 + 


39.0 + 5.4 326 + 739 34.8 + 5.6 





A 1|-hr bile sample was taken on the establishment of a biliary fistula (day 1) under pentobarbital anaesthesia and 
on the four following days in the conscious rat. All the data are means from 6 animals + S.E.M.; for further details 


see the text. 





The effect of various anaesthetic techniques 


the anaesthetics would be best undertaken on the 
third day after the operation since by that time a 
new steady state in bile flow rate and composition 
had been attained and the original anaesthetic given 
when preparing the biliary fistula would have been 
completely metabolized and excreted [14]. 

During the administration of ether the level of the 
anaesthetic was considerably higher in the blood than 
in the liver. This difference narrowed as both levels 
decreased in the hour following the withdrawal of the 
anaesthetic when the rats were conscious (Table 3). 
The peak concentration of halothane in the blood 
of anaesthetized animals was approximately one third 
of the level attained during ether administration. 
However, liver halothane levels were higher than 
those observed in the blood and were in the same 
range as the ether levels during anaesthesia (Table 
3). On removal of the anaesthetic, the halothane was 








pemole substrate hydrolysed / ml bile per min 


Fig. 1. The pH dependency of f-glucuronidase (@) and ers . ; : : 
acid phosphatase (0) in rat bile. The incubation procedures rapidly lost from both the blood and liver although 


are as described in the text: the buffer systems used were _ the level in the liver remained the greater of the two. 
acetate buffer for the range pH 3.5—5.5 and Tris-HCI buffer Ether anaesthesia on the third day after the oper- 
for the range pH 6.0-8.0. ation to insert a biliary cannula produced a striking 
fall in bile flow rate with a parallel decrease in bile 
and 100 per cent respectively. The pH dependence _ salt secretion and bilirubin excretion compared to the 
of #-glucuronidase activity in normal rat bile was as _ control values. The same pattern was observed after 
shown in Fig. 1; the pH optimum was approx 5.5. the administration of halothane, but to a smaller 
The activity of acid phosphatase in normal rat bile degree. In contrast to the effects of ether and halo- 
was destroyed by heating and by deproteinization as _ thane there was no significant effect on the bile flow 
described above for f-glucuronidase. The pH-depen- rate or on the excretion of bilirubin or bile salt fol- 
dency of acid phosphatase activity is shown in Fig. lowing pentobarbital injection, although the excretion 
1, where it can be seen that the maximum activity — of bilirubin and bile salt secretion rate tended to be 
can be demonstrated at approx pH 5.0. Acid phos- somewhat less than the control levels (Fig. 2). 
phatase activity in rat bile was strongly inhibited by The activities of B-glucuronidase and acid phospha- 
tartrate ions (98 per cent inhibition with 2mM) and _ tase in bile before and after the administration of the 
by fluoride ions (100 per cent inhibition with 2mM). anaesthetic agents are shown in Fig. 3. Both ether 
Effects of ether, halothane and pentobarbital on bile and halothane produced marked increase in the 
flow rate and composition. From data given in Tables enzyme activities within | hr. This increase continued 
| and 2 it was concluded that the experiments with for a further half-hour and then began to decline. 


Table 2. Activities of enzymes in bile over 4 consecutive days 











nN 


Enzyme 





Lia +34 17.6 
1.54 + 0.40 1.36 
1.20 + 0.12 3.56 
12.5 + 0.6 10.1 


Acid phosphatase 9.9 + 0.6 12. 
f-Glucuronidase 0.71 + 0.18 Pe 
Acid ribonuclease 0.70 + 0.22 1.0 

12. 


Neon 


I H+ I+ I+ 

I + I+ I+ 

ApBws. 
RR 


3 
3 
8 
2 


5'-Nucleotidase 10.4 + 2.1 





Units: Acid phosphatase, pmoles phosphate liberated/ml bile/hr incubation at 37°; B-glucuronidase, ~moles phenol- 
phthalein liberated/ml bile/hr incubation at 37°; acid ribonuclease, change in E 69,,,/ml bile/hr incubation at 37°; 
5'-nucleotidase, yxmoles phosphate liberated/ml bile/hr incubation at 37°. 

One-hour bile samples were taken from the conscious rats on the second to the fifth days after the operation. 
The results are expressed as the means of six animals + S.E.M.; for other details see the text. 


Table 3. Concentration of halothane and ether in blood and liver 





Time 
(hr) 
Anaesthetic Tissue 0.5 3 1.5 





28.7 + 4.2 
24.4 + 5.1 
3.5 + 0.4 
8.7 + 0.6 


Diethyl ether Blood 91.5 
liver 54.2 
Halothane Blood 30.4 
liver 51.2 


He FE HH 





The anaesthetics were administered over the period of the first hour: the rats were conscious in the following hour. 
The results are expressed as mg per 100g of tissue and are given as the mean + S.E.M. of three rats in each group. 
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Fig. 2. The effect of ether (@ @). halothane (O O) 
and pentobarbital: (A A) induced anaesthesia on bile 
flow, bile salt secretion and bilirubin excretion compared 
with control ratio ( }). The anaesthetic was given 
in-the hatched interval of time. The results given are the 
ineans of six animals in the control group and of four 
animals in the remaining groups. * P < 0.02, * P < 0.05, 
, compared with control value. 


Again the effect of ether was greater than that of 


halothane. There was a small decrease in activity of 


both enzymes following the administration of pento- 
barbital. The same pattern of changes in enzyme ac- 
tivities was seen in other experiments where bile was 
analysed immediately after the operation to insert a 


biliary cannula. When the operation was performed 
(as normally done) under pentobarbital anaesthesia, 
the acid hydrolase activities in bile were low and 
showed no tendency for increase over the 3-hr period 
following cannulation. When the operation was done 
with the rat under ether anaesthesia, there were 
marked rises in acid phosphatase and f-glucuronidase 
activities (Fig. 4) but no increase in the activity of 
5'-nucleotidase. Estimations of /-glucuronidase and 
acid phosphatase on the same samples of bile showed 
that the changes in enzyme activities were closely cor- 
related (Fig. 5); in other experiments (not included 
here) similar changes with time after exposure to ether 
were observed with f-galactosidase and /-glucuroni- 
dase. No alteration was observed in the activity of 
5’-nucleotidase or in the concentration of sodium or 
potassium in the bile following the administration of 
ether, halothane or pentobarbital to rats 3 days after 
the operation to insert a biliary cannula. 

Effect of ACTH on bile flow and constituents. A 
well known effect of ether anaesthesia is to produce 
high levels of serum ACTH in rats [15,16]. It has 
also been reported that the injection of pentobarbital 
does not lead to an increase in serum ACTH [17] 
but can lead to an inhibition of its release [18]. These 
facts suggested the possibility that ACTH may be in- 
volved in some of the bile changes effected by ether 
(and halothane) anaesthesia. 

Following injection s.c. of corticotrophin the bile 
flow rate at first rose slightly and then decreased. The 
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Acid phosphatase, 
phosphate liberated/ml bile per hr 


Time, hr 


Fig. 3. The effect of ether (@ @). halothane (O O) 
and pentobarbital (A A) induced anaesthesia on f-glu- 
curonidase and acid phosphatase activity in the bile com- 
pared to the control group (0 Q). The anaesthetic was 
given in the hatched interval of time. The results are the 
means of six animals in the control group and of four 
animals in the remaining groups. +P < 0.02, * P < 0.05, 
compared with control values. 
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PY in (a) 


mg phenol/hr per ml bile 








mg phenolphthalein/hr per mi bile 





A 





Time, hr 
Fig. 4. Acid phosphatase (a) and f-glucuronidase (b) ac- 
tivities in rat bile samples collected immediately after the 
operation to insert a biliary cannula with the rats under 
ether (@ @), halothane (O O) or pentobarbital 
(A A) anaesthesia. The number of rats used in each 
case were (a) ether, 3; halothane, 2; pentobarbital, 3; (b) 
ether, 4; halothane, |; pentobarbital, 2. For details of assay 

methods see text. 


pattern of bilirubin excretion followed that of the bile 
flow rate. Bile salt secretion was unchanged (Fig. 6). 
The activity of f-glucuronidase in the bile rose stead- 
ily for 90 min after the administration of ACTH and 
then began to fall, while acid phosphatase showed 
only a slight rise in activity (Fig. 6). There was no 
effect on 5’-nucleotidase activity or on the concen- 
tration of sodium or potassium in the bile. 

The effects of ether on serum ACTH concentration 
under the conditions used in the saddle rat procedure 
were checked using a sensitive cytochemical pro- 
cedure for ACTH estimation [19]. (These estimations 
were performed in collaboration with Dr. J. Chayen, 
Dr. L. Bitensky, and Mr. D. Chambers of the Ken- 
nedy Institute, Hammersmith.) Rats that had been 
operated upon 3 days previously for the attachment 
of a glass saddle were exposed to ether for a 1-hr 
period as described in experiments outlined above. 
Blood samples were taken before and after anaes- 
thesia and ACTH estimations performed. ACTH con- 
centrations in pg/ml serum were 20 immediately 
before ether anaesthesia, 205 and 70 after 30 and 
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60 min of exposure to ether respectively and 19 after 
a further hour in which the animal was conscious 
following 60 min of anaesthesia. The level in a normal 
untreated rat was found to be 19 pg/ml. 

Bacterial contamination. Samples of bile from rats 
bearing the glass saddles were taken for microbiologi- 
cal testing to check whether the acid hydrolase activi- 
ties found were due to microbial contamination. Plat- 
ing out was done on nutrient agar. (We are grateful 
to Mrs. V. Phillips for assistance with this aspect of 
the study.) Although occasional samples showed con- 
tamination this was in no way related to the rapid 
change in activities seen after ether, or related to the 
enzyme activities found in bile from unanaesthetized 
rats. 

DISCUSSION 


Bile secretion in normal rats subject to_ biliary 
drainage. It has been demonstrated that under normal 
conditions only 10 per cent of the bile salt pool is 
synthesized de novo from cholesterol each day, the 
remainder being reabsorbed from the gut [20]. The 
interruption of this enterohepatic circulation by the 
establishment of a biliary fistula leads to a rapid dep- 
letion of the bile salt pool. Since bile flow is partially 
dependent on the secretion of bile salts. the sudden 
drop in the bile salt pool results in a fall of the bile 
flow rate, as seen in the first 24hr following biliary 
drainage. The removal of the block on the feedback 
mechanism which controls the rate of synthesis of bile 
salts from cholesterol [21] allows both an increase 
in bile salt synthesis and in its output in the bile 
over the subsequent days as shown in Table 1. The 
capacity to excrete bilirubin, however, appears to be 
unaffected by the changes in bile flow and bile salt 
secretion that follow the initiation of biliary drainage. 

Bile flow in the rat is known to be partially depen- 
dent on a bile salt-independent mechanism (for refs 
see [22]). The rise in the concentration of sodium 
and potassium in the bile may reflect an increasing 
ionic contribution from this fraction in response to 
the decreased bile salt concentration. 

O0.12¢ 


e—~e 


Mole substrate hydrolysed/ml bile per min 








Time, hr 
Fig. 5. Secretion of f-glucuronidase (@) and acid phospha- 
tase (O) in pooled rat bile samples collected from three 
rats that had been anaesthetized with ether prior to the 
operations to insert biliary cannulae. f-glucuronidase was 
estimated at pH 5.5 and acid phosphatase at pH 4.75. For 
other details see the text. 
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Fig. 6. Effect of ACTH (30i.u./kg) injected s.c. after | hr on bile flow (A 
O), B-glucuronidase (@ 


ae ®). bilirubin excretion (0 


—A\), bile salt secretion 
@) and acid phosphatase activity 


(O ©) in the bile. The results are expressed as the means of four individual experiments. 


The occurrence of various acid hydrolases in rat 
bile has been previously reported [1, 3, 23]; the intra- 
cellular origin of these enzymes released into the bile 
is not easy, however, to ascertain. Both acid phospha- 
tase and f-giucuronidase occur in rat liver in more 
than one intracellular compartment: f-glucuronidase 
in the lysosome. and in the endoplasmic reticulum; 
acid phosphaiase in the lysosomes and _ cytosol 
[24-26]. B-Glucuronidase activity in the lysosomes 
and endoplasmic reticulum appears to involve several 
different proteins that are controlled through separate 
genetic loci [25]; the various forms, however, exhibit 
similar kinetic properties and pH dependence 
[27,28]. Lysosomal acid phosphatase can be dis- 
tinguished from its soluble form present in cytosol 
in that the lysosomal enzyme is strongly inhibited by 
tartrate and fluoride ions [26]. These facts taken 
together with the data given in the text suggest 
strongly that the f-glucuronidase and acid phospha- 
tase enzymes present in bile are largely lysosomal in 
origin. This suggestion is supported by the occurrence 
of other lysosomal acid hydrolases in bile (acid 
ribonuclease and f-galactosidase), by the close associ- 
ation between the activities of acid phosphatase and 
f-glucuronidase when measured in the same samples 
of bile collected at various times after cannulation 
(Fig. 5), and by the normal pericanalicular location 
of lysosomes in rat liver [29]. 


The origin of the 5’-nucleotidase activity in the bile 
may well be from the canalicular microvilli, since 
histochemical studies have clearly demonstrated its 
presence at this site [30]. 

The demonstration of bacterial contamination in 
some of the bile samples is not an uncommon occur- 
rence. The presence of micro-organisms in human bile 
has been extensively reported [31-34]. 

Effect of anaesthetics on bile secretion. Samples of 
blood and liver taken from rats anaesthetized by the 
application of ether or halothane to a simple face 
mask contained concentrations of these anaesthetics 
that were within a relatively narrow range of values 
at each of the periods of time studied. The differing 
physico-chemical properties of ether and halothane 
produce different concentrations of the two anaes- 
thetics in blood during anaesthesia; the values 


‘obtained here are in close agreement with previously 


published values [35,36]. The high oil: water parti- 
tion coefficient of halothane has a distinct influence 
on its tissue distribution: tissues rich in lipid (i.e. the 
liver) concentrate the anaesthetic agent relative to 
blood [36]. Ether has a much lower oil: water parti- 
tion coefficient than halothane, and during the period 
of anaesthesia the concentration of ether in the blood 
exceeded that in the liver. Using the values for anaes- 
thetic concentrations given in Table 3 it is possible 
to calculate the partial pressures of ether and halo- 
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thane in the samples tested. The values obtained are 
ether 2.1 per cent and halothane 1.3 per cent of one 
atmosphere pressure respectively. The normally 
quoted values for the loss of the righting reflex in 
the mouse are 3.2 per cent for ether and 1.0 per cent 
for halothane. Assuming that similar values apply to 
the rat then we may conclude that the depth of ether 
anaesthesia used in this study was less than obtained 
with halothane. 

The most striking actions of ether and, to a less 
extent, halothane reported in this study, are on the 
bile flow rate and the activities of the acid hydrolases 
in the bile. The fall in the bile flow rate and in biliru- 
bin excretion confirms a result noted by Ostrow et 
al. [37], who administered ether following cannula- 
tion of the bile duct under pentobarbital anaesthesia. 
There is also a fall in bile production in the isolated 
perfused rat liver after ether [37,38], halothane [39] 
and also chloroform [40], demonstrating therefore 
that these volatile anaesthetics exert a direct action 
on the liver in this respect. 

The rise in activity of the acid hydrolases in the 
bile has been briefly reported following the administ- 
ration of ether [1,3] and halothane [3]. If ether (or 
halothane) is given a second time within 6 hr of the 
original exposure, there is only a small increase in 
acid hydrolase activity in the bile; a response equival- 
ent to the primary one is only found after a lag period 
of 17 hr [41]. This suggests that there is a small pool 
of acid hydrolases that are in a relatively labile state 
and that may be secreted into the bile in response 
to ether or halothane, but the pool needs several 
hours for replenishment. Another marked feature is 
that the stimulus of the volatile anaesthetics does not 
produce an immediate result, the response beginning 
after 30 min (Fig. 3) have lapsed and continuing for 
some time after the animal has regained conscious- 
ness. This latter event is not simply a reflection of 
the outflow time for a material secreted into the bili- 
ary canaliculi to pass out of the liver, along the can- 
nula and into the collecting tube for the volumes of 
the rat biliary tree [42] and of the collecting cannula 
are sinall in comparison to bile flow. The rise in acid 
hydrolase activities in bile following exposure to vola- 
tile anaesthetics appears probably to result from an 
increased release of these enzymes from lysosomal 
sites within the liver rather than the removal of some 
inhibitory agent normally present. 

This speculation is consistent with the observed 
data that a number of acid hydrolases show closely 
similar patterns of change after volatile anaesthetics 
have been given. Moreover, attempts using the chro- 
matographic procedure of Matsushiro [43] to demon- 
strate changes in the biliary excretion of saccharo-1,4- 
lactone, a component of normal rat bile [43] and 
a strong inhibitor of B-glucuronidase [44], have been 
unsuccessful (B. Cooper and T. F. Slater, unpbulished 
data). It appears likely therefore that the increased 
enzyme levels observed in bile after ether or halo- 
thane administration results from increased secretion 
of such enzyme proteins rather than from a decrease 
in some endogenous inhibitor. The values reported 
here for the levels of acid hydrolases in the bile of 
rats recovering from the operation to insert a biliary 
cannula are considerably higher than those found in 
bile immediately after operation under pentobarbital 
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anaesthesia (see Fig. 4 and Table 2). Using data pre- 
sented here and previously reported for liver acid hy- 
drolase activity in female rats of similar age and strain 
[45] it is possible to make an estimate of the propor- 
tions of liver acid hydrolases secreted into bile in 
24 hr. On the third day after operation the proportion 
for B-glucuronidase is approx 15 per cent, while for 
acid phosphatase and acid ribonuclease the corre- 
sponding values were 15 and 4 per cent respectively 
(Table 4). It must be stressed, however, that these pro- 
portions should be viewed as approximate values and 
more accurate comparisons using data on liver and 
bile composition from the same animals are in pro- 
gress. The injection of pentobarbital had very little 
overall effect on bile production. The slight increase 
in the flow rate may be due to the presence of pento- 
barbital and its metabolites in the bile [46]. The effect 
of chronic dosing with phenobarbital on bile flow rate 
and composition has been discussed by Slater and 
Delaney [11]. 

ACTH and bile flow. The facts that ether is known 
to produce high serum ACTH levels [15,16] while 
pentobarbital inhibits its release [18] when compared 
with similar effects on the secretion of the acid hydro- 
lases prompted the investigation of ACTH as a 
possible intermediary effector on this labile pool of 
enzymes. : 

The injection of ACTH at a dose designed to give 
maximum stimulation on the adrenal cortex had little 
effect on the bile flow rate or the secretion of bile 
salt. This dissociation of bile flow rate and ACTH 
concentration is compatible with the data obtained 
by using the isolated perfused rat liver technique 
where a fall in bile flow rate after ether [37] and 
valothane [39] was reported and where increased 
ACTH concentration does not occur. The data 
reported here for the lack of effect of administered 
ACTH on bile flow and bile salt excretion, together 
with the previously reported effects of ether [37] and 
halothane [39] on the isolated perfused rat liver, 
strongly suggest that these effects produced by the 
volatile anaesthetics reflect a direct action on the liver 
rather than an indirect mediation through ACTH 
release. 

ACTH and enzymes in the bile. The large increase 
in the activity of acid phosphatase and to a smaller 


Table 4. Comparison of total acid hydrolase activities in 
rat liver with the daily secretion of the acid hydrolases 
in bile 





Total activity 
in liver 
(units/hr 

whole liver) 


Total activity 
in bile 


Enzyme (units/hr/day) 





B-Glucuronidase 124 18.7 
Acid phosphatase 1067 150 
Acid ribonuclease 336 13 





Units: B-Glucuronidase, pmoles phenolphthalein liber- 
ated; acid phosphatase, phosphate released calculated as 
pmoles of inorganic phosphate; acid ribonuclease, increase 
in E360 nm 

The data for rat liver are taken from Slater and Green- 
baum [45]. The data for bile are taken from Tables | 
and 2 for the 3rd day after the operation to insert a biliary 
cannula. 
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degree that of /-glucuronidase following ACTH indi- 
cates a possible involvement of ACTH in the release 
of acid hydrolases into the bile. The 5’-nucleotidase 
activity in the bile is not affected, so not all biliary 
enzymes are influenced in this way. It is interesting 
to note that the time course of the release of the acid 
hydrolases after ACTH is comparable to that seen 
after ether and halothane. A possible explanation for 
this effect of ACTH may be found in the role ACTH 
normally plays. ACTH stimulates the adrenal cortex 
to synthesize and to release a number of steroid mol- 
ecules collectively referred to as the glucocorticoids, 
mineralocorticoids and sex hormones. Several of these 
steroids have the ability to increase the permeability 
of lysosomal membranes [47] while others, for 
example, cortisol, are known to stabilize the mem- 
branes [48,49]. Thus it can be postulated that one 
contributory factor in the release of these acid hydro- 
lases (probably from the peribiliary lysosomes) may 
be one or several of the adrenal steroids released by 
ACTH. A final point to be considered is that the high 
levels of f-glucuronidase released after ether or 
halothane anaesthesia may alter the excretion 
drugs which conjugated with glucuronide, 
although Pryor and Slater [3] have found that there 
was no change in the percentage of free/conjugated 
bilirubin and in the bile during the period of in- 
creased fi-glucuronidase activity. 
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Abstract 


The interactions of the parasympatholytics adiphenine. adiphenine H, 


propantheline and 


the structurally related compounds diphenhydramine, D-propoxyphene and methadone with acetylcho- 
linesterases were studied by means of kinetic measurements. Acetylcholinesterase (AChE) was used 
as membrane-bound enzyme from bovine red cells and in a solubilized form from Electrophorus elec- 
tricus. All the drugs studied are inhibitors of AChE. Differences between the membrane bound and 
the solubilized form can be deduced from different inhibitory mechanisms. A mixed competitive-non- 
competitive mechanism is characteristic for the membrane-bound enzyme, while a predominantly non- 
competitive mechanism is involved in the case of the solubilized enzyme. The negative cooperative 
behaviour of AChE is not changed by these inhibitors. A “two-site” hypothesis for the binding of 


the investigated drugs is proposed. 


In the course of our studies on the binding properties 
of parasympatholytics and structurally related com- 
pounds [1,2] to biopolymers, we also examined the 
interactions of these drugs with AChE*. The present 
paper describes the effect of these drugs (see Fig. 1) 
on the catalytic properties of AChE. To date only 
neuromuscular and ganglionic blocking agents [3-6]. 
as well as atropine[7], have been used for kinetic 
measurements with AChE. For the experiments 
reported here, AChE was used in the form of the 
enzyme bound to erythrocyte membranes as well as 
the solubilized form obtained from the electric organs 
of Electrophorus electricus. Although both enzymes 
are thought to be similar to a great extent in their 
kinetic behaviour, Berman[8] has shown that they 
have a different number of subunits in addition to 
a different amino acid composition. In the light of 
these structural differences, we have investigated the 
kinetic behaviour of several drugs (see Fig. 1) with 
respect to both the membrane-bound and the solubi- 
lized form of the enzyme. 


MATERIALS AND METHODS 


Drugs used in this investigation are shown in Fig. 
1. Adiphenine, adiphenine H and prcopantheline have 
distinct parasympatholytic properties, their spasmoly- 
tic effects being attributed to a neurotropic as well 
as to a musculotropic reaction. Diphenhydramine, 
D-propoxyphene, 4nd methadone are not, strictly 
speaking, parasympatholytics, but were included in 
these investigations because of their structural simi- 
larities. It should be noted that their basic chemical 





*To whom requests for reprints should be addressed. 
Present address: Institut fiir Molekularbiologie und Bio- 
physik. Eidgenéssische Technische Hochschule Ziirich, 
CH-8049 Ziirich, Switzerland. 

+ Abbreviations used: AChE, acetylcholine acetyl-hydro- 
lase, EC 3.1.1.7; ACh, acetylcholine. 


structure shows a certain similarity to acetylcholine, 
the natural substrate of the enzyme. 

Bovine erythrocyte ghosts were prepared according 
to the method of Dodge[9] and Burger[10] by 
adding 5 mM calcium chloride at pH 7.8. AChE from 
Electrophorus electricus (Worthington, Freehold, N.J.) 
was the solubilized enzyme. 

Kinetic data were obtained from the pH-stat 
method by simultaneous addition of titrant and sub- 
strate [11] (modified Kombititrator 3 D (Metrohm)). 
In this modification the original syringe system is re- 
placed by two synchronized pistons. The acetic acid 
formed by decomposition of the substrate is neutra- 
lised by addition of NaOH from one syringe. Decom- 
posed substrate is replaced by adding ACh through 
the second syringe so that the ACh concentration 
remains constant. In this way AChE activity was 
determined quite accurately even with substrate con- 
centrations as low as 3 uM. For these measurements 
the erythrocyte ghosts were suspended in isotonic 
Tyrode solution (137 mM NaCl, 5.4mM KCl, 1.6mM 
CaCl,) and their enzymatic activity was determined 
at pH 7.4 and 37 with acetylcholine chloride as sub- 
strate. The reaction volume was 10 ml, the incubation 
period 5 min. The inhibitory effect of the compounds 
was independent of the incubation period. 

The experimental conditions of the assay of the 
solubilized enzyme were the same as described for 
the membrane-bound enzyme. For adiphenine H, the 
incubation period was 10min. In the case of adi- 
phenine, however, more reproducible results were 
obtained after 15 min incubation. 


RESULTS AND DISCUSSION 


The linear/logarithmic plot and the Hofstee plot 
shown in Fig. 2 illustrate the reaction of adiphenines 
with AChE from bovine red cells. The Hofstee plot 
was chosen instead of the more common plot accord- 
ing to Lineweaver-Burk. because it is inconvenient 
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Fig. 1. Structure of the drugs used in the kinetic studies. 


to plot all measured points in the examined range 
of the substrate concentration as double reciprocals. 

The sigmoid bell-shaped curve of the normal acti- 
vity in the linear/logarithmic plot clearly shows that 
the kinetic reaction cannot be explained completely 
by Michaelis-Menten kinetics [11-14]. The deviation 
from the usual hyperbola of the left branches of the 
bell shaped curves leads to the conclusion that there 
are several interacting binding sites, which implies 
that the enzyme has allosteric properties. This fact 
is indicated in the Hofstee plot by the clear deviation 
from the usual straight lines. For the kinetic proper- 
ties of the enzymes in reaction with the compounds 
studied in these investigations, only the left branches 
of the bell shaped curves were considered. The right 
branches are in the range of substrate inhibition 
which is commonly found with these 
enzymes [5, 7,13]. Substrate inhibition is not pre- 
vented by these parasympatholytic drugs as is the 
case with some pyridinium derivatives [11,12]. The 
shape of the normal activity curve suggests the exist- 
ence of a negative cooperative effect. The double 
logarithmic plot according to Hill [15] gives a curve 
for the normal activity which deviates increasingly 


from linearity with decreasing substrate concen- 
tration. Up to a substrate concentration of about 
3.0 x 10°*M the Hill coefficient, m,, is 1.07. It de- 
creases to n, = 0.75 for acetylcholine concentrations 
>3.0 x 10°°M and finally has a value of 0.45 in 
the substrate range from 3.0 x 10° ° to 3.0 x 10°°M 
(see Fig. 4). According to the model of Koshland [16], 
Hill coefficients less than unity characterize a negative 
cooperativity. Furthermore the index of cooperativity, 
Rs, is greater than 81: 


R, = (So,9)/(So,1) = 187.5. 


Even though these data suggest the existence of a 
negative cooperative effect, this possibility has to be 
examined in more detail. Since the enzyme in the 
structure bound [5,13] as well as in the soluble form 
consists only of one species of esterase 
[4, 6,7, 17, 20,21] a negative cooperativity due to the 
presence of more than one enzyme species can not 
be assumed. In the solubilized state the AChE may 
exist in several subunits which are able to dissociate 
and reaggregate. This, however, has no influence on 
the kinetic properties and the catalytic activity of the 
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Fig. 2a. Influence of various concentrations of adiphenine on the activity of AChE from bovine erythro- 
cytes: pH-stat method, pH 7.4, 37°, substrate acetylcholine chloride. Each mean represents the average 
of six different experiments. The calculated S.E.M. does not exceed the size of the symbols, and is 
therefore not indicated. Normal activity, ©. Adiphenine concentrations: Al.0 x 10°*M, O 
2.0 x 10°*M, Y 1.0 x 10°37 M. 
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Fig. 2b. Hofstee plot of the experimental data from Fig. 2a. Each inhibitor concentration yields three 
different V,,,, according to the “quasi straight” sections of the left branch of the sigmoidal curve 


from Fig. 2a. Normal activity, O. Adiphenine concentrations: Al.0 x 10°*M, 0 2.0 x 10°*M, V 
1.0 x 10°3M. 
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enzyme. The m,-values show a significant deviation 
from | only at substrate concentrations less than 
3.0 x 10°°M. Data in this concentration range are. 
under normal absay conditions, not accurate enough 
to deduce sigmoidal kinetics. These methodical diffi- 
culties can be neglected in the present case, however. 
since a constant substrate concentration was used. 
The lowest substrate concentration employed by most 
of the authors (cf. e.g. Wombacher [5] and Roufo- 





galis[17]) are in the range of 3.0 to 5.0 x 10°°M. 
The experimental proof of a negative cooperativity 
has therefore been very difficult. 

The results given in Figs. 2 and 3 and Table | 
show that all these drugs are inhibitors of AChE. The 
mechanism of inhibition can be deduced from the 
linear/logarithmic plot and from the plots according 
to Hofstee and Dixon: a weak mixed competitive- 
noncompetitive inhibition. These drugs cannot, how- 
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Fig. 3. Dixon plots for the inhibition of AChE from bovine erythrocytes by propantheline. (a) acetylcho- 


line concentrations: A 3.0 x 


10°-°M, A 5.0 x 10 °M, ¥ 6.67 x 10°°M. 7 1.0 x 107° M. (b) acetyl- 


* choline concentrations: 4 5.0 x 10°+M, G@ 6.67 x 10°*+M. ¥ 2.0 x 10°3M. 





Parasympatholytics and structurally related drugs 


Table 1. K,-values of the studied drugs 





K? 
Inhibitor (M) 
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1.5 x 10 
44x 10° 
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Adiphenine 
Adiphenine H 
Propantheline 
Diphenhydramine 
b-Propoxyphene 
Methadone 
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K;, AChE from bovine erythrocytes: K?, AChE from 
Electrophorus electricus. The K, values were determined 
from Dixon plots (as shown in Fig. 3). The ACh concen- 
trations were as high as indicated in the graph. 


ever, relieve the inhibition by excess of substrate. It 
is interesting to note that most of these compounds 
also show a competitive-noncompetitive antagonism 
at the muscarinic receptor towards acetyl-/-methyl- 
choline [18]. 

The mixed mechanism can be seen to a great extent 
in the Hofstee plots (see Fig. 2b). The competitive 
mechanism prevails at low substrate concentrations 
(3.0 x 10°°-1.0 x 107° M). The rearward extrapola- 
tion of the pseudolinear sections intersect at one point 
on the ordinate. At higher substrate concentrations 
(3.0 x 10°*-2.0 x 10°3M) the straight lines run 
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approximately parallel, i.e. they have the same K,,- 
values, but different V,,,.-values. Therefore a noncom- 
petitive inhibition prevails under these conditions. In 
the medium concentration range (3.0 x 10° *- 
1.0 x 10°*M acetylcholine), there exists a transition 
between the two mechanisms. The difference among 
the studied drugs becomes obvious in this range of 
substrate concentration, where one or the other type 
of inhibition prevails depending upon the compound. 

The nature of the inhibitory effect depends not only 
on the substrate but also on the inhibitor concen- 
tration: at higher acetylcholine concentrations 
(3.0 x 10° 4-2.0 x 10° M) an increase in the inhibi- 
tor concentration causes a decrease in the degree of 
the noncompetitive inhibition. The great similarity in 
the reaction of all examined inhibitors towards the 
erythrocyte AChE suggests that these drugs are 
bound to the enzyme in a similar manner. It can be 
assumed that the quaternary nitrogen atom and the 
aryl groups are involved, a mechanism which we 
should like to call a “two-site” hypothesis according 
to the concept developed by Wombacher[5] in 
regard to neuromuscular and ganglionic blocking 
agents. 

The structure of the active sites of AChE suggests 
also that the inhibitors of this enzyme, especially 
those bearing structural similarity to the substrate, 
are primarily bound to one of the anionic centres 
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Fig. 4. Hill plot of the normal activity curve from Fig. 
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to the three different V,,,, resulting from the Hofstee plot, this presentation shows three different 
straight lines with different slopes. 
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by the quaternary nitrogen atoms [5, 19]. Such bind- 
ing inhibits the reaction between enzyme and sub- 
strate. According to the model of Roufogalis [17], this 
binding may be caused by the z-anionic binding site 
in the esteratic centre, because only the interaction 
with this binding site results in an inhibition. 

In agreement with the above mentioned two-site 
hypothesis, the binding of the inhibitors also occurs 
through the aryl group of these drugs. These binding 
sites are predominantly hydrophobic and should be 
located at an appropriate distance from the anionic 
binding site. Kabachnik[20] assumes a mainly 
hydrophobic binding site, called E, close to the estera- 
tic centre of the enzyme. This binding site could 
enable interactions with the aryl groups of the exam- 
ined drugs. for the following reasons. (1) The distance 
between the x-anionic and the hydrophobic binding 
site corresponds with the atomic distance in the in- 
hibitor molecules. (2) Activating properties of this 
centre cannot be assumed, because this centre was 
deduced from the analysis of inhibitors [20]. (3) 
According to Kabachnik [20] an isohexyl group is 
optimally bound by this site of AChE. This group 
is comparable in its size with the cyclic part of the 
studied compounds. 

The two-site hypothesis explains the partially com- 
petitive-noncompetitive inhibition observed: the sub- 
strate competitively displaces the inhibitor from the 


Activity, uM/min 





z-anionic binding site with increasing concentration. 
As a result, the inhibitor is predominantly fixed to 
the enzyme by the hydrophobic binding site E. Thus 
at higher acetylcholine concentrations the noncompe- 
titive mechanism becomes more important (see Fig. 
3). 

Table | shows the K-values of the drugs studied. 
The K,-values were determined graphically by Dixon 
plots (exampie shown in Fig. 3) using the high range 
of acetylcholine concentration as indicated in the 
graph. The numerical values of the constants show 
that these drugs are relatively weak inhibitors of ace- 
tylcholinesterase in comparison with eserine, for in- 
stance. 

The binding of these drugs to AChE does not seem 
to abolish the negative cooperative behaviour of this 
enzyme. The characteristic curve of the normal acti- 
vity is barely changed in the linear/logarithmic plot 
(see Fig. 2a). In the presence of the inhibitors there 
is an increase in the Hill coefficients, which come 
close to the value of n,, = | with increasing substrate 
concentration. This indicates that the addition of an 
inhibitor results in a decrease of the negative coopera- 
tivity. Consequently, the examined drugs have the 
same effect as that caused by an increase of the sub- 
strate concentration. 

Results of the measurements with acetylcholinester- 
ase from Electrophorus electricus are shown in Fig. 
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Fig. Sa. Influence of various concentrations of propantheline on the activity of AChE from Electro- 
phorus electricus. For experimental details see Fig. 2a. Normal activity, O. Propantheline concentrations: 
A 4.0 x 10°°M,C 1.0 x 10°*M, V 3.0 x 10°*M. 
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Fig. 5b. Hofstee plot of the experimental data from Fig. Sa. Normal activity, O. Propantheline concen- 
trations: A 4.0 x 10°°M, C1.0 x 10°*M, V 3.0 x 10°*M. 


5 and Table |. A comparison of the normal activity 
curves in the linear/logarithmic and the Hofstee plots 
with those plots of the membrane-bound enzyme sug- 
gest that negative cooperativity can also be assumed 
for the solubilized enzyme. Values of n,, < 1 can be 
computed for low substrate concentrations. 

The Hofstee plots show even more clearly than the 
linear/logarithmic presentations of the experimental 
data that the action of the inhibitors has changed 
compared with the membrane-bound enzyme. The 
competitive inhibition of AChE from erythrocytes at 
low substrate concentration does not exist for the 
enzyme of Electrophorus electricus. The effect of the 
drugs on the solubilized enzyme can be described 
principally as noncompetitive inhibition for the whole 
range of substrate concentration examined. They do 
not prevent inhibition due to substrate excess. In this 
respect they differ from atropine, which relieves the 
inhibition caused by substrate excess [7, 21]. 

The model developed above can also be used for 
the interpretation of the kinetic behaviour of the in- 
vestigated drugs with solubilized AChE. The 
mechanism of inhibition at lowest substrate concen- 
tration is noncompetitive. Thus it can be assumed 
that the ionic interactions between the quaternary 
nitrogen atom and the z-anionic site of the esteratic 
centre decrease. The amino group ionisation of the 
inhibitors did not change since the experimental con- 


ditions were maintained constant. This observation 
suggests a change in the ionic properties of the enzy- 
matic binding site. In this context one should bear 
in mind the results of Berman [8]: a higher turnover 
number and a greater specific activity of AChE from 
electric eel, indicating a higher affinity between 
enzyme and substrate. The binding sites for the aryl 
groups of the inhibitors are outside of the esteratic 
centre, so they are not influenced by a change in the 
affinity of the substrate for the esteratic centre. As 
a result the noncompetitive inhibition does not 
change. 

The present investigations therefore suggest that 
there are differences in the kinetic behaviour between 
the membrane-bound AChE from bovine red cells 
and the solubilized enzyme from the electric organs 
of Electrophorus electricus. It cannot be decided yet 
whether the different amino acid composition of the 
two enzymes or other differences between the mem- 
brane-bound and the solubilized form play a greater 
role in this respect. Kuhnen [11] studied the reaction 
of bis-pyridinium compounds with AChE from 
bovine red cells and from Electrophorus electricus. He 
found that these compounds exert the effect of com- 
petitive inhibitors in regard to the soluble enzyme, 
while they show partially a competitive, partially a 
noncompetitive mechanism in regard to the mem- 
brane-bound enzyme. 
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In a comparative evaluation of the results between 
solubilized and membrane-bound AChE, one should 
not overlook the fact that, in the case of the mem- 
brane-bound enzyme, the isolated erythrocyte ghosts 
do not have the same membrane structure as intact 
erythrocytes. This fact could result in a change of 
the kinetic behaviour of acetylcholinesterase [22-25]. 
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Abstract—Partially purified rat liver catechol-O-methyltransferase (COMT) is inhibited by lanthanum, 
and by the lanthanides, neodymium and europium. The 50 per cent inhibitory concentrations are 
3 x 10°°, 1.2 x 10°°, and 8.5 x 10°’ M for La**, Nd?* and Eu** respectively. The inhibition of 
COMT by these ions is reversible. Lineweaver-Burk plots of the results of experiments in which 
the enzyme activity was measured in the presence of varying concentrations of magnesium, an activator 
of COMT, and different concentrations of La**, Nd** and Eu** were compatible with non-competitive 
or “mixed” inhibition. Double reciprocal plots of the results of experiments in which COMT activity 
was determined in the presence of different concentrations of La** and varying quantities of the 
two co-substrates for the reaction, S-adenosyl-l-methionine and 3,4-dihydroxybenzoic acid, were also 
compatible with non-competitive or “mixed inhibition”. The characteristics of the inhibition of rat 
liver COMT by La**, Nd?* and Eu** are similar to those of the inhibition of COMT by Ca?*. 
However, lanthanum, neodymium and europium are two to three orders of magnitude more potent 


inhibitors of COMT than is calcium. 


Catechol-O-methyltransferase, (EC 2.1.1.7, COMT), 
catalyzes the O-methylation of catechol compounds 
such as norepinephrine, epinephrine and dopamine 
[1]. S-adenosyl-1-methionine functions as a methyl 
donor for the reaction, and magnesium is required 
for COMT activity [1]. It has been reported recently 
that calcium inhibits COMT in the presence of opti- 
mal concentrations of magnesium [2]. The calcium 
inhibition of COMT is reversible and is non-competi- 
tive with respect to magnesium and both of the co- 
substrates for the reaction, S-adenosyl-l-methionine 
and the catechol compound [2]. Lanthanum and the 
lanthanides can mimic the effects of calcium and 
other alkaline earths in many biochemical systems 
[3]. It is thought that the lanthanides replace calcium 
in these systems [4-6]. The lanthanide rare earths 
have spectral and magnetic properties that make 
them valuable chemical probes for the study of alka- 
line earth interactions with enzymes and other pro- 
teins [7]. The effects on rat liver COMT activity of 
compounds of lanthanum and of the lanthanides, neo- 
dymium and europium, were studied to determine 
whether they might inhibit COMT. All three ions 
were -reversible inhibitors of COMT. The kinetic 
characteristics of the inhibition were similar in type 
to those of the inhibition of COMT by calcium. Lan- 
thanum and the lanthanides might be useful in future 
studies of the nature of the interaction of calcium 
with COMT. 
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METHODS 
COMT assay procedure 


COMT activity was measured by the procedure of 
Raymond and Weinshilboum [2,8] as modified to 
measure the activity of partially purified rat liver 
enzyme. 3,4-Dihydroxybenzoic acid (DBA) was used 
as a substrate for the reaction, and ['*C]S-adenosyl-l- 
methionine (SAM) was the methyl donor. The final 
pH of the reaction mixture was 7.8 in the presence 
of 0.08 M Tris-HCl buffer. DBA was converted to 
radioactively labeled 4-hydroxy-3-methoxybenzoic 
acid (vanillic acid) by COMT, and the product was 
separated by organic solvent extraction prior to the 
measurement of radioactivity in a liquid scintillation 
counter. The assay procedure has been described in 
detail elsewhere [2,8]. Specifically, 5-10 wl of par- 
tially purified rat liver COMT was added to 10 ml 
of glass-distilled water. A suspension of Chelex-100 
chelating resin in water was added to the diluted 
enzyme preparation in a proportion of 1 vol. of 
Chelex-100 suspension to 9 vol. of diluted enzyme. 
This suspension was rotated gently at 12 rev/min for 
1 hr and was then centrifuged at 10,000 g for 10 min. 
The supernatant was removed, and 200-yl aliquots 
of the supernatant were added to reaction tubes for 
the determination of COMT activity. Each assay tube 
contained from 0.1 to 0.2 wl of partially purified 
enzyme (1.4 to 2.8 yg protein)/200 ul final volume. 
This quantity is in the range in which activity is 
related in a linear fashion to the quantity of enzyme 
present [2]. All incubations were carried out at 37 
for.45 min. Blanks were samples to which no DBA 
was added. Chelex-100 was prepared as previously 
described [8]. 

All glassware was washed in detergent, rinsed with 
deionized water, soaked for 10 min in 10 mM EDTA, 
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172% 


pH 5.5, and was rinsed three times with glass-distilled 
water before use. Stock solutions of LaCl,, NdCl;, 
EuCl,, MgCl, and CaCl, were prepared and stored 
in polystyrene tubes. 


Purification of COMT 

Rat liver COMT was purified by a modification 
of the method of Axelrod and Tomchick [1] as de- 
scribed elsewhere [2]. The procedure involved homo- 
genization of rat liver in 1.15% KCI followed by cen- 
trifugation, acid precipitation, ammonium sulfate pre- 
cipitation, and passage through a Sephadex G-200 
column. The specific activity of the final enzyme prep- 
aration was 550 nmoles of 4-hydroxy-3-methoxyben- 
zoic acid formed/mg of protein/hr. 


Data analysis 


Michaelis-Menten (K,,,) constants were determined 
by the method of Wilkinson [9] using a Fortran pro- 
gram written by Cleland [10]. A Control Data Corp. 
3500 computer was used for these calculations. 


Materials 

['*C]Methyl-S-adenosyl-l-methionine, sp. act. 58 
mCi/m-mole, was obtained from New England Nuc- 
lear Corp., Boston, Mass. Tris-hydroxymethylamino- 
methane base, 3,4-dihydroxybenzoic acid and 
S-adenosyl-l-methionine hydrochloride were pur- 
chased from Sigma Chemical Co., St. Louis, Mo. 
Dithiothreitol (Cleland’s reagent) was obtained from 
CalBiochem, La Jolla, Calif. Chelex-100 chelating 
resin, 50-100 mesh, was purchased from BioRad 
Laboratories, Richmond, Calif. LaCl, was obtained 
from Fisher Scientific Co., Fair Lawn, N.J., and 
NdCl, and EuCl, were purchased from Alfa Prod- 
ucts, Beverly, Mass. 


RESULTS 

Characteristics of assay procedure 

The characteristics of the procedure used to 
measure COMT activity have been described else- 
where [2]. The effects of time of incubation, quantity 
of enzyme, pH, magnesium concentration, co-sub- 
strate concentrations, and concentrations of dithioth- 
reitol have all been studied, and the reaction product 
has been identified as authentic vanillic acid by thin- 
layer chromatography. Unless otherwise stated, all 
assays were carried out under optimal conditions. 

Although it has been reported that magnesium or 
a related divalent cation is needed for COMT activity 
[1], preliminary experiments revealed that some 
enzyme activity was present in our partially purified 
rat liver enzyme preparation in the absence of exo- 
genously added MgCl,. Exposure of the enzyme to 
the solid chelating resin, Chelex-100, eliminated this 


residual activity. These results suggested that magne-’ 


sium was present in the enzyme preparation. There- 
fore, enzyme diluted with glass-distilled water was 
always exposed to Chelex-100 prior to its use in the 
studies described below (see Methods for details). 


Inhibition of COMT by lanthanum, neodymium and eur- 
opium 


A preliminary attempt to determine whether LaCl,, 
NdCl,; and EuCl, either inhibit or activate COMT 
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was made. Enzyme activity was measured in the pres- 
ence of 107, 10~*, 10° ° and 10°° M concentrations 
of rare earth compounds either with or without the 
addition of an optimal concentration of MgCl , 10° * 
M. COMT was dramatically inhibited by LaCl, at 
concentrations of 10°* to 10°° M, and by NdCl, 
and EuCl, at all concentrations studied. None of 
these compounds activated COMT in the absence of 
magnesium at any of the concentrations tested. This 
initial “screening” experiment was followed by a study 
in which the exact concentrations of the rare earth 
compounds needed to inhibit the enzyme were deter- 
mined (Fig. 1). MgCl,, 1 mM, was present in all reac- 
tion tubes. The concentrations at which a 50 per cent 
inhibition of COMT occurred were found to be: 
LaCl,, 3 x 10°° M; NdCl;, 1.2 x 10°° M; and 
EuCl;, 8.5 x 10°’ M. The inhibition of COMT by 
CaCl, is shown in the figure for comparison. The 
50% inhibitory concentration of COMT by calcium 
is 4.5 x 10°* M. Lanthanum and the lanthanides, 
neodymium and europium, are two to three orders 
of magnitude more potent as inhibitors of COMT 
than is calcium. 

Chloride was the anion in all of the rare earth com- 
pounds studied. Therefore, the effects of sodium 
chloride on COMT activity in concentrations of 1, 
3, 6 and 9 x 10°° M were determined. At none of 
these concentrations did sodium chloride activate 
COMT in the absence of magnesium chloride, nor 
was there any inhibition of COMT in the presence 
of 1 mM MgCl,. The effects of lanthanum, neody- 
mium and europium on COMT cannot be explained 
on the basis of an effect of the anion in the com- 
pounds studied. 

Because of the possibility that lanthanum, neody- 
mium and europium might interact with the product 
of the COMT reaction or might interfere with the 
organic solvent extraction step of the assay, an exper- 
iment was performed in which LaCl,, NdCl, and 
EuCl, were added to the reaction mixture both before 
and after incubation. The results of this experiment 
are shown in Table 1. Magnesium chloride, 1 mM, 
was present during the enzyme reaction in all cases 
except for the one experiment in which it was added 
only after the incubation. No inhibition of COMT 
occurred when the rare earth compounds were added 
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Fig. 1. Effect of varying concentrations of lanthanum, neo- 
dymium, europium and calcium on COMT activity. Each 
point represents the mean + S. E. M. of five determina- 
tions for La** (@), Nd** (©), Eu** (X), and three deter- 
minations for Ca?* (™). The abcissa shows the negative 
logarithm of the molar concentrations of these ions. 





Inhibition of rat liver catechol-O-methyltransferase 


Table 1. Effect of ion added before or after reaction on rat liver COMT activity* 





Concn 


Compound (M) (cpm) 


Added before 
(% Control) 


Added after 


(cpm) (°% Control) 





MgCl, 1x 10°% 1567+ 91 


100 75 To | 1.4 


MgCl, (1 mM) present during reaction 


LaCl, 
NdCl, 
EuCl, 


1.5 1632 + 32 
3 1613 + 72 
4 1438 + 42 


104 
103 
92 





*Control represents the enzyme activity in the presence of 1 mM MgCl, added prior 
to incubation. Each value represents the mean + S. E. M. of three determinations; cpm 


represents counts/min. 


after the enzyme reaction but prior to the organic 
solvent extraction. Therefore, the inhibition of COMT 
by lanthanum, neodymium and europium is not due 
to an artifact involving interference with the organic 
solvent extraction step of the assay procedure. 


Reversibility of inhibition 

Since the inhibition of COMT by calcium is rever- 
sible, an experiment was carried out to determine 
whether the inhibition of this enzyme by lanthanum, 
neodymium and europium is also reversible. Rat liver 
COMT diluted with glass-distilled water to the final 
enzyme concentrations used in the assay was incu- 
bated with LaCl,, NdCl, and EuCl, at 4° for 1 hr. 
Control samples were incubated at 4° in the absence 
of inhibitory compounds. A suspension of Chelex-100, 
100 yl of suspension/ml of diluted enzyme, was then 
added to test tubes that contained COMT and inhibi- 
tors as well as to control samples without rare earth 
compounds. The tubes were then mixed by gentle 
rotation at 12 rev/min for 1 hr at 4° to determine 
whether exposure to Chelex could reverse the inhibi- 
tion by chelation of the lanthanides. Controls which 
contained enzyme either with or without the inhibi- 
tory compounds were also rotated for 1 hr in the 
absence of Chelex-100 but after the addition of 100 
ul water/ml of enzyme. After centrifugation to remove 
the beads of chelating resin, 200-1 samples of super- 
natant from each tube were added to reaction tubes, 
and MgCl, was added prior to the determination of 
enzyme activity. The results of these experiments are 
shown in Table 2. The inhibition of COMT by lan- 
thanum, neodymium and europium is reversible after 
exposure to a solid chelating resin. In addition, it was 
noted that the enzyme activity was lower in samples 
tumbled in glass tubes in the absence of Chelex than 
in samples in which Chelex was present. Although this 
unexpected finding has not been adequately 


explained, it may be the result of interaction of the 
enzyme with glass in the absence of Chelex. 


Kinetic studies 


Magnesium. Because magnesium or other divalent 
cations are necessary for COMT activity[1], it 
seemed possible that lanthanum, neodymium and eur- 
opium might inhibit COMT by competing with mag- 
nesium. Therefore, kinetic studies were carried out in 
which COMT activity was measured in the presence 
of either no rare earth or of two different inhibitory 
concentrations of a lanthanide compound. Varying 
concentrations of MgCl, were added to the reaction 
mixtures, and Lineweaver—Burk plots of the results 
of these experiments are shown in Figs. 2-4. Apparent 
K,, constants, values of maximum velocity (V,,,,), and 


[Lo®*] = 4um 


[Lo**] = 2um 


aan 
8 








T T 


i < 7 
4 324 06 ' 2 @ #3 5 
+ 6. 
\/[Mg2*] mM 


Fig. 2. Lineweaver—Burk plot of the effect of two different 

concentrations of La?* on the velocity of the COMT reac- 

tion in the presence of various concentrations of MgCl). 

Each point represents the mean of three determinations. 

A fourth point (1/[Mg**] = 8.3, 1/V= 14.6) in the pres- 

ence of 4 uM La** was used in the kinetic analysis but 
is not shown in the figure because it was off scale. 


Table 2. Reversibility of inhibition of rat liver COMT activity* 





Concn 


Compound (M) (cpm) 


Chelex 
(% Control) 


No Chelex 


(cpm) (°% Control) 





1113 + 31 
914 + 32 
1135 + 50 
1118 + 36 


2x 10°> 
8 x 107° 
4x 107° 


LaCl, 
NdCl, 
EuCl, 


76 
1 
0.5 
5 





*Each value represents the mean + S. E. M. of three determinations. The “control” was 
a sample of rat liver COMT treated with Chelex-100 in the absence of inhibitory ions. 





D. R. QuiRAM and R. M. WEINSHILBOUM 


VV, 
cpm! x 10° 








\/[Mg2*] mm! 

Fig. 3. Lineweaver-Burk plot of the effect of two different 
concentrations of Nd** on the velocity of the COMT reac- 
tion in the presence of various concentrations of MgCl). 
Each point represents the mean of three determinations. 
A fourth point (1/[Mg?*] = 8.3, 1/V = 20.6) in the pres- 
ence of 2 uM Nd?** was used in the kinetic analysis but 

is not shown in the figure because it was off scale. 


of the 1/V values at the intercepts on the ordinates 
of these double reciprocal plots are shown in Table 
3. The apparent K,, for magnesium in the absence 
of lanthanides was 3 x 10°*M, a figure that com- 
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Fig. 4. Lineweaver—Burk plot of the effect of two different 

concentrations of Eu** on the velocity of the COMT reac- 

tion in the presence of various concentrations of MgCl). 

Each point represents the mean of three determinations. 

A fourth point (1/[Mg?*] = 8.3, 1/V = 44.0) in the pres- 

ence of 1.5 1M Eu** was used in the kinetic analysis but 
is not shown in the figure because it was off scale. 


pares favorably with that reported previously [2]. The 
double reciprocal plots of data obtained in the pres- 
ence of LaCl,, NdCl, and EuCl, were all compatible 
with non-competitive or “mixed” inhibition. Although 
the term “mixed” inhibition is widely used to describe 
double reciprocal plots in which inhibitors alter V,,,, 
but in which the lines do not cross on the abscissa, 
as Cleland [11] points out, the term “mixed” inhibi- 
tion really conveys no additional kinetic information 
over that conveyed by the term non-competitive. 
Therefore, in the subsequent discussion the term non- 
competitive inhibition will be used to describe all 
Lineweaver—Burk plots in which both the slopes and 
intercepts are increased in the presence of the inhibi- 
tor. The inhibition of COMT by calcium is also non- 
competitive with respect to magnesium [2]. 
3,4-Dihydroxybenzoic acid. COMT activity was 
measured in the presence of varying concentrations 
of DBA either with or without added LaCl, at con- 
centrations of 2 and 4 x 10°° M. Figure 5 shows 
a Lineweaver—Burk plot of the results of these exper- 
iments. The apparent K,, for DBA in the absence of 
lanthanum was 10~* M. Values for V,,,, and K,,, and 
the 1/V values at the intercepts on the ordinate are 
shown in Table 4. The double reciprocal plot of the 
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Fig. 5. Lineweaver—Burk plot of the effect of two different 
concentrations of La** on the velocity of the COMT reac- 
tion in the presence of various concentrations of 3,4-dihyd- 
roxybenzoic acid (DBA). Each point represents the mean 
of three determinations. A fourth point (1/[DBA] = 32, 
|, V= 13.1) in the presence of 4M La** was used in 
the kinetic analysis but is not shown in the figure because 
it was off scale. 


. Table 3. Results of kinetic studies of effects of lanthanum, neodymium and europium on 
COMT activity in the presence of varying concentrations of magnesium 
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*COMT activity was measured in the presence of different concentrations of MgCl, either 
with no rare earth present or in the presence of two concentrations of the inhibitor. All 
results represent the mean + S. E. M. of three determinations. 


+S. E. M. < 0.05. 





Inhibition of rat liver catechol-O-methyltransferase 


Table 4. Results of kinetic studies of effects of lanthanum 

on COMT activity in the presence of varying concen- 

trations of 3,4-dihydroxybenzoic acid (DBA) and S-adeno- 
syl-l-methionine (SAM)* 





[La3*] 1/V+S.E.M. ¥,, 





Varying concentrations of DBA 
0 0.6 + 0.1 2073 
2 uM 1.1+0.1 901 
4 uM 24+ 0.1 425 

Varying concentrations of SAM 
0 0.5 + 0.0F 1992 
2 uM 0.9 + 0.1 1160 
4 uM 14+ 0.1 137 





* COMT activity was measured in the presence of differ- 
ent concentrations of DBA and SAM either with no LaCl, 
present or with two concentrations of the inhibitor present. 
All results represent mean + S. E. M. of three determina- 


tions. 
+S. E. M. < 0.05. 


results of these experiments was compatible with non- 
competitive inhibition. Lanthanum, like calcium, 
demonstrates a pattern of non-competitive inhibition 
with respect to DBA [2]. 

S-adenosyl-1-methionine. COMT activity was also 
determined in the presence of various concentrations 
of SAM either with or without added LaCl, 
(2 or 4 x 10°°M). A double reciprocal plot of the 
results was made (Fig. 6) and kinetic data obtained 
from this plot are shown in Table 4. The apparent 
K,, value for SAM in the absence of lanthanum is 
similar to that reported previously [2]. This Line- 
weaver—Burk plot is also compatible with non-com- 
petitive inhibition, the same type of inhibition that 
calcium shows with respect to SAM [2]. 


Relationship between inhibition and ionic radius of lan- 
thanides 

The potency of lanthanum, neodymium and euro- 
pium as inhibitors of COMT is inversely related to 
their ionic radii. The ionic radii of these species are 


fe) [La] =4uM 


I/V 
CPM! x 10> 2 








T 
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\/[SAM] uM 


Fig. 6. Lineweaver—Burk plot of the effect of two different 
concentrations of La** on the velocity of the COMT reac- 
tion in the presence of various concentrations of S-adeno- 
syl-l-methionine (SAM). Each point represents the mean 
of three determinations. A fourth point (1/[SAM] = 0.38, 
1/V = 6.3) in the presence of 4 uM La** was used in the 
kinetic analysis but is not shown in the figure because 
it was off scale. 
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La**, 1.061 A; Nd**, 0.995 A; and Eu’*, 0.950 A 
[12]. The ionic radius of Ca** is 0.99 A [12]. 
Although the ionic radius of Nd** is closer to that 
of Ca?* than is that of Eu**, europium is a slightly 
more potent COMT inhibitor than is neodymium. 
Although this observation is of interest with respect 
to the hypothesis that the lanthanides may interact 
with the COMT at the same site or sites as does 
calcium, Gomez et al. [6] caution that the relation- 
ship of the biochemical effects of the lanthanides to 
their ionic radii is often complex and cannot be easily 
related to the ionic radii. 


DISCUSSION 


Calcium is an inhibitor of COMT [2], and the 
present study has shown that lanthanum and the lan- 
thanides, neodymium and europium, also inhibit this 
enzyme. These rare earths are two orders of magnitude 
more potent as inhibitors of COMT than is calcium. 
The inhibition of COMT by lanthanides is reversible, 
and kinetic analysis shows that this inhibition is non- 
competitive with respect to magnesium and with re- 
spect to the two co-substrates for the reaction, 
S-adenosyl-l-methionine and  3,4-dihydroxybenzoic 
acid. All of these characteristics are similar to those 
shown by calcium as an inhibitor of COMT [2], and 
these similarities raise the possibility that the lan- 
thanides may interact with the same sites in COMT 
as does calcium. 

Lanthanum and the lanthanides have proven to be 
useful chemical probes of the interactions of alkaline 
earth ions with other biological and biochemical sys- 
tems [13]. These rare earths have spectral and magne- 
tic properties that make it possible to carry out 
absorption, fluorescent, and nuclear magnetic 
resonance studies that cannot be performed with cal- 
cium or magnesium [7]. Lanthanum, neodymium and 
europium may be useful in future studies of the inter- 
action of calcium with COMT if they act as isomor- 
phic replacements for calcium in this enzyme. 

Finally, the lanthanides may represent a new class 
of COMT inhibitor. Competitive inhibitors of COMT 
such as pyrogallol and S-adenosyl-l-homocystine have 
been described [14,15]. Some compounds such as 
tropolone inhibit the enzyme by complex mechanisms 
[16], while sulfur analogs of catechol irreversibility 
inhibit the enzyme—presumably by the formation of 
disulfide bonds to the protein [17]. Many other types 
of COMT inhibitors have been described [18, 19]. 
Although inhibitors of COMT have been tested in 
clinical medicine in the treatment of psychiatric and 
neurologic diseases [20, 21], it is unlikely that the lan- 
thanides will prove of value as COMT inhibitors in 
vivo. Lanthanide compounds are toxic, and lan- 
thanum probably does not gain access to the interior 
of the cell where most of the COMT resides [3]. 
However, these limitations will not prevent the use 
of the lanthanides as chemical probes to study the 
molecular basis of the activity of COMT, an impor- 
tant catecholamine metabolic enzyme. 
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Abstract—Increased amino acid activation in the aorta was found in rabbits injected with 25 yg of 
staphylococcal alpha-toxin (three times, every second day), compared with controls. The enzyme activity 
was increased also in the reaction mixtures containing aortic preparations from control and experimen- 
tal rabbits (injected with 3 x 25 yg of the toxin) and low concentrations of the toxin (0.1 and 
0.1—-1.0 ng/ml respectively, and in those which contained the preparations from non-injected pigs and 
higher concentrations of alpha-toxin (50 ug/ml). No change in amino acid activation in the aorta was 
seen in rabbits injected with triple 150 ug and 250 yg dose of the toxin. Decreased enzyme activities 
were found in the reaction mixtures containing enzyme preparations from control and experimental 
rabbits. (injected with 3 x 25 yg, 3 x 150 and 3 x 250 yg of the toxin), and different concentrations 
of the toxin (1 ug/ml, 50 ug/ml, 0.5 ug/ml and 0.1 ug/ml, respectively). 


Staphylococcal alpha-toxin is a protein possessing a 
wide variety of biological activities [1]. In the search 
for sites of toxic action at the molecular level 
enhanced amino acid activation by enzyme prep- 
arations from pig aortas in the presence of the 
toxin [2] and a modified pattern of lipolytic enzyme 
activities of the arterial wall in rabbits injected with 
the toxin [3] were observed. 

The present experiments were carried out to test 
whether the amino acid activation in the arterial wall 
might be influenced by staphylococcal alpha-toxin 
both injected in rabbits and added to the reaction 
mixtures containing enzyme preparations from the in- 
jected and control animals. 


MATERIALS AND METHODS 


Reagents. Hydroxylamine, inorganic pyrophospha- 
tase (EC 3.6.1.1), protein amino acids and hydroxa- 
mates of the amino acids and other commercially 
available reagents of reagent grade were prepared and 
used as described previously [4]. Staphylococcal 
alpha-toxin was purified according to Bernheimer and 
Schwartz [5]. One wg of the freeze-dried toxin con- 
tained 2 minimum haemolytic doses when tested 
against rabbit erythrocytes. For experiments, saline 
solutions of the toxin were freshly prepared. 

Experimental design. Belgian Giant rabbits of ap- 
proximately 5 kg body wt and 12 months of age were 
used. Experimental animals were injected in the mar- 
ginal ear vein with staphylococcal alpha-toxin: 25 yg 
(group IT), 150 wg (IIT) and 250 yg (IV) in 5 ml saline, 
three times, every second day. Control animals (group 
I) were injected with saline. Twenty-four hours after 
last injection the animals were killed by decapitation 
and the aortas removed. 





* This investigation was supported by research grant 
05-327-2 from the United State Public Health Service. 


Enzyme preparation. Thoracic aortas from pigs were 
collected from the slaughter house and processed to 
obtain pooled acetone powders and enzyme prep- 
arations as described previously[4]. The rabbit 
aortas were prepared like pig aortas and cut into 
pieces in acetone at —20°. Acetone powders and 
enzyme preparations from each rabbit aorta were 
obtained in a similar way, except for different propor- 
tions of the powder and extractant (1:5, w/v) and the 
precipitate and solvent (1/1 of the initial volume). 

Protein was determined by the biuret method 
according to Kingsley [6]. 

Assay of amino acid activation. Activation of amino 
acids was measured by determining amino acid hyd- 
roxamates [7] formed in 1-ml reaction mixtures con- 
taining 100 umoles of an equimolar mixture of 20 
amino acids and other components as described pre- 
viously [4] and indicated in Table 1, in duplicate. 
Complete systems in the presence of heat-denatured 
enzyme preparations were used as controls. No hyd- 
roxamate formation is detected without the addition 
of amino acids to the reaction mixtures [4,8], as 
neither the highly purified toxin [5] nor the enzyme 
preparation contain free amino acids [9]. 

Results are expressed in milliunits of enzyme sp. 
act., ie. in nmoles of amino acid hydroxamates for- 
med/min per mg of protein, or in nmoles/min per 
0.05 ml of the enzyme preparation used. 


RESULTS 


There was no direct relationship between the pro- 
tein content of the enzyme preparations and amino 
acid hydroxamates formed in the reaction mixtures. 
This is illustrated by lower enzyme sp. act. obtained 
at higher protein concentrations and vice versa (Fig. 
1). 

Protein concentration in enzyme preparations from 
13 acetone powders from pooled pig aortas and the 
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In vivo and in vitro effects of staphylococcal alpha-toxin 
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Fig. 1. Relation between the protein content of aortic 
enzyme preparations in the reaction mixtures and the 
enzyme specific activity. Activities obtained with different 
volumes of the enzyme preparations from (A) pig and (B) 
rabbit aortas are shown as circles (means from 3 series 
of determinations). Mean activities and protein concentra- 
tions + standard deviations for 13 enzyme preparations 
from both pig and rabbit aortas are indicated by block 
dots with arrows. For reaction mixtures see Table 1. 


corresponding activation rate of the equimolar mix- 
ture of amino acids was 1.41 + 0.11 mg/0.05 ml and 
11.7 + 1.6nmoles-min™ '-mg~', respectively. Signifi- 
cantly lower means were obtained for 13 rabbit 
aortas: 0.99 + 0.09 mg protein/0.05 ml enzyme prep- 
aration (P < 0.001) and 9.9 + 2.0 nmoles amino acids 
activated-‘min™'-mg~' (P < 0.05), as indicated by 
Student’s t-test. The standard deviations for both the 
protein concentrations and enzyme activities are in- 
significantly different, as indicated by comparison of 
appropriate variances. The efficiency of protein 
extraction from acetone-butanol powders was 2.8°% 
and 10°, for pig and rabbit aorta, respectively, calcu- 
lated by comparison of the mean protein concen- 
trations and amounts of the powders used for the 
enzyme preparations. 

Similar protein concentrations in the aortic enzyme 
preparations were obtained in all the rabbits studied. 
The enzyme activities were significantly higher in ani- 
mals injected with the triple 25 wg dose of staphylo- 
coccal alpha-toxin (group II), compared with the con- 
trol (I). In rabbits injected with 150 ug (group III) 
the activities were enhanced in 2 and unchanged in 
4, compared with the range of values given by the 
mean + double standard deviation in control ani- 
mals, which resulted in markedly elevated standard 
deviation at insignificantly changed mean. Three out 
of 12 rabbits given the highest dose of the toxin 
(250 ug group IV) demonstrated a muscular tremor 
and excitation, and died after the first or second injec- 
tion. In 7 of the remaining animals, the enzyme activi- 
ties were within the range of mean + double standard 
deviation in controls and in 2 the activity values were 
below this range (Table 1). 

The amino acid activation of the aorta in control 
animals (group I) was increased by the toxin added 
to the reaction mixtures at a concentration of 
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0.1 ug/ml and 0.2 ug/ml. A much higher increase in 
the enzyme activity, which reached the maximum at 
0.5 ng/ml concentration of the toxin in the reaction 
mixtures was seen in the aorta of animals previously 
injected with the 25 yg dose of the toxin (group II). 
In reaction mixtures containing the aortic enzyme 
preparations from rabbits injected with the 150 ng 
dose (group III), the initially high (previously 
enhanced) enzyme activities were increased and the 
relatively low (previously unchanged) were decreased 
by toxin added at 0.1—0.2 g/ml; the means were in- 
significantly affected. The relatively low enzyme ac- 
tivities in animals injected with the highest 250 pg 
dose of the toxin (group IV) were considerably de- 
creased by toxin added to the reaction mixtures 
(Table 1). 

Highly significant positive correlation between the 
initial enzyme activities and the maximum activities 
at different concentrations of the toxin added to the 
reaction mixtures was found within groups, I, 
r= 0.91, P < 0.001 (for 0 and 0.1 ug toxin/ml reac- 
tion mixture); II, r= 0.95, P < 0.01 (0.5 ug/ml) and 
Il, r= 0.99, P < 0.001 (0.1 ug/ml) but not within 
group IV, r = 0.50, P > 0.1 (0.1 ug/ml). The correla- 
tion between the appropriate mean activities in rab- 
bits (groups I, II and IV; group III was omitted 
because of the elevated standard deviation) and pigs 
(group V) has also been calculated: r = 0.97, P < 0.05 
(Fig. 2). 


DISCUSSION 
Species difference may account for the significantly 


higher enzyme specific activity at considerably higher 
protein concentration of the aortic preparations in 
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Fig. 2. Effects of staphylococcal alpha-toxin on amino acid 
activation in the aorta. I, II, I1V—rabbits injected with 
saline, 25 wg and 250 pg of the toxin (three times, every 
second day). respectively, V—non-injected pigs; for details 
see text. Initial mean activities (dotted line) and maximum 
mean activities obtained at different concentrations of the 
toxin in the reaction mixtures (full line) are connected by 
arrows showing the differences; the decrease and increases 
are separated at mean 0.15 ng/ml concentration of the 
toxin, as indicated by the cross-point (CP) of the two 
curves. The initial and maximum mean activities are posi- 
tively correlated (r = 0.96; P < 0.05). 
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pigs than in rabbits. However, differences in the 
extraction procedure (see Material and Methods) due 
to much smaller amounts of material available in rab- 
bits may have influenced the results. 

The lack of direct proportion between the amounts 
of reaction products and protein of the enzyme prep- 
aration present in the reaction mixture with 20 amino 
acids also requires comment. Different rates of forma- 
tion of the individual amino acid hydroxamates [4], 
among other factors may be of importance. This can- 
not be overlooked when enzyme activities measured 
by this method are compared. 

There is little doubt that the changes in the enzyme 
activity in rabbits injected with the toxin are due to 
differences in extractability of the enzyme(s) because 
the mean values of protein were not different between 
control and experimental animals. 

The further in vitro increase in the enzyme activity 
which has already been elevated in vivo by the toxin 
indicates the importance of the enzyme/toxin concen- 
tration ratio. The higher the initial enzyme activity, 
the greater increase in the activity occurs at relatively 
higher concentration of the toxin in the reaction mix- 
ture. It is true for the enzyme activities both elevated 
by previous injection of the toxin and the originally 
high ones in control rabbits and pigs. This is shown 
by the high and significant coefficients of positive cor- 
relation between the initial activities and maximuni 
activities obtained at different in vitro concentrations 
of the toxin. 

Decreased amino acid activation in the aorta by 
staphylococcal alpha-toxin was definitely seen only 
in the in vitro experiment in rabbits. Thus, either the 
enzyme activity could not be diminished by the toxin 
given intravenously or the triple 250 zg dose was not 
high enough to obtain an effect. However, some inhi- 
bition of the enzyme system seems to have followed 
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the injections as the lowest in vitro toxin concen- 
tration was sufficient to decrease the enzyme activity. 
The animals would not survive injections of higher 
dose because some of them were killed by 250 pg, 
which was above the known lethal dose of the 
toxin [10]. 

Thus, staphylococcal alpha-toxin has been shown 
to affect the amino acid activation in the aortic wall 
both in vivo and in vitro, depending on the dose 
applied. The mechanism of the dose/enzyme response 
relationship is not clear. Conformational changes of 
the enzyme(s) and/or other components of the com- 
plex system of amino acid activation may be involved. 
The effect of staphylococcal alpha-toxin on the initial 
step of protein synthesis can result in impaired meta- 
bolic processes in the arterial wall. 
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Abstract—Inhibition of protein and RNA synthesis was observed in HeLa cells treated with 5-azacyti- 
dine (5-aza-C). Intracellularly, the methylation of phenol-extractable RNA (4-5S, 18S and 28S) was 
rapidly diminished. The bulk tRNA isolated from 5-aza-C-treated cells differed from the tRNA isolated 
from untreated cells in its elution on DEAE-cellulose; the difference in the mobility of the tRNA 
species was dependent on the dose and length of 5-aza-C treatment. The reported reduction of tRNA 
acceptor activity in 5-aza-C-treated cells was also observed. A simultaneous addition of cytidine or 
uridine could partially reverse the inhibitory effects produced by 5-aza-C. It appears that the incorpor- 
ation of the phosphorylated intermediates of 5-aza-C into nucleic acids is the major cytotoxic effect 


of this drug. 


5-Azacytidine (5-aza-C), an analog of cytidine [1], has 
antimicrobial [2] and antineoplastic activity. Antitu- 
mor activity has been demonstrated against AKR and 
L1210 murine leukemias[2,3], Ehrlich Ascites 
tumor [4], and more recently, acute myelogenous 
leukemia [5, 6]. 5-Aza-C has multiple effects on mam- 
malian tissues [7-10]. It is phosphorylated [11] and 
incorporated into nucleic acids[12,13]. The incor- 
poration of 5-aza-C into RNA may result in loss of 
tRNA amino acid acceptor activity [14], disaggrega- 
tion of polyribosomes [15,16], and protein inhibi- 
tion [12,17]. However, the inhibitory effects of 
5-aza-C treatment have not been adequately corre- 
lated with the mode of action of the drug [17]. 

In this paper, we study the effect of 5-aza-C treat- 
ment on RNA and protein synthesis. Intracellularly, 
the treatment results in loss of cellular RNA methyla- 
tion, modification of tRNA in its elution behavior 
on DEAE-cellulose, and reduction of tRNA acceptor 
activity. The inhibitory effects produced by 5S-aza-C 
can be partially reversed by cytidine addition. We 
believe that the incorporation of the phosphorylated 
intermediates of 5-aza-C into nucleic acids is the 
major cytotoxic effect of this drug. 


MATERIALS AND METHODS 


Materials. 5-Aza-C (NSC 102816 and ['*C]5-aza-C 
(46 mCi/m-mole) were supplied through the Chemical 
and Drug Procurement Section, Chemotherapy, 
National Cancer Institute. The radioactive nucleo- 
sides and amino acids were obtained from New Eng- 
land Nuclear, Boston, Mass. Yeast tRNA and oli- 
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gouridylic acid (mol. wt 7500) were purchased from 
CalBiochem, San Diego, Calif. 

Incorporation of [?H]uridine and ['*C]valine into 
RNA and protein. HeLa cells were cultured in 
McCoy’s 5A media (Flow Laboratories, Rockville, 
Md.) containing 10% calf serum (Grand Island Bio- 
logical Co., Grand Island, N.Y.) and antibiotics. For 
macromolecular synthesis the cells in 30-mm_ petri 
dishes (10° cells/dish) were pulse-labeled with [*H ]Jur- 
idine ((7H]JUR) or ['*C]valine for 30 min after drug 
treatment. The incorporation was stopped by rinsing 
the monolayer twice with cold saline. The cell mass 
was scraped off with a rubber policeman into cold 
saline and centrifuged at 800g for 3 min at 4°. The 
soluble radioactivity of [7H]UR was measured by 
suspending the cell pellet in | ml of cold 5% TCA 
and centrifuging at 3000 g for 5 min. Aliquots (0.5 ml) 
of the supernatant were added to 10 ml Aquasol (New 
England Nuclear) and assayed for radioactivity in a 
scintillation counter. The TCA precipitate was vor- 
texed with 2ml of cold 5% TCA, poured onto a 
Whatman GF/C filter, and washed with 5% TCA. The 
filters were dried and immersed in 10 ml of toluene 
scintillation fluid containing 5g PPOS and 100mg 
POPOP in | liter toluene. 

The soluble radioactivity of ['*C]valine was 
measured by suspending the pellet in 0.1 ml of 0.1 N 
KOH and incubating at 37° for 30 min. The mixture 
was acidified by adding | ml of cold 10% TCA, kept 
at 4° for 15 min, and centrifuged at 3000 g for 5 min. 
The soluble and insoluble radioactivity of ['*C]valine 
was measured using the same technique as described 
above for that of [*HJUR. 

RNA phenol extraction and column chromatography. 
The bulk RNA was extracted with phenol using the 
method of Karon et al. [18]. The RNA precipitated 
twice from cold ethanol, as dissolved in | ml of ace- 
tate buffer (0.01 N NaOAc, pH 6.7, 0.5 N NaCl con- 
taining 2 g/ml of polyvinyl sulfate), layered onto a 
5-20, sucrose density gradient in the same buffer, 
and centrifuged at 113,000g in an SW 27.1 swinging 
bucket rotor for 15-17hr. The gradient was frac- 
tionated using an ISCO gradient fractionator. The 


1737 





T. T. Lee and M. R. Karon 


} 

4-5S RNA was precipitated from cold ethanol and 
dissolved in 0.01 N Tris-HCl, pH 7.5, containing 
0-OlmM EDTA. It was applied to a column of 
Sephadex G-25 (90 cm | cm’). Elution was carried out 
with the same Tris-HCl buffer. Yeast tRNA was 
eluted under identical conditions. The RNA which 
eluted at the same position as yeast tRNA was 
pooled. The radioactivity incorporated into RNA was 
measured after addition of 5°, TCA. The precipitate 
was poured onto a Whatman GF/C filter, washed 
with 5°, TCA, dried and immersed in toluene scintil- 
lation fluid for radioactivity counting. The tRNA pur- 
ified from the Sephadex column was applied to a 
column of DEAE-cellulose (40cm x 1 cm’). The elu- 
tion .began with 100ml of Tris-HCI buffer (20 mM 
Tris-HCl, pH 7.5. |mM EDTA containing 0.25 N 
NaCl) and was followed by a linear gradient of NaCl 
(0.55 to 0.75 N in 200 ml) in the Tris-HCI buffer, pH 
7.5. Fractions of 5 ml were collected. The radioactivity 
was measured as described above. 

{minoacyl-tRNA synthetase assay. The assay mix- 
ture of 0.3 ml contained 20 ymoles Tris-HCl. pH 7.5: 
20 pmoles MgOAc; | xmole KCI; 2 pmoles f-mercap- 
toethanol:; 0.1 «mole CTP: 0.4 pmole ATP; 0.1 Ci of 
a ['*C]Jamino acid mixture containing 10 wCi/ml of 
each of the following amino acids: alanine aspartic 
acid, glutamic acid, glycine, histidine, isoleucine, leu- 
cine, lysine, phenylalanine, proline, serine, threonine, 
tyrosine and valine, in 10mCi/m-mole; 0.12 to 
0.25 Asoo of the hydrolyzed tRNA[19]; and 0.1 ml 
of enzyme (0.24 mg protein). The assay mixture was 
incubated at 37° for 15 min, during which time the 
incorporation of '*C-labeled amino acid into tRNA 
reached a plateau. Cold 20°,, TCA (0.2 ml) was added 
to terminate the reaction. The precipitate was poured 
onto a Whatman GF/C filter, washed with 5°, TCA, 
dried, and counted in toluene scintillation fluid. 

The enzyme was obtained from the “pH 5” enzyme 
preparation of HeLa spinner culture [18]. The pH 5 
enzyme precipitate was dissolved in 50 mM Tris-HCl, 
pH 7.5, buffer containing 5mM MgCl, and 25 mM 
KCI in 0.25M sucrose in a concentration of 3 mg 
protein/ml. The endogenous tRNA was removed by 
adding 0.1 g of washed DEAE-cellulose to each ml 
of the crude enzyme (2.4 mg protein), stirring gently 
at 4 for 30min, and centrifuging at 12,000g for 
10 min at 4. The’ supernatant was adjusted to 20 per 
cent by volume with glycerol containing 10mM 
f-mercaptoethanol and stored at —20°. 


RESULTS 


Effect of 5-aza-C on RNA and protein synthesis. In- 
hibition of both RNA and protein synthesis was 
observed in 5-aza-C-treated HeLa cells (Fig. 1). The 
soluble radioactivity of ['*C]valine for protein syn- 
thesis fluctuated to a significantly lesser extent than 
that-of [SH]JUR for RNA synthesis. The inhibition 
of protein synthesis appeared to be more pronounced 
than that of RNA synthesis. 5-Aza-C at concen- 
trations of 1, 10 and 100 pg/ml inhibited protein syn- 
thesis by 20, 45 and 63 per cent, respectively, as com- 
pared to 11, 25 and 42 per cent inhibition of RNA 
synthesis after 5 hr of treatment. 

Effect of 5-aza-C on RNA methylation. The transfer 
of the [7H]CH; group from t-methionine-meth- 




















Time, 


Fig. 1. Effect of 5-aza-C on cellular uptake of labeled uri- 
dine and valine. Twenty hr after the plating of 5 x 10° 
trypsinized cells, 5-aza-C was added to 60-mm petri dishes. 
At various intervals after the drug treatment, [7H]UR 
(2 nCi/ml) or ['*C]valine (1 wCi/ml) was added to cells for 
30min. The assay for the acid-soluble radioactivity of 
[*H]JUR (A) and ['*C]valine (C), and the acid-insoluble 
radioactivity of [7H]UR (B) and ['*C]valine (D) was de- 
scribed in Methods. Key: (@) 5-aza-C, | pg/ml; (A) 
5-aza-C, 10 ug/ml; and (O) 5-aza-C, 100 ug/ml. The un- 
treated cells were used as the control. 


ylI[°H] to phenol-extractable RNA was studied in 
5-aza-C-treated cells (Fig. 2). The untreated culture 
which was used as the control showed a greater 
amount of methylation of 4-5S RNA at the 5-hr point 
than at the 2-hr point, which was again greater than 
at the 0.5-hr point. The increase in methylation .of 
18S and 28S RNA among the control culture was 
less pronounced. 5-Aza-C (25 pg/ml) treatment inhi- 
bited the methylation of RNA as early as 30 min. The 
inhibition of methylation of 4-58, 18S and 28S RNA 
was greater than 50 per cent after 1.5 hr of drug treat- 
ment (Fig. 2). The methylation of 4-SS RNA was inhi- 
bited by 95 per cent or greater after 3.5hr of drug 
exposure. Under the same conditions, the methylation 
of 18S and 28S RNA became undetectable in drug- 
treated cultures. 

Effect of 5-aza-C on tRNA. On sucrose density gra- 
dient fractionation, the radioactivity of ['*C]5-aza-C 
was found to be incorporated into 4-5S, 18S and 28S 
RNA in HeLa cells pulse-labeled with ['*C]5-aza-C 
(data not shown). 4-5S RNA of !'4C-radioactivity 
chromatographed on a Sephadex column showed that 
greater than 85 per cent of '*C-radioactivity was as- 
sociated with the RNA species of the size of yeast 
tRNA (data not shown). tRNA isolated from drug- 
treated and untreated cultures and purified initially 
from a Sephedex column showed some difference in 
their elution on DEAE-cellulose. The tRNA species 
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Fig. 2. Effect of 5-aza-C on the incorporation of CH;[°H] into cellular RNA of HeLa cells. The 
monolayer cultures of HeLa cells, 2 to 3 x 10° cells in 250-ml plastic flasks, were treated with 5-aza-C 
(25 ug/ml) for the indicated time period. At each time interval, 20 wCi L-methionine-CH[*H] (1.2 Ci/m- 


mole) was added to each flask of culture (1.3 wCi/ml) for 30 min. The bulk RNA was extracted with 

phenol, layered onto a 5—20°%, sucrose density gradient in the acetate buffer, and centrifuged at 113,000 g 

in an SW 27.1 swinging bucket rotor fur 15-17 hr. The gradient was fractionated using an ISCO 

gradient fractionator. The u.v. absorbance was recorded automatically. The incorporation of CH3[°H] 
into cellular RNA (4-5S, 18S, 28S from left to right) was assayed as described in Methods. 


pulse-labeled with ['*C]5-aza-C was eluted to a 
higher gradient concentration as compared to that 
of the bulk tRNA from drug-treated or untreated 
cells. The separation of tRNA synthesized during 
5-aza-C treatment and pulsed with [*H]UR from the 
bulk tRNA on DEAE-cellulose column chromatogra- 
phy appeared to be dependent on the dose (Fig. 3A) 
and length (Fig. 3B) of 5-aza-C addition. 

The tRNA isolated from 5-aza-C-treated cells 
showed a loss in amino acid acceptor activity. A 
reduction of 43, 66 and 90 per cent of amino acid 
acceptor activity of tRNA (unfractionated) was 
observed in cells treated with 10, 25 and 50 pg/ml 
of 5-aza-C, respectively, for 3hr (Table 1). 5-aza-C 
treatment at a concentration of 25 yg/ml resulted in 
a loss of 10, 66 and 88 per cent of amino acid acceptor 
activity of tRNA in cells exposed to the drug for 1, 
3 and 6hr respectively. 

The tRNA isolated from 5-aza-C-treated cells 
(25 ng/ml, 3 hr) showed a varying degree in its loss 
of specific amino acid acceptor activity. The reduction 
of tRNA _ acceptor activity with respect to 
['*C]aginine, ['*C]glycine, ['*C]leucine, ['*C]valine 
and ['*C]glutamic acid was 20, 53, 27, 75 and 25 
per cent respectively (data not shown). 

Reversal effect of cytidine and uridine. The inhibi- 
tion of HeLa cell proliferation by 5-aza-C was par- 
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Table 1. tRNA acceptor activity in HeLa cells before and 
after 5-aza-C treatment* 





['*C]amino acid 
incorporation 
(pmoles/15 min/mg Reduction 
tRNA) (%) 


5-aza-C treatment 





Dose 
(ug/ml) 


Duration 
(hr) 





0 1.37 0 
25 1.24 10 
10 0.78 43 
25 0.46 66 
50 0.14 90 

100 0.04 97 
25 0.16 88 





*tRNA from 5-aza-C-treated or untreated cells was 
extracted with phenol, fractionated in sucrose density gra- 
dient, and purified by Sephadex column chromatography 
(see Methods). tRNA (5-10 A269) was then applied to a 
small column of DEAE-cellulose (5cm x 0.38 cm’), 
washed with Tris-HCl, pH 7.5, buffer with 0.25 N NaCl, 
and eluted with Tris-HCl, pH 7.5, buffer with 0.75 N NaCl. 
tRNA was recovered by cold ethanol precipitation. A limit- 
ing concentration (0.12 to 0.25 Ao) of the hydrolyzed 
tRNA was used for the synthetase assay (see Methods). 
The '*C-labeled amino acid mixture contained all the 
acidic and neutral amino acids of a specific activity of 
10 mCi/m-mole. The counting efficiency for '*C-radioacti- 
vity was 85 per cent. 
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Fig. 3. Effect of dose and length of 5-aza-C treatment on the chromatographic elution of tRNA on 

DEAE-cellulose. The monolayer HeLa cells, 2 to 3 x 10’ cells in 250-ml plastic flasks, were treated 

with 0, 10, 25, 50 or 100 pg/ml of 5-aza-C for 3 hr and followed by a pulse-labeiling of 10 pCi 

[*H]UR for 60 min (A). To some HeLa cells the treatment with 25 pg/ml of 5-aza-C continued 

for 0, 1, 3 and 6 hr and was followed by a pulse-labeling of 10 wCi [*HJUR for 60 min (B). The 

chromatographic elution of tRNA isolated from drug-treated and untreated cells was described in 
Methods. 


tially reversed by a simultaneous addition of uridine 5-aza-C treatment showed about the same size as un- 
or cytidine (Fig. 4). The addition of 10 yg/ml of uri- treated cultures (data not shown). 

dine or cytidine reduced the inhibitory effect of The methylation of tRNA was diminished rapidly 
5-aza-C (10 g/ml) on cell number by 35-60 per cent — in 5-aza-C-treated cells. The transfer of the [7H]CH; 
after 5 days of treatment. The cells recovering from group from radioactive L-methionine to tRNA was 


Table 2. tRNA methylation in HeLa cells before and after 5-aza-C treatment* 





5-aza-C treatment 





Cytidine [*H]CH; group 
Duration Dose addition incorporation 
(hr) (ug/ml) (ug/ml) (pmoles/mg tRNA) (°%%, Control) 





0 
0 
25 
0 
25 
0 


awn 


NM he hy ly te 
awn 


Awww = 


wn 





* An HeLa monolayer culture of 2 to 3 x 10’ cells in a 250-ml plastic flask was pulse- 
labeled with 50 wCi L-methionine-CH[°H] (1.2 Ci/m-mole) for 60 min after the indi- 
cated period of 5-aza-C treatment. Cytidine was added simultaneously with the 
radioactive methionine. tRNA was purified as described in Table 1. The radioactivity 
was measured using aliquots (2A,,0) of purified tRNA in the assay as described in 
Methods. 
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Fig. 4. Changes.in the number of cells/plate after exposure 

of HeLa cells to 5-aza-C. Twenty hr after the plating of 

1.3 x 10° trypsinized cells, 5-aza-C was added to 60-mm 

petri dishes. When cytidine (CR) or uridine (UR) was 

added simultaneously with 5-aza-C, their concentration 

was 10yg/ml. Cell number was determined after 
trypsinization. 


reduced by 70.0, 73.9 and 90.0 per cent in cells treated 
with 5-aza-C (25 g/ml) for 1, 3 and 5 hr respectively. 
The cells treated with 5-aza-C (25 ug/ml) for | and 
3hr by cytidine addition for | hr appeared to fully 
recover their capacity to methylate tRNA (Table 2). 
The incorporation of the [*H]CH,; group from 
L-methionine CH;[°H] into tRNA was 114 and 105 
per cent of the control value in those cells treated 
with 25 g/ml of 5-aza-C for 1 and 3 hr, respectively, 
and followed by cytidine addition. 

The acceptor activity of tRNA in ceils treated with 
25 pg/ml of 5-aza-C for 3 hr was increased after cyti- 
dine addition. The tRNA acceptor activity was 25.9, 
65.5, 75.3 and 76.9 per cent of that of untreated cells 
when 25 pg/ml of cytidine was added to 5-aza-C- 


1741 


treated cells for 0, 1, 2 and 3hr respectively (Table 
3). A high dose of cytidine (50 pg/ml) increased the 
acceptor activity of tRNA in 5-aza-C-treated cells to 
about 80.0 per cent of the control value in 1 hr (Table 
3). 


DISCUSSION 


The inhibition of RNA and protein synthesis in 
drug-treated HeLa cells, which is dependent on the 
dose and length of 5-aza-C treatment (Fig. 1), can 
be explained by the incorporation of the phosphory- 
lated intermediates[11] of S-aza-C into nucleic 
acids [12,13]. Since inhibition of protein synthesis 
precedes that of RNA synthesis, the interference with 
the activity of a particular enzyme to block de novo 
pyrimidine synthesis [20] appears less important in 
cytotoxic effects produced by 5-aza-C. Nonetheless, 
the inhibition of orotidylic acid decarboxylase by 
5-aza-cytidine-5’-monophosphate [20] may result in 
an early rise of soluble radioactivity of [*H]UR in 
drug-treated cells (Fig. 1). 

The increase of methylation of bulk RNA in un- 
treated cells with time (Fig. 2) may be partially caused 
by the media change. Fresh serum has a growth-sti- 
mulating effect on HeLa cells. The cells treated with 
5-aza-C, however, show a rapid loss .of methylation 
in both 4-SS RNA and 18S and 28S RNA (Fig. 2). 
Under a similar condition of drug treatment, the 
radioactivity of ['*C]5-aza-C is found to be incorpor- 
ated in all three RNA species and more than 85 per 
cent of '*C-radioactivity of 4-5S RNA is associated 
with tRNA or with RNA of the size of yeast tRNA 
(see Results). This suggests that diminution of RNA 
methylation is a result of 5-aza-C incorporation. 

Further study of the effect of 5-aza-C treatment on 
RNA modification is carried out with tRNA mol- 
ecule. On DEAE-cellulose elution, the tRNA isolated 
from 5-aza-C-treated cells is different in comparison 
to the tRNA isolated from untreated cells. When cells 
are pulse-labeled with ['*C]5-aza-C and then treated 
with cold 5-aza-C, the tRNA synthesized during this 
period of drug treatment is also different from the 
bulk unlabeled tRNA (data not shown). The reason 
for the difference is largely unknown. One of the con- 
ditions to induce a greater alteration of the elution 
behavior of tRNA is to increase the dose and length 
of 5-aza-C treatment (Fig. 3, panels A and B). 

The tRNA isolated from drug-treated cells shows 
a loss in its amino acid acceptor activity. The degree 


Table 3. Recovery of tRNA acceptor activity by cytidine addition* 





5-aza-C treatment 


Cytidine addition 


['*C]amino acid 





Duration 
(hr) 


Dose 
(ug/ml) 


Duration 
(hr) 


Dose 
(ug/ml) 


incorporation 
(pmoles/15 min/mg tRNA) 


Control 





0 0 

0 0 
25 
50 
25 
25 


1.42 100 

0.41 28.9 
0.93 65.5 
1.14 80.0 
1.07 75.3 
1.13 79.6 





* Cytidine was added at the end of 5-aza-C treatment. tRNA was purified and assayed 


as described in Table 1. 
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of reduction of tRNA acceptor activity, which is non- 
specific with respect to amino acids (see Results), 
appears to lag initially behind the rate of diminution 
of tRNA methylation. After exposure to 25 pg/ml of 
5-aza-C for | hr, the reduction of tRNA acceptor acti- 
vity is only 10 per cent (Table 1) as compared to 
70 per cent of loss in tRNA methylation (Table 2). 
On the other hand, tRNA methylation can be res- 
tored immediately after cytidine addition (Table 2), 
whereas the acceptor activity of tRNA in 5-aza-C- 
treated cells is only partially recovered (Table 3). 
Apparently, the loss of tRNA methylation may not 
entirely stem from the same mechanism responsible 
for the reduction of tRNA acceptor activity. The rela- 
tively fast turnover of the 3’-CCA terminal end of 
tRNA [14] may explain the loss of tRNA methylation 
and its quick recovery after cytidine addition in 5-aza- 
C-treated cells. Meanwhile, the incorporation of 
5-aza-C into the internal structure as compared to 
the 3’-terminal end of tRNA, no matter how limited, 
may produce an inhibitor of amino acyl-tRNA syn- 
thesis which would explain the partial recovery of 
tRNA acceptor activity (Table 3). Recently the tRNA 
isolated from 5-aza-C-treated A(T,)CL-6 hamster 
fibrosarcoma cells is shown to inhibit protein syn- 
thesis in the cell-free reticulocyte system in vitro [21]. 
The inhibition is partially explained by the irrevers- 
ible binding of 5-aza-C tRNA to the polyribosome 
complex [21 ]. 

The partial recovery of tRNA acceptor activity in 
5-aza-C-treated cells after cytidine addition may 
explain why the proliferation of HeLa cells is re- 


covered only by 35-60 per cent (Fig. 4). We believe 
the incorporation of the phosphorylated interme- 
diates into nucleic acids to be the major cytotoxic 
effect of this drug. 
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Abstract—Following intraperitoneal injection of a single dose of chlorpromazine to rats, serum total 
tryptophan fell significantly, as did the concentration of serum total amino acids. At the same time 
there was a decrease in the binding of tryptophan to serum albumin, which was not attributable 
to any change in serum non-esterified fatty acid concentration. After repeated administration of chlor- 
promazine (over 10 days), serum tryptophan returned to normal within 4 days, as did the binding 
of tryptophan to serum albumin. However, serum total amino acid concentration remained depressed 
for at least 10 days, returning to the control level immediately on cessation of administration of 
the drug. Cessation of chlorpromazine administration had no effect on serum tryptophan concentration 
or binding to serum albumin. Studies on brain tryptophan uptake and serotonin accumulation showed 
an increase in brain serotonin pool size following single or repeated chlorpromazine administration. 
Although serotonin accumulation was significantly correlated with tryptophan uptake into the brain, 
the increase in serotonin per unit increase in brain tryptophan uptake was less after 11 days repeated 
chlorpromazine administration than after a single dose. This suggests that some factor other than 
tryptophan availability is concerned in regulation of brain serotonin synthesis; this could be feed-back 


inhibition by serotonin. 


It is generally accepted that a major factor affecting 
the rate of serotonin synthesis in the central nervous 
system is the availability in the brain of the precursor 
amino acid, tryptophan [1]. Uptake of tryptophan 
into the brain is believed to be controlled by two 
factors: the blood concentrations of other large neu- 
tral amino acids (phenylalanine, tyrosine, leucine, iso- 
leucine, valine and methionine) which compete with 
tryptophan for the uptake mechanism [2]; and the 
concentration of that small fraction of blood trypto- 
phan that is not bound to serum albumin, but is freely 
diffusible [3]. Evidence of the importance of compet- 
ing amino zcids has been obtained in vivo by Gessa 
et al. [4]. 

Studies of serum tryptophan in chlorpromazine- 
treated chronic schizophrenics [5] have shown con- 
siderably lower than normal serum total tryptophan 
concentrations. In these patients, tryptophan binding 
to serum albumin was less than normal, resulting in 
approximately normal concentrations of freely diffu- 
sible tryptophan. On withdrawal of chlorpromazine 
from a similar group of patients [6} there was an 
increase in serum tryptophan concentration, and a 
considerable increase in that fraction not bound to 
albumin, leading to a very considerable increase in 
the concentration of freely diffusible tryptophan. 
Serum total amino acid concentrations, initially 
slightly lower than normal, also showed a marked 
increase on withdrawal of the drug. The changes in 
serum tryptophan appeared to follow the same rela- 
tively slow time-course as behavioural deterioration 
and recovery in response to chlorpromazine with- 
drawal and restoration, while changes in total amino 
acid concentration were more rapid, and appeared 
to correspond more or less directly with changes in 
drug status. 

In order to attempt to differentiate between drug- 
induced effects and abnormalities due to the schizo- 


phrenic syndrome in these patients, the effects of 
chlorpromazine on serum tryptophan and brain sero- 
tonin synthesis have been assessed in rats. 


MATERIALS AND METHODS 


Female Courtauld Institute Wistar rats weighing 
between 90 and 110 g were used. They were injected 
intraperitoneally (i.p.) with a solution of chlorproma- 
zine hydrochloride in 0.15 M sodium chloride, or 
saline alone. All animals were deprived of food, but 
not water, for 24 hr before killing. To minimise the 
effects of diurnal variation, all injections were per- 
formed between 09.00 hr and 09.30 hr, and all animals 
were killed between 13.00 hr and 14.00 hr. Animals 
were killed by decapitation; blood was collected and 
allowed to clot at room temperature before centrifu- 
gation at 2000 g to separate serum. Dialysis studies 
(see below) were performed within | hr of killing; 
aliquots of serum for other assays were stored at 
—20° until required. Brains and other tissues were 
dissected out rapidly and frozen in liquid nitrogen; 
they were stored at —20° until required. 

Serum tryptophan was determined by the norhar- 
man fluorescence method [7]. Tissue tryptophan con- 
centrations were determined by a modification of the 
same method; tissues were homogenised while still 
frozen in 100 g/l trichloroacetic acid containing 0.3 
m-mole/] ferric chloride and, after centrifugation to 
remove denatured protein, the supernatant was used 
for determination of tryptophan. The extent of trypto- 
phan binding to serum albumin was determined by 
small-scale equilibrium dialysis [8], serum non-esteri- 
fied fatty acid concentration by the formation of sol- 
vent-extractable copper soaps [9] and serum total 
amino acid concentration by the formation of fluores- 
cent zinc-stabilised pyridoxal derivatives [10]. 
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The uptake of tryptophan into the brain and its 
conversion to serotonin were assessed by a modifica- 
tion of the method of Hyyppa er al. [11]. Six min 
before killing, animals were injected ip. with 0.1 ml 
of a solution of [G-*H]-L-tryptophan in 0.15 M 
sodium chloride (6.4 Ci/m-mole, 0.17 wCi/ml). Brains 
were dissected out and frozen in liquid nitrogen, then 
stored at —20 until required. They were homo- 
genised while still frozen in 7 ml of 0.4 M perchloric 
acid containing 10 g/l ascorbic acid. After centrifuga- 
tion to remove denatured protein (20 min at 2000 
g) the supernatant was adjusted to pH 2.0 by addition 
of 0.4 M sodium hydroxide solution. It was then 
poured over 2-cm long columns of Dowex 50 X-8 
ion exchange resin (acid form, 350 mg dry wt of resin 
per column). The columns were then washed with 
6-ml of water. Tryptophan was eluted with 15 ml of 
0.1 M sodium acetate adjusted to pH 6.0, and after 
washing the columns with a further 6 ml of water, 
serotonin was eluted with 4 or 6 ml of 0.5 M triso- 
dium phosphate. Elution with 4 ml gave slightly lower 
recovery of serotonin, but increased the concen- 
tration, thus rendering subsequent fluorimetric assay 
more reliable. Aliquots of these column eluates were 
used for measurement of radioactivity, using a water 
miscible scintillant (5 g PPO, 0.5 g POPOP, 250 ml 
Triton X-100 per litre of toluene) in a Packard liquid 
scintillation spectrometer. With up to 1 ml of eluate 
in 15 ml of scintillant, *H counting efficiency was rou- 
tinely between 35 and 45 per cent. Similar aliquots 
of the eluates were used for assay of tryptophan (by 
a modification of the norharman fluorescence method 
[7] and serotonin by the following modification of 
the o-phthaldialdehyde fluorescence method [12]. 1 
ml of the sample was mixed with | ml of a solution 
of 100 mg/l o-phthaldialdehyde and 100 mg/l L-cys- 
teine hydrochloride in 12 M hydrochloric acid, heated 
at 105 for 15 min and cooled in tap water before 
fluorimetry (excitation 360 nm, fluorescence 480 nm, 
uncorrected wavelengths). Recovery of tryptophan 
and serotonin through this procedure was assessed 
using '*C-labelled material added to the brain super- 
natants at pH 2.0; recovery of tryptophan was 70-75 
per cent and of serotonin 75-80 per cent. 


RESULTS 


The effects of a single administration of chlorpro- 
mazine on serum tryptophan, albumin binding of 
tryptophan and serum total amino acid concentration 
are shown in Fig. 1. Four hr after administration of 
chlorpromazine at 10 mg/kg body wt and above, 
there was a significant reduction in serum tryptophan 
and total amino. acid concentrations compared with 
saline-injected control rats. The percentage of trypto- 
phan freely diffusible (ie. not bound to serum albu- 
min) was significantly elevated at the same dose of 
the drug, although the concentration of non-esterified 
fatty acids (known to displace tryptophan from albu- 


min binding [8, 13] was not affected, even at higher . 


doses of the drug. In all subsequent experiments de- 
scribed here, chlorpromazine was given at 10 mg/kg 
beady wt. 

The effect of repeated daily administration of chlor- 
promazine at this dose is shown in Fig. 2. After about 
4 days, serum tryptophan concentration returned to 
the control level; at the same time the percentage 
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Fig. 1. Responses of serum total tryptophan, albumin 

binding of tryptophan and serum total amino acid concen- 

tration to a single dose of chlorpromazine hydrochloride. 

The shaded areas represent mean + S.D. for 25 saline- 
injected control animals. 


Chlorpromozine injections Saline injections 








8 


MM 
8 


Serum total 
8 


tryptophan, 








Tryptophan, 
% freely diffusible 





yon 
nN DS 


Serum total 


amino acids, mM 
= = yal nN 
b ® @® Oo 


t Jj 


| 1 i 
Se¢6G @€ f Fe 





Eee Se we eS ee 
oo ut 2 13 14 15 16 I7 18 19 20 


Days of experiment 
Fig. 2. Responses of serum total tryptophan, albumin 
binding of tryptophan and serum total amino acid concen- 
tration to repeated administration of chlorpromazine and 
following withdrawal. Points represent mean + S.D. for 
5 animals per group. The shaded areas represent mean 
+ §$.D. for 25 saline-injected control animals. Chloropro- 
mazine hydrochloride (10 mg/kg body wt) given ip. for 
up to 10 days, as shown by the solid bar. 





Chlorpromazine effects on brain serotonin 


Table 1. Tissue trichloroacetic acid soluble tryptophan fol- 
lowing administration of a single dose of chlorpromazine 
(10 mg/kg body wt) to female rats 





Control Chlorpromazine 
(nmole tryptophan/g wet wt tissue) 





Liver 
Spleen 
Pancreas 
Heart 
Lung 
Kidney 


Ie Ie I I+ I+ I+ 
I I+ I I+ I+ I+ 





* Significantly different from control, P < 0.02 (t-test). 
(Figures show mean + S.D., 5 animals in each group). 


of tryptophan freely diffusible fell towards the control 
level, although it remained slightly (but not statisti- 
cally significantly) above the control level throughout 
the remainder of this experiment. The concentration 
of serum total amino acids remained significantly 
lower than in control animals throughout the 10 days 
of the experiment. On withdrawal of chlorpromazine 
after 10 days repeated administration, the serum total 
amino acid concentration returned to the control 
level; there was no evidence of any compensatory rise 
in serum amino acids as seen in schizophrenic 
patients on withdrawal of chlorpromazine, [6]. The 
concentration of serum tryptophan was unaffected by 
cessation of chlorpromazine administration, as was 
binding to albumin. 

The concentration of trichloroacetic acid soluble 
tryptophan (i.e. tryptophan not incorporated into pro- 
teins) was measured in various tissues from animals 
treated with a single dose of chlorpromazine and in 
control (saline injected) animals. As can be seen from 
Table 1, there was a significant increase in trichloroace- 
tic acid soluble tryptophan in liver, spleen and pan- 
creas; because of its small size (about 500 mg), the 
contribution of pancreatic tryptophan uptake to 
whole body tryptophan metabolism is unlikely to be 
important. There was also a slight (non-significant) 
increase in trichloroacetic acid soluble tryptophan in 
lung and kidney following administration of a single 
dose of chlorpromazine, and a slight fall in the heart. 
Following repeated administration of the drug for 10 
days, the concentrations of trichloroacetic acid solu- 
ble tryptophan in these tissues returned to the control 
levels. 

In order to assess the relative rates of tryptophan 
uptake into the brain, and its conversion to serotonin. 


Table 2. Brain tryptophan and serotonin 
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rats were injected 6 min before killing with a tracer 
amount of [*H]tryptophan, and radioactive trypto- 
phan and serotonin were then determined in the 
brains of saline-injected animals and animals treated 
with a single dose of 10 mg chlorpromazine/kg body 
wt, or the same dose repeated for 11 days. The results 
obtained are shown in Table 2. There was a non-sig- 
nificant increase in the brain tryptophan concen- 
tration of chronically chlorpromazine-treated ani- 
mals, and the uptake of radioactive tryptophan was 
slightly increased following single or repeated 
administration of the drug. There was a significant 
increase in the size of the brain serotonin pool follow- 
ing a single dose of chlorpromazine, and a further 
significant increase following repeated doses of the 
drug. Although in animals given repeated doses of 
the drug there was a slight increase in the amount 
of radioactive serotonin accumulated during the 6 
min between injection of radioactive tryptophan and 
killing, there was no change in animals given a single 
dose of the drug. 


DISCUSSION 


There is a considerable amount of evidence that 
a major factor regulating the rate of serotonin syn- 
thesis in the central nervous system is the availability 
of tryptophan. Jn vitro determination of the K,, of 
the first enzyme of the pathway, tryptophan hydrox- 
ylase (L-tryptophan monooxygenase, EC 1.14.16.4) 
has suggested that the enzyme normally functions 
at less than a saturating substrate concentration, even 
in the presence of what is assumed to be the natural 
cofactor, tetrahydrobiopterin [14]. This implies that 
an increase in the concentration of tryptophan avail- 
able to the enzyme would be reflected in an increase 
in the synthesis of 5-hydroxytryptophan. Since there 
is no evidence that the decarboxylation of 5-hydroxy- 
tryptophan to serotonin is rate limiting, and there 
is normally a considerably greater activity of 5-hyd- 
roxytryptophan decarboxylase (L-aromatic amino acid 
carboxy-lyase, EC 2.6.1.26) than of tryptophan hy- 
droxylase in brain tissue [15], this would lead to an 
increase in the synthesis of serontonin. Jn vivo studies 
support this view; an increase in cerebral tryptophan 
concentration has been shown to lead to an increase 
in the rate of serotonin synthesis [16]. 

In view of this evidence, it would be expected that 
in the present work, where an increase in brain tryp- 
tophan concentration has been observed, there would 
also be an increase in the accumulation of radioactive 


in chlorpromazine-treated rats following ip. 


administration of [?H]tryptophan 





Saline-injected 
controls (n = 11) 


Chlorpromazine injected animals 
Single dose 11 days treated 
(n = 11) (n = 18) 





Concentration, nmole/g wet wt tissue 


91.9 + 12.4 
2.4 + 0.1 


Tryptophan 
Serotonin 


33.7 
0.4*+ 


155.3 
3.4 


100.0 + 14.1 
2.8 + 0.3* 


Radioactivity, nCi/g wet wt tissue 


99 + 16 
5.7 + O9 


Tryptophan 
Serotonin 


4.4 
1.8 


16.1 
6.6 





* Significantly different from control animals P < 0.001 (t-test). 


+ Significantly different from single dose group P < 0.001 (t-test). 
(Figures show mean + S.D., numbers of animals as shown). 
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serotonin. In Fig. 3, the uptake of radioactive trypto- 
phan into the brain (nCi accumulated per g of tissue 
in 6 min) has been plotted against the accumulation 
of radioactive serotonin during the same time. Consi- 
dering all points fogether, there is a significant corre- 
lation (r = 0.59, n = 39), thus providing support 
for the hypothesis that increased brain tryptophan 
uptake leads to increased serotonin synthesis. How- 
ever, if the two groups of chlorpromazine-treated ani- 
mals are considered separately it can be seen that 
different regression lines can be drawn through the 
points representing acutely-treated animals (gradient 
= (0.446) and those treated with the drug for 11 days 
(gradient = 0.299). These two gradients (computed 
by unweighted least squares procedure) are signifi- 
cantly different (P < 0.001). The relative increase in 
serotonin synthesis per unit increase in brain trypto- 
phan accumulation was greater in animals given a 
single dose of chlorpromazine than in animals treated 
with the drug for 11 days. This suggests that some 
factor other than tryptophan availability also acts to 
regulate serotonin synthesis from tryptophan in the 
brain. 

It is possible that the degradation of serotonin by 
monoamine oxidase (monoamine oxygenase, EC 
1.4.3.4) is reduced after prolonged chlorpromazine 
therapy. While this would lead to an increase in the 
size of the brain serotonin pool, as observed here, 
without requiring an increase in the rate of synthesis, 
it would not account for the observed lower rate of 
serotonin synthesis with increased tryptophan ac- 
_ cumulation observed in the chronically-treated ani- 
mals compared with animals treated with a single 
dose of the drug. 

There is some evidence of feed-back inhibition of 
serotonin synthesis in vivo, possibly acting by means 
of serotoninergic overstimulation, and thus by a neur- 
onal rather than enzymic mechanism [16,17]. 
Although there seems to be little unequivocal evi- 
dence of inhibition of tryptophan hydroxylase by sero- 
tonin [14], there is clear evidence that 5-hydroxy- 
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nCi/g tissue 
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5 20 5 
Brain [7H] tryptophan, 
Fig. 3., The*relationship between brain tryptophan uptake 
and serotonin accumulation in chlorpromazine-treated 
rats. Open circles and the broken line represent animals 
treated with a single dose of chlorpromazine hydrochloride 
(10 mg/kg body wt). Filled circles and the solid line rep- 
resent animals treated with the same dose of the drug for 
11 days. 
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tryptophan decarboxylase is inhibited in vitro by its 
product [18]. It is unclear how important this inhibi- 
tion would be in vivo. 

Although a single dose of chlorpromazine led to 
a reduction in total serum tryptophan, this was 
apparently compensated for by a displacement of 
tryptophan from albumin binding, and a decrease in 
the concentrations of those amino acids which com- 
pete with tryptophan for uptake into the brain, so 
that there was an increase in brain serotonin synthesis 
following chlorpromazine administration. When the 
drug was given repeatedly over several days, serum 
tryptophan returned to normal, but total amino acid 
concentration remained depressed; under these condi- 
tions there was a greater increase in brain serotonin 
synthesis than following a single dose of chlorproma- 
zine, providing evidence of the role of competing 
amino acids in serum as a regulatory factor for brain 
serotonin synthesis [2,3]. However, as well as the 
availability of tryptophan in the brain, another factor 
appears to be involved in regulation of brain sero- 
tonin synthesis; this appears to be feed-back inhibi- 
tion by serotonin. 
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Abstract—The effect of the local anaesthetics lidocaine, procaine and tetracaine on compound 
48/80-induced histamine release from isolated rat mast cells has been investigated. They inhibited 
histamine release in a dose-dependent manner; at a concentration of 20mM there was almost total 
inhibition of histamine release by lidocaine and about 75°, inhibition by procaine. Tetracaine exerted 
a biphasic effect: at concentrations below 1 mM it inhibited, but at concentrations above | mM it 
potentiated histamine release. The inhibitory effect of lidocaine on compound 48/80-evoked histamine 
release was dependent upon the time of preincubation of mast cells with this anaesthetic and it persisted 
after washing the cells and resuspension in a lidocaine-free medium. An increase of calcium ions anta- 
gonized the inhibitory action of lidocaine. These results can be explained by (1) blockade of membrane 
receptors for calcium binding which leads to a decrease in intracellular calcium concentration and 
(2) increase of cellular cyclic AMP content which subsequently inhibits the releasing process. 


Local anaesthetics inhibit membrane depolarization 
by reducing sodium and potassium conductances 
[1,2]. This seems to follow displacement of calcium 
ions from binding sites in the membrane [1-4]. Treat- 
ment with local anaesthetics can also lead to physical 
stabilization of membranes [5] and to inhibition of 
several kinds of cell interactions such as platelet ad- 
hesiveness [6,7], cell fusion [8] or leukocyte adher- 
ance to endothelium [9]. 

Secretory processes also require calcium to unite 
the stimulus with the actual secretion. This aspect is 
interesting in that local anaesthetics cause a dose- 
dependent inhibition of both catecholamine release 
produced by calcium [10] and glucose stimulated in- 
sulin secretion [11]. This indicates that local anaes- 
thetics can block calcium movement in the adrenal 
medulla or in beta-cells in a manner which parallels 
their inhibition of monovalent cations in electrically 
excitable tissue. 

Histamine release also appears to be a secretory 
process in which calcium couples the stimulus to 
the exocytosis of histamine-containing granules [12]. 
Therefore local anaesthetics may be considered as in- 
hibitors of histamine release. In this paper we present 
some data which supports this hypothesis. 


METHODS 


Rats weighing 200-300g were exsanguinated by 
decapitation and the abdominal cavity was opened. 
Mast cells were harvested and processed in a medium 
containing 154mM NaCl, 2.7mM KCl, 0.9mM 
CaCl,, 10mM glucose, 1 mg/ml human serum albu- 
min and buffered to pH 6.9-7.0 with 10°, (v/v) Tris 
buffer. The mast cell medium was prepared just before 
use. The opened abdominal cavity was flooded with 
5 ml of medium and the abdomen of the animal was 
gently massaged for 2 min. The medium containing 
suspended peritoneal cells was recovered by sili- 
conized pipette and placed on the surface of 37°, 


bovine serum albumin (fraction V) in plastic tubes 
according to Johnson and Moran’s method for mast 
cell isolation [13]. Finally the isolated mast cells from 
4 or 5 rats were pooled. There was about 10-15°, 
contamination by other peritoneal cells. 

The pooled mast cells were divided into ten to 
twenty samples each containing approximately 
200,000-300,000 mast cells. The samples were pre- 
incubated in plastic tubes (10 min, 37° and con- 
tinuously shaken) with different concentrations of 
local anaesthetics. If it was necessary, the pH of the 
samples was adjusted to the original with IN NaOH. 
After subsequent incubation with compound 48/80 for 
5 min the samples were centrifuged for 5 min at 4, 
and 250g. Histamine was determined both in the 
supernatant (directly) and in the cells after extraction 
by freezing and thawing. When tetracaine alone was 
used as a histamine liberator the cells were exposed 
for 15 min. 

In the experiments with lidocaine and procaine his- 
tamine was assayed according to Code[14] using 
guinea pig isolated atropinized ileum (0.3 ug atropine 
sulfate per ml Tyrode’s solution). Agents used in the 
experiments were added to all histamine standards 
in respective concentrations for controls. 

When tetracaine was tested, histamine was deter- 
mined fluorometrically using the Lorenz’s column 
chromatographic separation method [15]. The hista- 
mine released was expressed as a per cent of the total 
histamine content in the mast cells. Under these con- 
ditions there was 1-6°%% spontaneous histamine 
release. 

The arithmetic mean, standard deviation and Stu- 
dent’s t-test were used in the calculations. 


RESULTS 


The effects of adding lidocaine to the mast cell in- 
cubation medium 10 min prior to the histamine liber- 
ator compound 48/80 are shown in Fig. 1. At a con- 
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Fig. 1. Effect of lidocaine on compound 48/80-induced histamine release. Compound 48/80 was added 
directly to the mast cell incubation medium after 10 min preincubation with different concentrations 
of lidocaine. Samples without lidocaine are controls. Mean values (+S.D.) are expressed in per cent 
of total histamine in the cell samples. Each point is the mean of 3 double experiments from 4 rats. 


centration of 1 mM lidocaine caused a slight potentia- 
tion of histamine release. However at 5 mM there was 
a slight but significant (P < 0.01) inhibition of hista- 
mine release at the compound 48/80 concentration 
of 0.6 pg/ml. With 10 mM lidocaine there was a signi- 
ficant decrease in histamine release at all compound 
48/80 concentrations used. At the concentration of 
20 mM there was a complete inhibition of histamine 
release and no correlation between amount of 
released histamine and 48/80 concentration. 

To test whether the effect of lidocaine on histamine 
release depends on the Ca** concentration, calcium 
ions were introduced as a calcium chloride to the 
mast cell incubation medium. The results presented 
in Fig. 2 show that Ca** antagonize the effect of 
lidocaine. Lidocaine at a concentration of 10mM 
markedly decreased the histamine release (about 81°%,) 
in Ca** free medium. An increase in Ca** concen- 
tration from | to 5 mM augmented histamine release 
from 25.9°, to 56.5°,. These data indicate that cal- 
cium ions play a significant role in lidocaine-modified 
histamine release and also that there is an antagonism 
between calcium ions and lidocaine. 

Figure 3 shows that tetracaine and procaine also 
inhibit compound 48/80-induced release of histamine. 
The order of potency of inhibition of histamine 
release was: tetracaine > lidocaine > procaine, a 
good correlation with their local anaesthetic potency 
[16]. 

Tetracaine exerted biphasic effect (Fig. 4). At con- 
centrations below 1 mM tetracaine inhibited hista- 
mine release but at higher concentrations it enhanced 
compound 48/80-evoked histamine release. Tetracaine 
alcne also released histamine; it is probably a nonse- 
lective histamine liberator due to its high affinity with 
phospholipid constituents of the cell membrane [17]. 
This effect was concentration-dependent from 0.5 to 
3 mM. At the concentration of 3 mM, tetracaine pro- 
duced almost 100°, of histamine release. It is interest- 
ing to note that tetracaine alone at the concentration 
of 1 mM acts as a histamine liberator and releases 
about 20°, of histamine, but at the same concen- 


tration given together with compound 48/80 it acts 
as an inhibitor of histamine release. 


DISCUSSION 


Histamine in mast cells is stored in the cellular 
granules linked to a heparin—protein complex [18] 
and all of the available evidence favours the hypo- 
thesis that histamine release from mast cells occurs 
by expulsion of the granular material through the cell 
membrane. This process has been termed degranula- 
tion and appears to correspond to exocytosis in endo- 
crine secretory systems [19]. Membrane stimulation 
appears to be associated with a change of permeabi- 
lity which can be measured by electrophysiological 
techniques. Indeed, depolarization of the rat mesen- 
tery mast cell follows the addition of 48/80 [20]. 
Although depolarization is not a causal phenomenon 
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Fig. 2. Effect of calcium ions on inhibition of histamine 
release by lidocaine. Compound 48/80 (0.3 ug/ml) was used 
to histamine release. Mast cells were preincubated for 10 
min with calcium chloride before compound 48/80 addi- 
tion. The samples without lidocaine are controls. Mean 
values (+S.D.) are expressed as a per cent of total hista- 
mine in cell samples. Each point is the mean of 3 double 
experiments from 4 rats. 
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Fig. 3. The action of tetracaine, lidocaine and procaine 
on compound 48/80-induced histamine release. The mast 
cells were preincubated with the anaesthetics for 10 min 
before compound 48/80 addition (0.3 ug/ml). Mean values 
(+S.D.) are expressed in per cent of inhibition of histamine 
release. The amounts of histamine released in the absence 
of local anaesthetics were taken as a 100%. Each point 
is the mean of 4-5 double experiments in the case of tetra- 
caine and 3 double experiments in the case of the other 
local -anaesthetics. Usually 4 rats were used for each 
experiment. 


in the mechanism of mast cell degranulation, but 
similar to other secretory systems is merely a second- 
ary event, it, together with the observation that stimu- 
lation of the rat mast cell by 48/80 results in an in- 
crease in calcium and sodium uptake and enhance- 
ment of potassium release [21] indicates the similari- 
ties between secretory and excitatory processes. In 
relation to these findings it seems that the action of 
the local anaesthetics is based on the same 
mechanism both on nerve excitability and endocrine 
cell secretion. 

The calcium dependence of the histamine releas- 
ing effect of 48/80 appears to vary with the tissue 
and species. Histamine release from isolated rat peri- 
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toneal mast cells by 48/80 seems to be less calcium 
dependent although the presence of calcium enhances 
the release (Fig. 2)[22]. Feinstein [23] and others 
[1, 2, 4, 24] reported that calcium ions have an affinity 
for phospholipids, especially phosphatidyl serine, and 
also that local anaesthetics strongly inhibit this link- 
age. On the other hand it is well known that phospha- 
tidyl serine is an important constituent of the mast 
cell membrane which has been considered a mem- 
brane receptor for calcium ions [12]. It is quite poss- 
ible that local anaesthetics exert their inhibitory 
action on histamine release by competitive inhibition 
of calcium ion binding to its membrane binding sites. 
Our experiment showing the protective effect of in- 
creasing concentration of exogenous calcium ions 
(Fig. 2) firmly supports this hypothesis. 

The relatively high concentrations of local anaes- 
thetics which effectively enhibited histamine release 
may suggest a problem of penetration. However these 
concentrations were lower than those commonly used 
in local anaesthesia. Furthermore the concentrations 
of local anaesthetics used in our experiments are com- 
parable to the concentrations of the other antiana- 
phylactic drugs such as disodium cromoglycate [25], 
theophylline [26] or nicotinamide [27]. 

It is known that a number of antihistamines exhibit 
good local anaesthetic properties. On the other hand 
as reported by Mota et al.[28] and quite recently by 
Lichtenstein and Gillespie, H, antihistamines es- 
pecially phenothiazine derivatives [29] which possess 
strong local anaesthetic potency [30] not only block 
histamine receptors but also in low doses inhibit both 
antigen and compound 48/80 induced histamine 
release from masi cells and antigen induced histamine 
release from leukocytes. We believe that the 
mechanism of this action is similar to that presented 
by us on the action of other local anaesthetics. 
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Fig. 4. A comparison of two opposite effects of tetracaine: as an inhibitor of histamine release and 

as a histamine releaser. In experiments in which compound 48/80 and tetracaine were tested together, 

the mast cells were preincubated for 10 min in the presence of tetracaine. When tetracaine was used 

alone the mast cells were exposed for 15 min. Mean values (+S.D.) are expressed in per cent of 

the total histamine content in the cell samples. Each point is the mean of 4-5 experiments from 
4 rats. 
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COMPARATIVE EFFECTS OF CHLORPROMAZINE AND 
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Abstract—Chlorpromazine, chlorpromazine free radical and a sulfhydryl inhibitor, p-hydroxymercuri- 
benzoate, were compared for their effects on several biochemical phenomena associated with membrane 
function. Chlorpromazine free radical was slightly more potent than chlorpromazine in inhibiting cal- 
cium accumulation by rat brain microsomes, but less potent in protecting synaptosomes from osmotic 
shock, and in inhibiting synaptosomal uptake of dopamine and norepinephrine. p-Hydroxymercuriben- 
zoate failed to protect synaptosomes from osmotic shock. It was less effective than chlorpromazine 
and chlorpromazine free radical in inhibiting synaptosomal uptake of catecholamines. The present 
data indicate that biochemical effects of chlorpromazine such as the protection of synaptosomal mem- 
brane from osmotic shock and the inhibition of synaptosomal uptake of dopamine and norepinephrine 
are caused by chlorpromazine itself but not by chlorpromazine free radical. Although chlorpromazine 
free radical was a more potent inhibitor of synaptosomal calcium uptake than chlorpromazine, the 
differences in potency were markedly smaller than those on microsomal Na*,K*-ATPase previously 


reported from this laboratory. 


The biochemical effects of chlorpromazine (CPZ) and 
related phenothiazine derivatives have been exten- 
sively studied in a wide variety of systems. The results 
indicate that these agents inhibit a number of 
enzymes, interfere with coenzymes, affect permeability 
and stability of biologic and artificial membranes, and 
also modify the transport of neurotransmitters at 
nerve endings (see reviews [1, 2]). In general, however, 
high concentrations of these agents are required to 
produce these effects and therefore it is difficult to 
relate such observed biochemical events with the 
pharmacologic action of the phenothiazine deriva- 
tives. 

Several investigators have shown that free radicals 
of CPZ and related compounds are more potent in- 
hibitors of enzyme activities than their respective par- 
ent compounds [3-12]. These free radicals may be 
produced in vivo from parent compounds by mech- 
anisms such as the oxidative metabolism of the drug 
[13], interactions of CPZ with manganese [14] or 
melanin [15,16], or the exposure of the skin or eye 
te light[17]. Free radicals of phenothiazine deriva- 
tives can also be generated in vitro by chemical or 
enzymatic oxidation [5, 6, 14, 18-20] or by photo-oxi- 
dation [6, 17, 21,22], and these highly reactive species 
may be responsible for some of the reported bio- 
chemical effects of CPZ. Therefore, the present study 
was undertaken to re-examine the effects of CPZ, dif- 
ferentiating those of CPZ itself from those of the CPZ 
free radical. Since the mechanism of action of the 
CPZ free radicai on Na*.K *-ATPase has been shown 
to involve enzyme sulfhydryl groups [9], the effect of 
p-hydroxy-mercuribenzoate (POMB), a sulfhydryl in- 
hibitor, was also studied. 





*Part of this work was supported by USPHS grant 
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+ Present address: Department of Pharmacology, Uni- 
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MATERIALS AND METHODS 


Tissue preparations. Male Sprague-Dawley rats 
weighing 200-300g were used. Synaptosomes were 
prepared from whole brain homogenates as described 
by De Robertis et al. [23, 24]. Synaptosomes collected 
from the C-layer of a discontinuous sucrose gradient 
(interface between 1.0 and 1.2 M sucrose) were resus- 
pended in 0.32M sucrose containing 10 uM CaCl, 
and used for osmotic-shock studies. The crude synap- 
tosomal fraction (fraction M of a primary subcellular 
fractionation [23]) was used for norepinephrine- and 
dopamine-uptake studies. The microsomal fraction 
was obtained by differential centrifugation of a 10%, 
brain homogenate prepared in 0.32 M_ sucrose con- 
taining 1 mM EDTA. The supernatant obtained after 
centrifugation of the homogenate at 10,000g for 30 
min was further centrifuged at 100,000g for 30 min 
and resuspended in 0.32M _ sucrose containing no 
EDTA. The latter centrifugation and resuspension 
were repeated to remove EDTA. All preparative pro- 
cedures were performed at 0-5°. Protein concen- 
trations were assayed by the method of Lowry et 
al. [25]. 

CPZ free radical. In osmotic-shock and calcium- 
uptake studies, CPZ free radical was generated by 
the oxidation of CPZ in a peroxidase-hydrogen per- 
oxide system as originally described by Cavanaugh 
[19] and modified by Akera and Brody [6]. In nor- 
epinephrine- and dopamine-uptake studies, the CPZ 
free radical in powder form, prepared as previously 
described from this laboratory [7], was used. These 
two methods produce CPZ free radicals which inhibit 
isolated Na*,K *-ATPase equi-effectively [6, 7]. 

Osmotic-shock studies. A 0.5-ml aliquot of a purified 
synaptosomal preparation (containing 2.5 mg protein 
in 0.5 ml) was incubated with CPZ in the presence 
or absence of peroxidase (4 g/ml) and hydrogen per- 
oxide (2mM) at 25° for 10min. In control tubes. 
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either CPZ, or the peroxidase-hydrogen peroxide was 
omitted. Osmotic shock was then produced by adding 
3.0 ml of distilled water and incubating the mixture 
at 37 for 10min. In several tubes, 0.32 M_ sucrose 
containing 10 uM CaCl, was added instead of dis- 
tilled water. These tubes served as controls for osmo- 
tic shock. Synaptosomes were then collected by cen- 
trifuging the mixture at 12,000 g for 20 min. The sedi- 
ment was resuspended in distilled water, and glutamic 
acid decarboxylase (GAD) activity was determined by 
the method of Lowe et al. [26] with precautions and 
checks for tissue blank and substrate concentrations 
as described by Baxter [27]. It has been previously 
shown that GAD is a soluble cytoplasmic enzyme 
which is released from synaptosomes during osmotic 
shock [28], and therefore, the loss of GAD activity 
from the synaptosomal pellet can be used as an esti- 
mate of the magnitude of osmotic shock [28]. All in- 
cubations in this and following experiments were per- 
formed in a dark room. 

Calcium-uptake studies. Brain microsomal fractions 
(0.2 mg protein/ml) were incubated at 25° in the pres- 
ence of !mM MgCl,, 75 mM KCl, 5mM Tris-ATP 
and 50 mM Tris-HCI buffer (pH 7.5) with or without 
5mM sodium oxalate in the presence or absence of 
peroxidase (4 pg/ml) and 2mM H,O, and/or various 
concentrations of CPZ. After a 10-min incubation, 


*5CaCl, was added to a final concentration of 10 uM. 
After an additional 10-min incubation, a 1.0-ml ali- 
quot was filtered through a nitrocellulose filter (pore 
size, 0.8 um; Millipore Corp. Bedford, Mass.) and 
rinsed with ice-cold Tris-HCI buffer. The filters were 


dissolved with 1.0ml_ ethyleneglycol monomethyl 
ether and counted for bound *°Ca using a liquid scin- 
tillation system. To the dissolved filter, 10 ml of a 
solution containing 1.67 mg p-bis-[2-(5-phenyl-oxazo- 
lyl) ]-benzene (POPOP), 40mg _ 2,5-diphenyloxazole 
(PPO), 2.5 ml ethyleneglycol monomethyl ether and 
7.5ml toluene was added. Counting efficiency was 
monitored with the external standard-channel ratio 
method calibrated with internal standards. A small 
aliquot of incubation mixture containing *°CaCl was 
also counted for its radio-activity, and using this 
value, the radioactivity of samples was converted to 
pmoles of calcium. 

Norepinephrine- and dopamine-uptake studies. Crude 
synaptosomal preparations (1.3 mg protein in a total 
volume of 1.0 ml) were incubated with various con- 
centrations of drugs at 37° for 10 min in a medium 
containng !140mM NaCl, 5mM KCl, 1.2mM 
MgCl,, 0.8mM CaCl,, |mM_ sodium _ phosphate 
buffer (pH 7.4), 10 mM glucose and 20 mM Tris-HCl 
buffer (pH_ 7.4). [°H]dJ/-norepinephrine (sp. act. 4.2 
Ci/m-mole) or [°H]dopamine (sp. act. 10 Ci/m-mole) 
was then added to a final concentration of 0.3 uM 
and the mixture was incubated for an additional 
5-min period either at 37° or The uptake of 
radioactive compounds was terminated by adding 
9 ml of ice-cold 0.32 M sucrose and immediately cen- 
trifuging the mixture at 12,000g for 10min. The 
synaptosomal pellet was dissolved in 0.5 ml of 0.2 N 


4 


KOH and then diluted to 2.0 ml with distilled water.- 


A 1.0-ml aliquot was pipetted into a counting vial 
containing 10 ml of PCS solution (Amersham/Searle 
Corp., Arlington Heights, Ill). The estimation of 
radioactivity and calculations were performed as de- 
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scribed above. The temperature-dependent portion of 
catecholamine uptake, i.e. the difference between the 
amount of labeled compound accumulated at 37° (ap- 
proximately 4000 and 7000 cpm for norepinephrine 
and dopamine, respectively, in control preparations) 
and 2° (approximately 650 and 1000 cpm for nore- 
pinephrine and dopamine, respectively, in control 
preparations), was calculated and the drug effect was 
expressed as per cent inhibition of this fraction. 

Miscellaneous. *°CaCl,, [*H]d.l-norepinephrine 
and [*H]dopamine were purchased from New Eng- 
land Nuclear, Boston, Mass. POMB, ATP and perox- 
idase (type I) were purchased from Sigma Chemical 
Co., St. Louis, Mo. Chlorpromazine and chlorproma- 
zine sulfoxide were kindly supplied by Dr. Harry 
Green of Smith, Kline & French Laboratories. Other 
chemicals were of reagent grade. The data were ana- 
lyzed for statistical significance using Student’s t-test. 
The criterion for significance was a P-value of less 
than 0.05. 


RESULTS 


Osmotic-shock studies. Electron microscopy indi- 
cated that synaptosomal preparations which were in- 
cubated at 25° for 10 min, added to 0.32 M sucrose 
containing 10 uM CaCl,, incubated at 37° for 10 min, 
and finally centrifuged at 12.000g for 20min at 0°, 
had apparently intact limiting membranes. A few 
mitochondria and reticular structures were generally 
observed within an area enclosed by such a mem- 
brane. After osmotic shock, similar sediments showed 
a picture consisting of empty membraneous struc- 
tures, isolated mitochondria, and fragments of endo- 
plasmic reticulum similar to those previously reported 
by De Robertis et al. [23,24]. The amount of sedi- 
ment was significantly smaller in preparations which 
were subjected to osmotic shock than in control prep- 
arations. Preliminary experiments indicated that the 
final pellet should be homogenized with distilled 
water before the GAD assay in order to obtain maxi- 
mal GAD activity. Homogenization with water 
results in a complete rupture of synaptosomal mem- 
branes and thus GAD becomes fully accesssible to 
substrate and cofactors. Control GAD activity i.e. the 
activity of preparations which were not subjected to 
osmotic shock prior to the final centrifugation, but 
resuspended in water after the centrifugation, was 
0.333 + 0.008 umole/mg of protein (mean + standard 
error of five experiments). Osmotic shock prior to the 
final centrifugation produced a 38.4 + 5.3 per cent 
reduction in GAD activity of water-resuspended pel- 
lets under the present experimental condition. It has 
been shown that this reduction of GAD activity is 
due to the release of GAD into the supernatant by 
osmotic shock [28]. CPZ at high concentrations re- 
duced the osmotic-shock-induced loss of GAD acti- 
vity and hence apparently protected the synaptosomal 
membrane (Fig. 1). Preincubation of synaptosomes in 
the presence of peroxidase and hydrogen peroxide 
had no significant effect on GAD activity, which was 
assayed after centrifugation and resuspension. This 
would indicate that peroxidase and hydrogen per- 
oxide do not interfere with the GAD assay nor do 
they influence the osmotic shock of synaptosomes. In- 
cubation of CPZ and synaptosomes in the presence 
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Fig. 1. Protection of synaptosomes from osmotic shock 
by chlorpromazine (CPZ) and CPZ free radical generated 
by the peroxidase-hydrogen peroxide system. Purified 
synaptosomes (2.5 mg protein in 0.5 ml) were incubated 
with various concentrations of CPZ in the presence or 
absence of peroxidase (4 ug/ml) and hydrogen peroxide 
(2 mM) at 25° for 10 min. Osmotic shock was then pro- 
duced by adding 3.0 ml of distilled water. Glutamic acid 
decaroboxylase (GAD) activity in the synaptosomal sedi- 
ment was determined, and its loss was used as an estimate 
of the magnitude of osmotic shock. The effect of drug was 
expressed as per cent recovery of GAD activity in the 
synaptosomal sediment after the osmotic shock, 100 per 
cent representing complete protection. GAD activity 
observed in intact synaptosomes was set at 100 per cent. 
Each point represents the mean of four experiments. Verti- 

cal lines indicate standard errors. 
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of peroxidase and hydrogen peroxide, which has been 
shown to convert a significant portion of CPZ to 
CPZ free radical and ultimately to CPZ sulfoxide [6], 
did not enhance the effect of CPZ (Fig. 1). Spectro- 
photometric analyses of the incubation mixture after 
the initial 10-min incubation at 25° indicated the con- 
version of CPZ to CPZ sulfoxide (data not shown). 
Thus, CPZ was capable of protecting synaptosomes 
from osmotic shock. Conversion of CPZ to CPZ free 
radical by enzymatic oxidation failed to enhance the 
protective effects of CPZ. POMB failed to protect 
synaptosomes from osmotic shock at all concen- 
trations studied. At concentrations higher than 
0.1 mM, POMB appeared to enhance the osmotic- 
shock-induced release of GAD (data not shown). 
Calcium-uptake studies. The ability of brain micro- 
somes to actively accumulate calcium in the presence 
of MgCl, and ATP has been reported by numerous 
investigators and is postulated to play an important 
role in the normal function of nerve cells which 
require low intracellular Ca?* concentrations in the 
resting state (for example, see[29]). Under the 
present experimental conditions, accumulation of 
*°Ca by brain microsomal preparations in the 
absence of CPZ was 1.81 +0.18 and 3.60 + 0.69 
nmoles Ca/mg of protein (mean + standard error of 
six experiments) in the absence and presence of 5mM 
sodium oxalate respectively. The presence of peroxi- 
dase and hydrogen peroxide had no effect on micro- 
somal calcium uptake. CPZ at high concentrations 
produced a marked inhibition of calcium accumu- 
lation, either in the absence or presence of oxalate 
(Fig. 2, panels A and B). The slight stimulation of 
microsomal calcium accumulation observed with low 
concentrations of CPZ was not statistically signifi- 
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Fig. 2. Inhibition of microsomal **°Ca uptake by CPZ and CPZ free radical. Brain microsomal prep- 

arations (0.2 mg protein/ml) were incubated with |1mM MgCl,, 75mM KCl, 2.5mM Tris-ATP and 

50 mM Tris-HCl! buffer (pH 7.5) for 10 min at 25° in the presence or absence of peroxidase (4 ug/ml) 

and hydrogen peroxide (2 mM). *°CaCl, (final concentration, 10 .M) was then added and incubated 

for 10 min at 25°. Panel A: no oxalate added to the mixture. Panel B: 5mM sodium oxalate present. 

Values are expressed as per cent inhibition of *°Ca uptake. Each point represents the mean of six 
experiments. Vertical lines indicate standard errors. 
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cant. Incubation of CPZ and microsomal prep- 
arations in the presence of peroxidase and hydrogen 
peroxide prior to the assay of calcium accumulation 
enhanced the inhibitory effect of CPZ. Again oxalate 
had no effect »n the enhanced inhibition of micro- 
somal calcium accumulation. Thus, both CPZ and 
CPZ free radical inhibited microsomal calcium ac- 
cumulation. CPZ free radical was slightly more 
potent than the parent compound. 
Catecholamine-uptake studies. Catecholamines have 
been shown to be concentrated in synaptosomes by 
an active transport mechanism [30, 31]. This pheno- 
“ menon represents the uptake of catecholamines into 
nerve terminals and thus plays an important role in 
synaptic transmission. K,, values for the active uptake 
of d.l-norepinephrine and dopamine have been 
reported to be 0.57 and 0.40 uM respectively [31, 32]. 
Therefore, the uptake of d,/-norepinephrine and dopa- 
mine was assayed in concentrations of 0.3 uM of these 
drugs, values slightly below the K,,. The accumu- 
lation of catecholamines by synaptosomal prep- 
arations was linear with time for at least 8 min at 
37 , whereas the amount of catecholamines accumu- 
lated by synaptosomal preparations did not signifi- 
cantly increase with time at 2. Under the present 
experimental conditions, the accumulation by control 
synaptosomal preparations of d,/-norepinephrine and 
dopamine was approximately 10.1 and 16.2 pmoles 
mg of protein, respectively, at 37° and 1.56 and 2.86 
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Fig. 3. Inhibition of synaptosomal  d,/-norepinephrine 
uptake by CPZ, CPZ free radical, CPZ sulfoxide and 
POMB. Crude synaptosomes (1.3 mg in 1.0 ml) were incu- 
bated with -various concentrations of drugs at 37° for 
10 min. [7H ]d/-norepinephrine was then added to a final 
concentration of 0.3 4M and the mixture was incubated 
for an additional 5-min period either at 37° or 2°. Temper- 
ature-dependent d./-norepinephrine uptake, i.e. the differ- 
ence in the amount of [*H ]d./-norepinephrine accumulated 
at 37° and 2°, was calculated and the effect of the drug 
was expressed as per cent inhibition of this fraction. Each 
point represents the mean of five experiments. Vertical 
lines indicate standard errors. 
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Fig. 4. Inhibition of synaptosomal dopamine uptake by 

CPZ, CPZ free radical, CPZ sulfoxide and POMB. See 

legend to Fig. 3. [7H ]dopamine (0.3 uM) was used in these 
studies. 


pmoles/mg of protein, respectively, at 2°. Thus, the 
temperature-dependent accumulation of d,/-norepine- 
phrine and dopamine was 8.58 + 0.45 and 13.4 + 0.51 
pmoles/mg of protein respectively (mean + standard 
error of twenty experiments). CPZ at concentrations 
of 15-20 uM inhibited 50 per cent of the temperature- 
dependent uptake of d,/-norepinephrine and dopa- 
mine by synaptosomal preparations (Figs. 3 and 4). 
Chemically prepared CPZ free radical was slightly 
less effective than CPZ. POMB was also less effective 
than CPZ in these studies. CPZ sulfoxide was the 
least potent inhibitor of synaptosomal catecholamine 
uptake (Figs. 3 and 4). 


DISCUSSION 


CPZ free radical has been shown to be a more 
potent inhibitor of both brain microsomal Na*,K*- 
ATPase and cholinesterase activities than is the par- 
ent compound, CPZ [10]. The mechanism of action 
of CPZ free radical on Na*,.K *-ATPase appears to 
involve essential sulfhydryl groups on the enzyme [9]. 
The inhibition of microsomal Na*.K*-ATPase by 
CPZ free radical is irreversible [8]. 

In the present study, CPZ free radicals were also 
slightly more potent than CPZ in inhibiting brain 
microsomal calcium accumulation. The inhibition of 
microsomal calcium accumulation by CPZ free radi- 
cal may also involve sulfhydryl groups, since sulfhyd- 
ryl blocking agents have been shown to decrease cal- 
cium accumulation by brain microsomes [33]. 
Recently, O’Callaghan and Duggan [34] reported 
that CPZ free radical inhibits, but CPZ itself acti- 
vates, the calcium uptake by isolated microsomal 
fractions obtained from rabbit skeletal muscle. It is 
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unknown if the differences in effects of CPZ are due 
to the source of the microsomal fractions or other 
factors. 

CPZ free radicals were less potent than CPZ itself 
in protecting synaptosomes from osmotic shock and 
in inhibiting synaptosomal uptake of d./-norepine- 
phine and dopamine. CPZ sulfoxide was much less 
effective than these compounds in the latter two sys- 
tems. It should be noted that two different methods 
were used to prepare CPZ free radical in these 
studies. However, the CPZ free radical prepared by 
either method has been shown to be a potent inhibi- 
tor of microsomal Na*,K*-ATPase activity [10], and 
in fact ultraviolet and visible spectroscopy demon- 
strated that CPZ free radical prepared via the peroxi- 
dase—hydrogen peroxide system and that produced 
chemically are identical [10]. 

POMB, a sulfhydryl inhibitor, failed to protect 
synaptosomes from osmotic shock at concentrations 
lower than 0.1 mM. At concentrations higher than 
0.1 mM, it caused a release of GAD from synapto- 
somes and, thus, failed to mimic the action of CPZ 
or CPZ free radical. These results would suggest that 
the observed protection of synaptosomes from osmo- 
tic shock is due to CPZ itself rather than to the CPZ 
free radical. 

POMB was relatively 


ineffective in inhibiting 


synaptosomal catecholamine uptake, and CPZ free 
radical was less effective than CPZ. This latter result 
was rather unexpected since Na*,K *-ATPase, which 
is highly sensitive to CPZ free radical [10], has been 
implicated in catecholamine uptake [30]. Sulfhydryl 
groups on synaptosomes which are essential for cate- 


cholamine uptake seem to be inaccessible to the 
short-lived CPZ free radical. It has been shown pre- 
viously that CPZ free radicals have a short life in 
aqueous solution at neutral pH, although the free 
radicals prepared using the present methods were 
capable of interacting with Na*,K°-ATPase in 
vitro! 6, 7,9, 10]. This would indicate that free radi- 
cals exist long enough to produce significant interac- 
tions with biological molecules before complete dis- 
mutation when reactive groups are readily accessible. 
If reactive groups are not exposed to the outer aspect 
of the synaptosomal membrane, however, such inter- 
actions may not occur. Whether such sulfhydryl 
groups are located at the inner aspect of the cytoplas- 
mic membrane has yet to be determined. 

The present study indicates that the biochemical 
effects of CPZ such as the protection of synaptosomal 
membrane from osmotic shock and the inhibition of 
synaptosomal uptake of catecholamines are caused by 
CPZ itself but not by the CPZ free radical. CPZ free 
radical was a more potent inhibitor of synaptosomal 
calcium uptake than was CPZ. However, the differ- 
ences in potency were minimal compared to the 
effects of CPZ and CPZ free radical on microsomal 
Na*,K°-ATPase or cholinesterase activities [10]. 
Thus, it would appear unlikely that the observed acti- 
vity of CPZ is due to CPZ free radical generated 
in the test tube, in contrast to Na*,K *-ATPase inhi- 
bition by CPZ where previously reported enzyme in- 
hibition [35] appears to be due to CPZ free radical 
generated by incident light in vitro [6]. 

CPZ free radical is a relatively specific inhibitor 
of Na*.K*-ATPase. Whereas microsomal! Na‘ .K ~- 
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ATPase was inhibited by 50 per cent with less than 
10°°M CPZ free radical [6], such a concentration 
of CPZ free radical failed to influence several bio- 
chemical systems which are involved in cytoplasmic 
membrane function. 
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Abstract—The in vivo and in vitro effects of the two thyroid hormone analogs 3,5-diiodo-3'-isopropyl-L- 
thyronine (IPT) and of a-methyl-pL-thyroxine (MT4) have been compared to those of the thyroid 
hormones 3,5,3'-triiodo-L-thyronine (T3) and thyroxine (T4). 

Against purified glutamate, isocitrate and alcohol dehydrogenases IPT, and MT, exert inhibitory 
effects which are quite similar to those exerted by T; and Ty. The effects of the analogs on isolated 
mitochondria follow closely those of the hormones i.e. they uncouple phosphorylations and inhibit 
electron transfer along the respiratory chain. 

When thyroidectomized animals are treated with analogs (5 nmoles/100 g/day for 15 days) their effects 
on two accepted parameters of thyromimetic activity, metabolic rate (BMR) and «-glycerophosphate 
(GPD) induction, are quite different. After IPT,-treatment, the rise in MR and GPD indicates a hyper- 
thyroid state, whereas MT,4-treatment results in very incomplete compensation of the hypothyroid 
state. However, treatment of the thyroidectomized animal with IPT, or MT, has the same effect 
on hepatic mitochondrial glutamate dehydrogenase as treatment with T,. 

A relation between thyroid state and adrenal tyrosine hydroxylase (TH) activity has been established; 
TH activity which decreases in the thyroidectomized animal, is brought back to normal by adminis- 


tration of T, and above normal by that of IPT). 


Thyroid hormones exert an inhibitory effect in vitro 
on a large number of purified enzymes[1-6] and 
affect in vivo the activity of a variety of tissue 
enzymes, enhancing the activity of some and decreas- 
ing that of others[7—-12]. There appears to be no 
obvious relation between the effects observed in vitro 
and those seen in the treated animal [13, 14]. 

lodinated phenols lacking a_para-hydroxylated 
diphenylether moiety manifest none of the effects 
exerted by thyroid hormones on enzymes [15-17] 
while structural analogs of thyroid hormones such as 
the formic acetic and propionic derivatives of 
3,5,3’-triiodo-L-thyronine show all the effects exerted 
by the parent compound in vitro or in the treated 
animal [18-20]. 

It appeared of interest to study the effect of 3’-iso- 
propyl-3,5-diiodo-L-thyronine (IPT,) and that of 
a-methyl-pL-thyroxine (MT4)[21] two thyroid hor- 
mone analogs vastly different from those investigated 
previously. The isopropyl analog is characterized by 
the replacement of the 3’iodine, i.e. of the iodine ortho 
to the phenolic hydroxyl group by the more lipophilic 
isopropyl group [22, 23]. The effect of IPT, on basal 
metabolism and on mitochondrial respiration are of 
the same order as those of 3,5,3’-triiodo-L-thyronine 
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but its effects as an in vitro enzyme inhibitor as well 
as its in vivo effects on tissues enzymes have not been 
investigated; «-methylthyroxine is known to be inef- 
fective as a thyromimetic but no systematic study of 
its effects on enzymes in vivo or in vitro has been 
undertaken. 

In a first series of in vitro assays the effects of the 
isopropyl analog and of x-methylthyroxine were com- 
pated to those of 3,5,3’-triiodo-L-thyronine and of 
L-thyroxine. The enzymes chosen for study were glu- 
tamate dehydrogenase (E.C.1.4.1.3), isocitrate de- 
hydrogenase (E.C.1.1.1.42) and alcohol dehydrogenase 
(E.C.1.1.1.1), enzymes which had been shown in this 
laboratory to be effectively inhibited by thyroid 
hormones and their acid analogs[13,14]. Simul- 
taneously, the effects of the isopropyl analog and of 
a-methylthyroxine on the oxidative phosphorylation 
of rat liver mitochondria was investigated. 

During the in vivo assays the effects of the isopropyl 
analog and of x-methylthyroxine treatment on liver 
mitochondrial glycerophosphate dehydrogenase and 
on glutamate dehydrogenase were measured. This led 
us to compare in thyroidectomized animals the calori- 
genic effect of isopropyldiiodothyronine, »-methyl- 
thyroxine or thyroxine with the effect exerted by these 
compounds on the activities of liver glycerophosphate 
dehydrogenase, an effect considered as a valid test 
of thyromimetic activity [27-29] and of glutamate de- 
hydrogenase, another enzyme shown to be affected 
by thyroid hormones [7—11 ]. 
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Since tyrosine hydroxylase is the rate-limiting step 
of catecholamine biosynthesis [30, 31] and since many 
adrenergic effects are in many ways dependent upon 
thyroid status [32-34], it seemed appropriate to in- 
vestigate the effect of L-thyroxine and of isopropyl- 
diiodo-L-thyronine administration on the adrenal tyr- 
osine hydroxylase activity of thyroidectomized ani- 
mals. 


MATERIALS AND METHODS 


3.5,3'-Triiodo-L-thyronine (T,) and L-thyroxine (T4) 
were Obtained as the sodium salts from the Sigma 
Chemical Company. 3’-Isopropyl 3,5-diiodo-L-thyro- 
nine (IPT,) was a gift from Dr. E. C. Jorgensen* 
and x-methyl-pL-thyroxine (MT4) a gift from Chemie 
Griinenthal. Rotenone and oligomycin were furnished 
by Sigma, iodonitrophenyltetrazolium by Biochim, 
NADPH and ADP by Boehringer and 6,7-dimeth- 
yl-5,6,7.8-tetrahydropteridine (DMPH,) by Calbio- 
chem. L-3.5-[H*]tyrosine (53 mCi/umole) was an 
Amersham product. PPO and dimethyl POPOP 
were Merck products. 

Pig heart isocitric dehydrogenase (ICDH, threo-p- 
isocitrate NADP oxydoreductase) and horse liver 
alcohol dehydrogenase (ADH) were Boehringer prod- 
ucts while bovine liver L-glutamate dehydrogenase 
(GLDH) was obtained from Sigma. Catalase was pre- 
pared according to Lallemand and Martin [35] and 
was diluted from a suspension containing 350,000 i.u. 
and 137.5mg/ml. Dihydropteridine reductase was 
prepared from sheep liver following the procedure of 
Kaufman [36] through the first two ammonium sul- 
fate precipitation steps. 

{ssuy of pure enzymes. 


Glutamate dehydrogenase 
activity was followed at in 0.2M potassium phos- 
phate buffer, pH 7.6, in the presence of 15 mM gluta- 


mate, 0.4mM NAD* 
tein/ml [37]. 

Alcohol dehydrogenase activity measurements were 
made in a 0.1 M pH 8.5 sodium pyrophosphate buffer 
containing 10mM ethanol, 2° (w/v) semicarbazide, 
0.7 mM NAD* and 6.6 pg enzymatic protein/ml [38]. 

Isocitrate dehydrogenase activity measurements 
were carried out in a medium containing | mM 
sodium isocitrate, 0.58mM MnCl, and 0.42mM 
NADP* in a pH7.6 0.2M potassium phosphate 
buffer [39]. The concentration of enzyme protein was 
of 40 pg/ml. 

The reduction of the coenzymes was followed at 
340 nm in a Beckman DB spectrophotometer; assays 
in the presence of IPT,, MT4, T, and T, were carried 
out at five different effector concentrations. 

Assays of isolated mitochondria. Rat liver mitochon- 
dria were prepared by the method of Beattie [40]. 
Oxygen uptake measurements were performed in a 
Gilson oxygraph at 25° with vibrating platinum elec- 
trode. The State 3 and State 4 respiration of the mito- 
chondria was studied in a medium containing 3 mM 
KHPO,, 13mM K,HPO,, 26mM NaCl, 58mM 
KCl, 6mM MgCl, and 12 mM, NaF at a pH of 7.35. 
Succinate (6.7mM) in the presence of rotenone 
(1.5 uM) and glutamate—malate (16 mM) were used as 


and 044g enzyme pro- 
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substrate and ADP (320 4M) was used to initiate 
State 3 respiration; the amount of mitochondrial sus- 
pension used in each assay was 1.5 mg protein/ml in- 
cubation medium. The iodinated products, solubilized 
in 10°? N NaOH, were introduced in the oxygraphic 
cell during State 3 or State 4 respiration in a volume 
not exceeding 80 yl. In experiments dealing with the 
effects of the iodinated analogs in inhibited or uncou- 
pled oxidative phosphorylation the iodinated analogs 
was introduced after the addition of the inhibitor oli- 
gomycin (5 yg dissolved in 25 yl ethanol) or of the 
uncoupling agent 2,4-dinitrophenol (50 uM). The final 
volume of incubation in the oxygraphic cell was 
1.6 ml. The addition of the solvents i.e. 80 ul 10-7 N 
NaOH or 20 yl ethanol was found to have no effect 
on the O, consumption. 

In vivo assays. Male Wistar rats were used in all 
experiments. Thyroidectomy was performed surgically 
on animals weighing 60-80g. The animals were 
divided in five experimental groups: normal, thyroi- 
dectomized and thyroidectomized treated with IPT, 
MT,, and T,, respectively. Each group was made up 
of eight animals housed in not more than four ani- 
mals per cage. Treated rats received a daily intraperi- 
toneal (i.p.) injection of 5 nmoles/100g body wt for 
15 days; the two control groups received a saline 
injection. 

At the end of the treatment period the basal meta- 
bolic rate of each animal was measured in a metabolic 
chamber at 28° connected to a Beckman No. 777 
oxygen analyzer. Animals were sacrificed by decapi- 
tation 24hr after the last injection. 

The liver was removed immediately upon sacrifice 
and placed in ice-cold 0.25 M sucrose buffered to pH 
7.4 with 2mM Tris. Mitochondria were isolated from 
each separate liver according to Beattie [40] and sus- 
pended in 2 ml 0.25M sucrose; the protein concen- 
tration was of about 20 mg/ml. An aliquot of the 
mitochondrial suspension served for the assay of 
4-glycerophosphate dehydrogenase (GDP) activity 
and another aliquot, to which Triton-X-100 (1°%, w/v) 
was added, served for the assay of glutamate dehydro- 
genase (GLDH). Protein was measured on a third 
aliquot, after addition of desoxycholate, by the 
method of Gornall [41] with bovine serum albumin 
as standard. 

The adrenal glands of each animal, isolated im- 
mediately upon sacrifice, were weighted and homo- 
genized in a Teflon Potter homogenizer in 1.0 ml ice 
cold 5mM Tris, pH 7.4, containing 0.1% Tri- 
ton-X-100. The homogenate was centrifuged at 
20,000 g for 20min and the supernatant fraction 
frozen until used for the assay of tyrosine hydroxylase 
(TH); proteins were measured on this fraction accord- 
ing to the method of Lowry [42]. 

Measurements of enzyme activity. Mitochondrial 
GLDH activity was measured 15 min after the addi- 
tion of Triton X-100 to the mitochondrial suspension. 
The enzymatic reduction of 0.4mM NAD*~ was fol- 
lowed at 340 nm in the presence of potassium gluta- 
mate in potassium phosphate buffer at pH 7.6[37]. 
The activity is expressed as nmoles glutamic acid oxi- 
dized per min per mg mitochondrial protein. 

Mitochondrial GPD was measured according to 
the method of Gardner [43]: the incubation medium 
contained 25 yl 0.5M glycerophosphate, 125 yl 0.4% 
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Table 1. Inhibition of some purified dehydrogenases by thyroxine, x-methyl-pL-thyroxine 3,5,3’- 
triiodo-L-thyronine and 3’-isopropyl-3,5-diiodo-L-thyronine 





I5o* Iso Iso 


Beef liver 
glutamate 
dehydrogenase 


Inhibitor 


Horse liver 
alcohol 
dehydrogenase 


Pig heart 
isocitrate 
dehydrogenase 





L-Thyroxine 
a-Methyl-pL-thyroxine 


3,5,3'-Triiodo-L-thyronine 
3'-Isopropyl-3,5-diiodo-L-thyronine 


0.50 x 10°°M 
1.0 x 10°5M 


0.8 x 10°°M 
0.6 x 10°°M 


1.8 x 10°*M 
inhibition = 20°, 
with 1.8 x 10°+M 

6.1 x 10°°M 

1.6 x 10°*M 


1.0 x 10°*M 
8.5 x 10°°M 





* 159: Concentration necessary to inhibit enzyme activity by 50 per cent in the present experimen- 


tal conditions. 


(w/v) aqueous iodonitrophenyltetrazolium, 25 pl 
0.5M potassium phosphate containing 0.01 M KCl, 
50 yl 0.03 M phosphate buffer and 20 ul of mitochon- 
drial suspension containing 0.4mg protein. Assays 
carried out without protein and without substrate 
served as blanks. The enzyme reaction proceeded for 
30 min at 37° and was stopped by the addition of 
1.0ml M acetic acid. The color was extracted by 
2.5 ml ethyl acetate and the organic layer was then 
separated by centrifugation and read in a spectro- 
photometer at 500 nm. Enzyme activity is expressed 
in 500 nm absorbance units per min per mg protein. 

Adrenal TH activity was measured according to the 
method of Shiman, Akino and Kaufman [44] modi- 
fied to be of first order with regard to time and to 
enzyme protein. To 100 y1 of adrenal homogenate 
supernatant were added S50 yl of dihydropteridine 
reductase preparation [36], 50 ul of catalase contain- 
ing 7,000 i.u., 50 ul of 1OmM aqueous NADPH and 
50 ul of DMPH, in 1 mM HCl. After equilibration 
in a shaking water bath for 7.5 min at 37°, 100 nmoles 
tyrosine (0.25 pCi) and 30 umoles phosphate buffer, 
pH 6.0, were introduced in a volume of 200 yl. After 
15min at 37° the enzyme reaction was stopped by 
rapid congelation in alcohol-dry ice. The solution was 
lyophilized at 10°* Torr and the lyophilized water 
collected in liquid nitrogen in 30-ml standard tap- 


250pnm 
. 
1O0Onzm 


pered traps. The assay was performed in triplicate 
and 100 wl aliquots of Tris-Triton buffer, handled as 
the supernatant fractions, served as blanks. A 400 yl 
of the lyophilized water was transferred to a liquid 
scintillation vial containing 15 ml of a toluene-triton 
cocktail containing 0.4% PPO (w/v) and 0.01°, 
dimethyl POPOP (w/v) and counted in a Packard 
Tricarb liquid scintillation counter. 


RESULTS 


In vitro inhibition of pure enzymes. The values of 
I59, the inhibitor concentration inhibiting the enzyme 
by 50 per cent in the experimental conditions used, 
are gathered in Table |. It is seen that the effect of 
IPT, on ICDH is very close to that of T; and that 
MT, has an effect of the same order of magnitude 
as T, on this enzyme. The x-methyl substituted MT, 
has half the inhibitory activity of Tz on GLDH but 
the replacement of iodine by isopropyl at 3’ has little 
effect on inhibitory activity. However IPT, is a mark- 
edly weaker inhibitor of ADH than T, and the inhibi- 
tory effect of MT, is very weak at the Iso of Ty. 

In vitro mitochondrial effects. The oxygraph trac- 
ings allowed us to establish the rates of oxygen 
uptake by hepatic mitochondria placed in different 
respiratory states; a sample experimental tracing is 
given in Fig. 1. The effects of the analogs investigated 


100pnm 
30um 
+ 


Fig. 1. Oxygen electrode tracings representing the effect of IPT, on mitochondrial respiration with 

succinate 6.7 mM as substrate in the presence of rotenone (1.5 uM) (1.52 mg mitochondrial protein/ml) 

(a) State 3; (b) State 3 in the presence of oligomycin (5 ug) (OM); (c) State 4; (d) State 4 in the 
presence of 2-4 dinitrophenol (50 uM) (DNP). 
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are expressed as percentage change in respiratory rate 
observed after addition of the analog. The four plots 
of Fig. 2 represent the effects obtained in function 
of the concentration of iodinated effectors with suc- 
cinate as substrate: the first one (A) is concerned with 
State 3. the second (B) with State 4, the third (C) 
shows the effects on State 3 in the presence of oligo- 
mycin and the fourth (D) the effects on State 4 uncou- 
pled by dinitrophenol. 

Assays performed with glutamate-malate gave 
similar results. One sees from these representations 
a marked similarity between IPT, and T; as well as 
between MT, and T,. All these substances have an 
inhibitory effect on State 3 while State 4 respiration 
is stimulated by weak doses of iodinated thyronines 
but inhibited by greater concentrations. However, 
while the optimal concentration needed to stimulate 
State 4 and to inhibit State 3 by 50 per cent are 
very close to each other for T,; and Ty, MT, is more 
stimulating than inhibitory and IPT, has an inhibi- 
tory effect which is more marked than its stimulating 
effect. Finally, State 3 mitochondrial respiration in 
the presence of oligomycin is stimulated to a much 
smaller degree by IPT, than by T3. 

In vivo effects on hepatic mitochondria. The glycero- 
phosphate dehydrogenase and glutamate dehydrogen- 
ase activity of hepatic mitochondria as well as basal 
metabolic rate data obtained 24 hr before sacrifice are 
presented in Table 2. Determinations were carried out 
on each animal and the table indicates mean as well 
as Statistical spread and significance. 

A good correlation is seen between variations in 
metabolic rate and in GPD activity although vari- 
ations in GPD activity appear much more sensitive 
than those of the metabolic rate in the whole animal. 
Thus, while overall variations in metabolic rate vary 
over a twofold range, GPD activity decreases to one- 
fourth of its activity upon thyroidectomy while treat- 
ment of the thyroidectomized animal with T, in- 
creases its activity by a factor of 10 and with IPT, 


% State 4 respiration 
»* 
x x 


xe 


‘ 











% State 3 respiration 


Effector], 
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by a factor of 20. MT, has no effect on metabolic 
rate but increases the GPD activity of.the thyroidec- 
tomized animal by a factor of 2, ie. to half that of 
the normal animal. The effects of analogs on GLDH 
are quite significant but less pronounced: thyroidec- 
tomy leads, as observed previously in this labora- 
tory [13], to a lowering of enzyme activity but treat- 
ment with T,, IPT, and even MT, leads, in the pres- 
ent experimental conditions, to an increase in activity 
to a level above that seen in the normal animal. Table 
2 shows that MT,, which has no detectable effect on 
oxygen uptake and produces but a weak increase in 
GPD activity has an effect on GLDH similar to that 
of IPT, or Pa 

In vivo effects on adrenal tyrosine hydroxylase. The 
activity of this enzyme, expressed in Table 3 as nmole 
DOPA formed per hr per pair of glands is also related 
to adrenal protein and to animal weight as these two 
parameters are known to vary considerably with the 
thyroid state [33]. 

The overall TH activity, as expressed in nmoles 
DOPA formed (Table 3), is significantly decreased 
after thyroidectomy (about 40 per cent). The treat- 
ment of the thyroidectomized animal with T, com- 
pensates for the decrease in overall TH activity but 
the TH activity expressed in nmoles per mg of adrenal 
protein remains below that of the normal animal. 
Treatment of the thyroidectomized animal with IPT, 
results in a 15 per cent increase in overall TH activity 
and to a_ specific activity equal or superior to that 
of the normal animal. If one relates TH activity to 
body weight the same type of variations is observed. 

The decrease in adrenal TH activity which is seen 
to occur after thyroidectomy closely correlates with 
the decrease in metabolic rate: thus the ratio of 
adrenal TH activity (related to body weight) to meta- 
bolic rate is approximately equal in the normal and 
in the thyroidectomized rat. The treatment of thyroi- 
dectomized animals resulted, in our experimental con- 
ditions, in increases in adrenal activity which 
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Fig. 2. Plots showing the effects of T;, IPT,, T, and MT, on the respiration of rat liver mitochondrial 
in the presence of succinate. Control values (100°,) were obtained in the absence of effectors: (A) 
State 4; (B) State 3: (C) State 3 with oligomycin (5 ug): (D) State 4 with 2-4 DNP (50 uM). 
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Table 2. Effects of thyroid states and of the treatment of thyroidectomized animals with thyroid analogs on the hepatic 
mitochondrial L-a-glycerophosphate and L-glutamate dehydrogenase activities 





L-a-glycerophosphate 
dehydrogenasee 


(AA/min/mg/ 
mitochondrial 


Treatment group protein) 


Mitochondrial 
L-glutamate 
dehydrogenase 
(nmoles glutamic acid/ 
min/mg protein) 


Basal metabolism 
(ml O,/100g 
body wt/min) 





I Normals 

II Thyroidectomized 

III Thyroidectomized treated 
with L-thyroxine 

IV Thyroidectomized treated 
with isopropyldiiodo-L- 
thyronine 

V Thyroidectomized treated 
with x-methyl-DL-thyroxine 


0.031 + 0.008 
0.0075 + 0.001* 
0.075 + 0.009 


0.146 + 0.022} 


0.015 + 0.0025: 


1342: 9.2 
= ee 
+ 16.18 


+ 12.78 


3.70 + 0.14 


+230 1.69 + 0.095 





Treatment was 5 nmoles/100 g/day for 15 days 
tP < 0.001 
+P < 0.05 
tP < 0.001 
SP < 0.02 
P < 0.05 


compared to normal animals 


leompare to thyroidectomized animals 


appeared a more sensitive index than the effect on 
the metabolic rate. 


DISCUSSION 


The in vitro inhibitory effects of IPT, and MT, 
against GLDH, ICDH and ADH are similar to those 
of T; and Ty. For each enzyme, the concentration 
that inhibit the enzyme activity by 50 per cent (Iso) 
are, in the experimental conditions used, of the same 
order of magnitude for all iodinated products 
although these products have very different thyromi- 
metic activities. It appears appropriate to recall that 
the formic, acetic and propionic derivatives of T; 
have the same in vitro inhibitory [13,14] effects at 
roughly the same concentrations. Although MT, 
behaves as the other effectors towards other enzymes, 
it inhibits horse liver alcohol dehydrogenase but very 
weakly. 


The effects of IPT, and MT, on the oxidative phos- 
phorylation activities of isolated mitochondria are 
quite similar to those of thyroid hormones. In State 
4 they increase mitochondrial oxygen uptake at low 
concentration but decrease it at higher concentration. 
In State 3 the only effect observed is an inhibition 
proportional to the dose. The effects obtained in the 
active state in the presence of oligomycin are the same 
as those observed in the controlled state. Finally, 
IPT, and MT, have an inhibitory effect on mitochon- 
drial respiration in the presence of 2,4-dinitrophenol. 
Thus the effect exerted by IPT, and MT, on the iso- 
lated mitochondria is in all aspects similar to that 
of thyroid hormones [45-47]: like these, IPT, and 
MT, uncouple oxidative phosphorylation and simul- 
taneously inhibit electron transfer of the respiratory 
chain. The replacement of the 3’-iodine and the pres- 
ence of an x-methyl group bring no basic change in 
the effects exerted on pure enzymes or on isolated 


Table 3. Effects of thyroid states and of the treatment of thyroidectomized animals with L-thyroxine and isopropyldiiodo- 
L-thyronine on adrenal tyrosine hydroxylase activity. 





Body wt 


Group (g) (mg/pair) 


Adrenal protein 


Tyrosine hydroxylase activity 





nmoles/ 100g 
body wt/hr basal 
metabolic rate 


nmoles/mg 
protein/hr 


nmoles; 
pair/hr 





263 
191 


14 
Bi 


Normal 
Thyroidectomized 
Thyroidectomized treated 
with L-thyroxine 
Thyroidectomized treated 
with isopropyldiiodo- 
L-thyronine 


+ 4.27 + 0.15 
+ 


156 + 11 


159 + 11 


3.08 + 0.21* 
4.63 + 0.33t 


4.74 + 0.30t 


38.9 
22.7 


7.04 
6.95 


9.13 + 0.39 
7.40 + 0.367 
8.84 


ae1. + 8.22 + 0.6 


9.89 + 0.57§ 7.97 





*P < 0.01 
+P < 0.05 
tP <0.001 
§P < 0.02 


\ Compared to normal animals 


\ Compared to thyroidectomized animals 


L-Thyroxine and isopropyldiiodo-L-thyronine were injected i.p. at 


are expressed + S.D. 


a dose of 5 nmoles/100 g/day for 15 days. Results 
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mitochondria. Since the acid analogs of T; have an 
inhibitory effect similar to that of parent compound 
it appears that the 3,5-diiodo-4’-hydroxydiphenylether 
moiety is essential for the in vitro effects seen in this 
series of substances while other substituents play a 
secondary role. On the other hand it appears that 
they are very effective in vivo probably because of 
different cellular permeability. 

In vivo, specific parameters of thyroid hormone 
activity such as: metabolic rate and GPD induction 
respond yery differently when the thyroidectomized 
anima! is treated with IPT,, MT, or Ty. A daily dose 
of 50 nmoles/kg of T, restores the basal metabolic 
rate and the hepatic GPD activity of the thyroidecto- 
mized animal to the euthyroid level. A similar treat- 
ment with IPT, goes largely beyond a simple com- 
pensation, metabolic rate and GPD activity being 
superior to that of the normal animal. After MT, 
treatment however, the in vivo activities observed 
clearly demonstrate incomplete compensation of the 
hypothyroid state. The activity of liver mitochondrial 
GLDH appears independent of other in vivo par- 
ameters of thyromimetic activity: MT, and IPT, have 
the same effect on this enzyme which therefore 
appears to be an unreliable index of thyroid activity. 

The results of our experiments establish a relation- 
ship between thyroid state and adrenal tyrosine hy- 
. droxylase activity: the enzyme is definitely less active 
in the thyroidectomized animal. Because of body and 
adrenal weight variations as well as of metabolic rate 
variations in function of the thyroid state the results 
of Table 3 are related to mg adrenal protein, to body 
weight and to the metabolic rate of the animals before 
sacrifice. From these expressions it is seen that the 
thyroidectomy-induced 40 per cent drop in TH acti- 
vity of the adrenal pair is only of 20 per cent when 
related to adrenal protein or to body weight. When 
the thyroidectomized animal receives Ty, the total 
activity is very close to normal but, because of the 
smaller weight of the treated animals the specific acti- 
vity expressed per body weight shows an increase of 
40 per cent above normal; likewise, the specific acti- 
vity of the IPT, treated animal is twice that of the 
normal animal. The ratio of TH specific activity per 
body weight and metabolic rate are virtually similar 
for normal and thyroidectomized animals but dis- 
tinctly elevated for the T, and IPT, treated groups; 
this points to a parallel between changes in TH acti- 
vity and in metabolic rate of the hypothyroid animal 
which doés not persist in hyperthyroid states. Thus 
T, and IPT, increase adrenal TH activity: the 
mechanism of this increase has not been investigated 
and one cannot assert that an enzymatic induction 
is involved. It is however, of interest within the frame- 
work of thyroadrenergic relationships [32]. 
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Abstract— Paraquat and diquat have been shown to stimulate the production of '*CO, from [1-'*C]- 
glucose by slices of rat lung, but not the production of '*CO, from [6-'*C]glucose. This indicates 
stimulation of the pentose phosphate pathway. Paraquat was effective at concentrations as low as 
7.5 x 10°7M whilst a concentration of diquat of 10°°M was required for comparable stimulation. 
Maximal stimulation occurred with approximately 10° ° M paraquat and approximately 10° * M diquat. 
The stimulation of pentose phosphate pathway in lung slices by paraquat has been shown to be 
related to paraquat accumulation. 

Lung slices from rats dosed intravenously with 65 zmoles of either paraquat or diquat/kg body wt 
had increased pentose phosphate pathway activity compared with slices from saline injected controls. 
At all times studied from 0.5 to 18hr after injection, pentose phosphate pathway activity in slices 
from diquat poisoned rats was equal to or greater than that observed in slices from paraquat poisoned 
rats. Since only rats dosed intravenously with paraquat subsequently develop lung damage, it is con- 
cluded that there is no simple relationship between stimulation of the pentose phosphate pathway 


in lung and the production of lung damage. 


Paraquat (1,1'-dimethyl-4,4’-bipyridilium) and diquat 
(1,1’-ethylene 2,2’-bipyridilium) are closely related 
bipyridylium herbicides which can be reduced to free 
radicals, stable in the absence of oxygen [1,2]. In the 
presence of oxygen these radicals are rapidly reoxi- 
dized to the parent cations with production of super- 
oxide radical ion (Oz) and hydrogen peroxide [3, 4]. 
Paraquat and diquat are reduced by photosystems 
present in the green leaves of plants, and cyclic redox 
reactions then lead to production of reactive oxygen 
species which are thought to be the molecules respon- 
sible for herbicidal activity of the bipyridyls [5]. 

Paraquat and diquat are also toxic to mam- 
mals [6, 7]. Following paraquat administration to rats 
the organ most severely affected is the lung [6, 8], 
whereas following diquat administration the lung 
appears undamaged [7; Smith and Rose, unpublished 
work]. It has recently been suggested that the speci- 
ficity of paraquat for the lung is due to selective ac- 
cumulation of paraquat by this organ [9]. 

Both paraquat and diquat can be reduced to free 
radicals by homogenates of liver, kidney or 
lung [10, 11]. The reduction of paraquat or diquat by 
liver homogenates has been shown to be dependent 
on a cytoplasmic enzyme and NADPH, and marked 
stimulation of NADPH oxidation accompanies the 
cyclic oxidation and reduction of both bipyri- 
dyls [10]. Incubation of lung slices with paraquat has 
also been reported to result in increased metabolism 
of glucose by the pentose phosphate pathway [12]. 
It has therefore been suggested that, as in plants, the 
mammalian toxicity of paraquat is related to its cyclic 
oxidation and reduction within cells with resultant 
production of reactive species of oxygen 
[10,12,14,15]. In the work reported here, the 
effect of both paraquat and diquat on the oxidation 


of glucose via the pentose phosphate pathway in lung 
has been examined in order to determine the relation- 
ship between redox reactions and accumulation of 
paraquat by lung and subsequent production of lung 
damage. 


MATERIALS AND METHODS 


Materials. Paraquat dichloride and diquat dichloride 
monohydrate were obtained from Plant Protection 
Division, Jealott’s Hill Research Station, Berks. 
[Methyl-'*C]paraquat (30mCi/m-mole), _ [ethy- 
lene-'*C]diquat (30mCi/m-mole), [1-'*C]glucose 
(3 mCi/m-mole), [6-'*C]glucose (3 mCi/m-mole), 
['*C]Na,CO, (11 wCi/ml; '*C reference solution), 
[hydroxymethyl-!*C]inulin (12 mCi/m-mole), [°H]- 
inulin (690 mCi/m-mole) and [*H]water (5 mCi/ml) 
were all purchased from the Radiochemical Centre, 
Amersham. Imipramine hydrochloride was obtained 
from Geigy Pharmaceuticals, Macclesfield, Cheshire 
and inulin (purified, 10°, solution) was purchased 
from Thomas Kerfoot and Company Limited, Lan- 
cashire. 

Animals. Male, Alderley Park (Wistar derived) spe- 
cific pathogen-free rats (body wt 180-220 g) were used 
throughout. 

Measurement of '*CO, production. Slices of rat lung 
were prepared as described previously [16] and incu- 
bated in 3 ml of a modified Krebs-Ringer phosphate 
medium [9] containing glucose (11 mM) and 1 wCi of 
either [1-'*C]glucose or [6-'*C]glucose. Incubation 
was carried out under air in respirometer flasks in 
a shaking water bath at 37°. '*CO, was trapped in 
0.2 ml of KOH (20°%, w/v) placed in the centre well 
of the flask together with a 2-cm square of hard filter 
paper (Whatman No. 542) to facilitate absorption. 
After incubation, the filter paper and KOH were 
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Table 1. The effect of paraquat and diquat in vitro on the 
oxidation of glucose by slices of rat lung 





Dpm of '*CO,/100 mg slice 


r'*< |glucose [6-'*¢ Jglucose 





1900 
IS10f + 
2130 
1960 
22304 
1640t 


Mts 
2310t 


268(3) 
Diquat (10° 33343) 
(10 


Diquat 27(3) 
Diquat 37K5) 
211(3) 


3573) 


at (10°° M) 
Paraquat (10° * M) 
Paraquat (10° * M) 


* + 1662/3) 
14500** + 
12800** + 1670(6) 


Parag 
2595(3) 
3X(16) 





Slices of rat lung were incubated with the indicated con- 
centration of bipyridyl and '*CO, production from either 
[1-'*C]glucose or [6-'*C]glucose measured for 1 hr. 

* significantly different from control, 0.05 >P >0.02 

** significantly different from control, P< 0.01 

t not significantly different from control, P> 0.05 

The values given are mean + S.E.M. with the number 
of determination in parentheses. 


transferred to plastic scintillation vials containing 
1.0ml of water, and 15 ml Instagel scintillator (Pac- 
kard Instrument Company Limited) was added. The 
radioactivity was measured using a liquid scintillation 
spectrometer and the efficiency of counting deter- 
mined by the use of standard ['*C]Na,CO, placed 
on filter paper and processed in an identical way to 
the samples. 

Measurement of paraquat accumulation in lung 
slices. Paraquat accumulation in lung slices was 
measured as described previously [16]. 

Measurement of spaces in rat lung slices. Slices of 
rat lung were incubated (with shaking at 37°) with 
3 ml of Krebs-Ringer phosphate containing glucose. 
Combinations of 0.1 wCi of [*H]water, [*H]inulin, 
[hydroxymethyl-'*C]Jinulin and [ethylene-'*C]diquat 
were added to the medium such that the ratio in the 
slices of [*H]inulin to ['*C]inulin, [7H]water to 
['*C]inulin, [ethylene-'*C]diquat to [*H]water and 
[ethylene-'*C]diquat to [*H]inulin could be meas- 
ured. The inulin space was shown to remain con- 
stant over a range of inulin concentrations (approx 
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5 x 10°’ — 4 x 10°*M). The concentration of diquat 
in the incubation medium was 107° M. After incu- 
bation, excess medium was removed from the slices 
by wiping on a clean glass plate, the slices dissolved 
in 1.0m! soluene (Packard Instrument Company 
Limited) and 10 ml Dimilume Scintillator (Packard 
Instrument Company Limited) added. Medium 
(0.1 ml) was added to water (0.9 ml) and 10 ml Instagel 
scintillator added. '*C and 3H radioactivity were 
determined on the same sample using two channels 
on a liquid scintillation spectrometer. Efficiency of 
counting was determined by addition of internal '*C 
and 7H standards. Since the space found in slices for 
*H-labelled inulin was consistently higher (14 per 
cent) than that found for '*C-labelled inulin, an 
appropriate correction factor was applied so that the 
results are expressed as those for '*C-inulin. 


RESULTS 


Neither paraquat nor diquat significantly altered 
the oxidation of [6-'*C]glucose by rat lung slices at 
concentrations of between 10°° and 10°*M (Table 
1). However, paraquat stimulated the production of 
'$CO, from [1-'*C]glucose at all concentrations in 
this range whereas diquat did not stimulate at 
10°°M (Table 1). Maximal stimulation of [1-'*C]- 
glucose oxidation occurred with 10°°M paraquat and 
10°*M diquat (Table 1). 

Slices were initially incubated with paraquat at 
7.5 x 10°’M. After different periods of incubation 
up to 3hr, they were transferred to fresh media in 
the absence of paraquat, and the production of '*CO, 
from [1-'*C]glucose measured for 1 hr. Paraquat was 
accumulated linearly with time during the 3 hr of in- 
itial incubation and the amount of '*CO, produced 
in the second incubation also increased (Table 2A). 
The experiment was repeated using 10° ° M paraquat, 
a concentration which appeared to stimulate maximal 
'$CO, production from [1-'*C]glucose (Table 1). 
With this concentration of paraquat, the paraquat in 
the slices increased with time as before, whilst the 


Table 2. The relationship between paraquat accumulation by rat lung slices and the 
stimulation of the pentose phosphate pathway 





Time of initial incubation 
(hr) 


Paraquat in slice 
(nmoles/g wet wt) 


A* *CO, Produced during | hr 
incubation 
(dpm, 100 mg slice) 





1.4(2) 
+ 0.343) 
7 + 0.4(3) 
+ ().7(3) 
+ O.8(3) 


10100(2) 
13700 + 1100(3) 
11100 + 600(3) 
16000 140043) 
18000 + 200(3) 





21.7(2) 

+ 7(3) 
4+ 4(3) 
+ 43) 


68 


9? 4 


2820042) 
31300 + 5200(3) 
29400 + 2000/3) 
31500 + 150043) 


43) 28400 + 6400(3) 





Slices of rat lung were incubated either with 7.5 x 10~”M paraquat (A) or 1075 M 
paraquat (B) for up to 3 hr. Slices were removed at intervals and the paraquat present 
measured as described in the Methods section, or they were transferred to fresh 
medium and '*CO, production from [1-'*C]glucose measured for 1 hr. 

* Concentration of paraquat in the incubation medium was 7.5 x 10~7M 

{ Concentration of paraquat in the incubation medium was 107° M. 

The values given are means + S.E.M. with the number of determinations in paren- 


theses. 





Pentose phosphate pathway stimulation 


Table 3. The effect of imipramine on the rate of [1-'*C]- 
glucose oxidation in the presence or absence of paraquat 
or diquat 





Rate of '*CO, production 
(dpm/100 mg slice/hr) 


A B 
(— imipramine) (+ imipramine) 





10.900 
14.400 
(a) 19.200 
(b) 31.500 


12.200 
14.900 
11.700 
23.200 


Control 
Diquat (10~* M) 
Paraquat (10~° M) 





Slices of rat lung were incubated in the presence or 
absence of imipramine (10~*M) and the production of 
'4CO, from [1-'*C]glucose measured after 0.5, 1 and 2 hr 
of incubation. Two slices were used at each time point. 
The values for the rate of '*CO, production were then 
derived from the fitting of best straight lines to these data. 
In separate experiments, the rate of paraquat accumulation 
under identical conditions was inhibited 45 and 44 per 
cent. 


amount of '*CO, produced in the second incubation 
remained constant (Table 2B). 

When imipramine (10° *M) was included in the in- 
cubation medium with paraquat (10°°M), the 
amount of '*CO, produced from [1-'*C]glucose was 
reduced, as was the accumulation of paraquat into 
the slices (Table 3). This concentration of imipramine 
had no effect on the '*CO, production from 
[1-'*C]glucose by control slices, or slices in the pres- 
ence of diquat (10~ * M) (Table 3). 

The penetration of diquat into slices of rat lung. The 
total water, inulin and diquat spaces in rat lung slices 
were measured during 4 hr of incubation in the pres- 
ence of diquat. The total water and inulin spaces did 
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not alter during the incubation but the amount of 
diquat associated with the slices increased with time 
(Table 4). If the difference between the total water 
space and inulin space is defined as “intracellular” 
water, and the difference between the total diquat 
space and inulin space is defined as “intracellular” 
diquat, then it can be seen that diquat takes more 
than 4hr to equilibrate with the total tissue water 
(Table 4). A first order plot of the data of Table 4 
gives an approximate half-time for equilibration of 
80 min. 

The effect of paraquat or diquat administered intra- 
venously to rats on the oxidation of [6-'*C]glucose and 
[1-'*C]glucose by lung. Intravenously administered 
paraquat or diquat had no effect on the production 
of '*CO, from [6-'*C]glucose by rat lung slices taken 
at times between 0.5 and 18hr after dosing (Table 
5). However, the production of '*CO, from [1-'*C]- 
glucose was markedly increased at all time intervals 
studied with lung slices taken from both paraquat 
and diquat poisoned rats (Table 6). 

The effect of paraquat or diquat administered orally 
to rats on the oxidation of [1-'*C]glucose by lung. As 
with intravenously administered bipyridyl, there was 
no observed effect on the production of '*CO, from 
[6-'*C]glucose by lung slices from poisoned animals 
at 4, 24 or 30hr after dosing. However, the produc- 
tion of '*CO, from [1-'*C]glucose was very signifi- 
cantly elevated at all times following paraquat and 
somewhat elevated at 24 and 30hr following diquat 
(Table 7). 


DISCUSSION 
The consequence of intracellular reduction of para- 
quat and diquat. Both paraquat and diquat can be 


Table 4. Water, inulin and diquat spaces in slices of rat lung 





Time of incubation Total water 


(hr) space Inulin space 


ee 


“Intracellular”* “Intracellular” 
diquat space 


Total diquat space 


(ml/g wet wt slice) water space 





0.5 0.71 + 0.01(12) 0.35 + 0.01(12) 
2.0 0.64 + 0.01(6) 0.34 + 0.0116) 
4.0 0.70 + 0.01(12) 0.40 + 0.02(12) 


0.52 + 0.02(18) 0.36 O17 
0.53 + 0.01(12) 0.30 0.19 
0.66 + 0.03(12) 0.30 0.26 





Slices of rat lung were incubated as described in the Methods section, for up to 4hr. The values given in the 
table are the ratios of the amounts of tritiated water, inulin or diquat in the slice to the amount present in an equivalent 
wt of medium. 

* The “intracellular” water space is defined as (total water space — inulin space). 

** The “intracellular” diquat space is defined as (total diquat space — inulin space). 

The values given are means + S.E.M. with the number of determination in parentheses. 


Table 5. The oxidation of [6-'*C]glucose by lung slices from rats injected intra- 
venously with paraquat, diquat or saline 





Time after dosing Saline injected 


(hr) 


Paraquat injected 
(dpm, 100 mg lung slice) Diquat injected 





0.5 1750 + 170(14) 
40 2290 + 127(12) 
18.0 1780 + 167(12) 


1300* 


2750* 


+ 906) 
+ 27045) 
1710* + 


IS10* + 256(6) 
2150* + 231(6) 
+ 


2190* + 594(6) 


227(5) 





Fed rats were injected intravenously with 65 umoles/kg body wt of either paraquat 
or diquat, or injected with an equivalent volume of isotonic saline. They were killed 
at the intervals shown, the lungs removed and slices prepared as described in the 
Methods section. The production of '*CO, from [6-'*C]glucose by the slices was 


then measured for 1 hr. 


* Not significantly different from saline injected (P > 0.05) 
The values given are means + S.E.M. with the number of determinations in paren- 


theses. 
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Table 6. The oxidation of [1-'*C]glucose by lung slices from 
venously with paraquat, diquat or saline 


rats injected intra- 





Time after dosing Saline injected 


(hr) 


Paraquat injected Diquat injected 


(dpm/100 mg lung slice) 





05 3020 + 362(15) 
4.0 4290 + 353(11) 
18.0 2490 + 167(11) 


7620** + 722(8) 


7700** + 1000(6) + 
10800** + 1795) 
+ 


6510** + 475(6) 


3440* + 457(6) 5100** + 975(5) 





Fed rats were injected intravenously with 65 umoles/kg body wi of either paraquat 


or diquat. or injected with an equivalent volume of isotonic saline. They were killed 
at the intervals shown, the lungs removed and slices prepared as described in the 
Methods section. The production of '*CO, from [1-'*C]glucose by the slices was 


then measured for | hr. 


* Significantly different from saline injected 0.05 > P > 0.02 
** Significantly different from saline injected P < 0.01 
The values given are means + S.E.M. with the number of determinations in paren- 


theses. 


reduced to their free radicals by enzymes present in 
the cytoplasm of cells[10,11]. This reduction is 
coupled to the oxidation of NADPH [10]. The reduc- 
tion of paraquat or diquat intracellularly would, 
therefore, be expected to raise the NADP* level and 
thus increase the activity of the pentose phosphate 
pathway [17] in order to generate more NADPH for 
vital cell processes such as protein synthesis [18]. 

The stimulation of the pentose phosphate pathway 
in rat lung slices by paraquat and diquat in vitro. Since 
the production of '*CO, from [6-'*C]glucose by 
slices of rat lung was unaffected by incubation with 
a range of concentrations of either paraquat or diquat 
(Table 1), the glycolytic pathway in the lung appears 
to be unaffected by the bipyridyls and the increased 
production of '*CO, from [1-'*C]glucose (Table 1) 
can, therefore, be taken as an indication of an increase 
in the activity of the pentose phosphate pathway. This 
increase in activity suggests that both paraquat and 
diquat penetrate the cells of lung slices and undergo 
cyclic oxidation—reduction reactions which result in 
oxidation of NADPH. These observations confirm 
previous findings [12] using relatively high concen- 
trations of paraquat. In our experiments, maximal 
stimulation of CO, production occurred with 10° * M 
paraquat or 10°*M diquat but the maximal rates 
observed were not the same in different experiments 
(c.f. Tables | and 2B). This discrepancy was possibly 
due to differences in the nutritional states of the ani- 
mals used, as the activity or both the glycolytic and 
pentose phosphate pathway in lung slices were 
affected markedly by starvation (c.f. Tables 5, 6, with 
7). 


Although previous work has shown that diquat is 
reduced more rapidly in broken cell preparations 
than paraquat[11] and that diquat stimulates 
NADPH oxidation in liver homogenates at concen- 
trations an order of magnitude lower than para- 
quat [10], we have shown that paraquat stimulates 
the pentose phosphate pathway in lung slices in vitro 
at much lower concentrations in the incubation 
medium than diquat (Table 1). The explanation for 
this difference probably resides in the intracellular 
concentrations of the compounds achieved during the 
incubation. Paraquat is accumulated by an energy- 
dependent process into slices of rat lung whereas 
diquat is not [9, 16]. Diquat has been shown to dif- 
fuse into lung slices (Table 4) with a half-time of ap- 
proximately 80 min and as a consequence, the concen- 
tration inside cells will only slowly approach that of 
the medium during the incubation. With low concen- 
trations of diquat in the medium, therefore, (e.g. 
10°° M) there will be insufficient present inside cells 
to stimulate the pentose phosphate pathway signifi- 
cantly [10]. A similar diffusion process can be 
assumed to occur with paraquat at low concen- 
trations (7.5 x 1077 M) but the accumulation of para- 
quat can be seen to lead to a 4-fold increase in the 
amount present in the whole slice when compared 
with that of medium (Table 2A). However, it has been 
suggested that the type I and II alveolar epithelial 
cells are responsible for the accumulation of paraquat 
into lung [19]. These cells will only represent a small 
proportion of the wet weight of the lung slice. In con- 
sequence, the concentration of paraquat in these cells 
will be very much higher than that in the whole slice, 


Table 7. The oxidation of [1-'*C]glucose by lung slices from rats given paraquat 
or diquat orally : 





Time after dosing Control 


(hr) 


Paraquat 
(d.p.m./100 mg lung slice) 


Diquat 





+ 6410 + 240(12) 
4140 + 23012) 
30 5100 + 320(12) 


11.200** + 110046) 
11.300** + 6206) 
13,000** + 769(6) 


6740+ + 225(6) 
5170* + 240(3) 


8040** + 818(6) 





Rats were starved for 24hr before being dosed orally with 680 umoles of either 
paraquat or diquat/kg body wt. They were killed at the intervals shown, the lungs 
removed and slices prepared as described in the Methods section. The production 
of '*CO, from [1-'*C]glucose by the slices was then measured for 1 hr. 

* Significantly different from control 0.05 >P,> 0.02 

** Significantly different from control P < 0.01 

+ Not significantly different from control P > 0.05 

Values given are means + S.E.M. with the number of determinations in parentheses. 





Pentose phosphate pathway stimulation 


perhaps by a factor as large as 10, and will therefore 
be more than sufficient to stimulate the pentose phos- 
phate pathway. 

That accumulation of paraquat is related to stimu- 
lation of the pentose phosphate pathway is indicated 
(a) by the increase in '*CO, production from 
[1-'*C]glucose seen as paraquat is accumulated from 
a very low concentration in the medium (Table 2A) 
and (b) by the inhibition of stimulation seen when 
imipramine, an inhibitor of paraquat accumulation, 
is present in the incubation medium (Table 3). It is, 
therefore, possible to speculate that the compartment 
accumulating paraquat is cytoplasmic since once 
accumulated, the paraquat undergoes cyclic oxida- 
tion—-reduction with resultant oxidation of cellular 
NADPH. 

The relevance of stimulation of the pentose phosphate 
pathway to lung damage. The production of '*CO, 
from [6-'*C]glucose by lung slices taken from rats 
injected intravenously with 65 umoles of either para- 
quat or diquat/kg body wt was not different from 
that of saline injected controls (Table 5), whereas the 
production of '*CO, from [1-'*C]glucose was signifi- 
cantly elevated (Table 6). Thus the pentose phosphate 
pathway in the lungs of both paraquat and diquat 
poisoned rats is stimulated. The stimulation was more 
marked in slices from diquat poisoned rats, particu- 
larly 4 and 18 hr after dosing (Table 6). This indicates 
that following intravenous dosing of 65 umoles of 
either paraquat or diquat/kg body wt, sufficient para- 
quat or diquat has entered lung cells to have under- 
gone cyclic redox reactions and to have led to oxi- 
dation of NADPH and consequent stimulation of the 


pentose phosphate pathway. However, whereas this 
dose of paraquat leads to extensive lung damage 
(Smith and Rose, unpublished work) this dose of 
diquat does not damage the lung (Smith and Rose, 
unpublished work). Thus there is no simple relation- 
ship between stimulation of the pentose phosphate 
pathway (and by implication, free radical generation) 


and lung damage. 

When rats were dosed orally with paraquat or 
diquat, stimulation of the pentose phosphate pathway 
was shown to be more marked in the lungs of para- 
quat poisoned rats than in those of diquat poisoned 
rats (Table 7) which is the reverse of that observed 
following intravenous dosing. Since blood concen- 
trations of the bipyridyls are very low after oral dos- 
ing [9], the diffusion-controlled concentration of 
diquat in lung will consequently be low. However, 
paraquat is accumulated into the lung under these 
conditions [9, 20], which would explain the observed 
stimulation of the pentose phosphate pathway. 

It is clear, therefore, that both paraquat and diquat 
can enter lung cells and can stimulate the pentose 
phosphate pathway. This, in turn, can be taken to 
indicate that both are undergoing catalytic oxidation 
and reduction through their respective free radicals. 
This process results in the oxidation of NADPH and 
also the production of reactive species of oxygen [21]. 
However, since there is no damage to the lung follow- 
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ing intravenous administration of diquat to rats, when 
there is clear evidence for free radical generation, it 
must be presumed that generation of those radicals 
per se is not sufficient to cause general cell damage. 
It is possible, however, that radical generation in the 
cell type which accumulates paraquat (i.e. alveolar 
epithelial type I and II cells)[19] is responsible for 
damage to those cells. Alternatively, the accumulation 
of paraquat by certain cells may lead to exceptionally 
high intracellular concentrations of paraquat which 
may lead to such fast rates of NADPH oxidation that 
cell death results from an inability of the cells to 
maintain normal levels of NADPH and ATP. This 
latter hypothesis, which does not require damage to 
the cell from superoxide, hydrogen peroxide or singlet 
oxygen, might explain why it has proven difficult to 
demonstrate lipid peroxidation in lung following par- 
aquat [14]. 


Acknowledgement—The authors are grateful for the valu- 
able technical assistance of Mr. E. Howard. 


REFERENCES 


. L. Michaelis and E. S. Hill, J. Am. Chem. Soc. 55, 
1491 (1933). 

. R. F. Homer and T. E. Tomlinson, Nature 184, 2012 
(1959). 

. A. Calderbank, Proc. 7th Br. Weed Control Conference, 
p. 312 (1964). 

. J. A. Farrington, M. Ebert, E. J. Land and K. Fletcher, 
Biochim. biophys. Acta 314, 372 (1973). 

. A. D. Dodge, N. Harris and B. C. Baldwin, Biochem. 
J. 118, 43 (1970). 

. D. G. Clark, T. F. McElligott and E. W.*‘Hurst, Br. 
J. industr. Med. 23, 126 (1966). 

. D. G. Clark and E. W. Hurst, Br. J. industr. Med. 
27, 51 (1970). 

. G. S. Vijeyaratnam and B. Corrin, J. Path. 103, 123 
(1971). 

. M. S. Rose, E. A. Lock, L. L. Smith and I. Wyatt, 
Biochem. Pharmac. 25, 419 (1976). 

. J. C. Gage, Biochem. J. 109, 757 (1968). 

. R. C. Baldwin, A. Pasi, J. T. MacGregor and C. H. 
Hine, Toxicol. appl. Pharmac. 32, 298 (1975). 

. H. K. Fisher, J. A. Clements, D. F. Tierney and R. 
R. Wright, Am. J. Physiol. 228, 1217 (1975). 

. H. K. Fisher, J. A. Clements and R. R. Wright, Am. 
Rev. resp. Disease 107, 246 (1973). 

. K. F. Ilett, B. Stripp, R. H. Menard, W. D. Reid and 
J. R. Gillette, Toxicol. appl. Pharmac. 28, 216 (1974). 

. J. S. Bus and J. E. Gibson, Pharmacologist 16, 230 
(1974). 

. M. S. Rose, L. L. Smith and I. Wyatt, Nature 252, 
314 (1974). 

. H. Holzer, A. Rev. Biochem. 28, 171 (1959). 

. D. Massaro, M. R. Simon & H. Steinkamp, J. appl. 
Physiol. 30, 1 (1971). 

. LF. H. Purchase, B. I. Sykes and L. L. Smith, J. Path. 
(in press) (1976). 

. L. L. Smith, A. Wright, I. Wyatt and M. S. Rose, Br. 
med. J. 4, 569 (1974). 

. J. S. Bus, S. D. Aust and J. E. Gibson, Biochem. bio- 
phys. Res. Commun. 58, 749 (1974). 








Biochemical Pharmacology, Vol. 25, pp. 1769-1772. Pergamon Press, 1976. Printed in Great Britain. 


INHIBITION OF PARAQUAT ACCUMULATION IN 
RAT LUNG SLICES BY A COMPONENT OF RAT 
PLASMA AND A VARIETY OF DRUGS AND 
ENDOGENOUS AMINES 


Epwarb A. Lock, Lewis L. SMITH and MICHAEL S. Rost 
Biochemical Mechanisms Unit, Imperial Chemical Industries Limited, 
Central Toxicology Laboratory, Alderley Park, Nr Macclesfield, Cheshire SK10 4TJ, England 


(Received 3 December 1975; accepted 6 February 1976) 


Abstract 


The accumulation of paraquat by slices of rat lung has been shown to be inhibited in 


vitro by the addition of rat plasma. For a given concentration of plasma, inhibition was constant 
with time and the amount of inhibition increased with increasing concentration of plasma. This suggests 
that there are components of rat plasma which inhibit paraquat accumulation by rat lung slices in 
a concentration-dependent manner. An ultrafiltrate of plasma also inhibited paraquat uptake, indicating 
that the inhibitor is a small molecular weight compound. A number of endogenous amines including 
noradrenaline, 5-hydroxytryptamine and histamine have been shown to reduce the concentration of 
paraquat accumulated into lung slices, as have several other drugs including imipramine, propranalol. 
burimamide and betazole. The relevance of these findings to the prevention of paraquat accumulation 


by lung is discussed. 


The herbicide paraquat (1,1-dimethyl 4,4’-bipyridi- 
lium) can produce widespread oedema and fibrosis 
in the human lung after accidental ingestion [1-3]. 
Paraquat has been shown to have a similar effect in 
experimental animals, the lungs being the primary 
target organ [4-6]. The discovery of an energy-depen- 
dent accumulation of paraquat by slices of rat lung 
in vitro[7] and the ability of rat lung to accumulate 
paraquat from a low plasma _ concentration in 
vivo [8,9] suggests a possible reason for the selectivity 
of paraquat for the lung. Tissue slices from other 
organs have little capacity to accumulate para- 
quat [9] whereas lung slices from other species in- 
cluding man, do possess this capacity to accumulate 
paraquat [8,9]. The rate of accumulation of paraquat 
by rat lung from plasma in vivo, following oral dosing 
of paraquat was about one seventh of that predicted 
by in vitro studies [9]. This suggested that inhibitors 
of paraquat accumulation might be present in the cir- 
culation. In this study the effect of rat plasma, several 
endogenous amines, amino acids and drugs on para- 
quat accumulation by rat lung slices have been exam- 
ined. 


MATERIALS AND METHODS 


Animals. Male, Alderley Park (Wistar derived) spe- 
cific pathogen-free rats were used throughout. Ani- 
mals with body wt in the range 170-200 g were used 
for preparing lung slices and larger animals 
(300-400 g body wt) were used for obtaining plasma. 

Special chemicals. [Methyl-'*C] paraquat of speci- 
fic radioactivity 30 mCi/m-mole was purchased from 
the Radiochemical Centre, Amersham, Bucks, U.K. 
It was diluted with water to give a stock solution 
of 5 uCi/ml. The following compounds were used: 





* The asterisks indicate the drugs were donated. 


adrenaline (Sigma); betazole hydrochloride (Eli Lilly); 
burimamide* (Smith, Kline & French); chlorophenir- 
amine maleate (May & Baker); histamine hydrochlo- 
ride (Sigma); L-histidine (Koch-Light); 5-hydroxy- 
tryptamine oxalate and creatinine sulphate complex 
(Sigma); imipramine hydrochloride (Geigy Pharm. 
Ltd.); L-lysine hydrochloride (Sigma); metiamide* 
(Smith, Kline & French); L-noradrenaline (Sigma); 
promethazine hydrochloride (May & Baker): D-pro- 
pranolol (ICI Pharmaceuticals); mepyramine maleate 
(May & Baker); spermine tetrahydrochloride (Sigma): 
tryptamine hydrochloride (Sigma); tyramine (Sigma): 
L-tryptophan (Sigma); L-tyrosine hydrochloride 
(Sigma). Crystalline paraquat dichloride and diquat 
dichloride (1,1'-ethylene 2,2’-bipyridilium) were 
obtained from Plant Protection Division, Jealott’s 
Hill Research Station, Berks. 

Methods. Rats were killed with halothane, the lungs 
were removed and slices prepared (20-60 mg wet wt) 
by free-hand slicing or using a Stadie—Riggs tissue 
slicer. Only slices with two cut surfaces were used. 
For studies of the effect of plasma, slices were weighed 
and incubated in a modified Krebs-Ringer bicar- 
bonate medium containing NaCl (121 mM); KCl 
(49mM): CaCl, (1.7mM); MgSO, (1.21 mM): 
KH,PO, (1.21 mM); NaHCO, (25 mM) and glucose 
(11 mM) which had been gassed with 5°, CO, in 
oxygen for 10 min prior to use. In addition the incu- 
bation medium contained rat plasma (0.25—1 ml), 
['*C]paraquat (0.1 Ci) together with the required 
concentration of unlabelled paraquat, the final 
volume being 3 ml. Incubation was carried out under 
5%, CO,, 95°, oxygen to prevent pH changes [10], 
with shaking at 37°. For studies where plasma was 
not used, slices were incubated in a modified Krebs 
Ringer phosphate medium[9]. The incubation 
medium also contained ['*C]paraquat (0.1 Ci) unla- 
belled paraquat (10 uM) and various concentrations 
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of test compounds. Incubation was carried out under 
air, with shaking at 37. In all experiments one lung 
slice was incubated in 3 ml medium. 
Paraquat measurement in slices. Slices were removed 
from the incubation medium and washed by transfer- 
ring them to fresh medium which was free of para- 
quat. They were then carefully blotted, dissolved in 
1 ml soluene (Packard Instrument Co Ltd) and 
radioactivity measured after addition of 10 ml Dimi- 
lume (Packard Instrument Co. Ltd.) using a liquid 
scintillation spectrometer. Samples of media (0.1 ml) 
were diluted to | ml with water and radioactivity 
measured after addition of 10 ml Instagel Scintillator 
(Packard Instrument Co. Ltd.). Counting efficiency 
was determined by the addition of internal standards 
and all counts were converted to disintegrations per 
minute. 

Preparation of ultrafiltrate of plasma. Freshly 
obtained rat plasma was placed in an ultrafiltration 
cell (Model 52. Amicon, Lexington, Mass. USA) con- 
taining a Diaflo ultrafiltration membrane, type UM05 
(which retains substances with a molecular weight in 
excess of 500[11]). A pressure of 1.75 kg/cm? of N, 
was applied to the cell (by means of a pressurized 
cylinder), and the colourless ultrafiltrate which passed 
through the membrane collected at room tempera- 
ture. The protein content of plasma and plasma ultra- 
filtrate was.measured by the biuret method [12]. 


RESULTS AND DISCUSSION 


Rat lung slices have been shown to accumulate para- 
quat in vitro by an energy-dependent process [7] to 
concentrations many times that present in the incuba- 
tion medium. From this data the rate of accumulation 
of paraquat by lung slices is 30-40 nmoles of para- 
quat/g wet wt/hr from a concentration of 10 4M in 
the incubation medium. Following oral dosing of 
680 jumoles of paraquat/kg body wt to rats a paraquat 
concentration of approx 10 4M was maintained in the 
plasma for several hours yet the rate of accumulation 
into the lung was 4-6nmoles of paraquat/g 
wet wt/hr [8,9]. This difference in rate of uptake in 
vivo compared with that in vitro could be due to 
several causes: 

(1) to a difference in the rate of efflux of paraquat from 
lung tissue in vivo compared with that in vitro resulting 
in an apparent difference in the rate of accumulation. 

(2) to differences in the behaviour of lung in vivo com- 
pared with lung tissue in vitro because of the non physiolo- 
gical nature of lung slices. 

(3) to binding of paraquat by components of plasma 
thus reducing the concentration of free bipyridyl available 
for accumulation. 

(4) to the presence of endogenous substances in plasma 
which inhibit the uptake of paraquat in vivo. 

We have shown that rat plasma reduces the ac- 
cumulation of paraquat by rat lung slices in a concen- 
tration dependent way (Fig. 1), 1 ml of plasma causing 
approximately 40 per cent inhibition, and that the 
uptake of paraquat into lung slices in the presence 
of a given concentration of rat plasma is linear with 
time (Fig. 2). When paraquat was added to a mixture 
of rat plasma (1 ml) and Krebs-Ringer bicarbonate 
under conditions identical with those used for the 
study of accumulation, all the paraquat was found 
to be freely dialysable, demonstrating that there was 
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Fig. 1. The effect cf rat plasma and rat plasma ultrafiltrate 

on paraquat accumulation by rat lung slices. Slices of rat 

lung were incubated in Krebs-Ringer bicarbonate—glucose 

medium as described in the Methods section, with 10 uM 

paraquat and either rat plasma (@) or rat plasma ultrafil- 

trate (A) in the amounts indicated. The points represent 
the mean + S.E.M. with four slices per point. 


no binding to plasma macromolecules. An_ultrafil- 
trate of rat plasma with a protein concentration of 
0.5 mg/ml (compared with 74.1 mg/ml for plasma) 
also reduced the accumulation of paraquat by lung 
slices in a concentration-dependent manner (Fig. 1) 
and this inhibition was constant for a given concen- 
tration of ultrafiltrate (Fig. 2). Hence, the difference 
observed between the rates of paraquat accumulation 
in vitro and in vivo may at least partly be explained 
by the presence of endogenous small molecular 
weight compounds circulating in the plasma which 
inhibit the accumulation of paraquat into the lung. 


120 


nmoles paraquat/g wet wt slice 








‘ 
60 120 
Time, min 


Fig. 2. The effect of rat plasma and rat plasma ultrafiltrate 
on paraquat accumulation by rat lung slices. Slices of rat 
lung were incubated in Krebs-Ringer bicarbonate-glucose 
medium as described in the Methods section, with 10 uM 
paraquat (@) or with paraquat and rat plasma (1 ml) (A) 
or with paraquat and rat plasma ultrafiltrate (1 ml) (@). 
The points represent the mean + S.E.M. with four slices 
per point. 





Inhibition of paraquat accumulation into rat lung 


Table 1. Inhibition of paraquat accumulation in rat lung slices by endogenous 
amines and amino acids 





Concentration 
(mM) 


Compound 


Inhibition 
(% of control) 





p-Adrenaline 
Noradrenaline 


5-Hydroxytryptamine 


Tryptamine 


Tryptophan 
Tyramine 


Tyrosine 


Histamine 


Histidine 


Lysine 


Spermine 


44 (34-66) 
31 (25-37) 
63 (58-69) 
87 (83-90) 


0-10 
32 (24-46) 
80 (76-82) 
14 (0-30) 
51 (27-64) 
92 (90-94) 

0-10 


26 (17-30) 

81 (80-82) 

93 (92-94) 
0-10 


0-10 
51 (37-68) 
86 (84-89) 


0-10 
35 (33-41) 
72 (68-77) 
0.01 46 (40-51) 
0.1 88 (87-89) 
I 94 (93-95) 





Slices of rat lung were incubated in Krebs-Ringer phosphate glucose medium, 
with 10 uM paraquat and the concentration of compounds indicated. Com- 
pounds were added at zero time and incubation carried out for 2hr at 37°. 
The results are expressed as mean with the range of inhibition in brackets. 
At least three slices were used per concentration. 


The lung plays an important role in the regulation 
of blood concentrations of several vasoactive sub- 
stances [13, 14]. Studies using isolated perfused lungs 
have indicated that the endogenous amines 5-hydroxy- 
tryptamine [15, 16] and noradrenaline [17] are accu- 
mulated by the lung. Paraquat uptake into lung slices 
was inhibited by several endogenous amines including 
noradrenaline, 5-hydroxytryptamine, histamine and 
was also inhibited by the amino acid lysine (Table 
1). Lysine is present in the plasma of Alderley Park 
rats at a free concentration of approximately 100 uM 
(M. Earlam, unpublished observation) which is suffi- 
ciently high to inhibit paraquat accumulation and 
may, therefore, contribute to the observed difference 
between in vitro and in vivo accumulation of paraquat. 
The amino acids tryptophan, tyrosine and histidine 
at | mM did not reduce paraquat accumulation signi- 
ficantly (Table 1). 

Several exogenous compounds including D-pro- 
pranolol, imipramine, diquat and betazole also inhi- 
bited the accumulation of paraquat in vitro (Table 
2). The H, antagonist burimamide and the H, anta- 
gonist chloropheniramine reduced paraquat accumu- 
lation whereas the H, antagonist metiamide and the 
H, antagonist mepyramine did not (Table 2), indicat- 
ing that the pharmacological activity of these com- 
pounds is not related to their inhibitory activity. 

From this study it appears that a number of amines 
have the capacity to inhibit the accumulation of para- 
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quat into rat lung. No precise structural requirement 
has emerged for compounds which inhibit the ac- 
cumulation of paraquat, although the substitution of 
a carboxyl group on the x carbon carrying the amino 
group to given an amino acid (eg tyramine to tyro- 
sine, histamine to histidine) abolishes the ability of 
the amine to inhibit paraquat. However, the amino 
acid lysine is effective in reducing paraquat accumu- 
lation, possibly due to the € amino group. 

It must be emphasised that although paraquat ac- 
cumulation can be inhibited by various compounds, 
it does not follow that compounds which inhibit are 
themselves accumulated, or that they necessarily in- 
teract directly with the lung at the site of the paraquat 
accumulation process. For example, diquat is not 
accumulated by lung slices in vitro [7,9] but reduces 
paraquat accumulation (Table 2). The structural simi- 
larity between paraquat and diquat would, therefore, 
suggest that this inhibition results from competition 
between the compounds for a recognition site on the 
cell membrane. We have also demonstrated two types 
of inhibition; the inhibition produced by noradrena- 
line (Fig. 3) imipramine, diquat and lysine which is 
linear with time and may be explained by simple com- 
petition between paraquat and inhibitor at the uptake 
site, and a non-linear inhibition produced by betazole 
(Fig. 3) and histamine. The explanation of this latter 
type of inhibition may involve the interaction of the 
inhibitor with the accumulation site or non-specific 
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Table 2. Inhibition of paraquat accumulation in rat lung slices by various drugs 





Concentration 
(mM) 


Compound 


Inhibition 
(°%, of control) 





b-Propranolol 


Imipramine 


Betazole 


Burimamide 


Metiamide 
Chloropheniramine 
Mepyramine 
Promethazine 


Diquat 


0.01 0-10 
0.1 39 (38-41) 


89 (87-90) 
58 (45-76) 


22 (0-40) 
50 (47-53) 
90 (88-92) 


0-10 
39 (24-56) 
76 (73-83) 


0-10 
46 (41-50) 
0-10 
58 (57-60) 


0-10 
34 ( 9-55) 
52 (44-63) 





Slices of rat lung were incubated in Krebs-Ringer phosphate glucose medium, 


with 10 uM paraquat and the concentration of compounds indicated. Com- 
pounds were added at zero time and incubations carried out for 2hr at 37°. 
The results are expressed as mean with the range of inhibition in brackets. 
At least three slices were used per concentration. 


damage to lung cells which results in a reduction of 


paraquat uptake, increase in efflux or a combination 
of both. 

An understanding of the mechanism of inhibition 
of paraquat uptake brought about by different com- 
pounds is of paramount importance in the search for 
agents that reduce the uptake of paraquat into human 
lung. Compounds which will be of therapeutic value 
will be those which can be given in quantities suffi- 
cient to inhibit paraquat accumulation into the lung, 
until such time as the paraquat is excreted from the 
body or removed by other therapeutic measures. 


100 


nmoles paraquat /g wet wt slice 








! 
120 


Time, min 


Fig. 3. Inhibition of paraquat accumulation into rat lung 

slices by noradrenaline and betazole. Slices of rat lung were 

incubated in Krebs-Ringer phosphate glucose medium, 

with paraquat 10 uM (@) or with paraquat and betazole 

100 uM (©) or with paraquat and noradrenaline (100 uM) 

(A). The points represent the mean + S.E.M. with at least 
four slices per point. 
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Abstract—The metabolic fate of [U-'*C]glutamate administered intravenously to rats in aqueous solu- 
tions or entrapped in vescicles of phospholipids extracted from rat brain has been studied. When 
[U-'*C]glutamate was administered entrapped in liposomes, higher serum radioactivity levels and 
higher radioactivity uptake by liver and brain were observed. Rats treated with [U-'*C]glutamate 
entrapped in liposomes exhibited an increased glutamate oxidation shown by increased expired 
['*C]CO, and a modified elimination of the radioactivity in urine. 


The importance of phospholipids in the architecture 
and in the function of cell membranes, as well as in 
the regulation of the activity of many enzymes and 
the size of plasma lipoproteins is becoming more and 
more evident [1]. 

The results obtained in vivo with the administration 
of phospholipids are attracting increasing interest 
[2-4]. The recent experiments by Gregoriadis et al. 
[5-13] on the use of liposomes as general carriers, 
within which drugs or enzymes can be entrapped and 
homed to target tissues, have opened new therapeuti- 
cal possibilities. 

Moreover, the most recent results on the tissue dis- 
tribution of enzymes, antibiotics, or chelating agents, 
administered incorporated within liposomes, indicate 
a more efficient utilization and a higher level in tis- 
sues and extracellular fluids. 

The aim of the present work was to investigate the 
tissue distribution and the catabolic fate of [U-'*C]- 
glutamate entrapped in liposomes formed with brain 
phospholipids and administered intravenously to rats. 

It was found that, when encapsulated in phospho- 
lipid vescicles, glutamate distribution and oxidation 
to CO, were significantly modified. 


EXPERIMENTAL 


Phospholipids were extracted from rat brain 
according to Kates [14] and suspended in petroleum 
ether (5 mg/ml). Their composition was determined 
according to Skipski [15]. [U-'*C]glutamate (Radio- 
chemical Centre, Amersham) was diluted with suffi- 
cient phosphate buffer (50mM, pH 6.4) containing 
50 mM Na-glutamate, to obtain a radioactivity level 
of 2.5 wCi/ml. 

Liposome preparation. An aliquot of about 20 ml 
of the phospholipid petroleum ether suspension was 
slowly evaporated on an equal volume of [U-'*C]glu- 
tamate-buffered solution. After sonication in nitrogen 
at 0° for 30 min, the resulting aqueous liposomal sus- 
pension was left standing for 24 hr at 4°. The amount 
of [U-'*C]glutamate encapsulated in liposomes was 
estimated by substracting free glutamate, determined 
by glutamate dehydrogenase (EC.1.4.1.3), from the 


total amount of added glutamate. Encapsulated gluta- 
mate is, in fact, inaccessible to the enzyme. 

Animal experiments. One milliliter of the liposome 
suspension containing 5 mg/ml phospholipids in the 
[U-'*C]glutamate buffered solution, or | ml of the 
[U-'*C]glutamate buffered solution, both containing 
2.5 wCi/ml, was injected into the tail vein of male Wis- 
tar albino rats weighing 200-250 g. The treated rats 
were quickly placed in CO,-trapping or urine collect- 
ing cages. After a selected time interval, the animals 
were killed by decapitation, and blood was collected. 
Organs were quickly removed and washed with cold 
0.9% NaCl solution. 

Radioactivity assay. Expired ['*C]CO, was 
trapped in 5m! of an ethanolamine-ethyleneglycol- 
monomethylether mixture (2:1 v/v) and counted in 
10 ml of scintillation liquid containing toluene-ethyl- 
eneglycolmonomethylether (2:1 v/v) and diphenyloxa- 
zole (5.5 g/l). After carefully removing the blood from 
the liver and brain, these organs were homogenized 
in 0.9% NaCl solution. The radioactivity in a 0.2-ml 
aliquot of the homogenate was measured in 10 ml In- 
stagel-Packard in a Tri-Carb Liquid Scintillation 
Spectrometer model 3380-Packard. Protein content 
was determined according to Gornall [16]. Instagel- 
Packard was used also for serum and urine samples 
after a brief centrifugation. Counting efficiency of 
serum, homogenate and urine was the same when 
labelled glutamate, free or entrapped in liposomes, 
was added to samples. 


RESULTS 


Figure 1 shows the time course of ['*C]CO, 
expired by rats treated with [U-'*C]glutamate 
entrapped in liposomes in comparison with that elim- 
inated by rats treated with an aqueous solution of 
the same amount of [U-'*C]glutamate (control 
group). It can be seen that in the first case the amount 
of expired ['*C]CO, was higher and its elimination 
protracted. 

Figure 2A shows that serum radioactivity was sig- 
nificantly higher in rats treated with [U-'*C]gluta- 
mate encapsulated in liposomes than in control rats. 
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Fig. |. Time course of ['*C]CO, expired by rats treated with [U-'*C]glutamate encapsulated in lipo- 
somes (Curve A), or with equimolecular amounts of free [U-'*C]glutamate (curve B). Each point 
on the curve shows the mean + S.D. of ['*C]CO, expired in a five minutes interval by eight rats. 


Moreover, radioactivity in liver and brain was higher 
in rats treated with [U-'*C]glutamate entrapped in 
liposomes (see Fig. 2B and 2C). 

Urinary excretion of radioactivity was prolonged 
in rats treated with [U-'*C]glutamate encapsulated 
in liposomes in comparison to the controls treated 
with the same amount’ of [U-'*C]glutamate in 
aqueous solution (see Fig. 3). 


CONCLUSIONS 


The results reported in the present paper clearly 
show the quantitatively different metabolic fate of 
[U-'*C]glutamate when administered entrapped in 
vescicles made up with phospholipids extracted from 
rat brain. The delayed clearance of administered 
[U-'*C]glutamate from the blood together with the 
retarded elimination of radioactivity in urine and of 
['*C]CO, by the lungs indicate a modified utilization 
of glutamate when administered in liposomes. 
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The greater uptake of liposome-entrapped gluta- 
mate by liver probably reflects the higher serum level 
of liposome-entrapped glutamate. On the other hand, 
the higher brain uptake may represent an increased 
crossing of the blood-brain barrier. The latter in fact, 
is considered more permeable to lipophilic than to 
hydrophilic molecules. Consequently, it is possible 
that liposomes entrapping glutamate might cross the 
blood-brain barrier more easily than glutamate in 
aqueous solution. 

Finally, the higher amounts of expired ['*C]CO, 
observed in animals treated with glutamate entrapped 
in liposomes indicate that glutamate preferentially fol- 
lows a catabolic pathway leading to CO, as a conse- 
quence of an increased glutamate flux within the tis- 
sues. This higher conversion of glutamate into CO, 
might be a consequence of its higher concentration 
in serum. 

From a general point of view, the results indicate 
the possibility of diverting the in vivo distribution and 
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Fig. 2. Time course of radioactivity levels in serum (A), liver (B) and brain (C) homogenates in rats 
injected with liposome-entrapped [U-'*C]glutamate (empty bars) or with free [U-'*C]glutamate (filled 
bars). Each bar shows the mean + S.D. of radioactivity observed in eight rats. 
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metabolism of utilizable substrates by administrating 
them encapsulated in liposomes. 


Acknowledgements—The authors are very grateful to Mr. 
Mario Mancon for his technical assistance. 


REFERENCES 


1. G. Lenaz, Bioenergetics 4, 455 (1972). 

. L. Campanacci, G. Guarnieri, L. Faccini and G. Bel- 
lini, Arzneim. Forsch. 25, 1306 (1975). 

. W. W. Stafford and C. E. Day, Artery 1, 106 (1975). 

. J. Wojcicki, L. Rozewicka, L. Lawezynski and M. 
Kadykow, Arzneim. Forsch. (Drug Res.) 25, 1420 
(1975). 

. Y. E. Rahaman and B. J. Wright, J. Cell Biol. 59, 276 
(1973). 

. Y. E. Rahaman and B. J. Wright, J. Cell Biol. 65, 112 
(1975). 

. Y. E. Rahaman, M. W. Rosenthal and E. A. Cerny, 
Science 180, 300 (1973). 

. H. G. Hers and F. Van Hoof, Lysosomes and Storage 
Diseases, Academic Press, New York (1973). 

. D. Papahadjopoulos, G. Poste and E. Mayhew, Bio- 
chim. biophys. Acta 363. 404 (1974). 

. G. Gregoriadis and D. Neerunjun, Biochem. biophys. 
Res. Commun. 65, 537 (1975). 

. M. M. Jonah, E. A. Cerny and Y. E. Rahman, Biochim. 
biophys. Acta 401, 336 (1975). 

. G. Gregoriadis, Eur. J. Biochem. 47, 179 (1974). 

. G. Gregoriadis, FEBS Lett. 36, 292 (1973). 

. M. Kates, in Techniques of Lipidology, p.394. North 
Holland Publ. Co., New York (1972). 

Fig. 3. Urinary excretion of radioactivity after injection . V. P. Skipsky, R. F. Peterson and M. Barclay, Biochem. 

of liposome-entrapped [U-'*C]glutamate (A) and free J. 9. 374 (1964). 









































[U-'*C]glutamate (B). Each bar shows the mean + S.D. . A. G. Gornall, C. J. Bardawill and M. M. David, J. 
of radioactivity observed in eight rats. biol. Chem. 177, 751 (1949). 








Biochemical Pharmacology, Vol. 25, pp. 1777-1781. Pergamon Press, 1976. Printed in Great Britain. 


GLUTATHIONE IN THE DEVELOPING MOUSE LIVER—I. 


DEVELOPMENTAL CURVE AND DEPLETION AFTER 
ACETAMINOPHEN TREATMENT* 


GEORGE H. LAMBERT and SNORRI S. THORGEIRSSON 


Section on Molecular Toxicology, Developmental Pharmacology Branch, 
National Institute of Child Health and Human Development, National Institutes of Health, 
Bethesda, Md. 20014, U.S.A. 


(Received 20 November 1975; accepted 23 January 1976) 


Abstract—The developmental aspects of glutathione in the mouse fetal liver and the relative roles 
of glutathione in maternal liver, placenta and fetal liver in the protection against possible harmful 
effects of acetaminophen were studied. The glutathione concentration in the fetal mouse liver is signifi- 
cantly less than that in adult liver and reaches the adult levels about 10 days after birth. The rate 
of depletion of glutathione after acetaminophen administration reaches the adult levels about 15 days 
after birth. Treatment with 3-methylcholanthrene (MC) enhances the rate of glutathione depletion 
in both maternal and fetal livers of the genetically responsive CS7BL/6N mouse, but not in the gentically 
nonresponsive AKR/N mouse. No teratogenic effects of acetaminophen were observed at doses between 
100 and 250 mg kg™' given between days 6 and 13 of gestation. 


Although glutathione (y-glutamyl-L-cysteinylglycine) 
is invariably found in nearly all living cells, its bio- 
logical function is not fully understood [1]. It is 
thought to be essential for the protection of thiol 
groups in proteins against the toxic effects of foreign 
compounds, including metals and hydrogen peroxide, 
through the action of glutathione peroxidase and 
transferases [1,2]. Glutathione is also involved in 
several enzyme reactions as a substrate or as a coen- 
zyme [1]. 

The utilization of glutathione for the biosynthesis 
of glutathione derivatives of toxic foreign compounds, 
which are less toxic than the parent compound, is 
of obvious benefit to the organism. This protective 
role of glutathione has recently been emphasized by 
work done on the mechanism of acetaminophen 
(p-hydroxyacetanilide, Tylenol and Paracetamol) 
-induced hepatotoxicity in experimental animals and 
on the protective effect of cysteamine treatment in 
acetaminophen overdoses in man [3,4]. Aceta- 
minophen is a widely used analgesic particularly in 
pediatric medicine, but little information is available 
on the role of glutathione in protecting the fetus and 
the neonate against possible harmful effects of drugs 
such as acetaminophen. The purpose of the present 
investigation was to study the developmental aspects 
of glutathione in the mouse fetal liver and the relative 
roles of glutathione in maternal liver, placenta and 
fetal liver in the protection against possible harmful 
effects of acetaminophen. 





*A portion of this work was presented at the Federation 
of American Societies for Experimental Biology, Atlantic 
City, April 1975 [G. H. Lambert and S. S. Thorgeirsson, 
Fedn Proc. 34, 774 (1975)]. 

t+Abbreviations used are: B6, the inbred CS7BL/6N 
mouse strain; AK, the inbred AKR/N mouse strain; MC, 
3-methylcholanthrene. 


MATERIAL AND METHODS 


Generally labeled [*H acetaminophen (sp. act. 270 
mCi/m-mole) was obtained from New England Nuc- 
lear Corp. Grade A glutathione, reduced pyridine 
nucleotides (NADPH and NADH), and grade B N- 
ethylmaleimide were obtained from CalBiochem. 
Yeast type III highly purified glutathione reductase 
and_ 5,5'-dithiobis-(2-nitrobenzoic acid) were pur- 
chased from Sigma. Acetaminophen (p-hydroxyace- 
tanilide) was obtained from Eastman Kodak (Roches- 
ter, N.Y.). All other chemicals were of the highest 
available purity. 

The inbred strains of mice, B6 and AK,+ were 
obtained from the National Institutes of Health, Ani- 
mal Production Section. Mice were allowed water 
and food (Purina Lab Chow) ad lib. One male and 
four females were allocated/cage, and vaginal plugs 
were checked for every day between 8:00 and 9:00 
a.m. The day the plug was found was day “zero” of 
gestation. The plugged females were then placed in 
separate cages with a maximum of five females/cage. 
The environment of the animal room was controlled 
as rigidly as possible, as previously described [5]. 

MC was injected intraperitoneally in corn oil at 
a dose of 80 mg kg ' body weight. Control animals 
received corn oil only. Animals were sacrificed 48 hr 
after the treatment. Oxidized and reduced glutathione 
were assayed on a Gilford 240 or Aminco DW-2 spec- 
trophotometer according to the method by Tietze [6]. 
Covalent binding in vivo of acetaminophen to tissue 
proteins was estimated as described by Jollow et al. 
[7]. 

The teratogenicity of acetaminophen was studied 
by treating the pregnant mice on days 6~13 of ges- 
tation with acetaminophen, 100-250 mg/kg intraperi- 
toneally. The pregnant mice were sacrificed on day 
18: the fetuses were weighed, crown-rump measure- 
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Table 1. Reduced and oxidized glutathione contents in maternal liver, fetal liver, and placenta 
from the AK mouse* 





Reduced glutathione 
(umoles/g tissue) 


Oxidized glutathione 


(umoles/g tissue) % of total 





8.73 
3.00 
0.85 


1.36 
0.16 
0.13 


Maternal liver 
Fetal livert 
Placentat 


4.80 
2.45 
5.44 


0.44 + 0.28 
0.08 + 0.02 
0.05 + 0.01 





* Weighed tissue was homogenized in 5%, trichloroacetic acid/0.1 N HCl. After centrifugation 
the supernatant solutions were extracted five times at 0° with equal volumes of ether and divided 
into two portions, one of which was used without further treatment for the determination of total 


glutathione. The second portion was incubated for 1 


hr at 25° with an equal volume of 0.04 


M N-ethylmaleimide in phosphate-EDTA buffer. After removal of the unreacted N-ethylmaleimide 
by eight extractions with ether, the solution was assayed for oxidized glutathione. Both reduced 
and oxidized glutathione were assayed according to the method of Tietze [6]. Values are recorded 


as means + S. E. M. for six experiments. 
+ Day 18 of gestation. 


ments were taken and the fetuses were processed as 
described by Monie et al. [8]. 

The distribution and rate of metabolism of aceta- 
minophen in the pregnant mouse were determined by 
administering [*H Jacetaminophen and measuring the 
unchanged drug that remained in maternal blood and 
liver, placenta and fetal liver at various time intervals 
according to the method of Mitchell et al. [9]. 


RESULTS 


The concentration of glutathione in the fetal liver 
and placenta at term was 33 and 10%, respectively, 
of the maternal liver (Table 1). The percentage of oxi- 
dized glutathione of the total glutathione content was 
similar in placenta, maternal and fetal livers, ranging 
from 2.45 to 5.44 per cent of the total glutathione 
content. These results are in agreement with the 
amount of oxidized glutathione found in adult rat 
kidney and liver, [6]. 

The developmental curve of glutathione content in 
the liver for the AK and B6 mice is shown in Fig. 
1. The glutathione developmental curve for the B6 
mouse was not significantly different from that of the 


AK mouse. Glutathione concentration in the fetal * 


liver at day 15 of gestation was about 12% of the 
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Fig. 1. Developmental curve of glutathione content in the 
livers from AKR/N and C57BL/6N mice. The points on 
this and subsequent figures are means + S. E. M. 


adult level, and increased to about 33° at birth. After 
birth, the glutathione level rapidly increased to reach 
adult levels at about 10 days of age. 

The distribution and disappearance of aceta- 
minophen in maternal blood and liver, fetal liver and 
placenta are shown in Fig. 2. Similar concentrations 
and rates of disappearance were found in all tissues, 
indicating that mother, placenta and fetus represent 
a “single pharmacokinetic compartment” for aceta- 
minophen. 

Acetaminophen depletes glutathione in mouse liver 
after large doses [9]. Figure 3 shows the depletion 
of glutathione in maternal liver after administration 
of 250, 500 or 1000 mg kg™' of acetaminophen intra- 
peritoneally. Glutathione is depleted to about 15 per 
cent of control value by 2 hr after a 250 mg kg! 
dose of acetaminophen, but returned to 63 and 120 
per cent of control values within 3 and 5 hr respect- 
ively. The. glutathione level in the liver 24 hr after 
the 250 mg kg~' dose was 165 per cent of control 
values. Both 500 and 1000 mg kg“ ' of acetaminophen 
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Fig. 2. Disappearance of acetaminophen (single dose 500 
mg kg~' ip.) from maternal blood and liver, fetal liver 
and placenta in 18-day-pregnant AKR/N mouse. 
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Fig. 3. Depletion of glutathione in maternal liver after administration of 25, 500 or 1000 mgkg™' 
of acetaminophen i.p. to 18-day-pregnant AKR/N mouse. 


depleted glutathione in the liver to less than 10 per 
cent of control values by 2 hr after administration, 
and the glutathione level remained at this level for 
the next 3 hr; in most instances, these mothers died 
within 12 hr. This depletion is in contrast to the 
rebound in glutathione content observed after the 250 
mg kg~' dose of acetaminophen, indicating possible 
impairment of glutathione synthesis presumably 
caused by the liver necrosis seen after 500 and 1000 
mg kg ' doses [5, 9]. 

Glutathione levels in fetal livers at 18 days of gesta- 
tional age after administration of 250, 500 or 1000 
mg kg~' of acetaminophen to the mother are shown 
in Fig. 4. The fetuses were removed from the mothers 
whose liver glutathione depletion was shown in Fig. 
3. In contrast to the glutathione depletion found in 
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Fig. 4. Glutathione levels in fetal livers from AKR/N 
mouse at 18 days of gestational age after administration 
of 250, 500 or 1000 mg kg™' ip. to the mother. 











maternal liver, no significant depletion of glutathione 
in fetal liver was detectable after the 250 mg kg™' 
dose of acetaminophen. The glutathione level was de- 
creased to about 90 and 50 per cent of control value 
by 5 hr after 500 and 1000 mg kg“ ' of acetaminophen 
respectively. 

Figure 5 shows the depletion of liver glutathione 
in age-matched newborn and adult mice after aceta- 
minophen administration. Acetaminophen (500 mg 
kg~') depleted glutathione by 0-15 per cent 0.5 hr 
after administration during the first 10 days of life. 
The rate of glutathione depletion was thereafter 
rapidly increased with age, and reached adult values 
by approximately day 15. It is of interest, in terms 
of development, to note that glutathione content in 
the liver reached adult levels at about day 10 (Fig. 
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Fig. 5. Developmental curve for the depletion of liver glu- 
tathione in the AKR/N mice 0.5 hr after acetaminophen 
administration (single dose 500 mg kg~! i.p.). 
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Fig. 6. Effect of MC treatment during pregnancy on glu- 

tathione depletion in maternal [(O--O) control and 

e @) MC-treated] and fetal [(A--A) control and 

(A A) MC-treated] livers from CS57BL/6N mice at day 

18 of gestation after administration of acetaminophen (500 
mg kg~! i.p.). 


1), whereas the rate of glutathione depletion reaches 
adult levels by about day 15 of life. 

Polycyclic hydrocarbons such as MC have been 
shown to induce the cytochrome P,-450-mediated 
monooxygenase system(s) in liver and other tissues 
of certain inbred strains of mice but not in others 
[10]. Aryl hydroxylase, 2-acetylamino-fluorene 
N-hydroxylase and liver toxicity of acetaminophen 
have previously been reported to be induced by MC 
treatment of the “responsive” B6 mouse [5]. No in- 
crease in either enzyme activity or acetaminophen 
toxicity is found after MC treatment of the nonres- 
ponsive strains such as AK or DBA/2N [5, 10]. The 
effect of MC treatment during pregnancy on glutath- 
ione depletion in B6 maternal and fetal livers at day 
18 of gestation after the intraperitoneal administ- 
ration of acetaminophen (500 mg kg™') is shown in 
Fig. 6. There was a significant increase in the rate 
of glutathione depletion in the B6 maternal liver after 
MC, and the fetal liver was depleted at 0.5 hr to about 
70 per cent of control value. No depletion of glutath- 
ione was seen in the fetal livers from control mice 
not receiving MC. 


Acetaminophen is metabolized both in vivo and in 
vitro by a cytochrome P-450-dependent monooxy- 
genase(s) into a reactive, and presumably toxic, arylat- 
ing metabolite [7, 11]. Furthermore, glutathione pro- 
tects against acetaminophen-induced hepatotoxicity 
by reacting with the toxic metabolite and thereby pre- 
venting it from covalently binding to tissue macromo- 
lecules. Covalent binding in vivo of acetaminophen 
metabolite(s) to cellular macromolecules in the pla- 
centa, maternal liver and fetal liver from B6 and AK 
mice is shown in Table 2. MC treatment of the re- 
sponsive B6 mouse increased the covalent binding in 
maternal liver 2-fold, whereas the binding to fetal 
liver was significantly decreased. Binding to placenta 
is not affected by MC treatment. No significant 
change in covalent binding was found after MC treat- 
ment of the nonresponsive AK mouse, and both pla- 
centa and fetal liver were similarly unaffected. 

We found no teratogenic effects of acetaminophen 
at doses between 100 and 250 mg kg~' given between 
days 6 and 13 of gestation. There were no significant 
differences in the number of fetal resorptions, in fetal 
weight or in fetal size of acetaminophen-treated mice 
compared with control mice. No bony or soft tissue 
malformations were observed in ten litters. 


DISCUSSION 


In this paper we have shown that the glutathione 
concentration in the fetal mouse liver is significantly 
less than that in adult liver and reaches adult levels 
about 10 days after birth (Fig. 1). The rate of deple- 
tion of glutathione after acetaminophen administ- 
ration reaches adult levels about 15 days after birth 
(Fig. 5). MC treatment enhances the rate of glutath- 
ione depletion in both maternal and fetal livers of 
the genetically responsive B6 mouse, but not in the 
genetically nonresponsive AK mouse. In addition, 
covalent binding in vivo of acetaminophen metabo- 
lite(s) in maternal B6 liver is increased after MC treat- 
ment, but binding in fetal liver is decreased. No 
changes in the covalent binding in vivo of aceta- 
minophen were found for the AK mouse (Table 2). 

Several studies have indicated that one of the more 
important roles of endogenous glutathione may be 
to protect vital nucleophilic sites in the hepatocytes 


Table 2. Effect of MC treatment on covalent binding in vivo of acetaminophen to mouse tissue protein* 





Previous 
treatment 


Dose of acetaminophen 
Strain (mg kg™') 


Covalently bound acetaminophen 
(pmoles/mg tissue) 





Maternal liver Fetal liver Placenta 





B6 None 
MC 
None 
MC 
None 
MC 


500 
500 
500 
500 
1000 
1000 


AKR 


1100 + 106 
2250 + 140+ 
660 + 73 
560 + 65 
1200 + 135 
1400 + 210 


I+ I I+ I+ I+ I+ 





* Mice at day 18 of gestation were killed 2 hr after injection of acetaminophen ({*H Jacetaminophen generally labeled; 
sp. act. 270 mCi/m-mole) and samples were taken from the livers, placenta and psoas muscles. The tissues were homo- 
genized in 0.9", NaCl potassium phosphate buffer, pH 7.4, and aliquots were added to 2 ml of 1.0 M trichloroacetic 
acid. The subsequent extractions of the proteins with trichloroacetic acid and methanol were performed as described 
by Jollow et al. [7]. The values shown are corrected by subtracting the presumably non-specifically bound radioactivity 
found in the samples from psoas muscle. Data are recorded as means + S. E. M. of four experiments. 


+P < 0.05. 





Glutathione in mouse liver 


and other tissues from electrophilic attacks by alky- 
lating and arylating metabolites of drugs and other 
foreign compounds [1, 7,9]. It therefore would be of 
obvious benefit to the developing fetus and the 
neonate if the synthetic pathways of glutathione and 
the glutathione transferases appeared earlier in devel- 
opment than the monooxygenases—which are known, 
in some instances, to metabolize drugs and foreign 
compounds in to reactive alkylating and arylating in- 
termediates [10-12]. The present study indicates that 
this developmental sequence may indeed be the case. 
The adult level of the hepatic glutathione, which rep- 
resents primarily the development of the synthetic 
pathways, is reached about 10 days after birth (Fig. 
1), whereas the adult rate of glutathione depletion 
after a large dose of acetaminophen occurs about 15 
days after birth (Fig. 5). Acetaminophen, and several 
other N-acetylarylamines, are metabolized by cyto- 
chrome P-450-dependent monooxygenase(s) into a 
reactive arylating metabolite capable of depleting glu- 
tathione and covalently binding to liver proteins 
[3.7]. Neither depletion of glutathione nor covalent 
binding to cellular macromolecules occurs if cyto- 
chrome P-450-dependent metabolism of aceta- 
minophen is blocked [7,13]. Therefore, the rate of 
glutathione depletion after acetaminophen admin- 
istration reflects primarily the development of the 
monooxygenase(s) capable of metabolizing aceta- 
minophen into a reactive electrophile. 

This concept that the glutathione system appears 
earlier in development than the monooxygenase sys- 
tem is further supported by our results with covalent 
binding of acetaminophen. Covalent binding in vivo 
of acetaminophen in B6 maternal liver is increased 
after MC treatment, but in contrast the covalent bind- 
ing in the fetal liver is decreased. The monooxy- 
genase(s) in the fetal liver responsible for aceta- 
minophen metabolism is clearly induced by MC treat- 
ment of the mother as evidenced by the decrease in 
the fetal liver glutathione (Fig. 5). Hence, the decrease 
in the covalently bound acetaminophen to fetal liver 
proteins seems to indicate that conjugation of glutath- 
ione and the electrophilic metabolite of aceta- 
minophen, presumably catalyzed by a transferase, is 
more effective after MC treatment. Induction by MC 
of glutathione transferases has been observed in the 
adult B6 mouse,* and our results indicate that MC 
treatment in the fetus and early neonate may induce 





*J. S. Felton and D. W. Nebert, personal communica- 
tion. 
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the glutathione transferases to a greater extent than 
the cytochrome P-450-dependent monooxygenases in 
the fetus. 

The importance of glutathione conjugation in pro- 
tecting the liver against the arylating metabolite of 
acetaminophen in the neonate and the young child 
is at present unknown. Conjugation of drugs, includ- 
ing acetaminophen and its analog phenacetin, with 
glutathione occurs in the adult man, but enzyme ac- 
tivities are low compared with those in other species 
[14, 15]. Thus, any extrapolation of the present study 
to the clinical areas of pediatric pharmacology and 
toxicology must await an evaluation of the impor- 
tance of glutathione conjugative reactions in both 
normal children and in children with various illnesses. 


Acknowledgement—We thank Dr. D. W. Nebert for valu- 
able discussions and interest in our work. 


REFERENCES 


1. E. Boyland and L. F. Chasseaud, Adv. Enzymol. 32, 
173 (1969). 

. G.C. Mills, Archs Biochem. Biophys. 86, 1 (1960). 

. J. R. Mitchell, D. J. Jollow, W. Z. Potter, J. R. Gillette 
and B. B. Brodie, J. Pharm. exp. Ther. 187, 211 (1973). 

. L. F. Prescott, R. W. Newton, C. P. Swainson, N. 
Wright, A. R. W. Forrester and H. Matthew, Lancet 
1, 588 (1974). 

. S. S. Thorgeirsson, J. S. Felton and D. W. Nebert, 
Molec. Pharmac. 11, 159 (1975). 

. F. Tietze, Analyt. Biochem. 27, 502 (1969). 

. D. J. Jollow, J. R. Mitchell, W. Z. Potter, D. C. Davis, 
J. R. Gillette and B. B. Brodie, J. Pharmac. exp. Ther. 
187, 197 (1973). 

. I. W. Monie, K. G. Kho and J. Morgan, Supplement 
to Teratology Workshop Manual, p. 163. University of 
Chicago Press, Berkeley, California (1965). 

. J. R. Mitchell, D. J. Jollow, W. F. Potter, D. C. Davis, 
J. R. Gillette and B. B. Brodie, J. Pharmac. exp. Ther. 
187, 185 (1973). 

. D. W. Nebert, J. R. Robinson, A. Niwa, K. Kumaki 
and A. P. Poland, J. Cell Physiol. 85, 393 (1975). 

. D. M. Jerina and J. W. Daly, Science, N.Y. 185, 573 
(1974). 

. P. Sims and P. L. Grover, Adv. Cancer Res. 20, 166 
(1974). 

. W. Z. Potter, D. C. Davis, J. R. Mitchell, D. J. Jollow, 
J. R. Gillette and B. B. Brodie, J. Pharmac. exp. Ther. 
187, 203 (1973). 

. J. R. Mitchell, S. S. Thorgeirsson, W. Z. Potter, D. 
J. Jollow and H. Keiser, Clin. Pharmac. Ther. 16, 676 
(1974). 

15. D. J. Jollow, S. S. Thorgeirsson, W. Z. Potter and J. 
R. Mitchell, Pharmacology 12, 251 (1974). 








Biochemical Pharmacology, Vol. 25, pp. 1783-1785. Pergamon Press, 1976. Printed in Great Britain. 


THE ACTION OF ANESTHETICS ON THE 
PHOSPHATIDE PATTERN OF RED BLOOD CELL 
AND YEAST MEMBRANES 


C. P. BLom and F. A. DEIERKAUF 


Laboratory for Medical Chemistry, Wassenaarseweg 72, Leiden, The Netherlands 


(Received 25 August 1975; accepted 19 January 1976) 


Abstract—A number of local anesthetics, tranquilizers, detergents and alcohols cause, at high concen- 
trations, an increase in the level of diphosphatidylglycerol and a decrease in phosphatidylglycerol 
in erythrocytes and yeast cells. This change in phospholipid pattern is inhibited by the addition of 


cytidine-5’-monophosphate. 


A variety of lipid-soluble compounds, including local 
anesthetics, tranquilizers and detergents at low con- 
centrations will protect cell membranes from osmotic 
lysis[1]. At higher concentrations (usually above 
10°-3M) these anesthetics are directly lytic to the 
erythrocyte membrane. This action of anesthetics is 
well established. Anesthetics also elicit erythrocyte 
membrane expansion. Van Steveninck et al. [2,3] 
reported that 10°*M chlorpromazine caused a 10%, 
increase in the critical haemolytic volume. Anesthetic 
amines displace membrane-bound Ca** [4]. In this 
paper we present a new common action of anesthetics 
on biological membranes. Our experiments indicate 
that different anesthetics, at high concentrations, 
cause a change in the phosphatide pattern of the 
membrane. 


MATERIAL AND METHODS 


Erythrocytes. Bovine blood with heparin as antico- 
agulant was centrifuged; plasma, buffy coat and the 
upper layer of the red cells were discarded. The 
packed red cells were washed three times with an 
isotonic citrate-phosphate-glucose solution (30g tri- 
sodium citrate, 150 mg NaH,PO, and | g glucose/1) 
according to Mollison et al. [5]. 

The phospholipids were labeled with *?P, because 
the changes were too small to be detected by a colori- 
metric method. The incorporation of *7P into the 
phosphatides of the red cell was much more rapid 
in the citrate-phosphate-glucose medium than in the 
isotonic NaCl[5]. The phosphatides were labeled by 
incubating an erythrocyte suspension in isotonic 
citrate-phosphate-glucose (1 ml packed cells + 1 ml 
medium) with sodium-**P-orthophosphate (50 pCi 
32P/ml packed cells) for 17hr at 25°. Under these 
conditions the uptake of **P was about 0.25 uCi 
umole phospholipid. 

Possible bacterial growth was checked by inocula- 
tion of the red cell suspension onto agar (3°,,) contain- 
ing 1.5% Merck standard II-nutritive bouillon and 
1°% glucose, with subsequent incubation at 37° for 
48 hr. Bacterial growth after 17hr of labeling with 


32P did not exceed 1 bacterium per 2 x 10* erythro- 
cytes. 

The presence of leucocytes in the erythrocyte layer 
was checked by leucocyte counting in a Biirker 
chamber. After the described washing procedure and 
the repeated discarding of the top-layer of red cells 
between each washing, the leucocyte:erythrocyte ratio 
did not exceed 1:10°. 

Yeast. Baker’s yeast, Strain Delft-1, was cultured 
aerobically at 27° on a liquid medium described by 
Van Steveninck et al.[6]. The cultured yeast was 
washed three times in about 30 vol of distilled water. 
Subsequently, the yeast was starved aerobically over- 
night in distilled water and washed again twice. The 
phosphatides were labeled with **P by incubating 
a 10°, aqueous suspension of 30g yeast with 2 mCi 
sodium-*?P-orthophosphate at 25°, for 2hr, with 
aeration. After this time the pattern of the incorpor- 
ation of *?P into the yeast phospholipids was com- 
parable with that of bovine erythrocytes labeled as 
described above. Incorporation of *7P was about 
0.25 wCi/umole phospholipid. 

Extraction and detection of phospholipids. Lipids 
were extracted from red cells according to the method 
of Folch et al. [7]. Lipid extraction from yeast cells 
was described previously [8]. 

The paper chromatographic separation and identi- 
fication of phosphatides was accomplished according 
to a procedure of Letters [9]. In this two-dimensional 
procedure a strip-transfer method was used in such 
a way that phosphatides were separated in the first 
direction on formaldehyde impregnated paper [10], 
and in the second direction on Whatman SG 81 silicic 
acid impregnated paper. The mobile phase in the first 
direction was the upper phase of the butan-1-ol-acetic 
acid-water solvent system equilibrated with ether 
[10]. The mobile phase in the second direction was 
the di-isobutylketone—acetic acid—water system de- 
scribed by Marinetti [11]. 

The relative positions of the phosphatides is shown 
in Fig. 1. 

The quantitative estimation of phosphatides and 
radioactive phosphorus was described previously [8]. 


1783 





C. P. BLom and F. A. 


a 


Be 








A 


Fig. 1. Two-dimensional paper chromatography of phos- 
phatides. A, first direction; B, second direction. Abbrevia- 
tions: DPG, diphosphatidylglycerol; PA, phosphatidic 
acid; PE, phosphatidylethanolamine; X, unidentified; PS, 
phosphatidylserine; PG, phosphatidylglycerol; PC, phos- 
phatidylcholine; Sph, sphingomyelin; PI, 
phosphatidylinositol. 


Overlapping spots (X, PE) could be distinguished if 
their specific radioactivity was markedly different. 
The relative positions of these spots was established 
by comparison of the normal phospholipid staining 
methods with the blackening of X-ray film. 


RESULTS 


The action of anesthetics on the phosphatide pattern 
of bovine erythrocytes. The red cell suspension, after 
labeling with **P was diluted to 10% with isotonic 
citrate-phosphate-glucose. Procaine was added to a 
final concentration of 10°? M. After incubating for 
1 hr at 25° the cells were packed by centrifugation, 
the supernatant discarded and the lipids of the eryth- 
rocytes extracted and analyzed as described in the 
preceding section. 

After the same incubation period in citrate—phos- 
phate-glucose medium the control, without procaine, 
showed the following pattern of radioactivity. The 
figures are the mean per cent *?P radioactivity (per 
cent of the total counts **P per minute in all phos- 
pholipid) + $.D.: PA, 10+03; PC, 09+0.3; 


Table 1. Effects of anesthetics on ° 
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Fig. 2. The change in % total >?P cpm in phosphatidylgly- 
cerol (PG) and diphosphatidylglycerol (DPG) in relation 
to procaine concentration. 


PE + X, 71.7 + 3.1; DPG, 3.0 + 0.6; PG, 18.3 + 2.0; 
PS, 2.2 + 0.5; Sph, 0.9 + 0.3; 1, 2.0 + 04. 

Similar experiments were performed with 
2 x 10°*M promethazine (phenergan), 2 x 10°*M 
chlorpromazine, 2 x 10°*M cetylpyridinium chlor- 
ide (CPCI), 8 x 10°*M  cetyltrimethylammonium 
bromide (CTAB), 1M methanol, 0.5M ethanol and 
0.015 M n-pentanol. 

Each anesthetic action causes an increase in 
diphosphatidylglycerol (DPG) and a decrease in 
phosphatidylglycerol (PG). Table 1 shows the changes 
in per cent *?P radioactivity. In the other phospho- 
lipids the changes in per cent radioactivity did not 
exceed the experimental error. 

The effect of procaine concentration is shown in 
Fig. 2. 

Procaine concentrations larger than 2 x 10°7M 
caused considerable hemolysis. Because there was a 
certain degree of hemolysis in all experiments it was 
desirable to check whether the change in the phos- 


total >?P cpm in diphosphatidylglycerol (DPG).and phosphatidylglycerol (PG) 


of bovine red blood cells 
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Table 2. The action of chlorpromazine on 


Oo 


6 total cpm 


32P in DPG and PG of yeast cells 





Blank 


Chlorpromazine 
2x 10°*M 





DPG % total cpm 
PG % total cpm 


18.8 


2.4 9.5 


9.6 





Table 3. Inhibition of the anesthetic induced change in the phosphatide pattern of 
yeast cells by the addition of cytidine-5’-monophosphate 





Chlorpromazine 
concn. (M) 


CMP conen. (M) 


2 x: 16°* 


2.4 


: 9.8 
19.5 


10.1 


DPG °, total cpm 
PG %, total cpm 


2% 107 * 2 10°? 


5x 1073 Sx 19°* 


4.7 YT 
16.0 20.0 





phatide pattern was caused by hemolysis. Osmotic 
hemolysis up to 100% in hypotonic NaCl solutions 
did not change the phosphatide pattern at all. 

The action of anesthetics on the phosphatide pattern 
of yeast cells. Chlorpromazine (2 x 10~* M) added to 
the medium during the last 30 min of the labeling 
of the phosphatides of yeast with radioactive phos- 
phorus, caused a change in the phosphatide pattern 
similar to that described for bovine erythrocytes 
(Table 2). 

Procaine (10°? M) and promethazine (2 x 10~* M) 
caused similar changes. Other anesthetics were not 
tested in the experiments with yeast cells. 

Inhibition of the anesthetic induced change in the 
phosphatide pattern by _ cytidine-S'-monophosphate. 
According to the current scheme of phospholipid 
biosynthesis based on the results of Kennedy and 
coworkers [12-15], PG, a cytosine liponucleotide and 
DPG are interconnected as follows: 


GP CMP 
===, PGP ——+ 
._ < — 


CTP PP 
PA —- CDP-diglyceride 


CDP-digl. CMP 
Tepe 


PG DPG 


= 


(CTP=cytidine-5-triphosphate, PPi= pyrophosphate, 
CDP- diglyceride = cytidine diphosphate diglyceride, 
GP = glycerol-3-phosphate, CMP = cytidine-5’-mono- 
phosphate PGP = phosphatidylglycerolphosphate). 

According to this scheme the change in the phos- 
phatide pattern from PG to DPG, as shown in Tables 
1 and 2, can be inhibited by the addition of CMP. 
This is confirmed in experiments with yeast Strain 
Delft-1. 

When 2 x 10°*M chlorpromazine together with 
5 x 10°3M CMP is added to a 10% aqueous suspen- 
sion of yeast cells, in the final stage of the incorpor- 
ation of 3?P, the change in the phosphatide pattern 
is inhibited to about one third of the change with 
chlorpromazine alone; 5 x 10°7M CMP causes a 
complete inhibition (Table 3). 


CONCLUSION 


In addition to the effects of anesthetics on biomem- 
branes reviewed by Seeman[1] we have shown that 
several anesthetics, in high concentrations, cause a 
change in the phosphatide pattern of biomembranes. 
The change is in that specific part of the Kennedy 
scheme of phospholipid biosynthesis that requires the 
action of a phosphatidyltransferase system viz. CDP- 
diglyceride—phosphatidylglycerol phosphatidyltrans- 
ferase (cardiolipin synthetase). The inhibition of the 
change by CMP emphasizes the fact that this part 
of the synthesis scheme is susceptible to anesthetic 
action. 

The question whether the different anesthetics can 
stimulate this particular transferase activity is the 
object of further study. 
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Abstract—Rat liver microsomes were incubated in the presence of zinc and the rate of NADPH oxi- 
dation and related metabolism of aniline and ethylmorphine by appropriate oxidases were studied. 
A competitive mechanism of the inhibition of NADPH oxidation by zinc was found, with V,,,,= 10.3 
nmoles NADP/min/mg of protein and K; amounting to 7.22 uM zinc. In microsomes dialyzed against 
EDTA, addition of Mn?* but not of Mg’* enhanced the rate of NADPH oxidation. A complex 
relation of Zn?* and Mn?” in liver microsomes was found, the data not obeying the rigorous treatment 
for enzyme kinetics. The activity of aniline hydroxylase and ethylmorphine-N-demethylase was inhibited 
by zinc; 50 per cent inhibition was reached at 60 and 55 uM Zn?** respectively. Another microsomal 
enzyme, glucose 6-phosphatase, independent of NADPH, was not affected by zinc. The content and 
spectral characteristics of cytochrome P-450 were not affected by zinc. It is concluded that Zn?* 
inhibits oxidation of NADPH and prevents this pyridine nucleotide from functioning in the microsomal 


electron transport system. The possibility that Zn? 


may interfere with other ions or enzymes involved 


in microsomal electron transport cannot be excluded. 


In a recent study, we showed that the administration 
of Zn?* to rats protected the liver from CCl4-induced 
hepatotoxicity [1]. Our data indicated a decrease in 
the peroxidation of unsaturated fatty acids, since the 
rate of malondialdehyde formation was significantly 
slower in liver microsomes from Zn? *-treated ani- 
mals. It is generally assumed that CCl, initiates lipid 
peroxidation after it is converted to a trichloromethyl 
free radical (-CCl,) by microsomal drug-metabolizing 
enzymes and that - CCI, is the actual hepatotoxic spe- 
cies [2,3]. Two possible mechanisms could explain 
these findings: (1) that Zn?* was preventing the mic- 
rosomal conversion of CCl, to -CCl; and/or (2) that 
Zn** was interacting with the polyunsaturated fatty 
acids of the biomembranes, thus rendering them re- 
sistant to peroxidative deterioration. 

In this paper we explore the first hypothesis, 
namely, that zinc interferes with mixed-function oxi- 
dases residing in smooth endoplasmic reticulum of 
liver microsomes. It has been well established that 
the mixed-function oxidation consumes equal 
amounts of NADPH, oxygen and drug as a substrate. 
Thus, the initial step in liver microsomal electron 
transport involves transfer of electrons from NADPH 
to reduce the oxidized heme P-450-substrate complex 
by way of NADPH-cytochrome-c reductase. The 
reduced cytochrome P-450 substrate complex then 
reacts with molecular oxygen to form the oxygenated 
complex [4]. The oxidation of NADPH in the initia- 
tion of microsomal electron transport resulting in oxi- 
dation of a drug was assumed to be the likely target 
for zine effect. The preliminary report indicating such 
an effect has already been published [5]. 

The microsomes will also catalyze an NADPH- 
dey erident peroxidation of endogenous lipid [6]. This 
reaction involves the transient formation of lipid per- 


oxides, leading to deterioration of polyunsaturated 
fatty acids and producing a variety of degradation 
products, including malondialdehyde. Assuming that 
zine inhibits microsomal NADPH oxidation [5], we 
suggest that by this mechanism both oxidation of 
drugs and NADPH-oxidation dependent lipid peroxi- 
dation in the endoplasmic reticulum should be inhi- 
bited. The experimental data supporting the view that 
zinc ions inhibit enzymatic lipid peroxidation were 
published elsewhere [7]. 


METHODS 


All experiments reported in this study were per- 
formed with microsomes isolated from adult Spra- 
gue-Dawley rats of both sexes. After exsanguination 
of the animal, the liver was thoroughly perfused with 
at least 20 ml of ice-cold saline through either the 
protal vein or the inferior vena cava. 

Liver was homogenized in phosphate buffer (0.01 
M), pH 7.0) or Tris-KClI buffer (0.05 M Tris HCI and 
0.153 M KCI buffer, pH 7.4) and is described for each 
study. Tris-KCl buffer had a tendency to decrease 
enzyme activity as compared to phosphate buffer but 
phosphate buffer precipitated Zn?* at higher levels 
so that the buffer was chosen according to the par- 
ameter being studied. Homogenization was performed 
in an all-glass homogenizer and microsomes were iso- 
lated from the supernatant of 15,000 g centrifuged 
for 20 min as described in our previous paper [8]. 

In experiments with dialyzed microsomes, an ali- 
quot of microsomal fraction homogenized in 0.01 M 
phosphate buffer, pH 7.0, was dialyzed for 2 hr at 
4° against 5 mM EDTA, | mM 1,10-phenanthroline. 
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pH 7.0, and then against 0.01 M phosphate buffer for 
24 hr. The pH of the microsomal fraction after dialy- 
sis was adjusted to pH 7.0. 

NADPH oxidation. The rate of NADPH oxidation 
was recorded at 340 nm at 32° on a Beckman Acta 
III spectrophotometer in quartz cuvettes. The reac- 
tion vessel contained 141.7 mM sucrose and 96 uM 
NADPH (Sigma) in either Tris-KCl or phosphate 
buffer. Enzyme activity was initiated by adding 1-6 
mg of microsomal protein in a final volume of 3 ml. 
MnCl,, MgCl, or ZnCl, was added as indicated in 
Results. The initial velocity of the oxidation was 
obtained in min 1 of the reaction, since the rate 
tended to decrease with time. 

Microsomal drug oxidases. The microsomal fraction 
for the determination of microsomal drug-metaboliz- 
ing activity and glucose 6-phosphatase activity was 
prepared as follows: livers were perfused in vitro as 
described, homogenized in 1:3 (w/v) of Tris-KCl 
buffer (50 mM Tris: HCl-154 mM KCl, pH 7.4), and 
the homogenate was centrifuged at 15,000 g for 20 
min. The resulting supernatant was then centrifuged 
at 105,000 g for 60 min to obtain the microsomal 
pellet. This pellet was gently re-homogenized in 1.5 
vol of the same buffer. All the above operations were 
carried out at 2°. The protein content of the microso- 
mal suspension was determined by the method of 
Lowry et al. [9]. 

The microsomal metabolism of ethylmorphine and 
aniline was determined in 3.0-ml mixture consisting 
of: 5 mM MgCl,, 12 mM glucose 6-phosphate, | unit 
of glucose 6-phosphate dehydrogenase (Sigma), 0.33 
mM NADP, 50 mM Tris-KCI buffer (pH 7.4), 6 mg 
of microsomal protein and 10 mM ethylmorphine or 
1 mM aniline. The mixture was incubated at 37° for 
10 min with shaking, after which the reactions were 
terminated with | ml of 15°, ZnSO, (ethylmorphine) 
or with 0.8 g NaCl and 25 ml ether (aniline). The 
degree of N-demethylation was estimated by measur- 
ing the amount of formaldehyde formed according 
to the method of Nash[10]. Aniline hydroxylase was 
assayed according to Smuckler er al. [11]. 

In order to insure that Zn** was not selectively 


precipitating the microsomal enzymes, the activity of 


microsomal glucose 6-phosphatase was determined 
by incubating 8 jumoles glucose 6-phosphate with | 
mg of microsomal protein in 0.2 ml of 50 ml Tris-KCl 
buffer (pH 7.4). The procedure employed was essen- 
tially that described by Harper [12] with a microso- 
mal suspension being substituted for filtered liver 
homogenate. The phosphate content was determined 
by the colorimetric method of Fiske and Subba- 
row [13] utilizing the Fisher Gram-Pac (A0974). 

Cytochrome P-450. Cytochrome P-450 was deter- 
mined spectrophotometrically [11] and_ calculated 
using the extinct coefficient of 91mM~' cm! 
[14]. 

Metal analysis. This analysis was done on an ato- 
mic absorption spectrophotometer, Perkin Elmer 
model 305, after digesting the liver sample initially 
with concentrated nitric acid followed by digestion 
in equal parts of nitric acid and 30°, hydrogen per- 
oxide. The digest was evaporated to dryness, the resi- 
due was diluted in deionized distilled water, and 
appropriate aliquots were taken for the analysis of 
zinc, iron, manganese and magnesium. 
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RESULTS 


A linear relation was found between the rate of 
formation of NADP and the protein content of liver 
microsomes within the concentration of 1-6 mg pro- 
teins in 3 ml medium. Further work reported was 
carried on within this concentration range of microso- 
mal fraction. 

Effect of zinc on NADPH oxidation. This effect was 
studied in a microsomal fraction of the liver at 
various concentrations of zinc and at 7.2, 14.4 and 
28.8 mM NADPH added to the microsomes, sus- 
pended in 0.04 M phosphate buffer. The rate of 
NADP formation in the system was related to the 
amount of NADPH added. At any concentration of 
NADPH its oxidation was inhibited by zinc in a con- 
centration-related manner. The K, value of this reac- 
tion was 6.45 mM NADPH. These data presented 
in Lineweaver—Burk double-reciprocal plots (Fig. 1) 
show a competitive mechanism for Zn** inhibition. 
With a 1/V intercept of 0.097, the V,,,, for the reaction 
was 10.3 nmoles NADP/min/mg of proteins. The K; 
was calculated to be 7.22 uM Zn?*. 

There are several possible mechanisms by which 
Zn** could inhibit NADPH oxidation. Direct inter- 
action with NADPH may render this pyridine nucleo- 
tide more resistant to oxidation. Another possibility 
is the interference of Zn?* with certain metals in- 
volved in the microsomal electron transport system. 
Finally, the inhibition of NADPH oxidation by Zn?* 
may reflect the interference of this metal with enzymes 
at any step of the microsomal electron transport 
chain. In the next section, the. results referring to the 
last two mentioned hypotheses will be presented. The 
first hypothesis is under investigation. 

Interaction of Zn** with other metals. We tested 
the possibility that zinc displaces some metals in- 
volved in the microsomal electron transport system. 
It was shown that the granular fraction of polymor- 
phonuclear leucocytes [15, 16] and macrophages 
[17, 18] contains an NADPH oxidase which is 
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Fig. 1. Lineweaver-Burk curve of 1/substrate vs 1/velocity 
based on the initial rate of enzyme activity at four different 
Zn** concentrations. NADPH oxidation was measured at 
340 nm in a cuvette containing 22.5 mM KH,POg,, 13.3 
mM Na,HPOg,, 141.7 mM sucrose. and the amounts of 

. NADPH and Zn?* given in the figure; 2.0 mg of microso- 
mal proteins was added to initiate the reaction at 32°. The 
1/Vinax Value is 0.097 (nmole NADPH/min/mg of pro- 

tein)’. The 1/K, value is 0.155 (mM NADPH) '. 
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1. Content of some metals in intact and 


CaNa,EDTA dialyzed rat liver microsomes* 


Table 





Me?~ (g/g protein) 





Sample : Zn Mn 





Microsomes 
Nondialyzed 95 se 
Dialyzed 63 1.6 
°*., Dialyzed out 30 50 





* Liver microsomes (250 mg protein) were dialyzed for 
2 hr against 5 mM EDTA and | mM phenanthroline, pH 
7.0, at 4 and then 0.01M PO, buffer, pH 7.0, for 24 hr 
at 4°. Metal content was determined by atomic absorption. 
Data are presented/g protein of microsomal fraction. 


strongly activated by Mn?* ions [16, 18]. In a 
recent paper, it was reported that Zn?* inhibited 
NADPH oxidase from pulmonary alveolar macro- 
phages in a competitive manner [18]. In liver micro- 
somes, it is the activity of cytochrome c reductase 
which functions as NADPH oxidase. 

The studies on the role of Mn** in microsomal 
NADPH oxidation were done with a microsomal 
fraction dialyzed for 2 hr against 1 mM _1,10- 
phenanthroline and 5 mM EDTA at pH 7.0 and 
then for another 24 hr at 4° against 0.01 mM phos- 
phate buffer, pH 7.0. The change in the content of 
zinc, iron, magnesium and manganese in microsomal 
fraction due*to dialysis is shown in Table 1. Only 
a minimal amount of iron (less than 9 per cent of 
total iron) was removed by dialysis. After the second 


dialysis the content of Mn** decreased from the ori- 
ginal 3.2 to 1.6 yg/g of microsomal protein. Thus, 
only 50 per cent of manganese was removed by dialy- 


sis. Further addition of Mn?* up to 0.43 mM final 
concentration resulted in a linear increase of the rate 
of NADPH oxidation (Table 2). No effect of added 
Mg’* within the same concentration range was 
observed. Surprisingly. addition of small amounts of 
Zn** (up to 5 uM final concentration) to the EDTA- 
treated and extensively dialyzed microsomal fraction 
stimulated the oxidation of NADPH (Fig. 2). Within 
a range of concentrations of 5-30 4M Zn?*, an inhi- 


Table 2. Rate of oxidation of NADPH in EDTA-treated 
and dialyzed liver microsomes in the presence of various 
divalent cations* 





NADP 


Mn?* or Mg?* (nmoles/min/mg protein) 


not dialyzed “ 


[NADP] (nmoles/min./mg protein) 


dialyzed 


a 








Zn** (uM) 


Fig. 2. Effect of Zn** additions on dialyzed and nondia- 
lyzed liver microsomal fractions in phosphate buffer. 
NADPH oxidation was initiated by 1.5 mg protein of mic- 
rosomal preparation being added to a cuvette containing 
22.5 mM KH;PO,, 13.3 mM Na,HPOg,, 141.7 mM suc- 
rose, 96 4M NADPH and the given concentrations of 
Zn?*. The nondialyzed liver microsomes contained 
3.5 wg Zn?*/g protein and the dialyzed sample contained 
2.5 ug Zn?* /g protein as determined by atomic absorption. 


bition of NADPH oxidation was found in two inde- 
pendent experiments. The pertinent data from our ex- 
periments are shown in Fig. 2. 

The differing effect of increasing concentrations of 
zinc ions on NADPH oxidation in nondialyzed and 
dialyzed microsomes (Fig. 2) was suggestive of poss- 
ible interaction between Zn?* and Mn?**. Further 
analysis of this effect indicated rather complex rela- 
tions between both metals. Table 3 represents the 
results of one typical experiment, which has been 
reproduced in three similar experiments. The data 
show that increasing Zn** concentration in a dia- 
lyzed sample from 3.3 to 13.3 uM without exogenous 
Mn?* resulted in inhibition of NADPH oxidation. 
When 0.1 mM Mn?* was added, the effect was just 
the opposite; nevertheless, at 0.3 mM Mn?", the oxi- 
dation of NADPH was again inhibited with increas- 
ing Zn?*. The analysis of the kinetic data suggests 


Table 3. Rate of oxidation of NADPH in dialyzed micro- 
somes at various concentrations of Zn-* or Mn-** 





NADP (nmoles/min/mg protein) 





Mn?* (mM) 





Zn** (uM) 0 0.1 0.2 0.3 





concen Zn’* conen 


(mM) (um) Mn?* Mg?* Zn** 





19.7 
37.5 
24.0 
20.5 


0.0 0 29 29 
0.10 3.33 50 29 
0.33 10.00 157 30 
0.43 13.33 169 29 





* Liver microsomes were dialyzed as is described in 
Methods. NADPH oxidation was initiated by 2.0 mg of 
microsomal proteins being added to a cuvette containing 
22.5 mM KH,PO,, 13.3 mM Na,HPO,, 141.7 mM suc- 
rose, 96 4M NADPH and the above metals at 32°. The 
pH value of the incubation medium was 7.4. Indicated 
metal concentration refers to exogenous amount of single 
metal added to the microsomal sample. 


26.3 
59.2 
24.1 
15.4 


20.8 
17.5 
28.5 
42.8 


35.1 
34.0 
35.1 
25.6 


0.0 19.7 
339 7 Be 
10.00 24.0 
13.33 20.5 





* Microsomal fraction was dialyzed as described in 
Methods. NADPH oxidation was measured in a cuvette 
containing 22.5 mM KH,POg, 13.3 mM Na,HPOg, 141.7 
mM sucrose, 96 uM NADPH, the above amounts of 
metals and 1-6 mg of microsomal proteins, initiating the 
reaction at 32°. The pH value of the medium was 7.4. 
The indicated concentrations of individual metals refer to 
amounts added to the sample in excess of their content 
left after dialysis. The oxidation rate was based on min 
1 of the reaction. 
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Glucose-6-Phosphatase 
. 


Aniline Hydroxylase 





P; (n moles/mg protein/min.) 





. to 
100 120 140 160 


p-aminophenol (n moles/mg protein/10 min.) 


Zn*+ (uM ZnSO,) 


Fig. 3. Effect of Zn?* on the activity of aniline hydroxylase 
and glucose 6-phosphatase in liver microsomes. Aniline (1 
mM) was incubated for 10 min in a 3-ml incubation 
medium (pH 7.4) consisting of 5mM MgCl,, 12mM glu- 
cose 6-phosphate, | unit glucose 6-phosphate dehydrogen- 
ase, 0.33 mM NADP. 6 mg of microsomal protein, 50 mM 
Tris and 154 mM KCl. Glucose 6-phosphatase activity was 
determined by incubating glucose 6-phosphate with micro- 
somes suspended in Tris-KCl and the Pi determined by 
the colorimetric procedure of Fiske and Subbarow [13]. 
Each point represents the mean of two incubations. 


that the mechanism involving various metal ions in 
NADPH oxidation is too complex for rigorous treat- 
ment at the present time. 

Effect of zinc on some enzymes of microsomal elec- 
tron transport. To test the hypothesis that zinc inter- 
acts directly with some enzyme components of liver 
microsomal electron transport, we studied the effect 
of this metal cation on cytochrome P-450. Supple- 
mentation of Zn** at two different concentrations (1 
and 100 pM) to isolated microsomal fraction incu- 
bated under slight shaking in Tris-KClI buffer for 10 
or 40 min at 25° did not result in any change of 
spectral characteristics of cytochrome P-450. The 
characteristic maximum at 450 nm as well as the 
shoulder at 420 nm was identical in all samples ana- 
lyzed. 

Effect of zinc on the activity of some drug oxidases 
in liver microsomes. Inhibition of NADPH oxidation 
in liver microsomes by zinc, as documented above, 
should result in inhibition of drug oxidation. To 
experimentally verify this statement, we studied the 
effect in vitro of Zn** in a final concentration of 
5-150 uM on the NADPH-dependent microsomal 
oxidation of aniline and N-demethylation of ethyl- 
morphine. The data in Fig. 3 indicate the inhibition 
of aniline hydroxylase activity by zinc, 50 per cent 
inhibition being obtained at 60-70 uM zinc concen- 
trations. These data are similar to the previously pub- 
lished data for ethylmorphine N-demethylation [5]. 
Under similar experimental conditions, the activity of 
glucose 6-phosphatase, an enzyme independent of 
NADPH oxidation, was not affected by the presence 
of Zn** (Fig. 3). 

Figure 4 presents data on the effect of zinc on the 
activity of aniline hydroxylase as well as ethylmor- 
phine N-demethylase by plotting the reciprocal rates 
for velocity of product formation as a function of zinc 
concentration. The slopes of linearly transformed data 
clearly indicate the inhibitory effect of zinc on both 
enzymes dependent on NADPH. 


To ascertain if various anions of zinc compounds 
play any role in the inhibitory effect of Zn**, we stud- 
ied the effect of four zinc salts at 0.1 mM _ concen- 
tration on the activity of ethylmorphine N-demethy- 
lase in liver microsomes. Our results indicate that zinc 
gluconate was the least inhibitory (50 per cent inhibi- 
tion) and zinc acetate the most inhibitory (63 per cent) 
when initial rates of product formation were followed. 
Zinc chloride and zinc sulfate inhibited by 50 and 
56 per cent respectively. 


DISCUSSION 


The aim of this study was to explain the possible 
mechanism(s) by which zinc administered in vivo pro- 
tects the liver against CCl, hepatotoxicity [1, 19]. The 
results of this study in vitro indicate that zinc inhibits 
the oxidation of NADPH in liver microsomes by a 
competitive mechanism. A logical consequence of 
blocking NADPH oxidation in the presence of Zn?* 
would be inhibition of all microsomal reactions 
dependent on the transfer of electrons from NADPH. 
The activity of two NADPH-dependent microsomal 
enzymes, i.e. aniline hydroxylase and ethylmorphine 
N-demethylase, was inhibited by the addition of Zn?* 
to the incubation medium. Another enzyme, bound 
also to endoplasmic reticulum, but independent of 
NADPH oxidation, ic. glucose 6-phosphatase, was 
not affected by zinc ions. This finding indicates that 
the described effect of Zn** on NADPH oxidation 
or the metabolism of two drugs was not related to 
eventual microprecipitation of microsomal proteins 


Aniline Hydroxylase 


Ethyimorphine Demethylase 


uM Zn” 


Fig. 4. Reciprocal plot of specific activity of aniline hy- 
droxylase and ethylmorphine N-demethylase as a function 
of Zn** concentration. Aniline (1 mM) or ethylmorphine 
(10 mM) was incubated for 10 min in 3 ml medium (pH 
7.4) consisting of 5 mM MgCl,, 12 mM glucose 6-phos- 
phate dehydrogenase, 0.33 mM NADP, 6 mg of microso- 
mal protein, 50 mM Tris and 154 mM KCI. The rate of 
reaction was determined by measuring the product of each 
reaction: HCHO for ethylmorphine N-demethylase and 
p-aminophenol for aniline hydroxylase. Each point is the 
mean of two incubations. 
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by Zn?*, but to specific interaction of the metal with 
some components of the drug-oxidizing system. Thus, 
the decreased oxidation of some drugs metabolized 
to a hepatotoxic product might explain the protective 
effect of zinc on carbon tetrachloride-induced liver 
damage [1, 19]. 

Zinc is obviously not the only metal inhibiting mic- 
rosomal electron flow. Mn** and Co** were shown 
to inhibit peroxidation of phospholipids in liver mic- 
rosomes [20] possibly by competing with Fe** for 
binding sites on the microsomes[21]. It has to be 
stressed, however, that contrary to the Zn’* effect, 
both Mn?* and Co?* were effective at mM concen- 
trations, while Zn** was inhibitory at uM concen- 
trations. While this study suggests that increase in 
zinc content in liver microsomes may reduce hepatic 
drug metabolism, a similar effect was reported by an 
opposite situation, ie. by zine deficiency [22]. Fur- 
thermore, despite the complexity of Zn?* and Mn?* 
interaction in the tested system, the data do not sug- 
gest an additive or synergistic effect. 

It would be premature to speculate on the possible 
biological implications of this finding. A direct proof 
should be presented first that such an inhibition of 
drug metabolism and eventually lipid peroxidative 
deterioration of polyunsaturated fatty acids by zinc 
occur also after administration in vivo of this metal. 
The already mentioned protection of CCl, hepatotox- 
icity by zinc in rats supports such an assump- 
tion [1, 19]. 
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Abstract—The effect of some alkylating agents on the activity of the enzymes adenylate cyclase and 
cyclic 3’,5'-nucleotide phosphodiesterase has been studied using Walker carcinoma cells in tissue culture. 
The monofunctional agent 5-aziridinyl-2,4-dinitrobenzamide (CB 1954), which has previously been 
shown to elevate the level of adenosine 3’.5'-monophosphate (cyclic AMP) in sensitive Walker ceils. 
has been shown to have no effect on the activity of adenylate cyclase either in the presence or absence 
of the protecting agent 4-amino-2-phenylimidazole-5-carboxamide (2-phenyl-AlC). Chlorambucil 
(p-N,N(di-2-chloroethylamino)phenylbutyric acid) (5 g/ml) while having no effect on either the basal 
or fluoride-stimulated adenylate cyclase activity caused an inhibition of the high affinity form of the 
cyclic AMP phosphodiesterase which reached a maximum after | hr. This was accompanied by an 
increase in the intracellular level of cAMP which was proportional to the dose of chlorambucil up 
to a maximal 2-fold increase at 6.4 pg/ml, a dose which caused complete inhibition of cell growth. 
Further increases in the concentration of chlorambucil up to 100 g/ml caused no further increase 
in cAMP level. Merophan (DL-o-N,N(di-2-chloroethylamino)phenylalanine) (0.5 jig/ml) similarly caused 
an inhibition of the low K,, form of the phosphodiesterase, but the rate of inhibition was slower 
than that observed with chlorambucil. The molecular forms of the cAMP phosphodiesterase in Walker 
cells sensitive or resistant to chlorambucil have been resolved using Sepharose 6B gel chromatography. 
The resistant lines displayed a reduction in the specific activity of the high affinity form of the enzyme 
which was accompanied by a shift to lower molecular weight forms. This could explain the lack 


of effect of chlorambucil on cAMP levels in Walker cells with acquired resistance to this agent. 


The anti-tumour alkylating agents have been shown 
previously to cause an elevation of the intracellular 
level of adensosine 3’,5’-monophosphate (cAMP) in 
Walker carcinoma cells sensitive to the cytotoxic 
effect of these agents[1,2]. This increase in cAMP 
level only occurs with bifunctional agents such as 
chlorambucil and not with the corresponding mono- 
functional compounds, such as the N-ethyl analogue 
of chlorambucil [1]. The change in the level of cAMP 
produced by chlorambucil precedes the inhibition of 
thymidine incorporation into DNA [2]. 

The increase in the level of cAMP appears to be 
due to an inhibition of a form of the cAMP phos- 
phodiesterase (35° cAMP  5’-nucleotidohydrolase, 
EC 3.1.4.17) with a low K,, value, since only this form 
of the enzyme is affected and only in cells sensitive 
to the cytotoxic effects of the alkylating agents [1]. 
Resistance of Walker cells to a bifunctional alkylating 
agent is accompanied by changes in the phosphodies- 
terase, manifested by a reduction in the contribution 
of the low K,,, form of the enzyme to the total activity, 
by a shift in pH optima, and by different inhibition 
constants for the competitive inhibitior theophy- 
line [4]. Resistance to the monofunctional aziridine 
CB 1954 is accompanied by a 70 per cent reduction 
in the cAMP-binding protein [5]. This could explain 
the degree of cross resistance observed between this 
drug and the bifunctional agents. 

The intracellular level of cAMP is determined by 
its rate of synthesis by adenylate cyclase (ATP pyro- 


phosphate-lyase (cyclizing), EC 4.6.1.1), its rate of 
breakdown by cAMP phosphodiesterase and loss by 
leakage to extracellular fluid. The present study exa- 
mines in more detail the effect of alkylating agents 
on adenylate cyclase and cAMP phosphodiesterase. 
The activities of the multiple forms of cAMP phos- 
phodiesterase have been resolved using Sepharose 6B 
gel chromatography. In addition, cAMP levels have 
been measured in sensitive Walker cells and in those 
resistant to both CB1954 and chlorambucil after 
treatment with a range of concentrations of chloram- 
bucil. 


MATERIALS AND METHODS 


[8-3H]Cyclic AMP (Sp. act. 27.5 Ci/m-mole) was 
purchased from the Radiochemical Centre, Amer- 
sham. Unlabelled cAMP and Sepharose 6B were 
obtained from Sigma Chemica! Co. London. Scintilla- 
tion fluid NE233 was purchased from Nuclear Enter- 
prises Ltd., Edinburgh and PCS solubilizer from 
Hopkin and Williams, Romford. 4-Amino-2-phenyl- 
imidazole-5-carboxamide (2-phenyl-AIC) was the gift 
of Dr. J. Heyes of Beecham Research Laboratories, 
Brockham Park, Surrey. All the alkylating agents 
used were synthesized at the Chester Beatty Research 
Institute. 

Cell culture. Cell lines were maintained in static 
suspension culture in Dulbecco’s modified Eagle’s 
medium, supplemented with 10°,, foetal calf serum, 
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under an atmosphere of 10°,, CO, in air. A line of 


Walker carcinoraa cells sensitive to alkylating agents 
(WS). was established in vitro as described pre- 
viously [6]. Two series of cell lines resistant to differ- 
ent concentrations of either chlorambucil (W, ,,,) or 
.CB1954 (W,,) were developed from the sensitive line. 
WS cells were suspended at a concentration of 10°/ml 
in fresh culture medium and either chlorambucil or 
CB1954 was added in dimethyl sulphoxide to give 
final concentrations of 0.1 and 0.001 g/ml, respect- 
ively. These concentrations were approximately twice 
the IDs, concentrations for WS below). The 
treated cells were incubated until a dense suspension 
was Obtained, which was then divided into two por- 
tions and diluted with medium to give 10° cells/ml. 
One portion was then treated again with an amount 
of drug equal to the first dose, while the other 
received twice this dose. This process was repeated 
so that some of the cells received regularly increasing 
doses of drug while others were diverted at each level 
and subsequently received the same drug dose every 
10 days. Three chlorambucil resistant lines and four 
CB1954 resistant lines were used in this study. 

Drug treatment. Cells were taken from rapidly 
growing cultures and resuspended in fresh medium 
at 5 x 10° cells/ml. Drug solutions were made up 
in dimethyl sulphoxide at one hundred times the 
required concentration and | ml of drug solution was 
added to 100ml of cell suspension which was then 
incubated at 37. The sensitivity of the various cell 
lines to drug treatment was estimated as previously 
described [5, 6]. 

tdenylate cyclase assay. Cells were sedimented by 
low speed centrifugation and washed with 0.9%, 
NaCl. The cell pellets were suspended in 50mM 
Tris HCl. pH 7.4. containing 25 mM KCl and 5mM 
MgCl, and then disrupted by freezing in an acetone 
cardice bath, followed by thawing and homogeniza- 
tion with a Teflon-glass homogenizer. This procedure 
is necessary because of the difficulty of rupturing 
Walker cells by conventional methods. The homo- 
genate was centrifuged at 600g for 10 min at 4 and 
the precipitate was finally resuspended in_ the 
Tris-HCI buffer to give a crude membrane suspension 
with a protein concentration of about | mg/ml. 

The standard adenylate cyclase assay was similar 
to that reported by Albano et al. [7]. The reaction 
was initiated at 35 by adding 100 yl of the membrane 
suspension to 300 «l of 50mM Tris-HCl, pH 7.4, so 
as to give final concentrations of 2mM ATP, 3mM 
MgCl,, 10mM NaCl, 10mM KCl, 6mM theophyl- 
line, 400 xg phosphocreatine kinase and 20 mM phos- 
phocreatine. Reaction mixtures were incubated for 
various periods up to 15 min and the incubation was 
terminated by placing the tubes in boiling water bath 
for 3 min. followed by cooling and centrifugation at 
1250g for 10min. The supernatant fluid was diluted 
either 1:1 or 1:3 with 50mM Tris-HCl. pH 7.5, con- 
taining 4mM EDTA, and the content of cAMP was 
determined using a kit purchased from the Radio- 
chemical Centre. Amersham. Radioactivity was deter- 
mined in PCS solubilizer using a Tracer Lab liquid 
scintillation spectrometer. Protein was determined by 
the method of Lowry et al. [8] using bovine serum 
albumin as a standard. 

Cyclic AMP assay. The determination of cAMP 


(see 


has been described previously [1]. After drug treat- 
ment and low speed centrifugation the medium was 
removed by aspiration and the cell pellet was immedi- 
ately treated with | ml of ice-cold 5°,, (w/v) trichloro- 
acetic acid. The ether extracted. lyophilized superna- 
tant was purified on a column of Dowex 5O0W-X8 
(200-400 mesh) in the H* form, and the amount of 
cAMP in the eluate was determined using the Radio- 
chemical Centre assay kit. A standard curve was 
obtained for each group of determinations. 

Assay of adenosine 3',5'-monophosphate phosphodies- 
terase. The assay of this enzyme has been described 
previously [3]. At various times after drug treatment 
cells were removed. centrifuged at 300g for 3 min. 
washed with 0.9°,, NaCl and recentrifuged. The cell 
pellet was sonicated in 100mM Tris-HCl, pH 8.1, 
containing 10 mM MgSQO,, with a 20-Kce MSE sonic 
oscillator. The phosphodiesterase activity of the total 
sonicated suspension was determined at 37 using 
[8-H ]cAMP and the 5’ AMP formed was separated 
from cAMP on a silicic acid thin-layer chromato- 
graphy (t.l.c.) plate in a solvent system consisting of pro- 
pan-2-ol, ethyl acetate. 13 M ammonia (59:25:16, by 
vol). The region of the plate corresponding to 5’ AMP 
was removed by scraping and the radioactivity was 
determined in scintillation fluid NE 233. In order to 
obtain linear reaction kinetics the incubation time 
was controlled to give less than 10 per cent hydrolysis 
of the substrate. 

The enzyme activity of column eluates was deter- 
mined using the two-step assay of Thompson and 
Appleman [9]. 

Chromatography. Gel filtration was carried out on 
a Sepharose 6B column with dimensions of 
35 x 1.5cm. The flow rate for the best separation was 
about 20ml/hr. Fraction volumes were | ml. The 
buffer conditions were 50 mM Tris-HCl, pH 7.5, con- 
taining 10mM MgCl, and 10mM _ 2-mercaptoeth- 
anol. Total sonicated cell suspensions (5 x 107 cells) 
were applied in buffer (1 ml). Enzyme activity was 
determined at 5 4M cAMP. Column calibrations were 
run under the same conditions using myoglobin, chy- 
motrypsinogen, ovalbumin, bovine albumin, human 
y-globulin and apoferritin. The column void volume 
was determined using Dextran 2000. 


RESULTS 


Drug sensitivity of cell lines. For chlorambucil and 
CB 1954 the IDs, values of the cell lines used in this 
work are listed in Table 1. WS is extremely sensitive 
to CB 1954 and less so to chlorambucil. There is cross 


Table 1. Sensitivity of Walker cell lines to chlorambucil 
and CB 1954 





1Dso( ug/ml) 


Cell line Chlorambucil CB 1954 





WS 


0.0005 
0.002 
0.005 
0.008 
0.016 
0.03 
0.35 
1.9 
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Table 2. Effect of alkylating agents on the activity of adenylate cyclase from sensitive Walker 
cells 





Cyclase activity (pmole/min/mg protein) 


Treatment 


+F Stimulation 





None 

5 ng/ml chlorambucil* 

1 ug/ml CB 1954* 

1 ug/ml CB 1954 + 100 ug/ml 
2-phenyl-AlC* 

Nonet+ 

5 ng/ml chlorambucilt 

1 ug/ml CB 1954+ 

100 4g, ml 2-phenyl-AICt 

1 ug/ml CB 1954 + 100 pg/ml 
2-phenyl-AIC* 


RV Ww 
wraonn 
I I+ 1+ I+ 1+ 


> 


1.35 
1.23 
1.25 
1.00 


4.54 + 0.07 
4.40 + 0.06 
4.40 + 0.06 
3.10 + 0.05 


4.40 + 0.06 
5.10 + 0.17 
4.00 + 0.08 
4.60 + 0.10 
4.10 + 0.10 





* Crude membrane preparations were treated with the drug in dimethyl sulphoxide (final 
concentration 1°.) and the activity of the cyclase was determined as described in Methods. 
+ Cells were treated with drug for 2 hr prior to assay. 


resistance between the chlorambucil resistant series 
Wey; to 3 and CB 1954 and between the CB 1954 
resistant series Wp; to We, and chlorambucil. In 
both cases the degree of cross-resistance (10-fold and 
30-fold. respectively) is similar for all cell lines. This 
is similar to the results obtained by Goldenberg [10] 
with L5178Y lympoblasts resistant to nitrogen mus- 
tard in which the degree of cross resistance was simi- 
lar (2 to 3-fold) for a number of alkylating agents. 

Effect on adenylate cyclase. The effect of treatment 
either of crude membrane preparations or of cells in 
culture with chlorambucil or CB 1954 for 2 hr on the 
activity of both the basal and fluoride stimulated 


adenylate cyclase activity is shown in Table 2. 
Although the activity of adenylate cyclase is known 
to be increased by fluoride ion[11] the degree of 
stimulation of Walker cell cyclase is small compared 


with that observed with some normal cell 
lines[12.13], but is of the same order as that 
observed with a murine mammary carcinoma [14]. 
The results in Table 1 show that neither chlorambucil 
nor CB 1954 has any significant effect on the activity 
of either the basal or fluoride stimulated cyclase. 
2-Phenyl-AIC has been shown to protect Walker cells 
against the toxic effects of CB 1954[15]. There is no 
eifect on cyclase activity in the presence of 2-phenyl- 


AIC alone, although there is some stimulation of 
basal activity produced by the combination of 
CB 1954 and 2-phenyl-AIC. 

Effect on phosphodiesterase. The cAMP phospho- 
diesterase from Walker carcinoma resembles that 
from other tissues in showing multiple forms with dif- 
fering affinities for the substrate [16]. Kinetic analysis 
suggests the presence of two enzyme activities; a low 
affinity form (K,, 82.5 4M) and a high affinity form 
(K,, 1.1 uM) [3], although the results can also be in- 
terpreted as showing a negatively cooperative enzyme 
system [17]. Since the intracellular level of cAMP in 
Walker carcinoma is about 2 4M probably only the 
high affinity form of the phosphodiesterase is impor- 
tant in regulating cAMP levels under physiological 
conditions. The activity of this form of the enzyme 
at various times after treatment with chlorambucil 
and merophan is shown in Table 3. Enzyme activity 
has been measured at a substrate concentration of 
5 uM. At this concentration the contribution of the 
activity of the high K,, form of the phosphodiesterase 
towards the total activity is 16 per cent and a correc- 
tion for this contribution has been made to the results 
in Table 3. The inhibition of this form of the enzyme 
by chlorambucil is rapid, reaching maximal inhibition 
after 1 hr. This corresponds to the time when the peak 


Table 3. Activity of cyclic AMP phosphodiesterase after treatment with chlorambucil 
(5 ug/ml) or merophan (0.5 g/ml). 





Sp. act. (nmole/min/mg protein) after treatment with 


Time (hr) Chlorambucil 


®, inhibition 


Merophan ’, inhibition 





0.214 + 0.007 
0.204 + 0.010 
0.085 + 0.007 
0.096 + 0.015 
0.160 + 0.011 
0.139 + 0.009 
0.102 + 0.012 


0.214 + 0.007 
0.209 + 0.010 
0.119 + 0.007 
0.117 + 0.010 
0.051 + 0.009 


0.055 + 0.0010 





Walker cells were incubated with the indicated concentrations of drug. At the time 
periods stated in the table, 10° cells were removed. centrifuged, washed with 0.9%, 
NaCl. recentrifuged and suspended in | ml of the phosphodiesterase assay buffer. 
After sonication the total cell supernatant was assayed for phosphodiesterase activity 
at a substrate concentration of 5 uM. Assays were performed in duplicate, and linearity 
was established by allowing it to proceed up to 15 min. 
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Table 4. Effect of chlorambucil on the intracellular level of cyclic AMP in Walker cells 


M. J. TispALE and B. J. PHILLIPS 


sensitive (WS) or resistant 


to chlorambucil (W,,,,) or CB 1954 (W,) 2 hr after treatment 





Concentration of chlorambucil (g/ml) 


Cell line 


1.6 


6.4 
Cyclic AMP 


(pmole/mg protein) 





He He He 


NOowWwWK UN NMNY 


ee OO + 


A 
_~ 
© 


+H He H+ 


nAk wn! 
Annan 


pa 
—) 


60 + 4.5 
56 + 4.5 
60 + 5.0 


Hee HH H+ Ht 


wn 
_~ 
Oo 





level of cAMP is found in Walker cells [2]. Thereafter 
the percentage inhibition of the phosphodiesterase de- 
creases with time. This may reflect new synthesis of 
the enzyme which is observed in response to elevation 
of cAMP levels [18, 19]. In contrast the inhibition of 
the enzyme by merophan is much slower, with maxi- 
mum inhibition being observed between 3 and 7 hr. 
Merophan, at a concentration of 0.5 pg/ml, has been 
shown to cause a 118 per cent increase in the level 
of cAMP in Walker cells 8 hr after treatment [2]. 
Effect on cyclic AMP levels. The effect on the intra- 
cellular level of cAMP in Walker cells sensitive (WS) 


or resistant to chlorambucil (Wey.;-Wey.3) or 


CB 1954 (Wy, Weg) 2 hr after treatment with a range 
of doses of chlorambucil is shown in Table 4. The 
basal level of cAMP in all cell lines does not vary 
appreciably. For WS there is a dose dependent in- 


crease in CAMP levels, which reaches a maximal 








Activity in pmol per min per 0:2mi 








Fig. 1. Sepharose 6B gel filtration of resistant Wey, (A), 
Wei, (B) and sensitive (C) Walker carcinoma. 


2-fold increase at 6.4 ug/ml of chlorambucil which 
corresponds to 100 per cent inhibition of cell growth. 
Thereafter the level of cAMP remains constant irres- 
pective of the dose of chlorambucil employed. For 
the chlorambucil resistant cell lines there is no in- 
crease in cAMP level at any concentration of chlor- 
ambucil and for some of these cell lines there is a 
decrease in the cAMP content after treatment with 
chlorambucil. For Walker cells which are resistant to 
CB 1954, chlorambucil does cause an increase in 
cAMP at the higher dose levels. Although these cell 
lines show some resistance to chlorambucil, they are 
more sensitive towards the drug than the W,,,, lines 
(Table 1). The increase in cAMP in the W, lines pro- 
duced by chlorambucil is not, however, as great as 
for the WS line. 

Sepharose 6B gel filtration of phosphodiesterase. The 
cAMP phosphodiesterase from total cell sonicated 
fractions of WS, Wey; and Wj. when measured 
at low substrate concentration gives the activity pro- 
files shown in Fig. 1. Three distinct peaks of phospho- 
diesterase activity can be detected in WS and Wey, 
having apparent mol. wt of approximately 450,000, 
350,000 and 225,000. The specific activity of the 
enzyme in these three cell lines, measured at 5 uM 
cAMP, decreases in the order WS (0.26 nmole 
min/mg protein), Wey; (0.22 nmole/min/mg protein), 
Wenz (0.14 nmole/min/mg protein). This reduction in 
total enzyme activity is reflected in a reduction in 
activity of all three peaks of the phosphodiesterase 
in Wey 1- In Wey 2, however, there is a shift of acti- 
vity from high mol. wt forms of the enzyme, so that 
all the activity now resides in the fraction having an 
apparent mol. wt of 225,000. A similar activity shift 
to low mol. wt forms of the enzyme has also been 
found in Walker tumour resistant to melphalan [4]. 


DISCUSSION 


The bifunctional alkylating agent chlorambucil has 
been shown to exhibit a degree of selectivity in its 
effect on enzymes which control the intracellular level 
of cAMP. Thus, while it shows no effect on the acti- 
vity of adenylate cyclase there is a progressive inhibi- 
tion of the cAMP phosphodiesterase with time which 
reaches a maximum within | hr. Changes in the acti- 
vity of the phosphodiesterase in Walker cells resistant 
to chlorambucil are also consistent with inhibition 
of this enzyme being of importance in growth inhibi- 
tion by this agent. Resistance to chlorambucil in 
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Walker cells is accompanied by a lowering of the acti- 
vity of the low K,, form of the phosphodiesterase 
without any concomitant effect on the high K,,, form, 
and in one cell line (W 4,2) this is reflected in an 
activity shift from high mol. wt to low mol. wt forms 
of the enzyme. Pichard and Kaplan have shown that 
an equilibrium exists between three interconvertible 
forms of cAMP phosphodiesterase in human platelets 
and that dibutyryl cAMP shifts the equilibrium to 
the low mol. wt form[20]. A similar lowering of 
enzyme activity is also found in houseflies resistant 
to organophosphorus insecticides, susceptible flies 
having two to three times the enzyme activity of re- 
sistant flies [21]. 

A change of the phsophodiesterase in resistant cells, 
such that inhibition by bifunctional agents is pre- 
vented, is consistent with the lack of effect of chloram- 
bucil on cAMP levels in these cell lines. There is no 
lowering of the specific activity of the phosphodiester- 
ase in Walker cells resistant to CB 1954 and chloram- 
bucil has been shown to cause an elevation of cAMP 
levels in these cell lines. 

The monofunctional agent CB 1954 has been shown 
to increase CAMP levels in Walker cells without any 
concomitant effect on the activity of the phosphodies- 
terase [1]. The present work indicates that this agent 
also has no direct effect on the activity of adenylate 
cyclase either in the presence or absence of the pro- 
tecting agent 2-phenyl-AIC. The possibility therefore 
remains that CB1954 may control cAMP levels 
through an effect on the rate of efflux of the cyclic 
nucleotide from the cell. Excretion of this nucleotide 
probably occurs by an energy-dependent mechanism 
where the direct source of energy may be ATP [22] 
and CB 1954 may have an effect on this process via 
an effect on ATP levels [23]. That cAMP is important 
in the mechanism of action of CB 1954 is suggested 
by the 70 per cent loss of binding protein found in 
Walker cells with acquired resistance to this 
agent [5]. These cells also a degree of cross resistance 
to growth inhibition by cAMP. 

Experiments are now in progress to determine if 
the elevation of cAMP produced by the alkylating 
agents is sufficiently large to cause an activation of 
the cAMP-dependent protein kinase and also to 
determine the physiological importance of this alter- 
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ation in cyclic nucleotide level in the mechanism of 
action of alkylating agents. 
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UNUSUAL SUBSTRATE SPECIFICITY IN THE 
OXIDATIVE DEARYLATION OF PARAOXON ANALOGS 
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Abstract—In previous studies with various dialkyl paraoxons, it was shown that the methyl, ethyl 
and i-propyl analogs were dearylated by hepatic microsomes almost exclusively through an NADPH- 
independent A-esterase, while dearylation of n-propyl paraoxon was NADPH-dependent. The present 
investigation was initiated to study the basis for this specificity. Release of p-nitrophenol was measured 
spectrophotometrically after incubation of a series of dialkyl-substituted paraoxon analogs with rat 
hepatic microsomal preparations. Oxidative dearylation was shown to have the characteristics of a 
typical mixed-function oxygenase (MFO) reaction. Methyl, ethyl, n-butyl and n-amyl paraoxons were 
not readily metabolized by the MFO system, though considerable dearylation of n-propyl paraoxon 
was observed. When the two alkyl substituents were not identical, only the compounds with an n-propyl 
group were metabolized in this manner. Dearylation was also observed with analogs containing certain 
branched chains or modified ethyl groups (e.g. 2-chloroethyl and 2-methoxyethyl). The unusual speci- 
ficity for this MFO reaction was associated with the presence of a 3-carbon length chain or its steric 
equivalent. The reaction mechanism is most likely different from that for the analogous MFO-catalyzed 
dearylation of parathion analogs, as p-nitrophenol production from the paraoxons is not accompanied 
by release of the corresponding dialkyl phosphate. 


The ability to catalyze the biotransformation of a 
large number of xenobiotics with a wide variety of 
structures establishes the hepatic mixed-function oxy- 
genase (MFO) system as one of the most important 
detoxifying mechanisms in mammals. Several studies 
have shown a relationship between substrate lipophi- 
licity and MFO-catalyzed metabolism [1-4]. The 
high correlation coefficients obtained for some reac- 
tions imply that steric and electronic influences play 
comparatively minor roles in determining the suscep- 
tibility of a compound to MFO attack, though little 
specific information is available regarding the impor- 
tance of these parameters aside from instances of ster- 
eoselectivity between enantiomers (for examples, see 
Refs. 5—7). Thus, it would not seem likely that within 
a homologous series of compounds neighboring 
members of the series would differ widely in suscepti- 
bility to metabolism by the MFO system. 

Parathion (O,0-diethyl O-p-nitrophenyl phosphor- 
othionate), a widely used insecticide, is readily meta- 
bolized by this enzyme complex [8] (pathways A and 
B in Fig. 1), while ethyl paraoxon, its oxygen analog, 
primarily undergoes non-oxidative dearylation [9] 
(pathway D) catalyzed by A-esterases (EC 3.1.1.2) 
[10], and, to a lesser extent, oxidative dealkylation 
[11,12] (pathway C). Oxidative dearylation of ethyl 
paraoxon (pathway E), in contrast with parathion, has 
not been observed. Nakatsugawa et al. [13], however, 
found that, while microsomal dearylation of methyl, 
ethyl and i-propyl paraoxon was not significantly 
stimulated by NADPH, dearylation of the n-propyl 
analog was increased considerably by this cofactor, 
thus raising the possibility that an MFO-catalyzed 
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dearylation is a significant detoxication reaction for 
some paraoxon analogs, and that this reaction may 
also demonstrate unusual MFO specificity between 
homologs. 

The present investigation was undertaken to better 
characterize this dearylating enzyme system by (a) 
determining if this is indeed an MFO-catalyzed reac- 
tion, and (b) studying in greater detail the basis for 
the substrate specificity of the enzyme. 


MATERIALS AND METHODS 

Animals 

All experimental animals were adult males. Swiss 
Webster mice were purchased from Bellaire Acres 
(Danville, Ind.), Sprague-Dawley rats from Murphy 
Breeding Laboratories (Plainfield, Ind.), and New 
Zealand white rabbits from local sources. The rodents 
were maintained on Wayne Lab-Blox, with weath- 
ered. dry hardwood chips as litter. Grass frogs (Rana 
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Fig. 1. Metabolic pathways for parathion analogs in hepa- 
tic microsomal fractions. 
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pipiens pipiens), obtained from Mogul-Ed Corp. (Osh- 
kosh, Wis.), were kept in a glass aquarium and were 
fed live American cockroaches weekly. 
Chemicals 

Except for glucose 6-phosphate, disodium salt 
(G-6-P) which was obtained from Calbiochem Co.. 
biochemicals were purchased from Sigma Chemical 
Co. 


Synthesis of dialkyl p-nitrophenyl phosphates 


For paraoxon analogs in which the two alkyl 
groups are identical, the procedure of de Roos and 
Toet [14] was followed. For analogs in which the 
alkyl groups differ, the following methods were 
employed. n-Butyl ethyl and ethyl n-propyl phosphor- 
ochloridates were prepared according to Cadogan et 
al. [15], using pyridine as the HCI acceptor. n-Butyl 
n-propyl phosphorochloridate was prepared as fol- 
lows: to 0.7 mole phosphorus oxychloride in 100 ml 
of cold ether was slowly added 0.7 mole n-propyl 
alcohol in 20 ml ether. Dry air was bubbled through 
the mixture to remove both the HCI and ether, and 
the product was carefully distilled through a variable 
reflux distilling head. n-Butyl alcohol (0.42 mole) in 
20 ml ether was then slowly added to an equimolar 
amount of the n-propyl phosphorodichloridate, and 
the mixture was treated with dry atv as before and 
distilled (bo.,5: 96-7 ; mp°: 1.4247). 

The procedure of de Roos and Toet [14] was fol- 
lowed for the condensation of all dialkyl phosphor- 
ochloridates with p-nitrophenol. Paraoxon analogs in 
which the alkyl groups differ were not distilled. Their 
purity exceeded 97 percent as determined by gas 
liquid chromatography (g.l.c.). 

Except where indicated, g.l.c. analyses were per- 
formed with a Tracor MT-220 chromatograph 
equipped with a 5-ft glass column packed with Chro- 
mosorb W (80/100 mesh) coated with 4° Apiezon 
N and 2°, OV-225. The flame photometric detector 
was operated in the phosphorus mode. 


Synthesis of 1.3,2-dioxaphosphorinane 2-oxides 


2-Chloro-1,3,2-dioxaphosphorinane 2-oxide was 
prepared according to the method of Fukuto and 
Metcalf [16]. The n-propyl ester was prepared as fol- 
lows: to 0.05 mole n-propyl aicohol and 0.05 mole 
pyridine in 100 ml toluene was added 0.05 mole of 
the chlorodioxaphosphorinane 2-oxide. After reflux- 
ing for | hr, the mixture was filtered and the solvent 
was removed by evaporation. Distillation yielded 2-n- 
propoxy-1,3,2-dioxaphosphorinane 2-oxide 
102—4°; ng* : 1.4430). 

2-p-Nitrophenoxy-1,3,2-dioxaphosphorinane 2- 
oxide was synthesized according to Fukuto and 
Metcalf (16], yielding fine, white crystals (m.p. 
99-100°; lit. 99-100). 


Synthesis of di-n-propyl phosphate 

This compound was prepared by the method of 
Hoffman et al. [17]. 
Determination of hydrolysis rate constants 


A l-cm cuvette containing 3 ml of 0.01, 0.05, or 
0.5 N carbonate-free sodium hydroxide was _pre- 
warmed to 37°. The organophosphate in 20 yl ethanol 


(bo.06: F 
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was added to a final concentration of 4.0 x 10°° M, 
and the absorbance of p-nitrophenol at 400 nm was 
read continuously until completion of the reaction in 
a Unicam SP 800A recording spectrophotometer. Log 
[e, —€o/e, —€,]. where €, €, and €, represent the 
initial absorbance, absorbance at time f, and absor- 
bance at the completion of the reaction, respectively, 
was plotted against time. The line of best fit was con- 
structed by the method of least squares, and we see 
from equation (1) that the slope equals k’/2.303, where 
k’ is the pseudo first-order rate constant. 


y 


—*) = vi (1) 


| € 
Oo = 
2 € 2.303 


— €, 


Determination of AR,, constants 
R,, values were used to determine relative lipophili- 
city of the paraoxon analogs. This parameter is a 


function of the R, value of chromatographic systems 
[18], defined by equation (2): 


Ry = log 3 ~t] 
f 


Ascending thin-layer chromatography was used to 
determine the R, values. The stationary phase con- 
sisted of a prepared Silica gel sheet (Eastman Chro- 
magram Sheets, No. 6060). Before use, each sheet was 
dipped into a solution of 5°, (w/v) of Dow silicone 
oil 550 in hexane for 30 sec and allowed to dry. The 
mobile phase, consisting of acetone—water (3 : 2), was 
allowed to rise 16.5 cm. The compounds were visua- 
lized with 10°, ethanolic KOH. The AR,, constants 
were obtained by subtracting the R,, value of methyl 
paraoxon from that of each of the analogs. 


Preparation of microsomal pellets 

For comparison of dearylating activity in different 
species, microsomes from untreated animals were 
used. Otherwise, the microsomal enzymes of mice 
were induced by once-daily intraperitoneal injections 
of sodium phenobarbital (50 mg/kg) for 4 days. The 
mice were starved for 24 hr after the final injections, 
then sacrificed. All mammals were killed by a blow 
on the head, whereas the frogs were pithed. 

The livers were quickly excised, rinsed twice in cold 
0.25 M sucrose, and homogenized in 4 vol. sucrose 
in a glass tissue grinder equipped with a serrated Tef- 
lon pestle. After centrifugation at 15,000 g for 20 min, 
the supernatant was spun at 176,000 g (average) for 
40 min. The resulting microsomal pellet was washed 
once in 0.25 M sucrose and recentrifuged. The dry, 
washed pellets could be stored at —15 for at least 
4 days without change in dearylating ability. 


Discontinuous assay of microsomal dearylating activity 


Microsomal pellets were thawed and suspended in 
a volume of 0.05 M Tris-HCl buffer (pH 7.6 at 37 ) 
equal to that of the discarded supernatant above the 
pellet. Incubations were carried out in open 20-ml 
beakers. In the following order, 2.0 ml of microsomal 
suspension, 2.0 ml of a magnesium chloride—nicotina- 
mide solution (each at 12.5 mM), and 1.0 ml of 6.0 
mM reduced NADP were added. All reactions were 
initiated by the addition of 5 sd of n-propyl paraoxon 
in ethanol (0.5 mM final concentration). 





Oxidative dearylation of paraoxon analogs 


The beakers were shaken at 37° and aliquots of 
0.5 ml were transferred at approximately 1-min inter- 
vals into 15-ml test tubes containing 1.0 ml acetone. 
After centrifugation, the supernatant was withdrawn 
and brought to 10 ml with 0.2 M Tris-HCl buffer, 
pH 8.8 (25°). The absorbance of p-nitrophenol at 400 
nm was determined with a Spectronic 20 colorimeter. 
The reaction was generally linear for 3-4 min, and 
the amount of p-nitrophenol produced was plotted 
against time. 

The above procedure was employed to examine 
species differences and to ascertain the inducibility 
of the NADPH-dependent enzyme. A similar method 
was used to study oxygen dependency, with Thunberg 
cuvettes being used instead of open beakers. Into 
these cuvettes were placed the microsomes and mag- 
nesium chloride—-nicotinamide, with NADPH and 
substrate in the side arm. The cuvettes were twice 
evacuated and refilled with nitrogen, then brought to 
37°. After combining the components, the mixture 
was incubated for 2 min and 0.5-ml samples were 
withdrawn and treated as above. 


Continuous assay of microsomal dearylating activity 


All other determinations of either oxidative or non- 
oxidative dearylation were accomplished with the 
recording spectrophotometer. Into a 1.5-ml semi- 
micro cuvette were added 0.4 ml of 1.3 mM NADP, 
0.2 ml of 66 mM glucose 6-phosphate (G-6-P), and 
5 ul of 20 mM inhibitor when present. When carbon 
monoxide was added, the gas was gently bubbled 
through the mixture for 30 sec. The cuvette was 
quickly brought to 37°, at which time 2.5 units of 
glucose 6-phosphate dehydrogenase (G-6-P-D, EC 
1.1.1.49) in 5 yl water was added. The reaction was 
initiated by addition of the substrate in 5 yl ethanol. 
The cuvettes were placed in the turbid sample pos- 
ition, and the absorbance at 400 nm was read con- 
tinuously for 3-4 min, employing a blank containing 
0.4 ml microsomes and 0.6 ml buffer. Though there 
was a short lag time after the initiation of the reac- 
tion, the maximum rate of p-nitrophenol production 
in each incubation was achieved within | min, and 
linearity was generally maintained for several min 
thereafter. NADPH-independent dearylation (A-ester- 
ase) was determined similarly, though the incubation 
mixture consisted of 0.4 ml microsomes, 0.6 ml buffer, 
and substrate in 5 yl ethanol only. 

For calculation of apparent Michaelis constants 
and maximum velocities, a computer program modi- 
fied from that of Cleland [19] was employed. Five 
or six concentrations of each substrate were used, and 
the results from replicate experiments were averaged. 
Protein was determined by the Biuret method [20]. 


Analysis of microsomal dealk ylation 

Into each 20-ml beaker were placed 2.0 ml of the 
microsomal suspension described above, 50 yl of 1.0 
M nicotinamide, 2.0 ml of 1.3 mM NADP, 1.0 ml 
of 66mM G-6-P, 5 ul of 0.1M EDTA (when pres- 
ent), 12.5 units of G-6-P-D in 25 yl water, and sub- 
strate in 5 yl ethanol to a final concentration of 0.5 
mM. 

The incubations were shaken at 37° for 5 min, and 
2.0-ml aliquots were transferred into 15-ml test tubes 
immersed in boiling water. After 90 sec the tubes were 
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cooled and centrifuged, and unmetabolized substrate 
was removed from the supernatant by three extrac- 
tions with 5.0-ml portions of ether. The remaining 
monoalkyl p-nitrophenyl phosphate was extracted 
after acidification and determined via diazomethane 
realkylation and g.l.c. analysis as described by Shafik 
and Enos [21]. Experiments with samples containing 
monomethyl p-nitrophenyl phosphate gave 85 per 
cent recovery by this method. 


RESULTS 
Physicochemical properties of the paraoxon analogs 

Boiling points and refractive indices. These data are 
presented in Table 1. Further checks on identity and 
purity of these compounds were made by thin-layer 
chromatography on Silica gel. 

Hydrolysis rate constants. The pseudo first-order 
rate constants (k’) calculated from equation (1) were 
used to ascertain the susceptibility of the aryl-phos- 
phate bond to nucleophilic attack. A few compounds 
(the 2-chloroethyl, methyl and allyl derivatives) were 
hydrolyzed so rapidly that 0.01 N NaOH was used 
instead of 0.05 N. The resulting rate constant was 
multiplied by five to obtain the corresponding value 
at 0.05 N. The l-ethylpropyl analog of paraoxon was 
so nonreactive that 0.5 N NaOH was required, and 
this rate was also corrected to 0.05 N. Comparative 
studies of hydrolysis rates of the allyl and 2-methox- 
yethyl analogs by both 0.01 and 0.05 N NaOH con- 
firmed the appropriateness of these simple correc- 
tions. 

As expected from the increasing steric hindrance, 
k’ for saturated, unsubstituted derivatives generally 
declines with increasing alkyl chain length and 
branching (Table 2), while addition of electronegative 
groups to the chain (2-methoxyethyl and 2-chlor- 
oethyl derivatives) has the opposite effect, as does un- 
saturation (allyl derivative). 

AR,, constants. The AR,, values are presented in 
Table 2 and show a reasonable relationship between 
polarity and chain length, branching and substitution. 


Properties of the NADPH-dependent dearylating 
enzyme system 

Species variation. Rates of NADPH-dependent 
dearylation of n-propyl paraoxon were assessed in 
hepatic microsomes from four species. As seen in 
Table 3, dearylation was observed in all four species, 
with the mouse being the most rapid and the frog 
the least. 

Effect of phenobarbital pretreatment on NADPH- 
dependent dearylation. To increase the activity of this 
dearylating system, the inducibility of the system by 
phenobarbital was tested. The rate of NADPH- 
dependent p-nitrophenol production from n-propyl 
paraoxon in incubations containing microsomes from 
untreated mice was found to be 9.4 nmoles/mg of 
microsomal protein/min, compared to 29.5 nmoles 
mg/min with induced mice, approximately a 3-fold 
increase. Consequently, phenobarbital-treated mice 
were used in subsequent studies. 

Effect of NADPH on the microsomal dearylation of 
some paraoxon analogs. Before deciding on the mouse 
as the experimental animal, it was necessary to estab- 
lish that specificity of the NADPH-dependent reac- 





P. A. CAMMER and R. M. HOLLINGWORTH 


Table 1. Boiling points and refractive indices of paraoxon analogs 


/-~. 
(R'O(RO)P(O)O((_)) NO, 





Boiling point (/mm Hg) 


20 
Np 





Analog 
Found 


Literature Found Literature 





133 0.10 
137-40 0.15 
147-50 /0.08 
141-45°/0.12 
155-56" /0.04 

* 
61°/0.09 
78° /0.06 
78 /0.08 

+ 

+ 
48°/0.07 
91°/0.17 
12°/0.08 
63°/0.19 


35 
40 
50 


(C,Hs) (CH3) CHCH; 
CH,0OCH,CH,; 
CICH,CH, 
1,C—=CHCH, 
n—C,3H, 


163.5-65.5 
156.5—59.0°/0.35-0.4 
149-59" /0.25-0.5 
155—56°/0.02 


165-76 /0.05—0.09 


1.5179 
1.5052 
1.4986 
1.4900 
1.4949 
1.4925 
+ 1.4921 
1.4896 
1.4821 
1.4896 
1.4896 
1.5042 
1.5310 
1.4798 
1.5011 
1.4995 
1.4974 


1.5203 
5080 
5013 

1.4938 

1.4977 

1.4959 

1.4954 

1.4944 


151 
5 0.86 





* Would not distill; distillation bath: 225 
*+ Information not available. 
{t Decomposes about 180°/0.05 mm Hg. 


; vacuum: 0.05 mm Hg. 


§ Analysis: found C: 42.91% H: 5.48%. C;,H;gsNOgP requires C: 42.99%, H: 5.41%. 
Distillation not attempted; 97 per cent (+) purity by g.l.c. 


tion for n-propyl paraoxon was manifest in microso- 
mal fractions from phenobarbital-treated mice as well 
as in those from the rat and rabbit as reported by 
others [13]. The NADPH-dependent and NADPH- 
independent rates of dearylation of several paraoxon 
analogs are presented in Table 4. EDTA (0.1 mM) 
was included for all NADPH-dependent reactions as 
a selective inhibitor for the competing, non-oxidative 
A-esterase (see later, Table 6). The clear preference 
of the NADPH-dependent enzyme for the n-propyl 


Table 2. Hydrolysis rate constants and AR,, values of par- 
aoxon analogs 





Average k’ x 10? 


_ Analog (corrected to 0.05 N NaOH*) 





Methyl 

Ethyl 

n-Propyl 
i-Propyl 
n-Butyl 

s-Butyl 

i-Butyl 

n-Amyl 

i-Amyl 
1-Ethylpropyl 
2-Methylbutyl 
2-Methoxyethyl 
2-Chloroethyl 
Allyl 
Butyl-ethyl* 
Butyl-propylt 
Ethyl-propyl* 
Phosphorinanet 


28.0 
8.9 
5.9 
1.1 
I 
0.5 
5.1 
4.1 
3.8 
0.025 
as 

19.2 

70.5 

18.5 
6.5 
5.6 
7.3 

21.1 





* Mean of duplicate experiments. 
+ Mixed ester (R + R’). 
{ 2-p-Nitrophenyl-1,3,2-dioxaphosphorinane 2-oxide. 


analog is apparent, though a slight amount of 
NADPH-dependent dearylation of both the ethyl and 
i-propyl analogs was also observed. The failure of the 
system to dearylate n-butyl paraoxon, an observation 
not previously reported, served to further accentuate 
the peculiar preference of this enzyme system for the 
n-propyl analog. 

Only the methy! and ethyl analogs are active sub- 
strates for the A-esterase. n-Propyl paraoxon was only 
slightly dearylated by this enzyme, the route being 
insignificant by comparison with the NADPH-depen- 
dent reaction. No measurable p-nitrophenol was pro- 
duced when either the i-propyl or n-butyl analog was 
employed as the substrate. 

Effect of oxygen depletion on dearylation of n-propyl 
paraoxon. The dependency of this dearylating system 
on NADPH suggested it was an MFO-catalyzed reac- 
tion. Therefore, the amount of dearylation of this ana- 
log after oxygen depletion was tested (Table 5). Des- 
pite some variability (probably due to varying degrees 
Table 3. NADPH-dependent dearylation of n-propyl par- 


aoxon (0.5 mM) in hepatic microsomes from four verte- 
brate species 





Rate*.+ 


Animal +NADPH 





3.1 + 0.3 
+ ().3 
0.3 


+ 04 


Frog 
Rabbit 
Rat 
Mouse 





* Expressed as moles p-nitrophenol produced/mg of 
microsomal protein/min. 

+ Mean + S. D. of three experiments. 

t Not detectable: minimum detectable rate about 0.4 
nmole/mg/min. 





Oxidative dearylation of paraoxon analogs 


Table 4. Effect of NADPH on the microsomal dearylation 
of paraoxon analogs (R = R’) 


(R'OXRO)P(O)O(_)) NO, 





Rate* 





Without 
NADPH 


(A-esterase) 


With NADPH 
and A-esterase 
inhibitor+.t 


Analog 
(0.5 mM) 





Methyl 4.5 NDS 
Ethyl 95 1.0 
n-Propyl 0.6 29.4 
i-Propyl ND 2.5 
n-Butyl ND ND 





*Rate is expreased as nmoles p-nitrophenol produ- 
ced/mg of microsomal protein/min. Mean of at least two 
experiments. 

* Inhibitor: 0.1 mM EDTA. 

t Concentrations of NADPH-generating system com- 
ponents were as follows: 0.5 mM NADPH, 13.4 mM 
G-6-P, and 2.5 units/ml of G-6-P-D, with 10 mM nicotina- 
mide. 

$ Not detectable; minimum detectable rate about 0.4 
nmole/mg/min. 


of O, depletion), the data from the duplicate exper- 
iments clearly indicate a marked decrease (74.6 and 
87.4 per cent) in dearylating activity after evacuation, 
showing that dearylation of n-propyl paraoxon is in- 
deed an oxygen-dependent reaction. This decrease is 
very similar to that found with the well-known MFO 
substrate p-nitroanisole. 

Effects of several enzyme inhibitors on dearylating 
activity. To further characterize the nature of this 
reaction, the effects of three known MFO inhibitors 
and of EDTA on the oxidative and non-oxidative 
(A-esterase) routes of dearylation were examined 
(Table 6). In evaluating the oxidative reaction, we 
employed n-propyl paraoxon as_ the substrate, 
whereas the ethyl analog in the absence of NADPH 
was used to measure the A-esterase-catalyzed reac- 
tion, as these two substrates are relatively specific for 
the respective enzymes under these conditions (see 
Table 4). 

As is typical of MFO reactions, piperonyl butoxide, 
SKF-525A and carbon monoxide all inhibited deary- 
lation of n-propyl paraoxon. The latter two inhibitors 
did not strongly affect the nonoxidative (A-esterase) 
pathway, and though the effect of piperonyl butoxide 
on this enzyme was not studied during this investiga- 


Table 5. Effect of oxygen depletion on the dearylation of 
n-propyl paraoxon and on the demethylation of p-nitroani- 
sole by mouse hepatic microsomes 





p-Nitrophenol 
produced* 


o 


Air N,; Decrease 





54.3 
52.5 
215 
29.0 


n-Propyl paraoxon 
(0.5 mM) 
p-Nitroanisole 
(0.5 mM) 





* Expressed as nmoles/mg of microsomal protein in 
ee: 
2 min. 


}SOS 


Table 6. Effects of EDTA and several MFO inhibitors on 
the microsomal dearylation of paraoxon analogs 





Oxidative* A-esteraset 





Treatment Ratet °, Inhibition Ratet °, Inhibition 





No inhibitor ” 0.0 9.0 0.0 
EDTA ; 0.7 0.4 95.6 
(0.1 mM) 
co 
Piperonyl 
butoxide 
(0.1 mM) 
Piperonyl 
butoxide 
(0.4 mM) 
SKF-525A 
(0.1 mM) 


82.4 8.6 34 
50.5 


80.8 


12.7 30.0 8.7 





* Substrate for oxidative dearylation reaction was 0.2 
mM n-propyl paraoxon. 

+ Substrate for A-esterase dearylation reaction was 0.5 
mM ethyl paraoxon. 

t Expressed as nmoles p-nitrophenol produced/mg of mic- 
rosomal protein/min. Mean of duplicate experiments. 


tion, unpublished results obtained earlier in this 
laboratory indicate that it too fails to inhibit the 
A-esterase. In contrast, EDTA proved to be an excel- 
lent selective inhibitor of this enzyme without affect- 
ing the NADPH-dependent system. Thus, the depen- 
dence upon NADPH and oxygen, coupled with the 
inhibition by three known MFO inhibitors, strongly 
implies that dearylation of n-propyl paraoxon is an 
MFO reaction, and distinguishes it from the A-ester- 
ase pathway. 


Substrate specificity of MFO dearylation of paraoxon 
analogs 

To better circumscribe the substrate specificity of 
the oxidative dearylation reaction, apparent K,, and 
Viwax Values were determined for a series of paraoxon 
analogs with differing alkyl substituents (Table 7). 
EDTA was included in all incubations to selectively 
inhibit the A-esterase. The standard errors for indivi- 
dual K,, values generally varied between 5 and 10 
per cent, while those for Vj, were usually less than 
5 per cent. The compounds employed as substrates 
included analogs with straight-chain alkyl groups | 
to 5 carbons in length, branched isomers of these, 
unsaturated alkyl groups, and carbon chains substi- 
tuted with electronegative groups. 

No oxidative dearylation of the methyl, n-butyl, 
n-amyl or i-amyl analogs was observed. Interestingly, 
however, all other compounds tested were dearylated, 
some of them rapidly, indicating that n-propyl par- 
aoxon by no means was the only excellent substrate 
for the MFO-dearylating system. The K,, values were 
generally quite low, ranging from 0.014 to 0.058 mM. 
The rate of oxidative dearylation of ethyl paraoxon 
was slow enough (1.0 nmole/mg of protein/min at 0.5 
mM substrate) to preclude determination of either K,, 
or V,,,. Though the rate for the i-propyl analog was 
also very slow, both constants were obtained. 

To test the dependence of functions of K,, or Vinax 
on lipophilic. electronic or steric influences from these 
substituents, multiple linear regression was employed, 





1804 


Table 7. Apparent K,, and V,,,, values for oxidative deary- 
lation of paraoxon analogs (R = R’) 


(R'OKRO)P(O)O\)) NO, 





K+ 3.2." Ss gt Tg 


i max — 


Analog (10° M) (nmoles/mg/min) 


Methyl + 
Ethyl t 
n-Propyl 30.0 + 1.0 
i-Propyl 
n-Butyl 

s-Butyl 

i-Butyl 

n-Amyl 

i-Amyl 
|-Ethylpropyl 
2-Methylbutyl 
2-Methoxyethyl 
2-Chloroethyl 
Allyl 





oe 


bed 
oo 


“4 


+ H+ + EH OH 
=S& 





* K,, and V,,,, values are means of at least two replicates. 
The S. E. values for the individual K,, or V,,,, determina- 
tions were generally similar and were also averaged. 

+ No p-nitrophenol production was observed in 4 min 
with 0.5 mM substrate. 

tK,, and V,,,, could not be determined due to the low 
reaction rate, which was 1.0 nmole/mg/min with 0.5 mM 
substrate. 


max 


using K,,. log(K,,). log(1/Ky,). Vinay. log(Vnax) OF 
log(t/V,,,,) as dependent variables, and k’ (hydrolysis 
rate constants), AR,,, Taft's o* [23], and Taft’s E, [23] 
as independent variables. The square of the multiple 
correlation coefficients (R*) for all possible combina- 
tions of independent variables with each dependent 
variable was calculated. No R? value was greater than 
0.697, indicating that, singly or in any combination, 
the above parameters do not accurately predict these 
functions of K,, or } 

Closer examination of Table 7, however, produces 
the interesting observation that, in general, those ana- 
logs with alkyl chains of 3 carbons in length are 
readily dearylated, while the others are not. For 
example, s-butyl and 2-methylbutyl may be thought 
of as “l-methylpropyl” and “2-ethylpropyl,” respect- 
ively, and both are active substrates. The shortest 
straight chain formed by the n-butyl, i-amyl and 
n-amyl analogs, which are not dearylated, is 4 or 5 
carbons in length. A chlorine atom is approximately 
isosteric with a methyl group, and thus the 2-chlor- 
oethyl group is about equal to a 3-carbon chain in 
length. This is displayed more graphically in Fig. 2, 
where V,,,, for the analogs tested is plotted against 
the length of the alkyl chain in angstroms (A), calcu- 
lated as the distance from the center of the alkyl ester 
oxygen to the limit of the van der Waals radius of 
the terminal hydrogen atom. With the exception of 
2-methoxyethyl paraoxon, all readily dearylated ana- 
logs have alkyl chains about 6 A in length, with the 
length of “active chains” ranging from 5 to 7 A. This 
raises the question of whether a 6 A chain length 
is the major determinant of MFO dearylation of this 
series of compounds. 

To test this hypothesis, MFO dearylation of certain 
analogs in which the alkyl groups are not identical 
was also investigated (Table 8). Compounds with all 
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/-Bu 
fo) 
n-Br 
1@) 


s-Bu 
O° 

Ally! I-EtPr 
2 MeBu 

° 

2-MeOEt 

2-ClEt 

° 


nmole/mg per min 


Ties ° 








Alkyl chain length, A 
Fig. 2. Relationship of alkyl chain length to rate of oxida- 
tive dearylation of paraoxon analogs. 


possible combinations of ethyl, n-propyl and n-butyl 
groups were studied. We found that only paraoxon 
analogs containing at least one 3-carbon chain are 
readily dearylated. It is also significant that, as with 
ethyl paraoxon, the butyl-ethyl analog is also slightly 
metabolized in this manner. Thus, it appears that only 
one n-propyl group need be in the molecule to allow 
rapid oxidative dearylation to occur, and that to a 
minor extent an ethyl but not an n-butyl group can 
substitute for the n-propyl. 

To further characterize the substrate specificity of 
this reaction, 2-p-nitrophenyl-1,3,2-dioxaphosphor- 
inane 2-oxide was synthesized and tested as a sub- 
strate for oxidative dearylation (Table 8). No produc- 
tion of p-nitrophenol was observed, showing that a 
cyclized 3-carbon chain cannot substitute for a free 
n-propyl group. 


Table 8. Apparent K,, and V,,,, values for oxidative deary- 
lation of paraoxon analogs (R + R’) 


(R’O(RO)P(O)O\ )) NO, 





Analog 
ut & BS 
(nmoles/mg/min) 





R R’ 





23.4 + 0.5 
30.0 + 1.0 


15.5 + 0.4 


n-Propyl Ethyl 
n-Propyl n-Propyl 
n-Propyl n-Butyl 
Ethyl Ethyl 
Ethyl n-Butyl 
n-Butyl —n-Butyl 
Phosphorinane§ 


oe be bE it 





* K,, and V,,,, values are means from at least two repli- 
cates. The S. E. for the individual K,, or V,,,, determina- 
tions were generally similar and were also averaged. 

+K,, and V,,,, could not be determined due to the low 
reaction rate, which was 1.0 nmole/mg/min with 0.5 mM 
substrate. 

t No p-nitrophenol production was observed in 4 min 
with 0.5 mM substrate. 

§ 2-p-Nitrophenoxy-1,3,2-dioxaphosphorinane 2-oxide. 





Oxidative dearylation of paraoxon analogs 


Table 9. Microsomal dealkylation of paraoxon analogs 
(R = R’) 


(R’O)(RO)P(O)O((_)) NO, 


Ww 





EDTA Y 


Analog 0 
(0.1 mM) Dealkylation* 


(0.5 mM) NADPH 





Methyl 


n-Propyl — NDt+ 
1.6 





* Per cent of initial substrate that undergoes O-dealkyla- 


tion in 5 min. 
+ None detectable. 


Reactions competing with oxidative dearylation 

The presence of EDTA in all oxidative incubations 
eliminated A-esterase-catalyzed dearylation as an 
effective competitor for the paraoxon analogs. 

Another possible competitive reaction is the micro- 
somal oxidative O-dealkylating system (pathway C in 
Fig. 1). Dealkylation of several paraoxon analogs by 
microsomes in both the presence and absence of 
NADPH was studied in a separate experiment (Table 
9). In the presence of NADPH, methyl and ethyl par- 
aoxons are dealkylated only about 6-7 and 8-9 per 
cent, respectively, in 5 min, depending on whether 
EDTA is present or not. Even less of the n-propyl 
analog (1-2 per cent) undergoes this reaction. By con- 
trast, approximately 30 per cent of n-propyl paraoxon 
at this same concentration (0.5 mM) is oxidatively 
dearylated within 4 min. 

An interesting circumstance was observed regard- 
ing the routes by which methyl and ethyl paraoxons 
are dealkylated. Whereas ethyl paraoxon is appar- 
ently dealkylated by the MFO system, the analogous 
reaction involving the methyl analog appears to be 
largely NADPH-independent. It is unlikely that 
demethylation was catalyzed by soluble glutathione 
transferases (e.g. see Ref. 24), as washed microsomes 
were used. 


Mechanism of oxidative dearylation 

It is possible that the MFO-catalyzed dearylation 
of these paraoxon analogs proceeds by a mechanism 
similar to that for parathion analogs (pathway A in 
Fig. 1). For this to remain a viable possibility, di-n- 
propyl phosphate would have to be produced in vitro. 
Therefore, n-propyl paraoxon was incubated for 6 
min as described for the discontinuous assay in 
Materials and Methods. Samples (4 ml) were with- 
drawn and methylated as described for the microso- 
mal dealkylation experiments. G.l.c. analyses were 
performed with a column packed with 3°% Carbowax 
20M on Gas Chrom Q (80/100 mesh). 

Of the 0.76 mg of organophosphate initially added 
to the 5-ml incubation, less than | per cent was con- 














Response 


Time 
Fig. 3. Phosphorus-specific g.l.c. tracings of methylated 
extracts from microsomal incubations of di-n-propyl phos- 
phate and n-propyl paraoxon. (A) Alkylated extract (1.5 
il) from incubation of 0.2 mM di-n-propyl phosphate with 
microsomes and NADPH. Peak | represents 55 ng of di-n- 
propyl methyl phosphate. (B) Alkylated extract (4.0 sl) 
from incubation of 0.5 mM n-propyl paraoxon with micro- 
somes and NADPH. Peak | has the same retention time 
as, and represents about 3 ng of, di-n-propyl methyl phos- 
phate. Peaks 2-5 are unknown phosphorus-containing 
metabolites, reproducibly obtained from such incubations. 


verted to di-n-propyl phosphate, despite the fact that 
about 40 per cent was oxidatively dearylated, as 
determined by p-nitrophenol production. As 70-75 
per cent of the di-n-propyl phosphate incubated and 
treated similarly in spiked samples could be re- 
covered, little of this compound could have been lost 
by metabolism. 

The g.l.c. tracing resulting from the analysis of the 
n-propyl paraoxon incubation with the phosphorus 
specific detector was unexpectedly complex (Fig. 3). 
Besides the probable’ di-n-propyl methyl phosphate 
(peak 1), at least four other phosphorus-containing 
compounds (peaks 2-5) were detected in the methy- 
lated extract, none of which correspond to n-propyl 
paraoxon. Control experiments revealed that none of 
these compounds originated from NADPH; peaks 
2-5 were observed only when microsomes, n-propyl 
paraoxon, and NADPH were present simultaneously. 

In our search for likely explanations of these obser- 
vations, we considered the possibility of a mechanism 
based on intramolecular catalysis similar to the acti- 
vation reaction of tri-o-cresyl phosphate (TOCP). 
Specifically, if n-propyl paraoxon undergoes w-hy- 
droxylation, an intramolecular reaction may occur, 
resulting in the loss of the p-nitrophenoxy moiety (X) 
and yielding 2-n-propoxy-!,3,2-dioxaphosphorinane 
2-oxide (B) as shown below: 


CH3CH2CH20, { 
st 


—HX .. cn cH,cH,0—F 


HOCH2CH2CH,O” 
A B 

If this mechanism were operating, we would expect 

to find compound B as a product, provided it is not 

further metabolized. 
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n-Propyl paraoxon (0.5 mM) was again incubated 
with microsomes and NADPH, followed by extrac- 
tion and g.l.c. analysis as described in Materials and 
Methods. Compound B was not detected, and the 
greater than 85 per cent recovery of 0.02 mM com- 
pound B from spiked controls indicates it is stable 
under the experimental conditions. 


DISCUSSION 


The n-propyl paraoxon-dearylating enzyme located 
in the microsomal fraction of mouse liver is shown 
to be NADPH- and oxygen-dependent, with very 
little of the organophosphate undergoing this reaction 
in the absence of either. This dependency, together 
with the inhibition by three known MFO inhibitors 
and the induction by phenobarbital, indicates that 
n-propyl paraoxon dearylation has the characteristics 
of a typical MFO reaction. 

Regarding substrate specificity of this reaction, we 
have shown that mouse hepatic microsomes exhibit 
the same specificity for paraoxon analogs. as reported 
previously for rats and rabbits [13]: of the paraoxon 
analogs initially tested in this work (methyl, ethyl, 
n-propyl, i-propyl and n-butyl), only n-propyl par- 
aoxon was rapidly dearylated. The two explanations 
for this odd specificity that seemed most likely were 
as follows: (1) all of the analogs are potentially sus- 
ceptible to oxidative dearylation, but other microso- 
mal pathways rapidly metabolize most of the analogs. 
leaving only n-propyl paraoxon available for oxida- 
tive dearylation, or (2) more likely, some inherent 
quality of the n-propyl analog either directly or indir- 
ectly enables its dearylation by the MFO system, this 
feature being absent in other, closely related mol- 
ecules. 

The two known routes of metabolism of paraoxon 
analogs in microsomal fractions most likely to com- 
pete with the oxidative dearylating system are dealky- 
lation and A-esterase dearylation (pathways C and 
D in Fig. 1). The possibility of A-esterase dearylation 
outcompeting oxidative dearylation for the methyl, 
ethyl, i-propyl and n-butyl analogs was eliminated by 
including EDTA as a selective inhibitor of this cal- 
cium-dependent enzyme. The striking preference for 
n-propyl paraoxon remained. Besides, the i-propyl 


and n-butyl analogs are poor A-esterase substrates ’ 


(unpublished observations) as well as poor substrates 
for oxidative dearylation. 

The other potential competitor, dealkylation, could 
not be eliminated quite as easily, as the O-dealkyla- 
tion of ethyl paraoxon has also been shown to be 
an MFO reaction [11]. Consequently, dealkylation 
of several paraoxon analogs was determined indepen- 
dently. About 9 per cent of the ethyl analog under- 
went dealkylation in 5 min. Rates of oxidative deary- 
lation, however, were determined within the first 4 
min, during which time approximately 30 per cent 
dearylation occurred. Quantitative recoveries in ex- 
periments with monomethyl paraoxon indicated that 
this compound and probably the other mono-alkyl 
products of dealkylation are not further metabolized 
by the microsomal fraction to any great extent. Thus, 
dealkylation of paraoxon analogs is clearly not rapid 
enough to remove either methyl or ethyl paraoxon 
and thereby account for the marked specificity of the 


MFO system for n-propyl paraoxon. Also, the K,, 
for oxidative dearylation is very low, making this 
reaction an excellent competitor itself for potential 
substrates. We must conclude, therefore, that a pecu- 
liar characteristic of the n-propyl paraoxon molecule 
itself must account for its susceptibility to dearylation 
by the MFO system, as observed in our initial exper- 
iments. 

Since only those compounds for which kinetic con- 
stants could be obtained could be analyzed, regres- 
sion analysis was of limited use in understanding the 
relationship of physicochemical parameters to sub- 
strate specificity. Consequently, the most important 
variation—that between analogs that are dearylated 
and those that are not—could not be represented in 
our regression equations. 

Unfortunately, the steric parameter E, does not 
specificially measure what may be the most important 
characteristic of all. ic. shape. It also fails to accu- 
rately account for mutual drug-enzyme perturbations. 
There is, however, a surprisingly good correlation 
between susceptibility to oxidative dearylation and a 
6 A length alkyl chain. The only exception to this 
generality is the rapid dearylation of 2-methoxyethyl 
paraoxon, which has a chain length greater than 6 
A and is more related sterically to the inactive n-butyl 
analog. With this qualification, all compounds in the 
series that are dearylated rapidly have an alkyl group 
very close to 6 A in length. This criterion becomes 
even more apparent when the dearylation rates of the 
mixed esters are compared (Table 8). 

The understanding of the reason for this 6 A (3-car- 
bon) chain prerequisite is the key to resolving the 
nature of the reaction mechanism. The strict require- 
ment of chain length suggested the analogy with the 
activation of TOCP [25]. With this compound, hy- 
droxylation at the o-methyl group, i.e. the third car- 
bon atom from the ester oxygen, is followed by cycli- 
zation through an intramolecular reaction. A similar 
mechanism with n-propyl paraoxon might account for 
the narrow substrate specificity observed. However, 
none of the cyclized (phosphorinane) derivative that 
would result from such a reaction was found in the 
incubation medium. Besides, this mechanism (w-hy- 
droxylation) alone would not account for the activity 
of 2-chloroethyl and 2-methoxyethyl paraoxons. 

We also considered the possibility that (@ — 1) 
hydroxylation of the n-propyl moiety might result in 
cyclization to a phospholane with the concurrent loss 
of p-nitrophenol (X): 


9 o—cH2 


CH3CH2CH20 9 plied 
P—X ———CH3CH2CH,0—P_ 


CHzCHOHCH20 O—CH—CH, 


A B 
Unfortunately, to test this hypothesis required the 
synthesis of 4-methyl-2-n-propoxy-1,3,2-dioxaphos- 
pholane 2-oxide (compound B), and attempts to syn- 
thesize this compound failed. 

It is still possible that a 6 A chain is necessary 
for the molecule to assume a specific conformation 
that either renders the aryl-phosphate linkage sucept- 
ible to attack or allows the P=O moiety to form a 
peroxide-type linkage with an incoming oxygen atom, 
as described by Ptashne et al. [26] for phosphoroth- 
ionates such as parathion. However, in contrast to 
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our results with paraoxon analogs, Wolcott et al. [27] 
found little difference in either K,, or V,,,, for the 
MFO dearylation of the methyl, ethyl, n-propyl and 
n-butyl analogs of parathion. If this mechanism were 
operating, the high degree of steric specificity with 
the phosphates compared to the relatively nonspecific 
dearylation of the phosphorothionates would need 
explanation, as would our failure to detect production 
of di-n-propyl phosphate. The complicated g.l.c. trac- 
ings, however, suggest a more complex mechanism— 
for example (w — 1}-hydroxylation followed by 
aryl-phosphate cleavage. The resulting phospholanes 
are relatively unstable and subject to rapid hydrolysis 
at both the cyclic and exocyclic groups [25]. Without 
knowledge of the products, further speculation on the 
nature of the reaction mechanism is premature. 

The results of this investigation indicate that sub- 
strate specificity of the MFO-catalyzed dearylation of 
paraoxon analogs relies primarily on the presence of 
alkyl chains of specific length. 


Acknowledgements—The assistance of Mr. D. L. Ballee in 
some of the gas chromatographic analyses is gratefully ack- 
nowledged. This investigation was supported in part by 
the David Ross Grant 7426. 


REFERENCES 


. L. E. Gaudette and B. B. Brodie, Biochem. Pharmac. 
2. 89 (1959). 

. R. E. McMahon and N. R. Easton, J. mednl pharm. 
Chem. 4, 437 (1961). 

3. R. E. McMahon, H. W. Culp. J. Mills and F. J. Mar- 
shall, J. med. Chem. 6. 343 (1963). 

. Y. C. Martin and C. Hansch, J. med. Chem. 14, 777 
(1971). 

. R. E. Dann, D. R. Feller and J. F. Snell. Eur. J. Phar- 
mac. 16, 233 (1971). 


6. R. L. Furner, J. S. McCarthy and R. E. Stitzel, J. Phar- 


Es 


. A. M. de 


mac. exp. Ther. 169, 153 (1969). 
J. S. McCarthy and R. E. Stitzel, J. Pharmac. exp. Ther. 
176, 772 (1971). 


. T. Nakatsugawa and P. A. Dahm, Biochem. Pharmac. 


16. 25 (1967). 


. K. Kojima and R. D. O’Brien, J. agric. Fd Chem. 16, 


574 (1968). 


. W. N. Aldridge, Biochem. J. 53. 117 (1953). 
. T.-Y. Ku and P. A. Dahm, Pestic. Biochem. Physiol. 


3. 175 (1973). 


. H. T. Appleton and T. Nakatsugawa, Pestic. Biochem. 


Physiol. 2. 286 (1972). 


. T. Nakatsugawa, N. M. Tolman and P. A. Dahm, Bio- 


chem. Pharmac. 17. 1517 (1968). 
Roos and H. J. Toet, 
Paye-Bas Belg. 77. 946 (1958). 


Recl Trav. 


chim. 


. J. I. G. Cadogan, R. K. Mackie and J. A. Maynard, 


J. chem. Soc., C 1356 (1967). 


. T. R. Fukuto and R. L. Metcalf, J. med. Chem. 8. 759 


(1965). 


7. F. W. Hoffman, B. Kagan and J. H. Canfield, J. Am. 


chem. Soc. 81. 148 (1959). 


. C. B. C. Boyce and B. V. Milborrow, Nature. Lond. 


208, 537 (1965). 


. W. W. Cleland, Adv. Enzymol. 29. 1 (1967). 
. K. W. Cleland and E. C. Slater, Biochem. J. 53. 547 


(1953). 


. M. T. Shafik and H. F. Enos, J. agric. Fd Chem. 17, 


1186 (1969). 


. R. M. Lee, Biochem. Pharmac. 13. 1551 (1964). 
23. R. W. Taft, Jr.. in Effects in Organic Chemistry (Ed. 


M. S. Newman) p. 556. John Wiley, New York (1956). 


24. R. M. Hollingworth, J. agric. F d Chem. 17, 987 (1969). 


. M. Eto, Organophosphorus Pesticides: Organic and Bio- 


logical Chemistry, p. 168. CRC Press, Cleveland, Ohio 
(1974). 


. K. A. Ptashne, R. M. Wolcott and R. A. Neal, J. Phar- 


mac. exp. Ther. 179, 380 (1971). 


27. R. M. Wolcott, W. K. Vaughn and R. A. Neal, Toxic. 


appl. Pharmac. 22, 213 (1972). 








Biochemical Pharmacology, Vol. 25, pp. 1809-1810. Pergamon Press, 1976. Printed in Great Britain. 


SHORT COMMUNICATIONS 


Failure of 5-ethyl-2'-deoxyuridine to induce oncogenic 
RNA (oncorna) viruses in Fischer rat embryo cells and 
in Balb/3T3 mouse cells 


(Received 2 April 1975; accepted 12 December 1975) 


Genetic information for the synthesis of C-type RNA 
tumor viruses is present in the host genome of vertebrates 
in a repressed form [1,2]. Several chemicals have the 
potential of activating such viruses. These include certain 
corticosteroids [3], inhibitors of protein synthesis [4] and 
some analogues of the natural pyrimidine bases. Among 
the base analogues the derivatives 5-iodo-2'-deoxyuridine 
(IdUrd) and 5-bromo-2'-deoxyuridine (BrdUrd) have been 
studied in detail [5-8]. Incorporation of the S-iodo and 
5-bromouracil into the cellular DNA seems to play an im- 
portant role in virus activation [9, 10]. 

Since the uracil moiety of the virostatic 5-ethyl-2’-deoxy- 
uridine [11] (EtdUrd) also readily enters the DNA of ver- 
tebrate cells under in vitro [12, 13] and in vivo [14] condi- 
tions, it was of interest to study the inductive potential 
of this compound in activating RNA (oncorna) viruses. 

The EtdUrd was a pure sample of the f-anomer having 
a melting point of 177—-179°. IdUrd, included for the sake 
of comparison, was obtained from Sigma Chemical Com- 
pany, U.S.A. 

Induction studies were performed in Fisher rat embryo 
cells (F-1706) and in non-producing (NP) Balb/3T3 cells 
infected with the Kirsten strain of murine sarcoma virus 
(Ki-MSV). Those were designated as Balb/K cells [15]. 
The cells were cultured in plastic T-75 flasks in Eagle’s 
minimal essential medium with 10% fetal calf serum, 2 mM 
L-giutamine and a penicilline-streptomycin mixture at 
100 yeg/ml. 

The virus activated from the rat cells was determined 
by the reverse transcriptase test alone, but the infectious 
one from the Balb/K cells was determined both by the 
reverse transcriptase and by the sarcoma virus focus assay 
on normal rat kidney (NRK) cells. The reverse transcrip- 
tase assay was carried out on tissue culture fluids that 
were Clarified at a low speed, pelleted at 39,000 rev/min 
for | hr in the I.E.C. model B-60 ultracentrifuge and sus- 
pended in 0.2 ml of 0.01 M Tris buffer pH 8.0. The assay 
was performed in a total volume of 100 yl containing 40 ul 
of suspended viral pellet, 0.1% Nonidet-P 40 (Shell Co., 
United Kingdom), 0.006 units at A,,,. of the synthetic 
heteropolymer poly r (A). oligo d(T) ,2_,g (Collaborative 
Research, U.S.A.), 40 mM Tris-HCl (pH 8.3), 5mM dithio- 
threitol, 30mM NaCl, 0.6mM MnCl, and 6 Ci of (7H) 
deoxythymidine-5’-triphosphate (40-50 Ci/m-mole, Amer- 
sham/Searle Corp.). The reaction mixture was incubated 
for | hr at 37° and at the end of the incubation period 
was spotted on Whatman DE-8! cellulose filter disks [16]. 
The filters were dried and washed six times with 5% 
Na, HPO, and three times with distilled water, dried and 
counted in 10 ml toluene based scintillation fluid. Three 
cell cultures induced by IdUrd were labelled by *H-uridine 
(20 nCi per ml) for 24hr. These fluids were pelleted and 
used for centrifugation in isopycnic sucrose gradients. 





* Dedicated to Professor Dr. Wilhelm Friedrich on his 
60th birthday. 


The results with EtdUrd and IdUrd in Fischer rat cells 
are presented in Table |. In these cells EtdUrd was inactive 
at 20 and 50 pg/ml, whereas IdUrd was active at 20 g/ml. 
With IdUrd the reverse transcriptase activity increased up 
to 120hr after the removal of the chemical but declined 
subsequently. A primary increase and a subsequent loss 
of the transcriptase activity in transformed cell lines has 
been reported [17]. 

In Balb/K cells also (Table 2) EtdUrd was incapable 
of inducing the viral reverse transcriptase. A virus check, 
by the sarcoma foci formed on NRK cells, was negative. 
Whereas at 20 ug/ml IdUrd induced the transcriptase only 
at 40 yg virus could also be detected by both the enzymic 
and the sarcoma focus assay. In an isopycnic sucrose gra- 
dient the virus banded around 1.16 g/ml which is the den- 
sity of the C-type virus [18] and this band corresponded 
to the peak in reverse transcriptase activity in the same 
gradient. Attempts to inhibit the IdUrd directed virus in- 
duction by simultaneous treatment with a double molar 
EtdUrd in both the rat and the mouse cell lines were un- 
successful. (Table 3). 


Table |. Viral transcriptase activity in Fischer rat embryo 
cells as a function of 5-ethyl-2’deoxyuridine (EtdUrd) and 
5-iodo-2'-deoxyuridine (IdUrd) 





Viral transcriptase 


IdUrd EtdUrd 
20 ug/ml =. 20 pg/ml 


EtdUrd 


Control 50 ug/ml 





178 435 145 
215 466 173 
159 1,501 168 
158 1,380 159 





The viral transcriptase activity is expressed in cpm of 
3H-TMP incorporated per ml of tissue culture fluids. One 
ml of culture fluid is equivalent to 2 x 10’ cells. See text 
for the experimental details. 


Table 2. Effect of the EtdUrd and IdUrd on the induction 
of C-type particles in Balb/K cells 





Reverse 
Treatment* transcriptaset No. of focit 





40 pg IdUrd/ml 35,410 1.9 x 10° 
5 ug EtdUrd/ml 533 0 
20 wg EtdUrd/ml 641 0 
50 wg EtdUrd/ml 610 0 
None 617 0 





* Cells were treated with the deoxyuridine for 72 hr. 

+ The reverse transcriptase activity (in cpm of 7H-TMP 
incorporated) and the No. of foci are expressed per ml 
(2 x 10’ cells) of tissue culture fluid. 
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Table 3. Inability of 5-ethyl-2’-deoxyuridine (EtdUrd) to block the induction of C-type 
virus in mouse and rat cells by 5-iodo-2’-deoxyuridine (IdUrd)* 





No. foci on NRK 
cells/ml of tissue 


cpm of 7H-TMP 


Treatment 


culture fluids 


incorporated/ml of 
tissue culture fluid? 





IdUrd 20 pg/ml 
Mouse Balb/K_ IdUrd 20 pg/ml 
Cells EtdUrd 50 pg/ml 
(24 hr prior to 
IdUrd treatment) 


None 


IdUrd 20 pg/ml 
IdUrd 20 ug/ml 
EtdUrd 50 pg/ml 
(22 hr prior to 
IdUrd treatment) 


Fischer rat 
embryo cells 


None 


1.6 x 10° 


1.73 x 10? 





* Cultures were treated with the deoxyribosides for 72 hr. 


+ Average of 3 determinations. 


However, Teich et al. [9], reported that at equimolar 
concentrations d-thymidine completely inhibited the induc- 
tive effect of IdUrd in AKR mouse cell line. 

Since EtdUrd also fails to activate the virus in the highly 
inducible AKR cells, it is likely that in general, EtdUrd 
does not act as an activator of oncorna viruses. 

For the clinical application of EtdUrd these results are 
of particular importance, because evidence has indicated 
that chemically induced oncorna viruses, especially as 
shown for IdUrd, ultimately lead to carcinogenesis in vivo 
[19]. 
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Antioxidant activity of curcumin and related compounds* 


(Received 22 September 1975; 


The inflammatory response induced experimentally in ani- 
mals appears to be correlated with disturbances in the 
regulation of cellular oxidative processes as evident from 
the anti-inflammatory action of well known antioxidants 
[1]. An earlier report from this laboratory gave evidence 
of a parallel between oedema formation in mice induced 
by carrageenin and the in vitro production of lipid per- 
oxides by liver [2]. 

Curcumin 1,6-heptadiene-3,5-dione-1,7-bis (4-hydroxy-3- 
methoxyphenyl) the anti-inflammatory principle of Cur- 
cuma longa [3] inhibits in vitro lipid peroxide formation 
by liver homogenates of oedemic mice [2]. To investigate 
the correlation of anti-oxidant action with the anti-inflam- 
matory action of curcumin, the effect of a few compounds 
chemically related to curcumin on in vitro lipid peroxide 
formation was studied. 

Male albino rats (30-50 g body wt) from the CDRI stock 
colony were fasted overnight but given access to drinking 
water. After decapitation, the whole brain was taken out 
and washed with 150 mM KCI. All further operations were 
carried out at 4(C. Homogenates (10°,, w/v) were prepared 
in 150mM KCI and centrifuged at 800g for 10 min. The 
supernatant was used for the study of in vitro lipid per- 
oxide formation. Aliquots of the supernatant (2 ml) with 


accepted 6 February 1976) 


Table 2. Effect of bis-3,4-dihydroxycinnamoyl methane (I) 
and caffeic acid (II) on in vitro lipid peroxidation in rat 
brain 





Inhibition 
yA 


Additions umole MDA 


100 g/3 hr 





14.000 
0.000 
0.000 
0.000 
S15 
0.269 
0.077 
0.769 
7.615 


100.0 
100.0 
100.0 
63.5 
98-6 
99.5 
94.5 


IT 1.03 45.6 





Table 3. Effect of cinnamic acid, o-hydroxycinnamic acid, 
p-hydroxycinnamic acid and 3,4,5-trimethoxycinnamic acid 
on in vitro lipid peroxidation in rat brain 





* Communication No. 2115 from the Central Drug 
Research Institute, Lucknow-226001, India. 


Table 1. Effect of curcumin and ferulic acid on in vitro 
lipid peroxidation in rat brain 





Inhibi- 
tion 
(,) 


Additions 
(M) 


pmole MDA 
100 g/3 hr 


17.760 





Curcumin 
5.15 x 107° 
Curcumin 
1.03 x 10°° 
Curcumin 
1.03 x 10 
Curcumin 
1.03 x 10°> 
Curcumin 
1.03 x 107 
Ferulic acid 
515 x 10° 
Ferulic acid 
1:03 x i0°- 
Ferulic acid 
1.03 x 107 
Ferulic acid 
1.03 x 10°75 
Ferulic acid 
1.03 x 10 


0.880 


10.160 


15.360 


16.640 


17.280 


5.168 


15.360 


17.760 


18.240 


17.600 





* MDA = malonyldialdehyde. 


Inhibition 
(°.) 


Additions 
(M) 


pmole MDA 
100 g/3 hr 





16:480 
Cinnamic acid 
2.90 x 10°? 21.472 
Cinnamic acid 
1.45 x 10°? 20.944 
Cinnamic acid 


1.45 x 10-3 16.120 


11.936 

o-Hydroxycinnamic 
1.79 x 10°? 

o-Hydroxycinnamic 
1.79 x 1073 

o-Hydroxycinnamic 
1.79 x 10° * 


9.152 
11.552 


12.432 


17.248 

p-Hydroxycinnamic acid 
1.79 x 107? 

p-Hydroxycinnamic 
8.95 x 10-3 

p-Hydroxycinnamic 
1.79 x 1073 

p-Hydroxycinnamic 
1.79 x 10-4 


0.208 
acid 
6.128 
acid 
15.792 
acid 
16.304 
15.456 
Trimethoxycinnamic acid 
1.34 x 10°? 
Trimethoxycinnamic acid 
2.68 x 10-3 
Trimethoxycinnamic acid 
335 x 10° * 


11.376 


18.688 


14.848 
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OH Ok 


(4) (5) (6) 


(7) 


Fig. 1. Structures of curcumin and related compounds: 1. Curcumin (trans, trans); 2. bis-3,4-Dihydroxy- 

cinnamoylmethane (trans, trans): 3. Ferulic acid (trans): 4. Caffeic acid (trans); 5. p-Hydroxycinnamic 

acid (trans); 6. o-Hydroxycinnamic acid (trans); 7. Cinnamic acid (trans); 8. 3,4,5-Trimethoxycinnamic 
acid (trans). 


or without additions were shaken at 37+ 1 in 25ml 


Erlenmeyer flasks in a metabolic shaker at a rate of 120 
strokes/min. Samples were withdrawn after 3 hr and lipid 
peroxides formed were estimated by reacting with thiobar- 


bituric acid[4]. The results were expressed as smole 
malonyldialdehyde, using an extinction coefficient of 
1.56 x 10° at 535 nm [4]. 

The effect of curcumin and some related compounds on 
in vitre output of lipid peroxides is summarised in Tables 
1-3. The structural relation of the different compounds is 
shown in Fig. 1. Demethylated derivatives of curcumin and 
ferulic acid, viz. bis-3,4-dihydroxycinnamoylmethane and 
caffeic acid, are the most potent inhibitors of lipid peroxi- 
dation. Complete methylation as in 3,4,5-trimethoxycinna- 
mic acid (Table 3), also leads to abolition of antioxidant 
capacity. The hydroxyl group in the benzene ring must 
be at the p-position. Cinnamic acid has no inhibitory effect, 
on the other hand it potentiates lipid peroxidation. 

The salient features which emerge from this investigation 
are: (a) The caffeic acid moiety of curcumin is very potent 
as an in vitro inhibitor of lipid peroxidation. Two caffeic 
acid molecules when joined together through a methylene 
bridge lead to bis-demethoxy-curcumin which is the most 
potent antioxidant studied in this series. (b) Methylation 
depresses the antioxidant character, as is evident from lipid 
peroxidation in the presence of ferulic acid and caffeic acid, 
curcumin and bis-3,4-dihydroxycinnamoyl methane, and 


trimethoxycinnamic acid. (c) The brain homogenates used 
for studying the antioxidant action of the above com- 
pounds do not appear to be capable of bringing about 
demethylation. 
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Species differences in the effects of chronic. oral 
administration of methadone on oxidative drug metabolism 


(Received 9 October 1975; accepted 23 January 1976) 


While nearly all vertebrate species have in common a simi- 
lar system for the metabolism of drugs, variations in the 
patterns of drug biotransformation have been observed. 
The rate of metabolism of a drug through a given pathway 
may differ from species to species, or the pathway itself 
may be quite different. For example, hydroxylation is the 
main route of biotransformation of amphetamine in the 
rat, but deamination is a more important route, quantitat- 
ively, in the mouse and in man [1]. 

Numerous drugs and environmental chemicals can 
inhibit or enhance the actions of drugs by altering the 
activity of the drug-metabolizing enzymes located in liver 
microsomes. Again, species variations can occur with 
regard to the capability of a drug to potentiate the activity 
of the microsomal system. For example, dichlorodiphenyl- 
trichloroethane (DDT) stimulates the metabolism by liver 
microsomes of various drugs in rats but is without effect 
in mice [2]. 

In this communication, we report that the manner in 
which the microsomal drug-metabolizing system in differ- 
ent species responds to the chronic administration of meth- 
adone is unusual if not quite unique. The drug has the 
peculiar property of acting as an inducer of drug-metabo- 
lizing activity and exerting an anabolic effect on the liver 
in one species (mouse) while bringing about precisely the 
opposite effects in other species (rat and guinea pig). 


Methods 

Animals. ICR (male) and Swiss-Webster (male and 
female) mice, 25-30 g, were obtained from Simonsen 
Laboratories, Gilroy, Calif. Horton Laboratories, Oak- 
land, Calif., supplied male ICR mice, 25-30 g, for some 
experiments. Rats (Sprague-Dawley males, 150-175 g) and 
guinea pigs (random bred, Hartley strain, males, 150-275 
g) were also purchased from Simonsen Laboratories. All 
animals had free access to food and water, and their cages 
were cleaned twice a week to avoid accumulation of urine 
and feces which is known to depress drug-metabolizing 
activity [3]. 

Chemicals. d,l-Methadone: HCl was obtained from the 
Mallinckrodt Chemicals Works, St. Louis, Mo. All other 
chemicals used in the study were purchased from Sigma 
Chemical Co., St. Louis, Mo. 

Administration and dosage. The methadone was adminis- 
tered once a day, orally, by means of intubation. The solu- 
tion used for dosing contained 5 mg d,/-methadone: HCI/ml 
(aqueous). All control animals received equivalent volumes 
of water orally, also by intubation. 

Tissue preparations. Rat livers were quickly perfused in 
situ with 50 ml of cold KCI (1.15%) solution and homo- 
genized in 3 vol. of 0.1 M Tris-HCl, pH 7.4, 24 hr after 
the last dose of methadone or water, as described pre- 
viously [4]. Microsomes were prepared according to Mazel 
[5] by centrifuging aliquots of the 12,000 g supernatant 
fractions from the above homogenates at 105,000 g. The 
final microsomal pellet was stored under | ml of the 
Tris-HCI buffer. 

Enzyme assays. N-demethylase activity was assayed 
using the procedure of Fouts [6]. Ten «moles d,/-metha- 


done: HCI (2 mM) served as the substrate [4]. Aniline hy- 
droxylase was assayed after method 2 described by Mazel 
[5], except that 0.1 M Tris-HCl was used as the buffer. 
Approximately 3—5 mg of protein from the 12,000 g super- 
natant fraction of the homogenized livers was used in the 
assays for methadone N-demethylase and aniline hydrox- 
ylase activities. The reactions were found to be linear with 
time for at least 30 min. Activities are expressed as jumoles 
of product formed/30 min/liver in order to convey informa- 
tion concerning the capability of the animal, rather than 
just a portion of its liver, to demethylate methadone. 

Protein. Protein concentrations were determined by the 
procedure of Lowry et al. [7]. 

Sleeping times. Twenty-four hr after the last dose of 
methadone. pentobarbital sleeping times in rats and mice 
were determined after administration of sodium pentobar- 
bital (50 mg/kg) intraperitoneally. The time elapsed from 
the loss of righting reflex to its return was defined as the 
sleeping time. The elapsed time between the injection and 
loss of righting reflex was also noted, but no significant 
differences were found among the tested group of animals 
with regard to this parameter. 


Results and discussion 

Effects of methadone in_ the Chronic. oral 
administration of methadone to mice resulted in 2-fold in- 
creases in the activities in vitro of the enzymes that 
N-demethylate methadone and hydroxylate aniline (Table 
1). The findings in vivo were consistent with these results 
in that pentobarbital sleeping time was decreased, suggest- 
ing that the rate of barbiturate metabolism by a microso- 
mal alkyl hydroxylase was also increased. These findings 
confirm previous studies in this laboratory which showed 
that daily oral administration of methadone (50 mg/kg) 
to mice will effect. within 24 hr. increases in the activity 
of methadone N-demethylase [4]. There was low mortality 
(5 per cent) and minimal overt evidence of toxicity associ- 
ated with this dose of methadone. 

Table | further shows that animal weights and liver 
weights were not significantly changed compared to those 
of controls given equivalent volumes of water over the first 
6 days. Longer periods (30 days) of administration. how- 
ever, resulted in significant decreases in both body and 
liver weights in the treated animals. Methadone seemed 
to exert anabolic effects on the liver at 6 days as judged 
by increases in microsomal protein, but by day 30, the 
increases in microsomal protein were no longer seen. At 
both test days. pentobarbital sleeping time was markedly 
shortened in the methadone-treated group. 

Effects of methadone in the rat. Rats, in marked contrast 
to the mice, exhibited. during a similar regimen of metha- 
done administration (50 mg/kg), a depression in the activi- 
ties of methadone N-demethylase and aniline hydroxylase 
and slightly prolonged pentobarbital sleeping time. Table 
2 indicates that, for the first 6 days. methadone was with- 
out effect on any of the parameters examined in rats. (Since 
a dose of 25 mg/kg also proved to be without effect, this 
lower dose was discontinued.) It can be seen that. later 
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Table 1. Effect of chronic administration of methadone in the mouse* 





Animal Liver 
Days of wt wt 


Treatment treatment (g) (g) 


Methadone 
N-demethylase 
activity? 


Pentobarbital 
Microsomal sleeping 
protein (mg time 


g liver) (min) 


Aniline 
hydroxylase 
activity? 





H,.O 29.0 + 0.9 1.51 + 0.04 
Methadone 29.4 + 0.5 1.64 + 0.05 
of Control 101 109 
H,O 3 2.16 + 0.09 
Methadone 1.56 + 0.078 

| 5 79 


f Control 2 


0.925 + 0.124 
1.80 + 0.08 

195 206 128 34 
+ 0.094 
2.01 + O.183 
263 103 - 32 


0.761 


1.20 + 0.14 
2.47 + 0.188 


36.7 + 3.5 58.1 + 8.5 


47.0 + 2.5s 19.5 + O88 


64.3 + 83 
20.3 + 1.48 


27.2+ 09 


9179 + 23 





*Male ICR mice (Simonsen), initially weighing 25-30 g, were dosed orally on a daily basis with d,/-methadone 
HCI (50 mg/kg). Controls received equivalent volumes of water. Each value, is the mean + S. E. M. for four to six 


animals. 
* Expressed as xmoles HCHO formed/liver/30 min. 


* Expressed as pmoles p-aminophenol formed liver/30 min. 


» Significantly different (P < 0.05) from controls. 


into the regimen (by day 30), the various parameters relat- 
ing to the function of the hepatic drug-metabolizing system 
were markedly depressed by methadone, and pentobarbital 
sleeping time was prolonged. Treated animals failed to gain 
weight as rapidly as water-treated controls, and as a result 
body and liver weights were significantly lower in the 
narcotic-treated animals, even at day 6. By day 60, body 
and liver weights were only approximately 75 per cent of 
controls. 

The rats were found to be more sensitive to methadone 
than mice, and a number of signs of toxicity were noted. 
Mortality was higher (10/46; 22 per cent) over the 60-day 
treatment period, although about 4 of the deaths occurred 
after the first or second dose, some within minutes after 
administration. Five rats (11 per cent) exhibited alopecia 
on portions of their bodies. In six animals (13 per cent). 


small wounds on the tails and paws failed to heal and 
sometimes became quite extensive. None of these signs 
were seen in any water-treated controls. 

Effects of methadone on guinea pigs. A lower dose of 
methadone (25 mg/kg) was used on the guinea pigs because 
these animals proved to be extremely sensitive to the 
depressant effects of the narcotic. Although none of the 
four guinea pigs given methadone over a 6-day period died, 
this dose resulted in a decrease in body and liver weights 
(Table 3). 

The inhibitory effect of the drug on the capability of 
the liver to metabolize drugs was evident by ‘day 6: both 
N-demethylase and aniline hydroxylase were markedly de- 
creased. 

Effects of methadone in different mouse strains. The 
antithetical results obtained in the different species caused 


Table 2. Effect of chronic administration of methadone in the rat* 





\nimal 
Days of wt 


Treatment treatment 


Methadone 
N-demethylase 


activity? 


Pentobarbital 
Microsomal sleeping 
protein (mg time 
g liver) (min) 


Aniline 
hydroxylase 
activity 








H.O + 57 + 5 £.90 4 
Methadone + + «* 70 + 
98 102 


Controls 


H.O 3 + 13 + 2.5 16.6 + 
Methadone 3 + + 3 5.90 + 


of Controls 


H,O ° 12.8 + 
2.39 + 0.438 


19 29 


Methadone 13.8 + 1.08 


of Controls 


1.06 3.40 + 0.20 
O.R4 3.47 + 0.35 


0.7 4.25 + 0.43 

2.61 1.92 + 0.48 
45 

2.2 7.76 + 0.94 

2.34 + 0.25 





* Male Sprague-Dawley rats, initially weighing 150-175 g, were dosed-orally on a daily basis with d./-methadone 
HCl, 50 mg/kg. Each value is the mean + S. E. M. for five or six animals. 


+ Expressed as pxmoles HCHO formed/liver/30 min. 


t Expressed as pmoles p-aminophenol formed/liver/30 min. 


$ Significantly different from water controls (P < 0.05). 


Table 3. 


Effects of chronic administration of methadone in the guinea pig* 





Animal Liver 
wi wi 
Treatment (g) (g) 


Microsomal 
protein (mg 
g liver) 


Aniline 
hydroxylase 
activityt 


Methadone 
\V-demethylase 
activity? 





H,O 
Methadone 
of Controls 


22.9 + 1.0 5.94 + 1.01 33.7 - 
10.2 + 1.2 3.42 + 0.348 40.3 
44 58 





* Male Hartley strain guinea pigs, initially weighing 250-275 g, were dosed orally on a daily basis with d.l-methadone 
HCl (25 mg/kg). Each value is the mean + S. E. M. for three or four individual animals. 
+ Expressed as pmoles HCHO formed/liver/30 min. 


+ 


{ Expressed as pmoles p-aminophenol formed/liver/30 min. 


§ Significantly different (P < 0.05) from water controls. 
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Table 4. Effects of 6-day administration of methadone in different strains and both sexes in mice* 





Strain 
and Body wt Liver wt 
Sex Treatment g (g) 


Methadone 
N-demethylase 
activityt 


Pentobarbital 
sleeping 
time 
(min) 


Microsomal 
protein (mg)/g 
liver 


Aniline 
hydroxylase 
activityt 





ICR (Horton) H,O 2.11 + 0.13 
male Methadone 2.04 + 0.09 
®. of Control 97 
Swiss Webster H,O 1.41 +0.11 
male Methadone 1.45 + 0.10 
°. of Control 103 
Swiss- Webster H,O 162+ 0.11 
female Methadone + 1.56 + 0.08 
®. of Control HS, 96 


0.680 + 0.083 


1.33 + O.178 


0.316 + 0.063 
0.694 + 0.0788 
220 
0.644 + 0.067 
1.27 + 0.208 


999+74 


13.4 + 1.08 


0.82 + 0.09 
1.12 + 0.17 


196 137 


45.0 + O8 


0.15 
0.26 


1.05 + 0.13 
1.74 + 0.27 
197 166 





* Mice, initially weighing 25-30 g, were dosed orally on a daily basis with d./-methadone 


value is the mean + S. E. M. for five to seven animals. 
+ Expressed as pxmoles HCHO formed/liver/30 min. 


HCl (50 mg/kg). Each 


t Expressed as ymoles p-aminophenol formed/liver/30 min. 


§ Significantly different from water controls (P < 0.05). 


us to consider the possibility that the effects of methadone, 
which seemed to be acting as a typical inducer of drug- 
metabolizing activity, were peculiar to the one mouse 
strain (Simonsen ICR). Therefore, two other strains of 
mice, Horton ICR and Simonsen Swiss-Webster, were 
given 50 mg/kg of methadone for 6 days. Both sexes of 
the latter strain were used. The results (Table 4) made it 
quite evident that the induction phenomenon was not con- 
fined to the one mouse strain. In all cases. the activity 
of N-demethylase approximately doubled after methadone 
despite disparate endogenous activities in the various 
strains and sexes. The activity of aniline hydroxylase, on 
the other hand, was not significantly increased in Horton 
ICR and Swiss-Webster males. In contrast, Simonsen ICR 
(Table 1) and Swiss—-Webster females (Table 4) showed sig- 
nificantly increased aniline hydroxylase activity. Pentobar- 
bital sleeping time was reduced by the methadone treat- 
ment in all strains. but there were quantitative variations 
from strain to strain. In male Swiss-Webster mice, for 
example, sleeping time was not quite lowered by the meth- 
adone treatment to a level of significance (Table 4), but 
in the other three groups, the treated animals manifested 
a loss of righting reflex that lasted only 30-60 per cent 
of controls (Tables | and 4). 

In summary, the daily oral administration of d./-metha- 
done to mice of various strains and either sex brought 
about increases in the metabolism in vitro of methadone 
(N-demethylation) and aniline (hydroxylation). In addition, 
pentobarbital sleeping time was reduced in the treated 
mice, and microsomal protein concentrations were in- 
creased. In contrast, the administration of methadone to 
rats or guinea pigs resulted in changes in the above par- 
ameters that were in the opposite direction to that of the 
mice. These studies indicate that. while methadone stimu- 
lates the hepatic mixed function oxidase system in mice. 
it depresses this microsomal drug-metabolizing system in 
rats and guinea pigs. 

Various hypotheses and related experiments are being 
considered to delineate the mechanism(s) underlying these 
diametrically different effects of methadone. It might be 
pointed out, however, that. when the enzyme activities and 
microsomal protein were expressed as concentrations per 
g of liver for the guinea pig (Table 3), the values were 
unaffected by the methadone treatment, indicating. per- 
haps. a non-specific catabolic effect on the liver. This was 
not true for the rat where the enzyme activities were 
depressed regardless of how they were expressed (Table 
2). 





*Department of Biological Chemistry, Wright State Uni- 
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+ Department of Pharmacology, University of Missis- 
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Spaulding et al. [8], administering methadone via drink- 
ing water (0.5 mg/ml) to rats. reported an increment in 
the activity of the enzyme responsible for the N-demethyla- 
tion of methadone. It is possible, therefore, that methadone 
depresses the activity of the mixed function oxidase system 
only at high doses and not when it is administered gradu- 
ally in relatively low doses. 

The effects of methadone on the metabolism of drugs 
by the liver raises the possibility that some aspects of 
the tolerance seen to methadone, at least in mice and any 
other species in which the drug acts as an inducer of 
the mixed function oxidases, may be a function of its bio- 
transformation (disposition tolerance). The metabolites 
(2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidene and 
2-ethyl-5-methyl-3,3-diphenyl-1-pyrroline) that result from 
N-demethylation are analgesically inactive [9] and, there- 
fore, an increment in the activity of N-demethylase will 
increase the rate of inactivation of the narcotic. In addition 
to these inactive, oxidized metabolites, an analgesically 
active. reduced metabolite of d-methadone, /-methadol, has 
been described. However, this reductive pathway is 
thought to be a relatively minor one [10]. 

Studies to date indicate that, in man. chronic administ- 
ration of methadone results in increased demethylation, 
and dispositional tolerance may be involved in the devel- 
opment of tolerance to methadone [10, 11]. 
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COMMENTARY 
THE PEPTIDERGIC NEURON: A WORKING HYPOTHESIS 


G. ZETLER 


Abteilung fiir Pharmakologie, Medizinische Hochschule Liibeck, Ratzeburger Allee 160, 
D-24, Liibeck, Federal Republic of Germany 


The term “peptidergic neuron” has been used for 
those hypothalamic neurons which originate in the 
supraoptic and paraventricular nuclei, and synthesize 
oxytocin and the antidiuretic hormone [1]. It has also 
been pointed out that these nerve fibres, belonging 
functionally and morphologically to a neurosecretory 
system, form “peptidergic synapses” on the surfaces 
of epithelial cells. 

A few years later, it was postulated that “there exist 
peptidergic neurons which are, in addition to cho- 
linergic and aminergic neurons, widely distributed in 
brain tissues” [2]. This hypothesis was based on find- 
ings about oxytocin and the antidiuretic hormone, the 
hypothalamic peptides influencing the adenohypo- 
physis, substance P and peptides possibly related to 
it, and the information-transferring polypeptides. 
Within the past six years considerable progress has 
been made with regard to relevant peptides and thus 
a reconsideration of the basis for the conception is 
in order. 

(1) As comprehensively reviewed [3], the hypotha- 
lamic peptides which stimulate or inhibit the anterior- 
pituitary-hormone release are widely distributed in 
the brain and have pharmacological in addition to 
endocrine potency. This review further summarizes 
many findings indicating neurophysiological functions 
of these peptides, but connects the term “peptidergic 
neuron” only to peptides of hypothalamic origin. 

(2) The long-known pharmacologically active prin- 
ciple of extracts from nervous and intestinal tissue, 
substance P [4,5] has been identified as the undeca- 
peptide H-Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly- 
Leu-Met-NH, and synthesized [6,7]. The very un- 
even distribution of this peptide in the brain with 
concentrations highest in substantia nigra and 
hypothalamus[2], has been confirmed with the 
radioimmunoassay technique [8,9, 10,40]. Most of 
the substance P present in the brain is located in 
nerve ending particles [8,9], it is released from cere- 
bral cortex in the cat[11]. Much higher amounts of 
substance P exist in the dorsal, rather than in the 
ventral, root [12, 13,40]. Its presence in the plexuses 
of Auerbach and Meissner has been verified [14]. This 
peptide powerfully depolarizes spinal motoneurons in 
the frog [13] and, when applied by microiontophor- 
esis, central neurons of the cat [15-17]. Furthermore, 
it stimulates the paravascular sensory nerve endings 
of the rabbit’s ear [18] and, in the nanomolar range, 
sensitizes the nerves of the guinea pig vas deferens 
to transmural stimulation more than acetylcholine, 
val°-angiotensin-II-asp'-f-amide, and bradykinin 
[19]. Substance P enhances the adenylate cyclase acti- 
vity in different areas of the human brain but not 
in liver tissue [9]. In the whole animal, crude and 
pure preparations of this peptide exert a tranquillizing 


rather than stimulatory effect [20]. Thus, substance 
P has been proposed as a transmitter of primary sen- 
sory neurons [12,13] or as a modulator of neuronal 
activity [2, 17]. 

(3) The brain tissue synthesizes training-induced 
peptides which have sequences thought to be specific 
for the behavioural situation during the training 
period [21,22]. For two out of nine postulated pep- 
tides the chemical structure is known: the dark- 
avoidance peptide, scotophobin, is the pentadecapep- 
tide Ser-Asp-Asn-Asn-Gln-Gln-Gly-Lys-Ser-Ala-Gln- 
Gln-Gly-Gly-Tyr-NH, and the noise-habituation 
peptide, ameletin, possibly has the structure Glu-Glu- 
Gly-Tyr-Ser-Lys [23]. These two peptides, when in- 
jected, induce two different types of behaviour in un- 
trained animals. Thus, the function of brain structures 
regulating the behaviour, or involved in the process 
of learning, is susceptible to peptides. This is stressed 
by numerous findings on the influence of pituitary 
hormones on the acquisition and retention of learned 
behaviour [24]. 

(4) The tridecapeptide Glu-Leu-Tyr-Glu-Asn-Lys- 
Pro-Arg-Arg-Pro-Tyr-Ile-Leu-COOH, Neurotensin 
(bovine), has recently been detected in extracts from 
hypothalamus [25]. This peptide causes hypotension, 
contraction of smooth muscles (relaxation of the duo- 
denum), an increase in vascular permeability and 
hyperglycemia. In contrast with substance P, neuro- 
tensin is completely inactive on the transmurally- 
stimulated guinea pig vas deferens [19]. 

(5) A complete renin-angiotensin system, indepen- 
dent of that of the periphery, has been discovered 
in the brain [26, 27]. In dog brain, angiotensin could 
not be detected in the cerebellum but in the total 
brain, basal nuclei and brain stem, with hypotha- 
lamus containing the highest concentrations [26]. In 
the human brain, the angiotensin-forming enzyme 
content of cerebellar cortex was notably higher than 
that of hypothalamus or frontal cortex [28]. This is 
fascinating with regard to the pharmacological effects 
of angiotensin in the central nervous system [29]. 

(6) The long-known dipeptide carnosine (f-alanyl- 
L-histidine), because of both its specific localization 
and behaviour in biochemical and physiological ex- 
periments, is envisaged as a putative neurotransmitter 
in the primary olfactory pathway [41]. 

(7) There are even more pharmacologically active 
substances of peptidic nature in brain tissue. From 
human and bovine cortex, but not from globus pal- 
lidus and substantia nigra, a principle called Fe can 
be extracted which behaves like an acidic and trypsin- 
resistant peptide. In contrast with substance P and 
kinins, Fe exerts very weak circulatory effects but 
stimulates the isolated gut indirectly by releasing ace- 
tylcholine from the intramural plexuses. The structure 
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of Fc awaits elucidation. There are perhaps different 
Fe-peptides present in the tissue of hypothalamus, 
amygdaloid nucleus, and red nucleus [30]. It is not 
clear whether the pharmacologically active phospho- 
peptide called “nerveside” [31] is identical with Fe. 
Like Fe, it is acidic, occurs preferentially in cortical 
tissue and stimulates isolated guts by releasing acetyl- 
choline. The finding in human and vertebrate cortical 
grey tissue of a peptide reacting with antigastrin anti- 
bodies [32] is a new indication for the existence of 
a pharmacologically active brain peptide with acidic 
nature. Interestingly, neither gastrin nor an impure 
preparation of Fe sensitize the nerves of the guinea 
pig vas deferens to transmural stimulation [19]. 

A peptide with antistrychnine potency can be 
extracted from brain and spinal cord[33]. Yields 
were highest from the cortex, but gut-contracting acti- 
vity was missing. Finally, sleep-promoting factors of 
possible peptide nature have been detected in dialy- 
sates from blood leaving the brain circulation of 
sleeping animals 134] and in the effluent from per- 
fusion of the mesencephalic reticular formation of a 
sleep-deprived cat [35]. 

Finally, in brain tissue, there exist bradykinin-like 
polypeptides together with enzymes for their libe- 
ration and catabolism [36]. The kinin concentrations 
were highest in hypothalamus and decreased to 4 per 
cent of the normal level during fever caused by bac- 
terial pyrogens [37]. The classical kinin, bradykinin, 
is capable of influencing neurological processes since 
it is a potent pain-producing compound [18] and, 
when injected intracerebroventricularly, causes soma- 
tic and behavioural changes [38]. 

Taken together, these results form a broad basis 
for the working hypothesis that there exist peptidergic 
neurons, i.e., neurons which synthesize at least one 
specific peptide. The peptides could act as transmitter 
substances or modulators of neuronal activity [39], 
or even have targets outside the brain as the releasing 
factors of the hypothalamus, or oxytocin and the anti- 
diuretic hormone. All peptides mentioned besides 
those with known neuroendocrine functions, are can- 
didates for neurological functions and none of them 
can be neglected. Future research in this field must 
consider that: (1) peptides present in extracts from 
nervous tissue could be associated with a distinct type 
of the neuron proper, with glial cells, or with vascular 
tissues; (2) peptides are more complex molecules than 
acetylcholine or catecholamines, and (3) time courses 
of peptide action may be slower than those of conven- 
tional transmitter effect [17]. Research on neuropep- 
tides should concern especially the interactions with 
neurological functions, and the systems of peptide 
synthesis and degradation in nervous tissue. 
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Abstract—The binding of concanavalin A (con A) to washed human platelets was demonstrated with 
[°*Ni] and [3H] labeled preparations. When con A binding was inhibited by x-methyl-p-mannoside, 
the con A-induced platelet release reaction was inhibited. PGE, markedly inhibited the release of 
nucleotides, serotonin and «-mannosidase (a-man) produced by both con A and thrombin but caused 
only a moderate decrease in con A binding. ATP, which inhibited release of serotonin by con A 
and thrombin, also caused a moderate decrease in con A binding. Amantadine, 5 mM, potentiated 
release of serotonin and most glycosidases from thrombin-treated platelets, but did not affect nucleotide 
or a-man release. Although | mM amantadine also enhanced serotonin release by con A-treated plate- 
lets without affecting release of nucleotides, 5 mM amantadine inhibited con A-stimulated release 
of serotonin, nucleotides and x#-man and produced a 30 per cent reduction in con A binding. These 
data suggest that: (1) con A and thrombin activate release receptors by different mechanisms, (2) 
activation by con A may require binding to the receptors, (3) the mechanism for release after activation 
is similar for both, and (4) receptors governing the release of serotonin are different from those involved 


in release of nucleotides and «-man. 


The jack bean lectin, concanavalin A (con A), like 
thrombin, causes the release of serotonin, adenine nu- 
cleotides and «-mannosidase (z-man) from washed 
human platelets [1-3]. In contrast to thrombin, how- 
ever, con A does not release other glycosidases 
[-galactosidase (f-gal), N-acetyl-f-glucosaminidase 
(NA-glu), or B-glucuronidase (f-glucur)] [1]. Further, 
con A blocks.thrombin-induced release of B-gal, NA- 
glu and f-glucur from washed platelets [1]. 

These studies suggest that the platelet membrane 
may have specific receptors which are acted upon by 
agents such as con A and thrombin to initiate the 
release reaction. The manner in which these agents 
activate the release receptors is unknown. It is known, 
however, that con A binds to glycoproteins of cell 
membranes [4]. Thus, the initial step in con A stimu- 
lation of platelets could involve its binding to mem- 
brane receptors. The following studies were designed, 
first, to determine whether con A binds to platelets; 
second, to discover whether this binding is in any 
eay correlated with the function of con A as a release 
inducer; and third, to compare further the effects of 
con A and thrombin on platelets. 


MATERIALS AND METHODS 


Platelet concentrates in acid citrate-dextrose (ACD) 
were obtained from a commercial blood bank. EDTA 
was added to the concentrates at a final concentration 





*Reprint requests should be sent to: Dr. Morton Sch- 
mukler, Baltimore Cancer Research Center, 3100 Wyman 
Park Drive, Baltimore, Md. 21211. 


of | mM. Platelets then were isolated and washed 
twice with Tris—saline-glucose-EDTA solution (0.03 
M Tris-HCl, pH 7.4; 0.12 M NaCl, 5 mM glucose, 
1 mM Na, EDTA) as previously described [1, 5]. 
After washing, platelets were suspended in Tris— 
saline-glucose without EDTA. In studies of release 
of platelet components, | ml of the suspension was 
incubated at 37° with 0.2 ml of solutions containing 
various additives. 

The release of glycosidases, serotonin and nucleo- 
tides was measured and calculated as reported pre- 
viously [1,5] after incubation of platelet suspensions 
at 37° for 2.5 min (serotonin and nucleotides) or 5 
min (glycosidases). In these experiments, the concen- 
trations of thrombin and con A used were the lowest 
ones which produced consistently maximal releases 
as determined in preliminary studies. 

Platelet concentration was determined with a 
Coulter counter [6]. 

Con A, labeled with either [°*Ni] (Miles-Yeda, 
Rehovot, Israel; 0.03 yCi/mg) or [*H]acetyl (New 
England Nuclear, Boston, Mass; 5 Ci/m-mole), was 
used in binding studies. Both of these preparations 
co-chromatographed with electrophoretically homo- 
geneous unlabeled con A (Miles-Yeda) when adsorbed 
onto a Sephadex G-75 column and eluted with a solu- 
tion containing 0.1 M glucose. In addition, on ultra- 
centrifugation in a 5-20% sucrose density gradient, 
the radioisotopic and cold con A preparations sedi- 
mented identically. Finally, the labeled compounds 
were as potent as the nonradioactive con A in causing 
release of serotonin and nucleotides from washed 
human platelets. 
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To determine con A binding, platelet suspensions 
were incubated with either [°°NiJcon A (used undi- 
luted at 0.03 wCi/mg) or [*H]acetyl con A (diluted 
to a specific activity of 0.1 wCi/mg) at 37°. At the 
completion of the experiments, the suspensions were 
diluted with 4 ml of buffer solution (Tris—saline 
EDTA), and platelets were immediately pelleted by 
centrifugation at 4°. The platelets were washed twice 
with 4-ml aliquots of buffer, dissolved in 15 ml Aqua- 
sol (New England Nuclear Corp.), and assayed for 
radioactivity in a Beckman LS-150 liquid scintillation 
counter. 

In all experiments, statistical significance of paired 
observations (control vs experimental) was deter- 
mined by Student’s 1-test. 

Purified thrombin (BT 2000), ATP, amantadine and 
x-methyl-p-mannoside (z-MM) were obtained from 
the Sigma Chemical Co., St. Louis, Mo. The four 
methylumbelliferyl glycosides used in the measure- 
ment of glycosidase activity were brought from Sch- 
warz-Mann, Orangeburg, N.Y., and Pierce Chemical 
Co. Rockford, Ill. PGE, was the gift of Upjohn 
Laboratories. Con A, three times crystallized, desa- 
linated, lyophilized powder, was obtained from Miles- 
Yeda. 

RESULTS 


Preliminary studies showed that binding of isotopic 
compounds was maximum at about 20 min. About 
70-80 per cent of the binding occurred within the 
first 2.5 min, and by 5 min 80-90 per cent of the 
total binding had occurred. Con A-stimulated releases 


were completed within 5 min after addition of the 
lectin [1]. It is therefore at this early binding that 
we must look if we are to seek a correlation between 
binding and release since binding occurring after 
completion of release can obviously not be involved 


in initiation of ‘release. Hence a 5-min incubation 
period was used in all binding experiments. 
The amount of con A bound was directly propor- 
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Fig. 1. Binding of [*H]acetyl con A of different specific 
activities to human platelets. Platelet suspensions (1 ml) 
were incubated for 5 min in various concentrations of 
labeled con A using an undiluted preparation (5 Ci/m- 
mole) (O——-O); [*H Jacetyl con A diluted 4-fold with unla- 
beled con A (A A); and [*H]acetyl con A diluted 
8-fold with unlabeled con A (0 ()). B = bound con A; 
F = free con A. 
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Fig. 2. Binding of [°*NiJcon A of different specific activi- 
ties to human platelets. Platelet suspensions (1 ml) were 
incubated for 5 min in various concentrations of labeled 
con A using an undiluted preparation (0.03 pCi/mg) 
(O——0):; [®*Ni]con A diluted 2-fold with unlabeled con 
A (A——A): and [®*NiJcon A diluted 4-fold with unla- 
beled con A ((——U(). B = bound con A, F = free con 
A. 


tional to platelet concentration over the range of 0.5 
to 2.5 x 10° cells/ml. 

To show that the labeled compounds were bound 
in a manner indistinguishable from unlabeled con A 
and that they contained no radioactive contaminants 
which might cause errors in the binding measure- 
ments, the following experiments were done. Cells 
were incubated with different concentrations of undi- 
luted radioactive con A, and the amounts bound were 
determined. These binding measurements then were 
repeated using isotopic con A diluted with the stable 
preparation. If binding properties were identical, solu- 
tion with the cold compound would not alter the 
number of molecules bound at any given free concen- 
tration of con A. As can be seen in Figs. | and 2, 
both labeled compounds fulfilled this criterion. 

Con A binding which could not be blocked by the 
haptene inhibitor, -MM, was considered nonspecific. 
Figure 3 shows that 5 mM «-MM inhibited 50 per 
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Fig. 3. Inhibition of [°*NiJcon A binding to human plate- 
lets by x-MM. Platelet suspensions (1 ml) were incubated 
for 5 min with [°*NiJcon A (0.03 yCi/mg, 500 pg/tube) 
and binding was determined as described in Methods. 
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Induction of platelet release reaction by concanavalin A 


cent of the binding, while at higher concentrations 
(50-100 mM) more than 90 per cent of con A binding 
was eliminated. Further, if 0.1 M «-MM was added 
to cells after they had been incubated with con A 
for 5 min, 84 per cent of the binding was reversed 
within 5 min, and by 10 min more than 90 per cent 
of the binding was lost. Results were similar with both 
isotopic compounds. 

The affinity constant (K,) of con A for release 
receptor sites and the number of release receptors can 
theoretically be obtained by determining binding at 
equilibrium of con A at various concentrations and 
analyzing the data by Scatchard plots [7]. Under 
these conditions, K, = —slope, and the number of 
binding sites is approximated by the intercept of the 
plot with the abscissas. There are, however, two prob- 
lems. First, it is not necessarily true that all con A 
binding sites are release receptors; and second, there 
is no way of proving that con A is in equilibrium 
with the release receptors after 5 min, although on 
the basis of the kinetics of the release reaction, this 
seems to be a reasonable assumption. Furthermore, 
the calculation of cell binding sites by the Scatchard 
analysis assumes that each molecule reacts with only 
one cell receptor. Since the con A used in this study 
possesses four potential binding sites, per molecule, 
a molecule of con A could combine with more than 
one cell site. The Scatchard analysis, therefore, can 
provide only an estimate of the minimum number 
of platelet receptors present. Thus, the figures derived 
below for K, and number of release receptor sites 
can only be considered rough approximations. The 
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Fig. 4. Scatchard plots of binding of [°?NiJcon A (@—@) 
and [*H]acetyl con A (O—O) to washed human platelets. 
B, nmoles con A bound/10” platelets. F, concentration of 
free con A (nmoles/ml). The association constants derived 
from these plots are 1.75 x 10° M~' using the [°*Ni] 
compound and 1.22 x 10° M~! with the [*H Jacetyl prep- 
aration. Binding sites are 5.9 x 10° and 5.06 x 10° for 
[°*NiJcon A and [*H]acetyl con A, respectively, when 
data from this figure are used for the calculations. 
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molecular weight of con A in neutral solution was 
assumed to be 110,000 [8,9]. The mean K, (three 
experiments) was 1.67 x 10° M ~! (range 1.39 to 1.87) 
for the [°°Ni] compound and 1.27 x 10° M~! (range 
1.22 to 1.35) for the tritiated preparation. With 
[°NiJ]con A, 5.87 x 10° (range 5.79 to 5.93) sites/pla- 
telet were found, while with the [7H] compound there 
were 5.31 x 10° (range 5.06 to 5.53) sites. Typical 
plots are shown in Fig. 4. 

PGE, and ATP produced moderate inhibition of 
binding of con A, while thrombin had no effect (Table 
1). PGE, inhibited the release by both con A and 
thrombin of serotonin, nucleotides and z-man (Table 
2). Release by con A was inhibited to a greater extent 
than was that by thrombin. In contrast, ATP inhi- 
bited release of serotonin by con A and thrombin 
to about the same extent. Alpha methyl-p-mannosi- 
dase inhibited release of serotonin, x-man and nucleo- 
tides induced by con A (Table 2). 

Treatment of platelets with 5 mM amantadine pro- 
duced a moderate inhibition of the binding of con 
A, while 1 mM amantadine had no effect (Table 3). 
(In all amantadine studies, platelet suspensions were 
preincubated for 5 min with the appropriate concen- 
tration of this compound before addition of the isoto- 
pic con A.) Amantadine, | mM, produced an increase 
in the release of serotonin from washed platelets by 
both con A and thrombin, but had no effect on 
release of nucleotides (Table 4). Amantadine, | mM, 
also partially reversed the inhibition of thrombin- 
stimulated serotonin release by PGE, and ATP with- 
out affecting nucleotide release (Table 5). At a higher 
concentration (5 mM), amantadine inhibited release 
of serotonin, nucleotides and «-man by con A, but 
increased release of serotonin, f-gal, NA-glu and 
B-glucur by thrombin (Tables 4 and 6). Release of 
a-man by thrombin was not affected. The effect of 
amantadine alone on platelet release was very slight. 
Mean release of serotonin was 2.1 + 0.2 per cent with 
5 mM and 0.6+ 0.16 per cent with | mM amanta- 
dine, while glycosidase was unchanged. 


DISCUSSION 


Nachman et al. [10] demonstrated binding of con- 
canavalin A to a partially purified surface glycopro- 
tein of platelets. We have shown above that con A 
readily binds to intact platelets with a high affinity 


Table 1. Effects of various compounds on binding of 
[°NiJcon A to human platelets* 





Amount bound 
(nmoles/10° cells) 





0.97 + 0.035 (10) 
0.94 + 0.034 (10) 
0.79 + 0.037% (9) 
0.71 + 0.02+ (9) 


Control 
Thrombin (1 unit) 
ATP (5 mM) 





* Binding was determined as described in Methods after 
incubation of cells for 5 min at 37° with [°*NiJcon A (500 
pg/ml). Concentrations of additives are per '.0 ml. In the 
above experiments and those presented in the following 
tables, platelet concentrations ranged from 1.0 to 2.5 x 10° 
cells/ml. Values are means + S.E.M. The number of exper- 
iments is indicated in parentheses. 

+P < 0.001. 
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Table 2. Inhibition of platelet release reaction* 





Serotonin 
(% release) 


Nucleotide 
(nmoles released/ 
10° cells) 


a-man 
%, release) 





Con A (500 yg) 
+PGE, (5 pg) 
+ATP (5 mM) 
+a-MM (5 mM) 

Thrombin (1 unit) 
+PGE, (5 ug) 
+ATP (5 mM) 


66.5 + 3.2 (14) 
48+3.1¢ (7) 
10.6 + 6.7% (5) 
0.08 + 0.2F (5) 
753:% 33 (4 
25.0 + 7.2¢ (9) 
9.1+ 47+ (5) 


72.9+ 4.5 (13) 
(8) 


(5) 
(8) 
(8) 


I+ I+ I+ I+ I+ 14+ 14+ 
NrroYvor> 
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*One-ml aliquots of platelet suspension were incubated at 37° with indicated additions in a 
total volume of 1.2 ml. Releases were determined as indicated in Methods. Concentrations of addi- 
tives are per 1.2 ml of reaction mixture. The number of observations is indicated in parentheses. 


Values are means + S.E.M. 
+P < 0.001. 
tP <0.0l. 


Table 3. Effect of amantadine on binding of [°*NiJcon 
A to human platelets* 





Amount bound 
(nmoles/10° cells) 





0.89 + 0.03 (10) 
0.97 + 0.05 (8) 
0.70 + 0.05* (10) 


Control 
Amantadine (1 mM) 
Amantadine (5S mM) 





* Platelet suspensions were incubated for 5 min at 37 
with the indicated concentration of amantadine (0-5 mM) 
prior. to the addition of [®*NiJcon A. Incubations were 
continued for an additional 5 min. Binding was determined 
as described in Methods. The number of observations is 
indicated in parentheses. Values are means + S.E.M. 

+P <0.01. 


(K,) and that the number of binding sites is relatively 
numerous. The slight decrease in K, and number of 
receptor sites found when [7H] acetyl con A was used 
could have been due to modification of the tertiary 
structure of con A resulting from acetylation. 

When the binding of con A was inhibited by 
a-MM, the release reaction was also inhibited, so that 
binding appears to be required before release is in- 


itiated. The observation that x-MM entirely inhibited 
the release reaction at a concentration (5 mM) which 
inhibited con A binding by only 50 per cent suggests 
that release occurs once a critical number of receptors 
are activated. It is not known whether all of the con 
A binding sites are release receptors and whether the 
receptors acted upon by thrombin and con A are the 
same. Thrombin did not affect the binding of con 
A to platelets, nor did it affect the release reaction 
induced by con A [1]. Con A, however, blocked 
thrombin-stimulated glycosidase release without 
affecting serotonin and nucleotide release, suggesting 
that there may be competition for at least one class 
of release receptors [1]. 

We have previously reported inhibition of throm- 
bin-stimulated glycosidase release from platelets by 
PGE, and ATP [5], and others have reported that 
PGE, inhibited release of serotonin, nucleotides and 
calcium [11]. In the current study, we found that 
PGE, prevented release by both thrombin and con 
A of nucleotides, serotonin and z-man and that ATP 
also inhibited both con A- and thrombin-stimulated 
release of serotonin. Also, | mM amantadine poten- 
tiated serotonin release by both con A and thrombin. 
These similarities suggest that the mechanism for 


Table 4. Effect of amantadine on serotonin and nucleotide release by con A 
and thrombin* 





Serotonin 
(% release) 


Nucleotides 
(nmoles released/ 
10° cells) 





Con A (500 pg) 
+Amantadine (1 mM) 
+Amantadine (5 mM) 

Thrombin (1 unit) 
+Amantadine (1 mM) 
+Amantadine (5 mM) 


80.6 + 3.9 
82.3 + 5.6 
24.1 + 6.98 
86.6 + 4.8 
90.1 + 4.7 
86.5 + 3.7 


ae ee ee 
++ + 


Ie + I I+ I+ I+ 
mr 
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* Conditions and procedures were the same as in Table 2 except that platelet 
suspensions were preincubated for 5 min at 37° with the indicated concentration 
of amantadine (0-5 mM) prior to the addition of thrombin or con A. Concen- 
trations of additives are per 1.2 ml. Values are means + S.E.M. for eight exper- 


iments. 
+P < 001. 
tP < 0.02. 
§ P < 0.001. 
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Table 5. Amantadine reversal of PGE, and ATP inhibition of thrombin-stimulated release* 





Nucleotides 
(nmoles released/ 
10° cells) 


Serotonin 
(% release) 





Thrombin (1 unit) 

+PGE, (5 yg) 

+PGE, + amantadine (1 mM) 
+ATP (5 mM) 

+ATP (5 mM) + amantadine (1 mM) 


7144911 
46.0 + 3.67 
46.9 + 5.2 


66.0 + 6.5 
22.7 + 6.0t 
47.4 + 5.48 
13.6 + 6.3t 
36.9 + 4.74 





* Conditions and procedures were the same as in Table 4. Concentrations of additives are per 1.2 
ml. Values are means + S.E.M. for five experiments. 


+P < 0.02. 
¢P < 0.001. 
§P < 0.01. 


Table 6. Effect of amantadine on release of glycosidases by thrombin and con A* 





%, Release 





NA-glu B-glucur 


R 
3 
= 
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Thrombin (1 unit) 
+Amantadine (5 mM) 
Con A (500 pg) 
+Amantadine (5 mM) 


39:3 + 1.9 
48.9 + 2.0t 


pet he fe 
wont 


He HH He 
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* Conditions and procedure for determinations of releases were the same as in Table 4. Concentrations of additives 
are per 1.2 ml. Values are means + S.E.M. for nine experiments. 


+P < 0.001. 
~P < 0.01. 


release (subsequent to activation of the “release recep- 
tor”) is similar for both con A and thrombin. 

Amantadine at a concentration of 5 mM inhibited 
release caused by con A but not by thrombin. Binding 
of con A was moderately decreased by this level of 
amantadine, although again the degree of inhibition 
of binding does not correlate with the degree of inhi- 
bition of release. The effects of 5 mM amantadine 
suggest that thrombin and con A may activate release 
receptors by different mechanisms. Whereas con A 
perhaps must bind to platelets in order to activate 
the release reaction, thrombin may produce an enzy- 
matic alteration in the receptor. Tollefsen et al. [12], 
in fact, showed that di-isopropyl phosphoryl throm- 
bin inhibited the binding of native thrombin to plate- 
lets and at the same time potentiated the release by 
native thrombin of serotonin. 

Amantadine has been found to release serotonin 
from and inhibit uptake of serotonin by unwashed 
platelets in plasma [13]. We have found, in washed 
platelets that 1 mM amantadine, while having no 
effect alone, produced an apparent increase in the 
release of serotonin caused by thrombin or con A 
without affecting the release of nucleotides and 
a-man. With this same level of amantadine, inhibition 
of thrombin-induced serotonin release by PGE, and 
ATP was partially reversed, while the inhibition of 
nucleotide release was unaffected. Amantadine also 
seemed to increase the thrombin-activated release of 
all glycosidases studied except x-man. The apparent 
potentiation of release could conceivably be explained 
by inhibition of re-uptake of released substances, but 
there is no evidence that proteins such as glycosidases 
can be accumulated by platelets. Also, the fact that 


release of one of the glycosidases (a-man) was not 
increased suggests that the increase in release of the 


other glycosidases was truly a potentiation effect of 
amantadine. Therefore, it seems reasonable to assume, 
also, that the effect of amantadine on serotonin 
release is due, at least in part, to potentiation. We 
have shown previously [1]. that the glycosidase 
release receptors are apparently different from the 
receptors related to release of serotonin, nucleotides 
and a-man. The apparent segregation of serotonin 
release from that of x-man and nucleotides, as demon- 
strated by the amantadine studies, suggests that the 
serotonin release receptors are different from those 
for nucleotides and x-man. Hence, there may be at 
least three different types of release receptors: those 
for glycosidases, those for serotonin, and those for 
nucleotides and s-man. 
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Abstract—Formation of an unidentified nucleotide in rat liver particulate preparations incubated in 
the presence of ethanol or other alcohols was found. Although the nucleotide was eluted from cation 
exchange resin in phase with cyclic AMP and was not precipitated by nascent barium sulfate, it 
could be separated from known cyclic AMP by selective adsorption onto water-equilibrated alumina. 
The rate of nucleotide formation was dependent upon the concentration of both ATP and ethanol: 
however, graphical determination of bimolecular enzyme constants was not possible. Nucleotide syn- 
thesis in vitro was stimulated by ethanol, methanol and glycerol. but not by 1-propanol, 2-propanol. 
tert-butanol or acetaldehyde. It was hypothesized that the nqicleotide was a condensation product 
of ATP and ethanol, and ethyl adenylate was proposed as the structure. 


Of all the pharmacological and toxicological actions 
of ethanol, perhaps none is more insidious than eth- 
anol-induced fatty infiltration of the liver. In a recent 
study, 90 per cent of a sample of alcoholics showed 
evidence of fatty liver at biopsy [1]. Rat hepatic tri- 
glyceride levels have been shown to be significantly 
elevated only 6 hr after oral administration of 6.0 g/kg 
of ethanol [2]. Total lipid levels in the livers of rats 
fed a nutritionally adequate diet were increased when 
36 per cent of the total calories as carbohydrate was 
replaced by ethanol [3]. This ethanol-induced in- 
crease was observed even when the total lipid intake 
was reduced to as low as 2 per cent of the total 
calories. Although the role of ethanol in the etiology 
of fatty liver seems well-established, the mechanism 
by which ethanol increases hepatic lipid levels is as 
yet unknown. 

Concomitant with the increase in hepatic triglycer- 
ides seen after both acute [2,4,5] and chronic [3, 6] 
ethanol treatment, liver ATP levels have been shown 
to decrease significantly [4.5.7]. Griffaton er al. [7] 
concluded that ethanol elicited a nucleotide catabo- 
‘lism but did not change the ATP/ADP ratio. This 
suggests that the catabolism of ATP proceeded via 
a pathway other than one in which an. ATPase par- 
ticipates. Although the negative correlation between 
hepatic lipid and ATP levels is not necessarily proof 
that decreased ATP levels cause lipid accumulation, 
it has also been shown that administration of high 
doses of ATP with a single dose of ethanol not only 
increased hepatic ATP levels, but also decreased 
hepatic lipid levels [4, 5]. 





*This paper is taken in part from a dissertation submit- 
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+ Preliminary reports of this work have been presented 
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17, 358 (1975)] and at the sixth International Congress 
of Pharmacology (Helsinki, 1975). 

¢ Present address: Department of Pharmacology, Yale 
University School of Medicine, 333 Cedar St., New Haven, 
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While studying the ability of glycerol to stabilize 
adenylate cyclase, Petrack et al.[8] found that gly- 
cerol apparently stimulated cyclic AMP formation in 
particulate fat cell preparations. Further investigation 
showed that the compound was not cyclic AMP, but 
rather a nucleotide which behaved like cyclic AMP 
in several separation procedures. This novel com- 
pound formed from ATP in the presence of glycerol 
appeared to be composed of an adenosine moiety and 
the a-phosphate, but not the /-phosphate or »-phos- 
phate group of ATP. When incubation was carried 
out with alcohols other than glycerol, a family of 
compounds was found the R, values of which de- 
creased in a paper chromatographic system as the 
molecular weight of the alcohol increased. From this 
indirect evidence it was postulated that the nucleotide 
formed also incorporated the mono-, di-, or trihyd- 
roxy alcohol with which the fat cells were incubated. 
It was mentioned that liver particulate preparations 
had a capacity similar to fat cells to synthesize the 
novel nucleotide from ATP and glycerol. In light of 
these observations, this study was undertaken to 
determine whether such a nucleotide was formed by 
liver from ATP and ethanol. 


METHODS 


Tissue preparation. Tissue particulate fractions were 
prepared fresh daily. Male outbred albino rats 
(Charles River Laboratories) were sacrificed by deca- 
pitation and the livers rapidly removed, placed on 
ice-cold aluminum foil and minced with scissors. Ap- 
proximately 3 g liver was hand homogenized in 5.0 ml 
of ice-cold Tris-HCI (125 mM, pH 9.0, unless other- 
wise stated) using ten strokes of a 7.0-ml Ten Broeck 
all-glass homogenizer (Pyrex) immersed in ice. The 
homogenates were diluted to 100ml with the same 
buffer, divided into two equal fractions and centri- 
fuged at 900 g for 5 min at 4° in a Sorvall RC-3 centri- 
fuge. The resulting supernatants were aspirated, 
pooled and redivided into two fractions and centri- 
fuged at 17,000 g for 60 min at 4° in a Sorvall RC-2B 
centrifuge. The supernatants were aspirated and dis- 
carded. Each pellet was resuspended by vortexing in 


1825 





1826 


15 ml Tris-HCI (125mM, pH 9.0, unless otherwise 
stated). The suspensions were pooled and stored on 
ice until used. Other tissues were prepared similarly 
with initial homogenization in 1 vol. Tris-HCl (as 
above), dilution to 15 vol. with the same buffer, and 
centrifugation as above. The 17,000g pellets were 
resuspended in 4 vol. (times initial weight) of the same 
buffer. Skeletal muscle (gastrocnemius) was first 
homogenized using a model 182 Super Dispax Tissue- 
mizer (Tekmar Co.) and then rehomogenized in a Ten 
Broeck all-glass homogenizer. 

Incubation in vitro. The incubations were carried 
out according to a modification of the method of 
Petrack et al. [8]. An aliquot of [2,8-7-H]ATP (26.0 
Ci/m-mole, New England Nuclear), shipped in 50%, 
(v/v) ethanol, was evaporated to dryness in a Biichi 
rotary evaporator and reconstituted in aqueous 2.5 
10°*M ATP containing 10mM MgCl,. The follow- 
ing were pipetted in the indicated order into 13 
100 mm disposable incubation tubes kept on ice: (1) 
20 yl of aqueous 2.5 10°* M ATP (disodium) contain- 
ing 2.0 wCi [2.8-7H]JATP and 10mM MgCl); (2) 20 wl 
of distilled water or 0.78 to 100% (v/v) ethanol; (3) 
20 ul of 100 mM phosphocreatine in distilled water; 
(4) 20 pl creatine phosphokinase (5 mg/ml) in distilled 
water; and (5) 20 ul of tissue preparation containing 
50-100 yg protein in Tris-HCI (125 mM, pH 9.0, un- 
less otherwise stated). Immediately after adding tissue 
protein, the tubes were gently swirled and placed into 
a Dubnoff metabolic shaker for 10min at 37°. The 
reaction was halted by immersion of each tube into 
boiling water for 1 min. Each sample was cooled on 
ice and 0.9 ml of aqueous carrier cyclic AMP added. 

Initial nucleotide separation was a modification of 
the method of Krishna et al. [9] for the separation 
of cyclic AMP. Each incubation tube was vortexed 
and the contents were applied to cation exchange 
columns made from 7-in. transfer pipettes (Rochester 
Scientific) plugged with glass wool and containing 
2 ml of a 1:1 settled volume slurry of AG S5OW-X4 
200-400 mesh resin (Biorad Laboratories). The 
columns were eluted with distilled water and the un- 
identified nucleotide (unknown) was collected in a 
3-ml fraction previously shown to contain cyclic 
AMP. These.fractions were precipitated by the addi- 
tion of 0.3 ml of 0.25M ZnSO, followed by sufficient 
0.25M Ba(OH), to neutralize the samples. The 
samples were vortexed and centrifuged for 6 min at 
2000 g. Each sample was precipitated a second time 
with nascent BaSO,, mixed with a wooden applicator 
stick so as not to disturb the first pellet, and recentri- 
fuged. The supernatants were aspirated and the pellets 
discarded. A 1-ml aliquot of each BaSO, supernatant 
was applied to an alumina column containing 500 mg 
aluminum oxide (Brockman activity I], BDH Chemi- 
cals, Ltd.) equilibrated with distilled water. Two frac- 
tions were collected from each column. The first frac- 
tion was eluted with 4.0 ml of distilled water and col- 
lected in scintiliation vials. The second fraction was 
eluted with 2.0ml of 2.5N NaOH and collected in 
a second set of scintillation vials: 0.6ml of 60% 
HCI1O, was added to the second eluate to neutralize 
the NaOH. Complete counting mixture 3A70b 
(Research Products International) (10 mi) was added 
to each vial and the radioactivity measured in a 
Packard Tri-Carb liquid scintillation spectrometer. 
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Counting efficiency was estimated by the addition of 
[*H]toluene (New England Nuclear) to a representa- 
tive sample. 

Assay blanks were determined in duplicate for each 
experiment. Twenty pl of tissue preparation was 
placed into 13 100-mm incubation tubes, which were 
then immersed in boiling water for | min. All addi- 
tions identical to an experimental incubation were 
made; the sample was diluted with carrier cyclic 
AMP, and all steps in product purification were car- 
ried out. Experimental samples were corrected for this 
assay blank, which never exceeded 60 cpm. 

The product yield (pmoles/mg of protein/10 min) 
was calculated from the radioactivity of the product 
(corrected for assay blank and dilution, but not for 
column recovery) and the specific activity of the sub- 
strate. 

In all experiments, protein was estimated by the 
method of Lowry et al. [10] using standards of bovine 
serum albumin (Sigma) in Tris-HCl at a concen- 
tration and pH equal to the buffer in which the tissue 
was homogenized. 


RESULTS 


. Rat liver homogenates were incubated with 
[2.8-7H]JATP, 2.6M ethanol, and at an ATP-regener- 
ating system (creatine phosphate and creatine phos- 
phokinase), the assay was halted as described in 
Methods, and the cyclic AMP fractions were eluted 
from AG 50W resin. Approximately 1000cpm of 
[8-'*C]cyclic AMP (20-30 Ci/m-mole, New England 
Nuclear) was added to this fraction, and precipitation 
with nascent BaSO, was carried out. A 1-ml aliquot 
of this supernatant, containing '*C as known cyclic 
AMP and 37H label on a non-BaSO,-precipitable 
compound, was applied to a water-equilibrated alu- 
mina column. The elution profile is shown in Fig. 
1. Ninety-six per cent of the '*C label, but only 15 
per cent of the applied *H, was eluted with water 
in the first 5 ml. The 7H retained on the column was 
eluted with 2.5 N NaOH. Similar label separation 
with water-equilibrated alumina was achieved when 
[x-32P]ATP was supplied as substrate and [*H]cyclic 
AMP added to the cyclic AMP fraction eluted from 
AG SOW resin. 

In an effort to both increase yield and decrease 
variability between experiments, the subcellular distri- 
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Fig. 1. Water-equilibrated alumina elution profile of 

BaSO, supernatant from rat liver preparation in vitro incu- 

bated in the presence of ethanol and [2,3-7H]ATP. 

['*C]cyclic AMP was added to the sample before precipi- 
tation with nascent BaSO,. 
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Fig. 2. Effect of ethanol on unidentified nucleotide ac- 

cumulation in three subcellular fractions of rat liver incu- 

bated in vitro in the presence of 0.4mM ATP and 10inM 

Mg?* at pH 8.0. Values are the means of triplicate incuba- 
tions from a single experiment. 


bution of activity was examined. Liver homogenates 
were prepared as described and aliquots taken of the 
900 g supernatant, the 17,000g supernatant, and the 
17,000 g pellet resuspension. Incubations of these frac- 
tions with distilled water or 2.6 M ethanol, separation, 
and purification of the product were carried out as 
described in Methods, and the results are shown in 
Fig. 2. Ethanol markedly stimulated unknown forma- 
tion in the 900g supernatant fraction, and much less 
in the 17,000 g supernatant fraction. The greatest acti- 
vity among the fractions studied was obtained with 
the 17,000 g pellet resuspension. Deletion of the ATP- 
regenerating system resulted in a SO per cent loss in 
this activity. Unknown formation was increased in 
the presence of 10mM magnesium, manganese and 
calcium, but not in the presence of zinc. 

Samples of liver were homogenized and 17,000 g 
pellets prepared in 125 mM Tris-HCl, pH 6.5 to 9.5; 
incubations were carried out at 0.5 pH unit incre- 
ments. Figure 3 shows that activity in the presence 
of ethanol increased directly with pH between 6.5 and 
9.0. Activity was almost halved upon further increase 
to pH 9.5. Product yield without ethanol changed 
very little throughout the entire pH range studied. 
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Fig. 3. Effect of incubation medium pH on unidentified 
nucleotide accumulation in rat liver in vitro. Values are 
the means of duplicate incubations from two experiments. 
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In the presence of 2.6M ethanol and the ATP- 
regenerating system, ATP concentration was varied 
and the results are shown in Fig. 4. Reaction velocity 
increased with increasing ATP concentration through- 
out the wide range, 1.0.M to 1.0mM, of ATP con- 
centrations examined (inset). Reciprocals of the inter- 
cepts of the Lineweaver-Burk transformation give 
estimates of 800 pmoles of unknown formed/mg of 
protein/10 min maximum velocity and half-maximum 
velocity at 250M ATP in the presence of 2.6M 
ethanol. 

In another series of experiments. ATP concen- 
tration was kept constant at 50 uM and ethanol con- 
centration varied from 0.027 to 3.464 M (0.156—20.0°%, 
v/v). Results are shown in Fig. 5. Velocity was propor- 
tional to ethanol concentration and approached an 
apparent maximum at 3.464 M. When basal activity 
(activity in the absence of ethanol) was subtracted 
from velocities in the presence of ethanol and the data 
were transformed to their reciprocals (inset), the 
resulting curve was distinctly not a linear plot. At 
no time was cyclic AMP formation in these liver 
preparations (radioactivity eluted from alumina with 
water) affected by ethanol. 

It was of interest to gain some insight into the rela- 
tionship between alcohol structure and unknown for- 
mation in this liver preparation. Results obtained 
with a number of alcohols are shown in Fig. 6. In 
the simple homologous series of primary aliphatic 
alcohols, methanol-ethanol-propanol, product for- 
mation decreased as chain length increased. The tri- 
hydroxy alcohol, glycerol, was about 5-fold more 
active than the most active primary alcohol, meth- 
anol. Product formation was not increased at any 
concentration of the simplest secondary alcohol 
tested, 2-propanol. Tert-butanol (not shown) was in- 
active at the concentrations tested (0.26 to 2.1 M). 
Product formation was not increased in the presence 
of acetaldehyde (not shown), the major metabolite of 
ethanol, at any concentration tested (0.011 to 0.27 M). 

Results displayed in Fig. 7 show the unknown for- 
mation by particulate preparations from several 
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Fig. 4. Double-reciprocal transformation of the rate of un- 
identified nucleotide formation as a function of ATP con- 
centration in the presence of 2.6M ethanol in rat liver 
in vitro. Inset: arithmetic plot of unidentified nucleotide for- 
mation as a function of ATP concentration. Values are 


the means of triplicate incubations from a 


experiment. 
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Fig. 5. Effect of ethanol on the rate of unidentified nucleotide accumulation in rat liver preparation 

in vitro in the presence of 504M ATP. Values are the means + S.E.M. of triplicate incubations 

from three to twelve experiments. Velocities at ethanol concentrations greater than 0.433 M are signifi- 

cantly different from the basal velocity when analyzed by the Dunnet[11] multiple comparison test. 

Inset: double-reciprocal transformation of the same data after subtraction of basal velocity from veloci- 
ties in the presence of ethanol. 


organs. Of the tissues studied, unknown formation 
was greatest with preparations from liver, and much 
less with heart, lung and brain (not shown). There 
was no activity in preparations of skeletal muscle. 
The low activity found in heart and brain is in agree- 
ment with Petrack et al. [8], who also found that acti- 
vity in liver was approximately equal to that in fat 
cell ghosts. 


DISCUSSION 


When rat liver particulate preparations were incu- 
bated with ATP in the presence of ethanol, a com- 
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Fig. 6. Effect of several different alcohols on unidentified 
nucleotide formation in rat liver preparation in vitro. 
Values are the means of at least triplicate incubations. 


pound was formed which behaved similarly to cyclic 
AMP on cation exchange resin and, like cyclic AMP, 
was not precipitated by nascent BaSO,. The estab- 
lished method for purifying cyclic AMP from incu- 
bates [9] selectively and quantitatively precipitates all 
adenine nucleotides, adenine and inorganic phos- 
phate, while cyclic AMP remains in the supernatant. 
Petrack et al. [8], however, have shown that when 
fat cell preparations were incubated with ATP and 
glycerol or other alcohols and the incubates purified 
by the method of Krishna et al. [9], the product 
found in the BaSO, supernatant could be separated 
from known cyclic AMP by paper chromatography. 
Similarly, the product formed from ATP in the pres- 
ence of ethanol in the experiments reported here was 
shown to be a compound other than cyclic AMP by 
selective adsorption of the product onto water-equili- 
brated alumina. This method was shown to be reli- 
able for quantitative separation of the unknown from 
cyclic AMP. 

There is much evidence that the synthesis of the 
unknown was enzyme-catalyzed. The reaction did not 
proceed when all reactants were incubated in the 
absence of tissue protein or in the presence of heat- 
denatured tissue. The rate of unknown formation in- 
creased linearly with concentrations of tissue protein 
up to approximately 100 yg/sample and up to 15 min 
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Fig. 7. Effect of ethano! on unidentified nucleotide forma- 
tion in several tissues in vitro. Values are the means of 
triplicate incubations (liver data from Fig. 4). 
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of incubation time. In addition to having a specific 
tissue distribution, the enzyme also exhibited a speci- 
fic subcellular distribution. The greatest specific acti- 
vity was found in the 17,000g pellet prepared from 
liver. Although in the absence of fine structure evi- 
dence it is difficult to state specifically which subcellu- 
lar organelle predominates in this fraction, Gray and 
Whittaker [12] conclude that the 17,000g fraction 
from brain tissue homogenized in isosmotic sucrose 
is a “crude mitochondrial” fraction. 

The kinetics of unknown formation are complex. 
The observation that velocity is dependent upon both 
ethanol concentration and ATP concentration sug- 
gests a bimolecular reaction involving stepwise bind- 
ing of the two substrates to the enzyme. The alinearity 
of the double-reciprocal plot of ethanol concentration 
vs velocity, however. does not allow graphical deter- 
mination of the dissociation constants of a two- 
substrate enzyme [13, 14]. 

Although adenylate cyclase and the enzyme de- 
scribed here are both particulate, both use ATP as 
a substrate, and the two products are not BaSO,- 
precipitable; unknown formation is catalyzed by an 
enzyme different from adenylate cyclase. Whereas the 
optimal pH for unknown formation in vitro was pH 
9.0, the pH optimum for adenylate cyclase is 7.2 to 
8.2 [15]. In addition, unknown formation had a rela- 
tive requirement for 10mM magnesium, calcium or 
manganese. Adenylate cyclase is inhibited by calcium 
concentrations greater than 0.2 mM [14]. 

As unknown formation did not proceed in the pres- 
ence of acetaldehyde, the enzyme must bind ethanol 
per se and not an ethanol metabolite formed by the 
action of alcohol- or acetaldehyde-dehydrogenases. 
The 50 per cent decrease in unknown formation in 
the absence of the ATP-regenerating system suggests 
that the enzyme requires ATP, and not an ATP meta- 
bolite, as a substrate. In the absence of an ATP- 
regenerating system, ATP metabolite concentrations 
would greatly increase due to the action of competing 
ATPases and nucleotidases present in a crude mito- 
chondrial preparation. Furthermore, if the enzyme 
required an ATP metabolite as substrate, the rate of 
unknown formation would increase, or at least not 
decrease, in the absence of an ATP-regenerating sys- 
tem. Thus, nucleotide formation is catalyzed by a sin- 
gle enzyme or enzyme system which binds unmetabo- 
lized ATP and ethanol. 

The structure—activity relationship observed in the 
experiments described here agrees with the prelimi- 
nary results described by Petrack et al. [8], who also 
observed that ethylene glycol was the most active of 
those studied, and that propylene glycol was slightly 
more active than ethanol. The pooled activity series 
is: ethylene glycol > glycerol > methanol > propy- 
lene glycol > ethanol. Simple secondary or tertiary 
alcohols were not active’in our experiments. The rela- 
tionship between structure and activity for primary 
alcohols is increasing activity with decreasing chain 
length. The greater activity of polyhydroxy alcohols 
may be explained by an increased frequency of suc- 
cessful primary hydroxyl-enzyme collisions which 
would occur when a greater number of primary hy- 
droxyl groups are present on a molecule. The highly 
reproducible observation that some unknown syn- 
thesis takes place in the presence of water can best 
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be explained by the possibility that ATP complexes 
with an endogenous primary alcohol present in the 
crude liver preparation. It is possible that this endo- 
genous substrate could be eliminated by further 
enzyme purification. 

In the absence of physical and chemical analysis 
of the product, its structure is subject to speculation. 
Labeled product formation from either [2.8-*-H]ATP 
or [z-3?P]ATP, supplied as substrate tracers in separ- 
ate experiments, indicates that the product contains 
an adenine ring and a ribose moiety with at least 
an z-phosphate. This satisfies the definition of a nu- 
cleotide. In addition to the conclusion that the prod- 
uct is an adenine nucleotide, Petrack et al. [8] con- 
clude from their studies with fat cells and different 
alcohols that the product does not contain the 
y-phosphate and probably not the f-phosphate from 
ATP. In their experiments, no radioactive product 
was obtained when [y-*?P]ATP was supplied as sub- 
strate or when [f-°?P]ATP was generated in situ with 
combined action of myokinase and pyruvate kinase. 
In addition, they conclude that the product may in- 
corporate the alcohol into the nucleotide product in 
an unknown linkage. The structure of the product 
formed, therefore, would depend upon the alcohol 
supplied as substrate. The products formed from the 
condensation of ATP with several different alcohols 
would be a series of congeners, each composed of 
an adenosine monophosphate nucleus and a side 
chain, possibly in a phosphate ester linkage, of the 
respective alcohol. 

Further research is necessary to determine if a con- 
densation product of ethanol and ATP is involved 
in the effects of ethanol on the liver either by deple- 
tion of available intracellular levels of ATP or by in- 
terference with the hepatic cyclic AMP system. 

In conclusion, when rat liver particulate prep- 
arations were incubated in the presence of ethanol 
and ATP, an adenine nucleotide was formed which, 
although it could be eluted from cation-exchange 
resin in phase with cyclic AMP and was not BaSO,- 
precipitable, could be shown not to be cyclic AMP 
by selective adsorption onto aluminum oxide. In 
addition, the formation of this nucleotide was cata- 
lyzed by an enzyme distinct from adenylate cyclase. 
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Abstract—The extent of binding of 8-[*H]adenosine 3’,5'-monophosphate (cyclic AMP) to specific sites 
was measured in Walker carcinoma cells of tissue culture lines, having different degrees of resistance 
to the cytotoxic effects of alkylating agents. When compared with sensitive cells, the resistant lines 
showed a loss of binding activity with increasing resistance, when measured at either pH 4.0 or pH 
6.5. This applied to cell lines made resistant either to 5-aziridinyl-2,4-dinitrobenzamide (CB 1954) or 
chlorambucil, although the total loss of binding activity was greater in the former cell lines. Scatchard 
analysis of binding suggested the presence of two sites in all cell lines with Kp, ~ 1-5 x 10°°M 
and Kp, ~ 3 x 10-®M. The decreased binding activity was not due to an increased cAMP phospho- 
diesterase activity in the resistant cell lines, since the activity of the high affinity form of this enzyme 
was either the same as (CB 1954-resistant) or less than (chlorambucil-resistant) that found in sensitive 
cells. Walker cells with acquired resistance to either CB 1954 or chlorambucil showed a degree of 


cross resistance to the cytostatic effect of cAMP analogues and of other alkylating agents. 


Adenosine 3'5’-monophosphate (cyclic AMP), and 
agents which elevate the intracellular level of this nu- 
cleotide, cause tumour growth inhibition both in 
vitro [1-3] and in vivo [4-7]. One of the tumours 
which is highly susceptible to growth inhibition by 
cAMP is Walker 256 mammary carcinoma [4, 7]. It 
has been shown previously that the bifunctional alky- 
lating agents cause an increase in the intracellular 
level of cAMP in Walker carcinoma cells, and that 
this increase is linearly related both to the concen- 
tration of the alkylating agent and to the cellular 
growth inhibition obtained [8,9]. This increase in 
cAMP is thought to be due to an inhibition of the 
form of the cyclic nucleotide phosphodiesterase with 
a low K,, value, since only this form of the enzyme 
is inhibited and only in cells sensitive to the cytotoxic 
effect of the alkylating agents[8]. Resistance to 
bifunctional alkylating agents is accompanied by an 
alteration of this form of the enzyme expressed by 
a specific loss of two enzymic forms, a shift in pH 
optima and an altered inhibition constant to the 
reversible inhibitor theophylline [10]. While the 
bifunctional alkylating agent chlorambucil, which is 
an effective tumour growth inhibitor, causes an in- 
crease in intracellular cAMP in sensitive Walker car- 
cinoma cells, the corresponding monofunctional ana- 
logue, which is ineffective as a tumour growth inhibi- 
tor, has no effect on cAMP levels, even at thirty-six 
times the dose of the bifunctional compound. How- 
ever, the monofunctional aziridine derivative 5-aziri- 
dinyl-2,4-dinitrobenzamide (CB 1954), which is highly 
cytotoxic to Walker cells, produces an increase in 
cAMP which is comparable to that caused by chlor- 
ambucil at equitoxic doses [9]. Walker tumour cells 
with acquired- resistance to CB 1954 also showed a 


degree of cross-resistance to chlorambucil and vice 
versa, implying a common mechanism of action for 
the two agents. However, the increase in cAMP pro- 
duced in response to CB 1954 was shown not to be 
due to an inhibition of the cAMP phosphodiesterase. 
The cross-resistance might, therefore, involve a loss 
of responsiveness to the rise in cAMP level, which 
is an effect common to the two agents, rather than 
changes in cAMP synthesis or degradation. 

Kuo and Greengard[11] have suggested that all 
the effects of cAMP might be mediated through the 
phosphorylation of specific proteins by protein 
kinases. Since binding of cAMP to a specific receptor 
appears to be an initial step in protein kinase acti- 
vation, the degree of binding of cAMP to specific 
cytosolic proteins has been investigated in both sensi- 
tive Walker carcinoma cells and in those resistant to 
either chlorambucil or CB 1954. 


MATERIALS AND METHODS 


8-[?H]Cyclic AMP (sp. act. 27.5 Ci/m-mole) was 
purchased from the Radiochemical Centre, Amer- 
sham. Cellulose ester filters were obtained from Milli- 
pore Corp., London, and N°,O? -dibutyryl cAMP (db 
cyclic AMP) and N°-monobutyryl cAMP (mb cyclic 
AMP) from Boehringer Corp., London. Scintillation 
fluid NE 233 was purchased from Nuclear Enterprises 
Ltd., Edinburgh. Chlorambucil and CB 1954 were 
synthesized at the Chester Beatty Research Institute, 
London. 

Gell culture. Cell lines were maintained in static 
suspension culture in Dulbecco’s modified Eagle’s 
medium, supplemented with 10°, foetal calf serum, 
under an atmosphere of 10°, CO, in air. A line of 
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Walker carcinoma cells, sensitive to alkylating agents, 
was established in vitro, as previously described [12]. 
One series of cell lines resistant to different concen- 
trations of chlorambucil, and another series of 
CB 1954-resistant lines were developed from the sensi- 
tive line (WS) as follows. In the first instance, WS 
cells were suspended at 10°/ml in fresh medium and 
dispensed into culture flasks. Chlorambucil or 
CB 1954 were made up at one hundred times the 
required concentration in DMSO and added to the 
cells to give a final concentration of 0.1 ug/ml of 
chlorambucil or 0.001 zg/ml of CB 1954. These con- 
centrations were approximately twice the ID) concen- 
trations for WS cells (see below). The treated cells 
were incubaied until a dense suspension was 
obtained. The suspension was then divided into two 
portions and diluted with medium to give 10° 
cells/ml. One portion was then treated again with the 
first dose, while the other received a 2-fold higher 
dose. This process was repeated so that some of the 
cells received regularly increasing doses of drug while 
others were diverted at each level and subsequently 
received the same drug dose every 10 days. In this 
way, a large number of lines was obtained. Three 
chlorambucil-resistant lines and four CB 1954-resist- 
ant lines were used in this study. 

Drug sensitivity assays. The sensitivity of the 
various cell lines to drug treatment was estimated as 
described previously [12]. Cells were suspended in 
fresh medium at a concentration of 2 x 10°/ml and 
the suspersion was dispensed into tubes in 2-ml ali- 
quots. Drug solutions were made up at one hundred 
times the required concentration and 20,1 were 
added to each tube. The cells were plated out, in the 
presence of drug, into the wells of a Linbro microtest 
plate, which holds 96 separate 200-yl samples. The 
plates were incubated and cell counts were made at 
24-hr intervals. Growth curves were constructed from 
the counts and percentage inhibition of growth rate, 
compared with the control, was estimated. Dose 
response curves were then constructed and IDs» 
values (dose of drug giving 50 per cent inhibition of 
growth) were read off. 

Cyclic AMP-binding assay. The binding of cAMP 
to proteins was measured by a modification of the 
method of Gilman [13]. Cells were removed from tis- 
sue culture medium by centrifugation at 300g for 
3 min, after which they were washed with 0.9% NaCl 
and recentrifuged. All operations were then carried 
out at 0-4. The cell pellets were suspended in 10 mM 
Tris-HCl, pH 7.6, containing 250mM _ sucrose and 
| mM MgCl, and sonicated with a 20-Kc MSE sonic 
oscillator (5 sec/ml). Particulate material was removed 
by centrifugation at 100,000g for | hr and the super- 


natant fraction was used for the determination of 


cAMP-binding activity. Protein was determined by 
the method of Lowry et al. [14] using bovine serum 
albumin as standard. 

The cAMP-binding assay was performed in a final 
volume of 0.2 ml with either 50mM _ sodium acetate, 
pH 4.0, or 50mM potassium phosphate, pH 6.5, as 
buffers. For routine assays the buffers contained 
3mM_ theophylline and 80nM_ 8-[°H]cAMP 
(75.600 cpm per assay), and binding was allowed to 
take place for at least 2hr at 0. Cellular extracts 
were added. in 0.1 ml of the Tris—sucrose sonicating 
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buffer, usually at a protein concentration of 
0.3—-3 mg/ml (30-300 ug per assay). After the binding 
reaction had taken place for the desired length of 
time, | ml of cold 20 mM potassium phosphate buffer, 
pH 6.0, was added. After 2 min the contents of the 
tube were filtered by suction through a 25-mm cellu- 
lose ester filter (0.45 um pore size) which had. been 
premoistened with cold phosphate buffer. The tube 
was rinsed with 5 ml of cold phosphate buffer, which 
was also passed through the filter. Finally, the filter 
was rinsed with 10 ml of cold phosphate buffer. The 
filter containing protein-bound [7H ]cAMP was placed 
in a scintillation vial and dissolved in | ml of 2-(meth- 
oxy)ethanol. After dissolution, the amount of radioac- 
tivity was determined in 10 ml of scintillation fluid, 
[2-(methoxy)ethanol, 200 ml and 800 ml of a solution 
of 8g of PPO in 1000 ml of toluene] using a Tracer 
Lab scintillation counter. 

To determine the effect of pH on binding activity, 
the conditions were as described with 50 mM buffers 
(pH 3.6-5.7, sodium acetate and pH _ 7.0-8.0, 
Tris-HCl). The protein-bound cyclic AMP was 
assayed on Millipore filters with 20mM _ buffers of 
the same pH. 

Two types of corrections were used for non-specific 
binding. The ‘filter blank’ was obtained by measuring 
the amount of [7H]cAMP bound to the filter in the 
absence of protein. A correction for non-specific 
cAMP-binding was made which was similar to that 
used by Daniel et al. [15]. In this case specific binding 
was calculated by subtracting the radioactivity 
retained by the filter in the presence of 1 mM unla- 
belled cAMP. 

Assay of phosphodiesterase activity. The determina- 
tion of phosphodiesterase activity has been previously 
described [16]. Incubations were carried out at 35 
for a time interval which gave less than 10 per cent 
hydrolysis of the substrate. 8-[°H]Cyclic AMP and 
8-[°H]5’AMP were separated by a thin-layer chroma- 
tographic procedure and radioactivity was deter- 
mined in NE 233 scintillation fluid. 

Cyclic AMP assay. Cyclic AMP was determined 
as previously described [8]. The ether extracted, lyo- 
philized TCA supernatant was purified on a column 
of Dowex SOW-X8 200-400 mesh resin in the H* 
form, and the amount of cAMP in the eluate was 
determined using a Radiochemical Centre assay kit. 
A standard curve was performed for each determina- 
tion. 


RESULTS 


Drug sensitivity of cell lines. The cell lines used in 
this work are listed in Table 1, along with their IDso 
values for chlorambucil, CB 1954 and db cyclic AMP. 
WS is extremely sensitive to CB 1954 and consider- 
ably less so to chlorambucil. Comparatively large 
concentrations of db cyclic AMP are required to in- 
hibit growth. The chlorambucil-resistant series Wey, 
| to 3 had received their maximum dose as shown 
at least ten times before they were used. Despite this, 
none of the lines was unaffected by this dose, and 
their IDs) values were lower than might have been 
expected. This suggests that either survival after treat- 
ment was largely due to recovery over a longer period 
than was used in the sensitivity assay, or that resistant 
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Table |. Cell lines used and their sensitivities to chlorambucil, CB 1954 and dibu- 
tyryl cyclic AMP 





Maximum dose 
previously 


IDs» g/ml 





survived 


Cell line (ug/ml) 


Chlorambucil 


CB 1954 db cAMP 





Ws 


Chlorambucil 
W, Whe 1.6 
W, Hi 2 6.4 
WwW, Hi3 25 


CB 1954 


0.045 0.0005 


0.002 
0.005 
0.008 


0.016 
0.03 
0.35 
1.9 





cells rapidly lost resistance after surviving each treat- 
ment. As shown in the table, these lines also showed 
a degree of resistance to CB 1954 and to db cyclic 
AMP, which increased with increasing chlorambucil 
resistance. 

The IDs, values for the CB 1954 resistant lines Wp 
1 to 4 show a closer correspondence with the concen- 
trations with which the lines had repeatedly been 
treated. Cross-resistance to chlorambucil and db cyc- 
lic AMP were also shown by these lines. 

Comparison of the activity of cyclic AMP-binding 
proteins in sensitive and resistant cells. The 100,000 g 
supernatant fractions from both sensitive and resist- 
ant Walker cells contain components which bind 
cAMP. The presence of phosphodiesterase in these 
fractions makes it impossible to measure binding at 
physiological pH except by using high concentrations 
of theophylline. This problem has been circumvented 
by using lower pH values at which to assess activity. 
Thus binding activity has been measured at both pH 
6.5, which is close to physiological values, but at 
which the phosphodiesterase has minimal acti- 
vity [10] and at pH 4.0 at which binding shows a 
maximum (Fig. 1). At both pH values the reaction 
was linear with protein concentrations between 30 
and 300 ug per assay. The specific activity at these 
two pH values for both sensitive Walker cells and 
those resistant to either CB 1954 or chlorambucil is 
shown in Table 2. For all resistant cell lines and at 
both pH values, there is a loss of cCAMP-binding pro- 
tein. Since binding activity is proportionate to protein 
concentration and since both sensitive and resistant 
cells have similar protein contents (250 + 10 yg/10° 
cells), it is assumed that the decreased binding activity 
in resistant cells represents a decreased concentration 
of binding protein per cell. This effect is most pro- 
nounced for Walker cells with acquired resistance to 
CB 1954 where there is a gradual loss of binding acti- 
vity with increasing resistance, such that Wey only 
has 30 per cent of the binding protein found in sensi- 
tive cells when measured at either pH value. 

To discover if the lowering of the activity of specific 
cAMP binding in the resistant cells is due to the pres- 
ence of an endogenous inhibitor, the effect of com- 
binations on the binding activity has been measured. 
The results presented in Table 3 show some lowering 
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of binding activity when sensitive and CB 1954 resist- 
ant cell cytosols are combined in equal proportions. 
There is little difference in binding activity at either 
pH value when sensitive and chlorambucil resistant 
cytosols are mixed. This suggests the possibility of 
an inhibitor to cAMP binding in CB 1954-resistant 
Walker cell cytosols. 

When examining binding in unpurified extracts, the 
presence of endogenous cAMP must be considered. 
Such unlabelled cAMP would dilute the radioactive 
compound used to detect binding and might also 
mask some binding sites. The effect of dialysis on 
cAMP binding was therefore examined. The results 
presented in Table 4 show little difference in binding 


pmole/mg protein 


Bound c AMP, 








sy 


Fig. 1. The effect of pH on the binding of cAMP by cyto- 

solic proteins from sensitive and resistant Walker cells. 

@—e WS; 0O—0 Wem; Y—V Wen2; O—O 
Won3; &-—— War>. 
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Table 2. Specific activity of cyclic AMP-binding protein 
(pmole/mg protein) in Walker cells sensitive (WS) or resist- 
ant to either CB 1954 (W,) or chlorambucil (Wey) 





Binding activity (pmole/mg protein) 





Cell line pH 4.0 pH 6.5 





13.3 
7.5 
4.7 
44 
4.2 
7.8 
pe 
6.9 


0.7 11.6 
0.4 6.3 
0.6 
0.7 
0.8 
0.5 
0.5 
0.6 


0.6 
0.7 
0.6 
0.5 
0.1 
0.5 
0.4 
0.5 


DNS wwn 
se Uw Oto 
I+ I+ I+ I+ 1+ 1+ I+ 1+ 


He HE I He + H+ + H+ 





activity after | day’s dialysis at either pH 4.0 or pH 
6.5. After dialysis for 4 days, there is an appreciable 
loss of binding activity when measured at pH 4.0, 
but little difference at pH 6.5. Thus it appears that 
the endogenous cAMP makes little difference to the 
binding results as presented in Table 2. Differences 
in endogenous cAMP being responsible for the lower- 
ing of specific cCAMP-binding activity in resistant cells 
can also be ruled out by the results presented in Table 
5, which shows that the resistant cells either have the 
same or a lowered basal intracellular level of cAMP. 

The possibility of quantitative differences in cAMP- 
binding proteins between sensitive and resistant cells 
was further investigated by an examination of the in- 
fluence of pH on the binding of cAMP. The results 
presented in Fig. | show that binding by both sensi- 
tive and resistant cytosol has a pH optimum of about 
4.0 at a ligand concentration of 100nM. A similar 
pH optimum is shown for binding at |1nM cAMP. 

Comparison of phosphodiesterase activity in sensitive 
and resistant Walker cells. Since decreased binding of 
[°H]cAMP could result from an increased rate of hy- 
drolysis, the activity of cAMP phosphodiesterase has 
been measured in sensitive and resistant cells. This 
enzyme in both sensitive and resistant Walker cells 
has previously been shown to exist in two forms dif- 
fering in K,, values; a low affinity form with 
K,, ~ 80uM and a_ high affinity form’ with 
K,, ~ 1.0uM [16]. The activity of this enzyme has 
therefore been determined at either 1mM cAMP 
(which measured mainly the high K,, form of the 
enzyme) and at 5uM cAMP (for the low K,, form). 


Table 3. Effect of combinations of cytosolic protein from 
sensitive and resistant Walker carcinoma on the activity 
of the cyclic AMP binding protein at pH 4.0 





Binding activity (pmole/mg protein) 





Combination* Observed Expected 





WS + War; 
WS + Wr> 
WS + Wa; 
WS + Wes 
WS + Wen: 
WS + Wenr2 
WS + Wens 


0.5 
0.4 
0.4 
0.6 
0.7 
0.5 
0.6 


He HEH H+ HH + 





* Cytosolic fractions of sensitive and resistant cells were 
mixed in equal proportions. 
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Table 4. Effect of dialysis on the cyclic AMP-binding pro- 
tein of sensitive Walker carcinoma 





Time (days) 





pH 0 1 4 





13.8 
11.6 


13.4 5.2 
13.6 10.5 


Activity 4.0 
(pmole/mg protein) 6.5 





The specific activity of the enzyme expressed as 
nmoles of 5‘AMP formed/min/milligram of protein in 
total cell sonicated suspensions of sensitive and resist- 
ant cells is shown in Table 6. When assayed at 1 mM 
cAMP, the specific activity of the enzyme is approxi- 
mately constant in both sensitive and resistant cells 
within the limits of experimental error. However, 
when assayed at low substrate concentration there is 
a gradual decrease in the specific activity of the low 
K,, form of the enzyme with increasing resistance to 
chlorambucil. A similar loss of this form of the 
enzyme has previously been found in cells resistant 
to melphalan [8, 16]. For Walker cells with acquired 
resistance to CB 1954, there is no loss of the high 
affinity form of the phosphodiesterase with increasing 
resistance. Since the activity of the cAMP phospho- 
diesterase in resistant Walker cells is either the same 
or lower than that of the sensitive cells, decreased 
availability of the added [7H]cAMP does not account 
for the differences in binding protein activity. 
Comparison of Scatchard plots for cyclic AMP bind- 
ing. To compare the binding components in sensitive 
and resistant cells more thoroughly, the amount of 
[7H]cAMP bound has been measured as a function 
of total ligand concentration and the data has been 
used to construct Scatchard plots [17]. A wide range 
of cAMP concentrations was employed in order to 
look for potential heterogeneity in the binding. The 
Scatchard plots shown in Fig. 2 can be interpreted 
as showing two non-interacting binding sites in both 
sensitive and resistant Walker cells with 
Kp, ~ 1-5 x 10°9M and Kp, ~ 3 x 10°°M. The 
dissociation constants for both sensitive and resistant 
cells at pH 6.5 are shown in Table 7. In all cell types, 
the high affinity binding site is quantitatively the most 
important. Only Wey,3 cells lack the low affinity 
binding site (Fig. 2). The results could equally be in- 
terpreted as being one site showing negative coopera- 
tivity. The specific binding of cAMP by cytosolic frac- 
tions from sensitive and resistant Walker cells at 
various CAMP concentrations is shown in Fig. 3. This 
indicates that there is a gradual loss of binding acti- 
vity at pH 6.5 with increasing resistance at all cAMP 


Table 5. Cyclic AMP content of sensitive and resistant 
Walker cells 





Cell line Cyclic AMP (pmole/mg protein) 





I Ie I + I+ + 4 I 
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Table 6. Cyclic AMP phosphodiesterase activities of sensi- 
tive and resistant Walker carcinoma 





Cyclic AMP phosphodiesterase activity 
(nmole/min/mg protein) 





Cell line High K,, activity* Low K,, activityt 





0.26 + 0.01 
0.25 + 0.03 
0.25 + 0.05 
0.24 + 0.02 
0.255 + 0.005 
0.22 + 0.004 
0.14 + 0.02 
0.094 + 0.001 


oo 
An An 


coooocooceo 
wn 


Ie IE EI I+ I 1+ 


1.68 
1.66 
1.70 
1.61 
1.69 
1.67 
1.65 
1.68 


33388 
Ww 


wn 





* Measured at | mM cAMP. 
+ Measured at 5 uM cAMP. 


concentrations greater than ~10nM, such that 
WS > Weurr > Wenr2 > Wr: > Wenrs > Wr > 
Wa;.- A similar loss of binding activity with increasing 
resistance was also observed at pH 4.0. These results 
therefore suggest that resistant cells contain fewer 
cAMP receptors than do sensitive cells. 


DISCUSSION 


Cyclic AMP is believed to activate cAMP-depen- 
dent protein kinases by binding to the regulatory 
subunit of the inactive holoenzyme form (RC) causing 
a dissociation into the regulatory subunit-cAMP 
complex (R. cAMP) and the active catalytic subunit 
(C) [18-20]. Dissociation constants ranging from 
0.5 nM [21] to 110 uM [22] have been reported for 
the binding of cAMP to RC. The present results with 
Walker carcinoma cells sensitive and resistant to 
alkylating agents suggest at least two types of cytoso- 
lic cAMP-binding sites as revealed by Scatchard 
analysis; a high affinity site with Kp) ~ 1-5 x 10°°M 
and a low affinity one with Kp ~ 3 x 10°°M, the 
former being quantitatively the most important. 

Daniel, Litwack and Tomkins[15] have shown 
that mouse lymphosarcoma cells resistant to the cyto- 
toxic effect of db cyclic AMP contain less cytoplasmic 
cAMP binding proteins and decreased cAMP stimu- 
lated protein kinase activity compared with the sensi- 
tive line. They suggested that cytosol from the sensi- 
tive cells might contain two types of cAMP binding 
sites and that with the acquisition of resistance, there 
was a loss of the lower affinity sites and a decreased 
concentration of the higher affinity sites. We have 
shown a similar decrease in the specific cAMP bind- 
ing sites in Walker carcinoma with acquired resist- 
ance to both the monofunctional alkylating agent, 
CB 1954, and also to the difunctional agent, chloram- 
bucil, although the loss of binding activity is more 
pronounced in the former cell lines. These cells also 
show a degree of cross-resistance to db cyclic AMP. 
However, Weg which requires 3600 times as much 
CB 1954 as WS does to give 50 per cent growth inhi- 
bition, only requires three times as much db cAMP. 
This is surprising in view of the 70 per cent loss of 
binding protein in this cell line. 

Cho-Chung has separated two cell populations of 
Waiker carcinoma, one responsive and the other un- 


18 


Bound/free 








6 
Bound, nM 
Fig. 2. Scatchard plots for the binding of cAMP by cytoso- 
lic proteins from sensitive and resistant Walker cells shown 


in Fig. 3. @——@® WS; O O Wenrr; Y——V Wenz: 
v—V Wes. 


responsive to db cyclic AMP [23]. Both tumours re- 
spond to treatment with a doubling of cAMP 
levels [4]. The unresponsiveness to cAMP in the re- 
sistant tumour has been correlated with an altered 
cAMP binding by the tumour cytosol [24]. The resist- 
ant tumour has only 50 per cent of the specific cCAMP- 
binding activity of the sensitive line and a higher Kp 
for cAMP binding. This particular line of the Walker 
tumour which is sensitive to cAMP only possesses 
the high affinity binding sites, while the unresponsive 
tumour only has the low affinity sites. 

It has been reported previously [10] that Walker 
cells resistant to the bifunctional alkylating agent, 
ne!lphalan, show an alteration of the cAMP phospho- 
diesterase, which is manifested by a change in pH 
optimum and a decreased contribution of the high 
affinity form of the enzyme to the total activity. This 
loss of the high affinity form of the phosphodiesterase 
with increasing resistance is also seen in Walker cells 
resistant to chlorambucil. There is not, however, a 
loss of this form of the enzyme in cells resistant to 


Table 7. Dissociation constants K, of cyclic AMP binding 
to cytosolic proteins of sensitive and resistant Walker cells 
at pH 6.5 





Cell line Ky x 10°°M_ —s Ky, x 107° M 





SCUAow 
WWW Www 
nAnonanuno~-— 

| HlHH HH I I+ 
Seesssscs 
LhrAIADA A LNW 


oa 
I+ 4 OIE OI Hs I+ 14+ I+ 
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Oo 


Won 3 








M. J. Tispace and B. J. PHILLIPS 


pmole/mg protein 


Bound c AMP, 


Za 











80 


100 


Free c AMP, 


Fig. 3. Specific cAMP binding by cytoplasmic extracts from sensitive and resistant Walker cells at 


various CAMP concentrations. @ @e WS: oO 
x x We: 8 


CB 1954. This is in accord with the observation that 
chlorambucil causes an elevation of intracellular 
cAMP by inhibiting the phosphodiesterase with a low 
K,,, value, whilst CB 1954 has no effect on the activity 
of this enzyme at a time when cAMP levels are ele- 
vated [8]. 

Despite an apparent difference in the mechanism 
by which the two drugs cause an elevation of cAMP. 
loss of binding activity could explain the cross-resist- 
ance observed between chlorambucil and CB 1954. 
assuming that binding is important in the manifes- 
tation of the effects of cAMP. 

Daniel et al. [25] found a lower level of phospho- 
diesterase activity in mutant mouse lymphoma cells 
resistant to db cAMP, and postulated that the lower 
level of enzyme activity was related to a deficiency 
of cAMP binding activity. In the present investiga- 
tion, although a loss of both binding activity and of 
the high affinity form of the phosphodiesterase was 
observed in Walker cells resistant to chlorambucil, 
no loss of this form of the enzyme was observed in 
Walker cells resistant to CB 1954 although they have 
a much greater loss of binding activity. 

Since the presently identified function of the cAMP 
receptor is the regulation of cAMP-dependent phos- 
phokinase. variations in the stimulation of this 
enzyme in Walker cells sensitive and resistant to alky- 
lating agents are currently under study. 
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Abstract—Increases in blood concentrations of glucose induced by epinephrine, of lactate induced 
by epinephrine and isoproterenol, and of glycerol and insulin induced by isoproterenol in rats showed 
graded responses dependent on the dose of the catecholamines and were blocked also progressively 
by increasing doses of 5-(3-tert-butylamino-2-hydroxy)propoxy-3,4-dihydrocarbostyril hydrochloride 
(carteolol), a new beta-adrenergic blocking agent. The ED<o estimated for these metabolic parameters, 
other than blood insulin, was 100-200 yg/kg of body wt for epinephrine and 10-20 ug/kg for isoproter- 
enol, while the “corrected IDs,” for carteolol, reflecting the dissociation constant of the antagonist—recep- 
tor complex, was 1-3 pg/kg. It is concluded that the beta-adrenergic receptors of the same character 
concerning the affinity to agonists and antagonists mediate the increase of blood levels of these carbo- 
hydrate and lipid intermediary metabolites, and that the affinity of carteolol is one order higher than 
that of isoproterenol, which in turn is ten times higher than that of epinephrine. In contrast, much 
higher EDs9 for isoproterenol and “corrected IDs,” for carteolol were obtained when hyperinsulinemia 
was used as a measure of beta action, suggesting that the beta-adrenergic receptor mediating pancreatic 
secretion of insulin is distinct in nature from the receptors involved in the. control of carbohydrate 
and lipid metabolism. Comparison of the potency of carteolol with those of propranolol and pindolol 
- showed that carteolol is the most potent beta-adrenergic blocking agent. 


injected into rats to cause a rise of blood concen- 
trations of some metabolites, the inhibition of which 


It is well known that most of the effects of epine- 
phrine and other catecholamines on carbohydrate 


and lipid metabolism are mediated by beta-adrenergic 
receptors [1]. Some of these metabolic alterations 
have been the subject of extensive biochemical 
studies, which have revealed the chain of events ‘from 
activation of adenylate cyclase to the change in meta- 
bolic parameters via phosphoprotein generated by 
cyclic AMP-dependent protein kinase. The beta- 
receptor-mediated activation of adenylate cyclase is 
known to occur in a wide variety of tissues and 
organs including the liver, skeletal and cardiac 
muscle, adipose tissues and secretory organs, resulting 
in modifications of enzymic activities and rates of 
metabolic flows in these tissues and eventually leading 
to changes in blood concentrations of metabolites. 
These metabolic changes are readily determined in 
vivo and in vitro. Thus, such biochemical parameters 
can serve as a good index for assessing activity of 
beta-adrenergic agonists as well as their antagonists. 

The purpose of this series of studies is to evaluate 
a new beta-adrenergic blocking agent, 5-(3-tert-butyl- 
amino - 2 - hydroxy)propoxy - 3,4 - dihydrocarbostyril 
hydrochloride (carteolol, OPC-1085) [2], by means 
of assessing its antagonistic effects on beta-stimulant- 
induced metabolic alterations. Yabuuchi and Kino- 
shita [3] have recently reported the blockade of car- 
diovascular actions of isoproterenol by this agent. In 
the present paper, epinephrine or isoproterenol was 


was then induced by carteolol in comparison with 
the inhibition induced by propranolol or pindolol. 
The results show that carteolol is a specific and 
potent blocking agent of the beta-adrenergic receptor- 
mediated metabolic functions. The chemical structure 
of carteolol is shown in Fig. 1. 


MATERIALS AND METHODS 


Male albino rats of the Wistar strain, weighing 
120-250 g, were used before or after 20 hr starvation. 
Rats were anesthetized by the intraperitoneal injec- 
tion of 50 mg pentobarbital/kg of body weight. Blood 
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Fig. 1. Chemical structure of carteolol (OPC-1085). 


1837 





1838 


samples were withdrawn from the inferior vena cava 
of the anesthetized rats through a heparinized syringe 
at the time of sacrifice. After centrifugation at 4°, the 
plasma was analyzed for glucose [4], lactate [5], 
pyruvate [6], glycerol [7], free fatty acids [8] and 
immunoreactive insulin [9]. The route, time and dose 
of injection of beta-stimulants, beta-blockers and 
other chemicals are described in the legends to Figs. 
2-5 

The sources of reagents are: epinephrine, Merck, 
Sharp & Dohme; isoproterenol, Sigma; 5-methoxy- 
indole-2-carboxylic acid (MICA), Aldrich Chemical 
Co.; “assay kit” for radioimmunoassay of blood insu- 
lin, Dainabot Radioisotope Laboratories Ltd., Tokyo. 
Other reagents are of analytical grade from commer- 
cial sources. 


RESULTS 


Blockade by carteolol of the epinephrine- or isopro- 
terenol-induced increases in blood levels of glucose, lac- 
tate, free fatty acids, glycerol and insulin. Intraperi- 
toneal injection of epinephrine (200 pg/kg of body 
wt) or isoproterenol (500 g/kg) into fasted rats 
caused roughly 2-fold and 3- to 4-fold increases in 
blood levels of glucose and lactate respectively (Fig. 
2 panels A and B). It is also seen in Fig. 2 that the 
increments of the metabolite concentrations became 
smaller with increasing doses of carteolol, which was 
injected 60 min prior to the agonist. There was a 
complete ‘abolition of the catecholamine actions at 
the dose of 1 mg/kg. Figure 3 shows that the changes 
in blood lactate concentration induced by the cate- 
cholamines with or without carteolol were associated 
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Fig. 2. Dose-dependent blockade of epinephrine- or iso- 
proterenol-induced hyperglycemia (A) and hyperlactacide- 
mia (B) by carteolol. Carteolol was injected subcutaneously 
1 hr before the intraperitoneal injection of saline (0), 
epinephrine (@) or isoproterenol (A) into fasted rats, which 
were sacrificed for blood sampling 30 min later. The doses 
of epinephrine and isoproterenol were 200 and 500 pg/kg 
of body wt respectively. Each point represents the mean 
value from five observations with S.E.M. shown as a verti- 
cal line. 
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Fig. 3. Correlation between blood levels of pyruvate and 

lactate in the rats treated with epinephrine (C2) or epine- 

phrine plus carteolol at various doses: (©) 0.1 yg, (@) | 

ug, (O) 10 ug, (O) 100 wg, and (©) 1000 pg/kg. Experimen- 
tal conditions are the same as in Fig. 2. 


with the same directional changes in blood pyruvate 
(correlation coefficient, r, is 0.965, P < 0.001). 

Figure 4 shows the effects of the increasing doses 
of carteolol on isoproterenol-induced increases in 
blood concentrations of free fatty acids (FFA), gly- 
cerol and immunoreactive insulin. Epinephrine was 
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Fig. 4. Dose-dependent inhibition of isoproterenol-induced 
increases in blood concentrations of FFA (top), glycerol 
(middle) and immunoreactive insulin (bottom) in fasted 
(left) and fed (right) rats. Carteolol was injected subcu- 
taneously into rats 15 min before subcutaneous injection 
of isoproterenol. Other experimental conditions are the 
same as in Fig. 2. The number of observations is four. 





Metabolic responses to carteolol 


Table 1. EDs for epinephrine and isoproterenol and 1D;, for carteolol 





Metabolic parameters 





Glucose Lactate Glycerol Insulin 


(ug/kg body wt) 





IDsq for carteolol* 
With epinephrine (200 pg/kg) 
With isoproterenol (500 pg/kg) 
EDs9 for epinephrine 


EDs9 for isoproterenol 


“Corrected IDs,” calculated for carteololt 
For epinephrine 


For isoproterenol 


(0.05) 


3 l 
(0.01) (0.003) 


l 
(0.003) 





* Obtained from the plots in Figs. 2 and 4. 


+ Figures in parentheses show approximate pmoles/kg. 
t Calculated from the values in Lines 1-4 according to the equation presented in text. 


not employed in this experiment because it, even at 
the largest dose, caused an only slight elevation of 
FFA and insulin in rats in accordance with previous 
findings [7, 10,11]. Stimulatory actions of isoproter- 
enol on blood concentrations of glycerol and insulin 
were significantly reduced by the prior treatment of 
rats with 0.1 to 1 mg/kg of carteolol, regardless of 
whether the rats had been fasted (left panel) or fed 
(right panel). These stimulatory actions were no 
longer observable when the dose of carteolol was in- 
creased to 5 mg/kg. In the case of FFA, however, 
there was no significant difference in the blood con- 
centration after isoproterenol between the rats receiv- 
ing no beta-blocker and those treated with carteolol 
at 1 mg/kg or smaller doses. This apparent failure 
of carteolol to lower the blood FFA levels in isopro- 
terenol-treated rats could be accounted for, at least 





* This equation is derived as follows. Since the response 
to an agonist is proportional to the amount of the 
agonist-receptor complex, the response (R) at any dose of 
the agonist (A) is expressed as follows, 

MR EDso 

état “Sik 1 + — 

R A 

where MR represents the maximal response obtained with 

saturating dose of the agonist and EDs,9 reflects the 

dissociation constant of the agonist-receptor complex in 

terms of the dose of agonist. When an antagonist at a 

certain dose (J) is administered with this dose of the 
agonist, the response (R’) is written as 

MR 14+ D. I ‘ 

— = ~{ 1+ 2 

R’ A (2) 


(1) 


where ID‘ reflects the dissociation constant of the agonist 
receptor complex in terms of the dose of antagonist, which 
equals the “corrected IDs)” in the present paper. 

When R/R’ = 2, then J = IDso. Thus, the following 


equation is obtained by a combination of Equations | and 


:D« IDs ’ 
-—— | 1} (3) 
A “corrected IDs 
Arrangement of Equation 3 affords the equation used in this 


and the subsequent papers. The present authors are indebted 
to Professor M. Ui for derivation of these equations. 


in part, by an elevation of blood FFA level induced 
by carteolol alone. Thus, FFA accumulated in blood 
gradually as the dose of carteolol injected alone was 
raised until no significant increase was induced by 
isoproterenol in the rat pretreated with 5 mg/kg of 
carteolol. 

Activity of carteolol as a blocking agent of metabolic 
actions of epinephrine and isoproterenol. The dose—res- 
ponse relationships in Figs. 2 and 4 enable us to esti- 
mate the dose of carteolol required for the half-maxi- 
mal inhibition of the action of epinephrine or isopro- 
terenol (ID59). Since there was no graded response in 
blood FFA (Fig. 4, panels A and B), estimation of 
IDs, was made for the metabolic parameters other 
than FFA, the results being presented in Lines 1 and 
2 in Table 1. In general, the dose of an agonist 
required for half-maximal stimulation (EDs9) can be 
considered to reflect the dissociation constant of the 
agonist-receptor complex, the formation of which 
eventually leads to the metabolic alteration observed. 
“Corrected IDs9,” which likewise reflects the dissocia- 
tion constant of the antagonist-receptor complex, can 
be obtained from IDs9, EDs, and the dose of agonist 
used for the measurement of IDs, according to the 
following equation.* 


1 4, dose of the agonist used 





“Corrected IDs)” = 


For the purpose of obtaining EDso, the effects of 
epinephrine and isoproterenol on blood levels of glu- 
cose, lactate, glycerol and insulin were studied at their 
various doses. The resultant dose-response relation- 
ships (not shown but see Ref. 12) were used for rough 
estimation of EDs 9, which are recorded in Lines 3 and 
4 in Table 1. It was impossible to obtain EDs9 for 
epinephrine-induced hyperinsulinemia and EDs 9 for 
isoproterenol-induced hyperglycemia, because there 
were no graded responses for these parameters. It is 
seen that the beta-receptors which are involved in the 
increase of blood levels of lactate and glycerol show 
a one-order higher affinity to isoproterenol than to 
epinephrine, in good agreement with the fact that iso- 
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Table 2. Failure of carteolol to inhibit metabolic responses 
to MICA, ACTH and heparin* 





Dose of carteolol 
(ug/kg) 





Dose of stimulant 


(per kg) 0 100 ~=—1000 





(Increment due to stimulant) 
MICA-induced hyperlacta- 
cidemia (mg/100 ml) 
25 mg 7.0 
50 mg 16.9 
MICA-induced. increase 
in blood FFA (mEgq/liter) 
25 mg 
50 mg 
ACTH-induced increase in 
blood FFA (mEq/liter) 
5 units 
10 units 
ACTH-induced hyperglycero- 
lemia (umoles/liter) 
5 units 
10 units 
Heparin-induced increase 
in blood FFA (mEq/liter) 
0.1 mg 
Im 
Heparin-induced hyperglycer- 
olemia (umoles/liter) 
0.1 mg 64 61 
| mg 45 34 


0.34 
0.28 


0.36 
0.24 





* Carteolol or saline was injected subcutaneously 15 min 
before ACTH or heparin or 30 min before MICA: Blood 
levels of metabolites were determined at their peak levels, 
i.e. 60 min after MICA (i.p.), 30 min after ACTH (s.c.) 
and 5 min after heparin (i.v.) The values in this table show 
the effects of these stimulants (mean from four observa- 
tions) expressed as the differences from the control which 
was obtained without the stimulant at each dose of carteo- 
lol under the same conditions. 


proterenol is ten times more potent than epinephrine 
as a stimulator of adipose tissue lipolysis [13]. 
“Corrected IDs)” was then calculated by the use 
of the above equation and presented in Lines 5 and 
6 in Tabie 1. It was 1-3 pg/kg for all the metabolic 
parameters other than isoproterenol-induced hyper- 
insulinemia. This value is one-order smaller than EDs, 
for the isoproterenol stimulation of these metabolic 
activities even in terms of a molar dose, showing that 
carteolol has an extremely high affinity to beta-recep- 
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tors. An additional important finding in Table 1 is 
that EDs, and “corrected IDs,” calculated for “insulin” 
were much higher than those for other metabolic par- 
ameters. This will be discussed later (see Discussion). 

Selectivity of carteolol-induced inhibition of meta- 
bolic activities. Blood concentrations of lactate, gly- 
cerol and FFA can be elevated without the mediation 
of the beta-receptor stimulation. Several examples are 
shown in Table 2. MICA caused increases in blood 
lactate due to an inhibition of hepatic gluconeo- 
genesis [14] and in blood FFA as a result of hypogly- 
cemia [15]. Both blood FFA and glycerol were raised 
by adrenocorticotropic hormone (ACTH) and heparin 
by stimulations of hormone-sensitive lipase and lipo- 
protein lipase respectively. Table 2 shows that these 
changes in blood metabolites were not affected by 
the high doses of carteolol. It is strongly suggested, 
therefore, that the action of carteolol is due to a selec- 
tive blockade of the beta-receptor-mediated functions. 

Comparison of the activity of carteolol with other 
beta-adrenergic blocking agents. In order to study 
the relative potencies of beta-adrenergic blocking 
agents, the inhibitory action of carteolol on the epine- 
phrine- and isoproterenol-induced metabolic alter- 
ations was compared with those of propranolol and 
pindolol (LB-46). Percent inhibitions induced by these 
blockers were plotted against their doses in Fig. 5S. 
Table 3 shows IDs9 estimated from these plots. In 
accordance with the results of previous studies [3] 
using cardiovascular responses of dogs as a measure 
of beta-receptor-mediated actions, pindolol was 
roughly ten times as effective as propranolol in block- 
ing thetabolic and _ insulin-releasing actions of 
epinephrine and isoproterenol. The dose of carteolol 
required for the half-maximal inhibition of the 
epinephrine- or isoproterenol-induced activations was 
several-fold smaller than the dose of pindolol in all 
cases recorded in Table 3. Thus, it is concluded that 
carteolol is the most potent beta-adrenergic anta- 
gonist among these three drugs studied. 


DISCUSSION 


In the present study, blood concentrations of glu- 
cose, lactate, pyruvate, FFA, glycerol and insulin were 
employed as the measure of beta-receptor-mediated 
functions, based on the view that metabolic processes 
involved in the liberation of these metabolites from 
tissues into the circulation are dependent on the beta- 
receptor stimulation. It should be emphasized here, 


Table 3. 1Ds9 for the beta-blocking actions of carteolol, pindolol and propranolol calculated from 
plots in Fig. 5 





Metabolites Agonist Fed or fasted 


IDso (ug/kg body wt) 





Carteolol Pindolol Propranolol 





Fasted 
Fasted 
Fasted 


Glucose Epinephrine 


Isoproterenol 


10-20 (7)* 
10-20 (7) 


50 (2) 
100 (1) 


100 (1) 
100 (1) 


Lactate 
Pyruvate 
Glycerol 


Insulin 


Epinephrine 
Epinephrine 
Isoproterenol 
Isoproterenol 
Isoproterenol 


Fasted 
Fasted 
Fed 
Fed 


1 (50) 
2 (50) 
50 (20) 
50 (70) 
50 (40) 


10 (5) 
20 (5) 
100 (8) 
100 (30) 
100 (20) 


50 (1) 

100 (1) 

1000 (1) 
3000-5000 (1) 
2000 (1) 





* Figures in parentheses are relative potencies. 
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Fig. 5. Comparison of blocking activity of carteolol with 

propranolol and pindolol. Experimental conditions are the 

same as in Fig. 2. The number of observations is four 
to five. 


however, that the beta-receptor-mediated function is 
not the only determinant of blood levels of these 
metabolites. Accordingly, some of them are, but 
others are not, suitable for this purpose, as will be 
discussed below. 

The blood level of glucose is determined by both 
hepatic production and peripheral utilization. Gluco- 
neogenesis and glycogenolysis in rat liver, major con- 
tributions to hepatic glucose liberation in the fasted 
state, are independent of alpha- and beta-receptor- 
mediated adrenergic control in vivo [16-18] and in 
vitro [18-20]. In contrast, Shikama and Ui have 
recently reported that the epinephrine-induced inhibi- 
tion of peripheral glucose utilization, which plays an 
essential role in epinephrine-induced hyperglycemia 
[21], resulted from beta-stimulation [17]. It is reason- 
able, therefore, to assume that hyperglycemia induced 
. by beta-stimulants as well as its inhibition by beta- 
blocking agents depends on the alteration of the rate 
of peripheral glucose utilization of blood glucose. The 
situation appears further complicated when isopro- 
terenol is employed as a beta-stimulant, because it 
also gives rise to the secretion of insulin, which, in 
turn, interferes with hyperglycemia by stimulating 
peripheral glucose utilization [22,23]. This would 
likely be the reason why there was no graded glyce- 
mic response to isoproterenol. 

There was no change in the lactate/pyruvate ratio 
in blood after the beta-stimulants (Fig. 3), suggesting 
that observed changes in blood lactate resulted from 
altered metabolic activities rather than a shift of cellu- 
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lar oxidation—-reduction state. Since tissue utilization 
of lactate is largely proportional to its blood level 
[24], it is very likely that the enormous increase eli- 
cited by catecholamines selectively reflects enhanced 
glycolysis in peripheral tissues which is known to be 
mediated by beta-stimulation. 

Lipolysis activated via the beta-stimulation in the 
adipose tissue liberates FFA and glycerol into the 
blood stream [25]. FFA in the blood is then oxidized 
by various tissues including the muscle, or alterna- 
tively is re-esterified by the adipose tissue, while gly- 
cerol serves as a substrate of hepatic gluconeogenesis. 
The re-esterification of FFA is known to proceed as 
glucose becomes available to the tissue, as exemplified 
by the lowering of its blood level after feeding (Fig. 
4). Probably, the increase of FFA liberation from 
the adipose tissue via beta-stimulation was counter- 
balanced by its re-esterification, which was poten- 
tiated by hyperglycemia or hyperinsulinemia. In this 
regard, blood glycerol served as a much better par- 
ameter than FFA of the beta-receptor-mediated lipo- 
lysis in adipose tissues. Finally, the beta-receptor- 
mediated insulin secretion has been well documented 
in rats [7,26] as well as in man [27]. Since epine- 
phrine can reduce blood insulin level due to alpha- 
receptor stimulation [28], it is reasonable that isopro- 
terenol was much more potent than epinephrine as 
a stimulator of insulin secretion. 

Based on these considerations, we were led to the 
conclusion that epinephrine-induced hyperglycemia, 
epinephrine- and isoproterenol-induced hyperlact- 
acidemia, isoproterenol-induced hyperglycerolemia 
and hyperinsulinemia are utilizable as the measure 
of the beta-receptor-mediated responses in the rats. 
Although a possibility would still exist that the degree 
of these metabolic changes is, in a strict sense, not 
solely dependent on stimulation of beta-receptors, it 
should be noted that EDs, for epinephrine or isopro- 
terenol as well as IDs, for the inhibition by carteolol 
were of essentially the same order, whether any of 
these metabolic changes were employed for these esti- 
mations (Table 1). This is a strong indication that 
these metabolic changes reflect, even in a quantitative 
sense, functions of the receptors of a similar type. 
Furthermore, EDs, and “corrected IDs,” calculated 
with respect to metabolic responses in Table | are 
in just the same order as those calculated with respect 
to blood cyclic AMP response in our companion 
paper [12], making it very likely that these metabolic 
responses resulted from beta-receptor stimulation via 
adenylate cyclase activation. 

Though EDs9 or “corrected IDs.” obtained here 
gives only a rough approximation related to the dis- 
sociation constant of the agonist- or antagonist- 
receptor complex, it is of utmost interest that these 
values estimated for isoproterenol-induced hyper- 
insulinemia were one or two orders higher than the 
corresponding values obtained for other metabolic re- 
sponses. This fact strongly suggests that the beta- 
adrenergic receptors mediating the regulation of gly- 
colysis and lipolysis are distinct from the receptors 
involved in the secretion of insulin. This idea is in 
accord with the finding that insulin is secreted from 
the pancreatic islet via the receptor of a beta-2 type 
[29], while lipolysis is enhanced by the beta-1 recep- 
tor stimulation in the adipose tissue [30, 31]. 
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The inhibitory action of carteolol on these meta- 
bolic changes was due to beta-blockade so selectively 
that it failed to interfere with similar changes if these 
changes were induced by the agents other than beta- 
stimulants (Table 2). In conclusion, carteolol is a very 
potent beta-adrenolytic agent; it is more potent than 
pindolol and propranolol, and its affinity to the beta- 
adrenergic receptor is ten times higher than that of 
isoproterenol and 100 times higher than that of 
epinephrine. The findings (Fig. 4) that blood levels 
of FFA and glycerol tended to rise upon the injection 
of this blocking agent alone might be explained by 
assuming that it has a weak sympathomimetic action 
in addition to its potent sympatholytic action just as 
has been reported for pindolol [32]. This problem 
will be dealt with in detail elsewhere.* 
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_Abstract—Intraperitoneal injection of epinephrine caused a slight but significant increase in cyclic 
AMP in the liver and skeletal muscle in 5-10 min. Likewise, there was a significant increase in cyclic 
AMP. in the muscle and adipose tissue 5 min after the injection of isoproterenol. However, no change 
was detected in the cardiac muscle. Pretreatment of rats with theophylline was so effective in enhancing 
responses of tissue cyclic AMP as to make it possible to detect a 2- to 3-fold increase of cyclic 
AMP even in the heart. The maximal increases in tissue cyclic AMP induced by 500 g/kg of isoproter- 
enol or epinephrine were blocked by carteolol, a new beta-adrenergic blocking agent, at doses of 
10-100 yg/kg, regardless of whether or not the rats had been treated with theophylline. In contrast, 
neither the increase of liver cyclic AMP by glucagon nor the increase of adrenal cyclic AMP by 
adrenocorticotropic hormone (ACTH) was affected by this agent. Blood cyclic AMP rose sharply after 
isoproterenol, the maximal response attaining 20- to 30-fold of the preinjection level. Based on this 
tremendous increase of blood cyclic AMP, the dose of isoproterenol and carteolol required for the 
half-saturation of the beta-adrenergic receptor was calculated as 20-30 and 0.5 pg/kg of body wt 
respectively. These values are in the same order as the respective values obtained from the response 


of carbohydrate and lipid metabolites in blood. 


The preceding paper [1] showed that the increases 
in blood concentrations of various carbohydrate and 
lipid intermediary metabolites induced by epinephrine 
and isoproterenol were blocked by a small dose of 
5-(3-tert-butylamino-2-hydroxy)propoxy-3,4-dihydro- 
carbostyril hydrochloride (carteolol), a new _beta- 
adrenergic blocking agent. It is now well established 
[2] that stimulation of beta-adrenergic receptors 
results in an activation of adenylate cyclase which 
leads to an accumulation of cyclic AMP in the cell. 
The cyclic AMP formed then plays an essential role 
in the observed beta-adrenergic responses such as 
metabolic and cardiovascular alterations. Thus, the 
changes in the tissue level of cyclic AMP are likely 
to reflect the agonist-receptor interaction more di- 
rectly than the changes in carbohydrate and lipid 
metabolite levels, endocrine or exocrine secretions, 
muscle contraction and relaxation, etc. The present 
paper deals with the increases of tissue and blood 
cyclic AMP induced by beta-stimulants in vivo as well 
as their blockage by carteolol. 


MATERIALS AND METHODS 


Male Wistar rats fasted overnight were used. For 
the purpose of determining tissue levels of cyclic 
AMP, liver, skeletal muscle, heart, adrenals and adi- 
pose tissues were rapidly excised from pentobarbital- 
anesthetized rats and frozen in a clamp precooled in 
liquid N,. All the tissues, except the heart, had been 
exposed immediately before sacrifice in order to freeze 
the tissue within 10 sec. In the case of skeletal muscle, 


the skin was cut around the ankle and pulled back 
so as to expose most of the leg muscle, which was 
then pressed between frozen clamps. Frozen tissue 
samples were powdered with liquid N, in a porcelain 
mortar. The powder was extracted with perchloric 
acid, diluted with 4 mM EDTA, neutralized with 
KOH and centrifuged to give protein-free supernatant 
as described by Yajima and Ui [3]. The tissue content 
of cyclic AMP was determined by the protein binding 
technique [3] with the use of the cyclic AMP binding 
protein extracted from rat liver. 

In the experiments in which determination of blood 
cyclic AMP was undertaken, 2 ml blood was with- 
drawn from anesthetized rats through a syringe (con- 
taining 100 units heparin) inserted into the inferior 
vena cava, and quickly mixed with 0.2 ml of an iso- 
tonic solution of 11 mM theophylline. The presence 
of theophylline (or EDTA at the final concentration 
above 10 mM) is essential because otherwise cyclic 
AMP undergoes breakdown during the following pro- 
cedure of assay. Plasma was separated by centrifuga- 
tion in the cold and then assayed for cyclic AMP 
by a “cyclic AMP assay kit” obtained from Radio- 
chemical Centre Amersham. The sources of other re- 
agents are the same as described in the preceding 
paper [1]. 

RESULTS 


Increases of tissue cyclic AMP by epinephrine and 
isoproterenol and their blockade by carteolol. Earlier 
reports have shown that a rapid increase in tissue 
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cyclic AMP level induced by epinephrine is followed 
by a sharp decline in vivo [4-6] in perfused liver 
[7-10] and heart [11], and in isolated [12,13] and 
cultured [14,15] cells in vitro. Therefore, the time 
course was first studied for changes in cyclic AMP 
level in rat skeletal muscle after the intraperitoneal 
injection of epinephrine, in an attempt to determine 
the time when the maximal response is observed in 
vivo. The results are shown in Fig. 1, which also 
records the similar time courses in the adipose tissue 


and liver in the rat treated with adrenocorticotropic ~ 


hormone (ACTH) and glucagon respectively. In 
accord with previous publications [3,5], the effect in 
vivo of beta-adrenergic agonists in causing an increase 
in cyclic AMP was small in magnitude in the skeletal 
muscle; the maximal dose of epinephrine produced 
less that a 2-fold increase after 5 min and lower doses 
were without effect (Fig. 1A). Our unpublished data 
showed that the increase in muscle cyclic AMP at 
2 min after epinephrine was variable, though slightly 
larger in magnitude than the increase at 5 min in most 
cases. Likewise, cyclic AMP in the adipose tissue res- 
ponded to 5-10 units ACTH with its peak level at 
5 min (Fig. 1B). In the case of the enormous incre- 
ment of liver cyclic AMP by glucagon, the maximal 
response at the highest dose used was delayed as the 
dose of glucagon was increased until it plateaued 
from 5 to 10 min. This time course for glucagon 
action is essentially the same as that reported by 
other investigators [5,6,16-18]. Based on these 
results in Fig. 1, the tissue levels of cyclic AMP were 
measured at 5 min after injection of beta-stimulants 
or hormones in the following experiments except 
where otherwise indicated. 

Figure 2 shows the dose-dependent response of cyc- 
lic AMP to injected epinephrine and isoproterenol 
in various tissues. It is seen that the cyclic AMP level 
was increased in the skeletal muscle, but not in the 
heart muscle, by the injection of isoproterenol or 
epinephrine. Epinephrine exhibited a smaller effect 
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Fig. 1. Time course of the increase in tissue cyclic AMP 
in response to epinephrine and other hormones. Epineph- 
rine, ACTH or glucagon was injected intraperitoneally into 
fasted rats at zero time at the following doses: epinephrine: 
50 peg (O), 200 pg (@) and 500 pg (@)/kg of body wt: ACTH: 
2 units (O), 10 units (@) and 50 units (@)/kg; glucagon: 
50 pg (O), 200 xg (@) and 500 yg (@)/kg. Each point rep- 
resents the mean of four to six observations with S.E.M. 
as a vertical line. 
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Fig. 2. Dose-dependent increases in tissue cyclic AMP 

after epinephrine or isoproterenol. Tissues were excised 5 

min after the intraperitoneal injection of isoproterenol or 

epinephrine at dose of 500 pg/kg of body wt. The number 
of observations is four. 


than isoproterenol in the muscle and was essentially 
without effect in adipose tissue; however, it raised the 
hepatic level slightly but significantly. Since the in- 
crease of the dose of epinephrine or isoproterenol 
from 500 pg to 1.0 mg/kg of body wt caused no signi- 
ficant potentiation, or tended to result in even a slight 
reduction, of the response of tissue cyclic AMP (Fig. 
2, panels A and D), the doses of epinephrine and iso- 
proterenol were kept at 0.5 mg/kg in the following 
experiments, in which the inhibition by the beta- 
adrenergic blocking agent was studied. 

The cyclic AMP level elevated by isoproterenol in 
the muscle and adipose tissue was significantly 
reduced by the treatment of rats with carteolol 15 
min prior to the catecholamine and mostly blocked 
when the interval between the injections of the 
agonist and the antagonist was prolonged to 30 min 
(Fig. 3). The action of epinephrine was also blocked 
by this beta-adrenolytic agent. These inhibitions were 
next studied as a function of the dose of blocker and 
are illustrated in Fig. 4. Carteolol, injected 30 min 
before the catecholamines, was very effective in reduc- 
ing the isoproterenol- and epinephrine-induced eleva- 
tion of tissue cyclic AMP; there was a complete 
blockade in all the tissues tested at 10-100 yg/kg of 
the antagonist. 

Specificity of carteolol-induced blockade of catechol- 
amine actions on tissue cyclic AMP. In order to rule 
out the possibility that carteolol diminishes tissue cyc- 
lic AMP without specific interaction with beta- 
adrenergic receptors, the effects of ACTH and gluca- 
gon, the agents known to raise the cyclic AMP con- 
tent of their target organs without the mediation of 
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Fig. 3. Inhibition by carteolol of isoproterenol- and 
epinephrine-induced increases in tissue cyclic AMP. Tissue 
levels of cyclic AMP were measured in the control rats 
receiving no drug (open column), 5 min after intraperi- 
toneal injection of isoproterenol (IP) or epinephrine (EP) 
(500 yg/kg, hatched column) and in the rat injected subcu- 
taneously with carteolol in addition to isoproterenol or 
epinephrirte (dotted column). Carteolol was injected 30 min 
before the beta-stimulants at a dose of | mg/kg (the aster- 
isk indicates 15 min before). The number of observations 
is four. Key: —, without carteolol; +, with carteolol. 


beta-receptors, were studied in rats pretreated with 
carteolol (Fig. 5). In accord with previous results 
obtained in vivo [19,20] and in vitro [21], intraperi- 
toneal injection of ACTH caused a tremendous: in- 
crease in cyclic AMP in adrenal cortex. This increase 
was not reduced by the pretreatment of rats with car- 
teolol. Likewise, the glucagon-induced elevation of 
liver cyclic AMP level was not blocked by carteolol, 
though there was a trend for progressive fall as the 
dose of carteolol was raised. It is likely that the car- 
teolol-induced reduction of tissue cyclic AMP level 
took place only when the level was raised by beta- 
adrenergic stimulants. 

Effect of carteolol on isoproterenol-induced elevation 
of tissue cyclic AMP in rats pretreated with theophyl- 
line. Inotropic action of beta-stimulants observed in 
the perfused heart of animals in vitro is known to 
be preceded by a sharp increase of cyclic AMP in 
the heart tissue, affording evidence that cyclic AMP 
mediates the cardiovascular response to the beta- 
receptor stimulation [22]. Nevertheless, neither 
epinephrine nor isoproterenol caused a detectable rise 
of cyclic AMP in the heart in vivo (Fig. 2). Probably, 
the time required (about 30 sec) to isolate and freeze- 
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clamp the beating heart would have resulted in such 
a scatter of analytical data as to obscure small in- 
creases in tissue metabolites. In order to overcome 
this difficulty by potentiating the response of tissue 
cyclic AMP, theophylline was injected intraperi- 
toneally into rats in combination with isoproterenol 
in the experiments shown in Figs. 6 and 7. It is seen 
in Fig. 6 that the prior injection of theophylline (100 
mg/kg as aminophylline), despite its failure to affect 
cyclic AMP level by itself, was very effective in 
enhancing the isoproterenol-induced increase in cyclic 
AMP levels in the liver, muscle, heart and adipose 
tissue (compare with Fig. 2). These enhanced increases 
in cyclic AMP in tissues of rats pretreated with theo- 
phylline were inhibited by carteolol (Fig. 7) at roughly 
the same dose as in the rats receiving no theophylline 
(Fig. 2), ie. there was a total inhibition at a dose 
of 10-100 pg/kg. 

Elevation of blood level of cyclic AMP. by isoproter- 
enol and its inhibition by carteolol. Intraperitoneal in- 
jection of isoproterenol (500 pg/kg) gave rise to a 
striking increase in plasma concentration of cyclic 
AMP. The maximal response was observed 10-20 min 
after injection (inset of Fig. 8A). In Fig. 8A, the 
plasma cyclic AMP level 15 min after the injection 
of isoproterenol was plotted against the dose of the 
catecholamine. For comparison, blood levels of lac- 
tate (panel B), glycerol (panel C) and free fatty acids 
(panel D) observed under the same condition was also 
plotted. These dose-response relationships revealed 
the EDs, for isoproterenol as 20 pg/kg of body wt 
for cyclic AMP and 10-15 pg/kg for other metabo- 
lites. The maximal increase of plasma cyclic AMP 
induced by 500 pg/kg of isoproterenol was inhibited 
by carteolol, propranolol and pindolol in a dose- 
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Fig. 4. Dose-dependent inhibition by carteolol of isopro- 

terenol- and epinephrine-induced increases in tissue cyclic 

AMP levels. Carteolol was injected subcutaneously 30 min 

before intraperitoneal injection of isoproterenol or 

epinephrine (500 pg/kg); 5 min later, the rats were sacri- 

ficed for assay of tissue cyclic AMP. The number of obser- 
vations is four. 
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Fig. 5. Failure of carteolol to inhibit the increases of cyclic 
AMP induced by glucagon (500 yg/kg, intraperitoneal) in 
the liver and by ACTH (10 units/kg, intraperitoneal) in 
the adrenal cortex. The number of observations is four 
for panel A. In panel B, adrenal cortices from three to 
four rats were combined to be assayed for cyclic AMP. 


dependent manner (Fig. 9). Based on these plots, IDs 
was estimated as 10 pg/kg for carteolol, 300-400 
ug/kg for propranolol and 10-20 pg/kg for pindolol. 
Thus, carteolol was much more potent than pro- 
pranolol and slightly more potent than (or essentially 
as potent as) pindolol, as the inhibitor of isopro- 
terenol-induced increase of plasma cyclic AMP. 


DISCUSSION 


The results presented in this paper have shown that 
the increase in tissue cyclic AMP elicited by isopro- 


(A) MUSCLE LIVER 





| © THEOPHYLLINE 100 | 
| @ T-100+ISOPROTERENOL | 
| AT-50 
| a T-50+IP 


t PP ae 


(C) HEART 


_” 


o! —~ 
-300 2 5 





(0) FAT TISSUE 


cAMP in Tissues (pmole/mg) 


Q 


-30 0 











2 5 
Time after Isoproterenol Injection (min) 


Fig. 6. Effect of theophylline with or without isoproterenol 
on the tissue level of cyclic AMP. Aminophylline was used 
as the theophylline-containing drug. Aminophylline, 100 
mg/kg of body wt (open circles) or 50 mg/kg (open tri- 
angles), was injected intraperitoneally at the time indicated 
on abscissa as “—30.” Isoproterenol, 500 yg/kg, was in- 
jected intraperitoneally at zero time (solid symbols). The 
number of observations is four. 
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terenol or epinephrine in vivo was efficiently pre- 
vented by the prior treatment of rats with carteolol, 
a new beta-adrenergic blocking agent. In contrast, 
carteolol was without effect on the increases of tissue 
cyclic AMP caused by the hormones other than beta- 
stimulants, such as glucagon and ACTH. Thus, it is 
very likely that carteolol selectively reverses the beta- 
receptor-mediated activation of adenylate cyclase. 
Cyclic AMP in the skeletal muscle exhibited the 
largest response to isoproterenol or epinephrine 
among the tissues tested, but the magnitude of the 
increase was only 2- to 4-fold (Fig. 2) and much 
smaller than those provoked by _— glucagon 
[5, 6, 16-18, 23] or ACTH [19,20] in their target 
organs (Fig. 5). Cyclic AMP in the liver, adipose tis- 
sue and heart responded to beta-stimulants to an even 
lesser extent. Recent publications [3-6,24] have 
shown similar smaii responses of tissue cyclic AMP 
to beta-stimulants in vivo. This is not surprising in 
view of the previous studies in vitro which showed 
that the addition of epinephrine or isoproterenol to 
perfused organs [7-10], tissue slices [25-33], free cells 
[21,34] and organ culture [14] gave rise to an in- 
crease in tissue cyclic AMP of a small (2- to 3-fold) 
magnitude and of a short duration. (On the other 
hand, epinephrine caused more than 10-fold increases 
in cyclic AMP in the pineal body in vivo [35, 36], 
and in the uterus [37], epidermis [38] and tumor 
cell line [15] in vitro.) Such a small response of tissue 
cyclic AMP to the addition in vitro of beta-stimulants 
forms a sharp contrast with the actions in vitro of 
glucagon [7, 39,40], ACTH [21,41-43] and para- 
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Fig. 7. Dose-dependent inhibition by carteolol of the iso- 

proterenol-induced increase in tissue cyclic AMP in rats 

pretreated with theophylline. Theophylline, 100 mg/kg of 

body wt as aminophylline, was injected intraperitoneally 

30 min before isoproterenol. Other experimental condi- 

tions are the same as in Fig. 4. The number of observations 
is four. 
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Fig. 8. Effect of intraperitoneal injection of isoproterenol 
on plasma level of cyclic AMP of fasted rats. Inset of panel 
A shows the time course of plasma cyclic AMP after iso- 
proterenol injection (500 yg/kg of body wt). Panels A, B, 
Cand D represent the dose-response relationships between 
isoproterenol and plasma levels of cyclic AMP, lactate, gly- 
cerol and free fatty acids (FFA) 15 min after the injection 
of the agonist respectively. The number of observations 
is three to four. Plasma levels of lactate, glycerol and FFA 
were determined as described in the preceding paper [1]. 


thyroid hormone [44-46] on cyclic AMP levels in 
their target organs, which responded with more than 
a 10-fold increase. Our failure to detect the elevation 
of hepatic cyclic AMP level in isoproterenol-treated 


rats (Fig. 2) is apparently in keeping with Butcher 
and Potter [47], who reported that sensitivity of 
adenylate cyclase to isoproterenol is mostly lost at 
20 days of postnatal age in rats. However, hepatic 
cyclic AMP increased in response to isoproterenol if 
the rat had been treated with theophylline (Fig. 6). 
This strongly suggests that sensitivity of adenylate 
cyclase to isoproterenol, at least in part, is still pre- 
served in the adult rat liver. 

Prior treatment of rats with theophylline, a strong 
inhibitor of phosphodiesterase, was effective in 
enhancing the response of tissue cyclic AMP to iso- 
proterenol to such a degree as to make it possible 
to detect its increase even in cardiac muscle. This in- 
crease of cyclic AMP in the heart was inhibited by 
carteolol, in keeping with the recent finding [48, 49] 
that carteolol is a potent blocking agent of the inotro- 
pic action of isoproterenol in the dog. The exagger- 
ated increase in tissue cyclic AMP induced by isopro- 





*In view of our results (Fig. 2) that the cateholamine- 
induced increase in cyclic AMP was more marked in skele- 
tal muscles than in other types of tissue, most of the cyclic 
AMP accumulated in blood in response to beta-stimulants 
appears to have originated from skeletal muscles. A simple 
calculation shows that the release of only 10 per cent of 
baseline cyclic AMP in skeletal muscle (occupying 45 per 
cent of body weight) into the extracellular fluids (occupying 
25 per cent of body weight) can result in a 4- to 8-fold 
increase in the blood level of cyclic AMP if renal excretion 
is neglected. Thus, it is not surprising that tremendous in- 
creases in blood cyclic AMP occurred without detectable 
changes in tissue nucleotide in the rat treated with a 
smaller dose of beta-stimulants. 
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terenol in the theophylline-treated rats was prevented 
by roughly the same dose of carteolol as employed 
in inhibiting the smaller increase in the rats receiving 
no theophylline; 1D) for carteolol action on the in- 
crease of cyclic AMP induced by 0.5 mg/kg of isopro- 
terenol was 10-100 ywg/kg for either case. This fact 
lends support to the concept that carteolol lowers the 
tissue cyclic AMP level by selectively acting on the 
formation of cyclic AMP rather than on its break- 
down via phosphodiesterase. 

The plasma level of cyclic AMP changes in re- 
sponse to alterations of nutritional and hormonal 
states [19, 20, 50-56]. Hence, plasma cyclic AMP is 
very likely to have originated from tissues. Moreover, 
the accumulation of cyclic AMP elicited by beta- 
stimulants in vitro in the perfused organ [9, 57, 58] 
or isolated cells [59,60] resulted in its release into 
the perfusing or bathing medium. Since the basal level 
of cyclic AMP in plasma is less than one-twentieth 
of the basal level in tissues, the per cent increase of 
its plasma concentration induced by beta-stimulation 
could be larger than that in tissue concentrations, if 
a considerable portion of the intracellular cyclic AMP 
generated by activated adenylate cyclase leaves the 
cell as observed in vitro.* In support of this expec- 
tation, there was a 20- to 30-fold increase in plasma 
cyclic AMP in response to the maximal dose of iso- 
proterenol (Fig. 8) in contrast to a smaller than 4-fold 
increase in tissue cyclic AMP even after treatment 
with theophylline. Accordingly, the analysis of plasma 
cyclic AMP is more advantageous than that of tissue 
cyclic AMP for assessing the potency of beta-adrener- 
gic agonists or antagonists quantitatively. Thus, the 
dose of isoproterenol required for half-maximal acti- 
vation of adenylate cyclase (EDs59), as well as the dose 
of carteolol required to reduce the isoproterenol- 
induced activation to one-half the maximal response 
(IDs), Was obtained with considerable precision with 
plasma cyclic AMP but not with tissue cyclic AMP. 
The calculation based on these EDs, and IDs values 
afforded 0.5 g/kg as the dosage of carteolol that re- 
flects the dissociation constant of the beta-receptor— 
carteolol complex, which is inert in activation of 
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adenylate cyclase.* This value (“corrected EDs 9”) is 
of the same order as the value similarly calculated 
on the basis of the isoproterenol- or epinephrine- 
induced alteration of the blood level of carbohydrate 
and lipid metabolites [1]. It is concluded, therefore, 
that the blood level of cyclic AMP can serve as a 
good index in vivo for the interaction of agonists or 
antagonists with the beta-adrenergic receptor, and 
that carteolol is a very potent blocking agent of the 
receptor. 
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Abstract—The inhibition in vivo of L-asparagine synthetase (L-glutamine hydrolyzing, EC 6.3.5.4) from 
L-asparaginase-resistant leukemia 5178Y (L5178Y/AR) and from mouse pancreas by the ketoamino 
acids DON (L-DON;; 6-diazo-5-oxo-L-norleucine), CONV (L-CONV; 2-amino-5-chlorolevulinic acid; 
5-chloro-4-oxo-L-norvaline) and DONV (L-DONV; 5-diazo-4-oxo-L-norvaline) was investigated using 
both L-glutamine and ammonium chloride as substrates. In the L5178Y/AR system, DON was shown 
to inhibit the utilization of L-glutamine by L-asparagine synthetase in vivo to a degree comparable 
to that previously observed in vitro. CONV, however, was less effective in vivo than in vitro and 
DONV exerted no demonstrable inhibitory effect in the intact organism. In the case of the analogous 
enzyme from mouse pancreas, both DON and CONV effectively inhibited the utilization of L-glutamine 
in vivo. DONV was relatively inert in this experimental setting. The pattern of inhibition of L-asparagine 
synthetase was generally mirrored by the effects of these ketoamino acids on the organ pool-sizes 
of L-asparagine. However, CONV, alone of the three, demonstrated inhibition of the incorporation 
of L-asparagine into tumoral and pancreatic protein in vivo. Both DON and CONV inhibited the 
incorporation of ['*C]formate into nucleic acid purines; this effect, in turn, most likely reflected the 
strong inhibition by these agents of several of the amidotransferases concerned with purine biosynthesis. 


The ketoamino acids, DON (L-DON;; 6-diazo-5-oxo- 
L-norleucine), CONV (L-CONV; 2-amino-5-chlorole- 
vulinic acid; 5-chloro-4-oxo-L-norvaline), and DONV 
(L-DONV; 5-diazo-4-oxo-L-norvaline), have been 
shown to be effective inhibitors in vitro of the utiliza- 
tion of L-glutamine by the enzyme L-asparagine syn- 
thetase (L-glutamine hydrolyzing, EC 6.3.5.4) of 
several different experimental animal tumors [1-4]. In 
a companion paper [1] we compared the relative in- 
hibitory potencies of these three agents in vitro 
against partially purified L-asparagine synthetase 
from leukemia 5178Y rendered resistant to L-aspara- 
ginase (L5178Y/AR), and against the analogous 
enzyme from mouse pancreas. Although it was found 
that DON, CONV and DONV were all capable of 
inhibiting L-asparagine synthetase in vitro[1], little 
has been reported of their effects on the synthesis of 
L-asparagine in the intact organism. Such studies are 
of relevance to the chemotherapy of cancer, inasmuch 
as agents capable of eradicating the synthesis of 
L-asparagine in vivo ought to be able to convert 
L-asparaginase-resistant tumors to the sensitive state 
[5]. For this reason, we have administered DON, 
CONV or DONV parenterally to mice bearing 
L5178Y/AR and examined the synthesis of L-aspara- 
gine by the neoplasm. In addition, the interaction of 
these agents with L-asparagine synthetase of pancreas 
has been studied pursuant to the recent observation 
that this gland synthesizes L-asparagine at a more 
vigorous rate than all other mouse organs examined 
[6]. We also have considered whether the inhibition 
of L-asparagine synthetase by these ketoamine acids 
is of sufficient magnitude to alter the amino acid 
pools and protein synthesis in tumor and pancreas. 
Finally, in view of their ability to inhibit L-glutamine 


amidotransferases other than L-asparagine synthetase 
in vitro[1], and inasmuch as purine biosynthesis is 


dependent on several such enzymes, experiments were 
carried out to determine the influence of DON, 
CONV and DONV on the incorporation of ['*C]for- 
mic acid into DNA, in vivo. 


MATERIALS AND METHODS 


The reagents and techniques used for the present 
work are the same as those used in the first paper 
of this series [1] with the following additions. 

Studies on the inhibition of L-asparagine synthetase. 
Male BDF, mice, weighing between 18 and 20 g, were 
injected by the subcutaneous route with a suspension 
of 10° cells of L5178Y/AR. Seven days later, mice 
bearing subcutaneous tumors, or untreated mice, were 
injected with the inhibitors by the intraperitoneal or 
intravenous route. At 0.1, 1, 2, 4, 8 or 24 hr after 
injection, all animals were killed by cervical disloca- 
tion, and the tumor and pancreas were collected and 
frozen at —70°. Homogenizations (1:10, w/v) were 
carried out in 0.1 M Tris-HCI buffer, pH 7.6, contain- 
ing 0.5 mM EDTA and 1 mM dithiothreitol. The 
homogenates were centrifuged at 12,000 g for 5 min 
before measurement of L-asparagine synthetase acti- 
vity. 

Measurement of amino acid pools. Pancreases and 
tumors of animals treated as described above were 
homogenized in 9 vol. (w/v) of 0.1 M Tris-HCI buffer, 
pH 7.6, containing 0.5 mM EDTA and 1 mM dith- 
iothreitol. A 200-1 aliquot of the 12,000 g superna- 
tant was immediately heated at 95° for 5 min, then 
centrifuged at 12,000 g for 3 min. L-Asparagine was 
measured in the supernatant fluid by a radiometric 
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technique capable of detecting as little as 20 pmoles 
of the amide [7]; L-glutamine was measured by an 
enzymatic spectrophotometric technique, utilizing 
L-glutamate dehydrogenase (EC 1.4.1.2), and capable 
of detecting as little as 5 nmoles of this amide [8]. 
It is recognized that approximately 5 per cent of the 
L-glutamine present in these extracts will be deami- 
dated under these circumstances. However, no correc- 
tion for this loss was made. Other acidic amino acids 
were analyzed on the Jeolco amino acid analyzer 
using the lithium citrate system of Benson et al. [9]. 

Incorporation of L-asparagine and L-glutamine into 
proteins of LS178Y/AR cells in vitro. Cells were col- 
lected from the ascites of BDF, mice bearing intra- 
peritoneal transplants of LS178Y/AR, and the cell pel- 
let was washed twice with Hank’s balanced salt solu- 
tion containing 10°, (v/v) fetal calf serum. One ml 
of washed cells (4 x 10° cells) in Hank’s balanced salt 
solution-fetal calf serum was dispensed into Eppen- 
dorf 1500-1 conical vessels and to it, DON, CONV 
or DONV was added to a final concentration of 1.0 
or 10.0 mM. Control vessels received Hank’s balanced 
salt solution instead of drug. One min later, 1.0 wCi 
L-[U-'*C]asparagine (sp. act. 151 pCi/ymole) or 
L[U-'*C]glutamine (sp. act. 220 wCi/umole) was 
added and the suspension incubated at 25° for 15 
min. Aliquots (200 yl) were removed and the proteins 
precipitated with | ml of a 5°, solution of trichloroa- 
cetic acid 5°%, TCA). The precipitate was washed twice 
with | ml of 5°, TCA and then digested with 50 yl 
of 40°, (w/v) KOH at 95 for 10min. Radioactivity 
of the digest was counted as described previously [1 ]. 

Incorporation of L-aspartic and L-asparagine into 
proteins in vivo. Male BDF, mice bearing subcu- 
taneous nodules of LS178Y/AR were treated intraper- 
itoneally with 100 mg/kg of DON, CONV or DONV 
or with normal saline. One hr later, 10 pCi 
L[U-'*C]asparagine or L-[U-'*C]aspartic acid was 
injected intravenously. The brain, liver, pancreas and 
tumor were removed 30 min later and each was 
homogenized in 5°, perchloric acid (1:10, w/v). One 
ml of homogenate was centrifuged at 12,000 g for 
10 min, and the pellet was washed three times with 
1 ml of 80°, ethanol, resuspended and recentrifuged 
at 12,000 g for 10 min. Excess ethanol was decanted 
and the pellets were air dried for 16 hr at 4°. One 
ml of 0.1°% (w/v) pronase in 0.01 M Tris-HCl buffer, 
pH 7.6, containing 0.001 M CaCl,, was added and 
the suspensions were incubated for 24 hr at 25°. After 
heating at 95° for 12 min, the hydrolysates were 
treated with subtilisin (Novo, Copenhagan, Denmark) 
at a final concentration of 0.1°, (w/v), for 16 hr at 
25°, and then heated at 95° for 12 min. After a second 
treatment for 24 hr at 25° with pronase at a final 
concentration of 0.1°, (w/v), the hydrolysate was 
heated at 95° for 20 min to inactivate the pronase. 
Labeled L-asparaginyl and aspartyl residues were 
measured by a gasometric technique [10] and unla- 
beled residues were measured by a spectrophoto- 
metric technique [5]; specific activities were deter- 
mined accordingly. 

Measurement of the incorporation of ['*C] formate 
into nucleic acids. Mice were treated intraperitoneally 
or, where indicated, intravenously with DON, CONV 
or DONV at a dose of 100 mg/kg. One hr later 10 
uCi ['*C]formate (sp. act. 20 pCi/umole; Mallin- 
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krodt, St. Louis, Mo.) was injected intravenously. One 
hr later the spleen, pancreas and small intestines were 
removed, washed well with saline, blotted and homo- 
genized in 2 ml of 4% (w/v) aminosalicylate. An equal 
volume of phenol, saturated with 4° (w/v) aminosali- 
cylate and containing 2%, (v/v) cresol, was added and 
the mixtures were shaken well. After 12 hr at 4° with 
gentle agitation, the mixtures were centrifuged at 1000 
g for 3 hr in the cold. Five hundred yl of the milky 
supernatants were added to | ml ethanol, and after 
12 hr at 4°, the nucleic acids were collected by centri- 
fugation at 12,000 g for 6 min. The supernatant was 
discarded and the pellet washed twice with 66°, eth- 
anol. Fifty zl of 0.1 M HCI was added to the resulting 
pellet, and the closed vessels were heated at 95° for 
20 min. The vessels were again centrifuged at 12,000 
g for 6 min, and the radioactivity of the purines liber- 
ated by the hot acid was measured in a 10-yl aliquot 
by scintillation spectrometry. An additional 10 yl was 
subjected to high-voltage paper electrophoresis for | 
hr at 3000 V using Whatman 3MM paper, moistened 
with 0.1 M formic acid. The spots corresponding to 
authentic guanine and adenine were excised and 
eluted with 2 ml water. The absorbance of the eluent 
was measured at 260 nm, after which the entire 2 
ml was counted in scintillation fluid containing 
toluene-ethanol-Triton-X-100-Liquifluor (16:8:12:1, 
by vol). 


RESULTS 


Inhibition of L-asparagine synthetase. DON given 
intraperitoneally 4 hr before sacrifice at doses of 10 


and 100 mg/kg completely inhibited the utilization 
of L-glutamine by L-asparagine synthetase in extracts 


of tumor and pancreas of BDF, mice bearing 
LS178Y/AR as well as by L-asparagine synthetase 
from pancreas of non-tumor-bearing mice (Table 1). 
CONV was a less effective inhibitor of the enzymes 
from both sources, and DONV was inert. It is note- 
worthy that ammonia utilization by L-asparagine syn- 
thetase from pancreas of tumor-bearing mice was sig- 
nificantly inhibited by doses of 100 mg/kg of DON 
and CONV. 

To ascertain whether the markedly reduced inhibi- 
tory potency of CONV was related to the arbitrary 
practice of removal of the tissue 4 hr after adminis- 
tration of drug, the inhibition of L-asparagine synthe- 
tase by DON, CONV and DONYV at time periods 
ranging from 0.1 to 24 hr after an intraperitoneal dose 
of 100 mg/kg was examined, with the results pre- 
sented in Table 2. 

DON was a potent inhibitor of L-glutamine utiliza- 
tion by both the tumoral and pancreatic enzymes at 
all time periods, although maximal inhibition of the 
tumoral enzyme was delayed until 1 hr after dosing. 
The utilization of ammonia was less impressively inhi- 
bited by DON. CONV inhibited the utilization of 
L-glutamine by the pancreatic enzyme strongly, but 
its inhibition of the tumoral enzyme was modest and 
transitory. The utilization of ammonia by both 
enzymes was also modestly inhibited. By contrast, 
DONYV was consistently without any effect. 

During the course of these studies in vivo, it was 
noted that CONV, given intraperitoneally, produced 
marked sclerotic effects in the peritoneum. To ascer- 
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Table 1. Inhibition in vivo by DON, CONV and DONV of 
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L-asparagine synthetase of L5178Y/AR and mouse pancreas* 





Per cent i 


nhibition of L-asparagine synthetase 





Tumor-bearing mice 


Normal mice 





Tumor 


Pancreas Pancreas 





Substrate 
L-Glutamine 


Dose 


Inhibitor (mg/kg) Ammonia 


Substrate 
L-Glutamine 


Substrate 


L-Glutamine Ammonia 





DON 99% 
907 
34+ 
23 
0 
0 


0 


28 
19 
0 
0 
0 
0 
0 


CONV 


DONV 


997 

99+ 

80t 
0 
0 
0 
0 





+P < 0.05. 


* Groups of five normal BDF, mice or L5178Y/AR tumor-bearing BDF, mice were injected with DON, CONV 
or DONV at the indicated doses or with normal saline. After 4 hr, the tumor and pancreas were collected, homogenized 


and centrifuged at 12,000 g as described. Then, 5 pl of the 


resulting 12,000 g supernatant was added to a final reaction 


volume of 10 yl containing 5.6 nmoles L[U-'*C]aspartic acid, 0.2 zmoles L-glutamine or 0.5 u~moles NH,Cl, 0.1 moles 


ATP, 0.25 ymoles MgCl,, and 2.5 umoles Tris-HCl buffe 


r, pH 8.4 and assayed for L-asparagine synthetase activity 


as described in Materials and Methods. Uninhibited pancreatic and tumoral L-asparagine synthetase activities were 


40 nmoles/mg of protein/hr. 


tain whether the relatively feeble inhibition in vivo 
of tumoral L-asparagine synthetase observed with 
CONV resulted from the use of this route of 
administration, CONV, as well as DON and DONV, 
was administered intravenously to tumor-bearing 
mice at a dose of 100 mg/kg. Animals were sacrificed 
at 0.1, 1, 4, 8 and 24hr after dosing, and L-asparagine 
synthetase was assayed in both tumor and pancreas. 
Essentially identical results were produced by all 
three drugs after their intravenous injection with the 
notable’ exception that DONYV, given by this route, 
did inhibit the synthesis of L-asparagine in pan- 
creas with L-glutamine or ammonia as substrates, 
by 60 and 49 per cent respectively, at the 6-min 
samplings. 


The possibility was considered that the compara- 
tively feeble potency of parenteral DONV as an in- 
hibitor of L-asparagine synthetase in vivo might be 
a consequence of the fact that the doses of this keto- 
amino acid used in the studies presented in Table 
2 were considerably less toxic than the doses used 
of DON and CONV. Therefore, all three drugs were 
compared at their LDs9. One hr after the intraperi- 
toneal injection of DONV at a dose of 1000 mg/kg, 
only marginal and insignificant inhibition (7 per cent) 
of pancreatic L-asparagine synthetase and no inhibi- 
tion of the tumoral enzyme were seen, whereas an 
equitoxic dose of DON, 220 mg/kg, powerfully inhi- 
bited L-asparagine synthetase from both sources (92 
per cent in tumor, 93 per cent in pancreas) and an 


Table 2. Inhibition in vivo of L-asparagine synthetase of L5178Y/AR and of mouse pancreas by intraperitoneal adminis- 
tration of DON, CONV or DONV as a function of time, using L-glutamine and ammonia as substrates* 





Per cent inhibition of L-asparagine synthetase by: 





Time after DON 


injection 


CONV DONV 





(hr) L-Glutamine Ammonia 


L-Glutamine 


Ammonia L-Glutamine Ammonia 





L5178Y/AR 


50 
837 
85+ 
99% 
88+ 


32 
30 
507 
34 
0 


Pancreas of normal mice 


1007 
99+ 
907 


50+ 
79+ 


907 
65+ 


+ 
+ 


0 





* Groups of five BDF, mice bearing L5178Y/AR or n 


ormal mice were injected intraperitoneally with 100 mg/kg 


of DON, CONV or DONV or with normal saline. At the times indicated, tumors or pancreas were collected, and 
assayed for L-asparagine synthetase activity as described in the legend to Table 1. Uninhibited pancreatic and tumoral 


L-asparagine synthetase activities were approximately 40 n 
+P < 0.05. 
+ Animals died of drug toxicity. 


moles/mg of protein/hr. 
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Table 3. Influence of a single intraperitoneal dose of DON, CONV and DONV on the 
pool size of selected amino acids in the pancreas and tumor of L5178Y/AR bearing mice* 





Concentration (nmoles/g wet weight) 
of amino acids after treatment with: 





Amino acid 


CONV DONV Saline 





Pancreas 


L-Aspartic acid 
L-Threonine 
L-Serine 
L-Asparagine 
L-Glutamic acid 
L-Glutamine 
Glycine 
L-Alanine 


nan t 
He HE HE HH HH 


158 
1081 


L-Asparagine 
L-Glutamine 


I+ |+ 


191+ 


+ 141 
+ 3 
50t 


930 + 145 
3242 + 580t 
1270 + 60 


6318 + 789 
2018 + 232 


368 + 





* BDF, mice, in groups of three, were given single intraperitoneal injections of DON, 
CONV or DONV at a dose of 100 mg/kg. After 4 hr, the mice were killed by cervical 
dislocation, their organs removed, and amino acid pools measured using the techniques 
outlined in Materials and Methods. All values shown represent the mean + S.E.M. of six 
animals and twelve determinations. Statistical analysis of group differences was made using 
Tukey’s Standardization Range Test as described by Snedecor [11]. 


+P < 0.05. 


equitoxic dose of CONV, 65 mg/kg, powerfully inhi- 
bited the utilization of L-glutamine by the pancreatic 
enzyme (71 per cent). 

Measurement of amino acid pools in animals treated 
with DON, CONV or DONV. The influence of treat- 
ment with DON or DONV on the L-glutamine and 
L-asparagine pools of tumor and pancreas of tumor- 
bearing mice was studied in order to determine the 
ultimate effect of inhibition of L-asparagine synthetase 


on the homeostasis of L-glutamine and L-asparagine 
in the intact organism. DON, at the dose of 100 
mg/kg, significantly increased the concentration of 
L-glutamine in both pancreas and tumor (Table 3). 
CONV depressed the pool size of L-asparagine in 
pancreas and of L-glutamine in tumor, whereas 
DONV was consistently without significant effect on 
the concentration of both amino acids, in both 
organs. Pursuant to these observations, the pool size 


Table 4. Influence of DON, CONV and DONV on the synthesis and incorporation of L[U-'*C]asparagine and 
L[U-!*C]aspartic acid into protein* 





Specific activity of L-asparaginyl residue (pCi/umole + S.E.M.) 





Drug Treatment Tumor 


Pancreas Brain 





2.9 
2.47 
1.07 
4.8 


2192.0 + 201.0 
2136.0 + 474.7 
400.0 + 75.5* 
2214.0 + 303.3 


acid 
acid 
acid 
acid 


L[U-'*C]Jaspartic 
L[U-'*C aspartic 
L[U-'*C Jaspartic 
L[U-'*C]Jaspartic 


Saline 
DON 
CONV 
DONV 
Saline 
DON 
CONV 
DONV 


H + HH i 


L[U-'*C asparagine 
L[U-!*C asparagine 
L[U-'*C ]Jasparagine 
L[U-'*C asparagine 


Specific activity of L-aspartyl residue (pCi/umole + S. 


75.0 + 32.2 
44.0 + 12.1 
10.7 + 3.7* 


39.8 + 4.1 


33.0 + 8.4 
99 
3.3t 
1.6 


acid 
acid 
acid 
acid 


L[U-'*C]Jaspartic 
L[U-'*C]aspartic 
L[ U-'*CJaspartic 
L[U-'*C]Jaspartic 


Saline 
DON 
CONV 
DONV 
Saline 
DON 
CONV 
DONV 


L['U-'*C Jasparagine 
L[U-'*C asparagine 
L[U-'*C]asparagine 
L[U-'*C asparagine 


320.3 + 52.5 
3.9 + O.9F 
24.5 + 12.1 
460.6 + 127.6 


16959.0 + 5323.5 
35182.0 + 7813.8 
6022.6 + 394.2 
13470.0 + 1149.3 


wn 
—- + 


4757.0 + 1155.5 
5468.0 + 789.3 
4044.0 + 680.7 
3208.0 + 655.2 


+ 14+ 1414+ 1414+ 14 I+ 
Sx ww 


MVNA INKRUr 
WBN —CO-, 
or i od 
NOW 


m 


waeaonwn DAUnAwW K< 
Hlth He Wee S 


ANWE -O-D 


384.6 + 185.6 
35.8 + 9.1TF 
15.5 + 5.9F 

142.2 + 11.0 


99.2 + 21.3 
95.4 + 13.0 
34.4 + 4.17 
53.0 + 5.1t 


122.3 + 32.6 


tN 


MG SO 0 DOD Mw 
+ + + 


+ HHH 
wn ow DAx~IwW oe 


— ee 





* BDF, mice bearing L5178Y/AR received intravenous injections of 10 wCi L[U-'*C]aspartic acid or L[U-'*C]aspara- 
gine. Measurement of the incorporation of these amino acids into proteins was conducted as described in Materials 
and Methods. Values represent means + S.E.M. of five animals and ten determinations. The efficiency of the pronase-subtili- 
sin digestion, calculated on the basis of percentage of recovery of L-aspartyl and L-asparaginyl residues released from 
3 mg L-asparaginase carried through the entire process, was 68 per cent of the theoretical value. 


+P < 0.05. 
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of related amino acids was measured in the pancreas 
of animals treated with saline or with one of the three 
drugs under study (Table 3). In addition to confirming 
the influence of CONV and DON on the amides of the 
dicarboxylic acids, these analyses revealed that DON 
greatly increased the concentrations of L-threonine 
and L-serine in this organ. Two other L-glutamine 
antagonists, azotomycin [12] and L-(«S,5S)-x-amino- 
3-chloro-4,5,-dihydro-5-isoxazoleacetic acid [13], have 
been observed to induce a similar change in the pool 
size of L-threonine, but the metabolic reasons for this 
action are obscure. 

Incorporation of amino acids into proteins. Inasmuch 
as DON and CONV exerted notable effects on the 
pool size of L-asparagine or L-glutamine in both 
tumor and pancreas, it seemed relevant to consider 
the effects of the ketoamino acids on incorporation 
of these amino acids into proteins. The specific activi- 
ties of L-asparaginyl residues in the organs of mice 
pretreated with DON, CONV or DONV and then 
given radiolabeled L-aspartic acid or L-asparagine are 
presented in Table 4. When L-aspartic acid was the 
injectate, DON reduced the specific activity of L- 
asparaginyl residues of every organ; CONV exerted 
comparable inhibition except in the case of liver, 
whereas DONV exerted only marginal effects. When 
L-asparagine was the injectate, CONV inhibited the 
uptake and/or incorporation of the amide into the 
protein of tumor and pancreas, whereas CONV and 
DON were either without effect or exerted stimula- 
tory activities. For example, DON doubled the extent 
of incorporation of exogenous L-asparagine into pan- 
creatic proteins, most likely because of the fact that 
endogenous synthesis of the amides had been inhi- 
bited. There is precedent for such stimulatory activity 
in the case of L-glutamine analogs [2]. 

The effect of these ketoamino acids on the specific 
radioactivity of L-aspartyl residues was next examined 
in the organs of mice pretreated with DON, CONV 
or DONV and then given radiolabeled L-aspartic acid 
or L-asparagine (Table 4). CONV reduced the specific 
activity of L-aspartyl residues in every organ exam- 
ined, when L-aspartate was the injectate. DON pro- 
duced a reduction in pancreas, liver and brain, while 
DONV reduced the specific activity of L-aspartyl resi- 
dues only in brain. When L-asparagine was the injec- 
tate, CONV reduced the specific activity of L-aspartyl 
residues of every organ examined except brain while 
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DONV did so only in pancreas; DON was without 
effect. 

After the injection of radioactive L-aspartic acid, 
pronase-hydrolysates of carcass proteins (all tissues 
remaining after the removal of brain, liver, pancreas 
and tumor) were also examined by the methodology 
used to generate Table 4 in order to determine if 
DON, CONV and DONV perturbed the conversion 
of this amino acid to L-asparagine throughout the 
body under the experimental conditions used. In fact, 
DON and CONV reduced the specific activity of 
L-asparaginyl residues by 92 and 70 per cent respec- 
tively. DONV exerted no inhibition in carcass protein. 
Thus, the inhibition of L-asparagine biosynthesis was 
general, and did not appear to be proceeding via the 
alternate substrate, ammonia, whose utilization is not 
strongly or irreversibly inhibited by these drugs. 

In further studies, isolated cells of LS178Y/AR were 
also used to assess the degree to which each of these 
agents interfered with incorporation of L-asparagine 
and L-glutamine into proteins. From the data in 
Table 5, it is clear that again CONV significantly in- 
hibited the incorporation of both amino acids into 
tumor cell proteins. DONV exerted prominent inhibi- 
tory effects only at a concentration of 10 mM and 
these effects were roughly equal with both precursors. 
DON, however, while less potent than CONV is this 
system, did appear to impair the utilization of L-gluta- 
mine preferentially. 

With the foregoing in mind, it became of interest 
to consider whether the marked inhibitory effect of 
CONV on amino acid incorporation into proteins 
results from its behavior as a fraudulent amino acid, 
structurally similar to L-glutamine and L-asparagine, 
or whether it exerted a direct toxic effect on protein 
synthesis in general, independent of its structural anal- 
ogy to these amino acids. To this end, the effect of 
CONV on the incorporation of L[U-'*C]leucine into 
tumor cell proteins was considered under conditions 
of L-asparagine and L-glutamine depletion and reple- 
tion. From Table 6, it is clear that CONV inhibited 
the incorporation of L[U-'*C]leucine into tumor cell 
proteins whether or not pharmacological concen- 
trations of L-asparagine were present. In fact, the 
presence of L-glutamine, L-asparagine or a combina- 
tion of the two augmented the degree to which 
CONV prevented L[U-'*C]leucine incorporation. 
This may indicate that CONV exerts a direct effect 


Table 5. Effect of DON, CONV and DONV on the incorporation of 
L[U-!*C]asparagine and L[U-'*C]glutamine into proteins of L5178Y/AR cells 
in vitro* 





Percent inhibition of incorporation of: 





Concn 


Inhibitor (mM) 


L[U-'*C]asparagine 


L[U-'*C]glutamine 





DON I 0 
DON 10 35t 
CONV 1 81t 
CONV 10 95+ 
DONV 1 0 
DONV 10 39F 





* L5178Y/AR cells were prepared and treated as described in Materials and 
Methods. Per cent inhibition was calculated by comparison of the saline control 


vessels with those receiving a drug. 
+P < 0.95. 





1856 R. J. ROSENBLUTH et al. 


Table 6. Effect of CONV on the incorporation of L[U-'*C]leucine into proteins of L5178Y/AR cells in vitro* 





L[U-'*C]leucine 
incorporated 
(pmoles/2 x 10° cells/30 min + S. E.) 


Per cent 
inhibition 
of incorporation 


Amino acid(s) 
added 


Treatment (2 mM) 





x 
a 
+ 


18 
6 


None 

L-Asparagine 

L-Glutamine 

L-Asparagine + L-glutamine 21 
* 
L-Asparagine 
L-Glutamine 
L-Asparagine + L-glutamine 


5+ ; 
It 43+ 


+ I+ 14+ 1+ O14 14+ I+ | 





* L5178Y/AR cells were prepared as described in Materials and Methods. Aliquots of 2 x 10° cells were resuspended 
in | ml of Hanks’ balanced salt solution (HBSS) in Eppendorf vessels. The cell suspensions then received 20 yl of 
0.1 M L-asparagine, 20 ul of 0.1 M L-glutamine or 20 ul of a solution of 0.1 M L-asparagine plus 0.1 M L-glutamine 
all dissolved in HBSS, or 20 pl of HBSS alone. After 10 min of equilibration at 4°, the vessels received CONV at 
a final concentration of | mM. Two uCi L[U-'*C]leucine (sp. act. 300 uCi/umole) was added to each vessel and 
the assemblies were incubated at 25° for 15 min. The protein was then precipitated with 5% TCA, washed twice 
with 5° TCA and twice with 80°, ethanol, resuspended in 200 yl of 40% (w/v) KOH and heated for 10 min at 
95°. The entire vessel was then immersed in scintillation fluid and counted as described in Materials and Methods. 
The incorporation of L{U-'*C]leucine was calculated as pmoles of L[U-'*C]leucine/per 2 x 10° cells/30 min. The 
per cent inhibition of L[U-'*C]leucine incorporation was calculated by comparison of the control vessels with those 


receiving CONV. 
+P < 0.05. 


on protein synthesis that is partly independent of its 
role as a fraudulent amino acid analog of L-glutamine 
and L-asparagine, Nevertheless, the incorporation of 
L[U-'*C]Jasparagine and L[U-'*C]glutamine was in- 
hibited by CONV to a greater degree (85 per cent) 
than the incorporation of L[U-'*C]leucine (28 per 
cent). 

Incorporation of {'*C]formate into nucleic acids. In- 
asmuch as these ketoamino acids inhibit one or more 
of the L-glutamine amidotransferases in vitro [1], and 
inasmuch as purine biosynthesis is dependent on 
several such enzymes, measurements of incorporation 
of ['*C]formate into the adenine and guanine resi- 
dues, of nucleic acids were undertaken. In this study, 
DONV produced only equivocal inhibition of 
['*C]formate incorporation and hence nucleic acid 
synthesis—a finding in accord with its failure to in- 
hibit the enzymes responsible for the biosynthesis of 
purines in vitro[1]. On the other hand, DON and 
CONV strongly inhibited the incorporation of 
['*C]formate in spleen, pancreas and small intestine 
(Table 7), reflecting the powerful and equal potency 
of these agents on the isolated enzymes of purine bio- 
synthesis. It is notable that CONV given intraperi- 
toneally was a better inhibitor of this process than 
CONV given by the intravenous route. 


DISCUSSION 


DON, CONV and DONV are ketoamino acids 
bearing a structural resemblance both to L-glutamine 
and L-asparagine (Fig. 1). Several investigators have 
shown that these agents are capable of inhibiting the 
utilization of L-glutamine by L-asparagine synthetase 
in various animal tumors[1—4]. In a companion 
paper [1], we have demonstrated that at a concen- 
tration of 1 mM, DON and CONV almost com- 
pletely inhibited the utilization in vitro of L-glutamine 
by partially purified L-asparagine synthetase of 
L5178Y/AR and of mouse pancreas, while DONV in- 


hibited both enzymes by only 50 per cent. To gain 
insight into the effect of these agents in vivo, we un- 
dertook the study of DON, CONV and DONV as 
inhibitors of L-asparagine synthetase in the intact 
organism, in expectation that effective inhibition of 
this enzyme might convert L-asparaginase-resistant 
tumors to the sensitive state [5]. 

The pattern of inhibition of L-asparagine synthetase 
from L5178Y/AR or mouse pancreas by intraperi- 
toneally administered DON, CONV and DONYV, in 
vivo, was not altogether consonant with the pattern 


Tabie 7. Measurement of incorporation of ['*C]formate 
into nucleic acids after a single dose of saline, DON, 
CONV or DONV* 





Per cent inhibition of 
incorporation of: 





Group Organs Adenine Guanine 





97+ 
99+ 
95+ 


997 
84t 
95+ 


DON (i.p.) Spleen 
Pancreas 
Small 
intestine 
Spleen 30 
Pancreas 29 0 
Small . 0 29 
intestine 
Spleen 
Pancreas 
Small 
intestine 
Spleen 
Pancreas 
Small 
intestine 


DONV (i.p.) 


97+ 
837 
93+ 


98t 
98t 
94+ 


CONV (ip.) 


717 
62+ 
82+ 


CONV (i.v.) 68t 
847 


95t 





* BDF, mice were treated with 100 mg/kg of the drugs 
listed. One hr later, 10 wCi [’*C]formate was injected in- 
travenously. One hr later, the organs were removed and 
treated as described. 

+P < 0.05. 
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COOH 
CH-NH, 


H2 


C=O 
ig 


Ci 


CONV 


(6-diazo-5-oxo-L-norleucine) 


L-glutamine 


(2-amino-5-chlorolevulinic acid) 


DONV 


(5-diazo-4-oxo-L-norvaline) 


L-asparagine 


Fig. 1. Chemical structures of DON, CONV, DONV, L-glutamine and L-asparagine. 


seen in vitro. Thus, although DON inhibited the uti- 
lization of L-glutamine by the tumoral enzyme to an 
equivalent degree in vivo and in vitro, CONV and 
DONV were generally feeble inhibitors of this enzyme 
in the intact organism. Also, whereas DON and 
CONV were potent inhibitors of the utilization of 


L-glutamine by L-asparagine synthetase of mouse pan- 
creas in vitro and in vivo, DONV was active only 
in vitro. 

The discrepancy between the degree of inhibition 
of the pancreatic enzyme and the tumoral enzyme 
by CONV might be related to the vascular supply 
of these two organs. It may be speculated that CONV 
gains access to the entire pancreas by virtue of that 
organ’s plentiful and homogeneous vasculature, but 
is excluded from the interior of the tumor by virtue 
of the poor blood supply to that region. On similar 
grounds one might explain the early lag in inhibition 
of the tumoral enzyme by DON in contrast to the 
rapid, total inhibition observed in the case of the 
pancreatic enzyme. Only with DONV did the route 
of administration affect the pattern of inhibition 
observed: thus, intravenous injection of DONV was 
required to demonstrate its rather strong but transi- 
tory effect on the L-asparagine synthetase of pancreas. 

The reduction in pancreatic and tumoral L-aspara- 
gine pools observed in animals treated with DON 
and CONV, but not in animals treated with DONV, 
supports the observation of significant inhibition in 
vivo of L-asparagine synthetase by the former two 
agents (Table 3). That DON alone elevated the organ 
pool size of L-glutamine might reflect stronger inhibi- 
tion of amide transfer in vivo by DON as opposed 
to CONV or DONV [1]. The mechanism by which 
DON alone, of the three agents examined in the pres- 
ent work, produced such a striking increase in the 
free pool of L-threonine and L-serine in the pancreas 
of L5178Y tumor-bearing mice is obscure. Skipper 


and Thompson[14] reported that DON given to 
mice on a diet deficient in L-threonine produced 
tumor regression far greater that that seen when mice 
on a normal diet were given the drug. Also discernible 
in those studies was the tendency of DON to produce 
greater lethal toxicity in L-threonine-deficient mice 
than in their normal-diet counterparts. 

The observation that these agents altered the organ 
pools of free amino acids prompted our consideration 
of their ability to affect the incorporation of these 
amino acids into proteins. CONV, alone of the three, 
demonstrated persistent inhibition of the incorpor- 
ation of L-asparagine into tumoral and pancreatic 
proteins, in vivo. Similarly, in experiments with intact 
tumor cells; CONV was the most potent inhibitor 
of the incorporation of both L[U-'*]asparagine and 
L[U-!*C]glutamine into cell proteins. That the effect 
on protein synthesis by CONV was not wholly depen- 
dent on its activity as an L-glutamine or L-asparagine 
analog was demonstrated by the inhibition of 
L[U-'*C]leucine incorporation into tumor-cell pro- 
teins in the presence of of pharmacologic concen- 
trations of L-asparagine, L-glutamine or both. A poss- 
ible mechanism for this effect on protein synthesis 
was further suggested by the CONV-induced inhibi- 
tion of ['*C]formate incorporation into purines in 
the several mouse organs studied. Inhibition of purine 
biosynthesis would be expected to lead to reduced 
nucleic acid synthesis and ultimately to reduced pro- 
tein synthesis. That this inhibition of purine biosyn- 
thesis, in turn, resulted from inhibition of several of 
the amidotransferases concerned with purine biosyn- 
thesis is suggested by the fact that the pattern of inhi- 
bition of ['*C]formate incorporation by the three 
ketoamino acids mirrors the observed effects in vitro 
on these enzymes [1 ]. 

In order to determine the basis for the discrepancy 
between the activities of these three drugs in vitro 
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and in vivo, and in the hope of further characterizing 
their biological activity, additional therapeutic, toxi- 
cologic and pharmacologic studies were undertaken 
in mice. The results of these experiments will be pre- 
sented in the third paper [15] of the series. 
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Abstract—The pharmacologic, toxicologic and oncolytic properties of the ketoamino acids DON 
(L-DON; 6-diazo-5-o0xo-L-norleucine), CONV (L-CONV; 5-chloro-4-oxo-L-norvaline ; 2-amino-5-chloro- 
levulinic acid) and DONV (L-DONV; 5-diazo-4-oxo-L-norvaline) were examined. DON was found 
to be the most active therapeutic agent of the three drugs against leukemia 1210 and also the most 
potent cytocidal agent against KB tumor cells in culture. The acute LDs9 values of the agents were 
dissimilar: CONV was the most toxic drug of the three after single intraperitoneal injections, and 
DONV the least toxic. Only DON showed evidence of prominent cumulative toxicity. In studies with 
isolated cells of leukemia 5178Y rendered resistant to L-asparaginase (L5178Y/AR), all three agents 
appeared to compete both with L-asparagine and with L-glutamine for transport into the cell. DONV 
competed most effectively with L-glutamine and CONV most effectively with L-asparagine. In mice, 
all three drugs were cleared from the plasma and excreted into the urine at a rapid rate. None was 
bound to the proteins of mouse plasma. After an intraperitoneal injection of 100 mg/kg, the concen- 
tration of DONV in the pancreas was approximately ten times that of CONV or DON; after compar- 
able intravenous injections, only DONV could be identified in this tissue. Although the metabolism 
of all three ketoamino acids was found to be minor in degree, evidence is presented that they can 
be degraded in vitro by organ homogenates and also that purified enzymes can catalyze their transa- 
mination. In addition, DON was a good substrate for renal y-glutamyl transferase (EC 2.3.2.2). In 
the case of DONV, some conversion to CO, by isolated tumor cells also was observed. From these 
and previous studies it is concluded that, of these analogs of L-glutamine and L-asparagine, DON 
is the most “L-glutamine-like” agent of the three, DONV the most “L-asparagine-like,” while CONV 
has important attributes of both amino acids. 


In companion papers[1,2] it was reported that and distribution of these ketoamino acids in the intact 


DON (L-DON; 6-diazo-5-oxo-L-norleucine), CONV 
(L-CONV; 5-chloro-4-oxo-L-norvaline; 2-amino-5- 
chlorolevulinic acid) and DONV (L-DONV;; 5-diazo- 
4-oxo-L-norvaline) were all effective inhibitors of 
L-asparagine synthetase (glutamine hydrolyzing, EC 
6.3.5.4) in vitro, principally when L-glutamine was uti- 
lized as substrate. In vivo, DON and CONV pro- 
duced significant inhibition of L-asparagine synthetase 
of leukemia 5178Y rendered resistant to L-aspara- 
ginase by repeated subcurative doses of the enzyme 
(L5178Y/AR) and of the analogous enzyme from 
mouse pancreas irrespective of the parenteral route 
by which the drugs were administered. DONV was 
significantly efficacious only by the intravenous route 
and inhibited the synthesis of L-asparagine only in 
the pancreas. Furthermore, with DONV, the inhibi- 
tion produced was exceedingly transitory when com- 
pared to the span of action of DON and CONV. 

In an effort to understand the basis for the discre- 
pancy between their potency in vivo and in vitro, ad- 
ditional studies were undertaken to determine the fate 
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organism. Moreover, in order to characterize further 
their pharmacological similarities and differences, the 
drugs have been compared in a number of other sys- 
tems in vivo. Thus, the oncolytic and toxicologic 
properties of DON, CONV and DONV have been 
examined, along with the mechanisms responsible for 
their transport into the intact tumor cell. 


MATERIALS AND METHODS 


The reagents and techniques used for the present 
work are the same as those used in the first and 
second papers of this series [1,2], with the following 
additions. 

Therapeutic studies. Measurements of the cytoci- 
dal [3], tumoricidal [3] and toxicologic [4] properties 
of DON, CONV and DONV were carried out 
according to the published protocols of the Division 
of Cancer Treatment of the National Cancer Institute, 
National Institutes of Health, Bethesda, Md. 

Amino acid analysis. Mouse brain, liver, kidney and 
pancreas were frozen immediately after removal and 
homogenized in 5% perchloric acid or 0.1M HCl. 
After neutralization with KOH or NaOH and centri- 
fugation at 12,000 g for 3 min, the extracts were chro- 
matographed on the long column of the Jeolco amino 
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Fig. 1. Elution pattern of DON, CONV and DONV on 
the long column of the amino acid analyzer using lithium 
citrate buffers. Analyses were carried out according to the 
procedures outlined in Materials and Methods. Integration 
numbers are the arbitrary units representing the area under 
the photometric curve for the respective amino acid. The 
two breakdown products of DON (DON I and II) are 
probably HON (6-hydroxy-5-oxo-L-norleucine) and CON 
(6-chloro-5-oxo-L-norleucine), although exact assignments 
of structure or of elution positions have not been made 
(personal communication: Dr. K. V. Rao, University of 
Florida, Gainsville, Fla.). It should be stressed that the 
technique as used does not distinguish between the native 
drugs and enzymatic or spontaneously hydrolyzed prod- 
ucts in vivo. 


acid analyzer using the lithium citrate system of Ben- 
son et al. [5]. Plasma was separated from blood taken 
from the ophthalmic venous plexus, diluted 1:5 (v/v) 
with 0.1 M HCl, centrifuged at 105,000 g for 30 min, 
and chromatographed in the same manner. Using this 
system, the three ketoamino acids could be success- 
fully resolved from the normal acidic amino acids 
(Fig. 1). It should be pointed out, however, that this 
technique does not distinguish between the native 
drug and the enzymatic or spontaneously hydrolyzed 
products in vivo. 

Microbiologicai assays. A logarithmic-ratio micro- 
biological assay has been developed for the estimation 
of concentrations of DON, CONV and DONV in 
the body fluids and tissues of mice. More than 100 
species of micro-organisms were tested for sensitivity 
to each of the three compounds. A strain derived from 
Escherichia coli B (ATCC 11303), resistant to 1 mg/ml 
of 6-mercaptopurine (E. coli B/6-MP), was selected 
as the asssay organism for CONV; a strain derived 
from E. coli, resistant to | mg/ml actinobolin-C (E. 
coli/ACB-C), was selected as the assay organism for 
DON; and a Candida sp. (Mt. Vernon strain 512), 
resistant to | mg/ml methyl-glyoxal-bis-guanyl hydra- 
zone (NSC-32946), was selected as the assay organism 
for DONV. 

Bacterial cultures were maintained on agar slants 
of a glucose-salts medium[6] supplemented with 
| mg/ml of either 6-mercaptopurine or actinobolin-C. 
The yeast was maintained on Sabouraud dextrose 
agar slants (Difco). For the preparation of seeded agar 
plates (100 x 15mm, No. D1906, Lab-Tek Products, 
Naperville, Ill.), stationary cultures of the micro- 
organisms were grown for 16-18hr at 37° in the 
above-mentioned media. Cells from these cultures were 
collected and washed three times by centrifugation 
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in sterile, 0.85°, (w/v) NaCl, resuspended in saline and 
adjusted to 20 per cent light transmittance (660 nm) 
in a Spectronic-20 colorimeter (Bausch & Lomb, Inc., 
Rochester, N.Y.). The suspension was diluted 1:10 
(v/v) in saline; 1 ml of this suspension was added to 
| liter of cooled glucose-salts agar medium and 6 ml 
of the mixture was dispensed into the previously de- 
scribed plates. 

A stock solution of 1250 ug/ml of each ketoamino 
acid was prepared in sterile saline. A 1:1!00 dilution 
(v/v) of DON, a 1:10 (v/v) dilution of CONV, or a 
1:2 (v/v) dilution of DONV was made in saline, 
heparinized mouse blood, plasma, or 20°, (w/v) organ 
homogenate, and an aliquot of 0.08 ml of each con- 
centration was pipetted onto filter paper discs (1.27 
cm in diameter, No. 840-E, Schleicher & Schuell! Co., 
Keene, N.H.). Empirically selected control solutions 
of 0.04 wg DON/disc, | wg CONV/disc and 10 pg 
DONV/disc also were prepared in saline directly from 
the stock solution. All plates were prepared in tripli- 
cate. Each individual plate contained a maximum of 
three discs—two discs contained, individually, either 
“standard curve” solutions of different concentrations 
or an experimental sample. The third disc contained 
an empirically selected concentration, previously de- 
scribed, which allowed for correction of plate-to-plate 
variation in zone sizes. After incubation of the assay 
plates at 30° for 16-18 hr, the resulting zones of inhi- 
bition on the triplicate plates were measured and cor- 
rected [7]. The resulting standard curves are shown 
in Fig. 2. 

Fate and distribution. Swiss or BDF, mice of both 
sexes, 18-22g, were used for tissue distribution 
studies. Blood samples were obtained by cardiac 
puncture, and urine samples were collected from the 
bladder. Tissues were removed immediately after sac- 
rifice and blotted well with absorbent tissue. All tis- 
sues were prepared for assay by homogenization in 
1 ml saline (microbiological assay) or 0.1M HCl 
(automatic amino acid analysis). Individual tissues 
were pooled before assay. Blood and urine were 
assayed individually. 

The effect of a variety of metabolites on inhibition 
of the respective sensitive micro-organisms by these 
ketoamino acids was determined by incorporating the 
individual metabolites in the inoculated medium. 
Graded concentrations of DON, CONV or DONV 
were pipetted onto filter paper discs which were 
placed on agar plates. After incubation at 30° for 
16-18 hr, the diameters of the zones of inhibition were 
measured. Change of mean zone diameters on meta- 
bolite-containing plates as compared to replicate con- 
trol plates (no added metabolite in the medium) was 
taken as the criterion of metabolite modification of 
the inhibitory effect of the agent. 

Cellular uptake studies. Ascitic fluid was removed 
from mice bearing 6- to 8-day-old intraperitoneal im- 
plants of leukemia 5i78Y/AR. The cells were har- 
vested by centrifugation at 1000g for 10min and 
washed twice with Hank’s balanced salt solution 
(HBSS), and then resuspended in HBSS to obtain 
4 x 10% cells/ml of suspension. 

A 500-yl aliquot of the cell suspension containing 
2 x 10° cells was dispensed into an Eppendorf 
1500-1 test tube, and gassed with 95°,, O,-5°% CO;. 
At time zero, L-asparagine, L-glutamine or DON was 
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Fig. 2. Standard curves for the microbiological assay of DON, CONV and DONV. Microbiological 
assays were conducted according to the methodology presented in Materials and Methods. Key: (@) 
F drug in saline, (O) drug in mouse blood, and (MM) drug in mouse serum. 


added to a final concentration of 1 mM. After | min, 
0.3180 umole L[5-'*C]DONV (sp. act. 1.7248 mCi/m- 
mole) was added; 50-yl aliquots were taken at 20-sec 
intervals, added to 1.5 ml of ice-cold HBSS, and cen- 
trifuged at 12,000g in the Eppendorf Zentrifuge for 
approximately 20sec. The pellet was washed once 
with ice-cold HBSS and frozen immediately on dry 
ice. The entire washing procedure lasted approxi- 
mately | min. Each pellet then was suspended in 50 pl 
of 40°, NaOH and digested at 95° for 20 min. The 
entire vessel was immersed in scintillation fluid and 
counted at 86 per cent efficiency in the Beckman 
LS-230 scintillation spectrometer. 

To another 500-yl aliquot containing 2 x 10° cells, 
treated as described earlier, the drug (DON, CONV 
or DONV) was added at time zero, to a final concen- 
tration of | mM. After 1 min, 1 wCi L[U-'*C]aspara- 
gine (sp. act.: 151 mCi/m-mole) or L[U-'*C]gluta- 
mine (sp. act.: 220 mCi/m-mole) was added; samples 
were taken and processed as described earlier. 

Measurement of decomposition of DON, CONV and 
DONV in vitro. Freshly excised mouse brain, liver, 
kidney and pancreas were homogenized 1:3 (w/v) in 
0.05M Tris-HCl buffer, pH 7.6, containing | mM 
dithiothreitol and 0.5 mM EDTA. The homogenates 
then were dialyzed against a large excess of the homo- 
genization buffer for 16hr at 4°. To duplicate 100-yl 
aliquots of these homogenates, DON, CONV or 
DONV was added to a final concentration of | mM; 
another set of duplicate organ samples received the 
drugs plus x-ketoglutaric acid at a final concentration 
of | mM, and a third set of vessels received the drugs 


plus nicotinamide adenine dinucleotide (NAD) at a 
final concentration. of | mM. After 30 min at 37°, the 
reactions were terminated by the addition of | ml of 
50° (v/v) ethanol, and the concentrations of DON 
and DONV estimated spectrophotometrically [8] in 
a small aliquot of the supernatant fluid from this step. 
CONV was measured on the amino acid analyzer. 
Zero time recoveries of DON, CONV and DONV 
from biological samples were greater than 80 per cent. 

Transamination. Determination of the ability of 
DON, CONV and DONYV to serve as substrates for 
purified L-glutamate oxaloacetate transaminase was 
carried out essentially as described earlier [9] using 
[ 1-'*C]z-ketoglutaric acid as the ketoacid in the trans- 
amination. 

Determination of the ability of DON, CONV and 
DONV to support transamination of L-glutamine by 
crude murine hepatic enzymes was carried out radio- 
metrically: in a final volume of 20 ul were admixed 
0.25 wCi L[U-'*C]glutamine, 20nmoles of either 
DON, CONV or DONV or 5 4/ of 0.1M Tris-HCl 
buffer, pH 8.4. To initiate the reaction, 5 ul of the 
12,000 g (3 min) supernatant from a 1:3 (w/v) homo- 
genate of BDF, mouse liver was added. After 30 min 
at 37°, the reaction was terminated by the addition 
of 20 ul of 0.01 M NaOH. Then S50 yl of 1% (v/v) 
H,O, in | M HCI was added to the incubation mix- 
ture, and 5 yl of 40% (w/v) KOH was deposited on 
the underside of the lid of the reaction vessel, which 
then was closed in order to trap ['*C]O, arising from 
the oxidative decarboxylation of s-ketoglutaramic 
acid [10]. 
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Measurement of y-glutamyltransferase (EC 2.3.2.2). 
The kidneys of ten adult Balb/C mice were homo- 
genized in 20 vol. (w/v) of 0.1 M Tris-HCI buffer, pH 
8.4, and the resultant homogenate was centrifuged at 
20,000 g for 30 min. The supernatant was discarded 
and the pellet washed twice with 10 vol. of the homo- 
genization buffer. The supernatant was discarded, and 
the pellet solubilized in 3 vol. of 0.5% sodium deoxy- 
cholate in 0.1 M Tris-HCI buffer, pH 8.4. After 12 hr 
at 4°, the extract was centrifuged at 20,000 g and the 
supernatant used as the source of y-glutamyltransfer- 
ase (EC 2.3.2.2). For analysis, | ml of 1 mM substrate 
(L-glutamine, DON, CONV, DONYV or L-asparagine) 
in 0.1M Tris-HCl buffer, pH 8.4 was mixed with 
100 ul of 1mM_ y-glutamyl nitroanilide in 0.5M 
Tris-HCI buffer, pH 9.0, or with 100 ul of 0.05M 
reduced glutathione. To initiate the reaction, 5-20 yl 
of crude enzyme was added. When j-glutamyl 
nitroanilide was the substrate, the increase in absor- 
bance at 400 nm was monitored as a function of time; 
when glutathione was the substrate, the generation 
of product was monitored by paper electrophoresis 
on Whatman 3MM paper at 3000 V, in 0.1 M sodium 
phosphate buffer, pH 6.8, for | hr. Spots were identi- 
fied by ultraviolet absorbance and then by ninhydrin 
positivity. 

Measurement of protein binding. Neutralized solu- 
tions of DON, CONV, DONV or water were added 
to 500 ul of fresh, heparinized mouse plasma to 
achieve a final concentration of 5 mM, and the solu- 
tions were diafiltered through Amicon Centriflo cones 
(Amicon Corp., Lexington, Mass.) for 40 min, at 4 
and 1000 g. The concentrations of DON and DONV 
in the filtrate were measured spectrophotometrically 
at 274nm. CONV was measured on the amino acid 
analyzer as described above. In every case, the con- 
centration of DON, CONV and DONV in both the 
filtrate and retentate also was estimated by measure- 
ment of the inhibition of L-asparagine synthetase. 

Metabolism of L[5-'*C]DONV. LSI78Y/AR cells 
were collected from mice with ascites and washed as 
described earlier. One ml of packed, washed tumor 
cells in HBSS was dispensed into plastic bottles 
equipped with center wells[11]; to each was added 
0.3180 umoles L[5-'*C]DONV (sp. act. of 1.7248 mCi 
m-mole) and | ml HBSS. To the center well of the 
bottle was added 200 pl of 40% (w/v) KOH. The 
closed vessels were incubated at 37° with gentle shak- 
ing for various time periods; the reaction was stopped 
by injecting 0.2 ml of 2M HCI. The ['*C]O, so liber- 
ated was trapped in the KOH, and radioactivity 
measured by scintillation spectrometry as described. 

Measurement oj the uptake of L-asparagine, L-gluta- 
mine, DON, CONV, and DONV by mouse erythrocytes. 
Swiss mice anesthetized with pentobarbital were 
exsanguinated’ from the right ventricle with hepar- 
inized syringes. To 2-ml aliquots of the pooled whole 
blood were added L[U-'*C]Jasparagine (1 wCi), L[U- 
'4C)glutamine (i Ci), and DON, CONV or DONV, 
each to a final concentration of 6 x 10°*M. After 
30 min at 37°, a 500-yl aliquot of whole blood from 
each experimental set was taken and acidified at once 
by the addition of 50 sl of 60°%% perchloric acid (PCA). 
The remainder of the blood was centrifuged at 
12,000 g for 3 min and 500-yl aliquots of the plasma 
also were acidified with 50 yl of 60°, PCA. Then, | ml 
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of 0.1M potassium phosphate buffer, pH 6.7 was 
added to each sample in order to precipitate the 
excess perchloric acid. After centrifugation at 12,000 g 
for 3 min, the clear supernatants were analyzed either 
radiometrically (in the case of L-asparagine and L-glu- 
tamine) and/or by automatic column chromatography 
on the Jeolco arhino acid analyzer. 

Incorporation of L[5-'*C]DONV into L5178Y/AR 
cell proteins. A washed tumor cell suspension (1 ml) 
was incubated for various time periods up to | hr 
with 6.36 x 10°*M L[5-'*C]DONV; the reaction 
was stopped by the addition of 0.1 vol. of 50% (w/v) 
trichloroacetic acid (TCA). The cell pellet was washed 
twice with | ml of 5% (w/v) TCA and divided into 
two parts; one part was digested with 50 yl of 40% 
(w/v) NaOH, and the radioactivity of the resultant 
solution estimated by scintillation spectrometry. The 
other part was digested for 24hr at 37° with 0.1% 
(w/v) pronase in 0.1 M Tris-HCl buffer, pH 7.4, con- 
taining 0.00! M CaCl,. An aliquot of this digest was 
chromatographed on the Jeolco amino acid analyzer. 


RESULTS 


Therapeutic studies. As a first step in the further 
characterization of the properties of DON, CONV 
and DONV, their cytocidal activity was examined 3 
days after drug addition to tissue cultures of KB cells, 
an epithelial line originating from a human epider- 
moid carcinoma of the nasopharynx. The results of 
this study indicate that DON and CONV were more 
potent than DONV. The EDso expressed in terms of 
ug/ml for each of the materials averaged: 0.32 for 
DON, 2.09 for CONV, and 130 for DONV. 

When the oncolytic activity of these drugs was 
examined in leukemia 1210, either in the presence or 
absence of L-asparaginase, DON proved to be the 
most effective chemotherapeutic agent. The results of 
these studies, presented in Table 1, also indicate that 
only DON exhibited prominent schedule-dependent 
antineoplastic activity. When given in combination 
with L-asparaginase, none of the three ketoamino 
acids exhibited significant synergism against leukemia 
1210. 

Also evident from the data given in Table | is the 
observation that the maximally effective doses of 
these three drugs are dramatically different. In addi- 
tion, the doses of each of the three agents producing 
lethal toxicity to the host are notably diverse. To 
characterize this toxicity more meaningfully, LDs5o 
values of DON, CONV and DONYV were determined 
in Swiss mice with the results shown in Table 2. 

It can be seen that CONV is the most toxic of 
the three drugs in single-dose studies, followed in 
order by DON and DONV. When the dosing is 
extended for five daily injections, DON emerges as 
the niost toxic of the three. Indeed, the 5-day LDs5o 
for DON is 400 times lower than its single-dose LDso. 
On the other hand, neither CONV nor DONV 
showed any strong evidence of comparable cumula- 
tive toxicity. 

In a limited histopathologic examination of the tis- 
sues of mice succumbing to an LDs9 dose of DON, 
CONV or DONV, some further toxicologic differ- 
ences among the agents were uncovered. Thus, DON 
inflicted maximal damage to the intestinal mucosa 
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Table 1. Optimum effect of DON, CONV and DONV on the murine intraperitoneal L1210 leukemia survival model 
in vivo* 





Dose 
Maximum (mg/kg/injection) 
increased 


life span Range 


Drug 


Drug regimen 


Optimum tested 





DON 
(NSC-7365) 


DONV 
(NSC-117,613) 


CONV 
(NSC-124,412) 


L-Asparaginase 
(NSC-109,229) 


Single dose, day | 
Q4D days 1, 5 and 9 
Q2D days | and 3 
QD x 5 or more 
Single dose, day | 

100 I.U. L-asparaginase 
1 hr later 

Single dose, day | 
Q4D days 1, 5 and 9 
QD x 5 or more 
Single dose, day | 

100 I.U. L-asparaginase 
1 hr later 

Single dose, day | 
Q4D days 1, 5 and 9 
QD x 5 or more 
Single dose, day | 

100 I.U. L-asparaginase 
1 hr later 

Single dose, day | 
Q4D days 1, 5 and 9 
QD 1-9 


50 100-25 
200-1.56 
15—-0.62 

0.6—0.1 


100-25 
1600-400 
2048-256 

800-50 


1600-400 
40-10 
50-6.25 


75-9.4 


40-10 
100 I.U./mouse 100 I.U./mouse 
3 16 and 8 I.U./mouse 


16 1600 I.U./mouse 


16 and & I.U./mouse 
1600-50 I.U./mouse 





* Groups of 10 BDF, mice were injected intraperitoneally with 10° L1210 cells. Twenty-four hr after tumor implan- 
tation, DON, DONV, CONV or L-asparaginase was administered intraperitoneally at several dose levels to randomly 
selected groups of the tumored animals, by the drug regimens indicated. The median survival time of each test group 
was compared to the median survival time of the tumored untreated control group to determine the increased life 
span percentage of each test. 


Table 2. Lethality studies with DON, CONV and DONV 


in mice* 





LDso 


Gross signs and 
principal 





Drug (mg/kg) 


(mg/m?) (days) 


LTs0 histopathologic 


lesions 





Single dose (i.p.) 
DON 220 


CONV 65 


DONV 1000 
Five daily doses (i.p.) 
DON 0.5 
CONV 45 


DONV 700 
Single dose (i.v.) 
DON 200 
CONV 120 


DONV 850 


660 


190 


2550 


Colitis, hepatic 
steatosis 
Peritonitis, 
pancreatitis, 
necrosis of islets 
of Langerhans 
Convulsions 


Colitis 
Peritonitis, 
pancreatitis, 
necrosis of islets 
of Langerhans 
Convulsions 


Colitis, hepatic 
steatosis 
Sedation and 
collapse 


“flag tails” 





*Male Swiss mice weighing 25g were divided into 


Acute convulsions, 


groups of ten and given geometrically spaced doses of the 
drugs by the routes and schedules listed. For histopatho- 
logy, moribund animals were sacrificed and complete nec- 
ropsies performed; LTs9 indicates the day on which 50 per 
cent of the recipients died. 


and liver, organs long known to be the principal tar- 
gets of its toxicity both in lower animals and 
man[12]. DONV, on the other hand, spared the 
bowel and produced only mild hepatic pathology, 
while CONV, given intraperitoneally, caused a florid 
necrotic peritonitis with ileitis, and superficial damage 
to every organ in the abdomina! cavity. The pancreas 
was hardest hit, and in some recipients the necrotic 
pancreatitis was extreme, involving even the islets of 
Langerhans. 

Fate and distribution. To determine whether these 
patterns of toxicity reflected differential excretion of 
DON, CONV and DONYV, and to gain insight into 
the distinctive inhibitory potency of these three drugs 
in vivo versus L-asparagine synthetase, attempts were 
made to monitor their fate and distribution in mice. 

Using the lithium citrate buffer system of Benson 
et al.[5], and where appropriate a treatment step 
with mineral acid for the purpose of totally cleaving 
the diazo function, the three agents cold be success- 
fully resolved from the normal acidic amino acids on 
an automatic amino acid analyzer. Although the nin- 
hydrin chromogens formed with DON, CONV and 
DONV were comparatively feeble, in selected cases, 
this chromatographic system proved to be suitable 
for monitoring the half-lives of the drugs in plasma. 

Using amino acid analysis, then, it was possible 
to measure the rate at which these three compounds 
are removed from the blood stream, as well as from 
the two principal sites of L-asparagine synthesis (pan- 
creas and tumor) after an intravenous dose of 
100 mg/kg. The results of these analyses are presented 
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Table 3. Clearance and uptake of DON, CONV and 
DONV by tumor-bearing (L5178Y/AR) and non-tumor- 
bearing BDF, mice* 





Concn of drug 
(nmoles/g or nmoles/ml) 





Organ 3 min 





Tumor 0 
Pancreas 0 
Plasma at 1850 
Piasma bt 1100 
Tumor 0 
Pancreas 0 
Plasma at 200 
Plasma bt 310 
Tumor 1140 
Pancreas 

Plasma at 
Plasma bt 


DONV 


5800 


2750 





* L5178Y/AR-bearing or non-tumor-bearing BDF, mice 
were injected intravenously with 100mg/kg of DON, 
CONV or DONV. At the times indicated, a blood sample 
was collected for plasma assay, then the mice were killed 
by cervical dislocation, the tumor and pancreas collected, 
frozen and homogenized in 9 vol. (w/v) of 0.1 M HCl, 
then centrifuged at 12,000g for 9 min. One-ml aliquots 
of the supernatants were neutralized with NaOH, centri- 
fuged at 12,000g for 9min and analyzed by automatic 
amino acid analysis for DON, CONV and DONV as de- 
scribed in Materials and Methods. 

+ Normal mice. 

t Tumor-bearing mice. 
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in Table 3 and warrant the conclusion that the ap- 
proximate plasma half-life of all three drugs is very 
short, ranging from 5 to 8 min in the case of DON, 
to approximately 3 min in the case of CONV and 
DONV. 

In view of the rapid removal of DON, CONV and 
DONYV from the plasma of the mouse, attempts were 
made to examine the rate and degree of entry of these 
amino acids into mouse erythrocytes. Even after a 
30-min incubation of erthrocytes with | wCi L[U-'*C]- 
glutamine, | wCi L[U-'*C]asparagine and 0.6 mM of 
DON, CONV or DONY, less than 10 per cent of 
the added agents could be accounted for within the 
erythrocyte. In addition, when diafiltration was used 
to determine whether DON, CONV or DONV were 
bound to the proteins of mouse plasma, less than 5 
per cent of the amounts added could be identified 
in the retentate. Thus, neither protein binding nor 
entry into the red cell is responsible for the disappear- 
ance of these ketoamino acids. 

Microbiological assays. The problem of the tissue 
disposition of the ketoamino acids corld not be 
explored in all cases with the amino acid analyzer. 
Therefore, a microbiological assay was devised. Table 
4 presents the antibacterial action of DON, CONV 
and DONV versus a panel of micro-organisms with 
known patterns of resistance to a large number of 
drugs. It can be concluded that DONV is devoid of 
antibacterial activity versus E. coli, whereas DON in- 
hibits a great many of the strains of this organism. 
Interestingly, CONV, whose carbon skeleton is identi- 


Table 4. Antimicrobial activity of DON, CONV and DONV* 





Organism 


Zone diameter (cm) 





CONV DONV 





E. coli ATCC 9637 
AZA (NSC-742) 
DON (NSC-7365) 
ACB-C (31083) 
MTX (NSC-740) 
DAP (NSC-743) 
FUDR (NSC-27640) 
PEN, STREP 
MeCCNU (NSC-95441) 
:. coli B9I6/CCNU (NSC-79037) 
:. coli B96 ATCC 13473 
MTX (NSC-740) 
PEN 
DON (NSC-7365) 
MeCCNU (NSC-95441) 
BCNU (NSC-409,962) 
:. coli B ATCC 11303 
MTX (NSC-740) 
AZA (NSC-742) 
DON (NSC-7365) 
E. coli ATCC 9637/CCNU (NSC-79037) 
E. coli B (Hill) 
BCNU (NSC-409,962) 
E. coli ATCC 9637/BCNU (NSC-409,962) 
Candida sp. Mt. Vernon strain 512 





* Antimicrobial activity was tested with the methodology given’in Materials and Methods. 


The abbreviations used are: 


(slash) = resistant to: AZA: azaserine; DON; 6-diazo-5-0xo-L- 


norvaline; ACB-C: actinobolin C; MTX: methotrexate; DAP: daraprim (pyrimethamine); 
FUDR: deoxyriboside of fluorouracil; PEN STREP: penicillin-streptomycin; CCNU: cyclo- 
hexylchloroethyl nitrosourea; BCNU: bischloroethyl nitrosourea; MeCCNU: methy! CCNU. 


+NT 


= not tested. 
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Table 5. Antagonism by selected metabolites of the antimicrobial activity of DON, CONV and 
DONV* 





Zones of inhibition (cm) 
with: 





Concn 


Metabolite (ug/ml) 


DON 
(0.3 pg/disc) 


DONV 
(3 yg/disc) 


CONV 
(0.3 pg/disc) 





None 

L-Asparagine 
L-Glutamine 
L-Histidine HCI 
L-Threonine 
Adenine 

Adenosine 
Adenylic acid 
Guanine 
Guanosine 
Guanylic acid 
Inosine 

Inosinic acid 
L-z-Aminobutyric acid 
Glutathione 
pL-Homocysteine 
DL-Isoleucine 
L-Leucine 
pDL-Methionine 
p-Aminobenzoic acid 
pDL-Serine 

L-Valine 
4-Ketoglutaric acid 
L-Proline 
L-Aspartic acid 


1.85 


an 


aerud>ANwo-wv> 
ia ta t 


nn 





* Incubations were conducted as described in Materials and Methods under “Microbiological 
assays.” Results are presented as average diameters (cm) of zones of inhibition surrounding a disc 
1.27 cm in diameter. Each plate was tested in triplicate. 


cal to that of DONV, is an active antibacterial 
agent. 

Moreover the finding that certain strains sensitive 
to CONV are resistant to DON and vice versa sug- 
gests that these two drugs are unlikely to be acting 
by identical mechanisms. 

Parenthetically, it should be pointed out that 
several intermediary metabolites were able to reverse 
the antimicrobial activity of these ketoamino acids. 
Thus, guanosine, guanylic acid, inosine and to a lesser 
degree, guanine, adenine, adenosine, adenylic acid, in- 
osinic acid and L-histidine counteracted inhibition by 
DON (Table 5). pL-Homocysteine, DL-methionine, 
L-valine, glutathione, L-leucine, p-aminobenzoic acid, 
and to a lesser degree, L-aminobutyric acid, DL-isoleu- 
cine, DL-serine and L-threonine reversed inhibition by 
CONV. L-Aspartic acid and L-proline reversed inhibi- 
tion of the test organism by DONV whereas adenine 
increased the sensitivity of the culture to inhibition 
by this agent. Noteworthy was the failure of L-aspara- 
gine to reverse the action of any of these antimetabo- 
lites against the organisms chosen. L-Glutamine did 
counteract the inhibitory action of CONV and DON, 
but this effect was minor in degree. 

Despite the presumption that many of the counter- 
agents reported in Table 5 occur in the tissues of 
mice, it is relevant to point out here that microbiolo- 
gical standard curves for DON, CONV and DONV 
carried out in 1:4 (w/v) saline homogenates of repre- 
sentative organs were not significantly different from 
comparable curves conducted in saline alone. 


B.P. 25/16—pD 


Figure 3 represents the average concentrations of 
DON, CONV and DONYV detected in the body fluids 
and organs of BDF, mice given a single intraperi- 
toneal dose of DON (10 mg/kg), CONV or DONV 
(100 mg/kg), using the microbiological assay. Maxi- 
mum concentrations of all three drugs were reached 
rapidly in blood and urine and declined to undetec- 
table levels within | hr after administration. The cal- 
culated half-life for DON, CONV and DONV was 
19.5, 1.9 and 7.0 min respectively. Peak levels corre- 
sponding to 0.5mM DON, 0.15mM CONV and 
63.6mM DONV were reached in the pancreas. In 
the case of DON and CONV, the level of drug in 
the pancreas declined rapidly, while in the case of 
DONV extraordinarily high levels persisted up to | hr 
after administration. Tissue distribution — studies 
revealed some accumulation of DON in the lung, 
liver, spleen and kidney, while no measurable levels 
were detected in the brain. No CONV or DONV 
was detected in erythrocytes, serum, brain, kidney, 
liver, lung or spleen at any time after drug administ- 
ration. Biliary excretion, while not shown, was mini- 
mal in all cases. It should be noted that the concen- 
tration of DONV in the pancreas is high irrespective 
of the technique used to measure it, but that micro- 
biological assay yielded a result over thirty times 
higher than chromatographic analysis. Metabolism of 
DONV to a material with augmented antimicrobial 
activity may explain this discrepancy. 

Cell-uptake studies. To examine further the rates 
at which these ketoamino acids penetrate the intracel- 
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Microbiological measurements of the concentration of DON, CONV and DONV in the blood 


and tissues of mice after single intraperitoneal doses of the drugs. Top left panel: (A) urine and (@) 

blood; top right panel: (A) pancreas, (A) spleen, () kidney, (M)}-lung and (©) liver; bottom left panel: 

(@) blood, (A) urine and (A) pancreas; and bottom right panel: (A) pancreas, (A) urine, (@) blood. 

Microbiological assays were conducted according to the methodology presented in Materials and 
Methods. 


lular space, uptake experiments with intact cells were 
undertaken. ‘Twenty min after the addition of DON, 
CONV or DONYV at a final concentration of 5 mM, 
LS178Y/AR cells had achieved an intracellular con- 
centration of 13.2, 6.7 and 6.7 mM respectively. 

To define the transport system responsible for this 
uptake, the degree to which each of the three amino 
acids interfered with the cellular uptake of L[U-'*C]- 
asparagine or L[U-'*C]glutamine was investigated 
next. From the data in Table 6, it can be appreciated 
that CONV and DONV impeded the interiorization 
of L-glutamine most effectively, but that each of the 
three amino acids impeded the uptake both of 
L-asparagine and of L-glutamine to a prominent 
degree. 

Advantage also was taken of the availability of 
L[5-'*C]DONV, for studies of the extent to which 
L-asparagine, L-glutamine and DON would anta- 
gonize the uptake of the radioactive diazoketone (Fig. 
4). In these studies, L-glutamine was the strongest in- 
hibitor of the transport of L[5-'*C]DONV. 

Studies on the uptake of L[5-'*C]DONV by 
LS5178Y/AR cells at 37° and at 0° indicated that 
hypothermia inhibited the transport of this agent by 


95 per cent. Thus, the interiorization of DONV (and 
presumably of CONV and DON) is likely to be an 
active process. 

Orlowski and Meister [13] have speculated recently 
that the entry of amino acids into cells is mediated 
by a series of enzymatic reactions which they have 
labeled the “y-glutamyl cycle.” The first enzyme in 
this cycle is y-glutamyl transferase (y-glutamyl trans- 
peptidase), a membrane-bound protein catalyzing the 
transfer of the L-glutamyl residue of glutathione to 
an amino acid. In the light of the transport studies 
summarized above, we have examined the ability of 
this enzyme to utilize DON, CONV and DONV as 
substrates. The results of this study, presented in 
Table 7, indicate that DON is the best substrate of 
the three and that CONV is virtually inert. For pur- 
poses of comparison, the utilization of L-asparagine 
and L-glutamine by this enzyme also was examined. 
While L-glutamine is linked to L-glutamate at a rapid 
rate, L-asparagine proved to be a comparatively poor 
substrate. Despite such enzymologic data, it should 
be stressed that the relative velocity of transport of 
these two amides into intact tumor cells (see footnote 
Table 6) was not radically dissimilar. 
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Table 6. Effect of DON, CONV and DONV on the uptake 
of .t[U-'*C]asparagine and L[U-'*C]glutamine into 
L5178Y/AR cells in vitro* 
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Table 7. Relative velocity of y-glutamyltransferase from 
mouse kidney with L-asparagine, L-glutamine, DON, 
CONV or DONV as substrates* 





Per cent inhibition of uptake of: 





L[U-'4C] 
asparagine 


L[U-'*C] 
glutamine 


Concn 


Inhibitor (x 1075 








*L5178Y/AR cells were prepared and treated as de- 
scribed in Materials and Methods under “Cellular uptake 
studies.” Five hundred yl LS178Y/AR cell suspension 
(2 x 10° cells) was incubated at 37° with DON, CONV or 
DONV at the concentrations listed for 1 min, after which 
1 pCi L[U-'*C]glutamine was added. Samples then were 
processed as described in Materials and Methods. The un- 
inhibited rates of transpert of L-asparagine and L-gluta- 
mine in these studies were 0.095 and 0.135 nmole/min/10° 
cells respectively. 


To verify that DON was, in fact, a substrate for 
y-glutamyl transferase, attempts were made to identify 
the product of the enzymatic reaction between this 
diazoketone and glutathione. Electrophoresis of typi- 
cal reaction mixtures revealed the presence of new 
ninhydrin-positive and ultraviolet-absorbing spots, 
one of which is presumed to be 7-glutamyl-L-DON 
(Fig. 5). This product could not be obtained either 
in the absence of enzyme or in the presence of heat- 
inactivated enzyme. 

Attempts also were made to determine whether 
DON, CONV or DONV were subject to other bio- 
transformations. When extracts of most of the princi- 





60,000 


© Contro/ 
a ASN 
°©GLN 
8 DON 


'8C-DONV UPTAKE (dpm) 








0.5 1.0 1.5 
MINUTES AFTER ADDITION 

Fig. 4. Effect of L-asparagine, L-glutamine and DON on 
the uptake of L[5-'*C]DONV by L5178Y/AR cells. 
L5178Y/AR cells were prepared and treated as described 
in Materials and Methods. The rate of transport of 
L[5-'*C]DONV in this study was 0.07 nmole/min/10° 
cells. 





Velocity 


Substrate (nmoles/mg protein/min) 





L-Asparagine 
L-Glutamine 
DON 
CONV 
DONV 





*Measurement of y-glutamyltransferase was made 
according to the technique explained in Materials and 
Methods. For calculation of the rates, the velocity of hy- 
drolysis of y-glutamyl nitroanilide in the absence of an 
amino acid was subtracted from the rate seen in the pres- 
ence of that amino acid. Substrate concentration was main- 
tained at | mM. 


pal organs of the mouse were incubated with these 
three ketoamino acids, either in the presence or 
absence of NAD or of -ketoglutaric acid (added as 
putative cofactors), only negligible losses of the drugs 
could be demonstrated by spectrophotometric tech- 
niques. However, when microbiological and radio- 
metric methodologies were used, it became possible 
to demonstrate that one or more of the agents was 
subject to metabolism. 

Thus, homogenates of lung, spleen, kidney and 
testis proved to be active in the decomposition of 
DON as adjudged by microbiological assay while 

















Fig. 5. High voltage electrophoresis of the products of the 
reaction of DON with glutathione and »-glutamyl] nitroani- 
lide catalyzed by crude y-glutamyltransferase from mouse 
kidney. The 12,000g pellet from a 1:3 (w/v) homogenate 
of mouse kidney in 0.1 M Tris-HCl buffer, pH 8.4, was 
washed two times with the same homogenization buffer 
and then solubilized in 1 ml of 0.5% (w/v) sodium deoxy- 
cholate in 0.1 M Tris-HCl buffer, pH 8.4. After 12 hr at 
4° the resultant suspension was centrifuged at 20,000g for 
3 min. The supernatant after centrifugation was used as 
the source of enzyme. A 5-yl aliquot of the following incu- 
bation mixtures (30 min at 37°) was spotted on Whatman 
3MM paper and subjected to high voltage electrophoresis 
as described in Materials and Methods: No. 1, 20 yl of 
kidney enzyme; No. 2, 20 yl of kidney enzyme with 0.03 M 
reduced glutathione; No. 3, 20 yl of kidney enzyme with 
0.03 M reduced glutathione and 0.03 M DON; No. 4, 20 ul 
of kidney enzyme with 0.03 DON; No. 5, 0.03 M reduced 
glutathione; No. 6, 0.03 M DON; No. 7, 0.03 M each of 
reduced glutathione and DON and No. 8, 20 ul of heated 
(95°, 10 min) enzyme with 0.03 M reduced glutathione and 
0.03 M DON. The 0.03 M solutions of reduced glutathione 
and DON were prepared in 0.1 M Tris-HCl buffer, pH 
8.4. Key: (©) ninhydrin positive spot, (@) ninhydrin and 
ultraviolet absorbing spot, and (@) ultraviolet absorbing 
spot. 
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brain, liver and spleen were similarly active with 
DONV (Table 8). Incubation of CONV with lung, 
spleen, liver and especially brain caused the gener- 
ation of a product with enhanced microbiological 
activity. Whether this phenomenon represents meta- 
bolism of the chloroketone to a more active antimeta- 
bolite must await further experimentation. It also was 
observed that L5178Y/AR cells converted L[5-'*C]- 
DONV to ['*C]O, at a rate of 0.5 pmole/l x 10° 
cells/hr. Moreover, crystalline L-glutamate oxaloacetic 
acid transaminase was capable of transaminating two 
of the three ketoamino acids in the presence of 
[1-'*C]z-ketoglutaric acid. Thus, DON and DONV 
were transaminated by L-glutamate oxaloacetic acid 
transaminase at the rate of 0.225 and 0.051 umole 
min/mg of protein respectively. The transamination 
of CONV was on the borderline of detection 
(approximately 0.010 ~mole/min/mg of _ protein). 
L-Glutamate pyruvate transaminase was able to trans- 
aminate only DON (0.202 pmole/min/mg of protein) 
with [1-'*C]z-ketoglutaric acid. The transamination 
of CONV and DONYV by this enzyme could not be 
detected. Under the conditions of the assay [9] L-glu- 
tamic acid was exchange-transaminated by both 
enzymes and the reaction went to equilibrium. 

It also was possible to show that DON, in the 
absence of an added keto acid, permitted the trans- 
amination of L-glutamine by a crude mouse liver 
extract at 4 per cent of the rate seen with z-ketova- 
leric acid (data not shown). This finding is taken as 
evidence that the diazoketone is itself first undergoing 
transamination to the corresponding diketo acid or 
that the 5-keto functionality is capable of entering 
into a transamination. 

Handschumacher et al. [14] documented that L[5- 
'$C]DONV was incorporated into an acid-insoluble 
form by cells of LS5178Y; we. therefore, attempted to 
determine whether the compound was being incor- 
porated into protein in lieu of L-asparagine. However, 
automatic amino acid analysis of pronase digests of 
cells of LS178Y/AR which had been incubated with 
L[5-'*C]DONV (cf. Materials and Methods) pro- 
vided no evidence for the utilization of this compound 
in the synthesis of protein. 


DISCUSSION 


DON, CONV and DONV appear to share a com- 
mon mechanism of transport into the cell, a 
mechanism which probably also accommodates 
L-asparagine and L-glutamine. In this regard it is per- 
tinent to point out that, for most amino acids 
(whether fraudulent or natural) net ionic charge is 
the main determinant of transport [15]. Thus, these 
compounds are best divided into acidic, basic and 
neutral transport groups. L-asparagine and L-gluta- 
mine belong to the neutral transport group. Although 
the data on the uptake of these amides are often frag- 
mentary, what is known can be summarized as fol- 
lows. 

In Lactobacillus plantarum the most effective com- 
petitor of the uptake of L-asparagine is L-glutamine 
[16]. By contrast, the most effective competitors in 
Streptococcus faecalis are small neutral amino acids 
such as L-alanine, L-serine, L-cysteine and L-methion- 
ine, suggesting that L-asparagine enters this organism 
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Table 8. Stability of DON, CONV and DONV in mouse 
organ homogenates as assessed by microbiological assay* 





%, Recovery 


CONV DONV 





Organ homogenate 





Brain 
Lung 
Liver 
Pancreas 
Spleen 
Kidney 


‘ Small intestine 


Testis 





*DON, CONV or DONV at a concentration of 3 
mg/ml was incubated for 4hr at 37° with the organ homo- 
genates [1:10, (w/v) in physiologic saline] listed in the 
table , then assayed for drug concentrations using the mic- 
robiological technique outlined in Materials and Methods. 


by reaction with a catalyst having nonspecific struc- 
tural discrimination among the neutral amino acids 
[16]. In mammalian kidney there is a transport sys- 
tem for neutral amino acids, another for basic amino 
acids and a third for acidic amino acids [15]. More- 
over, glycine, L-proline and L-hydroxyproline are 
transported by the system for neutral amino acids 
as well as by a specific system of their own. L-Norva- 
line, L-asparagine and L-glutamine are trasnsprted by 
the system for neutral amino acids both in kidney 
and in the small intestine [15]. However, in brain, 
these three amino acids can also be transported by 
other systems; for example, L-norvaline and L-norleu- 
cine are transported along with L-leucine, L-isoleu- 
cine, L-tyrosine and L-tryptophan, while L-asparagine 
and L-glutamine are transported with L-serine and 
L-threonine [15]. In Ehrlich ascites carcinoma cells, 
also, there are three main transport systems, but 
many subgroups exist. Furthermore, there are trans- 
port systems dependent on chain length, one for short 
chains and another for long-chain amino acids [15]. 
There is also a separate system for acidic amino acids 
by which L-glutamic acid, but not L-aspartic acid, is 
taken up. Paradoxically, L-glutamine competes with 
L-glutamic acid in this system [17]. 

If little is known about the transport of the amides 
of the normal dicarboxylic acids, less is known about 
the transport of their analogs. Jacquez and Hutchin- 
son[18] observed that the uptake of azaserine, a 
structural analog of L-glutamine, by L1210 cells sensi- 
tive,to the drug did not differ from that seen in resist- 
ant cells. Pine [19] showed that the azaserine-sensi- 
tive 70429/S plasma cell tumor accumulated azaserine 
to intracellular concentrations as high as thirty times 
the external concentration. Two azaserine-resistant 
sublines, 70429/AZ-R-1 and 70429/AZ-R-5, concen- 
trated azaserine approximately equally well, but the 
spontaneously resistant 6C3HED lymphosarcoma 
cells were less efficient. This observation indicates that 
not all tumor cells will exhibit the same V,,,, with 
a given amino acid. It is noteworthy that L-glutamine 
was a good inhibitor of the uptake of azaserine 
by the azaserine-sensitive 70429/S plasma cell tumor, 
by the AZ-R-S resistant subline, and by the DBA/2 
thymoma [19] as it was of the uptake of the ketoa- 
mino acids treated in the present paper. Although 
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kinetic analyses of the transport of DON, CONV and 
DONV have not been undertaken and although it 
does appear that these agents enter cells along with 
the neutral amino acids, it is highly likely that the 
velocity of transport of each ultimately will be found 
to be different, and also very likely will differ from 
organ to organ. Evidence touching on this supposi- 
tion is provided by the uniquely high and sustained 
concentration of DONV found in pancreas after par- 
enteral administration of the drug. 

Further evidence for the diversity of DON, CONV 
and DONV can be seen from the particular pattern 
of toxicity of each drug in the mouse. Not only were 
the single-dose LDs9 values widely different on a 
molar basis, but the repeated-dose toxicity also was 
distinctive, with DON confirmed as exhibiting extra- 
ordinary cumulative toxicity (analogous to that of 
azaserine [12]) while DONV and CONV were devoid 
of this property. Moreover, DON produced its princi- 
pal damage on the GI tract and liver, whereas CONV 
attacked the peritoneum and all abdominal viscera. 
In therapeutic studies, DON proved to be the most 
active of the three agents examined. This oncolytic 
activity of DON is, of course, in accord with pub- 
lished results [20]. However, our failure to observe 
synergism of DON or CONV with L-asparaginase is 
at variance with the reports of other workers [21, 22]. 
Differences in the doses and schedules used may 
explain this discrepancy. Moreover, it 1s worthwhile 
pointing out that the dose of CONV used by Bur- 
chenal et al.{23] was 2 mg/kg and that this dose 
is insufficient to inhibit L-asparagine synthetase signi- 
ficantly so that the synergism observed by these 
workers with L-asparaginase is unlikely. to have been 
mediated by depression of the biosynthesis of 
L-asparagine. 

It has been hoped that pharmacologic studies of 
the fate and distribution of DON and CONV would 
explain why these two agents, equipotent in vitro as 
inhibitors of L-asparagine synthetase, are of unequal 
potency in vivo. After intraperitoneal administration, 
CONV produces sclerosis and necrosis of the mem- 
branes and viscera with which it comes into contact. 
This interaction doubtless consumes a portion of the 
injectate. That some drug escapes random fixation to 
the peritoneal contents is, however, proven by the 
finding that intraperitoneal CONV is an excellent in- 
hibitor of purine biosynthesis[1,2] as well as of 
L-asparagine synthetase of mouse pancreas. In the 
former case, intraperitoneal administration of the 
drug inhibits the incorporation of formic acid into 
DNA to a greater degree than does intravenous 
administration. 

Nevertheless, the unequal potency of DON and 
CONV by the intravenous route still requires 
explanation. Less than 5 per cent of these drugs is 
bound to the plasma protein of the mouse as 
adjudged by the procedures outlined in Materials and 
Methods. Moreover, neither was found to enter the 
erythrocyte to a significant degree, and both agents 
were removed from the blood of the mouse with a 
half-life of several min. However, direct measurements 
of the concentrative abilities of isolated cells of 
L5178Y/AR have shown that the intracellular molar- 
ity of DON is nearly two times that of CONV under 
comparable conditions of incubation. This finding 
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makes it likely that DON is a better inhibitor than 
CONV of L-asparagine synthetase in tumor because 
higher intracellular concentrations of the diazoketone 
are obtained in vivo. The minimal inhibitory activity 
of DONV, on the other hand, probably is a result 
of the reversibility of the inhibition this drug pro- 
duces. 

It is pertinent to point out that man appears to 
dispose of DON somewhat differently than the mouse 
does. Thus, after an intravenous dose of DON of 0.2 
to 0.3 mg/kg (7.4 to 11.11 mg/m7), peak plasma levels 
of between 250 and 500 ng/ml were reached in 
man [24] within 15 min. After a very rapid decline, 
presumably representing distribution of the drug in 
the body fluids, DON was removed from the plasma 
with a half-life of approximately 1-2 hr. In addition, 
although urinary excretion was negligible in man [24] 
it was found to be significant in mice (Fig. 3). The 
reasons for these species differences are unclear at 
present. 

Inasmuch as DON, CONV and DONV have been 
found to exhibit such distinctive attributes, it would 
probably be unwise to ascribe their oncolytic activity 
wholly to a common mechanism. Moreover, since 
none of the drugs eradicates the synthesis of L-aspara- 
gine in vivo, it is unlikely that these antagonists can 
be of use in preventing the emergence of resistance 
to L-asparaginase or in converting resistant cells to 
the sensitive state. Nevertheless, in view of their 
diverse reactivity, and their partial success as inhibi- 
tors of L-asparagine synthesis, further structural 
modifications seem warranted. 
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Abstract—Mice bearing an Ehrlich ascites tumour received one intraperitoneal injection of cis-dichloro- 
diammine platinum (II), cis-Pt (II). The tumour cells were analysed with cytological and quantitative 
cytochemical methods. Cis-Pt (II) strongly inhibits cell multiplication. When mitosis begins, a block 
in metaphase usually occurs. This platinum compound blocks the cells in G2 (post-synthesis as to 
DNA) but, RNA and protein synthesis remaining very active, the cells become giant and contain 
prominent nucleoli. Later on, in the majority of cases, they slowly degenerate and the ascites tumour 
tends to disappear. However, tumour growth can sometimes resume. 


Cis-dichloro-diammine platinum (II) (cis-Pt (II); 
[1,2]) is a potent inhibitor of various experimental 
tumours [3-7]. In various mammalian cells, this plati- 
num compound reacts with DNA (cross-linking) and 
can inhibit DNA synthesis, but also RNA and protein 
synthesis [3,8-13]. According to Drewinko et al. 
[14], lymphoma cells are killed in all stages of the 
cycle by cis-Pt (II). Under the action of the latter 
[15], the cAMP content increases in Walker car- 
cinoma cells; the same effect is observed after a treat- 
ment with alkylating agents. 

In a previous work [16], we have analysed the 
effects of cis-Pt (II) on chick embryo fibroblasts culti- 
vated in vitro. These cells are very sensitive to the 
drug. Cell multiplication is stopped, DNA synthesis 
is inhibited or the cells are blocked in G2, cells 
degenerate and abnormal mitoses are noted. Under 
these conditions, nucleoli are condensed and altered 
but, after two days, they are again large and very 
active if the concentration of the drug is relatively 
low. We study here the effects of cis-Pt (II) on a 
tumour cell line (Ehrlich ascites tumour cells) growing 
in the mouse. We show, among other facts, that cis-Pt 
(II) stops cell multiplication, dissociates DNA syn- 
thesis from RNA and protein synthesis and can kill 
the tumour cells. 


MATERIAL AND METHODS 


1. C 57 B1 mice (females, 20 g) received one intra- 
peritoneal (i.p.) injection of 14 million Ehrlich ascites 
tumour cells (ELT; hypertetraploid line, 90 chromo- 
somes). Four days later, they received one i.p. injec- 
tion of cis-dichloro-diammine platinum (II) (4.55; 9.1 
or 18.2 mg/kg fresh wt). Control mice received Ringer 
saline solution. Tumour cells were studied 2-6 days 
and in some cases up to | month after the treatment. 

2. Living tumour cells in suspension were analysed 
with an electronic Coulter counter (total number of 
ascites cells per mouse and volume of the cells). 

3. Tumour cells were fixed, after smearing, with eth- 
anol-acetone (1/1) at 4°. 
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4. Cytochemical stainings: (a) Feulgen reaction for 
DNA; Hydrolysis by 3.5 N HCl, at 37° for 20 min 
(b) Naphthol yellow S staining for total proteins at 
pH 2.7 according to Deitch [17] (c) Gallocyanin stain- 
ing [18] after neutral deoxyribonuclease digestion, for 
total cellular RNA [19] and for the analysis of the 
nucleoli. 

5. Quantitative cytochemical measurements. The 
DNA content (after Feulgen reaction), the total pro- 
tein content (after naphthol yellow S staining) and 
the total RNA content (after gallocyanin staining) 
were measured in individual cells with a scanning and 
integrating microdensitometer (GN 2 from Barr and 
Stroud) at 543 nm, 435 nm and 550 nm respectively. 
In some cases, DNA and proteins were successively 
measured in the same cells after double staining 
(Feulgen reaction and naphthol yellow S staining). 

6. Electron microscope observations. Tumour cells 
were centrifuged (5 min at 1000 rev/min). Fragments 
of the pellets were fixed with glutaraldehyde and post- 
fixed with osmium tetroxide. They were embedded 
in Epon 812. Ultrathin sections (Reichert OMU 3 
microtome) were contrasted with uranyl acetate and 
lead citrate. The observations were performed with 
a Siemens Elmiscope 101 at 80 kV. 

Other cells, fixed with glutaraldehyde—-osmium, 
were dehydrated by the critical point method (with 
CO,). They were observed after gold—paladium metal- 
lization, with a Cambridge Stereoscan microscope at 
20 kV. 


RESULTS 


I. Number and volume of the cells 


As shown in Fig. 1, the number of tumour cells 
was much lower than in controls after cis-Pt (II) treat- 
ment. For the three doses (4.55; 9.1 and 18.2 mg/kg), 
this effect is observable after 2 days and is maintained 
for 6 days. In most cases, the tumour tends to disap- 
pear after 6 days. 

For the controls, the modal cell volume was around 
1400 cubic microns. Two days after cis-Pt (II) injec- 
tion, the modal volume of the treated cells was in- 
creased to around 4000 um’. After 4 days, this value 
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Controls 


cis-Pt(D) 





Fig. 1. 


with cis-Pt (II) and in controls. One i.p. injection of cis-Pt (II) at day 0: 


9.1 mg/kg; 


Number of Ehrlich ascites tumour cells, measured with an electronic counter, in mice treated 


~ 4.55 mg/kg: 


18.2 mg/kg. For each value, the standard deviation is indicated. The numbers 


are expressed in millions of cells. 


remained at this level for the highest dosage, but for 
the low and mean doses, the cell volume increased 
further after 4, days (6500 um*) and after 6 days 


(10,000 yum’). 


II. Morphological analysis 


(a) Light microscopy. The treated cells were much 
larger than the controls. They were strongly basophi- 
lic. Many cells contained micronuclei and were pyc- 
notic and degenerated. Numerous treated cells were 
in metaphase; some of the latter were also degenerat- 
ing..Two and six days after the treatment, nuclei and 
nucleoli were enlarged and in many nucleoli, a clear 
zone was detectable. The number of nucleoli per nuc- 
leus was the same as in controls (2-4). The leukocytes 
were much more numerous than in control smears. 

(b) Electron microscopy. Many treated cells were 
degenerating and contained cytoplasmic vacuoles 
filled with some dense material. 

When observed with the scanning electron micro- 
scope, the control cells were spherical and their sur- 
face was occupied by numerous microvilli. After 
cis-Pt (II) treatment, the microvilli were transformed 
into microvesicles, the diameter of which tended to 
increase during cell degeneration. Leukocytes and 
macrophages were often situated close to the tumour 
cells. 

III. Mitotic activity 

In the controls, the mitotic index was around 25%. 
It was strongly lowered after cis-Pt (II) treatment and 
for 2-6 days afterwards: zero % for the highest 
dosage; three and zero %,, for the mean dosage; 7 
and 21°, for the low dosage. In the last case, 100 
per cent of the mitotic cells were blocked in meta- 
phase and slowly degenerated. DNA measurements 


(see the next paragraph) have shown that these meta- 
phases have a normal DNA content. 

This inhibition of cell multiplication in the tumour 
increases the survival of mice bearing an Ehrlich 
ascites tumour. Out of 40 treated mice [cis-Pt (II), 
4.55 mg/kg], 33 were still alive after 1 month and 
bore no ascites any more. Only one survived among 
the controls. Seven treated mice died with a large 
amount of ascitic tumour. In these mice, tumour 
growth was inhibited for 11 to 15 days but then 
resumed. Giant tumour cells, numerous inflammatory 
cells and mitotic tumour cells were observed in these 
smears. Many mitoses were undisturbed but some of 
them were pycnotic or contained lagging chromo- 
somes (mitotic index: approx 20%). 


IV. DNA, RNA and total protein content of the cells 


(a) DNA content. As shown in Fig. 2, the post-mito- 
tic DNA content in the control cells was tetraploid 
(4 DNA, hypertetraploid line with 90 chromosomes). 
This value is twice as high as in leukocytes of the 
mouse. In many control cells (around 40 per cent 
of the cells), the DNA content was doubled; premito- 
tic DNA synthesis had occurred. They were thus in 
G2 phase or post-synthesis as to DNA and were 
ready to divide. The percentage of cells in.G2 is much 
higher after cis-Pt (II) treatment: around 90 per cent 
after 2 and 6 days for the mean and low doses. This 
percentage is about 50 for the highest dosage, after 
2 days. These results show that cis-Pt (II) blocks the 
cells in G2, but some inhibition of DNA synthesis 
occurs under the action of the high doses. 

(b) RNA content. In cells treated with cis-Pt (ID), 
the total RNA content was usually much higher than 
in controls (Fig. 3 and Table 1). This effect appears 
less clearly after treatment at the high dosage. 
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Fig. 2. DNA content measured by cytophotometry in Ehrlich tumour cells treated with cis-Pt (II) 

and in controls. On the abscissa, DNA content in arbitrary units (A.U.) measured in cells in interphase. 

On the ordinate, percentage of cells in each class. 2 DNA:mean diploid amount measured in leukocytes 

of the same animal. 4 DNA:mean post-mitotic content measured in ELT cells (hypertetraploid line). 

8 DNA: premitotic content in ELT cells calculated by doubling the mean post-mitotic value. The 

treated cells have been analysed 6 days after the injection of cis-Pt (II), 4.55 mg/kg. Fifty cells were 
measured in each case. 
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Fig. 3. Total protein content and total RNA content measured by cytophotometry in Ehrlich tumour 
cells treated with cis-Pt (II) and in controls. The construction of these histograms and the experimental 
conditions are the same as in Fig. 2. 
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Table 1. RNA content (A.U.) 





Controls 


cis-Pt (I) 
4.55 mg/kg 


cis-Pt (ID) 
18.2 mg/kg 





42.04 
45.06 


9.68 
11.44 


Second day 
Sixth day 


e 3 
= 


77.0 + 21.92 
137.88 + 33.91 


54.24 + 19.90 
no tumour 





Mean cellular RNA or protein content measured by cytophotometry in ELT 
cells, 2 and 6 days after the beginning of the experiment [mean values in 


arbitrary 


units (A.U.) and standard deviation]. The observed differences 


between control and treated cells are statistically significant (P < 0.01; test 
of Kolmogorov-Smirnov). Fifty cells were measured in each case. 


(c) Total protein content. As shown in Fig. 3 and 
Table 2, the total cellular protein content is also 
strongly increased after a treatment with cis-Pt (II). 
In most treated cells, it is much higher than in control 
cells that are ready to divide and in which the protein 
content has doubled. 

From the results of this quantitative cytochemical 
analysis, we conclude that cis-Pt (II) prevents the cells 
from entering into mitosis (block in G2) but RNA 
and protein synthesis remains quite unaltered and the 
cells become very large. However, some inhibition of 
DNA and RNA synthesis occurs if a high dosage of 
cis-Pt (II) is injected. 

(d) DNA and protein measurements were also per- 
formed in tumour cells during the reversal of growth 
‘inhibition, as it occurs in a few cases after cis-Pt (II) 
treatment. Eleven days after the injection of the drug 
(4.55 mg/kg), some tumour cells were very large and 
their protein and DNA content was 4 or even 8 times 
as high (16p/16 DNA, 32 p/32 DNA) as in post-mito- 
tic control ELT cells (4p/4 DNA, hypertetraploid 
line). Many treated cells divide and their DNA and 
protein content is at the usual level (8p/8 DNA) or, 
more frequently, is higher (16p/16 DNA, 32 p/32 
DNA). In other cells, the ratio p/DNA is abnormal: 
l6p/8 DNA; 32p/16 DNA; however, some of them 
are able to divide. Probably due to the fact that the 
cells fail to divide for more than 6 days, endopoly- 
ploidisation occurs as regards DNA and total pro- 
teins. Unbalanced growth is observed in many cells 
but cells multiply again during the next day and the 
tumour kills the animal. 


DISCUSSION 


According to our results, cis-Pt (II) strongly inhibits 
the multiplication of Ehrlich ascites tumour cells in 
the mouse. The survival of the latter is clearly in- 
creased by this treatment. In our material, the mode 


Table 2. Protein 


of action of cis-Pt (II) at the cell level seems to be 
as follows during the first 6 days after the injection. 
A high dosage of cis-Pt (II) provokes some inhibition 
of premitotic DNA synthesis. After the injection of 
a lower dosage, DNA synthesis takes place and is 
completed, but the majority of the cells cannot enter 
into prophase (premitotic or G2 block). Some cells 
succeed in beginning a mitosis but they are blocked 
during metaphase and degenerate. When cells treated 
with cis-Pt (II) are blocked in G2 and cannot divide, 
RNA and protein syntheses are, however, quite unaf- 
fected. So, the cell volume increases progressively. 
These cells have an abnormally high RNA and pro- 
tein content but their DNA content remains at the 
normal premitotic level (unbalanced growth). In these 
giant and strongly basophilic cells, the nucleoli are 
remarkably large but their number is the same as 
in control cells. The increase of the nucleolar volume 
is clearly related to active RNA synthesis in the cell. 
These abnormally large cells slowly degenerate and 
the ascites tumour tends to disappear. 

An increase of the cell volume has also’ been 
described when Ehrlich tumour cells [3] or human 
amnion cells [20] are treated with cis-Pt (II). 
According to Howle and Gale [3], cis-Pt (II) strongly 
inhibits the incorporation of thymidine into DNA in 
Ehrlich tumour cells; incorporation of uridine into 
RNA and of leucine into proteins is also somewhat 
inhibited but the synthesis of RNA and proteins 
resumes after 12-24 hr while DNA synthesis is 
irreversibly stopped, even after 96 hr. These results 
agree very well with those we have obtained with 
completely different methods. However, it should be 
stressed that the inhibition of thymidine 
incorporation into DNA described by Howle and 
Gale [3] could be related, at least in part, to the 
fact that the tumour cells are blocked in G2 after 
completion of premitotic DNA synthesis. So, this 
inhibition of incorporation does not necessarily 


content (A.U.) 





Controls 


cis-Pt (ID) 
4.55 mg/kg 


cis-Pt (II) 
18.2 mg/kg 





Second day 
Sixth day 


27.62 + 7.19 
25.12 + 5.34 


35.90 + 9.77 
no tumour 





Mean cellular RNA or protein content measured by cytophotometry in ELT 


5 


cells, 2 and 6 days after the beginning of the experiment [mean values in 
arbitrary units (A.U.) and standard deviation]. The observed differences 
between control and treated cells are statistically significant (P < 0.01; test 
of Kolmogorov—Smirnov). Fifty cells were measured in each case. 





Mouse Ehrlich ascites tumour cells 


demonstrate only a selective inhibition of DNA 
synthesis. 

It is possible that active RNA synthesis occurs in 
the cells after treatment with cis-Pt (II) because the 
DNA content is doubled (premitotic value). This fact 
could also explain why the nucleoli are so large (dup- 
lication of DNA in nucleolar organizers). Very large 
nucleoli occur in ELT cells treated with sarcolysine 
or with daunomycin [21]. These agents also block 
the cells in G2 as to DNA but cell growth (protein 
synthesis) is not stopped. Such a dissociation between 
DNA and protein synthesis can be demonstrated in 
fibroblasts or in Ehrlich tumour cells after a treat- 
ment with myleran, melphalan, daunomycin, mitomy- 
cin C [21-24]. Interestingly, all these agents react 
with DNA either by cross-linking or intercalation. 
Usually, agents of this type inhibit DNA synthesis 
if the concentration of the drug is high or block the 
cells in G2 if the concentration is relatively low [25]. 

In a small number of cases, tumour growth can 
resume after a period of strong inhibition due to 
cis-Pt (II) action, as shown in the present work. 
Several cytological alterations (giant cells, mitotic 
anomalies) are present in these smears. It is difficult 
to state with precision if this reversal of the effect 
of cis-Pt (II) is due to the selection of resistant cells 
and (or) to DNA repair, as demonstrated in other 
materials [26]. Reversibility of mitotic inhibition in 
the same tumour can occur after a treatment with 
sarcolysine or daunomycin [24,27], an alkylating 
agent and an antibiotic which also react with DNA. 
Cis-Pt (II) cross-links DNA molecules in a similar 
way as bifunctional alkylating agents do [13]. It is 


worthwhile noting that when cell multiplication 
resumes after cis-Pt (II) treatment, the DNA and 
protein content is abnormally high in many tumour 
cells. Indeed, when ELT cells treated with cis-Pt (II) 


fail to divide for more than 6 = days, 
endopolyploidisation can occur as far as DNA and 
total proteins are concerned. In many cells, 
unbalanced growth is observed: the protein content 
is increased much more than the DNA content. 
However these polyploid and abnormal cells can 
divide later on. The same fact was observed in ELT 
cells treated with daunomycin [24]. 

Cis-Pt (II) is thus toxic to Ehrlich tumour cells. It 
is also very toxic to chick embryo fibroblasts culti- 
vated in vitro as shown before [16]. Interestingly, the 
effects of this drug are quite similar in these two cell 
lines. 
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Abstract—The coeruloplasmin oxidase activity towards some neuroleptic and antidepressive drugs was 
investigated. Prothipendyl, an azaphenothiazine, was found to have the same V,,,,-value as its pheno- 
thiazine analog, promazine. At lower substrate concentrations prothipendyl was more slowly oxidized 
than promazine, giving rise to a higher K,,-value. Imipramine, desipramine and opipramol were slowly 
oxidized by coeruloplasmin compared to promazine, while chlorprothixene, tiothixene, amitriptyline, 
protriptyline and haloperidol did not react at all. A central ring nitrogen atom seems to be essential 
for oxidase activity. Furthermore, the folded phenothiazine ring system is favourable for a rapid reac- 
tion. The best substrates, promazine and prothipendyl, activated the conversion of noradrenaline to 
noradrenochrome in the presence of coeruloplasmin. 


Coeruloplasmin is a serum protein containing 
several copper atoms, namely the Type-1! (“blue”) 
Cu?*, the Type-2 (“non-blue”) Cu?* and non-para- 
magnetic copper ions [1,2]. In a previous communi- 
cation it was shown that coeruloplasmin enzymati- 
cally oxidized phenothiazine derivatives to free radi- 
cals [3]. Further investigations showed that the coer- 
uloplasmin activity decreased with increasing elec- 
tron-withdrawing effect of the substituent in the 
2-position of the phenothiazine ring, and that the 
enzyme had a higher affinity for phenothiazines with 
a piperazinyl-propyl side chain in the 10-position 
than for those with an aliphatic side chain [4]. In 
the present communication the coeruloplasmin acti- 
vity towards tricyclic drugs, structurally related to the 
phenothiazines, was investigated in order to obtain 
further information on the substrate specificity of the 
enzyme. 


MATERIALS AND METHODS 


Materials. Human coeruloplasmin was purchased 
from AB Kabi and crystallized according to the 
method of Deutsch [5]. The purified enzyme had an 
absorbance ratio, A¢10/A2g0, of 0.047. Enzyme con- 
centrations were calculated from the 610 nm absorp- 
tion (€ = 10900M~'cm™~')[5]. Promazine was 
obtained from AB Ferrosan, prothipendyl from 
Draco AB, imipramine from A/S Dumex, desipramine 
and opipramol from Ciba-Geigy, chlorprothixene 
and amitriptyline from Lundbeck & Co. A/S, tiothix- 
ene from Pfizer, protriptyline from Merck, Sharp & 
Dohme, haloperidol from AB Mekos, and noradrena- 
line and NADH from Sigma Chem. Co. All aqueous 
solutions were prepared in deionized, glass-distilled 
water. 

Measurement of enzyme activity. The oxidase acti- 
vity of coeruloplasmin towards the drugs studied was 
measured by adding NADH to the reaction solution 
and recording the change in absorption at 340 nm, 
due to the disappearance of NADH, which is spon- 
taneously oxidized by the free radicals generated from 


the substrate [3]. The reaction mixture contained 0.25 
mM NADH in 0.25 M sodium acetate buffer, pH 
5.5 (30°). The reaction rate is independent of the 
NADH concentration. During the process of reoxidiz- 
ing the enzyme copper, after reduction by substrate, 
oxygen is reduced to water by accepting four elec- 
trons. The rate of oxygen uptake was found to be 
exactly half of the oxidation rate of NADH, which 
is a two-electron donor. 

The oxidase activity of coeruloplasmin towards 
noradrenaline was measured spectrophotometrically 
at 490 nm as the rate of aminochrome formation [6]. 
An iron-chelating agent, 1,10-phenanthroline, was 
added in order to eliminate the activating effect of 
trace iron ions on the enzymic oxidation of norad- 
renaline [7]. The reaction mixture contained 6 uM 
coeruloplasmin, 5 mM noradrenaline, 1.5 mM drug 
and 50 uM 1,10-phenanthroline in 0.25 M sodium 
acetate buffer, pH 5.5 (30°). 

Reduction of coeruloplasmin. A mixture of drug and 
NADH was rapidly added to a solution of coerulo- 
plasmin. The reduction of the blue colour of the 
enzyme by substrate was followed spectrophotometri- 
cally at 610 nm. The reaction mixture contained 44 
uM coeruloplasmin, 1.33 mM drug and 0.25 mM 
NADH in 0.37 M sodium acetate buffer, pH 5.5 (30°). 
NADH alone did not reduce the blue colour of coeru- 
loplasmin. 

A Beckman DK-1 recording spectrophotometer, 
equipped with a thermo cell, was used in the kinetic 
experiments. 


RESULTS 


The coeruloplasmin activity towards some tricyclic 
drugs is shown in Table 1. The compounds investi- 
gated had a three-carbon chain between the central 
ring and the nitrogen atom of the side chain. This 
has previously been shown to be essential for a rapid 
oxidation of the phenothiazine derivatives by coerulo- 
plasmin [4]. Among the drugs investigated only pro- 
mazine and prothipendyl were rapidly oxidized by 
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Table 1. Coeruloplasmin oxidase activity and effect of drugs on the oxidation of noradrena- 
line in the presence of coeruloplasmin 





ae 


| 
(I)Phenothiazine 


\ 
(IZ)Iminodibenzy! 


Activity* 
(uM/min) 


Compound 


(IZ) Azaphenothiazine 


(WI minostilbene 


(I) Thioxanthene 


(WL) Dibenzocycloheptadiene 
Activation of noradrenaline 
oxidation 
(% of control) 





Promazine (I) 95 
Prothipendyl (II) 61 
Chlorprothixene (IIT) 

Tiothixene (III) 

Imipramine (IV) 

Desipramine (IV) 

Opipramol (V) 

Amitriptyline (VI) 

Protriptyline 

Haloperidol 


430 
225 





* The reaction mixture contained 5 4M coeruloplasmin and | mM drug. For details see 


Materials and Methods. 


coeruloplasmin. The enzyme activity towards imipra- 
mine, desipramine and opipramol was considerably 
lower (Table 1), while chlorprothixene, tiothixene, 
amitriptyline, protriptyline and haloperidol did not 
react at all. 

In the Lineweaver—Burk plot in Fig. 1 the prothi- 
pendyl oxidase activity of coeruloplasmin is com- 
pared with its promazine oxidase activity. The maxi- 
mum activity (V,,,) was the same for both com- 
pounds, but at lower substrate concentrations proma- 
Zine. was more rapidly oxidized than its azaphenothia- 
zine analog. The Michaelis constant (K,,,) was 0.7 mM 
and 1.3 mM for promazine and prothipendyl, respect- 
ively. Figure 2 shows the reduction by promazine and 
prothipendyl of the 610 nm chromophore of coeru- 
loplasmin, due to the Type-1 Cu** [1,2], which is 
directly involved in the catalytic process [8-10]. Pro- 











\ ! 
1 2 

1/{S] (1/m™M) 
Fig. 1. Effect of promazine (A) and prothipendyl (B) 


(0.3—1.25 mM) on the rate of NADH oxidation in the pres- 
ence of 1 uM coeruloplasmin. 








A(610 nm) 











Fig. 2. Time course of the 610nm absorbance change 
during reduction of coeruloplasmin by promazine (A) and 
prothipendyl (B). 


mazine reduced the 610 nm chromophore faster than 
prothipendyl. A second-order rate constant of 0.2 
mM ~! sec”! and 0.05 mM ~! sec” ' was calculated for 
promazine and prothipendyl, respectively. The other 
drugs investigated did not reduce the blue colour of 
coeruloplasmin. 


Barrass and Coult[11] reported that some 
phenothiazine derivatives and haloperidol activated 
the coeruloplasmin-catalyzed oxidation of dopamine 
and noradrenaline to aminochrome. The present 
study shows that only prothipendyl, besides proma- 
zine, increased the rate of noradrenaline oxidation 
(Table 1). The observation of Barrass and Coult [11] 
that haloperidol activated this reaction could not be 
reproduced. 


DISCUSSION 


The present results suggest that there is a difference 
in the azaphenothiazine and phenothiazine interac- 
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tion with coeruloplasmin. Under saturated enzyme 
conditions the rate of product formation from prothi- 
pendyl and promazine is the same (Fig. 1). The lower 
oxidation rate of prothipendyl at lower substrate con- 
centrations, giving rise to a higher K,,-value, suggests 
that the enzyme has a lower affinity for this com- 
pound or that prothipendyl has a lower electron 
donor ability than promazine. The observation that 
prothipendyl reacts more slowly with the enzyme 
Type-1 Cu** than promazine (Fig. 2) also indicates 
a slower formation of the enzyme-substrate (product) 
complex in this case. The good electron donor ability 
of the phenothiazines is essentially due to the ring 
nitrogen atom as repoited by several investiga- 
tors [12, 13]. Thioxanthene, having a carbon atom in- 
stead of the central ring nitrogen atom, was found 
to display lower electron donor ability than pheno- 
thiazine [13], and chlorproti:xene considerably lower 
electron donor ability than chlorpromazine [14]. 
Chlorprothixene and tiothixene did not react with 
coeruloplasmin (Table 1), indicating that the nitrogen 
atom of the central ring is essential for enzyme acti- 
vity. 

Iminodibenzyl and iminostilbene, having a seven- 
membered central ring and a ring nitrogen atom 
(Table 1) possess a remarkable electron donor abi- 
lity [13]. However, the iminodibenzyl derivatives, imi- 
pramine and desipramine, and opipramol, an imino- 
stilbene derivative, were very slowly oxidized by coer- 
uloplasmin compared to promazine (Table 1), sug- 
gesting that the structure of the tricyclic ring system 
is of importance for oxidase activity. Opipramol has 
a planar ring system due to the carbon-carbon 
double bond of the central ring [15], while X-ray 
analysis of imipramine reveals a complex folding of 
the ring system[16]. The phenothiazine derivatives 
are folded along the central —S—N— axis with an 
angle of approximately 140° between the planes of 
the benzene rings[17], a conformation which seems 
favourable for a rapid reaction with coeruloplasmin. 
It has been suggested that the sulphur atom may be 
confering flexibility on the molecule [12], and the 
possibility therefore exists that the flexibility of the 
ring system may result in a better binding of the tri- 
cyclic drug to the active site on coeruloplasmin. 

The amitriptyline ring system differs from iminodi- 
benzyl, and the protriptyline ring system from imino- 
stilbene in that the ring nitrogen is replaced with a 
carbon atom. These compounds do not react with 
coeruloplasmin (Table 1), supporting the assumption 
that the ring nitrogen is essential for enzyme activity. 
Haloperidol, a good electron donor [14], was also 
tested, but it was not oxidized by coeruloplasmin. A 
correlation between the coeruloplasmin oxidase acti- 
vity and the electron donor ability of the drugs could 
not be established. 

It has previously been suggested that the activating 
effect of phenothiazines on the coeruloplasmin- 
catalyzed oxidation of catecholamines, reported by 
Barrass and Coult [11], was due to a rapid oxidation 
of catecholamines by the phenothiazine radicals 
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generated by the action of coeruloplasmin on the 
phenothiazine derivatives[3]. The best substrates 
were found to be the best activators [4]. The present 
results are in accordance with this observation. Only 
promazine and prothipendyl, being good substrates, 
activated the oxidation of noradrenaline to amino- 
chrome. In this connection it is interesting that 
schizophrenic patients on prolonged phenothiazine 
therapy have melanin deposits in several organs 
[18,19]. A formation in the organism of phenothia- 
zine radicals [20], rapidly oxidizing dopa and other 
catecholamines [3, 4], could possibly account for this. 
Phenothiazine treatment can also result in a Parkin- 
sonian condition, which is characterized by a decrease 
in the dopaminergic activity in the nigrostriatal—palli- 
dal complex [21]. 
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Abstract—Intraperitoneal administration of allylglycine to guinea pigs resulted in convulsions approxi- 
mately 3hr later. The concentration of GABA and the activity of GAD were significantly reduced 
in three brain areas, namely the cochlear nucleus, inferior colliculus and cerebral cortex, with the 
smallest changes being observed in the cortex. There were large in vitro regional variations in the 
extent of the allylglycine inhibition in brain areas from guinea pig, cat and rat, with those areas 
rich in GAD activity being least affected. Endogenous GAD activities in the brain regions were found 
to be inversely correlated with the percentage allylglycine inhibition (P< 0.005). Other inhibitors of 
GAD activity ie. NaCl, Zn?* and thiosemicarbazide showed no such regional variation of inhibition. 
The results suggest that the regional differences in allylglycine inhibition reflect anomalies of the meta- 
bolism of the drug per se, and probably do not indicate regional differences in GABA turnover and 


metabolism. 


Little information is available concerning the rate of 
turnover of GABA in discrete brain regions, and the 
relative contributions made to the turnover by ‘meta- 
bolic and ‘transmitter’ compartments. In part, this 
is due to the absence of a specific inhibitor of gluta- 
mic acid decarboxylase (EC 4.1.1.15 L-glutamate 
l-carboxylase, GAD) the rate limiting enzyme of 
GABA synthesis [1]. Potential candiates such as the 
convulsant hydrazides are known to inhibit a host 
of pyridoxal phosphate dependent enzymes in addi- 
tion to GAD, and thus do not possess the required 
selectivity of action[2]. Antibodies to GAD are the 
most specific inactivators of the enzyme but seem un- 
able to penetrate the blood-brain barrier [3]. Alberici 
et al.[4] and Rodriguez de Lores Arnaiz et al. [5] 
have suggested that the convulsant allylglycine may 
be a useful tool in the study of the distribution of 
GABA mediated systems. These authors found that 
the administration of allylglycine led to a reduction 
of GAD activity and GABA concentration in the 
-brains of convulsed animals and that this was accom- 
panied by ultrastructural changes in the nerve end- 
ings. In addition several studies have employed sub- 
convulsive doses of allylglycine in model studies 
related to the involvement of GABA in epileptic-like 
seizures [6-8]. In a previous publication [9] we have 
shown’ that the interaction between allylglycine and 
GAD is likely to be more complex than first envi- 
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saged by Alberici et al. [4]. Allylglycine appears to 
be metabolized by brain tissue with the concomitant 
production of a metabolite or metabolites which in 
turn inactivate GAD. This type of “pseudosubstrate” 
transformation has recently been described by 
Fowler [10]. Such results questioned the suitability 
of allylglycine for in vivo studies and prompted further 
investigations. In the present paper we report some 
anomalous properties of allylglycine inhibition in dif- 
ferent brain regions, both in vivo and in vitro. Since 
the long term objective of this work was the appli- 
cation of allylglycine to the study of GABAergic in- 
nervation within the auditory system, the cochlear 
nucleus and inferior colliculus were amongst those 
regions investigated. 


MATERIALS AND METHODS 


pi-[1-'*C]Glutamic acid (sp. act. = 25 mCi/m- 
mole), 4-amino-n-[U-'*C]butyric acid (sp. act. = 232 
mCi/m-mole) were obtained from the Radiochemical 
Centre, Amersham. pDL-Allylglycine. NADP, bovine 
serum albumin, z-ketoglutaric acid (sodium salt) and 
2-mercaptoethano! were obtained from Sigma (Lon- 
don) Chemical Co. Pyridoxal-5’-phosphoric acid, 
dithiothreitol, thiosemicarbazide and Triton X-100 
were all purchased from B.D.H., Atherstone, War- 
wicks. Gabase (cell free preparation from Pseudo- 
monase spp.) was obtained from the Cambrian 
Chemical Co. Ltd., Croydon, Surrey. 

Guinea pigs of either sex were killed by stunning 
and exsanguination, and whole brains (including 
brain stem and cerebellum) removed prior to the dis- 
section of the following selected regions. (1) Cochlear 
nucleus: this was readily identified as a compact 
almost separate nucleus, situated where the eighth 
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nerve enters the medulla. (2) Inferior colliculus: 
excised 1-2 mm above the surface of the tectum. (3) 
Cerebral cortex: gray matter was sampled to a depth 
of approx 3mm from a region in the vicinity of the 
auditory cortex. (4) Medulla: a segment of the 
medulla was taken at the level of the olivary nuclei. 
(5) Superior colliculus: excised 1-2 mm above the sur- 
face of the tectum. (6) Cerebellum: whole cerebellum 
was used. 

The range of wet weights for the areas dissected 
in guinea pig brain were as follows: whole brain, 
2-3 g; cochlear nucleus, 10-18 mg; inferior colliculus, 
25-35 mg; cerebral cortex, 30-45 mg; superior colli- 
culus, 30-35 mg; medulla, 54-70 mg; whole cerebel- 
lum, 220-300 mg. 

The same procedure was adopted for the dissection 
of cat and rat brain regions except for the method 
of sacrifice. Cats were killed by an overdose of Nem- 
butal and rats by chloroform anaesthesia. Dissections 
were usually complete within 3—4 min after death. For 
GAD determinations, tissues were homogenized in 
hypotonic 10mM _ sodium phosphate (pH 6.8) buffer 
prior to assay. For GABA determinations, tissue 
homogenates were made 75° with respect to alcohol 
by the addition of absolute ethanol. Alternatively, tis- 
sues were homogenized directly in 75% ethanol. In- 
soluble material was removed by centrifugation, the 
pellet rehomogenized in 75% ethanol and sedimented 
once again by centrifugation. The original and wash- 
ing supernatants were combined and evaporated to 
dryness. The samples were resuspended in a fixed vol. 
of 10mM sodium phosphate buffer (pH 7.4) and cen- 
trifuged at 100,000 g for 60 min to remove any cloudi- 
ness. Suitable aliquots of the supernatant (up to 25 yl) 
were taken to dryness in microtubes in a vacuum 
desiccator prior to GABA assay. For sample volumes 
greater than 25 pl, this process was repeated in multi- 
ples of 25 ul. In this way the assay was linear with 
volume up to 100 yl. To check recovery, a suitable 
aliquot of ['*C]GABA was added prior to the initial 
homogenization in ethanol. The percentage recovery 
in this extraction procedure was 102 + 2 (S.E.M. for 
10 experiments). 

GAD assay. Glutamate decarboxylase was assayed 
radiometrically as previously described [9]. The reac- 
tion mixture consisted of the following components 
in a total volume of | ml (final concentrations in 
m-mole~' or as stated): L-sodium 1-['*C]glutamate, 
4.0 (final sp. act. 0.03 wCi/umole); dithiothreitol 1.0; 
pyridoxal-5'-phosphate, 0.2; sodium phosphate buffer 
(pH 6.8), 50.0; bovine serum albumin, 1.0 mg; Triton 
X-100, 0.25%. Unless stated otherwise, assay tubes 
were incubated for 2-3 hr and the reaction terminated 
by tipping the acid from the sidearm into the main 
reaction vessel. GAD reaction rates have been calcu- 
lated in terms of xmole glutamic acid decarboxylated 
oe. 

GABA assay. With some minor modifications, 
GABA was assayed by the method of Graham and 
Aprison [11], based on the enzymic conversion of 
GABA to succinic acid with the concomitant forma- 
tion of NADPH. To each tube (750 x 100 mm) was 
added 50 yl incubation mixture containing the follow- 
ing components (final concentrations in m-mole~'): 
tetra-sodium pyrophosphate buffer (pH 8.4), 71; 
x-ketoglutarate, 7.4 (previously neutralized with 
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Na,CO,;); NADP, 0.18; 2-mercaptoethanol, 0.18 yt; 
Gabase, 70g. Blank tubes and GABA standards 
also. received SOyl incubation mixture. Tissue 
samples, tissue and reagent blanks, and GABA stan- 
dards were treated identically throughout the pro- 
cedure. All tubes were incubated at 38° in a Dubnoff 
shaker for 45 min. After the incubation period, 100 pl 
of phosphate buffer was added containing 400 mM 
Na;PO, and 200mM Na,HPO,-12H;0 in order to 
destroy the excess NADP and the tubes were heated 
for 15 min at 60°. Finally, the NADPH produced in 
the reaction was converted to a fluorescent NADP 
product by adding 100 ul of 10 N NaOH containing 
0.075% H,O, and heating at 60° for 10min. Seven 
hundred yl of distilled water was added and the fluor- 
escence read in an Aminco Bowman spectrophoto- 
fluorometer (A excitation = 355nm, 4 emis- 
sion = 460 nm). The lower limit of the assay’s sensi- 
tivity was 0.25 nmole and a linear relationship existed 
between fluorescence and the amount of GABA up 
to Snmole. Reagent blanks but not tissue blanks were 
routinely assayed. 

To retain uniformity, quantitative data have been 
expressed as mean + S.E.M. wherever possible. 


RESULTS 


The convulsive properties of allylglycine as 
reported by Alberici et al. [4] were confirmed. Intra- 
peritoneal administration of allylglycine (300 mg kg” ' 
body wt = 2.61 m-mole kg™ ') produced convulsions 
in eight out of nine animals with a mean latency of 
174 + 10 min (range 135-210 min). Onset of convul- 
sions was preceded by a period of hyperexcitability 
with running and jumping which lasted for several 
minutes. Table | shows that the three regions tested 
in convulsed animals showed significant reductions 
in both GAD activity (24-35 per cent) and GABA 
concentration (33-59 per cent) over controls. Reduc- 
tions in GAD activity and GABA concentration were 
greatest in the inferior colliculus and cochlear nuc- 
leus, whilst cerebral cortex was least affected. 
Although previous in vivo studies with allyglycine 
have been confined to whole brain [7] [12], cerebral 
cortex [4] and cerebellum [5], the observed percent- 
age loss of GAD and GABA in cerebral cortex is 
in good agreement with the findings of Alberici et 
al. [4]. 

Possible regional variation in allylglycine inhibition 
was also investigated in in vitro systems. Of the three 
regions tested there was a large variation in the extent 
of inhibition at different allylglycine concentrations, 
the order of inhibition being cochlear nucleus > infer- 
ior colliculus > cerebral cortex in order of decreasing 
severity (Fig. la). In some experiments cochlear nuc- 
leus was inhibited completely at 5mM allylglycine 
whilst under the same conditions the inferior colli- 
culus and cerebral cortex were inhibited 70% and 30% 
respectively. Within experimental error no regional 
variation of inhibition was noted for three other cate- 
gories of GAD inhibitors [9], i.e. thiosemicarbazide 
(Fig. 1b); NaCl (Fig. 1c); and Zn?* (Fig. 1d), although 
the shapes of the dose-inhibition curves were dissimi- 
lar. It thus appears that the degree of allylglycine inhi- 
bition varies considerably according to the brain 
region from which the homogenate is prepared (Table 





The effect of the convulsant allylglycine 


Table 1. The effect of convulsive doses of allylglycine on GABA concentrations (umole 
g ' wet wt) and GAD activities (umole g~ ' wet wt hr~') in cochlear nucleus, inferior 
colliculus and cerebral cortex in vivo. Guinea pigs were injected i.p. with 300 mg kg”! 
body wt of allylglycine in 0.9% sterile saline ( = 2.61 m-mole kg~'). Control animals 
received either no injection or injection of saline. At the onset of convulsions (mean 
latency = 174 + 10 min), animals were sacrificed and individual cochlear nuclei, infer- 
ior colliculi and cerebral cortices dissected out and homogenized in 1.2ml 10mM 
sodium phosphate buffer (pH 6.8). Suitable aliquots were then taken for GAD assay 
or processed for GABA assay 





Control (n) 


Convulsed (n) A%* P-valuet 





Cochlear Nucleus 
GAD 
GABA 
Inferior Colliculus 
GAD 
GABA 
Cerebral €ortex 
GAD 
GABA 


6.75 + 0.25(11) 
2.54 + 0.09 (11) 


< 0.005 
<0.001 


+ 0.22 (10) 35 
+ 0.10(14) 


2.00 
0.82 
<0.001 
<0.001 


7.68 + 0.25 (11) 
1.56 + 0.08 (16) 


< 0.001 


5.15 + 0.26 (6) 
i Ie <0.001 


I 
71 + 0.15 (8) 





* Mean percentage reduction of GAD activity or GABA concentration in convulsive 


animals. 


+ Statistical significance of difference in mean values for control and convulsive 


animals. 


2). This effect is not species specific since both rat 
and cat brain regions varied in allylglycine susceptibi- 
lity, although they were similarly inhibited by addi- 
tions of NaCl. When the percentage inhibition (of 
GAD by allylglycine) was plotted against endogenous 
regional GAD activity, it was found that a significant 
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inverse correlation (r = —0.687, P < 0.005) existed, 
although cerebral cortex from any source appeared 
to be little affected by allylglycine (Fig. 2). 
Previously we have shown that the extent of allyl- 
glycine inhibition in a partially purified preparation 
of GAD from guinea pig whole brain is dependent 
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Fig. 1. Inhibition of GAD in crude homogenates from cochlear nucleus (@), inferior colliculus (O) 

and cerebral cortex (A) by (a) allylglycine (b) thiosemicarbazide (c) NaCl and (d) Zn?* in vitro. Five 

per cent (w/v) homogenates were prepared in 10mM sodium phosphate buffer (pH 6.8) and incubated 

with each inhibitor at the concentration indicated for 1.5 hr (5 mg tissue homogenate/assay). Controls 

were run for each tissue (water replaced inhibitor) and percentage residual GAD activity calculated 
at each inhibitor concentration. 
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Table 2. Jn vitro variation in the allylglycine inhibition 
of GAD from different brain areas of guinea pig. Five per 
cent (w/v) homogenates were prepared in 10mM sodium 
phosphate buffer (pH 6.8) and GAD activity measured in 
the presence of 2.5mM allylglycine. The assay time was 
1.5 hr and 5 mg tissue homogenate/assay was used. Results 
show normal GAD activities and percentage inhibition by 
allylglycine 





GAD activity 
(umole g~' hr’ ') 


Percentage 


Region inhibition 





3.89 + 0.16(7) 
5.44 + 0.66 (4) 
6.10 + 0.34 (4) 
12.06 + 0.50(7) 
9.28 + 0.49 (6) 
18.44 + 0.76 (4) 
8.55 + 0.57 (4) 


5 (6) 
3 (4) 
3 (4) 
5(5) 
5(4) 
1 (4) 
2 (6) 


Cochlear Nucleus 
Medulla 
Cerebellum 
Inferior Colliculus 
Whole Brain 
Superior Colliculus 
Cerebral Cortex 


I+ H+ He He HH 





on both the duration of assay and amount of enzyme 
preparation present [9]. It was therefore of interest 
to investigate these dependencies in the different brain 
areas in light of the varied susceptibility of the GAD 
to allyglycine inhibition. Table 3 shows that these 
dependencies are relevant for GAD obtained from all 
areas studied. 


DISCUSSION 


Intraperitoneal administration of allylglycine in- 
duced convulsions which were evident only after a 
latent period of 3 hr, even though the convulsive dose 
was twice that employed by Alberici et al. [4]. This 
requirement for relatively large doses of allylglycine 
which result in the onset of convulsions some con- 
siderable time later, has been observed by other 
workers [4] [7]. The latency of action is also seen in 
in vitro studies where inhibition is only evident after 
some 20 min of incubation [9]. Allylglycine induced 
convulsions were associated with reductions in both 
GAD. activity and GABA concentration, which sug- 
gests that the drug may be similar in its effect to 
3-mercaptopropionic acid[13], but different from 
other convulsants such as glutamyl hydrazine, 


S. K. Fisher and W. Ewart DAVIES 


aminooxyacetic acid and isonicotinic acid hydrazide 
which inhibit GAD activity in vivo, but elevate GABA 
concentrations [14, 15]. This is presumably due to the 
fact that these latter drugs effectively inhibit GABA- 
transaminase (EC 2.6.1.19 4-aminobutyrate: 2-oxoglu- 
tarate aminotransferase, GABA-T) as well as GAD, 
resulting in an increase in total brain GABA. How- 
ever, both 3-mercaptopropionic acid [16] and allyl- 
glycine [4] do not inhibit GABA-T activity and thus 
a reduction in GAD activity is reflected directly in 
a decrease in GABA concentration. 

The possibility that the reduction in GABA concen- 
tration is due to convulsions per se is unlikely, since 
administration of subconvulsive doses of allylglycine 
(200 mg kg~ ' body wt) led to a 28 per cent reduction 
in GABA concentration in the cochlear nucleus 2 hr 
later. This conclusion is in agreement with the find- 
ings of Horton and Meldrum[7] who have shown 
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Fig. 2. Graph showing percentage inhibition of GAD by 
allylglycine under the conditions indicated in the legend 
to Table 2 in various brain regions from guinea pig (@), 
rat (A) and cat (0). CN, cochlear nucleus; MED, medulla; 
CER, cerebellum; IC, inferior colliculus; WB, whole brain: 
SC, superior colliculus; SubN, substantia nigra; CC, cere- 
bral cortex. The percentage inhibition was significantly 
correlated with endogenous GAD activity (r = 0.687, 
P < 0.005). 


Table 3. Time and tissue concentration dependence of allylglycine inhibition 

in cochlear nucleus, inferior colliculus and cerebral cortex in vitro. Tissues were 

homogenized in 10mM sodium phosphate buffer (pH 6.8) and GAD activity 

determined in the presence of 2.5mM allylglycine under the conditions indi- 

cated. Controls were run on each occasion with allylglycine omitted and 
results expressed as percentage inhibition 





Cochlear 
nucleus 


Cerebral 
cortex 


Inferior 
colliculus 





Conditions 


Percentage inhibition 





(a) 5 mg tissue homogenate; 
25 min assay 

(b) 5 mg tissue homogenate; 
90 min assay 

(c) 2 mg tissue homogenate; 
90 min assay 

(d) 5 mg tissue homogenate; 
45 min assay 

(e) 1 mg tissue homogenate; 
45 min assay 
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reduced GAD activity in the brains of mice prior to 
convulsions. These results strongly suggest that the 
convulsions are primarily the result of a reduction 
of GABA in the brain, an explanation which is consis- 
tent with the findings of Wood and Peesker [12], who 
showed that aminooxyacetic acid, an inhibitor of 
GABA-transaminase, protects animals against allyl- 
glycine induced convulsions. The decrease in GABA 
concentration is therefore a more plausible explana- 
tion for the convulsant properties of allylglycine 
rather than its inhibition of the uptake of some amino 
acids into brain [7] or its blocking of synaptosomal 
protein synthesis [17]. 

The present in vivo results suggest that GAD in 
the inferior colliculus and cochlear nucleus is more 
strongly inhibited by allylglycine than that in the cer- 
ebral cortex. Quantitative assessment of such in vivo 
data should however be made with some caution for 
two main reasons. 

(1) For practical convenience, tissues were homo- 
genized in a standard volume of buffer which resulted 
in the formation of homogenates of different tissue 
concentration, e.g. cochlear nucleus 1%, inferior colli- 
culus 2%, and cerebral cortex 3°%. As the inhibition 
remains in the. most dilute homogenates, where the 
endogenous level of allylglycine is extremely low, an 
inactivation mechanism rather than a competitive one 
is indicated in vivo. This is in agreement with the 
in vitro data of Table 3, where an increase in the 
tissue concentration leads to an increased inhibition. 
In the former context it is significant that Karlsson 
et al.{13] found that the in vivo inhibition of GAD 
by 3-mercaptopropionic acid, a fully competitive in- 
hibitor of GAD [19], was not detectable under the 
assay conditions employed in the present study, due 
to reactivation of the enzyme. 

(2) Regional rates of post-mortem GABA increase 
may be variable, according to the distribution of 
GAD [20]. 

As the allylglycine inhibition of GAD is pyridoxal 
phosphate dependent [9], the question: arises as to 
whether the GAD mediates its own inactivation by 
converting the allylglycine to an inhibitory product 
or whether the allylglycine is metabolised by one or 
more other B,-dependent enzymes. If GAD itself were 
solely responsible, then those areas which contain 
high endogenous GAD activity would be expected to 
show greatest in vivo and in vitro inhibition. However, 
in vitro experimental results show that the converse 
is true (Fig. 2). This finding strongly suggests that 
an enzyme with a uniform regional distribution, other 
than GAD, is primarily responsible for the metabo- 
lism of allylglycine. Brain regions relatively low in 
GAD activity would thus tend to show a greater per- 
centage loss of activity than GAD rich areas such 
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as the colliculi. Nevertheless, GAD may still be in- 
volved, in part at least, since Wu and Roberts [21] 
have recently shown that allylglycine is a weak inhibi- 
tor of purified mouse brain GAD. 

Clearly the mechanism of allylglycine inhibition is 
most complex and is certaintly not of the simple com- 
petitive type as suggested by Rodriguez de Lores 
Arnaiz et al. [5]. Such uncertainty of action calls into 
question the suitability of use of allylglycine in some 
recent studies of GABA mediated systems [6-8]. 
Regional studies of changes in GABA concentration 
during 4-methoxypyridoxine [22] and 3-mercaptopro- 
pioni¢ acid[13] induced convulsions are rightly 
accompanied by a thorough knowledge of the in vitro 
mode of action of the convulsant, a vital pre-requisite 
for such an approach. The possibility remains that 
regional effects of allylglycine in brain do not reflect 
different degrees of GABA transmitter function, but 
anomalies in the metabolism of the drug itself. 
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Abstract—The benzylisoquinoline alkaloids d-tetrandrine and thalicarpine inhibit the biosynthesis of 
DNA, RNA and proteins, when incubated with $180 cells in vitro. Oxidation of glucose['*C] to '*CO, 
was not affected by either alkaloid at levels up to 100 g/ml in vitro. Incorporation of labeled acetate 
into lipids was inhibited only by thalicarpine at 100 ug/ml. Inhibition of the incorporation of thymidine 
into DNA was also observed in vivo after treatment with these drugs at 30-120 mg/kg; under these 
conditions, the synthesis of RNA and protein was not inhibited. In an attempt to elucidate the 
mechanism for inhibition of nucleic acid synthesis, the interaction of DNA, RNA and polynucleotides 
with the alkaloids was studied by gel filtration and dialysis. The two drugs associated with both 
DNA and RNA, but exhibited different affinities for the five polynucleotides examined. Both alkaloids 
were bound by polyguanylic and polyadenylic acids, but whereas d-tetrandrine associated only poorly 
with polythymidylic acid and not at all with polyuridylic acid, it was polycytidylic acid that showed 
no affinity for thalicarpine. 


The benzylisoquinoline alkaloids d-tetrandrine and 
thalicarpine (Fig. 1) are pharmacologically active 
agents derived from members of the plant families 
Menispermaceae and Ranunculaceae (Thalictrum spe- 
cies) respectively. d-Tetrandrine has been described as 
having a d-tubocurarine-like effect [1] and anti- 
inflammatory activity [2], while thalicarpine shows 
a cardiotoxic action [3]. However, it was the reported 
activity of these compounds against Walker 256 
carcinosarcoma in the rat [4,5] and KB cells in 
monolayer culture [6] that led to their selection for 


thymus DNA type I, polycytidylic, polythymidylic, 
polyguanylic, polyadenylic and polyuridylic acids 
were purchased from the Sigma Chemical Co. d- 
Tetrandrine[ '*C] was synthesized by Monsanto Corp. 
and supplied by the National Cancer Institute. Thy- 
midine-methyl[*H], uridine[5-*H], glycine[1-'*C] 
and sodium acetate[2-'*C] were purchased from the 
New England Nuclear Corp., and glucose[U-'*C] 
was purchased from CalBiochem. 

RNA (combined ribosomal and transfer) was iso- 
lated from $189 cells, carried in CD-1 mice (Charles 


clinical evaluation in the treatment of human cancers. 
Although the monomeric benzylisoquinolines and 
aporphines were devoid of antitumor activity, sug- 
gesting that a dimeric type of structure was needed, 
there seemed to be no stereospecificity requirements 
for biological activity among a series of bis (benzyliso- 
quinolines) or aporphine-benzylisoquinoline deriva- 
tives studied [7]. In experiments with L1210 mouse 
leukemia cells in culture, thalicarpine was generally 
inhibitory for macromolecular biosynthesis, with 
DNA synthesis as the most sensitive parameter; no 
evidence was obtained for binding of the drug by 
DNA [8]. However, the same authors (Allen and 
Creaven [9]) subsequently found evidence of such 
binding by calf thymus DNA. Preliminary clinical 
pharmacological data indicate that d-tetrandrine is 
also an inhibitor of the incorporation of thymidine 
into DNA, in this case by human leukemic leukocytes 
in vitro [10]. 

The present study was carried out in order to 
obtain further information on mechanisms of action 
and to compare the biochemical effects of these two 
alkaloids. Inhibition of macromolecular synthesis 
seen in these experiments may result, at least in part, 
from association of the drugs with nucleic acids. 
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Structural formulas of d-tetrandrine and _thali- 
carpine. 


MATERIALS AND METHODS 


Thalicarpine and d-tetrandrine were supplied by 
the National Cancer Institute, Bethesda, Md. Calf 
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Fig. 1. 





1888 


River Breeding Laboratories). After freeing them from 
erythracytes by exposure to hypotonic saline, the 
tumor cells were suspended in 0.01 M NaCl contain- 
ing 0.01 M sodium phosphate buffer, pH 6.7, and 
sonified for | min with a Biosonic II. An equal 
volume of 90°, phenol was then added, the mixture 
stirred for | hr at room temperature and centrifuged 
for 30 min at 7000 rev/min. The aqueous layer was 
removed, the lower phase re-extracted with an equal 
volume of buffered saline, and after centrifuging, the 
combined aqueous fraction was made to 2 per cent 
(w/v) with potassium acetate and RNA precipitated 
by adding 2 vol. ethanol. This crude material was 
reprecipitated twice more under the same conditions 
and dialyzed overnight against 0.03 M NaCl. 

For dialysis experiments, DNA, RNA, synthetic 
polynucleotides and serum albumin (0.5 to 5 mg) were 
dissolved in 0.03 M NaCl solution together with 
varying amounts of d-tetrandrine or thalicarpine in 
a total volume of 10 ml. This solution (pH 4) was 
then placed inside dialysis tubing and dialyzed for 
periods of up to 26 hr against 100 ml of 0.03 M NaCl 
solution at room temperature in the dark. 
Equilibrium was achieved normally in 18-20 hr. The 
absorbance of the dialysate was read at frequent 
intervals with a Zeiss PMQ II spectrophotometer, 
using wavelengths of 282 nm for d-tetrandrine and 
285 nm_for thalicarpine. All samples were returned 
to the vessel after reading. In some experiments with 
d-tetrandrine, '*C-labeled material was used, both as 
a control for the u.v. absorbance assay, and to 
determine directly the amount of drug bound by 
polynucleotide. 

Gel filtration was carried out on 30x 1 cm 
columns of Sephadex G-25 with 0.005 M NaCl at 
pH 4 as the eluent. Solutions of nucleic acid, protein 
or polynucleotide (0.3 mg) in | ml of 0.005 M NaCl 
were allowed to stand 30 min at room temperature 
and then ‘applied to the columns. Fractions (2 ml) 
were collected, the absorbancies were read at 260 nm, 
and ‘samples were counted in a Packard Tri-Carb 
liquid scintillation spectrometer. 

The synthesis by S 180 cells in vitro of nucleic acids, 
residual proteins and lipids was measured by incor- 
poration of thymidine-methyl[*H] (1 wCi, 6.7 Ci/m- 
mole), uridine[5-7H] (1 wCi; 3 Ci/m-mole), glycine- 
[1-'*C] (1 wCi; 44.9 mCi/m-mole) and sodium ace- 
tate[2-'*C] (2.5 wCi: 50 mCi/m-mole), respectively, 
using procedures that have been described previously 
[11,12]. fncubation volumes were 3 ml (with 12% 
dialyzed calf serum and phosphate buffer [13]), and 
approximately 2.5 x 10’ cells were used per flask. 
Time courses of up to 60 min were followed after 
an initial preincubation with drug but no tracer for 
15 min. Oxidation of glucose was measured by 
incubating $180 cells with glucose[U-'*C] (0.05 pCi; 
55 mCi/m-mole) in 3 ml of serum buffer in Warburg 
flasks. The reaction was stopped by tipping in 
perchloric acid (0.3 ml; | M) from the side arm; the 
'4CO, released during the incubation was collected 
on filter paper moistened with 0.1 ml of 1 N NaOH 
in the center well. 

Uptake of nucleosides was measured in similar 
incubation systems to those used for studying 
incorporation, but at the end of the uptake period, 
samples were removed, layered over 0.25 M sucrose 
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solution in Shevky-Stafford and McNaught tubes, 
and centrifuged for 3 min at 1600 g. The supernatant 
fluids were aspirated carefully and the radioactivity 
in the cell pellets was determined after suspending 
them in 0.2 ml water. 

For experiments with S180 cells in situ in mice, 
the tumor-bearing animals received i.p. injections of 
thalicarpine or d-tetrandrine (30, 60 or 120 mg/kg) 
followed 0.5, 5.5 or 23.5 hr later by radioactive 
precursors (2 ywCi; same specific activities as for 
studies in vitro). A period of 0.5 hr (1 hr for lipids) 
was allowed for metabolic utilization. The mice were 
killed, ascitic fluid was removed, red cells were lysed 
by exposure to hypotonic saline, and the tumor cells 
were extracted as for the studies carried out in vitro. 
Cell counts (Coulter counter model B) or DNA 
contents measured by the diphenylamine reaction 
[14] served for standardization. 


RESULTS 


Inhibition of biosynthetic pathways. The effects of 
d-tetrandrine and thalicarpine on the incorporation 
of radioactive precursors into DNA, RNA and resi- 
dual protein by $180 cells in vitro are shown in Figs. 
2 and 3. It is evident that DNA synthesis is the par- 
ameter most sensitive to thalicarpine, whereas the in- 
corporation of precursors into DNA and RNA is 
about equally affected by d-tetrandine. The concen- 
trations (in pg/ml) of thalicarpine and d-tetrandine, 
respectively, that were required to produce 50 per 
cent inhibition were: DNA, 14 and 46; RNA, 45 and 
50; and protein, 76 and 80. Uptake of nucleosides 
was not inhibited. The oxidation of glucose[U-'*C] 
to '*CO, was unaffected by either drug at levels up 
to 100 pg/ml. Reproducible inhibition of acetate in- 
corporation into lipids by $180 cells in vitro was only 
achieved with thalicarpine at 100 ug/ml. At this level, 
incorporation into neutral and phospholipid, respect- 
ively, was 26 and 61 per cent of control values. 

When mice bearing the S180 tumor were treated 
with thalicarpine, the incorporation of thymidine into 
DNA was inhibited after dosages of 30 or 60 mg/kg. 
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Fig. 2. Effect of d-tetrandrine on the incorporation of thy- 

midine into DNA (@ @). uridine into RNA (A A). 

and glycine into protein (O ©) of S180 cells incubated 

in vitro. Data are expressed as percentage of control values 

which were: DNA, 1618: RNA, 1900; protein 2410 
cpm/10° cells. 
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Fig. 3. Effect of thalicarpine on the incorporation of thymidine into DNA (@——-®), 
©) of $180 cells incubated in vitro. Data are expressed 


RNA (&4———A), and glycine into protein (O— 


uridine into 


as percentage of control values as listed in Fig. 2. 


whereas a level of 120 mg/kg of d-tetrandrine was 
required to give minimal inhibition (Table 1). The 
incorporation of uridine into RNA, glycine into 
protein, and acetate into lipids was unaffected at these 
drug dosages. 

Interaction with nucleic acids and polynucleotides. 
When solutions of DNA, RNA or several synthetic 
polynucleotides to which thalicarpine had been added 
were dialyzed, passage of drug across the membrane 
was retarded, and a lower external equilibrium con- 
centration of free drug attained than for controls 
without polynucleotides. This effect was not seen with 
bovine serum albumin fraction V or polycytidylic 
acid. Similar effects were also observed in analogous 
experiments with d-tetrandrine, but in this case 
polyuridylic acid did not interact with drug at all and 
polythymidylic acid only minimally (Table 2). The 
same findings were made at other concentrations of 
drug. Using d-tetrandrine['*C] in gel filtration exper- 
iments, this lack of affinity for polyuridylic acid was 
confirmed (Fig. 4). Only in the case of polyguanylic 
acid were significant ranges of drug and polymer con- 
centrations examined by equilibrium dialysis to 
enable Scatchard plots [15] to be made (Fig. 5). The 
intercepts were such as to suggest that 51 and 104 
moles thalicarpine and d-tetrandrine, respectively, 


were bound/mole (150,000 daltons) of polynucleotide, 
corresponding to 0.12 and 0.24 binding sites/nucleo- 
tide. The dissociation constants were calculated as 
1.43 x 10°° moles/liter for thalicarpine and 1.08 x 
10° ° moles/liter for d-tetrandrine. 


DISCUSSION 

It is evident that similarities in the chemical 
structures of these two alkaloids are reflected in their 
biochemical actions. Incorporation of precursors into 
nucleic acids and proteins is inhibited at drug levels 
that are attainable in vivo [see Ref. 10, for example]. 
For thalicarpine, DNA synthesis is the most sensitive 
process in these as in earlier [8] studies. The other 
parameters examined—oxidation of glucose, incor- 
poration of acetate into lipids, and total uptake of 
nucleosides by cells—were either unaffected or inhi- 
bited only at very high, unphysiological, levels of 
drug. The similarity in the dose response curves for 
incorporation of precursors into RNA and protein 
in vitro suggests an interdependence, although it can- 
not be ruled out that the protein effect is a separate 
drug action. The overall relevance of effects on mac- 
romolecular synthesis to cytotoxicity has not, of 
course, been established by these studies. 


Table |. Effect of treatment with alkaloids in vivo on the incorporation of thymidine 
into the DNA of S180 cells 





Dose 


Drug (mg/kg) 


Time 


(hr) Per cent inhibition* 





Thalicarpine 30 


Thalicarpine 


d-Tetrandrine 


11.8 
27.0 
48.4 
35.4 
51.7 
83.1 
20.7 
28.0 
10.9 





* Mean incorporation of thymidine in untreated mice was 1.80 + 0.36 x 10° dis. 
min/10° cells. Animals received drugs i.p. at time zero and thymidine[*H] (2 pCi: 
6.7 Ci/m-mole) 0.5 hr before sacrifice. 
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Table 2. Effects of biopolymers on the rates and equilibria of alkaloid dialysis 





Drug 


Polymer* 


Initial dialysis 


(moles x 1077 hr7') 


Drug bound 
at equilibrium 
(moles x 10°‘) 


ratet 





Phalicarpinet None 


d-Tetrandrinet 


Protein 
None 
pr 
None 
pr 


Thalicarpines 


d-Tetrandrines 


9.08 
3.44 
6.73 
3.02 


5.10 


10.10 
3.15 9.18 
6.26 7.46 
8.91 4.28 

11.10 

10.17 
2.58 
6.66 
3.62 
8.85 
2.83 
4.42 
9.83 

13.80 
9.80 

15.02 

13.81 


19.01 
6.83 
20.02 


0.61 





* Abbreviations: pA, polyadenylic acid; pC, polycytidylic acid; pG, polyguanylic acid; pU, 
polyuridylic acid; pT, polydeoxythymidylic acid. 

+ Measured during the first 0.75 hr of dialysis. 

t The system contained 5 mg polymer and 2 mg drug. 

§ The system contained 0.5 mg polymer and 2 mg drug. 


Association of drug with nucleic acids could serve 
as the underlying mechanism for inhibiting both nuc- 
leic acid and protein synthesis. In agreement with 
findings made elsewhere [8,9], we were able to detect 
association of thalicarpine with DNA by equilibrium 
dialysis, but not by spectrophotometric assay. This 
applies also to the interactions with RNA and syn- 


thetic polynucleotides. It is interesting that the two 


alkaloids differ significantly in their base specificities. 
Both drugs associate effectively with purine bases, 
showing some preference for guanine. However, 
whereas thalicarpine does not associate with cytosine 
moieties, d-tetrandrine interacts only poorly with thy- 
mine and not at all with uracil residues. There is some 
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Fig. 4. Gel filtration of mixtures of d-tetrandrine['*C] (0.2 mg, 2400 cpm) with 0.3 mg of polyguanylic 
or polyuridylic acids on 30 x 1 cm columns of Sephadex G-25. Fractions (2 ml) were collected during 
elution with 0.005 M NaCl. 
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Fig. 5. Scatchard plots of the ratio of moles thalicarpine 
(@——@) and d-tetrandrine (A———A) bound/mole of poly- 
guanylic acid to equilibrium concentration of free drug (‘/x) 
vs moles of drug bound/mole of polymer (r). The intercept 
on the abscissa gives the maximum number of molecules 
of guanylic acid (n), while the intercept on the ordinate 
gives n divided by the equilibrium dissociation constant 
of the complex. 


inconsistency between the relative binding of the two 


alkaloids by native nucleic acids and by synthetic 
polynucleotides (Table 2). The amount of d-tetran- 
drine bound by the two nucleic acids is routinely less 
than thalicarpine, whereas this is not true for poly- 
adenylic, polyguanylic and polycytidylic acids. It is 
possible that the conformation of the native nucleic 
acids is such as to reduce the ability of the more 


rigid d-tetrandrine molecule, with its completed 
16-membered inner ring (Fig. 1), to associate with the 
component bases. This might also account for the 
generally weaker inhibitory effects of d-tetrandrine on 
nucleic acid synthesis. 

Direct comparison of the binding of these benzyl- 
isoquinoline alkaloids by polynucleotides with data 
obtained for other DNA binding agents is difficult, 
both because of different experimental conditions, and 
because our quantitative results apply only to poly- 
guanylic acid. However, DNA has been shown to 
have 0.12 binding sites for daunorubicin/nucleotide 
[16], close to our figures for d-tetrandrine and thali- 
carpine of 0.24 and 0.12 respectively. The equilibrium 
binding constants for DNA with a number of actino- 
mycins are close to 3 x 10° [17], giving equilibrium 
dissociation constants of about 0.3 x 10~° moles/ 
liter. Thus, the complexes of d-tetrandrine and thali- 
carpine with polyguanylic acid would be less stable 
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than the actinomycin-DNA complexes, whose equi- 
librium dissociation constants are lower by more than 
an order of magnitude. 

Quite apart from its significance in terms of the 
mechanism of action of these agents, binding to 
nucleic acids may be important in determining their 
distribution and excretion patterns. In patients 
treated with d-tetrandrine, there is prolonged 
retention of the drug coupled with slow urinary 
excretion [10], and the peripheral blood leukocytes 
are able to concentrate the drug to levels many times 
higher than those in the coincident plasma samples. 
Binding to nucleic acids may be a factor that 
influences this, as it is for other drugs such as 
chloroquine [18]. An additional feature involved in 
this distribution pattern is binding by plasma protein, 
which in the case of d-tetrandrine involves 58-72 per 
cent of total drug in the plasma [10]. Since in the 
present studies purified serum albumin fraction V did 
not bind d-tetrandrine, another plasma _ protein 
component must be responsible for the clinical 
findings. 
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Abstract—S-trityl-L-cysteine (NSC 83265) and selected analogs were examined by conventional and 
new techniques to identify drug effects on intracellular macromolecule biosynthesis and on cell surface 
properties. These compounds inhibit growth of murine leukemia cells in vivo, and interfere with incor- 
poration of precursors into nucleic acid and protein in culture. The drugs also cause disorganization 
of cell membranes, affecting barriers to actinomycin D uptake and producing alterations in membrane 
charge distribution measured by a two-phase aqueous polymer system. 


Several methods have previously been used by us to 
characterize interactions between anti-tumor agents 
and murine leukemia cells in culture which result in 
inhibition of biosynthesis of DNA [1-3], RNA [3, 4], 
protein [4,5] and glycoprotein[5]. This work was 
based on methods cited in bibliographies of Refs. 1-5, 
used to characterize modes of action of anti-neoplas- 
tic agents. Recently, we have studied drug effects on 
cell surface properties by measuring drug-induced 
changes in permeability barriers, and in cell behavior 
in a two-phase aqueous partitioning system [6]. 
Among the agents producing such effects is S-trityl-L- 
cysteine, NSC 83265 (Fig. 1). This compound and 
several of its analogs [7] have potent anti-tumor acti- 
vity agsinst the L1210 murine leukemia in vivo. We 
have compared effects of NSC 83265 and its con- 
geners with those of other agents with known modes 
of action, to determine interrelationships between cell 
surface effects and inhibition of incorporation of pre- 
cursors into nucleic acid and protein. The procedures 
employed here may be useful in the study of cytotoxic 
drug effects involving phenomena occurring at the cell 
surface. 


MATERIALS AND METHODS 


Cell cultures. L1210 murine leukemia cells were 
maintained in MEM-Eagle’s medium, spinner modifi- 
cation (Grand Island Biological Co., Grand Island, 
N.Y.) supplemented with 10% fetal calf serum. The 
cells were grown in two-thirds filled sealed flasks in 
air. Experiments were carried out using cells sus- 
pended in HEPES-buffered medium [4] to minimize 
pH alterations during short-term incubations of 
10°10’ cells/ml. 

Experimental agents. S-trityl-L-cysteine, NSC 83265, 
and its analogs were supplied by the Drug Evaluation 
Branch, Drug Research and Development, Division 
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of Cancer Treatment, NCI. NSC 83265, labeled in 
the trityl carbon (5.3 mCi/m-mole), was supplied by 
the Stanford Research Institute, Stanford, Calif. These 
agents were dissolved in N,N’-dimethylformamide 
(DMF) and stored at —20°. Cycloheximide (Sigma 
Chemical Co., St. Louis, Mo.), arabinosylcytosine 
(CalBiochem Corp., Los Angeles, Calif.), and actino- 
mycin D (Merck, Sharpe & Dohme, West Point, Pa.) 
were dissolved in water and used as controls in these 
studies. 

Radioactive substrates. Stock solutions of 
[2-'*C]thymidine, 100 uM (40 uCi/ml); [2-'*C]uri- 
dine, 100uM (40 yuCi/ml); and [U-'*C]L-leucine, 
1mM (50 uCi/ml), were prepared from compounds 
purchased from New England Nuclear Corp., Boston, 
Mass. [U-*H]actinomycin D, 10 ug/ml (100 uCi/ml), 
was provided by the Monsanto Chemical Co., St. 
Louis, Mo. 

Drug effects on protein and nucleic acid synthesis. 
Portions (1 ml) of cell suspensions containing 5 to 
7 x 10° cells were warmed to 37° for 20 min; then 
compounds dissolved in 10 «ul dimethylformamide or 
H,O, or solvent alone, were added. After a specified 
interval, usually 10 min, stock solutions of radioactive 
precursors were added to obtain a final level of 1 uM 
uridine, 1 uM thymidine or 10 uM leucine. After an 
additional period of incubation, the cells were col- 
lected by centrifugation, and incorporation of label 
into material insoluble in 0.2 M HClO, was measured 


R!' 


l 
R? C-—S—CHs—CH—COOH 


R3 


Fig. 1. Structure of S-(tritylthio)-L-alanine, NSC 83265, 
and its analogs. For the parent compound, R', R?, and 
R? = H. Other derivatives are described in Table 1. 


1893 





1894 


by liquid scintillation counting. To measure intracel- 
lular levels of radioactive nucleotides, incubations 
were carried out at 22°, a condition which reduces 
DNA and RNA synthesis by 90-95 per cent without 
altering uptake or phosphorylation of nucleosides. 
Brief washing of cells with 0.9% NaCl removed extra- 
cellular radioactivity from cell pellets. 

To measure reversibility of drug effects, cells were 
first incubated in medium containing drugs for 10 
min, then collected by centrifugation and suspended 
in fresh medium at 37° for 3-30 min before addition 
of protein or nucleic acid precursors, or labeled 
actinomycin D, or before measuring the partition 
ratio. 

In other control experiments, we measured effects 
of cycloheximide (a specific inhibitor of protein syn- 
thesis), cytosine arabinoside (an inhibitor of DNA 
synthesis), and actinomycin D (an inhibitor of RNA 
synthesis). 

Drug effects on uptake of actinomycin D. Exper- 
iments were carried out as outlined above, except that 
the radioactive agent employed was actinomycin D 
(final level = 0.1 g/ml, 0.05 wCi/ml). After incuba- 
tions, the cells were collected by centrifugation, 
washed with 0.9% NaCl, and the intracellular level 
of radioactive actinomycin D was measured by liquid 
scintillation counting. 

Uptake of radioactive NSC 83265. Stock solutions 
of labeled drug in DMF were added to cell suspen- 
sions to yield a level of 0.3 mM/ml (0.02 wCi/ml). In- 
cubations were carried out at 0° or at 37° for 1-30 
min. In some experiments, cells were incubated with 
labeled drug for 3 min, then suspended in fresh 
medium for 30 min, and exodus of the drug was 
measured. After incubation, cells were collected by 
centrifugation and washed with 0.9% NaCl to remove 
extracellular radioactivity. In other experiments, 
effects of washing with 0.2M HClO, and formamide 
were assessed. Determinations of radioactivity were 
made by liquid scintillation counting. 

Partition studies. Cell suspensions were treated with 
drugs for 3-10 min as outlined above. In some cases, 
the cells were then suspended in fresh medium for 
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3-30 min at 37° to assess reversibility of drug effects. 
Finally, the cells were suspended in 150mM NaCl, 
and a 0.5-ml portion, containing 10° cells, was added 
to a partition mixture. The latter contained 5% (w/v) 
Dextran T-500 (Pharmacia, Piscataway, N.J.), 4% 
polyethylene glycol (mol. wt 6000, Pierce Chemical 
Co., Rockford, Ill.), 50 mM NaCl and 100 mM potas- 
sium phosphate buffer, pH 7.0 [6]. The total volume 
was 10 mil. This mixture was contained in small screw- 
cap test tubes which were inverted several times, and 
a sample of 0.5 ml was taken for determination of 
the total cell number, using a Z, Coulter counter. 
The polymer phases were allowed to separate for 60 
min at 4°, and the top phase was collected. A 0.5-ml 
sample of this phase was then removed, and the cell 
number determined. The number of cells in the top 
phase as per cent of total cell number was calculated. 
These experiments were performed in triplicate for 
each point. 

Octanol—-water partition studies. The partition of 
radioactive trityl-cysteine between octanol and water 
was measured as described before [8], using equal 
amounts of these two solvents, each of which was 
saturated with the other. The ratio of the drug level 
in octanol to the drug level in water was then 
measured. The octanol phase was then re-extracted 
with octanol-saturated water and another such deter- 
mination was made. Minor water-soluble ‘impurities 
were thereby removed. Subsequent re-extractions 
did not alter the results. 

Screening data. Effects of NSC 83265 and its ana- 
logs on survival of mice bearing the L1210 leukemia 
were provided by the Drug Development Branch, 
Division of Cancer Treatment, NCI. This informa- 
tion, in part, has been published [7]. 


RESULTS 


The structure of NSC 83265 (R', R?, R? = H) is 
shown in Fig. 1. Two drugs were employed in which 
one of the phenyl substituents shown was replaced 
by a-naphthyl (NSC 123492) or f-naphthyl (NSC 
123529) groups. The D-optical isomer, S-trityl-D-cys- 


Table 1. Properties of S-trityl-L-cysteine and its analogs* 





> 


NSC No. R- 


Drug effect on 
actinomycin Partition 


T/C coefficient (°%) 





83265 H H 
124676 D-Isomer of NSC 83265 
123493 H 
126217 H 
123139 4 H 
123491 CH, 
124675 OCH, 
123492 


123529 B-Naphthyl 


1.0 
+ 1.0 
+ 1.0 


1807 
156 
193 
214 
204 
210 
140 
100 
215 1 


| 
++ 


~ 

—) 

of 
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I+ I+ I+ I+ I+ | 





* Structural formulae are shown in Fig. 1. Data shown represent average value of four determinations; the range 


is shown. 


+ Activity in vivo against L1210 murine leukemia at optimal dose schedule for 9 successive days. T/C = ratio x 100 


of survival of treated/control animals (days). 


t Per cent increase in uptake of actinomycin D by cells treated with 0.3 mM drug as described in the text. 
§ Number of cells in top phase as per cent of total cell number. For these experiments, a control value of 24% 


was established. 


In these drugs, one benzene ring of the parent compound was replaced by an a- or B-naphthyl group. 
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drugs examined on survival of tumor-bearing mice 
teine (NSC 124676), was also tested. Effects of all 
are shown in Table 1. The D-isomer was only slightly 
less effective than NSC 83265. Halogen or methyl 
substituents had only minor effects on drug effective- 
ness; OCH; substituents slightly decreased activity. 
The f-naphthyl analog was somewhat more active 
then the parent compound; the #-naphthyl substitu- 
tion abolished activity. 

In controls, the intracellular—extracelluar distribu- 
tion ratio of actinomycin D, reached after 5 min of 
incubation at 37°, was 12 + 0.5. Uptake of actinomy- 
cin D was strongly promoted by many compounds 
tested here (Table 1); this effect was most striking 
in the case of NSC 123529 (the f-naphthyl derivative), 
and least for NSC 124675, the OCH,-derivative. In 
related studies, we examined effects of cycloheximide 
(0.05 mM) and cytosine arabinoside (0.1mM) on 
actinomycin D uptake and found no alteration there- 
of. 

The partition of L1210 cells between phases rich 
in Dextran and in polyethylene glycol was also 
measured. The number of cells in the upper phase 
as per cent of total cell number was 24 + 1% in con- 
trol tubes. The partition ratio was decreased by most 
drugs examined, most substantially by NSC 123529. 
In control studies, we found no effect on the parti- 
tion ratio by 0.05mM cycloheximide, 0.1 mM _ cyto- 
sine arabinoside or 0.01 mM actinomycin D. These 
drug levels substantially inhibit protein or nucleic 
acid biosynthesis as described below. 

The drugs tested here all inhibited incorporation 
of precursors into nucleic acid and protein. Values 
did not differ substantially within 10 min; 0.3mM 
drug levels inhibited incorporation of thymidine into 
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DNA by 65-80 per cent, of uridine into RNA by 
60-80 per cent, of leucine into protein by 75-85 per 
cent. At the 0.05mM level, cycloheximide inhibited 
protein synthesis by 90 per cent, DNA synthesis by 
70 per cent, but RNA synthesis by only 10 per cent. 
Cytosine arabinoside (0.1 mM), within 10 min, inhi- 
bited DNA synthesis by 90 per cent with no effect 
on biosynthesis of DNA or protein. 

Effects of NSC 83265 and its analogs were partly 
reversed when the drug was removed from culture 
media. Representative examples are shown in Table 
2. Effects of NSC 83265 on protein and nucleic acid 
and protein biosynthesis were partly reversed, drug 
effects on actinomycin D uptake were wholly 
reversed, but the partition ratio increased to values 
greater than control. These effects were more striking 
for the fB-naphthyl derivative, NSC 123529. Thirty 
min after removal of the drug, substantially more cells 
were found in the upper phase than in control studies. 

It is noteworthy that NSC 83265 and NSC 123529 
inhibited neither uptake nor phosphorylation of thy- 
midine by L1210 cells (Table 3). The disorganization 
of the cell surface detected by other procedures did 
not alter nucleoside uptake, nor enzymes involved in 
nucleoside conversion to nucleotides. 

Uptake of labeled NSC 83265 proceeded rapidly, 
with accumulation essentially complete within 1 min 
(Fig. 2). Uptake was greater at 37° than at 0°. Accu- 
mulated drug was partly lost upon suspension of pre- 
loaded cells in fresh medium at 37° (Fig. 2); however, 
a residue of drug could not be removed, even after 
2 hr (data not shown). In other studies, we found that 
a brief wash of preloaded cells with formamide 
removed 80 per cent of the drug, but could not 
remove residual drug remaining after 30 min washing 


Table 2. Reversibility of drug effects* 





10-min Incubation, 


Drug effect no wash 


10-min Incubation, 
30-min wash 


10-min Incubation, 
10-min wash 





Inhibition of protein 23 
synthesis 

(°% of control) 

Inhibition of RNA 
synthesis 

(% of control) 

Inhibition of DNA 
synthesis 

(% of control) 

Actinomycin D 
uptake 

(°%, of control) 

Partition coefficient 

Inhibition of protein 
synthesis (°% of control) 


123529 
and 
123492 
Inhibition of RNA 
synthesis (°% of control) 
Inhibition of DNA 
synthesis (°% of control) 
Actinomycin D 
uptake (°% of control) 
Partition coefficient 


25 (28) 
21 (22) 
215 (150) 


16.8 (23)% 


35 bs 
53 63 


50 


97° 


30 (35) 


28 (31) 40 (47) 


27 (29) 40 (44) 
140 (105) 100 (100) 


24 (23), 42 (24), 





* Cells were incubated for 10 min in medium containing 0.3mM of drug, then washed in fresh medium for 10 
or 30 min. Samples were taken at indicated points for measurement of incorporation of precursors into nucleic acid 
and protein as specified, for measurement of drug-induced promotion of actinomycin D uptake and for measurement 
of partition coefficient (control = 24°). Values obtained with NSC 123492 are shown in parentheses. 
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Table 3. Drug effects on nucleoside uptake and phosphorylation* 





Level 


Drug (mM) 


Nucleotides 
(cpm) 


Thymidine 
(cpm) 





Controls 
NSC 83265 0.3 
NSC 123529 0.3 


300 1200 
280 1180 
285 1130 





* Cells were incubated with specified drugs for 10 min at 22, 


then 1mM 


(final level) of radioactive thymidine was added for an additional 5 min at 
the same temperature. Incorporation of label into acid-soluble and acid-insolu- 
ble pools was measured as outlined in Ref. 9. 


in the culture medium. These data were not altered 
when the drug labeled with '*C in the amino acid 
moiety was employed. 

The octanol-water distribution of NSC 83254 was 
45:1, indicating the compound to be highly lipid solu- 
ble. The drug is essentially insoluble in water, but 
dissolves readily in warm dimethylformamide. 


DISCUSSION 


The procedures described here, involving measure- 
ment of drug effects on actinomycin D uptake and 
on partition of cells between aqueous polymer phases, 
are intended to: identify drug-cell interactions which 
directly affect the cell surface, as contrasted with in- 
teractions primarily leading to inhibition of nucleic 
acid or protein biosynthesis. In the present study, 
cytosine arabinoside and cycloheximide, agents which 
rapidly lead to inhibition of DNA and protein syn- 
thesis, respectively, have little effect on cell surface 
properties, as measured here, within 10 min. In con- 
trast, trityl-L-cysteine and its analogs both affect mac- 
romolecule biesynthesis and cell surface phenomena. 

Disruption of barriers to actinomycin D 
uptake [10] by detergents was previously shown [6] 
to lead to enhanced uptake of the drug. The pro- 
cedure involved is simple, and can readily be used 
to screen large numbers of agents for action at the 
cell surface. Another procedure involves the measure- 
ment of the partition of cells between two aqueous 





Distribution Ratio 








Time (min.) 


Fig. 2. Uptake of NSC 83265, labeled in the trityl carbon 
by L1210 cells. Incubations were carried out at 0° (-O-) 
or at 37 (-@-). Exodus of drug from preloaded cells during 
subsequent washing at 37° (--@—-) is also shown. For 
exodus experiments, cells were suspended in fresh medium 
at the point indicated by the arrow. The distribution ratio 
is of drug concentration in intracellular to that in extracel- 
lular water. Data obtained with drug labeled in the amino 
acid moiety did not significantly differ from results shown 
here. 


polymer phases. This procedure has been described 
before [11-13] and apparently detects alterations in 
surface and subsurface charge patterns. We have 
found [6] that non-ionic detergents, like agents stud- 
ied here, cause a substantial movement of cells from 
the top layer to the interface. 

The drugs tested here did not affect thymidine 
uptake nor its conversion to a nucleotide pool which 
is retained by cells after washing with 0.9% 
NaCl [14]. Considerable disorganization of the cell 
membrane can apparently occur without affecting 
nucleoside transport. 

The role of drug-—cell surface interactions in cyto- 
toxicity is, at present, unknown. Pharmacologic 
properties of NSC 83265, which might be compared 
with phenomena observed here, have not been fully 
explored. Experiments to determine whether certain 
types of drug toxicity are correlated with drug- 
induced disorganization of cell surfaces are now un- 
derway. The present data do show that such disor- 
ganization may have delayed as well as immediate 
cytotoxicity. Effects of NSC 83265, and an analog, 
on actinomycin D uptake appear to be readily rever- 
sible; drug effects on macromolecule biosynthesis may 
be slowly reversible, but drug-induced alteration in 
partition of cells between polymer phases was found 
to “overshoot” control values (Table 2) after removal 
of the drug from the nucleus. This may be related 
to the apparent tight binding of the drug to cell com- 
ponents (Fig. 2). “Alkylation” of macromolecules by 
the trityl component of NSC 83265 has been sug- 
gested [7], but the observed binding of the drug 
labeled in either the amino acid or the trityl moiety 
does not support this suggestion. 

The octanol-water distribution of S-trityl-L-cys- 
teine (40:1) shows the compound to be readily lipid 
soluble. Association of the drug with lipid com- 
ponents of the cell could also play a role in the 
observed tight binding of the drug to L1210 cells. 

The relation between drug effects on macromole- 
cule synthesis and effects on the cell surface appears 
to be remote. Drug effects on the cell surface appear 
to be a new and hitherto unexplored phenomenon. 
The relevance of such measurements with respect to 
anti-tumor action of specific agents remains to be 
established. 
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Abstract—Morphine-induced hyperglycemia is completely suppressed in adrenalectomized rabbits. 
Phentolamine does not modify the effects of morphine. Aminoglutethimide and propranolol substan- 
tially reduce morphine-induced hyperglycemia which is partially mediated by f-adrenergic receptors. 


Administration of morphine to laboratory animals in- 
duces numerous changes in carbohydrate metabolism. 
The effect of this narcotic on blood glucose levels 
is well known in man and in dogs and it is of interest 
that the hyperglycemic effect of morphine diminishes 
during the course of addiction and may even be 
reversed [1]. We particularly studied these changes 
because of their possible relations with the problems 
of drug dependence. The effect of morphine on blood 
glucose is a very complex phenomenon which is in- 
fluenced by factors such as species, number and fre- 
quency of morphine doses and biological rhythms 
[2]. Until now, all experimental results show that the 
major cause of morphine-induced hyperglycemia is 
the release of adrenalin from the adrenal medulla. To 
attempt to clarify the role of adrenal secretions, we 
have used an inhibitor of steroidogenesis, aminoglu- 
tethimide, as well as the adreno-blocking agents, 
phentolamine and propranolol, in morphine-treated 
rabbits. 


MATERIALS AND METHODS 


Experiments were performed during May and June 
on Fauve de Bourgogne rabbits weighing 2-2.5 kg. 
Blood samples were taken from the marginal vein of 
the ear of 15 hr-fasted animals at 9 a.m. Morphine 
chlorhydrate (Chaix et du Marais) was injected intra- 
muscularly at 10 or 20 mg/kg. Aminoglutethimide 
(Elipten, Ciba) was administered intraperitoneally at 
120 mg/kg/day for 3 days before morphine injection. 


Phentolamine (Regitine, Ciba Geigy) at a dose of 1 
mg/kg i.v. and propranolol (Aviocardyl Avlon) at a 
dose of 5 mg/kg i.p. were administered 30 min before 
morphine treatment. 

Plasma glucose was determined by colorimetry [3] 
and glycogen by the method of Good et al. [4]. The 
activity of glycogen phosphorylase («-1,4-glucan: orth- 
ophosphateglucosyltransferase) was measured with 
the technique of Sutherland [5]. 

Adrenalectomy was done under pentobarbital anes- 
thesia. Results are expressed as means + S.E.M. and 
P was determined by Student’s t-test. 


RESULTS 


Effects of morphine on blood sugar in rabbits. The first 
dose of morphine caused a rise in plasma glucose. 
For a given dose, the amount of change varied with 
different animals, but the glucose level returned to 
normal 6 hr after injection. Plasma glucose deter- 
minations were made on a group of 24 rabbits. The 
values were 104 + 3.8 mg per 100 ml plasma at time 
zero, 145 + 9 mg 1 hr after an i.m. dose of 10 mg/kg 
of morphine (P < 0.001) and 106 + 5.3 mg 6 hr 
after injection. 

At the same time, morphine caused substantial gly- 
cogenolysis with significant activation of glycogen 
phosphorylase (Table 1). 

Effects of morphine on blood sugar in adrenalecto- 
mized rabbits. Survival of adrenalectomized rabbits 


Table 1. Effect of morphine on plasma glucose, liver glycogen and liver glycogen 
phosphorylase activity in rabbits 





Plasma glucose 
(mg/100 ml) 


Liver glycogen 
phosphorylase 
activity 
(umole Pi/min/g) 


Liver glycogen 
(g/100 g) 





0 hr 
hr following 
morphine 





Values are means + S.E.M. The number of animals is shown in parentheses. 
Significance was determined by the Student's 1-test. 
1899 





1900 


Table 2. Effect of morphine (10 mg/kg) on plasma glucose 
in adrenalectomized rabbits 





Glucose mg/100 ml plasma 


Effect of morphine after 
adrenalectomy 
0 hr 


Before 


adrenalectomy 1 hr 





127 24 hr* : 52 
140 24 hr f 110 
8 days 115 
24 hr 108 
8 days : 103 
24 hr 92 
8 days : 120 
24 hr 151 
8 days 126 





* Time between adrenalectomy and the first morphine 
injection. 


was not long, 24-72 hr. To prolong the survival, it 
was usually sufficient to give a single injection of a 
very low dose of corticosteroids after the adrenalec- 
tomy. We thus obtained rabbits surviving more than 
8 days following a single dose of 5 mg of cortisol. 
Table 2 shows that in adrenalectomized rabbits main- 
tained with a single dose of steroids, morphine has 
no hyperglycemic effect. Only one animal presented 
a hyperglycemia similar to a normal animal. 

Morphine requires intact adrenals to exert a 
hyperglycemic effect. Obviously, adrenalectomy does 
not allow conclusions as to the role of corticosteroids 
or catecholamines in morphine-induced hyperglyce- 
mia. To answer this question, rabbits were treated 
with. a, steroidogenesis inhibitor, aminoglutethimide, 
or with the adrenergic receptor blockers, phentola- 
mine and propranolol. 

Effects of morphine on rabbits pre-treated with 
aminoglutethimide: This inhibitor of steroidogenesis 
was administered for 3 days (120 mg/kg) and also 
30 min before morphine (10 mg/kg) injection. Table 
3 shows that in our experimental conditions amino- 
glutethimide greatly reduced but did not completely 
suppress the morphine-induced hyperglycemia. 

_Effect of morphine on rabbits pre-treated with phen- 
tolamine and propranolol. Fig. 1 shows that the 
a-blocker, phentolamine, when injected alone in low 


Table 3. Effect of aminoglutethimide on morphine-induced 
hyperglycemia 





Glucose mg/100 ml plasma 


0 hr 1 hr 3 hr 





Aminoglute- 
thimide 

(9) 
Morphine 132+4 179+10 182+10 

(8) P <0.001 P <0.001 
Aminoglute- 
thimide + 
morphine 

(9) 


123+3 12543 13043 


119+4 137+4 


P <0.01 


145+6 
P <0.01 





Values are means + S.E.M. The number of animals is 
shown in parentheses. 
Significance was determined by the Student’s t-test. 
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ae 
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hours 6 


Fig. 1. Changes in plasma glucose levels induced by mor- 

phine, propranolol, phentolamine, propranolol + mor- 

phine and phentolamine + morphine. Each point rep- 

resents the mean + S.E.M.; P values are the probability 
based on the Student's 1-test. 


concentrations causes a significant durable rise in 
plasma glucose. It does not modify the effects of mor- 
phine. The f-blocker, propranolol, induced a slight 
but significant (P < 0.02) hypoglycemia. When in- 
jected together with morphine, it reduced but did not 
inhibit the morphine-induced hyperglycemia. 


DISCUSSION 


Under our experimental conditions, morphine- 
induced hyperglycemia is completely inhibited in 
adrenalectomized rabbits. Inhibition of steroido- 
genesis and the blockade of f-adrenergic receptors 
greatly reduces the effect of morphine. Phentolamine 
has no effect on morphine-induced hyperglycemia. 

The rise in circulating glucose might be the result 
of hepatic glycogenolysis, stimulation of gluconeo- 
genesis or a reduction in peripheral utilization. All 
three possibilities should be considered in morphine 
treated animals. Previous experiments have shown 
that morphine administration in rats and mice causes 
significant hepatic glycogenolysis [6], a substantial 
rise in lactate concentration of various tissues [7] and 
also a reduction in plasma free fatty acids [8]. It is 
well known that lactate and FFA directly or indir- 
ectly stimulate gluconeogenesis. In addition, various 
authors have shown that morphine modifies permea- 
bility to glucose at the cellular level [9, 10]. In rabbits, 
morphine-induced hyperglycemia requires the pres- 
ence of intact adrenals as in dogs and cats [11] and 
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rats [12]. We have previously reported a stimulation 
of corticosteroid secretion by morphine in rabbits 
[13]: by blocking steroid synthesis with aminoglu- 
tethimide, a hyperglycemic factor is eliminated and 
morphine effects are reduced because corticosteroids 
facilitate gluconeogenesis and reduction in glucose 
utilization at the cellular level [14]. 

With regard to glycogenolysis, numerous reports 
have shown that it is usually the result of adrenal 
catecholamine secretion, particularly adrenaline. 
Authors have considered adrenaline to be responsible 
for morphine-induced hyperglycemia. The effect of the 
drug is central in origin and due to a sympathetic 
discharge of adrenaline from the adrenals [15, 16]. 
We have also published additional proof in a histolo- 
gical study of the rabbit adrenal medulla in which 
we found a rapid depletion of pheochrome granules 
in the medulla following morphine administration 
[17]. In support of the role of adrenaline in glyco- 
genolysis, a significant rise in phosphorylase activity 
was found in morphinized rabbits. Recently, reports 
have tried to specify the « or fB nature of adrenergic 
receptors involved in glucose metabolism in liver and 
muscle. With this object the authors have used the 
adrenergic blockers propranolol and phentolamine. 

Under our experimental conditions it seems that 
a-receptors are not involved in the metabolic effects 
of phentolamine or morphine since when injected 
alone or in association, these substances always cause 
an equivalent rise in blood glucose. 

Concerning the f-blocker, our results show that 
propranolol alone, causes a slight but significant (P 
< 0.01) hypoglycemia. The same effect has been 


observed in man [18,19] and in dogs [20] under 
anesthesia. The hypoglycemia induced by propranolol 
in fasting rabbits can be explained in the same way 
as anesthetized subjects, by the effects of the B-blocker 
which reduces the availability of replacement sub- 
strate in an organism in which glucose stores are very 
limited. In addition, fB-adrenoreceptor blockade by 


propranolol clearly reduces morphine-induced 
hyperglycemia in rabbits which proves that some of 
the effects of the narcotic are mediated by f-adrener- 
gic receptors. The reduced hyperglycemia can be 
explained by an inhibition of lactate production in 
morphinized animals (unpublished data). It is known 
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that lactate is a considerable source of glycogen. On 
the other hand, it is difficult to estimate the influence 
of B-blockade of hepatic glycogenolysis in the reduc- 
tion of the morphine-induced hyperglycemia. The 
nature of the receptors mediating hepatic glycogeno- 
lysis is not clearly defined and at the present time 
we have no information about the nature of the recep- 
tors which mediate the effect of adrenaline in rabbits. 


Acknowledgements—This work was carried out with the 
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Abstract—The cyclic model for drug-receptor interaction predicts a hyperbolic relationship between 
response and concentration provided that the drug equilibrates instantaneously with the receptors. 
It is shown theoretically that if equilibration is not very much faster than desensitization and recovery, 
the response—concentration relationship appears to exhibit negative co-operativity. On the other hand, 
if the drug also diffuses relatively slowly to the receptors the relationship may appear to exhibit positive 


co-operativity. 


In several current models for the interaction between 
drugs and the cholinergic receptors of muscle the 
receptors are thought of as being present in either 
of two states: an active conformation, R (ion channels 
open) or an inactive one, T (ion channels shut). End- 
plate conductance is said to be directly proportional 
to the fraction of receptors in the active conformation, 
whether complexed with drug or not. Consequently 
a drug which combines preferentially with one or 
other of the two conformations will alter their relative 
proportions and hence endplate conductance [1]. 
The simplest of these two-state receptor models is 
(Fig. 1): 


X+R RX 


ke [p ks 
TX 


bs Ip b 
X+T 


Fig. 1. 


where X is the drug. This model predicts that at equi- 
librium the fraction of receptors in the active confor- 
mation (the state function) increases hyperbolically 
with drug concentration. Since conductance (and thus 
the state function) may increase with concentration 
in a sigmoidal manner rather than hyperbolically, the 
simplest two-state model has been modified by sup- 
posing the receptors to be made up of a number of 
identical subunits. There are several different ways in 
which such subunits could interact, each giving rise 
to slightly different state functions [2]. However, the 
state functions for all these two-state models have an 
important feature in common: they have been derived 
assuming that after a drug is added the new equilib- 
rium between the different conformations is attained 
instantaneously. 

A rather different sort of two-state model has been 
shown by Katz and Thesleff [3] and Rang and Ritter 
[4] to explain the kinetics of desensitization. This 
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model, which they called cyclic, is formally identical 
with that in Fig. 1, but differs from it in two crucial 
ways: (i) the response is directly proportional to the 
occupancy of the active form of the receptor (i.e. to 
the amount of RX); and (ii) the transitions between 
the active forms of the receptor (R and RX) and the 
inactive or desensitized ones (T and TX) occur slowly 
compared with the time taken to measure the re- 
sponse. The dissociation steps were assumed to be 
instantaneous, in which case the maximum response 
must be a hyperbolic function of concentration. How- 
ever, if these steps were also relatively slow, it is not 
at all obvious how the maximum response would be 
related to concentration. Conceivably the relationship 
could be sigmoidal, with the result that there would 
be no need to invoke a multi-subunit structure for 
the receptor. (A model of this sort would be similar 
to those explaining the sigmoidal kinetics of single 
subunit enzymes [5] ). 

We have therefore explored theoretically the nature 
of the relationship between response and concen- 
tration when the dissociation steps are relatively slow, 
assuming, first, that the drug diffuses rapidly to the 
receptors and, secondly, that it diffuses slowly to 
them. Since the relevant equations cannot be solved 
algebraically, we have solved them numerically. 


THEORY AND METHODS 


Model. The cyclic model for the interaction of drug 
(X) and receptor (R) was shown in Fig. 1. As a first 
approximation, the slow diffusion of drug to receptor 
was considered in terms of the “limited biophase” 
model [6]. In this model the external solution and 
the compartment bathing the receptors are thought 
of as being well mixed but separated by a diffusion 
barrier. The kinetics of drug—receptor interaction are 
then described by the simultaneous equations: 

d(X) P-A 
a = VW (Xo) — (X)) + (k,(RX) 


+ ks(TX)) — (k\(R) + ke(T))(X), 


d(R 
- = k,(RX) + k(T) — (k,(X) + kg)(R), 
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d(RX) 
dt 

d(T) 
dt 

d(T X) 
dt 

(Ry) = (R) + (RX) + (T) + (TX). 


= k,(X)(R) + ka(TX) — (k + ks) (RX). 
= ke(TX) + kg(R) — (ko(X) + ks)(T). 


= k,(RX) + kg(X)(T) — (kg + ks) (TX), 


where (R,,,) is the total concentration of receptor (in 
e.g. moles-cm~? biophase), (X 9), (X) are the concen- 
trations of drug in the external solution and biophase 
respectively (in e.g. moles-cm~ +), P is the permeabi- 
lity coefficient of the diffusion barrier (in e.g. 
cm:sec~'), A is its cross-sectional area (in e.g. cm?) 
and Vis the volume of the biophase (in e.g. cm’). 

These equations cannot be solved algebraically to 
find the maximum value of (RX), RX,,,,, and thus 
of the response. However if the various constants are 
given numerical values, the equations can be solved 
numerically and the relationship between response 
and. concentration defined, at least for that set of 
values. 

Values of constants. The basic set of values used 
was: (P- A/V) = 100, k, = 100, k, = ks = 10, k; = 2, 
k, = 0, ke = 10,000, kz = kg = 1. The relationships 
between k,-kg are roughly those estimated for the 
interaction of acetylcholine with frog sartorius muscle 
[3]; but there do not appear to be any reliable esti- 
mates of the absolute values of k,, k>, ks and kg. 
We therefore arbitrarily made k, and k, about an 
order of magnitude greater than k, and k,. (Ryo) was 
set to unity, so at equilibrium in the absence of drug 
(R) = (T) = OS. 

Numerical solutions. The equations were solved by 
using the digital computer program CHEK [7,8]. 
Programs were run on an IBM 370/158 at the Edin- 
burgh Regional Computing Centre. 


RESULTS 


The nature of the relationship between maximum 
response (RX,,,,) and drug concentration ((X)) 
depended on the rate of diffusion of the drug. When 
this was rapid (P.A/V = 10°), the relationship was as 
shown in Fig. 2 (dashed line). The curve does not 
have a point of inflexion (i.e. it is not sigmoidal) but 
it is not a rectangular hyperbola, for a double recipro- 
cal plot of the data was concave downwards, and the 
slope of a Hill plot was less than unity (=0.95). These 
results might be (mis-) interpreted as evidence for 
negative co-operativity [9]. On the other hand, when 
diffusion was slow (P.A/V = 100), RX,4. increased 
sigmoidally with concentration (Fig. 2, continuous 
line). In this instance the Hill plot was curved, with 
a maximum slope of 1.2, and might again be inter- 
preted incorrectly in terms of interacting subunits 
[10}. (What Fig. 2 does not show is that at lower 
concentrations still the plot is concave down- 
wards—i.e. it has two points of inflexion). At both 
rates of diffusion the time at which the maximum 
response was observed increased as the drug concen- 
tration decreased (Fig. 3). 

In other respects the model behaved in a similar 
manner to the special case analyzed by Katz and 
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Fig. 2. The relationship between maximum response and 

drug concentration when diffusion is rapid (P.A/V = 10°, 

dashed line), and when it is slow (P.A/V = 100, continuous 

line). The asymptotic value of the maximum response is 
close to 0.5. 


Thesleff [3] and Rang and Ritter [4], even when dif- 
fusion was slow. For example, at equilibrium the total 
amount of drug bound (=(RX)+(TX)) increased 
hyperbolically with concentration; the onset of 
desensitization was an exponential process with a rate 
constant that increased asymptotically with concen- 
tration; and after the removal of drug, sensitivity 
(=(R)) returned approximately exponentially with a 
rate constant that was independent of concentration. 

These results were quantitatively, but not qualitati- 
vely, dependent on the exact values chosen for the 
rate constants. As long as diffusion was fast, none 
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Fig. 3. The relationship between the time at which the 

maximum response is observed and drug concentration 

when diffusion is rapid (P.A/V = 10°, dashed line), and 
when it is slow (P.A/V = 100, continuous line). 
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of the sets tested gave a sigmoidal response—con- 
centration curve (not even the limiting case of 
ky =kg = ks = keg =k, =0). When diffusion was 
slow and the equilibrium concentration of R relative 
to that of T was reduced 100-fold (kg being increased 
proportionately), the sigmoidal behaviour was still 
observed, although at higher concentrations. And 
when diffusion was made slower still (i.e. when P- A/V 
was reduced below 100) the Hill coefficient increased. 


DISCUSSION 


Our results have shown that, in certain circum- 
stances, the cyclic receptor model [3,4] can account, 
qualitatively at least, for nonhyperbolic plots of re- 
sponse against concentration and for the observed hy- 
perbolic binding [2]. If the drug were to diffuse 
rapidly from its point of application to the receptors 
such plots could appear to indicate negative co-opera- 
tivity, whereas if diffusion were slow they could be 
sigmoidal. Thus, as in enzyme kinetics [5], non-hyper- 
bolic plots can be explained without recourse to 
subunit models. However, the receptor model is less 
general than the enzymic one because its positive co- 
operativity only becomes apparent when diffusion is 
slow. 

Although the cyclic model can therefore explain co- 
operativity on a qualitative basis, it may not be so 
successful quantitatively. Further, some of its predic- 
tions may not be fulfilled in practice. For the sets 
of rate constants we tried, positive co-operativity was 
observed when the value of X was less than that of 
R,,1- This does not necessarily imply that the concen- 


tration of drug in the “biophase” has to be less than 
that of the binding sites for it (i.e. the receptors), 
because the effect on the overall kinetics of increasing 
X can be nullified by a proportionate decrease in the 


rate constants P:-A/V, k, and k,. However, if 
Ri. = 3 x 10’ sites and V = 450 um?, the concen- 
tration of sites is about 100 uM, which is indeed an 
order of magnitude greater than that of the acetylcho- 
line [1]. Similarly, it is possible to estimate an upper 
limit for the diffusion rate constant P-: A/V, and com- 
pare that with expectation. If k, and k, are about 
- 1.0 sec” ' [3], then P- A/V (which is equal to the rate 
constant for the equilibrium of drug between external 
medium and “biophase”) should be not more than 
about 100 sec™!. It has been calculated [1] that free 
diffusion ought to clear the synaptic cleft of acetylcho- 
line with a half-time of 2 msec, which implies that 
the rate constant for diffusion of drug out of (and 
presumably also into) the synaptic cleft is about 
350 sec” '—rather greater than the minimum required 
by the cyclic model. (Of course, larger values of 
P-A/V could be accommodated by increasing k, and 
k, and reducing X). The value of the Hill coefficient 
for the sigmoidal plot shown in Fig. 2 (=1.2) is less 
than the 1.5—2.0 observed in practice [1]. However, 
larger values of the coefficient can be obtained by 
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altering the relative magnitude of the various rate 
constants (e.g. by reducing P- A/V). 

The model makes at least three predictions which 
can be tested experimentally. The first is that desensit- 
ization is a necessary counterpart of co-operativity. 
Although both phenomena are often observed (e.g. 
[3] ), it has been shown that y-aminobutyric acid acts 
on locust muscle in a co-operative manner without 
desensitizing it [11]. The second prediction is that 
the time taken to reach the maximum response 
should increase as the concentration of drug de- 
creases. This inverse relationship has been seen in 
some experiments [4] but not in others [12]. Finally, 
the time for maximum response should not be very 
much less than that for desensitization. This appears 
to be true for drugs applied either iontophoretically 
[3] or via a bathing medium [4], but the absolute 
values for the times depended strikingly on the way 
in which the drug was applied [4]. 

It is clear that the “limited biophase” model for 
diffusion is only a first approximation to reality. A 
better approximation would be to consider diffusion 
as occurring across several barriers in series. Never- 
theless this is unlikely to alter our main conclusion, 
which is that the cyclic model can account for a sig- 
moidal response-concentration relationship together 
with a hyperbolic binding-concentration one (as well 
as for the kinetics of desensitization [13]). On the 
other hand the model does not seem to be able to 
explain ali the kinetic characteristics of drug—receptor 
interaction. 
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Abstract—Cyclic adenosine 3’,5’'-monophosphate (cyclic AMP) accumulated in rat peritoneal mast cells 
during incubation with epinephrine and theophylline, correlating well with the inhibition of histamine 
release from the cells by these agents, but occurring on different time courses. During stimulation 
with epinephrine, the initial, rapid accumulation of radioactive cyclic AMP in mast cells previously 
labeled with radioactive adenine preceded the elevation of total cyclic AMP content and the increase 
in the inhibition of histamine release. Theophylline, on the other hand, rapidly elevated the cellular 
levels of cyclic AMP before the accumulation of radioactive cyclic AMP and the inhibition of histamine 
release became detectable. Cyclic AMP, dibutyryl cyclic AMP, epinephrine and theophylline were all 
effective in suppressing histamine release from mast cells and from isolated granules in isotonic sucrose 
solution, but were less effective or not effective in NaCl-containing media. Cyclic AMP also suppressed 
the extrusion of granules from mast cells induced by compound 48/80 in isotonic sucrose solution. 
These results indicate that the formation of cyclic AMP from special pools of ATP is required for 
inhibiting histamine release from mast cells, and also that cyclic AMP regulates histamine release 
by interfering in an early stage of the release process prior to the interaction of the granular amine 


with the extracellular cations. 


Accumulated indirect evidence indicates that cyclic 
adenosine 3’,5’-monophosphate (cyclic AMP) plays a 
regulatory role in the release of histamine from mast 
cells as well as from certain histamine-containing tis- 
sues and cells. 

Cyclic AMP, its N°,O?-dibutyryl derivative (dibu- 
tyryl cyclic AMP), or agents known to increase the 
cellular levels of cyclic AMP suppressed the release 
of histamine from mast cells which had been induced 
by various amine liberators such as ATP [1], inor- 
ganic pyrophosphate [1] and compound 48/80 [2, 3]. 
These suppressors also inhibited immunological hista- 
mine release from rat mast cells [2,4] as well as from 
human jieukocytes [5-7] and human lung tissue 
[8-10]. However, the manner in which this nucleotide 
regulates histamine release is not entirely clear yet. 

As to the amine-releasing mechanism, Uvnas et al. 
[11-14] have proposed that the amine release induced 
by degranulating agents isa two-stage process: a pri- 
mary exposure of granules to the extracellular en- 
vironment either by extrusion of granules or through 
the newly formed intracellular cavities communicat- 
ing with the external space; and a secondary ionic 
exchange between the granular amines and the extra- 
cellular cations. 

In order to define the role of the adenyl cyclase 
system in histamine release, we evaluated the effect 
of several agents on the accumulation of cyclic AMP 
in mast cells, and also examined whether cyclic AMP 
exerts its inhibitory effect by affecting the primary 
degranulation step (step I) or the secondary ionic 
exchange step (step II) during histamine release. 

The present report describes the stimulatory effects 
of epinephrine and theophylline on the accumulation 
of cyclic AMP in isolated rat peritoneal mast cells, 


and also the major inhibitory effect of the nucleotide 
on the primary degranulation step during histamine 
release induced by compound 48/80. 


METHODS AND MATERIALS 


Preparation of mast cells. Mast cells were isolated 
from peritoneal cavity fluids of normal Wistar rats 
weighing 250-350 g using a slight modification of the 
method described by Chakravarty and Zeuthen [15]. 
The cells were suspended in the ice-cold phosphate- 
buffered saline (PBS) of Dulbecco and Vogt [16] con- 
taining heparin (0.3 mg/ml) and adjusted to 20° with 
Ficoll, and layered on 30 and 40°, Ficoll in a sili- 
conized glass centrifuge tube. After centrifuging at 400 
g and 4° for 15 min, the layer containing mast cells 
was pipetted out, washed three times with 5 ml PBS, 
and suspended in the same medium at 10° to 10° 
cells/ml. The cell suspensions contained 90 per cent 
or more viable mast cells, as determined by the tolui- 
dine blue (0.1% in 50% ethanol) staining test of Bray 
and VanArsdel [17], and by the nigrosin (0.2% in 
Hank’s solution) staining viability test of Kaltenbach 
et al. [18]. 

Isolation of mast cell granules. Instead of pretreating 
mast cells with distilled water or with compound 
48/80 [19], the cells were homogenized in ice-cold 
0.25 M sucrose containing | mM Tris-HCl (pH 8.0) 
(1 to 5 x 10” cells/0.5 ml), and the granules were iso- 
lated by centrifuging at 2700 g for 15 min after the 
initial centrifuging at 110 g for 3 min [11]. 

Incubation of mast cells and estimation of histamine. 
Mast cells (10° to 10° cells) suspended in 1 ml PBS 
were preincubated with various concentrations of the 
substances to be tested at 37° for 15 min, and then 
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for another 5 min after the addition of compound 
48/80 (1 g/ml). The reaction was terminated by cool- 
ing the mixture to ice-cold. After centrifuging at 500 
g for 5 min, histamine in the supernatant fluids was 
assayed fluorometrically using the method of Shore 
et al. [20]. The total content of histamine in intact 
cells was the amount of the amine extracted from 
the cells which had been frozen and thawed five times 
[1]. The concentration of histamine released from 
mast cells by compound 48/80 alone was taken as 
100°, and the per cent inhibition of release by each 
drug was calculated on that basis. 

Measurement of total cyclic AMP. An aliquot (0.5 
ml) of mast cell suspension was sedimented by centri- 
fugation at 500 g for 5 min, mixed with 50°, perch- 
loric acid (50 yl), freeze-thawed ten times, and centri- 
fuged at 500 g for 10 min. The supernatant fluid was 
neutralized with 2 M KHCQO). evaporated to dryness 
in vacuo, and dissolved in a small amount of distilled 
water. 

Extracted cyclic AMP was determined using a pro- 
tein-binding method of Gilman [21], employing pro- 
tein kinase of rabbit muscle purified according to 
Miyamoto et al. [22] up to the stage of DEAE-cellu- 
lose chromatography. 

Measurement of cyclic AMP accumulation. A 
method applied to adipocytes by Kuo and De Renzo 
[23] and to leukocytes by Bourne er al. [24] was 
adapted to mast cells. 

Mast cells suspended in PBS containing 5.4 mM 
glucose-(10’ to 3 x 10” cells/1.5 ml) were incubated 
with [8-'*C] adenine (2.5 pCi. 42 nmoles) at 37° for 
30 min. The cells were then washed three times with 
5 ml PBS containing 0.1 mM nonradioactive adenine. 
About | per cent of the added [8-'*C]-adenine was 
incorporated into mast cells. The labeled cells were 
resuspended in PBS containing the substances to be 
tested, and incubated for up to 30 min as above. 

The reaction was terminated by immersion of the 
tubes into boiling water for 3 min. After centrifuging 
at 500 g for 5 min at 0°, the supernatant fluids were 
mixed with | yzmole each of nonradioactive adenine. 
AMP, cyclic AMP, ADP and ATP. ['*C] cyclic AMP 
was separated by the procedure adapted from that 
of Ramachandran [25] and of Mao and Guidotti 
[26]. 

The sample was applied to a column (0.9 x 15 cm) 
of neutral aluminum oxide previously equilibrated 
with 10 mM Tris-HCl (pH 7.4). and eluted with 3 
ml of the same buffer. The eluate was directly poured 
onto a second column (0.9 x 15 cm) of Dowex | x 8 
(Cl” form). The column was washed once with 20 
ml of the same buffer, and the ['*C] cyclic AMP was 
eluted with 3 ml of 0.1 N HCl. Radioactivity of ali- 
quots (1 ml) was counted in 15 ml of NT-scintillant 
(nonylphenopolyethoxyether, 300 ml; toluene, 700 ml: 
and 2,5-diphenyloxazole, 4 g) recommended by Kawa- 
kami et al. [27]. Radioactivity counts were corrected 
for recovery of unlabeled cyclic AMP (80.2 + 1.5 per 
cent) determined by optical density at 260 nm [6]. 

Mast cell labeled with [8-'*C] adenine and [*?P] 
phosphate. A method applied to rat leg muscle cells by 
Reporter [28] was applied to mast cells. 

Mast cells washed three times with Fischer's 
medium were suspended in the same medium 
(4 x 10° cells/1 ml), and incubated in the presence 
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of [8-'*C] adenine (5 Ci) for 2 hr at 37° and then 
for another 30 min after the addition of [*?P] phos- 
phate (10 pCi). The cells were washed three times with 
10 ml PBS containing 0.1 mM unlabeled adenine, and 
resuspended in 0.5 ml of 5% perchloric acid. After 
freeze-thawing the cell suspension ten times followed 
by centrifuging at 500 g for 10 min, the supernatant 
fluid was neutralized with 2 M KHCO;, and mixed 
with | yzmole each of unlabeled cyclic AMP and other 
carriers. 

Nucleotides were separated on a column (1 x 8 cm) 
of Dowex | x 8 (200-400 mesh, formate form) by a 
slight modification of the method of Heidrick and 
Ryan [29]. The column was eluted successively with 
1.5 M formic acid, 4 M formic acid—0.2 M ammonium 
formate, and 4 M formic acid-1.5 M ammonium for- 
mate at the flow rate of 50 ml/hr at room tempera- 
ture. 

Radioactivity of aliquots (1 ml) was counted in 15 
ml of NT-scintillant [27]. The counter was adjusted 
so that 44 per cent of the *?P counts entered the 
'$C channel, while no '*C counts entered the **P 
channel. 

Fractions from the column were also monitored at 
260 nm, and, if necessary, the nucleotides were identi- 
fied by thin-layer chromatography of the concen- 
trated aliquots according to Dighe et al. [30]. 

Estimation of ATP. ATP was estimated by the luci- 
ferin-luciferase method of Bihler and Jeanrenaud 
[31]. 

Sucrose density gradient centrifugation of mast cell 
granules. Mast cells (3 to 5 x 10° cells) were incu- 
bated in 0.5 ml of 0.25 M sucrose-1 mM Tris-HCl 
(pH 8.0) or the same medium containing 5 mM cyclic 
AMP for 5 min at 37°, prior to the treatment with 
compound 48/80 (10 ug/ml) for 30 sec. 

The cells were immediately cooled, and subjected 
to a sucrose density gradient centrifugation according 
to Martin and Ames [32]. The cooled cells were 
layered on top of a linear sucrose density gradient 
(0.25 to 1.4 M, 4 ml) in a Hitachi RPS 40 rotor, and 
centrifuged at 100,000 g for 30 min at 4°. Fractions 
of six drops were collected, and assayed for histamine 
[20]. Granules appeared at a sucrose density of about 
0.65 M. 

Chemicals. Cyclic AMP and dibutyryl cyclic AMP 
were obtained from Seishin Pharmaceutical Co., 
Tokyo, Japan. Compound 48/80 was purchased from 
Burroughs Wellcome & Co., Tuckahoe, N.Y., U.S.A. 
Prostaglandin E, (PGE,) was a gift from Ono Phar- 
maceutical Co., Osaka, Japan, and dissolved in eth- 
anol (0.1 ml/mg) and diluted with 0.2% Na,CO, solu- 
tion (0.9 ml/mg) prior to use. Epinephrine (1 mg of 
HC] salt/ml) was purchased from Sankyo Pharmaceu- 
tical Co., Tokyo, Japan. [8-'*C] adenine (59 mCi/m- 
mole), [??P] phosphate (carrier-free, 1 mCi) and [7H] 
cyclic AMP (27Ci/m-mole) were purchased from 
Amersham-Searle. Other chemicals of reagent grade 
were obtained commercially. 


RESULTS 


Effect of epinephrine, theophylline and prostaglandin 
E, on histamine release and cyclic AMP accumulation 
in mast cells. As shown in Fig. 1A, epinephrine, at 
concentrations from 6.25 x 10°* to 5 x 10°* M, 
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Fig. 1. Effect of epinephrine, theophylline and prostaglan- 
din E, on the release of histamine induced by compound 
48/80 (A). and on the accumulation of cyclic AMP (B) 
in mast cells. (A) Rat peritoneal mast cells were preincu- 
bated with various concentrations of epinephrine, theo- 
phylline or PGE, for 15 min at 37° prior to the treatment 
with compound 48/80 (1 yg/ml) for 5 min. Histamine was 
assayed as described in Methods and Materials. The total 
content of histamine was 20.4 yg/10° cells. (B) Mast cells 
preincubated with [8-'*C]adenine were incubated with 
epinephrine, theophylline or PGE, as in (A), and the 
['*C]cyclic AMP formed was separated and counted as de- 
scribed in Methods and Materials. The basal count of 
['*C] cyclic AMP in control cells was 110.3 + 6.6 cpm/10° 
cells. Values were the mean of three incubations. 


strongly and dose dependently inhibited the release 
of histamine from isolated mast cells induced by com- 
pound 48/80. Epinephrine was also a powerful stimu- 
lator, at concentrations from 5 x 10°° to 5 x 10°* 
M. for the accumulation of ['*C] cyclic AMP in mast 
cells previously incubated with [8-'*C] adenine (Fig. 
1B). 

Theophylline was also a potent inhibitor of hista- 
mine release and a powerful stimulator for the 
['*C] cyclic AMP accumulation in mast cells. How- 
ever, its effective doses were somewhat higher than 
those of epinephrine. 

In contrast. PGE, in the concentration range used 
was a weak inhibitor for histamine release. Further- 
more, PGE,, at the highest concentration (10° * M) 
used, only slightly (1.3-fold of the basal) stimulated 
the formation of ['*C] cyclic AMP, although, in one 
experiment, it elevated the cyclic AMP content about 
2-fold (from the basal 4.2 pmoles to 9.6 pmoles/10° 
cells). 

Time course of effects of epinephrine and theophyl- 
line. As shown in Fig. 2A, on exposure to epinephrine, 
the formation of ['*C] cyclic AMP in mast cells pre- 
viously labeled with [8-'*C]adenine rapidly in- 
creased, reached the maximal level within 5 min, and 
then declined slowly to the basal level over the next 
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25 min. In contrast, the total cellular content of cyclic 
AMP increased more slowly, reached its peak within 
15 min, and decreased gradually thereafter. 

Therefore, the specific activity of ['*C] in 
['*C] cyclic AMP rapidly reached a maximum 
(2.4-fold of the basal) at about 5 min after the cells 
were exposed to epinephrine, and then fell rapidly 
thereafter. 

The inhibition of histamine release became detect- 
able within 5 min, maximal within 15 min, and 
remained elevated at 20 min after exposure to 
epinephrine. 

On the other hand, theophylline, an inhibitor of 
phosphodiesterase activity [33], rapidly elevated the 
cyclic AMP content to a near maximal level within 
10 min of the exposure, and maintained the elevated 
level thereafter. In contrast, the accumulation of 
['*C] cyclic AMP and the inhibition of histamine 
release slowly increased over 30 min of the treatment 
(Fig. 2B). No significant increase in the specific acti- 
vity of ['*C] in ['*C] cyclic AMP was observed dur- 
ing 30 min after exposure to theophylline. 

To maintain the elevated level of cyclic AMP, the 
continued presence of theophylline seemed to be 
necessary. When mast cells incubated with 10°? M 
theophylline for 20 min were washed, and reincubated 
in the fresh PBS medium containing no theophylline, 
the cellular cyclic AMP level returned to a near base- 
line level within 10-15 min. Concomitantly, the hista- 
mine release which had been maximally inhibited by 
theophylline was rapidly elevated to the control level 
(Fig. 3). 

Effect of epinephrine on specific activities of ATP 
and cyclic AMP in double-labeled mast cells. As shown 
in Table 1, the specific activity of [*’P] in cyclic AMP 
of the control cells was more than 10-fold higher than 
that in ATP. Accordingly, although mast cells were 
not completely equilibrated to the ['*C] adenine label 
even after 2.5 hr, the ratio of the specific activities, 
[°?P]/('*C]. in cyclic AMP was 6-fold higher than 
that in ATP. 

Epinephrine caused a marked increase in the speci- 
fic activity of ['*C] in cyclic AMP, but caused only 
a slight change in that in ATP. On the other hand, 
the specific activity of [**P] in both ATP and cyclic 
AMP was not altered much by epinephrine. Accord- 
ingly, [°?P]/['*C] in cyclic AMP in epinephrine- 
treated cells was reduced to about { of that in the 
control cells. This marked change in [*?P]/['*C] 
probably indicates the presence of a special pool of 
ATP available for the epinephrine-induced formation 
of cyclic AMP in mast cells. 

Histamine release from mast cells by compound 48/80 
in the presence or absence of NaCl. As shown in Fig. 
4, the histamine release from mast cells induced by 
compound 48/80 was very rapid in 0.154 M NaCl, 
being maximally elevated within 5 min. In contrast, 
when the cells were treated with this liberator in 0.25 
M sucrose in the absence of NaCl, about one-half 
of the cellular histamine was quickly released within 
5 min, and the liberation plateaued thereafter, regard- 
less of whether the incubation was continued in the 
same medium or in water after the sucrose-treated 
cells were sedimented at 2700 g for 15 min. 

However, when the cells incubated in a 0.25M 
sucrose medium were exposed to 0.154M NaCl, a 





H. HAYASHI et al. 


Epinephrine 











ee (4cycyctic AMP Accumulation 
(% Increase over Control) 
Inhibition of Histamine Release (*/e) 


o—O Cyclic AMP Content 


o--0 


Theophylline 











30 


Incubation Time (min) 


Fig. 2. Effect of epinephrine and theophylline on cyclic AMP accumulation, cyclic AMP content, and 
histamine release in mast cells. (A) Mast cells or mast cells previously labeled with [8-'*C] adenine 
were incubated in the presence of 5 x 10°*M epinephrine at 37° for up to 30 min. The ['*C] cyclic 
AMP formed, cyclic AMP content, and histamine released by the addition of compound 48/80 (1 pg/ml) 
were estimated as described in the text. The count of ['*C] cyclic AMP and the content of cyclic 
AMP (cpm/pmole 10° cells) were: 76.3/3.6 at 0-time, 324/6.1 at 5 min, 201/10.8 at 15 min, and 95.8/8.3 
at 30 min respectively. (B) Mast cells or mast ceils prelabeled with [8-'*C] adenine were preincubated 
in the presence of | x 10°? M theophylline. Other experimental conditions were similar to those in 
(A). The count of ['*C] cyclic AMP and the content of cyclic AMP (cpm/pmole/10° cells) were: 
72.8/3.8 at 0-time, 159.8/13.3 at 15 min, and 273.7/13.8 at 30 min respectively. 


a significant release of the remaining histamine was — epinephrine and theophylline on step I and step II reac- 
observed. tions. Table 2 shows that cyclic AMP and dibutyryl 
The basal leakage of histamine in isotonic NaCl cyclic AMP were effective in inhibiting histamine 
or sucrose solution was negligible. release from mast cells induced by compound 48/80 
Effects of cyclic AMP, dibutyryl cyclic AMP, in an isotonic sucrose solution (step I), but less effec- 


Table |. Effect of epinephrine on specific activities of ATP and cyclic AMP in double- 
labeled mast cells* 





Content [Cc] (°F) 
Nucleotide (pmoles/10° cells) (cpm/pmole) [*?PJ/('*C] 





Control ATP 457 + 42 : 0.1 0.05 
Cyclic AMP 3.0 + 0.2 . 1.5 0.28 


Epinephrine ATP 337 + 17 d 0.2 0.11 
Cyclic AMP 6.4 +.0.2 0.9 0.05 





* Mast cells suspended in Fischer’s medium (4 x 10° cells/1.0 ml) were incubated 
with [8-'*C] adenine (5 pCi) for 2 hr at 37°, and for another 30 min after the addition 
of [°°P] phosphate (10 wCi). Epinephrine (5 x 10~* M) was present during the last 
10 min of labeling with [*?P] phosphate. Nucelotides were extracted with 5% perch- 
loric acid and separated on a Dowex | x 8 (formate form) column as described in 
the text [29]. 
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Fig. 3. Effect of theophylline on cyclic AMP content and 
histamine release in mast cells. Rat peritoneal mast cells 
were incubated at 37° for 20 min in the presence of 
1 x 10°? M theophylline. Then the cells were washed 
three times with PBS and incubated in the fresh medium 
without theophylline. At intervals, an aliquot of the incu- 
bation mixture was taken, and assayed for cyclic AMP 
content and for histamine released by adding compound 
48/80 (1 ug/ml) as described in the text. The basal content 
of cyclic AMP was 4.2 pmoles/10° cells. Compound 48/80 
released 80.5 + 3.5 per cent (taken as 100) of the total 
histamine (18.5 + 2.1 yg/10° cells) from the intact cells. 


tive in suppressing the subsequent amine release from 
the treated cells in the presence of NaCl (step II). 

Theophylline and epinephrine were also effective in 
suppressing the histamine release in step I, but almost 
ineffective in inhibiting the amine release in step II. 

Also in isolated granules, cyclic AMP and dibutyryl 
cyclic AMP did not significantly affect the basal hista- 
mine release in water, and did not suppress the hista- 
mine release which had been maximally elevated by 
0.154 M NaCl (Table 3). 

Mast cells, which had been preincubated with cyclic 
AMP and then treated with compound 48/80 in an 
isotonic sucrose solution, were also examined by a 
sucrose density gradient centrifugation; the results in- 
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Fig. 4. Effect of NaCl on histamine release in mast cells. 
Rat peritoneal mast cells were incubated at 37° in 0.154 
M NaCl containing compound 48/80 (1 ug/ml) (O——O); 
0.25 M sucrose containing compound 48/80 (@——@); 
0.154 M NaCl (A--—A); or 0.25 M sucrose (@-—-—@). After 
5 min, aliquots of mast cells incubated in 0.25 M sucrose 
containing compound 48/80 were sedimented at 2700 g 
for 15 min, washed with water, and incubated for another 
10 min in 0.154 M NaCl (O---O) or in water (Q——~—D). 
The basal level of histamine was 14.8 + 1.4 yg/10° cells. 
Values were the mean of duplicate samples. 
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Table 2. Effects of cyclic AMP, dibutyryl AMP. epineph- 
rine and theophylline on step I and step II reactions* 





Inhibition of 
histamine release (°%) 
Concn 
(mM) 





Compound Step I 





Cyclic AMP 5.0 

Dibutyryl cyclic 5.0 
AMP 

Epinephrine 0.5 

Theophylline 10.0 


57.4 + 88 
35.4+74 


2D SS 
48.8 0 





*Step I: Mast cells (10° cells/tube) were incubated in 
1 ml of 0.25 M sucrose-1 mM Tris-HCl (pH 7.2) contain- 
ing various agents for 15 min at 37° prior to the treatment 
with compound 48/80 (10 g/ml) for 5 min. After centrifug- 
ing the incubation mixture at 2700 g for 15 min, histamine 
in the supernatant fluid was assayed as described in the 
text. The per cent release of the total histamine (14.2 + 3.3 
ug/10° cells) by compound 48/80 alone in the control ex- 
periment was 48.1 + 2.0. Step II: After the step I reaction, 
cells and granules sedimented at 2700 g were washed once 
with distilled water, resuspended in 0.154 M NaCl contain- 
ing various agents, and incubated for 10 min at 37°. Hista- 
mine in the supernatant fluid was assayed as above. The 
amount of histamine retained in the 2700 g pellet after 
step I was 7.1 + 1.9 yg/10° of the original cells (= 50.2 
per cent recovery). The per cent release of the remaining 
histamine by 0.154 M NaCl in the control experiment was 
98.2 + 3.8. Values were the mean + S.E.M. of three to four 
incubations. 


dicated that cyclic AMP suppressed the extrusion of 
granules from the cells (Fig. 5). 


DISCUSSION 


Our present experiments indicate that cyclic AMP 
plays an important role in mediating the inhibitory 
effect of epinephrine and theophylline on histamine 
release in mast cells. 


Table 3. Effects of cyclic AMP and dibutyryl cyclic AMP 
on histamine release from isolated granules of mast cells* 





Per cent release 
of histamine 


Concn 


Compound (mM) 





33.1 
39.2 
40.2 


None (distilled water) 
Compound 48/80 (1 ug/ml) 
Cyclic AMP 5.0 
Dibutyryl cyclic AMP 5.0 
NaCl 1.0 
10.0 
100.0 
100.0 + 5.0 
100.0 + 5.0 


Nm Mw 
WwW Ww dow 


aA 
Oo © 


NaCl + cyclic AMP 
NaCl + dibutyryl cyclic 
AMP 


I I I I+ 4 14 4+ 4+ [4+ 


eb et SA ee aa 
Awe 





* Granules were isolated from rat peritoneal mast cells 
(5 x 10° cells containing 81 yg histamine) as described in 
the text. Granules (65.6 ug histamine, 81 per cent recovery) 
were washed three times with deionized water, and resus- 
pended in water. Aliquots (1 ml, 2.2 yg histamine) of the 
granule suspension were incubated with or without the nu- 
cleotides for 5 min at 0° prior to the treatment with NaCl 
for 10 min. After centrifuging the incubation mixture at 
2700 g for 15 min, histamine in the supernatant fluid was 
assayed as above. Values were the mean + S.E.M. of three 
incubations. 
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Fig. 5. Sucrose density gradient centrifugation of mast cells 
treated with compound 48/80 in the presence or absence 
of cyclic AMP. Mast cells (3.7 x 10° cells, 50 yg of the 
total histamine) suspended in 0.5 ml of 0.25 M_ sucrose-1 
mM Tris-HCI (pH 8.0) (O--~ 0), or in the vehicle contain- 
ing 5 mM cyclic AMP were incubated at 37° for 5 min. 
and then treated with compound 48/80 (10 jig/ml) for 30 
sec (O O and @ @). The mixture was subjected to 
a linear sucrose density gradient (0.25 M to 1.4 M, 4 ml) 
centrifugation (100.000 g for 30 min, 4). Fractions of six 
drops were collected, and the histamine content was deter- 
mined as described in the text. The per cent distribution 
of histamine relative to the base line values was plotted. 


Both epinephrine and theophylline. at concen- 
trations which were effective in suppressing the hista- 
mine release from mast cells induced by compound 
48/80, stimulated the formation of ['*C] cyclic AMP 
in the cells previously labeled with [8-'*C] adenine 
(Fig. 1). - 

In contrast, PGE,, which was reported to inhibit 
compound 48/80-induced [3] and the immunological 
[4] histamine release from mast cells, was not very 
effective in suppressing histamine release at 10°* M 
under the experimental conditions used, although it 
slightly stimulated the formation of ['*C] cyclic AMP 
in the prelabeled cells and also elevated the cyclic 
AMP content. 

Our resulis with PGE, were similar to those 
reported by Johnson er al. [34]. They found that 
PGE, (10°* M) alone or in combination with papa- 
verine (10°? M) did not affect the response of mast 
cells to compound 48/80, and also that PGE, alone 
was not effective in elevating cyclic AMP content, but 
was effective in the presence of papaverine. 

The reason for these differences in results is not 
clear yet. As Johnson et al. [34] suggested. it might 
be due to the difference in the degree of homogeneity 
of masi cell preparations used [3]. or due to the dif- 


ference in the mechanism of histamine release induced 


by different liberators. 

Although both epinephrine and theophylline were 
potent inhibitors for histamine release, time courses 
of their effects were different (Fig. 2). 

Before the inhibitory effect of epinephrine on hista- 
mine release became detectable. it had induced a 
rapid formation of ['*C] cyclic AMP with a high spe- 
cific radioactivity in mast cells previously incubated 
with [8-'*C] adenine within 5 min of the introduction 
of the drug. 

On the other hand, theophylline rapidly elevated 
the cellular cyclic AMP content, while it only slowly 
increased the radioactive nucleotide and gradually 


suppressed histamine release. In contrast to epineph- 
rine, theophylline did not significantly elevate the spe- 
cific activity of ['*C] cyclic AMP during a 30-min 
incubation. 

This difference in time course for the accumulation 
of total and radioactive cyclic AMP in response to 
epinephrine and theophylline could indicate that the 
formation of cyclic AMP from the special pool(s) of 
ATP. but not the elevation of total cyclic AMP con- 
tent. is required for the suppression of histamine 
release in mast cells. 

These results were similar to those reported by 
Krishna et al. [35] for the effect of norepinephrine 
on both total and radioactive cyclic AMP in 
[*H] adenine-labeled slices of rat cerebral cortex, but 
in contrast to those reported by Schultz and Daly 
[36] in similarly labeled guinea pig cerebral cortex 
in response to histamine. Therefore, the presence of 
a special intracellular pool(s) of ATP for the forma- 
tion of cyclic AMP needs further investigation as to 
the sources of tissues or cells and reagents used. 

In this regard. the presence of more than one pool 
of ATP available for the formation of cyclic AMP 
in mast cells was indicated in our studies with the 
cells which had been double-labeled with [8-'*C]- 
adenine and [*?P] phosphate (Table 1). In nonstimu- 
lated control cells, the ratio of the specific activities, 
[??P]/['*C], in cyclic AMP was unexpectedly (6-fold) 
higher than that in ATP. On exposure of mast cells 
to epinephrine for the last 10 min of [*?P]-labeling, 
[*?P]/['*C] in cyclic AMP was reduced to one-half 
of that in ATP due to the marked increase in 
['*C] cyclic AMP formation with a less significant 
alteration in [**P]} cyclic AMP formation. 

According to Uvnas et al. [11-14], a simple model 
for the storage and release of biogenic amines in mast 
cells is as follows: (1) mast cell granules have the pro- 
perty of a weak anion exchanger; (2) both histamine 
and serotonin are bound to the carboxyl groups of 
the heparin-protein complex, but not directly to the 
granular heparin (Lagunoff [37] has suggested the 
partial participation of anionic sites of heparin for 
binding the amines and cations); and (3) the amine 
release induced by compound 48/80 [38] or antigen 
[39] can be explained by an ionic exchange between 
the granular amines and the extracellular cations (step 
II) after the primary exposure of granules to the exter- 
nal environment, either by degranulation, or through 
the newly formed intracellular cavities which com- 
municate with the external space (step I). 

Our results, obtained with isolated granules (Tables 
2 and 3) and sucrose density gradient centrifugation 
of mast cells treated with compound 48/80, in the 
absence or presence of cyclic AMP (Fig. 5}, indicated 
that cyclic AMP inhibits histamine release from mast 
cells mainly by interfering with the primary degranu- 
lation step (step I), but not with the ionic exchange 
step (step IT). 

A similar inhibitory function of the intracellular 
cyclic AMP on an early stage of histamine release 
was also suggested by Bourne et al. [7] with leuko- 
cytes of allergic donors. According to Lichtenstein 
[40], the antigen-induced, IgE-mediated histamine 
release from human leukocytes can be separated into 
two stages: a primary antigen-dependent, Ca? * -inde- 
pendent stage, and a secondary antigen-independent, 
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Ca?*-dependent stage. Dibutyryl cyclic AMP, meth- 
ylxanthines and catecholamines have been shown to 
inhibit histamine release in the first stage (antigen 
contact with cells), but have little inhibitory effect on 
the second stage [7]. 

Step I appears to be a complicated, sequential reac- 
tion. On exposure to compound 48/80 [38] or antigen 
[39]. mast cells were swollen followed by fusion of 
perigranular and cellular membranes, and by extru- 
sion of granules or by the formation of intracellular 
cavities to expose granules to the outer space. 

Furthermore, the histamine-releasing mechanism of 
compound 48/80 also seemed to be complicated. Gil- 
lespie [41] reported a rapid decrease in the formation 
of [*H] cyclic AMP in rat peritoneal mast cells which 
had been prelabeled with [*H] adenine. Sullivan and 
Parker [42] observed an activation of a high K,,, cyc- 
lic AMP phosphodiesterase activity of rat mast cells 
by compound 48/80. In contrast, according to John- 
son et al. [34], compound 48/80, at a concentration 
of 2 uM [= 1 ug/ml, using the molecular weight of 
the trimer (520) ] that released more than 50 per cent 
of the total histamine, did not affect levels of cyclic 
AMP. 

Therefore, the precise manner in which cyclic AMP 
affects these sequential reactions awaits further exam- 
inations. 
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SHORT COMMUNICATIONS 


Metabolic effects of ethyl adenosine 5'-carboxylate in Ehrlich 
ascites tumor cells in vitro 


(Received 3 December 1975; accepted 27 February 1976) 


Adenosine 5'-carboxylate and several of its esters and 
amides are potent coronary vasodilators [1,2]. It is 
believed that these compounds act as adenosine analogs 
whose effects are prolonged because they are not phos- 
phorylated and only slowly deaminated [3]. Neither 
adenosine 5’'-carboxylate nor several derivatives inhibited 
commercial calf intestinal adenosine deaminase or rabbit 
muscle adenylate deaminase [1, 2]. 

We have considered the possibilities that ethyl adenosine 
5'-carboxylate might still inhibit adenosine deaminase or 
adenylate deaminase in intact mammalian cells and that 
it might affect other aspects of purine metabolism. The 
results of studies of its effects on several aspects of purine 
ribonucleotide biosynthesis, interconversion and catabo- 
lism in Ehrlich ascites tumor cells are reported here. 

Sources of most materials, methods of tumor cell prep- 
aration and incubation, and procedures for the separation 
and measurement of radioactivity in purine bases, ribonuc- 
leosides and ribonucleotides have been reported previously 
[4, 5]. Ethyl adenosine 5'-carboxylate was a gift of Abbott 
Laboratories, North Chicago, Ill. 

Experiments were conducted to measure the effect of 
ethyl adenosine S’-carboxylate on purine ribonucleotide 
synthesis and interconversion. Ehrlich ascites tumor cells 
were incubated in calcium-free Krebs-Ringer medium con- 
taining 25mM phosphate for 20 min with | mM ethyl 
adenosine 5'-carboxylate; radioactive precursor (100 uM 
['*C]Jadenine, 83yM_ ['*C]hypoxanthine or 97M 
['*C]adenosine; the sp. act. of each was ca. 50 mCi/m- 
mole) was then added, and incubation was continued for 
an additional 30 min. Radioactivity in adenylate, ADP, 
ATP, NAD, inosinate, xanthylate, guanylate, GDP, GTP, 
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inosine, hypoxanthine. adenosine and adenine was 
measured [4,5]. These compounds are clearly separated 
from other purine derivatives. 

Ethyl adenosine S’-carboxylate did not affect total 
nucleotide synthesis from adenine, hypoxanthine or adeno- 
sine, incorporation of radioactivity into the acid-insoluble 
fraction, any aspect of purine ribonucleotide interconver- 
sion or catabolism, or the ratios of radioactivity in nucleo- 
side triphosphates to that in nucleoside diphosphates. The 
deamination of the exogenous adenosine was also not 
obviously affected. 

Other experiments were conducted to measure the effect 
of ethyl adenosine S’-carboxylate on the processes of 
adenine nucleotide catabolism, when catabolism was acce- 
lerated by incubation with 2-deoxyglucose. Under such 
conditions the rate of deamination of adenylate is consider- 
ably increased, as is that of adenylate dephosphorylation 
to adenosine; the intracellular adenosine so formed is 
rapidly removed both by deamination to inosine and by 
rephosphorylation to adenylate [6, 7]. 

Tumor cells were first incubated with ['*C]adenine to 
produce radioactive ATP. Unused ['*C]adenine was 
removed by centrifugation and resuspension in fresh 
medium. Concentrations of radioactive metabolites were 
measured in cells incubated an additional 30 min with: 
(a) glucose (“control”), (b) a mixture of deoxyglucose plus 
glucose to induce a moderate degree of ATP catabolism, 
and (c) deoxyglucose plus glucose plus ethyl adenosine 
5'-carboxylate. Details are given in the legend of Table 
1. 

Representative results are presented in Table 1. Incuba- 
tion with the mixture of deoxyglucose plus glucose led to 
a decrease in radioactive ATP, total adenine nucleotides 
and total nucleotides, together with an increase in inosine 
and hypoxanthine. (There is very little radioactivity in 


Table 1. Effect of ethyl adenosine 5’-carboxylate on deoxyglucose-induced ATP catabolism* 





Radioactive metabolites (nmoles/g cells) 





Adenine 


Conditions ADP 


nucleotides 


Total 
nucleotides 


Hypo- 


IMP XMP xanthine Adenosine 


Inosine 





Control 262 1457 
Deoxyglucose + glucose 214 765 
Ethyl adenosine 5'-carboxylate 


+ deoxyglucose + glucose 571 222 $3.2 876 


7.01 1497 74.7 39.8 12.7 
21.6 815 428 296 11.9 


10.7 8.12 913 317 253 44.0 





*Two ml of 2% (v/v) Ehrlich ascites tumor cell suspensions in calcium-free Krebs-Ringer medium containing 25 mM 


phosphate and 5.5 mM glucose was incubated in 10-ml Erlenmeyer flasks at 37° with shaking, with an air atmosphere. 
After 20 min, ['*C]adenine was added to a final concentration of 100 uM, and incubation was continued for 30 min 
to synthesize ['*C]ATP. Unutilized ['*C]adenine was then removed by centrifugation and resuspension of the cells 
twice in fresh, warmed medium containing glucose. Control cells were then incubated for 30 min with 5.5mM glucose; 
the same results were obtained in the presence or absence of ethyl adenosine 5’-carboxylate. To induce the catabolism 
of ATP, cells were finally resuspended in medium containing 4.81 mM deoxyglucose plus 0.69 mM glucose, with and 
without | mM ethyl adenosine 5’-carboxylate, and incubated for 30 min. Values reported are averages of duplicate 
measurements and are representative of results obtained in four experiments. Within each experiment, average deviation 
of individual analyses from the mean was less than 7 per cent. 
1915 





1916 


guanine nucleotides under these conditions.) In the pres- 
ence of ethyl adenosine 5*-carboxylate, there was a smaller 
decrease in radioactive ATP. total adenine nucleotides and 
total nucleotides. and a smaller increase in radioactive 
hypoxanthine and inosine. However, there was a 3.7-fold 
increase in the accumulation of radioactive adenosine. 

These results are similar to those observed when deoxy- 
glucose-induced ATP catabolism was studied in the pres- 
ence of coformycin [6]. a potent and specific inhibitor of 
adenosine deaminase in these cells [8]. The inhibition of 
this enzyme led to increased accumulation of adenosine 
and decreased formation of inosine and hypoxanthine dur- 
ing ATP catabolism; however, considerable inosine and 
hypoxanthine still were formed by the pathway adenylate 
~ inosinate — inosine [6]. Some of the adenosine, which 
accumulated when adenosine deaminase was blocked, was 
rephosphorylated to ATP, whose concentration conse- 
quently increased. Inhibition of adenosine kinase or of 
adenylate deaminase, in the absence of concomitant inhibi- 
tion of adenosine deaminase. would not produce the same 
results, as any adenosine that might tend to accumulate 
would be deaminated [6]. 

We conclude that ethyl adenosine 5'-carboxylate, like 
coformycin, may inhibit adenosine deaminase when rela- 
tively low concentrations of adenosine are generated intra- 
cellularly during nucleotide catabolism. However, because 
this effect is not observed when cells are incubated with 
relatively high concentrations of exogenous adenosine, and 
is not observed in studies with purified enzymes [1, 2], 
it would seem to be a very weak inhibitor. The relation, 
if any, of this presumably weak inhibition of adenosine 
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deaminase by ethyl adenosine 5’-carboxylate to its vasodi- 
latory action is not known. No other aspect of purine 
metabolism was affected by this adenosine analog. It seems 
likely that the potent physiological effects of this com- 
pound are exerted through a mechanism unrelated to inhi- 
bition of specific aspects of intraceilular purine metabo- 
lism. 
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Changes in liver microsomal cytochrome P-450 induced by 
dietary proteins and lipid material 


(Received 14 November 1975; accepted 24 March 1976) 


Nutritional status can influence the activity of the drug- 
metabolising enzymes located in rat liver microsomes 
[1,2]. Protein-deficient diets lower the concentration of 
cytochrome-P-450 in liver microsomes[3] and reduce the 
in vivo metabolism of drugs [4]. Lipid materials are also 
necessary for the normal synthesis of microsomal cyto- 
chrome P-450 and hydroxylating enzymes [5]. Two types 
of lipid material (unsaturated fatty acids and oxidized 
sterols) can fulfil this function, presumably by acting as 
permissive agents in the induction of microsomal hydroxy- 
lation enzymes by substances such as phenobarbitone 
[5,6]. The experiments described in this note were 
designed to extend our knowledge of these inter-relation- 
ships and in particular to examine the ‘lipid effect’ in the 
presence of different dietary proteins. 

Male Wistar rats of initial body weight 60-80 g (CFHB 
strain, Carworth Europe, Alconbury, Herts) were caged in 
groups in mesh-floored cages and given a powdered syn- 
thetic diet with the following composition (g): Maize starch 
700, protein 200, corn oil 50, salt mixture (Glaxo Research 
Ltd.) 10, choline chloride 0.2, vitamin mixture 0.3; the vita- 
min mixture had the following composition (mg): ribo- 
flavin 160, thiamine hydrochloride 160, pyridoxine 160, cal- 
cium pantothenate 400 , cyanocobalamin 0.5, nicotinamide 
2000, folic acid 100, biotin 12. All animals received a 
weekly supplement of 0.5 ml cod liver oil and 0.3 ml of 
a 1% solution of vitamin K. 


The rats received the appropriate diet for 21 days. The 
proteins used were casein, gluten, soya, zein and soya, with 
1°, (DL) methionine added, ail obtained from BDH Ltd., 
Poole, Dorset. Rats given the zein and unsupplemented 
soya diet did not grow during the experimental period. 
Hexo-barbiturate sleeping time was measured after an in- 
traperitoneal dose of sodium hexabarbiturate (100 mg/kg 
body wt), liver microsomes were prepared by differential 
centrifugation; cytochrome P-450 was determined as de- 
scribed by Omura and Sato[7] with an assay concen- 
tration of 1-2mg microsomal protein/cuvette and cyto- 
chrome bh, by the method of Baron and Tephly [8] using 
a Perkin-Elmer Hitachi 124 double beam spectrophoto- 
meter fitted with an external recorder. 

Significant increases were found in the total liver cyto- 
chrome P-450 in rats given gluten and soya diets when 
compared with the casein diet; gluten, zein and soya-sup- 
plemented diets produced lower microsomal cytochrome 
bs; concentrations (Table 1). No obvious explanation exists 
for the 10-fold difference in cytochrome bh; concentrations. 
The presence is implied of an inducer of cytochrome bs 
in the soya and casein diets. Poorer-quality proteins 
(gluten and soya) unexpectedly perhaps, produced an in- 
crease in the total cytochrome P-450. 

The substitution of aged (oxidized) corn oil for fresh 
oil elicited different responses in two diets. Aged oil gave 
an increase in the microsomal cytochrome P-450 in the 
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Table 1. 





Liver wt 
(% final 
body wt) 


Dietary 
protein 
(20%) 


Cytochrome b; 


Hexobarbitone 
sleeping 
time 
(min) 


Cytochrome 
P-450 
(nmoles 


(nmoles/liver) liver) 





Casein 
Soya 


Gluten 
Zein 

Soya + 1% 
methionine 


www N 
OOwonwoo 
Ie OI I-E+ 4+ 4+ I+ 
csosoosooceo 
SN OFr heb 


322 + 48 (6) 43 + 16(6) 
= 105 + 21 (11) 
338 + 73 (6) 80 + 14(6) 
— 37 + 12(9) 
94 + 25(4) 68 + 14(4) 
41 + 4(4) 30 + 7 (4) 
82 + 29 (4) 64 + 12(4) 





Mean values + S. E. M. The numbers in parentheses indicate the number of animals on which the mean is based. 


casein-based diet but, somewhat unexpectedly, a marked 
decrease in the ‘soya’ diet. This was in keeping with the 
considerably prolonged hexobarbitone sleeping time found 
in the ‘soya’ animals (Table 1). 

These experiments would therefore appear to indicate 
(i) that different types of dietary protein result in different 
hepatic microsomal levels of cytochrome P-450 and of 
cytochrome bh, and that these effects are apparently inde- 
pendent of the comparative biological values of the protein 
(ii) that the inter-relationships between detoxication capa- 
city, dietary protein and oxidized lipid material are more 
complex than was originally supposed. 
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The effects of folate on neurotransmitter uptake into rat cerebral cortex slices 


(Received 16 January 1976; accepted 18 March 1976) 


The observation of the stimulatory activity of folate on 
the brain [1-3] has led to experiments investigating the 
mechanisms involved. Davies and Watkins [4] applied 
folic acid (pteroyl monoglutamate; PGA) and formyl tetra- 
hydrofolic acid (folinic acid; f-THF) to neurons of the cat 
cerebral cortex and found there was little response with 
quiescent neurones, but enhanced activity following initial 
stimulation with glutamate. A possible explanation of these 
results was provided by quantitative studies on the rat dor- 
sal root ganglion. These showed that PGA inhibits high 
affinity glial uptake of glutamate, with an apparent K; of 
5.6+ 10°*M[5]. Conversely receptor competition 
between PGA and inhibitory transmitters has been pro- 
posed. Evidence in support of this has been demonstrated 
in vivo in the rat cuneate nucleus [6]. The following is an 
experiment in which the effect of folate on the uptake of 
PGA, }-aminobutyric acid, glutamate and noradrenaline 
into slices of rat cerebral cortex were measured. 

The uptake studies were carried out in Krebs’ balanced 
salt solution. Pieces of rat cerebral cortex were weighed 


and then cut into 0.1-mm slices in two directions (at 45 
to each other) using a Mickle chopper. The fragments 
(280-300 mg total) were then suspended in 5 ml of ice-cold 
Krebs’ solution and 200-yl aliquots were placed in stop- 
pered test tubes in a metabolic shaker maintained at 37°. 
The tubes were gassed with 95°, O, and 5% CO). After 
5 min incubation the solution of the isotope-labelled trans- 
mitter was added in a total volume of 100 yl. Following 
a further period of incubation the entire contents of the 
tube were transferred to a Millipore filter and the brain 
slices were washed four times with 100 ml of ice-cold saline. 
The Millipore filter pad with tissue particles was trans- 
ferred to a glass scintillation counting vial. Two hundred 
ul of distilled water were added to elute the isotope- 
labelled transmitter from the tissue. After 20 min, 7.0 ml 
of PPO-POPOP scintillant (2.5-diphenyloxazole, 5 g; 
1,4-di-2(5 phenyloxazolyl)-benzene, 1 g; triton X-100, 300 
ml; toluene, 700 ml) were added. The radioactivity in the 
vials was measured in a Beckman automatic liquid scintil- 
lation counter. The labelled substances investigated were 
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Fig. 1. Tissue/medium ratio of radioactive counts in mouse 
cerebral cortex slices with no folate added (solid circles) 
and in the presence of 10~* moles/l f-THF (open circles) 
at various times after the addition of [*H]glutamic acid. 


as follows: glutamic acid-[G-*H ]; pL-noradrenaline-[7-*H]; 
pL-noradrenaline (carbinol ['*C]) pi-bitartrate; [°H] 
y-aminobutyric acid-3H(G); folic acid-2-['*C], potassium 
salt. 

Over a 60-min period no significant accumulation of 
['*C] PGA could be measured. The incubations were car- 
ried out at two concentrations: 0.5 x 10°* M_ and 
1 + 10-7 M. Although some radioactivity was detected in 
the brain particles, this was small in amount and was con- 
sistent with diffusion from the medium. The uptake of 
y-amingbutyrate, glutamate and noradrenaline were all in- 
creased in the presence of 10> 4, 10~° and 10~° M f-THF, 
the tissue/medium ratios increasing by 60-100 per cent 


(Figs 1, 2. 3.) The same concentrations of PGA increased 
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Fig. 2. Mouse cerebral cortex uptake of [7H]GABA in 
absence of folate (solid circles) and in the presence of 107° 
moles/l f-THF (open circles). 
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’ Fig. 3. Uptake of [*H]noradrenaline by mouse cerebral 


cortex slices in the absence of folate (solid circles) and in 
the presence of 10~* moles/l f-THF (open circles). 


the tissue/medium ratio of tritiated y-aminobutyric acid 
by approximately 3-30 per cent. These results do not sup- 
port the suggestion that folate stimulates the brain by inhi- 
biting the uptake of excitatory neurotransmitters into cells. 
The experiments show a similar degree of enhancement 
of uptake of both excitatory (glutamate) and inhibitory 
(noradrenaline; y-aminobutyric acid) central transmitter 
substances. Such a uniform action on different transmitters 
suggests a non selective action by folate on membrane per- 
meability rather than a highly selective modification of 
active reuptake mechanisms on a particular type of trans- 
mitter. 

The uptake studies of labelled folate failed to demon- 
strate any concentration in brain tissue. Although these 
results do not rule out the possibility that folate itself is 
a transmitter, they do indicate that it does not possess 
a specific reuptake system. 

The mechanism of the central stimulating effects of folate 
remain a mystery, but an action at membrane level appears 
to be an important possibility. 
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Glucuronide synthesis in the isolated perfused rat lung 


(Received 14 November 1975; accepted 30 December 1975) 


We reported earlier [1] that pulmonary microsomes from 
different animal species are capable of glucuronide syn- 
thesis. The present paper shows that not only homo- 
genated preparations of lungs, fortified with high concen- 
trations of the activated glucuronic acid, uridine diphos- 
phate glucuronic acid (UDPGA), show this capability, but 
also that isolated perfused rat lung conjugates 4-methyl- 
umbelliferone in the perfusate with endogenous UDPGA 
and excretes the formed 4-methylumbelliferylglucuronide 
(MUG) in the perfusate. The lung, which is the site of 
entry [2] and accumulation [3-6] of many pharmacologi- 
cally active agents, is thus capable of the quantitatively 
most important conjugative biotransformation reaction of 
xenobiotics in the mammalian organism, yielding a water- 
soluble, non-toxic product to be excreted from the body. 

The perfusions were performed using a method devel- 
oped in our laboratory for pulmonary steroid metabolism 
studies [7,8]. In brief, the rats were anesthetized with in- 
traperitoneal pentobarbitone (Nembutal®, 50 mg/kg) and 
the trachea was cannulated and connected to a pressure- 
regulated respirator (Bird®; max. pressure 18cm H,O). 
The pulmonary artery was cannulated and the lungs were 
excised and connected to the perfusion apparatus. A Har- 
vard pulsatile blood pump (systolic and diastolic pressures 
15-18 mmHg and 10-12 mmHg, respectively, flow 10 ml/ 
min) was used. The perfusion medium consisted of hepar- 
inized rat blood diluted with Tyrode solution to give a 
hematocrit of 0.30, fortified with 4-methylumbelliferone 
(0.29 m-mole/l), and gassed with 6% carbon dioxide in air 
to keep the pH, pCO,, and pO, within the normal values 
of arterial blood. 

The formation of MUG was measured with slight modi- 
fications of the method used previously [9, 10]: the pro- 
teins of consecutive | ml fractions of the perfusate were 
denaturated with trichloroacetic acid (TCA). TCA, and the 
unreacted aglycone were extracted from the supernatant 
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by three successive extractions with diethylether and MUG 
in the water phase was hydrolyzed with /-glucuronidase. 
The fluorescence of the liberated aglycone was measured 
at an alkaline pH. Parallel determinations were carried 
out without f#-glucuronidase in the hydrolysis medium and 
with the hydrolysis specifically inhibited with 10 m-mole/] 
b-glucaro-1,4-lactone [11]; no liberation of the aglycone 
could be detected in these controls. Hydrolysis by f-glu- 
curonidase, and inhibition of the hydrolysis by glucarol- 
actone positively identify the formed conjugate as glucur- 
onide. In addition, paper chromatography of the TCA 
supernatant fraction in n-butanol—-pyridine—water, 2:1:1, 
v/v, resulted in a single spot (in addition to aglycone) with 
an R, value similar to that of the authentic MUG. This 
spot yielded fluorescence similar to that of methylumbelli- 
ferone after B-glucuronidase hydrolysis. 

All three rat lung preparations studied produced MUG 
at a constant rate after a lag period of about one hour 
(Fig. 1). No significant synthesis of glucuronide could be 
detected in blood perfused without lungs. The lag period 
is probably due to accumulation of the substrate, and of 
the reaction product in the lungs before the latter begins 
to appear in the perfusate. The equilibrium rate of glucur- 
onide formation was 40 to 80 nmole/hr, corresponding to 
about 0.5—2 nmole/min/g lung weight. Lung homogenates 
have been reported to synthesize about 30nmole MUG 
min/g wet wt. [12]. MUG formation under the conditions 
of enzyme assay is rather hard to compare with the glucur- 
onidation rate in lung tissue. In earlier studies with rat 
liver slices [13] and with perfused rat liver [14] it has 
been demonstrated that the glucuronidation rate is slightly 
higher or equal compared with liver homogenates, but 
much less than the total enzyme capacity in optimally acti- 
vated preparations. According to the present study per- 
fused rat lung, however, forms considerably less glucur- 
onide than pulmonary broken cell preparations. This could 


° 








Time, 


hr 


Fig. 1. Synthesis of 4-methylumbelliferylglucuronide in isolated perfused rat lungs. Open symbols rep- 
resent three separate lung preparations, closed symbols glucuronide formation in the blood (perfusion 
without lung). 
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be due to a rate limiting step other than the UDPglucur- 
onosyitransferase activity, e.g. amount of UDPGA avail- 
able, or permeation of the aglycone or glucuronide into 
or out of the lung. 


Since lungs, in addition to the significant glucuronide 


synthesis reported here, are also capable of various hy- 
droxylation, acetylation, methylation, and sulfate and 
glutathione conjugation reactions of xenobiotics [15], their 
role in xenobiotic biotransformation, especially in the case 
of drugs entering the body via the lungs, or accumulating 
in the lungs, should be reconsidered. 
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Efforts to elucidate the enzyme(s) responsible for the demethylation of the carcinogen 
N,N-dimethylnitrosamine (DMN) have not been conclusive. Although it is generally agreed 
that the metabolism of DMN appears to occur exclusively in the microsomal fraction (105,000 
x g pellet) of the cell, there has been much debate on whether the microsomal enzyme(s) 
responsible for this demethylation are dependent on cytochrome P-450. Previous investiga- 
tions into the hepatic microsomal metabolism of DMN in vitro showing a requirement for 
NADPH and molecular oxygen? suggested that DMN is N-demethylated by enzymes of the mixed 


aes Subsequent studies showed that 


function oxidase system dependent on cytochrome P-450. 
demethylation of DMN to formaldehyde was inhibited by carbon monoxide, “ and could be medi- 


ated by a reconstituted microsomal cytochrome P-450-dependent enzyme system.” 


Another approach in elucidating the enzyme(s) responsible for the metabolism of DMN 
has been to utilize various inducers and inhibitors of the microsomal mixed function oxi- 
dases. As the literature has borne out, these modifiers of enzyme activities did not 
always produce the expected effect on DMN metabolism that one would predict from the actions 
of these compounds on the metabolism of substrates known to be metabolized by the mixed func- 
tion oxidases. The use of the classic inducers of the mixed function oxidases, sodium pheno- 
barbital (PB) and 3-methylcholanthrene (3-MC), has yielded either inconsistent or anomalous 
results. PB, which increases the amounts of NADPH-cytochrome c reductase and cytochrome 
6,9 


6- 
P-450, . has been known to increase the rate of drug hydroxylation and, therefore, drug 


metabolism. The results of several researchers) °*)4 showing that the rate of metabolism of 
DMN to formaldehyde (and methanol, ref. 10) was more than doubled in the hepatic postmito- 
chondrial fraction from PB-pretreated rats, are in agreement with the known inductive effect 
of PB on the mixed function oxidases. These results tend to support metabolism of DMN by 
the mixed function oxidases. In contrast, Venkatesan et a.?* demonstrated that DMN 
demethylase activity (as measured by formation of formaldehyde) was, in fact, decreased in 


PB-pretreated animals. In an attempt to correlate their previous finding of an increased 


demethylation of DMN to formaldehyde and/or methanol by microsomes in vitro from PB-pre- 


treated rats!° with the rate of in vivo metabolism of (4c) pun (as measured by expiration 


14 3 


of co.) by rats also pretreated with this inducer, Lake et a.” found that PB-pretreated 
animals did not display an increase in the in vivo rate of metabolism of DMN to co, . Since 
this inductive effect in vitro was not reflected in the metabolic rate of DMN in vivo, they 
questioned the relevance of hepatic DMN demethylase activity, as measured by formaldehyde 


generation, as an index of the metabolism of DMN in vivo. 


B.P. 25/16—H 
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These inconsistent results obtained with PB are matched by the anomalous result 


obtained with 3-MC and pregnenolone-l6a-carbonitrile (PCN). 3-MC, a well known inducer 


of the de novo synthesis of N-demethylases, *~1© would be expected to enhance the metabo- 


lism of DMN by increasing the rate of demethylation. On the contrary, the demethylation 
of DMN to formaldehyde by liver microsomes from 3-MC-pretreated animals was found to be 
inhibited by several workers. 7*27+38 These results were, in turn, in disagreement with 
those of Frantz et a... who demonstrated an increase in rat and mouse liver DMN de- 
methylation to formaldehyde by microsomes isolated from 3-MC-pretreated animals. Further- 


aii found that PCN significantly lowered DMN de- 


more, Somogyi et “.* and Arcos et al. 
methylation to formaldehyde without having any corresponding effect on DMN concentration 


in the liver or disappearance of DMN from the blood. 


The inconsistencies in the above studies suggest one of two possibilities. Either 
DMN metabolism is not mediated solely by the mixed function oxidases or the use of for- 
maldehyde as a measure of DMN metabolism is not completely valid. Since the evidence of 
the studies cited above favors DMN metabolism by the mixed function oxidases, the second 


alternative must be considered. 


N-demethylation of DMN is postulated to proceed by an enzymatic hydroxylation of one 
of the methyl groups followed by nonenzymatic cleavage of the "hydroxylated" methyl group 
giving rise ultimately to diazomethane. Since this "hydroxylated" DMN molecule is postu- 
lated to be unstable (hence its nonenzymatic decomposition) and diazomethane is known to 
be unstable, these postulated intermediates have never been isolated. Thus, it is not 
known with any certainty whether hydroxylation of DMN does indeed occur, although there 
are good reasons to believe it does. Formation of formaldehyde, as well as méthano1!°22 
from the interaction of DMN with microsomes in vitro has been demonstrated, but how many 
reaction steps exist between the initial reaction of an enzyme with DMN and the products 
that are seen (i.e. aldehyde, alcohol, etc.) is not known because of this uncertainty as 
to the pathway(s) by which DMN is metabolized. Formaldehyde is postulated to be derived 
directly from the N-demethylation of DMN. However, the finding by Lake et ay aeteete 
that pyrazole, a competitive inhibitor of alcohol dehydrogenase (EC 1.1.1.1), and 3-amino- 
1,2,4-triazole, a specific inhibitor of catalase (EC 1.11.1.6), inhibited the formation of 
both formaldehyde and methanol from DMN led these authors to suggest that a complex 
sequence of enzymatic steps unrelated to the mixed function oxidase system is involved in 
the hepatic degradation of DMN to formaldehyde and methanol. This again stresses the 
inability to conclude what products are derived directly from the N-demethylation of DMN 


because of the lack of knowledge of how this N-demethylation comes about. 


Because of the inconsistencies found in the studies with modifiers of the mixed func- 
tion oxidases using formaldehyde formation as indicative of DMN metabolism, and the pos- 
sibility that several enzymes are involved in the formation of formaldehyde from pén, 2° 
one is left with a difficult task when trying to utilize the formation of formaldehyde from 
DMN to provide information on a possible initial "hydroxylation" of DMN. In this study 
we hoped, therefore, to provide an alternative in vitro system by which to study whether 
or not metabolism of DMN proceeds by an initial hydroxylation. The present communication 
reports the development of an in vitro microsome-mediated DNA methylation system in which 
DMN was the alkylating agent. This reaction was shown to have an absolute requirement for 


NADPH and to be dependent on intact microsomal enzymes. 
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Male Sprague-Dawley rats (Holtzman; 280-310 g) were killed by decapitation. The 
livers were quickly removed, placed in a heaker on ice and weighed separately. Rat liver 
microsomes and pH 5 enzymes were prepared by the method of Schneider and Kuff?> as modified 
by Bosmann and Winston. 7° The purified microsomes were suspended in a 51.9 mM sodium 
phosphate buffer (pH 7.4) containing 34.7 mM EDTA and 0.694 mM MgCl., (designated as "Buffer 
1").: pH 5 Enzymes, collected by centrifugation, were resuspended to a final concentration 
of 8 mg protein/ml with Buffer 1. pH5 Enzymes contain amino acid activating enzymes and 
other proteins; they were included in the incubation mixture to ensure the presence of a 


complete microsomal system. 


The incubation medium for the in vitro alkylation of calf thymus DNA by N,N-dimethyl- 
nitrosamine contained 49.8 mol sodium phosphate buffer (pH 7.4), 33.3 umol EDTA (Fisher 
Scientific), 0.808 mg calf thymus DNA (Type 1; Sigma), 0.805 ’mol NADPH (Type III; Sigma), 
3.3 umol GSH (Sigma), 0.666 umol MgCl, 0.4 ml of microsomal suspension (suspending micro- 
somes from 1 g of liver in 1.4 ml of Buffer 1), and 0.04 ml of pH 5 enzymes. For determi- 
nation of binding of 140 1shel to proteins, the incubation mixture minus exogenously added 
calf thymus DNA (an equal volume of Buffer 1 was substituted for the DNA in the incubation 
medium) was used. To this incubation mixture was added 40 yl (1 yCi; corresponding to 
0.1 umol) of n,N-di [/4c}methy1nitrosamine (Amersham/Searle; 7.5 Ci/mol). The total 
volume of the incubation mixture was 1 ml. Each different incubation condition (i.e. 


"complete," minus DNA, etc.) was run in triplicate. 


After incubation at 37°C for 60 min, DNA was isolated according to a modification of 
the procedures of Marmur’’ and Howell.*° Briefly, the incubation mixture was made 0.15% 
with respect to NaCl. Protease (Type VI; Sigma), 100 ug/ml incubation volume, and ribo- 
nuclease A (Type 1-A; Sigma), 50 ug/ml incubation solution, were then added, and this 
mixture was incubated for 1 h at 37°C with shaking. An equal volume of chloroform: iso- 
amyl alcohol (24:1) was added, and the mixture was shaken for 20 min at room temperature 
and centrifuged at 2500 x g for 5 min. The top aqueous layer was carefully isolated. The 
bottom organic phase was re-extracted with an equal volume of Buffer 1 made 0.15% with 
respect to NaCl by shaking for 20 min at room temperature. This suspension was then cen- 
trifuged at 2500 x g for 5 min. The top aqueous phase was isolated and combined with the 
previously isolated aqueous layer. To the combined aqueous phases two volumes of ice-cold 
ethanol (95%) was added. This mixture was allowed to stand overnight at 4°C. Precipi- 
tated DNA was isolated by centrifugation and washed twice with ice-cold ethanol (75%), 
once with ice-cold ethanol (99%), and once with absolute ethyl ether. The DNA pellet was 
then dried in a desiccator. The pellet was then dissolved in 0.7-1.0 ml glass-distilled 
water. Chemical analysis for DNA was according to the procedure of Hinegardner.?” Radio- 
activity in the various DNA or protein fractions was determined by plating 0.2 ml of the 
solutions on glass fiber filters and counting by liquid scintillation.-° Protein deter- 


minations were made by the procedure of Lowry et a 


The enzymatic nature of this in vitro binding of 14._1abel to exogenous calf thymus 


DNA and endogenous protein is illustrated in Table l. Boiling of the microsomes results 


in a complete inhibition of this binding of 140_1abel to DNA and/or protein in this system, 


which would suggest that some type of enzymatic reaction is occurring. It should be noted 
that the cpm/mg protein and cpm/mg DNA cannot be compared because a different data base is 
used in each instance. No information is available on the relative number of sites avail- 
able in the "protein" or "DNA" fraction. Table 1 illustrates-the susceptibility of both 
exogenous calf thymus DNA and endogenous protein to "alkylation" by DMN in this in vitro 
microsomal system. It is important to observe, however, that DNA, the cellular genome 


14 
macromolecule, is highly methylated in the complete system by the [ C]DMN. 
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. 14 : , 
Table 1. Methylation of protein and exogenously added DNA by N,N-di[ C]methylnitrosamine 
utilizing a rat liver microsomal fraction 





14 14 


14 
C from (4c) DMN C from [ C]DMN 
onto protein onto DNA 


(cpm/mg protein) (cpm/mg DNA) 





Complete system 5700 4000 
8600 2900 
-- 2600 


Boiled microsomes 230 210 
340 70 





The system for the in vitro microsome-mediated "alkylation" of exogenous calf thymus 
DNA ox: protein macromolecules in the microsomal fraction by DMN is as described in the 
text. Each value in the table represents a single observation of combined triplicate 
samples. The "complete" microsome system for the in vitro metabolism of DMN to an alkyla- 
tion intermediate and the resulting alkylation of calf thymus DNA or protein was as fol- 
lows: for 14¢-labeling of DNA, 49.8 umol sodium phosphate buffer (pH 7.4), 33.3 ymol 
EDTA, 0.808 mg DNA, 0.805 umol NADPH, 3.3 umol GSH, 0.666 ymol MgCl., 0.4 ml microsomal 
suspension (suspending microsomes from 1 g of liver in 1.4 ml Buffer 1) and 0.04 ml pH 5 
enzymes (8 mg protein/ml); for binding of 14¢-label to proteins, an equal volume of 
Buffer 1 was substituted for the calf thymus DNA in this previously described incubation 
mixture. Three such mixtures were incubated for 60 min at 37°C. At the end of the 
incubation these triplicate samples were combined and DNA extracted, as described. This 
resulting pellet was dissolved and analyzed for radioactivity and DNA and protein con- 
tent. In the "boiled" microsome incubation, microsomes suspended in Buffer 1 were heated 
in a boiling water bath (100°C) for 10 min and substituted for untreated microsomes as 
enzyme source. The dash (--) indicates experiment was not performed. It should be noted 
that the reported cpm/mg DNA represents radioactivity bound only to the exogenously added 
DNA while cpm/mg protein represents radioactivity bound only to protein in the added 
microsomal fraction. 


The dependence of this binding of 140_1abel from n,N-ai[?4c}methylnitrosamine by DNA 
on NADPH is dramatically shown in Table 2. This dependency on NADPH is consistent with 
the mixed function oxidases as mediators of thé demethylation of DMN. It is important to 
note that these data show that the "activation" of N,N-dimethylnitrosamine to a methylat- 
ing intermediate is absolutely dependent on NADPH and that the methyl group can be trans- 
ferred to exogenously added DNA. 


Table 2. Effect of NADPH on methylation of exogenously added DNA by n,N-di (74c}methy1- 
nitrosamine utilizing a rat liver microsomal fraction 





14, from (240) pmn % Decrease in bound 


(cpm/mg DNA) radioactivity 





Complete system 2600 0 


Minus NADPH 20 99 
30 99 





Experiments were performed as given in the text and in the legend to Table 1 except 
that for the "minus NADPH" incubation an equal volume of Buffer 1 was substituted for the 
NADPH in the ingubation medium; cpm/mg DNA represents radioactivity bound only to the 
exogenously added DNA. 
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Although not known for certain, it is thought that alkylation of biological. macro- 
molecules such as DNA or proteins has an important role in the process of chemical 
carcinogenesis. In this study we have shown that incubation of 14.1 sbeled N,N-dimethyl- 
nitrosamine with hepatic microsomes in vitro results in-a binding of ts to exogenous 
calf thymus DNA and endogenous protein. This binding appears to be enzymatically medi- 
ated and dependent upon NADPH. If this in vitro metabolism of DMN proceeds in a fashion 
similar to what occurs in vivo, then it would be safe to assume that this binding of 
14.1 abel to biological macromolecules in vitro is due to a methylation process. This, 
however, remains to be shown by isolation and identification of specific methylated 


nucleotides from what we believe is methylated DNA. 


As an alternative to a methylation process, binding of formaldehyde generated 
from DMN nay also be occurring. However, there are several reasons why we do not believe 
this to be the case. The postulated mechanism by which DMN is metabolized is as follows 


(see ref. 31): 


monomethylnitrosamine diazomethane 


carbonium 
ion 


If one assumes this to be correct, two moieties are formed in the metabolism of DMN 
which could conceivably bind to biological macromolecules (i.e. the carbonium ion or 
formaldehyde) . 

Methylated bases (i.e. ’-methylquanine, 0°-methy1guanine, etc.) have been iso- 
lated from the nucleic acids from animals treated in vivo with pun>2 "33 as well as 
tissue slices in vitro. *4 Since we do not know of any mechanism by which an aldehyde 
(i.e. formaldehyde) can be incorporated into nucleic acid as a methyl group covalently 
bound to the bases of nucleic acids, this would suggest to us that formaldehyde de- 


rived from (40) pan would not be responsible for the 140 jabel associated with these 


, 14 
methylated bases. Again, we stress that isolation of methylated bases from our Cc- 


labeled DNA would verify this assumption. In any event, we have demonstrated conclu- 
Sively an NADPH-dependent enzyme-mediated transfer of 14--1abel from (4c) pmax to calf 
thymus DNA in vitro which could represent a methylation process. This alkylation of 
DNA may be the basis for the carcinogenic effect of N,N-dimethylnitrosamine and, by 


implication, nitrites and other precursors of nitrosamines. 
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7,12-Dimethylbenz(a)anthracene (DMBA) has been used extensively to induce hormone- 
dependent breast tumors in the rat (1-5). One theory of the possible mechanism of 
action of DMBA which has been explored in depth involves the study of the possible 
formation and subsequent reactions of epoxides of this hydrocarbon. The transient 
nature of epoxides in aqueous media and in the presence of molecules containing 
nucleophilic groups has precluded their isolation in many instances (6-10). 
Identification of further metabolic products and hydrolysis derivatives serves as an 
indication of the probable areas of the DMBA ring system which have undergone intermed- 
iate epoxide formation (9,11-13). 

The results presented in this paper provide definitive data to support the 
concept that a prominent zone of the DMBA molecule involved in metabolism by rat liver 
is the 8,9-bond. Previously, Boyland and Sims (14) had speculated on the sole basis 
of the fluorescence of some chromatographic spots, that the 8,9-dihydrodiol of DMBA 
might be a metabolite of the hydrocarbon. At that time none of the phenols or dihydro- 
diols of the 8,9,10 and 11 positions of the DMBA molecule had been prepared, so more 
exact comparison of their data was impossible. 

The metabolites of DMBA fall into three main categories: non-polar epoxides, 
monohydroxy compounds and polyhydroxy compounds. Quantitative separation of these 
three classes of compounds has been demonstrated by preferential elution of DMBA-5,6- 
epoxide, DMBA-5-ol and trans-5,6-dihydro-5,6-dihydroxy-7,12-dimethylbenz (a) anthracene 
(DMBA-S,6-diHdiol) (15). The recent acquisition of authentic samples of DMBA-8-ol, 
DMBA-10-o01 and DMBA-1l-ol in these laboratories has made possible the study of their 
chromatographic behavior, and it has been shown that these phenols also elute exclusively 


in the same fraction as authentic DMBA-5-ol. This phenomenon illustrates the general 


application of the alumina column technique in the separation of DMBA metabolites 


of varying polar character. 
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Electron-capture gas chromatography (g.c.) has been used to identify the hepta- 
fluorobutyrate esters of the DMBA phenols and dihydrodiols at the nanogram level (15). 
Utilizing column chromatography and g.c., we have identified the primary metabolites 


of DMBA by rat liver to be DMBA-5,6-diHdiol and DMBA-8,9-diHdiol. 


Methods: DMBA-5-ol was prepared as reported previously (15,16). DMBA-8-ol and 


DMBA-11-01 were prepared from 3-methoxyphthalic anhydride, and DMBA-10-ol was prepared 
from 4-methoxyphthalic anhydride by methods which are described in detail elsewhere*. 
Liver microsomes were prepared by the method of Fry and Bridges (17). The 
microsomal pellet was suspended in 25 ml of 0.1 N phosphate buffer, pH 7.4, and divided 
into two equal portions, one of which was boiled for 1 min to provide a blank experiment. 
To both suspensions were added 5 mg NADPH, 2 umoles MgCl, and 200 ug DMBA in 0.4 ml 
ethanol. After incubation for 10 min at 37°, the solutions were extracted with 3 x 10 ml 
CH,C1,. * The CH. 
benzene and applied to 0.5 cm x 5.0 cm columns of 5% deactivated Al,0.. Elution was 


Cl, extracts were dried with Na,SO,, evaporated, taken up in 50 ul 


carried out with 8 ml each of 3% dioxane in hexane, 5% acetone-1% acetic acid in hexane 
and ether which was saturated with water. The fractions containing the DMBA metabolites 
were evaporated and derivatized with 100 ul of 50% heptafluorobutyric anhydride in 
acetone for 30 min at room temperature (24°), evaporated with N, and diluted to 2 ml 


with heptane. Aliquots (1 yl each) of the blank and metabolic pools were injected 


OMBA-1/-OL 
OMBA-5-OL 
OMBA-I0-OL 




















MIN 
Figure 1 Figure 2 


Gas chromatography scans of the heptafluorobutyrate esters 
of 2.5 ng DMBA-5-ol and 3.0 ng DMBA-10-ol. 
Gas chromatography scans of the heptafluorobutyrate esters 
of 1.0 ng DMBA-8-ol and 0.5 ng DMBA-11l-ol. 





*Manuscript in Preparation. 
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Figure 3a Figure 3b 
Gas chromatography scans representing 1/2000th of the 
derivatized polar metabolites of DMBA by rat liver 


microsomes. Panel a: boiled blank; Panel b: regular 
incubation. 


onto 8 ft x 2 mm OV-17 (3%) columns at 260° as reported previously (15). Samples of 
DMBA-5,6-diHdiol, DMBA-5-01, DMBA-8-0l1, DMBA-10-01 and DMBA-11l-ol were run concurrently. 
Results: Figures 1 and 2 show the retention times of samples of the heptafluoro- 
butyrate esters of DMBA-5-01, DMBA-8-0l1, DMBA-10-01 and DMBA-1ll-ol. Figure 3 shows the 
detector response to the heptafluorobutyrate esters of the liver metabolites of DMBA 


which are derived from the fraction which contains compounds with more than one hydroxyl 


function. The blank liver incubation run concurrently showed no peaks even when twice 


as much sample was injected. No peaks were evident in the 3% dioxane/hexane and 5% 
acetone/hexane fractions when subjected to derivative formation and g.c. It has been 
shown that epoxides and monophenols are quantitatively eluted from deactivated alumina 
by these solvent systems. The absence of both these types of metabolites may be due to 
their further metabolism in the comparatively long (10 min) incubation period. 
Previous work has shown that ether quantitatively elutes dihydrodiols of DMBA. 
from alumina after the less polar compounds have been eluted with 3% dioxane/hexane 
and 5% acetone/hexane. It has also been demonstrated that dihydrodiols of polycyclic 
hydrocarbons easily dehydrate to fully aromatic systems in the presence of traces of 
acid (15,16). Thus, heptafluorobutyric anhydride converts DMBA-5,6-diHdiol to the 
heptafluorobutyrate ester of DMBA-5-ol. No diesters, which would possess widely 


different retention times on gas chromatographic analysis, are formed. In keeping with 
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the established behavior of dihydrodiols with this reagent, the components of the 
polar fraction derived from the metabolism of DMBA form derivatives whose retention 
times dictate that they are esters of monophenols. Indeed, two of the three metabolites 
match exactly the heptafluorobutyrate esters of DMBA-5-ol and DMBA-8-ol. In addition, 
the peaks maintained their sharpness and there was no shifting of the peak maxima by 
mixture of the standard phenols with the metabolic derivatives and injection 
simultaneously into the gas chromatograph. Of the three major metabolic peaks, the 
one with the lowest retention time was also close in retention time to that of DMBA-1ll-ol, 
but a mixture of this peak with authentic DMBA-1l-ol caused a shift in the retention 
time and a broadening of the peak. The metabolic peak which had the longest retention 
time was also shifted and considerably broadened when mixed with authentic DMBA-10-ol. 

Peak area was calculated by multiplying the height of the peak by the width at 
half-height, and the areas of the standards were compared with those of the comparable 
peaks in the metabolic pool. From 200 yg DMBA, the amount of DMBA-S,6-diHdioi formed 
is 6.64 ug representing a 3.32 percent conversion and the amount of DMBA-8,9-diHdiol 
formed is 5.02 ug representing a 2.51 percent conversion. 

In this paper, identification of the primary metabolite described as DMBA-8,9- 
diHdiol rests exclusively on its conversion in acidic media to the known DMBA-8-ol. 
Of course, further proof of the structure of this metabolite would be obtained by 
comparison of physical constants, such as chromatographic behavior, with authentic 
diol. Efforts toward the synthetic acquisition of this compound are currently under- 


way in this laboratory. 
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Synaptosomes isolated from homogenates of mammalian brain (1,2) and squid optic lobes (3) 
accumulate choline by a high affinity and a low affinity transport system. The results of 
studies on the high affinity transport of choline by synaptosomes suggest that this uptake 
system is specifically localized at cholinergic nerve terminals in brain tissue (4). Further, 
only the high affinity uptake of choline appears to provide choline for the synthesis of 
acetylcholine (ACh) (1,4,5). A direct comparison of the high affinity transport and acetyl- 
ation of choline and two analogs of choline, monoethylcholine and N-hydroxyethylpyrrolidinium 
methiodide (pyrrolcholine), showed that all three compounds are equivalent in terms of trans- 
port and acetylation (6). This observation was surprising in that the two analogs of choline 
have apparent affinities for choline acetyltransferase (ChAc, EC 2.3.1.6) much less than that 
of choline (6) and thus when an equal number of molecules of all three are transported by the 
high affinity carrier an equivalent acetylation would not be expected. Based on these obser- 
vations, it was suggested that the high affinity transport and acetylation of choline are in 
some way coupled (6). 

The present communication describes the preliminary results of studies on the synapto- 
somal transport and acetylation of 3-trimethylaminopropan-1-o1 (homocholine), an analog of 
choline that is not a substrate for ChAc in vitro (7-9). 


Methods and Materials. (4cJacety1-CoA (55 mCi/m-mol) was obtained from New England 





Nuclear. [N-Me-2H]chol ine (10.1 Ci/m-mole) and [2H Imethyl iodide (906 mCi/m-mole) were ob- 
tained from Amersham Searle. All other chemicals and reagents used were the best grade 


available commercially. 


[N-Me-2H]homochol ine was synthesized by the reaction of (3H Jmethy1 iodide with di- 


methylaminopropanol and purified by ion exchange chromatography (6). 


The synaptosomal transport of labeled choline and homocholine was determined on a 
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crude preparation of synaptosomes by an ultrafiltration technique (6). In separate experi- 
ments, it has been shown that the uptake of homocholine by this fraction is due to synap- 
tosomes (B, Collier, S. Lovat, D. Ilson, L. Barker and T. Mittag, in preparation). Briefly, 
the 'P2' fraction isolated from homogenates of rat brain was suspended in Krebs-Ringer 
phosphate buffer (pH 7.4) containing labeled choline or homocholine and incubated at 37° for 
5 min. Uptake was terminated by transfer to an ice bath and ultrafiltration (Millipore cell- 
ulose acetate filters, 0.65 upore diameter) and a wash with 10 ml of ice cold Krebs-Ringer 
buffer. In all uptake experiments, synaptosomes from 10 mg tissue were suspended in 0.5 ml 
buffer and an amount equivalent to 8 mg was taken to determine uptake. In other experiments, 
where the proportion of accumulated homocholine converted to acetylhomocholine was determined, 
synaptosomes from 109 mg tissue were suspended in 5 ml buffer and incubated as noted above. 
The incubation was terminated by transfer to an ice bath and the addition of 5 ml buffer 
containing physostigmine sulfate (10 uM); the synaptosomes were re-isolated by centrifugation 
(340,000 g-min). The labeled compounds were extracted from synaptosomes, separated by thin- 
layer chromatography, and determined by methods previously described (6). Uptake by diffusion 
and nonspecific binding was corrected for by subtracting values for accumulation measured at 
0° from those at 37°. The apparent Michaelis constants, Kr and Visit were determined from 
plots of V vs V/S (10). 

Choline acetyltransferase activity was determined in homogenates of rat brain, rat 
striatum, and a partially purified preparation of mouse brain ChAc (kindly provided by 
Dr. J. K. Saelens of Ciba-Geigy Corp., Summit, N.J.) by the method of Schrier and Shuster (11) 
as modified by Barker and Mittag (6). 


Results and Discussion. In agreement with previous studies (7-9) we find that homo- 





choline in vitro is not a substrate for ChAc. At all concentrations studied (1-100 mM) the 
apparent transfer of (“clacetate from acetyl] Co-A to homocholine was less than 5 per cent 


of that observed for choline at a saturating concentration (5 mM). 


The synaptosomal transport of [3H Jhomochol ine and [2H]}choline was determined over a 


range of 1-5 uM. The apparent Ky for the uptake of homocholine was 3.0 + 0.4 uM (Fig. 1). 
The Ky for the transport of choline was 2.8 + 0.7 uM. The two Ky values are not signif- 
icantly different (P > 0.1, two-tailed t-test). The observed Kr for the accumulation of 
choline is similar to that, 2.4 uM, previously reported for the synaptosomal high affinity 
transport of choline (6). When compared directly, the | for the uptake of homocholine was 
found to be only 60 + 6 percent that of choline. Over the concentration range of 0.5 to 
5 uM, 20-30 percent of the accumulated homocholine is converted to acetylhomocholine. 

The results of these studies show that homocholine, like choline, is taken up by synap- 
tosomes and converted to an acetyl derivative. Previous studies on the high affinity uptake 


of choline analogs by synaptosomes have only dealt with compounds that are substrates for 
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Fig. 1. Hofstee plot (V vs V/S) showing 





the uptake of homocholine by synaptosomes. 
Individual data points from one experiment 
are shown. The line is the least squares 


line of best fit, Y = -2.6X + 21.3 x 10°, 


V (¢pm/8 mg /5 minx 103) 
3 


oN BD @ 


r = 0.860. The Y intercept, Vus* corre- 








sponds to 69 nmoles/g of tissue/hr and the 
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slope is ~Ky. 


ChAc in vitro. The results of these studies show that a non-substrate for ChAc, homocholine, 
is accumulated and acetylated by intact synaptosomes. Experiments now in progress are inves- 
tigating further the transport and acetylation of homocholine by synaptosomes and also are 
dereietnins whether homocholine, like pyrrolcholine and monoethylcholine (12), can serve as 
a precursor to a false transmitter at cholinergic terminals in the superior cervical ganglion. 
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COMMENTARY 


METABOLIC TRANSFORMATION OF CLINICALLY 
USED DRUGS TO EPOXIDES: NEW PERSPECTIVES 
IN DRUG-DRUG INTERACTIONS 
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Obere Zahlbacher Strasse 67, D-6500 Mainz, BRD 


The work of several laboratories has demonstrated 
that epoxides derived from carcinogenic polycyclic 
hydrocarbons irreversibly bind to DNA, RNA and 
protein, cause bacterial and eucaryotic mutations, 
transform cells in culture and are actually produced 
from polycyclic hydrocarbons by microsomal 
monooxygenases (for reviews see [1—5]). However, it 
was not known whether such metabolically formed 
epoxides contributed significantly to such effects 
which could possibly also be produced by a great 
number of reactive metabolites other than epoxides. 

As a specific probe for the relative importance of 
epoxides, epoxide hydratase was purified to homo- 
geneity [6]. Glutathione-S-epoxide transferases which 
are also involved in epoxide transformation are not 
specific for epoxides but also catalyze the transfer of 
glutathione to a great number of electrophilic sub- 
strates other than epoxides [7]. The purified epoxide 
hydratase was homogeneous by gel electrophoretic, 
ultracentrifugal and immunological criteria[6]. C- 
and N-terminal amino acid analysis confirmed the 
homogeneity of the preparation [8].* 

The homogeneous epoxide hydratase was now used 
as a tool to probe the relative importance of epoxides 
amongst possibly a great number of reactive meta- 
bolites other than epoxides. The mutagen precursor, 
benzo(a)pyrene, did not revert the histidine-dependent 
Salmonella typhimurium mutants TA 98, TA 100, TA 
1537 or TA 1538 to histidine autotrophy. However 
in the presence of liver microsomes (from untreated 
C3H mice) and NADPH, benzo(a)pyrene was meta- 
bolized to species very active in reverting all these 
strains. This mutagenicity was dramatically poten- 
tiated by epoxide hydratase inhibitors[10,11] and 
completely prevented by the homogeneous epoxide 
hydratase [12]. Thus, epoxides (or unknown reactive 
species non-enzymically arising therefrom) are the 





* At about the same time a different procedure also lead- 
ing to a gel electrophoretically homogeneous hydratase 
preparation was reported [9]. 

+ Liver microsomes from “normal (i.e. non-induced) mice 
were used for these studies. After induction by 3-methyl- 
cholanthrene (high monooxygenase levels favoring further 
metabolism of metabolites by oxidative rather than other 
routes) the contribution of the mutagenicity of metaboli- 
cally activated dihydrodiol to the overall mutagenicity of 
metabolically activated benzo(a)pyrene is significant and 
the influence of homogeneous epoxide hydratase is weaker, 
and more complex (Glatt and Oesch, unpublished results). 
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sole species responsible for the mutagenicity of benzo- 
(a)pyrene in this system.t 

This critical importance of metabolically produced 
epoxides in mediating adverse biological effects 
aroused concern about clinically used drugs known 
to be metabolized to epoxides. Drugs possessing 
structural features prone to metabolic epoxidations 
are abundant. Metabolically produced epoxides have 
been reported for several of them such as allobarbital, 
secobarbital and alphenal[13], protriptyline [14], 
carbamazepine [15]. cyproheptadine[16—18] and 
phylloquinone [19]. Moreover, terminal metabolites 
which implicate metabolism via an epoxide interme- 
diate have been observed with numerous drugs such 
as diethylstilbestrol [20]. diphenylhydantoin [21 ]. 
phensuximide [22], phenobarbital and mephobarbi- 
tal [23], metaqualone [24], lorazapam [25], imipra- 
mine [26] and acetanilide [27]. However, it is impor- 
tant to realize that the alarming biological effects of 
some epoxides do not automatically imply that all 
epoxides have similar effects. Epoxides vary greatly 
amongst themselves in molecular geometry, stability, 
electrophilic reactivity[28] and relative activity as 
substrates of epoxide-transforming enzymes [1—5]. 
Firm predictions of biological effects of a given epox- 
ide based on any of these factors are, as yet, not pos- 
sible. For instance, planarity is not an absolute 
prerequisite for frameshift mutagenesis to occur: 
7,12-dimethylbenz(a)anthracene-5,6-oxide —_ (severely 
distorted with the angle between the outer six-mem- 
bered rings close to 35°! [29]) proved to be a potent 
mutagen for TA 1537[11]. Moreover, the observation 
that the alkene oxide 4-phenylstyrene-7,8-oxide is 
mutagenic to the two strains TA 1537 and TA 1538 
but the K-region arene oxide derived from 
7,12-dimethylbenz(a)anthracene is inactive for the lat- 
ter strain[11], indicates that epoxidation of an aro- 
matic double bond of a polycyclic hydrocarbon is 
neither a necessary nor a satisfying condition for fra- 
meshift mutagenesis to occur. 

We have therefore studied the 10,1 1-epoxides which 
are known in several of the species investigated to 
represent major metabolites of the three medical 
drugs carbamazepine[15], cyproheptadine [16-18] 
and cyclobenzaprine [30]. These epoxide metabolites 
proved mutagenically fully inactive for Salmonella 
typhimurium TA 1537 and TA 1538[11] which, on 
the other hand, were very readily mutated by epoxides 
derived from carcinogenic polycyclic hydrocarbons 
such as benzo(a)pyrene-4,5-oxide and benz(a)anthra- 
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cene-5,6-oxide [11]. Moreover, the former were also 
not cytotoxic to these strains over the entire concen- 
tration range investigated [11]. Although these results 
do not rule out possible adverse biological effects of 
the epoxides metabolically produced from the three 
medical drugs carbamazepine, cyproheptadine and 
cyclobenzaprine towards other organisms than the 
ones we used as tester strains, the greatly differing 
effects of the epoxides derived from the carcinogenic 
polycyclic hydrocarbons very clearly show that one 
epoxide cannot simply be equated with any other. 
Thus the present epoxide hysteria which, admittedly 
but quite unintentionally, our work may have helped 
to create, rests on an unjustified extrapolation of 
known adverse properties of some epoxides to epox- 
ides in general. 

On the other hand, it must be realized that biologi- 
cal effects of metabolically produced epoxides may 
not be confined to those exerted directly by the epox- 
ide in question. Potentiation of adverse effects of 
other epoxides metabolically produced from ubiqui- 
tous environmental compounds such as benzo(a)pyr- 
ene may play a major role. Since the levels of the 
latter compounds in our tissues is normally very low, 
alterations of cellular macromolecules by covalent 
binding of epoxides metabolically produced from 
them may normally be so minimal that repair and 
defense mechanisms can easily cope with them and 
no adverse biological effects become apparent. How- 
ever, this situation may drastically change upon 
administration of a therapeutic drug if a major meta- 
bolite of it is an epoxide. Epoxides are metabolized 
further by epoxide hydratase[2] and glutathione 
S-epoxide transferase[31]. These enzymes have 
recently been ‘purified to apparent homogeneity 
[6, 7,9] and the pure enzymes were shown to possess 
very broad substrate specificities [6, 7, 12,32]. Thus, 
epoxides differing very widely in chemical structures 
may effectively compete with each other for inactivat- 
ing systems. With respect to epoxides metabolically 
produced from carcinogenic polycyclic hydrocarbons 
the most critical system may be epoxide hydratase 
since, in contrast to the cytoplasmic glutathione 
S-epoxide transferases[31], it is localized in the 
microsomal fraction [2] where the epoxides are 
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formed and where the epoxides derived from polycyc- 
lic hydrocarbons due to their predominantly lipophi- 
lic character would be expected to linger. Studies on 
substrate specificities of the various main and branch- 
ing-off fractions during purification of epoxide hydra- 
tase, relative potencies of inhibitors in the various 
fractions and the effect of antibodies raised against 
the homogeneous enzyme on pure and crude fractions 
indicated that one single enzyme in microsomal mem- 
branes is involved in hydrating epoxides chemically 
as different as the alkene oxide styrene oxide and the 
K-region arene oxide benzo(a)pyrene-4,5-oxide [32]. 
Thus dmug-drug interactions between epoxides meta- 
bolically formed from clinically used drugs and from 
ubiquitous environmental compounds may frequently 
occur via inhibition of this critical enzyme. Dramatic 
potentiation of the mutagenic effects of metabolically 
activated benzo(a)pyrene by 1,1,1-trichloropropene- 
2,3-oxide [11] and cyclohexene oxide [12] have been 
observed. Table | shows that the 10,11-epoxides 
metabolically produced from the 3 medical drugs, the 
direct biological effects of which were discussed in 
the preceding paragraph, all -inhibit the hydration 
of styrene oxide and __ benzo(a)pyrene-4,5-[K- 
region- Joxide [33]. These results refer to experiments 
using the 10,11-epoxides of the medical drugs at con- 
centrations equal to and four times greater than that 
of benzo(a)pyrene 4,5-(K-region)-oxide. In a_thera- 
peutic situation the concentrations of the epoxides 
metabolically produced from these medical drugs 
would be expected to be much higher than those of 
epoxides metabolically produced from the low levels 
of ubiquitous environmental polycyclic hydrocarbons. 
Thus the actual inhibition of hydration of epoxides 
derived from polycyclic hydrocarbons may be even 
more pronounced than reflected in the data given in 
Table |. Interestingly, the inhibitory potencies of the 
epoxides derived from the three medical drugs are 
very different from one another. Thus, it is readily 
apparent from the data in Table | that the potential 
for adverse drug-drug interactions, in the sense dis- 
cussed in this paragraph, is much less for carbamaze- 
pine than for cyproheptadine. 

In summary, the work of several teams over the 
last few years strongly implicates metabolically pro- 


Table 1. Inhibition of epoxide hydratase* 





°, Inhibition of hydration of 





Styrene oxide 


Benzo(a)pyrene-4,5-oxide 





Inhibitor 


0.5 mM 


2mM 0.5 mM 





0.5 mM 
2mM 


1] 
13 


Carbamazepine-10,11-oxide 


Cyclobenzaprine- 
10,1 1-oxide 0.5 mM 


2mM 


19 
21 
Cyproheptadine- 
10,1 1-oxide 67 
83 


0.5 mM 
2mM 


N.S. 
N.S. 


N.S. 
N.S. 


20 
26 


45 





* Epoxide hydratase was assayed with styrene oxide [34] and benzo(a)pyrene-4,5-(K-region-)oxide [35] as substrate 
as described. Liver microsomes of adult male Sprague-Dawley rats were used [33]. Numbers represent values significantly 


(P < 0.01) different from controls. N.S. = not significant. 
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duced epoxides as the species responsible for muta- 
genic, carcinogenic, allergenic and cytotoxic effects 
of several aromatic and olefinic compounds. Yet, 
adverse effects of some epoxides do not automatically 
imply that all epoxides have such effects. Some data 
are discussed which very clearly discriminate between 
individual epoxides with respect to some adverse 
effects. However, the enzymes catalyzing the further 
metabolism of epoxides have very low specificity. 
Precursors of opoxides which do exert potent adverse 
biological effects are ubiquitous yet normally occur 
at such low levels that repair and defense systems may 
be able fully to cope with them. In this situation inhi- 
bition of epoxide metabolizing enzymes by epoxides 
derived from pharmaceuticals may lead to poten- 
tiation of such effects. The potency of such inhibition 
will depend on the structure of the epoxide in ques- 
tion. The safety evaluation of new drugs would be 
greatly increased by addition of some simple test(s) 
to assess this parameter. 
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Abstract—The acute effects of imipramine, Org GB 94 and iprindol and the chronic effects of imipra- 
mine, desipramine, iprindol and Org GB 94 were studied on the turnover of dopamine, noradrenaline 
and serotonin in the whole rat brain. The effects of these drugs on amine turnover was assessed 
from the incorporation of tritiated tyrosine and tryptophan into the amines. Following acute adminis- 
tration, imipramine significantly reduced the turnover of serotonin whereas Org GB 94 increased that 
of noradrenaline. After chronic administration, imipramine and desipramine reduced the turnover of 
serotonin and dopamine, iprindol had no significant effect on brain amine turnover whereas Org 
GB 94 increased the turnover of noradrenaline. The effect of Org GB 94 on noradrenaline turnover 
was more marked after intraperitoneal than after oral administration. 


It is widely assumed that the clinical efficacy of the 
dibenzazepine antidepressants of the imipramine type 
is largely due to their ability to reduce the reuptake 
of noradrenaline and/or serotonin into nerve endings 
thereby increasing the effective concentration of these 
amines at central receptor sites [1,2]. Presumably 
such an effect helps to correct the relative deficiency 
of these transmitter substances in the brains of 
depressive patients [3, 4]. 

It is well established that a period of 7-14 days 
is normally required from the commencement of anti- 
depressant therapy before the drug shows any benefi- 
cial effect [5S]. As most experimental studies on the 
mechanism of action of these drugs appear to have 
been undertaken following the acute administration, 
it is possible that the results obtained from such 
studies may not reflect the neurochemical changes 
which occur following the chronic administration of 
the drugs. The present investigation was therefore un- 
dertaken to see what effect imipramine, desipramine, 
iprindol and the novel antidepressant drug Org GB 
94 [6] have on the turnover of brain biogenic amines 
following their chronic administration. Some prelimi- 
nary results of this study have been communicated 
elsewhere [7]. 


METHODS 


‘In the first experiment, the acute effects of Org GB 
94, iprindol and imipramine were compared. Groups 
of male Wistar rats (80-90 g) were treated with either 
Org GB 94 (10 mg/kg i.p.) or imipramine (120 mg/kg 
i.p.) or with iprindol 40 mg/kg i.p.) for 150 min. These 
doses were less than 1/5 of the acute LDs9 [20-22]; 





* Present address: Pharmacology Department, Univer- 
sity College, Galway, Republic of Ireland. 
+ To whom requests for reprints should be addressed. 


the durations of treatment approximately coincided 
with the times for the peak drug effect on amine meta- 
bolism. The control group was injected with physiolo- 
gical saline. Exactly 40 min before the animals were 
killed by decapitation, all rats were injected i.p. with 
50 wCi [H]tyrosine and 50 wCi of [*H]tryptophan 
(sp. act 32 mCi/m-mole and 1.5 mCi/m-mole, respect- 
ively) in a total volume of 1.01 ml. 

After decapitation, the brains were rapidly removed 
in a cold room (4°), the cerebellum, pineal gland and 
any adhering blood clots carefully discarded and the 
brains homogenized in 0.4 N perchloric acid. After 
centrifigation (20,000 g for 20 min) the concentrations 
and radioactivities of tyrosine, tryptophan, norad- 
renaline, dopamine and serotonin were determined by 
the method of Neff and coworkers [8]. 

In the second experiment, groups of male Wistar 
rats (initially weighing (70-80 g) were chronically 
treated with the four antidepressant drugs. The drugs 
were given in the drinking water in a concentration 
which corresponded to a daily intake of 7.2 mg of 
Org GB 94 or 2.3 mg of imipramine or 1.8 mg of 
desipramine or 6.0 mg of iprindol for 14 days. These 
doses correspond approximately to 1/32 of the acute 
LDs, of Org GB 94, imipramine and desipramine and 
1/13 of the acute LDs,) of iprindol [10]. At the end 
of this period, all animals were injected i.p. with 
{*H]tyrosine and [*H]tryptophan, killed by decapi- 
tation after exactly 40 min and concentrations and 
radioactivities of the amines and their precursors 
determined in perchloric acid extracts of the whole 
brain by the method of Neff et al. 

In the third experiment, 10 rats were injected i.p. 
twice daily, at 0900 and 1800 hr, with Org GB 94 
(30 mg/kg) or with physiological saline (controls) for 
14 days. Twenty-four hours after the last injection 
of Org GB 94 or saline the rats were injected ip. 
with the tritiated amino acids and killed 40 min later. 
Experimental details are the same as those given 
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Effect of the acute administration of iprindol, imipramine and ORG GB 94 on the turnover of biogenic 


amines in the whole rat brain 





Deviation 95 per cent 
Mean 


value (°,) 


from control Confidence 


limits 


Deviation 
Mean from control 
value (°) 


Deviation 95 per cent 
from control Confidence 
() limits 


95 per cent 
Confidence 
limits 





Tyrosine concentrationt 


Control 
Iprindol 
ORG GB 94 
Contro 


Iprindol 5 i4 
ORG GB 94 7 
Control 


Imipramine 


Control 

Iprindol 

ORG GB 94 

Control 2 

Imipramine 3 + (— 16,29) 
Tryptophan concentrationt 

Control 

Iprindol 3 +35 ( 

ORG GB 94 ‘ + ( 

Imipramine 3 +20 ( 


10,104) 
29.61) 


22,83) 


Serotonin concentrationt 
Control 2.5 104 
Iprindol 2.6 +3 (—12,22) 95.9 
ORG GB 94 2.4 (—21,9) 102.0 
Control 42.9 
Imipramine 2.1 +11 (—6,30) 36.0 


Tyrosine sp. act§ Conversion indext 


+§ (—28,55) 
+7 (—27,57) 
+20 (+1,43) 
Dopamine sp. act§ Dopamine conv. indext 
0.73 
+1 (—15,19) 0.70 -5 
+20 (+ 2,43) 0.83 +13 
1.01 
+10 (+2,+18) 0.92 -9 


(— 33,35) 
(— 21,59) 


(—23,8) 


Noradrenaline conv. indext 
1.06 

+11 (—21,56) 1.12 +5 

+90 (35,168) 1.89* +77 
1.13 

-—9 (—41,39) 0.86 —25 


Noradrenaline sp. act§ 


(— 23,43) 
(30,142) 


(—48,9) 
Tryptophan sp. act§ 


+6 (—27,56) 
0 (— 32,46) 


+50 (22,85) 
Serotonin conv. indext 


Serotonin sp. act§ 


(—34,31) 92 —10 
—2 (— 30,39) 0S +2 


(—42,41) 
(— 34,59) 


—16 (— 34,7) \ —44 (— 58,26) 





Rats treated with imipramine or Org GB 94 for 120 min and iprindol for 150 min. Control animals injected with 


physiological saline. All rats were given an injection of tritiated tyrosine and tryptophan 40 min before decapitation. 
*Difference between control and experimental group significant at P < 0.05. Results given as mean of at least five 


rats: 95 per cent confidence limits shown in parentheses. 


+ Conversion Index = ratio of specific activity of the amine to its amino acid precursor. 


t Mean values expressed an nmoles/g wet wt. 
§$dpm nmole/g wet wt. 


above. The results are expressed in terms of the speci- 
fic activities of the amines and their precursors; an 
indication of the effects of the drugs on amine turn- 
over was obtained by calculating the Conversion In- 
dex (ratio of the specific activity of the amine in the 
brain to that of its precursor) as described elsewhere 
[8,9]. All results are expressed as the mean values 
together with the 95 per cent confidence interval [11]. 


RESULTS 


Effects after acute administration. Following the 
acute administration of all three antidepressants there 
was a decrease in the concentration of tyrosine but 
no significant changes in the concentrations of trypto- 
phan or the three amines (Table 1). The specific activi- 
ties of tyrosine, dopamine and tryptophan were in- 
creased following imipramine administration while 
the conversion index for serotonin was significantly 
decreased. Although the conversion indexes for nor- 
adrenaline and dopamine were slightly decreased after 
imipramine treatment, the change did not reach sta- 
tistical significance. The rats which were acutely 
treated with Org GB 94 had slightly decreased con- 
centrations of brain noradrenaline and tryptophan 
and the specific activity of brain tyrosine was also 
slightly reduced (Table 1). The most noticeable 


change was in the conversion index for noradrenaline, 
however; this was increased slightly, but significantly, 
following. the administration of the drug. Apart from 
its effect on the concentration of tyrosine, iprindol 
did not affect the concentrations, specific activities or 
conversion indexes of any of the neurochemical par- 
ameters. 

Effects after chronic administration. In the study of 
the chronic effects of the four antidepressants, follow- 
ing their oral administration, imipramine reduced the 
concentrations of tyrosine and noradrenaline; this 
drug also reduced the conversion index for dopamine 
and to a lesser extent noradrenaline and serotonin 
(Table 2). Desipramine reduced both the concen- 
tration and specific activity of noradrenaline and sig- 
nificantly reduced the conversion index for dopamine 
and serotonin the conversion index for noradrenaline 
was also reduced but this effect did not reach statisti- 
cal significance. Iprindol, apart from causing a slight 
reduction in the specific activity of serotonin did not 
significantly affect any of the parameters studied. Org 
GB 94 had little effect on any of the parameters apart 
from causing a slight increase in the dopamine con- 
centration and an increase in the incorporation index 
of noradrenaline. 

In the third experiment, in which the effect of Org 
GB 94 was studied following its chronic i.p. adminis- 





Acute and chronic effects of four antidepressant drugs 
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Table 2. Effect of the chronic oral administration of some antidepressant drugs on the turnover of biogenic amines 
in the whole rat brain 





95 per cent 
Confidence 
limits 


Mean 
value 


Deviation 
Compound é (,) 


95 per cent 
Confidence 
limits 


95 per cent 
Deviation Confidence 
(%) limits 


Mean Deviation 
value ) 





Tyrosine concentrationt 


Control 
Imipramine 
Desimipramine 
Iprindol 

ORG GB 94 


(-—42,-—2) 
(—39,13) 
(—33,15) 
(—44,5) 


Dopamine concentrationt 
Contral 
Imipramine 
Desimipramine 4 
Iprindol 5: -9 
ORG GB 94 +33 


+24 


+25 


(-—1.57) 
(—1,58) 
(-—31,22) 
(+ 6,68) 


Noradrenaline concentrationt 
Control 
Imipramine —18 (—29,-4) 
Desimipramine —19 (—31,—6) 
Iprindol 3. +10 (— 19,44) 
ORG GB 94 . -3 (— 16,13) 


Tryptophan concentrationt 
Control 
Imipramine (—51,25) 
Desimipramine ; 2s (— 53,20) 
Iprindol (—48,16) 
ORG GB 94 (— 39,57) 


Serotonin concentrationt 
Control : 
Imipramine J +4 
Desimipramine +§ 
Iprindol +20 
ORG GB 94 s 0 


(— 23,42) 
(— 23,43) 
(— 33,2) 
(—12,91) 


Tyrosine sp. act§ Conversion indext 


+42 (—4,110) 
+55 (+5,130) 
—42 (—77,50) 


+1 (— 32,49) 


Dopamine conversion indext 
1.51 
0.82* 
0.93* 
1.82 
1.20 


Dopamine sp. act§ 


~45 
~38 


—20 


(—64, — 18) 
(—59,—8) 
(—7,61) 

(—47,20) 


(—42,6) 
(— 28,30) 
(—73,92) 
(—39,10) 
Noradrenaline spec. act.§ Noradrenaline conv. indext 
—16 
—11 
-11 
+14 


(—49,37) 
(—46,45) 
(— 36,27) 

(—3,86) 


(— 13,65) 

(0,90) 
(—83,56) 
(—15,10) 


Tryptophan sp. act.§ 


(—2,131) 


Serotonin sp. act§ Serotonin conv. indext 
1.90 

0.60 —68 
0.56* —71 
1.04 -45 
0.95 +5 


(—60,7) 
(—62,0) 
(—23,31) 
(—35,71) 


—1 (— 28,36) 
+6 (—23,45) 
-16 (— 76,32) 
+12 (—18,53) 





Groups of rats treated orally with the antidepressants for 2 weeks. Control animals were untreated. 40 min before 
the animals were killed by decapitation, they were all injected with tritiated tryptophan and tyrosine. *Difference 


between control and experimental groups significant at P < 0.05. Results given as mean value; 95 per cent Confidence 
limits are shown in parentheses. 
+ Mean values expressed as nmole/g wet wt. 
+ Conversion Index = ratio of specific activity of the amines to its amino acid precursor. 
§dpm/nmole/g wet wt. 


tration: for 2 weeks, both the specific activity and the 
conversion index for noradrenaline were significantly 
increased (Table 3). Apart from a reduction in the 
concentration of tryptophan, no other change reached 
statistical significance. 


DISCUSSION 


The results of this investigation show that the 
chronic effects of imipramine on the turnover of brain 
amines differ from the acute affects. Thus after the 
acute administration of this drug there was a signifi- 
cant reduction in the turnover of serotonin and to 
a lesser extent of noradrenaline, whereas following 
chronic administration the turnover of dopamine was 
significantly reduced; there was also a reduction in 
the turnover of noradrenaline and serotonin after 
chronic administration but this did not reach statisti- 
cal significance. Other investigators have shown that 
the chronic administration of imipramine causes a de- 
crease in the concentration of 5-hydroxyindole acetic 
acid and this was interpreted as indicating a reduced 
turnover of serotonin [12]. The concentration of nor- 
adrenaline was unchanged, whereas that of dopamine 
increased in the cerebellum and pons medulla region. 
In contrast, Schildkraut and co-workers [13] found 
evidence to suggest that whereas imipramine de- 


crease in the concentration of 5-hydrozyindole acetic 
administration, it increases noradrenaline turnover 
after chronic administration. Clearly, these results are 
at variance with those found in the present study; 
the reason for this is not apparent. Desipramine had 
a qualitatively similar effect to imipramine following 
its chronic administration; it significantly reduced the 
turnover of dopamine and serotonin and slightly 
reduced that of noradrenaline. This effect of desipra- 
mine was surprising in view of the findings of other 
investigators who reported that following the 
administration of desipramine and imipramine, the 
former drug primarily reduced the turnover of norad- 
renaline while the latter preferentially reduced that 
of serotonin [14]. One possible explanation for the 
difference could be that both of these drugs were 
given chronically in the present study but acutely in 
the study of Schubert et al. [14] 

Iprindol is a tricyclic antidepressant with a unique 
biochemical profile in that it does not apparently 
reduce amine reuptake [15], nor does it affect amine 
turnover. Thus in the present study, iprindol did not 
significantly affect the steady-state concentrations of 
any of the amines or their precursors, neither did it 
affect the incorporation index for the three amines. 
Although the mechanism of action of iprindole is un- 
clear, it is of particular interest that it acts by a 
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Table 3. Effect of chronic intraperitoneal administration of ORG GB 94 for 14 days on the tumour of biogenic amines 
in the whole rat brain 





Deviation 95 per cent 
Confidence 


limits 


Mean 


value 


Mean 
value 


from control 


Deviation from 95 per cent 
control Confidence 
) limits 


Deviation 95 ‘per cent 
from control Confidence 
(°,) limits (% 





Tyrosine concentration 


Control 
ORG GB 94 7 38 ( 


81,103) 


Dopamine concentration 
Control 
ORG GB 94 5.2 +18 2.43) 

Noradrenaline concentration 

Control 
ORG GB 94 +14 (— 19,60) 

Tryptophan concentration 
Control 2 99.6 
ORG GB 94 3* 33 52, 117 


Serotonin concentration 
Control 103 
ORG GB 94 2 +17 (—35,112) 77.9 


Tyrosine sp. act Conversion index 


30 (—81.152) 


Dopamine sp. act Dopamine conv. index 


- 23 (—85,294) +33 (—84,+9) 
Noradrenaline conv: index * 
3.20 
6.65* 


Noradrenaline sp. act 


+92 (+46,252) +108 (+ 12,287) 


Tryptophan sp. act 
+18 (—85,340) 
Serotonin spec. activity Serotonin cony. Index 
1.05 
~76, 134) 1.45 +38 


—25 ( (— 19,135) 





A pulse injection of tritiated tyrosine and tryptophan was administered 24 hr after the last injection of Org GB 94 
and killed 40 min later. Org GB 94 was injected twice daily with 30 mg/kg i.p. Details otherwise as given in legend 


to Table 2. 


mechanism which does not apparently involve the- 


turnover of brain biogenic amines. 

Org GB 94 differs from the other antidepressants 
studied in that it increases the turnover of noradrena- 
line after both acute and chronic administration with- 
out appreciably affecting the steady-state concen 
trations or specific activities of the amines or their 
precursors. 

This effect on noradrenaline metabolism was 
greater after ip. than after oral administration. The 
reason for this effect is unclear at present; one possi- 
bility could be that the metabolism of Org GB 94 
varies according to the route of administration. Pre- 
vious studies have shown that in vivo, Org GB 94 
does not affect the reuptake of noradrenaline or sero- 
tonin [7. 17, 18]. Thus it differs from the tricyclic anti- 
depressants of the dibenzazepine type and from iprin- 
dol in that it increases brain noradrenaline turnover. 
The mechanism whereby this occurs is uncertain, it 
seems unlikely that it acts like lithium in increasing 
noradrenaline reuptake [19]. 
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Abstract—The effects of dibutyl methotrexate (DBMTX) on the incorporation into DNA of labelled 
deoxynucleosides have been studied in a variety of cultured cell lines. In serum-free conditions DBMTX 
consistently inhibited thymidine and deoxyuridine incorporation. Prior incubation of DBMTX in 10°, 
mouse serum abolished the inhibition of thymidine incorporation but did not influence the inhibition 
of deoxyuridine incorporation. Identical results were observed in cell lines resistant to methotrexate 
because of increased levels of dihydrofolate reductase or altered drug transport characteristics. Citro- 
vorum factor prevented only partially the effects of DBMTX in serum-free cultures. 


The clinical effectiveness of prolonged methotrexate 
(MTX) therapy is frequently limited by the develop- 
ment of drug resistance. Impaired cellular transport 
of MTX and changes in activity or conformation of 
dihydrofolate reductase (DHFR) have been identified 
in cultured cells resistant to MTX, but the basis for 
clinical resistance is poorly understood [1-3]. Exper- 
imental evidence indicates that uptake of MTX by 
cells occurs via a carrier-mediated active transport 
process. A number of MTX analogues with increased 
lipid solubility have been synthesized with the hope 


that they would pass more readily through the cell 
membrane thereby circumventing a major mechanism 
of drug resistance [4-6]. In this paper we report the 
effects of the di-n-butyl ester of MTX (DBMTX) [6] 
on the incorporation of nucleosides into DNA by a 
number of cultured mammalian cell lines. 


MATERIALS AND METHODS 


MTX and Citrovorum Factor, the latter as the 
racemic compound leucovorin (d,/-N°-tetrahydrofo- 
late), were obtained from Lederle Laboratories, Pearl 
River, N.Y., and were diluted to the appropriate con- 
centration in Hanks’ balanced salt solution (HBSS) 
(Grand Island Biological Company, Grand Island, 
N.Y.). DBMTX and diethyl MTX were synthesized 
in our laboratories by methods already described [6]. 
Deoxyuridine, deoxyadenosine and thymidine were 
obtained from Sigma Chemical Corporation (St. 
Louis, Mo.) and [H]thymidine ({7H]TdR) (54 Ci/m- 
mole); [7H]deoxyuridine ([*H]UdR) (17 Ci/m-mole) 
were obtained from Schwartz-Mann Company 
(Orangeburg, N.Y.). Reagent chemicals were obtained 
from Aldrich Chemical Company (Milwaukee, Wi.), 
and analytical grades were used when available. 
Radioisotopic counting was performed in a Beckman 
LS 335 scintillation counter using Aquasol scintilla- 
tion fluid (New England Nuclear, Boston, Mass.). 
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The maintenance of CCRF-CEM cells and MTX- 
sensitive L1210 cells (L1210/S) has previously been 
described [7]. An MTX-resistant L1210 subline with 
increased levels of DHFR (L1210/DHFR) and an 
MTX transport-resistant L1210 (L1210/TR) subline 
were obtained from Mr. I. Wodinsky (A. D. Little, 
Inc. Cambridge, Mass.). 

Prior to study, cells in log phase growth were 
counted, collected by centrifugation at 300g for 20 
min, and the cell pellet resuspended in Eagle’s mini- 
mal essential medium (MEM) at pH 7.4 to give a 
final concentration of 10° cells/ml. In experiments 
using L1210 cells) MEM was supplemented with 
0.05 m-moles 2-mercaptoethanol. Aliquots of the cell 
suspension (10° cells) were added to triplicate tubes 
containing 10 yl of drug solution, and the tubes incu- 
bated at 37° with gentle shaking. Thirty min before 
the reaction was terminated, 10 yl of either [7H]TdR 
(100 zCi/ml, 6 x 10°° M) or [7H]JUdR (100 nCi/ml, 
2 x 10°°M) were added and the incubation con- 
tinued. The reaction was terminated by placing the 
tubes in ice and adding 0.5 ml of ice-cold 10°?M 
TdR or UdR as appropriate. The tube contents were 
filtered on Nitrocellulose filters (PHW PO 2400, Mil- 
lipore Corporation, Bedford, Mass.), rinsed three 
times with ice cold HBSS, three times with ice cold 
10%, perchloric acid, and finally once again with 
HBSS. Filters were dried and left in Aquasol at 4 
overnight. For each series of experiments, controls 
were run in which no drug but equal volumes of 
saline were added to the tubes. All results of labelled 
nucleoside incorporation into acid precipitable mater- 
ial were expressed as percentage of control. Internal 
experimental error was less than 10 per cent. Cell 
clumping and pH changes throughout the course of 
an experiment were minimal, and cell viability, 
assessed by Trypan blue dye exclusion, was in the 
order of 90 per cent. 

RESULTS 

Marked inhibition of [*H]UdR incorporation into 

DNA in the CCRF-CEM cell line occurred with both 


MTX and DBMTX at two concentrations (10°° M 
and 10°°M) (Fig. 1). In this cell line, inhibition of 
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Fig. 1. Inhibition of [°H]UdR incorporation into DNA 
by MTX ( O) and DBMTX (@ @) at three drug 
concentrations (10° °, 10°°, 10°’ M) in the CCRF-CEM 
human lymphoblastic leukaemia cell line. Data from three 
identical experiments. Bars indicate S.E.M. 


|°H]UdR incorporation by either drug at a concen- 
tration of 10°” M was minimal. At all concentrations, 
the effects of MTX and DBMTX were similar and 
a clear dose-response curve was obtained. Essentially 
identical data were found in L1210/S (data not shown). 

lable 1 shows the kinetics of inhibition of 
|°H|UdR incorporation in MTX sensitive and resist- 
ant L1210 sublines. DBMTX inhibited [7H]UdR in- 
corporation in all three sublines at stated drug con- 
centrations. In the L1210/DHFR cells, inhibition to 
39 per cent of control value occurred after 30 min 
of exposure to DBMTX at 10°°M concentration, 
and in L1210/TR, the inhibition was to 27 per cent 
of control value. In resistant sublines, MTX caused 
no significant inhibition of [7H]UdR incorporation. 

Effects of citrovorum factor. Both MTX and 
DBMTX at a concentration of 10°°M_ inhibited 
|°HJUdR incorporation in the L1210/S cell line to 
less than 40 per cent of control value by 30 min and 
to less than 10 per cent at 60 and 120 min (Fig. 2). 
Ihe addition of 10°*>M CF at time zero totally 
prevented the inhibition of [*H]UdR incorporation 
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caused by MTX. However, prevention of DBMTX 
induced inhibition was only partial and at 120 min, 
[°H]UdR incorporation was 30 per cent of control. 
Similar findings were observed with the CCRF-CEM 
subline (data not shown). 

Effects on thymidine incorporation. In the L1210/S 
cell line, MTX had no inhibitory effect on [*H]TdR 
incorporation into DNA (Fig. 3). However, profound 
inhibition of [7H]TdR incorporation was seen with 
DBMTX; 10° ° DBMTX reduced [*H]TdR incorpor- 
ation to 10 per cent of control value by 30 min, and 
this inhibition persisted throughout the 2-hr test 
period. With 10°° M DBMTX, [°H]TdR incorpor- 
ation was less than 60 per cent of control value. This 
was sustained throughout the test period and was not 
influenced by | x 10°*M CF, 1 x 10°*M folic acid 
or 2x 10°°M adenosine. Similar inhibition of 
[°H]TAR incorporation was observed in CCRF-CEM 
cells with DBMTX and with the diethyl ester of 
MTX. Hydrolysis products of DBMTX (MTX and 
butanol) did not inhibit [*H]TdR incorporation and 
their effects were equivalent to MTX alone. More- 
over, pre-incubation of DBMTX for Ihr at 37° in 
10% pooled AKR mouse serum (which has high ester- 
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Fig. 2. Effect of 10°°M MTX (0 O) and 10°°M 
DBMTX (™@——@®) on [*H]UdR incorporation in the 
L1210/S cell line. CF (10° M) was added to two groups 
of tubes (MTX + CF: @ @: DBMTX + CF O——0). 
Data from four identical experiments. Bars indicate S.E.M. 
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Fig. 3. Effect of MTX and DBMTX on [?H]TdR incor- 
poration in the L1210/S subline. Drug concentrations were 
MTX 10° *M (@——@):; MTX 10°°*M (Q——O); 
DBMTX 10°°M (0 0); DBMTX 10°°M (@ ®). 
Data from four identical experiments. Bars indicate S.E.M. 





ase levels) prevented the inhibition of [7H]TdR incor- 
poration (Fig. 4). DBMTX did not affect either 
[*H]deoxyadenosine incorporation into DNA or 
[*H]Jleucine uptake into acid precipitable protein 
(data not presented). 

DISCUSSION 


Striking differences between the effects of MTX and 
DBMTX were observed in these studies. Unlike 
MTX, DBMTX consistently inhibited [7H]TdR in- 
corporation into DNA in all cell lines. Inhibition of 
[*H]UdR incorporation in MTX-resistant cells was 
also observed and this effect was only partially pre- 
vented by CF. Preincubation of DBMTX with 10 per 
cent pooled mouse serum for 1 hr abolished the inhi- 
bition of [*H]TdR incorporation caused by DBMTX 
but the hydrolysis products of DBMTX (MTX and 
butanol) caused no inhibition of [7H]TdR incorpor- 
ation. 

These results suggest that DBMTX in serum-free 
conditions penetrates cells and affects [*H]nucleoside 
metabolism before the drug is completely hydrolysed. 
The absence of a suppression of [*H]deoxyadenosine 
incorporation by DBMTX indicates that there is no 
general disturbance of nucleoside transport in drug- 
treated cells, and the failure of CF to reverse DBMTX 
inhibition of [*H]JUdR (and [°H]TdR) incorporation 
suggests that the mechanism of action of DBMTX 
is not directly related to depletion of reduced folates. 

Previous studies by Johns er al. [8] suggest that 
the di-n-alkyl esters of MTX exhibit anti-tumour 


activity in the mouse due to rapid hydrolysis to the - 


parent drug. The plasma esterase activity varies very 
greatly between species, rodents having very high 
levels and man lower levels. The experiments reported 
here indicate that DBMTX may affect [*H ]nucleoside 
metabolism by different mechanisms than MTX. 
Moreover, our results show that DBMTX inhibits 
nucleoside metabolism in cells resistant to MTX 
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Fig. 4. Effect of serum incubation on [*H]TdR incorpor- 

ation in the L1210/DHFR subline exposed to DBMTX 

and MTX. MTX 10°°M (0 O), DBMTX 10°*>M 

(a ®): DBMTX 10°°M preincubated for one hour 
in 10°,, pooled AKR serum (@ @). 


because of increased DHFR levels and altered drug 
transport characteristics. Thus, esters of MTX which 
are active in MTX-resistant cells may have an impor- 
tant clinical role since intrinsic or acquired resistance 
to MTX frequently limits the usefulness of this drug. 

A recent study has reported that a lipid-soluble 
antifolate drug was active in patients with lung cancer 
[9]. Moreover, it has recently been reported that 
MTX esters applied locally are more active than 
MTX in the inhibition of psoriatic epidermal cell 
DNA synthesis [10]. The lower plasma esterase level 
in man suggests rapid hydrolysis of MTX ester is un- 
likely. Thus the results reported here may have clini- 
cal implications with particular reference to MTX- 
resistant tumours. Further studies are required to 
determine the mechanism or action of DBMTX, but 
our results suggest that esters of MTX have a 
mechanism of action quite different from other anti- 
folate drugs. 
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Abstract—When 15nM methotrexate was added to the medium in which human peripheral lympho- 
cytes stimulated with phytohemagglutinin were incubated, it caused a 50 per cent decrease in the 
maximum number of blasts produced, in the number of cells in mitosis and in the incorporation 
of [*H]deoxyuridine into DNA. However, [*H]thymidine incorporation into DNA was increased by 
methotrexate concentrations up to 0.5 mM. When 50nM methotrexate was present continuously, blast 
formation, mitosis and deoxyuridine incorporation were virtually abolished, but if this concentration 
was present only during the induction phase (the first 24 hr), the subsequent effect on blast proliferation 
was slight. In contrast, 24-hr exposure during the proliferative phase (days 3-5) severely affected blast 
proliferation. The effects of methotrexate were largely reversible by thymidine, but hypoxanthine or 
purine nucleosides had no significant effect so that the metabolic block appears to be entirely at 
thymidylate synthetase under the experimental conditions. The inhibitory effects of ten other antifolates 
on transforming lymphocytes were determined and, with one exception, their relative effectiveness was 
found to be as predicted from inhibitory effects on highly purified bovine dihydrofolate reductase. 
The growth of four established lines of human lymphoblastic cells was inhibited to essentially the 
same extent by six of the antifolates, and these cells were only slightly less sensitive to the antifolates 


than were the transforming normal lymphocytes. 


Results have been obtained in mice [1], rats [2] and 
dogs [3,4] indicating that, after bone marrow trans- 
plantation, treatment with methotrexate (4-amino-4- 
deoxy-10-methyl-folic acid) enhances the chances of 
these animals of surviving graft-vs-host disease. Con- 
sequently, methotrexate has been used as an immuno- 
suppressant in marrow transplants in man in a 
limited number of cases of aplastic anemia, acute lym- 
phoblastic leukemia and acute myeloblastic leukemia 
[5-8]. Marrow transplantation is in principle also 
applicable to the treatment of other hematologic 
malignancies. Since the efficient suppression of graft- 
vs-host disease is essential for successful marrow 
transplantation, it is desirable to accumulate data 
which may provide a rationale for choosing the opti- 
mum immunosuppressant for this purpose, and the 
effect of immunosuppressants on T-lymphocyte trans- 
formation in vitro supplies data relevant to this pur- 
pose. 

The first object of this investigation was to study 
in some detail the effect of methotrexate on human 
lymphocytes stimulated by phytohemagglutinin 
(PHA). Although lymphocyte response to this lectin 
differs in some respects from the transformation pro- 
duced by the antigens on the surface of allogeneic 
cells, PHA has the advantage that it specifically acti- 
vates thymus-derived lymphocytes [9-12], which are 
responsible for the cell-mediated immune response in 
graft-vs-host disease [13-16]. Second, we have com- 
pared the effects of methotrexate on PHA-stimulated 
lymphocytes with the effects of representatives of 
several other classes of antifolates, with the purpose 
of determining whether any was more effective than 
predicted by its inhibition of mammalian dihydrofo- 
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late reductase. Third, we have compared the IDs9 for 
various antifolates on PHA-stimulated lymphocytes 
with the values on four humal lymphoblastic cell 
lines. 


MATERIALS AND METHODS 


Except for methotrexate, which was purchased 
from Nutritional Biochemical Corp., Cleveland, Ohio, 
antifolates were generously provided through the 
courtesy of the following: Dr. J. J. Burchall of the 
Wellcome Research Laboratories, Raleigh, N. C., who 
provided the pyridopyrimidines, the triazine and pyri- 
methamine; Dr. J. A. Montgomery of the Southern 
Research Institute, Birmingham, Ala., who provided 
the deazapteridines; and Dr. J. R. Dice of Parke, 
Davis & Co., Ann Arbor, Mich., who provided the 
quinazolines. NADPH and agarose-hexane-NADP 
were obtained from PL Biochemicals, Milwaukee, 
Wisc. Penicillin-streptomycin, colcemide, 1°, aceto- 
orcein, neomycin, fetal calf serum and Eagle’s mini- 
mal essential medium (MEM) containing glutamine 
were purchased from Grand Island Biological Co., 
Grand Island, N.Y. PHA was from Burroughs-Well- 
come Co., Greenville, N.C., and NCS tissue solubi- 
lizer from Amersham-Searle Corp., Arlington 
Heights, Ill. [*Hmethyl]thymidine (sp. act. 51.4 Ci/m- 
mole) and [6-°H ]deoxyuridine (sp. act. 16 Ci/m-mole) 
were purchased from New England Nuclear, Boston, 
Mass., and Schwartz~Mann, Orangeburg, N.Y. respect- 
ively. These compounds were 99 per cent pure when 
purchased, and the radiopurity was checked monthly. 
Human pooled plasma was generously provided by 
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the Blood Bank of the Veterans’ Administration Hos- 
pital, lowa City, Ia. 

Preparation of cultures of PH A-stimulated lympho- 
cytes. Peripheral blood (15-30 ml) was drawn from 
healthy human subjects into heparinized vacutainers, 
and allowed to sediment for 2hr at 37. The buffy 
coat was removed, and the leukocytes were recovered 
as a pellet by centrifugation at 48g for 10 min. The 
leukocytes were resuspended in 10ml MEM, which 
was supplemented with penicillin (100 units/ml) and 
streptomycin (100 ug/ml). The lymphocyte concen- 
tration was determined by diluting 101 of the cell 
suspension with 0.19 ml of 4°, (v/v) acetic acid con- 
taining 30 ug of crystal violet/ml and counting in a 
hemocytometer. In some experiments T-lymphocytes 
were purified from leukocytes by passage through a 
nylon column by the method of Eisen et al. [17] as 
modified by Greaves and Brown [18]. The T-lympho- 
cytes were recovered in 70.5 per cent yield. Examin- 
ation after Giemsa staining showed that no mono- 
cytes were present, and immunofluorescent staining 
[19] showed that B-lymphocytes were also absent, 
but 9 per cent of the lymphocytes did not form spon- 
taneous rosettes with sheep red blood cells [20]. 
There were also a significant number of red cells pres- 
ent. Triplicate cultures were prepared, each contain- 
ing 10° lymphocytes suspended in a mixture of 0.8 ml 
MEM and 0.2 ml of human pooled plasma with the 
further addition of 100 units penicillin and 100 pg 
streptomycin. Cultures were incubated in the presence 
of the optimum level of PHA, which was found to 
be about 8 ug/ml whether determined by the effect 
on mitotic index, the blast count or the incorporation 
of thymidine or deoxyuridine. Antifolates were added 
in a small volume of MEM at the beginning of the 
incubation period. Incubation was carried out in a 
water-saturated atmosphere of 5°,, CO,-95°,, air at 
aT 

Incorporation of thymidine and deoxyuridine into 
DNA. After incubation of PHA-stimulated lympho- 
cytes for a suitable period (68 hr unless otherwise 
specified), [*H]thymidine or [*H]deoxyuridine was 
added to each culture in a volume of 25 ul to give 
a final concentration of 0.11 uM and a total radioacti- 
vity of 1 wCi. The cells were pulsed for 30 min, after 
which time they were harvested by centrifugation and 
frozen. After thawing, the nuclear material was preci- 
pitated with 5 ml of cold 5°, (w/v) trichloroacetic acid. 
The precipitate was recovered by centrifugation and 
washed once with 5°, trichloroacetic acid and twice 
with cold absolute methanol and then solubilized 
with 0.3mi of NCS tissue solubilizer at 51° for 
45 min; the radioactivity was counted in 6°, liquifluor 
in toluene. 

Determination of the mitotic index. After incubation 
of PHA-stimulated lymphocytes for a suitable period 
(68 hr unless otherwise specified), 10 ul of colcemide 
solution (0.04 4g) was added to cultures and incuba- 
tion continued for 4hr, so that cells undergoing 
mitosis were arrested at metaphase. The supernatant 
was then aspirated off, the cells were stained in 1°, 
aceto-orcein dye, and the mitotic figures and total 
cells were counted. From 1000 to 1500 cells were 
counted from each of the triplicate cultures. 

Measurement of viability. The viability of cells in 
culture was measured using the dye exclusion tech- 
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nique [21]. Cultures of | ml were centrifuged for 
10 min at 48 g after an appropriate period of culture. 
After removing 0.8 ml supernatant, 0.70 ml of 0.154 M 
saline buffered to pH 7.25 with 0.01 M phosphate and 
0.10 ml of 0.4°, (w/v) erythrosin B was added to the 
remaining suspension. Total cells and the stained cells 
were counted within 4 min in a hemocytometer. 

Blast counts in cultures of PH A-stimulated lympho- 
cytes. Blasts, which have a diameter about twice that 
of the nontransformed lymphocytes, were counted in 
a hemocytometer. In cultures with antifolates present, 
this was carried out after a period of incubation 
(usually 5 or 6 days, Fig. 1) when the number in the 
control culture (without antifolate) had reached a 
maximum (5.5 to 8.5 x 10°/ml). Cetrimide (0.1 ml of 
a solution containing 10 mg/ml in 1°, acetic acid) was 
used to disperse cell aggregates in 0.2 ml cell suspen- 
sion before counting. The blasts were found to have 
surface characteristics of T-lymphocytes with a few 
null-lymphocytes present but negligible numbers of 
B-lymphocytes. These details will be described in full 
elsewhere. 

Growth of established lines of human lymphoblasts. 
Four human lymphoblastic cell lines were obtained 
from other laboratories. Line CCRF-CEM was estab- 
lished by Foley et al. [22] from the peripheral blood 
of a 3-year-old girl with acute lymphoblastic leuke- 
mia. Cultures were kindly provided by Dr. Ward D. 
Peterson, Jr. (The Child Research Center of Michigan, 
Detroit). Other lines were obtained from Dr. Joan 
Stadler of the Department of Genetics, Iowa State 
University. Line L33-6-1 was a subline of PGL33H 
originally established in Dr. John W. Littlefield’s 
laboratory (Genetics Unit, Massachusetts General 
Hospital, Boston) from the peripheral blood of a 
female patient with infectious mononucleosis. Line 
E34 was derived by Dr. Stadler from lymphocytes 
from a normal male donor by transforming them with 
Epstein-Barr virus; line HMW9 is a mutant of E34, 
lacking the enzyme hypoxanthine-guanine phosphori- 
bosyltransferase. 

Lymphoblasts of CCRF-CEM were maintained as 
stationary suspension cultures in 250-ml Falcon plas- 
tic flasks containing Roswell Park Memorial Institute 
(RPMI) 1640 medium supplemented with 20°, (v/v) 
heat-inactivated fetal calf serum. Fresh medium was 
added every 2 or 3 days and the cell density of cul- 
tures was kept at 0.5 to 3 x 10° cells/ml. Lymphob- 
lasts of L33-6-1, E34 and HMW9 were grown as 
stationary suspension cultures in 100-ml screw-cap 
glass bottles containing RPMI 1640 medium plus 
15°, (v/v) heat-inactivated fetal calf serum. Fresh 
medium was added every 2 days; the cell density of 
cultures was maintained at 0.2 to 1 x 10° cells/ml. 

In experiments to determine the effect of antifolates 
on growth, cell suspensions (2.5 ml) containing five 
different drug concentrations were each incubated in 
Falcon plastic flasks (25 cm’) at 37° in humidified air 
containing 5°, CO,. The control was without drug, 
and each series was done in triplicate. The initial den- 
sity of all lines except CCRF-CEM was 2 x 10° 
cells/ml; the CCRF-CEM initial density was 5 x 10° 
cells/ml. After 3 days of incubation the cell density 
was determined with the use of a Coulter counter 
(model B). 

Calculation of !Ps9. For computing 1Ds09, average 





Comparative effects of selected antifolates 


blast densities (expressed as percentage of control) 
and the logarithms of the corresponding drug concen- 
trations were fitted to a straight line by a least squares 
program. Only data corresponding to concentrations 
in a 10-fold range centered on IDs. were used. 

Inhibition of bovine liver dihydrofolate reductase by 
antifolates. The reductase was purified and assayed 
as described by Peterson et al. [23] with the modifica- 
tion that after the pterolyllysine-Sepharose column 
the enzyme was further purified, and folate was 
removed, by passage through an agarose-hexane- 
NADP column. Details of the latter step will be de- 
scribed later. In experiments to determine I, (the 
concentration of drug giving 50 per cent inhibition), 
the inhibitor was incubated with all the components 
of the standard assay system except dihydrofolate for 
2-3 min at 37° before the reaction was initiated by 
addition of dihydrofolate. Dihydrofolate was pre- 
pared as previously described [24]. 


RESULTS 


Time course of blast proliferation, mitotic index and 
incorporation of thymidine and deoxyuridine into DNA 
in PH A-stimulated lymphocytes. With the experimental 
conditions chosen, the time course for the transforma- 
tion of PHA-stimulated lymphocytes was as shown 
in Fig. 1. The number of blasts reached a maximum 
on days 5-8 of incubation, and at this time about 
95 per cent were T-lymphocytes as determined by for- 
mation of spontaneous rosettes with sheep red blood 
cells. When purified T-lymphocytes were used, the 
commencement of blast proliferation and the peak 
of blast count occurred at the same times as with 
the unfractionated leukocyte preparation, but the 
blast count reached only about 63 per cent of that 
obtained when unfractionated leukocytes from the 
same donor were used. Mitosis reached a maximum 
at 4 days of incubation, thymidine incorporation into 
DNA at 5 days, and deoxyuridine incorporation at 
6 days. The number of nonviable cells (as measured 
by dye exclusion) decreased only slightly over the 
entire period of incubation (for example, 98.2 + 0.7 
per cent on day | and 83.6 + 2.5 per cent on day 
8). 
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Figure 1. Time course of transformation by PHA-stimu- 
lated lymphocytes. The optimum amount of PHA (8 yg) 
was added at zero time and as cells were subsequently 
incubated at 37°, measurements were made of the number 
of blasts, the per cent of cells in mitosis, and the incorpor- 
ation of [°H]thymidine and of [*H]deoxyuridine 
(expressed as pmoles/10*cells/hr). 
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Fig. 2. Inhibition of mitosis of PHA-stimulated lympho- 

cytes by methotrexate. The methotrexate concentrations 

were ( ) 0.5 nM, ( ) 5nM, and ( ) 
50 nM. Bars show standard deviations. 


Effect of methotrexate on mitotic index. Figure 2 
shows the effects of various methotrexate concen- 
trations on mitosis in stimulated lymphocytes. 
Mitosis was completely inhibited throughout the 10 
days of incubation by methotrexate at a concen- 
tration of 54M or higher, and even at 50nM the 
number of mitoses was very small. Lower concen- 
trations (5 and 0.5 nM) were less inhibitory and pro- 
duced their greatest effect (60 per cent) on day 3. 

Effect of methotrexate on incorporation of thymidine 
and deoxyuridine into DNA and on blastogenesis. Since 
5nM methotrexate significantly depresses mitosis, the 
effect of this concentration on nucleoside incorpor- 
ation was investigated. There was little effect on 
[H]thymidine incorporation, but a significant de- 
crease (about 40 per cent) in [°H ]deoxyuridine incor- 
poration occurred at 140 and 166hr, although not 
at 184hr of incubation. In further experiments with 
cells pulsed at 68 hr, 50nM methotrexate was found 
to abolish deoxyuridine incorporation whereas thymi- 
dine incorporation was not inhibited even at concen- 
trations up to 0.5mM. Instead, moderate concen- 
trations of methotrexate produced a significant acti- 
vation of thymidine incorporation, the maximum 
effect (88 per cent) being produced by 50nM metho- 
trexate. 

The magnitude of the inhibitory and activating 
effects of methotrexate and the drug concentration 
at which the maximum effect is produced depend to 
some degree on the individual donor of the lympho- 
cytes. However, despite considerable individual vari- 
ation, the pattern of the effects was fundamentally 
the same in all cases. 

Blast formation was almost abolished when metho- 
trexate was present throughout the culture period at 
a concentration of 50nM or higher, whereas at 5nM 
or lower concentrations the effect was negligible. 

Effects of varying the period of exposure of cells to 
methotrexate. In the experiments described above, 
methotrexate was present throughout the period of 
culture. When methotrexate is administered in vivo, 
however, it is present only transiently in the serum. 
The effect of shorter exposure to methotrexate was 
investigated therefore by adding methotrexate at 
various times after stimulation by PHA (Fig. 3). 
Methotrexate at concentrations of 5 uM and 0.5 mM 
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Fig. 3. Effect of time of exposure of PHA-stimulated lym- 
phocytes to methotrexate on the incorporation of [*H]thy- 
midine (@) and [*H]deoxyuridine (O) into DNA. Metho- 
trexate was added to each of the triplicate cultures at 0 
time ( ), 64 hr ( ) or 66hr ( ) of incubation. 
Labeled nucleosides were added at 68hr and incubated 
with the cultures for 30 min prior to harvest. Further ex- 
perimental details are described in Methods. The per cent 
inhibition and activation were calculated from the number 
of counts incorporated into DNA as compared with the 
control culture. 


completely inhibited [*H ]deoxyuridine incorporation 
into DNA even when the cells were exposed to the 
drug for only 2hr. However, 50nM methotrexate 
produced considerably less inhibition in 2 or 4hr 
than in 68 hr. Conversely, methotrexate produced the 


most activation of thymidine incorporation in the’ 


short periods of treatment. 

In another experiment on blast formation, 50nM 
methotrexate was added to PHA-treated lymphocytes 
on days 0, 1, 2 and 3, respectively, and subsequent 
blast formation was measured (Fig. 4). This concen- 
tration of methotrexate arrested blast formation 
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Fig. 4.. Effect of blastogenesis in PHA-stimulated lympho- 

cytes of methotrexate added on different days of incuba- 

tion. PHA was added to each culture on day 0, and 50nM 

methotrexate was added on day 0 ( ), day | ( ), 

day 2(-.-.-.) or day 3 ( ). The control ( ) contained 
no methotrexate. 
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Fig. 5. Effect on blast formation of exposure for various 


' periods to methotrexate added 3 days after stimulation. 


Methotrexate (50 nM) was added on day 3 to all the cul- 
tures except for the control ( ). The drug was removed 
by washing the cells with MEM at 37° after 6 hr (———.), 

) or 24hr ( ) of incubation, and the 
washed cells were resuspended in supernatant medium 
containing no methotrexate from other lymphocytes that 
had been stimulated at the same time as the experimental 
cultures. In one culture ( ) the methotrexate was not 

removed. 


almost immediately in all cases, even when metho- 
trexate was absent throughout the induction phase. 

A somewhat different procedure used to test the 
effect of exposure to methotrexate for different times 
is described in Fig. 5. Here 50nm methotrexate was 
added to cultures 3 days after PHA stimulation, and 
the drug subsequently removed from the cells after 
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Fig. 6. Effect on blast formation of exposure for various 

periods to methotrexate added at the time of stimulation. 

Methotrexate (50 nM) was added to all the cultures except 

for the control ( ). After 24 hr (- /), the drug was 

removed as in Fig. 5. The drug was not removed from 
some cultures (————). 





Comparative effects of selected antifolates 


Table 1. Systematic names of antifolates 





Code No. or 


trivial name Systematic name 





BW 58-283b 
BW 60-205d 
BW 57-43 


5-methyl-6-sec-butyl-2,4-diaminopyridopyrimidine 
5-methyl-6-benzyl-2,4-diaminopyridopyrimidine 
5-N-(p-n-butylphenyl)-2,4-diamino-6,6-dimethyl-1,6-dihydro-1,3,5- 
triazine 

5-(p-chlorophenyl)-6-ethyl-2,4-diaminopyrimidine 
p-[[(5,7-diaminopyrido[3,4-b ]pyrazin-3-yl)methyl ]methylamino ]- 
benzoic acid 

N[p-[(5,7-diaminopyrido[3,4-b ]pyrazin-3-yl)methyl }methylamino ]- 
benzoyl ]glutamic acid 


Pyrimethamine 
SRI 4736 


SRI 4754 


SRI 4782 


N-[p-[ [(6,8-diaminopyrido[ 2,3-b ]pyrazin-2-yl)methyl ]methyla- 


mino Jbenzoyl ]glutamic acid 


SK 29,861 
zoyl]-L-aspartic acid 
29,836 
zoyl]-L-aspartic acid 
29,758 
tic acid 


N-[p-[ [(2,4-diamino-5-chloro-6-quinazolinyl)methyl amino ]ben- 
N-[p-[ [(2,4-diamino-5-methyl-6-quinazolinyl)methyl Jamino ]ben- 


N-[p-[ [(2,4-diamino-6-quinazolinyl)methy! Jamino ]benzoy! ]-L-aspar- 





various further intervals. In order to supply lymphok- 
ines, the washed cells were suspended in medium from 
other cultures which did not contain methotrexate, 
and incubation was continued. Exposure for only 6 hr 
to this concentration of methotrexate significantly de- 
creased subsequent blast formation and the effect was 
increased as the length of exposure increased. Expo- 
sure for 24 hr caused extensive though incomplete in- 
hibition of subsequent blast formation. 

In an experiment similar except that methotrexate 
addition was made at the same time as PHA, the 
effect of the 24-hr exposure to methotrexate was much 
less (Fig. 6), and the decrease in blast production was 
significant (50 per cent inhibition) only on day 3. 
Exposure of cells to methotrexate for 6 or 12 hr gave 
essentially the same results as exposure for 24 hr. 


Reversal of methotrexate inhibition of cell division 
by thymidine, hypoxanthine and purine nucleosides. The 
effect of methotrexate on transformation of lympho- 
cytes and replication of the transformed cells is pre- 
sumably due to metabolic blocks at thymidylate syn- 
thetase and possibly at steps in purine synthesis that 
involve tetrahydrofolate derivatives. To obtain evi- 
dence whether this is the case, the effect of thymidine, 
hypoxanthine and purine nucleosides on the inhibi- 
tory effects of methotrexate was examined. Thymidine 
partially reversed the inhibitory effect of S0nM meth- 
otrexate, the inhibition decreasing as the concen- 
tration of thymidine was increased from 5 to 50 uM. 
Methotrexate inhibition of blast proliferation was 77 
per cent in the absence of thymidine and 17 per cent 
in the presence of 50 uM thymidine. However, 50 uM 


Table 2. Effect of antifolates on mitosin, maximum number of blasts, and the 
incorporation of thymidine and deoxyuridine into DNA, in PHA-stimulated 
human lymphocytes 





Drug concn (nM) for 50 per cent decrease* 





Mitotic 


Inhibitors index 


Blast No. dUdr dThd 





BW 58-283b 11 
BW 60-205d 159 
BW 57-43 238 
Pyrimethamine 814 

124,000 


Methotrexate 


13 , 65,000 

130 60,000 

168 75,000 

1,190 80,000 

152,000 70,000 
+ 

35,000 

280,000 


173,000 


+ 

+ 
250,000 
§ 





* Results for the effect on mitotic index and blast number were calculated 
from data obtained in three experiments each with lymphocytes from a different 
donor. Results for the effect on deoxyuridine incorporation were from data 
on lymphocytes from two to five donors; results on thymidine incorporation 
from data on lymphocytes from two donors. 

+ Thirty per cent inhibition at 5,000,000 nM. 

t Ten per cent inhibition at 500,000 nM. 


§ No inhibition at 500,000 nM. 


BP. 25/17- B 
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Table 3. Effect of antifolates on the growth of four lines of human lymphoblasts 





Concn for 50 per cent inhibition of growth (nM) 





Antifolate CCRF-CEM 


L33-6-1 E34 





BW 60-205d 
BW 57-43 
Pyrimethamine 
SRI 4782 

SK 29,758 
Methotrexate 


165 
130 
1120 
188 
30 
18 





hypoxanthine, adenosine, deoxyadenosine or deoxy- 
guanosine caused no significant reversal of the effect 
of methotrexate either alone or in the presence of 
50 uM thymidine. 

Effects of other antifolates on PH A-stimulated lym- 
phocytes. The antifolates listed in Table 1, comprising 
representatives of the diamino derivatives of pyrimi- 
dines, pyridopyrimidines, triazines, deazapteridines 
and quinazolines, were also tested for their effects on 
the transformation of PHA-stimulated lymphocytes. 
From the results in Table 2 it may be seen that under 
these conditions in which the antifolates were con- 
tinuously present in the medium, a similar IDs9 was 
found for the effect of a particular antifolate on mito- 
tic index, blast number and deoxyuridine incorpor- 
ation, whereas thymidine incorporation was inhibited 
only at much higher concentrations. SRI 4736 is 
exceptional in regard to the latter but this is related 
to the low inhibitory effects of this compound. 

Effects of antifolates on established lymphoblastic 
cell lines. Table 3 shows the concentrations of six of 
these antifolates required to cause a 50 per cent de- 
crease in the growth of four extablished human lym- 
phoblastic cell lines. For any particular antifolate, 
growth of the four lines was inhibited by essentially 
the same concentration of that antifolate. 

Relative inhibitory effect of the antifolates on mam- 
malian dihydrofolate reductase. In order to relate the 
effects of the antifolates on lymphoblast proliferation 
to their inhibitory action on dihydrofolate reductase, 
it was desirable to determine the inhibition effects of 
the compounds on lymphoblast dihydrofolate reduc- 


tase. However, since isolation of enough purified lym- 
phoblast enzyme for such a study proved to be a 
major undertaking, we have instead examined inhibi- 
tion of reduction from a more accessible mammalian 
source: bovine liver. The results are presented in 
Table 4. 


DISCUSSION 


Methotrexate continuously present in cultures of 
stimulated lymphocytes suppresses mitosis, blast for- 
mation and deoxyuridine incorporation into DNA, 
all three parameters showing very similar sensitivity 
to methotrexate (Table 2). This is in contrast to the 
results of Rozenszajn and Radnay [25], who reported 
that mitosis is 1000 times more sensitive than trans- 
formation (blast formation). However, these authors 
measured both mitosis and blast counts at 72 hr, 
a time at which blast formation had scarcely com- 
menced in our experiments, and this may account for 
the discrepancy. 

Exposure of lymphocytes to 50nM methotrexate 
during induction (first 24hr with PHA), with sub- 
sequent removal of the methotrexate, caused little de- 
crease in subsequent blast formation (Fig. 6), but simi- 
lar exposure for 24hr between days 3 and 4 after 
activation caused marked inhibition of blastogenesis 
(Fig. 5). Similarly, 50mM methotrexate throughout 
the proliferative phase (day 3 on) caused almost the 
same inhibition of blastogenesis as 50 mM methotrex- 
ate throughout both the induction and proliferative 
phases (day 0 on, Fig. 4). Thus, methotrexate exerts 


Table 4. Concentration of antifolates to produce 50 per cent inhibition of beef 
liver dihydrofolate reductase 





Antifolate 


concn 
(nM) 


Inhibitor 


Immunosuppressive 
enzymatic* 





BW 58-283b 
BW 60-205d 
BW 57-43 
Pyrimethamine 


Methotrexate 





* Ratio of the concentration required to decrease the blast count by 50 per 
cent (Table 3) to the concentration for 50 per cent reductase inhibition (column 


1). 





Comparative effects of selected antifolates 


its effect almost exclusively during the proliferation 
phase (days 3-6) when the cells are synthesizing DNA. 
Whether methotrexate was present during the induc- 
tion or proliferative phase, removal of the antifolate 
partially released the cells from the arrest of prolifer- 
ation that occurs as long as the drug is present. The 
basis for this release is uncertain, since methotrexate 
would be expected to bind tightly to all dihydrofolate 
reductase in the cell. Recovery may be due either to 
loss of methotrexate from the cells during washing 
or subsequent incubation, or to synthesis of more 
dihydrofolate reductase after removal of methotrexate 
from the medium. 

Relation of immunosuppressive effects of antifolates 
to inhibition of dihydrofolate reductase. When the IDs 
for blast proliferation of PHA-stimulated lympho- 
cytes is compared with the I;9 for a mammalian 
dihydrofolate reductase, the ratio of the two concen- 
trations is very similar for six out of the eleven drugs 
(Table 4), suggesting that for most of the antifolates 
the immunosuppressive effects are directly related to 
the ability to inhibit the reductase. The four inhibitors 
that have less effect on blast proliferation than pre- 
dicted from reductase inhibition are probably poorly 
transported into the cells. SRI 4754 is of interest 
because its immunosuppressive effect appeared to be 
an order of magnitude greater than expected from 
its inhibition of the enzyme. 

Since deoxyuridine incorporation into DNA and 
blast proliferation are similarly affected by methotrex- 
ate, blockade of thymidylate synthesis de novo is 
probably the major consequence of the inhibition 
of dihydrofolate reductase by methotrexate. The in- 
creased incorporation of labeled, exogenous thymi- 
dine into DNA in methotrexate-treated cells supports 
this view, since it probably reflects a decreased contri- 
bution of unlabeled endogenous thymidylate to the 
thymidylate pool. It is also supported by the reversal 
by thymidine of the inhibition of mitosis and blasto- 
' genesis by methotrexate. 

Hypoxanthine added alone or in addition to thymi- 
dine at any time during the culture did not reverse 
methotrexate inhibition of blast proliferation. This 
and the similar ineffectiveness of adenosine, deoxya- 
denosine, deoxyguanosine or combination of these 
nucleosides, are surprising, since there is evidence that 
de novo synthesis of purine nucleotides occurs in 
PHA-stimulated human lymphocytes [26]. Moreover, 
Hryniuk [27] has reported a transient purineless state 
produced by 1 uM methotrexate in a murine lym- 
phoblastic cell line. Both adenosine and hypoxanthine 
can be utilized by human lymphoblastic cell lines 
[28,29] so that these compounds should overcome 
methotrexate inhibition when de novo purine syn- 
thesis is limiting. Despite this evidence, methotrexate 
does not appear to act by interrupting de novo purine 
synthesis in our experiments. This is perhaps true 
only at the low concentration of methotrexate 
employed (SOnM). The decreased activation of 
[*H]thymidine incorporation into DNA obtained 
with 500 uM methotrexate may be due to some inhi- 
bition of purine deoxyribonucleotide synthesis at the 
latter concentration of methotrexate. 

The hypothesis that only thymidylate synthetase 
and not purine biosynthesis is blocked at concen- 
trations of antifolates near the IDs) is supported by 
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the data in Table 3. There it may be seen that the 
lymphoblastic line HMW9, which is a mutant of E34 
deficient in hypoxanthine-guanine phosphoribosyl 
transferase and therefore unable to synthesize purine 
nucleotides by the major salvage pathway, is no more 
sensitive to antifolates than the parent line. 

Immunosuppression with methotrexate in vivo. It is 
of interest to compare the concentration of metho- 
trexate causing a 50 per cent decrease in blast forma- 
tion by PHA-stimulated lymphocytes in vitro with 
concentrations likely to be attained in patients given 
methotrexate for immunosuppression. Neiman et al. 
[5] have adopted as the dose schedule for patients 
who have received marrow transplantation 15 mg/m? 
on the day after marrow infusion and 10 mg/m? on 
days 3, 6, 11 and weekly thereafter to day 100 after 
transplantation. From data on plasma concentrations 
of methotrexate after administration to human sub- 
jects [30-34], it appears probable that the dose sche- 
dule employed by Nieman et al. would maintain the 
plasma methotrexate concentration at a level which 
would be predicted sufficient to suppress blast forma- 
tion during much of the treatment period. 

It is also of interest to consider the predicted degree 
of immunosuppression during methotrexate therapy 
for leukemia. Earlier reports suggested that leukemic 
cells are relatively insensitive to methotrexate com- 
pared with PHA-stimulated lymphocytes in vitro. 
Thus, whereas our results show that 50nM metho- 
trexate abolishes proliferation in the latter, it has been 
reported that 2.2 uM methotrexate caused only 45-65 
per cent inhibition of deoxyuridine incorporation into 
DNA of leukemic marrow cells [35]. Hoffbrand et 
al. [36] reported that the incorporation of deoxyuri- 
dine into DNA by bone marrow cells from normal 
subjects and from patients with acute myeloid leuke- 
mia required | uM methotrexate, but in marrow cells 
from most patients with acute lymphoblastic leuke- 
mia or from patients with methotrexate-resistant 
leukemia the inhibition was incomplete at this con- 
centration of methotrexate. On the basis of these data 
it would seem probable that concentrations of metho- 
trexate adequate to suppress the proliferation of leuk- 
emic cells would also effectively suppress immune re- 
sponses. However, our results with an established 
human lymphoblastic cell line (CCRF-CEM) derived 
from the peripheral lymphocytes of a leukemic patient 
suggest that the sensitivity of (nonresistant) leukemic 
cells may be quite similar to the sensitivity of the 
PHA-stimulated lymphoblasts (compare Tables 2 and 
3). Indeed all four established lymphoblastic cell lines 
were quite similar to each other and to the PHA-acti- 
vated lymphocytes in their sensitivities to each of the 
six antifolates tested. This seems to be more consistent 
with the observation that, although increased suscep- 
tibility to infection has been reported in patients 
treated with methotrexate [37], it is usually a prob- 
lem only in connection with advanced toxicity. 

The data also suggest that, when methotrexate is 
used for immunosuppression after bone marrow 
transplantation, the effect of methotrexate on bone 
marrow repopulation is likely to be almost as severe 
as that on T-lymphocyte transformation. With such 
a small differential it is likely that scheduling of the 
drug is of critical importance, particularly during the 
first week after transplantation, when most of the 
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marrow repopulation occurs. Whether results in vitro 
suggest that the differential is equally small for other 
S-phase inhibitors is under investigation. 


Acknowledgements—The authors gratefully acknowledge 
the excellent technical assistance of Ruth Schewe, Ste- 
phanie A. Oberembt and James Weiss. We are also grateful 
to Dr. Ward D. Peterson and to Dr. Joan Stadler for pro- 
viding the lymphoblastoid cell lines. 


REFERENCES 


. D.E. Uphoff, Proc. Soc. exp. Biol. Med. 99, 651 (1958). 

. G. W. Santos and A. H. Owens, Nature, Lond. 210, 
139 (1966). 

. R. Storb, R. B. Epstein, T. C. Graham and E. D. 
Thomas, Transplantation 9, 240 (1970). 

. H. J. Kolb, R. Storb, T. C. Graham, H. Kolb and 
E. D. Thomas, Transplantation 16, 17 (1973). 


. P. Neiman, F. D. Thomas, C. D. Buckner, R. Storb, 


A. Fefer, H. Glucksberg and K. G. Lerner, A. Rev. 
Med. 25, 179 (1974). 

. R. Storb, C. D. Buckner, A. Fefer, R. A. Clift, P. A. 
Neiman, H. Glucksberg, K. G. Lerner and E. D. 
Thomas, Transplantn Proc. 6, 355 (1974). 

. G. W. Santos, L. L. Sensenbrenner, P. J. Burke, G. 
M. Mullins, P. N. Anderson, P. J. Tutschka, H. G. 
Braine, T. E. Davis, R. L. Humphrey, M. D. Abeloff, 
W. B. Bias, D. S. Borgaonkar and R. E. Slavin, Trans- 
plantn Proc. 6, 345 (1974). 

. G. Mathé and L. Schwarzenberg, Transplantn Proc. 6, 
335 (1974). 

. G. Janossy and M. F. Greaves, Clin. exp. Immun. 9, 
483 (1971). 

. F. Daguillard, Proc. Seventh Ann. Leucocyte Culture 
Conf. (Ed. F. Daguillard), p. 571. Academic Press, New 
York (1972). 

. M. F. Greaves and G. Janossy, Transplantn Rev. 11, 
87 (1972). 

. M. F. Greaves, G. Janossy and M. Doenhoff, Nature, 
Lond. 248, 698 (1974). 


13. 


14. 
15. 


16. 
17. 


J. F. A. P. Miller, K. T. Brunner, J. Sprent, P. J. Russell 
and G. F. Mitchell, Transplantn Rev. 3, 915 (1971). 
G. Moller, Transplantn Proc. 3, 15 (1971). 

P. Goldstein, H. Blomgren, E. A. Svedmyr and M. 
Wigzell, Transplantn Proc. 5, 1441 (1973). 

H. Cantor, Prog. Biophys. molec. Biol. 25, 93 (1972). 
S. A. Eisen, H. J. Wedner and C. W. Parker, Immun. 
Commun. 1, 571 (1972). 


8. M. F. Greaves and G. Brown, J. Immun. 112, 420 


(1974). 


. H. B. Dickler and H. G. Kunkel, J. exp. Med. 136, 


191 (1972). 


. Z. Bentwich, S. D. Douglas, F. P. Siegal and H. G. 


Kunkel, Clin. Immun. Immunopath. 1, 511 (1973). 


. H. J. Phillips and J. E. Terryberry, Exp! Cell Res. 13, 


341 (1957). 


. G. E. Foley, H. Lazarus, S. Farber, B. G. Uzman, B. 


A. Boone and R. E. McCarthy, Cancer, N.Y. 18, 522 
(1965). 


. D.L. Peterson, J. M. Gleisner and R. L. Blakley, Bio- 


chemistry, 14, 5261 (1975). 


. R. L. Blakley, Nature, Lond. 188, 71 (1960). 
. L. A. Rozenszajn and J. Radnay, Blood 43, 401 (1974). 
. J. Schwarzmeier and K. Moser, Verh. dt. Ges. inn. Med. 


77, 398 (1971). 


. W. M. Hryniuk, Cancer Res. 32, 1506 (1972). 

. T. Fields and L. Brox, Can. J. Biochem. 52, 441 (1974). 
. A. Fridland, Cancer Res. 34, 1883 (1974). ; 

. M. V. Freeman, J. Pharmac. exp. Ther. 120, 1 (1957). 
. M. V. Freeman, J. Pharmac. exp. Ther. 122, 154 


(1958). 


. L. L. Anderson, G. J. Collins, Y. Ojima and R. D. 


Sullivan, Cancer Res. 30, 1344 (1970). 


. J. M. Kinkade, Jr., W. R. Vogler and P. G. Dayton, 


Biochem. Med. 10, 337 (1974). 


. J. R. Bertino, Cancer Res. 23, 1286 (1963). 
. T. F. Necheles, A. Maniatis and D. M. Allen, Clin. 


Res. 16, 310 (1968). 


. A. V. Hoffbrand, E. Tripp, D. Catovsky and K. C. 


Das, Br. J. Heaemat. 25, 497 (1973). 


. L. Delmonte and T. H. Jukes, Pharmac. Rev. 14, 91 


(1962). 





Biochemical Pharmacology, Vol. 25, pp. 1955-1958. Pergamon Press, 1976. Printed in Great Britain. 


PROTECTIVE ACTIVITY OF PYRIDINIUM SALTS 
AGAINST SOMAN POISONING IN VIVO 
AND IN VITRO 


KLAUS SCHOENE, JiRGEN STEINHANSES and HUBERT OLDIGES 


Institut fiir Aerobiologie der Fraunhofer-Gesellschaft 
D 5948 Schmallenberg-Grafschaft, Bundesrepublik Deutschland 


(Received 23 September 1975; accepted 10 March 1976) 


Abstract—The protective effects of a series of pyridinium salts against soman poisoning were studied 
using female mice. From the most active compound, 130 nmoles/kg (i.m.) reduced the toxic effect 
of a LD9; of soman (s.c.) down to the 50 per cent mortality level. The compounds with protective 
activity in vivo were able to protect acetylcholinesterase (AChE) from soman in vitro. The protective 
efficiency was evaluated by comparing the rates of AChE inhibition in the absence and in the presence 
of | mM pyridinium salt. The most effective substances decreased the inhibition rate down to about 
1/100 of the unprotected value. Additionally, the influence of these compounds upon the acetylcholine 
hydrolysis by AChE was investigated. A striking correlation exists between the protective efficiencies 
in vitro and the competitive inhibition constants of the pyridinium salts. 


Soman, O-(1,2,2-trimethylpropyl)-methyl-fluorophos- 
phonate, is known as a highly toxic and powerful 
inhibitor of acetylcholinesterase (AChE; EC. 3.1.1.7), 
acting by phosphonylation of the active site of the 
enzyme. In a secondary step, the phosphonylated 
AChE undergoes rapid dealkylation (“aging”) by 
elimination of the 1,2,2-trimethylpropyl residue. The 
resulting methylphosphonyl-AChE is resistant against 
the nucleophilic attack of oximes, which are com- 
monly used as cholinesterase reactivators [1-3]. In 
vivo, the half-time of the aging-process was found to 
be about 5 min[1,2]. Consequently, in the case of 
an intoxication by soman the application of reactiva- 
tors is ineffective [4, 5]. 

Nevertheless it could be shown that with certain 
pyridinium saits, a moderate protection against 
soman poisoning in mice can be achieved [5]. By con- 
tinuing these investigations, we found several other 
compounds with, in part, remarkable protective effi- 
ciencies in vivo. In order to get some informations 
about the biochemical. background of the protective 
mechanism, we studied the influence of the biologi- 
cally active substances upon (1) the rate of phos- 
phonylation of acetylcholinesterase (AChE) by soman 
and (2) the steady state kinetics of the AChE/acetyl- 
choline system. 


MATERIALS AND METHODS 


The pyridinium compounds HP 71, HP 73, HH 
60, HH 65, HH 69, HH 70, HY 10 were gifts from 
Prof. Dr. I. Hagedorn, Freiburg/Br.; P 141 and SAD 
128 were prepared by Dr. R. Reiner, Frankfurt/M.; 
HS 8 [6], HH 38, HH 39 and HH 54[7] were resyn- 
thesized according to the cited literature. The alkylene 
homologues P 60 to P 66 were prepared by reacting 
the corresponding 2,w-alkylene-dihalogenides with a 
4-fold excess of 4-tert butylpyridine in boiling acetoni- 
trile overnight. After recrystallisation from isopro- 
panol-ether the yields were 40-60 per cent. The melt- 
ing points and analytical data are shown in Table 
1. Melting points were determined on a “Kofler—-Mik- 
roheiztisch” (for the hygroscopic compounds P 63, 


P 64, P 66 in a closed tube); halogenide determina- 
tions were carried out potentiometrically, the CHN- 
analysis were performed by the Microanalytic Labor- 
atory Beller, Gottingen. 

For the experiments in vitro, acetylcholinesterase 
from bovine red cells (Serva, Heidelberg) was used; 
the content of active sites was determined according 
to Schoene [8] as to be 6.1 x 10~'? moles per mg. 

Soman was used in appropriate dilutions in abso- 
lute ethanol. The solvent for all other stock solutions, 
buffers and experiments was distilled water containing 
0.1 M NaCl and 0.02 M MgCl,. Enzymatic activities 
were determined by pH-stat titration under nitrogen 
in a Metrohm Combititrator 3 D with acetylcho- 
lineiodide as substrate. For the determination of the 
Michaelis constant and the inhibition equilibrium 
constants a double-syringe arrangement for substrate 
and titrant was used. This modification of the auto- 
matic Metrohm burette is described by H. Kuhnen 
elsewhere [9]. 

Evaluation of the EDs 9. After administration of 
10 mg/kg of atropinium sulfate a LD g; of soman 
(0.280 mg/kg; aq solution, containing 0.9% NaCl and 
2% ethanol) was given s.c. to female NMRI-mice (av. 
body weight 23 g). One min after intoxication the pyr- 
idinium salt was given i.m. (aq solution containing 
0.9% NaCl). Collectives of 8 mice were used in each 
experiment. Based upon the number of deaths within 
the following 24 hr, the EDs, was evaluated according 
to the method of Litchfield and Wilcoxon [10]. 

Rate constants of AChE-inhibition by soman. Equi- 
molar amounts of soman (considering only its two 
fast reacting enantiomers [11]) and AChE were mixed 
at time zero in S5ml Tris buffer (1mM; pH 7.60, 
20°C). The concentration of each reactant was 
2.4 x 10°?M. One-ml samples were withdrawn at 
suitable time intervals to determine the enzymatic 
activity by pH-stat titration with 55mM acetylcho- 
line. Because the inhibition proceeds very fast, only 
a few samples could be taken. So the inhibition exper- 
iment was repeated up to fifteen times in order to 
get a reliable average result. The inhibition rate was 
controlled each day. 
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Table 1. Analytical data of the newly synthesized x,w-bis-[tert butylpyridinium-(1)]-alkylenedihalogenides 


CH3 


° 
H3C-C-4(+)N-|(CH2), 2X 


CH3 


2 





Calculated °, Found °, 





m.p 


Compound Formula Mol Wt (Cc) Cc N 4 ; N xX 





444.27 272 
458.30 > 350 52.41 
566.30 268-9 44.54 
486.35 255 54.33 
500.37 215-7 

514.40 299-300 
528.43 223-4 


51.36 35.52 
34.70 
45.00 
32.20 
31.80 
31.40 
29.70 


55.21 
56.03 
56.82 





The inhibition of AChE by soman in presence of 
pyridinium salt was carried out under exactly the 
same conditions except the addition of 1 mM (final 
concentration) of pyridinium salt prior to the intro- 
duction of soman. Each inhibition experiment was 
performed three times. The control run contained 
AChE and pyridinium salt in the same concentration, 
thus taking account of the inhibitory effect of the lat- 
ter. 

The average second-order rate constants k’ of the 
AChE inhibition by soman were calculated according 
to the equation 


k = i/t. *-€ 


with t,,. = half time of the reaction and c = the 
(identical) concentrations of AChE and soman. 

As a measure for the protective efficiencies of the 
pyridinium salts the ratio k’/k, was calculated, with 
k,, = rate constant in presence of pyridinium salt. 

Determination of Ky, Vinaxs Ky and Ky. The exper- 
iments were carried out in the combititrator equipped 
with a double-syringe arrangement [9]. The concen- 
trations of the titrants acetylcholine iodide and 
sodium hydroxide were carefully adjusted to 0.01 N. 
The equimolarity was checked by a control run, giv- 
ing a straight line over a period of 20 min. 

For determination of the Michaelis constant K yy 
and the maximal velocity V,,,,, enzyme stock solution 
corresponding to 1.25 mg of the enzyme preparation 
was added to 24 ml of the reaction medium. Sufficient 
substrate acetylcholine iodide was introduced to 
make a final concentration of 1.2 x 10°*M. The rate 
of hydrolysis was measured by pH-stat titration at 
pH 7.00, 20°. After about 10 min, another portion 
of substrate was added to bring the concentration up 
to 2.4 x 10°* and the titration was started again. 
This procedure was repeated with 4 and 6 x 10°*M 
substrate. 

In order to ensure a proper function of the exper- 
imental arrangement, this operation was performed 
before each inhibition experiment. 

For the determination of the inhibition constants 
K, and K’,, the experimental arrangement was the 
same as described above except the addition of pyri- 
dinium salt prior to the first introduction of substrate. 
The application of three different concentrations of 
inhibitor and repeating each experiment three times 
proved to be sufficient to give reliable results. The 


inhibitor (pyridinium salt) concentrations were varied 
within one or two orders of magnitude, depending 
upon the respective inhibitory strength. 

Ky and V,,,, were determined in the usual way [12] 
from the intercepts in the double reciprocal plot 
obtained from the inhibitor free experiments. 

The equilibrium constants K, and K’, denote the 
competitive and noncompetitive portion of inhibition, 
respectively. According to Wilson [13], Kitz [14] and 
Krupka [15], the kinetics of reversible inhibition reac- 
tions of this type can be described by the equation 


[ 


which describes the linear relationship between the 
reciprocals of initial velocity V and substrate concen- 
tration (S). The competitive inhibition constant K, 
was calculated from the slope, the noncompetitive K’; 
from the intercept on the ordinate. 

Decomposition of soman in presence of pyridinium 
salt. These control experiments were to be done to 
ensure that the measured protective effects could not 
be caused by a chemical reaction between soman and 
the pyridinium salts, which would result in a detoxifi- 
cation of the reaction mixture. 

To a |mM solution of pyridinium salt in Tris 
buffer (10 mM, pH 7.60), thermostated to 20°, soman 
was added to give a final concentration of 
2.75 x 10°°M. At appropriate time intervals 1-ml 
samples were withdrawn and extracted with | ml iso- 
octan. From the organic layer 5-yl aliquots were 
transferred into a Perkin-Elmer GC 900 Gaschroma- 
tograph (column: Chromosorb G/phenylsilicon oil, 
145°). For the detection of soman the flame ionization 
detector was used. 

From the decrease of the soman concentration vs 
time the decomposition rate constant was calculated. 
The rate constant for the decomposition of soman 
in absence of pyridinium salt was determined in the 
same way using Tris buffer alone as a solvent. 


RESULTS AND DISCUSSION 


1. Protective effects in vivo. The EDs9 data are 
compiled in Table 2. With the exception of HH 60, 





Protective activity of pyridinium salts 


HH 65 and HH 70, for all compounds an EDs» value 
could be established. This means, that these sub- 
stances are more or less effective against the soman 
intoxication. 

In contrast to the typical AChE reactivator Toxo- 
gonin® which does not show any protective effect 
against soman [4, 5], a remarkable low EDs, could be 
achieved with its bis-tert butylether HY 10. The EDs, 
values of the 2,w-bis-(tert butyl-pyridinium)-alkylene 
halogenides decrease with increasing length of the 
alkylene chain. The compound P 65 containing a 
hexamethylene bridge plays an exceptional role: its 
EDso, 0.013 x 10~° moles/kg, indicates the highest 
protective efficiency we have found in this series. In 
the group of urea derivatives the unsymmetrical 
3,4-isomer is the most effective compound. 

2. Decomposition of soman. For the spontaneous 
hydrolysis of soman in Tris buffer (pH 7,60 and 20°) 
the rate constant k,=48 x 10°*min™' was 
obtained, corresponding to a half life of about 24 hr. 
A comparable reference from the literature is’ the 
value 5.3 x 10°*min™' determined by Gro- 
chowski [16] in 0.05 M KCl at pH 7.6, 20°. In pres- 
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ence of the pyridinium salts no increase of the decom- 
position rate was found. 

It follows from these experiments that the protec- 
tive effects of the pyridinium salts are not caused by 
a detoxification of soman, resulting from a direct 
attack of the pyridinium compound on the soman 
molecule. 

3. Rate constants for AChE-inhibition by soman. 
The average rate constant for the AChE-inhibition 
by soman in absence of pyridinium salt was found 
to be k’=67x 10’M~'min~! with +1.2 x 
10’M~' min~! as the maximal absolute deviation. 

This value determined at pH 7.60, 20° is to be com- 
pared to the finding of Keijer and Wolring [11] (pH 
7.5, 25°), that two in the four stereoisomers of soman 
have the rate constants 12 x 10’ and 2.8 x 10’M7™! 
min” ', whereas the other two are relatively poor in- 
hibitors of AChE with rate constants <10*M™! 
min”. 

Under our experimental conditions the portion of 
inhibition contributed by the latter poor inhibitors 
can be neglected. Moreover, for our purposes it 
seemed not necessary to distinguish between the two 


Table 2. EDs9 against a LD,s of soman, rate constants k, for AChE inhibition by soman in presence of pyridinium 
salts and dissociation constants K;, K’, of the complexes between AChE and pyridinium salts 


Ria ) 


“Give * 2x8 


EDso x 105 
(moles/kg) 





K, x 10° 
(M (+S.D.)] 


K', x 10° 
[M (+S.D,)] 


— 
+ 


R y 





CONH, 11.40 
CHNO-C(CH;),; 0.56 
CHNNHCONH, o ; 3.31 
NHCOCH, = 8.38 
C(CHs); CH, 2.52 
a (CH,)> 2.01 
1.76 
2.15 
0.95 
0.62 
0.58 
0.013 
0.13 


CH,OCH, 


(CH,)s 
CH,OCH, 
(CH,)s 
(CH3)g 
(CH3)s 
(CH), 
(CH;)- 


CH(CH,)C(CHs)s 
C(CHs)s 


> Pees Pe ews hw 


~ 16* 
(0.40) 10.5 
(0.50) 49 
(0.47) 12.8 

~ 100* 

~51* 
(1.0) 119 
(0.42) 44.6 
(0.21) 48.9 
(0.25) 5.6 
(0.04) 1.33 
(0.01) 0.46 
(0.003) 0.10 


(8.97-14.46) 
(0.47-0.66) 
(2.80-3.92) 
(6.52-11.00) 
(2.11-3.00) 
(1.34-3.02) 
(1.50-2.07) 
(1.82-2.53) 
(0.75—1.22) 
(0.49-0.78) 
(0.50-0.69) 
(0.01 1-0.015) 
(0.1 1-0.15) 


(0.7) 
(0.7) 
(1.5) 


(56) 
(8.3) 
(2.7) 
(1.0) 
(0.02) 
(0.14) 


0.057 (0.03) 





la)nH-c- 


H3C-NG) ¥ 


Rib) 
YON-ct3 2x © 





EDso x 10° 
bt r X (moles/kg) 


K, x 10° 
[M (+S.D.)] 


K', x 10° 
[M (+S.D.)] 





1.04 (0.87-1.22) 
1.02 (0.82-1.27) 
0.38 (0.29-0.50) 


HH 38 3 
HH 39 4 
HH 54 4 
HH 60 4 
HH 65 3 
HH 69 3 
HH 70 3 


6.73 (5.60-8.09) 
—NHCH,— 


0.22 
0.080 0.057 
0.13 0.090 
1.3 . 1.31 
8.45 
5.88 
4.00 


(0.04) 
(0.009) 0.19 
(0.011) 0.33 
(0.10) 90 
(0.75) 44.8 
(0.60) 29.5 
(0.11) 23.4 


0.80 (0.20) 
(0.03) 
(0.01) 
(1.4) 

(10.7) 

(10.9) 
(9.8) 





* Estimated from Dixon plot. 


+a and b denote the positions of substituents in the pyridine nuclei. 
The EDs. of pyridinium salt (i.m.) reduces the toxic effect of a LD gs of soman (s.c., mice) to a level of 50 per 
cent mortality; 95 per cent confidential limits in parentheses. With HH 60, HH 65 and HH 70 no EDso could be 


established. 


k, was determined by inhibition of AChE with soman in presence of 1 mM pyridinium salt; k’, the rate constant 
in absence of pyridinium salt, was 6.7 x 107 M~' min” ' (pH 7.60; 20°; 1 mM Tris buffer). k’'/k, represents a measure 


for the protective efficiency in vitro. 


K, and K’, are the competitive and noncompetitive equilibrium constants for inhibition of AChE by the pyridinium 
salts in presence of acetylcholine (1.2-6 x 10° *M), obtained at pH 7.0; 20°; Standard deviation is given in parentheses. 
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Fig. 1. Double-logarithmic plot of the protective efficiency. 


k'/k’, versus the competitive part of reversible AChE inhibi- 
tion by several pyridinium salts. 


fast-reacting components of soman. Therefore we 
determined an average rate constant k’ as described 
above, including the inhibitory effects of both enan- 
tiomers. 

In order to get a measure for the protective action 
of the pyridinium salts, we determined the average 
rate constant k’, for the inhibition of AChE by soman 
in presence of these compounds. Additionally, in 
Table 2 the ratio k’/k, is given as an expression for 
the protective efficiency. 

4. Equilibrium constants Ky, Ky, Kj. Ky and V 


max 


were determined to be 1.58 x 10°*M (+0.16) and 
0.475 (+0.022) umoles acetylcholine per min, respect- 


ively. These values are in good agreement with the 
data reported in the literature [12, 17]. 

All inhibition experiments showed both competitive 
and noncompetitive inhibition of AChE by the pyri- 
dinium salts. Eq. | was used for the calculations of 
K, and K’;, except the weak inhibitors HS 8, P 60 
and P 61, the inhibition constants of which were esti- 
mated from a Dixon plot [18]. The results are in- 
cluded into Table 2. 

In each case the noncompetitive part of inhibition 
(K’;) is smaller than the competitive one. The grada- 
tion of the K’-values resembles the sequence of the 
K,-data, but there is no linear correlation between 
them. 

The double-logarithmic plot of the protective effi- 
ciency k’/k), versus the competitive inhibition constant 
K, (Fig. 1) shows an excellent correlation between 
these two parameters. Concerning the K’;-values this 
correlation is by far not so significant. 

Lengthening of the alkylene bridge in the group 
of bis-tert butylpyridinium-alkylene halogenides 
results in an increase of protective activity; P 66 is 


the most effective compound in vitro. The urea deriva- 
tives show an interesting gradation between the 4,4-, 
3,4- and 3,3-isomers (HH 39, HH 54, HH 38). 

These results do not fully correspond to the in vivo 
data: there we found indeed a gradation with respect 
to the length of the alkylene bridge, but as a signifi- 
cant exception P 65 exhibits the highest biological 
activity; among the urea compounds the unsymmetri- 
cal 3,4-isomer HH 54 proved to be the best protector. 
Thus, no clear correlation can be stated between the 
in vivo and in vitro results. Whether the shielding of 
AChE observed in vitro is of any relevance for the 
protection by pyridinium salts in vivo, requires further 
investigation. 
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MORPHINE ANTAGONIZES THE POSITIVE 
CHRONOTROPIC EFFECT OF PROSTAGLANDINS IN 
GUINEA PIG ATRIA BUT NOT THE INCREASE 
IN CYCLIC AMP CONTENT* 
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Abstract—Prostaglandins E, and E; increase the frequency of the spontaneously beating isolated guinea 
pig atria. An EDs, of 6 x 10°'°M is obtained for both prostaglandins. Morphine, at 10° * M, inhibits 
the prostaglandin-stimulated increase in frequency in a noncompetitive manner. PGE, but not PGE, 
elevates cAMP level about 33 per cent above controls. This increase in cAMP content is not anta- 
gonized by morphine. This data provide evidence that the inhibitory effect of morphine on the prosta- 
glandin stimulated frequency does not involve the cAMP generating system. 


Prostaglandins are implicated in a wide variety of 
biological processes such as muscle contraction, 
reproduction, kidney function, gastric acid secretion 
and nervous activity. Cellular action of prostaglan- 
dins is considered to be closely related to changes 
in the activity of the cAMP generating system 
[1, 2,4]. However, the precise mode of action of pro- 
staglandins at the molecular level is still a matter of 
much speculation. Recently, it has been suggested that 
morphine may antagonize prostaglandin-stimulated 
cAMP formation [5, 6]. Since it had been shown that 
prostaglandins of the E series have a positive chrono- 
tropic effect in the spontaneously beating atria from 
guinea pig [3], it was of interest to see whether this 
effect is associated with a concomitant increase in in- 
tracellular cAMP concentration. Our results show 
that PGE, stimulates both, cAMP formation and the 
frequency of beating of atria, but morphine anta- 
gonizes the latter effect only, having no effect on the 
prostaglandin-stimulated increase in cAMP levels. 


MATERIALS AND METHODS 


Male guinea pigs (200-250 g) were killed by a blow 
on the neck, the heart was excised immediately and 
placed in oxygenated Krebs-Henseleit solution. The 
right and left atria were dissected from the rest of 
the heart and mounted in a 10-ml organ bath contain- 
ing Krebs-Henseleit solution with 15mM_ glucose. 
The incubation medium was continuously bubbled 
with 95% O, and 5% CO, and maintained at 30°. 

The atria (50-70 mg wet wt.) were allowed to beat 
spontaneously. Resting tension was adjusted to 0.5 g 
and maintained at that level over the period of the 
experiment. The frequency was recorded by a rate- 
meter measuring the reciprocal value of the distance 
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between two contraction cycles. In all experiments 
atria were equilibrated for 60 min in the incubation 
medium before drugs were added. 

Cumulative dose-response curves for the chrono- 
tropic effects were established using the 1/2 log 10 
interval as described by van Rossum [7]. Each prep- 
aration was used only for one dose-response curve. 
The results are expressed as rise in frequency above 
the unstimulated level. After total incubation time of 
2 hr the atria were rapidly weighed and homogenized 
in a ground-glass homogenizer containing | ml 0.4 N 
perchloric acid. cAMP was purified using Dowex 
1 x 8 columns as described earlier [8]. Determina- 
tion of cAMP was carried out using the method de- 
scribed by Gilman [15], each sample being analyzed 
at three different concentrations. The data were cor- 
rected for recovery and are expressed as pmoles 
cAMP/100 mg tissue wet wt. Statistical evaluation of 
results as performed using Student’s t-test. 

Materials. Prostaglandins were a gift from Dr. J. 
Pike, Upjohn Comp., Kalamazoo, USA, all other 
chemicals were from usual commercial sources. 


RESULTS 


PGE, and PGE, increase the frequency of the 
beating atria in a dose-dependent manner (Fig. 1). 
The efficacy of both prostaglandins is almost identi- 
cal, an EDs, of 6 x 10°'°M is obtained for both 
compounds. The increase in frequency cannot be 
antagonized by pindolol, a f-adrenoceptor blocking 
agent. Also, pretreatment with reserpine does not pre- 
vent the positive chronotropic effect of prostaglan- 
dins. This indicates that this effect is not mediated 
vai stimulation of adrenergic f-receptors [9]. How- 
ever, in the presence of 10°*M morphine the positive 
chronotropic response to PGE, and PGE, is reduced 
by about 50 per cent (Fig. 1). The change in the shape 
of the dose-response curve to the prostaglandins 
shows that morphine acts as a noncompetitive inhibi- 
tor. Morphine alone at 10°* M concentration has no 
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Fig. 1. Effect of 10°*M morphine on prostaglandin E, and E, stimulated frequency of the isolated 
guinea pig atria. The ordinates express the changes in the beats per min above the unstimulated 
level (126 ‘+ 4 beats/min). The results are given as the mean + S.E.M. of five separate experiments 
(x): P < 0.005, PGE, or PGE, with morphine compared with PGE, or PGE, without morphine. 


effect on the frequency of beating of atria. Interest- 
ingly, we observed that morphine had to be added 
to the incubation medium before the addition of pro- 
staglandins in order to see its inhibitory effect. An 
addition of morphine, after the maximum response 
of PG was reached, has no effect on the increased 
frequency, at all. When cAMP levels were determined 
in the atria, no correlation with the positive chrono- 
trophic effect of PGE, or PGE, could be observed. 
cAMP levels were increased significantly by PGE, 
but not by PGE, (Table 1). The same dose of mor- 
phine which significantly reduced the increase in fre- 
quency, did not block the PGE,-enhanced cAMP ac- 
cumulation (Table 1). 


DISCUSSION 


Our results show a distinct discrepancy between 


the effect of PGE, and PGE, on the cAMP generat- 


ing system and the frequency of the spontaneously 
beating guinea pig atria. Since both prostaglandins 
used in this study are about equipotent in increasing 
the beating rate one may speculate that they interact 
with the same receptor site in the atria. This binding 
site has about equal affinity for PGE, and PGE. 
The inhibition of this effect by morphine suggests that 


morphine may act at either the same or a closely 
related site to the prostaglandin receptors. An opiate 
receptor has been well-characterized in brain and in 
a hybrid cell line obtained from neuroblastoma and 
glioma cells [10,11]. It is conceivable that such an 
opiate binding site exists in the atria as well and is 
the site of action for the morphine effect on the fre- 
quency. 

Only PGE, elicited a significant increase in intra- 
cellular cAMP, while PGE, showed only a negligable 
effect. This observation confirms other experiments 
in which cultured myocardial cells were used [3]. The 
dissimilar effect of PGE, and PGE, in the cAMP 
generating system compared to their equal potency 
as positive chronotropic agents may be an indication 
that the receptor sites involved in cAMP formation 
and those linked to the frequency increase are not 
identical. Also, the data seem to suggest that the in- 
crease in CAMP has no direct correlation with the 
positive chronotropic effect of the prostaglandins 
since morphine inhibits only the latter. 

Recently, several hypothesis have been proposed 
concerning the molecular basis for narcotic action 
[5,14]. It was suggested that morphine acts either 
by inhibiting the prostaglandin-elicited cAMP forma- 
tion in the CNS or directly inhibits the adenylate cyc- 
lase. Compensatory shifts of the enzymes involved in 


Table |. Effect of prostaglandins and morphine on cAMP levels in isolated guinea pig atria 





Cyclic AMP 
(pmoles/100 mg wet wt + S.E.M.) 





Control 

PGE, 5x 10°’M 

PGE, 5x 10°7M 
Morphine 10°*M + PGE, 5 
Morphine 10°*M + PGE, 5 


7M 
™M 


x 10 
x 10 


171.1 + 9.3 
255.5 + 16" 
182.9 + 9.9 
274.5 + 11* 
190.5 + &.1 





Number of individual experiments in parentheses. 
*P < 0.005 compared with control. 
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the regulation of cAMP would finally be responsible 
for the development of tolerance and addition. Our 
results in guinea pig atria support earlier observations 
on antagonism between prostaglandin E, and mor- 
phine in guinea pig ileum [6] and in human blood 
platelets [12], but it seems doubtful whether the 
cAMP generating system is a necessary requisit for 
this antagonism in all systems. 

Recently it was shown that not only morphine but 
also acetylcholine increase CGMP levels in a neuro- 
blastoma glioma hybrid cell line [13]. It seems an in- 
teresting question whether the action of morphine in 
guinea pig atria involves an increase in cGMP. 
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Abstract—The actions of magnesium and calcium ions on the metabolic and contractile effects of 
epinephrine were studied in the isolated, perfused rat heart. The breakdown of high energy phosphate 
and increase in glycogenolysis produced by epinephrine were markedly inhibited in the presence of 
20 mM magnesium ions in the perfusion fluid. This depressant effect of magnesium was overcome 
by raising the extracellular concentrations of calcium. Epinephrine caused a large increase in phosphory- 
lase a activity in hearts perfused with control or a high magnesium medium. although glycogenolysis 
was severely depressed by excess magnesium. Epinephrine-induced glycogenolysis, as measured by lac- 
tate efflux, responded rapidly to alterations in the magnesium concentration in the perfusion fluid 
in the absence of corresponding changes in force of contraction. It is apparent that, in the heart 
stimulated by a catecholamine, carbohydrate metabolism is more readily affected by divalent cations 


than is myocardial contraction. 


Phosphorylase is found in two forms in cardiac 
muscle, phosphorylase b, which requires AMP for 
activity, and phosphorylase a, which is active in the 
absence of AMP. Although the conversion of phos- 
phorylase b to the a form of the enzyme usually leads 
to glycogen breakdown and lactic acid formation, 
there are several reports in the literature [1-3] show- 
ing that the level of phosphorylase a can increase 
without a concomitant rise in the rate of glycogeno- 
lysis. For example, Ellis and Vincent [1] observed 
that raising the magnesium concentration in the fluid 
perfusing the guinea pig heart stimulated the conver- 
sion of phosphorylase 6 to a without increasing gly- 
‘cogen breakdown. More recently Paddle and Hau- 
gaard [2] described an inhibitory effect of magnesium 
on epinephrine-induced glycogenolysis in the isolated 
rat heart. The latter investigators demonstrated that, 
although epinephrine infusion into rat hearts perfused 
with a medium containing 20 mM magnesium resulted 
in a large increase in the activity of phosphorylase 
a, no stimulation of lactate production was observed. 
Associated with the lack of increased glycogenolysis 
after epinephrine administration in these experiments 
was a marked reduction in epinephrine-induced high 
energy phosphate degradation. 
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A separation between a rise in the level of phos- 
phorylase a and increased glycogenolysis has also 
been demonstrated in brain tissue. Lowry et al. [3] 
measured the changes in carbohydrate metabolism in 
the brains of mice after decapitation and observed 
that there was a marked conversion of phosphorylase 
b to a within 1 min after the animals were killed; 
however, the rate of glycogenolysis did not rise until 
2 min after sacrifice. The increase in glycogenolysis 
followed the time course of the disappearance of ATP, 
which also did not begin to change until 2 min after 
decapitation. 

Our purpose was to study further the mechanisms 
involved in the inhibition by magnesium ions of the 
epinephrine-induced glycogenolysis in the heart. Of 
particular interest were: (1) the influence of magne- 
sium ions on the metabolic and ionotropic responses 
of the heart to epinephrine; (2) the interaction 
between calcium and magnesium in modulating the 
biochemical and contractile effects of epinephrine, 
and (3) the site of action of magnesium and calcium 
ions in the regulation of glycogenolysis. 


METHODS 

Perfusion techniques 

Male Wistar rats, weighing between 175 and 225 g, 
were used for these experiments. The rats were 
killed by decapitation and the hearts removed as 
quickly as possible. Each heart was washed free of 
blood, a glass cannula was inserted into the aorta, 
and the heart was perfused at 37° on a Langendorff 
perfusion apparatus. The apparatus contained two 
channels within a water jacket, so that perfusion 
media could be changed by the turn of a three-way 
stopcock located just above the cannula. When three 
fluids were used in one experiment, the channel con- 
taining the medium used first was evacuated by suc- 
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tion, filled with the third solution, and again con- 
nected to the reservoir. 

The basic perfusion medium (control medium) used 
was a Krebs bicarbonate solution containing 122 mM 
NaCl, 4.8mM KCl, 1.2mM MgCl,, 1.3mM CaCl,, 
1.2 mM KH,PO,, 23.4 mM NaHCO, and | g/liter 
of glucose. The perfusion fluid was equilibrated at 
room temperature with a 95%, O,-5%, CO, gas mix- 
ture. Experimental media varying in glucose, magne- 
sium or calcium concentrations were maintained iso- 
tonic by adjusting the NaCl content. 

In order to measure spontaneous cardiac contrac- 
tions, a Palmer clip was attached to the apex of the 
heart and connected to a Grass force displacement 
transducer by means of a thread and pulley system; 
force of contraction was recorded on a Sanborn 
model 150 recorder. Infusions of either 0.99, NaCl 
or epinephrine (10 pg/ml) in saline were given through 
a flexible catheter inserted into the cannula just above 
the aortic valve. These solutions were administered 
with a Harvard infusion pump at a rate of 0.5 ml/min. 
Samples of the effusate from the heart were collected 
every 30 sec for analysis of lactate according to the 
enzymatic method of Hohorst [4]. The measurements 
were made immediately after the experiment or on 
solutions kept frozen overnight. 

At the end of each experiment, the heart was frozen 
with a pair of Wollenberger tongs pre-cooled in liquid 
nitrogen and the weight of the frozen heart was deter- 
mined after chipping off excess ice. Atria, connective 
tissue and large blood vessels were removed and dis- 
carded. While kept under liquid nitrogen, the 
remainder of the heart was divided into four sections. 
Separate samples were used for measuring the tissue 
concentrations of (1) glycogen; (2) phosphorylase 
(expressed as °, phosphorylase a); (3) adenine nucleo- 
tides, creatine phosphate (CP) and inorganic phos- 
phate (Pi) and (4) cyclic AMP. 


Analytical measurements 

Glycogen. A sample of the myocardium was 
weighed and digested in 1 ml of 30% KOH at 100°, 
and glycogen was precipitated by the addition of 1.8 
ml ethanol. The mixture was refrigerated overnight. 
After centrifugation, the supernatant liquid was dis- 
carded and the test tube containing the precipitate 
drained for 1 hr. The glycogen precipitate was dis- 
solved in 3 ml water which had been warmed to 60°. 
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Aliquots of the solution were analyzed for glycogen 
by the phenol-sulfuric acid method described by 
Montgomery [5]. 

Phosphorylase activity. A second sample of heart 
tissue was weighed rapidly and homogenized with a 
Polytron homogenizer in buffer (maintained at 0°, 3 
ml/100 mg of tissue) containing 1 mM EDTA, 20 mM 
NaF, and 50 mM Tris, pH 6.8. The homogenate was 
then centrifuged at 5000 rev/min for 15 min, the 
supernatant fluid decanted into a test tube, and 1 ml 
of the extract diluted to a final volume of 5 ml with 
the extraction fluid. 

Aliquots of the diluted extract were analyzed for 
phosphorylase activity by a modification [6] of the 
method of Cori and Illingsworth [7]. 

ATP, AMP, creatine phosphate and inorganic phos- 
phate. A third sample of heart tissue was weighed 
rapidly and homogenized by a Polytron homogenizer 
in 2 ml of 0.625 M perchloric acid (PCA). After centri- 
fugation, an aliquot of the supernatant fluid was neu- 
tralized with a K,CO;-triethanolamine buffer mix- 
ture. ATP, CP, ADP and AMP were measured by 
specific enzymatic methods [8]. Phosphate was deter- 
mined by the procedure of Lowry and Lopez [9]. 

Cyclic AMP. A final tissue sample was homo- 
genized in 5% trichloroacetic acid (2 ml/100 mg of 
tissue) and the homogenate centrifuged at 5000 rev/ 
min for 15 min. A 2-ml aliquot of the supernatant 
fluid was extracted with 16 ml of water-saturated 
ether and the extraction procedure was repeated four 
times. Nitrogen was passed through the last extract 
to remove residual ether. The extracted supernatant 
fluid was analyzed for cyclic AMP by the protein 
binding method described by Gilman [10]. 


RESULTS 


Effect of magnesium ions on epinephrine-induced glyco- 
genolysis and net synthesis of cyclic AMP 


The observation that 20 mM magnesium markedly 
inhibited lactate production and glycogen breakdown 
caused by administration of epinephrine was made 
by Paddle and Haugaard [2] using isolated rat hearts 
perfused with solutions containing glucose. In order 
to eliminate changes in glucose uptake produced by 
epinephrine, we repeated these experiments with 
media containing no substrate. The results are pre- 
sented in Table 1. 


Table 1. Effect of magnesium ions on metabolic actions of epinephrine in per- 
fused rat heart* 





Control 
(min after epinephrinet) 


With 20mM magnesium 
(min after epinephrinet) 





0 


2 0 2 





Lactate efflux 0.3 + 0.07 

(umoles/g/2 min) (12) 

16.4 + 1.30 

glucose equivalents, g) (5) 

’, Phosphorylase a 10.7 + 1.63 
(5) 


Glysogen («moles 


24+ 034 0.3 + 0.10 0.3 + 0.02 
(4) (7) (4) 
10.3 + 0.70 14.5 + 1.23 14.6 + 0.33 
(10) (7) (7) 
57.5 + 1.64 8.8 + 0.86 43.3 + 0.61 
(7) (4) (4) 





* All hearts were perfused with media without glucose. Figures in parentheses 


indicate number of experiments. All 


S.E.M. 
+ Rate is 5 g/min. 


values are expressed as means + 





Influence of calcium and magnesium on effects of epinephrine 


Table 2. Effect of magnesium ions on the actions of 
epinephrine on cyclic AMP in isolated perfused rat hearts 





Control medium 20mM Mg medium 





Time after epinephrine 
infusion* 
(sec) 


Cyclic AMPt 
(pmoles/g) 


Cyclic AMPt 
(pmoles/g) 





0 0.59 + 0.05 
10 0.93 + 0.20 
15 2.13 + 0.60 
20 3.90 + 0.60 
30 1.96 + 0.21t 


0.67 + 0.14 
1.04 + 0.20 
1.80 + 0.30t 
2.08 + 0.33t 
1.73 + 0.19t 





* Rate is 5 ug/min for time periods indicated. 

+All values are expressed as means + S.E.M. Three 
experiments were done for each time period. 

t Significantly different from corresponding value with- 
out epinephrine (P < 0.05). 


The experiments demonstrate clearly that, in hearts 
perfused in the absence of glucose, excess magnesium 
ions abolish the usual stimulatory effect of epineph- 
rine on glycogenolysis. Although 20 mM magnesium 
ions abolished epinephrine-induced glycogen break- 
down and lactate efflux, a large elevation in phos- 
phorylase a activity was observed. 

Because it has been shown previously that the most 
striking changes in cyclic AMP content of the heart 
occur within seconds after the administration of 
epinephrine, measurements of this nucleotide were 
made at short intervals after infusion of the amine. 
Results of these experiments (Table 2) demonstrate 
that cyclic AMP increased significantly both in hearts 
perfused with control medium and in the presence 
of excess magnesium. 

The effect of magnesium ions on cardiac contrac- 
tion in these experiments was similar to that pre- 
viously reported by Antoni et al. [11] and Paddle 
and Haugaard [2]. Magnesium at 20 mM led to 
almost complete cessation of contractile activity, and 
addition of epinephrine to the magnesium-depressed 
heart restored contractility to a level equal to or 
greater than that seen in control hearts. At the normal 
concentration of magnesium in the perfusion fluid, 
epinephrine administration produced the usual tri- 
phasic response, a rise in force of contraction, fol- 
lowed by temporary depression and finally a sus- 
tained increase in force of contraction. The omission 
of glucose from the perfusion medium 6 min before 
the administration of epinephrine had no significant 
influence on the mechanical effect of the hormone. 
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Effect of increasing concentrations of calcium ions on 
heart metabolism 


In order to study whether the metabolic, as well 
as the mechanical, effects of magnesium are anta- 
gonized by calcium, we studied the actions of 
epinephrine on the perfused heart at different concen- 
trations of calcium ions in the absence and presence 
of excess magnesium ions in the perfusion fluid. 

Each heart was perfused with control medium for 
6 min; at the end of this period the medium was 
changed to a fluid containing a normal or a high 
magnesium concentration without glucose for a 
second 6-min period of perfusion. The calcium con- 
tent of these solutions was varied from the usual 1.3 
mM to 2.6 mM, and 3.9 mM calcium chloride. At 
12 min, a 2-min infusion of epinephrine was begun. 
Effusate for the determination of lactate was collected 
for 1 min prior to the administration of epinephrine 
and during the 2-min infusion period of the amine. 
Tissue concentrations of glycogen, adenine nucleo- 
tides, CP, P; and % phosphorylase a were measured 
at the end of the experiment. The results of the exper- 
iments are recorded in Tables 3 and 4. 

With the control medium, an increase in the con- 
centration of calcium ions had no effect on the output 
of lactate by the heart. Infusion of epinephrine mark- 
edly stimulated lactate production, and this action of 
the hormone was potentiated by increasing the con- 
centration of calcium. 

In the presence of 20 mM magnesium the amount 
of lactate produced was very much lower than that 
with control medium under all experimental condi- 
tions. Similar to hearts perfused with control medium, 
increasing the calcium concentration had no effect in 
the absence of the catecholamine. However, when 
epinephrine was infused, there was a significant eleva- 
tion in the efflux of lactate from the heart. At a con- 
centration of 3.9 mM calcium, lactate formation in 
response to epinephrine had reached a value equal 
to that seen in control hearts perfused with a medium 
containing only 1.3 mM calcium. 

Determinations of metabolites performed at the 
end of each experiment are presented in Table 4. 
When epinephrine was administered to hearts per- 
fused with control medium, there was a large increase 
in phosphorylase a accompanied by a marked de- 
crease in glycogen content. These changes were as- 
sociated with significant elevations in myocardial 
ADP and AMP. Perfusion with medium containing 
high magnesium in the absence of epinephrine caused 
minimal changes in the biochemical measurements. 


Table 3. Effects of magnesium and calcium ions on lactate production by the isolated perfused rat heart* 





Control 
(umoles/g/2 min) 


With 20 mM magnesium 
(umoles/g/2 min) 





CaCl, (mM) 1.3 2.6 


1.3 2.6 3.9 





0.52 + O0.15t 
2.30 + O.15+ 


0.35 + 0.08 
3.23 + 0.388 


No epinephrine 
With epinephrinet 


0.53 + 0.18 
4.71 + 0.558 


0.07 + 0.05 


2.54 + 0.208 


0.10 + 0.02 
0.19 + 0.02 


0.11 + 0.11 
0.89 + 0.238 





* All values are expressed as means + S. E. M. 


+ Number of experiments is eight; for all other experiments, the number of experiments is four. 


t Rate is 5.0 yg/min for 2 min. 


§ Significantly different from corresponding value at 1.3mM CaCl, (P < 0.05); both in control and at high Mg. 
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Table 4. Effects of magnesium and calcium ions on glycogen content and phosphate metabolism of the isolated, perfused 
rat heart* 





Control 


With 20 mM magnesium 





No epinephrine 
(6) 


With epinephrinet 
(4) 


No epinephrine 
(4) 


With epinephrinet 
(4) 





CaCl, (mM) 2.6 


1.3 3.9 





Glycogen (moles glucose 98 + 0.59 
equivalents/g) 

Creatine phosphate 2+ G2 + §.2 + 0.40 
(umoles/g) 

ATP (umoles/g) 

ADP (umoles/g) 
AMP (umoles, g) 
Phosphate (umoles,g) 


3.34 33+ 0.16 
O.88 + 0.068 
0.40 + 0.048 
6.4 + 0.89 
56.8 + 


33 0.11 
1.08 + 0.15 
0.43 + 0.04 
7.6 + 0.59 
55.8 +2.4 


0.71 + 
O17 + 
$44 
944 


Phosphorylase a 2.88 


0.67 


+ 
+ 

95+ 
+ 


60.8 


5+ 0.95 + 0.61 2 + 1.20 12.5 


+ 1.67 


+ 0.634 + 0.29 + 0.43 7.2 + 0.42 5.8 + 0.17¢ 
0.06 
0.09 
0.01 
0.34 


1.6))§ 


0.07 
0.05¢ 
0.04 
0.29 
1.2 


. 2 + 0.17 

0.03 
+ 0.02 
+ 0.32 
5+ 09 


3.3 
0.85 
0.19 

5.2 
39.7 


3.4 
1.03 
0.18 
6.2 
36.9 


+ 0.24 
+ 0.05, 
+001 4 
+ 0.24, 
+14 


I+ I+ I+ I+ I+ 


t 
I+ I+ 1+ I+ I+ 





All values are expressed as means + S.E.M.; 
+ Rate is 5 zg/min for 2 min. 
t Number of experiments is eight. 
Significantly different from corresponding 


the number of experiments is in parentheses except where noted. 


values at 1.3 mM CaCl, without epinephrine. 


Significantly different from corresponding values at normal magnesium concentration. 
* Significantly different from corresponding values with epinephrine at 1.3 mM CaCl). 


When the hormone was infused, phosphorylase was 
activated, but in contrast to the studies with control 
medium, there was no significant breakdown of gly- 
cogen nor was there any change in phosphorylated 
intermediates. 

Raising the calcium concentration in either of the 
perfusion fluids had no effect on the extent of phos- 
phorylase activation produced by epinephrine, but led 
to a greater breakdown of high-energy phosphate 
compounds in the presence of the hormone. Appar- 
ently, the increase in lactate formation is more closely 
associated with alterations in adenine nucleotide 
metabolism than with changes in phosphorylase acti- 
vity. 


Reversal of epinephrine-stimulated glycogenolysis by 
changing the magnesium concentration of the perfusion 


fluid 


The effect of prolonged infusion of epinephrine (5 
g/min) on lactate production was first studied in 
hearts perfused with Krebs-Ringer bicarbonate 
medium (KRB) in the absence of glucose. In panel 
a of Fig. 1, it is seen that lactate production in con- 
trol hearts increased to a maximum within the first 
2 min of epinephrine administration and then fell to 
a plateau which was maintained for the duration of 
the 11-min infusion. 

Experiments were then carried out in which the 
perfusion medium was alternated several times during 
the epinephrine infusion between control KRB and 
KRB containing 20 mM magnesium. When the hor- 
mone was administered, the effusate was collected for 
lactate analysis during successive 30-sec periods. 
Within 1-2 min after changing from control medium 
to a fluid containing a high concentration of magne- 
sium ions (panel b), the lactate efflux began to fall 
toward pre-epinephrine levels. When the perfusion 
fluid was changed from high magnesium to control 
solution during epinephrine infusion (panel c), lactate 
output rose quickly to high levels. It is apparent from 
these experiments that lactate production by the heart 
in the presence of epinephrine can be rapidly changed 


by alterations in the concentration of extracellular 
magnesium ions. 


Effect of altering extracellular magnesium on myocar- 
dial force of contraction during epinephrine infusion 

The mechanical changes produced by altering the 
magnesium concentration in the perfusion fluid in the 
experiments presented in Fig. 1 are illustrated in Fig. 
ps ; 

The depressant effect of 20mM magnesium on 
myocardial force of contraction is seen in panel A. 
When epinephrine was infused into the magnesium- 
depressed heart, the heart beat resumed and there was 
a gradual return to normal ventricular contractility. 
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Fig. 1. Effects of magnesium ions on lactate production 

by the isolated, perfused rat heart during continuous 

epinephrine infusion (5 yg/min). The perfusion fluid was 

alternated between control KRB medium and 20 mM mag- 

nesium—KRB medium as indicated. Infusion of epinephrine 
was begun at time zero in all experiments. 
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Fig. 2. Records of force of contraction of the isolated, perfused rat heart in response to epinephrine 
and changes in magnesium concentration of the perfusate. 


In panel B, the perfusion fluid was switched to one 
containing 20 mM magnesium at the same time that 
epinephrine infusion was begun. At the maximum in- 
otropic effect of epinephrine, perfusion with control 
medium was resumed, while the epinephrine infusion 
was continued (panel B). It is apparent that the stimu- 
latory effect of epinephrine on force of contraction 
was unaffected by lowering the magnesium concen- 
tration in the fluid perfusing the heart. Changing the 
magnesium content in the perfusion fluid from a low 
to a high concentration during an infusion of epine- 
phrine also had little influence on the inotropic re- 
sponse to epinephrine, as illustrated in panel C of 
Fig. 2. 

It should be pointed out that no determination of 
mechanical work can be made with the Langendorff 
preparation used in these experiments. For an accu- 
rate estimation of the contribution of changes in 
work-load to metabolic alterations in the myocar- 
dium, a working heart preparation must be employed 
and measurements of cardiac output determined. 


Effects of anoxia on cardiac metabolism as influenced 
by magnesium ions 

Our data show clearly that epinephrine has little 
effect on glycogenolysis in the magnesium-depressed 
heart despite a large increase in the activity of phos- 
phorylase a. Under these conditions, there is 


BP. 2517 « 


obviously a restraint on glycolytic reactions not seen 
in control hearts exposed to the same dose of 
epinephrine. Since one difference between the two ex- 
perimental conditions was a greater breakdown of 
high energy phosphate compounds at a low concen- 
tration of magnesium, we thought it important to 
study the action of magnesium ions during anoxia, 
a condition known to be associated with a decreased 
level of creatine phosphate and ATP. In order to 
determine whether a high concentration of magne- 
sium in the perfusion fluid of the heart also affected 
glycogenolysis produced by a lack of oxygen, a series 
of experiments was carried out in which hearts were 
perfused without glucose under anoxic conditions in 
the absence and presence of epinephrine. The results 
of these experiments are recorded in Table 5. 

As expected, glycogenolysis, measured by lactate 
production by the heart and diminution in cardiac 
glycogen, was markedly increased in the presence of 
anoxia (compare with results in Tables 3 and 4) and 
further stimulated by epinephrine. At the high magne- 
sium concentration, however, the increase in the rate 
of glycogenolysis produced by anoxia was much 
smaller than in control hearts both in the absence 
and presence of epinephrine. Phosphorylase a activity 
was greatly increased by anoxia both in the control 
medium and in the presence of 20 mM magnesium 
and further elevated by the addition of epinephrine. 
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Tabie 5. Metabolic effect of epinephrine on the isolated rat heart during anoxia* 





Control 
in nitrogen 


20 mM Magnesium 
in nitrogen 





No epinephrine 
(4) 


With epinephrinet 


(5) 





No epinephrine 
(4) 


With epinephrinet 
(5) 





Lactate efflux + 0.44 
(umeoles/g/2 min) 
Glycogen (ymoles + 1.10 
glucose equivalents/g) 
Creatine phosphate + 0.59 
(umoles/g) 

ATP (umoles/g) 3.0 4+ 
ADP (moles, g) 0.90 + 
AMP (yumoles/g) 0.24 
Phosphate (umoles/g) 7.5 + 
26.0 + 


O13 
0.10 
0.03 
0.74 


Phosphorylase a 0.6 


7+ 1.10 


$+ 0.15 


74.0 + 


+ 0.04 1.6 + 0.08 


+ 0.63¢ 94+ 


+ 0.30 5 + 0.37 6.0 + 
3.1 + 
0.65 + 
0.17 + 
5.1 + 0.32ts 


38.3 + 2.0f.8 


+ 0.15 0.14 
+ 

+ 0.09F 
+ 0.03 
+ 

+ 0.42 
7+ 
“<4 


0.08 
+ 0.098 
+ O18 





* All values are expressed as means + S.E. 


M.; the number of experiments is in paren- 


theses. KRB gasses with 95°, N2, 5°, CO, introduced at zero time. 


+ Rate is 5 yg/min for 2 min. 


t Significantly different from corresponding controls with normal KRB (P < 0.05). 
§ Significantly different from corresponding value without epinephrine (P < 0.05). 


Although phosphorylase a activity was lower in the 
high magnesium medium than in control hearts, 
the rate of glycogenolysis was much smaller than 
expected from the considerable activation of phos- 
phorylase observed. 

The results of the measurements of cardiac metabo- 
lites clearly demonstrated that the main effect of 
excess magnesium was to diminish the alterations in 
intracellular metabolites produced by anoxia (com- 
pare with Table 4). With the medium containing 
excess magnesium ions, the heart had a higher con- 
tent of glycogen and creatine phosphate and lower 
concentrations of ADP and inorganic phosphate than 
in control hearts exposed to oxygen-free solution for 
the same period of time. This occurred both in the 
absence and presence of epinephrine. In the hearts 
stimulated by epinephrine there was also a significant 
protective effect of magnesium against the rise in 
AMP produced by anoxia. 


DISCUSSION 


The experiments described in this paper provide 
strong support for the view that excess magnesium 
ions block epinephrine-stimulated glycogen degrada- 
tion in the heart by inhibiting the breakdown of high 
energy phosphate compounds, thereby diminishing 
the rise in ADP, AMP and Pi normally observed after 
administration of the amine. Under all conditions in 
which there was an inhibition of epinephrine-induced 
glycogenolysis and lactic acid efflux, there was also 
a decrease in high energy phosphate breakdown. Hy- 
drolysis of high energy phosphates and glycogenolysis 
in the presence of 20 mM magnesium occurred dur- 
ing epinephrine administration in the presence of an 
increased calcium concentration or during hypoxia. 
It is apparent from these studies that the level of gly- 
cogenolysis observed in hearts under stress conditions 
is more closely related to the concentration of adenine 
nucleotides and Pi than to the ratio of phosphorylase 
a to phosphorylase b. 

These results are consistent with the hypothesis 
that phosphorylase a has a very low activity in the 
presence of aerobic levels of adenine mucleotides, CP 


and Pi[12, 13]. Morgan and Parmeggiani [13] calcu- 
lated that at aerobic levels of AMP and ATP in the 
intact heart the K,, value for inorganic phosphate was 
approximately 18 mM. Since the tissue concentration 
of Pi was only 3 mM, it is evident that in the unstimu- 
lated, aerobic heart the concentration of phosphate 
imposes a severe restriction on the rate of glycogen 
breakdown. 

The regulation of, phosphorylase activity is ex- 
tremely complex, and changes in the cellular concen- 
trations of reactants and cofactors can produce large 
alterations in the activities and kinetic properties of 
both phosphorylase a and phosphorylase b. For 
example, Helmreich and Cori [14] showed with crys- 
talline preparations of muscle phosphorylase a that 
the K,, of the enzyme for Pi decreased from 15 to 
5 mM when the AMP concentration was increased 
from 0 to 0.5 mM. Lowry et al. [15] observed that 
an increase in the concentration of Pi significantly 
decreased the apparent Michaelis constant of muscle 
phosphorylase a for glycogen. Both of these proper- 
ties of phosphorylase a would facilitate a rise in the 
rate of glycogenolysis in the heart during a period 
of accelerated breakdown of ATP. 

An important question is what is the mechanism 
by which. high magnesium prevents high energy phos- 
phate breakdown after epinephrine administration. It 
is unlikely that the marked degradation of high 
energy phosphate compounds observed after catechol- 
amine infusion is a consequence of the positive in- 
otropic effect, since epinephrine infusion in hearts per- 
fused with a medium high in magnesium produced 
a positive inotropic effect without marked alterations 
in adenine nucleotides, CP and Pi. In addition, chang- 
ing from a control medium to one containing a high 
concentration of magnesium after the start of 
epinephrine infusion rapidly reversed the metabolic 
action of the amine, while the positive inotropic effect 
was not diminished. 

In studies of the action of isoproterenol on the 
myocardium, Fleckenstein [16] showed that the 
metabolic changes and subsequent necrosis produced 
by excess of the catecholamine could be prevented 
by increasing the extracellular concentration of mag- 
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nesium ions. This procedure was associated with a 
decrease in the flux of calcium into the cell in re- 
sponse to isoproterenol. It appears then that the main 
action of excess magnesium ions is to prevent the 
metabolic effects of calcium ions normally seen in re- 
sponse to a catecholamine. 

A possible explanation for the paradoxical effects 
of magnesium ions on metabolic and contractile 
events in the heart is that the control mechanisms 
for each of these processes are located at different 
sites in the cell. Our results suggest that ATP break- 
down and glycogenolysis can be readily affected by 
alterations in the extracellular concentrations of cal- 
cium and magnesium ions. In the presence of a cate- 
cholamine, changes in ionic environment at super- 
ficial sites concerned with control of metabolism 
would not necessarily result in similar alterations in 
the immediate vicinity of the contractile proteins. The 
recent findings by Tada er al. [17] and Stam et al. 
[18] that a calcium-activated ATPase is indeed pres- 
ent in the surface membranes of cardiac cells provide 
a basis for speculation that calcium and magnesium 
ions in the extracellular fluid could have opposing 
actions on this enzyme and in this manner influence 
cardiac metabolism. 

In summary, perfusion of isolated hearts with a 
medium containing 20 mM magnesium ions markedly 
inhibits the high energy phosphate degradation nor- 
mally observed after epinephrine infusion. The mecha- 
. nism by which high magnesium prevents breakdown 
of ATP and CP is not known, although it seems likely 
that it involves an antagonism with calcium at the 
surface membrane. Perfusion with a medium contain- 
ing 20 mM magnesium does not block the stimulation 
by catecholamine of contractility, or conversion of 
phosphorylase b to phosphorylase a, whereas the gly- 
cogenolytic response to epinephrine administration is 
inhibited. The experimental results indicate that both 
phosphorylase a and b have low activities in the pres- 
ence of the aerobic levels of intracellular adenine nu- 
cleotides, CP and Pi and that it is the increased 
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breakdown of high energy phosphate compounds that 
acts as the main stimulus for glycogenolysis after 
epinephrine infusion. 
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Abstract—Choline acetyltransferase (acetyl-CoA: choline O-acetyltransferase, EC 2.3.1.6) activities of 
canine and human platelets were found to be surprisingly similar, in striking contrast to cholinesterase 
activities which differed markedly. Choline acetyltransferase activities were present predominantly in 
the soluble fraction of the platelet homogenate, while cholinesterase (acetylcholine acylhydrolase, EC 
3.1.1.8) activities were distributed in the soluble fraction, in plasma membranes, and possibly in storage 
granules. In canine platelets, part of the cholinesterase activities appeared in soluble form along with 
adenine nucleotides and serotonin when the platelet release reaction was initiated by agents such 
as acetylcholine, acetyl-B-methylcholine, or thrombin; this soluble cholinesterase activity was shown 
to be an acetylcholinesterase (acetylcholine hydrolase, EC 3.1.1.7). However, choline acetyltransferase 
activities were not released from platelets by these agents. Aggregation of canine platelets by thrombin 
resulted in a decrease of choline acetyltransferase activity in platelets by 50 per cent. Although previous 
results strongly suggested the presence of an acetylcholine receptor in canine platelets, demonstration 
of the binding of isotopically labeled acetylcholine and atropine to this postulated receptor was unsuc- 
cessful. The significance of these data and possible relationships of acetylcholinesterase, choline acetyl- 
transferase, and acetylcholiie receptor are discussed. 


Cholinesterase (ChE) activities have been shown to 
be present in blood components such as plasma, 
erythrocytes, leukocytes, and platelets of different 
animal species [1]. Despite this, the functions of 
acetylcholine (ACh) and acetylcholinesterase (AChE) 
in platelets are still unknown. It was postulated before 
that AChE might play a role in the aggregation of 
human platelets similar to the one it was thought 
to play in the ACh-induced aggregation of canine 
platelets [2]. To date, ACh-induced platelet aggrega- 
tion has been found only to be highly specific for 
the canine species [3]. Further study has indicated 
that ACh induces the release of adenine nucleotides 
(AN) and serotonin (5-hydroxytryptamine or 5-HT) 
from canine platelets [4]. This ACh-induced release 
reaction, as well as the aggregation reaction in canine 
platelets, was found to be blocked only by acetylcho- 
line receptor (AChR) inhibitors, such as atropine, but 
not by AChE inhibitors, such as eserine [3,4]. 
Recently, we have observed the presence of choline 
acetyltransferase (ChAc) activity in both canine and 
human platelets. In the work reported here, the inter- 
relationships of AChE, ChAc and AChR were studied, 
and their functional roles in ACh-induced aggregation 
of canine platelets investigated. 


MATERIALS AND METHODS 


Blood from canine, human, and various other ani- 
mal species was drawn into “acid ACD” (NIH for- 
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mula A) and washed platelets or gel-filtered platelets 
were prepared as described previously [4,5]. Washed 
platelets were used throughout the experiments unless 
otherwise indicated. ChE activities were measured by 
the modified radiometric method of Chuang [5] using 
mainly ['*C, Jacetylcholine as substrate; other sub- 
strates such as ['4C, Jacetyl-f-methylcholine (metha- 
choline or MCh) and ['4C, ]butyrylcholine (BuCh) 
were used also. 

ChAc activities were measured by a modified 
method of Fonnum [6] using Triton X-100 (5% w/v) 
solubilized platelets, a platelet lysate made by freeze- 
thaw, or a platelet homogenate obtained by shearing 
platelets in a glass tube with a low clearance Teflon 
pestle (Kontes Glass Co.). The final concentration of 
['*C, Jacetylcoenzyme A (AcCoA) was reduced to 10 
uM in order that the low ChAc activity in platelets 
could be measured. After the enzymatic reaction had 
proceeded to the desired point (usually 30 min), the 
reaction was stopped by adding cold carrier ACh (90 
ug) and TCA (final concn 5%, w/v). The protein in 
the reaction mixture was removed by trichloroacetic 
acid precipitation in order to improve the separation 
of the organic phase (butylethylketone with sodium 
tetraphenyl borate 15 mg/ml) from the aqueous phase. 
The presence of trichloroacetic acid did not affect the 
final assay results. The upper organic phase (0.5 ml) 
was mixed with acetonitrile (2 ml) before counting 
in 1% phenylbiphenyloxadiapole 1,2,3-toluene mix- 
ture (10 ml) in a liquid scintillation counter (Nuclear, 
Chicago). The final product, ['*C]ACh, has not been 
identified. However, indirect evidence from kinetic 
studies shows: (a) the dependence of reaction rate 
upon the concentration of the substrates choline and 
AcCoA, (b) inhibition of the rate of product synthesis 
by cold ACh, and (c) reduction of the rate of 
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['*C]ACh synthesis in the absence of the AChE in- 
hibitor, eserine. These findings suggest that the final 
product is most likely acetylcholine. Other products, 
such as acetylcarnitine, cannot be ruled out com- 
pletely, although carnitine and acetyl-CoA: carnitine 
O-acetyltransferase have not been demonstrated in 
platelets. 

Techniques for detection of the release reaction 
of the platelets by analysis of AN and ['*C]5-HT 
in the release supernatant have been described pre- 
viously [4]. The release supernatant was dialyzed 
thoroughly against several changes of buffer (see 
below) before it was assayed for ChE activity. 

Studies of the binding of the radioisotopically 
labeled ligand, [7H]ACh (46 mCi/m-mole), [*H]Jatro- 
pine (263 mCi/m-mole) or ['*C]d-tubocurarine (112 
mCi/m-mole) to the postulated ACh receptor were 
performed by equilibrium dialysis and differential 
centrifugation techniques [7]. 

Both washed platelets and platelet plasma mem- 
brane preparations obtained by the glycerol lysis 
method of Barber and Jamieson [8] were suspended 
in Tris (30 mM, pH 7.4) buffered saline (154 mM 
NaCl). Radioactivity was measured by use of a liquid 
scintillation spectrometer (Nuclear Chicago, Mark I). 
Protein content was estimated by the method of 
Lowry et al. [9] 

['*CJACh, ['*C]MCh, ['*C]BuCh, [7HJACh and 
['*C]AcCoA were obtained from New England Nuc- 
lear, while [*H]atropine, ['*C]d-tubocurarine and 
['*C]5-HT were purchased from Amersham/Searle. 


RESULTS AND DISCUSSION 


ChE and ChAc activities of platelets of various ani- 
mal species. Table 1 shows the descending order of 
ChE activities of platelets from various animal spe- 
cies. It can be seen that feline platelets possess the 
highest ChE activity, whereas bovine platelets have 
the lowest. However, as reported previously [3], 
among all the species tested only canine platelets con- 
sistently have shown ready aggregation in response 
to added ACh. Feline platelets showed inconsistent 
aggregation responses, while platelets from other spe- 
cies such as horse, goat, pig, human and cow consis- 
tently were found not to be aggregated by ACh. ChAc 
activities of canine and human platelets were investi- 
gated and found to be similar, although their AChE 
activities differed by more than 100-fold (Table 1). 
These results show that, while platelet AChE activity 
is grossly different in various animal species, ChAc 
activity is similar in the platelets of the two species 
in which it was studied here. 

The ratios of the rates of ACh hydrolysis and ACh 
synthesis by canine and human platelets were calcu- 
lated to be 1800 and 160, respectively, from the data 
in Table 1. These values are comparable to those for 
conductive tissues of various species [10]. It must be 
pointed out that the ChE and ChAc activities pre- 
sented in Table | do not represent the maximal rates, 
because both activities were measured at reduced sub- 
strate concentrations. In addition, it will be shown 
later that ChE activities obtained from intact platelets 
represent only a part of the activity of a cell homo- 
genate. Nevertheless, these data indicate the capabi- 
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lity of platelets to hydrolyze ACh as well as to synthe- 
size it. 

It has been shown previously [5, 11] that the intact 
human platelet ChE is an AChE. It can be seen in 
Fig. 1 that the ChE of intact canine platelets prepared 
by gel filtration is an AChE also. The apparent K,,, 
of canine platelet AChE is 143 uM which is essentially 
identical to that of human platelet AChE (150 uM). 
In addition, Fig. 1 indicates that canine erythrocyte 
ChE is an AChE also with an apparent K,, for ACh 
of 164 uM. The typical ACh substrate inhibition of 
canine platelets and erythrocytes is demonstrated in 
Fig. 1 also. On the other hand, the plasma ChE is 
shown to be a butyrylcholinesterase with an apparent 
K,, of 250 uM for ACh and 83 uM for BuCh. Ad- 
ditional data on the cholinesterase activities of canine 
platelets will be presented and discussed in Table 5. 

Subcellular distribution of AChE and ChAc in canine 
platelets. It is known that, in other cells [1], AChE 
is a membrane-bound enzyme, while ChAc is found 
in the cytoplasm. It has been shown that AChE of 
erythrocytes and platelets is associated with the cell 
ghosts [1]; however, it has not been demonstrated 
before whether ChAc activities also are present in 
these cells. The ChE and ChAc activities of subcellu- 
lar fractions of canine platelets prepared by several 
different techniques are shown in Table 2. It can be 
seen that the ChAc of canine platelets is indeed a 
cytoplasmic enzyme, since no activity could be 
detected with intact cells, and the predominant acti- 
vity (70 per cent or more) was retained in the soluble 
fraction after platelets were lysed and centrifuged at 
100,000 g for 1 hr. On the contrary, ChE activities 
were found to be widely distributed in the soluble 
fraction, the plasma membrane fraction, and even the 
storage granule fractions. It appears that the AChE 
activities obtained from intact cells and from plasma 
membrane fractions are exoenzymes and are compar- 
able (33 vs 21 per cent, Table 2). However, the 3-fold 


Table 1. Platelet ChE and ChAc activities of various ani- 
mal species* 





Species ChE activity ChAc activity 





Feline 
Caninet 
Equine 
Caprine 
Porcine 
Humant 
Bovine 


613.0 (3) 
71.8 (6) 
71.0 (5) 

4.8 (2) 
3.6 (4) 
0.7 (15) 
0.4 (5) 





*ChE and ChAc activities were measured by radio- 
metric methods as described in the text. Washed intact 
platelets were used for assay of ChE activities, and Triton 
X-100 (5°,) solubilized platelets were used for determina- 
tion of ChAc activity. ChE activities are expressed as 10° * 
umoles ACh hydrolyzed/min/10® platelets at 37° and pH 
7.4. ChAc activity is expressed as 10°° wmoles ACh syn- 
thesized/min/10° platelets at 37° and pH 7.4. Values are 
the average from the number of separate experiments 
shown in the parentheses. ND indicates that a particular 
entity was not determined. 

+ The rate of ACh hydrolysis was computed to be at 
least 1800 times faster than the rate of ACh synthesis by 
10° canine platelets at 37° and pH 7.4. 

t The same ratio for human platelets was found to be 
162. 
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Fig. 1. Effect of ACh and BuCh concentration on the ChE 
activities of canine platelets, erythrocytes and plasma 
(Lineweaver—Burk plot). ChE activities were measured at 
various ACh (a, b, c) and BuCh (d) concentrations by the 
radiometric method described in the text. Gel filtered 
platelets (a, 5 x 10’/ml), washed intact erythrocytes (b, 
2.8 x 10’/ml) and ACD plasma (c, 2.5 pl/ml; d, 5.0 yl/ml) 
were used for each set of assays. The apparent K,, values 
for (a), (b), (c) and (d) are 150, 170, 240 and 83 uM respect- 
ively. Data are representative of two separate experiments. 
All data in this figure were obtained simultaneously with 
materials from one donor. 


increase in ChE activities that occurred when platelets 
were lysed by homogenization, by freeze-thaw, or by 
use of the nonionic detergent Triton X-100, coupled 
with the demonstration of a significant distribution 
of ChE activities in these other subcellular fractions 
(Table 2), clearly indicates the probable presence of 
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these activities somewhere within, rather than on, the 
platelet. The actual location of these ChE activities 
within the cell and the mechanism whereby AChE 
activity appears in the soluble fractions cannot be 
determined from the present study. 

Releasable and soluble ChE of canine and human 
platelets. ChE activities were detected in the release 
supernatants along with AN and serotonin during an 
earlier study [4]. Table 3 shows the quantitative and 
simultaneous release of both AN with ['*C]5-HT and 
of AN with ChE activity in studies of canine platelets 
by the release-inducing agents ACh, MCh and throm- 
bin. The parallel release of these three components 
suggests that they may come from the same intracel- 
lular compartment. On the other hand, it can be seen 
in Table 4 that both ACh and MCh failed to release 
AN or ChE activity from human platelets. These find- 
ings agreed well with previous findings that ACh and 
MCh failed to induce the aggregation of human plate- 
lets [3]. The release of AN and ChE activity, as well 
as the occurrence of aggregation, took place with 
human platelets only when thrombin was used as the 
inducing agent. It can be seen also from Tables 3 
and 4 that the thrombin-induced release of AN was 
comparable in canine (50 per cent) and human plate- 
lets (49 per cent), but the release of ChE activity in 
canine platelets (31 per cent) was much higher than 
in human platelets (13 per cent). 

A substrate specificity study of the releasable ChE 
activities of canine platelets, shown in Table 5, indi- 
cated that they are AChEs, because ACh is hydro- 
lyzed at a much higher rate than MCh (10 times) 
or BuCh (100 times). The specific activities (units/mg 
of protein) of the releasable ChE indicated a 5-fold 
increase over that of the platelet lysate and a 16-fold 
increase over that of intact platelets. ChAc activity 
was not detected in the release supernatants in tests 
with ACh, MCh or thrombin used as inducing agents. 
These data add further evidence to the concept that 
ChE activities are present within the platelet, but how 


Table 2. Distribution of ChE and ChAc activities of canine platelet subcellular fractions* 





Expt. 


No. Fractions 


ChAc activity 


ChE activity 
(°) 





Intact cells 

Homogenization by freeze-thaw 
With Triton X-100 (5°) 

Cell homogenization by pestle 
and tube grinding 
Supernatant (100,000 g, 1 hr) 
Sediment (100,000 g, 1 hr) 
Cell homogenate by a glycerol 
lysis technique 

Plasma membrane 

Soluble (193,000 g, 3 hr) 
Sediment (193,000 g, 3 hr) 
Intact platelets 





*ChE and ChAc activities were measured as described in Table 1. Values are expressed 
as per cent of cell homogenate or as indicated. Data are the averages of two to five separate 
determinations. Both ChE and ChAc activities may not be quantitated from the same prep- 
aration. Methods for cell homogenization were: (a) by freeze-thaw three times in a dry ice—ace- 
tone bath, (b) by Teflon pestle and glass tube homogenization for 5 min, and (c) by a glycerol 
lysis technique described in the text. Plasma membrane, and soluble and sediment fractions 
in Expt. 3 were obtained from a 27% sucrose density gradient centrifugation in a Beckman 


SW36 rotor at 193.000 g for 3 hr. 
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Table 3. Simultaneous release of AN, ['*C]5-HT and ChE activities of washed canine platelets by ACh, MCh or 
thrombin* 





Release AN released 


agents 


['*C]5-HT 
released 
(“%) 


ChE activity 
released 
(° é) 





Simultaneous release of AN and ['*C]5-HT 
ACh (1 mM) 

MCh (1 mM) 

Thrombin (5 units/ml) 


Simultaneous release of AN and ChE 
ACh (1 mM) 

MCh (1 mM) 

Thrombin (5 units/ml) 


19.5 
235 


42.7 


22.7 
21.2 


30.7 


1.31 
1.29 
1.85 





* Release reaction of canine platelets is described in the text. ChE activities in the release supernatants were measured 
after dialysis. Data are presented as net per cent of AN released from the platelets, net per cent of ['*C]5-HT released 
from prelabeled platelets, and net per cent of cholinesterase activity released from platelets (cells homogenized by 
freeze-thaw were used to obtain the 100 per cent value). Data are representative of two to four separate experiments. 


these.enzyme activities are made available during the 
platelet release reaction is unknown. 

Effect of aggregation on canine platelet ChAc acti- 
vity. The effect of thrombin-induced platelet aggrega- 
tion on the ChAc activity of canine platelets is shown 
in Table 6. It can be seen that ChAc activities were 
reduced when platelets aggregated in response to 
thrombin regardless of whether platelets were sus- 
pended in buffer or in plasma. However, this reduc- 
tion in ChAc activities is greater in plasma (50 per 
cent) than in buffer (10 per cent). Apparently, the pres- 
ence of plasma protein produces two effects: (a) it 
reduces the ChAc activity in the assay system (e.g. 
24 per cent-reduction in control 1) probably due to 
competition for the substrate molecule AcCoA (10 
uM) by ChAc, plasma proteins, and plasma enzymes 
such as AcCoA hydrolase, and (b) there is an en- 
hancement of platelet aggregation by certain plasma 
proteins that might influence ChAc activities. 

Thrombin, on the other hand, produced several 
effects in addition to the aggregation of canine plate- 
lets. It can be seen in Table 6 that, in the control 
assays (control 1 and 2), thrombin inhibited ChAc 
activity (32 per cent) only when plasma proteins were 
present with platelets in the assay mixture. This sug- 
gests that the effect of thrombin on ChAc in the pres- 
ence of plasma protein could be due to thrombin- 
induced alteration of one or more plasma proteins. 
Thrombin is a protease and is known to degrade 
several different plasma proteins such as fibrinogen. 
Nevertheless, the reason for the reduction of ChAc 
_activities after platelet aggregation induced by throm- 
bin is not known. Whether this reduction of ChAc 


activities is due to inhibition by metabolites such as 
cAMP, cGMP, or prostaglandins generated and 
released during platelet aggregation, or whether there 
is an as yet unrecognized feedback control mechanism 
for the regulation of ChAc activity within the platelets 
after their aggregation are both possibilities that can- 
not be evaluated at the present time. Furthermore, 
the role of plasma proteins or other plasma constitu- 
ents in the additional reduction of ChAc activities 
(from 10 to 50 per cent) is not clear and requires 
further investigation. 

ACh and the release reaction and aggregation of 
canine platelets. Eserine, a cholinesterase inhibitor, 
when present at a concentration of 50 uM was shown 
earlier to inhibit all of the platelet ChE activity pres- 
ent. On the other hand, eserine did not seem to affect 
the ACh-induced release reaction [4] or aggregation 
[3] of canine platelets. However, what effect the pres- 
ence of eserine might have on the fate of added ACh 
during aggregation and release was previously un- 
known. Whether the hydrolysis of ACh is essential 
for the ACh-induced functional changes of release and 
aggregation was therefore examined. Table 7 shows 
that the release from canine platelets of AN by ACh 
(1.0 mM) or by ['*C]ACh (1.3 mM) in the presence 
of eserine sulfate was essentially the same (23 per 
cent). The recovery of ACh as ['*C]JACh following 
the release reaction was quantitative (98.2 per cent), 
while the recovery of the breakdown product, 
['*C]acetate, was minimal (1.8 per cent). However, 
in the absence of eserine, degradation of ['*C]ACh 
is obvious, since the recovery of ['*C]ACh was only 
about 3 per cent, while the product, ['*C]acetate, was 


Table 4. Simultaneous release of AN and ChE activities from washed human platelets 
by thrombin* 





AN 
Release 
agents 


released 


ChE 
activity released 





ACh (1 mM) 
MCh (1 mM) 
Thrombin (5 units/ml) 





* All conditions were the same as in Table 3 except that human platelets were 
used. Data are averages of two separate experiments. 
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Table 5. Substrate specificity and specific activity of ChE activities of intact canine platelets, a platelet 
lysate, and the release supernatant* 





ChE as 


Fractions per cent of lysate 


Substrate specificity 





ACh 
MCh 


ACh 
uCh 


Sp. act. 
(« 107?) 





Platelet lysate 100 
Intact platelets 
ACh release 
supernatant 
MCh release 
supernatant 
Thrombin release 
supernatant 


11 
15 


44.1 





* Release supernatants were prepared as described in Table 3. Platelet lysate was prepared by freeze- 
thaw. The assay using ['*C]BuCh or ['*C]MCh as analogous for ['*C]ACh was as described in 
the text. Protein was estimated by the method of Lowry er al. [9]. Data are representative of four 


separate experiments. 


predominant (96 per cent). The release of AN by 
['*C]ACh (1.3 mM) in the absence of eserine, on the 
other hand, was found to be only slightly less (20 
per cent) than when eserine was present (23 per cent). 
It can be seen also that atropine (10 uM), which is 
a specific inhibitor of AChR, blocked the release of 
AN completely. Further, choline, which is one of the 
breakdown products of ACh, could not replace ACh 
in induction of the release reaction. 

The fate of ACh in ACh-induced canine platelet 
aggregation was studied in a manner similar to that 
used for investigation of, the release reaction. 


['*C]ACh was added to platelet-rich plasma in both 
the presence and absence of eserine to initiate platelet 
aggregation which was measured by aggregometry. 


After aggregation was completed (3-5 min), 
['*C]ACh and ['*C]acetate were analyzed. Essen- 
tially the same data were obtained as are shown in 
Table 7. 

These results clearly demonstrate that: (a) intact 
ACh is essential for the initiation of release and aggre- 
gation in canine platelets, (b) the hydrolysis of ACh 
is not directly related to the release reaction, (c) intact 
platelet AChE may not be involved directly in ACh- 


induced release and aggregation, and (d) the ACh- 
induced release reaction is most likely mediated by 
an AChR. 

Postulated AChR of platelets. Data from Table 7 
and data from previous studies [3,4] have suggested 
strongly the presence of an AChR on the canine plate- 
let plasma membrane. However, efforts to demon- 
strate such a receptor by studying the binding of 
[7H]JACh (substrate) or [*H]atropine or ['*C]d- 
tubocurarine (AChR inhibitors) to intact platelets and 
to platelet plasma membrane preparations by an 
equilibrium dialysis technique or by the differential 
centrifugation method have been unsuccessful. This 
failure may be due to the following reasons: (a) the 
concentration of AChR as indicated by the low AChE 
activity in platelets in comparison to other tissue cells 
is too low to be detected, (b) the specific activities 
of the radioisotopically labeled compound employed 
were too low to show significant counts even though 
binding did occur, and (c) the binding of ligand to 
AChR may be highly reversible. 

Binding of ['?°I]«x-Bungarotoxin, an irreversible 
blocker for nicotinic receptors, was not tried since 
a-Bungarotoxin was found not to inhibit platelet 


Table 6. Effect of cell aggregation on the ChAc activities of canine platelets* 





ChAc activity (10~° ymoles/min) 





Experimental 
conditions 


buffer + CaCl, (5 mM) 


Platelets in 
citrated plasma 


Platelets in 





Control 1: no aggregation, 
no thrombin added 

Control 2: no aggregation, 
thrombin added after 
Triton 

Test: aggregation with 
thrombin added before 
Triton 


3.95 3.00 


4.12 2.05 


3.67 1.05 





* Canine platelets were suspended in either citrated plasma or a Tris~saline buffer. In tests, 
thrombin (5 units/ml) was added to initiate platelet aggregation and the mixture was incubated 
further for 5 min at 37°. Triton X-100 (1%) was added to stop the reaction and ChAc activity 
was measured. In control 2, thrombin was added after Triton X-100. Activities were expressed 
as 10~° ywmoles ACh synthesized/min/10° platelets. Data are representative of four separate 


experiments. 
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Table 7.. Fate of ACh during the release reaction of canine platelets in the presence 
and absence of eserine* 





Net AN ['*C]ACh ['*C]acetate 
released recovered recovered 
(%) (%) (%) 


Release 
agents 





['*CJACh (1.3 mM) + 

eserine (50 uM) 23.2 
['*C]ACh (1.3 mM) 27 
ACh (1.0 mM) + 

eserine (50 uM) + 7 
ACh (1.0 mM) + 

eserine (50 uM) + 

atropine (10 4M) ; + : 
Choline (1 mM) + 

eserine (50 uM) . + + 


98.2 1.8 
95.8 





* Release reactions of washed canine platelets were carried out simultaneously by 
addition of either '*C-labeled ACh (1.3 mM) or non-labeled ACh (1.0 mM) with 
and without added eserine sulfate (50 uM). The release supernatants were then separ- 
ated and analyzed for AN by the spectrophotometric method and for residual 
['*C]ACh and ['*C]acetate by methods used to assay ChAc and ChE activities. re- 
spectively. Atropine sulfate (10 4M) was used to inhibit the release reaction, and 
choline (1 mM) was used to replace ACh as a control. Platelet concentration was 
7.7 x 10°/ml in a mixture composed of 30 mM Tris (pH 7.4), 154 mM NaCl, and 
5 mM CaCl,. All values for AN reflect subtraction of the value of a blank with 
eserine. Data are representative of two separate experiments. 

+ No data were given since no radioactive agent was used. 


aggregation or the release reaction induced by ACh 
[3.4]. Other specific agents, such as quinuclidinyl 
benzilate (QNB), have not been tested. 

Final comments. The AChE of intact platelets was 
found not to be directly involved in the ACh-induced 
release and aggregation of canine platelets (Table 7). 
However, the simultaneous release of AChE activity 
with AN and serotonin (Table 6) suggests that this 
releasable AChE may be closely related to the func- 
tion of ACh in canine platelets. How this AChE is 
released and where the releasable AChE activity ori- 
ginates are presently unknown. It was thought at first 
that AChE in the release supernatant might be pres- 
ent as a result of the solubilization of plasma mem- 
brane AChE by proteases and other lysosomal 
enzymes that are liberated also during the release 
reaction. Our evidence seems to contradict this 
hypothesis, because the simultaneous release of pro- 
teases and lysosomal enzymes likely would result only 
in the inactivation of AChE. It has been shown before 
that human platelet AChE is readily destroyed by 
proteases [11]. Direct evidence to refute the hypo- 
thesis may be obtained in the future from two differ- 
ent approaches: (a) release reactions should be per- 
formed in the presence of protease inhibitors to mini- 
mize the efiects of released lysosomal hydrolytic 
enzymes, and (b) a comparative study of membrane- 
bound AChE and releasable AChE should be carried 
out to determine whether these two enzymes differ 
in their physical and chemical properties. 

It is generally assumed that the binding of ligand to 
receptor on the cell plasma membrane might be the 
primary step in triggering various actions of the plate- 
let. Little is known about the membrane receptors 
of platelets. Recentiy, ADP binding to isolated plate- 
let membranes [7], thrombin binding to intact human 
platelets [12-14] and phytohemagglutinin binding to 
platelets [15] have been demonstrated. The binding 


to plasma membrane of other agents important to 
platelet function such as collagen, catecholamines and 
5-HT has not been demonstrated. It seems likely that 
ACh-induced release and aggregation of canine plate- 
lets are mediated by an AChR, although such a recep- 
tor has not yet been demonstrated clearly. As dis- 


cussed above, this is most likely due to the complexity 


of the platelet membrane and the technical problems 
involved in the study of receptors. Similar difficulties 
were encountered also by workers interested in the 
receptors of other cells as pointed out recently by 
Cuatrecasas [16]. 
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Abstract— Nisoxetine inhibits the high affinity uptake of norepinephrine by synaptosomes hypotha- 
lamus, brain stem and cerebral cortex of rat brain with inhibitor constants, K; values, of 1, 2 and 
6 nM respectively. The drug also inhibits the high affinity uptake of dopamine by hypothalamic synapto- 
somes with a K; value of 9nM. In corpus striatum, however, the K,; values for nisoxetine to inhibit 
the uptake of dopamine and norepinephrine are 360 and 220nM respectively. Thus, nisoxetine has 
about 200-fold greater affinity for the uptake sites of norepinephrine than for those of dopamine. 
Nisoxetine administered at. 10 mg/kg i.p. to rats reduces the high affinity uptake of catecholamines 
by synaptosomes of brain regions. A low affinity process for uptake of catecholamines also occurs 
in synaptosomes of hypothalamus, brain stem and cerebral cortex but is not blocked by 10°°M 
nisoxetine. The significance of the low affinity uptake processes is discussed. 


Nisoxetine hydrochloride (Lilly 94939) has been 
selected from a series of phenoxyphenylpropylamines 
for clinical studies as a potential antidepressant [1]. 
The compound shows pharmacological properties 
characteristic of the tricyclic antidepressant, desipra- 
mine, such as the reversal of reserpine- or apomor- 
phine-induced hypothermia* and the enhancement of 
the vasopressor effect of norepinephrine (NE). Fur- 
thermore, nisoxetine is as potent as desipramine in 
blocking the high-affinity uptake of [*H]NE by 
synaptosomes isolated from rat brain and by 
‘heart [2, 3]. In the present study, we report the effects 
of nisoxetine on the high affinity uptake of [7H]NE 
by synaptosomes obtained from cerebral cortex, brain 
stem, hypothalamus and corpus striatum and on 
uptake of [*H]dopamine by synaptosomes from 
corpus striatum and hypothalamus. We also have 
observed a low affinity uptake of [*H]NE in these 
crude synaptosomal fractions. 


METHODS AND MATERIALS 


Male Sprague-Dawley rats (110-150 g) from Har- 
lan Industries, Cumberland, Ind., were fed Purina 
Chow ad lib for at least 3 days in our laboratories before 
being killed by decapitation. Whole brains were 
removed and dissected following the method of Schu- 
bert and Sedvall [4]. Crude synaptosomal prep- 
arations were prepared from 10 per cent homogenates 
of brain tissues in 0.32 M sucrose and 10 mM glucose 
by differential centrifugation [5]. 

The active uptake of [*H]monoamines by synapto- 
somes was determined by the modified method of 
Wong et al. [6]. Synaptosomes equivalent to | mg 
protein [7] were added to | ml of Krebs bicarbonate 
buffer containing 10mM glucose, 0.1 mM iproniazid, 
1 mM ascorbic acid, 0.17 mM ethylenediamine tetra- 





*R. Rathbun and B. Molloy, personal communication. 


acetic acid (EDTA) and [*H]monoamine (0.05 to 
2 uM) and incubated at 37° for 3 min. The incubation 
mixtures were immediately diluted with 2 ml of ice- 
chilled Krebs bicarbonate buffer containing 1 mM 
nonradioactive monoamine. Synaptosomes were 
harvested by centrifugation and rinsed with 5 ml of 
cold buffer and transferred to counting vials contain- 
ing 10 ml of scintillation fluid [Permafluor (Packard) 
Triton X-100-toluene, 1:8:16]. Radioactivity was 
measured using a Packard liquid scintillation spectro- 
meter. The amount of [*H]monoamine accumulated 
by synaptosomes and effects of nisoxetine on uptake 
of [7H ]monoamines were analyzed using the method 
of Lineweaver and Burk [8] or Dixon [9]. All exper- 
iments were repeated two to three times in order to 
validate the kinetics and the inhibitor constant (K;,) 
of nisoxetine. 

Nisoxetine [d/-N-methyl-3-(o-methoxyphenoxy)-3- 
phenyl-propylamine, hydrochloride] was prepared by 
Dr. B. B. Molloy at the Lilly Research Laboratories. 
(7-H ]l-norepinephrine ({°H]/-NE). 15 Ci/m-mole; 
[7-2H]dl-NE, 15 Ci/m-mole; and [*H (G)]dopamine 
((°H]DA), 10 Ci/m-mole, were purchased from New 
England Nuclear Corp. ['*C]nisoxetine labeled at the 
N-methyl group was kindly supplied by Dr. F. J. 
Marshall of our laboratories. 


RESULTS 


Effect of nisoxetine on uptake of [}H]NE in synapto- 
somes of hypothalamus, cerebral cortex and brain stem. 
The uptake of [*H]NE in synaptosomes of hypo- 
thalamus shows a biphasic phenomenon which indi- 
cates the participation of two components, a high- 
affinity component and a low-affinity component 
having K,, values of 0.15 +0.01uM (K,,,) and 
0.49 + 0.06 uM (K,,,) respectively (Fig. 1A). 

Nisoxetine at 2nM increased the K,,, value from 
0.15 + 0.01 to 0.24 + 0.03 uM (Fig. 1A) giving a K; 
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Fig. |. Biphasic uptake of [‘H]NE in synaptosomes of hypothalamus competitively inhibited by nisoxe- 
tine as illustrated by the Lineweaver-Burk plot [8]. (A) Synaptosomes in triplicate samples of | mg 
protein were incubated in | ml of Krebs bicarbonate buffer containing [*H]/-NE (0.05 to 2 x 10°°M 
I-NE), 10 mM glucose, 0.1 mM iproniazid, | mM ascorbic acid and 0.17 mM EDTA at 37° for 3 min. 
Synaptosomes were sedimented from the reaction mixture by centrifugation, rinsed and measured for 
radioactivity by liquid scintillation. The experiment was repeated three times. K,,, + S.E.M. arid 
K,,, + S.E.M. are the dissociation constants for the high- and low-affinity NE uptake processes respect- 
ively. (B) [7H]/-NE at 0.1 and 0.2 uM was used to study the effect of three concentrations of nisoxetine 
according to the method of Dixon [9]. The bars represent S.E.M. 


constant of 3.4nM for inhibition of [*H]NE uptake 
by synaptosomes from the hypothalamus. The K; 
constant directly obtained from an_ experiment 
designed according to the method of Dixon [9] 
yielded a value of | nM (Fig. 1B). 

The biphasic phenomenon for uptake of [7H]NE 
also occurred in synaptosomes of cerebral cortex (Fig. 
2) and brain stem (Fig. 3). The K,,, values were about 
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Fig. 2. Biphasic uptake of [7H]NE in synaptosomes of 

cerébral cortex and inhibitory effect of nisoxetine as illus- 

trated by the Lineweaver—Burk plot [8]. Experimental con- 

ditions were identical to those in Fig. | except that synap- 

tosomes from cerebral cortex and 10nM_ nisoxetine were 
used. 


the same as in hypothalamus, whereas the K,,. values 
were greater in cerebral cortex and brain stem, 
1.47 + 0.11 and 1.34 + 0.24 uM respectively. Nisoxe- 
tine at 10nM competitively inhibited the high affinity 
uptake component in both cerebral cortex and brain 
stem with calculated K; values of 6 and 2nM. 
Effects of nisoxetine on the uptake of [7H]NE and 
[°H]DA by synaptosomes from the corpus striatum. 
The kinetics for uptake of [>H]NE into synaptosomes 
of corpus striatum were resolved by a double recipro- 
cal plot into a single straight line which indicated 
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a brain stem and inhibitory effect of nisoxetine as illus- 
trated by the Lineweaver—Burk plot [8]. Experimental con- 
ditions were the same as in Figs. | and 2 except that synap- 
tosomes from brain stem and nisoxetine at 10nM were 
used. 
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the participation of a single uptake component (Fig. 
4A). The K,, value of 0.47 + 0.08 uM was significantly 
increased to 3.15 +0.69uM by 0.5uM_nisoxetine. 
The K; value was calculated to be 220nM nisoxetine 
in the blockade of [7H]NE uptake in corpus striatum. 

The uptake of [7H]DA in striatal synaptosomes 
was also resolved into a single straight line in the 
double reciprocal plot yielding a K,, value of 
0.09 + 0.01 uM (Fig. 4B). Nisoxetine (0.5 uM) com- 
petitively inhibited the uptake of [7H]DA with a 
higher K,, value of 0.27 + 0.02 uM of [7H]DA. The 
calculated K; value for nisoxetine was 360nM in 
blocking the uptake of [*H]DA in striatal synapto- 
somes. 

Uptake of [7H]DA by synaptosomes of hypotha- 
lamus and effect of nisoxetine. The uptake of [7H]DA 
by synaptosomes of hypothalamus shows biphasic 
kinetics. Two straight lines were resolved in a double 
reciprocal plot (Fig. 5) which provided the evidence 
of two uptake components for the uptake of [7H]DA 
as seen earlier for [H]NE uptake. The K,, values 
for [SH]DA were 0.24 + 0.1 (K,,,) and 182 + 
0.10 uM (K,,,). Only the high affinity uptake of 
{7H]DA was inhibited by 10nM nisoxetine with an 
inhibitor constant of 9 nM. 

Effect of nisoxetine in vivo on [H]NE uptake into 
synaptosomes of brain regions. The effect of nisoxetine 
in vivo on uptake of catecholamines was examined 
in synaptosomes isolated from four anatomical 


0.40 ’ 
Corpus Striatum 


A. NE uptake 


Km’ = 3.15 +0.69 ye 


° 


1/¥ (p mole/mg/3 min.) 


° 





1/¥ (p mole/mg/3 min.) 


Km = 0.09 £0.01 pe 


control 





T ‘ 1 1/DA 
10 15 20 
1/S (pM) 
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somes from corpus striatum were incubated in an identical 
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hypothalamus and inhibitory effect of nisoxetine as illus- 
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regions of rat brain. The uptake of [7H]NE was 
reduced most in synaptosomes of hypothalamus, fol- 
lowed by brain stem and cerebral cortex (Table 1). 
The uptake of [7H]DA in corpus striatum was least 
influenced by the administration of nisoxetine. 

Distribution of ['*C]nisoxetine in brain regions. In 
view of the selectivity of nisoxetine in vivo in the bloc- 
kade of [7H]NE uptake in brain regions, we wanted 
to know if the inhibition simply reflects the tissue 
distribution of the compound. Table 2 showed that 
['*C]nisoxetine, within 10 min of intravenous injec- 
tion, was almost evenly distributed in all regions, with 
a slightly higher concentration in cerebellum. At least 
80 per cent of the radioactivity in the extract of cere- 
bral cortex was identified as authentic nisoxetine by 
thin-layer chromatography. Similar regional distribu- 
tion of radioactivity was observed at the end of | hr 
after the administration of ['*C]nisoxetine. 


DISCUSSION 


The uptake of NE by synaptosomes from hypotha- 
lamus, brain stem and cerebral cortex is effectively 
blocked by nisoxetine in vitro. The K; values of nisox- 
etine (Table 3) for hypothalamus and brain stem were 
about the same (1-2 nM), suggesting similar affinities 
of the drug for NE uptake sites in both regions. The 
affinity of nisoxetine for the NE uptake sites of cere- 
bral cortex was about 5-fold weaker with a K; value 
of 9nM. One hr after its administration, nisoxetine 
also produced the largest reduction in NE uptake by 
synaptosomes from hypothalamus and less reduction 
in NE uptake by synaptosomes of brain stem and 
cerebral cortex. The various degrees of drug effect in 
vivo did not correlate with levels of the drug, which 
was evenly distributed among brain regions. The 
affinity of the drug for the NE uptake sites as revealed 
by the K; value was more associated with its potency 
in vivo. 
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Table 1. Effects of nisoxetine administration on uptake of catecholamines in synaptosomes of four brain regions* 





Catecholamine uptake (pmoles/mg protein) 





Catecholamine 
Brain regions 


Control 


Inhibition 
(%) 


Nisoxetine 
treated 





Hypothalamus 
Cerebral cortex 
Brain stem 
Corpus striatum 


5.93 + 0.35 
2.11 + 0.07 
3.16 + 0.30 
38.96 + 2.48 


69.8 
55.5 
57.6 
24.8 


1.79 + 0.12+ 
0.94 + 0.13+ 
1.34 + 0.14t 

29.32 + 1.48t 





* Four rats were treated with either saline or nisoxetine (10 mg/kg, ip.) for | hr before being killed by decapitation. 
Each brain was dissected in four regions [4] for the preparation of synaptosomes. Synaptosomes in duplicate samples 
were incubated at 37° for 3min in Krebs bicarbonate buffer containing 0.1 4M [*H]/-NE or [7H]DA. Mean values 
from four rats + S. E. M. of each brain region were compared between the saline- and nisoxetine-treated animals 


by Student’s t-test 
+P < 0.001. 
tP < 0.025. 


The o-methoxy group in the phenoxy ring of nisox- 
etine is essential in directing the affinity of the mol- 
ecule for the NE uptake sites. This affinity is reduced 
upon substituting a more electron-withdrawing group, 
such as a trifluoromethyl-group, to the same ring as 
in fluoxetine hydrochloride (Lilly 110140) and_ its 
related compounds. [10]. Fluoxetine is a poor inhibi- 
tor for the uptake of NE with a K, value of 10 uM 
[10]. 

Nisoxetine also inhibited the uptake of 5-hydroxy- 
tryptamine (5-HT) with a K; value of 0.5 uM in 
synaptosomes of rat brain [3] and | uM in synapto- 
somes of hypothalamus (unpublished results). Thus, 
in hypotha!amus, nisoxetine was 1000 times better as 
an inhibitor of NE uptake than of 5-HT uptake. The 
replacement of the o-methoxy group by a p-trifluoro- 
methyl group in the phenoxy ring of the molecule 
as in fluoxetine increases the affinity for the 5-HT 
uptake site with a K; value of 0.1 uM for blocking 
the uptake of 5-HT in synaptosomes of rat brain [10]. 
Thus, nisoxetine and fluoxetine constitute the most 
interesting series of phenoxyphenylpropylamines as 
selective inhibitors of monoamine uptake in nerve 
endings of the central nervous system. 

Corpus striatum contains mainly dopaminergic 
nerve terminals [11]. This conclusion is supported by 
the present finding that there is a greater affinity for 
DA uptake in this region than for NE with a 5-fold 
difference in K,, values, 0.09 and 0.47 uM respectively 


(Table 4). The corresponding values of 0.4 and 2 uM 
have been reported by Snyder and Coyle [11] for 
a particulate fraction of striatal homogenate. The 
similar K; values of nisoxetine to inhibit uptake of 
DA and NE also support such explanation. Further- 
more, nisoxetine was about 200-fold less effective in 
blocking the uptake of catecholamines by striatal 
synaptosomes than by synaptosomes of hypotha- 
lamus and brain stem. 

Snyder and Coyle [11] also reported that the 
uptake of DA in homogenates of brain regions other 
than corpus striatum was biphasic, while the uptake 
of NE was monophasic in all brain regions. In partial 
agreement with these authors, we have observed the 
biphasic uptake of DA in synaptosomes of hypotha- 
lamus. However, we have also found that the kinetics 
for uptake of NE in hypothalamus, brain stem and 
cerebral cortex are all biphasic. Thus, the uptake of 
NE in these three brain regions involves the partici- 
pation of a high-affinity (K,,,) and a low-affinity (K,,,,) 
component (Table 4). The K,,, and the corresponding 
Vinax, Values for all three regions are approximately 
equal in magnitude, indicating some similarity in the 
chemical nature of these high-affinity uptake sites. 

It has been suggested that the low-affinity uptake 
of DA in synaptosomes of hypothalamus may rep- 
resent the uptake of DA by DA neurons of the region 
[12]. In the present study, the K,,, value for DA 
uptake in hypothalamic synaptosomes is two times 


Table 2. Distribution of ['*C]nisoxetine in brain regions* 





['*C]nisoxetine 
equivalent 
(ug/g tissue) 


Brain 
regions 


Estimated 
concn 
(10°° M) 





Hypothalamus 
Cerebral cortex 
Brain stem 
Midbrain 
Corpus striatum 
Cerebellum 


0.435 
0.361 
0.394 
0.478 


0.326 + 0.008 
0.396 + 0.222 


1.06 + 0.03 
1.29 + 0.07 
1.42 + 0.04 
1.17 + 0.04 
1.28 + 0.10 
1.55 + 0.05 


0.013 
0.013 
0.030 
0.015 





* Eight rats (100 g) were injected with ['*C]nisoxetine (N-methyl-'*C- 
labeled, 3.48 wCi/mg) at 3.65 mg/kg iv. for 10 min before being killed 
by decapitation. Tissues of brain regions except cerebral cortex from 
two animals were pooled and digested in 1.5 ml of 27% H,O, and 7% 
perchloric acid. Radioactivity was measured by the liquid scintillation 


technique. 
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Table 3. Inhibitor constants (K; values) of nisoxetine in the blockade 
of catecholamine uptake by synaptosomes of brain regions 





Brain regions 


K; values* 


Catecholamine 





Hypothalamus 


Brain stem 
Cerebral cortex 
Corpus striatum 





* K; values are estimated from experiments illustrated in Figs. 2-6. 


Table 4. Kinetic parameters for uptake of norepinephrine (NE) and dopamine (DA) by synaptosomes from various 
rat brain regions* 





High affinity 


Low affinity 





Brain 


regions Substrates Kun, 


, 
tins 


Kn, 





0.15 + 0.02 
0.12 + 0.02 
0.24 + 0.01 
0.18 + 0.02 
0.12 + 0.02 
0.47 + 0.08 
0.09 + 0.01 


Hypothalamus 


Cerebral cortex 
Brain stem 
Corpus striatum 


0.49 + 0.06 
0.70 + 0.12 
1.82 + 0.10 
1.47 + O11 
1.34 + 0.24 


13.8 + 1.0 
10.54 + 0.88 
37.20 + 1.00 
15.4 + 0.80 
8.43 + 0.72 
82.68 + 5.86 
64.54 + 1.38 





* K,, (uM) and V,,,, (pmoles/mg of protein/3 min) + S. E. M. were obtained from experiments shown in Figs. 1-5. 
+ [SH]dIl-NE was diluted with /-NE and the specific activity had been divided by 2. 


larger than the K,,, value and half the K,,, value for 
NE uptake in the same tissue. However, the V,,,,, 
value for DA uptake is in the same order of magni- 
tude as the V,,,,, value for NE uptake. Thus, in agree- 
ment with the earlier suggestion, the low affinity 
uptake of NE in hypothalamus may be dopaminergic 
in origin. Furthermore, only the high affinity but not 
the low affinity uptake of NE in hypothalamus and 
cerebral cortex was reduced after an intraventricular 
administration in a limited dose of 6-hydroxydopa- 
mine (unpublished results), which presumably caused 
degeneration specifically at NE neurons [13]. 

The low-affinity NE uptake process in cerebral cor- 
tex and brain stem may also represent a separate 
uptake process specific for other amines. The K,,, 
values for NE uptake in synaptosomes of cerebral 
cortex and brain stem are two times larger than the 
K,,, value for NE uptake in hypothalamic synapto- 
somes. Thus, a third process for the uptake of cate- 
cholamines may exist in cerebral cortex and brain 
stem. The presence of epinephrine (E) in the central 
nervous system has been detected [14-16]. An uptake 
process specific for E is not yet known. Preliminary 
data in our laboratory show that a sodium-dependent 
uptake of E follows monophasic and saturable kin- 
etics with K,, values of about 1 uM E in synapto- 
somes of brain stem, cerebral cortex and hypotha- 
lamus (unpublished results). The affinity of E resem- 
bles the low affinity (K,,,) for NE in brain stem and 
cerebral cortex. 
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Abstract—Administration of an acute dose of p,p’-1,1,1-trichloro-2,2-bis (p-chlorophenyl) ethane 
(p.p'-DDT) (600 mg/kg, p.o.) resulted in a significant increase in hepatic adenylate cyclase activity (40 
per cent) and endogenous cyclic AMP levels (31 per cent). Although the cytosol cyclic AMP-independent 
protein kinase activity was only slightly affected (18 per cent), the activity of the nucleotide-dependent 
enzyme was significantly decreased to 74 per cent of the control values. Whereas the protein kinase 
activity ratio (—cyclic AMP/+cyclic AMP) of this soluble enzyme was increased, the ability of the 
enzyme to bind [*H]cyclic AMP in vitro was significantly decreased after pesticide administration. 
As observed with the soluble enzyme, maximal stimulation of the crude nuclear protein kinase (1500 g 
pellet) was observed 1 hr after p,p'-DDT treatment, as indicated by changes in the phosphorylation 
of endogenous nuclear substrates and cyclic AMP-binding capacity. Studies with lower dosages of 
DDT revealed that a dose as low as 100 mg/kg was sufficient to produce statistically significant alter- 
ations in the activities of both the soluble and particulate enzymes. In most cases, doubling the dosage 
(200 mg/kg) resulted in greater changes in these biochemical parameters. The present study supports 
the concept that the DDT-induced alterations in hepatic carbohydrate metabolism may be related 


to an initial stimulation of the hepatic cyclic AMP-adenylate cyclase—protein kinase system. 


In mammals, a variety of cellular functions have been 
postulated to be initiated through modulation of the 
adenylate cyclase-cyclic AMP system. The finding 
that hormones such as glucagon or epinephrine pro- 
duced a rise in the endogenous levels of hepatic cyc- 
lic AMP and that this change preceded hormonal- 
induced glycogenolysis -gluconeogenesis and lipolysis 
suggested that cyclic AMP is essential to triggering 
the observed physiological responses [1-4]. Ad- 
ditional support for the role of cyclic AMP as an 
intracellular messenger in the action of hormones on 
hepatic carbohydrate metabolism was gained from 
the observation that the cyclic nucleotide, like gluca- 
gon, was capable of producing an increase in blood 
glucose levels and a fall in liver glycogen content 
[3, 5,6]. Cyclic AMP is believed to act within the 
cell through activation of protein kinase(s). This 
group of enzymes is now known to control phosphor- 
ylase activation and glycogen synthetase inhibition in 
skeletal muscle [7-9] as well as lipase activation in 
adipose tissue [10]. In addition, the phosphorylation 
of ribosomes and histones has been shown to be cata- 
lyzed by the cyclic. AMP-dependent protein kinase 
in a variety of animal tissues [11-13]. The aim of 
the present study was to investigate the influence of 
p.p'-DDT¢f treatment on the activities of cyclic AMP- 
dependent and -independent protein kinases, protein 
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t Abbreviations: p,p'-DDT or DDT, p,p’-1,1,1-trichloro- 
2,2-bis (p-chlorophenyl) ethane; cAMP or cyclic AMP, cyc- 
lic 3',5'-adenosine monophosphate. 


kinase activity ratio and cyclic AMP-binding capacity 
of the enzyme in both soluble and crude nuclear prep- 
arations. 


-MATERIALS AND METHODS 


Animal and tissue preparation. Mature male rats of 
the Sprague-Dawley strain weighing approximately 
200 g were used in this study. All animals were main- 
tained on Master Laboratory Chow and water ad lib. 
and starved overnight (16hr) before sacrifice. Rats 
were given orally various doses of p,p'-DDT, and con- 
trol animals received an equal volume of the vehicle 
(corn oil). The animals were then sacrificed by cervical 
dislocation at various time intervals as indicated in 
the text. The liver was rapidly excised and frozen in 
liquid nitrogen until the time of the various enzymatic 
assays. 

Biochemical assays. Hepatic cyclic AMP levels, 
adenylate cyclase and phosphodiesterase activities 
were determined by methods as described previously 
[14]. Soluble protein kinase activity (100,000 g super- 
natant) was assayed by measuring the incorporation 
of 3?P into a histone mixture (type IIA, Sigma) as 
described recently by Tsang and Singhal [15]. The 
assay medium (final volume 0.13 ml, pH 6.5) con- 
tained 46 mM sodium acetate, 1.5 mM NaF, 3.1 mM 
theophylline, 0.24mg of histone mixture, 17mM 
MgCl,, 85 uM ATP and 5 uM cyclic AMP (for mea- 
suring the activity of cyclic AMP-dependent enzyme). 
The reaction was initiated by the addition of [y??P] 
ATP-MgCl, (2 x 10° cpm) followed by incubation at 
30° for 7 min and terminated by the addition of 5 ml 
of 20% trichloroacetic acid. The protein precipitate 
was separated by filtering on Millipore filter (HAWP. 
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0.45 um) and washed three times with the same 
volume of 5% trichloroacetic acid. The filter was then 
counted using a scintillation mixture containing 7 
parts Omnifluor solution (4g Omnifluor/liter of 
scintanalyzed toluene) to 3 parts ethylene glycol 
monoethyl ether. Kinase activity of the crude nuclear 
preparation (1500g pellet, washed three times) was 
assayed by measuring the incorporation of **P from 
[y°?P]ATP into endogenous substrates under the 
conditions described for the soluble enzyme. Cyclic 
AMP-binding studies were performed using 0.05M 
sodium acetate and |1mM EDTA, pH 5.0, as de- 
scribed by Sanborn et al. [16]. Protein was deter- 
mined by the method of Lowry et al. [17] with bovine 
serum albumin as standard. 

Chemicals. All reagents were of the purest grade 
‘lable. [*H]cyclic AMP (28Ci/m-mole) was 
chased from Schwarz—-Mann (Orangeburg, N.Y.) 

wnereas [y??P]JATP (25.5 Ci/m-mole) and Omnifluor 
were obtained from New England Nuclear (Dorval, 
Quebec). The histone mixture (type IIA), ATP and 
other biochemical intermediates used in various bio- 
chemical assays were products of the Sigma Chemical 
Co. (St. Louis, Mo.). 

Statistical analysis. Results are expressed as means 
+ S. E. M. of five to six animals/group. Differences 
between the means of the two groups were tested for 
statistical significance by using the Student’s t-distri- 
bution. No statistical significance is indicated when 
the P value was >0.05. 


RESULTS 


Effect of p,p'-DDT on hepatic cyclic AMP metabo- 
lism. Results presented in Table 1 illustrate the 
changes in liver cyclic nucleotide metabolism | hr 
after the oral administration of a 600 mg/kg dose of 
p.p'-DDT. Whereas pesticide treatment failed to alter 
the activity of hepatic phosphodiesterase, a significant 
increase was noted in the activity of adenylate cyclase 
(40 per cent) and endogenous cyclic AMP levels (31 
per cent). Soluble hepatic protein kinase activity also 
was stimulated by the pesticide as indicated by an 
enhan-ement in the kinase activity ratio (82 per cent) 
and a decrease in the activity of the cyclic AMP- 
dependent form of the enzyme (26 per cent). Although 
protei1 kinase activity assayed in the absence of cyclic 
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Fig. 1. Time course of the p,p’-DDT-induced changes in 
hepatic protein kinases in cytosol and crude nuclear prep- 
arations. Each point represents the mean + S. E. M. of 
five to six rats in each group. Animals were given p,p'-DDT 
(600 mg/kg, p.o.) and killed 0, 1, 3 and 5 hr after insecticide 
treatment. Data are given in percentages taking the values 
of control rats as 100 per cent. The asterisks indicate statis- 
tically significant differences when compared with the 
values of control rats (P < 0.05). 


AMP was only slightly increased (18 per cent), the 
activity of the enzyme in the presence of the nucleo- 
tide was significantly decreased from 308.0 to 200.4 
pmoles *?P incorporated into the histone mixture/mg 
of protein. 

Time course of p,p'-DDT effect on hepatic protein 
kinases. The sequential changes in hepatic protein 
kinases obtained from both the cytosol and crude 
nuclear fractions of DDT-treated rats are shown in 
Fig. 1. One hr after the administration of p,p'-DDT 
(600 mg/kg), both the soluble as well as the particulate 
protein kinases were maximally stimulated, as indi- 
cated by marked changes in the activities of protein 
kinases, the kinase activity ratio and the cyclic AMP- 
binding capacity of the enzyme. Whereas stimulation 
of the soluble enzyme was associated with only a 
slight enhancement in the activity of the cyclic AMP- 
independent protein kinase, enzyme activity in the 
presence of the nucleotide was decreased significantly 
at | hr. These DDT-induced biochemical alterations 
were paralleled by increments in the dissociation of 
the soluble holoenzyme as reflected in the increase 
in kinase activity ratio (from 0.115 to 0.209). As 
expected, the [*H]cyclic AMP-binding capacity in 
vitro of the soluble protein kinase, an index of the 


Table 1. Effect of p,p'-DDT on hepatic cyclic AMP metabolism* 





Phospho- 


Grou »s Adenylate cyclaset Cyclic AMPt diesteraset 


Kinase activity 


Soluble protein kinase ratio 





— cyclic AMP 
+ cyclic AMP 


— Cyclic AMP + Cyclic AMP 





Control 0.56 + 0.01 
(100) 
0.78 + 0.01 


(140)t 


1.22 + 0.10 
(100) (100) 
1.60 + 0.10 5100 + 200 

(131)t (91) 


5600 + 300 


p.p'-DDY 


0.115 + 0.010 
(100) 
0.209 + 0.012 
(182)t 


35.49 + 4.11 
(100) 
41.93 + 4.21 
(118) 


307.97 + 3.06 
(100) 
200.40 + 22.79 
(74)t 





* Each value represents the mean + S. E. M. of five to six animals in each group. Rats were given p,p’-DDT (600 mg/kg, 
p.o.) aid sacrificed 1 hr later. Data are also given in percentage (in parentheses) taking the values of control animals 
as 100 per cent. Whereas activities of adenylate cyclase and phosphodiesterase were calculated as pmoles cyclic AMP 
formed or metabolized/mg of protein, protein kinase activity was expressed in pmoles *?P incorporated into histones 
(type IIA, Sigma)/mg of protein. Kinase activity ratio (—cyclic AMP/+cyclic AMP) was calculated by dividing protein 
kinase activity assayed in the absence of cyclic AMP by that in the presence of the nucleotide. The concentration 


of cyclic AMP is given in terms of pmoles/mg of tissue. 
+ See Ref. 14. 


t Statistically significant difference when compared with the values of control rats (P < 0.05). 
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Fig. 2. Influence of two lower dosages of p,p'-DDT on 
soluble hepatic protein kinase and cyclic AMP-binding ac- 
tivities. Each bar represents the mean + S. E. M. of five 
to six rats in each group. Animals were treated orally with 
either a 100 or 200 mg/kg dose of p,p'-DDT and sacrificed 
1 hr later. Data are given in percentages taking the values 
of control rats as 100 per cent. The asterisks indicate statis- 
tically significant differences when compared with the 
values of control rats (P < 0.05). 


saturation in vivo of the nucleotide receptor, de- 
creased in an inverse manner, attaining the lowest 
levels (81 per cent) also at hr | after pesticide expo- 
sure. 

While exogenous cyclic AMP failed to stimulate 
the particulate enzyme in both control and exper- 
imental animals, incorporation of **P into endo- 
genous nuclear substrates from [y??P]ATP was signi- 
ficantly enhanced both in the presence (from 
394.3 + 21.9 to 513.6 + 49.3 pmoles/mg of protein) 
and absence (from 358.3 + 31.1 to 586.1 + 42.8 
pmoles/mg of protein) of the cyclic nucleotide 1 hr 
after the pesticide administration (Fig. 1). Contrary 
to the observed independence of the nuclear enzyme 
for cyclic AMP for its catalytic activity, the ability 
of the nuclear fraction to bind [*H]cyclic AMP in 
vitro was as high as 11.4 + 1.1 pmoles of the nucleo- 
tide bound/mg of protein (46 per cent of that 
observed with the soluble enzyme). Moreover, treat- 
ment with p,p’-DDT resulted in a marked decrease 
(54 per cent) in cyclic AMP-binding capacity 1 hr 
after the administration of this halogenated hydro- 
carbon, although a return to control values was 
observed by hr S. 

Influence of lower dosages of p,p'-DDT on soluble 
hepatic protein kinase and cyclic AMP-binding activi- 
ties. Results in Fig. 2 show that a 100 mg/kg dose 
of p,p’-DDT significantly decreased (18 per cent) the 
cyclic AMP-binding capacity of soluble hepatic pro- 
tein kinase from 25.0+1 to 20.4 + 1.6pmoles 
[*H]cyclic AMP bound/mg of protein at | hr. Treat- 
ment with a higher dose of the chlorinated hydro- 
carbon (200 mg/kg) resulted in an even larger reduc- 
tion (27 per cent) in the ability of the enzyme to bind 
the cyclic nucleotide in vitro. Whereas administration 
of p,p'-DDT failed to alter the activity of the cyclic 
AMP.-independent protein kinase, a significant reduc- 
tion (22 per cent) in the activity of the nucleotide- 
dependent enzyme was observed with the lowest dose 
used in this study. Increasing the dose to 200 mg/kg 
resulted in a quantitatively greater decrease (30 per 
cent) in the activity of this soluble enzyme (Fig. 2). 
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In contrast, the ratio of protein kinase activity in the 
absence to that in the presence of cyclic AMP was 
significantly increased (43 per cent) from 
0.115+ 0010 to 0165+ 0.008 in rats given 
100 mg/kg of DDT. Treatment with a larger dose 
(200 mg/kg) produced a greater increase (62 per cent) 
in the activity ratio of the enzyme. 

Effects of p,p'-DDT on protein kinases in crude nuc- 
lear preparation. In contrast to the hepatic protein 
kinases from the cytosol, the activity of the particulate 
enzyme was markedly stimulated in the presence and 
absence of cyclic AMP after p,p'-DDT administration 
(Fig. 3). While treatment with 100 mg/kg of DDT sig- 
nificantly increased (94 per cent) cyclic AMP-indepen- 
dent protein kinase activity from 358.3 + 31.1 to 
695 + 85.4 pmoles *?P incorporated into endogenous 
substrates/mg of protein, somewhat smaller quanti- 
tative changes in enzyme activity were observed with 
the higher dose. Similar findings were noted for the 
enzyme activity assayed in the presence of the cyclic 
nucleotide, although the percentage increase after 
p.p'-DDT treatment appeared to be smaller as a result 
of a slight but insignificant higher value in basal 
activity (394.3 + 21.9). Whereas administration of 
p,.p'-DDT (100 or 200 mg/kg) failed to significantly 
alter the kinase activity ratio in the crude nuclear 
preparation, the cyclic AMP-binding capacity of the 
particulate enzyme was decreased to approximately 
70 per cent of the control values (Fig. 3). 


DISCUSSION 


Evidence indicates that modulation in the adeny- 
late cyclase-cyclic AMP system may be an essential 
prerequisite for the organochlorine pesticide-stimu- 
lated alterations in liver and kidney carbohydrate 
metabolism [14, 18]. Kacew and Singhal [14] demon- 
strated that treatment with z-chlordane, heptachlor 
or endrin produced stimulation in the activity of 
adenylate cyclase, elevation in the endogenous levels 
of cAMP as well as enhancement in the capacity of 
renal and hepatic tissue slices to biotransform 
[*H adenosine into cAMP [14, 18, 19]. The ability 
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Fig. 3. Effects of p,p'-DDT on hepatic protein kinases in 
crude nuclear preparation. Each bar represents the mean 
+ S. E. M. of five to six rats in each group. Animals 
were treated orally with either a 100 or 200 mg/kg dose 
of p,p'-DDT and sacrificed 1 hr later. Data are given in 
percentages taking the values of control rats as 100 per 
cent. The asterisks indicate statistically significant differ- 
ences when compared with the values of control rats 
(P < 0.05). 
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of exogenous cAMP to mimic the action of DDT 
and the finding that treatment with theophylline aug- 
mented the effects of a submaximal dose of this hy- 
drocarbon on liver and kidney gluconeogenesis sup- 
port the concept that an initial stimulation of the 
cAMP-adenylate cyclase system may mediate the 
observed changes in carbohydrate metabolism [20]. 
In view of the fact that the diverse effects of cyclic 
AMP are dependent on the ability of this cyclic nu- 
cleotide to stimulate protein kinases [7~13], the find- 
ings that pesticide treatment produced a reduction 
in the cyclic AMP-binding capacity, decreased soluble 
cyclic AMP-dependent catalytic activity as well as 
enhanced the kinase activity ratio (—cAMP/+cAMP) 
provide additional support for the hypothesis that a 
relationship exists between stimulation of hepatic pro- 
tein kinases and elevated endogenous cyclic AMP in 
DDT-treated animals. It is noteworthy that agents 
such as glucagon and epinephrine, which stimulate 
the adenylate cyclase-cyclic AMP system of liver, also 
were found to increase the ratio of protein kinase 
activity as well as produce a decrease in the ability 
of this enzyme to bind [*H]cyclic AMP in vitro and 
the activity of cyclic AMP-dependent protein kinase 
[ 10, 21]. Recently, Costa et al. [22] demonstrated that 
3-methylcholanthrene, an agent known to produce 
proliferation of smooth endoplasmic reticulum and 
induction of hepatic microsomal enzymes, also acti- 
vated the cyclic AMP-protein kinase system, suggest- 
ing that stimulation of drug-metabolizing enzymes in 
liver may be mediated through modulation in protein 
kinase. Since p,p'-DDT is also effective in initiating 
the induction of hepatic microsomal enzymes in- 
volved in drug and steroid metabolism and growth 
of smooth endoplasmic reticulum [23-26], the possi- 
bility exists that the activation of the protein kinase 
system seen in this study might be important in the 
pesticide-stimulated metabolic responses of liver. The 
present investigation also indicates that a temporal 
relationship may exist between the DDT-induced 
alterations in the hepatic cyclic AMP-adenylate cyc- 
lase-protein kinase system and the observed changes 
in hepatic carbohydrate metabolism. Whereas signifi- 
cant enhancement in the capacity of liver slices to 
synthesize [*H]cyclic AMP from [*H]adenosine in 
vitro was noted as early as 30 min after adminis- 
tration of the halogenated hydrocarbon and maximal 
stimulation in protein kinase from both cytosol and 
crude nuclear fraction occurred at | hr, the highest 
increases in the activities of various gluconeogenic 
enzymes were seen only between 4 and Shr after 
p,p'-DDT treatment (18, 20]. 

Recent observations indicate that cyclic AMP is in- 
volved in the induction of several enzymes in rat liver 
[27-32]. In addition, it has been shown that treat- 
ment with cyclic AMP increases the capacity of liver 
nuclei to synthesize RNA [33]. Cyclic AMP is known 
to stimulate the phosphorylation of histones and nuc- 
lear acidic proteins in rat liver [12, 13, 34-36], and 
it has been suggested that the cyclic nucleotide exerts 
its stimulatory effects at the transcriptional level by 
stimulating nuclear protein kinases and modifying the 
interactions between DNA and associated chromoso- 
mal proteins [12, 13, 36-39]. Indeed, Martelo and 
Hirsch [40] observed that a protein kinase from rat 
liver nuclei stimulated hepatic RNA synthesis and 
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that the stimulatory effect was seen primarily with 
the nucleolar RNA polymerase. Results from the pres- 
ent study show that | hr after the administration of 
p.p'-DDT, protein kinase activity in crude nuclear 
preparation was markedly elevated (50 per cent), as 
indicated by an increase in the incorporation of *7P 
from [y-??P]ATP into endogenous nuclear substrates. 
Since the increase in the activities of various hepatic 
gluconeogenic enzymes observed after treatment with 
the pesticide was blocked by actinomycin D and cyc- 
loheximide [20], it is conceivable that these DDT- 
induced biochemical alterations may be mediated 
through an increase in protein kinase activity in the 
cell nucleus and subsequent enhancement in RNA 
and protein synthesis. It is also of interest that 
whereas DDT treatment resulted in a significant de- 
crease in total protein kinase activity of the cytosol 
(protein kinase activity in presence of cyclic AMP), 
the activity of the particulate enzyme was markedly 
elevated. These findings are in accord with the obser- 
vations of Korenman et al. [41] and Jungmann et 
al. [42] showing that, after the activation by cAMP, 
the soluble protein kinase may be translocated to 
another cellular compartment where it phosphory- 
lates certain functional proteins to produce the 
expected physiological responses. Data obtained in 
this study support the concept that modulation of 
the cyclic AMP-adenylate cyclase—protein kinase sys- 
tem may be involved in the p,p'-DDT-induced alter- 
ations in hepatic homeostatic mechanisms of carbo- 
hydrate metabolism. 
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Abstract—The effects of pretreatment with ten daily intraperitoneal injections of phenobarbital 
(8 mg/100 g/day) 3,4-benzpyrene (1 mg/100 g/day) and 3-methyl-cholanthrene (1 mg/100 g/day) and a 
single injection of SKF-525A (30 mg/kg) on liver blood flow in the rat were studied using radioactive 
microspheres. Of the hepatic enzyme-inducing agents only phenobarbital caused an increase in total 
liver blood flow, which averaged 33 per cent, and was associated with a similar increase in liver 
mass. The polycyclic hydrocarbons caused a small increase in liver mass of 11-15 per cent and no 
change in liver blood flow. All three agents induced drug-metabolizing enzymes, as judged by zoxazola- 
mine paralysis time. SKF-525A produced no change in liver blood flow or liver mass. Liver blood 
flow/g of liver was unchanged in all groups. The increase in liver blood flow caused by phenobarbital 
was due entirely to an increase in flow to the splanchnic organs draining into the portal vein. These 
results imply that total hepatic blood flow is influenced by the mass of the liver and that the responsible, 
but as yet unknown, mechanism(s) involve the portal circulation. The different effect of phenobarbital 
and the polycyclic hydrocarbons on liver blood flow is only one of a number of distinctions between 
these inducing agents but may account for some of the differences observed in vivo especially with 
drugs whose clearance is dependent on liver blood flow. 


The effect of drugs which alter hepatic enzyme acti- 
vity on liver blood flow is controversial. Ohnhaus et 
al. [1,2] found that induction of hepatic microsomal 
enzymes with phenobarbital and antipyrine but not 
benzpyrene resulted in increases in liver blood flow 
in the rat, whereas Denis et al. [3] could not demon- 
strate a significant change in hepatic blood flow with 
chronic phenobarbital treatment. In the rhesus mon- 
key [4], we were able to show an increase in liver 
blood flow of 34 per cent with phenobarbital treat- 
ment. On the other hand, inhibition of hepatic 
enzyme activity in the rat with SKF-525A was 
reported to decrease colloidal gold clearance, which 
was interpreted to reflect a decrease in hepatic blood 
flow [5]. 

Much of the uncertainty in the rat seems to arise 
from technical difficulties in estimating blood flow to 
the liver. We have addressed this problem by adapt- 
ing a radioactive microspheres method [6-8] for the 
measurement of organ blood flow and cardiac output 
in the rat, and have evaluated the effects on liver blood 
flow produced by enzyme induction with phenobarbi- 
tal, 3,4-benzpyrene, 3-methylcholanthrene and enzyme 
inhibition with SK F-525A. 
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METHODS 


Enzyme induction. Groups of twelve male Sprague— 
Dawley rats, 250-350 g body weight (bw) (Harlan In- 
dustries, Indianapolis, Ind.), were given single daily 
injections intraperitoneally (i.p.) for 10 days. Sodium 
phenobarbital (8 mg/100 g, bw, in physiological saline) 
was injected in a volume of 1 ml/100 g, bw; 3,4-benz- 
pyrene (1 mg/100g, bw) and 3-methylcholanthrene 
(1 mg/100g, bw) were administered in 0.5 ml corn 
011/100 g, bw). Control groups received the same 
volumes of saline and corn oil. Fifteen to 20 hr after 
the last injection, one half of the animals were anes- 
thetized with 35-45 mg/kg, bw of pentobarbital ip. 
for hemodynamic studies and the other half were 
tested for zoxazolamine paralysis time. 

Enzyme inhibition. Groups of thirteen male Spra- 
gue—Dawley rats, 250-350 g, bw, were given a single 
ip. injection of either SKF-525A (30 mg/kg, bw) dis- 
solved in physiological saline (20 mg/ml) or an equiv- 
alent volume of saline. Fifteen min later, the animals 
were anesthetized with 35 mg/kg, bw, of pentobarbital 
i.p., and hemodynamic studies were performed 40 min 
after the SKF-525A or saline injection. 

Hemodynamic studies. Hemodynamic studies were 
performed by using 15 + 5 um microspheres labeled 
with *°Sr. Polyethylene catheters were placed in the 
left ventricle via the right carotid artery and into the 
aorta via the right femoral vein. The microspheres 
were injected into the left ventricle in a volume of 
0.8ml warm 6% dextran over 20sec with simul- 
taneous withdrawal of a reference sample of arterial 
blood at 0.8 ml/min for 90sec. Subsequently, the 
animals were killed with pentobarbital, and the liver, 
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Table 1. Effects of enzyme inducers on arterial pressure, cardiac output, liver weight and liver blood flow* 





Saline 


Phenobarbital 


3-Methyl- 


Corn oil 3,4-Benzpyrene _—_ cholanthrene 





313.3 


Body wt (g) 337.5 + 8.5 3+ 
Mean arterial 
pressure (mm Hg) 
Cardiac output 
(ml/min/100 g, bw) 22. 8 
Liver weight, (g) : 6 
Liver weight/body weight 
x 100 
Liver blood flow 
(ml/min/100 g. bw) 
Liver blood flow 
(ml/min/g liver) 


126.0 + 9.6 
0. 
0 
3.54 + 0.10 


6.68 + 0.23 


1.90 + 0.09 


12. 


5.05 + 0.33 
8.86 + 0.39F 


1.83 + 0.08 


309.0 + 13.9 318.3 + 9.5 300.8 + 14.1 


131.0 + 4.1 


0.5 
3.1 


a 
.8 


4.10 + 0.17 4.27 + 0.15t 


6.61 + 0.51 6.47 + 0.81 6.72 + 0.47 


1.80 + 0.14 1.58 + 0.20 1.59 + 0.13 





* Means + standard errors of groups of six rats. 


+ P < 0.01 as compared to appropriate control group (unpaired t-test). 
t P < 0.05 as compared to appropriate control group (unpaired t-test). 


spleen and the remainder of abdominal viscera were 
counted separately in a gamma scintillation counter. 
Cardiac output was calculated by multiplying the 
radioactivity injected by the reference sample with- 
drawal rate divided by the radioactivity in the refer- 
ence sample. Organ blood flow was determined by 
multiplying the radioactivity in the organ by the refer- 
ence sample withdrawal rate and dividing by the 
radioactivity in the reference sample. Since the micro- 
spheres are trapped on the first pass through a capil- 
lary bed, hepatic radioactivity represents only hepatic 
arterial flow. Portal venous flow is calculated from 
the radioactivity trapped in the organs draining into 
the portal vein. The advantages and problems with 
this technique have been discussed [6-8]. 
Zoxazolamine paralysis times were determined with 
60 mg/kg, bw, of zoxazolamine i.p. Zoxazolamine (2 g) 
was dissolved in 24 ml of 1 N HCl and the solution 
diluted to 100ml with 0.9% NaCl. If paralysis did 
not occur with 60 mg/kg, bw, up to two additional 
20 mg/kg, bw doses were given at 10-min intervals. 


RESULTS 


The results with the enzyme inducers are shown 
in Table 1. There was a significant increase of 33 per 
cent in liver blood flow and 26 per cent in liver weight 
with phenobarbital. Consequently blood flow/g .of 
liver was unchanged. The increase in liver blood flow 
was entirely due to an increase in portal venous flow 
with hepatic arterial flow remaining constant (Fig. 1). 
The flow to the spleen did not change with phenobar- 
bital and so the increase in portal flow was due to 
an increased flow to the gastrointestinal tract and 
pancreas (which were not separately assessed). 
Neither the spleen weight nor the combined weight 
of the pancreas and intestines was affected by any 
drug. 

The other two enzyme inducers used, 3,4-benzpyr- 
ene and 3-methyl-cholanthrene, caused no hemodyna- 
mic changes but did cause a small but significant in- 
crease in liver weight relative to body weight (Table 
1). Blood flow/g of liver was not significantly changed. 

Enzyme induction occurred with all inducers, as 
judged by a decrease in zoxazolamine paralysis time. 
The animals induced with phenobarbital were para- 


lyzed about 40 per cent of the time of the control 
animals (57.1 + 8.3 min, phenobarbital group vs 137.1 
+ 13.9 min, control group), whereas rats pretreated 
with 3,4-benzpyrene and 3-methylcholanthrene were 
not paralyzed at all with 60 mg/kg, bw of zoxazola- 
mine. 5 

The effects of SKF-525A are shown in Table 2. 
There were no significant changes in total liver blood 
flow. The rats treated with SKF-525A, however, did 
have a slightly larger portal flow (6.7 + 0.3 ml/100g, 
bw) and lower hepatic arterial flow (0.7+ 
0.07 ml/100 g, bw) than the comparable control group 
(5.6 + 0.2 ml/100g, bw, and 1.2 + 0.2 mg/100g, bw, 
respectively). With total liver blood flow being the 
same, these small differences are unlikely to be bio- 
logically significant. There were no other differences 
with SK F-S25A. 


DISCUSSION 


This study clearly shows that phenobarbital is cap- 
able of increasing liver blood flow in the rat propor- 


mi/min/100g BODY WEIGHT 
































SALINE Pb CORN OIL 3,48P 3MC 


Fig. 1. Effects of enzyme inducers on liver blood fiow, 
ml/min/100 g of body weight. Pb indicates phenobarbital- 
treated animals, 3,4-BP are 3,4-benzpyrene-treated, and 
3-MC are 3-methylcholanthrene-treated animals. Hepatic 
arterial flow is represented by cross-hatched bars and 
splanchnic flow draining into the portal vein is represented 
by the dotted bars. The dagger(t) indicates measurements 
significant at level P < 0.01. 





Effects of enzyme activity on liver blood flow 


Table 2. Effects of SKF-525A on arterial pressure, cardiac 
output, liver weight and liver blood flow* 





Saline SKF-525A 





Body wt (g) 291.5 + 6.5 
Mean arterial 
pressure (mm Hg) 
Cardiac output 
(ml/min/100 g, bw) 
Liver weight (g) 
Liver weight/body weight 
x 100 
Liver blood flow 
(ml/min/100 g, bw) 
Liver blood flow 
(ml/min/g liver) 


129.4 + 4.1 


7.47 + 0.36 


1.98 + 0.11 





* Means + standard errors of groups of thirteen rats. 


tionately to the increase in liver mass. These data are 
similar to those recently reported by Ohnhaus and 
Locher [2] using colloidal gold clearance, but smaller 
than Ohnhaus et al.[1] originally found by a heat 
exchange method. Although Denis et al.[3] have 
reported no change in liver blood flow with pheno- 
barbital, their mean data show an increase of 27 per 
cent in liver blood flow (from 6.64 to 8.43 
ml/min/100 g, bw) similar to ours, but because of the 
scatter in the data, the results did not reach the level 
of significance. Our results in the rat are also consis- 
tent with those reported in the rhesus monkey [4], 
where equivalent increases in liver weight and liver 
blood flow were found. 

The change in liver blood flow with phenobarbital 
was due entirely to an increase in splanchnic blood 
flow and in particular gastro-intestinal blood flow. 
Identical findings were found in the rhesus monkey 
treated with phenobarbital [4]. In neither instance 
was there an increase in intestinal weight. Although 
Ohnhaus [9] attempted to measure changes in distri- 
bution of blood flow to intestinal organs in the rat 
‘with ®°Rb, methodologic problems did not allow him 
to draw any conclusions regarding phenobarbital. 
The mechanism whereby this increased splanchnic 
blood flow occurs is unknown. It is known that small 
changes in portal venous pressure can influence 
mesenteric vascular resistance by myogenic or local 
reflex mechanisms whereby a rise in portal venous 
pressure raises mesenteric vascular resistance and vice 
versa[10]. Perhaps the increase in liver mass pro- 
duced by phenobarbital results in a decrease in resist- 
ance to portal flow thereby triggering a decrease in 
mesenteric vascular resistance and an increase is 
splanchnic flow. 

With the polycyclic hydrocarbons, however, we 
found no change in liver blood flow in spite of 
enzyme induction being achieved, as evidenced by 
reduced zoxazolamine paralysis time and a small but 
significant increase of 11-15 per cent liver weight rela- 
tive to body weight. The liver blood flow/gram 
of liver was not significantly changed, although a less 
than 10 per cent change would probably not be de- 
tected by our method [7]. Ohnhaus et al. [1] studied 
a few animals receiving 3,4-benzpyrene by the heat 
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exchange method and also found that it had no effect 
on liver blood flow. The differing effect on liver blood 
flow is only one of a number of important differences 
between polycyclic hydrocarbons and phenobarbital 
[11]. The lesser effect of the polycyclic hydrocarbons 
on liver weight is well known [12,13], and there are 
marked differences in the ultrastructural changes in 
the liver produced by phenobarbital and the polycyclic 
hydrocarbons, a much greater increase in smooth 
endoplamsic reticulum being seen with phenobarbital 
treatment [14] Additionally, the spectrum of enzymes 
induced is more limited with the polycyclic hydro- 
carbons than with phenobarbital [11]. 

Inhibition of microsomal enzyme activity with 
SKF-525A did not change liver blood flow. Whereas 
this is not surprising, it is at variance with the con- 
clusions drawn by Marchand and Brodeur [5] from 
studies using colloidal gold clearance to estimate 
hepatic blood flow. These authors showed that col- 
loidal gold clearance is decreased by 40 per cent. Our 
results suggest that the colloidal gold clearance may 
have been altered by SKF-525A independent of any 
effect on hepatic blood flow, and implies an effect 
of SKF-525A on the reticuloendothelial system, a 
possibility which heretofore has been felt not to exist, 
but which is certainly worth further investigation. 

Of the agents tested which affect hepatic enzyme 
activity, then, only induction of microsomal enzymes 
with phenobarbital produced changes in hepatic 
blood flow which could affect the metabolic clearance 
in vivo of drugs with a large hepatic extraction and 
whose clearance is therefore flow dependent [4]. This 
effect on blood flow may account for some of the 
observed differences in vivo resulting from induction 
with phenobarbital or polycyclic hydrocarbons. 
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Abstract—Two groups of female Sprague-Dawley rats were pair-fed nutritionally adequate liquid diets 
containing 36 per cent of total calories as ethanol or additional carbohydrate (controls). One group 
was fed a high fat diet (35 per cent of total calories as fat); the other group was fed a low fat 
diet (2 per cent of total calories as linoleate as the only source of fat). When given with the high fat 
diet, ethanol increased cytochrome P-450 and microsomal phospholipid content per g of liver. When 
given with a low fat diet, it increased cytochrome P-450 to a lesser extent and did not alter the 
microsomal phospholipid content when expressed per g of liver or per 100 g of body weight. Phosphati- 
dylcholine accounted for the greater porportion of phospholipids and was increased by ethanol only 
with the high fat diet. L-Methionine-methyl[*H] and ['*C]choline incorporation into phosphatidylcho- 
line was unaltered by ethanol in either model. The fatty acid composition of phosphatidylcholine 
was altered by ethanol more significantly with the high fat diet. Since ethanol similarly enhances 
the activity of benzphetamine demethylation in both dietary models, quantitative and qualitative differ- 
ences in microsomal phospholipids produced by ethanol are probably not responsible for the induction 
by ethanol of this drug-metabolizing enzyme activity. Further evidence to that effect was obtained 
from the measurement of benzphetamine demethylation in vitro by partially purified cytochrome P-450, 
reductase and lipid fractions of ethanol-fed and control rats fed a high fat diet. The stimulation of 
benzphetamine demethylation by the lipid fraction was identical whether using lipids from microsomes 
of ethanol-fed animals or control animals. Dietary fat plays a role in the induction by ethanol of 
cytochrome P-450 and NADPH-cytochrome P-450 reductase and on microsomal phospholipid content 
and composition. The effects of ethanol on microsomal phospholipids are probably not related to 


the induction of benzphetamine demethylation activity. 


Lipids are involved in hepatic microsomal drug meta- 
bolism [1-6] and the induction by drugs of drug- 
metabolizing enzymes [7-9]. Phospholipids are essen- 
tial for drug metabolism in vitro [10,11], and it has 
been suggested that the differences in microsomal 
phospholipid composition due either to dietary mani- 
pulations [8,12] or to induction by drugs [13-15], 
or related to sex [16], might account for differences 
in drug metabolism. In a microsomal reconstituted 
system, phospholipids of different fatty acid composi- 
tion display different stimulatory effects on drug oxi- 
dation activities [11,17]. Prolonged ethanol intake 
modifies hepatic phospholipid metabolism [18~—22 
and increases the activity of many hepatic drug-meta- 
bolizing enzymes [23-27]. Therefore, in considering 
the relationship between ethanol, hepatic microsomal 
phospholipid and microsomal drug-metabolizing 
enzymes, we wondered whether alterations in phos- 
pholipids could be responsible for the induction by 
ethanol of hepatic microsomal drug-metabolizing 
enzymes. 

We have dissociated the ethanol effects on microso- 
mal phospholipids from those on benzphetamine 
demethylation activity by using two dietary models dif- 





*This work was supported by the Canadian Medical 
Research Council, Grants DG-95 and MA-5444, and Fon- 
dation Dr. Georges Phénix. 

+ Send reprint requests to: H6pital Saint-Luc, 1058 Rue 
St-Denis, Montréal, Québec H2X 3J4, Canada 


ferent by their lipid content. The phospholipid com- 
position of hepatic microsomes, the fatty acid compo- 
sition of microsomal phosphatidylcholine and phos- 
phatidylethanolamine and the incorporation in vivo 
of phosphatidylcholine precursors were studied. 

We have also tested the effect of replacement of 
microsomal lipids of control rats by those obtained 
from microsomes of ethanol-fed rats in the reconsti- 
tuted system for benzphetamine demethylation. 


MATERIALS AND METHODS 


Animals and diets. Female Sprague-Dawley rats 
were purchased from Canadian Breeding Labora- 
tories (Saint-Constant, Québec) in groups of weanling 
littermates and fed laboratory chow and water ad lib. 
until the start of the experiment. Upon reaching a 
weight of 120-150g, they were housed in individual 
wire-bottom cages and pair-fed nutritionally ade- 
quate liquid diets [28] (Table 1) for 21 days. Diets 
containing 35 per cent of total calories as fat will 
be referred to as the high fat diets (HFD); diets con- 
taining 2 per cent of total calories as linoleate as the 
only source of dietary lipid will be referred to as the 
low fat diets (LFD). The average daily intake of eth- 
anol with the HFD and the LFD was comparable 
to that which has been reported previously [27]. 
Diets were available until sacrifice. 

Differential centrifugation. At the end of the exper- 
iment, 1 hr prior to killing, all animals were injected 
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Table 1. Composition of liquid diets (per cent of total 
calories) for the various groups of animals studied 





High fat diet Low fat diet 


Ethanol 


Control 


Ethano 


Control 





Protein 18 Ik 18 18 
Carbohydrate* 47 11 80 44 
Lipid 
Corn oil olive oil 
mixture 
Linoleate 2 2 
Ethanolt 6 





* Dextri-maltose (Mead Johnson, Evansville, Ind.). 
+ Ethanol concentration of the diet is 5°% (w/v). 


intraperitoneally with choline[1,2-'*C]chloride, 30 
uCi (3.84 moles), and L-methionine-methyl[*H], 
100 wCi (0.10 xmole), in 0.7 ml of 0.9% NaCl. The ani- 
mals were killed by decapitation. The liver was 
quickly perfused with ice-cold 0.15M KCl, excised 
and homogenized in 4 vol. of 0.25M_ sucrose, by 
means of a glass homogenizer with a Teflon pestle. 
The homogenate was centrifuged at 600g for 5 min 
the remaining supernatant at 15,700 g for 15 min, and 
the post-mitochondrial supernatant at 105,000g for 
60 min; microsomes were washed once and _resus- 
pended in 0.15M KCl. 

Cytochrome P-450 was measured in homogenates 
by the method of Greim [29] as validated in our 
laboratory [30,31] and in microsomal suspensions, 
according to Omura and Sato [32], using an Aminco 
DW-2 UV/VIS spectrophotometer (American Instru- 
ments, Silver Spring, Md) in the split-beam mode. 
Protein was determined according to Lowry et al. 
[33]. The ratio of cytochrome P-450 (nmoles/g of 
liver) of microsomes over cytochrome P-450 
(nmoles/g of liver) of homogenate yielded a value of 
microsomal recovery which was used to correct for 
microsomal losses as previously described [31, 34]. 
All values of microsomal protein and phospholipids 
per g of liver of this study are corrected values. 

Lipid extraction. Resuspended microsomes (15 mg 
protein/ml) were promptly homogenized with 19 vol. 
chloroform—methanol (2:1, v/v) [35], containing 
| mg/liter of hydroquinone [36], in a glass homogen- 
izer equipped with a Teflon pestle. After standing for 
| hr, the microsomal lipid extract was filtered and an 
aliquot was evaporated to dryness under a stream 
of nitrogen at a temperature of 15° or below. The 
crude extract (10-20 mg lipid) was then immediately 
resuspended in | ml chloroform—methanol (19:1, v/v) 
saturated with water, and stored overnight at — 20 
under nitrogen. Removal of the water-soluble nonli- 
pid contaminants was done by Sephadex column 
chromatography according to Siakotos and Rouser 
[37]. The extract was applied to a 1.5-cm x 7-cm 
column packed with Sephadex G-25 (Pharmacia Fine 
Chemicals Inc.. Montreal, Quebec), previously 
washed and equilibrated with methanol—water (1:1, 
v/v). The lipids were eluted with 35 ml chloroform 
methanol (19:1, v/v) saturated with water at a flow 
rate of 0.5 ml/min. Samples of the washed lipid extract 
were then analyzed for total incorporation of radioac- 
tivity, and total phosphorus [38]. 

Phospholipid analyses. The washed microsomal 
extract was evaporated to dryness under nitrogen and 
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resolubilized in a small volume of chloroform—meth- 
anol (2:1, v/v). Separation of phospholipids was done 
by two-dimensional thin-layer chromatography (t.L.c.) 
according to Rouser et al. [39]. “Redi-Coats” tlc. 
plates (Supelco Inc., Bellefonte, Pa.) were activated 
by heating for 30min at 110° and equilibrated for 
20 min just before use in a nitrogen atmosphere of 
50 per cent humidity under which samples (1 to 
1.5 mg lipids) were then spotted. The plates, three 
for each rat, were developed in the first dimension 
with chloroform—methanol-28% aqueous ammonia 
(65:35:5, v/v), dried for 10min under a stream of 
nitrogen and developed in the second dimension 
with chloroform—acetone—methanol-acetic acid—water 
(5:2:1:1:0.5, v/v). They were then air-dried for a few 
min. Spraying with 98°, sulfuric acid was used on 
plates where phospholipid phosphorus distribution 
analysis was to be done. Phosphorus determination 
was done according to Rouser et al. [39], following 
direct aspiration of spots. Spots on plates used for 
analysis of radioactivity distribution, and on those 
used for fatty acid analysis of phosphatidylcholine 
and phosphatidylethanolamine, were detected by 
spraying with 1°, iodine in methanol. The identity 
of phospholipids was established by cochromatogra- 
phy with known reference compounds (Serdary Res. 
Lab. Inc., London, Ontario, Canada). 

Radioactivity determinations. Radioactivity of the 
lipid samples was measured in a Nuclear Chicago Iso- 
cap/300 liquid scintillation counter equipped with a 
PDS/3 data reduction system. Lipid spots scraped 
from tlc. plates were added directly to 15-ml 
polyethylene vials and counted in a solution of 
0.7% 2,5-diphenyloxazole (PPO) and 0.03% 1,4-bis 
[ 2-(5-phenyloxazole) ] benzene (POPOP) in scintilla- 
tion grade dioxane containing 10° naphtalene and 
diluted with 0.2 vol. water [40]. Glacial acetic acid, 
50 yl/vial, was also added to prevent adsorption of 
phospholipids to Silica gel particles [41]. Counting 
efficiency in this system was 80 per cent for '*C and 
20 per cent for 7H. 

Fatty acid analysis. The phosphatidylcholine and 
phosphatidylethanolamine spots on t.l.c. plates were 
scraped in screw-cap vials with Teflon-lined caps and 
subjected to direct transesterification on the adsor- 
bent [42]. Fatty acid methyl esters were analyzed 
on a Fisher Victoreen gas chromatograph (model 
4400) equipped with hydrogen flame detectors. A 
6-ft x 0.125-in. O.D. stainless steel column packed 
with 15% diethylene glycol succinate (DEGS) on 
80-100 mesh Chromosorb W AW (Chromatographic 
Specialties Ltd., Brockville, Ontario) was used. 
Samples were run isothermally at 185°. Helium was 
used as the carrier gas at a flow rate of 20 ml/min. 
An Autolab 6300 digital integrator was used for the 
calculation of peak areas. Fatty acid methyl esters 
were identified by comparison of retention times with 
standards of known composition (Hormel Institute, 
Austin, Minn.). 

Preparation of purified cytochrome P-450, N ADPH- 
cytochrome c reductase and lipid fractions. Microsomes 
were prepared from groups of rats pair-fed the high 
fat ethanol and control diets for 21 days. Liver micro- 
somes were prepared as described by Lu and Levin 
[43]. Cytochrome P-450 was partially purified 
according to Levin et al. [44]; the step III P-450 frac- 
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Table 2. Effect of chronic ethanol administration on weight gain, liver weight, microsomal protein, cytochrome P-450 
and phospholipid (mean + S. E. M.) 





High fat* Low fatt 





Ethanol 
Control 


Ethanol 


Control Ethanol Control Ethanol Control 





1.92 + 0.12 
3.91 + 0.08 


0.71 
1.19 


0.98 
1.05 


Weight gain (g/day) 
Liver wt (g/100 g body wt) 
Microsomal protein 
(mg/g liver) 
(mg/100 g body wt) 
Cytochrome P-450 
(nmoles/mg protein) 
(nmoles/g liver) 
Phospholipids 
(ugPi/mg protein) 


1.37 + Olt 
4.66 + O.11: 


2.24 + 0.13 
4.14 + 0.13 


2.19 + 0.13 
434+ 0.12 


46.49 + 1.36 
180.62 + 5.15 


47.05 + 1.34 
220.08 + 7.65: 


0.93 
0.99 


1.01 


1.22 


49.38 + 1.96 
202.81 + 6.32 


46.10 + 2.48 
201.20 + 12.09 


0.95 
43.87 


0.03 
1.79 


1.70 + 0.04: 
78.02 + 2.37; 


1.79 
1.78 


0.80 + 0.03 
37.48 + 1.37 


1.05 + 0.03: 
46.88 + 2.30: 


17.00 + 0.64 20.68 + 0.49. 1.22 17.16 + 0.41 18.52 + 0.66* 


782.8 + 27.0 
3061.6 + 167.2 


(ugPi/g liver) 
(ugPi/100 g body wt) 


974.0 + 39.4t 
4528.0 + 249.8s 


1.24 
1.48 


843.6 + 32.9 
3465.6 + 130.7 


846.4 + 41.1 
3677.6 + 265.2 





* Thirty-five per cent of total calories as fat: 15 pairs. 


+ Two per cent of total calories as linoleate (only source of fat): 13 pairs. 


tP < 0.005. 
§P < 0.001. 

Corrected for microsomal losses. 
«P < 0.05. 


tion was used. The reductase fraction was solubilized 
with Triton N-101 and separated by chromatography 
on DEAE cellulose; Triton N-101 was removed by 
a second chromatography on DEAE cellulose. Lipids 
were extracted with Emulgen 911 (Kao Atlas Co. Ltd., 
Nagoya, Japan) and the detergent in the pooled eluate 
was partially removed with Bio-Beads SM-2 (Bio-Rad 
Laboratories, Richmond, Calif.) as described by Lu 
et al. [45]. The crude lipid fraction was isolated from 
solubilized microsomes on a DEAE cellulose column 
according to Lu et al. [46] and contained deoxycho- 
late, neutral lipids and phospholipids [11]. 

Benzphetamine* demethylation activity was meas- 
ured by the rate of NADPH oxidation[10] in 
the presence of fixed amounts of cytochrome P- 
450, NADPH-cytochrome c reductase and variable 
amounts (0-56 yg) of the lipid fraction from ethanol- 
treated and control animals fed the HFD. 

Statistical methods. The mean of the individual dif- 
ferences was tested by Student’s f-test for pairs. 


RESULTS 


Animals given ethanol with a HFD gained less 
weight than their controls but their livers weighed 
more per 100g of body weight; microsomal protein 
per g of liver did not change but increased signifi- 
cantly when expressed per 100g of body weight. 
Cytochrome P-450 and microsomal phospholipids 
per mg of protein were increased 79 and 22 per cent 
respectively. In rats fed ethanol with the LFD, there 
were no significant differences in weight gain, liver 
weight, microsomal protein and microsomal phos- 
pholipids per g of liver or per 110g of body weight, 
when compared to controls. Cytochrome P-450 was 
significantly increased but less so than with the HFD 
(Table 2). 

The composition of microsomal phospholipids is 
given in Table 3. Phosphatidylcholine (PC) accounted 
for about 60 per cent of microsomal phospholipids 





*Kindly supplied by Upjohn International Inc., Kalama- 
zoo, Mich. 


in both dietary models. The next component in im- 
portance was phosphatidylethanolamine (PE), 20 per 
cent of total microsomal phospholipids, followed by 
phosphatidylinositel (PI) and lysophosphatidylcho- 
line (LPC) together, 10 per cent of the total microso- 
mal phospholipids. Sphingomyelin (SP), phosphati- 
dylserine (PS) and phosphatidic acid (PA) were pres- 
ent in smaller proportions. Per cent changes from 
controls after ethanol are given in Table 3. When the 
absolute amounts are calculated from the values of 
Tables 2 and 3 in rats fed ethanol and the HFD, 
PC increases 22 per cent (P < 0.001) and 25 per cent 
(P < 0.005) per mg of protein and per g of liver, re- 
spectively; PE does not change significantly and SP 
decreases 22 per cent (P < 0.005) per mg of protein 
and 21 per cent (P < 0.02) per g of liver. Ethanol 
with the LFD does not change the absolute content 
value of PC or PE but decreases SP 20 per cent 
(P < 0.05) per mg of protein and 25 per cent 
(P < 0.005) per g of liver. 

The fatty acid composition of PC is presented in 
Table 4. The present study reveals slight differences 
between the two dietary models: significant differ- 
ences in palmitic (P < 0.001), stearic (P < 0.05), oleic 
(P < 0.001), linoleic (P < 0.02) and arachidonic 
(P < 0.005) acids are observed between the HFD and 
LFD in controls as well as in ethanol-fed animals. 

In rats fed the HFD, saturated fatty acids (SFA) 
account for more than 50 per cent of all fatty acids 
present in PC, mainly in the form of stearic acid. 
The remaining fatty acids are unsaturated fatty acids 
(UFA) with arachidonic acid accounting for twice the 
amount of oleic and linoleic acids. After ethanol 
administration, SFA decreased slightly (P < 0.05), 
mainly because of the change in palmitic acid concen- 
trations; the 4 per cent (P:NS) increase in UFA is 
due to significant increases in oleic and linoleic acids 
by 28 and 18 per cent, respectively (P < 0.005 and 
P < 0.025). The increases in oleic and linoleic acids 
are associated with a slight decrease (P < 0.05) in ara- 
chidonic acid, quantitatively the most important 
change when absolute values are calculated. The net 
increase in UFA is therefore reduced to 4 per cent. 
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Table 3. Effect of ethanol and dietary fat on per cent composition of hepatic microsomal phospholipids* 





High fatt 


Low fatt 





Control 


Ethanol 


Ethanol 
Control 


Ethanol 


Control Ethanol Control 





0.43 + 
Phosphatidic acid 0.80 
G 0.26 
Phosphatidylserine 3.64 
Sphingomyelin 3.45 
10.20 + 


0.13 
0.22 
0.11 
0.39 
r O18 
1.76 


Origin 


Phosphatidylinositol 
and lysophosphatidyl- 
choline 

Phosphatidylcholine 59.80 


21.09 + 


1.20 
Phosphatidylethanola- 1.09 


mine 


+ 0.09 
+ 0.14 


0.07 


+ 0.18 


0.15 
0.30 


+ 0.73 


0.91 
1.01 
0.81 
0.85 
0.61 
1.06 


0.95 
0.62 
0.25 
2.93 
3.78 
10.30 


1.20 
0.59 
0.23 
2.73 
2.84 
10.48 


0.63 
0.19 
0.09 
0.16 
0.24¢ 
0.29 


1.26 
0.95 
0.92 
0.93 
0.75 
1.02 


He He HH + + 
He He I He + 


1.05 
0.93 


59.03 + 
21.36 + 





* Values are presented as mean per cent of total phospholipid phosphorus + S. E. M. 
+ Thirty-five per cent of total calories as fat: 15 pairs. 
{ Two per cent of total calories as linoleate (only source of fat): 13 pairs. 


§ Unidentified spot. 
P < 0.001. 

“P < 0.005. 

oP < 60). 


In animals fed the LFD the proportions of SFA 


and UFA in PC are similar to those found in the 
high: fat model. SFA of control animals contained 
slightly less stearic acid. Arachidonic and linoleic 
acids account for a slightly lower proportion of the 
UFA, the oleic acid percentage being higher than in 
the control rats given the HFD. Changes brought 


about by ethanol administration show similar trends 
as in the high fat model, and a slight (3.6 per cent) 
but significant decrease (P < 0.02) in SFA is also 
observed with the low fat model. The arachidonic/ 
linoleic acid ratio in PC is similar in control animals 
fed a HFD (3.81) and those fed a LFD (3.87). After 
ethanol, these values decreased 15-17 per cent (P:NS) 


Table 4. Effect of ethanol and dietary fat on fatty acid composition of hepatic microsomal phosphatidylcholine* 





High fatt 


Low fatt 





Fatty a Control 


Ethanol 


Ethanol 
Control 


Ethanol 


Control Ethanol Control 





0.17 
0.55 


0 (Myristic) 

0 (Palmitic) 

1 (Palmitoleic) 
8:0 (Stearic) 

1 (Oleic) 

2 (Linoleic) 

$:3 (Linolenic) 

4 (Arachidonic) 
2:6 (Docosahexaenoic) 


1.16 + 
17.66 4 
0.57 + 0.12 
34.64 + 0.87 
6.65 + 0.51 


7.63 + 0.59 


26.11 + 0.64 
4.03 + 0.51 


1.25 
15.86 
0.77 
33.97 
8.49 
9.02 


25.11 


+ 
+ 


+ 


3.34 + 


0.18 
0.50 
0.09 
0.91 
0.45¢* 


0.67** 


0.62: 
0.38 


0.74 
1.01 
1.11 

0.95 
1.09 
1.14 
1.51 

0.96 
1.05 


1.08 
0.90 
1.35 
0.98 
1.28 
1.18 


1.59 
21.08 
1.24 
31.37 
11.05 
5.87 
0.43 
22.19 
3.32 


0.16 
0.69 
0.42 
1.19 
0.78 
0.26 
0.07 
0.87 
0.21 


1.17 + O.11s 
21.30 + 1.07 
1.38 + 0.39 
29.69 + 1.32 
12.02 + 0.63 
6.69 + 0.36 
0.65 + 0.08 
21.27 + 1.02 
3.49 + 0.18 


0.96 
0.83 


+ + I+ 1+ Ht I+ Ht I+ I+ 





* Values are presented as mean per cent of total weight of fatty acids + S. E. M. 
+ Thirty-five per cent of total calories as fat: 14 pairs. 
t Two per cent of total calories as linoleate (only source of fat): 13 pairs. 


$P < 0.05. 

P < 0.01. 
© P < 0.005. 
**P < 0,025. 


Table 5. Effect of ethanol and dietary fat on fatty acid composition of hepatic microsomal phosphatidylethanolamine* 





Fatty acid Control 


High fatt 


Low fatt 





Ethanol 


Ethanol 
Control 





Control Ethanol 





0 (Myristic) 

0 (Palmitic) 

1 (Palmitoleic) 
8:0 (Stearic) 

1 (Oleic) 
8:2 (Linoleic) 

4 (Arachidonic) + 
2:6 (Docosahexaenoic) 5+ 


+ 0.13 
0.56 

$+ 0.11 
t 0.56 
0.26 

+ 0.36 
0.51 
0.55 


1.42 
16.85 
1.28 
34.61 
6.79 
5.03 
23.27 


8.83 


\+ 


He H+ H+ + H+ I+ 


+ 


0.27 
0.75 
0.14 
0.67 
0.24 
0.37 
0.76 
0.46 


1.35 
19.55 
0.41 
32.12 
6.95 
3.71 
24.49 
9.12 


0.18 
0.55 
0.12 
0.39 
0.31 
0.25 
0.41 
0.68 


1.28 
19.90 
0.48 
31.70 
5.45 
3.75 
25.74 
9.87 


0.18 
0.66 
0.09 
0.96 
0.343 
).38 
0.55 
0.46 


HHHHHHHEH 
He He He + He + + H+ 





* Values are presented as mean per cent of total weight of fatty acids + S. E. M. 
+ Thirty-five per cent of total calories a fat: 15 pairs. 
t Two per cent of total calories as linoleate (only source of fat): 12 pairs. 


SP < 0.01. 
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because of a decrease in arachidonic acid and of an 
increase in linoleic acid. Expression of these propor- 
tionality changes in terms of microsomal content in 
PC fatty acids shows that ethanol administration in- 
creases the linoleic and oleic acid content of microso- 
mal membranes when it is given with a HFD. Quali- 
tatively similar changes are seen after ethanol with 
the LFD, but fail to achieve statistical significance. 
The composition of PE is summarized in Table 5. 
SFA and UFA are present in almost the same propor- 
tion. In the high fat-fed group, the SFA composition 
of PE of control animals is the same as that of PC. 
Unsaturated fatty acids show a greater proportion of 
docosahexaenoic acid, the percentage of which is also 
greater than that of linoleic and oleic acids. Chronic 
ethanol administration with a HFD produces no sig- 
nificant change in the fatty acid composition of PE. 
Controls fed the LFD have more palmitic (P < 0.05) 
and less stearic (P < 0.005) acid in their SFA than 
the controls fed the HFD. After ethanol, unsaturated 
fatty acids show a decrease in oleic acid (P < 0.01). 
Rats fed ethanol with the LFD when compared to 
the HFD show significant differences in palmitic 
(P < 0.01), stearic (P < 0.02), oleic (P < 0.005), lino- 
leic (P < 0.025) and arachidonic (P < 0.02) acids. 
The incorporation of labeled methyl groups from 
L-methionine-methyl[*H] in liver microsomal phos- 
pholipids, | hr after its administration [38], is highest 
in PC, where 95-97 per cent of the total radioactivity 
is recovered. The incorporation of this precursor is 
not significantly altered by ethanol feeding with either 
a HFD or a LFD. The incorporation of ['*C]choline 


nmoles NADPH oxidized per minute 


1 1 1 at 


20 30 40 50 








Hg phospholipid per assay 


Fig. 1. Benzphetamine N-demethylation in the presence of 
fixed amounts of cytochrome P-450 and NADPH-cyto- 
chrome c reductase; the amount of phospholipids varied 
from 0 to 56 ug phospholipid/assay. The reaction mixture 
contained MgCl, 3mM, EDTA 0.05 mM, benzphetamine 
1 mM, NADPH 0.1 mM, step III cytochrome P-450 (from 
microsomes of rats fed ethanol with the HFD) 0.198 
nmole/assay, and reductase (from microsomes of rats fed 
ethanol with the HFD) 165 units/assay, in a total volume 
of | ml. The activity was measured by following the rate 
of oxidation of NADPH. Closed circles: lipid fractions 
from microsomes of control rats; open circles: lipid frac- 
tions from microsomes of ethanol-fed rats. 
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is also highest in PC, where 97 per cent of the total 
phospholipid radioactivity is found; it was also not 
altered by ethanol feeding with either a HFD or a 
LFD. Ethanol administration did not alter the rela- 
tive rate of incorporation of these two precursors as 
seen by examination of the *H/'*C ratio of PC. This 
ratio is not valid for the other phospholipids, which 
contain very little radioactivity. Control values for PC 
are not significantly different from values in alcohol- 
fed rats. The ratio values are 2.48 + 0.53 (control) and 
2.62 + 0.40 (ethanol) in rats fed the HFD and 
2.07 + 0.25 (control) and 2.01 + 0.28 (ethanol) in the 
LFD models. 

Benzphetamine demethylation measured in the 
P-450-containing reconstituted system was stimulated 
by the microsomal lipid fraction of control and eth- 
anol-fed rats. At zero lipid concentration, there was 
a slight benzphetamine demethylation activity partly 
due to some lipid contamination (2.47 ug phospholi- 
pid/assay) from the purified step III cytochrome 
P-450 of ethanol rats (53.5 ug/mg of protein) and from 
the purified reductase of ethanol rats (2.4 ug/mg of 
protein). Maximal activity was obtained after adding 
42 ug phospholipid/assay. The curves of benzpheta- 
mine demethylation activity, as a function of lipid 
content of the assay, are identical when using control 
and ethanol-fed rat microsomal lipids (Fig. 1). The 
use of cytochrome P-450 and reductase fractions from 
control animals yielded lower absolute values for 
benzphetamine demethylation activity but failed to 
disclose any differences between the different lipid frac- 
tions. 


DISCUSSION 


Dietary lipids, mainly linoleic acid [4], are impor- 
tant for drug metabolism. Hepatic microsomal phos- 
pholipids, particularly phosphatidylcholine, are essen- 
tial for drug metabolism in vitro [10,11]. Changes 
in hepatic microsomal phospholipid may play a role. 
in the increase in drug-metabolizing enzyme activities 
induced by various drugs [8, 13-15]. Most evidence 
to that effect is circumstantial, however, and other 
studies support the hypothesis that dietary lipids may 
play a role through other factors such as acting on 
heme synthesis [47] to increase cytochrome P-450 con- 
tent [34,48]. We have previously observed that, in 
the absence of caloric deficiency, the induction by eth- 
anol of cytochrome P-450 and NADPH-cytochrome 
P-450 reductase activity is greater with a HFD and 
that microsomal phospholipids are increased only in 
presence of the HFD. By contrast, the ethanol in- 
crease in benzphetamine demethylation activity was 
found to be of the same magnitude whether rats were 
fed the HFD or the LFD [27]. 

Chronic ethanol administration alters the composi- 
tion of total [20,21] and microsomal [49] hepatic 
phospholipids, but more striking modifications of 
hepatic microsomal phospholipids have been reported 
after administration of phenobarbital [38]. Ethanol 
is reported to increase microsomal phospholipids 
[22] only if it is administered with a HFD [27]. The 
mechanisms for such an increase in phospholipid con- 
tent may be an increased synthesis and/or a decreased 
phospholipid breakdown. In male rats, phenobarbital 
increases the synthesis and decreases the breakdown 
of phospholipids, but in females only phospholipid 
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catabolism is decreased [50]. Glycerolipid synthesis 
is increased by chronic ethanol administration 
[ 20, 34]. Kemp and Fallon [51] have suggested that 
ethanol administration increases the methylation of 
phosphatidylethanolamine into phosphatidylcholine. 
In the present study, we could find no evidence of 
increased formation of PC via the Kennedy pathway 
[52] or via. phospholipid methylation [53] after 
chronic administration of ethanol. 

Quantitative changes in microsomal phospholipids 
might be responsible for increased microsomal drug- 
metabolizing enzyme activities. However, in a pre- 
vious study using the same models [27], the increased 
activities of benzphetamine demethylation and aniline 
hydroxylation in rats fed ethanol with the LFD were 
not associated with any increase in microsomal phos- 
pholipids. In the same animal and dietary models, 
in the absence of any change in microsomal phospho- 
lipid content per 100 g of body wt [27], hexobarbital 
plasma clearance was increased significantly after eth- 
anol and the LFD [54]. 

Qualitative changes in microsomal phospholipids 
after prolonged ethanol intake are of two types: eth- 
anol modifies the proportion of various phospholipids 
and also alters their fatty acid composition, particu- 
larly that of PC [21,49]. Mendenhall et al. [21] 
reported a decrease in palmitic and linoleic acids and 
an increase in arachidonic acid after ethanol in male 
rats. By contrast, French et al. [49] reported a de- 
crease in stearic and arachidonic acids and an in- 
crease in linoleic acid, but only after 45 weeks of eth- 
anol consumption. Miceli and Ferrell [55] reported 
decreased palmitic, linoleic and arachidonic acids and 
an increase in stearic acid in male mice. Our data 
may be different because of differences in dietary 
models, sex, strain, and species of the animals. 
Changes due to ethanol in the high fat- or low fat-fed 
animals are similar but less striking and less signifi- 
cant with the LFD. 

Phosphatidylcholine is the active component of the 
lipid fraction in the activation of microsomal drug- 
metabolizing enzymes [11]. Phosphatidylcholines of 
different structures show different stimulating activi- 


ties on the enzyme systems using purified cytochrome 


P-450 and reductase from solubilized microsomes 
[11,17]. Since qualitative differences in microsomal 
phospholipids and phosphatidylcholine were more 
striking in rats fed ethanol and the HFD, we have 
chosen to use the lipid fractions of these animals and 
their controls in the reconstituted system of benzphe- 
tamine demethylation from solubilized microsomes. 
The stimulatory activity of the lipid fraction on the 
demethylation of benzphetamine of control rats and 
ethanol-fed rats was not different. Therefore, it seems 
unlikely that the differences in the fatty acid composi- 
tion of phospholipids are responsible for the activity 
and induction of benzphetamine demethylase. 

The exact role of microsomal phospholipid in drug 
metabolism is as yet unknown. Phospholipids prob- 
ably do not lead to the formation of vesicular struc- 
tures [56]. The specificity of the role of phospholipids 
in drug metabolism has recently been challenged, 
since detergents may replace the lipid fraction in the 
reconstituted system [57]. Our initial hypothesis that 
quantitative and/or qualitative alterations by ethanol 
in microsomal phospholipids could account for the 
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induction by ethanol of the microsomal drug-metabo- 
lizing enzyme activity of benzphetamine demethyla- 
tion could not be substantiated by our studies. 
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SHORT COMMUNICATION 


Prostaglandins and cannabis—V. Identification of p-vinylphenol 
as a potent inhibitor of prostaglandin synthesis 


(Received 29 December 1975; accepted 27 February 1976) 


A systematic examination of cannabis for substances which 
can alter prostaglandin (PG) biosynthesis has been under- 
taken in this laboratory. Thus far, it has been shown that 
A'tetrahydro-cannabinol (THC) and several other natural 
cannabinoids are effective inhibitors in vitro of PG syn- 
thesis [1,2]. Moreover, an examination of the non-can- 
nabinoid-containing essential oil fraction has revealed the 
presence of two substances which show appreciable activity 
in our system in vitro [1,2]. One of these has been isolated 
and identified as eugenol [3], a substance which was 
reported to be a cannabis constituent some years ago [4]. 
We would now like to repurt on the isolation and identifi- 
cation of the second active volatile component. 

The extraction and preliminary fractionation of the 
cannabis sample were done as described previously [3]; 
synthetase inhibitory activity was also assayed as before 
[2] using a bovine seminal vesicle preparation. Briefly this 
involved steam distillation of a standardized marihuana 
preparation (National Institute on Drug Abuse) followed 
by ether extraction of the distillate. Silica gel thin-layer 
chromatography and high pressure liquid chromatography 
were utilized as described previously to resolve the extract 
into two active fractions. Activity was determined by mea- 
suring the extent of conversion of ['*C]arachidonic acid 
to PGE, in the presence of bovine seminal vesicle micro- 
somes at various drug concentrations. Under the condi- 
tions of the assay, the possible conversion of endogenous 
precursors or the production of other PGs was not moni- 
tored. Once again two active components were found, one 
of which was identical to authentic eugenol. 

The other active fraction, previously referred to as Frac- 
_ tion 5 [3], consisted of several components as seen on 
gas-liquid chromatography (6 ft; 5% OV-17; T = 120°). 
These were resolved into pure fractions by preparative 
g.l.c., and the location of the active compound was deter- 
mined by enzymic assay [1,2]. Mass spectral determina- 


tion indicated that the nominal molecular weight of the 
substance was 120 with major fragments at m/e 119, 94 
and 91. 

The ultraviolet absorption spectrum (AO 260, 
€ = 6000) of the unknown suggested that it was aromatic 
in nature and its solubility in mildly alkaline solution 
further suggested a phenolic substance. A careful search 
of the literature revealed that indeed a phenol with molecu- 
lar weight 120, namely p-vinylphenol, had been isolated 
from cannabis smoke condensate [5]. 

The identity of our substance was confirmed by direct 
g.l.c. and mass spectral comparison with authentic p-vinyl- 
phenol. The latter was obtained by thermal decomposition 
of p-hydroxycinnamic acid (Aldrich Chemical Co.) as it 
is otherwise unavailable. It has been proposed [5] that 
p-hydroxycinnamic acid, which is also a cannabis constitu- 
ent [6], is probably the source of the p-vinylphenol in 
smoke condensate (vide supra). Apparently steam distilla- 
tion conditions such as those used in our procedure are 
sufficient to cause the decarboxylation to occur. It seems 
less likely that p-vinylphenol exists as such in cannabis, 
as it is reported to be a rather unstable substance [5]. 

Table 1 gives an indication of the potency of p-vinyl- 
phenol as an inhibitor of PGE, synthesis in the bovine 
seminal vesicle system [2]. For comparison purposes, 
aspirin was also assayed by us and, as can be seen in 
Table 1, p-vinylphenol is somewhat more potent. Since 
p-hydroxycinnamic acid is a likely source for the p-vinyl- 
phenol in cannabis distillates, we thought it of interest to 
test it as well. Surprisingly, it was a moderate stimulator 
of PGE, synthesis at doses where p-vinylphenol was in- 
hibitory. Certain other substances have shown stimulation 
in our system, the most notable being morphine; some 
data are shown in Table | for comparison. The significance 
of PG synthesis stimulation is not well established at this 
time; however, Collier et al. [7] have also reported that 


Table 1. Effects on PGE, synthesis by p-vinylphenol and comparison substances* 





Concentration 





(ug/ml) 


(M x 107°) % Change + S. E. M.t 





p-Vinylphenol 1 
10 


p-Hydroxycinnamic acid 


Aspirin 


Morphine 


—e 
on 
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5.2 





* PGE, synthesis was assayed using a bovine seminal vesicle preparation as described 


previously in Ref. 2. 


+ Key to symbols: | indicates inhibition, while t denotes stimulation. All values are relative 
to control which consists of the identical system without drug. Control values ranged from 
30 to 45 per cent conversion of ['*C]arachidonic acid to ['*C]PGE,. N = 3. 
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morphine enhances PG production in a similar exper- 
iment, and our results are in good agreement with theirs. 

It is very much a matter for speculation as to what the 
role of these phenolic substances in the overall pharmaco- 
logy of cannabis may be. Activities other than mood alter- 
ation have recently been the subject of considerable study 
with a view toward possible therapeutic applications for 
cannabis [8]. There has been a good correlation between 
therapeutically active agents and substances which alter 
PG synthesis (or release) so that it is not unreasonable 
that constituents such as eugenol and p-vinylphenol may 
contribute to the overall activity of the drug. While the 
major activity of cannabis is attributable to its A'-THC 
content, the contributions of other constituents (both can- 
nabinoid and non-cannabinoid) should be considered in 
assessing the results of marihuana smoking. 
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COMMENTARY 


ON THE MECHANISM OF ACTION OF HYPOGLYCEMIA-PRODUCING 
BIGUANIDES. A REEVALUATION AND A MOLECULAR THEORY 


G. SCHAFER 


Department of Biochemistry, Medizinische Hochschule Hannover, Germany 


For more than fifty years it has been known that 
guanidine itself [1] as well as substituted guanidines, 
diguanidines [2,3], and biguanides[4,5] exhibit 
blood sugar lowering activity with various laboratory 
animals and men. A great line of compounds has been 
developed on the basis of the guanidine structure, 
most of which exert intolerable side effects. Only a 
few compounds appear in the narrow range between 
toxicity and useful drug action and are still widely 
used in treatment of diabetes mellitus. An extraordi- 
nary number of studies has been carried out on their 
mechanism of action. Reviews have appeared [6, 7] 
which summarize the observed effects and the multi- 
ple interpretations on the blood sugar lowering 
mechanism. The reader is left suspicious, however, as 
long as a large number of explanations exists instead 
of a unique concept. 

In the ideal case a drug is required to interact 
specifically with a metabolic reaction or a regulatory 
process as for example antibiotics or—regarding the 
treatment of diabetes—the sulfonylureas. This re- 
quirement is not fulfilled by biguanide. None of the 
observations on metabolic systems in vitro may 
explain the integrated action on whole organisms. In 
contrast, most of the observed effects are inhibitory 
ones which much better explain the toxic side-effects 
observed with higher doses of biguanides. 

Thus the provocative question may be raised of 
whether the hypoglycemic effect is only an accidental 
one, resulting from superposition of a number of 
minor toxic interactions which an organism answers 
by mobilizing various regulatory mechanisms. In 
other words: a specific drug action is put in doubt. 

On the metabolic level biguanides were found in 
vitro to inhibit: (1) mitochondrial oxidative phos- 
phorylation and respiration, (2) glucose production 
in gluconeogenetic tissues and intestinal glucose 
uptake (for review see [6, 7,8]). Nevertheless, the lat- 
ter findings so far provide the biochemical basis for 
an explanation of many of the clinical observations 
on drug action, as well as for their toxicity. 

As has been suggested by our studies [8-12] a more 
common basis may be the interaction of these drugs 
with biological membranes. Such an assumption is 
justified because most of the processes sensitive to 
guanidines or biguanides are either directly localized 
in membranes or involve membrane-linked reactions 
as rate-limiting steps. Inhibitory actions of guanidine 
derivatives have been observed on the following pro- 
cesses, for example: respiration and oxidative phos- 
phorylation; specificity to site I or II in oxidative 


phosphorylation; turn over of TCA-cycle, '*C-incor- 
poration into liver lipids; gluconeogenesis in liver and 
kidney; intestinal glucose uptake; >7P/ATP exchange 
in isolated mitochondria; energy transfer in chloro- 
plasts; phosphorylation in chromatophores; cation 
exchange at the mitochondrial membrane (the rele- 
vant literature is summarized in [13]); cation uptake 
of yeast cells [14]. 

Moreover, no biguanide effects became known on 
soluble enzymatic systems. Only higher organized 
structures were sensitive to biguanides, a fact which 
is in support of our assumption that membrane inter- 
actions play a significant role. 

The present review emphasizes that in fact all 
guanidine and biguanide derivatives share a common 
and unique property, altering the functional and the 
physical structure of membranes. This is the change 
of the electrostatic surface potential (W) of a mem- 
brane. The latter is defined as the electrical potential 
between the immediate membrane surface and the 
aqueous bulk phase in which a membrane structure 
is immersed. It will be shown that practically all 
observations on biguanide action in vitro may be 
reduced to this physical phenomenon. 


A. BINDING OF BIGUANIDES TO MEMBRANES 


Although it is apparent from the entire literature 
on biguanides that they are effective only in mem- 
braneous or particulate systems, it was the aim of 
many investigations to find specific interactions of 
these drugs with catalytic proteins of different meta- 
bolic importance. Many years’ investigation were 
spent without detailed knowledge of binding and dis- 
tribution of the inhibitors on a subcellular level, until 
specific studies were carried out in our labora- 
tory [9, 15]. We were the first to put forward the con- 
cept that rather than proteins itself it is the membrane 
structure, building the natural environment for a large 
number of enzymes, which is affected by these inhibi- 
tors [10, 11, 13]. 

It was shown with '*C-labeled compounds that 
biguanides bind firmly to mitochondrial membranes 
and that binding is slightly modified by the energy 
state of mitochondria[15,16]. Binding constants 
could be obtained which agree well with those 
obtained with another method using the fluorescence 
of ANS as an indicator of biguanide binding. An 
example is given in Fig. 1. Mitochondria were incu- 
bated with a constant amount of ANS in presence 
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Fig. 1. Influence of biguanide on binding of ANS to rat liver mitochondria. (Data from G. Schafer [9]). 
Left hand: decrease of ANS content in mitochondrial supernatant. Right hand: Lineweaver—Burk plot 
of ANS binding data. 


of various concentrations of biguanide. After equilib- 
ration the mitochondria were separated from the in- 
cubation medium and ANS was determined in the 
particle-free supernatant by its fluorescence as de- 
scribed [9]. Binding can be saturated and the recipro- 
cal plot of bound ANS vs biguanide concentration 
yields the affinity constant. 

Bound ANS shows a much higher fluorescence 
yield than free ANS. Biguanide binding could there- 
fore be directly measured by monitoring ANS fluores- 
cence in membrane suspensions which are titrated 
with biguanides. Table | refers to these experiments 
and shows that the affinity constants obtained with 
different methods are in good agreement and that all 
biguanides have a high membrane affinity which can 
be directly correlated with their partition coefficient. 
The correlation indicates that there is almost no elec- 


trostatic contribution to binding; in other words, ° 


binding is exclusively hydrophobic and represents the 
fixation of the guanidinium group to a membrane by 
its hydrophobic side chain. It became clear very soon 
that biguanides bind equally well to membranes of 
completely different origin, as summarized in Table 
2. The close relationship of binding to natural mem- 
branes or synthetic phospholipid structures leads us 


Table 1. Binding affinity of biguanides to mitochondrial 
membranes. 





Biguanide Gar Co Saee 


K,., ANS 


(mM ~') 





0.012 0.312 0.505 0.681 


K,.. “C 0.312 0.63 1.46 
(mM ~') 


P., (n-octanol 0.037 0.063 0.096 0.148 0.247 0.605 


phosphate. 
buffer) 





*C,, signifies phenethylbiguanide (DBI). 

Data were obtained either by ANS fluorescence titration, 
or by '*C distribution with labeled biguanides. Po signifies 
the distribution coefficient between n-octanol and phos- 
phate buffer at pH 7.2. (From G. Schiifer et al. [15]). 


to assume that membrane phospholipids are the 
natural binding sites [9]. Evidence for this could be 
accumulated by successive lipid extraction from mito- 
chondrial membranes resulting in a gradual decrease 
of biguanide binding. It was demonstrated that the 
affinity constants did not change by this treatment. 
The number of binding sites, however, was strictly 
correlated with the phospholipid content as summar- 
ized in Table 3. 

From comparison of results it is evident that the 
inhibitory effectiveness of biguanides closely re- 
sembles their affinity for membrane phospholipids. It 
emerges also from this investigation that membrane 
binding is completely unspecific. Protein binding of 
biguanides is negligible [17], and regarding the effec- 
tive concentrations with mitochondria it can be 
estimated that these are on a stoichiometric basis 
close to the membrane lipid content and far above 
the content of respiratory enzymes. On a protein 
basis, mitochondrial phospholipid content differs by 
three orders of magnitude from cytochrome content. 
Actually, the maximum capacity for biguanide bind- 
ing fits very well the range of phospholipid content. 
For example liver mitochondria containing approxi- 
mately 170nmole phospholipid/mg protein were 
found to bind 50-100 nmole biguanides/mg protein, 
whereas the cytochrome content is only 0.2-0.25 
nmole/mg. 


Table 2. Affinity constants of biguanides towards different 
types of membranes. (From G. Schafer et al. [15]). 





Compound c." C; Cs, Type of membrane 





0.603 1.49 3.38 
0.63-0.68 1.46 4.38 
0.521 


Mitochondrial (liver) 
Mitochondrial (liver) 
Sub. mitochondrial 
particles 
Liposomes 
Microsomes 


ass 


K,..¢ ANS 


K,,, ANS 0.51-0.63 


K,., ANS 0.4 


ass 


4.96 
1.64 4.39 





* The index gives the number of carbon atoms in the 
side chain; C, = phenethylbiguanide (DBI). 


+ The affinity constants are given as mM |. 





A reevaluation and a molecular theory 


Table 3. Correlation of phospholipid content and capacity for biguanide binding of liver mitochon- 
dria. (From G. Schafer [9, 13]). 





Phospholipid content 


Per cent of 
control 


Protein 
(ug/mg) 


* 
(Neetat ). 


Phenethylbiguanide 


Number of binding sites 


n-octylbiguanide 


nmole/mgt (Metar) nmole/mg 





12,6 100 1.0 
4.2 33.4 0.40 
a 24.6 0.35 
1.8 14.3 0.25 


82 1.0 130 
33 0.47 62 
29 0.38 50 
20 0.32 41 





* Data taken from ANS fluorescence titrations. 


+ Data based on ['*C]biguanide binding to normal rat liver mitochondria (= 100°,). 


Data presented in this issue[8] also support the 
contention that the capacity for biguanide binding to 
mitochondria is related to the available mitochondrial 
inner membrane area (Table 3 of ref.[8]). A model 
experiment on bulk-phase distribution of '*C-labeled 
biguanide lends further support to this assumption. 
The experiment, in addition, contradicts the hypoth- 
esis that biguanides are distributed across a mem- 
brane by nonionic diffusion following a pH gradient 
across the membrane [18]. It is shown in Fig. 2 that 
in a three-compartment system where two aqueous 
phases A and B are separated by a lipid-containing 
nonaqueous phase C the distribution of phenethylbi- 
guanide is determined only by the phospholipid con- 
tent of the nonaqueous phase and not by the pH 
gradient across this phase. The experiment was 
started with 100 per cent radioactivity present in com- 
partment A. Almost all of the biguanide extracted 
from compartment A is found in the phospholipid- 
containing hydrophobic phase and less than 10 per 
cent is extracted from there into the acidic compart- 
ment B, despite a 1000-fold higher activity of hydro- 
gen ions. A very similar distribution was when the 
pH was 8 in both aqueous compartments. In this 


| (a) pH8 














model the hydrophobic lecithin-containing phase 
resembles the membrane. The result is in accordance 
with the assumption that practically all of the 
biguanide taken up by a membrane structure from 
a solution remains membrane-bound. Independent 
support is derived from the observation that even 
large amounts of biguanides taken up into mitochon- 
dria are osmotically inactive [9]. 

The question of where the adsorbed biguanide mol- 
ecules reside in the membrane may be answered from 
the response of ANS. It is known that ANS binds 
to the aqueous/lipid interface in the region of the 
phosphoester bonds [19] within the headgroups of 
polar phospholipids. Because biguanide binding is 
strictly hydrophobic, it is justified to assume that the 
hydrocarbon part of the biguanide molecule is in- 
serted between the hydrocarbon chains of the phos- 
pholipid molecules, with the polar guanidinium-group 
localized near the phosphoester bonds similar to 
ANS. Whereas the hydrocarbon chain of alkyl or 
aralkyl biguanides is responsible for membrane bind- 
ing, the toxophoric function has to be ascribed to 
the biguanide structure. These molecules are strong 
bases [20-23] with pK, values ranging from 11.3 to 


(a)- Aqueous phase pH 8 

(b)- Aqueous phase pH 5 

(c)-Organic phase (lecithin/CCl4) 
(1) 3 mg; (2) 15mg; (3) 25mg; (4)50 mg; 
(5) 75 mg lecithin/iO ml CCl4 





(a) f(b) 
(c) 























Fig. 2. Bulk phase distribution of ['*C]phenethylbiguanide. Influence of lecithin concentration on distri- 
bution kinetics. (Data from G. Schafer [9]). 
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12.8 for the dissociation of the protonated form 
according to equation (1). 


H,0 + BH* 2B+H;0O. (1) 


_At acidic pH a second proton can be taken up with 
a pK, around 2.8. At physiological pH these com- 
pounds exist to more than 99.9999 per cent in the 
protonated form and the free energy of dissociation 
is about AG = +16.0 kcal/mole at room temperature. 
Therefore it is reasonable to assume that biguanides 
exist exclusively in the cationic form in aqueous solu- 
tions and that they maintain the positive charge also 
in the membrane adsorbed state. 

From this it becomes clear that adsorption of 
biguanides to any high molecular structures and 
membranes is equivalent to hydrophobic fixation of 
positive charges. 

At this stage the question has to be asked of the 
consequences of biguanide binding on the structural 
and functional properties of membranes. 


B. BIGUANIDES AND PHYSICAL PROPERTIES OF 
MEMBRANES 


From the above it was concluded that membrane 
lipids are the domain of biguanide interaction. That 
means the molecular arrangement of lipid structures 
forming the matrix of most biological membranes 
may be disturbed by these drugs. The perturbation 
of membrane structure and physical membrane 
properties may then be transmitted to integral mem- 
brane proteins and their catalytic function. This 
working hypothesis could have been verified during 
the past two years and convincing evidence accumu- 
lated that the primary event in biguanide action is 
a positive shift of electrostatic surface potential of 
membranes [10, 11, 13, 24]. 

In order to study some physico-chemical principles 
of biguanide interaction synthetic phospholipid mem- 
branes have been used as a valuable model. It is very 
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probable, moreover, that the results derived from 
these studies also apply to biological models. 
Assuming that adsorbed biguanidinium ions rep- 
resent fixed positive charges on a membrane, the elec- 
trical properties should reflect such a change in sur- 
face potential +>. This has been demonstrated by 
measurements of the electrical conductance of black 
phospholipid membranes as reported elsewhere [10]. 
As theoretically derived from the diffuse double-layer 
theory [25, 26], electrical conductance and surface 
potential Wo are related by equation (2). The negative 
sign denotes the conductance mediated by a mem- 
brane-permeable anionic species of effective charge z;. 


a = Go : exp (Z; F Wo RT), (2) 


‘harged Slgnifies the conductance of the charged 
membrane and G‘,’ the conductance of membrane 
with electroneutral surface. An example is referred to 
in Fig. 3. Twenty uM n-octyl biguanide was found 
to induce a surface potential of ij) = +42 mV. It was 
also found that the magnitude of the surface potential 
could be titrated by binding of biguanides and that 
the relative effectiveness of different biguanides 
exactly follows their binding affinity to phospholipid 
membranes [9, 10,13]. Surface potentials of up to 
80 mV could be measured. 

The potential profile across a membrane and the 
influence of surface potentials are schematically repre- 
sented in Fig. 4. It shows a membrane M, separating 
the aqueous solutions I and II. I’ and II’ denote the 
unstirred aqueous layers present at each membrane 
surface. Between these and the bulk solution any 
solute distributes according to a partition coefficient 
x. Across the membrane there exists an electro- 
chemical potential V, and the surface potentials +, 
and +w, are assumed on the respective sides. Since 
the electrical gradient ® is the actual driving force 
for transport of charged species through the mem- 
brane, it can be seen that variation of surface poten- 
tials modifies this gradient and the transport kinetics, 


where G‘,,’ 


——-— Initial conductance in 0.1M KCL 
Go= 77 x 107? QD em=? 


a—a—4 With uncoupler+ 20MM © 
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(DRW 0319) 
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y(O)= +42 mv 
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Fig. 3. Current-voltage diagram of a black phospholipid membrane. Influence of n-octylbiguanide 
on the membrane surface-potential. The uncoupler DRW 0319 served as an anionic carrier of electrical 
charge through the membrane. (From G. Schiifer er al. [10, 13]). 
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Fig. 4. Schematic diagram of an electric potential profile 
across a membrane, including the surface potentials on 
both sides. For convenience all terms were taken positive. 


respectively. The activity [c] of ionic species in the 
unstirred layer depends on the magnitude of the sur- 
face potential and is described for a positive species 
on side I’ by equation (3): 


[c] = «[c,] exp(—w,/kT), (3) 


where [c,] is the ion activity in the bulk solution 
on side I for example. It becomes clear that by means 
of surface potentials the availability of ionic species 
for interaction with specific membrane binding sites 
is controlled. It is now well documented that rever- 
sible binding of ANS to lipid membranes also reflects 
changes of a membrane’s surface potential 
[27, 11,28-30]. Therefore, the fluorescence of ANS 
can be taken as a relative measure of surface potential 
changes. In fact, it was shown by us [8] that the sur- 
face potential of model membranes and of mitochon- 
dria can be alternatively shifted positive or negative 
by biguanides or by long chain fatty acids, respect- 
ively (Fig. 11, ref. [8]). Thus, our findings on electrical 
conductance of lipid membranes and on biguanide- 
induced changes of ANS fluorescence are in excellent 
mutual agreement. 


C. BIGUANIDES AND ENERGY-LINKED 
FUNCTIONS OF MITOCHONDRIA 


It has long been assumed that biguanides and 
guanidines in general directly interact with the pri- 
mary reactions of energy conservation in mitochon- 
drial oxidative phosphorylation (reviewed in [13, 7]). 
An oligomycin-like effect [31] and even some site- 
specificity [32, 33] have been described, localizing the 
inhibition in the terminal reactions of phosphate 
transfer and apart from the electron transfer itself. 
A series of objections against this concept may be 
raised, however. On one hand, a high-energy interme- 
diate according to the chemical hypothesis of oxida- 
tive phosphorylation [34, 35], which might interact 
with biguanides, could never be identified. In addi- 
tion, the inhibitory concentrations are much higher 
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than expected on the basis of a stoichiometric interac- 
tion with any functional intermediate. On the other 
hand, the effect of biguanides and guanidines was dif- 
ficult to explain in terms of the chemiosmotic theory 
of energy conservation [36]. Our present view over- 
comes these objections. 

The phenomenology of biguanide interaction with 
oxidative phosphorylation and the release of the inhi- 
bition by fatty acids and uncouplers is demonstrated 
in the following paper [8]. 

According to equation (4), mitochondrial phos- 
phorylation of ADP at pH 7.2 involves the uptake 
of hydrogen ions and can easily be followed by means 
of a sensitive pH electrode in a weakly-buffered mito- 
chondrial suspension, 


ADP?~ + HPO}? + H* @ATP* +H,0. (4) 


It was found that the mitochondrial proton up- 
take during ADP phosphorylation is successively 
inhibited by increasing concentrations of phenethyl 
biguanide [10]. 

Concomitantly with the inhibition of phosphoryla- 
tion-linked proton uptake, mitochondrial state-3-res- 
piration (ADP present [35]) is titrated back to the 
state 4 level resting respiration in absence of 
ADP [35], as shown in the lower part of Fig. 5 for 
two different biguanide derivatives. The upper part 
gives the fluorescence increase of ANS (8-anilino 
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Fig. 5. Influence of biguanides on state-3 respiration of 

rat liver mitochondria and on ANS fluorescence, indicating 

the positive shift of surface potential. (From G. Schiafer 
et al.[12]). 
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Fig. 6. Rate of H* uptake and of state-3 respiration of rat liver mitochondria during ADP phosphoryla- 

tion as a function of surface-potential. The increase of surface-potential was monitored by ANS fluores- 

cence (measured in arbitrary units) and achieved by titration with phenethylbiguanide. (From G. Schafer 
et al.[12]). 


naphtalene-1-sulfonic acid) as measured under corre- 
sponding conditions with the same preparation. As 
outlined above, this increase of ANS-fluorescence is 
not only a measure of biguanide binding but also 
of the positive change in membrane surface-potential. 
Obviously respiratory rate and ANS fluorescence are 
dependent in an inverse manner on biguanide concen- 
tration. Data as given in Fig. 5, together with the 
rate of mitochondrial proton uptake during phos- 
phorylation, can be plotted vs the fluorescence of 
ANS as a relative measure of +Awo. This leads to 
a plot shown in Fig. 6, making it clear that at a cer- 


n-octylbiguanide 
+ |-anthrylbiguanide 
4 butylbiguanide 

phenethylbiguanide 


Increase of + ¥(O) 








State 3 respiration, Yo 


Fig. 7. Correlation of state-3 respiration and H* uptake 
during ADP phosphorylation under the influence of in- 
creasing positive surface-potential. The symbols indicate 
different derivatives of biguanide; data from G. Schiifer 
et al.[12]. Rates of H* uptake and of respiration are nor- 
malized with 100°, being the rate in absence of biguanide. 


tain positive shift of surface-potential the uptake of 
H* ions for ADP phosphorylation is totally sup- 
pressed. At the same stage the respiratory rate levels 
off, the residual respiration representing the resting 
state of electrontransport which proceeds indepen- 
dently of ADP phosphorylation in coupled mitochon- 
dria (according to Chance [35], state-4 respiration). 
Our interpretation is that a positive shift of > causes 
a gradual decrease of H” ion activity at the mem- 
brane surface until their availability becomes rate- 
limiting. A comprehensive view is given in Fig. 7 for 
a series of different biguanide derivatives. The inhibi- 
tion of proton uptake is correlated with the respira- 
tory rate, yielding a straight line intercepting the res- 
piratory axis at the average state-4 rate. The positive 
surface potential increases from the upper right to 
the lower left along the regression line and has been 
modified by the indicated biguanides in varying con- 
centrations. 

The important conclusion has to be drawn that all 
biguanides qualitatively exert the same effect; quanti- 
tatively their activity is strictly correlated to their 
binding affinity: The release of biguanide inhibition 
by free fatty acids may thus be nothing other than 
a reverse of the biguanide-induced positive shift of 
surface-potential. 

Further experiments have shown [11] that the kin- 
etics of mitochondrial K* or of Ca** uptake are also 
inhibited by biguanides. On the above basis evoking 
equation (3), we simply understand these effects as a 
result of the more positive surface-potential in pres- 
ence of these drugs. 

As to the electrogenic mitochondrial proton pump 
it was shown that the translocation of protons is also 
inhibited by biguanides [8, 24]. It is again the more 
positive surface-potential which can be considered re- 
sponsible for this effect. 
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A reduced flux of protons, however, may be of sig- 
nificance for the flux of substrate anions across the 
mitochondrial membrane. Anion uptake is driven by 
the electrochemical gradient of protons across the 
membrane [37-39] via coupling to the energy-linked 
uptake of inorganic phosphate. Any lowering of the 
gradient of H* may thus induce a subsequent inhibi- 
tion of metabolic activities, such as the primary reac- 
tions in gluconeogenesis (see below). 

Regarding enzymatic catalysis more generally, a 
positive shift of Wo causes a displacement of H* ions 
which means a positive shift of the very local pH 
or—which is equivalent—a decrease of the pK, of 
intrinsic dissociable groups at the membrane. 


D. BIGUANIDES AND MEMBRANE FLUIDITY 


The surface potential yw of a membrane has been 
discussed for systems where the sign of the charge 
is the critical parameter. In such systems we have 
to include all experiments where ion transfer has been 
measured. Binding of biguanides reduces, by screen- 
ing of negative sites on a membrane, the number of 
binding sites for cations or even results in a displace- 
ment of divalent cations from subcellular mem- 
branes [40, 41]. It has also been established [42-44] 


that the charge density o of a lipid membrane is of | 


critical importance for the membrane structure. The 
absolute amount of charge is the relevant parameter, 
in this case independent of the sign of the charge. 
It is related to the molecular area per lipid molecule 
f by ¢=a'/f where o’ denotes the charge per mole- 
cule. The concept implies that electrostatic interac- 
tion between the polar headgroups of lipids largely 
determines the intermolecular distance. In these terms 
f reflects the molecular mobility and therefore is an 
important parameter for membrane fluidity, keeping 
in mind that at physiological temperatures the lipids 
of membranes are considered as bilayer-like liquid- 
crystaline structures. Normally an increase of o 
results in a higher fluidity of a phospholipid structure, 
which is reflected by a decrease of the temperature 
T, at which the ordered — fluid transition occurs [43]. 
Figure 8 shows that in model membranes such a shift 
of the transition temperature T,; could be verified [24] 
in the presence of biguanides. What has _ been 
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Fig. 8. Temperature-induced phase transition of dipalmi- 

toylphosphatidic acid micells, monitored by fluorescence 

of NPN. Influence of 74 uM n-octylbiguanide (dashed line). 
(From G. Schiifer et al. [24]). 
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observed, however, was an increase of T;, which we 
have also reported for liver mitochondria [8] using 
the temperature dependence of the proton pump as 
an indicator of the membrane fluidity state. 

In fact, this is in line with the theory outlined so 
far. Owing to the high content of negatively charged 
lipids in these membranes [45], biguanide binding 
causes a decrease of the absolute density of net 
charges of these membranes and thus has to increase 
the transition temperature. From this it follows that 
at negatively charged lipid membranes the adsorption 
of biguanides makes the membrane structure more 
rigid. This is considered of significant importance for 
the dynamic function of membranes. 


E. BIGUANIDES AND GLUCONEOGENESIS 


Using different models (reviewed in [7,8]), it has 
been shown that gluconeogenesis or its partial reac- 
tions can be strongly inhibited by biguanides. The 
specificity of this effect, however, is questionable, since 
only lack of energy supply may be the cause. Glu- 
coneogenesis as an energy-demanding process re- 
sponds sensitively to withdrawal of ATP. The relevant 
energy-requiring reactions are the carboxylation of 
pyruvate (equation (5)) and the formation of phos- 
phoenolpyruvate from oxaloacetate (equation (6)). 


Pyruvate + CO, + ATP— Oxaloacetate + 
ADP + Pi (5) 


ITP 
Oxaloacetate + jarr} Phosphoenolpyruvate + 
ATP? CO, + {IDP,GDP, ADP} 
(6) 


The turnover of these key reactions also controls the 
redox state of the pyridine nucleotide pool, which 
determines the steady-state concentration of pyruvate 
and oxaloacetate, for instance, (equation (7)). 


Malate + NAD* = Oxaloacetate A 
Lactate Pyruvate 


NADH + H”™ (7) 


Because the ATP/ADP ratio and the NADH/NAD 
ratio are mutually related via the respiratory chain, 
the rate of gluconeogenesis critically depends on 
mitochondrial metabolism. Owing to species differ- 
ences reaction (6) may be localized intra- or extra- 
mitochondrially. 

There is no doubt of course that lowering of ATP- 
supply may be one reason for the rate of glucose for- 
mation decreasing in gluconeogenetic tissues. Another 
reason is the (already discussed) interference of 
biguanides with substrate anion transport across in- 
tracellular membranes (see section C) may contribute 
to a considerable degree. Like the uptake of phos- 
phate, the intra/extra mitochondrial distribution of 
aspartate is also energy-linked [46], and thus depends 
on the electrochemical gradient of H* ions as pointed 
out above. The key role of the aspartate/malate 
shuttle in gluconeogenesis should be mentioned in 
this context as a regulatory functional unit [47]. 

Although the specific contribution of single pro- 
cesses to dependence of gluconeogenesis on mem- 
brane functions can hardly be resolved, little doubt 
remains that biguanides are active by way of their 
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Fig. 9. Correlation of biguanide inhibition of phos- 

phoenolpyruvate synthesis vs mitochondrial capacity for 
biguanide binding in pigeon liver. [15]. 


membrane-modifying properties. This is documented 
in Fig. 9, compiling data available from our labora- 
tory. It clearly follows that the relative effectiveness 


of six different biguanides in inhibiting phosphoenol- . 


pyruvate synthesis (cf. equation (5,6)) is_ strictly 


related to their membrane-binding affinity. 


GENERAL CONCLUSIONS 


The above discussion is based on the modification 
of the physical membrane structure by biguanides. It 
has been established that biguanide binding to mem- 
branes causes a positive shift, or the generation of 
a positive surface potential, providing a unique mol- 
ecular basis for discussion of the large variety of 
metabolic activities of guanidines. Thereby the modi- 
fying influence of the biguanide-dependent surface- 
potential on charge transfer and on membrane 
fluidity may act synergistically, depending on the par- 
ticular composition of a membrane. 

There is no reason to assume any chemical reaction 
as the basis of biguanide action because biguanides 
are very stable and chemically inert compounds. They 
are eliminated from the organism either unaltered, or 
hydroxylated in the hydrocarbon side-chain [48-50]. 
Other biological reaction products are not known. 
The latter products are biologically inactive, suggest- 
ing that any increase of polarity in the hydrocarbon 
part abolishes the observed interaction with mem- 
branes, and as shown recently [8]. 

Large-scale alterations of mitochondrial mem- 
branes detectable by electron microscopy have only 
been observed at very high biguanide concentrations 
in vitro.* They may easily be interpreted in terms of 
surface-potential changes as well. 

It is certainly impossible to discuss in every detail 
all models on which the effect of biguanide has been 
tested. We suggest instead that when reviewing the 
literature one should be aware that all systems sensi- 
tive to biguanides involve the function of membranes. 
Nevertheless, a few important observations should be 
mentioned illustrating the broad and unspecific acti- 
vity of biguanide action on biological structures. 


a 





*G. Schifer, unpublished observations (1972). 


One should remember, for example, that biguanides 
as well as guanidines were found to exhibit antibac- 
terial activity [57-59]. Bacteria are in many respects 
similar to mitochondria and the energy-conserving 
system is located in the membrane. It is not surprising 
that similar inhibitory actions could be shown. Fur- 
thermore, a fungicide activity of biguanides was 
réported by several authors [60,61]. In this case the 
observation on yeast cells that the proton/cation 
exchange across the cell membrane is inhibited by 
these drugs is of interest [14]. An affinity of guanidine 
and biguanide for sodium channels in nerve has also 
been shown [62]; biguanide is almost impermeable, 
but the alkylated derivatives may bind to the mem- 


for yeast cells. All these observations can be explained 
on the basis outlined in this paper for mitochondria. 
This extends further to chloroplasts and_ bacterial 
chromatophores, which differ only with respect to the 
energy source but fulfill all other requirements such 
as the development of a proton gradient across 
the membrane and the transport of cations and 
anions by means of this gradient. For a series of 
biguanides even an antiviral activity[63] or an 
inhibition of tumor cell growth[64] has been 
reported. 

It should be stressed that these latter activities do 
not necessarily imply a blood sugar lowering activity 
by the same compounds [7]; some compounds, how- 
ever, develop both drug actions. 

No doubt even the active transport of electro- 
neutral solutes is subject to changes in surface-poten- 
tials. The biguanide inhibition of intestinal aminoacid 
and glucose uptake is the best known example (for 
review see[7,8]). Both processes are intimately 
linked to cation transport [65,66] and thus depend 
on the surface-charge of the membrane. A recent 
report on a decreased activity of Na* in the micro- 
environment of the intestinal glucose carrier system 
in presence of biguanides [67] is a straightforward 
support of the molecular: theory presented here. The 
fact that biguanide concentrations reach their highest 
values in the intestinal tract, besides liver and kid- 
ney [51-53], makes it most likely that inhibition of 
glucose absorption and of gluconeogenesis mainly 
contribute to drug action in vivo according to the 
mechanism outlined. But certainly there also exist in- 
terferences with the endocrinic system including the 
action of insulin (for review see [7]). Since receptor 
binding is the first step of insulin action, it is again 
a membrane function which may be influenced by 
biguanides. 

As an additional new aspect, the potential function 
of the guanidine structure as a “chaotropic” agent 
should be discussed. These are large univalent ions, 
like ClO, , I”, guanidinium* and SCN~ for example, 
which are known to disturb the ordered structure of 
water [54]. Bilayer-like phospholipid surfaces contain 
a definite number of adsorbed water molecules which 
are in a “non-normal” physical state [55] compared 
with ordinary water as regards melting point and 
crystal structure. Properties and arrangement of these 
water molecules could be perturbated by bound 
biguanide. It must be clarified by further experimen- 
tation whether biguanides represent hydrophobically 
fixed “chaotropic” ions. 
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The question may be asked why only biguanides 
and guanidines have blood sugar lowering effects but 
not other organic bases mounted as headgroups on 
a hydrocarbon chain. One answer is that guanidine 
and biguanide are much stronger bases than most 
other organic bases and that the property discussed 
in this paper is fundamentally related to the high pK, 
of the protoated form. An additional effect is the size 
of the toxophoric group in the molecule. Other 
examples for drug action on the basis of double-layer 
potentials have been presented, however; these are 
the salicylates and the local anaesthetics of the pro- 
caine type [56]. 

This leads to the problem of structure—function cor- 
relations. We have only considered derivatives of dif- 
ferent lipophilic properties. As has been mentioned, 
introduction of polar groups like hydroxyl into the 
side chain abolishes the drug action. At least regard- 
ing the blood sugar lowering activity, even minor 
modifications by introduction of additional substi- 
tuents into the biguanide structure or into the side 
chain cause a loss of activity (for review see [7]). 

From the known variations of the molecule it fol- 
lows that introduction of any electron-attracting 
centers close to the biguanide group diminishes drug 
potency. This may be due to a lowering of the pK, 
on the one hand; on the other hand, it will cause 
an alteration of the resonance structure and thereby 
of the charge distribution within the molecule. It 
seems that a firmly localized positive charge on a 
small planar or linear molecule is necessary, forming, 
together with a lipophilic side-chain, a configuration 
which can be easily inserted into bilayer-like areas 
of biological membrane structures. 

In summary, it appears evident that the targets for 
biguanide action are biological membranes in a rather 
unspecific manner. From their molecular mechanism 
of interaction with membranes a large multiplicity of 
possible consequences is self-evident, which does not 
necessarily imply that biguanides or related com- 
pounds have to possess blood sugar lowering activity. 
In contrast, the hypoglycemic effect appears as an 
accident rather than as a principle of drug action. 
This agrees with the fact that only a few compounds 
among biguanides are useful blood sugar lowring 
agents; pronounced species differences exist, and 
many biguanides are without effects on blood sugar. 
The side-effects of higher concentrations of biguanide 
and toxicity, however, may equally well be explained 
on the basis of their membrane-modifying capability. 
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Abstract—Effects of biguanides on gluconeogenesis, on mitochondrial ion uptake and oxidative phos- 
phorylation, and on properties of artificial membranes were investigated and correlated. The following 
observations have been made: (1) Biguanides inhibit glucose formation in cellular systems, like kidney 
tubule cells, lowering the respiratory rate and the ATP/ADP ratio. In subcellular particulate systems, 
like mitochondria, the formation of phosphoenolpyruvate from precursors is inhibited, even when 
energy supply is not rate-limiting. (2) In isolated mitochondria biguanides inhibit oxidative phosphoryla- 
tion; the inhibition is released by low concentrations of long-chain fatty acids. The respiration-depen- 
dent proton pump of mitochondria is also inhibited; electroneutral uptake of H* in presence of un- 
couplers is not affected. Biguanides inhibit the energy-linked uptake of K* or Ca** into liver mitochon- 
dria. (3) Binding of biguanides causes a positive shift of a membrane’s surface charge. This shift can 
be reversed by binding of fatty acids. Hydroxylated metabolites of biguanides exhibit much lower 
binding affinity. They are much weaker inhibitors as well. The biguanide induced shift of surface 
charge causes a fluidity change of membrane lipids in membrane models and in liver mitochondria. 
By decreasing the net surface charge, the membrane lipid assembly is rendered more rigid. It is postu- 
lated that biguanides act only on membranes and by alteration of membrane properties in general. 
These alterations are based on the demonstrated generation of a positive surface potential. This, for 
the first time, provides a unique molecular basis for an understanding of the large variety of biguanide 
effects. The hypoglycemic effect may be considered as an accidental result rather than a principle 


of drug action. 


The extraordinary number of studies on the blood 
sugar lowering effect and on metabolic interactions 
of biguanides is extensively discussed in different 
recent reviews by Sdling and Ditschuneit [1] and by 
Beckmann [2]. Although these reviews summarize the 
relevant observations in the field, a unique concept 
for the mechanism of action could not be developed. 

On the metabolic level, three different phenomena, 
which have been studied extensively in vitro, can be 
distinguished. They serve as an explanation of most 
toxic as well as useful drug effects. These are: (1) the 
inhibition of mitochondrial oxidative phosphoryla- 
tion and respiration [3-8]; (2) the inhibition of glu- 
cose production in gluconeogenetic tissues [9-14] and 
(3) the inhibition of intestinal glucose uptake [15-18]. 

Most of the reported in vitro studies on biguanides 
have been performed with phenformin or with bufor- 
min. For systematic studies on a molecular basis it 
is reasonable, however, to compare a larger variety 
of compounds and to modify the interaction of a drug 
with any presumed receptor site. In the simplest way 
this may be achieved by varying the length of a hy- 
drocarbon side-chain, a technique which has been 
applied in the present study. Derivatives ranging 
from 1,1-dimethylbiguanide to n-octylbiguanide and 
phenethylbiguanide have been used in the following 
experiments, which will be presented in three groups: 





Abbreviations: ANS = I-anilino-naphtalene-8-sulfonic- 
acid: DBI = phenethylbiguanide; FCCP = p-trifluormeth- 
oxy-carbonylcyanide-phenylhydrazone. 


the first group dealing with gluconeogenesis as an in- 
tegrated process, the second group adding some new 
information on interaction of biguanides with respir- 
ation, phosphorylation and ion-transport in isolated 
mitochondria. The third group comprehends binding 
studies and physico-chemical aspects of biological 
membranes and synthetic membrane models. 


MATERIALS AND METHODS 

Most methods employed in the present investiga- 
tion are standard procedures and have been described 
in detail elsewhere [19]. Any modifications are men- 
tioned in the legends to tables and figures. 

Isolation of cells and mitochondria. Kidney tubules 
were isolated from the pooled kidneys from 4-5 male 
Wistar rats after 18 hr of starvation, essentially fol- 
lowing the technique of Burg et al.[20] with the 
modification reported by Guder ert al. [21]. During 
collagenase digestion of kidney cortex particles the 
state of the preparation was continuously followed 
by phase contrast microscopy. Collagenase was pur- 
chased from Worthington. The buffer used was an 
oxygen saturated Krebs-Henseleit medium in which 
bicarbonate buffer was replaced by triethanolamine. 

Kidney cortex mitochondria were prepared from 
rat kidneys after short perfusion of the organ with 
isolation medium to remove blood cells. The medulla 
was removed and the cortex of half kidneys was cut 
into small pieces. All further procedures were identi- 
cal to those applied for liver mitochondria. 
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Liver mitochondria from male rats, guinea pigs, 
and pigeons were prepared according to standard 
procedures by differential centrifugation. The isola- 
tion medium consisted of 0.18M mannitol and 
0.07M sucrose in presence of 0.1mM EDTA and 
| mM triethanolamine. The mitochondrial pellet was 
washed twice and finally suspended in EDTA-free iso- 
lation medium. 

All protein determinations were performed with a 
biuret method [22] using “Lab-Trol” as standard for 
calibration. 

Incubation procedures. Rat kidney tubules were in- 
cubated in a Krebs-Henseleit medium under oxygen 
saturation as described above. Osmolality was 
300 mOsm/l. The incubations were carried out in 
total volumes of 2ml containing 1.5-3.0mg_ tissue 
protein at 37° in a shaking water bath. The incuba- 
tions were terminated by addition of perchloric acid 
followed by centrifugation and neutralization with 
potassium bicarbonate. 

Mitochondrial incubations were carried out in a 
medium also used for respiratory control measure- 
ments containing 0.25 M sucrose, 10mM KCl, 5mM 
MgCl,, 5mM K;HPO,, 0.2mM EDTA, 10mM 
TRA. The concentration of substrates and other addi- 
tions are given with the individual experiments. The 
method for measurement of phosphoenolpyruvate 
synthesis essentially follows the procedure of Nordlie 
and Lardy [23, 24]. 

Determinations. Glucose, ADP, ATP phosphoenol- 
pyruvate, malate, oxaloacetate, pyruvate, and lactate 
were determined enzymatically in the deproteinized 
supernatants of incubations by standard methods as 
published by Bergmeyer [25-33]. 

Oxygen uptake of kidney tubule suspensions and 
mitochondria was continuously monitored polarogra- 
phically using a commercial equipment of Eschweiler 
& Co. The experiments were started by addition of 
tubule suspensions (1-2 mg) or mitochondria (1-3 mg) 
in a total volume of 2.6 ml at room temperature. 

Measurement of ion fluxes. Mitochondrial uptake 
or release of H* ions was measured with a specially 
designed glass electrode (Ingold) of low resistance, 
connected to a Keithley-610 electrometer. The elec- 
trometer output was monitored with a rapid recorder 
or a storage oscilloscope. The half-time of the set up 
was about 100msec. In this case the incubation 
medium contained 0.25M_ sucrose, 0.5mM EDTA, 
10mM Na succinate as a substrate and as a minimum 
buffer. The miniature electrode fitted a thermostated 
glass chamber of 0.9 ml volume equipped with a high- 
speed magnetic stirring device. Additions were made 
with Hamilton syringes through a capillary opening. 

For measurement of K* uptake the H”™ electrode 
was replaced by a K” electrode (Beckmann 39047). 

For recording H* uptake in oxidative phosphory- 
lation the buffer was supplemented with 0.5mM 
triethanolamine, pH 7.3, and |mM_ inorganic phos- 
phate and was oxygen saturated. The reaction was 
initiated by addition of aliquots of ADP. Inhibitors 
were added 2 min ahead of ADP. 

Membrane models. Phospholipid vesicles were pre- 
pared by sonification of purified egg lecithin or of 
dipalmitoylphosphatidic acid in 50mM_ Tris—buffer 
pH 7.2 or in water at a final concentration of 1.3 mM. 
For sonification, a Branson sonifier was used at maxi- 
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mum power output; the treatment was carried out 
under nitrogen. 

Fluorescence measurements. Fluorescence of 8-ani- 
lino-naphtalene-1-sulfonic acid (ANS) was measured 
using a modified Eppendorf fluorimeter (high inten- 
sity lamp) and appropriate filter. combinations. The 
method of study for ANS binding was as described 
by Azzi [34]. 

Biguanides. Phenethylbiguanide (phenformin, DBI), 
n-butylbiguanide (buformin), and 4-hydroxypheneth- 
ylbiguanide were a generous gift of Dr. R. Beckmann 
(Chemie Griinenthal, Aachen); 1-anthrylbiguanide 
and n-octylbiguanide (Cg) were synthesized as de- 
scribed [35]. ANS was obtained from Sigma Corp. 
All chemicals were obtained from commercial sources 
and of analytical grade. 


RESULTS 


A. Biguanides and gluconeogenesis. The overall reac- 
tion of glucose formation has been studied in suspen- 
sions of isolated rat kidney tubules, providing a sensi- 
tive model for control of gluconeogenesis [22, 36]. 
Figure | shows the influence of phenformin on glu- 
cose production from various precursors. The rate of 
glucose production decreases markedly in all cases 
and it should be added that the same could be 
observed with kidney tubules from guinea pig. Suc- 
cinate and lactate proved to be the best precursors 
in this model. The dependence of the inhibition on 
phenformin concentration is shown in Fig. 2, which 
also indicates that the cellular ATP level decreases 
concomitantly with glucose production. 

An analogue experiment using buformin is sum- 
marized in Table |. In this case the ATP/ADP ratio 
has been determined and appears well-correlated to 
the degree of inhibition. The right part of the table 
outlines data on phenformin and reveals an almost 
3-fold increase over the endogenous rate of glucose 
generation and of the ATP/ADP ratio on addition 
of substrate. Phenformin yields a depression of the 
respiratory rate by a factor of 0.5 together with de- 
crease in ATP/ADP ratio to 1/7. Gluconeogenesis, 
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(DBI when present 1,9 mM; 20 min; 37°C) 
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Fig. 1. Glucose formation from various precursors in iso- 

lated rat kidney tubules. Concentration of substrates 

5 mM; inhibitor concentration 1.9mM; 37 ; 6.2 mg pro- 
tein/flask. (DBI = phenethylbiguanide). (Expt. 220770). 
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Fig. 2. Dependence of glucose formation and cellular ATP 
level in isolated rat kidney tubules on concentration of 
phenethylbiguanide (DBI). Conditions given in Methods; 
1.6 mg protein/flask, total vol. 2.65 ml. (Expt. 20/210770). 


however, is suppressed to 1/10. Pertaining to the high 
concentrations of inhibitor used in the above exper- 
iments it should be emphasized that on preincubation 
of the cells with biguanides the same extent of the 
inhibition can be achieved with 10-fold lower concen- 
trations [ 14, 37]. 

As an additional model, isolated mitochondria 
from kidney cortex, guinea pig liver, and pigeon liver 
have been used. The latter tissue exhibits an extra- 


ordinary rate of gluconeogenesis as shown by per- 
' fusion studies [38]. 

Figure 3 shows the time dependence of formation 
of phosphoenolpyruvate from rat kidney cortex mito- 
chondria. The data are presented as a balance of 


C3-compounds formed (pyruvate, lactate, phos- 
phoenolpyruvate) versus C4-compounds used (malate, 
oxaloacetate). The formation of phosphoenolpyruvate 
is demonstrated separately. Only in the absence of 
phenformin does a continuous increase of phos- 
phoenolpyruvate result. This may be mainly due to 
the lack of oxaloacetate in presence of the’ inhibitor 
which causes a concentration dependent increase of 
the malate/oxaloacetate ratio as shown in Fig. 4. 
These experiments have been carried out in uncou- 
pled mitochondria with ITP added as an energy 
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source. ATPase has been blocked by oligomycin. 
Obviously biguanides inhibit phosphoenolpyruvate 
production also in a system which is independent of 
ATP regeneration by the respiratory chain. 

This result could be confirmed using guinea pig 
liver mitochondria either in presence or in absence 
of an uncoupler. Figure 5 shows that in coupled mito- 
chondria which may reflect the mitochondrion in vivo, 
the inhibitory effect is much more pronounced. The 
inhibition can still be observed, however, in the com- 
pletely uncoupled system. From this it is also con- 
cluded that, in addition to ATP production, another 
effect contributes to the inhibition. We ascribe this 
to an inhibition of anion exchange (see below). 

A final series of metabolic experiments was carried 
out with pigeon liver mitochondria. Figure 6 gives 
a single experiment on the concentration dependence 
of the inhibition of phosphoenolpyruvate formation 
by n-heptylbiguanide. Part (b) of the figure shows for 
a fixed inhibitor concentration the relative effective- 
ness of different biguanides. It is important to note 
that exactly the same relation has been observed with 
the other models reported above. A simultaneous 
measurement of mitochondrial respiration and of 
phosphoenolpyruvate formation allows calculation of 
the efficiency of the system expressed as the amount 
of oxygen atoms used per mole of phosphoenolpyru- 
vate formed (Fig. 7). The system becomes less effective 
if the inhibitor concentration increases, and more res- 
piratory energy is necessary to produce one molecule 
of glucose. 

In summary, the above experiments clearly demon- 
strate that the effect of biguanides on gluconeogenesis 
can be localized in the primary energy consuming 
reactions and in the negative shift of the NADH 
NAD redox potential. 

B. Biguanides and energy-linked functions of mito- 
chondria. The general phenomenology of biguanide 
interaction with oxidative phosphorylation and 
related processes is demonstrated by the following ex- 
periments. Figure 8 shows the inhibition of mitochon- 
drial ADP-stimulated respiration. This inhibition can 
be released by uncouplers and as also shown by long 
chain fatty acids [39, 40]. In the present case, 1-anth- 
rylbiguanide has been applied and is seen to resemble 
the effects of other biguanides. The release of the inhi- 
bition by fatty acids has been interpreted by others 
as an uncoupling effect [40,41] or as a displacement 


Table |. Influence of n-butylbiguanide (C4) and phenethylbiguanide (C,) on glucose formation, respiration, and ATP 
ADP ratio in isolated rat kidney tubules 





(a) n-Butylbiguanide 


Glucose 
formation 
(nmoles) 


Conditions ATP/ADP 


Conditions 


(b) Phenethylbiguanide 
Respiration 
nA [O] 
min 
per mg 


Glucose 
formation 


(nmoles) ATP/ADP 





Control 451 3.0 
+ 1.19mM C, 370 1.26 
+ 1.77mM C, 242 1.03 
+ 2.30mM C, 142 0.72 


No substrate W. 151 ; 1.4 
+ 20mM 
lactate 23. 472 + 7.: 3.4 
+ 20mM 


lactate + 1.2 be. 47 2 0.5 
mM C, (n 





(a) 20 mM lactate, 37°, 20 min. incubation, inhibitor concentration as indicated, 3.9 mg protein/ml; (b) 37°, 25 min. 
incubation, 3.6 mg protein/ml. Other conditions as described in methods. (Expts. 270770/290970). 
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Fig. 3. Balance of formation of C,; units formed and C, units used in isolated rat kidney mitochondria 

under the influence of phenethylbiguanide (DBI). Total vol. 2.78 ml, containing 7.4 mg mitochondrial 

protein, 40 zg oligomycin, 14mM malate as substrate, 54 uM 2,4-dinitrophenol, 30 .M ITP, and 1.9mM 
phenethylbiguanide when present. (Expt. 120870). 


of the inhibitor [40]. We disagree with this interpre- 
tation as will be established below. 

In a recent report we have shown that biguanides 
interfere with membrane ion transport rather than 
with the chemical reaction of oxidative phosphoryla- 
tion [19,42]. The latter involves the mitochondrial 
uptake of -hydrogen ions. By increasing concen- 
trations of phenethylbiguanide [43] this proton 
uptake during ADP phosphorylation is successively 
inhibited. The concomitant inhibition of ADP-stimu- 
lated respiration has been interpreted by us as a result 
thereof and not as the source. 

Further experiments made obvious, that there 
exists a direct interaction between biguanides and 
migration of cationic charges across the mitochon- 
drial membrane. The influence on the mitochondrial 
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Fig. 4. Effect of phenethylbiguanide concentration on 
malate/oxaloacetate ratio in rat kidney mitochondria. Con- 
ditions as given in Fig. 3, 8.5 mg mitochondrial protein, 
total vol. 2.68 ml; incubation for 20 min. (Expt. 060870). 


proton pump is described in Fig. 9. Anaerobic mito- 
chondria respond to pulses of oxygen by a fast liber- 
ation of protons via an_ electrogenic proton 
pump [44, 39]. These protons are reabsorbed in a 
much slower reaction when the oxygen pulse is 
exhausted. Biguanides diminish the rate as well as 
the extent of this electrogenic proton translocation. 
The: rate constant for the proton ejection is 
diminished. 

An analogue result could be obtained regarding the 
valinomycin-mediated uptake of potassium into re- 
spiring liver mitochondria. From Table 2 it is seen 
that n-octylbiguanide or phenethylbiguanide cause a 
concentration-dependent decrease of the initial vel- 
ocity of K *-uptake. 

Fast kinetic studies of Ca**-uptake into rat liver 
mitochondria in presence of n-octylbiguanide made 
it evident that the rate constant is lowered and can 
be titrated by n-octylbiguanide (Fig. 10). Moreover, 
the inhibitory effect shows saturation characteristics 
which follow the binding properties of biguanides to 
mitochondrial membranes. The reciprocal plot of Ak 
vs biguanide concentration yields a straight line and 
allows calculation of an indirectly derived affinity 
constant for n-octylbiguanide which perfectly agrees 
with data obtained by other methods [45]. The 
observed inhibition of cation transport has been 
shown to result from the membrane surface-charge 
generated by adsorbtion of positively charged guani- 
dinium or (biguanide) ions to the mitochondrial mem- 
brane [19, 42]. 

C. Biguanide binding and the state of membranes. 
In previous studies a rather unspecific affinity of 
biguanides to phospholipid containing membranes 
has been shown [42-47], whereas protein binding is 
negligible [48]. 

Regarding mitochondria, our concept that the 
membrane itself is the site of action for biguanides 
is supported by the close correlation of biguanide 
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Fig. 5. Influence of phenethylbiguanide on phosphoenolpyruvate formation from malate in guinea pig 

liver mitochondria. 8.3 mg mitochondrial protein/2.69 ml total volume. Other conditions as in Fig. 

3, except that ITP has been omitted in one set of experiments and 2,4-DNP has been omitted in 

another set of experiments. Control was without malate as substrate. Incubation for 20min at 37°. 
Each column represents the average of four determinations. (Expt. 210870). 
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Fig. 6. Inhibition of phosphoenolpyruvate formation by 

biguanides in pigeon liver mitochondria. Part (a): concen- 

tration dependence with n-heptylbiguanide. Part (b): com- 

parison of different biguanides at a concentration of 

0.59 mM. Conditions as given in Fig. 3; incubation for 
20 min at 37°. Expt. (251170). 


binding and cytochrome content. Table 3 gives the 
binding data for three different biguanides and four 
mitochondrial species which differ markedly in cyto- 
chrome content. Since cytochromes are integral con- 
stituents of the membrane their amount represents 
a relative measure of mitochondrial inner membrane 
area. This is in line with the morphological structure 
of mitochondria from different sources [49]. From the 
above we conclude, therefore, that the capacity for 
biguanide binding is a function of membrane area 
and of membrane phospholipid content. 

From the effect of biguanide binding on the electri- 
cal conductance of phospholipid bilayer membranes 
the generation of fixed positive surface-charges by 
these drugs could be shown[19]. Since reversible 
binding of ANS also reflects changes of a membrane’s 
surface-charge [39, 50-52], the latter can be directly 
monitored, illustrating the antagonistic effect of 
biguanides and of fatty acids. 

Figure 11 shows the fixation of positive charges 
by addition of biguanide to electroneutral lipid vesi- 
cles. It is followed by a large increase of ANS fluores- 
cence. When stearic acid (or other long chain fatty 
acids) are added, the surface potential is driven more 
negative by adsorption of the fatty acid anions fol- 
lowed by a release of ANS and a concomitant de- 
crease of fluorescent intensity. The effect is reversed 
again by further addition of biguanide. Part (b) of 
the figure shows that liver mitochondria respond in 
exactly the same way. This observation becomes rele- 
vant for the interpretation of the release of biguanide 
inhibition by long chain fatty acids, which may simply 
be explained by counteracting the biguanide induced 
positive shift of membrane surface charge. 

Titration of ANS fluorescence has been used to 
determine binding constants of biguanides [46]. 
Because the hydroxylated metabolites of biguanides 
have no or only weak inhibitory and blood sugar 
lowering activities, it was of interest to compare their 
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Fig. 7. Oxygen consumption per mole of phosphoenolpyruvate, formed from malate in pigeon liver 

mitochondria. Dependence on concentration of phenethylbiguanide (DBI). Conditions as in Fig. 3: 

3.4mg mitochondrial protein/flask. The reaction was started by addition of malate. Oxygen uptake 

was measured polarographically; the mixture was deproteinized in the same moment when oxygen 
was exhausted. Biguanide was added two min before addition of substrate. (Expt. 210171). 


binding properties. As an example 4-hydroxyphenfor- 
min was available. An affinity constant to mitochon- 
dria and to phospholipid micells of 0.185 mM~! was 
found compared with 0.63mM_~' for phenformin. 
The relative inhibitory activity on mitochondrial oxi- 
dative phosphorylation agrees well with the affinity 
ratio of both compounds. This result strongly sup- 
ports the molecular theory of biguanide action com- 
municated in a commentary [53]. 


density of a lipid membrane is of critical importance 
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Fig. 8. Release of biguanide inhibition of oxidative phos- 

phorylation by uncouplers and by fatty acids. (a) 0.95 mg 

protein/ml, inhiltition by 1l-anthrylbiguanide (this com- 

pound strongly fluoresces when bound to mitochondrial 

membranes), release by FCCP. (b) 1.6 mg protein/ml, inhi- 

bition by n-octylbiguanide (Cg), release by stearate. 25°. 
(Expt. 210375). 


for the membrane structure. In this case independent 
of the sign of the charge, the absolute amount of 


charge is the relevant parameter. Due to the electro- 


static interaction between the polar head groups of 
lipids an increase of the charge density normally is 
reflected by a higher fluidity of a membrane; or in 
other words, the phase transition temperature T,, at 
which a membrane undergoes transition from the 
ordered state to the fluid state of lipids, is low- 
ered [55]. Since most biological membranes bear a 
negative surface-charge the adsorption of biguanides 
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Fig. 9. Effect of phenethylbiguanide on respiration induced 

H~ extrusion in coupled rat liver mitochondria. Condi- 

tions and registration as described in Methods. 3 mg pro- 
tein in a tota! vol of 0.9 ml at 25 . (Expt. 030774). 
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Table 2. Effect of surface-potential-modifying biguanides 
on initial velocity of K*-uptake by aerobic rat liver 
mitochondria. 





k | k 
(sec ') pM C, (sec™ ') 





0.021 
0.017 
0.018 
0.023 
0.023 


0.022 0 
0.023 120 
0.023 290 
0.022 600 
0.021 880 





* vo control 44.5 nmoles K */sec. 

¥ vo control 39.4 nmoles K * /sec. (Expt. 240974) 

C, = n-octylbiguanide; C, = phenethylbiguanide. 

t = 20°, 6.7 mg protein/ml, substrate 5mM_ succinate, 
other conditions as given in methods. 


is expected to reduce the charge density and to in- 
crease the phase transition temperature of membrane 
lipids. 

This is exactly what has been found with synthetic 
phospholipid membranes and with mitochondria. 
Figure 12 illustrates that at the high concentration 
of phenethylbiguanide applied in this experiment, the 
phase transition is completely absent. It has been 
shown that it can be gradually shifted from lower 
to higher temperatures by titration with 
biguanide [39,57]. The phase transition was moni- 
tored via the temperature dependence of the respira- 
tion-induced H* liberation from mitochondria (see 
Fig. 11). 

Two important conclusions were drawn from these 
findings: first, that the principles derived from studies 
on model systems apply equally well to phospholipid 
containing biological membranes, and second, that 
binding of biguanides diminishes the fluidity of mem- 
brane lipids turning the membrane structure more 
rigid. 


DISCUSSION 


In line with our previous suggestions [19,42] the 
experiments presented on biguanide binding and 
physical structure of membranes provide additional 
proof for the hypothesis that biguanides induce a 
positive shift of surface potentials. With respect to 
the physiological meaning, two criteria have to be 
distinguished: (1) The absolute charge density on a 
membrane, which significantly influences the fluidity 
of lipid phases as demonstrated above; (2) The sign 
of the electrostatic surface-charge, which determines 
the activity of ionic solutes at the membrane surface, 
becoming the relevant parameter for all systems 
where cation transfer is considered, as for example 
Ca** or K* uptake into mitochondria. 

In any particular case the actual concentration of 
biguanides and the chemical composition of the mem- 
brane will determine whether the effect on ion activi- 
ties in the membrane—aqueous interface or the effect 
on membrane fluidity is dominating. Moreover, both 
effects work synergistically. Regarding the inhibition 
of oxidative phosphorylation we recall that in tightly 
coupled mitochondria the respiratory rate is con- 
trolled by phosphorylation of ADP, an H*-consum- 
ing process. A positive shift of the membrane surface- 
charge causes a gradual decrease of H* ion activity 
at the membrane surface until the availability of H* 
becomes rate-limiting. 

The release of this inhibition by free fatty acids 
(in concentrations which do not uncouple oxidative 
phosphorylation) is explained by reverse of the 
biguanide-induced positive shift of surface potential 
(see Fig. 11). The release by uncouplers is explained 
by the function of uncouplers as electroneutral or 
negatively charged carriers of protons [58], providing 
a proton by-path which is independent of the surface 
potential. 

It may be added that at very high biguanide con- 
centrations (> SmM). or with derivatives of high 
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Fig. 10. Influence of n-octylbiguanide on the kinetics of Ca?* uptake in rat liver mitochondria. Mito- 

chondrial protein/ml in 0.25 M mannit/sucrose, 20 mM Tris—Cl-buffer, 10 mM succinate, 13 uM murex- 

ide; the kinetics of Ca?* uptake were monitored by absorbance change of murexide (540-510 nm) 

in a dual-wavelength spectrophotometer at 25°; start of reaction by addition of 300 4M CaCl). (a) 

first-order rate constant of Ca** uptake; (b) reciprocal plot of change in rate constant versus inhibitor 
concentration. (Expt. 110675). 
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Table 3. Comparison of biguanide uptake and cytochrome content of mitochondria from 
various tissues. 





Source of 


mitochondria liver 


Guinea pig 


Rat Pigeon Rat 
liver liver kidney 





Cytochrome c 0.216 
(nmoles/mg protein) 

Ratio (c + c,)/aa3 

Uptake of 

n-butylbiguanide 

Uptake of 

phenethylbiguanide 

Uptake of 

n-heptylbiguanide 


0.270 0.392 0.450 
1,1 1,02 ‘, 


13 20 
23 31 42 


36 58 





Biguanide uptake was measured by isotope distribution as described (G. Schafer et al. 
[64]). The cytochrome content was measured with a a dual-wavelength spectrophotometer 


according to Schollmeyer and Klingenberg [50]. 


membrane affinity, a partial inhibition of electron 
transport persists not releasable by uncouplers. This 
is presumably due to structural alterations of the 
membrane as already discussed with respect to mem- 
brane fluidity. 

More generally, an agent which interferes with the 
distribution of protons on ordered structures—like 
membranes—is therefore expected to exert a large 
variety of effects which in many cases may hardly 
be resolved. In mitochondria and other subcellular 
or cellular membranes, the translocation of protons 
is a primary process which drives the exchange-trans- 


port of cations as well as the uptake of anions by 


means of a pH _ gradient across the mem- 
brane [59-62]. Application of a positive surface 
potential to a membrane is equivalent to an increase 
of the local pH and a lowering of the pK, of intrinsic 
dissociable groups in a membrane; the latter has been 
well established by studies with membrane-bound in- 
dicator dyes [63]. From this it follows that biguanides 
not only inhibit the uptake of protons in oxidative 


a l ANS-Fluorescence (arbitr.units) 
366 -> 470 mp 


5.9x 10° M Cy 


{ stearic acid 7.3x 1075 M 


steoric ocid 1.4 x 107° M 





+ 


os -5 
2.9x10 MC, 


2.93x 10° MC 


phosphorylation but also lower the electrochemical 
gradient of protons over the membrane, thus 
diminishing the rate of substrate ion exchange as well. 
The inhibition of phosphoenolpyruvate formation 
(Fig. 5) in a system which is independent of ATP 
synthesis by oxidative phosphorylation may be inter- 
preted under this particular aspect. 

Turning to metabolic studies of this and related 
papers (cited in ref.[1] and[2]), it is too easy to 


‘make the inhibition of ATP formation alone respon- 


sible for the inhibition of gluconeogenesis. Certainly 
the decrease of ATP/ADP ratio may contribute to 
the inhibition of energy-requiring metabolic pro- 
cesses. As already mentioned above, however, the 
exchange of substrates and the turnover rate of the 
respiratory chain which regulates the redox state—at 
least of the intramitochondrial pyridine nucleotide- 
pool—will also essentially contribute to the overall 
effect, as seen from the experiments with isolated 
mitochondria. 

It has to be specially emphasized that none of the 


2.93 x 107° M 


stearic acid 


5.86 x 10M 
stearic acid 5 
#7.3x10°M G 


45.84% 10M fi 
-— 
60 sec 


Fig. 11. Indication of changes in membrane surface potential by ANS-fluorescence. Effects of n-octylbi- 

guanide and of stearic acid on surface charge. (a) synthetic phospholipid micells; (b) rat liver mitochon- 

dria. Micells were suspended in 20 mM Tris-buffer, mitochondria in 0.25 M sucrose/20 mM Tris-buffer, 
PH 7.2. (Expt. 260675). 
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Fig. 12. Arrhenius plots of respiration-induced H~ ejection 
from rat liver mitochondria .v, denotes the initial velocity. 
(a) control; (b) 3.0mM_ phenethylbiguanide present. Pro- 
tein concentration varied from 1.4 to 1.7 mg/ml. Other con- 
ditions as given in Methods. (Expt. 131174/131274). 


reactions involved in our model experiments could 
be inhibited by biguanides when the relevant enzyma- 


tic systems were investigated in solubilized form. Not 
only some of the involved enzymes, but also the regu- 
lation of gluconeogenesis as an integrated process, 


depend on the presence of _ divalent 
cations [24, 36,64, 65]. It follows from our exper- 
iments that biguanides certainly will affect the intra- 
cellular distribution of cations and it has also been 
shown that divalent cations were released from the 
endoplasmic reticulum (microsomal fraction) on addi- 
tion of biguanides [66,67]; again an effect strictly 
depending on membrane structures. 

Comparative studies on blood sugar lowering acti- 
vity with laboratory animals were reported [2] which 
indicate a maximum of pharmacological activity for 
buformin and phenformin. One should keep in mind, 
however, that the deviation from a straight correla- 
tion to membrane binding affinity does not contradict 
our concept, because in whole laboratory animals 
many other parameters will be involved in a structure 
function correlation. Species differences have to be 
considered and have been described for the blood 
sugar lowering activity long ago [2, 63]. In addition, 
the tissue distribution and the pharmacokinetics of 
single compounds may certainly be different. 

Under these aspects an important observation 
made with isolated tissue preparations, as well as with 
intact organisms, is the inhibition of intestinal uptake 
of glucose [15-18] or of aminoacids [68]. Like other 
metabolic effects this has been ascribed to the 
biguanide-induced decrease of cellular ATP/ADP 
ratio and the respiratory inhibition. This may be an 
over simplification, although such an effect may be 
involved. Sugar and aminoacid transport have been 
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shown to be linked to cation transport [69,71], sug- 
gesting a dependence on the membrane surface-poten- 
tial, like the transport of other cationic or anionic 
species. This effect has to be considered independent 
of energy supply. In fact, a very recent report makes 
it likely that in presence of biguanides the activity 
of Na* in the microenvironment of the intestinal glu- 
cose carrier is reduced [18]. This lends substantial 
support to our interpretation of biguanides as modi- 
fiers of surface potentials. 

Taking into account that after oral application the 
highest local concentrations of biguanides are found 
in the intestinal tract, in liver and in kidney [2], inhi- 
bition of gluconeogenesis may be essential for produc- 
tion of hypoglycemia, but it may enhance the devel- 
opment of lactate acidosis as well. Accumulation of 
blood lactate observed after high doses of 
biguanides [2,72], may not only result from stimu- 
lation of glycolysis following respiratory inhibition 
but also from a decreased rate of removal by the glu- 
coneogenic tissues of liver and kidney. From this it 
becomes clear that the operational bandwidth is very 
small between intoxication and useful intervention of 
carbohydrate metabolism. 

It is not the intention of this paper to present a 
complete resolution of the blood sugar lowering 
mechanism. Too many divergent observations have 
been reported which can never be discussed in par- 
ticular. It was intended, however, to direct attention 
to the fact that the targets for biguanide action are 
biological membranes in a rather unspecific manner. 
Together with former data the new information on 
biguanide effects presented here provides a solid basis 
for a more general theory of biguanide action on a 
molecular level. In this regard the observations on 
membrane surface-potentials and their modification 
by biguanides are of significance. This molecular 
theory will be communicated in a separate commen- 
tary [53] which will also discuss the problem of speci- 
ficity of these drugs in more detail. 
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Abstract—Allopurinol ribonucleotide and oxipurinol-7-ribonucleotide appeared to be strong inhibitors 
of orotidine phosphate decarboxylase in human hemolysates. The enzyme exhibited bimodal kinetics. 
The ribonucleotides of allopurinol and oxipurinol caused an inhibition of orotate phosphoribosyltrans- 
ferase, which appeared to be due to accumulation of OMP. Inhibition by OMP was competitive 
with respect to phosphoribosylpyrophosphate with a K; value of 11 uM. The inhibition of ODC 
and OPRT activity may cause the increased urinary excretion of orotidine and orotic acid, respectively, 
observed after allopurinol therapy. Values measured for OPRT activity in intact erythrocytes and 
in hemolysates agreed: very well. Therefore OPRT activity does not decrease during cell lysis and 
extraction. Hypoxanthine-guanine phosphoribosyltransferase deficiency as well as allopurinol therapy 
led to a marked increase in OPRT and ODC activities in human hemolysates. In lysates from leukocytes 
only a slight increase of ODC activity was observed, while OPRT activity did not differ significantly 
from the controls. Jn vitro incubations of hemolysates demonstrated a considerable increase of the 
stability of OPRT by addition of OMP or PRPP and of ODC by addition of OMP, PRPP, UMP 
and the ribonucleotides of allopurinol and oxipurinol. These findings suggest that the apparent increase 
of OPRT and ODC activity after allopurinol therapy is due to stabilization of the enzymes during 


the life span of the erythrocytes. 


Allopurinol inhibits the final enzyme of purine meta- 
bolism in man, xanthine oxidase (EC 1 ) and is 
an effective agent for treatment of hyperuricemia [1 ]. 
Allopurinol therapy also interferes with pyrimidine 
metabolism as indicated by an increased excretion of 
orotidine and orotic acid in urine [2,3]. Subsequent 
investigations have established that allopurinol and 
its major metabolite oxipurinol inhibit’ pyrimidine 
biosynthesis in cultured human cells by interfering 
with the conversion of orotic acid to UMP [4, 5]. The 
increased excretion of orotidine has been ascribed to 
inhibition of orotidine-5’'-monophosphate decarboxy- 
lase (EC 4.1.1.23) by ribonucleotides of allopurinol 
and oxipurinol. The increase in excretion of orotic 
acid suggests that inhibition of orotate phosphoribo- 
syltransferase (EC 2.4.2.10) may also occur but the 
exact mechanism has not yet been elucidated. 

In addition it was observed that activities of OPRT 
and ODC in erythrocytes from patients receiving allo- 
purinol were markedly elevated. This phenomenon 
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has been attributed to enzyme stabilization in vivo [7] 
or enzyme activation[8]. The apparent increase in 
activity might also be due to stabilization of the 
enzymes during cell lysis and extraction rather than 
stabilization in vivo [5,9]. 

In the present study we have examined the 
mechanisms responsible for enzyme inhibition on the 
one hand and apparently increased enzyme activities 
on the other hand. In these studies we used both nor- 
mal blood cells and cells obtained from patients defi- 
cient in hypoxanthine-guanine phosphoribosyltrans- 
ferase (EC 2.4.2.8) activity. Our results suggest that 
allopurinol-induced inhibition of ODC activity is as- 


sociated with inhibition of OPRT activity by accumu- 


lated OMP. In addition, evidence is presented that 
the apparent increase in OPRT and ODC activities 
is probably due to stabilization of the enzymes during 
the life span of the erythrocyte. 


MATERIALS AND METHODS 


Materials. Phosphoribosylpyrophosphate tetraso- 
dium salt was purchased from Boehringer, Mann- 
heim. Orotic acid monosodium salt and orotidine-5’- 
monophosphoric acid trisodium salt were obtained 
from Sigma Chemical Co., St. Louis, Mo. (U.S.A.). 
Allopurinol, oxipurinol and allopurinol ribonucleo- 
tide were gifts from Dr. G. B. Elion, Burroughs—Well- 
come Co., Research Triangle Park, N.C. (U.S.A.). Oxi- 
purinol-7-ribonucleotide was generously provided by 
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Henning Chemie & Pharmawerk, Berlin, West Ger- 
many. Dextran T 500 and Sephadex G-25 (coarse) 
were obtained from Pharmacia, Uppsala, Sweden. 
[Carboxyl-'*C]orotic acid (42.4 mCi/m-mole), [car- 
boxyl-'*C] orotidine-5’-monophosphate (36.9 mCi/m- 
mole) and [6-'*C]orotic acid (49.1 mCi/m-mole) were 
obtained from New England Nuclear Corp., Dreiei- 
chenhain, West Germany, as well as omnifluor and 
aquasol. Aluminum sheets (20 x 20 cm) precoated 
with 0.1 mm of polyethyleneimine-cellulose were pur- 
chased from Merck, Darmstadt, West Germany. The 
other chemicals were of the highest quality commer- 
cially available. 

Blood samples. Venous blood samples were 
obtained from three gouty patients receiving allopur- 
inol (300 mg/day) for at least 6 months, from three 
children with HGPRT-deficiency who have been on 
allopurinol medication (200 mg/day) for several years 
and from a gouty adult (E.F.) with partial deficiency 
of HGPRT (1 per cent of normal value) who also 
has received the drug (300 mg per day) for several 
years. Two children with HGPRT-deficiency exhi- 
bited all symptoms of the Lesch-Nyhan syndrome in- 
cluding automutilation [10] while the third one (P.K.) 
had no severe neurological lesions. Adult volunteers 
served as control group. 

Preparation of cells and cell extracts. In order to 
separate leukocytes from erythrocytes by differential 
sedimentation, dextran was added to the blood 
samples [11]. After the erythrocytes had settled, they 
were washed twice with Tris-buffered saline (pH 7.4). 
The cells were used intact or lysed by rapidly freezing 
and thawing twice. Leukocytes were centrifuged at 
1500 rpm and remaining erythrocytes were removed 
by a hypotonic shock for 60 sec after which isotoni- 
city was restored. Leukocytes were washed with phos- 
phate-buffered saline and lysed either by prolonged 
hypotonic shock or by sonication. Lysates of leuko- 
cytes were immediately assayed for enzyme activities 
while hemolysates could be stored at —20° for several 
weeks without detectable loss of OPRT and ODC 
activity. 

Analytical procedures. The actual PRPP content of 
stock solutions was determined enzymatically using 
[8-'*C ]adenine and adenine phosphoribosyltransfer- 
ase partially purified from human erythrocytes [12]. 
The reaction was stopped by boiling for 2 min and 
AMP was separated from adenine by thin-layer chro- 
matography on PE]I-cellulose [13]. Enzyme activities 
were estimated with radiochemical methods using 
'*C-labeled compounds. Determination of radioacti- 
vity was performed in a Packard 3380 liquid-scintilla- 
tion spectrophotometer with external standardization. 
Protein was determined according to Lowry et 
al(14]. Specific enzyme activities are expressed in 
nmoles of product formed in | hr per mg of protein 
at 37. under the assay conditions specified below. All 
enzyme assays were checked on linearity with respect 
to enzyme concentration and time. 

Assay of orotate phosphoribosyltransferase. Assay I. 
Incubation mixtures contained 0.05 M_ Tris-HCl 
buffer (pH 7.4), 5 mM MgCl, 0.7 mM PRPP, 0.3 
mM [carboxyl-'*C]orotic acid (0.15 mCi/m-mole) 
and enzyme protein in a total volume of 0.6 ml. Reac- 
tions were carried out in scintillation vials sealed with 
rubber caps. The '*CO, evolved was trapped in 0.2 
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ml of a mixture of ethyleneglycol-ethanolamine (2 : 1, 
v/v) present in a small polypropylene tube fitted in 
a slightly larger tube. After incubation for 10-60 min 
with shaking, OPRT activity was stopped by injection 
of 0.2 ml 0.25 M neutralized EDTA. Because ODC 
does not require Mg?*-ions, decarboxylation can be 
allowed to proceed for another hour. Injection of 0.2 
ml 5 M perchloric acid removed all '*CO, from the 
reaction mixture within | hr. The small tube contain- 
ing trapped '*CO, was transferred to a scintillation 
vial with 10 ml of toluene—methanol (2 : 1, v/v) con- 
taining 4 g omnifluor per litre. Blanks contained no 
enzyme protein. 

This assay was also employed when OPRT activity 
was determined in intact erythrocytes. A 25°, suspen- 
sion of erythrocytes in phosphate—buffered saline con- 
taining 0.1°% glucose and 0.1°%, MgCl, was preincu- 
bated for 1 hr resulting in intracellular PRPP syn- 
thesis. [Carboxyl-'*C]orotic acid was added to 500 
ul of this suspension to reach a final concentration 
of 0.3 mM (sp. act. 0.15 mCi/m-mole). During a 
30-min incubation '*CO, production was trapped as 
described above. Reaction was terminated by injec- 
tion of perchloric acid. Preliminary experiments had 
shown that intracellular orotic acid concentration 
almost instantaneously equals the medium concen- 
tration. 

Assay II. In this assay unreacted orotate is separ- 
ated from the products which are synthesized from 
orotate by OPRT and any consecutive enzyme which 
may be present [15]. The reaction mixture contained 
40 mM Tris-HCl! (pH 7.4), 0.1 mM [6—'*C]orotic 
acid (49.1 mCi/m-mole), 5 mM MgCl,, 1.1 mM PRPP 
and enzyme protein in a final volume of 50 ul. The 
mixture was incubated for 30 min in small polypropy- 
lene tubes. Reaction was terminated by immersing the 
tubes in boiling water for 2 min. Carrier orotic acid 
and uridine were added and precipitated protein 
removed by centrifugation for 10 min at 4500 g in 
a Misco centrifuge (Microchemical Specialities Co., 
Berkeley, California, U.S.A.). Ten-ul samples of the 
supernatant were spotted on PEI-cellulose thin-layer 
plates. Development was accomplished with 0.2 M 
LiCl (saturated with boric acid and adjusted to pH 
4.5)-ethanol (1 : 1, v/v). Chromatograms were dried at 
room temperature. The spots were visualized under 
u.v. light and cut out. In order to circumvent any 
self absorption of radioactivity, compounds were 
eluted prior to counting by shaking with 1.0 ml of 
0.1 M HCl-0.2 M KCI for 40 min in scintillation 
vials. Ten ml of aquasol was added and radioactivity 
measured. Blanks were obtained by immersing the 
tubes in boiling water for 2 min prior to incubation. 
The conversion of substrate into products was calcu- 
lated by comparing net radioactivity in products de- 
rived from orotate with the total amount of radioacti- 
vity present. A higher PRPP concentration than in 
assay I was necessary since the higher protein concen- 
tration employed seemed to be associated with an 
increase of enzymatic breakdown of PRPP. 

Assay of orotidine-5'-phosphate decarboxylase. Cell 
lysates, appropiately diluted with 50 mM Tris-HCl 
buffer (pH 7.4) were incubated with 0.1 mM [carbox- 
yl-'*CJorotidine-5’-monophosphate (0.2 mCi/m-mole) 
for 10-60 min in a final volume of 0.55 ml. Reaction 
was terminated by injection of 0.2 ml 5 M perchloric 
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acid. Production of '*CO, was measured as described 
for OPRT, assay I. 

Stabilization studies. Hemolyzed red cells were 
diluted with 9 vol of Tris-HCl buffer (50 mM, pH 
7.4) and incubated for 16 hr at 37°. To avoid bacterial 
contamination penicillin-G (100 U/ml) and strepto- 
mycin (100 g/ml) were present in the incubation ves- 
sels. When it was necessary to remove inhibitors of 
OPRT or ODC before enzyme assay lysates were 
passed through Sephadex G-25 columns after incuba- 
tion. 10 mM Tris-HCl (pH 7.4) was used for suspend- 
ing the Sephadex powder as well as for eluting the 
protein from the column. The enzymes were eluted 
in the void volume together with hemoglobin. 


RESULTS 


Activities of orotate phosphoribosyltransferase and 
orotidine-5'-phosphate decarboxylase in circulating 
blood cells. OPRT and ODC activities were elevated 
in hemolysates from the allopurinol-treated group 
when compared with the control group (Table 1). This 
increase in enzyme activity was seen with both the 
HGPRT-deficient patients and the gouty patients. 
Enzyme activities were also measured in HGPRT- 
deficient subject P. K. before allopurinol therapy was 
started. Values averaged 1.0 nmole/hr per mg protein 
for OPRT, and 1.7 nmole/hr per mg protein for ODC 
activity. 

In lysed leukocytes OPRT activity of the allopur- 
inol-treated patients was not higher than in controls. 
ODC activity was slightly higher than in 6 control 
subjects. 

OPRT activity was also measured in intact erythro- 
cytes after preincubation in a PRPP-generating sys- 
tem. For control subjects, OPRT activities in intact 
erythrocytes and in lysed erythrocytes agreed very 
well (Table 2). However, OPRT assay in intact eryth- 
rocytes from allopurinol-treated patients resulted 
always in lower values when compared with corre- 
sponding hemolysates. 

Effect of allopurinol and its metabolites on activity 
of orotidine-S'-phosphate decarboxylase. Allopurinol 
and oxipurinol were found to have no effect on ODC 
activity in hemolysates. However when a hemolysate 
was preincubated with allopurinol or oxipurinol (1 
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Table 2. Orotate phosphoribosyltransferase activity in in- 
tact and lysed human erythrocytes 





Intact 


Subject cells Hemolysate 





Controls 

0.19 
0.22 
0.12 


G.H. 
W.T. 
W.G. 


0.22* 
0.22 
0.14 


Allopurinol-treated 
0.59 
0.47 
0.81 
0.84 


1.09 
1.23 
1.49 
1.87 





* Enzyme activity was measured by assay I and is given 
in nmoles/hr per mg protein. 


mM) in the presence of 1 mM PRPP compounds 
were synthesized which strongly inhibited ODC acti- 
vity. Longer periods of preincubation resulted in 
stronger inhibition of ODC. The inhibitors formed 
during the preincubation period were shown to be 
competitive with respect to orotidine-S’-monophos- 
phate (Fig. 1). The inhibitory agents are presumably 
allopurinol ribonucleotide and oxipurinol-7-ribonuc- 
leotide. These compounds appeared to be competitive 
inhibitors of ODC (Fig. 2). Oxipurinol-7-ribonucleo- 
tide (K; value 0.06 uM) was a much stronger inhibitor 
of ODC than the former compound (K; value 5 uM). 

The synthesis of allopurinol-1-ribonucleotide is 
catalyzed by HGPRT, since no inhibition of ODC 
was observed when allopurinol and PRPP were incu- 
bated with HGPRT-deficient lysate. HGPRT activity 
did not appear necessary for an inhibitory oxipurinol 
ribonucleotide to be formed (Table 3). Xanthosine 
monophosphate was reported to be a competitive in- 
hibitor of ODC activity [3,6]. It was also inhibitory 
in our assay system. However, preincubation of xan- 
thine and PRPP with hemolysate did not result in 
a detectable inhibition of the ODC activity. 

We found bimodal kinetics for the ODC activity 
in hemolysates. At (unphysiologically) high concen- 
trations of substrate the ODC enzyme shows higher 
apparent values for both K,, and V,,,, (Fig. 3). At 


Table 1. Orotate phosphoribosyltransferase and orotidine monophosphate decarboxylase ac- 
tivities in lysates of human leukocytes and erythrocytes 





Leukocytes 


Subject OPRT 


Erythrocytes 


ODC OPRT ODC 





Control group (n=6) 1.66 + 0.53* 
Allopurinol treated 
HGPRT-deficient 
0.88 
3.28 
1.00 
1.39 


2.06 
1.26 
1.08 


5.09 + 1.32 


0.19 + 0.05 0.34 + 0.10 


6.70 
8.39 
7.76 
7.04 


6.55 
5.34 
6.30 





* Enzyme activity + S.D. in nmoles/hr per mg protein. 
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Fig. 1. Inhibition of ODC in hemolysate after incubation 

with allopurinol or oxipurinol in the presence of 1 mM 

PRPP. Control (@), allopurinol during 30 min (O), oxipur- 
inol during 30 min (A), oxipurinol during 60 min (A). 


OMP concentrations lower than about 30 uM a K,, 
value of 1.7 + 0.4 uM (mean + S.D., 4 determina- 
tions) was found. Values for high K,, averaged 33 
uM. Similar kinetics were observed when the enzyme 
concentration was 4-fold higher. This finding of bimo- 
dal kinetics does not affect the K; values reported 
above for oxipurinol-7-ribonucleotide and allopurinol 
ribonucleotide. These values were determined at the 
low concentration range of OMP. 





1/0DC 
20 - 


ea 


[nmoles/mg protein per hr | 














100 150 

1/[OMP] (mM)"! 
Fig. 2. Inhibition of ODC in hemolysate by ribonucleo- 
tides of allopurinol and oxipurinol. Control (@), 


1.1 x 10°° M oxipurinol-7-ribonucleotide (A), 5 x 10~4 
M allopurinol-ribonucleotide (0). 


Table 3. Relative orotidine monophosphate decarboxylase 
activity in hemolysates after preincubation with allopurinol 
and oxipurinol 





Preincubation 


conditions Normal HGPRT-deficient 





PRPP 100* 
Allopurinol + PRPP 42 
Oxipurinol + PRPP 42 





* 100°,—-value was 0.7 nmoles/hr per mg protein. 

+ 100°,—-value was 2.8 nmoles/hr per mg protein. 

Time of preincubation was 60 min, compounds were 
added in a concentration of 1 mM. OMP concentration 
during assay was 0.1 mM. 


Effect of allopurinol and its metabolites on activity 
of orotate phosphoribosyltransferase. Unless otherwise 
indicated all results described in this section have 
been obtained using assay II for OPRT assay. Allo- 
purinol has no inhibitory effect on OPRT activity at 
saturating concentrations of orotic acid and PRPP. 
Even at concentrations of PRPP which are subopti- 
mal for OPRT we found no inhibition of OPRT acti- 
vity by allopurinol. Under these conditions hypoxan- 
thine strongly inhibits OPRT activity (Table 4). This 
inhibition is probably due to consumption of PRPP 
in a HGPRT-catalyzed reaction since no inhibition 
was found with HGPRT-deficient lysate. Inhibition 
is nearly absent when PRPP concentration is high. 

A small but significant inhibition of OPRT activity 
was found when allopurinol-l-ribonucleotide or oxi- 
purinol-7-ribonucleotide was present in the assay 
mixture. Inhibition was stronger at lower PRPP con- 
centrations and also increased with longer incubation 
periods. This type of inhibition could be explained 
by assuming that the presence of ribonucleotides of 
allopurinol and oxipurinol causes an accumulation of 
an inhibitor. Because ODC activity is inhibited by 
ribonucleotides of allopurinol and oxipurinol (see 
above) OMP might accumulate during their presence. 
This compound was therefore studied with regard to 
possible inhibition of OPRT activity. 

When studying the effect of OMP on OPRT, care 
must be taken to prevent utilization of this com- 
pound. Some dephosphorylation of OMP was found 
to occur in hemolysates but this reaction was of 
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Fig. 3. Biphasic kinetics of ODC in human hemolysate. 
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Table 4. Relative orotate phosphoribosyltransferase acti- 
vity in hemolysates in the presence of allopurinol and 
hypoxanthine 


Normal HGPRT-deficient 
Addition\ PRPP (mM) 0.5 2.0 0.5 2.0 


39 82 103 104 
107 94 112 102 








Hypoxanthine (1 mM) 
Allopurinol (1 mM) 





Control values (set at 100°.) were 0.19, 0.20, 1.1 and 
1.2 nmoles/hr per mg protein, respectively. Results are the 
mean of two experiments. 


minor importance at the low concentrations of OMP 
used in these studies. Decarboxylation of OMP is 
much more of a problem since ODC activity in hemo- 
lysates is twice as high as OPRT activity. In order 
to prevent a decrease in the OMP concentration dur- 
ing the OPRT assay due to ODC activity, allopurinol 
ribonucleotide (1 mM) was added to all reaction mix- 
tures (including controls) when studying the effect of 
OMP. Under these conditions OMP appeared to be 
a potent inhibitor of OPRT activity. Inhibition is 
competitive with respect to PRPP (Fig. 4). When the 
K; values is calculated from the Lineweaver—Burk 
plots, a value of 13 uM is obtained. However this 
value depends on the PRPP concentration. Because 
of the known instability of PRPP [16] the values of 
the PRPP concentrations may be to some extent inac- 
curate, which affects the calculated value of K;. There- 
fore the K; value for OMP was also determined 
according to the Dixon method[17], using various 
concentrations of inhibitor and two different concen- 
trations of PRPP. This method yielded a K; value 
of 11 uM (Fig. 5). 

Several nucleotides appeared to be inhibitors of 
OPRT (Table 5). Assay I for OPRT was used in these 
experiments. Prior to testing the effect of these nu- 
cleotides on OPRT activity, their non-interference 
with the ODC reaction was ascertained. Inhibition 
was competitive with respect to PRPP for all inhibi- 
tors tested, except TTP. This compound strongly in- 
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Fig. 5. Determination of K; value of OMP for OPRT from 
hemolysate according to Dixon [17]. OPRT activity was 
measured with assay II (see Methods). Allopurinol 
ribonucleotide (1 mM) was present to prevent decarboxyla- 
tion of OMP. Concentration of PRPP was 1 mM (@) or 
0.5 mM (@). 
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hibits OPRT activity even at a high concentration 
of PRPP. 

Stabilization studies. When hemolysates were 
diluted with Tris-HCI buffer (pH 7.4) and incubated 
for 16 hr at 37°, both OPRT and ODC activity de- 
creased strongly. The extent of this decrease was very 
different for various hemolysates (Table 6). This great 
variability is reflected in the variability of the values 
found after incubation in the presence of stabilizing 
compounds, since these values were calculated by 
comparison with their respective control values. The 
presence of 0.1 mM allopurinol ribonucleotide or oxi- 
purinol-7-ribonucleotide appeared to stabilize ODC 
activity, but no effect on OPRT activity was observed. 
Allopurinol ribonucleotide had similar effects at 1 
mM, but no stabilization could be measured with 1 
mM oxipurinol-7-ribonucleotide. As a matter of fact, 
OPRT and ODC activities were under these condi- 
tions even lower than in controls without any addi- 
tion. Stabilization of ODC occurred also when UMP 


Table 5. Effect of nucleotides on orotate phosphoribosyl- 
transferase activity in hemolysates 





Addition Relative OPRT activity 








T 


T T T T T T 


5 10 (me)? 

1/[PRPP] 

Fig. 4. Inhibition of OPRT in hemolysate by OMP. Con- 
trol (0), 2 x 10°* M OMP (A). 


Mean and deviation from the mean of two experiments 
are given as percent of the control. Concentration of nu- 
cleotides was 5 mM, and concentration of PRPP was 0.2 
mM. 
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Table 6. Relative activity of OPRT and ODC in hemolysates after incubation for 
16 hr at 37° in the presence of nucleotides* 





Additicn 


No. 


expts. OPRT ODC 





None 

UMP (1 mM) 

OMP (0.1 mM) 

OMP (1 mM) 

Oxipurinol ribonucleotide (0.1 mM) 
Allopurinol ribonucleotide (0.1 mM) 
Altopurinol ribonucleotide (1 mM) 


100 100 
2 115 (112-118) 236 (219-253) 
2 119 (113-124) 204 (181-226) 
6 182 (157-259) 508 (208-1033) 
3-92 (80-100) 258 (179-348) 
3 94 (87-100) 305 (187-528) 
3 91 (72-107) 318 (273-404) 





* Enzyme activities after incubation without addition were set at 100°,. Values 
between brackets indicate the range observed with different hemolysates. Before incu- 
bation relative OPRT activity was 1233 (672-2667, n=10) and relative ODC activity 


was 623 (396-1255, n=10). 


was present at a concentration of 1 mM, but was 
not detectable at 0.1 mM. Again, no stabilizing effect 
on OPRT was cbserved. 

OPRT activity, as well as ODC activity was stabi- 
lized by OMP at | mM. Stability of both enzymes 
was not significantly influenced by any of the follow- 
ing compounds at | mM concentration: orotic acid, 
allopurinol, ‘oxipurinol, TMP or TTP. OPRT and 
ODC activities in hemolysates incubated for 5 hr in 
Tris-HCl buffer were only 6 and 30 per cent, respect- 
ively (mean of 2 experiments) of the enzyme activities 
before incubation. When the incubation was _ per- 
formed in phosphate buffer (S0mM, pH 7.4) instead 
of Tris-HCI buffer, both OPRT and ODC activity 
appeared much more stable. Activities were 95 and 
81 per cent of the starting value, respectively (mean 
of 2 experiments). Complete stabilization of OPRT 
and ODC activities (110 and 96 per cent respectively 
of the starting value, 2 experiments) was observed in 
Tris-HCl -buffer during the 5-hr period when at 36 
min intervals PRPP was added to a final concen- 
tration of 0.4 mM. 


DISCUSSION 


The effects of allopurinol on OPRT and ODC ac- 
tivities include enzyme inhibition on one hand leading 
to increased excretion of orotic acid and oroti- 
dine [2, 3] and an apparent increase of enzyme activi- 
ties in erythrocytes on the other hand[7,8] (Table 
1). The observed increase in orotidine excretion was 
ascribed to inhibition of the ODC enzyme [3, 7]. Our 
experiments sustain this explanation. Allopurinol 
ribonucleotide and xanthosine-5’'-monophosphate are 
potent inhibitors of ODC activity [3,4]. We found 
no inhibition of ODC after preincubation of hemoly- 
sates with xanthine and PRPP, despite the fact that 
XMP inhibited ODC activity. However, xanthine is 
a much poorer substrate for HGPRT than is allopur- 
inol [18]. Allopurinol ribonucleotide is readily formed 
from allopurinol and PRPP, and strongly inhibits 
ODC activity (Fig. 1, 2). Since HGPRT activity is 
necessary for the formation of this inhibitor (Table 
3) allopurinol-mediated inhibition of ODC activity 
cannot be ascribed to allopurinol ribonucleotide in 
HGPRT-deficient patients. Several studies [5-7] have 
stressed the importance of oxipurinol metabolites as 
inhibitors of ODC. Oxipurinol is converted to an in- 


hibitor of ODC activity by HGPRT-deficient hemoly- 
sate in the presence of PRPP (Table 3). Oxipurinol-7- 
ribonucleotide may be responsible for inhibition of 
ODC in HGPRT-deficient patients treated with allo- 
purinol [6]. Oxipurinol ribonucleotides may be more 
important in vivo with regard to ODC inhibition than 
is allopurinol ribonucleotide. This is suggested by 
comparison of their concentrations in rat liver after 
allopurinol administration [19] and of their K; values. 
The K, value of oxipurinol-7-ribonucleotide for the 
ODC enzyme of human hemolysate (0.06 uM) is simi- 
lar to the values reported for yeast and rat liver [6]. 
For allopurinol ribonucleotide the observed K; value 
was slightly higher than the values for the enzyme 
from erythrocytes [3], yeast and rat liver [6]. 

Several nucleotides inhibit OPRT activity (Table 
5) but have no effect on ODC activity of human 
hemolysates. CMP, GMP and AMP were reported 
to inhibit cow brain ODC activity [20] while GMP, 
AMP and IMP did not affect ODC activity in human 
hemolysates [3]. K; values for GMP, AMP and IMP 
were all determined to be greater than 100 uM with 
the enzyme from yeast [6]. UMP inhibition of rat 
liver ODC has been reported[{21] but this was not 
confirmed by other investigators [22]. 

The ODC enzyme from rat liver [6], yeast [6] and 
human fibroblasts [23] exhibits bimodal kinetics, as 
in human hemolysate (Fig. 3). The K,, value at low 
OMP concentrations (1.7 4M) is close to the values 
reported for erythrocytes[3], rat liver [6], fibro- 
blasts [23] and yeast [6]. The K,, value at high con- 
centrations of OMP (33 uM) was much higher than 
in rat liver [6] and yeast [6]. Very recently a triphasic 
Lineweaver—Burk plot was found with partially puri- 
fied ODC from human erythrocytes [24]. 

Competitive inhibition of OPRT by allopurinol has 
been suggested [2] as an explanation for the observed 
increase in excretion of orotic acid during allopurinol 
therapy, but our results do not support this hypoth- 
esis. Since OMP might accumulate during allopurinol 
therapy by inhibition of ODC activity, the competi- 
tive inhibition of OPRT activity by OMP may be 
a probable cause for the excretion of orotic acid. Inhi- 
bition by OMP of OPRT activity in bakers’ yeast 
was previously reported [25, 26] but the mechanism 
of inhibition was not clarified. Recently a similar 
competitive inhibition was also demonstrated in rat 
liver [27]. Because tissue concentrations of PRPP are 
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probably much below the K,, value of PRPP for the 
OPRT enzyme [28,29], competitive inhibition of 
OPRT by OMP may be of physiological significance. 

Several other nucleotides inhibit OPRT activity in 
hemolysates (Table 5) and in other systems. UMP 
inhibition of OPRT was found with rat liver [27] but 
not with the enzyme from rat hepatoma cells [30] 
and baker’s yeast [26]. The enzyme from yeast was 
inhibited by CMP and GMP, but not by adenine 
nucleotides or uridine nucleotides [26]. IMP, XMP 
and GMP inhibited only slightly the activity of a pyr- 
imidine phosphoribosyltransferase from murine leuk- 
emia cells while CMP, TMP and AMP were ineffec- 
tive [31]. 

OPRT activity may also be inhibited by depletion 
of PRPP. A decrease of PRPP concentration has been 
reported in human red cells following a single dose 
of allopurinol [32]. No such decrease was found in 
human fibroblasts [4] when allopurinol concentration 
was 0.1 mM which is much higher than the plasma 
levels in man[33]. Allopurinol had no detectable 
effect under conditions at which hypoxanthine caused 
a marked inhibition of OPRT by PRPP depletion 
(Table 4). This is consistent with the high K,, value 
of allopurinol (1 mM) for HGPRT when compared 
with the natural substrate hypoxanthine (2.4 
uM)[18]. Since allopurinol has also a short half- 
life [34] depletion of PRPP does not appear to be 
the mechanism responsible for allopurinol-induced 
orotic aciduria. 

The apparent increase of erythrocyte OPRT and 
ODC activities after allopurinol therapy (Table 1) has 
been attributed to stabilization in vivo [7], to enzyme 
activation [8], and most recently to stabilization of 
these enzymes during cell lysis and extraction [5,9]. 
Our results do not support this last suggestion. 
Measurement of OPRT activity in intact and lysed 
erythrocytes of controls reveals that these activities 
agree very well (Table 2). In intact erythrocytes from 
allopurinol-treated patients the production of '*CO, 
from [carboxyl-'*C]orotic acid is consistently lower 
than in lysates. This can be attributed to inhibition 
of ODC activity by ribonucleotides of allopurinol 
and/or oxipurinol. Assay II was not appropriate for 
measuring OPRT activity in intact erythrocytes, 
because of technical complications. Besides, this assay 
is also sensitive to indirect inhibition by OMP due 
to the presence of inhibitors of ODC. 

Decrease of ODC activity during incubation at 37 
is partially prevented by OMP and also by allopur- 
inol ribonucleotide, UMP and oxipurinol-7-ribonuc- 
leotide (Table 6). Because these latter compounds 
compete with OMP at the ODC enzyme, the stabiliz- 
ing effect might be called pseudosubstrate stabiliza- 
tion. A similar in vitro stabilization of ODC has been 
found with the enzyme purified from yeast [6]. An 
increased thermal stability of ODC activity was pres- 
ent in lymphoblasts after incubation with oxipur- 
inol [5] and in rat liver after administration of allo- 
purinol [35]. An increased heat stability of ODC from 
cow brain was found in the presence of competitive 
inhibitors of the enzyme[20]. The occurrence of 
biphasic kinetics for the ODC enzyme from hemoly- 
sate (Fig. 3) might be associated with a change in 
quaternary structure brought about by OMP [31]. 
All findings suggest that both OMP and inhibitors 
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of ODC which are competitive with OMP may 
change the quaternary structure of the ODC enzyme 
and thereby affect the stability and activity of the 
enzyme. The inhibition of the enzyme activities 
observed after incubation with | mM _ oxipurinol 
ribonucleotide can be attributed to the tight binding 
of this compound to the enzyme protein during the 
gel filtration. The same phenomenon was found with 
lymphoblast extracts [5]. 

Stabilization of OPRT was observed in the pres- 
ence of OMP which appeared to be a competitive 
inhibitor of OPRT with respect to PRPP. TTP, an 
inhibitor of OPRT which is not competitive with 
regard to PRPP, has no stabilizing effect. PRPP itself 
gives complete protection of both OPRT and ODC 
activities when loss of this instable compound is com- 
pensated for by addition of fresh PRPP at regular 
intervals. The stabilizing effect of phosphate on 
OPRT and ODC activities is probably mediated by 
PRPP since phosphate is an activator of PRPP syn- 
thesis in hemolysates [36]. Stabilization by PRPP 
could account for the apparent increase of both 
OPRT and ODC activities measured in the HGPRT- 
deficient subject P. K. before allopurinol therapy was 
started. Erythrocyte PRPP concentrations are ele- 
vated in HGPRT-deficient patients [37]. A similar in- 
crease of OPRT and ODC activities was reported 
previously [38] in HGPRT-deficient patients without 
allopurinol therapy. It was suggested from thermal 
inactivation studies that the increase was not due to 
stabilization by PRPP. Because of the instability of 
PRPP these studies do not seem very suitable to in- 
vestigate a possible stabilization by PRPP. 

The ODC activity in leukocytes (Table 1) is slightly 
higher than that reported earlier[8]. Values for 
OPRT activity in human leukocytes have not been 
reported previously. The absence of a striking in- 
crease of OPRT and ODC activities in leukocytes 
after allopurinol administration is consistent with the 
theory of enzyme stabilization because of the short 
life-span of these cells. 


Acknowledgements—We wish to acknowledge the expert 
technical assistance of Miss M. Jaminon. This investigation 
was supported by a grant of the Dutch Foundation for 
Medical Scientific Research (Z.W.O.-FUNGO). 


REFERENCES 


. R. W. Rundles, J. B. Wyngaarden, G. H. Hitchings 
and G. B. Elion, A. Rev. Pharmac. 9, 345 (1969). 

. R. M. Fox, D. Royse-Smith and W. J. O'Sullivan, 
Science, N.Y. 168, 861 (1970). 

. W.N. Kelley and T. D. Beardmore, Science, N.Y. 169, 
388 (1970). 

. W.N. Kelley, T. D. Beardmore, I. H. Fox and J. C. 
Meade, Biochem. Pharmac. 20, 1471 (1971). 

5. M. A. Becker, K. F. Argubright, R. M. Fox and J. 
E. Seegmiller, Molec. Pharmac. 10, 657 (1974). 

. J. A. Fyfe, R. L. Miller and T. A. Krenitsky, J. biol. 
Chem. 248, 3801 (1973). 

. R. M. Fox, M. H. Wood en W. J. O'Sullivan, J. clin. 
Invest. 50, 1050 (1971). 

. T. D. Beardmore, J. S. Cashman and W. N. Kelley, 
J. clin. Invest. 51, 1823 (1972). 

. W. Grobner and W. N. Kelley, Biochem. Pharmac. 24, 
379 (1975). 





2032 


10. S. P. M. v.d. Zee, E. J. P. Lommen, J. M. F. Trijbels 


and E. D. A. M. Schretlen, Acta paediat. scand. 59, 
259 (1970). 

. J. P. Blass, J. Avigan and B. W. Uhlendorf, J. clin. 
Invest. 49, 423 (1970). 

. J. F. Henderson and M. K. Y. Khoo, J. biol. Chem. 
240, 2349 (1965). 

. P. Reyes, Analyt. Biochem. 50, 35 (1972). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 

. P. Reyes and M. Guganig, Analyt. Biochem. 46, 276 
(1972). 

. J. G. Flaks, in Methods in Enzymology (Eds. S. P. Col- 
owick and N. O. Kaplan) Vol. VI, p. 473. Academic 
Press, New York (1963). 

. M. Dixon, Biochem. J. 55, 170 (1953). 


8. T. A. Krenitsky, R. Papaioannou and G. B. Elion, J. 


biol. Chem. 244, 1263 (1969). 

. D. J. Nelson, C. J. L. Buggé, H. C. Krasny and G. 
B. Elion, Biochem. Pharmac. 22, 2003 (1973). 

. S. H. Appel, J. biol. Chem. 243, 3924 (1968). 

. W. A. Creasey and R. E. Handschumacher, J. biol. 
Chem. 236, 2058 (1961). 

. J. Pausch, D. Keppler and K. Decker, Biochim. biophys. 
Acta 258, 395 (1972). 

. T. E. Worthy, W. Grobner and W. N. Kelley, Proc. 
natn. Acad. Sci. USA 71, 3031 (1974). 

. G. K. Brown, R. M. Fox and W. J. O’Sullivan, J. biol. 
Chem. 250, 7352 (1975). 

5. I. Lieberman, A. Kornberg and E. S. Simms, J. biol. 
Chem. 215, 403 (1955). 


W. J. M. Tax 


et all. 


26. K. Umezu, T. Amaya, A. Yoshimoto, J. Biochem. 70, 


249 (1971). 


_ A. Cihak, Collect. Czechoslov. chem. Commun. 39, 3782 


(1974). 


. A. J. Clifford, J. A. Riumallo, B. S. Baliga, H. N. 


Munro and P. R. Brown, Biochim. biophys. Acta 277, 
443 (1972). 


. I. H. Fox and W. N. Kelley, Ann. intern. Med. 74, 


424 (1971). 


. N. J. Hoogenraad and D. C. Lee, J. biol. Chem. 249, 


2763 (1974). 


. P. Reyes and M. E. Guganig, J. biol. Chem. 250, 5097 


(1975). 


. LH. Fox, J.-B. Wyngaarden en W. N. Kelley, New 


Engl. J. Med. 283, 1177 (1970). 


. G. B. Elion and D. J. Nelson in Purine metabolism 


in man (Eds O. Sperling, A. de Vries and J. B. Wyn- 
gaarden) p. 639. Plenum Publishing Co., New York 
(1974). 


. G. B. Elion, A. Kovensky, G. H. Hitchings, E. Metz 


and R. W. Rundles, Biochem. Pharmac. 15, 863 (1966). 


. G. K. Brown, R. M. Fox and W. J. O'Sullivan, Bio- 


chem. Pharmac. 21, 2469 (1972). 


. A. Hershko, A. Razin and J. Mager, Biochim. biophys. 


Acta 184, 64 (1969). 


. M. L. Greene and J. E. Seegmiller, Arthritis Rheum. 


12, 666 (1969). 


. T. D. Beardmore and W. N. Kelley, J. lab. clin. Med. 


78, 696 (1971). 





Biochemical Pharmacology, Vol. 25, pp. 2033-2038. Pergamon Press, 1976. Printed in Great Britain. 


NOVEL LIGANDS FOR THE PURIFICATION OF 
CATECHOL-O-METHYL TRANSFERASE BY 
AFFINITY CHROMATOGRAPHY 


Peter A. GULLIVER* and CHRISTOPHER W. WHARTON 


Department of Biochemistry, University of Birmingham, P.O. Box 363, Edgbaston, 
Birmingham, B15 2TT, England 


(Received 8 March 1976; accepted 7 April 1976) 


Abstract—Affinity chromatography materials were synthesised by reaction of catechol, guaiacol and 
pyrogallol with agarose gels having pendant diazotised aromatic amines. The use of these materials 
in the purification of catechol-O-methyl transferase (COMT) after ammonium sulphate precipitation 
and gel chromatography on Sephadex G75 resulted in a 1400-fold increase in specific activity compared 
to that of the rat liver homogenate. The purified enzyme was shown to be homogeneous by disc 
gel electrophoresis. The nature of the binding reaction between COMT and these immobilised ligands 
was examined by measuring their affinities under various conditions of ionic strength and bulk hydrogen 
ion concentration. Borate ions were shown to specifically elute the enzyme. The results in this paper 
are consistent with previous proposals regarding the mechanism of COMT. 


Catechol-O-methyl transferase (COMT, E.C. 2.1.1.6) 
catalyses. the methylation of a wide range of catechol 
substrates, mainly on the meta hydroxyl, using 
S-adenosyl-L-methionine (SAM) as the methyl donor. 
It is predominantly a soluble enzyme [1] and has 
been shown to be magnesium-dependent [2], affecting 
the catalysis of an important reaction in catechol- 
amine catabolism, forming O-methylated catechol- 
amines which have a physiological activity only 0.1°% 
of that of the active substrates [3]. The purification 
of COMT from many sources has proved time-con- 
suming and of limited success [4,5], despite the 
extensive use of many protective agents, some of 
which, e.g. mercaptoethanol, may interfere with cata- 
lysis [6]. Final yields have always proved disappoint- 
ing. The best conventional purification scheme utilises 
ammonium sulphate fractionation, gel chromato- 
graphy, hydroxyapatite treatment and ion-exchange 
chromatography. 

Affinity chromatography should enable an essen- 
tially complete purification to be achieved in fewer 
steps than the conventional scheme and should pro- 
vide additional information concerning enzyme-sub- 
strate, —product and -inhibitor interactions. Two 
methods have been published for the purification of 
COMT by affinity chromatography. Creveling et al. 
[7] reported the direct attachment of dopamine to 
cyanogen bromide-activated Sepharose 4B. In our 
hands this method was complicated by the rapid oxi- 
dation of dopamine to give a pink product. The 
oxidised dopamine attached to agarose irreversible 
bound COMT in a reaction similar to that reported 
by Cuatrecasas et al. [8]. Borchardt et al. [9] have 
reported the synthesis of a ligand (3,4-dimethoxy-5- 
hydroxyphenylethylamine) attached to agarose by a 
long aliphatic chain (30 A). This column has not been 
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used in a large scale preparation and requires a series 
of synthetic steps, producing a material of ambiguous 
nature. 

The aim of this study was to develop a simple and 
efficient affinity column purification procedure for 
COMT and to investigate the nature of substrate 
binding by studying the interaction of COMT with 
the affinity column. 


MATERIALS AND METHODS 


Preparation of COMT. The livers from fifteen, 
3-month-old (250g), male Wistar rats were homo- 
genised in a Potter-Elvehjem homogeniser together 
with 250 ml 0.01 M pH 8.0 phosphate buffer contain- 
ing |!mM dithiothreitol (DTT), 1 mM _ mercaptoeth- 
anol and 0.135M _ potassium chloride. The homo- 
genate was pretreated by the method of Axelrod and 
Tomchick [10] as developed by Assicot and Bohuon 
[4]. The protein which precipitated between 30-50%, 
saturated ammonium sulphate was redissolved in 
0.01M pH 8.0 phosphate buffer containing 1mM 
magnesium chloride, | mM dithiothreitol and | mM 
mercaptoethanol, and applied to either a Sephadex 
G25 column or a Sephadex G75 for further purifica- 
tion. 

, Assay of COMT. COMT activity measured at pH 
8.0 in 0.01 M phosphate buffer by the catecholphtha- 
lein method [11] which has been shown by other 
workers [12] to be suitable for assaying the enzyme 
during preparative procedures. A change of 9.95 
absorbance units at 595nm_ represents 1! umole 
dimethylated catecholphthalein, in an assay volume 
of 1.6 ml (Esosam = 25900cm~'M~'). 

Protein determination. Protein concentrations above 
0.5 mg/ml were determined by the method of Gornall 
et al. [13] and at lower concentrations by the method 
of Mejbaum-Kaizenellenbogen and Dobryszycka 


[14]. 
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Scheme |. Synthesis of catechol-azo-m-phenylene diamine Sepharose 4B. 


Electrophoresis. Polyacrylamide gel electrophoresis 
was carried out according to the method of Davis 
[15]. Gels were fixed, stained with Coomassie Blue 
and destained as ‘described by Weber and Osborn 
[16]. 

Preparation of affinity chromatography materials (see 
Scheme |). One hundred ml washed Sepharose 4B 
was suspended in 150ml 1M sodium carbonate and 
activated with 20g cyanogen bromide dissolved in 
20 ml methyl cyanide. Meta-phenylene diamine (10 g) 
was reacted with the activated gel in 0.1M pH 9.5 
bicarbonate buffer for 24 hr. The aminated Sepharose 
(3 xmoles ligand per | ml settled agarose) was washed 
with 11 1M hydrochloric acid. The gel was resus- 
pended in 250ml 1M _ hydrochloric acid and cooled 
in ice. A slight excess of sodium nitrite (1.1 mole per 
mole coupled amine) was slowly added as a concen- 
trated solution with stirring, and the mixture was 
allowed to stand on ice for 20 min. The diazonium 
salt-agarose cake was filtered from the mixture in a 
glass-sinter Buchner funnel half-filled with crushed 
ice, and washed with 250ml 1M _ hydrochloric acid 
and 250ml 5M urea in 1M hydrochloric acid to 
remove excess nitrite. Five g catechol dissolved in 
250 ml 0.1 M pH 8.0 phosphate buffer was added to 
the cake and the resulting slurry transferred to a 
beaker and allowed to stand on ice for 30 min with 
occasional gentle stirring. The Sepharose was filtered 
off and washed with 51 water. Similarly, benzidine 
could be coupled to Sepharose as the spacer arm and 
pyrogallol or guaiacol attached as the ligand. Guaia- 
col was coupled in 0.1 M sodium hydroxide. 

This method allows sensitive polyphenols to be im- 
mobilised without excessive oxidation, as the nitrite 
is destroyed by urea washes, and is similar to that 
utilised by Brenna et al. [17]. 

Preparation of azo compounds. 4-Nitrophenyl-azo- 
catechol was obtained from Ralph N. Emmanuel and 
was found, by thin-layer chromatography, to be at 
least 50 per cent oxidised. Attempts to synthesise this 
compound in a pure state, using the method described 
below resulted in a material of comparable purity to 
that of the commercial sample. 


4-Nitrophenyl-azo-guaiacol was synthesised by dia- 
zotising 1.24g 4-nitroaniline in 10m] 2.5N_ hydro- 
chloric acid with 0.6g sodium nitrite on ice and 
allowed to stand for 20min. Guaiacol (1.128 g) in 
10 ml 5M sodium hydroxide was added and the reac- 
tion mixture allowed to stand for 20 min. The product 
was extracted by acidification and extraction with 
10 ml ethyl acetate. The ethyl acetate extract was then 
washed with | N hydrochloric acid and | N sodium 
carbonate. The dark red product was precipitated by 
rotary evaporation and recrystallised from ethyl ace- 
tate/petroleum spirit (40-60° b.p.) and the crystals 
washed with further petroleum. 

The product was shown to be homogenous on t.l.c. 
plates developed in 70:29:1 chloroform/ethyl acetate 
acetic acid and 85:15 chloroform/methanol. 

Effect of COMT on 4-nitrophenyl-azo-catechol. 
Commercial 4-nitrophenyl-azo-catechol (50 uM) was 
incubated with partially purified COMT for | hr in 
the presence of 0.5mM SAM, 10mM MgCl, and 
10mM pH.-8.0 phosphate buffer. The reaction was 
terminated by the addition of | ml concentrated hy- 
drochloric acid and the azo dye extracted with ethyl 
acetate. The extract was dried down in a nitrogen 
stream and redissolved in a few drops of methanol 
and applied to a silica thin-layer plate. The plates 
were run in the two solvents used previously and 
authentic samples of 4-nitrophenyl-azo-guaiacol and 
catechol were similarly treated as well as controls in- 
cubated in the absence of enzyme and SAM. 

Sephadex and Sepharose were obtained from Par- 
macia Fine Chemicals, Uppsala, Sweden. All other 
reagents used were of the highest commercial quality. 

Before use, affinity chromatography materials were 
treated with rat liver supernatant to block non-speci- 
fic binding sites which irreversibly bind COMT. This 
irreversibility bound activity could not be eluted with 
buffer alone at pH 5.0 or buffers containing 2M KCl, 
0.01 M borate or | mM caffeic acid at pH 8.0. Hence 
all material was pretreated with rat-liver supernatant 
(1 liver/100ml material, homogenised in 250ml) 
before use in purification procedures. The material 
was then washed with 2M potassium chloride, | N 
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Fig. 1. Large scale purification of COMT by affinity chromatography on guaiacol-azo-benzidine Sephar- 

ose 4B. Ninety-two partially purified COMT (sp. act. = 8.46nm/min/mg protein) was applied to a 

1.6 x 30-cm (60-ml) column of guaiacol-azo-benzidine-Sepharose 4B which had been previously equili- 

brated with 0.01 M pH 8.0 phosphate buffer containing 1 mM MgCl,, 1mM DTT and | mM mercap- 

toethanol [1]. Excess unbound protein was eluted from the column and COMT eluted with 0.2M 

pH 8.0 phosphate buffer containing 2M KCl, 5mM DTT, 5mM mercaptoethanol, 1mM MgCl, 
and 0.05% (w/v) BSA [2]. 


hydrochloric acid, 8 M urea and treated with pronase 
(5 mg/100 ml) overnight. After this procedure rever- 
sible binding of subsequently added COMT could be 
demonstrated. 


RESULTS AND DISCUSSION 


Preparative scale purification of COMT by affinity 
chromatography. The use of a guaiacol-type material 
was preferred to the more unstable catechol as any 
slight tendency to oxidation would be deterimental. 
The use of guaiacol-based materials may add extra 
specificity to the affinity chromatography technique 
preventing competing interaction with catecholamine 
binding proteins, and, since guaiacols are non-compe- 
titive inhibitors of COMT tighter interaction may 
occur. 

COMT activity was purified by ammonium sul- 
phate fractionation and Sephadex G75 gel chromato- 
graphy to give 92ml partially purified COMT (sp. 
act. = 8.46nmole/min/mg. Protein concentration = 
4.34 mg/ml). This represents a purification of 120-fold 
compared to rat liver homogenate and contains 40 
per cent of the total activity. 

The above material was supplied to a 1.6 x 30-cm 
(60-ml) column of guaiacol-azo-benzidine Sepharose 
4B which had been previously equilibrated with 
0.01M pH 8.0 phosphate buffer containing | mM 
MgCl,, |!mM DTT and | mM _ mercaptoethanol. 
After excess unbound protein had been eluted from 
the column with this buffer, 0.2M pH 8.0 phosphate 
buffer containing 2M KCl, 5mM DTT, 5mM mer- 
captoethanol | mM MgCl, and 0.5°% (w/v) BSA was 
applied. 

The elution profile is given in Fig. 1. Fifty ml highly 
purified but very dilute COMT was eluted by the 
high ionic strength buffer with an average sp. act. 
of 96.64 nm/min/mg protein and 0.09 mg protein/ml 
(the BSA added as a stabilising agent [5] was elimin- 
ated in all calculations of protein concentration). This 
represents a purification of 1464-fold compared to rat 


liver homogenate and an overall yield of 8 per cent. 
The rest of the applied COMT activity eluted as a 
breakthrough peak with an average sp. act. of 
4.40 nm/min/mg protein (i.e. less than that of the 
applied material). 

This preparative method is comparatively quick 
and simple enabling highly purified COMT to be 
separated in about 40 hr. The overall yield (8 per cent 
as opposed to 6 per cent) and purification (1500-fold 
against 950) compare well with those obtained by 
Borchardt et al. [9] in a long preparation involving 
ammonium sulphate fractionation, desalting on 
Sephadex G25, hydroxyapatite absorption, affinity 
chromatography and Sephadex G100 chromato- 
graphy. However the capacity of the column 
employed by Borchardt et al. [9] was larger perhaps 
due to greater steric freedom of the ligand which was 
coupled to the agarose by a flexible aliphatic chain. 

The above highly purified COMT was subjected 
to polyacrylamide gel electrophoresis and two bands, 
staining with Coomassie blue, were observed. The 
denser of the two bands was identified as BSA by 
means of a control experiment. The more lightly 
stained band of higher mobility was assumed to be’ 
due to COMT as no other bands were detected. The 
enzyme has clearly been purified to a high degree. 

Further attempts were made to obtain pure COMT 
by affinity chromatography without prior extensive 
gel filtration. COMT activity was purified by 
ammonium sulphate fractionation and desalted on 
Sephadex G25 to give 36 ml preparation (Sp. act. of 
COMT = 0.61 nm/min/mg protein and containing 
38.2 mg protein/ml). This represented a_ purification 
of 9.2-fold compared to rat liver homogenate and 
contained 39 per cent of the total activity. This mater- 
ial applied to a 1.6 x 26.5-cm (67-ml) column of 
guaiacol-azo-benzidine Sepharose 4B that had been 
previously equilibrated with 0.01 M pH 8.0 phosphate 
buffer containing |1mM MgCl,, 1mM DTT and 
1mM mercaptoethanol. After the bulk of the protein 
had eluted, 0.1 M pH 8.0 phosphate buffer containing 
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Fig. 2. Large-scale purification of COMT from a desalted 50°,-saturated ammonium sulphate precipitate 

by affinity chromatography on guaiacol-azo-benzidine Sepharose 4B. Thirty-six ml COMT preparation 

(sp. act. = 0.61 nm/min/mg protein) was applied to a 1.6 x 26.5-cm (67-ml) column of guaiacol-azo-ben- 

zidine-Sepharose 4B, previously equilibrated with 0.01M pH 8.0 phosphate buffer containing |mM 

“ MgCl,, |!mM DTT and | mM mercaptoethanol and the bulk of the protein eluted with this buffer 

[1]. COMT was eluted with 0.1 M pH 8.0 phosphate buffer containing 5mM DTT, 5 mM mercaptoeth- 
anol, !mM MgCl, and 0.05°%% (w/v) BSA. 


SmM DTT, 5mM mercaptoethanol, |!mM MgCl, 
and 0.05 per cent (w/v) BSA was applied. 

The elution profile is given in Fig. 2. Thirty-three 
ml .purified COMT was eluted by 0.1 M phosphate 
buffer with an average sp. act. of 11.28 nm/min/mg 
protein at a protein concentration of 0.06 mg/ml (the 
BSA added as a preservative was again eliminated 
from calculations). This represents a 171-fold purifica- 
tion compared to rat liver homogenate and a yield 
of 4 per cent. The COMT not bound by the column 
formed a breakthrough peak with an average sp. act. 
~ of 0.69 nm/min/mg protein. 

The purification obtained was not significantly bet- 
ter than that of the conventional Sephadex G75 
column but the 18-fold purification in this one treat- 
ment compared well to the equivalent affinity chro- 
matography step in Borchardt’s preparation [9]. This 
result would imply that large proteins which may in- 
clude chromagranin or adrenergic receptors, dis- 
carded in Sephadex G75 chromatography, interact 
non-specifically with these column materials. 

A high-speed supernatant was made in 0.01 M pH 
8.0 phosphate buffer containing | mM MgCl,, | mM 
DTT and | mM mercaptoethanol and carefully re- 
adjusted to pH 8.0. Two hundred and ten ml of this 
preparation was applied to a 2.5 x 24.5-cm (120-ml) 
column of guaiacol-azo-benzidine Sepharose 4B, pre- 
viously equilibrated with the buffer used in the homo- 
genisation. After the bulk of the protein had eluted, 
0.15M pH 8.0 phosphate buffer containing 5mM 
DTT, 5mM mercaptoethanol, | mM MgCl, and 0.05 
per cent (w/v) BSA was applied. 

The 0.15M phosphate buffer eluted 39 ml purified 
COMT with a sp. act. of 3.70 nm/min/mg and 0.86 mg 
protein/ml, representing a 9.1-fold purification com- 
pared to the applied material, 73-fold compared to 
the homogenate and a 3 per cent yield. Eleven per 
cent of the COMT activity eluted through the column 
in the breakthrough peak. It is quite possible that 
the remaining activity was lost as a result of proteo- 
lysis on the columns during chromatography. A simi- 
lar run at pH 6.5 did not result in the retention of 


COMT activity; all the applied activity eluted in the 
breakthrough peak. These results confirm the results 
from the small-scale experiments (see later), at low 
pH. The results of the successful purification are quite 
encouraging but prior ammonium sulphate fractiona- 
tion and column chromatography do seem to be 
necessary to remove many interfering factors and, 
perhaps, proteolytic enzymes. 


SMALL SCALE EXPERIMENTS 


Small-scale experiments were carried out to study 
the nature of the interaction of COMT with the im- 
mobilised ligands. The COMT preparation used was 
partially purified by ammonium sulphate fractiona- 
tion and Sephadex G25 chromatography to a sp. act. 
of 0.61 nm/min/mg protein representing a 9.2-fold 
purification compared to rat liver homogenate. 

The results of these small-scale experiments are 
tabulated in Table 1. 

In other experiments affinity columns were pre- 
equilibrated in 0.1 M pH 8.0 phosphate buffer or the 
enzyme was applied before desalting by Sephadex 
G25 chromatography. COMT activity did not bind 
to the columns under these conditions and eluted in 
a break-through peak with minimal purification by 
gel-filtration. Similarly it is shown in Table | (1), that 
COMT can be eluted by raising the salt concentration 
of the buffer used. The binding of COMT to the cate- 
chol moiety is apparently independent of the presence 
or absence of magnesium ions, which although 
necessary for catalytic activity are not apparently 
required for binding. This could also mean that the 
binding occurring during the absorption of COMT 
activity onto these columns is non-productive or that 
the active site of COMT binds Mg?* so tightly that 
it is not removed during purification and may be the 
obligatory first substrate (R. Goldberg and K. F. Tip- 
ton, personal communication). 

The success of the catechol affinity column would 
tend to support the kinetic evidence [12] for the ran- 
dom order binding of substrates to the enzyme mol- 
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Table 1. Small scale affinity chromatography results 





Vol. COMT 
preparation 
applied 
(ml) 


Column 
dimensions 
(cm) 


Pre-equilibration 
buffer 


Type of 
ligand* 


Purification 
of COMTt 
(fold) 


Sp. act. of Recovery 
COMT eluted of COMT+ 


Eluting buffer (mm/min/mg) (°,) 





1x 18 2 0.10M pH 8.0 P, buffer 
containing | mM DTT and 
1mM mercaptoethanol 


Catechol-azo-m- 
(i) phenylene 
diamine 


0.2M pH 8.0 P, 4.70 44 7 
buffer containing 
1mM DTT and |mM 


mercaptoethanol 


similar results obtaining when | mM MgCl, was 
added to the pre-equilibration buffer and 
0.1 M phosphate buffer was used as eluant. 


0.01 M pH 8.0 P, buffer 
containing | mM DTT, |mM 
mercaptoethanol and | mM 
MgCl, 


Pyrogallol-azo 
(ii)—benzidine 


Catechol-azo-m- as above 
phenylene 

diamine 

(iu) 

Catechol-azo-m- 

phenylene 

diamine 

(iv) 


0.01 M pH 5.5 
phosphate buffer 
containing 1 mM DTT 
1 mM _ mercaptoethanol 
and 5mM EDTA 


as above except 
pH = 6.5 


0.01 M pH 8.0 

borate buffer containing 
|mM DTT and 

1 mM _ mercaptoethanol 





* Strict nomenclature of the azo-affinity materials is not used as the precise nature of the ligand has not been 
fully determined. The system used is a ‘constructional’ one referring to the name of the reactants used in the syntheses. 


+ Compared to activity applied. 
t Compared to rat liver homogenate. 


ecule, and at least suggests that the catechol binding 
site is available for substrate binding even in the 
absence of SAM and Mg?™*, assuming that the bind- 
ing event takes place at the site at which the catechol 
moiety binds in the presence of these cosubstrates and 
not at another site or in a non-productive mode. 

The azo moiety seems to have little effect on the 
binding of COMT to the catechol ligand, which has 
also been observed in the case of the adrenergic recep- 
tor [18]. However accurate measurement of binding 
constants as proposed by Nichol et al. [19] is at pres- 
ent precluded by the highly labile nature of purified 
COMT. 

The interaction between COMT and the potent in- 
hibitor pyrogallol has been utilised in affinity chroma- 
tography (Table 1 (ii)). The capacity of this column 
is of the same order as those having the catechol 
ligands, a surprising result in view of the inhibition 
constants (K; = 0.42 M for L-DOPA [20]; K; = 8 uM 
for pyrogallol [21]. The ligand concentration in all 
the materials is approximately 3 mM, suggesting that 
the capacity of the columns is limited by steric factors. 
The length of the two ‘spacers’ (benzidine and pheny- 
lene diamine) studied here seem to have little effect 
on the column binding capacity despite the further 
factor involved that the essentially para arrangement 
of the benzidine-based ligands should place the 
phenolic moiety further away from the agarose matrix 
than the metaphenylene diamine ligands. Other 
workers have investigated the relationship between 
binding capacity and ‘spacer’ length [22]. However 
these results are not strictly comparable with those 
reported in this paper as the ‘spacers’ studied are flex- 
ible methylene chains not the aromatic, essentially 
rigid systems used here. 

One of many attempts to raise the yield of COMT 
activity eluted from affinity columns, involved in- 
creasing the pH of the buffer used to pre-equilibrate 
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the column to 8.5 as the apparent binding constants 
for catechol substrates decrease with increasing pH 
[12]. Under these conditions 84 per cent of the 
applied activity eluted from the catechol-azo-m- 
phenylenediamine Sepharose column in the break- 
through peak and no COMT activity was eluted by 
"0.1M pH 7.0 phosphate buffer. White and Wu [5] 
observed dimerisation of COMT at elevated pH and 
consequent loss of activity. Certainly other reports 
[23] suggest that COMT is unstable in alkaline con- 
ditions. It may be that the effect of pH on the appar- 
ent binding constants is not a binding effect but a 
catalytic one, and hence COMT is not bound by the 
column under these conditions. 

In addition to the use of high ionic strength, hydro- 
gen ions can be used to elute COMT from an affinity 
column (Table | (ii) and (iii)). This would tend to con- 
firm that the increase in the apparent K,, range with 
decreasing pH observed by Flohe and Schwabe [12] 
is due, at least in part, to binding effects. The depen- 
dence of the apparent K,, on a group with pK, = 6.7 
could possibly implicate the p-hydroxyl of the cate- 
chol substrate but the pK value is rather low [24] 
for such a group. The decrease in effectiveness of the 
enzyme subsirate interaction at lower pH may be 
ascribed to the protonation of a group in the enzyme 
molecule. 

COMT was eluted from the affinity column (Table 
1 (iv)) by borate buffer without the requirement of in- 
crease in ionic strength or decreased pH. Borate ions 
form complexes with polyhydroxy compounds in 
alkaline media, e.g. adrenaline [25] and caffeic acid 
[26]. Elution by borate involves a competitive process 
where the borate ions can reduce enzyme-affinity 
ligand interaction by forming a complex with the 
vicinal hydroxyl groups of the ligand. This competi- 
tive displacement demonstrates that the interaction 
between COMT and the affinity column material is 
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of a genuine biospecific nature. The low apparent 
yield may be explained on the basis that the activity 
assays were sub-optimal due to reduced substrate 
availability as a result of complexation by residual 
borate ions present. 

‘The incubation of COMT with 4-nitrophenyl-azo- 
catechol in the presence of SAM yielded a compound 
which had the same R, on t..c. in two solvents as 
a pure preparation of 4-nitrophenyl-azo-guaiacol. 
However, in addition to oxidised material, another, 
less polar spot was observed which might correspond 
to the para—or dimethylated—azo compound. This 
strongly implies that the catechol-azo derivatives are 
COMT substrates and that the interaction observed 
between the enzyme and catechol-ligands in affinity 
chromatography is genuinely biospecific. 

The studies reported in this paper demonstrate that 
the affinity columns result in retention of COMT acti- 
vity by means of a genuine biospecific interaction 
with the column ligand groups and that the results 


are consistent with data from numerous studies of 


COMT reported by other workers. 
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Abstract—Inflammatory exudate obtained from polyester sponges implanted subcutaneously in rats 
is known to contain an anti-inflammatory protein. The effect of anti-inflammatory exudate on the 
rate of release of f-glucuronidase and acid phosphatase from isolated rat liver lysosomes has been 
studied. It was found that although dialysed normal rat serum greatly enhanced the release of enzymes, 
similarly prepared sponge exudate had very little effect. There appeared to be an inverse relationship 
between the ability of the various protein fractions to induce enzyme release and their anti-inflammatory 
activity. However, since the exudates did not reduce the rate of enzyme release below control levels 
it was not possible to determine whether they contained a lysosome stabilizing factor, or if they were 
simply less lytic than normal rat sera. Fractionation of the exudates on Sephadex G 150 did not 
resolve this question. The results are discussed in relation to other proteins said to contain stabilizing 


activity. 


It has been shown previously that inflammatory exu- 
dates obtained by implantation of polyester sponges 
in rats demonstrate anti-inflammatory activity when 
reinjected into other rats[1-6] and that the active 
component is protein[3]. Reports in the literature 
suggest that one mechanism by which such proteins 


may produce anti-inflammatory effects is by interac- 
tion with lysosomal membranes. For example Hem- 
pel, Fernandez and Persellin [7] reported that serum 
from pregnant women stabilized rat liver lysosomes 
in vitro, and subsequently showed that such sera have 
anti-inflammatory activity in the rat[8]. Similarly. 
serum from rats with adjuvant arthritis has been 
shown by some workers [9] to possess lysosomal 
stabilizing activity and by others[10] to be anti- 
inflammatory. It is also recognized that stabilization 
of lysosomes may explain part of the action of anti- 
rheumatic drugs [11-13] although some workers dis- 
pute this [14-16]. 

This paper describes experiments to investigate the 
possibility that inflammatory exudates may exert their 
anti-inflammatory action by stabilization of lyso- 
somes. 


METHODS 


Male Wistar rats weighing 150-250g were used. 
They were maintained on standard laboratory diet 
and allowed water freely throughout the experiments. 

Preparation of inflammatory exudate and serum. The 
method is essentially similar to that described pre- 
viously [3]. Polyester sponges 2.5 x 5.0 x 1.0cm 
(Declon 49, Declon Plastics Ltd.) were implanted sub- 
cutaneously (s.c.) into the shaved backs of rats during 
light ether anaesthesia. Four days later the animals 
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were again anaesthetized with ether and blood with- 
drawn from the posterior vena cava to provide serum. 
The animals were then killed and exudate collected 
by squeezing the sponges. After clotting at room tem- 
perature for | hr the pooled samples of exudate and 
of serum were centrifuged at 1500g for 20 min, and 
the cell-free supernatants filtered through a 0.45 um 
Millipore filter. Finally they were force-dialysed over- 
night at 4° against 1% (w/v) ammonium bicarbonate 
and freeze-dried. The dry materials were stored in 
screw top bottles at —20° until required. Freeze-dried 
normal serum was prepared in a similar manner. 

Preparation of lysosomes. Rat livers were rinsed in 
ice-cold 0.25 M sucrose buffered with 0.05 M Tris ace- 
tate (pH 7.4), the two largest lobes chopped into small 
pieces and a 10% homogenate prepared using an 
MRC glass homogenizer. Cellular debris and larger 
particles were removed by centrifuging at 600g for 
10 min at 4° and the supernatant, containing the sus- 
pended lysosomes, retained. This suspension was cen- 
trifuged at 25,000 g for 10 min at 4°, the supernatant 
discarded, and the pellet resuspended in buffered suc- 
rose by gentle homogenization. Following centrifuga- 
tion at 25,000 g for a further 10 min at 4°, the lysoso- 
mal-rich pellet was finally resuspended in buffered 
sucrose so that each gram of liver gave 2.5 ml of sus- 
pension. 

Measurement of lysosomal stabilization. Two incu- 
bation media were used. In the first (Method A) | ml 
of lysosome suspension was added to 3 ml of 0.25M 
sucrose containing 0.05 M Tris acetate (pH 7.4), and 
in the second (Method B), 0.5 ml of lysosome suspen- 
sion was added to 4.5 ml of Hank’s balanced salt solu- 
tion (Wellcome) containing 10mg/ml bovine serum 
albumin (Sigma) (pH 7.4). Both incubations were per- 
formed at 37° with shaking; aliquots of the reaction 
mixture were removed at intervals, centrifuged at 
30,000 g for 10 min at 4° and the supernatants assayed 
for acid phosphatase [17] and f-glucuronidase [18]. 
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Fig. |. Elution diagram showing the distribution of protein 
following separation of normal rat serum and sponge exu- 
date on Sephadex G 150. Two hundred mg of each of 
the proteins was applied to a 2.5 x 1000-cm column of 
Sephadex G 150, and eluted with 0.5 M sodium chloride 
containing 0.2% sodium azide. The separated proteins were 
pooled as indicated (I, II, III), dialysed, freeze dried, and 
then tested for their effect on the rate of release of enzyme 
from isolated liver lysosomes. 


The total enzyme activity of samples was determined 
following treatment with Triton-X-100 (0.2%, v/v). 
Freeze-dried sponge exudate or rat sera were dis- 
solved in the test media prior to addition of the lyso- 
some suspension, and since all these preparations 
possess enzyme activity this was assayed and sub- 
tracted from subsequent measurements. Hydrocorti- 
sone (B.P.) was dissolved in dimethylsulphoxide 
(B.D.H. Chemicals Ltd.) and added to the media prior 
to addition of lysosomes. The final concentration of 
dimethyl sulphoxide was always 1%. 

Fractionation of rat proteins. Sponge exudate and 
normal rat serum were fractionated by gel filtration 
on Sephadex G 150 in a similar manner to that pre- 
viously described [19]. Eight ml of a solution contain- 
ing 25 mg/ml of freeze-dried protein in 0.5M NaCl 
and 0.02% sodium azide was applied to a 


25 x 1000-cm column at 4° and the column eluted 


% control 


realease, 


Enzyme 


i | 
10 io io” 








Hydrocortisone, mole/\ 


Fig. 2. The effect of increasing concentrations of hydro- 

cortisone (M) on the amount of enzyme released from 

isolated liver lysosomes (incubated in isotonic sucrose 

buffer pH 7.4 for 60 min at 37°) expressed as a percent- 

age of the amount of enzyme released in control incuba- 

tions (without hydrocortisone): O—acid phosphatase; @ 
B-glucuronidase. 


at a rate of 13 ml/hr. The protein content of the 
eluant was monitored continuously by measuring its 
extinction at 280nm using a flow through cell con- 
nected to a Uvicord II Ultraviolet Absorbtiometer 
(LKB Ltd). Samples were collected ‘automatically 
every 15 min. Three protein peaks were obtained (Fig. 
1); the samples from each peak were pooled, and the 
volumes and extinctions at 280 nm of each pool noted 
in order to calculate the relative proportions of each 
peak in the original material. The samples were then 
force-dialysed, freeze-dried and stored at —20° until 
required. The fractionated pooled materials were 
tested for their effects of lysosomes using Method B. 
Unfractionated material was shown to be effective in 
this system at 8 mg/ml, therefore the fractions were 
tested at concentrations at which they would have 
been present in an 8 mg/ml solution. In addition, the 
three fractions were recombined in the appropriate 
proportions and the effect of these reconstituted prep- 
arations compared with the effects of the unfrac- 
tionated materials. 


RESULTS 


Neither hydrocortisone nor any of the proteins un- 
der study interfered with the enzyme assays. However, 
all the proteins possessed intrinsic f-glucuronidase 
and acid phosphatase activity which had to be taken 
into account when calculating the release of enzymes 
from the lysosomes. 

Using the buffered isotonic sucrose medium 
(Method A) only between | and 3 per cent of the 
total enzyme activity was released in Ihr in the 
control incubation. At these very low. rates of release 
hydrocortisone demonstrated a biphasic action, in- 
creasing enzyme release from the lysosomes at 
10-3-M but reducing it at concentrations below this 
(Fig. 2). The effect of the rat protein solutions was 
more complex (Table 1). All the preparations in- 
creased the rate of appearance of f-glucuronidase into 
the incubation medium and all but exudate consis- 
tently increased the rate of release of acid phospha- 
tase. All preparations of sponge exudate caused a 
much slower rate of release of acid phosphatase than 
the other proteins, and although one preparation 


Table 1. The effect of sponge exudate, serum from sponge 

bearing animals (inflamed serum) and normal rat serum 

on the release of acid phosphatase and f-glucuronidase 

from isolated rat liver lysosomes, incubated in isotonic suc- 
rose (pH 7.4) at 37° for 60 min 





Enzyme activity in supernatant 
%, of total enzyme activity)* 





acid 


Treatment B-glucuronidaset — phosphatase+ 





Sponge exudate 
(10 mg/ml) 
Inflamed serum 
(10 mg/ml) 
Normal rat serum 
(10 mg/ml) 5 ; | 
Control i . 1+ 


3 





*Total available enzyme activity was determined in 
samples treated with Triton-X-100 (0.2%, v/v). 
+ Results are the mean of three experiments +S.E.M. 
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Fig. 3. A comparison of the effect of exudate (@) normal rat serum (0), serum from sponge-bearing 

rats (O) and control medium (™) on the rate of release of f-glucuronidase and acid phosphatase 

from isolated rat liver lysosomes. Incubations were performed in Hank’s B.S.S. containing 10 mg/ml 

bovine serum albumin at 37°, and test proteins were added at a concentration of 8 mg/ml. The results 

are expressed as a percentage of the total enzyme which can be released by treatment of the lysosomes 
with Triton-X-100 (0.2%, v/v). 


reduced the rate of release below control values, with 
most preparations the rate of release was still faster 
than the control. 

Using Method B, approximately 20 per cent of the 
total enzyme activity was released within | hr in the 
control incubations. However, hydrocortisone never 
inhibited the release of enzymes in this system, despite 
repetition of the experiment on a number of occasions 
varying the parameters which are thought to be criti- 
cal. For example, ethanol was used as the solvent 
in place of dimethylsulphoxide, the water-soluble salt 
hydrocortisone sodium succinate was used, the 
enzymes were assayed using different substrates (f-d- 
glycerol phosphate for acid phosphatase and 
phenolphthalein glucuronide for $-glucuronidase) and 


220; B-Glucuronidase 


}— 


= 


% control 


Enzyme release, 





_— 
8 





Protein concn, mg/ml 


lysosomes were prepared from rats which had been 
deprived of food overnight. In none of the exper- 
iments was the rate of enzyme release inhibited, 
although at 10°*M enzyme release was increased in 
all of the experiments. 

At a concentration of 8 mg/ml both normal rat 
serum and serum from inflamed animals increased the 
rate of enzyme release in system B (Fig. 3), while the 
effect of sponge exudate was very little different from 
that of the controls. When different concentrations 
of the proteins were used however, a slight (13 per 
cent) reduction in the rate of release of acid phospha- 
tase was seen with sponge exudate at 2 mg/ml (Fig. 4). 

Since sponge exudate has been shown to have its 
most potent anti-inflammatory effect when collected 


Acid phosphatase 








Protein concn, mg/ml 


Fig. 4. The effect of increasing concentrations of exudate (@), normal rat serum (x) and serum from 

sponge-bearing rats (O) on the amount of £-glucuronidase and acid phosphatase released from isolated 

rat liver lysosomes. Incubations were performed in Hank’s B.S.S. containing 10 mg/ml bovine serum 

albumin at 37° for 60 min. The results are expressed as a percentage of the enzyme released in control 
incubations over the same period. 
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Fig. 5. The effect of normal rat serum (@) and of exudate collected on different days after sponge 
implantation (O) on the amount of f-glucuronidase and acid phosphate released from isolated rat 
liver lysosomes. Incubations were carried out for 60 min at 37° in Hank’s B.S.S. containing 10 mg/ml 
bovine serum albumin. The results are expressed as a percentage of the enzyme released in control 
incubations over the same period. The figures for normal rat serum are the means of 8 observations 
+S.E.M., whilst the figures for the exudate samples are the means of 4 results +S.E.M. 


Table 2. A comparison of the rate of release of /-glucur- 
onidase from isolated rat liver lysosomes (a) obtained from 
normal animals, and (b) obtained from rats which had had 
a sponge implanted subcutaneously seven days previously 





fB-Glucuronidase activity in supernatant 
(°,, of total enzyme activity)? 





Source of 
lysosomes 30 min 60 min 90 





Normal rats* ee Be 7.0 +29 
Sponge-bearing 
rats* 


32.0 + 


ba +f, 5.0 + 31.0 + 2.6 





The incubations were performed at 37° in Hank’s B.S.S. 
containing 10 mg/ml bovine serum albumin. 

* There were 8 rats in each treatment group, and the 
results are the mean +S.E.M. 

* Total available enzyme activity was 
treating samples with Triton-X-100 (0.2%, 


determined by 
v/v). 

4 days after sponge implantation, the relative effects 
on lysosomal stability of exudates collected on 
various days were compared. Figure 5 shows that 
with all the sponge exudate samples the rate of 
enzyme release was below that induced by normal 
rat serum. With the exception of the intermediate 
effect produced on day 1, the action of sponge exu- 
date collected on days 4, 6, 8 and 14 did not differ 


significantly from the effect produced in the control 
incubations. 

The stability of liver lysosomes from rats in which 
sponges had been implanted 4 days previously was 
compared with the stability of control lysosomes. 
Table 2 shows that no differences were apparent in 
the rate of release of enzymes from these preparations. 

In an attempt to separate any labilizing and stabi- 
lizing activities in sponge exudate, and to determine 
whether the latter if it appeared, was in a similar frac- 
tion to the anti-inflammatory activity, fractionation 
of sponge exudate and normal rat serum was carried 
out on Sephadex G150. The activity of the three pro- 
tein peaks obtained (Fig. 1) was tested using System 
B. The three fractions of sponge exudate were used 
at concentrations equivalent to their relative propor- 
tions in an 8 mg/ml solution, and Table 3 compares 
the rates of lysosomal enzyme release obtained with 
each fraction of exudate with the corresponding frac- 
tion of normal rat serum. The table also shows the 
rates of enzyme release for unfractionated exudate 
and normal rat serum and for exudate and normal 
rat serum which had been reconstituted from the frac- 
tionated material. In the case of exudate there was 
good agreement between these two figures, indicating 
that the majority of the activity had been recovered. 
This was not found to be true of the normal rat 


Table 3. The effect of fractions of sponge-exudate and normal rat serum following separation of 
G 150 Sephadex on f-glucuronidase release from isolated rat liver lysosomes (incubated for 60 
min in Hank’s B.S.S. containing 10 mg/ml bovine serum albumin at 37 





f-Glucuronidase activity in supernatant 
(°% of total enzyme activity)t 





Fraction* 
1+ 11+ 1 


Unfractionated Fraction* Fraction* Fraction* 


Treatment 8 mg/ml ] II 





Sponge exudate : 1.0 
Normal rat serum —5.2 


10.0 
25.7 


15.6 
30.3 


3.3 
17.2 





* The fractions were dissolved in incubation medium at the concentrations at which they would 
be present in unfractionated material at 8 mg/ml. 

+ Total available enzyme activity was determined by treating samples with Triton-X-100 
(0.2%, v/v). 





Lysosomal stabilization 


serum, and it is assumed that some of its labilizing 
activity had been lost during fractionation. It was 
noted that. unlike sponge exudate, the freeze-dried 
fractions of serum following separation did not dis- 
solve completely, and this may explain the discre- 
pancy. 


DISCUSSION 


The purpose of the present investigation was to 
determine whether the anti-inflammatory activity 
detected in sponge exudate from the rat could be 
attributed to a stabilizing effect of lysosomal mem- 
branes. This possibility has been investigated by 
assessing the effect of sponge exudate on the release 
of enzymes from lysosomes incubated in vitro. At first 
sight the results suggest that this may be the case 
since the rate of release of enzymes from lysésomes 
when incubated with sponge exudate was found to 
be less than when lysosomes were incubated with nor- 
mal rat serum, especially when Method B was used. 
Furthermore, serum from sponge bearing animals 
produced an effect intermediate between the effects 
of sponge exudate and normal rat serum. These find- 
ings correlate with the previously established anti- 
inflammatory potencies of these preparations (sponge 
exudate > serum from sponge bearing rats > normal 
rat serum[1]). In addition, sponge exudate obtained 
on the first day after sponge implantation and which 
is not anti-inflammatory[4] produced a rate of 
enzyme release which was only slightly less than that 
produced by normal rat serum; whereas exudate 
which was collected after 4 days when its anti-inflam- 
matory activity is maximal[4] produced minimal 
enzyme release (see Fig. 5). However, the failure of 
sponge exudate to reduce consistently the rate of 
enzyme release below that obtained in control incuba- 
tions calls into question what is actually meant by 
the term “stabilization” in this system. The differences 
observed between the effects of sponge exudate and 
normal rat serum could be explained by either; the 
presence of lytic factors in normal serum which are 
not present in sponge exudates, or, the presence of 
stabilizing factors in sponge exudates which are not 
present in normal serum. In order to be able to claim 
that sponge exudate contains true stabilizing activity 
it would be necessry to demonstrate that it reduces 
the rate of enzyme release below that obtained in con- 
trol incubations; comparison with normal rat serum 
is insufficient. The same criticiam applies to the “sta- 
bilizing” activities found in serum from rats suffering 
from adjuvant arthritis [9] and in serum from preg- 
nant women [7]. It is noteworthy that both labilizing 
and stabilizing activity has been found in synovial 
fluids from rheumatoid arthritis patients [20]. 

When lysosomes were incubated in isotonic buf- 
fered sucrose, only a small proportion of their total 
available enzyme activity was liberated during control 
incubations (1 to 3 per cent). Although this system 
showed that hydrocortisone could stabilize lysosomes, 
it was thought that a more severe stress which 
resulted in a greater release of lysosomal enzymes 
would permit demonstration of stabilization with 
sponge exudates. Therefore the technique of 
Ignarro [11], Method B of this paper, was adopted. 
This system resulted in the release of approximately 
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20% of the total available enzyme activity in 1 hr. 
With this technique the differences between sponge 
exudates and normal rat serum were more pro- 
nounced, but still true stabilization was not found. 
However, hydrocortisone also failed to show stabiliz- 
ing activity in this system. The literature contains 
many studies on the effects of anti-inflammatory 
drugs on lysosomes. In some of these stabilization 
has been demonstrated [11-13] whilst in others labili- 
zation or no effect has been shown [14-16]. It would 
therefore seem that some, as yet unidentified, techni- 
cal point is critical in determining the nature of the 
effect produced [21 ]. 

In an attempt to separate the stabilizing and labiliz- 
ing activities present in the exudate and serum 
samples, they were fractionated and the effects of the 
fractions on lysosomes studied. However none of the 
fractions reduced the rate of enzyme release below 
control levels. Nevertheless since the fraction contain- 
ing anti-inflammatory activity (fraction III [2]) is still 
impure, further purification may yet reveal true stabi- 
lizing activity. In conclusion, it can be said that there 
is a very marked difference in the manner in which 
sponge exudate and normal rat sera interact with iso- 
lated lysosomes, and that the difference correlates in- 
versely with the anti-inflammatory potencies of these 
preparations. However, because of the technical limi- 
tations of the techniques employed it is not possible 
to conclude that the sponge exudates contain true 
stabilizing activity. These results indicate that caution 
must be applied in the interpretation of studies of 
the effects of impure protein preparations on the sta- 
bility of lysosomal membranes. It is suggested that 
studies on the rates of release of lysosomal enzymes 
from intact phagocytic cells[22,23] may provide 
more meaningful information on the mode of action 
of anti-inflammatory agents than the widely used sys- 
tem of isolated liver lysosomes. 
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Abstract—The effect of prostaglandin E on the vascular permeability and the prostaglandin synthesizing 
and metabolizing activities in rat carrageenin granuloma were studied. Radioiodinated human serum 
albumin was used as an indicator for the measurement of vascular permeability. The dose necessary 
to induce significant increase of vascular permeability in the inflammatory tissue was found at least 
in the order of 0.5 ug for PGE, and 5 yg for PGE,. The prostaglandin synthesizing system was charac- 
terised by a radiometric assay. Two main products (PI and PII) were formed from [1-'*C]arachidonic 
acid, while PGE, and PGF,, were hardly formed. The prostaglandin metabolizing activity was 
measured by a reversed-phase partition chromatography technique. Both of the granuloma exudate 
and granuloma pouch wall were found to have little enzymatic activity for metabolizing PGE,. The 
results strongly suggest that contribution of endogenous PGE as a mediator of vascular permeability 
response in the granulomatous inflammation is minor at best. 


Prostaglandins (PG) are hormone-like lipids that 
have been proposed to be implicated in various phy- 
siological and pathological processes involving in- 
flammation. The role of PGE in the development of 
inflammatory reactions is considered to be that it in- 
creases local vascular permeability and it is chemotac- 
tic for polymorphonuclear leukocytes and it causes 
pain [1]. Among these inflammatory reactions evoked 
by PGE, reaction of increasing local vascular permea- 
bility has been extensively investigated and regarded 
as the main manifestation of the pro-inflammatory 
property of PGE. PGE induces an increase of local 
cutaneous vascular permeability in the skin of guinea 
pig [2], bovine [3], rat [4,5] and human [6]. When 
infused intra-arterially, PGE also causes oedema and 
vasodilation in the human forearm [7]. 

The existence of PGE in the inflammatory locus 
is also evident—the perfusate of human contact 
eczema contained 0.4—1.6 ng/ml of PGE, [8]; the exu- 
date of carrageenin-induced hind foot oedema in rats 
contained 3-6 ng/ml of PGE, [9]; the fluid of human 
blister contained about 1.9 ng/ml of PGE, [10]. How- 
ever, it still remains unknown whether the concen- 
tration of endogenous PGE as determined in the in- 
flammatory locus is enough to evoke significant in- 
crease of vascular permeability or not, because the 
amount of PGE recoverable from the locus of inflam- 
matory lesions is generally very low, though it is 
broadly suspected to be a chemical mediator of in- 
flammation. 

The present experiments were undertaken in order 
to investigate whether PGE level as reported in a 
previous paper for the inflammation locus of carra- 
geenin granuloma pouch [11] is sufficiently high or 
not, to evoke vascular permeability response of the 
granuloma pouch tissue itself. Biosynthetic activity 
for PGE of the granuloma tissue and PGE metaboliz- 
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ing activity of the granuloma tissue were also exam- 
ined. Overall results strongly suggest that contribu- 
tion of endogenous PGE as a mediator of vascular 
permeability response in the granulomatous inflam- 
mation is minor at best. 


MATERIALS AND METHODS 


Carrageenin (Seakem No. 202) was supplied from 
Marine Colloid Inc., Springfield, N.J.. U.S.A. PGE, 
was a generous gift of Ono Pharmaceutical Co., Ltd., 
Osaka, Japan. PGE, and PGF,, were generous gifts 
of Japan Upjohn Limited, Tokyo, Japan. Thin-layer 
chromatography (t.l.c.) plates of Silica gel 60 F 54, 
0.25-mm in thickness, were supplied by E. Merck, 
Darmstadt, Germany. '*‘I-Human serum albumin 
('3'I-HSA) was purchased from Dainabot Radioiso- 
tope Institute, Tokyo, Japan. '?°I-Human serum 
albumin ('7°I-HSA) (0.0025 mCi/mg), [1-'*C]arachi- 
donic acid (58mCi/m-mole), [5, 6,8, 11, 12, 14, 15- 
(n)-H]PGE, (140Ci/m-mole) and [5, 6,8, 11, 12, 
14, 15(n)--H]PGF,, (140 Ci/m-mole) were purchased 
from The Radiochemical Centre, Amersham, Eng- 
land. 

Granulomatous inflammation. Granuloma pouch 
was induced by the modification of Selye’s method 
using carageenin as a phlogistic agent as described 
in a previous paper [12]. Rats bearing 8-day-old 
granuloma pouch were used throughout this series 
of experiments. 

Effect of PG on the enhancement of vascular permea- 
bility. '?°I-HSA and '3'I-HSA were used as the tracer 
for vascular permeability measurement, since the 
radioactive tracer technique have been established by 
Movat and DiLorenzo [13] as a rapid, sensitive and 
reliable method for measuring the vascular permeabi- 
lity response in inflammation. Both of the radionated 
human serum albumins were purified by subjecting 
to Sephadex G-100 column chromatography to 
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remove radioactive low mol. wt. impurities before use. 
The method of the exudative reaction induced by 
PGE was according to methods described in a pre- 
vious paper [14] with slight modification. 

Preparation of enzyme source and assay for PG bio- 
synthetic activity. All procedures were performed at 
4°. Rat granulomas or bovine seminal vesicles (from 
a slaughter house) were homogenized in Ca**- and 
Mg’ *-free phosphate buffered saline [15] (tissue to 
buffer ratio, 1:2.5, w/v). The homogenate was centri- 
fuged at 600g for 5 min, and the resulting supernatant 
was used for the enzyme source. The microsomal frac- 
tion of bovine seminal vesicle was prepared according 
to the method of Parkes and Eling [16]. 

Each incubation tube contained 4ml of the 600g 
supernatant, 0.2 wCi of ['*C]arachidonic acid and 
5 wg of unlabeled arachidonic acid. In case of micro- 
somal fraction of bovine seminal vesicle, it contained 
0.2 wCi of ['*C}arachidonic acid, 5 ug of unlabeled 
arachidonic acid, 2ml of boiled 105,000g super- 
natant, | ml of 0.25M phosphate buffer (pH 8.0) and 
4mg of microsomal protein resuspended in | ml of 
0.25M sucrose [16]. Incubation was carried out in 
air at 37° for 30 min with shaking. Reaction was ter- 
minated by chilling them followed by quickly adding 
an appropriate amount of | N HCl to bring the pH 
of the reaction to 3.0. Ten pg of PGE, and PGF,, 
were added to the mixture and the mixture was then 
extracted twice with 8 vol of ethyl acetate. The result- 
ing organic phase was evaporated to dryness under 
reduced pressure. Residues were dissolved in a small 
amount of ethanol and applied to t.l.c. plates. Ten pg 
each of PGE, and PGF,, were also applied to the 
plates as the references. The plates were developed 
in the AI solvent system (benzene-dioxane-acetic acid 
20:20:1, v/v) [17], and the radioactive products were 
detected by a Diinnchicht scanner. Zones correspond- 
ing the radioactive products were extracted with 
chloroform—methanol (1:1, v/v) for further analysis. 
In some cases, the developed plates were autoradio- 
graphed using Fuji X-ray film No. Kx medical. Refer- 
ence standards of PGE, and PGF;, were visualized 
in a tank with iodine vapour, if necessary. ; 

Identification of the radioactive products. An aliquot 
of the extracted ['*C]radioactive products separated 
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by t.l.c. in the AI solvent was mixed with an appro- 
priate quantity of [>H]PGE, or [7H]PGF;, respect- 
ively, and the mixture was successively chromato- 
graphed on thin layers with three kinds of solvent 
systems. The sequence was (A) the AI solvent system, 
(B) chloroform—ethyl acetate—-methanol (1:1:1, by vol) 
and (C) the AII solvent system (ethyl acetate—acetic 
acid—methanol—2,2,4-trimethylpentane—water 
110:30:35:10:100, by vol) [17]. Plates impregnated 
with AgNO, [18] were used in the AII solvent sys- 
tem. Zones of the radioactive substances on each thin- 
layer chromatogram were detected by a_ radio- 
chromato scanner and eluted with a mixture of meth- 
anol-chloroform (1:1, v/v), except in case of silver 
impregnated plate, in which the method of Kunze and 
Bohn [19] was used for the extraction. The radioacti- 
vities due to *H and '4C in each zone were separately 
counted in the operation mode of double isotope set- 
ting by a liquid scintillation counter. 

PGE metabolizing activity in granuloma. Rat granu- 
loma and lung of male guinea pig were homogenized 
in Biicher medium [20] (tissue to medium, 1:4, w/v). 
The homogenate was centrifuged for 15 min at 900g, 
and the supernatant was recentrifuged for 60 min at 
105,000 g. Four ml each of the 105,000 g supernatant 
fractions as well as of exudate of granuloma were 
mixed with 0.5 Ci of [7H]PGE, and incubated at 
37° for 30min. The incubation was terminated by 
adding 9 vol of 96°, ethanol. After centrifugation, the 
ethanol fraction was evaporated to a small volume, 
and the resultant solution was acidified to pH 3 with 
1N HC! and extracted with ether. To the ether 
extract | mg of PGE, was added as the reference, 
and the mixture was evaporated to dryness. Residue 
was analyzed by reversed-phase partition chromato- 
graphy as described by Anggard and Samuelsson 
[21]. The system used was C-47. In the case of investi- 
gating PGE metabolizing activity in granuloma in 
vivo, 0.5 Ci of [7H]PGE, was injected into the 
granulomatous pouch, and the exudate was collected 
35 min later and analyzed. 


RESULTS 


Effect of PGE on the vascular permeability in rat 
carrageenin granuloma. The data are shown in Table 


Table |. Dose-response relationship for the effect of PGE on vascular permeability of carrageenin-induced granuloma 
in rats 





Initial 
concentration 
of exogenous 
PGE in pouch 
fluid (ng/ml) 


Number 
of rat 


Dose 


Treatment 


‘eng Increase 


o 5 125 o 
(") ae (.) 





Control 

PGE, 43 
PGE, 33+ 37.6 
PGE, 5 t ‘ 424.0 
PGE 2.5 4.7 
PGE, 5 8+ Ls 46.3 
PGE, 5 5 8 + 510.0 


0.037 

t 0.085 

0.122 

+ 0.081 

+ 0.089 

538 + 0.085 
0.646 + 0.103 


0.344 + 0.033 
0.426 + 0.030 
0.412 + 0.061 
0.426 + 0.059 
0.399 + 0.089 
0.499 + 0.086 
0.430 + 0.075 


1.030 + 0.092 
1.134 + 0.136 
1.670 + 0.269 
2.711 + 0.314 
1.165 + 0.140 
1.196 + O.I88 
1.542 + 0.131 





* Total radioactivity in pouch fluid/Total injected radioactivity x 100. 
+P < 0.05, | P < 0.001, § P < 0.02. P value was given by (-test. 


Rats bearing the granuloma pouch were given iv. | wCi of '?°I-HSA in a 
later, | ml of exudate in the granuloma pouch was sampled; | min later, 


vol of 0.3 ml of 0.9%, NaCl. Thirty min 
PG dissolved in 0.5 ml of Krebs saline 


serum substitute solution was injected into the pouch. Control group received the vehicle only. Five min after PG 
treatment, rats were given again i.v. | wCi of '7'I-HSA in a vol of 0.3 ml of 0.9%, NaCl and after 30 min, | ml of 
exudate in the pouch was sampled again. The radioactivities of '?°I-HSA in the exudate of the first sampling and 
of '3'I-HSA in the exudate of the second sampling were counted in an Aloka JDC-715-auto well gamma system. 
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Fig. 1. Radiochromatogram showing the prostaglandin 

synthesizing activity by the 600g supernatant fraction of 

rat granuloma. The extracted sample was spotted on Silica 

gel thin-layer plates on which standards were also spotted 

and developed in the AI solvent system. See Materials and 
Methods for details. 


1. A marked enhancement of the permeability was 
provoked by injecting 0.5 and 5 wg of PGE, and 5 pg 
of PGE, into the pouch, resulting in 62, 163 and 50% 
increase in the exudation of '*'I-HSA respectively. 
While 0.05 ng of PGE, and 0.05 and 0.5 pg of PGE, 
showed no significant effect. From these results it was 
concluded that the dose necessary for inducing signifi- 
cant increase of vascular permeability in the inflam- 
matory tissue of carageenin-induced granuloma was 
at least in the order of 05g for PGE, and 5 yg 
for PGE,. Recovery of PGE in the pouch fluid 
throughout the experimental period (35min) was 
about 80-85 per cent. 


Transformation of arachidonic acid in inflammatory 


tissue. Incubation of ['*C]arachidonic acid in the 
presence of 600g supernatant fractions of rat granu- 
loma resulted in forming two main products (PI and 
PII) as shown in Fig. 1. PI was slightly less polar 
than PGE, on thin-layer chromatography. PII was 
more polar than PI, and its chromatographic mobility 
was very close to PGF,,, but it was not identified 
with PGF,, (Table 2). This transformation was also 
confirmed by autoradiography. The yields of PI and 
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PII were found to be about 2-3 per cent of the sub- 
strate respectively. In order to ensure PI and PII were 
not the further metabolites of PGE, and PGF,, 
which might have been formed from arachidonic acid 
during the incubation, each tritiated standard of 
PGE, and PGF,, was incubated with 600g superna- 
tant fractions of rat granuloma for 30 min at 37° and 
examined the metabolizing activity in the same man- 
ner as described above in the case of arachidonic acid. 
No conversion of the tritiated standards to PI and 
PII or any other products was observed. Moreover, 
it was also known that PI and PII were not the PG 
endoperoxides (PGG and PGH) [22] because of their 
stability, ic. when PI or PII was incubated further 
with 600 g supernatant fractions of granuloma no de- 
tectable conversion of PI and PII to PGE,, PGF,, 
or any other products was observed. From these find- 
ings it is concluded that the main metabolites from 
arachidonic acid in the granuloma were PI and PII, 
while PGE, and PGF, were hardly formed. 

To ensure that the formation of PI and PII from 
arachidonic acid in rat granuloma was not due to 
the arbitrary incubation and isolation procedures 
used, 600g supernatant fractions of bovine seminal 
vesicle, which was obtained by the same procedures 
as in the case of granuloma, was substituted for 600 g 
supernatant fractions of granuloma. Moreover, 
further to ensure the biosynthetic activity of prosta- 
glandins in bovine seminal vesicle, transformation 
arachidonic acid in microsomes of bovine seminal 
vesicle was also investigated. Both of the 600g super- 
natant fraction and microsomal fraction converted 
arachidonic acid into two main products: the less 
polar one (MI) had chromatographic mobility similar 
to PGE, and the other more polar one (MII) was 
chromatographically very close to PGF,, as shown 
in Fig. 2 and Fig. 3. This transformation was also 
confirmed by autoradiography. MI was identified 
with PGE, as indicated in Table 2, but MII was not 
identified with PGF, as indicated in Table 2. Judging 
from these results, it was confirmed that the forma- 
tion of PI and PII from arachidonic acid in the 
granuloma shown in Fig. | were not due to the arbi- 
trary incubation and isolation procedures used. 

PGE metabolizing activity in rat carrageenin granu- 
loma. After incubating granuloma exudate or 


Table 2. Identification of the radioactive products from arachidonic acid 





4C/PH 





*H-authentic 


Enzyme source standard 


Original 
mixture (A) (B) (C) 





PII from 600g supernatant PGF,, 


of granuloma 

MII from 600g supernatant PGF,, 
of bovine seminal vesicle 
MII from microsome PGF,, 
of bovine seminal vesicle 
MI from 600g supernatant PGE, 
of bovine seminal vesicle 
MI from microsome PGE, 
of bovine seminal vesicle 


0.180 (0.38) 


0.643 (0.42) 


0.638 (0.42) 


0.691 (0.59) 


0.617 (0.58) 


0.120 (0.42) 0.017*(0.26) 


2.200 (0.59) 


0.210 (0.38) 


0,.223*(0.55) 


14.319 (0.61) 


0.386 (0.42) 


0.274*(0.58) 
7.039 (0.63) 


0.424 (0.42) 


0.654 (0.59) 0.654 (0.69) 0.620 (0.53) 


0.565 (0.59) 0.538 (0.68) 0.560 (0.52) 





* Two peaks appeared in the t.l.c. plate. 


The detailed procedures were described in the text. R, values were indicated in the parentheses. 


(A): AI solvent system. 
(B): chloroform—methanol-ethyl acetate, 1:1: 1. 
(C): AII solvent system. 
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Fig. 2. Radiochromatogram showing the prostaglandin 

synthesizing activity by the 600g supernatant fraction of 

bovine seminal vesicle. Spotting and development system 

were the same as those described in Fig. 1. See Materials 
and Methods for details. 


105,000 g supernatant fraction of granuloma pouch 
wall with [*7H]PGE,, the extracted radioactive sub- 
stances were subjected to reversed phase partition 
chromatography. The radioactivity appeared in one 
peak upon the reversed phase partition chroma- 
tography as shown in Fig. 4 and Fig. 5. This peak 
could be identified as the original [7H]PGE, itself 
because the spot derived from the unlabeled reference 
PGE, was consistent with this radioactive peak. The 
preliminary experiments revealed that when 
[°H]PGE, was incubated with 105,000 g supernatant 
fractions of guinea pig lung in the same incubation 
conditions, two less polar metabolites designated 
Metabolites I and II were found as shown in Fig. 
6. Metabolite I was described as 11%,15-dihydroxy- 
9.15-ketoprostanoic acid and Metabolite II was de- 
scribed as 11z-hydroxy-9,15-diketoprostanoic acid by 
Anggard and Samuelsson [21]. In the case of PGE 
metabolizing activity in vivo, also no enzymatic acti- 
vity was found as shown in Fig. 7. Therefore it was 
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Fig. 3. Radiochromatogram showing the prostaglandin 

synthesizing activity of the microsomal fraction of bovine 

seminal vesicle. Spotting and development system were the 

same as those described in Fig. 1. See Materials and 
Methods for details. 


indicated that both of the granuloma exudate and 
granuloma pouch wall had little enzymatic activity 
capable of metabolizing PGE,. 


DISCUSSION 

In the literature E type of prostaglandins were 
reported to have a pharmacologic activity of increas- 
ing vascular permeability locally at the site of injec- 
tion [2-7]. The authors also previously reported that 
0.5, 5 and 50 ug of PGE, and 5 and 50 yg of PGE), 
when injected into the granuloma pouch of the carra- 
geenin-induced inflammation, exerted significant ele- 
vation of the local vascular permeability in 7-day-old 
granuloma pouch [14]. In the present investigation, 
dose-response relationships for vascular permeability 
increasing action of PGE, and PGE, were examined 
more precisely using 8-day-old granuloma pouch 
(Table 1). Consequently, minimum effective concen- 
tration was confirmed to be around 37.6 ng/ml (0.5 ng 
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Fraction no 
Fig. 4. Reversed phase partition chromatography of an extract from an incubation mixture of 
[SH]PGE, with 4 ml of exudate of 8-day-old granuloma. Conditions: 4.5 g of hydrophobic Hyflo Super- 
Cel; solvent, System C-47. Reference of PGE, was determined by measuring the absorbance at 278 nm 
after treating aliquots of the fractions with 0.5 N methanolic NaOH. 
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Fig. 5. Reversed phase partition chromatography of an extract from an incubation mixture of 
[7H]PGE, with 4ml of 105,000g supernatant fraction of granuloma. Conditions were the same as 
those described in Fig. 4. 


per 13.3 ml of the pouch fluid) for PGE, and around 
. 510 ng/ml (5g per 9.8 ml of the pouch fluid) for 
PGE,, respectively. 

Besides this demonstration of the minimum effec- 
tive concentration of exogenously given PGE, we also 
reported some data on the levels of PGE in the exu- 
dates of the carrageenin granuloma pouches at 1, 2, 
3, 4, 5, 8 and 11 days after injection of carrageenin 
solution with the aid of radioimmunoassay technique 
[11]. The highest concentration demonstrated was 
8.2 ng/ml, which was obtained at the third day after 
carrageenin injection. At the 8th day after carrageenin 
injection, only 2.3 ng/ml of PGE were found in the 
exudate. Thus, the concentration of endogenous PGE 
in the exudate was shown to be the order of 
10~'-10~? of pharmacologically active local concen- 
tration of PGE. Therefore, significance of endogenous 
.PGE as a condidate for the natural chemical media- 
tor appears to be doubtful. Of course, further evi- 
dence for eliminating the possibility of rapid degrada- 
tion of PGE in the exudate should be given to con- 


firm this concept, because rapid degradation, if it 
occurs in the exudate, would make it unpractical to 
estimate tissue PGE level by its concentration in the 
exudate. 

PGE has been known to be metabolized rapidly 
by prostaglandin 15-hydroxydehydrogenase [23]. If 
the exudate and the granuloma of the carrageenin- 
induced inflammation had prostaglandin 15-hydroxy 
dehydrogenase, PGE would be metabolized and con- 
sequently the contents of PGE in the exudate would 
be kept at a low level. However, both of the granu- 
loma exudate and the granuloma pouch tissue of the 
8-day-old granuloma were found to have little enzy- 
matic activity capable of metabolizing PGE, (Fig. 4 
and Fig. 5). These results were consistent with those 
reported by Ohuchi et al. [24] who showed that the 
exudates of the granuloma pouch at 24hr and 72 hr 
after carrageenin injection in the Donryu strain rats 
had little activity of prostaglandin 15-hydroxy de- 
hydrogenase. It was also found that the inflammatory 
tissue has little PG metabolizing activity in vivo (Fig. 
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Fig. 6. Reversed phase partition chromatography of an extract from an incubation mixture of 
[7H]PGE, with 4 ml of 105,000g supernatant fraction of guinea-pig lung. Conditions were the same 
as those described in Fig. 4. 
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Reversed phase partition chromatography of an extract from a granulomatous exudate which 


[°H]PGE, was injected in vivo. Conditions were the same as those described in Fig. 4. 


> 


ng/ml of PGE 
the exudate at the 8th day after carrageenin injec- 


tion seems reliable as a mirror of its tissue concen- 
tration and this is far from its effective concentration 
for increasing vascular permeability. 


The prostaglandin synthesizing activity in the 


granuloma was also investigated in the present exper- 
iments. Metabolizing activity for arachidonic acid of 
the granuloma was found to belong to the group of 
moderate yields (about 5-10°, conversion from the 
precursor) as classified by Christ and Van Dorp. [25]. 
In the granuloma PI and PII were shown to be the 


main metabolites from arachidonic acid, and PGE, 


and PGF,, were not formed in a detectable amount 


(F 


ig. | and Table 2). It was also disclosed that PI 


and PII are neither the metabolites of PGE, and 
PGF,, nor the intermediates from arachidonic acid 


pr 


ior to the production of PGE, and PGF,,. Identifi- 


cation of PI and PII, and investigation of their bio- 
logical activities is under way in our laboratory. 


Overall results obtained in the present experiments 


strongly suggest that contribution of endogenous 
PGE as a mediator of vascular permeability response 


in 


the carrageenin-induced inflammation in rats is 


minor at best. However, it still remains unsettled 
whether PGE has nothing to do with inflammation 


at 


all or not, since Williams and Morley [28] have 


reported that PGE plays as a potentiator of increased 
vascular permeability for other chemical mediators in 
inflammation. 
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Abstract—The toxicity of 4-chlorobiphenyl, a constituent of Aroclor 1221, was studied in mouse L5178Y 
cells, in vitro. 4-Chlorobiphenyl had a varied effect on the uptake of small precursor molecules. Uptake 
of [*H]t-leucine, [*H]t-serine, [*H]uridine and [*H]thymidine was inhibited, while that of 
[*H]inositol was stimulated. There was no significant effect on either ['*C]ethanolamine or [!*C]cho- 
line uptake. However 4-chlorobiphenyl significantly inhibited the incorporation of ['*C]ethanolamine 
into phosphatidylethanolamine and caused a 2- to 3-fold stimulation in the incorporation of ['*C]cho- 
line into phosphatidylcholine. This, effect on phosphatidylcholine metabolism depended on the adsorp- 
tion and continued presence of 4-chlorobiphenyl on the cell plasma membrane. The stimulation of 
['*C]choline incorporation was reversed when treated cells were placed in fresh growth medium under 
conditions where 95 per cent of the 4-chlorobiphenyl was desorbed from the cell surface. The effect 
of 4-chlorobiphenyl on substrate uptake and phospholipid metabolism appears to depend upon the 
interaction of the agent with the cell membrane surface. 


The widespread occurrence of organochlorine com- 
pounds and their persistence in the environment have 
raised concern with respect to their detrimental bio- 
logical activity in man as well as in a wide range 
of animal and plant species. The toxicity of polychlor- 
inated biphenyl mixtures (PCBs) to several tissue cul- 
ture cell lines has been recently reported [1-3]. When 
toxicity of these commercial mixtures (Aroclors) was 
compared on an equal weight basis in Chinese ham- 
ster cells, it was observed that the toxicity increased 
as the average percentage of chlorine in the Aroclor 
mixture decreased [3]. In toxicity studies with chicks 
and fish, the toxicity of the Aroclors was also found 
to be inversely related to the percentage of chlor- 
ine [4,5]. Other investigators have reported that 
several different Aroclor mixtures inhibited both 
Mg’** ATPase and Na*-K* ATPase in fish prep- 
arations [6] and disrupted osmoregulation in marine 
fish [7]. These results imply that some component(s) 
of PCBs are active in affecting membrane transport 
mechanisms. 

Previous investigation in this laboratory on 
1,1,1-trichloro-2,2-bis-(p-chlorophenyljethane (DDT) 
toxicity in mouse L5178Y lymphoma cells suggested 
that DDT was expressing its toxic effect at the plasma 
membrane level [8]. Furthermore, the toxic effect did 
not depend on any detectable change in the molecular 
structure of the parent compound. Subsequently, 
DDT was shown to cause a perturbation in phospho- 





*Both lysed cells and spent culture medium (cells 
removed) were tested for the presence of mycoplasmas by 
culturing aliquots on mycoplasma agar base (BBL 11456, 
BioQuest) and mycoplasma broth base (BBL 11457) sup- 
plemented with mycoplasma enrichment (BBL 11865). In- 
cubations were both aerobic and anaerobic at 35-37°. The 
results were negative for mycoplasmas. 


lipid metabolism [9]. The availability of specific low 
molecular weight compounds of the PCB mixture 
Aroclor 1221 provided an opportunity to study the 
effects of this class of organochlorine compounds on 
transport and cell metabolism. 

Several constituents of Aroclor 1221 were com- 
pared for toxicity in mouse L5178Y lymphoma cells, 
and 4-chlorobiphenyl (4-Cl-BP) proved to be the most 
toxic of the compounds studied. The effects of 
4-Cl-BP on the incorporation of selected precursors 
of macromolecular synthesis have been investigated 
with the objective of attempting to characterize the 
mode of action by which the toxicity is being 
expressed. 


MATERIALS AND METHODS 


Cell culture and exposure protocols. Mouse L5178Y 
lymphoma cells were grown in suspension as shake 
cultures in a model G25 Brunswick Gyrotory incuba- 
tor-shaker at 37°. The complete growth medium was 
composed of Fisher’s medium, pH 7.0, supplemented 
with 10% horse serum, 50 units of penicillin/ml, 
50 mg streptomycin/liter, 2.2g NaHCO,/liter and 
0.1°% pluronic F-68 (Wyandotte Chemical Corp.). Cell 
numbers were determined with a model B Coulter 
counter. Cells were determined to be uncontaminated 
by mycoplasmas.* 

Exposure of cells to chlorinated biphenyls or to 
mixtures of polychlorinated biphenyls (e.g. Aroclor 
1221) was performed by adding dimethylsulfoxide 
(DMSO) solutions of the biphenyls to cell suspensions 
(1.30 + 0.10 x 10° cells/ml) which had been subcul- 
tured in fresh medium. Corresponding amounts of 
dimethylsulfoxide were added to controls. Inhibition 
of cell replication was determined after 24-26hr of 
incubation at 37°. The degree of toxicity was 
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expressed as per cent inhibition relative to the control 
or aS an ID, OF IDs9 concentration (g/ml). 

In acute toxicity studies, 4-Cl-BP was preincubated 
at 37° overnight (16hr) in complete growth med- 
ium. Subsequently, cells taken from cultures in expo- 
nential growth were then subcultured (at 
5.25 + 0.25 x 10° cells/ml) in the above biphenyl 
preincubation medium. At this cell concentration, the 
uptake of all labeled substrates was linear for 
90-120 min; therefore, 60 min was selected for the in- 
cubation time. 

Determination of radioactivity in whole cells and 
acid-insoluble fractions. For the determination of 
labeled precursor uptake into whole cells, three repli- 
cate 10-ml volumes of cell suspension (approximately 
5.0 x 10° cells) were collected at appropriate time in- 
tervals and were immediately placed in an ice bath. 
The cells were sedimented at 200g in an IEC model 
PR-2 refrigerated centrifuge for 7 min and were then 
washed twice in 5 ml of Earle’s balanced salt solution 
(EBSS). 

In order to prepare the acid-insoluble fractions, a 
second set of three replicate 10-ml volumes of cell 
culture was also cooled in an ice bath. All subsequent 
steps were carried out at 4°. The cells were sedi- 
mented and washed once with 5 ml EBSS. The cell 
pellet was suspended in 1.0 ml saline and mixed with 
1.0ml of 1N_ perchloric acid. The mixture was 
allowed to sit for 20 min to facilitate complete precipi- 
tation. The precipitate was sedimented at 400g for 
7 min, washed twice with 2.0-ml volumes of 0.5 .N 
perchloric acid, and once with 2.0 ml of 0.5 N trichlor- 
oacetic acid. 

When incorporation of [*H]L-serine was being 
- determined, another set of acid-insoluble fractions 

was prepared and the lipid fraction extracted in order 
to distinguish between the [°H]L-serine that was in- 
corporated into phospholipid from that incorporated 
into protein. The lipid fractions were removed by 
washing the acid-insoluble residues successively with 
2.0-ml volumes of ethanol—water (80:20, v/v), ethanol 

diethylether (1:1, v/v) and finally with diethylether. 

All cell pellet residues were solubilized in 0.2 ml 
of 88°, formic.acid at 37°, and added with 1.0 ml 
water to 12 ml scintillator solution. 

Phospholipid isolation. Cell suspensions containing 
100-150 x 10° cells were sedimented and the cell pel- 
let was washed with Earle’s balanced salt solution, 
suspended in 2.0 ml saline, and homogenized by soni- 
cation. The phospholipid fraction was _ isolated 
according to the procedure of Folch et al. [10] and 
recovered quantitatively with CHCl,. Aliquots were 
taken for analysis of radioactivity, phosphate and for 

. thin-layer chromatography (t.l.c.). 

Thin-layer chromatography of phospholipids and 
phosphate determination. The phosphatides were chro- 
matographed on Silica gel H, magnesium acetate- 
impregnated t.l.c. plates (Analtech) in a two-dimen- 
sional system according to the method of Rouser ef 
al. [11]. 

The phospholipids were located by exposure to 
iodine vapor. The four major phospholipid com- 
ponents, phosphatidylcholine, phosphatidylethanola- 
mine, phosphatidylinositol and phosphatidylserine, 
were identified by comparing relative mobilities with 
those of standards obtained from Supelco, Inc. 
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Phospholipid spots from replicate plates were 
encircled and recovered. Phosphate analysis was per- 
formed according to the method of Bartlett [12]. 
Either one or the other of two procedures was 
employed to determine the specific activity of 
['*C]methyl-choline or ['*C]1-2-ethanolamine incor- 
porated into their corresponding phospholipid frac- 
tion. In the first procedure, replicate phospholipid- 
containing Silica gel spots were recovered and 


-assayed directly for radioactivity. Another set of cor- 


responding Silica gel spots was placed in tubes and 
digested directly with 62° perchloric acid prior to 
phosphate analysis. In the second procedure, replicate 
gel spots were extracted three times with 2.0-ml 
volumes of chloroform—methanol-acetic acid—water 
(12:6:1:1, v/v). The pooled extracts were taken to 
dryness under N, and the residue recovered in 1.0 ml 
chloroform—methanol (2:1, v/v; 0.1 ml was removed 
for determination of radioactivity. The remaining 
volume was taken to dryness for phosphate analysis. 
In both procedures, appropriate-sized blank areas of 
Silica gel were treated in a similar manner to serve 
as controls. 

Adsorption of {'*C]4-chlorobiphenyl to L5178Y cells. 
['*C]4-Cl-BP was diluted with carrier 4-Cl-BP and 
added to complete medium so that the specific activi- 
ties (dis./min ml) would be identical at two concen- 
trations, 20 pg and 40 pg/ml. After overnight preincu- 
bation, the medium was filtered through a 0.20 um 
Nalgene filter. The specific activities of the medium 
were lower after filtration, and the concentrations of 
['*C]4-Cl-BP were recalculated. The final concen- 
trations of ['*C]4-Cl-BP, after the addition of cells, 
were 18 g/ml (sp. act. 1700 dis./min/ug) and 33 ug/ml 
(sp. act. 1670 dis./min/yg). Cells were resuspended in 
the medium at two concentration _ levels, 
0.500 x 10° cells/ml and 1.0 x 10° cells/ml at each 
concentration of ['*C]4-Cl-BP. 

Replicate 10-ml volumes of cell suspension were 
taken at 0 time and after 1, 2 and 4hr of incubation. 
Adsorption of ['*C]4-Cl-BP was measured by deter- 
mining the radioactivity associated with the cell pellet 
after sedimentation at 200g for 10min. Ten-ml 
volumes of control medium (no cells) were taken at 
zero-time and at 4hr. The amount of radioactivity 
sedimenting from the control medium did not exceed 
100 dis./min/l1Oml at either concentration of 
['4C]4-Cl-BP. 

After initial sedimentation, ['*C]4-Cl-BP was 
desorbed from the cells by careful washing in 10 ml 
of complete medium. One wash was sufficient to 
remove 95 per cent of the radioactivity associated 
with the cell pellet. A second wash reduced the 
radioactivity to background levels. The incubation, 
sedimentation and washing procedures were carried 
out at 37°. The cell pellets were solubilized in 0.2 ml 
of 88°% formic acid and assayed for radioactivity as 
previously described. 

Chemicals and radioisotopes. The commercial 
polychlorinated biphenyl mixtures, Aroclors 1221, 
1242, 1248, 1254 and 1260, were obtained from Mon- 
santo. Biphenyl was obtained from Eastman Kodak 
Co.; 2-chlorobiphenyl and 3-chlorobiphenyl were 
obtained from K & K Laboratories Inc.; 4-chlorobi- 
phenyl and 4,4’-dichlorobiphenyl were obtained from 
Aldrich Chemical Co. 
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[°H]5-Uridine (20 Ci/m-mole) was purchased from 
Schwarz BioResearch. ['*C]1,2-Choline (0.25 mCi 
5.6 mg), ['*C]methyl-choline (1 mCi/3.37 mg), [°H] 
methyl-thymidine (5 mCi/0.26 mg), ['*C]1,2-ethano- 
lamine HCI (1 mCi/48.7 mg), [°H]4,5-L-leucine (5 mCi/ 
0.021 mg), [°H]2-myoinositol (5 mCi/0.26 mg), and 
[°H]L-serine (1 mCi/0.047 mg) were obtained from 
New England Nuclear. ['*C]4-Chlorobiphenyl (0.91 
mCi/188 mg, ring-labeled) was a gift from Dr. E. 
Oswald. 

Radioactivity measurements. The liquid scintillation 
solution contained 1330 ml of Triton X-100, 2670 ml 
toluene, 22 g of 2,5-diphenyloxazole (PPO) and 400 mg 
of 1,4-bis[2(5-phenyloxazolyl)]benzene (POPOP). 
Radioactivity was determined using a Packard Tri- 
Carb liquid scintillation spectrometer (model 3380- 
544). 


RESULTS 


Toxicity studies. The sensitivity of L5178Y cells to 
polychlorinated biphenyl mixtures was first investi- 
gated with the commercial preparation, Aroclor 1221. 
The IDs9 concentration was 11.6 + 0.8 ug/ml; this 
concentration is equivalent to 6 x 10°°M when 
based on a molecular weight of 194 which is assumed 
to be appropriate for Aroclor 1221. Five commercial 
Aroclor mixtures were then compared for toxicity at 
a5 x 10°°M concentration. All of the Aroclor mix- 
tures inhibited cell growth to nearly the same degree, 
from 27 to 36 per cent (Table 1). No single Aroclor 
mixture was significantly more toxic than another. 

Five major chemical constituents of Aroclor 1221 
were obtained in pure form (see Materials and 
Methods). These compounds, which comprised 80 per 
cent of Aroclor 1221, were compared for toxicity on 
the basis of equivalent molarity, at 5 x 10°°M 
(Table 1). 4-Chlorobiphenyl (4-CI-BP) proved to be 
four times as toxic as 2-chlorobiphenyl, the next most 
toxic component of Aroclor 1221. Biphenyl, 3-chloro- 





ug/ml 


10° cells /ml 








Oo 3 6 9 2 3 18 2I 24 27 30 33 
Hrs. incubation after 4-CI-BP addition 





Fig. 1. Typical growth curve of L5178Y cells in the pres- 

ence of varying concentrations of 4-Cl-BP. The per cent 

inhibition of cell growth at 25 hr is indicated by the figures 
enclosed in parentheses. 


biphenyl and 4,4’-dichlorobiphenyl showed little or 
no significant toxicity. 

Because of its relatively high toxicity, 4-Cl-BP was 
selected for further investigation. The IDs) of 4-Cl-BP 
was found to be 4.6 + 0.6 ug/ml. Concentrations of 
10 pg/ml consistently inhibited cell growth 80-90 per 
cent of control when toxicity was compared at inter- 
vals equivalent to two or more generation times (Fig. 
1). There was no greater inhibitory effect at 15 or 
20 pg/ml, when toxicity was compared at similar time 
intervals. 

Effect of 4-chlorbiphenyl on protein, RNA and DNA 
synthesis. The effect of 4-CI-BP on protein, RNA and 
DNA biosynthetic pathways was investigated by mea- 
suring the uptake and subsequent incorporation of 
appropriate radioisotopically labeled precursors into 
whole cells and acid-insoluble fractions of L5178Y 


Table 1. Toxicity of chlorobiphenyl compounds in mouse L5178Y lymphoma cells 





No. of 
Compound 


chlorines* 


Mol. ug/ml at 


wtt 5x 10°°M  % Inhibition 





Aroclor-1221 
1242 
1248 
1254 
1260 


194 : 36 
258 
292 
327 
361 





°,Composition 


Compound 


Mol. g/ml at 
wt ° Inhibition 





Biphenyl 
2-Chlorobiphenyl 
3-Chlorobiphenyl 
4-Chlorobiphenyl 
4-4'-Dichlorobiphenyl 


154 ; 8 
188 . 17 
188 28 3 
188 . 70 
223 : 10 





* Average number of chlorine atoms substituted on biphenyl based on the per cent 


of chlorine in the mixture. 


+ Average molecular weight of the Aroclor mixture based on the average number 


of chlorine substitutions on biphenyl. 


t The figures for the per cent composition of the listed constituents of Aroclor 
1221 were kindly provided by Dr. Phillip Albro, Analytical Chemistry Branch, NIEHS. 
$ 3-Chlorobipheny] is in liquid form; it was added at 5.4 x 107° M concentration. 


B.P. 25/18—pD 
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Table 2. Effect of 4-chlorobiphenyl on [*H ]t-leucine, [*H]uridine and [*H]thymidine incor- 
poration into whole cells and acid-insoluble fractions of mouse L5178Y lymphoma cells 





Whole cells 


Radioactivity 
(dis./min/10° 
cells) 


4-C]-BP 
(ug/ml) 


° Inhibition 


Acid-insoluble 


Radioactivity 
(dis./min/10° 


cells) *% Inhibition 





[°H ]L-leucine* 

4.390 
3,800 
3,030 


20 
40 
(?H Juridine* 
3,430 
2,710 
2,300 


20 

40 
[°H]thymidine* 
13,650 
8,850 
6,250 


20 
40 


1,800 
1,530 
1,200 


1,230 
1,070 
880 


9,950 
5,750 
3,430 





* Sixty-min incubation. 


cells. [SH]5-Uridine and [*H]methyl-thymidine sup- 
plemented with unlabeled carrier (1 x 10°° M) were 
used as precursors for RNA and DNA biosynthesis 
respectively. [*H]4,5-L-leucine was the precursor for 
protein synthesis. Acute toxicity of 4-Cl-BP was stud- 
ied at 20 and 40 pg/ml, concentrations which could 
be expected to inhibit cell growth 90 per cent or more 
(Fig. 1). The toxicity at these concentrations was 
reversible, since the cell viability of washed cells 
(measured by cloning efficiency) was 96 and 86 per 
cent, respectively, after the 60-min incubation period 
in the presence of the compound. 

The uptake of all three precursors into whole cells 
and their subsequent incorporation into the acid-inso- 
luble fractions was inhibited at both concentrations - 
of 4-Cl-BP (Table 2). The inhibition of [*H]methyl- 
thymidine uptake and incorporation was nearly twice 
that of [*H]5-uridine and [°H]4,5-L-leucine. In all 
instances, there was a high correlation between the 
degree of inhibition of precursor uptake into the 
whole cell and the subsequent degree of inhibition 
of precursor incorporation into the acid-insoluble 
fraction. These results indicate that 4-Cl-BP does not 
directly inhibit either protein, RNA or DNA syn- 
thesis. Rather, the primary effect of 4-Cl-BP appears 
to be on the uptake of these small precursor mol- 
ecules across the cell membrane. 


Effect of 4-chlorobiphenyl on phospholipid metabo- 
lism. Results from investigation on DDT toxicity in 
this laboratory had suggested that DDT was express- 
ing its toxic effect at the plasma membrane of L5178Y 
cells; subsequently, DDT was shown to cause a per- 
turbation of phospholipid metabolism [8, 9]. L5178Y 
cells have been analyzed quantitatively for their phos- 
pholipid content and it was found that four phospho- 
lipid species comprised nearly 94 per cent of the total 
cell phospholipid. Phosphatidylcholine accounted for 
54 per cent; phosphatidylethanolamine, 28 per cent; 
phosphatidylinositol, 7.5 per cent; and phosphatidyl- 
serine, 4.0 per cent. The remaining 6 per cent was 
not identified. These values are similar to those de- 
scribed for the phospholipid composition of mouse 
fibroblasts [13]. 

The results cited above suggested that 4-Cl-BP tox- 
icity, like that of DDT, was being expressed at the 
plasma membrane level, and causing some aberration 
in phospholipid metabolism; therefore, the effect of 
4-Cl-BP on the metabolism of four precursors of 
phospholipid biosynthesis was investigated. 

Uptake and incorporation of [*H]L-serine and 
[°H]2-myoinositol into whole cells and the acid-inso- 
luble fraction were compared at 4-Cl-BP concen- 
trations of 20 and 40 yg/ml. [7H ]L-serine uptake and 
incorporation were inhibited to the same degree as 


Table 3: Effect of 4-chlorobiphenyl on ['*C]1,2-ethanolamine incorporation into whole cells, acid-insoluble and phos- 
pholipid fractions of mouse L5178Y lymphoma cells* 





Whole cells Acid-insoluble 
Radio- 
activity 

(dis./min 
10° cells) 


Radio- 

activity 
(dis./min 
10° cells) 


oO oO 


4-Cl-BP 
(ug/ml) 


Inhibition 


Inhibition 


Phospholipid fraction Phosphatidylethanolamine 
Radio- 
activity 
(dis./min 
ug PO,) 


Radio- 
activity 
(dis./min 


o o 





23,650 
23,860 
20,330 


17,120 
12,740 
5,430 


20 
40 


(1)t 
14 


26 
68 


Inhibition ug PO4) Inhibition 


12,750 
8,540 
4,170 


30,890 
21,850 
11,760 


33 
67 


29 
62 





* Sixty-min incubation. 
+ Indicates increase in uptake: essentially, no change. 
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Table 4. Effect of 4-chlorobiphenyl on ['*C]methyl-choline incorporation into whole cells, acid-insoluble and phospho- 
lipid fractions of mouse L5178Y lymphoma cells* 





Whole cells Acid-insoluble 
Radio- 
activity 
(dis./min/ % 
10° cells) 


Radio- 
activity 
(dis./min/ yA 
cells) Control 


4-Cl-BP 
(ug/ml) 


Control 


Phospholipid fraction Phosphatidylcholine 
Radio- 
activity 
(dis./min/ y 
ug POg) Control 


Radio- 
activity 
(dis./min/ 
ug POs) 


o 


Control 





170 
410 
540 


5950 
20 5850 98 
40 5480 92 


220 
22 485 
31 655 


220 
298 





* Sixty-min incubation. 


that observed for [*H]t-leucine and [*H]5-uridine 
(Table 2) at similar concentrations of 4-Cl-BP. In con- 
trast, [SH]2-myoinositol uptake and incorporation 
were stimulated 17-20 per cent; there was no signifi- 
cant difference in the degree of stimulation at either 
4-Cl-BP concentration. The primary effect of 4-Cl-BP 
appeared to be on uptake of [°H]t-serine and 
[°H]2-myoinositol, and in both instances, the incor- 
poration of labeled precursor into the acid-insoluble 
fraction reflected the degree of uptake by the cells. 

Though 4-Cl-BP had relatively little effect on 
['*C]1-2-ethanolamine uptake, there was a significant 
inhibition of incorporation into the acid-insoluble 
fractions at both concentrations (Table 3). In order 
to confirm that the inhibition of incorporation into 
the acid-insoluble fraction did reflect inhibition of 
phosphatidylethanolamine (PE) synthesis, the phos- 
pholipids were extracted from the cells, and the PE 
fractions isolated and recovered via t.l.c. The degree 
of inhibition reflected in the relative specific activities 
. of PE compared well with the specific activities calcu- 
lated on the basis of ['*C]1-2-ethanolamine incorpor- 
ation into the acid-insoluble fraction (dis./min/10° 
cells) or into the total phospholipid fraction (dis./ 
min/ug PO,) (Table 3). Ninety-five per cent of the 
radioactivity in the total phospholipid extract was re- 
covered as PE. 

Incorporation of ['*C]methyl-choline. The most 
striking effect of 4-Cl-BP was observed on 
['*C]methyl-choline metabolism and the biosynthesis 
of phosphatidylcholine. There was no significant effect 
on choline uptake into whole cells (Table 4), but there 


was a 2- to 3-fold increase of incorporation into the 
acid-insoluble and phospholipid fractions. The in- 
crease of ['*C]methyl-choline incorporation into the 
acid-insoluble fraction increased with the 4-Cl-BP 
concentration. Nearly 100 per cent of the radioacti- 
vity in the acid-insoluble fraction could be accounted 
for in the total phospholipid extract and 95 per cent 
of this activity was recovered as phosphatidylcholine. 

Since 4-Cl-BP did not appreciably affect choline 
uptake from the medium into the cell, it could be 
expected that the increased incorporation of 
['*C]methyl-choline into phosphatidylcholine might 
be reflected in an increased incorporation of labeled 
precursor into one or several of the biosynthetic inter- 
mediates. 

However, when the intermediates of phosphatidyl- 
choline (PC) biosynthesis, phosphorylcholine, and 
cytidine diphosphate choline (CDP-choline) were iso- 
lated from the acid-soluble fraction and resolved by 
t.l.c. according to the method described by Plage- 
man [14], there was no difference found in the speci- 
fic activities of the recovered intermediates from con- 
trol and treated cells. Ninety-five per cent of the acid- 
soluble radioactivity was recovered as phosphoryl- 
choline. There were no quantitative differences in the 
relative amounts of total phosphatidylethanolamine 
or phosphatidylcholine recovered from control and 
treated cells. Thus, the change in the specific activities 
of these two phosphatides may reflect changes in their 
turnover rates in treated cells. 

Adsorption of ['*C]4-CI-BP on L5178Y cells. Since 
the evidence suggested that 4-CI-BP toxicity was 


Table 5. Adsorption of ['*C]4-chlorobiphenyl on the surface of mouse L5178Y 
lymphoma cells 





Radioactivity* 
(dis./min/ 
10 ml cell susp.) 


['*C]4-Cl-BP 
(ug/ml) 


Radioactivity 
(dis./min/ 
10° cells) 


Cell concn 
(10° cells/10 ml) 





Zero-time incubation 
4,200 
8,800 
8,370 
16,860 


4,330 
8,450 
8,840 
17,400 


780 





* Amount of radioactivity adsorbed to cells present in 10 ml of cell suspen- 


sion. 
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being expressed at the level of the plasma membrane, 
it became of interest to study the extent of the interac- 
tion of 4-Cl-BP with the membrane surface of the 
cells. LS178Y cells were incubated at intervals up to 
4 hr at two concentrations of ['*C]4-Cl-BP (described 
in Materials and Methods). These concentrations 
were nearly the same as those which had been shown 
to stimulate ['*C]methyl-choline incorporation. The 
data for zero-time and the 2-hr incubation period are 
compared in Table 5. The results clearly show that 
nearly all of the ['*C]4-Cl-BP that will be adsorbed 
to the cells, absorbs immediately. The amount of 
radioactivity absorbed per 10° cells remained con- 
stant during 1, 2 and 4hr of incubation. At both con- 
centrations of.4-Cl-BP, the degree of adsorption was 
proportional to the cell population density, and of 
the total ['*C]4-Cl-BP available in the culture 
medium, 1.5 and 3.0 per cent were adsorbed to the 
cells at the lower and higher cell densities respectively. 
It was noted with interest that, when the cell pellet 
was washed with complete medium, ['*C]4-Cl-BP 
was as easily desorbed as it was initially absorbed 
to the cells. Recent data (unpublished) indicate that 
the rate of desorption is significantly decreased when 
serum is omitted from the washing medium. This sug- 
gests that some serum component, e.g. serum protein, 
competes for the compound absorbed on the plasma 
membrane and that the 4-Cl-BP is not bound tightly 
to the cell surface. 

The observation that 4-Cl-BP was so easily and 
nearly completely desorbed from treated cells when 
they were washed with fresh medium raised the fol- 


lowing question. Did the 2- to 3-fold stimulation of 
choline incorporation into phosphatidylcholine by 
4-Cl-BP occur only while the 4-Cl-BP was adsorbed 
on the cell membrane? In order to attempt to answer 
this question, the following experiment was_per- 
formed. 
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Complete medium was preincubated with 20 and 
40 yg 4-Cl-BP/ml in the usual manner. Exponentially 
growing cells were collected and suspended in repli- 
cate control and 4-Cl-BP-treated cultures. All cultures 
were incubated for Ihr. In one set of cultures, 
['*C]methyl-choline was added to demonstrate the 
usual effect of 4-CIl-BP on the uptake and incorpor- 
ation of choline into whole cells and the acid-insolu- 
ble fraction respectively. At the end of this incubation 
period, the cells treated with 4-CI-BP in the absence 
of ['*C]methyl-choline were centrifuged and resus- 
pended in medium without 4-Cl-BP. Then the cells 
were either (a) added back to fresh medium contain- 
ing the same concentration of 4-CI-BP that they had 
been previously incubated in, or (b) added to fresh 
medium without 4-Cl-BP. ['*C]Methyl-choline was 
added to all cultures and they were incubated for an 
additional 60min. Uptake of ['*C]methyl-choline 
into whole cells and further incorporation into the 
acid-insoluble fractions were measured in the usual 
manner and compared. 

In the first 60-min incubation period, the results 
were as expected. The rate of ['*C]methyl-choline in- 
corporation into the acid-insoluble fraction was 
stimulated 2.5- and 3.5-fold (Table 6). 

Cells which were treated with 4-Cl-BP for an ad- 
ditional 60-min interval, but now in the presence of 
['*C]methyl-choline, also showed a stimulation of 
choline incorporation into the acid-insojuble fraction, 
though not to the same degree. At 20 ng 4-Cl-BP/ml, 
the stimulation was 175 per cent of control; and at 
40 pg/ml, it was 230 per cent of control. In contrast, 
however, there was no continued stimulation of 
['*C}Jmethyl-choline incorporation into the acid-inso- 
luble fraction of those cells from which 4-Cl-BP had 
been desorbed after a preincubation interval! of 60 min 
in the presence of the compound; instead there was 
a decrease of incorporation which was inversely pro- 


Table 6. Effect of preincubation with 4-Cl-BP on the incorporation of ['*C]methyl-choline 
into whole cells and acid-insoluble fraction of mouse L5178Y lymphoma cells 





Whole cells 


Radioactivity 
(dis./min 
10° cells) 


4-Cl-BP 
(ug/ml) 


®., Control 


Acid-insoluble fraction 


Radioactivity 
(dis/min 


10° cells) °,, Control 





I1—60 min* 

15.970 
15,370 
13,910 


20 
40 
ItA—60 mint 
15,370 
12.920 
12.980 


20 
40 
IIB—60 mint 
16,240 
14.440 
16,000 


(20) 
(40) 


96 
87 


84 
84 


89 
98 


250 
630 
890 


340 
600 
790 


380 
310 
230 





* |: first 60-min interval of ['*C]methyl-choline incorporation coinciding with the incuba- 
tion of replicate cultures in 4-Cl-BP without labeled choline. 

+ IIA: second 60-min interval of ['*C]methyl-choline incorporation into 4-Cl-BP preincu- 
bated cells that were resuspended in medium containing the same corresponding concen- 


trations of 4-Cl-BP. 


t IIB: incorporation of ['*C]methyl-choline into cells preincubated in 4-CI-BP, but resus- 
pended in fresh medium without 4-Cl-BP. Preincubation concentrations of 4-Cl-BP are 


enclosed in parentheses. 
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portional to the corcentration of 4-CI-BP that the 
cells had previously been exposed to. Uptake of 
['*C]methyl-choline into whole cells was slightly in- 
hibited by 4-CI-BP, but the degree of inhibition was 
variable and followed no consistent pattern of corre- 
lation with 4-Cl-BP concentration. These results do 
not explain how the adsorption of 4-Cl-BP on the 
cell membrane stimulates the incorporation of choline 
into phosphatidylcholine, but it is clear that the 
stimulation is dependent on the continued presence 
of 4-Cl-BP on the cell membrane surface. 


DISCUSSION 


When the Aroclor mixtures were compared for tox- 
icity at a 5 x 10°°M concentration, no significant 
difference in toxicity was observed. This observation 
differs from that reported earlier by Hoopingarner et 
al.[3]. These investigators found that, in Chinese 
Hamster cells, the various Aroclor mixtures were 
generally more toxic as the percentage of chlorine in 
the mixture decreased. However, in the latter studies, 
the Aroclor mixtures were compared on the basis of 
equal weight, e.g. ug/ml (ppm), rather than on the 
basis of equivalent molarity. If toxicity of Aroclor 
1221 (average mol. wt, 194) is compared with that 
of Aroclor 1260 (average mol. wt, 361) on the basis 
of equal yg/ml (ppm), then Aroclor 1221 will be pres- 
ent in nearly twice the molar concentration of Aroclor 
1260 (Table 1). This difference in molar concentration 
may account for the results of Hoopingarner et al. [3] 
cited above. 

It is apparent that 4-Cl-BP is causing pertubations 
in at least two areas of cell metabolism: (1) in the 
transport of small precursor (substrate) molecules 
across the cell membrane, and (2) in phospholipid 
metabolism. Because of the limited number of sub- 
strates investigated, no generalization can be made 
with respect to the nature of the 4-CI-BP effect on 
transport; however, one effect on transport was con- 
sistent. When 4-CI-BP significantly inhibited the 
uptake of a specific precursor from the medium into 
whole cells (Table 2), the degree of uptake inhibition 
was reflected in a corresponding degree of inhibition 
of precursor incorporation into the acid-insoluble 
fraction and, by implication, in the inhibition of pre- 
cursor incorporation into the terminal macromolecu- 
lar species of the biosynthetic pathway being investi- 
gated. 

The results are to be expected, because the inhibi- 
tion of labeled substrate uptake will result in a de- 
crease of the specific activity of the precursor in the 
acid-soluble pool, and subsequently, this in turn, will 
result in an apparent and similar degree of inhibition 
of precursor incorporation into the acid-insoluble 
fraction of the cells. 

Plagemann [15] has reported that phenethyl alco- 
hol causes a similar effect on protein, RNA, DNA 
and phosphatidylcholine synthesis in Novikoff hepa- 
toma cells. He observed that the rapid and apparent 
inhibition of incorporation of isotopically labeled pre- 
cursors into the acid-insoluble fraction was actually 
due to the failure of phenethyl-treated cells to take 
up the precursors from the medium and incorporate 
them into the acid-soluble cellular pools. More exten- 
sive studies [16] on uridine and choline transport and 
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their subsequent phosphorylation revealed that the 
rate-limiting step in the conversion of uridine and 
choline into intracellular phosphorylated forms by 
whole cells was not that of the kinase activities, but 
rather of substrate entry into the cell. Thus, the major 
effect of phenethyl alcohol appeared to be on the per- 
meation of these precursors. 

The variation in the 4-Cl-BP effect on uptake of 
small precursor molecules reported here demonstrates 
that, in L5178Y cells, the substrates studied do not 
share a common mechanism of transport. Further- 
more, there was no meaningful pattern to the relative 
degrees of uptake inhibition. At 40 pg/ml, 4-Cl-BP in- 
hibited L-leucine, L-serine and uridine uptake 31-33 
per cent and thymidine uptake by 54 per cent (Table 
2). But uptake of choline; ethanolamine and inositol 
was not significantly affected. At 10 ug/ml (data not 
shown), 4-Cl-BP had no significant effect on the 
uptake of any of the substrates studied. It does not 
appear likely that inhibitory effect on precursor 
uptake represents the primary mechanism by which 
4-Cl-BP toxicity is being expressed. 

The effects of 4-CIl-BP on phosphatidylcholine and 
phosphatidylethanolamine metabolism appear to be 
independent of precursor transport, since uptake of 
the two substrates, ['*C]1,2-ethanolamine and 
['*C]methyl-choline, into whole cells is only slightly 
affected compared to the significant inhibition of 
phosphatidylethanolamine synthesis or alternatively 
to the 2- to 3-fold increase in phosphatidylcholine 
synthesis. In the latter instance, there was no differ- 
ence in the rate of choline incorporation into the 
phosphorylcholine pool of untreated and treated cells, 
and 95 per cent of the acid-soluble choline was re- 
covered as phosphorylcholine. Only a trace of 
radioactivity was found in CDP-choline, indicating 
that the CDP-choline pool must be very small in 
LS178Y cells; a similar observation was made in 
Novikoff hepatoma cells [14]. It has been proposed 
that the rate-limiting reaction in the incorporation 
of choline into phosphatidylcholine is probably the 
synthesis of CDP-choline from phosphorylcholine 
and CTP [17]. 

Despite the 2- to 3-fold increase in the specific acti- 
vity of PC which occurred in 4-Cl-BP-treated cells, 
no quantitative difference in the amount of PC re- 
covered from control and treated cells could be 
detected. Since PC comprises 54 per cent of the total 
cell phospholipid, it could be expected that, if the 
increase in PC specific activity represented a signifi- 
cant increase in PC net synthesis, then that increase 
would be readily detectable by the analytical methods 
employed. Therefore, the stimulation of ['*C]methyl- 
choline incorporation into PC appears to represent 
an increase in the rate of PC turnover. 

Phospholipid turnover has _ been previously 
observed and described in cultured mammalian cells 
and in rat tissues in vivo. 

Gallaher et al.[18] found that the half-life of PC 
in cultured baby hamster kidney cells was 2.0 to 
2.5 hr. Pasternak et al. [19,20] described PC turnover 
rates in neoplastic mast cells, human lymphocytes, 
and in a variety of rat tissues in vivo. While the phy- 
siological significance is not understood, it does 
appear that PC turnover is characteristic of normal 
growing cells and tissues. 
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The stimulation of PC turnover in L5178Y cells 
by 4-Cl-BP suggests that the agent is affecting either 
the rate of PC biosynthesis or the rate of degradation. 
This effect is probably not a direct one. There is con- 
vincing evidence that the endoplasmic reticulum is 
the site of PC biosynthesis in both animal and plant 
tissues [21-23]. In the work presented here, it was 
observed that, while ['*C]4-Cl-BP was easily 
absorbed to the cells, there was no evidence that the 
labeled compound was taken up by the cells. In some 
way, not yet understood, the interaction of 4-Cl-BP 
with the cell membrane is able to influence the rate 
of PC turnover. A_ preliminary experiment has 
revealed that the stimulation of PC turnover occurs 
to the same extent in the mitochondrial, nuclear and 
microsomal fractions of these cells. Thus, PC turnover 
is not limited to the plasma membrane compartment 
of the cell. 

It is not known at this time whether the stimulation 

of PC turnover is directly related to the mechanism 
of 4-Cl-BP toxicity. However, several other organoch- 
lorine compounds, e.g. DDT, chlordane and kelthane, 
which are also toxic to L5178Y cells [8], have a simi- 
lar effect on PC turnover. Kelthane, the most toxic 
of the organochlorine compounds studied [8], also 
elicits the greatest stimulation of PC turnover. The 
mechanism by which these organochlorine com- 
pounds affect phospholipid metabolism is under 
further investigation. 
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Abstract—N°-(A?-isopentenyl-adenosine (IPAR) is a modified ribonucleoside with antitumor activity 
limited at least in part by severe hepatotoxic effects observed in rodents and patients. Four hr after 
i.v. administration of IPAR[8-'*C] to rats, the drug is phosphorylated to the 5’-mono, di-, and triphos- 
phates, and incorporated into RNA but not into DNA and protein of liver and small intestine. In 
contrast, in spleen and thymus, the drug is phosphorylated to the 5’-monophosphate (5S’-IPAMP) only 
with no detectable incorporation of the drug into DNA, RNA or protein. The initial phosphorylation 
of IPAR to 5S’-IPAMP in liver at 30min is accompanied by a 70 per cent reduction in the ATP 
pool and an accumulation of 2.0 zmoles IPAMP/g. In thymus, the drug reduces the size of pyrimidine 
ribonucleotide pools, resulting in a 2- to 5-fold increase in the specific activity of ['*C]pyrimidine 
ribonucleotides. These effects may contribute to the understanding of the biochemical basis for selective 


cytotoxicity of N°-isopentenyl adenosine. 


N°-(A?-isopentenyl)-adenosine (IPAR) is an analog of 
adenosine that has been identified as a component 
of both yeast and mammalian tRNA [1-3]. The agent 
has broad biological activity, inhibiting the growth 
of Escherichia coli [4] and Sarcoma 180 cells in cul- 
ture as well as cells derived from human myelogenous 
leukemia but not those derived from human lympho- 
cytic leukemia [5]. In rats, the drug caused severe 
hepatotoxicity, as well as antiproliferative effects in 
intestinal mucosa, lymphoid tissues, bone marrow 
and regenerating liver [6]. 

In cultured mammalian cells (e.g. Sarcoma 180, 
mammary carcinoma TA-3, leukemia L1210, and 
canine kidney [7,8]), as well as in chicken liver 
homogenates [9], IPAR has been reported to be 
phosphorylated only to the 5’-monophosphate. This 
metabolite apparently accounts for most of the inhibi- 
tory effects in these cells [7,10]. In contrast, as we 
reported recently, IPAR is further phosphorylated to 
the IPADP and IPATP by liver in treated rats with 
this agent [11]. Moreover, Zimmerman and Chu [12] 
have also identified IPATP as a metabolite of IPAR 
in human blood. Because phosphorylation of IPAR 
in numberous cell systems is limited to formation of 
the 5'-monophosphate nucleotide, further phosphory- 
lation of the agent in vivo was unexpected. In view 
of this striking difference in phosphorylation, it 
seemed possible that the nucleotidal forms of IPAR 
might contribute to its selectivity in animals. In the 
present study, formation of IPAR nucleotides in liver, 
intestine, thymus and spleen of treated rats was inves- 
tigated. As described below, the results indicate that 
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organ-specific differences in nucleotide formation may 
result in severe depletion of cellular ADP and ATP 
and in selective incorporation of the drug into RNA. 


MATERIALS AND METHODS 

Materials 

Silica gel-coated plates (20 x 20cm) were obtained 
from Analtech, Inc. Alkaline phosphatase (orthophos- 
phoric monoester phosphohydrolase, EC 3.1.3.1, calf 
intestinal mucosa, 380 units/mg), snake venom phos- 
phodiesterase (orthophosphoric diester phospho- 
hydrolase, EC 3.1.4.1, 10mg/ml), and ribonuclease 
(polyribonucleotide 2’-oligonucleotidetransferase, EC 
2.7.7.16, bovine pancreas, 10 mg/ml) were obtained 
from the Worthington Corp. The sources of other 
chemicals and solvents have already been described 
[13, 14]. IPAR[8-'*C] (50 uCi/umole) was prepared 
by Dr. M. Fleysher [15] of this department and 
stored at —70° in 95% ethanol for several months 
without any detectable breakdown. The labeled com- 
pound was diluted 10-fold with unlabeled IPAR prior 
to administration to rats. IPAMP was kindly pro- 
vided by Dr. Divekar of this department. Unlabeled 
IPAR was obtained from the Drug Research Devel- 
opment Branch of the National Cancer Institute 
(NSC batch 3856-001). Solutions of the drug were 
prepared immediately before use in 40°, dimethyl- 
sulfoxide. Uridine [2-'*C] (UR[2-'*C] (50.0 mCi 
m-mole) was obtained from Schwartz/Mann. Female 
Charles River CD Spraque-Dawley rats were used 
when they were approximately 5 weeks old and 
weighed 110-150 g. 


Methods 


Preparation of acid-soluble and -insoluble fractions. 
Rats were lightly anesthetized with ether and injected 
with IPAR (200 mg/kg) or IPAR[8-'*C] (15 wCi) in 
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0.5 ml in the femoral vein. At an appropriate time 
after administration of the drug, animals were anes- 
thetized again and tissue (liver, spleen or small intes- 
tine) was gently forced out through an abdominal in- 
cision. The tissue was severed and dropped into liquid 
nitrogen (the time required to carry out this operation 
was about 10sec). Frozen tissue was weighed and 
homogenized with 4 ml of 6% perchloric acid (PCA/g) 
in a prechilled blender for | min at 4°. After centrifu- 
gation, the acid-soluble fractions were neutralized to 
pH 7.0 with 2N KOH, and the precipitate was 
removed 30min later. Tissue extracts were freeze- 
dried and taken up in a minimum volume of 3mM 
ammonium formate buffer at pH 4.4 and chromato- 
graphed‘on a microgranular DEAE-cellulose type 
DE-52 column [12]. The acid-insoluble fractions were 
washed three times with cold 6°, PCA (10 ml each), 
once with saturated ammonium acetate, and once 
with ethanol (95°%)-ether (3:1). This fraction was 
freeze-dried and kept at — 70° for subsequent analysis. 

Isolation of nucleic acids and protein. DNA, RNA 
and protein were isolated from the acid-insoluble 
fractions by the modification of the procedure of 
Kirby [16] and Kuroki and Heidelberger [17]. Frac- 
tions were each suspended in 10 ml of 0.1 M sodium 
phosphate buffer (pH 7.0) and 1.0 ml of 1% sodium 
dodecyl sulfate/g of tissue, and extracted with an 
equal volume of phenol—m-cresol—8-hydroxyquino- 
line-water (500:79:95:55, by weight) for 30 min with 
stirring at room temperature. DNA, RNA and protein 
were separated [17] and each fraction was dissolved 
in a minimum volume of 0.1 M sodium acetate buffer. 
Each fraction was then gel-filtered on a Bio-Gel A 
0.5-m (200-400 mesh) column (33 x 2.5cm). This 
column was initially equilibrated with the same buffer 
and calibrated with calf thymus DNA, calf liver RNA 
and bovine serum albumin. The absorbed materials 
were eluted from this column with 0.1 M Tris buffer 
and fractions were collected for radioactivity and 
A569 nm absorbance estimations. The radioactive 
fractions were pooled, freeze-dried and dissolved in 
2.0 ml of 0.1M Tris buffer. To this solution, 0.3 mg 
ribonuclease (6100 units/mg) was added and incu- 
bated for 2 hr at 37°. After the incubation, 0.5 mg of 
snake venom phosphodiesterase (500 units/mg) in 
Tris-HCl buffer, pH 8.6, and 0.5 mg (190 units) of 
alkaline phosphatase were added, and the incubation 
was continued for 16hr at 37° to hydrolyze nucleo- 
tides to nucleosides. Samples were freeze-dried and 


taken up in a minimum volume of distilled water for 


chromatographic identification. 

Nucleotide digestions. Nucleotides eluted from the 
DEAE-cellulose type DE-52 columns were pooled. 
freeze-dried and digested to the ribonucleoside level 
as follows: dried material (10A3,9 units) was dis- 
solved. in | ml of 0.1 M Tris-HCl buffer, pH 10.0, con- 
taining |1mM MgCl,. Alkaline phosphatase (4 units) 
was added and the mixture incubated at 37° for 1.5 hr. 
Four more units of the enzyme was added and the 
incubation terminated 1.5 hr later by freezing in liquid 
nitrogen. Control samples of ATP and IPAMP were 





*One A>6o unit of nucleosides, nucleotides, or nucleic 
acid is defined here as the concentration that would have 
an absorbance of 1.0 at 260nm in a cuvet with a l-cm 


light path. ; 
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treated concurrently in an identical manner. Follow- 
ing thin-layer chromatography (TLC) on Silica gel 
[11] it was found that 80-90 per cent of the digested 
nucleotides chromatographed as nucleosides (when 
samples were digested with alkaline phosphatase). 
Digestions to the ribonucleoside monophosphate 
level were carried out as follows: dried pool fractions 
(10 Az. units)* were dissolved in I ml of 0.1M 
Tris-HCl, pH 8.6, containing 5mM MgCl,. To this 
solution, 0.5 mg phosphodiesterase was added and in- 
cubated at 37° for 16 hr. 

Silica gel and paper chromatography. After enzyma- 
tic digestion of nucleotides and RNA fractions, the 
released labeled components were identified by Silica 
gel chromatography using doubly deionized water as 
developing solvent. Digested samples with and with- 
out appropriate markers were separated and the u.v. 
absorbent components were scraped, extracted with 
0.5 ml of 0.1 M ammonium formate (pH 7.0), and cen- 
trifuged at 2000g for 1 min. Extractable materials 


_ (80-90 per cent recoveries) were then further identified 


by their absorbance ratios and by radioactivity 
measurements. Labeled nucleosides and nucleotides 
present in the enzymatically digested samples were 
also analyzed by ascending chromatography on 
Whatman’ 3MM paper with n-butanol-glacial acetic 
acid—water (20:3:7) [18]. 

Determination of radioactivity and absorbance. 
Radioactivity in various fractions before and after 
enzymatic digestions (0.01 to 0.2 ml) was measured 
in 4ml of scintillation solution using a Packard Tri- 
Carb liquid scintillation counter. The counting solu- 
tion consists of 5g of 2.5-diphenyloxazole (PPO), 
0.5 g of 1.4-bis-2-(phenyloxasolyl) benzene (POPOP) 
and 150ml of Bio-Solv solution in 1 liter toluene. 
Concentrations of u.v. absorbing materials in acid- 
insoluble extracts and in fractions eluted from the 
DEAE-cellulose, type DE-52, column were deter- 
mined spectrophotometrically at 260 and 280nm 
using a Beckman DU-2 or American Instrument 
DW-2 spectrophotometer. 


RESULTS 
Effects of IPAR on liver purine ribonucleotide pools 

Typical chromatographic separations of liver acid- 
soluble fractions (pooled from three rats) on a DEAE- 
cellulose, type DE-52, column are shown in Fig. 1. 
Two other experiments (not shown) gave similar 
results. Fractions 3-20 contain purine and pyrimidine 
nucleosides. The results in Fig. la also show four 
major purine ribonucleotide components identified as 
IMP (+TMP), AMP, ADP and ATP. Molar ratios 
of ATP/ADP in control chromatograms were about 
3.0, which is close to those reported in the literature 
[19, 20]. 

The chromatographic profile of the acid-soluble 
fraction (pooled from three rats) of liver of rats in- 
jected i.v. with IPAR (200 mg/kg) 30 min prior to the 
rapid removal of tissue is shown in Fig. 1b. To quan- 
titate the effects of IPAR on the pool of purine nu- 
cleotides, fractions eluted from the column (Fig. 1) 
in the areas of IMP, ADP and ATP were collected 
and their respective concentrations were determined 
using an extinction coefficient of 15.0cm?/umole for 
adenosine nucleotides and 7.4 for IMP (at 260nm, 
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Fig. 1. DEAE-cellulose, type DE-52, column chromato- 
graphic separation of rat liver acid-soluble nucleotides. 
Extracts from 2 g of liver pooled from (a) three untreated 
or (b) three treated rats injected i.v. with IPAR (200 mg/kg) 
30 min prior to sacrifice. Elution was with a linear gradient 
of 0.003 to 0.3 M ammonium formate, pH 4.4; 2.4-ml frac- 
tions were collected. 


pH 7.0). The components eluted in the area of AMP 
were pooled, concentrated and chromatographed on 
Silica gel with water as developing solvent using auth- 
entic AMP and IPAMP as markers. The R, values 
for AMP and IPAMP in this system were 0.87 and 
0.50 respectively [13]. Components corresponding to 
the R, of AMP and IPAMP were extracted from the 
gel and their concentrations were determined using 
an extinction coefficient of 20.0cm?/umole of 
IPAMP. Enzymatic digestion and Silica gel chroma- 
tography of the peak eluted in the ATP region of 
Fig. 1b revealed no detectable IPATP. The chromato- 
gram, however, showed the presence of a component 
with an R, that did not correspond to markers 
applied and which may have contributed to the broa- 
dening of the ATP peak in Fig. 1b. 

The data summarized in Table | show that: (1) 
IPAR was phosphorylated only to the 5’-IPAMP and 
(2) the concentration of ATP was reduced by the drug 
to about 30 per cent of controls, and a significant 
decrease in the adenylate charge was also observed. 
Although the effects of IPAR on the pyrimidines were 
not quantitated in this study, a reduction in their nu- 
cleotide pool sizes seemed apparent in all experiments 
after IPAR administration. 


Effects of IPAR on ribonucleotide pools in the thymus 


Chromatographic separation of the ribonucleotides 
from the thymus of three rats treated i.v. with a single 
dose of IPAR (200 mg/kg) 30 min prior to administ- 
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Table 1. Effects of IPAR (200 mg/kg) on purine ribonuc- 
leotide pools in rat liver 





IPAR- 
treated? 
(umoles/g) 


Ratios of 
IPAR-treated 
control 


Control* 


Components (ymoles/g) 





IMP 
AMP 
IPAMP 
ADP 
ATP 
Adenylate 
energy 
charge 
(AEC)t 


1.05 + 0.16 


1.28 + 0.15 l 
0.18 + 0.08 l 


0.27 + 0.07 
2.06 + 0.17 
0.89 + 0.13 
0.17 + 0.13 


Ry 
50 


0.72 + 0.10 
2.35 + 0.15 


1.24 
0.30 


0.83 + 0.02 0.29 + 0.04 0.35 





* Ribonucleotide components, separated on DEAE-cel- 
lulose, type DE-52, column, were hydrolyzed and identified 
by chromatography as the respective nucleosides (see 
Methods). 

+ IPAR was administered i.v. 30 min prior to removal 
of liver tissue. In each experiment, tissue from three rats 
was pooled and analyzed (average for three experiments 
+8.D.). 

t Adenylate energy charge calculated as: 

[ATP] + 5 [ADP] 
[ATP] + [ADP] + [AMP] + [IPAMP] 


ration of UR[2-'*C] is depicted in Fig. 2, which 
shows that UR [2-'*C] was phosphorylated into the 
corresponding uridine and also cytidine ribonucleo- 
tides. Identification of these components was made 
according to their elution positions on the calibrated 
DEAE-cellulose (type DE-52) column, by Ao 9,260 
absorbance ratios, and by the other chromatographic 
systems described in Methods. Columns were cali- 
brated, after they were first packed, by determining | 
the elution positions of nucleosides and nucleotides 
in a standard mixture. The acid-soluble profile of the 
drug-treated sample is shown in Fig. 2b. Indications 
of the phosphorylation of IPAR to IPAMP was 
obtained from the high 280/260 nm absorbance ratios 
(0.65 instead of 0.15 for pure adenosine components) 
in the general area of AMP. The results also indicated 
that IPAR produced quantitative changes in the pyri- 
midine ribonucleotide pools in this tissue. To estimate 
the concentration of individual pyrimidine ribonuc- 
leotides in controls and drug-treated samples (Fig. 2a 
and 2b), fractions from two separate chromatograms 
were pooled, concentrated and analyzed, and the data 
are summarized in Table 2. The results indicate that 
IPAR produced a 2 to 5-fold increase in the specific 
activities of UMP, CDP, UDP, and CTP + UTP. 
IPAR also produced about a 30 per cent reduction 
in the ATP pool (from 1.2 wmoles/g of tissues to 
0.80 pmole). 


Biotransformation of IPAR[8-'*C] in rat tissues 

The data on chromatographic separation of acid- 
soluble nucleotides from liver, small intestine, spleen 
and thymus of rats treated i.v. with a single dose of 
IPAR [8-'*C] 4hr prior to sacrifice are shown in 
Fig. 3. To minimize the breakdown of nucleoside tri- 
phosphates during tissue removal, only one organ was 
removed from each treated rat. 

Figure 3a shows a chromatographic separation of 
liver acid-soluble nucleotides. Two radioactive 
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Fig. 2. Analysis of the acid-soluble fraction of rat thymus. (a) Rats received 60 Ci uridine[2-'*C] 

iv. 15 min prior to sacrifice. Thymus was removed from three rats and dropped into liquid nitrogen 

for preparation of the acid-soluble fraction. (b) Three rats were injected i.v. each with IPAR (200 mg/kg) 

30 min prior to the administration of 60 wCi UR[2-'*C] and sacrificed 15 min thereafter. Key: @——®, 

absorbance at 260nm; @ @, cpm/1.2-ml fraction. Gradient conditions as in the legend of Fig. 
1 except that 1.2-ml fractions were collected. 


Table 2. Effects of IPAR on thymus pyrimidine nucleotides and on the incorporation of uridine[{'*C] into these 
nucleotides* 





Control IPAR-treated Specific activity? Ratio of 

specific activityT 
cpm/g cpm/g Control IPAR-treated (IPAR-treated 

Components Ar60% (x 1074) A2r60% (x10°%  (x10-% (x 1074) control) 








Total acid- 
soluble extract . 44.60 52.0 52.10 0.79 1.01 1.28 
Total 
ribonucleosides z 35.00 4.60 36.00 8.20 7.82 0.95 
Pyrimidine 
ribonucleotides 
CMP } 0.26 0.52 0.13 0.30 0.25 0.83 
UMP ! 1.20 0.30 0.87 1.41 2.90 2.05 
CDP i 1.16 0.60 1.25 0.45 2.08 4.62 
UDP , 1.53 0.42 2.88 1.30 6.86 sae 
CTP + UTP { 2.30 3.80 6.50 0.58 1.71 2.94 
Total pyrimidine 
nucleotides 5 6.45 5.64 11.63 0.68 2.10 3.10 





* !*C_labeled and unlabeled fractions eluted from the DEAE-cellulose, type DE-52, columns in the area of pyrimidine 
ribonucleosides, mono-, di-, and triphosphates were pooled, concentrated and the 280/260nm absorbance ratio and 
total cpm content were determined. These values represent the average of two experiments (pooled tissue from three 
rats/experiment). 

+ Specific activity is defined as cpm/A 60. 
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Fig. 3. Chromatographic separation of rat tissue acid-soluble fractions 4hr after an i.v. administration 

of 15 wCi IPAR[8-'*C] to each of eight rats: a, b, c and d are chromatographic profiles of liver, 

small intestine, spleen and thymus respectively. Tissues from two treated rats are pooled for each 
profile. Gradient conditions are as outlined in Fig. | except that 1.2-ml fractions were collected. 


ribonucleoside peaks (fractions 10-30) were identified 
as AR and IPAR. Five radioactive ribonucleotide 
peaks were eluted from the calibrated DEAE-cellu- 
lose, type DE-52, column in positions corresponding 
to IMP, AMP, GMP, ADP and ATP. At 30 min after 
IPAR[8-'*C] administration (data not shown), in 
addition to the nucleoside peak, only one major 
'4C-labeled nucleotide peak was eluted and. in con- 
trast, it was in the general area of AMP. Figure 3b 
shows the chromatographic profile of rat small intes- 
tine after IPAR[8-'*C] administration. The peaks of 
radioactivity (Fig. 3b) generally corresponded to 
those obtained in Fig. 3a. In rat spleen (Fig. 3c) and 
thymus extract (Fig. 3d), only one '*C-labeled peak 
was eluted (in the general area of AMP) with no de- 
tectable formation of '*C-labeled nucleosides, or di- 
and triphosphates. 

Although Figs. | and 2 indicate the usual positions 
of nucleotides and nucleosides, final identification of 
'4C-labeled fractions cannot be based solely on rela- 
tive order of elution from the DEAE-cellulose 
columns since IPAMP + AMP co-chromatographed 
as a single peak. For this reason we expected that 
IPADP + ADP, and IPATP + ATP might behave in 
similar fashions. To confirm the extent of IPAR meta- 
bolism, fractions eluted in the general areas of AMP 
and ATP were concentrated, enzymatically digested 
to the nucleosides, and re-chromatographed on Silica 
gel for separation of AR from IPAR. After localiza- 
tion of the u.v. absorbent spots and extraction from 
the gel, the absorbance ratios at various wavelengths 
were determined (Table 3). The data in Table 3 show 
that the enzymatically digested nucleotides possess 
absorbance ratios which are similar to their authentic 
counterparts. 


The amounts of IPAR and its metabolites found 
in rat liver, small intestine, spleen and thymus are 
summarized in Table 4. At 4hr after the administ- 
ration of IPAR[8-'*C], IPAR was phosphorylated to 
the 5’-mono-, di-, and triphosphate in liver and small 
intestine. At this time, only 5’-monophosphate could 
be identified in spleen and thymus. The results also 
indicated that the extent of IPAR conversion to AR 
was greater in small intestine than that in liver. 


of IPAR metabolites in rat 
liver* 


Table 3. Characterization 





Absorbance ratios at pH 12.0 





Compound 290/260 280/260 250/260 





0.83 
0.14 


0.52 


0.76 


IPAR-authentic 0.31 
AR-authentic 0 
Monophosphate 
IPAR 0.28 
AR 0 
Triphosphate 
IPAR 0.30 
AR 0 


0.75 
0.18 


0.48 
0.86 


0.72 
0.18 


0.52 
0.86 





*14C_labeled fractions eluted from the DEAE-cellulose, 
type DE-52, column (Fig. 3) in the area of mono- and 
triphosphate were concentrated and enzymatically digested 
to the riboside level and re-chromatographed on Silica gel 
for identification and separation of AR from IPAR 
ribonucleosides. Spots were extracted with 0.01 N NaOH 
and concentrated, and the absorbance ratios were deter- 
mined using a DW-2 spectrophotometer with 0.05 O.D. 
units as full scale. 
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Table 4. Distribution in vivo of IPAR[8-'*C] in rat liver. 
small intestine, spleen and thymus 4hr after an iv. 
administration of the labeled drug* 
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Table 5. Uptake and incorporation of IPAR[8-'*C] into 
tissues acid-soluble and -insoluble fractions 4hr after an 
i.v. administration of the drug* 





Radioactivity 
(cpm/g tissues, x 107°) 





Small 


Liver intestine Spleen Thymus 





Acid-soluble 

(total) 

DE-52 column 

fractiont 
0.40 
0.23 
1.80 
0.80 
0.46 
0.57 
0.74 0.23 
0.57 0.56 

“Recovery 97 97 


0.10 
0.33 
0.66 
0.66 
0.20 
0.46 





* IPAR[8-'4C] (15 wCi) was administered i.v. to each of 
two rats. At 240 min after the administration of the drug, 
rats were anesthetized and tissues removed quickly and 
pooled for preparation of acid-soluble fraction. 

* Quantitation of ribonucleosides and ribonucleotides 
was made by t.l.c. chromatography of pooled and enzyma- 
tically digested samples eluted from the DEAE-cellulose, 
type DE-52, column. 

t ND = not detectable. 


Incorporation of IPAR[8-'*C] into nucleic acids and 


protein 

Incorporation of IPAR[8-'*C] into macromole- 
cules of rat tissues 4 hr after drug administration was 
investigated. DNA, RNA and protein fractions were 
isolated from each tissue and counted for 
'4C-radioactivity. Of the four tissues studied, liver 
and small intestine were the only ones that showed 
incorporation of '*C-label into RNA. No significant 
incorporation of IPAR[8-'*C] into the DNA and 
protein was detected in any of the tissues investigated. 
The results are summarized in Table 5. 

To eliminate the possibility that the radioactivity 
liberated from RNA after its enzymatic digestion may 
have resulted from the release of non-covalently 
bound nucleotides, a portion of the labeled RNA frac- 
tion was gel filtered on a Bio-Gel and fractions were 
counted and enzymatically digested. The present evi- 
dence indicates that IPAR[8-'*C] was incorporated 
into RNA of liver and small intestine: (1) radioactivity 
of the gel-filtered materials was directly associated 
with the eluted RNA; (2) chromatographic separ- 
ations using TLC and paper of the enzymatically 
digested RNA revealed that only two labeled com- 
ponents were released and these had R, values identi- 
cal with AMP and IPAMP. Furthermore, when the 
digestion was carried to the nucleoside levels, the two 
labeled components were identified as AR and IPAR; 
and (3) the -280/260nm absorbance ratios of the 
released labeled components with an R, value corre- 
sponding to AMP and IPAMP were 0.17 and 0.78 
respectively. In contrast, enzymatic digestion of spleen 
RNA released only a single labeled nucleoside identi- 
fied as AR with no detectable release of IPAR. 


Radioactivity 
(cpm/g Tissues) 





RNA 





IPAMP 
[8-"*C] 


AMP 


Total [8-'*C] DNA? Protein+ 





Liver 19,000 9,000 9,000 <200 <200 
Small 
Intes- 
tine 
Thymus 
Spleen 
R, 
Silica 
gel 0.88 
3MM 0.32 


<200 
< 50 
< 50 


5,000 
<50 
<50 


< 200 
<50 
<50 


12,000 
1.000 
1,000 


6,000 
1,000 
1,000 


0.52 
0.89 





* Acid-soluble fractions were prepared (see Methods) 
and each fraction was counted for total radioactivity. Liver 
(15 g), small intestine (6 g), thymus (1.1 g) and spleen (1.2 g) 
were used for preparation of the acid-insoluble fraction. 
DNA, RNA and protein were isolated from the acid-inso- 
luble fractions. '*C-labeled RNA was then enzymatically 
digested, and incorporated label was identified on Silica 
gel (see Ref. 13) and on 3 MM paper. 

+ Due to the low level of incorporation into these frac- 
tions, identification of the incorporated label was not 
attempted. 


A schematic representation for the anabolic and 
catabolic pathways of IPAR is outlined in Fig. 4. 


DISCUSSION 


As indicated in Fig. 4, IPAR may be phosphory- 
lated to the 5'-mono-, di-, and triphosphates and in- 
corporated into RNA. In addition, the drug may be 


' 
AR =——— Amp 


eee 


IPAR => 1pamp | |—*erpapp —2—= rpaTP 
7 
2 6 5 





IR IMP 
1? * 
HX GMP 

Fig. 4. Schematic representation of the metabolism of 
IPAR and AR. (1) adenosine kinase (ATP: adenosine 5’- 
phosphotransferase) (EC 2.7.1.20); (2) adenosine deaminase 
(adenosine aminohydrolase) (EC 3.5.4.2); (3) nucleoside 
phosphorylase (orthophosphate ribosyltransferase) (EC 
2.4.2.1); (4) hypoxanthine — phosphoribosyl-transferase 
(IMP: pyrophosphate phosphoribosyltransferase) (EC 
2.4.2.8); (5) adenylosuccinate synthetase and adenylosuc- 
cinate lyase [IMP L-asparatate ligase (GDP)] (EC 6.3.4.4), 
and adenylosuccinate AMP-lyase (EC 4.3.2.2), respectively; 
(6) adenylate deaminase (AMP-aminohydrolase) (EC 

4); (7) phosphatase (orthophosphoric monoester phos- 
phohydrolase) (EC 3.1.3.1); (8) adenylate kinase (ATP: 
AMP. phosphotransferase) (EC 2.7.4.3): (9) adenosine 
diphosphate kinase (ATP:ADP phosphotransferase) (EC 
2.7.4.6); (10) RNA polymerase (ATP-RNA_ nucleotidyl- 

transferase) (EC 2.7.7.6). 
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catabolized to form various adenosine nucleotides 
with subsequent incorporation into RNA. It is evident 
that tissue selectivity of IPAR may depend on the 
rate of catabolism and anabolism of this drug in dif- 
ferent tissues. Enzyme preparations from human or 
chicken bone marrow, pea seedlings, and tobacco 
pitch tissue cultures have been shown to convert 
IPAR to N°-(3-hydroxy-3-methyl-butyl)-adenosine 
and hypoxanthine [21,22] or to inosine [23]. 
Tobacco leaves also contain an enzyme that hydro- 
lyzes IPAR to adenosine [24]. In humans, however, 
a large amount of IPAR[8-'*C] was excreted in the 
uridine as non-ultraviolet absorbing compounds [25]. 

The current investigation demonstrates that in rat 
tissues both anabolic and catabolic pathways for 
IPAR are operable, since both labeled drug and 
labeled purine nucleosides and nucleotides were 
found in the acid-soluble fraction after administration 
of IPAR[8-'*C] (Fig. 3 and Table 4). These results, 
however, do not discriminate among any of the 
several possible pathways as to the most probable 
pathway to the formation of IMP and AMP from 
IPAR. The evidence presented here also demonstrates 
the conversion of IPAR to purine nucleosides. With 
spleen and thymus, our results further confirm those 
of Divekar et al. [7], Hacker [8] and McLennan and 
Pater [9] in which IPAR[8-'*C] was phosphorylated 
to the 5’-monophosphate only in cells in culture with 
no evidence of drug incorporation into RNA. The 
possibility remains of course that incorporation into 
RNA might occur at a significant level in these tissues 
were treatment to be extended beyond the 4-hr period 
used in the present study. In rat liver and small intes- 
tine, the labeled drug was rapidly phosphorylated up 
to the triphosphate, and incorporation into RNA was 
quite extensive by 4hr. Furthermore, the results in 
Table 5 indicate that not only was the amount of 
IPAR incorporated into RNA of rat liver greater than 
that incorporated into small intestine at this time, but 
also that the rate of IPAR catabolism in small .intes- 
tine was over 2-fold greater. 

The results summarized in Table 2 demonstrate 
that in rat thymus the drug produced about a 50 
per cent decrease in the amount of pyrimidine nucleo- 
tides found in the acid-soluble fraction. As the result 
of this decrease, a 2- to 5-fold increase in the specific 
activity of pyrimidine nucleotides after administration 
of UR['*C] was achieved. These results suggest that 
the observed stimulation of precursor incorporation 
into thymus RNA [11] may be the result of inhibition 
of the de novo pathway of pyrimidine nucleotide bio- 
synthesis by the drug and/or its metabolites. 

Results obtained in this investigation suggest that 
the pronounced inhibition of precursor incorporation 
into liver protein [13] may possibly be related, in 
part, to the reduction in the ATP concentration by 
IPAR (from 2.35 to 0.70 mole/g, Table 1) at 30 min. 
This drop coincided with the maximum inhibition of 
incorporation of ['*C]phenylalanine into liver pro- 
tein (95 per cent) and the accumulation of about 
2.0 umoles IPAMP/g. The change in the adenosine 
pool produced by the drug also resulted in a down- 
ward shift in the adenylate energy charge [26]. In 
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sient, returning to about control values within 4 hr 
after drug administration. 

This study provides evidence for the phosphory- 
lation of IPAR into 5’-mono, di-, and triphosphate 
nucleotides and for the incorporation of this analog 
into RNA of rat liver and small intestine. In contrast 
to these tissues, the drug was phosphorylated only 
to the 5’-monophosphate level in spleen and thymus 
and less than | per cent of IPAR was converted to 
AR in these tissues. These differences in metabolism 
reflect differences in the biochemical make-up of 
various normal tissues and may provide some bases 
for an understanding of the selective cytotoxicity of 
this agent. 
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THE TIME-COURSE .OF CADMIUM-THIONEIN 
SYNTHESIS IN THE RAT 
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Abstract—After the intravenous injection of Cd?* (1.6 mg/kg body wt) the cation accumulates to slightly 
greater concentrations in the liver and kidneys of the 10-week-old female Wistar rat, than in these 
organs of the 10-week-old male. Ionic Cd** is more toxic for the female than for the male, the 
LDso values being 1.4 (1.2-1.7) and 2.2 (1.9-2.6)mg Cd?*/kg body wt, respectively. This difference 
in toxicity is not correlated with differences in rates.of hepatic cadmium-thionein synthesis. In both 
sexes, uptake of Cd?* by the liver is complete within 1 hr. In the male rat there is a lag phase 
of 3-4hr between the administration of Cd** and the onset of the induced synthesis of thionein 
in the liver. Once this synthesis occurs, the content of the metallothionein increases rapidly, Cd** 
being transferred to the apoprotein from proteins of high molecular weight that provide the initial 
binding sites for the cation in the soluble fraction of the liver. At a dose level of 1.6 mg Cd?*/kg, 
synthesis of the metallothionein is mainly complete within 8 hr and appears to be unaffected by age; 
both the length of the lag phase and subsequent rate of formation of the hepatic metalloprotein in 
the 80-week-old male rat being the same as those in the 10-week-old animal. In contrast with the 
male, approximately 5 per cent of the total Cd** in the soluble fraction of the liver of the female 
rat is bound as the metallothionein within | hr after the administration of the cation. This incorporation 
of Cd?* into the metalloprotein is attributed to replacement by Cd?* of Zn?* in zinc-thionein, which 
is present in low concentration in the liver of the normal female rat. This initial replacement is followed 
by a slow increase in the content of thionein-bound Cd?* during the following 2-3 hr. Thereafter, 
presumably due to stimulation by the Cd?*-induced messenger, the rate of synthesis increases rapidly 
to a maximum, which is at least equal to, and occurs at the same time, as that in the male. At 
24hr after the administration of Cd** to the male rat, the content of Zn?* in the hepatic metallo- 
thionein is similar to that of Cd?*. Replacement of this Zn?* by Cd?* may account for the immediate 
incorporation of the latter cation into the hepatic metallothionein that occurs when the animals are 
given a second dose of Cd**. After this initial replacement the synthesis of thionein, which has been 
primed by the first dose of Cd?*, occurs without lag on exposure to the second, and both Zn?* 
and Cd?* are incorporated into the metallothionein. Intravenous injection of 1.6mg Cd?*/kg body 
wt also leads to a rapid accumulation of the cation in the kidney, but does not induce the synthesis 
of the metallothionein in this organ of either the male or female rat during the following 48 hr. 


The synthesis of the metallothionein, cadmium- 
thionein, which occurs in the livers and kidneys of 
experimental animals in response to the adminis- 
tration of Cd**, is known to be inducible [1, 2, 3], 
and to require the induction of m-RNA [4, 5,6]. 
There is, however, little or no precise information 
about the time-course of this synthesis. Nordberg et 
al. [2], for example, from measurements of the con- 
centration of thionein-bound Cd?* in the livers of 
mice at 20min, 4hr and 1, 6 and 18 days after the 
subcutaneous injection of Cd** (3.0 mg/kg body wt), 
concluded that there was a lag of at least 24hr 
between the administration of the cation and the 
onset of synthesis of the metalloprotein. It seems 
possible, however, that this long lag phase may have 
been due to the use of a high dose of Cd?* as, at 
least in the rat, the injection of 3.0mg Cd**/kg can 
be inhibitory to hepatic protein synthesis [7]. 

After intraperitoneal administration of Cd?* 
(1.0 mg/kg) to the rat, Sabbioni and Marafante [8] 
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all communications to: Dr. M. Webb, Toxicology Unit, 
MRC Laboratories, Woodmansterne Road, Carshalton, 
Surrey SMS 4EF. 


found the accumulation of the hepatic metalloprotein 
to have begun, but to be incomplete at 6 hr, the ear- 
liest time at which analyses were made. Previously 
Shaikh and Lucis [9] had observed synthesis of the 
apoprotein, as measured by the incorporation of 
'4C-labelled cysteine, to occur between 5 and 24 hr 
after the injection of Cd?*, whilst Squibb and Cou- 
sins [10] had concluded that, as actinomycin D did 
not inhibit the formation of the metallothionein when 
administered 3 hr after the cation, the pre-induction 
of the necessary m-RNAs was complete within this 
time. 

The work summarized in this paper was done to 
examine in more detail the time course of cadmium- 
thionein synthesis in the liver of the rat and to deter- 
mine whether this synthesis (a) occurred at the same 
time in the kidney and (b) was influenced by either 
sex or age. 


MATERIALS AND METHODS 


Male (10-week-, and 80-week-old) and female 
(10-week-old) rats, of the Wistar strain, were main- 
tained on a standard laboratory diet (41B). The ani- 
mals were given 1.6 mg Cd**/kg by i.v. injection (tail 
vein) of a sterile solution of CdCl, (3.2 mg Cd?*/ml), 
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made isotonic with NaCl, and were killed in groups 
of 2 or 4 at intervals during the following 48 hr. The 
liver and kidneys were removed from each rat im- 
mediately after death and, after being weighed, were 
frozen in liquid N, and stored at —20° until pro- 
cessed. 

For the determination of thionein-bound Cd?*, 
either the whole kidneys, or equal weights of tissue 
from the livers of each group of rats, were combined 
and homogenized in 4 vol of a solution of 135mM 
NaCl in 20mM Tris-HCl buffer, pH 8.0. The homo- 
genate was centrifuged in a refrigerated (+4) centri- 
fuge for 10 min at 10,000g, the supernatant fraction 
being re-centrifuged for 1 hr at 105,000 g. The soluble 
fraction was removed, concentrated about 5-fold by 
dialysis against solid polyethylene glycol (mol. wt 
6000: Koch-Light Laboratories Ltd. Colnbrook, 
Bucks) at 4, and diluted with the homogenization 
medium to contain the equivalent of 1 g original wet 
wt tissue/ml, a correction being applied for losses dur- 
ing centrifugation (i.e. in the unwashed sediments) 
which, from preliminary experiments, were estimated 
to be about 6 per cent. A portion of this final solution 
(0.8-1.2 ml, usually 1.0 ml) was fractionated by gel fil- 
tration at room temperature (20-25°) on a column 

‘(85 x 1.5-cm) of Sephadex G75 (Pharmacia Fine 
Chemicals AB, Uppsala, Sweden) with a solution of 
50 mM NaCl in 10 mM Tris-HCl! buffer, pH 8.0, that 
contained 0.01°% (w/v) NaN;, as eluant. The column 
was operated at a flow-rate of 8 ml/hr and fractions 
of 2.3 ml volume were collected. Under these condi- 
tions, high mol. wt proteins were eluted at the void 
volume (v9 = 56 ml) of the column and the metalloth- 
ionein at a V,/Vp» ratio of 2.0 (see Fig. 1). 

Concentrations of Cd?* were determined in the 
liver and kidneys of each animal by atomic absorp- 
tion with a Perkin-Elmer Model 306 Spectrophot- 
ometer, the tissue samples (0.3-0.4g wet wt) being 
digested and prepared for analysis by the method of 
Thompson and Blanchflower [11]. The Cd?* and 
Zn** cations were determined in the eluates from the 
Sephadex G75 column by direct analysis, i.e. without 
digestion. Recovery of either cation in the eluate was 
always greater than 95 per cent of amount applied 
to the column, and usually was quantitative. 

Toxicity (LDs9) of Cd?* was determined by the 
method of Weil [12]. 


RESULTS 


Hepatic and renal uptake of Cd?*. As shown in 
Table 1, there was no difference in the liver weight, 
expressed as a percentage of the body weight, of male 
and female rats at 10 weeks of age, but the kidneys 
of the female were relatively larger than those of the 
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Fig. 1. Time course of cadmium-thionein synthesis in the 
liver .of the 10-week-old male rat. The graphs show the 
distribution of Cd?* in the eluate fractions (2.3 ml vol) 
obtained by gel filtration of the liver cytosol (= 0.8-1.0g 
wet wt tissue) at (a) 2, (b) 6 and (c) 24hr after the iv. 
administration of Cd?* (1.6mg/kg) to the male rat. For 
experimental details see Materials and Methods. The total 
amounts of Cd** that were applied to the Sephadex G75 
columns were (a) 8.0, (b) 6.9 and (c) 8.0 wg, and the reco- 
veries were 97.5, 95,6 and 100°, respectively. 


male. In males, aged 80 weeks, the weights of both 
the liver and kidneys, relative to the body weight, 
were significantly less than at 10 weeks of age. These 
organ:body weight ratios were unaffected by the 
administration of Cd** during an experimental 
period of up to 48 hr. 

Uptake of Cd** into the liver of the 10-week-old 
male rat was complete within | hr after the i.v. injec- 
tion of 1.6 mg Cd?*/kg; thereafter there were no dif- 
ferences, other than those attributed to variations 
between animals, in either content or concentration 
of Cd?* during the following 48hr (Table 2). In 
females of the same age the pattern was similar, 
although the concentration, but not the content, of 
Cd?* in the liver was greater than in the males (Table 
2). Also in females, in contrast with the males, this 


Table 1. Liver and kidney weights (per cent of body weight) of male and female rats at 
10 weeks, and of male rats at 80 weeks of age 





Age Body wt 
Sex (weeks) (g) 


Liver Kidney 
(Per cent of body wt) 





Male 10 310 
Female 10 210 
Male 80 595 


33 (30)* 
20 (28) 
46 (8) 


+ 
= 


0.57 + 0.01 (30)* 
0.66 + 0.01 (28) 


0.43 + 0.02 (7) 


3.47 + 0.06 (30)* 
3.52 + 0.07 (28) 
2.82 + 0.09 (7) 





* Values in parenthesis are the numbers of animals. 
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Table 2. Contents of Cd** in the livers and kidneys of male and female rats at different times after the administration 
of 1.6 mg Cd?*/kg body wt 





Time 
after 
adminis- 
tratn. 
Age of Cd?* 


Sex (weeks) (hr) Liver 


Cd?* content in 
whole organ 


(ug) 


Cd?* concentration 
(ug/g wet wt) 


Kidney Liver Kidney 





171.5 + 17.0(4)* 
171.9 + 11.8 (14) 
178.0 + 8.3 (8) 

244.6 + 9.7 (10) 


146.8 + 9.5(4) 
148.6 + 11.2 (12) 
144.4 + 6.0(6) 


Male 


Female 


4.1 + 0.6 (4)* 
4.9 + 0.6(12) 
5.5 + 0.6 (6) 


6.4 + 0.9 (4)* 16.4 + 0.4 (4)* 
15.7 + 1.0(14) 
15.7 + 2.1 (8) 


1.1 (10) 


> 
an 


5.9 + 1.4(4) 
6.0 + 0.6(12) 
9.5 + 1.0(6) 


HEHE + H+ 





* Values in parenthesis are the numbers of animals. 


dose of Cd?* (1.6 mg/kg) killed a number of the ani- 
mals, usually between 8 and 24hr after injection. 
Determination of the toxicity of Cd?* in these 
10-week-old animals confirmed that the females were 
more susceptible to the cation than were the males, 
the 24 hr LDso-values being 1.4 (1.2-1.7) mg Cd?*/kg 
and 2.2 (1.9-2.6) mg Cd**/kg, respectively. 

The concentration of Cd?* in the liver of the male 
rats at 80 weeks of age was similar to that at 10 
weeks although, as the organ (mean wt = 16.8 g) was 
about 1.6 times larger in the older animals, the total 
content of the cation was greater (Table 2). Neverthe- 
less, a smaller proportion of the dose was retained 
in the livers of these rats, since their liver weights, 
relative to body weights, were lower than in the 
younger animals (Table 1). No difference was 
observed however in the toxicity of Cd?* for males 
of these two age groups. 

As in the liver, Cd?* was taken up rapidly by the 
kidneys of both sexes. In the 10-week-old animals the 
renal concentration of Cd?* remained reasonably 
constant between 1 hr and 8hr after treatment, but 
then increased, the increase being greater in the 
females than in the males (Table 2). 


In male rats that had been dosed once with Cd?* 
(1.6 mg/kg), administration of a second dose of the 
cation after 24 hr was followed by the rapid uptake 
of further amounts of Cd?* into the livers and 
kidneys. In both organs, however, uptake from the 
second dose, which also was complete within | hr, 
was almost double that from the first. Thus the con- 
tent of Cd?* in the liver was increased from 
178.0 + 8.3 ug [8] to 474.6 + 27.3 ug [8] and in the 
kidney from 9.9 + 1.0 ug [6] to 28.6 + 2.3 ug [7]. 

Time course of cadmium-thionein synthesis. Cad- 
mium-thionein was not present in the liver of the 
young male rat during the first 3 hr after the injection 
of a single dose of Cd** (1.6 mg/kg), and all of the 
Cd?* in the soluble fraction was bound by the high 
mol. wt proteins that were eluted at or near the void 
volume of the Sephadex column (Fig. 1). After 6 hr 
approximately half, and after 24 hr almost all, of the 
Cd?* in the soluble fraction was bound in the metal- 
lothionein (Fig. 1). More complete data on the time- 
course of the synthesis of the metalloprotein are given 
in Table 3. In this table the Cd?* contents of the 
high mol. wt protein fraction and of the metalloth- 
ionein have been expressed as percentages of the total 


Table 3. Time course of cadmium-thionein synthesis in the liver of the male and 
female rat after the intravenous injection of Cd?* (1.6 mg/kg) 





Time Male 
after 

injection High mol. 

of Cd?* wt protein 
(hr) fraction 


Metallothionein 


Female 


Per cent of total Cd?* of soluble fraction in 


High mol. 
wt protein 


fraction Metallothionein 





100 (100)* (0) 
100 0 
100 0 
73.8 (63.6) 
67.9 
45.6 
10.3 (8.9) 
8.6 91.4 
10.6 (11.8) 
2.9 97.1 


32.1 
54.4 


26.2 (36.4) 


89.7 (91.1) 


89.6 (88.2) 


95.4 4.6 
7.3 

10.9 

12.5 

60.5 

54.1 

84.0 

86.7 

86.3 

95.5 





* The values in brackets are for 80-week-old male rats. 

The livers were removed from the animals at the times shown in the table and 
were fractionated as described in Materials and Methods. The results, other than 
those given in brackets, are for 10-week-old rats. 
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Table 4. Time-course of synthesis of, and contents of Cd?* 
and Zn’* in, the metallothionein in the liver of the 
10-week-old male rat after the second of two doses of Cd-* 





Time after 
administration High mol. wt 
of the second _ protein fraction 
dose of Cd?* Cd?* 

(hr) 


Metallothionein 
oe Zn?* 
(ug/g wet wt liver) 





O* 0.9 (10.8)* 
6.7 (29.4) 
2.7 (11.3) 
1.4(6.0) 
1.4(5.7) 


6.9 (89.2)F 3.4 
16.1 (70.6) 1.0 
21.3 (88.7) 1.4 
22.0 (94.0) 2.0 
23.7 (94.3) I 





* These animals were given a single dose of Cd** and 
killed after 24 hr. 

+ Per cent of total Cd?* recovered from the soluble frac- 
tion. 

Male rats were given 1.6mg Cd?*/kg by i.v. injection. 
After 24hr, certain of these animals were given a second 
dose of Cd** (1.6 mg/kg) by the same route and were killed 
in groups of three at intervals, thereafter the livers being 
removed, pooled and fractionated as described under 
Materials and Methods. 


recovered Cd** to allow for variations, such as those 
in Fig. 1, in the amounts of the cation in the different 
preparations that were applied to the column. The 
results show that with the onset of cadmium-thionein 
synthesis, which occurred between 3 and 4hr (Table 
3), the content of the metalloprotein increased rapidly 
whilst binding of the cation by the large proteins of 
the cytosol was decreased proportionately (see also 
Fig. 1). Synthesis appeared to be mainly complete 
within 8 hr, and there was only a very slight increase 
in cadmium-thionein content during the next 40 hr 
(Table 3). During this time, however, the capacity for 
synthesis of the metalloprotein was maintained. Thus, 
when male rats were given a second dose of Cd?*, 
24hr after the first, cadmium-thionein synthesis 
occurred without a lag phase (Table 4). The metal- 
lothionein that was induced in the liver by the first 
dose of Cd?* also accumulated Zn?* and, at 24 hr, 
the content of the latter cation (3.4 ug or 51.9 ng ions) 
was similar to that of the former (6.9 wg or 62.3 ng 
ions; Table 4). Uptake of Cd?* from the second dose 
into the hepatic metallothionein of the once-pre- 
treated animal caused an initial displacement of part 
of this Zn**. (Table 4). With the further synthesis of 
thionein, however, both the Cd** and Zn?* contents 
of the metalloprotein fraction increased (Table 4). 

In 80-week-old male rats the time-course of the 
synthesis of the hepatic protein was similar to that 
in the younger animals (Table 3). In the liver of the 
female, however, about 5 per cent of the Cd?* in 
the soluble fraction of the liver was present as the 
metallothionein at | hr after the administration of the 
cation (Table 3). During the next 2-3 hr, which corres- 
ponded to the lag phase in the liver of the male rat, 
the content of thionein-bound Cd** slowly increased 
by approximately 2.5 times and then increased rapidly 
to a maximum between 5 and 6 hr. 

Although Cd?* was present in the kidney, shortly 
after the administration of the cation to the animal, 
at a concentration only slightly less than that in the 
liver (Table 2), no synthesis of cadmium-thionein 
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occurred in the organ of the male or female rat within 
48 hr. 


DISCUSSION 


At dose levels below about 2.5-3.0 ug Cd**/kg, 
the incorporation of Cd?* into the metallothionein 
(cadmium-thionein) of rat liver is known to be corre- 
lated with the synthesis of the apoprotein, thionein 
[3, 8,9, 10]. The increase in the content of thionein- 
bound Cd?* that occurs after the administration of 
the cation to the experimental animal thus provides 
a convenient method by which the synthesis of the 
protein can be followed, at least qualitatively. By this 
and tracer methods it has been shown that produc- 
tion of cadmium-thionein is not immediate, but is 
preceded by a lag phase, during which the formation 
of the appropriate mRNAs is assumed to occur 
[4, 5, 6, 10]. Because of this lag phase which, as shown 
by the present results (Table 3) lasts for about 3 hr 
in the liver of the male rat, there is an intracellular 
redistribution of the cation with time. Thus, after iv. 
injection of a single dose of Cd?* (1.6 mg/kg) uptake 
of the cation by the liver is complete within 1 hr (the 
earliest time at which measurements were made). 
During the first 3 hr after injection, however, Cd?* 
incorporated into the soluble fraction of the tissue 
is bound by proteins of high mol. wt, which form 
initial binding sites for the cation. With the onset of 


_ thionein synthesis, Cd?* is removed from these pro- 


teins and incorporated ‘into the metallothionein the 
content of which increases rapidly between 4 and 8 hr 
(Table 3; Fig. 1). Although decreased hepatic protein 
synthesis, attributed to age-linked alterations in 
microsomes has been described in the livers of old 
animals [13], the induction of cadmium-thionein syn- 
thesis in the male rat does not seem to be affected 
by age; both the lengths of the lag phase and sub- 
sequent rates of formation of the metalloprotein are 
the same in 10-week-old and 80-week-old animals 
(Table 3). 

Zinc-thionein, which was not detected in the liver 
of the male Wistar rat by cation-exchange with Cd?* 
(Table 3, c.f. Squibb and Cousins[10]), normally 
occurs in low concentrations in the liver of the 
female [14]. Replacement of this Zn** by Cd?* prob- 
ably explains the incorporation of small amounts of 
the latter cation into the metallothionein of the liver 
of the female within 1 hr. Also, during the lag phase 
that precedes the Cd?*-induced synthesis in the 
female there is a slow, 2.5-fold increase in the content 
of the thionein-bound Cd?* (Table 3), possibly con- 
trolled by the mRNA’s that already exist for the pro- 
duction of the zinc-metalloprotein. Thereafter the rate 
of synthesis increases rapidly to a maximum, which 
occurs between 5 and 6hr after the administration 
of the cation and is at least equal to that in the male 
(Table 3). Differences in the rates of hepatic cadmium- 
thionein formation, therefore, cannot explain the 
observed difference in the LD<s, of Cd** for the male 
(2.2 mg/kg) and female (1.4 mg/kg) rat. 

At 24hr after the administration of Cd?* to the 
male rat the induced hepatic metallothionein, which 
usually also accumulates Zn** (see e.g.[7]), con- 
tained almost equal amounts of these cations (e.g. 
52ng ions Zn**, 61 ng ions Cd?*; Table 4). As 
observed by Suzuki and Yoshikawa [15], replacement 
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of much of this Zn?* seems to occur when the ani- 
mals are given a second dose of Cd?*, and may con- 
tribute to the initial rapid uptake of the latter cation 
into the hepatic metallothionein that is observed un- 
der such conditions (Table 4). Even at lhr after 
administration of the second dose, however, the 
uptake of Cd?* into the metallothionein (9.2 ug, or 
82.1 ng ions/g wet wt liver) is greater than the loss 
of Zn** (2.4 yg, or 36.9 ng ions/g wet wt liver) and, 
during the following 4hr, the contents of both of 
these cations in the metalloprotein fraction increase 
progressively (Table 4). It seems, therefore, that the 
first dose of Cd?* primes the synthetic mechanism 
such that further synthesis occurs without lag on 
exposure to the second. Even in the Cd?*-pretreated 
animal, however, some of the “new” Cd** that ac- 
cumulates in the soluble fraction of the liver after 
the second dose also is bound initially by the high 
mol. wt proteins, and is transferred subsequently to 
the metallothionein (Table 4). 

Intravenous injection of a single dose of Cd?* also 
leads to the rapid incorporation of the cation into 
the kidney of the rat (Table 2). Under the conditions 
of the present experiments the renal concentration 
(and content) of Cd?* was found to increase between 
8 and 16hr, the increase being greater in the female 
than in the male (Table 2). Throughout the 48-hr 
period after injection, however, Cd?* that was incor- 
porated into the soluble fraction of the kidney 
remained bound by the high mol. wt proteins, and 
there was no synthesis of the metallothionein. As cells 
of the renal cortex are able to form cadmium-thionein 
when cultured in vitro in the presence of Cd?* [16], 
it is possible that the threshold concentration of the 
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cation, below which the synthesis of the metallopro- 
tein does not occur in vivo, may be higher in the 
kidney than in the liver. 


Acknowledgement—Maria Cempel thanks the Wellcome 
Trust for the award of a research fellowship. 


REFERENCES 


. Z. A. Shaikh and O. J. Lucis, Fedn Proc. 29, 298 (1970). 

. G. F. Nordberg, M. Piscator and B. Lind, Acta phar- 
mac. tox. 29, 456 (1971). 

. N. Webb, Biochem. Pharmac. 21, 2751 (1972). 

. U. Weser and L. Hiibner, FEBS Lett. 10, 169 (1970). 

. U. Weser, L. Hiibner and H. Jung, FEBS Lett, 7, 356 
(1970). 

. U. Weser, H. Rupp, R. Donay, F. Linnemann, W. 
Vochter, W. Voetsch and H. Jung, Eur. J. Biochem. 
39, 127 (1973). 

. M. Webb, Biochem. Soc. Trans. 3, 632 (1975). 

. E. Sabbioni and E. Marafante, Environ. Physiol. Bio- 
chem, in press. 

. Z. A. Shaikh and O. J. Lucis, Proc. Can Fed. biol. 
Sci, 13, 158 (1970). 

. K. S. Squibb and R. J. Cousins, Environ. Physiol. Bio- 
chem. 4, 24 (1974). 

. R. H. Thompson and W. J. Blanchflower, Lab. Practice 
20, 859 (1971). 

. C. S. Weil, Biometrics 8, 249 (1952). 

. W. I. Mainwaring, Biochem. J. 113, 869 (1969). 

. M. Webb and R. D. Verschoyle, Biochem. Pharmac. 
25, 673 (1976). 

. Y. Suzuki and H. Yoshikawa, Ind. Health 12, 141 
(1974). 

. M. Webb and M. Daniel, Chem.-Biol. Interact. 10, 269 
(1975). 








Biochemical Pharmacology. Vol. 25, pp. 2073-2077. Pergamon Press, 1976. Printed in Great Britain. 


INHIBITION OF MONOAMINE OXIDASE BY 
AMPHETAMINE AND RELATED COMPOUNDS 


TIMOTHY J. MANTLE, KEITH F. TIPTON and NIGEL J. GARRETT 
Department of Biochemistry, Tennis Court Road, Cambridge CB2 1QW, England 


(Received 24 January 1976, accepted 7 April 1976) 


Abstract—The «-methyl-substituted amines dl-x-methylbenzylamine, dl-x-methyltryptamine and the two 
stereoisomers of amphetamine were shown to be competitive inhibitors of the oxidation of benzylamine, 
tyramine and serotonin by rat liver monoamine oxidase. All these compounds were more potent inhibi- 
tors of serotonin oxidation than of benzylamine oxidation, with x-methyltryptamine showing the 
greatest selectivity and «-methylbenzylamine the least. The kinetics of the inhibition of tyramine oxi- 
dation were consistent with the presence of two enzyme species with different inhibitor sensitivities 
which were both active towards this substrate. The selectivity of these inhibitors was demonstrated 
with membrane-bound and solubilised preparations of the enzyme, but it could be abolished by treat- 
merit of the latter preparation with the chaotropic agent sodium perchlorate. The significance of mono- 
amine oxidase inhibition in connexion with the pharmacological action of amphetamine is discussed. 


The pharmacological action of amphetamine is 
believed to be due, at least in part, to its ability to 
increase the concentrations of transmitter amines in 
the synaptic cleft. This effect involves stimulation of 
catecholamine release from the nerve endings [1-5] 
and inhibition of reuptake into the nerve endings 
[6-10]. The relative importance of these two effects 
is uncertain and may vary with the nature of the 
transmitter amine, since differing concentrations of 
amphetamine have been shown to be necessary to 
cause the release of different transmitter amines 
[11,12]. 

Although amphetamine is a reversible inhibitor of 
monoamine oxidase [13], it has been generally 
assumed that this does not play a significant role in 
the pharmacological effects of this compound since 
the inhibition is relatively weak [14] and the effects 
of amphetamine differ from those produced by mono- 
amine oxidase inhibitors (see e.g. [15]). Glowinski et 
al. [16] showed that the inhibition of monoamine oxi- 
dase by amphetamine was dependent on the substrate 
used to assay the enzyme, tryptamine oxidation being 
less sensitive to inhibition than the activity towards 
moradrenaline. A similar dependence of the inhibitor 
constant upon the substrate used to assay the enzyme 
was noted by Fuller [17], and Green [18] reported 
that the inhibition of tyramine oxidation varied with 
amphetamine concentration in a way that suggested 
that more than one enzyme species was responsible 
for the oxidation of this substrate. None of these 
workers, however, presented the results of a detailed 
kinetic study in which a range of substrate and inhibi- 
tor concentrations was used and in this paper we 
report the results of such a study with the enzyme 
from rat liver, using the two stereoisomers of amphe- 
tamine and the a«-methyl derivatives of benzylamine 
and tryptamine. 


MATERIALS AND METHODS 


[1-'*C]-labelled serotonin creatinine sulphate and 
tyramine hydrochloride were obtained from the 


Radiochemical Centre, Amersham, Bucks, U.K. and 
[1-'*C] benzylamine hydrochloride was obtained 
from ICN Pharmaceuticals, Irvine, Calif, U.S.A. d- 
and /-amphetamine sulphate, from Smith, Kline and 
French Laboratories Inc., were a gift from Dr. L. L. 
Iversen, and dl-x-methyltryptamine hydrochloride 
was a gift from Dr. R. F. Long of Roche Products 
Ltd, Welwyn Garden City, Herts, U.K., dl-x-methyl- 
benzylamine was obtained from Ralph N. Emmanuel 
Ltd, Wembley, Middx. U.K. and was converted to 
its hydrochloride and recrystallised before use. All 
other chemicals were obtained from British Drug 
Houses Ltd, Poole, Dorset, U.K. 

Enzyme preparations. Rat liver mitochondrial outer 
membranes and solubilised partly purified prep- 
arations of monoamine oxidase were prepared by the 
methods previously reported [19,20] and treatment 
of the solubilised preparation with the chaotropic 
agent sodium perchlorate followed the procedure pre- 
viously described [19]. Beef liver aldehyde dehydro- 
genase was prepared by a modification [19] of the 
procedure of Deitrich et al. [21]. 

Assay methods. The activity of monoamine oxidase 
was followed at 30° by using the radiochemical 
method of Otsuka and Kobayashi [22], the coupled 
spectrophotometric assay with aldehyde dehydrogen- 
ase [19] or by monitoring the oxygen uptake using 
an oxygen electrode (Rank Bros, Bottisham, Cam- 
bridge, U.K.). Assays were carried out either in 0.1 M 
sodium phosphate buffer or 50mM Tris-HCl buffer 
at pH 7.2 with no other additions to the assay except 
for enzyme, substrate and inhibitor. No difference 
could be detected between the activities in these two 
buffers. 


RESULTS 


Assay of the activity of the monoamine oxidase in 
rat liver mitochondrial outer membranes and the 
solubilised preparation using the oxygen electrode 
confirmed that none of the ~-methyl derivatives could 
function as substrates for the enzyme. In addition the 
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Fig. 1. Double-reciprocal plots of the inhibition of benzyl- 

amine oxidation by /-amphetamine using rat liver mito- 

chondrial outer membranes as the enzyme source. Exper- 

imental details were as described in the text and the follow- 

ing |-amphetamine concentrations were used: 0(@), 0.1 (A), 
0.25 (D), 0.5 (A), 0.75 (MI) and 1.0(0) mM. 


possibility of activity towards a-methylbenzylamine 
was investigated spectrophotometrically at 240nm 
since the acetophenone that would be produced by 
the oxidation of this compound absorbs strongly at 
this wavelength [24]. There was no evidence for the 
production of any material absorbing at 240 nm when 
either the solubilised or the membrane-bound enzyme 
was incubated with «-methylbenzylamine at 10mM, 
1 mM or 0.1 mM for periods of up to 60 min. 

The enzyme preparations were shown to be in- 
hibited competitively by all the «-methyl-amines with 
tyramine, benzylamine and serotonin as the assay sub- 
strated. In all cases inhibitor studies were carried out 
using both the radiochemical assay [22] and the 
coupled assay [19] and the results obtained from 
these two methods were found to be in agreement 
within experimental error. Figs. 1-3 show double-reci- 
procal plots for the inhibition of the activity in rat 
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Fig. 2. Double-reciprocal plots of the inhibition of sero- 

tonin oxidation by /-amphetamine using rat liver mito- 

chondrial outer membranes as the enzyme source. Exper- 

imental details were described in the text and the following 

l-amphetamine concentrations were used: 0(@), 0.1 (A), 
0.25 (2), 0.5 (A), 0.75 (MH) and 1.0(0) mM. 
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Fig. 3. Double reciprocal plots of the inhibition of tyra- 

mine oxidation by /-amphetamine using rat liver mitochon- 

drial outer membranes as the enzyme source. Experimental 

details were as described in the text and the following 

l-amphetamine concentrations were used: 0(O), 0.1 (A), 
0.2 (@), 0.5 (Q), 0.75(A) and 1.0() mM. 


liver mitochondrial outer membranes by /-ampheta- 
mine using the three different substrates. Secondary 
plots of the slopes of these double-reciprocal plots 
against the concentration of the inhibitor were linear 
with all the inhibitors when benzylamine or serotonin 
was the substrate (see e.g. Fig. 4) but with the solubi- 
lised and membrane-bound enzyme preparations the 
inhibitor constant (K;) was lower when serotonin was 
used as the substrate. 

Secondary plots for the inhibition of tyramine oxi- 
dation by each of the x-methyl derivatives were hy- 
perbolic (see e.g. Fig. 5) when either the solubilised 
or the membrane-bound preparation of the enzyme 
was used. This behaviour could be due to the pres- 
ence of more than one enzyme species with different 
inhibitor sensitivities which were both active towards 
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Fig. 4. Secondary plots for the inhibition of the mono- 

amine oxidase activity towards benzylamine and serotonin 

by |-amphetamine. The slopes of the lines in Figs. 1 and 

2 are plotted against the concentration of /-amphetamine. 
@ Benzylamine oxidation, A Serotonin oxidation. 
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Fig. 5. Secondary plots for the inhibition of monoamine 
oxidase activity towards tyramine by |-amphetamine. The 
slopes of the lines in Fig. 3 are plotted against the concen- 
tration of /-amphetamine. The solid line results from a 
theoretical calculation assuming that 60° of the enzyme 
activity had a K, value of 600 uM and the remainder had 
a K; value of 70 uM, with the K,, values of both enzyme 
species towards tyramine being the same. 


this substrate. Previous studies using selective irre- 
versible inhibitors have indicated that rat liver mono- 
amine oxidase contains two species of activity that 
will oxidase tyramine with about 40 per cent of this 
activity being also active towards serotonin but not 
benzylamine and 60 per cent being active towards 
benzylamine but not serotonin (see e.g. [25—27]). The 
curve in Fig. 5 is a theoretical plot of the results that 
would be expected if the oxidation of tyramine were 
due to the presence of two such species with 60 per 


cent of the activity having the K,; value shown 


towards benzylamine as the substrate and the 
remainder having the K; value obtained with sero- 
tonin as the substrate (see Table 1). 

After the solubilised enzyme had been treated with 
the chaotropic agent sodium perchlorate, the inhibi- 
tion by the a-methyl amines showed no significant 
selectivity towards any of the substrates tested and 
secondary plots of the inhibition data obtained when 
tyramine was the substrate were linear in all cases, 
as shown for the inhibition by /-amphetamine in Fig. 
6. 

The K; values obtained with these inhibitors and 
the three different enzyme preparations with benzyl- 
amine, serotonin and tyramine as the substrates are 
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Fig. 6. Inhibition of tyramine oxidation by /-amphetamine 
using the perchlorate-treated enzyme preparation. Exper- 
imental details are given in the text. (A) Double-reciprocal 
plots at the following /-amphetamine concentrations: 0 (0), 
0.1 (A), 0.2 (C), 0.4 (A), 0.8 (MI) and 1.4 (@) mM. (B) Second- 
ary plot of the slopes of the lines in Fig. 6A against the 
concentration of /-amphetamine. 


shown in Fig. 1. It can be seen that, of the inhibitors 
tested, x-methyltryptamine showed the greatest selec- 
tive potency towards serotonin as a substrate and 
a-methylbenzylamine showed the least. 


DISCUSSION 
Since Long [28] first reported selective inhibition 


of monoamine oxidase in 1962, a variety of com- 
pounds have been shown to act as selective reversible 


Table 1. Inhibition of rat liver monoamine oxidase by x-methyl-substituted amines 





K; (uM) 





Enzyme preparation Substrate 


d-Amphetamine /-Amphetamine 


a-Methylbenzylamine «-Methyltryptamine 








Benzylamine 770 
Serotonin 20 
Tyramine N.L. 
Benzylamine 580 
Serotonin 60 
Tyramine NLL. 
430 
480 
440 


Membrane-bound 


Solubilised 


Benzylamine 
Serotonin 
Tyramine 


Perchlorate-treated 


600 650 1250 
70 120 0.5 
NLL. NLL. N.L. 


760 700 1850 
160 300 8 
NLL. N.L. N.L. 
500 250 500 
480 340 540 
430 330 490 





N.L. indicates that secondary plots of the inhibition data were non-linear. Details of the experimental methods 


used are given in the text. 
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or irreversible inhibitors of the enzyme (see e.g. 
[17, 26, 27, 29, 38]). The current evidence indicates 
that, in many species, the enzyme can be regarded 
as being composed of two major forms which were 
termed the A and B species by Johnston [29]. The 
specificities of these two forms in rat liver have been 
studied and benzylamine and phenethylamine have 
been shown to be substrates for the B species, sero- 
tonin has been shown to be a substrate for the A 
species and tyramine has been shown to be a sub- 
strate for both species (see e.g. [25-27, 29]). The situa- 
tion with respect to tryptamine is unclear, since it 
has been classified as a substrate for the B species 
in some studies [26] but as a substrate for both spe- 
cies in others [25,27]. There is evidence that the 
properties of monoamine oxidase from rat liver may 
represent an adequate model for the enzyme from rat 
and human brain, since the proportions of the two 
major enzyme species and their specificities appear 
to be similar in preparations from these sources (com- 
pare the results in [26, 31,33 and 34)). 

With the possible exception of x-methyltryptamine, 
the inhibitors used here can be regarded as «-methy! 
analogues of the B species substrates benzylamine and 
phenethylamine and thus their greater potency as in- 
hibitors of the A species is surprising, although Hous- 
lay and Tipton [26] have shown that the substrates 
for one of the enzyme species are able to bind to 
the other species with K; values similar to their K,, 
values when acting as substrates. Substrates for the 
B enzyme species are, however, mixed inhibitors of 
the A species whereas the analogues used here were 
all competitive inhibitors. The competitive inhibition 
by the amphetamines. is in agreement with the results 
of Fuller [17] and Green [18] although neither of 
these workers presented a complete analysis of the 
dependence of inhibition on the inhibitor concen- 
tration and the former author did not use a sufficient 
range of inhibitor concentrations to detect the non- 
linear dependence on inhibitor concentration. Mantle 
et al. [30] found non-linear secondary plots for inhi- 
bition of tyramine oxidation by x-methyltryptamine 
but they did not investigate the inhibition of the acti- 
vity towards other substrates. The agreement between 
the experimental points shown in Fig. 5 and the 
theoretical curve drawn by assuming that the activity 
towards tyramine was due to 60 per cent species A 
activity and 40 per cent B activity with the K; values 
shown by these species, when the activity was assayed 
with serotonin and benzylamine respectively, provides 
further evidence that tyramine is a substrate for both 
species and is in agreement with the conclusion 
reached by Mantle et al. [30] who used a somewhat 
different model. 

There is evidence that the apparent multiplicity of 
monoamine oxidase in rat liver and human brain may 
be due to a single enzyme species existing in different 
membrane lipid environments [19, 31], and treatment 
of solubilised preparations of the enzyme with chao- 
tropic agents, such as sodium perchlorate, has been 
shown to abolish the apparent multiplicity of the 
enzyme, including the selective responses to inhibi- 
tors, without loss of activity [19,31]. In agreement 
_ with these results treatment of the solubilised prep- 
aration of the enzyme with sodium perchlorate abol- 
ished the selectivity of the inhibitors studied here and 
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also the evidence that two enzyme species were in- 
volved in the activity towards tyramine. A compari- 
son of the K; values for these inhibitors with the 
membrane-bound and _ solubilised enzyme _prep- 
arations shows that solubilisation itself produces 
changes in the sensitivity of the enzyme which is in 
agreement with previous results that have shown that 
solubilisation produces changes in the kinetic 
mechanism [32] and the inhibitor sensitivity [33] of 
the enzyme. 

The selectivity of amphetamine inhibition towards 
the A species is of interest since this species has been 
shown to be responsible for the oxidation of norad- 
renaline as well as serotonin [26, 34]. Since inhibition 
of monoamine oxidase in nerve endings will result 
in inhibition of the reuptake process as a consequence 


- of rising levels of free intraneuronal amines [35], it 


is tempting to ascribe inhibition of reuptake to this 
effect. However, little difference has been noted 
between the inhibitory effect on noradrenaline and 
dopamine reuptake in rat brain [12], although this 
model would predict a weaker effect on dopamine 
reuptake since it is a substrate for both enzyme 
species [26, 34]. In addition d-amphetamine has been 
reported to be a relatively weak inhibitor of serotonin 
uptake [36]. 

The difference between the selectivity of the two 
isomers of amphetamine are in accord with the 
greater potency shown by the d-isomer in its pharma- 
cological effects. Sandler and Reynolds [37] have 
recently suggested that, in view of the structural simi- 
larity between amphetamine and phenethylamine, one 
might regard phenethylamine as being a naturally 
occurring amphetamine analogue. Since amphetamine 
overdosage may produce symptoms similar to schizo- 
phrenia, they argued that this disease might be associ- 
ated with an abnormal phenethylamine response. The 
results of the present study indicate that, in the case 
of monoamine oxidase inhibition, amphetamine does 
not act as a phenethylamine analogue but rather as 
an analogue of substrates for the species A enzyme. 

It appears from the results reported here that sub- 
stitution of a methyl group at the z-position of sub- 
strates for monoamine oxidase produces reversible in- 
hibitors which are selective for the A species. The 
situation with regard to irreversible inhibitors is, how- 
ever, less easy to define since pheniprazine and tranyl- 
cypromine, which can in a sense both be regarded 
as amphetamine analogues, show little selectivity [17] 
and the more extensively substituted compound 
Deprenyl is a selective inhibitor of the B species [38]. 
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Abstract— Partition coefficients for diphenylhydantoin (DPH) were determined using four organic sol- 
vents and a 0.1 M phosphate buffer. Values ranged from 25.5 for chloroform to 0.02 for hexane. 
When chloroform—methanol-soluble brain lipids were added, there was a marked enhancement of DPH 
entry into hexane; 2 mg lipid resulted in an almost equal distribution between hexane and buffer. 
Proteolipids produced a similar but quantitatively small change. Neutral fat, cholesterol and glycolipids 
had no effect on DPH distribution. A number of commercially available phospholipids were tested 
and all increased the hexane/aqueous partition coefficient of DPH, although there was considerable 
variation among the several phospholipids employed. Neither total DPH concentration nor the addition 
of cations influenced this distribution. These results provide strong evidence for binding of DPH to 


phospholipids. 


Many studies have demonstrated effects of diphenyl- 
hydantoin (DPH) on a wide range of biological sys- 
tems, and a number of explanations of its actions 
have been proposed. Although there is no agreement 
on the precise mechanisms involved, the general effect 
of membrane stabilization is widely recognized. This 
- concept implies interaction of diphenylhydantoin with 
one or more membrane components, the chemical 
compositions of which are unknown. Previous studies 
in this and other laboratories [1-3] have demon- 
strated that DPH is bound to a number of brain sub- 
cellular fractions as well as to other tissues. We have 
demonstrated that binding correlates very strongly 
with protein content, regardless of the fraction or tis- 
sue of origin [1,4]. Furthermore, removal of lipid by 
extraction with acetone or chloroform—methanol 
enhances tissue protein binding [4]. Conversely, enzy- 
matic hydrolysis of protein reduces binding capacity. 
Protein binding is not influenced by DPH concen- 
tration, temperature or cation concentration, and is 
relatively non-specific [4]. 

The above studies were all carried out in aqueous 
media which would favor hydrophilic binding and 
might obscure any hydrophobic interaction. In view 
of the known lipid solubility of DPH and most other 
depressant drugs [5], it appears likely that such a 
lipid interaction occurs. Seeman [5] has pointed out 
that there is excellent correlation between aqueous 
non-aqueous partition coefficients and the potency of 
a number of drugs. Modifications of the partition 
coefficient technique have been useful in the study 
of local anesthetics [6], the cholinergic receptor [7], 
and opiate receptors [8]. We have investigated the 
interaction of DPH with brain lipids using similar 
techniques and report evidence for binding of DPH 
by brain lipids and the differential binding of DPH 
by phospholipids. 


METHODS 
Materials. Diphenylhydantoin (phenyl[4-°H ]) (47.5 
Ci/m-mole) was obtained from New England Nuclear 


and diphenylhydantoin[4-'*C] (5.5 mCi/m-mole) was 
obtained from Schwarz—Mann. Radiochemical purity 
was established by ascending thin-layer chromatogra- 
phy in two solvent systems as previously described 
[1]. Gangliosides from bovine brain, cerebrosides 
from bovine brain, L-« phosphatidylethanolamine 
from ovine brain, and cholesterol were obtained from 
Sigma Chemical. Sphingomyelin from bovine brain, 
L-x lecithin (f, y» dipalmitoyl, synthetic) and L-« 
lecithin (dilauryl) were obtained from Cal-Biochem. 
Phosphatidyl-L-serine was obtained from Schwarz 

Mann. Hexanes, a mixture containing primarily 
n-hexane, was obtained from Mallincrodt and was of 
analytical reagent quality, as were all of the other 
chemicals used. 

Lipid extraction. Lipid extraction was carried out 
using the method of Folch et al. [9]. New Zealand 
white rabbits weighing 1.5 to 2.0 kg were sacrificed 
by decapitation and their brains quickly removed, 
weighed and placed in 10 vol. of ice-cold chloroform- 
methanol (2:1). The tissue was homogenized in a 
Virtis S-45 blender at high speed for about | min 
until a uniform suspension was obtained. The homo- 
genate was centrifuged at 8000 g for 5 min and the 
supernatant washed with 0.2 vol. of distilled water. 
The aqueous layer was removed and discarded and 
the chloroform layer evaporated in vacuo to dryness. 
The resulting fraction, referred to as total brain lipids, 
was weighed, redissolved in chloroform and filtered 
through Wattman | PS filter paper. Subcutaneous fat 
was obtained from the abdominal region or rabbits 
and subjected to the above extraction to obtain the 
lipid fraction. Synaptosomes and myelin were isolated 
from rabbit brain as previously described [10] and 
extracted in an identical fashion to obtain synaptoso- 
mal lipid. 

To obtain proteolipids, the chloroform fraction 
from the original extraction was mixed with 4 vol. 
of cold ether and the resulting proteolipid precipitate 
removed by centrifugation for 15 min at 2000 g. It 
was dried in vacuo, weighed and redissolved in chloro- 
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form—methanol. The protein content of this material 
was between 175 and 200 yg/mg when determined 
by the method of Lees and Paxman [11]. The com- 
mercially obtained purified lipids were weighed and 
dissolved in chloroform—methanol (2:1) except cere- 
brosides, which were dissolved in chloroform—meth- 
anol-water (10:10:3). Aliquots of each lipid solution 
were placed in tared beakers, the solvent was evapor- 
ated, and the weight/ml determined. All lipid values 
are expressed as dry weight. 

Partition coefficients. Partition coefficients were 
determined using 2 ml of each of aqueous and non- 
aqueous phases. For most experiments, the aqueous 
phase was a 0.1 M sodium phosphate buffer (pH 7.0), 
which will be referred to as buffer throughout the 
text. In general, the appropriate quantity of lipid was 
added to a test tube and the solvent evaporated under 
nitrogen. The lipid was then dissolved in 100 pl chlor- 
oform—methanol and the non-aqueous phase added. 
The aqueous phase containing the radioactive DPH 
dissolved in ethanol was added last. Preliminary ex- 
periments revealed that maximum partitioning could 
be obtained with 30 sec of vigorous agitation on a 
Vortex mixer at 20-22° and this time period was used 
uniformly in the experiments reported here. After vor- 
texing, the phases were allowed to separate by stand- 
ing at room temperature. Occasionally centrifugation 
was necessary for complete separation. The upper 
phase was then removed with a Pasteur pipette and 
(.1-ml samples of each phase were taken and placed 
in scintillation vials. Great care was taken to avoid 
any contamination during the sampling procedure. 
All experiments were done in duplicate and two 
samples of each obtained for counting. With two 
exceptions there was no interface or emulsion 
between the two phases. With dilauryl lecithin there 
was some opalescence at the interface which did not 
interfere with sampling. Cerebrosides, however, were 
insoluble in either phase and the solid cerebroside 
material was accumulated at the interface. Sampling 
of both phases was done as usual, the particulate mat- 
ter was then centrifuged and dissolved, and samples 
were taken for counting. 

Radioactivity determination. Each phase 0.1 to 0.2 
ml was placed directly into scintillation vials and the 
organic solvents were allowed to evaporate in room 
air. Bray’s solution [12] was then added and the vials 
were shaken vigorously and counted in a Beckman 
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Fig. 1. Effect of lipid concentration on hexane—buffer parti- 
tion coefficient of DPH[*H]. Each point is the mean of 
at least six experiments. Brackets indicate standard 
deviation. 


liquid scintillation counter at less than 3 per cent 
standard error. Quenching was determined in a 
number of samples by the addition of internal stan- 
dard, no significant quenching occurred and, there- 
fore, no corrections were necessary. Partition coeffi- 
cients are expressed as the ratio of radioactivity in 
the non-aqueous phase to radioactivity in the 
aqueous phase. 


RESULTS 


Brain lipids. In the initial experiments, the partition 
coefficient of DPH['*C] was determined using four 
non-aqueous solvents (Table 1). Chloroform and dich- 
lorethane showed a very high organic:aqueous ratio 
reflecting the marked solubility of this drug in agents 
with relatively high dielectric constants. Brain lipid 
did not significantly alter the partition of DPH into 
these solvents. When toluene was used (dielectric con- 
stant 2.38), the solubility of DPH was much less, and 
there was a small but definite enhancement of entry 
into the organic phase when brain lipids were added 
which increased with greater amounts of lipid. When 
hexane was employed as the organic phase (dielectric 
constant 1.89), there was virtually no entry of DPH 
into the organic phase, but with the addition of brain 


Table 1. Effect of brain lipid on DPH['*C] partition coefficients* 





Brain 
lipids 
Organic phase (mg) 


Difference 





Chloroform 

Chloroform 1.0 
Dichlorethane 

Dichlorethane 1.0 
Toluene 

Toluene 1.0 
Hexane 

Hexane 1.0 


+2000 





* Each value represents the mean of. three to six experiments. 
+ Partition coefficient organic phase vs 0.1 M PO, buffer (pH 7.0). 


t No significant difference. 
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Fig. 2. Effects of commercially obtained, purified lipids on 

hexane DPH partition coefficients. Each point is the mean 

of six experiments. Brackets indicate standard deviation. 

PS = phosphatidyl-serine. | PEA = phosphatidylethanol- 
amine. 


lipids there was a marked enhancement of DPH in 
the hexane phase. Hexane was then selected as the 
non-aqueous phase for the remainder of the studies. 

The effect of brain lipid on the partition coefficient 
of DPH['*C] into hexane is shown in Fig. 1. It can 
be seen that within the lipid concentrations used, the 
effect is significant and approximately linear. At 
higher lipid concentration, there is leveling out of the 
effect with a partition coefficient of 2.90 with 10 mg 
lipid. When proteolipids were used, there was again 
enhancement of DPH entry into the non-aqueous 
phase, but the effect was less pronounced than with 
the whole brain lipid fraction. Subcutaneous fat 
extract had no effect on DPH entry into the organic 
phase, and the results did not differ from the lipid-free 
control. The effect of lipids extracted from a synapto- 
some-enriched fraction was identical to the effects of 
whole brain lipids in enhancing the entry of DPH 
into hexane. 


2081 


Phospholipids. In order to determine which fraction 
of the brain lipid extract was responsible for altering 
the partition coefficient of DPH, a series of commer- 
cially obtained lipid components of brain were tested 
individually for their effect on the entry of DPH['*C] 
or DPH[*H] into hexane. Figure 2 summarizes the 
results of these studies. It can be seen that all phos- 
phorus-containing lipids had an effect on binding of 
DPH, with dipalmitoyl lecithin showing the greatest 
activity/mg. Dilauryl lecithin produced an opalescent 
interface which could not be sampled; however, the 
dilauryl derivative had less influence on the entry of 
DPH into hexane than did the dipalmitoyl compound 
(Table 2). Sphingomyelin had approximately the same 
action as whole brain lipid and phosphatidylethanola- 
mine slightly less than whole brain lipids. When the 
N,N-dimethyl derivative of phosphatidylethanola- 
mine was employed, the effect on the partition coeffi- 
cient of DPH was identical to the non-methylated 
compound (Table 2). Phosphatidylserine, on the other 
hand, had relatively less binding activity/mg of lipid 
as compared to the other phospholipids. 

Non-phosphorus-containing lipids, gangliosides, 
cholesterol and cerebrosides had no effect on the dis- 
tribution of diphenylhydantoin between aqueous and 
non-aqueous phases and were equal to lipid-free con- 
trols. As noted previously, in the cerebroside exper- 
iment white particulate matter clumped at the inter- 
face and the radioactivity in this material was deter- 
mined. A small percentage of total radioactivity accu- 
mulated in the cerebroside material which increased 
with increasing quantities; however, washing of this 
material with fresh buffer removed most of this 
activity. 

In several experiments, the partition coefficient was 
determined after the addition of the anionic detergent 
sodium dodecyl sulfate to the buffer. With concen- 
trations of up to 10 mg there was no alteration in 
the partition of DPH over control values. When 5 
mg of whole brain as a homogenate, 5 mg of a mye- 
lin-enriched fraction or of a lipid-free protein fraction 


Table 2. Comparative effects of lipids and non-lipids on DPH[?H ]partition 
between buffer and hexane* 





P.C. + S. D. 





Control (no addition) 
Brain lipid 

Proteolipid 
Phosphatidylethanolamine 


N,N,-dimethyl phosphatidylethanolamine 


Phosphatidylserine 
Sphingomyelin 
Lecithin (dilauryl) 
Lecithin (dipalmitoyl) 
Sodium dodecyl! sulfate 
Whole brain (5 mg) 
Myelin (5 mg) 
Lipid-free protein 
Olive oil 


0.02 + 0.01 
0.39 + 0.07 
0.33 + 0.06 
0.39 + 0.03 
0.36 + 0.02 
0.11 + 0.01 
0.66 + 0.05 
0.10 + 0.01 
0.66 + 0.05 
0.02 
0.01 
0.08 
0.00 
0.00 





* Partition coefficients.+ standard deviation with 1 mg of each material 
added unless otherwise specified. Where no S._D. is given, the result is the 
mean of three experiments; others represent the mean of at least six exper- 


iments. 
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Table 3. Effects of unlabeled DPH on partition coefficients 
of DPH[*H]* 


Total DPH 
concn. (M) 


0.5 x 107 '? 





P.C. DPH[*H] +S. D. 





0.42 + 0.05 

. 10°°° 0.37 + 0.03 

a i 0.37 + 0.03 

10°” 0.37 + 0.05 

2 ie 0.35 + 0.02 

0.37 + 0.01 

0.32 + 0.03 

*Each tube contained 0.25 pM DPH[?H] plus the 

appropriate amount of unlabeled DPH. Each value is the 
mean of four experiments. 





of brain were added and the usual partition exper- 
iment was carried out, none of these tissue fractions 
produced an alteration in DPH distribution when 
compared to control, tissue-free experiments. Olive oil 
was also tested with similar negative results on DPH 
partition (Table 2). 

Concentration and ion effect. In order to study the 
effect of DPH concentration on binding to the lipid 
fraction, unlabeled DPH was added to the test system 
in various concentrations in a range of 0.5 x 107! 
to | x 10°* M. Table 3 shows results of these exper- 
iments. Increasing or decreasing the total concen- 
_ tration of DPH present in the buffer did not appear 
to affect the partition coefficient of radioactive DPH, 
indicating no relationship to concentration. To assess 
the effect of various ions, calcium, potassium and 
magnesium in concentrations of 10 mM were added 
to the buffer and did not influence lipid-induced alter- 
ations in the partition coefficient (Table 4). The con- 
tribution of sodium ion in the phosphate buffer was 
evaluated by several experiments in which 0.1 M 
Tris-HCI buffer was employed. The results using this 
buffer in a sodium-free medium did not vary from 
the standard procedure using a phosphate buffer. The 
pH did influence the relative partition of diphenylhy- 
dantoin. When a pH of 5 or 6 was employed, the 
partition coefficients were approximately the same as 
with pH 7. However, with buffer of pH 8 there was 
a definite decline in the distribution of DPH into hex- 


Table 4. Effects of pH and cations on 
DPH[*H] partition coefficients* 





Aqueous phase PC. 





0.42 
0.38 
0.26 
0.37 
0.34 
0.06 


Phosphate, 
Phosphate, 
Phosphate, 
Tris buffer, 
Tris buffer, 
Tris buffer, 
Phosphate, 
+K* 10 mM 
+Mg?* 10 mM 
+CA?** 10 mM 


sn 


0.32 
0.34 
0.36 





* Hexane is the non-aqueous phase 
in each case. Each value is the mean 
of at least three experiments. 
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ane and at a pH of 9 there was marked decrease 
of DPH concentration in the hexane phase. These 
values were still significantly higher than control 
lipid-free values. 


DISCUSSION 

This study demonstrates that brain lipids and a 
number of phospholipids are capable of solubilizing 
DPH in hexane, a compound with a low dielectric 
constant in which it is otherwise insoluble. 

In the initial experiments using chloroform, no en- 
hancement could be detected, presumably because of 
the high solubility in this solvent. The hexane system, 
therefore, was much more sensitive for detecting 
quantitative differences among the compounds tested. 
Lowney et al. [8] employed a similar procedure in 
their study of opiate binding. Subcutaneous fat and 
other neutral lipids, such as olive oil, had no effect 
on the distribution of DPH, indicating that there is 
some specificity in the brain lipid preparation. 

Proteolipids appear to be involved in several speci- 
fic drug receptors [7,8], and we have previously 
shown significant binding of DPH to brain protein 
[1,4]. However, when the proteolipid fraction was 
studied, relatively less binding was encountered than 
with the whole brain lipid fraction. This is not sur- 
prising since protein binding involves hydrophilic 
mechanisms, whereas the techniques employed in the 
present study minimizes hydrophilic attractions. The 
extent of binding by the proteolipid fraction probably 
reflects the lipid content of this fraction rather than 
a lack of a protein interaction. 

Studies employing commercially obtained lipid 
fractions are somewhat limited because of the variety 
of sources of these materials and possible contami- 
nation with impurities. However, the consistency of 
the data obtained suggests that these factors are of 
minimal importance. All of the major lipid constitu- 
ents of brain were investigated. Neither glycolipids 
nor cholesterol altered the partitioning of DPH, but 
all of the phospholipids investigated had definite 
binding properties. It is difficult to evaluate the signi- 
ficance of the quantitive differences among the phos- 
pholipids empleyed because of the variability in the 
fatty acid composition of each; however, our study 
demonstrates that such factors may be important. 
Dilauryl lecithin showed considerably less binding 
than the dipalmitoyl derivative. On the other hand, 
N,N-dimethyl phosphatidylethanolamine was equiv- 
alent to the non-methylated compound, indicating 
that masking of the amine group had little effect. 
Further studies are needed to determine the exact in- 
fluence of fatty acid composition of phospholipids on 
DPH binding. 

We were unable to alter DPH binding by changing 
the ionic conditions of the study. In this respect, 
diphenylhydantoin appears to differ considerably 
from local anesthetics in that bivalent cations inhibit 
the binding of procaine [6]. Pincus and Lee [13] and 
Carnay and Grundfest [14] have also suggested an 
important interaction of calcium with diphenylhydan- 
toin at neuromembranes, but our studies were unable 
to correlate any direct effect of calcium on DPH 
binding to brain lipids or proteins [4]. Potassium, 
magnesium or sodium ion concentrations did not 
appear to play any role. At high pH the increased 





Diphenylhydantoin binding to lipids and phospholipids 


solubility of DPH in the aqueous phase decreased 
the entry of this drug into hexane, although changes 
in the ionization of the lipids and their capacity to 
bind may also be involved. Furthermore, this binding 
appears to be independent of DPH concentration 
over a large concentration range. This finding is very 
similar to the non-saturable binding we have de- 
scribed in aqueous protein-containing media [4]. Ion- 
dependent binding and _ concentration-dependent 
binding for specific phospholipids may occur that are 
not apparent with the whole brain lipid fraction. 

The nature of the interaction of DPH with phos- 
pholipids is not fully resolved by this investigation. 
One possibility is that the effect is due to non-specific 
surfactant properties of phospholipids. However, 
when the anionic detergent sodium dodecyl sulfate 
was employed it did not influence DPH entry into 
hexane. Cerebrosides have been reported to form 
complexes with several amines [15] and to bind mor- 
phine derivatives stereospecifically [16]. In this study, 
cerebrosides had no influence on the entry of DPH 
into hexane but were not completely solubilized, 
allowing sampling of cerebrosides independently. A 
small percentage of the radioactivity was associated 
with the lipid but most of it was easily removed by 
washing with fresh buffer, suggesting that there was 
contamination from the aqueous phase although 
minimal binding of DPH by cerebrosides may occur. 

We tentatively conclude that the interaction of 
phospholipids with DPH does represent true binding 
perhaps with the formation of a DPH—phospholipid 
complex, but the exact nature of the bonds formed 
is unknown. This and previous studies from our 
laboratory have now demonstrated significant bind- 
ing of DPH by the principal chemical constituents 
of cell membranes, proteins and phospholipids. The 
principal pharmacological action of the agent in usual 
therapeutic concentrations is to stabilize excitable 
membranes which have been rendered unstable in 
some way. This membrane action implies an effect 
of the drug on membrane constituents, and binding 
of both protein and phospholipid represents a 
mechanism for this effect. 

Carnay and Grundfest [14] studied the action of 
DPH on the neuromuscular junction and concluded 
that DPH acts by producing conformational changes 
in the membrane as a result of hydrophobic binding. 
Pincus and Lee [13] have also postulated conforma- 
tional changes resulting in decreased membrane con- 
ductance of cations. Seeman [5] has summarized a 
large body of data correlating the membrane effects 
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of a number of anesthetic drugs with their ability to 
protect erythrocytes from hemolysis and to expand 
erythrocyte membranes and lipid monolayers at con- 
centrations which block the membrane action poten- 
tial. He has also pointed out that the aqueous/non- 
aqueous partition coefficient of these agents correlates 
extremely well with anesthetic activity. Blaustein and 
Goldman [6], in studies similar to the present investi- 
gation, report that several phospholipids enhanced 
the solubility of procaine and other local anesthetics 
in chloroform—methanol. Although several authors 
[5,14] have noted similarities between DPH and 
local anesthetics in their membrane actions, there are 
obviously significant pharmacologic and therapeutic 
differences among these agents, and the failure of cal- 
cium to influence DPH binding is another important 
difference. Nevertheless the present study supports the 
concept of a general DPH-—membrane interaction. 
The precise mechanism whereby this interaction 
results in a specific pharmacologic action by this drug 
is determined by the tissue affected and the nature 
of the destabilizing process. 
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Abstract 


The binding of copper to daunomycin has been investigated. It is concluded that the strength 


of binding is not large enough for the 1:2 copper-daunomycin complex to exist in vivo. Daunomycin 
and adriamycin inhibit glutamate- and pyruvate-malate-dependent oxidative phosphorylation in bovine 
heart mitochondria and adriamycin uncouples this process as well. No inhibition of Ehrlich ascites 
tumor cell or mitochondrial respiration by daunomycin is observed at concentrations much larger 
than those used for heart. In conjunction with the work of others, these results suggest a role for 
the inhibition of oxidative phosphorylation in the cardiac toxicity of these anthracycline drugs. 


The anthracycline drugs, adriamycin and daunomy- 
cin, are clinically useful antitumor agents thought to 
elicit their effects through direct binding to DNA [1]. 
However, employment of these drugs is limited by 
cardiac toxicity, seen in animals and man [2]. Baja 
et al. [3] recently described the cardiac ultrastructural 
changes which follow exposure to daunomycin. 
Among them were morphological alterations similar 
to those seen in ischemia and chronic hypoxia. 


Another brief report has outlined the uncoupling of . 


oxidative phosphorylation in rat liver mitochondria 
by copper ion plus daunomycin and indicated that 
this metal—-drug combination reduced delayed toxicity 
in animals without decreasing therapeutic effective- 
ness [4]. After completion of this study, the investiga- 
tion of Gosalvez et al. [5], which showed that adria- 
mycin and daunomycin alone inhibit oxidative phos- 
phorylation in rat liver mitochondria and decrease 
respiration in Ehrlich ascites tumor cells, became 
available. Within this context the current study was 
undertaken to examine the relevance of copper com- 
plexes of these anthracycline drugs to the lessening 
of cardiac toxicity and to explore aspects of their 
effects on oxidative phosphorylation in mitochondria 
from beef heart and tumor cells. In fact, the results 
focus primarily on the inhibition of these systems by 
adriamycin and daunomycin. 


MATERIALS AND METHODS 


Materials. Daunomycin was purchased from P & 
L Biochemicals, lot number 410381 or from Sigma, 
lot number 113C-0420. Adriamycin (10 mg A:50 mg 
lactose)* was a gift from Dr. Michael Stein (manufac- 
tured by Farmitalia, Milan, Italy, batch No. 43 and 
63). Human outdated plasma was obtained from the 
Milwaukee County Blood Center and was centrifuged 
before use. 

Stability of Cu-daunomycin complex in plasma. The 
details of the method are described elsewhere [6]. 





*Abbreviations: adriamycin, A; and daunomycin, D. 


Bp. 25/18—# 


Mitochondrial preparations. Bovine heart mitochon- 
dria were prepared by minor modification of the 
method of Smith [7]. The isolated mitochondria had 
the following average respiratory control ratios (state 
3/state 4) using various substrates: glutamate, 3.0; 
pyruvate-malate, 3.0; and succinate, 2.1. The typical 
rate of oxygen consumption in state 3 was 40 nmoles 
O,/min/mg for glutamate, and 55 nmoles O,/min/mg 
for succinate. P/O ratios for these preparations aver- 
aged 2.3 for glutamate, 2.5 for pyruvate-malate, and 
1.8 for succinate as substances. 

Ehrlich ascites tumor mitochondria were isolated 
by the method of Thorne and Bygrave [8]. The aver- 
age respiratory control ratios were 2.2 for pyruvate- 
malate or succinate. State 3 rates of oxygen consump- 
tion were 4nmoles O,/min/mg of protein for gluta- 
mate and pyruvate-malate and 7 nmoles O,/min/mg 
for succinate. P/O ratios for pyruvate-malate or suc- 
cinate ranged between 1.8 and 2.0. 

Mitochondrial studies. Drugs were prepared as 
aqueous solutions (pH 7.0) and preincubated with 
mitochondria at 0°C for 30 min in a medium contain- 
ing 0.25M sucrose and |!mM EDTA in the case of 
tumor mitochondria. Mitochondrial function was 
measured at ambient temperatures in a suspension 
containing 0.015 M KCl, 0.030M KH,PQOx,, 0.045 M 
sucrose, 0.005 M MgCl,, and 0.025 M Tris at pH 7.20. 
The rate of oxygen uptake upon addition of 0.09 M 
substrate is defined as state 4. A limiting amount of 
ADP was then added to examine the state 3 rate and 
the extent of phosphorylation. 

The titration experiments reported here are the 
compilations of results from several mitochondrial 
preparations and illustrate the reproducibility of 
inhibition between batches of mitochondria in these 
studies. To normalize differences in the rate of oxygen 
consumption in various preparations, each point on 
the titration curves is the ratio of respiration rates 
in experimental and control samples times 100, which 
have been determined in tandem. Hence, ordinates 
in Figs. 4-6 represent per cent of control rates of 
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Fig. 1. Titration of 8.35 x 10°°M daunomycin by Cu? 


oxygen uptake for drug-treated mitochondria. Like- 
wise, P/O ratios were compared in this fashion. 


RESULTS 


Stability of the Cu(I])}-daunomycin complex. The 
spectrophotometric titration of daunomycin with 
CuSO, is shown in Fig. 1. Using wavelengths charac- 
teristic of ligand and metal complex, 478 and 568 nm, 


Cu/D 


" at pH 7.0. 


respectively, a 1:2 copper to daunomycin complex is 
observed to form. However, as illustrated in Fig. 2, 
further additions of copper ion cause further spectral 
perturbations which are not complete at Cu/D of 
30:1. 

Because the 1:2 complex is partially dissociated at 
the stoichiometric endpoint of the titration, indicating 
a thermodynamically weak metal-ligand system, the 
stability of this chelate in human plasma was exam- 
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Fig. 3. Reaction of CuD, with plasma. (a) Spectrum of 

3.7 x 10°* M CuD, in human plasma ( ); (b) spectrum 

of 7.4 x 10°°M D in saline at pH 7 ( ); and (c) spec- 
trum of 3.7 x 10°°M CuD, in saline at pH 7. 
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as substrate; (@) pyruvate-malate as substrate; and (O) P/O 

ratio for pyruvate-malate. 
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ined to see if it could exist as the metal complex in 
the presence of ubiquitous biological ligands such as 
amino acids and proteins. Figure 3 shows the results 
of placing a 1:2 mixture of Cu** and daunomycin 
in plasma. The spectrum of the ligand is observed 
immediately (a) in place of the distinctly different 
spectrum of the copper complex (c) found in the 
aqueous medium. For comparison, an equal concen- 
tration of daunomycin in saline provides a very simi- 
lar visible spectrum (b). It is concluded, therefore, that 
the copper complex is not sufficiently stable to exist 
at all in vivo. Hence, the complicated nature of the 
titration results was not further explored. 

Effects of adriamycin and daunomycin on oxidative 
phosphorylation in bovine heart mitochondria. Figures 
4-6 summarize the results of studies of the influence 
of adriamycin and daunomycin on oxidative phos- 
phorylation using several different preparations of 
bovine heart. The results are displayed as per cent 
of control vs nmoles drug/mg of protein so that data 
from different preparations can be normalized to the 
same scale. In this work, drugs were incubated with 
mitochondria for at least 30 min to assure completion 
of reaction. 

Adriamycin inhibits state 3 respiration using gluta- 
mate, pyruvate-malate, and succinate as electron 
donors with 50 per cent inhibition occurring between 
75 and 100nmoles/mg of drug. The P/O ratios for 
pyruvate-malate and succinate decrease similarly over 
the same range of concentrations, indicating an un- 
coupling reaction is also involved. An interesting dif- 
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Fig. 5. Inhibition of succinate-dependent state 4 and state 
3 respiration in bovine heart by adriamycin and dauno- 
mycin. Key: (@) adriamycin effects on respiration; (O) 
adriamycin effects on P/O ratio; (W) daunomycin effects 
on respiration; and (_) daunomycin effects on P/O ratio. 
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Fig. 6. Reaction of daunomycin with bovine heart mito- 

chondria: state 4 and state 3 effects. Key: (W) glutamate 

as substrate: (@) pyruvate-malate as substrate; and (O) P/O 
ratio for pyruvate-malate. 


ference in state 4 is observed. Whereas pyruvate- 
malate and succinate show a gradual decrease in res- 
piration over the range of drug to mitochondria used, 
glutamate-dependent oxygen consumption is much 
more sensitive to adriamycin, paralleling the inhibi- 
tion seen in state 3. 

Daunomycin behaves somewhat differently with 
bovine heart mitochondria. There seems to be little 
effect on state 4, state 3, or P/O ratio using succinate 
as substrate. However, a decrease in respiration 
occurs with either pyruvate-malate or glutamate as 
substrate. The 50 per cent inhibiting level of dauno- 
mycin is about 30nmoles/mg and 60 nmoles/mg, re- 
spectively, for these electron donors. However, the 
P/O ratio for pyruvate-malate seems normal over the 
range of drug concentrations employed, in contrast 
to the results with adriamycin. Finally, with gluta- 
mate and pyruvate-malate, the features of state 4 inhi- 
bition of respiration are qualitatively similar to those 
for the case of adriamycin. 

Effects of daunomycin on oxidative phosphorylation 
in Ehrlich ascites mitochondria and tumor cells. Over 
the range of 0-300nmoles/mg of mitochondria, 
daunomycin has no consistent effect upon state 4 or 
state 3 rates of oxygen consumption. Per cent of con- 
trol values for state 4 and state 3 averages 90 + 30 
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and. 90 + 15 respectively. Likewise, at 76, 147 and 
220 nmoles/mg, this compound shows no inhibition 
of respiration of isolated Ehrlich ascites tumor cells. 


DISCUSSION 


The fact that adriamycin and daunomycin can bind 
metals has been previously demonstrated, using a var- 
iety of metals such as Al, (SO4)3. MgCl,, and CuSO, 
[9]. In the present work, it is shown that a 1:2 cop- 
per-daunomycin complex forms. However, from the 
form of the titration curve, it is evident that the for- 
mation constant for the complex is small. That the 
metal-ligand interaction is not strong enough for the 
complex to exist in a typical biological environment 
containing a variety of competing ligands for copper 
is shown by the results involving the reaction of the 
complex with human plasma. Complete dissociation 
of the complex occurs immediately. 

Yesair et al. [4] have reported that a 1:1 copper 
daunomycin mixture suppresses reductive cleavage 
of the drug by liver homogenates and stimulates res- 
piration in isolated liver mitochondria. According to 
titration data in Fig. 1, a 1:2 complex forms, implying 
that 50 per cent of the copper in Yesair’s system may 
not have been complexed with drug. Hence, these 
effects may be due to Cu** alone or to CuD, in 
the absence of strong competing ligands as are found 
in plasma. However, the observations of effects of 1:1 
Cu-D of Cu-A in vivo cannot be due to the presence 
of the chelate form of these drugs. 

Turning to the influence of daunomycin and adria- 
mycin on oxidative phosphorylation, titration-like be- 
havior is observed for the inhibition of state 4 and 
state 3 respiration of bovine heart mitochondria. 
While there are general similarities between the two 
drugs, there is a definite difference in the sensitivity 
of the mitochondria to the two closely related com- 
pounds and a difference in the ability of the drugs 
to uncouple oxidative phosphorylation. However, of 
most interest was the total lack of effect of dauno- 
mycin against Ehrlich ascites cell mitochondria over 
concentrations ranging several times in excess of 
those used with the heart system. This was unexpected 
for, in other work with copper, zinc and cadmium 
bis(thiosemicarbazones), inhibition patterns have been 
similar in these two types of mitochondria.*,+,{ To 
extend the dichotomy further, no inhibition of respir- 
ation of Ehrlich tumor cells in vitro could be obtained 
at levels of daunomycin as high as 200 nmoles/mg 
of cells. Hence, while antitumor effects against the 
Ehrlich cell seem unrelated to inhibition of oxidative 
phosphorylation, it may be that the sensitivity of 
heart tissue to daunomycin and adriamycin is con- 
nected with the inhibition of mitochondrial respir- 
ation observed in these studies. 

In support of this possibility are studies of Baja 
et al. [3], who find that, in part, the subcellular 
derangement of cardiac cells intoxicated with anthra- 
cyclines is similar to damage produced by ischemia 
and chronic hypoxia. The lack of oxygen in a tissue 
results in an inability to generate ATP. No matter 
how much oxygen is supplied, inhibition or uncou- 
pling of the energy transfer system in mitochondria 
also results in an inability to generate ATP. 





Inhibition of oxidative phosphorylation 


Viewing the results of Gosalvez et al. [5] within 
this context, a generally consistent picture develops 
of a possible basis for the tissue selectivity of anthra- 
cycline drug-induced toxicity. They find that adria- 
mycin and daunomycin inhibit glutamate-malate- 
dependent oxidative phosphorylation in rat liver at 
very large concentrations of drug to protein, on the 
order of 300-500 nmoles/mg for 50 per cent inhibition 
of state 3 and succinate-dependent phosphorylation 
at considerably larger concentration ratios. Likewise, 
tumor cells are inhibited only at very high levels of 
these compounds. However, in one experiment which 
compared rat heart and liver mitochondrial responses 
to adriamycin under conditions of equal cytochrome 
a concentration, the heart particles were distinctly 
more sensitive than the liver system. For instance at 
100 uM drug, respiration in heart mitochondria was 
depressed 40 per cent, with only a corresponding 10 
per cent suppression in liver. 

Since adriamycin and daunomycin distribute them- 
selves similarly among a variety of organs of the rat 
at early times after administration, the specific cardiac 
toxicity does not appear to be due to a preferential 
accumulation of the drug in the heart [10]. However, 
given the necessity of heart muscle to carry out oxida- 
tive phosphorylation on a continual basis more effi- 
ciently than any other tissue, it may be proposed that 
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inhibition of this process contributes to the specific 
toxic effect of these drugs on heart muscle. 
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Abstract—An inhibitory effect of toxic fungal metabolites on Na*-dependent transport of ['*C]glycine 
by rabbit reticulocytes was examined. Among twenty-three mycotoxins tested, patulin, a carcinogenic 
lactone of Penicillium and Aspergillus, caused the most marked inhibition. From comparative exper- 
iments with several metabolic inhibitors and SH-blockaders, patulin was presumed to inactivate SH 
groups of the receptor site for the glycine transport system in reticulocyte membranes. 


Toxic fungal metabolites (so-called mycotoxins), 
which exhibit carcinogenicity and cytotoxicity, are 
recognized as naturally occurring pollutants in foods 
and feeds; it is desirable, therefore, to develop sensi- 
tive and specific methods for biological detection of 
mycotoxins. In preceding papers, the authors reported 
that, among mycotoxins tested, carcinogenic anthra- 
quinones such as (—)luteoskyrin and (+ )rugulosin 
from Penicillium spp. inhibited selectively cellular 
multiplication of Tetrahymena pyriformis GL [1], and 
Escherichia coli F-11 which have defective cell-walls 
[2], that carcinogenic mycotoxins such as aflatoxins 
and sterigmatocystins inhibited the cellular growth of 
a recombination-deficient mutant of Bacillus subtilis 
[3], and furthermore, that cytotoxic trichothecenes 
such as fusarenon-X and T-2 toxin from Fusarium 
spp. were found to inhibit the synthesis of protein 
in rabbit reticulocytes [4-7]. These biological assay 
methods were employed for screening toxic metabo- 
lites and toxin-producing fungi. 

In the present paper, employing rabbit reticulocytes 
as an assay tool, the authors attempt to select and 
identify the mycotoxins which interfere with transport 
systems of amino acids. The reticulocytes have been 
shown to be capable of concentrating glycine and 
alanine in the presence of extracellular [Na*] [8]. 
The results indicate that patulin, a carcinogenic lac- 
tone produced by Penicillium and Aspergillus spp., im- 
pairs the Na*-dependent glycine transport system of 
reticulocytes. 


MATERIALS AND METHODS 


Reticulocytes were prepared from rabbits as 
reported elsewhere [4]; for experiments involving 
Na” -free media, the cells were washed with ice-cold 
choline chloride (154mM) and Tris-HCl buffer 
(170mM, pH 7.6), and the packed cells were then 
suspended in 2 vol. of the buffer. The rate of uptake 
of amino acids was measured by the use of 
'4C-labeled amino acids, essentially as described by 
Wheeler and Christensen [8], as follows. The rabbit 
reticulocytes were incubated for 45min at 37° in 
media containing Tris-HCl (17 mM, pH 7.6), MgSO, 


(1mM), KCl (5mM), ['*C]glycine (0.2mM) and 
NaCl (135 mM). After the incubation, 1 vol. of ice- 
cold Tris-HCl buffer was added, the mixture was cen- 
trifuged at 2000 rev/min for 5 min, and the packed 
cells were extracted with 1 ml of 20% trichloroacetic 
acid. To vials containing 10 ml of a standard dioxane- 
naphthalene scintillating solution, 0.2 ml of the super- 
natant of the acid-soluble fraction was added. 

Chromatographic analysis of acid extracts from in- 
cubated cells was carried out to determine whether 
metabolic changes of labeled amino acid occurred 
during the incubation. Ascending chromatography on 
Toyo-roshi No. 51A paper (2 x 40 cm) was used with 
n-butanol-acetic acid—water (4:1:1, by vol.). The 
dried chromatograms were cut into strips (2 x 1 cm) 
and placed in vials containing 10 ml of a standard 
toluene scintillating solution. 

The uptake was expressed as the ratio of ['*C] 
in cell water divided by that in the incubation 
medium ((!4C] oe: water/{'*C medium): Cell water con- 
tent was determined by drying packed cells to con- 
stant weight at 110° under reduced pressure. The 
water content of rabbit cells containing 70-90 per 
cent reticulocytes was estimated to be 73 per cent. 

Patulin added to the reaction solution was photo- 
metrically determined as follows. The reaction mix- 
ture was centrifuged at 3000 rev/min for 3 min, the 
supernatant was extracted twice with | ml ethylace- 
tate, and the combined solvent was evaporated to 
dryness. The residue was dissolved into 5ml water 
followed by the addition of | ml of 4% phenylhydra- 
zine-HCl. After heating the mixture at 100° for 
10 min, the optical density was measured at 470 nm. 

Mycotoxins were isolated from culture filtrates or 
fungal mats of the following fungi according to the 
methods already reported: (—)luteoskyrin and chlor- 
ine-containing peptide (Cl-peptide) from Penicillium 
islandicum [9,10]; (+)rugulosin from P. rugulosum 
[11]; citreoviridin from P. citreo-viride [12]; patulin 
from P. patulum; penicillic acid from P. olivino-viride; 
citrinin from P. citrinum; fusarenon-X from Fasarium 
nivale [13, 14]; T-2 toxin, neosolaniol and butenolide 
from F. solani and F. sporotrichioides [15]; and zeara- 
lenone from F. roseum [16]. Sterigmatocystin and 
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ochratoxin A, chaetoglobosin A, and ascradiol and 
fusaric acid were generously supplied by Drs. Yama- 
zaki (Chiba University), Natori and Tanabe (National 
Institute of Hygienic Sciences) and Nishimura (Tot- 
tori University) respectively. Moniliformin and desoxy- 
patulinic acid were obtained from R. J. Cole (U.S.A.) 
and P. M. Scott (Canada). Aflatoxin B,, rubratoxin 
B, and cytochalasin A and B were the products of 
Makor Chemical Ltd. and Aldrich Chemical Co. Inc. 

For experiments, water-soluble mycotoxins were 
dissolved in distilled water, and water-insoluble 
agents, such as aflatoxin B,, sterigmatocystin and 
zearalenone, were dissolved in ethanol or dimethylsul- 
foxide. ( — )Luteoskyrin, (+ )rugulosin and ochratoxin 
A were dissolved in water and neutralized with Tris 
(hydroxymethyl)-aminomethane to pH 7. 

[1-'*C]glycine (20mCi/m-mole) and [1-'*C]ala- 
nine (10mCi/m-mole) were purchased from Daiichi 
Pure Chemicals Co. Ltd. (Tokyo) and the Radio- 
chemical Centre Ltd. (Amersham), respectively, and 
the radioactivity was determined in a liquid scintilla- 
tion spectrometer (Aloka LSC-502). 

Details for individual experiments are recorded in 
the legends of the tables and figures. 


RESULTS 


Inhibitory effects of mycotoxins on 
['*C]glycine by reticulocytes. As reported by Wheeler 
and Christensen [8], uptake of glycine and alanine 
by reticulocytes depends on extracellular ions, and 
the rate of uptake is stimulated by Na”. This finding 
was confirmed as follows. In the absence of extracellu- 
lar Na”, the intracellular glycine increased to a satu- 
ration concentration which corresponded to a ratio 
(C'*C] cet water/{“CImeaium) Of 1. The rate of uptake 
was stimulated by replacing extracellular choline 
chloride with NaCl, and the maximum ratio reached 
' 4-5 after incubation for 45 min. Chromatographic 
analysis of the acid-soluble fraction of the cells 
revealed that over 95 per cent of the total radioacti- 
vity transported into the cells was derived from 
['*C]glycine itself, and no detectable amount of the 
radioactivity was found in the acid-insoluble fraction 
of the cells, either in the absence or presence of exter- 
nal Na*. 

These results indicate that, in the absence of exter- 
nal Na’, the uptake of glycine by reticulocytes pro- 
ceeds to a concentration equilibrated between intra- 
and extracellular fluids, and in the presence of Na’, 
glycine in the medium is actively transported into the 
cells. Similar results were obtained with ['*C]alanine. 

Effects of mycotoxins on the transport of glycine. 
Twenty-three toxic fungal metabolites were tested for 
their inhibitory effects on the transport of ['*C]gly- 
cine in the presence and absence of external Na”. 
No significant effect of the solvents of mycotoxins 
on the uptake was observed up to a final concen- 
tration of 0.5°, ethanol and 0.1° dimethylsulfoxide; 
the transport. was slightly stimulated in the presence 
of 5°, ethanol and 1° dimethylsulfoxide. 

The inhibitory effects of seven Fusarium toxins 
(fusarenon-X, T-2 toxin, neosolaniol, butenolide, zear- 
alenone, fusaric acid and moniliformin), ten Penicil- 
lium toxins [(—)luteoskyrin, (+ )rugulosin, chlorine- 
containing peptide, citrinin, citreoviridin, penicillic 
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acid, rubratoxin B, patulin, deoxypatulinic acid and 
ascradiol], three Aspergillus toxins (ochratoxin A, 
aflatoxin B, and sterigmatocystin), and three others 
(chaetoglobosin A, and cytochalasin A and B) were 
examined. 

In the absence of external Na*, the mycotoxins 
caused no significant effects on the transport of 
['*C]glycine up to 100 ng/ml of mycotoxins. In the 
presence of Na“, patulin and Cl-peptide inhibited the 
transport of glycine. The dose-response curve of patu- 
lin, as shown in Fig. 1, revealed that 5, 10 and 
100 ng/ml of patulin produced 10, 25 and 100 per 
cent inhibition, respectively, and the concentration of 
patulin causing 50 per cent inhibition was estimated 
to be 30 ug/ml (2 x 10°* M). The Cl-peptide caused 
an inhibition of 30 per cent at a concentration of 
100 pg/ml. 

No significant inhibition occurs with 100 yg/ml of 
the following mycotoxins: fusarenon-X, T-2 toxin, 
neosolaniol, butenolide, zearalenone, fusaric acid, 
moniliformin, luteoskyrin, rugulosin, citrinin, citreo- 
viridin, penicillic acid, rubratoxin B, ochratoxin A, 
aflatoxin B,, sterigmatocystin, chaetoglobosin A, and 
cytochalasin A and B. 

Inhibitory effects of metabolic inhibitors. The trans- 
port of amino acids by biomembranes is controlled 
by several metabolic processes of cells such as energy 


. production, cation transport and others. To clarify the 


mechanism of active transport of glycine by reticulo- 
cytes and the inhibitory mode of action of patulin 
observed above, the authors examined the effects of 
several metabolic inhibitors, antibiotics, and SH- 
blocking agents on the passive and active transport 
of glycine by the reticulocytes. 


(+) Na* 


['4c] cell water /['4c] medium 








Patulin, pg/ml 


Fig. 1. Dose-response curve of patulin. A solution contain- 
ing 0.1 ml of a 30% reticulocyte suspension, 17 «moles 
Tris-HCl buffer (pH 7.6), 5 umoles KCl, 1 wmole MgSO4. 
0.2 umole ['*C]glycine (0.05 nCi) and the desired amount 
of patulin, in a total volume of 1.0 ml, was incubated at 
37° in the presence of 135 umoles NaCl (@ @). or 
135 umoles choline choride (O---O). After incubation for 
45 min, | vol. of ice-cold Tris-HCI buffer (170 mM, pH 7.6) 
was added and the mixture centrifuged for 5 min, at 
2000 rev/min. The supernatant solution was drawn off im- 
mediately with a pipette, and | ml of ice-cold 20%, trichlor- 
oacetic acid solution was added to the packed cells. After 
centrifugation for 5min at 2000 rev/min, 0.2-ml portions 
of the clear supernatant solutions were analyzed for 
radioactivity. 





Inhibitory effects of mycotoxins 


Table 1. Inhibition of glycine transport by SH-blockaders 





Concn 


SH-blockaders (10-5 M) 


Inhibition 


('*C] cen aia iecntiens 





Phenylmercury acetate 
p-Chloromercury benzoate 
3,6-(2,5}-bis(Acetate- 
mercurimethyl)-p-dioxane 
n-Ethylmaleimide 


4.7 
2 
2.7 
Kv 


1.0 





The three potent inhibitors of respiration and its 
coupled phosphorylation were: antimycin, oligomycin 
and NaN;. No effect of the inhibitors was demon- 
strated at concentrations up to 100 yg/ml. g-Stro- 
phanthin and phlorizin, potent inhibitors of active 
cation and sugar transport, also failed to inhibit the 
Na*-dependent transport of glycine. Of four inhibi- 
tors of protein synthesis, puromycin, cycloheximide, 
streptomycin and chloramphenicol, the last com- 
pound produced an inhibition of uptake of 45 per 
cent at a concentration of 160 ug/ml (0.1 mM). 

The inhibitory effects of organic mercury com- 
pounds and N-ethylmaleimide are summarized in 
Table 1. Inhibitory effects of organic mercury com- 
pounds were examined below 10° * M because of their 
hemolytic property. The results reveal that all of the 
mercury compounds and N-ethylmaleimide produce 
a significant inhibition of the transport only in the 
presence of external Na*. 

Inhibitory mechanism of patulin. The kinetics of the 


inhibitory effect of patulin on the glycine transport 
were analyzed. The time course of the transport 


revealed, as shown in Fig. 2, that Na*-dependent 
transport of glycine into the cells was inhibited by 
patulin in parallel to the incubation time up to 40 
min, and an additional incubation for 60 min resulted 


[ '¢c] cet! water/['*c] medium 








Incubation time, min 


Fig. 2. Time course of the inhibitory effect of patulin. The 

reticulocytes were incubated in the presence (@——@®) or 

absence (O---O) of NaCl as described in Fig. 1, and 

50 pg/ml of patulin was added to the reaction mixture con- 
taining NaCl (A——A). 


in the decrease of the ratio ({'*C] cet water/{ | *C] medium): 
This finding indicates that patulin inhibits the influx 
of amino acid in the early phase of incubation and 
stimulates the outflow in the latter. 

As for the influx of glycine, the inhibitory effect 
of patulin was not reversed by increasing the external 
concentration of Na* (Fig. 3). 

A Lineweaver—Burk plot showed that the K,, value 
for glycine was 1.33 mM at 33 mM Na® and 0.69 mM 
at 135mM Na’, and the V,,,, was estimated to be 
0.19 umoles/15 min. In the presence of 100 pg/ml 
(6.5 x 10°*M) of patulin, the K,, values for glycine 
were the same as above at the two concentrations 
of external Na*; the V,,,, was changed to 0.16 «mo- 
les/15 min. This result indicates that the mycotoxin 
inhibits non-competitively the influx of glycine (Fig. 
4). 

Further experiments with SH-compounds revealed 
that the inhibitory effect of patulin was prevented by 
a prior addition of dithiothreitol or glutathione to 
the incubation system; complete recovery was 
obtained by equimolar amounts of these SH-com- 
pounds (Fig. 5). In contrast, when the cells preincu- 
bated with 3.2 x 10°*M of patulin for 25 min were 
subjected to incubation in the complete system, the 
reduced transport of glycine was not reversed by 


[ 4c] cet! water/ ['*c] medium 








50 


[Na*], 
Fig. 3. Effect of Na* concentration on the inhibition of 


glycine transport by patulin. Key: (@——@®) control; and 
(O---O) 50 ug/ml of patulin. 
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/Na* 33 mM 
/ Patulin 


-1 


/ Nat I35 mM 
Patulin 


1OmM 


Na* 135 mM 


|/glycine entry, 








| 2 3 


\/glycine, mM 


Fig. 4. Lineweaver-Burk plot of glycine transport. The 
reticulocytes were incubated for 15 min in the presence or 
absence of 100 ug/ml of patulin. 


addition of an excess.amount of glutathione (Table 
% 
2). 

Photometric determination of patulin revealed that, 
as shown in Table 3, the recovery of the mycotoxin 
from the medium was only 60 per cent, irrespective 
of the presence or absence of external Na*. This indi- 
cates that around 40 per cent of patulin added to 
the incubation medium binds with cellular com- 
ponents. 


DISCUSSION 


The results described above show that, among 23 
mycotoxins tested, patulin (Fig. 6) was found to be 
a potent inhibitor of Na*-dependent transport of gly- 
" cine by rabbit reticulocytes. Patulin is reported to be 


['*c] cell water /['$c] medium 





M | ! 


antibacterial, mutagenic to yeast and phytotoxic [17]. 
Repeated subcutaneous injections induced sarcoma in 
rats [18]. 

Chemically speaking, patulin is one of the carcino- 
genic lactone compounds, and the lactone ring is 
assumed to be responsible for their toxicity as well 
as their carcinogenicity [19]. In the present results, 
however, other carcinogenic lactones, such as penicil- 
lic acid, aflatoxin B, and ochratoxin A, did not in- 
hibit the transport of glycine. Furthermore, the lack 
of inhibitory effects of ascradiol and desoxypatulinic 
acid suggests that the hydroxyl group at C-4 of patu- 
lin plays an important role in its inhibitory activity. 
As for Cl-peptide, this mycotoxin is highly toxic to 
animals, causing vacuolation, edema and swelling of 
the liver tissue [20] and the author found impairment 
of glycogen metabolism in the liver [21]. Itoh et al. 
[22] reported that disturbance of the circulation of 
capillaries in the liver may be responsible for the 
damage to the liver by the peptide. The relation of 
these results to those biological features of the peptide 
remains to be clarified. It should be noticed that the 
peptide and chloramphenicol, both having two chlor- 
ine atoms, are inhibitory to the transport system. 

As a step in disclosing the mode of action of patu- 
lin, the authors attempted to clarify the mechanism 
of Na*-dependent active accumulation of glycine by 
the reticulocytes. As far as the action of Na* is con- , 
cerned, we have considered the possibility of the Na*- 


Table 2. Protective effect of glutathione on the inhibition 
of glycine transport by patulin 





[CJ cen wnat 


hag, 


Control 5.4 
Plus patulin* 25 
Plus glutathionet 49 

Cells preincubated with patulin 
were washed and incubated in the 
absence of glutathione ‘F 

Cells preincubated with patulin 
were washed and incubated in the 
presence of glutathione 


Conditions 








* Patulin: 3.2 x 10°4M. 
+ Glutathione: 1.6 x 1073 M. 








16 3.2 64 


Glutathione, 107M 





Dithiothreitol, 10-*M 


Fig. 5. Protection of the inhibitory effect of patulin by SH-compounds. The reticulocytes were incubated 
for 45 min in the presence of 50 ug/ml (3.2 x 10°*M) of patulin; glutathione or dithiothreitol was 
added to the reaction mixture prior to patulin. 
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Table 3. Photometric determination of patulin* 





Patulin in the medium 
(ug/ml) 


Incubation time 
(min) Na* 





0 88 
0 90 
45 57 
45 60 





* The reaction mixture (1 ml) containing 100 wg patulin 
was incubated at 37° in the presence or absence of Na*: 


dependent transport of amino acid (a) being directly 
linked to active cation transport in the cells or (b) 
being mediated by a carrier system which is active 
in the presence of a favorable [Na*] gradient across 
the cell membrane. Lack of inhibition of the uptake 
by cation-transport inhibitors such as g-strophanthin 
and oligomycin suggests that no direct correlation 
with active cation transport exists. 

The present results obtained with SH-blocking 
agents (Table 1) suggest that SH-groups are part of 
the active center of the carrier system of the cell mem- 
brane. From the data on the kinetic analysis (Figs. 
3 and 4), the irreversible inactivation (Table 2), and 
the chemical analysis of patulin (Table 3), we are con- 
vinced that patulin binds irreversibly to the SH- 
groups of the cell membrane. Therefore, it is highly 
possible that the masking of SH-groups on the center 
fails to keep a favorable [Na*] gradient across the 
cell membrane. 


OOH 


Z~f7 


0 CH,OH CH20H 


Desoxypatulinic Ascladiol 


acid 


Patulin Desoxypatulin 


Fig. 6. Chemical structures of patulin and its derivatives. 
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SHORT COMMUNICATIONS 


Effect of pregnenolone-162-carbonitrile on the metabolism of 


dimethylnitrosamine and binding to rat liver macromolecules 


(Received 10 November 1975; accepted 5 March 1976) 


Many of the simple dialkyl N-nitrosamines are quite toxic 
and carcinogenic [1-3], and most available evidence indi- 
cates that the biological actions of these compounds are 
due, not to the parent compounds per se, but to their meta- 
bolic products which spontaneously decompose and there- 
by elicit their effects [1,46]. The exact nature of the active 
metabolites and the mechanisms through which they act 
remain unclear. Several nitrosamines have been shown to 
give rise to alkylating agents [4,7-9], and it is thought 
that such reactions are the cause of their toxicity and car- 
cinogenicity [5, 6]. 

Dimethylnitrosamine (DMN) is one of the most toxic 
and carcinogenic nitrosamines known [1, 3, 5], and insofar 
as being a potential human health hazard, it is probably 
the most important [10-12]. It is possible to interrupt or 
reduce the toxicity and hepatocarcinogenicity of DMN by 
certain agents. such as aminoacetonitrile [13 14], polycyclic 
aromatic hydrocarbons[15,16] or protein-free diet 
[17,18]. Although they produce an interesting effect 
on DMN metabolism, these agents can also have an ex- 
tremely deleterious effect on the cells. 

Pregnenolone-16x-carbonitrile (PCN), a hormonally in- 
active steroid, inhibits the acute toxicity of DMN, yet does 
not affect its overall metabolism in vivo (as judged by the 
rate of disappearance from the blood). PCN, however, does 
greatly reduce N-demethylation in vitro[19], a step con- 
sidered essential for conversion of DMN to carcinogenic 
and toxic metabolites [1,5]. PCN is also the first nontoxic 
agent capable of counteracting mortality and hepatic nec- 
rosis induced by DMN. These unique properties indicate 
a need for further elucidation of the relationship of PCN 
to the toxicity and metabolism of DMN. 

Female Sprague-Dawley rats (Eppley Colony), weighing 
100-120 g, were maintained on Wayne Lab-Blox and water 
ad lib. All animals were treated according to the method 
of Somogyi et al. [19]. To determine the time of maximum 
incorporation of radioactivity into liver DNA, an initial 
group of 18 animals was given five oral doses (at 12-hr 
intervals) of 5mg PCN (Searle, Chicago, Ill.) as a micro- 
crystal suspension (5 mg/ml) stabilized with “Tween 80” 
(1 drop/10 ml). Twenty-four hr after the last gavage of the 
steroid, the animals were lightly anesthetized with ether 
and injected in the jugular vein with 35 mg/kg body wt 
DMN [Eastman Organic Chemicals, Rochester, N.Y.; 
3.5 mg/ml in 0.9% saline; 5 wCi DMN (New England Nuc- 
lear, Boston, Mass.)]. Three animals were killed after differ- 
ent time intervals, the livers were extracted and the DNA 
was isolated, according to a modified method of Kirby 
and Cook [20]. The isolated and purified DNA was quan- 
titated by the diphenylamine method [21] and assayed for 
radioactivity by scintillation counting. 

After about 8hr, radioactive incorporation was maxi- 
mized and this time was used in subsequent experiments. 
Therefore, another group of eight animals was treated with 
PCN, as above, while an additional group of eight rats, 
as controls, was given the vehicle only and subsequent 
DMN treatment. Each animal (in treated and control 
groups) received 35 mg/kg body wt DMN (30 Ci). The 
rats were then housed separately in air-tight glass metabo- 
lism cages. Expired carbon dioxide (CO,) was collected 


in a series of three flasks containing 5 N NaOH. All ani- 
mals were killed after 8 hr and the liver DNA, RNA and 
protein were isolated, using the previously stated tech- 
nique [20]. Protein was quantitated by the method of 
Lowry et al.[22] and RNA by the orcinol method [23]. 
All purified macromolecular fractions were assayed for 
radioactivity by scintillation counting. Expired '*CO, in 
this single time period was precipitated as BaCO,;, washed 
exhaustively with cold water and assayed, as a suspension, 
for radioactivity by scintillation counting. 

Purified DNA was hydrolyzed in 1 N HCl for 1 hr at 
100° (final concentration was 10 mg/ml) and the hydroly- 
sates were chromatographed first on a Dowex 50 X8 
column (hydrogen form, 50 x 0.9cm) with a linear gra- 
dient of 1 N to 4N HCl. Early eluting peaks were pooled, 
concentrated and re-chromatographed on an Aminex 
Q-150S column (30 x 0.9cm, ammonium form) with dis- 
tilled water. Mild acid hydrolysis was carried out by incu- 
bating samples of liver DNA in 0.1M HCl for 16hr at 
37°. Chromatography of this hydrolysate was done on a 
50 x 0.9cm column of Aminex Q-150S (NH4 form) equili- 
brated and eluted with 0.3 M ammonium formate, pH 7.0. 
Aliquots of each 3-ml fraction were assayed for radioacti- 
vity by scintillation counting using Aquasol (New England 
Nuclear, Boston, Mass.) as scintillant. 

Table 1 gives the specific activity of liver DNA, RNA 
and protein, and total expired '*CO, from PCN-treated 
rats and untreated controls at 8hr after receiving 
['*C]DMN (30 uCi, 35 mg/kg body wt). For all the liver 
macromolecules, there was no appreciable difference in the 
gross amount of incorporated radioactivity. Also, similar 
analysis of these molecules 10 hr after receiving DMN from 
previously untreated controls led to similar results (Table 
1), indicating that radioactive incorporation for these ani- 
mals is also maximal after about 8 hr. Similar metabolic 
rates and hence DMN incorporation from PCN-treated 
and control animals are further reflected in the total 
amount of expired '*CO, in 8 hr. It appears that the total 
expired by PCN-treated animals is slightly less than that 
of controls; however, this difference is not statistically sig- 
nificant. 

Although the overall extent of binding from PCN- 
treated and control animals is similar, the nature of the 


Table 1. Specific activity of rat liver DNA, RNA and pro- 
tein after an 8-hr exposure to ['*C]-DMN* 





Specific activityt 
(dis./min/mg) 
Untreated 


Sample PCN-treated 





DNA 22131 + 1204 20371 + 3672 
RNA 10342 + 706 8392 + 969 
Protein 704 + 101 915 + 142 
co,t 3.51 + 16 x 10° 2.98 + 19 x 10’ 
(52.70% + 2.40) (44.74% + 6.82) 





*Each animal received 35 mg/kg body wt DMN (30 pCi). 
*Values represent mean of eight determinations + S. D. 
tValues are total des./min in expired air and represent 
eight determinations + S. D. 
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Fig. 1. Elution patterns of DNA hydrolysates from untreated and PCN-treated rats after an 8-hr 

exposure to ['*C]-DMN (35 mg/kg body wt, 30 wCi). The column (50 x 0.9cm) packed with Dowex 

50 X8 (H* form) was developed with two column volumes of distilled H,O, followed by a linear 

gradient of |N to 4N HCl. Abbreviations: CMP = cytidine monophosphate, G = guanine, and 
A = adenine. 


incorporation may be different. Therefore, liver DNA iso- 
lated from both control and treated rats after an 8-hr expo- 
sure to DMN was hydrolyzed in 1 N HCl for 1 hr at 100 
and the hydrolysate was chromatographed (Fig. 1); after 
elution with two column volumes of distilled water, fol- 
lowed by a linear gradient of 1 N to 4N HCl, there was 
no qualitative difference between the two chromatograms, 
nor quantitative variance in the extent of methylation of 
guanine. That is, after pooling the fractions between 


adenine and guanine and counting an aliquot, it was 
demonstrated that 79.6 (+ 4.3) and 81.4 (+ 3.9) per cent 
of the radioactive sample applied to the column eluted 


as 7-methylguanine from control and PCN-treated animals 
respectively. 

Further analyses of the early eluting fractions (1-10) on 
Aminex Q-150S and of the mild hydrolytic products on 
Aminex Q-150S (NH4 form) again showed no qualitative 
differences between the DNA hydrolysates from PCN- 
treated or control animals. 

Samples of liver DNA from PCN-treated and control 
animals exposed to DMN for 2-7 hr were analyzed chro- 
matographically, as above, and the results were the same 
as for the 8-hr samples. Also, DNA samples from animals 
that received only 5 mg/kg body wt DMN (10 Ci) for 8 hr 
showed the same pattern as those that received 35 mg/kg 
body wt. 

It has been postulated that the cause of the toxicity and 
carcinogenicity of nitrosamines is due to the formation of 
alkylating agents [5,6]. Pretreatment of rats with PCN in- 
hibits the toxicity of DMN [19], yet our results show that 
such pretreatment does not alter the overall rate of meta- 
bolism of DMN to CO, (Table 1), nor does it affect the 
extent of methylation of macromolecules, either quantitat- 
ively or qualitatively (Table 1 and Fig. 1). The unique pro- 
tective action of PCN, which is drastically different from 
other agents [13, 16], remains unknown. Many possibilities 
still exist which could explain this protective action against 
toxicity and possibly against carcinogenicity. Studies are 
now underway to further elucidate PCN’s mechanism of 
action. 


Addendum—After this paper was submitted for publication, 
a report by Kleihues, Margison and Margison appeared 
[ Cancer Res. 35, 3667 (1975)] showing, in agreement with 
our data, the lack of effect of PCN on the methylation 
of hepatic DNA. 
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Hepatic steroid hydroxylase and aminopyrine \-demethylase 
activities in pregnant rats and rabbits, and the effect of phenobarbital 


(Received 11 August 1975; accepted 13 February 1976) 


The activities of certain hepatic mixed-function oxidases 
for drugs and steroids are altered by castration or 
administration of sex hormones [1—3]. Sex, age and species 
differences, and responses to various chemicals have been 
exploited to demonstrate that separate hemoproteins and 
groups of hepatic enzymes participate in different micro- 
somal biotransformations [4-7]. Rates of the, androgen- 
dependent microsomal 16- and 7x-hydroxylases of dehyd- 
roepiandrosterone (DHA) and N-demethylase of amino- 
pyrine in rat liver are increased by pretreatment with 
androgens and various drugs including phenobarbital (PB) 
[4,8], which also increase levels of hepatic cytochrome 
P-450 [4,9]. Different responses of DHA 162- and 
7z-hydroxylase and aminopyrine N-demethylase activities 
continue to accumulate [2,3] with recent additional evi- 
dence for the greater sensitivity of the 16«-hydroxylase 
activity for androgen treatments [10]. The 16x-hydroxyla- 
tion of testosterone and the N-demethylation of aminopyr- 
ine appear to be regulated by a common factor which 
differs from that for 7x-hydroxylation [11]. Since the endo- 
crine state of the animals is an important variable in cer- 
tain of these enzyme activities, we have studied in vitro 
the maternal hepatic oxidative metabolism of DHA and 
aminopyrine during normal pregnancies of rats and rab- 
bits. The effects of phenobarbital treatments in these spe- 
cies during pregnancy were also investigated. 

Non-pregnant (10-13 weeks of age) or pregnant Sprague- 
Dawley rats (A R Schmidt Co., Madison, Wis.) with dated 
gestations were maintained on Purina Laboratory pellets 
and water ad lib. The treated animals were alert, eating 
and drinking freely, although food consumption was not 
measured. Intraperitoneal (i.p.) treatments were for 4 
consecutive days with sodium phenobarbital (Luminal, 
Winthrop Labs, New York, N.Y.; 40 mg/kg body wt on 
days 1 and 2, 80 mg/kg on day 3, and 120 mg/kg on day 
4, a schedule devised experimentally because the usual 80 
mg/kg dosage sedated the pregnant animals). Mature vir- 
gin or pregnant (3 and 8 days after mating) New Zealand 
rabbits were treated daily for 5 consecutive days with i.p. 
injections of PB (40 mg/kg body wt). Control animals 
received vehicle only. The day after the last treatment the 
animals were killed between 8:00 and 9:00 a.m. The livers 
were promptly removed, weighed and thoroughly perfused 
with isotonic saline, and microsomal fractions were pre- 
pared [12]. Final suspensions in Krebs-Ringer phosphate 
buffer, pH 7.4, contained the microsomes from 1 g liver/ml. 
Duplicate incubations were carried out in 25-ml incubation 
flasks containing 1.1 umoles DHA as substrate in 0.1 ml 
propylene glycol, 12 uwmoles of reduced NADP, 0.2 ml of 
microsomal protein (about 2 mg) in a final volume of 6 
ml incubation medium [4]. The mixture was incubated 
in air at 37° for 30 min, and the reactions were stopped 
by placing the flasks in crushed ice. These conditions of 
excess substrate and NADPH produce linear increases of 
the transformation products with respect to tissue concen- 
tration or incubation time. 

The incubation mixtures were extracted twice with 40 
ml CHCl;, and the combined extracts were washed with 
water, dried with anhydrous Na;SO,, filtered and evapor- 
ated in vacuo. The products of the reactions were isolated 
by thin-layer chromatography (ethylacetate-n-hexane-— 
glacial acetic acid, 75:20:5). The plates were developed 


twice and the Silica gel in areas corresponding to the refer- 
ence steroids was scraped off and eluted with 95% meth- 
anol. Recoveries of the metabolites ranged from 87 to 97 
per cent. Duplicate portions were evaporated in vacuo for 
colorimetric analysis with the blue tetrazolium (BT) reac- 
tion for 3f,16a-dihydroxy-androst-5-en-17-one (16«-OH- 
DHA), and a modified Lifshutz reaction for the 7-hydroxy- 
lated isomers of DHA [4]. The N-demethylation of amino- 
pyrine was quantitated by measurement of the complex 
formation of liberated formaldehyde with acetylacetone 
and NH, [13]. The microsomal content of cytochrome 
P-450 was measured as the carbon monoxide-induced dif- 
ference in absorbance at 450 and 490 nm after dithionite 
reduction with Beckman DK-2A ratio-recording spectro- 
photometer using 91 mM~' cm~' as the extinction coeffi- 
cient [14]. The microsomal protein was measured with the 
biuret reaction [15], using crystalline bovine serum albu- 
min as standard. 

Body and liver weights of both species increased pro- 
gressively during pregnancy. These data, the microsomal 
protein, and their responses to phenobarbital (PB) are 
summarized in Table 1. Liver weights of PB-treated rats 
were similar to control animals despite the heavier car- 
casses of the latter, but PB reduced the microsomal protein 
content at mid- and late-pregnancy. In rabbits, PB treat- 
ment increased the microsomal protein content at mid- 
pregnancy. 

Hepatic cytochrome P-450 content and rates of hepatic 
oxidative metabolism of DHA and aminopyrine in preg- 
nancy and after PB pretreatment are summarized in Table 
2 (rats) and Table 3 (rabbits). In pregnant rats, the trend 
of hepatic microsomal cytochrome P-450 content (nmo- 
les/mg of protein) was downward from the maximal value 
seen early in gestation (8 days), and its response to PB 
was blunted at term (22 days gestation). The rate of 
7a-hydroxylation was maximal in early pregnancy (8 days), 
0.95 + 0.43 nmole/min/mg (mean + S. D.), and decreased 
progressively to 0.26 + 0.02, a rate significantly less than 
those of non-pregnant females. PB treatment stimulated 
the rates of 7a-hydroxylation in all groups. In contrast 
to the 7a-hydroxylation, the lower rates of 7f-hydroxy- 
lation did not change significantly with pregnancy, but this 
activity was also increased by PB. The rates of 16z- 
hydroxylation were initially suppressed by pregnancy, and 
increased to 0.21 +0.13 during mid-pregnancy (14-17 
days), falling again near term (22 days) to 0.06, a mean 
level similar to those of non-pregnant females. The rates 
of 16«-hydroxylation responded to PB only at the end of 
pregnancy and in non-pregnant females. The N-demethyla- 
tion of aminopyrine exhibited a similar trend to the 
7a-hydroxylation, exceeding in early pregnancy the values 
of non-pregnant females, but decreasing thereafter toward 
term. PB treatment stimulated the N-demethylase activity 
at all gestational ages as well as in non-pregnant females, 
as was also observed for 7x-hydroxylation. 

In rabbits, hepatic cytochrome P-450 content was de- 
creased in early gestation, but PB increased the mean 
values of the hemoprotein in all groups. Similarly, early 
pregnancy decreased all of the enzyme activities which 
were subsequently restored. The rates of 7$-hydroxylation 
in this species were larger than those of 7x-hydroxylation, 
and the mean rates of the former transformation increased 
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Table 1. Effects of phenobarbital pretreatment on body and hepatic weights, and microsomal protein concentration 
of pregnant rats and rabbits 





Day of No. of Liver wt Microsomal protein 
gestation Pretreatment animals Body wt* (g) (mg/g liver) 





None 
PBt 
None 
PB 
None 
PB 
None 
PB 
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* Body weight of the rats was measured in grams and that of rabbits in kilograms. 
+ Values are mean + S. D. of duplicate data from each animal. 
t PB = phenobarbital. 


Table 2. Effects of phenobarbital pretreatment of pregnant rats on the hepatic cytochrome P-450 concentration and 
hydroxylase activities of DHA and N-demethylase activities of aminopyrine 





DHA hydroxylation 
(nmoles/min/mg) Aminopyrine 
Days of Cytochrome P-450 N-demethylation 
gestation Pretreatment (nmoles/mg) 7a- 7B- 16x- (nmoles/min/mg) 








None 0.38 + 0.12 0.45 + 0.20 0.05 + 0.04 0.11 + 0.10 2.98 + 1.40 
PB* 0.70 + 0.21+ 1.25 + 0.38t 0.38 + 0.10t 0.26 + 0.05+ 

A* +84 +177 + 660 +136 

None 0.47 + 0.06 0.95 + 0.43 0.01 + 0.01 0.02 + 0.01t 

PB NA* NA NA 

A 

None 0.39 + 0.04} 0.38 + 0.23f 0.02 + 0.01 0.21 + 0.138 

PB NA 1.60 + 0.61t 0.29 + 0.14+ <0.02 

A +321 +1350 < —90 

None 0.34 + 0.06t 0.26 + 0.02},8 0.07 + 0.05 0.06 + 0.05 

PB 0.48 + 0.05t 2.04 + 1.63+ 0.25 + 0.05t 0.57 + 0.47+ 2.86 + 0.26t 
A +41 +684 +177 +850 +142 





* Abbreviations: PB = phenobarbital; A = per cent increase (+) or decrease (—) of mean values compared with 
comparable untreated controls; and NA = not available. 

+ Significantly different from the untreated controls of the same gestational age at P < 0.05 (Student's [-test). 

t Significantly different from non-pregnant controls (0) at P < 0.05. 

§ Significantly different from pregnant animals (8-day gestation) at P < 0.05. 


Table 3. Effects of phenobarbital pretreatment of pregnant rabbits* 





DHA hydroxylation 
Cytochrome (nmoles/min/mg) ' Aminopyrine 
Day of P-450 N-demethylation 
gestation Pretreatment (nmoles/mg) 7a- 7p- 16a- (nmoles/min/mg) 








None 1.27 + 0.23 0.12 + 0.04 0.12 + 0.04 1.31 +051 2.91 + 0.93 
PB 1.84 + 0.81 0.10 + 0.09 0.15 + 0.04 1.27 + 0.37 3.47 + 0.74 
A +44 +11 +25 —3 +19 
None 0.79 + 0.28t 0.03 + 0.01t 0.13 + 0.10 0.73 + 0.32 2.06 + 1.13 
PB 1.44 + 0.23+ 0.07 + 9.06 0.36 + 0.20t 1.44 + 0.47+ 5.78 + 1.9It 
A +82 +133 +176 +97 +180 
None 1.34 + 0.318 0.09 + 0.068 0.52 + 0.448 1.33 + 0.93 2.91 + 0.94 
PB 2.22 + 0.60 0.03 + 0.01 0.42 + 0.28 0.70 + 0.38 6.29 + 2.24 
A +65 ~66 ~19 ~47 +116 





*See the legend of Table 2. Abbreviations: PB = phenobarbital; and A = per cent increase (+) or decrease (—) 
of mean values compared with comparable untreated controls. 

} Significantly different from the untreated controls of the same gestational age at P < 0.05. (Student’s f-test). 

t Significantly different from non-pregnant controls (0) at P < 0.05. 

§ Significantly different from pregnant animals (8-day gestation) at P < 0.05. 
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4-fold by mid-pregnancy to 0.52. In rabbits, the rates of 
steroid transformation were stimulated 1 to 2-fold by PB 
only in early pregnancy, and in contrast to N-demethyla- 
tion, they responded to this drug neither in non-pregnant 
animals nor at mid-pregnancy. 

In the present study with rats, the hepatic microsomal 
content of cytochrome P-450 and the enzymic rates of 
N-demethylation of aminopyrine and 7z-hydroxylation of 
DHA were significantly increased early in pregnancy over 
non-pregnant levels, but by the end of pregnancy these 
values had decreased significantly below those of non-preg- 
nant females. This correlation between drug- and steroid- 
metabolizing enzymes has previously been noted in non- 
pregnant rats [4, 10], and now appears in pregnancy, either 
with or without PB treatment. Previous workers have 
demonstrated that pregnancy in rats suppresses several 
drug-metabolizing enzyme activities, and that cytochrome 
P-450 content was slightly increased in comparison to non- 
pregnant animals [16, 17]. In rabbits, only the N-demethy- 
lase activity follows the changes in cytochrome P-450. All 
of the steroid hydroxylase activities are depressed by PB 
treatment of mid-pregnant rabbits. We find no published 
reports of steroid hydroxylase activities in the liver of rats 
or rabbits during pregnancy. 

It is clear from these and other studies that pregnancy 
and species differences profoundly influence maternal 
hepatic steroid- and drug-metabolizing activities and their 
selective responses to PB in rats and rabbits. Nevertheless, 
gross inspection of the embryos and reproductive tracts 
of PB-treated animals revealed no abnormalities, and the 
mothers appeared healthy. An activating effect of antenatal 
PB therapy on bilirubin conjugation by human newborn 
has been observed repeatedly, although little attention has 
been given to its effects on maternal metabolism (see Ref. 
18 for a review). Preliminary observations (unpublished) 
in human pregnancies complicated by erythroblastosis in- 
dicate that the major steroid biosynthetic pathway leading 
to the maternal excretion of estriol is not altered by ante- 
natal PB therapy. 
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Effect of ingestion of Lantana camara L. on bile formation in sheep 


(Received 17 March 1976; accepted 7 April 1976) 


The triterpene acids lantadene A and icterogenin have been 
shown in rabbits to inhibit hepatic transport of porphyrins, 
bile pigments and bromsulphthalein [1], but little informa- 
tion is available on their effects on other transport pro- 
cesses which may be involved in bile formation. Some 
observations have been made on pathological changes in 
the sheep’s liver and biliary tract after ingestion of the 
plant Lantana camara, an important source of lantadene 
A [2. 3,4]. These pathological changes include jaundice, 
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gall bladder distension, and proliferation of bile duc- 
tules [3]. In sheep, the major stimulants to bile secretion 
are the bile acid, taurocholic acid, and the hormone secre- 
tin [5,6,7]. These stimulants appear to act at different 
sites: the bile acid at the canaliculi, and secretin at the 
ductules. For this reason, they were used to analyse the 
effects of lantana on bile formation. 

These studies were made on four crossbred sheep which 
had been operated on to remove the gall bladder, and to 
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place a polyvinylchloride cannula in the proximal segment 
of the common bile duct to enable bile to be collected. 
The sheep were allowed to recover after the operations, 
and were placed in metabolism cages. 

Experiments were done before, and one day after, lan- 
tana was given. Each sheep was starved for 24hr then 
two doses, each of 100g of the air-dried leaf, were given 
by stomach tube three hours apart. The concentration of 
total bilirubin in the serum increased from 4.1 + 0.03 
umole/l before the lantana was given, to 47.7 + 1.81 
umole/l one day later; this was taken to indicate that 
intoxication had occurred. 

In the experiments, taurochloric acid (T-0750; Sigma 
Chemical Company, St. Louis Mo.) in a concentration of 
97 m-mole/l was infused through a jugular cannula at 
0.22 ml/min. Samples of bile were collected immediately 
before the infusion and after 60 min of infusion, then secre- 
tin (Karolinska Institutet, Stockholm) was infused into the 
jugular vein at 0.44 clinical units/min for a 15-min prelimi- 
nary period, and while bile samples were collected. The 
secretin and taurocholic acid infusions were then stopped, 
and a period of 45 min allowed for the effect of the secretin 
to abate [8]. Ih the next part of the experiment, taurocholic 
acid was infused at a rate similar to the maximum trans- 
port capability of the sheep liver[5]: a solution of 
97 m-mole/I was infused at 0.88 ml/min, and was continued 
while bile samples were collected. 

In each case, bile samples were collected for two con- 
secutive periods, each of 10min. The bile was collected 
under paraffin, and the volume estimated from the net 
weight. Samples, were analysed for total bile salts [9] and 
bicarbonate [10]. The effects of the taurocholic acid and 
of the secretin were estimated from the differences between 
values in the samples collected before the infusion of that 
substance, and values in samples collected during that infu- 
sion. Analysis of variance was used to estimate: the effect 
of lantana administration on the response to taurocholic 
acid, and to secretin. 

One day after the lantana was given the output of bile 
acids in response to infusions of taurocholic acid at 
20 »xmole/min had decreased almost to zero: 

before lantana: 26 + 3.6 umole/min, 
after lantana: 0.3 + 0.16 uzmole/min 

This effect of lantana on bile secretion was reflected in 
the bile flow. The mean basal bile flow was 0.17 + 
0.032 ml/min before lantana was given, and the flow in- 
creased by 0.36 + 0.033 ml/min during infusion of tauro- 
cholic acid. However, the response was only 0.12 + 
0.030 ml/min after ingestion of lantana (P < 0.001). There 
was no basal bile flow in three sheep after lantana was 
given and the fourth sheep had a basal flow of 0.20 ml/min. 

The effect of lantana on the response to infusion of 
taurocholic acid at 80 ymole/min was profound, but it did 
differ somewhat between sheep. In two of the sheep, the 
ability of the liver to transport this level of bile acid 
appeared to have been lost: the rate of secretion of bile 
acid did not increase at all during the infusion. In the 
other two sheep, bile acid secretion decreased: 
sheep 1: before lantana 46 mole/min; after 

32 «mole/min. 
lantana 62 p«mole/min: 

14 umole/min. 

The results of these experiments provide evidence that 
the toxic principle of Lantana camara, lantadene A, inhibits 
active secretion of bile acids into canaliculi. The precise 


sheep 2: belore after lantana 


lantana 
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mechanism of this inhibition is not clear, nor is it clear 
how this substance inhibits the transport of bromsulphtha- 
lein or bile pigments [2,4]. However the observations of 
Goldfischer et al.[11] and Gopinath and Ford [4] that 
the activity of adenosine triphosphatase at the canaliculi 
is low after icterogenin or lantana, could indicate an effect 
on the availability of energy for active transport into the 
canaliculi. Although the responses to infusions of tauro- 
cholic acid were decreased in sheep after ingestion of lan- 
tana, the response to secretin showed no signs of diminu- 
tion. In fact, the response in bile flow was enhanced: it 
was 0.26 + 0.048 ml/min initially, and 0.44 + 0.082 ml 
min (P < 0.025) after the plant was given. The output of 
bicarbonate in response to infusion of secretin remained 
unchanged: it was 20+2.Symole/min before, and 
18 + 3.2 uymole/min after lantana was given. This observa- 
tion may be taken to indicate that lantadene A does not 
exert a toxic action on the ductules; indeed an increase 
in the function of ductule cells may occur. An increased 
biliary bicarbonate response to secretin has been described 
in human patients with cholestasis [12]. 

It is not clear whether the increased response to secretin 
is due to an increase in the sensitivity of individual cells, 
or to an increase in the number of ductular cells. Prolifer- 
ation of bile ductules does occur during the first week after 
ingestion of lantana [4], but it is not likely that the number 
of ductular cells would have increased substantially during 
the one-day period used in the current study [see 3]. 
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Adrenaline-induced desensitization of liver adenylate cyclase* 


(Received 30 October 1975; accepted 7 March 1976) 


Recently several authors have observed that the exposure 
of intact cells to adrenaline or prostaglandin E, resulted 
in desensitization of the adenylate cyclase systems to the 
respective hormones. This phenomenon has been docu- 
mented on the level of the adenosine-3’,5’-monophosphate 
(cAMP) response in intact cells as well as on the level 
of adenylate cyclase isolated from hormone-treated cells 
and it may represent a mechanism of physiological or 
pharmacological tolerance or resistance by which cells pro- 
tect themselves against prolonged exposure to hormonal 
stimuli and elevated levels of cAMP. To date, hormone- 
induced desensitization of adenylate cyclase has been 
observed mainly in isolated and cultured cell systems [1-6] 
and it remains to be shown to what extent this effect can 
be seen also in intact tissues and organs. Accordingly, we 
have attempted to demonstrate the desensitization of liver 
adenylate cyclase by adrenaline treatment of liver slices. 

Livers were obtained from adult and newborn (3-7 days 
of age) Wistar rats. The tissue was cut mechanically with 
a tissue chopper into cubes (“slices”) of about 1-mm length. 
The slices were collected in ice-cold saline and rinsed 
several times with a buffer containing 110mM NaCl, 
4.9mM KCl, 1.2mM MgSO,, 25 mM Na;HPO,, 5.5 mM 
D-glucose and 0.1°, purified bovine serum albumin, 
adjusted to pH 7.4 and aerated with pure oxygen. About 
300 mg of slices were incubated in 5 ml of this medium 
at a temperature of 37° with gentle shaking with and with- 
out varying doses of adrenaline (L-ephinephrine bitartrate, 
Sigma Chemical Co.; stock solutions prepared in 0.9%, 
NaCl). After incubation the flasks were chilled in ice water 
and the slices were then rinsed twice with ice-cold buffer 
and briefly centrifuged. Following decantation of the 
supernatant, about 5 vol of Tris-HCl (pH 7.5) containing 
1mM MgCl, were added and the mixture was homo- 
genized and adenylate cyclase prepared in form of a low 
speed, washed membrane fraction as previously described 
[7]. Enzyme activity was measured using ATP-alpha-*?P 
as the substrate and separating the cAMP produced by 
ion exchange thin-layer chromatography on PEI-cellulose 
[8]. Assays were carried out in triplicate and contained 
in a volume of 0.05 ml: 40mM Tris-HCl (pH 8), 5mM 
MgCl,, 0.1%, bovine serum albumin, 0.1 mg/ml creatine 
phosphokinase, 10 mM sodium creatine phosphate, 10 mM 
aminophylline, 0.5 mM cAMP and 0.1 mM ATP-alpha-*?P 
(International Chemical Nuclear Co.; ca, 600,000 cpm). 
After addition of enzyme protein (about 0.3 mg/ml), incu- 
bations were carried out for 10 min at 37. Basal and hor- 
mone-stimulated (0.1 mM _ adrenaline) activities were 
measured and hormone sensitivity of the enzyme was 
expressed as A®, stimulation. 

In several experiments we observed and confirmed that 
partial desensitization of adenylate cyclase to adrenaline 
could be achieved by preincubation of liver slices with 
10°°M adrenaline provided albumin was included in the 
buffer. No effect was seen in the absence of albumin. The 
basis for this requirement is not understood; it may be 
related to the binding of adrenaline, or of a factor involved 
in desensitization, to the albumin. The glucagon sensitivity 
of the enzyme remained unaffected; Table 1 demonstrates 
a typical result. Although slices from both adult and new- 
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Table 1. Effect of adrenaline treatment of liver slices on 
hormone sensitivity of adenylate cyclase 





°*, Stimulation by 





10°*M 
Adrenaline 


0.02 mg/ml 


Enzyme* Glucagon 





Control 79 
Adrenaline-pretreated 23 


+: 13 
+ 6t 





* Three batches of liver slices from adult rats each were 
incubated for | hr with and without 10°°M adrenaline 
prior to preparing the enzymes as described in the text. 
The means + S.E.M. of enzyme activities obtained from 
each batch of slices are listed. 

+ Significantly different from control (P < 0.05). 

t Not significantly different from control. 


born animals showed this effect, the more pronounced 
adrenaline sensitivity of adenylate cyclase from livers of 
newborns [7] caused us to use these for most experiments. 

When “desensitized” slices, treated for 60 min with 10° ° 
M adrenaline, were washed several times to remove the 
hormone and reincubated for periods up to 90 min, no 
significant recovery of the adrenaline sensitivity of adeny- 
late cyclase was observed. In the case of adenylate cyclase 
from Ehrlich ascites cells, recovery of adrenaline sensitive 
adenylate cyclase took place within 30-60 min of reincuba- 
tion [6] and in the case of human fibroblast cultures 
periods of up to 24 hr were required [3]. The present ex- 
periment is thus not conclusive since extended time periods 
were not investigated. It has also been observed that trace 
amounts of catecholamine prevent recovery [3]; the effi- 
ciency of removal of adrenaline from liver slices by wash- 
ing steps has not been evaluated by us. 

The dose dependence of desensitization is shown in Fig. 
1. At 10°°M adrenaline desensitization was notable and 
at 10°°-10°*M_ it became maximal, representing a 
50-75%, loss of hormone sensitivity compared to controls. 
This result was confirmed in further experiments. A study 
of the time course of adrenaline action revealed that within 
30 min an almost maximal effect was obtained (Fig. 2). 
We have not yet attempted to achieve more extensive or 
complete desensitization of the cyclase by combining high 
doses of adrenaline with longer incubation periods. Incu- 
bations of more than 90 min led to notable physical deter- 
ioration of the slices. We also noticed in some experiments 
a drop in basal activity or yield and of hormone sensitivity 
of the enzyme after 60-90 min of incubating slices in the 
absence of adrenaline; however, these changes were below 
10 per cent of the control values at zero time and the 
effect of adrenaline treatment on the hormone sensitivity 
of the enzyme was always significant compared to control 
slice incubations of the same duration. 

The sensitivity of the adenylate cyclase to glucagon was 
not changed in any of the experiments above. Adrenaline 
thus induces a hormone-specific desensitization as has been 
established by other authors for cyclases sensitive to both 
adrenaline and prostaglandin E, [1,2]. The mechanism 
underlying hormone-induced desensitization of adenylate 
cyclase is not known. 
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[ Adrenaline] for Preincubation (M) 
Fig. 1. Dose dependence of desensitization. Slices were 
preincubated for 1 hr at various adrenaline concentrations 
prior to preparation of adenylate cyclase. Each point rep- 
resents the mean + S.E.M. of three batches of slices (new- 
born rats). 


A loss of the f-adrenergic receptor binding function has 
been noted in catecholamine-treated frog erythrocytes [5]. 
It is possible that a cAMP-dependent phosphorylation 
reaction on the level of adenylate cyclase or the hormone 
receptor is involved. 

The significance of the present desensitization pheno- 
menon remains to be investigated. The chronic treatment 
of rats with adrenaline was found to lead to a suppression 
of the adrenaline-induced glycolytic response [9]. It is 
possible that this pharmacological effect is based on the 
desensitization of liver adenylate cyclase. It should be 
noted that the concentrations of adrenaline used in the 
present study were considerably higher than those found 
in vivo, and this fact should be taken into account when 
considering a possible physiological relevance of our data. 
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0 30 60 90 
min Pretreatment with Adrenaline 


Fig. 2. Time dependence of desensitization. For each point 
three batches of slices (new-born rats) were incubated with 
10°°M adrenaline for various times prior to preparation 
of adenylate cyclase. One point (©) represents a control 
incubated without adrenaline for 90 min. Means + S.E.M. 
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Non-specificity of sulphydryl inhibition of the alpha adrenergic response 


(Received 6 March 1976; accepted 7 April 1976) 


Several reactive chemical groups have been suggested as 
possible binding sites for agonists and antagonists on the 
alpha adrenergic receptor [1-5]. Prominent amongst these 
suggestions is that of the involvement of the sulphydryl 
group [1, 6, 7]. 


Protein has been suggested as the foundation material 
for the structure of the alpha adrenergic receptor [8,9], 
and irreversible alpha receptor blocking agents have been 
shown to interact with protein and its constituents [9-11]. 
In view of the relationship between free sulphydryl groups 
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10°°M 


Molar concentration of M.M.I. 
Fig. 1. Graph showing the dose—percentage response rela- 
tionship for the inhibitory action of methyl mercuric iodide 
(M.M.L.) against standard responses to the agonist norad- 
renaline, in guinea pig vas deferens. Each point represents 
the mean of 4 experiments. 


and protein, the possibiltiy of both being involved in the 
make-up of the alpha receptor cannot be overlooked. 

It was therefore considered important to clarify the 
position as to whether or not sulphydryl groups play an 
integral part in the make-up of thie alpha adrenergic recep- 
tor site. 


Methods 

Paired vasa from 350-400 g guinea pigs were suspended 
in 10 ml of Hukovic solution [12] at 37° and gassed with 
5% carbon dioxide in oxygen. 

Standard responses to the agonists, noradrenaline, ace- 
tylcholine and histamine were obtained prior to the addi- 
tion of varying doses of the sulphydryl inhibitor, methyl 
mercuric iodide (M.M.I.). Following 10-min. exposure to 
M.M.I1.; responses to the agonists were again recorded. Per- 
centage reductions in responses to the agonists were calcu- 
lated. Drugs used: noradrenaline acid tartrate; acetylcho- 
line chloride; histamine diphosphate; methyl mercuric 
iodide. 


Results and Discussion 

The sulphydryl inhibitor, M.M.I., reduced the responses 
to noradrenaline in guinea pig vas deferens, a tissue rich 
in sympathetic innervation [13,14]. This reduction was 
dose-dependent, the EDs, for M.M.I. being 10° ° M, whilst 
a dose of 10°*M M.MLI. produced complete inhibition 
of standard responses to noradrenaline (Fig. 1). The inhibi- 
tory effect of M.M.I. was reversible, the responses to nor- 
adrenaline returning to pre-inhibition levels within 30 min, 
following repeated washes with Hukovic’s solution at 
5-min intervals. 

To determine the specificity of inhibitory action of 
M.M.I., selected dose levels were used against standard 
responses of the agonists, acetylcholine and histamine in 
guinea pig vasa. Results are shown in Table 1. The EDs, 
dose of M.M.I. against noradrenaline produced similar in- 
hibitory effects against acetylcholine and _ histamine. 
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Table 1. Comparison of the inhibitory effects of M.M.I. 
against the contractions produced by noradrenaline, ace- 
tylcholine and histamine in guinea pig vas deferens 





Percentage reduction in response to 
agonist following M.M.I. 
Agonist and 


dose 10°*M 





Noradrenaline 
7x 10°7M 

Acetylcholine 
1x 10°°M 

Histamine 
1.7x 10°°M 


99 + 0.7 
98 + 1.0 


100 + 0.5 





Equally, a 10°*M dose of M.M.I. produced maximal in- 
hibitory effects against all three agonists. 

Results are therefore in accord with those of Goldman 
and Hadley [7], in that sulphydryl inhibition effectively 
reduces the noradrenergic response, mediated via alpha 
receptors. However the results of the present study indicate 
that this antagonistic response against noradrenaline is not 
specific. M.M.I. is equipotent in reducing responses to all 
three agonists, noradrenaline, acetylcholine and histamine. 
No documented evidence has been reported to link the 
molecular structures of the receptor sites for these three 
agonists, therefore, contrary to the hypotheses of D'lorio 
and Lague [6], and Goldman and Hadley [7], it is sug- 
gested that sulphydryl groups play no part in the structural 
conformation of the alpha receptor site, but that sulphyd- 
ryl inhibition is a non-receptor mediated phenomenon, 
probably associated with the contractile process “beyond” 
the primary drug-receptor binding site. 
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Metabolism in vitro of potential apomorphine prodrugs 


(Received 23 January 1976; accepted 5 March 1976) 


Numerous analogs of apomorphine* (I) have been tested 
for dopaminergic activity. Lal et al. [1] and Saari et al. [2] 
reported that apocodeine (II) exerted weak apomorphine- 
like effects in rats and mice respectively. II elicits a mild 
emetic response in pigeons [3] which is not observed for 
isoapocodeine (III) [4]. 

N-n-propylnorapomorphine (IV) is reported [5] to be 
thirty-five times more potent than I in provoking stero- 
typed behavior in rats. The monohydroxy analog of IV, 
10-hydroxy-N-n-propyinoraporphine (V), is a considerably 
less potent dopaminergic agent, yet is at least three times 
as active as 10-hydroxyaporphine (VI) [5,6]. By analogy, 
it is expected that the apomorphine-like activity of 
10-methoxyaporphine (VII) would be poor. 


(V) R = CH,CH,CH,, I 


(V1) R = CH;, R’ = 
(VII) R, R’ = CH, 


Since a catechol moiety is generally considered to be 
required for dopaminergic activity, it has been suggested 
that the actions of IJ, III, V and VI are related to their 
metabolic conversions to apomorphine or N-n-propylnora- 
pomorphine via appropriate O-dealkylation or aromatic 
hydroxylation reactions [1, 6-8]. These possible biotrans- 
formations have been investigated with a rat liver microso- 
mal preparation and are subjects of this report. 

Apomorphine hydrochloride hemihydrate was obtained 
commercialiy (Merck, Rahway, N.J.). Literature methods 
were used in the synthesis of II [9], III [4], IV [(+)-hyd- 
roiodide] [10], V [(+)-hydroiodide] [11], VI (hydrobro- 





* All aporphines referred to in this paper possess the 
R-configuration at position 6a and are levorotatory unless 
otherwise indicated. 


mide) [12], and VII (hydrochloride) [12]: homogeneity of 
these compounds was established by thin-layer chromato- 
graphy (t.l.c.) [13] prior to use. All solvents and reagents 
were analytical reagent grade. 

Male Sprague-Dawley rats (250-300 g) (ARS/Sprague 
Dawley. Madison, Wis.) were decapitated, exsanguinated, 
and hepatectomized following induction with sodium 
phenobarbital [14]. Livers were blotted dry and homo- 
genized (glass tube-teflon pestle) at 0° in 2 vol. of 0.25 M 
sucrose. The homogenate was centrifuged at 10,000 g (av) 
at 0 for 15 min and the supernatant fraction retained. In- 
cubations contained | ml of 0.2 M Tris buffer (pH 7.4, 37°); 
1 ml of 10,000 g supernatant (= 0.5 g liver); 1 ml Tris-buf- 
fered co-factor solution containing 2 moles NADP 
(Sigma, St. Louis, Mo.), 10 moles glucose 6-phosphate 
(Sigma) and 25 pmoles MgCl, ; and 2 zmoles substrate con- 
tained in 0.5 ml of 0.01 N HCl. Blanks devoid of substrate 
and prepared with boiled enzyme were similarly treated. 
Duplicate experiments were also performed in the presence 
of 0.05°,, sodium bisulfite to completely prevent air-oxida- 
tion of I and IV [13]. Incubations were performed in the 
presence of air for 15 min at 37 in a Dubnoff metabolic 
shaker. Protein precipitation was effected by adding 0.5 ml 
of | N HCI: after centrifugation at 2000g for 5 min, the 
resulting supernatants were neutralized with 1.0 M Tris 


of nitrogenated ethyl acetate. The extracts were reduced 
to dryness in vacuo and reconstituted with 1-ml aliquots 
of nitrogenated chloroform—methanol (1:1) for t.l.c. using 
the solvent systems described previously [13]. For analyses 
by gas chromatography (g.c.), residues of the combined 
ethyl acetate extracts were spiked with 4.0 ymoles boldine 
(2,9-dihydroxy-1,10-dimethoxyaporphine; Nutritional Bio- 
chemicals, Cleveland, Ohio). reacted with 0.3 ml of N,O- 
bis-(trimethylsilyl) acetamide (BSA) by shaking at 5-min 
intervals for 30 min, and 4-yl aliquots chromatographed 
under conditions reported earlier [15]; tp (solvent 
front) = 6.00 min (apomorphine), 6.89 min (10-hydroxya- 
porphine), 7.24min (apocodeine and _ isoapocodeine), 
7.48 min (10-methoxyaporphine) and 17.2 min (boldine). 
Gas chromatographic determinations of 4-yl portions of 
BSA solutions containing 6.7, 3.3, 1.7, 0.8, 0.4 and 0.2 umo- 
les/ml of apomorphine plus 13.3 «moles/ml of boldine gave 
a standard curve (peak height ratio, apomorphine/boldine 
vs concn of apomorphine) with an r > 0.999. 

Compounds II, III, V, VI and VII were incubated with 
rat liver microsomal fractions (from phenobarbital-induced 
rats) fortified with an NADPH-generating system. Metabo- 
lites of these compounds are listed in Table 1. The meta- 
bolic products indicated were characterized by identical 
R, values and color reactions using diazotized sulfanilic 
acid and Gibb’s reagent in at least three t.l.c. systems [13] 
and by g.c. retention times (trimethylsilyl derivatives) when 
compared to authentic reference compounds. 

In cases where apomorphine was detected as a metabo- 
lite, difficulty was initially encountered in determining per 
cent conversions because of rapid air-oxidation of I. Such 
decomposition can be totally prevented by the use of 0.05°; 
sodium bisulfite in the incubation medium [13]. This level 
of bisulfite was earlier shown to be compatible with micro- 
somal N-dealkylation, O-dealkylation and aromatic hy- 
droxylation reactions as tested with model substrates [16]. 
When apomorphine per se was incubated (in the presence 
of bisulfite) with rat liver microsomes, no metabolic prod- 
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Table 1. Metabolites in vitro of aporphine derivatives 





Metabolite identified* 
(Average per cent 


Substrate conversion) 





Apocodeine (II) 

Isoapocodeine (IIT) 

10-Hydroxy-N-n- 
propylnoraporphine (V) 

10-Hydroxyaporphine (VI) t 

10-Methoxyaporphine (VII) | 10-Hydroxyaporphine (75) 


Apomorphine (15) 
Apomorphine (2) 
Nonet 





* Results of three experiments performed in duplicate; 
quantitative estimations by g.c. 

+ Examined by t.l.c. only. 

t See text. 


ucts were detected by t.l.c. or g.c. and greater than 95 per 
cent of the substrate was recovered as determined by g.c. 

The O-methylated aporphines, II and III, were both con- 
verted to apomorphine in vitro; however, there was an ap- 
proximate 10-fold difference in the extent to which this 
transformation occurred. The greater O-dealkylation of II 
may be due to the less sterically hindered methoxyl group 
in this compound compared to III. Daly [17] noted similar 
findings with a series of substituted anisole derivatives. The 
extensive O-dealkylation of VII leading to 10-hydroxyapor- 
phine (see Table 1) reinforces the notion that O-dealkyla- 
tion in aporphines may be markedly influenced by steric 
effects. This phenomenon has also been described in 
studies of the microbial O-dealkylation of 10,11-dimethox- 
yaporphine [18]. 

The reported dopaminergic activity of II [1-3] may be 
due to its conversion to apomorphine. This is supported 
as well by work in vivo reported earlier [7]. The fact that 
isoapocodeine (III) is less active than apocodeine (II) as 
a dopaminergic agent [4] is interesting in light of the 
poorer conversion in vitro of III to apomorphine. 

No evidence was found for the microsomal hydroxyl- 
ation of VI and V to apomorphine and N-n-propylnora- 
porphine respectively*. Thus, the demonstrable dopa- 
minergic action of V may support the contention that this 
compound can behave as a direct (albeit weak) agonist 
[6]. This suggestion is very interesting in terms of the cur- 
rent thoughts on structure—activity relationships of dopa- 
minergic agonists [1, 6-8, 11], and the selective dopaminer- 
gic (antinociceptive) activity recently described for V [11]. 

With compounds I], III and VI (but not V), more polar 
metabolites (other than those indicated in Table 1) were 
detected by t.l.c. The identity of these substances and com- 





* Hydroxylation of V and/or VI to their corresponding 
9,10-dihydroxylated anologs was not specifically investi- 
gated; however, the t.l.c. systems [13] utilized are capable 
of distinguishing monophenols from catecholic substances, 
and there was no evidence that the latter materials were 
formed. 
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plete metabolic studies of compounds I through VI will 
be described in future reports. 
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PRELIMINARY COMMUNICATIONS 


MASS SPECTROMETRIC IDENTIFICATION OF N-MONOMETHYLTRYPTAMINE 
FOLLOWING INCUBATION OF TRYPTAMINE WITH BRAIN PROTEIN 


AND S-ADENOSYLMETHIONINE OR 5-METHYTETRAHYDROFOLIC ACID 


Michael R. Boarder, Michael C. H. Oon and Richard Rodnight 


(Department of Biochemistry, Institute of Psychiatry, De Crespigny Park, London SE5 8AF, U.K.) 


(Received 25 May 1976; accepted 8 June 1976) 


In another report (1) we have shown that a radiochemical assay (9) of indoleamine 
N-methyltransferase activity in brain tissue using S-adenosylmethionine (SAM) as putative 
methyl donor and tryptamine as acceptor is unsatisfactory since the majority of the radio- 
active product used for quantification of the activity is not an N-methylated derivative of 
tryptamine. A similar assay using 5-methyltetrahydrofolate (5-MTHF) as putative donor of CH, 
groups has been shown to yield B-carboline derivatives rather than N-methylated indoleamines 
as the main products (2-7). These results call into question the widely quoted reports of 
N-methylating activity towards indoleamines in the brain using radiochemical assays 
(for example see 8 and 9). As we and others have shown, however, the radiochemical assay 
can be used to demonstrate the existence in preparations of rabbit lung of an enzyme utilizing 
SAM for the N-methylation of tryptamine. The question as to whether indoleamine N-methyl- 
transferase activity occurs in brain is of course of considerable interest due to the hallucin- 
ogenic properties of N,N-dimethyltryptamine (DMT) in man (10). 

In this communication we present an assay for tryptamine N-methylation using a gas 
chromatography/mass spectrometry technique (GC-MS) which shows that while some SAM-dependent 
N-methylation of tryptamine does apparently occur using preparations of rat brain, the concen- 
tration is very much lower than previously supposed. We have also confirmed by the same 
technique previous reports (11, 12) that the major product of the SAM-dependent reaction with 
tryptamine and protein from rabbit lung is N-methyltryptamine (NMT). Further, our data 
show that under the same incubation conditions, but with 5-MTHF instead of SAM as donor, the 
products of the reaction include N-monomethyltryptamine (NMT). 

Methods 
A Finnigan 3200F GC-MS instrument incorporating a Finnigan 6100 data system was 


used in conjunction with a 5 ft column of 3% OV-17 (80-100 mesh). Injection temperature was 


250°C, GC-oven temperature was 170°C or 180°C (isothermal), transfer line 280°C, separator 


oven 260°C (carrier gas, methane, with a flow rate of 15 ml/min). Mass spectrometry used 
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chemical ionisation (reactant gas, methane) source pressure 1 Torr, source temperature 120°¢C, 
ionisation energy 100 eV, filament current 0.7 mA, preamplifier sensitivity 10°? and electron 
multiplier 2 kV. We are grateful to the Finnigan Corporation, Hemel Hempstead, Herts, U.K. 
for allowing us access to their equipment and to Dr. S. Evans of the Finnigan Corporation for 
assistance and guidance in its use. 

The presence of NMT and DMT was sought in reaction products using both 5-MTHF and 
SAM as putative donors, and dialysed preparations of lung protein from a rabbit and a dialysed 
brain preparation from rat (1). Incubation conditions were 2 h at 37°C with 5 mM-tryptamine 
and 30 pM-SAM or 5‘MTHF. The medium was buffered with 0.01 M-sodium phosphate (pH 7.9 when 
using SAM and pH 7.0 using 5-MTHF). The reaction was stopped by addition of 0.5 M-borate 
buffer (pH 7.0). A small amount of 5-methyl-N,N-dimethyltryptamine was added as carrier 
and standard. Following extraction of the products into toluene (1) the solvent was 
evaporated to a fraction of its original volume. Ethanol was then added and the evaporation 
process repeated twice. Finally the extract, now almost completely in ethanol, was taken 
down to a volume of 200-300 pl- Immediately before the GC-MS run, the ethanol was 
evaporated to dryness under a stream of No. Heptane (50 pl) followed by 25 pl of trifluoro- 
acetic anhydride was added. The vessel was then stoppered and heated for 30 min at 60°C. 
The extract was dried under Ny and the residue dissolved in 20 pl of ethyl acetate. 
This solution (in 1 pl samples) was used for injection into the column inlet. 


Results and Discussion. 





By monitoring the mass of the pseudo-molecular ion it was shown that incubation 
of both brain and lung preparations with SAM and tryptamine gave rise to a substance with 
the same mass ion (m*/e) and the same retention time as the authentic NMTI-derivative (Fig.1). 


The amount of NMT estimated by this means to be present in the extractable product using the 


lung preparation and SAM as donor indicated a rate of transferase activity of 850 pmol of 


NMT/mg of protein/h compared to a rate of 1000 pmol/mg/h using the radiochemical method. 

In the case of the brain preparation the rate calculated from GC-MS analysis was very 

much lower, amounting to less than 2 pmol of NMT/mg of protein/h and less than 20% of the 
rate assayed radiometrically. In both these cases the presence of traces of the DMT- 
derivative could not be discounted, as small peaks at the correct mass and retention time 
would have been masked by the presence of other material of the same mass but similar 
retention time. An NMTI-derivative peak at the correct mass in the case of the lung prepara- 
tion was also observed with 5-MTHF as donor; quantitative analysis suggested a rate of NMT 


formation of 640 pmol/mg of protein/h. 
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Fig. 1. Pseudo-molecular ion monitoring for NMT and DMI derivatives from incubations 

of tryptamine with A, rabbit lung with SAM as donor; B, rat brain with SAM and 
C, rabbit lung with 5-MTHF. The plots are of signal strength against retention time in 
arbitary units; m*/e for the NMT derivative is 367 and for the DMT derivative is 285. 
The effluent was also simultaneously monitored (plot not shown) at m*/e 299 for the 
internal standard of derivatised 5-methyl-N,N-dimethyltryptamine. A standard run of a 
mixture of the NMT, DMT and 5-methyl-N,N-dimethyltryptamine derivatives established the 
retention times to be expected. In practice the position (indicated by arrows) of the 
derivatives in the experimental effluents was determined by reference to the internal 
standard as the absolute retention times varied slightly from run to run. 


To obtain further evidence for the formation of NMT using 5-MTHF as the source of 


methyl groups, multiple ion detection was used. From the total mass spectrum of a sample of 
the authentic NMT-derivative the three major ion fragments were identified by their mass. 
During a subsequent run of the authentic derivative the mass spectrometer was focussed 
simultaneously on the pseudo-molecular ion (m*/e 367) and the three fragments (m*/e, 407, 
395 and 240), and for each fragment the ratio of its peak height to that of the parent ion 
was measured and recorded. A sample of the product formed by the incubation of 5-MTHF and 
tryptamine with lung protein under the usual conditions was then run on the column and the 
effluent monitored for the pseudo-molecular ion of the NMI-derivative and its three fragments. 
It was found that for two of the fragments (m*/e, 407 and 397) the peak height ratios were 
identical to those observed in the standard run; in the case of the fragment of m*/e 240 
the ratio could not be determined owing to overloading. 

The very low amount of N-methylation of tryptamine with SAM as donor in brain 
extracts is consistent with our other report (1) and with the work of Taylor and Hanna (6). 
However until the pathway has been shown unequivocably to operate in the C.N.S. in vivo 
the physiological significance of the in vitro observations will remain dubious. Moreover 
our experiments do not exclude the possibility of some non-enzymic formation of NMT occurring 
in the reaction mixture, possibly from traces of formaldehyde produced during incubation; 


this source of NMT is considered unlikely, however, since the non-enzymic N-methylation of 
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primary amines by formaldehyde only occurs under acid conditions (13). 
The demonstration of a relatively high rate of tryptamine N-methylation using 
5-MTHF and lung protein was unexpected in view of other work employing radiochemical assays 
(1, 5) discounting the existence of this reaction. In view of the fact that lung preparation 
used in the present work had been extensively dialysed we tend to discount the possibility 
that labelled CH, groups from 5-MTHF were first exchanged by some unknown mechanism with 
endogenous SAM molecules, before transfer to tryptamine. Further work is required to 


determine whether the system utilizing 5-MTHF is a separate entity from that utilizing SAM 


for transferring methyl groups. 


We thank the Mental Health Trust for a grant and the Medical Research Council 


for a Scholarship to M.R.B. 
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MODEL SYSTEMS FOR CYTOCHROME P-450 
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*Faculty of Pharmaceutical Sciences, University of Tokushima, 


Tokushima 770, and Kyoto College of Pharmacy, Kyoto 607, Japan 


(Received 27 February 1976; accepted 9 June 1976) 


The polarity at heme site of cytochrome P-450 monooxygenases, 
which have strongly hydrophobic nature (1) and catalyze the hydroxy- 
lation of substrates in drug metabolism, is supposed to play an im- 
portant role in the activation of oxygen, and in the binding and 
hydroxylation of substrates. However, there is no indication of the 
degree of polarity at heme site in the hydroxylation by cytochrome 
P-450 monooxygenases, moreover it is difficult to estimate the 
polarity with this enzyme. To solve this problem, the study of 
hydroxylation by model systems for cytochrome P-450 monooxygenases 
would present a. useful method. Recently, we have suggested that 
several ferrous ion-thiol and hemin-thiol systems are possible model 
systems closer to cytochrome P-450 monooxygenases from the results 
of studies on hydroxylation of aniline and on methyl migration during 
hydroxylation of p-toluidine (NIH shift) (2,3).While many model 
systems are available to evaluate the active site of cytochrome P-450 
monooxygenases (4,5), the development of probes for polarity in the 
hydroxylation has received little attention so far. 


Our purpose has been to study the hydroxylation of aniline by 


above mentioned model systems in various ratios of acetone-water 


binary solvent in order to quantitate the relationship between the 
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polarity of solvent and the content of hydroxylation, and to estimate 
the polarity in the heme site of cytochrome P-450 monooxygenases. 

The reactions were carried out by the same procedure previously 
reported (2) (pH 6.0, 40°, 2 hours). The reaction volume was adjusted 
to 10 ml with various ratio of acetone and water. The reaction 
products, p- and o-aminophenol (p- and o-AP), were determined with LC. 
Dielectric constants in acetone-water binary mixtures were measured 
at 40° according to conventional method. 

As is apparent from Fig. 1(A), the maximum content of hydroxy- 


lation was obtained in 60% acetone when, in the presence of hemin, 


cysteine was used as a thiol, which was presumed in the past (6) and 


was proved recently (7,8) to be a necessary axial ligand for iron in 
cytochrome P-450. Similar result was observed with hemin-cysteine 
methyl ester aveten, in which the maximum hydroxylation was obtained 
in 80% acetone. In these systems, the changes in ratio of para to 
ortho isomers (p/o ratio)were found to increase with the content of 
acetone to water. On the other hand, in the system such as hemin- 
thiosalicylic acid (Fig. 1(B)) and in the system containing ferrous 
ion such as ferrous ion-cysteine or ferrous ion-cysteine methyl ester 
instead of hemin, the hydroxylations were scarcely influenced by the 
polarity of the solvent. 

It is noteworthy that there occurred the dependence of both 
hydroxylation and p/o ratio upon the polarity of- solvent only in the 
systems containing both hemin and biologically significant thiol 
compound such as cysteine or cysteine methyl ester. 

The desirable dielectric constants of solvent for the maximum 
hydroxylation of aniline by the model systems ranged 30.0(80% acetone 
) to 40.0(60% acetone). The range corresponds to the value from 80.7 
to 85.5 by Kosower's empirical solvent polarity scale Z (9), which 


made it possible to estimate the polarity of the environment around 
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Figure 1. Formation of p- and o-Aminophenol, and Ratio of p- to 
o-Aminophenol in Hemin-Thiol Systems. 


thiol : hemin chloride : aniline = 1071 2 107° : 1071 
( pH 6.0, 40°, 2 hr. ) 
thiol compound : (A) cysteine; -@ p-AP,--O--o-AP, --}- p-AP+o-AP, 
-+- p/o ratio 
(B) thiosalicylic acid;-# p-AP, --4- o-AP, 
~--Ap-- p-AP+o-AP, —+— p/o ratio 
Each point in gee and o-AP is the mean + S.D. of four 
experiments. The other ib the mean of four experiments. 
* data from reference (9) 
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substrates without knowledge of the precise composition of the 


environment (10). It seems worthy to note that this range lies within 


the estimated Z value range (80 to 88) for protein sites with various 


solvents (10). 

From the facts described above, it may be reasonable to take the 
dielectric constant range 30~40 as temporary standard for the most 
effective polarity in the hydroxylation of aniline. 

In conclusion at this point, the presented result with the 
possible model systems for cytochrome, P-450 such as hemin-cysteine 
and hemin-cysteine methyl ester system suggests that the heme site 
in aromatic hydroxylation by cytochrome P-450 monooxygenases has 
Similar polarity. 

Further investigations are in progress and the results will be 


reported in the near future. 
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COMMENTARY 


INTERACTIONS OF IONISING RADIATION AND CANCER 
CHEMOTHERAPY AGENTS 


A. H. W. Nias 


Glasgow Institute of Radiotherapeutics and Oncology, Belvidere Hospital, 
Glasgow G31 4PG, Scotland. 


This Commentary presents a Clinical Scientist’s view 
of the state of the art of drug-—radiation interaction 
with the intention of stimulating further research into 
both the fundamental mechanisms and the applied 
biology of the subject. 

In a modern oncology centre cancer patients will 
receive more than one of the therapeutic modalities 
of surgery, radiation therapy and chemotherapy (plus 
the possibility of immunotherapy when this is better 
understood). There is increasing recognition of the 
fact that the total mass of malignant cells [1] can 
only be reduced below that level required for cure, 
or prolonged remission, if combination therapy is 
employed. Surgical excision of an accessible tumour 
will obviously reduce the cell mass to a minimum 
but residual disease is frequently present and this 
requires ablation. Microscopical deposits of malig- 
nant cells may be present both at the site of the pri- 
mary tumour and elsewhere in the body. Chemo- 
therapy or total body radiation will be required for 
the eradication of generalised disease. A combination 
of ionising radiation and chemotherapy will be most 
useful in the treatment of those larger deposits of 
tumour cells which remain near the primary site. The 
present search is for a combination therapy which 
will be more cytotoxic to malignant disease but no 
more damaging to normal tissues. 

In this commentary on the problem, the word “in- 
teraction” will be given no more specific meaning 
than that the action of radiation and drug on the 
biological system are not completely independent. 
Terms like synergism, potentiation, dose-modifying 
factor or additive effect have all been used in the 
literature. Because the precise mechanism of a com- 
bined action is not always known and the two 
methods of treatment can not always be shown to 
enhance the cytotoxic effect in a systematic manner, 
the term synergism is rarely appropriate. Potentiation 
is a more acceptable term to describe the pheno- 
menon when a combination of doses of two different 
cytotoxic agents produces an effect which is more 
than would be expected if those doses of the two 
agents were used separately. 

This obvious definition needs to be restated 
because so much of the literature on combination 
therapy contains reports which show no more than 
a simple additive effect; or sometimes even an effect 
on the biological system which is less than would 
be expected from addition of the two cytotoxic 
regimes. This possibility is illustrated in Fig. 1, where 
combination of radiation and the platinum coordina- 
tion complex was shown to be less than additive when 


low doses were used but potentiation was demon- 
strated at the highest doses. 

The results demonstrate that combined therapy 
enhanced the therapeutic effect when C-Pt was 
administered 4hr prior to y-radiation to mice inocu- 
lated intraperitoneally with P388 cells over a wide 
range of combinations. The maximal increase in life 
spans was 64 per cent for 4mg/kg C-Pt alone and 
36 per cent for 600 rads of y-radiation alone. Com- 
bined therapy produced a 114 per cent increase in 
life span (°% ILS). Quite obviously, the search is for 
regimes which produce more than an additive cyto- 
toxic effect on malignant tissue, although a lesser 
effect upon normal tissues would equally obviously 
be desirable. (In the rest of this commentary the word 
“radiation” will be used to mean any form of ionising 
radiation—usually of low LET—and the word “drug” 
will mean one of the recognised cancer chemotherapy 
agents.) 


MECHANISMS 


The combination of radiation and drug may be 
more effective because of one or more of the following 


Combined therapy studies vs P388* 
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Fig. 1. Combined therapy of P388 leukaemia in CDF, 
mice using cis-platinum diamine dichloride (C-Pt) and 
©°Co y-irradiation (data of Wodinsky er al. [2]) 
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mechanisms: (a) interaction may occur due to pres- 
ence of the drug during irradiation (b) the drug may 
interfere with repair of radiation damage (c) there 
may be some differential effect upon the proliferation 
kinetics of tumour and/or normal cells—this may 
already be a differential property of the cells [3]-or 
it may result from the response of the cell populations 
to drug and/or radiation. Evidence of the operation 
of these and other possible various mechanisms will 
add more credence to reports of enhanced cell killing 
by a drug-radiation combination. Equally impor- 
tantly, they will indicate lines of research which might 
be more successful than the many random combina- 
tions which have just been “given a trial” without 
any particular scientific hypothesis. Time may then 
be saved and cancer patients may be spared unnecess- 
ary toxicity. 

The presence of the drug during radiation should 
ideally be demonstrated by standard biochemical and 
pharmacological. techniques [4-8]. 

If the active moiety of the drug molecule can be 
labelled with radivactive isotope, this demonstration 
is relatively simple (although invasive methods of 
sampling such as biopsies are not always possible or 
ethically desirable with human subjects). If the active 
moiety cannot be labelled or tissue samples cannot 
be studied then indirect evidence of drug binding will 
have to suffice, but doubt must then remain if or how 
the drug interacted with the radiation. It will also 
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be important to know whether the drug binds to the 
target molecules in the cell following passive diffusion 
or some mechanism of active transport [9-11]. 
Before studying repair of radiation damage in cells 
exposed to drug—radiation combination it is necessary 
to know the pattern of repair in that cell following 
damage by radiation alone and drug alone. Following 
radiation, it is known that the timing of events within 
a cell which is attempting to recover from damage 
to its DNA will depend upon four factors: (1) the 
nature and number of lesions produced in its DNA 
(2) the ability of the cell to perform those different 
types of repair required by such lesions (3) the growth 
conditions at the time which may help or hinder the 
cell’s different repair mechanisms (4) the efficiency of 
each repair event in restoring the full competence of 
the original DNA in both its transcriptional and 
replicative roles. ' 
The same sort of information should be sought for 
each drug before the repair mechanism can _ be 
expected to be understood in drug-—radiation com- 
binations. At the present time there is a relative 
dearth of information, but such data as are available 
show that many drugs may reduce repair capacity 
following radiation. It is not clear if and how the 
molecular biological evidence for the repair of DNA 
strand breakage can be correlated with the biological 
phenomenon usually termed “recovery from sub- 
lethal damage” [12-14] but it is known that the drug 
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actinomycin D which inhibits RNA synthesis also in- 
hibits “Elkind recovery” [15, 16]. Other drugs which 
are known to reduce the amount of “Elkind recovery” 
include 5-fluorouracil, BUdR and IUdR [17], vinblas- 
tine and the platinum coordination complex (which 
will be discussed later as an example of methodology 
in drug-—radiation studies). 

Turning to the third mechanism, this is related to 
the proliferation kinetics of the cell populations 
affected by the drug-—radiation combination treat- 
ment. This is the point in this review to state what 
has so far only been inferred—namely, that DNA is 
considered to be the prime target of both radiation 
and drug therapy. This may be a misleading generali- 
sation as far as some cancer chemotherapeutic agents 
are concerned—some will undoubtedly bind to and 
damage organelles and molecules in the cell other 
than the nucleus and its DNA. The main objective 
of cytotoxic action in the context of cancer therapy 
must be loss of the proliferative capacity of malignant 
cells, however, and this parameter will be considered 
in this review to the exclusion of all other types of 
cellular malfunction which follow drug action. (It can 
already be stated that radiation in the therapeutic 
dose range damages DNA and its function more than 
any other cellular constituent.) 

Figure 2 shows a schematic diagram of the syn- 
thetic pathway of cellular macromolecules with sites 
along it where many drugs are believed to act [18]. 
This diagram serves not only to list the commoner 
drugs but also to suggest a rationale for drug—radia- 
tion combinations. If radiation does indeed act pri- 
marily at the point indicated on the diagram then 
it would be reasonable to combine this with drugs 
which act at other points in the pathway. This 
hypothesis has sometimes been applied in the selec- 
tion of drugs for multiple drug “cocktails”. In the 
present example the selection of that particular site 
of action for radiation is suspect for two reasons; one 
general and one particular. The general reason is that 
radiation is delivered to all parts of a cell as randomly 
distributed ionising events. It can only be postulated 
that a particular site is relatively more sensitive to 
the same amount of radiation damage which other 
sites also receive. On the other hand, a specific bio- 
chemical target can be postulated for each drug and 
the schematic diagram in Fig. 2 may have more vali- 
dity, although a particular objection is the placing 
of the platinum coordination complex and radiation 
at the same point, since combination studies (de- 
scribed below) show some potentiation. This may 
only reinforce the general point about the random 
distribution of radiation damage, however. 

There is no reason to question the principle that 
multiple drug regimes should be designed on the basis 
that drugs used in combination should act by differ- 
ent mechanisms and that each drug shou!d be given 
at a time during the cell cycle when that drug will 
exert its maximum effect (a point to be discussed in 
a later section, concerning proliferation kinetics). It 
has to be remembered, however, that although cell 
killing may perhaps occur only following a lethal 
event during one phase of the cell cycle (e.g. DNA 
synthesis), a drug which is taken into a cell and bound 
there irreversibly may ultimately cause death even 
though exposure of the cell to the drug occurred in 
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some other phase of the cycle. For that reason many 
common agents should really be placed in the class 
of drugs which are not cell cycle-specific [19, 20]. On 
the other hand there need be no such misunderstand- 
ing about the effect of ionising radiation since this 
is a cytotoxic agent which is not “bound” irreversibly 
to cells. 


TECHNIQUES 


Demonstration that a particular drug-radiation 
combination has more than an additive effect requires 
parameters that can be applied to the cell popula- 
tion(s) of interest; at the cellular level in vitro, in vivo 
or in clinical practice. Without such quantitation, 
drug-radiation interaction cannot be proved and it 
is sad that so many clinical reports can be criticised 
in this respect. A realistic approach to this problem 
recognises that while in vitro cellular studies permit 
a high degree of quantitation and an optimal design 
of experiment, they may have minimal relevance to 
the clinical problem for which they are supposed to 
provide “model” systems. Animal model systems in- 
troduce not only the advantages of more “relevant” 
homeostatic and other environmental influences over 
the cell population(s), but also some disadvantage 
with respect to statistical control because of relatively 
much smaller numbers and often a biological vari- 
ation that the use of inbred animals does not entirely 
remove. Dose-response studies are still possible, how- 
ever, because there are no ethical problems. 

Using in vivo techniques, the experiment depicted 
in Fig. 1 illustrates a suitable design with the dose 
response assay both with each agent alone and for 
the combinations. Such an experiment will obviously 
have been preceded by detailed studies of the effect 
of each agent alone before this final design. The classi- 
cal scientific approach of a hypothesis put to the test 
is sometimes forgotten. Time should be spent design- 
ing the experiment based upon earlier fundamental 
observations. Knowledge of the response of the whole 
animal and its relevant cell populations to both radi- 
ation (for which there are adequate data in the litera- 
ture) and the drug (for which data may be very scanty 
indeed) is an essential prerequisite for the interpreta- 
tion of the sort of experimental result shown in Fig. |. 

Cell cultures in vitro [21] permit the fundamental 
mechanism of drug-—radiation interaction to be exam- 
ined at the cellular level without interference from 
those homeostatic and other environmental factors 
which are so important in vivo, but so confusing to 
an understanding of the basic mechanism. Each en- 
vironmental factor can be added to the system in 
turn, however, and there is no theoretical reason why 
the influence of all such homeostatic factors should 
not be studied—always assuming they are understood 
in themselves! Immunological mechanisms are now 
beginning to be understood [22] to the extent that 
humoral and cell-mediated immunity can be added 
to the culture system with some degree of quanti- 
tation. (The ephemeral chalones have yet to be quan- 
titated.) An example of a study of drug-radiation in- 
teraction will be given later in which the monolayer 
cell culture system was used. Where drug diffusion 
studies require a more complex model system, more 
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akin to the in vivo situation of cell to cell contact, 
then the spheroidal cell culture technique is more 
appropriate [23]. 


CANCER CHEMOTHERAPY AGENTS 


The list of drugs which have been used for cancer 
treatment grows daily and with it the problem of 
selecting those drugs which may be expected to show 
a more than additive effect when combined with radi- 
ation. A typical list was published by Carter and 
Soper [24] who discussed combinations of drugs and 
noted that successful regimes are based on the three 
criteria: 

(1) Each drug in the combination should be active 
when used alone against the tumour. 

(2) The drugs should have different mechanisms of 
action. 

(3) The toxic effects of the drugs should not overlap, 
so that each can be given at or near its maximum 
tolerated dose. 

These criteria can be directly applied to drug 
radiation combinations. The second and third criteria 
have already been discussed with reference to Fig. 
2. The first criterion is becoming increasingly difficult 
to establish in clinical practice because combination 
chemotherapy has proved so much more successful 
than single agent therapy that it may soon be 
regarded as almost unethical to use a single drug to 
evaluate tumour response. Animal and cell culture 
assays will continue to provide the basic data but 
introduction of a new drug will increasingly involve 
substitution of one member of a previous “cocktail”. 
Any improvement in clinical response will be wel- 
come, of course, but it would be scientifically inappro- 
priate to draw the simple conclusion that the new 
drug was more effective per se than that which was 
replaced. Several alternative conclusions would be 
possible, not least that drug interaction alone was the 
important new mechanism with a minimum of im- 
provement due to the single agent response. 

It is fortunate that a “base-line” has been estab- 
lished in radiotherapy, involving the use of low LET 
ionising radiation delivered in a regime of fractiona- 
tion, usually five daily doses per week over an average 
of four weeks up to a total dosage which is known 
to be tolerated by various normal tissues [25]. Inno- 
vations in radiotherapy can always be compared with 
such a regime which, while only based upon empirical 
studies, has provided a large body of clinical experi- 
ence. 

Empirical studies were the basis of modern radio- 
therapy, but these involved variations in time—dose 
relationships of only one agent. It is difficult to disen- 
tangle the many time and dosage variations for the 
new cancer drugs now being used to establish the 
basis of modern chemotherapy. 

Briefly, these drugs can be classified as: 

(1) Alkylating agents—busulphan, chlorambucil, 
cyclophosphamide, mechlorethamine (HN), melpha- 
lan, thiotepa and the nitrosoureas. 

(2) Antimetabolites—cytosine arabinoside, fluor- 
ouracil (5-FU), mercaptopurine, methotrexate and 
thioguanine. 


(3) Plant alkaloids—vinblastine and vincristine. 
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(4) Antibiotics—adriamycin, bleomycin, actinomy- 
cin D, daunorubicin. 

(5) Other synthetic agents—dacarbazine (DTIC), 
hydroxyurea, procarbazine. 

(6) Horrhones—oestrogens, progesterones, testos- 
terones and cortisones. 

Each and every drug has been combined with radi- 
ation at some time but no attempt can be made to 
review the results of all such combinations, chiefly 
because it is doubtful whether enough valid data exist. 
Few enough data exist for the use of such drugs alone 
but Carter and Soper [24] have ranked those drugs 
which they do consider to have been adequately 
tested for activity against a number of different types 
of tumour. At the top of their list came 5-fluorouracil 
(5-FU) and methotrexate (MTX) with a 50 per cent 
success rate. 5-FU had been successful in 7 out of 
14 types of tumour. This compares with 33 per cent 
(4 out of 12) for adriamycin and 25 per cent (2 out 
of 8) for bleomycin, the two newer antibiotics now 
undergoing active trial. 

It is not proposed to discuss the interaction of radi- 
ation with hormones in this commentary because of 
the complications of this class of “drugs”, which often 
occur as physiological humoral agents with effects 
which are even more difficult to predict [26] than 
those following treatment with all the other classes 
of drug. 


BASIC MECHANISMS OF RADIATION 


The biophysical mechanisms of radiation cell kill- 
ing have been examined in great detail for cells that 
are proliferating, such as cultured cells [27]. It is only 
necessary to summarise those mechanisms directly 
relevant to drug—radiation interaction. Figure 3 shows 
a typical radiation dose-response curve for Chinese 
hamster ovary (CHO) cells in logarithmic culture. 
Survival of the colony-forming ability of single cells 
is seen to fall exponentially with increasing radiation 
dose. A large number of examples of such cell survival 
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Fig. 3. Cell survival curve for CHO cells irradiated with 
©°Co »-rays. 
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Fig. 4. Survival of synchronised CHO cells irradiated with 
450 rads at different times after mitotic selection. 


curves is now available [28], all with the same general 
characteristics. Consideration of the initial shape of 
such survival curves was the subject of the 6th L. 
H. Gray Conference [29] but the exponential portion 
of radiation cell survival curves conforms to a multi- 
target single hit model. The physical distribution of 
ionising radiation necessitates some such form of 
model compatible with random damage. 

' Figure 4 shows a plot of the survival of CHO cells 
which have been synchronised with respect to their 
progress through the cell cycle. Aliquots of such a 
synchronised cell population have then been irra- 
diated with the same dose (450 rads). Survival is seen 
to be low at the beginning of the time scale when 
the cells had just completed mitosis and entered the 
G, phase of the cell cycle. As they progress through 
the cycle the cells show less sensitivity to this dose 
of radiation and by 9 hr ten times as many cells sur- 
vive. This is at a point when DNA synthesis: is now 
complete and the cells approach the G, phase of the 
cycle prior to mitosis at 12 hr. 

Recovery mechanisms can nearly always be related 
to nucleic acid synthetic processes and these and 
other aspects of radiation biochemistry have been 
reviewed [28]. 

There remains just one aspect which is peculiar to 
radiation; namely G, block. It has already been 
shown that radiation is much more lethal when deli- 
vered to cells at the G,—S transition point in the cell 
cycle (Fig. 4). G, block is a phenomenon wherein 
cells which have not necessarily absorbed a lethal 
dose of radiation exhibit delay in progress through 
the cell cycle, and this is maximal in G2. The amount 
of cell cycle delay can be averaged out to an approxi- 
mate value of 1 min per rad but the value rises to 
1.4min in G, compared with 0.4 minutes in G;. 
This factor might be utilised in a drug—radiation com- 
bination where radiation is given first followed by 
a drug which is particularly active against cells in 
the G, phase, as reported for bleomycin [30]. Present 
regimes seem to ignore this rationale since the drug 
is administered before the radiation. 

This is a particular example of a general rationale 
for drug-radiation interaction which combines one 
agent which slows down cell progress through a par- 
ticular phase of the cell cycle (by means of a non- 
lethal effect) with a second agent that is maximally 


lethal in that same phase. The converse example to 
radiation then bleomycin in G,, would be low dose 
methotrexate then radiation at the G,-—S transition 


[31]. 


DRUG MECHANISMS 


The large amount of literature describing the 
mechanism of radiation is not matched by equivalent 
knowledge of the various drugs in common use. Dosi- 
metry, for example, is a relatively very precise physi- 
cal technique with radiation where the distribution 
in treated tissues can be precisely measured and the 
clinician can repeat a treatment in the confident 
knowledge that his prescribed dose will be faithfully 
delivered. For most drugs it is almost impossible to 
emulate this precision. Certain minimal information 
should nevertheless be available before a drug is used. 
What is the mode of action at the cellular level? Does 
the drug reach the intracellular target molecules by 
passive diffusion or active transport? Is the drug 
active in its original form or by some degrative prod- 
uct (e.g. after cyclisation in the case of nitrogen mus- 
tard and by liver metabolism in the case of cyclophos- 
phamide)? What is the rate of degradation and loss 
of activity of the drug (e.g. the half-time of hydrolysis 
in water or preferably in some medium relevant to 
the in vivo milieu at 37°)? Does the drug degrade to 
a final product which is non-toxic? What are the 
pharmacokinetics? [4-8, 32]. 

Figure 5 shows an example of this latter point for 
the bifunctional alkylating agent methylene dimeth- 
ane sulphonate (MDMS) for which the final product 
is formaldehyde! (Thus, the survival level never 
exceeds 40 per cent in Fig. 5.) Studies with this drug 
in vitro [33] were complicated by this fact which 
would be relatively unimportant in vivo. Since the 
half-life of hydrolysis of the drug per se is 22 min, 
the solution to the problem in vitro was to expose 
the cells to a 15-min treatment and then remove the 
residual drug from the culture medium. In this way 
the cytotoxic effect on the cells would be predomi- 
nantly from the alkylating agent rather than formal- 
dehyde. 
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Fig. 5. Rate of inactivation of MDMS expressed in terms 

of increased survival of HeLa cells treated with aliquots 

of drug containing medium incubated at 37° (data of Nias 
and Fox [33]) 
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Other drugs have much longer hydrolysis times in 
water’ but must be expected to be degraded more 
rapidly in vivo. In vitro studies need to be designed 
to use an appropriate period of drug treatment both 
for that reason, and also to take into account the 
extent of binding to cellular components. This proved 
to be an important consideration in the design of 
“split-dose” experiments with the monofunctional 
alkylating agent methyl methane sulphonate [34]. 

Solubility of the drug is another consideration. Is 
the drug soluble in aqueous medium and (apart from 
temperature effects) is its activity influenced by pH? 
Does any other change in the substrate influence drug 
activity? The platinum coordination complex cis-dich- 
lorobis(cyclopentylamine) platinum II is insoluble in 
water and was therefore dissolved in dimethyl sul- 
phoxide before dilutions were made in culture 
medium to produce the dose-response curve shown 
in Fig. 6& At the time of that study the effective half- 
life of the drug was 160 min [35]. A change in culture 
medium was then made and this included a small 
increase in the Cl” ion concentration from 108 to 
120mM. This reduced the effective half-life of the 
drug to 45 min. The dose-response curve for a 1-hr 
exposure of cells reflected this: the Dy rose from 
9.3 ug/ml. shown in Fig. 6 to 14 ug/ml. This provides 
an example of competition between (a) reaction of 
drug molecules with proteins in its milieu and (b) its 
availability for transport and reaction with cellular 
components. The mechanism of action of each anti- 
cancer drug must involve interference with cell repro- 
duction. Is this the result of an effect on nucleic acid 
templates, or enzyme substrates or what? 


COMBINATION STUDIES 
Cell and tissue cultures permit a wide variety of 


permutations and combinations of drugs with radia- 
tion—choice of drug, dosage of the two agents, time 
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Fig. 6. Cell survival curve for CHO cells exposed to cis- 
dichloro-bis-(cyclopentylamine) Pt II. 
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Fig. 7. Cell survival curves for CHO cells irradiated with 
©°Co »-rays with or without pretreatment with cis-dichloro- 
bis-(cyclopentylamine) Pt II—26 ug/ml for | hr. 


interval, choice of environment (the oxygen concen- 
tration, which is so important a factor in radiation 
sensitivity, may also influence the drug sensitivity of 
a cell) and other factors are all important consider- 
ations in the design of experiments in vitro. It is worth 
stressing, however, that it may often be more reward- 
ing to choose some combination of factors which may 
prove relevant to in vivo and clinical situations. Thus, 
pharmacological evidence that the effective half-life 
of a drug is n min in vivo might lead to that period 
of time being chosen for the cells to be exposed to 
that drug in vitro. Radiobiologists certainly use the 
same radiation dosage regimes in the laboratory as 
are used in clinical practice. 

The experiment should then be designed to seek 
evidence -for an effect of drug plus radiation which 
is more than additive. This might well be demon- 
strated by the sort of data shown in Fig. 7 for CHO 
cells treated either with radiation alone or radiation 
following treatment with the platinum coordination 
complex. Cell survival curves for both agents were 
shown earlier in Fig. 3 for radiation and Fig. 6 for 
the drug. Now the combination treatment is shown 
in this present figure to have a small but significant 
dose-modifying factor. After normalisation, the radi- 
ation survival curve of the drug-treated cells does not 
fit that of the cells treated by radiation alone—the 
radiation effect is greater. The combination is not just 
additive; there is potentiation by a factor of 1.23. in 
this case. Other drug-dosage combinations elicited a 
dose-modifying factor as high as 1.6 [36] and, with 
synchronised cells, the factor was found to be higher 
in the G, and late S phases of the cell cycle than 
in mid-S. 

This is the sort of factor which is found with the 
new class of electron-affinic drugs, the nitroimidazoles 
[37-39]. These combine with hydrated electrons, the 
reducing member of the primary products of the 
radiolysis of water. This alters the redox potential in 
favour of the oxidative pathway and tends to sensitise 
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hypoxic ceils to the effect of radiation. The most effec- 
tive sensitising agent for hypoxic cells is oxygen itself, 
of course (by a factor in excess of 2.5), but oxygen 
diffusion to tumour cells is often inadequate due to 
the abnormal vascular supply in many tumours. The 
diffusion of a nitroimidazole drug is at least as good 
as that of oxygen, with the added advantage that 
while a relatively hypoxic cell will tend to reduce the 
local oxygen concentration by respiration, the con- 
centration of the drug will remain at the level 
achieved by diffusion. The radiation chemical pro- 
perty of the electron-affinic drug will then be evident 
at the time of irradiation and dose modifying factors 
of 2.3 have been found which can be reproduced in 
vivo with C3;H tumours [38]. At an effective dose- 
level, however, nausea, vomiting and neurological 
symptoms occur. The present search is for drugs of 
this class which are less toxic. 


REPEATED DOSES 


It is up to the clinical scientist to design combina- 
tion regimes based upon well established drug and 
radiation mechanisms. The designer should remember 
that single doses are the exception and that repeated 
treatments with combination regimes are the rule. 
The phenomenon of “recruitment” will therefore 
apply; this is a term used to designate the induction 
of a resting cell into the mitotic cycle or the induction 
of a slowly proliferating cell population to increase 
its rate of cell replication [40-41 ]. 

The result of such recruitment (and other inevitable 
consequences of repeated treatments with both drug 
and radiation) will be a tendency for both normal 
and tumour cell populations to cycle randomly. The 
search for cycle phase-specific drugs has produced 
some important fundamental observations [42] but 
unless a tumour cell population can be synchronised 
this sort of information cannot be utilised. 

It is difficult enough to synchronise a mammalian 
cell population under laboratory conditions [43] and 
then only for one cycle, using physical methods in 
vitro. When it comes to drugs, the use of hydroxyurea 
in vivo has led to only partial synchrony [Ref. 44]. 
Perhaps more attention should be paid to normal cir- 
cadian rhythms which may turn out to be sufficiently 
different from those of a particular tumour to provide 
some rationale for the optimal timing of drug—radia- 
tion therapy [45-46]. 

In conclusion, while the phenomena of recruitment 
of cells into cycle, natural circadian rhythms of cyclic 
activity and induced partial synchronisation of the 
cycle will all be important considerations in the 
mechanism of action of any drug—radiation combina- 
tion, the opposites of all these phenomena will also 
be important. Thus, progression delay is the conse- 
quence of many drug treatments [47-48], as has 
already been discussed. The most common point of 
arrest in progression through the cell cycle by drugs 
is at the G,-S boundary and this is also one of the 
most radiosensitive points in the cell cycle. While this 
remains the simplest rationale for drug—radiation in- 
teraction it must be remembered that an important 
aspect of progression delay is the relationship 
between the drug concentration and the degree of 
blockage of cells. The kinetics of this blockage need 


2123 


to be understood in relation to both the tumour and 
limiting normal cell populations. Since both radiation 
and drugs are usually administered in a fractionated 
schedule the optimum time interval between fractions 
must be allowed, for both the blockage and its sub- 
sequent release. The number of possible drug—radia- 
tion combinations is already large; the search for 
their optimum dose-time relationships is almost a 
forbidding task, but this should be the goal. The 
essential criterion of interaction must be some degree 
of potentiation (as in Fig. 7) of the effect of one cyto- 
toxic agent by the other, and over a full range of 
dose levels. 
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Abstract—Male Wistar rats were given ethanol to provide approximately 30 per cent of the total 
calories consumed. Sucrose or lipids replaced ethanol isocalorically in controls. Ten per cent of the 
calories were usually provided by protein, except for in one experiment where both treated and control 
animals received 25 per cent of their calories from protein. The diets were given for periods up to 
35 days. When ethanol replaced sucrose isocalorically, incorporation of labelled amino acids into liver 
cell protein was reduced after treatment for 30 days, but not after treatment for | or 3 days. The 
reduced incorporation was present both in the presence of ethanol and 24hr after the last intake 
of alcohol. When ethanol replaced lipids isocalorically, the same reduction of protein labelling was 
found as when sucrose was replaced, after treatment for 35 days. When both ethanol-treated and 
controls were given a protein-rich diet for 35 days, ethanol treatment caused the same reduction 
of amino acid incorporation into protein, as when both groups were fed a low-protein diet. It is 
concluded that long-term ethanol treatment mediates a reduction of protein synthesis in the liver. 
This reduction requires some time to develop, is due to the inclusion of ethanol in the diet and 


is not counteracted by a high-protein diet. 


The effects of ethanol on hepatic protein metabolism 
have been studied less extensively than the effects on 
other parts of liver biochemistry. This may appear 
strange since effects on protein synthesis seems to be 
of central importance in the action of a series of other 
hepatotoxins [1]. Some of the effects of ethanol on 
total protein metabolism reported so far are partly 
conflicting. A single dose of ethanol given either in 
vivo or in vitro have been reported either to reduce 
[2-6], or to increase [7-9], or usually not to influence 
[2, 6,8, 10-14] the incorporation of labelled amino 
acids into stationary liver proteins. The chronic in- 
take of ethanol has been followed by reduced incor- 
poration in most instances [2, 14, 15-20], but in- 
creases [3] as well as no effects [13, 21, 22] have 
been reported. These contradictory results could have 
been due to differences among the various exper- 
iments with respect to animal type, strain and sex, 
to diets given, to the way of ethanol administration 
used, parameters which all could influence protein 
metabolism. We therefore wanted to test how the in- 
corporation of labelled amino acids into liver protein 
was affected by ethanol given for various periods of 
time by the same mode of administration throughout 
all experiments at controlled dietary conditions. 


MATERIALS AND METHODS 


Animals. Male Wistar rats, 290-370 g final body wt, 
were offered an ordinary laboratory rat chow diet and 
water ad lib. for 7-14 days before start of the exper- 
iments. During this and the subsequent experimental 
period they were housed in separate plastic boxes, 





* Some of the results were presented at the Sixth Con- 
gress of Pharmacology (July, 1975), Helsinki, Finland. 

+ Present address: Institute of Medical Biology, Univer- 
sity of Tromse, N-9001 Tromso, Norway. 


two animals per box at 22°, 60 per cent humidity 
on a 12 hr light-12 hr dark cycle from 7 p.m. to 7 a.m. 

Ethanol treatment, diets and experimental design. We 
used a drinking model slightly modified from Porta 
and Gomez-Dumm [23]. This model allows the ani- 
mals to choose between a liquid and a solid diet and 
omits the unphysiological administration of ethanol 
by either gastric tube or intraperitoneal injection. 
Five experiments were performed, designated 
A,B,C, D and E. All experiments included ethanol- 
treated (ethanol constituting approximately 30 per 
cent of the calories consumed) and control groups. 
The animals of all groups were offered both a solid 
synthetic diet ad lib. and in addition a liquid diet 
(Table 1) from small drinking bottles. Ethanol was 
always given in mixture with sucrose to ensure that 
a significant amount was consumed [23]. In exper- 
iments A, B,C and D all bottles were filled with iso- 
caloric amounts of liquid food and the volumes con- 
sumed daily were recorded. In experiment E, the rats 
were pair-fed with one group of ethanol consuming 
animals as the leading. 

The duration of each experiment, the kind of solid 
and liquid diets used are given in Table 1. It is seen 
that experiment A, B,C and D differred in duration 
only. Experiment D lasted for the same period of time 
as C, but the liquid diets of both experimental and 
control animals were replaced by water for the last 
24hr before sacrifice. In experiment E, lasting for 5 
days more than D, another control group was in- 
cluded in which lipids instead of sucrose replaced eth- 
anol. In this experiment we also introduced two 
groups of animals on a high protein diet. One of these 
groups received ethanol while sucrose replaced eth- 
anol in the other. All diets in experiment E were re- 
placed by water and the same solid diet (type I) 24 hr 
before decapitation of the rats. 
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Table 1. Experimental design and mean daily intake of various diets* 





Duration of 


No. of Solid diet 


Liquid diet Total diet (°% of cal) 





expt 


Expt Group rats (days) (type)t 


(type)t 


(ml/day) (cal/day) EtOH Carboh. Lipid Protein 





A Control 
Ethanol 
B Control 
Ethanol 
Control 
Ethanol 
Control 
Ethanol 
Control 
lipid 
Control 
Ethanol 
Control 
high 
prot. 
Ethanol 
‘high 
prot. 6 


IV 46 - 62 30 


28 Bi x 26 
46 - 62 
23 35.7 23 
40 55 
23 3. 23 
39 : 54 
24 5. 23 


23 


56 
24 


27 . : 24 





* Rats were given the various solid and liquid diets for different periods of time. An additional day without ethanol 
is designated by “+1”. The daily intake of liquid diet in all groups varied less than + 10 per cent from the figures 


given. 


+ The solid diets were supplemented with minerals, vitamins, choline, methionine [18] and 50g cystine/kg, and con- 
tained (°, of cal): Sucrose/starch (1:1) 10; Casein 20 (I) or 50 (II); Soybean oil/refined lard (2:3) 70 (I) or 40 (ID). 
+ Containing (cal/ml): Total 1.55 (III and V) or 1.00 IV; as sucrose 0.55 (III), 1.00 (IV) or 0.60 (V); as soybean 


oil 1.00 (III); as ethanol 0.95 (V). 


The daily intake of ethanol was about 13 g/kg body 
wt during the first week in all experiments. Since the 
rats drank an almost constant volume per day 
throughout the experiments, this figure declined to 
approximately 10 g/kg after 4-5 weeks due to the in- 
crease in body weight during this period. 

It is seen from Table | that the rats from all groups 
received approximately 40 cal (35-46 cal) daily from 
liquid. The total daily intake of calories may roughly 
be estimated to 80cal [24] by all rats since only 
minor variations of weight gain were recorded among 
the various groups at least during the last 3 weeks 
of long-term experiments (Fig. 1). Thus all rats 
covered approximately one half of their caloric 
demands by solid diet and the other half by liquid. 
The approximate caloric composition of the total diet 
calculated on this background is given in Table 1. 
Although this calculation may be misleading due to 
possible effects of ethanol on energy expenditure it 
appears that all rats received sufficient amounts of 
minerals, vitamins, lipotropes, protein and amino 
acids since the solid diets contained more than twice 
the recommended values [24]. 

Measurement of labelled and unlabelled amino acids 
and protein. All rats were given an ip. injection of 
labelled amino acids 75 min prior to sacrifice. 1.25 wCi 
(200 ul) of [U-'*C]protein hydrolysate (CFB.25, 
54mCi/matom carbon, The Radiochemical Centre, 
Amersham) was injected per 100g rat in experiments 
A, B,C and D, while 8 wCi (200 wl) of L-[4.5-4H]leu- 
cine (TRK.170, 46Ci/m-mole, The Radiochemical 
Centre, Amersham) per 100g rat was given in exper- 
iment E. The rats were killed by decapitation, the 
liver was quickely excised, blotted, weighed and 
frozen in liquid nitrogen. In some experiments blood 





Body weight (g) 











1 2 3 4 


Duration of treatment (weeks) 


Fig. |. Effect of diet on body weight in three different ex- 

periments (see also Table 1): @, ethanol; O, control; 0, 

control lipid; A, control high protein; A, ethanol high pro- 
tein. Vertical bars indicate S.E.M. 
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Table 2. Effect of duration of ethanol treatment on the incorporation of labelled amino 
acids into protein* 





Control 


Expt (dis/min/liver x 10°) 


Ethanol 


(dis/min/liver x 10°) (of control) 





A (1 day) 

B (3 days) 

C (30 days) 

D (30 + 1 day) 


97.2 
95.6 
81.5t 
76.67 


4.86 + 0.14 
4.82 + 0.46 
4.24 + 0.37% 
3.45 + 0.22+ 





* Rats were treated as described in Table 1. An additional day without ethanol is designated 
by “+1 day”. 1.25 wCi of [U-'*C]protein hydrolysate per 100g rat was injected ip. 75 min 
before sacrifice. The results are expressed as mean values + S.E.M.; the number of rats 


is given in Table 1. 


+x < 0.05 with respect to corresponding control. 


from the neck vessels was collected, plasma was 
separated and frozen. 

Samples of liver and plasma were homogenized in 
20 vol 10° trichloroacetic acid. After centrifugation, 
0.5 ml of the supernatant was mixed with scintillation 
liquid [25] and trichloroacetic acid-soluble radioacti- 
vity (representing free amino acid(s)) was determined 
[14]. In another supernatant sample, total free leucine 
was determined (Expt E) by methods described else- 
where [14]. The final protein pellet was prepared and 
the specific radioactivity measured as detailed else- 
where [18]. Internal standard, L-[4,5-*H Jleucine, was 
added to all radioactive samples and counted to 
check the quenching, which was found to be equal 
in all samples. Total protein was determined in liver 
and plasma by the methods of Lowry er al. [26] and 
Gornall et al. [27], respectively. 

Additional procedures. Blood ethanol concentration 
was determined by gas chromatography [28]. Wil- 
coxon’s test was used to determine the statistical sig- 
nificance of the results, differences accompanied by 
a-values above 0.05 were considered as insignificant. 


RESULTS 


The results of experiments A, B,C and D are sum- 
marized in Table 2. Voluntary consumption of eth- 
anol for | or 3 days did not influence the incorpor- 
ation of a mixture of labelled amino acids into liver 
protein. The rats used in these experiments weighed: 
392.1 + 8.2 g controls, 321.8 + 10.4g treated for one 
day; and 351.0 + 6.8 g controls, 332.2 + 7.5 g treated 
for 3 days. Treatment for 30 days reduced the incor- 
poration significantly. Blood ethanol concentration at 
sacrifice varied between 0.5 and 19.3mM _ in exper- 
iments A,B and C. the mean values were between 
5 and 6mM in all experiments. These variations 
probably represent differences in the daily pattern of 
ethanol consumption among different animals, since 
the amount consumed per single rat differed less 
than + 10 per cent from the mean consumed per day. 
The omission of ethanol for one day before killing, 
after 30 days treatment (Expt D) did not significantly 
influence the reduced incorporation, indicating that 
the presence of the ethanol during the labelling period 
was unnecessary for the effect to occur. The weight 
of the rats used in experiments C and D are given 
in Fig. |. The amount of trichloroacetic acid-soluble 
radioactivity was higher in livers from the ethanol- 
treated rats in all experiments, and the ratio between 
soluble counts from treated and control rats were: 


Expt A, 1.13; Expt B, 1.10; Expt C, 1.57; and Expt 
D, 1.09. 

In experiment E we found that the reduction of 
labelled L-leucine incorporation after ethanol was of 
the same order of magnitude as the reduction of in- 
corporation found in experiment D in which a mix- 
ture of labelled amino acids were used as precursors. 
It was further found that the effect of ethanol was 
present also when compared to a diet in which lipids 
replaced ethanol isocalorically (3 upper lines, Table 
3). The possibility existed that the reduction of incor- 
poration so far reported could at least partly have 
been due to the low protein content of the diet (about 
10 per cent of the total calories consumed, Table 1). 
From Table 3 (2 lower lines) it appears that ethanol 
reduced the incorporation of labelled L-leucine into 
protein also when a protein-rich diet had been given. 
There was a consistent tendency towards decreased 
incorporation when the protein content of the diet 
had been raised (compare line 2 and 4, or 3 and 5 
in Table 3). In experiment E there was no more 
radioactivity in the trichloroacetic acid-soluble frac- 
tion of treated livers than in control livers (Table 3). 
When the specific activity of trichloroacetic acid-solu- 
ble L-leucine was calculated, no significant differences 
were found among the various groups in experiment 
E (Table 3). This showed that neither ethanol nor 
other dietary changes exerted major effects on the 
hepatic leucine pool. Ethanol consumption did 
further not significantly reduce hepatic protein con- 
tent as found and discussed earlier [19]. 

We finally wanted to test if the labelling of circulat- 
ing proteins was affected in the same manner as 
stationary liver proteins. Table 4 presents the results 
obtained in experiment E. It is seen that the incorpor- 
ation into circulating proteins was reduced to the 
same degree as found for fixed liver proteins. The 
effect of ethanol treatment on plasma protein levels, 
however, was much less pronounced and was signifi- 
cant for rats on high protein diet only. 


DISCUSSION 


The present reduced incorporation found after 
long-term ethanol treatment represents some alter- 
ation of amino acid or protein metabolism. 

The level of trichloroacetic acid-soluble radioacti- 
vity in the liver was not decreased due to ethanol 
administration when measured 75 min after the injec- 
tion of labelled amino acids. This was also the case 
when trichloroacetic acid-soluble radioactivity was 
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Table 4. Effect of different diets and ethanol treatment for 35 days on the incorpor- 
ation of labelled leucine into plasma proteins* 





Trichloroacetic acid- 


precipitable 
(dis/min/ml plasma x 10*) 


Group 


Plasma protein 
(mg/ml plasma) 





Control lipid 
Control (sucrose) 
Ethanol 


Control high protein 
Ethanol high protein 


4.76 + 0.36 
4.25 + 0.30 
3.64 + 0.28F 
4.09 + 0.28 
2.66 + 0.217 


63.4 + 3.7 
58.6 + 4.1 
62.8 + 3.2 


67.3 + 4.1 
38.2 + 3:57 


= 
:* 





* Experimental details are given in Table 3. 
+ a < 0.05 with respect to corresponding control(s). 


determined 10 and 40 min after the administration of 
label (J. Morland, unpublished observations). Nor 
was the specific radioactivity of the precursor 
changed. Although we were not able to measure the 
specific radioactivity of leucine at the site of protein 
synthesis [29], our results did not indicate any 
changes of amino acid metabolism which could 
explain the reduced incorporation found. Since eth- 
anol treatment previously has been found not to effect 
the rate of degradation of newly synthesized proteins 
[18], and since an increased release of labelled pro- 
teins to the blood was unlikely [18] (Table 4), reduced 
protein synthesis appears to be the most likely 
explanation of the present results. With the reserva- 
tion discussed here in mind, we will further refer to 
the reduced incorporation as an expression of a 
reduced rate of synthesis of at least some liver pro- 
teins. The reduced incorporation of amino acids into 
circulating proteins could, however, also represent a 
decreased secretion of labelied proteins by the liver 
or other organs. 

Our experiments showed a significant reduction of 
the synthesis of total stationary liver protein, caused 
by chronic ethanol treatment. This reduction was in- 
dependent of gross nutritional deficiencies, of great 
reductions in growth rate and occurred when ethanol 
was consumed voluntarily replacing either sucrose or 
lipids isocalorically in a controlled way (Table 3). Eth- 
anol feeding may reduce the concentration of amino 
acids in the liver due to decreased amino acid uptake, 
transport and other mechanisms, for discussion see 
[4, 14, 16, 30, 31]. The effect of ethanol on protein syn- 
thesis in animals given a low-protein diet could there- 
fore have been due to a reduction of the tissue con- 
centration of some free amino acids below a critical 
limit, leading to reduced protein synthesis, since it 
has been shown that the rate of hepatic protein syn- 
thesis is correlated to the tissue level of certain free 
amino acids [32,33]. This was however not likely in 
the present experiments, since reduced protein syn- 
thesis was found also in rats receiving a high protein 
diet. Since increased intake of protein during the feed- 
ing period did not stimulate hepatic protein synthesis, 
the low-protein diet seemed nutritionally sufficient 
with respect to protein synthesis. 

Some results obtained in less strictly controlled ex- 
periments also revealed reduced incorporation of 
amino acids into fixed hepatic proteins [2, 14-20] 
after long-term ethanol treatment. Other reports do 
not show any reduction of protein synthesis 
[3, 13, 21, 22]. In three of the latter reports: [3, 13, 21], 


however, incorporation was tested before ethanol 
treatment had lasted for 14 days. In the final report 
[22] the lack of isocaloric feeding might have contri- 
buted to the lack of effect. 

The effect of chronic consumption of ethanol on 
protein synthesis was found to be independent of the 
presence of ethanol during the period of incorpor- 
ation of label (Table 2). This effect was therefore dif- 
ferent from the effect of ethanol on albumin synthesis 
[34-36]. The reduction was thus not probably di- 
rectly linked to the redox changes accompanying eth- 
anol metabolism, but was rather due to effects of a 
more permanent character. 

Since our animals received ethanol in the same 
manner both in acute and chronic experiments, the 
present results indicate a progressive reduction of 
hepatic protein synthesis with time when ethanol is 
consumed daily. Few comparisons between acute and 
chronic effects of ethanol on protein metabolism have 
been reported in earlier literature [3,13]. These 
results are further difficult to interpret in relation to 
the present ones since the same mode of ethanol 
administration was not used in acute and chronic ex- 
periments, and since the consumption of ethanol 
lasted for only 14 days. Recently Burke er al. [20] 
reported an inhibition of hepatic mitochondrial pro- 
tein synthesis which appeared after ethanol treatment 
of miniature swine for 6 weeks, but which was not 
present after 3 weeks, supporting the concept of time- 
dependent inhibition of total protein synthesis de- 
scribed in this paper. 

The biological importance of this time-dependent 
reduction of protein biosynthesis is unclear. It may 
be of some importance to notice that this reduction 
is present in livers where no triglycerides have accu- 
mulated and no other major changes of either bio- 
chemical or morphological nature are present 
[18,19]. The present results may have a bearing at 
the well-known difference between short-term and 
long-term exposure to ethanol with respect to damag- 
ing potential to the liver, if inhibition of protein syn- 
thesis is considered as a hepatotoxic event. 
Acknowledgements—Dr. H. Prydz, University of Tromso, 
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Abstract—The binding of twenty-one different benzodiazepine derivatives to human serum albumin 
(HSA) has been studied by circular dichroism (CD) measurements in 0.1 M KCI and 0.005 M phosphate 
buffer at pH 7.4 and 25°. The binding has been related to the qualitative changes of the CD spectra 
of HSA between 250 and 350 nm and, in some representative benzodiazepine derivatives, to the electron 
distribution as calculated by the CNDO/2-method. The binding has also been quantitatively studied 
with a continuous CD titration technique. The data were numerically analyzed with computer programs 
based on one-site, two-sites and three-sites models. It is concluded that most derivatives will bind 
primarily to one site on HSA. It is moreover concluded that variations of the C,-amino side chains 
will not influence the binding properties. Oxygens at C, or C, will increase the binding, while oxygens 
in both positions will decrease the binding. A derivative with a C;-amino group will show only weak 
affinity for HSA, which might be explained by the positive character of the hydrogens in the amino 
group according to the CNDO/2-calculation. A C;-nitro group will also impair the binding, as well 


as large substituents at N,. 


Many benzodiazepine derivates are widely used in the 
treatment of various mental depressions and other 
psychic disorders and much information is available 
about their clinical and pharmacological effects [1]. 
They have been shown to bind in blood to human 
serum albumin (HSA) by circular dichroism (CD) and 
gelfiltration studies [2-4]. However, detailed qualita- 
tive and quantitative information is still lacking about 
the binding of the drugs and of their metabolic degra- 
dation products to HSA, which is necessary to allow 
conclusions to be drawn about the pharmacokinetic 
significance of the binding. Such information is also 
necessary to gain knowledge about the structural and 
conformational requirements for strong binding. 

Miiller and Wollert [4,5] have shown by gel filt- 
ration that benzodiazepine derivatives are mainly 
bound to one site on the HSA molecule, and that 
the degree of binding increases with pH. The in- 
creased binding is in some cases due to an increased 
association constant and in other cases to an in- 
creased number of sites. They have also shown that 
the binding of oxazepam hemisuccinate to HSA and 
bovine serum albumin is stereospecific [6, 7]. 

Several different benzodiazepine derivatives are 
available enabling the relation between the structure 
of the derivatives and their affinity to HSA to be stud- 
ied. For this purpose we have applied CD measure- 
ments, which are very informative, as the Cotton 
effects induced when chromophores are interacting 
with an asymmetric surface can be used to identify 
the chromophore and also can be related to the orien- 
tation of the chromophore in the complex [8]. More- 





*This paper is no 4 in a series entitled “Binding of 
Drugs to Human Serum Albumin”. For no 3, see Biochem. 
Pharmac 25, 1205 (1976). 

+ To whom correspondence should be addressed. 


over, by continuously adding the drugs to HSA and 
numerically analyzing the increase of the Cotton 
effects according to the method described in the 
Appendix (following paper), the binding constants can 
be determined. The results have also been related to 
the electron distribution in some drugs, estimated by 
the CNDO/2-method. 


MATERIALS AND METHODS 


Human serum albumin (HSA) was prepared from 
outdated blood and_ purified according to 
McMenamy et al.[9] and Chen[10], essentially as 
described earlier [2]. The concentration of HSA was 
determined from the optical density at 280nm 
(Ai 2, = 5.8, [11]). The molecular weight, 66,300, was 
estimated from the primary structure as presented by 
Behrens et al. [12]. 

Benzodiazepine derivatives were obtained as gifts 
from Roche-Produkter AB, Stockholm except oxaze- 
pam and triazolam, which were obtained, respectively, 
from KABI AB, Stockholm, and from The Upjohn 
Comp., Kalamazoo, Michigan, U.S.A. The chemical 
structures and the names of the compounds are 
shown in Table 1. The drugs were used without 
further purification. 

Circular dichroism (CD) was studied with an auto- 
matic spectropolarimeter, JASCO J-20, Japan Spec- 
troscopic Comp., Tokyo, at 25° in thermostated cell- 
holders. The instrument was calibrated with pD-10- 
camphorsulfonic acid [13] and checked before every 
experiment. The circular dichroism is expressed as 
molar ellipticity, [0], in degrees cm* dmole~', calcu- 
lated with reference to the HSA concentration or as 
difference molar ellipticity, A[@]. All measurements 
were made in 0.1 M KCI and 0.005M sodium phos- 
phate buffer, pH 7.4. 
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Table 1. Chemical structures of the benzodiazepine derivatives 


Absorption spectra were taken with an automatic 
double-beam spectrophotometer, Shimadzu MPS- 
5000. The absorbance of the drugs was measured in 
0.1M KCI and 0.005M sodium phosphate buffer, 
pH 7.4. 

Spectrophotometric determination of pK,. The disso- 
ciation constants of compounds for which values 
could not be found in the literature were determined 
spectrophotometrically with the Shimadzu MPS-5000 
spectrophotometer. The pH was measured with a 
Radiometer PHM 26 pH-meter with a 10x scale 
expander. The ‘substances were dissolved in 0.1M 
KCl and difference spectra were recorded between 
240- and 330nm. The pH in the reference cell was 
1.0-1.5 and was changed in the sample cell up to 
about pH 12. The changes of the absorption at 


selected wavelengths were plotted against pH and the 
pK,-values were then determined graphically. 

Preparation of solutions. A stock solution of HSA 
in 0.005M_ sodium phosphate with 0.1M KCl, 
pH 7.40 + 0.04, was prepared. To a fixed volume of 
this solution was added either (A) the drug under 
study, dissolved in ethanol to a drug-—protein ratio 
of about 15 or 1 or (B) buffer, so that the HSA con- 
centrations was the same as in (A). The total ethanol 
concentration did not exceed 0.4%, except in the case 
of medazepam, when an ethanol concentration of 
maximally 0.7°% was reached. 

Determination of the binding constants was done by 
the CD titration described in the Appendix. The 
drug—protein solution (A) was continuously added to 
solution (B) at 25° until approximately a 5- to 10-fold 
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Table 2. Association constants for the binding of benzodiazepines to human serum albumin and their protolytic dissociation 
constants 





Binding constants 
One-site program 
K x 10-4 
Compound ') 


K, x 10-4 
(M~') 


Two-site program 


Protolytic 
dissociation constants 
pK, 


K,x 10-4 
(M~') 





Ro 5-3785 
Ro 5-2180 
Diazepam 
Ro 5-0842 
Ro 5-0882 
Ro 5-0991 
Ro 5-3464 
Medazepam 
Ro 5-2907 
Oxazepam 
Temazepam 
Chlordiazepoxide 
Ro 5-4619 
Ro 5-0883 
Bromazepam 
Clonazepam 
Demoxepam 
Flurazepam 
Nitrazepam 
Triazolam 
Ro 5-3453 


na ora 


ty 


= 
Myo OorwNymns 


+ 
+ 
lower limit 
lower limit 
lower limit 
lower limit 
lower limit 
1.2 
lower limit 
lower limit 
lower limit 
0.59 
1.3 


11.6 [21] 


11.7[5] 
10.5 [22 
12.0[5] 
8.4 [5] 
10.8 [21] 





The binding constants have been obtained by numerical analyses of data from continuous circular dichroism titration 
in 0.1 M KCI and 0.005 M phosphate buffer at pH 7.4 and 25°. Two different programs based on one-site and two-site 
models have been used for the numerical calculation. The values are means from two or three analyses. The protolytic 
dissociation constants have been determined spectrophotometrically at 25°, when not taken from the literature. 

* Corresponds to the dissociation constants of the protonated bases, HB”. 


+ Estimated values. 
t Implausible values obtained. 


molar excess of drug over HSA was attained. From 
batch experiments, it was noted that the equilibrium 
between HSA and the drug was reached rapidly. The 
ellipiticity of the solution in the mixing vessel was 
continuously measured at a fixed wavelength chosen 
to give the best measuring conditions for each drug. 
Generally, the ellipticity was recorded at 262nm, 
where the CD spectrum of HSA shows a minimum. 
The concentrations of HSA and the drugs were 
chosen to get a reasonable excess of ligand and a 
measurable change in ellipticity. 

The CD curve obtained with increasing amounts 
of drugs was analyzed numerically as described in 
the Appendix. 

Quantum mechanical calculations. The electron den- 
sity was calculated by the CNDO/2 method (complete 
neglect of differential overlap)[14]. The computer 
program used was restricted to 80 atomic orbitals and 
therefore some simplifications were necessary. The 
bond distances and bond angles for the different 
atoms have been taken from Sutton’s Tables [15] or 
else estimated from analogous compounds. The diaze- 
pine ring was assumed to be completely planar with 
the C—C, N—C and C—H distances measuring 
0.1395nm, 0.1395nm and 0.1095 nm, respectively. 
The angles in the six-membered ring were all taken 
to be 120° and the angles in the diazepine ring to 
be 128.57°. 

Equilibrium dialysis was carried out in | ml dialysis 
cells at room temperature with three derivatives, two 


B.P. 25/19—B 


cells being used for each drug. In one of the cells 
the drug was dialysed against the buffer (0.1 M KCl 
with 0.005 M sodium phosphate, pH 7.4), and in the 
other against an albumin solution, 0.1 x 10°*M_ in 
buffer. The molar relation of triazolam, Ro 5-3453 
and Ro 5-4619 was 0.4, 0.9 and 0.8 times that of HSA, 
respectively. 1.0 ml of the solutions were pipetted into 
the dialysis cells. Technicon Type A standard mem- 
branes were used in the cells. The time used for equi- 
libration was 8 hr. The drug remaining on the buffer 
side was determined spectrophotometrically. 


RESULTS 


Determination of the pK,-values. The pK,-values of 
the drugs studied, obtained from the literature and 
from our own spectrophotometric determinations, are 
summarized in Table 2. As can be seen, all derivatives 
except flurazepam and Ro 5-3785 are uncharged at 
pH 7.4. Flurazepam has an N,-side chain, which is 
largely positively charged. Ro 5-3785 is protonated 
at pH 6.0 according to spectrophotometric titration, 
and in paper electrophoresis it is stationary at pH 8.0 
and at pH 5.0 it migrates towards the cathode. The 
pK,, value of 6.0 means that about 4 per cent of 
the substance will be protonated at pH 7.4, which 
might complicate the binding studies. 

The N,-atom is protonated at low pH-values, 
generally around pH 3.3 and lower (compare diaze- 
pam, nitrazepam and oxazepam). The benzodiazepox- 
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Fig. 1. Spectrophotometric titration of Ro 5-0882. Differ- 

ence absorption spectra are shown of Ro 5-0882 at pH 4.3, 

5.2, 12.1 with the same solution at pH 1.5 in the reference 
cell. The concentration was 0.32 x 10°*M. 


ides have pK,-values around 4.5, which can be 
ascribed to the formation of an amidinium structure, 
as shown by MoOhrle et al. in NMR studies [16]. In 
Fig. 1, it is shown that the formation of the ami- 
dinium structure is accompanied by a blue shift of 
a 358nm band to 317 nm and of a 271 nm band to 
247nm. Similar changes are observed when Ro 
5-3785 is protonated at pH 6.0, which confirms that 
N, and the amino side chain are the proton-accepting 
groups. 

Qualitative binding studies. Twenty of the twenty- 
one benzodiazepine derivatives investigated form 
complexes with HSA in such a way that the CD spec- 
trum of HSA is substantially changed between 250 
and 350nm, the only exception being Ro 5-4619. 
Representative examples are shown in Fig. 2, where 
the CD spectra of HSA and of HSA with appropriate 
excess of diazepam, nitrazepam, oxazepam and chlor- 
diazepoxide can be seen. However, the characteristics 
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Fig. 2. CD spectra of HSA (—-@—) and of HSA with the 

following drugs: chlordiazepoxide (4.6-fold molar excess 

over HSA, —+—), diazepam (4.0-fold molar excess, 

A), oxazepam (3.8-fold molar excess, —-O—), nitraze- 

pam (3.8-fold molar excess, —-}—). The protein concen- 

trations were 0.24 x 10°*, O11 x 10°*, 0.24 x 1074, 
0.22 x 10°* and 0.22 x 10°4M, respectively. 
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Fig. 3. Absorption spectra of diazepam (—+—), nitraze- 
pam (—A—), oxazepam (—O—) and _ chlordiazepoxide 
(— x —) in ethanol-water, at pH 7.4. 


of the induced Cotton effects can be studied more 
conveniently in the difference CD spectra obtained 
after subtraction of the contribution from HSA itself, 
shown in Figs. 4-7. Thereby we have used a drug 
concentration, which was high enough to attain a 
reasonably large saturation degree of the HSA bind- 
ing site. (Generally a 4-fold molar excess of drug over 
HSA was chosen). The CD difference spectra show 
some similarities with the absorption spectra, as seen 
in Fig. 3. 

Below about 300nm and as far as the ellipticity 
was recorded, the induced Cotton effects will add 
positive ellipticity to that of HSA. Beyond that wave- 
length, negative Cotton effects are induced when com- 
plexes of HSA with Ro 5-2180 (Figs. 4, 7), Ro 5-3464 
(Fig. 4), diazepam (Figs. 4, 6), temazepam (Fig. 6), 
oxazepam and Ro 5-3785 (Fig. 7) are formed. It is 
important to emphasize in this context that the ben- 
zodiazepines studied were mixtures of different steric 
forms and thus will not exhibit any ellipticity of their 
own. 
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Fig. 4. Difference CD spectra of HSA with the following 
drugs: Ro 5-0991 (5.0-fold molar excess over HSA, —O—), 
chlordiazepoxide (4.6-fold molar excess, —-A-—), Ro 5-2907 
(4.8-fold molar excess, —O—), diazepam (4.0-fold molar 
excess, —@—), Ro 5-2180 (2.5-fold molar excess, —A—), 
demoxepam (3.7-fold molar excess, —™—), Ro 5-3464 
(3.4-fold molar excess, —W—). The HSA concentrations 
were 0.22 x 107*, 0.11 x 107%, 0.11 x 10~*, 0.24 x 1074, 
0.77 x 10°, 0.24 x 10°* and 0.73 x 10~* M, respectively. 
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Fig. 5. Difference CD spectra of HSA with the following 
drugs: Ro 5-0842 (4.6-fold molar excess over HSA, —@®—), 
Ro 5-0882 (4.9-fold molar excess, ——), chlordiazepoxide 
(4.6-fold molar excess, —-O—), Ro 5-0883 (5.3-fold molar 
excess, —-—), demoxepam (3.7-fold molar _ excess, 
—z\—). The protein concentrations were 0.11 x 107 +, 
0.11 x 107+, 0.11 x 1074, 0.12 x 10°>* and 0.24 x 10°*M., 
respectively. 


The difference CD spectra of the drug-HSA com- 
plexes are arranged in Figs. 4-7 as far as possible 
in order of their structural similarities, i.e. benzodiaze- 
pine oxides, nitrated benzodiazepines and hydroxy- 
lated benzodiazepines. However, to allow an adequate 
comparison of the effect on the spectra of different 
substituents, some spectra are shown in more than 
one figure. 

Figure 4 shows that a change of the C, substituent 
in the A-ring of the benzodiazepine oxides from Cl 
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Fig. 6. Difference CD spectra of HSA with the following 
drugs: medazepam (9.0-fold molar excess over HSA, 

©-—-), diazepam (4.0-fold molar excess, —-@—), temaze- 
pam (9.0-fold molar excess, —{}—), clonazepam (4.0-fold 
molar excess, —-4—), nitrazepam (3.8-fold molar excess, 
—f—), flurazepam (2.5-fold molar excess, —\~—), Ro 
5-3453 (7.7-fold molar excess, —_¥—). The protein concen- 
trations were 0.78 x 10°°, 0.24x 10°*, 0.78 x 107°, 
0.22 x 10° 4, 0.22 x 10° *, 0.22 x 10°* and 0.78 x 107° M, 

respectively. 
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Fig. 7. Difference CD spectra of HSA with the following 

drugs: Ro 5-3785 (4.5-fold molar excess over HSA, —O—), 

oxazepam (3.8-fold molar excess, —-4&—), bromazepam 

(4.0-fold molar excess, ——), Ro 5-2180 (2.5-fold molar 

excess, —-@—). The protein concentrations were 0.15 x 

10-*, 0.22x 10°*, 0.22x10°* and 0.77x 10°-5M, 
respectively. 


to Br or CF; (chlordiazepoxide, Ro 5-0991, Ro 5- 
2907) has no effect on the difference CD spectra. Also, 
the change in the difference CD spectra by altering 
the substituent at N, (diazepam vs Ro 5-2180) and 
N, to an oxide (demoxepam vs Ro 5-2180) can be 
compared. In the former case, the methyl group at 
N, will enhance the positive Cotton effect at 262 nm. 
(Even if the excess of Ro 5-2180 is only 2.5-fold, the 
binding site is almost saturated at the concentrations 
used.) With the oxide (demoxepam) the negative ellip- 
ticity at 310-320 nm is lost, while the spectrum at 
255-300 nm is mainly unchanged. In addition, the 
importance of the chlorine at C,; for a strong positive 
Cotton effect (diazepam vs Ro 5-3464) should be 
noted. 

In Fig. 5, the consequences of a change of the 
B-ring structure can be noted, when comparing chlor- 
diazepoxide, demoxepam and Ro 5-0883. Demoxe- 
pam gives rise to a significantly smaller Cotton effect, 
from which it can be concluded that the strong posi- 
tive Cotton effect at 270-280nm can be attributed 
to the influence of the —N= C<group. (Compare 
also Fig. 7, where the spectra with Ro 5-3785 and 
oxazepam are shown and Fig. 1, where the result 
of the spectrophotometric titration of Ro 5-0882 is 
shown.) In Fig. 5 is also shown that different amino 
side chains at C, are of minor importance for the 
difference spectra (compare chlordiazepoxide, Ro 
5-0842, Ro 5-0883 and Ro 5-0882). 

In Fig. 6, three comparisons can be made; the in- 
fluence of the C, substituent (diazepam vs Ro 5-3453) 
the influence of the N,. substituent (Ro 5-3453 vs 
nitrazepam) and the influence of a chloro-substituted 
C-ring (clonazepam vs nitrazepam). A common fea- 
ture of the C,-nitro substituted benzodiazepine deri- 
vatives is that small Cotton effects arise when they 
are bound to HSA. The methyl group on N, in diaze- 
pam has a positive effect on the CD spectrum (Fig. 
4). The same effect is seen when temazepam is com- 
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Table 3. Net electron densities on benzodiazepine-oxide structures, 


with the CNDO/2 method 


NET ELECTRON DENSITY ON: 





as calculated 











Ce C7 


cl&5~C¢) 





+0.274 


-0.014 





+0.255 


+0 .008 





+0.256 


-0.005 





— 


+0.265 




















-0.005 

















C: +0,628 


F: -0.232 


F: -0,229 


H: +0,141 





F: -0.210 


H: +0,009 


H: +0.009 


H: +0.003 





CL: -0.073 


H: +0,00S 


H: +0,009 


H: +0,003 














CL: -0.072 




















DIPOLE MOMENT 


———__—_______ 


4,227 D 


DIPOLE MOMENT y 


DIPOLE MOMENT +97 





3,854 D 5.720 D 





3,554 D 


3.720 D 5.145 D 





3.505 D 


3,846 D 5.204 D 





3.403 D 














3.870 D 5.153 D 











pared with oxazepam (Figs. 6 and 7). On the other 
hand, the negative effect of the methyl group in Ro 
5-3453 should be noted. A chloro-substituted C-ring 
influences the CD spectrum of a complex only to a 
small extent, as seen with clonazepam. 

In Fig. 6, one can also see the effect of a ketone 
group on C, and/or a hydroxy-group on C,; (medaze- 
pam vs diazepam vs temazepam) on the difference 
CD spectra of benzodiazepine-HSA complexes. The 
increasing negative band above 300 nm with increas- 
ing number of oxygen atoms at C,-C, should be 
observed. Correspondingly, when the difference CD- 
spectra of the 1:1-complexes with Ro 5-2180 and oxa- 
zepam were measured, oxazepam gave larger negative 
ellipticity around 320nm, despite the fact that the 
binding constant is 4.4 times smaller than that of Ro 
5-2180. 'n addition, the weak difference spectrum of 
flurazepam is also shown. 

In Fig. 7, the very strong spectrum of Ro 5-3785 
is to be observed. The maximum of the spectrum is, 
in comparison with all the other spectra, significantly 


shifted towards a higher wavelength, the underlying 
reasons for this change being unknown. From the dif- 
ference CD spectrum obtained with bromazepam it 
can be noted that the negative ellipticity around 
320 nm is comparatively small. 

Quantitative binding studies. Table 2 compiles the 
found association constants for the binding of the 
benzodiazepine derivates to HSA. Ro 5-4619, triazo- 
lam and Ro 5-3453 gave no or very small Cotton 
effect with HSA. To check if they nevertheless were 
bound without changing the ellipticity, their possible 
binding to HSA was investigated by equilibrium di- 
alysis. The binding degree of the three compounds 
to HSA was 4%, 4% and 16%, respectively. Thus, the 
binding affinity for HSA is indeed insignificant. The 
results indicate that the theoretical binding constants 
will not exceed 2 x 10°>M™~'. 

Quantum mechanical calculations. The results of the 
calculations of the electron density are shown in 
Tables 3 and 4. The accuracy of the net electron den- 
sity is considered to be +0.005. Unfortunately, only 
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Table 4. Net electron densities on benzodiazepine-2-one structures, as calcu- 
lated with the CNDO/2 method 


Y 
A 











NET ELECTRON DENSITY ON: 





C.-C 
clos-&¢) a 





-0.031 +0048 





-0.013 








H (Ny) y(Cg) 





+0,138 -0.004 | +0.029 





+0,132 -0,011 | +0.001 


























N: +0.494 0: -0.346 0: -0.345 





N: -0.262 H: +0.105 H: +0.105 








DIPOLE MOMENT , DIPOLE MOMENT , DIPOLE MOMENT+ 97 





1,3310 D 1,5817 D 2.0672 D 





-4, 3632 D -1.4736 D 4,6053 D 




















eighty orbitals could be treated in the computer pro- 
gram and therefore some simplifications had to be 
made. Space-filling models indicate that the C-ring 
is probably not situated in the same plane as the 
7-membered diazepine ring owing to steric hinder- 
ance. Thus, its 2-electron system can be conjugated 
only to a minor extent with that of the rest of the 
molecule. The influence from the phenyl ring on the 
electron distribution was therefore assumed to be 
constant, regardless of the chemical modifications in 
the C-ring. A hydrogen atom has consequently been 
substituted for the ring in the calculations. Moreover, 
NMR-studies have shown that the hydrogens at C; 
are not equivalent[17-19]. This indicates that the 
B-ring is not planar, which also X-ray diffraction 
studies have shown[20]. As precise data about the 
conformation at 25° for the different derivatives are 
lacking, we used a planar B-ring in our calculations. 
This means that the z-electrons will be somewhat 
more delocalized than they really are. As the effect 
of a bromo-substituent (Ro 5-0991) could not be cal- 
culated, the analogous fluoro- and chloro-derivates 
are compared. Owing to the restrictions imposed on 
the calculations the values obtained should be 
regarded as relative net electron densities in the group 
studied. 


DISCUSSION 


All of the twenty-one benzodiazepines studied 
with one exception, Ro 5-4619—interact with HSA 
in such a way that the CD spectrum of HSA is 
changed. Of substances known to bind to HSA, only 
acetylsalicylic acid has earlier been shown not to 
change the CD spectrum[2]. In the present study, 
it has been unequivocally shown by equilibrium dialy- 
sis that the binding of Ro 5-4619 to HSA, as well 
as of triazolam and Ro 5-3453 giving rise to only 
small CD _ changes, indeed is very low 
K <2 x 10°*M“'). Other benzodiazepines, however, 
bind strongly to HSA, giving large changes of the 
CD spectrum of HSA, from which it can be concluded 
that the difference spectra obtained with the different 
substances can form a basis for discussion about their 
qualitative and semiquantitative binding. 

The observed difference CD spectra can arise from 
intrinsic and/or extrinsic Cotton effects. The intrinsic 
Cotton effects might be due to conformational 
changes around the chromophoric side-chains of HSA 
(tryptophan, tyrosine, phenylalanine and cystine) or 
might arise from the benzodiazepines, as these are 
asymmetric molecules. NMR studies of several benzo- 
diazepines have shown that the hydrogens at C; are 
not equivalent, implying that their B-rings are not 
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Fig. 8. Conformation of the benzodiazepine molecule, mainly according to Bley et al. [18]. 


planar, but most probably have the boat conforma- 
tion [17-19]. This conclusion is supported by X-ray 
studies [20]. As can be seen in Fig. 8, the molecules 
lack an S,-axis and have two configurations, which 
are optical enantiomers. However, the NMR studies 
also indicated that the two isomers are in equilibrium 
with each other also below the coalescence tempera- 
ture and that the lifetime of the respective configur- 
ations, A and B, is much less than 1 sec. Thus, e.g. 
the lifetime at 23° of the conformations of chlordiaze- 
poxide having the coalescence temperature 41° is esti- 
mated to 0.019 sec. [18]. Since they are energetically 
equal, A and B will be present in equal amounts 
before binding. Suppose the binding site on HSA is 
absolutely stereospecific and only bind conformation 
B. In such a case, with for example a binding degree 
of 70 per cent, 85 per cent of the total concentration 
including the bound fraction—will have conformation 
B and 15 per cent conformation A. The mixture will 
not be racemic and will show intrinsic Cotton effect. 
An asymmetric C, (as in oxazepam, temazepam and 
Ro 5-3785) will not change the situation in principle. 
There will be four asymmetric conformations, which 
in pairs are in equilibrium forming a racemic mixture. 
The stereospecific binding site on HSA will change 
the equilibrium and induce optical activity in the mix- 
ture of benzodiazepine conformations. The magnitude 
of the induced intrinsic optical activity depends 
mainly on the sterospecificity of the interaction 
between the substance and the HSA-binding site. 
The CD difference spectra and absorption spectra 
obtained with the benzodiazepines and HSA have 
several general characteristics in common. This means 
that the contributions from any changed intrinsic 
ellipticity of HSA itself must be small and can be 
disregarded. The induced intrinsic Cotton effects of 
the benzodiazepines themselves and the induced 
extrinsic Cotton effects, produced by perturbation of 
the chromophores when they are bound to the HSA- 
surface, will be centred at the same wavelengths, coin- 
ciding with those transitions forming the absorbtion 
spectra. It is therefore difficult to estimate the relative 
importance of the induced intrinsic Cotton effects for 
the magnitude of the CD difference spectra. Gener- 
ally, the induced ellipticity is very high, A@ > 10° 
degrees cm? dmole~ ' around 260 nm when the benzo- 
diazepines are bound. The intrinsic optical activity 
of the isolated enantiomers of oxazepam hemisuc- 
cinate is smaller, about 4 x 10* degrees cm? dmole™ ' 
around 260nm[6]. It is reasonable to assume that 
the induced intrinsic effects, if present, will not signifi- 
cantly exceed this value. Under such circumstances, 
it can be concluded that the CD changes seen, when 


benzodiazepines bind to HSA, mainly originate from 
extrinsic Cotton effects. 

From the CD difference spectra it should be poss- 
ible to identify the chromophores involved in the 
binding. However, the great number of transitions 
forming each spectrum and the unpredictable in- 
fluence on the electronic transitions from the different 
substituents and the protein make a conclusive identi- 
fication of the different individual transitions difficult. 
The strongest bands should originate from the 
nm— n*-transitions of the substituted A- and C-rings. 
The n-—+7x* transitions from the N and O atoms 
should be weak and masked by the stronger 2 — n*- 
transitions, at least below 300 nm. 

In Fig. 1, it is possible to identify a strong absorp- 
tion band originating from the A-ring. During the 
protonation, a mesomericly stabilized amidinium sys- 
tem is formed involving the N=C< structure, as 
found by NMR measurements [17]. The strong band 
at 271 nm is concomitantly lost and shifted to 247 nm 
due to the considerably decreased electron-donating 
properties of the amidinium structure. Similar shifts 
were seen with Ro 5-3785 at pH 6.0, while e.g. temaze- 
pam did not show the same spectral changes upon 
protonation. The band around 270 nm is present in 
the spectra of all derivatives with an amino side-chain 
at C,. The corresponding CD band is also relatively 
strong, indicating that the chromophore is situated 
close to an asymmetric centre at the HSA binding 
site. 

A characteristic feature of several difference CD 
spectra is the negative band around 315nm. It is 
missing in the spectra obtained with substances hav- 
ing an amino group at C, and with the nitro deriva- 
tives. It is weak or very weak with demoxepam and 
bromazepam as found also by Miiller and Wol- 
lert [3], but not detectable with medazepam lacking 
the keto group at C,. The findings indicate, that the 
315-nm band thus might originate from the 
n— n*-transition of the carbonyl oxygen at C,. A 
m— n*-transition from the C-ring can be excluded, 
as tetrazepam (with a cyclohexane as C-ring) also 
gives a strong negative Cotton effect at 310 nm. 

The CD difference spectra shown (Figs. 4-7) are 
obtained with about 4-fold molar excess of the benzo- 
diazepines. This means that with some compounds 
the binding site on HSA is almost saturated, while 
others will only partly saturate the site correspond- 
ingly to their binding constants. The magnitude of 
the Cotton effects must be related to the saturation 
degree and to the way the chromophores are arranged 
in the complex. The more rigidly and tightly they 
are bound, the larger the Cotton effects will be [8]. 
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Based on these principles some tentative conclusions 
can be drawn about the influence of different substi- 
tuents on the binding. 

Substituents at N,. Large substituents at N, will 
seriously impair the affinity for HSA by steric hin- 
drance. This fact can be exemplified with flurazepam 
(Fig. 6) and triazolam which show insignificant in- 
duced Cotton effects with HSA. The same has earlier 
been seen also with prazepam having a methylcyclo- 
propane substituent [3]. 

On the other hand a methyl group will increase 
the Cotton effects as can be concluded when compar- 
ing diazepam with Ro 5-2180 (Fig. 4) or temazepam 
with oxazepam (Figs. 6 and 7). However, the conse- 
quences for the magnitude of the binding constants 
are negligible. 

Substituents at C; and C;. The bulk of the amino 
side chains seem to be unessential both for the size 
of the Cotton effects and for the binding constants 
(Fig. 5 and Table 2). The electron density’is also simi- 
lar in all the derivatives (Table 3). All the compounds 
with amino groups at C, generally give rise to strong 
Cotton effects centered at about 270 nm as discussed 
earlier. 

The carbonyl oxygen at C, will increase the bind- 
ing affinity (compare diazepam—medazepam) and a 
hydroxyl group at C; (Ro 5-3785) will give a deriva- 
tive which has the highest binding constant of all the 
benzodiazepines studied. However, the combination 
of two electronegative oxygens at C, and C; will 
weaken the affinity to HSA. This effect is obvious 
when temazepam is compared with diazepam and 
oxazepam with Ro 5-2180. In both cases there is a 
4- to 5-fold decrease of the binding constants. 

N,-oxides. A similar effect as described above is 
noted with the benzodiazepine oxides. A second 
oxygen at C, (demoxepam) will greatly impair the 
binding to HSA. The Cotton effects induced are in- 
deed so small and appear at so high concentrations 
of the drug, that a meaningful numerical analysis to 
calculate the binding constant could not be made. 
N,-oxides will not show any negative ellipticity 
beyond 300 nm. 

Substituents at C;. The influence on the binding 
of six different C,-substituents was studied in the 
present work, namely H, Cl, Br, CF;, NH, and NO,. 
As can be seen from the electron distribution (Table 
3 and 4), the mentioned substituents are negative, 
with the exception of the NH, group, in which the 
hydrogens are positive. This amino group is present 
in Ro 5-4619, which is the only compound giving no 
Cotton effects with HSA and insignificant binding to 
HSA. The amino group is the characteristic feature 
of Ro 5-4619, which otherwise does not contain any 
group preventing the binding. This implies that a 
positive charge around C, is incompatible with bind- 
ing. 

A chloro atom at C, (e.g. diazepam compared with 
Ro 5-3464, Fig. 4) will improve the binding, while 
a bromo or trifluoromethyl group (see the benzodia- 
zepine oxides, Fig. 4) will not further change the bind- 
ing properties. These conclusions are also supported 
by the binding constants presented in Table 2. 

The derivatives containing a C,-nitro group will 
generally generate small Cotton effects with HSA. 
Unfortunately, this means that difficulties will arise 
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when the binding constants are to be calculated, as 
discussed later. However, nitrazepam and clonazepam 
have earlier in gelfiltration studies by Miiller and 
Wollert been shown to give relatively small binding 
constants [4]. It can thus be concluded that the nitro 
group will impair the binding to HSA. 

Substituents at C,. The possibilities to draw definite 
conclusions about the effect of introducing substi- 
tuents in the C-ring are small with the twenty-one 
substances under study. Some of the derivatives with 
C,-substituents show no or very small binding tend- 
ency due to negative effects of other groups (Ro 
5-4619, triazolam and flurazepam). The influence of 
a chlorosubstituent can be seen when comparing 
clonazepam and nitrazepam, the former giving some- 
what larger Cotton effects below 290 nm. No quanti- 
tative evaluation has, however, been possible, but gel- 
filtration indicates that the primary binding constant 
is smaller with clonazepam than with nitrazepam [4]. 

Replacing the C-phenyl ring (Ro 5-2180) with a 
pyridine ring (bromazepam, Fig. 7) seems not to have 
any influence on the induced optical activity. 

Binding constants. The calculation of the binding 
constants has been based on data from continuous 
CD titrations with the respective compounds. The 
technique will give precise data, which are necessary 
to allow a meaningful numerical analysis to be made. 
A prerequisite is, however, that the induced optical 
activity is sufficiently high in order to minimize exper- 
imental errors. 

For most compounds the numerical calculation of 
the binding constants has given a good fit with the 
one-site program. When the two-site program is 
applied, the constant obtained for the second site is 
often the lowest value for K, in the program 
(0.01 x 10°*M~'). A second site can not be 
excluded, but will under all circumstances be small. 
Nevertheless, this site will influence the curve-fitting 
procedure affecting the primary binding constants 
(K,). Some ambiguities will then sometimes remain 
as to the exact value of K,, but it can be definitely 
concluded that all the substances—with the excep- 
tions discussed later—will bind primarily to one site 
on HSA at pH 7.4. The primary constants, K,, should 
be close to those obtained with the one-site program. 

Two groups of substances, the C,-nitro- and the 
C;-hydroxy-derivatives, deviate from the general pic- 
ture described above. From the CD titration curves 
obtained with the nitro-derivatives it is obvious that 
more than one site is involved in their binding to 
HSA. Initially, the change of the ellipticity is com- 
paratively small, but when more than equimolar 
amounts are added to the HSA solution, the ellipticity 
changes more rapidly. Evidently, the compounds will 
bind to a primary site in such a way that very small 
changes of the optical activity is induced, while the 
secondary site will induce larger changes. Unfortuna- 


‘tely the CD titration does not given enough informa- 


tion for a reliable numerical analysis. 

The C;-hydroxy derivatives, Ro 5-3785 and temaze- 
pam, induced large CD changes when bound to HSA. 
The one-site program gave acceptable results, but the 
two-sites program gave inconsistent and sometimes 
implausible results with Ro 5-3785. With temazepam 
and oxazepam, the curve fitting generally was not so 
good as with the other compounds studied. The three- 
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sites program did not give further information. It is 
quite evident that the models applied for the numeri- 
cal analysis cannot adequately describe the real situa- 
tion. It is now known that oxazepam hemisuccinate 
is stereospecifically bound [6]. It is likely that this 
is true also for the other C;-hydroxy drugs used in 
this study, which means e.g. that the value for the 
concentration of the drug in the equilibria and the 
programs used in the curve-fitting procedure are 
meaningless. This problem will be a_ subject for 
further investigations. 


Acknowledgements—We thank Dr. Olle Martensson for 
valuable assistance with the calculations of the electron 
densities, Mrs Linnéa Wallsten for the preparation of 
human serum albumin and Miss A. Kober for performing 
the equilibrium dialysis. We also thank AB KABI, Stock- 
holm, Roche-Produkter AB, Stockholm and The Upjohn 
Comp., Kalamazoo, for generous gifts of drugs. The work 
has been supported by the Swedish Medical Research 
Council (project no. 13X-3162) and by grants from Ferro- 
san AB, Malm, and the I. F. Foundation for Pharmaceu- 
tical Research, Stockholm. 


REFERENCES 


. S. Garattini, E. Mussini and L. O. Randall (eds) in 
The Benzodiazepines. Raven Press Books, Ltd., U.S.A. 
(1973). 

2. I. Sj6holm and T. Sjédin, Biochem. Pnarmacol. 21, 3041 
(1972). 

3. W. E. Miiller and U. Wollert, Naunyn-Schmiedeberg’s 
Arch. Pharmac. 278, 301 (1973). 

. W. E. Miiller and U. Wollert, Naunyn-Schmiedeberg’s 
Arch. Pharmac. 280, 229 (1973). 


5. W. E. Miiller and U. Wollert, Naunyn-Schmiedegerg’s 


Arch. Pharmac. 283, 67 (1974). 

. W. E. Miiller and U. Wollert, Molec. Pharmac. 11, 52 
(1975). 

. W. E. Miiller and U. Wollert, Res. Commun. chem. 
Pathol. Pharmac. 9, 413 (1974). 

. J. A. Schellman, Acc. chem. Res. 1, 144 (1968). 

. R. H. McMenamy, H. M. Dintzis and F. Watson, J. 
biol. Chem. 246, 4744 (1971). 

. R. F. Chen, J. biol. Chem. 242, 173 (1967). 

. H. E. Schultze, N. Heimburger and G. Frank, Biochem. 
Z. 336, 388 (1962). 

. P. Q. Behrens, A. M. Spiekerman and J. R. Brown, 
Fedn Proc. 34, 591 (1975). 

. K. H. Chau and J. T. Yang, Analyt. Biochem. 46, 616 
(1972). 

. J. A. Pople and D. L. Beveridge in Approximate Mol- 
ecular Orbital Theory. McGraw-Hill Inc., New York 
(1970). 

. L. E. Sutton (ed.), Tables of Interatomic Distances and 
Configuration in Molecules and Ions. Chemical Society, 
London, Spec. Publ. Vol. 11 and 18 (1958, 1965). 

. H. Mohrle, D. Schittenhelm and P. Gundlach, Arch. 
Pharmaz. 305, 108 (1972). 

. W. Sadée, Arch. Pharmaz. 302, 769 (1969). 


8. W. Bley. P. Nuhn and G. Benndorf, Arch. Pharmaz. 


301, 444 (1968). 
M. Sarrazin, M. Bourdeaux-Pontier, C. Briand and 
E.-J. Vincent, Org. magn. Reson. 7, 89 (1975). 

. J. Karle and I. L. Karle, J. Am. chem. Soc. 89, 804 
(1967). 

. J. Barrett, W. Franklin Smyth and I. E. Davidson, J. 
Pharm. Pharmac. 25, 387 (1972). 

. S. A. Kaplan, K. Alexander, M. L. Jack, C. V. Puglisi, 
J. A. F. de Silva, T. L. Lee and R. E. Weinfeld, J. 
pharm. Sci. 63, 527 (1974). 

. J. M. Clifford and W. Franklin Smyth, Analyst 99, 241 
(1974). 





Biochemical Pharmacology. Vol. 25, pp. 2141-2145. Pergamon Press, 1976. Printed in Great Britain. 


DETERMINATION OF BINDING CONSTANTS FROM 
CONTINUOUS CIRCULAR DICHROISM TITRATION 
DATA BY NUMERICAL ANALYSIS* 


NieEK RoosporP and INGVAR SJOHOLMt 


Department of Pharmaceutical Biochemistry, Biomedical Center, University of Uppsala, 
Box 578, S-751 23 Uppsala, Sweden 


(Received 19 December 1975; accepted 24 March 1976) 


The extrinsic Cotton effects created by a ligand, when 
bound to a macromolecule, together with any 
changed intrinsic Cotton effect induced during the 
ligand—macromolecule interaction can be used to 
obtain both qualitative and quantitative information 
about the interaction. In the mathematical treatment 
of such data, as well as from other spectroscopic 
studies, a proportionality constant has to be used for 
each stoichiometric equilibrium, in addition to the 
binding constant. Thus, in the case of interactions 
with N reversible equilibria, 2 N unknowns are in- 
volved. For interactions with two and more equilibria 
the large number of unknowns necessitates the use 
of a computer and high precision of the experimental 
data. It was then necessary to improve the precision 
of the experimental procedure by constructing a con- 
tinuous titration system with controlled temperature 
and pH for the spectropolarimeter. The method has 
proved to be simple and rapid and gives precise data 
suitable for a computerized analysis. 

Three different computer programs have been 
designed based on a one-, two- and three-site binding 
model, respectively. Conclusions about the number 
of binding sites and the binding constants are drawn 
by comparing the constants obtained in the three pro- 
grams and from the discrepancies between the exper- 
imental and theoretical ellipticities of the data points. 
The procedure is illustrated by a study of the binding 
of bromdiazepoxide—a benzodiazepineoxide deriva- 
tive, Ro 5-0991—to human serum albumin (HSA) 
taken from the accompanying paper. 


EXPERIMENTAL METHOD 


The circular dichroism was recorded with an auto- 
matic spectropolarimeter, JASCO J-20, as described 
in the earlier paper. Figure 1 shows the principle of 
the experimental set-up. Two pumps were used, a 
peristaltic one with a capacity of 175 ml/hr, which 
pumps the solution through the cell and a thermo- 
stated mixing vessel, and a calibrated infusion pump 
(Perfusor IV, B. Braun, Melsungen, W. Germany), by 
which a protein—ligand solution is added to the mix- 
ing vessel at constant rate (1.9 ml/hr). As the protein 
concentration in the infusion pump is the same as 
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in the mixing vessel, the protein concentration will 
be constant in the whole system during the titration. 
The pH was measured in the mixing vessel and a 
range of 7.40 + 0.04 units was tolerated. 


(a) Infusion pump 
1.9 ml /hour 


25 °C—> 











PH control 














WA 25°C 
Mixing vessel 
(magnetically stirred) 





Peristaltic 
pump 
175 ml /hour 





Light beam —> => 





175ml /hour 


Rubber cap 


Cell holder 
diaphragm ea 











Fig. 1. (a) Block scheme of the experimental arrangement 

for a continuous circular dichroism titration of a macro- 

molecule with a ligand. See text for further explanations, 

(b) Detail of the measuring cell for continuous circular 
dichroism titration. 
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With the experimental arrangement described, the 
change of the ellipticity at a constant wavelength is 
followed vs time when the ligand concentration is in- 
creased. With the scale and paper speed generally 
used, |1cm on the vertical axis corresponds to one 
millidegree and on the horizontal axis to 4.834 min 
(see Fig. 2). Normally, the initial volume of the pro- 
tein solution in the system was 10 ml, to which 5 ml 
of the protein-ligand solution with the same protein 
concentration were added by the infusion pump. After 
the titration, 30cm of the time axis was divided into 
30 points. The coordinates, expressed in cm, of the 
corresponding points on the manually smoothed 
curve, were fed into a computer. The computer calcu- 
lated the difference molar ellipticities at the different 
ligand concentrations, which can be calculated at 
each time from the pumping speed of the infusion 
pump. The concentrations were so chosen as to give 
a reasonable excess of ligand and change of ellipticity. 


NUMERICAL ANALYSIS 


The one-, two- and three-site binding models, 
which formed the basis for the three computer pro- 
grams, are based on the following principles: there 
is one binding site per macromolecule for each type 
of complex formed; each site is independent, i.e. the 
binding to one site will not in any way affect the 
binding to an adjacent site and the proportionality 
constant is the same for a certain complex regardless 
the ligand is bound or not to other sites. 

In the following the theory of the program for the 
two-site binding model is presented. According to the 
law of mass action, we can write 


P,, + D; 2 PDI1 

P+ D,; 2 PD2. 

As the binding to the two sites, P’ and P”, is assumed 

to be independent, the association constants are 
PD PD\ 

P’.-D, (PT — PD1)(DT — PDI — PD2) 


and 


and 

PD2 PD2 ‘ 

, aoe = r== a 

P’-D, (PT — PD2):(DT — PD1 — PD2) 
where PT is the total concentration of the protein, 
DT, the total concentration of the ligand. PD1 and 
PD2v-are the total concentrations of the macromole- 
cules containing ligand bound to the first and second 
site, respectively*. Thus, 


DT= D, + PD\ + PD2. 


The change in ellipticity, expressed as A@, during a 
titration is due to perturbation of the chromophores 
when the drugs are bound to the protein. The differ- 
ence in ellipticity is directly proportional to the con- 
centration of the protein-drug complexes, whether the 





* If the two sites on the macromolecule are denoted ~ P 
and P—, respectively, this means that PD1 = D ~ P, 
+D~ P—Dand PD2 = ~P—D+Dw~P-D. 
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chromophores belong to the macromolecule (internal 

Cotton effect) or to the ligand (external Cotton effect) 
or to both the ligand and the macromolecule. 

When PT is constant and DT is varied, the follow- 

ing equations are valid 

"AO = A@l + A@2 (3) 

AOI = @pp, ‘PDI (4) 

Ad2 = €pp2* PD2 (5) 

A@max 1 = eppi -PDI1 max = eppi -PT (6) 

A@max2 = €pp2* PD2 max = epp2’ PT (7) 


The difference in ellipticity, A0, is the sum of the contri- 
bution of the first and second sites (eq. 3). In eqs 
(4}1{7), e€pp; and epp> are proportionality constants. 
A@max1 and A@max2 are the differences in ellipticity 
when the first and second site, respectively, is saturated. 
The proportionality constants, epp, and epp>, can be 
eliminated, yielding for varying (DT) (i) 


PD2 (i) 
—_—- A@max2. 
PT A@max (8) 


PD\ (i 
~ A@max1 + 


Ad = 


From eq. (1) and eq. (2) 
DT (i) — PD1 (i) — PD2(i) 
can be eliminated, which gives 
PD) | PD2(i) 

(PT — PD1(i))-K1 (PT — PD2(i))-K2 
Express PD2(i) in PD1 (i), PT, K1 and K2: 

PD1 (i): K2-PT 
(PT — PD\ (i));K1 + K2-PT’ 


or, in general 


PD2(i) = 


PD(n — 1)(i): Kn: PT 
(PT — PD(n — 1)(i)):K(n — 1)+ Kn-PT™ 
When we substitute eq. (10) in eq. (1), rearrange and 
multiply with the denominator, which is + zero for 
0 < PDI(i) < PT, we obtain a third degree poly- 
nomial: 
A- PD13 (i) + B- PDI? (i) + C: PD1 (i) + D=0. 
with coefficients 
A= K1-(K2 — Kl), 
B= K1?-DT(i)+2K1?-PT 
— K1-K2-DT(i)+ K1 — K2, 
C = K1-K2-PT-DT{(i) 
— 2 K1?-PT-DT(i) — K1?- PT? 
— K1-K2-PT? — K1-PT. 
D = K1*-PT?-DT(i). 
With assumed values for K1 and K2, we can solve 
eq. (11) with Newton-Raphson’s iterative method [1]. 
WithPD1(i) = x“andf (x) = A- PD1*(i) + B- PD1*(i) 
+ C-PD1 (i) + D, we can write: 


xi. = xf? — H, 


PDn (i) = 


(11) 


with 

df (x? , 

d x : k = the number of iterations. 
Xk 


value, 


H = f(x,’) 


As starting x? we used: xf?=0 and 
A an BE 
Xo = Xk . 
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Fig. 2. The change of ellipticity recorded at 262 nm, when a bromdiazepoxide—albumin solution (5 ml, 
1.62 x 10°*M and 9.48 x 10°°M, respectively) was added continuously to human serum albumin 
(10 ml, 9.48 x 10~°M) in 0.1 M KCI and 0.005 M phosphate buffer at 25° and pH 7.4. 


The iteration was continued until: 


(i) i) 
H _ | Xk+a — Xk 


< 0.5 x 107”. 


i xP 


PD2(i) can be calculated from eq. (10). In order to 
calculate AOmax1 and A@max2 with the least-squares 
method, we defined a new function: 

FMIN (A@max1, A@max2): 


N PDI (i 
FMIN = 5) (0. a . somax! 


PD2 (i) 


‘Admax2) (12) 


with N = the total number of experimental points. 
FMIN will reach a minimum for 


0FMIN _ @FMIN _ sin 
CAOmaxl! CA@max2 — . 


Taking these first derivatives of eq. (12) with respect 
to A@émaxl and A@émax2, two linear equations in 
A@maxl! and A@max2 are created, from which 
A@max1 and Aémax2 can be solved. Now FMIN can 
be calculated with eq. (12) and be compared with the 
FMIN-values obtained with other K1 and K2 values. 

Figure 3 shows a flow diagram of the two binding 
sites program. The program generates values for K1 
and K2, beginning at 0.2 x 10° and increasing with 
0.2 x 10, with p = 3, 4...10, up to 0.1 x 10''. For 
every combination of the K1 and K2 values (with 
K1 > K2), AOmax1 and A@max2 are calculated from 
eq. (13) and then FMIN from eq. (12). The K1 and 
K2 of the lowest found value of FMIN are then 
varied by +50%. The created intervals are divided 
into 10 new values of K1 and K2, for which the same 
procedure is repeated. Another subroutine (BIBL) can 
finally be used. This subroutine varies the hitherto 
found values of A@max! and Aémax2 and calculates 
according to the same principles as above Ki, K2 
and FMIN. In the ‘three-site’ computer program, a 
subroutine from the Harwell Subroutine Library [2], 
called VAO4AD is used to find the best combination 
of Ki, K2 and K3. Furthermore, A@max1, A@max2 
and A@émax3 are calculated with the least-squares 
method as above with an IMSL-subroutine [3], called 
LINV3F. 





All three programs are written in FORTRAN IV 
and developed on an IBM 370/155 computer. 


RESULTS AND DISCUSSION 


Precise primary data is a condition for a successful 
numerical analysis of the type described. The exper- 
imental arrangement (Fig. 1) used with continuous 
addition of the ligand has been shown to yield such 
data. The rate of the peristaltic pump is high enough 
(175 ml/hr) to attain a rapid mixing of the ligand in 
the system, without causing turbulence in the measur- 
ing cell which might disturb the CD measurements. 
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them with indata) 


Fig. 3. Flow diagram of the computer program used for 
the calculation of association constants (K1 and K2) and 
maximal ellipticity values (AQmax1 and A@max2) for a two- 
site equilibrium between a macromolecule (P) and a small 
molecule (D). APPROX, SQUARE, RUTA, CALPD, 
PLOT and BIBL are subroutines, with the last one con- 
taining the Harwell subroutine library program VAOSAD. 
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With 1.9 ml added per hr, the concentration gradient 
in the light beam (maximally 2-mm diameter with the 
slit program used) is negligible and a precise deter- 
mination of the ligand concentration is possible. The 
procedure used will give higher precision as the in- 
strumental variations will be smaller because the time 
used is shorter than in a stepwise titration, the cell 
is not touched during the whole experiment and no 
separate baseline run is needed. A larger number of 
experimental points can also be used. We have found 
that 30 data points will give the most favourable pre- 
cision/cost relation for the computer analysis. Cer- 
tainly, the system can be further developed by using 
a proper interface unit for a direct feeding of the sig- 
nals into the computer. 

The procedure is illustrated in Fig. 2 and Table 
1, which show the results obtained when the binding 
of bromdiazepoxide (Ro5-0991) to HSA at pH 7.4 and 
25° was studied. The figure shows the succesive 
change of ellipticity at 262nm_ when increasing 
amounts of the drug is added to the protein. The 
table collects the experimental ellipticity of the data 
points and the theoretical values obtained, if the con- 
stants calculated by the respective computer pro- 
grams are used. As is evident from the table, the 
theoretical fit to the experimental data is excellent 
in all the three cases. The relative deviation, however, 
can be large at the beginning of the titration, where 
the experimental errors both in Aé and ligand concen- 
tration are largest, but in the example shown the devi- 
ation never corresponded to more than about 1.3 mm 
on the original graph. The largest deflection (A@) was 
about 10cm. 

In the example given the titration was completed 
in about 2 1/2hr. The pumping rate of the infusion 
pump delivering the ligand and the scanning speed 





* Unpublished work. 
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of the recorder can, however, be varied within wide 
limits according to the needs and the properties of 
the equilibrium system under study. Thus, the equilib- 
rium must have been attained before the added ligand 
reaches the measuring cell and the scanning speed 
must be high enough to allow a high precision in 
the determination of the time elapsed (=the concen- 
tration of ligand). The time required to reach the 
equilibrium can easily be tested in batch experiments. 
In the present case it was reached faster than could 
be measured with the spectropolarimeter, which is in 
accord with the experience from other protein—drug 
systems [4, 5]. 

Graphical methods have earlier been applied to cal- 
culate the association constants from CD-data [6, 7]. 
These are, however, applicable only in 1:1-systems 
and are in some cases based on approximations. In 
our computation method, we relate the changed ellip- 
ticity to the concentration of the complex with a pro- 
portionality constant. This is done by estimating the 
Aémax-values for every complex in question, i.e. the 
maximal change of the ellipticity brought about, when 
the site is saturated by the ligand. However, it is of 
the utmost importance in this context to stress that 
the computer can never make judgements about the 
“correctness” of the constants obtained, but can only 
apply a mathematical program, which in turn is based 
on an assumed model system. 

The present work is based on these fundamental 
principles. Three different programs are used in our 
procedure to study the binding of drugs to purified 
serum albumin and the procedure is applicable in 
other spectroscopic methods, as well as to any inter- 
action system, in which the components are well-char- 
acterized. The choice of the applied programs has 
been based on a study* by H. Johansson and A. 
Sjéberg, Uppsala, who compared the usefulness of 
several methods for the minimization of the respective 


Table 1. Binding of bromdiazepoxide to human serum albumin at pH 7.4 and 25° in 0.1 M KCl and 0.005 M phosphate 
buffer 





One site program 


K, = 0.11 x 10 
Admax! = 0.13 x 10° 
Deviation 
theoretical- 
molar found 
ellipticity ellipticity 
Ad,,{ x 107°) (%) 


Theoretical 

Molar 

Point ratio 
no D,/P, 


Found molar 
ellipticity 
AO,{ x 10> *) 


Two site program Three site program: 


K, = 0.18 x 10° Aémax! = 0.10 x 10° 

1 

0.20 x 10° 
Admax! = 0.38 x 10° 


0.10 x 10° K,=09 x 10* Aé@max2 


‘, = 0.4 x 10% 


Aémax2 = 0.13 x 10° 
Deviation 
theoretical- 


K, = 0.6 x 10° = 0.12 x 10° 
Deviation 
theoretical- 
molar found 
ellipticity ellipticity 
AO, * 10 (°.) 


A\Omax3 

Theoretical Theoretical 
molar found 

ellipticity ellipticity 
AO, x 107°) (°) 





0.156 
0.425 
0.589 
0.700 
0.780 
0.844 
0.891 
0.931 
0.965 
0.985 
1.013 
1.034 
1.055 
1.070 
1.078 


0.160 
0.407 
0.580 
0.700 
0.787 
0.852 
0.901 
0.939 
0.970 
0.995 
1.016 
1.033 
1.048 
1.061 
1.072 
FMIN = 20.9 x 10° 


0.163 
0.417 
0.588 
0.704 
0.785 
0.846 
0.892 
0.930 
0.962 
0.988 
1.012 
1.032 
1.051 
1.067 
1.082 
FMIN = 


0.164 48 
0.418 —1.6 
0.589 0.1 
0.704 0.5 
0.784 0.6 
0.844 0.0 
0.890 —0.1 
0.929 —0.3 
0.961 —0.4 
0.989 04 
1.014 0.1 
1.035 0.1 
1.053 —O.1 
1.068 —0.1 
1.078 0.1 


7.4 x 10° FMIN = 5.8 x 10° 





The albumin concentration, PT; was 9.5 x 10°°M'. The experimentally obtained ellipticities, A0, with different 
amounts of drug are compared with theoretically calculated ellipticities with association constants K, and maximal 
ellipticities, AOmax, obtained from the three different computer programs. 
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FMIN-functions obtained with the three programs. 
The results from the programs are compared and the 
constants obtained from the program with the smal- 
lest number of sites giving a reasonably good fit to 
the experimental points are considered to be “true”. 
Generally, the fit will be better with programs involv- 
ing more sites. (Compare the FMIN-values given in 
Table 1.) Therefore, a constant is considered to be 
true, when the same value is found also in the pro- 
gram that is based on a model with one more site. 
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Abstract—6-Aminolevulinic acid (ALA) synthetase is considered to be rate-limiting in heme biosynthesis 
in normal adult mammalian liver. However, under certain pharmacological or pathological circum- 
starces, other enyzmes of the heme biosynthetic pathway have been shown to be limiting in this 
process. In the current studies, the developmental patterns of ALA dehydratase, uroporphyrinogen 
I synthetase and heme synthetase were measured. in rat liver, and the potential influence of these 
enzymes on heme biosynthetic capability under various conditions in adult, neonatal and fetal liver 
was assessed. In addition, a comparison of the activities of these enzymes with those of ALA synthetase 
was made as a means of assessing the relative influence of hematotoxic agents on hepatic heme biosyn- 


thetic capability at different stages of development. 


Hepatic heme biosynthesis in normal adult mammals 
is regulated by 6-aminolevulinic acid (ALA) synthe- 
tase, the first and rate-limiting enzyme in this path- 
way [1-3]. ALA synthetase, a mitochondrial enzyme, 
catalyzes the synthesis of ALA from glycine and suc- 
cinyl coenzyme A. The ALA (2 moles) is converted 
to porphobilinogen (PBG) by ALA dehydratase, a 
soiuble fraction enzyme. PBG (4 moles) is then con- 
verted in the presence of uroporphyrinogen I synthe- 
tase (uro I synthetase) and other soluble fraction 
enzymes to protoporphyrin IX, into which iron is in- 
corporated to form heme. The final step in this pro- 
cess is catalyzed by heme synthetase (ferrochelatase), 
a mitochondrial enzyme. The heme thus formed is 
utilized in the synthesis of various hemoproteins, in- 
cluding the mitochondrial and microsomal cyto- 
chromes, which are essential to cellular growth and 
function. 

Recently, various investigators have reported that 
enzymes of the heme biosynthetic pathway other than 
ALA synthetase might limit heme biosynthetic capa- 
bility under a variety of pharmacological or physiolo- 
gical conditions. ALA dehydratase, for example, is 
known to limit heme production in the presence of 
certain heavy metals [4] or organic compounds such 
as the herbicide, aminotriazole [5]. Uro I synthetase 
has been shown to be rate-limiting in heme biosyn- 
thesis in livers [6] and red blood cells [7] of humans 
suffering from acute intermittent porphyria and in the 
livers of mice treated with the porphyrogenic drug 
diethyl -1,4-dihydro-2,4,6-trimethylpyridine -3,5-dicar- 
boxylate (DDC) [8]. Heme synthetase is inhibited by 
cobalt compounds [9], DDC, griseofulvin, EDTA and 
various other agents [10]. 

Previous studies from this laboratory have shown 
that the activity of ALA synthetase in perinatal mam- 
mals is highly elevated in comparison with that of 
the adult[{11,12] and does not become susceptible 
to regulation by the end-product heme until near the 
time of birth [13, 14]. 

These observations question the role of ALA syn- 
thetase as the rate-limiting enzyme in hepatic heme 


biosynthesis in perinatal liver, and suggest that other 
enzymes of the hepatic heme biosynthetic pathway 
may, under various pharmacological or physiological 
conditions, limit hepatic heme biosynthetic capability 
with particular susceptibility in this regard at different 
stages of development. 

In the current studies these possibilities were exam- 
ined by first measuring the ontogenic development 
of hepatic ALA dehydratase, uro I synthetase and 
heme synthetase activities in rats. A comparision of 
the activities and other known properties of these 
enzymes with those of ALA synthetase in adult, neo- 
natal and fetal rat liver was then made in order to 
assess the relative rate-limiting influence of each 
enzyme in heme biosynthesis at each stage of develop- 
ment. Finally, the potential of each enzyme for limit- 
ing heme biosynthetic capability in the presence of 
specific hematotoxic agents at each stage of develop- 
ment was assessed. 


MATERIALS AND METHODS 


Materials. Succinyl coenzyme A synthetase (suc- 
cinic thiokinase ) (EC 6.2.1.4), pyridoxal 5’-phosphate 
(PLP), ATP, GTP, coenzyme A, cytochrome c, PBG, 
aminotriazole and ALA were obtained from Sigma 
Chemical Co., St. Louis, Mo. Glycine, succinic acid, 
glutathione, hemin, protoporphyrin IX and p-dimeth- 
ylaminobenzaldehyde (Ehrlich’s reagent) were pur- 
chased from CalBiochem, San Diego, Calif. 4-Dimeth- 
ylaminoantipyrine (aminopyrine) was purchased from 
Aldridge Chemical Co., Milwaukee, Wisc. *°FeCl, 
(529 mCi/m-mole) was obtained from New England 
Nuclear, Boston, Mass. Cobaltous chloride (CoC1,) 
was purchased from K & K Laboratories, Inc., Plain- 
view, N.Y. Other chemicals were of reagent grade and 
were obtained from standard commercial sources. 

Preparation of animals and tissues. Sprague-Dawley 
rats (CD strain) were date-bred by the Charles River 
Laboratories, Boston, Mass. Pregnant animals were 
housed in individual cages and were allowed food and 
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water ad lib. All animals were killed by decapitation. 
Livers of adult and fetal rats were excised, washed, 
weighed and homogenized in 9 vol. of 0.25M _ sucrose 


containing 0.05 M Tris-HCl! buffer, pH 7.5, using a 


Potter-Elvehjem homogenizer fitted with a Teflon 
pestle. When ALA synthetase was assayed, the buf- 
fered sucrose also contained 0.1mM EDTA and 
0.1mM_ pyridoxal phosphate. The preparation of 
hepatic mitochondria, microsomes and other subcel- 
lular fractions was performed as previously de- 
scribed [14]. A minimum of four adult animals or lit- 
ters was utilized for each experimental point. 

Assessment of hepatic heme biosynthetic capability. 
The effects of hematotoxic agents on heme biosynthe- 
tic capability were determined through assessment of 
mitochondrial and microsomal hemoprotein function 
after treatment of neonatal or 18-day pregnant rats 
with inhibitors of heme biosynthetic pathway 
enzymes. Aminotriazole and CoCl, were chosen as 
specific inhibitors of ALA dehydratase [5] and heme 
synthetase [9] respectively. No selective inhibitor of 
urO I synthetase is currently known. Cytochrome c 
oxidase and aminopryine demethylase activities were 
assessed as indicators of mitochondrial and microso- 
mal (cytochrome P-450) hemoprotein function re- 
spectively. Animals were treated by subcutaneous in- 
jection with aqueous solutions of aminotriazole 
(3 g/kg) or CoCl, (50 mg/kg) either 24hr or 1 week 
prior to sacrifice. Control animals received 0.9%, 
sodium chloride. 

Assay of enzyme activities. Mitochondrial ALA syn- 
thetase activity was measured by previously described 
methods [14]. Reaction mixtures contained about 
4 mg of mitochondrial protein/ml. 

ALA dehydratase activity was measured in the 
9000 g supernatant fraction of adult and fetal liver 
homogenates by a modification of the method of Gib- 
son et al. [15] as described by Baron and Tephly [5]. 

Uroporphyrinogen I synthetase was assayed by a 
modification of the method of Levin and Cole- 
man [16] wherein the rate of disappearance of PBG 
was measured. The incubation mixture contained 
| x 10°-*M PBG, 0.2M potasium phosphate buffer, 
pH 7.65, and 0.4 ml of a 9000g supernatant solution 
prepared by centrifugation of a 10°, liver homo- 
genate. The total reaction volume was 0.8 ml. Reac- 
tions were terminated after a 1-hr incubation by the 
addition of I ml of 10°, trichloroacetic acid (TCA) 
solution containing 0.1 M HgCl,. After centrifugation, 
the PBG remaining was assayed by reaction with an 
equal volume of Ehrlich’s reagent and quantitated 
spectrophotometrically at 553 nm. Zero time and zero 
degree incubations were run in all experiments in 
order to measure the PBG initially present. In all 
experiments, the 9000g supernatant solutions were 
heated at 65 for 15 min in order to inactivate the 
uroporphyrinogen III cosynthetase present, prior to 
assay of uro I synthetase activity. 

Heme synthetase activity was measured by a modi- 
fication of the method described by Freshney and 
Paul[17]. Reaction mixtures containing 0.1 ml of 
hepatic mitochondrial suspension (20 mg/ml) and 
0.4ml of 0.1M reduced glutathione prepared in 





POPOP = 1,4- 
bis-[ 2-(4-methyl-5-phenyloxazolyl) ]benzene. 
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150mM _ Tris buffer, pH 7.5, were incubated with 
shaking at 37 in a nitrogen atmosphere. After 20 min, 
0.4ml of a solution containing 0.05mM_ FeCl;, 
0.25 zCi/ml *°FeCl, and 0.5 mM protophorphyrin IX 
was added, and the mixture was incubated for an ad- 
ditional hr under the same conditions. Reactions were 
then terminated by the addition of 0.1 ml of 1 M HCl. 
Zero time and zero degree incubations were run 
simultaneously. After centrifugation, supernatants 
were removed and extracted with 4, followed by 3, 
vol. butanone at 4°. Pooled butanone extracts were 
then extracted with 3ml of 0.1 N HCl and centri- 
fuged, and 0.5 ml of the butanone supernatants was 
transferred to individual counting vials. Radioactivity 
was determined after the addition of 10ml PPO 

POPOP-toluene counting solution in a Packard Tri- 
Carb liquid scintillation spectrometer.* 

Cytochrome c oxidase activity in mitochondrial 
preparations was assessed polarographically by mea- 
suring oxygen consumption with a Clark electrode, 
essentially as described by Schnaitman er al. [18], 
with the exception that assays were performed at 30°. 

Aminopryine demethylase activity in microsomal 
preparations was measured by a modification of the 
procedure of Orrenius [19] as described by Lucier et 
al. [20]. Reaction mixtures contained approximately 
3 mg of microsomal protein/ml. 

Protein determinations were made by the method 
of Lowry et al.[21] using bovine serum albumin 
(Fraction V) as a standard. 


RESULTS 


The developmental patterns of hepatic ALA synthe- 
tase activity in a variety of mammalian species have 
been previously described [11, 14]. In the rat the level 
of activity at 5 days prior to delivery is approximately 
ten times that of the adult enzyme. This activity de- 
clines to adult levels near the time of birth. 

The ontogenic development of ALA dehydratase 
activity is illustrated in Fig. 1. An initial decline in 
enzyme levels occurs just prior to birth and reaches 
a nadir 2 days after delivery. Activity then increases 
to levels observed in prenatal liver, reaching a maxi- 
mum by 8-10days after birth and subsequently de- 
clines to adult levels during the second postnatal 
week. 





ALA dehydratase activity (nmoles PBG/mg prot. /hr) 
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Age (days) 

Fig. 1. Ontogenic development of hepatic ALA dehydra- 

tase activity in the-rat. Values express enzyme activity as 

nmoles PBG produced/mg of protein/hr. 
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Fig. 2. Ontogenic development of hepatic uroporphyr- 
inogen I synthetase activity in the rat. Values express 
enzyme activity as nmoles PBG utilized/mg of protein/hr. 


The pattern of development of uro I synthetase, 
shown in Fig. 2, is somewhat similar to that of ALA 
synthetase inasmuch as a rapid decline in activity 
occurs just prior to birth. In contrast to the develop- 
ment of ALA synthetase activity, however, adult levels 
of uro I synthetase are not attained until 10-12 days 
postpartum. 

Heme synthetase activity is also highly elevated in 
fetal liver in comparison with that of the adult 
enzyme (Fig. 3). Activity declines to adult levels near 
the time of birth. 

Consideration of the developmental patterns of 
heme biosynthetic pathway enzymes presented here 
indicates that, although ALA synthetase levels are ele- 
vated in fetal liver, the activity of this enzyme remains 
the lowest relative to those of other enzymes investi- 
gated at any stage of development. This fact, taken 
together with the exceptional lability of ALA synthe- 
tase (T,,. = 34 and 72 min for fetal and adult 
enzymes, respectively [14]), and the relatively low 
affinity of this enzyme for the substrate glycine 
(K,, = 10°? M) in both adult [22] and fetal [23] liver, 
suggest that ALA synthetase is likely to be the most 
limiting of the enzymes considered here in terms of 
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Fig. 3. Ontogenic development of hepatic heme synthetase 
in the rat. Values express enzyme activity as nmoles heme 
produced/mg of protein/hr. 


heme biosynthetic capability in perinatal liver. Under 
this assumption it becomes possible to assess the 
potential role of enzymes other than ALA synthetase 
in limiting hepatic heme biosynthetic capability at 
each stage of development. In order to make such 
an assessment, the activities of ALA dehydratase, uro 
I synthetase and heme synthetase in adult, neonatal 
and 18-day fetal lever were compared with those of 
ALA synthetase at equivalent stages of development. 
Comparisons were made by first calculating total 
enzyme activities (total activity in the mitochondrial 
or soluble fraction/g of liver/hr), which were then con- 
verted to an ALA molar basis (nmoles of ALA util- 
ized/g of liver/h) by multiplying ALA dehydratase 
activity by 2 (2 ALA— | PBG), uro I synthetase acti- 
vity by 2(2ALA— 1 PBG—4 URO, as assayed), 
and heme synthetase activity by 8 (8 ALA— heme). 
Total activities are given in Table |. Values in paren- 
theses represent ALA molar activities. Enzyme acti- 


Table 1. Activities of hepatic heme biosynthetic pathway enzymes in adult, neonatal and 


fetal rat liver 





ALA 
synthetase 
(nmoles ALA/g 
liver/hr) 


ALA 
dehydratase 
(nmoles PBG/g 
liver/hr) 


Uro I 
synthetase 
(nmoles PBG/g 
liver/hr) 


Heme 
synthetase 
(nmoles heme/g 
liver/hr) 





Adult 
Neonatal 


Fetal 


602* 
(1204)+ 
404 
(808) 
454 
(908) 


8&8 
(176) 

321 
(642) 

759 
(1518) 


529 
(4232) 

643 
(5144) 

657 
(5256) 





* Total enzyme activities were calculated by multiplying specific activities (nmoles/mg of 
protein/hr) for each enzyme by total protein levels of mitochondrial or soluble fraction 
pools/g of adult, neonatal or fetal liver. Values for protein concentrations were as cited 
by Knox [24] or as calculated using hepatocellular preparations. 

+ ALA molar activities (values in parentheses) were calculated by multiplying total enzyme 
activities by the number of moles of ALA utilized in the specific enzymatic reaction measured 
as described in the text. 
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Table 2. Ratios of activities of ALA dehydratase, uro I synthetase and heme synthetase 
to those of ALA synthetase in adult, neonatal and fetal rat liver* 





ALA dehydratase 
ALA synthetase 


Heme synthetase 
ALA synthetase 


Uro I synthetase 
ALA synthetase 








8.38 
32.10 
15.81 


Adult 
Neonatal 
Fetal 


57.33 
40.40 
9.46 


201.53 
257.20 
54.75 





* Ratios were calculated by dividing ALA molar activities (Table 1) by ALA synthe- 


tase activity for each age group. 


vity ratios were then calculated by dividing ALA 
molar activities of ALA dehydratase, uro I synthetase 
and heme synthetase by those of ALA synthetase for 
each age group (Table 2). These calculations permit 
the comparison of enzymes on the common basis of 
activity required to produce or utilize molar equival- 
ents of ALA during the synthesis of heme; thus, they 
serve to predict the extent to which heme synthesis 
might be inhibited by specific enzyme inhibitors at 
each stage of development. 

As a test of this hypothesis, neonatal or pregnant 
rats were treated with either aminotriazole or CoCl,, 
as described in Materials and Methods. The effects 
of these agents on mitochondrial and microsomal 
hemoprotein function, as reflected in cytochrome c 
oxidase and aminopyrine demethylase activities, re- 
spectively, in adult, neonatal and fetal rats, are seen 
in Table 3. Fetal animals are clearly the most sensitive 
to inhibition of hepatic hemoprotein function by both 
inhibitors. Aminotriazole treatment caused cyto- 
chrome c oxidase and aminopyrine demethylase ac- 
tivities to be reduced to 84 and 70 per cent of control 
levels, respectively, 24hr after injection; administ- 
ration of CoCl, to pregnant rats diminished fetal 
cytochrome c oxidase and aminopryine demethylase 
levels to 61 and 29 per cent of control levels respect- 
ively. This reduction in hemoprotein function in the 
fetus after treatment on day 18 of gestation persisted 
into the postnatal period with little apparent recovery 


of activity | week after treatment. As would be pre- 
dicted from Table 2, the neonate, on the other hand, 
is surprisingly resistant to the effects of inhibitors of 
heme biosynthetic capability, expressing less than 10 
per cent alteration in either cytochrome c oxidase or 
aminopryine demethylase activities 24 hr after treat- 
ment with aminotriazole and approximately 25 per 
cent after treatment with cobalt chloride. Recovery 
in the neonate occurred within | week after treatment 
with either hematotoxic agent. Adults experienced up 
to a 20 per cent reduction in hemoprotein function, 
but, like the newborn animals, also recovered rapidly 
within | week after treatment. 


DISCUSSION 


Numerous studies documenting the role of ALA 
synthetase as the rate-limiting enzyme in hepatic 
heme biosynthesis in normal adult mammals have 
appeared in recent years[1—3,25,26]. Previous 
studies from this laboratory [14,27] regarding the 
properties of ALA synthetase in fetal liver have sug- 
gested that this enzyme may not become rate-limiting 
in hepatic heme biosynthesis until it becomes suscep- 
tible to end-product regulation during the postnatal 
period. Identification of the actual rate-limiting 
event(s) in fetal heme biosynthesis has thus far been 
rather inconclusive, and it has been interesting to 
speculate that another enzyme of the heme biosynthe- 


Table 3. Effects of aminotriazole and cobalt chloride on hepatic heme biosyn- 
thetic capability in adult, neonatal, and fetal rats* 





Enzyme activity 


Aminotriazole 
Cytochrome c 
oxidase 


Aminopyrine 
demethylase 


(°%% control) 


Cobalt chloride 
Cytochrome c Aminopyrine 
oxidase demethylase 





Adult 
Neonatal 
Fetal 


100 (100)* 
100 (100) 
84 (86) 


79 (100) 
92 (95) 
70 (78) 


93 (100) 
74 (84) 
61 (64) 


84 (93) 
78 (88) 
29 (52) 





* Heme biosynthetic capability was assessed by measurement of cytochrome 
c oxidase and aminopyrine demethylase activities in hepatic mitochondrial and 
microsomal preparations, respectively, 24 hr after treatment, as described in 
the text. Control levels of cytochrome c oxidase were 1.31 + 0.17, 1.04 + 0.14 
and 0.98 + 0.06 wgatoms O, consumed/min/mg of mitochondrial protein + 
standard deviation in adult, neonatal and fetal liver respectively. Corresponding 
control values for aminopyrine demethylase were 6.87 + 0.4, 1.82 + 0.09 and 
0.33 + 0.02 nmoles formaldehyde liberated/min/mg of microsomal protein re- 


spectively. 


+ Values in parentheses are enzyme activities measured 1 week after treat- 
ment. A minimum of four pregnant animals or litters was combined for each 


experimental value. 
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tic pathway may play such a role. The demonstration 
in the current studies that the activities of ALA deth- 
yratase, uro I synthetase and heme synthetase are 
highly elevated relative to that of ALA synthetase, 
however, suggests that these enzymes are even less 
likely than is ALA synthetase to limit the rate of fetal 
hepatic hematopoiesis under normal physiological 
circumstances. 

Consideration of other known properties of the 
heme biosynthetic pathway enzymes in a variety of 
species tends to substantiate this view. The K,, values 
of ALA dehydratase [4, 28], uro I synthetase [7, 16] 
and heme synthetase [29, 30] for their respective sub- 
strates are 107 to 10* times less than that of ALA 
synthetase for glycine, suggesting that the functional 
capabilities of these enzymes are probably not restric- 
ted by the availability of substrates in vivo. Although 
the exact endogenous levels of all heme biosynthetic 
pathway substrates are not currently known, it is 
generally accepted that the enzyme assays utilized 
herein employ substrate concentrations which closely 
approximate those found under normal physiological 
conditions. Thus, the enzyme activities measured in 
these studies, as well as the activity ratios calcu- 
lated at different stages of development, are a likely 
representation of conditions which exist in vivo. On 
the other hand, the endogenous glycine concentration 
(~ 4mM) in fetal liver is known to be less than the 
K,, of ALA synthetase for this substrate [27]; thus, 
the availability of this amino acid to ALA synthetase 
could conceivably influence heme biosynthetic capabi- 
lity in the fetus. In this vein, it is interesting that 
fluctuations in the glycine concentration in vivo have 
been shown to modulate the rate of heme biosynthesis 
in porphyric adult animals [9]. 

The potential regulatory properties of the heme 
biosynthetic pathway enzymes studied here might 
also be influenced by their turnover rates, which re- 
flect their responsiveness to physiological demands 
for rapid changes in the rate of heme biosynthesis 
in vivo. In this regard, it is of interest that the turnover 
rates of ALA synthetase in both adult[31] and 
fetal [14] liver are among the highest observed for 
mammalian enzymes. 

These considerations, while they do not identify 
ALA synthetase as the rate-limiting enzyme in fetal 
hepatic heme biosynthesis, support the conclusion 
that this enzyme, in comparison with the others stud- 
ied herein, is most likely to limit heme biosynthesis 
in perinatal liver under normal circumstances. It is 
upon this conclusion that the hypothesis for the 
assessment of relative hematotoxicity at different 
stages of development is based. The validity of this 
approach appears to be justified in consideration of 
the data presented in Table 3. Table 2 predicts that 
agents which selectively inhibit either ALA dehydra- 
tase or heme synthetase will have the greatest prob- 
ability of limiting heme biosynthesis in the fetus. As 
seen in Table 3, both aminotriazole and CoCl, 
exerted the most profound effects on the expression 
of hemoprotein function in the fetus. These inhibitory 
effects were expressed not only 24hr after treatment 
but up to one week after administration of these 
chemicals, suggesting that late gestation may be a 
period of enhanced susceptibility to the effects of 
hematotoxic agents on the postnatal development of 
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hemoprotein function. It is interesting that the 
neonate is relatively unaffected by either enzyme in- 
hibitor; as predicted from Table 2, neither the adult 
nor the neonate would be expected to experience a 
substantial compromise of hemoprotein function after 
acute exposure to inhibitors of ALA dehydratase or 
heme synthetase. 

Less easily demonstrated, due to a lack of a known 
specific inhibitor of uro I synthetase, is the prediction 
that agents which inhibit this enzyme may be of 
greatest concern to the adult, wherein the ratio of uro 
I synthetase to ALA synthetase activities is the lowest 
of all three age groups. It is interesting, however, that 
uro I synthetase becomes the rate-limiting enzyme in 
heme biosynthesis in adult humans suffering from 
acute intermittent porphyria, a genetic disease charac- 
terized by a primary diminution in the activity of this 
enzyme in the liver [6,32]. Thus, porphyria patients 
may be particularly susceptible to a reduction of 
heme biosynthetic capability by agents which restrict 
uro I synthetase activity. 

When all enzymes are considered together, the fetus 
appears to be most highly susceptible of all age 
groups to restriction of heme biosynthetic capability 
through inhibition of enzymes other than ALA syn- 
thetase. This point may be of particular importance 
when considering the effects of drugs and environ- 
mental toxicants on the development of drug-metabo- 
lizing capability or other metabolic functions wherein 
hemoproteins play a vital role. This point is also of 
importance in light of recent arguments regarding the 
proposed role of heme in the initiation of protein syn- 
thesis [33] and in the stimulation of mitochondrial 
biogenesis [34] in rapidly developing fetal cells. 

Finally, it is interesting to note that selective pre- 
natal inhibition of single heme biosynthetic pathway 
enzymes may result in inhibited or delayed postnatal 
development of both mitochondrial and microsomal 
hemoprotein function, and a compromise of meta- 
bolic processes which are essential to the normal 
growth and development of the organism. Thus, the 
identification of mechanisms by which gestational 
exposure to hematotoxic agents induces delayed or 
incomplete development of hepatic hemoprotein func- 
tion may provide a focus for investigation of the 
mechanisms by which transplacental exposure to 
other types of toxic agents predisposes to specific 
organ dysfunction at different stages of development. 
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Abstract—The R- and S-enantiomers of warfarin were differentially metabolized by hepatic microsomes 
prepared from male Wistar and Sprague-Dawley rats. These studies were not only carried out with 
two strains of rats but were conducted independently in two laboratories employing different techniques. 
Although minor differences were observed, the same stereoselectivity was found for the microsomal 
transformations produced by both strains. The formation of 7- and 8-hydroxywarfarin was stereoselec- 
tive for the R-enantiomer and in addition this enantiomer was metabolized more rapidly than the 
S-enantiomer. The converse stereoselectivity was found for the process of 4’-hydroxylation in Sprague— 
Dawley rats but it could not be conclusively shown for Wistar rats. A Michaelis-Menten analysis 
of the metabolic products of R- and 5-warfarin formed by liver microsomes from male Sprague-Dawley 
rats is reported. The K,, for the processes of 6-, 7-, and 4’-hydroxylation for both isomers and the 
K,, for 8-hydroxylation of the R-isomer were all of the order of 0.03 to 0.11 mM and were not statisti- 
cally different. The K,, for 8-hydroxylation of the S-isomer, 0.20mM, was significantly greater. The 
K,, for benzylic hydroxylation of both isomers appeared to be still greater but was less precisely 
determined. The V,,,, for each of the enantiomeric pairs of products was statistically different. The 
kinetic data are interpreted as being inconsistent with the supposition that an arene oxide (6—7 and/or 
7-8) may serve as the intermediate in the formation of 7-hydroxywarfarin from either isomer. Further, 
if product formation is assumed to be rate limiting, the data provide evidence for at least three distinct 
enzymatic processes which may or may not be distinct hemoproteins. Reduction of the side-chain 
ketonic function of warfarin to the corresponding diastereomeric warfarin alcohols by the 105,000 g 
supernatant fraction displayed both a high degree of stereoselectivity (R-isomer) and stereospecificity 
(S-reduction). This reduction was best catalyzed by NADPH rather than by NADH. Determination 
and quantification of the metabolic products obtained after incubation of R- and S-warfarin with 
the 10,000g supernatant were consistent. with the summation of those independently produced by 
the microsomal pellet and the 105,000 g supernatant. 


The discovery that dicoumarol is the agent respon- caused by the concomitant administration of other 
sible for the hemorrhagic disorder produced in cattle medications [8]. 

[1,2] by the ingestion of spoiled sweet clover led to ° 

the synthesis of a variety of structurally related com- forcn 

pounds possessing potential anticoagulant activity. Of = ’ 


these, warfarin, /, has found extensive use both as a . 
rodenticide and as a clinically effective oral antico- 
agulant in man. In recent years, increasing concern 
has developed over the appearance of warfarin-resis- 
tant strains of rats in Scotland, Northern Europe 2,R,=6-OH R,=H R,=H 
[3-6] and the United States [7]. At the clinical level, 3,R,=7-OH R,=H R,=H 
maintenance of an appropriate anticoagulant state 4,R,:8-OH R,=H RH 
with this drug has sometimes proved difficult due to 
variations in its hypoprothrombenemic activity 


4, R,=H_ R,=H R,=H 


5,R,=H R,=4-OH R,=H 
6, R,=H R,=H R,=OH 





: Scheme 1. 
*Present address: Laboratory of Chemical Pharmaco- 


logy, National Heart and Lung Institute, National Insti- 


tutes of Health, Bethesda. MD 20014. Warfarin exists in two enantiomeric forms. The 


+ To whom correspondence should be addressed at the S-isomer 1s approximately five to six times more 
University of Washington, Seattle, Wash. 98195. potent than the R-isomer in both the rat [9-11] and 
t To whom correspondence should be addressed at the man [12], although the clinically available form of 
New York State Department of Health, Albany, N.Y. _ the drug is the racemate. Recent evidence has demon- 
12201. strated that in man, the two enantiomeric forms are 
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metabolized differently and that prior administration 
of other drugs, e.g. phenylbutazone, will quantitat- 
ively affect these metabolic pathways to different 
degrees [13]. This observation offers, at least in part, 
an explanation at the molecular level for the effects 
observed at the clinical level. 

The biotransformation in vivo of racemic warfarin 
has been studied in the rat and most of the metabolic 
products have been determined [14]. Ikeda et al. [15] 
have demonstrated that phenobarbital pretreatment 
induces the metabolism of warfarin by the 9000g 
microsomal homogenate obtained from rat liver and 
that a general increase in the levels of 6-, 7- and 
8-hydroxywarfarin, 2, 3 and 4, respectively, is 
observed. Similar results have recently been reported 
by Townsend et al., [16] except that their system in- 
duced the formation of 7-hydroxywarfarin to a much 
greater degree than the other oxidative products. To 
our knowledge, the metabolic fate of the individual 
warfarin isomers either in vivo or in vitro has not 
been reported, although certain of their pharmaco- 
kinetic parameters have been studied. Breckenridge 
and Orme [10] reported that the half-life of the 
R-isomer (8.6 hr) is significantly shorter than the half- 
life of the S-isomer (15.4 hr). This finding agrees with 
those of Hewick [11] and Yacobi and Levy [17]. 

Since it appears that the warfarin isomers are differ- 
entially metabolized and that induced changes in 
metabolism may be the basis for at least some drug 
interactions, a model for the relatively rapid elucida- 
tion of such phenomena would be desirable. The pres- 
ent studies were undertaken in order to quantitate 
the biotransformation products in vitro of the war- 
farin enantiomers by rat liver microsomes. Initial ex- 
periments using lyophilized liver microsomes from 
male Wistar rats and employing u.v. absorption for 
the quantitation of R- and S-warfarin metabolites 
were performed in Albany. Subsequent investigations 
utilizing freshly prepared liver microsomes from Spra- 
gue—Dawley rats and employing isotopically labeled 
warfarin enantiomers to study the detailed microso- 
mal metabolism of these isomers were performed in 
Seattle. Despite minor quantitative differences 
observed between the two rat strains, the same overall 
conclusions may be reached from the data of both 
laboratories. These data not only establish normal 
patterns for warfarin metabolism in the rat but pro- 
vide the basis for further studies on drug interactions. 


MATERIALS AND METHODS 

Experiments performed in Albany 

Materials. Racemic warfarin (CalBiochem, La Jolla, 
Calif.) was resolved [18] to yield the R- and S-war- 
farin isomers, which were determined to be 98 and 
95.6 per cent optically pure respectively. 4’-Hydroxy- 
warfarin was synthesized by the method of Hermod- 
son et al. [19,20], while 6, 7 and 8-hydroxywarfarin 
were supplied by Dr. W. F. Trager. The warfarin alco- 
hols were prepared by reduction of the warfarin enan- 
tiomers foilowed by separation of the product diaster- 
eoisomers in each case, according to the method of 
Chan et al. [21]. NADP, glucose 6-phosphate, glucose 
6-phosphate dehydrogenase and 0.4M TES [(N-Tris 
hydroxymethyl)methyl-2-aminoethanesulfonic acid] 
buffer were purchased from CalBiochem. Homogeni- 
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zation was carried out in a Potter-Elvehjem glass 
tube with a Teflon pestle. Centrifugations were done 
at 10,000g in a Sorval RC-2 centrifuge and at 
105,000 g in a Spinco model L ultracentrifuge. Incu- 
bations were performed in a New Brunswick rotary 
metabolic shaker at 37°. Thin-layer chromatography 
(t.l.c.) separations were carried out on 20 x 20 cm 
Silica gel plates, type DF-B (Camag, Inc.; New Berlin, 
Wisc.). Either a Carey model 14 double-beam spectro- 
photometer or a Gilford 2400S spectrophotometer 
was utilized for quantitative u.v. spectral measure- 
ments. The extinction coefficient used for cytochrome 
P-450 determinations was 91,000M~' cm”! 
(AA = A450 — A500). Those for the hydroxywar- 
farins in 0.5 M NaOH were as follows: 6-hydroxywar- 
farin, 13,900 M~' cm~! (300 nm); 7-hydroxywarfarin, 
27,400M~' cm! (327nm); 8-hydroxywarfarin, 
18.400 M~! cm™! (300nm) and 4’-hydroxywarfarin 
12,300 M~' cm! (300 nm). 

Tissue preparation. Male Wistar rats (200-250 g) 
were used throughout this study. The animals were 
killed by a blow to the head, and the livers were 
excised and placed in cold 1.15% KCI. The livers were 
then minced and homogenized with a Teflon pestle 
in 3 vol. of 1.15% KCI at 0-S°. The homogenates 
were centrifuged at 10,000 g for 20 min to remove cell 
debris and nuclei, and the supernatants recentrifuged 
at 105,000 g for 1 hr. The pellet was resuspended in 
1.15°% KCI to half its original volume, frozen in dry 
ice—acetone, and lyophilized. After drying, the micro- 
somes were portioned into small aliquots (about 
500 mg) and stored at —50°. Under these conditions, 
the enzymatic activity was found to remain stable for 
several months. 

Incubation mixture. Lyophilized preparations were 
thawed in ice prior to use for approximately 1 hr. 
The powder was weighed, an appropriate amount of 
cold, double-distilled water was added, and the mix- 
ture gently homogenized with a Teflon pestle. For 
determination of cytochrome P-450, suspensions were 
diluted with 0.1 M phosphate buffer, pH 7.4, and the 
dithionite-reduced carbon monoxide difference spec- 
trum was recorded in a Cary 14 double-beam spectro- 
photometer. Routinely, 50-ml Erlenmeyer flasks were 
placed in an ice bath to which were added: | ml of 
0.4M TES buffer, pH 7.5; 1 ml water containing 1 mg 
of the appropriate warfarin isomer (sodium salt); 1 ml 
of 20mM magnesium chloride solution containing 
2 umoles NADP, 33 umoles glucose 6-phosphate, and 
5 units glucose 6-phosphate dehydrogenase (yeast). At 
zero time, duplicate flasks were placed in a rotary 
New Brunswick metabolic shaker equilibrated at 37 
and allowed to preincubate for 7 min with gentle 
shaking to insure adequate starting concentrations of 
NADPH. At the end of this time, enough reconsti- 
tuted microsomal preparation was added in 1 ml 
water to each flask to give a final cytochrome P-450 
concentration of 4.1 x 10°°M. The final reaction 
mixtures were incubated for an additional 20 min. 

The activity of each preparation was monitored by 
its ability to O-demethylate p-nitroanisole by the 
slightly modified method employed by Ferris et al. 
[22]. In our procedure, 1.5 mg p-nitroanisole was 
added in 0.1 ml ethanol, and the reaction was ter- 
minated by the addition of 1.0 mi of 30°, trichloroace- 
tic acid. Quantitatively, no difference per mole of 
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cytochrome P-450 was observed between lyophilized 
and fresh microsomal preparations in their ability to 
either O-demethylate p-nitroanisole or hydroxylate 
the enantiomers of warfarin. 

Isolation, identification and quantification of warfarin 
metabolites. At the end of the 20-min incubation 
period, the duplicate flasks were immediately poured 
into a separatory funnel containing 50 ml dichloro- 
methane and 0.5 ml of concentrated HCl. The flasks 
were rinsed with 1 ml water and the washings com- 
bined with the original incubation mixture. After 
extraction, the organic phase was withdrawn and the 
aqueous phase re-extracted with 50 ml dichlorometh- 
ane. The organic phases were combined and filtered 
through Whatman No. 40 paper. An 80-ml portion 
was removed, placed in a clean separatory funnel and 
extracted with 25 ml of 0.1 N NaOH. The organic 
phase was removed, and the aqueous phase was acidi- 
fied with 1 ml of concentrated HCI and extracted two 
times with 50-ml portions of dichloromethane. The 
combined extracts were filtered through Whatman 
No. 40 paper, a 90-ml aliquot was removed, and the 
solution was evaporated to near dryness in a beaker. 
The residual solution was then quantitatively trans- 
ferred to a small test tube and carefully evaporated 
to dryness with nitrogen. 

For spotting, the residue was dissolved in exactly 
0.2 ml acetone and 50 yg of this solution was applied 
to a 20 x 20cm Silica gel plate (Camag, type DF-B) 
in a l-cm streak running parallel to the bottom and 
2cm from it and the right-hand edge. The plate was 
developed with ethylene dichloride—acetone (7:3), 
dried, and redeveloped in the same system and direc- 
tion. After drying, the plate was turned so that the 
original right-hand edge became the side immersed 
in the solvent and the spots were concentrated into 
a band by partial development with acetone. The 
plate was finally developed in ethyl acetate—meth- 
anol-trimethylamine (6:3:1) in the same direction as 
that used for the acetone development to separate 
the hydroxywarfarins, or alternatively, in toluene— 
ethyl formate—-formic acid (10:5:1) to separate the 
warfarin alcohols. 

The metabolites of warfarin were identified by their 
ability to co-chromatograph with authentic samples 
in three different solvent systems as well as by spectral 
comparison. For quantitation, the products were 
visualized with a u.v. light, scraped, and eluted from 
the Silica gel with 1.5 ml of 0.5 N NaOH. After centri- 
fugation, the absorbance of the aqueous phase was 
read in a Gilford 2400S spectrophotometer. Parent 
warfarin, added to boiled microsomes, was recovered 
by this procedure at 98 per cent of the theoretical 
yield. 


Experiments performed in Seattle 


Materials. Warfarin specifically labeled with '*C in 
the benzylic position, 4.27 wCi/mg, was prepared by 
Chan [23]. Briefly, labeled CO, generated from 
Ba[{'*C]O, was reacted with phenylmagnesium bro- 
mide. The labeled benzoic acid thus obtained was 
reduced to benzyl alcohol with lithium aluminum 
hydride and then oxidized to labeled benzaldehyde 
with silver carbonate impregnated on Celite. The 
benzaldehyde was condensed with acetone to yield 
benzalacetone, which was condensed with 4-hydroxy- 
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coumarin to yield labeled warfarin in a 47 per cent 
yield based on starting Ba['*C]O3. Racemic warfarin 
was resolved by the method of West et al. [18] to 
yield R- and S-['*C]warfarin, 0.18 wCi/mg, 3.9 x 10° 
dis./min/mg, 98 per cent enantiomerically pure. The 
6-, 7-, 8- and 4’-hydroxywarfarin used as standards 
were either gifts from Dr. K. P. Link or were synthe- 
sized in this laboratory according to published pro- 
cedures [19,20]. NADP, glucose 6-phosphate and 
glucose 6-phosphate dehydrogenase were purchased 
from Sigma Biochemicals (St. Louis, MO.). Homo- 
genization was performed in a Potter-Elvehjem glass 
tube with a Teflon pestle with 0.10 to 0.15-mm clear- 
ance. Centrifugation was carried out in polycarbonate 
tubes (1 x 3.5in. at 10,000g and 3x 3in. at 
105,000 g) in a Beckman L2-65B refrigerated ultracen- 
trifuge. Incubations were carried out on an AO model 
2156 shaker in a water bath held constant at 
37 + 0.5°. T.l.c. separations were carried out on East- 
man 6060 Silica gel plates. Radioactivity determina- 
tions were made with a Beckman LS-230 liquid scin- 
tillation counter in 10ml Aquasol (New England 
Nuclear). Electron ionization mass spectra were 
obtained from an AEI MS-9 high resolution mass 
spectrometer at 70eV. Samples were introduced via 
the direct insertion probe at a source temperature of 
220-230°. 

Tissue preparation. In each experiment, six male 
Sprague-Dawley rats (130 + 2g) were housed in a 
large stainless steel cage for 7 days with a sufficient 
food and water supply. The rats were programmed 
to a 12-hr on-off light cycle. On the morning of the 
last day they were weighed (range 140-180 g), decapi- 
tated and exsanguinated. All further preparations and 
transfers were conducted in a cold room (4 + 4°). The 
livers were removed, weighed, pooled and minced. 
Homogenization was carried out in 3 vol. of cold 
1.15% KCI-0.01 M sodium phosphate buffer, pH 7.4, 
using five upward and downward strokes of the pestle 
in 50-60 sec with the pestle driven by a stirring motor 
at 180-200 rev/min. After centrifugation at 10,000g 
for 15 min at 4°, the supernatant was either utilized 
for 10,000 g supernatant studies or was recentrifuged 
(4°) at 105,000 g for 60min. The microsomal pellet 
was resuspended manually with the homogenizer in 
a volume of cold 1.15% KCl buffer equal to that of 
the supernatant, which was saved for the 105,000g 
supernatant studies and recentrifuged for 60min at 
105,000 g. The new supernatant was discarded and 
the final pellet was again suspended manually in a 
volume of cold 1.15% KCI buffer equal to that of 
the discarded supernatant. 

Protein determinations. Prior to each incubation, 
the protein content of 1 ml of the 10,000g superna- 
tant, the 105,000g supernatant, or the microsomal 
suspension, each diluted to 100ml with distilled 
water, was determined by a modified Lowry pro- 
cedure [24]. The undiluted microsomal suspension 
was then diluted with the appropriate amount of KCl 
buffer to obtain a concentration of 5.0 mg protein/ml 
of suspension. The undiluted 10,000g (1 ml ~ 30 mg 
protein/ml) and 105,000g (2 ml ~ 15 mg protein/ml) 
supernatants were utilized directly in the subsequent 
incubations without prior dilution. 

Incubation mixture. K,, and V,,,, Studies. All incuba- 
tions were performed in triplicate in 25-ml Erlen- 
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meyer flasks. Substrate concentrations of 0.13, 0.26, 
6.39, 0.52 and 0.78mM of either R- or S-['*C]- 
warfarin were employed. The reagents were added in 
the following order: substrate in 0.1 N KOH 
(0.040 ml, 0.65 umole: 0.080 ml, 1.30 zmoles; 0.120 ml, 
1.95 umoles; 0.160 ml, 2.60 umoles; and 0.240 ml, 
3.90 pmoles); NADPH-generating system  consist- 
ing of MgCl, (10 mmoles), glucose 6-phosphate 
(20 smoles), and NADP (5 umoles) in 1 ml of 0.1 M 
phosphate buffer, pH 7.4; 0.1 N HCI to neutralize the 
0.1 N KOH (0.040, 0.080, 0.120, 0.160 and 0.240 ml, 
respectively); 0.1 N KCI to maintain equivalent ionic 
strengths in the incubation mixtures (0.40, 0.32, 0.24, 
0.16 and 0 ml, respectively); 1.15°,, KCI-0.01 M phos- 
phate buffer (1.52 ml); and a solution of glucose 
6-phosphate dehydrogenase (1 ml, 5 units) prepared 
in 0.1 M phosphate buffer, pH 7.4. The resulting solu- 
tions (4.0 ml) were preincubated for 5 min at 37° to 
insure adequate starting concentrations of NADPH, 
and | ml of normal microsomal suspension was added 
to give a final volume of 5 ml/flask and initial concen- 
trations of 1 mg protein/ml, 1.0mM NADP, 2.0mM 
MgCl,, 4.0mM glucose 6-phosphate, | unit glucose 
6-phosphate dehydrogenase/ml, and 40mM_ phos- 
phate buffer. Incubations were conducted in open 
flasks at 37° and 120 oscillations/min for 10 min. 
Reactions were terminated by the addition of 1 N 
HCI (0.5 ml) and extracted twice with Et,O (20 ml 
each). Control incubations were performed in dupli- 
cate using all reagents except the 1 ml (5 mg) of micro- 
somal protein; an additional I ml of 1.15% 
KCI-0.01 M phosphate buffer was used in its place. 

105,000 g Supernatant studies. All incubations were 
performed in 25-ml Erlenmeyer flasks, employing a 
substrate concentration of 0.65mM and 2 ml of the 
105,000 g supernatant fraction. Each substrate (R- and 
S-['*C]warfarin) was incubated with the unfortified 
supernatant fraction, and with the supernatant frac- 
tion fortified with NADH or an NADPH-generating 
system. The reagents were added in the following 
order: substrate in 0.1 N KOH (0.20 ml, 3.25 pumoles); 
NADPH-generating system described above; 0.1 M 
phosphate buffer (2 ml, pH 7.4) for the NADH and 
* nonfortified incubations; NADH solution (0.2 ml, 
6.5 pmoles dissolved in HO); 0.1 N HCI to neutralize 
the 0.1 N KOH (0.2 ml); 1.15°, KCI-0.01 M_ phos- 
phate buffer (0.40 ml for the NADH incubations and 
0.60 ml for the NADPH and nonfortified incuba- 
tions); and a solution of glucose 6-phosphate de- 
hydrogenase (1 ml, 5 units) prepared in 0.1 M_ phos- 
phate buffer, pH 7.4, for the NADPH incubations. 
The resulting solutions (3.0 ml) were preincubated for 
Smin at 37° and 2m! of similarly preincubated 
105,000 g supernatant was added to give a final 
volume of 5 ml/flask. Incubations with appropriate 
controls and the termination of the reactions were 
conducted as described above. 

10,000 g Supernatant studies. All incubations were 
performed in 25-ml Erlenmayer flasks, employing a 
substrate concentration (R- or S-{'*C]warfarin)- of 
0.65mM and | ml of the 10,000g supernatant. The 
reagents were added in the following order: substrate 
in 0.1 N KOH (0.20 ml, 3.25 umoles); the NADPH- 
generating system described above; NADH solution 
(0.2 ml, 6.5 zmoles dissolved in H,O); 0.1 N HCl to 
neutralize the 0.1 N KOH (0.2 ml); 1.15°, KCI-0.01 M 
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phosphate buffer (1.4 ml); and a solution of glucose 
6-phosphate dehydrogenase (1 ml, 5 units) prepared 
in 0.1 M phosphate buffer, pH 7.4. The resulting solu- 
tion (4.0 ml) was preincubated for 5 min at 37°, and 
| ml of similarly preincubated 10,000g supernatant 
was added to give a final volume of 5 ml/flask. Incu- 
bations with appropriate controls and the termination 
of the reactions were conducted as described above. 

Isolation and quantification of metabolites. K,, and 
Vinax Studies. The ether extracts were filtered through 
anhydrous MgSO, and vacuum evaporated to give 
a small amount of oily solid residue. The residues 
were transferred into 300-yl conical screw-top vials 
(Reacti-Vials, Pierce Chemicals) with acetone, evapor- 
ated with N, to dryness, and then redissolved in 25 ul 
acetone. A standard solution containing 6-, 7-, 8-, and 
4'-hydroxywarfarin, approximately | mg/ml of each, 
was then applied (5 yl, 1.5-cm streak) onto activated 
(15 min at 110°) Eastman 6060 t.l.c. plates. Portions 
(40 per cent) of the acetone solutions were then taken 
and applied with 5-yl disposable microcapillary tubes 
onto the t.l.c. plates over the regions containing the 
standards. The plates were eluted twice with chloro- 
form—acetic acid _ 1, 15cm, R,, 6- and 7-hydroxy, 
0.09; 4’-hydroxy, 5, 0.14; benzylic hydroxy [25], 6, 
0.20; 8-hydroxy, 0. 28; warfarin, 0.68), blown dry 
with an air gun (cold), turned 90°, eluted with MeOH 
in order to concentrate fluorescent bands, and 
then eluted with t-butanol-benzene-NH,OH-H,O 
[90:40:18:6, 6cm, Ry (from concentrate line), 7-hyd- 
roxy, 0.35; 6-hydroxy, 0.5; 4’-hydroxy, 0.43; benzylic 
hydroxy, 0.58; 8-hydroxy, 0.37; warfarin, 0.65]. The 
loci corresponding to unchanged warfarin, 6-, 7-, 8-, 
4’-, and benzylic hydroxywarfarin were then cut from 
the plates with scissors, placed into scintillation vials 
and eluted with MeOH (200 ul, 5 min), followed by 
the addition of Aquasol. The samples were counted 
three times (20 min/vial). The control analyses yielded 
nearly constant background counts (e.g. 8-9 cpm for 
the known metabolite region of benzylic hydroxywar- 
farin) which were subtracted from the counting results 
(108 cpm in this example) to give corrected counts. 
Autoradiographic studies of duplicate t.l.c. plates dis- 
closed that all of the detectable radio-activity was 
concentrated in the loci subjected to scintillation 
counting. Weighed samples of the optically active 
substrates were counted in the same eens mix- 
ture to provide calibration standards. 

105,000 g Supernatant study. The silat of 
the ether extract and its application (3-cm streak) to 
t.l.c. plates were conducted as described above except 
that the standard solution contained both diastereo- 
meric warfarin alcohols,* 7, each at a concentration 
of 1 mg/ml. The plates were eluted once with ethylene 
dichloride—acetone (7:3, 15cm, R,, 0 to 0.09), blown 





*Although the warfarin alcohols have been established 
as both plasma and urinary metabolites of warfarin from 
man (see Ref. 12, 13 and 21), they have not previously 
been reported as metabolites from the rat either in vivo 
or in vitro. However, they may in fact correspond to the 
unidentified metabolite x, first reported by Ikeda et al. 
[15]. This metabolite, like the warfarin alcohols, was 
reported to have an absorption curve indistinguishable 
from that of warfarin, and its formation was catalyzed by 
the soluble fraction of liver under nitrogen as well as under 
oxygen. 
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dry with an air gun (cold), turned 90°, and eluted 
with MeOH in order to concentrate the fluorescent 
(u.v. lamp) bands. The plates were eluted once with 
chloroform—acetic acid (100:1, 5.5cm), blown dry 
with an air gun (cold), and eluted once in the same 
dimension with Et,O (5.5cm, R,;, alcohol 1, R,S- or 
S.R-configuration, 0.84; alcohol 2, S,S- or R,R-confi- 
guration, 0.56). The loci corresponding to the stereoi- 
someric alcohols were cut from the plates, placed into 
scintillation vials, and eluted with MeOH (200 ul, 
5 min). This was followed by the addition of Aquasol 
(10 ml) and scintillation counting. The control analy- 
sis yielded nearly background counts, which were 
substracted from the counting results to give correct 
counts. Counting efficiency was determined by inter- 
nal standardization with ['*C]toluene. 

The rest of the acetone solutions were then com- 
bined and applied (1l-cm streak) onto activated 
(15 min at 110°) Eastman 6060 t.l.c. plates. The plates 
were eluted once with ethylene dichloride—acetone 
(7:3, 15 cm). The locus corresponding to the warfarin 
alcohols was cut from the plates, eluted with acetone, 
filtered, evaporated with N,, and subjected to electron 
ionization mass spectrometric analysis (70eV, 
220-230°), m/e 310 (M*), 292 (M*-H,O), 263 and 
121. These data correspond to warfarin alcohol 
[21, 26]. 

10,000 g Supernatant study. The preparation of the 
ether extract and its application to the t.l.c. plates 
were conducted as described above. The plates were 
then eluted once with ethylene dichloride—acetone 
(7:3, 15cm) and blown dry with an air gun (cold) 
to yield three distinct broad loci. The slowest moving 
fraction corresponded to warfarin alcohols (R,, 0 to 
0.09); the middle fraction corresponded to 6-, 7-, 8-, 
4’-, and benzylic hydroxywarfarin (R,, 0.15 to 0.29); 
and the fastest moving fraction corresponded to war- 
farin (Ry, 0.37 to 0.52). The plates were cut between 
the slowest and middle fractions. The warfarin alco- 
hols were analyzed separately by concentrating them 
in the second dimension (MeOH) and then successi- 
vely eluting once with chloroform—acetic acid (100:1, 
5.5cm) and once with Et,O (5.5cm). The hydroxy- 
lated metabolites of R- and S-warfarin were subse- 
quently separated by concentrating the middle locus 
(6-, 7-, 8-, 4’-, and benzylic hydroxywarfarin) with 
MeOH in the first dimension and eluting twice with 
chloroform-acetic acid (100:1, 15 cm). The plates were 
then blown dry with an air gun (cold), turned 90°, 
eluted with MeOH in order to concentrate the fluor- 
escent bands, and finally eluted once with t-butanol- 
benzene-NH,OH-H,O (90:40:18:6, 5.5cm). The 
locus corresponding to each metabolite was then ana- 
lyzed by scintillation spectrophotometry as described 
above. 

Data analysis. K,, and V,,,, studies. Data from the 
'4C above *H channel were used in all calculations. 
The expected recovered activity in cpm was computed 
for each incubation mixture. The actual recovered ac- 
tivities from all the loci, corrected for background, 
were summed, and the ratio of the experimentally 





*Paired comparisons of single elements of highly corre- 
lated data (K,,, Ving) are not as rigorous as comparisons 
of joint probability regions. Therefore, there may be signifi- 
cant differences in addition to those reported in Results. 
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determined total activity to the expected activity 
determined the portion recovered. Approximately 70 
per cent of the expected radioactivity was recovered. 
The data were corrected for recovery losses and the 
rates of production of each metabolite in nmoles/mg 
of microsomal protein/min were calculated. Kinetic 
parameters were determined by a weighted least 
squares fit [27,28] of the experimental rate (V) and 
substrate concentration (S) data to an S/V vs S plot. 
Replicate experiments established that errors in V 
were approximately normally distributed. Errors in 
S were about an order of magnitude less than errors 
in V; therefore S was assumed to be error-free in 
all calculations. The f-distribution with n-degrees of 
freedom was used to compute 95 per cent confidence 
limits. 

Two separate experiments, each consisting of two 
or three replicate incubations for each of five sub- 
strate concentrations, were analyzed and values for 
K,, and V,,,, were computed. The paired experiments 
were found to give estimates of K,, and V,,,, which 
did not differ significantly at the 95 per cent confi- 
dence level (Student’s t-test) [29]. The data from both 
experiments were therefore pooled, and combined 
estimates of K,, and V,,,, were obtained*. 


RESULTS 
Experiments performed in Albany 


The recoveries of individual hydroxylated metabo- 
lites of the warfarin enantiomers by rat liver micro- 
somes are summarized in Table 1. The R-isomer of 
warfarin was hydroxylated to a much greater extent 
than the S-isomer, a finding in agreement with the 
shorter half-life found [10,11,17] for the R-isomer 
after administration in vivo. The production of 7-hyd- 
roxywarfarin, the major metabolic reaction, was 


Table 1. Comparative biotransformation of R and S war- 
farin by normal microsomes from rat liver (Wistar)* 





Warfarin metabolite R warfarin S warfarin 





Ne 


NO— WN 
DAOonwW 


6-Hydroxywarfarin 
7-Hydroxywarfarin 
8-Hydroxywarfarin 
4’-Hydroxywarfarin 
+ benzylic 
hydroxywarfarint 


I+ I+ 1+ I+ 
CONWh 





* Metabolite concentrations are expressed as nmoles 
produced after 20 min incubation at a cytochrome P-450 
concentration of 4.1 x 10°° M. Each value is an average 
of three separate determinations (+) S. D. 

+ The amount of metabolite (< 5 nmoles) produced was 
too small for reliable analysis. 

t Benzylic hydroxywarfarin was not quantitated in this 
study, as the compound was not separable from 4- 
hydroxywarfarin on the t.l.c. systems used. In an exper- 
iment run in Seattle (in duplicate), benzylic hydroxywar- 
farin was formed by the lyophilized microsomes from male 
Wistar rats with the same stereochemical preference, 
R/S = 3.0, as that displayed by the Sprague-Dawley. 
Moreover, the amount of benzylic hydroxywarfarin pro- 
duced from the R isomer is approximately 30 per cent 
of the amount of 4’-hydroxywarfarin formed from this 
isomer. If Table 1 is corrected in light of these results, 
the same stereoselectivity is seen to prevail, regardless of 
the source of the microsomes. 
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Table 2. Comparative kinetics of the oxidation of R and S warfarin by normal microsomes from rat liver 
(Sprague-Dawley)* 





Apparent K,, Apparent Vinax 
Warfarin (mM) (nmoles/mg protein after 10-min incubations) 
metabolite R-warfarin df. S-warfarin Af. R-warfarin df. S-warfarin df. 





6-Hydroxywarfarin 0.096 + 0.028 0.032 + 0.011 t 0.754 + 0.049 0.644 + 0.023 
7-Hydroxywarfarin 0.046 + 0.024 0.050 + 0.010 f 1.653 + 0.113 0.455 + 0.013 
8-Hydroxywarfarin 0.093 + 0.051 0.198 + 0.048 0.448 + 0.052 0.200 + 0.015 
4'-Hydroxywarfarin 0.109 + 0.038 0.067 + 0.021 0.500 + 0.042 0.652 + 0.036 
Benzylic 0.803 + 0.400 0.221 + 0.157 1.693 + 0.527 0.236 + 0.060 


hydroxywarfarin 


S 
+ 





* Data were derived from weighted least-squares linear regression of [S]/V vs [S]. The data are expressed as the 
means + standard errors with degrees of freedom (d.f.) as shown. 


highly stereoselective for the R-isomer while in con- were linear with respect to both the 10-min incuba- 
trast S-warfarin was stereoselectively and stereospeci- tion period and the microsomal protein concen- 
fically reduced to the S,S-warfarin alcohol by the mic- _ tration. The results of the Michaelis-Menten analysis 
rosomal fraction. Although the reduction was not of the initial velocity data are given in Table 2. A 
quantitated, the experiments were repeated in Seattle high degree of stereoselectivity is evident. For each 
and the same results were obtained, that is, only the metabolite formed except 6-hydroxywarfarin one of 
S,S-alcohol could be detected. This is in marked con- the optical isomers of warfarin is transformed at a 
trast to the results (see below) obtained from fresh _ significantly faster rate. The production of the 7-, 8- 
microsomes from Sprague-Dawley rats where no - and benzylic hydroxy metabolites from R-warfarin 
reduction could be detected after incubation. occurred with significantly greater maximum veloci- 
: cre ties (P < 0.05) (Fig. 1). Conversely the maximum vel- 
Experiments performed in Seattle ocity for the production of the 4’-hydroxy metabolite 

K,,, and V,,,, studies. When five different concen- was significantly greater from S-warfarin (P < 0.05). 
trations of R- and S-['*C]warfarin were incubated On the basis of statistical analysis, the apparent 
with liver microsomes from normal rats, all reactions K,, values for the production of the five metabolites 


KINETICS OF WARFARIN METABOLISM 
S -(—) - ISOMER “ R -(+) - ISOMER 
7 OHS 
® Km 


e Vmax 


Benzylic OH, 
° 
80H 














cs] 
mol / liter 
Fig. 1. The theoretical velocity for the formation of each of the indicated products was calculated 
from the experimentally determined K,, and V,,,, values and plotted as a function of log [S]. Such 
plots approach V,,,, asymptotically and have inflection point [S] = K,,. 





Stereochemical aspects of warfarin metabolism 


Table 3. Comparative reduction of R and S warfarin by the 105,000g supernatant fraction from rat liver 





Product formed from rat 105,000 g supernatant* 


Warfarin 


alcohol 
metabolite 


No cofactor added 
R-warfarin S-warfarin 


(nmoles/mg protein after 10-min incubation) 


NADH added (1.3 mM) 
R-warfarin 


NADPH added? (1.0 mM) 


S-warfarin R-warfarin S-warfarin 





0.18 
0.04 


R,S alcohol 
R,R alcohol 
S,S alcohol 
S.R alcohol 
Total 


0.01 
0.03 


0.22 0.04 


0.28 
0.03 


0.31 


0.71 

0.08 
0.07 
0.14 


0.79 0.21 





* Each value is the average of two analyses. A warfarin concentration of 0.65mM was employed in these studies. 


+ NADPH-generating system containing NADP. 


for each isomer of warfarin are indistinguishable 
except in two cases: it was found that the K,, for 
8-hydroxylation of S-warfarin was greater than the 
K,, for both 6- and 7-hydroxylation of S-warfarin 
(P < 0.010) and the K,,, for 6-hydroxylation of R-war- 
farin was greater than the K,, for 6-hydroxylation of 
S-warfarin (P < 0.05). In all other cases, if the K,, 
values for a given hydroxylation reaction are com- 
pared for each enantiomer of if the K,, values for 
all hydroxylation reactions are compared for a given 
enantiomer, the values found experimentally do not 
differ significantly (P < 0.05). 

105,000 g Supernatant study. Reduction of warfarin 
to its alcohols could not be detected using the micro- 
somal fraction of liver but was observed when the 
105,000 g supernatant was employed as the source of 
the enzyme. The cofactor requirement and stereoche- 
mical course of this reaction are presented in Table 


3. Significant reduction occurs even in the absence 
of the added cofactor. NADPH appears to be a more 
effective cofactor for the reduction than NADH. This 
finding agrees with previous investigations of the 


Table 4. Comparative biotransformation of R and S war- 
farin by the 10,000g supernatant fraction from rat liver 





Product formed from rat 
10,000 g supernatant* 
(nmoles/mg protein/10 min) 
R-warfarin S-warfarin 
Concn Per cent Concn Per cent 


Warfarin 
metabolite 





6-Hydroxy- 0.21 14.1 0.16 23.5 
warfarin 
7-Hydroxy- 
warfarin 
8-Hydroxy- 
warfarin 
4'-Hydroxy- 
warfarin 
Benzylic 

hydrox ywarfarin 
R,S alcohol 

R,R alcohol 

S,S alcohol 

S,R alcohol 


Total 


35.6 0.13 19.1 


0.11 7.4 0.04 


0.17 11.4 


0.08 


0.33 
0.06 
0.08 
0.05 
0.68 


1.49 100.0 





* Each value is the average of two analyses. A warfarin 
concentration of 0.65mM was employed. The incubation 
reaction mixtures were fortified with an NADPH-generat- 
ing system containing NADP (1.0mM) and NADH 
(1.3 mM). 


reduction of ketones by the cytosol fraction [30-34]. 
The reduction of warfarin is clearly a stereoselective 
process: R-warfarin is reduced to the R,S-alcohol with 
a high degree of stereospecificity. The S-isomer of 
warfarin is reduced with a lower degree of stereospeci- 
ficity and predominantly to the R-configuration. 

10,000 g Supernatant study. The same basic stereo- 
selectivity that was observed in the microsomal study 
and in the 105,000g supernatant study was also 
obtained employing the 10,000 g supernatant fraction 
(Table 4). R-warfarin is still stereoselectively hydroxy- 
lated to 7-, 8-, and benzylic hydroxywarfarin and is 
stereoselectively and stereospecifically reduced to R,S- 
warfarin alcohol. The relative quantities of the 6-, 7-, 
and 8-hydroxy metabolites of both R- and S-warfarin 
also are in close agreement with the results of the 
microsomal study. The smaller amount of the benzy- 
lic hydroxy metabolites obtained in this single con- 
centration study relative to the quantities of the other 
metabolites is suggestive of a larger K,, for benzylic 
hydroxylation. 


DISCUSSION 
Microsomal studies 


Considering the different methodologies and spe- 
cies utilized and the different microsomal prep- 
arations (fresh vs lyophilized), the similarity of the 
results in terms of stereochemical preference from the 
two series of independent studies lends credence to 
the validity of these results. 

Michaelis-Menten analysis of microsomal enzyme 
kinetics has become an accepted method in describing 
mixed-function oxidase activity. However, since the 
Michaelis-Menten method was derived for isolated, 
purified enzymes, restrictions and limitations are 
encountered in its application to the more complex 
microsomal system [35-37]. For example, the kinetic 
parameters, K,, and V,,,,, are not true kinetic con- 
stants of a discrete enzymatic step but, more accu- 
rately, are a reflection of some rate-limiting step [37]. 
This limitation, nevertheless, does not prevent mean- 
ingful interpretation of many experiments, particu- 
larly in comparative studies such as the comparative 
biotransformation of enantiomers or the biotransfor- 
mation of a substrate into more than one analyzed 
product. 

The results in Table 2 are in reasonably good 
agreement with those obtained by Ikeda et al. [15] 
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for racemic warfarin incubated with phenobarbital- 
induced 9000 g supernatant (K,, 1.5 x 10°*M). How- 
ever, the use of optically active substrates not only 
reveals the complexity of the system but allows its 
more meaningful analysis. 


Hydroxylation of R-warfarin 

The apparent K,, values for the 6-, 7- and 8-hydrox- 
ylation of R-warfarin are statistically indistinguish- 
able at the 95 per cent confidence level. Since a single 
substrate is being transformed in a chemically and 
spatially discrete part of the molecule (coumarin ring) 
into three structurally distinct products, it is reason- 
able to assume that the products are formed at a 
single enzymatic site and that product formation is 
rate limiting. If this assumption is valid, then the 
observed differences in V,,,, only reflect differences in 
the various activation energies for product formation 
irrespective of mechanism. 

However, these data do not exclude the possibility 
that similar, but independent, enzymes are involved 
in the production of the coumarin-hydroxylated prod- 
ucts that are observed. Indeed, recent work from our 
own laboratories in which we find that microsomes 
from phenobarbital- and 3-methylcholanthrene-pre- 
treated animals have differentially induced coumarin 
hydroxylation processes argues in favor of such an 
interpretation, since the same enzymes might also be 
present in untreated animals but at relative activities 
such that they function as an apparent singular entity. 

Since the K,, values for both 4’-and benzylic hy- 
droxylation are indistinguishable from the K,, value 
for coumarin ring hydroxylation of R-warfarin, no ad- 
ditional insight into the multiplicity of the microso- 
mal enzymes can be gained. If a single hemoprotein 
is responsible for all of the aromatic hydroxylations 
of R-warfarin, the indistinguishability of K,, values 
implies that product formation is rate limiting. 

The lack of availability of a standard to facilitate 
the t.l.c. assay of benzylic hydroxywarfarin is respon- 
sible for the imprecision of the reported K,, values 
(Table 2). However, other evidence suggests that the 
K,, for benzylic hydroxylation is larger than the K,, 
for any of the aromatic hydroxylations. For example, 
a smaller quantity of the benzylic hydroxy metabolite 
is obtained in the single concentration study relative 
to the quantities of aromatic hydroxylation products 
(Table 4). Moreover, it can be shown statistically that 
the V,,, for benzylic hydroxylation is greater than 
the V,,,, for either 4’- or 8-hydroxylation (Table 2). 
This can only be true if the K,,, for benzylic hydroxyl- 
ation is indeed larger than the K,, for either 4’- or 
8-hydroxylation. The fact that the K,, values for 6- 
or 7-hydroxylations are no larger than the K,, values 
for 4’- or 8'-hydroxylation implies that the K,, for 
benzylic hydroxylation must be larger than the K,, 
for any of the aromatic hydroxylation processes. In 
addition, benzylic hydroxylation results from a funda- 
mentally different chemical reaction and involves oxi- 
dation at a sterically hindered aliphatic site. These 
data can be most readily accommodated by a model 
which postulates more than one enzymatic process. 
Such a model is in accord with recent evidence for 
the existence of multiple forms of microsomal mono- 
oxygenases in normal animals [38-44]. 
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Hydroxylation of S-warfarin 

Unlike the results obtained for R-warfarin, the K,,, 
value for 8-hydroxylation from S warfarin is signifi- 
cantly larger than the K,, values for either 6- or 
7-hydroxylation. Thus, it is clear that two kinetically 
distinct enzymatic processes must be involved despite 
the proximity of the sites of metabolic attack. If prod- 
uct formation is rate limiting, the contribution of the 
rate constant for product formation to K,, should be 
negligible; hence, all the K,, values should be the 
same while the V,,,, values may be different. If prod- 
uct formation is not rate limiting but a common inter- 
mediate is involved, two cases are possible: the rate 
of product formation is comparable to the rate of 
dissociation of the common intermediate back to sub- 
strate or the rate of formation of the common inter- 
mediate. itself may be rate limiting. In the first case, 
the product which is formed with the greatest V,,,, 
must also have the greatest K,,, while in the second 
case the K,, for all products must be the same. 

Since 8-hydroxylation occurs with the largest K,, 
coupled to the smallest V,,,,, none of the above condi- 
tions are fulfilled. Hence. there can be no common 
intermediate in the formation of 8-hydroxywarfarin 
and either 6- or 7-hydroxy metabolites. Since the K,, 
values are different, if a single enzymatic site is in- 
volved, the observed products must arise from at least 
two chemically distinct and irreversible pathways 
each of which may involve one or more different in- 
termediate steps. 

As was the case for R-warfarin, the K,, values for 
4’- and benzylic hydroxylation yield little new infor- 
mation by themselves. Although the evidence is less 
convincing in this case the data suggest that K,, for 
benzylic hydroxylation is larger than the rest. 


Comparative hydroxylation of the enantiomers 


A high degree of stereoselectivity as evidenced by 
the differing V,,,, values for each enantiomeric pair 
of products is displayed by the microsomal system. 
The indistinguishability of the K,, values for 6- and 
7-hydroxylation of a given enantiomer suggests on 
first analysis that a common enzymatic site is respon- 
sible for the generation of the 6- and 7-hydroxylated 
products with the differences in V,,,, attributable to 
stereochemical effects on the transition state. When 
the K,, values for the two 6-hydroxylation products 
are compared, they are found to just differ at the 
95 per cent confidence level. This is not true for 
7-hydroxylation. If 6- and 7-hydroxylation occur via 
a common intermediate, a stereoselective difference 
in K,, values for the 6-hydroxy metabolites should 
be reflected in a corresponding identical difference in 
the K,, values for the 7-hydroxy metabolites. This 
does not appear to be the case if the K,, differences 
are real. Therefore, for at least one of the enantiomers, 
6- and 7-hydroxylation cannot occur via a common 
intermediate. 

Arene oxides are well-established intermediates in 
aromatic hydroxylation processes mediated by micro- 
somal mixed-function oxidases [45]. Hence, an attrac- 
tive common intermediate for the formation of the 
6- and 7-hydroxylated products of warfarin would be 
the 6-7 epoxide. Subsequent ring opening and aroma- 
tization would give the hydroxylated products. 





Stereochemical aspects of warfarin metabolism 


Studies of the aromatizations of arene oxides have 
shown that the rate-limiting step of this process in- 
volves the spontaneous opening of the arene oxide. 
The direction in which the opening occurs depends 
on the stability of the carbocationoid transition state 
[46-53]. In the case of the postulated arene oxide, 
this would imply that 6-hydroxylation would occur 
preferentially to 7-hydroxylation, due to the ortho- 
and para-directing effect of the lactone oxygen. How- 
ever, since 7-hydroxylation yields the major product 
for the R-enantiomer, it is most reasonable to con- 
clude that a common intermediate is not involved 
in the formation of the 6- and 7-hydroxy metabolites 
of this isomer. 

Similar electronic arguments permit one to con- 
clude that a 7-8 epoxide cannot be an intermediate 
in the 7-hydroxylation of R-warfarin. As discussed 
above, no common intermediate for the formation of 
the 7- and 8-hydroxy metabolites of S-warfarin is 
possible based on kinetic evidence. Therefore, it is 
safe to conclude that if 7-8 epoxidation occurs in the 
metabolism of either isomer it must yield 8-hydroxy- 
warfarin exclusively. 

Unlike coumarin hydroxylation, 4’-hydroxylation is 
stereospecific for the S-enantiomer but these results 
are consistent with either the single site or multisite 
model. The apparently larger K,, values for benzylic 
hydroxylation of both isomers suggest that, if product 
formation is rate limiting, aliphatic hydroxylation 
probably occurs at a different site from aromatic hy- 
droxylation. 


105,000 g Supernatant study 


The enzymatic reduction of ketones by mammalian 
biological systems is a well-established biotransforma- 
tion route. The primary site for these reductions 
appears to be in the cytosol fraction of the liver cell 
[30-34], although aromatic ketones and aldehydes 
are also reduced by the soluble fraction of rabbit kid- 
ney [34]. Unlike alcohol dehydrogenase, which 
requires NADH as cofactor, most of the reported 
ketone reductions appear to utilize NADPH more 
effectively [30-34]. 

When the reduction in vitro or in vivo of nonsym- 
metrically substituted ketones occurs, optically active 
metabolites are commonly produced [30, 32, 54, 55], 
thus establishing the stereospecific nature of this reac- 
tion. Moreover, such reductions appear to occur in 
the same stereochemical sense. For example, the 
reduced metabolites of acetophenone [30] and pro- 
staglandins [32] have been shown to possess the 
S-configuration. 

The biological reduction in vivo of the ketone group 
of warfarin in man also follows this same stereoche- 
mical sense: R-warfarin is preferentially reduced to 
the R,S-alcohol, while S-warfarin is preferentially 
reduced to the S,S-alcohol [12, 13, 23,47]. This reduc- 
tion appears to be stereoselective for R-warfarin. To 
further characterize the stereochemistry of this enzy- 
matic reaction in mammalian systems, investigations 
in vitro in rat were conducted. These studies were 
also performed in order to determine if warfarin 
alcohol is, in fact, a metabolite of warfarin in the 
rat. Previous studies in the rat [14] and in the guinea 
pig [56] resulted in the isolation and characterization 
of cyclic dehydrated warfarin alcohol, 8. However, 
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these workers did not observe the presence of the 
warfarin alcohols themselves. Since it seemed likely 
that cyclic dehydrated warfarin alcohol is derived 
from warfarin alcohol, either during isolation or in 
vivo via an activation process, identification of its 
formation in vitro would support this contention. 
The results in this study (Table 3) show that signifi- 
cant reduction occurs even in the absence of added 
cofactors; however, added NADPH appeared to be 
more effective than added NADH. The reduction is 
a stereoselective process: R-warfarin is reduced to the 
R,S-alcohol with high stereospecificity. This finding 
conforms closely to the results obtained in man 
12, 13. 21, 23]. Unlike the results obtained from man, 
S-warfarin is reduced with less stereospecificity and 
predominantly to the R-configuration. This reversal 
in expected configurations seems to imply that the 
configuration of warfarin must have a significant 
effect on the stereochemical course of reduction, as 
well as on the degree of reduction. If this were not 
the case, one would expect S-warfarin to be stereospe- 
cifically reduced to the S,S-alcohol. 


10.000 g Supernatant study 

In order to study the stereochemistry of the bio- 
transformation of warfarin in a system more closely 
representing the intact animal, the 10,000 g superna- 
tant of rat liver was studied. The similarity between 
the results using the separated microsome and cytosol 
fractions and the 10,000 g combined fraction indicates 
that no significant secondary stereoselective biotrans- 
formation of the oxidized metabolites of warfarin has 
occurred in the cytosol component. Similarly, no 
apparent secondary stereoselective biotransformation 
of R,S- and R,R-warfarin alcohols has taken place 
in the microsomal component. However, an apparent 
reversal in the stereospecific reduction of S-warfarin 
occurred in the 10.000 g supernatant (Table 4). In this 
system, S-warfarin was reduced to the S,S-warfarin 
alcohol while in the 105,000 g supernatant, S-warfarin 
was stereoselectively reduced to the S,R-warfarin 
alcohol (Table 3). The basis for these differences is 
not known. 

The results of the 10,000g supernatant study are 

helpful in interpreting the pharmacokinetic properties 
in vivo of warfarin. For example, a number of workers 
have independently reported [9,10,11,17] that 
R-warfarin is cleared from the plasma of rats at a 
rate nearly twice that of the S-isomer. This difference 
appeared to reflect a difference in the rate of metabo- 
lism of these two isomers. The results in Table 4 seem 
to establish that this supposition is probably true in 
that R-warfarin is biotransformed approximately 
twice as rapidly as S-warfarin. Moreover, the reversed 
stereoselectivity displayed by man (S-enantiomer) and 
rat (R-enantiomer) for 7-hydroxylation, the major 
metabolic route in both species, would account for 
the species difference between man and rat in the rela- 
tive kinetics of elimination of the warfarin enan- 
tiomers. 
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Abstract—Liver microsomal glucose 6-phosphatase, cytochrome P-450 and aminopyrine demethylase 
all decrease rapidly in the CCl,4-poisoned rat. It has been suggested that such enzyme loss may be 
due to direct attack on enzyme catalytic sites by free radical cleavage products of CCl, metabolism. 
An alternate view has favored the suggestion that peroxidative decomposition of lipids is an interme- 
diate link between initial homolytic cleavage of the CCl;—-Cl bond and eventual loss of these enzymes. 
We have subjected these two ideas to a critical test. In an anaerobic system in vitro containing liver 
microsomes supplemented with an NADPH-generating system, and in the presence of EDTA, all added 
CCl, is metabolized in 90 min. About one-third appears as CHCl; amd most of the remainder is 
covalently bound to microsomal lipids and proteins. In this anaerobic system in vitro there is no 
evolution of malonic dialdehyde. During the period of conversion of CCl, to CHCl;, when extensive 
binding of '*C from '*CCl, is also taking place, there was no detectable loss of either glucose 6-phos- 
phatase or cytochrome P-450, and aminopyrine demethylase activity decreased minimally. In the same 
system, under aerobic conditions and without EDTA, there is vigorous lipid peroxidation and all 
three of these enzyme systems decrease markedly. These experiments demonstrate conclusively that 
CCl,—Cl bond cleavage and covalent binding of products of CCl, metabolism do not constitute 
a mechanism for loss of microsomal glucose 6-phosphatase, cytochrome P-450 or aminopyrine demethy- 
lase for the particular anaerobic conditions employed in vitro. By extension they suggest, but do not 
prove, that covalent binding of CCl, carbon probably does not constitute a mechanism for CCl,- 
induced loss of these enzymes in vivo. Rather, these experiments support the view that lipid peroxidation 


is an obligatory link between initial CCl,—Cl bond cleavage and loss of these enzymes. 


It is widely known that a variety of hepatic enzymic 
functions, especially those associated with the hepato- 
cellular endoplasmic reticulum, are lost shortly after 
carbon tetrachloride administration to rats [1]. Dur- 
ing the past 14 yr, two dominant viewpoints have 
emerged regarding possible chemical mechanisms by 
means of which CCl, effects such loss of enzymic 
function. Both of these points of view accept that the 
initial event is cleavage of the CCl;,—Cl bond, and 
many workers (including ourselves) incline to the view 
that the cleavage is homolytic (2-6). Where there have 
been differences of opinion, and where there have 
been differences of emphasis, relate to events believed 
to take place immediately after the initial CCl,—Cl 
bond cleavage. One view, favored by our laboratory 
[13,7], has suggested that peroxidative decomposi- 
tion of structural lipids in the endoplasmic reticulum 
of liver cells is probably the key intermediate process 





*This work was supported by Grant AM-01489 from 
the National Institute of Arthritis, Metabolism, and Diges- 
tive Diseases, United States Public Health Service. 

+ Submitted for partial fulfillment for requirements for 
the Ph.D. degree in Physiology. 

{Abbreviations and definitions: NADPH, reduced nico- 
tinamide adenine dinucleotide phosphate; MDA, malonic 
dialdehyde; G-6-Pase, glucose 6-phosphatase; EDTA. 
ethylene diaminetetraacetate; VLDL, very low density 
lipoproteins. One mg equivalent of liver microsomes is the 
entire yield of microsomes derived from | mg wet weight 
of fresh liver. 


linking initial CCl, metabolism and the subsequent 
display of structural and functional abnormalities. An 
alternate view, although in some instances recogniz- 
ing a possible role for lipid peroxidation, has tended 
to stress covalent binding of presumed toxic metabo- 
lites of CCl, as an equally if not more important 
part of the chemical pathological mechanism of CCl,- 
induced cellular injury [8-16]. The idea [17] that 
covalent binding of a neutral radical such as -CCl, 
to protein—SH groups may play a significant role 
was recently subjected to close scrutiny, and in a criti- 
cal review [3] no evidence could be found for its sup- 
port. 

In our opinion, it is not yet possible to resolve 
these differences of view in a general sense. However, 
recent developments have permitted an exceptionally 
definitive answer with respect to a limited aspect of 
the general problem. Certain liver enzymes, notably 
glucose 6-phosphatase [3, 18] and cytochrome P-450 
[19-23], decrease rapidly in the CCl4-poisoned rat. 
The conclusion that CCl,-induced loss of cytochrome 
P-450 is due to lipid peroxidation and not to direct 
attack by “toxic metabolites” of CCl, metabolism was 
reached recently [24-26] on the basis of the following 
argument. Cytochrome P-450 is destroyed rapidly in 
vitro when liver microsomes are incubated in the pres- 
ence of NADPH¢ and oxygen [25]. Addition of CCl, 
enhances both the rate of production of MDA and 
the destruction of cytochrome P-450. However, it 
turns out that addition of EDTA to these systems 
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in vitro does not influence either the aerobic conver- 
sion of CCl, to CO, [27] or the anaerobic conversion 
of CCl, to CHCI, [26]. In other words, the metabo- 
lism of CCl, in vitro by the microsomal mixed-func- 
tion oxidase system does not require ionic metal co- 
factors chelatable by EDTA. However, EDTA is 
known to protect cytochrome P-450. The implication 
of this set of circumstances was recognized by Ueh- 
leke et al. [26], who drew the conclusion that when 
cytochrome P-450 is destroyed by CCl, either in vitro 
or in vivo, the destruction is due indirectly to lipid 
peroxidation and not to direct attack by split prod- 
ucts of CCl, metabolism on the hemoprotein. These 
developments set the stage for carrying out of defini- 
tive experiments in which cytochrome P-450 content 
and other enzymic activities of a microsomal prep- 
aration could be assayed both before and after an 
anaerobic incubation in vitro in which conversion of 
CCl, to its metabolic products has occurred in the 
presence of EDTA. It was recently pointed out [3] 
that until such data became available, judgment 
would have to be witheld on the question as to 
whether rapid loss of cytochrome P-450 in CCl, poi- 
soning is due to direct attack by metabolites of CCl,, 
or whether lipid peroxidation is more significant. The 
data presented in this paper strongly support the view 
that, for CCl4-induced loss of G-6-Pase, cytochrome 
P-450 and aminopyrine demethylase, lipid peroxida- 
tion is the decisive event. 


METHODS 


Animals. Animals used in these studies were male 
rats of the Sprague-Dawley strain obtained from 
Zivic-Miller Lavoratories, Inc. or Flow Laboratories, 
Inc. The animals were fed Purina rat chow and had 
water available ad lib. Fed rats were killed by decapi- 
tation and ailowed to exsanguinate. Most of the rats 
used were within a weight range of 200-300 g body 
weight, although occasionally lighter or heavier rats 
were used. No effect of rat body weight was noted 
with respect to any of the various parameters which 
were monitored. 

Preparation of liver microsome fraction. After deca- 
pitation and exsanguination, the liver was removed 
and chilled in ice-cold homogenization medium, after 
which a 10%, whole liver homogenate was prepared. 
The homogenization medium was 0.25M_ sucrose, 
which contained 0.001 M EDTA, except for exper- 
iments in which lipid peroxidation would be pro- 
moted. For the latter, EDTA was omitted. Homogeni- 
zation was carried out with a glass Potter-Elvehjem 
homogenizer equipped with a Teflon pestle. The 10°, 
whole homogenate was centrifuged at 5900g for 
10 min in the SS-34 rotor of the RC2-B Sorvall centri- 
fuge, at 2-4". The supernatant fraction was removed 
and set aside at 0-1°. The sediment of mixed red cells, 
nuclei, mitochondria and so-called “fluffy layer” [28] 
was resuspended in the appropriate homogenization 
medium and centrifuged again for 10min at 5900g 
in the SS-34 rotor. The fluffy layer was removed from 
the centrifuged pellet and along with the supernatant 
medium was added to the original supernatant frac- 
tion from the first centrifugation step. This procedure 
yields the so-called S,, or post-mitochondrial super- 
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natant, fraction. The S, fraction was then centrifuged 
at 80,000g for 30min in the type 40 or type 42.1 
rotor of a Spinco preparative ultracentrifuge. 

Incubation procedures: overall experimental design. 
The essential experimental design for the experiments 
reported in this paper involved an initial incubation 
of the isolated microsomes under a number of pre- 
cisely defined conditions. These conditions were 
designed either on the one hand to maximize micro- 
somal metabolism and binding of CCl, in the absence 
of lipid peroxidation, or, on the other hand, to allow 
lipid peroxidation to take place. Details pertinent to 
particular experiments are given in full in legends to 
the appropriate figures. Our experiments have con- 
firmed the report [26] that conversion of CCl, to 
CHCl, and binding of CCl, carbon to microsomal 
lipids and proteins are greatly enhanced under anaer- 
obic conditions. Anaerobiosis was chosen, therefore, 
in order to achieve maximal CCl, metabolism and 
binding. After the appropriate initial incubation, the 
microsomes were recovered and assayed for enzymic 
activity. For assay of cytochrome P-450 the micro- 
somes were not sedimented (see below). Any residual 
enzymic activity was compared with the correspond- 
ing enzymic activity of intact control microsomes 
which had not supported either CCl, metabolism or 
undergone lipid peroxidation. Thus, one point of 
these experiments was to determine whether and to 
what degree rat liver microsomes would be affected 
by incubation conditions which supported CCl, 
metabolism and binding in the absence of lipid perox- 
idation. The other point of these experiments was to 
observe any effects of lipid peroxidation on the same 
microsomal enzymes. 

Enzyme assays, analysis for CCl, and CHCl3, and 
other analytical procedures. Assay for cytochrome 
P-450 content was carried out on complete incuba- 
tion systems without prior sedimentation and resus- 
pension of the microsomes, according to Omuro and 
Sato [29]. The fact that CCl, was present in the ex- 
perimental flasks had to be taken into account: we 
found that, at input levels of CCl, as used in these 
experiments, the 450nm absorbance of the CO- 
cytochrome P-450 complex of intact microsomes was 
decreased 15-20 per cent. Therefore, measurement of 
cytochrome P-450 content in control flasks was car- 
ried out by adding CCl, at the end of the incubation 
period at the same concentration as was present in 
experimental flasks. Details for assay of G-6-Pase and 
aminopyrine demethylase are given in Figs. 5 and 8 
respectively. Conditions for assay of CCl, and CHCl, 
are given in Fig. 1. This figure illustrates capacity 
of the gas chromatography (g.c.) procedures to effect 
separation of CCl, and CHCl. 

Malonic dialdehyde was measured according to 
Ghoshal and Recknagel [30], formaldehyde accord- 
ing to Nash [31], inorganic phosphorus according to 
Fiske and Subbarow [32], and protein according to 
Lowry et al. [33]. 

Covalent binding of '*C from '*CCl,. In order to 
determine covalent binding of CCl, carbon, '*CCl, 
was present when incubation was initiated. After the 
incubation, the microsomal suspension was centri- 
fuged at 80,000 g for 30 min. Appropriate control ex- 
periments demonstrated that all radioactivity present 
in the sedimented pellet was covalently bound. The 
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Fig. 1. Assay of CCl, and CHCl, by gas chromatography. 
CCl, and CHCl, were extracted from 8.0-ml incubation 
mixtures with 8.0 ml n-heptane. A suitably diluted heptane 
extract (1 ul) was injected into an F & M model 402 gas 
chromatograph equipped with a °*Ni electron capture 
detector. Column: 6ft x 4mm i.d., glass, packed with 3%, 
SE-30 on 80/100 Supelcoport. Temperatures: flash heater, 
53-58°; column, 45-49°; detector, 145-152°. Carrier gas: 
argon with 5°, methane. The separation of CCl, from 
CHCl, by this method is illustrated after injection of 
known standards. 


sedimented microsomes were resuspended in the 
buffer medium appropriate for subsequent enzymic 
assay. To measure binding, an aliquot of resuspended 
microsomes was added to Unisol (Isolab, Inc.) and 
allowed to stand at room temperature for 12-24 hr, 
after which were added 0.5 ml! methanol and 13 ml 
Unisol-Complement (Isolab, Inc.). Radioactivity was 
monitored in a liquid scintillation spectrometer. The 
degree of quenching, which was minor, was deter- 
mined by use of an internal standard of ['*C]toluene. 

Distribution of '*C covalently bound as a result 
of metabolism in vitro of '*CCl, was determined with 
respect to lipid and non-lipid moieties of the microso- 
mal preparation. Total lipids of recovered micro- 
somes were extracted in  chloroform—methanol 
according to Rao and Recknagel [34]. An aliquot of 
extracted lipid in CHCl, was added to a scintillation 
vial and dried down under a stream of nitrogen. The 
recovered lipid was redissolved in fresh CHCl, and 
again dried down. The final lipid fraction was then 
dissolved in Scintisol-Complete (Isolab, Inc.), after 
which radioactivity was determined. In order to deter- 
mine '*C covalently bound to the non-lipoidal moiety 
of the microsomes, the sedimented microsomes re- 
covered after metabolism in vitro of '*CCl, were pro- 
cessed according to Rao and Recknagel [35], except 
that the step involving hot trichloroacetic acid (TCA) 
extraction was omitted. 

Controls. As pointed out above, the essential feature 
of these experiments was to determine the effects on 
various microsomal enzymes of two distinct incuba- 
tion conditions, viz. a system supporting CCl, meta- 
bolism in the absence of lipid peroxidation and a sys- 
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tem in which lipid peroxidation was allowed to occur. 
In both cases residual enzymic activity was compared 
with enzymic activity of a control system. In all cases 
the control system consisted of one or more flasks 
containing the complete incubation medium, includ- 
ing microsomes, CCl,, NADPH-generating system, 
etc., identical with the incubated experimental flasks 
except that the controls were maintained at 0-1 dur- 
ing the initial incubation period. Enzymic activity of 
microsomes recovered from such control flasks repre- 
sented baseline activity. It may be pointed out that 
such baseline activity did not differ significantly from 
corresponding activity of the original microsomal 
preparation, which was simply stored at 0-1° without 
additives. Ethanol, the vehicle used for introducing 
small quantities of CCl, into the flasks, had no effect 
on the parameters measured. Control experiments 
were also carried out with reference to experiments 
involving binding of '*C from '*CCl,. For these con- 
trols, microsomes were incubated with '*CCl, for up 
to 120 min, but without a source of NADPH. In such 
control systems, with no electron transport occurring 
over the mixed-function oxidase system, radioactivity 
of recovered microsomes was negligible. 


RESULTS 


When rat liver microsomes, supplemented with an 
NADPH-generating system, are incubated in vitro un- 
der anaerobic conditions, added CCl, disappears 
rapidly (Fig. 2). About one-third of added CCl, 
appears as CHCl, and about one-half is covalently 
bound (Table 1). The time course for the covalent 
binding is shown in Fig. 3. Of the CCl, covalently 
bound, 80-92 per cent was found in the lipids and 
about 18 per cent was found in the non-lipoidal 
microsomal residue (Table 2). Note that metabolism 
of CCl, in this system takes place in the presence of 
added EDTA. In this system in vitro, the magnitude 
of CCl, metabolism/mg of microsomal protein is con- 
siderably in excess of the rate of CCl, metabolism 
in vivo (see Discussion). 

During the anaerobic conversion in vitro of CCl4 
to CHCI,, if lipid peroxidation is prevented, there is 
no detectable diminution in microsomal cytochrome 
P-450 content (Fig. 4, left panel; note absence of 
MDA production). In an exactly equivalent incuba- 
tion system which is, however, aerobic and without 
added EDTA, there is vigorous production of MDA, 
indicating lipid peroxidation, and concomitantly cyto- 
chrome P-450 content is decreased about 60 per cent 
(Fig. 4, right panel). An identical finding occurred 
with respect to G-6-Pase. During 90 min of incuba- 
tion under anaerobic conditions in the presence of 
EDTA, although there was substantial conversion of 
CCl, to CHCI,, G-6-Pase activity was essentially un- 
affected (Fig. 5). For the experiment reported in Fig. 
5, there was no lipid peroxidation. When the same 
system in vitro is aerobic and with no added EDTA, 
there is vigorous lipid peroxidation and almost com- 
plete destruction of G-6-Pase (Fig. 6). Hogberg et al. 
[37] also noted an initial decline in rat liver microso- 
mal G-6-Pase activity at a low level of lipid peroxida- 
tion (low MDA), then a return to control levels, and 
finally a large irreversible loss of enzyme activity at 
higher MDA levels. 
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Fig. 2. Disappearance of CCl, and appearance of CHCl, 
catalyzed by rat liver microsomes in vitro under anaerobic 
conditions in the presence of EDTA. Liver microsomes 
were incubated at 38° in 0.15M KCI buffered at pH 7.4 
with 0,05 M Tris—maleate [36]. The final volume of 8.0 ml 
contained 100mg equivalents of microsomes/ml and an 
NADPH-generating system [final concentrations: 0.10 mM 
NADP, 20 mM DL-isocitrate, 5.0 mM MgCl), 2.5 mM nico- 
tinamide. Isocitric dehydrogenase was present at 0.02 uM 
units (Sigma)/ml]. Lipid peroxidation was prevented by 
addition of 3.0mM EDTA, final concentration. Anaero- 
biosis was achieved by prior flushing of the microsome sus- 
pension with nitrogen and by flushing the flask contents 
with 500 ml nitrogen (reaction vessel: 25 ml Reacti-flask, 
Pierce Chemical Co.). After nitrogen flush, 0.08 «l CCl, 
was injected into the flask as 27 yl of 0.3% solution of 
CCl, in ethanol, v/v. Assay of CCl, and CHCI, was carried 
out by gas chromatography as indicated in Fig. 1. 


The results given in Figs. 4 and 5 clearly show that 
during long incubation of rat liver microsomes at 38°, 
during which substantial conversion of CCl, to 
CHCl, occurs, there is no loss of either cytochrome 
P-450 or G-6-Pase, if lipid peroxidation is prevented. 
Clearly, the metabolism of CCl,, in the sense of 
CCl,—Cl bond cleavage, does not, in and of itself, 
affect these enzymes. However, lipid peroxidation is 
one of the consequences of CCl,—Cl bond cleavage, 
and if this particular consequence is allowed to occur, 
there are large losses of cytochrome P-450 content 
and G-6-Pase activity (Figs. 4 and 6). 

Binding of CCl, carbon is another consequence of 
CCl, metabolism which occurs in vivo in parallel with 
lipid peroxidation. When covalent binding of '*C 
from "CCl, metabolism occurs anaerobically in vitro 
in the presence of EDTA, during 120 min of incuba- 
tion there is virtually no effect on microsomal cyto- 
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Fig. 3. Time course of covalent binding of '*C during 
anaerobic metabolism in vitro of '*CCl, in the presence 
of EDTA. Incubation conditions were identical to those 
given in Fig. 2. The added '*CCl, contained 64,000 dis. 
min. After incubation the microsomal suspension was cen- 
trifuged at 80,000g for 30min. Details for radioactivity 
assay of the microsomal pellet are given in Methods. 


chrome P-450 content (Fig. 7). As for cytochrome 
P-450, the entire mixed-function oxidase system 
(assayed as aminopyrine demethylase) appears to be 
indifferent toward substantial covalent binding of '*C 
from '*CCl,, provided lipid peroxidation is prevented 
(Fig. 8). However, in the same incubation system, if 
lipid peroxidation is allowed to occur, within the first 
7-8 min there is an abrupt decline in aminopyrine 
demethylase activity (Fig. 9) followed by a further 
more gradual loss such that at 90 min residual activity 
is only about 25 per cent of control levels. 

As for cytochrome P-450 (Fig. 7) and aminopyrine 
demethylase (Fig. 8), rat liver G-6-Pase is also not 
affected even though substantial covalent binding of 
‘$C from '*CCl, has occurred (Table 3). 


DISCUSSION 


The significance of the work presented in this study 
would be greatly lessened if the degree of CCl, meta- 
bolism and covalent binding in the system in vitro 
employed was small in comparison with CCl, meta- 
bolism and binding in vivo in the CCl,4-poisoned rat. 
However, rather than small, the degree of metabolism 
and binding in vitro was considerably greater than 
corresponding rates in vivo. For example, Rao and 
Recknagel [35] reported for an experiment in vivo 
that '*C corresponding to 40 ng CCl, was bound into 
the microsomal lipids of the liver for each 100g of 


Table 1. Distribution of carbon tetrachloride metabolized in vitro under anaerobic 
conditions* 





Fraction of added CCl, (%) 





CCl, metabolized 

CCl, converted to CHCl, 

CCl, bound to whole microsomes 
CCl, unaccounted for (by difference) 


99.5 
34.3 
50.5 
14.7 





* Rat liver microsomes were incubated for 90 min at 38° under conditions described 


iri Figs. 2 and 3. 
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Table 2. Distribution of bound CCl% 





Fraction of covalently bound CCl, (%) 





Expt. 1 Expt. 2 





Bound CCl, recovered in microsomal 
lipids 

Bound CCl, recovered in non-lipoidal 
microsomal residue 


80.2 91.8 


17.5 18.1 





* Experimental conditions as for Table 1. Values given are per cent of total CCl, bound to the 


unfractionated microsomal pellet. 


rat body weight. This value corresponds to 2 nmoles 
CCl, bound to the lipids associated with each mg 
of microsomal protein. Reynolds and Ree [38] 
reported a somewhat lower value. As shown in Fig. 
3, for the system in vitro used here, a total of 
18 nmoles CCl, was bound for each mg of microso- 
mal protein, and of that total, 80-90 per cent (see 
Table 3) is bound to microsomal lipids. Thus, conser- 
vatively, the system in vitro binds at least 14 nmoles 
CCl, to the lipids associated with each mg of micro- 
somal protein, which is seven times greater than the 
corresponding rate in vivo. 

As a further example, we estimated from data pub- 
lished by Garner and McLean [39] and Seawright 
and McLean [27] that the rate in vivo of conversion 
of CCl, to respiratory CO, varied from 0.18 to 
0.27 umole CCl, metabolized in 15 min for the whole 
‘liver/100 g of rat. During metabolism in vivo of CCl4, 
0.26 umole CCl, was bound to liver microsomal lipids 
[35] in 15 min. Thus, it can be estimated that up to 
0.53 umole CCl, is metabolized in vivo (binding plus 
conversion to CO;) in 15 min/100 g of rat. In our sys- 
tem in vitro, 0.9 umole CCl, was converted to CHCl, 
in 15 min by liver microsomes/100 g of rat. Further, 
total CCl, disappearance is three times greater than 
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Fig. 4. Preservation of liver microsomal cytochrome P-450 
content during conversion of CCl, to CHCl, (left panel) 
and loss of cytochrome P-450 when microsomal lipids per- 
oxidize (right panel). Microsomes were incubated for 15 
min at 38° in saline buffered at pH 7.4 with 0.05 M_ phos- 
phate in the absence or presence of 1.0mM EDTA as indi- 
cated. Other conditions were as described in Fig. 2 except 
with 0.003 uM units (Sigma) isocitric dehydrogenase/ml in 
the NADPH-generating system. Height of bars gives the 
average of two experiments (left panel) or three exper- 
iments (right panel) with the range of values indicated. 
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Fig. 5. Preservation of glucose 6-phosphatase activity dur- 
ing conversion of CCl, to CHCI; by rat liver microsomes. 
Conditions of anaerobic incubation, NADPH generation, 
and CHCl, assay were as described in Fig. 2. After the 
reaction, glucose 6-phosphatase activity of the residual 
microsomes (resuspended after centrifugation at 80,000 g 
for 30 min) was determined by incubation in 0.15 M KCl 
and 3.0mM EDTA buffered at pH 6.6 by 0.05M Tris- 
maleate. Included in the final volume of 1.6 ml for assay 
were 5.0 mg equivalents of microsomes/ml and 20 mM 
glucose 6-phosphate. After 20 min at 38° the reaction was 
stopped by addition of 0.5 ml of 1.5 N HCIO,. After centri- 
fugation, analysis for inorganic phosphate was made 
according to Fiske and Subbarow [32]. 
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Fig. 6. Loss of glucose 6-phosphatase activity associated 
with rat liver microsomal lipid peroxidation. Conditions 
of incubation and glucose 6-phosphatase assay were as de- 
scribed in Fig. 5 except that the system was aerobic with 
no EDTA added in the initial incubation. Lipid peroxida- 
tion was enhanced by the addition of 040mM FeSQ,, 
final concentration. Progress of lipid peroxidation was 
tracked by measuring malonic dialdehyde (MDA) produc- 
tion. 
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Fig. 7. Stability of rat liver microsomal cytochrome P-450 

during covalent binding of '*C from '*CCl,. Microsomes 

were incubated under anaerobic conditions in 0.05M 

phosphate buffer at pH 7.4 in the presence of 3.0mM 

‘DTA. Other conditions were as described in Fig. 2 except 

with 0.3 x 10°* ~M units (Sigma) isocitric dehydrogen- 
ase/ml in the NADPH-generating system. 


conversion to CHCI, (Fig. 2). Thus, the rate in vitro 
of metabolism, based on CHCI, production and bind- 
ing, is 2.7 umoles CCl, in 15min for microsomes 
derived from the liver/100g of rat. The rate in vitro 
of total CCl, metabolism is thus five times the corre- 
sponding rate in vivo. 
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Fig. 8. Stability of rat liver microsomal aminopyrine 
demethylase during covalent binding of '*C from '*CCl,. 
Microsomes incubated under anaerobic conditions in 
saline buffered at pH 6.5 with 0.05 M phosphate buffer 
in the presence of 3.0mM EDTA. Other conditions were 
as described in Fig. 2 except with 0.3 x 10°34M_ units 
(Sigma) isocitric dehydrogenase/ml in the NADPH-gener- 
ating system. After the reaction, aminopyrine demethylase 
activity of the residual microsomes (resuspended after cen- 
trifugation at 80,000 g for 30 min) was determined by incu- 
bation in saline buffered at pH 6.5 with 0.05 M phosphate 
in the presence of 3.0mM EDTA. Included in the final 
volume of 6.0 ml were 50 mg equivalents of microsomes/ml, 
25mM aminopyrine, and the NADPH-generating system 
described in Fig. 2 except with 0.03 uM units (Sigma) isoci- 
tric dehydrogenase/ml. After 30 min at 38° HCHO produc- 
tion was measured according to Nash [31]. At zero time 
the average level of demethylase activity for control micro- 
somes was 11.2 nmoles HCHO produced/min/mg of pro- 
tein; this is shown as 100 per cent. 
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Fig. 9. Loss of rat liver microsomal aminopyrine demethy- 
lase activity associated with MDA production. Conditions 
of incubation and aminopyrine demethylase assay were as 
described in Fig. 8 except that the system was aerobic with 
no EDTA added in the initial incubation. Progress of lipid 
peroxidation was tracked by measuring MDA production. 
At zero time the average level of demethylase activity for 
control microsomes was 13.7 nmoles HCHO produced 

min/mg of protein; this is shown as 100 per cent. 


The magnitude of CCl, metabolism and covalent 
binding makes the experiments in vitro reported here 
highly relevant with respect to a major issue under 
debate in the problem of intimate chemical 


mechanisms involved in CCl, liver injury. During 
14 yr, from the time of Butler [17], the idea has per- 
sisted that binding of toxic metabolites of CCl, to 


cellular macromolecules was probably an important 
aspect of CCl,-induced cell injury. In a critical review 
[3] no evidence could be found to support the ori- 
ginal suggestion [17] that binding of toxic metabo- 
lites of CCl, to protein—SH groups might be in- 
volved in CCl,-induced loss of a number of enzyme 
systems. It has also been pointed out [3] that the 
idea of covalent binding of free radical products 
of CCl,—Cl bond cleavage as a mechanism of 
CCl, cellular injury suffers from a serious theoretical 
weakness,’ the essence of which is as follows. It is 
now widely accepted that CCl,—Cl bond cleavage, 
which releases the toxicological potentiality of CCl4. 
occurs in such a way that the trichlormethyl radical 
(-CCl,;) is an initial product. The reaction may be 
an enzyme-catalyzed homolysis, in which case the 
monatomic chlorine free radical (-Cl) would also 
be a product, or, more probably, the process 
occurs by enzyme-catalyzed electron capture, viz. 
CCl, + e— -CCl, + Cl. In either case appearance 
of -CCl, is probably the key event. The essence of 
the covalent binding hypothesis is that free radical 
cleavage products of CCl, metabolism bind cova- 
lently to various cellular macromolecules, thus induc- 
ing pathological alterations in structure and function. 
However, in complex heterogeneous biological sys- 
tems free radicals such as -CCl, and -Cl would be 
expected to have extremely short half-lives. They 
could not migrate any significant distances from their 
point of origin to other loci within the cell. This re- 
striction dictates that any covalent binding of free 
radical cleavage products of CCl, would be confined 
to regions very close (in molecular terms) to the locus 
of CCl,—Cl bond cleavage. However, it is well 





CCl, and loss of microsomal enzymes 


Table 3. Failure of CCl, covalent binding to affect rat liver microsomal glucose 
6-phosphatase* 





Residual G-6-Pase 
(ug Pi split/20 min/ 
mg eq microsome) 


Additions to rat 
liver microsomes 


CCl, bound 
(nmoles/ 
mg protein) 





None 
NADPH + '*CCl, 


2.44 


2.28 18.9 





* Rat liver microsomes were incubated under anaerobic conditions for 60 min 
at 38° as described in Figs. 2 and 3. Residual glucose 6-phosphatase assay 


was as given in Fig. 5. 


known that pathological alteration of a variety of 
functions of the hepatic endoplasmic reticulum occurs 
rapidly after CCl, administration to the whole ani- 
mal. These functions, e.g. formation and extrusion of 
VLDL, protein synthesis, G-6-Pase, and the mono- 
oxygenase system involving cytochrome P-450, can- 
not all be concentrated at single unique molecular 
loci in the lipoprotein membranes of the endoplasmic 
reticulum. This is particularly true of protein syn- 
thesis, which is associated with polyribosomes. If 
pathological’ depression of these spatially dissemi- 
nated functions is due to covalent binding of CCl, 
free radical cleavage products, then the restriction on 
movement of such free radical cleavage products 
demands that sites of CCl,—Cl bond cleavage must 
be molecularly contiguous to the enzymic loci known 
to be susceptible to the action of CCl,. In other 
words, any theory of CCl, toxicity which has as its 
central postulate the notion of covalent binding of 
“toxic metabolites” of CCl;—Cl bond cleavage onto 
cellular macromolecules must of necessity postulate 
as a corollary the existence of manifold sites of 
CCI,—Cl bond cleavage which co-exist spatially with 
an array of structurally dispersed enzymic functions. 
There is no evidence that such manifold sites exist. 
On the contrary, on the basis of evidence which has 
been reviewed [3] it is highly probable that CCl,—Cl 
bond cleavage takes place uniquely at the cytochrome 
P-450 locus. If CCl,—Cl bond cleavage takes place 
uniquely at the cytochrome P-450 locus, then any 
“covalent binding of toxic metabolites to macromole- 
cules” theory suffers from a grave theoretical weak- 
ness since any such theory would have to postulate 
that the free radical products of CCl,—Cl bond cleav- 
age would have to survive long enough to move 
from their point of origin to distant sites where they 
would become covalently bound, and, presumably, 
there cause cell damage. The lipid peroxidation 
hypothesis [3] does not suffer from this theoretical 
weakness. An outstanding feature of the hypothesis 
is the assumption that peroxidation of microsomal 
lipids is the indispensable link between the initial 
highly localized CCl,—Cl bond cleavage and the pro- 
gressive fading away of functions far removed from 
the site of the cleavage. By postulating a spreading 
peroxidative decomposition of structural lipids within 
the membrane of the endoplasmic reticulum, and 
movement of potentially toxic lipid peroxides and 
hydroperoxides (or their breakdown products) to dis- 
tant sites, the lipoperoxidation hypothesis can encom- 
pass, in a single theoretical framework, unique mole- 
cular loci for the CCl;—Cl bond cleavage, the ex- 
tremely short half-lives of free radical split products, 


and destructive action at distances far removed from 
the locus of the cleavage. 

Mahling et al. [15] have offered a recent version 
of what we may call the “covalent binding to macro- 
molecules” hypothesis for CCl,-induced liver cell in- 
jury. These workers comment that free radical prod- 
ucts of CCl, metabolism “...may bind covalently to 
the proteins and lipids of the hepatocytes. The bind- 
ing of free radical derivatives to the double bonds 
of polyunsaturated fatty acids may initiate processes 
leading to diene conjugation in liver microsomal 
phospholipids and lipoperoxidation. Thus, the cova- 
lent binding of the free radical derivatives of CCl, 
to liver lipids and proteins presumably initiates the 
processes responsible for CCl, hepatotoxicity.” In our 
opinion this statement places unwarranted emphasis 
on covalent binding of metabolic products of CCl4 
as the key toxigenic event. The mechanism they sug- 
gest would not easily allow for formation of CHCl, 
as a product of CCl, metabolism. Nor would addition 
of a free radical onto a double bond of a polyenoic 
fatty acid lead to formation of a conjugated diene 
configuration in that particular fatty acid. Some 
further process, such as formation of an intermediate 
hydroperoxide, with subsequent cleavage and attack 
on a neighboring polyenoic fatty acid would have to 
intervene. Furthermore, as shown in this paper, with 
respect to G-6-Pase, cytochrome P-450 and amino- 
pyrine demethylase, covalent binding of '*C from 
'4CCl, to microsomal lipids and proteins in vitro can 
take place to an extent seven times greater than bind- 
ing in vivo with minimal deleterious effects on these 
enzyme systems. In our opinion the data presented 
here in Figs. 7 and 8 and in Table 3 show conclusively 
for these experiments in vitro that covalent binding 
of CCl, cleavage products is not the key toxigenic 
event which follows initial CCl,—Cl bond cleavage. 
The hypothesis which we have proposed in a number 
of places [1—3, 7, 34, 35] has placed emphasis on free 
radical attack on methylene hydrogens of polyenoic 
fatty acids (which would explain CHCl, formation) 
followed by autocatalytic peroxidative decomposition 
of the lipids as the key destructive event. The data 
presented in this paper strongly support the view that 
lipid peroxidation must intervene between initial 
CCl;—Cl bond cleavage and loss of G-6-Pase, cyto- 
chrome P-450 and aminopyrine demethylase. 

In conclusion, it is clear on the basis of the evidence 
presented in this paper that losses of liver microsomal 
G-6-Pase, cytochrome P-450 and aminopyrine 
demethylase in vitro are critically dependent on lipid 
peroxidation and not on covalent binding of split 
products of CCl, metabolism. However, it is not yet 
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possible to generalize ‘his conclusion to the entire 
panorama of patholog.cal consequences of CCl, poi- 
soning in the whole animal. Nevertheless, on the basis 
of the theoretical argument presented here, it seems 
highly likely that microsomal lipid peroxidation is an 
obligatory intermediate link which stands between a 
highly localized initial CCl,—Cl bond cleavage and 
unfolding of the well-known pathological conse- 
quences of CCl, poisoning in the animal as a whole. 
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Abstract—Steroidal and nonsteroidal anti-inflammatory drugs were tested for their capacity to stabilize, 
in vitro, lysosomes and inhibit lysosomal enzymes. Lysosome membrane stability was measured by 
determining the effects of drugs on the release of aryl sulfatase and f-glucuronidase from lysosomes 
which were suspended in a hypo-osmotic sucrose buffer. Lysosomes obtained from a heavy mitochon- 
drial (3500 g) rat liver fraction were found to be highly sensitive to membrane stabilization by naproxen, 
alclofenac, chloroquine, mefenamic acid, phenylbutazone, hydrocortisone, dexamethasone and methyl- 
prednisolone. Ibuprofen and flufenamic acid demonstrated moderate stabilizing activity, while indo- 
methacin, aspirin and clonixin showed only weak activity. Imuran, as well as other anti-inflammatory 
drugs, was inactive. In addition to their membrane-stabilizing activity, chloroquine was found to be 
a potent inhibitor of aryl sulfatase and phenylbutazone an inhibitor of B-glucuronidase activity. Hydro- 
cortisone, dexamethasone and paramethasone inhibited aryl sulfatase activity, while no steroid tested 
was effective as an inhibitor of B-glucuronidase. The data in this report support the hypothesis that 
anti-inflammatory drugs inhibit the release of enzymes from lysosomes. In addition, several of these 
drugs may act as inhibitors of lysosomal enzyme activity. 


The role of lysosomal enzymes as mediators of the 
inflammatory process has been a subject of great dis- 
cussion in recent years [1-8]. Indeed, elevated activity 
of lysosomal acid hydrolases has been detected in 
many inflammatory sites, including rheumatoid syno- 
vial membranes [9-12]. The contention that lysoso- 
mal enzymes do in fact contribute to tissue injury 
is supported by the knowledge that these enzymes 
possess the capacity to degrade the various com- 
ponents of connective tissue such as collagen [13, 14], 
glycoproteins [15], elastin [16] and protein—mucopo- 
lysaccharide complexes [17]. 

A function which has been attributed to many anti- 
inflammatory drugs, both steroidal and nonsterodial, 
is that of lysosome membrane stabilization. Implicit 
in this concept is the belief that these drugs in some 
way prevent the labilization of lysosomes and thus 
block the release of deleterious lysosomal enzymes. 
The lysosome-stabilizing effects of many anti-inflam- 
matory drugs have appeared in the literature during 
the past decade. Although a number of these studies 
were performed in vitro [2, 5, 18-20], Ignarro, Weiss- 
mann et al. [7, 8, 21,22] have demonstrated the capa- 
city of such effective anti-inflammatory drugs as hyd- 
rocortisone, indomethacin and phenylbutazone to sta- 
bilize rat liver lysosomes in vivo. Ignarro and Col- 
umbo [23] also showed these and other drugs to be 
active stabilizers of lysosomal granules isolated from 
guinea pig peritoneal polymorphonuclear leukocytes. 

In the studies reported here, several anti-inflamma- 
tory drugs were evaluated for their capacity to stabi- 
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lize the membranes of lysosomes obtained from a rat 
liver fraction as well as inhibit the activity of lysoso- 
mal hydrolases. The observations were made that 
drugs which were previously thought to act via a sta- 
bilizing action on lysosome membranes also act as 
enzyme inhibitors. In addition, certain anti-inflamma- 
tory drugs, such as paramethasone, were found to act 
as enzyme inhibitors but not membrane stabilizers. 
Drugs in this class have always been characterized 
exclusively as lysosome membrane stabilizers with 
reference to their actions associated with the lyso- 
some. 


MATERIALS AND METHODS 


Preparation of liver fraction. The two larger lobes of 
liver from a decapitated 250-300 g male Wistar/Lewis 
non-fasted rat (Charles River) were excised, weighed 
and placed in cold 0.25 M sucrose-0.02 M Tris ace- 
tate, pH 7.4. After mincing, a 10% homogenate was 
prepared in a cold portion of the same buffer. A 40-ml 
capacity Dounce tissue grinder (with the standard 
loose clearance pestle-A) was used with manual exe- 
cution of ten to fourteen complete strokes of the pes- 
tle. The homogenate (40 ml) was then centrifuged at 
600 g for 5 min at 4° in a Sorvall RC2-B centrifuge. 
Supernatants were removed, diluted with an equal 
volume of the same buffer, and centrifuged at 3500 g 
for 15 min at 4°. The intact pellets were resuspended 
in 4ml of 0.45 M sucrose—0.04% glycogen—0.02 M 
Tris acetate, pH 7.4, by employing a gentle stroking 
action with a glass rod. Five sec of vortexing may 
or may not be necessary to achieve a homogeneous 
suspension free of clumping. The suspensions were 
kept at 4°C for 20 min prior to use. 

Assay of lysosome membrane integrity. Labilization 
and stabilization of lysosomes were ascertained by 
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determining the osmotic release of lysosomal marker 
enzymes by a modification of the method of 
Ignarro [19]. Briefly, a suspension of lysosome-con- 
taining crude liver fraction in 0.45 M_ sucrose—0.04%, 
glycogen-0.02 M Tris acetate, pH 7.4, was warmed 
to 25 for 5 min: aliquots (0.2 ml) were added to glass 
tubes containing 2 ml of 0.18 M sucrose-0.04 M Tris 
acetate, pH 7.4, at 25, with or without drug, and 
the tubes were incubated at 37 for 60 min in a Dub- 
noff metabolic shaker set at 75-80 agitation cycles 
min. The incubation was terminated by high speed 
centrifugation (27,000 g for 15 min at 4 ) after transfer 
of the samples to 15-ml polyethylene tubes. This high 
centrifugal force was employed in order to sediment 
much of the suspended particles, thereby rendering 
the clear supernatant fractions more suitable for sub- 
sequent measurements of enzyme activity. Superna- 
tants were decanted into small plastic tubes and 
maintained at 4 until assayed for enzyme activity. 

Assay of lysosomal enzyme inhibition. For these 
studies, aliquots (1.0 ml) of the high speed (after incu- 
bation of lysosomes, without drug) supernatant were 
incubated with various concentrations of drug at 37 
for 20 min in the presence of the substrate (immersed 
in the appropiate buffer) specific for the lysosomal 
hydrolase under investigation. 

Lysosomal enzyme assays. Acid phosphatase (EC 
3.1.3.2; orthophosphoric monoester phosphohydro- 
lase), ary! sulfatase (EC 3.1.6.1.; aryl-sulfate sulfohyd- 
rolase and f-glucuronidase (EC 3.2.1.31; f-p-gluc- 
uronide glucuronohydrolase) were employed as lyso- 
somal marker enzymes. Acid phosphatase activity was 


determined by a modification of the method of Tor- 


riani{24]. The’ formation of p-nitrophenol from 
p-nitrophenylphosphate (CalBiochem) was measured. 
One ml of high speed supernatant (after incubation 
of lysosomes; with or without drug) was added to 
2.0 ml of 0.1 M citrate buffer, pH 4.8. Incubations 
(at 37° for 22 min) were initiated by the addition of 
50 yl of freshly prepared substrate (p-nitrophenyl 
phosphate disodium pentahydrate, 89.9 mg/ml in dis- 
tilled water) and terminated by the addition of 0.2 
ml of cold 4 N sodium hydroxide. Extinction values 
were determined at 405 nm and for all enzymes were 
measured with a Bausch & Lomb Spectronic 20 spec- 
trophotometer. 

Aryl sulfatase activity was determined by a modifi- 
cation of the method of Roy [25]. The formation of 
4-nitrocatechol from p-nitrocatechol sulfate (Sigma) 
was measured. One ml of high speed supernatant 
(after incubation of lysosomes, with or without drug) 
was added to 2.0 ml of 0.2 M acetate, pH 5.8. Incuba- 
tions (at 37 for 22 min) were initiated with 100 ul 
of freshly prepared substrate (p-nitrocatechol sulfate 
dipotassium salt, 25 mg/ml in distilled water) and ter- 
minated with 0.2 ml of cold 4 N sodium hydroxide. 
Extinction values were determined at 510 nm. 

f-glucuronidase activity was determined by a modi- 
fication of the method of Gianetto and DeDuve [26]. 
The formation of phenolphthalein from phenolphtha- 
lein glucuronic acid sodium salt (Sigma) was 
measured. One ml of high speed supernatant (after 
incubation of lysosomes, with or without drug) was 
added to 2.0 ml of 0.1 M citrate buffer, pH 4.8. Incu- 
bation (at 37° for 22 min) was initiated with 50 yl 
of freshly prepared substrate (phenolphthalein glucur- 
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Fig. 1. Release of lysosomal enzymes from a rat liver lyso- 
some suspension. Data are expressed as percentage of total 
enzyme activity released in 0.18 M sucrose-0.04 M Tris 
acetate, pH 7.4. Acid phosphatase (O—--—--—--—O), f-glu- 
curonidase (A A) and aryl sulfatase (@ e) 
were measured, and total activities yielded extinction 
values of 1.20 to 1.28 (405 nm), 0.58 to 0.60 (540 nm) and 
0.84 to 0.95 (510nm) respectively. Each value represents 
the mean + S. E. of three to eight separate experiments. 


onic acid, 63 mg/ml in distilled water) and terminated 
with 0.4 ml of 2.2 M glycine-10 N sodium hydroxide 
buffer, pH 12.5. Extinction values were determined 
at 540 nm. 

Drugs. The drugs employed in this study were: ace- 
tylsalicylic acid (Sigma Chemical Co.); flufenamic 
acid, mefenamic acid and meclofenamic acid (Parke, 
Davis & Co.): phenylbutazone (Ciba-Geigy Corp.): 
indomethacin and dexamethasone dihydrogen phos- 
phate (Merck, Sharp & Dohme); fenoprofen (Eli Lilly 
& Co), chloroquine phosphate (Sterling-Winthrop 
Research Institute); clonixin (Schering Corp.); 
naproxen and paramethasone acetate (Syntex Labora- 
tories, Inc.); ibuprofen, methylprednisolone hemisuc- 
cinate and hydrocortisone hemisuccinate (The 
Upjohn Co.); fenbufen (Lederle Laboratories); furo- 
bufen (Ayerst Laboratories); flumizole (Pfizer Labora- 
tories Division); alclofenac (Warner-Lambert 
Research Institute); and tolmetin (McNeil Labora- 
tories, Inc). 

All drugs tested were dissolved in dimethylsulfoxide 
(DMSO), except chloroquine which was dissolved in 
0.18 M sucrose buffer. Sodium salts of acidic drugs 
could not be used since sodium ion interferes with 
the stability of lysosomes in vitro[19]. All the drugs 
were soluble under the defined incubation conditions 
and they produced no appreciable alteration of the 
pH of the incubation media. The small amounts of 
DMSO employed as a vehicle did not influence the 
stability of lysosomes in vitro. 


RESULTS 
Latency of acid phosphatase, aryl sulfatase and 
f-glucuronidase in a hypo-osmotic medium. The data 
in Fig. 1 illustrate the latency of three lysosomal 
enzymes during incubation of the 3500 g liver fraction 
in 0.18 M sucrose—0.04 M Tris acetate buffer, pH 7.4. 
It appears that acid phosphatase is more easily 





Effect of anti-inflammatory drugs on lysosomes 


Table 1. Release of enzymes from a rat liver lysosome fraction 





Release of enzymes from a 
3500 g fraction of rat liver* 





Experimental 
condition 


Aryl sulfatase 


B-Glucuronidase 





Total unsedimentable 
enzyme activityt 
Zero-min unsedimentable 
enzyme activity§ 
Sixty-min unsedimentable 
enzyme activity$ 
Sixty-min sedimentable 
enzyme activity 


0.71 + 0.04 
0.28 + 0.02 
0.65 + 0.01 


0.48 + 0.03 


0.49 + 0.04 
(100) 
0.25 + 0.02 
(13) 
0.46 + 0.03 
(24) 
0.33 + 0.04 
(67) 


(100); 
(10) 
(23) 


(68) 





* Data represent extinction values (510 nm for aryl sulfatase; 540 nm for 
B-glucuronidase) expressed as the mean + S. E. (n = 4). 

+ An aliquot (0.05 ml) of liver fraction was added to 2ml of 0.2%, Triton 
X-100-0.04 M Tris acetate, pH 7.4, and incubated for 15 min at 37°. An aliquot 


of 1.0 ml was used in the enzyme assay. 


t Numbers in parentheses represent per cent of total unsedimentable enzyme 
activity and were calculated from extinction values and appropriate dilution 
factors (aliquot of liver fraction and supernatants for enzyme assays). 

§ An aliquot (0.2 ml) of liver fraction was added to 2ml of 0.18 M_ suc- 
rose—0.04 M Tris acetate, pH 7.4, and centrifuged either immediately or after 
a 60-min incubation period. An aliquot of 1.0 ml was used in the enzyme assay. 

After a 60-min incubation period (as in footnote §), the liver fraction was 
centrifuged and the resulting pellet disrupted in 0.2°, Triton X-100—-0.04 M 
Tris acetate, pH 7.4. An aliquot of 0.25 ml was used in the enzyme assay. 


released or available than f-glucuronidase and that 
the latter, at least through 17 min of incubation, is 
more easily released than aryl sulfatase. 

Release of lysosomal enzymes from a rat liver frac- 
tion. The data in Table | illustrate the release of aryl 


sulfatase and f-glucuronidase from lysosomes 
obtained from a heavy mitochondrial (3500 g) rat liver 
fraction. Incubation at 37° for 60 min results in the 
release of 23-24 per cent of total unsedimentable 
enzyme activity, while 10-13 per cent of the total is 
released immediately prior to any incubation (0 min 
unsedimentable enzyme activity). 

In these and subsequent experiments, all determina- 
tions of total unsedimentable enzyme activities were 
conducted by incubation of appropriate aliquots of 
lysosome suspension in 0.2% (v/v) Triton X-100 in 
0.04 M Tris acetate, pH 7.4, at 37° for specific time 
intervals ranging from 5 to 60 min. Under these con- 
ditions, complete solubilization of enzymes measured 
was obtained at the end of a given 15-min incubation 
period. 

Effect of incubation media on latency of lysosomal 
enzymes. The data in Fig. 2 illustrate the latency of 
aryl sulfatase during incubation of the 3500g liver 
fraction in various concentrations of sucrose, buffered 
with 0.04 M Tris acetate, pH 7.4. Lysosomes obtained 
from this heavy mitochondrial fraction possess mini- 
mum stability in a severe hypo-osmotic environment 
such as that afforded by 0.05 M and 0.10 M sucrose 
buffer. Osmotic protection is presented to lysosomes 
incubated in 0.18 M sucrose. However, when incu- 
bated in 0.27 M or 0.36 M sucrose, only 10 per cent 
of total unsedimentable aryl sulfatase activity was 
released after 60 min of incubation at 37°. 

Effect of sucrose on stability of a rat liver fraction 
containing lysosomes. The data in Table 2 illustrate 
the marked capacity of buffers containing various 
concentrations of sucrose to influence the capacity 


of phenylbutazone to stabilize lysosomes and thus in- 
hibit the release of aryl sulfatase. As demonstrated 
in Fig. 2, there is a loss of latency of aryl sulfatase 
when lysosomes are incubated in 0.05 M sucrose at 
37°. Phenylbutazone (10~* to 10° ° M) is significantly 
less effective in stabilizing lysosomes when tested in 
0.05 M sucrose as compared to its capacity to inhibit 
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Fig. 2. Effect of sucrose concentration on stability of rat 
liver lysosomes in vitro. Data are expressed on the basis 
of total unsedimentable enzyme (aryl sulfatase) activity, 
which was determined by incubation of the appropriate 
aliquot (0.05 ml) of lysosomal suspension in 2 ml of 0.2% 
Triton X-100-0.04 M Tris acetate, pH 7.4, for 15 min. Incu- 
bation media contained various molar concentrations of 
sucrose in 0.04 M Tris acetate, pH 7.4. Values are 
expressed as the mean + S. E. of four separate 
experiments. 
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Table 2. 


lysosomes in vitro 


Effect of phenylbutazone on stability of rat liver 
effect of sucrose concentration 





Per cent inhibition of release of 
aryl sulfatase* 
0.18 M 
Sucrose 


0.36 M 
Sucrose 


0.05 M 


Sucrose 


Conen 
(M) 





1074 10. 
10°+ 
10~> 


0 


* 
1.7 
- 

] 


+ + 1+ 


om) 
I 


3 





* Incubation media: various concentrations of sucrose 
were buffered in 0.04 M Tris acetate, pH 7.4. Incubations 
were conducted at 37° for 30 min as described previously. 

+ Each value represents the mean + S. E. of six separate 
experiments. Actual extinction values (510 nm) for controls 
(incubations of aliquots of lysosome suspension without 
drug in various concentrations of sucrose) were: 
1.52 + 0.08 (0.05 M sucrose), 0.76 + 0.11 (0.18 M sucrose), 
and 0.49 + 0.07 (0.36 M sucrose) (mean + S. E.) for the 
3500 g fraction. 

t Significantly different from control values (p < 0.05). 


enzyme release in 0.18 M sucrose. In 0.36 M sucrose, 
phenylbutazone is less effective in stabilizing lyso- 
somes at low (10°° M) concentrations as compared 
to results obtained with 0.18 M sucrose. 

Effect of nonsteroidal anti-inflammatory drugs on 
release and/or activity of lysosomal enzymes. The data 
in Table 3 indicate that certain nonsteroidal anti- 
inflammatory drugs prevent the release and/or acti- 
vity of aryl sulfatase and f-glucuronidase from lyso- 
somes present in the 3500g rat liver fraction. 
Naproxen, alclofenac, chloroquine, mefenamic acid 
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and phenylbutazone were among the more potent 
agents found, while ibuprofen, flufenamic acid and 
meclofenamic acid demonstrated moderate activity. 
Fenoprofen, indomethacin, clonixin, acetylsalicylic 
acid and tolmetin, as well as other anti-inflammatory 
drugs, did not stabilize lysosomes or inhibit lysosome 
enzyme activity. 

Effect of nonsteroidal anti-inflammatory drugs on the 
activity of enzymes released from lysosomes in the 
3500 g liver fraction. The data in Table 4 illustrate 
that chloroquine had a direct inhibitiory effect on aryl 
sulfatase activity, while naproxen, ibuprofen and 
other nonsteroidal anti-inflammatory drugs failed to 
inhibit the activity of this lysosomal hydrolase. B-Glu- 
curonidase activity was significantly inhibited by 
phenylbutazone whereas chloroquine had no effect on 
the activity of this enzyme. 

Effect of steroidal anti-inflammatory drugs on release 
and/or activity of lysosomal enzymes. The effect of ster- 
oidal anti-inflammatory drugs on the release and/or 
activity of enzymes from lysosomes (3500 g liver frac- 
tion) is illustrated in Table 5. Soluble forms of hydro- 
cortisone, methylprednisolone and dexamethasone 
were extremely potent as inhibitors of the release 
and/or activity of the lysosomal enzymes, aryl sulfa- 
tase and /-glucuronidase. Paramethasone was unique 
among the steroids tested in that it had an effect on 
aryl sulfatase but not f-glucuronidase. 

Effect of steroidal anti-inflammatory drugs on the 
activity of enzymes released from lysosomes in the 
3500 g liver fraction. Figure 3 illustrates the effects 
of steroidal anti-inflammatory drugs on the activity 
of aryl sulfatase and f-glucuronidase. Hydrocortisone, 


Table 3. Effect of nonsteroidal anti-inflammatory drugs on lysosomal enzymes in vitro 





Marker 


Per cent inhibition of release and/or 
activity of lysosomal enzyme* 





Drug enzyme 


10°>M 


10°*M 10°° M 10°°M 





Chloroquine 


Flufenamic acid 
Mefenamic acid 
Meclofenamic acid 
Phenylbutazone 


Acetylsalicylic acid 
Indomethacin 
Fenoprofen 
Clonixin 
Naproxen 
Ibuprofen 
Tolmetin 
Alclofenac 
Flumizole 
Fenbufen 
Furobufen 


(111) 


61 
42 
(315) 
(106) 


23 


(100) 


(107) 
12 


(103) (103) 





* Aliquots (0.2 ml) of the 3500 g fraction and drugs were incubated in 2 ml of 0.18 M 
sucrose-0.04 M Tris acetate, pH 7.4, at 37° for 60 min as described previously. Each 
value represents the mean of five to eight separate experiments. Values varied by 
no more than 5-15 per cent of the corresponding mean in these experiments. Values 
of 15 per cent inhibition or greater were significantly (P < 0.05) different from control. 

+ AS, aryl suflatase; B-G, B-glucuronidase. 

t Numbers in parentheses indicate per cent increase in release and/or activity of 
lysosomal enzyme. Values greater than 30 per cent were significantly (P < 0.05) differ- 


ent from control. 
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Table 4. Direct effect of nonsteroidal anti-inflammatory 
drugs on lysosomal enzyme activity 





Per cent inhibition of enzyme 
activity* 
Aryl 
sulfatase 


Drug Glucuronidase 





—- 


Phenylbutazone 


warn 
se Ww 


Chloroquine 


ee 

BArhrnOOnN~ 
+++ 

cookHlHtl 


Alclofenac 
Ibuprofen 
Naproxen 
Flumizole 
Flufenamic 
acid 
Mefenamic 
acid 
Meclofenamic 
acid 
Fenbufen 


> 

nn 

HH HHH OCOHHHHHH 
= oor 

nN une 


> 
oO 
ee 


tN 


= 


4442.1 





* Incubation medium: the supernatant obtained from a 
lysosomal suspension (3500 g fraction) after a 60-min incu- 
bation at 37° in 0.18 M sucrose—0.04 M Tris acetate, pH 
7.4, was employed as the enzyme preparation. Aliquots 
(1.0 ml) of enzyme were incubated with drug and substrate 
for 22 min at 37° in either 0.2 M acetate buffer, pH 5.8, 
or 0.1 M citrate buffer, pH 4.8, for determination of aryl 
sulfatase and f-glucuronidase activity respectively. 

+ Each value represents the mean + S. E. of three to 
four separate experiments. 

t Significantly (P < 0.05) different from control. 


dexamethasone and paramethasone demonstrated a 
dose-dependent inhibitory effect on the activity of aryl 
sulfatase, while methylprednisolone was_ inactive. 
However, neither hydrocortisone, dexamethasone or 
paramethasone exhibited a capacity to inhibit the 
activity of B-glucuronidase. 


DISCUSSION 


Lysosomes are a distinct group of cytoplasmic 
organelles, first identified in rat liver but now known 
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to occur in numerous animal tissues, and character- 
ized by their content of a variety of acid hydro- 
lases [27,28]. Phagocytic cells such as polymor- 
phonuclear leukocytes and macrophages, which ac- 
cumulate at sites of tissue injury, are known to con- 
tain large numbers of granules (lysosomes) in their 
cytoplasm. The process of endocytosis, which is now 
well documented [29-31], is accompanied by the con- 
comitant extrusion of lysosomal enzymes from these 
cells into the extracellular environment [32-37]. Once 
released, these enzymes have the capacity to destroy 
the various components of tissue and thus contribute 
to the inflammatory process and other pathological 
conditions. 

One approach leading to the disruption of tissue 
injury caused by lysosomal enzymes would be to sta- 
bilize lysosomal membranes, thus preventing the 
release of the deleterious contents. The work of 
Ignarro and others clearly demonstrates that clini- 
cally active steroidal and nonsteroidal anti-inflamma- 
tory drugs inhibit the release of acid hydrolases in 
vitro [2, 5, 18-20] and in vivo [7,8, 21,22]. However, 
the systems employed in evaluating the lysosome 
membrane-stabilizing capacity in vitro by anti-inflam- 
matory drugs do not in themselves answer the ques- 
tions of the mechanism of action of the drug under 
investigation. It is possible that, although an agent 
seems to act by stabilizing lysosomal membranes 
because it is said that it inhibits enzyme release from 
organelles, it might in fact be blocking enzyme acti- 
vity directly while exacting no influence on mem- 
branes. 

The liver lysosome fractions employed in the present 
study and in those reported by other investigators 
are essentially heavy mitochondrial fractions. The 
finding of similar rates of release of three latent acid 
hydrolases argues in favor of the presence of lyso- 
somes. Acid phosphatase was more readily available 
or released than other lysosomal marker enzymes in 
these experiments. This may be a reflection of the 
different capacities by which acid hydrolases are 
bound to the lysosome membrane [38]. An additional 
experiment in which f-galactosidase activity was 
measured revealed data similar to that reported for 


Table 5. Effect of steroidal anti-inflammatory drugs on lysosomal enzymes in vitro 





Marker 


Drug enzyme 10°3M 


Per cent inhibition of release and/or 
activity of lysosomal enzyme* 


10°*M 5x10°°M 10°°M 10°°M 





Hydrocortisone 
hemisuccinate 
Methylprednisolone 
hemisuccinate 
Dexamethasone 
dihydrogen phosphate 
Paramethasone 


acetate t 


43 

4 

3 

2 

17 

6 
(16) 





* Aliquots (0.2 ml) of the 3500g fraction and drugs were incubated in 2ml of 0.18 M 
sucrose-0.04 M Tris acetate, pH 7.4, at 37° for 60 min as described previously. Each value 
represents the mean of four to six separate experiments. Values varied by no more than 
5-15 per cent of the corresponding mean in these experiments. Values of 15 per cent inhibition 
or greater were significantly (P < 0.05) different from control. 


+ AS, aryl sulfatase; B-G, B-glucuronidase. 


t Numbers in parentheses indicate per cent increase in release and/or activity of lysosomal 


enzymes. 
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Fig. 3. Direct effect of steroidal anti-inflammatory drugs on lysosomal enzymes. Incubation medium: 
the supernatant obtained from a lysosomal suspension (3500g fraction) after a 60-min incubation 


at 37 


in 0.18 M_ sucrose-0.04 M Tris acetate, pH 7.4, was employed as the enzyme preparation. 
Aliquots (1.0 ml) of enzyme were incubated with drug and substrate for 22 min at 37 


in either 0.2 


M acetate buffer, pH 5.8, or 0.1 M citrate buffer, pH 4.8, for determination of aryl sulfatase and 

B-glucuronidase activity, respectively. Each bar represents the mean + S. E. of two to four separate 

experiments. The asterisk (*) indicates significantly (P < 0.05) different from control. N.D. = no detect- 
able inhibition of enzyme activity. 


acid phosphatase. This finding is supported by the 
work of Ignarro [39] who found the rate of release 
of various lysosomal enzymes to vary depending upon 
the enzyme being studied. With reference to the 
3500 g liver fraction employed in these studies, it is 
unlikely that the presence of mitochondria would in- 
terfere appreciably with the drug-induced effects of 
lysosomes, since the enzymes being measured are well 
known to be markers for lysosomes, i.e. acid phospha- 
tase, aryl sulfatase and /-glucuronidase. 

It was demonstrated previously that certain anti- 
inflammatory drugs inhibited the release of enzymes 
from liver lysosomes incubated in hypo-osmotic suc- 
rose buffer. The data in this report illustrate that simi- 
lar drug actions are obtained in addition to demon- 
strating membrane-stabilizing activity of several 
recently developed  anti-inflammatory drugs. 
Naproxen, alclofenac, ibuprofen, phenylbutazone, 
chloroquine, flufenamic acid and mefenamic acid 
exhibited potent lysosome membrane-stabilizing acti- 
vity, while indomethacin, acetylsalicylic acid, clonixin, 
fenoprofen, tolmetin and other drugs were inactive. 
At high concentrations flufenamic acid and mefena- 
mic acid labilized lysosomes. Chlorpromazine has 
been reported to elicit biphasic effects on lysosomes 
in that it labilized or stabilized lysosomes in vivo at 
high or low concentrations respectively [40]. Steroids 
exhibiting potent anti-inflammatory activity, such as 
hydrocortisone, dexamethasone and methylpredniso- 
lone, all demonstrated a marked capacity to stabilize 
lysosomes. 

We report here that, in addition to functioning as 
stabilizers of lysosome membranes, certain steroidal 
and non-steroidal anti-inflammatory drugs are very 


effective inhibitors of lysosomal enzyme activity. 
Chloroquine was found to block the activity of aryl 
sulfatase in vitro. Chloroquine has been reported to 
block the activity of rat skin collagenase and bacterial 
collagenase [41]. Phenylbutazone impaired the acti- 
vity of f-glucuronidase, and this finding has been 
observed by other investigators [18, 19,42]. Tanaka 
and lizuka [18] also demonstrated that indomethacin 
interferes with /-glucuronidase activity. Naproxen, 
ibuprofen, clonixin and the other nonsteroidal anti- 
inflammatory agents were found to be inactive as in- 
hibitors of the lysosomal marker enzymes employed 
in these studies. It was concluded, therefore, that they 
functioned as membrane stabilizers. 

The role of steroids as enzyme inhibitors is well 
documented [43-47]. However, little is known con- 
cerning the effects of steroids on lysosomal enzymes. 
Data presented in this report clearly demonstrate 
hydrocortisone, dexamethasone and paramethasone 
to be inhibitors of aryl sulfatase activity. None of the 
steroids were effective blockers of f-glucuronidase 
activity and, therefore, appear to be somewhat selec- 
tive as enzyme inhibitors. Hydrocortisone has been 
reported to block the activity of kallikrein, thereby 
interfering with bradykinin formation [48]. DeDuve 
et al. [49] have suggested that hydrocortisone inhibits 
acid phosphatase. 

Ignarro [8, 19, 20] showed that paramethasone sta- 
bilized lysosomal membranes. Employing identical in- 
cubation conditions, we were unable to confirm this 
observation. However, lysosome membrane stabiliza- 
tion is a nonselective phenomenon. Therefore, if one 
enzyme is prevented from being released from lyso- 
somes by a specific drug, the same would hold true 
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for any marker enzyme examined. We made the 
observation that, while paramethasone appeared to 
inhibit the release of aryl sulfatase, it did not impair 
the release of f-glucuronidase. Upon evaluating the 
direct effect of paramethasone on these two acid hy- 
drolases, it was found that aryl sulfatase was inhi- 
bited, but not /-glucuronidase. This data would argue 
in favor of paramethasone acting as an enzyme inhibi- 
tor, while possessing no capacity to stabilize lysoso- 
mal membranes. 

We have presented data illustrating a time-depen- 
dent release of lysosomal marker enzymes from rat 
liver lysosomes at 37° using a sucrose-Tris acetate 
buffer, pH 7.4. It was observed that varying the suc- 
rose concentration had an effect on the rate of release 
of aryl sulfatase. When the effects of phenylbutazone, 
as a membrane stabilizer, were evaluated in 0.05 M, 
0.18 M and 0.36 M sucrose media, the 0.05 M sucrose 
being very hypo-osmotic stressed the lysosomal mem- 
branes to such an extent that enzyme release was 
greatly accelerated. Consequently, large concen- 
trations of drug had to be employed in order to 
obtain inhibition of enzyme release, while low concen- 
trations of drug were inactive. The 0.36 M sucrose 
is More iso-osmotic to the lysosomes, and phenylbu- 
tazone was active at high concentration but no acti- 
vity was observed at low concentrations. The 0.18 M 
sucrose buffer yielded more consistent results and was 
employed for all experiments involving the use of 
drugs. 

In summary, various steroidal and nonsteroidal 
anti-inflammatory drugs were demonstrated to in- 
fluence lysosomal enzymes by stabilizing lysosomal 
membranes and thus inhibiting enzyme release. In 
addition, several of these drugs were also found to 
exert a direct inhibitory effect on several lysosomal 
marker enzymes. Therefore, when evaluating the 
effects of drugs with established or potential anti- 
inflammatory activity, as lysosomal membrane stabi- 
lizers, it becomes necessary to test for direct inhibition 
of lysosomal hydrolase activity in order to fully un- 
derstand the possible mechanisms of actions of drugs 
in inflammatory diseases. 
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Abstract 


The inhibition of several mitochondrial functions by acetaldehyde, a metabolite of ethanol 


oxidation, was previously shown to be almost completely relieved by cysteine. To study the mechanism 
of this protective effect, several derivatives of cysteine were also tested. Free sulfhydryl and amino 
groups appear to be required for maximal protection against the inhibition by acetaldehyde since 
no protective effect was found with N-acetylcysteine or S-methylcysteine. Cysteine interacts readily 
with acetaldehyde whereas N-acetylcysteine and S-methylcysteine do not. Penicillamine (f,f-dimethyl- 
cysteine) also relieved the inhibition by acetaldehyde, but prior incubation of penicillamine with acetal- 
dehyde was required. Penicillamine was not as effective as cysteine, a finding which correlates with 
the weaker interaction of penicillamine with acetaldehyde. The greater stability of penicillamine com- 
pared to cysteine may be an advantage in studies of the effects of sulfhydryl amino acids on acute 


and chronic effects of ethanol and acetaldehyde. 


Acetaldehyde, a metabolite produced during ethanol 
oxidation, inhibits several mitochondrial func- 
tions [1-7]. Cysteine, in vitro, affords almost complete 
relief of the acetaldehyde-induced inhibition of mito- 
chondrial functions [8]. Cysteine probably exerts its 
protective effect by forming an adduct with acetalde- 
hyde, thereby preventing acetaldehyde from interact- 
ing with the mitochondria [8]. To study the 
mechanism whereby cysteine protects against acetal- 
dehyde-induced mitochondrial injury, the ability of 
several derivatives of cysteine, including S-methylcys- 
teine, in which the sulfhydryl group is in thioether 
linkage with a methyl group, and N-acetylcysteine, 
in which one of the amino hydrogens is replaced by 
an acetyl group, to relieve the inhibitions by acetalde- 
hyde was tested. 

Cysteine, in vivo, is rapidly oxidized by amino acid 
oxidase or metabolized by cysteine desulfhydrase [9]. 
Thus, a more stable sulfhydryl-containing amino acid, 
which could interact with acetaldehyde, appeared to 
be a prerequisite for studies in vivo. We, therefore, 
also evaluated the effectiveness of penicillamine (/,p- 
dimethylcysteine) in relieving the acetaldehyde- 
induced inhibition of mitochondrial functions. This 
compound is more stable than cysteine [9], and has 
been used therapeutically as a copper-chelating agent 
in the treatment of Wilson’s disease [10-12], and as 
an antidote in heavy metal intoxication [13]. Penicil- 
lamine may offer the advantages of stability, low toxi- 
city and well-characterized biochemical and pharma- 
cologic properties [14-17]. 
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METHODS 

Preparations. Rat liver mitochondria were prepared 
as previously described [5]. Characterization of the 
acetaldehyde, preparation of the sulfur-containing 
agents, scintillation counting and protein determina- 
tions were as previously described [8]. The sulfur- 
containing agents (Sigma Chemical Co.) were all 
freshly prepared, neutralized, purged with nitrogen, 
stoppered and kept on ice. 

Oxygen consumption. Oxygen uptake was assayed 
as previously described [5,6,8,18] at 30 using a 
Clark oxygen electrode and a Yellow Springs oxygen 
monitor. The reaction system, equilibrated with air, 
consisted of 0.3M mannitol; 10mM Tris-HCl, pH 
7.4; 10mM potassium phosphate, pH 7.4; 2.5mM 
MgCl,; 10mM KCI; and mitochondria equivalent to 
3-4 mg protein in a final volume of 3.0 ml. Glutamate 
(10 mM) was the substrate in all experiments. ADP 
(1 mM) was added via a syringe to initiate state 3 
conditions. 

'$CO, production. '*CO, production was assayed 
using either 67 uM octanoate[1-'*C], 67 uM _ palmi- 
tate[1-'*C], 6.7mM_ sodium succinate[1.4-'*C] or 
6.7mM_ sodium glutamate[1-'*C] (New England 
Nuclear) as the substrates. The reaction was carried 
out in flasks containing center well cups, using the 
reaction mixture described above for the oxygen con- 
sumption studies, along with 5mM ADP, and mito- 
chondria equivalent to about 2 mg protein, in a final 
volume of 3.0ml. For the experiments with fatty 
acids, 3mM ATP, 3mM carnitine, 0.1 mM _ malate 
and 6 mg fatty acid-depleted bovine serum albumin 
[19] were added. The reaction was initiated by the 
addition of the labeled substrate, the flasks were stop- 
pered, and the reaction was terminated after 15 min 
at 30° by the addition of 1 ml of 2 N HCI. Hydroxide 
of hyamine (0.3 ml) was injected into the center well, 
and CO, was allowed to collect in the center well 
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for 60 min. The cups were removed and placed in 
10 ml Econofluor, and counted in a liquid scintillation 
counter. 

Interaction of acetaldehyde and thiols. The sulfur- 
containing agent (400 nmoles) was incubated in 4 ml 
of 100mM Tris-HCl, pH 8.5, with various amaunts 
of acetaldehyde for 5, 10 or 20 min. 5-5’-Dithionitro- 
benzoic acid (final concentration of 0.25mM) was 
then added, and the absorbance at 412nm_ was 
recorded in a Gilford 240 spectrophotometer [20]. 
A mM extinction coefficient of 13.6 was used to calcu- 
late the concentrations of the thiols. Blanks included 
samples containing acetaldehyde but lacking the thiol 
or thioether. 

Acetaldehyde (450 nmoles) was incubated in 4 ml 
of 100 mM potassium phosphate, pH 7.4, with various 
amounts of the sulfur-containing agent for 5, 10 or 20 
min. Semicarbazide (15mM in 160mM_ phosphate 
buffer) was then added, and the absorbance at 224 nm 
was recorded [21]. A mM extinction coefficient of 
9.4 was used to calculate the concentration of acetal- 
dehyde. Blanks included samples containing the thiol 
but lacking acetaldehyde. 

Statistics. All values represent the mean + standard 
error of the mean. The number of experiments is indi- 
cated in the individual tables. Statistical analysis was 
performed by Student’s t-test. In the case of samples 
containing acetaldehyde plus the sulfur-containing 
compound, the analysis was made against controls 
which lacked these two compounds, as well as 
samples which contained only acetaldehyde. 
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RESULTS 


Effect of sulfur-containing agents on acetaldehyde- 
induced inhibition of glutamate oxidation. None of the 
sulfur-containing agents tested in the absence of ace- 
taldehyde had any effect on the state 3 rates of oxygen 
uptake associated with the oxidation of glutamate. 
A slight increase in. the state 4 rate of oxygen uptake 
was observed in the presence of high concentrations 
of cysteine, but not with the other compounds. The 
state 4 rate of oxygen consumption was not affected 
by 3mM _ acetaldehyde, whereas ADP-dependent 
oxygen uptake was depressed 40 per cent (Table 1). 
As has been shown previously [8], cysteine almost 
completely relieved this inhibition by acetaldehyde 
(Table 1). This protective effect was not observed with 
N-acetylcysteine or S-methylcysteine (Table 1). With 
D or DL-penicillamine a slight trend toward relief was 
noted, but the extent was much less than that found 
with cysteine. 

In these experiments, the mitochondria were incu- 
bated with the sulfur-containing agent for 1—2 min in 
the polarograph chamber prior to the addition of ace- 
taldehyde. The addition of cysteine after incubating 
mitochondria with acetaldehyde was much less effec- 
tive than when cysteine was initially present in the 
incubation medium [8]. This suggested that the 
longer the interaction of cysteine with acetaldehyde, 
the greater the relief. Therefore, acetaldehyde was in- 
cubated either by itself or with 10mM of the sulfur- 
containing reagents in an ice bath for 10 min, before 


Table |. Effect of sulfur-amino acids on acetaldehyde-induced inhibition of oxygen consumption* 





Concn 
(mM) 


Acetalde- 
hyde 


Respiratory 


state Addition 


Oxygen uptake 
(natoms/min 


Effect on 
acetaldehyde 
e 6) 


Effect_on 
control 


mg protein) (%) 





4 zs 


<t. 


+ Cysteine 


pDL-Penicillamine 
b-Penicillamine 
N-acetylcysteine 


S-methylcysteine 


Cysteine 
pL-Penicillamine 
b-Penicillamine 
N-acetylcysteine 
S-methylcysteine 


: 


1.19 

—8 
+22 
+29 
—~9 
—2 
= 
+1 
—11 
0 
—13 
—4 


< 0.01 


—40 
—18 
—10 
— 33 
—31 
—35 
—32 
—40 
—39 
—42 
—46 


+ 3.95 
+ 2.78 
3.44 
1.59 


36.03 + < 0.001 





* Oxygen consumption was assayed as described in Methods using 10mM glutamate as substrate. Mitochondria 
were added to the incubation mixture and allowed to equilibrate for 3 min. Glutamate (10 mM), sulfur-amino acid 
(10 and 20mM) and acetaldehyde (3 mM), were added in rapid succession, oxygen consumption was recorded for 
about 2 min (state 4). and ADP was added to initiate state 3 conditions. Results are the means of five individual 


experiments. 
NS = not significant. 
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Table 2. Effect of sulfur-amino acids on acetaldehyde-induced inhibition of state 3 oxygen consumption after 


preincubation* 





Effect on Effect on 
control P acetaldehyde P 
control (%) acetaldehyde 


Oxygen uptake 
(natoms/min 
mg protein (%) 


Acetaldehyde Addition 





71.45 + 2.05 

44.80 + 4.62 k < 0.001 
66.35 + 3.82 NS 
58.70 + 5.85 0.03 
58.05 +30 

50.60 + 3.12 < 0.001 +13 NS 
48.83 : +9 


< 0.001 
0.037 


+48 
+31 


Cysteine 
DL-Penicillamine 
p-Penicillamine 
N-acetylcysteine 
S-methylcysteine 





* The reaction was carried out after incubating either buffer alone, buffer plus acetaldehyde, or buffer, acetaldehyde 
and thiol for 10 min in an ice bath. Aliquots of the reaction mixture were transferred to the polarograph chamber, 
and mitochondria, glutamate and ADP added in rapid succession. The final concentration of acetaldehyde was 3 mM 
and that of the thiols, 10 mM. The same concentrations were used in the preincubations. Results are the means of 


four individual experiments, except for two experiments with D-penicillamine and S-methylcysteine. 


NS = not significant. 


transferring to the polarograph chamber. Acetalde- 
hyde, incubated 10min in the absence of any addi- 
tion, inhibited state 3 glutamate oxidation (Table 2). 
Cysteine almost completely relieved this inhibition, 
whereas S-methylcysteine and N-acetylcysteine were 
again without effect (Table 2). However, under these 
conditions penicillamine exerted a protective effect 
(Table 2). In all the experiments described below, the 
sulfur-containing agents were incubated with acetal- 
dehyde and the reaction mixture. Controls and flasks 
with acetaldehyde alone were treated in the same 
manner. 

Effect of sulfur-containing agents on acetaldehyde- 


induced inhibition of CO production. Acetaldehyde 
depressed CO, production from several different sub- 
strates, including octanoate, glutamate and succinate 


(Table 3). Cysteine completely prevented the inhibi- 
tory action with all these substrates, whereas N-ace- 
tylcysteine and S-methylcysteine were without any 
effect (Table 3). Under these conditions (10-min prein- 
cubation with acetaldehyde), penicillamine also pro- 
tected against the inibition of CO, production from 
these substrates (Table 3). 

Previous experiments suggested that amounts of 
cysteine at least equimolar to those of acetaldehyde 
were required for protection; maximum protection 
was observed in the presence of excess cysteine [8]. 
The ability of varying concentrations of D-penicilla- 
mine to relieve the inhibition of octanoate and palmi- 
tate oxidation by acetaldehyde is shown in Table 4. 
Little relief of the inhibition of octanoate oxidation 
occurred at lower penicillamine concentrations (Table 


Table 3. Effect of sulfur-amino acids on acetaldehyde-induced inhibition of CO, production* 





Substrate Acetaldehyde Addition 


Activity Effect on Effect on 
(nmoles/10 min control acetaldehyde 
mg protein) (%) (%) 





Octanoate 


Cysteine 
DL-Penicillamine 
p-Penicillamine 
N-acetylcysteine 
S-methylcysteine 
Glutamate 


Cysteine 
pL-Penicillamine 
p-Penicillamine 
N-acetylcysteine 
S-methylcysteine 
Succinate 


Cysteine 
DL-Penicillamine 
p-Penicillamine 
N-acetylcysteine 
S-methylcysteine 


+H+tttt i t++ett+ee 1 tttttsti 


17.30 
9.03 
16.09 
14.13 
13.34 
9.95 
9.39 


—48 





* Production of '*CO, from octanoate[1-!*C], glutamate[1-'*C] or succinate[1,4-'*C] was assayed as described 
in Methods in the presence or absence of 2mM acetaldehyde, or 2mM acetaldehyde plus 10mM addition. Results 
are the means of two individual experiments. A 10-min preincubation period was employed in all experiments. 
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Table 4. Effect of p-penicillamine on acetaldehyde-induced inhibition of CO, production from octanoate and palmitate* 





p-Penicillamine 
concn 
(mM) 


Substrate Acetaldehyde 


CO, production 
(nmoles/10 min/mg 
protein) 





| 


Octanoate 


0.5 
1.0 
33 
10.0 


+++++ 


Palmitate 


0.5 
1.0 
a2 
10.0 


t++++4 


15.79 + 0.87 
8.28 + 2.33 
9.52 + 1.60 
+ 2.06 

2.80 

2.63 


0.03 
0.10 > P > 0.05 
NS 





* Production of '*CO, from octanoate[1-'*C] (three experiments) or palmitate[1-'*C] (one experiment) was assayed 
as described in Methods in the presence of either 2mM acetaldehyde (octanoate experiments) or 1.5mM _ acetaldehyde 
(palmitate experiment) and the indicated concentration of D-penicillamine. A 10-min preincubation period was employed 


in all experiments. 
NS = not significant. 


4). but greater relief was observed at higher concen- 
trations (Table 4). Similar results were obtained with 
palmitate[1-'*C] as the substrate. 

Interaction of acetaldehyde with thiols and 
thioethers. Acetaldehyde readily interacts with semi- 
carbazide to form a semicarbazone, which is detected 
by its absorption at 224nm. Interaction of acetalde- 
hyde with the compounds studied in this report 
would be expected to decrease the amount of acetal- 
dehyde that can be detected as the semicarbazone 
complex. Acetaldehyde was incubated with different 
amounts of these agents for various times, semicarba- 
zide was then added, and the absorbance at 224nm 
was recorded. Increasing amounts of cysteine pro- 
gressively decreased the detectable content of acetal- 
dehyde, particularly after prolonged incubation 
(Table 5). The  cysteine-acetaldehyde complex 
appeared stable, since there was no release of acetal- 
dehyde from the complex, in the presence of semicar- 
bazide even after prolonged periods of incubation. 
There was no interaction of S-methylcysteine with 
acetaldehyde, even at very high ratios of this thioether 
to acetaldehyde, or after as much as 20 min of incuba- 
tion (Table 5). This method could not be accurately 
used with N-acetylcysteine, because high blank values 
resulted from the interaction of semicarbazide with 
the carbonyl moiety of the acetyl group. Interaction 
of DL- and D-penicillamine with acetaldehyde was 
revealed by this method, with maximal interaction 
occurring after longer periods of incubation and 
higher penicillamine concentrations (Table 5). Cys- 
teine reacts with acetaldehyde to a greater extent than 
penicillamine, as revealed by the lower amount of free 
acetaldehyde detected after incubation with cysteine, 
compared to that detected after incubation with peni- 
cillamine. 

Free sulfhydryl groups can be readily detected by 
use of the reagent, dithionitrobenzoic acid (Ellman’s 
reagent) [20]. Interaction of the sulfhydryl groups of 
a thiol with acetaldehyde should decrease the number 
of free sulfhydryl groups that can be detected with 
Elkman’s reagent. The sulfur-containing compounds 
were incubated with amounts of acetaldehyde for dif- 


ferent times. Ellman’s reagent was then added, and 
the absorbance at 412nm was recorded. Increasing 
amounts of acetaldehyde progressively decreased the 
detectable content of cysteine (Table 6), particularly 
at longer incubation periods. There was no interac- 
tion of acetaldehyde with N-acetylcysteine or S-meth- 
ylcysteine, even after 20 min of incubation (Table 6). 
Hence, the ineffectiveness of these two compounds 
seems to be related to the lack of interaction with 
acetaldehyde. Surprisingly, the amount of penicilla- 
mine detected by this method was not influenced by 
acetaldehyde, contrary to the results obtained with 
the semicarbazide method (compare Tables 5 and 6). 
The reaction product formed between penicillamine 
and acetaldehyde is probably not as strong as that 
formed between cysteine and acetaldehyde, so that 
addition of Ellman’s reagent liberates penicillamine 
(which then interacts with Ellman’s reagent), but not 
cysteine. To verify the poor ability of N-acetylcysteine 
to interact with acetaldehyde by another method, ace- 
taldehyde in 100mM phosphate buffer, pH 7.4, was 
incubated with different amounts of N-acetylcysteine 
at 30°. The contents of the flasks were transferred 
to screw cap tubes and the acetaldehyde concen- 
trations determined by gas chromatography. Under 
these conditions, more than 95 per cent of the acetal- 
dehyde could be recovered as free acetaldehyde, with 
the same retention time as standard acetaldehyde. 
Less than 5 per cent of the acetaldehyde could be 
recovered when cysteine replaced N-acetylcysteine. 


DISCUSSION 


Cysteine reversed the inhibition by acetaldehyde of 
several mitochondrial functions, probably by forming 
an adduct with acetaldehyde and thereby preventing 
the latter from interacting with the mitochondria [8]. 
Thio- and dithioacetals are readily formed between 
aldehydes and mercaptans, with subsequent ring clo- 
sure to the thiazoldine-4-carboxylic acid [22-26]. In 
the case of acetaldehyde and cysteine, 2-methylthiazo- 
lidine-4-carboxylic acid is formed. Free sulfhydryl and 
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Table 5. Reaction of acetaldehyde and sulfur-amino acids* 





Ratio: 
addition/ 
acetaldehyde : 10 


Sulfur-amino 
acids 


Acetaldehyde 
(nmoles) 


Amount of acetaldehyde 
detected (nmoles) after 
incubation (min) 





450 Cysteine 


DL-Penicillamine 


DL-Penicillamine 


D-Penicillamine 


S-methylcysteine 





* Acetaldehyde was incubated with various amounts of sulfur-containing amino 
acids at 30° for 5, 10 or 20 min as described in Materials and Methods. Semicarbazide 
was added and the absorbance at 224nm was recorded. 


free amino groups in close proximity appear to pro- 
vide maximal protection against the inhibitions by 
acetaldehyde, as evidenced by the fact that S-methyl- 
cysteine, in which the sulfhydryl group is bound in 
a thioether linkage, and N-acetylcysteine, in which 
one of the amino hydrogens is replaced by an acetyl 
group, have no protective effect. The lack of protec- 
tion by these two derivatives of cysteine probably re- 
flects the poor ability of these compounds to interact 
with acetaldehyde, at least in a stable manner under 


these conditions. Whereas N-acetylcysteine may inter-. 


act with acetaldehyde to form the dithioacetal, ring 
closure to the thiazolidine derivative would not occur. 
In any event, using Ellman’s reagent or gas chromato- 
graphy, conditions which favored a strong stable in- 
teraction between cysteine and acetaldehyde did not 
promote such interaction between N-acetylcysteine 
and acetaldehyde. This correlates with the ability of 
cysteine, but not N-acetylcysteine, to relieve the inhi- 
bitions by acetaldehyde. 

The inability of S-methylcysteine and N-acetylcys- 
teine. to provide relief against the acetaldehyde- 
induced inhibitions is in agreement with previous 
data suggesting that free sulfhydryl and amino groups 
are both required to provide significant protection. 
The need for the sulfhydryl group is suggested by 
the fact that compounds with free amino and free 
carboxyl groups (glycine or alanine) provide no relief 


of the acetaldehyde-induced inhibition [8]. The im- 
portance of the amino group is emphasized by the 
observation that thiols with free hydroxyl groups 
(mercaptoethanol) are less effective than cysteine [8]. 
B-Mercaptoethylamine is as effective as cysteine in 
relieving the inhibition by acetaldehyde, suggesting no 
role for the carboxyl group of cysteine in its protec- 
tive action [8]. 

Under conditions which promote interaction, e.g. 
preincubation, high penicillamine to acetaldehyde 
ratios and no competition with mitochondrial recep- 
tors, penicillamine provided significant relief of the 
inhibitions by acetaldehyde. Penicillamine was not as 
effective as cysteine in relieving the acetaldehyde- 
induced inhibitions, possibly because of the weaker 
interaction of penicillamine with acetaldehyde and the 
fact that the adduct between cysteine and acetalde- 
hyde is more stable than that between penicillamine 
and acetaldehyde. The lesser reactivity of penicilla- 
mine is due to the replacement of the hydrogens by 
methyl groups on the f-carbon of cysteine, which 
apparently leads to steric hindrance. Indeed, the use 
of penicillamine in Wilson’s disease is made possible 
by the fact that it is sterically hindered relative to 
cysteine, so that a more stable copper chelate is 
formed with penicillamine [27, 28]. 

Since penicillamine is more stable than cysteine, 
this compound may be more suitable for studies in 
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Table 6. Reaction of sulfur-amino acids with acetaldehyde* 





Ratio: 
acetaldehyde 
addition 


Amount 
added 
(nmoles) 


Sulfur-amino 
acids 


Amount of thiol detected (nmoles) 
after incubation (min) 








Cysteine 400 


pDL-Penicillamine 


DL-Penicillamine 


D-Penicillamine 


N-acetylcysteine 


S-methylcysteine 





* Sulfur-containing amino acids were incubated with various amounts of acetalde- 
hyde for 5, 10 or 20 min, as described in Materials and Methods. Dithionitrobenzoic 
acid (Ellman’s reagent) was added, and the absorbance at 412 nm was recorded. 


vivo than cysteine. The administration of p-penicilla- 
mine and ethanol to rats gave rise to 2,5,5-trimethyl- 
thiazolidine-4-carboxylic acid in the urine [29]. This 
compound is most likely formed from the condensa- 
tion of D-penicillamine with acetaldehyde derived 
from ethanol, with subsequent ring closure to the 
thiazolidine derivative. It is known that the toxicity 
of L-penicillamine, which is due to interaction with 
pyridoxal phosphate to form the thiazolidine ring 
structure, requires the presence of free sulfhydryl and 
amino groups in penicillamine [30]. The correspond- 
ing 2-methylthiazolidine-4-carboxylic acid could not 
be detected in the urine of rats treated with ethanol 
and L-cysteine [30]. Since cysteine in vivo protected 
rats against LDoo9 doses of acetaldehyde [31], reduced 
ethanol-induced sleeping time [29], and readily inter- 
acts with acetaldehyde (Tables 5 and 6) [8], the lack 
of detection of 2-methylthiazolidine-4-carboxylic acid 
may reflect degradation in vivo of the reaction pro- 
duction between cysteine and acetaldehyde as 
opposed to lack of formation of the product. This 


complex can be oxidized slowly by mitochondria in 
vitro [25, 26]. Since D-penicillamine can divert part 
of the acetaldehyde generated during ethanol metabo- 
lism to urinary excretory products (2,5,5-trimethyl- 
thiazolidine-4-carboxylic acid) [29], and penicillamine 
and cysteine can protect against acetaldehyde-induced 
inhibition of mitochondrial functions in vitro, the 
possible protective effects of penicillamine and cys- 
teine in acute and chronic ethanol intoxication war- 
rant investigation. 
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Abstract—Aryl hydrocarbon hydroxylation (AHH) reactions were compared using liver and lung micro- 
somes of corn oil- and 3-methylcholanthrene (3-MC)-treated hamsters, employing benzo(a)pyrene (BAP) 
and biphenyl as substrates. The predominant AHH activity of liver and lung microsomes from corn 
oil- or 3-MC-treated hamsters was biphenyl 4-hydroxylase. Biphenyl 2-hydroxylase and BAP-hydroxy- 
lase activities were approximately 50 per cent as active as biphenyl 4-hydroxylase in liver and approxi- 
mately 1-3 per cent as active as biphenyl 4-hydroxylase in lung microsomes. Biphenyl 4-hydroxylase 
activity was 70-80 per cent as active in lung as in liver microsomes. Treatment with 3-MC in vivo 
induced the biphenyl 4-hydroxylation reaction in liver but not in lung microsomes, the biphenyl 2-hyd- 
roxylation reaction both in lung and liver microsomes, and the BAP hydroxylation reaction in lung 
but not in liver microsomes. Biphenyl 2- and 4-hydroxylase activities of liver microsomes displayed 
similar sensitivities to inhibition by a number of chemical inhibitors in vitro. Inhibition of biphenyl 
hydroxylation reactions by metyrapone or carbon monoxide did not distinguish between lung or liver 
microsomal mono-oxygenases of corn oil- or 3-MC-treated hamsters. While small differences were 
expressed by inhibition with ethylmorphine, large differences became apparent through inhibition 
studies with BAP or «-naphthoflavone. It is concluded that the major aromatic hydroxylase activity 
of lung microsomes from corn oil- or 3-MC-treated hamsters resembles the constitutive (uninduced) 
AHH of the liver microsomes and that the minor aromatic hydroxylase activity of lung microsomes 


from corn oil- or 3-MC-treated hamsters resembles the induced AHH of the liver microsomes. 


Benzo(a)pyrene (BAP) and a number of polycyclic 
aromatic hydrocarbons (PAH) promote cancer in 
many tissues of man and laboratory animals, and the 
respiratory tract is a highly sensitive target organ [1]. 
While some evidence suggests that the respiratory 
tract is inherently more susceptible than other tissues 
to PAH-induced cancer [2], it is possible that a pre- 
ponderance of lung tumors occurs only after intra-tra- 
chial administration of PAH to animals [3-5] or their 
inhalation by humans [1, 6]. 

Polycyclic aromatic hydrocarbons are probably 
metabolized by their target tissues to the proximal 
carcinogens, which may be arene oxides[7-9], and 
the susceptibility of certain tissues to PAH-induced 
cancer correlates directly with their ability to metabo- 
lize PAH [10-12]. However, PAH may also be meta- 
bolized to compounds which are less- or non-carcino- 
genic [8, 11, 13]. 

BAP and other polycyclic aromatic hydrocarbons 
such as biphenyl are metabolized mainly by an 
NADPH- and oxygen-dependent mono-oxygenase 
enzyme system active in the microsomes of many tis- 
sues, including the liver and the lung[14-16]. The 
metabolites of BAP are many and various and have 
been shown to include several phenols, dihydrodiols, 
quinones, epoxides and diol-epoxides [17—23]. The 
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relative abundances of these various metabolites may 
be altered by pretreatment of animals with PAH or 
phenobarbital [19, 20, 22], and the effects of PAH pre- 
treatment in vivo on the pattern of microsomal BAP 
metabolites are different in the lung and the liver [24]. 
There is a wide species-variability in the ratio for the 
mono-oxygenase activity of lung microsomes relative 
to liver microsomes, and there are both similarities 
and differences between the lung and the liver for 
the metabolism of BAP and other compounds, includ- 
ing non-carcinogenic substrates [15, 19, 25-32]. 

In this study we have undertaken to compare some 
characteristics of the hydroxylation of aromatic hy- 
drocarbons by lung and liver microsomes by contrast- 
ing the hydroxylation of biphenyl and benzo(a)pyrene, 
using the hamster because it is highly susceptible to 
PAH-induced respiratory tract cancer [3-5]. Ben- 
zo(a)pyrene hydroxylase activity can be measured 
by three methods: high pressure liquid or thin- 
layer chromatography techniques which measure 
various classes of metabolites [15, 19-22], fluor- 
escence measurements which measure _ only 
phenols [20, 22, 33-35], and radiometric assays which 
measure only total metabolites [36, 37]. Because all 
three methods have some limitations, we have used 
biphenyl as a second substrate for the aryl hydro- 
carbon hydroxylase activity since it has two easily 
measured metabolites, 2- and 4-hydroxybiphenyl, that 
comprise at least 95 per cent of the total metabolites 
produced by rat or hamster liver microsomes [38, 39]. 
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Biphenyl hydroxylase activity has been shown to exist 
with appreciable specific activity in rodent lung mic- 
rosomes [25, 28, 29]. 


MATERIALS AND METHODS 


Chemicals. Chemicals were purchased in the highest 
purity available and were used as supplied. Biphenyl 
and its hydroxybipheny! derivatives were recrystal- 
lized from petroleum ether. Authentic 3-hydroxyben- 
zo(a)pyrene was provided by Dr. Harry V. Gelboin, 
Chemistry Branch, National Cancer Institute. 

Animals. Male Syrian Golden hamsters, 14-18 
weeks old, were allowed food (laboratory rat chow 
pellets) and water ad lib. They received either corn 
oil (0.3 ml), 3-MC (20 mg/kg of body weight as a 2% 
solution in corn oil), or phenobarbital (80 mg/kg of 
body weight as a 4°, aqueous solution of the sodium 
salt) i.p. once daily for 4 days, with the final injection 
being given 24hr before sacrifice. The animals were 
not starved before sacrifice. 

Microsome preparation and enzyme assays. Ham- 
sters were killed by cervical dislocation and suspen- 
sions of their liver and lung microsomes prepared as 
previously described [29, 38]. The concentration of 
protein in the microsomal suspensions was deter- 
mined by the method of Lowry et al. [40] and the 
contents of their cytochromes P-450 and bs were 
assayed as described previously [29]. NADPH- and 
NADH-cytochrome c reductase activities were 
measured as detailed by Masters et al. [41]. 

Benzphetamine and ethylmorphine demethylation 
reactions were assayed as reported in Ref. 42, employ- 
ing |1mM benzphetamine or 8mM _ ethylmorphine. 
BAP hydroxylation activity was determined as prod- 
ucts showing fluorescence equal to | nmole of authen- 
tic 3-hydroxy BAP by a modification of the method 
of Dehnen et al. [35]. x-Naphthoflavone (ANF) or 
biphenyl was added to the incubations dissolved in 
the acetone solutions of BAP itself, while ethylmor- 
phine was dissolved in the reaction buffer. The hepa- 
tic microsomal reactions were monitored every 30 sec 
and were linear for no longer than 3 min; the lung 
microsomal reactions were monitored every 2 min 
and were linear for 15 min. 

Biphenyl 2- and 4-hydroxylase activities were 
measured by an adaptation [38, 39] of the method of 
Creaven et al. [43]; the reaction included either liver 
microsomes or lung microsomes (1 mg protein/ml of 
reaction) and was started with NADPH (0.25 mM). 
Biphenyl was present at a |1mM concentration. A 
constant volume (10 yl) of various concentrations of 
ANF in methanol or BAP in acetone was added to 
the reaction mixtures, and metyrapone or ethylmor- 
phine was dissolved at various concentrations in the 
reaction buffer. None of these additions affected the 
fluorescence of standard 2- or 4-hydroxybiphenyl 
solutions at pH 5.5, and the effects of the solvents 
themselves on the reaction are discussed in Results 





* The term ‘turnover number’ will be based upon CO- 
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in many o. -he mixed-function oxidase reactions, and will 
be expressed as the nmoles of product formed/min/nmole 
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(Inhibition of biphenyl hydroxylation by ethylmor- 
phine). The liver microsomal biphenyl hydroxylation 
reactions were linear for 7.5 min, and 5-min incuba- 
tions were routinely used, while the lung microsomal 
reactions were linear for 20 min, and 15-min incuba- 
tions were used. For determination of carbon monox- 
ide inhibition, the reaction tubes were continuously 
gassed with gas mixtures of either N,—O, (80-20 per 
cent) or CO—O, (80-20 per cent). The spectrally 
apparent interaction of biphenyl with lung micro- 
somes was investigated by the technique of Schenk- 
man et al. [44]. 


RESULTS 


Liver and lung microsomal activities. Of the aryl hy- 
drocarbon hydroxylation (AHH) activities measured 
in liver microsomes of corn oil-treated hamsters, 
biphenyl 4-hydroxylation was the most active, 
biphenyl 2-hydroxylation was the least active, and 
BAP hydroxylation was intermediate in activity 
(Table 1). Benzphetamine and ethylmorphine demeth- 
ylase activities were as large as the biphenyl 4-hydrox- 
ylase activity but were not induced by animal pre- 
treatment with 3-methylcholanthrene (3-MC). 3-MC 
treatment of hamsters induced hepatic biphenyl 2- 
and 4-hydroxylase activities 3.4- and 2.3-fold, respect- 
ively, but did not greatly induce BAP hydroxylase 
activity. The microsomal cytochrome P-450, 
measured as carbon monoxy-ferrous cytochrome 
P-450, had a spectral maximum at 450 nm in liver 
or lung microsomes from corn oil-treated hamsters 
but had a spectral maximum at 448 nm and an in- 
creased concentration per mg of protein in liver or 
lung microsomes from 3-MC-treated hamsters (Table 
1). The lack of induction of liver microsomal BAP 
hydroxylase activity by 3-MC treatment is in contrast 
to the 3 to 12-fold induction of activity in rat liver 
microsomes after 3-MC administration [19, 29]. 
Other reports have shown that BAP hydroxylation 
is minimally induced in hamster liver microsomes by 
PAH [24, 30]. 

In lung microsomal fractions, only biphenyl 2- and 
BAP-hydroxylase activities were induced by 3-MC 
pretreatment of hamsters, while all other activities 
measured were not affected or slightly diminished 
(Table 1). However, the lung microsomal specific ac- 
tivities for bipheny! 4-hydroxylation, benzphetamine 
demethylation, and NADPH-cytochrome c reduction 
are nearly as large as those of liver in both corn oil- 
or 3-MC-treated hamsters but the activities of 
biphenyl 2- or BAP-hydroxylation and ethylmorphine 
demethylation were only a few per cent of those of 
liver (Table | and 2). 

The specific activities of BAP- and biphenyl 2-hyd- 
roxylation with liver or lung microsomes of corn oil- 
or 3-MC-treated hamsters showed a fairly direct cor- 
relation with the specific concentration (per mg of 
protein) of cytochrome P-450, whereas no such corre- 
lation was apparent for biphenyl 4-hydroxylation. 
Consequently, when the hydroxylation activities are 
expressed per nmole of cytochrome P450, the ‘tur- 
nover numbers* of lung microsomal BAP- or 
biphenyl 2-hydroxylation were 10-30 per cent of 
those of liver, while the lung microsomal biphenyl 





Aryl hydrocarbon hydroxylation reactions 


Table 1. Activities and contents of microsomes of hamster lung and liver 





Lung 
corn oil 


Activity or 
content* 


Lung 
3-MC 


Fold 
induction 


Liver 
corn oil 


Fold 
induction 





Biphenyl 1.7+04 
4-hydroxylationt 

Biphenyl 
2-hydroxylationt 

Benzo(a)pyrene 
hydroxylationt 

Benzphetamine ‘ 1.7 
demethylationt 

Ethylmorphine ; 0.2 
demethylationt 

NADPH-cytochrome 63 
c reductiont 

Cytochrome P-450 
or P-448t 


0.02 + 0.01 


0.006 + 0.002 


0.06 


1.4+40.5 
0.05 + 0.01 2.5 


0.020 + 0.005 


0.21 


0.8 
3.10 + 0.90 


14+ 0.3 





* Values are given either as mean + S. D. for five experiments for the three aromatic hydroxylation reactions or 
the mean for three experiments for the other activities. Each activity was measured on a different preparation of 
microsomes due to the low yield of lung microsomal protein; the demethylase and reductase activities are presented 
for comparison with other lung microsomal studies. Activities and contents were determined as described in Methods. 
Hamsters were pretreated with either corn oil or 3-MC as detailed in Methods. Liver and lung microsomes of corn 
oil-treated hamsters contained cytochrome P-450, while those of 3-MC-treated hamsters contained cytochrome P-448, 


as discussed in the text. 


+ Rate is nmoles of product formed/min/mg of microsomal protein. 


t Expressed as nmoles/mg of protein. 


4-hydroxylase turnover number was ten times larger 
than that of liver. Our results suggest that while 
biphenyl 2- and BAP-hydroxylase and ethylmorphine 
demethylase activities in lung were similar to those 


of liver, each molecule of lung cytochrome P-450 was 
either catalytically more active than its hepatic 
counterpart toward biphenyl 4-hydroxylation and 
benzphetamine N-demethylation or a large fraction 
of the hepatic cytochrome was catalytically inactive 
toward these reactions. 

Inhibition of BAP hydroxylation by ANF, biphenyl 
and ethylmorphine. ANF at a concentration of 
1 x 10°*M potently inhibits BAP hydroxylation 
with liver microsomes from 3-MC-induced rats, 
whereas it slightly enhances the reaction with liver 
microsomes of corn oil-treated rats[27]. ANF 
strongly inhibited, by 85 per cent, BAP hydroxylation 
with the liver microsomes of 3-MC-treated hamsters 
and it also inhibited, but more weakly, by 31 per 
cent, the reaction with the liver microsomes of corn 


oil-treated hamsters (Fig. 1). The ANF was added in 
acetone, which had no effect on the reaction. Biphenyl 
(1 x 10°3M) strongly inhibited BAP-hydroxylation 
by liver microsomes of corn oil- or 3-MC-treated 
hamsters, although the inhibition was greater with the 
microsomes of corn oil-treated animals (87 vs 68 per 
cent) (Fig. 1). BAP hydroxylation was also signifi- 
cantly inhibited by 10°'M ethylmorphine with the 
liver microsomes of corn oil or 3-MC-treated ham- 
sters (Fig. 1). 

ANF and biphenyl at a _ concentration of 
1 x 10°7M strongly inhibit the lung microsomal 
benzo(a)pyrene hydroxylase activity of corn oil- or 
3-MC-treated hamsters (Table 3). The activities with 
lung microsomes from hamsters were nearly identical 
with those reported for rat lung microsomes [27] and 
the amount of ANF resulting in a 50 per cent in- 
hibition of control or induced benzo(a)pyrene activity 
was also nearly identical (1.0 to 1.3 x 10°°M). 
The biphenyl inhibited equally well the control and 


Table 2. Comparison of specific activities and turnover numbers of the 
aromatic hydroxylation reactions of hamster liver and lung 





Animal 


Activity* pretreatment 


Sp. Act. lung 





Sp. act. liver 


Turnover No.* 





Lung Liver 





Biphenyl Corn oil 
4-hydroxylase 3-MC 
Biphenyl Corn oil 
2-hydroxylase 3-MC 
Benzo(a)pyrene Corn oil 
hydroxylase 3-MC 





* Calculated from Table 1. 


+ Rate is nmoles product formed/min/nmole of cytochrome P-450. 
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f nmoles (eq.)/min/mg protein 


























ltr T T 
-5 -4 -3 
Biphenyl Ethylmorphine 


109,9 Inhibitor (M) 


Fig. 1. Inhibition of liver microsomal benzo(a)pyrene hydroxylation. BAP was incubated, as described 
in Methods, with liver microsomes of either corn oil- (O) or 3-MC-treated (@) hamsters, in the presence 
of various concentrations of either «-naphthoflavone (ANF), biphenyl or ethylmorphine. BAP-hydroxy- 
lation activity is expressed as nmoles of metabolites exhibiting the fluorescence identical to 1 nmole 
of standard 3-hydroxy BAP. BAP-hydroxylase activities in the absence of added inhibitors were equal 
with the liver microsomes of either corn oil- or 3-MC-treated hamsters and are represented as (A). 
The values given are the mean for experiments with microsomes from three separate sets of hamsters 
and the average deviation in all cases was less than 10 per cent. 


induced BAP hydroxylase activity in hamster lung 
microsomes. 

Inhibition of biphenyl hydroxylation by BAP and 
ANF. The biphenyl 2- and 4-hydroxylation reactions 
of liver microsomes from corn oil-treated hamsters 
were weakly inhibited to the same extent by BAP 
in vitro (Fig. 2). The induced liver microsomal 2- and 
4-hydroxylation specific activities of 3-MC-treated 
hamsters were strongly inhibited by BAP in vitro to 
the same extent (Fig. 2). Benzo(a)pyrene inhibited the 
3-MC-induced activities to approximately the activity 
for biphenyl 4-hydroxylation shown by the uninhi- 
bited liver microsomes of corn oil-treated hamsters. 
This result suggests that induced liver microsomes 
may contain both a constitutive and a 3-MC-induced 
mono-oxygenase which can catalyze biphenyl hy- 
droxylation. 

The biphenyl 4-hydroxylase activity of lung micro- 
somes was not induced by 3-MC treatment in vivo 
(Table 1), and BAP in vitro did not inhibit the reac- 
tion with the lung microsomes of either corn oil- or 
3-MC-treated hamsters (Fig. 3). The biphenyl 2-hyd- 
roxylase activity of lung microsomes from either corn 
oil- or 3-MC-treated hamsters was also not inhibited 
by BAP; instead 3-fold stimulations resulted in each 
case from the incorporation of 10°*M BAP in the 
incubation mixture (Burke and Prough, unpublished 
results). 

ANF weakly inhibited biphenyl 4-hydroxylation 
with liver microsomes from corn oil-treated hamsters 
but strongly inhibited the reaction in liver micro- 


somes from 3-MC-treated hamsters (Fig. 4). Biphenyl 
2-hydroxylation was inhibited identically as 4-hydrox- 
ylation in liver microsomes from corn oil- or 3-MC- 
treated hamsters (Burke and Prough, unpublished 
results). ANF did not inhibit the biphenyl 4-hydroxy- 
lation reaction of lung microsomes from either corn 
oil- or 3-MC-treated hamsters, while 10°* M ANF 
enhanced the biphenyl 2-hydroxylation reaction 3- to 
4-fold with lung microsomes of corn oil- or 3-MC- 
treated hamsters. 

Acetone inhibited biphenyl 4-hydroxylation with 
the liver or lung microsomes of corn oil- or 3-MC- 
treated hamsters (10 and 40 pl of acetone/2 ml of incu- 


Table 3. Effect of «-naphthoflavone and biphenyl on lung 
microsomal benzo(a)pyrene hydroxylase activity* 





Animal 
pretreatment 


: Isot 


Inhibitor Inhibition (M) 





Corn oil 
3-MC 
Corn oil 
3-MC 


Biphenyl 
Biphenyl 
ANF 


ANF 1.3 x 10~° 





* The activity of lung microsomal benzo(a)pyrene hy- 
droxylase activity was approximately 7 and 25 pmoles of 
3-hydroxybenzo(a)pyrene formed/min/mg of protein for 
control and 3-MC-pretreated hamsters respectively. The 
values are the mean of two experiments and the average 
deviation was 25 per cent. 

+ The I;9 value is that molar concentration of inhibitor 
which causes a 50 per cent inhibition of activity. 
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Fig. 2. BAP inhibition of liver microsomal biphenyl 2- and 
4-hydroxylation. Biphenyl was incubated, as described in 
Methods, with liver microsomes of either corn oil- (A or 
A) or 3-MC-treated (O or @) hamsters, in the presence 
of various concentrations of BAP. Hydroxylation activities 
are expressed as nmoles of either 2-hydroxybiphenyl (A, 
@) or 4-hydroxybiphenyl (A, ©) formed. The values given 
are the mean for microsomes from three separate sets of 
hamsters and the average deviation in all cases was less 
than 10 per cent. 


bation mixture caused 28 and SO per cent inhibition, 
respectively), but biphenyl 2-hydroxylation was not 
affected. The results in Fig. 3 are expressed as percent- 
ages of the activities in the presence of 10 yl acetone 


alone. Methanol (10 ul) added to 2 ml of incubation 
mixture inhibited biphenyl 4-hydroxylation by 15 per 
cent with the liver or lung microsomes of corn oil- 
or 3-MC-treated hamsters, but biphenyl 2-hydroxyla- 
tion was not affected. Dimethylformamide (DMF) 
and dimethylsulfoxide (DMSO) were both as inhibi- 
tory (50 per cent maximally) to biphenyl 2-hydroxyla- 
tion as to its 4-hydroxylation (Burke and Prough, un- 
published results). Organic solvents are much less in- 
hibitory to 3-MC-induced rat liver microsomal BAP- 
hydroxylase activity than to the constitutive activity 
[27, 45], and they have been shown to also inhibit 
biphenyl 4-hydroxylase activity of liver microsomes 
of untreated rabbits [46]. 

Inhibition of biphenyl hydroxylation by ethylmor- 
phine. The ethylmorphine N-demethylation activity of 
the liver microsomes from corn oil-treated hamsters 
was approximately 3 nmoles/min/mg of protein, and 
this was not induced by pretreatment with 3-MC in 
vivo. In contrast, ethylmorphine was _ poorly 
N-demethylated to formaldehyde by lung microsomes 
of corn oil- or 3-MC-treated hamsters (< 0.2 nmole/ 
min/mg), although alternative possible metabolites 
were not sought. High concentrations of ethylmor- 
phine strongly inhibited to an approximately equal 
extent the biphenyl 4-hydroxylation activity of liver 
or lung microsomes from corn oil- or 3-MC-treated 
hamsters, although the lung activity was slightly more 
sensitive than that of the liver (Fig. 5). Ethylmorphine 
inhibited biphenyl 2-hydroxylation with liver micro- 
somes from corn oil-treated hamsters more strongly 
than it did the activity of liver microsomes from 
3-MC-treated hamsters, while the reaction of lung 
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microsomes from 3-MC-treated hamsters was only 
weakly inhibited (Fig. 6). Biphenyl 2-hydroxylation 
with lung microsomes of corn oil-treated hamsters 
was also inhibited by ethylmorphine, but the inhibited 
activity under these conditions was below the level 
of accurate measurement. 

Involvement of cytochrome P-450 in the binding and 
metabolism of biphenyl. The interaction of many sub- 
strates with the hepatic and lung microsomal mono- 
oxygenase systems is characterized by a shift in the 
spectral absorption of microsomes, which is attri- 
buted to the binding of substrate to cytochrome 
P-450 [29, 44]. Biphenyl evokes a type I binding dif- 
ference spectrum with liver microsomes from corn oil- 
or 3-MC-treated hamsters [38]. A similar type I spec- 
tral change resulted from the addition of biphenyl 
to lung microsomes from corn oil- or 3-MC-treated 
hamsters. The binding difference spectrum was well 
defined at saturating substrate concentrations, with 
a peak at 395nm and a trough at 425nm, but the 
peak to trough magnitude (AE) was small in compari- 
son with that obtained for the interaction of biphenyl 
with liver microsomes. This is consistent with the 
lower concentration of cytochrome P-450 in lung mic- 
rosomes. The microsomes were titrated with increas- 
ing concentrations of biphenyl and the maximal effect 
at 2mM bipheny] (AE,,,,,) was 0.002 and 0.006 E/2 mg 
of protein (N = 3 experiments, average deviation 25 
per cent) with lung microsomes from corn oil- and 
3-MC-treated hamsters respectively. BAP also pro- 
duces a weak, type I spectral change with lung micro- 
somes of 3-MC-treated rats [47]. 
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Fig. 3. BAP inhibition of lung and liver microsomal 
biphenyl! 4-hydroxylation. Biphenyl was incubated, as de- 
scribed in Methods, with either lung (closed symbols) or 
liver (open symbols) microsomes of corn oil- (A or A) 
or 3-MC-treated (O or @) hamsters, in the presence of 
various concentrations of BAP. Hydroxylation activities 
are expressed for each BAP concentration as a percentage 
of the corresponding specific activity (nmoles of 4-hydroxy- 
biphenyl formed) in the absence of added BAP. The values 
given are the mean for microsomes from three separate 
sets of hamsters and the average deviation for liver micro- 
somes was 10 per cent and for lung microsomes was 13 
per cent. 
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Fig. 4. ANF inhibition of lung and liver microsomal 
biphenyl 4-hydroxylation. Details are as described in Fig. 
3, except that the added inhibitor was a-naphthoflavone 
and the actual specific activities of 4-hydroxylation are 
plotted. The specific activities in the absence of ANF were 
as follows: control lung, 1.1 nmoles/min/mg; 3-MC lung, 
0.9 nmole/min/mg; control liver, 2.2 nmoles/min/mg; and 
3-MC liver, 4.4 nmoles/min/mg. 


Carbon monoxide has been shown to inhibit cyto- 
chrome P-450-mediated microsomal reactions [48]. 
The cytochrome  P-450-mediated microsomal 
biphenyl 2- and 4-hydroxylation reactions of liver and 
lung microsomes from corn oil- or 3-MC-treated 
hamsters were equally sensitive to inhibition by car- 
bon monoxide (Table 4). An atmosphere of 80% 
CO-20°,, O, above the incubation mixture inhibited 
the hydroxylation reactions by 75-80 per cent relative 
to the activities with an atmosphere of 80% N,—20% 
O, (mean result for eight experiments). Since only 
small differences exist between the two activities re- 
gardless of organ and animal pretreatment, the 2- and 


4-hydroxylase activities appear to be very similar in 
their sensitivity to CO inhibition. 

Metyrapone is a potent inhibitor of liver microso- 
mal drug metabolism and probably acts by interact- 
ing directly with the heme iron of cytochrome 
P-450 [49,50]; on the other hand, many substrates 
appear to bind to cytochrome P-450 without interact- 
ing with the iron as an axial ligand [44]. Constitutive 
BAP hydroxylation by liver microsomes of (un- 
treated) mice is much more sensitive to metyrapone 
than is the 3-MC-induced reaction [45, 46]. However, 
1mM metyrapone strongly inhibited to an equal 
extent the biphenyl 4-hydroxylation activities of liver 
or lung microsomes from corn oil-, phenobarbital- 
or 3-MC-treated hamsters (Figs. 7 and 8). A compari- 
son of these two figures illustrates how an impression 
of an apparent difference in the sensitivities of reac- 
tions with different microsomes can mistakenly arise 
from plotting the specific activities directly instead of 





% Control Activity 











T 


-3 
1099 Ethyimorphine (M) 


Fig. 5. Ethyimorphine inhibition of lung and liver micro- 

somal biphenyl 4-hydroxylation. Details are as described 

in Fig. 3, except that the added inhibitor was 
ethylmorphine. 


Table 4. Carbon monoxide inhibition of the biphenyl hydroxylase activities of hamster 
liver and lung 





Types of 


biphenyl hydroxylase 


Organ/pretreatment activity 


Activity* 





N,:0, CO:0O,  % Inhibition 





Control liver 
3-MC liver 
Control lung 


3-MC lung 


NlenNnhntlknwn Sf 


2.30 
1.10 
5.26 
2.20 
1.10 
<0.03 
0.90 
0.05 





* Rate is nmoles product formed/min/mg of protein. 


+ Lower level of assay reliability. 
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Fig. 6. Ethylmorphine inhibition of lung and liver micro- 

somal biphenyl 2-hydroxylation. Details are as described 

in Fig. 3, except that ethylmorphine was the added inhibi- 

tor and the results are for nmoles of 2-hydroxybiphenyl 

formed. No curve is included for lung microsomes of un- 
treated hamsters (see text). 


‘as percentages of the control activity (i.e. in the 
absence of inhibitor). The inhibition of biphenyl 
2-hydroxylation by metyrapone in liver microsomes 
from corn oil-, phenobarbital- or 3-MC-treated ham- 
sters or in lung microsomes from 3-MC-treated ham- 
sters was identical with the inhibition of biphenyl 
4-hydroxylation. The 2-hydroxylation activity of the 
lung microsomes from corn oil- or phenobarbital- 
treated hamsters was also inhibited by metyrapone, 
but to below the level of accurate measurement. 





nmoles/min/mg protein 
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Fig. 7. Metyrapone inhibition of lung and liver microso- 
mal biphenyl! 4-hydroxylation. Biphenyl was incubated, as 
described in Methods, with either lung (closed symbols) 
or liver (open symbols) microsomes of either corn oil- (A 
or A), 3-MC-treated (@ or O) or phenobarbital-treated (@ 
or C) hamsters, in the presence of various concentrations 
of metyrapone. The hydroxylation activities are expressed 
for each metyrapone concentration as nmoles of 4-hydrox- 
ybiphenyl formed. The values given are the mean of exper- 
iments performed with microsomes from three separate 
sets of hamsters and the average deviatiori was 15 and 
10 per cent for lung and liver microsomes respectively. 


DISCUSSION 


Biphenyl is a toxicologically important xenobiotic 
in its own right, since it is used as a fungistat on 
fruit and forms the nucleus of the polychlorobiphenyl 
plasticizers. Several experimental observations suggest 
that the hamster liver microsomal hydroxylation reac- 
tions of biphenyl and BAP are catalyzed by similar 
AHH systems. Biphenyl and BAP both interact with 
liver microsomal cytochrome P-450 to yield a type 
I binding difference spectrum [38, 46], and the induc- 
tion of rat liver microsomal biphenyl and BAP hy- 
droxylase activities by either phenobarbital or 
3-methylcholanthrene is quite similar [29, 38]. Both 
hydroxylation reactions are inhibited in a parallel 
fashion by an antibody against NADPH-cytochrome 
c (P-450) reductase [39]. However, no biphenyl-epox- 
ide or -dihydrodiol metabolites have been observed 
corresponding to those formed during the microsomal 
metabolism of BAP. 

Hamster lung microsomes catalyzed BAP hy- 
droxylation and biphenyl 2- and 4-hydroxylation 
reactions, but the major AHH activity was biphenyl 
4-hydroxylation, with a specific activity (nmoles prod- 
uct formed/min/mg of protein) comparable to that of 
liver microsomes and over 25-fold higher than the 
specific activities for BAP- or biphenyl 2-hydroxyla- 
tions of lung microsomes. Because the concentrations 
of CO-reactive cytochromes P-450 or P-448 in ham- 
ster lung microsomes were much less than their con- 
centrations in liver microsomes, the implication is 
that either each molecule of the lung cytochromes 
was catalytically more active than its hepatic counter- 
part toward biphenyl 4-hydroxylation or that a large 
portion of the hepatic cytochrome was catalytically 
inactive toward this reaction. On the other hand, 
there was a close similarity between the lung and liver 
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Fig. 8. Metyrapone inhibition of lung and liver microso- 
mal biphenyl 4-hydroxylation. Details are as for Fig. 7, 
except that the hydroxylase activities for each metyrapone 
concentration are expressed as percentages of the corre- 
sponding specific activity in the absence of added inhibitor. 
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cytochromes P-450 or P-448 with respect to activity 
toward biphenyl 2- and BAP-hydroxylation. 

Goujon et al. [45] and Wiebel et al. [27] have used 
chemical inhibitors to differentiate between constitu- 
tive and PAH-induced benzo(a)pyrene hydroxylase 
(AHH) activities. Both reported that the liver micro- 
somal BAP hydroxylase activity of untreated mice or 
rats was refractory to inhibition by ANF but that 
this activity of 3-MC-pretreated animals was ex- 
tremely sensitive to ANF as an inhibitor. In agree- 
ment with Wiebel et al., we have noted that lung mic- 
rosomal BAP hydroxylase activities of control or 
3-MC-treated rats or hamsters were nearly equally 
sensitive to ANF. 

Using a number of chemical inhibitors, we have 
contrasted biphenyl and benzo(a)pyrene as substrates 
of the hamster liver and lung mono-oxygenase system 
which hydroxylates aromatic hydrocarbons. Biphenyl 
inhibited BAP hydroxylation reactions; the biphenyl 
concentration causing 50 per cent inhibition of BAP 
hydroxylase activity was approximately equal to the 
apparent K,, for biphenyl 2-hydroxylase (2 to 
4 = 10°*M, Ref. 38). Conversely, BAP inhibited 
3-MC-induced liver microsomal biphenyl 2- and 
4-hydroxylase activities. The liver microsomal 
biphenyl! hydroxylases of control animals and the 
lung microsomal biphenyl hydroxylases were slightly 
or not at all inhibited by BAP respectively. ANF 
behaved much like BAP as an inhibitor of biphenyl 
hydroxylase activity in that only the activity of 3-MC- 
induced hamster liver microsomes was sensitive to 
ANF 

The biphenyl 2- and 4-hydroxylase activities with 
liver microsomes of corn oil-treated hamsters were 
much less sensitive to ANF inhibition than was the 
control BAP-hydroxylase, while the 3-MC-induced 
biphenyl- and BAP-hydroxylase activities were highly 
sensitive to ANF inhibition. These results suggest that 
a closer similarity exists between the 3-MC-induced 
biphenyl- and BAP-hydroxylases than between the 
constitutive activities. 

The liver microsomal biphenyl 2-hydroxylase of 
corn oil- or 3-MC-pretreated hamsters showed the 
same sensitivity as biphenyl 4-hydroxylase toward in- 
hibition by ANF, BAP, metyrapone, ethylmorphine 
or carbon monoxide. This result supports the pre- 
vious suggestions that these biphenyl hydroxylases 
are generally identical although subtly  differ- 
ent [38, 39]. At the same time, constitutive and 3-MC- 
inducible biphenyl hydroxylases can be differentiated 
by their sensitivities to ANF or BAP. These observa- 
tions suggest that the constitutive biphenyl hydrox- 
ylase of hamster liver microsomes catalyzes both the 
2- and the 4-hydroxylation reactions, in contrast to 
rat liver microsomes wherein only a 3-MC-inducible 
hydroxylase catalyzes biphenyl 2-hydroxylation reac- 
tions [51]. 

Experiments using specific inhibitory antibodies 
have indicated that NADPH-cytochrome c (P-450) 
reductase plays an essentially identical, important role 
as the flavoprotein reductase of cytochrome P-450 in 
the biphenyl hydroxylases of both liver and lung mic- 
rosomes [39]. Our observation of the type I binding 
of biphenyl with lung microsomes and metyrapone- 
and carbon monoxide-inhibitions in lung and liver 
bipheny! hydroxylase activities suggests that cyto- 
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chrome P-450 assumes the important role of a ter- 
minal oxidase for the lung hydroxylase activities, as 
it does for the liver mono-oxygenases [ 52, 53]. 

There were some large differences between the lung 
and liver microsomal AHH. The major AHH activity 
of hamster lung microsomes, biphenyl-4-hydroxyla- 
tion, was not inducible in lung microsomes upon 
3-MC pretreatment and displayed the ANF- and 
BAP-inhibition characteristics in vitro of the constitu- 
tive liver microsomal activity. A minor AHH activity 
of lung microsomes, biphenyl 2-hydroxylation, was 
induced by 3-MC in both liver and lung microsomes, 
while another minor lung microsomal AHH activity, 
BAP hydroxylation, was induced by 3-MC in hamster 
lung but not liver microsomes. Wang et al. [24] have 
reported that BAP treatment of female hamsters in 
vivo also induces BAP-hydroxylase activity with lung 
but not liver microsomes [19, 28,29], and biphenyl 
4-hydroxylase activity is reportedly induced in lung 
and liver microsomes by 3-MC treatment in vivo of 
Wistar rats[29]. ANF and BAP enhanced hamster 
lung microsomal biphenyl 2-hydroxylation in vitro 
but inhibited the reaction with liver microsomes. The 
enhancement may have been caused by metabolites 
of ANF or BAP generated during the relatively pro- 
longed lung microsomal reactions, whereas the 
shorter duration liver microsomal reactions may have 
preempted the formation of sufficient concentrations 
of such metabolites. A similar enhancement in vitro 
of liver microsomal biphenyl-2-hydroxylation by 
metabolites of various PAH carcinogens has been 
reported [54]. 

As similarly proposed for rat or mouse liver ben- 
zo(a)pyrene hydroxylase [27,45], there appear to be 
two types of biphenyl hydroxylase activities in ham- 
ster liver microsomes capable of catalyzing both the 
2- and 4-hydroxylation reactions: a constitutive 
enzyme complex and a 3-MC-inducible enzyme sys- 
tem. In hamster lung, there appear to be both a con- 
stitutive and a 3-MC-inducible AHH enzyme system. 
The constitutive system is the major lung AHH acti- 
vity and catalyzes primarily biphenyl 4-hydroxylation 
at a higher turnover than liver microsomes 
(10-30 nmoles product/min/nmole of cytochrome 
P-450). The 3-MC-inducible enzyme is a minor lung 
AHH activity and appears to catalyze only BAP- and 
biphenyl 2-hydroxylation reactions at a turnover 
similar to liver microsomes from control animals 
(0.5 nmole product/min/nmole of cytochrome P-450). 
The existence of two types of cytochrome P-450- 
dependent mono-oxygenases in rodent lung is similar 
to the situation in liver in which several types or 
classes of cytochrome P-450 exist. Further, it may 
be relevant to BAP lung tumorigenesis .that 
only one type of lung mono-oxygenase which is 
inducible by PAH appears to be very specific for 
BAP metabolism. 
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Abstract—Pyrazole administered to rats 24 hr previously produced an increase in hepatic microsomal 
aniline hydroxylation and a decrease in aminopyrine demethylation. This was a direct effect and not 
a consequence of the inhibition of the metabolism of endogenously produced ethanol. Acetaldehyde 
oxime had no effect upon aniline hydroxylation but produced a small decrease in aminopyrine demethy- 
lation. Both inhibitors of alcohol dehydrogenase potentiated the increase in aniline hydroxylation pro- 
duced by submaximal doses of methanol and ethanol, suggesting that this was a direct effect produced 
by the alcohols themselves. The decrease in aminopyrine demethylation produced by methanol and 
ethanol was partly reversed by inhibitors of alcohol dehydrogenase, suggesting that this effect resulted 
from the metabolism of the alcohols. Formaldehyde and acetaldehyde administered to rats had no 
effect upon aniline hydroxylation but both produced a decrease in aminopyrine demethylation and 
in the type I spectral change. The inhibitory effect of submaximal doses of the aldehydes upon amino- 
pyrine demethylation was potentiated by disulphiram, an inhibitor of aldehyde dehydrogenase. Inhibi- 
tors of alcohol dehydrogenase had no effect upon the increase in aniline hydroxylation produced 
by propan-2-ol, nor was their effect upon aminopyrine demethylation modified in any consistent way 


by propan-2-ol. 


The administration to rats of a single oral dose of 
ethanol, and to a greater extent methanol, has been 
found in this laboratory to produce a selective induc- 
tion of hepatic microsomal aniline hydroxylation, and 
a decrease in aminopyrine demethylation. There is, 
however, no change in any of the components of the 
microsomal mixed function oxidase. Propan-2-ol 
produces an increase in hepatic microsomal aniline 
hydroxylation, NADPH-cytochrome c_ reductase, 
NADPH-cytochrome P-450 reductase, with no effect 
or a small increase in the levels of aminopyrine 
demethylation [1]. The major pathway for the meta- 
bolism of ethanol and propan-2-ol in vivo in the rat, 
is thought to be through alcohol dehydrogen- 
ase [2, 3], whilst the metabolism of methanol may be 
through the concerted action of catalase and alcohol 
dehydrogenase [2]. Inhibitors of alcohol dehydrogen- 
ase are known to produce a marked decrease in the 
metabolism of all three alcohols in vivo [2, 3, 4]. 

The present study is an investigation of the direct 
effects of inhibitors of alcohol dehydrogenase upon 
the hepatic microsomal mixed function oxidase, and 
their action upon the effects of methanol, ethanol and 
propan-2-ol on this system. It was hoped that this 
might lead to an explanation of the differential effects 
of the alcohols upon the metabolism of various sub- 
strates, possibly in terms of different effects produced 
by the parent alcohols and their metabolites. 


MATERIALS AND METHODS 


Administration of drugs and chemicals. Alcohols and 
aldehydes were administered by stomach tube to un- 


anaesthetised male Wistar albino rats weighing 
200-250 g, as a 25% (v/v) solution in water. Pyrazole 
(200 mg/kg) and acetaldehyde oxime (200 mg/kg) dis- 
solved in 0.9°,, NaCl, and 4-iodopyrazole (200 mg/kg) 
and dilsulphiram (300 mg/kg) dissolved in corn oil 
were administered by intraperitoneal injection 5 min 
before the administration of the alcohols or 2 hr 
before the administration of the aldehydes. Control 
animals were fed water or injected with saline or corn 
oil as appropriate. In some studies rats were fed for 
5 days with neomycin sulphate added to the drinking 
water, giving a mean dose of 140 mg/day, and nystatin 
mixed with the standard diet, giving a mean dose of 
15 mg/day, as described by Krebs and Perkins [13]. 

Preparation of the microsomal fraction and assays. 
The hepatic microsomal subcellular fraction was pre- 
pared by the method of Ernster et al. [5] in 0.25M 
sucrose containing 0.05M Tris-HCl buffer, pH 7.4 
and adjusted to give a protein concentration of 
10 mg/ml. Protein was determined by the method of 
Lowry et al.[6] with crystalline bovine serum albu- 
min in 0.25M sucrose containing 0.05M Tris-HCl 
buffer, pH 7.4, as a standard. The metabolism of 
foreign compounds by the microsomal fraction was 
measured over 30 min at 37° with a reaction mixture 
containing 4mg of microsomal protein, Tris-HCl 
buffer, pH 7.4 (112 umole), MgCl, (10 zmole), nico- 
tinamide (50 pmole), glucose 6-phosphate (25 pzmole), 
glucose 6-phosphate: NADP* oxidoreductase (EC 
1.1.1.49) (2 units) NADP* (1 umole) and either 
aminopyrine (4-dimethylaminoantipyrine) (10 zmole) 
or aniline (5 ymole), all in a final incubation volume 
of 2 ml. Formaldehyde formed from aminopyrine was 


2197 





2198 


trapped with semicarbazide hydrochloride (10 pzmole) 
and measured by the method of Nash [7]. The forma- 
. tion of p-aminophenol from aniline was measured by 
the method of Schenkman er al.[8]. The spectral 
changes produced by the interaction of 5mM amino- 
pyrine (type | compound) or 5mM aniline (type II 
compound) with the microsomal fraction were 
measured by the method of Schenkman et al. [8]. 

Statistical treatment of results. Groups of data were 
subjected to a Student’s t-test [9] to determine if a 
significant difference existed between the means of the 
groups of data, at the 5% level. 


RESULTS 


Effect of maximal doses of alcohols and inhibitors 
of alcohol dehydrogenase upon the hepatic microsomal 
metabolism of aniline and aminopyrine. The doses of 
alcohols which were found to be just sufficient to pro- 
duce a maximal induction of aniline hydroxylation 
were methanol 125 m-mole/kg, ethanol 150 m-mole; 
kg and propan-2-ol 30 m-mole/kg. Doses of ethanol 
up to 200 m-mole/kg failed to produce a larger in- 
crease in aniline hydroxylation, despite the fact that 
it represented about only half the increase produced 
by smaller doses of methanol or propan-2-ol. Ethanol 
was, however, the most active in producing a decrease 
in aminopyrine demethylation, followed by methanol, 
whilst propan-2-ol had no significant effect (Table 1). 
Pyrazole, an inhibitor of alcohol dehydrogenase [10] 
produced an increase in aniline hydroxylation, thus 
confirming the observation of Lieber et al. [11], and 
a decrease in aminopyrine demethylation (Table 1). 
4-lodopyrazole (200 mg/kg), also an inhibitor of alco- 
hol dehydrogenase [12], produced changes in meta- 
bolising activity similar to those of pyrazole (results 
not shown). Another reported inhibitor of alcohol: de- 
hydrogenase acetaldehyde oxime [4], had no effect on 
aniline hydroxylation and produced only a small non- 
significant decrease in aminopyrine demethylation. 

The combination of an inhibitor of alcohol de- 
hydrogenase and ethanol at a dose of 150 m-mole/kg, 
invariably proved fatal. The rats were, however, able 
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to tolerate an inhibitor of alcohol dehydrogenase and 
methanol at a dose of 150 m-mole/kg and propan-2-ol 
at a dose of 40 m-mole/kg. Inhibition of alcohol de- 
hydrogenase did not significantly potentiate the in- 
crease in aniline hydroxylation produced by either 
methanol or propan-2-ol. The decrease in aminopyr- 
ine demethylation produced by pyrazole was com- 
pletely blocked when it was administered together 
with methanol, and reduced when administered 
together with propan-2-ol. Similar, although non-sig- 
nificant changes were observed when acetaldehyde 
oxime was administered together with either meth- 
anol or propan-2-ol. The ability to produce supra- 
maximal changes in hepatic microsomal metabolism 
by the simultaneous administration of different agents 
has been regarded as evidence of different 
mechanisms of action [13]. The present work suggests 
that alcohols and inhibitors of alcohol dehydrogenase 
produce an increase in aniline hydroxylation by a 
similar mechanism, or it could be that some. other 
factor indirectly involved in the increase becomes rate 
limiting. A combination of methanol and an inhibitor 
of alcohol dehydrogenase acted to prevent the de- 
crease in aminopyrine demethylation found with 
either agent alone. It might be that methanol acts 
to produce an increase in aminopyrine demethylation, 
but that this is normally completely masked by some 
inhibitory effect dependent upon the metabolism of 
methanol. 

Action of pyrazole in antibiotic pretreated animals. 
Because of the marked similarity between the effects 
of ethanol and pyrazole on the hepatic microsomal 
metabolising activity, it was considered a possibility 
that pyrazole might be producing its effects by pre- 
venting the metabolism of ethanol which is known 
to be continuously produced in the rat by the fermen- 
tation of the gastrointestinal contents [14]. Rats were, 
therefore, fed a combination of neomycin sulphate 
and nystatin which effectively sterilized the gastroin- 
testinal tract, and which suppresses endogenous eth- 
anol production [14]. Whilst this treatment itself de- 
creased the hepatic microsomal metabolising activity, 
pyrazole still produced a significant increase in aniline 
hydroxylation and a decrease in aminopyrine demeth- 


Table ft. Effect of inhibitors of alcohol dehydrogenase upon the changes in the hepatic microsomal metabolism of 
aniline and aminopyrine produced by supramaximal doses of alcohols 





Methanol 


Ethanol Propan-2-ol 





Control 


Aniline hydroxylation (nmole/30 min per mg) 





No drug 
Pyrazole 
Acetaldehyde oxime 


0.7* 


I+ I+ I+ 


0.8 20.4 + 0.4% 
18.6 + L.1t 
0.5 18.5 + 1.04 j 


19.6 + 1.87 
20.7 + 2.27 
20.6 + 1.9 


15.7 + 0.9f 


Aminopyrine demethylation (nmole/30 min per mg) 





No drug 
Pyrazole 58.1 
Acetaldehyde oxime 78.3 


11.7 
5.0* 
13.6 


75.2 
116.9 
94.3 


11.3+ 118.9 + 5.1 
5.8*+ 86.5 + 11.6*+ 
4.9 : 91.2 + 4.7 


54.7 + 9.37 





Pyrazole (200 mg/kg) or acetaldehyde oxime (200 mg/kg) were administered to unanaesthetised male rats by i.p. injec- 
tion 5 min before the oral administration of a dose of alcohol more than sufficient to produce a maximal increase 
in aniline hydroxylation, viz methanol, 150 m-mole/kg; ethanol, 150 m-mole/kg; and propan-2-ol, 40 m-mole/kg). The 
combination of ethanol at this dose and an inhibitor of alcohol dehydrogenase was, however, fatal. The hepatic micro- 
somal fraction was prepared 24hr later and metabolising activity determined as described in the text. Values represent 
the mean + S.E.M. of six animals. *P < 0.05 compared with the value in the absence of an inhibitor of alcohol dehydro- 
genase. +P < 0.05 compared with the control value in the absence of an alcohol. 
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Table 2. Effect of antibiotic pretreatment upon the metabolism of aniline and aminopyrine by the 
hepatic microsomal fraction of rats administered pyrazole 





Aminopyrine demethylation 
(nmole/30 min per mg) 


Aniline hydroxylation 
(nmole/30 min per mg) 





Antibiotic fed 
Antibiotic fed + pyrazole 


49+ 0.6 aS +55 
Ze = 15" 


10.0 + 0.6* 





Rats were fed with neomycin sulphate (140 mg/day) and nystatin (15 mg/day) in their food for five 
days, as described in the text. Pyrazole (200 mg/kg) was administered by i.p. injection 24hr before 
the preparation of the hepatic microsomal fraction. Metabolism was determined as described in the 
text. Values represent the mean + S.E.M. of eight animals *P < 0.01 compared with the values in 


the absence of pyrazole. 


ylation (Table 2), indicating that it was not acting 
through endogenously produced ethanol. 

Effect of inhibitors of alcohol dehydrogenase on the 
changes in hepatic microsomal metabolism produced by 
submaximal doses of alcohols. The submaximal doses 
of the alcohols used in this part of the study produced 
little or no change in microsomal aniline hydroxyl- 
ation (Table 3). Both pyrazole and acetaldehyde 
oxime potentiated the effects of ethanol on aniline 
hydroxylation, transforming a small inhibition into 
a marked stimulation, greater than had been observed 
with even the highest doses of ethanol. Similar, 
although less marked, effects were observed on the 
changes produced by methanol with both pyrazole 
and acetaldehyde oxime. The effects of these inhibi- 
tors and propan-2-ol did not, however, appear to be 
synergistic. 

The effect of inhibitors of alcohol dehydrogenase 
on the changes in aminopyrine demethylase activity 
were more difficult to interpret. Only acetaldehyde 
oxime and methanol interacted to produce a positive 
synergistic effect, transforming a small inhibition into 
a small but significant potentiation. Acetaldehyde 
oxime, however, appeared to have no effect upon 
aminopyrine demethylation in the presence of ethanol 
or propan-2-ol. Pyrazole had no effect upon the 
changes produced by either methanol or ethanol, but 
produced a greater inhibition when administered 
together with propan-2-ol. 


Effect of aldehydes on hepatic microsomal metabo- 
lism. Formaldehyde and acetaldehyde were adminis- 
tered to rats 24hr and 18hr before the preparation 
of the hepatic microsomal fraction, to simulate more 
closely the continuous production of aldehyde from 
a large dose of alcohol. Neither formaldehyde nor 
acetaldehyde produced any significant change in the 
levels of microsomal aniline hydroxylase but both led 
to a significant decrease in aminopyrine demethyla- 
tion (Table 4). A single dose of formaldehyde or ace- 
taldehyde given 24hr before death produced similar 
but less marked changes (results not shown). Both 
aldehydes produced a decrease in the type I spectral 
change, which might explain the decrease in the type 
I spectral change previously noted after adminis- 
tration of methanol or ethanol[1]. Formaldehyde 
produced a small although non-significant, and ace- 
taldehyde a significant, decrease in the type II spectral 
change. 

Effect of an inhibitor of aldehyde dehydrogenase on 
the changes in hepatic microsomal metabolism produced 
by submaximal doses of aldehydes. Disulphiram, an in- 
hibitor of aldehyde dehydrogenase [15], itself pro- 
duced an inhibition of aniline hydroxylation and 
aminopyrine demethylation (Table 5). Honjo and 
Netter [10] have previously reported that disulphiram 
administered to rats will inhibit hepatic microsomal 
aminopyrine demethylation, although only after a lag 
period of about 15 hr. Whilst formaldehyde and ace- 


Table 3. Effect of inhibitors of alcohol dehydrogenase on the changes in the metabolism of aniline and aminopyrine 
produced by submaximal doses of methanol, ethanol, and propan-2-ol 





Methanol 


Ethanol Propan-2-ol 





Control 


Aniline hydroxylation (n-mole/30 min per mg) 





11.1 + 0.4 
16.7 + 0.8* 
12.3 + 1.0 


No drug 
Pyrazole 
Acetaldehyde oxime 


11.7 + 1.0 
18.4 + 0.9* 
16.8 + 0.8*+ 


9.4 + 0.4* 
20.3 + 1.4*t 
219: = 157 


13.14 O77 
16.1 + 1.1* 
14.2 + 1.0 


Aminopyrine demethylation (n-mole/30 min per mg) 





110.8 + 5.1 
35 + 1.5 
89.6 + 8.7 


No drug 
Pyrazole 
Acetaldehyde oxime 


90.8 + 6.5+ 
86.3 + 7.8 
125.9 + 3.1*f 


104.6 + 4.3 
60.9 + 3.7* 
102.5 + 4.8 





Pyrazole (200 mg/kg) or acetaldehyde oxime (200 mg/kg) were administered to unanaesthetised male rats by i.p. injec- 
tion 5 min before the oral administration of a submaximal dose of methanol or ethanol (85 m-mole/kg) or propan-2-ol 
(20 m-mole/kg). The hepatic microsomal fraction was prepared 24hr later and metabolising activity determined as 
described in the text. Values represent the mean + S.E.M. of six animals. *P < 0.05 compared with the value in the 
absence of an inhibitor of alcohol dehydrogenase. +P < 0.05 compared with the control value in the absence of an 


alcohol. 
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Table 4. Effect of formaldehyde and acetaldehyde on the hepatic microsomal metabolism of aniline and aminopyrine 





Spectral Changes 





Type I 
(E385-417/g) 


Type Il 
(E429-395/g) 


Aminopyrine demethylation 
(n-mole/30 min per mg) 


Aniline hydroxylation 
(n-mole/30 min per mg) 





11.2 + 0.6 
14.0 + 1.2 
10.6 + 0.7 


105.3 + 5.8 
61.6 + 5.1* 
Tas = $3" 


7.3 +09 
21 +05 
33: +06" 


18.5 + 2.0 
15.0 + 1.1 
11.4 + 0.9% 


Control 
Formaldehyde 
Acetaldehyde 





Formaldehyde (13 m-mole/kg) and acetaldehyde (22 m-mole/kg) were fed by stomach tube to unanaesthetised male 
rats 24hr and 18 hr before death and preparation of the hepatic microsomal fraction. Metabolising activity was deter- 
mined as described in the text. The spectral changes represent the peak-to-trough changes caused by the addition 
of 5mM aminopyrine (type I) and 5mM aniline (type II) to a cuvette containing the microsomal fraction (2 mg pro- 
tein/ml) and for convenience these results are expressed per g of microsomal protein. Values represent the mean + S.E.M. 
of six animals. *P < 0.01 compared with the control value. 


taldehyde at these lower doses produced only a small 
decrease in aminopyrine demethylation, in the pres- 
ence of disulphiram there was a marked increase in 
the fractional inhibition of aminopyrine demethyla- 
tion produced by both aldehydes. 


DISCUSSION 


Ethanol and methanol administered to rats as a 
single dose have the unusual effect of producing a 
selective induction of aniline hydroxylation, a de- 
crease in aminopyrine demethylation, and no change 
in the components of the mixed function oxidase, 
apart from a decreased spectral change produced by 
the interaction of substrates with cytochrome 


P-450 [1]. Propan-2-ol on the other hand, produces 
an induction of aniline hydroxylation but has no 
effect upon aminopyrine demethylation, despite an in- 


crease in NADPH-cytochrome P-450_ reductase, 
which it has been suggested is rate limiting in the 
microsomal metabolism of foreign compounds [17]. 
The present study reveals nothing of the molecular 
mechanisms underlying these changes, but it does 
show the relative contribution of the alcohols and 
their metabolites to the differential effects observed 
on the metabolism of aniline and aminopyrine. 
Pyrazole, a widely used inhibitor of alcohol de- 
hydrogenase [4, 10, 11], itself produced changes in the 


hepatic microsomal mixed function oxidase very simi- 
lar to those produced by ethanol, so much so that 
it had to be considered that pyrazole might be pro- 
ducing its effects by allowing an accumulation of alco- 
hol which is normally formed in, and absorbed from, 
the intestinal tract of the rat[14]. This possibility 
was, however, eliminated by the finding that pyrazole 
still exerted its effects in rats fed with antibiotics, 
which markedly reduce the amount of alcohol pro- 
duced in the gastrointestinal tract [14]. Acetaldehyde 
oxime, an inhibitor of alcohol dehydrogenase equipo- 
tent with pyrazole [4] failed to give rise to an increase 
in aniline hydroxylation and produced only a small 
and nonsignificant decrease in aminopyrine demethy- 
lation. The finding that the effects of the inhibitors 
of alcohol dehydrogenase and methanol’ and pro- 
pan-2-ol at supramaximal doses, were not additive, 
might suggest a similar mechanism of action, 
although it is also a possibility that some other factor 
only involved indirectly in the changes in metabolism 
might become rate limiting. 

Inhibitors of alcohol dehydrogenase are known to 
produce a marked decrease in the metabolism of 
methanol, ethanol and propan-2-ol in vivo, the meta- 
bolism of ethanol showing the greatest inhibition [4]. 
Both pyrazole and acetaldehyde oxime potentiated 
the increase in aniline hydroxylation produced by a 
submaximal dose of ethanol, and to a lesser extent 


Table 5. Effect of an inhibitor of aldehyde dehydrogenase upon the changes in the hepatic 
microsomal metabolism of aniline and aminopyrine produced by submaximal doses of aldehydes 





Control 


Formaldehyde Acetaldehyde 





Aniline hydroxylation (n-mole/30 min per mg) 





11.1 +03 
4.9 + 0.4* 


No drug 
Disulphiram 


11.1+09 
4.1 + 0.4* 


Aminopyrine demethylation (n-mole/30 min per mg) 





161.9 + 5.7 
70.9 + 3.6* 


No drug 
Disulphiram 


157.0 + 12.8 
SIS FSF 


136.8 + 4.67 
H2k ry 





Disulphiram (300 mg/kg) was administered to unanaesthetised male rats by i.p. injection 2 hr 
before the oral administration of formaldehyde (5 m-mole/kg) or acetaldehyde (11 m-mole/kg). 
A second oral dose of formaldehyde or acetaldehyde was given 6hr later. The animals were 
killed and the hepatic microsomal fraction prepared 24 hr after the first dose of aldehyde. Meta- 
bolising activity was determined as described in the text. Values represent the +S.E.M. of 
six animals. *P < 0.05 compared with the value in the absence of disulphiram. +P < 0.05 com- 
pared with the control value in the absence of an aldehyde. 





Effect of alcohols on hepatic microsomal metabolism 


methanol, and appeared to reverse, at least in part, 
the decrease in aminopyrine demethylation produced 
by both alcohols. These results suggest that the in- 
crease in aniline hydroxylation is a direct conse- 
quence of the action of methanol and ethanol them- 
selves, whilst the decrease in aminopyrine demethyla- 
tion may be a consequence of the metabolism of the 
alcohols by alcohol dehydrogenase. There is also 
some evidence which suggests that methanol, at least, 
might be producing an increase in aminopyrine 
demethylation but that this is normally masked by 
an inhibition which is dependent on the metabolism 
of methanol. The administration of formaldehyde and 
acetaldehyde, had no effect upon aniline hydroxyl- 
ation but both aldehydes produced a decrease in 
aminopyrine demethylation. This is likely to be a di- 
rect effect of the aldehydes themselves since disul- 
phiram, an inhibitor of aldehyde dehydrogenase, 
potentiated the inhibition produced by submaximal 
doses of both aldehydes. 

Pyrazole and acetaldehyde oxime had no signifi- 
cant effect upon the increase in aniline hydroxylation 
produced by propan-2-ol, nor was their inhibitory 
effect upon aminopyrine demethylation modified in 
any consistent way by the presence of propan-2-ol. 
Propan-2-ol is metabolised in the rat to ace- 
tone [3, 18] which may account for some of the effects 
of propan-2-ol, such as the potentiation of the hepato- 
toxic effects of carbon tetrachloride and chlorinated 
hydrocarbons [19, 20]. Acetone has been found to in- 
duce microsomal aniline hydroxylation but to have 
no effect upon aminopyrine demethylation [21, 22]. 
Assuming that, as has been reported, inhibitors of 
alcohol dehydrogenase effectively inhibit the metabo- 
lism of propan-2-ol [3], the present results may be 
interpreted to suggest that at low doses of pro- 
pan-2-ol, acetone may account for a large part of the 
increase in aniline hydroxylation, whilst at higher 
dose propan-2-ol itself might exhibit some inducing 
activity. 
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Abstract—It is reported here that 3,4,5-trimethoxybenzoyl-e-aminocaproic acid (C-3) exhibits an inhibi- 
tory effect on adenylate cyclase, phosphodiesterase and mitochondrial ATPase. It is suggested that 
the mechanism of inhibition may be the same for the three enzymes; that is, a modification of the 
hydrophobic portion of the membrane region associated with these enzymes. The possible metabolic 
consequences of C-3 enzymic inhibition and its relation to the therapeutic use of this drug are also 


discussed. 


It has been reported that 3,4,5-trimethoxybenzoyl-<«- 
aminocaproic acid (C-3) can be beneficially employed 
as a therapeutic agent in the treatment of human car- 
diac disorders [1]. Subsequent therapeutic regimes for 
treatment of coronary infarct suggest the administ- 
ration of relatively large quantities of C-3 over pro- 
longed time periods [1]. While the mode of action 
of C-3 remains unclear, in vivo, canine studies indicate 
that C-3 possesses alpha- and perhaps beta-blocking 
activity [2]. In addition, C-3 exhibits anti-arrhythmic 
properties which may be in part responsible for its 
seemingly beneficial therapeutic effects [3]. The mol- 
ecular events in vivo mediated by alpha- or beta-block- 
ing agents remain in large part obscure. However, 
epinephrine, a well-known effector of adrenergic 
receptors, is known to play a major role in cellular 
metabolism through its control of the enzyme adeny- 
late cyclase. It may be that C-3, which also seems 
to interact with adrenergic receptors, possesses a simi- 
lar enzymatic effect and that these effects are involved 
in the clinical response to C-3 therapy. 

Apart from the primary events associated with car- 
diac infarcts, the long-term prognosis depends in large 
part on the ability of affected tissue to maintain a 
cellular energy charge [4] compatible with homeos- 
tasis under the anaerobic or near anaerobic condi- 
tions induced by the infarct. Since the energy charge 
of normal cardiac tissue is maintained almost exclus- 
ively by aerobic phosphorylations coupled to fatty 
acid oxidation, the energy charge status of infarcted 
cardiac tissue is severely compromised. It seems clear 
that in the absence of unfavorable side reactions any 
agent with the property of maintaining cellular energy 
charge, either by decreasing the rate of ATP hydroly- 
sis or by stimulating anaerobic ATP-producing path- 
ways, will favorably influence the course of recovery 
of damaged cardiac tissue. 

Enzymic studies in vitro reported in this paper 
show that C-3 has marked inhibitory effects on the 
system of mitochondrial enzymes which maintain the 
aerobic cellular energy charge. In addition, C-3 is 
shown to be an inhibitor of adenylate cyclase and 
phosphodiesterase, the enzymes which effect synthesis 
and degradation of cyclic AMP (cAMP). Moreover, 
the concentration of C-3 required to observe these 


effects is sufficiently close to the estimated concen- 
tration in vivo of C-3 found in clinical settings, so 
that the results obtained here must be considered 
when employing C-3 as a human therapeutic agent. 


EXPERIMENTAL 


Enzyme preparation. Livers from white male Wistar 
rats were minced and homogenized in ice-cold 50 mM 
Tris-HCl, 5mM MgCl, buffer, pH 7.5, using ten 
passes of a Potter-Elvehjem tissue homogenizer. The 
homogenate was centrifuged for 15 min at 4000g in 
a Sorvall RC-2B centrifuge. The pellet was washed 
two times with the above buffer employing three 
passes of the tissue homogenizer followed by centrifu- 
gation at 4000 g for 10 min. The final pellet was resus- 
pended in buffer using five passes of the homogenizer, 
and the concentration of protein was finally adjusted 
to 25 mg/ml. Protein was determined by the method 
of Murphy and Kies [5]. 

Phosphodiesterase assay. Either 2 or 10 ml of buf- 
fered homogenate was preincubated with drug in an 
Erlenmeyer flask for 5 min at 35° in a Dubnoff shak- 
ing water bath. At the end of the preincubation, 
cAMP (Sigma Chemical Co.), at the concentrations 
indicated below, was added to initiate the reaction. 
Aliquots (2 ml) were removed at various times and 
added to 0.2 ml ice-cold, 60% perchloric acid (PCA). 
The resulting suspension was centrifuged in a Phil- 
lips—Drucker table-top centrifuge for 5 min. A 1.0-ml 
aliquot of supernatant was removed and adjusted to 
pH 7.0 with 10M KOH. The resulting precipitate was 
pelleted by centrifugation in the table-top centrifuge 
and the supernatant fluid was assayed for cAMP by 
use of high pressure liquid chromatography (HPLC). 

Adenylate cyclase. Tissue homogenate was prepared 
as outlined under “enzyme preparation”; however, the 
final pellet was resuspended in 50mM Tris-HCl, pH 
7.5, containing 10 mM MgCl,. Homogenate (10 ml at 
20 mg protein/ml) was preincubated with 15 mM NaF 
and 15mM theophylline or 15mM C-3 at 35° for 
5 min. At the end of the 5-min incubation, ATP was 
added to a final concentration of 5mM. Aliquots 
(2 ml) were withdrawn at 0, 10 and 20 min and treated 
with PCA and KOH as described above. Nucleotides, 
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other than cAMP, were precipitated from 1.0 ml of 
the protein-free supernatant fluid by the addition of 
0.1 ml of 0.15M Ba(OH), and 0.1 ml of 0.15M 
ZnSO,. The precipitate was pelleted by centrifugation 
and ihe Zn—Ba treatment was repeated on the super- 
natant fluid [6]. The theophylline-containing samples 
were very viscous so that all samples were frozen 
overnight, and after thawing, most of the precipitate 
could be pelleted by centrifugation. The supernatant 
was finally clarified by filtration through a 0.45-um 
Millipore filter. Filtrates were assayed for cAMP by 
HPLC. 

Cyclic AMP assay by HPLC. High-pressure liquid 
chromatography is a rapid, simple procedure used for 
assay of nucleotides [7]. A newly developed column, 
u-Bondapak-NH,, produced by Waters Associates 
(Milford, Mass.) was used for separation of cAMP 
from other constituents of the reaction mixture. The 
isocratic eluting buffer employed was 0.005 M PO; ?, 
pH 3.0. Absorbance at 254nm was measured in the 
effluent from the column. The amount of cAMP in 
the sample was determined by integrating the area 
under the cAMP peak by triangulation and interpo- 
lating the amount of cAMP present from a standard 
curve constructed using pure cAMP. It was found 
that the retention time of cAMP in the experimental 
samples changed slightly from sample to sample. In 
order to make positive identification of the cAMP 
peak in each unknown sample, a mixture of authentic 
cAMP and sample was co-chromatographed and the 
cAMP peak identified by its increased area. 

ATPase. Rat liver mitochondria were prepared 
according to the procedure of Schneider and Hoge- 
boem [8]. Mitochondrial ghosts were prepared as de- 
scribed by Caplan and Greenawalt [9]. Membrane- 
associated ATPase activity was measured as the 
change in pH occurring upon addition of ATP to 
a weakly buffered suspension of mitochondrial ghosts 
[10]. Mitochondrial ghosts (0.2 ml of a 20 mg/ml sus- 
pension) were added to 4.6 ml of 2.0mM Tris-HCl 
buffer, pH 7.0. C-3 at the indicated concentrations, 
or C-3 solvent (total vol = 0.3 ml) was added to the 
mixture, which was then incubated at room tempera- 
ture for | min. Ten ul of 0.1 M ATP (0.2 mM final 
concentration) was added and the rate of change in 
pH was recorded using a Heath strip chart recorder 
coupled to a. Corning digital 110 pH meter. The 
change in H* concentration was determined by back- 
titrating the reaction mixture with standard NaOH. 
The reaction mixture was constantly stirred and 
assays were at ambient temperatures. 

Respiratory assay. Mitochondrial respiratory rates 
were measured at ambient temperature using an In- 
terscience polarograph as previously described [11]. 
Succinoxidase activity (see Fig. 3) was measured in 
the isotonic respiratory assay medium described by 
Chance and Hagahara [12]. Malate + glutamate res- 
piration was followed in a medium containing 80 mM 
KCl, 2mM HEPES, and 2 mM potassium phosphate, 
pH 7.4. 

Control experiments. Since C-3 is highly acidic and 
large amounts of NaOH are required to neutralize 
its aqueous solutions, all control experiments were 
run using a volume of 1.22M NaCl equal to the 
volume of C-3 added. The 1.22 M NaCl approximates 
the ionic strength of the neutral C-3 solution. In ex- 
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periments such as the respiratory experiments which 
require intact mitochondria, small changes in osmo- 
larity which accompany changes in C-3 concentration 
were minimized by the addition of sucrose to the 
reaction system so that the sum of sucrose + C-3 con- 
centrations remained constant. No significant effects 
were noted by the inclusion or omission of the suc- 
rose. 


RESULTS AND DISCUSSION 


Since C-3 bears a structural similarity to the potent 
adrenergic effector epinepherine, it was initially con- 
sidered that C-3 might interact with enzymes involved 
in cAMP metabolism. However, the results of this 
study clearly indicate that C-3 effects are broad-based, 
since C-3 inhibition has been observed with all of 
the membrane-localized activities which we have 
studied. Moreover, the broad range of C-3 activity 
is amply illustrated by its effect on membrane activi- 
ties as diverse as plasma membrane phosphodiester- 
ase and adenylate cyclase and mitochondrial mem- 
brane ATPase and succinoxidase. 

In order to most closely approximate the in situ 
function of the plasma membrane enzymes, the effect 
of C-3 on their activities was studied in a cell mem- 
brane preparation. Prior studies on phosphodiester- 
ase have shown that with the purified enzyme the 
widely used phosphodiesterase inhibitor theophylline 
effects inhibition at a concentration of approximately 
200 uM [13]. The effect of theophylline on phospho- 
diesterase in its native environment, ie. in the plasma 
membrane fraction of a cell homogenate, is, however, 
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Fig. 1. Effect of theophylline and C-3 on phosphodiester- 
ase activity. Approximately 4 zmoles cAMP was added to 
cell homogenates and incubated for 5 min. The amount 
of cAMP remaining indicates phosphodiesterase activity 
in the presence of the drugs. The concentration of theo- 
phylline required for 50 per cent inhibition is about 
2.5 mM. For C-3, the concentration for 50 per cent inhibi- 
tion appears to be 4mM. (Note: the values plotted rep- 
resent the average of two determinations. The bars rep- 
resent the spread between the two values.) 
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Fig. 2. Effect of C-3 on adenylate cyclase. Cell homo- 

genates were incubated in the presence of 5mM ATP and 

either 15 mM _ theophylline (control) or 15 mM C-3. The 

numbers accompanying the HPLC traces indicate incuba- 
tion time. 


markedly different as shown in Fig. 1. Here with the 
membrane preparation, theophylline inhibition (50 
per cent inhibition at 2.5mM) occurs at concen- 
trations which are approximately one order of magni- 
tude greater than reported in studies with the isolated 
enzyme [13]. Since theophylline is a lipophylic mol- 
ecule with limited water solubility, the difference 
between the effects of theophylline on isolated and 
in situ diesterase activity is likely to be due to a com- 
plex interaction between the enzyme, the lipid phase 
of the membrane, and the drug. Since the pharmaco- 
logical impact of drugs such as theophylline is most 
closely related to their effect on whole animals, assay 
systems which test the effects of drugs on membrane- 
bound enzymes such as phosphodiesterase are most 
appropriately studied under conditions akin to those 
under which the enzymes normally function. Thus, 
under the more physiological conditions of these 
assays, theophylline appears to be active at signifi- 
cantly higher concentrations than have been reported 
before. 
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C-3, like theophylline, is markedly hydrophobic 
and can be expected on the basis of this property 
to interact strongly with the lipid phase of mem- 
branes. As shown in Fig. 1, C-3 also inhibits phospho- 
diesterase activity. Although the apparent K; of 4mM 
is only slightly greater than that observed for theo- 
phylline, the fact that maximal C-3 effects yield only 
a 75 per cent reduction in phosphodiesterase activity 
indicates that the mechanism of inhibition of phos- 
phodiesterase by C-3 is different from that of theo- 
phylline. Further, it is shown in Fig. 2 that 15 mM 
C-3 causes a marked reduction in adenylate cyclase 
activity. Since theophylline is known to be a potent 
inhibitor of phosphodiesterase activity [13] but has 
little if any effect on adenylate cyclase activity, it 
might be expected, as shown in Fig. 2 (control), that 
the concentrations of cAMP in reaction mixtures 
would increase with time in the presence of theophyl- 
line. However, adenylate cyclase inhibitors should 
prevent the latter time-dependent accumulation of 
cAMP. As shown in Fig. 2 (C-3), 15 mM C-3 effects 
a reduction of about 80 per cent in adenylate cyclase 
activity as estimated from the decreased quantity of 
cAMP produced during a 20-min incubation. 

Other membrane-associated enzymes may also be 
affected by C-3, since its hydrophobicity would favor 
integration of C-3 into the lipid phase of membranes. 
The polarographic trace presented in Fig. 3 illustrates 
the effect of C-3 on the multienzyme system of oxida- 
tive phosphorylation. The most significant effect 
observed is a marked inhibition of ADP-stimulated 
(state 3) respiration, with minimal C-3 effect on the 
pre-ADP (state 4) respiratory rate. Virtually complete 
inhibition of state 3 respiration is shown in Fig. 3 
with 43 mM C-3 and succinate as the respiratory sub- 
strate. Moreover, C-3 inhibition is independent of the 
oxidizable substrate employed in the respiratory assay 
as evidenced by the C-3 inhibition of malate + gluta- 
mate-supported respiration shown in Fig. 4. Again 
state 3 respiration is markedly inhibited by C-3 (100 
per cent inhibition at about 40 mM) with little or no 
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Fig. 3. Effect of C-3 on mitochondrial succinoxidase activity. Addition of C-3 to respiring mitochondria 
causes a slight reduction in state 4 respiration but more significantly C-3 causes a dramatic decrease 
in the rate of ADP-stimulated respiration. Succinate was present in both control and experimental 
traces at a final concentration of 8mM. C-3 at a final concentration of 43mM effected a 75 per 
cent inhibition of ADP-stimulated succinoxidase activity. All reagents were present at the indicated 
final concentration in a final volume of 3 ml. Succinoxidase assays were at ambient temperature. 
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Fig. 4. Effect of C-3 on malate + glutamate-supported res- 
piration. Addition of C-3 to mitochondria oxidizing malate 
+ glutamate (SmM each) effects a marked inhibition of 
state 3 respiration (QO), with little effect on state 4 respir- 
ation (4). Per cent inhibition was calculated using the state 
3 respiratory rate obtained in the absence of C-3 as the 
maximal state 3 rate. ADP (500 pmoles) was added to in- 
itiate state 3 respiration. Other conditions were as de- 
scribed in Fig. 3. 


effect on state 4 respiration. Half-maximal inhibition 
is observed at 12-14mM C-3 in Fig. 4 and a like 
value may be obtained with succinate as the respira- 
tory substrate. 

Since C-3 inhibition of respiration is substrate inde- 
pendent and confined to ADP-stimulated respiration, 
it seemed likely that the site of inhibition might be 
mitochondrial ATPase. ATPase is localized in the in- 
ner mitochondrial membrane and is conveniently 
assayed in preparations of mitochondrial ghosts [9]. 

While C-3 inhibition of ATPase is not complete 
at concentrations which inhibit state 3 respiration, it 
is nonetheless clear, as shown in Fig. 5, that marked 
inhibition of ATPase by C-3 is observed in the same 
concentration range which is effective in inhibiting 
state 3 respiration. The difference in the extent of inhi- 
bition of state 3 respiration and ATPase activity 
remains unresolved, but is likely related to the fact 
that, while the ATPase assay is a direct measure of 
an individual enzymic function, the respiratory assay 
monitors the integrated activity of a host of indivi- 
dual, membrane-localized, enzymic reactions. 

Figure 5 includes a comparison of the C-3 effect 
on ATPase with its effect on phosphodiesterase acti- 
vity. The concentration of C-3 required for 50 per 
cent of maximum effect on ATPase is approximately 
5 mM, and as can be seen in Fig. 5, this is also the 
concentration of C-3 required for 50 per cent effect 
on phosphodiesterase activity. 

Based on the solution activity of C-3, it would seem 
that this drug is effective on both phosphodiesterase 
and mitochondrial ATPase. However, the membrane 
protein concentrations in these experiments varied 
markedly. In the phosphodiesterase assay, the protein 
concentration was 25 mg/ml, which at the point of 
50 per cent inhibition of phosphodiesterase leads to 
a calculated C-3:protein concentration ratio of 
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6.2 umole C-3/mg of protein. However, in the ATPase 
assay the protein concentration at the point of 50 
per cent’ inhibition was 0.8 mg/ml leading to a 
C-3:protein concentration of approximately 
6.25 pmoles/mg of protein. When viewed in the latter 
terms, these data suggest that C-3 is a much more 
potent inhibitor of plasma membrane-associated 
enzymes than of enzymes associated with mitochon- 
drial membranes. A likely interpretation of these data 
is that the observed enzyme inhibition is due to a 
C-3-mediated change in the physical properties of the 
membranes and that C-3 solubility in membranes is 
primarily C-3 concentration dependent so that maxi- 
mal or half-maximal C-3 effects are seen at the same 
C-3 concentration regardless of the biological mem- 
brane system studied. 

As stated before, one characteristic of a useful drug 
for treating cardiac damage (infarct) would be that 
it promotes the maintenance of the cellular energy 
charge. Since damaged tissue is likely to experience 
restricted blood flow and resultant anaerobic condi- 
tions, the maintenance of cellular energy charge will, 
of necessity, be more dependent on anaerobic produc- 
tion of ATP and on a reduction of non-essential ATP- 
utilizing reactions. Under anaerobic conditions, mito- 
chondrial ATPase activity may be considered an un- 
favorable side reaction. In view of the results reported 
here, it may be that, although naitochondrial ATPase 
is inhibited by C-3, the soluble ATP-synthesizing ac- 
tivities associated with glycolysis are unaffected by 
C-3. 

C-3 also inhibits the cell membrane-associated 
enzymes adenylate cyclase and phosphodiesterase. 
The effect of inhibition of both of these enzymes 
would be to “freeze” cAMP concentrations at the 
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Fig. 5. Effects of C-3 on phosphodiesterase and ATPase. 

Per cent activity is calculated by dividing the activity in 

the presence of C-3 by the activity of the control. The 

concentration of C-3 for 50 per cent inhibition is about 
5mM for both enzymes. 





Inhibitory effects of C-3 on enzymes 2207 


levels present upon initiation of drug therapy. In a 
therapeutic setting, this cAMP level might be 
expected to be relatively high, as has been observed 
in instances of experimentally induced ischemia [14]. 
Since cAMP is known to be a positive heterotropic 
effector of glycogenolysis [15] and of some enzymes 
of the glycolytic pathway [16,17], constant high 
levels of cAMP may be viewed as increasing the rate 
of anaerobic ATP-producing reactions, thereby main- 
taining cellular energy charge under ischemic condi- 
tions. In fact, it has been shown that when ischemia 
is experimentally produced in the heart, phosphory- 
lase a is activated, glycolytic activity is increased, and 
end products accumulate [14]. Intravenous administ- 
ration of cAMP has also been shown to decrease 
blood pressure, increase cardiac output, and increase 
contractility of the heart [18, 19]. Further, it has been 
shown that the phosphodiesterase inhibitors, theo- 
phylline, caffeine and papaverine, all cause positive 
inotropic effects [20]. Although the molecular 
mechanism for a positive inotropic effect is not clear, 
it seems likely that CAMP may be involved. The pos- 
sibility exists that C-3 may also affect cardiac in- 
otropy as the other phosphodiesterase inhibitors do, 
and that effects at the mitochondrial level are super- 
imposed on the plasma membrane effects of C-3. 
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SHORT COMMUNICATIONS 


Trimethoquinol—different pharmacological properties of optical isomers 


(Received 11 December 1975; accepted 19 March 1976) 


It is usual to find that one of the optical isomers of a 
pharmacologically active agent is more active than its 
enantiomer. Trimethoquinol, 1-(3’,4’,5’-trimethoxybenzyl}- 
6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline (TMQ), is just 
such an example. For pharmacological activity in the lung 
[1-3], heart [2-4] or adipose tissue [5], there is definite 
stereochemical selectivity for S-(—)-1-(3’,4',5’-trimethoxy- 
benzyl)-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline. In 
various preparations in vitro, S{—)-TMQ was about twice 
as active as the racemate [1,6,7]. R-(+)-TMQ, on the 
other hand, had weak cardiovascular and bronchodilator 
activity [1,7] and R{+)-TMQ did not antagonize the 
bronchodilator activity of the S-(—)-isomer [1, 7]. 

Recently, we found racemic TMQ to have potent platelet 
anti-aggregatory properties in human platelet-rich plasma 
and washed human platelets [8]. The mechanism of action 
of TMQ for inhibition of platelet aggregation appeared 
to be different from that for bronchodilation, myocardial 
stimulation and mobilization of free fatty acids [8]. In 
order to explore this possible difference in mechanism of 
action of TMQ in different tissues, we have studied TMQ 
isomers for their effects on both platelets and bronchial 
smooth muscle and have found opposite stereoselective 
requirements in these two tissues. Inhibition of platelet 
aggregation, in vitro, is selective for R-~(+)-1-(3',4’,5S’-tri 
methoxybenzyl)-6,7-dihydroxy-1,2,3,4-tetrahydroisoquino- 
line, whereas bronchodilatory activity is selective for the 
S-( — )-isomer. 

For platelet aggregation studies, venous blood was 
obtained from human volunteers who had not taken 
aspirin for at least 7 days. It was collected in siliconized 
20 ml Vacutainer tubes (Becton Dickinson & Co., Ruther- 
ford, N.J.) fitted with 20-gauge needles using 3.8°,, sodium 
citrate as the anticoagulant (9 vol blood to | vol sodium 
citrate). Platelet-rich plasma (PRP) was separated from the 
red blood cells by centrifugation for 15min at 180g at 
room temperature. Platelet-poor plasma (PPP) was pre- 
pared by centrifuging PRP for 2 min at 1000 g. Techniques 
established by Born and Cross[9] were used to study 
platelet aggregation in vitro employing a Dual Channel 
Aggregation Module(Payton Associates, Inc., Buffalo, N.Y.). 
One ml PRP was added to a siliconized cuvette containing 
a siliconized stirring bar, placed in a densitometer main- 
tained at 37° and stirred at 1000 rev/min. Various concen- 
trations of test compounds dissolved in 50 yl saline were 
added and preincubated with PRP for 5 min. Aggregation 
was initiated by the addition of ADP (2.5 uM), epinephrine 
HCl (45 uM) or human mammary gland collagen (kindly 
donated by Dr. Harvey Weiss, Roosevelt Hospital, N.Y.) 
sufficient to give about 60 per cent of the maximum aggre- 
gation response, as defined by transmission through PPP. 

Bronchodilation was studied in male guinea pigs 
(350-500 g) which were anesthetized with urethane 
(2.0 g/kg, ip.) and given gallamine triethiodide (3 mg/kg, 
ip.) as a muscle relaxant. The trachea was cannulated and 
the lungs were inflated with air by a Phipps & Bird small 
animal respirator, maintained at 45 strokes/min. Stroke 
volume was adjusted to provide an air overflow at a con- 
stant pressure of 8-10cm H,O. Ventilation pressure was 
recorded after various i.v. doses of histamine from which 


a “pre-drug ventilation pressure” and a control histamine 
dose were selected for each animal. After i.v. injection of 
TMQ, histamine was introduced in increasing doses until 
the selected pre-drug ventilation pressure was achieved. 
The ratio of the histamine dose needed after TMQ 
administration/control histamine dose was calculated and 
plotted as a function of TMQ dose. When a drug caused 
a decrease in airway resistance, a greater amount of hista- 
mine was needed to produce the pre-drug ventilation pres- 
sure and this resulted in an increase in the ratio of hista- 
mine doses. Therefore, ratios > 1.0 represented a decreased 
airway resistance and reflect bronchodilator activity and 
values < 1.0 indicated an increased airway resistance 
resulting from bronchoconstrictor activity [10]. 

TMQ inhibited collagen, ADP and epinephrine-induced 
platelet aggregation in human citrated platelet-rich plasma 
(Fig. 1). A high degree of stereoselectivity was evident in 
the inhibitory activity of TMQ on platelet aggregation. 
The R-(+}isomer was significantly more potent than the 
S-(—)-isomer and the R-(+)-/S{—) ratios of inhibitory 
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Fig. 1. Comparative activity of the trimethoquinol optical 
isomers as inhibitors of platelet aggregation in human 
citrated platelet-rich plasma. Key: R-(+ )-trimethoquinol 
(@——@) and S-(—)-trimethoquinol (O ©). Concen- 
trations of aggregating agents: 2.5 uM ADP, 45 uM 
epinephrine HCl. Values plotted represent the mean + 
standard error of four or five determinations. 
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Fig. 2. Effect of optical isomers of trimethoquinol on heart 

rate and airway resistance in the anesthetized guinea pig. 

Key: R-(+)-trimethoquinol (@ @) and S-~—)-trimetho- 

quino! (O ©). Each point represents the mean + stan- 
dard error for three or four animals. 


activity were similar against each of the platelet aggregat- 
ing agents studied (Fig. 1). 

In contrast, the R-(+)-isomer of TMQ did not affect 
airways resistance in the anesthetized guinea pig while the 
S-(—)-TMQ caused a significant decrease (Fig. 2). The in- 
travenous administration (0.1 to 30 ug/kg) of S(—)}-TMQ 
caused a decrease in airway resistance with maximum re- 
sponses at 3-10 g/kg, whereas comparative doses of 
R-(+)-TMQ had no effect. Neither optical isomer in- 
fluenced heart rate in the guinea pig at the bronchodilatory 
doses studied. 


TMQ has activity in many isolated smooth and cardiac 
muscle preparations [1, 3,4], in spermatic duct [11] and 
in epididymal fat tissue [12] and has corresponding activi- 
ties in vivo in many species [6,7, 13] including man [14]. 


In all of these experiments, TMQ has a common 
mechanism of action involving the f-adrenergic receptor. 
Adrenoceptor agonist activity is characterized by the tissue 
_ response, specific blockade by f-adrenoceptor antagonists 
[1], activation of adenylate cyclase [15] and elevation of 
tissue CAMP levels [16]. Hence, the observed comnion 
stereoselective requirement for S-(—)-TMQ, in adrenergi- 
cally responsive tissues, is an expected result. Inhibition 
of platelet aggregation, however, is not mediated by an 
adrenergic mechanism because inhibitory activity is not 
reversed by z- or f-adrenergic blockers and TMQ did not 
activate platelet adenylate cyclase or affect cAMP accumu- 
lation in human platelets [8]. In addition, the R-~(+)- 
isomer of TMQ is more powerful as an inhibitor of platelet 
aggregation than S-(—)-TMQ. Thus, in the platelet, a dif- 
ferent mechanism of action of TMQ is associated with a 
different stereoselectivity. 

Stereochemical selectivity is a well recognized biological 
phenomenon. Once the active isomer of a drug molecule 
is identified as responsive in one tissue, it generally holds 
true for other biological preparations, and the active enan- 
tiomer of new related drugs can be predicted. Isomer acti- 
vity has usually been thought to be independent of the 
pharmacological system studied. Our observations based 
on two different pharmacological preparations indicate a 
novel separation of pharmacological activities based on 
optical isomerism. Such a separation is not only of theor- 
etical interest but could have considerable therapeutic 
value. Racemic TMQ inhibition of platelet aggregation was 
of limited clinical importance because the blood levels of 


TMQ required for platelet inhibitory activity would also 
cause bronchodilation and hypotension and would in- 
crease the heart rate. R-(+)}TMQ has negligible effects 
on the bronchial or heart muscle; in our experiments, 
therefore, it might be possible in man to achieve blood 
levels of R{—)-TMQ sufficient to inhibit platelet aggrega- 
tion without compromising other tissues. Conversely, ade- 
quate bronchodilator doses of S-—)-TMQ in man might 
not change platelet function. 

In connection with our observation of different pharma- 
cological properties associated with different optical 
isomers, we note another example in which the biological 
activities of optical isomers of a drug have been reversed 
in a different test situation. (—)-Isoproterenol is consis- 
tently more active than (+)-isoproterenol when tested for 
heart rate, blood pressure and tracheal relaxation, but for 
lowering the intraocular pressure of the rabbit eye (+ )-iso- 
proterenol is more potent than the (—)-form [17]. 

Our experimental results suggest that an investigation 
of stereochemical selectivity of drugs in other tissues may 
be a useful approach to the development of organospecifi- 
city in drug therapy. 
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Enhanced development of tolerance to pentobarbital by 
desipramine inhibition of pentobarbital metabolism* 


(Received 28 November 1975; accepted 19 March 1976) 


It is known that the duration and intensity of pentobarbi- 
tal (PB) action in the rat, rabbit, dog and man are deter- 
mined by the rate at which the drug is metabolized by 
the liver [1-4]. The development of tolerance to PB is 
a well-established phenomenon resulting from increased 
metabolism of the drug due to hepatic enzyme induction 
[5-8]. The degree of acute tolerance to PB has been found 
to correlate positively with the size of the tolerance-induc- 
ing dose of the barbiturate [9]. It seemed possible that 
the treatment with a combination of desipramine (DMI) 
or another related tricyclic antidepressant and PB might 
potentiate the development of tolerance to PB, since Liu 
et al. [10] have reported recently that acute treatment with 
a tricyclic antidepressant prolongs the hypnotic action of 
PB in the rat through inhibition of PB metabolism. The 
combination of a tricyclic antidepressant and PB may act 
in a manner similar to a larger dose of PB alone, thus 
promoting induction of the microsomal enzyme systems. 

Since long-term administration of tricyclic antidepres- 
sants is required for therapy of depressed patients and 
many patients with mental disorders receive combinations 
of antipsychotic drugs and other drugs including hypnotics 
[11], the present study was designed to investigate the 
effect of tricyclic antidepressants on the development of 
tolerance to PB, using DMI as a model of a drug which 
interacts with PB. 

Male albino rats of the Charles River CD strain (Charles 
River Breeding Laboratories, Wilmington, Mass.) weighing 
150-200 g were used. Purina laboratory chow and water 
were fed ad lib. Prior to the acute phase experiment, rats 
were fasted for 16 hr with free access to water. DMI hydro- 
chloride was dissolved in distilled water and diluted with 
an equal volume of 1.8% sodium chloride solution. 
['*C]-2-pentobarbital sodium ([{'*C]-PB) was purchased 
from ICN Chemical and Radioisotope Division (Irvine, 
Calif.). The radiochemical purity of the ['*C]-PB was 98 
per cent when checked by thin-layer chromatography. PB 
sodium was mixed with ['*C]-PB in 0.9 per cent saline 
to yield a solution with a specific activity of 15 wCi/25 mg. 
Drug solutions were administered intraperitoneally at a 
volume of 2.0 ml/kg. The control animals were injected 
with an equivalent volume of saline. Doses of the drug 
are expressed hereafter in terms of the salts. 

Sleeping time was taken as the interval between the loss 
and regaining of the righting reflex. Rats were kept warm 
while sleeping by placing them on a table under incandes- 
cent lamps (100 watts). The sleeping time studies were 
always started between 10:00 and 11:00 a.m. to avoid 
effects due to circadian rhythm variation in PB response 
[12, 13]. The development of tolerance to PB was assessed 
by comparing the sleeping times of drug-treated and saline- 
treated rats receiving the same challenge dose of PB and 
by determining the hepatic microsomal activity of PB hy- 
droxylase. The criterion of tolerance to PB was either a 
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significant reduction of sleeping time or a significant in- 
crease in enzyme activity. 

For study of the effect of DMI on concentrations of 
unchanged PB and its metabolites in tissues on awakening, 
DMI (25 mg/kg) was given 1 hr before administration of 
['*C]-PB (25 mg/kg). Control rats received saline and the 
same dose of ['*C]-PB. Rats were killed by decapitation 
immediately upon awakening. Blood was collected in 
heparinized tubes and samples of plasma were removed 
immediately after centrifugation of blood. The whole brain, 
liver and kidneys were removed and frozen at —20° until 
further analyses. 

Two experiments were performed to assess the influence 
of DMI on the development of tolerance to PB. 

Experiment No. 1. To study the effect of a single dose 
of DMI on the development of tolerance to PB, rats were 
given DMI (25 mg/kg) or saline 1 hr before receiving a 
40 mg/kg dose of PB on day 1. On days 2 and 3 all rats 
were challenged again with 40 mg/kg of PB. In order to 
measure the pentobarbital hydroxylase activity in liver 
microsomes, the rats were killed on day 4. Rats receiving 
only saline injections for 3 days were used as controls for 
comparison of enzyme activity. 

Experiment No. 2. Rats were divided randomly into four 
equal groups: (1) saline control; (2) DMI group; (3) PB 
group; and (4) DMI and PB group. From day | through 
day 5, group | rats received two injections of saline; group 
2 received DMI (15 mg/kg) and saline; group 3 received 
saline and PB (25 mg/kg) and group 4 received the same 
doses of DMI and PB. The two injections were given at 
an interval of 1 hr. Dav 6 was used as a rest period to 
permit the excretion of residual amounts of drugs. On day 
7, one-half of the rats in each group were challenged with 
40 mg/kg of PB, the other half were sacrificed and the acti- 
vity of pentobarbital hydroxylase in liver microsomes was 
determined. 

The preparation of liver microsomes and the assay con- 
ditions for PB hydroxylation were similar to those de- 
scribed by Liu et al. [14]. The activity of PB hydroxylase 
was measured by the formation of total PB metabolites 
as described by Kuntzman et al. [15]. Microsomal protein 
concentration was determined by the method of Lowry 
et al. [16]. For measurement of radioactivity, whole brain, 
liver and kidneys were homogenized as 20%, (w/v) suspen- 
sions in distilled water with the addition of a few drops 
of isoamyl alcohol. Two-ml aliquots of plasma, tissue 
homogenate or microsomal incubation mixture were used 
for separation of unmetabolized PB and total PB metabo- 
lites, according to the extraction method of Kuntzman et 
al.[15]. A 2.0-ml aliquot of each organic phase was 
counted in 15 ml of a scintillation fluid consisting of 4g 
of 2,5-diphenyloxazole (PPO) and 50 mg of 1,4-bis[2-(5- 
phenyloxazolyl)]-benzene (POPOP) dissolved in 1 liter 
toluene and 0.5 liter Triton X-100. Radioactivity was 
counted in a Packard Tri-Carb liquid scintillation counter, 
model 3330 (Packard Instrument Co., Inc., Downers 
Grove, Ill.). Samples were corrected for quenching with 
['*C]-toluene as an internal standard. 

Sleeping time of rats (96.2 + 9.15 min, mean + S. E.) 
treated with DMI (25 mg/kg) 1 hr before administration 
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Table 1. Effect of DMI on the tissue distribution of un- 
changed PB and its metabolites on awakening* 





Unchanged PB Metabolites 


Tissue 





Liver 
Control 
DMI 

Kidney 
Control 
DMI 

Plasma 
Control 
DMI 

Brain 
Control 
DMI 


146 + 2.3 
153 + 12.1 


58.4 + 4.1 
38.5 + 2.8 


93.4 + 3. 88.2 + 6.1 
96.2 68.1 + 8.6t 


70.2 
67.1 


41.3+24 
26.4 + 1.4% 


6.20 + 0.28 

85.5 6.40 + 0.93 

* Rats were injected i.p. with saline or DMI (25 mg/kg) 
lhr before ip. administration of ['*C]-PB (25 mg/kg, 
15 wCi/kg) and killed by decapitation at times of awaken- 
ing. Each figure represents the mean + S. E. M. of six rats, 
and is expressed as nmoles of PB or its equivalent/g of 
wet tissue or mi of plasma. 

+P < 0.01. 

+P < 0.05. 





of PB (25 mg/kg) was more than double that in control 
rats (42.8 + 8.32 min). DMI alone induced no sleep in any 
of the rats tested. Table 1 presents the concentration of 
unchanged PB and its metabolites in several organs 
measured at the time of awakening. The concentration of 
unchanged PB in liver, kidney, plasma and brain did not 
differ significantly between DMI-treated and control rats. 
However, all DMI-treated rats has significantly lower con- 
centrations of PB metabolites in liver, kidney and plasma. 
The brain/plasma concentration ratio of unchanged PB in 
DMI-treated rats (1.34 + 0.028) was not significantly dif- 
ferent from that in controls (1.32 + 0.047) at the time of 
awakening. These results thus confirm our previous sugges- 
tion of an inhibition of PB metabolism by DMI [10] and 
substantiates the evidence that central nervous system 
sensitivity to the hypnotic effect of PB is not changed by 
DMI treatment. 

The results shown in Fig. | indicate that DMI signifi- 
cantly prolonged PB sleeping time even when given as a 
24-hr pretreatment; however, the potentiating effect was 
much less than that observed in the 1-hr pretreatment ex- 
periment. This finding suggests that DMI has a long half- 
life in rats, which agrees well with the finding of Dingell 
et al.{17]. Since DMI given as a 48-hr pretreatment no 
longer produced a significant effect on PB sleeping time, 
48 hr was used as a rest period before measurement of 
sleeping time on DMI-treated rats in subacute experiments 
to permit the excretion of a residual amount of DMI. The 
fact that DMI given as either a 48- or 72-hr pretreatment 
produced no significant effect suggests that DMI does not 
exert a biphasic effect (inhibition and stimulation) on PB 
hypnotic action as a function of different pretreatment 
times. 

Figure 2 shows tolerance developed to PB after a single 
dose of DMI followed by 2 days of daily administration 
of PB as compared to tolerance developed after 2 days 
of daily administration of PB alone. It is interesting to 
note that tolerance to PB was developed within 24 hr after 
a single dose of PB, as evidenced by a significantly de- 
creased sleeping time on day 2 for the saline-treated group. 
This finding is in agreement with previous reports [5,9]. 
The longer sleeping time in DMlI-treated rats on day 2 
was apparently due to the presence of a residual amount 
of DMI. When the inhibitory effect of DMI was no longer 
evident on day 3, enhanced development of tolerance to 
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Control 1 24 48 72 
TIME OF PRETREATMENT (HOUR) 


Fig. 1. Effect of pretreatment with DMI at different times 
on sleeping time of PB. Rats were pretreated with DMI 
(25 mg/kg, i.p.) and 1, 24, 48 or 72 hr later challenged with 
PB (25 mg/kg, i.p.) for measurement of sleeping time. Con- 
trol rats received saline 1 hr prior to injection of PB. Each 
figure represents the mean + S. E. M. of five rats. Single 
and double asterisks (*) and (**) indicate significant differ- 
ence from control rats at P<005 and P<0O.0l 
respectively. 


PB by DMI was observed. This additional development 
of tolerance to PB stimulated by DMI was associated with 
a marked increase in the liver microsomal pentobarbital 
hydroxylase activity (1.35 + 0.12 nmoles of PB metabolites 


DMI TREATED 


PB SLEEPING TIME (MIN) 


SALINE TREATED 


2 
DAYS 


Fig. 2. Effect of a single dose of DMI on the development 
of tolerance to PB. Rats were pretreated with DMI 
(25 mg/kg i.p.) 1 hr before administration of PB (40 mg/kg, 
ip.) on day 1. Saline-treated rats received saline and the 
same dose of PB. All rats received two additional doses 
of PB (40 mg/kg, ip.) on days 2 and 3 for measurements 
of sleeping times. Each point represents the mean + 
S.E.M. of five rats. Single and double asterisks (*) and 
(**) indicate significant difference from saline controls at 
P < 0.05 and P < 0.01 respectively. 
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Table 2. Effect of subacute administration of a combination of DMI and PB on 
body weight gained, PB sleeping time and PB hydroxylase activity* 





Body weight 
gained 
(g) 


Experimental 
group 


PB sleeping 


PB hydroxylase activity 
(nmoles metabolites/mg 
protein/min) 





Saline 

DMI 

PB 

DMI + PB 


MN Dn oo 

He HH H+ 

Ne Nw 
—- 


NW Ww 
in in Go bt 
wunn 
WAWN 
I+ I+ I+ 1+ 


+e 


0.61 + 0.04 
0.74 + 0.06 
0.88 + 0.05+ 
1.17 + 0.07, 





* Rats were pretreated i.p. once daily for 5 days with saline, DMI (15 mg/kg), 
PB (25 mg/kg) or the same dose of DMI + PB at 1-hr intervals. One-half of the 
rats were challenged with PB (40 mg/kg) for measurement of sleeping time, and 
the other half were killed by decapitation for measurement of PB hydroxylase 
activity in the isolated liver microsomes 48 hr after the last dose of pretreatment. 

+P < 0.05 compared to saline controls. 

tP < 0.01 compared to saline controls. 

§P < 0.05 compared to PB-treated group. 

||P < 0.01 compared to PB-treated group. 


formed/mg of microsomal protein/min) measured on day 
4 which increased to 200 per cent of control value 
(0.68 + 0.07) as compared to 150 per cent of control in 
rats receiving PB only (1.02 + 0.05, P < 0.01, as compared 
to 1.35 + 0.12). 

The effect of repeated daily administration of DMI on 
the development of tolerance to PB is shown in Table 
2. Daily treatment with DMI alone for 5 days produced 
no significant change in sleeping time to PB given 48 hr 
after the final dose of DMI. Repeated treatment with a 
combination of DMI and PB for 5 days produced a greater 
degree of tolerance to PB than repeated treatment with 
PB alone, as shown by the significant difference between 
the sleeping times of these two groups measured 48 hr after 
the last pretreatment. The enhanced development of toler- 
ance to PB by subacute treatment with DMI and PB was 
also indicated by the fact that rats pretreated with DMI 
plus PB had substantially higher PB hydroxylase activity 
than rats receiving PB alone, as shown in Table 2. The 
same table also shows that rats pretreated with DMI alone 
or DMI plus PB gained less body weight at the end of 
the experiment than those rats pretreated with saline or 
PB alone. Wet liver weight and liver microsomal protein 
concentrations were not significantly different among the 
groups. 

It has been well demonstrated by several investigators 
that tolerance, developed to PB after either single or 
repeated treatments, is due mainly to increased activity 
of hepatic microsomal drug-metabolizing systems, es- 
pecially hydroxylating enzymes [5-8,18]. The partici- 
pation of liver enzymes in the development of tolerance 
to PB was confirmed by experiments in which tolerance 
did not develop within 48 hr in partially hepatectomized 
rats, while it was present in sham-operated rats [19], and 
by similar experiments employing pretreatment of the ani- 
mals with carbon tetrachloride [20] or ethionine [8] 
which, by impairing the ability of the liver to produce 
enzymes, inhibited the development of acute tolerance to 
PB. 

In view of the foregoing discussion, it is not surprising 
to note that concurrent treatment with a combination of 
DMI and PB stimulated development of tolerance toward 
PB, as evidenced by both the sleeping time data and by 
measures of PB hydroxylase activity. The results appear 
to be due solely to the ability of the PB to stimulate the 
enzymes, because administration of DMI alone neither de- 
creased the PB sleeping time nor stimulated PB hydrox- 
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ylase activity. DMI has been shown to inhibit the metabo- 
lism of PB both in vivo and in vitro [10]. Apparently, the 
combination of DMI and PB acts in a manner similar 
to a higher dose of PB alone. In this instance, PB would 
remain in its active (enzyme-stimulating) state for a longer 
period of time in the liver, thus allowing for a greater 
effect in promoting the induction of the hepatic enzyme 
systems. The enhanced development of tolerance to PB 
was observed in rats receiving a single dose of DMI and 
multiple doses of PB, and in animals receiving repeated 
daily treatments with DMI and PB for 5 days. In both 
experiments, the decreased sleeping time in DMI-treated 
rats was accompanied by a higher activity of PB hydrox- 
ylase. Similar results were found on the effects of ethanol 
on the metabolism and the development of tolerance to 
PB. Recently, Liu et al.[14] reported that the addition 
of ethanol in vitro inhibited the activity of liver microsomal 
PB hydroxylase and that ethanol given along with PB 
potentiated the increase in PB hydroxylase activity induced 
by PB. Enhanced development of tolerance to PB hypnosis 
was also found after chronic treatment with ethanol and 
PB [21]. 

In conclusion, the data presented in our present and 
previous studies [10] indicate that the effects of DMI and 
possibly other tricyclic antidepressants on PB action 
depend on the interval between the administration of DMI 
and PB. Thus, acute treatment with DMI may potentiate 
the effect of PB shortly after administration of DMI to 
acute and chronic PB-treated rats. On the other hand, 
DMI may shorten the effect of PB after clearance of DMI 
from rats treated chronically with a combination of DMI 
and PB. Since tricyclic antidepressants and PB may be 
used concomitantly in man [11], the extrapolation of these 
findings to man would indicate that it is important to regu- 
late the dose of PB according to the time of tricyclic anti- 
depressant intake. 
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7['*C]pargyline binding to mitochondrial outer membranes* + 


(Received 5 January 1976; accepted 5 March 1976) 


Studies in vitro using a highly purified bovine kidney 
enzyme have shown that 7['*C]pargyline binds irreversi- 
bly and quite probably covalently to monoamine oxidase 
(MAO). The bound ['*C]pargyline was not extracted by 
a number of procedures including trichloroacetic acid 
(TCA) washes and chloroform: methanol extraction [1]. 
Under appropriate conditions, the radioactive inhibitor 
binds in a ratio of | mole/mole of MAO flavin, and the 
['*C]pargyline can be recovered bound to a flavopeptide 
isolated from proteolytic digests of the inhibited enzyme 
[2]. It has also been reported that ['*C]pargyline is speci- 
fic for MAO in the sense that it will not bind to other 
purified flavoproteins [1]. This argument has _ been 
extended by Erwin and Deitrich [3] who have shown that 
after its administration in vivo radioactive pargyline is dis- 
tributed among the rat liver organelles roughly in parallel 
with their MAO content. These data and data in vitro sug- 
gest at least a degree of specificity in the binding of 
['*C]pargyline to mitochondrial MAO. 

In this report, the specificity of the binding has been 
further investigated using the interaction in vitro of 
['*C]pargyline with mitochondrial outer membranes. The 
outer membrane preparations were isolated from the 
pooled livers of several 300 g male albino rats as described 
by Sottocasa et al. [4]. 7['*C]pargylinet (7.03 wCi/mg) was 
the kind gift of Dr. A. O. Geiszler of Abbott Laboratories, 
North Chicago, Ill. 
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t Radiochemical analysis by Abbott Laboratories 
showed that greater than 99.5 per cent of the radioactivity 
was present as pargyline. 


Usually about 0.4 to 0.8 mg/ml of outer membrane pro- 
tein [5] was incubated at 35° in 50mM Tris-HCl (pH 7.5) 
and varying concentrations of radioactive pargyline. In 
some experiments, the incubation was sampled and MAO 
activity was estimated at room temperature using a modifi- 
cation of the method of Tabor et al. [6]. In this assay, 
the benzylamine concentration was | mM and the buffer 
was 50 mM Tris-HCl (pH 7.5). One unit of enzyme activity 
is defined as 1 nmole benzaldehyde formed/min using a 
mM extinction coefficient for benzaldehyde of 13.8. The 
binding of ['*C]pargyline was estimated by measuring the 
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Fig. 1. Outer membranes (0.60 mg protein/ml) were incu- 
bated at 35° in 4ml of a medium containing 50mM 
Tris-HCI (pH 7.5) and 10~° M 7['*C]pargyline. At the in- 
dicated intervals, 0.1 ml was removed to measure the dea- 
mination of benzylamine (A—A) and 0.5 ml was removed 
to estimate bound radioactivity (O—O) by the TCA 
method (see text). Initially the specific enzymatic activity 
of MAO in the outer membranes was 93 units/mg of 
protein. 





Short Communications 


Oxidation 





3 
° 
% Inhibition of Benzylamine 





i rs i 
o to 107 107 105 
Molarity of '*C Pargyline 





Bound '*C Pargyline (cpm per mg) 


10-4 


Fig. 2. Outer membranes (0.44 mg protein/ml) were incu- 
bated for 20 min at 35° in 1 ml of 50 mM Tris—HCl (pH 7.5) 
and the indicated concentrations of 7['*C]pargyline; 
0.05 ml was removed to estimate MAO (A—A) and the 
remainder was used to estimate bound radioactivity by 
the TCA procedure (O—O) or the pargyline procedure (@). 
The specific enzymatic activity of outer membranes incu- 
bated in the absence of inhibitor was 119 units/mg of 
; protein. 


radioactivity remaining bound after the membranes had 
been precipitated and then washed three times with 2 ml 
of 5% TCA. The final precipitate was dissolved in a small 
volume of 0.5N NaOH and transferred to scintillation 
vials where the mixture was neutralized with | N HCl, 
prior to the addition of Aquasol (New England Nuclear 
Corp.). As an alternative washing procedure, the mem- 
branes were sedimented at 104,000g after the incubation 
mixture had been brought to a final concentration of 
10-?M with unlabeled pargyline-HCl. These membranes 
were then resuspended and sedimented three more times 
in 2ml of 10°-?M pargyline. The pargyline-washed mem- 
branes were counted directly in Aquasol. This procedure 
was as efficient as the TCA washes (see Fig. 2), and was 
used prior to the gel electrophoresis experiments. Electro- 
phoresis with polyacrylamide gels in the presence of 
sodium dodecyl sulfate (SDS) was performed essentially 
as described by Weber and Osborn [7] but using gels con- 
taining 0.3 g bis acrylamide/22.2 g acrylamide and a total 
monomer content of 7.5 per cent. Gels used to estimate 
the distribution of radioactivity were sliced with a wire 
device into approximately l-mm slices. Two slices were 
incubated overnight at 35° with 10ml of a mixture of 
Omnifluor-3% Protosol (New England Nuclear Corp.) in 
glass scintillation vials. One drop of concentrated acetic 
acid was added prior to scintillation counting. Radioacti- 
vity was estimated in a Beckman LSC 100 at an efficiency 
of 80-85 per cent for '4C. 

In Fig. 1, the binding of ['*C]pargyline to outer mem- 
branes and the inhibition of benzylamine oxidation as a 
function of time after the addition of 10°°M radioactive 
pargyline are compared. Both inhibitor binding and 
enzyme inhibition had very similar time courses, and were 
beth essentially complete by 20 min. This incubation inter- 
val was used in the subsequent experiments in Fig. 2, a 
typical experiment comparing the binding and enzyme in- 
hibition as a function of ['*C]pargyline concentration is 
shown. Although MAO was completely inhibited by 
10-°M radioactive inhibitor, the binding of ['*C]pargy- 
line continued through 10° * M. It seems that at lower con- 
centrations inhibitor binding is related to enzyme inhibi- 
tion, but at higher concentrations the radioactive inhibitor 
binds to other sites as well. 

This possibility was tested directly by comparing the dis- 
tribution of radioactivity after SDS polyacrylamide gel 
electrophoresis (Fig. 3). After electrophoresis of outer mem- 
branes incubated with 10°°M ['*C]pargyline, radioacti- 
vity was only found in one area of the gel, presumably 
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Fig. 3. Outer membranes (0.80 mg/ml) were incubated with 
10°°M and 10°*M 7['*C]pargyline as described in the 
legend of Fig. 2. The membranes were washed by the par- 
gyline procedure and finally dissolved in a buffer contain- 
ing 1% SDS, 10mM mercaptoethanol, and 0.003% brom- 
phenyl blue at 60° for 30min. One hundred yg of each 
was subjected to SDS polyacrylamide gel electrophoresis. 
The distribution of radioactivity in the membranes from 
10°°M_ (1,000cpm/mg; solid line) and the 10°*M 
(13,700 cpm/mg; dashed line) incubations is shown in panel 
A. The relative mobility of proteins of known molecular 
weight is indicated on the abcissa. Panel B shows a densit- 
ometer tracing of a gel stained with Coomassie brilliant 
blue [7], after electrophoresis with 20 ug SDS-mercap- 
toethanol-treated outer membranes. 


a subunit of MAO, with an apparent molecular weight 
of about 60,000 daltons. This observation is consistent with 
the findings by Oreland et al. [8] who have reported that 
highly purified pig liver MAO contains two subunits of 
about 60,000 daltons, both of which bind pargyline. Recent 
observations [9] indicate that radioactive phenethyhydra- 
zine binds to a 60,000 dalton protein present in partially 
purified rat liver MAO. The distribution of radioactivity 
after electrophoresis of outer membranes incubated with 
10-*M pargyline was more complicated. Radioactivity 
was found not only in the higher molecular weight region, 


but was also distributed in at least two other regions of 
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the gel. Both of these lower molecular weight regions had 
a greater electrophoretic mobility than cytochrome c but 
less than the tracking dye. The nature of the pargyline 
binding in these regions is not known. In several exper- 
iments (not shown), about 50 per cent of the radioactivity 
bound at 10°*M could be extracted with a mixture of 
ethanol and ether suggesting that pargyline may, in high 
concentration, bind to membrane lipids. 

While other investigators have shown that ['*C]pargy- 
line binds specifically to highly purified MAO with a pre- 
dictable stoichiometry based on cofactor content or mini- 
mum molecular weight [1, 2, 8], the situation is more com- 
plicated while MAO is still incorporated in the mitochon- 
drial outer membrane. As judged by SDS polyacrylamide 
gel electrophoresis, the specificity of the binding to MAO 
depends on the concentration of ['*C]pargyline. At 
10° 4M, there are several binding sites, while at 10°° M 
the radioactive inhibitor binds exclusively to a subunit of 
MAO with an apparent molecular weight of 60,000 dal- 
tons. In three assays with outer membranes incubated with 
10°°M ['*C]pargyline under the conditions described in 
Fig. 2, benzylamine oxidation (originally 97 + 12 units/mg 
of ‘protein) was inhibited by 96+3 per cent, and 
0.38 + 0.06 nmole ['*C]pargyline was bound/mg of outer 
membrane protein. Assuming that 1 mole of inhibitor 
binds/mole of enzyme [1,2], it can be calculated that the 
60,000 dalton MAO subunit comprises about 2.5 per cent 
of the outer membrane protein. Since pargyline binds to 
or very near the covalently linked MAO flavin [1, 2, 10], 
it seems likely that the 60,000 dalton subunit is a flavopro- 
tein. On the other hand, the molecular weight of catalyti- 
cally active rat liver MAO has been estimated at 150,000 
daltons [11]. Using this molecular weight and again 
assuming | mole of inhibitor binds to | mole of enzyme, 
MAO may be calculated to represent about 6 per cent 
of the outer membrane protein. As estimated by the speci- 
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fic binding of ['*C]pargyline, MAO comprises a substan- 
tial portion of the protein in the mitochondrial outer mem- 
brane. 

Department of Pharmacology, Roy McCAuLey 
State University of New York, 

Downstate Medical Center, 

Brooklyn, N.Y. 11203, U.S.A. 
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PRELIMINARY COMMUNICATIONS 
IDENTIFICATION OF THE GLUCURONIDES OF CANNABIDIOL 


AND HYDROXYCANNABIDIOLS IN MOUSE LIVER 


D. J. Harvey, B. R. Martin and W, D. M. Paton 


University Department of Pharmacology, South Parks Road, Oxford OX1 3QT, U. K. 


(Received 11 June 1976; accepted 23 June 1976) 


There has been much speculation in recent years on the nature of the conjugates 
formed during metabolic transformation of the cannabinoids (1) but to date, only one such 
compound, a diacetate, appears to have been reported (2). Indirect evidence obtained by 
hydrolysis of metabolic fractions with B-glucuronidase has suggested the presence of small 
amounts of glucuronide or sulphate conjugates formed from s- and a°-tetrahydrocannabinol 
(THC) (3, 4) and cannabidiol (CBD) (5). Direct evidence for the formation of glucuronide 
conjugates by a number of other drugs has recently been obtained by examination of the 
intact conjugate with combined gas chromatography-mass spectrometry (GC-MS) (6-9). Using 
this method during the study of the metabolism of CBD, a cannabinoid reported to compete 
with a)-THC for the drug metabolizing enzymes (10), we have characterized the glucuronide 
metabolites of CBD and several hydroxy-CBD's as the major in vivo hepatic metabolites in 
the mouse, 

Male mice (Charles River, CDl, 23 g) were treated with CBD (100 mg/kg i.p.) 
suspended in Tween-80 and saline at 26 h and 2 h before sacrifice, The livers were 
removed, and the metabolites were extracted with ethyl acetate and partially purified 
by chromatography on Sephadex LH-20 in chloroform as described previously (ll, 12). 

The derivatized metabolite fraction was then examined by GC-MS using a V. G. Micromass 

12 B mass spectrometer interfaced to a Varian 2400 gas chromatograph (3% SE-30, 2 m x 2 mm) 
and a V. G. Data System type 2040, Gas chromatograms were run under temperature prog- 
rammed conditions (170° to 280° at 2°/min) and mass spectra were recorded continuously 
from 190° at 3 sec/decade with a 2 sec inter-scan delay, 

The GLC profile of the metabolic fraction as trimethylsilyl (TMS) derivatives 
contained a number of unconjugated metabolites (retention time 14-32 min), among which 
were the previously reported (13, 14) 6a- and 7-hydroxy-CBD. A second group of peaks 
which eluted from 38 to 50 min was produced by conjugates, The mass spectrum of the 
most abundant conjugate (retention time 39.5 min) exhibited a base peak at m/e 375 and 


contained ions at m/e 204 (5%), 217 (25%), 464 (7%) and 465 (5%) indicative of the 
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presence of glucuronic acid (7, 9). In addition the mass increases of 27, 18, 18, 36 and 


36 atomic mass units (a. m. u.) respectively shown by these ions in the spectrum of the 


d.,- TMS derivative (15) were also consistent with their possessing the structures of gluc- 


uronide fragment ions. The other major ions at m/e 458 (34%), 390 (38%), 386 (23%), 
385 (14%), 337 (28%), 303 (23%) were produced from the aglycone and are characteristic 
of CBD. They also showed the appropriate shifts ‘in the a,- TMS spectrum, The ion at 
m/e 458 (equivalent to the molecular ion of CBD), arose by transfer of a TMS group from 
the glucuronide moiety to the aglycone, a rearrangement reported to be specific for 
aromatic glucuronides (7, 9). The abundant ion at m/e 390 resulted from a retro-Diels- 
Alder elimination of CoHg (68 a, m. u.) from m/e 458 (16), and the ions at m/e 386 and 
385 were produced by cleavage of the CBD moiety with and without hydrogen rearrangement 
respectively. 

Confirmation of the presence of the glucuronide carboxylic acid group was 
obtained by the preparation of the methyl ester-TMS derivative, This reduced the 
retention time to 39 min and produced a spectrum in which the glucuronide ions at m/e 
375, 464 and 465 (TMS derivatives) were reduced by 58 a, m, u. showing replacement of 


a TMS group by a methyl group. Reduction of the conjugate with LiA1D, to a primary 


4 
alcohol introduced two deuterium atoms (base peak of TMS derivative m/e 363), also 
indicating the presence of one acid group. Finally, hydrolysis of the metabolite 
fraction with B-glucuronidase at pH 5 in the presence of phosphate buffer (to inhibit 
sulphatase activity (17)) resulted in the disappearance of the conjugate peaks from 
the chromatogram and the appearance of unconjugated CBD (retention time 12,2 min). 

In addition, the increase after enzymatic hydrolysis in the size of the GLC 
peaks produced by 6a- and 7-hydroxy-CBD suggested that these two metabolites could 
also conjugate with glucuronic acid, Peaks in the chromatogram of the TMS derivative 
of the unhydrolysed metabolite fraction at 42 - 45 min were subsequently identified as 
hydroxy-CBD glucuronides by the presence in their spectra of the glucuronic acid ions 
at m/e 204, 217, 375, 464 and 465 and the hydroxy-CBD ions at m/e 473, 474, 478 and 
546. These glucuronides also formed methyl esters (base peak m/e 317) and were reduced 
to primary alcohols with LiAlD, with the incorporation of two deuterium atoms, In the 
spectrum of the largest hydroxy-CBD peak the presence of m/e 443 (loss of CH, OTMS from 
the aglycone) together with the substituted tropylium ion at m/e 337 indicated that the 
conjugate was the glucuronide of 7-hydroxy-CBD, In the other hydroxy-CBD glucuronide 
spectra, ions characteristic of the position of hydroxyl substitution were not abundant 


enough to enable definite structural assignments to be made, In the spectra of all 
) 


these compounds, the presence of ions at m/e 546 and 478, produced by transfer of a 
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TMS group to the hydroxy-CBD moiety, indicated that the glucuronic acid was conjugated 
to an aromatic rather than to an aliphatic hydroxyl group (7, 9). 

In summary, the major in vivo metabolites of CBD have been identified by 
GC-MS as the glucuronides of CBD and 7-hydroxy-CBD. Indirect evidence provided by 
enzymatic hydrolysis also indicated the presence of the corresponding conjugate of 


6a-hydroxy-CBD. 


We thank the Medical Research Council for a Programme Research Grant, and 
the Wellcome Trust for personal support for B, R. M, 
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MICROSOMAL MIXED-FUNCTION OXIDASES AND EPOXIDE HYDRATASE 
CONVERT BENZO[a]PYRENE STEREOSPECIFICALLY TO OPTICALLY 
ACTIVE DIHYDROXYDIHYDROBENZO[a ]PYRENES 


Shen K. Yang and Harry V. Gelboin 
Molecular Carcinogenesis Section, Chemistry Branch, 
National Cancer Institute, National Institutes of Health, 


Bethesda, Md. 20014, U.S.A. 
(Received 14 May 1976; accepted 24 June 1976) 
The microsomal mixed-function oxidases and epoxide hydratase catalyze the metabolism 


of a large variety of xenobiotics including drugs, pesticides and carcinogens. Any stereo- 
specific action of these enzyme systems may be significant to the specificity of drug action 
as well as to carcinogen activation and detoxification. Earlier studies showed that mixtures 
of the (+) and the (-) enantiomers of dihydrodiols have been found in the urine of rats and 
. rabbits fed with anthracene, phenanthrene and naphthalene (see reviews in Ref. 1). In the 
metabolism of naphthalene by rat liver microsomes of mice, rats, rabbits and guinea pigs, 
(-)trans-1,2-dihydroxy-1,2-dihydronaphthalene was formed in large excess of the (+) 
enantiomer (2), although another report (3) suggested that (+) enantiomer was formed with 
mouse liver microsomes. 

Benzo[a]pyrene (BP) is a common polycyclic hydrocarbon carcinogen present as a pollutant 
in the environment and may be a cause of human cancer (4). BP is converted to trans-diols 
by the action of mixed-function oxidases which form epoxide intermediates (1,5,6) which 
are then converted to dihydrodiols by the action of epoxide hydratase (7-9). We recently 


demonstrated (10,11) that BP is metabolized via r-7,t-8-dihydroxy-7 ,8-dihydrobenzo[a ]pyrene 


(trans-7,8-diol) predominantly to r-7,t-8-dihydroxy-t-9,10-oxy-7,8,9,10-tetrahydrobenzo[a]- 


pyrene (diol-epoxide I).* In mammalian cells, the latter compound is extraordinarily more 
mutagenic (10) than fifteen other BP metabolites tested including the K-region epoxide (6,7), 
three dihydrodiols (12,13) and four phenols (14). These studies and the metabolic formation 
of diol-epoxide I suggest that the latter may be the ultimate carcinogenic form of benzo[a]- 
pyrene. Analysis of the hydrolysis products of: (1) two synthetic isomeric diol-epoxides, 


(2) the diol epoxide formed from the metabolically made trans-7,8-diol and (3) those formed 


*The nomenclature of compounds in this report is designated according to: Nomenclature 
of Organic Compounds (Eds. J. H. Fletcher, 0. C. Dermer and R. B. Fox), No. 126, pp. 
103-119. American Chemical Society, Washington, D.C. (1974). 
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from synthetic racemic trans-7,8-diol indicates that the trans-7,8-diol is converted 
predominantly to one enantiomeric form of diol-epoxide I (11). These results indicated 
that the metabolically formed trans-7,8-diol would be optically active. 

In this report, we have isolated and measured directly the optical activity of three 
metabolically formed BP trans-dihydrodiols: trans-7,8-diol, the precursor of the highly 
active mutagenic diol-epoxide I, r-9,t-l0-dihydroxy-9,10-dihydrobenzo[a]pyrene (trans-9,10- 
diol) and the K-region dihydrodiol, r-4,t-5-dihydroxy-4,5-dihydrobenzo[a]pyrene (trans-4,5- 
diol). Each of the three metabolically formed trans-diols exhibits optical activity, and 
their respective specific rotations are shown in Table 1. 


Table 1. Specific rotation of three enzymatically formed trans-dihydroxydihydrobenzo[a]- 
pyrenes* 





fal”? (c, 0.025, methanol) deg. 


Metabolite » = 400 nm = 500 nm 








trans-4,5-diol N.M. -145 + 70 


trans-7,8-diol -3284 + 70 -767 ¥ 60 
trans-9,10-diol -1290 ¥ 60 -575 + 60 


*Optical rotations were measured on a Perkin-Elmer model 241-MC polarimeter with a cell 
of 0.2 dm light pathlength. The unit of c is g/100 ml. N.M. indicates not measurable. 
The trans-diols were prepared enzymatically from benzo[a]pyrene and isolated by high- 
pressure liquid chromatography (S. K. Yang, D. W. McCourt and H. V. Gelboin, manuscript 
in preparation). Synthetic racemic trans-diols measured under identical conditions were 
optically inactive. 





The data in Table 2 suggest that the metabolically formed trans-7,8-diol is an optically 
pure enantiomer. The racemic trans-7,8-diols are metabolically converted to two diol-epoxides 
which yield upon hydrolysis four stereoisomeric tetrols. These have been fully characterized 
by mass and ultraviolet absorption spectra and by chromatographic mobilities. The metabolic- 
ally formed trans-7,8-diol, however, yields predominantly diol-epoxide I upon further metab- 
olism by the mixed-function oxidases which upon hydrolysis yields two stereoisomeric tetrols 
and one triol. The two additional tetrols and one triol observed in the metabolism of the 
racemic trans-7,8-diol are present in small quantities. Thus, the metabolically formed 
trans-7,8-diol is essentially an optically pure enantiomer with the specific rotation indi- 
cated in Table 1. The optical purity of the metabolically formed (-)trans-7,8-diol is 


further indicated by comparison with the high pressure liquid chromatographically resolved 


and optically pure (-)trans-7,8-diol which has a specific rotation of [al?, -3730 + 160 


deg. (c, 0.019, methanol) (S. K. Yang, H. V. Gelboin, J. D. Weber, D. L. Fischer, V. 


Sankaran and J. F. Engel, manuscript in preparation). The optical purity of the trans-4,5- 
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diol and the trans-9,10-diol has not been established. Their formation may be stereo- 


specifically similar to the formation of trans-7,8-diol or they may be formed stereo- 
selectively by the action of mixed-function oxidases and epoxide hydratase. 


Table 2. The properties of tetrols and triols derived metabolically from trans-7,8- 
diol and from synthetic diol-epoxides 





Amount of metabolite (nmoles)* 
Metabolite* t. on HPLC, Molecular ion From metab. formed From racemic 
mint (M+), m/et (-)trans-7,8-diol|| | trans-7,8-diol 





q 





(7,10/8,9)-tetrol (1) 26.7 320 1.51 1.25 
(7,9/8,10)-tetrol (II) 27.8 320 0.03-0.15 0.14 
(7/8,9,10)-tetrol (1) 30.6 320 0.38 0.32 
(7/8,9)-triol (I) 34.0 304 0.23 0.28 
(7,9,10/8)-tetrol (II) 36.1 320 0.03-0.05 0.33 
(7,9/8)-triol (II) 44.8 304 0.01-0.04 0.30 


*Tetrol and triol are abbreviations for tetrahydroxytetrahydrobenzo[a|pyrene and trihydroxy- 
pentahydrobenzo[a ]pyrene respectively. Ultraviolet absorption spectra indicate that all 
tetrols and triols contain saturated carbons at the 7, 8, 9 and 10 positions of benzo[a]- 
pyrene. The numbers in parentheses preceding tetrol or triol indicate the relative stereo- 
configurations of the hydroxy] groups designated according to Nomenclature of Organic 
Compounds (See footnote on first page of this communication). The roman numeral in paren- 
theses following tetrol and triol indicates that it is identical to the products derived 
from the synthetic diol-epoxide I or II in its chromatographic mobilities on HPLC, ultra- 
violet absorption and mass spectra. The detailed structural characterization of the tetrols 
(hydrolysis products) and triol (reduction products by NADPH of diol-epoxides I and II) will 
be published elsewhere (S. K. Yang, P. P. Roller and H. V. Gelboin, manuscript in preparation). 
Other metabolites structurally unrelated to diol-epoxides are also formed and have not been 
identified (11). The synthesis and stereochemical characterization of two isometric diol- 
epoxides have been reported (15-17). 








*The metabolites of trans-7,8-diol were analyzed on a Spectra-Physics model 3500 high- 
pressure liquid chromatograph fitted with a 6.2 mm 1.D. x 250 mm Dupont "Zorbax" octa- 
decyltrimethoxysilane (ODS) column (10,11). The column was eluted with a linear gradient 
of 75% methanol in water to 100% methanol for 100 min at ambient temperature. The solvent 
flow rate was 0.5 ml/min. The absorption of the eluent was monitored at 248 nm and 
fractions were collected and the radioactivity was determined by liquid scintillation 
counting. The retention times were the elution time of the chromatographic peaks. 


*Mass spectra were performed on a JEOL model JMS-01SG-2 instrument at 70 eV with a solid 
probe. 


Samount of metabolites (nmoles/ml of incubation mixture) was determined by HPLC analysis. 
Either the metabolically formed or the synthetic racemic (3H)trans-7,8-diol (420 nmoles) 
was added to a 10-ml incubation mixture containing liver microsomes equivalent to 2.4 mg 
protein from 3-methylcholanthrene-treated male Sprague-Dawley rats, 0.03 m-mole MgCl, and 
0.5 m-mole Tris-HCl buffer at pH 7.5. The mixture was incubated at 37° for 10 min with 
Cua The metabolites were extracted and. prepared for HPLC analysis as described 
11,18). , 

a 
| IMetabolical ly formed (~H 
(3H)BP as described (11) ( 
preparation). 


trans-7,8-diol (sp. act. 377 mCi/m-mole) was prepared from 


) 
S. K. Yang, D. W. McCourt and H. V. Gelboin, manuscript in 


‘synthetic racemic (34) trans-7,8-diol (sp. act. 157 mCi/m-mole) was prepared under 
National Cancer Institute Contract NO1-CP-33387 by McCaustland et al. (19). 
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The sign of optical rotation had been related to the absolute stereochemistry for the 


r-1,t-2-dihydroxy-1,2-dihydronaphthalene (trans-1,2-dihydroxy-1,2-dihydronaphthalene) and 


r-1,t-2-dihydroxy-1,2-dihydroanthracene (trans-1,2-dihydroxy-1,2-dihydroanthracene) and 


the (-) enantiomer was deduced by its ORD and CD properties to have 1R,2R configuration 
(2,20,21). The ORD curves of the three enzymatically formed BP trans-diols are shown in 
Fig. 1. As indicated in Table 2, that the (-)trans-7,8-diol obtained enzymatically is an 
optically pure enantiomer, the stereochemistry of this (-)trans-7,8-diol may have the 

7R,8R configuration by analogy to the deduced absolute configuration of (-)trans-1,2- 
dihydroxy-1,2-dihydronaphthalene and (-)trans-1,2-dihydroxy-1,2-dihydroanthracene (2,20,21). 
However the definitive proof for the absolute configuration should be determined by a 
direct method’ such as X-ray crystallography. If the enzymatically formed (-)trans-7,8-diol 
indeed has 7R,8R configuration, the structure of the predominant diol-epoxide formed 
metabolically would be as shown below in which the triangle and dotted line indicate that 


the substituent is toward and away from the viewer respectively. 


Diol-epoxide | 
The demonstration of stereospecificity in the formation of optically active metabolites 


by the mixed-function oxidases and epoxide hydratase may be of importance to understanding 
carcinogen as well as drug action since key receptors may be specific for only one form or 
enantiomer of a compound. These results also suggest the possibility that only one of the 
two enantiomers of drugs, carcinogens and other xenobiotics that contain asymmetric carbon 


atoms is formed and active biologically. 


Fig. 1. ORD curves of three enzymatically 
formed benzo[a]pyrene trans-diols. The 
samples were obtained as indicated in the 
legend of Table 1. The molecular rotation 
[91 is calculated by multiplying the specific 
rotation [a] by 2.86. The dotted line of 
trans-4,5-diol is the wavelength region where 
the optical rotations were not measurable due 
to opagueness of the solution. 
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COMMENTARY 


TAURINE AND CARDIAC PHYSIOLOGY 


Davip S. Grosso and RUBIN BRESSLER 
University of Arizona Medical Center, Department of Pharmacology, Tucson, Ariz. 85724, U.S.A. 


This review will be concerned principally with a dis- 
cussion of taurine and its influence on skeletal and 
cardiac muscle physiology, its relationship to cardiac 
pathology and its potential importance in the phar- 
macology of the heart. An exhaustive review of the 
literature pertaining to taurine has not been 
attempted. Instead our intention is to provide an 
overview of the current understanding of taurine 
metabolism and its proposed physiological functions 
and to indicate the directions currently being followed 
by investigators in this field. 

Taurine, 2-aminoethanesulfonic acid (H,NCH,- 
CH,SO;3H), is a sulfonic acid analogue of f-alanine. 
It is found in all animal species as a free amino acid, 
but occurs to only a limited extent in plants, primarily 
in lower forms [1]. The single clearly defined function 
of taurine in animals is the formation of bile salts 
in certain mammalian species which serve as emulsify- 
ing agents in the gut and thus facilitate lipid diges- 
tion [2]. 

Taurine was first identified as a component of ox 
bile [3], hence the name. In mammals, taurine is pres- 
ent in all tissues of the body with skeletal muscle 
accounting for 75 per cent of the body stores [4]. In 
addition to skeletal muscle, the heart, brain and 
spleen also contain high concentrations of taurine [1]. 
As much as 50 per cent of the free amino acid content 
of the dog [5] and rat [6,7] heart consists of taurine. 
The taurine content of skeletal muscle, heart and 
brain of a few representative species in ymoles/g wet 
weight is as follows (taken from Jacobsen and 
Smith [1]; Huxtable and Bressler [8,9] and unpub- 
lished data from this laboratory): 


Skeletal muscle: man, 5; rabbit, 5; rat, 14; guinea 
pig, 9; cat, 4.5 

Heart: man, 5.6; rabbit, 11; rat, 28; guinea pig, 12; 
dog, 16 

Brain: man, 5; rabbit, 2; rat, 3; guinea pig, 2; cat, 
2; dog, 2 

Liver: man, 1.8; rabbit, 0.5; rat, 5 


The taurine content of the liver approximates that 
of other tissues of the body. Even though large 
amounts of free taurine have long been known to 
exist in the skeletal muscle, heart and brain, a distinct 
role for this compound in the physiology of these, 
or any other tissue, has yet to be described. It has 
only been in recent years that any concerted effort 
has been expended in an attempt to understand the 
influence of taurine on the physiology and metabo- 
lism of excitable tissues. 

Marine invertebrates also possess large concen- 
trations of taurine in nerve and muscle tissue [10]. 


In a number of species, taurine, in conjunction with 
other amino acids, is believed to aid in the main- 
tenance of the intracellular ionic balance and in the 
regulation of intracellular osmotic pressure. Tissues 
of marine animals have been found to possess concen- 
trations of taurine as much as three times greater than 
the concentrations found in tissues of mammals 
[1, 10]. The ionic composition of muscle of both mar- 
ine and terrestrial animals is similar. This has sug- 
gested to some that an optimal intracellular ionic en- 
vironment required for proper muscle function has 
been adopted universally [10]. Due to the nature of 
their habitat, marine species necessarily require a 
means of regulating ionic balances different from that 
of non-marine organisms. Many have adapted to the 
use of amino acids as osmoregulatory agents. Taurine 
appears to be more widely utilized for this purpose 
than other amino acids based on its generally greater 
abundance in many marine organisms. 

Recent investigations suggest a physiological role 
for taurine in the maintenance of excitatory activity 
in muscle and nervous tissue of mammals. The high 
concentration of taurine in brain[1,11,12] and its 
reported ability to alter nervous system func- 
tions [13-17] has led to speculation that taurine may 
act as an inhibitory neurotransmitter [13, 16]. More 
recent studies demonstrating effects on behavioral 
activity in mice[18] and axonal membrane physi- 
ology [19, 20] also point to a neuroaffector role for 
taurine. A recent review by Barbeau et al. [21] dis- 
cusses the neuropharmacology of taurine. The ability 
of taurine to modify electrophysiological parameters 
of skeletal muscle [20,22,23] and cardiac mus- 
cle [24-28], as well as ion permeabilities of skele- 
tal [22] and cardiac muscle [27, 29, 30], is interpreted 
as evidence that taurine may be an important physio- 
logical regulator in muscle tissue as well. 


CARDIAC AND SKELETAL MUSCLE PHYSIOLOGY 


Interest in the study of taurine and its physiological 
actions has been stimulated in recent years by the 
observations that cardiac taurine levels are elevated 
in states of cardiac pathology [8,9] and urinary taur- 
ine excretion is elevated in muscular dystrophic con- 
ditions [31, 32]. 

Evidence is accumulating which implicates intracel- 
lular taurine with the regulatory processes responsible 
for controlling ion fluxes into and out of excitable 
tissues such as muscle and nerve. Read and 
Welty [24] first suggested that taurine might influence 
cardiac activity by affecting ion movement. Their con- 
clusions were based on the mitigating actions of taur- 


9327 


BP. 25,20--A 222 





I9IR 


ine toward epinephrine- or digoxin-induced arrhyth- 
mias. These same investigators [25, 26] later reported 
that taurine reversed the loss of K* from dog heart 
evoked by epinephrine. Strophanthin-K elicits a posi- 
tive inotropic response in the isolated, perfused, 
guinea pig auricle without affecting the heart rate 
[27]. Taurine potentiates this response while having 
no demonstrable action in the absence of glycoside. 
Taurine was also shown to be effective in reversing 
abnormal ECGs of dog and guinea pig heart brought 
on by perfusion with either strophanthin-K of K*- 
free medium [28]. In fibrillating hearts perfused with 
K *-free medium, the addition of K* (2.8mM) and 
taurine (mM), but not K* alone, eliminated the 
fibrillation. The effects of taurine on ECG parameters 
in the presence of strophanthin-K and low potassium 
are evidence for a protective action by taurine on 
the heart through regulation of cell permeability to 
potassium. It is interesting to note that homo- 
taurine, 3-aminopropanesulfonic acid (H,NCH,CH,- 
CH,SO,H), exhibited no tendency to alter cardiac 
activity [27]. 

The nature of the inotropic response of the heart 
to ouabain has been demonstrated to be a species- 
dependent phenomenon [29]. Perfusion of isolated 
guinea pig or rat heart with ouabain (1.7 mM) in the 
presence of taurine (8 mM) increased the contractile 
response in the former, but decreased it in the latter. 
Contractility of hearts of both species is reduced when 
perfused with low calcium medium (Ca** = 0.14 
mM). Addition of taurine stimulated the guinea pig 
heart to contract with near normal strength, but 


further suppressed contractility of the rat heart. The 


response to ouabain perfusion in low Ca** medium 
was qualitatively similar to the effects of taurine in 


both species. When perfused together the actions of 


taurine and ouabain were additive. Taurine also 


manifests a protective action on the contractility of 


the guinea pig heart perfused with a Ca**-free 
medium [30]. Contractile force was greater and main- 
tained for a longer period of time in the presence 
of taurine. Kinetic analysis of Ca?* washout from 


the perfused heart identified three compartments of 


exchangeable Ca**, one being identified as the vas- 
cular space and a second representing the intracel- 
lular Ca?* pool. A third was characterized by a 
constant exchange rate and presumably represents 
Ca** located in the sarcoplasmic reticulum. Taurine 
reduced the rate of Ca** efflux from the rapidly ex- 
changeable pools and increased the total calcium con- 
tent of each compartment. 

Recent reporis have demonstrated an effect by taur- 
ine on calcium metabolism in subcellular compon- 
ents. It stimulates Ca?* uptake and (Ca**—-Mg?*)- 
ATPase activity of sarcoplasmic reticulum (SR) iso- 
lated from rat skeletal muscle [22] at the same time 
total Ca** bound to SR is increased. Incorporation 
of taurine in the medium during isolation increased 
the yield of SR. Homotaurine also enhanced uptake 
of Ca** and (Ca**-Mg?*)-ATPase activity. In a 
study utilizing rat liver mitochondria as a model sys- 
tem, taurine was reported to alter the rate of uptake 
of Ca** and total Ca** bound by the organelles [33]. 
Calcium-activated respiration was inhibited by taur- 
ine and by isethionic acid, 2-hydroxyethanesulfonic 
acid (HOCH,CH,SO,H). Isethionic acid also in- 
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creased Ca** uptake and binding by the mitochon- 
dria. This latter observation is of interest in view of 
the suggestion by Read and Welty [24] that a meta- 
bolite of taurine such as isethionic acid may have 
been responsible for the changes observed in ECGs 
of dogs pretreated with taurine. These findings must 
be considered whenever a mechanism for taurine 
effects on ion permeabilities of membranes is dis- 
cussed. A detailed study of the influence of taurine 
on ion translocation in mitochondria may provide in- 
sight into its actions on other membrane systems. 

Excitation-contraction coupling in neuromuscular 
preparations appears to be influenced by taurine [23]. 
Hyperpolarization of the resting potential of frog ske- 
letal muscle (11.4 per cent more negative than control) 
and rat skeletal muscle (3.5 per cent more negative 
than control) was observed in the presence of taurine. 
Furthermore, isolated muscle of rats pretreated with 
taurine for 14 days prior to testing exhibited an 11 
per cent reduction in action-potential duration, an in- 
crease of 23 per cent in input resistance, an increase 
of 11 per cent in depolarization rate and an increase 
in repolarization rate of 19 per cent. No changes in 
overshoot or threshold potentials were observed. 
Miniature end-plate potential (MEPP) frequency was 
higher in isolated frog muscle, but not in rat muscle, 
incubated in the presence of taurine. Muscle from 
taurine-loaded rats did exhibit an increase in MEPP 
frequency, however. The distribution of the ampli- 
tudes of MEPPs was shifted to slightly higher values 
in superfused frog and taurine-loaded rat muscle, but 
not in superfused rat muscle. The investigators inter- 
preted their data as demonstrating a substantial post- 
synaptic action by taurine; indicated by the alteration 
of parameters describing the action potentials of the 
neuromuscular preparation, but only a limited pre- 
synaptic action, as indicated by the small changes in 
MEPP frequency and amplitude distribution. It was 
concluded that these effects demonstrate a membrane- 
stabilizing action of taurine by virtue of modifications 
in cell membrane permeability to ions. Furthermore, 
it was suggested that the ability of taurine to alter 
ion permeability of the cell membrane might explain 
the reversal of digoxin-induced arrhythmias observed 
by Read and Welty [24]. The resting potential, mem- 
brane resistance and action potential of the lobster 
axon also exhibit a sensitivity to taurine [19, 20]. The 
responses observed were explained on the basis of 
the ability of taurine to alter the permeability of the 
cell membrane to ions in a manner similar to that 
of muscle. 

Thus far, taurine has been demonstrated to stabi- 
lize abnormal ECGs caused by cardiac glycosides 
[24, 25, 27,28], to reverse the negative inotropic 
effects of perfusion with low Ca** medium [27. 30] 
and to restore the epinephrine- and digoxin-induced 
loss of K* from the heart[25]. It also alters 
membrane permeabilities to Ca** 

[ 19, 20, 25]. Criticism has recently been made of the 
interpretations placed on the purported mitigating 
actions of taurine on drug-induced abnormal ECGs 
[34]. Only detailed study of the degree to which dif- 
ferences in species, drugs and experimental procedure 
might contribute to variations-in the nature of the 
observed effects of taurine on cardiac physiology can 
resolve the questions which have been raised. Even 
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with these questions much evidence now exists for 
a direct action by taurine on the control of ion fluxes 
in the heart, skeletal muscle and nervous tissue. Its 
effects on the lobster axon are of interest in view of 
the suggestions that taurine may be an inhibitory 
neurotransmitter [13,16]. To what extent the effects 
on Ca** transport are interrelated with K*, Na* and 
Cl” transport and the electrophysiology of the heart 
i$ unknown. 


CARDIAC PATHOPHYSIOLOGY AND TAURINE 


The taurine content of the heart is elevated in 
various states of natural and experimentally induced 
cardiac pathophysiology. Spontaneously hypertensive 
rats have a greater concentration of taurine in the 
heart than does heart tissue of animals of the parent 
strain [9]. The hypertrophied hearts, but not skeletal 
muscle or brain, of stress-induced hypertensive rats 
have greater concentrations of taurine than do hearts 
of unstressed controls[9]. Cardiac hypertrophy 
resulting from isoproterenol administration is also 
accompanied by an elevation of taurine [35, 36]. 

In dogs [5], the precipitation of congestive heart 
failure by pulmonary artery stenosis causes a drama- 
tic increase in taurine concentration (umoles/g dry 
weight) in the right ventricle: experimental, 126 + 
10 (mean + S.E.M.); controls, 32.8 + 3.4 (P < 0.01). 
Taurine content of the left ventricle was unchanged: 
experimental, 34.4 + 4.6; control, 32.7 + 3.6. With 
the exception of methionine and valine, which were 
also elevated in the right ventricle of dogs in the ex- 
perimental group, no significant changes in other 
amino acids were observed in this study. Plasma 
levels of all the amino acids remained unchanged. 
Since taurine is not incorporated into protein, these 
data imply that taurine transport or synthesis in the 
failing heart has been modified. In humans, the left 
ventricle of patients who had died of congestive heart 
failure was found to contain much greater concen- 
trations (umoles/g wet weight) of taurine, 11.7 + 1.5 
(mean + S.E.M.), than left ventricular tissue of per- 
sons having died of causes unrelated to cardiac dys- 
function, 5.6 + 0.5 (P < 0.001) [8]. No difference was 
observed in aortic tissue from the same patients, 
1.6 + 0.1 vs 2.1 + 0.4 in patients dying of heart fail- 
ure. It was also reported that patients with a history 
of hypertension had increased taurine in the left ven- 
tricle, normotensives, 4.84 + 0.51 vs 8.14 + 1.08 for 
hypertensives (P < 0.01). 

To speculate on a cause-effect relationship between 
cardiac pathology and elevated taurine levels in the 
heart would be premature. However, in view of the 
apparent effects of taurine on ion permeabilities of 
cell membranes of excitable tissues and its mitigating 
actions on drug-induced aberrations in electrophysio- 
logical parameters of the heart, the possibility exists 
that the changes in cardiac taurine may reflect an 
attempt by the system to re-establish homeostasis in 
the stressed organ. The final word on this subject 
must await a definitive demonstration of the ability 
of taurine to affect cardiac physiology through 
changes in mechanisms which control transmembrane 
ion movement, exchange of ions between intracellular 
pools, localization of intracellular ion pools or by 
direct influence on the contractile apparatus itself. 


BIOCHEMISTRY AND METABOLISM 


Progress in describing a physiological role for taur- 
ine in the heart has been hindered by the absence 
of a means of manipulating endogenous cardiac taur- 
ine levels. The bulk of the taurine fed to animals is 
rapidly excreted unmetabolized [12]. That portion 
retained by the body is only slowly metabolized [12]. 
Attempts to alter the taurine content of the heart 
by fasting [4], taurine loading [12], feeding a taurine- 
deficient diet [12] or feeding a vitamin B-6-deficient 
diet [12,37] have all proved unsuccessful. 

Tissues of the rat can be placed into two groups 
on the basis of radioactive taurine uptake after a 
single injection of tracer quantities of the compound 
[ 12, 38, 39]. For most tissues the uptake and washout 
of label reflect the changing levels of radioactivity in 
the blood. Maximum uptake occurs within hours of 
injection followed by a rapid washout. Skeletal 
muscle, heart and brain, however, accumulate radio- 
activity at a much lower rate. The maximum amount 
of label in these tissues appears from 3 to 5 days 
after the single injection, reflecting a redistribution 
of label from other organs of the body. The loss of 
radioactivity from these tissues is correspondingly 
slow. On the basis of these observations, it becomes 
apparent why dietary manipulation is ineffective in 
altering cardiac taurine levels. 

The biosynthesis of taurine from cysteine has been 
well characterized in rat liver [1]. Synthesis of taurine 
in cardiac tissue is poorly understood, but does not 
seem to occur by the same pathways operative in the 
liver [40, 41]. The rat [40,41], dog [40] and cat [40] 
heart, and human [40] and cat liver [40] lack the 
enzymes necessary for converting cysteine to taurine 
by the same routes identified in the rat liver (Fig. 1). 

In rat liver, cysteine is oxidized to cysteine sulfinic 
acid [42] which may then be decarboxylated [43] to 
hypotaurine followed by oxidation to taurine (I). 
Alternatively, cysteine sulfinic acid may be oxidized 
to cysteic acid [44], which is then decarboxylated to 
yield taurine (II). The decarboxylation of both cys- 
teine sulfinic acid and cysteic acid is believed to be 
catalyzed by the same enzyme, L-cysteine sulfinate de- 
carboxylase, a pyridoxal phosphate-requiring enzyme 
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Fig. 1. Metabolism of cysteine to taurine and isethionic 
acid. 
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[40, 45,46] which is two to eight times more active 
toward cysteine sulfinic acid than cysteic acid [40]. 
Available evidence indicates that the preferred path- 
way in the liver is via hypotaurine [43,44] though 
the oxidation of hypotaurine to taurine is poorly 
understood. The soluble portion of a cell-free extract 
of rat liver will catalyze this latter reaction in the 
presence of NAD [47]. A further metabolism of taur- 
ine to isethionic acid in vitro has been reported to 
occur to a limited extent in dog heart [48,49] and 
rat brain [50]. Radioactive isethionic acid has also 
been found in a number of organs from rats injected 
with radioactive taurine [51 ]. 

Cardiac taurine levels are not altered by the 
administration in vivo of potential metabolic precur- 
sors such as cysteine sulfinic acid, cysteic acid or 
hypotaurine [52], in marked contrast to the elevation 
seen in liver and other tissues under the same condi- 
tions [1,52]. This lends support to the observations 
that taurine is not synthesized directly from cysteine 
in the heart as it is in liver and brain. 

A potential alternative source of taurine in the 
heart is 2-mercaptoethylamine (MEA). The enzymatic 
conversion of MEA to taurine was first reported in 
equine kidney [53]. Since then, homogenates of the 
rat, mouse, guinea pig and beef hearts have been 
shown to convert MEA to hypotaurine and taurine 
[54]. Tissues of rat, mouse and guinea pig take up 
[°°S]-MEA from the blood [52]. A portion of the 
radioactivity extracted from each organ was identified 
as taurine [52]. The injection of [*°S]-cystine into 
rats results in the appearance of [*°S]-MEA and 
[°°S]-taurine in a number of tissues [52]. Over 60 
per cent of the radioactivity in leg muscle, heart and 
lung was identified as taurine and approximately 10 
per cent as MEA 20 hr after injection of [*°S]-cystine. 
These findings were offered as support for the hypo- 
thesis that taurine may be synthesized from cysteine 
via MEA. It was proposed that cysteine conversion 
to MEA was followed immediately by oxidation to 
taurine to explain the low ratio of MEA to taurine 
found in the tissues. The study was done in vivo; 
therefore, the possibility exists that cysteine was meta- 
bolized in the liver or other organs and the resultant 
MEA and/or taurine transported to the heart. Cys- 
tine, MEA and taurine are all taken up by heart, 
although the uptake of taurine is slow [4, 12]. The 
amount of [°°S]-taurine found in the heart after 


[°°S]-cystine administration in vivo[52] might be 
accounted for on the basis of taurine uptake from 
the blood [12] after synthesis from cysteine by an 
extra-cardiac source. A rigorous study of the kinetics 
of appearance of [%°S]-cysteine, [*°S]-MEA and 
[*°S]-taurine in the heart must be made before it can 
be concluded that cysteine is metabolized in cardiac 
tissue to MEA which then may give rise to taurine. 
Among the difficulties inherent in such a study is the 
absence of a reliable analytical method for MEA. 

A “cysteine decarboxylase” activity has not been 
identified in heart or any other tissue which might 
account for the direct conversion of cysteine to MEA. 
An indirect means of generating MEA from cysteine 
would be possible by first synthesizing Coenzyme A 
(CoA) or pantetheine [55]. The MEA moiety of pan- 
tetheine and CoA is supplied by cysteine enzymati- 
cally linked to 4-phosphopantothenic acid by an 
amide bond [56] (Fig. 2). The 4-phosphopantothenyl- 
cysteine thus formed is then decraboxylated by a non- 
pyridoxal phosphate-dependent decarboxylase [57] to 
yield 4-phosphopantetheine which, in the presence of 
ATP, is converted to dephospho-CoA. The enzymatic 
hydrolysis of CoA to pantetheine and 3’,5'-dephos- 
phoadenosine by a membrane-bound pyrophospha- 
tase has been characterized [58]. The cleavage of pan- 
tetheine to pantothenic acid and cysteamine by pan- 
tethinase has been reported in the kidney [55]. It has 
been suggested that the degradation of CoA might 
provide substrate quantities of MEA for conversion 
to taurine [55]. Insufficient information is available 
regarding the turnover rate of CoA to allow a critical 
evaluation of the hypothesis that CoA or pantetheine 
serves as the source of MEA for taurine biosynthesis 
in the heart. 

The biosynthesis of taurine from inorganic sulfate 
in chick [59] and rat liver [60] has been postulated. 
Incorporation of inorganic sulfate into an organo- 
sulfur compound with a carbon-sulfur covalent bond 
is unknown in mammalian systems. Historically, sul- 
fate metabolism in mammals has been believed to 
be confined to sulfate ester formation in conjugation 
and detoxification reactions and to liberation from 
organosulfur compounds as a final step in their utili- 
zation [2,61]. Serine has been proposed as_ the 
organic acceptor of inorganic sulfate for synthesis of 
taurine [62]. Sulfate is believed to be activated by 
formation of 3'-phosphoadenosine-5’-phosphosulfate 
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(PAPS) from which the sulfate is transferred to a 
dehydrated serine intermediate, e.g. x%-aminoacrylic 
acid. The resultant sulfonic acid would then be decar- 
boxylated to yield taurine. This mechanism is analo- 
gous to that proposed for the formation of the sulfo- 
lipid 6-sulfoquinovose in Eugiena [63]. 

Because of the novel nature of this proposed bio- 
synthetic pathway for mammalian systems, more 
rigorous criteria than that of chromatographic mobi- 
lity must be utilized for the demonstration of incor- 
poration of [°°S]-SOf{ activity into taurine. For in- 
stance, the radioactive sulfur-containing moiety in the 
material which co-chromatographs with taurine must 
be demonstrated to be non-hydrolyzable to eliminate 
the possibility that sulfate esters are being formed in 
this system. Should further investigation substantiate 
these preliminary observations, a unique metabolic 
pathway for sulfur metabolism in mammals would 
have been described. This could be of great impor- 
tance for the understanding of taurine metabolism in 
tissues, such as the heart, which do not appear to 
possess the traditional routes for taurine synthesis 
from cysteine. 


SUMMARY 


Taurine is a ubiquitous amino acid in the animal 
kingdom. It is found widely throughout the body and 
in particularly high concentrations in excitable tis- 
sues. In spite of its prevalence, no specific physiologi- 
cal function has been ascribed to taurine in mammals 
aside from its well characterized role in bile salt for- 
mation in some species. Available evidence implies 
that taurine may serve a homeostatic function in ex- 
citable tissues such as nerve and muscle by stabilizing 
membranes in these tissues through the regulation of 
cell membrane permeability to ions. Taurine in- 
fluences K*, Cl” and Ca?* translocation in nerve, 
skeletal muscle and heart. It mitigates drug-induced 
abnormalities in the electrocardiograms of the heart 
and has been found in higher than normal amounts 
in states of cardiovascular pathology, i.e. congestive 
heart failure and hypertension in man, spontaneous 
and stress-induced hypertension in rats and cardiac 
hypertrophy in dogs and rats. Because of the lack 
of information concerning the metabolism of taurine 
by the heart and the inability of investigators to 
modify cardiac taurine levels in vivo, no cause and 
effect relationship can yet be proposed between 
altered cardiac taurine levels and naturally occurring 
states of cardiac pathology. 
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Abstract—Lipid peroxides are formed non-specifically from unsaturated lipids and specifically in the 
course of prostaglandin biosynthesis. Both kinds of peroxidation were found to be interrelated in 
homogenates of the renal medulla, lungs and spleen of rabbits but not in homogenates of the renal 
cortex and brain. Lipid peroxidation was increased by ascorbic acid and ferrous ions, especially in 
the renal cortex, brain and renal medulla homogenates. Arachidonic, but not oleic, acids increased 
lipid peroxidation in the renal medulla, but this augmentation is inhibited by indomethacin. Arachi- 
donic, as well as oleic, myristic and linolenic acids, markedly depressed lipid peroxidation in the 
renal cortex. It is concluded that lipid peroxidation in the renal medulla is mainly specific and in 


the renal cortex mainly non-specific. 


Non-specific peroxidation of a number of unsaturated 
lipids is promoted by ascorbic acid, ferrous ions and 
NADPH [1]. A more specific formation of peroxides 
limited to the 20-C unsaturated fatty acids takes place 
during the enzymic generation of prostaglandins [2]. 
All these lipid peroxides can be broken down to 
malondialdehyde [2,3], the estimation of which has 
been proposed either for quantification of non-specific 
lipid peroxidation [4] or for the evaluation of pro- 
staglandin synthetase activity [5,6]. We wondered 
whether the intensity of the lipid peroxidation (as 
measured by malondialdehyde formation) is related 
to the prostaglandin synthetase activity in various 
tissues. 


MATERIALS AND METHODS 


Animals. Rabbits of both sexes, weighing 
2000-3000 g were killed by a blow on the neck. The 
kidneys, brain, spleen and lungs were quickly 
removed and placed in a dry container in an ice-bath. 

Reagents. Malondialdehydetetraethyl acetal, from 
K & K Lab. Inc. Plainview, USA. Arachidonic acid, 
Sigma Chemical Co. USA. Myristic acid, Koch—Light 
Laboratories, England. Oleic acid, Argon, Poland. 
Linolenic acid, Fluka A. G. Buchs, Switzerland. Other 
reagents were obtained from commercial sources. 
Fatty acids and indomethacin we added to the solu- 
tions in form of sodium salts. 

Ascorbic acid content in tissues. The method of Roe 
and Kuether [7] was used. 

Lipid content in tissues. Lipids were extracted with 
a mixture of chloroform and methanol [8], separated 
and weighed. The lipid content in tissues was 
expressed in mg of lipid extract per g of wet tissue. 

Lipid peroxidation. The procedure of Utley [9] was 
used. Tissues were homogenized at 4° in 0.067M 
phosphate buffer, pH 7.4, and made up to a concen- 
tration of 30 mg/ml. These homogenates were incu- 
bated by shaking at 37° for 90 min in 2-ml samples. 
Proteins were precipitated with 1 ml 20%, trichlorace- 
tic acid and centrifuged at 20,000g for 10min. The 


supernatant was treated with | ml 0.067°,, sodium 
thiobarbiturate solution and heated in boiling water 
for 10min. The developed colour was read on a 
Spekol colorimeter at 530nm against a sample 
treated with trichloracetic acid before incubation. The 
malondialdehyde formed was quantified from the 
standard graph drawn for malondialdehyde 
tetraethyl acetal and calculated either for 1g wet 
tissue or for 1 g tissue lipids. The molar extinction 
coefficient was 1.35 x 10°. 

Lipid peroxidation in kidney microsomes. The kidney 
medulla and cortex were separated and homogenized 
in 0.067 M phosphate buffer at pH 8 (30°, w/v). The 
homogenates were centrifuged at 20,000g for 10 min 
and the supernatant was centrifuged once more at 
105,000 g for 60 min. The 105,000g pellets were sus- 
pended in distilled water and the protein content in 
the suspension was determined by the biuret method 
[10]. Lipid peroxidation was estimated after 10 min 
incubation of the mixture containing kidney medulla 
or cortex microsomes (5 mg microsomal protein/ml), 
ferrous sulphate (100 uM), ascorbic acid (1000 4M) in 
0.067 M phosphate buffer at pH 7. Control samples 
contained neither ferrous sulphate nor ascorbic acid. 

Prostaglandin-synthesizing potency of homogenates. 
A 1000g Supernatant of tissue homogenates (6.7%, 
w/v) in 0.067 M phosphate buffer at pH 8 was incu- 
bated for 5 min at 37° in 2-ml samples. The enzymic 
reaction was stopped by boiling and the samples were 
centrifuged at 10,000 g for 15 min. Prostaglandin-like 
activity was bioassayed in the supernatant according 
to the method of Vane [11] and expressed as PGE,- 
equivalents (ng) per g of wet tissue. 

Statistical and analysis. Student’s t-test was used 
and S.E. is shown in the figures. 


RESULTS 


The intensity of lipid peroxidation in tissue homo- 
genates might be related to their endogenous levels 
of lipids or ascorbic acid. No such direct interrela- 
tionship, however, was found in our experiments for 
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Lipid peroxide formation and prostaglandin synthesizing potency in homogenates of rabbit 


tissues. Hatched columns represent the amount of malondialdehyde formed during incubation of homo- 
genates, calculated in jxmoles per g lipids. Cross-hatched columns represent ng prostaglandin like acti- 
vity expressed as PGE, per g tissue. 


Table 1. Lipid peroxidation (i.e. malondialdehyde forma- 
tion), lipids and ascorbic acid contents in rabbit tissue 
homogenates 





Ascorbic acid 
(umoles/g tissue) 


Malondiaidehyde 


(umoles g tissue) 


Lipids 
Tyssuc (mg g tissue) 





Kidney cortex 0.031 + 0.019 2 + 3 0.23 + 0.066 
n n 3 
0.024 + 0.38 + 0.077 
n 5 3 n=3 
Brain 0.09 + 0.018 1.26 + 0.28 

n 7 3 n 3 
0.013 + 0.002 3 1.94 + 0.18 
n=4 n=3 
0.007 + 0.003 3 + 5 1.00 + 0.034 
n 5 3 n 3 


Kidney medulla 


Spleen 
Lungs 





lipid . peroxidation and ascorbic acid content 
(r = 0.0345). On the other hand, there is a correlation 
between the lipid peroxidation and lipid content in 
the tissue (r = 0.8960) (Table 1). We therefore decided 
to present the intensity of lipid peroxidation in terms 
of malondialdehyde formed by 1 g of tissue lipids. The 
intensities of lipid peroxidation and prostaglandin 
generating potencies in various tissues are compared 
in Fig. 1. Of all the tissues, kidney medulla had the 
largest lipid peroxidation and prostaglandin synthe- 
sizing capacities. Renal cortex and brain homogenates 
produced small amounts of prostaglandins in spite 
of large amount of malondialdehyde. The correlation 
coefficient between lipid peroxidation and prosta- 
glandin synthetizing potency was 0.777 for all five 
tissues tested. 

The influence of ascorbic acid, ferrous ions and ara- 
chidonic acid on lipid peroxidation in rabbit tissues 
is shown in Fig. 2. Ascorbic acid alone (850 uM) has 
little (renal medulla) or no (renal cortex) influence on 
lipid peroxidation in the kidney, but ascorbic acid 
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Fig. 2. The influence of ascorbic acid (hatched columns), 
ferrous ions with ascorbic acid (cross-hatched columns) 
and both these reagents with arachidonic acid (stripped 
columns) on lipid peroxidation in rabbit tissues. The con- 
centrations of reagents were as follows: ascorbic acid 850 
uM, ferrous sulphate 30 uM, arachidonic acid 2000 uM. 
The results are expressed in yzmoles of malondialdehyde 
formed by 1 g tissue during 90 min. The results, expressed 
as hatched and cross-hatched columns, were compared 
with control (white columns) and the results with arachi- 
donic acid (striped columns) with the same samples with- 
out arachidonic acid (cross-hatched columns). ** Denotes 
P < 0.001; * Denotes 0.01 > P > 0.001. 





Lipid peroxidation and prostaglandin generation in rabbit tissues 


Table 2. The influence of fatty acids in concentrations of 

2mM on lipid peroxide formation in rabbit kidney homo- 

genates containing 30 uM ferrous sulphate and 850 uM of 
ascorbic acid 





Kidney 





Cortex Medulla 


Fatty acid 





0.745 + 0.045 
* 0.026 + 0.005 
* 0.052 + 0.004 
* 0.023 + 0.007 
* 0.005 + 0.005 


0.144 + 0.024 
* 0.436 + 0.052 
0.113 + 0.028 
0.132 + 0.015 
* 0.055 + 0.007 


None 
Arachidonic 
Oleic 
Myristic 
Linolenic 





The results are expressed in uM of malondialdehyde 
formed by 1 g tissue during 90 min. 
* Denotes statistical significance, P < 0.001. 


in conjuction with exogenous ferrous ions (30 uM) 
results in an increase of lipid peroxidation in all the 
tissues tested in the following order of intensity: renal 
cortex, brain, renal medulla, lungs and spleen. Figure 
2 also shows that malondialdehyde formation induced 
by ascorbic acid is depressed by arachidonic acid in 
a concentration of 2 mM in the renal cortex, increased 
in the renal medulla, and unchanged in the brain, 
spleen and lungs. 

To check the specificity of the arachidonic acid 
effects on lipid peroxidation in both zones of the kid- 
ney we have also tested oleic, myristic and linolenic 
acids. These acids did not stimulate malondialdehyde 
formation in the renal medulla but were still powerful 
depressants of lipid peroxidation in the kidney cortex 
(Table 2). The effects of arachidonic and oleic acids 
on lipid peroxidation in both zones of the kidney are 
dose-dependent (Fig. 3). 

Figure 4 shows the influence of indomethacin at 
a concentration of 1 mM on lipid peroxidation in the 
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Fig. 3. The influence of arachidonic acid (dark circles) and 
oleic acid (light circles) on lipid peroxidation in homo- 
genates of the renal cortex and medulla. The incubation 
mixture contained tissue homogenates with 30 uM of fer- 
rous sulphate, 850 .M of ascorbic acid and a solution of 
sodium salts of fatty acids. Ordinate: fatty acid concen- 
tration in mM. Abscissa: lipid peroxidation expressed as 
yumoles of malondialdehyde formed in an amount of homo- 
genate equivalent to 1 g tissue during 90 min. 
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Fig. 4. The influence of indomethacin (hatched columns) 
on native (two groups of bars on left) and arachidonic 
acid—induced (two groups of bars on right) lipid peroxida- 
tion in homogenates of rabbit kidneys in the presence of 
850 uM of ascorbic acid and 30 uM of ferrous sulphate. 
Homogenates were preincubated at room temperature 
without (white columns) or with (hatched columns) | mM 
of indomethacin. They were then incubated with or with- 
out arachidonic acid for 90min at 37. Lipid peroxida- 
tion is expressed in ymoles of malondialdehyde formed 
by 1g tissue. The results were compared with those 
without indomethacin and showed: *0.05 > P > 0.01: 
** 0.01 > P > 0.001: *** 0.001 > P. 


renal cortex and medulla. In the absence of exogenous 
arachidonic acid this prostaglandin synthetase inhibi- 
tor did not decrease malondialdehyde formation, but 
in the presence of 2mM of arachidonic acid indo- 
methacin increased lipid peroxidation in the kidney 
cortex and decreased it in the renal medulla. 

When microsomal preparations of kidney were 
used, arachidonic acid at a concentration of 2mM 
had no influence on lipid peroxidation in the renal 
cortex (from 56 + 6 to 67 + 6nmoles of malondialde- 
hyde per mg of microsomal protein) but it stimulated 
lipid peroxidation in the renal medulla microsomes 
(from 87 + 2 to 206 + 36nmoles of malondialdehyde 
per mg of microsomal protein). 


DISCUSSION 


The intensities of malondialdehyde and _prosta- 
glandin generation in the renal cortex and in the 
brain homogenates do not seem to be related to each 
other, contrary to the evident correlation of lipid per- 
oxidation and prostaglandin formation in the renal 
medulla, lungs and spleen. The renal cortex and brain 
have high lipid peroxidation potenties and at the 
same time the lowest prostaglandin §synthetizing 
potency per g wet tissue. Therefore it seems that most 
of the lipid peroxides formed in these tissues are not 
related to the oxygenation of the 20-C unsaturated 
fatty acids, which are the substrates for prostaglandin 
synthetase and the formation of endoperoxides 
[2,12-15]. Small amounts of prostaglandins found in 
kidney cortex are a result of high prostaglandin de- 
hydrogenase activity in this tissue. Low prostaglan- 
din-synthesizing potency in brain homogenates 
(expressed as PGE-like activity) may be explained by 
prostaglandin F,, (Schaeffer and Seregi, personal 
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communication) or thromboxane [16] formation in 
this homogenate. 

The most potent prostaglandin synthesizing capa- 
city was found in the renal medulla. This high activity 
may explain the fact that only in this tissue did ara- 
chidonic acid stimulate lipid peroxidation both in 
homogenates and in the microsomal preparation. 
This stimulation is inhibited by indomethacin, a pro- 
staglandin synthetase inhibitor [17-19]. A similar 
finding was reported in the microsomal preparation 
of bovine seminal vesicle microsomes [5,6]. This inhi- 
bition was not observed in microsomes of rat brain 
(Schaeffer and Seregi, personal communication) or in 


homogenates of rabbit kidney cortex (our present ex- 


periments). The seminal vesicles and renal medulla 
are the richest sources of prostaglandin synthetase in 
the body [20-23]. It is highly possible, therefore, that 
in these tissues malondialdehyde comes mainly from 
endoperaxide formed by prostaglandin synthetase 
and thus its formation is promoted by arachidonic 
acid and inhibited by indomethacin. In prostaglandin 
synthetase-poor tissues malondialdehyde is produced 
mostly from unspecific peroxides, and prostaglandin 
synthetase inhibitor had no effect upon it. 

In renal cortex homogenates, but not in micro- 
somes, all the fatty acids tested, including arachidonic 
acid, markedly depress lipid peroxidation. The 
mechanism of this effect is not clear. It may be that 
the detergent properties of sodium salts of fatty acids 
are responsibie. Wills [1] found inhibition of lipid 
peroxidation by some detergents. It may also be that 
the excess of substrate (lipids) inhibits unspecific lipid 
peroxidation. 


Concluding remarks 


|. There exists a relation between the potencies of 


lipid peroxidation and _prostaglandin-synthesizing 
capacity in homogenates of rabbit renal medulla, 
lungs and spleen, but not in homogenates of the renal 
cortex and brain. 

2. It is concluded that in tissues rich in prostaglan- 
din synthetase malondialdehyde is formed mainly 
from cyclic endoperoxides, whereas in tissues poor 
in prostaglandin synthetase lipid peroxides detected 
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as malondialdehyde originate from linear hydroper- 
oxides of fatty acids. 
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Abstract—The effect of Piracetam on rat cerebral protein metabolism in vivo and in vitro was studied. 
It was found that the drug stimulates the uptake of labelled leucine by cerebral cortex slices, has 
no effect on the incorporation of leucine into cerebral protein, neither in slices nor in vivo, but inhibits 


the breakdown of newly formed protein in slices. 


In the literature conflicting opinions have been pre- 
sented about the nature of the acquisition-enhancing 
effect of 2-pyrrolidon-N-acetamide (Piracetam®). 
Based on detailed behavioural and training studies 
in the rat, Wolthuis[1] presented evidence for an 
action primarily on the first phase of the information 
processing in the brain. These findings were sup- 
ported by subsequent studies of the effect of Pirace- 
tam on visual evoked responses in the rat{2]. In 
contrast with this idea, Giurgea [3] concluded that 
Piracetam mainly improves consolidation. He based 
this conclusion on effects obtained with Piracetam 
together with metabolic blockers and amnesic agents 
in a spinal model of learning and in intact animals. 

It is generally thought that the consolidation of 
new information in the brain is closely associated 
with the synthesis of cerebral proteins [4]. The finding 
by Platt et al. [5] that Piracetam enhanced the incor- 
poration of labelled leucine into cerebral protein 
therefore lent strength to the conclusion of Giur- 
gea [3]. Burnotte et al. [6], however, studing the effect 
of Piracetam on cerebral polysomal profiles in rats 
of various ages, found effects only in old rats. Since 
training studies are generally carried out with young 
or adults rats, these results do not support the idea 
that the acquisition-enhancing effect of Piracetam is 
based on an elevated protein synthesis. It seemed 
worthwhile, therefore, to re-examine the effects of 
Piracetam on the incorporation of labelled leucine in 
more detail. 


MATERIALS AND METHODS 


Male Small-Wistar (WAG) rats weighing 180-200 g 
were used. 


Incorporation of labelled leucine in vivo. A stainless 
steel intracerebroventricular cannula was implanted 
stereotactically into anaesthesized rats. To allow re- 
covery from the operation the animals were kept for 
5-7 days, one to a cage. Thirty min before the intra- 
ventricular injection of 10 uCi of L-[5-*H]leucine 
(1 mCi/ml) the rats received 150mg/kg Piracetam 
subcutaneously and 150 mg/kg. intraperitoneally. 
Control rats received saline (0.9°%, NaCl). In the first 
experiment rats were placed together after the injec- 
tion of labelled leucine (leu). In the second experiment 


they were returned to their individual cages after the 
injection of [*H]leu. At regular intervals after the in- 
jection of labelled leu rats were decapitated. Identical 
parts of both cerebral hemispheres were dissected 
with the aid of an Araldite mold, and subsequently 
homogenized in 14 vol of ice-cold 50mM Tris-HCI 
buffer, pH 7.0, in a Teflon-glass homogenizer (clear- 
ance 0.25 mm). 

Incorporation of labelled leu into protein in vitro. 
Slices of rat cerebral cortex were prepared according 
to Mcllwain and Rodnight [7], stored in phosphate 
Krebs medium [8] at room temperature for 5—20 min 
and transferred into incubation vessels. They were 
pre-incubated for 30min at 37 under continuous 
shaking in bicarbonate Krebs medium [8] containing 
25mM K* [9]. Unlabelled amino acids were added 
to the medium in the concentrations given by 
Ham [10]. During incubation the medium was equili- 
brated with 95°, O, and 5%, CO,. After pre-incuba- 
tion the medium was replaced by medium containing 
1 wCi/ml [*H]leu. The final concentration of leu was 
0.05 mM. Twenty min later the slices were washed 
three times with unlabelled medium. At regular inter- 
vals the medium was refreshed, and slices were 
removed and homogenized in 2 ml of Krebs medium 
at 0°. Piracetam was continuously present at a con- 
centration of 10 mM. 

Uptake of [*H]leu in vitro. Slices were prepared 
as described above. They were not stored but pre- 
incubated immediately in bicarbonate Krebs medium. 
After 30 min, [*H]leu was added. Twenty min later 
the slices were washed and homogenized. Piracetam 
was continuously present at concentrations of 0, 0.1, 
1 or 10mM. 

TCA precipitation. Homogenates were precipitated 
with 6.25% (w/v) trichloroacetic acid (TCA) contain- 
ing 1 mM unlabelled leu. TCA-soluble and insoluble 
fractions were separated by centrifugation. After 
washing of the precipitate with ethanol and ether and 
solubilization in 0.2 N NaOH the protein content and 
the radioactivity were measured. After incubation of 
the precipitate with trypsine or pronase, more than 
95 per cent of the TCA-insoluble radioactivity became 
TCA-soluble. The TCA-soluble fraction was separ- 
ated into an amino acid fraction and a non-amino 
acid fraction by chromatography on Dowex 50W X 
12 as described by Schotman [11]. 
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Determination of protein. Protein was determined 
following the method of Lowry et al. [12]. Crystal- 
lized bovine serum albumin was used as a standard. 

Determination of radioactivity. Samples (usually 
1-1.5 ml) were mixed with a scintillation cocktail 
(10-15 ml) of the following composition: 330 ml Tri- 
ton-X100, 1000ml toluene, 0.1 g 2,2’-p-phenylene- 
bis(4-methyl-5-diphenyloxazole) and 4g 2,5-dipheny- 
loxazole. Radioactivity was assayed in a Nuclear Chi- 
cago Mk II liquid scintillation counter. Corrections 
for quenching were made by the external standard- 
channel ratio method. 

Materials. L-[5-*H leucine, sp. act. 58 Ci/m-mole, 
was obtained from the Radiochemical Centre, Amer- 
sham, G.B. and Piracetam was a gift from the Union 
Chimique Belge, Brussels, Belgium. 


RESULTS 


The uptake of [*H ]leu by rat cerebral cortex slices 
appeared to increase with the dose of Piracetam in 
a dose-dependent way (Fig. 1). Since differences in 
uptake of added labelled leu cause differences in the 
specific radioactivity of the leu available for incorpor- 
ation into protein, incorporation values were 
expressed as relative specific radioactivities, i.e. the 
ratios of the radioactivity incorporated and the 
radioactivity initially taken up by the slices. In this 
way a correction is made for the influence of changes 
in the uptake of the labelled precursor on the amount 
of incorporated radioactivity. The incorporation of 
[*H]leu in protein of rat cerebral cortex slices pre- 
incubated for 30min is shown in Fig. 2. Thirty min 
after the addition of labelled leu the amount incorpor- 
ated into TCA-insoluble material (which consisted for 
more than 95 per cent of protein) was equal in slices 
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Fig. 1. The dose-dependent stimulation by Piracetam of 
the uptake of [*H]leu by rat cerebral cortex slices in vitro. 
Values are expressed as percentages of the value found 
in the absence of Piracetam. Means of 6 values + S.E.M. 
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Fig. 2. The effect of Piracetam on the incorporation of 

[°H] leu into protein in rat cerebral cortex slices in vitro. 

The relative sp. act. is the ratio of radioactivity incorpor- 

ated and the amount of radioactivity initially taken up 

by the slices. X = significantly different from the control 
value, P, < 0.05. Means of 6 values + S.E.M. 


incubated in the presence and slices incubated in the 
absence of Piracetam. After prolonged incubation of 
the tissue the amount of incorporated radioactivity 
went down in the control slices but remained constant 
in the slices treated with Piracetam. 

When the pre-incubation in the presence or the 
absence of Piracetam was extended to 180 min, again 
no effect of the drug on the incorporation of labelled 
leu could be demonstrated. The relative specific acti- 
vity in the control slices was 0.014 + 0.002 (n = 6) 
under these conditions and in slices treated with Pira- 
cetam 0.014 + 0.001 (n = 6). Comparison of these 
data with those in Fig. 2 shows that the capacity of 
the tissue to incorporate labelled leu had declined as 
a result of the prolonged pre-incubation. In contrast, 
the uptake of added, labelled leu was not changed. 

In Table 1 the fate of i.v. injected [*H]leu in rat 
cerebral cortex in vivo is shown. Thirty min after the 
injection about 70 per cent of the total radioactivity 
was incorporated into protein. The relative specific 
activity, ic. the ratio of incorporated radioactivity in 
the amino acid fraction, was about 3.3. Both the per- 
centage of radioactivity incorporated and the relative 
specific activity increased during the subsequent 
period. This was mainly due to a decrease of the 
amount of total TCA-soluble radioactivity and that 
in the amino acid fraction since the amount of incor- 
porated radioactivity remained fairly constant. Exam- 
ination of the percentages of [*H]leu incorporated 
and the relative specific activities shows that treat- 
ment with Piracetam had no effect on the incorpor- 
ation of labelled leu into cerebral protein in vivo. In 
this series of experiments the animals were highly 
active during the period in which the labelled leu 
became incorporated, since they were placed together 
after a few days of isolation. In a second series of 
experiments the animals were kept quiet after the in- 
jection of labelled leu by placing them back in their 
individual home cage. Under the latter conditions the 
percentage of the radioactivity incorporated in the 
control rats after 30min was significantly (P, 
< 0.001) higher than in the former experiments, i.e. 
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Table 1. Effect of Piracetam on the incorporation of intraventricularly injected [*H]leu into cerebral cortex proteins 
in vivo 





Time after 
injection 
of [FH]leu 3H incorporated 


(dpm) 


i] 


Total 3H in 
TCA-soluble 
fraction 


(amino acid + 
non-amino acid) 


°. of total 


(dpm) incorporated RSA 





12000 + 3300 
9000 + 1600 
10000 + 1400 
8000 + 1600 
14000 + 3200 
11000 + 3000 
6300 + 400 
7300 + 1700 


Control 


Piracetam 


SAAANANADAAD 


1300 + 1300 3.4 + 0.28 
1900 + 300 
1200 + 100 
900 + 100 
6200 + 1600 
2300 + 500 
1000 + 100 
800 + 100 


COCO KO HI OOOO 
One OCOON O 
Ie IE I+ + I 4 I+ I+ 


oe ee 
ow oUMNNN © 





The relative sp. act. (RSA) is the ratio of incorporated radioactivity and radioactivity in the amino acid part of 
the TCA-soluble fraction. n = number of animals. Means + S.E.M. 


81 + 0.6: vs 69 + 2.0, n = 6 in the previous experi- 
ments. Again, the value found for experimental rats 
simultaneously treated with Piracetam (81 + 1.2%. 
n = 6) was not different from the control value. After 
180 min an identical picture was obtained. The per- 
centage of labelled leu which was converted into 
labelled non-amino acid metabolites 210 min after the 
application of [*H]leu was about 10 in the in vitro 
experiments and about 50 in the in vivo experiments. 
Neither in vitro, nor in vivo Piracetam affected the 
metabolism of labelled leu. 


DISCUSSION 


The present results show that Piracetam does not 
affect, neither in highly activated, nor in quiet rats 
the incorporation of labelled leu into cerebral protein 
in vivo. This finding agrees with that of Burnotte et 
al.[6] who found that in young rats the polyribo- 
some/ribosome ratio in the brain, which is indicative 
of the level of protein synthesis, is not changed by 
Piracetam. Moreover, since cerebral protein synthesis 
seems to be closely associated with the process of 
memory consolidation [4], this observation may be 
compatible with the view of Wolthuis[1] and 
Oglesby and Winter [13] that the enhancement of 
acquistition by Piracetam is not based upon an im- 
provement of consolidation. 

Also, in vitro the incorporation of labelled leu into 
cerebral protein appeared to be unaffected by Pirace- 
tam. On the other hand, it was found that prolonged 
incubation of control slices resulted in a decrease of 
the amount of labelled leu which had initially been 
incorporated, a phenomenon which may have been 
caused by breakdown of newly formed radioactive 
protein. This decrease was not observed when Pirace- 
tam was present during incubation. The observation 
that even after prolonged pre-incubation Piracetam 
had no effect on the incorporation of labelled leu 
makes it unlikely that there was a ‘late’ stimulatory 
effect of Piracetam on the rate of incorporation of 
labelled leu but leaves the possibility that Piracetam 
inhibited the breakdown of newly formed radioactive 
protein. This would be compatible with the observa- 


tion of Platt et al.[14] that after treatment with 
Piracetam the activity of free lysosomal enzymes in 
rat brain, e.g. the proteinase Cathepsin D, is much 
lower than normal. It is not clear whether this effect 
is related with the enhancement of acquisition by 
Piracetam. 

Similarly, the observed stimulation of the uptake 
of labelled leu is very difficult to relate to effects on 
acquisition, particularly since preliminary experi- 
ments indicate that the uptake of other amino acids 
like glutamic acid, glutamine, glycine, proline and 
y-aminobutyric acid is not influenced by the drug. 
The stimulation of the uptake of labelled leu may 
however be responsible for the observation by Platt 
et al. [5] that Piracetam increased the incorporation 
of labelled leu into cerebral protein. These authors 
did not correct their values for differences in uptake 
of the labelled precursor by determining relative 
specific activities but based their conclusions simply 
on the amounts of radioactivity incorporated. 
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Abstract—The effects of Piracetam, Naftidrofuryl and methamphetamine on several parameters of cere- 
bral energy metabolism have been studied. At variance with some reports in the literature neither 
Piracetam nor Naftidrofuryl affected the cerebral contents of adenine nucleotides and, accordingly, 
both substances were without effect on the adenylate energy charge. This disagreement is explained 
by methodological differences. Methamphetamine also had no effect on cerebral adenine nucleotides. 
Piracetam increased the activity of adenylate kinase (EC.2.7.4.3) in isotonically diluted rat brain 
homogenates without altering the Ky, of the enzyme for ADP as substrate. It is concluded that although 
Piracetam has no effect on the cerebral energy metabolism under normal conditions, it may have 
a beneficial effect under marginal conditions like those met during hypoxia, by virtue of its adenylate 
kinase stimulating action. It is suggested that this action is responsible for the protective effect of 
Piracetam against cerebral hypoxia. It may also be related to the enhancement of acquisition under 


training conditions where cerebral energy metabolism is disturbed. 


Although the acquisition-enhancing effect of 2-pyrro- 
lidon-N-acetamide (Piracetam®) in rats [1,2] and 
goldfish [3] is well documented, little is known about 
the underlying mechanism. It has been reported that 
Piracetam protects rats and rabbits against cerebral 
hypoxia [2,4] and increases the ATP content of rat 
brain [5]. Therefore, the question arises as to whether 
the enhancement of acquisition might be due to a 
positive effect of Piracetam on cerebral energy meta- 
bolism. In the present experiments the influence of 
Piracetam on the adenine nucleotide content of rat 
brain was studied, together with the adenylate energy 
charge and the activity of adenylate kinase 
(EC.2.7.4.3; AK) in the brain. In some experiments 
two other drugs, methamphetamine and the oxalate 
of the N-diethylaminoethylester of f(naphtyl-1)p’- 
(tetrahydrofuryl-2)isobutyric acid (Naftidrofuryl®) 
were included for comparison. The former drug has 
well known behavioural effects such as a stimulation 
of spontaneous motor activity and enhancement of 
acquisition [1,6] whereas the latter has been reported 
to increase the ATP content of mouse brain [7]. 


MATERIALS AND METHODS 


In all experiments male Small-Wistar (WAG) rats, 
weighing 180-200 g were used. 

Extraction of adenine nucleotides. Thirty min after 
the intraperitoneal injection of either Piracetam 
(150 mg/kg), Naftidrofuryl (25 mg/kg), methampheta- 
mine (2 mg/kg) or an equivalent volume of 0.9% NaCl 
(saline) rats were plunged alive, head forward, into 
iiquid N,. Ten min later their heads were cut off and 
the frozen brains were chiselled out and powdered 


under liquid N,. One g of the powder was homo- 
genized at 0° in 6ml of either 0.5 N perchloric acid 
(PCA) or 10% trichloroacetic acid (TCA). After centri- 
fugation of the homogenate for 30 min at 30,000g 
the supernatant was removed and stored (not longer 
than 3 hr) at 0° until the determination of the adenine 
nucleotides. 

Determination of ATP, ADP and AMP. ATP was 
determined by the method of Biicher [8] and ADP 
and AMP according to Adam [9]. Both enzymatic 
methods are based on the coupling of ATP- or ADP- 
driven transphosphorylase reactions with dehydro- 
genase reactions. By the latter reactions NADH is 
converted into NAD, which was monitored with a 
Zeiss spectrophotometer at 340nm. The adenylate 
energy charge was calculated as (ATP + SADP) 
(ATP + ADP + AMP) [10]. 

Determination of adenylate kinase (AK) activity. In 
the in vivo experiments rats were treated during three 
consecutive days with either saline or 150 mg/kg Pira- 
cetam i.p., twice daily. On the fourth day the rats 
received only one injection and 30 min later they were 
decapitated. Cerebral hemispheres were dissected and 
homogenized in 10 vol of 0.32 M sucrose at 0°. One 
part of the homogenate was diluted 50-fold with 0.1%, 
Triton-X100 in water (hypotonically) and another 
part was diluted 50-fold isotonically with 0.32 M suc- 
rose. The AK activity was determined essentially 
according to Oliver [11] with the use of an auto- 
mated Gilford spectrophotometer. In the in vitro ex- 
periments the rats were not pretreated, but various 
concentrations of Piracetam were added to the brain 
homogenates which had been diluted as described 
above. Diluted homogenates were then pre-incubated 
for 10min at 37° before the determination of AK. 
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Table 1. Effects of Piracetam, Naftidrofuryl and methamphetamine on the contents of adenine nucleotides in rat brain 





Adenylate energy 


ADP AMP charge 





Saline, brain extracted with PCA 
Saline, brain extracted with TCA 
Piracetam 150 mg/kg 
Naftidrofuryl 25 mg/kg 
Methamphetamine 2 mg/kg 


Www tv 
OOO OD 
I++ I+ I++ IH H+ 


0.47 + 0.01* 
0.52 + 0.017 
0.51 + 0.02 
0.53 + 0.02 
0.52 + 0.02 


0.12 + 0.004t 
0.02 + 0.002 
0.02 + 0.001 
0.02 + 0.004 
0.02 + 0.001 


0.89 + 0.0038 
0.92 + 0.003 
0.95 + 0.023 
0.91 + 0.004 
0.92 + 0.004 





For the determination of drug effects the nucleotides were extracted with TCA. Note that extraction of nucleotides 
from control brains with PCA yields very different results. Values are expressed as pmole/g wet wt. The adenylate 
energy charge is equal to (ATP + 4ADP)(ATP + ADP + AMP). Means of 6 values +S.E.M. 

* Significantly different, P, < 0.05; + Significantly different, P; < 0.01; f.§: significantly different, P, < 0.001. 


Materials. The chemicals used for the determina- 
tion of adenine nucleotides (ATP u.v.-test and ADP 
AMP uw.y.-test) as well as those used for the deter- 
mination of the AK activity were obtained from 
Boehringer, W. Germany. Methamphetamine was 
obtained from Burroughs Wellcome, G.B. Naftidro- 
furyl was a gift of Roussell Laboratoria, The Nether- 
lands and Piracetam was a gift of the Union Chimi- 
que Belge, Belgium. 

Statistics. Results were analyzed statistically using 
Students’ t-test. 


RESULTS 


Cerebral adenine nucleotides. During the determina- 
tion of ADP in extracts of rat brain it was found 
that the extracts made with PCA frequently contained 
substantial amounts of dehydrogenase activity. This 
activity manifested itself in a rapid conversion of 
added NADH into NAD in the absence of added 
enzymes. Since this endogenous activity would com- 
plicate the determination of adenine nucleotides, 
making the results unreliable, in further experiments 
10°,, TCA was used for the extraction. No dehydro- 
genase activity was ever found in the TCA extracts. 
As can be seen from Table 1 the values for the 
adenine nucleotide contents and for the adenylate 
energy charge in TCA extracts are significantly differ- 
ent from those found in PCA extracts, those for ATP, 
ADP and adenylate energy charge being higher and 
that for AMP being very much lower. This shows 
that, in addition to the residual dehydrogenase acti- 
vity, phosphatase activity was also present in the PCA 
extracts, an observation which is in agreement with 
that of Davison and Finn [12] on bacterial phospha- 
tases. 

The results in Table 1 indicate that neither Pirace- 
tam, nor Naftidrofuryl, nor methamphetamine 


affected the cerebral contents of ATP, ADP and AMP 
if measured under the right conditions. Accordingly, 
the adenylate energy charge remained unchanged. 

Cerebral adenylate kinase activity. It was observed 
that rat brain homogenates diluted in isotonic sucrose 
showed a considerably lower adenylate kinase (AK) 
activity than hypotonically diluted homogenates in 
which AK enclosing membranes have been disrupted 
(Table 2). When the isotonically diluted homogenates 
were pre-incubated for 10 min at 37° with 40mM 
Piracetam, the AK activity increased up to the hypo- 
tonic level. Substitution of Piracetam by an equival- 
ent amount of sucrose did not result in such an in- 
crease, which excludes the possibility that the effect 
of Piracetam is due to a change in osmolarity. Pirace- 
tam had no effect on the AK activity in hypotonically 
diluted homogenates. The Ky of AK measured with 
ADP as a substrate was not changed by Piracetam. 
For control homogenates a Ky value of 
0.48 + 0.01mM (n= 3) and for Piracetam treated 
homogenates a value of 0.50 + 0.01 mM (n = 3) was 
observed. The stimulation of the AK activity in iso- 
tonically diluted homogenates by Piracetam was 
found to be dose-dependent, as is shown in Fig. 1. 

If Piracetam was injected in vivo twice daily during 
three days, the activity of AK in isotonically diluted 
brain homogenates was significantly increased com- 
pared to that in brain homogenates of saline-treated 
rats (Table 2). No effect of Piracetam was seen in 
hypotonically diluted homogenates. 


DISCUSSION 


During our studies on the mechanism of action of 
Piracetam the possibility was envisaged that the 
acquisition-enhancing action of this drug might be 
based on an effect on the cerebral energy metabolism. 
If this were true it might have been expected that 


Table 2. Effects of Piracetam on the activity of adenylate kinase in isotonically 
(iso) and hypotonically (hypo) diluted rat brain homogenates 





Hypo 


Hypo + Piracetam Iso 


Iso + Piracetam 





3700 + 110 
3800 + 150 


In vitro 
In vivo 


3800 + 130 
4100 + 160 


2500 + 90* 
1900 + 40*+ 


3600 + 100* 
2100 + 507 





Piracetam was either administered to the rats before decapitation (in vivo) 
or added to the homogenates of the brains of untreated rats which were then 
pre-incubated with the drug for 10min at 37° (in vitro). Activity is expressed 

, as pzmoles of ATP formed per g wet wt per hr. Means of 6 values +S.E.M. 

* = significantly different, P, < 0.001; + = significantly different, P; < 0.01. 
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Fig. 1. Stimulation of the adenylate kinase activity in iso- 
tonically diluted rat brain homogenates by Piracetam as 
a function of dose. 





another drug, Naftidrofuryl, which has been reported 
to stimulate cerebral energy metabolism [7] would 
also enhance acquisition. We were unable, however, 
to demonstrate any effect of Naftidrofurly on the rate 
of acquisition by rats in an Y-maze and in a drink-test 
system and found that another important behavioural 
parameter, i.e. spontaneous motor activity, was even 
depressed by this drug (unpublished observations). It 
seemed therefore useful to examine the effects of Pira- 
cetam and Naftidrofuryl on cerebral energy metabo- 
lism in more detail. Not only the adenine nucleotide 
contents of rat brain were measured, but also the 
adenylate energy charge was determined, a parameter 
which appears to be a more important determinant 
of the state of energy metabolism than the mere ATP 
content [10,13]. For comparison a third drug, meth- 
amphetamine, was included in the present exper- 
iments because of its well known behavioural effects. 
It enhances, like Piracetam, acquisiton and, unlike 
Piracetam, stimulates spontaneous motor activity [1]. 

Unexpectedly, the present results indicate that 
neither of the three drugs has any effect on the level 
of rat cerebral adenine nucleotides and, accordingly, 
on the cerebral adenylate energy charge. The discre- 
pancy between the reported increase of the ATP con- 
tent of mouse brain by Naftidrofuryl administration 
[7] and the present negative results may, of course, 
be due to the difference in animal species used. 
Another explanation, however, seems more likely. In 
the experiments with mice, the brain adenine nucleo- 
tides were extracted with PCA. The present exper- 
iments indicate that PCA extracts of rat brain may 
contain considerable amounts of dehydrogenase acti- 
vity which interfere with the enzymatic determination 
of adenine nucleotides. Consequently, if PCA is used 
the ATP contents will erroneously be found too low. 
This may be an explanation for the low control values 
observed by Meynaud [7]. Since Naftidrofuryl is an 
inhibitor of lactate dehydrogenase [7] it might well 
be that the drug inhibited the interfering dehydrogen- 
ase activity in the PCA extracts of mouse brain result- 
ing in an elevation of the observed ATP content up 
to a more correct, higher level. 

Another point of discussion is the disagreement 
between the results of Gobert [5] and the present 
data. Apart from the fact that the control values of 
Gobert for cerebral adenine nucleotides differ from 
those normally stated in the literature [14,15], the 
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finding of Gobert that Piracetam increases the ATP 
contents of rat brain was not confirmed by the pres- 
ent experiments. This discrepancy may be explained 
as follows. In the experiments of Gobert, the brains 
were frozen after the decapitation of the rats. This 
procedure renders the anoxic period during which 
large disturbances occur in the adenine nucleotide 
contents [14,15] unnecessarily long. In the present ex- 
periments the anoxic period was reduced by freezing 
the animals alive [14]. It may well be that during 
the prolonged anoxic period in the former study the 
protective effect of Piracetam against cerebral 
hypoxia (see below) resulted in a reduced decrease 
of the cerebral ATP content in the experimental rats 
compared to that in the controls. 

The present results show that Piracetam enhances 
the activity of adenylate kinase, the enzyme which 
catalyzes the conversion of ADP into ATP and AMP 
and vice versa. Since the Ky of the enzyme is not 
affected by Piracetam, the state of equilibrium of the 
adenine nucleotides, which is normally maintained by 
the action of adenylate kinase [16], should remain 
unchanged by this drug, as was born out by the pres- 
ent experiments. The enhancement of the adenylate 
kinase activity might, however, offer an explanation 
for the protective effect of Piracetam against cerebral 
hypoxia. When hypoxia sets in, oxidative phosphory- 
lation stops and the ATP content of the brain starts 
to decrease, whereas the AMP and, initially, the ADP 
contents increase [17]. In such a situation the de- 
crease of the ATP content is slowed down by forma- 
tion of ATP, catalyzed by adenylate kinase [17,18]. 
An increase of the adenylate kinase activity by Pirace- 
tam would accelerate this compensatory process and 
could thereby offer some protection against the effects 
of hypoxia. During the recovery from hypoxia oxida- 
tive phosphorylation is resumed. Since AMP which 
has accumulated during the period of hypoxia cannot 
enter the mitochondrion it first has to be converted 
into ADP by the adenylate kinase. This ADP then 
enters the mitochondrion where it is converted into 
ATP [17,18]. This process, too, might be accelerated 
by the increase of the adenylate kinase activity by 
Piracetam, which could account for the acceleration 
of post-hypoxic recovery caused by this drug [4]. 

The molecular basis of the increase of adenylate 
kinase activity by Piracetam is a subject of further 
study. Besides, the question whether the enhancement 
of acquisiton by Piracetam is based on a beneficial 
effect on disturbed cerebral energy metabolism during 
training [19,20] is presently under investigation. 
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Abstract—Lysolecithin and phosphatidylserine stimulate rat striatal tyrosine hydroxylase, partially puri- 
fied from the crude synaptosomal fraction. The stimulatory effect is associated with a 3- to 4-fold 
decrease in K,, for 6-methyl-tetrahydropterin or tetrahydrobiopterin without an alteration in the K,, 
for L-tyrosine or in the V,,,,. In addition, the K; for dopamine inhibition is increased approximately 
3-fold. Centrifugation of the enzyme on linear sucrose gradients gave a sedimentation coefficient (So ,) 
of 8.6, either in the absence or presence of lysolecithin, indicating that no significant changes in the 
molecular weight are caused by the phospholipid. The enzyme obtained after high speed centrifugation 
of whole striatal tissue was activated by a combination of lysolecithin plus a cyclic AMP-ATP mixture 
to a greater extent than that obtained by either activating condition alone. The data presented suggest 
a potential regulatory function of phospholipids in the control of striatal neurotransmitter synthesis. 


Tyrosine hydroxylase [L-tyrosine, tetrahydropteri- 
dine, oxygen oxidoreductase (3-hydroxylating), EC 
1.14.16.2] catalyzes the first and rate-limiting step in 
the biosynthesis of catecholamines [1]. The early find- 
ing that dihydroxyphenylalanine (dopa),§ norepineph- 
rine and dopamine are competitive inhibitors of the 
enzyme with respect to the pteridine cofactor [1-3] 
led to the postulation of intraneuronal feedback regu- 
lation by catecholamines [4]. 

Kuczenski and Mandell [5] showed that tyrosine 
hydroxylase exists in rat striatum as a soluble and 
a particulate enzyme form, exhibiting a significantly 
different affinity for DMPH, and sensitivity to dopa- 
mine inhibition. They also found that the kinetic 
properties of the soluble enzyme from hypotha- 
lamus [6] and striatum [5] became similar to those 
of the particulate enzyme after addition of the 
polyanion heparin. 

Treatment of soluble tyrosine hydroxylase from 
brain and adrenal medulla with trypsin or chymo- 
trypsin reduces the molecular weight and increases 
the catalytic activity associated with a decreased K,, 
for substrate and cofactor [7-9]. Recently it was 
shown that tyrosine hydroxylase is stimulated by the 
addition of EGTA [10] or cyclic AMP [11,12] to rat 
brain homogenates. In addition, activation of bovine 
caudate tyrosine hydroxylase by phosphatidylserine 
has also recently been reported [13]. These studies 
indicate that modifications in enzyme environment 
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and/or structure can alter the kinetic properties of 
tyrosine hydroxylase and suggest possible 
mechanisms of alterations in vivo in enzyme activity. 

This report describes the effects of phospholipids 
on tyrosine hydroxylase from rat brain striatal synap- 
tosomes and also describes the interaction of phos- 
pholipids with the cyclic AMP-ATP-dependent acti- 
vation. 


MATERIALS AND METHODS 


Trizma base, cyclic AMP, ATP, lysolecithin (from 
egg yolk), lysophosphatidylethanolamine, brain lipid 
extract (Folch-Fraction VI), catalase (bovine liver), 
alcohol dehydrogenase (yeast), EGTA, hemoglobin 
(horse) and bovine serum albumin were obtained 
from Sigma. Phosphatidylserine and sucrose (gradient 
grade) were from Schwartz-Mann; L['*C-U ]tyrosine 
(sp. act. 500mCi/m-mole) from Amersham-Searle; 
NAD, NADH and NADPH from Boehringer-Mann- 
heim Co.; DMPH, from Aldrich; 6-MPH, and DTT 
from CalBiochem; dopamine and biopterin from 
Regis Chemical Co.; 2-mercaptoethanol from East- 
man Organic Chemicals; and dinitroindophenol from 
Fisher Scientific Co. 

Preparation of enzymes. Male Sprague-Dawley rats 
(200-300 g) were decapitated, striata dissected from 
the brain and homogenized in cold 0.32M_ sucrose, 
and the crude synaptosomal fraction (P,) was pre- 
pared as described [14]. Most of the tyrosine hydrox- 
ylase activity in this fraction has been shown to be 
associated with synaptosomes after sucrose density 
gradient centrifugation[15]. The P, fraction was 
lysed by homogenization in 5mM Tris-HCl, pH 7.4 
(10 vol/g of original weight). The lysate was centri- 
fuged for 30min at 80,000g at 4. Saturated 
(NH4),SO, solution, pH adjusted to 7.0, was added 
to the supernatant to give a 30°, (NH4),SO, satur- 
ation. The solution was stirred for 20 min and centri- 
fuged for 30min at 50,000g, and the supernatant 
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brought to 60°, saturation by further addition of 
saturated (NH,4),SO, solution. The solution was 
stirred for 20 min, centrifuged for 30 min at 50,000g 
and the pellet dissolved in a small volume of 5mM 
Tris-HCl, pH 7.4, and dialysed overnight against a 
large excess of the same buffer. 

Membrane-bound tyrosine hydroxylase from stria- 
tal P, fraction was prepared according to Kuczenski 
and Mandell [5]. 

Sheep liver dihydropteridine reductase was purified 
by the method of Craine et al.[16] through the 
second ammonium sulfate step. 

Enzyme assays. Tyrosine hydroxylase was assayed 
using a modification of the method by Coyle [15]. 
The assay mixture contained sodium acetate (pH 6.0) 
0.1M, NADPH 0.5mM, catalase 2000 units, sheep 
liver pteridine reductase, 0.07 to 0.08 mg_ protein. 
L['*C-U]tyrosine and pteridines at the concen- 
trations indicated in Results, usually in a vol of 0.2 ml. 
In some experiments, the pteridine-regenerating sys- 
tem was replaced by 40mM mercaptoethanol. 

Alcohol dehydrogenase was assayed as described 
by Vallee and Hoch[17], catalase by the method of 
Beers and Sizer [18], and hemoglobin was read at 
540 nm in a Cary spectrophotometer. Protein was 
determined by the method of Lowry et al. [19] using 
bovine serum albumin as a standard. 

Density gradient centrifugation. Centrifugation of 
tyrosine hydroxylase on linear 5—20% sucrose gra- 
dients was performed according to Martin and 
Ames [20]. Gradients were prepared in 0.01M 
Tris-HCl, pH 7.4, or 0.05M_ potassium-phosphate 
buffer, pH 6.5, containing 0.1 M KCI and 2mM mer- 
captoethanol or 0.2mM DTT. 

Centrifugation was carried out in a Spinco ultra- 
centrifuge (model L2-65B) at 4 for 14-18 or 9hr, 
using either a Spinco SW 40 or SW 56 rotor. With 
gradient volumes of 13 or 4.2 ml, fractions of 0.52 
or 0.1 ml, respectively, were collected by puncturing 
the bottom of the tubes. Sedimentation coefficients 
(Sso.w) of the marker-proteins used for molecular 
weight determinations were: hemoglobin (horse) 4.09, 
alcohol dehydrogenase 7.6 and catalase 11.15 [21]. 

Other methods. Biopterin was reduced to tetrahy- 
drobiopterin by the method of Lloyd and Weiner 
[22]. The degree of reduction (83-100 per cent) to 
the tetrahydro compound was estimated by dinitroin- 
dophenol titration [23]. Ascorbate was used to stan- 
dardize the oxidizing dye [24]. Kinetic constants were 
determined using a computer program by Cle- 
land [25]. Significance of the results was determined 
using Student’s t-test [26]. A P value of less than 0.05 
was considered significant. 


RESULTS 


Addition of from 5-40 yg lysolecithin caused a sig- 
nificant increase in tyrosine hydroxylase activity using 
subsaturating concentrations of either 6-MPH, or 
DMPH, as cofactor (Fig. 1). Assuming equal substi- 
tution of the phosphatidyl moiety of lysolecithin with 
stearyl and palmityl acids, a maximal stimulatory 
concentration of about 0.4mM can be calculated. 

Various lipids exhibit differences in the degree to 
which they stimulate tyrosine hydroxylase, indicating 
some degree of structural specificity for lipid-induced 
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Fig. 1. Stimulation of rat striatal tyrosine hydroxylase by 
lysolecithin. Partially purified tyrosine hydroxylase from 
rat striatal P, fraction was incubated at various concen- 
trations of lysolecithin and subsaturating pteridine cofactor 
concentrations. The complete assay mixture contained in 
a volume of 0.2 ml: sodium acetate, pH 6.0, 0.1 M; L['*C- 
U]tyrosine (0.25 wCi), 0.02mM; catalase, 2000 units, 
6-MPH, or DMPHg, 0.5 or 0.05 mM; and tyrosine hy- 
droxylase preparation (0.005 mg protein). The pteridines 
were dissolved in mercaptoethanol to give a final concen- 
tration of 40 mM mercaptoethanol. Lysolecithin was added 
at the start of the reaction. Control units (nmoles dopa/mg 
of protein/hr) were 11.2 (0.05mM 6-MPH,), 45 (0.5 mM 
6-MPH,) and 7.0 (0.5 mM DMPH.,). 


V = velocity in the presence of phospholipid 
Vo velocity in the absence of phospholipid 


Each point represents the average of duplicate 


determinations. 


enzyme activation. An increase of approximately 
3-fold in enzyme activity was obtained with 200 pg 
of crude lipid extract (bovine brain, Folch-Fraction 
VI), 40 ng lysolecithin or 10 ug phosphatidylserine, 
whereas lysophosphatidylethanolamine was_ only 
slightly stimulatory (Fig. 2). Cardiolipin was found 
to be inhibitory (data not shown). Half maximal 
stimulation was obtained with 4 ug phosphatidyl-L- 
serine, 10 ug lysolecithin and 28 wg Folch-Fraction 
VI. 

In agreement with earlier work using DMPH, as 
cofactor [5], we find that the particular enzyme has 
a significantly lower K,,, for 6-MPH, than does the 
soluble form (Table 1). In addition, treatment of the 
soluble enzyme with lysolecithin significantly lowers 
the K,,, for 6-MPH, to a value similar to that found 
for the particulate enzyme form (Table 1). The ability 
of phospholipids to alter the kinetic properties of tyr- 
osine hydroxylase could be further demonstrated by 
the ability of phosphatidyl-L-serine to increase the 
apparent K; [27] of the soluble enzyme for dopamine 
approximately 3-fold (Table 2). 

The K,, of the soluble enzyme for what may be 
the natural tyrosine hydroxylase cofactor, tetrahydro- 
biopterin [22], is also significantly lowered by lyso- 
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Fig. 2. Effect of various phospholipids on rat striatal tyro- 
sine hydroxylase partially purified from the P, fraction. 
Tyrosine hydroxylase was assayed in a mixture containing 
sodium acetate, pH 6.0, 0.1 M; pteridine reductase (0.05 mg 
protein); catalase, 2000 units; NADPH 0.5 mM; L['*C- 
U]tyrosine (0.025 wCi) 0.02 mM; 6-MPH4, 0.05 mM; and 
partially purified enzyme preparation (0.009 mg protein). 
The final volume was 0.2 ml and lipids were added at the 
start of the reaction. The control activity was 5.0 nmoles 
dopa/mg of protein/hr. V/V) = relative velocity (see Fig. 
1 legend. Key: O—Q, phosphatidylserine; M—I8, lysole- 
cithin; O—O, Folch-Fraction VI (crude lipid brain extract); 
and A-—-A, phosphatidylethanolamine. Each point rep- 
resents the average of duplicate determinations. 


lecithin (Fig. 3A). However, in contrast to the effect 
of lysolecithin on cofactor K,,, the K,, for tyrosine 
was not significantly affected (Fig. 3B). 

Since phospholipid micelles have detergent proper- 
ties, we tested the possibility that phospholipids may 
cause a dissociation of tyrosine hydroxylase into 
subunits. Upon sucrose gradient centrifugation (Fig. 
4), the enzyme showed identical sedimentation pattern 
in control and lysolecithin-containing gradients, giv- 
ing a single peak of activity. A sedimentation co- 
efficient (S39) of 8.6 was calculated according to 
Martin and Ames[20]. Using the _ relation 
S,/S. = (MW,/MW,)§, a crude estimation of the mol- 
ecular weight of the enzyme can be calculated [28]. 
A value of 176,000 + 5,000 was found (mean value 
of three centrifugations). Preincubation of the enzyme 


Table |. Effect of lysolecithin on the K,, for 6-MPH, of 
rat striatal tyrosine hydroxylase* 





Enzyme K,, for 6-MPH, 





Soluble 

Particulate 

Soluble + lysolecithin 
(40 ug/0.2 ml) 


0.34 + 0.03 
0.19 + 0.027 
0.14 + 0.017 





* Partially purified soluble and particulate tyrosine hy- 
droxylase from rat striatal P, fraction was prepared as 
described in Methods. The enzyme was incubated in a mix- 
ture containing sodium acetate, pH 6.0, 0.1 M; catalase, 
2000 units; NADPH, 0.5mM; t['*C-U]tyrosine, 12 uM 
(0.25 wCi); and pteridine reductase, 0.07 mg_ protein. 
6-MPH, was dissolved in DTT to give a final DTT con- 
centration of 2.5 mM. The range of cofactor concentrations 
used was 0.025 to 2.0mM. 

+ P < 0.001 compared to control soluble enzyme. 
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Table 2. Effect of phosphatidyl-L-serine on the K; for 
dopamine* 





Addition to the incubation K;(mM) 





0.065 
0.20 


None 
Phosphatidyl-L-serine (40 yg) 





* Partially purified tyrosine hydroxylase from rat striatal 
P, fraction (0.02 mg protein) was incubated at a constant 
concentration of tyrosine (2.5 uM), three concentrations of 
6-MPH, (10, 100 and 1000 4M), and six concentrations 
of dopamine (from 0 to 0.5 mM) for the estimation of the 
apparent K;[27]. Dihydropteridine reductase and 
NADPH were used as reducing systems as described in 
Methods. 


in the presence of lysolecithin at maximal stimulatory 
concentration at 37° for 15 min and subsequent cen- 
trifugation on low-salt sucrose gradients (5—20°, 
sucrose in 10mM Tris-HCl, pH 7.4), using a Spinco 
SW 56 (8hr) or SW 40 rotor (14-18 hr), yielded the 
same sedimentation coefficient. 

The interaction between phospholipid activation 
and the activation produced by a mixture of cyclic 
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Fig. 3. (A) Effect of lysolecithin on the K,, for tetrahydro- 
biopterin of rat striatal tyrosine hydroxylase. Tyrosine hy- 
droxylase from rat striatal P, fraction was assayed in the 
presence of sodium acetate, pH 6.0, 0.1 M; catalase, 2000 


units; dihydropteridine reductase, 0.08 mg __ protein; 
NADPH, 1.0 mM; and L['*C-U]tyrosine (0.25 Ci), 5 uM. 
The lysolecithin concentration was 40 yg/0.2 ml of assay 
mix. The K,, in the presence of the phospholipid differs 
significantly from the control (P < 0.001). Velocity is 
expressed as nmoles dopa/mg of protein/hr. (B) Effect of 
lysolecithin on the K,, for L-tyrosine in the presence of 
tetrahydrobiopterin (0.25 mM). Assay conditions are as in 
section A. 





J. Ragse, R. L. Patrick and J. D. BARCHAS 





cpm DOPA (x 10~3) 








pf @ 
bo000-000 —L 
10 


TOP 5 15 


FRACTION NUMBER 


Fig. 4. Sedimentation behavior of striatal tyrosine hydrox- 
ylase in sucrose density gradient centrifugation. Partially 
purified tyrosine hydroxylase from rat striatal P, fraction 
(0.18 mg) was centrifuged together with marker proteins 
for 14hr at 40,000 g, using a SW 40 rotor. Gradients con- 
tained Tris-HCl, pH 7.4, 10 mM; KCI, 0.1 M; and mercap- 
toethanol, 5mM. One gradient contained 0.2 mg _lyso- 
lecithin/ml. After centrifugation, tubes were punctured and 
fractions of thirty drops (0.54 ml) collected. Tyrosine hy- 
droxylase was assayed as described in Fig. 2. Positions 
of marker proteins: (1) catalase; (2) yeast alcohol dehydro- 
genase; and (3) hemoglobin (horse). Arrow indicates the 
position of tyrosine hydroxylase. The position of markers 
and the position of tyrosine hydroxylase were the same 
in the lysolecithin-containing gradient as in control gra- 
dients. Key: (J, tyrosine hydroxylase in gradient with- 
out lysolecithin; @—@, with lysolecithin. 


AMP, EGTA (which was added to chelate any cal- 
cium that could possibly inhibit protein kinase), mag- 
nesium and ATP (cyclic AMP mix) was studied by 
two different experimental designs. In the first, lyso- 
lecithin was present along with the cyclic AMP mix 
(with both activators present at maximal stimulating 
concentrations) during the enzyme preincubation and 
incubation. Under these conditions the combination 
of lysolecithin plus cyclic AMP mix produced a 
stimulation greater than that seen by either agent 
alone (Table 3). Since the additional stimulation 
caused by lysolecithin may have been due to an inter- 


action with the cyclic AMP mix activating step(s), a 
second experiment was performed in which the 
enzyme was first treated with the cyclic AMP mix, 
then applied to a Sephadex G-25 column to separate 
the enzyme from the cyclic AMP mix, and then 
treated with lysolecithin. Again the lysolecithin treat- 
ment produced an activation greater than that seen 
with the cyclic AMP mix alone (Table 4). It should 
be noted that in agreement with the findings reported 
by Lovenberg et al. [29], we were unable to demon- 
strate stimulation by the addition of cyclic AMP 
alone, and while some stimulation could be observed 
with ATP plus Mg**, the combination of the four 
components in the cyclic AMP mix gave the greatest 
stimulation. 


DISCUSSION 


The characterization of the properties of tyrosine 
hydroxylase from rat brain striatal synaptosomes is 
of special interest, since this particular preparation 
is frequently utilized to study the properties of dopa- 
mine synthesis regulation in a structurally intact sys- 
tem [30-34]. The present studies show that tyrosine 
hydroxylase from rat brain striatal synaptosomes can 
be activated by various phospholipids. The activation 
is produced by a significant decrease in K,, for 
reduced pteridine cofactor, without a significant alter- 
ation in K,, for tyrosine or in the V,,,,. While these 
studies were initially prompted by the reports of 
phospholipid-induced activation of phenylalanine hy- 
droxylase [35], the mechanism of activation of these 
two enzymes appears to differ, since phospholipids 
do not decrease the K,, of phenylalanine hydroxylase 
for cofactor [35]. While these studies were in pro- 
gress, it was reported that phosphatidylserine could 
activate bovine caudate tyrosine hydroxylase, also by 
decreasing the K,, for cofactor [13]. However, there 
appear to be significant differences between the 
properties of the bovine caudate and the rat striatal 
synaptosomal preparations. For instance, it was 
reported that lysolecithin did not significantly activate 
bovine caudate tyrosine hydroxylase, while the pres- 
ent studies show that the rat striatal enzyme is mark- 
edly stimulated by lysolecithin (Figs. 1 and 2). Also, 


Table 3. Effect of lysolecithin on the cyclic AMP-dependent activation of striatal tyrosine 
hydroxylase* 





Addition to the incubation 


Tyrosine hydroxylase activity 
(nmoles dopa/mg protein/hr) 





None 

Lysolecithin 

Cyclic AMP mixture 

Lysolecithin + cyclic AMP mixture 


0.15 + 0.004 
0.44 + 0.05+ 
0.35 + 0.012+ 
1.05 + 0.04t 





* Striatal tissue was homogenized in 5 vol. of 0.05M_ potassium-phosphate buffer, pH 6.0, 
and centrifuged at 80,000g for 45min. The supernatant (50 ul) was preincubated tor 10min 
at 37° after addition of 50 yl of the homogenization buffer: containing either 40 ug lysolecithin 
or a mixture of cyclic AMP, 0.1mM (concentrations in the preincubation mixture); ATP, 
0.5mM; MgCl,, 5mM; and EGTA, 0.1 mM (referred to as cyclic AMP mixture) or both. The 
reaction was started by addition of an incubation mixture to give the following final concen- 
trations: potassium-phosphate buffer, pH 6.0, 0.05mM; L['*C-U]tyrosine (0.25 wCi), 12 uM: 
NADPH, 0.5 mM; catalase, 2000 units; 6-MPH4, 0.05mM; and dihydropteridine reductase, 
0.09 mg protein. The dopa synthesis incubation was for 45 min. 


+ P < 0.001 compared to controls. 


t P < 0.001 compared to all other incubation conditions. 





Phospholipid-induced activation of tyrosine hydroxylase 


Table 4. Effects of lysolecithin on tyrosine hydroxylase after Sephadex G-25 
chromatography* 





Addition to the incubation 





After 
Sephadex G-25 


Before 
Sephadex G-25 


Tyrosine hydroxylase activity 
(nmoles dopa/mg protein/hr) 





None 
Lysolecithin 
None 


None 

None 

Cyclic AMP 
mixture 

Cyclic AMP 
mixture 


0.54 + 0.02 
1.35 + 0.05+ 
1.10 + 0.12+ 


Lysolecithin 2.34 + 0.06 





* Striatal tyrosine hydroxylase was prepared and preincubated as described 
in Table 3. After 10 min the preincubation mixture was cooled in an ice bath 
and applied to a Sephadex G-25 column (1.5 x 15cm), equilibrated with 5mM 
potassium phosphate buffer, pH 7.0, and eluted with the same buffer. Fifty 
ul of the void volume containing the enzyme activity was assayed as described 
in Table 3. Tetrahydrobiopterin (25 uM) was used as cofactor. 

+ P < 0.001 compared to incubation without any additions. 

t P < 0.001 compared to all other incubation conditions. 


substrate inhibition by tyrosine is observed for the 
bovine caudate enzyme when tetrahydrobiopterin is 
employed as cofactor, but not for the rat striatal 
enzyme, for up to 0.2 mM tyrosine (Fig. 3B). In addi- 
tion, no shift in pH optimum of the rat striatal 
enzyme was observed with either phosphatidylserine 
or lysolecithin (data not shown), in contrast to the 
bovine caudate preparation. Whether these differences 
are due to species differences or to differences in 
enzyme preparation and/or degrees of enzyme purity 
remains to be determined. 

The effects of phospholipids on rat striatal tyrosine 
hydroxylase are similar to the effects of the polyanion 
heparin [5,6], in that both treatments lower the K,, 
for cofactor. In addition, both treatments significantly 
increase the K; for catecholamine inhibition (Table 
2) [5]. It is possible, as suggested by Lloyd and Kauf- 
man [13], that these effects are mediated by the highly 
negatively charged surfaces provided by heparin and 
phospholipids. No evidence for phospholipid-induced 
subunit association or dissociation could be obtained, 
since phospholipid-treated enzyme behaved identi- 
cally to untreated enzyme upon sucrose density cen- 
trifugation (Fig. 4). 

The ability of various phospholipids, including the 
brain lipid extract Folch-Fraction VI, to alter the kin- 
etic properties of tyrosine hydroxylase suggests that 
phospholipid—-enzyme interactions may play a role in 
the regulation of catecholamine synthesis in vivo. The 
present study indicates that synaptosomal tyrosine 
hydroxylase can respond to the addition of phospho- 
lipids with a decrease in K,, for pteridine cofactor, 
a property which could be of physiological signifi- 
cance since various studies have indicated that the 
amount of cofactor normally present in tissue is not 
saturating [36-39]. A phospholipid-induced increase 
in the K; for dopamine inhibition (Table 2) has not 
previously been reported, and represents an ad- 
ditional potential regulatory function of phospho- 
lipids. Alterations in phospholipid—-enzyme interac- 
tions may occur during neuronal depolarization, since 
the depolarization-induced influx of calcium could 
alter the membrane binding of tyrosine hydrox- 


ylase [5]. It is of interest to note in this regard that 
the addition of phospholipid to the soluble enzyme 
does in fact lower its K,,, for cofactor to a value simi- 
lar to that seen for the particulate enzyme (Table 1). 

The fact that lysolecithin could further activate the 
cyclic AMP-treated enzyme even after removal of the 
cyclic AMP-activating mix by Sephadex G-25 chro- 
matography (Table 4) indicates that in this system 
lysolecithin is not causing additional stimulation by 
interaction with the cyclic AMP-activating step(s). If 
depolarization-induced increases in cyclic AMP [40] 
can activate tyrosine hydroxylase in vivo[11], the 
data presented here suggest that even further stimu- 
lation could be achieved by alterations in phospho- 
lipid—enzyme interactions. 
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Abstract 


2,3,4,6,7.8-Hexahydropyrrolo[1,2-a]pyrimidine is a potent inhibitor in vitro of indoleamine-N- 


methyltransferase, an enzyme present in animal and human lung catalyzing the conversion of N-methyl- 
tryptamine to N,N-dimethyltryptamine. It is a reversible inhibitor, non-competitive with respect to 
N-methyltryptamine. The compound does not block the activity of phenethanolamine- or imidazole-N- 
methyltransferases in vitro. When administered orally to rabbits, 2,3,4,6,7,8-hexahydropyrrolo[ 1,2-a ]pyr- 
imidine markedly reduces the specific activity of the lung indoleamine-N-methyltransferase. This inhibi- 
tion of enzyme activity is accompanied by a block in the conversion of intravenously administered 
'*C-labeled N-methyltryptamine to ['*C]dimethyltryptamine in lung and brain. 


The N,N-dimethylindoleamines are hallucinogenic 
agents and one of these compounds, N,N-dimethyl- 
tryptamine (DMT), is a potent psychotogen in man 
[1-3]. DMT is the most well-studied human hallu- 
cinogen for which there is a biosynthetic mechanism. 
Axelrod [4] first reported on the occurrence of the 
DMT-forming enzyme in rabbit lung, and indole- 
amine-N-methyltransferase (INMT) has since been 
reported to be present in several tissues from labora- 
tory animals and man [5—11]. 

A variety of naturally occurring and synthetic in- 
hibitors of INMT have also been described. Inhibitors 
have been found in rat brain [6], human lung [10], 
human blood [9], rabbit lung [12] and in bovine 
pineal extracts [13]. Preliminary studies indicate that 
these inhibitors are low molecular weight materials 
[13]. The first synthetic compounds reported to in- 
hibit lung INMT in vitro were chlorpromazine and 
imipramine [4]. More recently, nor, and nor, chlor- 
promazine [14], S-adenosylhomocysteine [15] and 
3,4-dihydroxyphenylacetic acid [16] have been de- 
scribed as inhibitors of INMT activity. Relatively 
high levels of the substrates N-methyltryptamine 
(NMT) and 5-methoxy-NMT, and of the reaction 
products DMT and bufotenin (N,N-dimethylsero- 
tonin) have also been found to inhibit enzyme activity 
in vitro (17, 18]. 

This paper describes a new bicyclic INMT inhibitor, 
2,3,4,6,7,8-hexahydropyrrolo[1,2-a]pyrimidine (Fig. 
1). 1,5-Diazabicyclo[4.3.0]non-5-ene (DBN) is_ the 
name employed by the Aldrich Chemical Co., from 
whom this compound was obtained. DBN was dis- 
covered as a result of screening efforts in this labora- 
tory. In vitro, this compound is a potent inhibitor 


2,3,4,6,7,8-Hexahydropyrrolo [1,2-a] pyrimidine 
(1,5-diazabicyclo [4.3.0] non-5-ene; DBN) 


Fig. 1. Structure and nomenclature of DBN. 


of INMT from rabbit, monkey and human lung; it 
does not inhibit other N-methyltransferases. In vivo, 
it is orally active in blocking the conversion of 
'4C-labeled NMT to ['*C]DMT in rabbit lung and 
brain. 


MATERIALS AND METHODS 


INMT was partially purified from rabbit and 
human lung according to methods described pre- 
viously [10,17]. Crude preparations of the enzyme 
were prepared from other tissues (rabbit brain, rat 
and human liver, and monkey lung) by centrifuging 
the tissue homogenates at 78,000 g for | hr at 0 
and dialyzing the supernatants against 50-200 vol. of 
10°* M sodium phosphate buffer, pH 7:9, for 20 hr 
at 4. In some cases EDTA and dithiothreitol (5 x 
10~ ° M) were added to the buffer. When a precipitate 
formed upon dialysis it was removed by centrifuga- 
tion at 25,000 g for 15 min at 0. Assays of INMT 
were carried out as outlined earlier [10,17, 18]. 
Bovine adrenal phenethanolamine-N-methyltransfer- 
ase was partially purified and assayed by the method 
of Axelrod [19] using normetanephrine as substrate. 
Imidazole-N-methyltransferase activity in rabbit lung 
was assayed according to the procedure of Brown ef 
al. [20] using histamine as substrate. Protein was 
measured by the method of Oyama and Eagle [21]. 

For the experiments in vivo, rabbits were given 
DBN (as the free base or as the fumarate salt, pH 
adjusted to 6) by iv. injection, by maintaining the 
animals on the compound in the drinking water or 
by intubating single oral doses with a No. 8 or No. 
10 French catheter. Crude INMT was then prepared 
as follows. The rabbits were decapitated, bled out and 
the lungs were placed in 50 ml of 0.15 M KCI at 
0 for 15 min. The tissue was then homogenized in 
5-10 vol. of fresh KCI solution in a Waring Blender 
for 1 min. The homogenates were centrifuged at 
78,000 g for 20-45 min at 0 and the supernatants 
assayed directly for INMT activity using NMT as 
the indoleamine substrate. 
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In the experiments designed to measure the conver- 
sion in vivo of '*C-labeled NMT to ['*C]DMT, con- 
trol and DBN-treated rabbits were given the mono- 
amine oxidase inhibitor pheniprazine (10 mg/kg, 1.v.) 
After 6 hr they were dosed iv. (ear vein) with 
'$C-Jabeled NMT. Five min after the injection of 
NMT, the animals were decapitated and the lungs 
and brains frozen in liquid nitrogen at once. 
['*C]DMT was subsequently isolated from the tis- 
sues by minor modification of the solvent extraction 
procedure previously described [22]. The ['*C]DMT 
was determined by thin-layer chromatography of the 
final isolate on Silica gel GF plates using a developing 
solvent of methanol-|1 N NH,OH (5:1). The DMT 
was recovered from the Silica gel plates by elution 
with methanol and the radioactivity determined in 
a Packard liquid scintillation counter. In some exper- 
iments the identification of the ['*C]DMT was con- 
firmed by reverse isotope dilution analysis [23]. 

S-adenosylmethionine-methyl ['*C] (sp. act. 42-53 
mCi/m-mole) was purchased from the New England 
Nuclear Corp. All the indoleamines (as their free 
bases and/or salts) and DBN were purchased from 
the Aldrich Chemical Co. Normetanephrine HCI and 
histamine diHCl were obtained from CalBiochem. 
Pheniprazine (Catron) was kindly donated by Lake- 
side Laboratories. 5-Methoxy-NMT was synthesized 
by the method of Wilkinson [24] and '*C-labeled 
NMT by the method of Horner and Skinner [25]. 
All other chemicals were reagent grade commercial 
products. The rabbits used in these studies were New 
Zealand, white (NZW) males purchased from 
H.A.R.E., West Milford, N.J. 


RESULTS 


In the initial experiments, the inhibitory effect of 
DBN on the activity of rabbit lung INMT, purified 
through the Sephadex G-150 step, was evaluated. 
Reaction mixtures contained 31 smoles potassium 
phosphate buffer, pH 7.9; 2.4 nmoles S-adenosylmeth- 
ionine-methyl{'*C] (160,000 cpm): and 34 nmoles 
NMT;: enzyme and DBN in a final volume of 0.1 ml. 
Mixtures were incubated for 60 min at 37°, and the 
reaction was terminated with 0.2 ml of 0.125 M 
sodium tetraborate, pH 10. ['*C]DMT was extracted 
into 2 ml of water-saturated isoamyl alcohol and the 


Inhibition, 
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Concn. of DBN, M 
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radioactivity in 0.5 to 1.0-ml aliquots was determined. 
As shown in Fig. 2a. DBN produced nearly complete 
inhibition of enzyme activity at a concentration of 
2x 10°* M and a small but significant inhibition 
at 4x 10°’ M. Inhibition of the purified enzyme 
by DBN is apparently non-competitive with respect 
to NMT: the K; value is of the order of 2 x 10°° 
M (Fig. 2b). At 2 x 10°° M, DBN was found to 
inhibit the methylation of serotonin and N-methyl- 
serotonin 80 per cent, and at 2 x 10°* M it blocked 
the methylation of 5-methoxytryptamine and 5-meth- 
oxy-NMT to their corresponding N-methylated prod- 
ucts about 90 per cent. Thus, DBN in vitro is an 
inhibitor of the biosynthesis of three indoleamines 
reported to affect behavior in laboratory animals or 
man: DMT [3]. 5-methoxy-DMT [26] and N.N- 
dimethylserotonin [27]. The effect of DBN on the 
methylation of other amines was not studied. 

DBN was also evaluated for its inhibitory effect 
on DMT-forming enzymes from sources other than 
rabbit lung. In these experiments the co-substrates 
were 2-5 mM NMT and &-24 uM S-adenosylmeth- 
ionine-methyl['*C]. The incubation period was 1-2 
hr at 37°. The reactions were terminated by the addi- 
tion of borate, pH 10, and the ['*C]DMT was 
extracted into either water-saturated isoamyl alcohol 
or toluene-isoamyl alcohol (97:3). In most of the 
experiments, the ['*C]DMT was isolated by thin- 
layer chromatography on Silica gel GF plates with 
a developing solvent of either n-butanol-acetic acid 
water (72:18:30; Rr; DMT = 0.53) or methanol-1 N 
NH,OH (5:1; R; DMT = 0.41). As shown in Table 
1, DBN markedly inhibited the activity of enzyme 
preparations from rabbit liver and brain, rhesus mon- 
key and human lung, but not rat or human liver. 
The insensitivity of the enzymes from rat and human 
liver to inhibition by DBN suggests these two 
enzymes may be different from all others studied. 
None of the enzymes listed in Table | were inhibited 
by the phenethanolamine-N-methyltransferase inhibi- 
tor 5,6-dichloro-2-aminobenzimidazole [28] at 10°+* 
M indicating that they are not similar to the adrenal 
methyltransferase. No enzyme activity was found in 
rat or human brain extracts, in contrast to the find- 
ings of others [5,6], and consequently DBN could 
not be evaluated on enzymes from these sources. 
DBN was equally effective in blocking the N-methyla- 
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Fig. 2. (a) Dose response curve in vitro for inhibition of partially purified rabbit lung INMT by DBN. 
(b) Kinetic analysis of INMT inhibition in vitro produced by DBN. 





Inhibition of indoleamine-N-methyltransferase 


Table 1. Inhibition of DMT-forming enzymes by DBN 





Enzyme preparation* 


Per cent inhibition of ['*C]DMT 
formation by DBN+ 





2x10°*M 2x10°°M 2x10°°M 





Rhesus monkey lung 

Human lung 

Human lung (purified 

through Sephadex G-150 step) 

Rabbit liver 

Rat liver 

Human liver 

Rabbit brain 


44 


68 


83 65 





* With the exception of enzyme No. 3, all preparations were dialyzed 78,000 * super- 


natants of tissue homogenates. 


+ Data are for DBN as the free base except for enzyme No. 3, where DBN fumarate 


was used. 


tion of serotonin by human lung INMT as it was 
in blocking the methylation of NMT (data not 
shown). 

To determine whether the inhibitory effect of DBN 
was specific for INMT-type activity and that it was 
not a non-specific inhibitor of other N-methyltrans- 
ferases, it was tested for its effect on bovine adrenal 
phenethanolamine-N-methyltransferase, and rabbit 
and human lung imidazole-N-methyltransferase, 
enzymes which also require S-adenosylmethionine as 
the methyl donor and which have no metal ion re- 
quirement. As shown in Table 2, DBN at levels up 
to 100 times its K; against rabbit lung INMT pro- 
duced no significant inhibition of the N-methylation 
of normetanephrine or histamine. Its effect on O- 
methyltransferases was not evaluated. Because DBN 
is a strong organic base and could possibly interact 
with S-adenosylmethionine in the assays in vitro, 2-20 
nmoles was incubated with 2 nmoles of radioactive 
methyl donor (1.7 x 10° cpm) in the absence of 
enzyme for | hr at 37° (pH 7.5). All the radioactive 
S-adenosylmethionine was recovered after  thin- 
layer chromatography in butanol-acetic acid—water 
(60:15:25), indicating that DBN does not block 
INMT activity indirectly by reducing the availability 
of methyl donor. 

Experiments designed to evaluate whether DBN in- 
hibits INMT activity in vivo were then carried out. 
NZW male rabbits (1.5 to 1.8 kg) were given single 
doses of the compound (0.3 to 30 mg/kg) in the ear 


vein. At various times after dosage the animals were 
decapitated and bled out, and a crude INMT prep- 
aration was made from the lung homogenates and 
assayed in vitro as outlined earlier. The data in Table 
3 demonstrate that the specific activity of the INMT 
is reduced to about 25 per cent of control values after 
single i.v. doses of 3-30 mg/kg of DBN when the 
rabbits are sacrificed 10 min post injection. Enzyme 
activity is depressed 1-4 hr after dosage but the data 
are variable at the 4-hr time point. In one rabbit, 
DBN at 0.3 mg/kg was only marginally effective in 
lowering the activity of INMT. 

To establish whether DBN was orally active in 
reducing INMT activity, rabbits were given 0.5", 
DBN (as the free base or the fumarate salt at pH 
6) in the drinking water for several days. The animals 
(three/group) consumed 50-150 ml of medicated 
water (250-750 mg DBN)/day. This treatment for 6-8 
days resulted in about a 90 per cent depression of 
enzyme activity (the average specific activity of INMT 
for the controls was 76,000 cpm DMT/mg of protein 
hr, while the average value for the DBN-treated 
rabbits was 7,900). Even 3-5 days of maintenance on 
DBN resulted in a marked (60-80 per cent) decrease 
in the activity of the DMT-forming enzyme. To con- 
firm the oral activity of DBN, a second series of 
experiments was carried out in which rabbits (fasted 
for 16-20 hr) were given single oral doses of the com- 
pound with a stomach tube. Animals were sacrificed 
at various times after dosage and measurements of 


Table 2. Effect of DBN on N-methyltransferases in vitro* 





Activity (cpm) 





INMT 


Concn of DBN Rabbit lung Human lung 


Imidazole-N-methyl- 
transferase 
Rabbit lung Human lung 


Phenethanolamine- 
N-methyltransferase 
Bovine adrenal 





16,300 
2,291 (91) 
3,179 (86) 
6,633 (64) 


2,580 
530 (79) 
1,170 (53) 


None 

x10°*M 
x 10°°M 
x10°°M 


i ee ed 


10,000 
9.900 (0) 


22,500 
21,700 (4) 
26,076 (+15) 
21,338 (5) 


18,100 

17,300 (5) 
17,700 (3) 
18,380 (0) 





* Data are expressed as cpm in the product and the figures in parentheses are the per cent inhibition values. NMT 
was the substrate for INMT, normetanephrine HCI was used for phenethanolamine-N-methyltransferase and histamine 


dihydrochloride for the imidazole-N-methyltransferase. 
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Table 3. Effect of DBN (i.v.) on the activity of rabbit lung INMT 





Sp. act. 
of INMT* 


Time of sacrifice 
after dosage 


No. of 
rabbits/group 


Dosage of DBN 
(mg/kg) 





72,000; 
15,000; 
23,000; 


77,000; 88,000 
16,200 (79)* 
26,000; 26,000 (67) 
36,000; 32,000; 55,000 (46) 
19,000: 21,000 (73) 
46,000; 48,000 (39) 

67,000 (11) 


Control 
30 10 min 
1 hr 
4 hr 
10 min 
1 hr 
10 min 


Neh ww dw 





* Data are expressed as cpm DMT formed in vitro/mg of enzyme protein/hr at 37°. 
+ Figures in parentheses are the average per cent inhibition values. 


lung enzyme activity were made by the standard pro- 
cedure. As shown in Table 4, single doses of 300 
mg/kg of DBN resulted in an 84 per cent reduction 
in the specific activity of INMT. At 60 mg/kg there 
was over a 60 per cent depression of activity but the 
results were less consistent, particularly at the 4-hr 
time point. Lower doses of DBN (25 mg/kg) produced 
no inhibition of enzyme activity 2 hr after oral 
dosage. 

Studies designed to determine whether the inhibi- 
tion of the lung INMT by DBN was reversible were 
also performed. Enzyme preparations from a rabbit 
given DBN fumarate (300 mg/kg orally) and a control 
rabbit were dialyzed against 3000 vol. of 1 mM potas- 
sium phosphate buffer, pH 7, for 20 hr at 4°. Enzyme 
activity was assayed before and after dialysis, and as 
shown in Fig. 3, dialysis had little effect on the acti- 
vity of the control enzyme but the specific activity 
of the INMT from the DBN-treated rabbit returned 
to near control values. These results suggest that 
DBN produces a reversible type of inhibition, i.e. the 
drug-enzyme complex is dissociable. A similar pat- 
tern of results was obtained when DBN (2 x 10°° 
M) was added to a control enzyme in vitro and the 
preparation dialyzed. Re-addition of DBN (2 x 10°° 
to 2 x 10°° M) to dialyzed enzymes produced the 
expected inhibition (45-70 per cent) of enzyme acti- 
vity. 

Experiments were devised to determine whether in- 
hibitidn of INMT activity in DBN-treated rabbits 
was accompanied by an inhibition in the biosynthesis 
in vivo of DMT. Rabbits (400-800 g) were given 0.5°, 
DBN in the drinking water for 5-6 days; under these 


conditions INMT activity was depressed about 75 per 
cent. The animals were treated with the monoamine 
oxidase inhibitor pheniprazine (10 mg/kg, i.v.) and 6 
hr later they were given 25-28 wCi of '*C-labeled 
NMT i.v. Five min after injection of label the rabbits 
were decapitated and the lungs and brains removed 
and frozen at once in liquid nitrogen (— 196°). ['*C]- 
DMT was subsequently extracted quantitatively from 
the tissues by minor modification of the solvent 
extraction procedure used to isolate DMT from 
human blood [22]. Carrier DMT (100 yg) was added 
at the outset of the isolation procedure and the ['*C]- 
DMT was determined by thin-layer chromatography 
as outlined in Methods. The data in Table 5 demon- 
strate that under conditions where INMT is reduced, 
there is a concomitant block in the conversion in vivo 
of NMT to DMT. In lung, this block was 80-96 per 
cent while in brain it was 33 and 87 per cent. In 
Expt. No. 1, the ['*C]NMT in lung and brain was 
also isolated; the average value was increased in the 
DBN-treated rabbits by 49 and 66 per cent, respect- 
ively, over controls. This accumulation of NMT is 
consistent with an inhibition of INMT activity. 
Because the content of ['*C]DMT in brain was low, 
another experiment was performed in which control 
rabbits were given the ['*C]NMT (13 pCi; 0.3 mg) 
by intracisternal injection. One animal was sacrificed 
5 min after injection, another at 10 min and the third 
at 20 min. However, the DMT values remained low 
at 177, 95 and 60 cpm/g of brain respectively. In other 
experiments with 3-kg rabbits given DBN fumarate 
(0.6°,, in the drinking water for 5—6 days), there was 
about a 90 per cent inhibition in the conversion of 


Table 4. Specific activity of rabbit lung INMT after single oral doses of DBN 





Dosage of DBN 
(mg/kg) 


No. of rabbits 
group 


Time 


of sacrifice 
after dosage (hr) 


Sp. act. of INMT* 





Controlt 
300 
300 
300 

60 
60 
60 


25 


NNN | ee = we 


i) 


64,000; 66,000; 76,000 
11,000 (84)¢ 

10,000 (85) 

11,000 (84) 

20,000; 22,000; 28,000 (66) 
14,000; 28.000 (69) 

18,000; 30,000; 32,000 (61) 
95,000; 86,000 


NmNhehnN— hw — 





‘Data are expressed as cpm DMT formed in vitro/mg of enzyme protein/hr at 37°. 
+ These animals were given water with the stomach tube. 
t Figures in parentheses are the average per cent inhibition values. 





Inhibition of indoleamine-N-methyltransferase 


Cpm in DMT fraction (x 1073) 
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Enzyme protein, pg 
Fig. 3. Inhibition in vivo of rabbit lung INMT activity and 
reversibility of inhibition by DBN. Key: (A——A) control 
enzyme not dialyzed; (O——O) control enzyme dialyzed; 
(A——A) enzyme from DBN-treated rabbit, dialyzed; and 
(@——@) enzyme from DBN-treated rabbit, not dialyzed. 


intravenously administered NMT (7 mg/kg) to DMT, 
measured in carotid arterial blood by a minor modifi- 
cation of the method of Walker et al. [22]. Control 
animals produced 22-35 ng DMT/ml of blood over 
the first minute after injection of NMT while rabbits 
that consumed 15 g of drug over the pretreatment 
period produced only 1-3 ng DMT/ml. In these 
studies, two rabbits/group were used; each animal 
was given NMT three times at 20 to 30-min intervals. 





DISCUSSION 


The studies described in this paper demonstrate 
that DBN is a potent inhibitor of the methyltransfer- 
ase which catalyzes the formation of DMT, a psycho- 
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tomimetic agent [1]. It also inhibits the biosynthesis 
in vitro of 5-methoxy-DMT and N,N-dimethylsero- 
tonin (bufotenin), two other structurally related com- 
pounds implicated to play a role in mental disease 
[26, 27]. Inhibition of INMT activity by DBN has 
also been demonstrated to occur in vivo and this was 
accompanied by a block in the biosynthesis of DMT 
from its precursor NMT. 

DBN has no effect on the activity of phenethanol- 
amine- or imidazole-N-methyltransferases, or on the 
activity of a DMT-forming enzyme present in human 
and rat liver. Moreover it has no activity in other 
assay systems. As examples, DBN does not affect 
adenylcyclase activity, indole acid acetic biosynthesis, 
or 5-methyltetrahydrofolate-catalyzed pyrido-indole 
formation in vitro (L. R. Mandel and M. Malkin, un- 
published results). DBN in vivo has no antidepressant 
activity in laboratory animals and no effect on a Sid- 
man avoidance schedule in the squirrel monkey, and 
produces no noteworthy behavioral signs in rats, mice 
or monkeys (H. Hanson, unpublished observations). 
Analogs of DBN have been reported in the patent 
literature to have anti-inflammatory, anti-convulsive, 
analgesic and hypotensive effects [29]. With the 
exception of our earlier report [30], there are no 
other patents or publications citing biological activi- 
ties for DBN per se. 

Because DBN biocks the biosynthesis of DMT it 
would be of interest in the treatment of schizophrenia. 
There is suggestive evidence that DMT may be in- 
volved in some phases of this disease. In man, intra- 
muscular administration of DMT produces some of 
the symptoms of acute schizophrenia [3]. Adminis- 
tration to schizophrenics of amino acid precursors of 
DMT with monoamine oxidase inhibitors appears to 
exacerbate syraptomatology [31]. There is an enzy- 
matic mechanism for the formation of DMT in man 
[5-10]. At the present time, there is no animal model 
available to evaluate a DMT biosynthesis inhibitor 
as a potential new treatment for schizophrenia. To 
test the DMT hypothesis, an inhibitor with the mode 
of action of DBN would have to be evaluated in 


Table 5. Effect of DBN on the in vivo conversion of ['*C]NMT to ['*C]DMT in rabbit lung and brain* 





Activity 
(cpm in ['*C]NMT/g tissue) 


Activity 
(cpm in ['*C]DMT/g tissue) 








Animal No. Lung 


Brain Lung Brain 





257,000 
200,000 
180,000 
252,000 
400,000 
295,000 (49)t 


Control 1 
Control 2 
Control 3 
DBN 1 
DBN 2 
DBN 3 
Controi 1 
Control 2 
Control 3 
DBN 1 
DBN 2 


14,200 
10,800 
7.450% 
1,190 
3,300 
2,250 (80%) 
5,591 
4,659 
5,776 
153 
219 (96%) 


6,800 

9,200 

6,050 
10,200 
11,400 
15,000 (66)} 


6 
11 (87° 8 





*In Expt. 1, 600 to 800-g rabbits were maintained on 1% DBN fumarate (equivalent to 0.5°, DBN free base) 
for 6 days. ['*C]NMT [28 pCi (0.7 mg)] was given to the rabbits. In Expt. 2, animals (400-500 g) were given 0.5%, 
DBN for 5 days and 25 pCi (0.5 mg) of ['*C]NMT was administered. 

+ Reverse isotope dilution analysis demonstrated that this sample was >85° DMT. 

t Figures in parentheses are the average percentage increase values. 

§ Figures in parentheses are the average per cent inhibition values. 
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schizophrenic patients. Whether a novel therapeutic 
agent will be the outcome of such a study remains 
to be established. 
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Abstract—Interaction of a wide range of central nervous system (CNS) drugs with the transport of 
5-hydroxytryptamine (5-HT) and norepinephrine (NE) into synaptosomes from cerebral cortex was 
investigated. By determining the effect on Na,K-ATPase, the interaction of these drugs with the synaptic 
transport of Na* and K* was also assessed. Although of different numerical value, the order of 
potency of the drugs in inhibiting the uptakes of both biogenic amines was comparable. Furthermore, 
similar inhibition constants were obtained for the low affinity uptake of 5-HT and the uptake of 
NE. Desipramine and amphetamine strongly inhibited both uptake processes. The narcotic drugs dis- 
played a wide range of inhibitory potency. An exceptionally strong, but not stereospecific, effect was 
obtained with levorphanol, which inhibited 5-HT uptake with a K; of 0.7 uM. While methadone and 
pentazocine had inhibition constants between 20 and 504M, morphine, codeine and naloxone were 
markedly weak inhibitors with K; values extending into the mM range. The uptake of both 5-HT 
and NE was strongly inhibited by quinacrine. Among the drugs investigated, only methadone showed 
substantial inhibition of synaptosomal Na,K-ATPase. The reversible inhibition of the enzyme by the 
drug was diminished at concentrations of Na* and K* reflecting synaptic discharge. The drug partially 
bound to the ouabain site of Na,K-ATPase and also inhibited the Mg-activated component. The 
feasibility and experimental conditions were established for using a modified crude mitochondrial frac- 
tion as synaptosomal preparation to study transport processes in general and the uptake of biogenic 


amines in particular. 


Various central nervous system (CNS) drugs may owe 
their pharmacologic action to an interaction with the 
synaptic uptake of biogenic amines [1,2]. Accord- 
ingly, a number of studies were conducted on the in- 
hibition by selected CNS drugs of the uptake of 
5-hydroxytryptamine (5-HT) [3-6], as well as dopa- 
mine (DA) and norepinephrine (NE) [7-11]. How- 
ever, a comparison and unequivocal interpretation of 
the results of these experiments are hampered by the 
manifold approaches in investigating and presenting 
the inhibitory potencies of the drugs, as well as by 
the limited selection of compounds included in a 
given study. An additional difficulty in evaluating the 
hitherto presented information is created by the dif- 
ferent sources of synaptosomes, ranging from whole 
brain to several discrete areas of the cerebrum. 

In addition to the uptake of biogenic amines, the 
transport of Na* and K” across the presynaptic 
membrane represents another major process of trans- 
location in the synaptic cleft. The molecular 
mechanism for the active transport of monovalent 
ions involves the Na,K-ATPase. This enzyme is as- 
sociated with cell membranes and is_particuiarly 
active in excitable tissues [12]. Its presence was de- 
scribed and its activity characterized in synaptosomes 
[13]. The effects of a limited selection of CNS drugs, 
particularly tricyclic antidepressants, on synaptoso- 
mal Na,K-ATPase were previously investigated 
[14,15]. 

Although reports on uptake processes in synapto- 
somes are manifold, there is a lack of information 





* Send requests for reprints to: Dr. Fedor Medzihradsky, 
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Michigan Medical School, Ann Arbor, Mich. 48109. 


on criteria which have to be fulfilled by isolated 
synaptosomal preparations in order to render them 
suitable for the study of transport processes. 

Against this background, and within our interest 
in mechanisms of cellular drug transport [16-19], it 
was decided to investigate the interaction of a wide 
selection of CNS drugs with the uptake of biogenic 
amines in synaptosomes isolated from one discrete 
area of the brain, the cerebral cortex. Another goal 
of this study was to determine the effects of the drugs 
on the synaptosomal Na,K-ATPase at concentrations 
of the two ions which reflect both normal and dis- 
charge states in the synaptic cleft. Finally, the study 
was to re-evaluate experimental conditions for investi- 
gating transport processes in synaptosomal prep- 
arations. 


MATERIALS AND METHODS 


Materials. The drugs used in this study were kindly 
provided by Drs. H. H. Swain and J. H. Woods, 
Department of Pharmacology, The University of 
Michigan Medical School. Tritium-labeled (G) 5-HT, 
DA and NE as well as Protosol were obtained from 
Amersham/Searle Corp., Arlington Heights, Ill., Mal- 
linckrodt Chemical Works, St. Louis, Mo. and New 
England Nuclear Corp., Boston, Mass. respectively. 
Ficoll and bovine serum albumin (BSA), as well as 
the biochemicals used in the assay of acetylcholines- 
terase (AChE), succinate dehydrogenase (SDH), lac- 
tate dehydrogenase (LDH) and Na, K-ATPase, were 
purchased from Sigma Co., St. Louis, Mo., or 
Boehringer-Mannheim Corp., New York, N.Y. All 
other chemicals were of reagent grade. 

Isolation of synaptosomal preparations. The synap- 
tosomal preparation was isolated from cortices of 
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male Sprague-Dawley rats weighing 180g. The pro- 
cedure adapted was a modification of the method of 
Autilio et al. [20]. The preparation of tissue was car- 
ried out at 4. The cerebral cortices were dissected 
free of white matter and homogenized in 0.32M_ su- 
crose at a concentration of 10°, (w/v). The disruption 
of tissue was carried out at 500 rev/min in a Potter 

Elvehjem homogenizer equipped with a Teflon pestle. 
After centrifugation at 1000g for 10 min, the pellet 
containing nuclei and cell debris was discarded and 
the supernatant centrifuged at 15,000g for 20 min. 
The resulting pellet, representing the crude mitochon- 
drial fraction (CM), consisted of a relatively loose, 
light-colored layer on top of a firm yellow portion 
at the bottom of the centrifuge tube. The upper part 
of the pellet was carefully resuspended and decanted, 
leaving the bottom layer undisturbed. The suspension 
of the latter was referred to as modified crude mito- 
chondrial fraction (MCM) and was_ predominately 
used in this study as the synaptosomal preparation. 

In separate experiments, purified synaptosomes 
were obtained by fractionating the initial tissue 
homogenate using density gradient centrifugation 
according to Autilio et al. [20] or Gray and Whit- 
taker [21]. 

Isolation of mitochondria. In a number of exper- 
iments, mitochondria from cerebral cortices of rats 
were isolated according to several procedures 
reported to result in little contamination by other 
organelles, particularly synaptosomes [22-25]. 

Characterization of MCM fraction. The activity of 
AChE was determined according to the method of 
Ellman et al. [26]. The procedure is based on the 
cleavage of acetylthiocholine iodide and the deter- 
mination of absorbance at 413nm of the formed 
anion, 5-thio-2-nitrobenzoic acid. The reaction was 
started by the addition of an aliquot of the MCM 
fraction suspended in 0.32 M sucrose and correspond- 
ing to 0.02 to 0.10 mg protein. 

The determination of SDH activity was carried out 
by the method of King [27], which utilizes the oxi- 
dation of succinate in the presence of 2,6-dichloro- 
phenolindophenol and phenazine methosulfate. The 
reduction of indophenol is followed at 600 nm. The 
reaction was initiated by the addition of an aliquot 
of the MCM fraction, corresponding to 0.02 to 
0.10 mg protein. 

The activity of LDH was determined by measuring 
the initial rates of pyruvate reduction coupled to a 
decrease in fluorescence of reduced nicotinamide 
adenine dinucleotide (NADH). Final concentrations 
in the assay medium were: imidazol-HCl (pH 7.4), 
20mM:; pyruvate, 1mM; NADH, 0.01 mM; BSA, 
0.02°,. For the determination of total LDH in the 
MCM fraction, an aliquot of the suspension in 0.32 M 
sucrose was frozen four times at —70° and thawed, 
centrifuged at 35,000 g for 5 min, and an aliquot of 
the supernatant used to measure enzyme activity. For 
estimation of LDH release during storage of the 
MCM fraction, an aliquot of the suspension in 
0.32M_ sucrose was added to 2ml of the buffer 
medium used in the uptake experiments. After incuba- 
tion for 15 min at 20, the suspension was centrifuged 
at 35,000g for 5min and the LDH activity in the 
supernatant determined. 

The cellular concentrations of Na* and K* were 
determined by flame photometry, with LiCl as inter- 


nal standard [28]. After various times of storage at 
0, aliquots of the MCM fraction in 0.32 M sucrose 
corresponding to about 3 mg protein were added to 
2 ml buffer medium. After incubation for 15 min at 
20°, the suspension was centrifuged at 35,000g for 
5min. The pellet was washed three times by sus- 
pension in 0.32M_ sucrose and renewed centri- 
fugation. The resulting pellet was digested at room 
temperature overnight with 50 ul conc. HNO. After 
the addition of 5ml of 15 mEq/l. LiCl, the concen- 
trations of Na” and K”* were determined in a flame 
photometer. 

Conditions for uptake studies. The MCM fraction 
was prepared as described above by suspending the 
upper, loose portion of the CM pellet in 3-4 ml of 
0.32 M sucrose, pH 7.4. The suspension was kept on 
ice and, as needed, 100 ul of it was transferred to 
2.15 ml buffer medium, containing the drugs the 
effects of which were investigated. The buffer medium 
had previously been equilibrated with O, at 20 and 
contained the following final concentrations (mM): 
Tris, 35; NaCl, 100; KCl, 10; MgSO,, 1.2: KH,POx,, 
1.2; NaHCO, 1; glucose, 10; and sucrose, 25. The 
pH of the medium was adjusted to 7.4 with HCl. 
The determined tonicity of the buffer medium was 
317 mOsM. After incubating the suspension for 5 min 
at 20, 250 ul of a solution of radiolabeled biogenic 
amine in the buffer medium was added and all the 
samples were incubated for a time between 2 and 
5 min with gentle shaking under O,. The incubation 
was terminated by filtering 1-ml aliquots on Reeve- 
Angel ultrafine glass fiber disks which initially were 
repeatedly swirled in fresh portions of 0.9%, NaCl. 
The material on the filter was washed with 25 ml of 
ice-cold 0.9°, NaCl. Total filtration time was 
20-30 sec. The filters were transferred to scintillation 
vials, digested with 0.4ml Protosol at 60° for 1 hr 
and cooled to room temperature. Toluene-based scin- 
tillation fluid was then added and the radioactivity 
determined in a liquid scintillation spectrometer. 

To estimate nonspecific interactions with biologic 
material, control experiments were carried out with 
synaptosomal preparations previously repeatedly 
frozen at —70 and thawed, or sonicated 3 x 20 sec 
at 0 using a microtip at setting 6 of a Branson cell 
disruptor, model W140. 

Assay of Na, K-ATPase. The activity of this 
enzyme was determined by measuring the catalyzed 
release of inorganic phosphate (Pi) from ATP. The 
determination of Pi was carried out enzymatically uti- 
lizing phosphorylase a, phosphoglucomutase and glu- 
cose 6-phosphate dehydrogenase [29]. The assay of 
Na, K-ATPase was carried out as previously de- 
scribed [30] and its activity calculated from the differ- 
ence in Pi release in the absence and presence of 
0.1mM _ ouabain. The specific conditions of exper- 
iments on drug interaction with the enzyme are out- 
lined in the legends. 

Determination of protein. Protein was determined 
by the method of Lowry et al. [31]. 


RESULTS 


Characterization of MCM_ fraction. The  prep- 
aration was characterized, and the reproducibility of 
the isolation procedure investigated by determining 
the specific activity of AChE, SDH and LDH. cell 
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content of Na* and K™, as well as the yield of pro- 
tein. The obtained mean values, expressed per mg of 
protein, were: 100 + 2 nmoles/min (AChE), 
18 +2nmoles/min (SDH), 240 + 20nmoles/min 
(LDH), 49 + 14nEq (Na”) and 133 + 33nEq (K*). 
The yield of protein was 17.6 + 1.4 mg/g of cortical 
wet weight. Specific activity (in units as above) of 
AChE in CM preparations from whole rat brain was 
reported as 161 [32] and 68 [33], whereas in purified 
synaptosomes it was 216 [32], 100 [34], 56 [33] and 
38 [35]. The activity of SDH in mitochondria and 
in isolated synaptosomes was 305 and 148 nmoles/mg 
of protein-min respectively [35]. LDH activity 
ranged from 117 nmoles/mg of protein‘-min in CM 
from whole rat brain [32] to 90 [34] and 305 
nmoles/mg of protein:-min [32] in isolated synapto- 
somes. The reported yield of protein, per g of tissue 
wet weight, was 61 mg [33] and 83 mg [32] in CM 
from whole rat brain, 23 mg in CM from rat cerebral 
cortex [36] and 11 mg [34], 10mg [36] and 12mg 
[33] in isolated synaptosomes. 

The viability of the MCM fraction relating to study 
of transport processes, i.e. the presence of an intact 
plasma membrane [37], was ascertained by the un- 
changed cellular concentrations of K*, Na* and 
LDH (Fig. 1). Reported initial ratios of K*/Na* in 
isolated synaptosomes ranged from 0.35 [38] to 1.51 
[39] and 4.75 [40]. 

Validity of utilizing the MCM fraction for investigat- 
ing synaptosomal uptake processes. The possible con- 
tribution of mitochondria to data reflecting transport 
of biogenic amines in the MCM fraction was investi- 
gated using the following approach: (a) mitochondria 
were isolated by several procedures reported to result 
in little contamination by synaptosomes or other 
organelles; (b) the specific activity of SDH, used as 
mitochondrial marker, was determined in the mito- 
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Fig. 1. Time dependence of cellular concentrations of 

LDH, K* and Na”. After various times of storage at 0 

in 0.32 M sucrose, aliquots of the MCM fractions were 

added to the buffer medium and incubated for 15 min at 

20. Subsequently, LDH, K* (O——O) and Na” were 

determined as described in Materials and Methods. Results 
are averages of three experiments. 
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chondrial fractions as well as in the MCM prep- 
aration; (c) total amount of protein was determined 
in the isolated mitochondria and expressed as per 
cent of the CM fraction from which they were separ- 
ated; (d) the uptake of 5-HT in the various isolated 
mitochondrial preparations and in the MCM fraction 
was determined; and (e) considering the results of 
protein determination, the uptake of 5-HT in the 
MCM fraction was compared with that obtained 
using the isolated mitochondria. 

The results of the above outlined experiments are 
shown in Table 1. From the obtained data, the magni- 
tude of possible contribution of mitochondria to the 
uptake of 5-HT in the MCM preparation was deter- 
mined to be about 5 per cent. In addition to these 
experiments, the CM fraction was incubated with 
radiolabeled 5-HT and the preparation subsequently 
resolved by density gradient centrifugation into 
enriched synaptosomal and mitochondrial fractions, 
according to Gray and Whittaker [21]. The radioacti- 
vity in the latter two fractions corresponded to 90 
and 4 per cent of the total activity applied to the 
gradient. It should also be emphasized that in the 
MCM fraction used in this study the contamination 
by mitochondria was less than in the unmodified CM 
preparation. This was documented by the SDH speci- 
fic activity in the MCM fraction relative to the lower 
portion of the CM pellet: 18 and 39 nmoles/mg of 
protein: min respectively. 

Uptake of 5-HT and NE. The linear ranges of the 
uptake of biogenic amines are shown in Fig. 2, and 
the kinetics of the processes are presented in Figs. 
3 and 4. In view of the biphasic nature of 5-HT 
uptake, the initially obtained “masked” values for 
both K,, and V,,,, were re-evaluated (Table 2) accord- 
ing to the method of Neal [41]. The latter correction 
takes into consideration the mutual interaction of the 
two processes, representing the low and high affinity 
uptake of 5-HT. 

The results on the uptake of DA were characterized 
by inconsistency, caused by low uptake rates. In view 
of the poor reproducibility of the uptake itself no 
attempts were made to investigate drug interaction 
with the latter process. 

Interaction of drugs with the uptake of 5-HT and 
NE. The nature of drug interaction was analyzed 
graphically and the inhibition constants were 
obtained from Dixon plots of the uptake of biogenic 
amines in the presence of the drugs (Fig. 5). The K; 
values are listed in Table 3. There was a general simi- 
larity in the pattern by which the investigated drugs 
inhibited the uptake of 5-HT and NE. K; values relat- 
ing to the low affinity uptake of 5-HT correlated well 
with inhibition constants of the drugs displayed in 
the uptake of NE. On the basis of their potency in 
inhibiting the uptake of both 5-HT and NE, all the 
investigated drugs could be divided into three distinct 
categories, characterized by K; values of: below 
12 uM, between 20 and 50 uM, and above 300 u.M 
(Table 3). An exceptional effect was obtained with 
levorphanol, which inhibited 5-HT uptake with a K; 
in the submicromolar range. Both levorphanol and 
dextrorphan displayed similar K, values. Codeine, 
morphine and naloxone, on the other hand, affected 
both uptake processes least. Their interaction was 
characterized by high K; values, extending into the 
mM range particularly in inhibiting NE uptake. Both 
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Table 1. Uptake of 5-HT in isolated mitochondria (M) and in MCM fraction* 





Method for SDH activity 
isolation nmoles 
of M | mg protein: min 


M protein 
(per cent of total 
MCM protein) 


Uptake of 5-HT 
in fractiont 
pmoles 
mg protein: min 


Uptake of 5-HT in 
MCM due to Mt 
(per cent of total 
uptake in fraction) 





Bosmann and 106 

Hemsworth [22] 

Clark and 82 

Nicklas [23] 

Stahl et al. 53 
[24] 

Tjoie et al. 87 
[25] 

Gray and 47 

Whittaker [21] 


0.16 0.7 
0.55 4.0 
4.4 
BS 


3.5 





MCM fraction 18 
(see Methods) 





* Presented results are averages of two to four experiments. 


+ Conditions for uptake were as outlined in Methods. 


t Numbers in this column were obtained by multiplying the results in columns 2 and 3 and dividing by 1.29, the 


value for 5-HT uptake in the MCM fraction. 


5-HT uptake and NE uptake were potently inhibited 
by quinacrine. 

Interaction of drugs with Na, K-ATPase. These 
studies were carried out with an enriched synaptoso- 
mal fraction, prepared according to Autilio et al. [20]. 
The mean specific activity of the enzyme in the prep- 
aration was 14.1 + 1.7 wmoles Pi/mg of protein: hr. 
The latter value represented 52 per cent of the total 
ATPase activity in the preparation. Previously 


© Concentration in 
/ the medium: 





Uptake of 5-HT (pmoles/mg protein) 
(uiej04d Bwysejowd) JN 40 axo\dfy 


40! 


Uptake of 5-HT (pmoles/min) 
(uiwssejowd) JN 4O ex040y 











l l fe) 

1.0 1.5 2.0 
, (S-HT, uptake) 

0.2 0.4 0.6 1°) 
(NE uptake) 


Protein (mg) 





Fig. 2. Dependence of synaptosomal uptake of biogenic 


amines on time and protein. The uptake of 5-HT (@ @) 
and of NE (O ©) was determined as outlined in Mater- 
ials and Methods. In experiments on protein dependence 
the uptake was terminated at times within the linear range. 
Shown are results of representative experiments. 


reported values for the activity of Na, K-ATPase in 
purified synaptosomal fractions from whole rat brain 
were 4.5 [42], 8.4 [35] and 12.8 [34], whereas in 
synaptosomes from cerebral cortex the activity was 
6.4 [43], all expressed as ymoles Pi/mg of protein: hr. 
At concentrations of Na* and K* approximating 
those normally prevailing in an extracellular environ- 
ment, only three of the investigated drugs affected the 
Na, K-ATPase (Table 4). Among them methadone, 
at a concentration of 0.5mM, was the most potent, 
inhibiting the enzyme 56 per cent. Further investiga- 
tion of the nature of methadone inhibition of synapto- 
somal ATPase revealed that the drug in inhibiting 
Na, K-ATPase partially blocked the ouabain site of 
the enzyme (Table 5). This was indicated by the extent 
of the protective effect of methadone displayed in 
Expt. 5 relative to the results in Expt. 4. As shown 
in Expt. 3, considering in addition Expts. 5 and 4, 
methadone also inhibited the Mg-activated ATPase 
component. 


ny 
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Fig. 3. Lineweaver-Burk plot of the uptake of 5-HT by 

the MCM fraction. Plotted are the reciprocal initial con- 

centrations of 5-HT in the medium against the reciprocal 

rates of 5S-HT uptake. The obtained values for K,, and 

V..ax are listed in Table 3. Presented are mean values of 
at least twenty experiments. 
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Fig. 4. Lineweaver-Burk plot of the uptake of NE by the 

MCM fraction. Plotted are the reciprocals of the initial 

concentrations of NE in the medium against the recipro- 

cals of the rates of NE uptake. The obtained values of 

K,, and V,,,, are listed in Table 3. Presented are mean 
values of at least twenty experiments. 





Changing the ion concentration in the assay 
medium, i.e. decreasing the ratio Na*/K*, diminished 
the extent of inhibition of Na, K-ATPase by metha- 
done (Table 5). As seen from Expts. 6-9, drug inhibi- 
tion of the enzyme was 22 per cent at a ratio of 
Na*/K* equaling | as compared to 50 per cent if 
the latter was 20. The inhibition of Na, K-ATPase 
by methadone was reversible. Washing of synapto- 
somes with 50mM _ imidazol-HCl, pH 7.0, almost 
completely restored the enzyme activity, initially inhi- 
bited by 0.5 mM methadone. 


DISCUSSION 


Since their discovery [21], synaptosomes have been 
increasingly used as conveniently available vesicular 
models to study biological phenomena in the synaptic 
region. Relating to transport processes, the synapto- 
somal uptake of biogenic amines [44] and amino 
acids [45,46] has been focused upon. An essential 
requirement in investigating cellular transport pro- 
cesses is the assertion of an intact plasma membrane 
in the preparation under study. In comparing various 
measures of viability in isolated cells, we recently de- 
scribed the cellular K* content, or the ratio of cellu- 
lar K* to cellular Na*, as most sensitive indicators 
of a nonleaking plasma membrane [37]. In the pres- 
ent study, synaptosomes further purified from the 
crude mitochondrial fraction displayed lower ratios 


VE5-HT Joqng (“2 orem) 








-25  -20 0-5 
[Pentazocine Jmedium (AM) 
Fig. 5. Dixon plot for the determination of inhibition con- 
stants. Plotted are the reciprocal rates of biogenic amine 
uptake against the concentration of inhibitor in the 
medium. K; is determined from the point of intersection 
of three lines, each describing the uptake process at differ- 
ent concentrations of biogenic amine. Presented are the 
results of a typical experiment showing the inhibition of 
the high affinity 5-HT uptake by pentazocine. 


of cellular K*/Na* as compared to a modified crude 
mitochondrial fraction. Compared to the latter prep- 
aration, the inferior transport-related viability of puri- 
fied synaptosomes was also reflected in increased 
leakage of cellular LDH and did correlate with de- 
creased uptake rates for biogenic amines, as well as 
with poor reproducibility of the data. This finding 
is supported by the results of a recent study showing 
decreased uptake of GABA and glutamate in purified 
synaptosomes if compared to incubation of the sub- 
strates with the CM fraction and subsequent isolation 
of the synaptosomes [47]. 

Crude mitochondrial fractions have been frequently 
used in studies focusing on uptake processes in synap- 
tosomes (e.g. see Refs. 5, 7, 9 and 11). However, the 
use of such heterogeneous fractions requires the inves- 
tigation of possible contribution to the observed 
phenomena of mitochondria, the major nonsynapto- 
somal vesicles present. In the present work, the con- 
tribution of mitochondria to synaptosomal uptake of 
biogenic amines was extensively investigated and 
determined to be less than 5 per cent of the total 
observed uptake. A recent electron-microscopic study 
on the morphology of CM and purified synaptosomes 
revealed that the latter organelles accounted for 38 
per cent of all particles in either of the fractions [48]. 
In remarkedly good agreement with our finding relat- 


Table 2. Kinetic constants of S-HT and NE uptake in MCM fraction* 





5-HT 





High affinity uptake 


Low affinity uptake 





Kinetic No 
constants correction 


After 
correctiont 


No After 
correction correction 





K,, (uM) 0.09 


protein - min) 


0.07 
Vinax (pmoles/mg 3.0 1.8 


3.69 
24.6 23 


3.44 
26.4 





* Presented are mean values of at least twenty determinations using different preparations of synapto- 
somes. The standard deviation around the mean was less than +15 per cent. 
+ Corrections were calculated according to Neal [41]. 
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Table 3. Inhibition of the uptake of S-HT and NE by CNS 
drugs* 





(K;) 


constants 
(uM) 


Inhibition 
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Table 4. Effect ef CNS drugs on synaptosomal ATPase* 





Activity as per cent of control 





Drugst 


(0.5 mM) Na, K-ATPase Mg-ATPase 





5-HT 





Low 
affinity 
uptake 


High 
affinity 


Drug uptake 





Levorphanol 0.7 
Dextrorphan 1.0 
Desipramine 

Quinacrine : 
Amphetamine 9 
Pentazocine 20 
Methadone 28 
Codeine 309 
Morphine 615 
Naloxone 807 


> 1500 
> 1500 
> 1500 





* Presented are averages of at least three determinations 
using different preparations of synaptosomes. The standard 
deviation of the mean was less than +10 per cent. 


ing to uptake (Table 1), the free mitochondria in the 
CM fraction represented 7 per cent of all the vesicles 
present. Possible artifacts in the uptake experiments 
due to variable activity of monoaminooxydase, result- 
ing in deamination of the investigated compounds, 
were excluded by the demonstrated linearity of 


Amphetamine 
Codeine 
Desipramine 
Levorphanol 
Methadone 
Morphine 
Naloxone 
Pentazocine 
Quinacrine 








*In this part of the work, purified synaptosomes (frac- 
tion C, according to Autilio et al. [20] were used. All 
values presented are averages of three experiments, except 
for methadone, which was investigated in nine experiments. 
The standard deviation around the mean was +7 per cent. 

+ Synaptosomes were preincubated at 37° for 30min 
with the particular drug. The assay of enzyme activity was 
started by the addition of ATP. 


uptake with synaptosomal protein. Additional evi- 
dence against such interference was presented by the 
linear kinetics of the Dixon plots. 

In order to establish a correlation with ongoing, 
transport-related studies in this laboratory, the synap- 
tosomal preparations in the present work were iso- 


Table 5. Characterization of methadone inhibition of ATPase* 





Activity of ATPase 
(«moles Pi/mg protein: hr) 





Experimental 
conditions 


Total 


Na, K-activated Mg-activated 





60 min, — ouabain, 

— methadone 

60 min, +0.5 mM 
ouabain 

60 min, +0.5 mM 
methadone 

30 min, +0.5 mM 
ouabain; 30 min, 

+0.5 mM ouabain, 
+0.5 mM methadone 
30 min, +0.5 mM 
methadone; 30 min, 
+0.5 mM methadone, 
+0.5 mM ouabain 

100 mM Na*, 5 mM 
K*, —methadone 

100 mM Na”, 100 
mM K”~, —methadone 
100 mM Na*, 5 mM 
K*, +0.5 mM metha- 
done 

100 mM Na’, 100 mM 
K*, +0.5 mM metha- 
done 


26.8 


26.9 


16.6 


op] 9 


11.3 (100)* 13.8 (100) 
13.8 (100) 
10.5 (76) 
10.5 (76) 


0.9 (8) 10.5 (76) 


8.3 14.5 





* After the preincubations at 37° as indicated, the assay of ATPase was started with ATP 
and was carried out as described in Methods. Data from Expts. 1-5 indicate the site at which 
methadone interacts with Na, K-ATPase, whereas the results of Expts. 6-9 show the effect 
of ion concentration on drug inhibition of ATPase. The findings are interpreted in Results 
and Discussion. Presented are mean values of at least four experiments. The standard deviation 


around the mean was less than + 10 per cent. 


+ Figures in parentheses are per cent of controls. 
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lated from cerebral cortex. Until recently cerebral cor- 
tex was assumed to be lacking in dopaminergic 
neurons [49,50]. However, newer evidence [51-53] 
contraindicates this concept describing the existence 
of DA nerve terminals in cortex, although limited to 
the limbic region [53]. In the present study, due to 
markedly low uptake rates and in agreement with the 
assumption of few dopaminergic terminals in cortex, 
a reproducible accumulation of DA in cortical synap- 
tosomes could not be established. 

The values for kinetic constants determined in this 
study are within the range reported for neuronal 
uptake of 5-HT and NE [1,54]. However, in 
numerous hitherto presented studies there was little 
consistency in presenting the kinetic data, e.g. the 
extent of drug interaction was expressed as per cent 
inhibition relative to control. In addition, the biphasic 
uptake of biogenic amines was often graphically 
“resolved” by simply extending the corresponding 
lines to obtain intercepts with the coordinates, result- 
ing in two pairs of kinetic constants. In doing so the 
mutual interaction of the two processes was neglected, 
leading to quite arbitrary numerical values, particu- 
larly regarding the kinetic constants of the high 
affinity uptake process (Table 2). 

Considering the viewpoint that the pharmacologic 
effect of various CNS drugs possibly represents the 
consequence of their interference in the synaptic 
uptake of biogenic amines, this study provides per- 
tinent data using a wide selection of CNS drugs stud- 
ied under identical conditions. In evaluating the inter- 
actions, the different magnitude of the inhibition con- 
stants was focused upon, ranging from submicromo- 
lar to mM concentrations. Both desipramine and 
amphetamine were potent inhibitors of biogenic 
amine uptake. An exceptional effect was obtained 
with levorphanol, which inhibited the high affinity 
5-HT uptake with a K; of 0.7 uM. The specificity of 
this effect is emphasized by the substantially lower 
potency of levorphanol in inhibiting the uptake of 
NE. The actions of levorphanol were not stereospeci- 
fic, as shown by the similar K; value of dextrorphan. 
The high affinity binding of levorphanol in prep- 
arations from nervous tissue, reflecting the interaction 
with a narcotic receptor, has been shown to be ster- 
eospecific [55,56]. Relating to narcotic drugs, it is 
of interest to note the rather strong inhibitory poten- 
cies displayed by methadone and pentazocine as 
opposed to the weak effects of morphine, codeine and 
naloxone. The distinctly high K; values of the latter 
drugs present a strong argument against a biologic 
role of their interaction with the synaptosomal trans- 
port of biogenic amines in cerebral cortex. 

In comparing the inhibitory pattern of the drugs 
in the present work with pertinent results of previous 
studies, one is hampered by the following differences: 
source of synaptosomes, number of drugs studied un- 
der identical conditions, and lack of a common 
method in expressing drug inhibition of biogenic 
amine uptake. Previous studies have particularly 
focused upon the effects of tricyclic antidepressants 
and amphetamine on the uptake of 5-HT [3,5] and 
NE [7,9]. Amphetamine inhibited both the high and 
low affinity uptake of 5-HT with a K; of 7 uM [5], 
which agrees with the finding in this study, showing 
similar K; values for this drug in inhibiting both 
uptake processes for 5-HT. Also in good agreement 
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with results in Table 3 is the ICs9 of 64M reported 
for desipramine in inhibiting 5-HT uptake in crude 
synaptosomal preparations from whole rat brain [4]. 
On the other hand, our results disagree with the pre- 
viously reported inhibition by methadone of synapto- 
somal 5-HT uptake [6]. Whereas in that study mor- 
phine exhibited a K; of 400 uM, a value approximat- 
ing that shown in Table 3, methadone had a K; of 
1 nM as opposed to 28 4M determined in the present 
work. Despite the differences in species (rabbit vs rat) 
and in brain regions {whole brain vs cerebral cortex), 
the discrepancy in the effects of morphine and metha- 
done in the two studies is puzzling. Previously, the 
same laboratory reported morphine, methadone, the- 
baine and codeine to be potent inhibitors of synapto- 
somal NE uptake at concentrations between 0.2 and 
2mM [8]. In addition to the markedly high concen- 
trations of the drugs, morphine in that study was 
reported as more potent in inhibiting NE uptake than 
methadone. The study did not include K; values. 
These findings [8] again disagree with our observa- 
tion that morphine, codeine and naloxone were mark- 
edly weak inhibitors of NE uptake as compared to 
the other CNS drugs investigated. On the other hand, 
our results correlate well with the order of potency 
according to which narcotics, including morphine and 
methadone, inhibited NE uptake in a different study 
[10]. In that work, the K; values for morphine, 
codeine and naloxone were higher by 2 magnitudes 
than those for methadone and levorphanol. An ad- 
ditional study showed significant inhibition of synap- 
tosomal NE uptake by 0.1 to 1mM _ concentrations 
of morphine [11]. The reported effects of tricyclic 
antidepressants on NE uptake [7,9] are in good 
agreement with the results shown in Table 3, as exem- 
plified by K; values of 8 uM for amitriptyline [7] and 
5 uM for desipramine [4]. 

In evaluating drug interaction in this study, the 
potent effect of quinacrine in inhibiting both 5-HT 
and NE uptake is of interest. This compound proved 
to be a strong inhibitor of the transport of drugs in 
leukocytes [18,19], the isolated retina [57] and in 
brain slices (Medzihradsky and Lin, unpublished ob- 
servations). Quinacrine is apparently recognized as 
a substrate by uptake systems for basic amines, trans- 
port processes characterized by limited structural 
specificity and seemingly wide distribution in mam- 
malian tissue [17-19]. 

The low affinity uptake of 5-HT has been assumed 
to be due to noradrenergic and/or dopaminergic 
neuronal uptake sites [1, 2, 54]. The inhibition pattern 
of the drugs investigated here presents strong evi- 
dence in support of this assumption: the K, values 
relating to the low affinity uptake of 5-HT were simi- 
lar to those obtained for the uptake of NE. 

Inhibition of CNS drugs of the enzyme coupled 
to the transmembrane transport of Na* and K* 
could reflect a possible mode of action of these com- 
pounds, due to induced changes in the concentration 
of monovalent ions in the synaptic cleft. However, 
at typical extracellular concentrations of Na* and K * 
likely to reflect the ion content in the synaptic cleft 
[58], only methadone at submillimolar concen- 
trations showed substantial and reversible inhibition 
of Na, K-ATPase. Although the effect was obtained 
with 0.5mM drug, this relatively high concentration 
is within the range of those applied in previous 
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reports demonstrating partial inhibition of synaptoso- 
mal Na, K-ATPase by chlorpromazine and haloperi- 
dol [14], and tricyclic anti-depressants [14,15]. In 
these studies, the effective concentration of the drugs 
was in the range of 0.1 to 1mM. Tissue levels of 
basic amines, like methadone, can be expected to be 
considerably higher than their therapeutic concen- 
tration in plasma. As shown previously, among the 
drugs investigated here and at similar concentrations, 
desipramine and pentazocine inhibited by 40 and 15 
per cent an enriched preparation of Na, K-ATPase 
from brain [59]. 

Changing the ion concentration in the direction 
which reflected synaptic K* release, i.e. at a decreased 
ratio of Na*/K* in the assay, markedly diminished 
the extent of enzyme inhibition. This finding indicates 
limited effect of the drug on the active reuptake of 
K*. involving the Na, K-ATPase, after synaptic dis- 
charge. The protective effect of K*, as well as results 
of the cross-inhibition experiments suggested partial 
involvement of the ouabain site in the interaction of 
methadone with Na, K-ATPase and also indicated 
inhibition by the drug of Mg-ATPase. 
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Abstract—A method for measuring urinary kallikrein activity by kinin radioimmunoassay (RIA) is 
described. Kinins were generated by incubating urine with partially purified dog kininogen in the 
presence of peptidase inhibitors. Antibodies against kallidin were induced in rabbits by injecting kallidin 
coupled to ovalbumin. One of the antisera generated was used at a final dilution of 1:18,000 to obtain 
a 40 per cent binding of approximately 3000 cpm (10 pg) of bradykinin (8-tyrosin)-['?*I]triacetate 
({‘?5 bradykinin). Synthetic kallidin (10-500 pg) was used to construct standard curves. When kinins 
generated by urinary kallikrein were also used, the two displacement curves for ['?*I]bradykinin were 
similar. The RIA was sensitive to 10 pg kinins. The antiserum cross-reacted with bradykinin, methionyl- 
kallidin, and kininogen, but not with angiotensin, oxytocin or SQ 20,881. To increase the specificity 
of the RIA, the kininogen was removed by ethanol precipitation followed by QAE-Sephadex-AS0O 
chromatography. Kallikrein activity in 81 human urine samples and 8 samples obtained from a dog 
undergoing stop-flow procedure was measured by RIA and bioassay. Correlations of r = 0.81 and 
0.94 were found. This RIA is useful for measuring kallikrein activity in rat, dog and human urine. 


The physiological significance of urinary kallikrein is 
not known. However, it has been reported that excre- 
tion of this enzyme is decreased in patients with 
essential hypertension [1,2] and in experimental ani- 
mals with renal hypertension [3]. It has also been im- 
plicated in the regulation of blood pressure [4] and 
sodium balance [5, 6]. 

Kallikrein is usually measured by its esterolytic 
activity over synthetic ester substrates or by its capa- 
city to generate kinins (kininogenic activity) [7]. 
Because there are urinary esterases that have no 
kininogenic activity [8,9], methods using the esteroly- 
tic properties of kallikrein are less specific than 
kininogenic methods. Unfortunately, in methods 
based on kininogenic activity the kinins generated 
are measured by a variety of bioassays which also 
have low  specificity[7]. A radioimmunoassay 
(RIA) for determining kinins generated would enable 
kallikrein activity to be measured with greater 
reliability and, in turn, facilitate investigation of the 
kallikrein—kinin system in physiological or pathologi- 
cal situations. 

RIA procedures have been described [10-12] for 
determination of blood kinin levels; however, these 
methods have not been applied to measurement of 
kallikrein activity. This report describes a method for 
measuring urinary kallikrein activity using a RIA. 
The RIA is specific for kinins and detects a minimum 
of 10 pg kallidin. 

In addition, problems encountered with kininogen 
interference are discussed. 





*Partially supported by a Ford Foundation grant to the 
Henry Ford Hospital; the Michigan Heart Association; 
and an NIH grant HL 15839-3. 

+ This work was done during the tenure of an Estab- 
lished Investigatorship of the American Heart Association. 


MATERIALS AND METHODS 


Antibody. Kallidin was coupled to ovalbumin using 
carbodiimide as described by Goodfriend et al. [13]. 
Coupled antigen (1 mg) was emulsified in complete 
Freund’s adjuvant and injected into the paws of three 
New Zealand rabbits once weekly for 3 weeks; there- 
after, booster injections in incomplete Freund’s adju- 
vant were given every month. Antisera were collected 
7-10 days after the booster injection. The antisera 
were heated to 60° for 30 min and stored frozen. 

Antigen. Bradykinin (8-tyrosin)-['?*I]triacetate 
({'?°I]bradykinin) was purchased from New England 
Nuclear (Boston, Mass.), and more recently from 
Nuclear International Corp. (Burlington, Mass.). It 
was also generously supplied by Dr. T. Goodfriend 
(Madison, Wisc). Each batch of commercial antigen 
was purified by adsorption with Amberlite IRC-50 
resin according to the procedure of Talamo et 
al. [10]. Synthetic bradykinin, kallidin, methionyl-kal- 
lidin and angiotensin I were purchased from Schwarz/ 
Mann (Orangeburg, N.Y.), SQ 20,881 was obtained 
from Squibb Inst. (Princeton, N.J.) and oxytocin from 
Parke, Davis & Co. (Detroit, Mich.). 

Dextran-coated charcoal. Dextran-coated charcoal 
was prepared by a modification of the method of Her- 
bert et al. [14] as follows: 6.25 g Norit “A” charcoal 
(Amend Drug & Chemical Co., Irvington, N.J.) was 
dissolved in 125 ml of barbital buffer, pH 7.4; 6.25 
g Dextran T70 (Pharmacia Fine Chemicals, Inc., Pis- 
cataway, N.J.) was also dissolved in 125 ml of the 
barbital buffer. The charcoal suspension and Dextran 
solution were combined and mixed thoroughly and 
the volume was brought to 1000 ml with barbitai 
buffer. 

Standard plot. The RIA was performed in 0.1 M 
Tris-HCI buffer, pH 7.4, containing 0.2%, gelatin and 
0.1°%, Neomycin (Tris buffer). The incubation mixture 
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contained 0.1 ml ['?*Ibradykinin (approximately 
3000 cpm), 0.1 ml of 1:3000 dilution of antiserum, 


kallidin standard ranging from 10 to 500 pg or 2 to’ 


20 wl of the unknown sample, and Tris buffer to 
obtain a final volume of 0.6 ml. Samples were incu- 
bated for 24 hr at 4: 6 mg of Dextran-coated char- 
coal was used to separate free kinins from antibody- 
bound kinins. The supernatant was decanted, and free 
['?°T]bradykinin in the charcoal was counted in an 
automatic gamma spectrometer (Packard). The stan- 
dard curve was obtained by plotting the per cent of 
initial binding (B/By) against the kallidin standards. 
B and By were calculated by subtracting charcoal- 
adsorbed counts (free) from the corrected total count. 
Total counts were corrected for unspecific binding to 
the gelatin Tris buffer. Duplicate estimations were 
made for each point on the curve, and the unknown 
samples were extrapolated from this plot or calcu- 
lated by computer using logit transformation as de- 
scribed by Rodbard et al. [15]. 

The RIA was performed at pH 7.0, 7.4 and 8.0. 
Binding of radiolabeled antigen to the antibody was 
also studied by varying incubation time from 4 to 
24 hr. 

The specificity of the RIA was evaluated by using 
bradykinin, kallidin, methionyl-kallidin, purified dog 
kininogen, angiotensin I, oxytocin and SQ 20,881. 

Generation and isolation of kinins. Kinins were 
generated by incubating urine with kininogen in the 
presence of kininase inhibitors. The kininogen was 
partially purified from dog plasma by ammonium sul- 
fate precipitation [16] or DEAE chromatography as 
suggested by Guimaraes et al.[17]. The substrate 
concentration was expressed as the amount of kinins 
formed when incubated with an excess of trypsin. The 
reaction of urinary kallikrein and kininogen was car- 
ried out in 0.1 M phosphate buffer, pH 8.5, containing 
0.2°,, bacitracin, 3.0mM_ 1,10-phenanthroline, and 
30 mM Na; ethylenediamine tetraacetic acid. Varying 
amounts of urine (2-100 4) were brought to a final 
volume of 0.5 ml with phosphate buffer and warmed 
at 37 for 5 min. Two thousand ng of prewarmed 
kininogen (37 ) in 0.5 ml phosphate buffer was added 
to each sample to initiate the reaction, and the 
samples were incubated for 15 min at 37. The enzy- 
matic reaction was terminated by adding 4 ml of 96°, 
ethanol, then allowed to stand for 5 min at room 
temperature and centrifuged at 1283 g for 10 min at 
4. The precipitates were washed with | ml of 80°, 
ethanol and the combined supernatants evaporated 
under a dry stream of nitrogen to a residual volume 
of 0.5 ml. The samples were then passed through 
QAE-Sephadex-A50 (Pharmacia Fine Chemicals, Inc.., 
Piscataway, N.J.) columns, 0.5 x 2 cm.* The gel was 
equilibrated and eluted with 0.0075 M Tris-HCl 
buffer, pH 8.0. containing 0.2°, bacitracin. The 
effluent and the two washings of 2.0 ml each were 
combined and brought to a final volume of 5.0 ml. 
Aliquots of 2-20 yl were tested in RIA to determine 
kinin concentration. 

Prior to standardization of the above procedure, 
kinins were isolated by precipitation with trichloro- 
acetic acid (TCA) (8.5°,) followed by Amberlite 
IRC-50 chromatography, essentially as described by 








*J. Spragg, personal communication. 
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Talamo et al.[10]. The individual steps outlined 
above were evaluated for recovery of ['?*I]brady- 
kinin, kallidin and kininogen. In addition, a standard 
of crude kallikrein was prepared by precipitating the 
proteins from a pool of rat urine with 80 per cent 
saturation of ammonium sulfate. The kinin-generating 
capacity of crude kallikrein standard was estimated 
in each set of experiments and used as a reference 
preparation. 

The effects of incubation time, substrate concen- 
tration and amount of urine in the generation of 
kinins were also studied. Siliconized glassware was 
used in all steps of the procedure, since kinins at low 
concentration are rapidly adsorbed to glass. 

Determination of kallikrein activity in human and dog 
urine by bioassay and RIA. Urine was collected from 
81 individuals during a 24-hr period. Eight urine 
samples were also collected from a dog undergoing 
a stop-flow procedure. Kallikrein activity was esti- 
mated by the bioassay technique of Marin-Grez and 
Carretero [18] and by RIA. 


RESULTS 


High-titer antibody was produced by one of the 
rabbits. It was possible to use this antiserum in a 
final dilution of 1:18,000 to obtain 35-45 per cent 
binding of approximately 3000 cpm (10 pg) ['**I]bra- 
dykinin. Maximum binding of ['?*Ibradykinin was 
obtained after 20 hr of incubation at 4 (Fig. 1). 
Figure 2 shows a typical standard curve for synthetic 
kallidin. It also shows displacement of ['?*I]brady- 
kinin by kinins generated by urinary kallikrein. The 
influence of pH on the standard curve is shown in 
Fig. 3. The cross-reactivity of antikallidin serum with 
bradykinin, kallidin, methionyl-kallidin, kininogen, 
angiotensin I, oxytocin and SQ 20.881 is shown in 
Table 1. 

Table 2 gives the values obtained by direct 
measurement of kininogen by RIA for kinins before 
and after its removal by the procedures described. 
Kininogen values are expressed as a per cent of their 
total capacity to release kinins when incubated with 
an excess of trypsin. Note that results in Table 2 were 
obtained when kininogen was added directly to the 
RIA without prior incubation with trypsin. This is 
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Fig. 1. Percentage of binding of ['?*I]bradykinin at differ- 
ent times of incubation (4°). Maximum bound (100 per 
cent) = binding obtained at 24 hr. 
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Table 1. Relative capacity, by unit of weight, of different peptides to displace ['?*I]bradykinin 
from the antibody* 





Brady- 
kinin 


Met-Lys 


Kallidin Brad 


Kinino- 
gen 


Oxy- 


Ang I tocin SQ 20.881 





100 153 83 


84 


< 0.001 < 0.001 < 0.001 





* Kallidin (lysyl-bradykinin) is arbitrarily taken as 100. 


Table 2. Kininogen blank before and after its removal by various procedures* 





Untreated 


kininogen 8.5% TCA IRC-50 


TCA Ethanol Ethanol 


+ 
QAE-Sephadex 


~ + 
IRC-50 IRC-50 





91.0 7.8 21.5 


33 2.8 0-2 





* Kininogen is expressed as a per cent of the amount originally added to the assay. For 


details, see text. 


Table 3. Per cent of recovery of ['?*Ibradykinin and kal- 
lidin by three different methods of separation 





Kinin 
Method of 
separation 
TCA + IRC-50 
Ethanol + IRC-50 
Ethanol + QAE- 
Sephadex 





['?°T]bradykinin Kallidin 





74-88 
76-84 


84-96 86-96 





referred to as the kininogen blank. It should be 
pointed out that untreated kininogen reacted with the 
antibody almost identically to synthetic kallidin. 

Table 3 shows recovery of kinins after different pro- 
cedures of isolation. 

The relationship between kinin generation and time 
of incubation was linear (Fig. 4). Kinin formation in- 
creased in proportion to the amount of urine used 
(Fig. 5). When 2-10 yl of rat urine or 100 yl of human 
urine was incubated without kininogen (urine blank), 
no kinins were detected. When 5 yl of rat urine was 
incubated with varying amounts of kininogen, the 
reaction velocity showed a hyperbolic dependence on 
substrate concentration (Fig. 6). Less than 10 per cent 
of the substrate was consumed in the assays; reactions 
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Fig. 4. Kinin formation at different incubation times: 
ul of rat urine was incubated with 2000 ng substrate. 
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Fig. 5. Enzyme concentration: different volumes of rat 
urine were incubated with 2000 ng substrate for 15 min. 





consuming a higher amount were repeated using less 
urine. 

Table 4 shows results obtained when 0.1 mg of kal- 
likrein standard was incubated with substrate in sex- 
tuplicate on day 1, and in quadruplicate on days 2 
and 3. The intra-assay coefficient of variation was 4.4 
per cent, while the interassay was 6.5 per cent. After 
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Fig. 6. Substrate concentration: different amounts of sub- 
strate were incubated with 2 yl urine for 15 min. 
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Measurement of urinary kallikrein activity 


Table 4. Results obtained with RIA when identical kalli- 
krein standards (0.1 mg) were incubated with substrate* 





Kallikrein standard 
(0.1 mg) 











* On day | the samples were incubated in sextuplicate; 
on days 2 and 3, in quadruplicate. Numbers in the table 
indicate ng kinins generated/ug of protein/min of incuba- 
tion. ¥ = mean, S.D. = standard deviation. 


enzyme substrate incubation, samples were tested in 
duplicate by RIA, and the coefficient of variation of 
the RIA itself was 2.94 per cent. 

Kallikrein activity, measured by bioassay and RIA 
in 81 samples of human urine, is shown in Fig. 7. 
A good correlation (r= 0.86) was _ obtained 
(P < 0.001). In eight dog urine samples, a correlation 
of 0.94 (P < 0.001) was obtained. 


DISCUSSION 


Although RIA has been used for determination of 
circulating blood kinin levels [10, 12], it has not been 
used for measurement of kallikrein activity. This 
report describes a method for measurement of kalli- 
krein activity in urine by a kinin RIA. For this, uri- 
nary kallikrein was incubated with plasma kininogen; 
the kinins released were subsequently measured by 
RIA. The validity of this assay was verified by the 
following: amounts of kinins generated were propor- 
tional to the amount of urine (enzyme) used when 
the substrate was kept constant (Fig. 5); when the 
same samples were tested repeatedly (Table 4), results 
were consistent; and a highly significant correlation 
was found between urinary kallikrein activity 
measured by RIA and by bioassay (Fig. 7). 


500 4 


r=0.85 
p<0.00! 


3004 


RIA 
(ng/ml /min) 
200 7 








“ t t ae 
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BIOASSAY (ng /mi /min) 

Fig. 7. Comparison of kallikrein activity in 81 human 
urine samples, as determined by bioassay and by radioim- 
munoassay. Asterisks indicate individual values; numerals 
represent the number of urine samples with identical 
results. 
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Since urinary kallikrein releases kallidin, the anti- 
body used in this RIA was generated with kallidin 
as antigen. This antibody is the first generated against 
kallidin and has one of the highest titers reported 
so far[10—-12,19]. However, the antibody cross- 
reacted with bradykinin, methionyl-kallidin and 
kininogen. Similar results have been reported with 
antibodies against bradykinin [10, 20]. Interference of 
substrate in the kinin RIA has not been investigated 
previously. It was found that the kininogen blanks 
were still high (Table 2) even though TCA precipi- 
tation and IRC chromatography eliminated a con- 
siderable amount of kininogen. This could be due to 
the following reasons: first, the isolation procedure 
could release kinins from the substrate; second, a 
small amount of kininogen could still be present in 
the samples; or third, a combination of both could 
be the case. We found that kininogen blanks were 
much lower when ethanol precipitation and QAE- 
Sephadex chromatography were combined. For this 
reason, this procedure was finally adopted. 

Kininogen blanks were run in our kallikrein assay 
and, if detectable activity was more than 5 ng 
kinin/2000 ng of kininogen, the kininogen was 
rejected. Furthermore, if the kininogen blank was 
more than 10 per cent of the kinin generated by uri- 
nary kallikrein, the sample was rerun with higher 
amounts of urine. However, since the reaction was 
not zero-order (Fig. 6), care was taken not to consume 
more than 10 per cent of the substrate. This was done 
to avoid a change in initial velocity of the reaction 
due to excessive substrate consumption. The urine 
blanks in the small amounts used for the incubation 
were consistently negative, indicating that there was 
no interference by the urinary kinins [21]. 

Precautions should be taken to avoid kininogen in- 
terference with the kinin assay. This could be done 
either by totally removing the kininogen or by using 
an antibody that does not cross-react with kininogen. 
Other investigators[10-12] have not reported 
whether their antibodies against bradykinin cross- 
reacted with kininogen. It has been reported that anti- 
bodies against kininogen cross-react with kinins [22], 
but it cannot be concluded from this that the inverse 
will always be the case. Cross-reaction of antibodies 
against kinins with kininogen becomes very impor- 
tant when the antibody is used to measure circulating 
kinins, especially if one takes into consideration that 
reported levels of kinins/ml of blood or plasma vary 
from 0 to 5 ng[10, 12,23], and kininogen levels vary 
between 5 and 10 yg [24]. It becomes apparent that, 
when kinins are being measured, slight contamination 
by kininogen will be sufficient to give a deceptively 
high level of kinin. This would be the case, at least, 
with our antibody, which cross-reacts with kininogen. 

Finally, the method reported here, due to its speci- 
ficity and sensitivity, could contribute to the under- 
standing of the physiological and pathological role 
of renal kallikrein. In addition, this assay could also 
be easily modified to measure kallikrein activity in 
other body fluids and tissues. 
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Abstract—Ca?*-stimulated ATPase was isolated from the sarcotubular fraction of rabbit skeletal 
muscle, and the effects of various interventions on its activity were studied in the presence of different 
concentrations of calcium. Decreasing the pH of the incubation medium from 7.5 to 6.0 or the concen- 
tration of K* from 100 to 40 mM decreased the enzyme activity. Different anions (I-, SCN’, Br~ 
and NO;) and cations (Hg?*, La**, Ni?*, Sr?*, Mn?* and Co?*) were found to inhibit Ca?* -stimu- 
lated ATPase activity. Ca** antagonists (verapamil and D600) and f-adrenergic blocking agents (pro- 
pranolol and practolol) also had inhibitory effects whereas cyclic AMP-protein kinase augmented 


the enzyme stimulation by calcium. These results implicate sarcotubular Ca?* 


ATPase as a possible 


site of action of various agents affecting the skeletal muscle function. 


The sarcotubular system, due to its ability to seques- 
ter calcium, is considered to lower the cytoplasmic 
concentration of free calcium and thus cause relaxa- 
tion of the skeletal muscle [1]. The accumulation of 
calcium by the sarcotubular system occurs due to an 
active process and involves a membrane-bound Ca?*- 


stimulated, Mg”*-dependent ATPase enzyme [2, 3]. 
Recently, the Ca?*-stimulated ATPase has been iso- 
lated in a relatively pure form from the sarcoplasmic 
reticulum [4, 5]. Although some of the characteristics 
of this purified enzyme have been studied, little is 
known concerning the actions of different agents, 
which are known to influence muscle function and 
sarcotubular calcium transport, on this preparation. 
It was therefore the object of this study to investigate 
the effects of different cations, anions and pharmaco- 
logical agents on the sarcotubular Ca’ *-stimulated 
ATPase enzyme activity. 


MATERIALS AND METHODS 


Ca?*-stimulated ATPase was isolated from rabbit 
(New Zealand White, weighing 1.5 to 2 kg) hind leg 
skeletal muscle by the method of MacLennan [5], 
which involves deoxycholate and salt fractionation of 
sarcoplasmic reticulum. This preparation showed 
characteristics similar to those reported by MacLen- 
nan[5] with respect to pH optimum, sensitivity to 
low and high concentrations of calcium, and the con- 
centrations of Mg?* and ATP for optimal activity. 
Furthermore, gel electrophoresis of this preparation 
according to the method described elsewhere [6] indi- 
cated only one protein component similar to that 
reported by MacLennan [4, 5]. 
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ATP-hydrolyzing ability of this purified prep- 
aration was assayed in incubation medium containing 
50 mM Tris-HCl, pH 7.4, 100 mM KCl, 5 mM 
MgCl,, 0.1 mM EGTA [ethyleneglycol-bis-(f-amino- 
ethylether) tetraacetic acid], enzyme (10-15 yg), and 
different concentrations of CaCl,. It should be noted 
here that the assay conditions employed here are for 
the optimal enzyme activity and are similar to those 
used by MacLennan [5]. Ca**-stimulated ATPase 
refers to the extra amount of ATP hydrolyzed due 
to calcium and was calculated by subtracting ATP 
hydrolysis in the presence of 1 mM EGTA from that 
in the presence of calcium. Any changes in the com- 
position of this medium are indicated in the text. The 
reaction was started by the addition of ATP (10 mM), 
and after 4 min of incubation at 37° the reaction was 
terminated by the addition of cold trichloroacetic 
acid. Phosphate released into the supernatant after 
centrifugation was determined by the method of 
Taussky and Shorr [7]. Interference by certain agents 
of the determination of phosphate was removed by 
treatment with activated charcoal [8]. The protein 
concentration was determined by the method of 
Lowry et al.[9]. All the experiments were done in 
duplicate on at least four different preparations. 

In some experiments, the enzyme preparation was 
treated with protein kinase—cyclic AMP according to 
the method described elsewhere [10]. The enzyme 
preparation (about | mg/ml) was incubated with and 
without protein kinase (about | mg/ml) or 14M cyclic 
AMP or both in a medium containing 5 mM MgCl), 
5 mM ATP, 125 mM KCI and 40 mM histidine 
buffer, pH 6.8, at 25° for 10 min. The mixture was 
centrifuged at 100,000 g for 20 min, the pellet gently 
washed and suspended in 50 mM KCI and 20 mM 
Tris-HCl, pH 6.8. The activities of these treated prep- 
arations were then determined by using the above 
mentioned conditions for the Ca**-stimulated 
ATPase assay. It should be mentioned that the skeletal 
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muscle protein kinase was purchased from Sigma 
Chemicals, St. Louis, Mo, dialyzed against 5 mM his- 
tidine-HCl buffer (pH 6.8) and stored in small ali- 
quots at —20° before using within 10 days. 


RESULTS 


In view of dramatic changes in the calcium-trans- 
porting activity of the fragments of skeletal muscle 
sarcotubular system due to H*, K* and 
Na* [11,12], the effects of these monovalent cations 
on the sarcotubular Ca**-stimulated ATPase in the 
presence of different concentrations of calcium were 
studied. The results shown in Fig. | indicate that in- 
creasing the pH of the incubation medium from 6.0 
to 7.5 increased the Ca**-stimulated ATPase activity. 
Likewise, increasing the concentration of K* from 
40 to 100 mM increased the enzyme activity. How- 
ever, in the presence of 100 mM K”, addition of 
40-100 mM Na’® in the incubation medium had no 
effect (data not shown). 

Different monovalent anions and divalent cations 
are known to influence the mechanical activity of ske- 
letal muscle [13]. In this study we have observed that 
substituting Cl” with anions such as I', SCN’, Br 
and NOj inhibited the Ca?*-stimulated ATPase acti- 

- vity (Fig. 2). Furthermore, divalent cations such as 
Ni?*, Sr?*, Mn?* and Co?* in concentrations higher 
than 10°* M were found to inhibit Ca?*-stimulated 
ATPase (Fig. 3). La**, which is known to displace 
Ca’* from its binding sites [14], and Hg?*, a heavy 
metal, inhibited Ca**-stimulated ATPase in concen- 
trations lower than 10°* M (Fig. 3). 

The effects of different agents, which have been 
shown to modify calcium movements at the sarcolem- 
mal, mitochondrial and sarcoplasmic reticular mem- 
branes, on the Ca?*-stimulated ATPase activity, were 
studied. Neither ruthenium red nor ouabain, which 
inhibit mitochondrial Ca?* movements [15] and sar- 
colemmal Na*-K* ATPase[16], respectively, had 
any effect on the enzyme activity (Table 1). On the 
other hand, well-known Ca?* antagonists such as 
verapamil and D600[17] and f-adrenergic blocking 
agents such as propranolol and practolol inhibited 
the Ca? *-stimulated ATPase (Table 1). The inhibitory 
effect of propranolol and practolol was not relieved 
by the addition of epinephrine. 
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Fig. 1. Effects of pH and different concentrations of K* 
on sarcotubular Ca“*-stimulated ATPase in incubation 
medium containing different concentrations of calcium. 
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Fig. 2. Effects of substitution of Cl” with different anions 
(100mM) on sarcotubular Ca**-stimulated ATPase in 
incubation medium containing different concentrations of 
calcium (left panel) or medium containing 0.1 mM calcium 
but different concentrations (mM) of anions (right panel). 


Since epinephrine and glucagon are known to in- 
crease the intracellular cyclic AMP _ concen- 
trati@n [18], it was of interest to study the effects of 
these agents as well as cyclic AMP on the. Ca**- 
stimulated ATPase activity. The data given in Table 
1 indicate that epinephrine, glucagon, cyclic AMP 
and dibutyryl cyclic AMP had no effect. These agents 
in lower or higher concentrations than those indi- 
cated in Table | were also ineffective. 

Because the effects of cyclic AMP are thought to 
be mediated via the phosphorylation due to protein 
kinase [19], the action of cyclic AMP-dependent pro- 
tein kinase was tested on the Ca? *-stimulated 
ATPase activity. The results shown in Fig. 4 demon- 
strate that treatment of the enzyme preparation with 
protein kinase (1 yg/ug of enzyme) plus cyclic AMP 
(10°° M) increased ATP hydrolysis at different con- 
centrations of calcium. The stimulant effect of cyclic 
AMP-dependent protein kinase was greater at low 
concentrations of calcium in the incubation medium. 
It could also be seen from Fig. 4 that treatments of 
the enzyme preparations with either cyclic AMP or 
protein kinase also increased the enzyme activity 
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Fig. 3. Effects of different concentrations of various cations 
on sarcotubular Ca**-stimulated ATPase in incubation 
medium containing 0.1 mM calcium. 





Sarcotubular Ca?*—ATPase 


Table 1. Effect of various agents on sarcotubular Ca?*- 
stimulated adenosine triphosphatase* 





Ca?*-ATPase activity 
(umoles P;/min/mg protein 


Concn 
Agent (M) 





18.5 + 0.54 
19.2 + 0.53 
18.1 + 0.82 
13.9 + 1.07+ 
14.1 + 0.41* 
13.5 + O81t 
14.9 + 1.01t 
19.7 + 0.67 
20.6 + 0.99 
19.0 + 0.90 
19.8 + 0.37 


Control 

Ruthenium red 2.5 
Quabain 10 
Verapamil 10 
D600 10 
Propranolol 10 
Practolol 10 
Epinephrine 10 
Glucagon 10 
Cyclic AMP 10 
Dibutyryl cyclic AMP 10 


DADA eb Be HK 





* Ca’*-stimulated ATPase activity was determined as 
described in Materials and Methods in incubation medium 
containing 0.1 mM calcium. Each value represents the 
mean + S. E. of four experiments. 

+ Significant differences from 
P < 0.05. 


control activity at 


slightly; the reasons for such increases are not clear 
at present because these effects were not apparent in 
untreated preparations. In another set of experiments, 
the enzyme preparations were preincubated with cyc- 
lic AMP (10-7 to 107° M), protein kinase (100-500 
ug/mg of enzyme) and cyclic AMP plus protein kinase 
for 2 min before starting the reaction. A marked 
(30-70 per cent) increase in the Ca**-stimulated 
ATPase activity was seen when protein kinase and 
cyclic AMP were added in the incubation medium 
whereas neither protein kinase nor cyclic AMP, when 
added alone, had any significant effect on the enzyme 
activity. The concentrations of protein kinase and 
cyclic AMP for the optimal effect were 200 yg/mg 
of enzyme and 10°° M respectively. 


DISCUSSION 


Sarcotubular Ca?*-stimulated ATPase has now 
been established to participate in calcium transport 
and thereby influence muscle performance [1-3]. For 
example, augmentation of Ca?*-stimulated ATPase 


moles Pi/min per mg 








Ca°* ATPase . 


Co** added, uM 
Fig. 4. Effects of cyclic AMP, protein kinase and cyclic 
AMP plus protein kinase treatments on sarcotubular Ca?* 
stimulated ATPase in incubation medium containing dif- 
ferent concentrations of calcium. The concentrations of 
cyclic AMP and protein kinase were 10°° M and 1 yg/ug 
of enzyme respectively. The preparations were used im- 
mediately after treatments as described in Materials and 
Methods. Each value is a mean + S. E. of four experiments. 
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activity can be conceived to be associated with faster 
muscle relaxation, whereas its inhibition will make 
it more difficult for the muscle to relax. It was inter- 
esting to observe that the enzyme activity at different 
concentrations of calcium was elevated by increasing 
the concentration of K* from 40 to 100 mM. The 
significance of this finding is not clear at present since 
the magnitude of changes in the cytoplasmic concen- 
tration of K* during muscle contraction and relaxa- 
tion under normal conditions is relatively small. 
However, changes in pH during muscle contraction 
and relaxation [20] may be important in determining 
the activation state of this enzyme because its activity 
was found to be highly sensitive to variations in the 
pH of the incubation medium. Since marked alter- 
ations in dystrophic muscle metabolism and electro- 
lyte composition have been seen [21,22], it is likely 
that both pH and K* may play a crucial role in 
regulating the activity of Ca**-stimulated ATPase 
under pathological conditions. 

Various cations such as Ni**, Co**, Mn** and 
Sr?* as well as anions such as I", SCN, Br~ and 
NO; were found to inhibit Ca?*—-ATPase activity. 
This effect may be explained on the basis of a com- 
plex formation of these cations with ATP or the 
enzyme preparation per se. Since these agents have 
been shown to potentiate muscle contraction and pro- 
long the contractile state [13], it is plausible that their 
effect on sarcotubular Ca?*—-ATPase may contribute 
to their contraction-potentiating action through inhi- 
bition of calcium transport [23-26]. Furthermore, 
Hg?*, which has been shown to produce irreversible 
inhibition of muscle contraction [27], was found to 
exert a marked depressant effect upon the Ca’* 
ATPase. The mechanism of inhibition of these di- 
valent cations and monovalent anions, however, 
remains to be elucidated. 

Different calcium antagonists such as verapamil, 
D600 and Lanthanum [14,17], which have been 
shown to act at the plasma membrane, were found 
to inhibit sarcotubular Ca?**-ATPase activity. 
Although these agents can be conceived to compete 
for the Ca?* sites on the enzyme preparation, exten- 
sive work is necessary to establish this point. At any 
rate, other membrane inhibitors such as ruthenium 
red and ouabain, which influence mitochondrial cal- 
cium transport[{15] and sarcolemmal Na‘~“-K* 
ATPase activity [16], respectively, were observed to 
have no effect on sarcotubular Ca?*-stimulated 
ATPase. We have demonstrated that f-adrenergic 
blocking agents such as propranolol and practolol in- 
hibited the sarcotubular Ca?*-ATPase, but their 
action appears to be of a nonspecific nature since 
a B-receptor agonist, epinephrine, failed to relieve this 
inhibition. 

The results reported in this study reveal that cyclic 
AMP in the presence of protein kinase markedly aug- 
ments the sarcotubular Ca?*-stimulated ATPase acti- 
vity whereas cyclic AMP or protein kinase alone had 
only a slight effect. Such a dramatic augmentation 
may be due to phosphorylation of the skeletal muscle 
enzyme preparation in a manner similar to that 
shown to occur in heart sarcotubular mem- 
branes [19]. It was interesting to find that hormones 
such as epinephrine and glucagon, which increase the 
intracellular concentration of cyclic AMP[18], had 
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no direct effect on Ca**—ATPase activity. It is thus 
possible that various hormones regulate the activity 
of the skeletal muscle sarcotubular calcium pump via 
cyclic AMP-dependent protein’ kinase. This 


mechanism may be operating in conditions such as 
exercise where circulating epinephrine is elevated and 
the muscle is undergoing repeated contraction—-relaxa- 
tion cycles at a rapid rate. 
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Abstract—The aims of this study were to assess the effect of dietary thiamine deficiency in rats on 
DNA synthesis and DNA, RNA and protein concentrations of heart, kidney, pancreas and liver. DNA 
synthesis rates, as determined by ['*C]thymidine incorporation, declined in thiamine-deficient (TD) 
rats with neurologic signs to 36, 52, 32 and 64 per cent of pair-fed control (PFC) values in heart, 
kidney, pancreas and liver, respectively, 180 min after an intraperitoneal injection of the isotope 
(P < 0.05). Within 48 hr of thiamine repletion (“reversal”), DNA synthesis increased markedly in these 
organs of previously thiamine-depleted rats to 662, 3200, 307 and 1600 per cent of PFC values 
(P < 0.05). A 48-hr fast, in which TD and PFC food intake was restricted to | g/24hr, after thiamine 
repletion, blunted the rebound in DNA synthesis. However, the DNA synthesis TD/PFC ratios in 
the reversed TD rats were still higher than during the symptomatic stage (P < 0.05), even in the 
presence of food restriction. Alterations in DNA labeling were not caused by the hypothermia which 
accompanies thiamine deficiency, and the '*C-label was located in the DNA thymine moiety in both 
TD and control groups. All organs, except the kidney, weighed less in symptomatic TD rats, and 
except for the heart, this effect was fully reversed within 48hr of thiamine repletion. Total organ 
DNA was significantly reduced only in the liver, while DNA concentration (mg/g of tissue) in TD 
rats was significantly higher in heart, pancreas and liver. Protein concentration was generally compar- 
able in TD and PFC tissues, and total RNA concentration was slightly lower only in the TD liver. 
In conclusion, dietary thiamine deficiency resulted in decreased DNA synthesis in every tissue studied 
and this appeared to involve only a small DNA pool. Since this type of experimental thiamine lack 
is accompanied by anorexia and weight loss which cannot be fully compensated by pair feeding, it 
is uncertain if the changes in DNA synthesis and tissue composition are due to thiamine deprivation 
per se or to secondary nutritional effects of thiamine deficiency such as impaired food utilization. 


[9] to determine the effect of dietary thiamine defi- 
ciency on rat brain RNA and DNA synthesis. RNA 
synthesis was unaffected but the formation of at least 
one pool of DNA was seriously impaired. The present 
study is an expansion of our prior work to include 
an evaluation of the effect of thiamine deficiency on 
DNA synthesis rates, on DNA, RNA and protein 
levels, and on organ weights of heart, kidney, pan- 
creas and liver. 


Thiamine deficiency is commonly found in chronic 
alcoholics and, in its severe form, may lead to cardiac 
and neurologic dysfunction[1,2]. The specific 
mechanisms for these disorders have not been eluci- 
dated as yet. Studies of various animal models of thia- 
mine deficiency, however, have clearly shown various 
enzymatic abnormalities. The principal derangement 
is a reduction in transketolase activity [3,4], which 
has an important role in the hexose monophosphate 
shunt [5]. Prior studies have shown that thiamine 
deficiency depresses the hexose monophosphate 
(HMP) shunt in erythrocytes[6] and intestinal 
mucosa [7]; however, the effect of decreased transke- 
tolase activity on the overall HMP pathway in other 
tissues is uncertain. The other enzymes which are im- 
paired in thiamine deficiency (albeit to a lesser degree) 
are pyruvate and «a-ketoglutarate decarboxylases 
[4, 8], wherein thiamine is a necessary cofactor. These 


MATERIALS AND METHODS 
Animal model and study protocol 
Female Sprague-Dawley rats, 60-80g, were 
obtained from Harlan Industries, Inc., Indianapolis, 
Ind., in sets of three littermates. One animal in each 
set was fed a thiamine-deficient diet (Teklad Mills, 
Madison, Wisc.)* ad lib., a second was pair-fed the 


enzymes contribute importantly to the viability of the 
citric acid cycle. Since these two pathways supply 
vital precursors (ribose, ATP) to nucleotide synthesis, 
a previous study was undertaken in this laboratory 





* Supported by NIH Grant 5 RO 1 AA00267-04. 

+The diets contained casein, vitamin-free test, GBI 
(180 g/kg), corn starch (100 g/kg), sucrose (590 g/kg), corn 
oil (80 g/kg), salt mix, William—Briggs Modified (40 g/kg), 
vitamin mixture, with or without thiamine (catalog No. 
40060, 10 g/kg). 


same quantity of diet containing thiamine, and the 
third was given a thiamine replete diet ad lib. Water 
was supplied ad lib. Rats fed the thiamine-free diet 
showed neurologic dysfunction (ataxia, incoordina- 
tion) after 4.5 weeks. These signs could be reversed 
within 6 hr of a single i.p. injection of 500 yg thiamine. 
In the following studies, “symptomatic” refers to thia- 
mine-deficient rats showing neurologic dysfunction. 
Neither control group showed neurologic signs. 

To determine DNA synthesis rates, 5yCi in 
91 nmoles ['*C]thymidine (New England Nuclear 
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Corp., Boston, Mass.) was injected i.p. when neuro- 
logical signs were noted. Rats were then sacrificed 
by decapitation at appropriate time intervals, the 
organs removed as rapidly as possible, and frozen on 
dry ice. “Reversed” rats received 500 pg thiamine HCl 
(Sigma Chemical Co., St. Louis, Mo.) at 24-hr inter- 
vals and were sacrificed at 24 or 48 hr after the initial 
injection. Reversed rats were fed ad lib. or, as indi- 
cated, were fasted by restricting food intake to | g/day 
along with their pair-fed controls. The latter was done 
since thiamine-deficient rats are anorexic and may, 
in addition, absorb or utilize food in an abnormal 
manner [3] (see Fig. 1). Thus, food was withheld from 
some TD rats and their pair-fed controls after thia- 
mine repletion, in order to determine if the rebound 
in DNA synthesis seen in reversed TD rats was 
caused by thiamine repletion or by the increased food 
intake which follows it. TD rats normally consume 
1-2 g/day immediately prior to appearance of neuro- 
logical signs. 

Thiamine-deficient rats are also hypothermic in the 
severe stages of dietary thiamine deficiency [10]. The 
body temperature of symptomatic TD rats declines 
to a mean of 32.2°; thus, experiments were done on 
ten sets of rats in which the thiamine-deficient rat 
was warmed to normal body temperature for 2 hr 
prior to the injection of the labeled thymidine and 
for the 3 subsequent hr before sacrifice. Tissue DNA 
synthesis was also determined in the normothermic 
TD rats. 


Extraction of organs 

To extract total RNA and DNA, the frozen organs 
were placed in 20% perchloric acid at 4° (approxi- 
mately | ml/200 mg of tissue). The organs were then 
homogenized in a glass tissue grinder and the DNA 
and RNA extracted by the method of Castles et 
al. [11]. 


Analytical techniques 

DNA was assayed by the Burton [12] modification 
of the dephenylamine method, RNA by the orcinol 
reaction [13], and protein by the Hartree [14] modifi- 
cation of the Lowry technique. 


BODY WEIGHT 
(g) 
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The identity of the '*C-label incorporated into 
organ DNA was determined by descending paper 
chromatography [Whatman No. 3, 2-propanol-con- 
centrated HCI-H,O (65:17.2:17.8)] of organ DNA 
hydrosylates. The DNA extracts from the 3-hr injec- 
tions were pooled for each organ and neutralized with 
KCIO,. The supernatant was concentrated by freeze 
drying (Virtis, Gardiner, N.Y.), the residue was sus- 
pended in 6N HCI for 3 hr at 90°, the hydrosylate 
was again lyophilized, and the residue was dissolved 
in 0.5 ml H,O, of which 10 yl was spotted for chroma- 
tography. The resulting four spots, adenine, guanine, 
cytosine and thymine (R, values of 0.28, origin to 
0.19, 0.46, 0.78, respectively), were cut out and their 
radioactivity was determined. 

Radioactivity of the samples was determined by 
adding | ml of sample to 15 ml fluor [toluene-Triton 
X-100 (2:1), PPO (3.0 g/liter), POPOP (0.13 g/liter)] 
followed by counting in a Packard Tricarb scintilla- 
tion counter. ['*C]thymidine incorporation into 
DNA was expressed as dis./min/mg of DNA. Statisti- 
cal significance between thiamine-deficient rats and 
controls as well as between pair-fed and ad lib. con- 
trols was determined by the Student’s paired t-test. 


RESULTS 

Symptomatic stage 

Growth rate. Figure | illustrates body growth rates 
in the thiamine-deficient (TD). pair-fed control (PFC), 
and ad lib. fed control (C) rats used to evaluate this 
model of diet-induced thiamine deficiency (N = 12). 
Body weight in the ad lib. controls increased steadily 
throughout the dietary regimen while the weight of 
PFC rats leveled out at about 120g after 2 weeks 
of pair-feeding. Body weight of TD rats declined 
steadily after 12 days to slightly over 70g during the 
symptomatic stage [37 + 1 days (mean + S.E.) from 
the start of the diet]. These data indicate, as has been 
demonstrated before [3], that despite assiduous pair- 
feeding, TD rats assimilated less of the administered 
food and/or did not utilize it comparably to the PFC 
animals. 


1 = 
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Fig. 1. Body weight curve for thiamine-deficient and control rats. TD refers to thiamine-deficient, 

PFC to pair-fed control, and C to ad lib. control rats (N = 12). The points represents the mean 

+ standard error of twelve rats. Each point was statistically analyzed by the t-test. TD rats were 

statistically lower than both control groups (P < 0.05) after 12 days. PFC rats were lower in weight 
than ad lib. controls also after 12 days (P < 0.05). 
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Fig. 2. Effect of thiamine deficiency on the organ body weight ratio. The left vertical axis represents 

the ratio of heart, kidney and pancreas wet weight to body weight and the right vertical axis indicates 

the same ratio for liver. Asterisks indicate a significant difference (P < 0.05) between symptomatic 

TD and PFC values (N = 22). Vertical lines represents standard errors of 22 animals in each group 
and NS indicates no significant difference between TD and PFC rats. 


Organ weight and composition. The effect of dietary 
thiamine deficiency on organ weight is shown in 
Table |. It can be seen in the table that net weights 


of the heart, pancreas and liver were significantly . 


reduced (P < 0.05) in symptomatic TD rats (N = 22) 
as compared to their pair-fed controls, while kidney 
weight was similar. As compared to ad lib. fed control 
values, all organ weights in TD and PFC rats were 
substantially reduced (P < 0.05). When organ weights 
are expressed as a fraction of total body weight (Fig. 
2), heart and kidney weights in TD rats were signifi- 
cantly higher (P < 0.05) than in PFC animals, while 
the weight of the pancreas was lower. Liver weight, 
as per cent of body weight, was the same in TD and 
PFC rats, and both were lower than the ad lib. con- 
trol values. These results reflect the substantial body 
weight loss of the TD animals and indicate that heart 
and kidney lost less substance as compared to total 
body weight, that liver mass declined at an equal rate, 
and that pancreatic weight fell preferentially. 

The protein content and levels in various organs 
are shown in Table |. Total protein in symptomatic 
TD heart, pancreas and liver was reduced from PFC 
values (P < 0.05), while kidney protein content 
remained unchanged. The protein content of all 
organs in ad lib. fed controls was higher (P < 0.05) 
than that of both TD and PFC rats. When protein 
is expressed as mg/g of tissue, only the TD heart level 
is reduced significantly (P < 0.05) from PFC values 
and even this decrease is small. These data indicate 
that, despite a significant decrease in total body and 
various organ weights with diet-induced thiamine 
deficiency, the protein concentration in the viscera of 
TD rats remained essentially normal. 

Total DNA content in various organs of sympto- 
matic TD rats was comparable to that of PFC ani- 
mals, except for the liver, which showed a 16 per cent 
reduction (Table 2). TD and PFC DNA content in 
all organs (N = 22) except pancreas was lower than 
that for the ad lib. controls (P < 0.05). Heart, pan- 
creas and liver DNA levels, expressed as mg DNA/g 


of tissue, were significantly increased in symptomatic 
TD rats (P < 0.05), while kidney DNA was not 
altered. Ad lib. controls showed the lowest DNA con- 
centration for all organs. Expressed per mg of tissue 
protein, only the TD heart and pancreas were higher 
than pair-fed controls (P < 0.05). In summary, the in- 
creased DNA concentrations in TD organs shown in 
Table 2 reflect a selectively greater loss of cytoplasmic 
mass (non-protein material) than of DNA in TD vis- 
cera. The decrease in DNA content of TD liver, how- 
ever, also implies some reduction in the overall 
number of cell nuclei and therefore of cells in this 
organ. 

Total RNA content and concentration in sympto- 
matic TD rats and appropriate controls (N = 22) are 
shown in Table 3. Total RNA content in TD heart 
and liver was significantly below PFC values 
(P < 0.05), and remained unchanged in kidney and 
pancreas. In terms of RNA concentration (ug RNA/g 
of tissue), only TD liver exhibited a decreased RNA 
level (P < 0.05), as compared to PFC rats. Compar- 
able data are noted when organ RNA is expressed 
per g of tissue protein. Thus, the main finding was 
a 24 per cent decrease in liver RNA concentration 
in TD rats. 

DNA synthesis. Synthesis rates of DNA were deter- 
mined by ['*C]thymidine incorporation into organ 
DNA. Incorporation was found to be linear in all 
four organs, up to 3 hr. The DNA synthesis rates were 
similarly depressed as compared to PFC at all time 
periods studied (30, 90, 120 and 180 min after 
['*C]thymidine injection). Also, with the exception 
of the pancreas, PFC values were less than ad lib. 
control rates (P < 0.05) (by 68, 62 and 53 per cent 
for heart, kidney and liver respectively). Figure 3 (the 
bars labeled SYMP) indicates the marked depression 
in DNA synthesis in symptomatic TD rats (N = 12) 
at 3 hr after ['*C]thymidine injection. Synthesis rates 
in heart, kidney, pancreas and liver were reduced to 
36, 52, 32 and 64 per cent of PFC values (P < 0.05). 
Analysis of labeled DNA, extracted from organs of 
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Fig. 3. Effect of thiamine repletion of thiamine-deficient rats on organ DNA synthesis. The vertical 
axis (TD/PFC) represents the ratio of DNA labeling of thiamine-deficient (TD) rats and pair-fed controls 
(PFC) 3 hr after an ip. injection of 5 wCi (91 pmoles) of ['*C]thymidine. “Normal” values (TD = PFC) 
are indicated by the horizontal dotted line. “SYMP” refers to the labeling ratio when the TD rats 


show neurological dysfunction (N = 12). “Hours 


reversed” represents the time from the initial ip. 


injection of 500 yg thiamine (injected at 24-hr intervals) until injection of ['*C]thymidine. Neurologic 
signs were reversed within 6hr of thiamine injection. FED indicates that the reversed TD rats were 
allowed to consume thiamine-deficient diet ad lib. for 24 or 48hr prior to sacrifice while FASTED 


means that TD and PFC food was restricted to 
twelve rats 


TD, PFC and C rats, showed that virtually all of 
the isotope was in the DNA thymine. 

To ascertain that the hypothermia of thiamine defi- 
ciency was not the cause of decreased DNA labeling 
in TD organs, DNA synthesis rates were determined 
in ten sets of rats in which symptomatic TD animals 
were warmed to normal body temperature. No 
change (P < 0.05) in the labeling pattern from 
hypothermic rats was observed, eliminating non-spe- 
cific hypothermia as the mechanism of the impaired 
DNA synthesis in TD animals. 


Reversal of thiamine deficiency 

DNA synthesis. As previously mentioned, the neur- 
ologic deficit encountered in TD rats can be com- 
pletely reversed within 6hr by a single ip. injection 
of 500 yg thiamine. Since thiamine-deficient rats given 
thiamine increase their food consumption rapidly, 
some (N = 12 for each “reversed” time interval) of 
the “reversed” animals were given access to food 
freely and others (N = 12) were restricted to |g of 
food/day. This design was used to attempt to separate 
the effect of thiamine restoration alone from that of 
increased food intake. Figure 3 depicts ['*C]thymi- 
dine incorporation into organ DNA during and after 


1 g/24hr. Vertical lines indicate standard errors of 
in each group. 


reversal of neurologic dysfunction of thiamine defi- 
ciency (N = 12). In the heart, DNA labeling rose from 
36 per cent of PFC values during severe thiamine 
deficiency to 142 and 622 per cent of PFC data 24 
and 48 hr, respectively, after thiamine injection. When 
fasting accompanied the 48-hr reversal, the increase 
in DNA labeling was held to twice the PFC level 
(P < 0.05). Incorporation rates into kidney DNA rose 
from 52 per cent of PFC values to 287 per cent at 
24hr and to 3200 per cent at 48hr after reversal. 
With fasting, thiamine administration caused DNA 
synthesis to be elevated to 491 per cent of PFC values 
at 48hr (P < 0.05). The 68 per cent reduction in 
'4C-labelling of pancreatic DNA in TD rats was 
rapidly reversed with thiamine, increasing to 172 and 
307 per cent of PFC values at 24 and 48 hr. Again, 
concomitant fasting reduced the 48-hr increase to 152 
per cent of PFC results (P < 0.05). During neurologic 
dysfunction, liver ['*C]thymidine incorporation in 
TD rats was reduced to 64 per cent of PFC animals. 
Reversal over 24 and 48 hr increased DNA labeling 
to 244 and 1600 per cent of control. However, fasting 
held the latter increase to only 171 per cent 
(P < 0.05). Although not illustrated in this paper, a 
series (N = 7) of experiments was done in which rats 
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Table 4. Incorporation of ['*C]thymidine into organ DNA during the symptomatic stage or at 48hr after reversal 
of the neurologic signs* 





TD reversed (fasted)* 


TD reversed (fasted){ 


PFC reversed (fasted) PFC reversed (fasted) 








Organ TD (symptomatic) 


TD reversed (ad lib.) 





PFC (symptomatic) PFC (ad lib.) 





0.163 
0.122 
0.179 
0.055 


Heart 
Kidney 
Pancreas 
Liver 


2.19§° 
4.70 
1.78 
1.19 


0.464 
0.415 
0.365 
0.513 





* Symptomatic stage refers to presence of neurologic signs. Reversal refers to elimination of neurologic signs by 


the administration of thiamine. 


+ Fasted refers to an experimental design where food intake by TD and PFC rats was reduced to 1 g/day. 


t Ad lib. refers to unrestricted food intake. 
§ Statistical evaluation of data is given in the text. 


Numerators and denominators of the fractions were derived from means where N = 12 for (symptomatic), N = 12 


for reversed (ad lib.) and N = 12 for reversed (fasted). 


were injected with ['*C]thymidine over a 1.5-hr time 
interval at the end of 48hr of thiamine repletion. 
Reversal of DNA synthesis inhibition was comparable 
to that seen with the 3-hr injections (Fig. 3). Thus, 
in all organs, a 48-hr reversal of thiamine deficiency 
(accompanied by unrestricted food intake) increased 
DNA labeling (at 1.5- and 3-hr injection times) to 
values considerably above pair-fed and even those of 
ad lib. controls (P < 0.05). However, when reversal 
was accompanied by restricted food intake, the in- 
creased labeling of DNA in reversed TD rats was 
blunted. During 48 hr of reversal and starvation, TD 
DNA labeling rates increased by 219, 491, 152 and 
171 per cent of TD symptomatic heart, kidney, pan- 
creas and liver respectively (Table 4). The starvation 
caused large variation in data and this TD increase 
was significantly higher than symptomatic TD values 
only in the kidney (P < 0.05). This increase was signi- 
ficantly lower than when food was freely supplied. 
The continued increased food restriction in PFC rats 
reduced DNA labeling in heart, kidney, pancreas and 
liver by 54, 59, 64 and 49 per cent, respectively (Table 
4), as compared to PFC values obtained during symp- 
tomatic thiamine deficiency (P < 0.05). As a result of 
the increase in TD labeling and a fall in PFC DNA 
formation, the TD/PFC DNA synthesis ratio rose sig- 
nificantly after reversal even with fasting (P < 0.05). 

Organ weight and composition. Tables 1-3 summar- 
ize the.effects of thiamine repletion of TD rats on 
organ weight and protein concentration as well as 
on DNA and RNA levels in the four organs (N = 12 
for each “reversed” time). As indicated in Table 1, 
pancreas and liver weights returned to PFC values 
after 48 hr of reversal (P < 0.05), if the rats were fed 
freely. Organ weight as a function of body weight 
remained normal for the liver after a 48-hr reversal, 
while the fraction for the TD pancreas returned to 
its PFC value. If food was restricted to | g/day after 
reversal, the weight of the pancreas remained below 
(P < 0.05) the PFC value, the TD liver weight 
remained constant, and PFC liver weight declined. 
Kidney weight way unaffected by thiamine deficiency, 
while TD heart weight remained below the PFC value 
(P < 0.05) even after 48 hr of reversal with food. The 
organ/body weight ratio for the kidney and heart 
both returned to control values after this 48-hr rever- 
sal. Total protein/organ, which was significantly 
reduced in symptomatic TD heart, pancreas and liver, 


increased to PFC values 48 hr after thiamine, if nor- 
mal feeding was allowed. Fasting blocked this in- 
crease in total protein in all three organs and, in fact, 
induced a further decrease in protein content in TD 
pancreas and liver. When protein was expressed per 
g tissue (Table 1), a significant decrease (P < 0.05) 
was seen only in symptomatic TD heart and this 
effect was reversed with thiamine with or without nor- 
mal food intake. In general, the reversal of thiamine 
deficiency with provision of adequate food increased 
the organ weight and protein content of most organs 
and this effect was blunted or abolished by food 
deprivation in at least some tissues. 

Organ DNA values are shown in Table 2. Total 
DNA was only decreased in TD liver and this was 
not altered by the administration of thiamine over 
48 hr. DNA levels, calculated per g of tissue, were 
higher in symptomatic TD heart, pancreas and liver. 
A 48-hr reversal, irrespective of food intake, decreased 
the DNA level in heart and pancreas to PFC values 
(P < 0.05). The liver DNA concentration in reversed 
TD rats actually fell below PFC values and this was 
Statistically significant in the fed group (P < 0.05). In 
general, fasting plus thiamine injection in TD rats and 
fasting alone in PFC rats increased the DNA concen- 
tration in the kidney, pancreas and liver. DNA levels, 
expressed per g of tissue protein, were also higher 
in symptomatic TD heart and pancreas, and thiamine 
treatment, even with fasting, reversed this effect. These 
data clearly show that: (1) the decreased DNA con- 
tent of TD liver is not rapidly reversible with thia- 
mine repletion, and (2) the increased DNA concen- 
tration of TD organs generally responds readily to 
thiamine. 

Organ RNA values are ‘shown in Table 3. Total 
organ RNA was significantly decreased only in TD 
liver and heart (slightly in the latter). Both values 
returned to normal after reversal of neurologic signs. 
Fasting during reversal dramatically decreased liver 
RNA in both TD and PFC rats. RNA concentration 
in TD liver (as compared to PFC data) was signifi- 
cantly decreased and this was reversed after thiamine 
administration, with or without fasting. The apparent 
response with fasting, however, was due in part to 
a greater fall in PFC RNA concentration. Group C 
tissue levels for protein, DNA and RNA did not differ 
significantly in symptomatic and reversed experi- 
ments. 
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DISCUSSION 

The first finding in this study is the demonstration 
of a major depression of DNA synthesis in vivo in 
key viscera (heart, pancreas, kidney and liver) of thia- 
mine-deficient rats. Although only the 3-hr injection 
period is illustrated, DNA synthesis was found to be 
depressed at all time points between 30 and 180 min, 
during which time ['*C]thymidine incorporation into 
DNA was linear. This is consistent with our recent 
report of decreased DNA formation in the brains of 
such animals [9]. Incorporation of labeled thymidine 
into organ DNA was employed as an index of DNA 
synthesis. This approach was validated by: (1) the use 
of methods which rigorously extract and purify DNA 
obtained from tissues, (2) the demonstration that vir- 
tually all the label in extracted DNA existed in the 
thymine moiety, (3) the documentation that impaired 
DNA labeling in thiamine-deficient tissues was not 
a non-specific effect of hypothermia which accom- 
panies the experimental diet-induced thiamine defi- 
ciency state [10], and (4) the measurement of DNA 
formation at time intervals after injection of the iso- 
tope (30-180 min), which is likely to obviate any tran- 
sient decrease in uptake of the label by thiamine- 
deprived organs. The use of ['*C]thymidine incorpor- 
ation into tissue DNA as a valid indicator of DNA 
synthesis assumes that there is no increase in endo- 
genous thymidine in thiamine-deficient viscera which 
might dilute the administered isotope and cause an 
apparent decrease in labeling of the DNA. This sub- 
ject was not specifically assessed in this study, but 
prior investigations in our unit showed no increase 
in cerebral endogenous thymidine in thiamine defi- 
ciency [9]. 

Despite a substantial (40-70 per cent) depression 
of DNA synthesis with severe thiamine deficiency in 
all the tissues studied, total DNA content of heart, 
pancreas and kidney remained unaltered (as com- 
pared to pair-fed thiamine-repleted rats), and liver 
DNA content declined by only 16 per cent. Further- 
more, on administration of thiamine and reversal of 
the neurologic signs, there was a brisk and striking 
(16-fold for liver) increase in DNA synthesis in all 
the organs, but tissue DNA content did not increase. 
This suggests that the thiamine deficiency state 
depresses, and its removal increases, DNA turnover 
of only a small DNA pool. In a previous report con- 
cerning brain DNA synthesis in thiamine deficiency, 
a similar interpretation was reached and it was sug- 
gested that thiamine deficiency may impair primarily 
the DNA repair process [9]. The same possibility 
exists as regards the organs studied in this report, 
but this hypothesis clearly requires experimental veri- 
fication. An alternate interpretation of altered DNA 
synthesis and relatively fixed DNA tissue content 
would imply a proportional but opposite change in 
DNA utilization. There are no data available at pres- 
ent to assess this possibility. 

In order to assess the specificity and reversibility 
of impaired DNA synthesis in thiamine deficiency, the 
deficient animals were given thiamine, resulting in 
rapid resolution of neurologic signs, and DNA syn- 
thesis was again examined. There was a rapid (within 
24hr) and substantial increase in DNA synthesis in 
all organs, and this reached supranormal levels in 
48 hr in all instances. Unfortunately this technique, 


which is generally used to assess the specificity of 
thiamine deficiency per se, does not rule out a con- 
comitant nutritional effect. Diet-induced thiamine 
deficiency in experimental animals induces anorexia 
and subsequent weight loss. As can be seen from Fig. 
1 and other studies [3], this effect cannot be fully 
compensated for by meticulous pair-feeding of con- 
trols. This implies that despite provision of compar- 
able dietary intake, the thiamine-deficient rats must 
either assimilate food poorly or utilize it differently. 
The latter mechanism has been documented in a 
recent study[15]. DNA synthesis can be altered by 
dietary changes and falls with food and/or protein 
deprivation [16, 17]. Thus, abnormal DNA synthesis 
in symptomatic thiamine-deficient rats could be 
caused either by thiamine deficiency per se, a second- 
ary abnormality of nutrition, or both. After reversal 
of neurologic signs with thiamine, there is a rapid 
improvement in appetite and food intake. Thus, even 
in 24hr, an improvement in DNA synthesis may 
again be due to provision of thiamine, improvement 
in nutrition, or both. [DNA synthesis is not affected 
in normal (thiamine replete) rats after ip. injection 
of 500 wg thiamine for 48 hr.] In an attempt to separ- 
ate the possible effects of thiamine deficiency alone 
from its nutritional effects, a series of experiments was 
carried out wherein thiamine-deficient rats were in- 
jected with thiamine, and food was severely restricted 
in both them and the PFC rats during the reversal 
period. From these data it is evident that food depri- 
vation depressed tissue DNA synthesis in both TD 
and PFC rats but it also appears that increase of 
DNA synthesis by the administration of thiamine is 
only partly blocked by starvation. This depression of 
DNA labeling by starvation is similar to that pre- 
viously reported for liver and kidney during fasting 
and protein deficiency [16,17]. Sterling et al. [18] 
have also recently shown that the proliferative re- 
sponse seen after partial hepatectomy can be impaired 
by starvation. A similar mechanism may be occurring 
in the thiamine-deficiency system. While the fasting 
experiment does not clearly separate a direct action 
of thiamine from a secondary effect resulting from 
poor food assimilation or utilization, it does suggest 
that thiamine per se may have a role in the synthesis 
of some pool(s) of DNA in various tissues. 

The second relevant set of observations derived 
from this study relates to the effect of the thiamine- 
deficiency state on organ composition. As stated ear- 
lier, the thiamine-deficient rats and the pair-fed con- 
trols (to a lesser extent) lost weight briskly during 
the study. This weight loss in TD rats was matched 
by a proportional decrease in liver mass and a greater 
fall in pancreatic mass while the heart and kidneys 
lost less weight. These observations are in agreement 
with less extensive data reported previously by 
Schenker et al. [19]. The cause(s) of organ weight loss 
in thiamine deficiency varied with the tissue. In the 
liver, there was a statistically significant decrease in 
total DNA content, hence probably a reduction in 
the total number of liver cells. Yet the total hepatic 
DNA content decreased by only 16 per cent as com- 
pared to a reduction in total protein of 22, organ 
weight of 34, and RNA of 51 per cent, respectively, 
in relation to PFC values. Thus, the protein concen- 
tration in the liver did not change significantly but 
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the RNA concentration fell (P < 0.05) and the DNA 
concentration rose slightly (P < 0.05) when expressed 
per g of tissue weight (Tables 1-3). These data suggest 
that, in addition to a decrease in cell number, TD 
rats exhibited an even greater reduction of individual 
cell substance(s). This loss in liver cell weight was 
not accounted for by a decrease in total protein or 
cell water and will require future elucidation. In sharp 
contrast to the liver, thiamine-deficient kidney did not 
exhibit any difference in organ weight or DNA and 
RNA content from pair-fed data. The heart and pan- 
creas showed no decrease in total DNA content, im- 
plying no loss of cell number in these organs. How- 
ever, DNA concentration in both tissues rose signifi- 
cantly, protein concentration fell only slightly, and 
total RNA levels remained unaltered. Thus, in these 
two organs, there was a selective loss of some cell 
constituents which reduced cell weight and accounted 
for the increased DNA concentration. These data, 
therefore, attest to the heterogeneous response of 
various organs, in terms of composition, to dietary 
thiamine deficiency. 

As in the case of DNA synthesis, we cannot deter- 
mine with certainty whether the compositional 
changes described above were due to thiamine defi- 
ciency directly, its nutritional effects, or both. Rever- 
sal of thiamine deficiency abolished most of the com- 
positional changes in TD organs (liver DNA content 
remained depressed) but such reversal is also accom- 
panied by increased food consumption. Other 


studies [20,21] have shown that starvation alone 
depresses RNA and protein content of hepatocytes 
and that, in human liver, protein malnutrition in- 


creases DNA concentration [22], as was seen in our 
studies. Certainly, restriction of food, even in the 
absence of thiamine deprivation, resulted in composi- 
tional differences between the pair-fed and ad lib. fed 
controls which were in the same direction as in the 
thiamine-deficient rats (Tables 1-3). The adminis- 
tration of thiamine to symptomatic TD rats, while 
restricting food intake in these animals and their PFC 
controls, also did not resolve the problem fully. This 
procedure appeared to yield the same results in most 
instances as reversal accompanied by free food intake, 
suggesting that at least some of the compositional 
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changes may be due to a direct thiamine action. For 
some data, however, fasting seemed to exert a differ- 
ent effect (ie. heart protein concentration). This indi- 
cates that a firm resolution of this complex problem, 
which of course resembles the usual clinical pattern 
of thiamine deficiency, will require the use of simpler, 
perhaps in vitro, experimental systems. 
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Abstract 


Gluconeogenesis in renal cortex slices was inhibited by adrenochrome and indole 2-carboxy- 


lic acid, at concentrations in the range 3~50 g/ml. Inhibition was extensive with pyruvate as substrate, 
and with glutamine in the case of adrenochrome, but was less marked from glycerol and fructose. 
Butyrate reversed the inhibition by indole 2-carboxylic acid, but not that by adrenochrome. Both 
drug effects were reversible on washing the tissue. Less potent effects on gluconeogenesis were exerted 
by quinolinate in kidney (30 per cent inhibition at 50 ug/ml) and adrenochrome in perfused liver 
(no effect at 25 ug/ml). These actions are discussed in regard to their significance, and mechanism. 


The quest for inhibitors of gluconeogenesis is impor- 
tant for three reasons. Firstly, study of such agents 
might lead to advances in the therapy of diabetes. 
Secondly, inhibitors can serve as useful tools in the 
study of biochemical mechanisms in tissues. Thirdly, 
where these inhibitors are naturally-occurring, their 
effects may reveal clues about normal control pro- 
cesses. 

Among the most powerful inhibitors of gluconeo- 
genesis are compounds of the type which includes 
tryptophan [1, 2] its metabolite quinolinate [3, 5] and 
an analogue mercaptopicolinic acid [6-8]. Trypto- 
phan is an indole derivative, and other indole com- 
pounds can also cause potent inhibition of gluconeo- 
genesis; indole carboxylic acids are among the most 
widely studied [9-13]. The effects of these agents are 
complex [8, 12-15], and their mechanism of action is 
not fully resolved, although pyruvate metabolism 
appears to be affected [9, 11-13,15], and the mono- 
cyclic acids can inhibit the enzyme phosphoenolpyru- 
vate carboxykinase in particular [3, 7, 8, 16, 17]. 

The above studies have usually concerned glucose 
synthesis by liver rather than kidney. Quinolinate, 
which has featured in discrete studies with kidney cor- 
tex [18,19] is not particularly potent in its action on 
kidney, as is shown in the present paper. Methoxy- 
indole 2-carboxylic acid has been reported to have 
less effect on substrate oxidation in kidney, compared 
to liver [11]. The results presented here extend under- 
standing of the inhibition by indole derivatives in par- 
ticular, of renal gluconeogenesis, in demonstrating 
potent effects of indole 2-carboxylic acid, and of 
adrenochrome (a naturally-occurring indole). 


MATERIALS AND METHODS 


Cortex slices were cut freehand, with a microtome 
blade and guide, from kidneys of male Sprague-Daw- 
ley rats, weighing about 200g, and starved for 48 hr. 
They were incubated in 4ml of Krebs—Ringer—bicar- 
bonate saline, gassed with 5°, carbon dioxide in 
oxygen. Indole 2-carboxylic acid was purchased from 
Sigma Ltd and dissolved in 0.15M_ sodium bicar- 
bonate. Adrenochrome and quinolinic acid (Sigma 
Ltd) were dissolved in water. Fresh solutions 


(1 mg/ml) were made each day, adjusted to pH 7.4 
with HCI or NaOH, and kept in ice. Substrates (Ana- 
lar) were from C. F. Boehringer or Sigma, Ltd. 

Incubation was terminated with 0.4ml 20% (w/v) 
perchloric acid. Glucose was analyzed by a glucose 
oxidase method [20]. Adrenochrome in standard 
samples reduced the observed extinctions, as can 
other indole compounds [21]. This phenomenon was 
not observed if glucose standard (internal) was added 
to acid-treated incubation media, and then measured. 
Nevertheless, such internal standards were employed 
for all assays in media which contained adrenoch- ° 
rome; two portions of the acidified medium were 
taken, and an extra known amount of glucose was 
added to one sample. Glucose was determined in 
both, to check that normal colour was obtained with 
added glucose. Indole 2-carboxylic acid did not affect 
the glucose assay. Pyruvate was measured enzymati- 
cally [22]. 

Experiments were designed to test variables on 
slices from the same rat(s) , with appropriate controls; 
thus, several mean values for pyruvate-dependent glu- 
coneogenesis are presented, each representing that 
obtained with control slices in particular experiments. 

Livers were perfused with a bicarbonate-buffered 
saline containing bovine serum albumin and rat 
erythrocytes [23]. 

RESULTS 

Characteristics of action of indoles on renal glu- 
coneogenesis. Gluconeogenesis from pyruvate was in- 
hibited by both indole derivatives, adrenochrome and 
indole 2-carboxylic acid (Fig. 1). The effect of indole 
2-carboxylic acid was especially potent (range 
2-10 pg/ml). The concentration-dependence of the 
action of adrenochrome on gluconeogenesis from pyr- 
uvate (Fig. 1) resembled that on gluconeogenesis from 
lactate or glutamine (details not shown). Quinolinate 
exerted a less potent inhibition (Fig. 1). Pyruvate 
uptake in the presence of indoles was also followed. 
Adrenochrome reduced pyruvate uptake, by an 
amount which corresponded approximately to the de- 
cline in glucose synthesis (Table 1). Indole 2-carboxy- 
lic acid had no effect on pyruvate uptake (results not 
shown). 
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‘ % of control 


Glucose production 





Drug, pg/ml 


Fig. |. Dependence on concentration of indole derivatives 
of inhibition of renal gluconeogenesis. Cortex slices were 
incubated as described in the text, with 10mM _ sodium 
pyruvate, and glucose synthesis measured. The control rate 
(100°, in the Fig.) was 258 + 18(12) yumole/hr/g dry wt. 
Drugs were: A, quinolinate; @, adrenochrome; YV, indole 
2-carboxylic acid. Results are means of 3-5 measurements, 
and bars indicate the S.E.M. 


Effects of indoles on glucose synthesis from precur- 
sors other than pyruvate were investigated. The in- 
hibitory action of adrenochrome and indole 2-carbox- 
ylic acid was less marked when fructose or glycerol 
was the substrate (Table 2). In the presence of precur- 
sors which feed into the citrate cycle, a divergence 
of effect was revealed, i.e. adrenochrome inhibited 
gluconeogenesis from glutamine much more markedly 
than did indole 2-carboxylic acid (Table 2). Indeed 
the inhibition from glutamine was proportionally 
greater than that with any other substrate (Table 2). 

Reversibility of indole effects. Interest in powerful 
inhibitory actions such as of Fig. 1. and Table 2 is 
greater if the effects are reversible, as this property 
separates “damage” effects from those which reflect 
reversible regulatory interactions with the cellular 
metabolic apparatus. 

This aspect of indole action on gluconeogenesis was 
tested in two ways. First, the further addition of a 
highly oxidisable substrate, butyrate, was studied. 


Table 1. Influence of adrenochrome on pyruvate uptake 





Metabolic 
changes Adrenochrome 


(umole g dry wt) Control (25 »g/ ml) 





6 (4) 94 + 1(3) 
250 (4) 900 + 


Glucose 246 + 
Pyruvate 1270 + 75(3) 
Calculated changes due 

to adrenochrome 
Decrease in pyruvate 

uptake 
Decrease in glucose 

synthesis 
Pyruvate corresponding 


glucose decrease 





Kidney slices were incubated as described in the text, 
and pyruvate and glucose measured in initial and final 
medium samples. Results are means + S.E.M. of the 
number of observations in parenthesis. 


Table 2. Effect of indole derivatives on glucose synthesis 
from various substrates 





Glucose synthesis 
(umole /hr/g dry wt) 


ICA 
(10 ng/ml) 


Adrenochrome 
(10 ug/ml) 


Substrate 


(10 mM) Control 





15(3) 
4(4) 
+ 4(5) 
+ 15(3) 
3 (3) 
+ 10(15) 


Fructose 416 47 (6) 385 + 30(3) 
Glycerol 91 + 2(6) 
Glutamine 98 + 4(10) 
Malate 445 + 8(3) 
Lactate 219 + 14(3) 


Pyruvate 258 + 18 (12) 161 


84 + 4(3) 


95 + S(4) 





Kidney cortex slices from 48 hr-starved rats were incu- 
bated as described in the text, for 1 hr at 37°. Results are 
means + S.E.M. from the number of flasks in parenthesis. 

Abbreviations: ICA: indole-2 carboxylic acid. 


This fuel reversed the action of indole 2-carboxylic 
acid on glucose synthesis from pyruvate (Table 3) but 
had relatively little effect on the inhibitory action of 
adrenochrome (Table 3). 

Secondly, in view of the failure of butyrate on 
adrenochrome action, reversal was attempted with a 
washing procedure. The inhibitory effect was com- 
pletely reversed after contact with the agent for 
15 min (Table 4). Longer contact (30 and 45 min) pro- 
duced effects which were not fully reversible (30-50%, 
reversible, if rates in the period after drug wash-out 
are compared with control rates in the second period: 
Table 4). The action of indole 2-carboxylic acid was 
fully reversible after 30min contact (Table 4). The 
data in Table4 imply that the inhibitory action of 
adrenochrome was less marked in the shortest time 
period tested (15min) compared to longer periods; 
such a trend, which could imply that an agent is act- 
ing indirectly by forming a derivative within the tis- 
sue, was not confirmed in separate experiments 
designed specificity to test this possibility (results not 
shown). 

Action of adrenochrome on hepatic gluconeogenesis. 
It is well established that indole 2-carboxylic acids 
(especially the 5-methoxy-analogue) can inhibit glu- 
cose synthesis in the liver [9, 13]. However this aspect 
of adrenochrome action has not.been studied. To 
tackle this question, the perfused liver prep- 
aration [23] was employed; no effect of adrenoch- 
rome (25 g/ml, which exerted a near-maximal effect 
on kidney cortex; Fig.1) was discerned (Fig. 2). 
Although erythrocytes and albumin were present in 
perfusate, the lack of action of adrenochrome was not 
a result of these factors, as was shown in separate 
perfusions in their absence (results not shown). 


Table 3. Influence of butyrate on inhibition of glucose syn- 
thesis by indole derivatives 





Glucose synthesis 
(umole/hr/g dry wt) 


Substrate 
(10 mM) 


Drug 
(ug ml) 


Butyrate 


Control (10 mM) 





Pyruvate 
Pyruvate 
Pyruvate 
Glutamine 
Glutamine 


None 70 + 11 (6) 431 + 80(6) 


Adrenochrome, (25) 37 + 13(3) 191 + 6(3) 
ICA, (10) 5 + 4(5) 428 + 25(3) 
None 8 + 4(10) 110 + 8&(3) 
Adrenochrome, (25) + 5(3) 30 + 8 (3) 





Gluconeogenesis was measured as in Table 1. 





Indoles and renal gluconeogenesis 


Table 4. Reversibility of indole effect on washing of slices 





Duration Period 1 Period 2 
of 
period 


(min) 





Glucose 
formed 


Glucose 


Drug Drug formed Drug 





+ 


12 (3) 
2(3) 
10 (4) 
13 (4) 
9(4) 
18 (4) 
3(3) 
15 (3) 
10 (5) 


Adrenochrome 
(25 pg/ml): 


I+ 


12(3) 
6 (3) 
9 (4) 
16 (4) 
9 (4) 
12 (4) 
8 (3) 
22(3) 
9(5) 


I+ I+ 


I+ I+ I+ 1+ 4 


+ 1+ I+ I+ I+ 


I+ I+ I+ 


ICA (10 pg/ml): 30 - 58 + 16(3) - § + 8(3) 
30 + + 19(3) 69 (2) 
30 . + 8 (3) - 124 + 20(3) 





Kidney slices were incubated with pyruvate (10 mM) for 
two periods, of duration indicated. In some groups, drug 
was present in the first period, but not the second. Slices 
were blotted and inserted in new (pre-warmed) medium 
for the second period in all groups (even when the media 
were initially identical). Groups of three pairs of flasks (for 
each time value) always contained slices from kidneys from 
the same rat. Glucose formed, measured at the end of each 
period, is expressed as pmole per g dry slice, weighed at 
the end of the second period. Other details are in the text. 
Results are means + S.E.M. of the number of observations 
in parenthesis. 


DISCUSSION 


Action of adrenochrome on kidney cortex. The in- 
hibitory action of adrenochrome on gluconeogenesis 
in the kidney cortex is interesting for a variety of 
reasons. First, this effect was relatively potent (being 


exerted over the range 3-50 g/ml). Also, the effect 
did not involve non-specific damage to the tissue, as 


f 


Emole/g 
8 


Glucose synthesis, 








Fig. 2. Effect of adrenochrome on gluconeogenesis in the 
perfused liver. Livers from 48-hr starved rats were perfused 
with a mixture of lactate, glycerol and pyruvate, which 
was added as an initial dose, and then infused [23]. At 
four times, and at 10-min intervals (60-90 min after the 
start of perfusion) adrenochrome was added (in 50 pl) to 
a calculated concentration of 25 ug/ml. Transient vasocon- 
striction was observed each time (20°, decrease in flow 
for 1-2 min). Results (means + S.E.M.) are from three 
perfusions. 
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it was reversible, and specific to glucogenic substrates 
which enter the pathway “below” triose-phosphate. 
Hence this finding adds a new kind of compound 
(quinonoid indole derivatives) to the list which can 
inhibit glucose synthesis, and which in general war- 
rant follow-up in regard to possible usefulness in dia- 
betes. The hypoglycaemic effect of adrenochrome 
itself in vivo is not great (for review see ref. [24]) but 
that of analogues might be greater. 

Also, the action of adrenochrome is more potent 
on kidney cortex, than on liver. This could have a 
variety of origins. One possibility is that adreno- 
chrome is converted to active derivative(s) within the 
kidney; thus an oxidase which could catalyze such 
a change is present in kidney (albeit to a limited 
extent) but not in liver [25]. However, this is perhaps 
unlikely in view of the rapid action of adrenochrome 
(within 15min). Such specificity of tissue response 
suggests that further study of the mechanisms of 
adrenochrome action would reveal aspects of glu- 
coneogenesis which are specific to kidney. 

Adrenochrome is a naturally-occurring derivative 
of adrenalin, which can easily be formed by spon- 
taneous oxidation (for references see [26]). Therefore 
it is possible that it could contribute a feedback in- 
hibitory component to the activation of gluconeo- 
genesis in kidney cortex by catecholamines [27-29]. 
Conversely, the role of cellular “anti-oxidants” (such 
as ascorbic acid, glutathione) in preventing adrenalin 
oxidation, can be seen to be significant in cell func- 
tion in the light of the powerful effect of adreno- 
chrome. This conclusion is not vitiated by the likeli- 
hood that tissue adrenochrome concentrations do not 
attain levels employed in incubations, as local concen- 
trations produced from adrenalin could be high in 
regions of high oxygen tension. As the action of 
adrenochrome was relatively reversible (by wash-out), 
transient effects of such compounds could occur in 
cells, which would not sustain irreversible damage. 
Also, some effects of added adrenalin (although not 
on gluconeogenesis) could be due to adrenochrome 
formation in tissues (e.g. [24, 30-32]). In general, the 
metabolic effects of adrenochrome have not been 
much studied, even during the long period of interest 
in its possible role in mental disease; reported effects 
in brain include those on glutamate decarboxy- 
lase [33, 34] and glycolysis [35]. 

Action of indole 2-carboxylic acid on kidney cortex. 
The inhibition of renal gluconeogenesis by indole 
2-carboxylic acid (range 2-10 g/ml) is among the 
most potent such effects yet reported for this kind 
of compound. Another equally potent action is that 
of mercaptopicolinate (e.g. 38°, inhibition of gluco- 
neogenesis from pyruvate at about 1.5 yg/ml.: ref. 7). 
In view of the sensitivity of these responses, the effects 
of these simple heterocylic carboxylic acids warrant 
further study, for the reasons given above (in regard 
to adrenochrome action). 

Mechanism of effects of indole derivatives on kidney * 
cortex. The question arises of the mechanisms of 
action of indole compounds on gluconeogenesis. The 
inhibitory effects of adrenochrome and indole 2-car- 
boxylic acid are different in their nature, as shown 
by the differences in (i) reversibility with butyrate or 
by washout (ii) action with glutamine as substrate (iii) 
effect on pyruvate uptake. However, both indole deri- 
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vatives exerted relatively little action on gluconeo- 
genesis from fructose or glycerol. This suggests that 
the inhibitory effects in the presence of other sub- 
strates are exerted at steps in the gluconeogenic path- 
way which precede the aldolase reaction. The most 
important such step is that catalyzed by phosphoenol- 
pyruvate carboxykinase, which could therefore be a 
site of action of the indole compounds, as it is for 
quinolinate and mercaptopicolinate [3, 7, 8, 16, 17]. 

The inhibitory action of indole 2-carboxylic acids 
on gluconeogenesis has been studied in liver prep- 
arations. Major inhibitory sites of action appear to 
be at pyruvate carboxylase and dehydrogenase 
steps [11, 15] although further sites may exist [12, 13]. 
The reversibility of its inhibitory action by butyrate 
is compatible with an effect on pyruvate metabolism 
in kidney, as short-chain acyl-CoAs are powerful acti- 
vators of pyruvate carboxylase [36]; this effect could 
reverse that of an agent which inhibited pyruvate car- 
boxylase. The relative lack of effects of indole 2-car- 
boxylic acid with glutamine as substrate and on pyru- 
vate uptake are also in keeping with the view that 
indole carboxylic acids act relatively specifically on 
pyruvate metabolism, directing carbon preferentially 
away from glucose synthesis and perhaps from oxi- 
dation. Part of the explanation for its action could 
lie in a deficient provision of pyruvate for oxidation 
and ATP maintenance, which would be easily 
reversed by butyrate. In kidney, such possibilities 
remain to be investigated. There could be differences 
in mechanisms between tissues; thus the action of 
5-methoxyindole 2-carboxylic acid in adipose tissue 
may not resemble that in liver [13]. 

The action of adrenochrome on renal gluconeo- 
genesis may be more complex than that of indole 
2-carboxylic acid, as shown by the potent inhibition 
of gluconeogenesis from glutamine as well as from 
pyruvate, and by the inhibition of pyruvate uptake. 
Yet the inhibition with malate as substrate was less 
marked. Thus adrenochrome may not greatly affect 
the steps of gluconeogenesis between oxalacetate and 
glucose, or for that matter the citrate cycle, as also 
indicated by the fact that pyruvate uptake was de- 
creased by an amount approximately corresponding 
to the decline in glucose synthesis. This latter feature 
(not observed with indole 2-carboxylic acid) could in- 
dicate that pyruvate entry to cells was affected, but 
this is unlikely as similar inhibition would require 
to be invoked for other substrates, and all such sub- 
strates appear to enter kidney freely. 

In view of its relative lack of effect on malate- 
dependent gluconeogenesis, the action of adrenoch- 
rome in the presence of glutamine may be specific 
to initial steps in glutamine metabolism. This possibi- 
lity is reminiscent of a similar conclusion in regard 
to quinolinate action on kidney cortex [18]. Alterna- 
tively, since malate-dependent gluconeogenesis was 
inhibited to some extent, it could be that adreno- 
chrome acts at the phosphoenol pyruvate carboxy- 
kinase reaction. This is the best single-site theory 
which can explain the actions of adrenochrome 
reported here. Then the relatively greater effect with 
glutamine (than with malate) could be explained, e.g., 
by a less effective maintenance of tissue oxaloacetate 
level by glutamine, so that inhibition at this step 
exerted a greater proportional effect. The occurrence 
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of significant inhibition from malate excludes as sole 
site of action the possibility of effects on mitochon- 
drial transport processes, as conversion of malate to 
glucose in rat kidney cortex is an extra-mitochondrial 
process. However, such effects (which can be very 
potent, eg. [37]) could contribute to the inhibition of 
gluconeogenesis from glutamine or pyruvate. 

Although adrenochrome and indole 2-carboxylic 
acid are both indole derivatives, it is noteworthy that 
there are major differences in their action on 
gluconeogenesis. These must arise from the detailed 
differences in structure, of which the most significant 
is perhaps the quinone function on the ring of 
adrenochrome. If the quinone function has a role in 
adrenochrome action, then redox reactions would be 
expected to be implicated: phosphoenolpyruvate 
carboxykinase is vulnerable to such attack (as the 
active enzyme involves a Fe**-protein complex [3]), 
as are enzymes with vulnerable—SH groups: thus 
adrenochrome has been shown to react with such 
groups [38, 39]. 
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Abstract—Compounds having three carbon—germanium, carbon—tin or carbon—lead bonds were 
found to be effective inhibitors of rat liver glutathione-S-aryltransferase activity with K; values in 
the uM range. Classical competitive inhibition was observed with 1,2-dichloro-4-nitrobenzene as the 
limiting substrate. However, when the second substrate, glutathione, was limiting, inhibition of the 
mixed type occurred. Within the metallic series IVb, triethylsilane chloride was not active, while the 
effectiveness as inhibitors increased through triethylgermanium chloride, triethyltin bromide and trieth- 
yllead chloride. Except in the case of sulfur, the fourth group or atom bonded to tin in a series 
of triphenyltin compounds had little effect on inhibitory activity. Sodium sulfide or 2,3-dimercapto-1- 
propanol (BAL) was capable of protecting glutathione-S-aryltransferase from inhibition by triphenyltin 
chloride. Glutathione conjugations at aromatic carbon atoms were much more sensitive to inhibition 
by organotins than were conjugations at alkyl carbons or epoxides. 


After acute exposure, trialkyl and triaryltin com- 
pounds are moderately toxic substances which cause: 
characteristic central nervous system edema in 
humans and other mammals [1-3] depletion of brain 
and heart catecholamines in the rat[4,5], and 
reduced glucose utilization in the rat brain [6]. In 
vitro, compounds having three carbon—tin bonds 
have been reported to inhibit: mitochondrial oxida- 
tive phosphorylation [3], mitochondrial ATPase [7] 
and pyruvate kinase [8]. In addition, the more lipid- 
soluble members of this group of organotins exhibited 
hemolytic activity [9]. 

Experiments with a chemical model system sug- 
gested that Et,Sn* sulfate did not form stable com- 
pounds with GSH or BAL[10]. However, recent 
observations have shown that sulfide ions, dithiothrei- 
tol and BAL decreased the ability of trialkyl and 
triaryltins to inhibit mitochondrial ATPase [7], cause 
hemolysis [9], and the swelling of rat liver mitochon- 
dria [11]. In view of evidence for diminished biologi- 
cal activity of these organotins in the presence of sulf- 
hydryl compounds, it became of interest to explore 
for interactions of the organometallic derivatives of 
the group IVb metals with GSH metabolism. The 
present investigation has established that compounds 
having three carbon—germanium, carbon—lead, or 
carbon—tin bonds are effective inhibitors of glutath- 
ione-S-aryltransferase (EC 2.5.1.18) activity of rat 
liver. 

MATERIALS AND METHODS 


Enzyme preparation. A supernatant fraction from 
rat liver, which was the source of GSH transferases, 





* Abbreviations used are as follows: ethyl, Et; gluta- 
thione, GSH, 2,3-dimercapto-1-propanol, BAL; 
1,2-dichloro-4-nitrobenzene, DCNB; sulfobromophthalein, 
BSP; methyl, Me; phenyl, Ph; n-butyl, Bu; and cyclohexyl, 
cH. 


was prepared as follows. Male Sprague-Dawley rats 
(220-300 g) were stunned by a blow on the head and 
decapitated. After thorough bleeding of the animals, 
the livers were removed and the following operations 
were completed at 0-4 as quickly as possible. The 
livers were processed with a steel tissue press having 
1-mm openings and were weighed. The samples were 
homogenized with 4vol. of 0.154M KCl-5.0mM 
potassium phosphate at pH 7.4 using a Teflon-glass 
homogenizer at 600 rev/min until no large pieces of 
tissue could be seen between the glass homogenizer 
and the Teflon pestle. The homogenate was then cen- 
trifuged for 1 hr at 95,000 g. The floating fatty layer 
was removed by aspiration. The remaining clear 
supernatant fraction was used as the enzyme source 
for 1 day after dilution to a protein concentration 
of 6.0 mg/ml with 0.10 M sodium pyrophosphate-HCl 
at pH 8.0. Some experiments were completed with 
glutathione-S-aryltransferase purified from rat liver 
by the method of Booth et al. [12]. Protein was deter- 
mined by a biuret method [13] with bovine serum 
albumin as the standard. 

Assays of enzymic activities. The standard gluta- 
thione-S-aryltransferase assay, which was similar to 
that of Booth et al. [12], contained the following in 
a final volume of 3.0ml: sodium pyrophosphate 
adjusted to pH 8.0 with HCl, 120 umoles; GSH, 
15 umoles; DCNB, 0.90 mole; ethanol, 2°, (v/v); and 
600 ug protein of the rat liver supernatant fraction. 
The reaction was started by the addition of the 
enzyme, and the rate of formation of the 
GSH-DCNB conjugate was followed continuously by 
recording absorptivity at 344nm and using a molar 
absorptivity of 8500[14]. All assays were conducted 
at 30°. All second substrates and inhibitors were 
added to the reaction mixtures dissolved in 95°, eth- 
anol. 

Substrates used for the glutathione-S-transferases 
and molar absorptivities at the wavelengths used to 
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follow the concentrations of their GSH conjugates 
were as follows: 4-nitropyridine-N-oxide, 7000 at 
295nm[i5]: 4nitrobenzyl chloride, 1900 at 
310nm[15]:; 4-nitrophenethyl bromide, 1200 at 
310nm[15];  omenapthyl sulfate, 39,000 at 
298 nm [16]; and 1,2-epoxy-3-(4-nitrophenoxy)-pro- 
pane, 510 at 360 nm [17]. 

The conjugation of BSP with GSH was assayed 
by the method of Goldstein and Combes [18] with 
the liver supernatant fraction as the source of the 
enzyme. Glyoxalase I (EC 4.4.1.5) was assayed by the 
method of Klotzsch and Bergmeyer [19]. Glyoxalase 
Il (EC 3.1.2.6) was assayed by adding the enzyme to 
a glyoxalase I assay in which steady state concen- 
trations of methylglyoxal and S-lactylglutathione 
were present. Glutathione reductase (EC 1.6.4.2) and 
glutathione peroxidase (EC 1.11.1.9) were assayed by 
methods described by Beutler [20]. 

in all cases, reaction rates were recorded when they 
were a linear function of time. Several of the assays 
of glutathione-S-transierases were corrected for 
nonenzymic rates; however, the nonenzymic rate with 
DCNB as the substrate was not significant in the 
standard assay. 

Materials. Tricyclohexyltin hydroxide was a gift 
from the Dow Chemical Co. Glutathione reductase 
and glyoxalase I, both from yeast, and glyoxalase II 
from beef liver were from the Sigma Chemical Co. 
All other materials were used as purchased from com- 
mercial suppliers. 

Calculations and_ statistics. Apparent K,, values 
were calcuiated from linear regression analysis of 
Lineweaver—Burk plots. K; values were either calcu- 


lated using the formula for the intercept on the base- 
line for purely competitive inhibition according to 
Dixon and Webb [21] or taken directly from second- 
ary plots of inhibitor concentration versus slope of 
the Lineweaver-Burk regression lines [22]. 

The Student f-test was used at a significance level 
of 0.05 when indicated. 


RESULTS 


Effect of organotins on some enzymes of GSH meta- 
bolism. Initial experiments demonstrated _ that 
0.10mM Me,SnCl, 0.10mM_ Et,SnBr, 0.10mM 
Et,SnBr, or 100uM Ph,;SnCl did not significantly 
affect glyoxalase I activity from yeast or glyoxalase 
II activity from beef liver. Preliminary experiments 
also demonstrated that 0.10mM Et,;SnBr or 10 uM 
Ph3;SnCl had no significant effect on the activity of 
glutathione reductase activity of the rat liver superna- 
tant fraction, or the glutathione peroxidase activity 
of human red blood cells. Thus, it appears that com- 
pounds having two or three carbon—tin bonds are 
not general inhibitors of enzyme-catalyzed reactions 
in which new carbon—sulfur bonds are formed or 
the oxidation state of the sulfur of GSH is changed. 

Screening of the test compounds for activity against 
glutathione-S-transferases of rat liver demonstrated 
that trialkyl and triaryltin compounds were very effec- 
tive inhibitors of glutathione-S-aryltransferase acti- 
vity. The activity was demonstrated both in the rat 
liver supernatant fraction and the purified prep- 
aration of Booth et al.[12] using the standard assay. 
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Table 1. Effect of dialysis on the inhibition of glutathione- 
S-aryltransferase by Ph,;SnOH and Me,SnCl* 





Sp. act. (umoles/mg protein/min) 





Dialysis time 


(hr) Control (8) Ph;Sn (4) = Me;Sn (4) 





49 + 0.1¢ 
6.6 + 0.12 
7.8 + 0.3 


H+ > i+ 
SSeS 
wwe 





*Two ml of the rat liver supernatant fraction (20-30 mg 
of protein/ml) was diluated with 4.3 ml of 0.154M KCl 
and 0.2 ml of either 1.00mM organotin or 95°, ethanol. 
This solution was placed in Visking 20/32 dialysis tubing 
which had been boiled in Na;,CO;-EDTA [25] and dia- 
lyzed against 125 vol of distilled water with constant sitr- 
ring in the cold. The water was changed after about 6 hr 
of dialysis. After the indicated dialysis period, the specific 
activity of the dialysate was determined by using 0.1 ml 
of the dialysate as the source of the enzyme in the standard 
assay. Protein was determined in the dialysate at the time 
of assay to calculate specific activity. 

+ Numbers in parentheses indicate replicates. 

t Significant from control at P < 0.05. 


Since Et,;Sn is reported to bind strongly to rat 
hemoglobin [23], there was concern that hemopro- 
teins in the enzyme preparations might affect the inhi- 
bition by organotins. However, since the pyridine 
hemochromogen assay [24] showed that glutathione- 
S-aryltransferase, purified by the method of Booth ef 
al. [12], contained significant heme, the decision was 
made to use the rat liver supernatant fraction as a 
source of glutathione-S-transferases for subsequent 
experiments. 

Nature of the inhibition. Dialysis and preincubation 
techniques were used to assess the reversibility of the 
inhibition of rat liver glutathione-S-aryltransferase by 
Me,;Sn and Ph,Sn. The data in Table | show that 
inhibition by Me,SnCl was reversible by dialysis; 
however, inhibition by Ph;SnOH was not reversed 
by dialysis for 20 hr. On the other hand, the degree 
of inhibition caused by 1.0uM Me,;SnCl or 1.0 uM 
Ph,SnCl was not significantly changed by preincuba- 
tion for 10 min with the components of the standard 
assay, minus that component used to start the reac- 
tion, and then starting the reaction by the addition 
of GSH, DCNB or the enzyme. 

Kinetics of the inhibition. Figure 1 is a Lineweaver 
Burk plot for the inhibition of glutathione-S-aryl- 
transferase activity with DCNB as the limiting sub- 
strate. Classical competitive inhibition is indicated as 
was the case for all compounds tested having three 
carbon—germanium, carbon—lead, or carbon—tin 
bonds. A secondary plot of slope versus inhibitor con- 
centration (insert Fig. 1) is linear, indicating simple 
enzyme—inhibitor interaction [22]. Large positive de- 
viations occurred in the double reciprocal plots when 
the concentration of R,SnCl was high enough to 
cause greater than 70 per cent inhibition. The kinetics 
of inhibition in this high concentration range were 
not investigated. The K; values for the most active 
compounds tested are listed in Table 2. Among the 
organotins tested, those having three carbon—tin 
bonds exhibited the lowest K; values. Those having 
one or four carbon—tin bonds were relatively inactive 
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| uM Ph3SnC! 


054M Ph3Sncl 


024M Ph3SnCl 








15 





mM DCN 

Fig. 1. Kinetics of the inhibition of glutathione-S-aryl- 
transferase activity of rat liver supernatant fraction by 
Ph3SnCl with DCNB as the limiting substrate. The stan- 
dard assay, described in Materials and Methods, was used 
with the indicated DCNB concentrations. The regression 
lines represented were calculated from three to six replica- 
tions of the experiment. 


in the standard assay. Considering the triethyl deriva- 
tive of metals of group IVb, the K; values decreased 
as the atomic number increased from germanium 
through lead. The following compounds had no acti- 
vity in the standard assay: 0.01 mM Et,;SiCl, 0.05 mM 
triphenylmethanol and 0.05mM_ triphenylchloro- 
methane. 

Because of the limited solubility of DCNB in the 
standard assay, it was not possible to completely satu- 
rate the enzyme with respect to this substrate. How- 
ever, with low concentrations of GSH and 3.0mM 
DCNB in the assay the double reciprocal plot (Fig. 
2) indicates that organotin inhibition is a mixed 


Table 2. Inhibitor constants 

(K; values) for the inhibition of 

glutathione-S-aryltransferase 
by organotins* 





Compound K; (uM) 





Et,SnBr 
Bu3SnCl 
Ph,SnCl 
Me;3SnCl 
cH,SnOH 
Ph,SnCl 
Bu,Sn(Ac), 
Et,SnBr, 
Et,PbCl 
Et,GeCl 





* The experiments and treat- 
ment of the data were as illus- 
trated for Ph3SnCl in Fig. 1. 


0.94 
0.84 
0.7; 
06} 


1OwM Ph3SnCl 
05 


° Q5uM PhSnCcl 








ee 
mM GSH 


Fig. 2. Kinetics of the inhibition of glutathione-S-aryl- 

transferase activity of rat liver supernatant fraction by 

Ph,;SnCl, with GSH as the limiting substrate. Except for 

DCNB and GSH concentrations the standard assay was 

used. The regression lines represented were calculated from 
seven to nine replications of the experiment. 


type [21]. Under these conditions the K,, for GSH 
was 0.20mM and the K; for Ph;SnCl was 7.0 uM. 
A biphasic K,, for GSH with a low value of 0.25 mM 
has been reported [14]. 

Effect of the fourth group or atom bonded to tin on 
activity. Unless it is sulfur, the fourth group or atom 
bonded to tin in several organotins has been shown 
to have little effect on the ability of these compounds 
to cause hemolysis [9] or the non-energy-dependent 
swelling of mitochondria in an ammonium chloride 
medium [11]. The data in Table 3 indicate that this 
generalization holds for the inhibition of glutathione- 
S-aryltransferase by Ph3Sn derivatives. The results 
suggest that the various Ph3Sn derivatives, except 
(Ph3Sn),S, are rapidly converted to a mixture of 
Ph,SnOH and (Ph,Sn),O in the assay. The bis-sulfide 
presumably has low intrinsic activity and is only 
slowly hydrolyzed in the assay. 


Table 3. Effect of the fourth atom or group bonded to 
tin on effectiveness of compounds having three carbon—tin 
bonds as inhibitors of glutathione-S-aryltransferase* 





Per cent inhibition with 


Test compound test compound at 1.0 uM 





Ph,;SnCl 

Ph,SnOH 

Ph;SnAc 

Ph,3Sn isothiocyanate 
( Ph3Sn )S 

(Ph3Sn),0 





* The standard assay was used with six replications for 
each compound. 
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Table 4. Effect of BAL and sodium sulfide on the inhibi- 
tion of glutathione-S-aryltransferase activity by Ph,SnCl* 





Additions to the assay Per cent inhibition 





BAL (1 uM) 

Ph,SnCl (1 uM) 

Ph,SnCl (1 «M) and BAL (1 uM) 
Ph,SnCl (1 uM and BAL (10 uM) 
Ph,SnCl (1 uM) and BAL (100 uM) 
Ph,SnCl (1 uM) and BAL (1000 uM) 
NaS (10 uM) 

Ph,SnCl (1 uM) and Na,S (0.5 uM) 
Ph,SnCl (1 uM) and Na,S (1 uM) 
Ph,SnCl (1 uM) and Na,S (10 uM) 
Ph,SnCl (1 uM) and Na,S (100 uM) 





*Two to four replicates of each point were obtained 
using the standard assay. 


Protection by sulfur compounds. As is the case for 
organotin-induced hemolysis [9], inhibition of mito- 
chondrial ATPase[7], and non-energy-dependent 
mitochondrial swelling [11], Table 4 shows that BAL 
or sodium sulfide can protect glutathione-S-aryltrans- 
ferase from inhibition by Ph,SnCl. These results and 
the low activity of (Ph3Sn),S (Table 3) suggest that 
the sulfur compounds act by forming derivatives of 
the inhibitor having sulfur—tin bonds which exhibit 
low activity. 

Specificity of the inhibition. Several glutathione-S- 
transferases, which differ with regard to substrate 
specificity, have been described [26]. The data in 
Table 5 show that Ph;SnCl or Et,SnBr is a most 
effective inhibitor when one of the first three com- 
pounds listed, all of which are substrates for gluta- 
thione-S-aryltransferase [26], is the second substrate. 
Except for 4-nitrobenzyl chloride, conjugations with 
GSH involving bond breaking and synthesis at other 
than aromatic carbon atoms are relatively insensitive 
to inhibition. Thus, the test compounds appear to be 
the most selective inhibitors for glutathione-S-aryl- 
transferase activity reported to date. 


DISCUSSION 
The dialysis experiments demonstrate that the inhi- 


bition of glutathione-S-aryltransferase by Me3SnCl is 
reversible, while inhibition by Ph,SnOH is not. It is 
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possible that these results reflect the relative ineffi- 
ciency of dialysis as a means of removing these inhibi- 
tors rather than suggesting chemically irreversible in- 
hibition in the case of Ph,Sn. Thus, Me3SnC! and 
Ph,SnCl are reported to have n-octanol: water parti- 
tion coefficients of 0.51 and 12,000 respectively [11]. 
The results of preincubation of these inhibitors with 
components of the standard assay are consistent with 
the views that (a) the inhibitors are not good sub- 
strates of glutathione-S-transferases and (b) the inhibi- 
tion is of a reversible nature [21 ]. 

The general structure—activity and physical pro- 


. perty relationships for organotin inhibition of trans- 


ferase activity are similar to those reported for induc- 
tion of mitochondrial swelling [11], or hemolysis [9]. 
Protection by sulfur compounds has been reported 
in these systems and in the case of organotin inhibi- 
tion of mitochondrial ATPase activity [7]. The mole 
ratios R,Sn:sodium sulfide required for protection in 
the different systems tested are as follows: inhibition 
of glutathione-S-aryltransferase activity, 1:100 (Table 
4); protection of mitochondrial ATPase, 1:20001[7]: 
prevention of organotin-induced hemolysis, 1:0.5 [9]: 
prevention of mitochondrial swelling and activity in 
an ionophore diffusion model, 1:5 and 1:4 respect- 
ively [11]. 

These mole ratios may correlate inversely with the 
affinity of biological binding sites for the R,Sn 
moiety. Thus, beef heart submitochondrial particle 
ATPase activity would be expected to have the high- 
est affinity binding site(s), with glutathione-S-aryl- 
transferase having lower affinity binding sites, etc. 
This view ts consistent with a K; of 0.028 uM reported 
for the inhibition of mitochondrial ATPase by 
Ph,SnCl[7] and a corresponding K; of 0.48 uM 
reported here. It is also of interest that effects of 
organotins postulated to be due to the activity of 
these compounds as anion specific ionophores [11] 
are more subject to modulation by sulfide and sulfur 
compounds than is the inhibition of mitochondrial 
ATPase and glutathione-S-aryltransferase activity. 
This suggests that the sulfur compounds interact to 
yield substances having sulfur—tin bonds which do 
not rapidly undergo the anion exchanges required for 
ionophore activity but are capable of interacting with 
sites having very high affinity for R3Sn. 

The activity of the triethyl halides of Si, Ge, Sn 
and Pb as inhibitors correlates well with increasing 


Table 5. Effect of triphenyltin chloride on the conjugation of glutathione with several substances* 





Product 
(uM/mg protein/min + S.E.M.) 





Concn 
(mM) 


Ph,SnCl 
(1.0 uM) 


Ph,SnCl 


Substrate Control (10.0 uM) 





0.25 
0.20 
0.33 
0.20 
0.10 
6.70 
0.50 


95+ 0.1 
10.1 + 0.4 
3.7+ 0.1 
26.5 + 2.0 
86.3 + 3.4 
0.4 + 0.1 
47.0 + 3.0 


4.6 + 0.03 

6.3 + 0.3 

27 +02 
26.5 + 3.4 
83.0 + 5.5 


0.8 + 0.03 

3.0 + 04 

0.2 + 0.01 
24.2 + 2.1 
46.8 + 0.6 
0.34 + 0.8 
40.0 + 1.0 


1,2-Dichloro-4-nitrobenzene 
4-Nitropyridine-N-oxide 
Sulfobromophthaleint 
p-Nitrophenethyl bromide 
Nitrobenzyl chloride 
x-Menaphthyl sulfate 


1 ,2-Epoxy-3-(p-nitrophenoxy)-propane 47.0 + 1.0 





* The standard assay with the indicated substrate replacing DCNB was used, except in the case 
of BSP. N = 3 for each point. 
+ Inhibitor was triethyltin bromide. 
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metallic properties in the series as the atomic number 
increases. The same correlation holds when the dipole 
moments of the trimethyl chlorides of these elements 
are considered [27]. Thus, in this series of com- 
pounds, inhibitor activity appears to increase with 
ability of the metal atom to interact with electron-rich 
sites. Such interactions may include salt-like interac- 
tions between anionic sites and the metal atom, coor- 
dination between the metal atom and _ nitrogen, 
oxygen and/or sulfur atoms, and hydrophobic interac- 
tions with the organic moiety of the inhibitor. 

Rat liver has been found to contain at least six 
enzymes with broad and overlapping substrate speci- 
ficities capable of catalyzing GSH _  conjuga- 
tions [26,28]. The specificity of the inhibitors 
reported here for glutathione-S-aryltransferase may 
be taken as additional evidence that this activity is 
distinct from the other glutathione-S-transferases of 
rat liver. Furthermore, evidence has been presented 
suggesting that glutathione-S-aryltransferase and 
ligandin, an anion-binding protein from liver, are 
identical [29]. The specific inhibition of glutathione-S- 
aryltransferase taken with the observation of a soluble 
protein from rat liver with high affinity binding sites 
for Et,Sn [30] suggests that glutathione-S-aryltrans- 
ferase activity, anion-binding capacity, and high 
affinity organotin binding may all be properties of 
a single, soluble liver protein. 

Acknowledgement—This investigation was supported by 
U.S. Public Health Service Grant ES 00498. The results 
will be included in a Ph.D. thesis by R. A. H. and some 
of the data were presented in preliminary form else- 
where [31]. 

ADDENDUM 


Note of added proof. One of us, R. A. H., recently visited 
Dr. W. Jakoby’s laboratory to investigate the effects of 
Ph3SnCl on glutathione-S-transferases A and B recently 
purified by that group [28]. With 1-chloro-2,4-dinotroben- 
zene as the limiting substrate (DCNB is a very poor sub- 
strate for transferase B[28]), Ph,SnCl was shown to be 
a competitive inhibitor with K; values of 0.08 and 0.27 uM 
for transferase A and B respectively. 
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Abstract—Effect of kanamycin (KM) on activities of Embden-Meyerhof (EMP) and hexose monophos- 
phate (HMP) pathways was investigated in the cochlea, kidney, liver and brain of the guinea pig. 
In the organ of Corti, the activities of hexokinase (HK) and phosphofructokinase (PFK) were reduced 
significantly, whereas those of glucose-6-phosphate dehydrogenase (G6PDH) and 6-phosphogluconate 
dehydrogenase (6PGDH) were not altered following the administration of KM. On the other hand, 
the activities of these enzymes in a combined preparation of stria vascularis and spiral ligament 
remained unchanged. In the kidney the administration of KM also induced significant fall in the 
activities of HK and PFK without altering those of G6PDH and 6PGDH. In contrast, no alteration 
of activities of these four enzymes was found in the liver and brain. The conversion of [1-'*C]glucose 
to '*CO, was slightly higher than that of [6-'*C]glucose in both cochlea and kidney, yielding 
(C-1)/(C-6) ratios of 1.21 and 1.33, respectively. The administration of KM, exhibited a similar extent 
of inhibition on the oxidation of both [1-'*C] and [6-'*C]glucose, thus the (C-1)/(C-6) ratio remained 
essentially unchanged. 

The distribution of KM following the intramuscular injection to the guinea pig revealed that the 
elimination of this drug from the perilymph and kidney is slow and these tissues maintain a high 
level of KM for the longer periods of time than that in the liver and brain. 

Present results indicate that KM inhibits selectively the activity of the EMP pathway in the organ 
of Corti and kidney without altering that of the HMP pathway. Possible pharmacological implications 


of these findings in the formation of oto- and nephrotoxic effects of KM are briefly discussed. 


It has been shown that kanamycin inhibits the respir- 
ation of bacteria[1] and of membranous coch- 
lea [2-4]. In kanamycin-treated animals, inhibition of 
succinic dehydrogenase activity in the organ of 
Corti [5] as well as degeneration of mitochondria in 
kanamycin-damaged hair cells [6] was also reported. 
The above evidence indicates that inhibitory effects 
of kanamycin on tissue respiration and/or carbo- 
hydrate metabolism involve, at least in part, the inhi- 
bition of activities of TCA cycle. However, little is 
known whether or not the alteration in activities of 
the Embden—Meyerhof (EMP) and hexose monophos- 
phate (HMP) pathways may involve in the occurrence 
of ototoxicity with kanamycin. 

The present investigation is designed to evaluate 
the effect of kanamycin on the EMP and HMP path- 
ways of cochlea, kidney, brain and liver. Studies of 
the metabolism via glycolysis were based on the 
determination of the activities of regulatory enzymes; 
hexokinase (HK) and phosphofructokinase (PFK) in 
EMP, glucose-6-phosphate dehydrogenase (G6PDH) 
and 6-phosphogluconate dehydrogenase (6PGDH) in 
HMP respectively, and on the measurement of the 
conversion of differentially labelled ['*C]glucose 
[C-1] and [C-6] to '*CO, . 


METHODS 


In all experiments young healthy guinea pigs were 
used. Kanamycin sulfate (KM, 400 mg/kg/day) was 


given intramuscularly for 10 successive days and sac- 
rificed the following day. Above schedules for KM 
administration were chosen because electrophysiolo- 
gical measurements indicated that significant changes 
in the cochlear microphonics due to the damages of 
cochlea occurred under these experimental condi- 
tions. 


(A) Measurement of activity of various enzymes 

(1) Cochlea. After decapitation, the temporal bone 
was immediately frozen with dry ice-ethanol (— 78.5) 
and freeze-dried for 2-3 days. After removal of the 
bony capsule, the membraneous cochlea was dissected 
under stereomicroscope and the organ of Corti and 
the lateral wall of the cochlear duct were obtained. 
Preparations of the organ of Corti included the outer 
and inner hair cells and supporting cells, while that 
of the lateral wall included the vascular stria, spiral 
ligament and spiral prominence. The dry weight of 
each sample was determined by meanis of the electric 
balance (minimal detectable range: 500 ng) and each 
sample was then transferred into the fluorometer tube 
containing 10 yl of 0.2% Lubrol in distilled water 
(chilled at 0 for 30min) in order to solubilize the 
enzymes. For the estimation of the enzymatic activi- 
ties of hexokinase (HK), phosphofructokinase (PFK), 
glucose-6-phosphate dehydrogenase (G6PDH) and 
6-phosphogluconate dehydrogenase (6PGDH), 500 yl 
of the complete reaction mixture responsible for each 
enzymatic assay (see Table 1) was added to each tube 
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Table 1. Assay conditions for the measurement of activities of selected enzyme in the cochlea 





Auxiliary 
enzyme 
(ug/ml) 


Substrate 
(mM) 


Coenzyme 


Enzyme (mM) 


Buffer 


Reagent Incubation 
Other volume time 
additions ul (min) 


Standard 
used 





G6PDH NADP 6PGDH 


G6P 
2 0.3 20 
M 
P 6PGDH NADP 
0.5 None 


AMP.,,-HCl 
100 mM 
H (pH 9.3) 


Tris-HCl 
100 mM 


BSA 0.05% 


EDTA 0.5 mM 510 40 NADPH, 


BSA 0.05% 


EDTA | mM NADPH, 


(pH 8.2) 


NADP G6PDH 
0.03 1.5 
ATP 

I 


NADH Aldolase 
0.01 30 
Triose-p- 
isomerase 
ATP 10 
0.5 4-GOPDH 5 


Tris-HCl 
50 mM 
(pH 8.2) 


Imidazol 
HCl 
50 mM 


(pH 7.0) 


BSA 0.02% 
MgCl, 5mM 
Mercapto- 
ethanol 2 mM 


NADPH, 


Potassium 
acetate 150 mM 
MgCl, 5mM 
5 AMP 0.1 mM 
Ammonium 
acetate 3 mM 


510 





Abbreviation used; AMP,: 
phosphate dehydrogenase. 


and incubated at 25° for different lengths of time (see 
Table i). For each assay, complete reaction mixture 


without the tissue samples was prepared and used 


as a tissue blank. After incubation, content of 
NADPH, or NADH, was measured by its native 
fluorescence. All these micro-methods have been 
adapted from the procedures described by Lowry et 
al. [7:8] for the study of brain and retina and by 
Thalman et al.{9] for the study of the cochlea, re- 
spectively. 

(2) Kidney, brain and liver. All tissues were homo- 
genized with nine parts of ice cold isotonic KCl 
(0.15 M-KCI neutralized by KHCO;, pH 7.0) in a 
glass homogenizer. _ 

Hexokinase activity in the homogenate was deter- 
mined spectrophotometrically according to the 
method of Galton et al. [10]. The reaction mixture 
contained 70mM _ Tris-HCl buffer (pH 7.4), 10mM 
glucose, 0.55mM NADP, 7.4mM MgCl,, 3.7mM 
ATP, 5mM mercaptoethanol and 2.5 pg/ml of glu- 
cose-6-phosphate dehydrogenase. Phosphofructo- 
kinase activity in the homogenate was determined by 
the same method described as in the case of cochlea. 
For the estimation of the enzymatic activities of 
G6PDH and 6PGDH, the homogenate was centrifu- 
ged at 3000y for 10min at 4° and the supernatant 
was dialysed for 12 hr at 4° against the same buffer 
containing 0.6mM EDTA. The dehydrogenase activi- 
ties of the dialysate was determined fluorospectropho- 
tometrically according to the method of Lowry et 
al.{11]. The reaction mixture consisted of 0.05 mM 
NADP, | mM EDTA and 0.05 mM Tris-HCl (pH 7.6 
for G6PDH and 9.0 for 6PGDH, respectively). The 
reaction for all these enzyme assays was initiated by 
the addition of an appropriate amount of tissue 
samples. The protein concentration in each sample 
was measured by the method of Lowry et al.[12] 
and the-results were expressed as specific activity per 
protein. 


2-amino-2-methyl-1.3-propanediol, BSA: bovine serum albumin, z-GOPDH: 2-glycero- 


(B) Measurement of kanamycin levels in blood, peri- 
lymph and various organs 


At 1, 3, 6, 12, 24hr after the injection of kanamycin 
sulfate (400 mg/kg, i.m.), the chests of the animals 
were opened under ether anesthesia and blood was 
aspirated from the heart. After decapitation, the tem- 
poral bone, brain, liver and kidney were removed. 
In preparations of temporal bone, the tympanic bulla 
was opened and thus the bony cochlea was made ac- 
cessible. For collecting perilymph, a thin glass capill- 
ary was introduced through the oval and round win- 
dow into perilymphatic space under stereomicro- 
scope. The contamination of aspirated perilymph by 
blood was examined under microscope and the con- 
taminated samples were discarded. The brain, liver 
and kidney were homogenized and the homogenate 
and whole blood were diluted with 0.1 M phosphate 
buffer to the suitable antibiotic concentration. The 
agar diffusion method was applied to determine the 
concentration of kanamycin in the form of a cup-iest 
for blood and tissue samples, and of a disk-test for 
perilymph. Bacillus subtilis, American Type Culture 
Collection (ATCC) 6633, was used as test bacterium. 


(C) Estimation of '*CO, production from ['*C]glucose 


(1) Cochlea. After decapitation, the temporal bone 
was immediately removed and the bullae were 
opened. The bony capsules of the cochlea were 
removed and transferred into the Krebs-Ringer 
Tris-HCI (pH 7:4) solution at 0°. Each membraneous 
cochlea was placed in a cell of an ultramicrorespir- 
ometer containing 0.3ml of Krebs-Ringer 25mM 
Tris-HCl (pH 7.4) solution containing 5mM glucose. 
The [1-'*C]glucose or [6-'*C]giucose (1,050,000 
cpm; sp act. 57mCi/m-mole and 53.7 mCi/m-mole, 
respectively) was then added in the solution. Each 
cell was sealed by silicon rubber from which a folded 
filter paper, immersed in 25 ul of hydroxide of hya- 
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Table 2. Effect of kanamycin (KM) administration on selected enzymes in the cochlea 





Organ of Corti 


Lateral wall of the cochlear duct 





Enzyme Control 


Control KM 





Hexokinase 
Phosphofructokinase 
Glucose-6-P dehydrogenase 
6-P-gluconate dehydrogenase 


0.85 + 0.06 (15) 
2.4 + 0.3 (13) 
0.80 + 0.04 (14) 
0.21 + 0.02 (19) 


0.90 + 0.05 (15) 
1.9 + 0.2(18) 
0.72 + 0.04 (14) 
0.18 + 0.01 (22) 





*P < 0.02: 


+P < 0.05, compared with each control value. 


Activities are expressed as moles/kg dry wt/hr. Each value represents the mean + S.E.M. obtained from the indicated 


number (in parenthesis) of samples. 


mine for absorption of '*CO,, was suspended. All 
cells were gassed from the side-arm with pure oxygen 
for 2 min and incubations were carried out for 30 min 
at 37.5”. After terminating the reaction by the injec- 
tion of 50 ul of 4N perchloric acid through silicon 
rubber stopper, the cells were shaken for an ad- 
ditional 60 min to trap all the '*CO, evolved. The 
filter paper and 10 yl of incubation mixture from each 
cell were transferred into 20 ml of Bray’s scintillation 
fluid mixture[13] and the radioactivity in these 
samples was determined in a Packard 3375 liquid 
scintillation spectrometer. In all experiments the 
blank cells without tissues were incubated and a mini- 
mal amount of '*CO, evaporated in the blank was 
subtracted from each experimental value. 

(2) Kidney. After decapitation, kidney slices were 
made and approximately 100mg wet wt of the slices 
were transferred to the conventional Warburg flask. 
Each flask contained 2.8m! of Krebs-Ringer 
Tris-HCl (pH 7.4) solution containing 5mM glucose. 
The [1-'*C]glucose or [6-'*C]glucose (550,000 cpm; 
sp act. 57 mCi/m-mole and 53.7 mCi/m-mole, respect- 
ively) was placed in the side arm. The centerwell con- 


tained a folded filter paper immersed in 0.2 ml of hyd- 
roxide of hyamine. The whole incubation procedure 
was carried out in the same manner as in the case 
of the membraneous cochlea, except the 15 min of 
preincubation was performed in this case prior to the 
addition of labelled substrate. 


RESULTS 


Effect of kanamycin on activities of enzymes related 
to EMP and HMP pathways in the cochlea. Table 
2 shows the effect of kanamycin on activities of main 
enzymes in the Embden—Myerhof pathway (Hexo- 
kinase (HK) and phosphofructokinase (PFK)) and 
hexosemonophosphate pathway (glucose-6-phosphate 
(G6PDH) and 6-phosphogluconate dehydrogenase 
(6PGDH)) respectively. In the organ of Corti, the ac- 
tivities of HK and PFK were reduced significantly, 
while those of G6PDH and 6PGDH were not altered. 
On the other hand, these enzyme activities in a com- 
bined preparation of stria vascularis and spiral liga- 
ment (lateral wall of the cochlear duct) remained un- 
changed in kanamycin-treated animals. 


Table 3. Effect of kanamycin (KM) administration on selected enzymes in kidney, liver and brain 





Kidney 


Liver Brain 





Control KM 


Enzyme Control KM Control KM 





26.7 + 0.9 (3) 
6.21 + 0.42 (4) 
9.92 + 0.69 (5) 
17.4 + 0.6(4) 


18.3 + 0.4(3) 

3.48 + 0.38 (5) 
4.71 + 0.96 (4) 
9.90 + 0.24(4) 


26.9 + 1.3 (3) 
6.10 + 0.26 (5) 
9.12 + 0.67 (5) 
17.3 + 1.3(4) 


HK 56.6 + 1.3 (3) 
PFK 4.95 + 0.27 (6) 
G6PDH 27.8 + 1.9(7) 
6PGDH 28.2 + 0.8 (7) 


33.8 + 1.3(3)* 
3.23 + 0.13 (6)* 
27.2 + 1.0(7) 
27.0 + 0.5(7) 


18.5 + 0.1 (3) 

4.19 + 0.29 (5) 
4.64 + 0.67 (4) 
9.78 + 0.64 (4) 





* P < 0.01, compared with each control value. 
Activities are expressed as moles/mg protein/min. Each value represents the mean + S.E.M.obtained from the indicated 
number (in parenthesis) of samples. 


Table 4. Effect of kanamycin (KM) administration on [1-'*C]glucose and [6-'*C]glucose oxidations 
in the preparations of cochlea and kidney 





Cochlea Kidney 





Control KM Control KM 





8179 + 640 (4) 
6126 + 309 (5) 
1.34 


5489 + 867 (4)7 
4141 + 539(5)* 
1.33 


'4CO, from [1-'*C]Glucose 2124+ 98(5) 1622 + 86(4)* 
'4CO, from [6-'*C]Glucose 1660+ 98(4) 1313 + 16(3)t 
Ratio (C-1)/(C-6) 1.21 1.23 





*P < (0.02: +P < 0.05, compared with each control value. 
CO, formations are expressed as cpm/cochlea or dpm/mg protein of kidney. Each value represents 
the mean + S.E.M. obtained from indicated number (in parenthesis) of samples. 
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Table 5. Kanamycin level 


s in the blood and perilymph 





Hr after injection O* | 


3 6 24 





83.8 
28.3 


0.54+ + 0.04 (6) 
nilf (12) 


361 


21 


.2 + 28.8 (6) 
2 + 5.4(18) 


Blood (ug/ml) 
Perilymph (g/g) 


11.3 (6) 


2.5 (22) 


34.0 + 20.3 (6) 
40.8 + 4.2(21) 


0.10 (6) 
+ 0.6 (24) 


+ 


+ 





* Indicate the values obtained from control animals. 
+ Represents non specific antibacterial activity of the bl 
t Below. detection by the assay methods employed. 


ood, such as lysozyme activity. 


Kanamycin levels following the single injection of 400 mg/kg of kanamycin sulfate are presented. Each value represents 


the mean + S.E.M. obtained from the indicated number ( 


Effect of kanamycin on activities of enzymes related 
to EMP and HMP pathways in the kidney, liver and 


brain. In the kidney, the administration of kanamycin ~ 


induced a significant fall in the activities of HK and 
PFK without altering those of GGPDH and 6PGDH 
(Table 3). In contrast, no alteration of activities of 
these four enzymes was found in the liver and brain. 
Effect. of kanamycin on '4CO, formation from 
[1-'4C] ‘or [6-'*C]glucose. The effect of kanamycin 
administration on [1-'*C]glucose and [6-'*C]glucose 
oxidation in the cochlea and kidney was determined 
(Table 4). The conversion of [1-'*C]glucose to '*CO, 
was slightly higher than that of [6-'*C]glucose in 
both tissues, yielding (C-1)(C-6) ratios of 1.21 and 
1.33, respectively. These results indicate that the 
HMP pathway is operative slightly in these organs, 
because [6-'*C]glucose is oxidized only via EMP, 
while [1-'*C]glucose is considered to be oxidized via 
both EMP and HMP, and produces additional 
'*CO,. The administration of kanamycin, however, 
exhibited a similar extent of inhibition on the oxi- 
dation of both [1-'*C]glucose and [6-'*C]glucose, 
thus the (C-1)(C-6) ratio remained essentially un- 
changed. As previously shown (Table 2 and 3), kana- 
mycin selectively inhibits enzyme activities involved 
in the EMP (HK and PFK) but those in the HMP 
(G6PDH and 6PGDH) are not affected. Considering 
these facts, it seems likely that observed inhibitory 
effects of kanamycin on the oxidation of [1-'*C]glu- 
cose do not mean direct inhibitory effects of this agent 
on the activity of HMP, but may be representative 
of the inhibition on enzyme activities related to but 
not involved in the HMP such as HK (an enzyme 
responsible for entering to the HMP pathway). 
Distribution of kanamycin in the blood, perilymph, 
kidney. liver and brain. The distribution of kanamycin 
following the intramuscular injection to the guinea 
pig is presented in Tables 5 and 6. The peaks of kana- 
mycin level in the blood, kidney, liver and brain 
appeared at | hr after the injection, whereas that in 
the perilymph was detected 6-12hr after. These 


Table 6. Kanamycin levels 


in parenthesis) of samples. 


results suggest that permeation of kanamycin to the 
perilymph may be a rather slow process and may 
not be established by a simple equilibrium with that 
in the blood. 

It is also noteworthy that the level of kanamycin 
in the kidney has been found to be the highest among 
the various organs tested and maintained at an enor- 
mously high level even 24 hr after the administration. 


DISCUSSION 


The distribution of kanamycin in the inner ear fol- 
lowing the systemic administration revealed that this 
antibiotic penetrates slowly into the inner ear and 
the process of removal is also slower than that found 
in the blood. These results maintain essential agree- 
ments with previous reports by Voldrich[16] and 
Stupp et al. [17]. In the other organs tested, it was 
found that kanamycin is rapidly accumulated by the 
kidney to an enormously large extent and is elimin- 
ated slowly from this organ. In the kidney, more than 
one-third of the peak value was detected even 24 hr 
after administration. By contrast, the extent of distri- 
bution of kanamycin in the liver and brain was re- 
markably small compared with that in the kidney and 
the rate of elimination in the case of liver and brain 
was also extremely rapid. These facts suggest that one 
of the reasons for the well-known nephrotoxicity of 
this drug may be explainable by the large and pro- 
longed accumulation in the kidney. In the present 
work it is shown that kanamycin inhibits selectively 
the activity of the EMP pathway in the organ of Corti 
and kidney without altering that of the HMP path- 
way therein. In addition such an inhibitory effect of 
kanamycin on the EMP pathway was not detected 
in the liver and brain. These facts suggest that the 
observed metabolic changes in the EMP pathway of 
the organ of Corti and kidney may be directly related, 
at least in part, to the occurrence of well-known oto- 
toxic and nephrotoxic effects by this agent. Although 
it has been reported that in the liver a compensatory 


in the kidney, liver and brain 





Hr after injection 0* | 


3 12 


6 





0.89 
0.41 
0.34 


0.074(6) 
+ 0.034(6) 
(.034(6) 


827.8 
38.3 


5.9 


+ 47.6(6) 
+ 5.2(6) 


+ 0.6 (6) 


695.9 
14.7 
1.9 


Kidney (g/g 


) 
) 


ig 
Liver (ug/g 
Brain (ug/g 


7 


301.5 4 
39 + 
0.53 4 


0.2 (6) 
1.0 (6) 
0.23 (6) 


+ 29.8(6) 692.2 + 147.3(6) 516.0 + 26.7 (6) 
+ 4.7 (6) 5.8 + 0.7 (6) 6.1 + 0.7 (6) 


+ 0.5 (6) 1.8 + 0.7 (6) 0.73 + 0.08 (6) 





* Indicate the values obtained from control animals. 


* Represents non specific antibacterial activity of the blood, such as lysozyme activity. 
Kanamycin levels following the single injection of 400 mg/kg of kanamycin sulfate are presented. Each value represents 


the mean + S.E.M. obtained from the indicated number ( 


in parenthesis) of samples. 
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activation of enzymes belonging to the HMP pathway 
induces various pathological conditions such as post- 
starvation [14] and hepatic damage [15], it is unlikely 
to cause this type of compensatory activation if the 
HMP is operative in the kanamycin-intoxicated kid- 
ney and inner ear. Since the metabolic and functional 
roles of the HMP in the cochlea and kidney have 
not been completely elucidated, the significance of 
this lack of compensatory activation in terms of 
occurrence of kanamycin toxicities is uncertain. How- 
ever, it is possible that this lack of a compensatory 
activation in the HMP following the inhibition of the 
EMP pathway may be related to the occurrence of 
selective toxicity of kanamycin in these tissues. 
Although specific molecular mechanisms underlying 
differential susceptibility of enzymes in the HMP and 
EMP pathways to kanamycin remain to be eluci- 
dated, the fact that inhibitory effects of kanamycin 
on the EMP pathway in addition to well-known in- 
hibitory effect on the activity of TCA cycle [5,6] may 
be an important factor for inducing oto- and nephro- 
toxic effects of this drug should be emphasized. 
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Abstract—Fenbufen, biphenylacetic acid and other non-steroidal anti-inflammatory drugs were found 
to labilize the lysosomal membrane of liver lysosomes in vitro. The extent of labilization was pH 
dependent. All the non-steroidal drugs labilized to a much greater extent at pH 5.0 than at pH 7.4. 
The two steroids tested, cholesterol and cortisone, stabilized the lysosomes at both pH 5.0 and 7.4. 
Oral administration of fenbufen and indomethacin caused no change in lysosomal membrane stability 
when assayed in vitro. Hydrocortisone showed a small degree of stabilization under these conditions. 
It is concluded that lysosomal membrane stabilization cannot account for the anti-inflammatory activity 
of fenbufen, biphenylacetic acid or other non-steroidal anti-inflammatory drugs. 


The specific release of lysosomal enzymes from leuko- 
cytes and other cells has been postulated as part of 
the inflammatory response [1]. Lysosomes, especially 
of leukocytes, contain several basic proteins which 
can induce an inflammation. One of these basic pro- 
teins apparently acts by disrupting mast cells and 
might be involved in histamine release [2]. In addi- 
tion, the hydrolytic enzymes that are contained within 
the lysosomes of all cells are potentially harmful un- 
der abnormal conditions where they may hydrolyze 
and destroy different tissues [3]. 

It has been proposed that a number of pharmacolo- 
gical agents, toxins, physical procedures, etc. which 
render lysosomes more permeable in vitro may do 
so in vivo. Examples are X- and ultraviolet irradia- 
tion [4, 5], streptolysins O and S[6,7], staphylococ- 
cal alpha toxin [8], and carbon tetrachloride [9]. Cor- 
tisone, cortisol and their synthetic analogues protect 
lysosomes against damage by these and other 
agents [10-12]. 

Since anti-inflammatory steroids are membrane- 
stabilizing agents, experiments were carried out to see 
whether the new non-steroidal anti-inflammatory 
drug, fenbufen,* and its active metabolite, biphenyl- 
acetic acid, have a similar mechanism of action. 


MATERIALS AND METHODS 


Preparation of lysosome-rich fraction. Male Spra- 
gue—Dawley rats, weighing approximately 200 g, were 
used in all preparations. Animals were killed by deca- 
pitation, and the liver was quickly removed and 
dropped into a beaker containing ice-cold 0.25 M suc- 
rose. The liver was removed, blotted on a paper towel 
and transferred to a second tared beaker containing 
approximately 10 mi of ice-cold 0.25 M sucrose. After 
weighing, the liver was cut into small pieces with a 





* Fenbufen is the U.S.A.N.-approved generic name for 
3-(4-biphenylylcarbonyl)propionic acid and biphenylacetic 
acid is one of its several metabolites in vivo. A clinical 
report on fenbufen’s activity in rheumatoid arthritis has 
recently appeared [Curr. Ther. Res. 18, 295 (1975)]. 


pair of scissors and the volume of sucrose adjusted 
to give 0.5 g liver/ml. Homogenization was carried 
out in a glass tube fitted with a Teflon pestle (manu- 
factured by A. H. Thomas, Philadelphia, Pa.). The 
pestle was driven at about 2200 rev/min by a fixed 
hand drill operated by a foot pedal. The tube, main- 
tained in crushed ice, was raised and lowered once. 
The homogenate was then transferred to a 50-ml glass 
conical centrifuge tube and the volume brought to 
40 ml with 0.25 M sucrose. The homogenate was cen- 
trifuged for 10 min at 1700 rev/min (580g). After cen- 
trifugation, the supernatant was carefully removed, 
transferred to an Erlenmeyer flask and maintained 
at 0° until further fractionation. The pellet was redis- 
persed after the addition of 15 ml of 0.25 M sucrose 
and transferred to the glass homogenizer. It was 
homogenized and centrifuged as above. The superna- 
tant from the second homogenization was combined 
with the first supernatant and transferred to a 50-ml 
polycarbonate tube. Volumes were adjusted to 40 ml 
in each tube. The supernatants were centrifuged at 
12,500 rev/min for 20 min in the Servall model SS-3 
using the SS-34 rotor (R,,,, = 10.80m, Rin = 5.0m; 
g (av) = 18,800). After centrifugation, the supernatant 
was removed and discarded. Ice-cold 0.25 M sucrose 
was added to give a concentration of 1 g wet weight 
liver/ml and the pellet gently dislodged with a glass 
rod. The lumpy suspension was transferred to a 15-ml 
Dounce homogenizer and the pellet resuspended by 
two strokes with the loose fitting pestle and two 
strokes with the tight fitting pestle. The suspension 
was transferred to a 50-ml polycarbonate centrifuge 
tube, the volume was brought to 40 ml, and the con- 
tents were centrifuged as above. This procedure was 
repeated once again so that the lysosome fraction was 
washed twice. After the final centrifugation, the pellet 


‘was resuspended to a concentration representing 


0.125 g wet weight liver/ml. 

Membrane stabilization assay. The lysosome sus- 
pension (1 ml) was mixed with 10 yl of the concen- 
trated drug dissolved in either dimethylsulfoxide or 
dioxane. Solvent alone was added to control tubes. 
After the addition of 1 ml of 0.1.M sodium acetate 
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buffer, pH 5.0, made up in 0.25 M sucrose, these sus- 
pensions were incubated at pH 5.0 and 37°. During 
this incubation, the concentration of acetate plus ace- 
tic acid was 0.05 M, that of the solvent 0.5% (v/v). 

Acid phosphatase determination. To measure free 
acid phosphatase, sodium f-glycerophosphate was 
added to the lysosome suspension to a final concen- 
tration of 0.05 M, as a solution in 0.25 M sucrose con- 
taining 0.05 M sodium acetate buffer, pH 5.0, in order 
not to modify the composition of the medium. The 
incubation was carried out for 10 min. The reaction 
was terminated by the addition of ice-cold trichloro- 
acetic acid to a final concentration of 6°. An aliquot 
of the phosphate set free was then determined by a 
colorimetric assay [13]. Total enzyme activity was 
determined by disrupting lysosomes with 0.1% Triton 
X-100. 

Experiments in vivo. Male Sprague-Dawley rats 
weighing between 175 and 200g were used. Animals 
were given, by gavage, the following doses of anti- 
inflammatory drugs suspended in 0.067 M phosphate 
buffer containing 1° starch: 2 mg/kg of indometha- 
cin, 100 mg/kg of hydrocortisone, 400 mg/kg of 
aspirin, and 50 mg/kg of fenbufen. These doses could 
be considered the maximum tolerated for chronic 
adminstration. The drugs were given at 3:00 p.m. for 
3 consecutive days and the animals sacrificed the 
morning of day 4. Livers were removed, prepared and 
assayed :for membrane stabilization as described 
above. 

Reagents. Cholesterol, hydrocortisone and corti- 
sone were purchased from CalBiochem. Aspirin was 
purchased from Penick & Co. Fenbufen, p-biphenyla- 
cetic acid, and phenylbutazone were generously sup- 
plied by the Process and Analytical Section of Lederle 
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Fig. 1. Release of acid phosphatase from lysosomes in vitro. 
Lysosomal fraction, representing 125 mg wet weight liver, 


was suspended in 0.05 M sodium acetate, pH 5.0, contain- 
ing 0.25 M sucrose and incubated at 37°. 


Laboratories. We gratefully acknowledge the gift of 
indomethacin from Merck & Co. 


RESULTS 


Latency of acid phosphatase. Figure 1 illustrates a 
typical experiment showing the magnitude of acid 
phosphatase release from rat liver lysosomes with 
time of incubation. By 60 min, greater than. 80 per 
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Fig. 2. Effect of fenbufen, cholesterol and selected anti-inflammatory drugs, at concentrations 5 x 10°° 

to 5 x 10°*M, on acid phosphatase release. Lysosomal fraction was suspended in 0.05 M_ sodium 

acetate, pH 5.0, containing 0.25M sucrose, and incubated at 37° for 40 min. Each bar represents 
the mean of three experiments. Verticle lines are + S. E. M. 
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Fig. 3. Effect of fenbufen, biphenylacetic acid and indomethacin, at concentrations 5 x 10°° to 

5 x 10°*M, on acid phosphatase release. Lysosomal fraction was suspended in 0.05 M sodium acetate, 

pH 5.0, containing 0.25M sucrose, and incubated at 37° for 40 min. Each bar represents the mean 
of duplicate determinations from a single experiment. 


cent of the total acid phosphatase has been released 
into the medium, after which time there are small 
increases. At zero time, approximately 8 per cent of 
the total activity is already soluble. This zero time 
value varies between 0 and 10 per cent and is an 
indication of the state of the preparation. Prep- 
arations giving greater than 10 per cent zero time 
values were discarded since the lysosomes were 
assumed to have been labilized by the preparative 
procedure. 

' Effect in vitro of drugs. Figure 2 shows the effect 
of fenbufen and other anti-inflammatory drugs on 
lysosomal membrane stability. Cholesterol and corti- 
sone acetate are known lysosomal stabilizers [11, 14]. 
Both cholesterol and cortisone, used in these exper- 
iments as standards, do function as_ stabilizers 
whereas fenbufen and the non-steroidal anti-inflam- 
matory drugs are labilizers. Indomethacin is the most 
potent non-steroidal anti-inflammatory drug in acce- 
lerating the release of acid phosphatase from the lyso- 
some fraction, whereas fenbufen shows the smallest 
effect. In one experiment, as shown in Fig. 3, the con- 
centration range for indomethacin, biphenylacetic 
acid and fenbufen was extended to 5 x 10°°M to 
determine whether there is stabilization at lower con- 
centrations. Some investigators have observed such 
a biphasic reaction for some _anti-inflammatory 
drugs [15]. In the experimental system reported in 
this paper, no such biphasic reaction was seen. 

It has been reported [16] that the experimental 
conditions that are selected can determine whether 
drugs will act as stabilizers or labilizers. Therefore, 
the effect of pH, osmotic conditions and the nature 
of the subcellular populations were examined. A 
population of particles containing only larger lyso- 
somes (SS-34 head; Servall model  SS-3; 
Riyax = 10.80m, Rin = 5.00m; g (av) = 3640) was 


max 


isolated and the effect of fenbufen and the other anti- 
inflammatory drugs was tested as described above. 
No differences were found between this subcellular 


Table 1. Effect of anti-inflammatory drugs on release of 
acid phosphatase from rat liver lysosomes at pH 7.4 and 
0.18 M sucrose* 





°. Release of 
acid phosphatase 
(mean + | S.E.M.) 


Concn 
(M) 


Z 


Drug 





Indomethacin 


Phenylbutazone 


Biphenylacetic acid 


eH Fe HE I HE 


2 es 
> 
ee 
o 


10.5 + 0.8 
94+ 08 
9.0 + 1.0 
49 + O0.St 
6.7 + 0.6% 
8.2+ 0.8 
7.6 + 0.7 
8.4 + 0.7 
8.4 + 0.7 
9.0 + 0.5 


Fenbufen 


Cholesterol 


Cortisone 


Afb AU & DAU bb 


ae ae Gee So) ae ee ae ee a: a ee a a ae 


AAAAMAAAAAaAaAaannananan 
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Control (vehicle) 





* An aliquot (0.2 ml) of liver fraction was added to 2.0 ml 
of 0.18 M sucrose-0.04 M Tris-acetate, pH 7.4, and centri- 
fuged either immediately or after a 15-min incubation 
period. An aliquot (0.5 ml) was used in the enzyme assay. 

+ Statistically significant differences from control group 
with P < 0.05. 

t Statistically significant differences from control group 
with P < 0.01. 
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Table 2. Effect of oral administration of drugs on the stabi- 
lity of rat liver lysosomes* 





°” Release of acid 
phosphatase in vitrot 


°., Change in 


Drug body weight 





+ 11.6 + 0.7 
+5.7+08 


36.3 + 2.5 
27.8 + 3.8 
(P < 0.10) 
33.8 + 3.7 
(NS) 
32.7 + 3.8 
(NS) 


None 
Hydrocortisone 
(100 mg/kg) 
Fenbufen 

(S50 mg/kg) 
Indomethacin 
(2 mg/kg) 


+ 11.5 + 


+ 12.0 + 1.2 





* Male Sprague-Dawley rats, weighing 175-200 g, were 
given, by gavage, the indicated dose of drugs in phosphate 
buffer containing 1°%, starch for 3 consecutive days. 

+ An aliquot (1.0 ml) of lysosome suspension was added 
to 1.0ml of 0.1M sodium acetate buffer, pH 5.0, made 
up in 0.25M sucrose and incubated at 37° for 40 min. 
Sodium {-glycerophosphate was then added (0.5 ml) to a 
final concentration of 0.05 M as a solution in 0.25 M _ suc- 
rose containing 0.05 M sodium buffer, pH 5.0. The reaction 
was terminated by the addition of 0.4 ml of trichloroacetic 
acid (35°, w/v). An aliquot was assayed for the free phos- 
phate [13]. NS = not significant. 

t Values represent the mean of eight determinations + 
1 S.E.M. 


population and the subcellular population containing 
a more complete lysosomal population. The method 
of Ignarro [16] was used to examine the effect of pH 
and osmotic medium (Table 1). In contrast to 


Ignarro’s results, fenbufen, biphenylacetic acid and in- 
domethacin labilize the lysosomes under these condi- 
tions at all concentrations. They are, however, much 


weaker labilizers than they are at pH 5.0. Phenylbuta- 
zone, in this assay system, acts as a stabilizer. 

Effect in vivo of drugs. Table 2 shows the results 
of stabilization assays of lysosomes from rats treated 
with fenbufen, indomethacin and hydrocortisone for 
3 days. The experiments were designed to see whether 
the membrane properties of lysosomes were altered 
by administration in vivo as tested under conditions 
in vitro. The results show that neither fenbufen nor 
indomethacin is significantly different from untreated 
controls in affecting membrane stability. In contrast, 
the anti-inflammatory steroid, hydrocortisone, did 
show a small amount of stabilization. 


DISCUSSION 


The experiments described in this report demon- 
strate that fenbufen and biphenylacetic acid are labi- 
lizers of the lysosomal membrane. These two drugs 
have the same effect on the lysosomal membrane as 
do the other non-steroidal anti-inflammatory drugs 
tested_ in these experiments. All the non-steroidal 
anti-inflammatory drugs showed a potent capacity to 
disrupt the lysosomal membrane at pH 5 and a 
moderate ability to do so at pH 7.4. On the other 
hand, under the same experimental conditions, both 
cholesterol and cortisone were membrane stabilizers. 
Others have reported similar findings with other non- 
steroidal anti-inflammatory drugs. Weissman [17] 
found that neither salicylates, indomethacin nor flu- 
fenamic acid had the capacity to stabilize lysosomes. 
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He found these compounds to be labilizers. Similarly, 
different investigators have not demonstrated stabiliz- 
ing properties for selected non-steroidal anti-inflam- 
matory drugs[18—22]. Fenbufen and biphenylacetic 
acid, therefore, show a similar property as other 
members of this class of drugs. 

As shown in Table 1, stabilization by non-steroidal 
anti-inflammatory drugs could not be demonstrated 
by incubating the lysosomes in a Tris-acetate buffer 
at pH 7.4. This is in contrast to Ignarro [16], who 
found non-steroidal anti-inflammatory drugs to stabi- 
lize the lysosomal membrane under these conditions. 
In addition, the use of a “large lysosomal” fraction 
(sedimenting at 3500 g range), under these experimen- 
tal conditions, did not result in stabilization. Lyso- 
somes are more stable at pH 7.4 in Tris—acetate buffer 
compared to sodium acetate buffer at pH 5.0 as 
shown by Ignarro (see also Table 1). However, except 
for phenylbutazone, fenbufen and the other non-ster- 
oidal anti-inflammatory drugs were labilizers under 
both conditions but to different degrees. The differ- 
ences between the results shown in this report and 
those of Ignarro[16] and Tanaka and lizuka [23] 
could be due to subtle differences in the preparation 
procedures. 

The mechanisms whereby non-steroidal anti- 
inflammatory drugs affect lysosomes are not known. 
As discussed by deDuve er al. [11], lysosome disrup- 
tion may involve an initial enzymatic reaction which 
may serve to initiate a series of events which include 
changes in permeability, diffusion of solutes and an 
osmotic type of swelling before leading to disruption. 
A test compound might interact with the membrane 
of the particles and either influence its susceptibility 
to the attacking enzymes or modify the way in which 
its physical properties are affected by a given degree 
of enzymatic degradation. The known ability of non- 
steroidal anti-inflammatory drugs to bind to serum 
proteins [24] might be an indication of their ability 
to bind to plasma membrane proteins and change 
the properties of the lysosomal membrane. This 
mechanism probably accounts for the effects of ster- 
oids which bind to membrane phospholipids [25]. 

This study reveals that indomethacin is the most 
potent labilizer and fenbufen the mildest at pH 5S. 
It is possible that these findings could be related to 
the ulcerogenic effect of these two drugs. Lewis et 
al. [15] studied the effect of phenylbutazone on iso- 
lated stomachs and found an increased rate of release 
of p-nitrophenylphosphatase which correlated with 
the ulcerogenic action of phenylbutazone. In addition, 
Lewis [26] has found that non-steroidal drugs acce- 
lerate the thermal denaturation of albumin at high 
concentrations (10°*M). From these observations, 
along with the results presented in this report, it could 
be inferred that indomethacin should be the most 
ulcerogenic and fenbufen the least based on the ability 
to release lysosomal enzymes at an acid pH. 

In the experiments in vivo, hydrocortisone showed 
a small degree of stabilization while indomethacin 
and fenbufen showed no differences from untreated 
controls. The results with hydrocortisone are consis- 
tent with the experiments in vitro. However, the two 
non-steroidal anti-inflammatory drugs tested do not 
cause an increased fragility of the isolated lysosomes. 
Indomethacin and fenbufen at these doses, therefore, 
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most likely do not bind to lysosomal membranes in 
vivo and render them more susceptible to challenging 
agents as occurs in vitro. 

It appears, therefore, that fenbufen and biphenyla- 
cetic acid fall into the same class as the other non- 
steroidal anti-inflammatory drugs with respect to 
their ability to affect the lysosomal membrane. Since 
labilization of lysosomal membranes will result in cell 
and tissue destruction, this effect cannot be used to 
explain the anti-inflammatory mechanism of fenbufen 
or other non-steroidal drugs. 
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Abstract—Uncloned and cloned mouse neuroblastoma cells in vitro developed neurite-like processes 
upon treatment for 48hr with 10°° to 3 x 10°*M sodium butyrate. Although treatment with 
5 x 10°*M sodium butyrate caused neurite formation after 18 hr, the per cent of the cells having 
neurities returned to control level by 48 hr of treatment. Cell division decreased and acetyicholinesterase 
activity increased with 5 x 10°*M sodium butyrate; these parameters were unaltered in the presence 
of 10°° or 10°°M sodium butyrate. Sodium butyrate was more effective than sodium propionate 
or sodium valerate in causing a decrease in cell division and an increase in acetylcholinesterase activity, 
and sodium isobutyrate or gamma aminobutyric acid was ineffective. The effects of sodium butyrate 
on cell division and acetylcholinesterase activity were reversible after treatment was discontinued. It 
is concluded that the ability of butyrate to stimulate neurite formation at low concentrations is opposed 
by additional actions on the cell as its concentration is increased. 


Exposure in vitro of mouse neuroblastoma cells to 
dibutyryl adenosine 3’, 5’ cyclic monophosphoric acid 
(B,cAMP) or to phosphodiesterase inhibitors, such 
as papaverine or 4-(3-butoxy-4-methox ybenzyl)-2-imi- 
dazolidinone (RO20-1724), stimulates the generation 
of features similar to those of mature nerve cells. 
These features include a reduction in cell divi- 
sion [1,2], formation of axon-like processes or neur- 
ites (referred to generally as morphologic differentia- 
tion) [2,3], and increases in the activities of tyrosine 
hydroxylase[4-6] and acetylcholinesterase [2,7]. 
Sodium butyrate, used as a control for B,cAMP since 
it can be generated within the cell from B,cAMP [8], 
also causes some of these changes. For example, 
5 x 10°* or 10°37M sodium butyrate causes a de- 
crease in cell division [1,2,4,6] and an increase in 
the activities of tyrosine hydroxylase [4, 7], cathechol- 
O-methyl transferase [9] and acetylcholinesterase [7]. 
Sodium butyrate in these concentrations also causes 
an increase in neuroblastoma cyclic AMP[10], RNA 
and protein, with an accompanying decrease in cellu- 
lar DNA[11]. Although many of the agents which 
cause similar changes in neuroblastoma cells also 
stimulate “morphologic differentiation,” 5 x 10°* or 
10°3M sodium butyrate has been reported to lack 
this effect [1,2,4,6]. However, Glazer and Sch- 
neider [12] showed that 10°° to 3 x 10°*M sodium 
butyrate is capable of stimulating process formation, 
and at 3 x 10°*M also increases acetylcholinesterase 
activity and decreases cell division. Higher concen- 
tration did not stimulate neurite formation. Sodium 
butyrate has also been reported to alter the morpho- 
logy and growth rate of Chinese hamster cells in cul- 
ture [13]. 





* Present address: Geriatric Research, Educational and 
Clinical Center, Veterans Administration Hospital, Bed- 
ford, MA 01730, U.S.A. 


In view of the varied effects of sodium butyrate 
on neuroblastoma cells in culture, and of the apparent 
concentration dependency of the effects, a more thor- 
ough study of this agent was undertaken, the results 
of which are reported here. 


MATERIALS AND METHODS 


The uncloned population of mouse C1300 neuro- 
blastoma cells designated T59 and the clone of C1300 
neuroblastoma cells designated NBA, used in this 
study were both generously provided by Dr. K. N. 
Prasad (Department of Radiology, University of Col- 
orado School of Medicine) and have been described 
previously [3]. Cell culture conditions used in this 
laboratory have been reported elsewhere [12]. The 
NCTC clone 929 of mouse strain L connective tissue 
cells was obtained from the Center for Disease Con- 
trol, Atlanta, Ga., and was grown under conditions 
identical to those for growth of neuroblastoma cells. 
Generation times for cells in exponential growth were 
between 19 and 24 hr. 

The formation of neurite-like processes greater in 
length than the average cell diameters of 25-50 um 
was considered indicative of morphological differen- 
tiation, and was expressed as the per cent of the total 
number of cells counted (250-350 cells) that had pro- 
cesses fitting this criterion. The number of cells 
sloughed into the medium were counted separately 
from those harvested from the flask with Viokase 
(0.25%, v/v), and a total flask cell count represents 
the cells in the medium plus those harvested. Per cent 
viability of the cells was measured with 0.4%, trypan 
blue in PBS (8.0g NaCl, 2.0g KCl, 1.15g Na,PO, 
and 2.0g KH,PO, in distilled water to yield 1 liter) 
for 2 min at 36. The values for the number of experi- 
ments (N) in the statistical data presented in the 
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Results section represent the number of separate 
flasks used for analysis. 

Media were routinely changed every other day un- 
less a drug was present, in which case media were 
changed every day unless stated otherwise. The drugs 
used in this study were dissolved in PBS and added 
to the cultures in volumes of 0.1 ml or less. The 
organic acids were neutralized to pH 7.2 to 7.4 with 
sodium hydroxide prior to use. The drugs used in 
this study were obtained from commercial sources, 
with the exception of 4-(3-butoxy-4-methoxybenzyl)- 
2-imidazolidinone (R020-1724), which was generously 
supplied by Dr. W. G. Scott of Hoffmann-LaRoche 
Inc. 

Enzyme activity of 1 to 10x 10° cells was 
measured after their lysis by freezing and thawing in 
50 pl of 10°, (v/v) Trition X-100. The lysed sample 
was diluted to 0.5 ml with water and used for analysis 
of acetylcholinesterase activity by the spectropho- 
metric method of Ellman et al. [14]. Enzyme activity 
of extracts of cells treated with 5 x 10°*M sodium 
butyrate for 30-48 hr using 5 x 10°* or 5 x 10°7M 
butyrylthiocholine as substrate was only 4 and 8 per 
cent, respectively, of the activity measured with 
5 x 10°*M acetylthiocholine as substrate, indicating 
that the activity of pseudo-cholinesterase is very low 
relative to that of acetylcholinesterase [15]. Glucose 
6-phosphate dehydrogenase activity of the diluted 
Trition X-100 extracts was measured by the spectro- 
photometric procedure of Zinkham et al.[16] as 
modified by O’Brien et al. [17], and lactate dehydro- 
genase activity of the extracts was measured by the 
spectrophotometric procedure of Wroblewski and 
LaDue[18]. Enzyme activity was linear with the 
amount of extract and with time up to at least 15 min 
for each of these assays. There was no detectable loss 
of enzyme activity upon storage of the Trition X-100 
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extracts in the freezer (—20°) for up to 7 days. Ali- 
quots (100 yl) of the dilute lysate were added to 5 ml 
of 5°, trichloroacetic acid for precipitation of protein 
which was subsequently assayed by the microbiuret 
method [19]. 

Cells were grown on glass coverslips for photo- 
microscopy. Coverslips on which cells were growing 
were washed for | min in serum-free media, | min in 
PBS and approximately | sec in distilled water and 
then placed in methanol for 5 min for cell fixation. 
The cells were stained with the nonspecific protein 
stain, amido-Schwartz dye, in order to visualize the 
processes maximally. The fixed cells were dipped in 
a solution of 0.03°,, dye in 7.5°%, acetic acid for 15 sec. 
The slips were then washed in three changes of ace- 
tone for | min each and finally dehydrated by two 
successive treatments with acetone—xylene (1:1) for 
| min and with xylene for 5 min. All these steps were 
carried out at room temperature. Cells growing in 
flasks were also photographed through an inverted 
stage microscope equipped with phase contrast optics 
using a Polaroid camera. 


RESULTS 


Neurite formation. Previous studies have shown 
that 5 x 10°* or 10°3M sodium butyrate fails to 
stimulate neurite formation in mouse neuroblastoma 
cells growing in culture, even though it inhibits cell 
division. However, exposure of neuroblastoma cells 
to sodium butyrate in concentrations between 10° ° 
and 3 x 10°*M did cause formation of neurite-like 
processes (Fig. 1), although lower or higher concen- 
trations were ineffective. The neurites formed after 
48 hr in the presence of the lower concentrations of 
sodium butyrate (10°° and 5 x 10°°M, in Fig. 2 
B-D) are similar to those which develop in the pres- 
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Neurite formation in T59 neuroblastoma cells after 48 hr treatment with sodium butyrate. 


Cells were plated at 0.025 x 10°/ml in 25cm? Falcon plastic flasks containing 5 ml media, and allowed 
to grow for 3 days. On day 3, the media were changed and sodium butyrate was added to give 
the concentrations indicated on the abscissa. Media and drug were changed 24 hr later and the cells 
were harvested for analysis the following day. The numbers in parentheses by each point indicate 
the number of experiments and the asterisks indicate values which are statistically different from control 
at a P < 0.05 level or better. Neurite formation was measured by means of an inverted stage microscope 
and reflects the per cent of the cells having processes longer than the diameter of the cell body. 





Effects of sodium butyrate on mouse neuroblastoma cells 


Fig. 2. Photomicrographs of T59 neuroblastoma cells growing on glass coverslips contained in plastic 


petri dishes. The cells were fixed in methanol and stained with 0.03°,, amido Schwartz dye in 7.5°, 
acetic acid (see Methods for details). Cell inoculations were 0.025 x 10°/ml in 5 ml. Fresh media and 
sodium butyrate were added after 3 days: a media change and drug addition were made 24 hr later. 
The cells were prepared for microscopy 24hr after the second drug treatment. The magnification 
of the photographs is 273. Panel A, control: panels B and C, 10°°M sodium butyrate: panel D. 
5 x 10°°M sodium butyrate; panel E, 5 x 10°*M sodium butyrate: and panel F, 1.0 x 10°°M 
4-(3-butoxy-4-methoxybenzyl)-2-imidazolidinone (RO20-1724). 


ence of other agents known to induce neurite forma- 
tion in neuroblastoma cells; the processes, which can 
be quite long, often have a beaded appearance and 
enlarged endings. In many instances, the processes 
formed after treatment with sodium butyrate are 
wider than those formed in the presence of other in- 
ducing agents, an effect which is more pronounced 
at the higher concentrations. The number of cells with 
abnormal morphology generally increases as the con- 
centration of butyrate increases, evidenced by the 
giant cell shown in Fig. 2E. Concentrations of sodium 
butyrate above 3 x 10°*M produce enlargement and 
vacuolization of the cells, fewer of the cells having 
neurites than at the lower concentrations. Process for- 
mation in cells treated with RO20-1724 for 48 hr is 
shown in Fig. 2F for comparison. This concentration 
of RO20-1724 routinely stimulates process formation 
in 80-85 per cent of T59 cells. 

The possibility that sodium butyrate in concen- 
trations of 5 x 10°°M or higher produces cytotoxic 
effects which oppose neurite formation or cause 
retraction of formed neurites was tested by examining 
process formation in T59 cells at short time intervals 
during a 48-hr 5 x 10°*M sodium butyrate treat- 


ment period (Table 1). Neurite formation increased 
18 hr after treatment, remained high up to 24 hr, then 
declined to pretreatment level by 48 hr. The processes 
formed by 18 hr were similar in appearance to those 
formed after 48 hr exposure to the lower sodium 
butyrate concentrations, reaching a length up to 
| mm. Untreated cells remained at control levels over 
the 48-hr period. The ability of 5 x 10°*M sodium 
butyrate to reduce or prevent neurite formation was 
further tested by examining its effects on processes 
induced by 10°°M papaverine. Table 2 shows that 
neurite formation stimulated by exposure of the cells 
to papaverine for 48 hr was slightly less if 5 x 10°*M 
sodium butyrate was present (67 per cent for papaver- 
ine vs 54 per cent for papaverine + sodium butyrate; 
P < 0.001). Addition of sodium butyrate after treat- 
ment of the cells with papaverine for 48 hr did not 
reduce the per cent of cells having neurites over the 
following 48hr if papaverine was also present, 
although it did if papaverine treatment was not con- 
tinued over this time (25 per cent for sodium butyrate 
alone in the second 48-hr period vs 49 per cent for 
sodium butyrate + papaverine present in the second 
48-hr period; P < 0.001). Treatment with sodium 
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Table 1. Effects of 5 x 10°*M sodium butyrate on T59 neuroblastoma cells after various times of treatment* 





Length of treatment (hr) 





6 24 48 





37 + 3 42 + It 29+ 1 
(5) (5) (5) 
0.43 + 0.07 0.38 + 0.07 0.68 + 0.11 2.12 + 0.69% 5.29 + 0.44+ 
(7) (5) (5) (4) (7) 
0.26 + 0.02 0.23 + 0.02 0.26 + 0.03 0.28 + 0.03 0.37 + 0.027 
(12) (8) (8) (8) (8) 


Neurite formation 
Acetylcholinesterase 


Protein 





* T59 cells (0.25 x 10°) were plated in 25 cm? Falcon plastic flasks containing 5 ml media. Fresh media were added 
on day 3 after plating. The addition of sodium butyrate was staggered so that all flasks were harvested at the same 
time. Results are expressed as mean + standard error and the figures in parentheses represent the number of separate 
flasks analyzed. Neurite formation is expressed as the per cent of the cells having processes longer than the diameter 
of the cell body: acetylcholinesterase activity is expressed as nmoles substrate converted/min/10° cells; protein is 
expressed as mg/10° cells. 

+ Indicates statistical significance at P < 0.05 or greater. 


butyrate for either 48 or 96 hr did not prevent induc- 
tion of neurite formation by the addition of papaver- 
ine in the second 48-hr period (34 per cent for sodium 
butyrate only for 96 hr, 64 per cent for sodium butyr- 
ate for 48 hr followed by papaverine for 48 hr, and 
71 per cent for sodium butyrate for 96 hr with papa- 
verine present during the second 48-hr period). 
Other ‘effects. The effects of three concentrations 
(10°°, 10°° and 5 x 10°*M) of sodium butyrate on 
cell growth, protein content, process formation and 
acetylcholinesterase activity for uncloned neuroblas- 
toma cells are shown in Table 3. The most pro- 
nounced effects of sodium butyrate occurred at the 
highest concentration, and consisted of decreased cell 
growth and increased acetylcholinesterase activity. 
Protein content of the cells increased almost 100 per 
cent after exposure of the cells to the highest concen- 
tration of sodium butyrate. Table | shows that acetyl- 
cholinesterase activity increased with increasing 
length of exposure to 5 x 10°*M sodium butyrate 
over a 48-hr treatment period, although an increase 
in cell protein was not evident until 48 hr of treat- 
ment. Process formation, cell protein content and ace- 


tylcholinesterase activity were unaltered over the 
48-hr period in untreated cells. There was no increase 
in sloughing of cells from the flask surface at any 
of the concentrations tested. 

Inclusion of 1.1 x 10°°M cycloheximide during a 
24-hr treatment period markedly reduced the sodium 
butyrate (5 x 10° *M)-induced increase in acetylcho- 
linesterase activity; the reduction in two separate ex- 
periments was 96 and 100 per cent respectively. Cyc- 
loheximide at this concentration also completely inhi- 
bited cell division and increased cell sloughing from 
4.2+0.3 per cent (N = 12) to 42.6+2.8 per cent 
(N = 12). Neurites were absent in cells treated with 
1.1 x 10°°M cycloheximide for 24 hr. However, via- 
bility of cells remaining attached to the flask, and 
which were used for analysis of acetylcholinesterase 
activity, remained high, with a value of 79.3 + 7.2 per 
cent (N = 4), compared to 91.34 3.2 per cent 
(N = 4) for untreated cells. In the presence of 
1.1 x 10°5M cycloheximide and 5 x 10°*M sodium 
butyrate, cell sloughing was 39.3+ 1.8 per cent 
(N = 4), and viability of harvested cells was 
88.3 + 2.2 per cent (N = 4). Treatment of the cells 


Table 2. Effects of sodium butyrate and papaverine on neurite formation in T59 neuroblastoma cells* 





48-hr Treatment 


96-hr Treatment 





0-48 hr Neurite formation 


0-48 hr 


48-96 hr Neurite formation 





Regular media 
Papaverine 
Sodium butyrate 


Papaverine + 
sodium butyrate 


Regular media 
Papaverine 
Papaverine 


Paperverine 
Papaverine 
Sodium butyrate 
Sodium butyrate 
Sodium butyrate 


Regular media Too denset 

Regular media 62 +2 

Papaverine + 
sodium butyrate 


a 
t 
I+ 


Regular media 
Sodium butyrate 
Sodium butyrate 
Papaverine 
Papaverine + 
sodium butyrate 


SeLRS 
no 
H+ I H+ + 


7144 





* Papaverine and sodium butyrate concentrations were 10 


* and 5 x 10°*M respectively. Neurite formation’ is 


expressed as the per cent of cells having processes longer than the diameter of the cell body. Cells (0.075 x 10°) 
were plated in 25cm Falcon flasks containing 5 ml media and allowed to grow 24hr before treatment was initiated 
at 0 time. Fresh media and drugs were added after the first 48-hr treatment period; N = 5 in each case. See text 
for statistically significant differences. 

+ Cells were at confluent density. 
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Table 3. Effects of short-chain fatty acids and GABA on uncloned neuroblastoma cells in culture* 





Neurite 
Agent 
and 
molar concn 


Cell No. 
(as 10° cells) 


formation 
(% of cells 
with neurites) 


Acetylcholinesterase 
(nmoles/min/10° cells) 


Protein 
(mg/10° cells) 





Control 6.8 + 0.7 (24) 
Propionate 
1ig-* 
1075 
5x 10-4 
Butyrate 
1¢-° 
1075 
5 x 10-4 
Valerate 
iw 
10-5 
5 x 1074 
Isobutyrate 
10°° 


TS = 136) 
6.8 + 1.4(5) 
5.6 + 1.0(5) 


5.6 + 0.7 (10) 
4.8 + 0.8 (10) 
3.4 + 0.47 (21) 


31 + 1(20) 


46 + 77 (6) 


0.33 + 0.03 (20) 0.56 + 0.07 (29) 
0.50 + 0.08 (12) 
0.57 + 0.12 (8) 
1.97 + 0.294 (12) 


0.25 + 0.04 (4) 
0.27 + 0.04 (4) 
0.39 + 0.09 (4) 


0.30 + 0.02 (10) 
0.37 + 0.04 (10) 
0.57 + 0.06 (16) 


0.47 + 0.04 (16) 
0.81 + 0.17 (14) 
6.00 + 0.60F (26) 


0.39 + 0.08 (3) 
0.60 + 0.18 (3) 
0.49 + 0.12 (3) 


0.55 + 0.13 (6) 
0.58 + 0.21 (8) 
2.70 + 0.717 (18) 


0.17 + 0.01F (4) 
0.24 + 0.01 (4) 
0.31 + 0.07 (4) 


0.41 + 0.07 (8) 
0.49 + 0.07 (8) 
0.55 + 0.10 (8) 


0.28 + 0.08 (6) 
0.30 + 0.08 (4) 
0.28 + 0.09 (6) 


0.91 + 0.19 (6) 
1.00 + 0.22 (4) 
0.80 + 0.16 (6) 





* Cells (0.25 x 10°) were plated in 25cm? Falcon plastic flasks containing 5 ml media. Fresh media and the agents 
were added on day 3 after plating. The flasks contained between 1.7 and 2.1 x 10° cells on the initial day (day 3) 
of drug treatment. Fresh drugs and media were added 24 hr later and the cells were harvested 24 hr after the second 
treatment. Total exposure to the agents was 48 hr and the cells were in culture for a total of 5 days. The parameters 
listed in the table were measured by methods described in Materials and Methods. All acids were used as the sodium 
salts. Results are expressed as mean + standard error. The numbers in parentheses represent the number of experiments. 


+ Indicates statistical significance at P < 0.05 or greater. 


with this concentration of cycloheximide for 24 hr 
reduced the incorporation of [*H leucine into protein 
during a subsequent 4-hr incubation period by 97.4 
per cent. 

The lowest and intermediate concentrations of 
sodium butyrate did not produce a change in acetyl- 
cholinesterase activity, although both concentrations 
caused an increase in neurite formation. Sodium 
valerate at 10°° M was more effective than butyrate 
in causing neurite formation. Cell viability, as 
measured by trypan blue exclusion, was unaltered 
over the 48-hr time period by the two lowest concen- 
trations tested, but was less than controls after expo- 
sure to 5 x 10°*M (control, 87 + 2, N = 18; sodium 
butyrate, 70 + 4, N = 15: P < 0.001). 

The reversibility of the increase in acetylcholines- 
terase activity was tested by treating T59 cells in 
duplicate flasks for 4 days with 5 x 10°*M sodium 
butyrate, resulting in an enzyme level of 5.30 nmoles/ 
min/10° cells. These cells were then harvested and 
replated in regular media at a density of 0.036 x 10° 
cells/ml in 25cm? Falcon plastic flasks containing 
5 ml media. Within 24 hr of replating, the acetylcho- 
linesterase activity, as nmoles/min/10° cells, was 0.80 
and 24hr later was 0.10. The cells grew to confluent 
density by day 9, at which time the activity had in- 
creased to 1.00 nmoles/min/10° cells. Addition of 
sodium butyrate directly to the acetylcholinesterase 
assay mixture to give a concentration of 5 x 10°*M 
had no effect on the enzyme activity. 

Cells treated for 48 hr with 5x 10°*M sodium 
butyrate did not show an increase in specific activities 


(O.D. units/min/mg of protein) of lactate dehydrogen- 
ase (LDH) or glucose 6-phosphate dehydrogenase 
(G-6-PD), even though acetylcholinesterase was 
markedly elevated at this time (LDH, control, 
1.80 + 0.15, N = 5; LDH, sodium butyrate-treated, 
1.23 + 0.16, N= 4; G-6-PD, control, 0.16 + 0.02, 
N = 7; G-6-PD, sodium butyrate-treated, 
0.10 + 0.01, N = 5). 

Structure-activity relationships. The effects of other 
short-chain fatty acids on T59 neuroblastoma cells 
are shown in Table 3. Sodium butyrate was the only 
agent which caused a statistically significant decrease 
in cell growth, reflected in absolute cell number at 
the time of harvest, even though the mean values for 
cell numbers tended to be lower for the highest con- 
centration of propionate and valerate. However, 
analysis of the data expressed as per cent of control 
for each experiment showed a statistically significant 
decrease in cell number with propionate, butyrate and 
valerate (81+ 7 per cent control for propionate, 
P < 0.025; 48 + 3 per cent of control for butyrate, 
P < 0.001; 76 + 6 per cent of control for valerate, 
P < 0.001). There was no reduction in cell division 
with sodium isobutyrate or gamma aminobutyric acid 
(GABA). Acetylcholinesterase activity was increased 
by treatment with both propionate and valerate, 
although the increases were less than that for sodium 
butyrate. Acetylcholinesterase activity was unaltered 
by isobutyrate or GABA. The specific activity of ace- 
tylcholinesterase (nmoles substrate converted/min/mg 
of protein) was also elevated after 48 hr of treatment 
with 5 x 10°*M propionate, butyrate and valerate 
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Table 4. Effect of 5 x 10°* sodium butyrate on the NBA, clone of neuroblastoma and the L929 mouse fibroblast 
cell line* 





Process 
formation 
Cell No. (°%, of cells 
(as 10° cells) with neurites) 


Cell line and 
molarity of 
sodium butyrate 


Sloughing 


total cells 


Protein 
(mg/10° cells) 


Acetylcholinesterase 


1 : 
00 (nmoles/min/10° cells) 





NBA, clone 
7.4 + 1.7(8) 
8.2 + 1.5(8) 
6.0 + 1.4(8) 
3.4 + 0.67 (9) 


35 + 1(7) 
33 + 6(6) 
36 + 5(7) 
23 + HG) 


0.1 (10) 
0.2 (8) 
0.1 (8) 
0.27 (8) 


— 
= 
ma 


oon oO 
HH + H+ 


wwe 
it 4 I+ I+ 


0.25 + 0.04 (8) 
0.23 + 0.10 (4) 
0.27 + 0.04 (6) 
0.54 + 0.067 (8) 


0.26 + 0.07 (10) 
0.52 + 0.07% (9) 
0.44 + 0.09 (10) 
5.68 + 0.80% (11) 


)(10) 
)(8) 


0.38 + 0.06 (10) 
0.34 + 0.06 (7) 
0.35 + 0.05 (8) 
0.36 + 0.08 (8) 


( 
( 
r 
( 





* Cells were plated and treated as described for Table 3. The parameters listed in the table were measured by 
methods described in Materials and Methods. Results are expressed as mean + standard error. The numbers in paren- 


theses represent the number of experiments. 


+ Indicates statistical significance at P < 0.05 or greater. 


(control, 1.86 + 16, N = 19; propionate, 8.30 + 1.36, 
N = 6, p < 0.001; butyrate, “9 + 2.20, N = 18, 
P < 0.001: valerate, 9.20 + 2.00, N = 4, P < 0.001). 

There was no effect of the ae on cell sloughing, 
with the exception of 10°°M_ valerate, which in- 
creased sloughing from 11 + 2 per cent (N = 19) to 
19 + 3 per cent (N = 5). Each of the agents tested 
produced moderate neurite formation at 10°°M, 
with decreasing effects as the concentrations were in- 
creased to 10°° and 5 x 10°*M. A lack of general 
cell toxicity of the agents listed in Table 3 is reflected 
in the lack of extensive rounding of the cells, even 
at the highest concentration tested. Sodium acetate 
at 10°°,5 x 10°* and 10° + M (N = 3 to 6) produced 
no change in cell growth, process formation, slough- 
ing of cells or acetylcholinesterase activity. The T59 
neuroblastoma cells were actually capable of more 
extensive neurite formation as shown by a 48-hr expo- 
sure to 3 x 10°°M papaverine, which caused 79 + 3 
per cent (N = 4) of the cells to form processes. 

NBA, clone and L929 fibroblasts. Sodium butyrate 
also decreased growth and increased acetylcholines- 
terase activity of the NBA, clone of neuroblastoma 
(Table 4). This agent had no effect on sloughing or 
viability of this clone, but at 5 x 10°*M did cause 
a slight decrease in the number of cells having neuri- 
ties; it also increased cell protein content at this con- 
centration. Cell growth was inhibited at the high con- 
centration only, whereas acetylcholinesterase was ap- 
proximately double at 10°° M and increased approxi- 
mately 20-fold at 5 x 10°*M. This clone followed 
a time course for neurite formation similar to that 
for the T59 cells upon treatment with 5 x 10°*M 
sodium butyrate; morphologic differentiation was 50 
per cent above control after 8 hr, but back to pretreat- 
ment levels at 24 hr of treatment and actually lower 
at 48 hr. Process formation was unchanged over this 
time period in NBA, cells maintained in regular 
media. 

Growth of L929 fibroblasts was inhibited by 
5 x 10°*M sodium butyrate, but not by 107° or 
10°-°M, Sloughing, cell protein content and acetyl- 


cholinesterase activity were unchanged by any of the 
concentrations of sodium butyrate. 

Reversibility of the effect of sodium butyrate on 
growth. The reversibility of the effect of sodium buty- 
rate on the growth of neuroblastoma cells was also 
tested. Two types of experiments were carried out for 
this purpose: (1) the medium was changed from that 
containing sodium butyrate to normal media, and (2) 
the cells were harvested from media containing 
sodium butyrate and replated at a lower density’ in 
regular media. In both procedures, cell number, mor- 
phological differentiation, cell sloughing, cell viability 
and responses to addition of sodium butyrate were 
measured. When either the uncloned or cloned cells 
were allowed to remain in media _ containing 
5 x 10°*M sodium butyrate for longer than 3-4 
days, their rate of cell division, which either slows 
or ceases completely, gradually began to increase 
again, although generation times were still greater 
than those for untreated cells. The growth curves 
shown in Fig. 3 show the effect of a 4-day and of 
a 14-day exposure to 5 x 10°*M sodium butyrate 
for the NBA, clone. The short exposure produces 
essentially complete inhibition of cell division, yield- 
ing 0.39 x 10° cells on day 5. Cell division occurred 
rapidly (generation time = 16 hr) upon return to nor- 
mal media. However, upon continued treatment with 
sodium butyrate, the cells grew to 2.7 x 10° by day 
15. The average generation time between days 5 and 
9 in the presence of sodium butyrate was 45 hr; gener- 
ation time for untreated cells in log growth was 24 hr 
in this experiment. The cells which had been treated 
with sodium butyrate for 4 days and the untreated 
cells were both harvested on day 15 and replated in 
normal media at 0.015 x 10° cells/ml. After a period 
of slow growth for 4 days both cell populations grew 
to confluency by day 24, with generation times of 
27 hr for controls and 29 hr for the cells previously 
treated with sodium butyrate. 

Results similar to those described above for the 
NBA, clone were obtained with uncloned T59 cells 
(Fig. 4). Panel a in Fig. 4 shows that treatment of 
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Fig. 3. Effects of treatment for 4 or 14 days with 5 x 10°*M sodium butyrate on the growth of 
NBA, neuroblastoma cells. The cells were plated initially at a density of 0.015 x 10°/ml in 25 cm? 
Falcon plastic tissue culture flasks containing 5 ml media. On day | after plating, one group of flasks 
was treated with 5 x 10°*M sodium butyrate, depicted by the dashed line ( -—), and another 
group was maintained in regular media, shown by the solid line (——). On day 5, a portion of the 
cells being treated with sodium butyrate was returned to regular media (solid line) and another portion 
was maintained in sodium butyrate-containing media (dashed line) for an additional 10 days. On 
day 15, the control and sodium butyrate-treated cells were harvested and replated at a density of 
0.015 x 10°/ml. The growth of these cells is shown in the two curves on the right. Cells prortontly 
treated with sodium butyrate, but replated in regular media, are shown by a broken line (—-—-—-—-—); 
cells growing in regular media are shown by a solid line ( ). 


the cells with 5 x 10°*M sodium butyrate results in 
inhibition of cell division after treatment for 4 days. 
Cell division occurred at a normal rate upon chang- 
ing the cells to sodium butyrate-free media. In 
another experiment, shown in panel b of Fig. 4, the 
cells were harvested after treatment with 5 x 10°*M 
sodium butyrate for 4 days and replated at a lower 
density. Both the control cells and the cells previously 


experiment. Generation times between days 6 and 9 
were 21 hr for the previously untreated cells and 24 hr 
for the cells previously treated with sodium butyrate. 


DISCUSSION 


Sodium butyrate produces a variety of changes in 
cells growing in culture. For example, Wright [13] 


showed that the addition of 5 x 10°*M sodium 


treated grew to a confluent level by day 11 of the 
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Fig. 4. Growth curves of T59 neuroblastoma cells during and after treatment with 5 x 10°*M sodium 
butyrate. Cells were plated at a density of 0.015 x 10°/ml in 25cm? Falcon plastic tissue culture 
flasks containing 5 ml media. Sodium butyrate (5 x 10°*M) was present in the media during the 
times indicated by the dashed line (—- -—), in panels a and b. Total cell counts were obtained 
only on the days for which points are included, and each value represents the average of duplicate 
flasks. In panel a, the cells treated with sodium butyrate were returned to regular media on day 
6. In panel b, the cells treated with sodium butyrate and those growing in regular media were harvested 
on day 5 and replated in regular media at a density of 0.04 x 10°/ml. The broken line (--—-—---—--) 
in panel b represents growth of the cells which had been previously treated with sodium butyrate. 
In each experiment (panels a and b), sodium butyrate, with fresh media, was added on days 1 and 
3 of treatment. 
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butyrate, but not sodium isobutyrate, to Chinese 
hamster cells increased their length, enhanced their 
tendency to grow in monolayer and decreased their 
growth rate. Sodium butyrate (5 x 10°* to 1073 M) 
also causes a decrease in cell division and altered 
morphology, but without increased neurite formation, 
of mouse neuroblastoma cells in culture [1, 2, 4, 6]. 
However, quite different results were obtained in the 
study reported here when sodium butyrate was used 
in concentrations lower than those used in previous 
investigations. Neurite formation, both as the per cent 
of cells having neurite and in the length of the 
processes, was observed with concentrations of 
3 x 10° *M or below. The per cent of cells having 
processes in the presence of low sodium butyrate was 
not as high as that seen with some other agents. This 
does not reflect an inherent limitation of these cells, 
since the phosphodiesterase inhibitors RO20-1724 and 
papaverine, which are known to induce process for- 
mation [2, 4,6], both caused extensive neurite forma- 
tion.. Also interesting is the difference observed 
between the uncloned T59 neuroblastoma cells and 
the NBA, clone; in contrast to the uncloned cells, 
the cloned line did not respond to the lower concen- 
trations of butyrate with neurite formation. However, 
neurite formation was seen 8 hr after treatment with 
5 x 10°*M butyrate, but then returned to lower 
values. The effect on. cell growth was not specific for 
neuroblastoma cells, since division of mouse L929 
fibroblasts was also reduced in the presence of this 
acid. , 

This work also showed that neurite formation can 
occur without a corresponding decrease in cell divi- 
sion. The per cent of cells having neurites in the pres- 
ence of. 10°°M sodium butyrate was almost double 
that of untreated cells, although the total cell number 
after 48 hr of treatment with the acid was no different 
than for cells maintained in drug-free media. Further- 
more, the neurites in the treated cells were greater 
in length, and did not represent only an increase in 
the number of short processes normally present in 
untreated cultures. Increased neurite formation in 
" growing cells has also been observed upon treatment 
of T59 neuroblastoma cells for 48 hr with 3 x 10°*M 
cyclic AMP, which stimulated cell growth and in- 
creased neurite formation 64 per cent[12]. These 
findings support previous observations [7, 20, 21] that 
decreased cell division is not a requisite for neurite 
formation, although there are many instances where 
neurite formation occurs after a reduction in cell divi- 
sion [1,4]. 

The increase in acetylcholinesterase activity stimu- 
lated by sodium butyrate is similar to that reported 
previously for this agent[7,15], as well as for 
others [7, 22, 23]. Acetylcholinesterase induction and 
neurite formation did not appear to be causally 
related since process formation with 5 x 10°*M 
sodium butyrate occurred within 18 hr after initiation 
of treatment, but then fell off to control values by 
48 hr, whereas enzyme activity increased gradually 
over the 48-hr period. Likewise, process formation for 
a 48-hr treatment period was most pronounced at 
10°° to 5x 10°°M sodium butyrate, while the in- 
crease in enzyme activity is greater at 5x 10°*M 
than at the lower concentrations. It appears that the 
increase in acetylcholinesterase activity stimulated by 
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sodium butyrate is related more closely to cell 
growth, and in the present study the magnitude of 
the increase in acetylcholinesterase activity caused by 
the three straight-chain acids appeared to be related 
to the degree of inhibition of cell growth [7, 22, 23]. 
Yet there are exceptions to this hypothesis also. For 
example, acetylcholine causes an induction of neuro- 
blastoma acetylcholinesterase activity without an 
effect on cell growth [21]. Several workers [2, 23, 24] 
have shown that the increases in acetylcholinesterase 
activity seen after treatment with various agents are 
prevented by inhibitors of protein synthesis, and 
Lanks et al. [24] reported that the increased specific 
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maintained in serum-free media reflects an increased 
rate of synthesis of the enzyme. Since the increase 
in acetylcholinesterase activity seen upon treatment 
with sodium butyrate (1) reflects an increase in speci- 
fic activity, (2) occurred over a period of time similar 
to that required for induction of activity by other 
conditions, and (3) was prevented by cycloheximide, 
it may represent true enzyme induction. However, 
further work is required before this point can be 
established with certainty. 

Both the decrease in cell division and the increase 
activity stimulated by 
5 x 10°*M sodium butyrate were reversible upon 
removal of the agent. The reversibility was seen even 
after 14 days of treatment, and was. demonstrated in 
cells which were harvested and replated at a lower 
density and on cells which were not harvested but 
changed into regular media from sodium butyrate- 
containing media. Another interesting point is that 
cells gradually emerged which were able to grow in 
the presence of 5 x 10°*M sodium butyrate (Fig. 3). 
It is not possible to say at this time whether this 
reflects selection of resistant mutants or drug-induced 
alterations in the cells. 

The reversibility of changes in neuroblastoma cells 
which are thought to reflect neuronal differentiation 
is controversial. Prasad [25] has reported that dibu-. 
tyryl cyclic AMP, prostaglandin E, and inhibitors of 
cyclic nucleotide phosphodiesterase induce irrevers- 
ible morphological differentiation. On the other hand, 
others have reported that the neurites which were 
formed in serum-free media or in the presence of 
dibutyryl cyclic AMP are promptly retracted upon 
return of the cells to regular media [2, 26]. Schubert 
et al. [26] also showed that cell growth returned after 
changing cells from serum-free media to media con- 
taining 10°, fetal-calf serum, although the onset of 
growth was delayed with longer times (up to 5 days) 
of maintenance in serum-free media. It is likely that 
the reversibility of the “differentiation” in neuroblas- 
toma in culture is dependent upon the mechanism 
of induction, length of exposure and characteristics 
of the clone or population of cells being studied. 

The importance of the specific characteristics of 
given clones in determining responses to pharmacolo- 
gical agents is apparent in the marked biochemical 
differences among specific neuroblastoma clones 
[3, 27, 28]. It follows that, when assessing the pharma- 
cological effects of a chemical agent, uncloned as well 
as cloned lines can be used profitably. The uncloned 
cells are probably more representative of the actual 
tumor tissue, and might, therefore, give a better indi- 
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cation of the effect of the agent on neuroblastoma 
tumor cells in vivo. The generality of effects observed 
on uncloned cells can be tested by employing indivi- 
dual clones. This approach was used in this study 
to show that sodium butyrate causes reduced cell 
growth and elevated acetylcholinesterase activity in 
uncloned cells and in the clone NBA,, whereas at 
a lower concentration it causes neurite formation in 
the uncloned cells but not in this particular clone. 

The complexity of the action of sodium butyrate 
on neuroblastoma cells may reflect the ability of phar- 
macological agents to produce multiple effects on 
cells, and also that these effects exhibit differing con- 
centration-response relationships. Thus, the neurite 
formation stimulated by the lower concentrations of 
sodium butyrate may be opposed by an additional 
effect seen at higher concentrations, such as, for 
example, a nonspecific toxicity which results in 
rounding of the cells with retraction of processes. 
However, if a toxic action is responsible for this effect, 
it is a rather mild one, since detachment of cells from 
the flask surface is not increased and cell viability 
is only slightly reduced in the short-term experiments. 
A low degree of toxicity is also reflected in the obser- 
vation that papaverine is capable of inducing neurite 
formation in the presence of 5 x 10°°M sodium 
butyrate. Furthermore, cell growth is rapid in onset 
upon removal of the cells from contact with sodium 
butyrate. 

Little can be said about the mechanism by which 
the short-chain fatty acids produce these effects. It 
is clear that the effect is optimal for a straight chain, 
four carbons in length, since isobutyrate, a branched- 
chain four-carben acid, was ineffective, and propionic 
acid and valeric acid were less effective. It is unlikely 
that sodium butyrate is acting by mimicking GABA, 
a putative neurotransmitter, since this agent itself had 
no effect on the cells. Acetate was also ineffective, 
suggesting that butyrate is not acting by providing 
acetate as a substrate for cell metabolism. These data 
suggest that sodium butyrate is acting in some specific 
manner to alter cell function. Further work is 
required in order to clarify the mechanisms by which 
these effects are produced. This work also further 
strengthens the need to test butyrate as a control for 
studies in which dibutyryl cyclic AMP is used. 
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SHORT COMMUNICATION 


Effects of tetrahydro-f-carbolines on monoamine oxidase and serotonin uptake 


in mouse 
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Although it has been known for some time that /-carboline 
compounds are constituents of hallucinogenic plants [1], 
these compounds have attracted interest recently because 
of the reports that enzymes are present in brain which 
can form f-carbolines in vitro [2-6]. Therefore, the possibi- 
lity exists that B-carbolines may be formed in vivo. This 
is particularly interesting since Mclsaac et al. [7] reported 
that 6-methoxy-1,2,3.4-tetrahydro-f-carboline (6-MeO- 
THBC; this compound could also be named 6-methoxy- 
tetrahydro-norharman) almost doubled brain serotonin 
(5-hydroxytryptamine, 5-HT) without affecting norepineph- 
rine or 5-hydroxyindoleacetic acid (5-HIAA). We have veri- 
fied the 5-HT elevation after 6-MeO-THBC [8,9]. In view 
of the fact that 5-HT is involved in many neurobiological 
processes [10], this interaction between 6-MeO-THBC and 
5-HT takes on added significance. 

6-MeO-THBC could affect brain 5-HT several other 
ways, e.g. increased synthesis, decreased degradation, de- 
creased reuptake, or increased storage of S-HT. These may 


brain 
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take place via membrane or enzymatic processes and/or 
increased availability of substrates. For example, other 
f-carbolines such as harman and harmine have been 
shown to be reversible inhibitors of monoamine oxidase 
(MAO) [11], which appears to be dependent upon struc- 
ture [12]. Ho et al. [13] reported that 6-MeO-THBC was 
only a very weak inhibitor of liver MAO in vitro, and 
later Ho, et al.[14] reported no effect of 6-MeO-THBC 
on brain MAO in vivo. We, however, had preliminary evi- 
dence using the kynuramine disappearance assay [15] that 
6-MeO-THBC did inhibit brain MAO in vitro. Because 
of these apparently conflicting data, we decided to investi- 
gate further the effects of 6-MeO-THBC on MAO activity. 
As part of our more general study of 6-MeO-THBC on 
the 5-HT system we also determined its action on 5-HT 
uptake. 

Female CFI mice (Carworth, New City, N.Y.), 60 to 
90-days-old, were used. The hydrochloride form of 6-MeO- 
THBC was synthesized according to the method of Ho 
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Fig. 1. Effect of various concentrations of drugs on monoamine oxidase activity in brain and liver 
of CFI mice. Each point represents the mean of four or five experiments, and bars represent 


+ S.E.M. Standard errors less than 1.0 are not gi 


ven. Incubation was carried out as described in 


the text. The mean + S. E. M. control values for MAO activity were 0.0642 + 0.0008 nmole '*C-metabo- 


lites/min/mg of brain and 0.1095 + 0.0086 


nmole '*C-metabolites/min/mg of liver. 
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et al.{13], and the purity was checked by melting point 
determination, elemental analysis, and thin-layer chroma- 
tography. Other drugs used were pargyline HCl (gift of 
Abbott Laboratories), imipramine and chlorimipramine 
(gift of GEIGY Pharmaceuticals), Lilly 110140 (gift of Lilly 
Research Laboratories), norharman HCl (Sigma), and 
tetrahydro-norharman HCI (noreleagnine HCI, Sigma). 

MAO was assayed in fresh whole brain and liver by 
the method of Wurtman and Axelrod[16] as described 
by Nagatsu[17] using ['*C]tryptamine _ bisuccinate 
(47.0mCi/m-mole, New England Nuclear). Tissue was 
homogenized in 0.15M KCI and an aliquot containing 
1.0 mg tissue was used per tube. The drugs (concentrations 
given as free base) were preincubated with the incubation 
mixture (total volume = 0.3 ml) for 10 min at 37°, the iso- 
topic compound was added, incubation was continued for 
20 min, and the reaction was stopped with 2 N HCI. Six 
ml of toluene was added, the tube was shaken and centri- 
fuged, 3 ml of the toluene layer was added to 10 ml of 
the scintillation mixture, and radioactivity was measured. 

The uptake of [*H]5-HT creatinine sulfate (16 Ci/m- 
mole, Amersham/Searle) into a synaptosomal suspension 
from whole brain was determined by the method of Kuhar, 
et al. [18]. The drugs were preincubated in the incubation 
medium (total vol. = 4.0 ml) containing 0.3 ml of synapto- 
somal suspension for 5 min at 37°, the isotopic compound 
was added, and the incubation was continued for 4 min. 
The assay was linear with time and tissue concentration. 
The reaction was stopped by placing the tubes in an ice 
water bath. The tubes were centrifuged, incubation 
medium was aspirated, pellets were solubilized, transferred 
to scintillation vials, and radioactivity was counted after 
adding scintillation fluid. The concentration of [*H]5-HT 
in the reaction mixture was 3.0 x 10°? M. 
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The data in vitro for MAO (Fig. 1) show that pargyline, 
a known MAO inhibitor, inhibits MAO in both brain and 
liver to a greater extent than any of the f-carbolines. In 
the fB-carboline group, the tetrahydro-/-carbolines are more 
effective inhibitors in brain than in liver, whereas the 
reverse is true for norharman. In general these structure 
activity data support the results in vitro of Mclsaac 
and Estevez[12]. The present data show that this 
structure—activity relationship is more pronounced in liver 
than in brain. Furthermore, Ho er al.[13] had reported 
that, in liver, the methoxy group decreased the inhibitory 
activity of f-carbolines. The present study suggests this 
is also somewhat more pronounced in liver than in brain. 


Table inhibition of monoamine oxidase 


activity* 


1. Per cent 





Liver 





98.2 + 0.25 
4.0 + 2.8 
0.0 + 0.0 


Pargyline 
Tetrahydro-norharman 
6-MeO-THBC 





* Per cent inhibition of monoamine oxidase activity in 
CFI mice 2hr after an intraperitoneal injection of 
100 mg/kg of either pargyline HCl, tetrahydro-norharman 
HCl or 6-MeO-THBC HCI. Incubation was carried out 
as described in the text. Numbers in the table are mean 
values + S. E. M. from four experiments. The mean + S. 
E. M. control values for MAO activity are 
0.0474 + 0.0027 nmole '*C-metabolites/min/mg of brain 
and 0.0690 + 0.0031 nmole '*C-metabolites/min/mg of 
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Fig. 2. Effect of various concentrations of drugs on inhibition of [*H]serotonin uptake into a synaptoso- 
mal suspension from mouse brain. Each point represents the mean of four to five experiments, and 
bars represent + S.E.M. Standard errors less than 1.0 are not given. Incubation was carried out as 


described in the text. The mean+S. E. M. control value of [*H]serotonin 


uptake was 


1183 + 50 x 107 '* mole/4 min/2.1 mg of protein. 
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In a separate experiment, 6-MeO-THBC, tetrahydronor- 
harman, or pargyline (100 mg/kg of HCI salt, 0.02 ml/g) 
or 0.9% saline (0.02 ml/g) was injected intraperitoneally 
into mice. They were killed 2hr later, and MAO was 
measured as above but without the preincubation. In both 
brain and liver, pargyline produced almost complete inhi- 
bition of MAO whereas the inhibition produced by 
6-MeO-THBC and tetrahydronorharman was less than 9 
per cent (Table 1). It remains to be determined whether 
these compounds inhibit one or all of the multiple forms 
of MAO which have been reported to exist [19]. Further 
structure—activity relationships on the effects of these drugs 
also need elucidating. 

The effects of the various drugs under investigation on 
the uptake of [7H]5-HT are shown in Fig. 2. Tetrahyd- 
ronorharman and 6-MeO-THBC inhibit [*H]5-HT uptake 
45 and 60 per cent respectively, at 10°° M. This is less 
than the inhibition produced by the known uptake inhibi- 
tors Lilly 110140 and chlorimipramine but more than that 
for norharman. In a separate experiment, 6-MeO-THBC 
(100 mg/kg of HCI salt, 5 mg/ml, 0.02 ml/g) or 0.9%, saline 
(0.02 mg/g) was injected 2 hr before mice were killed and 
the brains were removed and assayed for [*H]5-HT uptake 
as described above but without preincubation. The 
mean + S. E. inhibition of uptake in animals injected with 
6-MeO-THBC was 83.4 + 1.6 per cent (the mean + SE. 
control value of [*H]serotonin uptake was 1128 + 
43 x 10°'* mole/4 min/2.1 mg of protein). Although we 
are not presently able to assay the concentration of 
6-MeO-THBC in brain after injection, the result of this 
experiment in vivo suggests that 6-MeO-THBC gets into 
brain at a concentration high enough to produce inhibition 
of uptake. Characterization of the type of inhibition of 
uptake (competitive or noncompetitive) has not yet been 
determined. Inhibition of 5-HT uptake into synaptosomes 
by the f-carbolines tetrahydroharman and 6-hydroxy- 
tetrahydroharman has been reported by Tuomisto and 
Tuomisto [20], but they did not use any norharman or 
tetrahydro-norharman compounds. 

In summary, our data show that the tetrahydro-f-carbo- 
lines, 6-MeO-THBC and tetrahydro-norharman, produce 
inhibition of MAO in vitro and inhibition of 5-HT uptake 
in vitro and in vivo. The uptake inhibition takes place at 
a lower concentration than MAO inhibition and thus 
seems to be the stronger effect. Whether the uptake inhibi- 
tion alone or in combination with MAO inhibition could 
produce the elevated levels of brain 5-HT reported after 
injection of 6-MeO-THBC is not clear. An increase in 
brain 5-HT concentration after the 5-HT uptake blocker 
chlorimipramine has been reported by Halaris et al. [21]. 
It is also of interest that they found that chlorimipramine 
inhibited brain MAO in vitro (30-40 per cent at 10°*M) 
but not in vivo. Ho et al. [22] have suggested that the 
elevation in 5-HT after 6-MeO-THBC may be the result 
of increased activity of peripheral 5-hydroxytryptophan 
decarboxylase. This could enhance the formation of plasma 
5-HT which, if increased sufficiently, might cause a concen- 
tration gradient from the blood to the brain tissue. 

The present data do confirm the interaction of 5-HT 
with f-carbolines and would take on added significance 
if B-carbolines were to be formed in vivo. For example, 
they could act as neuroregulatory agents modulating the 
metabolism of endogenous 5-HT. As was mentioned above, 
many of the f-carbolines are hallucinogenic [1], and it 
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is of interest that LSD, a powerful hallucinogen, also 
affects the metabolism of 5-HT [23]. 
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Cigarette smoke is known to be carcinogenic for the respiratory tract 
(1). The smoke consists of many components including aromatic polycyclic 
hydrocarbons (2) which are metabolized by microsomal aryl hydrocarbon hydrox- 
ylase (AHH) to intermediate epoxides. Epoxides can be metabolized further by 
epoxide hydratase to dihydrodiols or by glutathione S-epoxidetransferase to 
glutathione conjugates or also converted nonenzymatically to phenols (3). The 
dihydrodiols can be conjugated with UDP-glucuronic acid (4) or metabolized by 
AHH to diolepoxides (5). The active intermediates of polycyclic hydrocarbons 
consist of both certain epoxides and also dioepoxides which react covalently 
with nucleoproteins and have a high mutagenic activity and probably are 


responsible for the carcinogenic effects obtained (6-11). 


The activity of AHH can be induced several-fold in different tissues 
(12). Exposure to the cigarette smoke has been reported to induce the AHH 
activity in the rat lung (13,14) and kidney (14), but the inducibility by the 
cigarette smoke in the rat bowel and liver has been reported to be incon- 


sistent (14,15). 


The mutagenic effect of active metabolites of benzo(a)pyrene, which is 


also present in cigarette smoke (1), is effectively controlled by epoxide 


hydratase which metabolizes epoxides to much less reactive dihydrodiols (16). 
Although epoxide hydratase is functionally and structurally coupled with AHH, 
recent analyses have revealed that these key enzymes in regard to the chemical 
carcinogenesis by aromatic polycyclic hydrocarbons are under different 
genetic control (17,18). The effects of cigarette smoking on epoxide 
hydratase, inactivating epoxides, and UDP-glucuronosyltransferase catalyzing 


glucuronidation have not been reported earlier. 


BP. 25/20-—G 
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The aim of the present study was to investigate the effects of ciga- 
rette smoke on the AHH, epoxide hydratase and UDP-glucuronosyltransferase 
activities in the main extrahepatic drug-metabolizing tissues of the rat. 
Male adult Wistar rats (weighing 260-300 g) were exposed to cigarette smoke 
in an inhalation chamber with a total volume of 23 1. Four or five rats were 
allowed to inhale at the same time the smoke from 10 commercial filter ciga- 
rettes (1 mg nicotine and 16 mg tar per cigarette, as guoted by the manufac- 
turer) consecutively during one hour. The air flow through the chamber was 
controlled to about 16 1/min by a suction pump. Only a small portion of the 
air passed through the cigarette, which was burnt in 3 min. to 1 cm from the 
filter. Control rats were exposed to the air flow in an identical chamber, 


the cigarette being replaced by a filter. 


The rats were killed by a blow on the head 12 hr after the exposure, 
bled and the lungs, kidneys and small intestine removed and cooled in ice-cold 
aqueous 0.25 M sucrose solution. The small intestinal mucosa were scraped off 
and homogenized in 0.25 molar sucrose in a Potter-Elvehjem homogenizer. The 
microsomes were isolated by Cacl.-aggregation (19,20) as described earlier 
(21). Digitonin treatment of the microsomes was carried out according to Han- 


ninen (22). Protein was determined by the biuret method (23). 


The activity of AHH was determined fluorimetrically utilizing 
3,4-benzpyrene (Koch-Light Laboratories Ltd., Colnbrook, England) (24) as 
previously described (25). UDP-Glucuronosyltransferase activity was assayed 
fluorimetrically with 4-methylumbelliferone (BDH Chemicals, Ltd., Poole, 
England) as the aglycone (26,27). For the measurement of epoxide hydratase 
activity, a microassay developed by Oesch et al. (28) was used. The incu- 


bation mixture consisted of (final concentrations): 0.5 mM of styrene oxide 


(Koch-Light) in acetonitrile containing about 10° dpm [7-74] styrene oxide 


(NEN.Chemicals Gmbh, Dreieichenhain, West Germany), 0.10 M Tris-HCl buffer, 
pH 9.0, containing 0.06% w/v Tween 80, and microsomes in a total volume of 


0.3 ml. 


The induction of AHH activity in lung was over 6-fold, in kidney, 8-fold 
and in small intestinal mucosa, 4-fold, when compared with control animals 
(Table 1.) However, the epoxide hydratase activity increased only in the 
small intestinal mucosa (2-fold). Despite high induction of AHH in lung and 
kidney, epoxide hydratase activity was decreased in lung microsomes (54% of 


the control level), and in kidney it was at control level. Many of the 
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metabolites of xenobiotics present in the cigarette smoke are capable of 
being conjugated with glucuronic acid (4). UDP-Glucuronosyltransferase 
activity increased slightly in the lung and small intestinal mucosa. The 
pulmonary activity after smoking was 42% and 27% above the control values for 
native and digitonin-treated microsomes, respectively (Table 2). In small 
intestinal mucosa the glucuronidation rate appeared to double after the 


exposure. 


Table 1. The effect of exposure to cigarette smoke on aryl hydrocarbon 
hydroxylase (AHH) and epoxide hydratase activities in microsomes of different 


rat tissues. 





AHH EPOXIDE HYDRATASE 


(pmoles/hr /mg micr.prot.) (nmoles/hr /mg micr.prot.) 





LUNG 
Control 


Smoking 


SMALL INTESTINAL 
MUCOSA 
Control 


Smoking 


KIDNEY 
Control 


‘Smoking 





The means and standard errors of the means are indicated. Numbers of animals 


are in parentheses. The significances of the differences between control and 


smoking rats are indicated by the following symbols: xxx = 2P< 0,001, 


xx = 2P< 0,01, x = 2P < 0,05 and NS = not significant (Student T-test). 


2) per cent of the control activity. 
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Table 2. The effect of exposure to cigarette smoke on UDP-glucuronosyl- 


transferase activities in microsomes of different rat tissues (nmoles 


4-methylumbelliferone conjugated/hr/mg prot). For explanation see Table l. 





UDP-GLUCURONOSYLTRANSFERASE 


(native) (digitonin activated) 





LUNG 
Control + 1,4 (10) 


Smoking 142% NS + 2,2 (10)127% 1P<095 


SMALL INTESTINAL 
MUCOSA 
Control + 6,4 (8) 


Smoking 201% 1P<0,05 10 (8) 100% NS 


KIDNEY 
Control + 34 (10) 


Smoking 103% NS 40 (10) 112% NS 





It is of great interest to note that whereas pulmonary AHH activity has 
highly increased after the exposure of rats to the cigarette smoke, epoxide 
hydratase activity shows a simultaneous decrease. In spite of the high induc- 
tion of AHH in the kidney, the epoxide hydratase activity in this organ did 
not change. Under these circumstances, highly electrophilic epoxides have 
probably more time to react with nucleophilic macromolecules. Though epoxide 
hydratase activity was measured with styrene oxide as substrate, the current 
results are also valid for the hydration of the electrophilic epoxides of 
polycyclic hydrocarbons, since purified epoxide hydratase preparation is 
known to catalyze the hydration of both styrene oxide and several K-region 
arene oxides (29,30). In the small intestinal mucosa, where the induction of 
AHH was rather low, epoxide hydratase appeared also to be enhanced. Thus the 
balance between activating - inactivating enzymes after smoking which may 


result in the protection of the tissues against carcinogenesis was at its 
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most advantageous in the small intestine rather than the lung and kidney. Our 
present results provide an addition to the knowledge about the mechanism of 


the carcinogenic effects of cigarette smoking. 


These observations might be explained as follows: only in lungs are the 
concentrations of the inhibitory components of the smoke high enough to 
decrease epoxide hydratase activity. These could be for example epoxidized 


metabolites of smoke constituents. Cigarette smoke could also cause some 


tissue damage in the lung. Various tissues apparently have different sensi- 


tivities to epoxide hydratase induction. Perhaps the components responsible 
for epoxide hydratase induction cannot be absorbed into the circulation and 
therefore are not transported to the kidney, whereas those components causing 
the induction in the small intestine have reached it through the swallowing 


the smoke. 


In any case further studies are necessary to clarify the effect of 
long-term smoking on AHH vs. epoxide hydratase activities in different 
tissues. This work is in progress. 
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THE EFFECT OF FATTY ACIDS AND SODIUM DODECYL SULFATE ON THE INDUCED OPTICAL 


ACTIVITY OF SULFAETHIDOLE - BSA COMPLEXES 
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The effect of fatty acids and sodium dodecyl sulphate on the binding of benzodiazepines to 
bovine serum albumin (BSA) has recently been investigated by a circular dichroic (CD) technique 
(1). The induced CD spectra attributed to the benzodiazepines - BSA complexes, were modified 
upon addition of the fatty acids and detergent in a manner which suggested to the authors a 
conformational rather than a displacement phenomenon. These investigations,unfortunately, were 
carried out at a high drug to protein ratio of 3.8 and a single high concentration of 
competitor. As several binding sites seem to contribute to the observed induced ellipticity, it 
is impossible to clearly establish the effect of any competitor on an individual binding site. 

In this communication the effect of octanoic, dodecanoic and hexadecanoic acids as well as 
sodium dodecyl sulphate (SDS) on the induced optical activity generated by the binding of 


sulfaethidole to a single site on BSA is reported (2,3,4). Figure 1 shows the effect of SDS on 


1 


. Corrected induced ellipticity curves for 


sulfaethidole 2.11 x 10> 


M, BSA 1.45 x 10M in 


1 cm cells, and physiological phosphate buffer of 


pH 7.4 (Dichrographe III Jobin Yvon, Long Jumeau, 





plicity x10* 


France). Experimental methods as in reference 3. 


SDS concentrations 1) 0, 2) 2x 10M, 


3) 3x 10°M, 4) 4x 10M, 5) 5 x 10M, 


5m and 7) 9 x 10M. 


Induced elli 


6) 7 x 10° 








250 260 270 280 200 300 310 320 330 
Wavelength, nm. 


the induced ellipticity of the sulfaethidole - BSA complex. The positions of the peaks and the 
isobestic point remain unaffected by the addition of SDS, observations which are consistent 
with the hypothesis of a direct displacement or a displacement following a conformational 
change. Similar curves are obtained using octanoic and dodecanoic acids. In the antagonist 
concentrations of figure 2 and experimental conditions of figure 1 octanoic acid did not 


disturb the intrinsic optical activity of BSA at wavelenghts between 250 and 300 nm, however 
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dodecanoic acid(6 x 107°), SDS (5 x 10M) and hexadecanoic acid (1 x 107M) did so at 

higher concentrations. All induced spectra were corrected for these small effects, these 
spectral changes were indicative of disturbances in the environment of the aromatic amino acid 
residues in the BSA. These changes can be compared to the small decrease in magnitude of the 
intrinsic CD of BSA, on changing the pH from 7.8 to 9.0 and are probably due to the N-+B 
transition as suggested by Muller and Wollert (1). Hexadecanoic acid, which modified the 
spectra of BSA at the lowest concentrations employed in this report, actually caused an 
increase in the induced CD spectra of sulfaethidole at concentrations up to 3 x 107M, however 
at higher concentrations a decrease in signal height was observed as with the other fatty 
acids. These decreases in signal height of the sulfaethidole - BSA complexes are interpreted 


as a displacement of the drug by fatty acids and SDS in figure 2. Mean values are calculated 





Fig. 2. Decrease in induced ellipticity of 
sulfaethidole expressed as a percentage 
displacement. For hexadecanoic (G), octanoic 
(o), and dodecanoic (A) acids, the mean values 
from the two peaks are shown. For sodium 


dodecyl sulphate, values for both peaks 





(@ 282 and A 259 nm) are shown. 





s 10 1$ 
Antagonist concentration x10 M 
from the CD peaks at 259 and 282 nm, except in the case of SDS where the displacement was 
consistently less at the lower wavelength, suggesting that the shape of the induced CD 
curve changes with the conformational change. The shape of the displacement curves in figure 2 
are consistent with the hypothesis (5) that one or two moles of fatty acid or SDS are bound 


to the BSA before displacement occurs, however only in the case of octanoic acid could a 


4-1 


Mis 


realistic binding constant be calculated using this assumption. The value of 2.2 x 10 


consistent with the literature value (6) for the second binding site of octanoic acid on BSA. 
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Chlorambucil!, the widely used anti-tumour agent, is under study with a view to 
investigating the influence of metabolism on the activity of the drug. Recently? it has 
been established that carbon dioxide is a metabolite of chlorambucil and that }-oxidation 
of the butyric acid is a process which operates at some stage in the metabolism of chloram- 
bucil. 

The metabolism of chlorambucil in vivo was investigated by examining the blood of drug- 
treated animals. Eleven male Sprague-Dawley rats (140-180g) were treated i.p. with Si 
chlorambucil (sodium salt”) at dose (8mg + 3.17m ci4)/ke body weight and after one hour the 
blood was removed (total = 64.7ml). Scintillation counting gave a total of 7.28 x 10*8 dis/ 
min (3.92% injected dose). The blood cells were broken up by a freeze-thawing procedure and 
extraction of the total blood was carried out by stirring with ethyl acetate (4 vol). After 
centrifugation the ethyl acetate layer was removed by pipette and found to contain 4.58x10°8 
dis/min (2.45% injected dose) and the aqueous blood layer 2.7 x 10*8 dis/min (1.45% injected 
dose). extensive analytical examination of the aqueous blood layer indicated that most of 
the radioactivity was irreversibly bound to biological material and no discrete compounc 
could be isolated from the non-bound material. 

The ethyl acetate layer was dried with sodium sulphate, concentrated and analysed by 
TLC in ethyl acetate-petroleum ether (60-80)-ether, 50 : 46 : 4 (saturated with water). 
Investigation by radiochromatogram scanning, liquid scintillation counting and UV light sho- 
wed the presence of two radioactive and UV absorbing areas in the ratio 5 : 1 (Rf 0.3 and 0.55 
respectively). The material at Rf 0.53 was chromatographically indistinguishable from chlo- 


rambucil in the above mentioned sclvent system and in chloroform-methanol, 25 : 3 (Rf 0.50). 


RY ne he 2 : bo ok ‘ 
Since B-oxidation is a process reported as occurring at some stage in the metabolisin of 
p P g 


chlorambucil it was considered likely that the metabolite material (Rf 0.3) was 2(4-N, N bis 
(2-chloroethyl)aminophenyl) acetic acid, (3,R25H). This compound was syntnesised by the 
method of Wall? and comparison by TLC revealed it to be indistinguisnable from the major 


component of the ethyl acetate extract both in ethyl acetate-petroleum ether (60-80) etner, 
2331 
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50 : 46.: 4 (saturated with water), (Rf 0.3) and chloroform-methanol, 25 : 3 (Rf 0.48). 
Preparative TLC was carried out on the ethyl acetate concentrate using the former solvent 
system and the silica gel from the major radioactive zone centred at Rf 0.3 was segregated, 
eluted with methanol and treated with excess diazomethane (100 fold) in ether. The solut- 
ion was concentrated and the product subjected to preparative TLC in ethyl acetate-petroleum 


ether (20 : 80). The silica gel in the single radioactive area coincident with UV absor- 


bing material (Rf 0.48) was segregated, eluted” with methanol and the eluate concentrated. 


Simultaneously the synthetic 2-(4-N, N bis(2-chloroethyl)aminophenyl)acetic acid was treated 
with diazomethane allowing the methyl ester to be isolated as above, concentrated and com- 
pared with the metabolite material by TLC and mass spectrometry. 

Table 1 

Thin Layer Chromatographic Investigation of Methylated Metabolite Material Obtained from 


Blood of Animals at lhr. 





Solvent System Methylated Metabolite Methyl 2(4 -N, N- Methyl Ester 
Material bis(2-chloroethy1) Chlorambucil 
aminopheny1) acetate 





Ethyl acetate-Petrol . 0.47 
(60-80) 20 : 80. 


Chloroform-Hexane, 1 : 1 
Ether-Benzene, 5 : 95 
Acetone-Toluene, 5 : 95 


Ethyl acetate-carbon 
tetrachloride 10 : 90 




















TLC examination of the methylated material showed it to be one component and indistin- 
guishable from the synthetic methyl ester in five different solvent systems. Mass spectro- 
metry of the methylated metabolite material indicated that methyl 2-(4 -N, N bis(2-chloro- 
ethyl)aminophenyl) acetate (3, R2 = CH3, Mt 289) was present but it was evident that anotiier 
compound (Mt 315) was present. It was thought possible that the peak at 315 was due to 
the methyl ester of chlorambucil (317) present as an impurity and undergoing dehydrogenation 
in the mass spectrometer. The methyl ester of chlorambucil was synthesised by reaction of 
chlorambucil with methanol/HCl and the mass spectrum was recorded. The molecular ion was 
clearly 317 with characteristic accompanying c137 ana cls peaks and no peak at m/e 315 was 
present. Therefore the peak at m/e 315 in the spectrum of the methylated metabolite mixt- 
ure could not be explained as due to the presence of the methyl ester of chlorambucil. 


7,8 of the compound with Mt 315 indicated that the bis(2- 


Since the cracking pattern 
chloroethyl) amino group was intact the structure of this compound was deduced to be the iiet- 


hyl ester of a dehydro-chlorambucil, either methyl 4-(4-bis(2-chloroethy]) aminophenyl j 2-but 
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-enoate (2, pi = Ctiz) or the isomer methyl 4-(4-bis(2-chloroethyl)aminophenyl) 3-butenoate 
(4, R! = Cis). 
240,242 (4) 

“CHCl ‘ 


are 


-CH2€1 


178 ” 
266 ,268 (44) 
230,232 289,291 (4) 


(4) 
| 315,317 (44) 


| il | : ‘ 


60 80 I00 120 I4O 160 180 200 220 240 260 280 300 320 


























240,242 


-CH2C1- 


| 


Relative Intensity % 


-CHz= CHCO2H 


230,232 M’°289,297 


Bem | 254,256 














60 80 100120 Tho 160 180 200 220 a0 260 280 300 320 
Fig 1: Mass spectra of (a) methylated metabolite material and (b) synthetic methyl 2-(4-N, 
N bis(2-chloroethyl)aminophenyl)acetate. Major peaks are marked with appropriate m/e values, 
and with (i) when considered derived from methyl 2-(4- N, N bis(2-chloroethyl)aminophenyl 
acetate and with (ii) where considered derived from the methyl ester of a dehydro form of 


chlorambucil. Asterisk denotes a fragmentation accompanied by the appropriate metastable 


peak. 


By analogy with the literature? describing the metabolism of fatty acids by B-oxidation 
chlorambucil is envisaged as being converted to the 2-butenoic acid (2, ri = H) as an 
intermediate towards the final product of the B-oxidation cycle 2-(4 bis(2-chloroethy1) amino- 
_ phenyl)acetic acid (3, R2 = H). On the basis of literature precedent 10 describing crotonase 
acting as an isomerase the 3-butenoic acid (4, RI = H) could be formed from the 2-butenoic 
acid by an analogous enzyme mediated shift of the double bond. Experimental evidence! 
describing an analogous process is derived from a study of the microbial degradation of 4- 


phenylbutyric acid to a mixture of 4-phenylbut-3-enoic acid, 4-phenylbut-2-enoic acid and 


phenylacetic acid. 
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CH = CH-CH,CO2R! 


2 


4 é 


{] 


(CH) ,005H CH»CH = CHCO2R! 





N(CHCH,C1) » N(CligCH,C1) 2 N(CHCH,C1) 9 


l 2 3 
: 


{ Hvdrogenation of esters 





Methyl ester + 2,R1 = CH, (unreacted) + 3,R2 = Oty 
) 


chlorambucil and/or (unaltere 
4,R* = Ciz (unreacted) 


Fig 2: The B-oxidation of chlorambucil and catalytic hydrogenation of methylated metabolite 


mixture, 


The presence of a methyl ester of a dehydro-chlorambucil was demonstrated by hydrogen- 
ating the methylated metabolite mixture (approx SOpg) using 5% palladium on carbon causing 
the production of a compound indistinguishable on TLC from the methyl ester of chlorambucil 
(Rf 0.56) using petroleum ether - ethyl acetate, 80:20. This hydrogenated product was 
separated from the metabolite mixture (Rf 0.48) by preparative TLC and isolated as above. 
Since the mass spectrum of this product and the mass spectrum of the synthetic methyl ester 
of chlorambucil were identical the presence of a methyl ester of a dehydro-chlorambucil as a 
component of the methylated metabolite mixture was established. Mass-spectral investigation 
of the material (Rf 0.48) obtained from silica gel indicated that there was some unreacted 
dehydro methyl ester (Mt 315) in addition to the unchanged methyl 2-(4 bis(2-chloroethy1) 
amino-phenyl)acetate (3, R? = Cz). This material (Rf 0.48) was hydrogenated again to 
produce more methyl ester chlorambucil which was again separated by preparative TLC. The 
material (Rf 0.48) was again recovered from the gel and examined by mass spectroscopy but 
again unreacted dehydro methyl ester (mM 31S) was evident in addition to the unchanged methyl 


2-(4-bis(2-chloroethyl)aminophenyl) acetate (3, R? = CH). This hydrogenation procedure was 
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repeated another two times in an effort to cause complete conversion of the methyl ester 
dehydrochlorambucil to methyl ester chlorambucil but mass spectral analysis of the material 
(Rf 0.48) finally isolated by preparative TLC still showed a trace of dehydro methyl ester 
(M* 315) in addition to unchanged methyl 2-(4-bis(2-chloroethyl)amino-phenyl)acetate., The 
failure to obtain a quantitative hydrogenation was attributed to technical difficulties 
associated with the small scale of the reaction. 


Previously!2 


chlorambucil has been tested against the Walker 256 transplanted rat tum- 
our employing an i.p. single dose and found to have an LDco of 17,8mg/kg with IDg of 1, Smg/ 
kg. The chemotherapeutic index is thus 11.9. The final product of the B-oxidation of 
chlorambucil, 2-(4- N, N bis(2-chloroethyl)aminophenyl) acetic acid (3, R2 = H), is a com- 
pound first isolated by Ross}, and when examined according to the protocol used for the 
above chlorambucil test was found to have LDso 11.5mg/kg and IDg) 2.0mg/kg (C.I. 5.8). 
Present research is orientated towards isolating sufficient quantity of the methylated 


metabolite material to allow an examination of the mixture by NMR. The synthesis of both 


methyl 4-(4-bis(2-chloroethy1)aminopheny1)2-butenoate (2, ri = CH3) and methyl 4-(4bis(2- 


chloroethy1) aminopheny1)3-butenoate(4, ri = CHz) is in progress and it is anticipated that 


NMR studies will allow a structure to be assigned for each component of the methylated 
metabolite mixture. 
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(Received 31 December 1975; accepted 2 January 1976) 
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Ervin G. Erpés: The kinins. A status report. Biochem. Pharmac. 25, 1563 (1976). 
Lines 21-24, column 2, p. 1563 should read: 

This low m.w. derivative may also activate plasminogen via an intermediate, the plasminogen proactivator [7, 10]. 
Thus the various active principles on blood which Webster. . .. 

A footnote to p. 1566 should read 

*O. V. Marinkovic, J. N. Marinkovica, C. J. G. Robinson and E. G. Erd6és, manuscript submitted for publication. 


YOSHIHIKO OYANAGUI: Participation of superoxide anions at the prostaglandin phase of carageenan foot-oedema. Biochem. 
Pharmac. 25, 1465 (1976). 
Column 2, p. 1470 should read 

Effects of anti-inflammatory drugs. ... Three injections of indomethacin (10 mg/kg resulted in a little stronger inhibition 
at 4hr, and almost no inhibition was observed after 3hr in the group given one injection (Fig. 11).... We have 
not yet examined the effects of anti-inflammatory drugs on the generation of superoxide anions in isolated leucocytes, 
but the generation by macrophages was significantly inhibited by these drugs [5].... 
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Cell culture techniques have provided a new dimen- 
sion in the study of the nervous system. Selected 
neural tissues can be grown in isolated environments, 
allowing manipulauon of the types of cells grown 
together and the components of the medium. The in- 
herent capabilities of individual cells, as well as their 
responsiveness to external stimuli, can be examined. 
Cell culture studies are proving particularly useful in 
analyzing the effects of genetic, developmental and 
pharmacologic factors on neurotransmitter metabo- 
lism. 

Much of the work to date has been directed toward 
substantiating that cultured neural and glial cells con- 
tinue to function in vitro as in vivo. When their behav- 
ior is similar, these cultures serve as models to study 
molecular mechanisms of neural functioning. When 
behavior is different, one must consider whether arti- 
facts are being introduced by the conditions of cul- 
ture. Differences, however, can give insight into the 
pluripotentiality of these cells and _ control 
mechanisms operant in vivo. We will comment here 
primarily on studies and ideas which illustrate unique 
experimental approaches available through the use of 
cell culture. 


Cell sources 


Methods for the culture of neural and glial cells 
are continually being expanded and refined (for 
reviews, see Refs. | and 2). Embryonic tissues can 
be dissected from localized areas of the nervous sys- 
tem and adapt more easily than adult tissues to cul- 
ture. This source often yields “immature” cells which 
may or may not continue through their normal devel- 
opment in vitro. These primary cultures contain glia 
and “fibroblastic” cells, as well as different types of 
neurons. Various stratagems can be employed to in- 
hibit overgrowth of the non-neuronal cells. 

Continuous cells lines obtained from tumors of the 
nervous sysiem proliferate rapidly in culture and can 
be grown as homogeneous, clonal populations de- 
rived from single cells. Sources of these transformed 
cells include tumors arising spontaneousiy and those 
induced by exposure to viruses or mutagens. All these 
oncogenic lines are aberrant with respect to their 
aneuploid chromosome complement, inexact cell of 
origin, and unbridled capacity for division; still they 
express many properties of normal neurons and glia 
(for reviews, see Refs. 3-5). 

Somatic cell hybridization techniques offer another 
rich source of cell lines for culture. As will be dis- 
cussed below, neural properties continue to be 
expressed in hybrids formed from both embryonic 
and transformed neural cells. Hopefully, in the future, 


continuously dividing neural cell lines will be 
obtained from animals carrying inherited lesions of 
neural metabolism and from specific areas of the ner- 
vous systems. Non-neuronal cell types, which possess 
functional proteins in common with nerve cells, may 
also prove useful in studies of neurotransmitter meta- 
bolism. 


Properties of neurotransmission expressed in culture 

Various aspects of neurotransmitter metabolism 
have been examined in culture, including uptake, stor- 
age, synthesis, degradation, release and membrane 
reception. We will consider each of these aspects for 
several putative transmitters. 

Acetylcholine. Choline is thought to be taken up 
by a specific transport system into neurons which syn- 
thesize acetylcholine. Similar transport mechanisms 
are observed for other transmitters and are character- 
ized by their high substrate affinity, dependence on 
Na” and energy, and inhibition by specific drugs, in 
thise case hemicholinium[6, 7]. Choline is taken up 
into cultured neuroblastoma, glia and “fibroblastic” 
cells by a high affinity system [8], which has none 
of the other properties of specific transport. Even in 
neuroblastoma lines with high levels of choline acetyl- 
transferase (CAT, EC 2.3.1.6) activity, transport is 
only partially energy and Na* dependent, not inhi- 
bited by hemicholinium and not linked to acetylcho- 
line synthesis [9]. Further studies are needed to deter- 
mine if specific uptake can occur in association with 
synapse formation. 

Cultured embryonic neurons from many areas of 
the nervous system show high levels of CAT acti- 
vity [10-13] and clusters of electron-lucent vesicles 
(500-700 A in diameter) [13,14], presumed to store 
acetylcholine. Cholinergic neurons are able to form 
electrophysiologically functional synapses with skele- 
tal myotubules in culture (for review, see Ref. 2), 
demonstrating that mechanisms are intact for storage 
and release of acetylcholine and uptake of choline. 
Continuous lines of mouse neuroblastoma [15, 16] 
and rat neural[17], but not glial or “fibroblastic” 
[18] cells also have CAT activity and clusters of 
small, clear vesicles [19]. Neuroblastoma line NS-20, 
with high CAT activity[15], stores substantial 
amounts of acetylcholine [17]; and neuroblastoma x 
glioma hybrid line NG108-15 (also called 108CC15) 
can form functional, nicotinic synapses with primary 
skeletal muscle in culture [20]. 

Acetylcholinesterase (AChE, EC 3.1.1.7) activity is 
present at higher levels in primary and continuous 
neural and muscle cells [14—16, 21] than in glial and 
“fibroblastic” cells [18]. Both nicotinic and muscar- 
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inic acetylcholine receptors appear on a number of 
different cell types in culture. Nicotinic receptors have 
been demonstrated on primary and transformed 
skeletal myotubules [22, 23], peripheral neurons, and 
neuroblastoma cells[24] by using d-tubocurine to 
block acetylcholine-induced membrane depolariza- 
tions and by binding of x-bungarotoxin. Muscarinic 
receptors have been described on heart muscle [25], 
neuroblastoma [26-28] and “fibroblastic” cells [29] 
by using atropine to block membrane hyperpolariza- 
tions and formation of cyclic 3’:5'-guanosine mono- 
phosphate (C-GMP) induced by acetylcholine and by 
binding of [*H]quinuclidinyl benzilate.* 

Biogenic amines. Membrane uptake of the amine 
precursors, phenylalanine, tyrosine and tryptophan, 
is similar in a number of different types of cultured 
cells, including glioma, “fibroblastic” and neuroblas- 
toma lines, irrespective of their abilities to synthesize 
catecholamines or serotonin [8].* The high affinity, 
saturable component of this transport is relatively 
independent of Na* and energy. By contrast, a 
specific high affinity uptake system for norepinephrine 
has been demonstrated in cultured neurons from 
sympathetic ganglia [30] and in one neuroblastoma 
clone which is able to synthesize this transmitter [31]. 
This uptake occurs in the absence of adrenergic 
synapses, indicating it is not restricted to synaptic 
terminals. 

Many cultured cells, including fibroblasts [32] will 
take up sufficient quantities of catecholamines from 
the medium to show paraformaldehyde-induced his- 
tofluorescence. However, by using low catecholamine 
concentrations and specific inhibitors, one can dis- 
tinguish uptake and storage specific to adrenergic 
neurons [33,34]. Storage of dopamine and _ nore- 
pinephrine in neuroblastoma cells [35-37] and _ pri- 
mary sympathetic neurons [30] is sensitive to reser- 
pine and associated with a particulate subcellular 
fraction, presumably the dense core vesicles observed 
in these cells. Two puzzling findings suggest the need 
for further examination of catecholamine storage in 
cultured cells. First, the dense core vesicles observed 
in murine neuroblastoma cells are larger 
(1000-3000 A in diameter) than those in adreAergic 
neurons in vivo (400-1000A). Second, cultured 
neurons from several areas of the brain store very 
little of the catecholamines which they  synthe- 
size [38]. However, in cultured primary sympathetic 
neurons, catecholamine storage is functionally intact. 
These cells release catecholamines upon exposure to 
depolarizing stimuli, such as veratridine and high K* 
concentrations [30, 39], and release is blocked by de- 
creased Ca** or increased Mg?* concentrations, sug- 
gesting mediation by vesicular exocytosis. 

Enzymes needed in catecholamine and serotonin 
synthesis have been demonstrated in a number of pri- 
mary and continuous neural cultures. Tyrosine hy- 
droxylase (TH, EC 1.14.16.2), tryptophan hydroxylase 
(EC 1.14.16.4) and dopamine f-hydroxylase (DBH, 
EC 1.14.17.1) activities have been described in cul- 
tures of brain [21,38], sympathetic ganglia [30, 40] 
and certain cloned’ neural__sitines__—s from 
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mouse [15, 16,41-43] and rat[{17] tumors. Some 
neuroblastoma clones with little or no TH acti- 
vity [15] still have DBH activity [44], making them 
candidates for octopamine synthesis. L-Aromatic 
amino acid decarboxylase activity (EC 4.1.1.28) is 
expressed variably in culture—it appears at lower 
than expected levels in brain aggregates [21] and has 
been undetectable in homogenates of neuroblastoma 
cells [45], even though these cells can synthesize cate- 
cholamines and serotonin [46]. Phenylethanolamine 
N-methyltransferase activity (EC 2.1.1.28) has not 
been reported in cultured cells, but at least one line 
of murine neuroblastoma cells does contain epine- 
phrine [46]. Monoamine oxidase (MAO, EC 1.4.3.4), 
aldehyde reductase (EC 1.1.1.1) and catechol-O- 
methyltransferase (COMT, EC 2.1.1.6) activities have 
been demonstrated in primary fibroblasts [32, 44] and 
nerve [47] cultures, as well as continuous neuroblas- 
toma and glioma lines [48-50]. Monoamine oxidase 
activity in the latter two cell types is exclusively of 
the A form [51], which is thought to predominate in 
intraneuronal metabolism. 

In contrast to: the relative ease of cholinergic 
synapse formation in culture, no electrophysiologi- 
cally functional adrenergic synapses have been 
demonstrated in cultured cells, although such 
synapses do appear to form by morphologic cri- 
teria[1]. Receptors for catecholamines have been 
demonstrated on a number of cells types. Nore- 
pinephrine and isoproterenol interact with f-adrener- 
gic receptors to increase intracellular levels of cyclic 
adenosine 3’:5’-monophosphate (cAMP) in cultured 
“fibroblastic” [52], glioma |'53] and lymphosarcoma 
cells [54]. Electrophysiologic studies also suggest the 
presence of these receptors on atrial cells [25], Pur- 
kinje neurons[55] and other brain neurons[56] in 
culture. Interestingly, B-adrenergic receptors have not 
been described on murine neuroblastoma cells, pre- 
sumably because of the sympathetic origin of these 
cells. Both norepinephrine [57] and dopamine [29, 
58] can produce changes in membrane potentials of 
neuroblastoma cells and hybrids derived from them, 
but the nature of these transmitter—receptor inter- 
actions has not been well characterized. 

Other transmitters. Neural and giial cells from both 
primary and continuous cell cultures show high 
affinity uptake of the putative transmitters glycine, 
taurine, glutamic acid and y-aminobutyric acid 
(GABA) [8, 59-63].¥ In many of these studies, trans- 
port has been shown to be largely energy and Na* 
dependent. Such findings make it difficult to believe 
that specific transport mechanisms exist only in 
neurons which use these substances as transmitters. 
Storage of GABA appears to be a Ca**-dependent 
process in some rat neural lines[61], and cultured 
primary neurons and glioma cells can accumulate 
taurine and GABA at concentrations >100-fold 
above that in the medium [59, 62]. 

It is difficult to distinguish changes in amino acid 
metabolism which correlate directly with the role of 
these compounds as transmitters. Schubert et al. [64] 
have observed higher levels of GABA and f-alanine 
in free amino acid pools of neural and glial lines, 
as compared to muscle and “fibroblastic” lines. Gluta- 
mic acid decarboxylase activity (EC 4.1.1.15), inhi- 
bited by amino-oxyacetic acid, appears in glioma and 
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neuroblastoma, but not “fibrolastic” lines [18, 59, 65], 
and in primary cultures from central [21], but not 
peripheral [66] nervous tissue. Together these studies 
suggest an active role for glial cells in neurotrans- 
mitter metabolism. 

As predicted from studies in vivo, glycine hyperpo- 
larizes and glutamate depolarizes neurons from the 
central nervous system [24]. Glutamate has no effect 
on cultures of superior cervical ganglia, dorsal root 
ganglia or skeletal muscle, and can hyperpolarize 
atrial muscle cells [24,25]. GABA can depolarize 
neurons from the superior cervical and dorsal root 
ganglia[25], but hyperpolarizes neurons from the 
central nervous system [24, 56, 67]. 


Regulation of neurotransmitter synthesis 


Culture systems offer a means of studying regula- 
tion of neurotransmitter metabolism at the cellular 
level independently of trans-synaptic and intercellular 
modulations. Most studies to date have examined 
regulatory influences on catecholamine metabolism. 
In both noradrenergic neuroblastoma cells and 
sympathetic neurons, extracellular tyrosine concen- 
trations can affect uptake of tyrosine and TH activity. 
Short-term (30 sec) uptake of tyrosine in neuroblas- 
toma cells is doubled by a 2-hr preincubation with 
10-3M or 10°*M tyrosine [68]. Increasing levels of 
tyrosine, up to 6 x 10~° M, increase synthesis of cate- 
cholamines [40] and the amount of TH, as measured 
by specific antibody titration [69]. This latter concen- 
tration of tyrosine correlates with the maximum capa- 
city for cellular uptake* [68] and the range of serum 
levels for this amino acid in vivo, indicating that tyro- 
sine is not normally rate-limiting for catecholamine 
synthesis. 

In different culture systems, various co-factors may 
be rate-limiting for catecholamine synthesis. Addition 
of biopterin, necessary for TH activity, appears to 
stimulate catecholamine accumulation in organ cul- 
tures [70], but not dissociated cell cultures [40] of 
sympathetic ganglia. Certain cell types, including 
neuroblastoma cells [71], synthesize their own biop- 
terin. The low levels of L-aromatic amino acid decar- 
boxylase activity seen in neuroblastoma cells [45] and 
brain aggregates [21] suggest a need to examine the 
content and stability of pyridoxine in culture medium. 
Addition of ascorbic acid, the presumed co-factor for 
DBH, increases norepinephrine formation in some 
primary cultures[40], but not in others[38]. As 
would be expected from studies in vivo, drugs which 
block TH activity, such as x-methyl-p-tyrosine [70], 
or prevent access of dopamine to DBH, such as reser- 
pine [30.35.70], depress catecholamine synthesis, 
while MAO inhibitors increase levels of catechola- 
mines [72]. 

A number of studies have focused on the ability 
of depolarization or hormones to alter catecholamine 
metabolism in adrenergic neurons. Most of these 
studies have used short-term (48 hr) explant cultures 
of superior cervical ganglia. Many of the agents used, 
high K* concentrations, dibutyryl] cAMP (dBC- 
AMP) and nerve growth factor (NGF) also affect the 
survival and/or differentiation of nerve cells making 
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it difficult to assess their specific effects on neuro- 
transmitter enzymes. High K * (54mM) or dBC-AMP 
(1-5 mM) can increase TH [72-74], DBH [73, 75] and 
MAO [73] activities in explant cultures by about 50 
per cent over control levels. Two-fold increases in TH 
activity [76] and long-term (20 hr) uptake of tyrosine 
[50] are also seen in noradrenergic neuroblastoma 
clones treated with | mM dBC-AMP. The slow rates 
of increase and their inhibition by cyclohexamide sug- 
gest the need for new protein synthesis. Nerve growth 
factor also stimulates TH [72] and MAO [77] activi- 
ties in cultures of sympathetic ganglia; at optimal 
NGF concentrations, the addition of adrenocortico- 
trophic hormone or dBC-AMP can further increase 
MAO activity [78]. The effects of K* and NGF [79] 
may be mediated through transitory increases in 
cellular cAMP levels. Both synthesis and degradation 
of catecholamines may be increased by such treat- 
ments. It would be interesting to know if increases 
in MAO activity occur in both neuronal and non- 
neuronal cells in these cultures. 

In continuous neuroblastoma lines, agents which 
depress cell division frequently increase the expression 
of differentiated properties. Such agents include 
dBC-AMP, Na butyrate, aminopterin, 5-bromodeoxy- 
uridine and low serum levels. Differentiated proper- 
ties include neurite extension and electrical excit- 
ability, as well at CAT, AChE, TH and DBH activi- 
ties [3]. It is not clear how such agents “induce” 
differentiation and whether the process bears any 
relation to regulatory mechanisms operating in vivo. 
Treatment of glioma or neuroblastoma cells with 
neuraminidase (EC 3.2.1.18) causes a 2- to 3-fold rise 
in acetylcholinesterase and butyrylcholinesterase ac- 
tivities through an increase in the V,,,, of these 
enzymes [80]. This finding suggests regulation of 
enzyme activities through the structural arrangement 
of macromolecules within membranes. 


Developmental insights 


Formation of cholinergic synapses in culture has 
allowed analysis of the roles of acetylcholine and cho- 
linergic receptors in this process. Synapses between 
spinal cord neurons and skeletal myotubules form in 
the presence of curare, which blocks the interaction 
of acetylcholine with these receptors, and xylocaine, 
which blocks electrical activity [81]. Further, areas of 
high sensitivity to acetylcholine form on myotubules 
without innervation [82]. It appears that developmen- 
tal processes involving movement of neurites toward 
end-organ muscles, adhesion of neurite endings to 
muscle membranes and formation of synapses need 
not be mediated through the interaction of transmit- 
ters with their receptors. 

Primary embryonic neurons grown in vitro may fol- 
low a developmental sequence parallel to their course 
in vivo. Noradrenergic neurons from sympathetic 
ganglia show an increasing capacity to synthesize 
catecholamines over several weeks in vitro[66]. 
Superior cervical ganglia co-cultured with iris tissue 
have increased DBH activity and high affinity uptake 
of norepinephrine, as compared to ganglia grown 
alone [83]. In spinal cord[14] and brain [21] cul- 
tures, increases in CAT and AChE activity appear 
to accompany the formation of cholinergic synapses. 
Skeletal muscle myotubules can “induce” CAT acti- 
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vity in spinal cord neurons without notably affecting 
AChE activity [12]. This process does not result from 
increased survival of neurons, nor does it depend on 
synaptic contact between neurons and myotubules. 
Rather, “trophic” factors, secreted by muscle cells into 
the medium, appear to be responsible; the factor(s) 
are stable to heating at 58° and relatively large in 
size (>50,000 daltons).* Dissociated sympathetic 
ganglia neurons can also form electrophysiologically 
functional cholinergic synapses with each other and 
with skeletal myotubules in vitro [84]. Choline acetyl- 
transferase activity is increased dramatically in these 
cultures by exposure to a number of non-neuronal 
cell types, including fibroblasts, muscle cells and 
glioma ceils, or medium conditioned by them, 
through factor(s) similar to those described 
above [13, 30]. Such “trophic” factors may resemble 
NGF and may represent a class of molecules which 
plays a critical role in neuronal development. 

The demonstration of cholinergic neurons within 
populations of cultured sympathetic ganglia cells [13] 
raises interesting questions about the capacity of 
neurons to synthesize more than one transmitter. 
Ultrastructural studies have repeatedly demonstrated 
more than one class of synaptic vesicles in various 
neuronal populations. Thus, a few dense core 
granules, similar to those associated with catechola- 
mine storage, are seen intermingled among small, 
clear vesicles, presumed to contain acetylcholine. 
Although about 5 per cent of the neurons in the 
superior cervical ganglia in vivo may be choliner- 
gic [85], under certain conditions of culture more 
than 50 per cent are able to form cholinergic 
synapses [13]. This phenomenon of apparent pluripo- 
tentiality for transmitter synthesis has also been 
observed with continuous neural lines. Simultaneous 
presence of CAT and TH activities appears in several 
clonal neuroblastoma lines [15,86]; and a rat neural 
clone, and subclones obtained from it, synthesize de- 
tectable amounts of acetylcholine, dopamine and 
GABA [17]. Studies on transmitter metabolism in 
single cells are needed to resolve this issue, but it 
appears that developmentally immature neurons may 
be able to “program” their transmitter synthesis in 
several alternate ways. 


Drug actions 


Culture studies have proven especially useful in 
analysis of receptor functioning. Responses to drugs 
and neurotransmitters have been examined: (1) by 
monitoring changes in membrane potentials, either 


through electrophysiologic recordings of single 
cells[24] or by uptake of **Na* in cell popula- 
tions [87], (2) by measuring changes in intracellular 
cyclic nucleotide levels, and (3) by receptor-specific 
binding of isotopically labeled drugs. 

Morphine receptors have been demonstrated on 
hybrid line NG108-15 by the pharmacologically spe- 
cific binding of labeled morphine analogues and the 
ability of morphine to depress both resting cAMP 
levels and those induced by prostaglandin E, [88, 89], 
while increasing C-GMP levels [90]. An interesting 
model of “tolerance” and “addiction” has developed 





* E. L. Giller, Jr.. J. H. Neale, P. N. Bullock, B. K. 
Schrier and P. G. Nelson manuscript in preparation. 


X. O. BREAKEFIELD and E. L. GILLER, JR. 


from these studies. Cells exposed to morphine for 
several days show a compensatory increase in adeny- 
late cyclase activity (EC 4.6.1.1) necessary to maintain 
normal intracellular levels of cAMP in the presence 
of this drug. When morphine is removed, adenylate 
cyclase activity is unchecked and remains abnormally 
high for a short period of time, resulting in increased 
levels of cAMP which could disrupt neuronal func- 
tioning. 

Desensitization of f-adrenergic and cholinergic 
receptors has also been observed in cultured cells. 
Brief exposures of “fibroblastic” or glioma cells to 
isoproterenol, a f-adrenergic agonist, result in tran- 
sitory rises in cellular levels of cAMP [52,91]. With 
longer exposures (2 hr) the cells become refractory to 
stimulation by isoproterenol and recovery requires 
9-24hr of culture in the absence of this drug. In 
studies with frog red blood cells, it appears that 
f-adrenergic receptors, as measured by alprenolol 
binding, actually decrease in number during desensiti- 
zation, and recovery involves new receptor synthesis 
and/or membrane insertion [92]. Desensitization of 
nicotinic receptors on cultured myotubules can also 
be measured by a decrease in the rate of 7*Na~* 
uptake and occurs after only a 2-min exposure to 
carbamylcholine [87]. 

Other studies point to the molecular mechanisms 
of action of several drugs. 6-Hydroxydopamine is 
selectively toxic to developing adrenergic neurons in 
vivo. Cultured neuroblastoma cells show 2- to 3-fold 
greater uptake of this dopamine analogue and sensi- 
tivity to its lethal effects than “fibroblastic” cells [93]. 
6-Hydroxydopamine taken up into either cell type 
becomes covalently linked to proteins forming high 
molecular weight complexes [94]. Linkage is pre- 
sumed to be random and to inactivate many enzymes. 
Another drug, diphenylhydantoin, used as an anticon- 
vulsant in vivo, has been found to block repetitive 
action potentials generated in neuroblastoma cells in 
response to low Ca?* concentrations [95]. In other 
studies with neuroblastoma cells, C-AMP levels are 
increased by exposure to adenosine [96], adding 
further credibility to the role of purines as neurotrans- 
mitters [97]. 


Genetic approaches 

One of the main advantages in using continuously 
dividing neural cells lines is the ability to select 
mutants or epigenetic variants which show altered 
neurotransmitter metabolism. Simantov and 
Sachs [98] have used antibody prepared against 
AChE as a cytotoxic factor to select against cells with 
this enzyme. Lines with low AChE activity obtained 
in this manner showed no change in CAT activity. 
These workers have also selected neuroblastoma lines 
with increased resistance to the growth inhibitory in- 
fluences of dBC-AMP or high temperature (40°). 
These new lines show alterations in “induction” of 
AChE activity and in cAMP binding protein [99]. 

Increased intracellular levels of cAMP can kill 
lymphosarcoma cells. Bourne et al. [54] selected vari- 
ant lines able to grow in the presence of isoproterenol, 
normally a stimulator of adenylate cyclase activity. 
These lines showed normal resting levels of cAMP 
and phosphodiesterase activity (EC 3.1.4.17), but did 
not respond to a number of drugs normally able to 
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increase cAMP levels. They concluded that these vari- 
ants contain an altered adenylate cyclase, in contrast 
to another variant line which seems to lack the cyto- 
plasmic receptor for cAMP. Presumably one could 
also isolate lines with defective B-adrenergic receptors 
by this technique. 

As with other continuous cells lines, neuroblastoma 
and glioma lines lacking hypoxanthine phosphoribo- 
syltransferase (HPRT, EC 2.4.2.8) activity can be 
selected by their resistance to 6-thioguanine. Such 
lines offer a model for the Lesch-Nyhan syndrome 
in humans in which low HPRT activity, important 
in purine salvage, results in neuronal dysfunction. 
One neuroblastoma line lacking HPRT activity was 
found to be comparable to its parental clone in mor- 
phology, electrical excitability and AChE acti- 
vity [100]. Other noradrenergic neuroblastoma lines 
lacking HPRT activity, however, have sharply 
reduced MAO activity, with no changes in TH, DBH 
or COMT activities [44]. This latter finding suggests 
an as yet undefined link between the regulation of 
purine and catecholamine metabolism. 

Since both tyrosine and tryptophan hydroxylases 
can convert phenylalanine to tyrosine, neuroblastoma 
lines with these enzyme activities can be selected by 
their ability to grow on medium lacking tyrosine, nor- 
mally an essential amino acid [101]. This technique 
has made it possible to obtain adrenergic and sero- 
tonergic clones from mixed populations of neuroblas- 
toma cells. 

Another advantage of continuous lines is their 
ability to form hybrids. Neuroblastoma cells fused to 
L-cells frequently form hybrids which continue to 
express differentiated neural properties [102]. In some 
cases, fusion produces hybrid lines which show higher 
levels of neuronal activity than either parent. Thus, 
fusion of neuroblastoma and glioma cells has pro- 
duced hybrids NG108-5 and NG108-15 which show 
heightened ability to synthesize neurotrans- 
mitters [103, 104], increased frequency of morphine 
receptors [105] and the ability to form synapses [20]. 
Hybridization techniques can also be used to confer 
normal neural properties on continuously dividing 
lines. One hybrid line formed by fusion of a murine 
neuroblastoma cell with an embryonic, murine sympa- 
thetic neuron has TH activity and electrophysiologic 
properties similar to normal parental cell [106]. 

Neurotransmitter metabolism can also be examined 
in mutant cells obtained from animals or humans 
possessing inherited neurologic abnormalities. 
Messer, in Sidman’s laboratory, has examined cere- 
bellar cultures from several mouse mutants, with 
altered cerebellar development in vivo; so far such 
cultures appear to be similar to control in cell sur- 
vival and GABA metabolism [107]. In the case of 
human diseases, it is more difficult to examine neural 
dysfunction in culture, as one cannot obtain viable 
nerve populations from patients. Perhaps one can use 
other, more easily obtainable ce!l types which bear 
functional properties in common with nerve cells. 
Thus, human fibroblasts cultures show MAO and 
COMT activities* [44] and continuous human 
fibroblastic line VA-2 possesses both f-adrenergic and 
prostaglandins receptors [53]. 





*X. O. Breakefield, unpublished data. 
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Abstract—Aurothiomalate and cysteine react under appropriate conditions to produce an insoluble 
complex of aurocysteine. Although alkylation of the SH group of cysteine completely blocks the reac- 
tion, the organomercurials have no effect. The results are compared with, and found to be compatible 
with, the interaction between aurothiomalate and the cysteinyl residue of human serum albumin. 


Sodium aurothiomalate is a drug used frequently in 
the therapy of rheumatoid arthritis. .However, its 
pharmacology is little understood. Previous workers 
have shown that aurothiomalate in serum is bound 
mainly to albumin [1-3], the interaction involving the 
free thiol group of mercaptalbumin [4, 5]. However, 
the effects of thiol-blocking agents on the interaction 
between aurothiomalate and the cysteinyl residue of 
albumin are anomalous [5]. In an attempt to resolve 
these anomalies and to gain a greater understanding 
of the pharmacology of aurothiomalate, the present 
study has investigated the interaction of aurothioma- 
late and cvsteine as a simple model for the more com- 
plex system involved in the interaction of aurothio- 
malate and the cysteinyl residue of albumin. 


MATERIALS AND METHODS 


Materials. Sodium ['?°Au Jaurothiomalate, 
L-[U-'*C]cysteine hydrochloride and _p-chloro 
[?°>Hg]mercuribenzoic acid were purchased from 
Radiochemical Centre, Amersham, Bucks., U.K.; 
5,5’-dithiobis(2-nitrobenzoic acid) and thiomalic acid 
were obtained from B.D.H. Ltd., Poole, Dorset, U.K. 
and sodium aurothiomalate from May & Baker Ltd., 
Dagenham, Essex, U.K. L-cysteine, N-ethylmaleimide, 
p-chloromercuribenzoic acid and _p-chloromercuri- 
phenyl sulphonate were purchased from Sigma Lon- 
don.Chemical Co. Ltd., Surbiton, Surrey, U.K. 

Methods. Sodium  aurothiomalate, sometimes 
spiked with sodium ['**Au]aurothiomalate, and 
L-cysteine, sometimes spiked with L-[U-'*C]cysteine 
hydrochloride, were allowed to react at room tem- 
perature in a total vol of 1.0ml aqueous solution, 
and at various concentrations up to 2.0 x 10~?M. 
In all experiments, degassed solutions were used and 
air was displaced from the reaction vessels by bub- 
bling with oxygen-free nitrogen. After incubation for 
varying periods of time, any precipitate formed was 
spun off and assayed for gamma-emission from '?*Au 
or beta-emission from '*C. The supernatant was 
assayed for thiols as well as radioactivity. 

Thiol assay. Thiols in the supernatants were 
assayed by a method modified from chat of Ell- 
man [6]. Ten pl test solution was added to 2.5 ml 





*C. J. Danpure. Details to be published separately. 


5.5'-dithiobis(2-nitrobenzoic acid) (5 x 10°*M) in 
Tris-HCl (10-2 M) buffer pH 8.0 at 4°C. The increase 
in absorbance at 412 nm was continuously monitored 
until either a plateau was reached or 60 min, which 
ever was the shorter. The rate of reaction of Ellman’s 
reagent with cysteine was considerably faster than 
that with thiomalate. At 4°C the reaction with cys- 
teine was essentially complete by 5 sec, whereas the 
reaction with thiomalate did not plateau until about 
20 min, with a haif-time of 3 min. By differentiating 
between fast-reacting SH groups (cysteine) and slow- 
reacting SH groups (thiomalate), the concentrations 
of these two thiols could be easily assayed in mixtures 
of the two. The validity of the method was tested 
by measuring the rates of reaction at 4°C of various 
mixtures of cysteine and thiomalate (Fig. 1). The pro- 
portions calculated from these results agreed well 
with the actual composition (Fig. 2). 

Aurothiomalate was found to interfere with the 
assay of thiols by Ellman’s method* so that the pla- 
teau absorbance at 412nm could not be used as a 
measure of thiol concentration. However no interfer- 
ence was found when the initial rate of reaction was 
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Fig. 1. Assay for thiomalate and cysteine. Trace from a 
continuous recording of the change in absorbance at 
412 nm when Ellman’s reagent was reacted with 15 yl of 
a mixture of cysteine and thiomalate at 4°. Cysteine 
(nmole): Thiomalate (nmole) = 150:0 (1), 112.5:37.5 (2), 
75:75 (3), 37.5:112.5 (4) and 0:150 (5) respectively. 
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Fig. 2. Assay for thiomalate and cysteine. The concen- 

trations of thiomalate and cysteine were measured in mix- 

tures of the two by comparing the absorbance at 412 nm 

after 5 sec (cysteine) and the plateau (total SH) from Fig. 
1. For details see Fig. 1. 


‘used as a measure of the thiomalate concentration. 
Therefore in the experiments where aurothiomalate 
was present during the thiol assay (i.e. when added 
in excess) the intial rate assay was used. Appropriate 
plateau and initial rate standard curves for thiomalate 
and cysteine were made. 


RESULTS 


Aurothiomalate reacted with 10°?M _ cysteine in 
aqueous solution at room temperature to form a pre- 
cipitate over a period of several hours. The amount 
of precipitate increased with increasing concentration 
of aurothiomalate and became maximal when auro- 
thiomalate reached an equimolar concentration with 
cysteine. The precipitate decreased on the addition 
of excess aurothiomalate. When a vast excess was 
added, no precipitate was formed. On the basis of 


‘95 Au distribution, all the gold was precipitated until 
excess aurothiomalate was added, when all the ad- 
ditional gold remained in the supernatant (Fig. 3). 
Concomitantly with the precipitation of '°°Au there 
was a decrease in supernatant fast-reacting SH groups 
(cysteine) and an increase in slow-reacting SH groups 
(thiomalate) (Fig. 3). Addition of a molar excess of 
aurothiomalate caused no further change in the 
supernatant SH content. The loss of cysteine from 
the supernatant, on addition of aurothiomalate, was 
confirmed by the appearance of '*C in the precipitate 
when the cysteine was previously spiked with 
L-[U-'*C]cysteine hydrochloride. Although complete 
precipitation of the reaction product took several 
hours, the initial reaction was quick in so far as no 
cysteine could be detected 10sec after the admixture 
of equimolar concentrations of cysteine and aurothio- 
malate. 

Addition of increasing concentrations of cysteine 
to 10°?M aurothiomalate produced a precipitate 
only when the aurothiomalate was in 2-fold excess 
or less. Thiomalate was the only thiol present in the 
reaction mixture or supernatant, after the precipitate 
was removed, and increased in proportion to the 
amount of cysteine added (Fig. 4). When cysteine was 
added in excess no further increase in thiomalate was 
found. The excess cysteine was totally confined to the 
supernatant. 

The interaction between 10°7M_ cysteine and 
10°?M aurothiomalate was pH-dependent (Fig. 5). 
As the pH was increased from 5.0 to 9.1 the rate 
of formation of the precipitate was decreased, so that 
even when the reaction was left for 24hr at pH 9.1 
only 70 per cent of the '?°Au was precipitated. How- 
ever no cysteine was detectable in the supernatant 
even at pH 9.1. 

Preincubation of 10°?M cysteine with 10°7M 
N-ethylmaleimide completely prevented the forma- 
tion of a precipitate on addition of 10°? M aurothio- 
malate (Table 1). On the other hand neither 10-7 M 
p-chloromercuribenzoate or 10-7 M p-chloromercuri- 
phenyl sulphonate inhibited the precipitation of 
'95 Au (Table 1). In fact the insoluble organomercury— 
cysteine complexes at pH 7.0 could be redissolved by 
aurothiomalate and replaced by '°*Au-containing 
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Fig. 3. Reaction between aurothiomalate and cysteine. Varying amounts of '°>Au-labelled aurothioma- 


late were reacted with 10 umole cysteine in | ml total vol. A 
umole cysteine (fast-reacting SH) in supernatant. @ 


-A mole '°*Au precipitated. O--O 
@ umole thiomalate (slow-reacting SH) in 


supernatant. 
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Figure 4. Reaction between aurothiomalate and cysteine. 

Varying amounts of cysteine were reacted with 10 umole 

195 Au-labelled aurothiomalate. A——A umole '?*Au pre- 

cipitated. O-—-O pmole cysteine in supernatant. @-—--® 
umole thiomalate in supernatant. 


precipitate. When 10°7M cysteine and 10°7M 
p-chloromercuribenzoate were reacted in 10°'M 
NaOH and then 10°?M aurothiomalate added 
before neutralisation, precipitation of the cysteine- 
organomercury complex on neutralisation was com- 
pletely prevented. 

Experiments using p-chloro [?°*Hg]mercuriben- 
zoate showed that when '°*Au was precipitated in 
the presence of cysteine and p-chloromercuribenzoate, 
the *°7Hg remained in the supernatant. In none of 
the experiments using thiol-blocking agents were any 
thiols detectable in the supernatants or otherwise. 


DISCUSSION 


The preceding observations on the interaction of 
cysteine and aurothiomalate, in the absence of thiol- 
blocking agents, are compatible with the reaction 
shown in Fig. 6, in which there is an exchange of 
gold from thiomalate to cysteine to produce an in- 





* A. Isab, P. J. Sadler, C. J. Danpure, D. A. Fyfe and 
P. A. Charlwood. Submitted for publication. 
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Fig. 5. Effect of pH on '*°Au precipitation. 10 umole 

‘95 Au-labelled aurothiomalate were reacted with 10 pmole 

cysteine in 0.1 M Tris (pH adjusted with HCl). The mixture 

was left for 2 hr (@——@) or 24 hr (O-—-—-©) before the 
precipitate was spun off. 


soluble complex of aurocysteine. Although the overall 
reaction is slow, especially at high pH, as shown by 
the delay in '°*°Au precipitation, the initial reaction 
is fast. On the basis of this and the pH data, an inter- 
mediate step may be postulated involving a molecule 
such as CH,(COOH)CH(COOH)S: Au” -S:CH,:CH- 
(COOH)NH;. Formation of the intermediate might 
be expected to be promoted by increasing pH, 
whereas formation of aurocysteine from the inter- 
mediate would be inhibited. Delayed precipitation 
caused by high pH may be taken as an indication 
of the relative higher solubility of the unstable inter- 
mediate compared to aurocysteine. Alternatively, as 
it is known that aurothiomalate polymerises in 
aqueous solution,* the precipitate could be due to 
the formation of insoluble polymeric aurocysteine 
from the otherwise soluble monomer. 

When the interaction of aurothiomalate and mer- 
captalbumin was studied under identical conditions 
to the present experiments, the release of thiomalate 
could not be detected.+ This is in agreement with the 


Table 1. Effect of SH-blocking agents on the interaction between aurothiomalate and cysteine 





SH-blocking agent Concentration 


Gold precipitated (umole) 





10°-7M 
5x 10°7M 

10°-7M 

10°7M 


NEM 


PCMPS 
PCMB 


Control 


0 
2.46 
9.75 
9.12 
6.58 
9.81 





The SH-blocking agents N-ethylmaleimide (NEM), p-chloromecuripheny! sulphonate 
(PCMPS) and p-chloromercuribenzoate (PCMB) were incubated for 10 min at room tempera- 
ture with 10~? M cysteine. The mixture was then incubated for 2 hr with 10>? M aurothioma- 
late. The precipitate formed was spun off and its content of '°*Au determined. The total 
reaction volume was | ml (i.e. 10 zmole cysteine and 10 umole aurothiomalate). 

* PCMB, not being water-soluble at this concentration, was dissolved in 10°' M NaOH. 
Aurothiomalate was added to the PCMB-cysteine reaction mixture before neutralisation. 
The total reaction mixture was then neutralised with 10~' M HCI. 

+ PCMB in 10°! M NaOH was reacted with cysteine and then precipitated by neutralisa- 


tion. Aurothiomalate was then added. 
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NH,. CH. COOH 


Cysteine Aurothiomalate 


NHp. CH: COOH 


Aurocysteine Thiomalate 


Fig. 6. Suggested reaction between aurothiomalate and cysteine. 


findings of Gerber [4]. Therefore it is possible that 
the postulated unstable intermediate in the reaction 
between aurothiomalate and cysteine could be stable 
in the environment of the cysteinyl residue of albu- 
min. 

The inhibitory effect of N-ethylmaleimide is in 
accord with the reaction in Fig. 6. If the reaction 
involves the —S~ moiety of cysteine, then alkylation 
would be expected to block this ionisation and there- 
fore the interaction. On the other hand the lack of 
inhibition by the organomercurials is somewhat diffi- 
cult to interpret. In fact the gold from aurothiomalate 
seems able to displace the mercurial which is already 
bound to the thiol of cysteine. The effect of thiol- 
blocking agents on the reaction between aurothioma- 
late and cysteine is especially interesting in relation 
to the effect of the same agents on the interaction 
between aurothiomalate and the cysteinyl residue of 
human serum albumin. In the case of the latter, alky- 
lating agents such as N-ethylmaleimide, iodoacetate 
and iodoacetamide inhibit the interaction, whereas 
p-chloromercuribenzoate does not[5]. In addition 
evidence suggests that both the organomercurial and 
aurothiomalate are bound to the same cysteinyl resi- 
due simultaneously.* This postulated organomer- 
curial-aurothiomalate—cysteine complex (Fig. 7) may 
also have been formed in the present studies, but pre- 
sumably its stability is somewhat less than the equiv- 
alent complex with the cysteinyl residue of albumin, 
resulting in the precipitation of aurocysteine with the 
organomercurial-thiomalate complex remaining in 
solution. 





* C. J. Danpure. Unpublished observations. 


COOH 


2 
{O10 
| 


CH 
{| 2 
N. CH. COOH 


CH 
HOOk.on 
S----H 


Au---S 


Ho 


Fig. 7. Suggested complex of aurothiomalate, cysteine and 
p-chloromercuribenzoate. 


The present studies have several interesting impli- 
cations with respect to the pharmacology of the 
antiarthritic drug aurothiomalate. Firstly, they pro- 
vide an explanation for some of the anomalous results 
found by Danpure[5] on the interaction between 
aurothiomalate and albumin in human serum. 
Secondly, they indicate that, although bound strongly 
to albumin in the plasma [5], the majority of intracel- 
lular non-protein-bound gold would be expected to 
exist as complexes of aurocysteine or perhaps gamma- 
glutamyl]-aurocysteinyl-glycine, due to the relatively 
high intracellular concentrations of cysteine and glu- 
tathione. 

Gold, in the form of aurothiomalate, has been 
shown to inhibit many enzymes[7-11]. In at least 
some cases the inhibition probably involves interac- 
tion of the drug with a susceptable enzyme SH 
group [10, 11]. Cysteine may be very important in the 
translocation of gold from one intracellular site to 
another. Whether only the gold moiety of aurocys- 
teine binds to the intracellular protein SH groups or 
whether the whole molecule forms complexes, similar 
to those between aurothiomalate and albumin, 
remains to be discovered. in addition, it would be 
fruitful to investigate the form in which gold is 
excreted in patients undergoing chrysotherapy for 
rheumatoid arthritis. From the foregoing results it 
might be expected that complexes of aurocysteine or 
S-auroglutathione might be the predominant gold 
metabolites in the urine. 
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Abstract—The rates of hydrolysis of a series of aromatic nitrogen mustards, in aqueous solution at 
physiological temperature and pH, have been determined. Identical rates were observed when the 
hydrolysis reaction was followed either by titration of acid released or by estimation of residual alkylat- 


ing activity using the Epstein reagent. 


In this laboratory a study has been made[1-4] of 
the O-phosphate (AMPh,I), O-sulphate (AMSu, ID) 
and O-glucuronide (AMGI, III) of p-hydroxyaniline 
mustard (AMOH, IV) [5] which were synthesised by 
Bukhari et al. [6], as potential anti-tumour agents for 
neoplasms containing high levels of phosphatase, sul- 
phatase and glucuronidase, respectively. It was pro- 
posed that selectivity could be achieved by the release 
of the rapidly hydrolysing and potently cytotoxic 
AMONH specifically in the tumour by the action of 
the appropriate deconjugating enzymes. The activity 
of aniline mustard (AM, V) [7] against certain mouse 
plasma cell tumours is attributed to metabolism to 
AMGI in the liver followed by deconjugation to 
AMONH in the high glucuronidase environment of the 
tumour [8-11]. 

(1) R = (H0),Po-0- 

(\) R = HOSO,—0- 

(") R = COOH 


f* CH, CI 
N 


\cu, CH, Cl 


HO0C (CH,),— 
NH, 
Hone £—Ch, 
H 
In the course of this work it was necessary to assess 
the chemical reactivity of this group of alkylating 
agents since this property is likely to strongly in- 
fluence their pharmacological properties and biologi- 
cal activity. Although the conjugates are ionised at 
pH 7.4, and therefore would be expected to be less 
toxic than AMOH due to their rapid excretion, it 
is possible that the chemical reactivity of these agents 
could influence their selectivity. For example, a posi- 
tive correlation between chemical reactivity and anti- 
tumour activity has been demonstrated for some 
members of the aromatic mustard series [12-14]. 


The hydrolysis of alkylating agents in aqueous 
solution may be followed by estimation of released 
hydrogen [7, 12-16], or chloride ion[17—19] or by 
estimation of residual alkylating activity. The most 
common reagent for the estimation of alkylating 
agents is 4-(p-nitrobenzyl)pyridine (Epstein reagent, 
NBP) [20]. The reaction involves the alkylation of 
NBP to form a pyridinium salt which has an intense 
purple colour at alkaline pH. This method has been 
widely used for the estimation of alkylating agents 
in biological materials [18, 21-28] and, to a lesser 
extent, for the determination of their rates of hydroly- 
sis [14, 17,29, 30]. However, the validity of this 
method for the quantitative estimation of alkylating 
agents in both biological materials [31] and aqueous 
solution [13,32] has been questioned. The major 
criticism of the use of the Epstein reagent in the con- 
text of this work is that it determines the total 
amount of alkylating molecules present and fails to 
discriminate between the bifunctional mustard, which 
has anti-neoplastic activity, and the monofunctional 
2-chloroethyl-2-hydroxyethylamine, formed by the 
primary hydrolysis reaction, which has _ not 
[13, 33, 34]. 

In the present paper we have compared the Epstein 
method with titration of released acid in determining 
the rates of hydrolysis of the AM derivatives which 
are under investigation in this laboratory. 


MATERIALS AND METHODS 


Alkylating agents. AM (p-di-2-chloroethylaniline), 
AMOH (p-di-2-chloroethylaminophenol, hydrochlor- 
ide), AMPh (p-di-2-chloroethylaminopheny!l phos- 
phate, dicyclohexylamine salt and disodium salt), 
AMSu ___(p-di-2-chloroethylaminophenyl sulphate, 
monohydrate, sodium salt), AMGI (p-di-2-chlorothyl- 
aminophenyl-p-glucopyranosiduronic acid, tetra-n- 
butyl ammonium salt), and chlorambucil (p-di-2- 
chloroethylaminophenyl butyric acid, sodium salt) 
were a gift from the Chester Beatty Research Institute 
to whom we wish to express our thanks. Chlorambu- 
cil (free acid, VI) [19] and melphalan (L-p-di-2-chloro- 
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ethylaminophenylalanine, VIII) [35] were a gift from 
Burroughs Wellcome & Co., to whom we are also 
grateful. 

Mustard hydrolysis. The term hydrolysis, used here, 
applies to the hydrolysis of the chloroethyl moieties 
of the mustards. The removal of the ester moiety is 
referred to as deconjugation and was shown to be 
enzyme-dependent. 

The rates of hydrolysis of AM, AMOH, AMPh, 
AMGI, AMSu, chlorambucil and melphalan (the lat- 
ter two agents, the hydrolysis rates of which have 
been determined elsewhere [13, 30], were included as 
standards), were determined by automatic titration of 
released acid and by estimation of residual alkylating 
ability. The alkylating agents were dissolved in a 
small volume of suitable solvent before addition to 
the aqueous solution. AMPh (dicyclohexylamine salt 
and disodium salt), AMSu, AMGI, chlorambucil 
(sodium salt) were dissolved in water, AM in acetone, 
AMOH in dimethylsulphoxide, chlorambucil (free 
acid) in ethyl alcohol, and melphalan in NaOH 
(0.1 M). Solvent added did not exceed 10°, v/v. 


1. Automatic titration 


Alkylating agents—AM, AMOH, AMPh (dicyclo- 
hexylamine salt), AMGI, AMSu, chlorambucil 
(sodium salt), and melphalan, dissolved in the appro- 
priate solvent, were added to sodium perchlorate 
solution (0.1 M, 10 ml) at 37° and pH 744 to give a 
final known’ concentration of approximately 
2 x 10°°M with the exception of AM which, due 
to its limited solubility in aqueous solution, was 
2 x 10°-*M. AMOH solution was neutralised by the 
addition of an equivalent amount of NaOH (0.1 M). 
The reaction was followed to effective completion 
(99.9 per cent) by titration of the released acid with 
NaOH (0.01 M for AM, 0.1M for the other agents) 
using an Automatic Titrator (Radiometer, Copen- 
hagen) at a constant pH of 7.4 at 37°. Sodium per- 
chlorate, a non-nucleophilic salt, was included to 
increase the conductivity of the aqueous solution. 


2. Determination of residual alkylating activity 
Epstein reaction. Alkylating agent in aqueous solu- 
tion (0.5 ml) was incubated with Epstein reagent 
(BDH, 2°, w/v in 90°, ethylene glycol/10°, acetate 
buffer, 0.5 M, pH 4.6, | ml) in stoppered tubes at 80°. 
Duplicate tubes were removed at 5-min intervals up 
to 30min and cooled in ice. Triethylamine/acetone 
(50°, v/v, 3 ml) was added and the extinction at 
570 nm determined immediately against a reagent 
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blank using an SP 1800 (Unicam) or CE 272 (Cecil 
Instruments) spectrophotometer. Maximum extinc- 
tion for each of the mustards was observed following 
an incubation period of 20min which was used for 
the rest of this work. Calibration curves for each of 
the alkylating agents obeyed Beer’s Law over the 
range 5 x 10°° — 2 x 10°*M and molar extinction 
coefficients were very similar (€ = approximately 
3 x 10%). 

Hydrolysis. Alkylating agents AM, AMPh (dicyclo- 
hexylamine salt and disodium salt), AMGI, AMSu, 
chlorambucil (free acid) dissolved in the appropriate 
solvent, were added to phosphate buffer (0.01 M, 
pH 7.4) at 37° to give a final concentration of ap- 
proximately 2 x 10°*M with the exception of AM 
which, due to its very low solubility in this system, 
was 4.7 x 10°°M. The solutions were incubated in 
a shaking water-bath at 37. Duplicate samples, 
removed at time zero and subsequently at suitable 
time intervals over at least one half-life, were assayed 
for alkylating agent concentration. The pH of the in- 
cubation solution was constant over the period of the 
hydrolysis reactions studied. 


RESULTS 


The order of each mustard hydrolysis reaction was 
determined graphically. According to kinetic 
theory [36] the integrated rate equation for the first- 
order reaction A—products can be written log 
(aja — x) = kt/2.303, where a is the initial coricen- 
tration of A at time zero, x is the decrease in A at 
time t, and k is the first-order rate constant for the 
reaction. Thus plotting log (a/a — x) against t yields 
a straight line whose slope is equal to k/2.303. The 
half-life, t,,., of A (time required for the concentration 
of A to halve) is given by the equation t,,. = 0.693/k. 
Plots of (a/a — x) against t were linear over the initial 
50 per cent of the hydrolysis reaction indicating a 
unimolecular mechanism typical of the aromatic 
nitrogen mustards [7, 12, 13, 14,30]. Identical plots 
were obtained when the reaction was followed by 
Epstein and titration methods. The reaction rate coef- 
ficients and half-lives given in Table 1 were derived 
from lines of best fit, obtained by least squares regres- 
sion analysis, for the initial 50 per cent of the reaction. 
Values for chlorambucil and melphalan (included as 
known standards) are in good agreement with pub- 
lished work [13, 30]. A progressive increase in reac- 
tion rate was observed when the reaction was fol- 
lowed over longer periods due to the increasing con- 


Table 1. First-order rate coefficients and half-lives for the mustard hydrolysis 
reactions 





Rate coefficient 
(10° sec” ') 


Half-life 
(min) 





Titration 





Epstein Titration Epstein 





AM 

AMOH 
AMPh 
AMGI 
AMSu 
Chlorambucil 
Melphalan 


19.78 
90.89 
91.35 
54.40 
16.97 
41.97 
19.19 


18.68 
101.70 
93.27 
58.37 
16.94 
45.93 
20.22 








Enzyme activated anti-tumour agents 


Table 2. Alkylating agent LDs9 values in 
mice 





LDso 
(umoles/kg) 





AM 518 
AMOH* 52 
AMPht+ 221 
AMGIt 658 
AMSus 650 





* Hydrochloride. 

+ Dicyclohexylamine salt. 
t Free acid. 

§ Sodium salt. 


tribution of the more reactive 2-chloroethyl-2-hyd- 
roxyethylamine, produced by the primary hydrolysis 
reaction. The parameters given in Table 1 do not, 
therefore, accurately describe the kinetics of the entire 
hydrolysis reaction but are extremely useful, in bio- 
logical terms, as an estimate of the maximum rate 
of hydrolysis of the bi-functional anti-neoplastic spe- 
cies. 


DISCUSSION 


The results described in this paper have established 
two main points. 

(1) Identical rate coefficients are obtained when the 
hydrolysis of the aromatic nitrogen mustards in 
aqueous solution are determined by automatic ti- 
tration of released acid and estimation of residual 
alkylating activity using the Epstein reagent. 

(2) The half-lives of the AM derivatives, in aqueous 
solution at physiological temperature and pH, range 
from 12 to 70 min. AMOH, AMPh and AMGI hydro- 
lyse considerably faster than AM and AMSu and the 
reaction rate correlates quite well with the Hammet 
constant [37] for the para-substituent (where avail- 
able) as was observed for other members of this 
series [19]. 

Despite the similar short half-lives of AMPh, 
AMGI and AMOH, the two conjugates are much less 
toxic than AMOH in mice. The LDso values for these 
compounds in Balb/c” [6] and Balb/c* female mice 
are shown in Table 2. The biological effects of these 
agents are less likely to correlate with their chemical 
reactivity than is found with other members of this 
series [12-14] due to the influence of complicating 
factors. The conjugates will be largely ionised at phy- 
siological pH and their failure to permeate cell mem- 
branes will result in their rapid excretion and low 
toxicity. AMGI, for example, has very little cytotox- 
icity against bacterial cells in the absence of deconju- 
gating enzymes [38] despite its chemical reactivity, 
presumably due to its failure to enter the cells. Con- 
versely the action of deconjugating enzymes on 
AMPh and AMGI results in liberation of the lipid- 
soluble and highly reactive AMOH which is potently 
cytotoxic. Serum phosphatases have been shown to 
deconjugate AMPh and Estracyt [39]. The fact that 
AMG is less toxic than AMPh may be due to the 





* Unpublished results. 
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fact that serum glucuronidase activity is much lower 
than that of the phosphatases.* The pharmacokinetics 
of these agents are at present under study. 

The toxicity of AMSu appears to be rather high 
in the light of its low chemical reactivity and its resist- 
ance to deconjugation by aryl sulphatases [1,2]. It 
remains a possibility that AMSu is a substrate for 
an unspecified sulphatase. 
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Abstract—The functional linkage between UDP-glucuronyltransferase (GT) and the monooxygenase- 
epoxide hydratase system was investigated in studies on the glucuronidation of naphthalene dihydrodiol, 
which was formed by epoxide hydratase during the metabolism of naphthalene. (1) Naphthalene meta- 
bolism was compared in isolated hepatocytes and in liver microsomes incubated with an NADPH 
regenerating system and UDP-glucuronic acid. Naphthalene dihydrodiol glucuronide was a major meta- 
bolite in isolated hepatocytes. In the liver microsomal system free dihydrodiol by far exceeded its 
glucuronide unless the positive allosteric effector of GT, UDP-N-acetylglucosamine, was added. (2) 
Treatment of rats with phenobarbital or 3-methylcholanthrene, although markedly enhancing the forma- 
tion of naphthalene dihydrodiol, did not stimulate liver microsomal GT (naphthalene dihydrodiol 
as substrate). The results suggest that activation of GT by UDP-N-acetylglucosamine is an important 
factor in the coupling of glucuronidation to functionally linked microsomal enzyme reactions. 


Glucuronide conjugation catalyzed by microsomal 
GT (EC 2.4.1.17) is frequently the final step of meta- 
bolic pathways converting lipid-soluble compounds 
into polar products which can be effectively elimin- 
ated from the body [1,2]. In this report a possible 
linkage between GT and the functionally linked mic- 
rosomal monooxygenase-epoxide hydratase system 
was investigated by studying the formation of naph- 
thalene dihydrodiol from naphthalene and its sub- 
sequent glucuronidation. 

Pathways of naphthalene metabolism (Fig. 1) have 
been extensively studied in vivo [3,4] and in liver 
microsomes [5,6]. Naphthalene is first oxidized to 
naphthalene 1,2-oxide by a cytochrome P-450 depen- 
dent monooxygenase. The reactive epoxide is detoxi- 
fied by several pathways, particularly by microsomal 
epoxide hydratase and by conjugation with glutath- 
ione. Non-enzymatically the epoxide rearranges to the 
corresponding phenols, primarily to 1l-naphthol [5]. 
Evidence for a coupling between the monooxygenase 
system and epoxide hydratase has been described [6]. 
The product of the epoxide hydratase reaction, naph- 
thalene dihydrodiol, is still of potential hazard since 
it can be converted to 1,2-dihydroxynaphthalene and 
1,2-naphthoquinone. It has been demonstrated that 
naphthalene dihydrodiol released from the liver dur- 
ing naphthalene metabolism can be converted in the 
eye to 1,2-naphthoquinone which causes toxic reac- 
tions such as cataracts [7,8]. The conversion of naph- 
thalene dihydrodiol to the toxic o-quinone can be pre- 
vented by conjugation of the dihydrodiol or 
1,2-dihydroxynaphthalene. Hence a linkage between 
GT and the monooxygenase-epoxide hydratase sys- 
tem would be advantageous to prevent the formation 
of reactive o-quinones. 





Abbreviations: UDP-glucuronyltransferase (GT), UDP- 
N-acetylglucosamine (UDPGIcNAc), trans-1,2-dihydroxy- 
1,2-dihydronaphthalene (naphthalene dihydrodiol). 


Naphthalene metabolism was studied in isolated 
hepatocytes in order to evaluate the quantitative sig- 
nificance of various metabolic pathways. in particular 
to study naphthalene dihydrodiol glucuronidation. A 
comparative study on naphthalene metabolism to 
naphthalene dihydrodiol glucuronide was then per- 
formed in liver microsomes under various conditions 
in an attempt to delineate some factors which affect 
the reaction sequence in the intact cell. Since it is 
known that phenobarbital or 3-methylcholanthrene 
markedly stimulate the conversion of naphthalene 
into naphthalene dihydrodiol [6] the effect of these 
inducing agents on GT (naphthalene dihydrodiol as 


glucuronide 


sulfate ester 


glucuronide 


sulfate ester 


Fig. 1. Metabolism of naphthalene in hepatocytes (adapted 
from [3,4]). Enzymes: (I), monooxygenase; (II), epoxide 
hydratase; (III), UDP-glucuronyltransferase; (IV), glutath- 
ione-S-transferase; (V), dihydrodiol dehydrogenase; (VI), 
sulfotransferase. The scheme is not intended to exclude 
other pathways leading to the same terminal metabolites, 
e.g. phenol formation by direct oxidation or o-hydroxyla- 
tion of phenols. Enzymes I, II, III are located solely in 
microsomal membranes. GS = glutathionyl. 
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substrate) was also studied to find out whether the 
three functionally linked microsomal enzymes 
(monooxygenase, epoxide hydratase, GT) are simul- 
taneously induced. Part of this work has been pre- 
sented in preliminary form [9]. 


MATERIALS AND METHODS 


Chemicals were obtained from the following 
sources: [1-'*C]naphthalene (5.1 mCi/m-mole) and 
1-[1-'*C]naphthol (20.8 mCi/m-mole) from Radio- 
chemical Center, Amersham; UDP-glucuronic acid, 
disodium salt (78%, purity), arylsulfatase, collagenase 
(grade II) and isocitrate dehydrogenase from Boehr- 
inger, Mannheim; 3-methylcholanthrene from Sigma, 
St. Louis; f-glucuronidase (sulfatase-free) from Serva, 
Heidelberg; 1,2-naphthoquinone from Fluka AG., 
Buchs and_ carbonylcyanide-m-chlorophenylhydra- 
zone from Calbiochem, Los Angeles. 

Naphthalene dihydrodiol was synthesized from 
1,2-naphthoquinone by reduction with LiAlH, 
according to Booth et al. [10]. The identity and pur- 
ity of the compound was verified by its melting point 
(103°), by chromatography on Silica gel plates in ben- 
zene-chloroform—ethyl acetate (1:1:1) (5) and by 
quantitative conversion of non-fluorescent naphtha- 
lene dihydrodiol into fluorescent 1-naphthol. This was 
performed by heating an aqueous solution of naph- 
thalene dihydrodiol with 1 N HCl for 20 min at 100 
according to Sims [11]. After cooling 1.5 N NaOH 
was added and |-naphthol was determined fluorome- 
trically [12]. '*C-Naphthalene dihydrodiol was pre- 
pared enzymatically from [1-'*C]naphthalene as de- 
scribed under naphthalene metabolism using micro- 
somes from phenobarbital-treated rats but omitting 
UDP-glucuronic acid. After 60 min incubation, un- 
reacted naphthalene and 1-naphthol was extracted 
once with an equal volume of benzene. From the 
remaining water phase pure ['*C]naphthalene dihyd- 
rodiol (>99°,) was extracted with ether. 

Male Sprague-Dawley rats (about 200 g) were fed 
ad lib. a standard diet containing 20 per cent protein 
(Altromin, Lage-Lippe, Germany). In phenobarbital 
treatment, rats received intraperitoneal injections of 
100 mg/kg phenobarbital for three days and were sac- 
rificed on the fourth day. Treatment with 3-methyl- 
cholanthrene: the animals were injected once intra- 
peritoneally with 40 mg/kg 3-methylcholanthrene dis- 
solved in olive oil. Hepatectomy was performed on 
the fourth day. Liver microsomes were prepared as 
previously described [13]. Microsomal protein was 
determined by the method of Lowry et al. [14] using 
bovine serum albumin as standard. 

Isolation and incubation of hepatocytes, viability cri- 
teria. Hepatocytes were isolated according to the pro- 
cedure of Berry and Friend [15] as modified by Baur 
et al. [16] and by Wagle and Ingebretsen [17]. Dur- 
ing hepatectomy the liver was perfused for 5 min with 
Ca**-free Hanks’ medium at 37° via the vena portae. 
After preparation of the liver, perfusion was con- 
tinued with a recirculating Eagle’s minimal essential 
medium (MEM) containing 0.03%, collagenase. After 
30-40 min the liver was disintegrating. Subsequently 
the liver was transferred to a round-bottomed flask 
and enzyme treatment was continued for 10 min un- 
der slow rotation. After the washing procedure the 


cells were suspended in MEM containing 2°, bovine 
serum albumin and stored at 0°C. To quickly check 
the quality of cell preparations trypan blue staining 
was. used. Equal volumes of cell suspensions and try- 
pan blue (0.5%, dissolved in MEM) were mixed. Sus- 
ceptibility of the cells to staining ranged from 5-10 
per cent. Oxygen consumption was measured with a 
Clark oxygen electrode at pH 7.4 and 37° [18]. Stimu- 
lation of respiration by succinate, as an indicator of 
the integrity of the plasma membrane, was below 20 
per cent. The respiratory control ratio which was 
measured as the ratio of respiration with and without 
the addition of 24M _ carbonylcyanide-m-chloro- 
phenylhydrazone was above 1.6 within 2hr at 37 
[16]. 

For incubations aliquots of the cell suspension were 
diluted with MEM to a final concentration of 0.15 ml 
packed cells/ml. After 5 min preincubation at 37° in 
a Dubnoff shaker the reaction was started by the 
addition of substrate. During incubation the cells 
were gently bubbled with 95% O, and 5% CQ . 

One ml packed cells (determined in a Van Allen 
hemocytometer) corresponded to 127 x 10° hepato- 
cytes or 176 mg cell protein. 

Glucuronidation of 1-naphthol in hepatocytes. One- 
half umole 1-[1-'*C]naphthol (5 nCi) dissolved in 
dimethylsulfoxide (0.25%, v/v, final concentration) 
was incubated with 0.15 ml packed cells suspended 
in 0.85ml MEM. Naphthol is rapidly absorbed by 
hepatocytes and concentrated in biological mem- 
branes. For comparison the ratio naphthol/cells was 
kept similar to that used in the liver perfusion system 
(35 umole 1-naphthol/10 g liver tissue [13]). Naphthol 
glucuronide formation was determined with a rapid 
radiochemical assay as described [13]. 

Naphthalene metabolism in hepatocytes and 
liver microsomes. (a) Isolated hepatocytes. 0.1 ywmole 
[1-'*C]naphthalene (0.5 uCi) dissolved in 5 pl ethanol 
was added to 0.15 ml packed hepatocytes suspended 
in 0.85 ml MEM, and incubated for 40 min at 37°. 
Oxygen consumption of the hepatocytes was only 
reduced by about 5 per cent in the presence of naph- 
thalene. The reaction was stopped by cooling the 
tubes in ice. Unconjugated metabolites were then 
extracted four times with 4 ml ether (fraction I). The 
remaining aqueous phase was adjusted to pH 4.8 by 
the addition of 0.2 ml 1 M acetate buffer pH 4.8, and 
incubated overnight at 37° with 2.5 mg sulfatase-free 
f-glucuronidase. Hydrolysis products were then 
extracted with ether (fraction II). After removal of 
contaminating ether at reduced pressure the ensuing 
water phase was incubated with 25 yg arylsulfatase 
for 12 hr. Subsequently the fraction of hydrolyzed sul- 
fate esters was extracted with ether as described above 
(fraction III). When the extraction of fraction I was 
repeated after an overnight incubation at 37° in the 
presence of saccharic acid-1,4-lactone to inhibit f-glu- 
curonidase [19] the radioactivity in the ether extract 
was only 12 per cent of fraction II (This is within 
the standard deviation given in Table 1). Similarly 
after an additional enzyme treatment (fractions II and 
III) the extracted radioactivity was below 10 per cent 
of the first extraction indicating that the extraction 
procedure was virtually complete. Glutathione conju- 
gates were analyzed in the remaining water phase by 
adsorption to charcoal and subsequent elution with 
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Fig. 2. Thin-layer chromatography of naphthalene meta- 

bolites. Radioactive metabolites of the glucuronide fraction 

(II) after hydrolysis with B-glucuronidase are shown. They 

were chromatographed on Silica gel plates in benzene- 

chloroform-ethy] acetate (1:1:1). (A) Naphthalene dihydro- 

diol; (B) unknown metabolite; (C) 1,2-dihydroxynaphtha- 
lene; (D) 1,2-naphthoquinone; (E) 1-naphthol. 


methanol-benzene—aqueous ammonia as described by 
Boyland et al. [4]. Glutathione conjugates were chro- 
matographed on Silica gel plates in butanol-acetic 
acid—water (2:1:1). Three about equal radioactive 
peaks were found which were ninhydrin positive and 
strongly absorbing u.v. light. Based on their relative 
mobilities [4] they were tentatively ascribed to S- 
(1,2-dihydro-2-hydroxy-!-naphthyl)-glutathione (R; = 
0.41); S-(1,2-dihydro-2-hydroxy-1-naphthyl)-cysteinyl- 
glycine (R, = 0.59); and S-(1,2-dihydro-2-hydroxy- 
1-naphthyl)-cysteine (R, = 0.70). 

Aliquots of the ether extracts and the remaining 
water phase were counted for total radioactivity. 
Ether extracts were evaporated under reduced pres- 
sure. The remaining residue was then dissolved in eth- 
anol, chromatographed on Silica gel plates in ben- 
zene—chloroform-ethyl acetate (1:1:1) and scanned 
for radioactivity. Naphthalene in fraction I was com- 
pletely evaporated by leaving the plates overnight un- 
der the hood. Radioactive peaks corresponding with 
naphthalene dihydrodiol, 1,2-dihydroxynaphthalene, 
1,2-naphthoquinone and 1-naphthol were clearly 
separated and identified by cochromatography with 
standards (Fig. 2). 1,2-Dihydroxynaphthalene was 
prepared by reducing 1,2-naphthoquinone with 1 mM 
ascorbic acid [7]. During chromatography 1,2-dihyd- 
roxynaphthalene was partially oxidized to 1,2-naph- 
thoquinone. 1,2-Naphthoquinone in fraction II (Fig. 
2) can only arise from 1,2-dihydroxynaphthalene. 
These two compounds were therefore determined col- 
lectively. Peaks were scraped off the plates and the 
radioactivity was determined. 

(b) Liver microsomes. Microsomal — suspensions 
were incubated with 1 ~mole NADP, 8 umole iso- 
citrate-Na, 101 isocitrate dehydrogenase, 3 umole 
UDP-glucuronic acid and 0.1 umole [1-'*C]naphtha- 
lene (0.5 wCi). Unconjugated metabolites and glucur- 
onides were analyzed as described above for isolated 
hepatocytes. 

Assays of UDP-glucuronyltransferase. Assays were 
performed at 37 in a total volume of | ml containing 
100mM Tris-HCl! (pH 7.4), 5mM MgcCl,, acceptor 
substrates and microsomal protein as indicated. The 
enzyme reaction was started by the addition of UDP- 
glucuronic acid (3 mM, final concentration). In con- 
trols UDP-glucuronic acid was omitted. 

(a) 1-Naphthol glucuronidation [13]. One-half mM 


np. 25/21—B 
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1-naphthol dissolved in dimethylsulfoxide (0.25°,, v/v, 
final concentration) was incubated with 0.5 or | mg 
microsomal protein and 0.04 wCi 1-[1-'*C]naphthol. 
After 0.5—2 min incubation the reaction was stopped 
by addition of 1 ml 0.6 M glycine-0.4 M trichloroace- 
tic acid buffer pH 2.2. Following centrifugation at 
3000 g for 5min the supernatant was extracted with 
8 ml chloroform to remove the unreacted naphthol. 
The radioactivity of the aqueous phase was deter- 
mined in Brays scintillation fluid [20]. Zero time 
blanks were subtracted. The rate of naphthol glucur- 
onidation was calculated from the total radioactivity 
of the original naphthol solution. 

(b) Glucuronidation of naphthalene dihydrodiol. Five 
mM ['*C]naphthalene dihydrodiol (0.02 wCi) was in- 
cubated for 10min with 2mg microsomal protein. 
The reaction was stopped by cooling the tubes in ice. 
The mixture was then extracted four times with 4 ml 
ether to remove unreacted dihydrodiol. The radioacti- 
vity in the aqueous phase was counted in Bray’s scin- 
tillation fluid [20]. Zero time blanks were subtracted. 
Up to 10min and 2mg protein the reaction was 
linear with time and protein concentration. 

Products in the aqueous phase were identified by 
thin-layer chromatography on cellulose plates with 
ethanol-1 M ammonium acetate (9:1, v/v) as the sol- 
vent system and by detection of l-naphthol or naph- 
thalene dihydrodiol after hydrolysis with 6-glucuroni- 
dase. 


RESULTS AND DISCUSSION 


Glucuronidation of 1-naphthol by isolated hepato- 
cytes. In order to test the glucuronide-forming capa- 
city of isolated hepatocytes the rate of 1-naphthol glu- 
curonide formation was determined. 1-Naphthol was 
chosen since there are only two major pathways of 
its metabolism, leading to the glucuronide and sulfate 
conjugates [21]. These metabolites were determined 
by a rapid radioassay as previously described for the 
isolated perfused liver system [13]. Substrate concen- 
tration and the ratio packed cells/incubation volume 
were selected to allow a comparison with the liver 
perfusion system as specified in Methods. 

Release of 1-naphthol glucuronide from hepato- 
cytes was linear between 5 and 20min. From this 
linear initial increase a rate of 0.13 + 0.01 umole 
min~' ml packed cells~' (n = 4) was calculated. This 
rate is in good agreement with the value previously 
obtained in the perfused liver system (0.10 + 
0.04 umole min~'g liver~' [13]). Vitality criteria 
such as stimulation of respiration by succinate and 
the respiratory control ratio were unaltered by 
1-naphthol under our incubation conditions. 

The comparative studies on naphthol glucuronida- 
tion suggest that the glucuronide-forming capacity of 
isolated hepatocytes is similar to the intact organ. 

Conversion of naphthalene into naphthalene dihydro- 
diol glucuronide in isolated hepatocytes and in the mic- 
rosomal system. When isolated hepatocytes were incu- 
bated with 100nmole naphthalene for 40min, 
45 nmole were metabolized. 15.1 and 26.4 per cent 
of the metabolites could be identified as free naphtha- 
lene dihydrodiol and its glucuronide, respectively 
(Table 1). Pilot experiments demonstrated that glu- 
curonides increased linearily up to 40 min. A minor 
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Table 1. Conversion of naphthalene into naphthalene dihydrodiol, 1-naphthol and their glucuronides in isolated hepato- 
cytes and in liver microsomes* 





Addition of 
UDPGIcNAc 


System in vitro 


Naphthalene dihydrodiol 


1-Naphthol 


Glucuronide Free Glucuronide 








Hepatocyte 


Liver microsomes 
(5 mg protein/ml) 


Liver microsomes ~ 
(13 mg protein/ml) - 


(°,, of naphthalene metabolites) 


26.4 + 5.1 07 +02 ii +02 


4.4 
18.0 


15.7 
5.4 





* Isolated hepatocytes or liver microsomes were incubated for 40 min with 100 nmole naphthalene, and metabolites 
were determined as described in Methods. Naphthalene was metabolized to’ the extent of 45, 50 and 30 per cent 
in the experiments with hepatocytes, microsomes (5 mg protein/ml) and microsomes (13 mg protein/ml), respectively. 


amount of naphthalene dihydrodiol (1.6%) was pres- 
ent as the sulfate ester conjugate (not shown). Hence 
naphthalene dihydrodiol and its conjugates com- 
prised 43 per cent of total naphthalene metabolites. 
A small fraction of the dihydrodiol (about 7 per cent) 
was converted into 1,2-dihydroxynaphthalene and its 
conjugates, and into 1,2-naphthoquinone. The ac- 
cumulation of free naphthalene dihydrodiol indicates 
that at least in the rat further metabolism of the 
dihydrodiol by dihydrodiol dehydrogenase is slow. 
Non-enzymatic conversion of naphthalene 1,2-oxide 
into l-naphthol and its conjugates was also slow in 
intact hepatocytes (2 per cent). A considerable 
amount of naphthalene metabolites (about 15 per 
cent) was identified as glutathione conjugates and 
their hydrolysis products. The percentage of glutath- 
ione conjugates represents a minimal figure since the 
yield of our isolation procedure is not known. The 
radioactive material remaining in the aqueous phase 
after the extraction procedures possibly includes glu- 
tathione conjugates not absorbed to charcoal as well 
as naphthalene 1,2-oxide or 1,2-naphthoquinone 
covalently bound to tissue macromolecules. Two per 
cent of the radioactivity appeared to be covalently 
bound to protein [22]. Prolonged extraction pro- 
cedures were required to remove all the non-cova- 
lently bound radioactive material. In conclusion the 
balance sheet of naphthalene metabolites in isolated 
hepatocytes indicates that naphthalene dihydrodiol 
and its glucuronide are major products of naphtha- 
lene metabolism. 

Conversion of naphthalene into naphthalene dihyd- 
rodiol glucuronide was also studied in liver micro- 
somes under various conditions. Microsomal suspen- 
sions, containing 5 or 13 mg microsomal protein/ml, 
were incubated with an NADPH regenerating system 
and 3mM UDP-glucuronic acid in the presence and 
absence of 3mM UDPGIcNAc which has been char- 
acterized as a positive allosteric effector of GT 
[23-26]. Concentrations of the nucleotides in the mic- 
rosomal system were higher than those found in the 
liver tissue (0.3 wzmole UDP-glucuronic acid/g liver 
[13,27]: 0.4 umole UDPGIcNAc [28]). These nucleo- 
tide concentrations were used since, in contrast to 
the intact cell, the nucleotides are not regenerated but 
rapidly hydrolyzed by nucleotide pyrophosphatase. 
The level of UDP-glucuronic acid in isolated hepato- 
cytes is not known. From the close correspondence 


of naphthol glucuronidation in hepatocytes and in the 
perfused liver, shown above, it can be inferred, that 
the nucleotide level may be similar to the intact liver. 

The formation of naphthalene dihydrodiol glucur- 
onide was very slow in the microsomal system (Table 
i). Addition of UDPGlcNAc markedly increased the 
proportion of dihydrodiol glucuronide. Increased glu- 
curonidation after the addition of UDPGIcNAc to 
the rat liver microsomal system is not solely due to 
allosteric activation of GT but also the result of com- 
petitive inhibition of nucleotide pyrophosphatase 
[29]. Under our conditions the latter enzyme de- 
creases the concentration of UDP-glucuronic acid 
from 3mM to 1.7mM during 40 min incubation of 
microsomal suspensions (5 mg protein/ml). However 
partial inhibition of the hydrolysis of UDP-glucur- 
onic acid in the presence of UDPGIcNAc cannot 
solely account for the 4-fold increase of naphthalene 
dihydrodiol glucuronide. Thus allosteric activation is 
most probably the major cause for the increased glu- 
curonide formation. 

When the concentration of microsomal suspensions 
was increased non-enzymatic conversion of naphtha- 
lene 1,2-oxide into 1-naplithol and its glucuronide 
was reduced (Table 1). Hence the concentration of 
microsomal membranes may alter the proportion of 
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Fig. 3. Double reciprocal plots of initial rates of naphtha- 

lene dihydrodiol glucuronidation. Initial rates were deter- 

mined with liver microsomes activated by the addition of 

Triton X-100 (0.05°,, v/v) as described in Methods. Vel- 

ocity v is given in nmole min“ ' mg protein™'. Values rep- 
resent the mean of 3 experiments. 
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Table 2. Influence of phenobarbital and 3-methylcholanthrene on the glucuronidation of naphthalene 
dihydrodiol and 1-naphthol* 





Addition of 
Triton X-100 
in vitro 


Treatment 
in vivo 


UDP-glucuronyltransferase 
(nmole min™' mg protein” ') 
Naphthalene dihydrodiol 1-Naphthol 





Phenobarbital 
Phenobarbital 
3-Methylcholanthrene 
3-Methylcholanthrene 


+i titi 


3 
63 
5 
91 
8 
208 
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* Rats were treated with phenobarbital or 3-methylcholanthrene, and UDP-glucuronyltransferase 
was assayed in liver microsomes as described in Methods. The mean of 4 experiments + S.D. is 


listed. 


drug metabolites: 0.15 ml packed hepatocytes contain 
about 5 mg microsomal protein, based on 31 mg mic- 
rosomal protein/g liver [30]. It should be noted how- 
ever that in the microsomal system the membranes 
are equally distributed in 1 ml incubation medium, 
whereas in incubations with hepatocytes they are con- 
fined to 0.15 ml, i.e. the concentration of microsomal 
membranes is much higher in the intact cell system. 

Our comparative studies on the conversion of 
naphthalene dihydrodiol glucuronide indicate that 
glucuronide formation is very efficient in the intact 
hepatocyte in contrast to the microsomal system. 
When UDPGIcNAc is added to the microsomal sys- 
tem the proportion of free naphthalene dihydrodiol 
to its glucuronide is similar to that found in hepato- 
cytes. Hence it is conceivable that UDPGIcNAc is 
an important intracellular effector of GT. In the 
absence of UDPGIcNAc the potentially toxic naph- 
thalene dihydrodiol would accumulate. Other known 
activators of GT such as membrane perturbants lead 
to a form of GT which is inhibited by UDP and 
other UDP-sugars [31]. This form does not favour 
glucuronide formation under conditions presumed to 
exist in vivo. 

Effects of phenobarbital and 3-methylcholanthrene on 
the glucuronidation of naphthalene dihydrodiol. When 
GT was studied in microsomes with naphthalene 
dihydrodiol as substrate initial reaction rates in- 
creased linearly up to a concentration of 1 mM (Fig. 
3). The glucuronidation rate in native microsomes 
was markedly activated by membrane perturbants 
such as Triton X-100 (Table 2). Treatment of rats with 
phenobarbital or 3-methylcholanthrene did not signi- 
ficantly stimulate the glucuronidation of naphthalene 
dihydrodiol both in native and activated microsomes. 
Similar results were obtained with microsomal prep- 
arations solubilized by deoxycholate [32]. In contrast, 
the glucuronidation of 1-naphthol was markedly 
enhanced by treatment with 3-methylcholanthrene, in 
agreement with previous studies [32]. Cytochrome 
P-450 dependent monooxygenase, epoxide hydratase 
and GT are known to be inducible by phenobarbital 
or 3-methylcholanthrene. There is accumulating evi- 
dence for the existence of multiple substrate specific 
forms of cytochrome P-450 [33-38] and GT 
[32, 39, 40] which are selectively induced by the above 
inducing agents. It is surprising that GT (naphthalene 
dihydrodiol as substrate) and the functionally linked 
monooxygenase-epoxide hydratase system are not 


simultaneously induced. A lack of correlation between 
the induction of the monooxygenase system and GT 
was also observed in cultured chick embryo liver 
[41]. Even in the case of the coupled monooxygenase 
and epoxide hydratase, evidence has been obtained 
that these two enzymes are under independent genetic 
control [42]. 

The three microsomal enzymes catalyzing the con- 
version of naphthalene into naphthalene dihydrodiol 
glucuronide (monooxygenase, epoxide hydratase and 
GT) are confined to the same membranes. A more 
detailed study of this reaction sequence may lead to 
a better understanding of the role of the membrane 
in the linkage of sequential enzyme reactions. The 
membrane may facilitate the communication of the 
enzymes. In addition it may prevent the leakage of 
lipid-soluble intermediary products out of the mem- 
brane and thus concentrate substrates for subsequent 
enzyme reactions. The described model system may 
be useful to study microsomal enzymes involved in 
the metabolism of polycyclic hydrocarbons in extra- 
hepatic tissues such as kidney, lung, intestine and 
skin. 
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Abstract—NMR binding measurements have been performed in order to analyze the molecular 


mechanism underlying the drug-induced phospholipidosis. The dependency of the T, 


relaxation rates 


of the various spin systems of the drug molecules on structure, type of lipid, concentrations of interacting 
species, and ionic strength has been evaluated. Increasing lipophilicity is correlated with an increase 
in binding for this type of amphiphilic drugs. The degree of signal broadening is determined by the 
ratio of drug/lipid concentration. Strong interaction occurs with phospholipids, like phosphatidylcholine 
or phosphatidylethanolamine, whereas less polar lipids, like diacylglycerole or digalactosyldiglyceride, 
show no interaction with the drugs. Cholesterol antagonizes the phospholipid/drug interaction. 


Pharmacokinetic, biochemical, autoradiographic and 
ultrastructural studies revealed that certain amphiphi- 
lic drugs show an exceptionally high affinity for lipid- 
rich tissues which gives rise during chronic treatment 
to an impairment of lipid metabolism in several spe- 
cies including man [1,5]. Due to distinct common 
physicochemical properties drugs with different phar- 
macological effects cause the same side action— 
namely the interference with phospholipid break- 
down. The resulting accumulation of phospholipids 
leads to the formation of abnormal cytoplasmic inclu- 
sion bodies with multilamellated or crystalloid struc- 
ture. From NMR binding studies with phosphatidyl- 
choline and chlorphentermine it can be argued that 
in the mechanism of this side action a strong com- 
plexation between phospholipids and amphiphilic 
drugs is involved [2]. In order to ascertain that the 
proposed model for this type of side action is gener- 
ally applicable, the NMR binding measurements have 
been extended to several other amphiphilic com- 
pounds with potential phospholipidosis-inducing 
properties. Additionally, the interaction of these drugs 
with other lipids under various experimental condi- 
tions has been studied. 


MATERIALS AND METHODS 


Two different types of phosphatidylcholine (PCh) 
were used in this study. Chromatographically purified 
egg yolk PCh (PCh,) with a relatively high propor- 
tion of saturated hydrocarbon chains (16:0 36.2%, 
18:0 11.6%, 18:1 36.4%, 18:2 9.4%, 20:4 3.7%, accord- 
ing to [12]) was kindly supplied by Dr. G. Blaschke 


(Dept. of Pharm. Chem., University of Bonn, 
Germany). Using CHCI,, CH;OH, H,O (65:25:4) as 
solvent PCh, showed a single spot (R,; = 0.2} on 





* Part I: J. K. Seydel, O. Wassermann, Naunyn-Schmie- 
deberg’s Arch. Pharmac. 279, 207 (1973). 


Silica gel plates. A highly unsaturated PCh, from 
soya beans was generously supplied by Nattermann 
and Cie (K6In, Germany). The fatty acids consist of 
85% of oleic, linoleic, and linolenic acids (16:0 12.5°%. 
18:0 2.6%, 18:1 9.0%, 18:2 70.1%, 18:3 5.8%). Using 
the same chromatographic system as mentioned 
above, PCh, is characterized by R,; = 0.3. Phosphati- 
dylethanolamine (PE) and _ digalactosyldiglyceride 
(DGD) were obtained from Serva (Heidelberg, Ger- 
many). Diacyl glycerol was obtained from PCh, by 
enzymatic hydrolysis using phospholipase C (Boeh- 
ringer, Tutzing, Germany, personal communication). 
The drugs and compounds used were chlorphenter- 
mine (Pre-Sate®, Warner-Chilcott, U.S.A.), phenter- 
mine (Mirapront®, Mack, IIlertissen, Germany), 
chloroquine (Resochin®, Bayer, Germany), chlorcycli- 
zine, cyclizine (Burroughs Wellcome, England), ami- 
triptyline, 1-chloroamitriptyline (Hoffman-La Roche, 
Basel, Switzerland), fenfluramine (Ponderax®, Boeh- 
ringer, Ingelheim, Germany), norfenfluramine (Benzon, 
Kopenhagen, Denmark), bromhexine (Bisolvon™) and 
its metabolites I and II (Thomae, Biberach, Ger- 
many), 4,4’-diethylaminoethoxyhexestrol (DEH) (Tri- 
manyl®, Tosse. Hamburg, Germany), DEH was a gift 
from Dr. T. Shikata, (Tokyo, Japan), 4-isopropylben- 
zylamine, 4-chlorobenzylamine and benzylamine from 
Dr. G. Blaschke (Dept. of Pharm. Chem., University 
of Bonn, Germany). The compounds are listed in 
Table 1. All other reagents used were of analytical 
grade. 

NMR spectra. All NMR spectra were recorded on 
a Varian HA 100 high resolution spectrometer at 22 
with tetramethylsilane (TMS) as external standard. 
Most line-width measurements were made at a sweep 
width of 5Hz/cm and at a sweep rate of 0.5 Hz/sec. 
Relaxation rates 1/T, were calculated from at least 
three measurements using the equation: 


l T, obs — m-A Vi/2 
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Table 1. Generic names and chemical structures of the where Av,,, is the line width (mm) of the proton sig- 

CeNpOREE SSE. nals of the different groups shown in Table 2 at one- 

half maximum peak height. The broadening of the 

NMR signals is given in mm throughout the paper. 

hs Controls. To ascertain the specificity of the 

Phentermine OP-ch= Get, observed line width broadening the following controls 
have been performed: 


Chemical structure 


(1) Possible intermolecular associations between 

iii altel c O)-cH.- C= NH, drug molecules. The influence on relaxation rates as 
- cH, a function of increasing drug concentration has been 
studied. Under the experimental conditions used in 

this study no change in relaxation rates occurred 


pom a 


haan 


( D)-cH=8 ro (4-10 x 10°?M). The NMR spectra of the drugs 
Oo studied did not show any alterations in line width 
at temperatures between 15 and 40°. 


(2) Possible changes in relaxation rates due to alter- 
ations in viscosity. Since no changes of relaxation 
rates occurred in the presence of DGD and diacylgly- 
cerol, which should cause similar changes in viscosity 
as PCh, or PCh,, the influence of viscosity on relaxa- 
tion rates can be excluded. 

For the different experimental procedures the fol- 
lowing conditions were chosen: 

(1). Proton relaxation rates of the compounds studied 
as a function of different PCh concentrations. Concen- 

ea er ” ils tration range of PCh, and PCh, was 0-2.4mg/ml 

: D,O phosphate buffer (0.01 M, pH 9.0, 7.4 or 6.0, 

V resp.). Drug concentration was 4 x 10>? M, the ex- 

periments reported were performed at pH 6.0 + 0.1 

after addition of the drugs. In pilot studies the con- 

centration range of PCh was extended to 0-4.8 mg/ml 

and the drug concentration was doubled. To decrease 

the formation of myelin structures and to obtain a 

homogeneous distribution of PCh in the aqueous 

buffer system sonicated PCh solutions have been used 

(5 min 50 W at 4°, centrifuged at 5000 rpm for 5 min). 

The solutions were kept under N, at 4°, prior to the 

NMR measurement the solutions were allowed to 

: equilibrate to 22°. The average mol. wt. of the result- 

Chioroquine NO?}-N— CH (CH2)s—N ing smaller micelles or vesicles is estimated to be 

e 5 x 10° [3]. Unless otherwise mentioned the drugs 

were added to the PCh preparation shortly before 
the NMR measurements. 

Influence of ionic strength on drug—PCh interaction 
was studied in the range of 0-5 mg NaCl/ml, pH was 
varied between 5 and 9. 

(2). Relaxation rates of the proton signals of norfen- 
fluramine as a function of its concentrations at constant 
PCh concentration. Concentration range of norfenflur- 
amine at a PCh concentration of 2.4mg/ml was 
4-10 x 10°7M. 

(3). Relaxation rates of the proton signals of chlor- 
phentermine in the presence of various lipids. Studies 
were performed with PCh,, PCh,, PE, DGD, and 
Bromhexine metabolite I O)}-« diacylglycerol. 

f (4). Influence of different aralkylamines on the NMR 
spectrum of PCh . Sufficiently high concentrations 
(24 mg/ml) for this type of experiments could be 
obtained only by sonication of PCh, in D,O. Con- 
centration of the arylalkylamines was in the range 
4-Chloro— benzylamine C of 2-12 x 10°?7M. 
(5). Influence of cholesterol on the drug/PCh, inter- 
action. 2.4mg PCh,/ml deuterated buffer and choles- 
4-lseprepyl~vensyemine ; terol (0O-1.5 mg/ml deuterated buffer) were sonicated 
and chlorphentermine (4 x 1077 M) was added. 


Fenfluramine 


Norfenfiuramine 


CH, 


4,4’- Diethylamino—ethoxy — 


hexestro!l (DEH) 


Bromhexine 


Bromhexine metabolite I 


Benzylamine 
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Fig. 1. NMR proton resonance signals of phentermine and 

chlorphentermine in the absence (A, A’) and presence (B, 

B’) of PCh, (2.4 mg/ml); a = aromatic, b = methylene, and 
c = methyl protons. Drug concentration, 4 x 10°? M. 
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RESULTS 


(1). Proton relaxation ates of the compounds studied 
as a function of different PCh concentrations. The in- 
teraction between the drug molecule and PCh 
micelles was followed by studying the changes of the 
proton signals which are caused by changes in relaxa- 
tion rates of the protons (it was assumed that under 
the experimental conditions the longitudinal relaxa- 
tion time T, is equal T, and 1/T, = 2Av,,3). Such 
changes in relaxation rates can also be produced by 
changes in temperature, viscosity or intermolécular 
associations between drug molecules at high concen- 
trations. This could be excluded by appropriate con- 
trols (see Materials and Methods). The chosen 
drug/PCh concentration ratio allowed the observa- 
tion of the drug proton signals without interference 
by PCh proton signals. For most of the compounds 
studied it was observed that the relaxation rates of 
the spin systems are characteristically altered in the 
presence of PCh. A typical example is depicted in 
Fig. | where the NMR spectra of phentermine and 
chlorphentermine are given in the absence (A, A’) and 
presence (B, B’) of PCh,. 

It is obvious from this graph that the presence 
causes a distinct broadening of the drug proton sig- 
nals. Quantitatively, however, there is a remarkable 
difference in the degree of interaction if phentermine 
is compared to chlorphentermine. The large difference 
in the observed effect is even more astonishing if the 
close structural similarity is considered. It seems to 
indicate a specific interaction between the chlorphen- 
termine molecule and PCh. If the observed changes 
in proton signals are due to an interaction between 
“binding sites” at PCh then the degree of interaction 
should depend on the concentration of these binding 
sites. The result of a corresponding study with in- 
creasing PCh, concentration at constant drug con- 
centration is given in Fig. 2. The quantitative evalu- 














PCh,, mg/ml 


Fig. 2. Signal broadening (Av, >, mm) of various spin sys- 
tems of phentermine (a,b) and chlorphentermine (a’,b’c’) 
as a function of increasing PCh, concentrations 
(0O-2.4 mg/ml). For the explanation of the symbols for the 
various spin systems see Fig. 1. a,b = phentermine, 
a’,b’.c’ = chlorphentermine. For quantitative comparison 
see the slopes of the regression lines, equations (la—Ic). 


ation of the signals reveals that the various parts of 
the molecule are involved in the interaction with PCh 


to a different degree (Fig. 2, Table 2). 

A slight interaction between PCh, and phentermine 
can only be observed at the highest PCh, concen- 
tration applied, whereas chlorphentermine shows a 
strong interaction (Fig. 2, Table 2). For the phenyl 
and methylene protons of chlorphentermine this in- 
teraction is linearly correlated to the increase of PCh, 
concentration. The per cent increase in line width 
broadening for these two spin systems is identical, 
despite the fact that the slopes of the regression lines 
in Fig. 2 are different. However, aromatic and methy- 
lene protons in the chlorphentermine molecule are 
more involved in the interaction than the methyl pro- 
tons in the neighbourhood of the protonated hydro- 
philic amino group. For other drugs in Table 2, how- 
ever, quantitative differences in the binding of aro- 
matic and adjacent methylene protons have also been 
observed. 

Both the striking difference in the signal broaden- 
ing between phentermine and chlorphentermine and 
the observed changes in the relaxation rates for the 
various spin systems within one chlorphentermine 
molecule underline the specificity of the effect. In case 
of an unspecific interaction all protons of the same 
molecule should be affected to the same extent. It 
might be suggested that the hydrophobic bonding 
seems to be of essential importance for this type of 
interaction. Phentermine differs from chlorphenter- 
mine only by the lack of a chlorine atom attached to 
the aromatic ring system. This substitution changes 
the partition coefficient (P) (calculated using the frag- 
mental constants of Nys and Rekker [4]) from log 
P,2.45 to log P,3.43. 
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It was of interest to include other agents with pro- 
nounced hydrophobic properties of the ring systems 
which are known from in vivo experiments as inducers 
of a phospholipidosis [1, 5]. 

The compounds studied are summarized in Table 
1. Due to poor solubility in water and/or complex 
spin systems, a quantitative analysis was possible only 
for the compounds listed below. In Table 2 the bind- 
ing affinity of the various groups is expressed by the 
proportionality factor, m, of the equations (la—7b)* 
which were obtained by correlating the increase of 
single broadening of the various spin systems (a, b, 
c, d) to the PCh concentrations. 


(1/T) . PCh, 
(mm) (mg/ml) 


r s F 


Chlorphentermine 
49x, + 201 
(26.6) 
ve 6.7 x, + 3.54 0.99 25 > 999 
(16.0) 


1.7 x, + 2.89 0.93 3 995 


0.996 


(5.62) 
Fenfluramine 
7 0.997 O.119 » 999 


) 1.6.x 
0.99 0.38 ~ 999 


. + 2.89 0.93 OS! 3 > 99.5 
(5.5) 
Norfenfluramine 
L4x, + 7.18 0.98 3 > 99.5 
(8.55) 
S30, #3 0.997 5 > 99.9 
(29.2) 
\ 18x, + 1.7 0.99 2 2 - 999 
(16.6) 
4-Chlorobenzylamine 
13x, + 2.0 , 196 - 999 
(14.0) 
4-Isopropylbenzylamine 
\ 30x, + 0.93 0.98 
(12.4) 
= §.7x, + 2.24 0.99 
(15.6) 
Vy = OB x,,+ 1.65 0.97 
(9.6) 
Bromhexine, 
Metabolite I 
48x, +3 5 0.998 
(28.0) 


Vp 


Chlorcyclizine 
v, 0.7 x, + 3 0.96 
(0.54) 


For other drugs listed in Table | an interaction with 
PCh, can also be observed, but can only qualitatively 
be described. A representative example is given in Fig. 
3a and 3b. Amitriptyline and its chlorinated deriva- 
tive seem to interact with PCh, to a similar degree. 
Comparison of the spin systems of the N-methyl pro- 
tons of both compounds in the absence of PCh, 
reveals that the introduction of the chlorine atom 
does not only alter the proton signals of the ring sys- 
tem but causes a pronounced change in molecular 





* The statistics for eq. !-8c are the standard errors of 
estimate, s, the correlation coefficient, r, and the F-test. The 
value in parentheses below the coefficients is the t-test. 

+A large series of other benzylamine derivatives has 
been synthesized and the interaction with PCh was studied 
by Blaschke et al. [6]. 
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conformation. This is indicated by the observed split- 
ting of the N-methyl-proton signals (d) of 1-chloro- 
amitriptyline compared to the singlet obtained with 
amitriptyline. The expected stronger increase in inter- 
action for the chlorinated derivative might therefore 
be inhibited by a conformational change. 

Significant interaction with PCh, could be eval- 
uated also for bromhexine, its metabolite II and for 
DEH. As a sign of specific interaction, again, the 
various spin systems are influenced to a different 
degree for these compounds.’ In chloroquine, for 
example, the ring protons 2 and 5 participate signifi- 
cantly more in binding than the protons 3, 6, and 
8: 


The difficulties which arise in structure—affinity rela- 
tionship studies with such heterogenous compounds 
can be avoided if homologous series of compounds 
are used. This would facilitate quantitative structure- 
affinity correlations to prove the importance of 
hydrophobic properties. In this connection simple 
ring substituted benzylamines could serve as model 
compounds. In this paper only benzylamine and its 
two derivatives 4-chloro and 4-isopropyl benzylamine 
are includedt; binding parameters and partition coef- 
ficients are also listed in Table 2. Again as observed 
for phentermine/chlorphentermine an increase in 
hydrophobic forces is answered by an intensified in- 
teraction between the compounds and PCh. Further 
support for the significance of hydrophobic forces in 
the interaction is provided by the enhanced broaden- 
ing of the proton signals in PCh/drug solutions after 
addition of NaCl (Fig. 4). 

(2) Relaxation rates of the proton signals of norfen- 


fluramine as a function of its concentrations at constant 


PCh concentration. In case of a fast exchange of the 
free and bound species, i.e. a reversible binding obey- 
ing the law of mass action, a decrease in line width 
broadening should occur if at constant PCh concen- 
trations the drug concentration is increased. As an 
example the results with norfenfluramine are given 
in Fig. 5. It demonstrates that not the PCh or drug 
concentration but rather the ratio between both is 
important for the broadening of the signals. As postu- 
lated above an increase of drug concentration is an- 
swered by a decrease in line width broadening for 
the different spin systems. 

(3) Relaxation rates of the proton signals of the drugs 
studied in the presence of various lipids. As additional 
lipids PCh,, phosphatidylethanolamine (PE), digalac- 
tosyldiglyceride (DGD) and diacylglycerol have been 
studied. The binding affinities of chlorphentermine, 
fenfluramine and norfenfluramine obtained with the 
highly unsaturated PCh, were similar to those deter- 
mined with PCh,. As an example the results obtained 
with norfenfluramine and PCh, are given in the equa- 
tions (8b) and (8c), which are almost identical with 
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Table 2. Proportionality factor, m, of the various spin systems (a,b,c,d) taken from the regression equations (1-7) 

and the partition coefficients for those compounds where a quantitative analysis of the interaction with PCh, could 

be performed (a = aromatic protons, b = methylen-protons, c = methyl protons, d = other systems, e = partition coeffi- 
cients were calculated using the fragmental constants of Nys and Rekker [4] 





log | one 
e 


Compound Remarks (x) 





Phentermine c , slight interaction, no 
quantitative evaluation possible 

Chlorphentermine — 

Fenfluramine 6 3. 2.2 (—CH,—CH;) 3.83 spin system too complex for 
analysis 

Norfenfluramine : 

Benzylamine - — i insignificant interaction 

4-Chlorobenzylamine : - A spin system too complex for 
analysis 

4-Isopropylbenzylamine d , - 0.8 (—CH(CH;3),) 

Bromhexine, 8 — x (—H) 2.3 spin system too complex for 

Metabolite I analysis 

Chlorcyclizine ; - - 0.7 (—N—CH;) a cyclizine itself was insoluble, 
spin system too complex for 
analysis 




















d 


8 | | 


ili alk No 


Fig. 3. (a) NMR proton resonance signals (a, = aromatic protons, 7,45 ppm, d = N—{CH;)>, 2.9 ppm) 

of amitriptyline (4 x 10-?M) in the absence (A) and presence (B) of PCh, (2.4 mg/ml). (b) NMR 

proton resonance signals (a ~ 7,3 ppm, d = N-+{CH;)>. 2.9 ppm) of 1-chloro-amitriptyline 
(4 x 10-2.M) in the absence (A) and presence (B) of PCh, (2.4 mg/ml). 
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NaCl, 


Fig. 4. Signal broadening (A v,,.,mm) of various spin sys- 
tems of chlorphentermine (a,b,c) at constant PCh, con- 
centration (1.2 mg/ml) as a function of increasing NaCl 
concentrations (0-6 mg/ml). The lowest symbols at zero 
NaCl concentration represent the control line width of the 


different signals in the absence both of PCh, and of NaCl. 


mg/ml 


equations (3b) and (3c) obtained with PCh,. 





y = (1/T;) x, = PCh, 
(mm) (mg/ml) 
n r s F S(°,) 





Norfenfluramine 


6 099 027 422 > 99.9 (8b) 


6 O98 035 96 > 99.9 (8c) 

















40 50 


Fig. 5. Signal broadening (A v,,,, mm) of various spin sys- 
tems of norfenfluramine (a, b,c) as a function of its inverse 
concentration at constant PCh, concentration (2.4 mg/ml). 


As for PE (in concentrations comparable to PCh) the 
addition of chlorphentermine caused the formation 
of insoluble complexes. This forced us to reduce the 
PE concentration to less than 0.1 mg/ml to keep the 
compounds in solution, however, under these limited 
experimental conditions no interaction between chlor- 
phentermine and PE could be observed in NMR 
measurements. The other two lipids mentioned, which 
differ from PE and PCh by lack of a positive and 
negative charge could be dissolved in concentrations 
comparable to PCh. No interaction, however, with 
chlorphentermine occurred. 

(4) Influence of phentermine and chlorphentermine on 
the NMR spectrum of PCh,. In order to detect the 














Fig. 6. NMR spectra of PCh, (24mg/ml) in the absence (A) and presence (B) of chlorphentermine 


(13.2 mg/ml) e = NICH,); proton signal of PCh, b = —CH, proton signal of chlorphentermine. 
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drug-induced alterations at the biological “binding 
site” (PCh;), NMR spectra of sonicated PCh, solu- 
tion (24mg/ml) were recorded in the presence and 
absence of various phentermine and chlorphenter- 
mine concentrations (Fig. 6). The most obvious 
change for the PCh, spectra in the presence of the 
drug-induced alterations at the biological “binding 
ternary nitrogen (e). The large number of methylene 
groups ((—CH,),) in the hydrocarbon chains gives 
rise to a broad complex signal. Because the methyl 
groups of the drugs show peaks in the same region 
a quantitative analysis of the drug interaction is not 
possible. This part of the spectra is therefore omitted 
in Fig. 6. The effects exerted by chlorphentermine on 
the NMR spectra of PCh are much more pronounced 
compared to phentermine. This can be taken as an 
additional proof for the specificity of the interaction 
reported. 

(5) Influence of cholesterol on the drug/PCh, interac- 
tion. As an essential constituent of natural lipid mix- 
tures cholesterol was included in this study in order 
to examine a possible additional role in drug/lipid 
interaction. The limited solubility of cholesterol in 
D,O excluded a direct measurement of cholesterol/ 
drug interaction phenomena. 

The solubility of cholesterol can, however, be im- 
proved in the presence of PCh [7]. Therefore a 
graded amount of cholesterol was added to a PCh, 
solution (2.4mg/ml) and sonicated. The results are 
summarized in Fig. 7. With increasing cholesterol 
concentrations the original drug/PCh, interaction is 
diminished. An interaction between cholesterol and 
PCh has already been described by Chapman and 
Penket [7]. The influence of cholesterol on the drug 
PCh interaction may therefore be of competitive 
nature (see Discussion). 














~—— 


f°) 05 1.0 1.5 
Cholesterol, mg/ml 


Fig. 7. Chlorphentermine/PCh, interaction (4 x 10°? M/ 

2.4 mg/ml) under the influence of cholesterol: The original 

line width broadening of the aromatic (a) and methylene 

(b) proton signals is decreased with increasing cholesterol 
concentration (0—1.5 mg/ml). 


DISCUSSION 

Chronic treatment with certain amphiphilic drugs 
as for instance chlorphentermine, chloroquine, 
4,4-diethylaminoethoxyhexestrol (Table 1) causes an 
abnormal accumulation mainly of phospholipids in 
organs with a high content and/or rapid turnover of 
phospholipids in several species including man [1, 5]. 
The reason for this phenomenon might be either an 
interaction between the drugs and lipid metabolizing 
enzymes or between drugs and phospholipids as sub- 
strates. According to our previous investigations [2] 
the second possibility is more likely since no interac- 
tion between phospholipase A, and chlorphentermine 
could be detected in NMR binding studies. On the 
other hand a strong interaction between phospho- 
lipids and chlorphentermine has been observed. This 
is underlined by the fact that phosphatidylcholine and 
chlorphentermine precipitate under certain condi- 
tions. A remarkably strong precipitation occurred 
with another phospholipid, phosphatidylethanola- 
mine, in the presence of even small concentrations 
of chlorphentermine. Similar observations have been 
reported by Hauser et al. [8] with local anaesthetics 
and phospholipids where the interaction of both com- 
ponents has been analyzed by NMR _ binding 
measurements. 

Due to these observations one might speculate that 
the vesicular properties of the phospholipids could 
also be affected by the drugs in a different way (e.g. 
chlorphentermine—but not phentermine—causes a 
vesicular aggregation which gives rise to line width 
broadening). In this case, however, it should be 
expected that the different spin systems of the bound 
molecule show no differentiation in line width 
broadening. 

If the mechanism of chlorphentermine-induced 
phospholipidosis originates in a chlorphentermine, 
phospholipid interaction similar binding phenomena 
in NMR should occur for the compounds discussed 
in this paper. In spite of the structural heterogeneity 
all compounds studied—with the exception of phen- 
termine and benzylamine—exert a distinct but quanti- 
tatively different interaction with PCh. The highest 
affinity in this series of compounds was observed for 
chlorphentermine followed by 4-isopropylbenzyl- 
amine, fenfluramine and the other compounds (see 
Table 2). 

The difference in binding affinity of chlorphenter- 
mine compared to fenfluramine and phentermine is 
paralleled by their different potencies in inducing 
phospholipidosis in vivo [9]. 4-Isopropylbenzylamine 
also impairs phospholipid metabolism, for example 
of isolated macrophages, in a typical way [10]. 
Besides this ranking in binding affinity for the several 
compounds, each drug molecule itself shows different 
binding patterns for its various molecular parts. Es- 
pecially the aromatic ring protons and the adjacent 
methylene group show a larger increase in signal 
broadening compared to other spin systems. The 
essential contribution of the aromatic system and the 
adjacent aliphatic group count for the importance of 
hydrophobic binding forces. In the parent com- 
pounds, benzylamine and phentermine, these hydro- 
phobic properties are too weak for a significant inter- 
action with PCh and neither compound causes phos- 
pholipidosis in vivo. Introduction of proper substi- 
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tuents, however, reinforces hydrophobic binding of 
the resulting compounds and may give rise to the 
impairment of phospholipid metabolism. The role of 
hydrophobic interaction is supported by binding 
studies in the presence of increasing ionic strength 
(see Results, Fig. 4). 

In general, one might also expect chemical shift 
changes for some nuclei of the drug molecule when 
it is bound to the “receptor”. If the small molecule 
exchanges rapidly between the free and complexed 
environments, the observed spectral positions of the 
affected resonances will be shifted from their corre- 
sponding positions of the unassociated molecule by 
amounts, which depend on the chemical shifts of these 


nuclei in the complex as well as on the fraction of 


the drug molecules in the complex state. One might 
argue that the occurrence of a chemical shift indicates 
a more “stereospecific” interaction than the line-width 
changes observed in the experiments reported. Such 
chemical shift effect could result from electric fields 
due to polar groups, secondary magnetic field differ- 
ences arising from induced magnetic moments in 
neighbouring atoms. In general, chemical _ shift 
changes are considerably smaller than the accom- 
panying broadening of the resonance and are there- 
fore more difficult to measure. In our experiments 
a chemical shift was not observed which may point 
to the fact that the specificity of the interaction is not 
pronounced and that hydrophobic interaction might 
be the dominant factor. 

Another essential precondition for this type of in- 
teraction seems to be a protonated amino group in 
the aliphatic side chain. In this connection it might 
be of interest that analogue anionic compounds are 
not able to produce phospholipidosis. 

The binding is determined also by the structural 
properties of the lipid: less polar lipids like DGD 
and diacylglycerol show no interaction with amphi- 
philic drugs. Differences in the saturation as in PCh, 
and PCh, do not significantly alter binding aflinities. 
The interaction, however, with phosphatid ylethanola- 
mine seems to be intensified. Even at very low con- 
centrations of both reactants a precipitation occurs 
thus preventing NMR measurements. The presence 
of charged groups in the lipid as binding partner 
might therefore be a prerequisite for interactions. 
Some support for an interaction at the polar region 
of the PCh is derived from NMR spectra of high 
PCh concentrations in the presence of chlorphenter- 
mine where the protons of the quaternary methyl 
groups of PCh are distinctly involved in binding (Fig. 
6). The “antagonistic” action of cholesterol on the 
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chlorphentermine/PCh interaction which occurs only 
if PCh is sonicated together with cholesterol may be 
explained by permeability changes of the lipid 
micelles (liposomes)/(an impermeability of phospho- 
lipid membranes due to the incorporation of choles- 
terol has been reported by Brockhoff [11]). If choles- 
terol is added after formation of the PCh/drug com- 
plex. no significant alteration of this complex can be 
achieved. 

The results presented in this paper additionally 
support the postulated mechanism of drug-induced 
phospholipidosis. Depending on the structure, i.e. phy- 
sicochemical properties of the drugs, these com- 
pounds do complex with the substrate (phospholipids) 
to a different degree thereby preventing the metabolic 
degradation of the lipids. Hydrophobic forces are 
essential for the complex formation provided that a 
cationic group is present in the side chain. A strong 
proportionality between the results of NMR binding 
measurements and the effects observed in vivo might 
not be expected for all amphiphilic drugs since drug 
metabolism and pharmacokinetics additionally have 
to be considered under in vivo conditions. Further- 
more, different turnover rates, contents and pattern 
of phospholipids in different tissues and organs deter- 
mine their affinity for these drugs and therefore the 
incidence of the side action reported. 
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Abstract—The effect of some alkylating agents on the activity of the adenosine 3’,5’-monophosphate 
(cyclic AMP)-dependent protein kinase has been studied in Walker cells sensitive and resistant to 
the cytotoxic action of such agents. Chlorambucil (5 g/ml) caused an activation of the cAMP-dependent 
protein kinase in sensitive Walker carcinoma cells which reached a maximum 1.5 hr after drug addition. 
Sephadex gel chromatography indicated that during this activation, the catalytic subunit of the protein 
kinase was released from the holoenzyme to the same extent as that measured in the crude supernatant 
of the tumour cells. The degree of activation was equivalent to that produced by 100 ug/ml of N°,O?’- 
dibutyryl cAMP. In contrast. the monofunctional N-ethyl analogue of chlorambucil had no effect 
on the cAMP-dependent protein kinase at a dose of 250 ug/ml. The protein kinase activity ratio in 
sensitive cells increased with increasing doses of chlorambucil and reached a maximal activation at 
a concentration of 5 yg/ml, which was sufficient to cause complete inhibition of tumour cell growth. 
A much larger dose of chlorambucil (100 ng/ml) was required to cause activation of the kinase in 
Walker cells resistant to this agent. Chlorambucil (25 g/ml) also caused an activation of the cAMP- 
dependent protein kinase in TLX5 cells, though the time scale of the activation differed for that found 
in Walker cells. Both merophan and 5-aziridinyl-2,4-dinitrobenzamide (CB 1954) caused an increase 
in the protein kinase activity ratio of sensitive Walker cells. The increase caused by CB 1954 could 
be abolished by 4-amino-2-phenylimidazole-5-carboxamide (2-phenyl-AIC), which reverses the tumour 
growth inhibitory action of CB 1954. The degree of stimulation of the cytosolic protein kinase by 
saturating concentrations of cAMP, and the apparent dissociation constant for cAMP bound to protein 
kinase decreased with increasing resistance of the cell lines to alkylating agents. These results suggest 
that the biological effect of the increase in cAMP in sensitive Walker cells induced by the alkylating 
agents is mediated through a protein kinase. 


Investigations into the mode of action of the anti- 
tumour alkylating agents have shown that bifunc- 
tional derivatives, which are therapeutically effective, 
cause an elevation of the intracellular level of adeno- 
sine 3’,5'-monophosphate (cyclic AMP) in Walker car- 
cinoma cells in tissue culture [1,2]. Of the mono- 
functional agents tested: only 5-aziridinyl-2,4-dinitro- 
benzamide (CB 1954) produced a comparable rise in 
cAMP levels [2]. The possible therapeutic importance 
of the rise in cAMP has been investigated by compar- 
ing factors involved in cAMP metabolism in Walker 
cells sensitive and resistant to alkylating agents. The 
cAMP phosphodiesterase, which hydrolyzes cAMP to 
S’‘AMP, shows marked alteration in cells resistant to 
either chlorambucil or melphalan. This enzyme dis- 
plays kinetics indicative of a high and a low affinity 
form. In resistant cells there is a reduction in the acti- 
vity of the high affinity form of the enzyme with no 
corresponding reduction of the low affinity form [3]. 
When the multiple forms of the enzyme were separ- 
ated by Sepharose 6B gel chromatography a specific 
loss of high mol. wt forms was evident in some resist- 
ant cells[4,5]. The quaternary structure of the 
enzyme would also appear to be altered in resistant 
cells, since there is a shift in pH optima and also 


a 10-fold difference in the K; values for the competi- 
tive inhibitor theophylline for the enzyme from sensi- 
tive and resistant cells [5]. 

Cyclic AMP is believed to exert its biological effect 
by the activation of a cAMP-dependent protein 
kinase (ATP: protein phosphotransferase; 
EC 2.7.1.37) [6,7]. The initial step in such an acti- 
vation involves the binding of cAMP to the regula- 
tory subunit (Rj of the holenzyme (R-C) followed by 
dissociation of the latter. The extent of binding of 
cAMP to specific cytosolic sites has been shown to 
be reduced in Walker cells made resistant either to 
CB 1954 or chlorambucil [8]. The biological impor- 
tance of this loss of binding protein was shown by 
the cross-resistance of these cell lines to N°, O?’-dibu- 
tyryl cAMP (dibutyryl cAMP) [8]. 

These results suggest that the action of cAMP may 
be mediated by a protein kinase. Indeed the available 
evidence indicates that all the effects of cAMP are 
mediated through its ability to control the level of 
the free catalytic subunit (C) [6,9]. The present paper 
reports results on the effect of pharmacological doses 
of alkylating agents, on the activity of cAMP- 
dependent protein kinase in Walker cells in tissue 
culture. 
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MATERIALS AND METHODS 


[y"?P]ATP = (sp.act. 2.25Ci/m-mole) and 
[8--H ]}cAMP were purchased from the Radiochemi- 
cal Centre: Amersham. Histone (type II-A), unlabelled 
cAMP and dibutyryl cAMP were obtained from 
Sigma Chemical Company; London. Scintillation 
fluid NE 233 was purchased from Nuclear Enterprises 
Ltd; Edinburgh. Cellulose ester filters were from Mil- 
lipore Corporation; London and ATP from Boeh- 
ringer Corporation; London. |-Methyl-3-isobutylxan- 
thine was purchased from Aldrich Chemical Com- 
pany; London. All the alkylating agents used were 
synthesized at the Chester Beatty Research Institute. 

Cell culture. Cell lines were maintained in static 
suspension culture in Dulbecco’s modified Eagle’s 
medium, supplemented with 10°, foetal calf serum, 
under an atmosphere of 10°, CO, in air. The condi- 
tions for the establishment and maintenance of resist- 
ant Walker cells has previously been described [8]. 

Drug treatment. Cells were taken from rapidly 
growing cultures and resuspended in fresh medium 
at 5 x 10° cells/ml. Drug solutions were made up in 
dimethyl sulphoxide at one hundred times the 
required final concentration and were added to the 
cell suspensions incubated at 37° to give final concen- 
trations of dimethyl sulphoxide of 1°. The sensitivity 
of the various cell lines to drug treatment has pre- 
viously been reported [8]. 

Cyclic AMP binding assay. The binding of cAMP 
to proteins was measured by a modification of the 
method of Gilman [10]. At appropriate times after 


drug treatment, cells were removed by centrifugation 
at 300 g for 3 min, followed by washing in 0.9°,, NaCl, 
and recentrifugation. All subsequent operations were 
carried out at 0-4. The cell pellets were sonicated 


with a 20-kHz MSE sonic oscillator in 10mM 
Tris-HCl, pH 7.6, containing 250mM _ sucrose and 
1mM MgCl,. The supernatant fraction obtained after 
centrifugation at 100,000g for 1 hr was used for the 
determination of cAMP binding activity. The reaction 
mixture (0.2ml final volume) contained 50mM 
sodium acetate buffer (pH 4.0), 3mM_ theophylline, 
and 80nM [8-*H]cAMP. The reaction was initiated 
by addition of 100 yl of tumour cytosol, and binding 
was allowed to take place for at least 2hr at 4. 
Protein-bound cAMP was determined by .fil- 
tration through a 25-mm cellulose ester filter (0.45 zm 
pore size) and the filter containing protein-bound 
[8--H]cAMP was dissolved in | ml of 2-methoxy)} 
ethanol and the radioactivity was determined in a 
toluene, PPO scintillation mixture using a Tracer Lab 
counter. Protein concentrations were determined by 
the method of Lowry er al. [11] using bovine serum 
albumin as a standard. 

Protein kinase activity ratio. The method of Corbin 
and Reimann [12] was used to determine the protein 
kinase activity ratio. Washed cells, which were 
obtained as above, were suspended in 10mM _ potas- 
sium phosphate buffer, pH 6.5, containing 10mM 
EDTA, 0.5mM__1-methyl-3-isobutylxanthine and 
500 mM NaCl (or 50mM NaCl) and were disrupted 
by freezing in an acetone-cardice bath, followed by 
thawing and homogenization with a Teflon-glass 
homogenizer. This procedure was necessary because 
of the difficulty of rupturing Walker cells by conven- 


tional methods. This operation was performed rapidly 
because of the danger of 1-methyl-3-isobutylxanthine 
causing elevation of cAMP levels[13]. The homo- 
genate was centrifuged at 12,000g for 20min at 4 
and the protein kinase activity of the supernatant was 
assayed in the presence and absence of 2 uM cAMP. 
The reaction mixture (80 yl final vol) contained final 
concentrations of 0.21mM_ [)-**PJATP (sp. act. 
100cpm/pmole), 25mM NaF, 0.5 mg histone (type 
II-A), 0.125mM_ 1-methyl-3-isobutylxanthine, and 
3.75mM magnesium acetate in 50mM_ potassium 
phosphate buffer, pH 6.8. The mixture was incubated 
at 30° and the reaction was initiated by the addition 
of 20 pl of the supernatant fluid. After incubation for 
a suitable time (routinely S5min after the linearity 
of the reaction had been established) the reaction was 
terminated by pipetting 50, of the mixture onto 
Whatman 3MM filter paper discs (2.3cm dia). The 
discs were dropped immediately into ice-cold 10%, 
trichloracetic acid (5 ml/filter disc), washed with tri- 
choroacetic acid (four times), ethanol and ether. The 
radioactivity on the disc was determined in NE233 
scintillation fluid using a Tracer Lab counter. Assays 
were performed in triplicate. The activity of the pro- 
tein kinase was expressed as the ratio of [°7P]incor- 
porated into histones in the absence (—cAMP) and 
presence (+cAMP) of cAMP. 

Sephadex chromatography. To separate the protein 
kinase subunits, the supernatant fraction derived from 
the tumour cell homogenate was chromatographed 
on a Sephadex G-100 column (24 x 1 cm)[14]. The 
void volume was monitored using blue dextran. The 
column was equilibrated with 10mM_ potassium 
phosphate buffer, pH 6.5, containing 10mM EDTA 
and 500mM NaCl, and 0.5m! of the supernatant 
fraction was applied to the column. The flow rate 
was 8 ml/hr. Seventy fractions (0.5 ml each) were col- 
lected and the enzyme activity (+ or — cAMP) was 
determined in 20 yl of each fraction. 


RESULTS 


According to the model of protein kinase acti- 
vation [6,7], elevation of the intracellular level of 
cAMP should result in occupation of sites on the 
regulatory subunit of a protein kinase in proportion 
to the degree of kinase activation. Thus subsequent 
incubation of this binding protein with a saturating 
concentration of [8-"H]cAMP should result in less 
binding than that seen in extracts from untreated 
cells. This can be seen in the results shown in Fig. la 
which shows that specific cAMP binding by cytosol 
of the sensitive Walker tumour decreases | hr after 
chlorambucil treatment to 50 per cent of the binding 
activity of the control. This corresponds to the time 
at which the cAMP level of the cells has reached a 
maximum [2]. The protein kinase activity ratio in 
sensitive cells at various times after treatment with 
either 5 g/ml of chlorambucil or 250 ul/ml of the 
therapeutically inactive monofunctional N-ethyl ana- 
logue is shown in Fig. 1b. The protein kinase activity 
ratio (—cAMP/+cAMP) is the ratio between the pro- 
tein kinase activity of the supernatant fraction 
assayed in the absence of added cAMP and that 
measured in the presence of saturating concentrations 
of cAMP. Under the standard assay conditions the 
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Fig. 1. (a) cAMP binding activity of sensitive Walker cell 

cytosolic protein after treatment with chlorambucil 

(5 ug/ml). (b) Changes in the protein kinase activity ratio 

in Walker cells after treatment with either 5 g/ml of chlor- 

ambucil (@——@) or 250 ng/ml of the N-ethyl analogue 
(V——V). 


incorporation of [*?P]phosphate from [y-*>*7P]ATP 
into total histone increases linearly with reaction time 
up to 15 min. The results in Fig. 1b show that while 
the protein kinase activity ratio is unaffected by the 
monofunctional analogue of chlorambucil, there is a 
time-dependent increase in the ratio in the presence 
of chlorambucil, which reaches a maximum 204 per 
cent of control, 1.5 hr after chlorambucil addition. 
In order to substantiate the reliability of the protein 
kinase activity ratio as an index of cAMP-dependent 
protein kinase activity, Sephadex G-100 chromatogra- 
phy was employed to separate the subunits [14]. The 
elution profile of the enzyme 1.5 hr after administ- 
ration of 5 g/ml of chlorambucil or 100 ug/ml of 
dibutyryl cAMP, or solvent alone, is shown in Fig. 2. 
In the control sample shown in Fig. 2a about 50 
per cent of the cAMP-dependent protein kinase is 
in the R-C form (fractions 40-46) and 50 per cent 
in the C form (fractions 48-60). The relative amounts 
of R-C and C in the control directly correlate with 
the —cAMP/+cAMP ratio of 0.45 (Fig. 1b). Within 
1.5hr of chlorambucil administration there is a 
change in the profile (Fig. 2b) with less cCAMP-depen- 
dent protein kinase in the R-C form and a corre- 
sponding increase in the C form. This change is due 
to an elevation in endogenous cAMP which binds 
to the R unit of the R-C form of the kinase and 
results in release of C [9]. This profile correlates well 
with the —cAMP/+cAMP ratio of 0.9 (Fig.1). A 
similar profile to that in Fig. 2b is shown in Fig. 2c 
for cells treated with 100 vg/ml of dibutyryl cAMP. 
In this case the protein kinase activity ratio is about 
0.8. This indicates that 1.5 hr after administration of 
either chlorambucil or dibutyryl cAMP, the cAMP- 
dependent protein kinase is almost fully activated. 
The time course for stimulation of the kinase by 
dibutyryl cAMP is shown in Fig. 3. Maximal stimu- 
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Fig. 2. Sephadex G-100 chromatography of Walker cell 
protein kinase 1.5hr after the administration of solvent 
alone (A, control) or of chlorambucil (5 g/ml) (B) or dibu- 
tyryl cAMP (100 pg/ml) (C). 





lation is observed 1.5 hr after treatment and thereafter 
remains steady. This presumably reflects the time 
course for deacylation to N°-monobutyryl cAMP, 
which will then cause an increase in the endogenous 
level of cAMP by inhibition of the low K,, form of 
the phosphodiesterase [19, 20]. 

The effect of chlorambucil on the cAMP-dependent 
protein kinase activity ratio in TLXS lymphoma cells 
is shown in Table 1. These cells are more resistant 
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Fig. 3. Changes in the protein kinase activity ratio of sensi- 
tive Walker cells after treatment with 100 pg/ml of dibu- 
tyryl cAMP. 
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Table 1. Effect of chlorambucil (25 g/ml) on the protein 
kinase activity ratio of TLXS lymphoma 





—cAMP 


+cAMP) °., of control 


Time (hr) 





0.50 100 
0.50 100 
0.52 105 
0.60 120 
0.63 127 
0.69 140 
0.74 149 
0.79 158 





Table 2. Effect of chlorambucil concentration on the pro- 
tein kinase activity ratio in sensitive (WS) and resistant 
(Weui3) Walker cells 





Protein kinase activity ratio 

(—cAMP/+cAMP) 
Chlorambucil Cell line 
concentration 


(ug/ml) 





WS Wes 





0.66 
0.65 
0.69 
0.67 
0.62 
0.70 
0.72 


0.58 
0.72 
0.76 
0.75 
0.90 
0.90 


100.0 0.99 





to chlorambucil (1D50 1.0 wg/ml) than are Walker cells 
(Table 3), and a correspondingly higher dose of chlor- 
ambucil (25 g/ml) was used. Again an increase in the 
protein kinase activity ratio is seen, but the time 
course of activation differs from that found in Walker 
cells with a steady increase in the ratio(i—cAMP/+ 
cAMP) over the time interval investigated (7 hr). 
The effect of various doses of chlorambucil on the 
protein kinase activity ratio of sensitive and 200-fold 
resistant Walker cells (W¢3, Table 3) is shown in 
Table 2. For the sensitive line the ratio (—cAMP/+ 
cAMP) increases with increasing concentrations of 
chlorambucil up to a maximum stimulation at 
5 pg/ml, which corresponds to complete inhibition of 
cell growth. Further increases in the concentration 
of chlorambucil have little effect on the activity ratio. 
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Fig. 4. Percentage stimulation of protein kinase activity 
of Walker cells by varying concentrations of cAMP, 
(x x) sensitive cells; (O——O) Wei: (@—®) 


Weur2: (A—A) Weur3; (A——O Waa). 


In the resistant cell line, chlorambucil has no effect 
on the protein kinase activity ratio at low concen- 
trations of the drug, and only a small stimulation 
is seen even at 100 ng/ml. , 

The degree of stimulation of the cAMP-dependent 
protein kinase in Walker cells resistant to either 
chlorambucil or to 5-aziridinyl-2,4-dinitrobenzamide 
(CB 1954) is much less than that observed in the sen- 
sitive line. This can be seen from the data in Fig. 4 
which shows the amount of 3*P incorporated into 
histone by cytosolic protein kinases from sensitive 
and resistant Walker cells in the presence of increas- 
ing concentrations of cAMP. The IDs» values for the 
various cell lines towards chlorambucil and CB 1954, 
the concentration of cAMP needed to produce half- 
maximal stimulation of protein kinase, (K,), for each 
of the cell lines and the specific activity of the enzyme 
for each cell line in the absence and in the presence 
of saturating concentrations of cAMP is shown in 
Table 3. Although the unstimulated kinase activity 
varies between the cell lines, the degree of stimulation 


Table 3. Sensitivities of Walker cell lines to chlorambucil and CB 1954; Apparent K,* values 
for activation of protein kinase and the specific activity of protein kinase measured in either 
the absence (—cAMP) or presence (+cAMP) of cAMP 





IDso (ug/ml) 





Cell line Chlorambucil 


CB 1954 K, x 10°7M 


Sp. act. (pmole/min/mg protein) 





—cAMP +cAMP 





0.0005 


1.8 108 352 
3.0 164 396 
7.5 186 320 
231 381 
159 420 
256 312 
150 256 
146 247 





* K, values from the data presented in Fig.4 is the concentration of cAMP producing 


half maximal stimulation of the protein kinase. 
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Fig. 5. Changes in the protein kinase activity in sensitive 
Walker cells after treatment with merophan (0.5 pg/ml). 


by a given concentration of cAMP is always higher 
for the enzyme from sensitive cells, as is the maximum 
stimulation obtained at saturating concentrations of 
cAMP. It is of interest that the apparent K, value 
for cAMP increases with increasing resistance. One 
cell line resistant to CB 1954 (Wp) shows no stimu- 
lation of protein kinase activity by cAMP. 

The effect of another bifunctional alkylating agent, 
merophan, on the protein kinase activity ratio of sen- 
sitive Walker cells is shown in Fig.5. The dose of 
agent used (0.5 ug/ml) causes the same degree of 
growth inhibition (100 per cent) as does 5 yg/ml of 
chlorambucil. A similar increase in the protein kinase 
activity ratio is observed with a maximal inhibition 
occurring between 4 and 7hr after treatment. This 
corresponds to the time at which the cAMP phospho- 
diesterase is maximally inhibited by this agent [4]. 

Although CB 1954 is a monofunctional alkylating 
agent, it shows a high therapeutic index against the 
Walker tumour [21], and growth inhibition by this 
agent can be prevented by 4-amino-2-phenylimidaz- 
ole-5-carboxamide (2-phenyl-AlC) [22]. It has pre- 
viously been shown [2] that CB 1954 causes an in- 
crease in the intracellular level of cAMP of Walker 
tumour 8 hr after treatment. The results presented in 
Fig. 6 show that CB 1954 (1 g/ml) causes an increase 
in the protein kinase activity ratio in sensitive Walker 
cells, with a maximal effect being observed 6 hr after 
treatment. Addition of 2-phenyl AIC (100 ug/ml) to 
the cell suspension, 2 min before addition of 1 pg/ml 
of CB 1954 completely prevents the effect of the latter 
on protein kinase activity. 
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Fig. 6. Effect of 1 ug/ml CB 1954 (@——@) and 1 pg/ml 
CB 1954 plus 100 ug ml 2-phenyl-AIC (O——©O) on the 
protein kinase activity ratio of sensitive Walker cells. 
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DISCUSSION 


A number of studies have shown an activation of 
cAMP-dependent protein kinases in vivo after treat- 
ment with agents which elevate the intracellular level 
of cAMP (13, 16, 17). Procedures for the determina- 
tion of the state of activation of protein kinases in 
intact cells following hormone treatment have 
recently been described [14-16]. Measurement of 
cAMP-dependent protein kinase has been shown to 
be more reproducible than cAMP _  determina- 
tions [13]. 

The activity of cAMP-dependent protein kinase in 
the supernatant fraction of Walker cell homogenates 
measured in the absence of cAMP has been shown 
to be increased after administration of a therapeutic 
dose of chlorambucil. This rise in cAMP-dependent 
protein kinase occurs at the same time as the eleva- 
tion of cAMP levels produced in these cells by chlor- 
ambucil [2] and at a time when the amount of 
cAMP-binding protein is decreased, as measured by 
competition with saturating concentrations of tri- 
tiated cAMP. The increase in the protein kinase acti- 
vity ratio appears to be related to the concentration 
of chlorambucil and reaches a maximal activation at 
5 ug/ml. Further increases in the concentration of 
chlorambucil have previously been shown to have no 
effect on the intracellular level of cAMP in sensitive 
Walker cells [4]. The results with Sephadex gel filt- 
ration indicate that the increase in protein kinase acti- 
vity is not due to an artifact, and it is suggested 
that it reflects an activation of this enzyme in vivo. 
Furthermore, the degree of activation of the kinase 
with 5 pg/ml of chlorambucil is about equivalent to 
that obtained with 100 ng/ml of dibutyryl cAMP. 
These dose levels give 100 per cent inhibition of cell 
growth in sensitive Walker cells[8]. A similar acti- 
vation of the cAMP-dependent protein kinase is seen 
in TLXS cells at a higher dose of chlorambucil, and 
in Chinese hamster ovary cells and HeLa cells [23]. 
Two other effective anti-tumour alkylating agents, 
merophan and CB 1954, also cause an increase in 
the protein kinase activity ratio in sensitive Walker 
cells. In each case, maximal activation is seen at a 
dose corresponding to complete inhibition of cell 
growth. 

The increase in the cAMP-dependent protein 
kinase activity ratio produced in Walker cells in re- 
sponse to CB 1954 is prevented by a dose of 2-phenyl- 
AIC which completely protects this tumour against 
the toxicity of CB 1954. This suggests that an increase 
in intracellular cAMP is important in the mechanism 
of action of CB 1954. The possibility that growth inhi- 
bition by the alkylating agents involves an initial rise 
in cAMP levels would also explain the apparently 
anomalous result that a monofunctional alkylating 
agent, which cannot cross-link DNA, is an active anti- 
tumour agent, and that when the Walker tumour 
becomes resistant to this drug it also becomes cross- 
resistant to bifunctional agents and vice-versa. 

The cAMP-dependent protein kinase in a resistant 
Walker cell line is much less responsive to activation 
by chlorambucil in vivo and cAMP in vitro. A loss 
of cAMP-binding protein has previously been 
reported for Walker cells resistant to either chloram- 
bucil or CB 1954[8]. Granner [18] has shown an 
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altered regulation of cAMP-dependent protein kinase 
in a hepatoma cell line deficient in cAMP binding 
protein. The unstimulated protein kinase activity 
in this cell line was much higher than in _ liver. 
A similar situation exists for Walker cells where 
the unstimulated activity decreases in the order 
Weurs > Werr2 > Went ~ Wri ~ Wea ~ Wrs > WS. 
Chlorambucil has previously been shown not to cause 
an appreciable increase in the cAMP levels of these 
cell lines [4]. The resistance of the protein kinase to 
cAMP stimulation cannot be ascribed to an increase 
in the cAMP phosphodiesterase activity since this has 
been shown to be reduced in the resistant cell 
lines [8]. 

Cyclic AMP-dependent protein kinase has been 
showr to phosphorylate both histone [9] and nonhis- 
tone chromosomal proteins[24] as well as 
enzymes[25] and microtubular proteins [26]. Any 
one of these substrates may be important for a 
cAMP-mediated event produced by the anti-tumour 
alkylating agents. 
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Abstract—The oligodendroglial nuclei were purified from mouse brain with more than 97 per cent 
homogeneity. Cyclic AMP-independent phosphorylation of non-histone protein in oligodendroglial 
chromatin was studied. Morphine sulfate, in vitro, had no effect on phosphorylation. However, chronic 
morphine treatment resulted in an increase of phosphorylation in high molecular weight regions of 
sodium dodecylsulfate (SDS) electrophoresis gel. The increase was not the result of a decrease in 


phosphoprotein phosphatase activity. 


Chronic morphine treatment has been shown to alter 
chromatin template activity in oligodendroglial nuclei 
[1]. It is believed that the non-histone proteins are 
responsible for the change, since the removal of his- 
tones does not eliminate the chronic morphine effect 
on chromatin template activity. The non-histone pro- 
teins in cell nuclei have been implicated in regulation 
of DNA template activity in chromatin [2,3]. The 
heterogeneity of these proteins makes it difficult to 
study each protein with respect to its function and 
regulation. However, it would be helpful to study the 
phosphorylation of these proteins, since the phos- 
phorylation of the nuclear proteins, especially non- 
histone proteins, has been suggested as a means of 
positive gene regulation. The present study describes 
the property of apparent protein kinase activity in 
‘ oligodendroglial-rich chromatin isolated from mice 
after prolonged treatment of morphine. 


MATERIALS AND METHODS 
Animals 


ICR mice (male, 20-25 g) from Simonsen Labora- 
tories, Gilroy, Calif., were used in all experiments. 


Materials 

y-[3?PJATP (tetratriethylammonium salt, 20-40 Ci/ 
m-mole) was purchased from New England Nuclear 
Co. 


Preparation of morphine-induced tolerant mice 


The animals were rendered tolerant to morphine 
by the implantation of a 75-mg morphine pellet for 
a period of 72 hr [4]. The control group received pla- 
cebo pellets. 





*Faculty of Pharmaceutical Sciences, Kyushu Univer- 
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Preparation of nuclei 

The procedure was the same as described by Blobel 
and Van Potter [5] with some modification. All ani- 
mals were sacrificed by decapitation. Brains were 
removed immediately and kept in cold 0.25M 
sucrose-TKM buffer (Tris-HCl, 50 mM, pH 7.5, 23°; 
MgCl,, 10mM; and KCl, 25mM). All procedures 
were carried out at 4° except where specified. The 
brains were homogenized with 2 vol. of 0.25M 
sucrose-TKM buffer in a Potter-Elvehjem homogen- 
izer, using ten strokes at 2000 rev/min with a tightly 
fitted Teflon pestle (Thomas Co., clearance 150 ym). 
The homogenate was filtered through four layers of 
cheesecloth and thoroughly mixed with an equal 
volume of 2.3 M sucrose in TKM buffer. A 24-ml por- 
tion of homogenate was underlayed with 12 ml of 
2.3M_ sucrose-TKM buffer and centrifuged at 
96,300 g for 90 min. After the nuclei were isolated, the 
chromatins were purified according to the method of 
Spelsberg and Hnilica [6] and modified by Lee et 
al. [1]. 


DNA and protein determination 


DNA and protein contents were measured accord- 
ing to the methods of Lowry et al. [7] and Ceriotti 
[8] respectively. The protein:DNA ratio is 1:1 for 
both placebo and tolerant groups. 


Microscopy of nuclear preparations 


Each nuclear preparation was examined under a 
Leitz Wetzlar microscope. The nuclear pellet was 
fixed with 10%, paraformaldehyde in 0.1 M phosphate 
buffer, pH 7.4, rapidly dehydrated with increasing 
concentrations of ethanol (50, 70 and 95%), and 
embedded in paraffin wax containing picolyte resin. 
The sample was sectioned on a microtome to a thick- 
ness of 5 um or less, stained with 0.1°% cresyl violet, 
and examined. 


Assay of phosphorylation in vitro 


The incubation mixture contained potassium phos- 
phate buffer, 50 mM, pH 6.5 or 7.3; EGTA, 0.3 mM; 
MgCl, 10mM; NaF, 10mM; »-[°?PJATP, 54M 
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(500,000-800,000 cpm/0.2 ml of reaction mixture); and 
chromatin and water to a total volume of 0.2 ml. The 
reaction was initiated by the addition of ATP and 
incubated at 30° for 5 min. Two ml of 5°% TCA was 
added to terminate the reaction. To the reaction mix- 
ture was then added 100g bovine serum albumin 
and it was allowed to stand in ice for 10min. The 
precipitate was filtered through a GFC filter (What- 
man) and washed four times with 9 ml trichloroacetic 
acid (TCA) (5°). The dried filters were then counted 
with 10 ml Scintiverse (Fisher Chemical Co.) in a 
Beckman LS-100 liquid scintillation counter. 


Disc gel electrophoresis 

Preparation of chromatin protein for electrophoresis. 
The reaction mixture for gel electrophoresis was the 
same as described above that [**P]ATP, 2 Ci/m- 
mole, was used and the total volume was 0.4 ml. After 
the chromatin protein (300 wg) had been phosphory- 
lated in vitro, the reaction was terminated and pro- 
teins were dissociated with the addition of solid urea 
and NaCl to a final concentration of 5 and 2M re- 
spectively. The phosphorylated chromatin was dia- 
lyzed against 8M urea (deionized), 0.1%, f-mercap- 
toethanol, and 0.01 M Na phosphate buffer, pH 7.0, 
at 4° overnight. The buffer was changed three times 
during the course of overnight dialysis. The disso- 
ciated chromatin proteins were then dialyzed against 
the same buffer plus 1°; sodium dodecylsulfate (SDS). 
The dialyzed sample (150 ug protein) was incubated 
at 37° for 3 hr to insure complete dissociation, mixed 
with 10 ul Coomassie Brilliant Blue (100 zg/ml) and 
10 xl of concentrated f-mercaptoethanol, and allowed 
to stand for 1 hr at room temperature before being 
applied to the acrylamide gel for electrophoresis. 

Acrylamide gel. The 7.5% acrylamide gels were pre- 
pared according to the method of Bhorgee and Peder- 
son [9]. The final concentrations in the separation 
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gels were as follows: acrylamide, 7.5%; N,N’-bis- 
methylene acrylamide, 0.28°,; sodium dodecylsulfate, 
0.1%; sodium phosphate buffer, 0.1 M, pH 7.0; urea, 
0.5 M; and EDTA, 5 mM. The gels were polymerized 
by the addition of 0.05% tetramethylenediamine and 
0.1°,, ammonium persulfate. The gels were 14cm in 
length and 7.5mm in diameter. The spacer gels con- 
tained 2.5°,, acrylamide and 0.01 M sodium phosphate 
buffer, pH 6.0. The length of the spacer gels was 2 cm. 
The electrode buffer contained 0.1 M sodium phos- 
phate buffer, pH 7.0; 0.1% SDS; and 5mM EDTA. 
Electrophoresis was carried out with a current of 
10 mA/gel and terminated when the tracking dye 
migrated 7cm from the top of the separating gel 
(about 7 hr). Proteins were fixed and stained accord- 
ing to the method of Fairbanks et al. [10]. 


RESULTS 
Morphology of nuclear preparations 


The procedure used in this study to purify nuclei 
resulted in a morphologically pure population (Fig. 
1). Using the criteria described by Austoker et al. 
[11], or nuclei resemble oligodendroglial nuclei, being 
small and having round dense nuclei with tightly 
packed chromatin and peripheral nucleoli. In one 
typical preparation, out of 1257 total counts of nuclei, 
there were 37 nuclei of neuronal origin. The yield 
of the nuclei from this procedure was low (DNA re- 
covery was 10 per cent of brain homogenate), but 
very little contamination by other nuclei was 
observed. It was found that the protein kinase activity 
from neuronal-rich nuclei was quite different from 
that of oligodendroglial nuclei (to be published else- 
where). Since our interest was in the protein kinase 
activity of pure oligodendroglial nuclei, we thus 
accepted the low yield of nuclei for high purity. In 
order to ascertain the purity of all the preparations, 


Fig. 1. Stained oligodendroglial nuclei from mice brain. The nuclear population was fixed and stained 
as described in Methods. The photograph was taken under a Leitz Wetzlar microscope at a magnifica- 
tion of 750. 





Protein kinase activity in oligodendroglial chromatin 


light microscopic examination was performed for 
each nuclear preparation. Only the preparations with 
less than 5 per cent visible contamination were used 
to study protein kinase activity. 


Protein kinase activity in vitro 


Figure 2 shows that the activity of protein kinase 
isolated from mouse brain chromatin is linear up to 
10min. The zero time count was always less than 
10 per cent of the total counts and has been sub- 
tracted. The pH optimum of the enzyme was quite 
broad; in the range tested (pH 6.0 to 8.0), there was 
no obvious peak. Therefore, in routine assay, pH 6.5 
was used. The y-[°?P]ATP incorporation was linear 
with increasing concentration of ATP up to 5uM. 

The enzyme may use its endogenous chromatin 
proteins as substrate. Additional histone (type II from 
calf thymus, Sigma Chemical Co.) 40 ng/0.2 ml did 
not increase the amount of y-[*??PJATP incorpor- 
ation. However, additional casein (40 ug/0.2 ml) 
resulted in 50-60 per cent more phosphorylation. The 
enzyme was active when chromatin was freshly pre- 
pared; however, within a couple of days of storage 
at —10°, more than 80 per cent of the activity was 
lost. Therefore, assay of the protein kinase activity 
immediately after chromatin preparation is impor- 
tant. 

Table 1 shows that the protein kinase activity from 
chromatin isolated from morphine-induced tolerant 
mice was 65 per cent higher than that of the control 
group. Addition of morphine sulfate (10~* to 10°’ M 
or cAMP (10° ° to 10°” M) in vitro had no significant 
effect on protein phosphorylation (Table 2). 
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Fig. 2. Some properties of the apparent protein kinase 

activity in oligodendroglial-rich chromatin. The reaction 

mixture is as described in Methods except that in panel 

a various concentrations of chromatin proteins were 

added, in panel b, various pH values of potassium phos- 

phate buffer were used and in panel c various time inter- 
vals if incubation were used. 


Table 1. Effect of chronic morphine treatment on chroma- 
tin protein kinase activities 





32P incorporated 


Treatment (pmoles/mg protein) 





Non-tolerant 54.9 + 3.47 (4)* 
Non-tolerant + 

40 ug casein/reaction 
Tolerant 

Tolerant + 40 pg 


casein/T 


81.2 
90.9 + 10.23 (4)* 


112.3 





* P < 0.01. Number in parentheses is the number of ex- 
periments performed. 


In order to determine whether or not the increase 
in phosphorylation of chromatin protein isolated 
from tolerant animals was due to a decrease in phos- 
phoprotein phosphatase activity, the cold ATP dilu- 
tion procedure was used. )-[**P]JATP-dependent 
phosphorylation was preincubated for 10 min. Non- 
radioactive ATP (5 mM) was added to one-half of the 
reaction mixture and the same volume of water was 
added to the other half. Aliquots were withdrawn at 
various times and chromatin proteins were analyzed 
for their *?P content. Figure 3 shows that dephos- 
phorylation was evident in both the placebo and the 
tolerant groups. At 20 min, dephosphorylation was 
identical for both preparations. At 60 min, in chroma- 
tin isolated from the placebo and the tolerant groups, 
31 and 18 per cent of the **P were lost respectively. 
However, in the absence of cold ATP, chromatin iso- 
lated from tolerant animals increased phosphoryla- 
tion by 56 per cent at 60 min, whereas in chromatin 
isolated from placebo, phosphorylation increased less 
than 20 per cent. This result indicated that protein 
kinase was responsible for the increase of phosphory- 
lation in chromatin protein isolated from tolerant ani- 
mals. 


Electrophoresis of the phosphorylated chromatin pro- 
teins 

Nuclear chromatin comprises a heterogeneous mix- 
ture of proteins differing in molecular weight, amino 
acid composition and degree of phosphorylation. The 
heterogeneity of molecular sizes is indicated by the 
differences in electrophoretic mobility in SDS-polyac- 
rylamide gel. The degree of phosphorylation can also 
be measured in the gel with *?P-labeled chromatins. 

Figure 4 reveals the complicated banding pattern 
of chromatin protein subunits. There are at least 
thirty different multiple polypeptide bands ranging in 
molecular weight from 15,000 to 200,000 daltons cal- 
culated from proteins with known molecular weights. 
The most prominent bands after staining with Coo- 
massie Brilliant Blue were the histone proteins. It has 
been reported that two of the histone proteins were 
located in the middle of the gel (slices 19-22) and 
two more were observed in the lower part of the gel 
(slices 30-36) [9]. In this study, the specific activity 
of 3?P-labeling was low in the histone protein-rich 
area. In agreement with the findings of Rickwood et 
al. [12], this indicated that histone proteins were a 
rather weak substrate for this protein kinase reaction. 
The other bands of the gels were non-histone protein 
bands. The high molecular weight region (slices 1—5) 
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Table 2. Effect of morphine and cAMP on phosphorylation of chromatin protein 
in vitro 





Treatment 


32P incorporated 
(pmoles/mg protein) 





Control 

Control + morphine sulfate, 10°’ M 
Control + morphine sulfate, 10~° M 
Control + morphine sulfate, 10~° M 
Control + morphine sulfate, 10~* M 
Control + cAMP, 10°° M 

Control + cAMP, 10°°M 

Control + cAMP, 10°7M 


65.8 + 4.2 
64.5 + 1.9 
56.8 + 2.3 
64.8 + 4.5 
58.4 + 4.7 
122 + 30 
68.8 + 2.0 
69.2 + 5.5 





represents a series of very finely separated high mol- 
ecular weight protein subunits. Although the bands 
were rather light after staining with Coomassie Blue, 
it was quite clear that they are highly phosphorylated 
(Fig. 4). The degree of phosphorylation in this region 
was about 74 per cent higher in the tolerant group 
than in the control group (Table 3), although the elec- 
trophoretic patterns between those two groups were 
similar. 

Since there was no visible protein staining, the 
32P-labeling was quite significant in slices 38-46 (mol- 
ecular weight about 7000 daltons). The intensity of 
phosphorylation, was about the same _ between 
chromatins isolated from tolerant animals and con- 
trols. However, the band moved slightly faster in the 
tolerant group (Fig. 5). The shifting in mobility is a 
true phenomenon, since we have repeated it more 
than five times in five different nuclei preparations 
and found it to be reproducible each time. When mor- 
phine sulfate (1 mM) was added during phosphoryla- 
tion in vitro of chromatin proteins isolated from con- 
trol or tolerant animals, the electrophoretic pattern 
of this shift was unaffected. 

Cyclic AMP did not stimulate the phosphorylation 
of chromatin protein in vitro. Electrophoretic patterns 
of the chromatin proteins phosphorylated with or 
without the presence of cAMP (5 uM) were similar, 
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Fig. 3. “Turnover” of previously incorporated [>?P]phos- 

phate in chromatin proteins. Chromatin proteins were in- 

cubated for 10min in the presence of [*7P]ATP as de- 

scribed in Methods. Retention of >?P was measured after 
the addition of 5mM of non-radioactive ATP. 


except in slices 38-46. Figure 6 shows that this peak 
shifted when phosphorylated in the presence of 
cAMP. This shift was observed in both types of 
chromatins. 


DISCUSSION 


The data presented in this study demonstrate the 
apparent protein kinase activity in oligodendroglial- 
rich chromatin. Since it is unclear whether or not 
the protein kinase(s) is a separate protein(s) or the 
kinase activity is inherent in the phosphoproteins 
themselves [9], we decided to refer to the activity 
as “apparent protein kinase activity”. The addition 
of casein has been shown to increase **P-labeling in 
TCA-precipitable materials. Since casein. is not a 
natural component of brain tissue, the significance of 
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Fig. 4. SDS acrylamide gel electrophoresis of mice brain 

chromatins. The chromatins from placebo and. morphine- 

tolerant mice were phosphorylated and electrophoresed as 

described in Methods. Gels were stained by Coomassie 
Brilliant Blue. Gel origin is at left. 
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Table 3. Degree of phosphorylation in high 
molecular weight region 





Activity 


Treatment (cpm) 





1675 + 154 (4)* 
2925 + 142 (4)* 


Placebo 
Tolerant 





* P < 0.001. Number in parentheses is the 
number of experiments performed. 


the stimulation of phosphorylation is unclear. There 
is no obvious optimum pH for this enzyme activity 
indicating that several enzymes may be responsible 
for the phosphorylation. Kish and Kleinsmith [13] 
have reported the separation of protein kinase activity 
into twelve distinct enzyme fractions in beef liver 
chromatin. This possibility of multiple enzymes would 
also have to be carefully examined in oligodendrog- 
lial-rich chromatin preparation. Unlike the histone 
kinase, this protein kinase activity was very labile; 
80 per cent of the activity was lost within only a 
few days of storage. This presents a serious problem 
in further purification of the enzymes. A search for 
methods to stabilize the activity is now in progress. 

Chronic morphine treatment resulted in an increase 
in total apparent protein kinase activity. It was evi- 
dent in cold ATP dilution experiments that the in- 
crease in phosphorylation of chromatin in tolerant 
animals was, indeed, due to “apparent protein kinase 
activity”. Compared to the placebo group, although 
the turnover rate of 3*P was slower in chromatin pro- 
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Fig. 5. Phosphorylation in electrophoresis gel slices 35-45 

from four different chromatin preparations. The chroma- 

tins from placebo and morphine-tolerant mice brain were 

phosphorylated and electrophoresed as described in 

Methods. Results from four different chromatin prep- 

arations are presented. Gel origin is at left. Key: @, pla- 
cebo; O, tolerant. 
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Fig. 6. Effect of cAMP in vitro in phosphorylation in elec- 

trophoresis gel slices 38-45. The chromatins from placebo 

and morphine-tolerant mice brain were phosphorylated in 

the absence or presence of cyclic AMP (5 x 10~° M), re- 

spectively, and electrophoresed as described in Methods. 
Gel origin is at left. 


tein isolated from tolerant animals, the phosphoryla- 
tion rate in the absence of cold ATP was considerably 
higher at all time periods. These results suggest that 
this may be at least partially due to the increase in 
protein kinase activity. 

The phosphorylation of proteins occurred mainly 


in the acidic protein region of chromatin proteins. 
Electrophoresis of SDS-acrylamide gel revealed that 
chronic morphine treatment increased the *7P incor- 
poration in this area. It is not known if the gel slices 
still contain protein kinase activity. Furthermore, the 
ability of a one-dimensional dodecylsulfate-electro- 
phoresis system to demonstrate the true complexity 
of chromatin non-histone proteins is limited [14], 
therefore requiring more detailed work to elucidate 
this high molecular weight region. In slices 39-45, 
where there was no visible protein stain, significant 
phosphate labeling was observed. It is interesting to 
note that this band was similar in position to the 
one reported by MacGillivray and Rickwood [14]. 
Chronic morphine treatment shifted this band 
slightly; it is not known if this was the result of a 
change in peptide molecular weight. 

It has been suggested that phosphorylation of 
chromatin proteins would normally increase chroma- 
tin template activity [15]. Therefore, our observation 
may represent one of the positive controls of gene 
expression. The addition of morphine sulfate in vitro 
had no effect on *?P-labeling of protein, indicating 
that morphine did not directly interfere with protein 
phosphorylation. Therefore, the effect of chronic mor- 
phine treatment in vivo may be via some other 
mechanism, indirectly affecting protein phosphoryla- 
tion of chromatin proteins. 

In summary, we have demonstrated apparent pro- 
tein kinase activity in oligodendroglial-rich chroma- 
tin. The activity was unaffected by cAMP or mor- 
phine sulfate in vitro. Chronic morphine treatment 
resulted in increased phosphorylation which may be 
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due to protein kinase activity rather than to a de- 
crease of phosphoprotein phosphatase activity. 

The increase was located primarily in high molecu- 
lar weight regions of the SDS gel. We reported before 
[1] that the oligodendroglial-rich template activity in- 
creased in chronic morphine-treated animals; the in- 
crease in phosphorylation of non-histone proteins 
observed in this study may be related. Further studies 
are in progress in this laboratory to educidate the 
phosphorylation reaction and its relationship to 
chromatin template activities in different types of nu- 
clei. 
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Abstract—2,3-Dihydro-1H-imidazo[1,2-b]pyrazole (IMPY), a known inhibitor of DNA synthesis, has 
been shown to be a useful drug for the synchronization of mammalian cells in culture. Recent studies 
in our laboratory indicate that IMPY may possess significant antiviral activity against herpes simplex 
virus (HSV) type 1. IMPY, at a concentration of 80 ug/ml or 0.73 mM, reduced syncytia formation 
approximately 80 per cent. A 50 per cent inhibitory dose was calculated for each drug in order to 
compare potency in syncytia reduction of IMPY with that of arabinosyladenine (ara-A) and arabinosyl- 
hypoxanthine (ara-H). Our results indicated that the antiviral potencies of the three drugs were ranked 
in the order ara-A > ara-H > IMPY, the 50 per cent inhibitory doses being 22, 195 and 309 uM 
respectively. Utilizing the microplate procedure of Sidwell and Huffman [Appl. Microbiol. 22, 797 
(1971)], inhibition of viral cytopathic effect was rated against drug cytotoxicity and a virus rating 
(VR) established. A virus rating of 0.68 was calculated for IMPY. In comparison, VR values of 0.84 
and 0.66 were obtained for ara-A and ara-H respectively. In contrast to the syncytia reduction studies, 
IMPY appeared to possess antiviral activity equivalent to that of ara-H according to the criteria 
of the virus rating assay. A technique was developed for evaluating the degree of selectivity (°S) of 
a drug with respect to its differential effect on viral and cellular DNA synthesis. IMPY was found 
to possess a negative selectivity at all concentrations studied, reflecting the fact that it inhibited cellular 
DNA synthesis more than viral DNA synthesis. In contrast, ara-A and ara-H both expressed positive 
degrees of selectivity in that they inhibited viral DNA synthesis more extensively than cellular DNA 


synthesis. 


The antiviral and antitumor activities of many agents 
depend, at least in part, on their ability to inhibit 
DNA synthesis. Studies in L cells have shown 
that 2,3-dihydro-1H-imidazo[1,2-b]pyrazole (IMPY) 
reversibly inhibited DNA synthesis without signifi- 
cantly affecting RNA or protein synthesis [1]. 
Although the exact mode of action of this drug is 
unknown, it was postulated that IMPY may be inter- 
fering with deoxyguanosine triphosphate synthesis. 
The inhibition of DNA synthesis seen with IMPY 
was prevented and reversed by deoxyguanosine and 
potentiated by deoxycytidine. More recently, it has 
been demonstrated that both monolayer and suspen- 
sion cultures of HeLa cells could be synchronized at 
the point of entry into the synthetic (S) phase of the 
cell cycle by IMPY [2]; addition of deoxynucleosides, 
however, failed to reverse or prevent the inhibition 
of DNA synthesis by IMPY. It was suggested that 
this limitation may be due to the poor capacity of 
HeLa cells to phosphorylate and utilize deoxyguano- 
sine. 

The first indication that IMPY possessed antiviral 
activity appeared during studies with the nucleoside 
antibiotic 9-f-D-arabinofuranosyladenine (ara-A), a 
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known antiviral compound [3]. IMPY was used in 
our laboratory as an agent for synchronizing suspen- 
sion cultures of KB cells. After synchronization was 
achieved, the cells were infected with herpes simplex 
virus type | (HSV-1) and treated with ara-A. The in- 
tracellular concentration of IMPY remaining after 
washing appeared to exert antiviral activity against 
HSV-1 even in infected cell cultures not treated with 
ara-A. 

In this paper, we describe studies of IMPY and 
its action in HSV-infected mammalian cells. Our 
studies of syncytia reduction and microplate assays 
indicate that IMPY possesses a significant antiviral 
action against HSV-1. However, biochemical studies 
involving the separation and quantitation of viral and 
cellular DNA from HSV-infected KB cells revealed 
that IMPY inhibited cellular DNA synthesis to a 
slightly greater extent than the synthesis of viral 
DNA. This lack of selectivity is in direct contrast to 
the selective inhibition of viral DNA synthesis seen 
with ara-A and its deaminated catabolite arabinosyl- 
hypoxanthine (ara-H) [4,5]. 


MATERIALS AND METHODS 


Chemicals. IMPY was generously provided by Dr. 
Herbert L. Ennis, Roche Institute of Molecular Bio- 
logy (Nutley, N.J.), and Drs. P. Schmidt and K. 
Scheibli, Ciba-Geigy Ltd. (Basel, Switzerland). Ara-A 
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was the gift of Dr. Harold E. Machamer, Parke- 
Davis, & Co. (Detroit, Mich.). Ara-H was purchased 
from Pfanstiehl Laboratories, Inc. (Waukegan, III). 
[*H-methyl]thymidine was obtained from New Eng- 
land Nuclear Corp. (Boston, Mass.). HEPES 
[4-(2-hydroxyethyl)-!-piperazineéthane-sulfonic acid] 
and pronase were purchased from CalBiochem (La 
Jolla, Calif.). Cesium chloride (technical grade) was 
obtained from Kawecki Berylco Industries, Inc. 
(Revere, Pa.). Sarkosyl was purchased from Geigy In- 
dustrial Chemicals (Chicago, IIl.), and thymidine from 
P-L Biochemicals, Inc. (Milwaukee, Wisc.). 

Sera. Donor calf serum, free of mycoplasma and 
bacteriophage, was purchased from Flow Labora- 
tories, Inc. (Rockville, Md.). Fetal bovine serum was 
obtained from K. C. Biologicals, Inc. (Lenexa, Kan.). 
In experiments involving the use of ara-A, extensively 
heat-treated (12 hr at 56°) calf serum was used to 
prevent the serum-associated deamination of ara-A 
to ara-H [6]. 

Cell culture. Monolayer cultures of KB cells were 
grown at 37 in 32-oz glass prescription bottles or 
75 cm? plastic flasks (Falcon Plastics, Oxnard, Calif.) 
in Eagle minimum essential medium with Hanks salts 
[MEM(H)] and 10% calf serum. 

Suspension cultures of KB cells were grown at 37 
in 500-ml spinner flasks (Bellco Glass Co., Inc., Vine- 
land, N.J.) with 300-400 ml of minimal essential 
medium containing spinner salts [MEM(S)] 
(NaHCO, omitted) and buffered at pH 7.0 with 0.01 
M HEPES. The medium was supplemented with 10%, 
calf serum. 

BHK-21/4 and BHK-21/13 cells were grown in 
plastic flasks in MEM with Earle Salts [MEM(E)], 
supplemented with 10°, calf serum and 5% tryptose 
phosphate broth. The sodium bicarbonate concen- 
tration was reduced to 1.85 g/liter. Incubation was 
performed at 37° in a humidified atmosphere of 97° 
air and 3° CO). Virus assays and syncytia reduction 
assays were carried out with BHK-21/4 cells in Ham 
Nutrient Mixture F-12 supplemented with 5°, fetal 
bovine serum. 

Both cell lines were passaged every 2-3 days 
according to cenventional procedures using 0.05%, 
trypsin and 0.02°,, ethylenediaminetetraacetic acid in 
a HEPES buffered salt solution at pH 7.4[7]. 

Antibiotics were not used in any cell culture media 
in order to facilitate the detection of bacterial or 
mycoplasmal contamination of the cell lines. All cell 
lines were regularly screened (tests performed by Mic- 
robiological Associates, Bethesda, Md.) and were 
found to be free of mycoplasma. 

Virus. Herpes simplex virus strain HF was the gift 
of Dr. Gary H. Cohen, Philadelphia, Pa. High titer 
virus stock was prepared according to a previously 
published method [4]. Briefly, monolayer cultures of 
KB cells were grown in MEM(H) with 10°; calf serum 
and 2X arginine. The cultures were infected with virus 
at an input multiplicity of 5-10 plaque forming units 
(PFU)/cell. The cells were harvested after 24 hr and 
washed by centrifugation in fresh medium (5 min at 
300 g). The cell pellet was resuspended and sonicated 
for 60 sec, followed by centrifugation at 500 g for 
10 min. 

Titration of virus. Monolayer cultures of BHK-21/4 
cells were prepared by planting | to 1.5 x 10° cells 
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in 60 x 15 mm Contur dishes (Lux Scientific Corp., 
Thousand Oaks, Calif.) using modified MEM(E) 
medium supplemented with 10°, calf serum. After 
incubating the dishes at 37° in a humidified 97% air— 
3°, CO, atmosphere overnight, the medium was 
aspirated and 0.2 ml of the appropriate viral dilution 
was added. The dishes were incubated in a CO, 
atmosphere for 1 hr to permit viral adsorption. 

After infection, a syncytial assay [4] was performed 
in order to determine the titer of the virus sample 
being studied. In a syncytial assay, excess virus was 
aspirated and 5 ml of F-12 medium containing 10% 
fetal calf serum was added to each dish and incubated 
at 37° in a CO, atmosphere for 20-24 hr. After this 
interval, syncytia were counted with an inverted 
microscope (60 x magnification) and the titer of the 
virus sample was calculated. 

Syncytia reduction studies. Syncytia reduction 
assays were performed on monolayers of HSV- 
infected BHK-21/4 cells planted in 60 x 15 mm Inte- 
grid tissue culture dishes (Falcon Plastics) according 
to the procedure described above. After a 1-hr viral 
adsorption period, F-12 medium containing 0, 10, 20, 
40, 80 or 160 g/ml of IMPY was added and allowed 
to incubate for 24 hr, after which time syncytia could 
be counted with the aid of an inverted microscope. 
A linear regression plotting program was used to 
determine the best linear relationship between per 
cent syncytia inhibition and drug concentration. 

Microtest assay. The micro tissue culture plate pro- 
cedures developed by Sidwell and Huffman [8] were 
used in our laboratory as a means of evaluating the 
antiviral activity of IMPY and other drugs. Inhibition 
of viral cytopathic effect (CPE) was rated against drug 
cytotoxicity and a virus rating (VR) established. 

Disposable plastic microplates (Microtest II tissue 
culture plates, Falcon Plastics) containing circular 
wells were planted with BHK-21/13 cells in modified 
MEM(E). A Cornwall syringe was used to deliver 0.2 
ml of a cell suspension/well such that each well 
received approximately 3.6 x 10* cells. After a 24-hr 
incubation at 37° in a CO,-enriched atmosphere, the 
medium was removed and each weli was infected with 
0.1 ml virus suspended in MEM(E) at a concentration 
of 10 tissue culture infective dose 50 per cent 
(TCID.,)/well. 

Several min after addition of the virus suspension, 
0.1 mi medium or medium containing various concen- 
trations of the drug to be tested was added to each 
well, bringing the total volume/well to 0.2 ml. In- 
cluded in each plate were toxicity controls (containing 
drug and medium only), virus controls (containing 
virus and medium only), and cell controls (containing 
medium only). The plates were sealed with a plastic 
lid (Falcon Plastics), incubated for 3 days, and exam- 
ined microscopically for CPE and drug cytotoxicity 
every 24 hr using an inverted phase microscope. 

The condition of the cell layer in each well was 
graded on a scale of 0 (normal cells, no cytotoxicity 
or CPE) to 4 (virtually complete destruction of cell 


- layer). From these data, a VR was computed for each 


drug tested. 

Preparation and labeling of DNA. To study the 
effect of IMPY on DNA replication, tritium-labeled 
cellular and viral DNA were obtained from HSV- 
infected monolayers of KB cells by incubating each 
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monolayer in MEM(H) medium containing 
[°H-methyl ]thymidine (2 uCi/ml final concentration) 
for 12 hr at 37°. The medium in each flask also con- 
tained a specific concentration of IMPY (0, 10, 20, 
40, 80 and 160 g/ml), and cold thymidine (5 uM 
concentration) to prevent the premature depletion of 
label. At the end of 12 hr the flasks were shaken 
vigorously to suspend the cells and a 5-ml sample 
was removed from each flask. The cells were pelleted 
by centrifugation at 2900 g for 15 min and the pellets 
were stored at —76° for subsequent analysis. After 
resuspending each pellet in 0.5 ml TES [30 mM 
Tris-(hydroxymethyl)aminomethane (Tris), 5 mM 
EDTA, 50 mM NaCl, pH 8.0], an equal volume of 
a solution containing 2 mg/ml of pronase (autodi- 
gested for 15 min at 37°) and 1% sarkosyl in TES 
was added and incubated for 15 min at 37° or until 
the mixture cleared. The preparations were rapidly 
pipetted three or four times to partially shear the 
DNA present: shearing of DNA was necessary to 
afford good separation of viral and cellular DNA in 
the CsCl density gradient. 

Ten yl of each DNA preparation was spotted on 
2.5-cm filter paper circles (Schleicher & Schuell, Inc., 
Keene, N.H.) which were processed as described 
below. The radioactivity contained on each filter 
paper circle was counted in a Packard liquid scintilla- 
tion spectrometer model 3320 (Packard Instrument 
Co., Downers Grove, Ill.) to determine what volume 
of the DNA preparation should be applied to each 
CsCl gradient in order to achieve satisfactory separ- 
ation. In general, 20 or 30 yl of the DNA preparation 
was the volume added to each gradient. 

Isopycnic density gradient centrifugation. CsCl den- 
sity gradient ultracentrifugation was used to separate 
viral DNA from cellular DNA. The DNA preparation 
(20-30 yl) was added to 9.9 g CsCl in 8.0 ml TES. 
After centrifugation at 15° using a Ti-50 rotor in a 
Beckman model L3-50 preparative ultracentrifuge, 
eight drop fractions were withdrawn from the bottom 
of the tube using a Buchler polystaltic pump and an 
LKB Ultrorac fraction collector (LKB Products, 
Bromma, Sweden). Fifty-l samples were spotted on 
filter paper circles and processed and counted as de- 
scribed below. About forty fractions were collected 
from each tube and every fifth fraction was used to 
measure refractive index and determine buoyant den- 
sity. ° 

Liquid scintillation spectrometry. In order to deter- 
mine the amount of [*H]thymidine incorporated into 
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DNA, 50 ul of each CsCl fraction was spotted in trip- 
licate on filter paper circles and processed as follows. 
The filter papers were dried rapidly under an infrared 
lamp and washed three times with ice-cold 5% tri- 
chloroacetic acid, twice with 95° ethanol, and once 
with diethyl ether. The dried circles of filter paper 
were placed in vials containing 12 ml of 0.26% PPO 
(2,5-diphenyloxazole) in toluene for counting in a 
liquid scintillation spectrometer. 


RESULTS 


Inhibition of HSV-induced syncytia formation by 
IMPY, ara-A and ara-H. Table 1 compares and con- 
trasts the inhibitory effects of IMPY, ara-A and ara-H 
on the ability of the HF strain of herpex simplex virus 
type 1 to induce syncytia in monolayers of BHK-21/4 
cells. IMPY, at a concentration of 80 ug/ml or 0.73 
mM, reduced syncytia formation approximately 80 
per cent. In order to compare IMPY, ara-A and 
ara-H in potency of syncytia reduction, a 5O per cent 
inhibitory dose was calculated for each drug. Our 
results indicated that the antiviral potencies of the 
three drugs were ranked in the order ara-A > ara- 
H > IMPY, the 50 per cent inhibitory doses being 
22. 195 and 309 uM respectively. 

Determination of virus rating. Utilizing the micro- 
plate procedure of Sidwell and Huffman [8] a virus 
rating (VR) was calculated for IMPY, ara-A and 
ara-H. A summary of the results is listed in Table 
2. In contrast to the syncytia reduction studies, the 
three drugs were rated in the order ara-A > IMPY 
= ara-H, on the basis of the VR that each received 
(0.84, 0.68 and 0.66 respectively). Thus, IMPY 
appeared to possess antiviral activity equivalent to 
that of ara-H according to the criteria set forth in 
the studies of Sidwell and Huffman [8]. In addition, 
IMPY showed less cytotoxicity than ara-A and ap- 
proximately the same cytotoxicity as ara-H on a per 
mole basis. 

Inhibition of cellular and viral DNA synthesis in 
HSV-infected KB cells. DNA synthesized in HSV- 
infected monolayer cultures of KB cells during a 
12-hr exposure to [*H]thymidine was separated into 
viral and cellular components in CsCl density gra- 
dients. Each species of DNA was separated on the 
basis of its buoyant density, owing to the different 
G + C ratios of HSV DNA and KB cell DNA. Typi- 
cal profiles of radioactivity in fractions from CsCl 


Table 1. Effect of IMPY, ara-A and ara-H on syncytia formation in HSV-infected BHK-21/4 cells* 





Per cent reduction of HSV-induced syncytia forming units when 
compared to control cultures (no drug) 
Concentration of drug (ug/ml) 


Drug 0.1 10 


20 80 160 





IMPY 
Ara-At 20 
Ara-Ht 


80+ 4 78 + 15 
>99 100 
65 85 





*Two hundred syncytium forming units (SFU) of herpes simplex virus were added to nearly confluent monolayers 
of BHK-21/4 cells in 60 x 15 Integrid plastic dishes. Adsorption was allowed to occur at 37° for 1 hr, after which 
time 5 ml of Ham’s Nutrient Mixture F-12 medium supplemented with 5°, fetal bovine serum and the appropriate 
drug concentration was added. Syncytia were counted after a 20-hr incubation. 


+ All values are + the standard error of the mean. 


t Data were obtained from previous studies in our laboratory [4]. 
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Table 2. Microtest screen of IMPY, ara-A and ara-H on BHK-21/13 cells infected with 
HSV-1 (10 TCIDso/well)* 





Concentrations used in test wellst 


Drug (ug/ml) 


Virus rating at 72 hr 





IMPY 
Ara-A 
Ara-H 


0, 3.2, 10, 32, 100 and 320 
0, 3.2, 10, 32, 100 and 320 
0, 10, 32, 100, 320 and 1000 


0.68 + 0.01¢ 
0.84 + 0.01 
0.66 + 0.02 





* Monolayers of BHK-21/13 cells, grown in micro tissue culture plates, were infected with 
HSV-1 (10 TCID<s/well) and incubated with the appropriate drug concentration at 37° in 
a humidified CO, atmosphere for 72 hr. The virus rating for each drug was calculated 
according to the methods of Sidwell and Huffman [8]. 

+ In all cases, concentrations were selected which ranged from completely inactive to totally 


cytotoxic. 


t All values are + the standard error of the mean. 


density gradients are shown in Fig. 1. Presumably 
because a technical grade of CsCl was used to prepare 
the gradients, buoyant densities slightly less than the 
expected values were obtained. 

Viral and cellular DNA synthesis in drug-treated 
cultures was compared to the viral and cellular DNA 
synthesized in the virus-infected cultures without 
drug. The radioactivity associated with viral and 
cellular DNA was determined by summing the cpm 
in the fractions which composed each peak in Fig. 
1. The ratio of viral DNA to cellular DNA was calcu- 
lated and used to proportion the total DNA synthe- 
sized in the infected cells into the viral and cellular 
components. Data from drug-treated cultures were 
normalized to data from the control culture. The per 
cent reduction of viral and cellular DNA synthesized 
at each drug level was then computed with respect 
to the control cultures containing no drug (Fig. 2). 
This figure illustrates that, in infected monolayer cul- 
tures, IMPY inhibited cellular DNA synthesis to a 
greater extent than viral DNA synthesis at all drug 
levels studied. 

The results shown in Fig. 2 were used to determine 
the degree of selectivity (S) shown by IMPY and 
that of ara-A and ara-H in reducing viral and cellular 
DNA synthesis. The equation below allows the calcu- 
lation of a value which expresses the positive or nega- 
tive selectivity of a drug in its action on DNA syn- 
thesis in virus-infected cell cultures: 


CIC’ 
= u 
S, oe VV’ 

where C is equal to the total number of cpm/cell con- 
tained within the CsCl gradient peak representing 
cellular DNA synthesized when drug is present at 
concentration n. C’ is equal to the total number of 
cpm/cell contained within the CsCl gradient peak 
representing cellular DNA synthesized when no drug 
was present. V is the total number of cpm/cell con- 
tained in the CsCl gradient peak representing viral 
DNA synthesized when drug was present at concen- 
tration n. V’ is equal to the total number of cpm/cell 
contained within the CsCl gradient peak representing 
viral DNA synthesized in the control cultures when 
no drug was present. 

The results of a selectivity analysis of IMPY, ara-A 
and ara-H are illustrated in Fig. 3. Positive values 
of 'S indicate that the drug inhibits viral DNA syn- 
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Fig. 1. Separation by isopycnic centrifugation in CsCl den- 

sity gradients of viral and cellular DNA synthesized in 

HSV-infected monolayer cultures of KB cells. Location of 

viral and cellular DNA in the gradients was monitored 

by [*H]thymidine incorporation. Cultures contained no 
drug or 10, 20, 40, 80 or 160 g/ml of IMPY. 
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Fig. 2. Effect of IMPY on the reduction of viral and cellu- 

lar DNA synthesis in monolayer cultures of KB cells. The 

total cpm contained within each peak of viral or cellular 

DNA was computed from Fig. | and corrected for vari- 
ation in cell number. 


thesis to a greater extent than cellular DNA synthesis 
at the concentration indicated, whereas negative S$ 
values reflect more extensive inhibition of cellular 
than viral DNA synthesis. IMPY was found to pos- 
sess negative selectivity at all concentrations studied. 
In contrast, ara-A and ara-H both express positive 
selectivity. 


DISCUSSION 


The antiviral activity of IMPY was assessed in 
mammalian cell cultures infected with herpes simplex 
virus type 1. Our results indicated that IMPY exerted 
an antiviral action on HSV-1 in syncytia reduction 
studies and microplate tissue culture assays but 
further biochemical studies demonstrated that the in- 
hibitory effects of IMPY were not directed solely 
toward viral infection. Determination of the drug’s 
effect on viral and cellular DNA synthesis indicated 
that IMPY reduced cellular DNA synthesis to a 
greater extent than viral DNA synthesis at all drug 
levels studied. 

We have attempted to evaluated the degree of selec- 
tivity (S) of a drug with respect to its differential 
effect on viral and cellular DNA synthesis. A drug 
was assigned a positive S if it acted to reduce viral 
DNA synthesis to a greater extent than cellular DNA 
synthesis. Conversely, a drug which inhibited cellular 
DNA synthesis more than viral DNA synthesis was 
designated as being negatively selective. Although this 
index of selectivity has proved useful in our studies 
comparing the antiviral activities of various drugs, 
our definition of S possesses several limitations 
which should be considered. 

The primary limitation of degree of selectivity as 
we have defined it resides in the fact that each value 
of °S is dose dependent. As a result, as the denomi- 
nator of the equation approaches zero, “S$ becomes 
artificially high, and this exaggeration must be taken 
into account when interpreting the data. 

Our definition of S evaluates viral and cellular 
DNA synthesis in virus-infected cell cultures only. 
This application does not consider the general inhibi- 
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Fig. 3. Degree of selectivity (S) at drug concentration n 
of IMPY, ara-A and ara-H in HSV-infected monolayer 
cultures of KB cells. C is equal to the total number of 
cpm/cell contained within the CsCl gradient peak repre- 
senting cellular DNA synthesized when drug is present at 
concentration n. C’ is equal to the total number of cpm/cell 
contained within the CsCl gradient peak representing 
cellular DNA synthesized when no drug was present. V 
is the total number of cpm/cell contained in the CsCl gra- 
dient peak representing viral DNA synthesized when drug 
was present at concentration n. V’ is equal to the total 
number of cpm/cell contained within the CsCl gradient 
peak representing viral DNA synthesized when no drug 
was present. A positive value of ’S indicates that the inhibi- 
tion of viral DNA synthesis is greater than cellular DNA 
synthesis at the dose under consideration. When a drug 
concentration results in cellular DNA synthesis being inhi- 
bited more extensively than viral DNA synthesis, a nega- 
tive value of °S results. 


tory effect of a viral infection on the cellular DNA 
synthetic process. Depending on the multiplicity of 
viral infection, the initiation of viral DNA synthesis 
with its inherent domination of the cellular DNA syn- 
thetic machinery may affect the total amount of cellu- 
lar DNA produced. Thus, by not incorporating the 
total amount of cellular DNA synthesized in the unin- 
fected cell into our concept of degree of selectivity, 
we may be introducing an error into our evaluation. 
Further selectivity studies of various drugs have been 
performed in our laboratory involving both virus- 
infected and uninfected cell cultures. A modified, 
dose-independent definition of “S has been formulated 
and will be presented at a future time [9]. 

On the basis of the criteria discussed above, our 
results indicated that IMPY possessed a negative 
value of “S in HSV-infected mammalian cells at all 
drug levels studied. The reason for this negatively 
selective action is unknown at the present time. 
IMPY may act by exerting a differential inhibition 
of a cellular enzyme as opposed to its viral-induced 
enzyme counterpart in the infected cell. 

In contrast to IMPY, ara-A and ara-H were found 
to exhibit different degrees of positive selectivity, ref- 
lecting the fact that both drugs inhibit viral DNA 
synthesis more than cellular DNA synthesis. Previous 
studies in our laboratory suggest that the selective 
inhibition of viral DNA synthesis by ara-A and ara-H 
may be due to the preferential inhibition of a step 
in nucleotide metabolism catalyzed by a virus-speci- 
fied enzyme [4,5]. 
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The results presented in this paper do not offer 
any definitive explanation for the mechanism of 
action of IMPY. Previously, Ennis et al. [1] suggested 
that IMPY inhibited DNA synthesis by interfering 
with deoxyguanosine triphosphate synthesis. They 
observed that the inhibition of DNA synthesis seen 
with IMPY was prevented and reversed by deoxy- 
guanosine and potentiated by deoxycytidine in L 
cells [1]. In contrast to these studies, Beer et al. [2] 
demonstrated that addition of deoxynucleosides failed 
to reverse or prevent the inhibition of DNA synthesis 
by IMPY in HeLa cells. Further experimentation 
with regard to the effect of IMPY on cellular and 
viral metabolism and enzyme action is warranted. 
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Abstract—Oxidative phosphorylation and oxidation of NAD*-linked substrates by rat heart mitochon- 
dria were depressed by 6.75 x 10°° M perhexiline maleate (PM), while the succinate oxidation was 
increased to 320 per cent activity. The drug had no effect on mitochondrial succinic and malate dehydro- 
genase, NADH-ferricyanide reductase and NADH-CoQ reductase (340 nm); therefore, NADH-oxidase, 
mitochondrial electron-transporting particles (EP,), NADH-CoQ reductase (550 nm) and aspartate 
aminotransferase were inhibited. It is suggested that PM would act, preventing the reoxidation of 


NADH* + H® through the respiratory chain. 


Perhexiline maleate [2-(2,2-dicyclohexylethyl)-piperi- 
dine] has been investigated to determine the absorp- 
tion, excretion and metabolism in rats, dogs and 
humans [1-4]. However, the mechanism by which it 
might work is largely unexplored. 

In preceding papers, a mitochondrial mechanism 
of action for the anti-arrhythmic drugs [5—7] was pro- 
posed. The purpose of the experiments reported 
below was to obtain more detailed information on 
the effect of perhexiline maleate (PM) on heart mito- 


chondrial oxygen uptake and oxidative phosphoryla- 
tion and to study the alterations of enzymatic systems 
involved with electron transport. 


MATERIALS AND METHODS 


Isolation of heart mitochondria. Rat heart mitochon- 
dria were isolated according to the method described 
for brain mitochondria by Voss et al. [8], using a 
mannitol-sucrose medium. 

Methods of assay. The polarographic determina- 
tions of oxidative phosphorylation were made with 
an oxygen electrode as described by Voss et al. [9]. 
The P/O ratios were calculated as ADP/O ratios 
according to Chance and Williams [10]. Oxygen 
uptake was determined by Warburg respirometry. 
Protein was determined by the method of Lowry et 
al. [11]. 

Particles with NADH-oxidase activity. Submito- 
chondrial particles with NADH-oxidase activity [12] 
were prepared by adopting the procedure described 
by Kielley and Kielley [13] for preparation of 
ATPase. The activity of NADH-oxidase was 
measured with an oxygen electrode using the follow- 
ing medium: phosphate buffer, 0.05 M, pH 7.5, and 
NADH, 3.3 x 10°* M, in a total volume of 2.4 ml. 
The activity of NADH-ferricyanide reductase was 
measured spectrophotometrically at 420 nm (using 
Beckman DB spectrophotometer) with the following 
reaction mixture: phosphate buffer, 0.03 M, pH 7.5; 
K3;Fe(CN)., 1.0 mM; KCN, 1.6 mM; NADH, 0.3 
mM; NADH-oxidase (0.3 mg protein); and PM, 


6.75 x 10°° M. The final reaction volume was 3.0 
ml. 

Heart mitochondrial electron-transporting particles 
(inner membrane). Beef heart mitochondria were pre- 
pared by the method of Crane et al. [14]. Isolation 
of EP, particles were made by the method of 
Kopaczyk [15] and the NADH-oxidase activity was 
measured polarographically using the following reac- 
tion medium [8]: mannitol, 0.25 M:; Tris, 0.01 M; 
EDTA, 0.2 mM; KCl, 0.01 M, and inorganic phos- 
phate, 0.1 M (final pH 7.4); EP, particles (2.0 mg 
protein); NADH, 0.3 mM; and PM, 6.75 x 10~° M. 
The total volume was 2.4 ml. 

NADH-CoQ reductase. Beef heart mitochondria 
were isolated by the method of Crane et al. [14]. 
The enzyme was prepared by the method described 
by Sanadi et al. [16]. Oxidation of NADH by CoQ 
was assayed spectrophotometrically (using an Am- 
inco—Chance dual wavelength/split beam recording 
spectrophotometer) at 340 nm and the reduction of 
cytochrome c by CoQH, at 550 nm, using the follow- 
ing system: Tris-sulfate buffer, 0.05 M, pH 8.0; 
NADH, 10°* M; cytochrome c, 6.0 x 10°° M; and 
alcoholic supernatant with NADH-CoQ reductase 
activity (1.20 mg protein). The total volume was 3.0 
ml. To test the action of the drug, 6.75 x 10°° M 
perhexiline maleate was added to the sample cuvette. 

Succinic dehydrogenase. Beef heart mitochondria 
were isolated by the method of Crane et al. [14]. 
The enzyme was prepared by the method of Singer 
et al. [17] and assayed spectrophotometrically at 455 
nm with a Varian 635D spectrophotometer according 
to Slater and Bonner [18]. The following system was 
used: phosphate buffer, 0.25 M, pH 7.6; EDTA, 30 
mM; KCN, 0.1 M; succinate, 0.5 M; bovine serum 
albumin, 3°% solution; K,Fe(CN),, 0.1 M; enzyme 
(0.8 mg protein); and PM, 6.75 x 10°° M. The final 
volume was 3.0 ml. 

Malate dehydrogenase. Malate dehydrogenase was 
isolated from beef heart mitochondria [14], purified 
according to England and Siegel [19], and the activity 
was measured at 340 nm with a Varian 635D spectro- 
photometer, using the following system: Tris-acetate, 
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pH 8.0, 0.05 M, in acetate; oxalacetate, 10°* M; 
NADH, 10~* M; malate dehydrogenase, 1000 units 
(1 unit = absorbance change of 0.001/min); and PM, 
6.75 x 10~° M. The total volume was 3.0 ml. 
Aspartate aminotransferase of human serum. The 
activity was measured according to Schwartz [20]. 
Malate dehydrogenase used was prepared according 
to Englard and Siegel [19]. Absorption at 340 nm 
was measured with a Varian 635D spectrophotometer 
using the following mixture: NADH, 10~* M; aspar- 
tate, 4 x 10°? M; human serum to give an absor- 
bance change of 0.03/min; malate dehydrogenase, 
1000 units (1 unit = absorbance change of 0.001/min); 
phosphate buffer, 0.067 M, pH 7.4; «-ketoglutarate, 
7.0 x 10-3 M; and PM, 6.75 x 10°° M. The total 
volume was 3.0 ml. 

Determination of oxalacetate levels. Oxalacetate 

- concentration was determined using malate dehydro- 
genase: purified by the method of Englard and Siegel 
[19]. Mitochondrial suspension (5.0 mg protein) in 
mannitol reaction medium [8] and 4 x 10°? M suc- 
cinate was incubated at 37° for 60 min. After incuba- 
tion the material was deproteinized with 2 vol. of 10°, 
trichloroacetic acid (TCA) and centrifuged at 10,000 
g for 10 min. The neutralized supernatant (pH 7.4 
to 8.0) was used to determine the oxalacetate concen- 
tration and the enzyme activity at 340 nm was 
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measured with a Varian 635D spectrophotometer un- 
til completion of the reaction. 


RESULTS 


Effect of perhexiline maleate on oxygen uptake. It 
has been found (Table 1) that increasing amounts of 
PM inhibited the oxygen uptake when glutamate, 
a-ketoglutarate and malate plus pyruvate were the 
substrates. However, when succinate was used, a sig- 
nificant increase in the oxygen uptake was observed. 
The effect of PM on the oxygen uptake of rat heart 
mitochondria was measured by Warburg respiro- 
metry. The data represent the average of five exper- 
iments. 

Effect of perhexiline maleate on oxidative phosphory- 
lation. The results presented in Table 2 show the effect 
of PM on substrate respiration, states III and IV of 
respiration, and ADP/O ratio. 

Effect of perhexiline maleate on enzymatic activities. 
Since the oxidation of NAD*-linked substrates was 
inhibited while that of succinate was increased, PM 
was tested on several enzymatic preparations related 
to the electron transport chain. The purpose of these 
studies is to locate the site of interaction of PM 
within the electron transport chain. The results are 
shown in Table 3. 


Table 1. Effect of perhexiline maleate (PM) on the oxygen uptake of rat heart mitochondria* 





Perhexiline 
maleate 


(M) 4-Ketoglutarate 


Glutamate 


Activity °, 


Malate + 


pyruvate Succinate 





100.0 
88.0 


Control 

4.50 x 107° 
2.25 x 1075 56.0 
4.50 x 1075 10.0 
6.75 x 1075 0.0 


100.0 
100.0 
95.0 
69.0 
14.0 


100.0 
116.0 
146.0 
186.0 
320.0 





* System: reaction medium [8] (mannitol, 0.25 M; Tris, 0.01 M: EDTA, 0.2 mM; KCl, 0.01 
M; and inorganic phosphate, 0.1 M, final pH 7.4); mitochondrial suspension (5.0 mg protein); 
100 pzmoles substrate; and 0.15 ml KOH. The experiments were carried out for 60 min. Total 


volume was 2.85 ml. Temperature: 37°. 


Table 2. Effect of perhexiline maleate on oxidative phosphorylation by rat heart mitochondria* 





Substrate 


Substrate PM (M) respiration 


State III State IV 





a-Ketoglutarate 0 0.28 
10 
10°° 


10°° 


Glutamate 0 
10-° 
1075 
x ee: 


Succinate ’ 0 
x 1° 
x 1075 
x 10° 


2.00 
1.63 
1.47 
0 





* System: reaction medium [8]: mitochondrial suspension (5.0 mg protein), 10 umoles substrate and 235 pymoles 


ADP. Final volume was 2.4 ml. Data are uM O,/sec. 





Action of perhexiline maleate on heart mitochondria 


Table 3. Effect of perhexiline maleate on enzymatic activities* 





Activity measured 


Inhibition (°%) 





0700NADH-oxidase 
NADH-ferricyanide reductase 
Elementary particles, EP, 
(NADH-oxidase) 
NADH-CoQ reductase (340 nm) 
NADH-CoQ reductase (550 nm) 
Succinic dehydrogenase 
Malate dehydrohenase 
Aspartate aminotransferase 


90 
18 
49 


20 
82 
0 
0 
29 





* Assays are described in 
6.75 x 107° M. 


Determination of oxalacetate levels. The effect of 
perhexiline maleate on the mitochondrial oxalacetate 
level was determined using the following system: neu- 
tralized supernatant from mitochondrial suspension 
(5.0 mg protein); Tris—acetate buffer, 0.05 M in ace- 
tate, pH 8.0; NADH, 10~* M; and malate dehydro- 
genase, 200 units (1 unit = absorbance change of 
0.001/min). The mitochondrial suspension incubated 
with succinate gave a concentration of oxalacetate 
equal to 20.0 x 10°° M; in the presence of PM 
(6.75 x 10~* M) the level of oxalacetate decreased to 
2.10 x 10°° M. An experimental control was _per- 
formed without succinate, giving an undetected level 
of oxalacetate concentration. 


DISCUSSION 


In the present report, using isolated rat heart mito- 
chondria, it has been found that increasing amounts 
of perhexiline maleate inhibit progressively the oxi- 
dation of «-ketoglutarate, glutamate and malate cou- 
pled with pyruvate (Table 1). Table 2 shows that sub- 
strate respiration, and states III and IV of respiration 
were depressed by PM when 2-ketoglutarate and glu- 
tamate were the substrates, which indicates that oxi- 
dative phosphorylation or electron transport chain or 
both are inhibited. When succinate was used as sub- 
strate, it could be observed that substrate respiration 
and state IV of respiration were not significantly 
altered, but state III of respiration and ADP/O ratio 
were depressed by PM. These results suggest that the 
effects of PM could be by inhibition of oxidative 
phosphorylation and of electron transport chain on 
the complex I (NADH-CoQ reductase). Similar find- 
ings were obtained for propranolol [5] and iprovera- 
tril [6]. 
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Fig. 1. Schematic representation for the possible 
mechanism of action of perhexiline maleate. 
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Methods. 


PM concentration was 


The evidence that perhexiline maleate has a selec- 
tive action on NADH-oxidase activity is shown in 
Table 3. The inhibition of NADH-oxidase was 
reversed by methylene blue. Perhexiline maleate at 
a concentration of 6.75 x 10°~° M inhibited NADH- 
oxidase by 90 per cent, and NADH-CoQ reductase 
activity by 82 per cent (550 nm), while NADH-ferri- 
cyanide reductase and NADH-CoQ reductase (340 
nm) were inhibited only 18 and 20 per cent respect- 
ively. This indicates that, like rotenone [21—23], pro- 
pranolol [5] and iproveratril [6], the main site of 
action of perhexiline maleate is probably on the 
oxygen side of flavoprotein (Complex 1). 

Since perhexiline maleate did not affect the activity 
of succinic and malate dehydrogenase (Table 3), but 
enhances to 320 per cent the oxidation of succinate 
(Table 1), possibly preventing the reoxidation of 
NADH* + H®* through the respiratory chain, it is 
suggested that the increase on the oxidation of suc- 
cinate could be by a feedback mechanism that would 
decrease oxalacetate levels. Figure | illustrates a sche- 
matic representation for the possible mechanism of 
action of perhexiline maleate. 

It is known that oxalacetate is probably the most 
potent inhibitor of succinic dehydrogenase [24, 25]. 
The reaction, malate — oxalacetate, is dependent on 
the NADH/NAD*™ ratio; whenever restrictions are 
imposed on electron transport in the respiratory 
chain, NADH produced by the Krebs cycle itself will 
not be reoxidized by NADH dehydrogenase, but will 
accumulate and shift the equilibrium reaction cata- 
lyzed by malate dehydrogenase in favor of malate 
production at the expense of oxalacetate. In this way, 
perhexiline maleate would decrease the oxalacetate 
level in favor of malate accumulation. The reaction 
of transamination possibly does not play an impor- 
tant role in the disappearance of oxalacetate, since 
aspartate aminotransferase activity was 29 per cent 
inhibited (Table 3). 

Thus, perhexiline maleate seems to be a compound 
of considerable interest for understanding the nature 
of the relationship of the components in_ the 
NADH* + H* dehydrogenase sequence of the res- 
piratory chain. 
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Abstract—Starting at 2 days of postnatal age, rats were injected with guanethidine (50 mg/kg, s.c.) 
once daily for 5 days and the adrenals were analyzed for catecholamines (CA), tyrosine hydroxylase 
(TH) and dopamine f-hydroxylase (DBH); the brain was analyzed for TH and ornithine decarboxylase 
(ODC). Guanethidine treatment produced a 40-80 per cent increase in the adrenal CA, TH and DBH 
values, with return to normal by 3-4 weeks of age. Pretreatment of neonates with chlorisondamine 
(10 mg/kg, s.c.) prevented the stimulatory effects, indicating that guanethidine might act by direct nico- 
tinic stimulation in neonates. In contrast, administration of guanethidine to adult rats had little or 
no effect on adrenal CA, TH or DBH, indicating that the stimulatory effect is unique to the developing 
animal. In the brain, administration of guanethidine resulted in an initial deficit and subsequent en- 
hancement of ODC activity, suggesting a delay in cellular proliferation. TH activity was stimulated 
initially but was subnormal at later stages; the latter phenomenon may be related to incomplete function 
of the neonatal blood-brain barrier permitting a consequent central neurotoxic effect of guanethidine. 


Administration of the antihypertensive drug, guaneth- 
idine, to developing animals produces markedly dif- 
ferent effects from those seen in adults. Morphologi- 

cal, biochemical and functional studies conducted in 
' rats and mice have indicated that guanethidine given 
chronically during the first 10-20 days of develop- 
ment produces an irreversible and almost complete 
peripheral sympathectomy [1, 2]; in adults, guanethi- 
dine administration must be maintained for much 
longer periods to produce adrenergic nerve 
damage [3]. In the mature rat, guanethidine is unable 
to cross the blood-brain barrier and, therefore, exerts 
little effect on the central nervous system (CNS) [4]. 
However, in newborn rodents the blood—brain barrier 
appears to be incompletely developed, thus allowing 
access of the drug to the brain compartment. Conse- 
quently, administration of the drug to mice during 
development causes long-lasting decreases in catecho- 
lamines in the CNS [5]. 

One adrenergic tissue whose developmental 
mechanisms have been well studied is the adrenal 
medulla [6-11]. During maturation of the rat adrenal 
medulla, catecholamine levels, tyrosine hydroxylase 
and dopamine f-hydroxylase undergo a series of 
changes which are in part dependent on the levels 
of neuronal input to the gland [9-12]. At birth, inner- 
vation of the rat adrenal medulla appears to be non- 
functional [11,13]. As a result, drugs like morphine 
and reserpine, which in adult rats elicit trans-synaptic 
induction of tyrosine hydroxylase and dopamine 
B-hydroxylase, fail to do so when given to 
neonates [13, 14]. Accordingly, it seemed likely that 
guanethidine, although having little effect on the adult 
adrenal [15], when administered early in development 
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could produce effects on catecholamines and catecho- 
lamine biosynthetic enzymes not observed in the 
adult. 


METHODS 


Treatment of rats. Timed pregnant Sprague-Daw- 
ley rats (Zivic-Miller) were housed in individual 
breeding cages and allowed food and water ad lib.; 
litter size ranged from eight to ten pups. Starting at 
2 days of postnatal age, pups were injected with 
guanethidine (50 mg/kg, s.c.) once daily for 5 days 
while controls received vehicle (0.9% NaCl, 0.1% 
ascorbic acid, pH 7.4, prepared daily). Rats were 
killed by decapitation at various time intervals from 
3 to 49 days of age. In some experiments, pups were 
pretreated (30 min) with chlorisondamine (10 mg/kg, 
s.c.) before receiving guanethidine, and sacrificed 24 hr 
after the second injection. 

Studies on adrenals. Adrenal glands were excised 
and homogenized (glass-to-glass) in 2.5 ml of ice-cold 
0.3M_ sucrose containing 0.025M Tris (pH 7.4) and 
10°°M _ iproniazid (irreversible monoamine oxidase 
inhibitor). At early stages of development, adrenals 
from several pups were pooled to obtain sufficient 
material. One-tenth ml of the homogenates was with- 
drawn and deproteinized with 1.9 ml of 3.5% perch- 
loric acid, centrifuged at 26,000g for 10min, and 
supernatants were analyzed for catecholamines (CA) 
by the trihydroxyindole method using an autoana- 
lyzer [16]. One-half ml of the remaining homogenates 
was added to an equal volume of water containing 
2000 units/ml of beef catalase, and used for duplicate 
assay of dopamine f-hydroxylase activity by the 
method of Friedman and Kaufman [17], with 107° M 
[*H]tyramine as substrate and p-hydroxymercuriben- 
zoate (optimal concentration, 0.5mM) to inactivate 
endogenous inhibitors. The remainder of the homo- 
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genates was centrifuged at 26,000 g for 10 min to sedi- 
ment the CA storage vesicles, and the supernatants 
were used for duplicate determinations of tyrosine hy- 
droxylase activity by the method of Waymire et 
al. [18], with 100 uM ['*C}tyrosine as substrate. 

Studies on whole brain. Brains were homogenized 
in 9 vol of 0.01 M Tris (pH 7.2) and duplicate 0.1-ml 
aliquots of the homogenates were used for assay of 
tyrosine hydroxylase activity as described above, 
except that 0.1°,, Triton and 0.7 mM CaCl, (final con- 
centrations) were added to optimize activity. The rest 
of the homogenate was diluted with an equal volume 
of 0.01M Tris (pH 7.2), centrifuged for 10min at 
26,000 g and the supernatant used for assay of ornith- 
ine decarboxylase activity according to Anderson and 
Schanberg [19], with 12 uM ['*C]ornithine as sub- 
strate. 

Statistics. Results are expressed as means + stan- 
dard errors and levels of significance are calculated 
by Student’s (-test. 

Materials. Tyramine[G-*H] (10Ci/m-mole), dl- 
epinephrine-7-[*H ] (10 Ci/m-mole), L-tyrosine-1['*C] 
(50 mCi/m-mole) and dl-ornithine-1['*C] (40 mCi/m- 
mole) were purchased from New England Nuclear 
Corp. Guanethidine sulfate and chlorisondamine 
chloride were obtained from Ciba Pharmaceutical Co. 
Epinephrine bitartrate was obtained from Winthrop 
Laboratories and iproniazid phosphate, tyramine 
HCl, p-hydroxymercuribenzoate and beef liver cata- 
lase from Sigma Chemical Corp. 


RESULTS 


Effects of guanethidine on adrenal medulla. During 
the course of development, catecholamines (CA) in- 
creased from 0.43 yg/gland at 3 days of age to 9.72 pg, 
gland at 49 days (Table 1). Over the same period, 
tyrosine hydroxylase (TH) and dopamine f-hydroxy- 
lase (DBH) activities increased approximately 10-fold. 

Administration of guanethidine to developing rats 
caused a significant increase in the levels of CA, TH 
and DBH (Fig. 1). At 3 and 5 days of age, TH was 
elevated approximately 30 per cent, while CA and 
DBH were unchanged. Between 7 and 11 days of age, 
all three parameters showed maximal increases of 
40-80 per cent, with return to normal by 2 to 3 weeks 
after the last injection. The guanethidine-treated ani- 
mals displayed little or no alterations in weight gain, 
nor were there any discernable differences in appear- 
ance or activity. 
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To determine whether the augmented CA and 
enzyme levels observed after guanethidine administ- 
ration reflected a direct stimulation of the adrenal 
via nicotinic receptors, chlorisondamine (a long-last- 
ing ganglionic blocker) was administered 30 min prior 
to guanethidine. As shown in Table 2, chlorisonda- 
mine completely blocked the TH increase. Chlorison- 
damine itself had no effect on adrenal TH (P > 0.1). 

In adult rats, administration of guanethidine over 
the same time course had no effect on adrenal CA, 
TH or DBH (data not shown). 

Effects of guanethidine on brain. Over the course 
of development, brain weights in control rats in- 
creased from 0.41 g at 3 days of age to 1.7g at 49 
days (Table 3). During the same period of time, TH 
levels increased approximately 10-fold. 
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Fig. 1. Adrenal catecholamines, tyrosine hydroxylase and 
dopamine f-hydroxylase activities per gland in developing 
rats treated with guanethidine (50 mg/kg, s.c.) as percentage 
of control. Points and bars represent means + S.E.M. of 
five to six determinations; asterisks denote significant dif- 
ferences from contro!s (P < 0.05 or better). Control values 
are shown in Table 1. 


Table 1. Development in control rats of adrenal catecholamines, tyrosine hydroxylase and dopamine f-hydroxylase 
activities* 





Tyrosine hydroxylase 
(nmoles '*CO, evolved 


Age Catecholamines 


(days) (ug/gland) gland/hr) 


Dopamine f-hydroxylase 
(nmoles [*H Joctopamine 
formed/gland/hr) 


No. of 
determinations 





0.428 + 0.027 

5 0.697 + 0.024 1.27 + 0.05 

7 0.611 + 0.021 137+ 0.11 

i! 0.999 + 0.083 132+ 0.11 
0 2.53 + 0.12 2.09 + 0.13 
31 5.86 + 0.31 5.47 + 0.32 
39 6.00 + 0.34 6.02 + 0.18 
49 9.72 + 0.51 9.64 + 0.36 


0.93 + 0.04 


0.096 + 0.004 
0.083 + 0.005 
0.145 + 0.006 
0.180 + 0.012 
0.335 + 0.010 10 
0.555 + 0.043 6 
0.601 + 0.040 5 
0.897 + 0.073 11 


+ 
+ 
+ 
+ 





* Starting at 2 days of age, control pups were injected with vehicle (0.9% NaCl, 0.1% ascorbic acid, pH 7.4, prepared 
fresh) once daily for 5 days. Rats killed at 3 and 5 days of age were sacrificed 24hr after the previous injection. 


Data represent means + S.E.M. 
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Table 2. Effects of chlorisondamine pretreatment on guanethidine-induced increases 
in adrenal tyrosine hydroxylase of 2-day-old pups* 





Second injection 


First injection (30 min later) 


No. of 
determinations 


Tyrosine hydroxylaset 
(24hr after second injection) 





Saline 
Saline 
Guanethidine 
Guanethidine 


Saline 
Chlorisondamine 
Saline 
Chlorisondamine 


100+ 7 18 
86+ 5 6 
127 + 8t 6 
94+5 6 





* Doses of chlorisondamine and guanethidine were 10 mg/kg, s.c., and 50 mg/kg, 
s.c. respectively. Data represent means + S.E.M. Control value was 1.27 + 0.09 nmole 


'$CO, evolved/gland/hr. 
+ Measured as percentage of control. 
t P < 0.02 vs saline-saline. 


Administration of guanethidine produced slight 
(5-15 per cent) reductions in brain weight on a gram 
basis at 3 and 7 days of age (Fig. 2). TH activity 
was elevated at 5 days of age, but showed a sub- 
sequent deficit at 11 and 20 days, followed by a trend 
to subnormal values (10 per cent) throughout the rest 
of the experiment. Guanethidine had no effect on 
brain TH in adult rats (data not shown). 

It has been shown that in proliferating tissues (such 
as developing organs) both polyamine concentrations 
and the activity of ornithine decarboxylase (ODC), 
an enzyme involved in polyamine synthesis, are ele- 
vated [20-22]. Recent studies have demonstrated that, 
in developing rat brain, the periods of high ODC acti- 
vity correspond to maximal cell proliferation; 
administration of thyroxine or cortisol produces alter- 
ations in the developmental pattern of ODC activity 
which parallel behavioral abnormalities [19, 23], sug- 
gesting the utility of the pattern of ODC development 
as an early index of disturbed brain maturation. Con- 
sequently, the effects of guanethidine on ODC in 
developing brain were assessed to determine if the 
drug might pass the immature blood-brain barrier 
to exert effects on the developing central nervous sys- 
tem. ODC activity in control rats decreased from 
1.2nmoles '*CO, evolved/brain/hr at 3 days of age 
to 0.031 units at 20 days (Table 3). At 3 days of age 
ODC activity in guanethidine-treated pups was lower 
than in controls (Fig. 2); however, from 5 to 11 days 
of age the activity was higher than control and 
returned to normal by 20 days. 


DISCUSSION 


Administration of guanethidine to rats during the 
first days after birth resulted in an increase in adrenal 
catecholamines and tyrosine hydroxylase and dopa- 


mine f-hydroxylase activities, indicating an acceler- 
ation in the maturational gains of the key enzymes 
and product of this branch of the sympathetic system. 
The pattern is similar to that observed in adult rats 
after chronic administration of drugs which cause di- 
rect or reflex stimulation of the adrenal [24—-26]. 
However, in the rat, innervation of the adrenal 
medulla by the splanchnic nerve is not functional un- 
til 8 to 10 days of age [11, 14], as evidenced by lack 
of secretion in response to insulin and lack of tyrosine 
hydroxylase induction in response to reserpine. Thus, 
the fact that guanethidine-induced increases appear 
prior to the establishment of connections with the 
central nervous system rules out the possibility that 
the effect is mediated via trans-synaptic signals or 
autonomic reflexes. Despite the non-functional nature 
of the innervation of the adrenal medulla during the 
first few days of postnatal life, functional nicotinic 
receptors are present[14]. Blockade of nicotinic 
receptors by chlorisondamine prior to guanethidine 
administration completely prevented tyrosine hydrox- 
ylase induction, supporting the hypothesis that 
guanethidine might act by direct nicotinic stimulation 
in neonates. 

In contrast to the results obtained in neonates, 
guanethidine given to adult rats did not alter adrenal 
catecholamines, tyrosine hydroxylase or dopamine 
B-hydroxylase, confirming a previous report on lack 
of tyrosine hydroxylase induction [15], and indicating 
that the direct stimulatory effect is unique to the deve- 
loping animal. These data suggest that either the 
specificity of adrenomedullary nicotinic receptors 
changes with development, or that in later stages the 
presence of functional innervation prevents the direct 
stimulation by guanethidine. 

Jn the brain, guanethidine administration resulted 
in an alteration in the developmental pattern of 


Table 3. Development in control rats of brain weight, ornithine decarboxylase and tyrosine hydroxylase activities* 





Age 
(days) 


Brain weight 
(g) 


Ornithine decarboxylase 


(nmoles '*CO, evolved/brain/hr) 


No. of 
determinations 


Tyrosine hydroxylase 





0.411 + 0.006 
0.561 + 
0.764 

1.04 

1.37 

1.58 + 

1.68 + 0.04 

1.70 + 0.04 


1.20 + 0.09 
182+ 0.11 


0.243 + 0.048 
0.031 + 0.003 


3.314011 
6.90 + 0.39 
10.4 + 0.5 
18.7 + 0.6 
27.5+ 09 
43.9+14 12 
49.6 +25 5 
37.1.4 1.7 i 





* Starting at 2 days of age, control pups were injected with vehicle (0.9% NaCl. 0.1% ascorbic acid, pH 7.4, prepared 
fresh) once daily for 5 days. Rats killed at 3 and 5 days of age were sacrificed 24hr after the previous injection. 
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Fig. 2. Brain weights and ornithine decarboxylase and tyr- 

osine hydroxylase activities per brain in developing rats 

treated with guanethidine (50 mg/kg, s.c.) as percentage of 

control. Points and bars represent means + S.E.M. of five 

to six determinations; asterisks denote significant differ- 

ences from controls (P < 0.05 or better). Control values 
are shown in Table 3. 


ornithine decarboxylase activity consistent with a 
possible delay in cellular proliferation; Anderson and 
Schanberg [23] have demonstrated a similar relation- 
ship for actions of cortisol on development of brain 
polyamine metabolism. This effect may play a role 
in the initially low brain weights after guanethidine. 

The effects of guanethidine on development of 
brain tyrosine hydroxylase activity were biphasic. 
First, a transient increase was observed, suggesting 
stimulation by the drug. Afterwards, tyrosine hydrox- 
ylase activity was subnormal; this may indicate im- 
pairment of catecholamine neurons in the central ner- 
vous system, an hypothesis supported by studies 
showing that administration of guanethidine to new- 
born mice causes a long-lasting reduction in brain 
catecholamines [5]. In comparison to the actions in 
neonates, the lack of effect of guanethidine in adult 
brain is consistent with the earlier observation [5] 


that the neonatal blood-brain barrier is not com- 
pletely developed and thus is unable to protect the 
brain against the neurotoxic effects of the drug. 
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INACTIVATION OF KININS BY CHYMOTRYPSIN* 


CLaupIo A. M. SAMPAIO, SARA T. NUNES,*+ 
MaRIA DA GRACA N. MAZZACORATTI{ and JosE L. PRADOS 


Department of Biochemistry and Pharmacology, Escola Paulista de Medicina, Sao Paulo, SP. Brazil 
(Received 6 April 1975; accepted 5 November 1975) 


Abstract—The inactivation rate of synthetic bradykinin (BK) by different samples of crystallized a-chy- 
motrypsin at pH 7.0, 30° and a 1:10 enzyme/substrate molar ratio was reduced in the presence of 
1,10-phenanthroline. Selective inactivation of the samples by preincubation with L-(1-tosylamido-2- 
phenyl) ethyl-chloromethylketone (TPCK) in 1:10 enzyme/TPCK ratio reduces the inactivation rate 
about 60 per cent. This residual BK-inactivating action is probably due to a carboxypeptidase-B-type 
enzyme present in the chymotrypsin commercially available. In a 1:200 enzyme/substrate ratio and 
in the presence of 1,10-phenanthroline, a few min of incubation at pH 7.0, 30°, is sufficient to inactivate 
bradykinin at a constant rate. This inactivation is due to the cleavage of the Phe-Arg bond by chymo- 
trypsin, releasing free arginine. The rate of inactivation of BK by chymotrypsin in the presence of 
3.3 x 10°37 M 1,10-phenanthroline was 43.9 nmoles/min/mg of enzyme, and the inactivation rates of 
the longer kinins, kallidin (lysylbradykinin) and Met-Lys-bradykinin, were 60.1 and 138.18 nmoles/ 


min/mg of enzyme respectively. 


It was reported in a previous paper [1] that the initial 
inactivation rates of bradykinin (BK), Arg.Pro.Pro.Gly. 
Phe.Ser.Pro.Phe.Arg. by some proteolytic enzymes 
varied from a relative rate of 100 for chymotrypsin 
(ChT) to 25,000 for carboxypeptidase B; preliminary 
observations had indicated that BK inactivation by 
the twice crystallized ChT preparation then used was 
partially inhibited by 1,10-phenanthroline (1,10-Phn). 
The present paper describes further experiments 
about this effect of 1,10-Phn on BK inactivation by 
ChT and compares the inactivation rates of BK, 
kallidin (lysylbradykinin, LBK), and methionyllysyl- 
bradykinin (MLBK) by this enzyme. 


MATERIALS AND METHODS 


Polypeptides. BK, LBK and MLBK, used as stan- 
dards, were purchased from Schwarz Bio-Research, 
Orangeburg, N.Y. The polypeptides used in the exper- 
iments were synthesized by the solid phase method 
by Drs. A. C. M. Paiva and Mariana S. Araujo-Viel. 
On paper electrophoresis, these three kinins revealed 
one main spot and traces of impurities. Assayed on 
the isolated guinea pig ileum, BK activity was about 
70 per cent and LBK and MLBK activities were 
about 90 per cent of the respective standards. Phe- 
Arg was a kind gift from Dr. A. C. M. Paiva. 

Enzymes. x-Chymotrypsin (EC 3.4.4.5.) of different 
origins was used; two batches were from Nutritional 
Biochemical Co., Ohio, lots 4091 and 6922, and two 
batches from Worthington Biochemical Co., Free- 
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hold, N.J., CDI 3AB and 671-74CDI. The determina- 
tions of the inactivation rates of bradykinin were 
made with the last batch unless otherwise stated. Car- 
boxypeptidase B (EC 3.4.2.2.) was from Sigma Chemi- 
cal Co., and it was a gift from Dr. F. G. Nobrega, 
Department of Biochemistry, USP. 

N-acetyl-L-tyrosine ethyl ester (ATEE) and N-ben- 
zoylglycyl L-arginine were products from Sigma 
Chemical Co. 1,10-Phenanthroline, lot 702, was pur- 
chased from Eastman Kodak Co., Rochester, N.Y.; 
L-1-tosylamido-2-phenyl) | ethyl-chloromethylketone 
(TPCK), lot F 1159, was purchased from Cyclo 
Chemical Corp., Los Angeles, Calif. L(+ )-Arginine for 
biochemical use and ninhydrin chemically pure were 
purchased from E. Merck, Darmstadt. Silica gel 
plates, for thin-layer chromatography, were purchased 
from Macherey—Nagel & Co., Duren. 

Bioassay. Kinin activity was assayed on the isolated 
guinea pig ileum [2], suspended in atropinized Tyr- 
ode solution kept at 37°. Composition of this solution 
was: NaCl, 1.38 x 10°! M; CaCl,, 1.8 x 10°° M; 
KCl, 2.68 x 10°? M; MgCl, 4.90 x 10°* M; 
NaHCO,, 1.10 x 10°? M; NaH,PO,, 3.60 x 1074 
M; and atropine sulfate (1 mg) and glucose (1 g) per 
liter. Single and double doses of standard kinin and 
unknown solutions were given every 3 min, to esti- 
mate the activity. 

Estimation of BK inactivation by a-ChT. A BK stock 
solution (3.4 mg/ml) in 1 x 10> M oxalic acid [3] 
was kept frozen; from this, a working-BK-solution 
(340 ug/ml) in 1 x 10°>3 M oxalic acid was prepared 
daily. A 0.1-ml aliquot of BK-working-solution (32 
nmoles) was diluted in 1.9 ml of 0.05 M, pH 7.0, phos- 
phate buffer and preincubated for 10 min at 30°. To 
this was added at zero time 0.4 ml (3.2 nmoles) of 
an a-ChT solution (prepared daily in 1 x 10°? M 
HCl) containing 200 pg/ml. In this case the enzy- 
me/BK molar ratio was 1:10. Aliquots of 0.2, 0.4 and 
0.8 ml were removed, respectively, at 2, 4 and 8 min 
from zero time and pipetted into a known volume 
of boiling Tyrode solution (to make up 2-3 ml) and 
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kept in a boiling water bath for 5 min. After cooling, 
aliquots were assayed against respective kinin con- 
trols which had been subjected to the same procedure 
excluding enzyme addition. For the other kinins, 
essentially the same procedure was followed. 

Effect of 1,10-Phn on BK inactivation by a-ChT. An 
aliquot of 1,10-Phn solution (1 x 10°? M warm 
solution) was added to the «-ChT aliquot and prein- 
cubated for 10 min at 30°. Phosphate buffer 0.05 M, 
pH 7.0, was added to obtain a final 1,10-Phn concen- 
tration of 3.3 x 10°? M and a further preincubation 
period of 10 min, at 30° was allowed. The BK aliquot 
was pipetted at zero time and the BK inactivation 
was measured as described above. Controls with 
a-ChT alone and 1,10-Phn alone were run simul- 
taneously. 

Determination of K,, and Viyax- The incubation for 
the evaluation of the kinetic parameters was made 
in the presence of 1,10-Phn (3.3 x 10°* M) as de- 
scribed above. The chymotrypsin concentration was 
heid constant and the kinin concentrations varied 
from 9 x 10°° to 30 x 10°° M. The reaction was 
interrupted as previously described and the remaining 
kinin activity was measured on the guinea pig ileum. 
K,, and V,,,. were calculated by the method of Wil- 


man 


kinson [4] using a Varian 620/L-100 computer with 
a program in BASIC. The points were the average 
of three or four experiments. 

Analysis of BK inactivation products by TLC. BK 
and «-ChT or carboxypeptidase B were incubated in 
0.05 M ammonium acetate buffer, pH 7.0, for 5 min 
at 30°. The kinin concentration ranged from 1 x 


10°* to 4 x 10°* M. The final incubation volume 
was 50 yl. The reaction was stopped by acidification 
with glacial acetic acid. An aliquot was removed and 
the remaining solution was dried in vacuo, resus- 
pended in 10 yl of 2.0 M acetic acid, and applied 
to a Silica gel G plate. These plates were subjected 
to ascending chromatography with chloroform 
methanol-17°,, (g/g) ammonia (2:2: 1, v/v); butanol-1 
ethylacetate-acetic acid—water (1:1:1:1, v/v); or 
butano!-l—acetic acid—water (2:3:5). Hydrolysis prod- 
ucts were stained with 0.3°,, ninhydrin in butanol-1 
coritaining 3°,, acetic acid. 

Treatment of x-ChT with TPCK. a-ChT was treated 
with 10°* M TPCK in 0.1 M Tris—maleate buffer, 
pH 6.0, in a 10:1 molar ratio of inhibitor/enzyme, 
for 2 hr, at room temperature [5]. The complete inhi- 
bition of x-ChT was followed by measuring its acti- 
vity against ATEE (0.01 M) in a pH-stat [6]. The 
reaction was interrupted by lowering the pH to 3.0 
and the enzyme solution was diluted to a final con- 
centration of 3.2 nmoles in 0.4 ml. 

Carboxypeptidase B activity. This was followed by 
the hydrolysis of 1.2 nM_ benzoylglycyl-arginine, in 
0.025. M Tris-HCl, 0.1 M NaCl, pH 7.5, 30° in a 
final volume of 0.5 ml. The reaction was interrupted 
by glacial acetic acid, and the hippuric acid formed 
was extracted by ethylacetate [7], dried under 
reduced pressure, and dissolved in 2 ml water. The 
absorbance was read at 228 nm. 


RESULTS 


BK inactivation by a-ChT, TPCK-treated a-ChT 
(TPCK-2-ChT) and effect of 1,10-Phn. Figure 1 shows 
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Fig. 1. Per cent inactivation of bradykinin by 2-ChT. Incu- 
bation of a 1.3 x 10°° M bradykinin solution in a 1:10 
enzyme substrate molar ratio, pH 7.0, 30, for 5 min. Key: 
(O—D) a-ChT; (A A) x-ChT preincubated for 10 min 
at 30 with 3 x 10°* M 1,10-phenanthroline; (@——@) 
TPCK-2z-ChT; and (& A) TPCK-z-ChT plus 3 x 1073 
M 1,10-phenanthroline. : 


the per cent inactivation of BK by a-ChT and by 
TPCK-z-ChT, both in the presence and absence of 
1,10-Phn. It is evident that 1,10-Phn inhibited par- 
tially BK inactivation by a-ChT. The inactivation rate 
of BK by TPCK-a-ChT was lower than that of the 
non treated a-ChT. In the presence of 1,10-Phn, this 
inactivation was completely abolished. Adding up the 
inactivation rate of BK by a-ChT in the presence of 
1,10-Phn and the inactivation rate by TPCK-a-ChT, 
one gets the rate of inactivation by the nontreated 
a-ChT (Table 1). Only one sample of «-ChT tested 
(lot 6922, Nutritional Biochemical Co.) was not inhi- 
bited partially by 1,10-Phn. The other samples 
showed inhibitions of the same order of magnitude. 
When benzoylglycyl-arginine was used as substrate, 
the chymotrypsin showed a carboxypeptidase activity 
corresponding to 2-6 pg carboxypeptidase B/mg of 
chymotrypsin. 

Site of cleavage by x-ChT. The kinin peptide bond 
cleaved by x-ChT was investigated on thin-layer chro- 
matography plates. The earliest bond to be cleaved 
in bradykinin, as revealed by three different solvent 
systems, was the Phe*-Arg® bond; arginine was thus 
released (Fig. 2). Increasing the substrate/enzyme 
ratio from 1:200 to 1:10, other fragments appeared, 
probably due to a Phe-Ser hydrolysis. x-ChT also 
releases a free Arg from LBK and MLBK in the pres- 
ence of 1,10-Phn (3.3 x 10°37 M). It may be seen 


Table 1. Effect of 1,10-Phn on BK inactivation by x-ChT 
and TPCK-z-ChT 





BK inactivation 
(nmoles BK/mg 
enzyme/min) 


Incubation* Per cent 





4-ChT . 100 
4-ChT + 1,10-Phn 58.7 
TPCK-z-ChT 39.9 
TPCK-z-ChT + 1,10-Phn_ 0 





* Conditions are as described in Fig. 1. 
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Fig. 2. Thin-layer chromatography of bradykinin hydro- 
lyzed by x-ChT at 30°. Hydrolysates in 0.05 M ammonium 
acetate buffer, pH 7.0, of 10 nmoles BK with o-ChT in 
a 1:200 enzyme/substrate molar ratio in a final volume 
of 50 yl (A). The same incubation in the presence of 1,10- 
Phn (B); 10 yl of 0.01 M arginine (C); and 10 yg brady- 
kinin standard (D). (Chloroform—methanol-ammonia). Top 
spots are (des Arg’) bradykinin. 


that the migration of free arginine is different from 
the peptide Phe—Arg. (Fig. 3). It was also observed 
that carboxypeptidase B and TPCK-az-ChT release 
the C-terminal arginine from bradykinin, and from 
this experiment the top spot in Fig. 2 was identified 
as (des Arg®)-BK. 

Hydrolysis of MLBK and LBK by a-ChT and K,, 
determinations. Experiments run under the same con- 
ditions as those described for BK but using MLBK 
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Fig. 3. Thin-layer chromatography of BK, LBK and 
MLBK hydrolyzed by «-ChT at 30°. Hydrolysis in the 
same conditions as described in Fig. 2 but at a 1:25 enzy- 
me/substrate molar ratio. This solvent system was 
butanol-1-ethanol-ethyl-acetate—acetic acid—water; 5 yl of 
a 0.01 M solution of: Phe-Arg (A) and Arg (B); 10 yg 
of: BK (C), LBK (D) and MLBK (E); chymotryptic incu- 
bates: BK (C’), LBK (D’) and MLBK (E’). 
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Fig. 4. Kinetics of the inactivation of kinin. Lineweaver— 

Burk plots of BK (@——®), LBK (A——-A) and MLBK 

(4——-A) inactivation by a-ChT (0.33 mg/ml in 0.05 M 

phosphate buffer, pH 7.0, 30°). The ChT concentration was 

held constant and the substrate concentration varied from 
4 to 30 x 10°° M. 


or LBK as substrates, in the presence of 3.3 x 10°? 
M 1,10-Phn (Fig. 4), showed that the inactivation rate 
of longer kinins was faster than that of BK but the 
differences of K,, (Table 2) for the three substrates 
were not significant. 


DISCUSSION 


The inactivation rate of BK by a-ChT decreased 
about 40 per cent by preincubation of this enzyme 
with 1,10-Phn, an observation which confirms and 
extends preliminary experiments made in this labora- 
tory [1]: this behavior was observed for three out 
of four commercial samples of the enzyme. On the 
other hand, selective inhibition of the ChT sample 
by preincubating the enzyme with TPCK, a specific 
ChT inhibitor, reduced the BK inactivation rate by 
about 60 per cent. These two observations indicated 
that the BK inactivation was due to two different 
enzymatic activities: one was ChT and the other, 
which was susceptible to the chelating agent 1,10-Phn, 
we believe to be contaminating carboxypeptidase B. 
It is known that carboxypeptidase B is much more 
active than ChT as a BK-inactivating enzyme [8], 
reaching a value as high as 250-fold more active [1]. 
Using this last estimate, a 0.4 per cent contamination 
of ChT with carboxypeptidase B, which was measured 
by the hydrolysis of benzoylglycyl-arginine, would 
explain our observations regarding both the degree 
of BK inactivation and the effect of 1,10-Phn on this 
inactivation. After the TPCK treatment of x-ChT, the 
remaining BK-inactivating enzyme released Arg from 


Table 2. Inactivation of BK, LBK and MLBK by 2-ChT 
at pH 7.0, 30°, in the presence of 1,10-Phn* 





ae Relative 
(nmoles kinin inactivation 
rate 


min/mg enzyme) 


Substrate K,,,+ 
(mM) 





43.9 
60.1 
138.2 


1.20 
0.78 


1.22 


BK 2.06 
LBK 2.23 


I 
1.36 
MLBK 4.09 3.1 


4 





*Substrate concentration varied from 9 to 30 uM. 
Enzyme concentration was 0.33 mg/ml. 1,10-Phn (3.3. x 
10-> M) was used. The final volume of incubation was 
2.4 ml. 

+ K,,. averages and standard deviations of three or four 
determinations for each kinin. 
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bradykinin and was completely inhibited by 3.3. x 
10-3 M 1,10-Phn. This concentration of 1,10-Phn in- 
hibited also the carboxypeptidase B activity on ben- 
zoylglycyl-arginine; thus our observations are com- 
patible with the interpretation that carboxypeptidase 
B is the enzyme contaminating a-ChT. 

This interpretation raised doubts about the 
reported release of Arg’ from BK by ChT. It was 
found that in a 1:100 molar ratio ChT splits the 
Phe*-Arg’ bond of BK more rapidly than the Phe*- 
Ser® bond, forming as main products free arginine 
and an octapeptide; at a 1:40 molar ratio the Phe®- 
Ser’ bond was also split [9]. It was also reported 
by Boissonas et al. [10] that in a 1:10 weight ratio 
ChT attacked more rapidly the Phe*—-Arg’ bond in 
BK and more slowly the Phe*-Ser® bond. It is 
accepted, however, that ChT is an endopeptidase, and 
location of a normally susceptible peptide bond 
penultimate to the C-terminal end of a peptide 
appears to be a major reason for lack of hydrolysis 
[11]. We observed in the present paper that in a 
1:200 enzyme/substrate molar ratio a 5-min incuba- 
tion at 30 of ChT with BK inactivates the kinin and 
releases free arginine. Considering that this splitting 
was observed under conditions in which carboxypep- 
tidase B could net be the enzyme responsible for the 
arginine release, we conclude that the Phe*-Arg? 
bond is really more easily attacked by ChT than the 
Phe*-Ser® bond, and its rupture is probably respon- 
sible for the rapid kinin inactivation by ChT. These 
findings agree with the model proposed for the active 
site of chymotrypsin [12] and would explain the fas- 
ter splitting of the Phe*-Arg’ bond. The tripeptide 
Ser®.Pro’.Phe® would fit in the subsites of the active 
site of chymotrypsin, while the presence of Pro in 
the tripeptide Pro*.Gly*.Phe* would cause difficulties 
for the proper binding. The bond split in LBK and 
MLBK at the beginning of the reaction was also the 
C-terminal Phe.Arg, in the same way as shown for 
BK. 

It was surprising to find that the inactivation rates 
of LBK and MLBK were higher than the BK inacti- 
vation rate. It is known that residues adjacent to 
those involved in the peptide bond split may enhance 
the binding of proteins to carboxypeptidase A [13]. 
Although in our case the increase in sensitivity to 
ChT was due to one or two extra residues located 
eight amino acid residues apart from the bond to be 
split, the new residues seem to be altering the peptide, 
making it more susceptible to the proteolytic attack 
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by ChT. A similar fact was observed for the inactiva- 
tion of kinins by angiotensin converting enzyme from 
rat and hog lung; in this case the longer kinins are 
more resistant to inactivation [14,15]. It is tempting 
to suppose that a change in the polypeptide confor- 
mation produced by the extra residue(s) would either 
expose or hide the bonds to be split; on the other 
hand it is not possible to exclude an extended active 
site for chymotrypsin. In the case of trypsin, recent 
observations in this laboratory have shown a drama- 
tic difference in the susceptibility of the Arg.Ser bond 
in bradykinin and lysylbradykinin analogs [16]. 


Acknowledgements—The authors wish to express their 
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Abstract—A number of cultured cells of nerve or smooth muscle origin have been surveyed for stereospe- 
cific binding of either [7H]naloxone or [*H]dihydromorphine. Of the cell lines tested, three somatic 
cell hybrids, TCX17, NX1 and Z5, exhibited substantial specific binding of both naloxone and dihydro- 
morphine. In addition, specific binding of [*H]naloxone by the hybrid clone 108cc15 was confirmed. 
The neuroblastoma, smooth muscle, glial, and other hybrid cell lines demonstrated little or no specific 
binding. Specific binding of [*H]dihydromorphine is dose dependent. Dissociation constants for the 
three hybrid clones range from 15 to 90 nM and maximal binding values range from 75 to 225 fmoles/mg 
of protein. The order of effectiveness of other opiates in displacing bound [*H]dihydromorphine in 
TCX17 cells agrees well with that found in brain. Sodium ions selectively inhibit agonist binding 
(dihydromorphine) but not antagonist binding (naloxone), while potassium and magnesium salts have 


little effect on either. 


Since the demonstration of stereospecific binding of 
opiates to brain homogenates [1-3], the properties of 
central nervous system (CNS) opiate receptors have 
been extensively studied [4—13]. Elucidation of recep- 
tor function, however, has been complicated by both 
the organizational complexity of the CNS and the 
heterogeneity of ceil type. Cultured cells provide 
several advantages for such studies. They can be 
grown as homogeneous populations which can be de- 
rived from either selected tissues or selected cell types 
within a tissue. In addition, a number of continuous 
cell lines have been shown to exhibit morphologic, 
electrical and biochemical properties expressed by 
neural cells[14,15]. The present study was under- 
taken to identify continuous cell lines which possess 
opiate receptors and to describe the binding proper- 
ties of these receptors. Recently, a cell hybrid derived 
from neuro-blastoma and glioma parental lines was 
reported to have opiate receptors [16]. We describe 
here properties of opiate receptors found in somatic 
cell hybrids that resulted from the fusion of sympathe- 
tic ganglion cells with neuroblastoma clones. 


MATERIALS AND METHODS 


The following chemicals were used: [*H]nalox- 
one (23.6 Ci/m-mole) and [*H]dihydromorphine 


(41 Ci/m-mole) (New England Nuclear, Boston, 
Mass.), morphine sulfate (Mallinckrodt Chemical 
Works, St. Louis, Mo.), naloxone hydrochloride 
(Endo Laboratories), and levorphanol and dextror- 
phan tartrate (Hoffmann-La Roche, Nutley, N.J.). All 
other chemicals were purchased from Sigma, St. 
Louis, Mo. 

Cell lines and growth conditions. The’.NX hybrid 
cell lines were obtained by fusion of 13-day 
embryonic mouse sympathetic ganglion cells and the 
mouse neuroblastoma clone NI8TG2[17]. The Z3 
and Z5 hybrid clones were formed by a similar pro- 





*L. A. Greene and W. Shain. personal communication. 
+P. R. Myers and W. Shain, personal communication. 


cedure, utilizing the mouse neuroblastoma clone 
N4TG1.* The 108cc05 and 108cc1I5 cell hybrids 
clones are the result of a cross between the neuroblas- 
toma clone NI8TG2 and the rat glioma line BuC6 
which is resistant to 5-bromodeoxyuridine [18]. 

Cells were grown in Falcon dishes at 37° in a 
water-saturated atmosphere of 5°, CO,—95% air. All 
cell lines were grown in modified F12 media [19] con- 
taining 5% fetal calf serum (GIBCO). Additional 
modifications to this media were made for hybrid cell 
lines as follows: (1) media for all hybrid cell types 
(except TCX cells) was supplemented with additional 
hypoxanthine (30 uM increased to 100 uM), aminop- 
terin and thymidine (3 uM increased to 16 uM) (HAT) 
to maintain a selective pressure for retention of at 
least a portion of the normal neural genome [20]; 
(2) cell lines designated THX were grown in HAT 
media in the absence of tyrosine to select for cells 
with high tyrosine hydroxylase activity [21]; (3) TCX 
clones were grown in a tyrosine-deficient HAT media 
which was supplemented with carbachol (100 uM) to 
select for clones with high tyrosine hydroxylase acti- 
vity and low sensitivity to acetylcholine ;+ and (4) TX 
clones were grown in modified F12 media in the 
absence of tyrosine. 

Assay for specific opiate binding. Growth media for 
log phase cells was replaced with fresh F12 media 
containing 5°, fetal calf serum 24 hr prior to the bind- 
ing assay. Cells were harvested by scraping cells in 
0.05M Tris-HCl (pH 7.4), and were sonicated for 
5 min. The resulting suspension was briefly homo- 
genized by hand in a glass-Teflon homogenizer and 
then assayed for the presence of specific opiate bind- 
ing activity using a modification of the assay de- 
scribed by Pert and Snyder [1]. Incubations were per- 
formed at 30° or 37° in an assay mixture containing 
either 200nM dextrorphan or 200nM _ levorphanol, 
0.05M Tris-HCl (pH 7.4), 150-300 ng protein, and 
either [7H]naloxone or [*H]dihydromorphine in a 
final volume of 0.25 ml. Preliminary studies indicated 
that specific binding was essentially complete in 
5-7 min. However, to insure that equilibrium was 
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established, cell homogenates were preincubated with 
either dextrorphan or levorphanol for 5 min followed 
by a 15-min incubation with radioactive drug. At the 
end of this period, the samples were diluted with 
2.5 ml of 0.05M Tris-HCl (4°), immediately poured 
onto Whatman GF/C glass filters (2.4cm dia.) under 
negative pressure, and washed with five 2.5-ml ali- 
quots of buffer. Radioactivity retained on the filters 
was determined by means of liquid scintillation 
counting (efficiency of approximately 48 per cent). 
The mixture contained Tritor X-100 (New England 
Nuclear), toluene and Liquifior (New England Nuc- 
lear) (100: 184: 16). 

The difference between radioactivity retained in the 
presence of dexirorphan from that in the presence 
of levorphanol is defined as specific binding and is 
designated as femtomoles bound per mg of protein. 
Cell lines were routinely surveyed for specific binding 
using at least two concentrations of naloxone (6 and 
12 nM) and in some cases additionally with [*H]di- 
hydromorphine (10 nM). [*H]naloxone, a specific 
narcotic antagonist, is known to bind to the opiate 
receptor in the brain [1, 2]. All assays were performed 
in triplicate or quadruplicate. 

To better determine the properties of opiate bind- 
ing to cell lines which showed significant binding in 
the initial survey, cell homogenates were centrifuged 
at 20,000g for 10 min and the pellet was resuspended 
in assay buffer. Aliquots containing 200-250 yg pro- 
tein were assayed for stereospecific binding of labeled 
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drug. Studies indicated that opiate specific binding 
was linear from 50 to 350 wg protein under standard 
assay conditions. In typical assays in which homo- 
genates of the TCX17 clone were incubated with 
12 nM [#H]naloxone or [*H]dihydromorphine, 
radioactivity retained in the presence of dextrorphan 
and levorphanol was 343 + 20cpm and 244 + Scpm, 
respectively, using [7H ]naloxone (190 yg protein) and 
833 + 30 and 614+ 10, respectively, using [*H]di- 
hydromorphine (275 yg protein). Because sonication 
did not significantly alter the relative amounts of 
opiate binding under these conditions, sonication was 
omitted in these and subsequent studies. 

Inhibition of dihydromorphine binding by other 
narcotics or other agents was assessed by preincubat- 
ing aliquots of the resuspended 20,000g pellet with 
the appropriate substances for 5 min followed by a 
15-min incubation with [*H]dihydromorphine. 

Statistics. Results are reported + standard error of 
the mean. The apparent dissociation constant (K,) 
and maximum binding (R,) for either [*H]naloxone 
or [*H]dihydromorphine to cell preparations was 
calculated using the weighted regression values for 
a double reciprocal plot from Cleland’s FORTRAN 
program for statistical evaluation [21]. 


RESULTS 


Specific binding by [?H]naloxone. Of the cell lines 
surveyed, four hybrid cell lines (NX1, TCX17, ZS and 


Table 1. Specific binding of [*H]naloxone and [*H]dihydromorphine to homogenates of cultured cells of nerve or 
smooth muscle origin* 





Cell line Cell origin 


[3H Jnaloxone [3H Jdihydromorphine 
(fmoles bound/mg protein) 





Neuroblastoma 


C1300 
N1I8TG2 
IMR 
Hybrids 
NX1 


NX 31, 58, 89, 93 


TX 23, 27, 30, 32, 42, 53 
TX 22, 60, 71 

THX 03, 05, 13, 20 
TCX17 

TCX11 

Z5 


Z3 

108cc15 

108cc15 
Glial tumor 

B6 

BuC6 


Smooth muscle 
U3 


Mouse 
Subclone of C1300 
Human 


Neuroblastoma (N1I8TG2) X 
sympathetic ganglion cell 
Neuroblastoma (NI8TG2) X 
sympathetic ganglion cell 

Subclone of NX 31 
Subclone of NX 31 
Subclone of NX 31 
Subclone of NX 31 
Subclone of NX 31 
Neuroblastoma (N4TG1) X 
sympathetic ganglion cell 
Neuroblastoma (N4TG1) X 
sympathetic ganglion cell 
Neuroblastoma (N1I8TG2) X 
glial tumor cell (BuC6) 
Neuroblastoma (NI8TG2) X 
glial tumor cell (BuC6) 


Rat 
Rat 


Human umbilical cord 


0-2 





* Homogenates were incubated in the presence of either 12 nM [*H ]naloxone (23.6 Ci/m-mole) or 10 nM [7H ]dihydro- 
morphine (41 Ci/m-mole). Specific binding is the difference between radioactivity retained in the presence 0 200nM 
dextrorphan and 200nM levorphanol. For cell lines which have substantial binding activity, values are expressed +S. 
E. In the case of the cell lines which exhibited low binding activity, the range of values has been presented. Cell 
lines which did not have significant binding activity (i.e. less than 2 fmoles/mg of protein) are designated as 0 or 


0-2. 
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Fig. 1. Binding of [*H]naloxone (panels A and C) and [*H]dihydromorphine ({*H]DHM) (panels 
B and D) to TCX17 (@) and TCX11 (0). 


108cc15) exhibited substantial binding of [*H]nalox- 
one (Table 1). The neuroblastoma, glial and smooth 
muscle cells and many of the somatic cell hybrids 
had no apparent affinity for naloxone. However, 
several hybrid clones demonstrated low specific bind- 
ing activity, which, although statistically significant, 
was difficult to measure in a reproducible, quantita- 
tive fashion. An example of low binding activity is 
illustrated in Fig. 1 (open circles) by the TCX11 sub- 
clone. Although both [*H]naloxone and [*H]dihy- 
dromorphine binding is evident, it is characteristically 
low and of questionable linearity when plotted as a 
function of ligand concentration. In contrast, specific 
binding to a related subclone, TCX17, shows a dose- 
response relationship to both naloxone and dihydro- 
morphine (Fig. 1, panels A and B, filled circles). From 
a double reciprocal analysis (Fig. 1, panel C and D), 
the maximum ligand bound was estimated to be 210 
and 140 fmoles/mg of protein for naloxone and dihy- 
dromorphine, respectively, with an apparent dissocia- 
tion constant of approximately 50 nM for both drugs. 
Specific binding of [*H]dihydromorphine to NX1 
(closed circles) and Z5 (open circles) cells also showed 
a concentration dependence (Fig. 2). 

The apparent dissociation constants and number 
of binding sites (Table 2) varied as a function of the 
cell line. For example, the Z5 clone has both the low- 
est dissociation constant and the fewest binding sites, 
while NX1 cells have the lowest affinity for dihydro- 
morphine but a relatively larger number of binding 
sites. The maximum specific binding varies from 75 
to 225 fmoles/mg of protein, for TCX17, NX1I and 
Z5 (Table 2) which is somewhat less than that 
reported for the 108cc15 hybrid cells, but similar to 
values found in brain (Table 2). However, the disso- 
ciation constants for all the hybrid cells are at least 
an order of magnitude higher than those measured 
in rat brain preparations (Table 2). 

Competition studies. The stereospecificity of the 
opiate binding activity is clearly demonstrated by 


studies in which the quantity of dextrorphan of levor- 
phanol required to displace bound [*H ]dihydromor- 
phine is measured. As seen in Fig. 3, levorphanol is 
nearly 10,000 times more potent than its enantiomer 
in inhibiting [*H]dihydromorphine binding. Mor- 
phine and naloxone are intermediate in potency, 
requiring a concentration an order of magnitude 
higher than levorpkanol to produce 50 per cent inhi- 
bition. A number of non-narcotic drugs including 
prostaglandin E,, norepinephrine, dopamine, acetyl- 
choline, histamine and serotonin were ineffective at 
10°°M in blocking [*H]dihydromorphine binding. 

Effect of salts. Sodium salts enhance antagonist 
binding and inhibit agonist binding to opiate recep- 
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Fig. 2. Binding of [7H]dihydromorphine to NX1 (@) and 
Z5 (O) cells. 
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Fig. 3. Inhibition of [*H]dihydromorphine binding to TCX17 by opiates and opiate analogues. Ap- 
proximately 45 fmoles/mg of protein of [*H]dihydromorphine (20 nM) is specifically bound in the 
absence of inhibitor. 


tors in the central nervous system [6, 11]. Increasing 
concentrations of NaCl added to homogenates of 
TCX17 cells sated | in a selective inhibition of speci- 
fic binding by the agonist, dihydromorphine, while 
binding of the antagonist, naloxone, remained un- 
changed (Fig. 4). Potassium and magnesium showed 
little or no inhibitory effect on the binding of either 
drug (Table 3), suggesting that the inhibition by 
cations is specific for sodium. 


DISCUSSION 


The opiate receptors found in the somatic hybrid 
TCX17 possess a number of properties which are 
similar to those described for brain receptors: (1) the 
binding is highly stereospecific; (2) sodium ion selec- 
tively inhibits agonist but not antagonist binding; and 
(3) narcotic analogues are capable of displacing 
specifically bound dihydromorphine while other 
neurohumoral agents have no effect. The rank order 
effectiveness of the narcotic analogues tested for dis- 
placement of dihydromorphine is in good agreement 
with that found for the 108cc15 hybrid cells by Klee 
and Nirenberg [16] and is consistent with the relative 
binding affinities in brain [2, 8, 9]. 

These opiate receptors differ from those found in 
brain in that the apparent dissociation constants 
measured for dihydromorphine binding to the hybrid 
cells are greater than those found in homogenates of 
an amygdala—pyriform cortex region or than has been 


Table 2. [*H]dihydromorphine binding to cultured cells 
and brain homogenates 





Ro 
Ky (fmoles 
(nM) mg protein) 





50 140 

90 225 

15 75 
108cc15* 20-30 600 
Amygdala-pyriform 
Cortex homogenatet 
Brain (P2)t 


100 
200-250 





*See Ref. 16. tJ. Blosser 
results. +t See Ref. 9. 


and J. Abbott, unpublished 


determined in crude synaptosomal fractions from rat 
brain (Table 2). In addition, specific binding of 
agonists and antagonists is less sensitive to inhibition 
by 100mM potassium and 5mM magnesium. Pert 
and Snyder[4] demonstrated that both K~ and 
Mg?* reduce [*H]naloxone binding by over 50 per 
cent and Simon et al.[{11] reported 15 and 35 per 
cent inhibition of [7H Jnaloxone and [7H Jlevorphanol 
binding, respectively, by 100 mM potassium. We have 
observed no appreciable inhibition utilizing similar 
concentrations of these ions. 

The sympathetic ganglion X_ neuroblastoma 
hybrids express fewer receptors than reported in the 
108cc15 hybrids [16]. This comparison can best be 
made by estimating the number of receptors per cell 
from the maximum binding values (assuming one 
ligand bound/receptor) in Table 2, and the number 
of cells per mg of protein. Thus, for TCX17 there 
are approximately 3.2 x 10° cells/mg of protein 
(protein determined in the 20,000 g pellet), and there- 
fore 3 x 10* receptors/cell. Similar calculations give 
8 x 10* receptors/cell for NX1 and 3 x 10* recep- 
tors/cell for Z5 (1.6 x 10° cells/mg of protein for both 
cell lines). This is in contrast with the findings of Klee 
and Nirenberg [16] who reported 3 x 10° receptors/ 
cell in 108cc15. 
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NALOXONE 





fmoles BOUND 
mg PROTEIN 


DIHYDROMORPHINE 





25 50 
(NaC!) mM 
Fig. 4. Effect of NaCl on the binding of [7H ]dihydromor- 
phine (10 nM) and [*H]naloxone (8 nM) to TCX17. 
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Table 3. Effect of cations on [3H]dihydromorphine and 
[2H ]naloxone binding to TCX17* 
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[(°H ]dihydro- 
morphine [2H ]naloxone 


Salt (% of control) 





NaCl (100 mM) 
KCl (100 mM) 
MgCl, (5 mM) 


103 + 11 
85+ 14 
85 + 11 





* Cell membrane suspensions (from 20,000 g pellet) were 
incubated as described in Methods with 10nM of either 
[°H]dihydromorphine of [*H]-naloxone. Specific binding 
of dihydromorphine and naloxone was 20 and 18 fmoles/ 
mg of protein, respectively, in the absence of added salts. 


Cells with opiate receptors appear to vary phenoty- 
pically on the basis of their affinity for [*H]hydro- 
morphine (K, = 15-90nM). suggesting that there 
may be alterations in receptor structure or the mem- 
brane environment. It does not appear possible to 
identify the parental origin of the opiate receptors 
in any of the somatic cell hybrids since no significant 
specific binding has been observed in the neuroblas- 
toma parent, N1I8TG2. Specific opiate binding has 
not been measured in embryonic mouse sympathetic 
ganglion tissue nor in the neuroblastoma clone 
N4TGI. The possibility remains that receptors may 
originate from either, or both, parental lines and are 
only expressed in hybrid clones or under certain 
growth conditions. This may well occur in the case 
of the TCX17 subclone derived from the NX31 clone 
which has no apparent specific binding activity. 

There is growing evidence that opiate receptors of 
somatic cell hybrids are functionally related to other 
membrane phenomena. Morphine has recently been 
shown to inhibit prostaglandin E, (PGE,) stimulation 
of adenylate cyclase [22,23] and increase the levels 
of cGMP [24] in 108cc15 hybrids. The former inter- 
action has also been reported to occur in homo- 
genates of rat brain [25]. Myers and Livengood [26] 
have described a dopamine-induced depolarization 
response in 108cc15 cells, which can be blocked by 
morphine [27]. Subsequent administration of nalox- 
one in the presence of morphine restores the dopa- 
mine response [27]. The TCX17 somatic hybrid also 
has a depolarization response to dopamine, which can 
be inhibited by morphine.* Further studies into the 
nature of these morphine effects should lead to a 
clearer understanding of the function of opiate recep- 
tors and their relationship to other receptors in cell 
hybrids as well as provide insight into the role of 
opiate receptors in the CNS. 





*P. R. Myers, personal communication. 
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SHORT COMMUNICATIONS 


Effect of sodium and active sodium extrusion on 
quaternary amine uptake by mouse kidney cortex slices 


(Received 20 February 1976; accepted 2 June 1976) 


The naturally occurring organic cation choline and a great 
number of cationic drugs (quaternary and tertiary amines) 
are excreted by tubular secretion in the kidney [1]. The 
kidney cortex preparation has proven a suitable model in 
vitro for studying the cellular transport processes underly- 
ing the secretion since intracellular accumulation of 
organic cations in this tissue preparation displays pheno- 
mena, e.g. saturability and substrate interaction, which also 
characterize tubular transport in vivo [1]. The present 
study has been undertaken to establish whether Na* and 
active Na*—-K* exchange are factors of importance for ac- 
cumulation of quaternary amines in kidney cortex cells. 
This problem was considered of interest since it has 
become evident that the Na*-gradient across the cell mem- 
brane is of crucial importance for the capability of many 
cells to transport and accumulate a large number of 
organic solutes, e.g. amino acids and glucose [2]. 

Two transport substrates were used for the study. The 
monoquaternary amine [tetraethyl-1-C'*]ammonium bro- 
mide (TEA) from New England Nuclear Corp., Boston, 
USS.A. (sp. act. 2.8 mCi/mM) and the polymethylene-bis- 
quaternary amine [methyl-'*C]decamethonium dibromide 
(Co) from Radiochemical Centre, Amersham, England (sp. 
act. 15 mCi/mM). Paper chromatographic studies have pre- 
viously shown that both '*C-labelled amines accumulate 
in mouse kidney cortex slices without undergoing meta- 
bolic transformation [3,4]. Male albino mice (strain 
NMRI) weighing about 25 g were decapitated and exsan- 
guinated. Kidney cortex slices were prepared and used as 
previously described [4]. Tissue from each animal (wet 
weight 50 mg) was immersed in a volume of 100 ml incuba- 
tion buffer. Incubations were carried out in solutions of 
Krebs-Ringer bicarbonate buffer (37°, pH 7.4) with glucose 
(11 mM) under aeration with 95% O, and 5% COs. 
14C-_labelled amines were added to incubation media fol- 
lowing a preincubation period of 10min. At the end of 
the incubation slices were separated from media by fil- 
tration on nylon nets. Immediately after the separation pro- 
cedure the tissue was transferred to previously weighed 
counting vials and weighed (wet wt). Tissue samples 
digested in 1 ml Soluene (Packard) and medium samples 
of 1 ml were completed for f-liquid scintillation counting 
by addition of 15 ml scintillation medium, Dimilume (Pac- 
kard). Both types of samples were counted with identical 
efficiencies (internal standardization) in a liquid scintilla- 
tion spectrometer (Beckman 250). Tissue concentration 
were calculated from cpm/g tissue (post incubation wet 
wt) using counting rates in the medium as reference. Addi- 
tion of '*C-labelled TEA and C, 9 to blank tissue and 
medium samples gave counting rates similar to those 
obtained in absence of tissue or medium. 

Figure 1 shows the time course of TEA (10~° M) uptake 
by mouse kidney cortex slices incubated in solutions of 
varying ionic composition. TEA uptake increases rapidly 





*C,9 uptake was depressed by 72+1 per cent 
(P < 0.001; mean value + S.E.M. of 9 paired comparison 
experiments) when substituting Na* by Li* instead of suc- 
rose (25mM K~®* plus Li* or sucrose). 


towards a steady-state level around 10 nmole/g tissue when 
incubations are carried out under control conditions 
(145mM Na®* and 5mM K’”%). Initial as well as steady- 
state uptake values are halved in media where Na* has 
been substituted by equimolar Li* or isoosmotic sucrose. 
From the results it is obvious that a high Li” concen- 
tration in itself does not markedly impair TEA uptake 
since the effect is almost the same whatever Li* or sucrose 
are used as substitutes for Na*. Substitution of Na* by 
K* (150 mM) leads to an almost complete depression of 
TEA uptake meaning that high K* concentrations per se 
have deleterious actions on uptake. Omission of K* (nor- 
mally 5mM) halves initial as well as steady-state uptake 
values. Additional experiments showed that neither Li* 
nor Na* (5mM) were able to replace K*, whereas this 
turned out to be the case with Rb*. Figure 2 shows the 
time course of Co (0.5 x 10°° M) uptake by mouse kid- 
ney cortex slices incubated in solutions of varying ionic 
composition. In contrast to the monoquaternary amine 
TEA (Figure 1) C,9 uptake increases almost linearly with 
time without reaching steady state within 1 hr incubation 
(control experiments in Figure 2). The time course of Cio 
uptake in media where Na* had been replaced by sucrose 
(25mM K* and isoosmotic sucrose replacing 125mM 
NaCl) seems to be indistinguishable from that seen under 
control conditions meaning that C, 9 uptake does not 
require the presence of Na” in the extracellular fluid. How- 
ever, substitution of Na* (125mM) by Li* or K* instead 
of isoosmotic sucrose leads to inhibition of C, 9 uptake 
the effect being most pronounced with K* where a steady- 
state level as low as 1.5 nmole/g tissue is reached within 
a period of 30 min (Fig. 2). These results show that C,o 
uptake is markedly impaired in the presence of high con- 
centrations of Li** and especially K*. The effect of K* 
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Fig. 1. Time course of ['*C]tetraethylammonium (TEA) 
uptake by mouse kidney cortex slices incubated in electro- 
lyte media of varying composition. Concentration of TEA 
in external medium was 10°° M. A Control (5mM K*, 
145 mM Na’*) or 25mM K* and 125mM Na‘, 0 (25mM 
K*, 125mM Li”), @ (25mM K’”, isoosmotic sucrose re- 
placing 125mM NaCl), O (K*-free saline), @ (150mM 
K*). Each symbol represents the mean with S.E.M. (verti- 
cal bars indicate values higher than 0.5 nmole/g tissue) of 
3 experimental values (6-8 values in control experiments). 
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Fig. 2. Time course of '*C-decamethonium (C,o) uptake 
by mouse kidney cortex slices incubated in electrolyte 
media of varying composition. Concentration of C,9 in 
external medium_was 0.5 x 10~° M. é Control (5mM K*, 
145mM Na‘), O (25mM K* and isoosmotic sucrose re- 
placing 125mM Na‘), O (25mM K*, 125mM Li’) @ 
(150mM K”*). Each symbol represents the mean with 
S.E.M. of 3 experimental values (vertical bars for values 
higher than 0.5 nmole/g tissue). 


omission on C;9 uptake was evaluated in experiments of 
paired comparison type [5]: tissue from each animal was 
incubated simultaneously under control and no-control 
(without K*) conditions. The results demonstrated a statis- 
tically [5S] (P < 0.001) significant depression of 1-hr Cy 
uptake by 37*-2 per cent in absence of K* (Mean + 
S.E.M., N = 6). Normal uptake values were, however, 
obtained when K* was replaced by Rb”, whereas Na was 
unable to replace K*, 

Active Na* extrusion in kidney cortex slices is markedly 
impaired in the absence of extracellular K* [6]. From 
studies on active Na”* extrusion in erythrocytes it is known 
that Rb* can replace K* in the active Na*-K* exchange 
[7]. The diminished capability of mouse kidney cortex 
slices to accumulate quaternary amines in the absence of 
these ions is therefore consistent with the assumption that 
part of the uptake process depends upon the function of 
the Na* pump. This concept finds additional support in 
the observation that 10°*M_ g-strophantine (Merck), a 
potent inhibitor of active Na* extrusion in kidney slices 
[8], depresses TEA uptake (30min) by 34 +2 per cent 
(P < 0.001) and C,9 uptake (1 hr) by 21 +5 per cent 
(P < 0.01; mean values + S.E.M. from experiments of 
paired comparison type, N = 6). 

Whittembury et al. (1961) reported a total depolarization 
of the electrical potential in the amphibian kidney slice 
(cell negativity 60 mV) in the presence of high K* concen- 
trations [9]. Hence, it is possible that the observed effect 
of high K* concentrations results from a reduction of the 
electrical gradient which normally favours intracellular ac- 
cumulation of the positively charged TEA and C;o ions. 
The well-known toxic and swelling effect of high K* solu- 
tions on tissues should, however, also be taken into con- 
sideration as a possible mechanism. 

Part of TEA uptake depends upon the presence of extra- 
cellular Na*, whereas this is not the case with C9 uptake. 
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Furthermore, a high Li* concentration per se has a dele- 
terious effect on C,9 uptake, at least in the absence of 
Na*, whereas there seems to be no other effect of Li* 
on TEA uptake than that which can be accounted for by 
omission of Na”*. 

It is a widely accepted hypothesis that Na* acts as a 
co-substrate in transport of many organic solutes thereby 
increasing affinity between substrate and transport site 
(‘carrier’) [2]. According to this theory the asymmetric dis- 
tribution of Na” between the intracellular and extracellu- 
lar spaces favours intracellular accumulation of the sub- 
strate (influx is stimulated by a high extracellular Na* con- 
centration and efflux is similarly depressed by a low intra- 
cellular Na* concentration). A mechanism of this type may 
explain the influence of extra- and intracellular Na* con- 
centrations on TEA uptake. The lack of any effect of exter- 
nal Na* on C;o uptake indicates that such a mechanism 
cannot be active in C,9 transport. C,9 accumulation is, 
however, depressed when active Na‘ extrusion is inhibited. 
The latter observation is difficult to interpret but it might 
indicate a more specific relationship between C,9 uptake 
and the Na* pump, e.g. via Na*—-K* ATPase or that Cy 
uptake in some other manner depends on the intracellular 
Na*/K* concentrations. Previous in vivo and in vitro 
observations demonstrated on one hand large differences 
in the renal handling of monoquaternary and polymethy- 
lene-bisquaternary amines and on the other hand mutual 
substrate interaction phenomena between these two drug 
types during their renal transport [10]. In view of these 
results it seems justified to assume the existence of partially 
different transport mechanisms for these two quaternary 
amine types, however, with involvement of common steps. 
The observed difference between the monoquaternary 
amine TEA and the polymethylene-bisquaternary amine 
C,9 concerning requirement of external Na* for transport 
brings further support to this notion. 
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Differential effect of clofibrate on hepatic drug 
oxidation and cholesterol 7x-hydroxylation 


(Received 18 August 1975; 


The rate-limiting step of cholesterol biosynthesis has been 
proposed to be the formation of mevalonic acid from 
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA), a 
reaction catalyzed by HMG-CoA reductase (EC 1.1.1.34) 
[1 3]. With regard to the regulation of hepatic cholesterol 
biosynthesis, a major hypocholesterolemic action of clofi- 
brate (ethyl ester of «-p-chlorophenoxyisobutyrate) is 
related to an inhibition of the microsomal reduction of 
HMG-CoA to mevalonate [4]. In contrast to its inhibitory 
effects upon hepatic microsomal cholesterol biosynthesis, 
clofibrate stimulates many drug and steroid hydroxylation 
pathways mediated via the hepatic microsomal mixed func- 
tion oxidase system [5-9]. 

Several investigators [5, 10-12] have demonstrated that 
clofibrate pretreatment results in elevations of liver weight 
along with a marked change in the liver cells of several 
species with the principal change being an increase in mic- 
robodies and proliferation of the smooth endoplasmic reti- 
culum (SER). The changes in protein content and SER 
occur during the early stages of clofibrate treatment with 
the increase in protein synthesis induced by clofibrate pre- 
ceding the elevation in liver weight [11, 12]. Few investiga- 
tors have attempted to fully examine the influence of prior 
treatment with clofibrate on drug oxidations in liver micro- 
somes. Cholesterol 7z-hydroxylase (EC 1.14) has also been 
shown to be a component of the cytochrome P-450- 
mediated hepatic microsomal mixed function oxidase sys- 
tem [13-17]. In this paper, we have investigated the effect 
of clofibrate pretreatment upon hepatic microsomal 
enzyme activities associated with drug oxidation and cho- 
lesterol 7x-hydroxylation. 

Materials and Methods. Male, albino Wistar rats (Harlan 
Laboratories, Cumberland, Ind.), weighing 60-80 g, were 
fed Purina chow and received water ad lib. All animals 
were maintained in a vivarium at 25-26" on an alternating 
12-hr light and dark cycle. Prior treatment of clofibrate 
(100 mg/kg) or an equal volume of corn oil was given, i.p., 
twice daily for 10 consecutive days. Injections were given 
in a volume of 0.1 m1/100 g body wt. Cholestyramine was 
given by mixing it with the diet (5°, w/w). [4-'*C]choles- 
terol (sp. act. 56 mCi/m-mole), [2-'*C]HMG-CoA (sp. act. 
11.7 mCi/m-mole) and [5-*H]mevalonic acid, DBED salt 
(sp. act. 6.74 Ci/m-mole) were obtained from New England 
Nuclear Corp., Boston, Mass. The reference compounds, 
7a- and 7f-hydroxycholesterol, were prepared from the 
reduction of 7-ketocholesterol as described by Mosbach 
et al. [18]. Prior to use, the labeled cholesterol was purified 
by thin-layer chromatography using Silica gel G (Merck) 
developed in benzene-ethyl acetate (7:13). Radiochemical 
purity for HMG-CoA and cholesterol was >98 per cent. 
Mevalonic acid was used directly in these experiments. 

Animals were sacrificed and their livers excised immedi- 
ately, rinsed in ice-cold buffer, weighed and minced, and 
then the hepatic microsomal 9000 g supernatant fraction 
was prepared as described previously [8] except that the 
homogenizing buffer consisted of 0.1 M Tris-HCl buffer, 
pH 7.4, containing 1.15% (w/v) KCI and 1mM EDTA. 
A portion of the 9000’g supernatant fraction was used for 


accepted 26 March 1976) 


the cholesterol 7x-hydroxylase assay. The microsomal frac- 
tion was obtained by centrifuging the 9000g supernatant 
at 105,000g for 1 hr. The microsomal pellet was resus- 
pended in 0.1 M Tris-HCI buffer, pH 7.4, containing KCl 
1.15°% and spun at 105,000 g for 30 min. The final 105,000 g 
pellet was resuspended in the above buffer and kept on 
ice until use. 

The method of Huber et al. [19] was utilized to measure 
the activity of HMG-CoA reductase in liver microsomes. 
Incubation mixtures contained 0.1 M Tris-HCl buffer, pH 
7.2, with KCI 1.15°,; 20mM Na-EDTA; 0.1 M cysteine 
HCl, neutralized; an NADPH-generating system (10 mM 
glucose 6-phosphate, 1 mM NADP, | enzyme unit glucose 
6-phosphate dehydrogenase, and 4mM MgCl,); 0.107 mM 
HMG-CoA[2-!*C], and 0.0625 mg of microsomal protein 
in a final volume of 0.2 ml. The incubation was carried 
out in air using a Dubnoff metabolic incubator at 37° with 
100 oscillations/min for 1 hr. The reaction was terminated 
with methanol and H,SO,4, while the addition of 
[5-H ]mevalonic acid (50,000 dis./min) to each flask served 
as a measure of product recovery. Anion exchange resin 
(Bio-Rad 1 x 8, Cl form, 100-200 mesh) column eluates 
containing [°H]- and ['*C]mevalonolactone were com- 
bined with a 3a40 scintillation mixture (RPI, Elk Grove, 
Ill.), and double isotope analysis using liquid scintillation 
spectrometry was applied to determine HMG-CoA reduc- 
tase activity. Quenching was monitored by automatic 
external standardization. Counting efficiencies for 93H and 
‘$C varied between 35 and 40 per cent and 84 and 88 
per cent respectively. 

Cholesterol 7x-hydroxylase activity was determined by 
adding [4-'*C]cholesterol (2.6 uM) in 25 ul of acetone to 
2.0 ml of 9000 g supernatant, 30 mM _ nicotinamide, and 
fortified with 1mM NADP, 10mM glucose 6-phosphate, 
5mM MgCl, and 0.1 M Tris-HCl buffer, pH 7.4, with 1.15 
per cent KCI in a final volume of 5.0 ml. The addition 
of nicotinamide was necessary to prevent NADP destruc- 
tion during prolonged incubation. The incubation was car- 
ried out in a Dubnoff metabolic shaker in an atmosphere 
of air at 37°, 100 oscillations/min, for 1 hr. The reaction 
was terminated with and extracted with 7 vol. of chloro- 
form-—methanol (2:1, v/v). Further analysis of the chloro- 
form—methanol extracts was performed according to the 
chromatographic method described previously [15]. 

Drug metabolism in vitro was determined in an incuba- 
tion mixture consisting of 0.1 M Tris-HCl buffer, pH 7.4, 
an NADPH-generating system (SmM MgCl,, 0.044mM 
NADP, 5.9 mM glucose 6-phosphate, and 2 enzyme units 
glucose 6-phosphate dehydrogenase), 5mg microsomal 
protein and substrate, in a final volume of 3.0 ml for incu- 
bations with ethylmorphine and benzphetamine and 5.0 ml 
for aniline. After the addition of ethylmorphine (0.071 to 
3.3mM), benzphetamine (0.017 to 1.0mM) or aniline 
(2.0 mM), the reaction mixtures were placed in a Dubnoff 
metabolic shaker and incubated in air at 37° with a shak- 
ing speed of 100 oscillations/min for times indicated in 
the tables. The method of Nash [20] was used to estimate 
the amount of formaldehyde formed from ethylmorphine 
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and benzphetamine. Conversion of aniline to p-amino- 
phenol was assayed by the procedure described by Kato 
and Gillette [21]. 

For spectral binding studies, all samples were diluted 
to a final protein concentration of 2.0mg/ml with 0.1 M 
Tris-HCI] buffer, pH 7.4, containing 1.15% KCl. The mag- 
nitude of the spectral changes following consecutive addi- 
tions of substrate was measured with an Aminco—Chance 
dual-wavelength splitbeam spectrophotometer (American 
Instrument Co., Silver Spring, Md.), as described by 
Schenkman et al. [22]. Two 3.0-ml aliquots of a microso- 
mal suspension were placed in: separate cuvettes, and a 
baseline was recorded at room temperature. The differ- 
ences in the troughs relative to an isobestic point were 
measured after successive additions (1 sl) of ethylmorphine 
(0.033 to 0.2 mM, final concentration) or benzphetamine 
(8.3 to 70 uM, final concentration). 

The assay for cytochrome P-450 was determined as de- 
scribed by Omura and Sato [23]. NADPH-cytochrome c 
reductase activity was measured by the method of Phillips 
and Langdon [24] and microsomal protein was estimated 
by the method of Lowry et al. [25] using crystalline bovine 
serum albumin as a standard. The kinetic and spectral 
binding constants were obtained by constructing regression 
lines from Lineweaver and Burk plots [26] which were 
analyzed statistically by the method of least squares to 
give the apparent K,,, the concentration of substrate which 
results in half the maximal activity; (V,,,,); and the appar- 
ent spectral dissociation constants (K,) and the absorbance 
maxima (A,,,,). Where appropriate, statistical comparisons 
of independent sample means were made using the Student 
t-test 

Results. In agreement with preliminary studies carried 
out in our laboratory [8] in immature male rats, chronic 
clofibrate administration did not exhibit changes in liver 
weights and liver/body weight ratios, but revealed a 28 
per cent elevation in microsomal protein (Table 1). Thus, 
clofibrate pretreatment in immature rats appears to pro- 
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duce increases in microsomal protein content, while not 
altering total liver weight. In addition to changes in micro- 
somal protein, treatment with clofibrate resulted in signifi- 
cant alterations of cytochrome P-450 content and 
NADPH-cytochrome c reductase activity (Table 1). The 
hemoprotein P-450 levels were elevated 37 per cent over 
control values, while NADPH-cytochrome c reductase 
activity was increased by 39 per cent. 

Since it has previously been shown by several investiga- 
tors [5-8] that clofibrate administration results in an ele- 
vation of microsomal drug oxidations, it was of interest 
to determine whether this increase was due to quantitative 
and/or qualitative changes in the enzyme system. An exam- 
ination of these changes in hepatic microsomal enzyme(s) 
activity is also presented in Table 1. The V,,,, values 
obtained for ethylmorphine and benzphetamine N-demeth- 
ylase were increased significantly by 55 and 70 per cent, 
respectively, by clofibrate pretreatment, whereas drug 
treatment did not modify the apparent K,, for either 
enzyme. Furthermore, clofibrate pretreatment was unable 
to alter aniline hydroxylase activity in liver microsomes. 

To further delineate the phenomenon of microsomal in- 
duction due to prior treatment with clofibrate, substrate 
binding to the microsomal hemoprotein P-450 was investi- 
gated. In accordance with the results obtained from the 
apparent K,, data, there was no alteration in apparent K, 
due to clofibrate administration. However, clofibrate 
resulted in a 23 per cent significant increase in the A,,,x 
for the binding of ethylmorphine, whereas a non-significant 
increase (12 per cent) in the A,,,, of benzphetamine was 
observed. Since clofibrate is able to differentially affect 
hepatic microsomal enzymes, i.e. inhibit HMG-CoA reduc- 
tase while inducing drug and steroid hydroxylation reac- 
tions, we tested whether clofibrate could alter cytochrome 
P-450-mediated cholesterol 7x-hydroxylase. Employing the 
9000 g supernatant fraction resulted in measurable quanti- 
ties of 7x-hydroxycholesterol, while peroxidation products 
(i.e. 7B-hydroxycholesterol and 7-ketocholesterol) of cho- 


Table 1. Effect of clofibrate pretreatment on various parameters of hepatic drug metabolism in male rats* 





Parameter 


Treatment? 


oO 





4 of 


Control Clofibrate Control 





Liver wt (g) 
Liver/body wt (°,) 
Microsomal protein (mg/g liver) 
Cytochrome P-450 (nmoles/mg protein) 
NADPH-cytochrome c 
reductase (nmoles/mg protein/min) 
Drug substrates 
Ethylmorphine N-demethylase 
V max (NMoles/mg/20 min) 
K,, (mM) 
Benzphetamine N-demethylase 
V max (NMoles/mg/15 min) 
K,,, (mM) 
Aniline hydroxylase 
V nax (2MOles/mg/20 min) 
Spectral binding studies 
Ethylmorphine 
Aiax (AO.D.403-420/mg protein)§ 
K, (mM) 
Benzphetamine 
Asmax (AO.D.407_421/Mg protein)§ 
K, (mM) 


0.0021 + 0.0003 


0.0032 + 0.0005 
0.0106 + 0.0028 


98 
103 

128t 
137¢ 


6.88 + 0.84 

4.77 + 0.36 
31.50 + 1.73 
0.574 + 0.096 


6.74 + 1.05 
4.92 + 0.51 
40.25 + 0.56 
0.784 + 0.050 
42.7 + 12.5 


594474 139t 


75.9 + 17.6 
0.670 + 0.231 


117.6 + 20.0 
0.740 + 0.122 


155t 
110 


11.6 + 1.7 
0.104 + 0.024 


19.7+49 
0.098 + 0.004 


170t 


20.73 + 3.10 25.90 + 5.13 


0.0026 + 6.0002 
0.050 + 0.029 0.048 + 0.005 

0.0036 + 0.0004 
0.0104 + 0.0019 





* Values are expressed as the mean + S. D. of six rats for each treatment group. 

+ Animals received clofibrate (100 mg/kg), or corn oil, i.p., twice daily for 10 days. 

t Significant difference (P -< 0.05) from corresponding control group. 

§ The AO.D. were obtained by the difference in the isobestic point relative to the trough (/,;, ) for each substrate. 
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lesterol were virtually absent in these preparations. When 
the dried chloroform extracts of the 9000g supernatant 
fraction were spotted on Silica gel G plates and chromato- 
graphed in benzene-ethyl acetate (7:13) using a saturated 
chamber, 7z-hydroxycholesterol and cholesterol migrated 
with Ry values of 0.34 and 0.77, respectively, while stan- 
dards of 7f-hydroxycholesterol and 7-ketocholesterol 
resulted in Ry values of 0.42 and 0.64. Moreover, 7a-hyd- 
roxycholesterol can be resolved from 7f-hydroxycholes- 
terol, 7-ketocholesterol and cholesterol using ethyl acetate- 
cyclohexane (3:2) on Silica gel G plates (R, = 0.22, 0.28, 
0.32 and 0.58 respectively). As presented in Fig. 1A, micro- 
somes obtained from clofibrate-pretreated animals showed 
a significant reduction (35 per cent) in the amount of 
7x-hydroxycholesterol formed. By comparison, disrupting 
the enteroheptic circulation of bile salts by administration 
of cholestyramine resulted in a 254 per cent increase in 
hepatic microsomal cholesterol 7x-hydroxylase activity. 





([] contro 


VA TREATED 


p moles 7a-hydroxycholesterol/ 
mg microsomal protein/hr 











N=l2 
Clofibrate 


N=3 
Cholestyramine 





[[] contro 


VA TREATED 


/# mole mevalonic acid 
formed/mg protein/hr 











N=l2 
Clofibrate 


N=3 
Cholestyramine 


Fig. 1. Effect of clofibrate (100 mg/kg, twice daily, for 10 
days) and cholestyramine (5°, in diet for 5 days) pretreat- 
ment on hepatic microsomal HMG-CoA reductase and 
cholesterol 7x-hydroxylase activities in immature male rats. 
(A) Formation of 7x-hydroxycholesterol from [4-'*C]cho- 
lesterol by the 9000 g supernatant fraction of rat liver after 
various drug pretreatments. The conversions were calcu- 
lated from the amounts of radioactivity present in each 
zone of the thin-layer chromatogram, based on the amount 
of microsomal protein in each incubation. (B) Effect of 
drug pretreatment on HMG-CoA - reductase activity. Mean 
values + S. D. are presented for each treatment group. 
The asterisk indicates a significant difference (P < 0.05) 
between the treatment and control groups. 
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The ability of clofibrate to inhibit the formation of 
mevalonic acid from HMG-CoA reductase activity is well 
established [4]. In contrast. cholestyramine fed in the diet 
(5 per cent) for 5 days stimulated the formation of meva- 
lonic acid by 169 per cent (Fig. 1B). Thus, in immature 
rats, clofibrate remains effective in reducing HMG-CoA 
reductase activity significantly, while the anion exchange 
resin cholestyramine increases the formation of mevalonic 
acid. 

Discussion. Clofibrate has been reported to cause in- 
creases in liver weight and microsomal protein in rats 
[5, 10-12], albeit these changes have been observed to be 
dependent upon the age of the animals [8]. In this present 
study, liver weight and liver/body weight ratios did not 
change with clofibrate pretreatment, while microsomal 
prctein content was increased significantly (Table 1). These 
findings are consistent with those of Lewis et al. [8]. It 
has been established that elevations in microsomal hepatic 
protein are associated with proliferation of the smooth 
endoplasmic reticulum and that these alterations occur 
during the early stages of clofibrate treatment with the 
increase in protein synthesis preceding the elevation in 
liver weight [12]. 

It has been well established that numerous compounds 
when administered to animals result in the induction of 
the hepatic microsomal mixed function oxidase system 
which mediates both drug and steroid oxidations [27]. 
Clofibrate administration has been reported to selectively 
elevate the activities of microsomal enzymes for the meta- 
bolism of several drug substrates [5-8], testosterone [6]. 
and 4-androstene-3,17-dione [9]. Although clofibrate- 
pretreated mature and immature rats possess the ability to 
metabolize various substrates [5-9], the elevation of pro- 
tein synthesis and hepatic drug oxidations without con- 
comitant hepatomegaly occurs only in immature animals 
[8]. Thus, the present experiments utilize immature rats 
to enable correlation of various hepatic microsomal 
enzyme activities with the initial stage of protein synthesis 
and without the associated enlargement of liver cells due 
to clofibrate treatment as described by Kaneko et al. [5]. 
It is noteworthy that the changes in various microsomal 
enzymes associated with clofibrate pretreatment [5, 8] were 
also accompanied by an elevation in cytochrome P-450, 
a component of the electron transport system usually coex- 
istent with changes in hepatic drug oxidations. The in- 
crease in cytochrome P-450 content that can be seen in 
Table | serves to substantiate these earlier findings. More- 
over, an increase in NADPH-cytochrome c reductase acti- 
vity, usually associated with a concomitant elevation in 
the reduction of cytochrome P-450, was observed which 
further reflects changes in the electron transport system 
induced by clofibrate administration. It is also of interest 
to note that several analogs of clofibrate cause stimulation 
of hepatic drug metabolism with concomitant alterations 
in cytochrome P-450 levels [28]. 

The results given in Table | also demonstrate that the 
increased hepatic metabolism of ethylmorphine and benz- 
phetamine is dependent upon a quantitative rather than 
a qualitative change in the nature of the microsomal 
enzyme system. Prior treatment with clofibrate did not 
alter the apparent K,, for ethylmorphine or benzphetamine 
N-demethylase, whereas total metabolism was increased 
by 55 and 70 per cent respectively. However, the hydroxyl- 
ation of the type II substrate aniline was not altered by 
clofibrate administration. This differential inductive effect 
displaced by clofibrate on a limited series of type I and 
II substrates has also been reported by other workers 
[7.8]. In concurrence with the increases of maximal rates 
of type I substrate metabolism, clofibrate administration 
produced an increase in the AA,,,, values for the binding 
of ethylmorphine (23 per cent) and benzphetamine (12 per 
cent) to microsomal proteins. In comparison, the apparent 
K, for both substrates was not changed by pretreatment 
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with clofibrate. It is of interest to note that the magnitude 
of the maximal binding spectral change for both ethylmor- 
phine and benzphetamine was smaller than the maximal 
rate of metabolism. Thus, the increased hemoprotein con- 
centration in liver microsomes induced by clofibrate is 
apparently not the only factor responsible for enhancement 
of substrate metabolism. Consequently, other elements 
such as the increase in NADPH-cytochrome P-450 reduc- 
tase may play an integral role in the greater metabolism 
that occurred in clofibrate-treated rats. 

Several of the enzymes necessary for cholesterol biosyn- 
thesis and degradation are found in the hepatic endoplas- 
mic reticulum. The rate-limiting step in this biosynthetic 
sequence is HMG-CoA reductase [2, 3], while the 7x-hyd- 
roxylation of cholesterol is the major rate-limiting step in 
the overall conversion of cholesterol to bile acids [29]. 
A number of investigators [13, 17, 30-32] have indicated 
the participation of the hemoprotein P-450 in various steps 
of cholesterol biosynethesis. Moreover, the hypolipidemic 
agent clofibrate has been shown to stimulate drug oxi- 
dations in liver microsomes [5-8], while also inhibiting 
the formation of mevalonic acid via HMG-CoA reductase 
[4]. Our results using immature rats in this study corrob- 
orate earlier findings on the ability of clofibrate to signifi- 
cantly reduce HMG-CoA reductase activity (Fig. 1B). Fur- 
thermore, the administration of the bile acid sequestering 
agent cholestyramine resulted in a 1.69-fold increase in 
HMG-CoA reductase activity via the removal of the feed- 
back inhibitory action of cholesterol on HMG-CoA reduc- 
tase [1,2], thus enhancing both cholesterol biosynthesis 
and 7z-hydroxycholesterol production (Fig. 1). The 7z- 
hydroxylation of cholesterol is catalyzed by the microso- 
mal fraction of liver homogenates and involves the partici- 
pation of cytochrome P-450 and of NADPH-cytochrome 
P-450 reductase as well as requiring NADPH and molecu- 
lar oxygen [16,33]. Furthermore, the formation of bile 
acids in the liver is regulated by homeostatic mechanisms 
whereby an interruption of the enterohepatic circulation 
results in a several-fold increase in bile acid synthesis. 
When the anionic exchange resin cholestyramine (5°%) was 
fed to rats for 5 days, a 254 per cent increase in cholesterol 
7a-hydroxylase activity ensued (Fig. 1A). In contrast to the 
results of Einarsson et al. [9], prior treatment with clofi- 
brate resulted in a decrease in cholesterol 7x-hydroxylase 
activity. Therefore, our results have shown that clofibrate 
administration caused an induction of the hepatic microso- 
mal drug-metabolizing enzyme(s) involved with the 
N-demethylation of ethylmorphine and benzphetamine 
and produced an apparent inhibition of cholesterol 7x-hyd- 
roxylase. 

The evidence for the similarity of the mixed function 
oxidase system which participates in drug oxidations and 
that which catalyzes the hydroxylation of cholesterol is 
somewhat equivocal. Studies are currently being conducted 
in our laboratory to investigate the action of clofibrate 
on cholesterol 7z-hydroxylase by determination of the 
mass of 7z-hydroxycholesterol and to further elucidate the 
interrelationship of drug and steroid hydroxylations with 
that of cholesterol 7x-hydroxylase. 
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Alteration in plasma and cellular enzyme and protein levels 
after lethal and non-lethal doses of cycloheximide in the rat 


(Received 2 February 1976; accepted 26 March 1976) 


The antibiotic cycloheximide, which inhibits cytoplasmic 
protein synthesis in a wide variety of mammalian systems 
both in vitro and in vivo [1], has been employed extensively 
in studies of metabolic regulation in mammalian tissues. 
Most studies with intact rats have been conducted over 
a short time period (several hr) and with lethal doses 
(5-200 mg/kg, body wt)[2-4]. Long-term metabolic 
changes after administration of the inhibitor have not been 
studied extensively [2,4]. With lethal doses of cyclohexi- 
mide, Young et al.[2] observed changes in blood par- 
ameters suggesting severe metabolic acidosis; the animals 
exhibited gastrointestinal dysfunction, internal bleeding 
and hypotension, and death occurred between 9 and 12 
hr. Daskal et al. [5] observed with doses of 5-200 mg/kg 
that both the cytoplasm and nuclei of rat liver cells were 
markedly affected with the formation of perichromatin 
granules in the nucleus and compact lamellar complexes 
in the cytoplasm [5]. Ultra-structural changes induced by 
lethal doses of cycloheximide were dose- and time-depen- 
dent. 

With doses of cycloheximide less than 2.7 mg/kg body 
wt, which is the LDs, in rats[6], Verbin et al.[7] and 
Hwang et al.[8] reported that the inhibition of protein 
synthesis at 2 hr after administration was associated with 
ultra-structural changes in liver cells, but no necrotic 
lesions. Membranous whorls induced by cycloheximide de- 
creased in both size and frequency by 6-12 hr and essen- 
tially disappeared by 36 hr, after which cytoplamic organi- 
zation seemed relatively normal [8]. These results indicate 
that at sublethal doses of cycloheximide the structural 
alterations were minimal and reversible [7]. 

We have reported that in rats with sublethal doses of 
cycloheximide there was a stimulatory phase of protein 
synthesis following the inhibition [9], with differences in 





* J. J. Chih and T. M. Devlin, manuscript in prep- 
aration. 


the degree of stimulation between proteins synthesized by 
free and membrane bound polysomes, suggesting a specific 
adaptation to the effect of the inhibitor.* Thus, it was con- 
sidered valuable to investigate the effect of lethal and non- 
lethal doses of cycloheximide on changes in specific cellular 
enzymes and the protein concentration in plasma and liver 
to evaluate possible tissue alterations which would lead 
to a specific adaptive change in protein synthesis. The 
enzymes selected were aspartate aminotransferase (AAT) 
(EC 2.6.1.1.), creatine phosphokinase (CPK) (EC 2.7.3.2.), 
and lactate dehydrogenase (LDH) (EC 1.1.1.27). 

All studies were performed on 210 + 10g male Wistar 
rats, fed and watered ad lib. Animals were always sacrificed 
at 10:00a.m. to avoid possible diurnal variations. Cyclo- 
heximide (Sigma Chemical Co.) in saline was administered 
ip. at zero time. At various times after drug adminis- 
tration, rats in groups of two were anesthetized with ether 
and blood was drawn by cardiac puncture. Hemolyzed 
plasma was always discarded. After exsanguination, a 6-g 
sample of liver was used to prepare the cytosol fraction 
(supernatant of the 105,000g,,,, centrifugation). Enzymes 
were determined using automated procedures according to 
Technicon Methodology (Technicon Instruments Corp., 
Tarrytown, N.Y.). Plasma LDH isozymes were determined 
by the method of Davis [10]; protein was determined by 
the method of Lowry et al.[11] using crystalline bovine 
serum albumin as the standard. Plasma albumin and 
fibrinogen were separated by paper electrophoresis (Spinco 
model R Paper Electrophoresis, Beckman Instruments, 
Inc., Fullerton, Calif.). All enzyme activities were expressed 
in International Units (I.U.), which is that amount catalyz- 
ing the transformation of | ymole substrate/min at 37°. 
Plasma enzyme activities are expressed as [.U./liter and 
liver enzyme activities as I.U./g of tissue. 

Alterations in plasma and cytosol levels of AAT, CPK 
and LDH 2hr after administration of various doses of 
cycloheximide are presented in Table |. Previous studies 


Table 1. Changes of plasma and liver cytosol enzyme activities after cycloheximide administration* 





Plasma 


Liver cytosol 





Time post 
cycloheximide 
(hr) 


Dosage of 
cycloheximide 
(mg/kg) 


CPK 


Zz 


(LU./liter plasma) 


CPK 
(I.U./g liver) 





Control 0 


Swe 


+ H+ H+ H+ 


Control 


t 
SxS Bee 


349 + 21 

488 + 66t 
655 + 85t 
794 + 100+ 
1015 + 67+ 


349 + 21 
587 + 42+ 
488 + 66+ 


13.5+03 
129 +08 
12.2 + 0.7 
13.9+2.5 
13.1 


+ 0.6 
13.5 + 0.3 
12.9 + 0.6 
12.9 +08 


153 
147 
147 
118 
120 


153 
174 
147 
191 


108 + 18 
100 + 20 

175 + 43+ 

300 + 44+ 

726 + 115+ 

108 + 18 29 
162 + 37 32 
100 + 20 26 


+H H+ HH 
+ + I+ 


16.0 + 0.5t 
16.8 + 1.5t 
13.4+0.5 


395 + 52 
406 + 60 
398 + 88 


170 + St 43 
144 + 30 30 
156 + 25 30 


157 
171 


NMhye NM Nh 

HH H+ + + + 

+H HH HH 
t 


Cos 





* For experimental details see text. Values presented are the mean + S.E.M.; N is the number of experiments. Each 
experiment consisted of two rats. Control values are repeated for convenience in comparing results. 
+ These values are considered significantly different from controls, with a P = 0.05 or less. 
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have demonstrated that maximum inhibition of protein 
synthesis occurs at this time. At 2.0 mg/kg of cyclohexi- 
mide, the plasma AAT and CPK increased by approxi- 
mately 30 and 40 per cent, respectively, but there was no 
significant change (P value > 0.05) in the plasma level of 
LDH or in the cellular levels of the three enzymes. Increas- 
ing activities of all three enzymes appeared in the plasma 
with increasing doses. Plasma AAT, CPK and LDH activi- 
ties were increased 500, 300 and 700 per cent at 20 mg/kg 
of cycloheximide, whereas liver cytosol AAT and LDH ac- 
tivities were decreased only 30 and 20 per cent respectively. 
No apparent change in liver cytosol CPK activity was 
observed. The rise in plasma CPK suggests damage to tis- 
sues other than liver, presumably muscle. Two hr after 
lethal doses, or | hr after a non-lethal dose of cyclohexi- 
mide, LDH isozyme patterns indicated increases of all frac- 
tions (data not presented), confirming cellular damage of 
other tissues. 

Changes in these activities at various times after a single 
injection of a non-lethal dose of cycloheximide (2 mg/kg), 
but a dose which inhibits liver and kidney protein synthesis 
greater than 80 per cent at 2 hr [9], are presented in Table 
1. At | hr there was a marked increase of plasma AAT 
and CPK activities (P < 0.05); LDH also appeared to in- 
crease but this may not be significant (P < 0.2). The initial 
elevation of these enzyme levels implies that immediate 
tissue trauma occurred, releasing intracellular enzyme into 
the blood circulation. This initial cellular damage leading 
to loss of these enzymes may be due to the inhibition by 
cycloheximide of the synthesis of a cellular protein, with 
a relatively short half-life, required to maintain the integ- 
rity of the cell membrane; it is also possible that the inhibi- 
tor interferes with other cellular processes leading to an 


alteration in the permeability of the cell. From 12 to 48 hr 


CYTOSOL 


(mg/q liver) 





PLASMA 





PROTEIN CONCENTRATION 


(g/IO0O0 mi plasma) 


ALBUMIN 





FIBRINOGEN 


eh... lL l 

02 2 24 48 

TIME POST CYCLOHEXIMIDE (2 mg/Kg bw) 
ADMINISTRATION (HOURS) 








Fig. 1. Changes of plasma and liver cytosol proteins after 

cycloheximide administration. Proteins were determined at 

various times after a single injection of a non-lethal dose 

of cycloheximide (2 mg/kg). For details see text. Values pre- 

sented are the mean + S.E.M. of at least four experiments 
and cach experiment consisted of two rats. 
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post administration of cycloheximide, the plasma levels of 
the enzymes remained elevated. Liver cytosol enzyme ac- 
tivities, with the exception of AAT, fluctuated but did not 
show any significant change. Liver AAT activity at 12 hr 
and the elevated levels of plasma AAT activity observed 
between 12 and 24hr were similar to the increase in AAT 
activity observed with other antibiotics and drugs known 
to be hepatotoxins (erythromycin, rifampin and tetracyc- 
line) or agents causing hepatic sensitivity (penicillin) or 
both [12]. These phenomena and membranous whorl for- 
mation in rat parenchymal cells at 6-12 hr post sublethal 
cycloheximide administration observed by Hwang et al. [8] 
may be explained as adaptive hypertrophy of the smooth 
endoplasmic reticulum at the site of biotransforma- 
tion [13]. 

Cytosol and plasma protein concentrations were exam- 
ined at 1-48 hr post cycloheximide (2 mg) administration 
(Fig. 1). At 12 hr there was an increase in cytosol protein 
concentration which may be due to a dehydration of the 
tissue [2]. A slight decrease in total plasma protein and 
albumin throughout the 48-hr period was observed, but 
a slight increase of fibrinogen was seen at 12 hr post cyclo- 
heximide administration which may be explained by the 
so-called “acute-phase reaction” [14, 15]. 

The findings reported here, as well as by others [2-5], 
suggest that, if lethal doses of cycloheximide are used in 
the intact rat, it is conceivable that not only the protein 
synthetic ability but many other biochemical functions of 
the organism would be altered. With non-lethal doses of 
cycloheximide, the effects of cycloheximide on cell struc- 
ture [7,8], protein synthesis[9] and other biochemical 
alterations must be followed by a compensatory process 
of recovery. 
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Inhibition of amine uptake by 4-phenyl-bicyclo(2,2,2)octan-1-amine 
hydrochloride monohydrate (EXP 561) in rats 


(Received 12 November 1975; accepted 19 April 1976) 


hydrate (EXP 561) is an experimental drug that inhibits 
amine uptake [1,2] and has various pharmacologic effects 
expected of an amine uptake inhibitor and/or an antide- 
pressant drug in animals [3,4]. In studying the effects of 
various compounds on amine uptake in vivo, we have 
observed that EXP 561 is a remarkably potent inhibitor 
of uptake into serotonin neurons and norepinephrine 
neurons in rats. To evaluate uptake inhibition in vivo, we 
measured antagonism of monoamine depletion by deplet- 
ing drugs that require active uptake into the neuron. 
p-Chloroamphetamine, a depletor of serotonin in brain, 
requires active uptake as indicated by the ability of uptake 
inhibitors to block its depleting effect on serotonin [5, 6]. 
6-Hydroxydopamine is actively taken up into norepine- 
phrine neurons and there depletes norepinephrine; its 
effects are also blocked by appropriate amine uptake in- 
hibitors [6, 7]. 

In our experiments, male Wistar rats weighing about 
150g were used. p-Chloroamphetamine hydrochloride 
(Regis) was injected i.p. at a dose of 10 mg/kg 4hr before 
the rats were killed, and 6-hydroxydopamine hydrobro- 
mide (Regis) was injected i.p. at a dose of 100 mg/kg 16 hr 
before the rats were killed. EXP 561 (Dupont) was 
administered to some rats by i.p. injection 1 hr before the 
depleting drugs. In some experiments, iprindole (Wyeth) 
was injected ip. at 10mg/kg 1 hr before EXP 561. Rats 
were killed by decapitation, and whole brains were rapidly 
removed and frozen on dry ice, then stored frozen prior 
to analysis. Serotonin and norepinephrine levels were 
assayed spectrofluorometrically [8]. Levels of EXP 561 
were measured spectrophotometrically by reaction with 
methyl orange [9]. This colorimetric method was sensi- 
tive to approximately 0.2 4g EXP 561. Since recovery of 
EXP 561 was only 40 per cent, internal standard curves 
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with known amounts of drug added to tissue homogenates 
were used to calculate EXP 561 concentrations in tissue. 
There were five rats per experimental group, and all data 
are expressed as mean values + standard errors. Compari- 
sons between groups were made by the Student t-test. 
Figure 1 shows the ability of EXP 561 to block the 
depletion of brain serotonin by p-chloroamphetamine and 
of heart norepinephrine by 6-hydroxydopamine in rats. A 
dose of 1 mg/kg of EXP 561 almost completely blocked 
the depletion of brain serotonin, whereas the 0.1 mg/kg 
dose was without effect. The observation that EXP 561 
blocks uptake into serotonin-containing neurons in rat 
brain in vivo extends the work of Campbell and Todrick 
[2] who showed that it inhibited serotonin uptake into 
platelets in vitro. The dose-response curve for 6-hydroxy- 
dopamine antagonism by EXP 561 was less steep; the 
0.1 mg/kg dose caused significant antagonism but even the 
10 mg/kg dose did not completely prevent the effect of 
6-hydroxydopamine. Nonetheless the ! mg/kg dose pro- 
duced almost 50 per cent antagonism, which means that 
EXP 561 is a potent inhibitor of uptake into norepine- 
phrine-containing neurons as well as into  serotonin- 
containing neurons. This finding complements the data of 
Sarges et al. [1], who showed that EXP 561 antagonized 
uptake of [*H]norepinephrine into rat heart in vivo. 
EXP 561 has some structural! resemblance to ampheta- 
mine in having a phenyl group and a primary amine group 
separated about the same distance by aliphatic carbons. 
Rats are known to metabolize amphetamine primarily by 
hydroxylation in the para position of the phenyl ring [10]. 
This metabolic route is blocked by iprindole [11] and 
various other drugs [12]; as a consequence, tissue levels 
of amphetamine are increased, its half-life is prolonged, 
and various pharmacologic effects of amphetamine are 
potentiated. We therefore determined if iprindole would 
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Fig. 1. Antagonism by EXP 561 of (a) brain serotonin depletion by p-chloroamphetamine and (b) 

heart norepinephrine depletion by 6-hydroxydopamine as indices of uptake inhibition into serotonin 

and norepinephrine neurons in rats. Horizontal lines and shaded areas represent mean and standard 

error range for control rats or rats treated with depleting agents alone. Dots represent mean values 
for rats treated with EXP 561 prior to depleting agent. 
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Fig. 2. Concentration of EXP 561 in brain and heart as 

influenced by iprindole pretreatment in rats. EXP 561 

(10 mg/kg) was injected 1 hr before rats were killed and 
1 hr after saline or iprindole (10 mg/kg). 


affect tissue levels of EXP 561 and degree of uptake inhibi- 
tion by EXP 561. Figure 2 shows that the levels of EXP 
561 in heart and in brain were markedly increased by 
iprindole pretreatment. As a consequence, the ability of 
EXP 561 to antagonize p-chloroamphetamine and 6-hyd- 
roxydopamine was increased. In iprindole-pretreated rats, 
antagonism of p-chloroamphetamine-induced depletion of 
brain serotonin was 4, 30, 48 and 93 per cent, respectively, 
after doses of EXP 561 of 0.01, 0.025, 0.05 and 0.1 mg/kg. 
Thus, a dose of 0.05 mg/kg produced about 50 per cent 
antagonism of serotonin depletion, compared to 0.5 mg/kg 
estimated by interpolation with the data in Fig. 1 for rats 
not pretreated with iprindole. Antagonism of 6-hydroxy- 
dopamine-induced depletion of heart norepinephrine in 
iprindole-pretreated rats was 12, 43, 44, 68 and 69 per cent. 
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Fig. 3. Disappearance of EXP 561 from brain of control 

or iprindole-pretreated rats. EXP 561 (10 mg/kg) was in- 

jected at zero time into control rats or rats pretreated 

| hr earlier with iprindole (10 mg/kg). Half lives were calcu- 

lated from least squares calculation of lines best fitting 
the data points. 


respectively, after doses of 0.05, 0.1, 0.25, 0.5 and 1 mg/kg 
of EXP 561. Interpolation gave extimated EDs, values of 
0.3 mg/kg and 2 mg/kg from these data and those in Fig. 
1 for EXP 561 with and without iprindole pretreatment 
respectively. Iprindole itself did not antagonize p-chloram- 
phetamine or 6-hydroxydopamine, as expected from the 
lack of activity of iprindole as an uptake inhibitor [13]. 

To determine quantitatively the extent of iprindole’s in- 
fluence on EXP 561 removal from tissues, we measured 
brain half-lives of EXP 561 with and without iprindole pre- 
treatment (Fig. 3). In control rats, EXP 561 disappeared 
from whole brain with a half-life of 1.4 hr, similar to the 
half-life for amphetamine [14]. Iprindole pretreatment 
markedly increased EXP 561 levels in brain and prolonged 
the half-life of EXP 561 to 11.8hr. These results suggest 
that iprindole pretreatment interferes with the metabolism 
of EXP 561. Although we have no direct proof that the 
metabolic step being inhibited is ring hydroxylation, that 
possibility seems likely in view of the known ability of 
iprindole to inhibit the ring hydroxylation of amphetamine 
[11]. 

In summary, we have obtained data showing that EXP 
561 is a potent inhibitor of uptake both into serotonin-con- 
taining and norepinephrine-containing neurons in rats. The 
potency of EXP 561 is increased still further by iprindole 
pretreatment. Iprindole pretreatment increased EXP 561 
levels in brain and heart and prolonged its half-life, giving 
suggestive indirect evidence that EXP 561 may be metabo- 
lized in rats by ring hydroxylation in a manner similar 
to the metabolism of amphetamine. 


Ray W. FULLER 
HaROLpD D. SNODDY 
KENNETH W. PERRY 


The Lilly Research Laboratories, 
Eli Lilly & Co., 
Indianapolis, Ind. 46206, U.S.A. 
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In vitro Trials to counteract the inhibitory effect of 
B-oestradiol and ethynyloestradiol on the B,-dependent 
kynurenine aminotransferase enzyme 


(Received 3 March 1976: 


The action of pyridoxine (Bs) on tryptophan metabolism 
is well established [1]. Several enzymes along the trypto- 
phan-niacin pathway e.g. kynurenine hydrolase and 
kynurenine aminotransferase require the participation of 
vitamin Bg as a coenzyme [2-5]. 

The discovery that metal ions catalyze non-enzymatic 
reactions of pyridoxal with amino acids [6,7] suggested 
that metal ions might participate in the action of pyridoxal 
phosphate-dependent enzymes[8]. Previous _ studies 
revealed that Zn?* and Mn?* ions activate kynurenine 
aminotransferase [9]. 

In a study concerning the interrelation between female 
hormones associated with reproduction and kynurenine 
metabolism—the central metabolite in the tryptophan-nia- 
cin pathway—it was found that progesterone activates the 
kynurenine aminotransferase, whereas /-oestradiol and 
ethynyloestradiol inhibit this enzyme preferably [10]. 

In these present trials use was made of the activating 
properties of progesterone [10], metal ions (Zn?* and 
Mn?*) [9] to counteract the inhibitory effect of f-oestra- 
diol and ethynyloestradiol on the metabolism of kynur- 
enine and its conversion to kynurenic acid (KA) through 
the vitamin B,-dependent kynurenine aminotransferase 
enzyme. 

The effect of pyridoxal phosphate (PLP) on the com- 
bined effect of either f-oestradiol and the metal ions (Zn? * 
and Mn?*) or ethynyloestradiol and the metal ions is also 
studied. This approach may explain the possible role of 
PLP, as a coenzyme, in counteracting the inhibitory effect 
of these hormones in the presence of high concentrations 
of manganese and zinc ions. 


MATERIALS AND METHODS 


Animals. Adult albino mice weighing 15-20 g, fed on a 
specially prepared diet containing all the necessary factors, 
were used. Male mice were used in this study, since oes- 
trogen treatment of males depressed the aminotransferase 
levels to those typical of females whereas oestrogen treat- 
ment of females did not further depress these levels [11]. 

Materials. Ethynyloestradiol, progesterone and /-oestra- 
diol were purchased from Sigma Chemical Company. 
These water-insoluble hormones were used as a solution 
in absolute alcohol [12]. A semi pure preparation of the 
enzyme [13] and incubation medium was used, and the 
period of incubation and the quantitative determination 
of kynurenic acid were carried out as previously de- 
scribed [9, 10]. Manganese chloride and zinc sulphate were 
purchased from Veb-Labor-Chemie, Apolda, Germany. 


RESULTS 

The results of these trials to counteract the inhibitory 
effect of f-oestradiol and ethynyloestradiol on the kynur- 
enine aminotransferase are illustrated in Tables 1 and 2. 
This counteracting effect is indicated by the amount of 
kynurenic acid produced. This is best illustrated by the 
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percentage activation or inhibition, i.e., the percentage dif- 
ference between the amount of the metabolite produced 
in the control experiment and that produced at varying 
concentration of the activator added. 

It is evident from the results obtained that, at a pro- 
gesterone of concentration 10~° M, i.e. when the concen- 
tration of progesterone is equal to that of B-oestradiol and 
ethynyloestradiol, no inhibitory effect is encountered on 
kynurenine aminotransferase. When an excess amount of 
f-oestradiol is present in the incubation medium, this 
enzyme is powerfully inhibited (84 per cent). When the 
concentration of progesterone (10° * M) [10] exceeds that 
of the inhibiting hormone (10> * M) the enzyme is activated 
in the presence of f-oestradiol and inhibited with ethynyl- 
oestradiol (Table 1). 

In the second two trials using metal ions to counteract 
the inhibitory effect of these hormones on the kynurenine 
aminotransferase, it is found that at equimolar concen- 
trations of the metal ions and the hormones the inhibitory 
effect is minimum, and less than that produced by the hor- 
mone alone. The percentage inhibition produced by f-oes- 
tradiol and ethynyloestradiol on this enzyme was found 
to be 31 per cent and 24 per cent, respectively [10]. More- 
over, the enzyme is found to be powerfully inhibited by 
increasing the concentration of the metal ions from 10-7 
to 10°? M. 

This last observation led to the study of the effect of 
increasing the concentration of PLP (coenzyme) to the in- 
cubation medium containing both excess metal ions 
(10-3 M) and the hormones. The scientific background of 
this trial is based on the fact that kynurenine (substrate), 
metal ions and pyridoxal phosphate form a complex and 
that this complex may be either the proper or the improper 
one which acts with the active centers located on the 
B,-dependent apoenzyme [2]. Moreover, there still exists 
the possibility that pyridoxal phosphate may saturate the 
apoenzyme and hence the enzyme activity may increase. 

The inhibitory etfects induced by the presence of both 
the hormone and Zn** ions (10~3M) is found to be de- 
creased by the addition of (PLP), while low concentration 
only of PLP (200 1g) decrease the inhibitory effect induced 
by the hormone and Mn?™*. Increasing the concentration 
of PLP increases this inhibitory effect. 


DISCUSSION 


From the results obtained from these trials it is clear 
that at equimolar concentrations of the activator (pro- 
gesterone or the metal ions) and the inhibiting hormone, 
a counteracting effect is obtained, i.e., progesterone anta- 
gonises the inhibitory effect of either f-oestradiol or eth- 
ynyloestradiol. This antagonistic effect could be attributed 
to the different affinities of progesterone, f-oestradiol or 
ethynyloestradiol for the active centers on the apoenzyme. 
Progesterone seems to have higher affinity for these active 
centers. The finding that kynurenine aminotransferase 
erizyme is more powerfully inhibited in the simultaneous 
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Table 1. Effect of increasing concentrations of progesterone, Zn** ions and Mn?* ions on the inhibitory effect of 
B-oestradiol and ethynyloestradiol on the kynurenine aminotransferase enzyme 





KA* 
produced 
(umole/g 

liver) 


Concn of 
activator 
added 
(M) 


Activation 
(° a 


Inhibition 
(%) 


KA* 
produced 


Activation 
(° 6) 


Inhibition 
(%) 





(A) Progesterone 


B-oestradiol 
(10~° M) 


B-oestradiol 
(10-* M) 
3.00 
2.80 
1.48 
0.0 


B-oestradiol 
(10°* M) 
3.00 
2.90 
2.75 
0.10 


Ethynyloestradiol 
(10~° M) 
2.94 0.0 
3.18 8 
33 


3.90 
2.28 


Ethynyloestradiol 
(10~* M) 


Ethynyloestradiol 
(10~* M) 





* Average value of four experiments. 


+ Control experiment, i.e., in the absence of either the hormones or the activator added. 


presence of f-oestradiol (10°°M) and progesterone 
(10~°M), than in the presence of f-oestradiol alone (31 
per cént) [10], could be attributed to the different affinities 
of the two hormones to interact with the enzyme substrate 
(kynurenine)}-PLP-—metal ion complex [14]. /-Oestradiol 
seems to have a higher affinity for the enzyme substrate 
under the latter éxperimental conditions. 

The finding that equimolar concentrations of the metal 
ion and the inhibiting hormone induce no inhibitory effect 
on this enzyme system could be attributed to the prob- 
ability that two metal ion complexes are formed under 
these experimental conditions: kynurenine~-PLP-metal ion 


complex and hormone-PLP-metal ion complex. The 
former complex seems to be the proper one required for 
kynurenine aminotransferase enzyme, since metal ions 
alone activate this enzyme [9]. The existence of a low in- 
hibitory effect under this experimental condition could be 
attributed to the competition between the proper and the 
improper complex for the active centers on the 
enzyme [10]. 

Moreover, the results of the studies carried out to inves- 
tigate the effect of increasing concentrations of pyridoxal 
phosphate on the combined effect of either f-oestradiol 
or ethynyloestradiol and Mn?* ions or Zn?* ions revealed 


Table 2. Effect of increasing concentrations of pyridoxal phosphate (PLP) on the combined 
effect of B-oestradiol or ethynyloestradiol and the metal ions on kynurenine aminotransferase 
enzyme 





KA* 
produced 
(umole/g liver) 


KA* 
produced 
(umole/g liver) 


Concn of 
PLP 
(ug/g liver) 


Inhibition 
(°4) 


Inhibition 


No. (%) 





(A) Zn?* ions (1073 M) 


B -oestradiol Ethynyloestradiol 


(B) Mn?* ions (1073 M) 


B-oestradiol 
(10-* M) 
3.33 
3.20 
2.90 
2.40 


0.0 

4 
13 
28 





* Average value of four experiments. 


+ Control experiment, in the absence of the hormone and the metal ions in the incubation 


medium. 
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that the role of PLP is the formation of the proper com- 
plex. These studies concerning the counteracting effect of 
progesterone on the inhibitory effect of B-oestradiol or eth- 
ynyloestradiol could be one of the future in vivo trials to 
the approach of studying adverse drug reactions in contra- 
ceptive users. 


S. M. EL-ZOGHBY 
S. M. EL-SEWEDY 
A. A. SAAD 

M. H. MOSTAFA 

S. M. EBIED 

G. A. ABDEL-TAWAB 


Department of Cancer Chemistry, 
Medical Research Institute, 
Alexandria University, 
Alexandria, Egypt 


REFERENCES 


1. J. M. Price, R. R. Brown and N. Yess, in Advances 
in Metabolic Disorders (Eds. R. Levine and R. Luft) 
Vol. 2. Academic Press, New York (1965). 

2. P. Holtz and D. Palm, Pharmac. Rev. 16, 113 (1964). 


2413 


. R. R. Brown, N. Yess, J. M. Price, H. Linkswiler, P. 
Swan and L. V. Hankes, J. Nutr. 87, 419 (1965). 

. H. Linkswiler, Am. J. clin. Nutr. 20, 547 (1967). 

. J. Kelsay, L. T. Miller and H. Linkswiler, J. Nutr. 97, 
27 (1968). 

. J. Baddiley, Nature, Lond. 170, 711 (1952). 

. D. E. Metzler and E. E. Snell, J. biol. Chem. 198, 353 
(1952). 

. D. E. Metzler, Fedn Proc. 20 (10), 234 (1961). 

. S. M. El-Sewedy, G. A. Abdel-Tawab, S. M. El- 
Zoghby, R. Zeitoun, M. H. Mostafa and Sh. Shalaby, 
Biochem. Pharmac. 23, 2557 (1974). 

. A. A. Saad, G. A. Abdel-Tawab, S. M. El-Zoghby, M. 
H. Mostafa and G. E. Moursi, Biochem. Pharmac. 23, 
999 (1974). 

. M. Mason and B. Manning, Am. J. clin. Nutr. 24, 786 
(1971). 

. I. P. Braidman and D. P. Rose, Biochem. Pharmac. 
20, 973 (1971). 

. D. P. Rose, R. R. Brown, Biochim. biophys. Acta 184, 
412 (1969). 

. D. E. Metzler, M. Ikawa and E. E. Snell, J. Am. chem. 
Soc. 76, 648 (1954). 





Biochemical Pharmacology, Vol. 25, pp. 2413-2415. Pergamon Press, 1976. Printed in Great Britain. 


Inhibition of purine nucleotide biosynthesis by 3-deazaguanine, its nucleoside 
and 5'-nucleotide 


(Received 7 November 1975; accepted 26 March 1976) 


The synthesis of 3-deazaguanine, 3-deazaguanosine, and 
3-deazaguanylic acid (Fig. 1) was recently realized in our 
laboratories [1] as part of a continuing program to de- 
velop chemotherapeutically useful analogs of the naturally 
occurring purines with particular reference to broad spec- 
trum antiviral agents. Previous studies reporting the anti- 
bacterial [2,3] antitumor [4,5] and antiviral [6,7] activity 
of certain 1- and 3-deazapurines have established the 
potential chemotherapeutic importance of such com- 
pounds. Indeed, 3-deazaguanine, together with the nucleo- 
side and 5’-nucleotide, has demonstrated potent antiviral 
activity in vitro against a variety of DNA and RNA vir- 
uses [8] as well as activity in vivo against L1210 leukemia 
and adenocarcinoma 755 in mice [9]. 

A procedure has been developed by Snyder et al. [10], 
and utilized in our laboratories, in which the apparent ac- 
tivities of eight enzymes of purine nucleotide biosynthesis 
and interconversion can be calculated when Ehrlich ascites 
tumor cells are incubated in vitro with hypoxanthine ['*C]. 
Previous studies have linked the antagonism of this path- 
way with a number of compounds possessing antiviral and 
antitumor activity [11-13]. In particular, the enzyme IMP 
dehydrogenase, which occupies a key position in this path- 
way, is a common site of inhibition by many of these com- 
pounds. It is, therefore, the purpose of this communication 
to report the effects of 3-deazaguanine and its derivatives 
on purine nucleotide biosynthesis in Ehrlich ascites tumor 
cells. 

The synthesis of 3-deazaguanine, 3-deazaguanosine and 
3-deazaguanylic acid, as well as the 7-ribosyl derivative 
of 3-deazaguanine, has been reported[1]. Hypoxan- 
thine ['*C] (51 mCi/m-mole, 0.1 mCi/ml) was obtained 
from ICN Pharmaceuticals, Isotope and Nuclear Division, 
Irvine, Calif. Ribonucleotide markers were obtained from 
Sigma Chemical Co., St. Louis, Mo., and PEI-cellulose 
chromatography plates from Brinkman Instruments Inc., 


Los Angeles, Calif. Ehrlich ascites tumor cells were the 
generous gift of Dr. J. Frank Henderson, University of 
Alberta, Edmonton, Alberta, Canada. Procedures for the 
maintenance, preparation and incubation of the cells have 
been described [10,14]. The apparent activity of each of 
the enzymes in the pathway is determined as the sum of 
the radioactive substrate (hypoxanthine ['*C]) in all meta- 
bolites further along in the pathway. Table 1 gives the 
arithmetic sums denoting each of the reactions together 
with typical control values in parentheses. The incorpor- 
ation of radioactivity into NAD was not included in these 
calculations because of the low amount (less than 100 
counts/min) found in this product. By comparison of the 
control and drug-treated cells, the per cent inhibition of 
each of the reactions can be calculated after a correction 
is made for inhibition of the reactions prior to the one 
under consideration. A complete analysis of these compu- 
tations can be found in Ref. 10. 

IMP dehydrogenase (IMP:NAD-oxidoreductase, EC 
1.2.1.14) was partially purified from E. coli. B. and assayed 


(a) R=H 
(b) R= B-pv-ribose 
(c) R= B-pv-ribose-5 - phosphate 


Fig. 1. Structures of (a) 3-deazaguanine, (b) 3-deazaguano- 
sine and (c) 3- deazaguanylic acid. 
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Table 1. Summations representing the apparent enzyme activities in the biosynthesis of pur- 
ine nucleotides from hypoxanthine ['*C] 





Enzyme Summation (cpm) 





AMP + ADP + ATP + IMP 

+ XMP + GMP + GDP 

+ GTP (10,755) 

AMP + ADP + ATP (9,200) 

ADP + ATP (8,824) 

ATP (7.526) 

XMP + GMP + GDP + GTP (1,165) 
GMP + GDP + GTP (1,117) 


Hypoxanthine-phosphoribosyl 
transferase 


AMP synthetase + lyase 
AMP kinase 

ADP kinase 

IMP dehydrogenase 
GMP synthetase 


GMP kinase 
GDP kinase 


GDP + GTP (1,049) 
GTP (668) 





as described previously [11]. It was found in those studies 
that the bacterial enzyme preparation was more active and 
stable to storage than that prepared from Ehrlich ascites 
cells, while possessing similar kinetic properties and acti- 
vity toward nucleotide inhibitors. Purine nucleoside phos- 
phorylase was assayed in cell-free extracts of Ehrlich 
ascites tumor cells prepared from about 5 g of packed cells 
which were suspended in 10 ml of 0.01 M potassium phos- 
phate buffer, pH 7.5, and homogenized at top speed in 
the 50-ml cell of a Sorvall omni-mixer for 2 min at 5. 
Microscopic examination indicated almost complete cell 
breakage under these conditions. The homogenate was 
centrifuged at 25,000g for 30 min and the supernatant used 
as a source of the phosphorylase. Protein concentrations 
were determined by the method of Lowry et al. [15]. Reac- 
tions were carried out by incubating 200-300 mg protein 
with 250nmoles substrate in 5ml of 0.01M_ potassium 
phosphate buffer at 37° for 18-20hr. Reaction mixtures 
which had been preheated to 60’, 4 min prior to incubation 
at 37°, were used as controls. Phosphorolysis was deter- 
mined by noting the marked u.v. spectral shift of either 
the 7- or 9-ribosyl derivative of 3-deazaguanine relative 
to the free base (see Ref. 1). 

Table 2 contains a breakdown of the various enzymes 
involved in purine nucleotide biosynthesis and the effects 
of 3-deazaguanine and its derivatives on the activities of 
enzymes in Ehrlich ascites in vitro. For comparison, riba- 
virin which is a known inhibitor of some of the enzymes 
in this pathway [12] was tested in parallel. In all four cases, 
IMP dehydrogenase and hypoxanthine-guanine phosphori- 


bosyl transferase (HGPRT) appear to be the principle sites 
of inhibition, although ribavirin exerts some effect on GDP 
kinase as well. The relative effectiveness of the base, nuc- 
leoside, and 5’-nucleotide in inhibiting IMP dehydrogenase 
may or may not be significant since the relative permeabili- 
ties of these compounds to the cell have to be taken into 
account. The fact that all three compounds do show a 
similar pattern of inhibition suggests that they may be 
metabolized to a common active derivative. The most 
likely inhibitor of IMP dehydrogenase would be the 
5'-nucleotide, since both guanylic acid and ribavirin-5’- 
phosphate are inhibitors of the isolated enzyme. The rela- 
tive Is) values (concentration required for 50 per cent inhi- 
bition) in the same experiment, performed in duplicate, 
were: guanylic acid, 7.3 x 10° ° M; ribavirin-5’-phosphate, 
1.7 x 10°7M; and 3-deazaguanylic acid, 1.2 x 10°°M. 
3-Deazaguanylic acid, though 10-fold less active than riba- 
virin-5'-phosphate, is still about 60 times more effective 
than guanylic acid as an inhibitor of this enzyme. Forma- 
tion of the 5’-nucleotide would most likely be accom- 
plished through phosphoribosylation of the free base. This 
would offer a possible explanation for the inhibition of 
HGPRT in the ascites cell assay as a substrate competition 
between 3-deazaguanine and the['*C]-hypoxanthine. 
Phosphorylation of the nucleoside to the 5’-nucleotide is 
a less likely route, since the presence of an inosine-guano- 
sine kinase has only been demonstrated in Ehrlich ascites 
cells which are lacking hypoxanthine-guanine phosphori- 
bosyl transferase [16]. The activity of 3-deazaguanosine 
would most likely be the result of phosphorolytic (or hy- 


Table 2. Inhibition of purine nucleotide biosynthesis in Ehrlich ascites tumor cells by 3-deazaguanine and related 
compounds* 





*, Inhibition by: 





3-Deaza- 


Reaction guanine 


3-Deaza- 
guanylic 
acid 


3-Deaza- 


guanosine Ribavirin 





Hypoxanthine-guanine 
phosphoribosyl transferase 

AMP synthetase + lyase 

AMP kinase 

ADP kinase 

IMP dehydrogenase 

GMP synthetase 

GMP kinase 

GDP kinase 





* Ehrlich ascites tumor cells, approximately 6 x 10° cells/ml, were incubated at 37°, for 20 min in 0.1 ml of Fischer’s 
medium containing 25mM sodium phosphate buffer, pH 7.4, with and without |1mM _ of the indicated compounds. 
Incubations were carried out in triplicate. Hypoxanthine ['*C] was then added to a final concentration of 0.1 mM 
and the incubation continued for 60 min. The apparent enzyme activities were calculated according to the summation 
in Table | and the inhibition of these activities was determined according to the method described in Ref. 10. 
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Table 3. Enzymic phosphorolysis of 3-deazaguanosine and 7-ribosyl-3-deazaguanine by cell-free extracts of Ehrlich 
ascites tumor cells 





Reaction 


Compound conditions 


Amax* 


Product 


identity Analysis 





60°, 4 min 
+37°, 18hr 
37°, 18 hr 


3-Deazaguanosine 
3-Deazaguanosine 
60°, 4 min 


+ 37°, 18hr 
37°, 18 hr 


7-Ribosyl-3-deazaguanine 


7-Ribosyl-3-deazaguanine 


270,298 
258,300 
317,258 


317,258 


3-Deazaguanosine No reaction 
Complete 

phosphorolysis 
No reaction 


3-Deazaguanine 


7-Ribosyl-3- 
deazaguanine 
7-Ribosyl-3- 
deazaguanine 


No reaction 





* Refer to [1] for u.v. spectral properties of the nucleosides and the free base. The reaction conditions are described 


in the text. 


drolytic) cleavage to release the free base followed by sub- 
sequent phosphoribosylation to form the 5’-nucleotide. 
When 3-deazaguanosine was incubated with a cell-free 
extract of Ehrlich ascites (Table 3), u.v. spectral analysis 
revealed that, indeed, the nucleoside was cleaved to the 
free base, and further that the activity is specific for the 
9-ribosyl linkage to the base. Thin-layer chromatographic 
analysis of the reaction mixtures was consistent with the 
results reported in Table 3. 

In summary, these studies show that 3-deazaguanine can 
interfere with the biosynthesis of purine nucleotides in Ehr- 
lich ascites tumor cells, most probably through the inhibi- 
tion of IMP dehydrogenase by the 5’-nucleotide. At the 
concentration used in these studies (1 mM), 3-deazaguanine 
is also about 50 per cent cytotoxic to KB tumor cell cul- 
tures. This, then, would offer one means of interfering with 
tumor cell growth through consequent inhibition of nucleic 
acid synthesis. However, direct interference with nucleic 
acid synthesis either by incorporation or interference with 
polymerase activities is also possible if metabolism to the 
triphosphate does occur. Further studies on the actual 
metabolism of 3-deazaguanine in tumor cells is obviously 
required to determine the primary mode of action of this 
compound. 
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Allylisopropylacetamide preferentially interacts with the 
phenobarbital-inducible form of rat hepatic microsomal P-450 


(Received 4 November 1974; accepted 6 May 1976) 


Cytochrome P-450 is the terminal oxidase of a number 
of mammalian microsomal electron transport systems 
which metabolize a variety of compounds, including ster- 
oid hormones, fatty acids, and a variety of xenobiotics [1]. 


Several studies provide nearly overwhelming evidence that 
rat liver microsomes contain several distinct forms of this 
cytochrome [2-5], thus offering an explanation for the 
observable broad specificity of this enzyme system. How- 
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ever, it has not been demonstrated that distinct cyto- 
chrome P-450 forms confer substrate specificity within in- 
tact organisms. 

Treatment of rats with 2-allyl-2-isopropylacetamide 
(AIA) produces a rapid loss of hepatic microsomal P-450 
content with a concomitant appearance of ill-defined green 
pigments [6-10]. The destruction of P-450 in situ by AIA 
presumably results from activation of AIA to a highly reac- 
tive, destructive epoxide [10], inasmuch as the destruction 
of P-450 by AIA, secobarbital and other barbiturates is 
dependent upon the presence of an allyl function within 
the molecule [9, 11]. Sweeney and Rothwell [12] have pre- 
. sented spectroscopic evidence for an interaction between 
AIA and cytochrome P-450, suggesting that the initial step 
in the degradation must involve binding of AIA to the 
cytochrome. 

In this report, we give spectral and electrophoretic evi- 
dence that AIA interacts preferentially with one of the mul- 
tiple forms of hepatic microsomal cytochrome P-450 in 
vivo. 

Male, albino CFN rats, 90 days of age, and weighing 
approximately 300 g, were divided into four groups. Ani- 
mals in Group A received daily intraperitoneal injections 
of 0.9% saline for 3 days. Rodents in Group B received 
daily intraperitoneal injections of PB (75 mg/kg body wt, 
as 25 mg/ml in saline) for 3 days. Animals in Group C 
were injected daily, intraperitoneally with 3-methylcho- 
lanthrene (3-MC, 25 mg/kg body wt, as 10 mg/ml in corn 
oil) for 2 successive days. Finally, animals in Group D 
were injected once with the polychlorinated biphenyl 
(PCB) Aroclor 1254 (400 mg/kg body wt, as 400 mg/ml in 
corn oil). 

After treatment with saline or with inducers of the mic- 
rosomal enzyme system (Group A, 3 days; Group B, 3 
days; Group C, 2 days: and Group D, 5 days), the animals 
in each group were injected subcutaneously either with 
saline or AIA (400 mg/kg body wt, as 20 mg/ml in saline). 
Five hr later the animals were killed and liver microsomes 
were prepared as described by Welton and Aust [4]. Cyto- 
chrome P-450 content was determined according to the 
method of Omura and Sato [13], while protein content 
was determined according to the method of Lowry et al. 
[14], using bovine serum albumin as standard. Microsomal 
proteins were electrophoresed in 0.1°,, SDS-acrylamide gels 
according to the method of Welton and Aust [4]. The 
gels were stained with Coomassie blue [15] and scanned 
at 550 nm with a Gilford 2400S spectrophotometer. Micro- 
somal hemoproteins were localized on the gels by staining 
for the peroxidase activity of the heme moiety [4]. 

Microsomal cytochrome P-450 content of control ani- 
mals was 1.38 nmoles/mg of microsomal protein (Table 1). 
Pretreatment of animals with PB, 3-MC or Aroclor 1254 
produced marked increases 1a hemoprotein content. In 
addition, there was a biue shift in the Soret maximum 
of the CO-difference spectrum of P-450 after treatment 


with either 3-MC or Aroclor, as has been well-documented 
by others [16~—18]. 

Treatment with AIA produced a decline in P-450 con- 
tent in all groups (Table 1), with the greatest change in 
animals which had been pretreated with either PB or PCB. 
Unexpectedly, the Soret maximum of the reduced CO-dif- 
ference spectrum for the hemoprotein complex shifted from 
450 to 453 nm in PB-treated animals after treatment with 
AIA, while a similar shift from 446 to 449 nm occurred 
in PCB-treated animals after treatment with AIA. 

The shift in Soret maximum is not species specific, since 
similar results were obtained with male Holtzman rats of 
corresponding age and body weight (unpublished results). 
Also, the appearance of the shift depends upon treatment 
with a specific inducer, since treatment with AIA after pre- 
treatment with 3-MC produces a decline in total hemopro- 
tein content but no shift in the absorption maximum from 
448 nm. 

It may be argued that the observed spectral shift rep- 
resents interaction of metabolites of PB or Aroclor with 
the reduced CO-AIA-hemoprotein complex, as has been 
shown to occur following interaction of the CO-hemopro- 
tein complex with metabolites of a variety of compounds 
[19-22]. However, the shift does not occur when animals 
are injected with PB and AJA simultaneously and sacri- 
ficed Shr later (unpublished observations), although it 
would be expected that metabolites of PB would be present 
in animals so treated. Furthermore, the shift in the absorp- 
tion maximum of the reduced CO adduct occurs in ani- 
mals which have been pretreated with Aroclor. 

We hypothesized that the shift observed in AIA-treated 
rats after pretreatment with PB or Aroclor results from 
preferential interaction of AIA with one of the several 
forms of microsomal P-450. The CO-difference spectrum 
observed for microsomes which exhibit an absorption 
maximum at 450 nm is, in fact, the sum of the contribution 
of multiple forms of the hemoprotein. Treatment with 
3-MC apparently alters the ratios of the multiple hemopro- 
teins, resulting in a shift from 450 to 448 nm in the reduced 
CO adduct. Destruction of a specific form of P-450 may 
permit similar alterations in the absorption maximum of 
the CO-difference spectrum. It has been demonstrated that 
one of the multiple forms of P-450 which is induced by 
PB [4] is also induced by polychlorinated biphenyls [2]. 
The present results demonstrate that the shift in absorption 
maximum only occurs after treatments which are known 
to increase the level of this form of P-450. If this hypothesis 
is correct, preferential destruction of one form of the hemo- 
protein by AIA should be accompanied by a loss of the 
PB-inducible form of P-450 in microsomal material from 
AIA-treated rats. Accordingly, microsomal protein from 
such animals was subjected to SDS-polyacrylamide gel 
electrophoresis and the results are shown in Fig. 1. It is 
apparent from a comparison of panels A and B that the 
50,000 dalton component interacts preferentially with AIA 


Table |. Effect of 2-allyl-2-isopropylacetamide on hepatic microsomal P-450 content in CFN male rats after pretreatment 
with various compounds 





Soret 


°% P-450 


maximum P-450 content AIA 


Group Treatment (A, nm) 


(nmoles/mg protein) sensitive 





A Saline 450 
Saline + AIA 450 

B 450 
453 

448 

448 

446 

PCB + AIA 449 
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Saline + AIA 














Absorbancy at 550 nm 




















Migration, cm 


Fig. 1. SDS-polyacrylamide gel electrophoresis of rat 


hepatic microsomal proteins. Ten yl protein was applied 


to each 5 x 100mm gel (ug protein/gel: A, 4.86; B, 5.06; 

C, 5.23; and D, 3.27). Four milliamperes was applied to 

each gel, and electrophoresis was carried out in the dark, 

at 5°, for 3 hr. Standards for molecular weight calibration 

of the gels included phosphorylase A, bovine serum albu- 

min, pyruvate kinase, aldolase, lactate dehydrogenase, lyso- 
zyme and cytochrome c. 


and is subsequently destroyed by metabolism of the allyl- 
containing compound. Comparison of the figures in panels 
Cand D supports this finding by showing that the relative 
amount of 45,000 dalton component in animals treated 
with AIA and PB is nearly identical to that in saline- 
treated animals, while the AIA interacts preferentially with 
the 50,000 dalton component. 

Additional support for our hypothesis is obtained from 
a consideration of the microsomal hemoprotein content 
after treatment with AIA (Table 1). The microsomal P-450 
content in PB-treated animals, after treatment with AIA, 
is very nearly the same as that in control animals after 
similar treatment. In contrast, P-450 content in 3-MC- 
treated animals after treatment with AIA is much higher, 
and similar to that found in animals pretreated with Aroc- 
lor. These findings indicate that the form of hemoprotein 
induced by 3-MC, and also by Aroclor, is not greatly 
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affected by treatment with AIA. However, the PB-inducible 
component, which is present in 3-MC-treated animals 
(prior to induction) and induced in Aroclor-treated ani- 
mals, is preferentially destroyed by treatment with AIA. 

These results indicate that AIA preferentially binds to 
one of several forms of hepatic microsomal P-450 in vivo. 
During the preparation of this manuscript, it was shown 
that metapyrone and SKF 525-A interact selectively with 
different fractions of microsomal P-450 in vitro [23]. The 
present results demonstrate that the different forms of rat 
hepatic cytochrome P-450 possess distinct substrate speci- 
ficity within intact organisms. 
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Effect of piperonyl butoxide on hepatic 6-aminolevulinic acid synthetase activity in mice 


(Received 24 November 1975; accepted 6 February 1976) 


Piperonyl butoxide, a widely used insecticide synergist, is 
a well-known inhibitor of mammalian hepatic microsomal 
drug-metabolizing enzymes, both in vivo and in vitro [1-4], 
probably by combining with cytochrome P-450 to form 
an inactive form of cytochrome P-450 [5,6]. There are 
marked species differences in sensitivity to piperonyl 
butoxide, with mice being very sensitive and humans and 
rats being less sensitive [7]. However, several reports have 
shown that the effect of piperonyl butoxide on hepatic 
drug-metabolizing enzymes is biphasic; acute inhibition is 
followed by increased activity [8,9]. In addition, long-term 
feeding of piperonyl butoxide causes phenobarbital-like in- 
duction of hepatic drug-metabolizing enzymes as well as 
a general hypertrophy in the liver, such as proliferation 
of the smooth endoplasmic reticulum [10, 11]. 

Because of the key role played by hemoproteins in the 
drug-metabolizing enzyme system, it was of interest to exa- 
mine the effect of piperonyl butoxide on hepatic 6-amino- 
levulinic acid synthetase (ALA synthetase) activity, the first 
enzyme in haem synthesis. The induction of ALA synthe- 
tase by a wide variety of foreign chemicals has been 
demonstrated in laboratory animals [12-14], and a rela- 
tionship between the induction of ALA synthetase and the 
alterations in the drug-metabolizing enzyme activity has 
also been suggested by several investigators [15-17]. 

In the present study, piperonyl butoxide was shown to 
significantly stimulate hepatic ALA synthetase activity in 
mice. The biochemical nature of this stimulation was inves- 
tigated, and the implications of alteration of the hepatic 
drug-metabolizing enzyme system are discussed. 

Piperonyl butoxide (96 per cent purity) was a gift from 
Dr. A. Hayashi, Tokyo Medical and Dental University. 
All other chemicals were of reagent grade and were pur- 
chased commercially. 

Male ddY mice, weighing 25-28 g and fed a commercial 
diet, were used. The mice were fasted for 20hr prior to 
synergist treatment. The mice were injected intraperi- 
toneally with different dose levels of piperonyl butoxide 
dissolved in corn oil, and sacrificed at the times indicated. 
Control mice were injected with corn oil. Livers were 
rapidly excised and homogenized in 3 vol. of 0.9% NaCl 
containing 10mM Tris-HCl buffer (pH 7.4) and 0.5 mM 
EDTA using a Potter-Elvehjem homogenizer with a Tef- 
lon pestle. ALA synthetase activity was assayed by the 
method of Marver et al. [18] using total homogenate as 
the enzyme source. The reaction mixture contained 
200 pmoles glycine, 20 pymoles EDTA, 0.4 pmole pyridoxal 
phosphate, 150 zmoles Tris-HCI buffer (pH 7.2), and 0.5 ml 
homogenate, in a final volume of 2 ml. The reaction mix- 
ture was shaken in a metabolic incubator for 60 min at 
37°, and the reaction was stopped by the addition of 0.5 ml 
of 25°, trichloroacetic acid solution. The ALA produced 
was converted to a pyrrole by condensation with acetylace- 
tone, and the product was isolated using a Dowex-1-ace- 
tate column. Then, the pyrrole compound derived from 
ALA was determined colorimetrically by reaction with 
Ehrlich-Hg reagent as reported previously [19]. 

The time course of ALA synthetase activity after the 
administration of piperonyl butoxide at 100, 300 and 


500 mg/kg dose levels is shown in Fig. 1. A significant in- 
crease in ALA synthetase activity was observed by the 
administration of piperonyl butoxide at all three dose 
levels. The increase in ALA synthetase activity due to 
piperonyl butoxide administration occurred somewhat 
dose dependently, and in each case a peak value was 
reached within 16hr after the synergist treatment. These 
values corresponded to 2.3, 3.5 and 4.5 times that of the 
control levels for 100, 300 and 500 mg/kg dose levels, re- 
spectively. Treatment of mice with a dose of 50 mg/kg pro- 
duced a slight increase in ALA synthetase activity, and 
a dose of 800 mg/kg produced an increase in enzyme acti- 
vity similar to that seen with the 500 mg/kg dose when 
measured 16hr after piperonyl butoxide was given. The 
elevated ALA synthetase activity was sustained for as long 
as 24hr after piperonyl butoxide treatment. 

Contrary to the marked increase in ALA synthetase acti- 
vity due to the administration of piperonyl butoxide, hepa- 
tic drug-metabolizing enzyme activity, when measured as 
aminopyrine N-demethylase activity, was profoundly inhi- 
bited for 16 hr after the synergist treatment, and returned 


% of control 


ALA synthetase activity, 





}. i 
8 16 


Time after treatment, hr 





Fig. 1. Time course of ALA synthetase activity after 
administration of piperonyl butoxide. Fasted mice were in- 
jected intraperitoneally with a single dose of 100, 300 and 
500 mg/kg piperonyl butoxide and were sacrificed at the 
time indicated. The mice were injected with the synergist 
and then fasted when the activity of the 48-hr interval was 
determined. Values are expressed as per cent of control 
activity at each time period. Control values ranged from 
51.4 to 73.5nmoles ALA/g of liver/hr during the time 
course study. The vertical bars are standard errors of the 
mean of three to five mice. 
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Table 1. Effect of pretreatment with cycloheximide and 
hemin on the increase in ALA synthetase activity caused 
by the administration of piperonyl butoxide* 





ALA synthetase 
activity (nmoles ALA/g 


Treatment liver/hr) 





61.5 + 6.6 
209.4 + 15.4 
46.7 + 3.9 


Control 
Piperonyl butoxide 
Cycloheximide 
Cycloheximide 

+ piperonyl butoxide 
Hemin 
Hemin 

+ piperonyl butoxide 


106.5 + 8.8 
39:5 + 3.8 


91.1 + 7.2 





* Fasted mice were used. Cycloheximide (20 mg/kg, i.p.) 
was injected into mice | hr before and 8hr after the 
administration of piperonyl butoxide (300 mg/kg, i-p.). 
Hemin (20 mg/kg, i.p.) was injected into mice 1 hr before 
the synergist. The mice were sacrificed 16hr after the 
administration of the synergist. Values are the mean + 
S.E. of four to five mice. 


nearly to control levels by 24hr, as reported by other in- 
vestigators (data not presented). 

The results of the present study indicate that the 
administration of piperonyl butoxide to mice causes a reci- 
procal relationship between ALA synthetase activity and 
drug-metabolizing enzyme activity in the early stages. 

The increase in ALA synthetase activity caused by the 
administration of piperonyl butoxide may have been due 
to an increase in enzyme protein rather than to activation 
or stabilization of pre-existing enzyme. As shown in Table 
1, pretreatment of mice with cycloheximide prevented, to 
some extent the increase in ALA synthetase caused by 
piperonyl butoxide only. In addition, pretreatment with 
hemin prior to the administration of piperonyl butoxide 
prevented to some extent the increase in ALA synthetase 
activity. Several studies have shown that hemin prevents 
drug-induced increase in ALA synthetase activity, presum- 
ably by acting as a feed-back repressor of the enzyme 
[20-22]. This result also supports the concept that piper- 
onyl butoxide stimulated an increased synthesis of the 
enzyme. 

It has been reported that a wide variety of chemicals 
with divergent structures are able to induce ALA synthe- 
tase [12-17, 23,24]; however, it is not clear how these 
chemicals induce ALA synthetase. It has been suggested 
that several chemicals may elicit the increase in ALA syn- 
thetase through the decreased concentration of cytochrome 
P-450, mainly due to the destruction of the haem moiety, 
thereby decreasing the normal feed-back control [25, 26]. 

With respect to the effect of piperonyl butoxide on cyto- 
chrome P-450 content, Matthews et al. [8] reported the 
apparent decrease in cytochrome P-450 of mouse liver 
shortly after the administration of piperonyl butoxide. 
Although it is not clear whether the decreased content of 
cytochrome P-450, due to the administration of piperonyl 
butoxide, is accompanied by a decrease in haem content, 
it might be possible to indicate that the decreased cyto- 
chrome P-450 is compensated for by the induction of ALA 
synthetase, thus leading to the increased availability of 
haem content in the liver. This contention may be also 
supported by the fact that piperonyl butoxide can form 
an inactivate form of cytochrome P-450 [5,6]. However, 
a detailed study will be needed to prove this possibility. 

On the other hand, the rather persistent increase in ALA 
synthetase caused by piperonyl butoxide treatment may, 
in turn, lead to the increase in cytochrome P-450 content 
in the later stages that was observed by Matthews et al. 
[8]. Thus, the biphasic effect of piperonyl butoxide on 
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hepatic drug-metabolizing enzymes, as well as on cyto- 
chrome P-450 content, which was observed by several in- 
vestigators [8,9], could be interpreted by the present find- 
ing to mean that piperonyl butoxide induced ALA synthe- 
tase. 

Consistent results have also been obtained by the 
repeated administration of piperonyl butoxide to fed mice. 
When mice were treated with piperonyl butoxide in a dose 
of 300 mg/kg daily for 3 days, ALA synthetase activity was 
increased in a similar extent to that observed with a single 
administration of piperonyl butoxide to fasted mice, 
although the measurable activity in fed mice was lower 
than that of fasted mice. 

There is evidence that piperonyl butoxide is metabolized 
by the hepatic drug-metabolizing enzyme system [27-29]. 
An experiment was carried out to examine whether the 
metabolism of piperonyl butoxide is causually involved in 
the induction of ALA synthetase, using the modifiers of 
drug-metabolizing enzymes. The experimental conditions 
were similar to those described in Table 1. It was found 
that pretreatment of mice with SKF 525-A, an inhibitor 
of drug-metabolizing enzymes, prevented to some extent 
the increase in ALA synthetase activity caused by piper- 
onyl butoxide alone, although SKF 525-A itself increased 
the enzyme activity about 1.9 times that of the control, 
as observed by Marver [30] in rats. On the other hand, 
pretreatment with phenobarbital, an inducer of drug-meta- 
bolizing enzymes, for 3 days did not enhance the increase 
in ALA synthetase activity due to the administration of 
piperonyl butoxide. Administration of phenobarbital alone 
increased the enzyme activity about 2 times that of the 
control. Because of the increase in ALA synthetase activity 
brought about by the administration of phenobarbital or 
SKF 525-A alone under these experimental conditions, it 
would be difficult to indicate that metabolism of piperonyl 
butoxide is causually involved in the induction of ALA 
synthetase. 

Although the mechanisms involved in the induction of 
ALA synthetase due to piperonyl butoxide administration 
remain to be experimentally shown, the present findings 
provide information on a specific pharmacological effect 
of the synergist on mouse liver. 
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Azathioprine undergoes thiolysis to 6-mercaptopurine in vivo, a step necessary for the 
ultimate action of the drug [1,2]. It has long been suspected that the cleavage of aza- 
thioprine at the S-imidazole bond involves thiol compounds, particularly glutathione [3]. 
After the administration of azathioprine in vivo, the recovery of significant amounts of 
5-glutathionyl-1-methy1-4-nitroimidazole [4,5] demonstrates that glutathione-mediated thiol- 
ysis is the major pathway for conversion to 6-mercaptopurine. Previous evidence obtained 
in vitro has favored nonenzymatic thiolysis of azathioprine by glutathione of liver and 
erythrocytes [4-6]. The failure of azathioprine to produce plasma rosette inhibitory ac- 
tivity in liver disease [7-9] suggests that hepatic metabolism of azathioprine is necessary 
for activation of the drug. Therefore, studies were performed using rat liver to identify 
the presence of an enzyme activity capable of catalyzing the thiolysis of azathioprine by 
glutathione. 

6-Mercaptopurine was found to have _—— at 317 nm whereas azathioprine had a Naame at 
280 nm in 0.1 M sodium phosphate buffer, pH 6.5 to 8.0, at 37°. The molar extinction co- 
efficient for 6-mercaptopurine was 15.2 mm! em! After complete thiolysis (2-hr incu- 
bation at 37°) of azathioprine by glutathione with or without added liver homogenate, the 
identical molar extinction coefficient was derived for the product of the reaction, con- 
firming that 6-mercaptopurine is a product of the interaction between azathioprine and 
glutathione. 

The existence of an hepatic enzyme activity for the reaction between azathioprine and 
glutathione and the production of 6-mercaptopurine (at 317 nm) was sought (Table 1). The 
100,000 g supernatant fraction (cytosol) from male Sprague-Dawley rat liver (20% homogen- 
ate) was prepared as previously described [10]. Reaction mixtures (2.1 ml) contained aza- 
thioprine (0.1 mM) in 0.1 M sodium phosphate buffer, pH 6.5 to 8.0. Reaction was initi- 
ated by the addition of glutathione (0.5 mM) with or without 100 yl liver cytosol. Re- 
actions were followed spectrophotometrically for the production of the 317 nm product in 
a Beckman ACTA MVI spectrophotometer (0 to 0.1 absorbance scale) at 37° with the reference 
consisting of all the constituents of the reaction mixture except azathioprine. When cy- 
tosol was used a total activity was measured, whereas in the absence of cytosol a non- 


enzymatic rate was measured. The difference represented enzymatic activity. An enzymatic 
activity (linear for 5 min) was found which was a linear function of protein and substrate 
concentration at each pH tested and which was destroyed by heating cytosol at 100° for 5 

min. The predominance of the nonenzymatic activity at high pH values has been previously 
described [3]. The predominance of the enzymatic reaction at lower pH values that prevail 
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in normal cytoplasm suggests that a function of the enzyme is to effect the ionization of 
glutathione, thereby promoting nucleophilic attack on the electrophilic site of the imida- 
zole moiety of azathioprine. This presumed lowering of the pKa of glutathione is believed 
to be fundamental to the catalytic properties of a group of hepatic cytosolic enzymes, the 
glutathione S-transferases [11,12]. 


Table 1. Effect of pH on the interaction of azathioprine and glutathione 





Activity (nm min” !) 





pH Non-enzymatic Enzymatic % Enzymatic 
6.5 ‘ 0.5 2.0 80 
7.0 . 0.8 2.0 72 
7.4 : 1.8 1.6 47 
8.0 - 3.7 0.6 14 





An attempt was made to relate the soluble hepatic enzyme activity for azathioprine and 
glutathione to the glutathione S-transferases. Four characteristics of the latter were 
studied: (1) elution in gel filtration, (2) inhibitory kinetics by bilirubin and probenecid, 
(3) induction by phenobarbital, and (4) organ distribution in the rat. 

Gel filtration was performed using Sephadex G-100 (38 cm x 2.5 cm column) and a pump- 
driven upward flow system with 0.01 M phosphate buffer, pH 7.4, as the mobile phase (flow 
rate 24 ml/hr; ten fractions collected/hr). The column was loaded with 3.0 ml liver cyto- 
sol to which was added 1.0 mg sulfobromophthalein immediately prior to loading. Column 
fractions were assayed for the following: protein (280 nm), sulfobromophthalein binding 
(580 nm following alkalinization), enzyme activity for azathioprine and for 1-chloro-2,4- 
dinitrobenzene, a representative substrate for the glutathione S-transferases [11]. The 
elution profile for sulfobromophthalein binding, the glutathione S-transferase activity 
and azathioprine activity were identical (Fig. 1). This indicates in a crude fashion that 
the molecular weight of the azathioprine activity and the transferases is closely similar. 
Moreover, this is further supported by the correspondence of sulfobromophthalein binding 
protein(s) and the azathioprine activity. Sulfobromophthalein is known to bind to Y pro- 
tein or ligandin [13]. The latter has been shown to be one of the glutathione S-trans- 
ferases [14]. 
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Comparison of the elutien of azathioprine thiolytic activity, glutathione S-trans- 
ferase activity, and sulfobromophthalein binding in the gel filtration of liver 
cytosol. Azathioprine (-0-) and 1-chloro-2,4-dinitrobenzene (-X-) activities for 
convenience are expressed as a ratio to the maximum activity in the column frac- 


tions. 


RELATIVE ENZYME ACTIVITY 
ABSORBANCE, 280nm (e—e) 


BSP ABSORBANCE, 580nm (4-*) 








T 


T T 
100 120 140 
ELUTION VOL. (ml) 


The glutathione S-transferases bind compounds which are not substrates for these en- 
zymes, such as bilirubin and probenecid [10,14,15]. One means by which bilirubin and pro- 
benecid have been shown to bind to the glutathione S-transferases has been the demonstra- 
tions that these compounds are competitive inhibitors of these enzymes [10,15]. Therefore, 
these two compounds were studied as inhibitors of the hepatic enzyme activity for azathio- 
prine. Assay conditions were as described above and kinetics were studied as previously 
described [10]. A Dixon plot [16] of the competitive inhibition by bilirubin of the aza- 
thioprine activity of liver cytosol is shown in Fig. 2 (K; = 1.6 uM). Similarly probenecid 
was found to be a competitive inhibitor of this enzymatic reaction (K; = 27 uM). 
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Fig. 2. Dixon plot showing the competitive inhibition by bilirubin of the enzymatic thiol- 
ysis of azathioprine by glutathione. Az indicates azathioprine. The equations for the 
lines were calculated by least squares regression and the inhibitor constant (K;) was Cal- 
culated from these equations. 


0.07 mM Az 
y702x+080 
r=095 


(nm/mg /min)7' 


e 
ak. 
y= 004x+ O53 


r=096 








BILIRUBIN CONC.(x10°§M) 


Rats (200 g male Sprague-Dawley) were given sodium phenobarbital (80 mg/g, i.p.) daily 


for 10 days after which the animals were killed and liver cytosol was prepared. Groups of 
four treatment and control animals were studied. As indicated in Table 2 which shows ki- 
netic data derived from a Lineweaver-Burk analysis [17], induction of the enzymatic activity 
for azathioprine was observed: significantly increased oe with no change in apparent Ke 
This induction paralleled the previously reported induction by phenobarbital of hepatic 
glutathione S-transferases [18]. 
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Table 2. Phenobarbital induction of enzymatic thiolysis of azathioprine 
1 





mg”! ) 


Treatment Kn (mM) Vs (nm min 





Control (saline) 0.24 + 0.06 4.0 + 0.6 
Phenobarbital 0.24 + 0.04 3 





*P < 0.02 vs control. 


The glutathione S-transferases have been identified in kidney [19] and small intestine 
[20] as well as liver [18]. Azathioprine enzymatic activity was measured as above at pH 
6.5, 37° using 0.1 mM azathioprine, 0.5 mM glutathione, and 100 ul of the cytosolic frac- 
tion from a 20% homogenate of these organs from four rats. The following levels expressed 
as specific activities per mg of cytosolic protein were found: liver 1.1 + 0.02, small 
intestine 0.48 + 0.16 and kidney 0.17 + 0.02 (nm min@! mg@). 

We have identified an enzyme activity which catalyzes the thiolysis of azathioprine by 
glutathione to produce 6-mercaptopurine. The striking similarities of this activity to the 
glutathione S-transferases include molecular weight in gel filtration, inhibitory kinetics 
with probenecid and bilirubin, induction by phenobarbital, and organ distribution. Further 
work with purified glutathione S-transferases is needed to establish for which of the 
closely related individual enzymes azathioprine is a substrate. In addition, studies are 
needed to define the role in vivo of this enzyme activity in the conversion of azathioprine 
to 6-mercaptopurine. It is tempting to speculate that impaired activation of azathioprine 
in liver disease could be the result of reduced hepatic conversion of azathioprine to 6- 
mercaptopurine as a consequence of one or more of the following possibilities: reduced 
hepatic uptake of azathioprine, reduced levels of hepatic thiolytic enzyme activity, re- 
duced levels of glutathione, or inhibition of enzymatic thiolysis of azathioprine by 
raised intracytoplasmic levels of bilirubin or other compounds. 
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COMMENTARY 


ANTIBODIES AS PHARMACOLOGICAL AGENTS 
SYDNEY SPECTOR 


Roche Institute of Molecular Biology, Nutley, N.J. 07110, U.S.A. 


One aspect of pharmacology that makes it such a 
dynamic discipline is that the pharmacologist, in an 
attempt to resolve some of the problems that confront 
him, has to exploit many of the techniques and think- 
ing of other disciplines. As a consequence, we find 
either hybrid words or hyphenated terms being gener- 
ated to describe these subdivisions of pharmacology, 
i.e. biochemical pharmacology and neuropharmaco- 
logy. The field of immunopharmacology is also deve- 
loping into such a sub-specialty of pharmacology. 

Vertebrate animals have a unique and potent sur- 
veillance mechanism, the immune process. This sys- 
tem has as its principal function the repulsion and 
destruction of foreign organisms or substances. 
Although the immune system is divisible into two 
parts, this discussion will consider only the humoral 
division in which immunoglobulins are produced. 
These antibodies are synthesized in response to a pro- 
voking substance called an antigen. One of the quali- 
ties that a substance must possess to elicit antibody 
formation is a sufficiently high molecular weight. 
Drugs usually have a molecular weight well below 
the critical size required to stimulate antibody pro- 
duction, but they are capable of serving as a partial 
antigen when bound to another substance, which is 
denoted as the carrier molecule, and the carrier mol- 
ecule should be of high molecular weight. The parent 
drug is then referred to as a hapten. The hapten-car- 
rier complex can provoke an immune response, and 
the antibodies stimulated by the complex are capable 
of reacting with the hapten. Landsteiner in his book, 
The Specificity of Serological Reactions published in 
1945 [1], points out the extraordinary degree of speci- 
ficity of the antibodies and the ability of antibodies 
to discriminate between small differences in the shape 
of the hapten. This capacity of specific antibodies to 
interact with haptens has been exploited to develop 
quantitative methods for various drugs; however, in 
this commentary, I should like to discuss the utiliza- 
tion of this high degree of specificity inherent in the 
antibody molecule as the basis of their use as thera- 
peutically efficacious agents, this being of prime con- 
cern to the pharmacologist. 

One of the earliest attempts to modify the physiolo- 
gical actions of a haptenic substance (drug) was to 
neutralize the biological effects of exogenously 
administered steroids [2-6]. What such investigations 
have shown is that steroid hormones can be made 
antigenic by covalently conjugating them to protein 
carriers and that the antisera evoked by these 
antigens when passively administered inhibited not 
only the biological effects of exogenously adminis- 
tered estrone, testosterone, cortisol or aldosterone, 
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but also neutralized effects produced by endogenously 
formed steroids. An important question which can be 
raised by these studies as well as subsequent studies 
in which antibodies neutralized the effects of haptens, 
or any antigen for that matter, pertains to the quanti- 
tative aspects of the inhibition. How much antibody 
is necessary to block the effects of a particular 
hapten? As one reads the literature, one finds papers 
reporting an inhibition with a molar ratio of antibody 
to hapten of 10 or greater. On the other hand, one 
also finds situations in which the molar ratio of anti- 
body to hapten is 1/50. An explanation for the differ- 
ences in these examples may lie in the nature of the 
binding between the hapten and its antibody. In the 
first situation, where one requires an excess of anti- 
serum to neutralize biological or pharmacological 
activity, the affinity constant of the hapten—antibody 
complex may be relatively weak as compared to the 
binding of the haptenic molecule to its specific target 
organ protein. On the other hand, it is difficult to 
explain the low molar ratio in which the antibody 
is so efficient in neutralizing the hapten unless one 
speculates that the antibody does not bind all the 
circulating hapten but is concentrated near the target 
organ and has a very high affinity constant so that 
a small amount of antibody can sequester the drug 
from the target organ. If a high affinity antibody can 
remove a drug from a target tissue, it then can be 
used as an effective antidote for drugs. It would be 
particularly useful for those drugs which lack an effec- 
tive antidote. A drug which is extensively used in ther- 
apy, and for which there is no effective antidote, is 
the cardiac glycoside, digoxin; one of the dangers of 
digoxin use is the hazard of over-digitalizing the 
patient. 

The digoxin antibodies have been used as pharma- 
cological agents to reverse the toxic actions of the 
cardiac glycoside [7-14]. These specific antibodies are 
not only used as antagonists to reverse the toxic 
manifestations of digoxin but have also been impor- 
tant in focusing down on how and where digoxin acts. 
Using rabbits and dogs, it has been reported that the 
toxicity can readily be reversed by the judicious addi- 
tion of the antibodies. The studies were done using 
the immunoglobulin G which contains four polypep- 
tide chains and some associated carbohydrate. As 
Butler justifiably points out, there are dangers that 
have to be considered if one administers an antibody, 
one being the possibility of hypersensitivity reactions 
resulting from the administration of a foreign protein 
such as an antibody. Another, which we have 
observed in our studies using morphine antibodies 
to reverse the pharmacological effects of morphine, 
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is that the antibody-bound drug can act as a depot 
for the drug and that with time there can occur a 
release of the drug from the binding sites of the anti- 
body as the antibody is being metabolized or 
degraded by the body. However, only a small portion 
of the immunoglobulin molecule is necessary to neu- 
tralize the drug, that portion referred to as the Fab 
fragment. The advantage of using the Fab fragment 
rather than the entire immunoglobulin is that it is 
cleared through the kidney in hours in contrast to 
the days it takes to rid the body of the intact anti- 
body. Also, the possibility of evoking a hypersensiti- 
vity reaction is markedly reduced. 

One can cite other examples in which antibodies 
have been used to diminish the effects of drugs as 
a consequence of the sequestration of the drug from 
circulation by binding to the antibody. Boyd and 
Peart [14] demonstrated that immune plasma con- 
taining gamma globulin directed against the polypep- 
tide angiotensin could neutralize the biological acti- 
vity of angiotensin II. We have shown [15,16] that 
active immunity with a morphine immunogen can 
alter the distribution and metabolism of morphine 
and consequently modify the analgesic action of mor- 
phine. Bonese et al. [17] have also reported that the 
self-administration of heroin was decreased in rhesus 
monkies immunized against morphine. The question 
that immediately comes to mind when one reads of 
modifying heroin effects with antibodies is whether 
it might not have therapeutic applicability for addicts. 
The problem here is that there are a limited number 
of antibody binding sites, so that by increasing the 
dose of the opiate, the addict can then saturate those 
sites on the antibody and reverse the neutralizing 
action of the antibodies. This also raises the very im- 
portant question concerning drug tolerance. It is 
known that many drugs bind to serum albumin; one 
could speculate that the serum albumin—drug com- 
plex, although not of covalent binding, might act as 
an immunogen and thereby stimulate antibody pro- 
duction. Thus, as the antibody sequesters the drug 
from circulation, more of the drug is required. Ryan 
et al. [18] have reported on the binding of morphine 
by a gamma globulin fraction in the serum of some 
heroin addicts. However, Webster et al. [19] were un- 
able to implicate an immune response to heroin as 
being a factor in opiate tolerance, addiction or com- 
plications following opiate administration. An inter- 
esting twist to this immunopharmacologic approach 
to block morphine action was introduced by Gunne 
et al. [20] who generated a circulating pool of anti- 
bodies against nalorphine. They then bound nalor- 
phine to the antibodies. Now when animals were 
challenged with morphine, it displaced the bound 
nalorphine which could then antagonize the mor- 
phine. Using antibody bound nalorphine, they had 
created a circulating depot of the antagonist which 
could be displaced by morphine. 
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There is another side of the immunopharmacologic 
“coin” that should be considered, and that is, rather 
than inactivating a drug by sequestering it with an 
antibody, the question can be raised as to whether 
drug effects can be potentiated when a drug is bound 
to the antibody. There are a number of mechanisms 
the body has to inactivate a substance, e.g. drug-meta- 
bolizing enzymes of the liver microsomes, excretion 
and, with biogenic amines, an uptake process. If a 
drug or an endogenous substance is bound to the 
antibody, and that portion of the molecule which in- 
teracts with the tissue receptor is still accessible to 
interact with the tissue receptor, it is possible there 
might be a potentiation of effects, as the inactivating 
processes could be impaired. It offers many interest- 
ing possibilities. I feel these immunological 
approaches open the way for exciting research for the 
pharmacologist. 
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Abstract—The metabolism of allylisopropylacetamide (AIA) was studied in normal and phenobarbitone 
(PB)-pretreated intact male rats and in rats with biliary fistula. Because of the side effects of AIA 
in the intact rat, the hepatic metabolism of AIA was further investigated in the isolated rat liver 
perfused with defibrinated rat blood firstly, to confirm the in vivo results and secondly, to further 
characterize some of the processes involved in the biliary excretion of drugs. 

At least four days were required to eliminate a single porphyrinogenic dose of 400mg [2-'*C] 
AIA per kg body wt from the intact rat, 70 per cent of the administered radioactivity appeared in 
the urine, as AIA and three metabolites A, B, and C, and 10 per cent in the faeces. AIA, 2-isopropyl-4.5- 
dihydroxypentanamide (AIA-glycol) and 2-isopropyl-4,5-dihydroxypentanoic acid-y-lactone (AIA-lac- 
tone) were identified in ether extracts of glucuronidase-sulphatase-hydrolysed urine. AIA and two other 
metabolites, D and E, were excreted in bile. The metabolism of AIA by the perfused liver appeared 
quantitatively similar to that in fistula rats judged by the biliary excretion and by the decline in 
microsomal cytochrome P-450 after AIA. PB-pretreatment of the rats increased the per cent dose 
excreted per hour in the bile 2 to 3-fold, enhancing the initial excretion rate of metabolite D from 
4 to 5-fold and that of AIA almost 2-fold. 

The decrease of microsomal P-450 after AIA administration to PB-pretreated rats, previously con- 
sidered to be biphasic, has been shown to have an additional component with half-life of 4 min. The 
rapid decline in hepatic P-450 after AIA in PB-pretreated rats correlated with an increased biliary 
excretion of one particular metabolite of AIA. A pharmacokinetic analysis of the biliary excretion 
data based on a two-compartment model shows that the rate-limiting step in the biliary excretion 


of both AIA and metabolite D can be adequately represented as a first-order linear reaction. 


Chemicals such as 2-allyl-2-isopropylacetamide (AIA), 
3,5(bis)ethoxycarbonyl-1 ,4-dihydro-2,4,6-trimethy] 
pyridine (DDC), polycyclic hydrocarbons and certain 
steroids have been extensively used in animal studies 
to produce changes in haem metabolism, particularly 
of the rate-limiting enzyme in haem _ synthesis 
6-aminolaevulinic acid synthetase (ALA-S; EC 
2.3.1.3.7). AIA appears not to act by specific enzyme 
inhibition of any steps of the haem biosynthetic path- 
way, as has been demonstrated for DDC. Isotope 
studies [1] have demonstrated an increased destruc- 
tion of the haem moiety of cytochrome P-450 after 
AIA, forming green pigments. The effects of AIA have 
been shown to be related to its metabolism by the 
liver and it is believed that an “active metabolite”, 
derived from the allyl group may be responsible for 
the breakdown in P-450[1,2]. Such an active meta- 
bolite is probably too unstable to appear outside the 
liver but a study of the nature of metabolites of AIA 
would provide further evidence for relationships 
between the effects of AIA and the metabolism and 
excretion of AIA itself. 

The primary consequences of some of the porphyr- 
inogenic compounds, particularly AIA, are compli- 
cated by numerous toxic and nutritional effects which 
occur soon after administration in intact rats [3] 
(Smith, personal observations). We, therefore, utilized 
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a system in which rat livers were perfused with defi- 
brinated rat blood, enabling investigation of the pri- 
mary adaptive responses of the liver to AIA, uncom- 
plicated by extrahepatic factors. With this enzyme, 
a detailed study of the biliary excretion of AIA and 
its metabolites together with the effect of sodium 
phenobarbitone (PB) on this excretion was undertaken. 
The metabolism of AIA and changes in P-450 concen- 
tration are compared with those obtained from rats 
with a bile fistula. We report here on the data which 
was analyzed by a pharmacokinetic model. Direct evi- 
dence has been obtained that in rats, pretreated with 
PB to induce cytochrome P-450, AIA administration 
causes a fall in P-450 which is accompanied by a 
different AIA metabolism from that seen without PB- 
pretreatment. 


MATERIALS AND METHODS 


Chemicals. AIA, unlabelled and [2-'*C]labelled 
were supplied by Roche Products, Ltd., Welwyn 
Garden City. The radioactive purity of [2-'*C] AIA 
(sp. act. 13 wCi/mg) was determined by thin-layer 
chromatography (t.l.c.) on Silica gel G (DS CAMAG) 
in two solvent systems. A single peak was determined 
in ethanol:glacial acetic acid (10:1,v/v) and in eth- 
anol:acetone:glacial acetic acid (5:5:1 by volume) 
with R, values of 0.8 and 0.7, respectively. 

Animals. All rats were males, from the King’s Col- 
lege Hospital Medical School Colony (Wistar). 
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The metabolism and excretion of AIA 


Intact rats. Rats (205-216 g) were housed in indivi- 
dual metabolic cages, the room temperature was 
maintained between 20-25° with a light-dark cycle 
of 12 hr. When indicated, rats were injected i.p. with 
PB in 0.5 ml 0.15M saline; they received 50mg PB 
per kg body wt at 11.00hr and 17.00hr. On Day 
2, a single injection of 80mg PB per kg weight was 
given at 11.00hr; food was then withheld until after 
injection of 400 mg [2-'*C] AIA per kg body wt at 
11.00 hr on Day 3. About 4.00 ml AIA solution (20 mg 
AIA/ml 0.15M NaCl; sp. act. 0.16 wCi/mg) was in- 
jected s.c. in the loose skin at the back of the neck. 

Urine and faeces were collected every 24hr for 7 
days except on Day 3 when urine was collected 0-6, 
6-12 and 12-24hr after AIA injection. Urinary 
é-aminolaevulinate (ALA) and _porphobilinogen 
(PBG) excretion were usually determined, immedi- 
ately or after storage at —20° for not longer than 
24 hr, by the method of Mauzerall and Granick [4]. 
On Day 7, the rats were killed by exsanguination 
from the dorsal aorta while under light ether anaes- 
thesia. 

Duplicate samples of liver, kidney, heart, brain, epi- 
didymal fat pad, subcutaneous fat, pancreas, spleen, 
small intestine (not contents), lung and salivary gland 
were wrapped in filter paper (Whatman No. 1), total 
weight less than 500 mg, and stored in Packard vials 
at 4° for 24hr before combustion for radioactivity 
determination. Radioactivity was also determined in 
duplicate blood samples. 

Bile fistula rats. These rats weighed 200-220 g and 
were housed in restraining cages (Bowman, Dartford). 
Room temperature was maintained at about 25° to 
avoid hypothermia. The bile duct was cannulated un- 
der ether anaesthesia; the duodenum was gently 
exposed and displaced to enable cannulation of the 
bile duct with Portex polyethylene tubing (o.d. 
0.8 mm, bore 0.4 mm) with at least 0.5 cm in the duct. 
The procedure was completed within 10-15 min. Can- 
nulation was carried out in fed rats, 24-hr-fasted rats 
and in rats pretreated with PB as described above. 
Bile was collected every 15min until injection of 
either unlabelled or of ['*C] AIA (sp. act. 0.1 wCi/mg) 
as described for the intact rats; usually 1 hr after re- 
covery from the ether anaesthesia. Bile collection con- 
tinued for three 5-min intervals and subsequently 
every 15min. Total radioactivity was determined in 
blood samples from the dorsal aorta and a sample 
of liver was taken for total ['*C] determination. 

Perfusion. The perfusion apparatus consisted of a 
closed, recirculating system housed in a_ perspex 
cabinet maintained at 37-39° based on that of Miller, 
Bly, Watson and Bale [5], as modified by Abraham 
and Dawson [6]. Satisfactory perfusion under hydro- 
static pressure was carried out through the portal vein 
alone for up to 5 hr with dialysed, defibrinated homo- 
logous rat blood [7], previously collected from the 
dorsal aorta under ether anaesthesia from fed 
300-450 g rats; the liver donors weighed 180~—220 g. 
During perfusion, pressure in the portal vein cannula 
was monitored using a strain gauge pressure trans- 
ducer (Bell and Howell, England). Perfusion flow was 
continuously recorded using a drop counter which 
enabled rapid detection of changes in perfusion flow; 
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this is especially important at the beginning of per- 
fusion. Bile was collected until the end of perfusion, 
at the same times as with the bile fistula rats. 

The perfusion conditions were portal pressure 
8-12mm Hg (1.1-1.6kPa), flow rate 0.8-1.5 ml 
min~' g liver~', initial pH 7.4, pO, 80-140mm Hg 
(11-18.7 kPa), pCO, 30-40 mm Hg (4.0-5.3 kPa). The 
bile flow rate was initially up to 3.0 ul min~' g liver~! 
decreasing to 0.8-2.0 yl min~' g liver ~'; liver wet 
wt:dry wt ratio 3.0-3.5; blood lactate/pyruvate ratio 
8-25; haemolysis rate during perfusion was 2-3% per 
hr. 

The perfused livers were either from 24-hr-fasted 
rats or from rats pretreated with PB as above and 
fasted after the third injection of PB; perfusion was 
performed on Day 3. After O.Shr of perfusion AIA 
(sp. act. 0.2 wCi/mg), in amounts specified in the 
Results section and dissolved in 2.0ml of 0.15M 
saline, was added to the perfusion fluid reservoir 
where complete mixing took place within 2 min. In 
experiments in which the disappearance of AIA and 
appearance of AIA metabolites in the perfusion fluid 
were investigated, 2.0ml samples were removed at 
every minute for the first 10 min and then after every 
15-30 min for estimation of total radioactivity and 
that in fractions obtained by ether extraction and sub- 
sequent t..c. The total radioactivity was also 
measured in bile and in fractions obtained from these 
samples by t.l.c. Perfusion lasted 3—4 hr after addition 
of AIA to the perfusion fluid. 

Cytochrome P-450. One-half hr after starting per- 
fusion of livers from PB-treated rats, the papilliform 
lobe was ligated with Mersilk, 5.5 gauge, and placed 
within 5 sec in 0.15M Tris-KC1 buffer and microso- 
mal pellets were prepared without delay. After a 
further 2hr of perfusion the left lobe was removed 
and similarly treated. Microsomal suspensions pre- 
pared from these samples in 150mM KCI were 
diluted with an equal volume of 0.1M_ phosphate 
buffer, pH 7.0, to 200-400 mg protein/ml. The P-450 
content was determined from the CO reduced vs 
reduced difference spectrum, using an extinction coef- 
ficient for E4so_499 of 91cm~'mM~! [8]. The pro- 
tein concentrations were determined by the method 
of Lowry et al. [9] using bovine serum albumin (frac- 
tion V, Sigma) as the standard. 

Perfusions were started at 11.00 hr and after 0.5 hr 
the papilliform lobe was removed immediately before 
the addition of AIA to the perfusion medium. The 
total dose of AIA dissolved in 2 ml 0.15M saline, was 
equivalent to the range 100-400 mg per kg body wt 
of liver donor. In different perfusions the left lobe 
was removed 0.5, 1.0 and 2.0hr after AIA had been 
added at an initial average concentration of 0.35 mg 
AIA/ml. To investigate possible interlobular differ- 
ences of P-450 in intact rats, phenobarbitone-pre- 
treated rats from the same group as the liver donors, 
were killed by cervical dislocation and the left and 
papilliform lobes were removed for P-450 determina- 
tion. 

The time course of the effect of AIA on P-450 were 
studied in intact rats and in three separate series of 
rats, pretreated with PB. Rats were killed 0, 0.25, 0.5, 
0.75, 1, 1.5 and 3.25 hr after AIA injection. The effect 
of glucose was also studied in a similar series of pre- 
treated rats. Glucose (15 g per kg body wt) dissolved 
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in about 2 ml water, was given by gastric intubation 
before injection of PB and AIA on days 2 and 3 re- 
spectively. 

Radioactivity measurements. Rat bile (5—10 yl) from 
fistula rats and perfused livers was dissolved in 0.5 ml 
hyamine hydroxide, 1.0ml methanol and 10.0 ml 
toluene phosphor. Blood (0.05 ml) was dissolved in 
0.5 ml “Soluene 100” (Packard tissue solubilizer) and 
decolourised with 0.15 ml of 30% w/v hydrogen per- 
oxide; after 10min 0.05 ml glacial acetic acid was 
added to neutralize the Soluene base and then 10.0 ml 
of toluene phosphor. Urine (0.05-0.5 ml) from intact 
rats was dissolved in 0.5 ml “Soluene 100” in a Pack- 
ard vial to which 10.0 ml toluene phosphor was added. 
These solubilized samples were stored in the dark at 
4° and were counted at least twice within 1-2 days. 
All tissues and faeces were combusted to '*CO, 
which was trapped in ethanolamine in a Packard Tri- 
Carb sample oxidizer (Model 305). 

The radioactivity was counted in Toluene phosphor 
(40g PPO and 0.1g POPOP dissolved in 11 of 
toluene) or in dioxan phosphor (120.0 naphthalene, 
8.0 g PPO, 0.4g POPOP, 200.0 ml methanol, 40.0 ml 
ethylene glycol made up to 21 with dioxan) utilizing 
a Packard Tri-Carb 3000 scintillation spectrometer. 
Counting was continued until a S.D. of at least 1% 
(20,000 counts) was achieved. 


Extraction of AIA and its metabolites 


Urine. Urine (0.5—1.0 ml) was extracted with ether 
before and after hydrolysis at pH 5.0—5.2 with a f-glu- 
curonidase-sulphatase preparation (“ketodase”: 5,000 
I.U./ml) using 0.2 ml ketodase per ml urine and incu- 
bated at 37° for 24hr. For acid hydrolysis, 0.01 ml 
concentrated sulphuric acid per ml urine was 
employed. Ether extractions were carried out success- 
ively at pH9 and pH7 (followed by amyl alcohol 
extraction). Ether extracts at each pH were pooled 
and brought to dryness in nitrogen at 40°. Recovery 
of radioactivity from urine of ['*C] AIA-treated rats 
showed that although extraction of AIA was complete 
at pH 9, that of the metabolites was not. Extraction 
of the metabolites was subsequently completed at 
pH 7. The efficacy of extraction of radioactivity as 
determined from the difference in '*C contents of the 
aqueous layer before and after extraction was 50-80 
per cent but by counting aliquots of the evaporated 
solvent 20-40 per cent, presumably due to the loss 
of volatile metabolites. 

Thin-layer chromatography of rat urine. The residue 
of the ether extracts was dissolved in ether—ethanol 
mixture (1:1, v/v) and measured aliquots were used 
for the determination of total radioactivity and for 
analysis by t.l.c. with multiple development in ether 
( x 3). The separate components were detected as yel- 
low spots after exposure of the t.l.c. plates to iodine 
vapour and by scanning for radioactive areas using 
the Packard Radiochromatogram Scanner (Model 
7201). The spots were compared with simultaneously 
chromatographed standards of nonradioactive AIA, 
2-isopropyl-4,5-dihydroxypentanamide (AIA-glycol), 
2-isopropyl-4,5-dihydroxy pentanoic acid-y-lactone 
(AIA-lactone) and 2-allyl-2-isopropyl acetic acid. The 
radioactive areas of Silica gel were scraped quantitat- 
ively from the plates into Packard vials and eluted 
with 10.0ml of dioxan phosphor. A loss of only 3 
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per cent was incurred for authentic [2-'*C] AIA 
(7,000—70,000 dpm). 

Thin-layer chromatography of bile. The bile samples 
were acidified with 0.5 vol of 1.0N sulphuric acid to 
convert any epoxide present to the more stable diol; 
then 10-20 ul were quantitatively transferred to the 
Silica gel plate (0.3-mm thick) with methanol. 

Identification of AIA and its metabolites in bile. The 
radiochromatogram scan of bile chromatograms de- 
veloped in chloroform:glacial acetic acid (10:1, v/v) 
revealed two peaks R- 0 and 0.43. The latter was 
shown to be AIA by chromatography with authentic 
AIA in several different solvent systems and by gas— 
liquid chromatography (g.l.c.}-mass spectrometry 
(MS). AIA was in this way shown to be present in 
bile both from perfused livers and in fistula animals 
after all treatments. The R, of allylisopropylacetic 
acid in this system was 0.8 and was not detected in 
bile. A preliminary development with carbon tetra- 
chloride caused no elution of radioactivity and im- 
proved the resolution of subsequent elution in eth- 
anol:acetone: glacial acetic acid (5:5:1 by vol) which 
gave three radioactive peaks D (R, 0.35), E (Rp 0.55) 
and F (R, 0.85); no further fractions became apparent 
on subsequent continuous elution. Compound F was 
AIA. Compound D, nearest the origin, was not identi- 
fied but was shown neither to be allylisopropylacetic 
acid, AIA-glycol nor AIA-lactone but there was insuf- 
ficient quantity for combined g.l.c—-MS. Compound 
E showed some similarities with AIA glycol lactone 
but was not conclusively identified by g.le—MS. AIA 
expoxide was not expected since bile samples were 
acidified before chromatography with the specific 
object of converting these to the more stable glycol. 

Thin-layer chromatography of ether extracts of rat 
blood. Blood was extracted at pH7 by 4 x 2vol of 
ether. The ether extracts were divided into four, the 
total radioactivity was determined in two and the 
other two were evaporated and stored at —20° before 
multiple development in ether, as described above for 
urine, was carried out. 


Synthesis of 2-isopropyl-4,5-dihydroxy pentanamide 
(AIA-glycol) and 2-isopropyl-4,5-dihydroxy pentanoic 
acid-y-lactone (AI A-lactone) 


AIA was converted to the corresponding glycol by 
oxidation with permanganate and the lactone was 
synthesized from the glycol according to the method 
of Doedens [10]. For this work 4g of ATA, dissolved 
in 320ml of 0.1 N NaOH (0-10°) was slowly added 
to 175ml potassium permanganate (1.88 g/100 ml). 
Methanol (20 ml) was added followed by acidification 
with 3g of ammonium chloride. The filtrate was (a) 
evaporated to dryness at 50° under vacuum and the 
dry residue extracted three times with 400 ml of ace- 
tone; evaporation of these combined extracts yielded 
an oily material from which AIA-glycol was crystal- 
lized, with difficulty, from methanol by isopropyl 
ether, or (b) acidified to pH 3-4 with HCl, evaporated 
to about 40 ml under vacuum and heated for | hr 
at 90-95°; the cooled solution was extracted three 
times with two volumes of diethyl ether and after dry- 
ing with sodium sulphate evaporation yielded AIA- 
lactone, a pale yellow oil. 

Identification of AIA and its metabolites. Gas-liquid 
chromatography and mass spectrometry was carried 
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out in collaboration with Dr. S. Al-Sarraj at Chelsea 
College of Science, London, using 2-metre x 1.5-cm 
(internal diameter) column of Chromasorb G 
{80-200 mesh) with carbowax liquid phase (7%) and 
flame ionization detection. With N, carrier gas 
(30 ml/min) and a column temperature of 167° the 
retention time of authentic AIA was 7.6 min and that 
of allylisopropylacetic acid was 3.9min. This work 
was continued in collaboration with David Wright 
at the Physico-Chemical Measurements Unit, Harwell 
and mass spectra of the authentic AJA, allylisopropyl- 
acetic acid, 2-isopropyl-4,5-dihydroxy pentanamide 
(AIA-glycol) and 2-isopropyl-4,5-dihydroxy pentanoic 
acid-y-lactone (AIA-lactone) were obtained. 

The identification of AIA-glycol and AIA-lactone 
was completed by comparison of the ir. spectrum 
(K Br discs) with that of the authentic compound. The 
OH absorptions (v max) were found at 3400 and 
1050cm~'. The CH_ stretching vibrations at 
2800-3000cm~' showed significant contributions 
from the methyl groups, and there was evidence for 
isopropyl groups at 1370 and 1390 cm~'. The promi- 
nent carbonyl signal at 1760 (br) cm~' was consistent 
with the presence of a tetra hydrofuran-2-one ring 
of a y-lactone, with associated C—O stretching near 
1200 cm~'. 

For the glycol derivative of AIA (2-isopropyl-4,5- 
dihydroxypentanamide) the intense band at 
3200-3500 cm~ ' showed the expected splitting related 
to the OH and NH,. The CH stretching bands were 
unchanged and the bands for the isopropyl groups 
were present. The differences between these two com- 
pounds were found in the carbonyl region, the glycol 
showing prominent absorptions at 1610 and 
1660 cm~', consistent with the aminocarbony! group 
—CONH.,. Identification of AIA and its metabolites 
in the biological samples was then confirmed by com- 
parison with the results of these authentic com- 
pounds. 


RESULTS 


Induction of experimental porphyria was confirmed 
by the urinary excretion of ALA and PBG which were 
increased 8 to 15-fold in the 48 hr after the standard 
dose of 400 mg AIA per kg body wt. 

Excretion of [2-'*C] AIA and its metabolites. In 
the 96 hr after [2-'*C] AIA means of 68 and 11 per 
cent of administered radioactivity were excreted in 
the urine and faeces respectively, mostly within the 
first 48 hr. Faecal excretion was minimal after 48 hr 
although urine excretion was about 23 per cent dur- 
ing the following 48 hr (Fig. 1). The total radioactivity 
recovered in the organs together with that excreted 
during the 120hr after AIA amounted to 70-91 per 
cent of the injected radioactivity; blood and organs 
accounting for about | per cent each, most being in 
the liver and kidney (Fig. 2). Any differences in the 
distribution of total radioactivity in the urine, faeces 
or organs resulting from PB-pretreatment were not 
apparent at this time. 

The effect of hydrolysis of rat urine containing 
[2-'*C] AIA and its metabolites. Ether extracted 
almost twice as much radioactivity from enzyme-hyd- 
rolyzed urine compared with unhydrolyzed urine; less 
radioactivity was extracted into ether after.acid hy- 
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Fig. 1. Typical excretion patterns of urinary and faecal 
radioactivity by rats after [2-'*C]allylisopropylacetamide 
(AIA). Four rats received 400 mg AIA per kg body wt s.c. 
at time 0. Two rats were pretreated with PB (see text) 
before AIA injection. The pattern of excreted radioactivity 
was similar in all these animals; PB-pretreatment produced 
no significant changes. The results in the figure are from 
a rat which received AIA alone. 


drolysis than after enzyme hydrolysis. The ether-solu- 
ble radioactivity from the 0-48 hr enzyme-hydrolyzed 
urine amounted to 50-80 per cent of the total 
radioactivity in the urine. 

Identification of AIA and metabolites. Multiple de- 
velopment of the ether extracts of enzyme-hydrolyzed 
urine revealed four radioactive peaks AIA and the 
metabolites, A, B, and C. About 4 per cent of the 
administered [2-'*C] AIA was excreted unchanged 
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Fig. 2. The distribution of radioactivity in tissues and 
blood of the rat four days after a subcutaneous injection 
of [2-'*C]allylisopropylacetamide. Four rats received 
400 mg AIA per kg body wt s.c.; two rats were pretreated 
with PB (see text) before AIA injection. This histogram 
represents the distribution of radioactivity remaining in the 
tissues and blood (bl.) four days after injection with 
radioactive AIA. There was little difference between the 
two groups. The tissues were salivary glands (s. gl.), lung 
(lu.), epididymal fat pad (e.f.p.), brain (br.), subcutaneous 
fat (s.c.f.), heart (h.), pancreas (pa.), spleen (spl.), small intes- 
tine (int.), kidney (kid.), liver (liv.). 
* The value for blood has been reduced by half for scale. 
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Fig. 3. Urinary excretion of allylisopropylacetamide and 
its metabolites: the effect of phenobarbitone on the pattern 
of excretion 0-48 hr after [2-'*C]allylisopropylacetamide. 
After ‘ketodase’ hydrolysis of aliquots of the urine collec- 
tions AIA (@) and three metabolites, AIA-glycol (Mf), AIA- 
lactone (A) and metabolite C (O), see text, were extracted 
into ether and separated by tlc. (a) One rat which 
received 400 mg AIA per kg body wt. (b) Representative 
excretion from two rats, PB-pretreated before being given 
AIA. 


0-48 hr after injection of AIA. The presence of AIA 
was confirmed using g.l.c—MS; AIA has a molecular 
ion with m/e of 141, loss of the methyl group, allyl 
group and isopropyl group produced peaks with m/e 
of 126, 100 and 98 respectively. 

Metabolite A, which was eluted more rapidly than 
AIA, was considered to be 2-isopropyl-4,5-dihydroxy- 
pentanoic acid-y-lactone by comparison with auth- 
entic material developed simultaneously. Similarly, 
metabolite B was shown to be 2-isopropyl-4,5-dihyd- 
roxypentanamide. The presence of these two com- 
pounds in the ether extracts was confirmed using 
g.lc—MS; because of the close correspondence 
between their mass spectra i.r. spectroscopy was used 
to distinguish between them. Metabolite C was pres- 
ent in the smallest amount but was not identified. 

Urinary excretion of Al A, 2-isopropyl-4,5-dihydrox y- 
pentanamide (AIA-glycol) and 2-isopropyl-4,5-dihyd- 
roxypentanoic acid-y-lactone (Al A-lactone). Zero to 
12 hr after AIA, excretion of metabolite C was higher 
than in subsequent collections and was about 50 per 
cent higher than that of AIA-lactone which in turn 
was almost twice that of AIA and AIA-glycol, which 
were present in equal amounts (Fig. 3). Excretion of 
AIA and AIA-lactone had increased by 12-24 hr, after 
which AIA excretion was minimal. Twenty-four-48 h 
after AIA, the lactone was the major excretion prod- 
uct. PB-pretreatment increased the excretion of AIA- 
lactone in the 0-12hr collection and AIA and AIA- 
glycol were again present in equal proportion; excre- 
tion of metabolite C was low. 
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In the 48hr after injection of ['*C] AIA to one 
rat which had not received PB, 4.6 per cent of AIA, 
10.6 per cent of AIA-lactone and 4.0 per cent of AIA- 
glycol were recovered from ether extracts of “keto- 
dase”-hydrolyzed urine. In two PB-pretreated rats 3.6 
and 4.4 per cent was recovered as AIA, 8.1 and 5.7 
per cent as the lactone and 3.8 and 5.9 per cent as 
the glycol. The overall recovery of urine radioactivity 
during the 48 hr after AIA was 23.1 per cent in the 
rat which received AIA alone and 18.1 and 18.2 per 
cent in the two PB-pretreated rats. The relative pro- 
portions of AIA and its metabolites excreted in the 
faeces was not investigated. 

Fistula rats. AIA alone produced no great changes 
in the flow of bile unless the rats had been pretreated 
with PB when 2-fold increases occurred rapidly dur- 
ing the first 2 hr (Fig. 4). Biliary flow returned to nor- 
mal by 3hr in all animals. In two bile fistula rats 
not PB-pretreated, one fasted and one fed, the 
excreted radioactivity was slightly higher in the 
second hour after AIA. Hourly excretion in all ani- 
mals then decreased to 1-2 per cent of the dose. In 
two PB-pretreated rats the highest excretion of 
radioactivity usually occurred in the first hour after 
AIA; PB increased this from 2.5 to 5.5 per cent of 
the administered dose. In both fed and fasted rats, 
biliary AIA and its two metabolites were present in 
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Fig. 4. The effect of a single s.c. injection of allylisopropyl- 
acetamide on bile flow rates in bile fistula rats. After can- 
nulation of the bile duct, bile was collected every 15 min. 
AIA was injected s.c. at a dose of 400mg per kg body 
wt at the time indicated by the arrow. The controls (@) 
were injected s.c. with an equal volume of saline. (a) The 
rats were pretreated with PB (see text) before adminis- 
tration of AIA. (b) 24-hr-fasted rat. (c) Fed rats. 
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Fig. 5. The effect of phenobarbitone-pretreatment on the 
proportions of AIA and its metabolites excreted in the bile 
from fistula rats and the perfused rat liver. Unchanged 
AIA (@) and two metabolites, D (MH) and E (A) were identi- 
fied in bile after separation by t.l.c. Bile was collected (see 
text) (1) from perfused livers after addition of AIA to the 
perfusion medium at an initial concentration of 0.35 mg/ml 
(c), or (2) from bile fistula rats after s.c. injection of 400 mg 
AIA per kg body wt (a). Bile was collected as described 
above, but the rats were pretreated with PB (see text) 
before administration of AIA (d and b respectively). 


about equal amounts over the first Shr after AIA 
injection in contrast to the rapid elimination, princi- 
pally of metabolite D, and the gradually increasing 
concentration of AIA and metabolite E by the PB- 
pretreated rats (Fig. 5). 

Figure 6 shows the initial excretion rates of 
radioactivity which agree with the sums of the indivi- 
dual initial excretion rates of AIA and its metabolites 
(Table 1) which were linear for at least 1-hr after the 
administration of AIA. The total radioactivity 
amounted to 3.6 and 2.7 per cent dose per hr in the 
fed and fasted rats respectively and was increased to 
6 per cent by PB-pretreatment. Although the initial 
excretion rate of AIA was almost doubled after 
phenobarbitone, that of metabolite D was increased 
4 to 5-fold, while that of metabolite E was hardly 
affected. In the fed animal, not given PB, the initial 
excretion of metabolite E was higher than that of AIA 
and metabolite D. In spite of these differences the 
maximum biliary excretion of AIA in the fasted rat 
occurred 30-45 min after injection and was 13 nmole 
min‘ g liver~', subsequently decreasing to 4 nmole- 
min ' g liver”'. These were slightly, but not signifi- 
cantly, higher in a fed rat and were only slightly in- 
creased by PB-pretreatment, the maximum to 14 and 
18nmole min~' g liver~' which decreased to 5 and 
6nmole min~' g liver” ' 4—5 hr after AIA in two rats. 

Perfused liver. In the perfused liver, increases in bile 
flow after the addition of AIA to the perfusate were 
difficult to distinguish because this experimental 
period coincided with the rapid phase of bile secretion 
normally encountered in the course of perfusion. 
Using the liver from a fasted rat most excretion of 
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Fig. 6. Cumulative biliary excretion of radioactivity after 
the administration of [2-'*C]allylisopropylacetamide in 
fistula rats and in the perfused rat liver. (A) Bile was col- 
lected from perfused livers after the addition of [2-'*C] 
AIA to the perfusion medium at an initial concentration 
of 0.35 mg/ml. The liver donors were a 24-hr-fasted rat 
(@) or a rat fasted after standard PB-pretreatment (@) (see 
text). (B) Bile was collected from bile fistula rats after s.c. 
injection of 400mg AIA per kg body wt. The rats were 
24-hr-fasted (@), PB-pretreated, fasted (Ml) or fed (A). 


radioactivity occurred in the first hour, as in the fis- 
tula rats, and this was increased by PB-pretreatment 
of the liver donor (Fig. 6). The initial excretion of 
AIA was 2-3-fold higher in the perfused liver than 


Table 1. Initial linear biliary excretion rates of AIA and 
two metabolites by bile fistula rats and perfused rat livers 





Initial excretion rates 
(°% injected dose/30 min) 





Bile fistula rats AIA Metabolite D Metabolite E 





Fed 
24-hr-fasted 
PB-pretreated, 
24-hr-fasted 
Perfused liver 
24-hr-fasted 
PB-pretreated, 
24-hr-fasted 


0.30 
0.40 
0.70 


0.50 
0.40 
1.80 


0.70 
0.40 
0.30 


0.80 
1.00 


*0.30 
*2.00 


0.20 
0.30 





Bile was collected from fed, 24-hr-fasted and PB-pre- 
treated, 24-hr-fasted fistula rats after a s.c. injection of 
400 mg [2-'*C] AIA per kg body wt. The perfused livers 
were from either a 24-hr-fasted rat or a PB-pretreated, 
fasted as above; after 0.5 hr perfusion [2-'*C] AIA at an 
initial concentration of 0.35 mg/ml was added to the per- 
fusion medium. Determination of AIA and its metabolites 
excreted in the bile was carried out after separation by 
tle 

*Linear excretion rates for 0-30 min after AIA; all 
others were linear for at least 0-60 min after AIA. 
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Fig. 7. Semilogarithmic plot of the decrease of radioactivity from the blood after the addition of 
[2-!*C]allylisopropylacetamide to the perfusion medium. This figure illustrates the graphically-fitted 
curve of the decrease of total radioactivity from the blood (©) using the ‘peeling technique’ of 
Matthews [39]. Two exponential components were resolved: one of short half-life (inset, see text) and 
one of long half-life (after the addition of [2-'*C] AIA at an initial concentration of 0.35 mg/ml to 
the perfusion circuit). (a) 24-hr-fasted liver donor. (b) PB-pretreated, 24-hr-fasted liver donor (see text). 


that found in the fistula rats and this was enhanced 
by phenobarbitone, although not so much as the 
excretion of metabolite D. The in vitro initial excre- 
tion rates of metabolite D were almost identical with 
those in the fistula rats (Table 1). The initial excretion 
rate of metabolite E was decreased in the perfused 
liver compared with a fasted fistula rat but was the 
same in both after PB-pretreatment. In the perfused 
liver from a fasted rat the maximum excretion rate 
of AIA was 9nmolemin™'g liver~' at 5-10 min 
after AIA, decreasing to 2nmole min™' g liver~' at 
2-3 hr. These rates were slightly but not significantly 
increased by phenobarbitone to 11 and 3nmole 


min” ' g liver~'. 


Pharmacokinetic analysis 

Radioactivity in the perfusate. In the preliminary 
perfusion in which the biliary excretion of AIA and 
its metabolites was not investigated the circulating 
radioactivity present as metabolites of AIA in extracts 
of blood increased steadily to reach 6 per cent of 
the total at 2hr. However, this figure represents a 
minimal proportion of the total circulating radioacti- 
vity after 2hr of perfusion. The presence of volatile 
radioactive metabolites of AIA was indicated by a 
recovery of only 40-50 per cent during tlc. of 
samples taken 1.5 and 2.0hr after AIA, instead of 
the usual recovery of 80-100 per cent. The decrease 
of radioactivity in the blood during perfusion with 
['*C] AIA of livers from two fasted rats, one PB-pre- 
treated, were analysed as two exponential com- 
ponents (Fig. 7). The initial fall of AIA radioactivity 
in the perfusion medium was rapid, the rate constant 
being 0.6 min~' (t,;,. = 1.2 min) in the fasted liver and 
0.5 min~! (t,,. = 1.4 min) after PB-pretreatment. Sub- 
sequently this had decreased to 0.053hr~' and 
0.063 hr~'! in the two livers respectively. The validity 
of this analysis was confirmed by the close agreement 


of the sum of the constants ~, (1.03 and 
2.18dpm x 10°) and f, (13.2 and 11.0dpm x 10°) 
and the dose which was 99.9 per cent for the fasted 
liver and 101.8 per cent for the PB-treated donor. 
The total radioactivity accounted for, including the 
total '*C remaining in the perfusate, ranged from 
91-101 per cent of the administered dose. 

Biliary excretion. The biliary excretion data from 
the perfusions was analysed in the simplified two 
compartment model described in the Appendix. 
Figure 8 illustrates the resolution of a typical semilog 
plot of the radioactivity present in each bile collection 
as AIA or its metabolites, similar plots were derived 
for the experimental data from three fistula rats (Fig. 
9) and two perfused livers. The results of this pharma- 
cokinetic analysis have been restricted to the rate con- 
stant k, a(¢ast) ANd Ky 25104) aNd k. because this analysis 
was undertaken primarily to compare the kinetic 
characteristics of liver metabolism and biliary excre- 
tion of the isolated perfused rat liver with those in 
vivo in the fistula rat. 

Table 2 summarizes the kinetic results of the biliary 
excretion of AIA and its metabolites which generally 
agreed well with the proposed model. The value for 
k,, the rate constant for the rate-limiting step in the 
transfer from liver to bile for AIA, was unaffected 
by PB in the perfused livers but was decreased by 
half in the fistula rats. The rate constant for metabo- 
lite D was faster than that of AIA and was also con- 
sistently decreased by PB. The value for metabolite 
E in the fasted fistula rat and perfused liver was simi- 
lar to that of AIA but the effect of PB could not 
be satisfactorily assessed with this model as the exper- 
imental data declined mono-exponentially from Q,,4x. 

Effect of AIA on hepatic microsomal P-450 in vivo. 
In fed rats not given phenobarbitone, | hr after AIA 
the concentration of P-450 had decreased exponen- 
tially to 0.75 nmole P-450/mg protein (Fig. 10D). This 
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Fig. 8. Resolution of the biliary excretion of metabolite 
D by the perfused rat liver. Using the pharmacokinetic 
analysis described in detail in the Appendix these results 
are typical for the resolution into two exponential com- 
ponents of the biliary excretion of both AIA and its meta- 
bolites by the perfused liver (and fistula rats). This exper- 
imental data (MM) was taken from the perfusion of the liver 
from a PB-pretreated, 24-hr-fasted rat and the slow com- 
ponent was derived from the disappearance of radioactivity 
from the perfusion medium (see text) (See also Fig. 9). 


falls in the range 0.6-0.8nmole P-450/mg protein 
found | hr after AIA in fasted rats treated with pheno- 
barbitone. The rate curves of P-450 decrease were 
almost parallel in three separate groups of rats pre- 
treated with phenobarbitone and a typical experiment 
is illustrated in Fig. 10B. The decrease in P-450 after 
AIA in intact phenobarbitone-pretreated rats is the 
resultant of two exponential components determined 
graphically using “peeling techniques” of 
Matthews [12] producing a slow phase of half-life 
3.3 hr and a corrected fast phase of half-life 4 min 
(Fig. 11). In a single series of rats treated identically 
but given glucose the pattern of exponential decline 
of P-450 appeared to be not greatly affected by glu- 
cose treatment (Fig. 10C). 

The effect of AIA on microsomal P-450 in the per- 
fused liver. In control perfused livers, there was no 
significant decrease in P-450 concentration over 2.5 hr 
(Table 3). In preliminary experiments with nine 
phenobarbitone-pretreated rats there was a per cent 
decrease in the concentration of P-450 of 41-54 after 
exposure for 1.0hr to AIA, the initial concentration 
of which ranged from 0.3 to 3.0mg/ml: There was 
no direct correlation between fall of P-450 concen- 
tration and AIA concentration in perfusion fluid (see 
Fig. 12). However, the effect of AIA on P-450 levels 
was much reduced and more variable at blood con- 
centrations lower than 0.3 mg/ml; in three perfusions 
there were decreases of 4, 15 and 31 per cent after 
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Fig. 9. The biliary excretion of AIA and its metabolites 

by a bile fistula rat, pretreated with phenobarbitone. The 

pattern of biliary excretion of AIA (@), metabolite D (@) 

and metabolite E (A) in a bile fistula rat which received 

400 mg AIA per kg body weight s.c. at time 0. This rat 

had received the standard PB-pretreatment and 24 hr fast 
(see text) before injection of AIA. (c.f. Fig. 8). 
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Fig. 10. Decrease in hepatic microsomal cytochrome P-450 
after allylisopropylacetamide in intact rats and in the per- 
fused rat liver. (a) Perfused liver from 24-hr-fasted, pheno- 
barbitone-pretreated rats. (b) 24-hr-fasted, phenobarbi- 
tone-pretreated rats. (c) 24-hr-fasted, phenobarbitone-pre- 
treated rats given glucose by gastric intubation. (d) Fed 
rats. Details of the dose of AIA, phenobarbitone and glu- 
cose are given in the experimental section. All experimental 
points are the average of at least two observations, the 
number of which is given in parenthesis and the standard 
deviation is indicated. 
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Table 2. The rate constant (k,) of the rate-limiting step in the biliary excretion of [2-'*C] 





k, 2(slow) 


(hr~') 





Bile fistula rats 
24-hr-fasted 0.093 
PB-pretreated, 24-hr-fasted 0.019, 0.019 0.069, 0.062 
Perfused livers 
24-hr-fasted 0.023 0.053 
PB-pretreated, 24-hr-fasted 0.023 0.063 
Metabolite D Bile fistula rats 
24-hr-fasted 0.053 0.076 
PB-pretreated, 24-hr-fasted 0.027 0.11, 0.05 
Perfused livers 
24-hr-fasted 0.041 0.053 
PB-pretreated, 24-hr-fasted 0.026 0.063 
Metabolite E Bile fistula rats 
24-hr-fasted 0.035 0.095 
PB-pretreated, 24-hr-fasted 0.03 0.059 
Perfused livers 
24-hr-fasted 0.021 
PB-pretreated, 24-hr-fasted 0.001 (mono- 
exponential) — 





The two-compartment model for the biliary excretion of AIA and its metabolites by 
the perfused liver is described in detail in the Appendix where the relevance of applying 
the model to the data from bile fistula rats is also discussed. The excretion of AIA 
and its metabolites rose rapidly to Q,,,, and the rate constant (k;2s1ow)) Of the slow 
component of the bi-exponential decline from Q,,,, is included in the above table as 
well as the rate constant (k,) derived by subtraction of the slow component from the 
original excretion curve. 


or- Fast phase the addition of 0.2 mg AIA/ml perfusion fluid. A sin- 
(corrected) gle perfusion with the highest perfusate concentration 
of 3.0 mg AIA/ml produced a decrease in P-450, after 
1.0 hr, of 50 per cent (0.71 nmole P-450/mg protein) 
well within the range found for one-tenth of this cir- 
culating concentration of AIA. The effect of AIA on 
P-450 concentration in the perfused liver was also 
determined after 0.5 and 2.0hr exposure to 0.35 mg 
AIA/ml. There was a 23 per cent decrease by 0.5 hr 
and in three experiments decreases of 54, 61 and 66 
per cent by 2.0hr. The results of perfusions carried 
out at the same concentration of AIA and already 
included in the preliminary experiments described 
above were used to construct the time curve of the 
decrease in P-450 in Fig. 9A. The concentration of 
P-450 at t = 0.5hr is not included in the time-course 
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Table 3. The effect of perfusion on microsomal cyto- 
chrome P-450 in livers of phenobarbitone-pretreated rats 





Cytochrome P-450 
nmole/mg protein, 
(nmole/g liver) 
mean + S.D. (n) 





Microsomal cytochrome P-450, 





Unperfused 

(a) Papilliform lobe 2.02 + 0.32 (8) 
Time after AIA, hr (75.0 + 8.40) 

Fig. 11. The decrease of hepatic microsomal cytochrome (b) Left lobe 2.24 + 0.24 (8) 

P-450 after administration of allylisopropylacetamide to (76.7 + 7.41) 

phenobarbitone-pretreated rats. This graph was derived by _ Perfused 

superimposing two time-courses from two separate groups (Cc) Papilliform lobe 1.90 + 0.35 (11) 

of rats. The number of rats for each time point is indicated (after 0.5 hr perfusion) 

in parenthesis and the range is shown. The fast corrected (d) Left lobe 

component (t,,. 4.0 min) was derived by subtraction of the (after 2.5 hr perfusion) 

final linear part of the time-course (t,,. 3.3 hr) extrapolated 

to time 0 from the experimental points on the original Tests of significance a:b P>0.1; c:'d P>08; bic 

curve. P > 0.02; b:d P > 0.1. 
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Hr after addition of AIA to the perfusion 
medium 
Fig. i2. The decrease in microsomal cytochrome P-450 
after the addition of allylisopropylacetamide to the per- 
fusion medium. The liver donors were pretreated with 
phenobarbitone as described in the text. Initial perfusion 
medium concentration of AIA mg/ml (dose equivalent 
mg/kg body wt of liver donor) A, 0.16-0.2 (100); 0, 
0.33--0.39 (200); O, 0.5-0.59 (300); @, 0.73 (400); A, 3.0. 
The results are expressed as the mean and the range is 
indicated together with the number of perfusions in 
parenthesis. 


because it was low although the rate of decline of 
P-450 during this perfusion was parallel with the four 
terminated at 1 hr: 


DISCUSSION 


Comparison of the biliary and urinary excretion 
of radioactivity of AIA and its metabolites has shown 
that the metabolism of AIA is complex and supports 


the existence of an  enterohepatic circulation. 
Doedens [10, 11] suggested that because of the inacti- 
vity in vivo of the saturated 2-propyl-2-isopropylacet- 
amide the porphyrinogenic activity of AIA might be 
associated with the allyl group. Doedens considered 
that the AIA-lactone and its glucuronide were the 
major urinary metabolites excreted together with AIA 
and AIA-glycol. Administration of AIA-epoxide, AIA- 
glycol or AlA-lactone caused no increased PBG 
excretion suggesting that these metabolites were un- 
important in the porphyrinogenic activity of AIA and 
indicating the need for further work on the metabo- 
lism of a porphyrinogenic dose of AIA. 

From the present work, up to 80 per cent of the 
administered [2-'*C] AIA was accounted for in the 
urine and the urinary excretion of AIA, AIA-glycol 
and AIA-lactone were confirmed. However, the losses 
determined from measurements of radioactivity at the 
various steps of purification resulted in a much lower 
overall recovery, suggesting the loss of unidentified 





* 3-Methyl cholanthrene. 


volatile metabolites. A considerable proportion of this 
radioactivity was present in the urine as glucuronide 
and possibly other conjugates. The glycol might be 
present as a sulphate conjugate and AIA might conju- 
gate with glutathione, presumably after epoxide for- 
mation. 

The urinary and faecal excretion of radioactivity 
by intact rats after ['*C] AIA was not greatly affected 
by pretreatment with PB which can induce a variety 
of drug-metabolizing enzymes but the possibility that 
PB can change the extent of glucuronidation of AIA 
or a metabolite of AIA has not been investigated. 
Since the effect of AIA on P-450 and ALA-S are 
related to its metabolism [1,13], direct evidence of 
changes in AIA metabolism resulting from PB-pre- 
treatment was sought in the biliary excretion of AIA 
and its metabolites. 

Factors affecting biliary excretion. The relationship 
between hepatic metabolism and subsequent biliary 
excretion is complex. PB, for example, increases bili- 
ary flow[14] and this can increase biliary excretion 
of simultaneously administered drugs; biliary excre- 
tion is impaired in cholestasis but there is no direct 
relationship between changes in bile flow rates and 
in biliary elimination. The significance of the rapid 
choleretic effect of AIA, maintained for 2 hr after in- 
jection of PB-pretreated fistula rats and its relevance 
to the processes involved in the biliary secretion of 
AIA and its metabolites is difficult to assess. In the 
fistula rats maximum excretion of AIA and its meta- 
bolites occurred when there was greatest biliary flow. 
However, the rates of biliary excretion of AIA and 
both metabolites in the fistula rats were almost identi- 
cal with those in the perfused livers from fasted and 
PB-pretreated, fasted donors. In the perfused livers the 
concentration of AIA and its metabolites increased 
4- to 5-fold without large sustained increases in bile 
volume, after PB-pretreatment of the liver donor. This 
indicated that in the perfused liver the fraction of bile 
flow, which is independent of bile acid secretion [15], 
enabled biliary excretion of PB-pretreated and fasted 
donors at rates similar to those in fistula rats but 
without increased bile flow. Since a bile acid-indepen- 
dent excretion of 70 ul bile per kg body wt has been 
suggested in rats[16] the 2-fold biliary flow in the 
fistula rats, already enhanced by the PB-pretreat- 
ment, may be due to increased secretion of the bile 
acid-dependent fraction of total flow. 

The biliary excretion of AIA and its metabolites, 
analyzed according to the two-compartment model, 
and the initial excretion rates showed good agreement 
between the perfused liver and the bile fistula rats. 
This model was used in an attempt to compare the 
rate constants for the various transfer steps. PB-pre- 
treatment resulted in a 50 per cent decrease in the 
rate of transfer from liver to bile of metabolite D 
in both the perfused liver and in the fistula rats and 
for AIA in the fistula rats. If the rate of metabolism 
of AIA to metabolite D was the rate-limiting step 
in its biliary secretion in normal rats, as suggested 
for 3-MC* by Levine [17], PB-pretreatment, resulting 
in the induction of drug-metabolizing enzymes, might 
be expected to increase the rate of transfer from liver 
to bile of metabolite A. The faster transfer of metabo- 
lites from liver to bile is consistent with increased 
polarity and subsequently more rapid elimination 
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from the liver. Alternatively, because of conflicting 
evidence as to whether metabolism is rate-limiting in 
biliary excretion [18-21], the rate constant, k,, in this 
work may be due to rate-limiting transport into the 
cytosol or into the bile. The occurrence of conjugated 
urinary metabolites of AIA in intact rats and the low 
proportion of metabolized AIA present in the perfu- 
sate, indicate that biliary secretion of AIA and its 
metabolites, although small, may be a significant 
route of excretion for the complete elimination of AIA 
from the intact animal. 

Abnormal breakdown of P-450 after AIA. AIA 
caused a decrease in microsomal P-450 levels in the 
perfused liver of PB-pretreated rats. The destruction 
of microsomal P-450 was confirmed in intact rats, 
similarly pretreated. There was a smaller, but signifi- 
cant, decrease in normal, fed rats. The turnover of 
microsomal P-450 haem with radioactive ALA has 
been shown to be biphasic, with an initial half-life 
of 8-10hr and a second slower phase of half-life 
24-48 hr [22-24]. Corresponding half-lives of 11 and 
50 hr have been reported after phenobarbitone [25]. 
Evidence is presented for at least three components 
of microsomal P-450 breakdown after AIA. The value 
for the second phase after AIA in PB-pretreated rats 
agrees with that reported by Meyer and Marver after 
chronic treatment with AIA to PB-pretreated rats. 
The relationship between the very rapid initial decline 
reported here and the rapid production of malonalde- 
hyde from microsomal lipid peroxidation with evolu- 
tion of CO [26] remains to be elucidated. It may be 
related to an hitherto undetected very early phase of 
the initial component thought to contribute in normal 
animals to one of the early non-erythropoietic peak(s) 
of labelled bilirubin occurring within a few minutes 
of ['*C] ALA injection [27]. Landaw [28] suggested 
two, three or more components of the early-labelled 
peak of '*CO occurring within 1-2 hr after injection 
of [5-'*C] ALA. After AIA the early-labelled bilirubin 
was not increased in contrast to carbon monoxide 
production from the methene bridge carbon atoms 
of the protoporphyrin nucleus, emphasizing the 
abnormal breakdown of the haem after AIA [29, 30]. 

The decrease in P-450 after AIA, originally thought 
to represent loss of haem solely from the microsomal 
cytochromes, is now considered to reflect the presence 
of a small hepatic haem fraction with a short biologi- 
cal half life and this fraction is increased by 
PB [37,1]. Hepatic P-450 concentration also de- 
creases after exposure to hepatotoxic compounds 
such as carbon tetrachloride [32] or carbon disul- 
phide [33]. Cobaltous chloride also decreases P-450 
concentration by inhibiting its synthesis at the ferro- 
chelatase step [34]. The loss of haem after AIA in 
vivo results from destruction of existing haem of the 
microsomal fraction and cytosol [35, 17,36] rather 
than to an inhibition of synthesis. The breakdown 
products produce a characteristic green colouration 
of the microsomes [1, 25]. 

In the perfused liver, although the decrease in 
P-450 was quantitatively similar to that found in in- 
tact rats, the initial decline was slower. These differ- 
ences may be contingent on factors such as the con- 
centration of AIA in the perfusate, extent of protein 
binding of AIA and the influence of these on the 
uptake of AIA by the perfused liver. 
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A non-linear dose-response between the s.c. injec- 
tion of 20-200 mg AIA per kg body wt and the de- 
crease of microsomal P-450 | hr after injection has 
been shown in PB-pretreated rats[25]. A dose—res- 
ponse was not clearly apparent in the perfused liver 
except that the decrease in microsomal P-450 was 
variable at the lowest concentrations of AIA and a 
decrease of 50 per cent at | hr consistently occurred 
for 0.3-3.0mg AIA/ml; (0.2-0.7 mg AIA/ml corres- 
ponded to 100-400 mg AIA per kg body wt). 

Factors affecting the metabolism of AIA in vivo. The 
observed biliary excretion patterns provide direct evi- 
dence that PB-pretreatment enhanced the hepatic 
metabolism of AIA and that this increased metabo- 
lism was accompanied by an increased disappearance 
of hepatic microsomal cytochrome P-450 induced by 
the PB-pretreatment. The production of metabolite 
D in normal rats and after PB can be correlated with 
the decrease in P-450. Should studies on the decay 
of radioactively-labelled haem confirm the presence 
of a component with a half-life of 4.0 min., this half- 
life is of an order compatible ~with the concept of 
substrate binding (AIA) to monooxygenase P-450 
during metabolism. Reactive metabolites, covalently 
bound at their site of action [37], usually have a short 
biological half-life, and they may not be excreted by 
the liver. A reactive metabolite of AIA responsible 
for P-450 loss might be metabolized to a stable deri- 
vative such as metabolite D which may be a gluta- 
thione conjugate of AIA epoxide. Such a conjugate 
might be hydrolyzed before or during t.lc. to AIA- 
glycol, followed by lactone formation, but these two 
compounds could not be unequivocably detected in 
the bile. 

The decrease of P-450 after AIA is lessened when 
P-450 has been induced by 3-MC (Unseld and De 
Matteis, personal communication) which may be a 
result of changes in the metabolism of AIA. The de- 
crease in P-450 after secobarbital is also low in con- 
trol and 3-MC-treated rats[2]. There is some evi- 
dence of epoxide metabolites of both AIA and seco- 
barbital and the protective effect of 3-MC could be 
due to (1) differences in rates of routes of metabolism 
influencing the rate of production of the epoxide, (2) 
induction of epoxide hydrase by 3-MC influencing the 
biological “half-life” of the epoxide [38], (3) avail- 
ability of conjugating moieties, such as glutathione, 
influencing the half-life of the epoxide as shown for 
bromobenzene [37], or (4) a specific effect on one of 
the P-450 “cytochromes”. 

Lability of a specific P-450 cytochrome after induc- 
tion by PB, due to binding or proximity to AIA, AIA 
epoxide or other “active metabolite” during metabo- 
lism with subsequent effects on AIA metabolism, 
rather than to a decrease in the “regulatory haem 
pool” could explain the lack of induction of. 
ALA-S [12] (Smith, personal observation) by AIA in 
PB-pretreated rats despite the rapid decrease in P-450 
concentration. However, a decrease in P-450 is not 
always associated with epoxide formation, e.g. bromo- 
benzene [39], but is often related to ALA-S induc- 
tion[1]. In chick embryo liver cell cultures com- 
pounds such as AIA are not readily metabolized but 
are potent inducers of ALA-S[40,41]. The lack of 
induction of ALA-S by AIA in intact rats after PB- 
pretreatment was considered by Kaufman, Swan- 
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son and Marver [12] to be due to the increased rate 
of metabolism of AIA by the liver leading to low 
levels of AIA inadequate for ALA-S induction. The 
half-life of AIA in the blood was decreased from 5 hr 
to 0.5 hr after PB and the distribution of radioactivity 
in the hepatic cell fractions indicated a rapid hepatic 
elimination of AIA. 

We recovered about 20 per cent of the adminis- 
tration AIA in the liver and excreted in the bile within 
Shr after AIA administration. Little radioactivity 
(about 4 per cent of the administered AIA in two 
PB-pretreated fistula rats) was excreted in the urine 
during this time. During perfusion the total radioacti- 
vity in the liver reached an average of 7.5 per cent 
dose (3-4 hr after AIA) and in the fistula rats it aver- 
aged 6 per cent and was unaffected by PB-pretreat- 
ment. Although the relative amounts in the liver as 
AIA and its metabolites were not determined, this 
hepatic radioactivity was equivalent to about 3 nmole 
AIA/mg liver (calculated from the specific activity of 
AIA). The initial rapid uptake of AIA with an average 
t,,> of 1.3 min by perfused livers from fasted and PB- 
pretreated, fasted rats was almost identical with the 
rapid hepatic uptake of benzypyrene, t,,. of 1.7 min, 
after i.v. injection in intact rats [47]. 

Excretion patterns have often been used to classify 

human porphyrias and have enabled some compari- 
sons to be made with the experimental porphyrias. 
Modern techniques have demonstrated enzyme defi- 
ciencies in two types of human ‘porphyria. In DDC- 
induced porphyria there is inhibition of ferrochela- 
tase; with a dose-response in terms of porphyrin ac- 
cumulation; but the action of other porphyrinogenic 
agents such as AIA, HCB and griseofulvin, where 
excretion patterns and induction of ALA-S have been 
investigated in great detail in several species, is still 
unknown. The effect of PB-pretreatment on the pat- 
tern of biliary excretion and the in vitro destruction 
of microsomal P-450 show the perfused liver to be 
a useful system for investigations (especially during 
the initial first 2hr) of the mode of action AIA in 
relation to its metabolism. 
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APPENDIX 


A two-compartment model of the biliary excretion of AIA 
and its metabolites in the isolated perfused rat liver 


[2-'*C]Allylisopropylacetamide (AIA) was given aX a 
bolus injection into the blood at t = 0. The decrease of 





Metabolism of 2-allyl-2-isopropylacetamide 


radioactivity from the blood was followed throughout the 
perfusion and the radioactivity present as AIA or its two 
metabolites was determined in consecutive bile collections. 

The two-compartmental analysis has been applied separ- 
ately to AIA and to its metabolites (Fig. 13). 





(B) 











Ki2 








Liver (L) 





k, 
: Bile (0) 











Fig. 13. 


B, Land Q are the amounts at time, t, of radioactivity 
per administered dose of AIA or metabolite in blood, liver 
and bile compartments respectively. These can be con- 
verted to the concentrations by dividing by the volumes 
of the compartments; k,>, k,, and k, are first-order rate 
constants which are related to the graphically determined 
half life (t,,.) by the equation k = 0.693/t, >. 


Rate of removal from the blood, 
—dB/dt = k,,B —k2,L (1) 
Rate of appearance in the liver, 
dL/dt = k,,B — (k, + k2,)L. (2) 
Rate of excretion in the bile, 
dQ/dt = kL. (3) 


Assumptions for the model 


(1) The radioactivity present as AIA or its metabolites 
in the various compartments, defined as B, L and Q 
changed exponentially. 

(2) Lwas bi-exponential and is expressed viz 


L= A,e"*" + A,e , 


where A, and A, are constants, the intercepts at t = 0 
of the semilog plots of the two components with gradients 
—a, and —2, respectively. 

(3) Protein binding was negligible but there is no exper- 
imental evidence that this is so. 

(4) (a) For the first five minutes of perfusion. Passage of 
AIA from the blood to the liver was assumed to be by 
diffusion in the direction of a concentration gradient. For- 
mation of metabolites was assumed to be negligible during 
this time and thus it was considered that no appreciable 
mass flow of AIA metabolites from liver to blood occurred. 

(b) From five minutes of perfusion until the end of the per- 
fusion. Unmetabolised AIA can diffuse (i) from the blood 
into the liver, or (ii) from the liver back into the blood 
depending on the extent of uptake of AIA, or (iii) from 
liver to bile. During perfusion the blood concentration of 
AIA was always greater than in the liver, and the concen- 
tration of gradient (or net material flow) for AIA was now 
from liver to bile. In one perfusion the relative proportions 
of AIA and its metabolites were determined and by 2 hr 
94 per cent of the circulating radioactivity was still present 
as unmetabolised AIA. The net material transfer of AIA 
and its metabolites from the liver was probably predomi- 
nantly into the bile under the experimental conditions. 

The analysis of the radioactivity excreted in the bile (Q) 
was considered before and after the maximum (Q,,,,) and 
related to two separate phases of the blood disappearance 
curve. The disappearance of '*C from the blood was bi- 
exponential during perfusion. By comparison with the rate 
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of excretion of '*C in the bile it was considered that for 
the first five minutes the blood disappearance of '*C was 
predominantly mono-exponential with a short half-life and 
thereafter for the rest of the perfusion the component with 
a longer half-life predominated. 

For the model when t = 0, B = AIA administered, L= 0 
and Q=0 


dL/dt = k,,B <a k5L. 


For 0-5 min, ky2 = ky2¢¢asty 
From 5 min to end of perfusion k;2 = ky 2s1ow)s 


B = pe™*'* 
L= A,(e"""* 


— et), 


A, = ky2/(ky — ky2) 


Q= A,e~** — (kyA,/k2) 
e284 Ai(k, — I/ky2 
= A,e *" — (k,A,/k,,)e""'* + t. (9) 


Since B, Land Q have been expressed as dpm/unit dose 
the total amount of radioactivity in each compartment can 
be calculated by multiplying B, Land Q by the dose. Thus 
when t—0,Q—1. Total excreted in bile as 
t—+ 0 = 1 x injection dose. The observed time course of 
Q is characteristic of a system illustrated in Fig. 14 
and which can be described by the set of differential equa- 
tions. During the early time course there is a net material 
flow of AIA and any metabolites formed from the liver 
to bile. As the concentration in the liver increases so the 
net transfer from liver back to blood can increase and 
this would contribute to the observed decrease in the level 
of Q. 

Qmax Occurred at about 30min of perfusion with AIA 
and thereafter the steep decline was bi-exponential, due 
predominantly to the transfer from liver to bile with rate 
constant k,, modified by the flow along the pathway char- 
acterised by the rate constant k,>5,.4y). From then until 
the end of perfusion, equations (7), (8) and (9) apply, the 
true values of k, being calculated from the gradient of 
the fast component of the bi-exponential decline obtained 
graphically to subtraction of the slow component from the 
initial experimental curve. The component with the long 
half-life (t,,) is due to the slow uptake of AIA from the 
blood, i.e. the component with rate constant ky o(<jow) Will 
be made slower depending on the magnitude of the com- 
ponent with the rate constant k,,. The slow component 
was difficult to assess from the biliary data of the perfused 
livers because these perfusions were ended only 3 and 4hr 
after the administration of AIA. The biliary excretion data 
from the perfused livers were therefore extrapolated using 
the gradient for the slow component derived from the 
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blood data, this gave a satisfactory assessment of the value 
of k,, since, using the data from the bile fistula rats, halv- 
ing the t,,. of the slow component (k; a;<1o4)) caused a de- 
crease of only 4 per cent in k3. 

In the fistula rats the rate constants for the disappear- 
ance of AIA in the blood will be affected by slow absorp- 
tion from the s.c. injection site, extrahepatic uptake of AIA 
and excretion in the urine. These influences will decrease 
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the rate at which Q,,,, was attained, decrease the value 
of Qnax and influence the gradient of the component from 
which k, was derived. The biliary excretion of AIA and 
its metabolites by a fed fistula rat rose slowly to a low 
Qmax Which decreased slowly compared with the excretion 
by PB-pretreated rats which agreed well with the model 
(Fig. 8.). 
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Abstract—The major lipids of human kidney tissue were isolated by solvent extraction, and the lipid 
composition was determined by thin-layer chromatographic techniques. The positional distribution 
of fatty acyl groups in ethanolamine and choline phosphatides was determined after enzymatic hydroly- 
sis. Major phosphatides were assayed for plasmalogen content. Triglycerides were characterized by 
argentation chromatography. The fatty acyl composition of these lipids was also determined. The 
effect of intact triglycerides, phospholipids, 1- and 2-monoacy] phosphatides and ether lipids on renin 
activity in vitro was determined by incubations with 3-[U'*C]valyl tetradecapeptide renin substrate. 
Kidney triglycerides, 1-monoacyl and 2-monoacyl phosphatidylethanolamines and phosphatidylcholines 
significantly inhibited renin activity. The renin-inhibitory effect of these lipids was comparable to inhibi- 
tion by hog kidney phospholipid inhibitor. The intact phospholipids and cholesterol potentiated human 
kidney renin activity. Phosphatidylserines and synthetic glyceryl ether lipids have no significant effect. 
These results indicate that lipid-induced inhibition of human renin activity does not require the etha- 
nolamine moiety, acyl group unsaturation, or the presence of a hydroxyl group at the 2-position. 
Additionally, no specific structure—activity relationships can describe lipid—renin interactions. 


The concept of endogenous mediators of the renin— 
angiotensin system has existed for several years. The 
antihypertensive function of the kidney [1,2] was 
proposed in relation to the experiment of Goldblatt 
et al.[3] but Tigerstedt and Bergman [4] were the 
first to show an increase in the pressor response to 
renin after nephrectomy. This observation, and 
reports of increased angiotensin generation in plasma 
from nephrectomized animals [5-7] implied that a 
renin inhibitor was present in normal renal tissue. 
Some investigators have also shown a potentiation 
in the pressor response to angiotensin in nephrecto- 
mized dogs[8,9] and unaltered[10,11] and in- 
creased [12, 13] responses to angiotensin in nephrec- 
tomized rats. Pickens et al.[14] added a constant 
amount of renin to different human plasma samples 
and found that the angiotensin generated in a 4-hr 
incubation varied significantly. Other similar observa- 
tions [15-17] suggested the presence of renin acti- 
vators or inhibitors in plasma. 

Antihypertensive lipids from extracts of animal 
renomedullary tissue were first identified by Muir- 
head et al. [18]. Some of these medullary lipids were 
found to be prostaglandins [19, 20] and others neutral 
lipids [19, 21,22]. These and other relations between 
the renal medulla and the hypertensive state in exper- 
imental animals [23] supported the view that the 
renal medulla acts as an antihypertensive organ [24]. 

Naturally occurring phospholipids are among the 
recently proposed antihypertensive substances. Phos- 
pholipid material isolated from acetone extracts of 
dog kidney has been shown to inhibit the action of 
dog renin on dog renin substrate in vitro, and reduce 
the blood pressure of chronic and renal hypertensive 
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rats and dogs in vivo [25,26]. The lysophosphatide 
product of the phospholipid was shown to be much 
more potent in terms of its ability to decrease blood 
pressure than the parent phospholipid [26]. The par- 
ent substance was termed preinhibitor [27] because 
the “active” inhibitor was derived from the phospho- 
lipid by phospholipase hydrolysis and provisionally 
identified as a lysophosphatidyl amino acid deriva- 
tive [25]. Preinhibitors were also found in dog kid- 
ney [25], dog [28,29] and human plasma [29, 30], 
human erythrocytes[28], blood of anephric 
humans [31], rat liver, rat heart and erythro- 
cytes [29, 32, 33] and shark kidney [34]. 

Initially, the preinhibitor was reported to be nearly 
identical to bovine phosphatidylserine [25], but 
several reports favored the view that the preinhibitor 
was a phosphatidylethanolamine and the “active” in- 
hibitor its lysophosphatidyl derivative [29, 33, 35, 36]. 
The active inhibitor from shark kidney was also iden- 
tified as a polyunsaturated lysophosphatidylethanol- 
amine [34]. Synthetic lysophosphatidylethanolamines 
[37], dilenolenyl phosphatidylethanolamine [38], and 
ethanolamine derivatives esterified with l-adamantyl 
moieties [39] have been shown to inhibit renin in 
vitro. 

Several recent reports have questioned the phos- 
pholipid theory of renin inhibition. Tinker et al. [29] 
stated that “inhibitory activity could not be assigned 
rigorously to a lysophosphatide structure, or to a spe- 
cific class of phosphatide, or linked to the kidney, 
or attributed to a high content of polyunsaturated 
fatty acids.” They were also unable to demonstrate 
renin inhibition in vivo by phospholipids from dog 
kidney. 

The failure to observe a decrease in the circulating 
level of preinhibitor from blood of anephric rats [32], 
dogs [28] and humans [31] led some workers to 
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believe that the kidney may not be the only source 
of preinhibitor. Consequently, an attempt to corre- 
late phospholipase activity in nephrectomized animals 
with availability of the active renin inhibitor was 
studied to reconcile these observations and reports 
of increased renin activity after nephrectomy. 
Osmond et al.[40] found no change in rat plasma 
phospholipase activity after nephrectomy, suggesting 
that nephrectomized rats should have no lack of renin 
inhibitor. However, results of a recent study on the 
kinetics of phospholipase activity in serum from 
anephric rats indicated a decrease in enzyme acti- 
vity [41] and theoretically a lack of circulating inhibi- 
tor. 

Conflicting data, and the lack of definitive informa- 
tion regarding either the structure or the effect of pur- 
ified human lipids on human renin activity provided 
the impetus for this study. Kotchen et al. [42] used 
exogenous human kidney renin to demonstrate the 
existence of an acetone-soluble renin inhibitor in nor- 
mal human plasma; the plasma factor was not identi- 
fied. Other workers [30] have reported the presence 
of an unidentified human plasma phospholipid inhibi- 
tor of human kidney activity on human substrate. 
Earlier, the effects of phospholipid inhibitors from 
human tissue, other than kidney, were studied with 
dog renin and dog substrate [31, 32]. 

In this study, human kidney lipids were separated 
into major lipid classes, and the fatty acid composi- 
tion of each was determined. Positional analysis was 
performed on triglycerides, phosphatidylcholines and 
phosphatidylethanolamines. The effect of these puri- 


fied lipids on the activity in vitro of human kidney 
renin was then determined. 


MATERIAL AND METHODS 


Tissue. Human kidneys were obtained at autopsy 
from adult individuals who died from trauma, quick- 
frozen, and stored (—85°). All kidneys were removed 
within 3hr postmortem. Cryostat sections of each 
kidney were examined and judged normal. At the end 
of the collection period, the frozen kidneys were par- 
tially thawed, bisected laterally, freed as completely 
as possible of superficial fat and connective tissue, 
weighed and extracted immediately. 

Preparation of human renin. Human renin was 
extracted from ground kidney tissue as described in 
detail previously [43]. The crude renin extract was 
purified at 5° by ascending gel filtration chromatogra- 
phy with Pharmacia K26/100 columns packed with 
Sephadex G-100 (Pharmacia Fine Chemicals, Inc., 
Piscataway, N.J.). The columns were standardized 
with Pharmacia Blue Dextran 2000 and protein mol- 
ecular weight standards described earlier [43]. A 
crude renin sample (20mg protein) was applied to 
the column and renin Fraction B (mol. wt = 39,500) 
was eluted with 0.05M sodium phosphate—0.1 M 
NaCl buffer, pH 6.9 (phosphate-saline buffer). The 
buffer flow was maintained at 15 ml/hr with an LKB 
1200 pump (LKB Instruments, Inc., Rockville, Md.). 
The Az go of the effluent was monitored (LKB Uvi- 
cord II) and 3-ml fractions were collected. Protein 
concentrations of samples were determined using 
crystalline human albumin as standard [44]. 


M. Overturr, R. E. DruILHET and W. M. KIRKENDALL 


Extraction of tissue lipids. While semi frozen, five 
human kidneys were cut into small pieces and homo- 
genized in 2:1, v/v, chloroform—methanol (30 ml sol- 
vent/g of tissue) containing 10mg of butylated hyd- 
roxytoluene/100 ml of solvent. A Potter-Elvehjem 
homogenizer was used to obtain a final slurry and 
the lipids were extracted by the method of Folch et 
al. [45]. The extract was concentrated with a rotary 
evaporator and treated with methanol to remove 
traces of residual water. Non-lipid contaminants were 
removed on a Sephadex G-25 column by the method 
of Wuthier [46]. The purified total lipid extract was 
concentrated in vacuo, dissolved in chloroform, and 
separated into neutral and phospholipids by silicic 
acid column chromatography [47]. After the two frac- 
tions were brought to near dryness, the neutral lipids 
were dissolved in chloroform and the phospholipids 
in chloroform—methanol—benzene (1:1:1, by vol). The 
volumes of each were recorded and aliquots were 
taken for gravimetric analysis and phosphorus deter- 
minations [48]. The neutral and phospholipid frac- 
tions were stored under nitrogen at —85° prior to 
further analysis. 

Separation of neutral lipid classes. The neutral lipid 
fraction was qualitatively separated into classes on 
0.25-mm Silica gel H plates (Brinkmann Instruments, 
Inc., Westbury, N.Y.) using a two-dimensional thin- 
layer chromatography (t.l.c.) system [49]. Prepara- 
tive t.l.c. class separation of neutral lipids was per- 
formed on 0.50-mm-thick Silica gel H plates devel- 
oped in hexane-ether—acetic acid (90:10:1, by vol). 
The bands containing individual classes were scraped 
from the plate and eluted from the gel with chloro- 
form—methanol (2:1,v/v). The pooled eluates were 
checked for class homogeneity; if found to be con- 
taminated, they were chromatographed until homo- 
geneity was obtained. The purified classes were fil- 
tered through solvent-washed hard filter paper (What- 
man No. 50), brought to a volume, and stored under 
nitrogen (— 85"). 

Separation of phospholipid classes. Qualitative t.l.c. 
of phospholipid classes was performed on 0.25-mm- 
thick Silica gel G plates using two-dimensional sol- 
vent pairs. These solvents included: (1) development 
with chloroform—methanol-28%, aqueous ammonia 
(65:25:5, by vol.) followed by chloroform—methanol- 
acetic acid—water (3:4:1:0.5, by vol.), and (2) chloro- 
form—methanol-water (65:25:4, by vol.) followed by 
l-butanol-acetic acid—water (3:1:1, by vol.) according 
to Rouser et al. [50]. Preparative separation of phos- 
pholipids was performed on 0.50-mm-thick Silica gel 
G plates developed in chloroform—methanol-benzene 
(1:1:1, by vol.), checked for homogeneity, purified if 
necessary, and stored under nitrogen (—85°). Phos- 
pholipid classes were quantitated by lipid phos- 
phorous analyses [48]. 

Isolation of triglyceride species. Argentation t.l.c. 
was used to fractionate the total trigylyceride class 
into its major component species according to the 
number of ethylenic linkages per triglyceride mol- 
ecules. Triglyceride species were resolved on 0.50-mm- 
thick Silica gel H-silver nitrate (5%, w/w) plates with 
a solvent system of isopropanol-—chloroform (1.5:98.5, 
v/v) [51]. The separated species were visualized with 
0.1% dichlorofluorescein in 95% methanol (w/v), 
extracted from the gel with 2:1 (v/v) chloroform— 
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methanol and transesterified with methanolic-HCl 
prior to gas-liquid chromatography (g.l.c.). 

Stereospecific analyses of triglycerides. The fatty 
acids esterified in each of the three positions of gly- 
cerol and the differentiation of the fatty acids in pos- 
itions 1, 2 and 3 of the triglycerides were determined 
by the method of Brockerhoff [52]. The formation of 
1,2- and 2,3-diglycerides was accomplished by de- 
acylation of the triglycerides with ethyl magnesium 
bromide. The products were isolated by t.l.c. on Silica 
gel H layers containing 5% (w/w) boric acid devel- 
oped in chloroform—acetone (96:4, v/v) according to 
Thomas et al.[53]. They were then converted to 
phosphatidylphenol derivatives by reacting them with 
phenyldichlorophosphate, and incubated with Ophio- 
phagus hannah phospholipase A, (EC 3.1.1.4). The 
fatty acids were separated from the corresponding 
lysophospholipid and unreacted phosphatidylphenols 
by t.lc. on Silica gel G developed in chloroform— 
methanol—water (80:25:3, by vol.). The bands were 
scraped from the plates, eluted. and transesterified for 
g.l.c. 

The accuracy of the stereospecific analyses was con- 
firmed by determining the 2-position fatty acids inde- 
pendently by hog pancreatic lipase (EC 3.1.1.3) hy- 
drolysis [54]. The fatty acid composition of the result- 
ing monoglyceride which represents that of position 
2 of the intact triglyceride was determined by t.l.c., 
transesterification and g.l.c. 

Plasmalogen content of human kidney lipids. Plasma- 
logens_ (l-alk-1’-enyl-2-acyl phospholipids) were 


detected in the purified phospholipid fraction by 
several procedures [55-57]. Prior to phosphorous 


determinations, the 2-acyl lysophosphatides derived 
from the plasmalogens were separated from diacyl- 
phospholipids and glycerol ether phospholipids by 
mercuric chloride hydrolysis [55]. A phospholipid 
fraction aliquot equal to 26yug phosphorous was 
applied to a t.l.c. plate. At the conclusion of the chro- 
matography, the separated components were sprayed 
with ninhydrin, followed by sulfuric acid spray, and 
charred. Ninhydrin reagent was necessary to clearly 
distinguish between phosphatidylserines and sphingo- 
myelins. The charred spots were removed from the 
plates for phosphorous analysis [48]. The plasma- 
logen percentages were calculated on the quantities 
of the derived 2-acyl lysophosphatide phosphorous 
content. Plasmalogen control t.l.c. plates were devel- 
oped as described, except that distilled water was sub- 
stituted for the mercuric chloride spray reagent. Blank 
areas of Silica gel from the plates were analyzed to 
determine background phosphorous. 

Positional analysis of phosphatidylcholine and phos- 
phatidylethanolamine. The distribution of fatty acids 
esterified at the 1 and 2 positions of phosphatidylcho- 
line was determined by t.l.c. and g.l.c. anaiysis after 
enzymatic hydrolysis. Phosphatidylcholines (5 mg) 
were subjected to O. hannah phospholipase A, hy- 
drolysis by the procedure of Robertson and 
Lands [58]. After a 6-hr incubation in 4mM calcium 
chloride-0.5 M Tris buffer (pH 7.5), the mixture was 
washed into a conical flask with 10 ml methanol and 
20 ml chloroform, dried over sodium sulfate, and con- 
centrated in vacuo. The products, free fatty acids and 
lysophosphatides containing the fatty acids of pos- 
ition 1 (l-monoacyl-sn-phosphatidylcholines) were 
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separated by preparative t.l.c. on layers of Silica gel 
G developed in chloroform—methanol-—water (80:25:3, 
by vol.) and visualized with dichlorofluorescein. The 
fatty acids of position 2 and the lysophosphatidylcho- 
lines were eluted from the adsorbent with chloro- 
form—methanol (2:1, v/v) and chloroform—methanol- 
benzene (1:1:1, by vol.) respectively. The hydrolysis 
products and intact phosphatidylcholines were trans- 
esterified prior to g.l.c. analysis. 
Phosphatidylethanolamines (5 mg) were hydrolyzed 
by incubation with O. hannah phospholipase A, 
according to the procedure of van Golde and van 
Deenen [59]. The lysophosphatidylethanolamines 
(l-monoacyl-sn-phosphatidylethanolamines) were iso- 
lated by the t.l.c. method described above. 
Gas-liquid chromatography. Fatty acid methyl esters 
were prepared by a modification of the method out- 
lined by Mason and Waller [60]. Each lipid class 
(4mg) was taken to dryness with nitrogen and dis- 
solved in 0.7ml of dry benzene. Methanolic-HCl 
(0.25 ml) and 2,2-dimethoxypropane (0.50ml) were 
added and transesterification proceeded for 12hr at 
room temperature. The methyl esters were purified 
as previously described prior to g.l.c. [48]. The esters 
(2-5 yl) were analyzed isothermally at 190° with a 
Beckman model GC 65 gas chromatograph (Beckman 
Instruments, Fullerton, Calif.) on glass columns 
(6 ft x 0.25in.) packed with either 15°% DEGS on 
80/100 mesh Chromosorb W (AW) or 10% EGSS-x on 
100/120 mesh Gas Chrom P (Supelco, Inc., Bellefonte, 
Pa.). The instrument was equipped with a flame ioni- 
zation detector; a nitrogen carrier flow rate of 
50 cm?/min was used. Methyl esters were identified 
by their retention times relative to standards. The 
amount of each ester present was determined by an 
Infotronics model CRS-208 automatic digital integra- 
tor (Infotronics Corp., Austin, TX.). Internal standar- 
dization techniques and calibrated methyl ester stan- 
dards obtained from the National Institute of Health 
(Standards D and F) were used for quantitation. 
Lipid standards, lipolytic enzymes and _ reagents. 
Lipid standards were obtained from Applied Science 
Laboratories, Inc., State College, Pa.; Supelco, Inc., 
Bellefonte, Pa.; and the Hormel Institute, Austin, 
Minn. Glyceryl ethers were obtained from Supelco, 
Inc. O. hannah phosphalipase A, and hog pancreatic 
lipase were obtained from Sigma Chemical Co., St. 
Louis, MO. Pig kidney phospholipid renin preinhibi- 
tor was obtained from Miles Laboratories, Inc., Kan- 
kakee, Ill. Thin-layer chromatography indicated that 
the preinhibitor was phosphatidylethanolamine. The 
“active” inhibitor, lysophosphatidylethanolamine, and 
the 2-acyl fatty acids of the preinhibitor were isolated 
on 0.50-mm-thick Silica gel G plates developed in 
chloroform-methanol-water (80:25:3, by vol.) after 
hydrolysis by O. hannah phospholipase A, [59]. The 
2-monoacyl derivatives of choline and ethanolamine 
phosphatides were prepared with pancreatic 
lipase [54] and isolated from t.l.c. plates after devel- 
opment in chloroform—methanol-water (80:25:3, by 
vol.). Unless indicated, all other chemicals used were 
of reagent grade, obtained from commercial sources. 
Specific spray reagents used to identify the lipids 
included: hydroxylamine for esters, and Schiffs re- 
agent for plasmalogens [61]; molybdenum blue for 
phospholipids [62]; ninhydrin for free amino groups, 
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Dragendorff reagent for choline and antimony tri- 
chloride for cholesterol [63], and chlorine-benzidine 
for sphingolipids [64]. Iodine vapor was used as a 
general non-destructive t.l.c. detection reagent [65] as 
was 2’-7’ dichlorofluorescein in methanol [63]. Sul- 
furic acid spray was used to detect organic material 
present [66]. 

Labeled renin substrate (TDP) and angiotensin I. 
The 5-L-isoleucine, 3-L-[U'*C]valine tetradecapeptide 
(TDP) [67, 68] with a sp. act. of 40 mCi/m-mole was 
obtained from Schwarz BioResearch, Orangeburg, 
N.Y. High-voltage electrophoresis followed by radio- 
active strip scanning and quantitation indicated that 
this material was greater than 98 per cent homogene- 
ous. For the stock solution, TDP was dissolved in 
5 ml of distilled water (0.51 nmole/10 yl). Angiotensin 
I, 5-L-isoleucine, 10-L-[4,5-7H(N)]leucine with a sp. 
act. of 250mCi/m-mole, was obtained from New 
England Nuclear, Boston, Mass., and dissolved in 
5 ml of distilled water (0.40 nmole/10 pl). Nonlabeled 
angiotensin I was purchased from Schwarz/Mann and 
was used as an electrophoretic carrier (15 nmoles 
10 yl of distilled water). 

Estimation of renin activity. A renin activity incuba- 
tion was comprised of 10 ul phosphate-saline buffer 
(pH 6.9), 10 ul ['*C]TDP, and 10 ul of human kidney 
renin Fraction B[43]. Most incubations were for 
30 min at 37°. The angiotensin I formed in the incuba- 
tion media and the residual ['*C]TDP were separ- 
ated by high-voltage electrophoresis and detected 
with a radiochromatogram scanner. The electropho- 
retogram was quantitatively assayed by liquid scintil- 
lation methods. These methods were described in 
detail previously [43]. The counting solution con- 
sisted of 7g of 2,5-diphenyloxazole, 0.7 g of 1,4-bis- 
[2(4-methyl-5-phenyloxazole) ]benzene and toluene to 
make 1000 ml. Radioactivity in each zone was ex- 
pressed as absolute activity (dis./min) by the channels 
ratio method of quench correction [69] and calcu- 
lated as a percentage of total dis./min on the electro- 
phoretogram. The amount of ['*C]angiotensin I 
(product) formed was calculated from the percentage 
of activity in the product and the amount of substrate 
incubated, assuming. a 1:1 molar relationship, and 
used as a basis for the calculation of enzyme activity. 

Estimation of the effect of lipids on renin activity. 
The hydrolysis of-['*C]TDP by human kidney renin 
in the presence of purified human kidney lipids, their 
1- and 2-monoacyl phosphoglyceride derivatives 
(lysophosphatides), and commercially available lipids 
was assayed using the system in vitro described above. 
Lipids were added as suspensions with phosphate- 
saline buffer. Lipid solutions were prepared immedi- 
ately before incubation by exposure to ultrasonic 
vibrations at 0° for not more than 30 sec using a Bio- 
sonik IIA ultrasonic probe (Brownwill Scientific, 
Rochester, N.Y.). Several incubations were conducted 
with ethylene glycol monomethy! ether (EGMME) as 
a lipid vehicle. Heat-inactivated renin was included 
in each experiment as a negative control. Each lipid 
suspension and laUcled angiotensin I standard were 
electrophoresed together to detect any changes in 
electrophoretic mobility of the product. The change 
in ['*C]angiotensin I product relative to renin acti- 
vity controls served as a measure of the lipid effect. 
Inhibition was expressed as a percentage of the 
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amount of ['*C]angiotensin I generated in the con- 
trol incubation less the amount generated in the pres- 
ence of added lipid, divided by the control level. 
When the amount of angiotensin I generated in the 
presence of lipid exceeded control levels, activation 
was expressed as a fold increase above the per cent 
of angiotensin I formed in the control. 


RESULTS AND DISCUSSION 


The total lipids isolated from human kidney by sol- 
vent extraction and partitioning comprised 2.7 per 
cent of the mean kidney wet weight (85.5 + 12.1 g). 
Water accounted for 80.1 per cent of the kidney 
weight. The human kidney lipid extract contained 
58.5°,, phospholipids, which were made up of about 
27°, choline and 23°, ethanolamine phosphatides 
with smaller amounts of phosphatidylserines, phos- 
phatidylinositols, sphingomyelins and diphosphati- 
dylglycerols. The polar lipid content of human kidney 
(Table 1) generally compares well with previous 
studies of human kidney lipids [70, 71], and the kid- 
ney lipids reported for bovine and mouse [71], 
rat [72], pig [73,74], and sheep[75]. However, we 
consistently found fewer sphingomyelins than have 
been reported for human or other mammalian spe- 
cies. Significant proportions of the total phospholipid 
content of human kidney were comprised of phospha- 
tidylcholine (2.3°,), phosphatidylethanolamine (6.6%), 
and phosphatidylserine plasmalogens (3.2%). The 
plasmalogen content of ethanolamine and choline 
phosphatides was 29 and 11 per cent, respectively, 
somewhat different from those reported for 
pig [76,77] and dog [76] kidney. No previous data 
are available regarding the plasmalogen content of 
human kidney phospholipids. Nonpolar lipids com- 
prised 41.6 per cent of the human kidney extract, 
nearly one half of which were triglycerides (47.6%). 
An abundance of free fatty acids (22.8°%) was found, 
but it seems unlikely that the high free fatty acid con- 
tent was due to lipolysis, since the cadaveric tissue 
was obtained less than 3 hr post mortem. The per- 
centage distributions of polar and nonpolar lipids 
(Table 1) are in close agreement with those reported 
by Hagen[77] for pig kidney, and Yeung and 
Kuksis [76] for dog and pig kidney. None of the pre- 
vious workers quantitated kidney neutral lipid classes. 

Structure of human kidney triglycerides. Table 2 
shows the major fatty acid composition of intact 
human kidney triglycerides. Oleic acid (18:1) 
accounted for about 50 per cent of the total fatty 
acid composition. More than 70 per cent of the trigly- 
ceride fatty acids were unsaturated. Oleic acid and 
palmitic acid (16:0) were the two most abundant 
triglyceride fatty acids of human[77], pig[77] and 
dog [78] kidney. The ratio of saturated to unsatur- 
ated fatty acids of human, dog, and pig kidney trigly- 
cerides were 31:69, 36:64 and 49:51 respectively. 

Intact triglycerides were separated into subclasses 
according to the degree of unsaturation by silver 
nitrate t.l.c. Initially the separations were performed 
qualitatively to determine the major triglyceride types 
and then preparatively to isolate larger quantities for 
subsequent g.l.c. analysis. Seven bands were resolved 
and each was well separated except for band E. The 
percentage distribution of the seven bands is shown 
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Table 1. Lipid composition of human kidney 





Lipid Class 


Amount + 
(% total phosphorus) 








Total phospholipids 
Phosphatidy]cholines 
Lysophosphati dy1lcholines 
Phosphatidylcholine plasmalogens 
Phosphatidylethanol amines 
Phosphatidylethanolamine plasmalogens 
Phosphatidylserines 
Phosphatidylserine plasmalogens 
Phosphatidylinositols 
Sphingomyel ins 
Diphosphatidy]l glycerols 


Origin 


Total neutral lipids 
Triglycerides 
Free fatty acids 
Cholesterol 


Cholesterol esters 


41.61 
47.6 + 4.3 
22.8+ 1.5 
22.3 + 1.8 
5.3% 22 





* Minor quantities of mono- and diglycerides were resolved on overloaded, double- 


developed plates [64]. 


+ Duplicate determinations of five kidneys, mean + S.D. 


at the top of Table 3. Band A was the largest (49 
per cent by weight) and represented the combination 
of three fatty acids (16:0, 16:1, 18:1). Nearly 50 per 
cent of human kidney triglycerides (band A) had the 
class characteristic 011 (saturated, monoene and 
monoene) and 19 per cent (band B) were of class 111. 
The major triglyceride subclasses reported for dog 


kidney [78] were 011, 012 and 001, while those of 
hog kidney were 011 and 001 [79]. Band B consisted 
primarily of 16:0, 16:1, 18:1 and 18:2. Each of the 
remaining bands, with the exception of band E (12.6 
per cent), was present in amounts ranging between 
2 and 7 per cent. The fatty acid composition of each 
band is also shown. The distribution of the major 


Table 2. Fatty acid composition (mole °,) of human triglyceride bands separated by argentation chromatography 





Band 





Component 


| o 


Per cent total 
triglyceride 


14:0 
15:0 
16:0 
16:1 
17:0 
18:0 
18:1 
18:2 
18:3 
20:4 
20:5 
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Table 3. Stereospecific analysis of human triglycerides. 





Fatty acid 





Triglyceride 


position 14:0 


Amount of each fatty 
acid (mole%) 7.8 


8.4 
9.8 
0.3 


Percent distribution 
of each fatty acid 


17:0 18:0 





* From pancreatic lipase hydrolysis 
+ T = trace, less than 0.5% compositions. 


saturated and monoenoic fatty acids in the seven 
bands and the intact triglycerides can be readily cal- 
culated from Table 2. 

The results of the stereospecific analysis are shown 
in Table 3. Data from the Grignard reagent and the 
pancreatic lipase hydrolysis were within close agree- 
ment for each fatty acid at position 2. Saturated fatty 
acids were represented in nearly equal proportions 
at positions | and 2 of glycerol; comprising 41.4 and 
44.1 per cent of positions 1 and 2 respectively. Only 
9.7 per cent of the fatty acids esterified to position 
3 of glycerol were saturated. Greater percentages of 
saturated fatty acids have been reported at all three 
sites for hog kidney [80]. The triacylglycerols from 
human kidney did not show the common “2-unsatur- 
ated” structure. The two most abundant fatty acids 
at the 3 position were oleic and linoleic acid in both 
human and hog kidney. 


The fatty acid composition of other nonpolar 
human kidney lipids has been reported else- 
where [81]. 

Effect of triglycerides on human kidney renin activity. 
Intact human kidney triglycerides were incubated for 
30min at 37° with 3-L-val[U'*C]tetradecapeptide 
({'*C]TDP) and angiotensinase-free human kidney 
renin (mol. wt = 39,500) in pH 6.9 phosphate-saline 
buffer. Renin activity decreased 26.8 per cent when 
only 100 yg triglyceride was added to the incubation 
medium (Table 4). Increasing the added triglycerides 
to 1.0mg resulted in 76 per cent inhibition. The R, 
of angiotensin I, relative to L-histidine, remained 0.60 
in the presence or absence of triglycerides and no 
angiotensin I was formed with heat-inactivated renin. 

The molecular weight of human kidney triglycer- 
ides, based on the composite molecular weight of the 
mean fatty acid composition (Table 2) and the gly- 


Table 4. Inhibition of human kidney renin activity by human kidney triglycerides 





% M40 angiotensin I formed 





Triglyceride 


added control 


1.0 mg 24.4 


0.1 mg 30.6 
491 ng” 25.7 
245 ng 25.7 


123 ng 25.7 


triglyceride 


% Inhibition 


5.8 76.2 
22.4 26.8 
16.9 34.2 
25.37 1.6 


30.07 





Incubation of human kidney renin (10 ul) mol wt = 39,500, for 30min at 37 


in a 


medium containing: 10 ul (0.55 nmoles) ['*C]TDP, and 10 yl of various concentrations 
of human triglyceride in phosphate-saline buffer suspension (pH 6.9). 

* Amount of lipid equivalent to twice renin substrate concentration. 

+ No significant change in renin activity at 95°% confidence level. 
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cerol backbone, was estimated to be 446.5. The trigly- 
ceride was suspended in phosphate-saline buffer by 
sonication (30 sec, 0°) so that 5 wl was equivalent to 
the renin substrate concentration (0.55 nmole). When 
the added triglyceride was twice substrate concen- 
tration (1.10nmoles), 34 per cent inhibition was 
obtained. Lower concentrations of triglyceride did not 
significantly alter renin activity. These decisions were 
based on the 95 per cent confidence interval about 
the mean control values 26.45 + 2.9%, angiotensin I, 
using the one-sided Student t-test (to.95, N-—1 = 4). 

Structure of choline and ethanolamine phosphatides. 
Table 5 shows the composition and positional distri- 
bution of the major human kidney phosphatides. We 
considered the structural data of the phosphatidyl- 
choline fraction to be valid since this fraction con- 
tained less than 10% phosphatidylcholine plasma- 
logens. The validity of the results was indicated by 
the close agreement (1-3 per cent absolute) of the 
experimentally determined and calculated fatty acid 
composition. The predominant fatty acids esterified 
to position 1 of human kidney phosphatidylcholine 
were 16:0, 18:0, 18:1 and 20:4. Unlike the positional 
analysis results for phosphatidylcholine of pig kid- 
ney [77], rat kidney [82] and other mammalian tis- 
sue, the ratio of saturated to unsaturated fatty acid 
esterified at both the 1 and 2 positions of glycerol 
was nearly 1:1. The common “2-unsaturated” struc- 
ture of animal phosphoglycerides was not found in 
human kidney phosphatidylcholines. 

Table 5 also gives the total and positional distribu- 
tion of fatty acids in the ethanolamine phosphatides 
of human kidney. These data are presented for pur- 
poses of comparison with lysophosphatidylcholine, 
since both of the human kidney lysophosphatides 
were studied as potential renin inhibitors. Anderson 
and Sperling [83] reported that consistently more 
saturated acids and fewer polyunsaturated acids were 
recovered after phospholipase A, hydrolysis of bovine 
phosphatides than the original phosphoglyceride 
composition predicted. The same trend was observed 
for human kidney phosphatidylethanolamines, and 
attempts to resolve this apparent discrepancy by pub- 
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lished methods [59, 66, 84] failed. The high plasma- 
logen content (29%) of human kidney phosphatidy- 
lethanolamines is probably responsible for the vari- 
ation in original and reconstituted fatty acid content. 

Effect of human kidney phospholipids on renin acti- 
vity. The calculated molecular weight of choline and 
ethanolamine phosphatides of human kidney was 
584.2 and 575.8 respectively. An absolute increase in 
renin activity was observed when either of these phos- 
phatides was added to incubations in vitro of kidney 
enzyme and ['*C]TDP (Tables 6 and 7). Slight in- 
creases in the amount of ['*C]angiotensin I formed, 
relative to control values, were seen with the lipid 
concentrations equivalent to 1.1 nmoles of renin sub- 
strate, 633 ng of ethanolamine and 643 ng of choline 
phosphatides. Although these increases may be within 
the limits of experimental error, significant increases 
in renin activity were detected with larger phospha- 
tide concentrations (1.0 and 0.1 mg). 

Several workers have observed renin inhibition in 
the presence of lysophosphatidylethanolamines 
extracted from animal tissues and we found this to 
be true of human renin and human kidney lysophos- 
phatidylethanolamines. However, the renin inhibitory 
effect of l-monoacyl-ethanolamine and |-monoacyl- 
choline phosphatides was nearly identical, and the 
effect of both phosphatide derivatives appeared to be 
concentration dependent. These results are shown in 
Tables 6 and 7. Differences in renin inhibition by 
these I-monoacyl-phosphatides may be due to the 
high plasmalogen content of phosphatidylethanol- 
amines. Because of the recently ascribed physiological 
and clinical importance of plasmalogens [76], ad- 
ditional investigations of human and other mam- 
malian plasmalogens are being conducted. Tables 6 
and 7 also show the effect of 2-monoacyl-ethanol- 
amine and choline phosphatides on human kidney 
renin. Surprisingly, these pancreatic lipase-derived 
phosphatides of the intact kidney phospholipids were 
effective inhibitors of human renin. The action of the 
2-monoacyl derivatives does not appear to be concen- 
tration dependent, at least within the range of concen- 
trations studied. 


Table 5. Composition and positional distribution of fatty acids of human kidney phosphoglycerides (mole®,)* 
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* Mean values of lysophosphatides (1) and fatty acids (2) liberated by three phospholipase A hydrolysis reactions. 


+ Reconstituted composition, (1 + 2)/2. 
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Table 6. Effect of human kidney phosphatidylethanolamines and 1- and 2-monoacyl phosphatidylethanolamines 
on human kidney renin activity 





Intact phosphatidylethanolamines (PE) 


1-monoacy] -PE* 2-monoacy] -PE* 








Fold increase* 


%14c-Angio I 
in Angio I 


2!4c-angio I 
(control ) (PE) 





1.0 mg 
0.1 mg 
633 ng 
316 ng 
25.2 


158 ng 26.5 


Conc. 14 % 


Conc. 1 
(mg) % “C-Angio I Inh. 


(mg) % 4c angio I 


52.8+ 4.5 (3)* 52.8 + 4.5 (3) 


y 4 14.6 
27.6 19.6 


39.5 27.5 





Incubation of human kidney renin, mol. wt = 39,500, (10 yl) at 37° for 30 min with 10 yl of ['*C]-TDP (0.55 nmoles) 
and 10 ul of ethanolamine phosphatides sonicated (0°, 30 sec) with phosphate-saline buffer, pH 6.9. 

* Lysophosphatidylethanolamines (1-monoacyl-PE) and 2-monoacylphosphatidylethanolamines are products of intact 
phosphatidylethanolamines from O. hannah phospholipase A, and pancreatic lipase, respectively. 


+ Increase in renin activity relative to the control value. 


t Per cent ['*C]Angiotensin I formed in the absence of lipid, mean + S.D. of three incubations. 


Effect of pig kidney phosphatidylethanolamines on 
human kidney renin. Pig kidney phosphatidylethanol- 
amines, phospholipid renin preinhibitor from Miles 
Laboratories, Inc., was incubated with phospholipase 
A, to produce the “active” lysophosphatidylethanol- 
amine inhibitor and the 2-position fatty acids. The 
preinhibitor and the two hydrolysis products were in- 
cubated with human kidney renin and ['*C]TDP 
(Table 8). Renin activity decreased 13.8 per cent when 
100 yg preinhibitor was added to the incubation mix- 
ture and decreased 33 per cent in the presence of 
the “active” inhibitor (100 ug). The 2-position fatty 
acids of pig kidney phosphatidylethanolamines had 
no effect on the percentage of ['*C]angiotensin I 
formed by human kidney renin. 


Effect of other lipids on human kidney renin activity. 
The various biological activities of glyceryl ethers 
(O-alkyl lipids) have been reviewed recently [85, 86], 
but no reference was made to the effect of this lipid 
class on renin activity. Because of their similarity to 
plasmalogens (O-alk-1-enyl glycerols), we studied the 
effect of several representative glyceryl ethers on 
human kidney renin activity (Table 9). At the concen- 
trations used, glyceryl ethers appear to have no signi- 
ficant effect on the activity in vitro of human renin. 
The alkoxylipids may stimulate renin activity, but the 
degree of stimulation is not pronounced and does not 
seem to be related to the structure of a specific gly- 
ceryl ether type. 

Human kidney renin activity was not affected by 


Table 7. Effect of human kidney phosphatidylcholines and 1- and 2-monoacyl phosphatidylcholines on human kidney 
renin activity 





Intact Phosphatidylcholines (PC) 


1-monoacy1-PC™ 2-monoacy1-PC* 





Fold increase * 
in Angio I 


14 . 
% C-Angio I 
(control 


2 *c-angio I 
(PC) 


Conc. 1 


(mg) ; 


4 % 
C-Angio I Inh. 


4 % Conc. 
C-Angio I Inh. (mg) % 





1.0 mg 65.0 


0.1 mg 60.0 


643 ng 26.5 30.9 1.17 


321 ng 26.5 30.2 1.14 


161 ng 26.4 27.3 1.03 


47.2 + 1.6 (3)* 55.3 + 2.1 (3)* 


21.9 53.6 12.8 76.9 


28.9 38.8 14.6 73.6 


39.3 16.7 21.7 60.8 





Incubation of human kidney renin (10 yl) at 37° for 30 min with 10 ul ['*C]TDP (0.55 nmoles) and 10 pl of choline 
phosphosphatides sonicated with phosphate-saline buffer, pH 6.9. 
*1- and 2-monoacylphosphatidylcholines are the products of O. hannah phospholipase A, and pancreatic lipase, 


respectively. 
+ Increase in renin activity relative to the control value. 


t Per cent ['*C]Angiotensin I formed in absence of lipid, mean + S.D. of three incubations. 





Effect of lipids on renin activity 


Table 8. Effect of pig kidney phosphatidylethanolamines* on human kidney renin 





Amount 


Description (ug) 





Control 


* 
Preinhibitor 


Inhibitor* 


Fatty acyl* 50 


% 14¢-angiotensin I 
formed 


% 
Inhibition 





52.8 + 4.5 (3) 
44.9 
45.5 
35.2 
54.8 





Human kidney renin (19 pl) incubated (30 min, 37°) with 10 ul ['*C]TDP (0.55 nmoles) 


and 10 pl of lipid—buffer suspension, pH 6.9. 


* Miles phospholipid renin preinhibitor (Miles Laboratories, Inc., Kankakee, IIl.). 
+ Lysophosphatide derivative of preinhibitor produced by O. hannah phospholipase A, 


hydrolysis. 


t The 2-position fatty acids of pig kidney phosphatidylethanolamines recovered by 


T.L.C. after phospholipase A, hydrolysis. 


§ No significant change in renin activity at 95°% confidence level. 


human kidney phosphatidylserines when the phos- 
phatide was added in 1.0-, 0.5-, 0.25- or 0.1-mg 
amounts. The same amounts of cholesterol resulted 
in a 1.27 + 0.04 (n = 4)-fold increase in renin activity 
relative to control incubations. The 2-position free 
fatty acids of choline and ethanolamine phosphatides 
(40-50 yg) had no effect on renin activity. 

Several renin-lipid incubations were made with 
EGMME or sodium deoxycholate as the lipid vehicle, 
but control incubations showed both EGMME and 
the bile salt to be potent human kidney renin inhibi- 
tors. Sen et al. [27] studied the action in vivo of dog 
kidney phospholipids on rat renin with the lipid 
dissolved in a 3 mg/ml aqueous solution of sodium 
deoxycholate. Their results may be misleading since 
Hiwada et al.[87] found sodium deoxycholate to be 
a competitive inhibitor of rabbit renin (K; = 4.7 x 


10-* M). Sen et al. [25] also used ethylene glycol as 
a lipid carrier for inhibition studies in vitro of dog 
renin. Others [29] have used EGMME to dissolve 
possible lipid inhibitors of dog renin. 

In conclusion, previous reports concerning lipid 
renin inhibitors have attempted to relate lipid struc- 
ture and composition to changes in renin activity. 
Renin preinhibitor from dog and hog kidney was 
characterized by a high percentage of esterified poly- 
unsaturated fatty acids [29, 37, 38]. However, renin- 
inhibitory activity of synthetic lysophosphatidyleth- 
anolamines apparently did not depend on acyl group 
unsaturation or hydroxyl groups at the 2 position 
[37]. The specific hydrophobic head of these synthetic 
inhibitors was not as important as the gross lipid hy- 
drophobicity [37, 39]. Renin-inhibitory activity of dog 
kidney phospholipid was observed after treatment 


Table 9. Effect of synthetic glyceryl ethers on human kidney renin activity 





Alkoxylipids” 


14c_Angiotensin I formed 





None 

Glyceryl-1-tetradecyl ether 
Glyceryl-1-hexadecyl ether 
Glyceryl-1-cis-9-octadeceny] ether 
Glycery]l-2-cis-9-octadecenyl ether 
Glyceryl-1l-octadecy] ether 


Glyceryl-1,2-cis-9-octadeceny] ether 


Glyceryl-1,2-dipalmitoy1-3-hexadecyl] ether 


Glyceryl-1,2-dipalmitoy]l-3-octadecyl ether 





31.4 + 2.7 (5) 
39.5 
40.2 
37.8 
3.7 
37.8 
39.3 
34.7 
37.4 





Human kidney renin (10 yl) was incubated with 10 yl of ['*C]TDP (0.55 nmoles) 
and 10 ul of each glyceryl ether at concentrations equivalent to twice the TDP concen- 
tration (1.1 nmoles). The glyceryl ether suspensions were prepared by sonication with 
phosphate-saline buffer (pH 6.9) for 30sec at 0°. 

* Glyceryl ether kit No. 04-6160, Supelco, Inc., Bellefonte, Pa. 
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with phospholipase A, but hydrolysis with either 
phospholipase B, C or D destroyed all inhibitory acti- 
vity [26]. Smeby et al. [26] reported that phospholi- 
pase A cleaved saturated fatty acids from dog kidney 
phospholipids, while phospholipase B removed unsa- 
turated fatty acids. This misconception lead them to 
relate unsaturation with renin-inhibitory activity. 

Most interpretations concerning the actions of 
natural lipid inhibitors of renin failed to consider that 
the phosphoglycerides isolated from animal organs do 
not represent substances containing homogeneous 
acyl groups. Naturally occurring phospholipids which 
have previously been designated as renin preinhibi- 
tors were most probably complex classes of phos- 
phoglycerides, indistinguishable by the thin-layer 
techniques utilized. Additionally, no mention was 
made of the plasmalogen content of the phosphatidyl- 
ethanolamine preinhibitors. These factors, together 
with numerous contradictions in the literature, and 
the crude methods used by most investigators to iso- 
late potential renin inhibitors, leave serious doubts 
about the reported structure—activity relationships of 
lipid renin inhibitors. 

Our study indicates no clear structure—activity rela- 
tionship between purified human kidney phospho- 
lipids and human kidney renin. The effects of ethanol- 
amine and choline phosphatides and their monoacyl 
derivatives on renin activity were surprisingly similar. 
When present in relatively high concentration, the in- 
tact phosphatides, which are complex class mixtures of 
phosphatidylethanolamines or phosphatidylcholines, 
both containing plasmalogens, increased renin acti- 
vity. These observations were expected, since a poten- 


tiation of renin activity in the rat by intact kidney 
phospholipids was‘reported by others [27, 29]. Lyso- 
phosphatidyl derivatives of choline and ethanolamine 
phosphatides significantly inhibited human kidney 
renin activity, and the degree of inhibition was con- 
centration dependent. No arachidonic acid (20:4) was 


detected in 1l-monoacyl-phosphatidylethanolamines, 
while approximately 14 per cent was found in the 
phosphatidylcholine derivative. The plasmalogen con- 
tent of choline and ethanolamine phosphatides was 
11.4 and 29 per cent respectively. Although anti- 
oxidant was present, these values may not represent 
the percentage of plasmalogen in lysophosphatide 
derivatives, since the labile plasmalogens may have 
been oxidized during the phospholipase hydrolysis 
and subsequent isolation procedures. However, syn- 
thetic glyceryl ethers, a lipid class similar to plasma- 
logens, had no significant effect on human kidney 
renin activity. The 2-monoacyl derivatives of choline 
and ethanolamine phosphatides were also potent in- 
hibitors of human renin. In contrast to the lysophos- 
phatides, the effect of 2-monoacyl-phosphatides does 
not seem to be dependent upon lipid concentration, 
at least within the concentration range studied. 

These data indicate that the ethanolamine moiety 
is not an absolute requirement for inhibition of 
human kidney renin; like the synthetic renin inhibi- 
tors [37], unsaturation in the acyl groups or the pres- 
ence of hydroxyl groups at position 2 is not necessary 
for renin-inhibitory activity. 

The inhibition of human kidney renin by intact 
triglycerides (0.1 mg) was comparable to the inhibi- 
tory effect seen with pig kidney phospholipid inhibi- 
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tor. Significant renin-inhibitory activity was also seen 
when the triglycerides were present at a molar con- 
centration equivalent to twice the renin substrate con- 
centration. This is the first report of human kidney 
renin inhibition by a class of neutral lipids. The kid- 
ney triglycerides were composed of seven major 
classes identified mainly as class 011. The intact tri- 
glycerides had a saturated to unsaturated fatty acyl 
ratio of 28.5:71.5, and the major constituents were 
palmitic, palmitoleic and oleic acids. However, the 
common “2-unsaturated” structure of mammalian 
triacylglycerols was not a characteristic of the human 
kidney triglycerides. 

Present evidence indicates that no specific struc- 
ture—activity relationships can describe lipid—renin in- 
teractions. The mechanism of lipid-mediated enzyme 
activity is considered to involve either: (a) lipid inter- 
action with and activation of the substrate, or (b) a 
direct lipid-enzyme hydrophobic group interaction 
resulting in a conformational change of the protein. 
Because the structural configuration of human kidney 
renin or the natural renin substrate is unknown, and 
effective analytical methods are not available for com- 
plete separation of intact individual molecules within 
classes of naturally occurring lipids[88], a true 
mechanism cannot be described for the observed 
effect of lipids on renin activity. Additionally, recent 
information indicates that human renin is not a single 
enzyme but a varied molecular weight class of com- 
plex peptidases [43, 89]. If this is true of animal renin, 
multiple renin forms may explain some of the litera- 
ture contradictions related to lipid—renin inhibition. 
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Abstract—The acute administration of Org GB94 resulted in an increased incorporation of [*H]tyrosine 
into [*H]noradrenaline in the cerebral cortex, brain stem and mid-brain of the rat. The incorporation 
of labelled tyrosine into dopamine was slightly increased in the cerebellum. Following the chronic 
administration of Org GB94, the incorporation of tritiated tyrosine into noradrenaline was increased, 
whereas the incorporation of this amino acid into dopamine was unaffected. The incorporation of 
(*H]tryptophan into [*H]serotonin was unaffected after either the acute or chronic administration 
of the compound. It is concluded that Org GB94 increases the turnover of noradrenaline in the rat 
brain and in this respect differs qualitatively in its action from the tricyclic antidepressants. When 
rats were injected intraperitoneally with 3 mg Org GB94 daily for 14 days, the plasma levels decreased 
from approximately 170 ng/ml at 1 hr after the last dose to approximately 2.5 ng/ml after 24 hr. 
The effect of Org GB94 on the turnover of noradrenaline was most marked 24 hr after the chronic 
dose. The brain concentration of Org GB94 decreased from 3400 ng total brain at Ihr after the 
last dosing to 95 ng/total brain at 24 hr after dosing. There does not appear to be a correlation 
between the increase in brain noradrenaline turnover and the concentration of the drug in the brain. 
No significant differences were found between the concentration of Org GB94 after a single dose 
and the last dose of chronic treatment. There is clinical evidence that Org GB 94 (1,2,3,4,10,14b-hexa- 
hydro-2-methyl-dibenzo(c,f,) pyrazino-(1,2-a) azepine monohydrochloride) has antidepressant properties. 
It is widely accepted that endogenous depression results from a deficiency of noradrenaline and/or 
serotonin at post synaptic receptor sites within the brain. It is generally thought that the efficacy 
of the tricyclic antidepressants of the imipramine type is due to their ability to reduce the re-uptake 
of these biogenic amines from the synaptic cleft into the pre-synaptic neurone thereby increasing the 
effective concentration of the amines at the receptors. Neurochemical evidence suggests that Org GB94 
has effects on brain monoamine metabolism which differs from those of the tricyclic antidepressants. 


The antagonism by Org GB94 of the head twitch re- 
sponse in mice to the administration of 5-hydroxy- 
tryptophan suggests that the drug acts on trypta- 
minergic receptors in the rodent brain; studies of its 
effects on the central nervous system show that it has 
properties which bear some resemblance to those of 
minor tranquilizers [1, 2]. 

The present study was undertaken to extend the 
scope of the previous studies and to investigate the 
effects of Org GB94 on the turnover of noradrenaline, 
dopamine and serotonin. An attempt was also made 
to correlate changes in brain amine turnover with 
plasma and brain concentrations of the drug. 

The finding that Org GB94 increases the turnover 
of brain noradrenaline, whereas tricyclic antidepres- 
sants of the imipramine type reduce noradrenaline 
and/or serotonin turnover in the brain [7, 8], suggests 
that it is unnecessary for a drug to have an effect 
on amine metabolism similar to tricyclic antidepres- 
sants before it is considered to be a potential anti- 
depressant drug. 


METHODS 


In all experiments, male Wistar rats were used. 
They were housed under standard animal house con- 
ditions, until the commencement of the experiment 





* Toluon®. 
+ Present address: Pharmacology Dept., University Col- 
lege, Galway, Ireland. 


when they were randomly assigned to cages in groups 
of five. 

Acute experiments. In the first acute experiment, 
groups of male rats (80-90 g) were treated with Org 
GB94 (10 or 20 mg/kg i.p.) for 100 min. These doses 
were approximately 1/6th of the acute LDs5 9 [2]; the 
period of pretreatment had previously been found to 
coincide with that for the peak effect of the compound 
on brain amine metabolism [9]. The control group 
was injected with saline. 

Exactly 60 min after the administration of Org 
GB94, all rats were injected intraperitoneally with 
50 wCi of [H]tyrosine and 50 pCi of [7H ]tryptophan 
(sp. act. 32 mCi/m-mole and 1.5 mCi/m-mole respect- 
ively) in a total volume of 0.5 ml. The rats were deca- 
pitated exactly 40 min after the injection of the pre- 
cursor amino acids, the brains rapidly placed on a 
cooled Petri dish and any adhering blood clots 
removed. The brains were homogenized in 0.4 N 
perchloric acid and, after centrifugation, the concen- 
tration and radioactivity of tyrosine, tryptophan, nor- 
adrenaline, dopamine and serotonin determined by 
the method of Neff et al. [10]. 

In the second acute experiment groups of 20 male 
rats (80-90 g) were treated with Org GB94 (20 mg/kg 
ip.) for 100 min. Tritiated tyrosine and tryptophan 
were injected as described above before killing the 
animals by decapitation. The brains were dissected 
into the brain stem region (pons, medulla), mid-brain 
(thalamus, hypothalamus, hippocampus, striatum, 
tegmentum, colliculus and “amygdaloid cortex”), cere- 
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bellum and cortex as described elsewhere [9]. The 
reliability and reproducibility of this dissection 
method has been checked histologically. In this exper- 
iment brain areas from two rats were pooled for all 
determinations. The concentrations and radioactivi- 
ties of the amines, tyrosine and tryptophan were 
determined by the method of Neff et al. [10]. 

Chronic experiments. In the chronic experiment, 
groups of 10 rats, initially weighing 50-60 g, were 
injected i.p. with Org GB94 twice daily for a period 
of 3 weeks; the dose given was 30 mg/kg/day. The 
body weight, food and fluid intake were determined 
thrice weekly. The control groups were injected with 
physiological saline. After 3 weeks treatment, one 
group of the drug treated rats was killed 2 hr after 
the last injection of Org GB94; the tritiated amino 
acids were injected 40 min before decapitation. A 
second experimental group was killed 22 hr after the 
first group. The radioactivity and concentration of the 
amino acids and amines was determined in extracts 
of the whole brain (after removal of the cerebellum) 
by the method of Neff et al. [10]. 

The results of these experiments are expressed as 
the specific activity of the amino acids and amines. 
The incorporation of the labelled precursor amino 
acids into the amines is expressed as the conversion 
index (ratio of the specific activity of the amine to 
that of its precursor) essentially as described by Costa 
and and coworkers [10, 11]. This method of express- 
ing the results fails to correct for the efflux of the 
amines from their storage “pools”. However, provid- 
ing the estimations are made shortly after injection 
of the labelled precursors it can be used for compara- 
tive studies for the incorporation rates of labelled 
amino acids into the amines. 

All results are expressed as the mean values 
together with the 95° confidence limits instead of 
the 90%, confidence limits for the percentage change 
as described by van Riezen and Delver [13]. 

Plasma and brain concentration of Org GB94 after 
acute and chronic administration. Rats (body wt 
approx. 100 g) were dosed intraperitoneally with 3 
mg of Org GB94 per a day during 14 days. On 
day 14 the rats were killed 1, 2, 3 and 24 hr after 
administration of the compound. Blood was collected 
in heparinized conical flasks and the total brain was 
dissected and homogenized in 4 ml of perchloric acid 
solution. Rats, receiving a single ip. dose of 3 mg 
Org GB94 were killed at 1, 2 and 4 hr after dosing, 
blood and brain samples were collected at these times. 
Plasma was obtained by centrifugation of the blood 
samples at 3000 rpm for 15 min. 

Org GB94 was isolated from the plasma and brain 
homogenates by a procedure which can be summar- 
ized as follows: to samples of 1 ml of plasma or 1 g 
of brain homogenate, 100 wl of concentrated 
ammonia was added together with an amount of the 
internal standard (10, 10d,-Org GB94) which was ap- 
proximately equal to the expected Org GB94 concen- 
tration. These mixtures were extracted twice with 5 
ml n-hexane and combined hexane extracts were eva- 
porated to dryness under nitrogen. The plasma 
extracts were purified from interfering materials by 
high pressure liquid chromatography using a micro- 
Porasil column 30-cm, lay by 4-mm i.d. and the elu- 
tion system hexane: isopropanol = 9 : 1 (v/v) contain- 
ing 4% ethanol and 0-1°% ammonia. 
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The acidified brain extracts were purified by wash- 
ing with three 5-ml portions of hexane followed by 
a back extraction with two 5-ml portions of hexane 
at pH = 10. After purification the extracts were eva- 
porated to dryness and the residues were redissolved 
in 10 wl methanol. For quantification, 2 pl of this 
methanolic solution were injected into a gas chroma- 
tograph—mass spectrometer system (GC-MS) consist- 
ing of 

(i) a Varian Aerograph type 2740 Gaschromato- 
graph equipped with a 2-m long by 2-mm id. glass 
column filled with 1% OV-1 on gaschrom Q, operat- 
ing at 230° column temperature; 

(ii) a Varian MAT CH7 mass spectrometer 
equipped with a peak matching device and operating 
at 70 eV electron energy and approx. 135° ion source 
temperature; 

(ii) a Varian MAT Spectro System 100 MS. 

The peak heights of m/e 264 and m/e 266, the molecu- 
lar ions of Org GB94 and of 10,10d,-Org GB94, re- 
spectively, were continuously monitored. From these 
data the concentration of Org GB94 per ml of plasma 
or in total brain was calculated using a BASIC com- 
puter program. After single-dose-only single deter- 
minations were performed whereas after chronic 
treatment the samples were measured in triplicate ex- 
periments. Tissue samples estimated at the same time 
as the determination of the turnover rate were esti- 
mated in quadruplicate. 


RESULTS 


Effect of Org GB94 on amine turnover. In both acute 
and chronic experiments the gross behaviour of the 
rats appeared to be unaffected by Org GB94. There 
was no evidence of sedation or hypothermia. In the 
first acute experiment the higher dose of Org GB94 
reduced the specific activity of tyrosine and increased 
that of noradrenaline (Table 1). The conversion index 
for noradrenaline was raised as was that for serotonin 
although the rise did not reach the 95% level of statis- 
tical significance. 

The concentrations of tyrosine and noradrenaline 
were reduced following administration of Org GB94; 
this effect was more marked with the 20 mg/kg dose. 
In the second acute experiment, the specific activity of 
noradrenaline in the cortex, midbrain and brainstem 
was raised following the administration of Org GB94; 
the conversion index for this amine was also signifi- 
cantly increased in these brain regions (Table 2). Org 
GB94 treatment did not change the specific activity 
of serotonin in the cortex, cerebellum or brain stem, 
but it did increase the specific activity of this amine 
in the midbrain; there was no significant change in 
the conversion index for serotonin in any of the brain 
regions. The specific activity of dopamine was raised 
in the brain stem and its conversion index increased 
in the mid-brain. Apart from a slight decrease in the 
endogenous concentration of tyrosine in the mid- 
brain, the steady-state levels of the precursors and 
amines were not significantly affected by Org GB94 
treatment. 

In the chronic experiment the experimental rats 
had a slightly lower body weight (approximately 10 
per cent) compared with the control animals. How- 
ever, there were no signs of gross behavioural abnor- 
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Table 1. Effect of the acute administration of different doses of Org GB94 on the turnover of biogenic amines in 
the whole rat brain 





Drug and dose 


(mg/kg) Tyrosine Dopamine 


Noradrenaline 


Tryptophan Serotonin 





Concentration (nmoles/g) 


84-10 
69.4* (— 32.0) 
62.8* (— 39, —9) 


4.09 
3.73 (—38, 
3.72 (—38, 


Control 
Org GB94 (10) 
Org GB94 (20) 


+34) 
+34) 


3.45 
3.01 (—32, +11) 
2.09* (—53, — 23) 


13-30 
14.80 (—35, +89) 
11.50 (—49, +47) 


3:89 
3.49 (—47, 
3.80 (—42, 


Specific activity (dpm/g wet wt) 


60.7 
47.0* (—37, —6) 
52.5 (—29, +5 


37.9 
36.9 (—39, 
40.9 (—32, 


Control 
Org GB94 (10) 
Org GB94 (20) 


+55) 
+72) 


22.1 
28.8 (—7, +73) 
43.2*( +49, +91) 


66.3 
69.2 (— 26, +48) 
64.1 (—32, +37) 


23.4 
28.1 (—36, 
31.1 (—29, 


+ 120) 
+150) 


Conversion index (sp. act. amine/sp. act. precursor) 


Control 
Org GB94 (10) 
Org GB94 (20) 


(—21, +102) 
(—22, +98) 


1.25 
1.57 
1.56 


0.72 
1.23* (+21, +104) 
1.65* (+62, +120) 


0.43 
0.48 (—40, 
0.57 (—29, 


+116) 
+115) 





Rats treated with Org GB94 (10 or 20 mg/kg ip.) for 100 min; control animals were injected with physiological 


saline. 


All rats were given a pulse injection of triated tryptophan and tyrosine 40 min before decapitation. 


* Difference between control and experimental group significant at P < 0.05. Results given as mean values; 95 


0/ 
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confidence limits for the percentage change are shown in parenthesis. 


malities and the animals were healthy for the com- 
plete period of treatment. It was essential to adminis- 
ter the drug parenterally throughout the chronic 
treatment because it was found in initial experiments 
that the local anaesthetic properties of the compound 
made drinking too unpalatable for the rats; conse- 
quently they drastically reduced their fluid intake. 
In the chronic experiment, the specific activity and 
the conversion index was increased in the groups of 
rats which were treated with Org GB94 and killed 
either 2 or 24 hr after the last dose (Table 3). 
Although there was no significant change in the con- 
centration of the catecholamines following the 
chronic treatment, brain tryptophan levels were 


Table 2. Effect of the acute administration of Org GB94 on the turnover 


reduced as was the specific activity of serotonin. 
There was no significant change in the conversion 
index for serotonin. 

Changes in the plasma and brain concentrations of 
Org GB94 after acute and chronic administration. 
Mean values of Org GB94 plasma levels and brain 
levels at various times after chronic or single i.p. doses 
are shown in Figs. 1 and 2. The data are compiled 
in Tables 4 and 5. 

It should be noted that because of our limited ex- 
perience in analyses of brain tissue and also due to 
the fact that the brain and plasma samples were 
stored for a long period, the accuracy (deviation from 
the “true” value) of the analyses is expected to be 


of biogenic amines in rat brain areas 





Tyrosine 
Cortex Cerebellum 


Dopamine 
Cortex Cerebellum 


Serotonin 
Cortex Cerebellum 


Noradrenaline 
Cortex Cerebellum 


Tryptophan 
Cortex Cerebellum 





73.62 
65.84 
(—29, +12) 
51.34 
50.49 
(—18, +19) 


71.35 
57.76 
(—39, +8) 


3.67 
3.70 
(—33, +51) 
59.30 20.31 18.08 
61.88 27.26 21.47 
(—15, +28) (—13, +107) (—80, +66) 
0.79 0.70 
1.08 0.71 
(—16, +119) (—99, +131) 


1.03 
0.81 
(—43, +9) 


Concentration 
(nmoles/g) 


Sp. 

act. 
(dpm/g) 
Conversion 
index 

(sp. 

act. amine: 
sp. 

act. amino 
acid) 


(+3, +136) 


(+2, +145) 


17.37 
18.24 
(—31, +60) 
89.33 
97.14 
— 15, +38) 


2.95 
3.28 
(—12, +41) 
22.88 11.51 
30.53 16.10 
(—11, +99) (—12, +123) 
0.53 0.15 
0.65 0.20 
(—7, +60) (—10, +82) 


3.27 
3.63 
(—13, +42) 


2.16 
2.02 
(—33, 31) 
17.33 
27.00* 


3.28 
2.82 
(—37, +17) 
5.31 
8.08 
(—42, +98) 
0.18 
0.35 
(145, +101) 


19.12 
18.89 
(—44, +77) 
51.98 
56.57 
(— 36, +85) 
0.67 
1.07* 





Brain stem Mid-brain Brain stem Mid-brain 


Brain stem Mid-brain’ Brain stem Méid-brain§ Brain stem Méid-brain 





98.42 
81.25 
(—52, +43) 


83.01 
71.18* 
(—20, —8) 


0.40 2.96 
0.60 2.98 
(—20, +108) (—21, +28) 
24.68 22.42 25.28 43.18 
34.27 30.90 49.38* $1.72 
(—23, +150) (—12, +116) (+1,+180) 
2.04 
2.75 
(—36, +181) 


Concentration 


Sp. 
Act. 


1.71 
2.36* 
(+6, +79) 


Conversion 
index 


(—10, +59) (+12, +212) 


(+2, +182) (+24,+196) 


2.34 
2.41 
(—19, +30) 
28.92 
36.82* 
(0, +62) 
0.44 
0.54 
(—11, +65) 


17.43 
17.39 
(—22, +27) 
37.93 
56.48 
(—2, +127) 


9.22 
10.93 
(—3, +45) 
77.80 
81.84 
(— 16, + 32) 


3.62 
3.68 
(—35, +59) 


41.38 
65.15 
(—40, +119) 
1.30 


1.38 
(—43, +96) 


1.51 
1.46 
(—26, +25) 
28.54 
50.09* 
(+ 18, + 161) 


1.19 
2.29* 


3.26 
(—14, +5) 
13.22 
24.69* 


1.07 
1.79* 





Rats treated with Org GB94 (20 mg/kg i.p.) for 100 min; control animals were injected with physiological saline. 
All rats were given a pulse injection of tritiated tryptophan and tyrosine 40 min before decapitation. 

* Difference between control and experimental animals significant at P < 0.05. Results given as mean values; 95%, 
confidence limits for the percentage change are shown in parenthesis. 
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Effect of the chronic administration of Org GB94 on the turnover of biogenic amines in the rat brain 





Serotonin 
24 hr 


Noradrenaline 
2hr 24 hr 


Dopamine 
24 hr 


Tryptophan 
2 hr 24 hr 


Tyrosine 


2hr 24hr 2hr 2hr 





Control 
Org GB94 


Control 
Org GB94 


Control 
Org GB94 


Concentration (nmoles/g) 


0.67 
0.76 
(—19, +60) 


11.25 
7*.65 
(—53, 0) 


12.35 
8*.27 
(—52, —6) 


3.38 1.80 
3.33 2.10 
(—28, +35) (—35, +112) 


113.3 98.0 4.95 
96.4 60.7 4.37 
(—47, +37) (—18, +103) (—39, +29) 


4.36 
5.16 
(—2, +43) 


0.59 
0.56 
(—46, +64) 


Specific activity (dpm/g wet wt) 


49.7 45.8 230.6 169.8 116.4 99.6 
5 64.7 34.5 35.1 661*.2 325*.9 64.2 117.2 
(—99, +62) (—81, +90) (—99, +37) (—85, +190) (+13, +149) (+46, +98) (—76, +29) (—85, +84) 


164.1 
Tres 
(— 100,0) 


103.1 
7719 
(—76, +134) 


Conversion index (sp. act. amine/sp. act. precursor) 
0.99 0.87 6.77 3.20 1.41 


1.09 1.16 12.00 6*.65 0.79 
(—36, +87) (—84, +99) (—63, +75) (+12, +109) (— 100, +77) 


1.05 
1.45 
(.19, +78) 





Rats treated with Org GB94 for 2 


weeks (30 mg/kg ip. daily) and killed either 2hr or 24hr after the last dose 


of the drug. Control animals were injected daily with phyrinogical saline. All rats were given a pulse injection of 
tritiated tryptophan and iyrosine 40 min. before decapitation. 

* Difference between control and experimental group significant at P < 0.05. Results given as mean values: The 
95% confidence limits for the percentage change are shown in parenthesis. 


not greater than 20 per cent. The values thus indicate 
more the order of magnitude rather than being an 
accurate estimation of the tissue concentrations of 
Org GB94. 

No significant differences were observed in plasma 
or brain levels of Org GB94 between the chronic 
administration of the drug and one single dose. 


DISCUSSION 


The results of this investigation show that Org 
GB94 increases the rate of incorporation of tritiated 
tyrosine into noradrenaline which suggests that the 
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Fig. 1. Mean values of Org GB94 expressed as ng/ml of 
plasma, at various times after the (last) i.p. dose (30 mg/kg) 
to rats; single dose or after chronic treatment (1 dose/day). 
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Fig. 2. Mean values of Org GB94, expressed as pg/total 
brain at various times after the (last) ip. dose (30 mg/kg) 
to rats; single dose or after chronic treatment (1 dose/day). 


drug increases the turnover of the amine. Following 
the “pulse” injection of the labelled amino acids, a 
proportion of the precursors mix with the endogenous 
tyrosine and tryptophan. The accumulation of 
[*H]serotonin and [*H]noradrenaline during any in- 
terval is dependent on the amine synthesis rate, the 
main specific activity of the precursor amino acid dur- 
ing the interval and the degree of retention of the 
newly formed amine by the endogenous stores. Dur- 
ing the relatively short time interval of the present 
studies, most of the labelled amines formed are still 


Table 4. Concentrations of Org GB94 circulating in the 
plasma and localized in the brain of individual rats at 2 
and 24 hr after a chronic i.p. dose of the compound 





Number of 
the rat in 
the expt 


Time after 
dosing (hr) 


Days of 
treatment 


ng Org GB94 
per ml plasma 


ng Org GB94 
per total brain 





14 

14 

14 

14 
mean + S.D. 

14 

14 

14 

14 
mean + S.D. 


1300 
1700 
3400 
2200 
2150 + 911 
90 
35 
115 
140 
95 + 45 


NNNN 


ty ty ly ty 
+s eh 





Table 5. Concentrations of Org GB94 circulating in the 
plasma and localized in the brain of individual rats, after 
both, chronic and a single i.p. dose of the compound 





Number of 
the rat in 
the expt 


Time after 
dosing (hr) 


Days of 
treatment 


ng Org GB94 
per ml plasma 


ng Org GB94 
per total brain 





5700 
1000 
3900 
mean + S.D. 3400 + 2400 
13 q 600 
13 j i 1700 
14 7 1400 


mean + S.D. 


single dose 
single dose 
single dose 


1200 + 600 
4800 
3000 

700 
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retained at the time of the death of the animals so 
that the [*H]catecholamine and [*H]serotonin con- 
tent will reflect the rate of synthesis of these amines 
[14]. Under the conditions described for our investi- 
gations it has been found that the rate of incorpor- 
ation of tritiated amino acids into the catecholamines 
and serotonin is linear for approximately 60 min fol- 
lowing injection. It is not unreasonable to assume 
that the turnover rate of the brain amines is equal 
to their rate of synthesis, which implies that a steady 
state exists in which the synthesis and transport of 
the amines into a metabolic compartment equals their 
breakdown and exit [15]. This seems to be a valid 
assumption as the blood brain barrier largely pre- 
vents the influx of catecholamines or serotonin which 
may be formed at the periphery [16]. 

Thus the results of our investigation may be inter- 
preted as evidence that the acute and chronic 
administration of Org GB94 increases the turnover 
of noradrenaline. This confirms the previous findings 
that Org GB94 increases the rate of depletion of nor- 
adrenaline, and to a lesser extent of dopamine, which 
occurs following the administration of the tyrosine 
hydroxylase inhibitor «-methyl-p-tyrosine [9]. How- 
ever, in the previous study it was found that this com- 
pound also decreases the turnover of serotonin in the 
mouse brain. The reason for the different effects of 
Org GB94 on the turnover of this amine in the rat 
and mouse is unclear. From the study of the acute 
effects of Org GB94, there is evidence that the turn- 
over of noradrenaline is increased in three of the four 
regions of the rat brain studied; the effect on dopa- 
mine and serotonin turnover was less marked. There 
is evidence from the previous studies of Org GB94 
that striatal dopamine metabolism is affected by this 
drug [9] and it is not without interest that most of 
the neuroleptics in clinical use have been found to 
increase the turnover of dopamine in the basal gang- 
lia [17, 18]. 

The data demonstrate that a large biological vari- 
ation occurs in the concentration of Org GB94 in 
plasma arid brain 2 and 24 hr after the last chronic 
dose. From the results shown in Table 3, it is appar- 
ent that the major change in the conversion index 
occurs 24 hr after the last chronic dose when the 
plasma and brain concentrations of the drug are low. 
No significant differences are observed between the 
levels after a single dose and after a dose in a chronic 
treatment (1 dose per day, Table 5). This conclusively 
suggests that there is no accumulation of the un- 
changed drug in brain or plasma after longer treat- 
ment. This is also in agreement with the relatively 
low levels measured 24 hr after the last chronic dose 
(see Figs. 1 and 2). 

The relatively high levels of Org GB94 in the brain 
(3-5 ug/g brain) 1 hr after dosing as compared with 
the plasma levels of the unchanged drug (e.g. 160-200 
ng/ml plasma 1 hr after dosing) confirms the earlier 
observed results [28,29] that Org GB94 is concen- 
trated in the brain after i-p., i.v. or p.o. administration. 

The results of these experiments suggest that Org 
GB94 has an action on brain amine metabolism 
which appreciably differs from that of the tricyclic 
antidepressants of the imipramine type. In common 
with the many investigators who have studied the 
action of the tricyclic antidepressants on amine turn- 
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over in the rat brain, Schubert, Nyback and Sedvall 
[19], showed that these drugs reduce the turnover 
of noradrenaline and/or serotonin; their relative effect 
[24] on the turnover of these amines is dependent 
on their chemical structure. Leonard and Kafoe [24] 
have also shown that imipramine, desipramine and 
amitriptyline reduce the turnover of noradrenaline 
and serotonin following the chronic administration 
of these drugs. Presumably the tricyclic antidepres- 
sants reduce amine turnover by feedback inhibition 
of synthesis at the rate limiting step; this is thought 
to be a consequence of the inhibition of the amine 
re-uptake mechanism which results in an increased 
amine concentration at the post synaptic receptor 
sites [20-23]. There is no evidence from either the 
present study nor the previous study, in which Org 
GB94 was found to have no effect on the uptake of 
['*C]serotonin into rat cerebral cortex slices [9], to 
suggest that the drug acts in the same way as the 
tricyclic antidepressants although Goodlet and 
Sugrue [25] found that this drug reduced the uptake 
of metaraminol in some brain regions in vitro and 
interpreted the results as suggesting that Org GB94 
had a qualitatively similar action to the imipramine 
type of tricyclic antidepressants in that it inhibited 
the re-uptake of noradrenaline. From the present 
study it appears that Org GB94 had a profile qualita- 
tively different from that of the dibenzazepine antide- 
pressants. If it is assumed that endogenous depression 
is the result of a deficiency of biogenic amines at 
receptor sites within the brain, then it can be reasoned 
that Org GB94 exerts its antidepressant action by in- 
creasing the availability of noradrenaline at these 
receptors by increasing the rate of amine synthesis 
and release. Investigations are now in progress to test 
the validity of these assumptions. If following the 
completion of even more extensive trials it is unequi- 
vocally established that Org GB94 is a clinically effec- 
tive antidepressant drug then clearly it will be necess- 
ary to reconsider the all too frequent assumption that 
for a compound to be considered as a potential anti- 
depressant it must reduce amine re-uptake into nerve- 
endings. A precedent for this view has already been 
established by the finding that the tricyclic antidepres- 
sant iprindol does not affect amine turnover or re- 
uptake in vivo [24-27]. 
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Abstract—1. The interaction of butacaine with isolated rat liver mitochondria was investigated by 
monitoring the proton magnetic resonance spectrum of butacaine at 10° in 0.12 M KCl in DO. 

2. Addition of mitochondria (1 mg mitochondrial protein to 0.3 uymoles butacaine) reduces by 50 
per cent the intensity of each peak of the butacaine spectrum. The residual butacaine spectrum obtained 
in the presence of mitochondria exhibits no chemical shift. The resolution of the butacaine spectrum 
is partially lost in the presence of mitochondria, but is regained following separation of the mitochondria 
from the mixture. The entire butacaine molecule and not specific portions of it, appears to bind to 
mitochondria in such a manner that the bound butacaine contributes little to the spectrum of butacaine 
observed in the presence of mitochondria. 

3. Under conditions similar to those used to study the effect of mitochondria on the spectrum 
of butacaine, concentrations of the local anaesthetic within the range of 100-400 uM inhibit ADP 
translocation by about 40 per cent. 

4. The results are briefly discussed in relation to the mechanism by which butacaine inhibits adenine 


nucleotide translocation in mitochondria. 


Local anaesthetics influence the activity of a number 
of biological transport systems [1-3]. We have 
recently shown that butacaine and other local anaes- 
thetics of the para-aminobenzoic acid family cause 
marked changes in the rate of adenine nucleotide 
translocation across the inner membrane of rat liver 
mitochondria [4,5]. No effect of butacaine on the 
binding of adenine nucleotides to the atractyloside- 
sensitive sites on the adenine nucleotide translocase 
was detected, indicating that the effect of the local 
anaesthetic is most likely mediated through its inter- 
action with specific phospholipids in the environment 
of the adenine nucleotide translocase, rather than 
through a direct interaction with the translocase pro- 
tein [5]. 

The proton magnetic resonance (PMR?) spectra of 
local anaesthetics have been used to study the inter- 
action of these agents with synthetic phospholipid 
dispersions of known composition [6-8]. In order to 
gain further information about the nature of the inter- 
action of butacaine with phospholipids of the mito- 
chondrial membrane, and the mechanism by which 
adenine nucleotide translocation is inhibited by this 
local anaesthetic, we have monitored the PMR spec- 
trum of butacaine in the presence and absence of rat 
liver mitochondria. The results show that the interac- 
tion of butacaine with rat liver mitochondria is as- 
sociated with a 50 per cent loss in the intensity of 





* Present address: School of Medicine, The Flinders 
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+ Abbreviations: PMR, proton magnetic resonance; 
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each peak of its PMR spectrum. These data indicate 
that both polar and non-polar moieties of the buta- 
caine molecule are firmly bound to the mitochondrial 
membrane such that the PMR resonances of the 
bound butacaine become too broad to be observed. 


MATERIALS AND METHODS 


Preparation of mitochondria. Mitochondria were iso- 
lated from the livers of 200 g male rats (Wistar albino) 
by homogenising in 0.12 M KCI (adjusted to pH 7.4 
with KOH) followed by differential centrifugation [9]. 
The mitochondria were washed once in 0.12 M KCl 
(pH 7.4), then twice in 6-ml volumes of 0.12 M KCl 
in D,O and finally suspended in 0.12 M KCl in D,O. 
All solutions in D,O were adjusted by addition of 
NaOD or DCI to give a reading of 7.4 on the pH 
meter. An unbuffered KCI medium was used for the 
preparation of mitochondria in order to reduce the 
number of organic molecules such as sucrose or buffer 
ions which could contribute to the PMR spectrum 
of the mitochondria. Mitochondria were also isolated 
in a medium which contained 250 mM sucrose, 2 mM 
Hepes and |1mM EGTA (pH 7.4) as described by 
Spencer and Bygrave [10]. Mitochondrial protein 
concentration and acceptor control ratios were each 
determined as described by Reed and Bygrave [11]. 
Acceptor control ratios obtained with 10mM_suc- 
cinate as substrate were in the range 1.5-2 for mito- 
chondria prepared in 0.12 M KCI in D,O compared 
with values of 4-5 for mitochondria prepared in the 
sucrose-Hepes-EGTA medium. 

Proton magnetic resonance spectra. Proton magnetic 
resonance spectra were obtained using a JEOLCO 
MH-100 spectrophotometer operating on line to a 
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Fig. 1. The PMR spectra at 10° of (a) butacaine sulphate 
(0.25°%, w/v) average of 90 scans; (b) rat liver mitochondria 
(2.6%, w/v), average of 90 scans; (c) butacaine sulphate 
(0.25%, w/v) plus rat liver mitochondria (2.6%, w/v) average 
of 90 scans; (d) difference spectrum (spectrum c — spec- 
trum b) and (e) butacaine sulphate after the removal of 
mitochondria from a mixture of butacaine sulphate (0.25%, 
w/v) and rat liver mitochondria (2.6%, w/v), an average 
of 38 scans. The large resonance 4.85 ppm downfield from 
the external reference, tetramethylsilane, is due to the pres- 
ence of HDO. All solutions and suspensions were prepared 
in 0.12 M KCl in D,O and adjusted to a pH meter reading 
of 7.4. The PMR spectra were obtained using the same 
instrumental settings in each case. Mitochondria were 
removed from a mixture of butacaine sulphate (0.25%, w/v) 
and mitochondria (2.6%, w/v) by centrifugation at 35,000 g 
for 10 min after the mitocondria and butacaine had been 
incubated at 10° for 45 min. 


PDP 8/S computer to allow spectrum averaging. The 
spectrometer was fitted with a variable temperature 
probe, and all spectra were obtained at a probe tem- 
perature of 10°. Tetramethylsilane diluted with carbon 


(h) (gq) 


H H 


0 (F) 


HON 


H H 


ul 


tetrachloride was used as an external reference. The 
computer was programmed to calculate the difference 
between two spectra after it had aligned specified 
reference peaks [12]. Relative peak intensities were 
obtained by measuring the areas under the peaks with 
an accuracy of about + 10% [12]. 

Rate of ADP translocation. The rate of ADP trans- 
location was measured at 10° by the forward 
exchange method as described by Spencer and 
Bygrave [10]. 

Chemicals. Butacaine sulphate was a gift from 
Abbott Australasia Pty. Ltd., Carlton, N.S.W., Aus- 
tralia. ['*C]ADP was obtained from the Radio- 
chemical Centre, Amersham, Bucks., U.K., and D,O 
from the Australian Institute of Nuclear Science and 
Engineering, Sutherland, N.S.W. All other reagents 
were of analytical grade. 


RESULTS 


Effect of mitochondria on the proton magnetic 
resonance spectrum of butacaine. The PMR spectrum 
of butacaine in 0.12M KCI in D,O together with 
assignments for the peaks are shown in Figs. I(a) and 
2. The bulk of the assignments were made with refer- 
ence to the PMR spectrum of procaine (Varian High 
Resolution NMR Spectra catalog). The aromatic 
amino group of butacaine was titrated with NaOD 
and the aromatic proton resonances which shifted 
upfield most were assigned to protons h, and those 
which moved a lesser amount to protons g (see Figs. la 
and 2). The assignment is consistent with the relative 
areas of the resonances (considered in order of de- 
creasing chemical shift from tetramethylsilane) namely 
2.1(g) : 1.8(h) : 2.3(f) : 5.4(d) : 2.0(e) : 8.8(c + b) : 5.6(a). 
These are within experimental error of the expected 
values 2,2,2,6,2,8,6 respectively. The peak 7.56 ppm 
downfield from tetramethylsilane is an unknown con- 
taminant. 

The spectrum of rat liver mitochondria (Fig. 1(b)) 
contains only two prominent resonances, as observed 
previously by Brown et al. [13] and are attributed 
largely to part of the lipid components of the mem- 
brane. Mixing butacaine and rat liver mitochondria 
at the concentrations used in Figs. 1(a) and 1(b) gives 
the PMR spectrum shown in Fig. 1(c). Comparison 
of Figs. I(a-c) indicates that there is a significant 
reduction in the heights and intensities of the 
resonances due to butacaine, which is particularly 
obvious in the aromatic region where the mitochon- 
dria do not contribute to the spectrum. A more quan- 
titative measure of the effect is obtained by measuring 
the area under each peak in the difference spectrum 
(Fig. 1(d)) and the spectrum of free butacaine (Fig. 
I(a)). Comparison of thé peak areas indicates that in 


(d) (b) (a) 
CH>—CHp—CH»—CHg 


(c) 
(e) (d) 


/ 
\CHe—CH.—CHa— 
CH —CHp>—CHp—CHg 


Fig. 2. The structure of butacaine in which the letters a-h refer to the assignments made for the 
protons observed in the PMR spectra (Fig. 1(a)). 





Interaction of butacaine with mitochondria 


the presence of mitochondria, the intensity of each 
peak is reduced by the same extent, about 50 per 
cent in each case. In comparison with the spectrum 
of free butacaine, the residual butacaine spectrum 
(Fig. 1(d)) exhibits no chemical shift. Such a chemical 
shift would be anticipated if the butacaine bound to 
the membrane were magnetically perturbed and gave 
rise to a PMR spectrum. It is likely that the mobility 
of the butacaine bound to the mitochondria is so 
reduced that it does not give an observable spectrum. 

A loss of resolution of the residual butacaine spec- 
trum in Fig. 1(d) is observed in the presence of mito- 
chondria. Examination of the spectrum of butacaine 
after removal of the mitochondria shows that the 
resolution is regained (Fig. 1(e)) although there is a 
significant decrease in peak intensity in comparison 
with the spectrum of free butacaine. Moreover, the 
decrease in intensity is approximately the same for 
each peak (about 45 per cent). The loss of peak inten- 
sity in the spectrum of butacaine observed in the pres- 
ence of mitochondria is essentially the same as that 
obtained after their removal. This is further confirma- 
tion that the bound butacaine makes no significant 
contribution to the spectrum of butacaine obtained 
in the presence of the mitochondria. Furthermore, it 
is likely that the exchange between bound and free 
forms of butacaine is slow. The loss of resolution 
observed in the presence of mitochondria is probably 
due to the large mitochondrial particles which pro- 
duce a very turbid solution and reduce the homo- 
geneity of the magnetic field. 

Effect of butacaine on ADP translocation in the 
presence of KCl and deuterium oxide. The conditions 
‘employed in the PMR experiments differ from those 
used in previous studies of the effect of butacaine on 
adenine nucleotide translocation, viz. 200 mM sucrose— 
2mM Hepes in water (pH 7.4) at 4° [4]. Therefore 
the effect of butacaine on ADP translocation was in- 
vestigated under conditions similar to those used in 
the PMR studies. The results indicate that for mito- 
chondria prepared in a sucrose-Hepes medium, buta- 
caine at concentrations in the range 100-400 uM (i.e. 
at about the same ratio of butacaine to mitochondria 
as that used in the PMR studies) inhibits the rate 


Table 1. Effect of butacaine on the rate of ADP transloca- 
tion in the presence of KCI and D,O* 





Rate of ADP translocation 
(nmoles/min/mg protein) 


Concn of butacaine 
(uM) 





0 
50 
100 
200 
300 
400 





* The incubation medium contained, in a final vol of 
1.0 ml, 0.12 M KCl, 100 uM ADP, 2 mg/ml mitochondrial 
protein and butacaine at the concentrations indicated. The 
components were all dissolved in D,O which was adjusted 
to a reading of 7.4 on the pH metre. The rate of ADP 
translocation was measured at 10° as described in Mater- 
ials and Methods. Rat liver mitochondria were isolated 
in a sucrose—Hepes medium as described in Materials and 
Methods. The data represent one of two experiments which 
gave similar results. 
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of ADP translocation by about 40 per cent (Table 
1). The degree of inhibition is smaller than that 
reported previously [4]. The difference may be due 
to the presence of K*, D,O, an alteration in pH 
and/or the higher temperature used in the present ex- 
periments. 

Inhibition of ADP translocation by butacaine was 
also observed in the presence of KC] and D,O when 
mitochondria which had been isolated in a medium 
of 0.12 M KCl in D,O were used. However, the abso- 
lute rates of ADP translocation were much slower 
(2-3 nmoles/min/mg) than those reported in Table 1, 
and the degree of inhibition varied with different 
preparations of mitochondria. In two separate exper- 
iments, the rate of ADP translocation was inhibited 
by 40 and 70 per cent in the presence of 100 and 
400 uM butacaine, respectively. 


DISCUSSION 


The loss of intensity by 50 per cent of all the buta- 
caine resonances (a}(h) which is observed on the 
binding of the local anaesthetic to the mitochondrial 
membrane indicates that all groups (a}(h) of the 
bound butacaine are immobilised. Clearly their mobi- 
lity is less than that of the methyl and methylene 
groups of lipid molecules [13] which produce the 
PMR spectrum of mitochondrial membranes as 
shown in Fig. 1(b). It is therefore likely that the buta- 
caine molecules are bound at more than one site 
along their length. If they were bound only at one 
end, it is possible that in the presence of mitochondria 
the PMR resonances oi protons located at this end 
would be markedly reduced in intensity whereas the 
resonances of protons located at the other (unbound) 
end would exhibit little or no change in intensity. 
In this context, it is of interest to note that a differ- 
ence in the degree of broadening of the PMR 
resonances of butacaine has been observed when this 
compound interacts with sonicated lecithin disper- 
sions at pH 5.5 and 33° [7]. 

The present data indicate that the protons of the 
aromatic ring of butacaine (the non-polar moiety) as 
well as those of the butylene residues (associated with 
the polar moiety) are immobilised as a result of the 
combination of the local anaesthetic with the mito- 
chondria. This is consistent with both electrostatic 
and hydrophobic interactions between the local 
anaesthetic and phospholipids (and/or proteins) of the 
mitochondrial membrane. Both types of interaction 
might be expected in view of the phospholipid com- 
position of the mitochondrial membrane [14] and the 
detection of both electrostatic and hydrophobic inter- 
actions between butacaine, or its analogue, procaine, 
and purified phospholipids at 33° [6-8]. 

The results indicate that butacaine inhibits ADP 
translocation under conditions which are similar to 
those used in the PMR studies. Therefore it is con- 
cluded that the mechanism by which butacaine in- 
hibits mitochondrial adenine nucleotide translocation 
involves a strong immobilisation of the local anaes- 
thetic on the mitochondrial membrane as a result of 
electrostatic and hydrophobic interactions between 
butacaine and membrane phospholipids or proteins. 
The present data do not, however, permit a distinc- 
tion to be made between association of the local an- 
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aesthetic with, on the one hand, the inner mitochon- 
drial membrane where the adenine nucleotide translo- 
case is located [15] and on the other, the outer mem- 
brane. Our recent observation that butacaine affects 
the translocation of adenine nucleotides across the 
inner mitochondrial membrane without influencing 
their binding to atractyloside-sensitive sites [5] and 
data obtained from studies of the interaction of buta- 
caine with other membrane systems [1] together with 
the results presented in this report indicate that mem- 
brane phospholipids are likely to be the primary sites 
at which butacaine interacts with mitochondria. 
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Abstract—Plasma corticosteroid concentrations were significantly elevated 15 min after intraperitoneal 
(i.p.) injection of 90 ymoles of diquat/kg body wt (LD;, dose) into phenobarbitone anaesthetised rats. 
Similar effects were noted after subcutaneous dosing but after oral administration there was a delay 
of approximately 1 hr before significantly elevated concentrations were observed. The magnitude of 
the increase after i.p. administration of diquat was dose-related up to 26 uwmoles/kg body wt, as was 
the duration of the response. The increase in plasma corticosteroid concentration in diquat-treated 
rats could be prevented by pretreating animals with dexamethasone which also reduced adrenocortico- 
trophic hormone (ACTH) concentration in these animals. Experiments in vivo and in vitro indicated 
that diquat did not increase the steroidogenic response of adrenals to ACTH. It is concluded that 
the increased adrenal steroid synthesis observed at early times after diquat administration is caused 


by release of ACTH from the pituitary. 


Diquat (1,1’-ethylene-2,2’-bipyridilium) is widely used 
as a non selective weed-killer [1]. It is moderately 
toxic to rats; the intraperitoneal (i.p.) and sub- 
cutaneous (S.c.) LDs,) to rats being approximately 
90 umoles/kg body wt and the oral LD; 900 umoles/ 
kg body wt [Parkinson, unpublished work]. 

The biochemical mechanism of diquat toxicity in 
mammals is not understood. In plants, the herbicidal 
activity is thought to involve peroxidation of lipid 
components of the cell membrane, causing disruption 
of the tonoplast [2]. This damage is probably related 
to the ability of the compound to form stable free 
radicals in aqueous solution [2]. Changes character- 
istic of a generalised lympholysis have been noted in 
the thymus and spleen of rats following diquat 
administration by both oral and parenteral routes 
[3,4]. Glycogen synthesis by the liver is enhanced 
and a transient hyperglycaemia is observed. It has 
been suggested that these effects may be related to 
the increase in plasma corticosteroid concentration 
which occurs after dosing [5]. 

Significant increases in plasma corticosteroid con- 
centrations are observed from 1hr for up to 24hr 
following i.p. administration of diquat. During the 
first 4hr increased plasma corticosteroid concen- 
trations are also observed in control animals injected 
ip. with 0.9% NaCl [5]. Results presented in this 
paper show that the increase observed after saline in- 
jection can be prevented by phenobarbitone anaes- 
thesia. Therefore, phenobarbitone anaesthetised rats 
have been used to investigate the early effects of 
diquat on adrenal steroid synthesis. 


MATERIALS AND METHODS 


Chemicals. Crystalline diquat dichloride monohyd- 
rate (Plant Protection Division, I.C.I. Ltd., Jealott’s 
Hill Research Station, Berks, U.K.) was dissolved in 
sterile 0.9% NaCl for in vivo admininstration and in 
distilled water for in vitro purposes. Phenobarbitone 


sodium (Evans Medical Ltd., Speke, Liverpool, U.K.) 
and dexamethasone sodium phosphate (Merck, Sharp 
and Dohme Ltd., Hoddesdon, Herts., U.K.) were 
diluted with sterile 0.9% NaCl for injection. ACTH 
(HP ACTHAR-Gel, corticotrophin gelatin injection) 
was purchased from Armour Pharmaceuticals Co. 
Ltd., Eastbourne, Sussex, U.K., and diluted with 16% 
gelatin (Byco C, a gift from Croda Ltd. Widnes, 
Lancs., U.K.) to produce a slow release formulation 
for in vivo experiments. Purified ACTH (porcine, 
grade II) and corticosterone were purchased from 
Sigma (London) Chemical Co. Ltd., Kingston-on- 
Thames, Surrey, U.K. ACTH was dissolved in 1 mM 
HCI for all in vitro experiments. 


Methods 

(a) In vivo experiments. Male, Sprague-Dawley, 
specific-pathogen-free rats (150-300 g body wt), pur- 
chased from Charles River Ltd. were used for all ex- 
periments. Animals were starved 24hr prior to oral 
administration of diquat; fed animals were used for 
all other experiments. They were anaesthetised by s.c. 
injection of phenobarbitone (150 or 200 mg/kg body 
wt) and 2hr later were given 0.9% NaCl or diquat. 

In some experiments dexamethasone (250 pg/kg 
body wt) was injected s.c. 2hr prior to phenobarbi- 
tone. Rats were killed rapidly by decapitation since 
this method causes the least increase in plasma corti- 
costeroid concentrations [6]. Blood was collected 
from the trunk into heparinised beakers. Plasma cor- 
ticosteroids were extracted and assayed fluorimetri- 
cally as described by Givner and Rochefort [7]. Dex- 
amethasone does not interfere with the fluorimetric 
determination of corticosteroid in plasma [8]. ACTH 
in rat plasma was measured by radioimmunoassay 
(The Radiochemical Centre, Amersham, Bucks., U.K.) 
as described previously [5]. 

(b) In vitro incubation of adrenal quarters. The 
method used was modified from that described by 
Grahame-Smith et al. [9]. Animals were killed by 
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decapitation. Adrenals were removed, trimmed free 
of fat, weighed and quartered. These were preincu- 
bated (1 adrenal/flask) for 1.5 hr in a shaking water 
bath at 37°, under an atmosphere of 95% O,, 5% 
CO,. Incubations contained diquat or an equivalent 
volume of distilled water in 2.5ml Krebs-Ringer 
bicarbonate [10] containing 11 mM glucose. Preincu- 
bation of adrenals in the presence of diquat ensured 
equilibration between the medium and the tissue at 
the start of the experimental period [11] [Crabtree 
unpublished work]. After 1.5 hr the tissue was trans- 
ferred to fresh medium (2.5 ml) containing diquat and 
ACTH and incubated for a further 30 min. In control 
incubations, 10 yl distilled water or 1 mM HCl were 
added in place of diquat or ACTH, respectively. The 
reaction was stopped after 30min by addition of 
2.5 ml of an ethanol-water mixture (2:3 v/v) and the 
whole sample rapidly homogenised for 10sec with a 
vortex homogeniser. Samples were assayed for corti- 
costeroid by the method of Givner et al. [7]. 


RESULTS 


Effect of in vivo diquat administration into phenobar- 
bitone-anaesthetised rats. Plasma corticosteroid con- 
centration in anaesthetised control animals injected 
ip. with saline remained within the normal basal 
range over the 4-hr period studied (Fig. 1). A single 
ip. injection of diquat (90 umoles/kg body wt) into 
phenobarbitone-anaesthetised rats produced a signifi- 
cant increase in plasma corticosteroids by 15 min 
after dosing (Fig. 1). Maximum concentrations were 
reached by 30 min after dosing and remained at this 
level for at least 4hr (Fig. 1). Subcutaneous injection 
of diquat produced a similar response. A maximal 
plasma concentration of 40 + 8(4) yg corticosteroid/ 
100 ml plasma was observed 15 min after s.c. dosing 
and was sustained for at least | hr. In contrast there 
was a delay of 1-2hr before a maximum concen- 
tration of corticosteroid was observed following oral 
administration of an equitoxic dose (LDs, dose ~ 
900 umoles/kg body wt) (Fig. 2). 

The plasma corticosteroid concentration measured 
| hr after an i.p. injection increased with increasing 
dose of diquat to a maximum value (Fig. 3). Plasma 


a 1(6) 





ug/1I00 mi plasma 





Corticosteroid, 





Time after saline or diquat, hr 
Fig. |. Effects of intraperitoneally administered diquat on 
plasma corticosteroid concentrations in phenobarbitone- 
anaesthetised rats. Rats were anaesthetised with 150 or 
200 mg/kg phenobarbitone and 2 hr later were given either 
0.9%, NaCl [O] or 90 umoles/kg body wt diquat [@] intra- 
peritoneally. Plasma was assayed for corticosteroid as 
described in the methods section. Points are the mean + 
S.E.M. with the number of animals in parenthesis. 
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Fig. 2. Effects of oraliy administered diquat on plasma cor- 
ticosteroid concentration in phenobarbitone-anaesthetised 
rats. Rats previously fasted for 24hr were anaesthetised 
with subcutaneous phenobarbitone (200 mg/kg body wt) 
and 2hr later they were given either 900 ymoles/kg body 
wt diquat [@] or 0.9% NaCl [O] by stomach tube. Plasma 
was assayed for corticosteroid as described in the materials 
and methods section. Points represent the mean + S.E.M. 
with the number of animals in parenthesis. 


corticosteroid concentration measured 4hr after in- 
jecting 26 umoles/kg body wt and 50 uwmoles/kg body 
wt were not significantly different from control values, 
whereas maximal concentrations were still observed 
4hr after injecting 90 umoles (LD;9) and 260 umoles/ 
kg body wt (Fig. 3). 

Effect of dexamethasone pretreatment. The increase 
in plasma corticosteroid observed 1 hr after various 
doses of i.p. administered diquat was prevented by 
prior treatment of rats with dexamethasone (Fig. 4). 
Plasma ACTH concentrations in the same animals 
were significantly reduced (Table 1). 

Response to injected ACTH. Rats were dosed with 
dexamethasone prior to injection of either saline or 
diquat. Thirty min later they were injected s.c. with 
a solution of ACTH in gelatin. There was no signifi- 
cant difference in plasma corticosteroid concentration 
between the group given saline and that given diquat 
(Fig. 5). 
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Fig. 3. Effect of various intraperitoneal doses of diquat 
on plasma corticosteroid concentrations. Rats were anaes- 
thetised with 200 mg/kg phenobarbitone 2hr prior to in- 
traperitoneal injection of either 0.9% NaCl or various 
amounts of diquat. Animals were killed 1 hr [@] and 4 hr 
[A] after dosing. Plasma was assayed for corticosteroid 
as described in the methods section. Points represent the 
mean + S.E.M. with the number of animals in parenthesis. 
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Fig. 4. Effect of dexamethasone on plasma corticosteroid 
concentrations observed 1ihr after intraperitoneal 
administration. Rats were injected subcutaneously with 
250 ug/kg dexamethasone [0] or an equivalent volume of 
0.9% NaCl [@] 2 hr before anaesthetising with 200 mg/kg 
phenobarbitone. After a further 2hr diquat was adminis- 
tered by intraperitoneal injection to both groups of rats. 
They were killed 1 hr later. Corticosteroid in the plasma 
was measured as described in the methods section. Points 
represent the mean + S.E.M. with the number of aninals 
in parenthesis. 


In vitro response of adrenals to ACTH. Diquat had 
no significant effect on the amount of steroid synthe- 
sised by adrenal quarters in the absence of ACTH 
(Table 2). In the presence of 1 mU ACTH, a concen- 
tration which produces sub maximal stimulation, 
there was a Significant inhibition of corticosteroid 
synthesis when 25 or 50 uM diquat was included in 
the incubation medium (Table 2). Lower concen- 
trations of diquat had no significant effect (Table 2). 


DISCUSSION 


The concentration of corticosteroid in rat plasma 
increased after oral, i.p. and s.c. routes of adminis- 
tration (Figs. 1 and 2). Previous work has shown that 
the rate of corticosteroid metabolism and excretion 
from the plasma”:of diquat-dosed animals is un- 
changed over this”éarly period [5]. It may, therefore, 
be concluded that the increased concentration 


Table 1. Plasma ACTH concentrations in control and 
dexamethasone-pretreated rats | hr after intraperitoneal in- 
jection of diquat 





ACTH thr after injection 
(pg/ml plasma) 





Diquat administered 
(umoles/kg 
body weight) 


Diquat + 
dexamethasone 


Diquat 
alone 





26 982 + 93 (5) 
90 1301 + 160 (6) 
260 1505 + 448 (4) 


203 + 15 (7)* 
696 + 324 (4)* 
339 + 61 (6)* 





Rats were injected s.c. with 250 wg/kg dexamethasone 
or an equivalent volume of 0.9% NaCl. Two hr later they 
were anaesthetised with 200mg/kg phenobarbitone and 
after a further 2 hr diquat was injected i.p. Animals were 
killed 1 hr later. Plasma ACTH was measured as described 
in the methods section. Results are quoted as mean + 
S.E.M. (no. of determinations). 

* Significantly less than “diquat alone”, P < 0.05. 
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Fig. 5. The steroidogenic effect of 100 mU ACTH in dexa- 
methasone-pretreated animals after 90 ymoles/kg body wt 
diquat. Rats were injected subcutaneously with 250 yg/kg 
dexamethasone and after a further 2 hr were anaesthetised 
with 200 mg/kg phenobarbitone. One hour later animals 
were dosed intraperitoneally with 0.9% NaCl [O] or 
90 umoles/kg diquat [@] followed by subcutaneous 
administration of 100mU ACTH a further 30 minutes 
later. Animals were killed at various times after the ACTH 
injection. Corticosteroid was measured as described in the 
methods section. Points represent the mean + S.E.M. for 
groups of 4 animals. 


observed in the plasma is a consequence of increased 
synthesis of steroid by the adrenal cortex. 

Increased glucocorticoid synthesis is a frequently 
observed response of animals to noxious stimuli [12]. 
Many seemingly unrelated phenomena such as 
hypoglycaemia, starvation, injection of histamine or 
endotoxin, inhalation of ether, or exposure to cold, 
light or noise have this effect. All these stimuli have 
in common the ability to stimulate ACTH release 
from the pituitary and on this basis can be defined 
as “stress” inducing agents [13]. 

The rate of corticosteroid synthesis by the adrenal 
is normally controlled by the plasma concentration 


Table 2. Response of adrenal quarters to ACTH: the effect 
of diquat in vitro on corticosteroid synthesis 





Steroid (ug/g adrenal wet wt) 
Concn DQ 
(uM) 





No ACTH 1mU ACTH 





60.8 + 6.6 (8) 101.4 + 17.4 (8) 

— 102.7 + 24.4 (4) 
68.8 + 11.2 (4) 714+ 4.7 (4) 
50.2 + 5.7 (4)* 


64.3 + 22.9 (4) 57.8 + 10.8 (4)* 





* Significantly less than in the absence of diquat, 
P < 0.02. 

Adrenal quarters were pre-incubated with or without 
diquat in Krebs-Ringer bicarbonate medium containing 
11 mM glucose for 14}hr before transferring to identical 
fresh medium. ACTH (1 or 500mU) or an equivalent 
volume of 1 mM HCI was added to the flasks and these 
were incubated for a further 30min before the reaction 
was stopped. Samples assayed for corticosteroid as de- 
scribed in the methods section. Values are quoted as 
mean + S.E.M. (no. of determinations). Amount of steroid 
produced during a 30-min incubation in the presence of 
500 mU ACTH was 211.3 + 21.0 (8). 
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of ACTH [14]. Hypophysectomy abolishes the 
diquat-induced rise in plasma corticosteroid concen- 
tration [5], indicating that the response to diquat 
is ACTH-dependent. Two hypotheses are consistent 
with the data; (a) that the increased concentration 
of steroid in the plasma is caused by increased ACTH 
release from the pituitary or (b) that diquat has in- 
creased the sensitivity of the adrenal cortex to ACTH 
(i.e. a potentiation of the normal adrenal response). 

Previous measurement of ACTH concentrations in 
the plasma of conscious rats 24 hr after dosing sug- 
gested that there was insufficient ACTH present to 
account for the observed increase in plasma corticos- 
teroid concentration observed at this time [5]. This 
led us to favour the potentiation hypothesis. This 
hypothesis can be tested using dexamethasone-treated 
rats since prior treatment with this steroid inhibits 
stress induced increases in plasma corticosteroids by 
preventing ACTH release from the pituitary [15, 16]. 
The adrenals of rats treated with dexamethasone have 
been shown to respond normally to ACTH [15, 16]. 

In dexamethasone-treated rats, there was no signifi- 
cant difference in the amount of steroid observed in 
the plasma after injection of 100mU ACTH into 
diquat or saline treated animals (Fig. 5). Therefore, 
diquat does not appear to potentiate the response of 
the adrenal to ACTH. This conclusion is supported 
by experiments using quartered adrenal glands in 
vitro, where incubation with various concentrations 
of diquat did not give rise to any increased synthesis. 
On tie contrary corticosteroid synthesis was signifi- 
cantly inhibited in the presence of 25 and 50 uM 
diquat (Table 2). The concentrations of diquat used 
in the in vitro experiments were selected on the basis 
of observed in vivo concentrations in the adrenal over 
the first 24 hr after dosing with an i.p. LDs, dose (Rose 
unpublished work). 

Together these experiments make the possibility of 
a potentiated response of the adrenal to ACTH after 
diquat administration unlikely and thus support the 
alternative hypothesis of a pituitary-mediated effect. 


H. C. CRABTREE and M. S. ROSE 


This conclusion is supported by the observation that 
pretreatment of rats with dexamethasone, at concen- 
trations which have been reported to inhibit stress 
induced release of ACTH [15] abolished the diquat- 
induced rise in plasma corticosteroid (Fig. 5) and de- 
creased plasma ACTH concentrations in these ani- 
mals (Table 1). 
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Abstract—Fatty acid spin labels have been included into erythrocyte ghosts and synaptic plasma mem- 
branes in order to study the interaction of phenothiazine derivatives (particularly chlorpromazine— 
CPZ) with these membranes. The following results have been obtained. (1) Weak modifications of 
the spin label spectroscopic response are observed only on the label of the polar part of the membrane 


and with CPZ concentrations higher than 5 x 10~* 


M. (2) Under ultraviolet irradiation (A = 310 nm) 


phenothiazine derivatives reduce fatty acids spin labels. Measurements of the reduction kinetic constants 
of two different types of spin labels give information about the location of the drugs inside the mem- 
branes. The photochemical interaction is influenced by the membrane proteins. These results suggest 
that, in the pharmacologically active concentration range, chlorpromazine seems to localize at the 
interface between the phospholipids and the proteins of the membranes. 


In a recent communication [1] we have reported a 
photochemical method for studying the interaction of 
phenothiazine derivatives with lecithin multibilayers. 
The principal thought underlying this method is that 
under u.v. irradiation, phenothiazine derivatives are 
oxidized with the formation of free radicals [2] which 
reduce nitroxide derivatives. When these nitroxide 
free radicals are incorporated as spin labels inside 
lipidic structures such as lecithin layers or natural 
membranes, the measurement of their paramagnetic 
signal decay kinetics under irradiation in the presence 
of phenothiazines gives information about phenothia- 
zine location inside the membranes. 

In this report, we present the first results obtained 
with this method in the study of the interaction of 
phenothiazine derivatives with natural membranes 
(erythrocytes ghosts and rat brain synaptic mem- 
branes). These photochemical results, together with 
the direct spectroscopic responses given by the spin 
labels, seems to indicate a preferential location of 
chlorpromazine at the interface between the phospho- 
lipids and the proteins of the membranes. 


MATERIALS AND METHODS 


(1) Membrane preparation 


(a) Erythrocyte ghosts. Recently out-dated human 
blood was used for the ghost preparation. After wash- 
ing the red blood cells with 0.17 M NaCl, they were 
hemolyzed in 5mM phosphate buffer (pH 7.5-1 mM 
EDTA) according to Dodge et al. [3]. These mem- 
branes will be called, “PO, ghosts”. Other red blood 
cells were hemolyzed in 10mM Tris-HCl (pH 7.4, 
1mM MgCl,) according to Radda and Smith [4]. 
These ghosts will be called “Tris Mg** ghosts”. Mem- 
brane protein concentration [5] was 5 mg/ml. 

(b) Synaptic membranes. Rat brain synaptic plasma 
membranes were prepared by the method of Morgan 
et al.[6]. They are free of myelin and of glial cell 
membranes [7]. The preparation was controlled by 


measurement of acetylcholinesterase [8] and lactic de- 
hydrogenase [9] activities and by electron micro- 
scopy. 


(2) Spin labelling of membranes 


Nitroxide fatty acids were purchased from SYVA 
Corp., Palo Alto and were used without further purifi- 
cation. Spin label I was 2-(3-carboxypropyl)-2-tride- 
cyl-4,4-dimethyl-3-oxazolidinyloxyl and spin label II 
was 2-(10-carboxydecyl)-2-ethyl-4,4-dimethyl-3-oxazo- 
lidinyloxyl. Formulas of these compounds are given 
in Fig. 2. Stock solutions of the spin labels were pre- 
pared in ethanol (2 x 10~7M). These solutions were 
added to the membrane preparation in order to 
obtain a final concentration of 2-4 x 107° M (1-2% 
in ethanol). 

No free spin label was observable on the spectra 
recorded with erythrocyte ghosts. In the case of 
synaptic plasma membranes, excess spin label was 
removed by centrifugation (100,000 g 1 hr), and resus- 
pension of the pellet in 100 ul of incubation medium. 


(3) Irradiation of the samples and recording of the spec- 
tra 


E.S.R. spectra were recorded with a Varian E 3 
spectrometer, in aqueous quartz cells, at room tem- 
perature. Irradiation of the samples was performed 
inside the spectrometer cavity, as previously de- 
scribed [1] (HBO 200 W high-pressure mercury lamp, 
interferential filter centered at 310 nm). 

Spin labelled membranes were incubated for 15 min 
at room temperature in phenothiazine solutions of 
concentrations ranging from 3 x 10°’ to 10°*M. 
Membranes were centrifuged (18,000 g, 20min) and 
the pellet was introduced into the quartz cell. After 
recording the spectrum, the decay of the central line 
was recorded during u.v. irradiation. Kinetic con- 
stants (k:min~') were calculated by measuring the 
slopes of the lines obtained by plotting log I/Ip as 
a function of time, where / is the signal intensity at 
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Wavelength, nm 
Fig. 1. Absorption spectra of the supernatants obtained 
after membrane centrifugation. : “Tris Mg?*” ghosts 
without CPZ. : “Tris Mg?*” ghosts after incubation 
with 3 x 10°°M CPZ. —-—-—-—: Spectrum of a 10°°M 
CPZ solution in Tris Mg?* buffer. 


time t and J, the signal intensity before irradiation. 
These plots gave straight lines showing first-order 
kinetics. 


(4) Measurement of the membrane-bound 


trations of phenothiazines 


concen- 


After incubation with membranes and centrifuga- 
tion, free phenothiazine concentrations in the super- 
natant were measured  spectrophotometrically 
(Aminco DW 2). These spectra show the presence of 
proteins and traces of hemoglobin (277 and 345 nm). 
The chlorpromazine (CPZ) absorption spectrum 
shows maxima at 258 and 308 nm and a trough at 
277nm with a very low extinction coefficient (Fig. 
i). CPZ concentration in the presence of proteins was 
evaluated as follows: the absorption ratio between 
257 and 277 nm was measured for supernatant solu- 
tions of samples incubated without CPZ. This ratio 
was used for calculation of the protein absorbance 
at 257nm in the presence of CPZ. The difference 
between the observed and calculated values was taken 
as due to the presence of CPZ. Its concentration was 
obtained using molar extinction coefficients deter- 
mined in parallel experiments with pure CPZ in phos- 


CH3(CH,),5-C ~(CH5)3COOH 
Oo N-O 
a 
Spin label I 


CH;CH,—C-(CH),4COOH 
10 gauss Oo NO 
> 


Spin label I 
Fig. 2. E.S.R. spectra of synaptic plasma membranes 
labelled with nitroxide derivatives of stearic acids I and 
II (modulation amplitude 1 g, incident power 10 mW, time 
constant | sec, scanning rate 12.5 g/min). 


phate (€ = 33,000lmole>'cm™') and _ Tris-HCl 


(€ = 31,5001 mole~' cm~') buffers. 


RESULTS 


I. Effect of phenothiazines on spin-labeled membranes, 
without irradiation 


Figure 2 shows the spectra obtained with spin- 
labels I and II in synaptic plasma membranes. Quali- 
tatively analogous spectra were obtained with eryth- 
rocyte ghosts, and they are identical with those pre- 
viously published [10, 11]. 

We have measured the order paramater according 
to Seelig [12] and McConnell [13]. We have found 
S = 0.75 and 0.71 for erythrocyte ghosts and synaptic 
membranes respectively. These values are not modi- 
fied after incubation in the presence of CPZ or pro- 
methazine (PMZ) in the range of concentrations stud- 
ied (10°*M maximum). A slight but significant in- 
crease was observed with 5 x 10°*M CPZ in synap- 
tic membranes at 35°, however, (S = 0.580+ 0.15 
without CPZ and S$ = 0.620 + 0.20 in the presence 
of 5 x 10°*M CPZ) [14]. 

Rotational correlation times of spin label II, eva- 
luated according to Henry and Keith [15], were 2.25 
and 1.9 nsec for erythrocyte ghosts and synaptic mem- 
branes at 22°C. These values were not modified by 
the presence of phenothiazine derivatives, even at 
high concentrations. 


Il. Spin label signal decay kinetics under u.v. irradia- 
tion 


(1) Photosensitivity of the spin labels in solution. 
(a) Photosensitivity of the spin labels alone. Spin labels 
I and II were dissolved at 2 x 107° M in methanol- 
water (40/50 v/v). Under irradiation at 310nm, no 
variation of their signal amplitude was observed for 
8 min. When using a filter absorbing wavelengths 
below 260 nm in place of the interferential filter, a 
slow photoreduction was observed: k = 0.i1 min™' 
for both labels. 

(b) Photosensitivity of the labels in the presence of 
chlorpromazine. Experiments were performed in the 
same solvent as above but with CPZ added at 
5 x 10°°M. Under irradiation (310 nm) we observe 
a decay of the spin label signals. The kinetic constants 
(0.09 min~') were identical for both labels. With pro- 
methazine, the kinetic constants were also identical 
for both labels, but they were higher (0.25 min~') 
than with CPZ. 

(c) Photosensitivity of the labels in the presence of 
tryptophan. In the presence of 5 x 10°°M trypto- 
phan in place of CPZ. the spin labels are rapidly 
destroyed by u.v. irradiation (2 > 260nm) (kypy = 
3.1 min~ '). 

(2) Photosensitivity of the 'spin labels included inside 
membranes. (a) In the absence of phenothiazine deriva- 
tives. During irradiation at 310 nm, the amplitude of 
the signal of spin labels included in membranes de- 
creases slowly. The kinetic constants depend on the 
spin label and on the mode of preparation of the 
membrane. The results are summarized in Table 1. 

In the case of “PO,” ghosts, the photoreduction 
kinetic parameter of spin label I decreases rapidly as 
a function of the number of washes in phosphate 
buffer. The spin label II decay parameter is always 
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Table 1. Variation of the kinetic constants of spin label reduction, in absence of CPZ, as a function of the type 
and the mode of preparation of membranes 





Type of membrane 


Low ionic strength 


Mode of preparation PO, EDTA 
No. of washing 2 3 


Erythrocyte ghosts 


Synaptic 
membranes 
Tris Mg?* 
washed in 
PO, 


Tris Mg?* PO, EDTA 





Decay kinetic 
constants of (min~') 
Spin label I 

Spin label II 


0.200 
0.065 


0.120 
0.032 


0.050 
0.034 


0.045 
0.034 





lower and is less sensitive to the effects of washing. 
In the case of “Tris Mg?*” ghosts, the kinetic con- 
stants of both labels are higher than with “PO,” 
ghosts. Washing of Tris Mg?* membrane with low 
ionic strength phosphate buffer diminishes the speed 
of reduction of both labels. 

(b) In the presence of phenothiazine derivatives. The 
results vary with the type of membrane and with their 
mode of preparation. 

“Tris Mg?*” ghosts show important difference 
between the kinetics of both labels. With spin label 
I, and at a low CPZ concentration, we observe a 
moderate but significant decrease of the kinetics. For 
CPZ concentrations higher than 6 x 10~° M, the kin- 
etic constants increase markedly and reach 1.4 min~' 














6xlO~& 1075 3x107> 6xiO7> 1074 


Conc. M 


3x1076 


Fig. 3. Relative variation of the kinetic constants for spin 
label reduction as a function of chlorpromazine or pro- 


2+ 


methazine concentration in the case of “Tris Mg eryth- 

rocyte ghosts. For an explanation of k/ko, see text. A CPZ, 

spin label I, @ CPZ, spin label I], A PMZ, spin label 
I, O PMZ, spin label II. 


at 10°*M. With spin label II, the kinetic constants 
are not modified for concentrations lower than 
3 x 10~° M, but they increase abruptly and reach the 
value obtained with spin label I at 10~*M CPZ. In 
the presence of promethazine, the variations of the 
kinetic constants are identical for both labels. 

These results are shown in Fig. 3. We have plotted 
the ratio k/kg as a function of phenothiazine concen- 
tration, where k is the kinetic constant in the presence 
of drug and kp is the kinetic constant in its absence. 
This mode of representation permits a better com- 
parison of the results obtained with both kinds of 
labels since the kinetic values of the controis are not 
the same. 

With “PO,” ghosts, no significative difference are 
observed between the decay kinetics of both labels. 
However, the measured values vary strongly as a 


= 








Fig. 4. Relative variation of the kinetic constants of spin 
label reduction, in the case of “PO,” ghosts, as a function 
of the number of washes and of CPZ concentration. After 
the third wash, in the presence of 10°* M CPZ, the meas- 
ured kinetic constants are very high. The k/ky values are 
respectively 38 with spin label I, and 40 with spin label II. 
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Fig. 5. Relative variation of the reduction kinetic constants 

of lipidic spin label, as a function of CPZ concentration, 

in the case of synaptic plasma membranes. @: spin label 
I, O: spin label II. 


function of drug concentration and of the number 
of washes. Results are shown in Fig. 4. With spin 
label I, we also observe a decrease of the reduction 
kinetic parameter at low CPZ concentrations with 
membranes washed one or two times. With thrice- 
washed membranes, the kinetic constant is strongly 
increased and reaches 2.3 min~'. With label II, the 
parameter is not modified at 10~° M, but is identical 
with those of spin label I at higher concentrations. 

The low yield in the preparation of synaptic mem- 
branes did not permit us to perform as many exper- 
iments as with erythrocytes ghosts. The results are 
shown in Fig. 5. The effects are observed at lower 
concentrations than with erythrocyte ghosts since an 
increase in the reduction kinetics is observed in the 
presence of 10°°M CPZ with spin label I. At low 
CPZ concentrations, spin label I is more rapidly 


reduced than spin label II. The kinetic constants are 
identical at 2 x 10°°M and higher concentrations. 


III. Affinity of the membrane for the drug 


The spectroscopic determination of CPZ in the 
supernatant of centrifuged spin-labelled membranes 
permitted us to evaluate the number of CPZ mol- 
ecules bound per mg of membrane protein and the 
apparent CPZ dissociation constant. This determina- 
tion was performed by the classical Scatchard’s 
method. Results are given in Table 2. “PO,” ghosts 
have a high number of binding sites with moderate 
affinity. With “Tris Mg**”, two types of sites are 
observed. The first are not abundant but show a high 
affinity, whereas the second are ten times more 
numerous and have affinity for CPZ fifty times lower. 
Two types of sites are also observed with synaptic 
plasma membranes. 

The binding of CPZ decreases with the number of 
washes of “PO,” ghosts, as can be seen in Table 3 
when the CPZ concentrations measured in the super- 
natant are given as a function of the number of 
washes. 


DISCUSSION 
I. Effect of CPZ on the spin label spectra 


The location of nitroxide stearic acid spin labels 
inside the lipidic structure seems to be well estab- 
lished by numerous works [16]. Spin label I explores 
the polar part of the lipidic structure, whereas spin 
label II is sensitive to modifications in the environ- 
ment of the membrane hydrophobic core. The e.s.r. 
spectra obtained in this study confirm previous results 
which show that the lipidic polar zone is rigid and 
relatively highly ordered, whereas the hydrophobic 
core is fluid. Small differences are observed between 
erythrocyte ghosts and synaptic membranes. These 
latter are more fluid than the former, as can be seen 
by the lower values of the order parameters and rota- 
tional correlation times [17]. 

Phenothiazine derivatives, in the range of concen- 
tration from 10~° to 10°*M, do not significantly 
modify the spectra. A moderate increase in the order 
parameter is observed with CPZ, only with spin label 


Table 2. Affinity parameters of CPZ for erythrocyte ghosts and synaptic membranes 





Type of membrane 


Moles of CPZ bound Kp 


per mg protein (mole-1~') 





“PO,” erythrocyte ghosts 
five times washed 
“Tris Mg”*” erythrocyte ghosts 


Synaptic membranes 


45x 10°" 3x 10~° 
2.8 x 107’ 
1.2 x 1075 
$7 x 10-° 
Li x 0° 


:1.5 x 107° 
“15x 10°’ 
:4.6 x 1077 
‘13x 007° 





Table 3. Variation of the CPZ concentration measured in the supernatant of centrifugation as a function of the number 

of washes of PO, erythrocyte ghosts. The experiment was performed as follows: ghosts were washed in PO, buffer 

without CPZ, as many times as indicated, then the pellet was incubated in the presence of CPZ, and the concentration 
of CPZ in the supernatant measured spectrophotometrically 





Number of washes 





CPZ concentration in the 
supernatant (mole/I) 








Interaction of chlorpromazine with biological membranes 


I, and for concentrations higher than 5 x 10~*M in 
the case of synaptic membranes studied at 35°C [14]. 
At these concentrations we have observed very sub- 
stantial modifications of the ESR spectra of spin- 
labelled membrane proteins [18, 19]. This observation 
is a first argument in favour of a preferential interac- 
tion of chlorpromazine with the proteins rather than 
with the lipids of the membrane. This interpretation 
seems to be confirmed by the results obtained with 
the photochemical method. 


II. Photosensitizing action of the membrane proteins 


Under u.v. irradiation of the membranes, the spin 
labels are slowly destroyed, even in the absence of 
drugs. The chromophores responsible for this effect 
are probably the proteic aromatic amino-acids, 
particularly tryptophan. In membranes, the reduc- 
tion kinetic parameter is considerably increased when 
the irradiation is performed around the tryptophan 
absorption maximum, rather than at 310nm 
(k2g0/k310 = 75). Furthermore, in solution, trypto- 
phan is an efficient photosensitizer. The measured 
speed of reduction in the presence of 5 x 10°°M 
TRY is approximately the same as in the presence 
of membranes. Since tryptophan absorbs slightly at 
310nm and since our interferential filter has about 
1% transmission at 295 nm, this aromatic amino acid 
is irradiated even in the presence of the filter and 
its photoproducts can react with the spin labels. In 
fact, with PO, ghosts, one observes an important de- 
crease of the kinetics parameter of spin label I, as 
the number of washes increases, whereas the kinetic 
constants of spin label II decrease only slowly. This 
result can be explained by a progressive extraction 
of the less tightly bound proteins [20, 21], which are 
superficially disposed in contact with the polar part 
of the phospholipid structure, i.e. in the proximity 
of the nitroxide group of spin label I. After a sufficient 
number of washes only the structural proteins are 
present; they are strongly anchored in the lipidic 
structure, and even extend across both faces of the 
membrane. They are then in contact with both types 
of spin labels. 

This interpretation is strengthened by the fact that 
in “Tris Mg**” ghosts, even after five incubation—cen- 
trifugation cycles, one observes a marked difference 
in the decay kinetics of both labels. This difference 
is decreased by washing in low ionic strength phos- 
phate buffer. It has been shown that the presence of 
divalent ions inhibits the solubilization of peripheral 
proteins [4, 21]. 


III. Photochemical actions of phenothiazines on spin 
labels 

(1) In solution. Although the photosensitization by 
PMZ is more efficient than by CPZ, no difference 
is observed between the reactivity of spin label I and 
II. Thus the difference observed when the spin labels 
are included inside membranes can be related to local 
variations of the phenothiazine concentration. It 
seems noteworthy to us that the kinetic constants 
measured in solution with 5x 10°°M CPZ 
(0.09 min~') are lower than those observed in the 
presence of membranes at the same concentration 
(0.3-1 min~ '). This observation is an indication of the 
inclusion of the drugs inside the membrane. 
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(2) Location of phenothiazine inside membranes. It 
is somewhat surprising to observe a decrease of the 
spin label reduction kinetics at low phenothiazine 
concentration. Since this reduction, in the absence of 
the drugs, is due to proteins, itis probable that this 
result is due to interactions between highly reactive 
photochemical products of tryptophan and pheno- 
thiazines, as for consequence a decrease in the 
availability of reducing species for the nitroxide-free 
radicals. In order to verifty this hypothesis, it will 
be necessary to experiment with an irradiation device 
using a monochromator in place of the interferential 
filter, in order to avoid simultaneous irradiation of 
tryptophan and of CPZ. Such an irradiation device 
is now in construction in this laboratory. 

When the phenothiazine concentration is increased, 
the reaction between the drug and the nitroxides 
become predominant, and the results depend on the 
nature of the mode of preparation of membranes. 

(a) “Tris Mg?*” ghosts. At CPZ concentrations 
higher than 6 x 10°°M, the reduction kinetics is 
higher with spin label I than with spin label II. This 
result indicates that CPZ is mere concentrated at the 
level of the polar part of the lipidic structure. At these 
low concentrations, the ghosts have a high affinity 
for the drug and a relatively low number of binding 
sites (“specific” sites) (Table 1). As these sites disap- 
pear by low ionic strength phosphate buffer treat- 
ment, they are probably of proteic nature. It seems 
therefore that CPZ is located at the contact area of 
the peripheral proteins with the polar heads of phos- 
pholipids. 

When the drug concentration increases, these “spe- 
cific” sites are saturated and CPZ invades the whole 
membrane structure: the decay kinetics tend to 
become identical for both labels. 

With PMZ, the photochemical reaction is observ- 
able at higher drug concentration, and is identical 
for both labels. As the photosensitizing action of this 
drug in solution is higher than that of CPZ, this result 
show that PMZ has a very lower affinity for the mem- 
brane and that its localization is not specific. 

(b) “PO,” ghosts. No significant differences are 
observed between the decay kinetics of the two labels 
studied. As shown in Table 2, these membranes have 
lost their “specific” binding sites for CPZ. At low con- 
centration of the drug (<10~° M), the interaction is 
thus very weak, and only the direct reaction between 
CPZ and protein is observable (k/ky < 1). As the con- 
centration increases, the drug penetrates inside the 
lipidic part of the membrane and this penetration is 
favoured by the disparition of the proteins under the 
influence of successive washes. 

(c) Synaptic membranes. As in the case of “Tris 
Mg?’*” ghosts these membranes possess two types of 
binding sites for CPZ, and the decay kinetic constant 
of spin label I is higher than that of spin label II 
in the presence of low CPZ _ concentrations 
(10~°-10~* M). The drug is thus probably bound at 
the polar lipidic interface. 

This result may be compared with those obtained 
by the protein spin labelling method previously 
reported [19]. In this case we observed modifications 
of the e.s.r. spectra which correlated with the degree 
of solubilization of membrane proteins. This effect 
was observed for CPZ concentrations higher than 
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10°*M. At this concentration in the present study, 
the decay kinetics are very high but they are the same 
for both labels. 

A considerable amount of work has been done to 
understand the mechanism of action of neuroleptic 
phenothiazines. Their impact on membrane structure 
is well established [22] but their precise mode of 
membrane interaction is unclear. In the light of the 
present results and of those previously established by 
the spin label [8,19,23] and fluorescence method 
[24-27] it seems that the interaction of chlorproma- 
zine with biological membranes depends strongly on 
the proteic structure of these membranes. This com- 
pound does not penetrate in the hydrophobic core 
of the lipid bilayer in the range of concentrations 
which are of pharmacological interest. It is thus poss- 
ible to suggest that its fundamental pharmacological 
properties [28-31] are mediated by a topological 
modification of the membrane protein arrangement. 
One indication for the validity of this hypothesis is 
given by the present results obtained with prometha- 
zine which is a weak antipsychotic agent: its location 
in the membrane is not the same as that of chlorpro- 
mazine. 


Acknowledgements—This work was supported by Direction 
des Recherches et Moyens d’Essais (Contract No. 74/1088 
and 75/1071). The useful suggestions and critical reading 
of the manuscript by Pr. E. S. Copeland are gratefully 
acknowledged. 


REFERENCES 


. F. Leterrier and R. Kersante, Biochem. biophys. Res. 
Comm. 63, 515 (1975). 

. A. Felmeister and C. A. Discher, J. pharm. Sci. 53, 
756 (1964). 

. J. T. Dodge, C. Mitchell and D. J. Hanahan, Archs 
Biochem. Biophys. 100, 119 (1963). 

. G. K. Radda and D. S. Smith, Biochim. biophys. Acta 
318, 197 (1973). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 

. 1G. Morgan, L. S. Wolfe, P. Mandel and G. Gombos, 
Biochim. biophys. Acta 241, 737 (1971). 


. I. G. Morgan, G. Vincendon and G. Gombos, Biochim. 


biophys. Acta 320, 671 (1973). 


. G. L. Ellmann, K. D. Courtney, Jr., V. Andros and 


R. M. Featherstone, Biochem. Pharmac. 7, 88 (1961). 


. M. K. Johnson, Biochem. J. 77, 610 (1960). 
. H. M. McConnell and B. G. McFarland, Qu. Rev. Bio- 


phys. 3, 91 (1970). 


. J. L. Rigaud, C. M. Gary-Bobo and C. Taupin, Bio- 


chim. biophys. Acta 373, 211 (1974). 


. J. Seelig, J. Am. chem. Soc. 92, 3881 (1970). 
. W. L. Hubbel and H. M. McConnell, J. Am. chem. 


Soc. 93, 314 (1971). 


. F. Leterrier and J. Breton, Archs Biochem. Biophys. 


submitted to publication. 


. S. Henry and A. Keith, Chem. Phys. Lipids 7, 245 
. I. C. P. Smith, The spin label method, in biological 


applications of electron spin resonance (Eds. H. M. 
Swartz, J. R. Bolton and D. C. Borg) pp. 483-539. 
Wiley Interscience (1972). 


. J. Viret and F. Leterrier, Biochim. biophys. Acta 436, 


811 (1976). 


. F. Leterrier, F. Rieger and J. F. Mariaud, J. Pharmac. 


exp. Ther. 186, 609 (1973). 


. F. Leterrier, F. Rieger and J. F. Mariaud, Biochem. 


Pharmac. 23, 103 (1974). 


. S. L. Marchesi, E. Steers, V. T. Marchesi and T. W. 


Tillack, Biochemistry 9, 50 (1970). 


. G. Fairbanks, T. L. Steck and D. F. H. Wallach, Bio- 


chemistry 10, 2606 (1971). 


. F. Seeman, Pharmac. Rev. 24, 583 (1972). 
. D. E. Holmes and L. H. Piette, J. Pharmac. exp. Ther. 


173, 78 (1970). 


. F. Leterrier, J. Canva, J. F. Mariaud and J. M, Cal- 


loud, C. r. Acad. Sci. 274, 2094, Série D. (1972). 


. F. Leterrier and C. Thiery, in The phenothiazines and 


structurally related drugs (Eds. I. S. Forrest, C. J. Carr 
and E. Usdin) p. 77. Raven Press, New York (1974). 


. V. M. C. Madeira and M. C. Antunes-Madiera, Bio- 


chem. biophys. Acta 323, 396 (1973). 


. S. T. Christian, Int. J. Neurosci. 6, 57 (1973). 
. P. Seeman and T. Lee, Science 188, 1217 (1975). 
. J. W. Kebabian, G. L. Petzold and P. Greengard, Proc. 


natn. Acad. Sci. U.S.A. 69, 2145 (1972). 


. G. C. Palmer, G. A. Robinson and F. Silser, Biochem. 


Pharmac. 20, 236 (1971). 


. G. C. Palmer, G. A. Robinson, A. A. Manian and F. 


Silser, Psychopharmacologia 23, 201 (1972). 





Biochemical Pharmacology, Vol. 25, pp. 2475-2478. Pergamon Press, 1976. Printed in Great Britain. 


THE METABOLISM OF THE ANTI-TUMOUR AGENT 
5-(1-AZIRIDINYL)-2,4-DINITROBENZAMIDE 
(CB 1954) 


MICHAEL JARMAN, Davip H. MELZACK and WALTER C. J. Ross 


Chester Beatty Research Institute, Institute of Cancer Research: Royal Cancer Hospital, 
Fulham Road, London SW3 6JB, England 


(Received 29 April 1974; accepted 23 June 1976) 


Abstract—The metabolism in the rat of 5-(1-aziridinyl)-2,4-dinitrobenzamide (CB 1954), an antitumour 
agent having a highly specific action on the Walker 256 carcinoma in rats, has been studied. Unchanged 
CB 1954 is the most abundant radioactive constitutent in the urine of rats treated with the tritium- 
labelled drug. The principal urinary metabolite, 4-amino-5-(1-aziridinyl)-2-nitrobenzamide, was also 
tumour inhibitory, though less so than CB 1954. The isomeric 2-amino-4-nitro derivative, which was 
not a urinary metabolite was much less active. Other urinary metabolites identified were 5-amino-2,4- 
dinitrobenzamide and 5-(2-hydroxyethyl)amino-2,4-dinitrobenzamide. 

The results of this metabolic study are considered in relation to possible explanations for the speci- 
ficity of CB 1954 towards the Walker tumour, and are compared with the earlier findings for the 
parent member of the series, 1-(1-aziridinyl)-2,4-dinitrobenzene (CB i837). 


5-(1-Aziridinyl)-2,4-dinitrobenzamide (CB 1954, Ia) 
was the most active member among a series of nitro- 
phenylaziridines tested against the Walker 256 car- 
cinoma in rats [1]. CB 1954 has a very narrow spec- 
trum of antitumour activity, being virtually without 
effect on a wide range of other experimental tumours 
in the mouse and the rat[2] but having the highest 
therapeutic index* of any compound so far tested 
against the Walker tumour in this Institute. 

As part of an investigation into the mode of action 
of the nitrophenylaziridines we report on the urinary 
metabolites of CB 1954 in the rat. This work is com- 
plementary to an earlier study [3] of the metabolism 
of the parent member of the series, 1-(1-aziridinyl)-2,4- 
dinitrobenzene (CB 1837, Ib). 


METHODS AND RESULTS 


Details of animals used and of the Walker tumour 
assays were those reported previously in the related 
study of CB 1837 (Ib) and its metabolites [3], as was 
the method for determining the structures of metabo- 
lites by mass spectrometry, except that here the ion- 
source temperature was ca 200°. 


Metabolism and synthesis. 


Silicic acid for thin-layer chromatography (t.l.c.) on 
glass plates (20 x 20-cm) was Merck Kieselgel GF 254. 
Rotary evaporations were performed at 30° and 
10mm Hg and melting points (Kofler block) are cor- 
rected. 

(i) Identification and quantitative determination of 
CB 1954 and its metabolites in rat urine. Four rats 
(each weighing ca 200 g) were injected i.p. with a solu- 
tion in dimethyl sulphoxide of *H-labelled CB 1954 





* Therapeutic index, TI = LD5o9/ID99°LDs59 = dose lethal 
to 50 per cent of animals in group, IDgg = dose producing 
90 per cent tumour inhibition. 
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B.P. 25/22—pb 


(5 mg/kg, sp. act. 1.9 mCi/m-mole, for preparation see 
below) and the urine (41 ml) was collected frozen for 
24hr. Recovery of radioactivity was 53 per cent of 
that administered. The urine was diluted with water 
to 50ml and one-half was applied to a column 


I- IIIa; R= CONH? 
I- IIIb; R=H 


NH CH,CH.0H 
NO2 


NCO 
"2 NO2 


V 
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(13 x 2-cm) of Amberlite XAD-2 resin which was 
washed with water (100ml) then with methanol 
(100 ml). Recovery of the applied radioactivity from 
the column was 96 per cent of which 29 per cent 
was in the aqueous eluate and 71 per cent in the 
methanol eluate. One-tenth of the methanol eluate 
was reserved for subsequent quantitation of the com- 
ponents. The remainder was subjected to t.l.c. using 
benzene-ethanol (4:1) as irrigant (three develop- 
ments). The components were visualised as yellow 
bands or as dark bands under u.v. radiation (Hanovia 
chromatolite) and also by scanning for radioactivity 
using a Berthold radiochromatogram scanner. CB 
1954 and three mobile products (Table 1) were re- 
covered by elution of the silicic acid in the appro- 
priate regions with methanol. Mass spectrometry 
afforded evidence for their structures, and these were 
confirmed as Ila, IV and V by further t.l.c. alongside 
authentic samples. In the solvent mixture benzene- 
ethanol (4:1) compound IV had a mobility identical 
with that of the aminonitro-derivative (VI) which was 
isomeric with the identified metabolite Ila. However, 
after further t.l.c. of the metabolite having the mass 
spectrum and mobility of IV, using the solvent mix- 
ture benzene-ethanol, (19:1) in which IV (R, 0.12) 
and VI (R, 0.15) are separable, all of the radioactivity 
was at the R, value corresponding to IV. Compound 
IV was also identical in benzene:ethanol (4:1) with 
the quinoxaline (IIIa) prepared by acid-catalyzed cyc- 
lization of Ila, but further t.Lc. of the metabolite, this 
time in Chloroform—methanol (9:1) which separated 
IV (R, 0.25) from IIa (R, 0.32) demonstrated the 
absence of Illa among the metabolites. 

The remaining one-tenth of the methanol eluate 
from the XAD-2 column was applied as a 5-cm wide 
strip to a t.Lc. plate and developed (twice) in benzene-— 
ethanol (4:1) alongside the appropriate synthetic 
marker compounds (Ia, Ila, [V and V). After develop- 
ment, the appropriate region of the plate was divided 
into 0.5-cm wide strips and the silicic acid in these 
areas was removed into counting vials containing 
0.1 N hydrochloric acid (0.5 ml), diluted with scintilla- 
tion fluid (naphthalene, POP and POPOP in ethanol, 
dioxan and toluene) (10 ml) and assayed for radio- 
activity using a Packard Tricarb 3375 scintillation 
counter. Results were corrected for counts present in 
silicic acid removed from parallel “blank” areas of 
the plate. Eighty-five per cent of the radioactivity 
occurred in regions corresponding with the synthetic 
marker compounds (Table 1), and 6% at the origin 
(presumably polar metabolites). 

(ii) Synthesis. *H-labelled CB 1954 was prepared 
using the method for unlabelled CB 1954[1] from 
ethyleneimine and  5-chloro-2,4-dinitrobenzamide 
(0.67 g) which had been catalytically tritiated in the 
aromatic nucleus (Procedure TR 1, Radiochemical 
Centre, Amersham, Bucks). Column chromatography 
(Kieselgel G, 20 x 2-cm column) of the product with 
ethyl acetate as eluant afforded material of 99 per 
cent radiochemical purity as judged by t.lc. (ethyl 
acetate, Ry 0.30) followed by radiochromatogram 
scanning. 

4-Amino-5-(1-aziridinyl)-2-nitrobenzamide (Ila): CB 
1954 (Ia, 5g) was added to a solution of sodium sul- 
phide (9H,O, 20g) in water (400 ml). After stirring 
for 20 min, residual solid (0.77 g, unchanged CB 1954) 
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Fig. 1. Mass spectra: (a) 4-amino-5-(1-aziridinyl)-2-nitro- 
benzamide (Ila); (b) 2-amino-5-(l-aziridinyl)-4-nitrobenz- 
amide (VI). 


was filtered off and the filtrate was allowed to stand 
for 1 hr, during which Ila (0.88 g, 24 per cent based 
on unrecovered CB 1954) was deposited as orange 
plates, m.p. 225° (decomp). (Found: C, 48.65; H, 4.6; 
N, 25.0%. CygH;9N4O3 requires C, 48.65; H, 4.55; N, 
25.0%). In the test against the Walker 256 carcinoma 
in rats the product gave: LDs 9, 570 mg/kg; IDoo, 
35 mg/kg; TI 16. 

Purity of Ila used for the Walker tumour test: an 
aliquot (100 yl) of a solution of Ila (10 mg/ml) in ace- 
tone was concentrated onto the direct insertion probe 
of the mass spectrometer and the mass spectrum (A) 
determined under carefully recorded conditions with 
a source temperature of 200°. 


Table 1. Quantitative determination of CB 1954 and 
urinary metabolites in the rat 





% of total 
urinary 
radioactivity 


R, value 
(benzene— 


Component ethanol, 4:1) 





la 0.49 64.5 
Ila 0.19 15.5 
IV 0.31 22 
Vv 0.24 2.8 
unidentified 0.00 6 








Metabolism of anti-tumour agent 


The mass spectrum (B) of a second aliquot of the 
IIa solution to which 1 pl of a solution of CB 1954 
of the same concentration had been added was 
recorded using identical instrumental parameters. The 
peak height ratios m/e 222 (molecular ion M*’ for 
Ila): m/e 252 (M*' for Ia) were measured. In spectrum 
A, there was no signal for m/e 252 above background 
levels and the ratio of the signal at m/e 222 to the 
background signal at m/e 252 was 1000:1. In spec- 
trum B the appropriate ratio was 100:2.0. Since this 
ratio corresponded to a sample of Ila containing 1% 
w/w of Ia it can be concluded that the upper limit 
for CB 1954 contamination in the sample of Ila used 
for test was 0.05% w/w. 

Formation of a quinoxaline (1,2,3,4-tetrahydro-6- 
nitroquinoxaline 7-carboxamide, VI) from IIa: a solu- 
tion of IIa (50mg) in 0.5 ml of a solution made by 
adding 60% perchloric acid (0.1 ml) to dimethyl sul- 
phoxide (6 ml) was heated on a steam bath for 40 min. 
The solution was diluted with water, neutralized 
(NaHCO, ) and extracted with ether to give a homo- 
geneous product (R; 0.31 on t.Lc. in benzene-ethanol 
(4:1); Ila had Ry, 0.19). The ultraviolet absorption 
spectrum (pH 7, phosphate) showed /,,,, 278, 419 nm; 
Ila showed Aj, 262.5, 308.5, 374 nm. 2-Amino-1- 
(1-aziridinyl)-4-nitrobenzene [3] (IIb) when treated 
exactly as for Ila above afforded a product identical 
(t.l.c., u.v.) with the known [4] 1,2,3,4-tetrahydro-6- 
nitroquinoxaline (IIIb), A,,,, 292, 436 nm; IIb showed 
Amax 202, 311, 380 nm. 

2-Amino-5-(1-aziridinyl)-4-nitrobenzamide (VI): CB 
1954 (Ia, 5 g) and NaHCO, (5 g) were added to ace- 
tone (300 ml) and stirred until CB 1954 dissolved. 
Sodium dithionite (Na,S,0,, 10g) in water (100 ml) 
was added and stirring was continued for 30 min at 
25-30°. The mixture was filtered and the filtrate con- 
centrated under reduced pressure. The product (VI, 
0.7 g, 16%) separated as an orange solid which 
afforded red-orange prisms (decomp. 215°) on recrys- 
tallization from aqueous acetone (Found: C, 48.7; H, 
4.7; N, 25.1%). In the test against the Walker 256 
carcinoma in rats, VI gave 37.7% reduction in tumour 
weight at 6 mg/kg (LDs5o9, 10.5 mg/kg). 

5-Amino-2,4-dinitrobenzamide (IV) [5] and 5-(2-hy- 
droxyethyl) amino-2,4-dinitrobenzamide (V) [1] were 
prepared by published methods. Major peaks in 
the mass spectra were: for IV, m/e 226 (100% rela- 
tive intensity, M*’), m/e 210 (17%) and m/e 196 
(13%); for V, m/e 270 (11%, M*’), m/e 239 (100%, 
[M-CH,OH]*), m/e 223 (30%) and m/e 190 (15%). 
These spectra were identical with those obtained for 
the corresponding metabolites (Table 1) to which 
these structures were assigned. 


DISCUSSION 


Three metabolites were identified in the urine of 
rats treated with CB 1954. The principal metabolite 
was a half-reduced product, subsequently shown to 
be IIa. The ortho relationship between the amino and 
aziridino functions in synthetic Ila was established 
by demonstrating a change in u.v. absorption charac- 
teristics on treatment with perchloric acid which was 
analogous to that observed when the corresponding 
CB 1837 analogue (IIb) was converted into the known 
quinoxaline (IIIb). The mass spectra (Fig. 1) of syn- 
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thetic Ila and its isomer (VI), which was likewise syn- 
thesised by partial reduction of CB 1954, were also 
consistent with the proposed relative orientations of 
the amino and nitro functions. This isomer (VI) had 
previously been suggested [6] as a metabolite of CB 
1954 which could be responsible for its activity 
against the Walker tumour. Thus AIC (4-aminoimida- 
zole-5-carboxamide) [7] and related compounds [8] 
completely protect against the anti-tumour effect of 
CB 1954 and the structural resemblance between this 
purine precursor and VI, in particular the vicinal 
relationship between the amino and carboxamido 
functions in both molecules provides a rationale for 
this observation. However, for VI to be the com- 
pound responsible for the antitumour activity of CB 
1954 in vivo it must clearly be a metabolite of CB 
1954 and be highly active against the Walker tumour. 
The present results show that neither condition is ful- 
filled. Compound VI was not detected in the urine 
of rats treated with CB 1954, and it exhibited only 
a slight inhibitory action on the growth of the Walker 
tumour in vivo. An alternative explanation is therefore 
needed for the observed protective effects. Additional 
metabolites of CB 1954 were 5-amino-2,4-dinitroben- 
zamide (IV) and 5-(2-hydroxyethyl)amino-2,4-dinitro- 
benzamide (V), the hydrolysis product of CB 1954. 
Compound (V) was previously stated to be the sole 
urinary metabolite of CB 1954[2] but the discre- 
pancy between this earlier report and the present 
results was largely resolved by the discovery that syn- 
thetic Ila, which was not available at that time, had 
a very similar mobility to V in the t.l.c. system (water- 
saturated ethyl acetate) employed in the previous 
study. 

Although the metabolism of CB 1954 resembled 
that of CB 1837 inasmuch as the half-reduced prod- 
ucts (IIa and IIb respectively) were the principal non- 
polar urinary metabolites, the metabolic profiles of 
the two compounds were otherwise markedly differ- 
ent. Thus recovery of radioactivity in urine was much 
higher for CB 1954 and unchanged drug accounted 
for most of the excreted radioactivity, whereas CB 
1837 (0.9 per cent of total urinary radioactivity) was 
largely metabolised. Non-polar components (Ia, Ila, 
IV and V) accounted for at least 85 per cent of the 
urinary radioactivity from CB 1954-treated rats, 
whereas polar components (76%) were the major 
products in urine from rats receiving CB 1837. 
Whereas a polar metabolite of CB 1837 (the mercap- 
turic acid conjugate) was the principal metabolite, 
and was abundantly recovered from urine following 
chromatography on Amberlite XAD-2 resin, this 
method yielded only minor quantities of polar meta- 
bolites of CB 1954, and these have not yet been iden- 
tified. 

Although none of the metabolites of CB 1837 tested 
showed appreciable activity against the Walker 
tumour in vivo, the most effective, IIb, having a 
therapeutic index of only 1.8, the corresponding 
CB 1954 metabolite (IIa) had a TI of 16, which com- 
pares favourably with that of agents in clinical use 
e.g. chlorambucil (TI = 10,[9]), cyclophosphamide 
(T1 = 22, [9]), and melphalan (TI = 20, [2]). Neverthe- 
less, the IDo9 was only 0.7 per cent that of CB 1954 
itself, and prompted a rigorous check on the purity 
of the sample of Ila used for the Walker test. This 
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sample was deliberately treated with | per cent of 
its weight of CB 1954 and the mass spectrum of this 
mixture compared with that of the test sample. No 
CB 1954 was detected in the latter, and the maximum 
level which would have excaped detection, 0.05 per 
cent, was far below that required for the observed 
IDo9 Value for Ila to be attributable to a CB 1954 
impurity. 

Evidence [3] based on a discrepancy between in 
vivo and in vitro toxicity towards the Walker tumour 
suggested that CB 1837 may require metabolic acti- 
vation, and that the half-reduced analogue (IIb) might 
be the toxic metabolite. It is unlikely, however, that 
Ila plays a similar role in relation to CB 1954. Thus 
there is no corresponding discrepancy between the 
in vivo and in vitro toxicities of CB 1954[2]. Also, 
although Ila was somewhat more toxic in the bioas- 
say (Table 2) than might have been predicted [3] on 
the basis of an ID99 of 35 mg/kg, it was still much 
less active than CB 1954, whereas IIb was more active 
in vitro than was CB 1837. 

The results of the antitumour test on the principal 
metabolite (Ila) of CB 1954 dictate a revision of the 
previously-held view that an electron-withdrawing 
substituent ortho to the aziridine moiety is mandatory 
for appreciable activity against the Walker 


tumour [6]. Although some of the differences in che- 
motherapeutic index between related nitrophenylazir- 
idines with the required structural features for antitu- 
mour activity could be correlated with the ether/water 
partition coefficient (P*) which could reach an opti- 
mal value for CB 1954[1], the present studies suggest 


additional factors which could contribute to the dif- 
ferences between CB 1954 and CB 1837. Thus the 
much less extensive metabolism of CB 1954 compared 
with CB 1837 would be consistent with the higher 
host toxicity (LD;, = 28 mg/kg) and antitumour acti- 
Vity (IDo9 = 0.4 mg/kg) of CB 1954[1] compared with 
CB 1837 (226 and 22 mg/kg respectively). Moreover, 
the principal metabolite of CB 1954, Ila, is both much 


Table 2. Bioassay of 4-amino-5-(1-aziridinyl)-2-nitrobenz- 
amide (IIa) against Walker cells 





Mean survival 
time of 
tumour-bearing 
animals (days) 


Number of 
tumour takes 
in 30 days 


Drug 
concentration 
(y/ml) 





Controls 6.6 
9.0 
13.0 
23 
no takes 





* Three higher concentrations (100, 
also gave no takes. 


200 and 400 »/ml) 


M. JARMAN, D. H. MELZACK and W. C. J. Ross 


less toxic (LDs9 = 570mg/kg) and less _ potent 
(IDo9 = 35 mg/kg) than the parent drug, as well as 
being, on the evidence of its recovery from urine, rela- 
tively less abundant. This metabolite (Ila) therefore 
probably makes only a minor contribution to the 
toxic and tumour inhibitory effects of CB 1954. In 
contrast the corresponding metabolite (IIb) of CB 
1837 is relatively more abundant than the parent 
drug, is more toxic, (LDs,9 179 mg/kg) and less potent 
(ID99 = 100 mg/kg) and could therefore contribute to 
the lower selectivity (lower T1) of CB 1837 compared 
with CB 1954. 

Thus whilst the metabolic studies on CB 1954, and 
the earlier results on CB 1837 have afforded interest- 
ing new insights into structure—activity relationships 
they have not provided explanations for the funda- 
mental questions relating to the antitumour activity 
of the nitrophenylaziridines, namely the reason for 
their specificity for the Walker tumour, and the 
absence of the usual requirement for bifunctionality 
in an antitumour alkylating agent. There were no 
bifunctional alkylating agents (e.g. azo, azoxy or hyd- 
razo-derivatives) identified among the urinary meta- 
bolites of CB 1954 or of CB 1837, but the possibility 
that these might be formed and excreted by another 
route is not excluded. 
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Abstract—Tolmetin [1-methyl-5-p-toluoylpyrrole-2-acetic acid (McN-2559, Tolectin)] and several of its 
analogs were shown to be potent inhibitors of the synthesis of prostaglandin E, from arachidonic 
acid by bovine seminal vesicle prostaglandin synthetase in vitro. Kinetic studies indicated that tolmetin, 
like indomethacin and aspirin, inhibited the synthetase competitively with respect to substrate. Unlike 
most non-steroidal anti-inflammatory agents, however, tolmetin was a competitive reversible inhibitor, 
and did not promote a time-dependent inactivation of the prostaglandin synthetase. Tolmetin and 
these other 1-methyl-pyrrole acetic acids represent a new structural class of anti-inflammatory agents 


which inhibit prostaglandin synthetase. 


Tolmetin [1-methyl-5-p-toluoylpyrrole-2-acetic acid 
(McN-2559, Tolectin)] is a new, non-steroidal anti- 
inflammatory agent which is clinically effective in 
rheumatoid arthritis[1-6]. In animals, tolmetin 
showed anti-inflammatory activity in the acute kao- 
lin- and carageenan-induced rat hind paw edema 
tests, the subacute carageenan abscess test, and the 
chronic adjuvant arthritis test [7-9]. The compound 
also exhibited anti-nociceptive and anti-pyretic activi- 
ties in appropriate models, and showed relatively low 
ulcerogenicity in rats [7]. 

Prostaglandins have been reported to evoke inflam- 
matory and pyretic responses[10,11], and _ the 
observed inhibition of prostaglandin synthesis by in- 
domethacin, aspirin and other non-steroidal agents 
has been proposed as the mechanism of their anti- 
inflammatory and anti-pyretic activities [12, 13]. 
Several other non-steroidal agents with anti-inflam- 
matory and anti-pyretic activities have been subse- 
quently reported to inhibit prostaglandin biosynthe- 
sis [14-16]. It was, therefore, of interest to determine 
whether tolmetin, and anti-inflammatory agent from 
a new chemical class, also inhibits prostaglandin syn- 
thesis. The results of studies in vitro of the effects 
of tolmetin on bovine seminal vesicle microsomal 
prostaglandin synthetase are presented in this paper. 


MATERIALS AND METHODS 


Materials. Tolmetin and several analogs were syn- 
thesized in these laboratories by Dr. J. R. Carson, 
as previously described [8,9], and tolmetin['*C] was 
prepared by L. E. Weaner in a similar manner. The 
other drugs were generously supplied by the manufac- 
turers indicated: indomethacin (Merck, Sharp & 
Dohme), mefenamic acid and flufenamic acid (Parke- 
Davis), diclofenac sodium and _ phenylbutazone 
(CIBA-Geigy), ketoprofen (Rhone-Poulenc), 
naproxen (Syntex), fenoprofen (Eli Lilly) and ibu- 
profen (Boots Pure Drug, Ltd.). Aspirin was pur- 
chased from Sigma Chemical Co., and 2.7-dihydroxy- 


naphthalene from Aldrich Chemical Co. All com- 
pounds were dissolved in 50 mM Tris-HCl buffer (pH 
8.3), in some cases with the aid of 0.1 N sodium hyd- 
roxide, just prior to use. Care was taken to keep the 
pH below 8.3. 

Arachidonic acid [5, 6, 8, 9, 11, 12, 14, 15[3H] (N)] 
(72 Ci/m-mole) was obtained from New England 
Nuclear, and was diluted with cold arachidonic acid 
(Analabs, Inc., 99°%% pure) in ethanol to a specific acti- 
vity of 1.5 mCi/m-mole and stored at —20° under 
nitrogen until use. The purity of the arachidonic 
acid[*H] was frequently checked by thin-layer chro- 
matography using a _ hexane-ether—acetic acid 
(70:30:1) system. 

Prostaglandins E, and F,, were purchased from 
Analabs, Inc., 1-epinephrine bitartrate from CalBio- 
chem, and glutathione from Sigma Chemical Co. 
Silica gel G thin-layer chromatographic plates were 
obtained from Analtech, Inc. 

Preparation of microsomes. A microsomal prosta- 
glandin synthetase was prepared from bovine seminal 
vesicles essentially according to the method described 
by Takeguchi et al. [17]. Frozen bull seminal vesicles 
(Pel Freeze Biologicals, Inc.) were thawed, trimmed 
free of excess fat and connective tissue, diced and 
blended for 2 min at 5° with 2 vol. of 100mM 
Tris-HCI buffer (pH 8.3). The homogenate was centri- 
fuged at 12,000 g for 20 min, and the supernatant 
was filtered through a double layer of cheesecloth. 
The filtered supernatant was then centrifuged at 
80,000 g for 1 hr. The precipitated microsomes were 
resuspended in a small volume of 10mM Tris-HCl 
(pH 8.3) and lyophilized. The lyophilized powder was 
pulverized and stored at — 20°, with no loss of activity 
for at least 6 months. One mg of the powder was 
found to contain 0.68 mg protein as determined by 
the method of Lowry et al. [18]. 

Assay of PG synthetase. The assay of PG synthetase 
activity was based on methods reported by Takeguchi 
et al.[17] and Flower et al. [19]. The standard incu- 
bation mixture (total volume 1.0 ml) contained 
0.33mM arachidonic acid{*H] (0.5 pCi), 3.0mM 
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glutathione, 3.0mM _ 1-epinephrine, and 5.0 mg of 
microsomal enzyme preparation in 50mM Tris-HCl 
buffer (pH 8.3). The reaction was initiated by addition 
of the enzyme, and was incubated for 5 min at 37 
during which period the rate of prostaglandin syn- 
thesis was found to be linear. The standard assay was 
used in all experiments unless otherwise indicated. 

The incubation was terminated by the addition of 
0.1. ml of 3 N hydrochloric acid and 3 ml ethyl ace- 
tate, and 10 ug each of PGE, and PGE,, were added 
as carriers to facilitate extraction and chromato- 
graphic separation. The samples were extracted twice 
with ethyl acetate, the extracts combined and dried 
under nitrogen, and then redissolved in 0.1 ml meth- 
anol. An aliquot (0.02 ml) was spotted on a Silica 
gel G thin-layer chromatographic plate and devel- 
oped in an ethyl acetate—acetic acid (100:2) solvent 
system. In this system, the R, values were the follow- 
ing: PGF,,, 0.30; PGE,, 0.47; and arachidonic acid, 
0.83. These compounds were located by visualization 
in iodine vapor, the spots were scraped and placed 
in 10 ml toluene—ethanol (80:20) containing dipheny- 
loxazole (0.4%) and 1,4-bis-2-(5-phenyloxazole) ben- 
zene (0.02%, and the radioactivity was determined 
using a liquid scintillation counter. The Silica gel 
remaining on the plate was also scraped and counted. 
The nmoles of PGE, and PGE,, synthesized were 
calculated from the fraction of total plate radioacti- 
vity per PGE, or PGF, spot and the initial arachi- 
donate concentration. At the arachidonate concen- 
tration used (0.33mM), PGF, synthesis was 
low [19]. The K,, for arachidonate was found to be 
0.25 mM. 


RESULTS 


Inhibition studies. Tolmetin was found to be an 
effective inhibitor of the synthesis of PGE, from ara- 
chidonate by bovine seminal vesicle microsomes in 
vitro, with an Iso of 11.7 uM, being similar in potency 
to indomethacin, which had an Is, of 10.5 uM in 
our system. A comparison of the potency of tolmetin 
with other non-steroidal anti-inflammatory agents is 
shown in Table 1. Mefenamic acid, flufenamic acid, 
ketoprofen and diclofenac sodium were found to be 
from two to three times more potent than tolmetin 
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Table 1. Inhibition of prostaglandin E, synthesis by tolme- 
tin and other compounds* 





Iso Relative 
(uM) potency 


11.7 100 
10.5 111 


Compound 





Tolmetin 
Indomethacin 
Mefenamic acid 
Diclofenac sodium 
Flufenamic acid 
Ketoprofen 
2,7-Dihydroxynaphthlene 
Naproxen 
Fenoprofen 
Ibuprofen 
Phenylbutazone 
Aspirin 





* Prostaglandin E, synthesis was measured as described 
in the text. I59 values were calculated from at least ten 
points on the linear portion (20-80 per cent inhibition) 
of a concentration curve, using the linear least-squares 
method. I;9 = concentration (uM) producing 50 per cent 
inhibition. 


and indomethacin in our assay system. Naproxen, 
fenoprofen, ibuprofen and phenylbutazone were signi- 
ficantly less potent. Aspirin was a very weak inhibitor, 
with an Io of 23,200 uM. The reported PG synthetase 
inhibitor 2,7-dihydroxynaphthalene [20] was slightly 
more potent than tolmetin. 

The relative potencies of tolmetin and some of its 
structural analogs are shown in Table 2. A structure— 
activity analysis indicates that substitution of a 
p-chloro for a p-methyl of the benzoyl moiety de- 
creased PG synthetase inhibition (i.e. I vs tolmetin, 
IV vs III). In one case, substitution of p-chloro with 
p-fluoro further decreased potency (i.e. VI vs V). 

The importance of the p-position of the benzoyl 
moiety to inhibition of PGE, synthesis is suggested 
by the fact that substitution of a p-carboxyl group 
for the p-methyl (i.e. I] vs tolmetin) markedly de- 
creased potency by greater than 1000-fold. Interest- 
ingly, the p-carboxyl analog (II) has been found to 
be the major excreted metabolite of tolmetin in rats 
and man [21, 22]. 


Table 2. Inhibition of prostaglandin E, synthesis by tolmetin and other 5-benzoyl-1-methyl- 
pyrrole-2-acetic acids* 





Compound 


Relative 
potency 





Tolmetin 


CH; 
CH, 
CH; 


100 
49 
<0.1 

160 
99 
45 

78 





* Prostaglandin E, synthesis was measured as described in the text. Is9 values were calcu- 
lated from at least ten points on the linear portion (20-80 per cent inhibition) of a concen- 
tration curve, using the linear least-squares method. 
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Fig. 1. Double-reciprocal plots of rate of PGE, synthesis 
vs arachidonate concentration. The incubation conditions 
were as described in the text. 


The addition of a methyl group at position 4 on 
the pyrrole moiety increased potency (i.e. III vs tolme- 
tin; IV vs I). The addition of an «-methyl group on 
the acetic acid moiety caused a slight decrease in acti- 
vity (i.e. VI vs IV). 

Effects of substrate concentration. The inhibition of 
PGE, synthesis by tolmetin appears to be competitive 
with substrate. Double-reciprocal plots of the rate of 
PGE, synthesis vs the concentration of arachidonic 
acid indicated competitive inhibition over the range 
of arachidonate concentrations from 0.06 to 0.33 mM 
(Fig. 1). At concentrations above 0.33 mM, the sub- 
strate inhibited PGE, synthesis, as has been observed 
by others [17,19]. At arachidonate concentrations 
below 0.06 mM, the inhibition by tolmetin was found 
to be greater than that expected from normal 
Michaelis kinetics, and the double-reciprocal plot 
deviates from linearity. Indomethacin and aspirin also 
showed greater inhibition than the control at the low 
substrate concentrations (Fig. 1). This phenomenon 
has been observed by others with indometha- 
cin [15, 23] and fenoprofen [15], and may be due to 
an effect of the inhibitors on the product-dependent 
activation reported to occur with vesicular gland fatty 
acid oxygenases [24]. 

Double-reciprocal plots of activity vs arachidonate 
concentration for aspirin and indomethacin (Fig. 1) 
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indicated that these compounds were also competitive 
inhibitors in our system. 

Reversibility of inhibition. To evaluate reversibility, 
both enzyme and inhibitor were pre-incubated at 37° 
in the absence of substrate for 5 min, and the mixture 
was then diluted with 4 vol. buffer and centrifuged 
at 80,000 g for 1 hr. The pellet was resuspended in 
a fresh incubation mixture with the substrate, and 
PGE, synthesis was measured. The results are shown 
in Table 3. The high concentration of tolmetin used 
(about twenty times the I<), which completely in- 
hibited PGE, synthesis after a 5-min pre-incuba- 
tion (Table 3, Expt. A), showed no inhibition after 
the dilution—-centrifugation step. Indeed, tolmetin 
appeared to protect the enzyme complex from the 
loss in activity due to the experimental procedure, 
as shown by the differences in activity between con- 
trol A and control B. When this study was repeated 
using tolmetin[{'*C], more than 99 per cent of the 
radioactivity was recovered in the supernatant after 
centrifugation. These results further indicate that tol- 
metin is a readily reversible inhibitor of PGE, syn- 
thesis. On the other hand, a concentration of 20mM 
aspirin, which inhibited PGE, synthesis after pre- 
incubation, also inhibited it after centrifugation, indi- 
cating the irreversibility of this inhibitor. Similarly, 
indomethacin (10 uM) blocked synthesis after pre- 
incubation and also after centrifugation. Its inhibition 
after centrifugation was, however, considerably less, 
suggesting that indomethacin may be more reversible 
than aspirin. 

Inhibitors of PG synthetase have been classified as 
reversible or irreversible on the basis of their effects 
on: extended incubations [16]. The effects of an incu- 
bation time of 2 hr (at 37°) on the inhibition of PGE, 
synthesis by tolmetin concentrations of 10, 20 and 
100 uM are shown in Fig. 2. Under our assay condi- 
tions, non-inhibited net PGE, synthesis tapered off 
after 60 min. In the presence of tolmetin at concen- 
trations approximating one and two times the I¢o, 
net synthesis approached that of the control. Even 
at 100 uM, a concentration about ten times the Iso 
of tolmetin, net PGE, synthesis continued to increase. 
Thus, tolmetin behaved as a reversible inhibitor. 

In contrast, at approximate I;9 concentrations, 
aspirin and indomethacin caused PGE, synthesis to 
taper off after 10 and 75 min respectively (Fig. 2). 
In both cases, the net synthesis was markedly 
depressed, indicating these compounds to be irrevers- 


Table 3. Reversibility of inhibition of prostaglandin synthetase activity 





Control A 


Control B 


Indomethacin 
(10 uM) 


Aspirin 
(20 mM) 


Tolmetin 
(200 uM) 





Expt. A* 

nmoles PGE, + S. E. 
% of control A 

Expt. Bt 

nmoles PGE, +S. E. 
% of Control B 


56+1 
100 


33+2 
100 


4+1 


5 


56 +2 22 +1 
170 67 





* Experiment A: activity after pre-incubation of inhibitor for 5 min at 37°, then 5 min standard incubation after 


addition of arachidonate. Control A had no inhibitor. 


+ Experiment B: activity after pre-incubation of inhibitor for 5 min at 37°, diluted with 4 vol. buffer, centrifuged 
at 80,000 g for 1 hr, reconstitution of enzyme in standard incubation medium, and incubated for 5 min. Control 


B had no inhibitor. 
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Fig. 2. Time-course of inhibition of PGE, synthesis by tol- 
metin and other compounds. The incubation conditions 
were described in the text. 


ible inhibitors. Similar observations have been 
reported previously for indomethacin [25]. 

Effect of time-dependent inactivation. The ability of 
tolmetin to promote a time-dependent inactivation of 
PG synthetase was investigated by measuring the 
effects of various times of pre-incubation of tolmetin 
with the enzyme in the absence of arachidonate as 
suggested by Rome and Lands [26]. The reaction was 
then initiated by addition of arachidonate after either 
5 or 10 min of pre-incubation of the inhibitor with 
the enzyme in the presence of cofactors and buffer 
at 37°, and incubating for the standard 5 min. Under 
these conditions, tolmetin (10 4M) had no significant 


effect after 5 or 10 min of pre-incubation, although 
it inhibited 33 per cent with no pre-incubation (Table 
4). Indeed, tolmetin also appeared to protect the 
enzyme from the slight loss of activity which occurred 
with the control after 10 min of pre-incubation. Indo- 
methacin and aspirin, however, both caused greater 
inhibition after 5 or 10 min of pre-incubation (Table 
4) confirming their reported time-dependent inactiva- 
tion of PG synthetase [16, 27]. 

Indeed, in an additional study we found that the 
I; for indomethacin markedly decreased from 10.5 
to 1.5 uM after 5 min of pre-incubation with the 
enzyme. Similarly, pre-incubation with aspirin caused 
a decrease in its I59 from 23,200 to 1700 uM. How- 
ever, the I59 of tolmetin increased slightly from 11.7 
to 35 uM after 5 min of pre-incubation with PG syn- 
thetase, further confirming its inability to promote in- 
activation. 

Since tolmetin did not promote the inactivation of 
PG synthetase, its ability to protect the enzyme com- 
plex from indomethacin-induced inactivation was 
determined. After a 10-min pre-incubation with tol- 
metin, no significant difference in PGE, synthesis was 
observed (Table 5) compared to the pre-incubated 
control. The addition of indomethacin to the enzyme 
after 5 min of pre-incubation caused 90 per cent inhi- 
bition. However, when the indomethacin was added 
after 5 min of pre-incubation of the enzyme witli tol- 
metin, and the pre-incubatton continued to 10 min, 
PGE, synthesis was inhibited less than 50 per cent. 
In this preliminary study, the apparent decrease in 
the indomethacin-induced inactivation by tolmetin 
suggests that tolmetin may compete with indometha- 
cin for the site involved in the time-dependent inacti- 
vation of PG synthetase. 


Table 4. Effect of pre-incubation time on the inhibition of PGE, synthesis by tolmetin, 
indomethacin and aspirin 





nmoles PGE,* + S. E. at min pre-incubation 


Inhibitor 


o 


wn 





None 
Tolmetin (10 4M) 
Indomethacin (10 4M) 


=%o 
No 


SEES 
I+ I+ 14+ 1+ 
eo he 
ot 

Me MFP a. 


Aspirin (10 mM) 





* The enzyme was pre-incubated with the inhibitor in the absence of arachidonate 
at 37° for the indicated time prior to the standard assay. Each value represents the 
mean of four determinations. 

+ Significant (P < 0.05) compared to no inhibitor at the same pre-incubation time. 


Table 5. Protective effect of tolmetin on the time-dependent inactivation of PG synthetase by 
indomethacin 





Time of 
pre-incubation 
prior to 
adding Per cent 
arachidonate of 


Inhibitor(s) (min) nmoles PGE,* + S. E. control 





100 
93 


None 
Tolmetin (20 M) 10 


5 
5 
Indomethacin (10 uM) 5 10 


Tolmetin (20 uM) plus 10 
Indomethacin (10 uM) 5 42 





* Activity after 10 minutes of pre-incubation as described, plus 5 min of standard incubation. 
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DISCUSSION 


The results presented in this report indicate that 
tolmetin is a potent inhibitor of bovine seminal ves- 
icle prostaglandin synthesis in vitro. In addition, 
several tolmetin analogs also inhibited PGE, syn- 
thesis from arachidonic acid (Table 2). These 5-ben- 
zoyl-1-methylpyrrol-2-acetic acids represent a new 
structural series of aryl acetic acids which both inhibit 
PG synthesis and possess anti-inflammatory activity, 
giving further support to the proposal of Vane [12] 
that PG synthesis inhibition may be the mechanism 
of action of anti-inflammatory agents. 

Within this new series of compounds, slightly 
greater potency for inhibiting PGE, synthesis was 
seen when a methyl group was added to the pyrrole 
moiety (Table 2). In the anti-inflammatory tests, the 
potency also increased slightly with the methyl-pyr- 
role derivative [8,9]. When the p-methyl group on 
the benzoyl moiety was substituted with chloride or 
flouride, inhibition of PG synthetase decreased, but 
potency in the anti-inflammatory tests was markedly 
increased [8,9]. This lack of correlation between PG 
synthetase inhibition in vitro and the potency in the 
anti-inflammatory tests in vivo may be explained by 
the possible metabolic oxidation of the p-methyl to 
a p-carboxyl group. In fact, the p-carboxyl analog of 
tolmetin (compound II, Table 2) has been found to 
be the major urinary metabolite of the drug [22]. The 
presence of the p-chloro group would presumably 
block this metabolic oxidation. Although there 


appears to be a poor correlation between inhibition 
of PG synthesis and the potency in anti-inflammatory 


tests in vivo for many of the compounds in this series, 
these differences may be explained by differences in 
metabolism of the analogs, and therefore may still 
be consistent with Vane’s hypothesis. 

Kinetic studies indicated that tolmetin is a rever- 
sible, competitive inhibitor of bovine seminal vesicle 
PG synthetase. Like indomethacin and aspirin, tolme- 
tin demonstrated competitive inhibition with respect 
to arachidonate (Fig. 1). Our studies with indometha- 
cin confirm its competitive inhibition as reported by 
Vandenberg et al.[23] with bovine seminal vesicle 
microsomes and by Ku and Wasvary [25] with sheep 
seminal vesicles. 

Unlike indomethacin and aspirin, tolmetin was 
found to be a reversible inhibitor of PG synthetase. 
On extended incubation, net PGE, synthesis was not 
greatly inhibited by tolmetin, but was markedly 
depressed by indomethacin and aspirin (Fig. 2). A 
further indication of the reversibility with tolmetin 
was seen by the complete restoration of activity and 
ready removal of the compound after centrifugation 
(Table 3). In fact, not only was enzyme activity res- 
tored to the control level, but tolmetin appeared to 
protect the enzyme against the slight loss of activity 
occurring as a result of the experimental condi- 
tions. 

After pre-incubation with PG synthetase in the 
absence of arachidonate, tolmetin did not show 
greater inhibition of PGE, synthesis (Table 4); in fact 
its 159 was slightly increased. Indeed, again tolmetin 
appeared to protect the enzyme from the loss of acti- 
vity resulting from the experimental pre-incubation 
conditions. In addition, tolmetin appeared to block 
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the inactivation of PG synthetase induced by pre- 
incubation with indomethacin (Table 5). 

These observations indicate that tolmetin does not 
promote a time-dependent inactivation of PG synthe- 
tase as do indomethacin and aspirin [16,27], but 
competes with indomethacin for the substrate site or 
another site involved in the inactivation. Whether the 
observed protection by tolmetin of the loss of enzyme 
activity due to experimental conditions was due to 
protection of the same site has not been ascertained. 

Some other compounds have recently been 
reported which inhibit PG synthetase in a manner 
similar to tolmetin. The anti-inflammatory agent pir- 
profen [25] and several anti-oxidants [28] have been 
reported to be competitive, reversible inhibitors which 
do not promote time-dependent inactivation of PG 
synthetase in vitro. It remains to be determined how 
these compounds differ from the competitive, irrevers- 
ible inhibitors such as indomethacin in regard to the 
net synthesis and release of prostaglandins in tissues. 

Some investigators have observed that I;9 values 
for inhibitors of PG synthetase decrease at low sub- 
strate concentrations by a greater degree than would 
be expected by normal Michaelis kinetics for a com- 
petitive inhibitor [23]. We also made this observation 
for tolmetin, as well as aspirin and indomethacin (Fig. 
1). This phenomenon may be due to the product- 
dependent activation reported to occur with fatty acid 
oxygenases [24]. At this time, however, the role of 
this observed activation to in situ PG synthesis is not 
clear. Indeed, an evaluation of the effects of non-ster- 
oidal anti-inflammatory agents on this activation step 
(i.e. using suboptimal substrate concentrations) might 
be relevant. The purpose of the present study, how- 
ever, was to evaluate tolmetin as a PG synthetase 
inhibitor using classical Michaelis kinetics, as done 
in most other similar investigations [14, 16, 19, 20, 
23, 25, 28, 29]. 

Based on the studies reported in this paper, and 
the increasing evidence that blockade of prostaglan- 
din synthesis may be the mechanism of action of most 
non-steroidal anti-inflammatory agents, we conclude 
that the pharmacological and clinical effects of tolme- 
tin may also be due in part to inhibition of prostag- 
landin synthetase. 
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Abstract—The uptake of 5-hydroxytryptamine (SHT) into rat lung slices has been shown to obey 
saturation kinetics and to be inhibited by imipramine, metabolic inhibitors and a sodium-free medium. 
The apparent K,, for the uptake process was found to be 3.34M with a V,,,, of 6nmoles/g wet 
wt/min. Lung slices taken from rats given a dose of paraquat known to damage type I and type 
II lung epithelial cells showed inhibition of paraquat uptake but no inhibition of SHT uptake. This 
together with the stimulation of paraquat accumulation into rat lung slices in a sodium-free medium 
leads to the conclusion that the uptake of paraquat and 5HT into the lung does not occur in the 


same cell type. 


It has recently been shown that the energy-dependent 
uptake of the herbicide paraquat into rat lung slices 
can be inhibited by 5-hydroxytryptamine (SHT) [1]. 
The uptake of SHT into isolated perfused lung has 
been shown to obey saturation kinetics, to be temper- 
ature- and sodium-dependent [2] and to be inhibited 
by metabolic inhibitors [3]. The capillary endothelial 
cell in the lung has been implicated as the major site 
of SHT uptake [4], whereas in the case of paraquat 
accumulation there is no direct evidence of the cell 
involved. Recent studies by Sykes et al. (unpublished 
data) have suggested that it is the type I and possibly 
the type II alveolar epithelial cells which are in part 
the sites of paraquat uptake. In the present studies 
we have investigated the uptake of SHT and paraquat 
into rat lung slices to establish the relationship 
between the uptake process for paraquat and that for 
SHT. 


MATERIALS AND METHODS 
Materials 


5-Hydroxytryptamine creatinine sulphate was 
obtained from Sigma Chemical Company, Kingston- 
upon-Thames, Surrey. Paraquat dichloride (99%, pure) 
was obtained from Plant Protection Division, Jea- 
lott’s Hill Research Station, Berks. Methyl-['*C]para- 
quat (30mCi/m-mole) and 5-hydroxy[side chain-2- 
'4C] tryptamine creatinine sulphate (56 mCi/m-mole) 
were purchased from the Radiochemical Centre, 
Amersham. 

Animals. Male, Alderley Park (Wistar derived) spe- 
cific pathogen-free rats (body weights 180-200 g) were 
used throughout. 


Methods 


Preparation of lung slices. Rats were killed with 
halothane and the lung rapidly removed and placed 
in either a Krebs-Ringer phosphate medium or a 
sodium deficient medium at room temperature. Lung 
slices were prepared by hand using a ‘valet strip’ 
blade (Gillette Surgical Ltd., Isleworth, Middlesex). 
Only slices with two cut surfaces were used. 


Incubation. Slices (30-50 mg) were weighed and in- 
cubated in a modified Krebs-Ringer phosphate 
medium (3ml) containing NaCl (130mM), KCl 
(5.2mM), CaCl, (1.9mM), MgSO, (1.29mM), 
Na,HPO, (10 mM) and glucose (11 mM). The pH of 
the buffer was adjusted to 7.4 with HCl. When 
sodium deficient medium was required, sucrose 
(260 mM), was used to replace the NaCl (130mM). 
To measure the accumulation of paraquat, 0.1 wCi of 
['*C]paraquat with the required concentration of un- 
labelled paraquat was added to the medium. To 
measure the accumulation of SHT, ['*C]5HT was 
added to the incubation medium such that the 
required amount of SHT was present in the medium. 
Incubation was carried out under air, with shaking, 
at 37°. When the effect of inhibitors on the accumu- 
lation of 5HT into the lung was studied 500 uM 
iproniazid was added to the medium. 

Measurement of paraquat and S5HT in slices with 
time. Slices were removed from the incubation 
medium and washed by transferring them to fresh 
Krebs-Ringer phosphate. They were carefully blotted, 
dissolved in 1 ml Soluene (Packard Instrument Co. 
Ltd.) and the radioactivity measured after the addi- 
tion of 10ml Dimilume scintillator (Packard Instru- 
ment Co. Ltd.) using a liquid scintillation spec- 
trometer. Samples of the medium (0.1 ml) were diluted 
to 1.0ml with water and the radioactivity measured 
after the addition of 10 ml Instagel scintillator (Pack- 
ard Instrument Co. Ltd.). Counting efficiency was 
determined by the addition of an internal '*C-stan- 
dard and all counts were converted to disintegrations 
per minute (dpm). The ratio of '*C label present per 
unit weight of slice to that present in an equivalent 
volume of medium was used to calculate the amount 
of paraquat or SHT present in the slices. 

Measurement of the initial rate of uptake of SHT 
into slices (30 sec to 5 min). The uptake of SHT into 
rat lung slices during the first 5 min of incubation 
was measured by taking sequential samples of the in- 
cubation medium (10yl) (total vol of medium 
removed 50 pl). The disappearance of '*C-label from 
the medium was then used as a measure of the SHT 
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uptake into the lung slice and from this the amount 
of SHT per unit weight of lung tissue was calculated. 


RESULTS 


The amount of SHT accumulated by rat lung slices 
from an incubation medium containing 10°° M SHT 
was increased in the presence of 5 x 10°* M ipronia- 
zid (Fig. 1). An apparent K,, of 3.3 4M and V,,,, of 
6 nmoles/g wet wt/min were determined from the in- 
itial rate of uptake (between 30 sec and 5 min) of SHT 
into rat lung slices in the presence of 5 x 10°*M 
iproniazid. The uptake of 5HT into lung slices was 
reduced by the presence of imipramine and the meta- 
bolic inhibitors cyanide (10°*M) and iodoacetate 
(10° *M) in the incubation medium (Fig. 2). When 
the Krebs-Ringer phosphate incubation medium was 
replaced by a sodium-deficient medium, uptake of 
5HT was also reduced (Fig. 2). The uptake of para- 
quat, however, was stimulated in a sodium deficient 
medium (Table 1). 

Slices of lung taken from rats given 65 umoles of 
paraquat/kg body wt iv. 16hr previously, accumu- 
lated SHT in a similar fashion to lung slices from 
control rats (Table 2) whereas the uptake of paraquat 
by slices of lung from paraquat-poisoned rats was sig- 
nificantly reduced (Table 3). 


DISCUSSION 


Since the studies of Gaddum et al. [5] on the 
removal of SHT from plasma by the cat lung, several 
workers, using perfused lung techniques, have shown 
that 5HT is taken up into the lung tissue [2, 4, 6, 7]. 
Although lung slices or chopped lung preparations 
have been used to investigate the metabolism of 
vasoactive compounds [8], lung slices have not been 
extensively used to investigate uptake processes 
because of their obvious non-physiological state. We 
have studied the uptake of SHT into lung slices firstly 
to compare the uptake process in slices with that de- 
scribed for perfused lung preparations, and secondly 
to study the uptake of SHT under conditions compar- 
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nmoles 5HT/g wet wt slice 








Time, min 


Fig. 1. The effect of iproniazid on the uptake of SHT into 

rat lung slices. Slices of lung were incubated at 37° with 

1 uM 5HT (0) or 1 uM SHT plus 500 4M iproniazid (@). 

Results are expressed as mean + S.E.M. with six slices per 
time point. 
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Fig. 2. The effect of inhibitors and sodium-deficient 
medium on the uptake of SHT into rat lung slices. Slices 
of lung were incubated with 1 ~M S5HT (0) or 5HT plus 
1 mM cyanide (@), 1 mM iodoacetate (0) 500 uM imipra- 
mine (A) and 14M SHT in a sodium-deficient medium 
(@). Results are mean + S.E.M. with four slices per time 

point. 


able to those described for the energy-dependent 
uptake of paraquat into lung slices [9]. 

Characterisation of SHT uptake in lung slices. The 
measurement of the accumulation of SHT into lung 
slices is dependent upon the rate of uptake of 
'*C-label into slices and the rate of efflux of '*C-label 
from the slices. SHT is metabolised in lung by mono- 
amine oxidase to 5-hydroxyindoleacetic acid [10], 
(SHIAA) and some of the efflux of '*C from slices 
will be due to this product of metabolism. When 
iproniazid, an inhibitor of monoamine oxidase, was 
added to the medium to prevent this metabolism 
there was a small increase in the amount of '*C-label 
present in the lung at early time intervals (Fig. 1) 
and over a period of 30min there was significantly 
more accumulation of label (Fig. 1). Since it has been 
shown that iproniazid inhibits the metabolism of SHT 
to SHIAA in the lung [3] we have assumed that '*C 
label present in lung slices represents accumulated 
SHT. 

Although the rate of uptake of SHT was not linear 
over the 30 min of incubation the initial rate of ac- 
cumulation could be determined using the first 5 min 
of incubation in the presence of iproniazid (Fig. 1). 
The relationship between this initial rate and SHT 
concentration in the medium was used to calculate 
an apparent K,, of 3.3 uM and a V,,,, of 6 nmoles/g 
wet wt/min for the process. These values are not very 
different from those obtained by Junod [2] using per- 
fused rat lung (6.24M and 19 nmoles/g wet wt/min 
respectively). The uptake of SHT into rat lung slices 





5-Hydroxytryptamine and paraquat accumulation into rat lung 


Table 1. Paraquat uptake into rat lung slices incubated 
in Krebs-Ringer phosphate and sodium-deficient media 





Uptake of paraquat 


Medium (nmoles/g/hr) 





Krebs-Ringer phosphate 3 
Sodium-deficient medium 115 
Sodium-deficient medium + KCN, 

1 mM 21 





Slices of rat lung were incubated with 10 4M paraquat 
in media shown above at 37° for 2 hr. Results are expressed 
as mean + S.E.M. with four slices per time point. 


Table 2. Uptake of SHT into normal lung slices and lung 
slices taken from rats given paraquat 





Uptake of SHT 
(nmoles/g wet wt slice) 





Lung from 
paraquat-treated rats 





0. 
: 0. 
. i. 





Accumulation of 1 4M SHT by normal lung slices and 
lung slices taken from rats given 65 pmoles paraquat/kg 
iv. 16hr previously. Results are expressed as mean + 
S.E.M. with four slices per time point. 


Table 3. Accumulation of paraquat into nor- 
mal lung slices and lung slices from rats 
treated with paraquat 





Time after 
paraquat 
(hr) 


Accumulation of paraquat 
(nmoles/g wet wt/2 hr) 





73.8 + 2.9 (7) 
71.0 + 2.5 (10) 
53.6 + 1.8 (10) 
63.1 + 2.1 (10) 
36.2 + 2.2 (10) 





Treated rats were given 65 ymoles/kg par- 
aquat i.v. and killed at the times indicated. 
Slices were cut from the left lobe, four slices 
per lobe. Results are expressed as mean + 
S.E.M. with number of rats used in brackets. 


was inhibited by imipramine, the metabolic inhibitors 
cyanide and iodoacetate, and by the absence of 
sodium in the medium (Fig. 2) as has been demon- 
strated with perfused lung systems [2, 3]. 

Comparison of SHT and paraquat accumulation into 
lung. In contrast to the inhibition of SHT uptake in 
sodium-deficient medium, paraquat accumulation was 
stimulated (Table 1). This increase in accumulation 
was not a result of non-specific binding since all but 
a small proportion of the enhanced accumulation is 
energy-dependent (Table 1). Indeed, cyanide com- 
pletely abolishes the uptake of paraquat into the lung 
[9], whereas SHT uptake is only moderately inhibited 
(Fig. 2). 
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Following the administration of paraquat to rats, 
it is the type I and type II epithelial cells of the lung 
which are the first cells to be damaged [11-13]. Sykes 
et al. (unpublished data) have shown ultrastructural 
damage in type I epithelial cells of the lungs 4 hr after 
intravenous administration of 65 wmoles paraquat/kg 
body wt. This damage progresses with time such that 
by 16hr there is significant destruction of both type 
I and type II epithelial cells in the alveoli. We have 
shown using the same dosing regime that lung slices 
taken from paraquat-treated rats progressively lose 
their ability to accumulate paraquat (Table 3). This 
can be explained as (1) the inhibition of paraquat ac- 
cumulation by paraquat present in the treated lungs 
or (2) the progressive damage to cells responsible for 
the uptake of paraquat. Since the concentration of 
paraquat in the lungs of rats given 65 wmoles para- 
quat/kg i.v. peaks within 1 hr and thereafter effluxes 
from the lung with a half life of about 20hr [14], 
it cannot be the presence of paraquat in the lung 
which progressively inhibits the accumulation of par- 
aquat. We, therefore, suggest that it is the progressive 
destruction of the type I and type II alveolar epithe- 
lial cells which is responsible for the inhibition of par- 
aquat accumulation (Table 3) indicating that these 
cells are in part sites of the accumulation of paraquat. 
However, lung slices from rats given the same dose 
of paraquat 16hr previously accumulated 5HT in a 
similar manner to control rat lung slices (Table 2). 
The evidence presented therefore indicates that it is 
the epithelial cells of the alveoli which accumulate 
paraquat and that these cells are not a major site 
of accumulation of 5HT. 
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Abstract—The effect of two imidazoles, the purine precursor 4-amino-imidazole-5-carboxamide (AIC) 
and an aryl derivative 4-amino-2-phenylimidazole-5-carboxamide (2-phenyl AIC), which protect against 
the cytotoxicity of the monofunctional alkylating agent CB 1954, have been investigated as protectors 
against the cytotoxicity of melphalan, a difunctional alkylating agent. The effects of the imidazoles 
on the melphalan-induced depression of thymidine incorporation into Walker cells has been compared 
with the effect on the depression produced by CB 1954. In addition, the effects of 2-phenyl AIC 
alone on precursor incorporation have been studied. It has a rapid and potent depressant effect on 
adenine incorporation, a moderate depressant effect upon pyrimidine incorporation but no effect on 
leucine incorporation or upon the uptake of glucose into the Walker cell. 


The monofunctional alkylating agent CB 1954 (5-(1- 
aziridinyl)-2,4-dinitrobenzamide) has many properties 
which resemble those of the difunctional alkylating 
agents such as melphalan (p-di-(2-chloroethy])-amino- 
L-phenylalanine). Thus it brings about a selective 
depression of thymidine incorporation [1], an 


increase in the intracellular level of 3’,5’-cyclic adeno- 
sine monophosphate (cAMP) [2] and a tumour with 


an induced resistance to melphalan was cross-resis- 
tant to CB 1954 [1]. The potent and selective cytotox- 
icity of CB 1954 to the Walker tumour was shown 
to be protected against by certain compounds, includ- 
ing the purine precursor 4-amino-imidazole-5-carbox- 
amide (AIC), adenine, indole acetic acid, anthranila- 
mide and 2,4-dinitrophenol [3,4]. The most potent 
protector was an aryl derivative of AIC, 4-amino-2- 
phenylimidazole-5-carboxamide (2-phenyl AIC) [4]. 
This compound protected against the CB 1954 in- 
duced depression of thymidine incorporation into the 
Walker cell, and against the cytotoxicity of CB 1954 
to Walker cells both in vitro, in a bioassay system, 
and in vivo. Thus, in a tumour-bearing animal pre- 
treated with 200 mgkg~' 2-phenyl AIC, the dose of 
CB 1954 required to cause a 90 per cent decrease 
in tumour weight was increased 90-fold. In the bio- 
assay system, in which ascites cells are incubated with 
the drugs in vitro before the cells are injected into 
animals, 50 yg cm~? of 2-phenyl AIC completely pro- 
tected against the concentration of CB 1954 
(1 ugcm~*) which gave the animals a survival time 
of greater than 30 days compared to six or seven 
days when the cells were untreated. Thus animals in- 
jected with cells which had been treated with a mix- 
ture of CB 1954 and 2-phenyl AIC died at the same 
time as the controls [4]. A study of this protection 
phenomenon was hoped to give an indication of the 
site of action of CB 1954 and an explanation of its 
selective toxicity. 





* Present address: Department of Pharmacy, University 
of Aston, Birmingham, B4 7ET. 


We now report the results of an investigation into 
the effects of two of the protectors, AIC and 2-phenyl 
AIC, on the cytotoxicity of melphalan in the bioassay 
system and upon the melphalan-induced depression 
of thymidine incorporation into Walker cells. In addi- 
tion, we have studied the effects of 2-phenyl AIC on 
precursor incorporation. We reported briefly that this 
compound has a depressant effect upon thymidine in- 
corporation but was without toxicity in the bioassay 
[4]. Its effects on the incorporation of other precur- 
sors have now been studied and the results are pre- 
sented here. 


MATERIALS AND METHODS 


Drugs and radioactive precursors. AIC was pur- 
chased from Sigma Ltd. 2-Phenyl AIC was the kind 
gift of Dr. J. Heyes of Beecham Research Labora- 
tories, Brockham Park, Surrey. Drugs were dissolved 
or suspended by sonication in dimethylsulphoxide 
and added to cell suspensions to give a final solvent 
concentration of 1%. The controls received the sol- 
vent alone. 

Radioactively labelled precursors were obtained 
from the Radiochemical Centre, Amersham, England. 
The following levels of radioactivity were used per 
cm? of cell suspension: adenine [8-'*C] 50 mCim- 
mole~', 0.2 wCicm~?; L-leucine [4,5-°H], 58 Cim- 
mole~', 5 uzCicm™~?; uridine [5-3H], 5 Cim-mole™', 
5 wCicm~*; thymidine [5-Me-*H], 5Cim-mole™’, 
2.5 wCi cm~ 3; D-glucose [U-'*C], 281 mCi m-mole~', 
5 uwCicm™~*. 

Bioassay and incorporation procedures. The Walker 
tumour was passaged in ascites form as described pre- 
viously [4]. The cells were removed from the animal 
on the sixth or seventh day after transplant. 

Bioassay. This was carried out under aseptic condi- 
tions. The cells were washed with saline and resus- 
pended in TC 199 and horse serum (60:40) at a final 
cell concentration of 10°cm~*. The cells were incu- 
bated for 1 hr at 37° before the addition of drugs. 


2489 





2490 


Table 1. Results of the bioassay of melphalan and CB 1954 

with or without AIC or 2-phenyl AIC pretreatment of 

Walker cells compared with the effects on thymidine 
incorporation 





Inhibition 
Bioassay: of thymidine 
day of death incorporation 


Treatment (Median) (%) 





None 6 0 
(A) CB 1954 
1 ugem~3 : 52 (+ 4.0) 
(B) Melphalan 
1 ugcm~ 
(C) AIC 1mgcm~? 
(D) 2-Phenyl AIC 
1mgcm~? Not done 
(E) 2-Phenyl AIC 
50 wg cm~ 3 
(A) + (C) 


55(+ 4.4)* 
0(+ 7.0) 


I3(4 15) 
0(+ 7.0) 


(A) + (D) t 
15(+ 2.6) 
26 (+ 12)* 
+ 


(A) + (E) 
(B) + (C) > 30 
(B) + (D) 12 


(B) + (E) Not done 50 (+ 4.4) 





The experiments marked + were not performed since this 
concentration of 2-phenyl AIC had a depressant effect 
upon thymidine incorporation. Standard deviations shown 
in parenthesis. 

*P = <0.025 by student’s f-test. 


The imidazoles were added 5 min before either CB 
1954 or melphalan. At the end of the required incuba- 
tion period 1 cm? of the cell suspension was injected 
intraperitoneally into groups of five animals. The sur- 
vival time of the rats receiving the treated cells was 
compared with those receiving the untreated cells and 
the assay terminated after 30 days. 

Incorporation of precursors and uptake of glucose. 
Ascites cells were washed with a cell lysis medium 
[5] until free from red cells. The cells were then sus- 
pended at 10°cm~? in TC 199 and horse serum 
(60:40) and incubated for | hr at 37° before the addi- 
tion of drugs. After the required period of incubation, 
radioactive precursors were added. 1-cm? aliquots of 
the cell suspension were then removed, at timed inter- 
vals, and placed on glass-fibre filter discs (Whatman 
GF/C 2.5cm) wetted with saline. The cells were 
washed with 15cm? of 0.9% saline, 15cm? of 0.2 N 
perchloric acid and finally with 15 cm? of 0.9% saline. 
The total cell uptake of glucose was estimated in the 
same way except that the wash with perchloric acid 
was omitted. The filters were placed in plastic vials 
and dried overnight at 70°. Scintillation fluid (toluene, 
dioxan, naphthalene and butyl-PBD) was added di- 
rectly to the filters and the samples were counted in 
a Packard Tri-Carb Model 3375 liquid scintillation 
counter. Triplicate samples were taken at each time 
point. 

When a combined bioassay—incorporation exper- 
iment was performed, aliquots of cells from the bioas- 
say were removed, radioactive precursors added and 
the cells sampled in triplicate as described above. 


RESULTS 
Bioassay of melphalan with AIC or 2-phenyl AIC. 
The results for the 4hr bioassay of melphalan with 
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4 Control 

© 2-PhenylAIC SOug cm™3 

@ Melphalan tug em-3 

4 Meiphalan 1ygcm-3. 
2-phenyl AIC S0ug cm-3 


4 Control 

© 2-Phenyl AIC SO ugem-3 

© CB 1954 tygcm-3 

4 CB 1954 tug cm-3+ 
2-phenyl AIC SOug cm-3 


OAIC tmg cm~3 

@Melphalan tugcm-3 

4Melphalan 1ugcm™3 + 
AIC, img cm-3 


Fig. 1. The effects of 2-phenyl AIC and AIC on the depres- 

sion of thymidine incorporation induced by melphalan or 

CB 1954 after 4hr incubation. The results for CB 1954 

have been published previously but are shown for compari- 
son [3, 4]. 


AIC or 2-phenyl AIC are shown in Table 1. For com- 
parison the results for the bioassay of an equitoxic 
concentration of CB 1954 have been included [3, 4]. 

Effects of AIC or 2-phenyl AIC on the alkylat- 
ing agent induced depression of thymidine incorpora- 
tion. The effect of pre-incubation with AIC or 
2-phenyl AIC upon the depression of thymidine in- 
corporation induced by either CB 1954 or melphalan 
after 4hr incubation is shown in Table 1 and com- 
pared with the bioassay result. High concentrations 
(>50 ugcm~ +) of 2-phenyl AIC could not be used 
for these experiments since it depressed thymidine in- 
corporation in its own right (see below). In general, 
the cells had incorporated about 5 x 10*cpm after 
1 hr. Representative profiles of these experiments are 
shown in Fig. 1. The results in Table | are the average 
of three determinations. 

Effect of 2-phenyl AIC on precursor incorporation 
and the uptake of glucose. The effect of 50 and 
500 wg cm~? of 2-phenyl AIC upon the incorporation 
of precursors into macromolecules is shown in Table 
2 and representative profiles are shown in Fig. 2. 
There was no effect of either 2-phenyl AIC 
(50 wg cm~ +) or CB 1954 (10 ugcm~ +) upon glucose 
uptake into Walker cells. The results in Table 2 are 
the average of at least three determinations. 


DISCUSSION 


Although CB 1954 resembles melphalan in a 
number of its properties, the present results indicate 
that the protection afforded by AIC and 2-phenyl 


Table 2. Effects of 2-phenyl AIC on precursor incorpor- 
ation after 1 hr (0.25 hr preincubation) 





Precursor Inhibition 


Treatment incorporated (%) 





50 ug cm~* 2-Phenyl AIC Thymidine 
Uridine 
Adenine 

L-Leucine 

Thymidine 
Uridine 
Adenine 

L-Leucine 


13(+ 1.5) 
16(+ 6.0) 
33(+ 5.0) 
S(+ 25) 
50(+ 4.4) 
66(+ 15.5) 
65 (+ 4.6) 
17(+ 4.6) 


500 wg cm~ > 2-Phenyl AIC 





Standard deviations shown in parenthesis. 





Protection of melphalan and CB 1954 








20 40 60 
Minutes 


Fig. 2. The effect of a 0.25 hr incubation of 2-phenyl AIC 

on precursor incorporation into PCA insoluble material 

of Walker cells. A, controls; O, 50 ug cm~? 2-phenyl AIC; 
@, 500 wg cm~* 2-phenyl AIC. 


AIC against the cytotoxicity of CB 1954 is exclusive 
to it and does not extend to the difunctional agent. 
Thus, whilst 50yugcm~* of 2-phenyl AIC and 
1mgcm~? of AIC completely protects against the 
cytotoxicity of CB 1954 (1 wgcm~%) in the bioassay 
system it does not protect against an equivalent con- 
centration of melphalan (Table 1). At a high concen- 
tration of 2-phenyl AIC (1 mgcm~%) its protective 
effect against melphalan was only marginal; the six- 
day increase in survival time representing a cell kill 
in the bioassay of 99 per cent [6]. However the paral- 
lel study of the effects of the protectors on the alkylat- 
ing agent induced depression of thymidine incorpor- 
ation showed some difference to these bioassay 
results. AIC (1 mgcm~ 3) reduced by some 50 per cent 
the depression of thymidine incorporation caused by 
melphalan. The concentration of 2-phenyl AIC which 
itself had a marginal effect on thymidine incorpor- 
ation (50 yg cm~ *) and protected against the CB 1954 
induced depression of incorporation had no effect on 
the depression caused by melphalan. The higher con- 
centration of 2-phenyl AIC which had shown mar- 
ginal protection against the cytotoxicity of melphalan 
could not be used in the thymidine incorporation ex- 
periments because it had an effect of its own. 

There is thus a disparity in the results for AIC and 
melphalan in the two systems. AIC protected against 
melphalan to some extent in the thymidine incorpor- 
ation system but gave no protection in the bioassay. 
This may reflect a large difference in the sensitivities 
of the two methods in their abilities to measure the 
cytotoxicity to the Walker cell. This could be because 
the depression of thymidine incorporation may not 
be a true measure of the inhibition of DNA synthesis. 
Recent evidence has shown that early measurements 
of the effect of alkylating agents show a depression 
of thymidine incorporation while DNA synthesis may 
be continuing unimpeded [7,8]. This suggests that 
the AIC protection against the melphalan-induced 
depression of thymidine incorporation might be an 
effect on thymidine transport rather than on a later 
event in thymidine utilisation such as DNA synthesis. 
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It has been suggested previously that the effect of CB 
1954 on thymidine incorporation may be upon a 
transport process since the incorporation of 
[6-*H]uridine into DNA was inhibited to a much 
lesser degree than that of thymidine [9]. 

The absence of any effect of AIC on thymidine in- 
corporation suggests that the depressant effects of 
2-phenyl AIC on thymidine incorporation may not 
be related to the protection phenomenon. However, 
this effect of 2-phenyl AIC was felt to merit further 
attention mainly because it was without toxicity in 
the bioassay even in high concentrations. It was also 
interesting to find whether, like the alkylating agent 
against which it protected, it had a selective effect 
on thymidine incorporation. The results (Fig. 2, Table 
2) show that the effect was not selective. The effect 
on adenine incorporation was more marked that that 
on either thymidine or uridine. The structural similar- 
ities of the 2-phenyl AIC to adenine may account 
for this effect. Unlike the effects of the alkylating 
agents on precursor incorporation the effects of 
2-phenyl AIC were rapid in onset. The lack of any 
effect upon leucine incorporation or glucose uptake 
into the cell suggests that 2-phenyl AIC is not a gen- 
eral inhibitor of transport, and would confirm a pre- 
vious supposition [4] that the mechanism of protec- 
tion does not involve cellular energetics, since the 
transport of both leucine and glucose is an energy- 
dependent process [10]. A study of the selective effect 
upon purine and pyrimidine incorporation may pro- 
vide further information on the properties of 2-phenyl 
AIC which are responsible for its protection against 
CB 1954. At present under investigation are the trans- 
port and incorporation of the precursors, with par- 
ticular reference to thymidine incorporation and 
adenine nucleotide metabolism. 
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Abstract—Slices from rat corpus striatum were incubated for 10 min at 37° in freshly oxygenated 
Krebs-Ringer phosphate (KRP) media or KRP-high K* (55mM) media both in the presence and 
absence of ethanol (0.2 to 0.8%, w/v). Thereafter, the slices were homogenized and tyrosine hydroxylase 
activity and kinetic parameters were determined in the 105,000g supernatant fraction. The presence 
of K* (55 mM) in the incubation media increased about 3-fold the activity of striatal tyrosine hydroxyl- 
ase, assayed in the presence of subsaturating concentrations of tyrosine and pterin cofactor, when 
compared to that found in striatal slices incubated in normal KRP media. Incubation of striatal slices 
in a KRP-high K* media also. produced changes in the kinetic properties of tyrosine hydroxylase. 
The K,, of the enzyme for 2-amino-4-hydroxy-6,7-dimethyl]-5,6,7,8-tetrahydropteridine HC] (DMPH,) 
was decreased from 0.82 to 0.09mM and the K; of the enzyme for dopamine (DA) was increased 
from 0.13 to 3.52 mM. Ethanol (0.2 to 0.8%, w/v) added directly to the KRP-high K* media markedly 
blocked the K*-induced activation of tyrosine hydroxylase as well as the kinetic alterations in the 
enzyme observed after K*-depolarization of the striatal slices. In contrast, the presence of ethanol 
did not modify the activity and kinetic characteristics of tyrosine hydroxylase isolated from slices 
incubated in normal KRP media. The results reported in this work suggest that the increase in DA 
synthesis observed in striatal slices after K *-depolarization might be mediated in part via an allosteric 
activation of tyrosine hydroxylase. This activation appears to be mediated by an increase in the affinity 
of the enzyme for the pterin cofactor and a decreased affinity for the end-product inhibitor DA. Also, 
the blocking effect of ethanol upon the kinetic activation of tyrosine hydroxylase after K *-depolariza- 
tion seems to offer a likely explanation for the inhibitory effect of ethanol on K*-induced increase 
in DA synthesis reported recently by Gysling et al. (Biochem. Pharmac. 25, 157 (1976)). 


Recent experiments conducted in one of our labora- 
tories have shown that ethanol added in vitro specifi- 
cally blocks the K*-induced increase in the conver- 
sion of labeled tyrosine to dopamine (DA) by striatal 
slices [1]. These results were difficult to interpret in 
terms of the commonly accepted mechanisms for 
regulation of DA synthesis. Until very recently the 
increase in DA synthesis observed after K * -depolari- 
zation was believed to arise primarily as a result of 
the removal of end-product inhibition subsequent to 
the release of a small pool of endogenous or newly 
formed DA which normally acts to partially inhibit 
tyrosine hydroxylase [2,3]. However, ethanol was 
found to block the K *-induced increase in the syn- 
thesis of DA, while having no effect on K *-induced 
release of DA [1]. 

Roth et al. [4-6] have recently shown that an in- 
crease in impulse flow in the nigro-neostriatal path- 
way of the rat causes an increase in DA synthesis, 
which is mediated in part via an allosteric activation 
of striatal tyrosine hydroxylase. This activation seems 





*A preliminary report of this work was presented at 
the meetings of the Fifth Latinoamerican Congress of 
Pharmacology, Lima, Peru, October 27-31, 1974. 


to be mediated by an increase in the affinity of the 
enzyme for both substrate and pterin cofactor and 
a decrease in affinity for the end-product inhibitor 
dopamine. These results raised the possibility that the 
increase in DA synthesis observed after K *-depolari- 
zation [1, 2] might be, in part, the consequence of kin- 
etic alterations in tyrosine hydroxylase similar to 
those observed upon electrical stimulation of the 
nigro-neostriatal pathway [6]. Moreover, ethanol 
could be blocking the K*-induced increase in DA 
synthesis [1] by preventing in some way the kinetic 
activation of tyrosine hydroxylase observed after K *- 
depolarization. The purpose of this paper, therefore, 
is to study the activity and kinetic characteristics of 
tyrosine hydroxylase prepared from rat striatal slices 
incubated in normal and high K* media (55mM) 
both in the presence and absence of ethanol. 


MATERIALS AND METHODS 


Preparation and incubation of rat striatal slices. 
Striatal tissue slices (0.18 mm in thickness) were pre- 
pared with a Sorvall tissue chopper, from the striatum 
of adult, male Sprague-Dawley rats. Tissue slices, 
weighing about 30-40 mg, were incubated for 10 min 
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at 37° in 5.0ml of pre-warmed Krebs-Ringer phos- 
phate (KRP) pH7.4, or KRP-high K* (55mM), 
pH 7.4, saturated with 95% O, + 5% CO, and in the 
absence and presence of ethanol. At the end of the 
incubation period, the slices were transferred to a 
5.0-ml lucite chamber with a nylon mesh bottom 
(pore size = 35 microns) which permitted a complete 
and rapid (10sec) separation between slices and 
medium [7,8]. The nylon mesh bottom containing 
the striatal slices was immediately frozen on dry ice 
and stored at — 70° until the time of tyrosine hydroxyl- 
ase assay. Striata were either assayed singly or pooled 
for determination of tyrosine hydroxylase kinetics. 
Tyrosine hydroxylase assay. At the time of the assay, 
frozen striatal slices were homogenized in 10 vol. of 
ice-cold 0.05 M Tris—acetate buffer, pH 6.0, and cen- 
trifuged at 105,000 g for 90 min at 4°. The supernatant 
served as the source of soluble tyrosine hydroxylase. 
Tyrosine hydroxylase activity was assayed according 
to the method described by Morgenroth et al. [9, 10]. 
In this procedure, the production of *H,O from 
L-[3,5-*H]tyrosine is used as a measure of the amount 
of L-3,4-dihydroxyphenylalanine formed. The reac- 
tion was carried out in a total volume of 1.0 ml; 
0.1 ml of supernatant was added to a reaction mix- 
ture containing 200 ywmoles of acetate buffer, pH 6.0; 
0.1 umole of 3-hydroxy-4-bromobenzyloxyamine 


dihydrogen phosphate, an aromatic amino acid decar- 
boxylase inhibitor; 3300 units of catalase; 0.1 ml 
(2.2mg protein) of partially purified sheep liver 
dihydropteridine reductase; 1.0 umole of NADPH 
and 0.1 umole of 2-amino-4-hydroxy-6,7-dimethyl- 


5,6,7,8-tetrahydropteridine HCl (DMPH,). After a 
5-min preincubation, the reaction was started by the 
addition of 1 wCi L-[3,5-*H]tyrosine (0.1 Ci/m-mole) 
in a volume of 0.05 ml. After a 45-min incubation 
period at 37°, the reaction was stopped by the addi- 
tion of 0.05 ml of glacial acetic acid. Blanks consisted 
of complete incubation mixtures to which 0.05 ml of 
glacial acetic acid had been added prior to addition 
of substrate. 

Analysis of the tritiated water formed during the 
reaction was carried out by ion exchange chromato- 
graphy through Dowex 50 x 8 (H*) columns [10]. 
Protein was determined according to the method of 
Lowry et al.[11] using bovine serum albumin as a 
standard, and tyrosine hydroxylase activity was 
expressed as pmoles dopa formed/mg of protein/min. 
The tyrosine hydroxylase reaction was linear with 
time for up to | hr and with protein concentrations 
from 50 to 800 pg. 

Kinetics were determined on the linear portion of 
the time course and protein concentration curves. 
Estimations of K,, for DMPH, were performed 
according to the method of Lineweaver and 
Burk [12] using a saturating concentration of tyrosine 
(0.1 mM) and six different DMPH, concentrations. 
The K; of dopamine was determined by the method 
of Dixon[13] at three DMPH, concentrations. Data 
were analyzed using a paired t-test. All calculations 
were performed on a Hewlett Packard Programmable 
Calculator model 9832. 

Solutions and chemicals. The Krebs-Ringer phos- 
phate (KRP) used had the following composition: 
NaCl, 128mM; KCl, 4.8mM; CaCl,, 0.75mM; 
MgSO,, 1.20mM; glucose, 16mM; Na,HPO,, 
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16mM at pH 7.4; sodium ascorbate, 20 mg/l. Krebs— 
Ringer phosphate-high K ~ (KRP-high K*) was made 
by replacing proportions of NaCl with equimolar 
amounts of KCI. 

Dihydropteridine reductase was purified from 
sheep liver through the first ammonium sulfate frac- 
tion according to the method of Kaufman [14]; an 
excess of the reductase was used in the assay. 

Catalase, NADPH and ultrapure Tris were pur- 
chased from Schwarz-Mann. 2-Amino-4-hydroxy- 
6,7-dimethyl-5,6,7,8-tetrahydropteridine HCl was 
obtained from CalBiochem. 3-Hydroxy-4-bromoben- 
zyloxyamine dihydrogen phosphate was a gift from 
Lederle Laboratories. L-[3,5-*H]tyrosine (30 Ci/m- 
mole) was purchased from New England Nuclear 
Corp. and purified by passage over a Dowex 50 
column and taken to dryness just before use. 


RESULTS 


Incubation of striatal slices in high potassium 
(55 mM) Krebs-Ringer phosphate for 10 min resulted 
in a marked increase in the activity of tyrosine hy- 
droxylase found in the high speed supernatant of 
homogenates prepared from the striatal slices. An in- 
crease in activity of about 300 per cent was observed 
when compared to the activity of tyrosine hydroxyl- 
ase found in striatal slices incubated in normal KRP 
media (Table 1). Ethanol (0.8%, w/v) added directly 
to the KRP-high K* media completely blocked the 
activation of the tyrosine hydroxylase produced by 
incubating the striatal slices in this potassium 
enriched Krebs solution. In contrast, the presence of 
ethanol (0.8°%, w/v) was not able to alter the tyrosine 
hydroxylase activity found in striatal slices incubated 
in normal KRP media (Table 1). 

In order to analyze further the mechanism involved 
in the increase in tyrosine hydroxylase activity which 
results from depolarizing the slices prior to enzyme 
isolation as well as the inhibitory effects produced 
by ethanol on this increase in enzymatic activity, the 
kinetic properties of tyrosine hydroxylase were deter- 
mined after each treatment. Incubation of the striatal 
slices for 10 min in a KRP-high K* media prior to 
the isolation of tyrosine hydroxylase resulted in a dra- 
matic change in the kinetic properties of the enzyme. 
The K,, of the enzyme for DMPH, was decreased 
9-fold, from 0.82 to 0.09mM, with no significant 
change in the V,,,, (Fig. t, Table 2). On the other 
hand, the K; of the enzyme for DA was increased 
about 27-fold, from 0.13 to 3.52mM (Fig. 2, Table 
2). The presence of ethanol (0.8%, w/v) in the 
KRP-high K* media was able to block the kinetic 
alterations in tyrosine hydroxylase obtained upon 
K*-depolarization of the striatal slices. In fact, the 
K,, and K; values of the enzyme obtained under these 
experimental conditions were similar to those 
obtained after incubating the striatal slices in a nor- 
mal KRP media with or without ethanol (Table 2). 
Ethanol (0.8%, w/v) added directly to normal KRP 
media produced no effect on the kinetic character- 
istics of tyrosine hydroxylase isolated from slices incu- 
bated in this media (Table 2). 

As shown in Table 3, ethanol exerts its inhibitory 
effect on K *-induced activation of tyrosine hydroxyl- 
ase enzyme even at concentrations at low as 0.2% 





Activation of tyrosine hydroxylase by K *-depolarization 


Table 1. Effect of ethanol and potassium depolarization of striatal slices on tyrosine hydroxylase activity 





Treatment* 


Tyrosine hydroxylase activityt 
(pmoles dopa/mg protein/min) 





KRP 

KRP + ethanol (0.8%, w/v) 

KRP-high K* (55mM) 

KRP-high K* (55 mM) + ethanol (0.8%, w/v) 


27.2 + 26 
24.5 + 2.6 
87.3 + 0.3t 
28.0 + 0.3§ 





* Striatal slices were prepared by means of a Sorvall tissue chopper and incubated for 10 min at 37° in the various 
media. Thereafter, the slices were frozen on dry ice and subsequently homogenized and assayed for tyrosine hydroxylase. 
+ Tyrosine hydroxylase activity was determined in the 105,000g supernatant fraction. Results are expressed as the 
mean + S. E. M. of three different experiments (assayed in triplicate). Assays were conducted in the presence of 10 uM 


tyrosine and 0.1 mM DMPHg,. 


t P < 0.001 when compared to respective normal KRP control. 
§P < 0.001 when compared to KRP-high K* (55 mM) without ethanol. 


(w/v). Ethanol, at this concentration, produced a 36.7 
per cent inhibition of the K *-induced increase of tyr- 
osine hydroxylase activity. Higher concentrations of 
ethanol (0.4 and 0.8%, w/v) produced an almost com- 
plete block of the K *-induced effect (Table 3). 


DISCUSSION 


Potassium depolarization of dopaminergic nerve 
terminals results in an acceleration of dopamine syn- 
thesis due to an increase in the activity of the rate- 
limiting enzyme tyrosine hydroxylase [2]. This in- 
crease in tyrosine hydroxylase activity was previously 
thought to arise as a result of the removal of end-pro- 
duct inhibition subsequent to the release of a small 
pool of endogenous or newly formed dopamine which 
continually depresses tyrosine hydroxylase acti- 
vity [2, 3]. However, this hypothesis is not consistent 
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Fig. 1. Effect of potassium depolarization on the K,, of 
striatal tyrosine hydroxylase for DMPH,. The K,, for 
DMPH, was determined by the method of Lineweaver— 
Burk [12] at a tyrosine concentration of 10~*M and six 


DMPH, concentrations ranging from 10°73 to 
5 x 10°°M. Each value is the mean of the intercepts 
generated from three separate lines. Striatal slices were in- 
cubated for 10 min at 37° in normal KRP or KRP-high 
K* (55 mM) both in the presence and absence of ethanol 
(0.8%). The tyrosine hydroxylase kinetics were measured 
in the 105,000 g supernatant obtained from the slices. 


with recent results obtained from studies in rat stria- 
tal slices in which ethanol was able to block K*- 
evoked synthesis of DA while having no effect on 
K*-evoked release of DA[I1]. The experiments 
reported in this paper suggest that the increase in 
DA synthesis observed in striatal slices after K*- 
depolarization might be mediated in part via a kinetic 
activation of striatal tyrosine hydroxylase. Thus, an 
increased enzyme activity was found when tyrosine 
hydroxylase prepared from K *-depolarized slices was 
assayed in vitro in the presence of subsaturating con- 
centrations of tyrosine and pterin cofactor (Table 1). 


OMPH, 
1 ~M 


a 0m 
—_ 


ge e100 wm 


KRP + High K* + ETOH 
K; Dopamine = 0.11t 0.01 


n n 
1.0 05 ° 0.5 


| KRP + ETOH 
K; Dopamine = 0.142 0.02 





= 


i rt 


_1.0 0.5 





° 
° 
@ 


KRP 
K; Dopamine =0.1340.01 


° 
° 
B 





pmoles DOPA/mg PROTEIN/ min 





A 
v 





1 
_1.0 
KRP + High K* 
Kj Dopamine = 3.52 £0.61 











DOPAMINE (mM) 


Fig. 2. Effect of potassium depolarization of the K; of 
striatal tyrosine hydroxylase for dopamine. The K; for 
dopamine was determined by the method of Dixon [13] 
at six dopamine concentrations (5 x 107? to 10~* M) and 
three DMPH, concentrations (10~* to 10°°M). Each 
value is the mean of the intercepts generated from three 
separate lines. Incubation conditions of the striatal slices 
and tyrosine hydroxylase assay were as described under 
Fig. 1. 
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Table 2. Effect of ethanol and potassium depolarization on the kinetics of striatal tyrosine hydroxylase 





K,, tyrosine 
(uM) 


Treatment* 


K,, DMPH,t 
(mM) 


K; DAt 
(mM) 





KRP 

KRP + ethanol (0.8%, w/v) 

KRP-high K* (55mM) 

KRP-high K* (55mM) + 
ethanol (0.8%, w/v) 


41.9 + 3.7 
46.3 + 3.4 
19.4 + 1.6 


39.9 + 28 


0.13 + 0.01 
0.14 + 0.02 
3.52 + 0.61 


0.82 + 0.01 
0.76 + 0.09 
0.09 + 0.02 


0.85 + 0.03 0.11 + 0.01 





* Striatum was dissected out and slices were prepared by means of a Sorvall tissue chopper. Incuba- 
tion conditions in the various media were as described under Table 1. 

+ Striatal slices were homogenized and tyrosine hydroxylase was assayed in the 105,000 g supernatant 
fraction. The K; for DA was determined by the method of Dixon [13] at six dopamine concentrations 
(5 x 1073 to 10~5 M) and three DMPH, concentrations (10~* to 10~° M). Each value is the mean + 
S. E. M. of the intercepts generated from three separate lines. The K,, for tyrosine and DMPH, 
were determined according to the method of Lineweaver and Burk [12] in the presence of saturating 


concentrations of DMPH, and tyrosine respectively. 


This activation appears to be mediated by an increase 
in affinity of the enzyme for substrate and pterin 
cofactor and a decreased affinity of the enzyme for 
the end-product inhibitor dopamine (Table 2). 

Recent experiments in one of our laboratories [4-6] 
have demonstrated that an increase in impulse flow 
in the nigro-neostriatal pathway of the rat causes kin- 
etic alterations in striatal tyrosine hydroxylase similar 
to those reported in this work. Thus, short-term regu- 
lation of striatal tyrosine hydroxylase during aug- 
mented impulse flow in dopaminergic neurons seems 
to occur in part through changes in the affinity of 
the enzyme for both substrate and pterin cofactor and 
for the end-product inhibitor dopamine. We now 
show that it is possible to reproduce partially these 
phenomena in vitro employing brain slices. 

It is possible that the activating effect on tyrosine 
hydroxylase reported above is not the consequence 
of changes associated with K *-depolarization of the 
slices but is the result of a direct activating effect of 
K* ions upon the enzyme. We feel, however, that 
this is not the case, since it is possible to demonstrate 
the K*-induced activation of tyrosine hydroxylase 
after manipulations which involve freezing, thawing 


and homogenization of the slices. By the time the 
assay of tyrosine hydroxylase is performed the 
enzyme has been diluted a 100-fold. Therefore, even 
if we assume that slices incubated in potassium 
enriched medium equilibrate rapidly with K* ions, 
the final concentration of this ion in the enzyme assay 
will not be more than 0.55 mM. It is unlikely that 
this very low K~ concentration will induce by itself 
the activation of tyrosine hydroxylase reported in this 
work. Furthermore, it has been previously shown [15] 
that soluble striatal tyrosine hydroxylase activity is 
not modified by the addition of K* ions (5 and 
10 mM) to the enzyme assay. Recent experimental evi- 
dence is consistent with the possibility that alterations 
in endogenous levels of cAMP which occur during 
depolarization [16] might in part be responsible for 
the increase in DA synthesis [1,2] and for the kinetic 
activation of tyrosine hydroxylase produced after in- 
cubating striatal slices in a K*-enriched medium 
(Tables 1 and 2). Thus, DA synthesis in striatal slices 
is increased by the addition of dibutyryl cAMP to 
the incubation media[17]. Moreover, tyrosine hy- 
droxylase in high speed supernatant prepared from 
rat striatum is activated by cAMP [18, 19]. This acti- 


" Table 3. Effect of different doses of ethanol on K*-depolarization-induced activation of striatal tyrosine hydroxylase 





Tyrosine hydroxylase activityt 
(pmoles dopa/mg protein/min) %) 


Treatment* 


Inhibition of high K* effect on 
tyrosine hydroxylase activityt 





Normal KRP 

KRP-high K* (55 mM) 

KRP-high K* (55 mM) + 
ethanol (0.2%, w/v) 

KRP-high K* (55 mM) + 
ethanol (0.4%, w/v) 

KRP-high K* (55 mM) + 
ethanol (0.8%, w/v) 


Ala + 25 
87.2 + 0.3§ 


65.2 + 3.2|| 
28.7 + 3.5|| 


27.8 + 0.4|| 





* Striatum was dissected out and slices were prepared by means of a Sorvall tissue chopper. Incubation conditions 


in the various media were as described under Table 1. 


+ Striatal slices were homogenized and tyrosine hydroxylase was assayed in the 105,000 g supernatant fraction. Results 
are expressed as the mean + S. E. M. of three different experiments (assayed in triplicate). Assays were conducted 


in the presence of 10 uM tyrosine and 0.1 mM DMPH,g,. 


t High K* effect on tyrosine hydroxylase activity is equal to tyrosine hydroxylase activity obtained from slices 
incubated in KRP-high K* media minus the activity obtained from slices incubated in normal KRP. 

§ P < 0.001 when compared to respective normal KRP control. 

|| P < 0.001 when compared to KRP-high K* (55 mM) without ethanol. 





Activation of tyrosine hydroxylase by K *-depolarization 


vation is associated with a decrease in the K,, for 
tyrosine and for the pterin cofactor, while no change 
in the V,,,, for either the substrate or cofactor is 
observed when the assay is conducted in a system 
identical to that employed in this paper. The acti- 
vation of tyrosine hydroxylase produced by cAMP 
is similar to that reported in this paper after K*- 
depolarization of the striatal slices. Thus, it seems 
possible that cAMP accumulation during K *-depo- 
larization might be responsible for the activation of 
tyrosine hydroxylase observed after exposure of the 
slices to high K*. Of course, the assumption inherent 
in this hypothesis is that endogenous cAMP is synthe- 
sized within the dopaminergic nerve terminal, since 
cAMP formed postsynaptically is unlikely to diffuse 
across the synaptic cleft and penetrate into the pre- 
synaptic neurons. However, at present no direct evi- 
dence is available to prove that cAMP is formed in 
the dopaminergic nerve terminals. 

Previous results have shown that ethanol (0.2 to 
0.8°/, w/v) specifically blocks the activating effect K *- 
depolarization has on DA synthesis while having no 
effect on DA synthesis measured in non-depolarized 
striatal slices [1]. We show now that ethanol (0.2 to 
0.8%, w/v) blocks the kinetic activation of tyrosine 
hydroxylase produced by K*-depolarization while 
having no effect on tyrosine hydroxylase prepared 
from non-depolarized slices (Tables 1 and 2). The 
results described in this paper offer then a very likely 
explanation for the inhibitory effect of ethanol on 
K *-induced DA synthesis reported previously. 

It is possible that ethanol is producing its inhibi- 
tory effect on K*-induced activation of tyrosine hy- 
droxylase by exerting a direct effect upon the enzyme. 
However, this is not supported by the experimental 
evidence available: (1) the activity and kinetic charac- 
teristics of tyrosine hydroxylase isolated from striatal 
slices incubated in normal KRP were not modified 
by the addition of ethanol (0.8%, w/v) to normal KRP 
(Tables 1 and 2), and (2) slices incubated in the pres- 
ence or absence of ethanol were submitted to homo- 
genization and dilution procedures before the tyrosine 
hydroxylase present in the slices was assayed. There- 
fore, the final amount of ethanol present in the tyro- 
sine hydroxylase assay never was higher than 0.008% 
(w/v). It is unlikely that this low ethanol concen- 
tration can produce any direct inhibitory effect upon 
the enzyme, since ethanol (0.8%, w/v) was found to 
be without effect upon tyrosine hydroxylase activity 
determined in homogenates from rat corpus stria- 
tum [14]. Thus, it seems most likely that ethanol is 
inhibiting the K *-induced activation of tyrosine hy- 
droxylase by acting upon some stage located between 
K *-depolarization of the slices and activation of the 
enzyme. Nerve membrane changes and ion fluxes as- 
sociated with K*-depolarization seem not to be 
affected by concentrations of ethanol used in this 
work. Only very high concentrations of ethanol 
(2-4%, w/v) produce any significant effect upon nerve 
membranes that lead to an increased passive permea- 
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bility for Na* and K* ions during the action poten- 
tial [20-22]. Ethanol (0.4 to 0.8%, w/v) was found not 
to alter the K*-induced release of DA from striatal 
slices [1], a process which is dependent on the pres- 
ence of Ca?* in the medium and blocked by Ca?* 
removal [8]. As discussed above, cAMP which ac- 
cumulates after K *-depolarization might be respon- 
sible for the kinetic activation of tyrosine hydroxylase 
which occurs during depolarization of dopaminergic 
terminals. It is possible then that ethanol is inhibiting 
K*-induced activation of tyrosine hydroxylase by 
altering cAMP production and/or its action. We are 
currently investigating this possibility. 
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Abstract—When human urine is collected in acid, three kinins, bradykinin (BK), lysyl-bradykinin (LBK, 
kallidin) and methionyl-lysyl-bradykinin (MLBK), are found. The identification of the MLBK was 
based on: (1) a chromatographic procedure which clearly separated it from BK and LBK, (2) its 
conversion by dipeptidy! aminopeptidase I to BK which was established by chromatographic and 
bioassay procedures, and (3) its amino acid composition. When the potent pepsin inhibitor, pepstatin, 
was added to the collection bottle in addition to the usual acid (to inhibit kininases), MLBK was 
either undetectable or reduced by 90 per cent. Pepstatin did not alter the excretion of BK or LBK. 
Addition of purified kininogen to acidified urine from a subject with a congenital absence of kininogen 
led to the formation of MLBK but no BK or LBK. In urine acidified after excretion, it is highly 


probable that MLBK is formed by uropepsin. 


The urinary kinins, kallidin (lysyl-bradykinin, LBK) 
and badykinin (BK), probably arise in the kidney 
[1,2]. LBK is the product of urinary kallikrein [3]. 
BK is formed by an aminopeptidase which cleaves 
the amino-terminal lysine from LBK [3, 4]. The third 
kinin, methionyl-lysyl-bradykinin (MLBK) was found 
in pooled urine (normal men) which had been pro- 
cessed as soon as possible after collection but not 
in urine stored frozen before extraction [5]. Since 
human urinary kallikrein forms only LBK [3] from 
human kininogen, the origin of MLBK is unknown. 
The occurrence of MLBK in urine and its source are 
the subjects of this report. 


EXPERIMENTAL PROCEDURE 


Materials. The following reagents were obtained 
from commercial sources: Amberlite IRC-50 (100- 
200 mesh), Mallinckrodt; SP-Sephadex C-25, Phar- 
macia; BK, LBK and MLBK, Protein Research 
Foundation, Osaka, Japan; and dipeptidyl aminopep- 
tidase I (DAP I) from Schwarz/Mann. Pepstatin was 
kindly provided by . Professor P. Umezawa and 
human kininogen B 3.2a by Drs Jack V. Pierce and 
Jorge A. Guimaraes [6]. 

Urine collections. Twenty-four-hr urine specimens 
were obtained from 17 normal volunteers, 10 men 
and 7 women, ages 18-48 yr. Urine was collected in 
plastic bottles containing 20 ml of 6 N HCl (final pH, 
2-3) and stored at 4°. 

Adsorption to IRC-50 (H*). The following steps 
were performed at room temperature. A 200-ml 
sample of urine was diluted with 200 ml of distilled 
water in a 500-ml plastic bottle. After adjustment to 
pH4 with 1N NH,OH, 400mg IRC-50 was 





* Present address: Departamento de Microbiologia e 
Imunologia, Faculdade de Medicina do Triangulo 
Mineiro, 38.100 Uberaba M.G., Brasil. 


added [5] and the bottle was shaken for 1 hr on a 
mechanical shaker. The resin was allowed to settle 
for a few min and the bulk of the supernatant was 
removed by suction. The residue was vacuum filtered 
on a Nalgene polyethylene filter, 0.45 micropore (Cat. 
No. 245-0045), and washed with deionized water until 
the conductivity of the filtrate was 10-15 wS. Kinins 
were recovered by transferring the resin to a polyethy- 
lene test tube with 20 ml of 9-10M acetic acid and 
shaking the tube for 1 hr. The suspension was filtered 
as above and the filtrate was freeze-dried. 

Chromatography on SP-Sephadex C-25. The three 
kinins, BK, LBK and MLBK, were separated at room 
temperature on a SP-Sephadex C-25 column, 
0.6 x 12.5cm, by a minor modification of the method 
of Sampaio et al.[7]. The resin was suspended in 
0.9M acetic acid for 24hr, filtered and equilibrated 
with 0.05M_ Tris-HCl buffer, pH 8.0, containing 
0.08 M NaCl and 0.002% merthiolate as preservative. 
The freeze-dried sample was dissolved in 0.5 to 1.0 ml 
buffer and applied to the column. Kinins were eluted 
at room temperature with a buffer flow rate of 3.5 
to 5.0 ml/hr. 

Bioassays. The fractions obtained from the SP- 
Sephadex C-25 column were bioassayed with either 
the isolated guinea pig ileum or rat uterus against 
standard BK, LBK and MLBK. 

The distal 10cm of the ileum was removed from 
guinea pigs weighing 150-180g and placed in 
Tyrode’s solution for at least 1 hr at 4° to reduce 
spontaneous activity and provide better dose-—res- 
ponse curves. A 2- to 3-cm segment of the terminal 
ileum was then suspended in a 10-ml bath containing 
aerated Tyrode’s solution at 32°. Initially, about 
200 ug chymotrypsin [8] was added to the bath for 
1—2 min to obtain higher sensitivity and to avoid sub- 
sequent spontaneous contraction of the tissue. Assays 
were made every 3 min and the height of the maximal 
isotonic contraction was recorded with a Phipps & 
Bird linear motion transducer. 
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The rat uterus was used when higher sensitivity was 
required. The uterine horns were excised from 150- 
to 180-g rats in induced estrus (injected ip. with 
1 mg/kg of diethylstibesterol in 50%, ethanol 20-24 hr 
prior to sacrifice) and placed in cold (0-5°) De Jalon’s 
solution for 1 hr. A 1-cm segment was suspended in 
a 1-ml bath containing oxygenated (95%, O,-5%, CO.) 
De Jalon’s solution at room temperature (25°). Test 
solutions were added at 5-min intervals. 

The rat duodenum was used in qualitative tests 
because bradykinin and analogs characteristically 
relax the duodenum. The proximal 3cm of the duo- 
denum was removed from 200-g rats and suspended 
in a 10-ml bath of aerated Tyrode’s solution at 32°. 

Digestion with DAP I. Aliquots (0.2 ml) of standard 
BK, LBK and MLBK dissolved in dilute acetic acid 
and samples from the SP-Sephadex column were 
adjusted to pH 6.0 by addition of an equal volume 
of pyridine—acetic acid buffer and incubated at 37 
with 10-20ug DAP I for Smin. The pyridine 
acetic acid buffer contained 20 ml H,O, 0.16 g pyri- 
dine, 0.20 g NaCl and 0.10 ml mercaptoethanol. It was 
adjusted to pH 5.0 with glacial acetic acid. 

Pepstatin and kininogen. The effect of pepstatin on 
urinary kinins was studied in four men. The pepsin 
inhibitor, 0.2 mg, was added to the urine collection 
bottles in addition to the usual 20ml of 6N HCl. 
In another experiment, | mg kininogen was added to 
50 ml urine from a woman with a congenital defi- 
ciency of plasma kininogen [9]. The urine (kindly 
provided by Dr. Robert Colman) was adjusted to 
pH 2.0 and incubated for 2 hr at room temperature 
and kept*overnight at 4°. 

Recovery of internal standards. BK, LBK and 
MLBK, 2.5 to 10.0 yg, were added to 200-ml aliquots 
of two 24-hr specimens. The samples were carried 
through the entire procedure and recoveries deter- 
mined for each kinin. Recoveries were also deter- 
mined for the SP-Sephadex C-25 chromatography 
step alone. The total amount of kinin was determined 
by summation of the results from the ileum bioassays 
of each fraction from the column. 


RESULTS 


Kinin separation and identification of MLBK. Inas- 
much as the three urinary kinins, BK, LBK and 
MLBK, have similar biological properties, but differ- 
ent potencies, their separation is required prior to 
assay. This separation was achieved by SP-Sephadex 
chromatography [7] modified by the use of a shorter 
column and a slightly different buffer. The three 
kinins added to urine were eluted with essentially the 
same retention times as the endogenous kinins (Fig. 
1, panels A and B). The order of elution and re- 
coveries was BK, 90 per cent; MLBK, 85 per cent; 
and LBK, 85 per cent. Small losses occurred at the 
IRC-50 step; kinins added to the SP-Sephadex 
column were quantitatively recovered. 

Further evidence for the occurrence of MLBK in 
urine was obtained with DAP I. This enzyme converts 
MLBK to BK (Fig. 2) but does not hydrolyze BK 
or LBK because it is unable to cleave bonds on either 
side of a proline residue [10]. Upon digestion of the 
three peaks of kinin activity in human urine with 
DAP I, only the peak with the retention time corre- 
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Fig. 1. Chromatography or urine kinins bradykinin (BK), 
lysyl-BK (LBK) and methionyl-LBK (MLBK). Panel A: 
urine kinins plus standards before and after treatment of 
each kinin with DAP I. Panel B: urine alone before and 
after DAP I treatment. Panel C: rechromatography of uri- 
nary MLBK after DAP I treatment. Column: SP-Sephadex 
C-25, 0.6 x 12.5 cm. Buffer: 0.05 M Tris-HCl, pH 8.0, con- 
taining 0.08 M NaCl. Flow rate: 3.5 to 5.0 ml/hr. Frac- 
tions: 2.0 ml. Bioassay: guinea pig ileum. 


sponding to authentic MLBK was affected. Bioassay 
of the digests (after freeze-drying to remove inhibitory 
mercaptoethanol) showed the 9- to 10-fold increase 
in activity expected when MLBK is converted to BK. 
Chromatographic analysis of the digest revealed that 
MLBK was completely converted to BK (Fig. 1, panel 
C). All three urinary kinins, BK, LBK and MLBK, 
relaxed the rat duodenum before and after treatment 
with DAP I. Relaxation of this tissue is characteristic 
of BK and its analogs. 

Amino acid analysis of the MLBK isolated from 
2 liters urine was somewhat compromised by con- 
taminants eluting from the SP-Sephadex column. 
However, the molar ratios found in a hydrolysate 
of 0.01 umole of sample (and theoretical ratios) 
were: Met 0.73 (1.0), Arg 2.0 (2.0), Pro 3.0 (3.0), Phe 
2.0 (2.0), Lys 1.5 (1.0, high because of an unresolved 
contaminant peak), Ser 2.4 (1.0) and Gly 3.0 (1.0). 
Note the correct ratios found for Arg, Pro and Phe 
(eight of the eleven residues). Methionine was low 
since some was oxidized during hydrolysis. On the 
other hand, the high molar ratios for Gly and Ser 


DAP I 
Met -Lys—Bradykinin ————————® Met -Lys + Bradykinin 


Fig. 2. Formation of bradykinin from methionyl-lysyl-bra- 
dykinin through the action of DAP I. 





BK, LBK and MLBK in human urine 


Table 1. Urinary kinins 





Methionyl-lysyl-bradykinin 
(ug/24 hr) 


Lysyl-bradykinin 
(ug/24 hr) 


Bradykinin 
(ug/24 hr) 





11.6 
10.6 

5.7 
13.0 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 40 
34406 


Mean + S.E.M. 


Women: 


Mean + S.E.M. 





were not unexpected since these amino acids are the 
most common contaminants in hydroiysates of micro 
samples recovered from cellulose or Sephadex 
columns and they are the most abundant amino acids 
in human fingerprints [11]. 

Kinin excretion. Urine collected in acid (to inhibit 
kininases) contained all three kinins.. Mean values in 
urines from men were: BK, 3.4 + 0.6 yg/day 
(mean + S.E.M.); LBK, 7.6+ 1.1; and MLBK, 
9.5 + 1.6. In women, the excretion of MLBK was sig- 
nificantly lower (1.2 + 0.4 wg/day), but excretion of 
BK (2.5 + 0.7) and LBK (5.1 + 1.0) was only slightly 
reduced (Table 1). 

A dramatic decrease in MLBK excretion was 
observed in male urine when the pepsin inhibitor, 
pepstatin, was added to the collection bottles in addi- 
tion to the usual acid (Table 2). Subjects 2, 3 and 
4 had no detectable MLBK, and in subject 1, pep- 
statin reduced the excretion by 90 per cent. Two of 
the subjects were studied on three other days; again, 
MLBK could not be detected. The pepsin inhibitor 
did not alter the excretion of BK and LBK (compare 
Tables 1 and 2). 

Approximately one-thousandth the normal level of 
kinin (BK + LBK + MLBK) was found in the urine 
of a woman with a congenital deficiency of plasma 
kininogen [9]. However, when | mg kininogen was 
added to 50 ml of her acidified (pH 2.0) urine, and 
the mixture allowed to stand for 2 hr at room tem- 


perature and then overnight at 4°, 6.0 4g MLBK but 
no BK or LBK was found. The MLBK found is 37 
per cent of the theoretical yield of kinin from the 
kininogen. 


DISCUSSION 


MLBK is the kinin formed when porcine pepsin 
is incubated with highly purified human plasma 
kininogens [12]. Although the maximal rate of kinin 
release occurs around pH 1.0, half this rate occurs 
at pH 5.0. At pH 2.0, pepsin has a higher catalytic 
activity (k..:/k,,) with kininogen than either trypsin or 
plasmin and has kinetic constants similar to those 
found for the kallikreins [12]. 

The undecapeptide MLBK was discovered over 
10 yr ago in a pseudoglobulin fraction of bovine 
plasma. The plasma was first acidified, then dialyzed 
against 0.01 N HCl and finally incubated at pH 7.5 
for several hr [13]. Another peptide, possibly BK, was 
also found. In similar studies in equine plasma but 
with acid treatment for only 10min, BK was the 
major peptide along with a smaller amount of 
another peptide which was probably MLBK [14]. 
Although the studies with horse plasma clearly indi- 
cated that plasma prekallikrein was activated, it now 
appears likely that acid-activation of plasma pep- 
sinogen also occurred. 


Table 2. Effect of pepstatin on urinary MLBK 





Methionyl-lysyl-bradykinin 
(ug/24 hr) 


Lysyl-bradykinin 
(ug/24 hr) 


9.0 2.0 
12.0 <0.1 
5.5 <0.1 
12.6 <0.1 


Bradykinin 


Subject* (ug/24 hr) 








* The same men 1-4 as in Table 1. 
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Before these reports, it was known that a kinin-like 
peptide, pepsitocin, was produced when pepsin was 
incubated with serum [15]. Later it was shown that 
pepsin added to partially purified bovine kininogen 
releases a low molecular weight peptide, which upon 
incubation with trypsin becomes nine times more 
active on the guinea pig ileum and four times more 
active in lowering rabbit blood pressure [16]. These 
data suggest that MLBK or a very similar peptide 
had been produced by pepsin. Independent work at 
about the same time indicated that pepsin acting on 
highly purified bovine kininogen produced MLBK- 
Ser-Val-Gln and MLBK-Ser-Val-Gln-Val-Met [17]. 
With Cohn fractions IV-1 and IV-4, pepsin produced 
Gly-(or Ser)-Arg-MLBK [18]. One laboratory has 
also reported that partially purified human plasmin 
produces MLBK in addition to smaller amounts of 
BK and LBK when incubated with partially purified 
horse kininogen [19]. However, others using highly 
purified bovine plasmin and bovine kininogen [20] or 
purified human plasmin and human kininogen [21] 
found only BK. An enzyme in leukocytes is also sus- 
pected of producing a peptide similar or identical to 
MLBK [22]. Although it is now widely accepted that 
in a given species plasma kallikrein produces BK and 
glandular kallikrein, LBK, it has been shown recently 
‘that horse urinary kallikrein acting on synthetic sub- 
strates produces MLBK, LBK and/or BK depending 
on the synthetic substrate [23]. 

The first report of MLBK in human urine con- 
tained the apparently paradoxical statement that the 
undecapeptide was not found in fresh frozen 
urine [5]. In unpublished studies we have observed 
that this kinin is stable in frozen urine. Strong evi- 
dence for the occurrence of MLBK in human urine 
and its probable origin is contained in the present 
report. The urinary kinin is indistinguishable from 
standard MLBK on SP-Sephadex columns under 
cv nditions which clearly separate BK, LBK and 
MLBK. After digestion with DAP I an 8- to 10-fold 
increase in activity on the guinea pig ileum was 
observed. This increase could occur only when 
MLBK is converted to BK. Further evidence for this 
conversion was obtained when the digests were chro- 
matographed on SP-Sephadex. The column showed 
that all the MLBK had been converted to BK. Amino 
acid analysis of the native peptide supported this con- 
clusion. 

Men excrete significantly more uropepsin and more 
MLBK per ‘day than women [24,25]. The excretion 
of LBK and BK, on the other hand, is only slightly 
lower in women. This small difference would not be 
seen if the data were expressed per unit of urinary 
creatinine. When the potent pepsin inhibitor, pepsta- 
tin [26], was added to the collection bottles (in addi- 
tion to the usual acid), MLBK was either undetec- 
table or reduced by 90 per cent. The levels of LBK 
and BK were unaltered. 

Thus, it is highly probable that most of the urinary 
MLBK observed in this study was formed after the 
urine had been voided into the acid-containing 
bottles. The urinary substrate for uropepsin is un- 
known. However, urine concentrates contain protein 
which forms a precipitin line (Ouchterlong method) 
with antibody to human plasma kininogens (J. V. 
Pierce, private communication). Furthermore, no 
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kinins (<0.1 per cent normal) were found in the urine 
of a subject with a congenital deficiency of kininogens 
[9]. When kininogen is added to that subject’s acidi- 
fied urine, MLBK (but no BK or LBK) was produced. 
Presently unanswered is the question: How can 
kininogen and kallikrein coexist in unacidified urine? 
Perhaps the urinary kininogen is an immunologically 
active fragment which is a poor substrate for kalli- 
krein. Alternatively, the activity of urinary kallikrein 
on native kininogen may be markedly reduced in 
urine, which is normally mildly acidic. Urine may also 
contain “kallikrein inhibitors”. 

The product of human urinary kallikrein is 
LBK [3]. The other urinary kinin, BK, is probably 
derived from LBK through the action of an amino- 
peptidase [3,4]. BK injected into the renal artery is 
rapidly hydrolyzed. Virtually none appears in renal 
venous blood or in urine [27]. The mean excretion 
of kinin stemming from the action of kallikrein (i.e. 
LBK + BK) was 11.0 and 7.6 g/day for men and 
women respectively. 

Others have reported similar values for total kinin 
excretion [28,29], but a direct comparison of the 
results cannot be made because the kinins were not 
separated and different bioassay and standards were 
used. Although the pharmacological actions of the 
three urinary kinins are qualitatively similar, they 
differ quantitatively [30]. The original report on 
MLBK in urine contained data on pooled urine from 
men [5]. It was estimated that 1 liter of fresh pooled 
urine contained 10-36yg BK, 67g LBK and 
13-25 wg MLBK. We found that the BK was usually 
the least abundant urinary kinin. 

It is apparent that most of the MLBK which we 
observed was generated in acidified urine by uropep- 
sin. Generation of MLBK after voiding could explain 
its occurrence in urine collected in weak acid (pH 4.5) 
but not in fresh frozen urine [5]. Nonetheless, the 
possibility exists that low levels (see Table 2, subject 
1) of MLBK are normally produced inasmuch as: (1) 
urine is weakly acidic, (2) urine contains the appro- 
priate substrate, and (3) pepsin is a highly active 
kinin-forming enzyme. The possible pathophysio- 
logical significance of the uropepsin—urokininogen— 
MLBK system remains to be determined. 
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Abstract—Flavonoids, also referred to as vitamin P, were found to be highly potent inhibitors of 
aldose reductase, the enzyme that initiates cataract formation in diabetes. Over forty flavone derivatives 
were tested and found to be active but the two most potent ones were quercitrin and quercitrin 
2”-acetate, which inhibit the enzyme activity by 50 per cent at 10°’ and 4 x 10°°M respectively. 
The potency of these two compounds surpassed that of all the previously known inhibitors of aldose 
reductase. Studies were conducted to determine how structural alteration in the basic flavonoid moiety 
affected their inhibitory activity. It is possible that further search may reveal even more potent analogues 
of this ubiquitously distributed group of plant polyphenols which may ultimately be useful in diabetic 


patients. 


Flavonoids are among the most ubiquitously distri- 
buted compounds in the plant kingdom. The group 
consists of anthocyanins, catechins, flavones and fla- 
vanones. The primary structural feature of these 
heterocyclic compounds is a C,—C,-C, combina- 
tion, all being derivatives of 2-phenyl chromone [1]. 
The various members differ from each other in the 
state of oxidation of the C,; portion and the extent 
of hydroxylation. In many, one or more hydroxyl 
groups are glycosylated. A biological function of this 
group of compounds in man and animals was first 
suggested by Szent-Gyorgi et al. [2,3], who reported 
that the flavonoids present in paprika skin and citrus 
peals were effective in preventing capillary bleeding 
and fragility associated with scurvy. This led them 
to designate these compounds as vitamin P. However, 
despite numerous clinical and experimental studies 
conducted during the next two decades, definite con- 
clusions on the relationship of flavonoids with capill- 
ary permeability could not be established [4,7] and 
interest in vitamin P waned. 

Recently, there appears to be a resurgence of inter- 
est in flavonoids since some compounds of this group 
have been reported to affect membrane transport 
[8,9], glycolysis [9-12], fatty acid metabolism [12] 
and mucopolysaccharide production [13, 14]. Our in- 
terest in flavonoids stems from studies on the 
mechanism of sugar cataract formation. It has been 
shown previously that cataract formation in diabetes 
and galactosemia is triggered by the accumulation in 
the lens of excessive sorbitol or dulcitol synthesized 
by the action of aldose reductase on glucose or galac- 
tose [15-17] respectively. 

The formation of cataracts in galactosemic rats has 
been reported to be arrested by feeding them 1,2- 
dioxo-1H-benz-[de]-isoquinoline-2-(3H) acetic acid, 
an aldose reductase inhibitor referred to as AY-22,284 
[18]. Since the inhibitors of aldose reductase are 
potentially clinically useful considerable interest has 
developed in seeking potent inhibitors. As shown in 
our preliminary report, some flavones have a striking 


inhibitory action on lens aldose reductase [19]. In the 
present paper, we present the extension of our initial 
study conducted in search of aldose reductase inhibi- 
tors of sufficient potency so as to be useful in the 
treatment of diabetic cataracts. The report covers 
most types of flavonoids and the biogenically related 
coumarins. 


MATERIALS AND METHODS 


Most of the compounds used in this study were 
obtained from commercial houses. The ones obtained 
from noncommercial sources are described in the 
tables. 

Animals used in all experiments were Sprague- 
Dawley rats. 

The preparation of aldose reductase and determina- 
tion of its activity were essentially conducted as de- 
scribed previously [20]. The substrate used was DL- 
glyceraldehyde and the activity was expressed as the 
rate of O.D.349 nm due to utilization of NADPH in 
the reaction: 


glyceraldehyde + NADPH 
glycerol + NADP 


aldose reductase 
pniattartteeatnaaatanates S 


The reaction mixture contained: 0-1M_ phosphate 
buffer, pH 6.2; NADPH, 2.5 x 10°* M; pt-glyceral- 
dehyde, 1.5 x 10°*M; and the enzyme. The total 
volume of the reaction mixture was | ml. The refer- 
ence blank consisted of all the above compounds 
except the substrate. The effect of inhibitors on the 
enzyme activity was determined by including in the 
reaction mixture the compound being tested at the 
desired concentration. Appropriate blanks were run 
to correct for nonspecific reduction of NADPH and 
absorption by the compounds tested. The usual rate 
of aldose reductase activity measured was 
0.052 + 0.004.0.D.349 units/Smin of the reaction 
time. Most of the compounds studied were poorly 
water soluble. It was possible, however, to dissolve 
them by first suspending them in water and then 
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adding a 2% solution of sodium carbonate in 0.1 N 
sodium hydroxide in small increments. When the 
solution was complete, the pH was adjusted to 7.0. 
Usually a 10-7 M solution was prepared and diluted 
as desired. 

The effectiveness of inhibitors under conditions that 
lead to cataract formation was studied by incubating 
the lens in the culture medium containing 30mM 
xylose for a period of 4hr at 37° [21]. The medium 
composition was as described previously [22]. Xylose 
was included by equivalent replacement of sodium 
chloride. After incubation, lenses were homogenized 
in 1 ml of 5% ZnSO,-7 H,O, after which an equival- 
ent amount of 0.3 N Ba(OH), was added. The con- 
tents were then centrifuged and an aliquot of the 
supernatant was lyophilized. Xylitol was determined 
in the residue by the gas-liquid chromatographic pro- 
cedure described before [21]. 

Rubidium uptake was measured by incubating rat 
lenses in a culture medium [22] containing *°Rb for 
a period of 16hr by the method described in 
Ref. [23]. Lactate was determined enzymatically using 
lactate dehydrogenase and NAD [24]. The reaction 
was carried on in the presence of semicarbazone in 
order to prevent reoxidation of NADH by pyruvate. 
The NADH formed was measured spectrophotome- 
trically. ATP was estimated in the boiling water 
extracts of lenses by the reaction with luciferin and 
luciferase [25] present in the firefly lantern prep- 
aration obtained from Sigma. The Aminco Chem 
Glow photometer was used to measure the fluores- 
cence. 


RESULTS 


All the flavonoids tested were found to inhibit lens 
aldose reductase. The results of a survey of 44 flavon- 
oids and their derivatives studied are summarized in 
Tables 1-8. The compounds are grouped in these 
tables primarily according to the degree of hydroxyl- 
ation and the state of oxidation in ring B. 

The simplest flavonoid tested was the dihydroxy 
flavone, chrysin (Table 1). It inhibited aldose reduc- 
tase by about 50 per cent at 10°° M. The addition 
of a third —OH group in ring C increases the inhibi- 
tory activity, as shown by results with the trihydroxy 
flavones. Apigenin, for example, is more potent than 
chrysin. The former inhibits the enzyme by 46 per 
cent at 10°° M, whereas the latter has little effect at 
this level. That the hydroxyl group in ring C enhances 
the activity is further suggested by 4’-methoxy api- 
genin, which is a less potent inhibitor than apigenin 
itself. The phenomenon is also illustrated by naringin 
(7-O-rhamnoglucoside of 2,7,4’-trihydroxy flavanone), 
which is superior to that of saratonoside (7-O-rham- 
noglucoside of 5,7-dihydroxy flavanone), in_ its 
potency as an inhibitor. Furthermore, glycosylation 
of the 7—OH group itself reduces the inhibitory acti- 
vity as shown by apiin, the 7-O-glycoside, which is 
less active than the aglycone apigenin. 

The effect of the addition of the fourth hydroxyl 
group on the inhibitory action of flavones was studied 
next (Table 2). It appears that, on the whole, tetrahyd- 
roxy flavones are no better inhibitors than the trihyd- 
roxy flavones. The inhibitory activity of the tetrahyd- 
roxy flavone luteolin is similar to that of apigenin, 
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both inhibiting the enzyme by 45 per cent at 107° M. 
However, one thing obvious from the results in this 
table is that the catechol orientation in ring C im- 
proves the inhibitory activity. For example, fisetin, 
eriodictyol, orientin and luteolin all are more potent 
than the four kaemferol derivatives studied. The abo- 
lition of the double bond between 2,3 also leads to 
a loss of the inhibitory activity since 2,3-dihydroluteo- 
lin is significantly less potent than luteolin. 

No conclusion about the effect of glycosylation on 
the inhibitory activity of flavonoids could be drawn 
from the study of the tetrahydroxy flavones so far 
used. Limited results tend to suggest that glycosyla- 
tion of the third hydroxyl and C-glucosylation of the 
eighth carbon are without any significant effect. The 
activity of kaemferol 3-O-glucoside (not listed in 
Table 2) is similar to that of kaemferol and that of 
the C-glucoside orientin similar to that of its nongly- 
coside luteolin. 

The most effective inhibitors of aldose reductase 
were the pentahydroxy flavones and their derivates 
(Table 3). Among the aglycones, quercetin was found 
to be the most potent. It inhibited the activity by 
60 per cent at 10~°M and retained a significant in- 
hibitory activity at 10°7M (15 per cent). The fla- 
vanone of quercetin (2,3-dihydro quercetin), known 
also as taxifolin, was less potent than the quercetin 
itself, showing again in this series that the presence 
of 2:3 unsaturation enhanced the inhibitory activity. 
Another feature conducive to inhibitory activity more 
definitely demonstrated in this series than in earlier 
ones was in the catechol orientation of hydroxyls in 
ring C. Morin, a pentahydroxy flavone with resor- 
cinol (meta) type of orientation of hydroxyls, was 
much less potent than quercetin, where the hydroxyl 
groups have a catechol (ortho) orientation. In addi- 
tion to the state of saturation of the ring B and the 
orientation of the hydroxyls in ring C, another feature 
significantly affecting the inhibitory activity was gly- 
cosylation. Both the position of the hydroxyls glyco- 
sylated and the glycosylating carbohydrate seemed to 
be important. Rutin (quercetin-3-O-rutinoside), in 
which the 3—OH is glycosylated by the disaccharide 
rutinose, was significantly less potent than the parent 
aglycon quercetin. On the other hand, the inhibitory 
activities of isoquercitrin (quercetin-3-O-glucoside) 
and hyperoside (quercetin-3-O-galactoside), the glyco- 
sides derived from monosaccharides, were only 
slightly different from the parent flavonoid. However, 
the inhibitory activity of quercetin-3-O-L-rhamnoside 
(quercitrin) was one order of magnitude greater than 
that of quercetin. This glycoside inhibited the enzyme 
activity by about 50 per cent at 10~’ M. The inhibi- 
tory activity was further enhanced if the second hy- 
droxyl of the rhamnose moiety was acetylated. This 
compound, quercitryl 2”-acetate, inhibited the enzyme 
by 87 per cent at 10°7M and 50 per cent at 
4 x 10°° M. Thus, this compound is the most potent 
inhibitor of aldose reductase known thus far. It was 
first isolated from the red wing azelia flower by Asen 
et al. [26] and characterized by Asen and Horowitz 
[27]. A similar acetate of quercetin-3-O-glucoside 
(isoquercitrin) could not be obtained but it was sur- 
prising that the activities of isoquercitrin and a com- 
pound isolated from the heavenly morning glory 
flowers tentatively identified as the potassium salt of 
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Table 1. Inhibition of lens aldose reductase 





Di and Trihydroxy Flavones 





Structure 


Name Inhibition % 





5, 7, -dihydroxy 
Flavone (Chrysin) 


OH 
Rhamnoseglucose 
\ 


— 


Pinoembrin 
Rhamnoglucose 
(Saratonoside) 


4, 5, 7-Trihydroxy 
Flavone (Apigenin) 


4 Methoxy Apigenin 


Apiose 


Rhamnoglucose 


X\ 


Naringin 


0. 


* Figures represent percentage inhibition of enzyme activity by the compounds un- 
der study as compared to controls run simultaneously in the absence of inhibitors. 
The enzyme activity was determined by the rate of decrease in O.D.349 due to NADPH 
utilization, monitored on a Gilford 2400-S recording spectrophotometer. The control 
reaction was carried on in a cuvette containing 0.1M phosphate buffer, pH 6.2; 
NADPH, 2.5 x 10~* M; pt-glyceraldehyde, 1.5 x 10~* M; and the enzyme. The total 
volume of the reaction mixture was | ml. The reference blank consisted of all the 
above components except the substrate. The effect of inhibitors on enzyme activity 
was determined by including in the mixture described above the compound under 
study at desired concentrations. An appropriate blank to correct for absorption by 
the compounds was also run simultaneously. The reaction was carried on at room 
temperature. Each compound was tested four to six times and the deviation from 
the figures mentioned was less than 5 per cent. Pinoembrin was supplied by Dr. 
M. F. Refozo, Retina Foundation, Boston. Naringin was supplied by Alcon Labora- 





tories, Fort Worth, Tex. 


isoquercitrin acylated with malonic acid [28] were 
similar. It is apparent from these studies that minor 
modifications in the structure of sugar moieties can 
affect the inhibitory activity in a rather unpredictable 
way. 

The addition of a sixth hydroxyl group to the pen- 
tahydroxy flavone in ring C compromises the activity 
to some extent. The inhibitory activity of myricetin, 
the hexahydroxy flavone, is somewhat less than that 
of quercetin (Table 4). That glycosidation at the 
3—OH by L-rhamnose enhances the inhibitory acti- 
vity is again demonstrated in that myricitrin, the 3-O- 
L-rhamnoside, is more potent than the parent agly- 
cone myricetin. 

Gossypin, which is the 8-O-glucoside of 
3,5,7,8,3',4’-hexahydroxy flavone, was found to be a 
poorer inhibitor than quercetin and myricetin. The 
corresponding glucuronide (not listed in Table 4), 
however, although less active than quercetin, was as 
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active as myricetin. It is obvious that the effect of 
introducing an 8—OH in the flavone moiety on the 
inhibitory activity needs further investigation. 

The activity of another hexahydroxy flavone, 
veneen, was also found to be less than the corre- 
sponding pentahydroxy compound quercetin. The de- 
crease in the potency of this compound as compared 
to quercetin is, however, due to the loss of the high 
electron density (unsaturation) from the ring B as 
observed in earlier examples. 

Some flavonoids when dissolved can give rise to 
corresponding chalcones rather easily. This involves 
the opening of the oxide ring B. It may happen in 
vivo as well. It was considered necessary, therefore, 
to check whether the chalcones retain the inhibitory 
activity demonstrated by thé flavonoids. The inhibi- 
tory activities of hesperidin and its chalcone, and 
chlorogenic acid, which also can be considered as a 
chalcone, are summarized in Table 5. The inhibitory 
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Table 2. Tetrahydroxy flavones 





Structure 


Name Inhibition Percentage 





0 
ee 


OH O 


HO O OCH 
| 3 
OH 


Rhamnose 
\ 


OH O 
0 


34,8, 7 
Tetrahydroxyflavone 
(Kaemferol) 


Kaemferide 


Robinin 


o-d-Galactose- 


Rhamnose 
HO 


Fisetin 


2, 3-Dihydroluteolin 
(Eriodictyol) 


Orientin 


Luteolin 





* Figures represent the percentage of inhibition as compared to controls run simul- 
taneously. The details of the reaction, number of experiments and standard deviations 
were similar to those described in the legends to Table 1. Eriodictyol was supplied 
by Coopers Laboratories, N.J. Orientin was supplied by Drs. A. B. Segalman, Rutgers 
University, N.J. and S. Asen of U.S.D.A. Luteolin was supplied by Dr. Sam Asen, 
Dept. of Agriculture Research, U.S.D.A., Beltsville, Md. 


‘ activities of hesperidin and its chalcone are similar, 
indicating that the compound’s activity is not lost 
when the B ring is opened. Chlorogenic acid is in 
fact very potent since it inhibits the enzyme activity 
by 25 per cent at a concentration as low as 10°’ M. 
These compounds, however, are more susceptible to 
oxidation and therefore less suitable than flavones. 

The inhibitory activity was also found to be associ- 
ated with isoflavones (2-carbethoxy-5,7-dihydroxy 
isoflavone), catechins, and anthocyanins but they are 
much less potent than flavones (Table 6). 

The coumarins, which are biogenically and chemi- 
cally related to flavonoids, were also found to inhibit 
aldose reductase significantly. Esculetin (6,7-dihyd- 
roxy coumarin) inhibits the enzyme to about 50 per 
cent at 10~° M (Table 7). This is close to the inhibi- 
tory activity of quercetin. Its glucoside, esculin, 
formed by glucosylation of the 6—OH, which corre- 
sponds to the 6—OH of the ring A of flavone, is 
much less potent. It inhibits the enzyme by only 15 
per cent at 10°°M. This pair of compounds thus 


further emphasizes the importance of catechol orien- 
tation in the inhibition of aldose reductase. 

One of the serious limitations to the use of flavon- 
oids for any therapeutic activity has been their insolu- 
bility in water. We therefore examined the inhibitory 
effects of some commercially available water-soluble 
derivatives synthesized by the Zyma Co. (Nyon). The 
structures of those compounds along with their in- 
hibitory activities are described in Table 8. It was 
observed that these derivatives are much less potent 
than their parent natural analogues. The substitution 
of phenolic hydroxyls by ethanolic hydroxyls, which 
tend to increase the solubility, is accompanied by a 
decrease in the potency. The inhibitory activities of 
the various Tris derivatives occur in the following 
sequence: quercetin > mono-7-HEQ > rutin > mono- 
7-HER > Tris HER > tetra HER. 

Kinetic studies were conducted with quercitrin to 
determine the type of inhibition exhibited by the fla- 
vonoids. The inhibitory action of quercitrin was also 
compared with that of AY-22,284 (an isoquinoline 
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Table 3. Pentahydroxy flavones 





Name Inhibition Percentage 


M 





104 106 106 107 


3, 5, 7, 3’, 4’, Penta 


Hydroxy Flavone 
Quercetin 


100 15 


3, 5, 7, 3’, 4’, Penta 
Hydroxy Flavanone 


Dihydro Quercetin 


acetate 


O-L-Rhamnose-2-acetate 
OH O 





* Figures represent the percentage of inhibition as compared to controls. The details 
of the reaction, number of experiments and standard deviations were the same as in 
Table 1. Quercetin and quercitrin were supplied by Alcon Laboratories, Fort Worth, 
Tex. Isoquercitrin and hyperoside were supplied by Prof. H. Wagner, University of 
Munchen, Germany, and by Dr. A. G. R. Nair, Medical College, Pondicherry, India. 
Synthetic isoquercitrin was made available through Alcon Laboratories, Fort Worth, Tex. 
Quercitryl acetate and isoquercitryl malonate were extracted and purified by Dr. Sam 
Asen of the Dept. of Agriculture Research, U.S.D.A. Beltsville, Md. Isoquercitrin was 
also supplied by Dr. W. B. Mors, University of Rio de Janeiro, Brazil. Also known 


as 2”-O-acetyl quercitrin. 


derivative), the earlier most potent and extensively 
studied aidose reductase inhibitor. Figure 1 is the 
Lineweaver—Burk plot of the kinetic data. The K,, 
of the reaction was found to be unaffected either by 
quercritin or AY-22,284, while the V,,,, decreased 
in both cases. The inhibition of aldose reductase by 
both compounds is thus of the non-competitive type. 
The K; for quercitrin was 1.2 x 10°’M against 
1.6 x 10~°M for AY-22,284; by this criterion, querci- 


trin is at least one order of magnitude more potenti 
than AY-22,284. 

We next tested the potent inhibitors in the intact 
lens in organ culture using xylose. Xylose is a good 
cataractogenic sugar to use, since it is rapidly con- 
verted to xylitol by aldose reductase as compared to 
the conversion of glucose to sorbitol and of galactose 
to dulcitol. The results of this series of experiments 
have been summarized in Fig. 2. At 10~* M quercitrin 
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Table 4. Hexahydroxy flavones 





Structure Name Inhibition Percentage 





10" M 


Myricetin 


Myricitrin 


Gossypin 


0 le. OH Veneen 
H 
OH 

OH OH H 





* Details of reaction, number of experiments and standard deviations were 
similar to those. in Table 1. The numbers indicate per cent inhibition of 
enzyme activity as compared to controls. Gossypin was supplied by Mr. 
N. S. Parmar of Pondicherry Medical College, India. Veneen was supplied 
by Alcon Laboratories, Fort Worth, Tex. 


decreased the polyol accumulation by 80 per cent of 
the control, a value which was double the decrease 
brought about by AY-22,284. It was further signifi- 
cant that the polyol accumulation was reduced 
noticeably at 10~° and 10°°M concentrations of 
quercitrin, AY-22,284 being ineffective at these levels. 
However, quercitrin was less effective against the 
enzyme in the intact lens than against the partially 
purified enzyme. This may have been due to the low 


degree of permeability of quercitrin or due to other 
unknown factors like metabolism of the flavonoid, its 
cellular compartmentalization or other interactions. 
A comparison of the culture experiments with enzyme 
determination experiments is thus not possible at the 
present time. Nevertheless, under culture conditions 
also, quercitrin was more effective than AY-22,284. 
Quercitryl-2”-acetate was even more effective. At 
10°°M it inhibited polyol accumulation by 58 per 


Table 5. Hesperetins and chlorogenic acid 





Structure 


Name 


Percentage Inhibition 
M 





107 10° 10° 107 


3’, 5, 5-Trihydroxy -4’- 


Methoxy Flavanone 


100 


Hesperetin 


Hesperidin 


Rutinose O 


Hesperidin Chaicone 


Chlorogenic Acid 





* Figures represent the percentage of inhibition as compared to controls. 
The experimental details, number of experiments and standard deviations were 
similar to those described in Table 1. All samples were obtained commercially. 
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Table 6. Isoflavone, catechins and anthocyanins 





Structure Name 


HO ) 
C) co0czHs 
(Yon 


OH O 


Percentage Inhibition 
M 





10-4 10-5 10-6 10-7 
2-Carbethoxy-5, 7 
Dihydroxy 4 Methoxy 


lsoflavone 


100 77 0 0 


D-Catechin 
(2R:3S)-5, 7, 3’, 4’- 
Tetrahydroxy Flavan-3- 1 


L-Catechin 
(2R:3R) 5, 7, 3, 4 
Tetrahydroxy Flavan-3-01 


Pelargonin 3, 5-Bis 

(Glucosyloxy)-4', 7 
-Dihydroxy 

Flavylium Chloride 


Delphinidin Chloride 
3,3, 4,5,5,7 

-Hexahydroxyflavilium 
Chloride 





* Figures represent the percentage of inhibition as compared to con- 
trols. The experimental details, number of experiments and standard 
deviations are described in the legend to Table 1. Catechins were 
obtained from Zyma (Nyon). 


cent. Thus, the inhibitory activity of this compound 
was the highest of all the compounds studied. Over- 
night pre-incubation of lenses with quercitryl-2’-ace- 
tate at 10°°M gave about 85 per cent inhibition. 
Thus, it seems to be a very promising analogue. 


Table 8. Inhibition of lens aldose reductase by Zyma 
flavonoids 





Concentration (M) 10% 104% 10° 10° 107 





Compounds 


To determine whether flavonoids have undesirable 
effects on the lens, their action on overall metabolic 
parameters was examined. The results of the rubidium 
uptake experiments which measure the ion pump acti- 
vity of the tissue indicated that quercitrin does not 
have any effect on this process, the ratio of the con- 
centration of ®°Rb in lens water with respect to that 
in the medium being 20 + 1 in both the absence and 
the presence of the inhibitor (10~* M) in the medium 
‘of incubation. The amount of lactate present in the 
lenses incubated in the control medium was 
16 + 1.0 yg/lens. This value remained unchanged in 
the presence of quercitrin. In addition, the flavonoid 
did not affect the ATP level of the tissue 
(2.45 + 0.23 umoles/g wet wt). These metabolic par- 
ameters were unaltered by quercetin also. Values de- 


Table 7. Coumarins 





Name Percentage Inhibition 
M 





10% 10° 10° 1077 
Esculetin 
6, 7-Dihydroxy 91 
Coumarin 


7% 83 19 


Esculin 

6, 7-Dihydroxy 
Coumarin 
6-Glucoside 


pe Pg 
| 
Glucose O A 





* Figures represent the percentage of inhibition as com- 
pared to control. The experimental details were the same 
as those described in the legend to Table 1. 


Mono-7-HEQ 
Mono-7-HER 
Tri-7, 3’, 4-HER 


Tetra-5, 7, 3, 4’-HER 


Mono-7-HEQ HO-CH>-H2C-O CI * 


OH O 


HO-CHy-CH>-O Cy ae ) 


HO O 


Tri-7, 3, 4’-HER OH-CH2-CH2-0 C I ° 


HO O 


Mono-7-HER ¢ \ OH 


O-Rhamnosy! Glucoside 
O-CH2-CH2-OH 


O-Rhamnosy! Glucoside 


ee OCH2CH20H 
Tetra-5, 7, 3’, 4’-HER 
HOH2CH2-0 


O-Rhamnosy! Glucoside 
HOH2CH2C-O 18) 





* Figures represent percentage of inhibition as compared 
to controls. The experimental details were the same as 
those described in Table 1. The compounds were supplied 
by Zyma (Nyon). The chemical names of the compounds 
are as follows: mono-7-HEQ, 7-O-(B-hydroxyethyl)-querce- 
tin; mono-7-HER, 7-0-(f-hydroxyethyl)-rutin; tri-7,3’,4’- 
HER, 7,3'4’-tri O-(B-hydroxyethy!)-rutin; and tetra- 
5,7,3',4-HER, 5,7,3’,4’-tetra~-O—(B-hydroxyethyl)-rutin. 
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Fig. 1. Lineweaver-Burke plot: (Q——Q) control, 
(@——-@) in the presence of AY-22,284 10°°M and 
(O——0) in the presence of quercitrin 10~’ M. The vel- 
ocity of aldose reductase reaction was measured for 5 min 
at each substrate concentration, in the presence and 
absence of inhibitors. The substrate was DL-glyceraldehyde. 
The reactions were carried on as described in Table 1 
except that the glyceraldehyde concentration was varied. 
The enzyme activity was such that it resulted in a decrease 
of about 0.03 O.D. units/mg of protein/S min of the reac- 
tion time at a substrate concentration of 1.5 x 107~7M; 
v = AO.D.349 x 1000/mg of protein/Smin of reaction 
time. 


scribed above represent the means (+ standard devi- 
ation) of at least six experiments. 


DISCUSSION 


The results indicate that flavonoids as a class in- 
hibit the enzyme aldose reductase to varying degrees. 
Many inhibit the enzyme by about 50 per cent at 
concentrations as low as 10~° or 10~’M indicating 
that these flavonoids are at least as potent as 
AY-22,284 or TMG (3,3’-tetramethylene glutaric 
acid), previously considered the best aldose reductase 
inhibitors. AY-22,284 and TMG inhibit the enzyme 
by 40 per cent at 10°° M. Thus, quercitrin and quer- 
citryl acetate are at least 13-25 times more potent 
than the inhibitors previously known. The inhibitions 
appear to be noncompetitive in nature, a factor pre- 
ferable in therapeutic use over competitive inhibitors. 

Previous studies indicate that structural require- 
ments of an aldose reductase inhibitor are more gen- 
eral than specific. However, the common feature of 
all such inhibitors is a hydrophobic region attached 
to an acid group. The flavonoids meet these require- 
ments. Although the inhibitory activities of various 
flavonoids differ from each other, it is not possible 
to define a clear relationship between the structure 
and inhibitory potency of the compound. However 
some possible inferences are summarized as follows: 
(1) flavones are more potent than flavanones; 
(2) ethers are less potent than phenols; (3) glycosyla- 
tion of ring A, particularly of the 7—OH by a disac- 
charide, leads to a decrease in the inhibitory activity; 
(4) C-glucosidation in ring A does not affect the 
potency; (5) in the flavonols, an orthodihydroxy 
(catechol) orientation in ring C (3’,4’-dihydroxy) is 
more conducive to the inhibitory property as com- 
pared to metadihydroxy (2’,4’-dihydroxy) orientation; 


(6) 3-O-glycosylation with a disaccharide decreases 
the inhibitory activity; (7) 3-O-glycosylation with 
D-glucose or D-galactose is without any effect, 8-O- 
glucosylation is detrimental; (8) 3-O-glycosylation 
with L-rhamnose increases the inhibitory activity; 
(9) acylation of the secondary alcohol group with a 
monocarboxylic acid increases the potency further; 
acylation with a dicarboxylic acid is without any 
effect; (10) increasing the number of —OH groups 
in ring C to two enhances the inhibitory activity, but 
additional —OH groups in ring C are slightly depo- 
tentizing; (11) the inhibitory activity of chalcone is 
of the same order as of the corresponding flavanone; 
(12) a ketone group at C, is required since antho- 
cyanins and catechins are poor inhibitors; and 
(13) phenolic hydroxyls are preferred over alcoholic 
hydroxyls in the flavonoid moiety. 

One of the difficulties with the use of flavonoids 
is their aqueous insolubility. From this point of view, 
two interesting compounds discovered were querce- 
tin-3-O-glucosyl-2-malonate and quercetin-3-O-rham- 
nosyl-2-acetate. These derivatives are completely 
water-soluble. The malonate derivative is found 
naturally in Morning Glory flowers and the acetate 
in Azelia flowers. Unlike synthetic water-soluble deri- 
vatives of the Zyma Co., which are much less potent 
than their parent compounds, these natural water- 
soluble derivatives are at least as active as the parent 
or even more. The acetate derivative of quercitrin was 
found to be the best inhibitor of aldose reductase 
known so far. Its water solubility and high potency 
are thus assets that may prove useful in the preven- 
tion of sugar cataracts in animals. Our preliminary 
studies indicate that flavonoids can prevent or at least 
delay the formation of diabetic cateracts in animals. 


Inhibition, 








10°* 1io°° 10-4 


Inhibitor concn, M 


Fig. 2. Inhibition of xylitol synthesis in intact lens by quer- 
citrin and by AY-22,284. Lenses obtained for 100g rats 
were used. One lens was incubated in medium with inhibi- 
tor at the indicated concentration; the contralateral lens 
was incubated in medium without the inhibitor. The tem- 
perature of incubation was 37°. Xylose concentration in 
the medium was identical in both cases (30mM). Each 
bar represented six to eight experiments. The figures rep- 
resent the per cent decrease in xylitol accumulation due 
to inhibitor as compared to the contralateral controls. 
Values are means + standard deviation. The amount of 
xylitol accumulated by control lenses during the period 
of incubation (4 hr) was 12 + 0.65 nmoles/mg wet wt. 





Inhibition of lens aldose reductase by flavonoids 2513 


The results described herein suggest the possibility 
that there may be other flavonoids with more potent 
activity against aldose reductase and that the highly 
potent ones may be useful clinically. For this reason 
this survey is being continued. 

It should be pointed out that although inhibition 
of aldose reductase is a consistent action of flavon- 
oids, they have been reported to affect a number of 
other metabolic reactions. Danon and Elazar [29] 
observed that O-(B-hydroxyethyl)-rutins increase the 
rate of glucose utilization by red blood cells. Fritz- 
niggli [30, 31] noted that bilirubin-suppressed oxida- 
tive phosphorylation in rat liver mitochondria is 
counteracted by hydroxyethyl rutinosides. These com- 
pounds were also found to attenuate or counteract 
the detrimental effect of aging, irradiation and iodo- 
acetamide on oxidative phosphorylation in isolated 
liver mitochondria. Capelli et al. [13,14] reported 
that rutins added to tissue cultures of chick arteries 
slow the degeneration of vessels by inhibiting the pro- 
duction of mucopolysaccharide. Disorders of the 
metabolism of muscle cell in culture as indicated by 
the appearance of mucopolysaccharide are also 
delayed by flavonoids [28]. Recently, Soulina et 
al. [9] have proposed that flavonoids can be used to 
decrease the rate of glycolysis, which was found to 
be accelerated in some types of cancerous tissues. It 
was considered that this is done by reducing the phos- 
phate supply through inhibiting Na* K *-ATPase [8]. 
We, however, could not demonstrate any effect of fla- 
vones on ion pump activity or lactate production by 
lens. Nevertheless, the reports do indicate that flavon- 
oids, commonly present in food, may affect cellular 
metabolism in several ways. The mechanism of such 
diverse action, however, is poorly understood. Since 
the physiological role of aldose reductase is not well 
known, it is difficult at the present time to speculate 
on the role of flavonoids in normal cellular metabo- 
lism, but in hyperglycemic stress they would perform 
the useful role of preventing hydration and edema 
of certain tissues caused by polyol accumulation. 
This, in turn, will prevent or delay the formation of 
sugar cataracts and ameliorate against other possible 
manifestations initiated through polyols. The flavon- 
oids, therefore, may have a useful role in diabetes. 
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Abstract—The effects of the concentration of long-chain free fatty acids and bovine serum albumin 
on the binding characteristics of warfarin with albumin have been studied by absorption and fluores- 
cence spectroscopy using the method of ultrafiltration. The binding affinity of warfarin is higher in 
a concentrated than in a dilute albumin solution. In a dilute solution of serum albumin (55 uM or 
less), the binding constant of the warfarin—-albumin complex is increased in the presence of 100 uM 
(or less) of either lauric or oleic acid or a mixture of these two acids, but higher concentrations 
of the fatty acids decrease such binding. A mixture of saturated and unsaturated fatty acids shows 
the same effects as those by either fatty acid. Simultaneous measurements of the fluorescence peak 
intensity and polarization of fluorescence of warfarin bound to albumin in a dilute solution indicate 
that low and high concentrations of free fatty acids induce different conformational states of the same 
warfarin-binding sites on the albumin molecule. Such a dualistic behavior of free fatty acids could 
be best interpreted in terms of allosteric interactions involving heterotropic effects. On the other hand, 
in a concentrated solution of serum albumin, the binding constant of warfarin is decreased in the 
presence of both low and high concentrations of free fatty acids. Such a decrease in warfarin binding 
with concentrated albumin in the presence of free fatty acids is not due simply to a displacement 
of warfarin by free fatty acids from the warfarin-binding sites, but also could result simultaneously 
from a further conformational change of warfarin-binding sites caused by the interaction of warfarin 
and free fatty acids (a negative heterotropic effect). 


The effect of various drugs and free fatty acids (FFA) 
on the binding of the anticoagulant warfarin to 
albumin is a subject of continuing interest because 
of the serious clinical implications involved [1-6]. 
Rudman et al.[{7] have shown that increasing the 
molar ratio of FFA to bovine or human serum albu- 
min from 0 to 3.5 produces far less inhibition of drug— 
albumin binding than increasing this ratio from 3.5 
to 7.0. Solomon et al. [8] have observed from a simi- 
_ lar study with human albumin that lauric, myristic 
and stearic acids could displace warfarin from albu- 
min by competing with it for the same binding site 
on the protein. Our previous studies [5,6] have 
shown the same phenomenon of competitive inhibi- 
tion of warfarin-plasma protein binding in rats by 
the endogenous FFA derived as a result of immobili- 
zation stress or fasting. Furthermore, these studies 
have demonstrated that even physiological changes 
in the plasma FFA concentration could inhibit such 
binding. Work by Spector et al. [9] concerning the 
effects of FFA concentration of the binding in vitro 
of two hypolipidemic drugs to human plasma albu- 
min is also in agreement with our previous findings 
with warfarin [5,6]. A mechanism of inhibition of 
drug-protein binding by FFA based on conforma- 
tional changes in the drug-binding site of the albumin 
in the presence of FFA has also been proposed [6, 9] 
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but, to our knowledge, no direct experimental evi- 
dence of such conformational changes in the protein 
structure is available at the present time. Further- 
more, no quantitative studies involving the effects of 
variations of the concentration of FFA as well as 
albumin on the warfarin—albumin binding have been 
reported yet. Since plasma albumin represents the 
major transport vehicle for drugs and endogenous 
FFA, the present paper is concerned with investigat- 
ing whether or not changes in the FFA as well as 
albumin concentrations could affect the binding 
characteristics of warfarin using bovine serum albu- 
min (BSA) as a model protein. The present exper- 
iments were, therefore, conducted to determine the 
influence of various FFA concentrations on the bind- 
ing affinities of warfarin with BSA as well as the con- 
formational nature of the warfarin-binding sites on 
the protein molecule. 


MATERIALS AND. METHODS 


Bovine serum albumin of a fatty acid free grade 
( < 0.005%) and sodium salts of lauric and oleic acids 
were obtained from Sigma Chemical Co., St. Louis, 
Mo. They were used without further purification. 
Warfarin sodium of U.S.P. grade was used. Concen- 
tration of BSA was calculated using the value of 

1%, = 6.67 at 280nm[10]. Free fatty acids were 
estimated by the standard colorimetric method [11]. 
Warfarin concentrations were measured using an 
extinction coefficient of 1.39 x 10*M~'cm™' at 
308 nm [12]. Absorption spectra were recorded on a 
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Unicam SP 8000 spectrophotometer using quartz 
cells. All solutions contained 0.1 M phosphate buffer, 
pH 7.5. 

Binding studies were carried out by both absorp- 
tion and fluorescence spectroscopy using the tech- 
nique of ultrafiltration with Centriflo membrane 
cones (CF-50, from Amicon Corp., Mass.). The 
method involves the addition of various amounts of 
warfarin to solutions containing fixed amounts of 
BSA in the presence or absence of fixed amounts of 
FFA at 25 and 37°. After incubation for 30min, the 
solutions were ultrafiltered and the ultrafiltrates were 
analyzed for warfarin and FFA. Only 10 per cent of 
the total sample volume was filtered. According to 
our experimental conditions, the binding of warfarin 
to the cones was insignificant. 

To study the conformational changes in the protein 
structure, the polarization of fluorescence of warfarin 
bound to albumin was measured using excitation and 
emission wavelengths at 320 and 383 nm respectively. 
The degree of polarization, P, was calculated as: 


where J, and J, refer to the intensity of the fluores- 
cent light polarized parallel (,) and perpendicular (1) 
to the exciting light, and f is a correction factor which 
accounts for the selective transmission of the monoch- 
romators and the selective reflection of the sample 
tubes. All fluorescence spectra were measured in a 
Perkin-Elmer MPF-3A fluorescence  spectro- 
photometer. Two film-type polarizers were used for 
the polarization measurements. 

The binding data were analyzed by plotting accord- 
ing to Scatchard [13] using the equation 


r 
y tn K(n — r) 
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where r is the moles of warfarin bound/mole of albu- 
min, n is the number of warfarin-binding sites avail- 
able/albumin molecule, K is the binding (or associ- 
ation) constant for the warfarin—albumin complex, 
and A is the concentration of free warfarin. Each 
value of K and n was determined from a best-fitting 
line using statistical procedure. 


RESULTS 


Binding parameters of warfarin—albumin complexes 
in the presence of fatty acids. The experimental results 
on the measurements of the binding of warfarin to 
bovine serum albumin at 25 and 37° in the presence 
of lauric acid, oleic acid, and a mixture of these two 
fatty acids are summarized in Tables | and 2, using 
0.4 and 4% albumin respectively. It is seen from Table 
1 that in the absence of any fatty acid, warfarin binds 
to two equivalent non-interacting high affinity sites/ 
BSA with an intrinsic binding (or association) con- 
stant of 6.31 x 10*M~! at 25° and 3.06 x 10*M7! 
at 37°. Such binding constants are found to be in- 
creased in the presence of 100 uM of either oleic or 
lauric acid or a mixture of lauric and oleic acids, both 
at 25 and 37°. However, the binding of warfarin with 
albumin is found to be decreased from the control 
value in the presence of somewhat higher concen- 
trations (500 uM) of fatty acids at both temperatures, 
although the number of primary drug-binding sites 
remains the same as that of the control. Furthermore, 
it is observed that BSA possesses some secondary 
drug-binding sites of much lower affinity. The binding 
of warfarin to these secondary sites of albumin is also 
consistently decreased with increasing fatty acid con- 
centrations (except with 100 uM lauric acid at 25°). 

The binding constant of the warfarin—albumin com- 
plex using 4% (~580 uM) BSA is higher (Table 2) 
than that with 0.4°% BSA in the absence of any fatty 


Table i. Influence of free fatty acids on the binding parameters of warfarin to dilute bovine serum albumin (~ 58 uM)* 





Temperature = 25 





Compound 


K, (M~') x 107*t ny 


K, (M~') x 10-44 





Warfarin alone 

Warfarin + oleic acidt 
Warfarin + oleic acid§ 
Warfarin + lauric acid 
Warfarin + lauric acid§ 
Warfarin + FFA|| mixturet 
Warfarin + FFA|| mixture§ 


1.75 
1.15 
0.22 
1.98 
0.17 
1.08 
0.16 


NN 


aad ol wt nated 
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Temperature = 37 





Warfarin alone 

Warfarin + oleic acidt 
Warfarin + oleic acid§ 
Warfarin + lauric acidt 
Warfarin + lauric acid§ 
Warfarin + FFA} mixturet 
Warfarin + FFA|! mixture§ 


0.56 8.0 
0.52 6.8 
0.25 6.6 
0.50 p- 
0.14 8.7 
0.47 5.3 
0.13 5.0 


—-NoeNS NN 
COWOK ONS 





* Results are the average of two sets of experiments. 


+ K, and K, are the binding constants of the warfarin-albumin complex for the primary (n,) and secondary (n2) 


drug-binding sites respectively. 
t One hundred uM. 
§ Five hundred uM. 
Mixture of lauric and oleic acids. 
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Table 2. Influence of free fatty acids on the binding parameters of warfarin to concentrated bovine serum albumin 
(~ 580 uM)* 





Temperature = 25 





Compound K, (M~') x 1074+ K, (M~') x 10°44 


~ 
= 





12.72 
3.5 
0.58 
5.4 
0.57 
4.66 
0.55 


Warfarin alone 

Warfarin + oleic acidt 
Warfarin + oleic acid§ 
Warfarin + lauric acidt 
Warfarin + lauric acid§ 
Warfarin + FFA|| mixturet 
Warfarin + FFA}! mixture§ 


—-- NNN 


cSUnNOoK NON 





Temperature = 37 





tS 
3.6 
0.50 
4.0 
0.60 
0.86 
0.67 


Warfarin alone 

Warfarin + oleic acidt 
Warfarin + oleic acid§ 
Warfarin + lauric acidt 
Warfarin + lauric acid§ 
Warfarin + FFA|| mixturet 
Warfarin + FFA|| mixture§ 


5.4 
5.1 
3.3 
5.2 
4.6 
9.0 
79 





* Results are the average of two sets of experiments. 


+ K, and K, are the binding constants of the warfarin-albumin complex for the primary (n,) and secondary (n,) 


drug-binding sites respectively. 
t One thousand uM. 
§ Four thousand uM. 
|| Mixture of lauric and oleic acids. 


acids, although the number of warfarin-binding sites 
of high affinity remains at two as before. The affinity 
of warfarin for the secondary sites in albumin seems 
to be lowered in the concentrated BSA, both at 25 
and 37°. The binding constant of the warfarin—albu- 
min complex is found to be decreased with increasing 
temperature independently of the concentration of 
albumin. With 4°% BSA, the affinity constant of war- 
farin is consistently decreased with increasing fatty 
acid concentrations, the number of primary warfarin- 
binding sites remaining, however, unchanged. Fur- 
thermore, it is quite evident from the present data 
that the binding parameters obtained in the presence 


Free fraction of total warfarin 





of a mixture of saturated and unsaturated fatty acids 
(like lauric and oleic acids in the present case) are 
almost the same as those derived in the presence of 
either acid, except for the mixture at 37° (Table 2). 

Nature of displacement of warfarin from BSA by 


fatty acids. The inhibition of warfarin binding in the 


concentrated BSA caused by fatty acids, as reflected 
from the binding parameters shown above, is due to 
the displacement of warfarin by the unbound fatty 
acids from the warfarin-binding site on the BSA mol- 
ecule. This is evident from the experimental results 
presented in Fig. 1B and 2. Figure 1B is derived from 
the following experiment. To the different solutions 


Free fraction of total warfarin 











150 30 80 450 600 


Total 


750 0 
free fatty acid, 





2000 4000 6000 
BM 


Fig. 1. Effects of oleic (@) and lauric (X) acids and mixture of oleic and lauric acids (©) on the 

amount of unbound warfarin in the warfarin-albumin complex at 25° using (A) 0.4% (~ 58 “M) and 

(B) 4% (~ 580 uM) bovine serum albumin solutions. An asterisk (*) indicates the corresponding control 

value. Total concentrations of warfarin are 350 and 3500 uM in (A) and (B) respectively. Details are 
in the text. 
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intensity , 





|/ Fluorescene 





M x10 , 


[Warfarin] 


Fig. 2. Typical double reciprocal plot showing the com- 

petitive inhibitory effect by oleic acid on the warfarin—albu- 

min binding at 25°. The fluorescence peak intensity of the 

warfarin—albumin complex was measured on each addition 

of warfarin to a 4% albumin solution containing either 
0 or 3500 uM oleic acid in phosphate buffer, pH 7.5. 


containing, in each case, a fixed amount of BSA 
(580 uM) and a definite but large amount of warfarin 
(3500 uM) to saturate the warfarin-binding sites, 
various amounts of fatty acids (250-6000 uM) were 
added. These solutions together with the appropriate 
control were incubated at 25 or 37°. After incubation 
for 30 min, free warfarin was determined from each 
solution after ultrafiltration. It can be observed, from 
Fig. 1B, that more and more warfarin was released 
as the amount of added fatty acids was gradually in- 
creased. That such displacement of warfarin by un- 
bound fatty acids is competitive is also evident from 
a typical double reciprocal plot in Fig. 2, which shows 
a common intercept. However, these results do not 
necessarily demonstrate that the unbound fatty acids 


are competing with both the high affinity binding sites 


of warfarin in albumin. 

On the other hand, the nature of the interactions 
between warfarin and unbound fatty acids for the 
protein binding is found to be somewhat different 
with dilute solutions of BSA (58 uM or less), as illus- 
trated by Fig. 1A. The results were obtained in the 
same way as for Fig. 1B, except that all the solutions 
were ten times diluted. It is seen from Fig. 1A that 
the binding of warfarin is increased (instead of being 
normally decreased) after the first few additions of 
fatty acids up to a concentration of 100 uM (corre- 
sponding to a molar ratio of FFA/BSA ~ 1.7). This 
agrees quite well with an increase in the binding con- 
stant of the. warfarin-albumin complex, as evident 
from Table 1. However, as the amounts of fatty acids 
are further: increased beyond 100 uM, it is observed 
that the fraction of free warfarin is increased propor- 
tionately leading to a decrease in the warfarin-binding 
affinity as reflected again in Table 1. An appreciable 
amount of quenching, by fatty acids, in the range of 
35-55 per cent, but not 100 per cent (depending on 
the concentration of BSA and nature of FFA), of the 
fluorescence of the warfarin—albumin complex as 


observed in the present study indicates that the un- 
bound fatty acids cannot completely displace warfarin 
from its binding sites. 

Nature of conformational changes in BSA. In an 
effort to investigate the possibility of ligand-induced 
conformational changes of the drug-binding sites 
within BSA, both the fluorescence peak intensity and 
polarization of fluorescence of warfarin-bound albu- 
min, in the absence and presence of different free fatty 
acids, were measured. In principle, such measure- 
ments using warfarin as a fluorophore could be used 
as a probe at the same time in the study of hydro- 
phobic regions in the protein and as a means of moni- 
toring conformational changes of the warfarin-bind- 
ing sites within BSA; thus, changes in environment 
near the protein-bound fluorophore could be 
detected. Such experiments were carried out using 
either concentrated or dilute BSA solutions. Two sep- 
arate experiments were actually performed. 

In the first, a given amount of BSA solution (7 
or ~380uM) was first saturated with an excess 
amount of warfarin so as to saturate the primary war- 
farin-binding sites in the albumin. To this solution 
were then gradually added various amounts of free 
fatty acids. For each addition of fatty acids, both the 
fluorescence peak intensity of the warfarin—-albumin 
complex and the polarization of fluorescence (at the 
peak intensity) were monitored. The results are sum- 
marized in Figs. 3 and 4. When warfarin was bound 
to albumin, the fluorescence peak of warfarin was 
shifted from 390 to 380 nm, and the fluorescence in- 
tensity of warfarin was enhanced, irrespective of the 
concentration of BSA used. Furthermore, the position 
of the fluorescence peak due to the warfarin-albumin 
complex was not affected by the presence of fatty 
acids. Figure 3, therefore, shows the effects of adding 
fatty acids on the fluorescence peak intensity and the 
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Fig. 3. Effects of free fatty acids on the fluorescence peak 
intensity and polarization of fluorescence of the warfarin- 
albumin complex containing 74M albumin and 804M 
warfarin at 25° in phosphate buffer, pH 7.5. The symbols 
for the fluorescence peak intensity and polarization of 
fluorescence are (——, @), (—-—, ©), and (——-, X) in the 
presence of lauric acid, oleic acid and mixture of these 
two acids respectively. Excitation and emission wave- 
lengths are 320 and 382 nm respectively. Details are in the 
text. 
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Fig. 4. Effects of oleic acid on the fluorescence peak in- 
tensity (@) and polarization of fluorescence (©) of the war- 
farin-albumin complex containing 380M albumin and 
3500 uM warfarin at 25° in phosphate buffer, pH 7.5. 
Excitation and emission wavelengths are 320 and 382 nm 
respectively. Details are in the text. 


polarization of fluorescence when warfarin is bound 
to a very dilute solution of BSA (7 uM). It is observed, 
from Fig. 3, that the fluorescence peak intensity in- 
creases initially after the first few additions of small 
amounts of fatty acids until it reaches a maximum 
at about 38 uM of fatty acids (corresponding to a 
molar ratio of FFA to BSA ~ 5). On further gradual 
increase of fatty acid concentrations, the fluorescence 
peak intensity tends to decrease. The polarization of 
fluorescence of albumin-bound warfarin is changed 
slightly after the first addition of a small amount of 
fatty acids and it remains at this level until the con- 
centration of fatty acids is increased beyond 38 uM. 
When the concentration of fatty acids exceeds 38 uM, 
the polarization of fluorescence tends to decrease to 
a final value of about 0.19 from the control value 
of 0.28. 

The results of a similar experiment using a concen- 
trated solution of BSA (~ 380 uM) in the presence 
of various amounts of oleic acid are shown in Fig. 
4. The fluorescence peak intensity of the complex de- 
creases continuously from the very first addition of 
a small amount of oleic acid until it levels off to a 
value of about 55. The polarization of fluorescence 
of the albumin complex, however, remained un- 
changed (0.36) in the presence of low concentrations 
of oleic acid (corresponding to a molar ratio of FFA 
to BSA < 2), and decreased to a final value of about 
0.30 with higher concentrations of oleic acid (corre- 
sponding to a molar ratio of FFA to BSA ~ 7). With 
lauric acid or a mixture of lauric and oleic acids, 
exactly the same behavior as that mentioned above 
was observed and, therefore, is not illustrated in Fig. 
4. 

A second experiment was performed to further in- 
vestigate the nature of the conformational changes 
in BSA as follows. To a given solution of BSA (dilute 
or concentrated) containing a fixed but large amount 
of fatty acids (to saturate the primary fatty acid-bind- 
ing sites), various amounts of warfarin were added. 
After each addition of warfarin, both the fluorescence 
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intensity and the polarization of fluorescence at the 
complex maximum were monitored. The results using 
oleic acid are presented in Fig. 5 for a very dilute 
BSA solution (7 uM). It is seen, from the figure, that 
the fluorescence peak intensity of the albumin-bound 
warfarin is at first increased rapidly from that of the 
control (without warfarin) after the first addition of 
a small amount of warfarin. Then, the fluoresence in- 
tensity is gradually increased on further additions of 
warfarin until it levels off at a concentration of about 
45 uM warfarin. On the other hand, the polarization 
value of the albumin rapidly rises from the control 
value of 0.25 (the control value was determined using 
fluorescence due to tryptophan residue in the albu- 
min) to about 0.30 on complexation with a small 
amount of warfarin initially. Then, the polarization of 
warfarin-bound albumin remains essentially at the 
same level up to a warfarin concentration of about 
18 uM. On further increasing the concentration of 
warfarin, the degree of polarization tends to decrease 
to a final value of about 0.25. However, only a very 
small change in the degree of polarization of warfarin- 
bound albumin is observed in the system containing 
either no, or a small amount (12.5 uM) of, oleic acid. 
A similar behavior was observed with lauric acid or 
a mixture of oleic and lauric acids and is, therefore, 
not shown in Fig. S. 

With a higher concentration of BSA (380 uM) and 
a definite but large amount of oleic acid (either 1000 
or 4000 uM), the fluorescence peak intensity of the 
bound warfarin follows qualitatively the same behav- 
ior as that observed with a dilute solution of BSA. 
However, the fluorescence titration curve of warfarin 
is hyperbolic in a concentrated BSA solution, whereas 
it is somewhat sigmoidal in the dilute solution. A 
small change (0.28 to 0.25) in the value of polarization 
is observed in a concentrated BSA solution with in- 
creasing warfarin concentrations in the presence of 
higher amounts of free fatty acids (corresponding to 
a molar ratio of FFA to albumin of about three or 
more). 

It has to be admitted, however, that experiments 
on polarization performed with concentrated solu- 
tions are not strictly quantitative because of a possibi- 
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Fig. 5. Fluorescence peak intensity (——-) and polarization 
of fluorescence (©) of the warfarin—albumin complex con- 
taining 7 uM bovine serum albumin in phosphate buffer, 
pH 7.5, as a function of warfarin concentration at 25°. In 
the presence of low (12.5 uM) and high (50 uM) concen- 
trations of oleic acid, the respective peak intensity and 
polarization symbols are (——, X) and (—-—, @). 
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lity of a certain degree of concentration depolariza- 
tion. 


DISCUSSION 


The present studies with higher concentrations 
(nearly physiological) of serum albumin reveal that 
the warfarin binding could be decreased even within 
the physiological range of FFA concentrations corre- 
sponding to a molar ratio of FFA to albumin of less 
than two. This is in agreement with some previous 
works [9, 14-19] involving other drugs also, as well 
as with our own results[5,6] on warfarin binding 
with rat plasma proteins. However, the present bind- 
ing studies with very dilute solutions of serum albu- 
min (55 uM or less) show some unexpected behavior 
at low concentrations of fatty acid anions in relation 
to the binding characteristics of warfarin. In other 
words, low concentrations of fatty acids do not 
release warfarin from a dilute solution of the albumin, 
but instead increase the warfarin—albumin binding. 
The mechanism of such a behavior will be discussed 
later. 

Solomon et al. [8], in studying the warfarin binding 
to human albumin, did not, however, investigate the 
effects of fatty acids on such dilute solutions of albu- 
min as__ presently reported. Chignell [12], 


O'Reilly [20] and other workers [21] did not study 
the effects of FFA on the warfarin binding to human 
serum albumin. On the other hand, the findings of 
Santos and Spector [14,15] on the effects of fatty 
acids on the binding of 1-anilino-8-naphthalene sul- 


fonate (ANS) to bovine and human serum albumin 
do not fully agree with our results using warfarin. 
Indeed, these authors observed inhibition of the ANS 
binding to BSA independently of the concentrations 
of palmitic acid used. No satisfactory explanation for 
such a difference using different fluorescent probes 
can, however, be formulated at the moment. 

It is known [22]'that the bovine serum albumin 
possesses at least two kinds of sites capable of binding 
to hydrophobic structures. One site is responsible for 
the specific binding of FFA and the second type of 
site is specific for substrates or other organic ligands 
or drugs. Furthermore, it has been well estab- 
lished [22] that the binding affinities of FFA for the 
albumin are much higher (100-1000 times) than those 
of most of the drugs. Both FFA and warfarin, there- 
fore, should normally attach at first to their respective 
binding sites in the albumin, as dictated by the speci- 
fic hydrophobic regions on the protein molecule. The 
present results do not, of course, allow any detailed 
conclusion about the geometry of these two different 
.Sites or the location with respect to each other. A 
marked enhancement as well as a blue shift in the 
fluorescence maximum of warfarin on complexation 
suggests the hydrophobic character of the warfarin- 
binding sites in the serum albumin. 

It is of considerable interest to look again at the 
effects of low and high concentrations of fatty acids 
on the binding characteristics of warfarin with dilute 
BSA solutions in which the albumin is present mainly 
in the monomeric form (Figs. 1A, 3 and 5). When 
a fatty acid binds to its own site in the defatted albu- 
min, it changes the structure of the protein mole- 
cule [23-25]. This, in turn, could affect the conforma- 
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tion of the warfarin-binding sites as well. Considering 
the results in Figs. 3 and 5, it is, therefore, likely that 
the very tight binding of low concentrations of a fatty 
acid to its own site results in a change of either the 
whole albumin structure or the conformation of the 
warfarin-binding sites leading to an increase in the 
quantum yield of warfarin bound to its tight sites 
as well as an increase in the binding constant. The 
rearrangement in the protein structure may not be 
drastic, however, as suggested by the present fluores- 
cence spectral behavior (which remained the same in 
shape and structure). It is possible, therefore, that dur- 
ing the change of one structure of BSA to the other, 
only the local environment involving warfarin-bind- 
ing sites is altered. 

Considering what has been mentioned above, a de- 
crease in the fluorescence of warfarin-bound albumin 
in the presence of higher concentrations of free fatty 
acids is, therefore, likely to be due to a decrease in 
the quantum yield of warfarin to its tight sites. Such 
a decrease in the fluorescence intensity, accompanied 
by a simultaneous decrease in the polarization of 
fluorescence, strongly suggests a further change in the 
conformation of the warfarin-binding sites in the pro- 
tein structure induced by higher concentrations of free 
fatty acids. It is, therefore, quite apparent from the 
present results that low and high concentrations of 
free fatty acids induce different conformational states 
of the same warfarin-binding sites on the albumin 
molecule. However, considering the results in Fig. 5, 
it is also conceivable that the steady state conforma- 
tional changes of the warfarin-binding sites leading 
to an inhibition of warfarin binding could be brought 
about by mutual interactions between warfarin and 
unbound fatty acids and not just by unbound fatty 
acids alone. 

On the basis of the above discussion, it is quite 
possible that, in the present system with dilute solu- 
tions, an allosteric mechanism is operating involving 
“heterotropic” effects, i.e. indirect interactions 
between distinct specific binding sites of free fatty 
acids and warfarin. These interactions, in order to 
be allowed, are believed to be mediated by some kind 
of molecular transition (allosteric transition) [26] 
which is induced or stabilized in the protein when 
it binds an “allosteric ligand.” Such a phenomenon 
is possibly realized when considering the results pre- 
sented in Figs. 3 and 5. In other words, a positive 
heterotropic (i.e. cooperative) effect is observed at low 
molar ratios of fatty acids and albumin, while a nega- 
tive heterotropic (or antagonistic) effect appears to 
be present at high molar ratios of fatty acids and 
albumin. Such a phenomenon is further exemplified 
in Fig. 5, which shows how the sigmoidal shape of 
the fluorescence titration curve at lower concen- 
trations of FFA is changed with increasing concen- 
trations of fatty acids. 

Although it is not definitely clear from the present 
experimental results why such a cooperative effect is 
not observed in concentrated solutions of BSA, any 
one of the following reasons could possible explain 
such a discrepancy. First, in a concentrated solution, 
serum albumin exists in dimeric and/or polymeric 
forms consisting of two or more subunits or pro- 
tomers. The formation of specific associations involv- 
ing multiple bonds between subunits is likely to imply 
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a certain amount of rearrangement of the tertiary 
structure of the monomers resulting in some func- 
tional alterations in the structure of the active site 
or sites in each protomer. 

Second, the spatial geometry or the molecular sym- 
metry of dimeric and/or polymeric albumin molecules 
is such that the allosteric ligand (FFA) in one subunit 
could be in closer proximity (than in a purely mono- 
meric albumin molecule) to the warfarin-binding site 
in another subunit, due to subunit-subunit interac- 
tions resulting eventually in a rather direct interfer- 
ence between the distinct but different binding sites. 
Consequently, a negative cooperativity or competitive 
inhibition of warfarin binding even in the presence 
of very low molar ratios of FFA to albumin could 
be possible 

Third, there may be no difference between the con- 
formations of the two states involved in the allosteric 
transition in the dimeric or polymeric albumin mol- 
ecule. Alternatively even if there were a difference in 
the conformation of the two allosteric states, there 
might not be any differential affinity of the allosteric 
ligand for one state over the other. 

Changes in the structure of albumins have been 
shown as a result of pH-changes and of binding to 
detergents and anionic azo dyes [27-29]. Weder and 
Bicker [30] have shown that desipramine binding to 
BSA is cooperative in character and they presented 
some spectral evidence that this was as a result of 
changes in the albumin structure. 

It is, however, impossible to speculate at this time 
whether the present results are applicable in general 
to all types of albumins or other proteins, other drugs 
and/or other fatty acids or other endogenous sub- 
stances, or whether they apply only to specific mol- 
ecular structures and/or specific functional groups on 
any molecular structure. Some aspects of these ques- 
tions are currently under investigation in our labora- 
tory. 

In conclusion, the present data suggest that the in- 
teractions between drug and endogenous substances 
at the level of protein binding need not be necessarily 
considered always in terms of purely competitive dis- 
placement, but may also arise from conformationally 
mediated interactions between distinct binding sites. 
Hence, the ability of free fatty acids to regulate the 
binding of a drug with plasma protein depends not 
only upon the strength with which a particular drug 
binds to albumin, but also on the nature of the con- 
formational changes of the distinct binding sites 
associated with such interactions. 
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Abstract—Methadone was administered daily to rats and the adrenals were analyzed for catecholamines 
(CA), tyrosine hydroxylase (TH) activity and dopamine f-hydroxylase (DBH) activity. Four hr after 
2.5 mg/kg, CA and DBH were depleted significantly but recovered to normal by 24hr. After 6 days 
of treatment, adrenal catecholamines were elevated above controls; 24hr after increasing the dose 
to 10mg/kg, CA and DBH again declined, and TH was elevated. Chronic administration of 10 or 
25 mg/kg led to restoration or elevation of adrenal CA and marked increases in TH and DBH. While 
methadone increased the rate of formation of new adrenal storage vesicles, it also inhibited CA uptake 
into the vesicles, an effect which was also observed with methadone in vitro. Similarly, methadone 
in vitro inhibited amine uptake into crude whole brain synaptosomes, but the effect was not observed 
after acute or chronic administration in vivo. These data suggest that methadone, like morphine, stimu- 
lates the sympatho-adrenal axis, but that unlike morphine, methadone exerts a direct effect on adrenal 


storage vesicles. 


To a large extent, the actions of morphine on the 
biogenic amines of the peripheral adrenergic system 
can be explained by its direct and centrally mediated 
stimulatory effects on the sympatho-adrenal axis 
[1-4]. Consequently, acute morphine administration 
results in loss of adrenal catecholamines (CA) fol- 
lowed by compensatory trans-synaptic induction of 
the CA biosynthetic enzymes, tyrosine hydroxylase 
and dopamine f-hydroxylase [1, 2, 5]. The latter effect 
leads to replenishment of adrenal CA stores despite 
continued stimulation-induced loss during chronic 
administration. 

In addition to effects on CA levels and enzymes, 
adrenal stimulation by morphine results in increased 
formation of new CA storage vesicles [1]. Upon pro- 
longed treatment with large doses, vesicles are synthe- 
sized which have an altered membrane transport sys- 
tem for CA [1,6]; this effect appears not to be a di- 
rect action of the drug, since morphine in vitro is 
unable to inhibit vesicular uptake effectively [1,7]. 
Recent studies by Ciofalo [8,9] have shown that mor- 
phine and methadone may have different actions on 
biogenic amine uptake systems at the level of synaptic 
membranes in the central nervous system, suggesting 
the need for comparative studies of the effects of the 
two drugs on CA release, biosynthesis and uptake 
at other sites. In the current study, the actions of 
methadone administration in vivo on preparations of 
adrenal medulla and whole brain have been examined 
and contrasted with the direct effects of methadone 
and morphine in vitro. 


METHODS 


Male Sprague-Dawley rats (Zivic-Miller) weighing 
310g initially were given saline or methadone HCl 
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subcutaneously once daily on the following dosage 
schedule: first week 2.5 mg/kg, second week 10 mg/kg 
and third week 25 mg/kg. Animals were weighed and 
killed by decapitation at 4hr (2.5 mg/kg only) and 
at 24hr and 6days after initiation of each dosage. 
With the exception of the 4-hr point, sacrifice took 
place 24 hr after the last injection. 

Studies in adrenals. Adrenals from each animal were 
homogenized in 2.5 ml of 0.3M sucrose containing 
0.025 M Tris (pH 7.4) and 10°°M iproniazid (irre- 
versible monoamine oxidase inhibitor). Homogenate 
(0.1 mi) was added to 1.9ml of 3.5% perchloric acid, 
centrifuged at 26,000 g for 10 min and the supernatant 
analyzed for catecholamines using an autoanalyzer 
[10]. Homogenate (0.5 ml) was added to an equal 
volume of water containing 2000 units/ml of beef 
catalase and used for duplicate assays of dopamine 
B-hydroxylase activity by the method of Friedman 
and Kaufman[11] with 10°°M{[*H]tyramine as 
substrate and 5 x 10°* M parahydroxymercuribenzo- 
ate to inactivate endogenous inhibitors. The remain- 
der of the homogenate was centrifuged at 800g for 
10min and 1 ml of the supernatant used for deter- 
mination of epinephrine uptake (see below). The rest 
of the 800g supernatant was centrifuged at 26,000 g 
for 10min to sediment the catecholamine storage 
vesicles and the supernatant used for duplicate deter- 
minations of tyrosine hydroxylase activity by the 
method of Waymire et al.[12] using 10°~* M ['*C]- 
tyrosine as substrate. 

The abilities of the storage vesicles to incorporate 
[*H]epinephrine were determined by standard tech- 
niques as described in detail previously [13]. For each 
adrenal preparation, duplicate tubes were prepared 
containing 0.5 ml of the 800g supernatant, 5 ymoles 
ATP and Mg?*, 5yuCi [*H]epinephrine, 0.1 umole 
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epinephrine bitartrate and sucrose-Tris in a final 
volume of | ml. Samples were incubated for 30 min 
at 30° while the duplicate tubes were kept on ice to 
serve as blanks. Uptake was stopped by the addition 
of 2 ml of ice-cold sucrose-Tris and labeled vesicles 
were sedimented and washed twice; both labeling 
medium and washed vesicles were analyzed for cate- 
cholamines and radioactivity. Although contaminat- 
ing particles are present, under these conditions label- 
ing occurs solely in the storage vesicles [14, 15]. The 
temperature-dependent uptake was calculated as de- 
scribed previously [13] and expressed as uptake per 
unit of endogenous catecholamines. 

For studies of the effects of methadone in vitro on 
enzymes and uptake, adrenals from untreated animals 
were fractionated as described above and incubated 
with different concentrations of methadone or mor- 
phine. In addition to rat adrenal tyrosine hydroxylase 
and dopamine f-hydroxylase, the effect of methadone 
in vitro on another catecholamine biosynthetic 
enzyme, dopa decarboxylase, was assessed according 
to the assay of Waymire et al.[12], using 3.3 x 
10-° M['4C]dopa as substrate. 

The effect of methadone in vitro on B-hydroxylation 
in isolated adrenal storage vesicles was determined 
using [*H]tyramine as substrate. The 800g superna- 
tant fraction of adrenals from untreated animals was 
incubated and washed as described for [*H]epine- 
phrine uptake, except that the incubation mixture 
contained 5 umoles ATP-Mg?*, 1 umole fumarate, 
1 umole ascorbate, 5uCi [*H]tyramine and 0.1 
umole of unlabeled tyramine, with and without meth- 
adone. The washed, labeled vesicles were analyzed 
both for tyramine uptake and for levels of the p- 
hydroxylated product, octopamine [16]. 

Studies in whole brain. Brains from saline- or meth- 
adone-treated rats were weighed and homogenized in 
9 vol. of sucrose-Tris—iproniazid, and duplicate 0.1- 
ml aliquots were assayed for tyrosine hydroxylase 
activity as described for adrenals, except that final 
concentrations of 0.1% Triton X-100 and 
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Fig. 1. Body and brain weights in rats treated with saline 
or methadone (once daily, s.c.) at the dosages indicated. 
Points and vertical bars represent means + standard 
errors of five to twelve animals for each determination; 
asterisks denote significant differences (P < 0.05 or better). 
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Fig. 2. Adrenal catecholamines, tyrosine hydroxylase acti- 
vity and dopamine f-hydroxylase activity in rats given 
methadone (once daily, s.c.) at the dosages indicated. 
Points and vertical bars represent means + standard errors 
of five to twelve animals for each determination as percent- 
age of control; asterisks denote significant differences 
(P < 0.05 or better). Values from saline-treated controls 
(39 animals) which did not vary significantly over the 
course of the experiment were: catecholamines, 11.7 + 
0.7 wg/gland; tyrosine hydroxylase, 15.1 + 1.4nmoles 
'$CO, evolved/hr/gland; dopamine f-hydroxylase, 1.46 + 
0.10 nmoles/hr/gland. First time point is at 4 hr. 


7 x 10°*MCaCl, were added to the assay medium 
to optimize activity. The remainder was centrifuged 
at 1000 g for 10 min and the supernatants were recen- 
trifuged at 10,000 g for 20 min. The crude synaptoso- 
mal pellet was resuspended in the original volume 
of Krebs—Henseleit medium modified by the addition 
of 1.25 x 10°°M iproniazid and 2 x 10~° M ascor- 
bate, and recentrifuged. The washed pellet was resus- 
pended by gentle homogenization (Teflon-to-glass) in 
half the original volume of Krebs—Henseleit medium 
and 0.5-ml aliquots were added to an equal volume 
of medium containing S5yCi [*H]tyramine (0.75 
nmole). Samples were incubated for Smin at 37° 
while duplicate tubes were kept on ice to serve as 
blanks, and tyramine uptake was stopped by the addi- 
tion of 2 ml of ice-cold Krebs-Henseleit medium; the 
labeled crude synaptosomes were sedimented at 
10,000 g, washed and recentrifuged twice, resuspended 
in 3 ml water, counted for total radioactivity and both 
0° and 37° samples analyzed for [*H]octopamine by 
periodate oxidation as described for the dopamine 
B-hydroxylase assay. Uptake and synthesis at 37° 
were generally three to four times the values for the 
0° blanks. [*H]tyramine offers the advantage of per- 
mitting evaluation of the degree to which uptake is 
affected specifically in noradrenergic systems [17-19] 
because dopamine f-hydroxylase is located almost 
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Fig. 3. Uptake of [*H]-epinephrine by isolated adrenal 
storage vesicles from rats given methadone (once daily, s.c.) 
at the dosages indicated. Points and vertical bars represent 
means + standard errors of five to twelve animals for each 
determination as percentage of control; asterisks denote 
significant differences (P < 0.05 or better). The value from 
the saline-treated controls which did not vary significantly 
over the course of the experiment was 18.8 + 0.4nmoles 
taken up/100 yg of endogenous catecholamines/30 min of 
incubation (39 animals). 


solely within the norepinephrine storage vesicles. The 
actions of methadone and morphine in vitro on brain 
tyrosine hydroxylase, synaptosomal uptake and 
B-hydroxylation were evaluated by the same methods, 
using preparations from untreated rats. 

Statistics. Results are expressed as means + stan- 
dard errors, and levels of significance are calculated 
by Student’s t-test. 

Materials. Tyramine[G-*H] (6.67 Ci/m-mole), dl- 
epinephrine-7[°H] (10Ci/m-mole), 1-tyrosine-I['*C] 
(10 mCi/m-mole) and dl-dopa-I['*Cj (10 mCi/m-mole) 
were purchased from New England Nuclear Corp. 
Epinephrine bitartrate was obtained from Winthrop 
Laboratories, iproniazid phosphate, tyramine HCl, 
p-hydroxymercuribenzoate and beef liver catalase 
from Sigma Chemical Corp., and methadone HCI and 
morphine HCl from Merck, Sharp & Dohme. 


RESULTS 


Studies in vivo. Over the 3-week period of the 
study, control rats increased in body weight from 
310 g initially to a final value of 420g, and in brain 
weight from 1.78 to 1.95 g (Fig. 1). Rats treated with 
methadone failed to gain body weight, but neverthe- 
less displayed normal brain weights. 

Within 4 hr of administration of 2.5 mg/kg of meth- 
adone, there was a significant (P < 0.02) depletion of 
adrenal catecholamines (CA), with recovery to normal 
by 24hr (Fig. 2). However, after 6 days of treatment, 
CA levels were elevated by 20 per cent. Subsequent 
administration of 10 mg/kg resulted again in an initial 
(24hr) decline in CA, with recovery after six daily 
injections. At the completion of 6 days at 25 mg/kg, 
CA reached 30-40 per cent above control values. 

Adrenal tyrosine hydroxylase (TH) showed a dose- 
and time-dependent increase with methadone treat- 
ment, reaching more than three times the control 
value after chronic administration of the highest dose 
(Fig. 2). On the other hand, dopamine f-hydroxylase 
(DBH) activity displayed a pattern qualitatively simi- 
lar to that of adrenal CA, with initial declines after 
2.5 or 10 mg/kg followed by increases during chronic 
administration; DBH activity reached a maximum of 
twice normal after 6 days at 25 mg/kg. 

To determine the effects of methadone adminis- 
tration on adrenal storage vesicle function, the uptake 
of [*H]epinephrine was determined. Four hr after 
administration of 2.5 mg/kg, uptake per unit of endo- 
genous CA was elevated markedly (Fig. 3). However, 
by 24hr and after 6 days of treatment, the amine 
uptake capability of the vesicles was depressed. Upon 


‘increasing the dose, this pattern was repeated, with 


short-term increases in uptake followed by inhibition 
during chronic administration. 

In contrast to the marked effects of methadone 
treatment on adrenal CA, TH, DBH and uptake, 
there was little or no effect on whole brain TH, synap- 
tosomal amine uptake or on synaptosomal conver- 
sion of [*H]tyramine to [*H]octopamine (Table 1). 

Studies in vitro. To determine the extent to which 
the actions of methadone might be accounted for on 


Table 1. Effects of chronic methadone administration on brain tyrosine hydroxylase, synaptosomal [*H]tyramine uptake 
and [*H]octopamine synthesis* 





Tyrosine 
Days of hydroxylase 


Dose of methadone 


[°H Joctopamine 
synthesis 


[*H]tyramine 
uptake 
No. of 





methadone treatment 


Percentage of controls* 


animals 





2.5 mg/kg 0.17 
(begun 1 
day 0) 6 

10 mg/kg g 
(begun 13 
day 7) 

25 mg/kg 15 
(begun 20 
day 14) 


Co 


i BH EE 
DArnd wane 





* Animals were given methadone (once daily, s.c.) at the dosages and time periods indicated. Values for saline-treated 
controls (39 animals), which did not vary over the course of the experiment, were: tyrosine hydroxylase, 24.2 + 1.6 nmoles 
'*CO, evolved /hr/g; [7H ]tyramine uptake, 67.5 + 3.0 pmoles taken up/g/5 min of incubation; [*H]octopamine synthesis, 


10.2 + 0.4 pmoles synthesized/g/5 min of incubation. 
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Table 2. Effects of methadone and morphine in vitro on uptake of [*H]epinephrine or [°H]tyramine and synthesis 
P pinep y y 
of [*H]octopamine in isolated adrenal storage vesicles and whole brain synaptosomes* 





Adrenal vesicles 


Synaptosomes 





[ *H]epinephrine 


Drug uptake uptake 


[°H]tyramine 


[*H ]Joctopamine 
synthesis 


[*H]tyramine 
uptake 


[*H]octopamine 
synthesis 





concen 
(mM) 


Percentage of control 





0 100 + 4 
Methadone 

0.01 97 - 

0.1 80 

l 17 
Morphine 

0.1 111 

1 87 


100 + 8 


105 + 4 
83 + 14 





* Values represent means + standard errors of five to ten determinations as percentage of control. Control values 
were: adrenal vesicles, 19.2 + 0.7 nmoles [*H]epinephrine taken up/100 yg of endogenous catecholamines in a 30-min 
incubation, 14.4 + 1.3 nmoles [*H]tyramine taken up and 3.85 + 0.29 nmoles [*H]octopamine synthesized/100 ug of 
endogenous catecholamines in a 30-min incubation; whole brain synaptosomes, 70.0 + 3.5 pmoles [*H]tyramine taken 
up and 6.88 + 0.41 pmoles [*H]octopamine synthesized/g of brain in a 5-min incubation. Incubations for adrenal vesicles 
contained 10°*M epinephrine or tyramine, and those for synaptosomes contained 7.5 x 10~7 M tyramine. 


+ P < 0.05 vs control. 
{ P < 0.02 vs control. 
§ P < 0.01 vs control. 
P < 0.001 vs control. 
© P < 0.002 vs control. 


the basis of direct effects on enzymes or uptake sys- 
tems, studies were conducted in which methadone or 
morphine was added directly to the incubation media. 
With neither opiate was there any marked effect on 
CA biosynthetic enzymes (TH, dopa decarboxylase, 
DBH) in drug concentrations up to | mM (data not 
shown). However, the effect of methadone on adrenal 
vesicle uptake of [*H]epinephrine was more appreci- 
able (Table 2); at 0.1 mM methadone (equimolar with 
substrate) there was 20 per cent inhibition of uptake 
and at | mM uptake was blocked nearly completely. 
In contrast, morphine had little or no effect on uptake 
into adrenal storage vesicles. 

Because the uptake of amine substrate into storage 
vesicles plays a key role in determining the rate of 
f-hydroxylation [16-19], it was important to deter- 
mine whether inhibition of vesicular uptake by meth- 
adone might influence the intravesicular synthetic 
step. To measure this effect, the uptake of [*H]tyra- 
mine and subsequent conversion to octopamine were 
assessed, Methadone in concentrations up to 1mM 
produced a parallel inhibition of both tyramine 
uptake and f-hydroxylation, indicating that although 
the drug does not inhibit DBH directly, it may reduce 
access of substrate to the enzyme compartment (Table 
2). Similariy, methadone in vitro produced an inhibi- 
tion of uptake and f-hydroxylation in isolated whole 
brain synaptosomes. In contrast to methadone, mor- 
phine had little or no effect in vitro. 


DISCUSSION 


The chronic administration of drugs which evoke 
either direct or reflex stimulation of the sympatho- 
adrenal axis produces a typical pattern of effects on 
levels of adrenal catecholamines (CA) and CA biosyn- 
thetic enzymes. Thus, after treatment with such 


diverse agents as nicotine [20, 21], insulin [13, 14, 22] 
or morphine [1,2] there is an initial depletion of CA 
and exocytotic loss of soluble dopamine f-hydroxy- 
lase (DBH) followed by compensatory trans-synaptic 
induction of both tyrosine hydroxylase (TH) and 
DBH and accelerated synthesis of new CA storage 
vesicles. These changes generally enable prompt resto- 
ration of CA stores, even in the face of continued 
stimulation during chronic treatment. 

In the current study, the same pattern was observed 


‘during methadone administration, viz. CA and DBH 


depletion shortly after initiation of 2.5 or 10 mg/kg 
followed by a return to normal or supranormal CA 
levels at subsequent times, with induction of TH and 
DBH. Since DBH is a marker enzyme for storage 
vesicles, the increment in this enzyme despite in- 
creased loss via exocytosis suggests that, as with other 
stimulatory agents, synthesis of new vesicles has been 
accelerated by methadone. To test this hypothesis, 
isolated vesicles from methadone-treated rats were 
evaluated for their ability to incorporate exogenous 
[*H]epinephrine; since newly synthesized vesicles 
have low endogenous CA contents, the ratio of 
[*H]epinephrine uptake/endogenous CA increases if 
vesicle turnover is accelerated [1, 6, 13, 14, 16, 20]. 
Four hr after the first dose of 2.5 mg/kg of methadone 
and 24hr after initiation of the higher doses, uptake 
per unit CA was increased, indicating that a prompt 
increment occurs in resynthesis of new vesicles. 

To the extent that the actions of methadone reflect 
sympatho-adrenal stimulation, then, its effects resem- 
ble closely those of acute and chronic morphine 
administration [1]. However, this study provides evi- 
dence that, unlike morphine, methadone may also 
exert direct effects on the vesicular amine uptake 
system. Upon long-term administration of large doses 
of morphine, storage vesicles are produced which 
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have a reduced affinity for uptake of CA [1,6]; how- 
ever, morphine itself appears to have little effect di- 
rectly upon the uptake system[1,7]. In contrast, 
administration of even a single dose of methadone 
(2.5 mg/kg) produced inhibition of uptake within 
24hr, and this effect persisted and intensified with 
chronic treatment at all doses. Since the time of onset 
of this action was prompt, these data suggested that 
methadone might block amine uptake directly. Incu- 
bation of vesicles from untreated rats with methadone 
in vitro showed that significant inhibition could be 
obtained with equimolar concentrations of substrate 
and methadone, while morphine was virtually ineffec- 
tive. Thus, in addition to actions which reflect sym- 
patho-adrenal stimulation, methadone (but not mor- 
phine) exerts a direct effect on adrenal storage vesi- 
cles. While methadone does not have direct effects 
on CA biosynthetic enzymes, it could conceivably 
exert indirect inhibition of DBH by denying access 
of substrate to the enzyme compartment (since DBH 
is located almost solely in the vesicle) in a fashion 
similar to other inhibitors of vesicular uptake [18]. 
This action was demonstrated in vitro utilizing the 
uptake of [*H]tyramine and conversion to [°H]- 
octopamine; further study is required to see if this 
mechanism plays a role in the actions of methadone 
in vivo. 

Methadone in vitro also had an effect upon amine 
uptake mechanisms in whole brain synaptosomal 
preparations from untreated rats. The high concen- 
trations required to do this confirm (with [*H]tyra- 
mine as substrate) the observation of Ciofalo [8] that 
methadone is a poor inhibitor of synaptosomal 
uptake in CA neurons. Furthermore, since methadone 
is a potent inhibitor of uptake into serotonergic 
neurons [9], and since inhibition of f-hydroxylation 
(a step specific to noradrenergic neurons) generally 
paralleled inhibition of [*H]tyramine uptake, these 
data suggest that under these conditions [*H]tyra- 
mine is taken up primarily into CA neurons. 

In contrast to the profound effects of methadone 
in vivo on thh adrenal medulla, chronic methadone 
administration had little effect on the preparations 
of whole brain homogenates. While adrenal TH acti- 
vity was increased markedly and adrenal DBH and 
uptake mechanisms altered substantially by metha- 
done, whole brain TH was virtually unchanged and 
no effect was noted on either synaptosomal amine 
uptake or f-hydroxylation; the latter finding suggests 
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that the effects of methadone on synaptosomes in 
vitro do not play a major role in the actions of the 
drug in vivo. It should be noted, however, that 
regional differences may exist in effects on catechola- 
mine uptake, synthesis, storage or release which can 
be masked by studies in whole brain. 
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Abstract—Dimethyl DNS-chol (DDNS), a dansylated analog of acetylcholine, binds with specific sites 
in Schistosoma mansoni. This treatment provides fluorescent labeling of well-defined areas within the 
organism. It is believed that these regions of fluorescence reflect areas receiving cholinergic innervation; 
these regions might include both nervous and non-nervous (effector) tissue, and the DDNS binding 
sites might include both prejunctional amd postjunctional acetylcholine binding sites. Hycanthone 
(Hyc), an antischistosomal drug, blocks this labeling by DDNS. Atropine and other known antagonists 
of acetylcholine also prevent DDNS fluorescent labeling. Measurements of somatic motor activity 
demonstrate that Hyc and DDNS partially block the paralytic effects of the cholinomimetic drug 
carbamylcholine on S. mansoni. These data further support the hypothesis that Hyc is an anticholinergic 
agent, and show that DDNS may be useful as a histochemical label in studies involving structures 


receiving cholinergic innervation. 


Acetylcholine (ACh) is generally recognized as a 
neurotransmitter in Schistosoma mansoni, controlling 
movements of the body musculature and the gut [1]. 
Various cholinomimetic and anticholinergic drugs 
have proved to affect the nervous system of schisto- 
somes. However, some drugs, such as muscarine, 
nicotine and d-tubocurarine, which are highly active 
at mammalian cholinergic synapses, are conspic- 
uously inactive in schistosomes [1], although ACh 
and carbachol (CCh) are immediately effective. This 
finding suggests that the ACh receptor in schisto- 
somes is different from those found in nicotinic or 
muscarinic mammalian synapses. 

Studies with acetylcholinesterase inhibitors have 
shown that drugs which alter cholinergic function can 
have useful chemotherapeutic effects [2-4]. However, 
to date, little attention has been devoted to the identi- 
fication of anticholinergic drugs with specificity for 
schistosomal receptors. Our laboratory has suggested 
recently [5-7] that hycanthone (Hyc), a powerful 
antischistosomal agent, may have ACh-blocking 
actions in schistosomes. This theory was based on 
the demonstration that Hyc can block the paralytic 
action of carbachol and the stimulatory action of 
atropine. This suggestion was supported by a study 
[7] in which adult worms were treated with the fluor- 
escent ACh analog, DNS-chol, which has specific 
affinity for ACh receptors [8,9]. The labeling of the 
schistosomal anterior region by DNS-chol can be 
observed by fluorescence microscopy; this specific 
labeling was prevented by Hyc [7]. In the present 
study, we have further developed this approach, intro- 
ducing a new fluorescent ACh analog superior to 
DNS-chol for fluorescence histochemistry. 

An alternative theory of the mode of Hyc action 
has been proposed by Chou et al. [10], who described 
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changes in serotonin (5S-HT) dynamics caused by Hyc. 
We have undertaken the present studies in order to 
provide further, more stringent testing of our hypoth- 
esis that the primary site of Hyc action involves ACh 
function. 


MATERIALS AND METHODS 


Female CF! mice were infected by tail immersion 
with approximately 200 S. mansoni (Puerto Rican 
strain) cercariae. After 42-60 days, mice were injected 
ip. with heparin, etherized and sacrificed by cervical 
fracture. Worm pairs were recovered by gentle hook 
dissection from the portal and mesenteric veins. The 
worms were washed and maintained at 37° in 
Fischer’s cell culture medium (FM) (Grand Island 
Biological Co., Grand Island, N.Y.) to which | mg/ml 
of NaHCO,, 10 mM Tricine [(N-Tris-hydroxymethyl) 
methyl glycine, Sigma Chemical Co., St. Louis, Mo.], 
15 ug streptomycin and 15 units penicillin/ml have 
been added. 

Hycanthone mesylate (Sterling-Winthrop, No. 
ROI5-FF) was obtained through the kindness of the 
Sterling—Winthrop Research Institute. DNS-chol was 
purchased from Pierce Chemical Co., Rockford, IIl. 
Ethopropazine was a gift from the Warner Lambert 
Research Institute. 

Dimethyl DNS-chol (DDNS) was synthesized by 
a method related to that previously reported [8]; it 
is an intermediate in the synthesis of DNS-chol. 
5-Dimethylaminonaphthylsulfonyl chloride (1.6g, 
6.73 m-moles) was refluxed with unsymmetrical 
dimethylethylenediamine (1.06g, 6.8m-moles) in 
20 ml acetone for 1 hr. The acetone was evaporated 
to dryness at reduced pressure, and the resulting resi- 
due was washed with 100 ml diethyl ether. The result- 
ing hydrochloride salt was neutralized with 20 ml of 
3% sodium carbonate solution. It was then repeatedly 
extracted with diethyl ether (3 x 50ml) and water 
was removed by the addition of MgSO,. The solid 
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was removed by filtration and the filtrate was cooled 
in an ice bath and bubbled with excess HCI gas. The 
solution was concentrated to an oil which slowly soli- 
dified to yield analytically pure material, 300 mg 
(12%), m.p. 130-152°. The product was highly hygro- 
scopic and tended to oil on exposure to air. A single 
component was seen by paper electrophoresis at pH 
11. Thin-layer chromatography on Eastman Silica gel 
plates, developed with 100% ethanol, also revealed 
only a single component with an R, of 0.50. The com- 
pound had fluorescence excitation and emission spec- 
tra similar to those reported for DNS-chol [8]: u.V.max 
(H,O) 246nm (E = 15,600), 332nm (E = 3,780); 
U.V.max (PH 1) 288nm (E=7,620), 321.5nm 
(E = 1,750); u.V.max (PH 11) 238nm (E = 15,660), 
315 nm (E = 4,580). Analysis caled. for 
C,6H23;N;SO,*HC1-0.25 H,O: C, 53.17; H, 6.55; N, 
11.63. Found: C, 53.36; H, 6.82; N, 11.47. 

Fluorescent labeling. The worms obtained from a 
single infected mouse were divided into equal groups 
and placed in FM containing the drug to be tested 
or no drug (control) for 30min at 37°. After this 
preincubation period, DDNS was added, to a final 
concentration of 10°° M DDNS. The incubation was 
continued for | hr. After this total incubation period 
of about 1.5 hr, the worms were quickly washed in 
saline and placed on a glass microscope slide in a 
drop of saline. The worms were observed and photo- 
graphed through an Olympus XTR stereomicroscope, 
using u.v. illumination from a Zeiss mercury lamp 
witha type III (u.v.-transmitting) filter. In some exper- 
iments, a higher magnification, and a brighter image, 
were achieved by the use of an Olympus Vanox 
microscope equipped with a mercury light source and 
vertical illumination optics. Excitation was restricted 
to the u.v. region by a UGI filter, while a barrier 
interference filter permitted only fluorescence in the 
yellow-green region to be observed and _ photo- 
graphed. 

To provide quantitative measurements of the 
amount of fluorescent material absorbed by the 
worms, DDNS was extracted from DDNS-exposed 
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Fig. 1. Structure of DDNS and of DNS-chol. 


worms into an organic solvent. For each measure- 
ment, 15 worm pairs were incubated with DDNS as 
described above. After this treatment they were rinsed 
briefly in saline and placed in 1 ml of 5% KOH. After 
10 hr of gentle shaking at 37°, the worms were entirely 
dissolved. The solution was then extracted by shaking 
it vigorously with Sml ether. This procedure was 
repeated four times, the ether extracts were combined, 
and the volume of extract was reduced to 1.5 ml by 
evaporation. Fluorescence measurements were made 
with an Aminco—Bowman spectrophotofluorometer. 
By extracting identical tubes to which were added 
known amounts of DDNS in 5% KOH, it was esti- 
mated that this extraction and assay procedure 
resulted in the recovery of about 94 per cent of the 
DDNS absorbed by the worms. 

Motility measurements. The motor response of S. 
mansoni to drugs was determined by the “microacti- 
vity cage” apparatus, described in detail by us pre- 
viously [11,12]. Worm pairs are incubated in glass- 
bottomed cells which are placed over an array of 
CdSe photocells. The movements of the worms in the 
cells obscure a light beam, and photocells register the 
light intensity fluctuations caused by these move- 
ments. The resultant electronic changes are translated 
into numerical “counts” which are proportional to 
the total amount of movement. Worms are incubated 
in FM. This apparatus allows the performance of four 
simultaneous experiments. After each 2 min of moti- 
lity measurement, new medium (with or without 
added drug) is flushed through the chambers. Data 
are accumulated automatically and are plotted by a 


Fig. 2. Fluorescent labeling by DDNS. An S. mansoni pair was treated for 1 hr with DDNS in Fischer’s 
cell culture medium, and photographed under u.v. light. Only the anterior portions of the worms 
are shown. 
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Fig. 3. Higher magnification view of a DDNS-labeled schistosome. Head of a male S. mansoni is 

shown; width of head is about 250 ym. The worm was treated with DDNS 10~°M; no other stain 

was used. Left: photograph taken using visible bright-field transmitted illumination. Right: reflected- 
light fluorescence illumination, with u.v. excitation and yellow-green emission. 


Wang 700B computer to give a graph of overall 
movement rates and patterns. 


RESULTS 


DDNS has fluorescent properties similar to those 
of DNS-chol [8]. In water, DDNS, when excited at 
344nm, has a fluorescence emission maximum of 
548 nm. DDNS shows a 12-fold increase in fluores- 
cent intensity in ether, and the emission maximum 
shifts to 488nm when measured at the excitation 
maximum (348 nm). DNS-chol is insoluble in ether 
and, therefore, has limited capability as a hydro- 
phobic probe. Both structures are shown in Fig. 1. 

Schistosoma mansoni worm pairs, after 1 hr of incu- 
bation in 10° * M DDNS, reveal a bright, well-defined 
region in the head when viewed under ultraviolet light 
(Fig. 2). This fluorescent labeling includes some 
regions previously known to contain nervous tissue 


[2, 13,14], but does not correspond closely to the 
staining shown in these previous reports. This fact 
is not surprising, since the previous work [2, 13, 14] 
was based on staining for functions other than ACh 
binding (i.e. catecholamines [13, 14] or acetylcholines- 
terase [2]) which would not be expected to have iden- 
tica! localization with ACh binding sites, and since 
our worms are alive at the time of observation, while 
those of previous workers are fixed. The distribution 
of fluorescence in the head of a male worm is shown 
at higher magnification in Fig. 3; a conventional 
bright field photomicrograph of the same preparation 
is also shown for reference. The female head region 
is also clearly outlined by DDNS (Fig. 2), and resem- 
bles the male’s in structure. 

Diffuse fluorescence is seen in the body of the 
worm, especially after prolonged staining periods. 
Many preparations of male worms, such as that in 
Fig. 6, also show a brightly fluorescent structure that 


Fig. 4. Blockage by hycanthone of fluorescent labeling. All worms were treated with DDNS 10°-°M 
for | hr. For 0.Shr prior to, as well as during, DDNS treatment, the worms were also exposed to 
(left to right): 10~*, 10~° and 1077 M, and zero hycanthone. 
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corresponds anatomically to the gut. There is also 
strong DDNS labeling of the body of the female, but, 
unlike the effects mentioned above, this concentration 
of fluorescence appeals to represent non-specific label- 
ing of the vitelline material, since this labeling is not 
prevented by any drugs we have tested. 

DNS-chol also labels the head of the worms [7] 
but this staining is achieved only at concentrations 
about one hundred times greater than the amount 
of DDNS needed to stain the head equivalently. 
DDNS not only allows labeling of the head at much 
lower concentrations than DNS-chol, but the struc- 
ture within the head is clearly seen only with DDNS. 
This improved labeling performance may account for 
the fact, noted earlier [7], that better results were 
achieved with a DNS-chol synthesized in our labora- 
tory than with a commercial sample; it seems prob- 
able that the DNS-chol prepared by us [7] was con- 
taminated with a small amount of DDNS. 

To determine whether the fluorescent labeling was 
specific for ACh-related fluors, we treated schisto- 
somes with dansylated compounds unrelated to ACh. 
Dansyl glycine and sodium dansylate were tested at 
concentrations of |1mM. Both compounds produced 
a small degree of diffuse staining, but there was no 
localization of fluorescence in the head region or else- 
where in the schistosome. It was concluded that the 
choline-like portion of DNS-chol or DDNS was 
essential for the dansyl labeling. 

Hyc effectively blocks the staining of the head of 
the worm by both fluorescent ACh analogs, i.e. 
DNS-cliol and DDNS. Body fluorescence is also 
reduced. Hyc at.10°°M inhibited labeling even by 
10°>M DDNS. Hyc is not fluorescent under these 
conditions and does not directly alter the fluorescent 
properties of dansyl compounds in the spectrophoto- 
fluorometer. Increased dosages of Hyc resulted in de- 
creased fluorescence of the head when the worms 
were treated with equal amounts of DDNS (Fig. 4). 
Partial blockage of 10°° M DDNS labeling is observ- 
able at 10° ° and 10~’ M Hye; this is the approximate 
level of the drug in the bloodstream after a thera- 
peutic dose. 

An experiment was conducted in which schisto- 
some-infected mice were injected i.m. with 80 mg/kg 
of Hyc mesylate. Worms were recovered 5 days later 
and were exposed in vitro to 10°*° M DDNS. These 
worms were compared directly with DDNS-stained 
worms from untreated mice. A distinct reduction in 
fluorescence intensity was seen in the worms from 
the Hyc-treated mice (Fig. 5). 

Several known ACh antagonists were tested (Table 
|) for their effect on DDNS-chol and DNS-chol fluor- 
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Fig. 5. Effect of Hyc treatment in vivo on DDNS labeling. 

Both worms were treated with DDNS 107° M. Left: worm 

taken from untreated mouse. Right: worm from mouse in- 
jected once with 80 mg/kg of Hyc, 5 days previously. 


escent staining of schistosomes. Atropine (ATR) 
10°-*M greatly reduced head brightness (Fig. 6) and 
overall body fluorescence. Atropine at 10~*M had 
a smaller effect. A wide range of potencies was seen 
among the tested drugs. 

Significantly, the relative potencies of these drugs 
as blockers of DDNS fluorescence do not correspond 
to their relative anticholinergic activities in mam- 
malian systems. For example, atropine is a stronger 
anticholinergic than ethopropazine in mammalian gut 
preparations [15], but the reverse order of potency 
is true with schistosomes. This observation suggests 
that significant host-parasite differences in ACh 
receptor specificity may exist. 

The effect of atropine or hycanthone treatment on 
extractable DDNS levels is shown in Table 2. As one 
would expect from the above findings, both drugs 
caused a reduction in the total DDNS content of the 
worms, presumably by occupying some of the DDNS 


Table 1. DDNS-chol staining blocked by acetylcholine-related drugs* 





10-37M 


10°-*M 


10-°M 10°-°M 10°'M 





Physostigmine + 
Scopolamine + 
Carbachol ++ + 
Mecamylamine ++ + 
Atropine ++ + + 
Ethopropazine +++ 
Hycanthone +++ 


+++ 
+++ 


+ 
++ + 
+++ ++ - 





* Key: +, weak, but definite blockage; + +, partial blockage; and + + +, strong blockage. 
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Fig. 6. Blockage by atropine of fluorescent labeling. Treat- 
ment protocol as in Fig. 4. Right: atropine 1073 M. Left: 
control. 


binding sites. However, the relative DDNS contents 
of atropine- or Hyc-treated worms shown in Table 
2 do not correspond to the relative fluorescence of 
the worms, as shown in Figs. 4 and 6. Specifically, 
Hyc, which causes almost a complete abolition of 
fluorescence, causes only a small decrease in total 
schistosome DDNS content. On the other hand, atro- 
pine, a relatively weak fluorescence blocker, causes 
a larger decrease in DDNS content. This finding 
demonstrates that one apparently cannot obtain reli- 
able estimates of worm fluorescence by extracting 
DDNS from worm homogenates. Clearly, the effect 
of anticholinergic drugs on fluorescence can be best 
seen in intact worms. The probable explanation of 
this finding lies in our observation that a non-polar 
environment greatly enhances the fluorescence of 
DDNS. It is likely that DDNS binds to hydrophobic 
receptor sites, resulting in the intense fluorescence 
seen in the photographs. Displacement by Hyc of 
DDNS from these receptors, without exclusion of 
DDNS from the body of the worm, may account for 
the fluorescence-blocking action of Hyc. 
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Motility measurements. Carbachol (CCh), a cholino- 
mimetic agent, causes immediate paralysis of schisto- 
somes at 10~*M [1,11]. This effect is observed even 
in the presence of 1 mM serotonin (5-HT), a powerful 
stimulant of somatic movement. Our laboratory has 
shown that Hyc partially blocks this paralysis of the 
worms by CCh [5], suggesting that these drugs act 
competitively at the same active site. DDNS and 
DNS-chol also partially block the paralytic effects of 
CCh (Fig. 7), also suggesting that these compounds 
bind to the same receptor site as Hyc and CCh. This 
observation was made on two worm pairs, each with 
a control experiment, on each of three independent 
occasions. 


DISCUSSION 


A new fluorescent ACh analog, DDNS, which may 
provide histochemical labeling of ACh _ binding 
sites in S. mansoni, has been identified. DDNS fluores- 
cence is concentrated in the head of the worm. DDNS 
differs chemically from the previously known com- 
pound, DNS-chol, by having increased lipid solubi- 
lity. This difference has a substantial effect on the 
usefulness of the compound, permitting greatly im- 
proved staining with DDNS at much lower concen- 
trations than are required to obtain fluorescence with 
DNS-chol. It is likely that DDNS will prove useful 
as a histochemical tool in animals other than the 
schistosome, although we have not yet explored this 
possibility. Preliminary observations have shown, 
however, that DDNS administered to non-infected 
mice i.p. causes extensive fluorescence of the mouse 
brain tissue, whereas i.p. injections of DNS-chol result 
in negligible brain fluorescence. A possible explana- 
tion is that the highly charged DNS-chol penetrates 
the blood-brain barrier poorly in contrast to DDNS, 
which is more lipid soluble. 

Fluorescent labeling is seen in the anterior portion 
of the schistosome’s head. Other workers have 
reported [2, 13,14,16] that nervous structures are 
present in the head, but in view of the differences 
between their techniques and ours it is not possible 
to be certain of how much overlap exists between 
our labeled structures and theirs. 

The distribution of fluorescence in our preparations 
does not correspond in detail to that shown by these 
previous workers, nor should it be expected to do 
so. In some cases [13, 14], these workers were report- 
ing fluorescence histology of biogenic amines. Nore- 
pinephrine and serotonin would not have the same 
distribution as ACh receptors; in most animals the 


Table 2. Effect of Drugs on extractable DDNS content 





DDNS content 
(ng/worm pair) 


Drug 


DDNS (drug treated) 


DDNS (control) t 


P (t)t 





None (DDNS 107° M alone) 
Hycanthone 107° M 
Atropine 10°*M 


24.4 + 4.9 
213 $5.7 
14.5 + 5.2 


0.055 
0.0064 


0.87 + 0.13 
0.56 + 0.23 





* Mean and standard deviation of six values using worms of different sizes from different host mice. 
+ Ratios calculated from six experiments each using control and drug-treated worms of the same 


size from the same host mouse. 


¢ Probability of t calculated from a t-test of drug treated vs control DDNS levels. 
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Fig. 7. Effects of DDNS on paralysis by carbachol. Chart shows movements recorded/2 min over 

a 4-hr period. Worms were first treated with 10°*M serotonin, then with 3 x 10~°M carbachol 

(CCh) (first arrow) and 10°*M carbachol (second arrow). (A) control. (B) DDNS (10~*M) present 
during CCh period. 


cholinergic, adrenergic and serotoninergic systems 
have different localizations. 

Other previous work [2,16] is based on staining 
for acetylcholinesterase, an enzyme known to be pres- 
ent in axons as well as in nerve endings; therefore, 
the distribution of staining for this enzyme might be 
different from labeling of acetylcholine receptors and 
binding sites, although some overlap would be 
expected. Staining for acetylcholinesterase would, 
therefore, be expected to delineate nerve tracts as well 
as regions containing many nerve junctions. DDNS, 
on the other hand, would not be expected to label 
conducting fiber tracts, but would label any tissue 
receiving cholinergic innervation. One would expect 
the gut and the head region to be labeled, as appears 
to be the case. 

Another factor of possible importance is that our 
preparations are alive and moving at the time they 
are photographed, while those of other workers 
[2, 13, 14, 16] are fixed. It is not known to what extent 
the tissue fixation and staining procedures used by 
these workers may affect the appearance of the ner- 
vous structures within the worm. 

The fluorescent structures in the head may include 
not only neural but also effector tissues, such as 
muscles or secretory tissue, and therefore may not 
be identical with the head ganglion reported by 
others. It is known, for example [17], that the “eso- 
phageal gland” of the schistosome, which may be 
within, the DDNS-labeled region, contains what 
appears to be a nerve network. More refined micro- 
scopic procedures are presently being employed to 
determine the identity of the fluorescent structures. 
This information, when it becomes available, may 
assist greatly in understanding the physiological 
mechanisms by which a blockage by Hyc results in 
harmful effects on the parasites. 

It was established by other workers [8,9] that 
DNS-chol has binding affinity for ACh receptors from 
vertebrate tissues. Consistent evidence was obtained 
in schistosomes [7] by demonstrating that the fluores- 
cent staining is blocked by atropine and that dansy- 
lated compounds unrelated to ACh do not have stain- 


ing properties similar to DNS-chol. This pharmacolo- 
gic specificity is also demonstrated by DDNS, a close 
structural analog of DNS-chol. The idea that these 
fluorescent compounds bind at ACh synapses was 
further examined by recording their effects on schisto- 
some motor activity. These compounds partially 
blocked the paralytic action of carbachol, a further 
indication that they bind to ACh receptors. 

While this evidence suggests that DDNS binds at 
postsynaptic ACh receptors, it by no means rules out 
the possibility that DDNS also binds at other ACh 
binding sites. Cholinergic synapses presumably con- 
tain several types of proteins with ACh-specific bind- 
ing sites, having various functions such as transport 
or storage of ACh; DNS-chol and DDNS may label 
some of these macromolecules as well as the ACh 
receptor proteins of the postsynaptic membrane. 
Future studies of the subcellular distribution of 
DDNS labeling, and of the binding of DDNS to puri- 
fied proteins from cholinergic synapses, may help to 
identify the biochemical sites of labeling. 

Recent reports from our laboratory [5,6] have sug- 
gested, on the basis of motility experiments, that Hyc 
is an ACh blocker in schistosomes. The present report 
provides further support for this theory, resting on 
evidence entirely different from the effects on motor 
activity. The experiment shown in Fig. 4 shows that 
Hyc prevents DDNS from labeling the worms, pre- 
sumably by blocking ACh binding sites. 

Investigators in our laboratory, who have had the 
opportunity to observe many hundreds of labeled 
worms, could easily distinguish between the fluores- 
cent characteristics of the four worms in Fig. 4. How- 
ever, less experienced observers may have difficulty 
in making such distinctions, particularly from a 
photographic reproduction; and of course accurate 
quantitation is not possible by eye. Therefore, we 
have recently established a system for making reliable 
fluorometric measurements from the head region or 
body of a male schistosome. This system, which con- 
sists of a photomultiplier photometer fitted to our 
stereomicroscope, will be described fully in a publica- 
tion planned for the near future. Initial results with 
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this new apparatus fully confirm our interpretation 
of Fig. 4 as a graded response to Hyc. Hyc concen- 
trations of 10-7, 10-° and 107° M, used under the 
same experimental protocol as in Fig. 4, produce, re- 
spectively, 17, 42 and 80 per cent reduction (averages 
based on at least eight experiments at each concen- 
tration) in fluorescent intensity of the head of the 
worm. Additional preliminary studies have shown 
that added Hyc can displace DDNS from previously 
labeled worms, causing the fluorescence to disappear 
in less than 5 min. 

Our theory of Hyc action contrasts with that pro- 
posed by other workers [10], who reported that Hyc 
stimulated serotonin uptake by schistosomes. The 
effects reported by these workers are not necessarily 
inconsistent with ours; it is not uncommon for a drug 
to affect more than one neurotransmitter system. 
However, we have reported recently [18] the inability 
to reproduce the findings of elevated 5-HT uptake; 
no effect of Hyc on 5-HT uptake or levels could be 
seen. At present, therefore, an action at the ACh 
receptors of schistosomes seems to constitute the 
most plausible hypothesis for the mechanism of 
action of hycanthone. 

The present situation illustrates a classical problem 
in pharmacology—that of demonstrating that a drug 
effect in vitro is causally related to the therapeutic 
efficacy of that drug. In order to establish such a fact 
unequivocally, more information is required than is 
currently available. At present, therefore, we may only 
state that Hyc has anticholinergic activity in schisto- 
somes, and that this activity may be involved in its 
therapeutic action. Our laboratory is presently 
attempting to design further tests of this hypothesis. 
While the therapeutic efficacy of Hyc seems certain, 
a variety of adverse effects have been reported in 
laboratory animals, although some of these have not 
been confirmed in studies of human populations 
treated with Hyc. This debate has been summarized 
recently [5]. In view of this situation, it would cer- 
tainly be desirable to develop new drugs with efficacy 
similar to that of Hyc but with less toxicity. The 
rational design and identification of such drugs are 
possible only if it is understood at what site within 
the schistosome Hyc acts. 

One means of challenging the above-stated hypoth- 
esis is to ask whether it can predict the actions of 
other drugs. The data in Table | show that ethopro- 
pazine, a phenothiazine strikingly resembling Hyc, 
has Hyc-like action in the fluorescence test. Prelimi- 
nary results (G. R. Hillman and W. B. Gibler, manu- 
script in preparation) show that ethopropazine, 
administered to infected mice, causes both a hepatic 
shift of the worms and a reduction in egg count. Pur- 
suit of this theory has, therefore, resulted in the identi- 
fication of a drug with previously unrecognized anti- 
schistosomal activity. 

The low potency of atropine as an anticholinergic 
agent in the DDNS system and in other schistosomal 
systems may be a particularly significant aspect of 
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this work, since atropine is a very potent anticholiner- 
gic in mammals. Hillman and Senft [5] have reported 
that Hyc has no detectable antimuscarinic activity in 
mammalian preparations. These observations suggest 
the hypothesis that schistosomal ACh receptors have 
significantly different binding properties from their 
mammalian counterparts. While a broad variety of 
mammalian nicotinic and muscarinic agents are 
known which have no effect on schistosomes, it is 
possible that Hyc is the first agent to be identified 
having selective activity in schistosomes but not 
mammals. If this theory proves to be correct, it may 
provide the rationale for the development of che- 
motherapeutic agents, not only for schistosomiasis, 
but for infections by other parasitic helminths as well. 
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SHORT COMMUNICATIONS 


Inhibition of phenylethanolamine-N-methyltransferase by 
human cerebrospinal fluid—a sodium chloride effect 


(Received 24 November 1975; accepted 30 April 1976) 


One of the current radiochemical methods for measuring 
dopamine-beta-hydroxylase (DBH) activity is the coupled 
enzymatic assay described by Molinoff et al. [1]. This pro- 
cedure utilizes tyramine as substrate and involves the enzy- 
matic beta-hydroxylation of tyramine to form octopamine 
(DBH step). The octopamine formed by the DBH is enzy- 
matically N-methylated to radioactive N-methyl octopa- 
mine (synephrine) by phenylethanolamine-N-methy] trans- 
ferase (PNMT) by the transfer of a labeled methyl group 
from S-adenosylmethionine (SAM). To quantify the octo- 
pamine formed during the DBH step, standard curves are 
constructed by the addition of variable amounts of octopa- 
mine to the entire reaction mixture, and the formation of 
radioactive synephrine is determined. 

While performing assays of human cerebrospinal fluid 
DBH activity [2], it was observed that at the octopamine 
(0.08 to 0.64 uM) and SAM (1 uM) concentrations usually 
employed, there was a 50-60 per cent inhibition of the 
PNMT step by the cerebrospinal fluid (CSF), when com- 
pared with the activity obtained when the CSF was re- 
placed either by distilled H,O or 5mM Tris-HCl, pH 7.4 
(Table 1). The degree of inhibition produced by the CSF 
did not vary from patient to patient (n = 4). 

To determine if the inhibitor(s) was generated during 
the DBH step and to characterize the nature of the inhibi- 


tion, the activity of PNMT was assayed separately, main- 
taining the same ratios of enzyme (PNMT), substrates and 
CSF employed in the full DBH assay. 

Bovine adrenal PNMT was purified by differential cen- 
trifugation, ammonium sulfate precipitation and gel filt- 
ration through Sephadex G-200 [1]. A typical reaction 
mixture contained 1.0 yl of enzyme preparation (34.0 ug 
protein); 18.8 yl of 1M Tris-HCl buffer, pH 8.6; 0.2 yl 
[°H]-methyl-SAM (New England Nuclear Corp.; sp. act. 
12.6 Ci/m-mole; 0.1 wCi/assay); 101 of nonradioactive 
SAM dissolved in distilled HO (final SAM concentration 
ranged from 1 to 47.4uM); and 4041 of either 5mM 
Tris-HCl, pH 7.4, distilled HO or CSF. The reaction was 
initiated by addition of 10 yl of the substrate, octopamine 
(final concentration ranged from 0.08 to 320M). After 
20 min of incubation at 37°, the reaction was stopped with 
0.1 ml of 0.5 M borate buffer, pH 10, and the [*H]syneph- 
rine was extracted in a mixture of toluene—isoamylalcohol 
(3:2, v/v). After drying the samples at 80°, the residue was 
dissolved in 7.5 ml of a mixture containing 1000 ml toluene, 
150 ml methanol and 5 g of 2,5-diphenyloxazole (PPO) and 
counted by liquid scintillation spectrometry. Blank values 
were obtained by omitting the substrate from the incuba- 
tion mixture. 

As can be seen in Fig. 1A, the omission of the DBH 


Table 1. Effect of human CSF on the PNMT step of the DBH assay* 





Internal standards 
octopamine 
(pmoles) 


Activity minus blank 


% Inhibition 


(cpm) by CSF 





6.25 

6.25 
12.5 
12.5 


H,O+ 
CSF 
CSF 


12,902 + 1,165 


6,465 + 702 


x 
2,383 + 191 63.2 + 5.1 


2+42 
5.134 + 625 59.2 $ 4.2 


H,OF 
CSF 


25.0 
25.0 


20,925 + 1,468 


8.895 + 973 36.5 + 5.1 





* Aliquots of 40 ul CSF or distilled H,O were used for each assay and incubated at 37 
in a reaction mixture containing 4 yl of 1M sodium acetate, pH 5.0; 51 of 0.5M sodium 
fumarate; 2 ul of 12mM pargyline; 0.4 ul catalase (Boehringer) containing 8 ug enzyme (1500 
units); 2 ul of 30mM tyramine; 3 ul of 113mM sodium ascorbate, pH 5.0, and 3.6 ul of H,O. 
After 2hr of incubation, the pH of the reaction mixture was raised by adding to each tube 
20 ul of a solution containing 17.2 ul of 1M Tris-HCl buffer, pH 8.6; 1 yl of purified bovine 
adrenal phenylethanolamine-N-methyl transferase (PNMT); 1.5 l of H,O and 0.3 ul [7H ]methyl- 
S-adenosylmethionine ([7H]SAM;; sp. act.: 5.35 Ci/m-mole; final concentration: 1 uM). A total 
of 100 nCi [7H]SAM was used per assay. The octopamine concentrations employed were 0.08, 
0.16 and 0.32 uM. Forty-five min later, the PNMT reaction was stopped by the addition of 
0.1 ml of 0.5 M borate buffer, pH 10. The labeled synephrine was extracted into 1.5 ml toluene- 
isoamylalcohol (3:2, v/v). After centrifugation at 1000g for 10min, 1 ml of the organic phase 
was transferred to a counting vial, and the samples were dried overnight in a chromatography 
oven at 80°. After it was dried, the residue was dissolved in 7.5 ml of a mixture containing 
1000 ml toluene, 150 ml methanol and 5 g PPO and counted in a scintillation counter. To prevent 
the formation of octopamine during the DBH step, the CSF samples were maintained at 2 
before the addition of the PNMT. Assays where the CSF was replaced either by distilled H,O 
or 5mM Tris-HCl were also incubated at 2° during the DBH step. Blanks averaged 
970 + 93 cpm. 

+ Similar results were obtained when distilled H,O was replaced by 5mM Tris-HCl, pH 7.4. 
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step did not modify the CSF inhibition of PNMT. These 
results suggested that the inhibitor(s) is a pre-existing spe- 
cies in the CSF and it is not generated during the incuba- 
tion of the DBH step. 

Dilution of the CSF with distilled H,O (1:2, v/v) 
resulted in a proportional reduction of the inhibition (Fig. 
1A). Furthermore, the inhibitor(s) was not destroyed by 
heating the CSF at 95° for 10min, but it was removed 
by dialyzing the CSF against either distilled H,O or 5mM 
Tris-HCl, pH 7.4 (Fig. 1A). Storage of the CSF samples 
at —4 or at 2° for 2448hr failed to modify the 
CSF-PNMT inhibitory effect. 

The substrate-velocity relationships for PNMT are 
shown in Fig. 1B. The apparent K,, for octopamine was 
7.5 uM. Employing octopamine as the variable substrate 
and SAM at a fixed concentration (47.4 4M), an inhibition 
of the enzyme activity was observed at high octopamine 
concentrations, as previously described [3]. Under the 
same experimental conditions, an inhibition of PNMT 
activity was obtained in the presence of the CSF (Fig. 1B). 
This inhibition was reversed when high octopamine con- 
centrations were employed (Fig. 1B). In another set of ex- 
periments (n = 3) in which SAM was the variable substrate 
(4.7 to 47.4 uM) and octopamine was held at a fixed satu- 
rating concentration (32 1M), the CSF failed to modify the 
activity of PNMT. 

The thermal stability and the readily dialyzable nature 
of the inhibitor(s) suggested that the effects of the CSF 
on PNMT activity could be mediated by ions. Due to 
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Fig. 1. Inhibition of PNMT activity by human CSF. (A) 
Effects of dilution, temperature, dialysis and addition of 
NaCl. Assays were performed as described in the text. 
PNMT activity was measured in the presence of distilled 
H,0 (1), 5mM Tris-HCl (11), CSF (IID), CSF diluted 1:2 
(v/v) with distilled H,C (IV), CSF heated at 95° for 10 min 
(V), CSF after dialysis against 5mM Tris-HCl, pH 7.4 (VD), 
CSF after dialysis against 5mM Tris-HCl, pH 7.4, contain- 
ing 150mM NaCl (VII), and H,O or 5mM Tris-HCl, 
pH 7.4, containing 150mM NaCl (VIII). The concen- 
trations of octopamine and SAM_ employed were 
1.6 x 10°’M and 1.0uM respectively. (B) Lineweaver- 
Burk plot plot of the effects of human CSF on bovine 
adrenal PNMT. SAM concentration: 47.4M. Key: (@) 

distilled H,O; and (0) CSF. 
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the high concentration of NaCl in the CSF (150 mM), ex- 
periments were carried out in which the CSF was dialyzed 
against 5mM Tris-HCl with and without 150mM NaCl. 
As can be seen in Fig. 1A, the addition of NaCl to the 
dialysis solution restored the inhibitory effect of the CSF 
on the PNMT reaction. 

Moreover, when NaCl was added to the reaction mix- 
ture (75 mM final concentration), the degree of PNMT in- 
hibition was found to be similar to that produced by the 
CSF (Fig. 1A). More recently it has been demonstrated 
that the kinetics of inhibition of PNMT activity by NaCl 
is similar to that obtained with the CSF (L. Cubeddu X. 
and M. Gimenez, manuscript submitted for publication). 
These results indicate that the inhibition of PNMT activity 
is mediated by the high NaCl concentration present in 
the CSF. 

The high NaCl content of the extracellular fluid reduces 
the sensitivity of the coupled enzymatic assay for deter- 
minations of DBH activity, particularly when the low enzy- 
matic activity makes it mandatory to work with undiluted 
samples and the amount of octopamine formed is very 
small, as in the case of the human CSF [2]. A similar 
problem arises for determinations of the nerve stimulation 
mediated release of DBH activity in preparations perfused 
by or incubated in solutions with a high NaCl content 
(Krebs-Ringer bicarbonate or Krebs-Ringer phosphate) 
[4-6]. Many of the assays which ultimately utilize a SAM- 
dependent N-methylase to measure endogenous biogenic 
amines levels [7] or enzyme activity [1] do so at substrate 
concentrations well below saturation [3-5]. In all these 
cases, the concentrations of the N-methyl acceptor sub- 
strate were one order of magnitude lower than its apparent 
K,, (7.5 4M present study). Therefore, unusual salt, pH, 
and other effects not observed with isolated purified 
enzyme experiments at high levels of substrate(s) should 
be considered as likely possibilities when using those 
assays. 
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The influence of selenium on binding of inorganic mercury by 
metallothionein in the kidney and liver of the rat* 


(Received 20 January 1976; accepted 29 March 1976) 


Inorganic mercury, administered to rats in a single dose 
[1-5] or by repeated injections [6,7] is bound in the kid- 
neys, partly also in the liver, by metallothionein-like pro- 
teins. The latter are assumed to play a protective role in 
intoxication by inorganic mercury. On the other hand, 
recent reports point to a pronounced protective effect of 
selenium [8-11]. This element does not stimulate the syn- 
thesis of metallothionein [12]; its mechanism of action 
seems therefore entirely different. 

Chen et al.[10] applying a single dose of ?°°HgCl, 
found that in the Se-pretreated rats, mercury did not ac- 
cumulate efficiently in the kidneys. Changes in relative dis- 
tribution of 7?°°Hg among subcellular fractions as well as 
among proteins of the soluble fraction suggested a 
diminished role of metallothionein in binding mercury in 
the presence of selenium. 

Binding of mercury by metallothionein is especially 
effective in case of repeated administration of Hg [6, 7]. 
The aim of this report was therefore to check whether 
the observations of Chen et al. [10] would be reproducible 
under conditions of repeated exposure. Techniques of the 
experiments continues our earlier line [6, 7]. 

The experiment was performed on female rats of the 
Wistar strain, body wt 170-200 g, fed standard LSM diet. 
The animals were administered (to the tail-vein) mercuric 
chloride, labelled 7°2Hg, in doses of 0.5 mg Hg/kg body 
wt, every other day over two weeks. Activity of 7°°Hg 
was 40 wCi per dose. Selenium was supplied per os in a 
daily dose .of 0.5 mg Se/kg, as sodium selenite. A control 
group was administered solely with mercury. The animals 
were sacrificed under ether narcosis, kidneys and liver were 
removed for analysis. The organs were homogenized in 
0.25M_ sucrose, the homogenate was centrifuged at 
3500 rpm, for 10 min and the supernatant was further ana- 
lysed by chromatography. 

Determination of 7°°Hg was performed by routine 
gamma counting in a scintillation counter USB-2. The pro- 
tein content was determined by the method of Lowry et 
al. [13]. The supernatant was analyzed by column chroma- 
tography on Sephadex G-75 gel. Columns were calibrated 
with Dextran Blue and Cytochrome c; 0.1.M _ formate 
buffer, pH 8-0 was used as eluent. 

Figure 1 shows that selenium administered simul- 
taneously witn mercury caused an essential redistribution 
of mercury in the organs. Whereas mercury administered 
alone was deposited mainly in the kidneys (42 per cent) 
and only about 7 per cent was found in the liver, simul- 
taneous administration of selenium resulted in reversed 
proportions: 33 per cent of the dose in the liver, with only 
8 per cent in kidneys. 

The supernatant of the kidneys contained on average 
80 per cent and, that of the liver 63 per cent of mercury 
present in the homogenate. In animals treated simul- 
taneously with selenium, these figures were reduced to 62 
and 39 per cent, respectively. 





*This work was supported by the Polish-American 
agreement No 05-009-2 with National Institute for Occu- 
pational Safety and Health, PHS, U.S.A. 


When administered alone, mercury was bound mainly 
to the kidneys, and in the liver to an essential degree, with 
metallothionein-like proteins (Fig. 2a, c) as already 
reported [7]. In the presence of selenium (Fig. 2b, d) the 
latter fraction could not be detected and the entire amount 
of mercury was bound with high mol. wt. proteins. 

In general, our observations confirm those of Chen et 
al. obtained for single exposure to mercury. From both 
of these reports it follows that selenium does not cooperate 
with the previously-described protective system of metal- 
lothionein-like proteins. Moreover, in case of inorganic 
mercury the role of metallothionein in binding of this 
metal is almost eliminated by selenium. The mechanism 
of the above phenomenon may involve formation of a high 
mol. wt Se-protein with exceptionally strong binding 
affinity for mercury, as suggested previously[14]. The 
mechanism of the above phenomenon remains to be 
explained. 
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Fig. 1. The levels of mercury, (per cent of the cumulative 
dose) in the kidneys and liver of rats in the course of pro- 
longed exposure to mercury alone and to mercury and 





selenite administered simultaneously. Six female rats 

weighing about 200 g were used in two series and measure- 

ments in each series were made jointly; values for both 
series are marked on the diagram. 
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Fig. 2. The chromatography of the tissue supernatants: (a) upper level, kidneys of rats exposed to 

HgCl,;(b) HgCl, and Na,SeO,; (c) lower level, liver of rats exposed to HgCl,; (d) HgCl, and Na,SeQ3. 

Conditions: Sephadex G-75, column 1.9 x 63cm, ammonium formate buffer, pH 8.1, ionic strength . 
0.1 M, flow rate about | ml/min.; fractions 5 ml each were collected. 
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Alterations of cerebral protein kinase activity following ethanol administration 


(Received 2 June 1976; accepted 23 June 1976) 


Aithough it has been shown that ethanol induces various 
biochemical changes in the central nervous system 
(CNS) [1,2], exact biochemical mechanisms underlying 
known effects of this agent on the CNS remain to be eluci- 
dated. In previous reports [3-5], we have shown that con- 
tinuous oral administration of ethanol induces an increase 
of the content of adenosine cyclic 3’,5’-monophosphate 
(cyclic AMP) as well as the formation of cyclic AMP via 
the activation of adenylate cyclase (E.C. 4.6.1.1) in the 
mouse cerebral cortex. In addition it was also found that 
stimulatory effects of added biogenic amines on the forma- 
tion of cyclic AMP in cerebral cortical slices are reduced 
significantly in these ethanol treated animals [3]. On the 
other hand, it seems well established that cyclic AMP- 
dependent protein kinase (E.C. 2.7.1.37), which is specifi- 
cally stimulated by low concentrations of cyclic AMP, may 
have an important role in the regulation of brain functions, 
possibly by phosphorylating of neuronal membranes [6]. 
These facts suggest that the increased cerebral metabolism 
of cyclic AMP found in animals treated continuously with 
ethanol may be coupled with the increase of cyclic AMP- 
dependent protein kinase activity. 

In this paper we describe effects of acute and continuous 
oral administrations of ethanol on cyclic AMP-dependent 
protein kinase activity in the mouse cerebral cortex. 

Swiss albino male mice weighing 25-35 g were used in 
all experiments. For examining the effect of acute administ- 
ration of ethanol (4 g/kg of body wt), 20% (w/v) solution 
of ethanol in physiological saline was administered intra- 
peritoneally (i.p.) and animals were sacrificed 60 min after 
the injection. Control animals received an equivalent 
amount of physiological saline and were handled exactly 
the same as ethanol-treated groups. Continuously ethanol- 
treated mice received orally a liquid diet [3-5] containing 
6% ethanol (daily ethanol dose: 18-25 g/kg), while control 
animals were fed with a liquid diet containing sucrose iso- 
caloric to ethanol. Subcellular fractions from the mouse 
cerebral cortex were prepared according to the procedure 
of Gray and Whittaker [7]. 

Protein kinase activity was measured according to the 
radiometric method of Miyamoto et al. [8]. The incubation 
medium contained 100 mM sodium acetate buffer (pH 6.0), 


1mM magnesium acetate, 10mM sodium fluoride, 2mM 
theophylline, 0.3mM EGTA, 0.5 mg histone (Sigma Type 
II-A), 5 uM [y-3?P]-ATP (S.A. 0.4 Ci/m-mole) and enzyme 
preparation (15-30 ug of particulate proteins). Reaction 
was carried out in the presence or absence of 10~° M cyclic 
AMP at 30° for 60sec. The reaction was terminated by 
the addition of 2 ml of the solution containing 5% (w/v) 
trichloroacetic acid, 0.25%, phosphotungstic acid and 
0.06 N sulfuric acid. After adding 0.1 ml of 0.68% (w/v) 
bovine serum albumin to promote the precipitation, the 
tubes were centrifuged. After two washings of the pellet, 
by dissolving in 0.1 ml of 1 N NaOH and reprecipitating 
by the addition of 2 ml of the solution used for the ter- 
mination of the reaction, the precipitate was finally dis- 
solved in 0.1 ml of 1 N NaOH. Each sample was placed 
in 15 ml of scintillator (consisting of 500 ml of toluene, 
500ml of ethyleneglycol monoethyl ether, 4g of 
2,5-diphenyloxazol and 0.2 g of 1-4-bis-2 (5-phenyloxazoly]) 
benzene), and the radioactivity was measured using a 
Packard Tri-Carb liquid scintillation spectrometer, model 
3390. The activity of cyclic AMP-dependent protein kinase 
was expressed as pmoles of **P incorporated into histone 
(calculated by the difference between the rate of phosphor- 
ylation in the presence and absence of cyclic AMP)/mg 
protein/min. Protein content was determined by the 
method of Lowry et al. [9]. 

Table 1 shows protein kinase activity in crude mitochon- 
drial (P,) and microsomal (P3) fractions of the cerebral 
cortex measured at 60min after the administration of a 
single dose of ethanol (4 g/kg, ip.) or saline. Both basal 
and cyclic AMP-dependent activities of the enzyme in 
these fractions were not significantly altered by the treat- 
ment with ethanol. Similarly, in vitro addition of ethanol 
to the assay medium up to 2.5%, which is approximately 
7-8 times higher than the blood levels of ethanol found 
in acutely treated animals, failed to modify the enzyme 
activity, although 5 and 10% ethanol showed a significant 
inhibition of cyclic AMP-dependent protein kinase activity. 

In contrast with the data obtained in acute experiments, 
continuous oral administrations of ethanol for 2 weeks 
showed a tendency to increase the basal and cyclic AMP- 
dependent activities of protein kinase in both P, and P, 


Table 1. Effect of acute administration of ethanol (4 g/kg, i.p.) on protein kinase activity 
in subcellular fractions of mouse cerebral cortex 





Protein kinase activity* 
(pmoles/mg protein/min + S.E.M.) 


Control 


Fraction Basalt 


cAMP-dependentt 


Ethanol-treated 


Basalt cAMP-dependentt 





P, 1300 + 438 


P, 1626 + 473 464 + 97 


627 + 300 


1196 + 267 
2272 + 345 


640 + 343 
983 + 301 





* Each value represents mean + S.E.M. obtained from 4-5 separate experiments. 
+ Expressed as pmoles of 3*P incorporated into histone/mg protein/min in the absence 


of added cyclic AMP. 


t Calculated by the difference of pmoles of **P incorporated into histone in the presence 


and absence of added cyclic AMP. 
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Table 2. Effect of continuous oral administration of ethanol (2 weeks) on protein kinase 
activity in subcellular fractions of mouse cerebral cortex 





Protein kinase activity* 
(pmoles/mg protein/min + S.E.M.) 


Control 


Fraction Basalt 


cAMP-dependentt 


Ethanol treated 


Basalt cAMP-dependentt 





P, 2173 + 311 
P; 3146 + 405 


447 + 126 
771 + 370 


3015 + 557 
3739 + 680 


751 + 185 
1608 + 559 





* Each value represents mean + S.E.M. obtained from 4-6 separate experiments. For t 


and f, see the footnote of Table 1. 


fractions, but these changes were not statistically signifi- 
cant (Table 2). Slight increase of the basal activity found 
in ethanol-treated groups may be explicable by the fact 
that cyclic AMP content as well as the activity of adenylate 
cyclase in the brain is increased in these animals [4]. By 
subfractionating the P, fraction we have found, however, 
a significant increase of the synaptosomal activity of cyclic 
AMP-dependent protein kinase in continuously ethanol 
treated animals (Fig. 1). This increase found in synapto- 
somes was returned to the normal range of the enzyme 
activity at 7 days after the removal of ethanol from the 
diet. 

Concerning the role of cyclic AMP-dependent protein 
kinase in nervous systems, Greengard et al. [10] proposed 
‘such a hypothesis that the stimulated protein kinase may 
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Fig. 1. Effects of continuous oral administration and with- 
drawal of ethanol on protein kinase activity in submito- 
chondrial fractions from mouse cerebral cortex. Ethanol 
(18-25 g/kg/day) was administered by a liquid diet method 
(see text for details) for 2 weeks. The activity in ethanol 
withdrawal groups was measured 7 days after the termina- 
tion of ethanol administration. Control groups received a 
liquid diet containing sucrose isocaloric to ethanol for 2 
weeks. Each value represents mean + S.E.M. obtained 
from 4-6 separate experiments. * Differs from the control, 
P < 0.02. 


cause a change in the ionic permeability of neuronal mem- 
branes by phosphorylating of specific membraneous pro- 
teins. If this is the case, the observed increase in synaptoso- 
mal protein kinase activity following a continuous 
administration of ethanol may cause alterations in the 
functions of synapses by changing the state of phosphory- 
lation and ionic permeability of synaptic membranes. Pres- 
ent results suggest such a change may involve in the forma- 
tion and/or maintenance of ethanol dependence. Studies 
for clarifying biochemical mechanisms underlying the acti- 
vation of adenylate cyclase [4, 5] and protein kinase activi- 
ties following continuous administrations of ethanol are 
under way in our laboratory. 
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Cerebellar cGMP levels reduced by morphine and 
pentobarbital on a dose- and time-dependent basis 


(Received 27 February 1976; accepted 30 April 1976) 


The role of 3’,5’-cyclic guanosine monophosphate (cGMP) 
in cerebellar function is unknown, although the presence 
of a specific, high affinity cGMP binding protein in rat 
cerebellum [1], a distinct cGMP-dependent protein kinase 
in bovine cerebellum [2], and the relatively high cGMP 
concentration in rat cerebellum [3] emphasize the possibi- 
lity that cGMP may have an important function in the 
regulation of cerebellar activity. 3’,5’-Cyclic adenosine 
monophosphate (cAMP) is present in cerebellum and its 
levels can be altered by a variety of drugs in vivo [4] and 
by putative neurotransmitters in cerebellar slices [5]. How- 
ever, selective and independent changes in cerebellar 
cGMP levels can be achieved by administration of harma- 
line or diazepam [6], glutamic acid, picrotoxin [7] and 
genetic mutation [8]. Our study has dealt with and com- 
pared the effects of morphine and pentobarbital on cGMP 
levels in rat cerebellum, demonstrating a dramatic depres- 
sion of cGMP by morphine and confirming and extending 
related work on pentobarbital effects on cerebellar cGMP 
levels [4]. 

Naive animals (male Sprague-Dawley rats weighing 
150 g) were injected (i.p.) with either morphine or pento- 
barbital, in varying dosages, and sacrificed 15 min post- 
injection by exposing the head to focused microwave irra- 
diation (1.3 kW, 4.0-sec exposure) which inactivated brain 


enzymes and prevented post-mortem changes in cyclic nu- 
cleotide levels (microwave source was a Litton Menumas- 
ter oven modified by Medical Engineering Consultants, 
Lexington, Mass., model 70/50). CGMP was extracted from 
the cerebellum [9] and the quantity measured with a com- 
petitive protein binding assay [10]. Figures 1 and 2 display 
the dose/response curves relating the morphine and pento- 
barbital dose to cGMP level in the cerebellum. Ataxia and 
catatonia were pronounced 15 min after injection in rats 
treated with 45 mg/kg of morphine or 12.5 mg/kg of pento- 
barbital, dosages which depressed cerebellar cGMP con- 
tent to 29 and 38 per cent of control levels respectively. 
Figure 3 presents time course studies on the cGMP-depres- 
sant effects of morphine and of pentobarbital. 

A second group of rats was made tolerant to morphine 
through twice-daily injections of 60 mg/kg of morphine for 
10 days. Using a noxious heat stimulus (hot plate tech- 
nique) [12,13], rats chronically treated with morphine 
were defined as tolerant when they responded as quickly 
as controls to the stimulus [12,13]. Rats acutely treated 
with morphine responded much more slowly to the stimu- 
lus, and as tolerance to morphine was acquired over the 
10-day schedule, response time decreased until it equaled 
that of the controls. As shown in Fig. 4, the cGMP content 
of cerebella from tolerant rats challenged with 45 mg/kg 
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Fig. 1. Morphine dose/response curve: dose-dependent reduction in cerebellar cGMP content. Groups 
of 150-g Sprague-Dawley rats (n = 7, means + S. E.) were injected with varying amounts of morphine 
sulfate (i.p.) and euthanatized 15 min later by focused microwave irradiation of the head (1.3 kW power 
density, 4.0-sec exposure). Cerebella were removed and their cGMP content assayed as previously 
described [9, 10]. Cerebellar protein content was measured with the method of Lowry ef al. [11] 


and the level of cGMP in each cerebellum was 


expressed in pmoles/mg of protein. cGMP values 


were not corrected for recovery during extraction and purification. Asterisks indicate values significantly 
different from control, P < 0.001. 
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Fig. 2. Pentobarbital dose/response curve: dose-dependent reduction in cerebellar cGMP content. 

Groups of 150-g Sprague-Dawley rats (n = 6, means + S. E.) were injected with varying amounts 

of sodium pentobarbital (i.p.) and euthanatized 15 min later. Techniques were identical to those refer- 
enced in Fig. 1. Asterisks indicate values significantly different from control, P < 0.005. 


of morphine was not significantly different from that of 
naive controls. Furthermore, tolerant rats undergoing pre- 
cipitated withdrawal induced by the narcotic antagonist 
naloxone (2.5 mg/kg, i.p.) had cerebellar CGMP levels equal 
to those of morphine-challenged tolerant rats and naive 
controls. This observation is surprising in light of a com- 
pensatory overshoot in cGMP content which might have 
been expected at this time. 

The significance of the changes in cerebellar cGMP 
levels after narcotic or hypnotic drug administration is un- 
known. The location of cGMP within the cytoarchitecture 


of the cerebellum is no definitely known. Although all cere- 
bellar cGMP may not be physically associated with the 
Purkinje cells—the efferent cerebellar cortical cells—and 
could conceivably be associated with cerebellar cortical in- 
terneurons, glia or deep cerebellar nuclei, there is sugges- 
tive evidence for the presence of a large cGMP pool in, 
or functionally associated with, Purkinje cells. The level 
of cGMP is low in infant rat cerebellum, but upon achieve- 
ment of synaptic contact between climbing fibers of the 
inferior olivary nucleus and the Purkinje cells, cGMP 
levels rise to those found in the adult [14]. Mutant mice 
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Fig. 3. Time course studies: time-dependent effects of acute doses of morphine (45 mg/kg) or pentobarbi- 
tal (25 mg/kg) on cerebellar cGMP content. All injections were given intraperitoneally. For morphine 
study, n = 7, means + S. E. M. For pentobarbital study, n = 5, means + S. E. M. Measurement tech- 


niques were as referenced in Fig. 1. 


Asterisks indicate values significantly different from control, 


P < 0.005. Daggers indicate values not significantly different from control, P > 0.20. Key: (@) morphine 
time course; and (O) pentobarbital time course. 
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Fig. 4. Effect of morphine tolerance, and morphine or naloxone challenge in morphine-tolerant rats 
on cerebellar cGMP levels. Rats were made tolerant to morphine as defined and determined by their 
response to minimize a standardized noxious heat stimulus [12,13]. Tolerant animals were defined 
as responding as quickly as animals never treated with morphine. Animals were made tolerant by 
twice-daily injections of morphine sulfate (60 mg/kg, i.p.) for 10 days. A tolerant control group was 
euthanatized by focused microwave irradiation just prior to the final scheduled morphine dose. Tolerant, 
morphine-challenged rats were injected with 45 mg/kg of morphine, i.p., at this time, and tolerant, 
naloxone-withdrawing rats were injected with 2.5 mg/kg of naloxone, i.p., at the same time. Both groups 
were euthanatized 15min later, at which time naloxons-withdrawing rats exhibited the typical 
abstinence syndrome of diarrhea, shaking and hypersensitivity to handling. Techniques identical to 
those referenced in Fig. 1 were used; n = 7, means + S. E. M. for each group. Asterisks indicate 
values not significantly different from naive controls, P > 0.50. 


which have a selective loss of 90 per cent of cerebellar 
Purkinje cells, with an otherwise intact cerebellar cortex, 
similarly have very low levels of cerebellar cGMP but nor- 
mal levels of cAMP [8]. Such mice move with an ataxic 
gait [8]. Current thought points to the possible role of 
cGMP and cAMP as mediators of opposing cellular re- 
sponses induced by hormones and putative neurotrans- 
mitters [15]. cGMP has been suggested as a specific cho- 
linergic mediator in superior cervical ganglion [16] and 
rat cerebellar cortex [17]. cGMP levels were similarly ele- 
vated by acetylcholine in rabbit cerebellar slices [5]. Con- 
sistent with the general hypothesis of cAMP and cGMP 
as opposing cellular regulatory mediators, cAMP and 
cGMP were found to respectively inhibit and excite pyra- 
midal tract neurons in rat cerebral cortex when applied 
microiontophoretically, mimicking, respectively, the 
actions of norepinephrine and acetylcholine [18]. 

However, other work indicates that cAMP and cGMP 
may mediate neuronal responses to putative transmitters 
other than norepinephrine and acetylcholine. For example, 
pharmacologic manipulation of cerebellar levels of gamma- 
amino butyric acid (GABA), and intraventricular injection 
of either GABA or glutamate have been found to respect- 
ively depress and elevate cerebellar cGMP levels [7]. Ion- 
tophoresis of GABA [19] and glutamate [19, 20] onto Pur- 
kinje cells is known to respectively depress and elevate 
simple spike firing rates; iontophoretic experiments with 
cAMP and cGMP, respectively, suggest that these nucleo- 
tides may mediate these putative neurotransmitter effects 
also [19]. 

We have shown that morphine and pentobarbital reduce 
cerebellar cGMP upon acute administration, as well as 
induce ataxia/catatonia. Although the correlation between 
the motor effects of morphine and pentobarbital and 
reduced cerebellar cGMP levels does not prove that 
reduced nucleotide levels are directly responsible for 
altered motor activity, it nonetheless offers a possible bio- 


chemical and pharmacological locus of an altered cerebel- 
lar state of excitability, which may be partly responsible 
for the motor signs incident to narcotic or hypnotic 
administration. 

We are currently studying the enzymatic regulatory basis 
underlying the morphine and_pentobarbital-induced 
depression of cerebellar cGMP levels; however, the mode 
of regulation of cGMP synthesis and degradation is un- 
known. The depression of both evoked [21] and spon- 
taneous [22,23] Purkinje cell activity in barbiturate- 
treated cats has been observed, and it has been suggested 
that these effects are caused in part by the depressant 
action of barbiturates upon the excitatory drive to the Pur- 
kinje cells through hypothesized direct action on the mossy 
fiber-granule cell system of the cerebellum [21, 22]. By ana- 
logy, a similar mechanism of direct depression of cerebellar 
cortical activity, including spontaneous Purkinje cell acti- 
vity, may occur with morphine administration. Also, it has 
been suggested that modification of climbing fiber input 
from the inferior olivary nucleus to the cerebellum is re- 
sponsible for the elevation of cerebellar cGMP upon 
administration of harmaline [6]. Thus, morphine and bar- 
biturates may possibly influence cerebellar cGMP levels 
through this pathway as well. The lack of measurable and 
specific opiate receptor binding in cerebellar homogenates, 
in singular contrast to the presence of such stereospecific 
opiate receptor binding in homogenates of other brain 
areas [24], is evidence against a direct effect by morphine. 
However, a lack of measurable opiate receptors does not 
conclusively rule out a direct effect. A recent study has 
shown that ethanol administration also drastically reduced 
cerebellar cGMP levels [25]. The similarity of morphine, 
barbiturate and alcohol effects on cerebellar cGMP levels 
suggests that these agents act through common 
mechanisms. The absence of morphine receptors in the cer- 
ebellum [24] and the lack of documentation of specific 
ethanol receptors in any part of the brain suggest that 
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these biochemical changes in cerebellum may be secondary 
to changes in input activity from other brain areas. 


Department of Neurobiology, JONATHAN KATZ 

Armed Forces Radiobiology GEORGE N. CATRAVAS 
Research Institute, 

Bethesda, MD. 20014, U.S.A. 


REFERENCES 


. G. Sold and F. Hofman, Eur. J. Biochem. 44, 143 
(1974). 

. Y. Takai, K. Nishiyama, H. Yamamura and Y. Nishi- 
zuka, J. biol. Chem. 250, 4690 (1975). 

. G. C. Palmer and C. R. Duszynski, Eur. J. Pharmac. 
32, 375 (1975). 

. H. Kimura, E. Thomas and F. Murad, Biochim. bio- 
phys. Acta 341, 519 (1974). 

. J. F. Kuo, T. Lee, P. L. Reyes, K. G. Watton, T. E. 
Donnelly, Jr. and P. Greengard, J. biol. Chem. 247, 
16 (1972). 

. C. C. Mao, A. Guidotti and E. Costa, Brain Res. 83, 
516 (1975). 

. C. C. Mao, A. Guidotti and E. Costa, Brain Res. 79, 
510 (1974). 

§. C. C. Mao, A. Guidotti and S. Landis, Brain Res. 90, 
335 (1975). 

. C. C. Mao and A. Guidotti, Analyt. Biochem. 59, 63 
(1970). 


10. V. Dinnendahl, Naunyn-Schmiedebergs Arch. exp. Path. 


Pharmak. 284, 55 (1974). 


. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 


J. Randall, J. biol. Chem. 193, 265 (1951). 


. N. B. Eddy and D. Leimbach, J. Pharmac. exp. Ther. 


107, 385 (1953). 


. T. Johannesson and L. A. Woods, Acta pharmac. tox. 


21, 381 (1964). 


. P. F. Spano, K. Kamakura, S. Govoni and M. Trabuc- 


chi, Pharmac. Res. Commun. 7, 223 (1975). 


. G. B. Kolata, Science, N.Y. 182, 149 (1973). 
. P. Greengard and J. W. Kebabian, Fedn Proc. 33, 1059 


(1974). 


. T. Lee, J. F. Kuo and P. Greengard, Proc. natn. Acad. 


Sci. U.S.A. 69, 3287 (1972). 
. T. W. Stone, D. A. Taylor and F. E. Bloom, Science, 
N.Y. 187, 845 (1975). 


. G. R. Siggins, S. J. Henricksen and S. C. Landis, in 


Neuroscience Abstracts, Vol. 1, p. 378. Society for 
Neuroscience, Bethesda, MD. (1975). 

. T. Chujo, Y. Yamada and C. Yamamoto, Expl Brain 
Res. 23, 293 (1975). 

. M. Gordon, F. J. Rubia and P. Strata, Expl Brain Res. 
17, 50 (1973). 

. J. T. Murphy and N. H. Sabah, Brain Res. 17, 515 
(1970). 


23. A. Latham and D. H. Paul, Brain Res. 25, 212 (1971). 


. M. J. Kuhar, C. B. Pert and S. H. Snyder, Nature, 
Lond. 245, 447 (1973). 


25. J. D. Redos, G. N. Catravas and W. A. Hunt, Science, 


N.Y., in press. 





Biochemical Pharmacology, Vol. 25, pp. 2547-2553. Pergamon Press, 1976. Printed in Great Britain. 


COMMENTARY 


PULMONARY DISPOSITION OF CIRCULATING 
VASOACTIVE HORMONES* 


C. NORMAN GILLIS and JEROME A. ROTHT 


Departments of Anesthesiology and Pharmacology, Yale University School of Medicine, 
New Haven, CT. 06510, U.S.A. 


The lung metabolizes a wide variety of substances 
including environmental pollutants [1], steroid hor- 
mones [2,3] and psychotomimetic drugs [4, 5]. 
Recently, there has been increasing awareness of the 
role played by these processes in regulating systemic 
arterial blood levels of important vasoactive hor- 
mones, including prostaglandins, peptides and bio- 
genic amines [6-12]. Such regulation is achieved by 
uptake and catabolism of substances reaching lung 
via the pulmonary artery (e.g. prostaglandins of the 
E and F series, serotonin and bradykinin) or by de 
novo synthesis within lung (e.g. angiotensin II and 
prostaglandins). In either case, the vasoactive hor- 
mone content of pulmonary venous blood can differ 
greatly from that of the pulmonary arterial inflow. 
There is considerable potential for drug-induced 
modification of these non-ventilatory functions of 
lung; this is strikingly illustrated by considering that 
all medication administered by the intravenous route 
proceeds directly to the lung. Our prime purpose in 
this paper is, therefore, to focus attention on recent 
data concerning inactivation of vasoactive hormones 
by lung and on circumstances in which it is altered. 
It is appropriate first to emphasize that since the 
pulmonary circulation is interposed between the right 
and left heart (and therefore receives the entire car- 
diac output), the total circulating blood volume 
passes through the lungs several times a minute. 
Secondly, within the pulmonary vasculature, blood or 
perfusion medium is exposed to a huge capillary en- 
dothelial surface (70 square meters, or about 750 
square feet, in man [8,9] across which movement of 
vasoactive hormones and their metabolites can occur. 
Thus, the lung circulation can function as a highly 
efficient “biochemical filtration system” and in this 
respect can be as effective as the liver. For example, 
if we assume 30 per cent metabolic degradation of 
compound A in the pulmonary circulation and a car- 
diac output of 5 liters/min, then blood reaching the 
lungs will be cleared of A at a rate of (5 x 0.3) or 
1.5 liters/min. Even if the same substance is totally 
metabolized by liver (with resting blood flow of about 
1.6 liters/min), the clearance is only 1.6 liters/min. 





*Unpublished work referred to in this paper was sup- 
ported by Grants HL-13315, HL-05942, HL-17124 and 
MH-26354 from the U.S. Public Health Service. 

+ Present address: Department of Pharmacology and 
Therapeutics, School of Medicine and Dentistry, State 
University of New York at Buffalo, Buffalo, N.Y. 14214. 


The term removal is used throughout this paper 
to connote a net reduction in concentration of 
vasoactive hormone in lung effluent when compared 
to that in pulmonary arterial inflow. Removal prob- 
ably reflects transport and metabolic inactivation of 
hormone. Inactivation refers exclusively to metabolic 
change(s) resulting in formation of a physiologically 
less active product. 


AMINES 


The biogenic amines, 5-hydroxytryptamine (5-HT) 
and norepinephrine (NE), are removed on passage 
through lungs of all species studied thus far, including 
dog [13-15], cat [15, 16], rat [17-20], guinea pig [21], 
calf [22], pony [22] and rabbit [23]. During a single 
pass through the pulmonary circulation, both com- 
pounds are rapidly and extensively degraded by 
monoamine oxidase (MAO) and, in the case of NE, 
also by catechol-O-methy] transferase, to their corre- 
sponding deaminated and/or O-methylated pro- 
ducts [17—20, 23]. After short periods of perfusion 
with radioactively labeled 5-HT or NE, most of the 
radioactivity found in lung tissue was in the form 
of these metabolites [17, 19, 20]. Recently, pulmonary 
removal of both 5-HT and NE was also demonstrated 
to occur in lungs of anesthetized patients undergoing 
cardiac revascularization [24, 25] as well as in those 
of healthy, conscious subjects [26]. 

For both 5-HT and NE, the rate-limiting step in 
removal appears to be transport into the pulmonary 
vasculature [17—21, 23]. In the absence of degradation 
within lung, equilibrium between entry and exit rates 
would eventually be reached, for neither amine is nor- 
mally bound in lung; net removal would then be zero. 
Since there is substantial net removal of NE and 
5-HT, it must, therefore, reflect, primarily, metabolic 
degradation of both substances in the pulmonary vas- 
cular bed. The rapid appearance of deaminated meta- 
bolites in effluent from lungs perfused in vitro with 
5-HT or NE suggests that uptake and inactivation 
of circulating amines likely occur at or near the vas- 
cular surface. The primary morphologic sites for 
removal of both NE and 5-HT are capillary and small 
vessel endothelial cells [17, 20,27, 28]. Detection of 
accumulated amines in these cells by fluorescence his- 
tochemistry [28] or autoradiography [17, 20,27] is 
possible only when NE or 5-HT is perfused along 
with inhibitors of their intrapulmonary metabolism. 
Therefore, it is likely that the enzymes responsible 


2547 


B.P. 25/23—a 





2548 


for 5-HT and NE inactivation are probably also as- 
sociated with these cells. Histochemical studies have 
previously suggested the presence of monoamine oxi- 
dase in pulmonary endothelium [29]. 

Transport of 5-HT and NE is, at least in part, 
energy and sodium dependent. Removal of both 
amines is greatly reduced when lungs are perfused 
under hypothermic conditions (6°) [19, 20, 28]. Remo- 
val of 5-HT and NE is saturable at 37°, but is linearly 
related to amine concentration when perfusion is car- 
ried out at 6 [19, 20, 28]. Apparent K,, values for the 
saturable components of NE and 5-HT transport are 
between 1 and 2 wM[30]. Similar values were 
reported [17, 19, 20,28] even when the passive (i.e. 
temperature-insensitive) component for removal is in- 
cluded in the calculations. A detailed kinetic analysis 
of the overall removal process for 5-HT and NE in 
rabbit lung is available [30]. 

Pulmonary removal of both 5-HT and NE is also 
diminished by many drugs [10,31], including oua- 
bain [19, 20,28] and by low sodium or high potas- 
sium [19,20] in the perfusion medium. Anoxia 
slightly reduces removal of both amines [19, 28] 
whereas iodoacetate, an inhibitor of the Na*-K*- 
dependent ATPase, significantly reduces NE remo- 
val [28]. Therefore, the mechanism of this process in 
lung may involve a _ sodium-dependent carrier- 
mediated transport [19,20,28]. Halothane and 
nitrous oxide reduce NE removal in perfused rab- 
bit [32] and dog [33] lung, perhaps by inhibiting such 
a process in endothelial cell membranes [7, 31]. 

The sites for S-HT and NE transport on the endo- 
thelial cell membrane appear to be functionally dis- 
tinct, since each amine only weakly inhibits transport 
of the other [19, 20,34]. The existence of separate 
sites for transport is also supported by the observa- 
tion that 5-HT can protect its own site from irrevers- 
_ ible inhibition by phenoxybenzamine, while leaving 
functionally intact that for NE [34]. In similar exper- 
iments, it was established that NE protects only its 
own transport site.* 

Pulmonary removal of NE has characteristics in 
common with both neuronal and extraneuronal 
uptake of this catecholamine [31]. The pulmonary 
process resembles adrenergic neuronal uptake in that 
cocaine and the tricyclic antidepressant drugs, imipra- 
mine and amitriptyline, inhibit NE uptake [17, 20, 23, 
31,34]. Yet, pretreatment of rabbits with 6-hydroxy- 
dopamine does not alter the magnitude of NE removal 
[34]. Also, normetanephrine effectively inhibits re- 
moval of this amine by perfused rabbit lung whereas 
the B-blocking agent, propranolol, was ineffective [20, 
34]. The latter observations are consistent with 
characteristics of the extraneuronal uptake process. 
As might be anticipated, therefore, NE removal by 
lung lacks stereospecificity [28]. Also, 17-f-estradiol, 
which markedly reduces extraneuronal accumulation 
of NE. by heart[35], is the most effective steroid 
inhibitor of NE removal by rabbit lung [31]. 

The capacity of lung to remove and inactivate other 
compounds structurally related to 5-HT and NE has 
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received relatively little attention. Ampheta- 
mine [36,37], phenylethylamine (PEA)[37] and 
metaraminol [38] are removed on passage through 
the pulmonary vasculature, whereas the structural 
analog, dopamine, has been reported by several inves- 
tigators to be unaffected by passage through rat [20] 
and dog lung [39]. Unpublished observations from 
our laboratory reveal, in contrast, that dopamine is 
extensively removed and deaminated on a single pass 
through rabbit lung; no NE formation is seen. We 
also find that perfused rabbit lung removes and dea- 
minates tyramine, octopamine and the structurally 
related psychotomimetic agent, mescaline. Though 
these results suggest an apparent lack of specificity 
for transport of amines in lung, it is known that 
epinephrine largely escapes degradation during per- 
fusion through dog[15], rabbit [23], rat[17] and 
human [40] lungs. Similarly, histamine [13,41], im- 
idazole [42] and isoproterenol [23, 41] are unaffected 
by transpulmonary passage. Although histamine 
escapes degradation by perfused lung, it is extensively 
metabolized. by minced preparations of guinea 
pig [43], rat [43], cat[44] and human lung [45]. 
These data point to the importance of using perfused 
lungs in order to determine the fate of circulating 
vasoactive substances (see also Ref. 6). 

The primary pathway for pulmonary inactivation 
of amines is deamination by the enzyme MAO. We 
recently found [37] that three functional forms of 
MAO exist in the intact perfused rabbit lung. Sub- 
strate and inhibitor studies indicated that two of these 
forms resemble the A and B forms of the mitochon- 
drial oxidase. The pulmonary form of MAO which 
deaminates 5-HT, and which is most sensitive to inhi- 
bition by the alkaloid, harmaline, resembles the type 
A mitochondrial oxidase whereas the other form, 
which oxidizes PEA and is relatively insensitive to 
harmaline, is analagous to the B form of MAO. Thus, 
experiments with perfused lung represent the first 
demonstration that functionally distinct forms of the 
mitochondrial oxidase exist in an intact organ and, 
therefore, may well exist in vivo. In confirmation of 
our findings, Bakhle and Youdim [46] reported evi- 
dence for the B form of MAO in perfused rat lungs. 
The third form of the pulmonary oxidase found in 
the perfused rabbit lung deaminates PEA and is inhi- 
bited by the carbonyl reagent, semicarbazide [37]. 


_The properties of this enzyme resemble those of the 


oxidase present in plasma and several large arteries. 
Unpublished observationst from our laboratory 
reveal that this form of the oxidase is solely respon- 
sible for deamination of mescaline in the perfused 
rabbit lung. 

It was recently pointed out [31,34] that certain 
properties of pulmonary removal of circulating 
amines resemble aspects of brain endothelial disposi- 
tion of amines. For example, it has been reported 
that endothelial MAO deaminates dopamine and NE 
in brain vasculature and thus may act to prevent 
amine transport into brain [47,48]. As mentioned 
above, the endothelium of lung vasculature likewise 
contains MAO which rapidly and extensively de- 
aminates [37] 5-HT, NE, dopamine and other struc- 
turally related compounds. Fluorescence histochemi- 
cal visualization of 5-HT and NE in the endothelium 
of perfused lungs is possible only when MAO was 
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inhibited [28]. Similarly, dopamine fluorescence in 
brain capillaries was observed only when animals 
were pretreated with an MAO inhibitor [47]. If future 
experiments should offer additional evidence of the 
resemblance between lung and brain erdothelial func- 
tion, the perfused lung might profitably be viewed 
as a reasonable model for the study of brain endo- 
thelial function in relation to amine disposition. 


VASOACTIVE PEPTIDES 


Ng and Vane [49] proposed, and it has been con- 
firmed by many other groups, that extensive conver- 
sion of angiotensin I (AI) to angiotensin II (AIT) 
occurs within the pulmonary circulation. Approxi- 
mately 80 per cent conversion takes place on a single 
passage through the dog lung, while little or no con- 
version occurs elsewhere in the body [49,50]. Hy- 
drolysis of Al to its active form by angiotensin con- 
verting enzyme also occurs in perfused guinea pig 
[51], rat [51-54], cat [51] and sheep [55] lungs. Con- 
verting enzyme is found not only in lung but also 
in aorta, carotid and other arteries [56] and, there- 
fore, may be associated with all blood vessels. As a 
consequence of the extensive pulmonary vascular sur- 
face, conversion of the decapeptide to AIlI is expected 
to be relatively greater in lung than in other organs 
[56]. 

Unlike the parent peptide, AII escapes hydrolysis 
in the pulmonary circulation of dogs [51,57], guinea 
pigs [51], cats [51] and rats [51, 53]. However, during 
a single passage through dog kidney and liver, ap- 
proximately 62 and 75 per cent of the AII activity, 
respectively, is lost [57]. Rapid inactivation of formed 
All in these organs may account, at least in part, 
for the apparent absence of converting enzyme acti- 
vity observed during perfusion with AI. 

The ability of the lung vasculature to hydrolyze 
the decapeptide AI is not unique. Bradykinin also is 
rapidly and extensively inactivated within the pul- 
monary circulation of cat [58], dog [59], rat [59, 60], 
sheep [55] and guinea pig [59]. In these species, more 
than 80 per cent of the activity of bradykinin disap- 
peared during a single passage through the lung. 
Though a number of hydrolytic enzymes are capable 
of degrading bradykinin [59-61], the enzyme, brady- 
kininase, responsible for the initial inactivation of this 
hormone in perfused lung, has been characterized as 
a dipeptidyl-carboxypeptidase [59, 62]. 

Several investigators have shown that mean pul- 
monary transit time for the hydrolytic products de- 
rived from either AI or bradykinin in perfused lung 
preparations was identical to that of an intravascular 
marker [63]. Accordingly, it was suggested that the 
angiotensin converting enzyme and _ bradykininase 
were likely to be associated with the luminal surface 
of the endothelial lining of pulmonary vessels. In 
blood-perfused dog lung in vitro, the extent of AI con- 
version to AII increased with increasing pulmonary 
vascular surface area and mean transit time [64]. 
Using endothelial cells isolated on cellulose nitrate 
paper strips, Smith and Ryan [63] demonstrated that 
bovine pulmonary arterial endothelium converts Al 
to AII. They also found that plasma membrane frac- 
tions isolated from rat lung homogenates hydrolyze 
both AI and bradykinin. On the basis of these experi- 
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ments and autoradiographic studies, they suggested 
that these enzymes are localized within the caveolae 
of the pulmonary endothelial membranes [63]. In 
recent experiments using an immunological technique 
to locate AI converting enzyme on endothelial mem- 
branes, Ryan et al. [65] found this enzyme to be as- 
sociated primarily with the luminal surface of capill- 
ary and venule endothelium. Converting enzyme was 
also detected on the outer membrane of pulmonary 
endothelial cells grown in culture [66]. 

Much of the literature dealing with pulmonary 
metabolism of AI and bradykinin has concerned 
attempts to establish whether hydrolytic cleavage of 
histidyl-leucine from AI and of phenylalanyl-arginine 
from bradykinin, are carried out by the same dipepti- 
dyl-carboxypeptidase [50]. Most of the evidence accu- 
mulated from experiments with perfused lung prep- 
arations and with purified or partially purified prep- 
arations of these enzymes is consistent with the view 
that hydrolysis of both peptides occurs on the same 
enzyme. Studies from several laboratories indicate 
that the activities of both enzymes in the perfused 
lung are inhibited by a variety of substances including 
EDTA [54, 62], 2,3-dimercaptopropanol, N-ethylma- 
leimide [62] and a variety of venom peptides isolated 
from the Brazilian pit viper, Bathrops jararaca [67+ 
69]. In addition, bradykinin is also a potent inhibitor 
of angiotensin I conversion in perfused rat lung [54]. 
Other studies, using partially purified preparations of 
converting enzyme and bradykininase, have demon- 
strated that each peptide inhibits hydrolysis of the 
other [61,68]. Highly purified converting enzyme 
from rabbit lung microsomes has a molecular weight 
of approximately 140,000 and also hydrolyzes phenyl- 
alanyl-arginine and seryl-proline from bradykinin 
[70]. 

Considerable attention has been focused on the fact 
that Cl~ is essential for converting enzyme activity, 
in vitro, but not for bradykinin inactivation [62, 68]. 
This observation suggests that AI and bradykinin hy- 
drolysis may result from the action of different dipep- 
tidases. However, Cushman and Cheung [69] found 
that Cl” activation of a purified preparation of rabbit 
lung converting enzyme depended on the structure 
of the peptide used to assay enzyme activity. With 
a series of synthetic peptides, these investigators 
found that Cl” had a range of effects on the convert- 
ing enzyme and in one case even inhibited the 
enzyme. Accordingly, they suggested that Cl~ acts as 
an allosteric modifier of the converting enzyme. 

The synthetic peptides used by Cushman and 
Cheung [69] also act as competitive inhibitors of Al 
conversion. It is interesting to note that one such 
compound, the synthetic nonapeptide, SQ 20881, 
antagonizes the pressor response to angiotensin in 
man [71] and significantly decreased the mean diasto- 
lic pressure in 12 of 13 hypertensive patients [72]. 
Accordingly, it was suggested that this peptide may 
be effective in the treatment of some forms of human 
hypertension. 

In light of the role the renin-angiotensin system 
may play in hypertension and the potential involve- 
ment of lung in this disease [72], it is somewhat sur- 
prising to find that conversion of AI to AII has not 
been demonstrated directly to occur in human lung 
vasculature [24]. Biron et al. [72,74] reported an in- 
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crease in pressor response of conscious subjects when 
pulmonary arterial administration of AI was com- 
posed with intra-aortic administration. They inter- 
preted their data as indicating pulmonary conversion 
of AI to All even though the increase in response 
ranged from 0 to approximately 40 per cent. 
Demonstration of increased AII concentration in 
human.left atrial blood after intravenous injection of 
AI seems necessary in order to answer this question 
definitively (cf. Ref. 24). 

Overturf et al. [75] recently isolated and partially 
purified a dipeptidase from lung homogenates which 
could hydrolyze the parent decapeptide to AIl. Of 
three converting enzyme preparations investigated, 
two also hydrolyzed bradykinin while the third was 
free of significant bradykininase activity. Overturf et 
al. [75] concluded that these two enzymatic activities 
in human lung are probably associated with separate 
enzymes. However, before acceptance of the proposal 
that separate enzymes hydrolyze bradykinin and Al 
in human lung vasculature, it must be established that 
the dipeptidase isolated [75] was associated with the 
endothelial membrane and not other cellular or sub- 
cellular components of lung. 


PROSTAGLANDINS 


Several investigations during the last decade 


revealed significant reduction in biological activity of 
prostaglandins* during their passage through the cir- 
culation of the intact lung. For example, PGE, is 
a more effective vasodepressor in rat [76], dog [77] 


and sheep[78] when administered by intra-arterial 
injection than when given intravenously, implying in- 
activation (uptake and/or metabolism) of the com- 
pound during transpulmonary passage. The first di- 
rect study of pulmonary inactivation was carried out 
by Ferreira and Vane[79] who found that 90% of 
the activity of intravenously injected PGE,, PGE, or 
PGF, was: lost in the pulmonary circulation. More 
* recently Robertson [80] reported that only about half 
of the endogenous immunoreactive PGE, measured 
in right ventricular blood subsequently appeared in 
the aorta, thus establishing the existence, normally, 
of a gradient of PGE, across the lung circulation. 
Termination of physiological actions of prostaglan- 
dins might reflect uptake and retention as well as 
metabolism. Since little retention of the prostaglan- 
dins occurs [81,82], such decreased activity likely re- 
flects degradation to inactive metabolites. 
Homogenates or cell-free preparations of lung 
metabolize prostaglandins of the E, F and A series 
first by oxidation of the secondary alcohol group at 
C-15 to form the corresponding 15-keto-prostaglan- 
din [83-85]. This reaction is reversible and is cata- 
lyzed by the NAD-dependent 15-hydroxy-prostaglan- 
din dehydrogenase (PGDH), an enzyme found in high 
concentration in lungs of various laboratory species 
and man [84,86]. Subsequently, 15-keto-prostaglan- 
dins are converted to 13,14-dihydro-15-keto com- 





*Abbreviations used are: PGE,, prostaglandin E,: 
PGE,, prostaglandin E,; PGA,. prostaglandin A,;; PGA), 
prostaglandin A,; PGF,,, prostaglandin F,, and PGF,,, 
prostaglandin F3,. 
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pounds by the NADPH-dependent [87], soluble 
enzyme A!?-prostaglandin-reductase [86]. Beta-oxi- 
dation of prostaglandins to the corresponding C-16 
and C-18 homologues also occurs in lung homo- 
genates [88]. 

Passage of ['*C]PGE, through blood-perfused cat 
lung results in its extensive conversion to 
15-keto-13,14-dihydro-PGE, [89]. Metabolic degra- 
dation is primarily a function of lung cells rather than 
blood, for guinea pig [81] and rabbit [90] lungs per- 
fused in vitro with Krebs solution also metabolize 
PGE, and PGE,, respectively, to the corresponding 
15-keto-13,14-dihydro derivatives. The apparent K,,, 
and V,,,, for PGE, (metabolism or removal) in per- 
fused rabbit lung[82] were 94M and 88 nmoles/ 
lung x min~', respectively; interestingly, this K,, 
value is close to that reported [83] for PGE, metabo- 
lism by lung homogenates (7.7 4M). 

Within the last year it was reported that PGE, [91] 
and PGF, [92], given by intravenous infusion, are 
removed to the extent of 68 and 77 per cent, respect- 
ively, during transpulmonary passage in conscious 
patients undergoing cardiac catheterization. It is un- 
clear whether removal in these cases reflected uptake 
or metabolism. Studies in this laboratory [24] reveal 
that over 80 per cent of injected PGE, is metabolized 
during a single transit through the pulmonary circula- 
tion of anesthetized patients. Furthermore, we found 
that the metabolite appearing in left atrial blood of 
these patients is less polar than PGE, and seems to 
have the same chromatographic mobility as marker 
15-keto-PGE,. 

In distinct contrast to prostaglandins of the E and 


’ F series, PGA, and PGA, survive passage through 


blood-perfused cat [93], dog [94] and humant [91] 
lungs. The fact that PGA compounds bind preferen- 
tially to plasma protein was suggested [95,96] as an 
explanation for this observation; however, this pro- 
posal is difficult to reconcile with the greater than 
50 per cent removal in human kidney in situ [91]. 
Earlier observations [93,94] were made using bioas- 
say techniques which, of course, could detect only dis- 
appearance of biological activity of a given prostag- 
landin. Possibly, PGA compounds are converted in 
blood-perfused lungs to metabolites that have similar 
biological activity on the assay organs as do the par- 
ent compounds. In support of this notion it was 
reported [97] that, while 15-keto-PGA, has much less 
vasodepressor activity than PGA,, the 13,14-dihydro- 
PGA, and PGA, itself were equiactive in this respect. 
Also, Gross and Gillis [82,98] found that [7H]PGA, 
is converted to a chromatographically less polar 
metabolite during a single transit through rabbit 
lungs. Therefore, it seems appropriate to emphasize 
that, while “PGA, -like” activity is unaffected by pass- 
age through the blood-perfused lung, some metabolic 
degradation of PGA, may occur, especially in exper- 
iments where Krebs medium rather than blood is 
used as the perfusion solution. 

As much as 35-40 per cent of total tritium in rabbit 
lung effluent after 10 min of perfusion with 
[°H]PGA, is not extracted into ethyl acetate [82, 98]. 
Polar conjugates of the cyclopentenone moiety of 
PGA, with reduced glutathione (GSH) or other com- 
pounds containing sulfhydryl groups have been 
reported [99, 100}. Formation of the GSH adduct can 
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occur non-enzymatically, but is catalyzed in liver and 
red blood cells [99] by the enzyme, glutathione-S- 
transferase, which also occurs in lung[101]. There- 
fore, the water-soluble product formed in our exper- 
iments [82,98] may be the adduct of PGA, with 
GSH. The fact that PGE, (or PGF,,) does not react 
with GSH [99] explains our failure to detect water- 
soluble products in rabbit lung effluent when 
[°H]PGE, is perfused [82]. It is, therefore, important 
to consider possible GSH adduct formation whenever 
PGA compounds are studied. The biological signifi- 
cance (or activity) of the PGA adduct is unknown, 
yet the widespread occurrence of glutathione-S-trans- 
ferase in many tissues including lung [101] suggests 
that adduct formation with GSH or other sulfhydryl- 
containing molecules may play a role in metabolism 
of prostaglandins of the A series. 

Bioassay techniques were used to demonstrate the 
release of newly synthesized prostaglandins from 
guinea pig lung in response to embolization [102], 
ventilation [103] or anaphylaxis [104]. An important 
question raised by these studies is how prostaglandins 
synthesized de novo in this manner escape metabolic 
degradation by PGDH unless they are produced in 
sufficient quantity to saturate the enzyme, which is 
unlikely [81]. One hypothesis to explain, partially, in- 
jury-induced release of prostaglandins is that the 
stimulus not only promotes prostaglandin synthetase 
activity [83, 104], but also somehow inhibits PGDH. 
For example, endotoxin-induced injury stimulates 
production of prostaglandins [105,106] and also 
results in decreased PGDH activity in rabbit 
lung [107]. 

An appealing explanation for this inconsistency is 
the following. Samuelsson et al.[108] recently 
reported that the “prostaglandin-like” biological acti- 
vity detected in effluent of lungs perfused with arachi- 
donic acid (the precursor of bis-enoic prostaglandins) 
reflects the presence not only of prostaglandins and 
endoperoxide, but also a newly recognized and highly 
unstable compound, thromboxane A,. The major 
portion of this activity, in fact, consisted of this very 
unstable substance. It is possible, therefore, that in 
the earlier studies referred to above [102-104] the 
biological activity ascribed to prostaglandins actually 
reflected the presence of thromboxane A). 

In contrast to the experiments of Samuelsson et 
al. [108], which were carried out with guinea pig lung, 
Anderson et al.[109] found that ['*C]arachidonic 
acid, during a single passage through rat lung, is con- 
verted exclusively to material with the same chroma- 
tographic mobility as PGF,,. The total absence of 
PGF, metabolites in the latter experiments [109] is 
difficult to explain in light of the above discussion. 

The cellular site of prostaglandin metabolism in 
lung has not been definitely established, although it 
is presumably intracellular since the volume of distri- 
bution and mean transit times of [7H]PGF,, in rat 
lung [110] and PGA, in rabbit lung [82] is greater 
than that of intravascular markers perfused simul- 
taneously. A site close to the vascular space is consis- 
tent with the rapid appearance of PGE, or PGF, 
metabolites in venous effluent from lungs of various 
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species [89, 90,98] including man.* PGF,, perfused 
in retrograde fashion through the pulmonary vein 
caused only one-fifth the vasoconstriction produced 
by the same concentration introduced via the pul- 
monary artery in cat lung[111]. The authors ascribe 
the differing sensitivity to metabolic degradation of 
PGF,,. Since the site of PGF ,,-induced vasoconstric- 
tion is probably the small arterioles, their data also 
imply that the major site of metabolism could be the 
very large capillary bed of lung. Although the vascu- 
lar endothelium within lung was recently proposed 
as a possible site for such metabolism [90], pulmon- 
ary arterial endothelial cells in culture apparently do 
not metabolize [7H]PGF,, (J. W. Ryan, personal 
communication). 

If prostaglandin metabolism is inhibited, potentia- 
tion of the biological response to these substances 
might be anticipated. For example, aspirin, which at 
high concentrations inhibits PGE, metabolism by 
purified lung PGDH[112], also © significantly 
enhances cardiovascular responses to PGF, in 
dog [113]. Several inhibitors of lung PGDH have 
been investigated, including prostaglandins of the B 
series, polyphloretin phosphate, diphloretin phos- 
phate [85], stereoisomers of PGE, and C-7 oxa- 
PGF ,, [83,114] as well as the anti-inflammatory 
drugs, indomethecin, phenylbutazone and meclofena- 
mate [85]. However, phenylbutazone and aspirin did 
not affect PGE, metabolism by a purified preparation 
of rabbit lung [85]. In the case of diphloretin phos- 
phate, it is possible that inhibition of metabolism 
actually reflects reduced transport of prostaglandin 
to intracellular PGDH, as recently suggested for 
PGF,, [115]. 

Prostaglandin dehydrogenase of kidney has a short 
half-life [116]. If this is also true for the lung enzyme, 
then potential clearly exists for control of PG turn- 
over at this level. Certainly, there is evidence that 
the capacity of lung to metabolize prostaglandins is 
modified by various conditions. For example, the acti- 
vity of PGDH in lung (but not kidney or spleen) in- 
creases during pregnancy in rabbits[117]. On the 
other hand, endotoxin shock [107] or exposure to 
100%, oxygen[118], both of which, interestingly, 
cause early damage to endothelial cells, significantly 
reduces the metabolism of prostaglandins in lung. 


CONCLUSIONS AND OUTLOOK 


From the foregoing, it is apparent that lung is cap- 
able of removal and extensive degradation of circulat- 
ing vasoactive hormones. There is little retention of 
unchanged hormones or their metabolites by lung 
and many of the processes outlined above seem well- 
designed to regulate the concentrations of prostaglan- 
dins, amines and peptides in blood before it reaches 
the systemic circulation. In addition to their actions 
at nonpulmonary sites, these hormones can change 
intrapulmonary blood flow and airway tone through 
their effects on vascular and airway smooth muscle; 
therefore, mechanisms for terminating such effects in 
lung assume considerable importance. Much evidence 
now points to the endothelial lining of lung blood 
vessels as possible sites for such regulation. Accord- 
ingly, changes in the available luminal surface area 
of endothelial cells or their function, caused by 
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drugs [7,12] or disease [8, 9,11], may considerably 
modify the metabolic capacity of these cells and, 
therefore, the delivery of vasoactive hormones both 
to the lung parenchyma and the systemic arterial vas- 
cular bed. 

It remains for future research to establish defini- 
tively the role of lung as a metabolic organ. Before 
that point is reached, however, we will certainly 
require a clearer understanding of vasoactive hor- 
mone disposition by the lung, including its cellular 
basis and significance within the organ, as well as 
its contribution to the metabolic performance of the 
entire organism. With such information, the rationale 
for. pharmacological intervention in these lung func- 
tions will become clear. 
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Abstract—Investigations of the effects of tranylcypromine and pargyline on general activity and body 
temperature in mice demonstrated an increase in activity after tranylcypromine treatment and a decrease 
after pargyline treatment. Body temperature was unchanged with tranylcypromine and lowered with 
pargyline. At doses which similarly inhibited monoamine oxidase, tranylcypromine was shown to signifi- 
cantly raise brain tryptophan while pargyline had no effect. The rise in brain tryptophan was accom- 
panied by increases in plasma-free tryptophan levels. The increase in brain tryptophan with tranylcypro- 
mine did not, however, lead to significant increases in accumulation of serotonin compared with pargy- 
line-treated animals. Results were interpreted in terms. of accumulation of indoleamines other than 


serotonin after tranylcypromine treatment. 


Several drug treatments have been shown to alter 
brain tryptophan levels and to concomitantly increase 
brain serotonin turnover [1,2]. The increase in sero- 
tonin turnover was postulated to be a result of the 
increased availability of substrate for tryptophan 
hydroxylase, the rate-limiting enzyme for serotonin 
synthesis [3]. Two recent reports also indicate that 
certain monoamine oxidase inhibitors (MAOI) may 
also produce changes in brain tryptophan levels 
[4, 5]. 

During the course of studies on alcohol withdrawal 
in animals, we found that administration of the 
MAOI tranylcypromine (TCP) produced a syndrome 
characterized by pronounced hyperexcitability and 
convulsions. On the other hand, pargyline, another 
MAOI, was found to tranquilize the animals. Our 
previous studies also demonstrated a_ significant 
hypothermia in mice treated with pargyline [6]. 
Foldes and Costa [7] observed an increased motility 
in rats treated with TCP, while pargyline-treated ani- 
mals behaved similarly to those treated with saline. 
In addition, these authors reported that TCP 
administration had no effect on body temperature. 
Since temperature regulation [8] and motor activity 
[9] in rodents have been theorized to be controlled 
via intervention of serotonergic systems, we decided 
to compare the effects of two monoamine oxidase 
inhibitors (i.e. TCP and pargyline) on levels of tryp- 
tophan and the synthesis of serotonin in brain. 


MATERIALS AND METHODS 


Male C57B1/6 mice were used throughout this 
study. Animals were purchased from ARS ‘Sprague- 
Dawley and kept in our laboratories for 7 days under 
standard conditions of light, temperature and feeding 
[10] before use in these studies. All experiments were 
initiated between 900 and 1000 hr. Pargyline was sup- 
plied by Saber Laboratories, and + tranylcypromine 
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was purchased from Sigma Chemical Co. Sero- 
tonin-3-['*C]creatinine sulfate was purchased from 
New England Nuclear. All injections were adminis- 
tered intraperitoneally (i.p.) in isotonic saline. Activity 
was measured with the aid of a Stoelting activity 
counter with a two-level detector. Measurements of 
activity were made on mice placed individually in 
plastic cages. Room environment was of constant 
temperature (23 + 1°), and white noise was present 
to mask extraneous external stimuli. Bedding in the 
test cage was changed after each period of testing. 
Mice were each allowed to acclimate to the test cage 
for 10 min, placed back in their home cage, and then 
were injected with saline or drug. Starting 10 min 
after injection and at appropriate intervals thereafter 
(see Fig. 1), mice were returned to the test cage, 
allowed to orient themselves for 1 min, and then their 
activity was recorded for the following 3 min. Mice 
were divided into groups such that a saline-, a pargy- 
line- and a TCP-injected animal were tested in paral- 
lel throughout the time points. For a particular ani- 
mal, the activity during each test period was summed 
with activity during all preceding test periods, and 
the results were expressed as the mean of these cumu- 
lative activity scores. Body temperature was measured 
using a Yellow Springs YF-1 rectal thermometer. 
Measurements were made at an environmental tem- 
perature of 23° by inserting the probe 2.5cm into 
the rectum. 

Brain levels of tryptophan and serotonin were 
assayed after separation of these compounds by 
column chromatography. Mice were decapitated; the 
brains were removed quickly and homogenized in 
0.4N perchloric acid. After removal of precipitated 
protein, the pH of the resultant supernatant was 
adjusted to 6.5, the precipitated potassium perchlor- 
ate was removed, and serotonin was separated on 
Amberlite CGS0. The effluent of the Amberlite 
column was pH adjusted to 3.0 and tryptophan separ- 
ated on Dowex 50 [10]. Tryptophan was eluted from 
the Dowex using 0.5 N ammonium hydroxide. Sero- 
tonin was assayed as described by Maickel and Miller 
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[11], while tryptophan concentrations were deter- 
mined by a modification [12] of the procedure of 
Denckla and Dewey [13]. All values were corrected 
for recovery by processing standards through the 
entire procedure. The possible interference by TCP 
or pargyline with assays of tryptophan was assessed 
by adding 2-10 yg of these compounds to standards 
of brain tissue and carrying such samples through 
the assay procedure. 

Total and free (ultrafiltrable) plasma tryptophan 
was determined by a modification of the method of 
Knott and Curzon [14] using Amicon CFS50 Diaflo 
cones to prepare the ultrafiltrate. 

Monoamine oxidase activity in brain tissue was 
determined by a modification of the method of Wurt- 
man and Axelrod [15] as used previously in our 
laboratories [16]. Serotonin-3-['*C]creatinine sulfate 
(SmM;; sp. act. 0.01 wCi/umole) was used as substrate 
and the reaction mixtures were incubated for 30 min 
at pH 7.4. Alternatively, monoamine oxidase activity 
was monitored using p-dimethylaminobenzylamine 
(DAB) as substrate [17]. DAB has been shown to 
be preferentially deaminated by the type B mono- 
amine oxidase activity [16]. 


RESULTS 


Rectal temperatures measured 45 min after injec- 
tion of pargyline (100 mg/kg) were significantly 
(P < 0.01) lower than those of TCP (25 mg/kg) or 
saline-injected animals. Temperatures of pargyline- 
treated mice were 33.6 + 1.2 (N = 6). while tempera- 
tures of TCP-treated animals were 37.5 + 0.7 (N= 
5), and saline-treated mice were 37.2 + 0.3° (N = 6). 

On the other hand, cumulative activity scores in- 
creased at a greater rate in TCP-treated mice when 
compared to controls (Fig. 1). Differences in the mean 
values for these scores were significant at 60 min and 





CUMULATIVE ACTIVITY SCORE 





4 10 20 30 40 50 60 90 ~+~=«+120 
INJECTION 
TIME AFTER INJECTION (min) 


Fig. 1. Activity was measured as described in the text. 
Resulis are expressed as the mean of the cumulative acti- 
vity score + S.D. for seven mice for each drug or saline 
injection. Cumulative activity expresses the sum of all 
activity measured through all trials up to and including 
a particular time after an injection. Key: (—O—) TCP, 
25 mg/kg; (—-A—) pargyline, 100mg/kg; and (—@—) 
saline. A single asterisk indicates P < 0.1, a double asterisk 
P < 0,05, and a triple asterisk P < 0.02 compared with 
saline controls (t-test). 
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Fig. 2. Brain tryptophan levels were measured after injec- 

tion of saline (—@—), TCP (25 mg/kg) (—-O—), and pargy- 

line (—A—). Results are expressed as nmoles/g of 

brain + S.D. Three to six animals were used with each 

drug at each time point. A single asterisk indicates 

P < 0.05, a double asterisk P< 0.005 compared with 
saline-treated controls (t-test). 


thereafter. Activity in pargyline-treated mice was 
depressed at the initial test period and remained 
below control levels thereafter. 

The injection of TCP (25 mg/kg) resulted in a signi- 
ficant elevation in brain tryptophan levels over those 
found in control animals (Fig. 2). No significant differ- 
ences in brain tryptophan levels were found in ani- 
mals treated with 100 mg/kg of pargyline at any of 
the times of testing in Fig. 2, and no difference in 
brain tryptophan was noted 45 min after injection of 
200 mg/kg of pargyline compared to contro! animals 
(P > 0.1). 

Increasing doses of TCP resulted in corresponding 
increases in brain tryptophan levels (Fig. 3). An analy- 
sis of variance for repeated measures using the mean 
values obtained at the various doses of TCP demon- 
strated a significant increase in tryptophan levels in 
brain as the dose was increased from 5 to 50 mg/kg 
(P < 0.05). On the other hand, no significant differ- 
ence in brain levels of serotonin was found between 
animals treated with the 5 and 50mg/kg doses of 
TCP. 

Table 1 illustrates brain monoamine oxidase acti- 


_ vity at various times after administration of TCP or 


pargyline. Monoamine oxidase activity, assayed using 
radioactive serotonin, was essentially totally inhibited 
within 10 min after 25 mg/kg of TCP or after 100 or 
200 mg/kg ef pargyline. 

When MAO activity using DAB as substrate was 
measured at four time intervals between 5 and 45 
min after the injection of 25mg/kg of TCP or 
100 mg/kg of pargyline, no MAO activity was 
measurable in brain at 5min after the injection of 
the monoamine oxidase inhibitors. In addition, no 
MAO activity, using this substrate, was measured at 
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Fig. 3. Brain levels of serotonin (—A—) and tryptophan (—@—) were measured 45 min after the 

injection of increasing doses of TCP or injection of saline. Results are expressed as nmoles/g of brain 

+ S.D. Three to six animals were used for each dose. A single asterisk indicates P < 0.05, comparison 

between tryptophan levels after 5mg/kg of TCP and 50 mg/kg of TCP (t-test). A double asterisk 

indicates P > 0.2, comparison between serotonin levels after 5 mg/kg of TCP and 50 mg/kg of TCP 
(t-test). 


the other three time points. MAO activity using DAB 
in brains of saline-injected animals was shown to be 
6.62 + 0.74 nmoles DAB deaminated/min/g of brain. 

Brain serotonin levels assayed at various times after 
the administration of pargyline (100 mg/kg) were 
found to be similar to those levels found in animals 
treated with TCP (25 mg/kg) (Fig. 4). The regression 
coefficients for lines fitted to the data by the method 
of least squares were r = 0.93 for animals treated with 


TCP and r = 0.99 for animals treated with pargyline. 
No significant difference in the slope of the lines 
(m = 0.040 for pargyline, m=0.049 for TCP, 
expressed as nmoles/min) could be found. The slope 
of the regression lines would also represent the turn- 
over of brain serotonin as measured by the method 
of Neff and Tozer [18]. 

Total plasma tryptophan levels were similar 
between control (saline-injected) and TCP-treated 


Table 1. Brain monoamine oxidase activity after administration of tranylcypro- 
mine and pargyline* 





Time 
after 


Per cent of control activity 
Tranylcypromine 





MAO 
activity 


injection 
(min) 


(S mg/kg) 


(25 mg/kg) 





0 10.6 + 3.8 
10 
20 
30 
45 
60 
120 


on 
ou 
ooookKrH 
—_ 
no 


Pargyline 





0 12.9 + 2.3 
10 
20 
30 
45 
60 
120 


(100 mg/kg) 


(200 mg/kg) 


ae ee ee eg 
aAnorK oO 
I I I + + I+ 





* Monoamine oxidase (MAO) activity was measured in brain as described 
in the text at various times after drug injection. Results are expressed as per 
cent activity + S. D. of the zero time levels. The zero time MAO activity was 
obtained by decapitating animals immediately after the injection and is 
expressed as nmoles of deaminated products formed from ['*C]serotonin/min/g 
of brain. Three to six animals were used at each time for each dose of drug. 
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Fig. 4. Brain serotonin levels were determined at the various times after injection of saline (—@®—), 


TCP (25 mg/kg) (—O 


), or pargyline (100 mg/kg) (—A 


). Five to six animals were used at each 


time with each drug and two animals with saline. Results are expressed as nmoles serotonin/g of 
brain + S.D. for the drug-treated mice and as mean nmoles serotonin/g of brain for saline-injected 
animals. 


animals, while pargyline-treated animals had slightly 
lower total plasma tryptophan levels (Table 2). On 
the other hand, ultrafiltrable tryptophan was signifi- 
cantly elevated in TCP-pretreated animals compared 
with control animals, while no significant differences 
in plasma-ultrafiltrable tryptophan were noted 
between pargyline- and saline-injected animals (Table 
2). 


DISCUSSION 


The increased brain serotonin levels after inhibition 
of monoamine oxidase in pargyline-treated animals 
may be primarily responsible for akinesia [19] and 
hypothermia [20]. However, one must then assume 
that the administration of TCP alters systems unaf- 
fected by pargyline, since brain serotonin levels were 
also elevated in TCP-treated mice but the mice 
behaved quite differently. Some of these systems 
which could contribute to the effects of TCP may 
be related to the increased levels of brain tryptophan 
witnessed in our studies. Grahame-Smith [4] also 
reported a significant elevation in rat brain trypto- 
phan levels 90 min after TCP. 


The rise in brain tryptophan after TCP would be 
expected to lead to a progressive increase in the rate 
of serotonin synthesis if brain tryptophan hydroxylase 
was much below saturation with substrate [3]. How- 
ever, recent studies by Friedman ef al. [21] suggest 
that the K,, of tryptophan hydroxylase for tryptophan 
is considerably lower than previous estimates [3] if 
the “natural” cofactor (tetrahydrobiopterin) is used to 
assay enzyme activity. 

Significant differences in accumulation of serotonin 
or corresponding increases in levels of serotonin after 
various doses of TCP (Fig. 3), which increase brain 
tryptophan levels, were not found in our studies. One 
must consider, however. that the increases in brain 
tryptophan reported here are relatively small com- 
pared to those noted after tryptophan loading in ani- 
mals [22]. Thus, the increases in serotonin accumu- 
lation with increasing brain tryptophan levels in the 
MAOI-pretreated animals noted by others [4] may 
reflect the fact that larger changes in brain tryptophan 
concentrations are necessary to produce increases in 
serotonin synthesis. As brain levels of tryptophan in- 
crease due to changes in the plasma ratio of free to 
bound tryptophan (Table 2) [14] or after tryptophan 


Table 2. Plasma tryptophan levels after injection of pargyline, tranylcypromine or saline* 





Plasma tryptophan 





Total 
Drug 


(nmoles/ml) 


Ultrafiltrable 
(nmoles/ml) 





. None 
Pargyline 
(100 mg/kg) 
Tranylcypromine 
(25 mg/kg) 


108.7 + 
84.7 + 


100.4 + 


15.2 (10) 
8.84 (7) 


6.4 (8) 


16.2 + 2.4 (6) 
16.6 + 4.4(5) 


21:5 + 2976) 





* Plasma tryptophan levels (total and ultrafiltrable) were determined, as described in the 
text, 45 min after injection of drug or saline. Blood from two animals was pooled for each 
determination. The number of such determinations is shown in parentheses. and the results 
are expressed as the mean + §S. D. 

+ P < 0.05 compared to saline-injected controls. 
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loading, an increased uptake of tryptophan would be 
expected into both “functional” and “non-functional” 
‘ pools. Such pools would be exemplified by compart- 
ments within serotonergic neurons as well as trypto- 
phan pools in cells which contain no serotonin. 

Tryptophan hydroxylase has been shown to be 
located primarily in serotonergic cell bodies and 
terminals [23,24], while aromatic amino acid decar- 
boxylase is ubiquitous in all monoaminergic neurons 
[25], and thus tryptophan, which enters catechola- 
mine neurons, may under certain conditions be decar- 
boxylated to tryptamine. Although the K,, for dihy- 
droxyphenylalanine (dopa) has been estimated to be 
5-fold lower than the K,, for tryptophan with aro- 
matic amino acid decarboxylase [26], the low levels 
of dopa normally present in brain [27] would allow 
for significant competition for decarboxylase by tryp- 
tophan when the levels of this amino acid are elevated 
in brain. It is of interest that pretreatment of animals 
with a decarboxylase inhibitor has been shown to 
block the tryptophan/MAOI-induced increase in 
locomotion [4]. Tryptamine formed in the presence 
of a MAOI would be expected to accumulate at the 
sie of formation. On the other hand, since the trypta- 
mine is an excellent substrate for monoamine oxidase 
[28,29], one would expect that it would be rapidly 
metabolized if monoamine oxidase was not inhibited. 
This could explain the observation that tryptophan 
administered without a MAOI did not result in in- 
creases in locomotor activity in rats [4]. 

Under our experimental conditions, monoamine 
oxidase in mouse brain was essentially totally inhi- 
bited by both TCP and parglyine (see Table | and 
Results). Similar results were obtained when sub- 
strates for either the A or B form of the enzyme were 
used to assay MAO activity. The increase in brain 
tryptophan in the presence of TCP could therefore 
lead to accumulation of tryptamine in non-serotoner- 
gic neurons by mechanisms described above. An in- 
crease in tryptamine would be less evident in the par- 
gyline-treated animals since brain tryptophan was not 
elevated. It has been shown, however, that the 
administration of tryptophan to pargyline-treated ani- 
mals produces a syndrome quite similar to that pro- 
duced by TCP alone [7]. Low doses of tryptamine 
administered to rats also produced increases in loco- 
motor activity [7]. Tryptamine has been shown to 
be a normal constituent of brain [30], but systematic 
studies of changes in tryptamine concentration under 
conditions similar to those used in our work have 
not been performed.* The block of the tryptophan/ 
MAOI-dependent locomotor activation produced by 
pretreatment of animals with 6-hydroxydopamine and 
a-methyl-p-tyrosine [7] suggests the involvement of 
catecholamine neurons in mediating this effect. Trypt- 
amine may release catecholamines from neuronal 
pools or may itself be released from these areas to 
act either as a false transmitter or a true agonist on 





*Recent work in collaboration with S. R. Phillips and 
A. A. Boulton (B. Tabakoff, F. Moses, S. R. Phillips and 
A. A. Boulton, manuscript in preparation) has demon- 
strated our predicted increase in brain tryptamine after 
administration of TCP. Although increases in tryptamine 
were also evident in pargyline-treated mice, the magnitude 
of these changes was significantly less than those seen in 
TCP-treated animals. 
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receptors for tryptamine [31]. Dewhurst [31] pre- 
dicted amines such as tryptamine would act directly 
on specific receptors to increase alertness and motor 
activity. 

Our studies are consistent with recent postulates 
[7] on the involvement of tryptamine in the trypto- 
phan/MAOI syndrome of hyperactivity. Furthermore, 
the lack of hypothermia in the presence of mono- 
amine oxidase inhibition and accumulation of sero- 
tonin seen with TCP also suggests the activation of 
catecholamine systems either directly by TCP [32] 
or by intervention of tryptamine. Norepinephrine has 
been shown to inhibit the heat loss systems activated 
by serotonin [20]. Our studies are not consistent with 
a hypothesis that serotonin mediates the hyperactivity 
produced by TCP; however, the increased brain tryp- 
tophan levels noted after TCP treatment may be the 
underlying phenomenon responsible for some of the 
unique clinical features of this monoamine oxidase 
inhibitor [33]. 


Acknowledgement—The authors wish to thank Frances 
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Abstract—Benzo(a)pyrene is metabolised by human bronchial epithelium to ethyl acetate-extractable 
metabolites which co-chromatograph with 9,10-dihydro-9,10-dihydroxybenzo(a)pyrene and 7,8-dihydro- 
7,8-dihydroxybenzo(a)pyrene, whereas little 4,5-dihydro-4,5-dihydroxybenzo(a)pyrene and 3-hydroxy- 
benzo(a)pyrene are formed. Similar results are obtained with human lung except that a major ethyl 
acetate-soluble metabolite (X) is observed. X has been identified as benzo(a)pyren-3-yl hydrogen sulphate 
on the basis of enzymic and acid hydrolysis experiments, incorporation of [*°S]sulphate and its u.v. 
and fluorescence spectra which were similar to those of the synthetic metabolite. The u.v. absorption 
spectrum of benzo(a)pyren-3-yl hydrogen sulphate is comparable with the X, metabolite of benzo(a)pyr- 
ene, one of the principal metabolites of unestablished identity found in earlier in vivo studies. The 
biological activity of this sulphate ester of 3-hydroxybenzo(a)pyrene is of interest as this metabolite 
could be extremely persistent in man because of its physico-chemical properties, which may prevent 
its excretion in the urine and bile. 


INTRODUCTION of the other three major primary metabolites, i.e. 

4,5-dihydro-4, 5-dihydroxybenzo(a)pyrene, 7,8-dihy- 
Polycyclic aromatic hydrocarbons such as benzo(a)- dro-7,8-dihydroxybenzo(a)pyrene and 9,10-dihydro- 
pyrene are ubiquitous environmental carcinogens 9,10-dihydroxybenzo(a)pyrene [9]. In this study we 
found in the air, food and cigarette smoke as a result report the production of X by cultures of human lung 


of incomplete combustion [1]. In order to exert their with benzo(a)pyrene (I, Fig. 1), X has been identified 
pa oe ee ries nates eee ete = as benzo(a)pyren-3-yl hydrogen sulphate (i.e. the sul- 
Wo St AUNUNNE |<), THUS imER WOE Res Sree coves hate ester of 3-hydroxybenzo(a)pyrene) (Fig. 1). 
to the study of the metabolic fate of these compounds r sa (a)pyrene) (Fig. 1) 


in the body. The first step in the metabolism of poly- 
cyclic aromatic hydrocarbons is probably their con- 
version by a microsomal mixed function oxidase sys- Materials. Sodium [35S]sulphate (sp. act. 69.7 mCi/ 
tem into reactive epoxides which then undergo one m-mole) and [?H]benzo(a)pyrene (sp. act. 5 Ci/m- 
of the following: (i) conversion by the microsomal  joje) were obtained from the Radiochemical Centre, 
enzyme epoxide hydrase into the dihydrodiol; (ii) Amersham, Bucks., England and the latter diluted 
reaction with glutathione to give a conjugate; (il) with unlabelled benzo(a)pyrene (Aldrich Chemicals) 


spontaneous rearrangement to give a phenol; (iv) to the appropriate concentration. f-glucuronidase 
attack on a cellular macromolecule which probably 
initiates the toxic reaction [3]. 
The dihydrodiols and phenols thus formed may be 
further metabolised by the microsomal mixed func- q 
tion oxidase system [4,5] or they may be converted —Microsomal_ 
into more polar metabolites by conjugation with “a 
endogenous materials such as glucuronic acid and a 
sulphate [6]. In spite of many investigations little is 
known of the nature and properties of these conju- Phenol 
gates of benzo(a) pyrene. Earlier work had shown the ee 
conversion of benzo(a) pyrene in vivo into four major 
metabolites X,, Xj, F, and F,[7,8]. F, has been 
identified in these and other studies as 3-hydroxy- 
benzo(a)pyrene. However, the identity of the other 
metabolites still requires further elucidation. 
In a previous study we have reported the presence 
of a major unidentified ethyl acetate-extractable meta- 
bolite (X) formed when rat and hamster lungs were 
incubated with benzo(a)pyrene[9]. Preliminary Fig. 1. Formation of benzo(a)pyren-3-yl hydrogen sulphate 
results had also shown that X was derived from  (X) from benzo(a)pyrene (I) via 3-hydroxybenzo(a)pyrene 
3-hydroxybenzo(a)pyrene (II, Fig. 1) rather than any (I). 
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(Type H-I, Helix Pomatia), aryl sulphatase (Type H-I, 
Helix Pomatia) and p-saccharic acid 1,4 lactone were 
obtained from Sigma Chemical Co. Ketodase was 
obtained from Warner—Chilcott Laboratories. Leibo- 
vitz L-15 medium with L-glutamine and foetal calf 
serum were supplied by Biocult Laboratories Ltd., 
Scotland. Glass or aluminium-backed non-fluorescent 
thin-layer chromatograms (t.l.c.’s), coated with Silica 
gel G of 0.25-mm thickness, from E. Merck, A-G., 
Darmstadt, Germany were used. The unlabelled refer- 
ence compounds 4,5-dihydro-4,5-dihydroxybenzo(a)- 
pyrene, 7,8-dihydro-7,8-dihydroxy-benzo(a)pyrene, 
9,10-dihydro-9,10-dihydroxybenzo(a)pyrene and 
3-hydroxybenzo(a)pyrene were prepared essentially as 
described by Sims [10] and their identity confirmed 
by comparing their u.v. spectra with those reported 
in the literature. 

Preparation of [°H]3-hydroxybenzo(a)pyrene. 
[°H]3-hydroxybenzo(a)pyrene was prepared by using 
the 10,000 g supernatant fraction from the livers of 
rats (male Wistar albino rats bred at the University 
of Surrey) pretreated with 3-methylcholanthrene (20 
mg/kg) in corn oil 24 hr prior to sacrifice. The incuba- 
tion mixture, which consisted of 16 umoles [*H]ben- 
zo(a)pyrene (8 wCi/ml, final concentration), 63 jamoles 
NADP*,. 0.015 moles sodium phosphate buffer (pH 
7.4), 834 pumoles glucose-6-phosphate and the equiva- 
lent of 19.0 g of liver in a total vol of 150 ml, was 
incubated in a water bath at 37° for 30 min. After 
extraction of the incubation mixture twice with equal 
volumes of ethyl acetate, the organic soluble extracts 
were pooled, dried with Na,SO, and concentrated 
to dryness in a rotary evaporator. The residue was 
dissolved in a small volume of ethyl acetate and 
applied to a t.l.c. plate and the chromatogram devel- 
oped in a mixture of benzene-ethanol (9:1, v/v). The 
bands, with the same R, value as the authentic 
3-hydroxybenzo(a)pyrene standard, were scraped off, 
extracted with ethyl acetate and purified another 
twice using t.lc. plates developed in a mixture of 
benzene-ethanol (19:1, v/v). The identity of the [*H]- 
labelled 3-hydroxybenzo(a)pyrene was confirmed by 
its u.v. spectrum and its mobility and fluorescence 
characteristics in two solvent systems; benzene- 
ethanol (9:1, v/v) (A) and benzene-ethanol (19:1, v/v) 
(B). When chromatographed the [*H]3-hydroxy- 
benzo(a)pyrene gave one major fluorescent and radio- 
active band which contained > 96 per cent of the 
radioactivity. 

Synthesis of benzo(a)pyren-3-yl hydrogen sulphate. 
Chlorosulphonic acid (0.3 g) was added carefully to 
pyridine (5 ml) and the resulting solution added to 
3-hydroxybenzo(a) pyrene, which had been prepared 
by incubating benzo(a)pyrene with rat liver homo- 
genate [10]. This mixture was heated at 37° for 3 hr, 
poured into an ice-cold solution of KOH (1 g) in 
water (20 ml) and extracted with ethyl acetate. The 
organic soluble extracts were dried with Na,SO, and 
separated by t.l.c. using solvent systems benzene- 
ethanol (4:1, v/v) (C), and ethyl acetate-hexane—acetic 
acid (75:20:5, v/v) (D). The band which fluoresced 
bright blue in u.v. light (254 nm) and migrated with 
an R, = 0.15 (relative to benzo(a)pyrene) in both sol- 
vent systems, was removed and its u.v. and fluorescent 
properties examined and compared with the biologi- 
cally obtained material. 
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Tissue preparations. Rat and hamster lung and 
trachea were cultured as previously described [9]. 
Samples of human lung (53 mg-i.2 g) and stripped 
bronchial epithelium (22-83 mg), that appeared 
macroscopically normal after removal at surgery were 
used. The stripped bronchial epithelium was obtained 
by holding the bronchial tissue with forceps and eas- 
ing the epithelium away from the underlying cartilage 
and supporting tissue with the aid of a scalpel blade. 
All samples were cultured within 2 hr of removal at 
surgery in 10 ml of Leibovitz L-15 medium with 2 
mM L-glutamine and 10% foetal calf serum, penicillin 
100 U ml~!, streptomycin 100 ug ml~' and either 
[*H]benzo(a)pyrene (2 uM) or [°H]3-hydroxyben- 
zo(a)pyrene (0.2-1 uM). The samples were incubated 
for 16-20 hr at 37° and the amounts of ethyl acetate- 
extractable metabolites determined as described pre- 
viously [9]. 

Preparation and examination of metabolite X. For 
large scale preparations of metabolite X; lungs from 
10-16 rats were cultured with unlabelled or [*H]ben- 
zo(a)pyrene (2-200 uM) for 15-48 hr. The medium 
was then extracted with ethyl acetate, dried with 
Na,SO, and concentrated to dryness in a rotary eva- 
porator. The residue was redissolved in ethyl acetate 
and purified by t.l.c. using solvent systems (C) and 
(D). In some experiments after the initial t.l.c. in sol- 
vent system (C), the material which co-chromato- 
graphed with the synthetic benzo(a)pyren-3-yl hydro- 
gen sulphate was eluted from the plate with ethyl ace- 
tate (10 ml), concentrated to dryness in a rotary eva- 
porator, redissolved in a small volume of ethyl ace- 
tate, applied to a t.lc. plate, and the chromatogram 
developed for 16 cm using solvent system (C). The 
plate was then removed allowed to dry and rechroma- 
tographed in the same solvent system. This procedure 
was then repeated again. Portions of the major fluor- 
escent and radioactive bands were then eluted from 
the plate with spectral grade ethanol (2 ml) and their 
fluorescence excitation and emission spectra exam- 
ined. U.v. and fluorescence spectra were measured 
using a Unicam SP 1800 spectrophotomeier and a 
Perkin-Elmer MPF-3 fluorescence spectrophotometer 
respectively. 

Enzymic hydrolysis of X. Aliquots (0.1 or 0.2 ml) 
of the purified X or [7H]X preparations as prepared 
above, were incubated overnight at 37°, in a final vol 
of 0.5 ml-2.0 ml in 0.1 M acetate buffer (pH 5.0) with 
B-glucuronidase (110 Fishman Units), or ketodase 
(500-2000 Units of B-glucuronidase), or aryl sulpha- 
tase (335-700 Units), to which was added 200 mM 
p-saccharic acid 1,4 lactone. The products, after 
extraction with ethyl acetate and separation by t.l.c. 
in solvent system (C), were visualised under u.v. light, 
eluted from the plate as described previously and 
their fluorescence spectra examined. In those exper- 
iments using [°H]X, the fluorescent bands were 
marked, the plate cut into 5-mm segments and the 
radioactivity determined by liquid scintillation count- 
ing as previously described. [9]. 


RESULTS 


Metabolism of benzo(a)pyrene by cultures of human 
lung and bronchial epithelium 


[°H]Benzo(a)pyrene was metabolised by human 
lung cultures to ethyl acetate-extractable metabolites 





A major ethyl acetate-extractable metabolite in human cultures 


which co-chromatographed with standard 9,10-dihyd- 
ro-9,10-dihydroxybenzo(a)pyrene and 7,8-dihydro-7,8- 
dihydroxybenzo(a)pyrene in solvent systems (A) and 
(C), (Fig. 2a). A major ethyl acetate-extractable meta- 
bolite (X) which fluoresced blue under u.v. light and 
migrated just beyond the origin in solvent system (A) 
and with an R, = 0.15 (relative to benzo(a)pyrene) 
in solvent system (C) was also formed (Fig. 2a). Little 
4,5-dihydro-4,5-dihydroxybenzo(a)pyrene or 3-hyd- 
roxybenzo(a)pyrene was detected (Fig. 2a). The pro- 
duction of metabolites was partially dependent on the 
weight of lung used for culture. When the weight was 
between 0.7-—1.2 g, the rates of formation of 9,10-dihy- 
dro-9,10-dihydroxybenzo(a)pyrene, 7,8-dihydro-7,8- 
dihydroxybenzo(a)pyrene and X were 0.159 (+0.018), 
0.057 (+0.005) and 0.133 (+0.016) pmoles g~' min™! 


(a) Human Lung 




















LT 
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respectively, whereas with amounts of lung of 0.15-0.2 
g, the corresponding rates for these three metabolites 
were 1.25 (+0.12), 0.37 (40.06) and 1.18 (+0.14) 
pmoles g~' min™' respectively, (all the results are 
expressed as mean (+S.E.M.) of at least four deter- 
minations). The observed decrease in metabolite for- 
mation in cultures using larger amounts of lung was 
partially due to further metabolism of these metabo- 
lites as it was also accompanied by a corresponding 
decrease in ethyl acetate-extractable metabolites. Part 
of the decrease could also be attributed to the in- 
creased uptake of benzo(a)pyrene or metabolites by 
the larger samples of lung, for example, with lung 
samples of 1 g only 19 per cent of the initial radioacti- 
vity was found in the medium after an 18-hr culture, 
whereas 52 per cent was found with a sample of 150 
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Fig. 2. Ethyl acetate-extractable metabolites from the medium after 16 hr culture with [*H]benzo(a)pyr- 
ene (2 uM) of (a) human lung and (6) human bronchial epithelium. The radioactive products were 
separated by t.l.c. in a mixture of benzene and ethanol (9:1 v/v). The radioactivity of the products 
is expressed as a percentage of the total radioactivity on the t.l.c. plate. S.F. indicates solvent front. 
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mg. However, some of the decreased metabolite pro- 
duction could also have been due to inadequate per- 
fusion of the larger specimens of lung. 

When stripped human bronchial epithelium was in- 
cubated with [*H]benzo(a)pyrene, 9,10-dihydro-9,10- 
dihydroxybenzo(a)pyrene and 7,8-dihydro-7,8-dihyd- 
roxybenzo(a)pyrene were again formed (Fig. 2b). Simi- 
lar to the lung little 4,5-dihydro-4,5-dihydroxyben- 
zo(a)pyrene and 3-hydroxybenzo(a)pyrene were 
formed, but with the bronchial epithelium, in contrast 
to the lung, little X was detected (Fig. 2b). The rates 
of formation of 9,10-dihydro-9,10-dihydroxybenzo(a)- 
pyrene and 7,8-dihydro-7,8-dihydroxybenzo(a)pyrene 
by stripped human bronchial epithelium were 2.69 
(+0.31) and 1.42 (+0.20) pmoles g~' min™'! respect- 
ively. (Mean + S.E.M. of three determinations). 

These results are in agreement with our previously 
reported findings with rat and hamster lung cultures, 
where benzo(a)pyrene was converted into a major un- 
identified metabolite (X), with similar fluorescent and 
chromatographic properties to the major metabolite 
found in the present studies [9]. When a single ham- 
ster or rat lung was incubated with benzo(a)pyrene 
(2 uM) for 24 hr, 25 and 32 per cent respectively of 
the ethyl acetate-extractable radioactivity co-chroma- 
tographed with X. Formation of X was not detectable 
when a single rat or hamster trachea was cultured [9]. 
However, a product with similar chromatographic 
properties to X was formed, when six rat or hamster 
tracheas were cultured with benzo(a)pyrene. 


ule 


Percentage Total Radioactivity 
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Production of X from 3-hydroxybenzo(a)pyrene 


When rat, hamster or human lung was cultured 
with [°H]3-hydroxybenzo(a)pyrene rather than 
[*H]benzo(a)pyrene a metabolite was also formed 
with similar fluorescent and chromatographic proper- 
ties to X in solvent systems (A), (C) and (D) (Fig. 
3). On culturing human bronchial epithelium or a sin- 
gle rat or hamster trachea with [*H]3-hydroxyben- 
zo(a)pyrene, under similar conditions, little X was 
again detected. However, when [*H]3-hydroxyben- 
zo(a)pyrene was incubated with either six hamster or 
rat tracheas, detectable amounts of X were formed. 


Identification of X 


(a) U.v. and fluorescence excitation and emission 
spectra. Increased yields of X were obtained by large 
scale culture of rat lungs with benzo(a)pyrene, as de- 
scribed in Materials and Methods. Following partial 
purification by t.l.c. either in solvent systems (C) and 
(D) or by repeated development in solvent system (C) 
the u.v. and fluorescence excitation and emission 
spectra of X, 3-hydroxybenzo(a)pyrene and the syn- 
thetic benzo(a)pyren-3-yl hydrogen sulphate were 
compared (Figs. 4, 5 and 6). 

The fluorescence emission spectra of the synthetic 
and biologically formed metabolites were comparable 
(Fig. 4), and were similar whether human or rat lungs 
were used to prepare the metabolite. The wavelengths 
of the two major fluorescence peaks (uncorrected) of 





.T?FTy. «Sse. ee 








T 
3-Hydroxybenzo (a) pyrene 


Fig. 3. Ethyl acetate-extractable metabolites from the medium after 16 hr culture of human lung with 
[°H]3-hydroxybenzo(a)pyrene (0.2 uM). The radioactive products were separated by t.l.c. in a mixture 
of benzene and ethanol (4:1 v/v). The radioactivity of the products is expressed as a percentage of 
the total radioactivity on the t.lc. plate. S.F. indicates solvent front. [*H]3-hydroxybenzo(a)pyr- 


ene + lung ( 


—), [7H]3-hydroxybenzo(a)pyrene without lung (-——-). 
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Fig. 4. Uncorrected fluorescence emission spectra of 3-hydroxybenzo(a)pyrene (.....), synthetic benzo(a)- 
pyren-3-yl hydrogen sulphate (——) and biologically obtained X (—---—) in 95 per cent ethanol. 
d., = 380 nm. 


the biologically obtained metabolite with /,, = 380 
nm were 415-416 and 435-439 nm, respectively, 
whereas those of 3-hydroxybenzo(a)pyrene were 
shifted to longer wavelengths appearing at 434 and 
456-458 nm (Fig. 4). In contrast the fluorescence spec- 
trum of benzo(a)pyrene, when excited at 380 nm, had 
emission maxima at 404, 428 and 455 nm. Thus the 
fluorescence spectrum of X appears to be intermediate 
between that of benzo(a)pyrene and 3-hydroxyben- 
zo(a)pyrene. On addition of alkali the fluorescence 
spectra of biologically and synthetically prepared 
metabolites showed no alteration, whereas that of 
3-hydroxybenzo(a)pyrene showed a_ characteristic 
change with an emission maximum at 522 nm. These 
results suggested the identity of X as a conjugate of 
3-hydroxybenzo(a)pyrene, most probably the sulphate 
conjugate. 

In support of this view the excitation and wv. 
absorption spectra of the biologically ard syntheti- 
cally obtained metabolites were very similar, whereas 
that of 3-hydroxybenzo(a)pyrene was different (Figs. 
5 and 6). 

The fluorescence excitation spectrum of biologically 
obtained and synthetic X were almost identical, and 
were consistent with a fully aromatic system (Fig. 5). 
Insufficient amounts of biologically derived X were 
obtained to determine a u.v. spectrum. However, on 


correcting the fluorescence excitation spectrum of bio- 
logically derived X, using the method of Parker [11], 
the corrected spectrum was almost identical with that 
of the synthetic benzo(a)pyren-3-yl hydrogen sulphate 
(manuscript in preparation). The u.v. spectrum of the 
synthetic metabolite was consistent with the fully aro- 
matic nature of the ring system (Fig. 6). 

(b) Sodium [°S]sulphate incorporation into an X- 
type metabolite. In order to confirm that X was a 
sulphate conjugate, rat lungs were incubated with 
benzo(a)pyrene (2-20 uM) and sodium [*°S]sulphate 
(80 uCi, 110 uM) for 16 hr using Dulbecco’s phosphate- 
buffered saline and 10% foetal calf serum. Preliminary 
results using the normal Leibovitz L-15 medium, 
which contains a high concentration of sulphate (146 
mM), showed only a small incorporation of radioacti- 
vity into ethyl acetate-extractable products. However, 
using the modified medium, significant amounts of 
radioactivity were incorporated into a product which 
migrated with similar chromatographic and fluores- 
cent properties to X. The radioactivity was split into 
three bands by developing four times in solvent sys- 
tem (C) (Fig. 7). The radioactive band (F) nearest the 
origin was also found in lungs incubated with sodium 
[?°S]sulphate in the absence of benzo(a)pyrene, (Fig. 
7). The other radioactive bands only occurred when 
lungs were cultured in the presence of benzo(a)pyrene. 
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Fig. 5. Uncorrected excitation spectra of 3-hydroxybenzo(a)pyrene (.....), synthetic benzo(a)pyren-3-yl 


hydrogen sulphate ( 


The major radioactive band (X) after elution from 
the t.l.c. plate with ethyl acetate, concentration to dry- 
ness in a rotary evaporator and dissolving in eth- 
anol, had almost identical fluorescent excitation and 
emission spectra to those of synthetic benzo(a)pyr- 
en-3-yl hydrogen sulphate, for example with /,, = 380 
nm the two major fluorescent peaks were at 416 and 
438 nm respectively. In contrast to this the small 
radioactive band (G), which migrated faster than ben- 
zo(a)pyren-3-yl hydrogen sulphate (Fig. 7), when 
eluted from the t.l.c. plate in a similar way and excited 
at 380 nm had emission maxima at 410, 434 and 461 
nm respectively. Preliminary experiments with this 
metabolite indicate that it is also a sulphate conjugate 
of a hydroxybenzo(a)pyrene. 

(c) Enzymic hydrolysis of X. The identification of 
X as the sulphate conjugate of 3-hydroxybenzo(a)pyr- 
ene was further confirmed by the results obtained 
from enzymic hydrolysis of both biologically derived 
X and the syhthetic conjugate. Aryl sulphatase, with 
D-saccharic acid-1,4-lactone added to inhibit the 
B-glucuronidase activity of the preparation, split both 
compounds to products with chromatographic and 
fluorescent properties very similar to those of 3-hyd- 
roxybenzo(a) pyrene. Incubations of both compounds 
with ketodase caused neither a breakdown of X nor 
synthetic benzo(a)pyren-3-yl hydrogen sulphate as 
witness by the lack of a fluorescent spot on the chro- 


), and biologically obtained X (—- 


-) in 95°, ethanol. /,,, = 430 nm. 


matograms at the R, of 3-hydroxybenzo(a)pyrene. To 
confirm this finding, [7H]X was incubated overnight 
with ketodase, aryl sulphatase or with acetate buffer 
(pH 5.0). When the hydrolysates were extracted with 
ethyl acetate and the concentrated extracts chromato- 
graphed in solvent system (C), 92, 97 and 34 per cent 
of the radioactivity migrated with X from the control, 
ketodase and sulphatase experiments respectively, 
(Fig. 8). The large loss of radioactivity associated with 
[°H]X after incubation with sulphatase but not keto- 
dase and the observation that this radioactivity then 
migrated with the chromatographic properties of 
3-hydroxybenzo(a)pyrene (Fig. 8) confirmed the iden- 
tity of X as the sulphate ester of 3-hydroxybenzo(a)- 
pyrene. The 34 per cent of radioactivity still co-chro- 
matographing with X after incubation with aryl sul- 
phatase may have been due either to insufficient sul- 
phatase or to the presence of some material not split 
by the aryl sulphatase. These possibilities could not 
be distinguished as it was impractical to increase the 
amounts of aryl sulphatase because of problems of 
gelling on extraction with ethyl acetate. 

(d) Acid hydrolysis of X. On gentle warming with 
0.1 N HCl, both X and the synthetic benzo(a)pyr- 
en-3-yl hydrogen sulphate were converted to a mater- 
ial which co-chromatographed and had similar fluor- 
escence properties to 3-hydroxybenzo(a)pyrene. This 
further supported the identity of X as the sulphate 
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Fig. 6. U.v. spectra of 3-hydroxybenzo(a)pyrene ( 


) and synthetic benzo(a)pyren-3-yl hydrogen sul- 


phate (——) in 95% ethanol. The scale on the left hand side and the insert refer to the synthetic 
metabolite. 


conjugate of 3-hydroxybenzo(a)pyrene as Harper has 
shown that the sulphate conjugate is split under 
similar conditions, whereas, much stronger acid is 
required to hydrolyse the glucuronide conjugate of 
3-hydrox ybenzo(a)pyrene [8]. 


DISCUSSION 


Human bronchial epithelium metabolised benzo(a)- , 


pyrene to ethyl acetate-soluble metabolites which co- 
chromatographed with authentic samples of 9,10- 
dihydro-9,10-dihydroxybenzo(a)pyrene and 7,8-dihy- 
dro-7,8-dihydroxybenzo(a)pyrene (Fig. 2b). Little 
4,5-dihydro-4,5-dihydroxybenzo(a)pyrene, 3-hydroxy- 
benzo(a)pyrene or X was detected (Fig. 2b). These 
results are similar to those previously obtained with 
rat and hamster trachea and bronchi[9]. Sims and 
co-workers have shown the further metabolism of 
dihydrodiols such as 7,8-dihydro-7,8-dihydroxybenzo- 
(a)pyrene and 8,9-dihydro-8,9-dihydroxybenz(a)an- 
thracene to the diol-epoxides 7,8-dihydro-7,8-dihy- 
droxybenzo(a)pyrene 9,10-oxide and 8,9-dihydro-8,9- 
dihydroxybenz(a)anthracene 10-11-oxide respectively 
[4, 12]. They have also shown that this type of meta- 
bolite reacts with DNA in Syrian hamster embryo 
cells treated with either benzo(a)pyrene or benz- 
(a)anthracene [4, 13]. These diol-epoxides, but not the 
parent dihydrodiols, have also been shown to be 
mutagenic to S. typhimurium strain TA 100 without 
further metabolism [14]. The 7,8-diol in the presence 
of microsomes reacts with DNA to a 15-fold greater 
extent than benzo(a)pyrene [15]. These results suggest 


that the 7,8-diol may be the proximate carcinogen 
derived from benzo(a)pyrene. Thus the observation 
that this dihydrodiol is formed by human bronchial 
epithelium, the portion of the human respiratory tract 
most susceptible to tumour formation, may be of bio- 
logical significance. Pal et al. have reported the quali- 
tative conversion of benzo(a)pyrene by segments of 
human bronchus into metabolites with the chromato- 
graphic properties of 4,5-diol, 7,8-diol, 9,10-diol and 
3-hydroxybenzo(a)pyrene [16]. 

In this study, in agreement with our previous find- 
ings [9], the rate of formation of the dihydrodiols was 
greater in the bronchial epithelium than in the lung. 
This may, as we have suggested previously [9], par- 
tially explain the different sensitivity of the respiratory 
tract to carcinogenesis, although many other factors 
such as larger amounts of further metabolism or bind- 
ing of the primary metabolites in the lung compared 
to the bronchus would lead to an underestimation 
of production of metabolites and a misinterpretation 
of results. Such conclusions are further complicated 
by the large variation in the rates of metabolite pro- 
duction with different tissue sizes reported in this 
study. 

Cultures of human lung, when incubated with 
[*H]benzo(a)pyrene, formed radioactive peaks which 
co-chromatographed with 9,10-dihydro-9,10-di- 
hydroxybenzo(a)pyrene, 7,8-dihydro-7,8- dihydroxy - 
benzo(a)pyrene and X, but little 4,5-dihydro-4,5- 
dihydroxybenzo(a)pyrene and 3-hydroxybenzo(a)pyr- 
ene were formed (Fig. 2a). These results were similar 
to those obtained previously with rat and hamster 
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Fig. 7. Incorporation of sodium [?°S]sulphate into X. Rat lung was incubated for 16 hr with benzo(a)- 

pyrene (20 uM) and sodium [?°S]sulphate. The ethyl acetate-extractable radioactivity was separated 

by tlc. in a mixture of benzene and ethanol (4:1 v/v), developed four times in one dimension. The 

fluorescence excitation and emission spectra of metabolites X and G showed they were derived from 

benzo(a)pyrene. The radioactive band (F) was also observed following incubation of lung with sodium 
[?°S]sulphate. 


lungs[9]. X is thus a major ethyl acetate-soluble 
metabolite formed by human, hamster and rat lung 
cultures and it is also formed from 3-hydroxybenzo- 
(a)pyrene (Fig. 3). 

X has been identified as the sulphate conjugate of 
3-hydroxybenzo(a)pyrene by comparing the results of 
incubation of the biologically derived material using 
sulphatase with those using ketodase. Synthesis of 
benzo(a)pyren-3-yl: hydrogen sulphate by sulphation 
of 3-hydroxybenzo(a)pyrene and comparison of the 
u.v. absorption, fluorescence excitation and emission 
spectra of the synthetic and biologically derived 
materials (Figs. 4, 5 and 6), further supported the 
identity of X as benzo(a)pyren-3-yl hydrogen sulphate. 

Early investigations of the metabolism of benzo(a)- 
pyrene in vivo showed the production of four major 
derivatives X,, X,, F, and F,[7,8]. Several studies 
are in agreement that the identity of F, is 3-hydroxy- 
benzo(a)pyrene [7, 8,17]. However, much confusion 
still exists as to the identity of the other metabolites. 
Sims has proposed that the F, metabolite is 9-hyd- 
roxybenzo(a)pyrene and arises from the acid decom- 
position of 9,10-dihydro-9,10-dihydroxybenzo(a)pyr- 
ene [18]. Weigert and Mottram suggested the identity 
of X, as 2,3-dihydro-2,3-dihydroxybenzo(a)pyrene 
which was conjugated at the 3-hydroxyl with an un- 


known group [19]. However. the u.v. spectrum of X,, 
which resembled those of fully aromatic benzo(a)pyr- 
ene, with the longest absorption bands showing a 
bathochromic shift was inconsistent with the pro- 
posed conjugated dihydrodiol and it was suggested 
that X, may be a conjugated metabolite of 1-hydroxy- 
benzo(a)pyrene [20]. Harper tentatively identified the 
X, metabolite as the sulphate conjugate of 3-hydroxy- 
benzo(a)pyrene on the basis of its chromatographic 
behaviour, its instability to acid, its hydrolysis to 
3-hydroxybenzo(a)pyrene by takadiastase and syn- 
thesis of an *°S-labelled similar metabolite when liver 
slices were incubated with sodium [*°S]sulphate [8]. 
In a more recent study by Falk and co-workers [17], 
X, was again identified as 3-hydroxybenzo(a)pyrene 
conjugated with an unknown group. More recently, 
based on the observation that X, is changed into F, 
in vitro by treatment with cold alcoholic acid, Arcos 
and Argus [21] have proposed that X, is 9,10-dihyd- 
ro-9,10-dihydroxybenzo(a)pyrene. The u.v. spectra of 
X, reported by Harper [8] and the u.v. and fluores- 
cence spectra of this metabolite reported by Weigert 
and Mottram [7] are in close agreement with the cor- 
responding spectra of X repoorted in this study and 
suggest that X, is predominantly the sulphate conju- 
gate of 3-hydroxybenzo(a)pyrene. However because of 
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the methods of separation used in these earlier studies 
it is possible that X, may have been a mixture of 
metabolites, e.g. containing other sulphate conjugates 
of hydroxybenzo(a)pyrene derivatives. Such a mixture 
for X, would appear to be consistent with its spectral 
and other properties. In the present study the pres- 
ence of a trace metabolite with very similar chromato- 
graphic and fluorescent properties to benzo(a)pyr- 
en-3-yi hydrogen sulphate cannot be completely 
excluded. 

Whilst benzo(a)pyren-3-yl hydrogen sulphate was 
a major ethyl acetate-extractable metabolite formed 
in lungs, this metabolite was not detected with human 
bronchial epithelium (Fig. 2b) or by hamster or rat 
trachea and bronchi [9]. However, when six hamster 
or rat trachea were incubated with [*H]benzo(a)pyr- 
ene or [°H]3-hydroxybenzo(a)pyrene detectable levels 
of benzo(a)pyren-3-yl hydrogen sulphate were formed. 
The very low levels of sulphate conjugate formed by 
bronchial epithelium and trachea may be due either 
to insufficient formation of 3’-phosphoadenosine 
5’-phosphosulphate or to low levels of a phenol sul- 
photransferase in these areas compared to the lung. 
The former would seem unlikely because of the syn- 
thesis of large amounts of sulphated mucopolysac- 
charides and glycoproteins in the tracheal and bron- 


chial areas. Some of these differences may however 
be due to the use of larger samples of lung than those 
of bronchial epithelium or trachea. 

Conjugation of xenobiotics with either glucuronide 
or sulphate is generally thought of as a detoxication 
mechanism, converting the compound to a less active, 
more polar, more readily excretable compound [22]. 
There are several exceptions to this generalisation and 
possibly two relevant examples are the conversion 
of the proximate carcinogen, N-hydroxyacetylamino- 
fluorene, to the ultimate carcinogen acetylamino- 
fluorene N-sulphate [23] and the formation of certain 
steroid ester sulphates, which act in the intermediate 
metabolism of steroids [24]. 

At the present time it is not known whether the 
sulphate conjugation of 3-hydroxybenzo(a)pyrene rep- 
resents a true detoxication or conversion to an active 
metabolite. However, a consideration of some of the 
properties of this conjugate, in particular its lipid 
solubility and molecular weight, suggest the impor- 
tance of testing its biological activity. Benzo(a)pyr- 
en-3-yl hydrogen sulphate appears to be very lipid- 
soluble as judged by its ease of extractability into 
ethyl acetate, thus it would not be expected to be 
excreted in the urine and this appears to be the case 
as Harper [8] found appreciable amounts of X, in 
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the kidney but only small amounts in the urine. The 
molecular weight of benzo(a)pyren-3-yl hydrogen sul- 
phate is 349 and thus one would expect it to be 
excreted into the bile in the rat but not in man where 
the threshold for biliary excretion is about 500 [25]. 
Thus the properties of this metabolite suggest its 
possible retention in man for long periods of time 
and because of its increased hydrophilicity relative 
to benzo(a)pyrene and some of the other major ethyl- 
acetate-extractable metabolites, it could reach targets 
not normally accessible to these derivatives. It may 
then be further metabolised by the microsomal mixed 
function oxidase system or be split by sulphohydro- 
lases present in the tissues acting as a reservoir for 
3-hydroxybenzo(a)pyrene which in turn could be acti- 
vated to a form which binds to DNA [5] or the sul- 
phate conjugate may itself be biologically active. 
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Abstract—Rat uterine cytosol estradiol-binding protein was labeled with radioactive estradiol and then 
incubated with highly purified nuclei from an estrogen-binding murine tumor. The nuclei were then 
extracted with 2M NaCl-5 M urea, and macromolecular bound estradiol was separated by gel filtration. 
Nuclear preparations incubated with estradiol-labeled uterine cytosol showed five to ten times more 
macromolecular binding than corresponding nuclear preparations incubated with buffer, albumin, heart 
cytosol or uterine cytosol deficient in biologically active binding protein. The process by which nuclei 
bind estradiol is temperature dependent. Radioactive estradiol attached to protein can be extracted 
from the nuclei with solutions of 2M NaCl-5M urea. Binding of estradiol to isolated nuclei could 
be distinguished from the binding of the hormone to isolated microsomes or mitochondria in that 
only the nuclear binding was markedly reduced by prewarming the particulate fraction. Furthermore, 
nuclear binding was decreased by incubation with several metabolic inhibitors. Most of the nuclear 
binding appears to occur with the chromatin fraction from which labeled protein-bound estradiol 
can be extracted. When the cytosol estradiol-binding protein was partially purified by gel filtration 
there was less nuclear binding of estradiol than resulted from using cytosol. The deficiency of the 
gel filtration preparation was restored by the addition of unfractionated cytosol. Nuclear binding of 
estradiol seems to depend on some cofactor present in the cytosol. Nuclei from an estrogen-dependent 
tumor and the uterus had comparable amounts of nuclear binding that was associated with the 5S 
fraction as determined by ultracentrifugation on sucrose gradients. Nuclei from liver bound } as much 
estradiol, which was associated with a 3S macromolecular fraction. The nuclear-binding macromolecule 
in the liver is different from that in the uterus and the dependent tumor. Prior incubation of nuclei 
with non-radioactive estradiol, diethylstilbestrol or estriol in uterine cytosol reduced the uptake of 
the nuclei when subsequently incubated in [*H]estradiol containing cytosol. Incubation in cytosol 
containing MER-25, an anti-estrogen, resulted in no subsequent reduction of [*H]estradiol uptake. 


The current concept of estrogen action in the uterus 
involves the initial interaction of estrogen with a 
binding protein (“receptor”) in the cytoplasm. The 
entire complex may then enter the nucleus, attach to 
chromatin and initiate a chain of biochemical events. 
Recent reviews discuss many of these aspects [1, 2]. 

Many prior studies of this interaction in cell-free 
systems have utilized relatively crude preparations of 
nuclei. In addition, uterine tissue is difficult to homo- 
genize without breakage of nuclei, and the nuclear 
fraction remains contaminated with myofibrils despite 
centrifugation through dense sucrose.{ Furthermore, 
the uterus consists of several cell types with dissimilar 
binding characteristics [3]. To circumvent these diffi- 
culties, nuclei were purified to a high degree from 
an estrogen-binding tumor. The tumor line, from 
which the nuclei were isolated, can concentrate 
radioactive estradiol 100-fold relative to plasma 1 hr 
after systemic administration. Autoradiographic and 
subcellular distribution studies with this tumor 
showed nuclear localization of the radioactive estra- 
diol [4]. 
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results. 


Although the overall sequence of cytoplasmic to 
nuclear transfer with appearance of a nuclear 5S bind- 
ing macromolecule is established, the details of the 
steps involved remain unclarified. Jensen et al. [5] 
have presented evidence that the association of estra- 
diol with the binding protein activates the 4S binding 
subunit, which then undergoes a pH- and temperature- 
dependent transformation to a 5S form in the cyto- 
plasm and then binds to nuclei. Puca er al. [6], on 
the other hand, described the cleavage of the receptor 
by a Ca** “receptor-transforming factor” to a 4.5S 
active form. In contrast, Yamamoto and Alberts [7] 
described the interconversion in vitro of the 4S to 
a 5S estradiol-binding protein and suggested that the 
5S form arises through addition of another substance 
in the cytosol. 

Experiments designed to study whether nuclei 
have an inherent specificity for the binding of the 
estradiol-binding protein have yielded different 
results. O’Malley er al. [8] and Baulieu et al. [9] pre- 
sented evidence in favor of nuclear specificity. Salt 
extracts prepared from nuclei which had previously 
been incubated with steroid-labeled cytosol revealed 
more macromolecular bound steroid in salt extracts 
prepared from target tissue. There are, however, con- 
tradictory reports. Chamness et al. [10] reported no 
differences in nuclei from target or non-target tissue, 
neither in their ability to bind the estradiol-binding 
protein nor in the sedimentation characteristics of the 
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nuclear salt extracts. More recently the estrogen 
receptor binding to isolated nuclei was described as 
a nonsaturable process, both in regard to target as 
well as to non-target tissue [11]. These inconsistent 
findings may, in part, be due to differences in 
methods, particularly the preparation of nuclei. 

A different aspect of this investigation deals with 
a number of steroids and non-steroidal analogs which 
will bind the binding protein for estradiol. It is un- 
clear what distinguishes an estrogen from an anti- 
estrogen. The latter are compounds which will reduce 
the biological effect and the accumulation of co- 
administered estrogens. Some drugs may exert their 
effect by occupying the cytoplasmic-binding protein 
and thus prevent estradiol binding. Clark et al. [12] 
have shown that some anti-estrogens with partial 
agonist activity (nafoxidine and clomiphene) can pro- 
mote the appearance of an estrogen-binding protein 
in crude nuclear preparation. It is not known if the 
anti-estrogen promotes attachment of the binding 
protein to the same potential acceptor in the nucleus 
as estradiol. These studies have not investigated 
MER-25, an anti-estrogen with virtually no agonist 
activity. Conceivably, the binding protein charged 
with a pure anti-estrogen is unable to penetrate into 
the nucleus or could be unable to attach to the same 
nuclear-binding site. 


MATERIALS AND METHODS 


Preparation of the cytosol fraction (100,000 g super- 
natant fluid) containing the binding protein. Uteri of 
normal female noncastrate Sprague-Dawley rats 
(Camm Research) weighing 175-200 g were minced 
and homogenized in 6 vol. (w:v) of 10°? M Tris-HCI, 
PH 7.4, using conical Kontes glass homogenizers. All 
operations were carried out in ice. The pestle was 
driven mechanically and the actual homogenization 
time was 135 sec (3 x 45 sec). The crude homogenate 
was then centrifuged in a Sorvall rotor SS34 for 
10 min at 2400 rev/min (600 g). The resulting superna- 
tant fluid was transferred to Spinco centrifugation 
tubes and centrifuged in a type 40 rotor for 1 hr at 
38,000 rev/min (100,000g) at 5°. The supernatant 
fluid, referred to as a cytosol fraction, was stored in 
Falcon plastic tubes and kept frozen at —20° until 
use. The cytosols were used within 1 week of prep- 
aration and used only if the cytosol retained high 
binding activity. The protein content was 
0.9 mg/0.2 ml of cytosol. 

Preparation of radioactive [*H]estradiol-17p. An 
aqueous solution of 2.4.6.7-[*H Jestradiol-17B (100 Ci 
m-mole, Amersham or New England Nuclear Corp.) 
was prepared by adding 100 yl of the stock solution 
(benzene-ethanol) to 3.5 ml of a 30° ethanol solution. 
The organic solvents were flash-evaporated at 40-50". 
Distilled water was added to provide an estradiol 
concentration of 4 x 10°’ M. The purity of tritiated 
estradiol was established by thin-layer chromatogra- 
phy (80°, chloroform, 20°, ethyl acetate) on Silica 
gel (Eastman Co.). 

Labeling of the binding protein. Tubes containing 
the frozen samples of the cytosol fraction were 





* N-Tris (hydroxymethyl) methyl-2-aminoethanesulfonic 
acid. 
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allowed to thaw in ice. Radioactive estradiol was then 
added to a final concentration of 5 x 10°° to 
10-8 M. Unless otherwise specified, the incubation 
was carried out in ice for | hr. The extent of binding 
of estradiol to the binding protein was determined 
after each experiment by gel filtration chromatogra- 
phy columns [13]. 

Characteristics of tumor and purification of its nuclei. 
Most of the studies on nuclear binding of [*H]estra- 
diol were done with nuclei isolated from an estrogen- 
induced interstitial cell tumor of the testis. This 
tumor, line 14LC, has been well characterized in serial 
passage [4, 14]. 

The following technique was used for the isolation 
of nuclei from tumor, uterus and liver. The tissue was 
rapidly excised, weighed and then minced in 6 vol. 
of ice-cold sucrose solution (2.2 M sucrose in 10~7M 
Tris buffer, pH 7.4; 3mM CaCl,; and 0.2% Triton 
X-100). The minced tissue (ranging in weight from 
3 to 10g) was then briefly homogenized in two 
strokes in a round-bottom glass homogenizer with 
a Teflon pestle (Kontes. clearance 0.009 in.) on a 
Tri-R Stir-R (model S 630. Tri-R Instruments. Inc.) 
at intermediate speed. The homogenate was then fil- 
tered through four layers of cheesecloth. A drop of 
this solution was colored with Trypan Blue (1% 
aqueous solution) and checked under the microscope 
for the presence of nuclei. In order to obtain pure 
nuclei, the original Chauveau procedure[15] was 
modified in the following way: 10 ml of the homo- 
genate was layered over a 3.2-ml cushion of 2.2M 
sucrose and the interphase was carefully stirred with 
the tip of a pasteur pipette to minimize trapping of 
nuclei. The following step consisted of a 45-min cen- 
trifugation in a Spinco ultracentrifuge L2-65B using 
the SW 40Ti rotor at 40,000 rev/min (284,000 g) at 5°. 
The supernatant was discarded, the sides of the tube 
were carefully wiped of residual cellular debris, and 
the whitish nuclear pellets  re-suspended in 
10°? MTES buffer,* pH6.6. The nuclei were dis- 
persed with a vortex mixer and centrifuged in a Sor- 
vall rotor for 5 min at 2400 rev/min (600 g). The nuclei 
were washed twice with about 30ml of the same 
buffer by dispersing them on a vortex mixer and cen- 
trifuging as stated above. The nuclear pellet was then 
homogenized by hand in a conical glass homogenizer, 
containing approximately 10ml of 10°?MTES 
buffer, pH 6.6. The DNA:RNA ratio was 4.63 and 
4.8, as tested on two separate batches of nuclei by 
the diphenylamine [16] and orcinol reaction [17] re- 
spectively. 

Under phase microscopy the nuclei appeared to be 
intact. For electron microscopy the nuclear pellets 
were fixed in 2.5°% glutaraldehyde and post fixed with 
1°% osmium tetroxide. The electron micrographs were 
interpreted as containing nuclei free of contamination 
by other cellular particles. As anticipated, the outer 
nuclear membrane was removed by the detergent Tri- 
ton X-100. In the final electron microscopic prep- 
aration, some nuclei were intact while others had nuc- 
lear material protruding outside of the remaining 
membrane. 

Isolation of mitochondria and microsomes. These 
cellular constituents were isolated from the same 
tumors as used for the preparation of nuclei [18]. The 
tissue was homogenized in 10 vol. of buffer (0.35 M 
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sucrose, 2mM EDTA, 20mM K,HPOQO,, and 30mM 
nicotinamide, pH 6.8). In order to remove all nuclei. 
this homogenate was centrifuged twice in a Sorvall 
rotor SS34 at 2400 rev/min (600 g) and the precipitate 
discarded each time. The next step, a 10-min centri- 
fugation at 8300rev/min (800g), yielded a crude 
mitochondrial pellet. The supernatant was saved for 
preparation of microsomes, while the pellet was re- 
homogenized in 50ml of the above buffer. This 
10-min recentrifugation was repeated four times, the 
supernatant discarded and the pellets were rehomo- 
genized in 10~? M TES buffer, pH 6.6. The nuclei and 
mitochondria-free supernatant were transferred into 
Spinco tubes for type 40 rotor and centrifuged for 
Lhr at 38,000 rev/min (100,000 g). The microsomal 
pellets were homogenized in 10°? MTES_ buffer, 
pH 6.6. 

Nuclear uptake. After preincubation of the cytosol 
fraction with [*H]estradiol, 0.2ml of this cytosol 
preparation containing the labeled binding protein 
was added to 0.1 ml of a nuclear suspension. The pH 
of the incubation mixture was 6.9 to 7.0. The DNA 
content in the nuclear preparation ranged between 
50 and 100 zg. Each experimental group consisted of 
three or more samples, as indicated. Unless otherwise 
indicated, the samples were incubated at 25° in a 
shaking water bath for 30 min. After this period the 
samples were cooled in ice and the nuclei sedimented 
for 5 min at 2400 rev/min (600 g) in a Sorvall centri- 
fuge RC-2 using the SM rotor. The supernatant was 
carefully removed using a pasteur pipette and trans- 
ferred to separate tubes in an ice bucket for deter- 
mination of the extent of labeling of the binding pro- 
tein (see below). The nuclear pellet remaining in the 
original incubation tubes was then washed with 3 ml 
of 10°? M TES buffer, pH 6.6, and the nuclei were 
dispersed on the vortex mixer. The nuclei were centri- 
fuged once more under the same conditions. The 
buffer was carefully aspirated so that the nuclear pel- 
let remained undisturbed. Extraction of macromole- 
cular bound estradiol from the nuclei was achieved 
by adding 0.3ml of a high salt solution (5M 
urea~2 M NaCl in 10°?M Tris, pH 8.3), which was 
found to solubilize approximately 90 per cent of the 
chromosomal proteins [19]. The use of this salt solu- 
tion overcomes the difficulty of solubilizing only a 
low percentage of the total amount of macromole- 
cular bound estradiol [20]. Incubation of a nuclear 
pellet with 0.4M KCI in 10~?M Tris buffer, pH 8.0, 
resulted in solubilization of only 34 per cent of the 
total [*H]estradiol in the nuclear preparation. 

After a 10-min incubation on ice, 0.1 ml of a 1% 
solution of Dextran Blue 2000 (Pharmacia, 
MW 2 x 10°) was added to the samples. They were 
then chromatographed at room temperature on 
polyacrylamide columns (Biogel P-10, Biorad 
1.1cm x 10cm, exclusive MW 20,000) using 10-7 M 
Tris buffer, pH 7.4, as the eluent. One 3-ml fraction 
was collected from the moment the Dextran Blue 
front started to elute. 

The radioactive estradiol contained in this fraction 
was extracted by adding 10ml of isoamyltoluene 
solution (1:19) to all tubes, which were then shaken 
at room temperature for 15min. Five ml of the 
organic phase was transferred to scintillation vials 
containing 10ml of 1,4-bis(2-(5-phenyloxazolyl)ben- 
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zene and 2,5-diphenyloxazole solution in toluene. 
Radioactivity was determined in a Packard liquid 
scintillation counter, model 3320. The results have 
been corrected for a background of 27 cpm and for 
the portion of the organic phase which had been 
counted. The counting efficiency was approximately 
43 per cent. 

Isolation of chromatin. A test tube containing a pur- 
ified preparation of nuclei was placed in the chamber 
of a cell disruption bomb (model 4635, Parr Instru- 
ment Co., Moline, IIl.). The sealed chamber was 
slowly filled with N, and the nuclear sample allowed 
to equilibrate at 1700-1800 psi. After an exposure of 
the nuclei at this pressure for 20 min the exit valve 
was carefully opened and the ruptured nuclear sus- 
pension collected. This preparation was centrifuged 
at 2400 rev/min (600g) for 10min to remove any 
remaining intact nuclei and aggregates. The resulting 
supernatant is referred to as crude chromatin prep- 
aration. The DNA:RNA: protein ratio was 1:0.21:1.8. 

Determination of ['*C]amino acid incorporation into 
trichloroacetic acid (TCA)-insoluble material. A nuc- 
lear pellet (0.1 ml containing 220 yg protein) was incu- 
bated at 37° for the time periods indicated with 0.2 ml 
of a ['*C]amino acid algal hydrolysate (Amersham, 
54mCi/mAtom of carbon) in 10°7M Tris buffer, 
PH 7.4 (20°). In different experiments between 0.9 and 
0.57 wCi/0.2 ml was added and the amount of TCA- 
insoluble material was determined as described by 
Anderson et al. [21]. 

ATP determination. The ATP in nuclear prep- 
arations containing approximately 300 ug DNA was 
extracted as described by McEwen et al. [22]. ATP 
(equine muscle) was purchased from Sigma and ATP 
determinations were carried out according to McEI- 
roy [23]. The luciferin—luciferase enzyme solution 
(Worthington Biochemical Co.) was prepared by 
reconstituting 50mg of lantern extract with 5 ml 
water. The fluorescence was measured in an Aminco 
Bowman spectrophotofluorometer (excitation wave 
length 370 nm; emission wave length 550 nm). 

Preparation of ammonium sulfate-precipitated bind- 
ing protein. A fraction of the cytosol in the range 
of 30-50ml was made 10°°M with [*H]estradiol 
and incubated on ice for 60 min. Ammonium sulfate 
(Schwartz/Mann, special enzyme grade) was slowly 
added to the cytosol preparation to obtain a 30%, 
fraction. After an overnight incubation on ice the 
preparation was centrifuged at 15,000 rev/min 
(36,400 g) for 20 min at 4°. The pellet was carefully 
rinsed with cold 10°? M Tris buffer, pH 7.4. Five ml 
of cold 10-7 M Tris buffer, pH 7.4, was then added 
to suspend the sediment. A 0.2-ml fraction was 
assayed for macromolecular binding by filtration on 
columns of Biogel. 


RESULTS 


Requirement of uterine cytosol for nuclear binding. 
When purified nuclei incubated with the uterine cyto- 
sol containing 10°°M [*H]estradiol, 68,000 + 200 
dis./min/mg of DNA was in the nuclear fraction. The 
nuclei bound much less radioactivity after incubation 
with 10° * M [*H]estradiol in bovine serum albumin 
or in Tris buffer (Table 1). Nuclei incubated in media 
containing cytosols prepared from the heart or uterus 
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Table 1. Nuclear binding of [*H]estradiol in the presence of different [*H]estradiol containing media* 





Nuclear binding 
(dis./min/mg DNA) 


Cytosol binding 
(dis./min/0.2 ml) 





44,000 (910) 
670 (37) 


68,000 (2000) 
10,000 (470) 
7,700 (130) 


(A) Cytosol (0.9 mg protein/0.2 ml) 
(B) Bovine serum albumin (0.9 mg/0.2 ml) 
(C) Tris buffer, 10°? M, pH 7.2 (25°) 





* A suspension of tumor nuclei (89 ug nuclear DNA/0.1 mg) was incubated with 0.2 ml of one of 
the above solutions. (A) The cytosol was prepared in 6 vol. of 10~?M Tris buffer, pH 7.4. (B) Bovine 
serum albumin was dissolved in the same buffer. All three groups of solutions were first incubated 
with 10°°M [*H]estradiol for 1 hr in ice. The amount of macromolecular bound [*H]estradiol was 
estimated by filtration of the salt extract on columns of Biogel. The results are averaged from three 
determinations; the figures in parentheses indicate S. E. M. 


that had been aged to destroy their estradiol-binding 
activity supported only about 28 per cent as much 
nuclear binding as did the active uterine cytosol. With 
the addition of larger volumes of uterine cytosol to 
a constant number of nuclei, the amount of nuclear 
uptake of estradiol was not increased [24]. 

The radioactive estradiol—cytosol-binding protein 
complex was partially purified by ammonium sulfate 
fractionation. Varying amounts of the protein fraction 
precipitated by ammonium sulfate at 30° of satu- 
ration then were added to nuclei at 4° for 20 min. 
The nuclear binding was proportional to the amount 
of partially purified binding only up to 80 yg protein. 
Nuclear binding was the same using 80, 100 or 150 pg 
of the protein fraction. The apparent saturation level 
is 58,000 dis./min/mg of DNA. The concentration of 
binding macromolecules in the nucleus is 0.3 pmole 
mg of DNA assuming that each macromolecule binds 
one estradiol molecule [24]. 

To examine the nature of the macromolecule bind- 
ing estradiol in the nucleus, tumor nuclei were incu- 
bated with prelabeled cytosol. The nuclei were then 
washed and 4 nuclear salt extract was prepared which 
was filtered on columns of Biogel kept at 4°. Portions 
of the macromolecular bound fraction from the nuc- 
leus were incubated with Pronase (CalBiochem B 
grade), 10 ug/ml; DNase (Worthington), 5 ug/ml, 
5 x 10°? MgCl,; or RNase (Worthington), 5 ug/ml. 
All samples including the untreated control were in- 
cubated for 15min at 20° and then reanalyzed for 
macromolecular binding on columns of Biogel. Nuc- 
lear macromolecular binding was destroyed by pro- 
nase (11 per cent of control) but not extensively by 
DNase or RNase (83-85 per cent of control). 

Relative binding of estradiol by nuclei, mitochondria 
and microsomes. Microsomes and mitochondria were 
isolated from the same tumors as the nuclei and were 
assayed for binding of [*H]estradiol as described for 
nuclear binding. The extent of macromolecular bind- 
ing obtained with these organelles was expressed on 
the basis of “mg of protein” for comparison. Cytosol 
fractions were incubated with increasing amounts of 
labeled [*H]estradiol, a fraction of each prelabeled 
cytosol was added to the mitochondria or micro- 
somes, and the amount of macromolecular bound 
[*H]estradiol measured. The mitochondrial binding 
at a given concentration of estradiol was much less 
than that found in a nuclear extract (Fig. 1). Micro- 
somes, however, appear to bind approximately to the 
same extent as nuclei. This extensive binding of estra- 


diol to microsomes, in the presence of cytosol, 
appears to be a peculiarity of the system in vitro, since 
studies in vivo revealed little binding of [*H]estradiol 
to these organelles [24]. 

Nuclei, mitochondria or microsomes were heated 
at 73° for Smin in sealed tubes. After cooling the 
preparations in ice, each of the above particulate frac- 
tions was incubated with [*H]estradiol-prelabeled 
cytosol and the amount of macromolecular bound 
[*H]estradiol was measured. Heated nuclei only con- 
tained 25 per cent of control macromolecular binding. 
In contrast, the binding by heated mitochondria was 
82 per cent of control for heated mitochondria and 
90 per cent of control for heated microsomes. 

The influence of preincubation at 37° on the iso- 
lated nuclei was also investigated. The result of this 
experiment is shown in Fig. 2. The capacity of nuclei 
to bind [*H]estradiol decreased with increasing 
duration of preincubation at 37°. Nuclear-binding 
capacity was not restored by addition of glucose 
(100 mg/100 ml) to samples incubated at 37° for 
30 min. Similarly, the decrease in binding activity of 
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Fig. 1. Binding of [*H]estradiol by nuclei, mitochondria 
and microsomes in the presence of increasing amounts of 
[°H estradiol in cytosol. Increasing amounts of [*H]estra- 
diol were added to 0.2 ml of cytosol preparations which 
were then incubated at 0-4° for | hr. Tumor nuclei (178 ug 
protein), mitochondria (178 zg protein) or microsomes 
(178 zg protein) were added in 0.1 ml to the prelabeled 
cytosol. The samples were incubated at 25° for 30 min. 
A salt extract was prepared of the washed nuclear and 
mitochondrial pellets. The amount of macromolecular 
bound [*H]estradiol was estimated by filtration of the salt 
extract on columns of Biogel. Dashed lines represent extent 
of cytosol binding per sample; the solid line in panel A 
represents nuclear binding; in panel B, mitochondrial bind- 
ing; and in panel C, microsomal binding of [*H]estradiol. 
Each point represents the average of three samples; the 
vertical bars represent S. E. M. 
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Fig. 2. Effect of temperature on ability of nuclei to bind 
[?H]estradiol. Incubation tubes containing 0.15 ml of a 
suspension of tumor nuclei (102 ng DNA) were exposed to 
37° for the time periods indicated. Cytosol (0.2 ml) prela- 
beled with 10°® M [*H]estradiol was then added to each 
sample, which was subsequently incubated for 30 min at 
25°. A salt extract of the washed nuclear pellet was gel 
filtered to determine the amount of macromolecular bound 
[?H]estradiol. The center dashed line shows the binding 
of heat-inactivated nuclei (5 min at 73°). Each point rep- 
resents the average of three estimates. Vertical bars and 
top and bottom dashed lines indicate S. E. M. 


the nuclei could not be prevented by addition of glu- 
cose prior to exposure to 37°. 

The lability of the estradiol-binding protein con- 
tained in the cytosol was very pronounced at 37° (Fig. 
3). The question arose whether the progressive loss 
of nuclear-binding activity at 37° was due to concur- 
rent inactivation of the binding protein. To ensure 
that all samples were exposed to cytosol with indenti- 
cal levels of biologically active binding protein, a 
pulse-label experiment was performed (Fig. 4). 

Nuclei were incubated at time zero at 37°. At 4 min 
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Fig. 3. Effect of incubation of a nuclear preparation with 
[*H]estradiol-labeled cytosol on nuclear binding of 
[*H]estradiol and on cytosol binding at 37°. A preparation 
of tumor nuclei (102 ug DNA/0.1 ml) was incubated at 37 

for the time periods indicated with 0.2 ml cytosol which 
had previously been incubated with 10~ ® M [*H]estradiol. 
The 0 min value was obtained by incubating a sample in 
ice for 20min. After incubation the supernatant was 
removed for measurement of cytosol binding. The nuclei 
were washed, and a salt extract was prepared. Macromole- 
cular bound [*H]estradiol in nuclei and cytosol was 

measured by gel filtration. 
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Fig. 4. Effect of short pulses of [*H]estradiol-labeled cyto- 
sol on nuclear binding of [*H]estradiol and of ['*C]amino 
acids on nuclear ['*C]Jamino acid incorporation. Nuclear 
binding of [*H]estradiol (solid line): rat uterine nuclei sus- 
pended in a volume of 0.1 ml were incubated at 37°. At 
4-min intervals, starting with time zero, cytosol (0.2 ml) 
prelabeled with 10° * M [?H]estradiol was added and the 
incubation continued for 4 min, at which time the nuclei 
were washed, and a salt extract was prepared and analyzed 
for macromolecular bound [*H]estradiol. Nuclear incor- 
poration of ['*C]amino acids into acid-insoluble material 
(broken line): The same format was followed for the study 
of nuclear incorporation of ['*C]amino acids into acid- 
insoluble material. ['*C]amino acid hydrolysate (0.57 Ci) 
in 10-2 M Tris buffer, pH 7.4 (20°), was added in a volume 
of 0.2 to 0.1 ml of a nuclear suspension of 4 min as de- 
scribed above. '*C incorporation into protein was then 
measured. Each point represents the average of three esti- 
mates; the vertical bars indicate S. E. M. 


intervals thereafter, prelabeled cytosol was added to 
the nuclei for a period of 4min. As shown by the 
solid line, nuclear binding of estradiol decreased in 
a nonlinear fashion, while the ability of nuclei to in- 
corporate ['*C]amino acids into the trichloroacetic 
acid-insoluble material of nuclei remained constant 
(dashed line). Decreased nuclear binding of estradiol, 
therefore, does not primarily appear to be due to a 
general metabolic decline. 

Effect of inhibitors on nuclear binding. Since nuclei 
have been shown to contain a tricarboxylic acid cycle 
and an oxidative phosphorylation system [25], it was 
of interest to determine whether the nuclear binding 
of estradiol could be influenced by metabolic inhibi- 
tors. These experiments were also undertaken in an 
attempt to distinguish the binding of estradiol to nu- 
clei from the binding of estradiol to mitochondria and 
microsomes. After a preliminary testing of a number 
of inhibitors for their effect on nuclear binding of 
estradiol, only those which did not affect the binding 
of estradiol to the cytoplasmic-binding protein were 
studied further. The concentrations used were chosen 
after performing dose-response experiments and are 
in the same range as those used by McEwen et 
al. [25]. 

The reduction in nuclear accumulation of estradiol 
in the presence of drugs could be due to the interfer- 
ence with the binding process at several points: (1) 
conversion of the cytoplasmic-binding protein to a 
different, active form; (2) nuclear entry; and (3) in- 
tranuclear binding. To examine the possibility that 
the observed inhibition was due to a prevention of 
a conversion from an inactive form to an activated 
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one in the cytosol, the drugs were added to the 
[*H]estradiol-prelabeled cytosol for 30min at 25°. 
This did not alter the inhibition of nuclear binding 
observed when inhibitors were added directly to the 
incubation mix containing nuclei [24]. It appears un- 
likely, therefore. that the inhibitory effect is due to 
a temperature-dependent conversion of the binding 
protein to an active form in the cytosol alone. It is 
suspected that a nuclear event is influenced by these 
inhibitors. In the experiments shown, the inhibitors 
were routinely added to the nuclear preparation 
10min prior to the addition of the cytosol prep- 
aration. 

In another experiment, the nuclear incorporation of 
amino acids into trichloroacetic acid-insoluble mater- 
ial in the presence of dinitrophenol (1.2 x 10~* M) 
and pyrophosphate (5 x 10~3M) was studied. Dini- 
trophenol and pyrophosphate inhibited the incorpor- 
ation of amino acids into nuclear trichloroacetic acid- 
insoluble material by 68 and 8 per cent, respectively, 
of the control. The incorporation of amino acids over 
atime period of 20 min at 25° was linear with respect 
to time [24]. 

The histogram in Fig. 5 summarizes the results of 
several experiments utilizing inhibitors. The greatest 
inhibition was obtained with pyrophosphate. How- 
ever, PO}” also inhibited nuclear binding of [*H]es- 
tradiol. Anoxia and dinitrophenol decreased nuclear 
binding of estradiol by approximately 50 per cent, 
while in the the presence of KCN and ouabain, ap- 
proximately 70 per cent of the binding of estradiol 
was obtained. Note that heat-inactivated nuclei (see 
Fig. 6, column A) exhibited 25 per cent of the binding 
seen in untreated controls. On the other hand, no 
decrease in binding of [*H]estradiol was obtained 
when sodium azide or sodium fluoride was added to 
nuclear preparations at concentrations ranging from 
10-° to 5 x 10°7M. 

Effect of inhibitors on microsomal and mitochondrial 
binding. When the inhibitors used for the study of 
nuclear binding of estradiol were tested at the same 
concentrations with a microsomal pellet, no signifi- 
cant reduction in microsomal binding of labeled 
estradiol was found. Rotenone (2.5 x 10~°M) 
reduced mitochondrial binding by 20 per cent, and 
acetone extraction by 30 per cent [24]. 
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Fig. 5. Comparison of effects of various metabolic inhibi- 
tors on nuclear binding of [*H]estradiol. The binding of 
the untreated control preparations is taken as 100 per cent. 
(A) Heat-inactivated nuclei (5 min at 73°). (B) Flushed with 
N, for 15sec. (C) Pyrophosphate, 5x 1073 M. (D) DNP, 
1.2 x 10°*M. (E) KCN, 5 x 10°3M. (F) Ouabain, 
5 x 10°°M. The results are the average of three or four 
replicate experiments. The dashed lines indicate S. E. M. 


G. K. HASELBACHER and A. J. EISENFELD 


Effect of some metabolic inhibitors on nuclear ATP 
levels. The decreased nuclear binding of labeled estra- 
diol in the presence of potassium cyanide and dinitro- 
phenol may be due to an interruption of nuclear ATP 
generation. To test this hypothesis, nuclear prep- 


_arations were incubated in the presence and absence 


of some metabolic inhibitors [24]. The results indi- 
cated that there is no correlation between decreased 
nuclear binding of labeled estradiol and decreased 
ATP levels. Furthermore, sodium fluoride, sodium 
azide and antimycin A did not affect the level of nuc- 
lear binding of labeled estradiol. 

Association of labeled estradiol with the nuclear mac- 
romolecular binding site. The following experiment 
was performed to provide information concerning the 
distribution of label between the soluble and particu- 
late components of the nucleus. After incubation with 


_ prelabeled cytosol, nuclei were washed in buffer and 


broken using the Parr pressure bomb. The sample 
was then centrifuged at 100,000 g, and the amount 
of bound label in an extract of the sedimentable 
material and in the supernatant was estimated by gel 
filtration. The nuclear sediment contained 87 per cent 
of the macromolecular bound radioactivity [24]. 

To determine whether radioactive estradiol associ- 
ated with the macromolecular fraction was bound to 
chromatin, the following experiment was performed. 
A nuclear preparation was incubated with labeled 
cytosol and then ruptured as described above. A por- 
tion of the pellet was analyzed for estradiol-labeled 
chromatin using a discontinuous sucrose gradient. 
Figure 6 shows the profiles of two sucrose gradients. 
DNase treatment of a sample, prior to centrifugation, 
destroyed the chromatin and resulted in complete dis- 
appearance of the radioactive sedimenting peak. 

The effect of some degradative enzymes on macro- 
molecular bound labeled estradiol associated with 
chromatin (Table 2) was investigated in an experiment 
similar to the one shown in Fig. 7. The fractions con- 
taining chromatin-associated labeled estradiol were 
pooled and urea and sodium chloride were added 
(final concentrations 5 and 2 M respectively), thus dis- 
sociating the proteins from the DNA [19]. Aliquots 
were then filtered on Biogel and the fractions contain- 
ing macromolecular bound estradiol incubated with 
pronase, DNase or RNase. Only pronase was found 
to profoundly decrease the amount of macromole- 
cular bound estradiol, indicating that an estradiol- 
protein complex could be solubilized from the 
chromatin preparation [24]. 

Extent of nuclear binding of (*H]estradiol with in- 
creasing amounts of nuclei. Figure 7 shows the results 
of an experiment in which the nuclear binding was 
measured at 25°, while increasing the concentration 
of nuclei and holding the volume of cytosol constant. 
Even at the highest concentration of nuclei used, there 
is still a considerable amount of label associated with 
the estradiol-binding protein in the cytosol, yet nuc- 
lear binding seems limited. One possible explanation, 
supported with data below, is the depletion of a cyto- 
plasmic cofactor. 

~ Re-use of cytosol preparation for nuclear binding. 
Prelabeled cytosol which had previously been incu- 
bated with a nuclear pellet was added to a fresh prep- 
aration of nuclei. The result, summarized in Table 
3. shows that both cytosol binding and nuclear bind- 
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Fig. 6. Sedimentation pattern of crude chromatin prep- 
aration obtained after incubation of nuclei with prelabeled 
cytosol. Tumor nuclei were incubated with prelabeled cyto- 
sol for 20min at 25°, washed and broken by using the 
Parr pressure bomb. The resulting crude chromatin prep- 
aration (200 yg DNA/ml) was divided into two aliquots of 
0.4 ml each: panel A, untreated control; panel B, DNase- 
treated (5 yg/80 wg of nuclear DNA, 5 x 10°3M MgCl,) 
for 20 min at 25° prior to centrifugation on the sucrose 
gradient (4.4 ml of 1.7M sucrose in 10°?M Tris buffer, 
pH 7.4), centrifuged for 2 hr at 45,000 rev/min (221,000 g) 
in a Spinco SW SO rotor at 4°. In panel C, eight drop 
fractions were collected into 2ml of 10°? M Tris buffer, 
pH 7.4, and the absorption was measured at 258nm in 
a Beckman spectrophotometer against a buffer-containing 
blank. The fractions were then extracted with 10 ml of 
isoamyl-toluene, and the organic phase was counted. 


ing of [*H]estradiol are considerably higher with 
fresh cytosol than with the previously used cytosol. 
After the first incubation of nuclei, the radioactivity 
in the cytosol remained unchanged estradiol (thin- 
layer chromatography), and the cytoplasmic-binding 
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protein sedimented with 5-6S on salt containing suc- 
rose gradients [24]. 

Efforts were made to study whether a cytoplasmic 
cofactor was involved in nuclear binding. Attempts 
to concentrate Biogel-filtered cytosol preparations 
with an Amincon concentrating device were unsuc- 
cessful, since most of the macromolecular bound 
[*H]estradiol was lost. Other experiments in which 
cytosol preparations had been dialysed were ham- 
pered by the decrease in binding activity of the cyto- 
sol after dialysis. Similarly, experiments with pre- 
viously used labeled cytosol preparations which were 
supplemented by addition of fresh, unlabeled cytosol 
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Fig. 7. Effects of increasing amounts of nuclei with con- 
stant amount of cytosol on distribution of [*H]estradiol 
bound in nuclear or cytosol fractions. Increasing amounts 
of nuclei were added to the tubes in a volume of 0.1 ml. 
Cytosol (0.2 ml) which had been prelabeled with 10°°M 
[*H]estradiol was added to the nuclei. After an incubation 
period of 20min at 25° the nuclei were washed, a salt 
extract was prepared and macromolecular binding 
measured. Cytosol binding was estimated by filtration of 
the supernatant on columns of Biogel. The squares rep- 
resent the macromolecular binding remaining in cytosol 
and the circles the macromolecular binding in the nuclear 
extract. Each point represents the average of three esti- 
mates; vertical bars indicate $.E.M. Where not shown, the 
values were too small to be graphically depicted. 
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Table 2. Effects of some degradative enzymes on macromolecular bound 
[*H]estradiol after extraction from chromatin* 





Macromolecular bound [*H]estradiol 


(% of control) 





(A) Untreated control 
(B) Pronase (10 pg/ml) 
(C) DNase (5 ng/ml) 
(D) RNase (5 pg/ml) 





* A crude chromatin preparation obtained from tumor nuclei previously incu- 
bated with prelabeled cytosol was sedimented on a sucrose gradient under 
the same conditions as shown in Fig. 7. The fractions containing the DNA 
were pooled and dialyzed in the cold against 10°? M Tris buffer, pH 7.4. Urea 
and NaCl were added to a final concentration of 5 and 2M respectively. Ali- 
quots (0.5 ml) were filtered on columns of Biogel at 4°, and the fractions con- 
taining the macromolecular bound [*H]estradiol pooled and divided into four 
groups. The control was diluted with the same volume of distilled water. All 
samples were incubated for 15 min at 20° and subsequently assayed for macro- 
molecular binding of [*H]estradiol as described. The binding in the untreated 
control was 23,000 dis./min/mg of DNA. 
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Table 3. Effect of repeated use of the same cytosol preparation of nuclear binding of estradiol* 





Cytosol binding 
(dis./min/0.2 ml) 


Nuclear binding 
dis./min/mg DNA) 





(1) First incubation, fresh cytosol 
(2) Second incubation, cytosol of (1) 
(3) Control 


56,000 (2,400) 
7,700 (390) 
29,000 (2,000) 


11,000 (430) 
21,000 (840) 





* A suspension of tumor nuclei (120 4g DNA/0.1 ml) was incubated with prelabeled cytosol 
(53,000 dis./min bound in 0.2 ml) for 30min at 18°. The cytosol was then re-used by adding 
it to a fresh nuclear preparation. The extent of nuclear binding was determined by filtration 
of a salt extract of the washed nuclear pellets on columns of Biogel. The control consisted 
of a cytosol preparation containing no nuclei during the first incubation, but which was kept 
simultaneously in the waterbath. It was then added to a fresh nuclear pellet and incubated 
for a second incubation as described above. Cytosol binding was determined by filtration on 
columns of Biogel. The numbers in parentheses indicate S.E.M. from three separate determina- 


tions. 


(compared to supplementing with buffer alone) were 
difficult to interpret. The free [*H]estradiol remaining 
in the previously used cytosol bound to the freshly 
added unlabeled cytosol very quickly. This occurred 
even with short incubation periods of 10 min at 18°, 
and resulted in higher cytosol binding which in turn 
gave higher nuclear binding of estradiol. 

To overcome these drawbacks, prelabeled cytosol 
preparations were filtered on columns of Biogel in 
the cold. The labeled estradiol-binding protein was 
then precipitated with ammonium sulfate (0-30 per 
cent fraction) and resuspended in a very small volume 
of buffer. In order to remove traces of salt from the 
precipitated proteins, this fraction was then again fil- 
tered on another column of Biogel. The fraction con- 
taining the macromolecular bound [*H]estradiol is 
referred to as a preparation of partially purified estra- 
diol-binding protein. 

Nuclear binding of (*H estradiol using cytosol and 
a preparation of partially purified estradiol-binding pro- 
tein. When nuclei were incubated with prelabeled 
cytosol preparations they bound much more [°H]- 
estradiol than when incubated with the partially puri- 
fied estradiol-binding protein (Table 4, A and B). The 
addition of an aliquot of unlabeled cytosol to the par- 


tially purified estradiol-binding protein (C) restored 
the nuclear binding to that attained by the cytosol. 

Nuclear binding of partially purified estradiol-bind- 
ing protein in the presence of uterine and heart cytosol. 
Since there may be a cofactor or macromolecule 
which can restore the decreased nuclear binding of 
[*H]estradiol in the presence of partially purified 
estradiol-binding protein, the effect of heart cytosol 
was compared to that of uterine cytosol (Table 5). 
The result indicated that cytosol prepared from a 
typical non-target organ, such as heart, was equally 
effective in restoring the low nuclear binding occur- 
ring with partially purified estradiol-binding protein. 

Binding of (*H estradiol by tumor, uterine and liver 
nuclei. Tumor and uterine nuclei bound approxi- 
mately the same amount of [*H]estradiol, while the 
binding by liver nuclei was only 34 per cent of the 
binding by tumor and uterine nuclei (Table 6). Note 
that no corrections have been made for the non-speci- 
fic or background binding of approximately 25 per 
cent [24]. The liver nuclei preparation showed a simi- 
lar degree of purity as tumor nuclei, as judged by 
electron microscopy [24]. 

Analysis by sucrose gradient centrifugation of nuc- 
lear extracts from tumor and liver revealed a labeled 


Table 4. Nuclear binding of partially purified [*H]estradiol binding protein* 





[*H estradiol 
binding protein 
suspended in: 


Macromolecular 
bound [7H]E, (dis./min) 
in supernatant 


Nuclear binding 
(dis./min/mg DNA) 





(A) Cytosol preparation 

(B) Partially purified 
EBP 

(C) Partially purified 
EBP 


Tris buffer 


53,000 (1,200) 58,000 (2,300) 


52,000 (430) 17,000 (520) 


66,000 (5,400) 


Cytosol 50,000 (2,200) 





* A preparation of cytosol (5 ml) was labeled with 10°8M [*H]estradiol and filtered on columns of Biogel in a 
cold room. The fraction containing macromolecular bound [*H]estradiol was pooled and the estradiol-binding protein 
precipitated with ammonium sulfate (0-30 per cent fraction) as described in Materials and Methods. The precipitated 
proteins were resuspended in 1.0 ml of cold 10°?M Tris buffer, pH 7.1, and again filtered on a column of Biogel 
in a cold room. An aliquot of the fractions containing macromolecular bound [*H]estradiol (partially purified [*H]estra- 
diol-binding protein) was suspended in unlabeled cytosol or 10°? M Tris buffer as indicated ir ‘8) an’ ~). The cytosol 
preparation (A) had been incubated with 2 x 10°°M [*H]estradiol for 1 hr in ice. The protein concentration of (A) 
and (C) were equal and amounted to approximately 950 yg/0.25 ml, while (B) contained 56 ug protein. The pH of 
all three incubation media was adjusted to 7.1 at 25°. Preparations of tumor nuclei (62 ug of nuclear DNA/O.) ml) 
were incubated for 20 min at 25° with 0.25 ml of partially purified estradiol-binding protein which had been suspended 
as described above. The amount of macromolecular bound [*H]estradiol was estimated by filtration of the nuclear 
salt extract on columns of Biogel. The numbers in parentheses indicate S.E.M. 





Binding of estradiol by nuclei in a cell-free system 


Table 5. Nuclear binding of partially purified estradiol-binding protein in the presence of 
uterine and heart cytosol* 





Macromolecular bound 


[?H]estradiol 
(dis./min/0.25 ml) 


Incubation medium 


Nuclear binding 
(dis./min/mg DNA) 





10°? M Tris buffer 
Uterine cytosol 
Heart cytosol 


69,000 (3,500) 
70,000 (2,600) 
66,000 (840) 


17,000 (1,700) 
55,000 (4,300) 
57,000 (560) 





* Partially purified estradiol-binding protein was prepared as described in the legend to 
Table 2. Preparations of tumor nuclei (75 ug nuclear DNA/0.1 ml) were incubated for 20 min 
at 25° with 0.25-ml aliquots of partially purified estradiol-binding protein (84 yg protein) 
suspended in 10°? M Tris buffer, pH 7.1 (25°), or in uterine and heart cytosol respectively. 
The cytosol preparations contained the same amount of protein (0.9 mg). The pH of all 
incubation media was adjusted to 7.1 at 25°. After incubation, the nuclei were washed, a 
salt extract was prepared and the amount of macromolecular bound [*H]estradiol assayed 
on a column of Biogel. The macromolecular bound [*H]estradiol refers to the partially 
purified estradiol-binding protein. The numbers in parentheses indicate S.E.M. 


band having an §S value of approximately 5—6 in the 
case of the tumor extract, while the salt extract from 
liver nuclei showed a strikingly (approximately 3S) 
different gradient profile. It has previously been 
observed after incubation of uterine cytosol and estra- 
diol with nuclei from a non-target organ (diaphragm) 
that the binding macromolecule extracted from the 
nucleus sedimented with approximately 3S [26]. 

Effect of pretreatment of nuclei with cytosol contain- 
ing estradiol, estriol, diethylstilbestrol or MER-25. Nu- 
clei were incubated for 20min at 25° with cytosol 
containing either non-radioactive estradiol, estriol, 
DES (a non-steroid estrogen) or MER-25 (ethamoxy- 
triphetol), an anti-estrogen. 

After incubation the cytosol was removed, the nu- 
clei were washed, and cytosol prelabeled with [*H]es- 
tradiol was added for an additional 5 min. Control 
nuclei were incubated with an aged preparation of 
cytosol in which binding activity was non-existent. 
All the samples were 10°’M of each drug to be 
tested, except MER-25, which was added to a final 
concentration of 10°*M. MER-25 is a competitive 
inhibitor of the [*H]estradiol binding to the superna- 
tant EBP. High concentrations of MER-25 markedly 
reduce the [*H]estradiol binding to the supernatant 
EBP [24]. The results of this experiment are shown 
in Fig. 8. 

Nuclei do not appear to take up or to efficiently 
bind MER-25 to the same nuclear site, since nuclear 
samples preincubated with this drug bound the same 
amount of [*H]estradiol as control nuclei. In contrast 
to the results with MER-25, the non-steroidal 
estrogen, DES, was as effective as non-radioactive 
estradiol, while estriol was slightly less effective in 
nuclear binding. These results suggest that prior incu- 
bation of nuclei with uterine cytosol and estrogens 
saturates a nuclear site, so that less [*H]estradiol- 
labeled binding protein can subsequently bind. 


DISCUSSION 


When nuclei from the estradiol-binding interstitial 
cell tumor were incubated with prelabeled uterine 
cytosol, they bound five to ten times more estradiol 
than when incubated with heart cytosol, bovine serum 
albumin or free estradiol. This demonstrates the im- 
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portance of the cytoplasmic estradiol-binding protein 
for the intranuclear accumulation of estradiol. The 
degree of purity of the tumor nuclei represents one 
of the distinct advantages of the present study, eli- 
minating the potential binding of labeled estradiol to 
microsomes or mitochondria as it has been shown 
to occur under assay conditions in vitro. Additional 
support for specific nuclear binding is based on the 
relative insusceptibility of microsomes and mitochon- 
dria to heat treatment prior to the assay. Further- 
more, the binding or association of estradiol with 
microsomes and mitochondria was not affected by the 
same metabolic inhibitors which were shown to de- 
crease nuclear binding of estradiol. These results not 
only provide support for a specific binding process 
ii the rucleus but also demonstrate the need for 
workins, with nuclear preparations which show the 
least possible degree of contamination by other cellu- 
lar organelles. Since these organelles can also bind 
[*H]estradiol under conditions in vitro, simple extrac- 
tion of relatively crude nuclear pellets with salt solu- 
tions cannot be accepted as a measure of nuclear 
binding of [*H]estradiol. The use of sucrose at a den- 
sity of 2.2 M (density = 1.28) has been shown to yield 
very pure nuclei, while a decrease to a density of 
1.97 M (density = 1.25) usually results in severe con- 
tamination [27]. Thus, the density of the homogenate 
is one of the most crucial steps in the isolation pro- 
cedure of nuclei. 

The exact biochemical basis for the observed inhi- 
bition of nuclear binding of estradiol by metabolic 


Table 6. Binding of [*H]estradiol to nuclei from different 
tissues* 





Nuclear binding (%) 





100 
99.0 (6.9) 
33.9 (3.6) 


Tumor nuclei 
Uterine nuclei 
Liver nuclei 





*Nuclei were isolated simultaneously from tumor 
(LC 14 NBIII) and mouse liver on six different occasions 
and assayed for nuclear binding as described. Uterine nu- 
clei were isolated from rats (two experiments). The nuclear 
binding is expressed as per cent of binding obtained with 
tumor nuclei. The numbers in parentheses indicate S.E.M. 
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Fig. 8. Effect of prior incubation of nuclei with cytosol 
containing various drugs. A suspension of rat uterine nu- 
clei was incubated with 0.2 ml cytosol which had been 
preincubated with non-radioactive estradiol, estriol, DES 
(10-7 M) and MER-25 (10°*M). The amount of DNA, 
sample in the three different experiments summarized in 
this figure was 51, 68 and 89 yg/0.1 ml respectively. After 
an incubation period of 20min at 25° the nuclei were 
washed and incubated for a second time at the same tem- 
perature for Smin with 0.2 ml cytosol prelabeled with 
10°°M [*H]estradiol. The nuclei were again washed, a 
salt extract was prepared, and the amount of macromole- 
cular bound [*H]estradiol determined by filtration of the 
salt extract on columns of Biogel. In order to measure 
non-specific binding, a pellet of heat-inactivated nuciei 
(Smin at 90°) was incubated with cytosol preincubated 
with estradiol (10~’ M) and processed as described above. 
The control consisted of nuclei which were incubated with 
an aged preparation of cytosol which had also been pre- 
labeled with estradiol. Nuclei were preincubated with 
estradiol (E,), DES, estriol (E,) or MER-25. The data were 
expressed as per cent binding of the control preparation 
(87,000 dis./min/mg of DNA) from which the amount of 
binding of the heat-inactivated nuclei had been deducted. 
The dashed lines indicate S. E. M. 


inhibitors remains unexplained. In view of the obser- 
vation that there is no correlation between the extent 
of inhibition of binding and the decrease in nuclear 
ATP levels [24], and the finding that nuclear ATP 
levels were also lowered by NaF (which did not affect 
nuclear binding of estradiol), it is difficult to ascribe 
the observed inhibition to a depletion of ATP. 

The binding of [*H]estradiol to a nuclear protein 
associated with the chromatin fraction in the present 
cell-free system mimics the localization in vivo of 
radioactive estradiol. 

As noted in Fig. 7 there is the apparent saturated 
nuclear binding of estradiol while there is still exten- 
sive cytosol binding. Possibly a cytoplasmic com- 
ponent is required, for nuclear binding has been de- 
pleted and thus limits further nuclear binding of 
[*H}estradiol. Additional support for the requirement 
of an unidentified component of the cytosol for nuc- 
lear binding was obtained from experiments in which 
one cytosol preparation was used in two successive 
incubations with fresh nuclei. This experiment indi- 
cated that re-used cytosol, although still containing 
considerable amounts of estradiol-binding protein, 
was no longer effective to any significant degree in 
nuclear binding of estradiol. Experiments in which 
the nuclear binding of [*H]estradiol was compared 
using partially purified preparations (by gel filtration) 


of estradiol-binding protein and labeled cytosol 
clearly showed that the gel-filtered estradiol-binding 
protein was considerably less effective than the corre- 
sponding crude cytosol preparation. Since the de- 
creased binding with partially purified estradiol-bind- 
ing protein preparations could be increased to control 
levels by reconstituting the partially purified estra- 
diol-binding protein with cytosol, it is assumed that 
Biogel polyacrylamide gel filtration removed some 
component required for nuclear binding from the 
cytosol. Alternatively, the Biogel filtration may have 
converted the estradiol-binding protein to a less 
active molecule. On the other hand, ammonium sul- 
fate-precipitated estradiol-binding protein, not filtered 
on Biogel, can be bound by nuclei. Since cytosol pre- 
pared from a typical non-target organ could be used 
with the same result as uterine cytosol for reconstitu- 
tion of the partially purified estradiol-binding protein, 
this cofactor is not target tissue specific. 

What controls the extreme specificity of target tis- 
sue? In the first place, it could be the presence of 
the binding protein in the cytoplasm. Other possible 
sites include cytoplasmic cofactors, the nuclear mem- 
brane, nuclear acceptor proteins and specific sites on 
the chromatin. Experiments carried out with tumor, 
uterine and liver nuclei revealed a lower binding of 
[*H]estradiol by liver nuclei. Liver nuclei exhibited 
34 per cent of the binding obtained with tumor or 
uterine nuclei. The observation that liver nuclei bind 
less estradiol suggests that nuclei themselves exert 
some degree of specificity. Steggles et al. [28] showed 
that uterine chromatin preparations bound two and 
one-half to three times more estradiol than chromatin 
preparations from non-target organs. The level of 
binding by non-target nuclear or chromatin prep- 
arations may be predominately non-specific binding. 
Heat-inactivated tumor nuclei, for instance, bound 
between 25 and 27 per cent of the amount of control 
nuclei. Similarly, an aged cytosol preparation 
(although reduced in binding activity to approxi- 
mately 10 per cent) will still provide approximately 
27 per cent of the binding obtained with fresh cytosol. 
The reason for this substantial background binding 
is not clear. This background binding may, however, 
not be neglected and it becomes especially important 
in the above studies, where the binding of estradiol 
by nuclei from different tissues is compared. 

A different aspect of this investigation deals with 
a number of steroids and non-steroidal analogs which 
will also bind to the binding protein [29]. MER-25 
may exert its anti-estrogenic effect by occupying the 
cytoplasmic-binding protein and therefore preventing 
estradiol from binding. This had originally been pro- 
posed by Jensen [30] as the mechanism of action of 
this drug. However, it is unclear what distinguishes 
an estrogen from an anti-estrogen. Conceivably, the 
binding protein charged with an anti-estrogen is un- 
able to penetrate into the nucleus, or it can penetrate 
and is unable to attach to chromatin and be retained 
by it. As Fig. 8 shows, nuclei incubated with cytosol 
prelabeled with MER-25 showed the same amount 
of [*H]estradio! macromolecular binding as control 
preparations. It was concluded, therefore, that this 
drug was not as capable as estradiol in promoting 
macromolecular binding to the same site in nuclei. 
The potent estrogen DES decreased subsequent bind- 
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ing of [*H]estradiol-labeled binding protein to nuclei 
to approximately the same extent as estradiol. 

Estriol has been termed an “impeded” estrogen, 
because even massive doses of estriol do not increase 
uterine weight to the same extent as estradiol [31]. 
Estriol was less effective than the two potent 
estrogens in diminishing [*H]estradiol macromolecu- 
lar binding. It is possible that drugs which bind the 
binding protein can be divided into the groups of 
anti-estrogens and estrogens according to their ability 
to be taken up and retained by nuclei at the same 
site as promoted by estradiol. 
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Abstract—The type of inhibition of the different forms of monoamine oxidase by clorgyline (preferen- 
tially ‘A’ form-inhibiting) and deprenyl (preferentially “B’ form-inhibiting) has been investigated. For 
both inhibitors a reversible phase of inhibition was found to precede the irreversible reaction. When 
incubated at 25° for 20 min, clorgyline inhibited the ‘A’ form in an irreversible fashion, while 4 hr 
at 37° was needed to inhibit the ‘B’ form irreversibly. In contrast, deprenyl inhibited the ‘A’ form 
reversibly even when incubated at 37° for 4 hr, whereas the ‘B’ form was irreversibly inhibited under 
these conditions. The selectivity of both inhibitors was considerably lower with longer incubation 
times. The implications of the results for the interpretation of previous findings on multiple forms 
of monoamine oxidase (an ‘A’ and a ‘B’ form) and for chronic treatment with the inhibitors in vivo 


is discussed. 


There are many reports postulating the existence of 
multiple forms of monoamine oxidase either directly 
by partial separation or indirectly by kinetic studies 
(for a review see [1]). In particular, many studies of 
the latter kind have been performed since Johnston 
[2] introduced the inhibitor clorgyline and found that 
one part of monoamine oxidase activity in rat brain 
was highly sensitive to that inhibitor (the ‘A’ form 
of the enzyme) and that another part was consider- 
ably less sensitive (the ‘B’ form of the enzyme). At 
about the same time Knoll et al. [3] found that 
deprenyl inhibited the ‘B’ form of rat liver mono- 
amine oxidase at low concentrations and the ‘A’ form 
only at considerably higher concentrations. These two 
forms of the enzyme have been found in many other 
tissues from various species, [4-7]. Moreover, it has 
been shown that in, for example, liver and brain from 
rat and man, serotonin and norepinephrine are 
mainly oxidized by the ‘A’ form of monoamine oxi- 
dase and that benzylamine and f-phenylethylamine 
are preferred substrates for the ‘B’ form, while tyra- 
mine and dopamine are substrates for both forms of 
the enzyme [8]. 

It is of interest whether the two functional forms 
of monoamine oxidase are due to two different en- 
zyme species or to one single species with allotropic 
properties [8,9]. When interpreting the results 
obtained from inhibition by clorgyline and deprenyl, 
the point arises whether the inhibition was irrevers- 
ible or not. If the inhibition was irreversible, the 
results seem clearly to demonstrate the presence of 
two different monoamine oxidase active sites. If the 
inhibition was reversible, however, the results might 
as well be explained by one active site which might 
bind different substrates in different ways as proposed 
by Severina [9]. 

Knowing that both clorgyline and deprenyl belong 
to the pargyline-type of, monoamine oxidase inhibi- 
tors in which a reversible phase is known to precede 
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the irreversible “suicide reaction” [10], we have, in 
this communication, studied in detail the nature of 
the inhibition with the two inhibitors under the con- 
ditions generally used. 


MATERIAL AND METHODS 


Chemicals 


Preparation of mitochondria. Male Sprague-Dawley 
rats, weighing 200-250 g, were killed by a blow on 
the head and the livers were quickly removed and 
chilled. Mitochondria were prepared in 0.25 M suc- 
rose as described earlier [11], with the exception that 
a Potter-Elvehjem homogenizer was used. The 
volume was adjusted to contain 50 mg of protein per 
ml. 

Assay of monoamine oxidase. Monoamine oxidase 
activity was estimated with ['*C]serotonin (0.5 mM), 
['*C]tyramine (0.5 mM), or £-[{'*C]phenylethyla- 
mine (0.05 mM) as substrate, as described earlier [6]. 

Estimation of protein. The protein content was esti- 
mated according to Lowry et al. [12] with human 
serum albumin as a standard. 


RESULTS 

The effect of increasing concentrations of clorgy- 
line (preferentially ‘A’ form inhibitor) on the mono- 
amine oxidase activity in rat liver mitochondria is 
shown in Fig. 1. After incubation at 25° for 20 min 
with the inhibitor, the monoamine oxidase activity 
with serotonin as substrate (substrate for the ‘A’ 
form of the enzyme) was highly sensitive and the acti- 
vity towards f-phenylethylamine (substrate for the “B’ 
form) was less sensitive to the inhibitor, while a pla- 
teau-shaped curve was obtained with tyramine as sub- 
strate, indicating that this substrate was oxidized by 
both the ‘A’ and the ‘B’ form of the enzyme. These 
results are in agreement with the findings previously 
reported by several groups [2-4, 7, 13, 14]. After incu- 
bation of the mitochondrial preparation with clorgy- 
line at 37° for 4 hr no significant difference was 
obtained with serotonin as substrate as compared to 
incubation at 25° for 20 min, whereas considerably 
lower concentrations of clorgyline now were needed 
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Fig. 1. Inhibition of monoamine oxidase activity towards 
serotonin, tyramine and f-phenylethylamine by various 
concentrations of clorgyline at different times and tempera- 
tures. Rat liver mitochondria (60 ug of protein) were incu- 
bated at 25° for 20 min or at 37° for 4 hr in the presence 
of various concentrations of clorgyline in a total volume 
of 275 pl of potassium phosphate (0.01 M, pH 7.4). 
Labelled substrate (25 yl) was then added to estimate the 
monoamine oxidase activity. x — x — x incubation at 25 
for 20 min with clorgyline prior to estimation of mono- 
amine oxidase activity with serotonin as_ substrate; 
x---x---x 37°, 4hr, serotonin; A—A—A 25°, 20 min, 
tyramine; A-—-A-—-——A 37°, 4 hr, tyramine; O—O—O 25°, 
20 min, f-phenylethylamine; O---O---O 37°, 4 hr, 

B-phenylethylamine. 


to inhibit the activity towards f-phenylethylamine. 
The result obtained with tyramine as substrate is in 
agreement with the findings for the other two sub- 
strates, i.e. incubation time and temperature was only 
of importance for the effect of clorgyline on the ‘B’ 
form of the enzyme. 

The effect of incubation time and temperature on 
the inhibition by clorgyline of the ‘B’ form of mono- 
amine oxidase was further studied with B-phenylethy- 
lamine as substrate. As shown in Fig. 2, 10~° M clor- 
gyline inhibited about 40 per cent of the activity after 
20 min of incubation at 25° and with increasing incu- 
bation time and temperature the degree of inhibition 
approached 100 per cent. 

In order to investigate whether the inhibition by 
clorgyline was reversible or irreversible, the mito- 





activity 
is} 3 


3 








Monoamine oxidase activity, % uninhibited 





Preincubation time, hr 


Fig. 2. The effect of incubation time and temperature on 
the inhibition by clorgyline of monoamine oxidase activity 
towards f-phenylethylamine. Rat liver mitochondria were 
incubated for the times indicated at different temperatures 
in the presence of 10~° M clorgyline in a total volume 
of 275 yl of potassium phosphate (0.01 M, pH 7.4). 
B-['*C]Phenylethylamine was then added to estimate the 
monoamine oxidase activity. 


chondria were repeatedly washed after the incubation 
with the inhibitor (Table 1); Even at a low concen- 
tration of clorgyline (10~ '° M), no significant increase 
of the activity towards serotonin was obtained by 
washing, while even at a high concentration of clorgy- 
line (10~> M) there was a marked reactivation when 
B-phenylethylamine was used as substrate (from 54 
to 86 per cent). With tyramine as substrate there was 
a reactivation by washing only at high concentration 
of clorgyline. These results support the conclusion 
that the inhibition of the ‘A’ form of monoamine oxi- 
dase by clorgyline was irreversible, while that of the 
‘B’ form, to a great extent, was reversible. 

The effect of the incubation time with the inhibitor, 
clorgyline is further demonstrated in Fig. 3, in which 
it can be seen that the effect of washing on inhibition 
decreased with the length of the incubation time. 

The degree of reversibility of the inhibition of the 
monoamine oxidase activity by clorgyline was further 
studied by means of the titration technique devised 
by Ackerman and Potter [15] and previously applied 
to monoamine oxidase with inhibitors of the pargy- 
line-type [10, 16,17]. In these experiments various 
amounts of mitochondria were incubated with a fixed 


Table 1. Effect of washing on the inhibition of monoamine oxidase activity after incubation of 
mitochondria with clorgyline* 





Remaining activity (%)t 





Substrate Clorgyline 


Before washing 


After washing 





107 '° 
107 10 
10-8 
10-5 
10-° 


Serotonin 
Tyramine 


B-Phenylethylamine 


45 
75 
60 
12 
54 





* Samples of the mitochondrial preparation (625 yg protein) were incubated with the indicated 
concentrations of clorgyline in a total volume of 2.75 ml of 0.01 M potassium phosphate (pH 
7.4) for 20 min at 25°. Ten ml of potassium phosphate (pH 7.4) was then added and the mitochondria 
were spun down at 100,000 g for 20 min. The pellet was washed once again and then suspended 
in 2.75 ml of the same buffer. Samples were taken for estimation of monoamine oxidase activity. 

+ The remaining activity is expressed as per cent of the activity in a control experiment without 


clorgyline. 
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Fig. 3. Effect of washing on the inhibition of monoamine 
oxidase activity after incubation with clorgyline for differ- 
ent times. Samples of the mitochondrial preparation were 
incubated with 10~° M clorgyline at various times and 
then washed as described in Table 1. The activity was esti- 
mated with f-phenylethylamine as substrate. The result 
from one representative experiment is demonstrated as well 
as data from two additional experiments at 20 min, 1 and 
4 hr. 


concentration of clorgyline prior to estimation of acti- 
vity. If the inhibition is reversible, the slope of the 
activity curve will be decreased in the presence of 
the inhibitor, but the curve will still originate from 
the origin. If the inhibition is irreversible, on the other 
hand, the curve will be parallel to the activity curve 
without inhibitor and originate from a point on the 
abscissa to the right of the origin. As shown in Fig. 
4, a curve indicating at least partially reversible inhi- 
bition was obtained with f-phenylethylamine as sub- 
strate after incubation of the mitochondrial prep- 
aration with 10°° M clorgyline at 25° for 20 min. 
When the preparation was incubated for 4 hr at 37°, 
irreversible inhibition of the activity towards B-pheny- 
lethylamine was obtained, although the concentration 
of clorgyline was lower (10~° M). With serotonin as 
substrate incubation with 10~° M clorgyline at 25° 
for 20 min was sufficient to cause irreversible inhibi- 
tion. 

When corresponding experiments were performed 
with deprenyl instead of clorgyline as the inhibitor, 
opposite results were obtained (Figs. 5 and 6). Now, 
B-phenylethylamine oxidation was most sensitive and 
the serotonin oxidation least sensitive to the inhibitor 
(Fig. 5). The increase in the degree of inhibition by 
deprenyl upon an increase in time and temperature 
of the incubation was most pronounced for the oxi- 
dation of serotonin and the ‘A’ form oxidation of tyr- 
amine, while the effect on f-phenylethylamine oxi- 
dation was relatively small. 

The titration experiment performed with deprenyl 
(10-7 M) (Fig. 6) showed a curve typical for reversible 
inhibition with B-phenylethylamine as substrate after 
20 min of incubation at 25°. When the incubation 
time was increased to 4 hr and the temperature to 
37°, irreversible inhibition was obtained with 
B-phenylethylamine, although the concentration of 
the inhibitor was lower (10° * M). With serotonin as 
substrate, however, reversible inhibition was obtained 
even after 4 hr of incubation at 37° with 5 x 1077 
M deprenyl. 
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Mitochondria, pl 


Fig. 4. Effect of time and temperature on the inhibition 
by clorgyline of monoamine oxidase activity towards 
f-phenylethylamine and serotonin. Various amounts of rat 
liver mitochondria were incubated at 25° for 20 min or 
at 37° for 4 hr with clorgyline in a total volume of 0.275 
ml of potassium phosphate (0.01 M, pH 7.4). In the control 
experiments no clorgyline was present. After the incubation 
25 pl of labelled substrate was added to estimate the mono- 
amine oxidase activity, as described in the text. The units 
of the monoamine oxidase activity were chosen so as to 
give a common curve for f-phenylethylamine and sero- 
tonin in the absence of clorgyline irrespective of incubation 
time and temperature. O——O incubation without clorgy- 
line at 25° for 20 min prior to estimation of monoamine 
oxidase activity with f-phenylethylamine as substrate; 
O---O incubation in the presence of 10~° M clorgyline 
at 25° for 20 min, f-phenylethylamine; @——@ without 
clorgyline at 37° for 4 hr, f-phenylethylamine; @---@® 
10-° M clorgyline at 37° for 4 hr, B-phenylethylamine; 
x—— x without clorgyline at 25° for 20 min, serotonin; 
x---x 10° M clorgyline at 25° for 20 min, serotonin. 
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Fig. 5. Inhibition of monoamine oxidase activity towards 
serotonin, tyramine and f-phenylethylamine by various 
concentrations of depreny] at different times and tempera- 
tures. The experiments were carried out as described in 
the legend to Fig. 1 but with deprenyl instead of clorgyline 
as inhibitor. The symbols represent the same temperatures, 
incubation times and substrates as described in the legend 

to Fig. 1. 
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Fig. 6. Effect of time and temperature on the inhibition 
by deprenyl of monoamine oxidase activity towards 
B-phenylethylamine and serotonin. The experiments were 
carried out as described in the legend to Fig. 4, but with 
deprenyl instead of clorgyline. O——-O incubation without 
deprenyl at 25° for 20 min prior to estimation of mono- 
amine oxidase activity with f-phenylethylamine as sub- 
strate; O---O incubation in the presence of 10°’ M 
deprenyl at 25° for 20 min, f-phenylethylamine; @——-@® 
wthout deprenyl at 37° for 4 hr, f-phenylethylamine; 
@-—-@ 10°* M deprenyl at 37° for 4 hr, £-phenylethyla- 
mine; x —— x without deprenyl at 37° for 4 hr, serotonin; 
x-—~~—x in the presence of 5 x 10°’ M deprenyl at 37 
for 4 hr, serotonin. 


DISCUSSION 


The concept of two different functional forms of 
monoamine oxidase, the ‘A’ and ‘B’ form, is based 
on the selective inhibition of the ‘A’ form by low con- 
centrations of clorgyline [2]. At high concentrations 
of clorgyline, however, the “B’ form is also inhibited. 
Compared to the inhibition of the ‘A’ form, an ap- 
proximately 1000 times higher concentration of the 
inhibitor was needed to inhibit the ‘B’ form activity 
when the inhibitor and enzyme were incubated for 
20 min at 25° prior to estimation of the activity [14]. 
Correspondingly, the ‘B’ form is about 1000 times 
more sensitive to inhibition by deprenyl than the ‘A’ 
form [14]. 

In the present investigation clorgyline and deprenyl 
were incubated with rat liver mitochondria prior to 
estimation of monoamine oxidase activity in order 
to study the effect of incubation time and temperature 
on the inhibition of the two forms of the enzyme. 
The results demonstrate that a reversible phase of in- 
hibition preceded the irreversible phase. This rever- 
sible phase was most pronounced when the ‘A’ form 
was to be inhibited by deprenyl (Fig. 6) and the ‘B’ 
form by clorgyline (Fig. 4). It can be concluded that 
at least the major part of the ‘A’ form of the enzyme 


ought to have been irreversibly inhibited by clorgyline 
with the incubation conditions normally used 
[2, 7, 13, 14, 18]. Since irreversible inhibition implies 
that the flavine part of the active site of the enzyme 
has been inactivated by the formation of a covalent 
flavin-inhibitor adduct [19, 20] it seems impossible to 
interpret the results shown in, for example, Fig. 1 in 
other than by the existence of two different active 
sites. If reversible inhibition had occurred the results 
would have been compatible also with one active site, 
which according to Severina [9] contains at least 
two different substrate binding areas with one com- 
mon flavin group. Whether the active sites are chemi- 
cally different or are due to allotropic properties can- 
not be stated with the present experiments. In a pre- 
vious communication, however, we have put forward 
some evidence for the existence of chemically different 
forms of the enzyme [14]. When the incubation time 
was prolonged and the temperature elevated the inhi- 
bition both by clorgyline and deprenyl tended to be 
less selective (Figs. 1 and 5). This may be of impor- 
tance when these inhibitors are given chronically in 
vivo, although it has been shown that the selectivity 
was retained in acute experiments [7, 18, 21, 22]. 
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Abstract—Novobiocin inhibited bilirubin UDP-glucuronosyltransferase (EC 2.4.1.17) from rat liver both 
in vitro and in vivo, in a dose-dependent fashion. This inhibition was immediate, and was fully reversed 
when novobiocin was removed by dialysis or by ultracentrifugation through 0.6 M sucrose. The inhibi- 
tion could not be explained by an alteration in the membrane conformation of this enzyme, since 
the same kinetic changes were observed in digitonin-activated and in non-activated microsomes. Novo- 
biocin exerted a non-competitive inhibition of bilirubin UDP-glucuronosyltransferase with either biliru- 
bin or UDP-glucuronic acid as the substrate. Kinetic studies demonstrated uncompetitive inhibition 
of novobiocin on bilirubin UDP-glucuronosyltransferase as a function of Mg** concentration, whether 
the assays were EDTA-free or not. Thus, similarities seem to exist between the known effect of novobio- 
cin on membrane-bound enzymes of the bacterial wall and its inhibitory effect on bilirubin UDP-glucur- 
onosyltransferase: both these enzymic systems require metal divalent cations for maximal activity. 
The uncompetitive inhibition pattern observed with novobiocin with regard to Mg?* suggests that 


this antibiotic acts on bilirubin conjugation by affecting Mg 


Novobiocin causes unconjugated hyperbilirubinemia 
in several species [1, 2], including man [3]. Inhibition 
of liver bilirubin UDP-glucuronosyltransferase acti- 
vity (EC 2.4.1.17) (UDP-GTA) could play a role in 
the genesis of such hyperbilirubinemia [2, 4-7]. How- 
ever, experimental data on novobiocin inhibition of 
UDP-GTA remain controversial, since in only a few 
studies was bilirubin used as the substrate. Such 
results cannot be extrapolated to bilirubin since it 
is probable that this enzyme is heterogenous [8]. In 
addition, further difficulties exist, since an enhance- 
ment of UDP-GTA was found when the drug was 
given in vivo to newborn rats and guinea-pigs [2]. 

The precise mechanism by which novobiocin may 
inhibit bilirubin UDP-GTA remains unknown. In 
bacteria, novobiocin affects a wide variety of bio- 
chemical events, whereas most other antibiotics seem 
to affect only one specific process [9]. An attractive 
possibility would be that all the events known to be 
affected by novobiocin could be explained by a com- 
mon mechanism. In this respect, it is relevant that 
all the inhibitory effects exerted by novobiocin on the 
bacterial wall are Mg**-dependent [10]: this action 
might therefore be related to chelation of this cation 
by novobiocin and was indeed reversible by further 
addition of Mg?*. 

Maximal activity of bilirubin UDP-GTA necess- 
arily requires Mg”* or other metal divalent cations, 
such as Ca** or Mn?* [11]. Therefore it was of inter- 
est to determine whether the inhibitory effect of novo- 
biocin on bilirubin UDP-GTA was mediated by a 
metal divalent cation and further to investigate how 
such a model of inhibition might assist in the delinea- 
tion of the molecular events leading to the glucuroni- 
dation of bilirubin. 


?+_enzyme complexes. 


MATERIALS AND METHODS 


Chemicals. Novobiocin sodium salt, (Cathomy- 
cine®) was obtained from Specia, Paris, France. 
Sodium pentobarbital, (Nembutal®) was purchased 
from Abbott, Saint-Remy sur Avre, France. Bilirubin 
was obtained from the British Drug Houses Ltd, 
Poole, England; when controlled. its molar extinction 
was found to be greater than 58,000 and could not 
be further increased by recrystallisation. UDP-glucur- 
onic acid, triammonium salt, was purchased from 
Sigma, St. Louis, Mo, U.S.A.; human serum albumin 
from CDTS, Paris, France; ethyl anthranilate from 
Eastman Kodak, Rochester, N.Y., U.S.A. All other 
reagents were from Merck, Darmstadt, Germany and 
of analytical grade. 

Animals. Male Sprague-Dawley rats, Charles River 
CD, weighing 180-250 g were fed ad lib. for 2 weeks 
and starved for 12 hr prior to the experiments. 

In vivo experiments. Animals acted as their own 
controls: a first liver biopsy was taken under light 
ether anesthesia, and novobiocin, diluted in 0.15 M 
NaCl, was injected intravenously (penian vein) at 
doses of 30, 60, 150 or 300 umoles/kg body wt, in 
a volume of approximately 0.5 ml. Ten min after the 
injection, a second liver biopsy was taken. Both the 
liver specimens were quickly homogenized in 4 vol 
of ice-cold 0.25 M sucrose containing | mM EDTA, 
pH 7.4 using a glass Potter homogenizer. In these 
experiments, an equal vol. of a 2% (w/v) suspension 
of digitonin was added to the homogenates prior to 
the enzymic determinations. The small size of the 
biopsies, around 20 mg, led us to assay bilirubin 
UDP-GTA in the homogenates. 

In vitro experiments. These were all performed on 
liver microsomal suspensions. The rats were anesthe- 
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tized with sodium pentobarbital, 4 mg/100 g body 
wt., ip. Microsomes were prepared as previously de- 
scribed [13], the pellet being resuspended in 0.25 M 
sucrose-l1 mM EDTA, pH 7.4, so as to contain 4-8 
mg protein/ml. For the various in vitro studies, the 
microsomes which were used as the enzymic source 
were diluted before the assays with 0.25 M sucrose-— 
EDTA in the presence or absence of a 2% (w/v) sus- 
pension of digitonin; this corresponded to a digitonin 
concentration of 0.35% in the incubation mixtures. 

Enzymic assays. Bilirubin UDP-GTA was measured 
according to a micromodification [12] of the method 
of Van Roy and Heirwegh [13] and Black, Billing and 
Heirwegh [14] i.e. a system using diazotized ethyl 
anthranilate and in which the excess of unconjugated 
bilirubin does not react [15]. The final concentrations 
in the assaying mixtures were 80 mM triethanolamine 
buffer; 9 mM MgCl,; 0.3 mM bilirubin; 0.16 mM 
human serum albumin; 3 mM UDP-glucuronic acid; 
0.7 mM EDTA. The reaction was initiated by the 
addition of an equivalent of 35 mg of liver, or of 
1.5-3 mg of microsomal protein, per ml of assaying 
mixture. 

Varying amounts of novobiocin, dissolved in 0.1 M 
Na,CO,, were added in a minute volume to the incu- 
bation mixtures. The final concentration of the anti- 
biotic varied from 0 to 10°3M. It was determined 
that identical volumes of 0.1 M Na,CO, affected 
neither the final pH nor the enzymic activity of the 
system. 

Reversibility of novobiocin effects. In order to study 
a possible binding of the drug to microsomes, novo- 
biocin (20 nmoles per mg of inicrosomal protein) was 
added to 250 ul of a digitonin-activated microsomal 
suspension in 0.15 M KCl, and dialysed in cellophan 
bags against 500 ml of 0.15 M KCI at 4° for 20 hr. 
In these experiments, the final concentration of novo- 
biocin was 50 uM. The UDP-GTA was then deter- 
mined and compared with that in (i) microsomes dia- 
lyzed without addition of novobiocin, and in (ii) mic- 
rosomes stored under similar conditions, but without 
dialysis. Novobiocin binding to microsomes was also 
studied by ultracentrifugation experiments, novobio- 
cin being added to microsomal suspensions in 0.25 
M sucrose. Orie ml of this microsomal suspension 
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Fig. 1. Inhibition of the formation of bilirubin glucuronide 

by novobiocin in digitonin-activated (@) and non-activated 

(©) microsomal preparations. The concentration of biliru- 
bin was 0.3 mM. 
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was then vitracentrifuged over 9 ml of 0.6 M sucrose 
at 100,000 g for 60 min. The resulting microsomal 
pellet was resuspended in 0.25 M_ sucrose-EDTA, 
bilirubin UDP-GTA assayed and its activity com- 
pared to that of microsomes which had been centri- 
fuged in an identical manner, but in the absence of 
novobiocin. 

Kinetic studies. When the final concentrations of 
bilirubin, UDP-glucuronic acid, magnesium and 
other divalent cations differed from the conditions of 
the standard enzymic assay described above, then the 
exact conditions are given in the legends to the 
figures. When variable concentrations of bilirubin 
were used, then the bilirubin: albumin molar ratio 
was kept constant in order to avoid deviation from 
Michaelis-Menten kinetics that an excess of albumin 
would create[16,17]. The initial rates of velocity 
were studied as a function of metal divalent cations 
and assayed in parallel in the presence and absence 
of EDTA. All the incubation periods were of 15 min 
duration, since activity was still linear with time at 
this point. 

Endogenous Mg** content of microsomes. The con- 
centration of Mg?* was measured by atomic absorp- 
tion in two microsomal suspensions which had been 
prepared in a different manner. One preparation was 
isolated from a liver specimen homogenized in 0.25 M 
sucrose containing 1 mM EDTA and washed twice 
in 0.15 M KCI before final resuspension of the micro- 
somes in EDTA-free sucrose, while the other was iso- 
lated in the absence of EDTA. Both preparations 
were made to a final concentration of 5%, (v/v) of 
sodium dodecyl sulfate before the Mg** measure- 
ments were made against corresponding blanks. 
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RESULTS 


In vivo studies. There was a definite, although 
moderate, inhibitory effect of novobiocin on bilirubin 
UDP-GTA. This inhibition appeared to be dose- 
related. Thus at 30, 75, 150 and 300 umoles of novo- 
biocin per kg body wt, the inhibitions were 0, 18, 
24 and 28 per cent of the initial activities, respectively 
(mean of four rats for each dose). The amounts 
of novobiocin which were chosen correspond to 
the therapeutic range used in man (around 100 
umoles/kg). 

In vitro studies. When novobiocin was added to 
the incubate, at final concentrations varying from 10 
to 200 uM, it inhibited the enzyme activity in a dose- 
dependent fashion. The antibiotic exerted an: inhibi- 
tion of bilirubin UDP-GTA when assayed on digi- 
tonin-activated microsomes at a fixed concentration 
of 0.3 mM bilirubin, effecting a 50 per cent inhibition 
at a concentration of 45 uM (Fig. 1). Novobiocin 
exerted a similar inhibition when non-activated mic- 
rosomes were used, yielding 50 per cent inhibition 
at 50 uM (Fig. 1). When added during the course 
(at the 5th min) of the enzymic assays, the inhibitory 
effect of novobiocin was immediate and sustained for 
the whole period of incubation (20 min) (Fig. 2). 

The novobiocin-induced: alteration of bilirubin 
UDP-GTA was reversible, since in microsomal sus- 
pensions to which novobiocin has been added, inhibi- 
tion was no longer seen after dialysis (99 and 102 
per cent of the control values). In contrast, when di- 
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INCUBATION TIME , min 
Fig. 2. Effect of 504M novobiocin (©) or of an equal 
volume of solvent (0.1 M Na2,CO;) (@) added after 5 min 
to the incubation assay. Velocity (V) is expressed as nmoles 
of bilirubin conjugated per mg protein. Assays were carried 
out on activated microsomes; other conditions are de- 

scribed under Methods. 


alysis was omitted, 50 per cent inhibition of enzyme 
activity persisted at the 50 uM novobiocin concen- 
tration. Similarly, the basal level of enzyme activity 
in three different microsomal suspensions, which had 
been mixed with novobiocin, was fully restored by 
ultracentrifugation through 0.6 M sucrose. 

Rate of synthesis of bilirubin glucuronide as a func- 
tion of bilirubin concentration. When assayed in acti- 
vated microsomes, novobiocin appeared as a non- 
competitive inhibitor of bilirubin UDP-GTA, since 
inhibition consisted chiefly of a decrease in the maxi- 
mal velocity (Fig. 3). Higher concentrations of biliru- 
bin could not be assayed in these experiments because 
of the low solubility of this substrate. Provided that 
the molar ratio of bilirubin to albumin was main- 
tained constant, then linearity was observed in double 
reciprocal plots whether novobiocin was present or 
not. Concentrations of 20, 40 and 60 uM novobiocin 
produced a lowering of the calculated V,,,,, and only 
a slight increase in the K,, at the highest concen- 
tration of novobiocin (60 uM) (Fig. 3). An apparent 
non-competitive inhibition, which appeared to be a 
function of bilirubin concentration was also observed 
with non-activated microsomes (Fig. 4). 

Rate of synthesis of bilirubin glucuronide as a func- 
tion of UDP-glucuronic acid. These studies produced 
hyperbolic curves, and double reciprocal plots gave 
further evidence of non-competitive inhibition of 
novobiocin as a function of the nucleotide (Fig. 5). 
The changes in calculated V,,,, resembled those 
observed in kinetic studies as a function of bilirubin. 
The apparent K,,’s for UDP-glucuronic acid were 
0.77 and 0.80 mM in the absence and in the presence 
of 50 uM novobiocin, respectively. 

Rate of synthesis of bilirubin glucuronide as a func- 
tion of Mg** or other metal divalent cations. The com- 
parative stimulatory effect of Mg?*, Ca?* or Mn?* 
on UDP-GTA is shown in Fig. 6. Mg?* and Ca?* 
induced the same type of activation which was maxi- 
mal around 10 mM. For Mn?* however, the highest 
enzyme activity was obtained at 1 mM, whereas 
higher concentrations rapidly inhibited bilirubin 
UDP-GTA. When bilirubin UDP-GTA was assayed 
either with 9 mM Mg?*, 10 mM Ca?’* or 1 mM 
Mn?*, it appeared that the inhibition produced by 
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novobiocin was different for each cation: the 50 per 
cent inhibitory effect was produced at a concentration 
of novobiocin about twice lower with Ca?* or Mn?* 
than that with Mg’* (Fig. 7). 

When bilirubin UDP-GTA was assayed in the 
absence of novobiocin as a function of the concen- 
tration of added Mg?*, and in EDTA-free assay mix- 
tures, double reciprocal plots exhibited to different 
slopes (Fig. 8). Such slopes exhibited a descending 
concavity, and are usually considered as suggesting 
either negative cooperativity or two distinct binding 
sites. In the absence of any inhibitor, the apparent 
K,, corresponding to the two slopes was 1.72 and 
0.59 mM, respectively. However, it is known that in 
the absence of any added Mg**, some transferase 
activity is still found. Such activity could well be 
related to the highly-bound endogenous divalent 
cations that we found in the microsomal suspensions, 
even when they were prepared in the presence of 1 
mM EDTA (Table 1). It is therefore conceivable that 
the non-linearity of the curves shown in Fig. 8 could 
be a consequence of the endogenous Mg?* pool, the 
availability of which could differ from that of the 
added cation. It should also be noted that endo- 
genous Mg?* will represent a high proportion of the 
total Mg?* when low concentrations of the cation 
are added, thus altering the shape of the curves which 
refer only to the actual amount added. An argument 
favoring this theory is as follows: when the same ex- 
periments were conducted in the presence of 0.7 mM 
EDTA, a linear reciprocal plot was obtained, the K,,, 
of which (1.95 mM) was quite similar to the lowest 
affinity constant observed when EDTA was omitted 
(1.72 mM). 
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Fig. 3. Inhibition of the formation of bilirubin glucuronide 

by zero (@), 20 (©), 40 (A) and 60 (@) uM novobiocin. 

Velocity is expressed as nmoles of bilirubin conjugated per 

min per mg protein. Activated microsomes were used in 
these experiments. 
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Fig. 4. Inhibition of the formation of bilirubin glucuronide by zero (@) and 50 (O) uM novobiocin 
in non-activated microsomes. Velocities are expressed as nmoles of bilirubin conjugated per min per 
mg protein. 


Whatever the actual number of Mg** binding sites, 
fixed concentrations of novobiocin (40 or 80 pM) 
exerted a similar effect, causing a parallel shift of the 
curves whether EDTA was present (data not shown) 
or not (Fig. 8). Thus, novobiocin, with regards to 
Mg?*, exerted an inhibition of the so-called uncom- 
petitive type [18]. When bilirubin UDP-GTA was 
tested as a function of either Ca?* or Mn?*, two 
slopes were again found in the absence of EDTA, 
the calculated K,, being 1.04 and 0.27 mM for Ca?*, 
and 0.18 and 0.01 mM for Mn**. Novobiocin still 
exerted an uncompetitive inhibition with regard to 
either of these cations. 


DISCUSSION 


The present experiments demonstrate that novobio- 
cin exerts an inhibition on bilirubin UDP-GTA both 
in vivo and in vitro. However, no more than 28 per 
cent inhibition could be achieved at the highest dose 
' in vivo. This inhibitory effect of novobiocin was dose- 
related and was of the same order of magnitude as 
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Fig. 5. Inhibition of the formation of bilirubin glucuronide 
by novobiocin. Double reciprocal plots of initial velocities 
as a function of the concentration of UDP-glucuronic acid 
in the absence (@) and presence (O) of 50 4M novobiocin. 
Velocities (V) are expressed as nmoles of bilirubin conju- 
gated per min per mg protein. The microsomes used were 
digitonin-activated. 


that observed at low concentration (25 uM) in vitro. 
The moderate in vivo effect of novobiocin could be 
due to a low intracellular concentration of novobiocin 
at the active site of the enzyme. No precise data are 
available with regard to novobiocin disposition, and 
the 10-min interval which was arbitrarily chosen 
between novobiocin administration and liver biopsy 
may not correspond to the time at which the highest 
intrahepatocytic concentration of the antibiotic was 
reached. 

Novobiocin does not cause any permanent alter- 
ation in microsomal membrane structure as its inhibi- 
tory effect in vitro was reversible by either dialysis 
of the microsomal preparation, or by ultracentrifuga- 
tion of the microsomes through hypertonic sucrose. 
This seems of importance, since novobiocin contains 
phenolic groups which theoretically possess a mem- 
brane-perturbing effect, at least at high concen- 
tration [10]. 

UDP-glucuronosyltransferase is a tightly mem- 
brane-bound enzyme the active site of which may be 
located behind a hydrophobic barrier [19]. The acti- 
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Fig. 6. Stimulating effect on bilirubin- UDP-glucuronosyl 

transferase of various concentrations of the chloride salts 

of the three following metal divalent cations: Mg** (@), 

Ca?* (&) or Mn?* (0). Velocity is expressed as nmoles 

of bilirubin conjugated per min per mg protein. No EDTA 

was. added in any of these assays; activated microsomes 
were used. 
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Fig. 7. Inhibition of the formation of bilirubin glucuronide 
by novobiocin in the presence of optimal concentration 
of the three following metal divalent cations: 9mM Mg?* 
(@), 10mM Ca** (A) or 1.5mM Mn?* (0). Velocity is 
expressed as the per cent of the control corresponding to 
each of the cations which were used. Assays were carried 
out on activated microsomes; EDTA was omitted in these 
experiments. 


vity of this enzyme greatly depends on (i) the ag!ycone 
which is used [8] and especially its lipid solubility; 
(ii) the conformation of the microsomal membrane, 
which may be altered by many procedures [20], in- 
cluding detergents and compounds that readily bind 
to membranes. Therefore, it still remains difficult to 
define whether an inhibitor either acts on the enzyme 
protein, or alter its membrane environment, thus 
secondarily affecting the enzyme. As a consequence, 
it is questionable whether an inhibition observed in 
vitro is of any significance in the in vivo situation [20]. 
In the present experiments, however, such an action 
on membrane environment seems unlikely for the fol- 
lowing two reasons: (i) the apparent non-competitive 
inhibitory effect of novobiocin towards bilirubin and 
UDP-glucuronic acid was also observed after digi- 
tonin pretreatment of microsomes; (ii) compounds in- 
hibiting the enzyme by an alteration of the membrane 
conformation frequently exhibit opposite effects on 
native microsomes, i.e. an activation at low concen- 
tration followed by an inhibition at high concen- 


NOVOBIOCIN (um) 








[Mg2*] mM -1 

Fig. 8. Double reciprocal plot of initial velocities of biliru- 

bin glucuronide formation in activated microsomal prep- 

arations as a function of varying concentrations of added 

Mg?* in the absence (@) and presence of 40 (0) or 80 

(4) uM novobiocin. The enzymic sources used were pre- 
pared in the absence of any EDTA. 
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Table Mg?* content of rat liver 


microsomes 


1. Endogenous 





Mg?* content 
(nmoles/mg 
microsomal protein) 





53.0 
51.6 


Microsomes prepared 
in EDTA-free sucrose 


23.0 
22.6 


Microsomes prepared 
in 1 mM EDTA-sucrose 





The results are individual values from two preparations. 


tration [20,21]; novobiocin failed to show such a 
diphasic action. A direct interaction of novobiocin 
with the enzyme protein appears therefore to be the 
most likely possibility. It is, however, notable that 
kinetics of membrane-bound enzymes are not fully 
reliable [22], and may, for instance, be greatly ham- 
pered by the diffusion of the substrates within the 
membrane. Thus, novobiocin may act in part as a 
competitive substrate, thereby contributing to the in- 
hibitory effect. In fact, this remains an open possibi- 
lity, for novobiocin is glucuronidated by the liver, 
although to a limited extent (unpublished personal 
data). 

Kinetic analysis as a function of Mg?* exhibited 
a peculiar mechanism of inhibition since it appeared 
to be an uncompetitive one. This suggests that novo- 
biocin inhibition is dependent on Mg?*, or on other 
metal divalent cation such as Ca** or Mn?* for 
which a similar uncompetitive inhibition could be 
demonstrated. This type of inhibition may reflect a 
reaction of novobiocin with an enzyme-Mg** com- 
plex. Such an interaction between Mg?* and novo- 
biocin actually resembles that found in bacteria, 
which was attributed to the ability of the antibiotic 
to complex Mg’* [9], thus acting on bound magne- 
sium in a particular class of enzymes of the bacterial 
membrane [10]. 

The mechanism of the inhibition that novobiocin 
exerts on bilirubin UDP-GTA could well be 
explained by chelation of Mg?*. However, 50 uM 
novobiocin would have very little effect on the overall 
Mg?* concentration (9 mM added); thus, a specific 
interaction with only a bound fraction of the Mg?* 
is more likely, and such a hypothesis is quite conceiv- 
able for the following reasons. Firstly, Zakim et 
al. [23] have suggested two distinct sites at which di- 
valent metal ions may act to alter the kinetics of 
p-nitrophenol glucuronidation; following EDTA 
treatment, the microsomes had endogenous metal 
ions still attached at only one of these sites. This find- 
ing is further supported by the presence of still about 
half the amount of endogenous Mg?* that we 
obtained in microsomes prepared in sucrose contain- 
ing 1 mM EDTA as compared to that in EDTA-free 
preparation. Secondly, we observed two slopes when 
bilirubin UDP-GTA was assayed in the presence of 
increasing amounts of added Mg?*. When EDTA 
was added, only one slope was achieved. This indeed 
suggests two different binding sites, in accordance 
with the non-linearity already observed in non-acti- 
vated microsomes [17]. As a consequence, the kinetics 
as a function of Mg?* must be interpreted with cau- 
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tion, since the contribution of endogenous Mg** to 
the total Mg”* concentration is non-negligible at low 
concentrations of added cation. 

Whether or not the interaction between novobiocin 
and Mg?* can be mediated through Mg**—-UDP- 
glucuronic acid complexes remains an open possibi- 
lity which is now under investigation in our labora- 
tory. Novobiocin does however seem to interact with 
an enzyme-Mg’* complex, and this effect may be 
used to clarify the role of Mg?* in glucuronidation. 
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Abstract—The influence of bradykinin and kallikrein on some metabolic effects of catecholamines 
and theophylline were studied. The activity of phosphorylase a in heart muscle, the level of free fatty 
acids in the serum and epididymis, and the lactic acid content in the blood, striated muscle and 
intestine of the rat were studied after the administration of all drugs in vivo. Furthermore, the content 
of free fatty acids in the epididymal adipose tissue was estimated after incubation with the drugs 
in vitro. It was found that neither bradykinin nor kallikrein administered alone altered the studied 
parameters. However, kinins significantly diminished the effects of norepinephrine, epinephrine, iso- 
prenaline and theophylline on the metabolic indicators. The authors suggest that kinins could act 
as modulators of the activity of adrenergic receptors and this modulating action could depend on 


their effect on cyclic 3',5’'AMP. 


An increased activity of kinin-forming enzymes and 
elevation of kinin level was observed in a number 
of physiological and pathological states [1-3]. 

It was found that kinins release catecholamines 
from the adrenal glands and from tissue stores [4, 5] 
and that they play an essential role in the action of 
catecholamines [6]. 

It seemed to be of interest to investigate the in- 
fluence of kinins on some characteristic metabolic 
effect of catecholamines, i.e. the activity of phosphory- 
lase a in the heart muscle, the level of free fatty acids 
in the serum and epididymis, and the lactic acid con- 
tent in the blood and tissues. 


MATERIALS AND METHODS 


Male Wistar rats weighing about 200g were used 
in these studies. The animals were fed with a standard 
diet and given water ad lib. 

Norepinephrine (norepinephrine bitartate, Sigma 
Chemical Co.) in a dose of 500 ug/kg, epinephrine 
(epinephrine bitartate, Sigma Chemical Co.) in a dose 
of 500 g/kg and isoprenaline (isoprenaline sulphate, 
Boehringer) in a dose of 50 ug/kg were given intraper- 
itoneally (i.p.). The effects of these drugs were deter- 
mined 10min after administration. Theophylline 
(theophyllinum, Polfa) in a dose of 100mg/kg was 
given i.p. 30 min before decapitation. Bradykinin (bra- 
dykinin, Reanal, Budapest) in doses of 0.25 yg, 1.0 yg, 
2.5 ug and 7.5 ug/kg was given intravenously (i.v.) 
simultaneously with the drugs. Kallikrein (kallikrein, 
Winthrop) in doses of 150 and 200 units/kg was in- 
jected 40 min before drug administration, because it 
was found that at that time the activation of kinin- 
forming enzymes by kallikrein is maximal [7]. The 
animals were anesthetised by i.p. injection of sodium 
hexobarbital in dose of 150mg/kg, 15 min_ before 
being sacrificed. 
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The heart muscle was excised and phosphorylase 
a activity was measured by the method of Diamond 
and Brody[8] as modified by Robak and Gryg- 
lewski [9]. Inorganic phosphate was determined by 
the method of Fiske and Row[10]. The activity of 
phosphorylase was expressed in pmoles of inorganic 
phosphate released during the incubation per g of 
tissue per min. 

The percentage of phosphorylase a activity was cal- 
culated from the enzyme activity in the samples with- 
out S’‘AMP and in those with S’AMP. Since none 
of the substances tested significantly influenced the 
level of total phosphorylase a the results were 
expressed in percentage of phosphorylase a activity. 
Glycogen was purified using the method of Suther- 
land and Wosilait [11]. 

Free fatty acids in the serum in vivo and in the 
epididymis fat tissue incubated in vitro were deter- 
mined by the method of Novak [12]. The adipose tis- 
sue was isolated from the rat epididymis according 
to the Winegrad and Renold technique [13]. Each 
portion of tissue was incubated for 3hr in 5ml of 
5% bovine albumin in 0.15M phosphate buffer of 
Krebs-Ringer at pH 7.4 and 37°. The medium was 
equilibrated with 95% oxygen-5% carbon dioxide 
both before and after addition of the tissue. The fol- 
lowing substances were added to the incubating 
medium: epinephrine, 10 wg; norepinephrine, 10 pg 
isoprenaline, 1 yg; theophylline, 3 mg; kallikrein, 
20 U, bradykinin, 10 vg. The amount of released free 
fatty acids was calculated by subtraction of their con- 
tent in the incubating medium before incubation from 
that found after incubation and was expressed in 
peq/g of tissue/3 hr. The concentration of free fatty 
acids in the serum was expressed in peq/I. 

Lactic acid in the blood, striated muscle and intes- 
tine was determined by the method of Strom [14] and 
expressed in mg. The results were statistically ana- 
lysed by the Student t-test. The final results represent 
the average values of 6-15 readings including stan- 
dard deviations (2 S.D.). 
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Table 1. The effect of various doses of bradykinin on phosphorylase a activity in 
heart muscle of rat after norepinephrine adminstration 





Number of 
experiments 


Ordinal 


number Drugs (n) 


Phosphorylase a Statistical 
activity in heart significance 
muscle (% + S.D.) P 





I Control 
(saline) 12 
2 Bradykinin 
0.25 pg 8 
Bradykinin 
1 ug 
Bradykinin 
2.5 ug 
Bradykinin 
5 ug 
Bradykinin 
7.5 ug 
Norepinephrine 
Norepinephrine 
+ bradykinin 
0.25 pg 
Norepinephrine 
+ bradykinin 
1 ug 
Norepinephrine 
+ bradykinin 
2.5 ug 
Norepinephrine 
+ bradykinin 
5 ug 
Norepinephrine 
+ bradykinin 
7.5 pg 


22.0 + 4.5 
19.5 + 8.1 


19.0 + 4.2 


54.0 + 11.5 


P,_, < 0.001 
51.0 + 8.0 
48.0 + 6.0 
40.0 + 4.2 Ps 19 < 0.01 
34.0 + 10.0 


P, eT | < 0.01 


34.0 + 9.1 P,_,, < 0.001 





RESULTS 

Bradykinin given in doses of 0.25—7.5 ug/kg did not 
have any effect on phosphorylase a activity in the 
heart muscle of the rat (Table 1), but norepinephrine 
increased the activity of this enzyme. Bradykinin 
administered together with norepinephrine decreased 
the stimulatory effect of norepinephrine on the acti- 
vity of this enzyme. Beginning with a dose of 
2.5 pg/kg, statistically significant effects of bradykinin 
were observed. 

It was found that high doses of kallikrein 
(150-200 units/kg) did not change the activity of phos- 
phorylase a (Table 2). On the other hand, bradykinin 
(7.5 ng/kg) and kallikrein (200 units/kg) lowered the 
stimulatory action of epinephrine, norepinephrine and 
isoprenaline on phosphorylase a activity. 

Bradykinin and kallikrein did not affect the level 
of free fatty acids in the epididymis and in the serum 
of rat (Table 3). Increase in free fatty acid content 
was observed after administration of epinephrine or 
norepinephrine. Isoprenaline did not have such an 
effect. This action of epinephrine and norepinephrine 
was diminished by administration of bradykinin or 
kallikrein. 

Bradykinin and kallikrein did not affect the level 
of lactic acid in the blood, skeletal muscle and 
intestine of the rat (Table 4). On the other hand, a 
diminishing effect of bradykinin and kallikrein on 
catecholamine-induced increase of lactic acid content 
in the investigated organs was observed. 

As can be seen from Table 5, theophylline increases 
the phosphorylase a activity in the heart muscle and 


the level of free fatty acids in the serum and epidi- 
dymis. These effects of theophylline were reduced by 
simultaneous administration of bradykinin. 
Isoprenaline also increases the phosphorylase a 
activity and this effect is reduced by bradykinin 
administered alone or together with theophylline. 


DISCUSSION 

Our investigations showed that bradykinin 
administration or activation of the kinin-forming 
enzymes in animals under the influence of kallikrein 
did not change the activity of phosphorylase a, the 
level of fatty acids in the epididymis and serum or 
the level of lactic acid in the blood, striated muscle 
and intestine of the rat. We have confirmed the obser- 
vations of other authors[9,15] that the adminis- 
tration of adrenergic receptor stimulating drugs 
(epinephrine, norepinephrine, isoprenaline) results in 
the increase of phosphorylase a activity in heart 
muscle of rat, and causes the increase of the level 
of free fatty acids in serum and epididymis, and in- 
creases the level of lactic acid in tissues. The observed 
increase of the free fatty acids level after adminis- 
tration of isoprenaline was not statistically significant 
but it could result from lower sensitivity of adreno- 
receptors in the rat fatty tissue on the action of 
isoprenaline [16]. Both kallikrein and bradykinin 
decrease the metabolic effects enhanced by norepine- 
phrine, epinephrine and isoprenaline. 

It is well known that the metabolic effects of cate- 
cholamines are mediated by cyclic 3’5‘AMP, an im- 
portant regulator of intracellular processes [17-20]. 





The influence of kinins 


Table 2. The effect of kallikrein and bradykinin on phosphorylase a activity in heart 
muscle of rat after administration of norepinephrine, epinephrine and isoprenaline 





Number of 
experiments 


Ordinal 


number Drugs (n) 


Phosphorylase a Statistical 
activity in heart significance 
muscle (% + S.D.) (P) 





1 Control 
(saline) 
Kallikrein 
150 U/kg 
Kallikrein 
200 U/kg 
Bradykinin 
Norepinephrine 
Norepinephrine 
+ kallikrein 
Norepinephrine 
+ bradykinin 
Epinephrine 
Epinephrine 
+ kallikrein 
Epinephrine 
+ bradykinin 
Isoprenaline 
Isoprenaline 
+ kallikrein 
Isoprenaline 
+ bradykinin 


22.0 + 4.5 
22.0 + 6.4 


22.0 + 48 
20.0 + 4.5 
$4.0 + 11.5 P,_s < 0.001 


36.0 + 4.5 P._. < 0.001 


34.0 + 4.1 
60.0 + 8.5 


P,_; < 0.001 
P,_, < 0.001 
24.0 + 6.1 P,_, < 0.001 


34.0 + 3.8 
57.0 + 64.0 


Ps 1¢ < 0.001 
P, 1; < 0.001 
260+8.7 Py; 42 < 0.001 


340427 Pyy43 < 0.001 





The increased level of cyclic 3’,5‘AMP depends on 
the increase of adenylcyclase activity in the cell mem- 
brane and on the inhibition of protoplasmatic phos- 
phodiesterase [20]. 

The experiments presented above showed that 
kinins inhibited metabolic effects not only after 
administration of catecholamines or drugs stimulating 
adenylcyclase but also after administration of a phos- 
phodiesterase inhibitor, such as theophylline. 

It is, however, difficult to say on the basis of our 
observations what the mechanism of the inhibition 
of metabolic effects of catecholamines by kinins is, 


especially since the kinins alone in given doses did 
not influence the parameters investigated. 

Although we have not so far measured the level 
of cyclic 3’,5’'AMP after activation of the kinin-form- 
ing enzymes and after administration of drugs stimu- 
lating adrenergic receptors or after administration of 
theophylline, we think that kinins take effect through 
their influence on the level of cyclic 3’,5'AMP. 

It could also be supposed that the action of kinins 
does not depend upon their influence on phospho- 
diesterase. Such a conclusion can be drawn from our 
experiment performed with the use of bradykinin and 


Table 3. The effect of kallikrein and bradykinin on the level of free fatty acids in epididymis and serum after adminis- 
tration of norepinephrine, epinephrine and isoprenaline 





Number 
experiments 
Drugs (n) 


Epididymis 
(ueq/g 
+ S.D.) 


Ordinal 
number 


Statistical 
significance 


Number Serum Statistical 
experiments (ueq/ml significance 
(P) (n) + S.D.) (P) 





1 Control 

(saline) 
Krallikrein 
Bradykinin 


2.79 + 0.49 
2.99 + 0.65 
2.95 + 0.28 


0.430 + 0.10 
0.460 + 0.12 
0.364 + 0.10 


2 

3 

4 Norepinephrine 3.86 + 0.39 

5 Norepinephrine 
+ kallikrein 

Norepinephrine 
+ bradykinin 
Epinephrine 
Epinephrine 
+ kallikrein 
Epinephrine 
+ bradykinin 
Isoprenaline 
Isoprenaline 
+ kallikrein 
Isoprenaline 
+ bradykinin 


2.85 + 0.23 


3.03 + 0.28 
4.05 + 0.51 


2.95 + 0.59 


2.88 + 0.50 
3.07 + 0.41 


2.84 + 0.42 


2.80 + 0.49 


0.860 + 0.17 
0.650 + 0.09 


0.495 + 0.17 
0.601 + 0.10 


0.461 + 0.07 


0.327 + 0.07 
0.507 + 0.09 


0.467 + 0.07 


0.480 + 0.07 


P,_4 < 0.001 
Py; < 0.001 


P, « < 0.001 
P,_, < 0.001 


P,. < 0.01 


P,_, < 0.001 
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the phosphodiesterase inhibitor—theophylline. Kinins 
not only lowered phosphorylase activity after theo- 
phylline administration but also after application of 
theophylline and isoprenaline. 

Sché6nh6fer and co-workers [21] found that brad- 
ykinin increases the level of 3’,5‘AMP in fibroblast 
culture. The level of cyclic 3’,5'AMP does not always 
correlate with metabolic effects obtained as has 
already been described by McNeill and _ co- 
workers [22]. 

One should therefore take into account some other 
mechanism of kinin action, i.e. by influencing the 
depolarisation of cells, as was suggested by Haefely 
and co-workers [23]. 

We are of the opinion that particular attention 
should be paid to the possibility of kinin influence 
on the effects of the investigated drugs through their 
inhibitory activity on the membrane adenylcylcase. 

The action on the membrane adenylcyclase is 
closely connected with the action on the adrenergic 
receptor [24]. The beta-receptor and adenylcyclase 
are integral components of the same system. We: 
could therefore suppose that kinins decrease the acti- 
vity of the beta-adrenergic receptor, when drugs sti- 
mulating this receptor are used. 

Though some effects of bradykinin are connected 
with vagotomy as vagal reflex bronchoconstriction 
demonstrated by Della Bella[4], which is accom- 
panied by simultaneous release of catecholamines 
from the adrenals, we have observed the following 
results: noradrenaline and adrenaline cause a greater 
increase in the blood pressure when administered 
after bradykinin pretreatment whereas kinins, in the 
dose used in our experiments (2.5 yg) inhibited the 
effects of catecholamines on the action of the isolated 
heart of rat [25]. 

It seems possible that kinins act as a factor modu- 
lating the activity of beta-adrenergic receptor. This 
modulating role of kinins could depend upon their 
influence on cyclic 3’,5‘'AMP. 
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Abstract—Brain tryptophan, 5-hydroxytryptamine (SHT) and S-hydroxyindole acetic acid (SHIAA) are 
increased following administration of tryptophan to the rat. Prior administration of hydrocortisone 
reduces the extent of these increases, and also reduces the elevation of plasma tryptophan. Correspond- 
ingly hydrocortisone increases liver tryptophan pyrrolase activity as indicated by its in vitro activity, 
by increase of kynurenine in the plasma, and by increased expiration of labelled carbon dioxide follow- 
ing administration of labelled tryptophan. Allopurinol, an inhibitor of tryptophan pyrrolase in vitro, 
increases to a small extent the rise in brain tryptophan following a tryptophan load. However, it 
does not prevent the hydrocortisone- or immobilisation-induced reduction in the increases in brain 
tryptophan, SHT and SHIAA. Although it reduces the in vitro pyrrolase activity under control, trypto- 
phan and tryptophan-plus-hydrocortisone conditions, it does not alter the catabolism of tryptophan 
as indicated by labelled carbon dioxide production and kynurenine in the plasma. These findings 
demonstrate the limitations of the in vitro assay; they also show that high levels of tryptophan pyrrolase 
might limit the availability of exogenous tryptophan to the brain. They suggest that tryptophan might 
with advantage be administered with a tryptophan pyrrolase inhibitor in clinical use but that allopurinol 


is not suitable for this purpose. 


Administration of tryptophan to the rat results in an 
increased synthesis of the neurotransmitter 5-hydroxy- 
tryptamine (serotonin, SHT) in the brain [1,2], pre- 
sumably because the rate-limiting enzyme, tryptophan 
hydroxylase, in the brain is unsaturated; this would 
be predicted from its K,, in vitro[3]. As tryptophan 
pyrrolase, the major catabolic enzyme for tryptophan, 
is induced in the liver by corticosteroids of endo- 
genous [4] or exogenous origin [5], it is possible that 
prior steroid treatment could reduce the availability 
of tryptophan to the brain for SHT synthesis. Shah 
et al.[6] demonstrated that the elevation of SHT 
observed 3 hr after the last of five daily injections of 
tryptophan was no longer apparent when cortisone 
was injected with each dose of tryptophan. 

These results are of clinical interest because trypto- 
phan has been used in the treatment of depressive 
illness [7] because of evidence that brain 5HT, or its 
turnover is reduced in this disorder [7—11]. However 
the efficacy of tryptophan in depression is controver- 
sial. The field has been reviewed recently [7, 12, 13] 
and further reports continue to appear [14-17]. It has 
been suggested that tryptophan might be more effec- 
tive as an antidepressant when given with a trypto- 
phan pyrrolase inhibitor such as allopurinol [18-20] 
or nicotinamide [21, 22]. 

Curzon and Green [23] reported that a single dose 
of hydrocortisone (5 mg/kg) reduced rat brain SHT 
and 5-hydroxyindole acetic acid (SHIAA, its principal 
metabolite) 6hr after administration. We have now 
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investigated the ability of this dose of hydrocortisone 
to reduce the availability to the brain of tryptophan 
administered intraperitoneally (i.p.) to the rat in a 
dose of 80 mg/kg (the dose used by Shah et al. [6]). 
Tryptophan and some of its central and peripheral 
metabolites were determined following administration 
of tryptophan with and without prior treatment with 
hydrocortisone and/or allopurinol, an effective in 
vitro inhibitor of tryptophan pyrrolase [24]. Pyrrolase 
activity was determined using an in vitro assay; 
tryptophan catabolism was estimated by measuring 
expiration of '*CO, following administration of ring 
[2-'*C]tryptophan [25]. Determination of kynur- 
enine in the plasma was used as a novel approach 
to the estimation of tryptophan catabolism. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats (180-220g) were 
obtained from Carworth Europe, Huntingdon or 
Canadian Breeding Farms and Laboratories Ltd., St. 
Constant, Quebec. They were injected with hydro- 
cortisone (sodium succinate, ‘Solucortef’ (Upjohn)), in 
isotonic saline, allopurinol (Burroughs Wellcome) in 
1% methyl cellulose and tryptophan (Cambrian 
Chemicals and Sigma) triturated with ‘Tween 80° 
(Hopkin & Williams) and suspended in saline. Con- 
trol animals were injected with appropriate vehicles. 
Immobilisation of rats was performed as previously 
described [26]. Brain tryptophan was determined by 
a modification [27] of the method of Denckla and 
Dewey [28]. Brain tryptophan, SHT and S5HIAA were 
determined in a single brain sample as previously 
described [26,27] by the method of Curzon and 
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Green [29}, tryptophan being determined [28] in 
further aliquots of the dilute acid phase used for 5-HT 
determination. 

Blood was obtained by cardiac puncture under 
nembutal anaesthesia; plasma was separated and 
tryptophan determined [28]. Plasma kynurenine was 
determined by a method[27] developed from an 
observation of Magis and Tabone [30] that the nap- 
thylethylenediamine (NED) condensation products of 
o- and p-aminobenzoic acids and of kynurenine were 
extractable into amyl alcohol, but that only the last 
mentioned was back extractable into normal sul- 
phuric acid. Following deproteinisation of plasma 
with an equal volume of 20% TCA, 5 ml of superna- 
tant were treated successively at 5-min intervals with 
0.1ml of 0.5% sodium nitrite, 0.1 ml of 2.5% 
ammonium sulphamate, and 0.2 ml of 0.25% NED 
in 95% ethanol. One hr later the coloured product 
was extracted into amyl alcohol, back-extracted into 
norma! sulphuric acid and the optical density at 
560 nm determined; the colour produced was linearly 
related to kynurenine concentration up to 10 ug/ml, 
and to plasma dilution. Tryptophan, o- and p-amino- 
benzoic acid, histidine, tyrosine, phenylalanine, 3- 
hydroxykynurenine, 3-hydroxyanthranilic acid, and 
kynurenic acid did not interfere. Acetyl kynurenine 
gives 60-80 per cent and o-aminohippuric acid 30-50 
per cent of the colour yield of kynurenine on an equi- 
molar basis* [31]. 

Liver tryptophan pyrrolase activity was determined 
in vitro by the method of Knox and Auerbach [5] 
with the addition of haematin at a final concentration 
of 2 umole/l [32]. Expiration of '*CO, was measured 
foliowing injection of 5 wCi/kg of pi-[ring-2-'*C]- 
tryptophan (International Chemicals and Nuclear 
Corp.), adjusted to 2.0 mCi/m-mole. '*CO, was esti- 
mated by liquid scintillation counting after trapping 
in ethanolamine-ethylene glycol monomethyl ether, 
using a modification [33] of the method of Madras 
and Sourkes [25]. Liver tryptophan [28], total liver 
radioactivity and the proportion of liver radioactivity 
present as tryptophan were measured as previously 
described [33]. 


RESULTS 
Tryptophan load with prior hydrocortisone treatment; 
effect on brain tryptophan 


Hydrocortisone (5 mg/kg) or saline were adminis- 
tered to groups of rats. At various times afterwards 
all animals were injected with 80 mg/kg L-tryptophan. 
Three hr after hydrocortisone administration, when 
pyrrolase levels are maximal [34], brain tryptophan 
was determined (Fig. |). Hydrocortisone reduced the 
increase in brain tryptophan at 4, 1 and 2hr after 
tryptophan injection. This effect was most marked 
| hr after tryptophan injection, and therefore this time 
was selected for detailed investigation. 


Tryptophan load with prior hydrocortisone and/or allo- 
purinol treatment 


(a) Effect on brain tryptophan and liver tryptophan 
pyrrolase. In this and the following sections, animals 
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were injected with methyl cellulose vehicle, hydrocor- 
tisone (5 mg/kg) allopurinol (20 mg/kg) or hydrocorti- 
sone with allopurinol at zero time and Tween-80 vehi- 
cle or L-tryptophan (80 mg/kg) 2.5 hr later. 

Brain tryptophan was determined at | hr after the 
tryptophan load. Liver tryptophan pyrrolase was 


.determined in vitro in separate groups of animals 4 hr 


after the tryptophan load. The results (Fig. 2) confirm 
that hydrocortisone diminishes the increase of trypto- 
phan in the brain following tryptophan injection. The 
rise in tryptophan pyrrolase produced by the trypto- 
phan load is greater after hydrocortisone pretreat- 
ment. Allopurinol inhibits tryptophan pyrrolase 
measured in vitro in control, tryptophan and trypto- 
phan with prior hydrocortisone groups. It also ele- 
vates brain tryptophan under control (non-significant) 
and tryptophan load (P < 0.01) conditions, but is un- 
able to reverse the reduced increase in brain trypto- 
phan following prior hydrocortisone treatment. Simi- 
lar results were obtained in other groups of animals 
in which both liver pyrrolase and brain tryptophan 
were .determined in the same animals Ihr after 
tryptophan administration. 

The failure of allopurinol to prevent the hydrocorti- 
sone induced reduction in the increase of brain tryp- 
tophan, in spite of its ability to block the pyrrolase 
increase in vitro, might be taken as evidence that the 
hydrocortisone effect was not mediated via pyrrolase. 
Two techniques for estimating tryptophan catabolism 
in vivo were therefore applied to the same exper- 
imental groups. The product of tryptophan pyrrolase 
action is N-formyl kynurenine. This is rapidly meta- 
bolized by kynurenine formylase, an enzyme present 
in excess, to formate and kynurenine. The kynurenine. 
is mostly metabolized further but a portion is 
excreted in urine via the plasma. Thus the estimation 
of kynurenine in plasma could provide an index of 
tryptophan catabolism. 


| SEM 

© Saline 

0 Tryptophan (8Omg/kg) 

4 Tryptophan plus hydrocortisone 
(5mg/kg) 3 hr before sacrifice 


Brain trytophan, g/g 





i 





5 


Time of sacrifice, hr after injection 

Fig. 1. Tryptophan load with prior hydrocortisone treat- 
ment; effect on brain tryptophan. Rats were injected with 
80 mg/kg L-tryptophan or Tween diluent and sacrificed at 
the times indicated. Three hr before sacrifice they had been 
injected with hydrocortisone (5 mg/kg) or saline diluent. 
Each point represents the mean of 4 (5-hr), 10 (1-hr), or 8 
(2-hr) animals. Effect of prior hydrocortisone is significant 
at $ hr (P < 0.01), 1 hr (P < 0.001) and 2hr (P < 0.005). 





Metabolism of a tryptophan load in rat brain and liver 


(b) Effects on plasma kynurenine and tryptophan. 
Groups of rats were injected with combination of 
vehicle, allopurinol and tryptophan as described in 
section (a). Half an hour after tryptophan adminis— 
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Fig. 2. Tryptophan load with prior hydrocortisone and/or 
allopurinol treatment; effect on brain tryptophan, liver 
tryptophan pyrrolase activity and on plasma tryptophan 
and kynurenine. Rats were injected with hydrocortisone 
(5 mg/kg), allopurinol (20 mg/kg), both, or diluent. Two 
and a half hr later they were injected with 80 mg/kg L-tryp- 
tophan or diluent. Separate groups of rats were sacrificed 
after 3.5hr (for determination of brain tryptophan), after 
3 hr (for determination of liver tryptophan pyrrolase), and 
after 3hr (for determination of plasma tryptophan and 
kynurenine). 

Treatment abbreviation: V, vehicle; A, allopurinol; H, 
hydrocortisone; T, tryptophan; Columns represent means 
+ S.E.M: Number at base of column = no. of animals: 
Significance levels; NS not significant; * P < 0.05; 

**P < 0.01; *** P < 0.001. 
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tration, tryptophan and kynurenine were determined 
in plasma. 

The results (Fig. 2) indicate that the effect of hydro- 
cortisone on the plasma tryptophan following a tryp- 
tophan load corresponds to the effect on brain trypto- 
phan level half an hour later, that tryptophan 
administration results in increased plasma kynurenine 
and that hydrocortisone results in a further rise. In 
addition there was a significant negative correlation 
(r = —0.71, P ~ 0.01) between plasma tryptophan 
and kynurenine for all rats treated with tryptophan 
(Fig. 2, groups 3-6). Allopurinol did not have any 
significant effect on plasma tryptophan or kynurenine 
in control tryptophan or hydrocortisone-plus-trypto- 
phan-treated groups. 

(c) Effect on '*CO, expiration following [ring-2- 
'4C]-tryptophan administration. The carbon at the 2 
position on the ring of tryptophan becomes the 
formyl group of N-formyl-kynurenine and is metabo- 
lized further to formate and then carbon dioxide. It 
is well established that tryptophan pyrrolase is the 
rate-limiting enzyme in this process and that the rate 
of production of '*CO, from [ring-2-'*C]-trypto- 
phan gives a good index of tryptophan catabolism 
by tryptophan pyrrolase [25, 33,35]. This technique 
was used to study pyrrolase activity in vivo under 
the experimental conditions of the preceding sections; 
similar results were obtained (Table 1). Adminis- 
tration of tryptophan increased tryptophan catabo- 
lism; this increase was greater following pre-treatment 
with hydrocortisone. Allopurinol was ineffective in 
reducing labelled '*CO, production under all these 
conditions. In addition a higher dose of allopurinol 
(200 mg/kg) was used in conjunction with tryptophan 
administration, but this was also ineffective. 

Allopurinol did not affect the specific activity of 
tryptophan in the liver. The liver content of trypto- 
phan and total radioactivity, and the portion of the 
radioactivity in the liver associated with tryptophan 
were all unchanged (Table 2). Therefore the rate of 
'4CO, production alone was, in this case, a good 
index of the rate of tryptophan catabolism. 

(d) Effect on brain 5-hydroxyindoles. The reduction 
in brain tryptophan due to prior hydrocortisone 
administration was associated with a reduction in the 
increase in brain SHT and SHIAA, at | and 2 hr after 
tryptophan, and this was significant at 2 hr (Table 3). 
In a subsequent experiment (Table 4) allopurinol was 
shown to be unable to reverse this reduction. Table 
4 also shows that the brain level of tryptophan 
reached 2hr after a tryptophan load is reduced by 
immobilisation initiated 3 hr prior to tryptophan and 
continued until sacrifice. In animals treated with allo- 
purinol the reduction was more marked and reached 
significance at the 5 per cent level. 


DISCUSSION 


The results presented here establish that acute 
treatment of rats with hydrocortisone reduces the 
increase in plasma and brain tryptophan following 
a tryptophan load. This effect is probably mediated 
by induction of tryptophan pyrrolase in the liver and 
these results are consistent with the idea that trypto- 
phan pyrrolase can influence brain tryptophan and 
SHT. 
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Table 1. Tryptophan load with prior hydrocortisone and/or allopurinol; effect on '*CO, expiration following 
[ring-2-'*C]tryptophan administration 





Time after injection of ['*C]tryptophan 





Group Treatment | Treatment 2 4 hr $ hr 1 hr 2hr 





Vehicle Vehicle 0.84 + 0.07 2.18 + 0.21 2.82 + 0.21 3 1 1.87 + 0.22 
Allopurinol Vehicle 0.77 + 0.07 1.81 + 0.23 2.41 + 0.27 a as 1.52 + 0.17 
Vehicle L-Tryptophan 1.31 + 0.13 7.09 + 0.49 14.65 + 1.25 .50 + 1. 15.69 + 0.70 
Allopurinol L-Tryptophan 1.51 + 0.17 8.19 + 0.86 17.97 + 0.93 21.28 + 0.46 15.56 + 0.87 
Hydrocortisone L-Tryptophan 2.62 + 0.36 13.84 + 1.22 20.54 + 1.70 18.89 + 0.90 11.21 + 1.17 
Hydrocortisone L-Tryptophan 

+ allopurinol 2.78 + 0.23 14.88 + 0.90 23.26 + 1.09 19.74 + 2.30 11.76 + 2.01 
Vehicle L-Tryptophan 1.40 + 0.17 5.91 + 0.89 14.06 + 1.45 18.05 + 2.85 13.80 + 1.20 
High dose 

allopurinol L-Tryptophan 1.10 + 0.19 5.29 + 0.29 14.28 + 0.57 19.54 + 1.53 15.01 + 1.40 





Rats were injected as described in the legend to Fig. 2. In addition all groups received 5 wCi/kg pi-[ring-2-'*C]trypto- 
phan at the time of treatment 2. Groups 7 and 8 were treated as groups 3 and 4 respectively, but the dose of allopurinol 
was increased to 200 mg/kg and given by stomach tube, the controls receiving vehicle by the same route. Results 
are expressed as mean + S.E.M. of respiratory '*CO, released per hour as a percentage of '*C administered. 

Allopurinol-control differences are not significant at any time. At 4 and 1 hr, groups 1, 3 and 5 are all significantly 
different from each other (P < 0.05 at least). 


Table 2. Effect of allopurinol on liver content and uptake of tryptophan 





Liver radioactivity ('*C]tryptophan in liver 
Liver tryptophan (% '*C administered (°% of liver 
Treatment (ug/g wet wt) g wet wt) radioactivity*) 





Vehicle 15.3 + 0.7 (10) 0.457 + 0.013 (10) 44, 48 
Allopurinol 14.7 + 0.5(10) 0.513 + 0.027 (10) 46, 51 





* Dose of '*C injected: 100 pCi/kg. 

Rats were treated with saline or allopurinol (20 mg/kg) 2} hr before administration of pL-[ring-2-'*C]- 
tryptophan, 5 wCi/kg. The rats were killed 1 hr later. Results are expressed as mean + S.E.M. (no. 
of determinations). Allopurinol-control differences are not significant. 


Table 3. Tryptophan load with prior hydrocortisone treatment; effect on brain tryptophan, SHT and SHIAA 





Brain Brain Brain Brain SHT 
tryptophan SHT SHIAA plus SHIAA 
Group Treatment | Treatment 2 (ug/g) (ug/g) (ug/g) (nmole/g) 





l Saline Vehicle (6) 3.56 + 0.53 0.64 + 0.03 - 0.41 + 0.01 6.36 + 0.22 
2 Saline Tryptophan (6) 12.22 + 2.21 0.87 + 0.05 0.81 + 0.03 10.04 + 0.33 
3 Hydrocortisone Tryptophan (6) 9.16 + 0.51 0.74 + 0.04 0.69* + 0.04 8.58* + 0.32 





* Different from animals injected with tryptophan only, P < 0.05. 
Rats were injected as in the legend to Table | except that allopurinol was not used, and sacrifice was 2 hr after 
tryptophan. Results are expressed as mean + S.E.M. (no. of animals). 


Table 4. Tryptophan load with prior hydrocortisone and allopurinol treatment; effect on brain tryptophan, SHT and 
SHIAA 





Brain Brain Brain Brain SHT + 
tryptophan SHT SHIAA SHIAA 
Group Treatment | Treatment 2 (ug/g) (ug/g) (ug/g) (nmole/g) 





1 Vehicle Tryptophan (5) 15.14 + 2.48 0.79 + 0.03 0.80 + 0.06 9.55 + 0.43 

2 Hydrocortisone Tryptophan (4) 7.29* + 0.51 0.77 + 0.07 0.70 + 0.07 8.81 + 0.69 

3 ‘Hydrocortisone Tryptophan (4) 6.90* + 0.93 0.72 + 0.05 0.67 + 0.05 8.36 + 0.37 
+ allopurinol 

4 Immobilised Tryptophan (4) 10.18 + 0.88 0.76 + 0.03 0.89 + 0.07 9.88 + 0.42 

5 Immobilised Tryptophan (4) 6.98* + 0.47 0.68* + 0.03 0.82 + 0.07 8.96 + 0.49 
+ allopurinol 





* Different from group injected with tryptophan only, P < 0.05. 

Rats were injected as in legend to Table | except that the first drug treatment was given 1.5 hr before, immobilisation 
was initiated 3hr before and sacrifice was 2hr after the second treatment. Results are expressed as mean + S.E.M. 
(no. of animals) 





Metabolism of a tryptophan load in rat brain and liver 


In the present study the catabolism of tryptophan 
in vivo by tryptophan pyrrolase was assessed by two 
methods. In the first method rats were injected with 
[ring-2-'*C]-tryptophan. The carbon at the 2 position 
on the ring becomes the formyl group of N-formyl 
kynurenine and is then metabolized further to for- 
mate and carbon dioxide. The rate of production of 
14CO, gives a good index of tryptophan catabolism 
by tryptophan pyrrolase [23, 33,35]. The second 
method used to assess tryptophan catabolism was the 
measurement of plasma kynurenine. Kynurenine is 
the second molecule formed by the cleavage of N- 
formyl kynurenine. The method used, although avoid- 
ing tryptophan interference observed [31] using an 
earlier method is not entirely specific for kynurenine. 
However the known interfering substances are also 
products of the pyrrolase pathway. In addition a good 
correlation was demonstrated between this method 
and a more specific one [31] in experiments on the 
perfused rat liver [36]. In those experiments isolated 
livers were perfused with a tryptophan-containing 
medium, the donor animals being pretreated with 
combinations of hydrocortisone and allopurinol. The 
more specific method gave absolute values of about 
half those in the method used here, but would support 
the present method as a semiquantitative index of 
pyrrolase activity in vivo. Thus plasma kynurenine 
determinations might find application in clinical 
studies on flux through the pyrrolase pathway, avoid- 
ing the ethical problems of '*C administration. 

A tryptophan load increases tryptophan pyrrolase 
measured in vitro (Fig. 2) and there is a corresponding 
increase in plasma kynurenine and '*CO, output 
(Table 1). Hydrocortisone increases all three even 
further, confirming that steroid induction of trypto- 
phan pyrrolase will increase tryptophan catabolism. 
The increase in tryptophan breakdown in the liver 
as a result of hydrocortisone administration reduces 
the increase in brain and plasma tryptophan (Fig. 2). 
These data provide evidence that tryptophan pyrro- 
lase can play an important role in regulating brain 
tryptophan. This supports results obtained in other 
studies [37] and argues against the suggestion [38] 
that induction of tryptophan pyrrolase will not lead 
to an increase in tryptophan catabolism. 

Allopurinol does not affect '*CO, output or 
plasma kynurenine in control rats, in rats treated with 
tryptophan alone or in rats treated with hydrocorti- 
sone plus tryptophan (Fig. 2 and Table 1). This indi- 
cates that allopurinol does not inhibit tryptophan 
catabolism by tryptophan pyrrolase in vivo. Consist- 
ent with this is the inability of allopurinol to block 
the effect of hydrocortisone on brain and plasma tryp- 
tophan. In spite of this compelling evidence that allo- 
purinol does not affect tryptophan pyrrolase in vivo 
it does reduce tryptophan pyrrolase measured in vitro 
in all cases (Table 1). Allopurinol inhibits tryptophan 
pyrrolase by preventing the conjugation of the apoen- 
zyme with heme [20]. The enzyme is assayed in vitro 
with addition of exogenous heme to activate apoen- 
zyme [5,32]. Our data suggest that there is enough 
allopurinol in the liver homogenate of an allopurinol- 
treated rat to inhibit conjugation of apoenzyme with 
exogenous heme, but that addition of heme to the 
apoenzyme in vivo is insensitive to allopurinol. Thus 
inhibition is seen when the enzyme is assayed in vitro 
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but not in vivo. This is not the first demonstration 
of a disparity between tryptophan pyrrolase measured 
in vitro and tryptophan catabolism in vivo [33] and 
emphasises the need for caution in interpreting results 
when the enzyme activity is measured, rather than 
the rate of tryptophan breakdown. 

The results reported here are consistent with the 
studies, mentioned previously, in which kynurenine 
production was measured during perfusion of the 
isolated rat liver in pretreated animals [36]. The 
higher concentration of tryptophan (1 mM) used in 
the perfusion study corresponds approximately to the 
plasma level reached in the present study after trypto- 
phan administration. 

Allopurinol has previously been shown [34] to pre- 
vent the fall in rat brain SHT and SHIAA following 
hydrocortisone administration. The latter has been 
shown to be related to a decrease in plasma and brain 
tryptophan [39]. In the present study, allopurinol was 
shown not to inhibit tryptophan catabolism in the 
liver, although it does potentiate the rise in brain 
tryptophan after a tryptophan load (Fig. 2). It also 
causes a small but not significant increase in plasma 
tryptophan in these circumstances. The rise in brain 
tryptophan after a tryptophan load tends to follow 
the rise in free plasma tryptophan (that is, the portion 
that is not bound to albumin) rather than the total 
concentration of the amino acid in plasma [40]. The 
free plasma tryptophan concentration is controlled in 
part by the plasma concentration of non-esterified 
fatty acids which displace tryptophan from binding 
sites on albumin[41]. Thus allopurinol might be 
affecting the brain tryptophan content through an 
effect on plasma binding of tryptophan. Alternatively 
it may be influencing tryptophan availability by 
effects on protein synthesis in the periphery. The 
metabolic effects of a pyrimidine analogue such as 
allopurinol could be widespread. 

The dependence of brain tryptophan on the free 
rather than the total plasma tryptophan may explain 
why hydrocortisone has a much larger effect on brain 
tryptophan (—56 per cent) than on plasma trypto- 
phan (—12 per cent). In rats not treated with trypto- 
phan, cortisol can decrease the free portion of plasma 
tryptophan more than the total [39] and presumably 
the same effect is present here. However the rise in 
plasma kynurenine after hydrocortisone may also 
limit the rise in brain tryptophan as kynurenine can 
inhibit tryptophan uptake by brain slices [42]. 

The effect of hydrocortisone on brain SHT and 
5HIAA after tryptophan administration suggest that 
the reduced level of tryptophan is still enough to satu- 
rate tryptophan hydroxylase in the brain initially, but 
after 1 hr and to a greater extent at 2 hr, tryptophan 
is reduced below the optimal level for SHT synthesis, 
so that the increase in rate of synthesis is diminished. 
Further studies at longer time intervals after trypto- 
phan are indicated. The results also suggest that 
restraint stress will reduce the brain tryptophan, 
and possibly SHT, concentrations found 2hr after 
administration of a tryptophan load to rats; pyrrolase 
activity is also elevated under these conditions [4]. 
Thus release of endogenous corticosterone may also 
influence brain SHT synthesis through changes in 
tryptophan pyrrolase activity. In view of the recent 
demonstration of tryptophan pyrrolase in brain, 
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albeit at a low level [43], the possibility that the 
relationship between pyrrolase activity and brain 
tryptophan is mediated entirely within the brain 
should not be excluded. 

It is reported that tryptophan administration can 
overcome the mental effects (including depression) 
observed in various clinical situations in which tryp- 
tophan is depleted, such as the carcinoid syndrome 
and following DOPA administration [44]. Elevated 
adrenocortical activity is found in depression [45, 46]. 
Cortisol induces pyrrolase in man [47] as in the rat 
and elevated excretion of tryptophan metabolites has 
been reported in depressed patients [48-50] although 
this has been disputed[51]. Thus in depressed 
patients the rise in brain SHT following tryptophan 
administration may be limited by elevated pyrrolase 
activity consequent upon increased adrenocorticoal 
activity. This may explain the inconsistent findings 
(see Introduction) on the therapeutic usefulness of 
tryptophan in depressed patients. 

Our data suggest that a tryptophan pyrrolase in- 
hibitor should increase the rise in brain tryptophan 
and prolong the rise in brain SHT in depressed 
patients given tryptophan, but that allopurinol would 
not be a suitable drug for this purpose. 
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Abstract—Tazolol (1-isopropylamino-3-(2-thiazoloxy)-2-propanolol HCl) was reportedly described as 
the first, and so far the only, 8, agonist compound, and has been used as such in probing into 
the nature of the adrenoreceptor. The present report demonstrates that this compound is devoid of 
any stimulatory activity in rat liver (6, type), Zajdela rat hepatoma and rat heart (f, type) adenylate 
cyclase systems. In fact, tazolol was observed to be an equally potent inhibitor of the isoproterenol-sti- 
mulated cyclase in these systems and appears, therefore, as a non-specific B-adrenergic blocker. 


Beta-adrenergic receptors have been tentatively 


divided into two subgroups: the f, receptors. predo- 
minating in the heart and adipose tissue, anc the p, 
receptors, in bronchial and vascular muscle tissue [1]. 
These receptor populations can be easily distin- 
guished, since for the former, the order of potency 
of agonist catecholamines is isoproterenol, nore- 
pinephrine and epinephrine, while for the latter, the 


order is isoproterenol, epinephrine, norepinephrine. 
Selective B, (e.g. practolol), and B, (e.g. butoxamine) 
blocking drugs are well known [2]. Nylidrine and ter- 
butaline have long been recognized as selective B, 
stimulators. Recently, 1-isopropylamino-3-(2-thiazo- 
loxy)-2-propanol (tazolol or “ITP”) has been pro- 
posed as the first selective B, adrenergic myocardial 
stimulant [3,4]. In a subsequent study [5], tazolol, 
when injected to mice, was unable to induce secretion 
of the thyroid hormone, whereas terbutaline and iso- 
proterenol were active in this respect. This led the 
authors [5] to the conclusion that thyroid hormone 
secretion was only mediated by f,- and not by 
B,-adrenergic receptors in the thyroid follicle cells. 
In contrast to these results, we report here that tazolol 
is unable to stimulate adenylate cyclase (EC 4.6.1.1.) 
activity from either rat liver plasma membranes (con- 
taining B, receptors[6] or Zajdela ascites hepa- 
toma [6, 7] and rat heart preparations [2] (containing 
B, receptors). In these systems, tazolol inhibits effecti- 
vely isoproterenol stimulation, thus appearing indeed 
as a non-specific B-blocker. 


MATERIALS AND METHODS 


Materials. Cyclic AMP and creatine phosphate 
were purchased from Calbiochem. Creatine kinase 
was from Boehringer. Nucleotides and L(—)isoproter- 
enol were obtained from Sigma. Tazolol was a gift 
from Dr A. M. Strosberg, Department of Pharmaco- 
logy, Syntex Research, Palo Alto, U.S.A. All other 
chemicals were from Merck. [«-??PJATP (21.5 Ci/m- 
mole) was from New England Nuclear, and cyclic 


[8--HJAMP (13Ci/m-mole) from CEA 
France). 

Membrane preparation. Animals used in this study 
were female adrenalectomized, albino, Wistar rats 
(100-200 g body wt). Liver plasma membranes were 
prepared according to the procedure devised by 
Neville [8] up to step 11. Corresponding material 
from Zajdela hepatoma was prepared from 20-50 ml 
of ascites fluid. Tumor cells were freed from conta- 
minating erythrocytes by several washes in 0.2% 
NaCl. They were thereafter lysed in 1 mM NaHCO, 
for 10 min at 4°. After two washing steps, performed 
by centrifuging at 2000 g for 10 min in the cold, pellets 
enriched with plasma membranes were resuspended 
in the same NaHCO, solution. Particulate fraction 
from rat heart was prepared by disruption with a 
loose-fitting Dounce homogenizer in 10 vol (v/w) of 
1mM NaHCO, . After two washing steps performed 
as described above, the pellet was resuspended in 3 ml 
of the same NaHCO, solution per g of tissue. The 
membrane preparations were stored in liquid nitrogen 
until use. Protein was estimated according to the pro- 
cedure of Lowry [9], using bovine serum albumin as 
the standard. 

Adenylate cyclase activities. Adenylate cyclase acti- 
vity was measured as previously described [10]. The 
assay medium contained 0.5mM_ [a-*?PJATP 
(10° cpm), 3mM MgCl,, 1mM EDTA, 1 mM cyclic 
AMP, 0.05mM GTP, 50mM Tris-HCl, pH 7.6, an 
ATP-regenerating system consisting of 25mM crea- 
tine phosphate and 1 mg/ml of creatine kinase, and 
plasma membranes (25 yg protein/assay for rat liver, 
190 ug protein/assay for Zajdela ascites and 400 pg 
protein/assay for rat heart) in a final volume of 60 yl. 
Incubation was initiated by the addition of the 
enzyme preparation and was performed for 10 min 
at 30°. Reaction was terminated according to 
White [11]. Results are expressed in nmoles of cyclic 
AMP formed in 10 min per mg protein at 30°. The 
results obtained from triplicate determinations, 
agreed within + 5 per cent. 
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Fig. 1. Effect of tazolol on the stimulation of rat heart adenylate cyclase by isoproterenol. Assays 

were performed as described under “Materials and Methods”, in the presence of increasing concen- 

trations of isoproterenol with no other addition (©), with 0.5 uM tazolol (@) or with 5 uM tazolol 

(A). The cyclase activity was expressed as per cent activation over basal level (0.1 nmole of cyclic 
AMP formed per mg protein in 10 min). 


RESULTS AND DISCUSSION 

Stimulation of the myocardial adenylate cyclase 
system by catecholamines is of the 6, type and reveals 
the following order of potency: isoproterenol > nore- 
pinephrine > epinephrine [2]. Figure 1 shows that 
the stimulation of myocardial adenylate cyclase by 
isoproterenol was dose-dependent, with a low appar- 
ent dissociation constant for the agonist (40 nM). 
Tazolol, at either 0.5 uM or 5 uM, had no stimulating 
effect in this system. On the contrary, it inhibited the 
isoproterenol stimulation of adenylate cyclase and 
evoked a dose-dependent shift in the apparent disso- 


ciation constant of the agonist, reaching almost two 
orders of magnitude at 5 uM tazolol. The inhibition 
by tazolol was of the competitive type since increased 


concentrations of isoproterenol could still maximally 
stimulate adenylate cyclase. 

The inhibitory effect of tazolol was further studied 
in other adenylate cyclase systems of the B, and of 
the £, type. In normal rat liver, responsiveness to 
catecholamines is mediated by f,-adrenergic recep- 
tors, while, in Zajdela ascites hepatoma, activation 
of adenylate cyclase occurs through a f, receptor [6]. 
For both systems, tazolol exerted no meaningful 
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Fig. 2. Effect of tazolol upon basal and isoproterenol-stimulated cyclase activities. The enzyme prep- 

arations from livers of adrenalectomized rats (a), and from Zajdela hepatoma (b) were incubated in 

the presence of varying concentrations of tazolol and in the absence (©) or in the presence (A) of 

1 uM isoproterenol. The cyclase activities are expressed as nmoles of cyclic AMP formed per mg 
protein in 10 min and at 30°. 


stimulation of the basal cyclase activity, even at con- 
centration as high as 0.1 mM (Fig. 2). In fact, tazolol 
inhibited in a dose-dependent fashion the adenylate 
cyclase activity stimulated by 1M _ isoproterenol 
(Fig. 2). Inhibition was nearly complete at 0.1 mM 


tazolol, indicating that this compound bound to all 
available receptor sites. Half-maximal inhibition for 
rat liver and Zajdela ascites adenylate cyclase activity 
was attained with respectively 5 uM and 1.4 uM tazo- 
lol. Since tazolol inhibition was of the competitive 
type, the true dissociation constants for the inhibitor 
were calculated according to Levitzki et al. [12]: they 
were | uM and 0.18 uM for normal liver and Zajdela 
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Fig. 3. Structure of two potent adrenergic antagonists 
(propranolol and alprenolol) and of tazolol. 


hepatoma respectively. Tazolol appeared clearly 
therefore as a relatively potent and nonspecific 
B-blocker. 

Several potent B-adrenergic blockers have a CH,O 
group intercalated between the ethanolamine side 
chain and the aromatic ring (Fig. 3). Propranolol, 
alprenolol and also tazolol are typical examples of 
this category of compounds. In contrast to adrenergic 
activators which all contain a mono- or di-hydroxy- 
phenyl moiety, aromatic ring structures may be very 
diverse for B-blockers; propranolol possesses a naph- 
thalene ring, alprenolol an allylbenzene ring and tazo- 
lol a thiazol ring. This suggests that for the 
B-blockers, the aromatic ring is only necessary for 
m-bonding with some accessory binding area of the 
catecholamine receptor, and so stabilizes the binding 
of the ethanolamine side chain to its receptor site. 

In the past [3,4] tazolol has been proposed as an 
apparently unique selective 8, agonist, since it stimu- 
lated myocardial potency, whereas vascular action 
was absent. However, the reported “self-imposed 
B-blockade” of this drug [3] was unclear in this con- 
text. Another f-blocker, propranolol, was recently 
reported to possess positive inotropic effect on the 
canine myocardium [13]. This effect was inhibited by 
reserpine and, therefore, attributed to a release of 
catecholamines from adrenergic neurones. Since ex- 
periments with tazolol were performed in vivo, this 
drug could have also acted indirectly by causing a 
release and/or by inhibiting a reuptake of sympatho- 
mimetic amines. Tazolol was unable to induce se- 
cretion of the thyroid hormone [5], but since it is 
a non-specific f-blocker, the question as to whether 
B, receptors are present in the thyroid follicle cells, 
or not, remains unanswered. Since the effects of tazo- 
lol in various species have not been well character- 
ized, it should, therefore, not be used indiscriminantly 
as a structural tool for the study of the f, receptor. 
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Abstract—The addition of thyroid hormone (T; or T,4) to chick embryo liver cells maintained in 
serum-free Waymouth MD 705/1 medium, containing insulin, results in a marked enhancement of 
allylisopropylacetamide (AIA)-induced porphyrin biosynthesis. When Waymouth MD 705/1 medium 
is supplemented with insulin and thyroid hormone (T; or T4), AIA (10 ug/ml) produced an accumulation 
of porphyrins similar to the accumulation of porphyrins produced by AIA (300 g/ml) in a medium 
lacking thyroid hormone. Since many patients with acute intermittent porphyria have elevations of 
protein-bound iodine, total thyroxine iodine and thyroxine-binding globulin, our results may conceiv- 
ably have relevance to the pathogenesis of this disease. 


Chick embryo liver cells were first maintained in cul- 
ture in Eagle’s Basal Medium, supplemented with 
10% fetal bovine serum [1]. This system proved valu- 
able in the study of porphyrin biosynthesis despite 
the variability in porphyrin production observed with 
different batches of sera [2]. The variability was attri- 
buted to the presence, in serum, of free hemoglobin 
[3] and of unknown amounts of various hormones. 
To reduce the variability, attempts have been made 
to maintain chick embryo liver cells in a serum-free 
medium. Sinclair and Granick [3] cultured chick 
embryo liver cells in a modified Ham F-12 medium 
in the absence of serum. Goodridge [4] described a 
procedure for maintaining chick embryo liver cells 
in a commercial medium (Waymouth MD 705/1 [5]) 
in the absence of serum. In this system, he showed 
that both insulin and thyroid hormone induced levels 
of malic enzyme several-fold over control levels. 
Fischer et al. [6] have recently shown that a drug- 
induced rise in d-aminolevulinic acid (ALA) synthe- 
tase and porphyrin levels in chick embryo liver cells 
maintained in serum-free Waymouth medium, con- 
taining insulin, but that the rise was considerably 
lower than in serum-containing medium. Based on 
the studies of Goodridge [4], it appeared possible 
that, in addition to insulin, one or other hormones, 
present in serum, were required for optimal ALA-syn- 
thetase induction and porphyrin biosynthesis. The 
objective of the work reported in this paper was to 
explore the effects of the addition of thyroid hormone 
to Waymouth MD 705/1 medium on levels of por- 
phyrin biosynthesis and ALA-synthetase. 


MATERIALS AND METHODS 


Source of chemicals. L-Thyroxine sodium salt pen- 
tahydrate (T,), 3,3’,5-triiodo-L-thyroxine sodium salt 





*Supported by the Medical Research Council of 


Canada. 


(T3), and bovine albumin (Fraction V, processed to 
reduce interference in insulin radioimmunoassay pro- 
cedures) were obtained from Sigma Chemical Co. 
Allylisopropylacetamide (AIA) was a gift from 
Hoffmann-La Roche (Montreal), and Waymouth MD 
705/1 medium was purchased in powdered form from 
Grand Island Biological Co. 

Cell culture technique. Details of the cell culture 
technique have been described previously [6]. The 
livers of 18-day-old chick embryos were dissociated 
by treatment with 0.05% collagenase and 0.1% hyalur- 
onidase in modified Krebs-Ringer bicarbonate buffer. 
The cells were maintained in serum-free Waymouth 
MD 705/1 medium containing 60mg penicillin G, 
100 mg streptomycin sulfate and 1.0 mg insulin/liter. 
During the first 24 hr of incubation in an atmosphere 
of 5% CO, in air at 40°, the hepatocytes formed 
monolayer colonies on the surface of the Petri dishes. 
After 24 hr of incubation, the medium was replaced 
with fresh medium and the cells were re-incubated. 

Cells were maintained in either 5-cm diameter Petri 
dishes containing 5ml medium or 10-cm diameter 
Petri dishes containing 15 ml medium. T, and T; 
were dissolved in 0.01 N NaOH (10 yl) for addition 
to the 5-cm diameter dishes and in 30 yl of 0.01 N 
NaOH for addition to the 10-cm diameter dishes. 
AIA was dissolved in ethanol (10 yl) for addition to 
the 5-cm diameter dishes and in ethanol (30 yl) for 
addition to the 10-cm diameter dishes. T,; and T, 
were added to the medium in the first incubation 
period (0-24 hr) and to the fresh medium added after 
the 24 hr pre-incubation. AIA was added only in the 
fresh medium after the cells had been pre-incubated 
for 24 hr. 

Assay of porphyrins and ALA-synthetase. After 24 hr 
of pre-incubation, AIA (10-300 ug/ml) was added to 
the medium. The cells were then returned to the incu- 
bator for various periods of time. Porphyrin and 
ALA-synthetase were assayed as previously described 
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Fig. 1. Biosynthesis of porphyrins by cells maintained in 
serum-free Waymouth MD 705/1 medium, containing T, 
or Ty, 24hr after the addition of AIA. Key: 1, solvent 
alone; 2, 300 ng AIA/ml; 3, 2ng T;/ml; 4, 2ng T; and 
300 ug AIA/ml; 5, Sng T3/ml; 6, Sng T3; and 300 yg 
AIA/ml; 7, 10 ng T3/ml; 8, 10ng T; and 300 yg AIA/ml; 
9, 2ng T,4/ml: 10, 2ng T, and 300 yg ATA/ml: 11, 10 ng 
T,/ml; 12, 10ng T, and 300 yg AIA/ml. The results are 
expressed as the mean of from 4 to 23 determinations 
+S. E. M. 


[1,7]. To assay ALA-synthetase, cells were grown in 
10-cm plastic Petri dishes and the cells from two 
dishes were pooled in order to obtain sufficient mater- 
ial for the assay. To assay porphyrins, cells were 
grown in 5-cm plastic Petri dishes. 


RESULTS AND DISCUSSION 


In a previous study [6], we have shown that a rise 
in ALA-synthetase and porphyrin levels occurs in re- 
sponse to porphyrin-inducing drugs in chick embryo 
live cells maintained in serum-free Waymouth 
medium, containing insulin. However, the rise in por- 
phyrin levels is approximately one-third that which 
occurs in serum-containing medium. The results in 
Fig. | demonstrate that the addition of T,; or Ty 
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Fig. 2. ALA-synthetase activity in cells maintained in 
serum-free Waymouth MD 705/1 medium, containing T, 
or T4, at 8, 16 and 24 hr after the administration of 300 yg 
AIA/ml. Key: i, solvents alone; 2, 100 ng T;/ml; 3, 100 ng 
T,/ml; 4, 300 ng AIA/ml; 5, 100 ng T; and 300 zg AIA/ml; 
6, 100 ng T, and 300 zg AIA/ml. The results are expressed 
as the mean of from 4 to 25 determinations + S. E. M. 
The dots indicate results that are significantly different 
(P < 0.05) from those obtained with AIA alone. 


results in a doubling of porphyrin levels in response 
to AIA (300 g/ml). This occurs at levels of T,; and 
T, as low as 2 ng/ml. Increasing the dose of T, or 
T, above 2 ng/ml of medium did not have any ad- 
ditional stimulating effect. It is generally assumed [1] 
that hepatic porphyrins accumulate in response to 
drugs as a result of an increase in ALA-synthetase, 
resulting in the overproduction of ALA and an inabi- 
lity of enzymes of the heme biosynthetic pathway to 
cope with an increased flux of intermediates through 
the pathway. For this reason it was anticipated that 
the T, and T, enhanced porphyrin production would 
be accompanied by enhanced ALA-synthetase levels. 
This was shown to be the case at 8, 16 and 24hr 
after AIA (300 g/ml) administration (Fig. 2). More- 
over, a dose as low as 1 ng T,/ml produced a similar 
enhancement of ALA-synthetase activity after 16 hr. 

It is of interest to compare the concentration of 
T, used in our studies with the physiological concen- 
tration of T, in chicken serum. Refetoff et al. [8] 
reported that the concentration of free T, in chicken 
serum was 0.055 ng/ml (0.07 nM) and of total T, was 
16 ng/ml (18 nM). In our studies, concentrations of 
free T, as low as 0.1 ng/ml (0.11 nM) were effective 
in producing a significant (P < 0.05) enhancement of 
AIA-induced porphyrin biosynthesis. Moreover, 
Goodridge [4] has reported that T, undergoes degra- 
dation in serum-free Waymouth medium. For the 
above reasons it is clear that we-are dealing with 
a physiological rather than with a pharmacological 
effect of T,. 

It was of interest to determine whether thyroid hor- 
mone was required in both the first and second 24-hr 
incubation periods in order to produce an enhancing 
effect on AIA-induced porphyrin biosynthesis. No sig- 
nificant difference was observed when the effect of 
thyroid hormone present in one of the two 24-hr incu- 
bation periods was compared with its effects when 
present in both 24-hr incubation periods. 

The induction of porphyrin biosynthesis by various 
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Fig. 3. Biosynthesis of porphyrins by cells maintained in 

serum-free Waymouth MD 705/1 medium in the presence 

(4——-A) and absence (@——@) of 1000 ng T,/ml, 24hr 

after the addition of various doses of AIA. The results 

are expressed as the mean of 9-13 determinations 
+S. E. M. 
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Fig. 4. ALA-synthetase activity in cells maintained in 

serum-free Waymouth MD 705/1 medium in the presence 

(@——) and absence (A——A) of 100 ng T,/ml, 16 hr 

after the addition of various doses of AIA. The results 

are expressed as the mean of from 8 to 13 determina- 
tions + S. E. M. 


doses of AIA in chick embryo liver cells maintained 
in Waymouth MD 705/1 in the presence and absence 
of T, (1000 ng/ml) is shown in Fig. 3. Enhancement 
of AIA-induced porphyrin biosynthesis by T, is con- 
siderably greater at low dose levels of AIA than at 
higher doses. Thus, at a dose of 10 ug AIA/ml there 
is an enhancement of approximately 6-fold as com- 
pared to a 2-fold enhancement at a dose of 300 ug/ml. 
Moreover, AIA (10 ug/ml) when present in a medium 
containing T, produces an accumulation of por- 
phyrins similar to the accumulation of porphyrins 
produced by AIA (300 ug/ml) in a medium lacking 
T,. When the AIA dose-response curve (Fig. 3) was 
compared with the AIA dose-response curve pre- 
viously obtained [6] using Eagle’s Basal Medium sup- 
plemented with 10% donor calf serum, it was found 
that, at a dose of 10 g/ml of AIA, porphyrin accumu- 
lation was three to four times greater in the T4-sup- 
plemented Waymouth medium (Fig. 3) than in serum- 
containing medium. On the other hand, the levels of 
porphyrins accumulating in response to higher doses 
of AIA (300 ug/ml) in the T,-supplemented Way- 
mouth medium (Fig. 3) were approximately two- 
thirds those observed in the serum-containing 
medium. 

Goodridge [4] added 1% serum albumin to Way- 
mouth medium in order to protect T,; and T, from 
degradation. It, therefore, appeared possible that the 
addition of serum albumin might enhance the effec- 
tiveness of T, and T, in our system. When 0.2% 
bovine serum albumin was added to the medium, the 
levels of porphyrins which accumulated at doses of 
100 and 300 pg/ml of AIA were greater than the levels 
observed previously in serum-containing media. In- 
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creasing the quantity of bovine serum albumin above 
0.2% resulted in less cells attaching to the Petri dishes. 

The induction of ALA-synthetase by various doses 
of AIA in chick embryo liver cells maintained in Way- 
mouth MD 705/1 in the presence and absence of T, 
(100 ng/ml) is shown in Fig. 4. The presence of T, 
in the medium enhanced AIA-induced ALA-synthe- 
tase activity, although less than was anticipated from 
the marked enhancement of AIA-induced porphyrin 
biosynthesis by T, (Fig. 3). It is possible that thyroid 
hormone influences the heme pathway through in- 
creased ALA-synthetase activity and by other means. 
For example, since the oxygen consumption of tissues 
such as liver is stimulated by thyroid hormone [9], 
it is possible that the environment of the liver cell 
under the influence of thyroid hormone might facili- 
tate the irreversible oxidation of porphyrinogens to 
porphyrins. Insulin has been shown [6] to enhance 
AIA-induced porphyrin biosynthesis in serum-free 
Waymouth medium. It was of interest to determine 
whether insulin was required for optimal activity in 
a T,-supplemented Waymouth medium. The results 
in Table 1 show that insulin is required for optimal 
activity. In summary, our present and previous results 
[6] show that, when Waymouth medium 705/1 is sup- 
plemented with insulin and thyroid hormone (T, or 
T,), the AIA-induced porphyrin accumulation is 
greater at low doses (10 ug/ml) and approximately 
two-thirds at higher doses (300 ug/ml) of that pre- 
viously observed in serum-containing media. 

In recent years, specific nuclear binding sites have 
been recognized for T; and T, which might be impor- 
tant for the initiation of hormonal action. The nuclear 
binding sites are nonhistone nucleoproteins and it is 
suggested that the interaction of T, with its receptors 
results in an augmented transcription of DNA fol- 
lowed by an increase in protein synthesis [10-12]. 
Porphyrin-inducing drugs such as AIA are believed 
to act by increasing the levels of a specific RNA for 
ALA-synthetase [7, 13]. Thus, thyroid hormone, by 
augmenting transcription of DNA and increasing pro- 
tein synthesis, may enhance the ability of AIA to in- 
crease ALA-synthetase levels. 

It has been reported that, in abnormal thyroid 
states, the human metabolism of some drugs is altered 
[14]. Gillette [15] and Kato and Gillette [16] 
reported that, after administration of thyroxine to 
male rats, the rate of aniline hydroxylation by their 
liver microsomes increased and the rate of aminopyr- 
ine N-demethylation decreased. It is possible that, in 
the presence of thyroid hormone, the rate of metabo- 
lism of AIA by chick embryo liver cells is decreased 
and the concentration of the active drug is thus in- 
creased. 


Table 1. Biosynthesis of porphyrins by cells maintained in serum-free Waymouth 
medium containing 100 ng T,/ml in the presence and absence of 1 ng insulin/ml, 24 hr 
after the addition of 300 ug AIA/m]* 





Medium 


Porphyrin 
(ng/mg protein) 





Waymouth medium + T, + insulin 
Waymouth medium + T, — insulin 


532.1 + 20.1 (14) 
156.3 + 6.4 (13) 





* Results are expressed as the average of the number of determinations shown in 


parentheses + S. E. M. 


B.P. 25/23—£ 
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The effect of thyroid hormone on ALA-synthetase 
activity is not confined to chicken liver cells nor to 
cell culture systems. Matsuoka et al. [17] showed that 
the AIA-induced increase of ALA-synthetase was 
stimulated when rats were given T3; T3; adminis- 
tration had no effect by itself. A question that arises 
from the following study is: Could the level of T, 
or T, in liver cells of patients with porphyria 
contribute, at least in part, to their sensitivity to a 
series of drugs [18]? The thyroid status of patients 
with acute intermittent porphyria has been investi- 
gated [19, 20] and it has been shown that the protein- 
bound iodine, total thyroxine iodine and thyroxine- 
binding globulin are increased in many of these 
patients. The increase was most pronounced and 
occurred most often in females. The free thyroxine 
in the circulation was normal and the patients were 
in a euthyroid state. Since disordered hypothalamic 
function is frequently observed in patients with acute 
intermittent porphyria, the possibility has been con- 
sidered that disordered thyrotropic activity might 
occur [18, 19]. The results in Fig. 3 show that a small 
dose of AIA, which would not cause porphyrin ac- 
cumulation in T,-free Waymouth medium, would 
cause marked porphyrin accumulation in T,-contain- 
ing Waymouth mediurn. Thus, if the increased thyrox- 
ine binding to thyroxine-binding globulin in acute 
intermittent porphyria is accompanied by an increase 
in thyroxine (or T,) binding to hepatic cell thyroxine- 
specific binding sites, then it is possible to envisage 
a mechanism to explain increased hepatic sensitivity 
to drugs. The possibility is also raised that treatment 


of acute intermittent porphyria patients with anti- 
thyroid drugs may cause a lowered hepatic sensitivity 
to porphyrin-inducing stimuli (exogenous or endo- 
genous) and thus exert a beneficial effect. 


Acknowledgement—The authors wish to thank Mrs. 
Frances Taylor for her excellent technical assistance. 


REFERENCES 


. S. Granick, J. biol. Chem. 241, 1359 (1966). 
. D. W. Schneck, D. L. J. Tyrrell and G. S. Marks, Bio- 


chem. Pharmac. 20, 2999 (1971). 


. P. R. Sinclair and S. Granick, Ann. N.Y. Acad. Sci. 


244, 509 (1975). 


. A. G. Goodridge, Fedn Proc. 34, 117 (1975). 
. P. A. Kitos, R. Sinclair and C. Waymouth, Expl Cell 


Res. 27, 307 (1962). 


. P. W. F. Fischer, R. O. Morgan, V. Krupa and G. 


S. Marks, Biochem. Pharmac. 25, 687 (1976). 


. D. L. J. Tyrrell and G. S. Marks, Biochem. Pharmac. 


21, 2077 (1972). 


. S. Refetoff, N. I. Robin and V. S. Fang, Endocrinology 


86, 793 (1970). 


. A. G. Gilman and F. Murad, in The Pharmacological 


Basis of Therapeutics (Eds. L. S. Goodman and A. Gil- 
man), 5th Edn, p. 1406. Macmillan, New York (1975). 


. J. H. Oppenheimer, New Engl. J. Med. 292, 1063 


(1975). 


. J. H. Oppenheimer and M. I. Surks, Med. Clins N. 


Am. 59, 1055 (1975). 


. R. J. Tata, Nature, Lond. 257, 18 (1975). 
. S. Sassa and S. Granick, Proc. natn. Acad. Sci. U.S.A. 


67, 517 (1970). 


. M. Eichelbaum, G. Bodem, R. Gugler, C. Schneider- 


Deters and H. J. Dengler, New Engl. J. Med. 290, 1040 
(1974). 


. J. R. Gillette, Ann. N.Y. Acad. Sci. 123, 42 (1965). 
. R. Kato and J. R. Gillette, J. Pharmac. exp. Ther. 150, 


285 (1965). 


. T. Matsuoka, B. Yoda and G. Kikuchi, Archs Biochem. 


Biophys. 126, 530 (1968). 


. D. P. Tschudy, in Diseases of Metabolism (Eds. P.'K. 


Bondy and L. E. Rosenberg), 7th Edn, p. 775 Saunders, 
Philadelphia (1974). 


. E. S. Hellman, D. R. Tschudy, J. Robbins and J. E. 


Rall, J. clin. Endocr. Metab. 23, 1185 (1963). 


. C. S. Hollander, R. L. Scott, D. P. Tschudy, M. Perl- 


roth, A. Waxman and K. Sterling, New Engl. J. Med. 
277, 995 (1967). 





Biochemical Pharmacology, Vol. 25, pp. 2613-2618. Pergamon Press, 1976. Printed in Great Britain. 


ENZYME PATTERN DIRECTED CHEMOTHERAPY 


THE EFFECTS OF COMBINATIONS OF METHOTREXATE, 
5-FLUORODEOXYURIDINE AND THYMIDINE ON RAT 
HEPATOMA CELLS IN VITRO* 


ROBERT C. JACKSON and GEORGE WEBER 


Laboratory for Experimental Oncology, Indiana University School of Medicine, Indianapolis, 
IN 46202, U.S.A. 


(Received 26 March 1976; accepted 12 May 1976) 


Abstract—The effects of methotrexate (MTX), 5-fluorodeoxyuridine (FUdR) and thymidine on the 
growth of four rat hepatoma lines were examined in vitro. In the rapidly growing 3924A and Novikoff 
lines, MTX exerted a marked anti-purine effect, as indicated by its continued toxicity in the presence 
of thymidine. Addition to the slower growing hepatoma lines 8999R and 8999S of 200 uM thymidine 
was able to sustain growth for 48 hr in the presence of MTX. However, at a lower thymidine concen- 
tration (20 uM) the MTX toxicity toward the 8999R and 8999S lines was not prevented, even in 
presence of hypoxanthine. Similarly, thymidine at 20 uM was able to protect the 3924A and Novikoff 
cell lines completely from the toxic effect of 10 uM FUdR, but this thymidine concentration did not 
protect the 8999R and 8999S lines. The failure of thymidine to protect the latter hepatoma lines 
was attributed to the rapid breakdown of thymidine in these cells. This interpretation was supported 
by experiments where addition of 5-diazouracil, an inhibitor of the rate-limiting enzyme of thymidine 
catabolism (dihydrothymine dehydrogenase), to the cultures resulted in an increased degree of rescue 
from FUdR by 20 uM thymidine. The combination of MTX and FUdR treatment in the slow growing 
hepatomas showed summation, but the two agents were less than additive in the rapidly growing 
lines. The results of these drug combination studies are interpreted in the context of the patterns 


of competing enzymes characteristic of the various tumor cell lines. 


Extensive studies on the comparative biochemistry of 
rat liver and hepatomas have demonstrated that the 
patterns of hepatic enzyme activity show character- 
istic changes in neoplasia. If chemotherapy could be 
devised to direct cytotoxicity selectively toward the 
enzyme patterns of a particular target cell, this should 
provide a greatly improved basis for antitumor drug 
specificity. The present work describes studies in 
which selectivity of action of antimetabolites toward 
four cultured rat hepatoma cell lines was shown to 
be influenced by the balance of competing pathways 
in folate and pyrimidine metabolism. 
Tetrahydrofolate cofactors are required for the de 
novo biosynthesis both of purines and of thymidylate, 
and the antifolate drug MTX?* antagonizes both these 
functions [1-4]. However, although MTX invariably 
exerts an anti-thymidylate effect, the anti-purine effect 
appears to vary in severity in different cell types. Pur- 
ine alone never prevented the toxic effect of a lethal 
dose of MTX, but the combination of a purine plus 
thymidine did so in every case in mammalian fibro- 
blasts, lymphoblasts, and sarcoma tissue culture cell 
lines [3]. However, the response to MTX plus thymi- 
dine (without purine) was markedly different in 
various cell lines. In the L5178Y mouse lymphoma, 





*This investigation was supported by U.S. Public 
Health Service Research Grants CA 18129, CA 05034 and 
CA 13526 from the National Cancer Institute. 

+ Abbreviations used in the text: MTX, methotrexate 
(amethopterin); and FUdR, 5-fluorodeoxyuridine. 


the toxicity of 1 uM MTX was just as great in the 
presence of 40 uM thymidine as in its absence; in 
these cells, growth was apparently limited by lack of 
purines. In other lines, however, thymidine was able 
to cause a partial and temporary reversal of the MTX 
toxicity. This was most clearly seen in the Yoshida 
sarcoma which, in the presence of 10 uM MTX and 
40 uM thymidine, continued cell division at 70 per 
cent of the control rate for 48 hr. Measurements of 
deoxynucleoside triphosphate pools in MTX-treated 
cells confirmed the interpretation of the growth inhi- 
bition studies [3]. In all five cell lines studied, 24-hr 
exposure in vitro to a lethal concentration of MTX 
caused a decrease in cellular dTTP. In all cases, dCTP 
and dATP pools were increased or not significantly 
altered. The effect of MTX upon dGTP levels varied; 
in the L1210 leukemia cells or the Yoshida sarcoma 
cells (both lines in which cell division continued for 
a time in the presence of MTX plus thymidine), dGTP 
levels were unchanged or increased. By contrast, in 
the L5178Y cells, where thymidine had virtually no 
effect on MTX toxicity, a marked reduction was seen 
in the dGTP pool, confirming that in this line the 
drug had a pronounced anti-purine activity. 

In experiments with animals, it has been suggested 
that differences of this kind may be the result of the 
varying degrees of operation of purine salvage in dif- 
ferent cells [4]. With cells in culture, growing in pur- 
ine-free medium, the varying anti-purine effect of 
MTX possibly reflects differences in the compartmen- 
tation of tetrahydrofolate cofactors between the thy- 
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Fig. 1. Schematic metabolic map showing sites of action of the antimetabolites used in the present 

study. Abbreviations: TdR, thymidine; FH, dihydrofolate; FH,, tetrahydrofolate; CH,FH,, CH:FH, 

and HCO-FH,, 5,10-methylene, 5,10-methenyl- and 10-formyl tetrahydrofolates; GAR, glycinamide 
ribotide; AICAR, 5-amino-4-imidazole carboxamide ribotide. 


midylate and purine biosynthetic pathways. The criti- 
cal metabolic branch point lies in the utilization of 
5,10-methylenetetrahydrofolate, which is a substrate 
for thymidylate synthetase (EC 2.1.1.b) and for 5, 
10-methylenetetrahydrofolate dehydrogenase (EC 
1.5.1.5), which leads to purine biosynthesis (Fig. 1). 
The earlier study [3] showed that the ratio of activi- 
ties of 5,10-methylenetetrahydrofolate dehydrogenase 
to thymidylate synthetase showed a significant corre- 
lation with the extent of protection by thymidine from 
MTX toxicity. The present paper extends these obser- 
vations to a series of cultured rat hepatoma lines of 
different growth rates, and analyzes further factors 
which influence the response of cells to MTX or 
FUGdR in the presence of thymidine. 


MATERIALS AND METHODS 


Methotrexate was purchased from Lederle, Pearl 
River, N.Y., and 5-fluorodeoxyuridine, 5-diazouracil, 
thymidine, tetrahydrofolate) dUMP, NADP and 
hypoxanthine from Sigma Chemical Co., St. Louis, 
MO. Tissue culture supplies were the product of 
Grand Island Biological Co. (Grand Island, N.Y.) or 
of Flow Laboratories (Rockville, Md.). 

Cell culture. The rat hepatoma cell lines were main- 
tained in McCoy’s medium 5A, supplemented with 
10° fetal calf serum, penicillin (100 units/ml) and 
streptomycin (100 ug/ml). The Novikoff cells were 
subcultured three times weekly, the 3924A twice 
weekly, the 8999R weekly, and the 8999S twice 
monthly. The latter two lines were fed with fresh 
medium at twice weekly intervals. Doubling times of 
the cells are given in Table 1. Further properties of 
the cultured hepatoma cell lines are described else- 
where [5]. Cultures were checked at regular intervals 
for mycoplasma contamination. 

Inhibition studies. Effects of drugs were studied by 
measuring growth inhibition in the continuous pres- 


ence of the agents, which were added 4 hr after initia- 
tion of the cultures. After 48 or 72 hr in the presence 
of the drug, triplicate cultures were counted in a hae- 
mocytometer, and results were expressed as per cent 
of the mean control cell count (controls were grown 
in quadruplicate). Isobol diagrams were constructed 
by the method previously described [5, 6]. 

Enzyme assays. Approximately 5 x 10’ cells were 
collected, washed in balanced salt solution, and resus- 
pended in 1 ml of 0.05 M Tris chloride buffer, pH 7.4. 
The cell suspensions were ultrasonically lysed at 0°, 
(Branson sonifier, position 6, 20sec) and particulate 
material was removed by centrifugation at 50,000g 
for 15min. Thymidylate synthetase was measured in 
the supernatant fraction by the method of Lomax and 
Greenberg[7] and 5,10-methylenetetrahydrofolate 
dehydrogenase according to Ramasastri and Blak- 
ley [8]. 

Utilization of thymidine. Comparative rates of syn- 
thetic and catabolic utilization of thymidine were 
measured by examining the rates of conversion of 
['*C]thymidine into DNA and CO, as described by 
Ferdinandus et al. [9]. 


RESULTS 


The effects of MTX and FUdR on the growth of 
the four hepatoma lines in culture are shown in Fig. 
2. The rapidly growing lines, 3924A and Novikoff, 
were about five times more sensitive to MTX than 
the more slowly growing 8999R and 8999S. 3924A 
was also the most sensitive of the lines to FUdR; 
the Novikoff hepatoma cells, like the 8999R and 
8999S cells, were comparatively resistant to this agent. 
The apparent ID<,. concentrations, i.e. the drug levels 
whose continuous presence in the culture medium 
reduced the cell count to half of the control value 
over the stated times, were: Novikoff, MTX 12nM, 
FUdR 340nM (48 hr); 3924A, MTX 15nM, FUdR 
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Fig. 2. Log-log dose-response curves for the four hepa- 

toma lines growing in vitro. Cultures were established in 

the presence of the indicated concentrations of the drugs 

(MTX or FUR) and cultures were counted at the follow- 

ing times: Novikoff, 48 hr; 3924A, 72 hr; 8999R, 84 hr; and 
8999S, 120 hr. 


16nM (72hr); 8999R, MTX 95nM, FUdR 120nM 
(84hr); and 8999S, MTX 170nM, FUdR 680nM 
(120 hr). A more useful comparison of relative intrin- 
sic sensitivity to growth inhibition is the normalized 
IDs9, which corrects for differences in growth rate 
between the cell lines. This parameter is defined as 
the drug concentration which doubles the log phase 
doubling time (i.e. halves the growth rate constant). 
Based on the experiments plotted in Fig. 2, and simi- 
lar experiments, the normalized 1D;) concentrations, 
calculated as previously described [10], were: Novi- 
koff, MTX 29nM, FUdR 1200nM; 3924A, MTX 
30nM, FUdR 71 nM; 8999R, MTX 105nM, FUdR 
150nM; and 8999S, MTX 120nM, FUdR 180nM. 
The molecular basis for these inter-strain differences 
in intrinsic drug sensitivity is at present unknown. 

Earlier work [1-4] has demonstrated that different 
cell lines exhibit qualitative, as well as quantitative, 
differences in response to MTX. In particular, the 
balance between the anti-purine effects and anti-thy- 
midylate effects shows wide variation. The anti-purine 
action of MTX may be measured by the growth inhi- 
bition in the presence of MTX and thymidine. Table 
1 indicates that all four cell lines were extensively 
inhibited in the presence of 1 uM MTX plus 20 uM 
thymidine. In the Novikoff and 3924A lines, 20 uM 
thymidine plus 100 uM hypoxanthine gave complete 
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protection from MTX toxicity. The fact that thymi- 
dine alone did not protect the cells from MTX, nor 
did hypoxanthine (results not shown) but that thymi- 
dine and hypoxanthine together conferred virtually 
complete protection suggests that in these lines MTX 
has a marked anti-purine effect, as well as anti-thymi- 
dylate activity. By contrast, in the 8999R and 8999S 
lines, 204M thymidine plus 100 4M _ hypoxanthine 
gave very poor protection from MTX (Table 1). How- 
ever, 200 uM thymidine (a concentration which is 
toxic to most cell lines) resulted in considerable, 
though still far from complete, protection. From these 
results it appears that, in the presence of MTX and 
20 uM thymidine, growth of Novikoff and 3924A cells 
is limited by the availability of purines, but that 
growth of the 8999R and 8999S cells is limited pri- 
marily by the lack of thymidine. 

Comparison of the growth of the four hepatoma 
lines in 1 uM MTX plus excess (200 uM) thymidine 
(Table 1) indicated a correlation with the ratio of the 
activities of 5,10-methylenetetrahydrofolate dehydro- 
genase to thymidylate synthetase. The latter enzyme 
showed a positive correlation with the growth rate 
(i.e. correlated inversely with doubling time). The de- 
hydrogenase was slightly more active in the slowly 
growing 8999 cells. A high activity of thymidylate syn- 
thetase, by channelling tetrahydrofolate cofactors to 
dihydrofolate, which in the presence of MTX cannot 
be reduced, thus decreases the potential of the cell 
for purine biosynthesis in the presence of MTX. The 
5,10-methylenetetrahydrofolate dehydrogenase, which 
competes with thymidylate synthetase for the same 
tetrahydrofolate cofactor, opposes this depletion of 
the tetra-hydrofolate pool (Fig. 1). 

The high requirement for thymidine of the 8999R 
and 8999S hepatoma lines suggested that these cells 
might be catabolizing thymidine. It was previously 
shown in solid tumors[9,11] that the ability to 
degrade thymidine, relative to liver, was decreased, 
but still measurable, in the medium growth rate hepa- 
tomas, such as 8999. The catabolic activity was 
further reduced to an extremely small fraction of the 
original liver activity in the rapid hepatomas, such 
as 3924A. Table 2 shows the results of such exper- 
iments in the cultured hepatoma lines 3924A and 
8999R. It may be seen that the 8999R cells retained 
part of the ability to degrade thymidine, but in 3924A 
the balance between the competing pathways of thy- 
midine utilization was much more heavily in favor 


Table 1. Reversal by thymidine and hypoxanthine of methotrexate toxicity to hepatoma cells in vitro* 





Thymidylate 
synthetase 
(TS) 
(units/mg 

protein)t 


5,10-Methylene- 

tetrahydrofolate 

dehydrogenase 
(units/mg 
protein)t 


Doubling 
time 


Cell line (hr) 


Cell count at 48 hr 
TdR 
(20 upM)t 
Hx (100 uM) 


TdR 
(20 uM) 


TdR 
(200 uM) 


Ratio 
DH/TSt 





0.41 
0.22 
0.11 
0.07 


Novikoff 
3924A 
8999R 
8999S 


10 
15 
39 
81 


91 
96 
24 
27 


9.8 4 
15.7 13 
66.3 16 
97.5 12 





* Culture medium contained 10°°M methotrexate plus thymidine (TdR) and hypoxanthine (Hx) as indicated. Cell 


counts are presented as per cent of untreated controls. 


+ Enzyme units are nmoles substrate converted/min at 37°. 
t Ratio of 5,10-methylenetetrahydrofolate dehydrogenase/thymidylate synthetase. 
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Table 2. Opposing routes of utilization of thymidine in 
cultured hepatoma cells* 
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Table 4. Effect of 5-fluorodeoxyuridine and thymidine on 
growth of hepatoma cells in culture 





Cell line 


Pathway 8999R 3924A 





20.6 
0.08 
259 


['*C]TdR into DNA (nmoles/hr/g) 6.0 
['*C]TdR into CO, (nmoles/hr/g) 0.35 
DNA path/CO, path 17 





* Experimental method was as described by Ferdinandus 
et al. [9]. Extracellular thymidine concentration used was 
2.3 uM. 


of biosynthesis. It is possible, therefore, that the poor 
ability of thymidine to rescue the 8999R and 8999S 
hepatoma lines from MTX was due to the thymidine 
breakdown in these cells. 

The results summarized above suggest, therefore, 
that the fate of cells in the presence of MTX and 
thymidine may rest upon the balance between two 
sets of opposing pathways: first, the ratio of thymidy- 
late synthetase to 5,10-methylenetetrahydrofolate de- 
hydrogenase, and second, the ratio of biosynthetic to 
catabolic utilization of thymidine. Since a correlation 
of this nature is not sufficient to establish a causal 
relationship, further experiments were carried out in 
which selective inhibitors were used to modify artifi- 
cially the ratio of the competing activities. Thymidy- 
late synthetase may be inhibited by 5-fluorodeoxyuri- 
dine, which is converted in the cell to its 5’-mono- 
phosphate. Table 3 shows the result of an experiment 
of this kind. MTX (1 uM) plus thymidine 10 uM) were 
extremely toxic to the Novikoff cells (cell count 2 per 
cent of control at 48hr). When FUdR was also 
administered, growth was increased to 25 per cent 
of the controls. Pretreatment with FUdR plus thymi- 
dine 4 hr before the addition of MTX to the cultures 
further decreased the toxic effect. This time-dependent 
antagonism of the anti-purine effect of MTX by 
FUR suggested that the latter agent, by inhibiting 
thymidylate synthetase, was decreasing the rate of 
depletion of tetrahydrofolate cofactors in the cell. 


Cell count at 48 hr as 
per cent control 
Compounds added Novikoff 3924A 8999R 8999S 





FUdR (10 uM) 
FUdR (10 uM) 

+ TdR (20 uM) 84 80 1.3 1.7 
FUdR (10 uM) 

+ TdR (20 uM) 

+ 5-diazouracil 

(200 uM) 


13.5 0.4 0.6 0.9 





In a further series of experiments, we examined 
whether the balance between the opposing pathways 
of thymidine utilization could be altered by selective 
inhibition. Since the anti-purine effect of MTX would 
be an unwanted complication in this study, we uti- 
lized instead FUdR, which exerts primarily an anti- 
thymidylate effect. Results are shown in Table 4. As 
we observed with MTX, the FUR toxicity was essen- 
tially prevented by 204M thymidine in the 3924A 
and Novikoff lines, but the thymidine was almost 
completely without effect in 8999R and 8999S. How- 
ever, if we also added to the cultures 5-diazouracil, 
a potent and irreversible inhibitor of dihydrouracil 
dehydrogenase [12] and of thymidine degradation, 
thymidine was now able to confer a partial protection 
from FUdR. Table 5 shows the result of experiments 
with the 8999R cells with other pyrimidines. Uridine 
gave a small amount of protection from FUdR plus 
thymidine, but was much less active than 5-diazoura- 
cil. The small effect of uridine appeared to be anta- 
gonized by cytidine (Table 5). The slight stimulation 
of growth by cytidine (culture 4), though repeatable, 
is as yet unexplained. 

Finally, experiments were conducted to investigate 
the interactions of the anti-hepatoma effects of MTX 
and FUdR in the absence of added nucleosides. 
Representative experiments with the 3924A and 


Table 3. Effect of inhibition of thymidylate synthetase on the ability of thymidine 
to block MTX toxicity in cultured Novikoff hepatoma cells* 





Compounds added at time 


Culture of initiation 


Cell count 
at 48 hr 
(per cent 
control) 


Compounds added 
4hr after initiation 





MTX (1 uM) 

MTX (1 uM) + TdR (20 uM) 

MTX (1 uM) + TdR (20 uM) 
+ Hx (100 uM) 

FUdR (1 uM) 

FUdR (1 uM) + TdR (20 uM) 

MTX (1 uM) + FUR (1 uM) 

MTX (1 uM) + TdR (20 uM) 
+ FUdR (1 uM) 

MTX (1 uM) + TdR (20 uM) 

FUdR (1 uM) + TdR (20 uM) 


100 


FUR (1 uM) 
MTX (1 uM) 





. Stationary suspension cultures were initiated at 4 x 10* cells/ml. Ten ml cultures 
were set up in triplicate, except controls which were quadruplicates, and counted 
visually. Abbreviations: Hx, hypoxanthine; and TdR, thymidine. 
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Table 5. Effects of pyrimidine nucieosides on FUdR toxi- 
city in cultured 8999R hepatoma cells* 





Cell count at 
80 hr (per cent 
control) 


Compounds added at time 


Culture of initiation 





100 
FUGR (10 uM) + 
TdR (20 uM) 
UR (100 uM) 
CR (100 uM) 
FUR (10 uM) + 
UR (100 uM) 
FUR (10 uM) + 
TdR (20 uM) + 
UR (100 uM) 
FUR (10 uM) + 
TdR (20 uM) + 
CR (100 uM) 
FUR (10 uM) + 
TdR (20 uM) + 
CR (100 uM) + 
UR (100 uM) 3 





* Cultures were set up in triplicate, except controls which 
were quadruplicates. Abbreviations: TdR, thymidine; UR, 
uridine; and CR, cytidine. 


8999R lines are summarized in Table 6. In the 8999R, 
the two agents showed near therapeutic summation, 
but the same combination was markedly infra-addi- 
tive in the 3924A. Complete results for all four hepa- 
tomas are given in isobologram form in Fig. 3. In 
all experiments, in the rapidly growing Novikoff and 
3924A the combined effect of MTX and FUdR was 
considerably less than additive, but the two agents 
almost showed summation in the slower growing 
8999R and 8999S hepatoma cultures. 


DISCUSSION 


The central difficulty of cancer chemotherapy—the 
fact that biochemical differences between a tumor and 
its host are chiefly quantitative ones— has made the 
design of selectivity a pressing challenge for the design 
of anti-cancer drugs. A problem has been that existing 
drugs were designed to strike at one of the most 
prominent biological features of tumors, their proli- 
ferative nature. Perhaps for this reason, in part at 
least, cancer chemotherapy is at present most effec- 
tively used against rapidly growing tumors. The most 
frequently occurring malignancies, however, particu- 
larly solid tumors of low growth fraction, proliferate 
much more slowly than the normal cell renewal com- 
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Fig. 3. Isobolograms showing the interactions between 
effects of MTX and FUR. Reference doses of each agent 
were apparent IDs) concentrations measured at the times 
listed in Fig. 1. Figures on the axes indicate fractions of 
these reference drug doses. The plots thus show the frac- 
tional dose of one of the drugs required to give a constant 
(IDs) response in the presence of the indicated fractional 
dose of the other drug. 


partments of the body. As a result, most drugs are 
more toxic to intestinal epithelium or bone marrow 
than to such tumors. Nevertheless, biochemical 
studies in this laboratory and elsewhere [13, 14] have 
shown that the quantitative biochemical changes of 
malignant tissue, considered as an integrated pattern, 
are specific to neoplasia, and as such are distinguish- 
able from the biochemical pattern of fetal or develop- 
ing tissues, or of non-malignant hyperplasia. In prin- 
ciple, it should be possible to use a knowledge of 
tumor biochemistry and enzymology to direct drug 
action specifically against malignant cells. 

The present study has attempted to show how pat- 
terns of competing enzymes may determine selectivity 
of drug action. In the four hepatoma cell lines studied, 
the toxicity of MTX in the presence of excess thymi- 
dine correlated inversely with the ratio 5,10-methy- 
lenetetrahydrofolate dehydrogenase/thymidylate syn- 
thetase. The greater the thymidylate synthetase acti- 
vity, the greater the anti-purine effects. Since thymidy- 
late synthetase activity correlated with growth rate, 
whereas the dehydrogenase activity did not differ 
greatly among the four lines, this combination was 
most toxic to rapidly dividing cells. Hyrniuk [2], 
working with L5178Y lymphoma cells in different 


Table 6. Interaction of the effects of MTX and FUGR against cultured hepatoma cells 





MTX 
concn 
(nM) 


Duration 
of experiment 


Cell line (hr) 


FUdR 
concn 
(nM) 


Cell count as per cent of untreated 
control in the presence of: 
MTX plus FUdR 
Predicted* Measured 
(c) (d) 


MTX FUdR 
(a) (b) 





20 
100 


3924A 
8999R 


72 
84 


17.5 
27 


34 
29 


39 
48 


45 
57 


20 
100 





* Assuming summation; i.e. c = (a x b)/100. 
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proliferative states, has also emphasized the correla- 
tion between growth rate and purineless death. We 
believe that the enzymes competing for methylene 
FH, provide, at least partly, a molecular basis for 
this observation. Supporting this interpretation are 
the studies in which the ratio of competing enzymes 
was altered with FUdR, with a resulting decrease in 
the anti-purine effect of MTX. It is striking that a 
quantitative difference in thymidylate synthetase acti- 
vity of about 6-fold (between the Novikoff and 8999S 
lines) appears to make a difference between purineless 
death in a few hours (in Novikoff) and the ability 
to continue cell division at half the control rate for 
48 hr (in 8999S). 

Unlike the MTX + thymidine combination, which 
is most toxic to rapidly dividing cells, the combina- 
tion MTX + FUdR was relatively more effective 
against the slowly dividing 8999R and 8999S cells. 
The difference was only a relative one as the two 
agents gave additive results in the slow hepatoma 
lines, but less than additive effects in the rapidly 
dividing lines; however, the latter had a greater intrin- 
sic sensitivity to MTX, so the combination has no 
overall advantage against the slowly dividing cells. 

The ability to degrade thymidine appears to be pri- 
marily, though not exclusively, an hepatic function. 
Although this function has been almost completely 
lost in the rapidly growing hepatomas, in common 
with most rapidly dividing cells, traces of this function 
remain in the more slowly growing, better differen- 
tiated hepatomas. This residual thymidine catabolic 
activity has a potent effect on drug sensitivity. Con- 
centrations of thymidine which would normally, in 
the presence of a purine, protect the cells from MTX 
are inadequate to do so in the 8999R and 8999S cells. 
The effect is most pronounced with the combination 
FUdR plus thymidine. Under conditions where the 
rapidly dividing hepatomas are almost completely 
protected by the thymidine from the FUdR, the 
8999R and 8999S cells are completely killed. Here 
again, a quantitative difference in the balance of com- 
peting pathways appears to give rise to an all-or-none 
difference in drug response. Again, our interpretation 
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of the effect is supported by experiments in which 
the ratio of the competing activities was artificially 
altered. 

This last example shows how specialized biochemi- 
cal functions reflecting the tissue of origin of a tumor 
may be used to direct the toxicity of another agent, 
which alone is toxic to both malignant and non- 
malignant proliferating cells. Another example of this 
approach is described in Ref.5. This concept of 
chemotherapy is one which should be most effectively 
employed with well differentiated tumors, including 
some of the slow growing solid tumors which at pres- 
ent respond so poorly to chemotherapy. 
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Abstract—Xylitol was infused intravenously during a 30-min period to patients undergoing uncompli- 
cated cholecystectomy. A 50-g dose caused a decrease in the hepatic ATP concentration from 2.75 
to 0.25 umole/g liver and in the concentration of inorganic phosphate from 3.6 to 1 umole/g. The 
hepatic content of adenine nucleotides was reduced to 30 per cent of the control value. The concen- 
tration of L-glycerol 3-phosphate increased to 5 to 10 umole/g, and glucose, lactate and ketone bodies 


remained unchanged. 


Xylitol has been increasingly used as an intravenous 
nutrient in recent years [1]. The normal clinical use 
is accompanied by an increase in serum bilirubin, in 
the activity of hepatic enzymes in serum [2] and by 
a definite increase in the concentration of uric acid 
in serum [3]. In rare cases a lethal precipitation of 
calcium oxalate in the renal tissue has been reported 
[4]. 

Now xylitol is introduced as a sweetener because 
it has a low cariogenic effect [5], and therefore it 
becomes more important to know about its metabolic 
effects in humans. One major question remains to be 
answered: does xylitol show as detrimental effects on 
the human liver adenine nucleotide system as it does 
in rat liver [6]? The concentration of uric acid in- 
creases more after xylitol than after an equivalent 
dose of fructose [3], and as the degradation of 
adenine nucleotides proceeds via AMP to IMP with 
uric acid as the final product in human liver this sug- 
gests xylitol to be more active than fructose in lower- 
ing the hepatic adenine nucleotide concentration in 
humans. 

Therefore it was considered relevant to measure the 
metabolic effect of xylitol on human liver. 


MATERIALS AND METHODS 


Biopsies were performed surgically in patients who 
underwent cholecystectomy for uncomplicated chole- 
lithiasis. Informed consent was obtained prior to the 
operation. The biopsies were immediately freeze- 
clamped using aluminium tongs precooled in liquid 
nitrogen. The biopsies were about 0.5 g weight and 
were precipitated in 3 ml perchloric acid (6%) after 
cutting by a Sorvall Omnimixer. The precipitate was 
centrifuged and the supernatant was neutralized with 
6N KOH. 

Fifteen min after the initiation of anestesia with 
halothane and N,O/O,, a continuous infusion of xyli- 
tol 10% (Xylit, Pfremmer, Erlangen, Germany) was 
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started. Using an Infusomat (Braun Melsungen, Ger- 
many) 25 or 50g xylitol were infused at a constant 
rate during a 30min period. Biopsy was performed 
at the end of the xylitol infusion. Control values were 
obtained from three patients to whom no xylitol was 
given. 

Pyruvate and acetoacetate were determined enzy- 
matically [7] the same day as the biopsy was taken. 
Adenine nucleotides were determined the next day 
[8,9] and glycerol and glycerol 3-phosphate, [10] 
glucose [11], lactate [12], 3-hydroxybutyrate[13], 
and inorganic phosphate [14] were determined within 
1 week. 


RESULTS AND DISCUSSION 


The results are given in Table 1. The control values 
for ATP in the biopsies are in the same range as 
found previously in humans [15], and in rat liver 
using the same technique [16]. Xylitol (50g/30 min) 
causes a severe and reproducible decrease in the ATP 
concentration to about 10 per cent of the normal 
value. The decrease seems to be dose-dependent since 
a dose of 25 g/30 min causes a decrease in the ATP 
concentration to 30 per cent of the control value. The 
concentration of ADP decreases also whereas the 
AMP concentration remains unchanged. The hepatic 
content of adenine nucleotides is reduced by 70 per 
cent by 50g xylitol and by 60 per cent by 25 g. From 
the reduction in hepatic adenine nucleotide concen- 
tration a minimum production of 650mg uric acid 
can be calculated assuming the liver weight to be 
1500 g. This may well account for the observed in- 
crease of 30 mg/l in serum uric acid after a compar- 
able dose of xylitol [3]. It is therefore likely that the 
increase in uric acid concentration after xylitol is due 
to an increased degradation of nucleotides in the liver. 

The concentration of inorganic phosphate is also 
decreased in the liver after xylitol infusion (Table 1), 
and some inorganic phosphate is trapped in L-gly- 
cerol 3-phosphate which accumulates. The increase 
in ester-bound phosphate in L-glycerol 3-phosphate 
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Table 1. Effect of intravenous xylitol on some metabolites in human liver 





Xylitol given i.v. over 30 min (g) 





25 50 
A B A B 





ATP 

ADP 

AMP 

Sum of adeninenucleotides 
Inorganic phosphate 
Decrease in Pi 
L-glycerol 3-phosphate 
Increase in Pi 
Glycerol 

Glucose 

Lactate 


2.74 + 0.46 
0.65 + 0.03 
0.18 + 0.08 
3.57 + 0.53 
3.46 + 0.26 


1.06 
0.36 
0.03 
1.45 
1.32 
7.91 
4.14 
3.42 
0.85 
3.05 
3.15 
0.11 
1.21 
0.09 


0.73 
0.34 
0.15 
1.22 
1.07 
9.10 
4.07 
3.35 
0.98 
5.43 5.91 
3.80 2.64 
0.04 — — 
1.66 2.21 1.78 
0.07 0.05 _— 


0.30 
0.58 
0.22 
1.10 
0.95 
9.93 
4.36 
3.63 
0.41 


0.21 
0.52 
0.21 
0.94 
0.78 
10.50 
8.91 
8.15 
0.61 
4.76 
4.16 


0.76 + 0.44 


0.55 + 0.07 
7.05* + 141 
5.92* + 1.20 
Pyruvate 0.09 + 0.05 
3-hydroxybutyrate 2.28 + 0.62 
Acetoacetate — 





The xylitol was given over 30 min at a constant rate and the period was finished 
by a biopsy. A and B denotes individual patients in each group. The control values 
are given + S.E.M. Decrease in Pi means the sum of Pi lost in adenine nucleotides 
plus that from inorganic phosphate. The increase in Pi means Pi accumulated during 
the perfusion period in L-glycerol 3-phosphate. The values are pmole/g liver wet wt. 
* One glucose concentration was 9.9 umole/g and the lactate concentration was 7.4 
in the same patient, who had a blood loss of 21 in the initial period of the operation. 


accounts for 40 to 50 per cent of the phosphate which 
has disappeared by the decrease in adenine nucleo- 
tides and inorganic phosphate. It is striking that the 
concentration of inorganic phosphate attains such 
low values during steady-state xylitol infusion, since 
the decrease in inorganic phosphate after fructose 
administration is restored within few minutes by 
uptake of inorganic phosphate from the medium[17]. 
In rat liver perfused with xylitol [6], or glycerol [18], 
accumulation of a comparable amount of L-glycerol 
3-phosphate is accompanied by a decrease in the con- 
centration of ATP to only half the normal value, and 
the ATP concentration in human liver following infu- 
sion of 50g fructose over 30 min was 1 umole/g, i.e. 
four times the value after 50g xylitol [15]. Thus 
human liver seems to be especially sensitive to the 
effects of xylitol on the adenine nucleotide system. 

The mechanism by which the liver is depleted of 
adenine nucleotides is not fully elucidated. Inorganic 
phosphate and ATP act as inhibitors of the AMP 
. degrading enzymes, AMP deaminase and 5-nucleoti- 
dase [19,20] respectively, and a decreased inhibitor 
concentration has therefore been thought to be re- 
sponsible for the increased rate of AMP degradation 
[21,22]. The very low concentrations of ATP and 
inorganic phosphate in human liver metabolizing 


xylitol would favour the degradation of AMP to uric 


acid. 

The changes in adenine nucleotides and inorganic 
phosphate must be expected to affect a long series 
of regulatory processes in the liver. The concentration 
ratio between ATP and ADP is reduced from 4.2 in 
the control biopsies to 2.5 and 0.5 with increasing 
xylitol dose. Therefore many processes of biosynthesis 
must be expected to be decreased. The activity of the 
adenyl cyclase must be expected to be decreased since 
the enzyme is sensitive to changes in the ATP concen- 
tration in the range about 1 mM [23]. The resulting 


decreased sensitivity to glucagon [24] may explain 
that xylitol infusion is not accompanied by any in- 
crease in blood glucose [3] whereas some glycogen 
accumulation has been found [25]. In the biopsies 
shown in Table 1 there was no change in the glucose 
concentration after xylitol. 

The cytosolic free NADH/NAD concentration 
ratio expressed as the lactate to pyruvate concen- 
tration ratio increases during xylitol metabolism in 
the liver [6, 26]. This would tend to increase the lac- 
tate formation from pyruvate, but during xylitol 
metabolism in humans the lactate concentration in 
the blood remains unchanged [3], as it does in the 
liver biopsies (Table 1). The normal large lactate pro- 
duction in livers metabolizing fructose is also inhi- 
bited when the cytosolic NAD redox state is made 
more reduced by addition of ethanol. In this case the 
flux of carbon from the triose phosphate level to lac- 
tate is reduced [27], most likely because of the effect 
of an increased NADH/NAD on the combined gly- 
ceraldehyde 3-phosphate dehydrogenase—phosphogly- 
cerate kinase reaction. 
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Abstract—Male rats received a repeated oral treatment with perazine which led to an accumulation 
of the metabolite N-[y-(phenothiazinyl-10)-propylJethylenediamine (PPED). When phenobarbital was 
administered concomitantly, the distribution of PPED and partly also of other perazine metabolites 
was altered, since higher concentrations were attained in liver and lower ones in kidney and brain. 
The PPED precursor desmethyl perazine was converted to PPED to a smaller extent when rats had 
been pretreated with phenobarbital; the same effect was exerted by SKF 525-A. Following a single 
oral dose of PPED, its elimination from liver and kidney was retarded in phenobarbital-treated rats, 
whereas p,p’-DDT slightly enhanced the decline of PPED tissue levels. PPED did not abolish phenobar- 
bital- and DDT-induced increases of cytochrome P-450 and ethylmorphine demethylation in rat liver 
microsomes. It is concluded that phenobarbital treatment increases PPED binding to liver cell constitu- 
ents and thus reduces its availability for distribution to extrahepatic organs and for metabolism. 


Shortening of the in vivo half-life of drugs as a con- 
sequence of prolonged pretreatment with other 
foreign compounds, for instance barbiturates, is a 
well-known phenomenon. What shall be reported 
here, is an observation of the opposite effect: retarded 
elimination of a compound from tissues, especially 
from liver, in phenobarbital-treated rats. The com- 
pound which exhibited this unusual feature was N-[y- 
phenothiazinyl-10)-propyl]-ethylenediamine (PPED), 
a metabolite of the neuroleptic drug perazine, from 
which it is formed by demethylation and partial 
degradation of the piperazine ring [1]. PPED is char- 
acterized by a slow distribution within the rat 
organism and a slow elimination from it leading to 
its accumulation during chronic treatment with pera- 
zine, also in the absence of perazine accumulation [2]. 
From the excretion of urinary metabolites by patients 
during and following perazine ingestion, it can be 
concluded that it also accumulates in the human 
organism [3]. 

Since the formation as well as the elimination of 
PPED were assumed to be dependent on cytochrome 
P-450, it seemed interesting to study the effect of 
known enzyme inducers on the kinetics of the drug 
metabolite. Phenobarbital (PB) and p,p'-DDT were 
found to influence the half-life of PPED in opposite 
directions; in addition, PB also affected the distribu- 
tion within the organism of PPED and of other pera- 
zine metabolites present after repeated perazine 
administration. Some of the results have been the sub- 
ject of a preliminary communication [4]. 


MATERIALS AND METHODS 


Drugs and metabolites. Perazine dimalonate and 
y-(phenothiazinyl-10)-propylamine (PPA) hydrochlo- 
ride were gifts from Chemische Fabrik Promonta 
(Hamburg, W. Germany). Desmethyl perazine (DMP) 


dimalonate was synthesized as described by Breyer 
and Villumsen [5]. 
N-[y-(Phenothiazinyl-10)-propyl]- ethylenediamine 
(PPED) was prepared from ,-(phenothiazinyl-10)- 
propylchloride [6] and ethylenediamine in analogy to 
the procedure used for the synthesis of the 2-chloro 
analogue [7]. The dimalonate was recrystallized from 
absolute ethanol, m.p. 151.5-152.5°. C,7H,,N;3S- 
CsH Og (507.5): calculated: C 54.43, H 5.75, N 8.28, 
S 6.32; found: C 53.95, H 5.72, N 8.27, S 6.11. 
N-[y-(Phenothiazinyl-10)-propyl]-N’-methyl-ethy - 
lenediamine (PPMED): »-(Phenothiazinyl-10)-propyl- 
chloride (0.3 g) was dissolved in 2 ml of dry dimethyl- 
sulfoxide and added within 10 min to 3 ml of N- 
methylethylenediamine (EGA Chemie, Steinheim, W. 
Germany) kept at 95°. After further 20 min at 95-100° 
the mixture was distributed between 30 ml of 1 N 
NaOH and 15 ml of chloroform. The organic phase 
was washed with another portion of NaOH and 
extracted with 20 ml of 1 N HCl. After washing with 
5 ml of chloroform, the aqueous phase was alka- 
linized with 4 ml of 25°, ammonia and extracted with 
three 7-ml portions of benzene. The residue obtained 
upon evaporation of the combined organic phases 
was chromatographed on fourteen 20 x 20-cm plates 
coated manually with 0.4 mm of Silica gel GF 54 
(E. Merck, Darmstadt, W. Germany). The solvent 
was isopropanol—chloroform—25% ammonia—water 
(16:8:1:1, by vol.). Thus, separation of the desired 
compound from the non-desired isomer was achieved. 
The u.v. absorbing band at R, 0.35 was removed, 
suspended in 1 ml of 2 N ammonia and extracted 
three times with 2 ml of diisopropyl ether. The 
combined extracts from all plates were reacted with 
100 mg of malonic acid[7], and the precipitate 
was crystallized once from ethanol and twice from 
methanol. Pale yellow needles, m.p. 153.5-155°. 
C,3H23;N3S:C,.H,0, (521.6): calculated; Cc 55.26, H 


2623 





2624 


5.99, N 8.06, S 6.15: found; C 55.58, 55.12, H 6.08, 
5.88, N 8.17, S 6.07. 

Phenobarbital (PB)-Na was purchased from E. 
Merck (Darmstadt, W. Germany), chlorophenothane 
(p.p'-DDT) from EGA Chemie (Steinheim, W. Ger- 
many). Diethylaminoethyl diphenylvalerate hydro- 
chloride (SKF 525-A) was donated by Smith, Kline 
& French Laboratories (Philadelphia, U.S.A.). 

Organic solvents were of ordinary grade and were 
distilled before use. 

Treatment of animals. Male Wistar rats (S. Ivanovas, 
Kisslegg, W. Germany) weighing 240-300 g were 
used. They had free access to tap water and a stan- 
dard laboratory chow (Altromin R, Altromin GmbH, 
Lage, W. Germany) except 12 hr before and 2 hr after 
oral treatment with PPED, when they were fasted. 
Perazine and PPED were administered by gavage as 
aqueous solutions of their dimalonates (5 ml/kg body 
wt). For i.p. injection, DMP dimalonate was dissolved 
in water, neutralized with the 2-fold molar quantity 
of NaOH and made up to an isotonic solution (2 
ml/kg) by addition of water and 0.9% NaCl. PB-Na 
was either administered by gavage of an aqueous 
solution (5 ml/kg) at a dose of 50 mg/kg or via the 
drinking water as a 0.1% solution. DDT (100 mg/kg) 
was injected i.p. in olive oil (2 ml/kg); the control 
group received olive oil. SKF 525-A (50 mg/kg) was 
injected i.p. as an isotonic solution (2 ml/kg); controls 
were given 0.9% NaCl i.p. All doses are specified in 
terms of free base or free acid. Details on the treat- 
ment schedules are given under Results. 

At the times indicated, the rats were killed by deca- 
pitation, the organs removed and cooled to —20°. 
They were extracted within 2 weeks of sacrifice. 

Measurement of drug metabolites in tissues. In most 
of the experiments, the extraction was carried out 
according to method B of Breyer [2] using dichloro- 
ethane. When studying the influence of DDT on the 
elimination of PPED, benzene was substituted for 
dichloroethane: 5 g of liver tissue was homogenized 
with 20 ml of 10% NaCl using an Ultra-Turrax blen- 
dor (Janke & Kunkel, Staufen, W. Germany), and 
after addition of 0.2 ml of 10° sodium deoxycholate 
solution and 3.5 ml of 25% ammonia, shaken with 
25 ml of benzene. Following centrifugation for 12 min 
at 4000 rev/min, a measured aliquot of the benzene 
phase was transferred to a round-bottom flask and 
evaporated. The residue was transferred to a conical 
centrifuge tube and evaporated again. A pair of kid- 
neys was processed analogously using 10 ml of 10% 
NaCl, 0.1 ml of 10% sodium deoxycholate, 1.2 ml 
of 25°, ammonia and 15 ml of benzene. 

Thin-layer chromatography was performed as de- 
scribed previously [2] except that in all cases chloro- 
form—isopropanol (10:1) was used for washing the 
plates prior to development with isopropanol-chloro- 
form—25%% ammonia—water (16:8:0.8:0.8, by vol.). In 
this solvent, PPMED had the same R, value (0.30) 
as PPED. Subsequent separation of these two meta- 
bolites by rechromatography in acetone-—isopro- 
panol-!| N ammonia (18:14:8, by vol.), was necessary 
when the animals had received perazine. R, values 
of PPED and PPMED were 0.56 and 0.30, respect- 





* Krauss, Prox and Breyer. to be published. 


U. Breyer, W. JUNGINGER and D. VILLUMSEN 


ively. In the analysis of brain extracts, the rechroma- 
tography was omitted and the sum of PPED + 
PPMED was determined. 

Recovery experiments were carried out with all 
compounds by adding adequate quantities to tissues 
from untreated rats. For DMP and PPED, recoveries 
were also determined using livers from PB-treated 
animals. The recovery of DMP from brain was taken 
from Breyer [2]. Data shown in Tables 1 and 2 and 
in Fig. 5 are corrected for recovery. 

PB plasma levels were measured by spectrophoto- 
metry [8]. 

Experiments in vitro. Liver microsomes were pre- 
pared by pooling 3 g of liver each of two rats and 
homogenizing them in a Potter-Elvehjem homogen- 
izer with 24 ml of 0.25 M saccharose containing 20 
mM Tris-HCl pH 7.5 and 5.4 mM EDTA-Na, [9]. 
Following centrifugation at 1000 and 10,000 g for 10 
min each, the microsomes were sedimented at 100,000 
g within 60 min. They were washed with the above 
buffer and suspended in it to a concentration of about 
10 mg protein/ml. Their protein content was deter- 
mined according to Lowry et al. [10] using bovine 
serum albumin as standard, and cytochrome P-450 
was measured spectrophotometrically [11]. 

Ethylmorphine demethylation was determined in 
an incubation system containing 2 mg/ml microsomal 
protein, 125 mM saccharose, 64 mM Tris-HCl pH 
7.5, 36 mM KCl, 10 mM MgCl,, 2.7 mM EDTA, 
1 mM NADP, 8 mM trisodium isocitrate, 40 pg/ml 
isocitrate dehydrogenase and 16 mM ethylmorphine 
in a volume of 5 ml. After a 5-min pre-incubation 
period at 37°, the reaction was started by the addition 
of the substrate and was carried on with shaking un- 
der air. Samples of 1.5 ml were drawn 0, 5 and 10 
min after the start for formaldehyde determination 
according to Nash [12]. 

Statistical calculations were performed using Stu- 
dent’s t-test. 


RESULTS 


The structures of perazine and of its metabolites 
measured in rat organs are shown in Fig. 1. 

Recoveries. The percentages of DMP, PPMED and 
PPED recovered from tissues increased steadily with 
the quantity added (Figs. 2-4). For PPED, no differ- 
ence in recovery was found whether dichloroethane 
or benzene served as extractant (Fig. 4b). From livers 
of rats pretreated with phenobarbital (PB) the same 
percentages of DMP and PPED were recovered as 
from those of untreated animals (Figs. 2b and 4b). 
The recovery of 1-10 yg of PPA from kidney or from 
2 g of liver was 90 + 3% (mean + S.E.M., n = 4). 

Metabolite accumulation during repeated administ- 
ration of perazine. When rats were killed 24 hr after 
the last of 14 daily oral perazine doses (see Table 
1), the compound present in tissues in the highest 
concentration was PPED, while the other metabolites 
occurred in small quantities only. Perazine was not 
detected in measurable amounts. PPMED has pre- 
viously [1] been described as an unidentified product. 
Its structure has now been elucidated by mass spec- 
trometry.* 

From Table | it appears that organ levels of pera- 
zine metabolites differed characteristically whether 
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Fig. 1. Structural formulas of perazine and its metabolites occurring in rat tissues. The arrows indicate 
in vivo metabolic pathways. 
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Fig. 2. Recovery of DMP from rat organs using dichloroethane as extractant. (a) Experiments on 


2g of liver or two kidneys; (b) experiments on 5 g of liver from untreated rats (open circles) and 
from rats that had received 5 daily oral doses of 50 mg/kg phenobarbital (crosses). 
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10 
ug PPMED added 
Fig. 3. Recovery of PPMED from 2g of rat liver or two 
kidneys using dichloroethane as extractant. The isolated 
compound was rechromatographed as described for the 
separation of PPMED and PPED. 


the animals had received PB in addition or not. The 
PPED concentration in liver was significantly in- 
creased by the barbiturate, while the levels in kidney 
and brain were lowered. As a consequence, a highly 
significant reduction of kidney/liver and brain/liver 
ratios could be stated. Similar changes were observed 
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for the distribution of DMP, PPMED and PPA, 
though in view of the poor recoveries of PPMED 
and the low absolute concentrations of PPA the 
results with these two compounds have to be 
regarded with reservation. 

Formation of PPED from a single dose of DMP. 
In order to study influences exerted on the metabolic 
production of PPED, rats were injected ip. with 
DMP, an immediate precursor of PPED, and the 
concentrations of DMP and PPED in liver were 
determined after 2 hr (Table 2). Pretreatment with 
PB according to various schedules in no case led to 
an increase of the PPED concentration. Instead, 
DMP was considerably augmented in the livers of 
rats treated by gavage in spite of a 16-17 per cent 
increase in relative liver weight. Following PB appli- 
cation via the drinking water, DMP levels were not 
elevated, and PPED levels were depressed. These dif- 
ferential influences may be partly explained by a dif- 
ference in the PB plasma concentrations. 

The changes observed after injection of SKF 525-A 
were those to be expected and were equal to those 
brought about by PB, since PPED occurred in 
smaller quantities, while more DMP was still present. 
The difference in DMP levels between unpretreated 
rats and those injected with NaCl serving as controls 
for the SKF group was due to the fact that the exper- 
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Fig. 4. Recovery of PPED from rat organs using as extractant dichloroethane (open circles and crosses) 

or benzene (filled circles). (a) Experiments on 2g of liver or two kidneys. The isolated compound 

was rechromatographed as described for the separation of PPMED and PPED; (b) experiments on 

5 g of liver from untreated rats (open and closed circles) and from phenobarbital-treated rats (crosses; — 
see legend to Fig. 2b); (c) experiments on two kidneys; (d) experiments on two brains. 
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Table 1. Influence of PB on the concentrations of perazine metabolites in the organs of male rats given daily oral 
doses of 50 mg/kg perazine for 14 days* 





Additional 


Metabolite treatment 


Concentration (ug/g) 
Kidney 


Ratio 


Brain Kidney/liver Brain/liver 





oo 
in 
is 


DMP 


on 


PPED 
PPMED 
PPA 


scooounsos 


I I+ I+ 14+ 14+ H+ I+ | 
Sp Wp Itt 


7.7408 
6.0 + 08 
78 +5 
60 + 4t 
44+04 
2.8 + 0.2t 
13+ 0.1 

+ O8+01t 


0.95 + 0.05 
0.66 + 0.05t 
0.88 + 0.04 
0.47 + 0.04t 
0.75 + 0.05 
0.48 + 0.04t 
0.53 + 0.08 
0.20 + 0.02t 


0.13 + 0.02 

0.08 + 0.01+ 
0.043 + 0.003 
0.015 + 0.001t 


1.0 + 0.06 
0.7 + 0.05t 
3.7 + 0.18 

2.0 + 0.2t§ 





* Perazine was administered at 8 a.m. One group received in addition 50 mg/kg PB by gavage daily at 8 p.m. 
starting 2.5 days before the first perazine dose. Animals were sacrificed 24 hr after the last perazine dose, and 2 
g of liver, two kidneys or two brains were analysed. Mean + S.E.M., n = 8-10 for liver and kidney, n = 4-5 for 


brain. 
+P < 0.05; 
§ PPED + PPMED. 


iments with SKF were carried out three years later 
than those with PB. Apparently the properties of the 
rats concerning foreign compound metabolism 
changed within this time (see below), but the direction 
of influences remained the same, as could be con- 
cluded from comparison with preliminary exper- 
iments carried out earlier. 

Elimination of PPED following a single oral dose. 
Since the PB-induced augmentation of PPED in pera- 
zine-treated rats could not be explained by enhanced 
formation, its elimination was expected to be 
retarded. In fact, the decline of PPED in liver pro- 
ceeded slower when the rats received a continuous 
PB treatment before and after the PPED dose (Fig. 
Sa). The half-life was prolonged from 1.3 to 3.7 days. 
The elimination from kidney, which in accordance 
with earlier observations[2] was slower than that 
from liver in control animals, was also impaired, the 
approximate half-life being increased from 2.4 to 3.6 


Table 2. Influence of PB and SKF 525-A on the concen- 
trations of DMP and PPED in livers of male rats 2 hr 
after i.p. injection of 25 mg/kg DMP* 
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*Two groups were pretreated with PB by orally 
administering 50 mg/kg at 8 p.m. for 3 days, the last dose 
being given either 12 or 36 hr before DMP. One group 
received 80 mg/kg PB per os and subsequently 0.1% PB 
in the drinking water for 6.5 days. Water was substituted 
for PB solution 36 hr before DMP injection. SKF 525-A 
(50 mg/kg) was injected i.p. 30 min prior to DMP. Five 
g of liver were used for analysis. Mean + S.E.M. 

+P < 0.02; {P< 0.005 in comparison to the respec- 
tive controls. 


BP. 25/23—F 


¢ P < 0.005 in comparison to the respective controls. 


days and thus resembling that in liver. An indication 
of the opposite effect was obtained when rats had 
been pretreated with DDT (Fig. 5b), since from 2 to 
4 days after dosage PPED levels in liver and kidney 
declined faster than in oil-treated controls. 
Extrapolation of the PPED concentrations in liver 
to zero time resulted in nearly identical values for 
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Fig. 5. Concentrations of PPED in liver and kidney fol- 
lowing administration of 100mg/kg by gavage to rats 
fasted for 12 hr. (a) Comparison of unpretreated animals 
(open symbols) to those receiving 50 mg/kg PB daily at 
8 p.m. starting 2.5 days before PPED dosage (filled sym- 
bols); (b) comparison of rats injected with olive oil (open 
symbols) to those treated with 100 mg/kg p,p’-DDT in olive 
oil (filled symbols) 8 days before PPED dosage. Vertical 
bars represent standard errors, n = 4~7. 
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Table 3. Influence of PB and DDT on cytochrome P-450 
concentration and ethylmorphine demethylation in liver 
microsomes from male rats treated with PPED* 





HCHO forma- 
tion from 
ethylmorphine 
(nmoles: mg 
protein™ '-min~') 


Time 
after 
PPED 
(days) 


Cytochrome 
P-450 
(nmoles- mg 
protein™ ') 


Additional 
treatment 





S205 33.7 
20.7; 24.6 
25.2 

14.2; 16.1 
22.3; 23.3 


2 
PB 2 
PB 4 
oil 2 
DDT 2 





* Livers of two rats were pooled for the preparation of 
microsomes. For details on the treatment see legend to 
Fig. 5. 


all four groups when allowance was made for the in- 
crease in relative liver weight (21 per cent with PB, 
15 per cent with DDT). 

The distribution of PPED between liver and kidney 
was changed by PB in the same way as following 
metabolite accumulation from perazine (Table 1); 
DDT, however, did not exert such an influence. 

Besides PPED, liver and kidney tissue contained 
PPA. Its concentration was measurable 2 days after 
PPED dosage and amounted to about | per cent that 
of PPED. 

In order to exclude the possibility that PPED led 
to a destruction of cytochrome P-450 or to an inhibi- 
tion of its activity, measurements were carried out 
on liver microsomes prepared from the rats used for 
the kinetic study (Table 3). PB and DDT treatment 
augmented cytochrome P-450 as well as ethylmor- 
phine demethylation above the values of the respec- 
tive controls. 

A comparison of Figs. 5a and b shows that PPED 
was eliminated more slowly from rats injected with 
olive oil than from untreated controls. This difference 
was most probably not due to the oil treatment, but 
to a change in the properties of the rats, since the 
experiments with oil and DDT were carried out 2 
years later than all the others. Preliminary exper- 
iments. with DDT performed at the same time as 
those with PB resulted in PPED levels in rat liver 
of 49 and 58 yg/g 2 days after PPED dosage and 
of 9.8 + 1.1 yg/g (n = 4) after 4 days. These values 
are considerably lower than those measured later 
(Fig. 5b) of 90 + 11 and 32 + 3 g/g after 2 and 4 
days, respectively. 


DISCUSSION 


When under the influence of an inducer of microso- 
mal drug metabolism the concentration of a drug 
metabolite in the organism is increased, the most 
probable explanation for this effect has to be sought 
in an enhanced formation of the compound. In the 
present investigation, where an increased PPED ac- 
cumulation from perazine in the livers of rats was 
brought about by PB, this explanation did not hold. 





* Breyer and Rassner, unpublished results. 
+ Breyer, Jahns et al., manuscript in preparation. 
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The concentration of DMP, the. immediate precur- 
sor of PPED, in the liver was not augmented. When 
this precursor was injected, PB administered accord- 
ing to various schedules proved unable to enhance 
PPED formation, even in the presence of elevated 
DMP levels. This was the more surprising since the 
inhibiting effect of SKF 525-A on the biotransforma- 
tion of DMP to PPED pointed to a dependence of 
this reaction on cytochrome P-450. 

The enhanced PPED accumulation in livers of rats 
receiving PB in addition to perazine was apparently 
due to two effects the mechanisms of which are not 
clear: to an altered distribution of PPED between 
the liver and extrahepatic tissues and to retardation 
of its elimination. The effect on distribution was not 
confined to PPED, since lower kidney/liver and 
partly also brain/liver ratios under the influence of 
PB were observed for the other perazine metabolites, 
too. The data for PPMED and PPA, however, were 
not as well validated as those for PPED and DMP. 

Alterations of brain/plasma concentration ratios 
caused by PB have been described for phenazone [13] 
and phenytoin [14]. 

Since tricyclic psychoactive drugs are excessively 
bound to tissue constituents, PB must be assumed 
to exert an influence on binding processes. Apparently 
this is not directly related to its effect on the drug 
metabolizing enzyme system, since DDT, a similarly 
efficient inducer [15], did not affect the distribution 
of PPED between liver and kidney. Nor can the 
enhanced formation of smooth endoplasmic mem- 
branes due to PB explain the change in PPED locali- 
zation, for DDT also leads to an augmentation of 
the endoplasmic reticulum [16,17]. Moreover, frac- 
tionation studies on rat liver containing PPED 
showed a preferential localization of the substance in 
mitochondria, while a much smaller quantity was as- 
sociated with the microsomal fraction [2].* 

Similar considerations apply to the conspicuous 
retardation of PPED elimination caused by PB. Even 
when high concentrations of PPED were present in 
tissues, rats did not excrete measurable quantities of 
unchanged PPED into urine [2]; minute quantities 
only were removed in bile, as could be shown with 
a radiotracer method.t Hence the elimination must 
be dependent on metabolism; in fact, PPA was 
detected in organs of rats given PPED, and PPA sul- 
foxide was excreted in urine[18]. Therefore, an 
enhancing action as it was exerted by DDT on the 
decline of PPED tissue levels would have been 
expected with PB, particularly since PPED did not 
inhibit the increase in cytochrome P-450 and the acti- 
vating influence on ethylmorphine demethylation of 
these two inducers. The continued presence of PB, 
which when given acutely may inhibit the metabolic 
oxidation of other foreign compounds [19], does not 
seem to explain satisfactorily the findings, since after 
administration of a barbiturate for several days, other 
substrates of the mixed function oxidase are in most 
cases eliminated more rapidly even in the presence 
of the inducer. This results from measurements in 
man [20, 21], in dogs [22,23] and in rats [24,25]. In 
a number of epileptic patients, phenytoin blood levels 
were lower during treatment with phenytoin alone 
than when the patients received the same phenytoin 
dose and PB in addition [26, 27]. In the majority of 
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cases, however, the opposite effect or no influence was 
observed [26]. In the present study, qualitatively 
equal changes were induced by PB on the PPED for- 
mation from DMP irrespective of whether moderately 
high PB levels still occurred in the organism or not. 

Comprehensive studies by Kunz et al. [28] in mice 
revealed PB-induced changes of activity for a great 
number of hepatic enzymes, among these also mito- 
chondrial enzymes. Electron microscopy did not dis- 
close structural alterations in mitochondria [29]. Fol- 
lowing DDT injection, a few biochemical parameters 
only were studied, but in these already differences 
were noted in comparison to the PB effects. It is thus 
conceivable that the differential effects of PB and 
DDT on the kinetics of PPED are due to differential 
influences on liver mitochondria. The action of PB 
may be explained on the basis of enhanced binding 
of PPED and other perazine metabolites to liver 
mitochondria. Consequently, they are less available 
for metabolism in the endoplasmic reticulum and for 
distribution to other organs. 

Since PPED and its ring-substituted analogues ori- 
ginating from prochlorperazine, perphenazine, trifluo- 
perazine and fluphenazine [7] exhibit unusual kinetic 
properties being eliminated slowly from liver, but still 
distinctly slower from extrahepatic tissues [2, 30], it 
is not too surprising that the influences of additional 
treatments not always follow the usual pattern. It 
seems to be the first time that PB given chronically 
could be shown to prolong the half-life of a chemi- 
cally unrelated xenobiotic in the organism. In addi- 
tion, the investigation gave an example of the poten- 
tial of an “inducer” not only to influence the rate 


of elimination, but also the distribution among tissues 
of a foreign compound. 
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Abstract—When quinidine was added to skeletal muscle homogenates prior to the isolation of the 
subcellular fractions, the distribution of *°Ca between mitochondria and FSR was drastically altered. 
*5Ca in the mitochondrial fractions was considerably reduced, whereas it increased by almost an 
equal amount in the FSR fraction. An identical pattern was obtained when uncouplers of oxidative 
phosphorylation, instead of quinidine were used. Quinidine caused a marked release of Ca from pre- 
loaded mitochondria which remained uninfluenced by the presence of procaine. These results strongly 
support the argument that quinidine contractures in skeletal muscle are induced as a consequence 


of Ca release by mitochondria. 


It has now been clearly demonstrated that the alka- 
loid quinidine, like caffeine, is able to induce contrac- 
tures in skeletal muscle. Quinidine contracture, as caf- 
feine contracture, can be obtained even in a depolar- 
ized muscle [1,2] as well as in a muscle, bathed in 
Ca-free solution [2]. These observations, together 
with the evidence that quinidine can readily pass 
through cell membrane [3], have led to the logical 
proposal that this drug releases Ca from an intracellu- 
lar store. It is believed that the source of this intracel- 
lular Ca, released by quinidine, is the sarcoplasmic 
reticulum although no convincing experimental evi- 
dence has been available. Recently, using isolated 
mitochondria and fragmented sarcoplasmic reticulum 
(FSR) from frog skeletal muscle, evidence was pre- 
sented showing that the most likely sites from which 
Ca was released by the action of quinidine were in 
the mitochondria [4]. 

In the present study further and more concrete evi- 
dence was obtained showing that Ca, during the 
quinidine contracture, is mobilized from mitochon- 
dria rather than from the sarcoplasmic reticulum as 
hitherto has been assumed. In this endeavour, in the 
first instance, advantage was taken of the documented 
evidence that quinidine contracture, in contrast to the 
caffeine contracture, is not blocked by procaine [5]. 
Secondly, and more critically, we have examined the 
effect of quinidine on the distribution of added *°Ca 
between the fragmented sarcoplasmic reticulum (FSR) 
and mitochondria in the presence and absence of 
quinidine. Some of the results have already been com- 
municated in a preliminary form [6]. 


MATERIALS AND METHODS 


The mitochondria and the FSR were isolated from 
frog (Rana Temporaria) skeletal muscle homogenate 
by differential centrifugation as described previously 
[7]. Ca uptake by these fractions was studied by Mil- 
lipore filtration technique. The release of Ca was 
measured as described previously [4]. The assay 
medium for Ca uptake consisted of 150mM KCl, 
20 mM imidazole buffer (pH 7.0), 5mM MgCl,, 1 mM 


ATP and 0.1mM CaCl, with 2.5uCi *°Ca. Other 
details have been described previously [4, 7]. 

The scheme used for studying the distribution of 
*°Ca between mitochondria and FSR isolated from 
frog muscle homogenate which was previously incu- 
bated with quinidine is described in Fig. 1. After incu- 
bation of the homogenate in Ca uptake medium, with 
or without quinidine, the mitochondrial pellet was 
obtained simply by centrifugation and the superna- 
tant was passed through the Millipore filters to obtain 
the FSR. The *°Ca content of FSR could be measured 
by counting the radioactivity either on the filter or 
by the difference in the radioactivity of the superna- 
tant before and after filtration. Similarly, mitochon- 
drial *°Ca could be measured in the mitochondrial 
pellet or by a difference in the activity before and 
after centrifugation of the homogenate. An excellent 
agreement was obtained between the two methods of 
determining *°Ca uptake in the respective fraction. 


Frog muscle homogenate 


Centrifuge 900g-lOmin 





| 
Supernatant ( mito. +FSR) Sediment-discard 


Incubate (20°-5 min) with *°ca uptake 
medium (with or without quinidine) 


Centrifuge 4000g-15 min 








f 1 
Supernatant Mitochondrial pellet - count 45cq 


Millipore filtration 





Material on filter (FSR)- count *°Ca 


- 
Supernatant 


Fig. 1. Scheme of the experimental procedure for investi- 
gating the effect of quinidine on the distribution of **°Ca 
between mitochondria and FSR. 
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Fig. 2. Effect of procaine on quinidine induced release of 

Ca by frog skeletal muscle mitochondria. (A), Procaine was 

present (©) from the start of the Ca uptake or absent (A) 

and quinidine was added after 5 min (arrow). (B), Quini- 

dine with (O) or without (A) procaine was added after 

5 min of Ca uptake. The concentration of procaine was 
5mM and that of quinidine 2 mM. 


Quinidine sulphate and procaine hydrochloride 
were purchased from Sigma Chemical Company. 
FCCP (Carbonyl cyanide-p-tri-fluoromethoxyphenyl- 
hydrazone) was kindly supplied by Dr. P. G. Heytler, 
of E. I. Du Pont, Wilmington, U.S.A. 


RESULTS AND DISCUSSION 


The results depicted in Fig. 2 clearly show a sub- 
stantial Ca release by quinidine in agreement with 
the previous study [4] in which it was also shown 
that quinidine, in contrast to caffeine, released little 
Ca from the fragmented sarcoplasmic reticulum. Pro- 
caine, which incidently is able to block caffeine- 
induced Ca release from sarcoplasmic reticulum [8] 
(and caffeine contractures, [9]), was unable to in- 
fluence quinidine-induced Ca release by mitochondria 
(Fig. 2). The presence of procaine in the medium had 


no influence either on Ca uptake or, on Ca release 
induced by quinidine (Fig. 2A). 

Quinidine, in concentrations (2mM) which released 
considerable amounts of Ca from the isolated mito- 
chondrial fraction (Fig. 2) indeed reduced *°Ca in the 
mitochondrial fraction which was similar in magni- 
tude to that observed with the use of uncouplers of 
oxidative phosphorylation (Table 1). These un- 
couplers also served as the markers for the mitochon- 
drial fraction. Much higher concentrations of the un- 
couplers than those which usually are effective on the 
isolated mitochondria [7,10,11] were required to 
manifest their effect in the homogenates. This is prob- 
ably due to their binding to the extramitochondrial 
components of the homogenate (but see [12]). 

An equally interesting finding in these results was 
the fact that the presence of quinidine in the homo- 
genate led to an increase in *°Ca content of the FSR 
isolated from the homogenates (Table 1). Most, but 
not all, of the Ca that mitochondria failed to accumu- 
late in the presence of quinidine was thus additionally 
taken up by the FSR. An identical picture was 
obtained in the presence of the inhibitors of mito- 
chondrial metabolism. Since these results were 
obtained by the addition of quinidine in a mixture 
containing mitochondria, FSR and cytosol, much like 
the intact cell, it is unlikely that in the intact muscle 
quinidine would act by releasing Ca from the sarco- 
plasmic reticulum (SR). On the contrary, in that situa- 
tion a greater amount of Ca would be accumulated 
by SR in the presence of quinidine as was found with 
muscle homogenates (Table 1). This would simply be 
a result of higher Ca concentrations available in the 
surrounding medium, due to mitochondrial Ca 
release, and not because of any potentiating effect of 
quinidine itself on Ca uptake by SR [4]. Interestingly, 
rather similar results were obtained by Carafoli [12] 
who studied the in vivo effect of uncoupling agents 
on the incorporation of *°Ca into subcellular frac- 
tions of rat liver. 

Since the final outcome in the contractile activity 
of the muscle will be governed by the level of free 
Ca in the myoplasm, it is important to consider how 
this parameter would be influenced by quinidine. 
From the results shown in Table 1, it can be calcu- 
lated from the values in paranthesis that Ca remain- 
ing in the medium, after its accumulation by the mito- 
chondria and FSR, was 3-4 per cent (or 34M) 
higher in the presence of quinidine. This increment 
in myoplasmic Ca concentration would be sufficient 
to increase the contractile activity of the muscle. The 


Table 1. Effect of the presence of quinidine or uncouplers in muscle homogenate 
on *°Ca distribution between mitochondria and FSR 





*5Ca content, 10°* x cpm/mg protein 





Additions 


Mitochondria 


FSR 





Control 

Qd (2 mM) 
FCCP (25 uM) 
DNP (0.2 mM) 


346 (46.4%) 
242 (31.8%) 
234 (30.7%) 
270 (35.4%) 


225 (29.5%) 
307 (40.3%) 
310 (40.7%) 
288 (37.8%) 





Quinidine or inhibitors were added in the homogenate before the separation of 
mitochondria and FSR (see Fig. 1). Figures in paranthesis represent the fraction as 
per cent of total Ca (0.1 mM) taken up from the medium. 





Mitochondrial calcium release 


data in Table | represent mean values of eight separ- 
ate experiments and in every experiment a higher 
amount of *°Ca remained in the medium in the pres- 
ence of quinidine. 

It is also important to point out that although Ca 
uptake ability of FSR is only slightly decreased by 
quinidine, Ca released by mitochondria may not di- 
rectly or immediately be available to SR for accumu- 
lation. In other words it may react with the contrac- 
tile proteins before and/or during its accumulation 
by SR. 

Quinidine contracture, in contrast to caffeine con- 
tracture, has a long and often variable latency period, 
is sometimes irreversible and is usually biphasic 
[2, 13,14]. These special features of quinidine con- 
tracture seem to be easily accountable in terms of 
Ca release by mitochondria and an additional uptake 
by SR as demonstrated by the present data. There 
is a delay before contracture is manifest because Ca 
released by mitochondria is simultaneously being 
accumulated by SR, and when SR is no longer able 
to keep up and maintain the low concentration of 
myoplasmic Ca, a contracture begins to develop but 
slowly. The biphasic nature of quinidine contracture, 
a fall in initial contracture output followed by a rise, 
might reflect an unimpaired Ca uptake capacity of 
SR initially which exhausts itself finally as it picks 
up an extra load of Ca, released by mitochondria, 
in addition to its normal load (also see above). 

In conclusion the results presented here strongly 
support the argument that quinidine contractures in 
skeletal muscle are induced as a consequence of Ca 


release by mitochondria. Moreover. the data provide 
grounds to refute arguments for a release of Ca by 
sarcoplasmic reticulum during quinidine-induced con- 
tracture. Whereas SR may have a domineering role 
under physiological conditions [7], (also see [11]), 
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mitochondrial Ca transport in skeletal muscle may 
be an important consideration in studies on the mode 
of action of pharmacological agents [4, 15]. 
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Abstract—The disposition and metabolism of L-3-methoxy-4-hydroxyphenylalanine (3-O-methyldopa) 
in the isolated perfused rat liver system is described. When ['*C]3-O-methyldopa (5 uCi, 1.9 mg, uni- 
formly labeled except in the O-methyl carbon) was added to the perfusate, in the first 5 min the 
liver took up 10 per cent of the dose, and erythrocytes took up 30 per cent. After 5 min of perfusion, 
3-O-methyldopa disappeared from plasma in a diphasic fashion; its half-life was 25 min between 5 min 
and 2hr, and 360 min between 2 and Shr of perfusion. Cumulative excretion of radioactivity in bile 
accounted for 20 per cent of the dose. After Shr of perfusion, 35 per cent of the dose remained 
as unmetabolized 3-O-methyldopa (22 per cent in plasma, 8.5 per cent in erythrocytes, 3.4 per cent 
in liver and 1 per cent in bile). Known demethylated metabolites accounted for 6 per cent of the 
dose. The early appearance of 3,4-dihydroxyphenylalanine in erythrocytes, and its formation when 
the system lacked a liver, indicated that these cells were the site of demethylation. Free and conjugated 
3-methoxy-4-hydroxyphenylacetic acid were major metabolites in the system. These compounds could 
have been metabolites of dopa. If this were so, demethylation of 3-O-methyldopa accounted for an 
additional 12.3 per cent of the dose. Transaminated metabolites (free and conjugated 3-methoxy-4- 


hydroxyphenyllactic acid) accounted for 19.0 per cent of the dose. 


When patients with Parkinson’s disease are treated 
with L-3,4-dihydroxyphenylalanine (L-dopa), 3-me- 
thoxy-4-hydroxyphenylalanine (3-O-methyldopa) ac- 
cumulates in plasma [1] and in cerebrospinal fluid 
[2]. On abrupt cessation of L-dopa therapy, consider- 
able amounts of 3-O-methyldopa are present in 
plasma for several days [3], whereas dopa concen- 
trations rapidly decrease to barely detectable levels. 
During this time, the clinical condition of the patient 
correlates with the 3-O-methyldopa concentration in 
plasma rather than with the dopa concentration. It 
seemed possible, therefore, that demethylation of 3-O- 
methyldopa might provide an additional source of 
dopa for patients during dopa treatment. Subse- 
quently, treatment of patients with Parkinson’s dis- 
ease with L-3-O-methyldopa was tried but proved in- 
effective [4,5]. However, as pointed out by Hornyk- 
iewicz [6], this does not preclude the possibility that 
in situ formation of dopa from 3-O-methyldopa 
occurs during L-dopa treatment, and that this may 
be important in the treatment of the disease. 

In rats, demethylation of 3-O-methyldopa was 
demonstrated with the ultimate formation of dopa- 
mine in brain [7]. Although it was shown that trace 
amounts of ['*C]dopa contaminating ['*C]3-0O- 
methyldopa could be a serious source of error in such 
experiments [8], subsequent work using highly puri- 
fied ['*C]3-O-methyldopa has shown clearly that 
demethylation of 3-O-methyldopa does occur in rats 
[9-11]. 

The enzyme responsible for demethylation of 3-0O- 
methyldopa is not yet known. Relatively nonspecific 
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demethylases in liver microsomes demethylate guaia- 
cols [12], but Chalmers et al. [13] were not able to 
detect any demethylation of 3-O-methyldopa by rat 
liver microsomal enzyme preparations. In fact, these 
investigators found that no demethylation of 3-O- 
methyldopa occurred in rats with external bile fis- 
tulas. They therefore concluded that intestinal flora 
were mainly responsible for demethylation of 3-0- 
methyldopa and that it was unlikely that this reaction 
would benefit patients. 

In the present experiments, the metabolism of 3-O- 
methyldopa in the isolated perfused rat liver system 
was studied to define the extent and location of 
demethylation, to determine the half-life of 3-O-meth- 
yldopa in plasma of the perfusate, and to separate 
and identify metabolites in perfusate, bile and liver. 
Preliminary reports of this work have been made 
[14, 15]. 


METHODS 


Materials. _-['*C]3-O-methyldopa (uniformly 
labeled except in the O-methyl carbon; sp. act. 298 
(Ci/mole) was obtained from New England Nuclear. 
This material was examined critically for the presence 
of contaminating ['*C]dopa. Carrier dopa and 3-0O- 
methyldopa (0.1 wmole of each) were added to ali- 
quots of the radioactive 3-O-methyldopa and analyses 
were done on an amino acid analyzer and by paper 
chromatography in n-butanol-acetic acid—water 
(12:3:5). It was not possible to detect any ['*C]dopa 
by these methods, which would have detected 0.2 per 
cent contamination. L-[3-'*C]dopa (5.2 Ci/mole) and 
[2-'*C]3,4-dihydroxyphenylethylamine ([2-'*C]dopa- 
mine) (55 Ci/mole) were obtained from Amersham- 
Searle Corp. Stable L-3-O-methyldopa was obtained 
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from Regis Chemical Co., and 3-methoxy-4-hydroxy- 
phenyllactic acid (vanillactic acid, VLA) from Sigma 
Chemical Co. Bacterial f-glucuronidase was _pur- 
chased from Sigma, and Glusulase (160,000 units of 
B-glucuronidase and 50,000 units of arylsulfatase/ml) 
from Endo Laboratories, Inc. 

Perfusion of the isolated rat liver. Livers were 
removed from rats and continuously perfused with 
warmed oxygenated rat blood by methods previously 
described in detail [16,17]. In the present exper- 
iments, the substrate ['*C]3-O-methyldopa (5 uCi, 
1.9mg) was dissolved in 2 ml saline with warming. 
An equal volume of rat plasma was then added and 
the mixture was adjusted to pH 7.0 to 7.2. This was 
injected into the perfusate over a period of 2 min, 
after the removal of the first liver and before the in- 
troduction of the second experimental [16] liver. The 
initial concentration of 3-O-methyldopa in the 120 ml 
of the perfusate was thus 7 x 10~° M (16 ug/ml). The 
mean weight of livers used was 10.99 g (S. D. = 1.29, 
n = 9). 

Sampling and measurements of radioactivity were 
done as described previously [17,18] except that, in 
addition, two samples of perfusate were withdrawn 
at 5 and 10 min after injection of substrate and before 
the introduction of the experimental liver. In addition, 
Insta-Gel (Packard) was used as the scintillation mix- 
ture. 

Separation and identification of metabolites. Sepa- 
rations of catechol and O-methylated amino acids, 
amines, and their acidic metabolites in protein-free 
extracts of plasma, whole blood, erythrocytes and 
liver were done by ion exchange (Dowex-50) and 
adsorption (alumina) chromatography, and by solvent 
extraction as previously described [18]. At the end 
of each experiment, methanol—acetone (1:1) [17] 
extracts of bile, plasma and liver were prepared, and 
these were examined by paper chromatographic 
methods, together with fractions which contained 
more than one '*C-labeled metabolite (amino acid, 
acid and conjugate fractions). The paper chromato- 
graphic systems used were: A, n-butanol-acetic acid- 
water -(12:3:5); B, n-butanol-pyridine—water (1:1:1); 
C, isopropanol-ammonia-water (20:1:2); D, toluene- 
methanol-ethyl acetate—water (1:1:1:1); E, n-butanol 
saturated with 0.1. M potassium acetate buffer, pH 
4.5; and F, ethyl acetate—acetic acid—water (5:1.5:3). 

Distribution of radioactivity on paper chromato- 
grams was determined with a 47 strip scanner. 
Radioactive areas on paper strips were eluted with 
0.1 N acetic acid. Aliquots of these eluates were incu- 
bated with f-glucuronidase or Glusulase and appro- 
priate buffers [17] and the products of enzyme action 
were co-chromatographed with authentic marker 
compounds in several solvent systems. 

The mean recoveries of 5 ug of ['*C]3-O-methyl- 
dopa and of ['*C]t-dopa through the Dowex-50 and 
alumina separations were 91.2 per cent (S. D. = 3.0, 
n = 10) and 70.7 per cent (S. D. = 3.2, n = 10) re- 
spectiveiy. The recovery of Sug of ['*C]dopamine 
through the: Dowex-50 separation was 70.0 to 85.0 
per cent (n = 4). Fluorometric methods were used to 
determine the recoveries of 3-methoxy-4-hydroxy- 
phenylacetic acid (HVA), 3,4-dihydroxyphenylacetic 
acid (dopac) and VI,A [19-21] through the Dowex-50 
and subsequent ether and Tris buffer extractions; 
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these ranged from 75 to 85 per cent, 60 to 60.3 per 
cent and 74.6 to 81.1 per cent, respectively (n = 4). 
The recovery of dopac through alumina adsorption 
was 60.0 to 81.7 per cent. No corrections were made 
for these recoveries. 

Calculations. In each experiment, the injected 
“dose” of ['*C]3-O-methyldopa was obtained by mul- 
tiplying the average amount of '*C present in the 
aliquots of blood removed at 5 and 10 min after injec- 
tion (but before the introduction of the experimental 
liver) by the total volume of perfusate. '*C in the 
total volume of each compartment (bile, plasma and 
whole blood) was calculated at each time interval and 
expressed as a percentage of the injected dose. Total 
'4C in liver at intermediate time intervals was calcu- 
lated by subtracting from the injected dose the 
amount of '*C in blood and in bile and the amount 
removed in sampling. Total '*C in erythrocytes at 
most intermediate times was obtained by subtracting 
total '*C in plasma from total '*C in whole blood. 
However, at 5 min and at Shr after injection, blood 
samples were removed and centrifuged for 30 min, 
plasma and buffy coat were removed by aspiration, 
and aliquots of erythrocytes were removed for the 
direct measurement of total '*C (and for the sepa- 
ration of metabolites). Total '*C in erythrocytes 
obtained in these direct measurements did not differ 
by more than +10 per cent from the calculated 
values. 


RESULTS 


Effects of 3-O-methyldopa on the isolated perfused 
rat liver. The addition of 3-O-methyldopa did not 
cause any changes in the flow of blood through the 
liver which is normally 1-3ml-g~'-min™! [16]. 
However, the mean volume (+ S. D.) of bile produced 
in Shr was 3.39 + 0.45 ml (n = 9). This was signifi- 
cantly greater than that formed when L-dopa or thy- 
roxine were substrates (1.98 + 0.30ml, n=9 [17], 
and 2.83 + 0.45 ml, n = 20 [16] respectively). 

Disposition of '*C after addition of {'*C]3-O-meth- 
yldopa to liver perfusions. After injection of ['*C]3-0- 
methyldopa to the isolated perfused rat liver system, 
total '*C in whole blood decreased steadily to 62 per 
cent of the dose in 5hr (Fig. 1). After 5 min of per- 
fusion, '*C in plasma accounted for 60 per cent of 
the dose, decreasing slowly during the subsequent 5 hr 
to 46 per cent of the dose. Erythrocyte '*C accounted 
for 30 per cent of the dose after 5 min of perfusion 
and 16 per cent after Shr. Total '*C in liver 
accounted for 10 per cent of the dose early in the 
experiment, decreasing to a final 6 per cent. Cumula- 
tive excretion of '*C into bile during 5 hr accounted 
for 20 per cent of the dose. 

In four experiments in which no liver was present 
in the system, '*C in whole blood accounted for 96 
per cent (S. D. = 7.1) of the dose after 5 min. After 
Shr this fraction had decreased to 88 per cent 
(S. D. = 0.8) of the dose. This decrease could be en- 
tirely accounted for by the '*C which had been 
removed in sampling. '*C in red blood cells fluc- 
tuated little throughout the experiment (after 5 min 
it was 27.8 per cent, S. D. = 5.9, and after Shr 27.8 
per cent, S. D. = 6.4). 
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Fig. 1. Disposition of radioactivity in whole blood, plasma, 
red blood cells (RBC) and liver, and cumulative excretion 
of '*C in bile, at different times after perfusion of the iso- 
lated rat liver was begun with blood containing 5 pCi 
(1.9 mg) of ['*C]3-O-methyldopa. In Figs. 1, 2 and 3, data 
represent means + S. D. of nine experiments. 


Disappearance of ['*C]3-O-methyldopa from plasma 
in the isolated perfused rat liver system. 3-O-methyl- 
dopa disappeared from plasma in a triphasic fashion 
(Fig. 2). After 5 min of perfusion, only 52.5 per cent 
of the dose remained as unmetabolized 3-O-methyl- 
dopa. Between 5 min and 2 hr, 3-O-methyldopa disap- 
peared less rapidly (phase B, Fig. 2) and after 2 hr 
yet more slowly (phase A, Fig. 2). During the slowest 
phase, the half-life was 360 min and the rate of disap- 
pearance was 0.2 per cent-min~'. By subtracting the 
slowest component A from the observed values, the 
more rapid phase B was obtained, with a half-life 
of 25min and a disappearance rate of 2.8 per 
cent:min~'. 

Metabolites of 3-O-methyldopa in plasma, erythro- 
cytes, bile and liver. During the perfusion, the most 
abundant compound in plasma was unmetabolized 
['*C]3-O-methyldopa (Fig. 3). Traces of dopa were 
present in plasma, slightly larger amounts being pres- 
ent in the first 30 min of perfusion. Acidic metabolites 
accounted for 5 per cent of the dose after 2 hr, de- 
creasing to 3 per cent after 5 hr. Conjugated metabo- 
lites accumulated during the experiment, accounting 
finally for 16 per cent of the dose. There was no 
significant radioactivity in the amine fraction (eluted 
with strong acid from the Dowex-50) at any time dur- 
ing the perfusion. 

At the end of the perfusion, the major metabolites 
in plasma were VLA and VLA-sulfate, and HVA and 
HVA-sulfate (Table 1). Smaller amounts of dopa, 
dopac and dopac-sulfate were found in plasma. Also 


100; 
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Fig. 2. ['*C]3-O-methyldopa in plasma at different times 
during the perfusion of the isolated rat liver. Lines of best 
fit were drawn by the method of least squares. 


present was a compound which was hydrolyzed by 
B-glucuronidase to a product isographic with 3-O- 
methyldopa in solvents A, C and E. This compound 
was partially retained by Dowex-50 when applied at 
pH 2, and was eluted with the neutral buffer used 
to elute amino acids. The glucuronides of dopamine 
and of 3-O-methyldopamine have also been shown 
to be isolated in this fraction [22]. 

In erythrocytes, 3-O-methyldopa was the most 
abundant radioactive compound. ['*C]dopa 
accounted for 1.4 per cent of the dose, and small 
amounts of free VLA were present. The total conju- 
gated compounds in the effluent from the Dowex-50 
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Fig. 3. '*C metabolites of ['*C]3-O-methyldopa (5 uCi, 
1.9 mg) in plasma at different times after perfusion of the 
isolated rat liver was begun. 
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Table 1. Metabolites of 3-O-methyldopa in the isolated rat liver system after perfusion for 5 hr* 





14C as per cent of dose 
pe 





Fraction Plasma 


Erythrocytes Combined bile Liver 





Total '*Ct+ 
Perchloric acid extract 
} 


45.8 + 3.32 
41.7+ 2.94 


22.0 + 3.57 
2.0 + 0.67 


1.2 + 0.45 


3-O-methyldopa 
3-O-imethyldopa-G 


Dopa 

Dopac 

Dopac-S 

Dopamine-G 

Total known demethylated products 


VLA 
VLA-S 
Total transaminase products 


HVA 

HVA-S 

HVA + HVA-S (metabolic origin 
in question) 


Unidentified-S 


Total conjugated compounds 18.3 + 1.60 


16.1 + 2.19 
15.4 + 2.47 


8.5 + 2.00 
ND 


1.4 + 0.39 
Trace ~ 


+ 
+ 


ND 
1.4 


0.8 +041 2.7 + 0.46 
t 4.4 + 1.36 
0.8 71 


ND 0.7 + 0.31 


+ 
+ 


19.7 + 2.77 
19.1 + 2.48 
1.0 + 0.60 
3.6 + 0.87 


5.6 + 0.40 
5.2 + 0.22 


3.4 + 0.31 
Trace 


0.1 + 0.07 


ND 
3.5 + 1.16t 


ND 
1.3 + 0.50t 





* Data are expressed as means + S. D. Abbreviations used are: S, sulfate; G, glucuronide; ND, not detected. 
+ No corrections have been made for 10-11 per cent of the dose removed in sampling the perfusate. 
t The conjugated fraction was not fractionated because it contained low amounts of radioactivity. 


accounted for 3.5 per cent of the dose, but further 
isolation of compounds in this fraction was not 
attempted because the amounts of radioactivity pres- 
ent were too low to allow for good separation and 
quantitation. 

Only small amounts of free 3-O-methyldopa were 
excreted in bile (Table 1, Fig. 4). Considerable 
amounts of free and conjugated HVA and VLA were 
present, and also the glucuronides of dopamine and 
3-O-methyldopa. Also present, accounting for 1.9 per 
cent of the dose, was a compound hydrolyzed by Glu- 
sulase but not by f-glucuronidase to a product which 
was not identified. Paper chromatography in systems 
A, B, C, D, E and F with authentic standards indi- 
cated that this product was not 3-methoxy-4-hydroxy- 
mandelic acid (VMA), 3,4-dihydroxymandelic acid, 
3-methoxy-4-hydroxyphenylglycol, 3-methoxy-4-hy- 
droxyphenylethanol, 3,4-dihydroxyphenylethanol, 
dopamine, 3-O-methyldopamine or 3-O-methyldopa. 
Boiling in vacuo for 6hr at pH 0.5 did not alter the 
chromatographic properties of the product, and this 
suggested that it was not an N-acetyl compound. 

In liver, at the end of Shr of perfusion the major 
radioactive compound present was unmetabolized 
3-O-methyldopa. Small amounts of dopa, VLA and 
conjugated metabolites were also present. 

Analyses were done of plasma and erythrocytes in 
four experiments in which no liver was attached in 
the system (Table 2). The major '*C compound pres- 
ent in both compartments was unmetabolized 3-0- 
- methyldopa, but significant amounts of dopa were 
also present. Only small amounts of radioactivity 
were present in the conjugated and acid fractions, and 
so further analyses of these were not attempted. When 
no liver was attached to the perfusate, 27 per cent 


of the radioactivity in the erythrocytes was associated 
with the precipitated protein. This did not occur when 
a liver was present in the system (Table 1). 

Demethyiation of 3-O-methyldopamine: fact or arti- 
fact [8]. Although the ['*C]3-O-methyldopa used in 
these experiments was shown by analysis on the 
amino acid analyzer to contain no dopa, 2 per cent 
of the total radioactivity emerged as an artifact in 
the catechol fraction during the separation from 
guaiacols by adsorption on alumina (Table 3). A sig- 
nificantly larger proportion of the radioactivity in the 
amino acid fraction was present in the catechol frac- 
tion in plasma extracts after 300 min and in erythro- 
cytes after both 5 and 300 min, both in the presence 
and absence of a liver in the system. At both time 
intervals, a greater percentage of '*C was present in 
the catechol fraction in erythrocyte extracts than in 
plasma extracts. 


DISCUSSION 


Approximately 6 per cent of a dose of 1.9mg of 
3-O-methyldopa was demethylated in the isolated per- 
fused rat liver system. The early appearance of dopa 
in the erythrocytes suggested that these cells were the 
site of demethylation. Also, when no liver was in the 
system, at least 3.9 per cent of the dose of 3-O-methyl- 
dopa was demethylated in the circulating perfusate. 
It is probable that larger amounts of dopa were, in 
fact, formed in the system lacking a liver, because 
7.5 per cent of the dose was precipitated with the 
proteins in erythrocytes. This fraction probably rep- 
resents ['*C]dopa because it has been shown pre- 
viously that dopa quickly binds to proteins in eryth- 
rocytes [17,18]. Demethylation of normetanephrine 
by erythrocytes has previously been noted [23]. 
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Fig. 4. Metabolites of ['*C]3-O-methyldopa in bile. Autoradiograph (left) of a two-dimensional paper 
chromatogram of a methanol—acetone extract of bile run in n-butanol-acetic acid—water (12:3:5) and 
in isopropanol-ammonia-water (20:1:2), and a scan of radioactivity on a one-dimensional chromato- 
gram run in n-butanol-acetic acid—water (right). Standards were: HVA, homovanillic acid; VLA, vanil- 
lactic acid; M-DOPA, 3-methoxy-4-hydroxyphenylalanine; DOPA, 3.4-dihydroxyphenylalanine. The 
radioactive compounds were identified after elution, incubation with enzyme preparations, and co-chro- 
matography with authentic standards in several solvent systems; thus: Band a, a mixture of the glucur- 
onides of 3-O-methyldopa and of dopamine; Band b, the sulfate of VLA; Band c, the sulfate of HVA; 
and Band d, the sulfate of an unidentified metabolite. 


Dopa metabolites were not detected in the system 
unless a liver was present, and it is suggested that, 
in the complete system, dopa was formed in the eryth- 
rocytes, it diffused into the plasma, and it was rapidly 
metabolized by liver [17]. However, the present ex- 
periments in no way exclude the possibility that some 
3-O-methyldopa was demethylated in liver. 

Chalmers et al. [13] have suggested that, in the 
intact rat, bacteria in the gastrointestinal tract were 


mainly responsible for the demethylation of 3-0- 
methyldopa. In the present experiments demethyla- 
tion by these bacteria was excluded, but the per- 
fusions were not carried out under sterile conditions 
so that some metabolism by other invading bacteria 
might have occurred. However, bacteria growth 
would be most likely to occur during the later hours 
of the perfusion. The early formation of dopa in red 
blood cells, 5 min after the injection of 3-O-methyl- 


Table 2. Metabolites of 3-O-methyldopa in the perfusate which had circulated 
for Shr without a liver in the system* 





Fraction 


'SC as per cent of dose 





Plasma Erythrocytes 





Total '*Ct+ 

Perchloric acid extract 
3-O-methyldopa 

Dopa 

Conjugated fraction 
Acid fraction 


60.5 + 5.60 
56.1 + 2.11 
51.4 + 2.93 
2.0 + 0.42 
1.9 + 0.88 
0.4 + 0.26 


27.8 + 6.36 
20.3 + 3.18 
15.3.4 2.95 
1.9 + 0.22 
0.7 + 0.28 
0.1 + 0.1 





* Data are shown as means + S. D. of four experiments. 
+ The unaccounted for 11.7 per cent was removed by sampling. 
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Table 3. Is dopa formation from ['*C]3-O-methyldopa in the isolated rat liver system an artifact? Distribution of 
radioactivity from ['*C]3-O-methyldopa before and after addition to the perfusate of the isolated rat liver* 





Minutes of 
perfusion or 


Compartment 


circulation 


Noncatechol Catechol 





Injected ['*C]3-O-methyldopa (10) 
Plasma (9) 
Plasma (9) 
Erythrocytes (9) 
Erythrocytes (9) 
Plasma (no liver in system) (4) 
Plasma (no liver in system) (4) 
Erythrocytes (no liver 

in system) (4) 
Erythrocytes (no liver 

in system) (4) 


96.3 + 4.04 
96.3 + 3.85 
91.8 + 4.44+ 
84.6 + 2.84t 
81.2 + 5.87t 
96.6 + 1.52 
99.1 + 4.40 


85.2 + 1.51t 13.5 + 1.83t 


89.2 + 5.88t 10.9 + 1.58t 





* Data are shown as mean (+ S. D.) per cent of the total '*C in the amino acid fraction. The number of determinations 


is given in parentheses. 


+P < 0.05 for difference from injected ['*C]3-O-methyldopa. 
t P < 0.001 for difference from injected ['*C]3-O-methyldopa. 


dopa, strongly suggested that erythrocyte enzymes 
were responsible for the demethylation rather than 
contaminating bacteria. 

The origin of the HVA and HVA-sulfate in the sys- 
tem is in question. These compounds are major 
metabolites of dopa, but it has also been thought that 
HVA could be formed by transamination of 3-0- 
methyldopa to vanilpyruvic acid, followed by the 
decarboxylation of this compound [24]. However, 
Fellman et al. [25] administered [carboxyl-'*C]vanil- 
pyruvic acid to mice and found that no ['*C]CO, 
was produced during the following 2 hr. If this finding 
applies also to rats, it can be concluded that HVA 
is a metabolite of dopa in our system, and demethyla- 
tion would account, therefore, for a further 12.3 per 
cent of the dose. 

Transamination was the major route of metabolism 
for 3-O-methyldopa in our system, with the ultimate 
production of VLA. It accounted for 19.3 per cent 
of the dose and undoubtedly occurred in liver. 

3-O-methyldopa is a poor substrate for the enzyme 
L-aromatic amino acid decarboxylase [26], and there 
was no evidence that it was decarboxylated in the 
isolated perfused rat liver system. However, several 
of the '*C metabolites (HVA, dopac, dopamine and 
their conjugates) were ultimate products of decarbox- 
ylations. These compounds together accounted for a 
total of 15.6 per cent of the dose. Presumably the 
1 C fragment was lost as ['*C]CO,, which was not 
measured because our perfused liver is an open sys- 
tem. However, we did not find any difference between 
initial total radioactivity present in the perfusate 
before introduction of the liver, and the sum, after 
Shr, of total '*C in perfusate, liver, bile and in the 
aliquots removed for sampling. However, if 15.6 per 
cent of the injected ['*C]3-O-methyldopa, labeled 
with nine '*C atoms, had lost one '*C atom during 
metabolism, then only 1.7 per cent of the dose would 
have been lost as ['*C]CO),. It is not surprising that 
we did not detect such a small loss. 

When 3-O-methyldopa was administered to man, 
significant increases were observed in the amounts of 
VMA excreted in urine [21]. It was not known 


whether VMA was a metabolite of 3-O-methyldopa 
or was formed from norepinephrine released by 3-O- 
methyldopa or by one of its metabolites. No 
['*C]VMA was detected as a metabolite of ['*C]3-0- 
methyldopa in the present experiments. 

The amount of 3-O-methyldopa in liver was not 
more than 10 per cent of the dose at any time. More 
3-O-methyldopa than this was taken up by liver, how- 
ever, because 20 per cent of the dose was excreted 
into bile. The hepatic uptake of L-dopa has been 
shown to be much greater than the uptake of 3-0- 
methyldopa in the present experiments [17]. This 
could merely be because lower concentrations of sub- 
strate were used in the dopa experiments (190 yg of 
dopa and 1900 yg of 3-O-methyldopa), and it has been 
shown by Pardridge and Jefferson [27] that uptake 
by liver of many amino acids is by a saturable trans- 
port system. However, these workers also showed that 
there was great differences in the uptakes of amino 
acids, and it is possible that 3-O-methyldopa is poorly 
taken up by liver. 

The half-life of 3-O-methyldopa in the isolated per- 
fused rat liver system was considerably shorter than 
that reported in the intact rat (12-13 hr) [28]. It is 
possible that in the intact animal hepatic uptake of 
3-O-methyldopa is not great, and that the amino acid 
is taken up and held in extrahepatic tissues and pro- 
tected from hepatic metabolism. Previous work [28] 
has shown that metabolism of 3-O-methyldopa in 
heart is much less rapid than the hepatic metabolism 
in the present experiments. 
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Abstract—5-(3-Methyl-1-triazeno)imidazole-4-carboxamide (NSC-407347, MTIC), an active interme- 
diate in the metabolism of 5-(3,3-dimethyl-1-triazeno)imidazole-4-carboxamide (NSC-45388, DTIC), 
was investigated for its effect on DNA. When [°H]MTIC was added to an aqueous solution of calf 
thymus DNA, it was rapidly hydrolyzed, and less than 0.5 per cent of the added *H was recovered 
in DNA as methyl groups attached to its base and. phosphate constituents. It was estimated that 
the hydrolysis of phosphotriesters in methylated DNA released 0.5 per cent of total bound 7H of 
DNA in the experiment in vitro, and 5.7 per cent in vivo. When MTIC was added to tissue culture 
cells which had been prelabeled with [*H]thymidine, there was a large and immediate increase in 
acid-soluble radioactivity of both the cell media and the cells. At the same time, there was an accelerated 
drop in the specific activity of DNA, indicating that degeneration of DNA had occurred; MTIC at 
10-3M had a greater effect than at 10°°M. Paper chromatographic studies showed that the acid- 
soluble radioactivity was predominantly in the form of thymidine. MTIC at 10~*M induced repair 
synthesis of DNA but inhibited semi-conservative replication. The extent of repair synthesis was greater 
at 30 min than after 5 min. Treatment of cells with MTIC at 10~3M irreversibly reduced the sedimen- 
tation of DNA in alkaline sucrose gradient. At 10~° M, the reduction was reversible, and a normal 
pattern was restored in 30 min. Comparison of these results with those of sedimentation analysis of 
DNA in formamide gradient at neutral pH indicated that single strand breaks which were apparent 
in alkaline sucrose were probably the result of exposure of alkali-labile lesions in DNA to high pH. 


The administration of the antitumor agent, 5-(3,3- 
dimethyl-1-triazeno)imidazole-4-carboxamide (NSC- 
45388, DTIC, DIC) to animals resulted in alkylation 
of DNA [1-3]. The mechanism of alkylation ap- 
peared to involve an enzymatic N-demethylation of 
DTIC to yield a monomethylated derivative, 5-(3- 
methyl- 1 -triazeno )imidazole-4-carboxamide (NSC- 
407347, MTIC), and formaldehyde. The structural for- 
mulae of the compounds appear below (an asterisk 
indicates the position of 7H). 


MTIC decomposed spontaneously in aqueous 
medium to form 5-amino-4-carboxamide (AIC) and 
an active methylating agent which was a methyl dia- 
zonium or carbenium ion [4]. The alkylation of nuc- 
leic acids by DTIC appeared to take place via the 
intermediate, MTIC [5]. DTIC also decomposed in 
the presence of light to produce 5-diazoimidazole-4- 
carboxamide and dimethylamine, the former cyclizing 
spontaneously to form 2-azahypoxanthine [6]. No 
alkylation of DNA or RNA was detected during the 
photodecomposition of DTIC [3]; hence, this path- 
way could not be invoked for its alkylating property. 
Both DTIC and MTIC induced tumor growth in 
rats [7,8]. Both inhibited the uptake of thymidine by 


DNA and uridine by RNA[3,5]. The methyl group 
from both DTIC [1,2] and MTIC [3,5] was bound 
to DNA in vivo. The similarity of the biologic and 
biochemical effects of MTIC to those of DTIC sup- 
ported the view that MTIC was the active interme- 
diate which is released in vivo [5]. Current investiga- 
tion was undertaken to study the alterations in DNA 
which result from the action of MTIC. This paper 
deals specifically with the methylation of DNA by 
MTIC and the subsequent damage and repair of the 
altered DNA. 


MATERIALS AND METHODS 


Nonradioactive MTIC was synthesized according 
to Shealy and Krauth[9]. [Methyl--H]MTIC was 
prepared using the same procedure except for the re- 
placement of methylamine with its methyl-tritiated 
counterpart. The specific activity of the product was 
22.5mCi/m-mole. [Methyl-*H]thymidine (TDR) 
(12 Ci/m-mole) was purchased from Isotope and Nuc- 
lear Division, Cleveland, Ohio. Calf thymus DNA 
was from Worthington Biochemical Corp., Freehold, 
N.J. 

HeLa (S-3) cells were maintained in Joklik-modi- 
fied Eagle’s Minimum Essential Medium (Grand 
Island Biological Co., Grand Island, N.Y.) supple- 
mented with 10° fetal calf serum and 2 mM L-giuta- 
mine. The cells were grown in suspension in 225-ml 
centrifuge bottles in a drum rotating at 40 rev/min. 
The generation time was 20-24 hr. 
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All experiments with MTIC were performed in the 
absence of light, and solutions of MTIC in dimethyl- 
sulfoxide were used immediately after preparation. 

For study of alkylation of DNA by MTIC in vitro, 
a solution of calf thymus DNA (2 mg/ml of 0.01 M 
phosphate buffer, pH 7.0) was incubated with 4.4 mg 
[methyl--H]MTIC for 30min. DNA was dialyzed 
four times with 0.15 M NaCl-0.015 M sodium citrate, 
pH 7.0, and precipitated with 3% potassium ace- 
tate-95% ethanol. The process of dissolving and pre- 
cipitating DNA was repeated two times. For study 
of alkylation of DNA in vivo, 160ml of HeLa cell 
suspension (1 x 10° cells) was incubated at 37° with 
[SH]MTIC (5 x 10~*M) for 15 min. Cells were col- 
lected by centrifugation and kept frozen until use. 
DNA was isolated after the method of Koch and 
Stokstad [10] and distribution of *H was studied 
according to the procedure of Bannon and Verly [11]. 
DNA was depurinated by heating in 0.01I5M 
NaCl-1.5mM sodium citrate, pH 7.0, for 90min at 
100°. The depurinated DNA was precipitated with 
4 vol. of 5% potassium acetate-95% ethanol, and after 
centrifugation the supernatant was concentrated and 
aliquots were used for chromatography. DNA was 
hydrolyzed in a pressure vessel in 7.5 N HCI at 100 
for 6 hr. Carrier methanol was added and the mixture 
was evaporated under reduced pressure, trapping the 
volatile fraction with a liquid nitrogen trap. Crystals 
of 3,5-dinitrobenzoate of methanol were prepared 
from the volatile fraction[12] and compared with 
those of methanol. Its specific activity was determined 
after successive recrystallizations. The nonvolatile 


fraction was concentrated for further analyses. Chro- 
matography was performed on Whatman 3MM paper 
with 2-propanol-cone. NH,-H,0 (7:1:3, v/v) as sol- 


vent[13] or with ethyl acetate-HCOOH-H,O 
(60:5:35, v/v) for development [14]. Fractions were 
also examined by thin-layer chromatography on East- 
man 6065 sheets (Eastman Kodak Co., Rochester, 
N.Y.) with 2-methyl-l-propanol-0.8 M_ boric acid- 
conc. NH, (100:14:0.4, v/v) as the developing 
agent [15]. 

For studying the effects of MTIC on preformed 
DNA, cells were labeled with [methyl-*>H]TDR (final 
concentration: 1.0 wCi/ml) for 24 hr, then collected by 
centrifugation and suspended in fresh medium. Cells 
received either dimethylsulfoxide (control) or dimeth- 
ylsulfaxide containing MTIC (final concentration: 
10-* or 10°°M) and were incubated for 5 min, 
30 min, 60 min and 4hr. At the end of each incuba- 
tion period, cell counts were made by counting in 
a hemacytometer, and cell viability was assessed by 
trypan blue staining. Cells were sedimented by centri- 
fugation and the media removed. The acid-soluble 
fraction of the media was prepared by adding 9 vol. 
of 5% trichloroacetic acid to 1 vol. of media and filter- 
ing. The acid-soluble fraction of the cells was pre- 
pared by extracting the cells three times with cold 
0.2N perchloric acid. The residue was hydrolyzed 
with 0.3 N KOH for | hr at 37°, and DNA was preci- 
pitated by the addition of 1.0 N perchloric acid. DNA 
extract was obtained from the residue by heating it 
for 30 min at 100° in 10% NaCl-0.002 N Tris, pH 7.0. 





*PPO, 2,5-diphenyloxazole; 
phenyloxazolyl)-benzene. 


POPOP, _1,4-bis-2-(5- 
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DNA was quantitated by absorbance readings at 
260 nm and radioactivity was determined by adding 
1.0ml of the solution to 10ml of PPO/POPOP/ 
toluene/Triton X-100 (4.0 g/0.3 g/2300 ml/1000 ml) 
and counting in a liquid scintillation counter [16]*. 
Acid-soluble fractions of the cells were concentrated 
to a small volume for further chromatographic analy- 
sis as previously described. 

For alkaline sucrose gradient centrifugation study 
of DNA, cells were incubated for 5min or 30min 
with either dimethylsulfoxide (5 yl/ml, control) or 
with MTIC in equal volume of dimethylsulfoxide 
(final concentration: 10-7 to 10-5 M). At the end of 
the incubation period, the cells were collected by cen- 
trifugation and suspended in 0.075 ml lysing solution 
(0.1M EDTA-0.5M NaOH). The mixture was 
sheared by passage five times through a No. 25 hypo- 
dermic needle [17] and then layered over an alkaline 
sucrose gradient (5-20% sucrose in 0.1M 
NaOH-0.9 M NaCl-90.01 M EDTA). After standing at 
room temperature for 16hr, it was centrifuged in a 
50 Ti rotor (Beckman Instruments, Inc., Palo Alto, 
Calif.), at 20° for 270 min at 30,000 rev/min. About 
30 fractions were collected from the top of the gra- 
dient using Fluorinert (Instrumentation Specialties 
Co., Lincoln, Neb.) as the displacement medium. Car- 
rier DNA (50 yg of calf thymus DNA) was added to 
each fraction, and DNA was precipitated by the addi- 
tion of 1.0 ml of 5% trichloroacetic acid. The precipi- 
tates were collected on glass filter discs (Whatman 
GF/C) and then washed in succession with 5% trich- 
loroacetic acid (two times), 95% ethanol (one time) 
and acetone (one time). The discs were dried, placed 
in vials containing 10ml PPO/POPOP/toluene 
(5.0 g/0.5 g/1000 ml) and counted in a liquid scintilla- 
tion counter. To distinguish between single strand 
breaks and alkali-labile lesions in DNA, centrifuga- 
tion was performed in 25-50% formamide gradient 
in H,O[18]. Centrifugation was at 20° for 1hr at 
45,000 rev/min in a 50Ti rotor. Fractions were col- 
lected and analyzed as before. 

For study of DNA repair synthesis, a modification 
of the method of Walker and Ewart [19] was used. 
Cells were preincubated with 5-bromo-2’-deoxyuri- 
dine (BUDR) (0.5 ng/ml) and 5-fluro-2’-deoxyuridine 
(FUDR) (10°7M) for 2hr. Then the cells were 
exposed to MTIC in dimethylsulfoxide (final concen- 
tration in medium: 10~* M) or to dimethylsulfoxide 
alone (control) for 5 and 30 min. Cells were separated 
by centrifugation and suspended in fresh medium 
containing BUDR (0.5 yg/ml), FUDR (10~’ M) and 
[°H]TDR (final concentration: 20 wCi/ml). Cells were 
incubated for 3 hr at 37°, then collected by centrifuga- 
tion and frozen. DNA was isolated as before, and 
buoyant density analysis was made by centrifugation 
at 20° in alkaline cesium chloride gradient in a 50 Ti 
rotor at 35,000 rev/min for 64hr. About 40 fractions 
were collected from the top of the tube. Density of 
the individual fractions was determined from the 
refractive index readings [20]. Odd-numbered frac- 
tions were acidified; absorbance readings were made 
at 260 nm, and radioactivity was measured as before. 
Even-numbered fractions were used for rebanding. 
Appropriate fractions were pooled and the density of 
the combined fraction was adjusted to 1.78 g/cm’. 
The volume was brought to 6.5 ml, and centrifugation 
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fractionation and quantitative procedures were 


repeated as before. 


RESULTS 


When [*H]MTIC was added to an aqueous solu- 
tion of calf thymus DNA, only a minor fraction of 
the radioactivity was recovered from DNA. The 
major portion (96 per cent) of the label was hydro- 
lyzed in the media and converted to a product which 
could be volatilized from the filtrate after precipi- 
tation of DNA. The radioactive compound in the dis- 
tillate was identified as methanol, based on the simi- 
larity of the melting points of the 3,5-dinitrobenzoate 
isolated from this fraction (107—108°) with that of 
authentic methanol (107°) and on the stability of the 
specific activity of the derivative after repeated recrys- 
tallizations (50 cpm/mg). With experiments in vivo, 
the methanol produced by hydrolysis can be further 
metabolized by the cells to produce formaldehyde and 
formate [21] and thus enter the 1-carbon pool which 
is a potential source of C-2 and C-8 of the purine 
ring. Therefore, the 73H uptake by DNA involved not 
only alkylation but de novo synthesis of purines as 
well. Less than 0.5 per cent of total *H added as 
MTIC was recovered in the DNA fraction. The distri- 
bution of 3H in DNA was studied according to the 
procedure of Bannon and Verly [11]. Heating the al- 
kylated DNA to 100° for 90min at pH 7.0 resulted 
in the removal of 80-95 per cent of its radioactivity 
(Table 1). DNA was precipitated and the filtrate was 
analyzed by paper and thin-layer chromatography. 
The nonvolatile radioactivity was accounted for by 
7-methylguanine, 3-methyladenine, adenine and 
guanine. No methyl phosphate was detected, and no 
volatile radioactivity was released after digestion with 
alkaline phosphatase. When the apurinic DNA was 
subjected to conditions which hydrolyzed the phos- 
photriesters (heating at 100° in 7.5N HCl for 6hr), 
part of the radioactivity could be volatilized. The 
volatile components were identified as methanol by 
comparison of the radioactive 3,5-dinitrobenzoate 
derivative isolated from the distillate with that of 
authentic methanol. From the methanol liberated by 
hydrolysis, it was estimated that phosphotriesters 
comprised 0.5 per cent of the total counts in the study 
in vitro and 5.7 per cent in vivo. Paper chromato- 
graphic analysis of the nonvolatile fraction showed 
two radioactive spots which co-chromatographed 
with 7-methylguanine or 3-methyladenine. Hence, 
alkylated purines were the major products of the 
methylating reactions. Release of additional methy- 
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Fig. 1. Specific activity of DNA at various times after addi- 

tion of MTIC to cells which had been prelabeled with 

[7H]TDR. Key: control (@——@); 10°°M MTIC 
(O——©); and 10-3 M MTIC (A——A). 


lated purines on acid hydrolysis may in part be due 
to strong adsorption of the bases to DNA [22]. 

When MTIC was added to tissue culture cells 
which had been preincubated with [7H]TDR to label 
the DNA, there was a precipitous drop in DNA spe- 
cific activity, indicating that a rapid degradation of 
preformed DNA had occurred (Fig. 1). MTIC at 
10-3M had a greater effect than at 10~° M, and the 
rate of decline tapered off after 30 min. In the control 
cells, the DNA specific activity decreased exponen- 
tially with a half-life of about 2.5 hr, and the fall was 
attributable to dilution of labeled DNA with newly 
formed nonradioactive DNA. Figure 2a shows that 
the *H concentration of tissue culture media rose 
abruptly after the addition of MTIC to the cells. The 
rise was primarily in the acid-soluble fraction. The 
acid-soluble extract of the cells showed a similar in- 
crease, and the radioactivity was associated with thy- 
mine (panel b, in Fig. 2). MTIC had a greater effect 
at 10°?M than at 10~°M, and the increase in the 
rate of loss of 7H from DNA correlated with the fall 
in DNA specific activity. 


Table 1. Distribution of 7H in DNA treated with [7H]MTIC 





Experiment Fraction 


Per cent of 


Total cpm total 





DNA 
Depurinated DNA 


In vitro 


Volatile, 7.5 N HCI hydrolysate 
Nonvolatile, 7.5 N HCl hydrolysate 


DNA 
Depurinated DNA 


Volatile, 7.5 N HCl hydrolysate 
Nonvolatile, 7.5 N HCl hydrolysate 


1,454,000 100.0 
77,640 = 
7,500 0.5 
72,500 5.0 
49,600 100.0 
9,800 19.0 
2,830 5.7 
3,890 7.8 
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. ? 
Fig. 2. Panel a: release of radioactivity into cell medium 
at various times after addition of MTIC to cell culture 
in which the DNA had been prelabeled with [7H]TDR. 
Panel b: in thymine fraction from the acid-soluble fraction 
of the cells. Key: control (@——@); 10°°M MTIC 
(O——); and 10°?M MTIC (A——A). 


DNA replication was examined using equilibrium 
density gradient centrifugation of DNA in alkaline 
cesium chloride. Cells were preincubated with BUDR 
and FUDR, then exposed to MTIC, after which they 
were incubated in media containing [*H]TDR, 
BUDR and FUDR. DNA was extracted and analyzed 
by buoyant density gradient centrifugation in alkaline 
cesium chloride. Newly synthesized semi-conservative 
synthesis was associated with radioactivity in the 
peak of daughter DNA and was evident only in con- 
trol DNA (Fig. 3a). The existence of repair synthesis 
of DNA in MTIC-treated cells was manifested by a 
peak of radioactivity which coincided with the peak 
for parental DNA (Fig. 3b). Control DNA showed 
little or no radioactivity in this region. Essentially the 
same results were obtained by rebanding of parental 
peaks. Repair synthesis was greater at 30min after 
MTIC (10°*M) treatment than after 5 min. On the 
other hand, semi-conservative synthesis of DNA was 
inhibited by this concentration of MTIC. 

Treatment of the HeLa cells for 5min with MTIC 
at 10°°M significantly reduced the rate of sedimen- 
tation of DNA in alkaline sucrose gradient (Fig. 4). 
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Fig. 4. Alkaline sucrose gradient sedimentation profile of 

DNA. Panel a, control; panel b, 10°°M, 5min (——); 

30min (-——--). Arrow designates the direction of 
sedimentation. 


At this concentration of MTIC, the reaction was 
reversible, and the normal sedimentation profile of 
DNA was restored after 30min (panel b in Fig. 4), 
indicating that some rejoining of DNA strands had 
taken place. Similar results were observed with MTIC 
at 10°-*M, but at 10°-3M no recovery was obtained, 
even after 1 hr. The decreased sedimentation rate has 
been ascribed to reduction in molecular weight of 
DNA due to single strand breaks in the denatured 
DNA. When the samples were analyzed by sedimen- 
tation in formamide gradient at neutral pH, there was 
no difference between the control and MTIC-treated 
DNA. These results indicated that single strand 
breaks were produced during the analytical procedure 
probably by hydrolysis of DNA apurinic sites at alka- 
line pH. However, it was evident that alkali-labile 
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Fig. 3. Buoyant density analysis of DNA from HeLa cells. Panel a, control; panel b, 10°*M MTIC, 

5 min. DNA isolated from approximately the same number of cells was analyzed on each gradient. 

Difference in radioactivity scales between the two graphs is due to the low specific activity of DNA 
in cells exposed to MTIC. 
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lesions were produced in DNA by MTIC and that 
these alterations were reversible at low concentrations 
of MTIC. 


DISCUSSION 


Previous studies had shown that MTIC had 
properties of an alkylating agent, and its methyl 
group was transferred in toto to DNA [3-5]. When 
[methyl-7H]MTIC was reacted with DNA in vivo or 
in vitro, most of it was hydrolyzed in the aqueous 
medium to form methanol. The major methylated 
product was 7-methylguanine. Other reaction prod- 
ucts present in minor amounts were 3-methyladenine 
and methyl phosphotriesters. DNA phosphotriesters 
have recently been shown to be stable to heat at neu- 
tral pH [11]. This property has been employed to 
estimate the methyl groups attached to oxygen of 
phosphodiester linkages in DNA. It was estimated 
that 0.5 per cent of 9H was derived from methyl 
groups in DNA phosphotriesters in vitro and 5.7 per 
cent in vivo. Phosphotriester formation in DNA has 
also been observed with the use of other alkylating 
agents [23, 24]. 

The addition of MTIC to cells containing DNA 
labeled with [*H]thymidine caused an immediate 
release of radioactive thymine from DNA to the acid- 
soluble fraction of the cells and the media. At the 
same time, there was a rapid decline in the DNA 
specific activity, indicating that degradation of DNA 
had occurred. Alkylated purines are lost spon- 
taneously from DNA, producing apurinic sites [25]. 
In addition, during the repair process, nonalkylated 
as well as alkylated bases are removed from DNA, 
depending on the size of the patch. Hence, the above 
loss of thymine from DNA could be a result of a 
repair process which was induced in the drug-treated 
cells. At alkaline pH, the apurinic sites can be con- 
verted into single strand breaks by hydrolysis of 
neighboring phosphodiester bonds[26], and the 
resultant DNA can show a reduction of molecular 
weight upon centrifugation in an alkaline sucrose gra- 
dient. The reduction of molecular weight was not evi- 
dent when MTIC-treated DNA was centrifuged in a 
neutral formamide gradient; therefore, alkali-labile 
lesions, but not single strand breaks, were probably 
present in situ. At low concentrations of MTIC (10~* 
and 10~° M), the alkali-labile lesions were reversible, 
and a normal sedimentation pattern was re-estab- 
lished in 30 min. At a higher concentration (10~ 7 M), 
no recovery was observed. MTIC at 10° * M inhibited 
semi-conservative replication of DNA, but induced 
repair synthesis of DNA to occur. 

DTIC was first developed as a possible antitumor 
agent to be used for clinical trials [27]. Recently, it 
has been shown that both DTIC and MTIC were 
carcinogenic in rats[28]. Similarity of the reactions 
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of MTIC to that of DTIC support the concept that 
MTIC is the active intermediate during the metabo- 
lism of DTIC, and further investigations on its effect 
on DNA may be of consequence not only in the un- 
derstanding of alkylation but in the study of molecu- 
lar mechanisms in carcinogenesis as well. 
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Abstract—The effect of diuretics on oxygen consumption rate (Qo,) and swelling of mitochondria 
isolated from rat kidney cortex (C), outer medulla (OM) and liver was measured. In addition, the 
effect of isolated cell membrane fraction (ER) on the diuretic-induced changes in mitochondrial oxygen 
utilization was determined. Qo, was measured in a Gilson oxygraph utilizing either glutamate-malate 
or succinate as substrate. Qo, expressed in natoms O,/mg of protein/min, was always higher in C 
than OM: 159.8 + 8.3 vs 119.8+ 11.4 (P < 0.001) with glutamate-malate, and 199.8 + 11.4 vs 
149.9 + 9.3 (P < 0.005) with succinate. The Qo, of liver mitochondria was lower: 102.6 + 7.1 with 
glutamate-malate, and 125.5 + 9.6 with succinate. A dose-response curve was constructed for each 
of the following: sodium ethacrynate (EA), furosemide (F), chlorothiazide (CTZ), acetazolamide (ACTZ) 
and chlormerodrin (CH). All diuretics exerted an equal inhibitory effect on C, OM and liver mitochon- 
drial Qo,. CH was the most potent inhibitor, followed by EA, F, CTZ and ACTZ. The concentration 
of diuretic which inhibited Qo, by 50 per cent was utilized to examine mitochondrial swelling. At 
these doses, F and ACTZ had only a slight effect on liver mitochondria. EA had the greatest effect, 
followed by CH and CTZ. By contrast, CH had the greatest effect on C and OM, followed by EA 
and F, while CTZ and ACTZ had only a slight effect. Cysteine and dithiothreitol prevented the effect 
of CH on Qo, and swelling. The effect of EA on swelling, but not on Qo, was blocked by cysteine. 
The cell membrane had its greatest protective effect with CH, had only a modest effect with EA, 


and exerted no protective effect on F, CTZ and ACTZ. 


The nephronal site of action of most diuretic agents 
has been well localized by clearance and micropunc- 
ture techniques [1]. The mechanism by which diuretic 
agents exert their effects, however, has not been 
clearly delineated. Evidence has been advanced that 
diuretics may exert their effects by interfering with 
cellular metabolism [i-9]. Other workers, however, 
have suggested that diuretics act by altering the per- 
meability of cell membrane rather than by a direct 
interference with cell metabolism [10, 11]. The cellu- 
lar and subcellular mechanism of action of diuretics, 
therefore, remains undefined. Isolated mitochondria 
have been examined as a possible locus of the action 
of these agents [12-18]. An effect in vitro on isolated 
kidney mitochondrial oxidative phosphorylation has 
been reported [12-18]. The present studies were 
designed to examine the effect of several diuretic 
agents on the oxygen consumption rate and rate of 
swelling on mitochondria obtained from the kidney 
and liver of the rat. In addition, because of the close 
association of renal mitochondria with tubular cell 
membrane and its protective effect in vitro on diuretic 
action [17], the effect of isolated cell membrane frac- 
tion on the diuretic-induced changes in vitro in mito- 
chondrial oxygen utilization was also determined. 
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MATERIALS AND METHODS 


Experiments were performed on normal albino 
Sprague-Dawley rats of either sex weighing 
250-350 g. The effects of varying doses of diuretics 
on mitochondrial respiration and swelling were 
measured, utilizing mitochondria isolated from liver, 
renal cortex and outer medulla. 

Rats were killed by a blow to the head, and the 
kidneys and liver immediately removed. Kidney tissue 
from ten to thirteen rats was pooled for each study 
in order to obtain adequate amounts of renal medull- 
ary tissue for mitochondrial isolation. The kidneys 
were placed in an iced solution of KEA medium con- 
taining 0.18 M KCi, 10mM EDTA and 0.5% bovine 
serum albumin-Sigma Fraction V, adjusted to pH 7.4 
with Tris buffer, with a final osmolality of 258 mOs- 
moles/kg. The kidneys were hemisected longitudinally 
and the cortex and outer medulla separated by sharp 
dissection. The renal mitochondrial isolation tech- 
nique has been previously described in detail [12]. 
The liver was placed in a beaker of ice-cold isolation 
medium (0.25M sucrose, 1mM EDTA and 1mM 
Tris buffer, pH 7.4), after which it was blotted, 
weighed and placed in a fresh beaker of isolation 
medium. The tissue was then minced with scissors, 
the isolation medium decanted off and the minced 
tissue homogenized and centrifuged by the same tech- 
nique used for renal mitochondrial isolation. 

The final pellet from kidney or liver was then resus- 
pended in isolation medium to a concentration of 
25-35 mg of mitochondrial protein/ml, and its protein 
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content determined by the method of Lowry et 
al. [19]. The mitochondrial suspension from each tis- 
sue was then diluted with isolation medium to a final 
concentration of 20 mg/ml. The protein concentration 
of the kidney mitochondrial preparation was adjusted 
for the presence of albumin in the isolation KEA 
medium. 

Cortical and outer medullary cell membrane frac- 
tions were prepared by the method of Landon and 
Norris [20]. 

Measurement of mitochondrial respiration. Mito- 
chondrial respiratory activity was measured in a Gil- 
son Oxygraph (Gilson Medical Electronics, Middle- 
ton, Wisc.) as previously described [12]. 

For examination of renal mitochondrial respiratory 
activity using NADH-linked substrate, the reaction 
mixture consisted of 1.5 ml of assay medium (10 mM 
glutamate, i10mM K,HPO, and 0.25M_ sucrose 
adjusted with 10mM Tris buffer to pH 7.4), 40 yl of 
0.5M K,HPO,, 254 of 0.5M glutamate, 15 yl of 
0.5 M malate and 100 ul of ADP (about 500 nmoles). 
For examination of flavoprotein-linked respiration, 
25 yl of 0.5 M succinate was added as substrate in- 
stead of glutamate and malate, and 5 ul of rotenone 
(1000 g/ml) added to the chamber to block NADH- 
linked respiration. 

For examination of hepatic mitochondrial respira- 
tory activity, the reaction mixture consisted of 1.5 ml 
of assay medium [0.3 M KCl, 0.2 M EDTA, | M Tris 
acetate, 0.1 M MgCl, and 0.5M K,HPO, (pH 7.4)], 
0.1 ml of either 0.1 M glutamate-malate or 0.1 M suc- 
cinate, and 0.1 ml of ADP. 

To the reaction mixture, 200 ul of mitochondrial 
preparation (equivalent to 4.0mg of mitochondrial 
protein) was added, and State 4 respiration recorded. 
One hundred ppl ADP was then added and the reac- 
tion allowed to run until State 3 respiratory activity 
was completed. 

In studies of the effect of membrane fraction on 
mitochondrial oxygen consumption, the reaction mix- 
ture consisted of 1.Sml of a medium containing 
77mM KCl, 17mM Na;PO, (adjusted with Tris 
HCI to pH 7.4), 3mM MgCl, and 75mM sucrose, 
to which was added the appropriate substrate in the 
same concentrations as above. Control measurements 
were obtained after the addition of 2.5 mg of mito- 
chondrial protein (200 yl). Cell membrane fraction 
(2.0mg in a volume of 200 ul) was then added and 
the measurements were repeated. 

Measurement of mitochondrial swelling. The swelling 
experiments were performed by a modification of the 
method of Lehninger[21] in matched 12 x 75mm 
tubes containing 1.5 ml of 0.25M KCl, buffered to 
a pH of 7.4 with 40mM Tris buffer, and brought 
to a final volume of 2.9 ml by the addition of water. 
At zero time, 0.1 ml of the mitochondrial suspension 
(equivalent to 2.0mg of mitochondrial protein) was 
added and mixed gently by inversion using a small 
square of parafilm to close the tube. Absorbency 
measurements were made at 520nm in a Coleman 
Jr..spectrophotometer (Coleman Instruments, May- 
wood, Ill.) against a water blank at specified time in- 
tervals up to 45 min. Addition of 0.1 ml mitochondrial 
suspension (2 mg of mitochondrial protein) yielded an 
initial absorbency of 0.35 to 0.45 for renal cortical 
and outer medullary mitochondria and 0.6 to 0.7 for 
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liver mitochondria. All solutions and the mitochon- 
drial suspension were always kept ice-cold. 

In studies of drug action, after the control measure- 
ments were obtained, the diuretics were added and 
the measurements repreated. Matched control and. ex- 
perimental measurements were obtained  simul- 
taneously. The molar concentration of the test diure- 
tic was gradually increased until a dose-response 
curve was established for renal cortical, outer medull- 
ary and hepatic mitochondria. In studies of drug 
action in the presence of cell membrane, the diuretics 
were added either directly to the reaction chamber 
after addition of cell membrane or incubated with 
the cell membrane for 30-45 min prior to addition. 

The diuretics studied were sodium ethacrynate, furo- 
semide, chlorothiazide, acetazolamide and chlormer- 
odrin. The molar concentrations of the diuretics were 
expressed as the final concentrations in the reaction 
chamber in the respiratory activity studies and in the 
cuvette in the swelling studies. 

Data are presented as mean + the standard error 
of the mean. The differences between the means were 
tested for statistical significance by the Student’s 
t-test [22]. 


RESULTS 


Hepatic and renal cortical and outer medullary mito- 
chondrial oxygen consumption. In control experiments, 
the mean oxygen consumption rate for cortical mito- 
chondria was significantly higher than that of medull- 
ary mitochondria (Table 1). A significant difference 
in the respiratory control index between cortical and 
outer medullary mitochondria was also present with 
both substrates examined. The difference in ADP:O 
ratio, however, was significantly different only when 
succinate was utilized as substrate. 

The oxygen consumption rate of liver mitochondria 
was lower than that of renal mitochondria and aver- 
aged 102.6 + 7.1 natoms O,/mg of protein/min with 
glutamate-malate as the substrate, and 125.5 + 9.6 
with succinate as the substrate. 

Effect of diuretics on mitochondrial oxygen consump- 
tion rate. All diuretics examined exerted an inhibitory 
effect on renal and liver mitochondrial function. A 
dose-response curve for each agent on mitochondrial 
respiration was established. The 50 per cent inhibitory 
dose of each agent is shown in Table 2. It is apparent 
from this table that acetazolamide had the weakest 
inhibitory effect on the mitochondrial respiration, 
while chlormerodrin exerted the strongest effect, fol- 
lowed in potency by ethacrynic acid, furosemide and 
chlorothiazide. Despite the difference in baseline 
oxygen consumption rate of the mitochondrial popu- 
lations (Table 1), the 50 per cent inhibitory dose of 
each diuretic was not different for all three mitochon- 
drial populations. 

Effect of diuretics on mitochondrial swelling. In pre- 
liminary studies all diuretics induced swelling of hepa- 
tic and renal mitochondria of a degree which varied 
directly with the concentration of the diuretic agent 
added. To determine the relative potency of these 
agents on mitochondrial swelling and allow a correla- 
tion between the degree of swelling and effects on 
the oxygen consumption rate, the concentration of 
diuretics which inhibited mitochondrial respiration by 
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Table 1. Hepatic and renal cortical and outer medullary mitochondrial respiratory function 





RCI} ADP: O$ 





Substrate: glutamate-malate 
Liver 
Cortex 
Outer medulla 
Statistical comparison, P 
between cortex and outer medulla 


Substrate: succinate 
Liver 
Cortex 
Outer medulla 
Statistical comparison, P 
between cortex and outer medulla 


6.17 + 0.50 
6.48 + 0.79 
4.45 + 0.37 


125.5 + 9.6 
199.8 + 11.4 
149.9 + 9.3 


< 0.005 





* Number of experiments. 


+ Rate of oxygen consumption expressed as natoms O,/mg of protein/min. 
t Respiratory control index, ratio of that amount of oxygen consumed during State 3 to that 


of State 4 respiration. 


§ Amount of ADP esterified/nmole of oxygen consumed during State 3 respiration. 


|| Not significant. 


50 per cent was utilized to examine mitochondrial 
swelling (Fig. 1). At these doses, furosemide and aceta- 
zolamide had only a slight effect on liver mitochon- 
dria, while ethacrynic acid had the greatest effect. By 
contrast, chlormerodrin had the greatest effect on 
renal cortical and outer medullary mitochondria, 
followed in descending order by ethacrynic acid and 
furosemide. Chlorothiazide and acetazolamide, how- 


ever, had only a slight effect at these concentrations. 

Effect of sulfhydryl group binding. The effect of cys- 
teine, a monothiol inhibitor of sulfhydryl binding, and 
of dithiothreitol, a sulfhydryl protector agent, on the 
mitochondrial effects of diuretics was examined. As 
can be seen in Fig. 2;for chlormerodrin, the addition 


of cysteine (16x 10°*M) or _ dithiothreitol 
(1.7 x 10-*M) restored respiration virtually to the 
control level. Qualitatively similar results were 
obtained in the mitochondrial swelling studies. Pre- 
incubation of mitochondria with either cysteine or 
dithiothreitol completely prevented chlormerodrin- 
induced swelling of mitochondria. When these agents 
were added to the reaction mixture after the initiation 
of chlormerodrin-induced mitochondrial swelling, 


further swelling was inhibited but existing swelling 
was not reversed. It has been proposed that etha- 
crynic acid may also exert its effects by binding of 
sulfhydryl groups. In the current studies, however, 
neither cysteine nor dithiothreitol could reverse the 
inhibitory effect of ethacrynic acid on mitochondrial 
respiratory activity. On the other hand, in the study 
of mitochondrial swelling, the addition of cysteine but 
not that of dithiothreitol could prevent the further 
swelling of mitochondria induced by ethacrynic acid. 

Effect of cell membrane fraction. The addition of 
cell membrane fraction resulted in no significant 
change in mitochondrial oxygen consumption rate 
(Table 3). These results are in contrast to those of 
Landon [23], who showed that the membrane frac- 
tion stimulated mitochondrial respiration when 
measured manometrically. Results similar to those of 
Landon have been obtained in our laboratory using 
the Gilson differential respirometer (Gilson Medical 
Electronics, Middleton, Wisc.), but not when mito- 
chondrial respiratory activity was measured polaro- 
graphically. It should be noted, however, that the res- 
piratory control index (RCI) and ADP:O were signifi- 


Table 2. Concentration of diuretics producing 50 per cent inhibition of rat renal and hepatic oxygen consumption 
rate* 





Cortex 
Concn (M) 


Liver 
Concn (M) 


Medulla 


Concn (M) RP 





Substrate: glutamate-malate 
Acetazolamide 
Chlorothiazide 

Furosemide 

Ethacrynic acid 
Chlormerodrin 


10.8 x 1073 
7.4 x 1073 
1.5 x 1073 
4.2 x 10°* 
3.5 x 107° 


10-3 
10-3 


x 
x 
x 1073 
x 
x 


1.08 
1.0 

6.82 
25.2 
386.6 


12.4 x 1073 


10-4 
10" 





*The molar concentration at which chlorothiazide inhibited the mitochondrial oxygen consumption rate by 50 per 
cent has been considered as unity. The relative potency of each diuretic has then been calculated from the 50% respiratory 
inhibitory concentration of that diuretic compared to that of the concentration of chlorothiazide. The results obtained 


with succinate as the substrate were identical. 
+ Relative potency. 
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Kidney . 
Cortex 








Outer medulla 











Time, 





J 
30 


min 


Fig. 1. Effects of chlorothiazide (CTZ), acetazolamide (ACTZ), furosemide (F), ethacrynic acid (EA) 
and chlormerodrin (CH) on the rate of mitochondrial swelling. C = control mitrochondria with no 
diuretic added. 


cantly reduced by addition of cell membrane fraction, 
indicating the stimulation of State 4 respiration and 
the continuous availability of ADP for State 3 mito- 
chondrial respiration consequent to the enhanced 
availability of ADP in the presence of an ATPase 
system in the cell membrane fraction, as previously 
suggested by Landon. 

The addition of cell membrane did not alter the 
effect of furosemide, chlorothiazide and acetazolamide 
on mitochondrial respiration. The addition of cell 
membrane fraction partially abolished the effect of 
chlormerodrin (Fig. 3). This effect was more apparent 
when chlormerodrin was pre-incubated in vitro with 
cell membrane fraction. The addition of the cell mem- 
brane fraction did not prevent the effect of ethacrvnic 
acid on mitochondrial respiration (Fig. 4). However, 
with ethacrynic acid in the presence of cell membrane, 
the oxygen consumption rate was slightly but signifi- 
cantly higher (P < 0.02) than with ethacrynic acid 
alone utilizing succinate as substrate. 


DISCUSSION 


The results of the present study on mitochondria 
from rat kidney confirm our previous observations 
on the dog and indicate the presence of a difference 
- in the oxygen consumption rate between the mito- 
chondrial population of the cortex and that of the 
outer medulla [12]. The existence of two functionally 
different mitochondrial populations in the kidney is 
also supported by previous morphological and bio- 
logical studies [24,25]. As in the dog, all diuretics 
examined inhibited cortical and medullary oxygen 
consumption rate equally. The concentration of diure- 
tic used to induce these changes is higher than those 
attained in vivo and the same concentration of diure- 
tics exerted equal inhibitory effects on hepatic mito- 
chondrial oxygen consumption rate (Table 2). This 
may be construed as evidence for a non-specific effect 
of diuretics on isolated mitochondria. Inhibition of 
oxygen consumption of liver mitochondria by diuretic 
agents is not a surprising finding in and of itself, since 
most ceils of the body actively extrude sodium from 
the cell contents. The relative specificity of the diure- 


tics for kidney tissue as compared to other tissue may 
derive from the greater concentration of the drugs 
attained in renal tissue, from differences in cell bind- 
ing, or in the intracellular metabolism of the drug. 
Another source of relative specificity of diuretics on 
the kidney may derive from the secretion of these 
drugs by renal tubular cells and by virtue of the fact 
that these agents also exert their effects, when pre- 
sented, to renal cells from the luminal side. This, cou- 
pled with the fact that the tubular fluid is reduced 
in volume as it traverses the nephron, would result 
in the delivery of higher concentrations of the diuretic 
to the site of action of these agents. When diuretics 
were administered to animals in vivo and the kidneys 
removed at the peak of diuresis, however, the isolated 
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Fig. 2. Effects of chlormerodrin, chlormerodrin plus cys- 
teine (upper panel) and chlormerodrin plus dithiothreitol 
(lower panel) on oxygen consumption rate. 
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Table 3. Effect of cell membrane fraction (ER) on renal mitochondrial function 





Control ER membrane P 





Substrate: glutamate-malate (13)* 


Cortex Qo,t 


RCI§ 


ADP:O} 


Outer medulla Qo, 
RCI 


ADP:O 
Substrate: succinate (12)* 


Cortex 


Qo, 
RCI 


ADP:O 


Outer medulla 


Qo, 
RCI 


ADP:O 


189.61 + 7.15 
3.25 + 0.24 
2.91 + 0.10 

136.83 + 5.61 
1.82 + 0.10 
2.09 + 0.11 


173.77 + 5.91 
1.78 + 0.09 
2.50 + 0.15 

127.75 + 4.82 
1.30 + 0.03 
1.73 + 0.09 


261.0 + 10.63 
2.98 + 0.27 
1.70 + 0.06 

197.11 + 8.32 
0.12 
0.06 


235.47 + 14.15 
1.58 + 0.07 
1.42 + 0.05 

190.38 + 8.16 
1.27 + 0.03 
1.07 + 0.06 


1.81 
1.27 





* Number of experiments. 


+ Rate of oxygen consumption expressed as natoms O,/mg of protein/min. 


t Not significant. 


§ Respiratory control index, ratio of that amount of oxygen consumed during State 


3 to that of State 4 respiration. 


|| Amount of ADP esterified/nmole of oxygen consumed during State 3 respiration. 


mitochondria from these organs show no difference 
in respiratory activity when compared to mitochon- 
dria from non-treated rats [13,17]. Unpublished 
observations from this laboratory confirm these find- 
ings. When the intact kidneys were examined by elec- 
tron microscopy, however, there were definite mor- 
phological changes of “swelling” that were apparent 
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Fig. 3. Effects of chlormerodrin (CH), cell membrane frac- 
tion (ER), cell membrane fraction plus chlormerodrin 
(CH/ER), and pre-incubation (30-45 min) or chlormerodrin 
with cell membrane fraction (CH/ER pre-incubated for 
30-45 min) on the change in oxygen consumption 
expressed as per cent of control values. 


in the mitochondria of the kidney from the treated 
versus the non-treated animals (Fig. 5). Similar 
changes in morphologic appearance of mitochondria 
have been described by Trump[26] when renal 
sodium reabsorption was inhibited. The inability to 
show the changes on the isolated mitochondria of ani- 
mals which had received diuretics prior to the isola- 
tion of mitochondria may be attributed to the fact 
that these agents are washed off during the isolation 
procedure [13, 17, 27]. Obviously, independent of the 
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Fig. 4. Effects of ethacrynic acid (EA) and cell membrane 
fraction (ER) on oxygen consumption rate expressed as 
per cent of control values. 
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Fig. 5. Typical appearance of mitochondria in the intact kidney of a control rat (panel A) and the 
swelling of the mitochondria in kidneys removed from the animal during peak diuresis after the 
administration of furosemide intravenously (panel B). Magnification 37,500. 


observed morphological changes, a direct causal effect 
of the diuretics on mitochondria cannot be estab- 
lished from morphologic changes alone since the 
observed alterations in vivo may have been secondary 
to an effect of diuretics on the cell membrane or cyto- 
plasm. 

Studies on mitochondrial swelling-shrinkage may 
be relevant to changes in mitochondrial electron 
transport and membrane permeability [28]. The sta- 
bility and integrity of the mitochondrial membrane 
under various conditions are of interest because the 
respiratory carrier proteins are intimately associated 
with membrane permeability [29], and changes in the 
electron transfer chain may affect mitochondrial 
structure [30]. In this study, all diuretics examined 


induced changes of swelling of renal cortical and 
outer medullary and hepatic mitochondria. When the 
concentrations of diuretic agents which inhibited 
mitochondrial respiration by 50 per cent were 
employed to examine mitochondrial swelling, there 
was a difference in the responses observed. Utilizing 
hepatic mitochondria, ethacrynic acid was the most 
potent, followed closely by chlormerodrin, while furo- 
semide and acetazolamide were the least potent (see 
Fig. 1). The response of renal mitochondria, however, 
was parallel to the changes observed on oxygen con- 
sumption rate with chlormerodrin exerting the great- 
est change, followed by ethacrynic acid, furosemide, 
chlorothiazide and acetazolamide. The difference in 
the effect of diuretics on hepatic and renal mitochon- 
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drial function is not, therefore, as non-specific as was 
suggested from the oxygen consumption studies. 

The studies with cell membrane fraction revealed 
an additional difference on the effects of diuretics on 
mitochondrial function. The cell membrane had its 
greatest protective effect with chlormerodrin but had 
only a modest effect with ethacrynic acid (see Figs. 
3 and 4), and exerted no protective effect on the mito- 
chondrial respiratory inhibition by furosemide, chlor- 
othiazide and acetazolamide (see Table 3). The results 
obtained with chlormerodrin and ethacrynic acid are 
similar to those reported by Landon and Fitzpa- 
trick [17,31]. Taken together with the results on 
hepatic mitochondrial swelling (see Fig. 1), the 
observed effects may be attributed to the structural 
characteristics of the agents examined, specifically the 
presence of a sulfamyl group in furosemide, chloro- 
thiazide and acetazolamide; on one hand, mercurials 
and ethacrynic acid have no sulfamyl group and may 
act by binding to sulfhydryl groups. Indeed, both cys- 
teine and dithiothreitol prevent the effect of chlormer- 
odrin on mitochondrial respiration and swelling (see 
Fig. 4). Cysteine and dithiothreitol have also been 
shown to block the effect of ethacrynic acid on cell 
membrane and cell-free preparations [6, 10]. We were 
unable to show such an effect on mitochondrial res- 
piration with these agents, but could block mitochon- 
drial swelling with cysteine, indicating that ethacrynic 
acid may indeed exert its effect, in part at least, by 
inhibiting the sulhydryl group. 
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Abstract—Liver lipases could be important for regulating hepatic intracellular triglyceride (TG) concen- 
tration and, thus, TG secretion. The possibility that the hypotriglyceridemic drugs clofibrate (CPIB) 
and halofenate (HFA) reduce hepatic net TG synthesis by stimulating hepatic lipases has been investi- 
gated in control and orotic acid fed rats. Liver lipase activities were measured at pH 5, 7.5 and 
8.5 in liver homogenates from control and drug-treated animals. The acid lipase was particularly sensi- 
tive to changes in hepatic TG concentration, increasing when hepatic TG levels were increased by 
feeding orotic acid and decreasing after treatment with either HFA of CPIB, drugs which lower hepatic 
TG levels. Both CPIB and HFA prevented the fatty liver produced by orotic acid. Neither drug 
increased the activity of the hepatic lipases with triolein as substrate (at an enzyme-saturating concen- 
tration) and, thus, the abilities of HFA and CPIB to decrease hepatic net TG synthesis and to prevent 
orotic acid-induced fatty liver are not related to effects on these liver lipases. Rather, they may be 
related to reducing the availability of fatty acids for de novo TG synthesis. CPIB and HFA produced 
a 65-75 per cent decrease in plasma free fatty acid (FFA) concentrations and this decrease could 
be important since circulating free fatty acids are a principal source of the fatty acid needed for 


hepatic TG synthesis. 


Clofibrate (CPIB) and the newer hypotriglyceridemic 
drug halofenate (HFA) appear to lower plasma trigly- 
ceride levels in the rat primarily by decreasing hepatic 
net triglyceride (TG) synthesis [1,2]. However, the 
mechanism of this decrease is yet unclear. A demon- 
strated ability of both CPIB and HFA to inhibit 
hepatocyte de. novo fatty acid synthesis [3] and of 
CPIB to decrease plasma free fatty acid (FFA) levels 
[4,5] could contribute to the observed inhibition of 
hepatic net TG formation by decreasing the avail- 
ability of fatty acid substrate. Another possible locus 
of action, one not yet investigated, is hepatic lipases. 
Three distinct hepatic lipases have been identified 
which hydrolyze long-chained fatty acid TG: a lyso- 
somal and a microsomal enzyme of pH optimum 5 
and 8.5, respectively, and a heparin-sensitive lipase 
maximal at pH 7.5 which is localized in the plasma 
membrane [6]. Goldstein et al. [7] recently demon- 
strated that lysosomal acid lipase is centrally involved 
in regulating de novo cholesterol synthesis of fibro- 
blasts by controlling the intracellular concentration 
of free cholesterol derived from the cholesterol ester 
of plasma low density lipoproteins. Thus, it is con- 
ceivable that hepatic TG lipase might also be impor- 
tant in the regulation of intracellular TG concen- 
trations and, therefore, TG synthesis and secretion. 
Drug-induced increases in the activity of these hepatic 
enzymes could result in an apparent reduction in 
hepatic net TG synthesis. In the present study, the 
effect of treating the rat with CPIB or HFA on hepa- 
tic TG lipase activities in both normal and orotic 
acid fed rats was measured; CPIB is reported to pre- 
vent orotic acid-induced fatty liver [8]. In addition, 
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the effect of HFA on plasma FFA levels was 
measured and compared to that produced by CPIB. 


MATERIALS AND METHODS 


Hepatic lipase measurements. Male Wistar rats 
(140-160 g) were maintained for 7 days on a fat free 
diet [9]. Beginning on day 7 and continuing for 14 
additional days, the animals received the fat free diet 
containing either no drug (controls) or 0.10% HFA 
or 0.25% CPIB. Fat free diets were used in order 
to investigate endogenous TG metabolism without 
the complications caused by exogenous fat intake or 
fasting animals. On day 7, rats were lightly anesthe- 
tized with diethylether and 1-ml blood samples were 
collected by cardiac puncture. On day 21, the rats 
were again anesthetized, sacrificed by decapitation, 
and blood samples collected. The livers were quickly 
removed, chilled, and homogenized in 0.25 M sucrose 
as described by De Duve et al. [10]. Ten per cent 
liver homogenates were incubated for 1 hr at 37° in 
sodium cacodylate buffers of pH 5, 7.5 and 7.5 plus 
25 iu. heparin/ml and in Tris-HCI buffer of pH 8.5. 
The pH levels of the homogenate mixtures after incu- 
bation were, respectively, 5.2 to 5.3, 7.0 to 7.2, and 
8.0 Incubations were conducted in the absence or 
presence of purified triolein (100 mM) exactly as de- 
scribed by Guder et al. [6] except that the incubated 
systems also contained 2% fatty acid-poor bovine 
serum albumin. This was added to maintain a low 
FFA/albumin molar ratio during the incubation. Ali- 
quots of the suspensions were taken before and after 
incubation for measurement of FFA concentrations 
by the automated titration of Lorch and Gey [11]. 
Lipase activities were expressed as wEq of FFA pro- 
duced/mg of hepatic protein/hr. Net lipolysis of trio- 
lein was calculated by substracting the endogenous 
FFA production measured at each pH. 
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The effect of CPIB and HFA on orotic acid’s pro- 
duction of fatty liver was determined by feeding rats 
for 1 week the fat free diet containing 2% orotic acid 
or orotic acid plus either 0.10% HFA or 0.25% CPIB. 
Hepatic total lipid, neutral lipid and triglyceride con- 
centrations were determined as described before [2], 
and hepatic lipase activities were measured as de- 
scribed above. 

Measurement of plasma FFA. Plasma FFA levels 
cannot be determined directly on the blood plasma 
from drug-treated rats, since the circulating chemical 
forms of CPIB and HFA are lipid-soluble, carboxylic 
acids which could be extracted and titrated along 
with the piasma FFA. A washing procedure pre- 
viously developed in our laboratory [4] to remove 
CPIB from the plasma FFA extract is ineffective for 
HFA, and thus, in the present study both CPIB and 
HFA were separated from FFA by thin-layer chroma- 
tography. Plasma samples collected at days 7 and 21 
from both control and treated rats were extracted into 
20 vol. of 2:1 chloroform—methanol (v/v). Total lipid 
was recovered and chromatographed on thin-layer 
chromatographic plates (Silica gel G) in a solvent of 
n-hexane-—diethylether-glacial acetic acid (68:30:2). 
Standards of linoleic acid, CPIB (free acid), and HFA 
(free acid) migrate with respective R, values of about 
0.40, 0.25 and 0.20. The Silica gel area containing the 
FFA was recovered free of CPIB and HFA, trans- 
ferred to small columns, and eluted with about 10 ml 
of 2:1 chloroform—methanol. The FFA residue re- 
covered after evaporation of the solvent was dissolved 
in n-heptane and the FFA titrated by the automated 
method. In several experiments, the areas of the plate 
corresponding to CPIB and HFA were recovered, 
eluted with chloroform—methanol (2:1), and the drugs 
quantitated by gas-liquid chromatography (g.l.c.) as 
we have done before [12]. 

Measurement of plasma CPIB and HFA. When 
HFA was to be measured, the g.l.c. was run isother- 
mal at 180° for 5 min, increased to 200° (at 20°/min) 
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and then maintained at 200° for 35 min. The retention 
time of HFA was about 32min, and that of CPIB 
4 min. Plasma levels of CPIB were 6.74 + 0.49 (S. E.) 
mg/100 ml (average four rats), and the HFA levels 
measured in two rats were 20.3 and 24.9 mg/100 ml. 
Although the CPIB was given at twice the dose of 
HFA, the higher plasma levels of HFA can perhaps 
be explained by the observation that albumin binds 
HFA much more strongly than CPIB [13]. 


RESULTS 


Hepatic lipase activities (absence of orotic acid). 
Hepatic lipolysis of endogenous substrate increased 
with increasing pH (Table 1). As compared with livers 
of control rats, liver of animals treated with either 
HFA or CPIB possessed significantly lower levels of 
endogenous lipase activity at acid and, to a lesser 
extent, neutral pH. Both HFA and CPIB decrease 
liver TG concentrations in rats fed this fat free diet 
[2]. HFA did not alter lipolysis of triolein at any 
of the pH levels investigated; however, treatment with 
CPIB increased lipase activity against triolein at neu- 
tral pH in the presence of heparin and decreased hy- 
drolysis of triolein at pH 5 and 8.5. 

Hepatic lipase activities (presence of orotic acid). 
The triglyceride concentration of the liver increased 
20-fold when rats were fed the free diet containing 
2% orotic acid (Table 2) for 7 days. Including either 
0.10% HFA or 0.25% CPIB with the orotic acid com- 
pletely suppressed development of fatty liver. 

Treatment with orotic acid resulted in a 3- to 4-fold 
increase in lipase activity with endogenous substrate 
at pH 5 but not at pH 7.5 (Table 3). Including either 
HFA or CPIB with the orotic acid prevented this 
increase. Treatment with orotic acid alone or in com- 
bination with HFA or CPIB produced no clear 
changes in hepatic triolein lipase activity at either 
pH 5 or 7.5. 


Table 1. Hepatic lipase activities in control, HFA- and CPIB-treated rats 





Hepatic lipase activity (uEq FFA produced/mg protein/hr x 10~7)+ 





Treatment* pH 5 


Endogenous substrate 


pH 7.5 pH 8.5 





Control 
HFA (0.1%) 
CPIB (0.25%) 


3.42 + 0.24 


pH 5 
10.6 + 0.7 
10.1 + 0.6 

7.8 + 0.48 


Control 
HFA (0.1%) 
CPIB (0.25°,) 


Nee 
N 9 Orgy 
wnrnom 
HItH 


1.84 + 0.21t 
1.00 + 0.12¢ 


8.23 + 0.72 
5.78 + 0.33§ 
6.22 + 0.34|| 


12.6 + 1.1 
10.8 + 0.4 
10.6 + 0.5 


Triolein substrate? 
pH 7.5+ 
heparin (25 i.u./ 


sak aw seca Ga 
ND 


236+07" 





* Rats were fed a fat free diet for 14 days containing no drug (control) or 0.10% halofenate (HFA) or 0.25% clofibrate 


(CPIB). 
+ The values are means + one S. E. of six rats/group. 


t P(t) of difference from control is <0.001 (Student’s t-test). 


§ P(t) < 0.02. 
| P(t) < 0.05. 


‘| Lipase: activities with triolein substrate are net lipolytic rates corrected for endogenous lipolysis. 


** P(t) < 0.005. 





Hepatic triglyceride lipases 


Table 2. Effect of HFA and CPIB on orotic acid-induced fatty liver 





Lipids and triglyceride in liver (wet weight)t 


(mg/g) 





Treatment* No. of rats Total lipid 


Neutral lipid Triglyceride 





Control 4 43.2 + 1.9 
Orotic acid (2%) 4 
HFA (0.1%)+ 4 
orotic acid (2%) 
CPIB (0.25%)+ 4 
orotic acid (2%) 


55.0 + 1.3§ 


49.0 + 0.9)| 


88.8 + 12.4t 


3.68 + 0.61 
32.5 + 9.0t 
5.19 + 0.19 


1.31 + 0.38 
26.7 + 8.1t 
1.53 + 0.50 


4.10 + 0.39 0.64 + 0.19 





*Rats were fed the fat free diet for 1 week containing either no drug (control), 2% orotic acid, 0.1% HFA plus 


2% orotic acid, or 0.25% CPIB plus 2% orotic acid. 


+ Values are means + one S. E. Total lipids and total neutral lipids were determined gravimetrically and triglycerides 


colorimetrically. 
t P(t) of difference from control < 0.02. 
§ P(t) < 0.005. 
| P(t) < 0.05. 


Plasma free fatty acid levels. HFA at 0.10% of the 
diet and CPIB at 0.25% of the diet produced 65-75 
per cent reductions in the circulating levels of FFA 
after 2 weeks of treatment. The decrease due to clofi- 
brate was somewhat greater than that produced by 
HFA (Table 4). Over the same period, the plasma 
FFA levels of control fed rats (plain fat free diet) did 
not change significantly. 


DISCUSSION 


Of the various hepatic TG lipases studied, the acti- 
vity of the acid lipase was particularly sensitive to 
changes in intracellular TG concentration. Guder et 
al. [6] demonstrated that hepatic acid lipase activity 
is substrate dependent up to about 60 mM triolein. 
Triolein is present at 100 mM in the lipase assay used 
in their laboratory and our laboratory. The endo- 


genous concentration of TG in rat liver is about 
0.002 mM. In the present study, the activity of acid 
lipase decreased when liver TG concentration was 
lowered by treatment with HFA or CPIB and sharply 
increased upon raising the hepatic endogenous TG 
level by feeding orotic acid. Feeding HFA at 0.1% 
or CPIB at 0.25% of the fat free diet for 2 weeks 
results in respective 50 and 30 per cent decreases of 
liver TG concentration [2], and orotic acid treatment 
for 1 week increases hepatic TG levels by 20-fold. 
Since neither HFA nor orotic acid significantly 
affected the acid lipase activity against exogenous 
triolein (at an enzyme-saturating substrate concen- 
tration), the changes in activity against endogenous 
substrate are probably due to the changes in hepatic 
TG levels rather than to direct drug effects on this 
enzyme. Thus, hepatic acid lipase activity appears di- 
rectly responsive to intracellular TG levels and this 


Table 3. Effect of HFA and CPIB upon hepatic lipase activity in orotic acid-treated rats 





Hepatic lipase activity (uEq FFA produced/mg protein/hr x 10~7)+ 





pH 5 


Treatment* Expt 1 


Endogenous substrate 
pH 7.5 


Expt 1 Expt 2 





2.17 
8.25 
1.70 


Control 

Orotic acid (2%) 

HFA (0.1%)+ 
orotic acid (2%) 

CPIB (0.25%)+ 
orotic acid (2°%) 


1.68 


6.54 
11.3 
5.02 


Orotic acid (2%) 

HFA (0.1%)+ 
orotic acid (2%) 

CPIB (0.25%)+ 
orotic acid (2%) 


4.29 


9.19 
11.5 
9.51 


9.27 
7.61 
9.03 


TTS 


Triolein substratet 


14.3 
13.9 
12.5 


5.83 14.2 





* Rats were treated for 7 days with fat free diet containing either no drug (control), 2% orotic acid, 0.1% HFA 


plus 2% orotic acid, or 0.25% CPIB plus 2% orotic acid. 


+ Each value is the lipase activity for homogenates consisting of equal quantities of liver pooled from two rats. 
t Lipase activities with triolein substrate are net lipolytic rates corrected for endogenous lipolysis. 


B.P. 25/23—H 
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Table 4. Effect of HFA and CPIB on plasma FFA levels 





(uEq FFA/liter plasma)t 


Post-treat- 
ment 


Pre-treat- 


ment %~A P(t) of At 
NS 
<0.03 


<0.005 


Treatment* 





392 + 67 
240 + 72 
332 + 41 


369 + 24 
81 + 29 
82 + 20 


—6 
—66- 
—75 


Control 6 
HFA (0.1%) 8 
CPIB (0.25%) 8 





* Rats were fed a fat free diet for 14 days containing no drug (control) or 0.10% HFA or 0.25% CPIB. FFA levels 


were determined for each individual rat before and after treatment. 


+ Values are means + one S. E. 


t P(t) of the differences between pre- and post-treatment levels was determined by the paired t-test. NS = not signifi- 


cant. 


enzyme could be important in regulating intracellular 
TG concentration in a way similar to the importance 
of cholesterol ester-acid-hydrolase (lipase) in regulat- 
ing intracellular cholesterol ester levels [7]. Both of 
these enzymes are of lysosomal origin [6, 14]. Defi- 
ciencies in lysosomal cholesterol ester-acid-lipase 
have recently been shown to explain human choles- 
terol ester storage disease [7]. Futher, we recently 
demonstrated that- rat cerebral cortex cholesterol 
ester-acid-lipase activity is increased in _ cobalt- 
induced epilepsy, a condition where cortex cholesterol 
ester levels increase by more than 20-fold.* Studies 
of the possible involvement of TG acid lipase in clini- 
cal problems of TG metabolism such as fatty liver 
and hypertriglyceridemia could be warranted. 

Neither the effects of CPIB nor HFA on hepatic 
lipase activities would appear to contribute to their 
hypotriglyceridemic properties or explain their ability 
to prevent the fatty liver induced by orotic acid. 
Although CPIB significantly increased lipolysis of 
triolein in the presence of heparin, it is uncertain that 
this actually represents an increase of hepatic lipopro- 
tein lipase, since the supernatant fraction of rat whole 
liver homogenates is reported to contain an inhibitor 
of heparin action [6]. 

CPIB and HFA must lower plasma triglycerides 
basically either by increasing clearance of triglyceride 
from the circulation and/or decreasing secretion of 
TG from the liver and intestines. These drugs appear 
to work in the rat primarily by producing a net de- 
crease of hepatic TG formation, since both CPIB and 
HFA markedly decrease the incorporation in vivo of 
[2-3H]-, [1(3)-°7H] and [U-'*C]glycerol into hepatic 
TG without simultaneously increasing the serum frac- 
tional turnover rates of labeled TG released to the 
circulation [2]. The fatty liver preventing and hypo- 
triglyceridemic properties of CPIB and HFA are 
probably due to decreased de novo formation of hepa- 
tic triglycerides. De novo TG synthesis could be de- 
creased by direct effects on the enzymes of TG forma- 
tion, such as the glycerol-phosphate acyltransferases 
or the fatty acid CoA synthetases, or by decreasing 
the concentration of fatty acid substrate available for 
esterification of glycerol. The importance of direct 
drug effects upon the enzymes of TG synthesis is pre- 
sently uncertain [15—17]. 





*G. G. Bierkamper and R. J. Cenedella, unpublished 
observations. 


In contrast to drug effects on the enzymes of TG 
synthesis, there appears to be good agreement that 
CPIB and HFA can reduce fatty acid availability by 
inhibiting de novo fatty acid synthesis [3, 18-21] and 
lowering the circulating levels of FFA [4, 5]. The abi- 
lity of HFA to lower plasma FFA levels was demon- 
strated in the present study. Circulating free fatty 
acids are a main source of fatty acid needed for hepa- 
tic TG formation. The TG content of the liver has 
been shown to be directly proportional to the concen- 
tration of FFA perfusing it both in vivo [22] and 
in vitro [23]. 

In summary, treatment of the rat with either CPIB 
or HFA did not increase hepatic lipase activities in 
the presence of an enzyme-saturating concentration 
of triolein substrate. Thus, these drugs do not de- 
crease hepatic net TG synthesis by stimulating cata- 
bolism of TG within the liver. However, treatment 
with these drugs did significantly reduce lipolysis 
of hepatic endogenous TG at acid pH. This effect 
is probably due to the decrease in hepatic TG concen- 
trations produced by CPIB and HFA. The activity 
of the hepatic acid lipase is apparently dependent 
upon the concentration of available TG. This conclu- 
sion is further supported by finding a marked increase 
in hepatic acid lipase activity against endogenous sub- 
strate when liver TG levels were greatly increased 
after treatment with orotic acid. The present study 
also demonstrated that HFA, as was shown before 
for CPIB, can decrease circulating levels of FFA. 
Thus, it is possible that these drugs reduce hepatic 
net TG synthesis by decreasing the availability of 
fatty acids for de novo TG synthesis. 
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Abstract—The activities of hepatic lysosomal enzymes were determined in rats after the acute administ- 
ration of ethanol and its feeding for periods of 1 and 6 months. The acute administration of ethanol 
and its feeding for 1 month did not result in any changes in lysosomal enzymes. By contrast the 
feeding of ethanol for a period of 6 months resulted in increases in the total activities of B-glucuronidase, 
B-N-acetylglucosaminidase and arylsulfatase A measured in the homogenates, and in the specific activi- 
ties of these enzymes plus acid phosphatase measured in the lysosomal fraction. In addition, there 
were increases in the free activities of B-glucuronidase and acid phosphatase measured in the homo- 
genates. Hyaluronidase activity was not changed by ethanol feeding. The increases in lysosomal enzymes 
were accompanied by histologic changes consisting only of mild fatty infiltration. 


Alcohol has been demonstrated to cause liver damage 
in animals[1,2] and in man[3]. The pathologic 
changes caused by alcohol in the liver in animals 
occur despite intake of an adequate diet, and include 
the whole spectrum of liver disease [1] observed in 
alcoholic patients. Tissue injury caused by 
toxins [4, 5], viruses [6] or ischemia [7] has been as- 
sociated with disruption of lysosomal membranes, 
and the release of lysosomal enzymes. Studies of the 
effect of acute and short-term administration of eth- 
anol on hepatic lysosomal enzymes have yielded vary- 
ing results with increases [8], no change [8,9] or de- 
creases [10] in their total activity and increases [8, 9] 
or decreases [10] in their free activity. In the present 
study the effect of acute, short-term and prolonged 
chronic administration of ethanol on the total and 
free activity of hepatic lysosomal enzymes was investi- 
gated. 


METHODS 
Animals and diets 


Male albino rats weighing between 90 and 110g 
initially were kept in individual wire cages at a con- 
stant temperature. The following acute and chronic 
experiments were carried out. 

Acute experiment. Sixteen rats were fed Purina 
Chow ad lib. Ethanol (4g/kg of body weight) was 
administered twice, 8 hr apart, by stomach tube as 
a 40% solution to one-half the rats. The control rats 
were given isocaloric amounts of sucrose. The animals 
were sacrificed 24 hr after the first dose. 

Chronic experiments. Thirty-two rats were fed a 
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{Same as the composition used in the high alcohol 
liquid diet of General Biochemicals, Chagrin Falls, Ohio. 


liquid diet in which either ethanol or sucrose made 
up 36%, of the calories. The final caloric compositions 
per liter of the diets were: protein 19.5% (47.3 g), fat 
39.4% (42.5 g), carbohydrate 5.0% (12.2 g), and either 
ethanol (50.0 g) or sucrose (87.5 g) 36.1%. Vitamins 
and minerals were present in adequate amounts.{ The 
ethanol-containing diet was fed ad lib. to one-half the 
animals, while the remainder of the animals were 
pair-fed the sucrose-containing diet. In addition, the 
rats receiving the ethanol-containing diet were given 
a weekly acute oral load of ethanol of 4 g/kg of body 
weight given as a 40% solution by stomach tube, 
while the control rats received isocaloric amounts of 
sucrose. The mean intake of the diets was 32 + 1.5 
(S.E.) g/100 g of body weight/day. Animals on the eth- 
anol diet consumed 15.4 + 0.75 (S.E.) g ethanol/kg 
of body weight/day. One-half of the animals were sac- 
rificed at 1 month, and the remainder at 6 months 
after the start of the pair-feeding. 


Tissue preparation 


The animals were sacrificed by a blow on the head 
after 14hr of fasting. The livers were immediately 
removed, rinsed in cold 0.25 M sucrose and weighed. 
A small piece was fixed in 10° formaldehyde for his- 
tological examination and the remainder homo- 
genized in a Potter-Elvehjem homogenizer in a 
volume of 0.25M_ sucrose solution containing 
i x 10°>M EDTA, pH 7.0, equivalent to four times 
the liver weight. Five ml of the homogenate were saved 
for the determination of total and free lysosomal 
enzyme activities, and the remainder subjected to dif- 
ferential centrifugation at 4°, using a Sorvall refriger- 
ated centrifuge, according to Sawant et al.[11] to 
obtain the lysosomal-rich light mitochondrial fraction 
(FI). The homogenate was centrifuged at 750g for 
10 min, and the resulting supernatant was centrifuged 
at 3,300 g for 10 min, and again at 16,300 g for 20 min. 
The resulting precipitate was resuspended in 5 ml of 
0.15 N NaCl. Three ml were separated, sonicated 
(three times for 30sec), and used for the determina- 
tion of lysosomal enzymes. The remaining 2 ml were 
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centrifuged at 16,300 g for 20 min. The precipitate was 
separated and washed with 5 ml of 0.15 N NaCl and 
recentrifuged at 16,300g for 20 min, twice. The final 
precipitate dissolved in 5 ml of 0.15 M NaCl was soni- 
cated (three times for 30sec), centrifuged at 27,000 g 
for 20min and the supernatant recovered for the 
determination of hyaluronidase activity. 


Enzyme assays 

The activities of B-glucuronidase, f-N-acetylgluco- 
saminidase, acid phosphatase and arylsulfatase A 
were determined in the homogenates, and in the lyso- 
somes. The determinations in the homogenates were 
done in the presence and absence of 0.2% Triton 
X-100 to obtain total and free activities, while the 
determinations in the lysosomes were done only in 
the presence of 0.2% Triton X-100. Hyaluronidase 
activity was assayed only in the lysosomes after 
repeated washings with 0.15 N NaCl and in the pres- 
ence of 0.2% Triton X-100. 

B-Glucuronidase was assayed by the method of 
Gianetto and De Duve[12] with phenolphthalein 
glucuronide as a substrate. {-N-acetylglucosamini- 
dase was determined as described by Walker et 
al.{13] using p-nitrophenyl N-acetyl-f-glucosamine 
as a substrate. Acid phosphatase was determined 
according to the method of Appelmans er al. [14] 
with sodium f-glycerophosphate as a substrate. Aryl- 
sulfatase A was assayed by the method of Roy [15]. 
Hyaluronidase activity was assayed by measuring the 
liberation of N-acetylglucosamine end-groups from 
hyaluronic acid according to the method of Hut- 
terer [16]; the N-acetylglucosamine end-groups were 
measured by the method of Reissig et al. [17]. Protein 
concentration was determined by the method of 
Lowry et al.[18] with bovine serum albumin used 
as a standard. 


Statistical analysis 


The results are expressed as means + S.E.M. The 
data were analyzed by the Student’s t-test [19]. 


RESULTS 
Acute experiment 
The liver weights and the protein concentration in 
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the lysosomes were similar in the ethanol and control 
rats. The acute administration of ethanol resulted in 
no significant changes in the total and free activities 
of the lysosomal enzymes measured in the liver homo- 
genates (Table 1) or in their specific activity in the 
lysosomes (Table 2). No changes in liver histology 
were found by light microscopy after the acute 
administration of ethanol. 


Chronic experiments 


In the rats fed ethanol for a period of 1 month, 
the mean gain in body weight, the final liver weight 
and the lysosomal protein concentration were not dif- 
ferent from the values obtained in the control animals 
(Table 3). The chronic administration of ethanol in 
the diet for | month resulted also in no significant 
changes in the total and free activities of the lysoso- 
mal enzymes determined in the homogenates (Table 
4), or in their specific activity in the lysosomes (Table 
5). 

The average weight gain of the rats fed ethanol 
for a period of 6 months was significantly less than 
that of the control animals (Table 3). The final mean 
liver weight of the ethanol-fed rats was also less than 
that of the control animals (P < 0.01); however, no 
significant difference was found when the weights of 
the livers were expressed as a per cent of body weight. 
There were no differences in the concentration of pro- 
tein in the lysosomes. 

The total activities of B-glucuronidase, f-N-acetyl- 
glucosaminidase and arylsulfatase, but not of acid 
phosphatase, were increased by ethanol feeding for 
a period of 6 months (Table 4). The free activities 
of f-glucuronidase and acid phosphatase were also 
increased. Determination of the activity of the 
enzymes in the lysosomes revealed increases in the 
specific activities of B-glucuronidase, B-N-acetylgluco- 
saminidase, acid phosphatase and arylsulfatase (Table 
5). Hyaluronidase activity was not changed by eth- 
anol feeding. 

The livers of the animals fed ethanol for periods 
of 1 and 6 months were found to have variable 
amounts of small droplet fat infiltration on examin- 
ation by light microscopy. No hyaline bodies, necrosis 
or fibrosis was found. No changes in liver histology 
were fourd in the control rats. 


Table 1. Effect of acute ethanol administration on the total and free activities 
of lysosomal enzymes in liver homogenates* 





Lysosomal enzyme activity (umoles/g liver/min) 





Determination 


Control Ethanol 





B-Glucuronidase Tt 

7 

F/T (%) 
B-N-acetylglucosaminidase T 


F/T (%) 
T 


Acid phosphatase 
F 
F/T (%) 
Arysulfatase A T 
F 
F/T (%,) 


0.57 + 0.035 
0.12 + 0.021 
216+ 14 
3.56 + 0.250 
2.94 + 0.225 
73.0 + 4.73 
5.35 + 0.590 
1.84 + 0.270 
32.6 + 1.77 
3.15 + 0.463 
1.86 + 0.377 
56.4 + 3.55 


0.52 + 0.101 
0.15 + 0.012 
27.3 + 23 
3.42 + 0.306 
2.62 + 0.305 
73.1 + 4.23 
3.87 + 0.483 
1.47 + 0.302 
35.6 + 4.19 
3.21 + 0.475 
1.74 + 0.062 
54.1 + 5.18 





* All values are expressed as means + S.E.M. The differences in values are not 


Statistically significant. 
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Table 2. Effect of acute ethanol administration on the specific activity 
of lysosomal enzymes* 





Lysosomal enzyme activity (nmoles/mg protein/min) 





Determination Control Ethanol 





B-Glucuronidase 28.7 + 1.32 32.0 + 3.31 
B-N-acetylglucosaminidase 459.2 + 75.50 436.7 + 80.95 
Acid phosphatase 459.7 + 24.6 496.4 + 246 
Arylsulfatase A 271.5 + 54.2 366.5 + 59.0 
Hyaluronidase 76.4 + 33.9 42.4 + 115 





* All values are expressed as means + S.E.M. of eight animals. The 
differences in values are not statistically significant. 


Table 3. Effect of chronic ethanol feeding on weight gain, liver weight and lysosomal protein 
concentration* 





One month Six months 





Determination Control Ethanol Control Ethanol 





Weight gain (g/day) 1.34 + 0.020 1.22 + 0.015 1.20 + 0.052 0.98 + 0.030t 
Liver weight (g) 5.5 + 0.25 5.8 + 0.25 8.4 + 0.37 6.9 + 0.21t 
(g/100 g body wt) 3.4 + 0.143 3.6 + 0.082 3.2+0.13 3.14011 
Lysosomal protein (mg/g) 7.1 +032 6.6 + 0.51 2.96 + 0.181 2.94 + 0.205 





* All values are expressed as means + S.E.M. of eight animals. 
¢ Significant difference from control, P < 0.01. 


Table 4. Effect of chronic ethanol feeding on the total and free activities of lysosomal enzymes in liver homogenates* 





Lysosomal enzyme activity (umoles/g liver/min) Lysosomal enzyme activity (umoles/g liver/min) 
One month Six months 








Determination Control Ethanol Control Ethanol 





B-Glucuronidase Tt 0.57 + 0.067 0.63 + 0.045 0.76 + 0.036 1.14 + 0.164t 
F 0.13 + 0.007 0.14 + 0.012 0.13 + 0.014 0.49 + 0.088§ 
F/T (% 20.4 + 1.04 22.4 + 1.03 18.5 + 2.16 44.7 + 7.06}| 
B-N-acetylglucosaminidase T 3.48 + 0.206 3.35 + 0.285 3.69 + 0.323 5.30 + 0.537t 
F 2.33 + 0.186 2.38 + 0.255 3.42 + 0.523 4.85 + 0.585 
F/T (%) 68.3 + 3.25 70.1 + 4.02 87.4 + 4.71 86.1 + 2.34 
Acid phosphatase T 2.67 + 0.209 3.04 + 0.206 6.44 + 0.568 5.92 + 0.476 
F 1.11 + 0.155 0.96 + 0.135 2.72 + 0.416 4.12 + 0.352t 
F/T (%) 43.0 + 8.83 37.0 + 4.06 36.4 + 5.73 70.8 + 6.25} 
Arylsulfatase A T 2.64 + 0.201 2.84 + 0.166 3.52 + 0.124 4.64 + 0.316) 
: F 0.73 + 0.115 1.19 + 0.214 1.28 + 0.184 1.92 + 0.280 
F/T (%) 26.3 + 3.44 34.9 + 5.21 35.6 + 3.29 39.5 + 3.71 





* All values are expressed as means + S.E.M. of eight animals. 
+ T, total; F, free; F/T, free/total. 

t Significant difference from control, P < 0.05. 

§ Significant difference from control, P < 0.001. 

|| Significant difference from control, P < 0.01. 


Table 5. Effect of chronic ethanol feeding on the specific activity of lysosomal enzymes* 





Lysosomal enzyme activity (nmoles/mg protein/min) Lysosomal enzyme activity (nmoles/mg protein/min) 
One month Six months 





Determination Control Ethanol Control Ethanol 





B-Glucuronidase 29.0 + 2.58 32.7 + 2.46 31.5 + 1.75 51.2 + 6.68t 
B-N-acetylglucosaminidase 465.4 + 41.62 512.8 + 63.81 599.9 + 52.50 1200.5 + 244.40¢ 
Acid phosphatase 460.6 + 28.03 533.8 + 28.32 536.4 + 31.61 812.0 + 65.3t 
Arylsulfatase A 259.7 + 21.95 316.4 + 23.45 287.8 + 54.49 540.0 + 107.8 
Hyaluronidase ND§ ND 25.8 + 4.14 26.2 + 3.21 





* All values are expressed as means + S.E.M. of eight animals. 
t Significant difference from control, P < 0.01. 

t Significantly different from control, P < 0.05. 

§ ND, not determined. 
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DISCUSSION 


The effect of the acute administration of ethanol 
on hepatic lysosomal enzymes was studied here for 
the first time, and found not to result in any changes 
in lysosomal enzymes. By contrast, the acute 
administration of carbon tetrachloride, a more power- 
ful toxin which, unlike ethanol, results in the develop- 
ment of hepatocellular necrosis, has been shown to 
increase the free activities of a number of lysosomal 
enzymes in liver homogenates [4, 5, 20] and to elevate 
their activities in the serum [5]. Ischemia of the liver 
induced by ligation of the vascular pedicle of a lobe 
has also resulted in an increase in the free activities 
of a number of lysosomal enzymes [7]; however, there 
is no evidence that the release of lysosomal enzymes 
is the cause of the cell injury since evidence of nec- 
rosis precedes detectable increases in the free lysoso- 
mal enzymes [5]. The feeding of ethanol for a period 
of | month resulted also in no changes in the activity 
of lysosomal enzymes. Other investigators, with the 
exception of finding a transient increase in total f-glu- 
curonidase activity in one study after 10 days of eth- 
anol feeding [8], also did not find changes in the total 
activity of lysosomal enzymes after ethanol feeding 
for periods up to 80 days[8,9]. They demonstrated 
increases, however, in the free activities of f-glucur- 
onidase [8,9], acid phosphatase [8] and acid deoxyri- 
bonuclease [9]. The differences in the effect of short- 
term ethanol feeding between the above studies and 
ours could be due to differences in the technique used 
in homogenizing the liver, in that the animals in the 
above studies were not pair-fed, or in the age of the 
animals used. Increases in the free activity of lyso- 
somal enzymes were reported to occur after acute 
hepatic injury in old but not in young rats, in one 
study [21]. Our animals, at the start of the feeding 
of ethanol, weighed 90-110g, while the animals in 
the above studies weighed between 200 and 300g. In 
another study, ethanol, given by intraperitoneal injec- 
tions in a dose of | g/kg of body weight for 14 days, 
resulted in decreases in lysosomal protein concen- 
tration, and in the total and free activities of B-N- 
acetylglucosaminidase and hyaluronidase [10]. This 
study, however, cannot be compared with ours 
because of the different dosage and route of adminis- 
tration of the ethanol. 

In contrast to the lack of changes in the activities 
of lysosomal enzymes after the acute and short-term 
chronic administration of ethanol, its feeding for a 
period of 6 months resulted in increases in the total 
activities of f-glucuronidase, f-N-acetylglucosamini- 
dase and arylsulfatase A, and in the specific activity 
of these enzymes plus acid phosphatase determined 
in a lysosomal fraction. In addition, there were in- 
creases in the free activities of /-glucuronidase and 
acid phosphatase. 

The cause of the increase in the total activity of 
lysosomal enzymes after ethanol feeding is unknown. 
Various studies suggest that lysosomal enzymes are 
synthesized in the endoplasmic reticulum and then 
transferred to the lysosomes [22,23]. Some of the 
lysosomal enzymes such as f-glucuronidase have the 
characteristic of a dual distribution, a significant 
portion of the enzyme activity being present in the 
microsomes [24]. The administration of ethanol has 


been shown to result in increases in the smooth endo- 
plasmic reticulum and in activity of microsomal 
enzymes [25, 26]. The administration of phenobarbi- 
tal, a powerful inducer of microsomal enzymes, has 
resulted in increases in the volume of the liver occu- 
pied by the lysosomes [27], and in increases in the 
specific activities of lysosomal enzymes in the lyso- 
somes in one study [28], but not in increases in their 
total activity determined in liver homogenates in 
another study [29]. However, the prolonged oral 
administration of phenobarbital was recently demon- 
strated to increase the total activities of lysosomal 
enzymes in intestinal homogenates [30]. Nevertheless, 
it is unlikely that the mechanism for the increase in 
the activity of lysosomal enzymes, after prolonged 
ethanol administration, is induction of their synthesis 
in the microsomes with secondary shift to the lyso- 
somes. since no increase in lysosomal enzymes was 
found after 1 month of ethanol feeding, at a time 
when induction of microsomal enzymes by ethanol 
is at a peak [26]. 

Malnutrition may be a mechanism for the changes 
in the enzymes after chronic ethanol feeding, since 
starvation [31,32] has been shown to result in in- 
creases in the total and free activities of the lysosomal 
enzymes. In addition, children with kwashiorkor were 
found to have increases in the size and number of 
lysosomes in liver biopsies examined by electron 
microscopy [33], and elevations in the activity of 
lysosomal enzymes in their sera [34]. Malnutrition is 
suggested by’ the slower gain in body weight of the 
ethanol-fed rats, which occurred despite their pair- 
feeding with the control animals. Its most likely cause 
is malabsorption, which has been demonstrated in 
animals after the administration of ethanol [35, 36] 
and in chronic alcoholic patients [37]. > 

Lysosomal enzymes may play a role in the degrada- 


‘tion of mucopolysaccharides present in the ground 


substance of collagen. The mucopolysaccharides are 
degraded to oligosaccharides by mucopolysacchari- 
dases such as hyaluronidase, and the oligosaccharides 
in turn can be degraded by other lysosomal enzymes 
such as f-glucuronidase and f-N-acetylhexosamini- 
dases [38]. Parallel changes in hepatic hyaluronidase 
and f-glucuronidase have been described, with de- 
creases in acute liver injury and in_ irreversible 
fibrosis, and. increases in reversible liver fibrosis [16]. 
In this study no changes in the activity of hyaluroni- 
dase were found after chronic ethanol feeding despite 
the increases in the activity of B-glucuronidase and 
of the other lysosomal enzymes measured. However, 
ethanol feeding also did not result in acute hepatocel- 
lular injury or fibrosis, suggesting that changes in 
hyaluronidase activity occur either by a different 
mechanism than the changes in the other lysosomal 
enzymes, or only in association with severe tissue 
injury. 

The increases in total and free lysosmal enzymes, 
demonstrated after chronic ethanol feeding in this 
study, may explain the increased activity of lysosomal 
enzymes found in the serum of chronic alcoholic 
patients [39]. Increases in the ratio of free to total 
lysosmal enzymes have been found in liver biopsies 
of patients with viral hepatitis and active cirrhosis 
[40], and increases in the serum activities in patients 
with acute, and chronic hepatitis, and cirrhosis 
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[41,42]; however, in this study the increases in lyso- 
somal enzymes were accompanied by histological 
‘changes consisting only of mild fatty infiltration of 
the liver and no evidence of hyaline bodies, necrosis 
‘or fibrosis. The same histological findings have been 
found by other investigators after similar periods of 
ethanol feeding [43,44]. More prolonged feeding of 
ethanol has resulted in the development of increased 
fatty infiltration and hyaline bodies in rats [44], and 
necrosis, fibrosis and cirrhosis in monkeys [1 ]. 
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SHORT COMMUNICATION 


Possible involvement of GABA in morphine analgesia 


(Received 25 May 1976; accepted 2 July 1976) 


Many attempts have been made to correlate the analgesic 
action of morphine with alterations of content and/or 
metabolism of various putative neurotransmitters, and 
possible involvements of the changes of cerebral acetylcho- 
line [1,2], catecholamine [3-5] and 5-hydroxytryptamine 
[6,7] contents in the occurrence of morphine analgesia 
were reported. Concerning y-aminobutyric acid (GABA), 
a major candidate for inhibitory neurotransmitter in the 
central nervous system (CNS), little information is avail- 
able whether or not the change of this compound in the 
CNS may actually related to the analgesic action of mor- 
phine. Ho et al. [8] demonstrated that administration of 
GABA enhances the formation of morphine tolerance and 
dependence in mice. In this report, we describe that GABA 
may also be involved in the analgesic action of morphine. 

Mice of STD-ddy strain weighing 22-26g were used. 
Analgesic responses were measured by a caudal compres- 
sion method [9]. Mice were divided in four groups and 
pretreated with various drugs prior to the administration 
of morphine-HCl (15mg/kg, ip.) or aminopyrine 
(150 mg/kg, i.p.). The schedules used for pretreatment were 
as follows: A, saline (1 hr before); B, aminooxyacetic acid- 
HCI (AOAA: 25 mg/kg, i.p., 1 hr before); and C, sernicarba- 
zide-HCl (SCZ: 125 mg/kg, i.p., 5 hr before), administered 
respectively prior to the morphine or aminopyrine 
administration. In the experiments using D, bicuculline- 
HCI (BCL: 2 mg/kg, i.p.), BCL was administered simul- 
taneously with morphine or aminopyrine. After administer- 
ing morphine or aminopyrine, the threshold for pain was 
determined every 30min. for 3 hr. GABA levels in the 
brain were determined fluorometrically [10] after extract- 
ing with 75% EtOH [11]. 

Maximal analgesic effects of morphine and aminopyrine 
appeared at 30 min after the administration in male mice 
(Fig. 1). In morphine-treated male mice, the pretreatment 
with AOAA significantly prolonged morphine-induced 
analgesic responses, whereas subconvulsive doses of SCZ 
and BCL strongly attenuated the morphine analgesia. 
These effects were most obvious 1 hr after the morphine 
administration. The potentiating effect of AOAA on mor- 
phine induced analgesia was maintained more than 2 hr. 
The pretreatments with AOAA, SCZ and BCL, however, 
did not modify the analgesic action of aminopyrine. Simi- 
larly, pretreatment with AOAA in female mice also in- 
duced a significant prolongation of morphine analgesia 
without affecting the analgesic effect induced by aminopyr- 
ine (Fig. 2). To ascertain the effect of these drugs on GABA 
contents, GABA levels in the brain were determined when 
most significant potentiation by AOAA and/or attenuation 
by SCZ and BCL on the morphine analgesia was observed 
(1 hr after morphine administration). As shown in Table 
1, the pretreatment with AOAA increased the cerebral 
GABA content by 180 per cent, whereas that with SCZ 
decreased it by 32 per cent. On the other hand, the pre- 
treatment with BCL did not show any noticeable change 
of GABA content in the brain. These results suggest that 
AOAA may induce a potentiating effect on morphine anal- 
gesia by increasing the cerebral GABA, whereas SCZ 
attenuates analgesic effect of morphine by decreasing 
GABA content in the brain. The data also indicate that 


antagonistic effect of BCL on morphine analgesia is not 
related to the alteration of cerebral content of GABA. To 
examine a possibility that the attenuating effects of both 
SCZ and BCL on morphine induced analgesia may rep- 
resent a simple reflection of general and unspecified effects 
as convulsant drugs, experiments having simultaneous 
administrations of a subconvulsive dose of strychinine and 
morphine were also carried out. No significant change in 
morphine-induced analgesia, however, was observed in ani- 
mals having simultaneous administration of strychinine. 
These results suggest that the attenuating effects of SCZ 
on morphine analgesia is rather specific and may be related 
to the decrease of brain GABA, while that of BCL may 
be due to known effects of this compound as a GABA 
antagonist [12]. 

It has been considered that GABA may not be involved 
in the occurrence of analgesic action of morphine, since 
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Fig. 1. Effect of various drugs on morphine and aminopyr- 
ine induced analgesic responses in male mice. Abscissa: 
time after morphine (Mor, 15 mg/kg, i.p.) or aminopyrine 
(Apy, 150 mg/kg, i.p.) administration. Ordinate: threshold 
for pain stimuli. Schedules for the administration of drugs 
and number of animals used (in parenthesis) are as follows: 
saline, 1 hr before Mor [16] or Apy [10]. AOAA, 1 hr 
before Mor [14] or Apy [5]. Semicarbazide, 5 hrs before 
Mor [17] or Apy [5]. Bicuculline, simultaneously 
administered with Mor [12] or Apy [5]. * P < 0.05, 
** P < 0.02, *** P < 0.01, # P < 0.001, compared 
with each control (saline) value, respectively. 
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Fig. 2. Effect of AOAA on morphine and aminopyrine in- 
duced analgesic responses in female mice. Abscissa: time 
after morphine (15 mg/kg, i.p.) or aminopyrine (150 mg/kg, 
ip.) administration. Ordinate: threshold for pain stimuli. 
Schedules for the administration of drugs and number of 
animals used (in parenthesis) are as follows: saline, 1 hr 
before morphine [11] or aminopyrine [4]. AOAA, 1 hr 
before morphine [12] or aminopyrine [5]. ** P < 0.02, 
*** P <(.01 compared with each control (saline) value, 
respectively. 


no change of GABA content in the brain mass was 
detected following a single administration of morphine 
[13,14]. Our findings described here, however, indicate 
that the increase of brain GABA potentiates and the de- 
crease of this compound attenuates the morphine analge- 
sia. By considering additional facts the antagonistic action 
of bicuculline on morphine analgesia (Fig. 1), enhancement 
of morphine tolerance and dependence by GABA 
administration [8] and our recent findings that a signifi- 
cant increase of GABA in the specific regions of spinal 
cord and thalamus involved in the pathway for the percep- 
tion of pain (in preparation), we are attempting to suggest 
that functional alterations of the GABA system in the CNS 
may also be an important factor for the occurrence of anal- 
gesic action of morphine. 
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Table 1. Effect of various drugs on GABA content in 
mouse brain 





GABA Content + S.E.M. 


Treatment (umoles/g) %, of control 





Control 100 
Morrhire 
+ Saline 
+ AOAA 
(25 mg/kg. 
1p.) 
+ Semicarba- 
zide 
(125 mg/kg, 
i.p.) 
+ Bicuculline 
(2 mg/kg, 
i.p.) 


94.8 + 4.6 
276.9 + 29.2 


1.67 + 0.14* 67.8 + 5.7 


2.23 + 0.06 90.8 + 2.7 





Each value in this table represents the mean + S.E.M. 
obtained from 5-6 animals. Each determination was made 
in duplicate. Animals were decapitated | hr after morphine 
(15 mg/kg, ip.) administration. For other experimental 
conditions, see the footnotes to Fig. 1. 

* P < 0.01, compared with the control value. 
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STEREOSPECIFICITY IN THE METABOLISM OF THE CHIRAL ISOMERS OF FONOFOS 
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The metabolic conversion of phosphorothionate (P=S) triesters to the corresponding phos- 
phate (P=0) ester is a well known activation reaction occurring in animals and plants. Since 
P=S esters are generally poor anticholinesterases, activation to the P=0 ester is required 
for intoxication by organophosphorus insecticides containing the P=S moiety. This communica- 
tion is concerned with the stereochemical course of P=S to P=0 activation of the resolved 
isomers of fonofos (O-ethyl S-phenyl ethylphosphonodithioate) in the presence of mouse liver 
microsomal mixed function oxidase. This enzymatic desulfuration reaction proceeded with 
greater than 70 percent retention of configuration at the phosphorus center. 

Mechanistic studies on the conversion of P=S to P=0 esters by enzymatic and model oxi- 
dation systems have recently received considerable attention (1-7). While the stereochem- 
istry of P=S to P=0 conversion by peroxyacids has been examined (7), related studies with the 
microsomal mixed function oxidase enzymes have not been reported. We have prepared the 
enantiomers of fonofos (I and II) and fonofos oxon (III and IV) and established their abso- 
lute configuration by X-ray diffraction analysis and chemical correlation (8). Details of 


this work will be reported elsewhere. 
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Briefly stated, however, the absolute configuration of the fonofos isomers I and II was 
established by X-ray analysis of the corresponding p-bromo analog of fonofos (a solid, m.p. 
29-31°) and relating it to fonofos by chemical correlation. The configurations of the fo- 
nofos oxon isomers were established through their synthesis from (R) p~ (+) and (S) ,-(-) o- 
ethyl ethylphosphonothioic acid (configuration assigned by X-ray analysis of the corres- 
ponding a-phenylethylamine salt) by reaction with benzene diazonium chloride as depicted 
below for the (R)p isomer. (S), and (R) p refer to the two different stereochemical con- 
figurations of the phosphorus atom in each isomer according to the Cahn-Ingold-Prelog 


System (9). 
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Enantiomers of 355 _ phenyl fonofos were prepared by reaction between 335 _ sodium ben- 
zenethiolate and the corresponding enantiomers of O-ethyl ethylphosphonochloridothioate in 
a 1,2-dimethoxyethane-ether solvent mixture. Enzymatic oxidations were carried out in 25- 
ml open Erlenmeyer flasks at 37.5°. The reaction mixture, in a final volume of 5 ml, con- 
sisted of Tris-HCl buffer (0.1 M), pH 7.8, glucose 6-phosphate (G-6-P, 1 X 10°? M), NADPH 
(5 X 104 M), G-6-P dehydrogenase (1 I.U.), 355_shenyl-labeled fonofos isomer (2 X 10-4 
M), added in 50 ul acetone, and female mouse liver microsomal suspension (17.5 mg protein). 
Each mixture was incubated for 2 hr and a total of 300 separate incubations were carried 
out for each enantiomer. The reaction was terminated by the addition of sodium chloride 
and acetone, the incubation mixtures were combined, and radiolabeled materials were ex- 
tracted into ether by continuous liquid-liquid extraction for 24 hr. Approximately 95 
percent of the charged radioactivity was recovered in ether. 355. jabeled fonofos oxon 
(III or IV) was isolated and purified as follows: solvent partitioning between acetoni- 
trile and hexane, Florisil column chromatography using ether-hexane to separate biological 
materials, and finally by preparative thin-layer chromatography (t.l.c.) using Silica gel 
GF 254 (1 mm) and the same ether-hexane solvent. The oxons obtained from I and II were 
determined to be > 99 percent pure (disregarding isomeric content) as estimated by 
autoradiography of a t.l.c. plate and by gas-liquid chromatography (g.l.c.) analysis using 

35 


an alkaline flame ionization detector. Other S-labeled materials isolated were diphenyl 


disulfide, diphenyl disulfide oxide, and unmetabolized fonofos. 
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Data for the specific rotation, [al (25°, sodium D line, 1 dm cell in cyclohexane), 
of starting (R)p and (S)p fonofos and the isolated oxons are presented in Table 1. Two 
separate experiments were conducted with the (S), isomer. The degree of stereospecificity 
for each reaction was calculated by comparing the specific rotation of the isolated oxon 
with that of the corresponding fonofos oxon [(R), +112.64° (c 1.02), (S)p -121.70° (c 
0.636)] which was synthesized from the respective isomeric O-ethyl ethylphosphonothioic 
acid. Values for percent retention in Table 1 were obtained by summing the specific 
rotation of the isolated oxon and one-half of the difference in specific rotations between 
the synthesized oxon and isolated oxon, and dividing the sum by the specific rotation of 
the synthesized oxon. The values given must be regarded as estimates owing to differences 


in the specific rotations of the synthesized isomers of fonofos and fonofos oxon. 


TABLE 1. Specific rotations of starting (R) > and (S), fonofos and respective oxons iso- 
lated after incubation of each fonofos isomer with mouse liver microsomal mixed 


function oxidase 





25 


25 Fonofos [a]5, 


[a] 
D 
Fonofos (Cyclohexane) oxon (Cyclohexane) Stereospecificity 





(S)p +138.40°(c 0.301)" (R)p +49.78°(c 0.298) 72% Retention 
(S)p +138.40° (R)p +61.83°(c 0.307) 77% Retention 


(R)p -114.56°(c 0.309) (S)p -69.29°(c 0.533) 78% Retention 





x 
Rotations were determined in a Rudolph high precision polarimeter; c is the concentration 


in g/100 ml. 


The results indicate that the P=S to P=0 activation reaction mediated by mouse liver 
microsomal oxidase proceeds predominantly with retention of configuration, as illustrated 


below with (S)p fonofos. Thus, the stereochemical course of the reaction is consistent 
S 0 
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with the mechanism proposed by Ptashne et al. (2) for the oxidative desulfuration of 
parathion to paraoxon in which initial attack by oxygen on the thiono sulfur is postu- 


lated. 
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Although retention of configuration remains the principal course of the oxidative 
desulfuration reaction, evidently inversion also occurs to a significant extent (20-30%). 
Inversion probably proceeds with initial attack of oxygen on the phosphorus atom, followed 
by elimination of sulfur. In this regard, the stereochemical course of peroxy acid oxida- 
tion of a chiral phosphinothioate ester to the corresponding oxon is reported to be 
dependent on the nature of the peroxy acid and acidity of the reaction medium, with inver- 
sion occurring in the presence of strong acids (7). Further work is in progress on the 

35 


behavior of S-labeled fonofos isomers in other model oxidation systems and in whole 


animals. 
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DISPOSITION IN MAN 


G. R. WILKINSON and S. SCHENKER 


Departments of Pharmacology and Medicine, Vanderbilt University School of Medicine, Nashville, 
TN 37232, U.S.A. 


Liver disease in man consists of an assortment of 
pathophysiological disturbances which, in addition to 
damage to the hepatic cells and architecture, may lead 
to a reduction in overall hepatic blood flow, shunting 
of blood around or within the diseased liver and an 
alteration of plasma protein synthesis. It is not sur- 
prising, therefore, that both acute and chronic liver 
disease can produce significant effects upon drug dis- 
position, particularly hepatic drug removal. However, 
the determination, quantification and interpretation 
of any such alterations in the handling of drugs by 
patients with liver disease are quite difficult. First, 
damage to the organ and the degree of functional 
abnormality of the organ vary widely within any diag- 
nosed disease process and, importantly, the clinical 
and laboratory criteria for rating the severity of any 
particular class of liver disease are relatively crude. 
As a result, any study population has the potential 
for considerable heterogeneity with respect to the 
magnitude of alterations in the various processes of 
drug disposition [1]. Regrettably, many reported 
studies have failed to provide suitable clinical infor- 
mation to permit adequate assessment of the disease- 
state. Additionally, it is not unusual for the patients 
under study to be receiving concomitant therapy with 
other drugs, with the attendant potential for drug- 
drug interactions. These may well obscure any disease- 
induced changes in the disposition of the drug of in- 
terest, as exemplified by the study of Levi et al. [2] 
with phenylbutazone. A similar situation is becoming 
increasingly apparent in normal individuals utilized 
as control subjects [3], and this drug interaction fac- 
tor clearly causes a considerable problem in data in- 
terpretation. Many investigators have also limited 
their assessment of altered drug disposition to the 
determination of the elimination half-life. Unfortuna- 
tely, this parameter alone may have limited usefulness 
in identifying such factors (vide infra). Because of the 
lack of recognition of these types of problems, many 
reported studies are difficult to interpret definitively 
and a generally confused, and sometimes conflicting, 
picture has developed of the effects of liver disease 
on drug disposition. In recent years, more carefully 
designed and considered studies have been under- 
taken and a clearer impression is now emerging, par- 
ticularly with respect to viral hepatitis and cirrhosis. 
Less information is available concerning the effects 
of biliary obstruction, neoplastic diseases and drug- 
induced liver damage. Recent reviews have dealt with 
specific classes of disease and drugs [4-6]. Conse- 
quently, this article will predominantly concern itself 


with the underlying nature of alterations in the 
various physiological determinants which lead to the 
observed changes in drug disposition in patients with 
hepatic dysfunction. 


MECHANISMS OF ALTERED DRUG 
DISPOSITION 


Hepatic extraction and clearance 


Intuitively it might be expected that liver dysfunc- 
tion would lead to an impairment in the ability of 
this organ to remove drugs irreversibly by either 
metabolism and/or biliary excretion. A major prob- 
lem arises, however, in selecting a parameter to 
express such a change. This is because drug removal 
actually reflects a number of different, independent, 
and potentially rate-limiting physiological processes, 
which all have the possibility for change in the patient 
with liver disease. Moreover, these parameters may 
interact to exaggerate or dampen any effect associated 
with damage to the function of the liver cell per se. 
The clearance concept is of particular value in this 
regard since it is a measure of the efficiency of drug 
removal from a biological fluid [7, 8]. 

From a practical standpoint, the clearance of drug 
from blood circulating through the liver, hepatic 
clearance, is the most useful assessment of the overall 
functional efficiency of the liver. This is because hepa- 
tic clearance, plus any contribution from other organs 
of elimination such as the kidney, i.e. systemic drug 
clearance, controls the circulating drug concentration 
at steady-state. This, in turn, is generally considered 
to be the major determinant of any elicited pharma- 
cological effects. Most analytical methodologies for 
determining drug concentrations in blood or plasma 
do not distinguish between free or unbound drug and 
that which is bound to the various consitituents of 
blood such as the plasma proteins. Consequently, the 
hepatic clearance is frequently expressed in terms of 
total drug (Cly, jota1). However, since it is usually pre- 
sumed that only the unbound drug can cross the 
various biological membranes and translocate to the 
receptor site(s), it is more appropriate to consider the 
clearance and steady-state concentration of free drug 
(Clu. free = Cli. totar/fp, Where fg is the fraction of drug 
present unbound in the blood). Liver disease can sig- 
nificantly affect the binding of drugs in the blood, 
and, if this change is overlooked, inappropriate inter- 
pretations and conclusions may be drawn from the 
experimental data. For example, the total systemic 
plasma clearance of tolbutamide in acute viral hepa- 
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titis is increased by about 50 per cent [9, 10]. Since 
almost all of this drug is eliminated by biotransforma- 
tion and presumably by the liver, it might be inter- 
preted that hepatitis paradoxically increases the effi- 
ciency of the liver to metabolize tolbutamide. But, 
if the clearance is corrected for the change in drug 
binding, there is no significant difference between nor- 
mal and diseased individuals. This would suggest that 
the change in Cl jora; May be attributed entirely to 
the associated alterations in plasma drug binding, and 
there is in fact no significant change in metabolic acti- 
vily of the liver. A similar phenomenon has been 
observed with phenytoin in acute viral hepatitis [11]. 
Even when liver disease causes a significant reduction 
in total systemic clearance, this change may not accu- 
rately reflect the degree of functional impairment of 
the hepatic cells, if it is also accompanied by a change 
in binding. For example, the 2-fold decrease in the 
clearance of diazepam in cirrhosis underestimates the 
actual hepatic damage since the unbound fraction in 
the blood is also increased [12]. In fact Cly. free is 
reduced by almost 4-fold. Consideration should also 
be given to the fact that alterations in plasma binding 
may also affect the distribution of the drug within 
the blood [13,14]. Since drug in the erythrocyte 
usually equilibrates rapidly with that in the plasma, 
the blood acts as a single compartment with respect 
to mass transfer. Consequently, assessment of hepatic 
clearance should be based upon blood rather than 
plasma determinations. 

Unfortunately, an alteration in drug clearance from 
the blood in patients with liver disease. even if 
expressed in terms of unbound drug, does not gener- 
ally indicate the responsible mechanisms or the mag- 
nitude of any changes in the involved physiological 
determinants of hepatic function. This is because 
removal of drug from the blood by the liver depends 
on its rate of delivery to the organ, i.e. liver blood 
flow (Q), the binding of drug in the blood as reflected 
by f, and the inherent ability of the liver to eliminate 
the drug by the processes of metabolism and/or bili- 
ary excretion. The latter can be conceived as the rate 
of clearance of drug from the liver water, and has 
been termed the free intrinsic clearance (Cl'jntrinsic)- 
The relationship between these determinants is indi- 
cated in Equation 1 [8]. 


SpClintrinsic 

Q + faClintrinsic 
Chasstacte 

- al 5 + "a 


This equation also indicates that the free intrinsic 
clearance and binding in the blood may be combined 
into a term for the intrinsic clearance of total drug 
(Clintcinsic)s Which reflects the ability of the liver to 
clear the unbound plus bound drug in the absence 
of any flow limitations. Also, the parenthetic term in 
Equation 1 is equivalent to the hepatic extraction 
ratio (E). If Cl'intcinsic IS Considered with respect to 
the kinetic characteristics of the enzymes responsible 
for the metabolism of the drug, then, so long as the 
drug concentration in liver water is significantly 
below K,, i.e. first-order conditions, this parameter 
is equivalent to the ratio of V,,,, to K,, [15, 16]. This 
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condition is apparently applicable to the vast major- 
ity of drugs as they are normally used in clinical prac- 
tice. Hence, it is apparent that the hepatic biochemi- 
cal changes due to the underlying pathophysiology 
of the disease-state are best quantified by the Cl’ intrinsic 
parameter. The latter concept is relatively new and 
studies designed to explicitly estimate any such 
changes have not yet been reported. Equation 1 indi- 
cates that, in addition to knowledge of fg, estimation 
of Cl';ntrinsic TeQuires information about the hepatic 
extraction ratio and the functional blood flow to the 
liver. The latter two parameters are not directly deter- 
mined in routine drug disposition studies. However, 
in those situations where hepatic venous catheteriza- 
tion has been carried out, the extraction ratios of 
compounds such as galactose [17], bromosulfophtha- 
lein [18-20] and indocyanine green [21-23] were sig- 
nificantly reduced in chronic liver disease. From the 
knowledge of the concomitantly determined hepatic 
clearance, an estimated total liver blood flow may 
be determined, and from this the reduction in 
intrinsic Calculated. Such calculations indicate that, 
in patients with chronic liver disease, the Clinrrinsic Of 
these compounds is reduced to about 50-87 per cent 
of the values in normal individuals [24]. Of less direct 
evidence, particularly relevant to drug metabolism, 
are the findings that where the formation and elimin- 
ation of particular drug metabolite have been fol- 
lowed in patients with liver disease, the results are 
consistent with a reduction in Cl';,:insic: For example, 
reduced amounts of hydroxyamylobarbital [25], con- 
jugated phenobarbital [26] and 3-ketohexobarbital 
[27] are excreted in the urine of patients with liver 
disease after administration of the parent drugs. Addi- 
tionally, the accumulation of the metabolite of diaze- 
pam in the plasma [12] and the '*CO, expired in 
24hr after administration of ['*C-N-methyl]diaze- 
pam [28] are reduced in such patients. An alternative 
approach to obtaining quantitative information on 
possible changes in hepatic intrinsic clearance is that 
offered by administering the drug orally. After the 
drug is absorbed into the portal circulation, it passes 
through the liver one extra time relative to the same 
amount of drug administered directly into the sys- 
temic circulation by intravenous injection. This first- 
pass effect magnifies the effect of any impairment of 
drug metabolism on the systemic drug levels. In fact, 
in the absence of portacaval shunting [8], 


Do fDo 
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where AUC, is the total area under the blood concen- 
tration/time curve produced by the dose of drug, Do, 
which reaches the portal circulation and f is the frac- 
tion of the systemically available drug which is elim- 
inated by extrahepatic processes, such as renal excre- 
tion. Consequently, Do/fg: AUC is a good reflection 
Of Cl'intrinsics and if the drug is totally metabolized, 
it is a direct measure of this parameter. Again, direct 
studies utilizing this approach in liver disease have 
not been reported. However, it is clear that future 
investigations should be directed more specifically 
toward quantification of the disease-induced changes 
in the inherent capability of the hepatic cell to irrever- 
sibly remove an administered drug. 





Effects of liver disease on drug disposition in man 


Because of its involvement in both the hepatic 
extraction ratio and clearance, it would also appear 
appropriate that additional investigations on the 
effects of liver disease upon hepatic hemodynamics 
be carried out. This is particularly so with respect 
to chronic liver disease, and the differentiation of 
functional vs total hepatic blood flow. Based on the 
early study of Caesar et al. [21], it is generally con- 
sidered that the estimated hepatic blood flow is signi- 
ficantly decreased in patients with chronic liver dis- 
ease. However, other investigators [17-—20, 22, 23] 
have not confirmed this finding, and the majority of 
the presently available data suggests that total liver 
blood is not significantly reduced in these patients 
[24]. A similar situation appears to exist in acute viral 
hepatitis where normal [29] or even slightlv elevated 
[30,31] flows have been reported. The presence of 
a surgical portacaval anastomosis may decrease the 
blood flow to the liver which would be expected to 
lead to a reduction in the hepatic clearance of drugs 
whose hepatic removal is flow dependent. This 
appears to occur for indocyanine green [20] and 
d-propranolol [24, 32] at any given degree of hepatic 
cell function. In addition, the surgical procedure may 
affect the metabolizing/excretory capacity of the liver 
[24]. Intra- as well as extrahepatic anastomoses may 
also exist as a direct result of the disease-state and 
these may be quite significant. In alcoholic liver dis- 
ease, up to 62 per cent of mesenteric and 80 per cent 
of splenic flow may undergo extrahepatic shunting 
[33], and intrahepatic anastomosis has been reported 
to range from 3 to 66 per cent [34] and 3 to 34 
per cent [35]. The effect of such shunting is to reduce 
functional flow to the hepatic cells further than total 
flow estimates would indicate. The existence of porta- 
systemic shunts may also affect the fraction of the 
absorbed oral dose which reaches the systemic circu- 
lation. Because of the potential for first-pass elimin- 
ation, this is more significant for drugs with high 
values of Clintinsic than those with low values, i.e. 
small hepatic extraction ratios. In such situations, the 
increased bioavailability will lead to higher blood con- 
centrations than in a normal individual and in addi- 
tion these levels will decline more slowly because of 
the presence of decreased hepatic clearance of the 
drug. The magnitude of such changes has been 
demonstrated in both animals [36] and man [37], 
and such a phenomenon has been suggested to be 
responsible for the increased incidence of toxicity of 
niridazole in the hepatosplenic form of bilharziasis 
compared to the intestinal form of the disease [38]. 

Previous mention has been made of the potential 
for liver disease, particularly if severe and of a chronic 
nature, to alter the plasma binding of a drug. Abnor- 
mal drug binding is frequently considered to be a 
result of the reduced concentration of serum albumin 
but binding changes also occur when this factor is 
not altered, as in acute viral hepatitis, and also where 
albumin is not significantly involved in the binding 
phenomenon, e.g. d-propranolol [32]. Elevated circu- 
lating levels of unconjugated bilirubin have been sug- 
gested to account for the change in binding of some 
drugs based upon a mechanism involving competitive 
displacement. Addition of comparable concentrations 
of bilirubin in vitro has in fact been shown to decrease 
the binding of tolbutamide [9,10], phenytoin [11] 
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and warfarin [39]. However, in general, the degree 
of change after such additions was less than that 
observed in the plasma from patients with liver dis- 
ease. This would suggest the presence of other dis- 
placing agents in the plasma of such patients or 
alternatively a change in binding by some other 
mechanism. The quantitative effect of altered drug 
binding in the blood on hepatic extraction and, there- 
fore, clearance is indicated by Equation 1. In general, 
an increase in fg will tend to increase the efficiency 
of the hepatic removal process; however, the relation- 
ship is not linear [8]. Accordingly, the extent of 
change depends on the relative values of binding in 
normal and diseased individuals, Cl'jntrinsics ANd liver 
blood flow. For drugs which are poorly extracted an 
almost proportional increase in total drug clearance 
results from a decrease in binding. On the other hand, 
if the drug is well extracted, the effect of an increase 
in the free fraction is blunted and may be of little 
importance in determining hepatic extraction, e.g. 
propranolol in normal man [40]. Counteracting this 
trend toward increased extraction is the potential for 
the simultaneous presence in patients with liver dis- 
ease of a reduced Cl'jjinsi-, and, therefore, an im- 
paired ability to metabolize and/or excrete the drug 
into the bile. The net effect of these opposing changes 
on extraction/clearance will depend upon their rela- 
tive magnitudes. If the increase in the unbound frac- 
tion is insufficient to override the reduced metabolic 
ability, then the hepatic removal of total drug will 
be impaired relative to normal subjects, as previously 
mentioned for diazepam in cirrhosis [12]. At the 
other extreme, a paradoxical increase or minimal 
change in total clearance would be expected if the 
effect of the alteration in binding was greater than 
the change in Cl'jptrinsice The aforementioned studies 
with tolbutamide [9,10], phenytoin [11] and also 
warfarin [39] serve as examples of this. Whether this 
mechanism is also involved, in addition to other fac- 
tors, in the reported increase in the total metabolic 
clearance of ampicillin in patients with cirrhosis [41] 
is not clear, because plasma binding was not deter- 
mined. Importantly, Equation 1 indicates that con- 
sideration of the free clearance, obtained from the 
ratio of total clearance to the unbound fraction, will 
not indicate the magnitude of Cl'jninsic ExCePt in the 
limiting situation where the latter value is very small 
relative to liver blood flow, and, therefore, Cl. jota1 
approaches f° Cl'intrinsic: 

Impaired drug elimination induced by liver disease 
is most critical for those drugs which are predomi- 
nantly removed from the body by hepatic processes, 
and, hence, extrahepatic elimination is small. 
For those drugs which are eliminated by other 
organs, particularly the kidney, any hepatic dysfunc- 
tion would be expected to be dampened out. How- 
ever, this presumption neglects the possibility of 
altered renal function which may occur in advanced 
cirrhosis [42,43]. With the exception of carbenicillin 
[44] and benzylpenicillin [45] few studies have 
specifically investigated this particular situation. 


Drug distribution 

In view of the potential for liver disease to alter 
drug binding in the blood, it is not surprising that 
changes in the quantitative fashion in which the drug 
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distributes within the body are not uncommon in 
patients with liver disease. Such alterations are fre- 
quently measured by reference to the pharmacokine- 
tic term, volume of distribution, which is best assessed 
at steady-state (Vd,,,). In addition, the apparent 
volume into which the drug initially distributes after 
rapid intravenous administration (V,) may be uti- 
lized. These parameters, however, provide little in- 
sight into the mechanism of any observed alteration. 
The physiological approach to distribution developed 
by Gillette [15] is somewhat more useful, at least 
from a conceptual standpoint, in that it indicates that 
distribution is a function of several biological deter- 
minants. 

Vdroar = Vg + Vz S ; (3) 

Ps 4 


where Vz, is the blood volume, V7 is the volume of 
the other tissues of the body and f; and fg, are the 
fractions of unbound drug in the tissue and blood 
respectively [8]. As with drug clearance, it is also 
possible to consider unbound in contrast to total drug 
by correcting for fp. 

The volumes of distribution at steady-state of dia- 
zepam [12], ampicillin [41] and lidocaine [46] have 
been reported to be increased in cirrhosis. The 
mechanism of such differences is not clear since they 
could involve possible changes in fg and/or f7, and 
fg Was not measured except in the case of diazepam. 
With this drug the change in Vd,,,. is greater than 
would be expected on the basis of altered drug bind- 
ing in the blood, thus suggesting an alteration in tis- 
sue binding of the drug. In addition, the general and 
regional circulatory alterations which accompany 
liver disease may be involved. These factors may also 
affect the distribution volume (V,) into which the 
drug initially distributes after rapid intravenous 
administration. It is not unusual to observe greater 
intersubject variability in this parameter in patients 
with liver disease compared to normal individuals. 
Although statistical differences may not be present 
in the small patient populations that are often investi- 
gated, trends toward increased [12,41] and decreased 
[47] values for V, have been reported. The presence 
of ascites may also affect drug distribution. Thus, with 
d-propranolol [32], despite similar plasma binding, 
patients with chronic liver disease and ascites had a 
2-fold increase in the distribution volume of the drug 
compared to similar patients without ascites. More- 
over, the ascitic fluid may behave pharmacokineti- 
cally quite differently from other body tissues [41], 
probably due to its relatively small turnover [48]. 


Elimination half-life 


A large proportion of the reported studies on the 
effects of liver disease on drug disposition have used 
the elimination half-life (T,,.) as the quantitative in- 
dex of any changes, and have generally presumed that 
this parameter is a reflection of the drug-eliminating 
function of the liver. While this may indeed be a cor- 
rect assumption for certain drugs with specific dis- 

‘ positional characteristics, it is not generally valid. 
This is because the half-life is dependent on both the 
total systemic clearance of the drug [hepatic (Clq. jota1) 
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plus extrahepatic (Cl ey, jotai) Clearances] and its quan- 
titative distribution within the body (Vd,,,q)). 


0.693Vd, 


otal 





Ti 2 (4) 


Cli, rota + Clen, total 


Even where elimination is solely by the liver, substitu- 
tion of Equations 1 and 3 into Equation 4 indicates 
that the elimination half-life is a complex parameter 
dependent upon the inter-relationship of a number 
of physiological variables. Disease-induced changes in 
the latter may well act in opposite directions with 
respect to their effect on the half-life. Hence, it is not 
surprising that the reported studies on the effect of 
liver disease on T,,, indicate in some instances pro- 
longation, in others shortening, and with some drugs 
no change in this parameter [4,5]. When the disease- 
state only produces an alteration in Cl’ intrinsic aNd/or 
liver blood flow will the half-life change directly re- 
flect this. If alterations occur in the degree of drug 
binding in the blood or tissues, or the size of the 
pharmacokinetic body spaces into which the drug can 
distribute, then the half-life is a poor indicator of the 
alterations in hepatic function. Hopefully, future 
studies will recognize this limitation in the interpre- 
tation of half-life information. 


CLINICAL SIGNIFICANCE OF ALTERED 
DRUG DISPOSITION 


Although acute drug disposition studies in patients 
with liver disease may reveal basic information con- . 
cerning alterations in the physiological determinants 
of the involved processes, a major purpose of this 
type of study is directed toward a more rational 
use of the drug in these patients. The general hypoth- 
esis is that the alterations in drug disposition will 
require modification of the usual dosage regimen of 
the drug. Whether this is indeed true depends largely 
on the drug in question, the manner of its use and 
the disease-state itself. Most concern is expressed for 
the situation where the drug is used over a prolonged 
reriod of time, and administration of the drug to the 
diseased patient according to some regimen suitable 
for a patient without hepatic dysfunction will poten- 
tially lead to unexpected drug accumulation with its 
attendant increase in the risk of untoward effects. Any 
increased accumulation due to an impairment in sys- 
temic drug clearance will be exaggerated if a greater 
availability of drug is present because of the decrease 
in the hepatic extraction ratio or portacaval shunting. 
If the drug is to be used acutely or for a short period 
of time relative to its half-life, then the dispositional 
changes alone are unlikely to affect its efficacy or toxi- 
city. This probably accounts for the lack of any signi- 
ficant management problems in the use of diazepam 
to treat delirium tremens where it would be expected 
that impaired drug clearance would be present in 
some such patients due to concomitant liver disease 
[12,49]. The risk of toxicity will clearly depend not 
only upon the therapeutic ratio of the drug, i.e. the 
range between therapeutic and undesirable drug 
levels, but also on the magnitude of the accumulation 
relative to the non-diseased individual. These factors 
will vary for each individual drug and hence studies 
should be directed towards the more important drugs 
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as they are typically used, and an evaluation of effi- 
cacy and safety in patients with liver disease. Critical 
to such studies is an understanding of the pharmaco- 
kinetic differences in these patients compared to nor- 
mal individuals. The most important and practically 
useful information in this regard is the systemic clear- 
auce of unbound drug (Cl,/f,). As indicated pre- 
viously, systemic clearance is the controlling factor 
of steady-state blood levels, and the circulating un- 
bound drug concentration is generally considered to 
be better related to any pharmacological effects than 
the total drug concentration. Unless the clearance of 
unbound drug is significantly altered, presumably by 
impairment of the hepatic contribution to this term, 
it is unlikely that dosage modification will be required 
even though other changes in total drug clearance 
and other processes of disposition are present. Know- 
ledge of the elimination half-life is of secondary value 
but does provide information useful in determining 
an appropriate dosage interval to minimize fluctua- 
tions in the blood levels during this period. 

Despite the problems involved in definitively inter- 
preting many of the reported studies, it is clear that 
the observed alterations have often been small, e.g. 
ampicillin [41], pentobarbital [47,50], phenobarbital 
[26] and phenylbutazone [2,51]. When major alter- 
ations do occur they are usually no greater on the 
average than 2- to 3-fold, although certain individuals 
may exhibit greater changes than this. In patients 
without liver dysfunction a much wider intersubject 
variability is frequently observed. The significance of 
the abnormal pharmacokinetics in the patient with 
liver disease is, therefore somewhat questionable. The 
application of the knowledge of any pharmacokinetic 
parameter changes must also be tempered by the rea- 
lization that the inherent receptor sensitivity and re- 
sponse, especially for drugs affecting the central ner- 
vous system, may be affected in liver disease. 
Examples are diazepam [52], morphine [53], chlor- 
promazine [54,55], barbiturates [56] and warfarin 
[39]. It is highly probable that both pharmacokinetic 
and pharmacodynamic alterations are involved in the 
incrimination of sedative and analgesic drugs as the 
second most common precipitant of hepatic coma 
[57]. Presence of the latter may indicate an even 
greater degree of impairment of hepatic clearance 
[58]. In patients with significant liver disease, it 
would appear reasonable to use drugs whose disposi- 
tion is unaltered by hepatic dysfunction, e.g. oxaze- 
pam [59], so long as normal and predictable clinical 
responses are obtained. Where this is not possible, 
then prudence and individualization of therapy 
according to the clinical response are still, at the pres- 
ent time, the most appropriate manner in which to 
utilize drugs in patients with liver disease. 


PREDICTIVE TESTS OF ALTERED DRUG 
DISPOSITION 


Impairment of urinary drug excretion in renal fail- 
ure is often predictable from knowledge of the serum 
creatinine value or the creatinine clearance [60]. 
Attempts have been made and continue to be made 
to develop an analogous approach for the impaired 
hepatic clearance in liver disease. Until recently, these 
attempts have been largely unsuccessful. Initially, cor- 
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relations were attempted between an observed phar- 
macokinetic change and an alteration in one or more 
of the conventional biochemical “liver function” tests, 
e.g. serum albumin, prothrombin time, SGOT, serum 
total bilirubin, LDH, and alkaline phosphatase. These 
tests reflect widely different aspects of the multifaceted 
functions of the liver, hence, it is not surprising that 
few successful correlations with drug elimination have 
been established. Some relationships have been seen 
with either serum albumin and/or prothrombin time 
[1, 2, 25, 26, 32, 61,62]; however, these results prob- 
ably reflect a distribution of patients into sub-groups, 
severe versus mild or compensated liver damage, since 
continuous correlations have not been established. 
Also, it should be noted that most investigators have 
attempted to obtain a relationship with the elimin- 
ation half-life which does not necessarily give a good 
indication of the efficiency of hepatic drug removal, 
vide supra. 

Because of the lack of success of these “liver func- 
tion” tests to predict alterations in drug elimination 
in liver disease, there has been increasing interest in 
developing specific tests for this purpose, utilizing 
model compounds which are subject to hepatic remo- 
val. Substrates examined to date include such diverse 
substances as galactose [51, 62-64], indocyanine green 
[32, 65, 66], antipyrine [32,65] and ['*C]Jaminopyr- 
ine [67-69]. The latter two compounds are particu- 
larly attractive in that they utilize non-invasive pro- 
cedures to assess hepatic function, i.e. measurement 
of salivary concentrations of antipyrine or the urinary 
excretion of the metabolite, 4-hydroxyantipyrine, and 
measurement of the expired '*CO, formed by 
demethylation of aminopyrine. 

The initial results from the model drug approach 
are quite encouraging, at least in chronic liver disease. 
Thus, the impairments in the clearances of propranolol, 
indocyanine green and antipyrine are well correlated 
[24, 32,65]. In a less definitive study, the half-life of 
either antipyrine, lidocaine or acetaminophen was 
always associated with a corresponding impairment 
in the elimination of the other drugs [61]. However, 
rigorous prospective evaluation of these “marker” 
compounds will be required before their practical uti- 
lity and limitations as general predictors of drug- 
metabolizing ability in the presence of liver disease 
of varying etiology and severity are determined. A 
possible spin-off of these types of investigations may 
well be the development of a valuable liver function 
test per se, since there is preliminary evidence that 
the ability to metabolize certain drugs may be a much 
more sensitive indicator of general hepatic dysfunc- 
tion than the presently available biochemical tests 
[68]. 

Perhaps the most intriguing aspect of the studies 
with one or more drugs in the same patient with 
chronic liver disease is the strong correlations that 
appear. This is despite the fact that some compounds, 
such as indocyanine green, are excreted by biliary 
excretion, whereas others undergo biotransformation 
and, more importantly, involve different types of 
drug-metabolizing enzymes. Moreover, in some in- 
stances hepatic clearance by the normal liver is reflec- 
tive of the drug delivery rate, i.e. hepatic blood flow 
(indocyanine green and propanolol), whereas in other 
cases the metabolizing activity of the liver is rate- 
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limiting (antipyrine and aminopyrine). Such positive 
correlations could occur if both Clintinsic and liver 
blood were reduced in parallel. However, this would 
not alter the hepatic extraction ratio (Equation 1). 
Direct measurement of this parameter [13, 18-23] in- 
dicates though that chronic liver disease does lead 
* to a reduction in E. Thus, the reduction in both hepa- 
tic clearance and extraction must indicate that 
Clintrinsic IS Teduced to a greater extent than liver 
blood flow. The parallel and proportionate reduction 
of both high and low clearance drugs might then be 
due to a reduced ability of each liver cell to eliminate 
drugs while blood flow is maintained. This “sick cell” 
hypothesis [24], however, would mean that the intrin- 
sic clearance of drugs with an initially high value of 
this term would have to be reduced to a greater extent 
than that of drugs with an initially low Clintcinsic: 
While this is possible, an alternative is that chronic 
liver disease is associated with a reduced mass of nor- 
mally functioning and perfused cells; the “intact cell” 
hypothesis. The reduced clearance of high clearance 
drugs would then be due to the presence of intrahepa- 
tic shunts. These two hypotheses [24] may not be 
mutually exclusive and investigations are clearly 
required to test their validity. Certainly the observa- 
tions [70-72] that the metabolic activity in vitro of 
biopsied liver specimens is not significantly altered 
except when the liver disease is quite severe may be 
supportive evidence for the “intact cell” concept. 
Despite the possibility that the clearance of a 
marker drug, such an antipyrine, may be indicative 
of the metabolic capability of a patient with liver dis- 
ease, even for drugs which are handled by the body 
by very different pathways and perhaps processes, the 
empiric relationship for each drug of interest will have 
to be determined. Exceptions to any generalization 
are almost certain to occur and will likely occupy 
the attention of investigators for some years to come. 


PRESENT AND FUTURE PERSPECTIVES 


Despite the occasional conflicting data, there seems 
to be little doubt that the hepatic drug elimination 
for many drugs is impaired in patients with liver dis- 
ease, and that the changes are somewhat less dramatic 
in acute viral hepatitis than in cirrhosis. However, 
the concept that only the intrinsic metabolizing or 
excretory abilities are affected by liver disease is too 
simplistic. All of the major determinants of dispo- 
sition may be altered to varying degrees dependent 
on the specific drug and disease-state. The use of the 
elimination half-life to assess the severity of hepatic 
damage provides little indication, in general, of the 
magnitude or inter-relationship of these processes. 
Future studies must be more rigorously designed than 
in the past, if definitive and useful information on 
the nature of the specific perturbations is to be 
obtained. Consideration must be given to elucidating 
and quantifying the alterations in the physiological 
determinants of the disposition processes, particularly 
as they affect the systemic and hepatic clearance of 
both total and unbound drug. Information on liver 
blood flow, hepatic extraction ratio and intrinsic 
clearance would reveal the more fundamental aspects 
of any change in hepatic clearance. It would also be 
valuable to develop a clearer understanding of the 
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unequal effect that liver disease can have upon the 
hepatic elimination of different drugs and different 
pathways of metabolism [73]. Even when a common 
type of biotransformation is involved, e.g. mixed func- 
tion oxygenation, the clearance of some drugs is 
affected more than that of others, despite in many 
instances the fact that the same overall process is 
apparently involved. For example, the elimination of 
antipyrine is invariably impaired in both cirrhosis and 
acute viral hepatitis [1,32,62-65] whereas that of 
phenytoin is not affected in the latter disease-state 
[11], even though hydroxylation is an important 
elimination pathway for both drugs. Quite clearly the 
various routes of drug metabolism exhibit profoundly 
different sensitivities to the consequences of liver dis- 
ease [73]. If the reasons for this were appreciated, 
this might allow a more rational choice of drug in 
the treatment of such patients. In the interim, empiri- 
cism coupled with a good understanding of any phar- 
macokinetic changes, in drug disposition, will still 
have to be the basis for the usage of drugs in patients 
with liver disease. 
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Abstract—Rats given a single intradermal injection into the foot pad of 0.50 mg Mycobacterium butyri- 
cum, suspended in 0.1 ml of liquid paraffin, developed arthritis after a latent period of about 8 days. 
However, a decline in the activity of hepatic aminopyrine demethylase and the level of cytochrome 
P-450 ocdirred before the development of arthritis. Rats given the adjuvant preparation by the intraperi- 
toneal route showed also a decreased activity of aminopyrine demethylase. An inverse correlation 
was found between the level of «-globulin and aminopyrine demethylase activity. Rats in which arthritis 
was induced by Mycoplasma arthritidus also showed a reduced activity of aminopyrine demethylase. 
The reduction of aminopyrine demethylase activity in adjuvant-treated rats was not caused by anorexia, 
neither could it be shown to be caused by a circulating hormonal factor. However, it was noted 
that the serum from many of the arthritic rats was greenish in colour and this might have been 
caused by the breakdown of certain haem compounds. The haem saturation of hepatic tryptophan 
oxidase was much less in adjuvant-induced arthritic rats than in controls. These results suggest a 
failure in haem biosynthesis and/or an accelerated breakdown of existing haem. 


é 


Since the production of adjuvant-induced arthritis in 
rats was first described [1,2], there have been many 
publications concerned with the immunological com- 
ponents of the syndrome [2-4], with serum protein 
changes [5-6], and with the inflammatory response 
[7-8]. More recently, there have been a number of 
studies that have, either directly or indirectly, impli- 
cated an hepatic involvement in adjuvant disease. For 
example, the reduction in serum albumin [9-10] and 
the rise in circulating «,-glycoproteins [9] and 
fibrinogen [11] all reflect altered biosynthetic activi- 
ties of the liver. Further evidence comes from the find- 
ing that the activity of drug metabolizing enzymes 
is suppressed [12-17]. In this paper, we present 
further data on the hepatic enzyme changes that 
occur during the development of adjuvant-induced 
arthritis in the rat. 


MATERIALS AND METHODS 


Animals and production of arthritis. CFHB Wistar 
rats were obtained from Carworth (Europe) Ltd., 
Alconbury, Hunts., U.K. The rats were fed a stock, 
pelleted diet (Diet FFG; E. Dixon and Sons, Ware, 
Herts., U.K.). Adjuvant-induced arthritis was pro- 
duced by a single subcutaneous (s.c.) injection of 0.50 
mg of Mycobacterium butyricum, suspended in 0.1 ml 
of liquid paraffin, into the foot pad of the right hind 
paw [18]. Mycoplasma-induced arthritis was pro- 
duced in Sprague-Dawley rats (Charles Rivers, Man- 
ston, Kent, U.K.), by the intravenous (i.v.) injection 
of Mycoplasma arthritidus ATCC 14124 (1.4 x 108 
colony forming units/110 g rat). 

Assessment of degree of arthritis. At autopsy, the 
feet were removed from each rat by cutting across 
the ankle joint with a scalpel and were weighed in- 
dividually. 


Liver aminopyrine demethylase assay and _ cyto- 
chrome P-450 content. The procedures used were 
those described by Atkin er al. (1972) [18]. 

Liver tryptophan pyrrolase activity. The tryptophan 
pyrrolase activity of liver homogenates and liver mic- 
rosomal fraction was determined in the absence 
(holoenzyme activity) and presence (total enzyme acti- 
vity) of added haematin, as described by Wettenberg 
et al. (1969) [19]. The activity of the apoenzyme was 
calculated by difference. 

Serum proteins. Total protein content of serum was 
measured by the biuret method [20], using bovine 
serum albumin as standard. The separation of the 
serum protein was done electrophoretically. After 
staining with Coomassie Blue, the relative distribu- 
tion of the protein was measured using a Phoroscope 
densitometer. 

Liver 5-aminolaevulinic acid synthetase assay. Livers 
were perfused in situ with ice-cold 0.9°,, (w/v) saline. 
The liver was then removed and the 5-aminolaevu- 
linic acid synthetase was measured as described by 
De Matteis [21]. 

Haem biosynthesis in vivo. Rats were given 50 uCi 
(300 mCi/mM) [G-3H] 5-aminolaevulinic acid hydro- 
chloride (Radiochemical Centre, Amersham, U.K.) in 
0.1 ml 0.9%, saline by intraperitoneal (i.p.) injection 
and then killed exactly 1 hr later. Livers were perfused 
in situ with ice-cold saline to remove blood. The 
microsomal fraction was isolated by differential 
centrifugation [18]. Haem was isolated from liver 
microsomal suspensions [21] and a portion of this 
extract was taken for determination of radiochemical 
content. 

The incorporation of glycine into haem was 
determined in a similar manner. Rats were given 10 
uCi [2-'*C] glycine by ip. injection and killed 2 hr 
later. 
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, we i@ 21 24 
Days after adjuvant injection 
Fig. 1. The effect of adjuvant injection on the weight of 
the hind-feet and on the activity of aminopyrine demethy- 
lase. @ Control rats; A rats given adjuvant i.d. into the 
foot pad; M@ rats given the adjuvant by i.p. injection. 


EXPERIMENTAL AND RESULTS 


Temporal relationships of the development of arth- 
ritis and the loss of drug metabolizing enzyme activity. 
Rats were given an injection of adjuvant into the foot 
or ip. and killed at intervals up to 24 days later. 

Injection of adjuvant into the foot led to the devel- 
opment of arthritis after a latent phase of about 8 
days (Fig. 1), although an inflammatory condition de- 
veloped in the injected foot immediately after the in- 
jection. However, there was a decline in hepatic 
aminopyrine demethylase activity before marked: 


arthritis was visible. Thus, it would appear that the 
reduction in aminopyrine demethylase activity is 
related more to the inflammatory state than the arth- 
ritic state. 

The rats given adjuvant i.p. showed similar patho- 
logy to that noted by Pearson [2]; namely, adhesion 
of tissues to each other and sometimes excessive 
retention of peritoneal fluid. However, we also found 
that a few rats developed minor arthritic lesions and 
this finding is in agreement with the work of Dolbeare 
[22]. The surface of the liver showed small white 
spots, suggestive of adjuvant deposition, and adjuvant 
was found coated on the abdominal surface of the / 
diaphragm. Spleens were often enlarged and con- 
gested and sometimes showed greyish-white spots 
similar to those produced in arthritic rats, which had 
received adjuvant intradermally (i.d.). 

Rats treated with an i.p. injection of adjuvant also 
showed a rapid decline in the activity of aminopyrine 
demethylase (Fig. 1) and an increase in the serum 
a-globulin level. The overall regression of the corre- 
lation coefficient for the relationship between 2 -glo- 
bulin level and aminopyrine demethylase activity in 
control rats, rats given adjuvant i.d. and rats given 
adjuvant i.p., was —0.75. 

Relationship between loss of aminopyrine demethy- 
lase activity and food intake in arthritic rats. Arthritic 
rats do not eat as much food as control rats, and 
the amount and quality of the eaten food can have 
effects on the activity of drug metabolizing enzymes 
[23]. It was considered appropriate, therefore, to exa- 
mine the relationship between food intake and the 
activity of the drug metabolizing enzymes in adju- 
vant-induced arthritic rats (Table 1). 

We found that the weight gain of arthritic rats was 
much less than that of control rats fed ad lib. but 
was similar to the weight gain of control rats that 
were pair-fed to the adjuvant-treated rats. Thus, it 
would seem that although most of the depression in 
weight gain of arthritic rats is associated with the 
reduced food intake, the reduction in enzyme activity 
is directly dependent on the disease state rather than 
with the associated anorexia. 

On the existence of humoral factors that might inhibit 
drug metabolizing enzymes. Adjuvant-induced arthritis 
is thought to be a disease of immunological aetiology 
and the possibility of humoral factors being released 
and affecting the drug-metabolizing enzyme system 
is one that must be considered. Such substances could 
act by binding to the cytochrome P-450 complex in 
such a way as to prevent cytochrome P-450 binding 


Table 1. Effect of adjuvant-arthritis and restricted feeding on drug metabolizing enzyme activity* 





Treatment 


Aminopyrine demethylase 
activity (umole formaldehyde 
formed/g liver/hr) 


Liver wt 
(°, of body wt) 





None 
Adjuvant-treated 
Control pair-fed to adjuvant-treated rats 


4.24 + 0.23 (8) 
4.94 + 0:20 (16) 
3.44 + 0.14 (16) 


12.41 + 0.85 (4) 
3.70 + 0.83 (8)t 
12.18 + 0.71 (8) 





*.Male CFHB rats were distributed into three groups. One group was given no treatment and 
fed on the diet ad lib. The second group was given an i.d. injection of the adjuvant and the 
third group was given no treatment but was pair-fed to the adjuvant-treated group. After 14 days, 
the rats were killed, livers removed and combined in pairs for the enzyme assay. Results are given 
as mean + S.E.M.; number of values in parentheses. 

+ Significantly different from untreated rats. P < 0.01. 

- } Significantly different from both untreated rats and from pair-fed control rats, P < 0.001. 





Adjuvant-induced arthritis and drug-metabolizing enzymes 


Table 2. Subcellular localization of defect in drug metabolizing enzyme activity 
in arthritic rats* 





Aminopyrine demethylase 
activity (umoles formal- 
dehyde formed/g liver/hr) 


Source of micro- 
somal fraction 


Source of super- 
natant fraction 





7.40 + 0.25 
7.36 + 0.34 
2.31 + 0.61t 
2.35 + 0.66t 


Control 
Arthritic 
Arthritic 
Control 


Control 
Control 
Arthritic 
Arthritic 





* The hepatic subcellular fraction was obtained from individual control and 
arthritic rats. The microsomal and supernatant fractions were constituted as 
shown in the table and incubated at 37° for 30 min, prior to the addition 
of substrate. The results are the mean +S.E.M. of experiments involving four 
pairs of rats. 

+ Significantly less than incubations containing the microsomal fraction from 


control rats; P < 0.001. 


with physiological ligands. Such an effect would be 
manifested in vitro by an inhibition af aminopyrine 
demethylase activity. An experiment was therefore 
done to seek such an agent in the soluble fraction 
of liver (Table 2) and also in serum (Table 3). Low 
enzyme activity was associated solely with the pres- 
ence of the microsomal fraction (100,000 g pellet) 
from arthritic rats and serum obtained from rats 5, 
12 and 18 days after adjuvant treatment had no 
greater inhibitory effect on the enzyme activity than 
serum from control rats. These results support those 
of Beck and Whitehouse [16], who studied the effects 
of adjuvant disease on cyclosphosphamide metabo- 
lism. 

Effect of mycoplasma-induced arthritis on drug meta- 
bolizing enzyme activity and «-globulin levels. The 


activity of hepatic aminopyrine demethylase was sig- 
nificantly lower in the mycoplasma-treated arthritic 
rats than in controls (Table 4), but the loss of enzyme 


activity was less than had been found in adjuvant- 
treated rats (Fig. 1). However, less inflammation also 
was produced by the mycoplasma treatment than was 
found in the adjuvant-treated rats. Mycoplasma- 
induced arthritis caused a change in the distribution 
of various serum proteins. The «,-fraction was in- 
creased, as were all the globulin fractions, whereas 
the albumin fraction decreased. The correlation factor 
between the level of «-globulin in serum and the acti- 
vity of aminopyrine demethylase was -—0.729 
(P < 0.01) in male rats, but in female rats it was only 
— 0.526 (P < 0.05). 

Effect of adjuvant-induced arthritis on hepatic trypto- 
phan oxidase activity. The excretion of large amounts 
of tryptophan and its metabolites by arthritic patients 
have been noted by several workers [26-30]. Trypto- 
phan is metabolised by tryptophan oxidase (L-trypto- 
phan-O, oxidoreductase, E.C. 1.13.11.11) to kynur- 
enine and the enzyme is activated by haem. We have 


Table 3. Effect of serum from arthritic rats on hepatic drug metabolizing 
enzyme activity* 





Time of pre- 
incubation with 
serum (mins) 


Aminopyrine demethylase 
activity (umoles formal- 
dehyde formed/g liver/hr) 


Source of rats 
serum 





Control rat 30 
18 day arthritic rat 30 
12 day arthritic rat 30 
5 day arthritic rat 30 

Control rat 60 
18 day arthritic rat 60 
12 day arthritic rat 60 
5 day arthritic rat 60 





* Liver preparations from normal rats were incubated with serum from 
either control or arthritic rats. The activity of aminopyrine demethylase 
was determined as described in the text. 


Table 4. Effect of mycoplasma-induced arthritis on drug metabolizing enzyme activity and « -globulin levels* 





Rat Aminopyrine demethylase 
activity (umoles formal- 
dehyde formed/g liver/hr) 


Cytochrome P-450 
(umoles/mg protein) 


42-globulin 


Sex Treatment (% of total serum protein) 





Male 8.50 + 0.80 
5.98 + 1.94F 
3.87 + 0.64 


2.94 + 0.668 


Control 
Arthritis 
Control 
Arthritis 


0.51 + 0.17 
0.40 + 0.29 


Female 





* The CFHB rats were killed 8 days after receiving 1.4 x 10° colony-forming units/100 g rat of Mycoplasma arthritidus 
by i.v. injection. Results are given as mean + S.E.M. of eight values. 

+ Significantly different from controls, P < 0.01. 

t Significantly different from controls, P < 0.001. 

§ Significantly different from controls, P < 0.02. 
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Table 5. Effect of adjuvant-induced arthritis on hepatic tryptophan oxygenase activity* 





Source of enzyme 


Holoenzyme 


Tryptophan oxygenase (nmoles/g liver/hr) 
Total enzyme activity *, Saturation 





Control rat 
Arthritic rat 
Control rat 
Arthritic rat 


Homogenate 
Homogenate 
Microsomal fraction 
Microsomal fraction 


61 
23 
34 
10 


17 
48 
17. 
3 


oe 
9 
8 

l 


+ 1+ 4 4 


> 





* Rats were killed 14 days after receiving the adjuvant treatment. Results are given as 
mean + S.E.M. Each group contained three rats. 


noted. that many of the samples of serum from the 
arthritic rats were green in colour and it is thought 
possible ihat this pigment could arise from the break- 
down of certain haem compounds. Other workers 
[24.25] have described brownish-green discolou- 
ration of livers of rats and rabbits given porphyria- 
inducing drugs, such as sedormid and allylisopropyla- 
cetamide, which also cause loss of drug-metabolizing 
enzyme activity. If haem metabolism is deranged in 
adjuvant arthritis, a change in tryptophan pyrrolase 
activity might result. 

Livers of adjuvant-treated rats were perfused in situ 
with ice-cold saline and tryptophan oxidase activity 
determined in rat liver homogenates and in the micro- 
somal fraction, both in the presence and absence of 
added haematin. The results (Table 5) showed that 
the arthritic and control rats had similar enzyme ac- 
tivities in the absence of haem, but the degree of haem 
saturation was less in the arthritic rats than in con- 


trols. A possible explanation for these findings is that ° 


there is a reduction in the amount of endogenous 
haem in arthritic rats and that the rat adapts by pro- 
ducing more apoenzyme. 

Effect of adjuvant-induced arthritis on haem biosyn- 
thesis. The rate-limiting step in the formation of haem 
is the condensation of succinyl CoA and glycine by 
5-aminolaevulinic acid synthetase (E.C. 2.3.1.37). The 
activity of the enzyme was measured [21] in liver 
of rats killed 4, 7, 10, 12, 15, 18 and 21 days after 
adjuvant treatment (Fig. 2). Although the mean acti- 
vity of 5-aminolaevulinic acid synthetase was lower 
in the arthritic rats than in controls at day 12 and 


16 ;- 


pemoles/ 
B 


i) 


~~ 


liver per hr 
ro) 





ALA synthetase activity, 


| 


later, the variation in the values and the small differ- 
ences between the means suggest that deficiency of 
cytochrome P-450 and therefore drug-metabolizing 
enzyme activity in adjuvant-induced arthritis was not 
the result of a defect in 5-aminolaevulinic acid synthe- 
tase. We also found that adjuvant-induced arthritis 
had no effect on the level of cytochrome b, in rat 
liver microsomal fraction. 

The effect of arthritis on the haem biosynthesis was 
also determined by examining the incorporation of 
a tracer dose of [*H]5-aminolaevulinic acid and 
[2-'*C] glycine into microsomal haem. The incorpor- 
ation of label into microsomal haem was unaffected 
by the development of arthritis (Tables 6 and 7). 


DISCUSSION 


It is generally accepted that there are certain simi- 
larities between adjuvant-induced arthritis in the rat 
and human arthritis. This has resulted in the use of 
the former as a model for detecting and evaluating 
anti-arthritic drugs. Several studies [12-17] have - 
shown that during the development of arthritic 
lesions in the rat there is a reduced capacity of the 
liver to metabolize oxidatively a number of drugs. 
Furthermore, Morton and Chatfield [14] were able 
to show that this effect was not merely an artefact 
of an in vitro preparation by showing that the hexo- 
barbitone sleeping time was increased in adjuvant- 
induced arthritis. In the present study, we have exam- 
ined the temporal relationship of the changes in the 
activity of drug metabolizing enzymes that follow 


{ | | 





8 10 


12 14 16 18 24 


Days after adjuvant treatment 
Fig. 2. The effect of adjuvant treatment of the activity of S-aminolaevulinic acid (ALA) synthetase: 
@ control rats; A rats given the adjuvant id. in the foot pad. Each result is the mean of three 
values. 
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Table 6. Effect of adjuvant-induced arthritis on the incorporation of [*H] 5-aminolaevulinic acid into microsomal 
haem* 





Aminopyrine demethylase 
activity (umoles formal- 
Time of death after dehyde formed/g liver/hr) 
adjuvant injection 
(days) 


Control Arthritic 


Cytochrome P-450 5-ALA incorporated into haem 


(nmoles/mg protein) (dpm/mg protein) 


Control Arthritic Control Arthritic 





7 9.08 + 0.78 
10 9.05 + 0.67 
12 9.58 + 0.95 
14 8.98 + 0.45 
18 9.78 + 0.55 


6.92 + 0.44 
6.04 + 1.18 
2.73 + 0.70 
1.85 + 0.16 
2.04 + 0.65 


0.38 + 0.02 
0.38 + 0.02 
0.33 + 0.02 
0.37 + 0.05 
0.41 + 0.04 


0.35 + 0.01 
0.34 + 0.04 
0.17 + 0.01 
0.05 + 0.01 
0.15 + 0.06 


1317 + 101 
886 + 132 
873 + 78 
1440 + 212 
1210 + 203 


1058 + 36 
1014 + 59 
1075 + 83 
1063 + 54 
1201 103 





* Male Wistar rats were fed the adequate diet throughout. Control rats were given an i.d. injection of liquid paraffin. 
The other group of rats were given an injection of the adjuvant. 1 hr before each rat was killed, it was given [*H]-amino- 
laevulinic acid i.p. Results are the mean + S.E.M. from three rats. 


adjuvant treatment and have shown that the decline 
in activity is an early event in the sequence of effects 
and invariably precedes the development of arthritis. 
Furthermore, the finding that liver preparations from 
rats given the adjuvant by the ip. route had a de- 
creased capacity to metabolize aminopyrine, whilst 
such rats had no or only minor arthritic lesions, 
would add support to the view of Whitehouse and 
Beck [15] that the failure in drug-metabolizing 
enzyme activity is not solely determined by the pres- 
ence of arthritic lesions. They [16] were also able 
to show that the different types of adjuvant used in 
the production of arthritic lesions can have varying 
effects on drug-metabolizing enzyme activity. 

Adjuvant-induced arthritis is currently thought to 
occur through a mediator that circulates in plasma. 
Thus, it seemed possible that this same mediator 
might be responsible also for the production of the 
lesion in drug-metabolizing enzymes. Moreover, adju- 
vant-induced arthritis causes changes also in plasma 
protein concentrations that are manifested as an in- 
crease in the globulin fraction and a decrease in albu- 
min. Since these proteins are synthesised in the liver, 
we have examined the correlation coefficient for the 
relationship in the activity of hepatic aminopyrine 
demethylase with the level of «2-globulin, which is 
the principle inflammatory protein. In a large number 
of animals killed at intervals of up to 24 days after 
receiving adjuvant, there was a highly significant cor- 
relation but the correlation was not as good in 
mycoplasma-induced arthritic rats. 

There are at least three mechanisms that might 
account for the decrease in cytochrome P-450 concen- 
trations seen in adjuvant-induced arthritic rats: 
namely, binding of a substance to the cytochrome so 


that it interferes with the characteristic difference 
spectrum that is produced by carbon monoxide; inhi- 
bition of haem and/or cytochrome P-450 formation; 
and accelerated destruction of existing cytochrome 
P-450. Experiments involving the reconstitution of the 
microsomal fraction and the supernatant fraction 
from arthritic or control rats, and experiments in 
which liver preparations containing aminopyrine 
demethylase were incubated with serum from arthritic 
rats, both failed to demonstrate any inhibitory effect. 
Thus, we have no evidence for the binding of sub- 
stances to cytochrome P-450. 

During the course of our experiments, we noticed 
that the sera from many of the arthritic rats had a 
greenish tinge. It has been shown that allylisopropyla- 
cetamide and some other acetamides will produce 
green pigments in liver as well as reducing the levels 
of cytochrome P-450. Thus, it seemed possible that 
these two green pigments may have similar origins. 
In their work on allylisopropylacetamide, De Matteis 
and his colleagues [21,25] demonstrated that there 
was a rapid loss of cytochrome P-450, whilst at the 
same time there was an increase in the activity of 
5-aminolaevulinic acid synthetase. De Matteis [25] 
suggested that ‘the green pigments could arise from 
damage to the microsomal structure so that a labile 
pool of microsomal haem (such as the P-450 haem) 
becomes sensitive to random methine bridge oxi- 
dation, resulting in the production of non-physiologi- 
cal biliverdin isomers that cannot be converted to 
bilirubin’. He suggested, furthermore, that changing 
the chemical constitution of the haem may render it 
unable to fulfil its normal function of feed-back con- 
trol at the level of 5-aminolaevulinate synthetase. In 
our experiments, we have shown that the adjuvant 


Table 7. Incorporation of [2-'*C]glycine into microsomal haem of adju- 
vant-treated rats* 





Cytochrome P-450 
(nmoles/mg protein) 


Days after 


injection Control 


Arthritic 


Incorporation of glycine 
(dpm/mg protein) 


Control Arthritic 





10 0.39 + 0.05 
14 0.39 + 0.06 
18 0.34 + 0.05 


0.18 + 0.04 
0.14 + 0.08 
0.11 + 0.05 


19.30 + 4.07 
23.13 + 2.84 
24.17 + 2.46 


27.77 + 4.18 
22.93 + 3.35 
20.48 + 5.30 





* Male CFHB rats were injected i.d. into the right hind foot with 
either liquid paraffin or M. butyricum in liquid paraffin. Rats were killed 
on days, 10, 14 and 18 after injection. Two hrs before death, the rats 
were given an i.p. injection of [2-'*C] glycine (10 wCi). Results are the 
mean + S.E.M. of five values, each on tissue from a single rat. 
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treatment had no significant effect on the activity of 
5-aminolaevulinate synthetase. In further studies we 
found that the incorporation of [2-'*C]glycine and 
[G-°H] 5-aminolaevulinate into microsomal haem 
was similar in both arthritic and control rats, when 
the results were expressed as dpm incorporated/mg 
of liver protein. Nevertheless, since we did not isolate 
purified cytochrome P-450, the possibility exists that 
adjuvant-induced arthritis may affect the incorpor- 
ation of haem into apocytochrome P-450. It has been 
‘shown that this step is a second control step in the 
biosynthetic pathway leading to cytechrome P-450 
synthesis [31]. 

De Matteis studied the effect of allylisopropylaceta- 
mide on cytochrome P-450 breakdown in two ways 
{21]. First, he showed that in the presence of cyclo- 
heximide, which prevented P-450 synthesis, allyliso- 
propylacetamide accelerated the loss of cytochrome 
P-450 over a 6-hr period. Secondly, he pre-labelled 
the haem pools by giving [4-'*C] 5-amino-laevulinate 
and [G-°H] 5-aminolaevulinate at different times so 
that the 7H and '*C would be expected to be in differ- 
ent haem pools. He was then able to show that 2-allyl- 
isopropylacetamide caused a loss of haem from the 
fraction with the more rapid turnover. In adjuvant- 
induced arthritic rats the changes in the concentration 
of cytochrome P-450 occur over a much longer time- 
span (several days) than those produced by allyliso- 
propylacetamide (2-3 hr). Thus, the changes in con- 
centration occur over a longer time period than the 
half-life of cytochrome P-450. Furthermore, there is 
considerable animal to animal variability in the rate 
at which arthritis develops and in the level of cyto- 
chrome P-450. Therefore, the interpretation of the 
results of decay experiments is difficult as the pool- 
size of the cytochrome P-450 at the beginning of the 
experiment is not known. 

Adjuvant-induced arthritis in the rat is widely used 
as an experimental system for testing drugs that may 
be useful for treating rheumatoid arthritis in man and 
any effect on drug metabolizing enzymes will have 
implications on drug screening programmes. First, 
drugs may be prematuraly discarded because of toxi- 
city in the adjuvant-treated rat (that is failure to meta- 
bolize the drug); and secondly, compounds of the cyc- 
lophosphamide type, which need to be converted to 
an active metabolite, may remain undetected [16]. 
However, the finding in this paper that drug-metabo- 
lizing enzyme activity is reduced also in mycoplasma- 
induced arthritis raises the possibility that a defect 
in drug-metabolizing enzyme activity may be present 
in human rheumatoid patients. 
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Abstract—The oxidation of p-dimethylaminomethylbenzylamine by purified human kidney diamine 
oxidase was studied in the presence of substrate analogues such as dimethylsulphonium, trimethylam- 
monium, isothiouronium and guanidinium compounds of various chain lengths. The inhibition by 
mono- and bis-onium compounds is described. K; values and AG° values are given and the inhibition 
due to monoamine oxidase inhibitors and certain time-dependent inhibitors is reported. It is concluded 
that purified diamine oxidase from human kidney resembles the diamine oxidases from hog kidney 
and human placenta in its inhibitor specificity. In particular, it is inhibited strongly by substrate ana- 
logues in the order isothiouronium ~ guanidinium > dimethylsulphonium > trimethylammonium sug- 
gesting a negatively charged substrate binding site. Also, it is weakly inhibited by some monoamine 
oxidase inhibitors and strongly inhibited in a time-dependent fashion by carbonyl-group reagents. 


Diamine oxidase (EC 1.4.3.6.) catalyses the oxidation 
of a diamine by molecular oxygen yielding an 
aminoaldehyde, hydrogen peroxide and ammonia as 
products. Classically, this enzyme was thought to 
function principally as a histaminase [1,2] although 
the best substrates for the enzyme are aliphatic dia- 
mines such as putrescine and cadaverine [3]. There 
is evidence to suggest that cell-free protein synthesis 
is affected by polyamines such as putrescine in that 
the magnesium requirement is lowered [4,5]. Fur- 
thermore, spermine enhances the translation of 
mRNA in cell-free extracts from wheat germ [6]. 
These and other evidence [7] suggest that polyamines 
may influence cell division. Indeed, semen, which con- 
tains large amounts of polyamines is partly derived 
from tissues in which there is rapid cell growth and 
division and recently, a diamine oxidase capable of 
oxidising spermine and spermidine has been purified 
from human seminal plasma [8]. 

The study of enzyme inhibition by substrate ana- 
logues is a useful tool in probing the structure—func- 
tion relationships in enzyme action. This technique 
has been used to considerable effect with the diamine 
oxidase from pig kidney and human placenta [9-11], 
although these are the only sources from which the 
enzyme has so far been characterised in terms of 
detailed inhibition studies. Diamine oxidase has been 
detected in the human kidney [12,13] and has now 
been isolated and purified. (Shindler and Bardsley, 
1975, unpublished results.) 

We have tested both mono- and bis-onium com- 
pounds as potential inhibitors, where the former cor- 
respond to monoamines, which are poor substrates 
of this enzyme, and the latter correspond to diamines, 
which are better substrates, especially when the inter- 
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nitrogen chain of methylene units is of the appro- 
priate length [3, 14]. 

In the present paper, we report values for K; and 
AG®, for a total of thirty-eight substrate analogues 
and six so-called monoamine oxidase inhibitors. We 
also report some information about the nature of the 
time-dependent inhibition of this enzyme by car- 
bonyl-group reagents. 


MATERIALS AND METHODS 
Preparation of human kidney diamine oxidase 


All of the following operations were performed at 
4° and in phosphate buffer (0.05 M; pH 7.0) unless 
otherwise stated. 

Step 1. Kidney cortices (400 g) were homogenised 
in a Waring Blender (10 min) with buffer (200 ml) 
and then centrifuged (8000 g; 30 min). 

Step 2. The supernatant was heated (55°; 10 min) 
in a thermostatted water bath, with constant stirring, 
cooled and centrifuged (8000 g; 30 min). 

Step 3. To the stirred supernatant from step 2, an 
ice-cold mixture of ethanol and chloroform (3:1, v/v) 
was added dropwise until the volume of solvent 
added was 1/10th that of the supernatant. The result- 
ing suspension was then centrifuged (8000 g; 40 min). 

Step 4. The supernatant from the previous step was 
applied to a carboxymethylsephadex column (6 x 25 
cm) which was developed by linear gradient elution. 
The varigrad device had phosphate buffer (0.02 M) 
in both compartments but the second compartment 
also contained sodium chloride (0.6 M). 

Step 5. The pooled active fractions from step 4 were 
brought to 2.5 M with the addition of solid 
ammonium sulphate (30 min) and centrifuged (2000 
g; 40 min). The precipitate was dissolved in the mini- 
mum buffer and applied to a sephadex G 200 column 
(3 x 70 cm) which was developed by upward elution 
(4 ml hr~'). The purest fraction had a sp. act. of 
0.6 iu. mg~', corresponding to an overall purification 
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of 1800-fold. The pooled active fractions were dia- 
lysed against powdered sucrose and the concentrate 
stored at —15 in sterile tubes. : 


Preparation of inhibitors 


All onium compounds were prepared by conven- 
tional methods as previously described elsewhere [9]. 
The drugs used were proprietary preparations 
obtained from the Pharmacy Department at St. 
Mary’s hospital, Manchester. All other compounds 
used were of the highest purity obtainable. 


Spectrophotometric method 

All experiments were performed in potassium phos- 
phate buffer (0.05 M, pH 7.0, 20°) in a final volume 
of 1 ml containing enzyme (0.003 i.u.) and an appro- 
priate concentration of substrate and inhibitor. The 
spectrophotometric method of Bardsley et al. [15] 
was used, measurements being determined using a 
CARY 118C ultraviolet spectrophotometer. One in- 
ternational unit (i.u.) of enzyme is defined as that 
amount of enzyme that catalyses the oxidation of one 
umole of substrate/min at 20° and is equivalent to 
an absorbance change at 250 nm of 4.08/min when 
the enzyme is dissolved in 1 ml buffer containing a 
suitable excess of substrate [Kyiapp) ~ 0.05 mM]. 














1/[A], mM" 


Fig. 1. Inhibition of human kidney diamine oxidase by 

1,5-pentamethylene bis-dimethylsulphonium dibromide. O, 

p-dimethylaminomethylbenzylamine; A, +inhibitor (1 

mM): ©), +inhibitor (2.5 mM); @, +inhibitor (5 mM); 

A, +inhibitor (10 mM). Inset: Replot of slopes of double 
reciprocal plots. 
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Fig. 2. Inhibition of human kidney diamine oxidase by 

1,5-pentamethylene _ bis-isothiouronium bromide. 0, 

p-dimethylaminomethylbenzylamine; A, + inhibitor 

(0.0015 mM); O, +inhibitor (0.003 mM); @, + inhibitor 

(0.005 mM); A, +inhibitor (0.01 mM). Insets: Replot of 

slopes (top) and intercepts (bottom) of double reciprocal 
plots. 


Measurement of time-dependent inhibition 


Enzyme solution (0.003 i.u.) was placed in a cuvette. 
At zero time, a portion of inhibitor (0.1 ml) was added 
and mixed manually. After incubation for the 
required length of time, substrate was added (0.9 ml 
of 1.1 mM p-dimethylaminomethylbenzylamine) and 
the change in absorbance recorded at 250 nm. 


Determination of K,; and AG® 


Initial rates were obtained over a period of 15 min 
at five different substrate concentrations and double 
reciprocal plots and replots of slope and intercept 
against inhibitor concentration were used to obtain 
an estimate of K; [16] using the relationships: S(J), 
double reciprocal slope as a function of inhibitor con- 
centration; Int(J), double reciprocal intercept as a 
function of inhibitor concentration; [1], inhibitor con- 
centration; [A], p-dimethylaminomethylbenzylamine 
concentration; [B], oxygen concentration (saturating 
at 0.14 mM in air); K, = 0.043 mM; K;,, Kjj,,, Inhibi- 
tion constants according to E+I1=EI, 
K; = [E][{1)/(EV) for linear slope and intercept effects 
with [1/A] varied and [B] fixed were found from 
SU) = (1 + (1)/K;,) K,/V IntU) = (1 + K,/(B] + 
K,[1)/(B] Kitn.)/V by replotting slopes and intercepts 
against [J]; Standard free energies were then calcu- 
lated from AG° = R T In K;, K; being expressed in 
M. Over the range of substrate used, double recipro- 
cal plots against 1/[A] with [B] fixed (air) were 
approximately linear. 





Inhibition of human kidney diamine oxidase 


RESULTS 


Typical plots of reciprocal velocity against recipro- 
cal substrate concentration are shown for dimethyl- 
sulphonium compounds (Fig. 1), isothiouronium com- 
pounds (Fig. 2), guanidinium compounds (Fig. 3), tri- 
methylammonium compounds (Fig. 4) and mono- 
amine oxidase inhibitors (Fig. 5). Typical replots of 
slopes and intercepts of these double reciprocal plots 
against inhibitor concentration are also shown as in- 
sets to these figures. 

The experimental results may be summarised as fol- 
lows: 


1. Sulphonium and trimethylammonium com- 
pounds generally give competitive inhibition. 

2. Isothiouronium and guanidinium compounds 
give non-competitive inhibition. 

3. The inhibitory potency in any series is approxi- 
mately isothiouronium = guanidinium > dimethyl- 
sulphonium > trimethylammonium. The optimum 
chain length separating the charged species in bis- 
onium compounds appears to be five to eight methyl- 
ene units, though longer chain compounds are also 
inhibitory. 

4. In any series, bis-onium compounds are not 
generally more inhibitory than mono-onium com- 
pounds. 

5. Replots of slopes and/or intercepts against in- 
hibitor concentration were linear for bis-onium com- 
pounds. 
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Fig. 3. Inhibition of human kidney diamine oxidase by 

1,5-pentamethylene _bis-guanidinium  dibromide. 0, 

p-dimethylaminomethylbenzylamine; A, + inhibitor 

(0.00075 mM); 0, +inhibitor (0.001 mM); A, +inhibitor 

(0.002 mM); @, +inhibitor (0.005 mM). Insets: Replot of 

slopes (top) and intercepts (bottom) of double reciprocal 
plots. 
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I/CA], mM’ 
Fig. 4. Inhibition of human kidney diamine oxidase by 
1,5-pentamethylene bis-trimethylammonium dibromide 
(pentamethonium). ©, p-dimethylaminomethylbenzyl- 
amine; A, +inhibitor (2.5 mM); 0, +inhibitor (5 mM); 
@, +inhibitor (10 mM); A, +inhibitor (20 mM). Inset: 

Replot of slopes from double reciprocal plots. 
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10 
1/[A], mM" 
Fig. 5. Inhibition of human kidney diamine oxidase by 
monoamine oxidase inhibitors. O, p-dimethylaminomethyl- 
benzylamine; A, + pargylline (1.0 mM); 0, +isocarboxa- 
zid (Marplan) (0.75 mM); @, + hydrallazine (apresoline) 

(0.0005 mM); A, phenelzine (0.25 mM). 
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Table 1. Inhibition by substrate analogues of the oxidation of p-dimethylaminomethylbenzylamine by purified human 
kidney diamine oxidase. 





Type of K istope) —AG° K intercept) —AG° 
Inhibitor inhibition (mM) (J mole~') (mM) (J mole~') 





Dimethylsulphonium compounds 
n= 3 

= 4 
n=5 
n=6 
n=8 
n= 10 
n 
T 


17.1 
19.4 
19.7 
25.0 
26.4 
28.2 
30.1 
20.6 


12 
rimethylsulphonium 
iodide 


AANAAAAANA 
88888888 


Isothiouronium compounds 
n= 3 


tui uu 


S-methylisothiouronium 
iodide 


Guanidinium compounds 
n= 9 


i 


n= 12 
Guanidine 
Methylguanidine 


Trimethylammonium compounds 


i:unuu ud teal 


n= 12 
Tetramethylammonium chloride 
ammonium chloride 


ANAAAANANAAN 
8888 8B8BB888 


Aromatic bis-onium compounds 
p-Xylylenebisdimethyl- 

sulphonium dibromide 
p-Xylylenebisdimethyl- 

isothiouronium dibromide 
p-Xylylenebisdimethyl- 

ammonium dihydrochloride NC 


Mono-amine oxidase inhibitors* 

Isocarboxazid NC ; 19.2 0.26 20.1 
*Hydrallazine NC . 33.4 0.00017 38.0 
Phenelzine Cc .02' 25.6 — 
*Iproniazid NC : 17.4 0.27 20.0 
*Pargylline UC — 0.34 19.5 
*Nialamide NC ; 19.5 0.24 20.3 





Values of n refer to the number of methylene groups separating the charged species in bis-onium compounds. NC, 
non-competitive inhibition; UC, uncompetitive inhibition; C, competitive inhibition. *These drugs gave non-linear slope 
and intercept replots; values of K; and AG® are, therefore, only approximate and refer to Ky for E+1=E I. 





Inhibition of human kidney diamine oxidase 


109. (% activity remaining) 








Time, min 


Fig. 6. Time-dependent inhibition of human kidney dia- 
mine oxidase by carbonyl-group reagents. For experimen- 
tal details, see text. Final concentrations of inhibitors were 
as follows: O, semicarbazide (10 uM); A, Girard’s reagent 
T (5 mM); O, Girard’s reagent T (10 mM); @, hydroxyl- 
amine (10 uM); A, aminoguanidine (10 uM). 


6. Although the monoamine oxidase inhibitors 
tested were generally only weakly inhibitory, phenel- 
zine and hydrallazine were potent inhibitors. Replots 
for these compounds were generally non-linear. 

Table 1 summarises the inhibition data obtained 
with these compounds. 

Examples of the time-dependent inhibition of 
human kidney diamine oxidase by carbonyl group re- 
agents are illustrated in Fig. 6. In every case, a plot 
of logio (% activity remaining) against time resulted 
in a smooth curve. 


DISCUSSION 


Inhibition of enzyme activity produces slope and/or 
intercept effects on double-reciprical plots in which 
slope effects are assumed to be due to the variable 
substrate and inhibitor ‘competing’ for the same bind- 
ing site and where intercept effects are assumed to 
be due to the reaction of the inhibitor with enzyme 
forms to which the variable substrate does not bind. 
The product inhibition pattern with ammonia com- 
petitive, aldehyde non-competitive and hydrogen per- 
oxide uncompetitive (Shindler and _ Bardsley, 
unpublished results) is consistent with a ping-pong 
mechanism similar to that of the pig kidney and 
human placental enzymes. The experiments described 
in this paper were conducted with oxygen fixed (air) 
and amine varied over such a range that the double 
reciprocal plots were approximately linear since our 
aim was to probe the nature of the substrate binding 
site. 
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All the onium compounds tested were inhibitors 
of human kidney diamine oxidase producing slope 
effects, supporting the previous contention [9, 10] 
that the positively charged onium group competes 
with substrate for a negatively charged binding site 
on the enzyme. Since each mono-onium compound 
and its corresponding bis-oniums give comparable 
values of Kisiope), it is reasonable to suppose that only 
one of the two onium groups binds to the enzyme 
in an end-on manner. 

Since replots of slopes and intercepts were linear, 
we can assume that no complexes of the type E + 21 
= EI, can occur and that none of these inhibitors 
were partial inhibitors, i.e. giving alternative reaction 
pathways. 

From the Kijiope) results we can obtain an approxi- 
mate value for the free energy of interaction between 
positively charged onium species and the negative 
charge at the substrate-binding site: guanidinium spe- 
cies, 28-38 J mole~'; isothiouronium species, 34-38 
J mole~'; dimethylsulphonium species, 17-30 J 
mole~'; trimethylammonium species, 14-26 J 
mole~!. 

An approximate free energy of interaction produc- 
ing intercept effects would be: isothiouronium species, 
31-33 J mole~'; guanidinium species, 32-39 J 
mole~'. 

Monoamine oxidase inhibitors. Work in this labora- 
tory has indicated that certain monoamine oxidase 
inhibitors are also inhibitors of diamine oxidase 
[10, 11]. We have tested several of these drugs as in- 
hibitors of human kidney diamine oxidase and have 
found them to be inhibitory. Slope/intercept replots 
for these compounds were generally non-linear and 
this fact, coupled with their great structural variation, 
makes it difficult to assign a mode of inhibition, 
though these findings, coupled with the knowledge 
that some of these compounds produce time-depen- 
dent inhibition of DAO, confirm our suspicions that 
they can no longer be regarded as specific inhibitors 
of monoamine oxidase. 

Time-dependent inhibition. We have recently shown 
that inhibition of hog kidney and human placental 
diamine oxidases by carbonyl group reagents gives 
non-linear semi-logarithmic plots [17] and a general 
theory for this has been developed [18]. Figure 6 
shows that the human kidney enzyme gives similar 
time-dependent inhibition by carbonyl group re- 
agents. 


CONCLUSION 


The inhibition studies described in this paper lead 
us to conclude that the enzyme that we have isolated 
and purified from human kidney is closely similar to 
the well characterised enzymes isolated from hog kid- 
ney and human placenta. It seems to have a nega- 
tively charged substrate binding site which interacts 
with mono- and bis-onium compounds in a similar 
way to the other diamine oxidases and, in addition, 
would appear to have an active site carbonyl group. 
Once again the appreciable diamine oxidase inhibi- 
tion by monoamine oxidase inhibitors was demon- 
strated. 
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Abstract—Equations have been developed which provide the basis for the elucidation of the inhibition 
mechanism of a tight-binding inhibitor by studying the manner in which the substrate interferes with 
the binding of the inhibitor to the enzyme. The procedure involves the determination of the pseudo-first- 
order rate constants at various concentrations of the substrate and the inhibitor. This method is applic- 
able to very tightly binding inhibitors, including irreversible inhibitors. Methods for the graphical 
as well as statistical analyses of the data are presented. By the application of these methods, it is 
demonstrated that coformycin competes with adenosine for adenosine deaminase from calf intestinal 
mucosa. The kinetic parameters (+S.E.) for the binding of coformycin with adenosine deaminase 


were determined at 22° and pH 7.4; the second-order rate constant, 1.01 (+0.06) x 10°M~'! sec 
the first-order rate constant, 2.2 (+1.0) x 10~* sec” 


2.2 (40.76) x 107!°M. 


In previous publications [1,2], it has been demon- 
strated that under usual experimental conditions both 
the association and the dissociation of tight-binding 
inhibitors with enzymes are slow processes, that the 
classical steady state equations are inadequate for 
determining inhibition mechanisms or inhibition con- 
stants, and that I;,9 values can be used effectively to 
determine the dissociation or inhibition constant (K;) 
of the enzyme-inhibitor complex. In order to describe 
the time course of the inhibited enzyme reaction, the 
following equation was derived under the assumption 
that the depletion of free inhibitor by binding to the 
enzyme is negligible. 


v =v, + [v, — v,Je™ (1) 


It was also pointed out that, depending on the inhi- . 


bition mechanism, / is a different function of various 
rate constants and the concentrations of the substrate 
and the inhibitor, and that 4 can be determined exper- 
imentally in certain cases from the values of v, v, and 
v,, the velocities at time t, 0 and oo respectively. Thus, 
it was suggested that the inhibition mechanisms may 
be elucidated from the analyses of the / values deter- 
mined at various concentrations of the substrate and 
the inhibitor. In these publications, however, no prac- 
tical method was presented. 

In the present publication, a theory is developed 
which provides the basis for the elucidation of the 
inhibition mechanism of a tight-binding inhibitor by 
studying the manner in which the substrate interferes 
with the binding of the inhibitor to the enzyme. A 
practical application of the theory is demonstrated 
by the competition between coformycin and adeno- 
sine for calf intestinal adenosine deaminase. 
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and CA 13943. The mathematical derivations of equations 
and the computer program are available upon request. 


= Ss 


; and the dissociation constant of the EJ complex, 


MATERIALS AND METHODS 


Adenosine deaminase (adenosine aminohydrolase, 
EC 3.5.4.4) from calf intestinal mucosa was purchased 
from Sigma as a suspension in 3.2 M ammonium sul- 
fate (255 units/mg). An aliquot of the suspension was 
centrifuged, the pellet was dissolved in 50 mM potas- 
sium phosphate buffer, pH 7.4, and the solution was 
passed through a Sephadex G-25 column (1 x 20cm) 
equilibrated with 25°, glycerol in the same buffer to 
remove ammonium sulfate. The enzyme was kept in 
a refrigerator as a stock solution in 25%, glycerol in 
50 mM phosphate buffer. Enzyme assays were carried 
out by adding a small volume (10-15 yl) of the stock 
enzyme solution to a mixture of adenosine and cofor- 
mycin in 50 mM potassium phosphate buffer, pH 7.4, 
at 22°. The absorbance decrease at 265nm due to 
the hydrolysis of adenosine to inosine was recorded 
by the use of a Gilford spectrophotometer [3, 4]. 

Coformycin (3-f-b-ribofuranosyl-6,7,8-trihydroimi- 
dazo [3.4-d][1,3] diazepin-8(R)-ol) was a gift from 
Dr. H. Umezawa of the Institute of Microbial Chem- 
istry, Tokyo [5, 6]. 

Statistical analyses were performed on a Wang 
model 2200 computer with various programs written 
in BASIC language. 


THEORY 


Symbols 


In addition to the symbols defined in the previous 
publication [1], the following new symbols are used. 
a: apparent first-order rate constant, sec” ’. 
B: apparent second-order rate constant, 
M~! sec” ’. 
%): apparent first-order rate constant in the 
absence of the substrate, sec” '. 
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: apparent second-order rate constant in the . 

aosence of the substrate, M~' sec™*. 

1g — &. 

: Bo — B. 

: Ax extrapolated to that for S$ = o. 

: AB extrapolated to that for S = «0. 
y:factor that accounts for depletion of the 

free inhibitor. 

4: exponential constant; apparent pseudo- 
first-order rate constant, sec”'; k’ in the 
previous publication [1]. 

v,, U,: Velocity at zero time and at steady state 
respectively. 


Model and assumptions 


A general non-competitive inhibition mechanism is 
represented by: 


k,S “ k, 

k, kyP 
kel | 6 

k 


El = ESI 


10 


kal | ks 


The kinetic constants are defined as 
Ky, = (kz + k3)/ky 
Ki}, = kyo/ko 
V=kE, (5) 
Ki, = ke/ks (6) 


Ki; = kg/k> (7) 


The following assumptions are made, which are 
reasonable for the reactions inhibited by a tight- 
binder. 


(1) Steady state conditions are reached instan- 
taneously between E and ES, and between EJ and 
ESI. 

(2) Prolonged non-steady state conditions exist 
between E and EJ, and between ES and ESI. 

(3) The substrate concentration is much greater 
than the enzyme concentration, so that the depletion 
of free substrate by binding to the enzyme is neglig- 
ible. 

(4) Experimental observations are made only while 
the effect of substrate depletion (by conversion to the 
product) on the reaction velocity is negligible. 

(5) The reaction is started by the addition of the 
enzyme. 

(6) The concentration of product is negligibly 
small. 


Rate equation 


Under these assumptions, the following rate equa- 
tion was derived (see footnote). 





om vs + [vo(1 el y) pa v,je~** 


At 


(8) 
1 — ye 
_ Ki +£,+1,-9 
~ Ki+£&£,+1,+@ 
vs 
aie 3S 


—(K;- E,+1)+Q 
pai: 2E 


(9) 





Y 


(10) 





(11) 


Table 1. Parameters of Equation 8 





Non-competitive inhibition 


Competitive inhibition 





General case E, « I, 


General case E, « I, 





Ki,Ki(Kin + S) 
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K, + § 
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+ — 
K,, 

ne. : 
K; K,, 
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J(K; + E, + 1)? — 4E, 


K (1 
K (1 
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2E, 
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(12) 


keS 
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a 
Ky, 
S 


ia k,S 1 i 
. Kn Ki, KiiK» 
Q = ./(K; — E, + 1)? + 4KiE, 
= J/(Ki + E, + 1)? — 4E i, 








(14) 


It can be shown that y = 0 when E, < /,. Thus, 
the factor, 7, accounts for the depletion of free inhibi- 
tor due to binding, and when it is set equal to zero, 
Equation 8 reduced to Equation 1 as expected. It 
must be emphasized, however, that according to 
Assumptions 3 and 4, Equation 8 does not account 
for the depletion of the substrate by conversion to 
the product or by binding to the enzyme. 

In the case of competitive inhibition, the same rate 
equation (Equation 8) holds, except the expressions 
of various terms can be simplified to those listed in 
Table 1 by setting k, = 0 (or Kj, = ©), and k, = 0 
(or Kj, = 0). 


Determination of rate constants 


The slope of the semilog plot of In v vs t according 
to Equation 8 is: 


d(in v) _ —(1 — y)(v9 — v,)Aem 
dt = (1 — ye) {v, + [vo(1 — y) — v,Je-*} 


As may be seen from this equation, the slope of 
the semilog plot is not a constant. In general, the 
plot of In v vs t is a concave curve. Under special 
conditions, however, the semilog plot is a straight 
line. If the concentration of the inhibitor is much 
higher than both that of the enzyme and that of the 
apparent inhibition constant (Kj), ie. if J, > E, and 
I, > Kj, the factor, y, becomes negligible compared 
to 1, and v, becomes negligibly small compared to 
Vo. Thus, Equations 8 and 12 reduce to: 


v = ue ** (16) 


At 


(15) 





k 

ks Pa 

- (17) 
S 





1+ K. 
From Equation 16 

(18) 
Therefore, under these conditions the semilog plot is 


a straight line and the value of 4 can be determined 
from the slope. Let 


Inv = Inv — At 


and 


then Equation 17 becomes: 
A=a+ Bil, (21) 


The plots of « vs S, B vs S, 1/a vs S, and 1/B vs 
S are all hyperbolas. However, if the inhibition 
mechanism is competitive, K}, = 00 and k, = 0. 

(22) 


a=k, 


1 1 S 


Let a and fo be « and f at S = 0, then from Equa- 
tions 19 and 20: 

(24) 
(25) 


Xt = ke 


Bo = ks 


(26) 
(27) 
(28) 
(29) 


Aa = % — & 
AB = Bo — B 
Adtmax = ke — kg 
AB max = ks —k, 
From Equations 19, 20 and 24-29: 


is Aoimax 
OT kK +8 (30) 
— AB naxS 


< 31 
K,, + 8 G1) 


AB 


The double reciprocal forms of these equations are: 
1 K; 1 

ome. tn same 32 

Aa ~ Atina, \S) * Aetna oe 


l K,, [1 l 
AB ml * Bran’ wie 
The above equations (Eqns. 19, 20 and 30-33) pro- 
vide the basis for a new method for the determination 
of the rate constants, ks, kg, k; and kg, and the 
Michaelis constants K,, and K;,, which in turn permit 
the estimation of K;, and K;;. 


EXPERIMENTAL PROCEDURE 


The experimental procedure to determine the 
values of ks, kg, k7, kg, K,, and Kj}, and the methods 
of statistical analysis are considered below. 


Determination of the constant, A 


Two different experimental procedures may have 
to be employed. First, in the absence of substrate or 
in the presence of an incomplete set of substrates (e.g. 
only one substrate in the case of a multi-substrate 
reaction), the enzyme is incubated with the inhibitor, 
and aliquots are assayed at various time intervals. 
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If the inhibitor is a tight-binder, the observed veloci- 
ties are proportional to the remaining free enzyme, 
because the dissociation of the EJ complex is so slow 
that the enzyme in the EJ form does not contribute 
significantly to the enzyme reaction velocity. 

Second, in the presence of the substrate in a single- 
substrate reaction, the reaction is started by addition 
of the enzyme to the reaction mixture containing the 
substrate and the inhibitor. The concentration of the 
substrate or product is continuously recorded. The 
reaction velocities at various time periods after the 
addition of the enzyme are determined from the slope 
of the tangent to the concentration vs time spectro- 
photometric tracings. 

With either procedure, the natural logarithm of the 
velocity is plotted against time. There are three poss- 
ible outcomes of the experiment. First, if the velocity 
remains constant for a significant period of time, the 
inhibitor binding is probably rapidly reversible. In 
this case, classical steady state kinetic methods should 
be employed. Second, if the semilog plot is a curve 
leveling off to a horizontal line, i. the velocity 
approaches a finite non-zero value as time progresses, 
the present method is not applicable. In this case, 
one can employ a more complex method to estimate 
the value of A, as will be the subject of a future publi- 
cation. If practical, one can repeat the experiment 
employing higher inhibitor concentrations, a lower 
enzyme concentration, or both. Third, if the semilog 
plot is a straight line, the value of / is estimated from 
the graph or preferably by a linear regression. 


Determination of the apparent first- and second-order 
rate constants, « and B 

The values of A determined at various levels of S 
are plotted against J, according to Equation 21. The 
values of « and f are obtained as the intercepts and 
the slopes respectively. 





k 


/ 














1 A. 4 i pt 


4 t & 2 
S/Km 


Fig. 1. Calculated curves according to Equation 20. The 

scale of the ordinate is in multiples of the reciprocal of 

ks, and that of the abscissa in multiples of K,,. The number 

on each curve represents the ratio of k; to ks. If the inhibi- 
tion is competitive, kz = 0. 








S. CHA 


If the values of x at various levels of S are constant 
within experimental error, probably the inhibition 
mechanism is competitive, and the value of « is an 
estimate of the rate constant, kg. On the other hand, 
if « shows an obvious dependency on S, Equation 
30 or Equation 32 should be employed to estimate 
Kj, and Az,,,x- If the value of % is available, kg = a 
and kg = &%& — Adana: 

The value of £, obtained as the slope of / vs I, 
plot, will be a function of S except when ks = k7. A 
convenient diagnostic plot would be that of 1/6 vs 
S as illustrated in Fig. 1. If the inhibition is competi- 
tive, the plot would be a straight line. In the case 
of non-competitive inhibition, the plot would be a 
hyperbola, except when ks = k-, in which case a hori- 
zontal line is produced. Thus, this plot provides infor- 
mation on the inhibition mechanism, but an analysis 
of the data according to Equation 30 would provide 
more quantitative information. A similar diagnostic 
plot of 1/x vs S may also be employed. 


K,,, and _ inhibition 


Evaluation of rate constants, 
mechanism 


Equations 30-33 are similar to the Michaelis— 
Menten equation and its double reciprocal form re- 
spectively. Therefore, Wilkinson’s method for the sta- 
tistical analysis of the Michaelis-Menten equation 
[7,8] is directly applicable. The variance of Af is 
reasonably homogeneous, as may be seen in the real 
example given in Table 2 below. Therefore, 
(n; — 2(AB)* is an adequate weight for the first step 
of Wilkinson’s procedure, in which a linear regression 
line is fitted to the double reciprocal form of the equa- 
tion to obtain provisional values of K,, and V,,,, (Km 
and k; — k; in the present case). The degree of free- 
dom for each value of Af, ie. (n; — 2), rather than 
the number of original assays (n,), should be used in 
the weighting factor. For the second part of Wilkin- 
son’s analysis in which a hyperbola is directly fitted 
to the Michaelis-Menten equation (Equation 22 in 
the present case), (n; — 2) is the proper weight. Thus 
ks; — k, and its standard error of estimation, S. E. 
(ks; — k>), may be obtained with a degree of freedom, 
X(n; — 2), where X(n; — 2) is the sum of all the degrees 
of freedom for the individual determination of B 
except that at S=0. Finally, the _ inhibition 
mechanism, i.e. whether or not the inhibition is com- 
petitive, can be ascertained by a statistical test of the 
null hypothesis that there is no difference between 
Bo (an estimate of ks) and Af,,,, (an estimate of 
k, — k,). The affirmative test for this null hypothesis 
indicates that k; = 0, i.e. the inhibition is competitive. 
The test statistics t is given by: 

t = d/S; (34) 


where d and S) are the difference between Bf, and 
AB max» and its standard error respectively. The value 
of S; can be calculated by: 


df,S? + df,S3\(1 1) 
Se a es 35 
a a df, + dfs Nz, , =) —" 


where df and n represent the degrees of freedom and 
the number of samples respectively. The P value may 
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Fig. 2. Determination of the pseudo-first-order rate constants (A) by the semilog pilot of In v vs t 

according to Equation 18. The veiocity at zero time was taken as 1. The concentration of the enzyme 

was approximately 0.001 unit/ml of the reaction mixture. Left panel: data obtained in the absence 

of adenosine in the preincubation mixture. Aliquots of the preincubation mixture were assayed for 

the enzymic activity by adding the substrate at various time periods. Right panel: results of the exper- 

iments in the presence of 50 1M adenosine (see Fig. 3). The straight lines were drawn by linear regression 
analysis. 


be calculated or obtained from a table of Student’s 
t-distribution. 


RESULTS 


The results of the experiments which demonstrated 
the competition between the substrate, adenosine, and 
the inhibitor, coformycin, for binding to the adeno- 
sine deaminase from calf intestinal mucosa are as fol- 
lows. 


Determination of K,, by the conventional method 


The average and the standard error of estimation 
of the K,, value determined six times by the conven- 
tional method at pH74 and 22° were 3.88 
(+1.35) x 10-5 M. The variations among the deter- 
minations were disappointingly large with a coeff- 
cient of variation of as much as 37 per cent. Neverthe- 
less, the observed value was in good agreement with 
the reported values of 3.53 x 10°°M at pH 7.4 and 
20° [9] and 2.4 x 10°°M at pH7.0 and 20.8° [10]. 


Determination of the pseudo-first-order rate constant, 
A 


To measure the constant, /, in the absence of the 
substrate, the enzyme (0.001 unit/ml of the final 
volume) was mixed with the buffer solution (SO mM 
potassium phosphate, pH 7.4) containing various 
amounts of the inhibitor, coformycin. Aliquots of the 
preincubation mixture were assayed for the enzyme 
activity at various time periods after addition of the 
substrate. The logarithms of the velocities were plot- 
ted against time as shown in the left panel of Fig. 
z 

To determine the values of 4 in the presence of 
the substrate, the enzyme was added to the reaction 
mixture containing both the substrate and the inhibi- 


tor. Absorbance at 265nm_ was continuously 
recorded. Velocities at various time periods were 
determined by the slope of tangents to the tracing 
as illustrated in Fig. 3. The natural logarithms of the 
velocities were plotted against time as shown in the 
right panel of Fig. 2. Note that the slopes of the 
straight lines for the same concentrations of the in- 
hibitor are much steeper in the absence of the sub- 
strate (left panel of Fig. 2) than in the presence of 
the substrate (right panel), indicating that the sub- 
strate indeed impedes the binding of the inhibitor to 
the enzyme. The slopes of the straight lines in Fig. 
2 are the pseudo-first-order rate constants, /. 
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Fig. 3. Determination of reaction velocities of the spectro- 
photometric tracings of the reactions. The reactions were 
started by the addition of the enzyme to the reaction mix- 
ture containing 504M adenosine and various concen- 
trations of coformycin. The reaction velocities at various 
time periods were measured as the slopes of tangents to 

the tracings. 
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Fig. 4. Estimation of the apparent rate constants, « and 

Bp, according to Equation 21. The values of 4 obtained 

from Fig. 1 are plotted against coformycin concentration. 

The linear regression lines were computed by the least 

squares method. The numerical values are presented in 
Table 2. 


First-order rate constant (kg) and inhibition constant 


The pseudo-first-order rate constants (A) deter- 
mined from data such as that illustrated in Fig. 2 
were plotted against the inhibitor concentration (J,) 
as shown in Fig. 4. Linear regression lines were com- 
puted by the least squares method. The intercepts (a), 
the slopes (f), and their respective standard errors 
at various levels of adenosine are given in Table 2. 
The data obtained at the adenosine concentration of 
125 uM were obviously in gross error; therefore, they 
were omitted from further analyses. 

Note that there is no apparent correlation between 
the values of « and the adenosine concentrations. This 
fact suggests that coformycin may compete with 
adenosine; therefore, K}, = 2 in Equation 19 and the 
observed values of x are indeed estimates of kg. The 
weighted average of « is 0.219 x 10°? sec”! with a 
standard error of 0.104 x 1074 sec™'. 

From these values it can be calculated that: 
ke oL 
ks Bo 


with the observed range of 0.8 x 107'°M to 
44 x 10~'° M, and the standard error of estimation: 


S. E. (K)) = K{(0.104/0.219) 
+ (0.0569/1.009)] = 0.76 x 107!°M. 


K; = = 2.17 x 10°'°M 
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Fig. 5. Plot of the reciprocal of the apparent second-order 
rate constant vs adenosine concentration according to 
Equations 20 and 23. The circles and the perpendicular 
bars indicate the reciprocal of apparent second-order rate 
constants and their standard errors of estimation (see 
Table 2). The number on each data point indicates the 
number of replicates. The middle dashed line indicates the 
theoretical expectation on the basis of competitive inhibi- 
tion (i.e. k, = 0), and the values of k, and K,, being 
1.009 x 10°M~'sec™* and 38.8uM_ respectively. The 
upper and lower dashed lines represent the cases where 
the true values of 1/k,; and K,, are (1/ks) +S. E. (1/ks) 
and K,, + S. E. (K,,) respectively. The coordinates of one 
point on each of these three theoretical lines are given 
in the figure. 


The 95 per cent confidence limits of K; value are ap- 
proximately 0.68 x 10~'° M and 3.66 x 10°'°M. 


Apparent second-order rate constants and diagnostic 
plot 


The reciprocals of the values of B were plotted 
against § as shown in Fig. 5. The linear regression 
line computed with weights of (n; — 2)/(S. E.)? was 
represented by the solid line in the figure. The correla- 
tion coefficient for this line was 0.998. It can be seen 
that the regression line is in good agreement with 
the theoretical line (the middle dashed line). The latter 
was drawn under the assumptions that coformycin 
and adenosine are competitive, and that the values 
of K, and k, are 388x10°°M_ and 
1.009 x 10° M~'sec™! (see Table 2) respectively. If 


Table 2. Estimated parameters and standard errors 





oL B 
(1073 sec~') (10° M~! sec” ') 


Z 


1/B AB 
(107° M sec) (10° M~! sec~!) 


1/AB 
(10~° M sec) 





anon 


Ha oO oO 


0.080 + 0.115 
0.447 + 0.156 
0.230 + 0.080 
0.288 + 0.236 
0.249 + 0.113 
0.813 + 0.162 
0.200 + 0.129 
0.203 + 0.160 


1.009 + 0.057 
0.584 + 0.036 
0.408 + 0.013 
0.342 + 0.029 
0.233 + 0.012 
0.167 + 0.012 
0.177 + 0.011 
0.160 + 0.010 


0.991 + 0.056 
1.714 + 0.104 
2.451 + 0.076 
2.924 + 0.249 
4.283 + 0.220 
5.974 + 0.422 
5.646 + 0.336 
6.244 + 0.386 


0 
0.426 + 0.051 
0.601 + 0.045 
0.667 + 0.050 
0.776 + 0.045 
0.842 + 0.045 
0.832 + 0.045 
0.849 + 0.048 


we 
2.350 + 0.283 
1.644 + 0.124 
1.499 + 0.112 
1.289 + 0.074 
1.188 + 0.063 
1.202 + 0.064 
1.178 + 0.066 








Tight-binding inhibitors—III 


one standard deviation unit of error in each of the 
estimates of K,, and ks (8) is allowed, the theoretical 
line will lie between the upper and the lower dashed 
lines shown in the figure. It can be seen that the ex- 
perimental points and their standard errors lie well 
within the theoretically predicted limits. Therefore, 
Fig. 5 suggests that coformycin and adenosine com- 
pete with each other for binding to the enzyme. 


Statistical tests 

In order to apply more rigorous statistical tests, 
the values of B were analyzed according to Equation 
31 by the method of Wilkinson. The results are: 


ABmax = 1.031 + 1.234 (10° M~! sec~!) 
Km = 3.61 + 0.120 (1075 M) 


with 28 degrees of freedom. 
The estimate of the common variance of Af,,,, and 
Bo (i.e. the estimate of k; or B at S = 0) is: 


— 2 eS 2 
s? = (11 — 2)(0.057)° + (28 — 2)(1.234)° ~ 1.132025. 
11+ 28-4 





The standard error of the difference is: 


eae 
s, = iia [1 ~ asreeos 
err ae 


The t-value is then: 


p= 4 _ 1.031 — 1.009 
=<" 


= 0.5811 
0.3786 


with df = (11 — 2) + (28 — 2) = 35 and P = 0.9528. 

Therefore, the probability of there being no differ- 
ence between Af,,,, and Bo, i.e. the probability of 
k, = 0, hence the probability of coformycin being a 
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Fig. 6. Double reciprocal plot according to Equation 33. 
The solid line was drawn on the bases of parameters com- 
puted by the statistical method of Wilkinson. The dashed 
lines are those expected from a competitive inhibition 
(k; = 0) and non-competitive inhibitions with various 
magnitudes of k; values relative to k;. The intercepts on 
x- and y-axes are the estimates of (k; — kz) and —1/K,, 
respectively. 
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competitive inhibitor of the adenosine deaminase, is 
greater than 95 per cent on the basis of the data. 
Similarly, the two K,, values, one measured by the 
conventional method, 3.88 (+1.35) x 10°5M, and 
the other estimated from Fig. 6, 3.61 
(+0.120) x 1075 M, are in excellent agreement. 


DISCUSSION 


As demonstrated in previous publications [1, 2], 
the prolonged non-steady state period of the binding 
of a potent inhibitor to an enzyme makes classical 
steady state kinetic theories inapplicable. Therefore, 
it was thought until recently that the elucidation of 
inhibition mechanisms for these tight-binding inhibi- 
tors would be extremely difficult. The prolonged non- 
steady state exhibited by such inhibitors permits, 
however, the measurement of the rate constants for 
the binding of the inhibitor to the enzyme without 
special equipment such as stopped-flow or tempera- 
ture-jump apparatus [11]. Furthermore, the manner 
in which these rate constants are affected by the pres- 
ence of the substrate can be used to elucidate the 
inhibition mechanism. This was demonstrated above 
by the inhibition of adenosine deaminase by coformy- 
cin. 

While the mathematical derivation of the equations 
is somewhat complicated, the basic principle of the 
method can be readily understood on an intuitive 
basis. If the inhibition is competitive, in the presence 
of the substrate only the free enzyme (E) of the unin- 
hibited enzyme species (E and ES) is available for 
the binding of the inhibitor. Therefore, the effect of 
the presence of the substrate on the rate of formation 
of the EJ complex is that the concentration of the 
enzyme appears to be reduced by a factor of 
1/1 + S/K,,), which is equivalent to the ratio 
(E)/((E) + (ES)], and the apparent second-order rate 
constant becomes k,/(1 + S/K,,). Thus, in the pres- 
ence of a saturating concentration of the substrate, 
the binding of the inhibitor could be completely 
blocked and the apparent second-order rate constant 
would become zero. In contrast, in non-competitive 
inhibition, even if the system is saturated with the 
substrate, the binding of the inhibitor to the ES com- 
plex would proceed with a rate constant of k,. In 
the presence of non-saturating concentrations of the 
substrate, the rates of association of the inhibitor with 
E and ES _ would be_ k;/(1+ S/K,,) and 
k,(S/K,,)/(1 + S/K,,), respectively, and the sum of 
these rates would be given by f as in Equation 20. 
Note that the factor (S/K,,)/((1 + S/K,,) is equivalent 
to (ES)/[(E) + (ES)] when the steady state conditions 
are reached between E and ES. Thus, the apparent 
rate constant will change from k, to k7 as the concen- 
tration of S changes from 0 to «. The value of £ 
at any finite concentration of the substrate is deter- 
mined by Equation 20. 

It should be emphasized that the present method 
is applicable only when the inhibitor concentration 
is sufficiently higher than both K; and E,. In general, 
the condition J, > E, can be readily met. However, 
if Kj is relatively high, and if a high concentration 
of the inhibitor is used to meet the condition J, > Kj, 
the steady state conditions may be reached in a rela- 
tively short period of time, as was the case with xan- 
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thine oxidase inhibition by allopurinol [2]. In such 
cases, A can be estimated in principle, as suggested 
previously, either directly from the time course trac- 
ing of the reaction (Fig. 3 of Ref. 1) or indirectly from 
a plot of log [(v — vv, — v,)] vs t (Equation 3 of 
Ref. 1). In practice, however, the accuracy of any 
determination of / will be greatly affected by the ac- 
curacy: of the values of the initial velocity (v,) and 
the steady state velocity (v,). These values may be 
difficult to obtain with the desired degree of accuracy. 
Therefore, a method for the determination of 4’ which 
is less sensitive to the accuracy of v, and v, values 
is highly desirable. Currently this subject is under in- 
vestigation. 

For the human erythrocytic adenosine deaminase, 
the K; value of coformycin was estimated at 
1.2 x 10°'°M from the values of I;9 determined 
after 50min of incubation of the enzyme with the 
inhibitor. It was also suggested that the EJ complex 
probably undergoes a slow conformational change to 
the E’] form. Whether or not a similar phenomenon 
exists with the enzyme from calf intestinal mucosa 
has not been examined. Nevertheless it is noteworthy 
that the K; values of 2.2 x 10~'°M obtained in the 
present study is very similar to that of the human 
erythrocytic enzyme. If the EJ complex indeed under- 
goes a conformational change, these K; values prob- 
ably represent the dissociation constant of the initial 
complex, EJ, rather than the overall dissociation con- 
stant of (EI) + (E’l). 

Given the close structural similarity between 
adenosine and coformycin, the competition between 
the two compounds for adenosine deaminase is not 


surprising. However, in the case of other potent in- 
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hibitors in which the structural analogy between the 
substrate and inhibitor may not be so apparent, infor- 
mation on whether or not the inhibitor competes with 
the substrate would be of invaluable aid for the un- 
derstanding of the inhibition mechanism. For in- 
stance, some inhibitors which alkylate SH groups 
react slowly with the enzyme. Unequivocal deter- 
mination of the competition between the thiol reagent 
and the substrate might provide valuable insights as 
to whether or not the reactive thiol group is located 
at or close to the substrate-binding site of the enzyme. 
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Abstract—Various pharmacological compounds, reserpine, propranolol, hydroquinidine, procaine, vera- 
pamil, atropine and nicotinic acid were tested for their ability to modify the glucagon plasma concen- 
tration in normal rats both in the basal state and after stimulation by exercise or insulin administration. 
These drugs were selected on the basis of their known effect on the autonomous nervo-s system, 
on transmembrane sodium or calcium fluxes or on the level of plasma free fatty acids. Basal plasma 
glucagon level was significantly increased 24hr after administration of reserpine and conversely it 
was decreased 60 min after administration of hydroquinidine, procaine and atropine. The exercise- 
induced rise in plasma glucagon which was previously shown to be inhibited by propranolol was 
not affected by the tested substances with the exception of nicotinic acid. Indeed, blockade of the 
rise in plasma free fatty acids normally associated with exercise, result in a significantly greater increase 
in glucagon plasma concentration in animals treated by nicotinic acid. Insulin-induced hypoglycemia 
provoked a 6-fold increase in plasma glucagon concentration, this rise was not altered by reserpine, 
hydroquinidine, procaine nor verapamil. It was increased by propranolol which slightly potentiated 
the hypoglycemic effect of insulin as well as by nicotinic acid which accentuated the depression in 
plasma free fatty acid induced by insulin. The most striking change was that atropine reduced by 
about 50 per cent the rise in plasma glucagon secondary to insulin administration. In view of these 
results, it would be of interest to study the behaviour of plasma glucagon concentration in patients 
chronically treated with atropine, hydroquinidine or procaine analogs in their respective and already 


established therapeutic uses. 


The finding that glucagon acts as both a hyperglyce- 
mic and ketogenic agent in human diabetes mellitus 
(for review in [1—4]) implies that the research for drugs 
capable of reducing pancreatic glucagon secretion is 
necessary. In addition, this type of research may unra- 
vel the physiological and biochemical mechanisms 
controlling glucagon release. In the present study, 
various compounds were tested for their ability to 
modify the glucagon plasma concentration in normal 
rats both in the basal state and after stimulation by 
exercise or insulin administration. 

As previous reports [5, 6] have emphasized the role 
of the autonomous nervous system in the control of 
a cell secretion, we investigated the influence of 
reserpine, propranolol and atropine on glucagon 
levels. The fact that calcium is involved in the process 
of insulin [7] and glucagon [8,9] release prompted us 
to test the influence of verapamil which has calcium 
antagonistic properties [10] and of procaine hydro- 
chloride which inhibits the binding and facilitates the 
release of calcium by phospholipid membranes [11]. 
Quinidine, which is supposed to reduce outward 
transport of Na* across the cell membrane [12] was 
tested in light of the crucial role, already documented, 
that intracellular sodium has in different f cell func- 
tions [13-15]. Finally, we tested the effects of an anti- 
lipolytic agent, nicotinic acid, in view of the possibi- 





* Part of these data were presented at the Tenth Annual 
Meeting of the European Association for the Study of Dia- 
betes. Jerusalem, Sept. 1974 and published in Abstract 
form: Diabetologia 10, 378 (1974). 

+ Chercheur Qualifié of the Fonds National Belge de 
la Recherche Scientifique. 


lity that changes in plasma free fatty acids might 
modulate the glucagon response to changes in blood 
glucose [16, 17]. Although the mechanism(s) of action 
of a given drug can be studied more precisely in in 
vitro systems like isolated islets or isolated perfused 
pancreas, we tested these compounds in vivo, since 
the final goal of our investigation is the in vivo sup- 
pression by pharmacological agents of glucagon se- 
cretion in human diabetics. 


MATERIALS AND METHODS 


Animals. Four hundred and ninety-five overnight 
fasted male albino rats weighing 175—225 g were used 
in these experiments, according to three different pro- 
tocols. 

(a) The first part of the study was devoted to the 
effects of the various drugs on glucagon plasma levels 
under basal conditions; for this purpose we compared 
animals sacrificed 24 hr or 40 and 60 min after intra- 
peritoneal (i.p.) injection of each drug diluted in saline 
with controls receiving an equal volume of the sol- 
vent. 

(b) Groups of rats were compelled to swim for 
60 min in tepid water according to a previously de- 
scribed procedure [6,18] after either intraperitoneal 
administration of saline or injection of the drug to 
be tested. 

(c) Acute hypoglycemia was induced by i.p. injec- 
tion of 2.5 U regular insulin (Actrapid M.C. Novo, 
Copenhagen, Denmark) per kg body wt. Here again 
control animals received insulin with saline whereas 
seven groups of 7-16 rats were given insulin and one 
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Table 1. Influence of insulin administration and physical 

exercise (forced swim) on blood glucose, plasma free fatty 

acids and glucagon in  saline-injected control rats. 
(mean + S.E.M., n = number of animals) 





Blood Plasma 
glucose FFA 
(mg %) (neq/l) 


Plasma 
glucagon 
(pg/ml) 





Controls 

(40 min after saline) 

(n = 54) 

Insulin-induced hypoglycemia 
(40 min after 2.5 U/kg 
Actrapid insulin) 

(n = 54) P< 
Insulin-induced hypoglycemia 

(60 min after 2.5 U/kg W225 Bit 
Actrapid insulin) 

(n = 6) 

Controls 

(60 min after saline) 

(n = 97) 

Muscular exercise 

(60 min forced swim after 
saline) 

(n = 44) 


114.1 + 4.6 


30.0 + 0.9 437+20 753.4 + 63.6 


0.001 P < 0.001 P < 0.001 


679 + 91.6 
P < 0,005 


P < 0.001 P < 0.001 


75.7413 1004443 1249453 


1960 + 120 
P < 0.001 


224.4 + 12.9 
P < 0.001 





of the compounds studied. Animals were sacrificed 
40 min after insulin administration. In all cases, the 
rats were stunned by a blow on the head and blood 
was withdrawn into heparinized glass syringes by car- 
diac puncture and immediately transferred to chilled 
graduated tubes. Trasylol®* (5000 U/ml) supple- 
mented with EDTA (12 mg/ml) was immediately 
added to each sample (0.1 ml of the mixture per ml 
of blood). 

Methods. Blood glucose was determined according 
to the enzymatic method using glucose-oxidase (Bio- 
chemica Test 15756 B Boehringer, Mannheim, W. 
Germany). The concentration of plasma FFA was 
measured by the titrimetric method of Dole and 
Meinertz[19]. Plasma insulin was determined in 
duplicate by the C method of Hales and Randle [20] 
using centrifugation instead of filtration and rat insu- 
lin (kindly given by Dr. Schlichtkrull, Novo Industri 
AS Copenhagen) as standard. Glucagon was 
measured in duplicates by a radioimmunoassay tech- 
nique [21] using dextran-charcoal for the separation 
of free and bound hormone. Antiserum 30K, con- 
sidered to be specific for glucagon was used in all 
the determinations and crystalline pork glucagon (lot 
6770 MC) from Nove Industri AS (Copenhagen) was 
used as standard. 

Pharmacological compounds. Reserpine (Serpasil®, 
Ciba, Basel, Switzerland) was administered i.p. at a 
dose of 10 mg/kg body wt 24 hr before sacrifice. 

The following agents were given i.p. at their respec- 
tive dosages 40 or ») min before sampling: proprano- 
lol hydrochloride (Inderal®, 1.C.1., Macclesfield, Eng- 
land) 10 mg/kg; dihydroquinidine gluconate (Hydro- 
quinidine®, Houdé, Paris, France) 5 mg/kg; procaine 
hydrochloride (Bios, Brussels, Belgium) 50 mg/kg; 
verapamil hydrochloride (Isoptine®, Knoll A.G., 
Ludwigshafen, Germany) 0.5 mg/kg; atropine sulfate 
(Biergon, Herstal, Belgium) 0.2 mg/kg and nicotinic 
acid (Niacin®, U.C.B., Brussels, Belgium) 5 mg/kg. 

Statistical methods. Results were expressed as 
mean + S.E.M. and the statistical significance of the 
observed differences was analysed by use of Student’s 





*Trasylol, aprotinin BAYER (Leverkusen, Germany) 
prevents glucagon degradation by plasma proteases [21 ]. 
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Fig. 1. Influence of propranolol (PROP), hydroquinidine 
(QUD), procaine (PROC), verapamil (VER), atropine (ATR) 
and nicotinic acid (NIC) on blood glucose, plasma FFA, 
insulin and glucagon in overnight fasted rats. Control ani- 
mals (hatched column) received saline and all rats were 
sacrificed 40 min after intraperitoneal injection of saline 
or of the drugs. The height of each column corresponds 
to the mean + S.E.M., the number of animals in each 
series being indicated inside the lower column. A statisti- 
cally significant difference for comparison with control ani- 
mals is indicated by the value of P, inside or at the top 
of the corresponding column. 


t-test for non-paired values. The coefficient of prob- 
ability P and the correlation coefficient were obtained 
according to Snedecor [22]. 


RESULTS 


1. Control animals. Table 1 summarizes the mean 
results of blood glucose, plasma FFA and glucagon 
determinations in the groups of saline-injected control 
rats receiving insulin or submitted to muscular exer- 
cise. Insulin administration resulted in a marked de- 
crease in blood glucose and plasma FFA associated 
with a 6-fold increase in plasma glucagon 40 and 
60 min after the insulin injection. At 40 min, there was 
no correlation between the values of plasma glucagon 
and those of the corresponding blood glucose and 
plasma FFA (r=0.21 and r= 0.10 respectively, 
n= 54,P > 0.1). 

Exercise significantly increased FFA and glucagon 
plasma concentrations whereas blood glucose 
remained unchanged. 

2. Animals receiving the various drugs in the basal 
state. Figures 1 and 2 compare the mean values of 
blood glucose and FFA, insulin and glucagon plasma 
concentrations measured 24 hr after reserpine and 40 
and 60 min after administration of propranolol, hyd- 
roquinidine, procaine, verapamil, atropine and nico- 
tinic acid with the mean corresponding values 
obtained in saline-injected control rats. 
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Fig. 2. Influence of reserpine (RES), propranolol (PROP), 
hydroquinidine (QUI), procaine (PROC), verapamil (VER), 
atropine (ATR) and nicotinic acid (NIC) on blood glucose, 
plasma FFA, insulin and glucagon in overnight fasted rats. 
With the exception of the RES group which received reser- 
pine (10 mg/kg body wt) 24hr before sacrifice and saline 
60 min before sacrifice, control animals (hatched column) 
as well as the experimental groups were sacrificed 60 min 
after intraperitoneal injection of saline or of the tested 
drug. See legend to Fig. 1 for additional information. 


Pretreatment with reserpine significantly increased 
blood glucose (+31 mg/100 ml), plasma insulin {+ 38 
pU/ml) and plasma glucagon (+54 pg/ml) in relation 
to the saline injected controls while plasma FFA 
remained unchanged. In the propranolol treated 
groups, none of the values of blood glucose, plasma 
FFA, insulin and glucagon levels significantly differed 
from basal concentrations 40 and 60 min after injec- 
tion. 

Hydroquinidine and procaine significantly de- 
creased plasma glucagon level at 60 min (—50 pg/ml 
and —62.5pg/ml, respectively) without affecting 
blood glucose, plasma FFA and insulin at this time; 
the only change seen at 40min was a modest 
although stalistically significant increase in blood glu- 
cose (+8 mg/100 ml) with procaine. 

Verapamil transiently depressed plasma IRI at 
40 min (—9 U/ml), but did not modify the other par- 
ameters. With atropine, a single modification was 
noted, namely.a modest decrease in plasma glucagon 
at 60min (—22.5 pg/ml). Finally, nicotinic acid 
administration was followed by a decrease in blood 
glucose (— 10 mg/ml) and plasma insulin (—7 wU/ml) 
at 40 min. These changes persisted at 60 min together 
with a trend towards a decrease in plasma FFA 
(—285 peq/l) which was weakly significant (P < 0.05). 
Plasma glucagon was not affected. 

3. Insulin-induced hypoglycemia. The results of 
blood glucose, plasma FFA and glucagon determina- 
tions 40 min after i.p. injection of 2.5 U regular insulin 
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per kg body wt are depicted in Fig. 3. When com- 
pared with the mean value of blood glucose measured 
in the control group 40 min after administration of 
insulin alone (30.0 + 0.9mg/100ml, n= 54), the 
blood sugar levels found in animals pretreated with 
reserpine (51.4 + 4.4mg/100 ml, n = 8) hydroquini- 
dine (41.2+2.7 mg/100ml, n= 8) and procaine 
(38.0 + 2.8 mg/100 ml, n = 8) were statistically higher, 
whereas the result found in rats pretreated with pro- 
pranolol (24.8 + 1.7mg/100ml) was _ statistically 
lower. The FFA-lowering action of insulin was signifi- 
cantly potentiated by reserpine, verapamil and nico- 
tinic acid and, on the contrary, was reduced by pro- 
pranolol. Forty min after administration of insulin 
alone to the control group, plasma glucagon was in- 
creased to 753.4 + 63.6 pg/ml (see Table 1). This value 
was similar to those found in animals receiving insu- 
lin and reserpine or hydroquinidine or procaine or 
verapamil. The glucagon increase was exaggerated 
when insulin was associated with propranolol 
(1388 + 190 pg/ml) or with nicotinic acid (1406 + 200 
pg/ml). On the contrary, atropine markedly reduced 
the stimulatory effect of insulin-induced hypoglycemia 
both at 40 min (Fig. 3) and at 60 min (Fig. 4). Figure 
4 also shows that this reduction of glucagon by atro- 
pine was associated with a more profound depression 
of plasma FFA. 

4. Muscular exercise. The results of blood glucose, 
plasma FFA and glucagon determinations after 
60 min forced swim are depicted in Fig. 5. In 44 
saline-injected exercised animals, blood glucose aver- 
aged 81.4 mg/100 ml (+2.2 S.E.M.), plasma FFA aver- 
aged 1960 peqg/l (+120S.E.M.) and plasma glucagon 
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Fig. 3. Influence of reserpine (RES), propranolol (PROP), 
hydroquinidine (QUI), procaine (PROC), verapamil (VER), 
atropine (ATR) and nicotinic acid (NIC) on blood glucose, 
plasma FFA and glucagon 40 min after insulin administ- 
ration. The first hatched column corresponds to saline- 
injected animals and the second hatched column to the 
animals receiving insulin alone used for statistical compari- 
son. See legend to Fig. 1 for additional information. 





A. S. Luyckx and P. J. LEFEBVRE 


Glucagon (30K) pg/mi 











Plasma FFA yEq/I 





Blood glucose mg*/> 














(8) | (6) 








0 
NaCl 9 "fee . . 
Atropine 0.2mg/kg - * 

Insulin 25U/kg - - bd * 

Fig. 4. Effect of the intraperitoneal injection of atropine, 

insulin and atropine plus insulin on blood glucose, plasma 

FFA and glucagon in overnight fasted rats. The control 

group received saline. All animals were sacrificed 60 min 

after the injection. See legend to Fig. 1 for additional 
information. 


averaged 224.4 pg/ml (+12.9S.E.M.). Thus, the in- 
crease in plasma glucagon in the present series aver- 
aged 99.5 pg/ml. In five separate experiments compar- 
ing resting and exercised rats [6], the mean increase 
in plasma glucagon was 113.9 pg/ml (extreme values 
93.6-134.0 pg/ml, S.D. 19.2; S.E.M. 8.6). In rats pre- 
treated with reserpine, the post-exercise values of 
blood glucose and plasma glucagon were higher than 
in control exercised rats. However, comparison with 
the pre-exercise values revealed that these apparent 
changes were entirely due to the effects of reserpine 
on basal values (see Fig. 2). Indeed, in animals given 
reserpine, exercise per se did not significantly modify 
blood glucose and the increase in plasma glucagon 
associated with exercise was +147.5 pg/ml, a value 
similar to those found in untreated animals. Although 
statistically significant, the rise in plasma FFA associ- 
ated with exercise was diminished in reserpine-treated 
rats. 

Neither hydroquinidine nor procaine, verapamil 
and atropine significantly affected the post-exercise, 
values of blood glucose, plasma FFA and glucagon. 
Administration of nicotinic acid immediately before 
swimming abolished the rise in plasma FFA and 
markedly potentiated the glucagon rise (+243.1 
pg/ml) associated with exercise. 


DISCUSSION 


Numerous arguments have accumulated during 
recent years in favor of attributing to glucagon a role 
as a hyperglycemic and ketogenic factor in human 
diabetes mellitus [1-4]. This justifies effort to try to 
find pharmacological compounds capable of reducing 


the glucagon hypersecretion associated with most 
cases of decreased glucose tolerance or increased 
ketogenesis. Although somatostatin and its analogs 
are the most promising agents in this field [23, 24], 
the shart half-life of this peptide as well as its possible 
untowards effects on platelet functions [25-27] must 
be taken into consideration. Glucagon secretion is 
stimulated by catecholamines in vitro[28] and in 
vivo [29] and the results of most studies are compat- 
ible with the view that the adrenergic receptors in- 
volved in alpha cell stimulation are of the f-type. In- 
deed, propranolol pretreatment abolished the exer- 
cise-induced glucagon rise in rats[18]. The present 
work demonstrates that propranolol, even at high 
doses, does not alter basal glucagon concentrations 
40 or 60min after its injection. In agreement with 
Baird and Carter [30] we noticed that propranolol, 
when combined with insulin gave rise to blood glu- 
cose levels which were lower than those produced by 
insulin alone. Although very small (5.2 mg/100 ml), 
the mean additional reduction in blood glucose pro- 
voked by propranolol is perhaps responsible for the 
higher glucagon levels measured under these condi- 
tions. This finding shows that sympathetic efferent 
activity is apparently not responsible for the glucagon 
response to hypoglycemia in rats, a conclusion 
already drawn by Bloom et al. [5] in the calf. 
Reserpine administration depfetes the catechola- 
mine stores of the adrenals and: the noradrenaline 
stores of adrenergic nerve endings [31]. Twenty-four 
hr after administration of this agent, treated animals 
exhibited moderate hyperglycemia and hypergluca- 
gonemia and marked hyperinsulinemia. This basal 
hyperglucagonemia, the mechanism of which is un- 
known, can entirely account for the higher glucagon 


MUSCULAR EXERCISE 


BLOOD GLUCOSE 





PLASMA FFA 





PLASMA GLUCAGON (30K) 











| 


| 
| 
RE 





| 
| 


Fig. 5. Influence of reserpine (RES), hydroquinidine (QUI), 
procaine (PRO), verapamil (VER), and nicotinic acid (NIC) 
on blood glucose, plasma FFA and glucagon after 60 min 
forced swim. The first hatched column corresponds to the 
saline-injected resting animals and the second hatched 
column to the saline-injected exercised rats used for statis- 
tical comparison. See legend to Fig. 1 for additional 
information. 
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plasma levels measured after exercise. Indeed, the glu- 
cagon rise associated with exercise in reserpine- 
treated rats was comparable to that seen in control 
animals. Finally, the normal glucagon increase associ- 
ated with insulin-induced hypoglycemia rules out any 
role for reserpine as an inhibitor of glucagon se- 
cretion. In agreement with Taylor [32], we found that 
reserpinized rats exhibited a significant increase in 
resting blood glucose, which may be secondary to the 
hyperglucagonemia demonstrated in this study. 
Although reduced, exercise-induced FFA mobiliza- 
tion persisted in exercised animals treated with reser- 
pine, suggesting either that catecholamine depletion 
was not complete or that exercise-induced lipolysis 
was partially independent from catecholamines. 

The present study demonstrates that hydroquini- 
dine transiently depresses basal glucagon levels but 
does not alter the rise in plasma glucagon associated 
with muscular exercise or insulin hypoglycemia. The 
reason why the hypoglycemia induced by insulin is 
less marked in the presence of hydroquinidine is un- 
known and merits further investigation. Procaine hy- 
drochloride is a local anesthetic which alters cell 
membrane handling of calcium. According to Hope- 
Gill et al. [11] both insulin and procaine inhibit bind- 
ing and facilitate release of calcium by phospholipid 
membranes and the decrease in membrane calcium 
might increase permeability of these membranes to 
glucose. These mechanisms could explain the 22 per 
cent decrease in basal plasma glucagon seen in rats 
treated with procaine. This weak inhibitory effect of 
procaine on glucagon secretion is however insufficient 
to affect the stimulation of x cells by exercise or 
hypoglycemia. Verapamil has been shown to inhibit 
glucose-induced insulin release by the isolated per- 
fused rat pancreas probably by interfering with cal- 
cium transport across the plasma membrane [10]. 
The significant decrease in basal plasma insulin in 
rats treated with this drug is. thus in agreement with 
the previously published results obtained in vitro. Un- 
der our experimental conditions, verapamil did not 
affect glucagon plasma levels under any of the tested 
conditions. Blood glucose was not altered and the 
single significant change was a potentiation of the 
FFA-lowering effect of insulin. 

Our results demonstrate the importance of the 
parasympathetic innervation of the islets of Langer- 
hans in the control of glucagon secretion in rats. In- 
deed, administration of atropine not only decreased 
basal plasma glucagon concentration but also mark- 
edly reduced the stimulatory action of insulin-induced 
hypoglycemia on glucagon secretion. These data are 
in agreement with previous observations in calves [5] 
and in man [33]. 

It can thus be concluded that the in vivo stimu- 
lation of glucagon release is mediated not only by 
glucopenia at the alpha cell level but also by a cho- 
linergic mechanism secondary to vagal stimulation. 
It is worthwhile to emphasize the importance of the 
parasympathetic system since relatively few studies 
have been conducted in this field compared with 
those devoted to the adrenergic system. 

Nicotinic acid is an antilipolytic agent used in the 
therapy of various types of hyperlipoproteinae- 
mia [34]. Previous reports have emphasized the im- 
portant role free fatty acids perform in dogs [35] and 
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in man [17] in the control of glucagon secretion. The 
hypothesis can thus be put forward that chronic treat- 
ment with nicotinic acid derivatives would reduce 
plasma FFA leading to chronic stimulation of gluca- 
gon secretion and secondarily to impairment of glu- 
cose tolerance. In fact, hyperglucagonemia is seen in 
various cases of hyperlipoproteinemia [36] and a 
gross and sustained rise in fasting plasma glucagon 
was previously reported in hyperlipidemic patients 
treated with f-piridyl-carbinol, a nicotinic acid deri- 
vative [37, 38]. 

In the present study, we noticed that with pre-treat- 
ment with nicotinic acid, elevation in plasma FFA 
normally seen during exercise did not occur, and that 
éxercise-induced hyperglucagonemia was potentiated. 
Just as insulin and nicotinic acid produced a fall in 
plasma FFA which was deeper than that seen follow- 
ing insulin alone, the hyperglucagonemia induced by 
insulin and nicotinic acid was greater than that pro- 
duced by insulin alone. These results provide evidence 
that the stimulation of glucagon secretion by exercise 
or hypoglycemia can be modulated by the level of 
plasma FFA. Careful studies of plasma glucagon in 
patients treated with nicotinic acid should also be car- 
ried out to assess the possible role of glucagon in 
the impairment of glucose tolerance associated with 
nicotinic acid administration. 
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Abstract—The effects of three nitroso compounds (namely, nitrososarcosine, dibutylnitrosamine and 
diethyinitrosamine) on dimethylnitrosamine (DMN) demethylase activity were determined. Nitrososar- 
cosine rapidly inhibited DMN demethylase activity, and induced statistically significant inhibitory 
effects at doses far below threshold levels for inhibition of aminopyrine demethylase. Nitrososarcosine, 
administered in vivo, induced non-competitive inhibition of DMN demethylase. Dibutylnitrosamine, 
diethylnitrosamine and even dimethylnitrosamine, itself, inhibited DMN demethylase activity at doses 


which had no effect on aminopyrine demethylase. 


Dimethylnitrosamine (DMN) is a potent carcinogen 
and mutagen which requires enzymatic activation to 
exhibit its toxic responses [1]. For example, when 
bacteria are plated in the presence of DMN, there 
are no increases in mutations [2]. However, when 
liver microsomal enzyme preparations are included 
in these plates, mutation frequencies increase mark- 
edly. Similarly, these bacteria can be tested in the 
host-mediated assay, which also reflects bio-activation 
of DMN. Mutagenicity of DMN in the host-mediated 
assay has been reported to be suppressed by concomi- 
tant administration of other nitroso compounds [3]. 
More specifically, pretreatment of mice with nitroso- 
sarcosine (NS), diethylnitrosamine (DEN), dibutylni- 
trosamine (DBN) and even dimethylnitrosamine, 
itself, suppresses DMN mutagenicity in the host- 
mediated assay [3]. 

Dialkylnitrosamines inhibit the oxidative metabo- 
lism of DMN in female [4] and male rats [5]. In 
male rats, DEN and NS also suppress DMN inhibi- 
tion of liver protein synthesis and liver RNA, DNA 
and protein alkylation [5]. The potential relationship 
between metabolism and DMN mutagenicity is 
further supported by observations that acetoaminoni- 
trile [6,7] and piperonyl butoxide [8] reduce both 
DMN metabolism and DMN mutagenicity. 

We report here the inhibition of mouse liver DMN 
demethylase activity by 3N-nitroso compounds, 
namely, diethylnitrosamine, dibutylnitrosamine and 
nitrososaccosine. We also show inhibition of DMN 
metabolism by DMN, itself. In the case of NS, we 
also report that this is a highly specific phenomenon 
and we report the Michaelis-Menten kinetics. 


MATERIALS AND METHODS 


Dimethylnitrosamine and diethylnitrosamine were 
purchased from the Eastman Chemical Co. Nitroso- 





* Supported by NIH Grants ES 00701 and ES 00713. 
+ Current address: Biology Division, Oak Ridge 
National Laboratories, Oak Ridge, Tenn. 


sarcosine and dibutylnitrosamine were synthesized in 
this laboratory by modifications of the method of 
Lijinsky et al. [9]. Distilled water was employed as 
solvent for all compounds except dibutylnitrosamine, 
which was dissolved in corn oil. Solutions of nitroso- 
sarcosine were: adjusted to pH 7 prior to use. 

Male Swiss (ICR) mice weighing between 20 and 
30 g were used throughout these studies. Mice were 
housed six to a cage in plastic shoebox cages and 
maintained on Purina Laboratory Chow and water, 
ad lib. Mice were obtained from Flow Research Ani- 
mals, Inc., Dublin, Va. 

DMN demethylase activity was assayed in post- 
mitochondrial supernatant by measuring formalde- 
hyde production from dimethylnitrosamine. Animals 
were killed by cervical dislocation, livers removed and 
gall bladders discarded. Livers were homogenized in 
3 vol. of 0.25M sucrose containing 0.1 M phosphate 
buffer, pH 7.4 [10]. Post-mitochondrial supernatant 
was prepared from homogenates by centrifugation at 
9000 g for 15 min at 4°. All DMN demethylase incu- 
bation mixtures were buffered at pH 7.4 and con- 
tained 72 umoles nicotinamide (this high level was 
used because it had no adverse effect on DMN and 
there is an interaction between DMN and 
nicotinamide which produces a nicotinamide defi- 
ciency [11]), 1.7 umoles NADP, 30yumoles MgCl, 
45 umoles MnCl,, 45 pmoles semicarbazide 18 moles 
D,L-isocitrate and 75 yg isocitrate dehydrogenase in 
a final volume of 3.0ml. In assaying for DMN 
demethylase activity, 0.3ml of post-mitochondrial 
supernatant was added to the incubation mixture, 
and, except in experiments to determine enzyme kin- 
etics, 0.3 m-mole DMN was added as substrate. After 
incubation at 37° for 60min in a Dubnoff shaker, 
the reaction was stopped by the addition of 10% 
trichloroacetic acid (TCA) and the concentrations of 
the reaction product, formaldehyde, were determined 
using the Nash procedure [12]. This reaction is linear 
with respect to time and post-mitochondrial superna- 
tant protein. Doubling the DMN concentration to 
0.2mM had no effect on enzyme activity. Aminopyr- 
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Table 1. DMN demethylase activity at various times after nitrososarco- 
sine administration* 





Treatment 


Enzyme activity 
(mean + S. E.) 





H,O (5 ml/kg) 

Nitrososarcosine (1 g/kg) 
0.5 hr prior to sacrifice 
1 hr prior to sacrifice 
1.5 hr prior to sacrifice 
2 hr prior to sacrifice 
19 hr prior to sacrifice 


0.096 + 0.008 


0.069 + 0.25 

0.056 + 0.0097 
0.049 + 0.0137 
0.052 + 0.013% 
0.099 + 0.014 





* Nitrososarcosine (1.0 g/kg) was injected, i.p., at times indicated prior 
to sacrifice. Three mice per group were used in each experiment and 
livers pooled to prepare post-mitochondrial supernatant for each group. 
Enzyme activity of each preparation was determined in four replications 
and is expressed as nmoles H,CO formed min~'-mg~' liver. The results 
shown are a summary of four determinations and represent twelve 


treated animals per group. 


+ Significantly different from control (P < 0.01). 


ine demethylase activity was determined on some of 
these samples as described previously [12]. Treatment 
of animals prior to preparation of post-mitochondrial 
supernatant varied, and these alterations in exper- 
imental protocol are noted in the Results section. 

’ 


RESULTS 


The effect of time of nitrososarcosine adminis- 
tration on enzyme activity is shown in Table 1. Nitro- 
sosarcosine (1.0 g/kg) was administered to mice 19, 


2, 1.5, 1 and O.Shr before the animals were killed 
and post-mitochondrial supernatant was prepared. 
DMN demethylase activity was reduced to 73, 59, 
52 and 55 per cent of control when treatment with 
nitrososarcosine preceded sacrifice by 0.5, 1, 1.5 and 
2 hr respectively. Administration of nitrososarcosine 
19hr prior to sacrifice had no effect on enzyme 
activity. 

The dose-response characteristics of DMN 
demethylase to nitrososarcosine are shown in Table 
2. Doses of nitrososarcosine of 100, 250 and 
500 mg/kg were administered by intraperitoneal injec- 
tion to groups of mice 1.5hr prior to sacrifice. The 
lowest dose of nitrososarcosine tested, 100 mg/kg, 
produced inhibition of DMN demethylase activity to 
74 per cent of control; 250 and 500 mg/kg nitrososar- 


cosine lowered the enzyme activity to 44.2 and 31.2 
per cent of control respectively. Statistically signifi- 
cant inhibition of aminopyrine demethylase was 
observed at 500 mg/kg of NS but was much less than 
that observed with DMN demethylase. 

Kinetic constants of DMN demethylase were 
measured 2 hr after treatment with 1000 mg/kg of NS. 
Figure | shows results of one of these determinations. 
The V,,,, was affected by nitrososarcosine treatment 
to a greater extent than was the apparent K,,. For 
example, injection of 1000 mg/kg of NS lowered the 
Vinax tO 63 per cent of that of untreated animals, while 
increasing apparent K,, by only 18 per cent. 

Effects of nitrososarcosine added in vitro on DMN 
demethylase kinetics are shown in Table 3. These 
preparations contained 0.00 M, 0.028 M and 0.056 M 
nitrososarcosine. Various substrate concentrations 
were employed to permit determination of the kin- 
etics of DMN demethylase inhibition in vitro. The 
inhibition produced appeared largely non-competi- 
tive, as the mean V,,,, was decreased to 62 per cent 
of control by 0.056M_ nitrososarcosine, whereas 
apparent K,, was not significantly altered. Similarly, 
0.028 M_nitrososarcosine lowered the mean V,,,, 
obtained to 78 per cent of control without effect on 
apparent K,,,. Nitrososarcosine did appear to undergo 
demethylation itself under conditions of the assay, as 


Table 2. Dose-response of aminopyrine demethylase and DMN demethylase activities to 
nitrososarcosine* 





Treatment 


Enzyme activity (mean + S. E.) 
Aminopyrine demethylase 


DMN demethylase 





H,O (5 ml/kg) 
Nitrososarcosine 
(100 mg/kg) 
(250 mg/kg) 
(500 mg/kg) 


0.278 
0.225 


0.286 + 0.032 


+ 0.010 
+ 0.020 
0.205 + 0.013+ 


0.077 + 0.003 


0.057 + 0.0017 
0.034 + 0.002t 
0.024 + 0.002t 





*Groups of four mice were treated with H,O or nitrososarcosine, i.p., 1.5 hr prior to 
sacrifice. Livers were removed and post-mitochondrial supernatant was prepared. Enzyme 
activities were determined on individual liver preparations and are expressed as nmoles 


H,CO formed min~'-mg~! liver. 


+ Significantly different from control (P < 0.01). 





Inhibition of DMN demethylase activity 


(ENZYME ACTIVITY)! 


min.mg liver/nmol H2CO 








40 ; M-! 


[DMN]” 


Fig. 1. Lineweaver-Burk plot of DMN demethylase activity as a function of substrate concentration— 
effect of nitrososarcosine in vivo. Groups of six mice were given 5 ml/kg of H,O (control) or 1.0 g/kg 
of nitrososarcosine by intraperitoneal injection 2 hr prior to sacrifice. Post-mitochondrial supernatant 
was prepared for each group and DMN demethylase activity determined at varying substrate concen- 
trations. The lines are labeled with the equation followed by the regression coefficient. 


addition of 0.028 M and 0.056 M nitrososarcosine in- 
stead of DMN :n the incubation mixture resulted in 
formaldehyde production which was 158 and 196 per 
cent, respectively, higher than blanks which contained 
post-mitochondrial supernatant and cofactors but no 
added substrates. 

Preincubation of the reaction mixture with 0.056 M 
nitrososarcosine for 30 min at 37° prior to the addi- 
tion of substrate did not markedly increase the extent 
of inhibition produced. With preincubation, 0.056 M 
nitrososarcosine lowered DMN demethylase activity 
to 53 per cent of control; without preincubation, 
enzyme activity was 61 per cent of control. When 
NaCl isosmolar with 0.056 M NS was added to the 
incubation mix, only a 10 per cent decrease in enzyme 
activity was observed. 

Mice were treated with 500 mg/kg of DMN, DEN 
or dibutylnitrosamine, and DMN demethylase activi- 
ties were determined on postmitochondrial superna- 
tant prepared from each group 45 min after adminis- 
tration of the respective nitroso compound. These 


results are summarized in Table 4. Treatment with 
all three compounds significantly reduced the activity 
of DMN demethylase. DMN lowered enzyme activity 
by 35 per cent; DEN and dibutylnitrosamine reduced 
DMN demethylase activity by 28 and 24 per cent 
respectively. 


DISCUSSION 


Nitrososarcosine markedly inhibited DMN 
demethylase activity both in vivo and in vitro. The 
doses used here are considerably below the LDs5o 
(3500 mg/kg) and are accompanied by no gross histo- 
logical damage. DMN demethylase activity was inhi- 
bited within | hr and the kinetics of this inhibition 
were non-competitive. These inhibitory effects are 
also shared by other nitrosamines. Diethylnitrosa- 
mine, dibutylnitrosamine and DMN itself also inhi- 
bited the activity of this enzyme. 

Several nitrosamines inhibit the conversion of 
DMN-['4C] to '*CO, in vivo in female rats [4]. 


Table 3. Effect of nitrososarcosine in vitro on kinetic parameters of DMN demethylase* 





No. of 
determinations 


Nitrososarcosine 
concn (M) 


(M) 


max 


(nmoles HCO min! 


‘mg! liver) 





0.000 4 
0.028 4 
0.056 4 


0.038 + 0.003 
0.028 + 0.004 
0.032 + 0.007 


0.210 + 0.036 
0.163 + 0.007+ 
0.129 + 0.011T 





* Six mice/determination were sacrificed and livers were used to prepare post-mitochondrial supernatant. Enzyme 
activity of the preparation was determined at varying substrate concentrations in the absence and the presence of 
indicated concentration of nitrososarcosine. Nitrososarcosine was added to incubation mixtures in aqueous solutions 


adjusted to neutrality. 
+ Significantly different from control (P < 0.025). 
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Table 4. Effect of dialkylnitrosamine on DMN demethylase activity in vivo* 





Group 


No. of replications 


Enzyme activity 
(mean + S. E.) 





Control (5 ml/kg H,O) 
DMN (500 mg/kg) 
DEN (500 mg/kg) 
DBN (500 mg/kg) 


6 0.072 + 0.003 


0.047 + 0.002t 


6 
6 0.052 + 0.002 
6 


0.055 + 0.002t 





* Groups of three mice were injected intraperitoneal!y with the compounds indicated 
45 min prior to sacrifice. Hepatic post-mitochondrial supernatant was assayed for 
DMN demethylase activity. DMN and diethylnitrosamine (DEN) were administered 
in aqueous solutions; dibutylnitrosamine (DBN) was dissolved in corn oil. Enzyme 
activity is expressed as nmoles H,CO min™~'-mg™! liver. 

+ Significantly different from control (P < 0.001). 


These nitrosamines in order of potency include DEN, 
butylmethylnitrosamine, — ¢t-butylmethylnitrosamine, 
bis-2-hydroxyethylnitrosamine and ethyl-2-hydroxy- 
ethylnitrosamine. NS but not DMN, DBN or DEN 
inhibited mouse liver aminopyrine demethylase under 
the conditions used here [12]. However, DMN 
demethylase is more sensitive to NS than is either 
aminopyrine demethylase or aniline hydroxylase. 
Several nitroso compounds, including nitrososarco- 
sine methylester, inhibit pentobarbital sleeping time 
in mice [13]. 

DMN analogues of the dimethylacylamide series 
are potent competitive inhibitors in vitro of DMN 
demethylase activity [14]. This inhibition decreases 
with increasing chain length of the acyl constituents 
with the butyl derivative inactive. Similarly in the 
present studies, the 2-carbon nitrosamine is a more 
potent inhibitor than the 8-carbon compounds, but 
the 8-carbon derivative still has considerable activity. 

The inhibitory effects observed on DMN demethy- 
lase are both qualitatively and quantitatively consis- 
tent with inhibition of DMN mutagenicity in the 
host-mediated assay [3]. Maximal inhibition of DMN 
mutant frequency was observed 30 min after nitroso- 
sarcine treatment and persisted for 2 hr; it was back 
to control levels at 19 hr after treatment. As was the 
case in these studies, the inhibitory effects on muta- 
genicity were approximately 55 per cent. Similarly, 
the effects of diethylnitrosamine and dibutylnitrosa- 
mine are quantitatively and qualitatively similar on 
DMN demethylase activity and mutant frequency. 

It is not clear at this point as to why nitrososarco- 
sine is a non-competition inhibitor of DMN demethy- 
lase. Slight formaldehyde production in vitro was 
observed from nitrososarcosine incubations with mic- 
rosomal enzymes, indicating the possibility of enzy- 


matic activation. However, these mechanisms are still 
not clear. 

There seems to be no question about the intrinsic 
oncogenic activity of N-nitroso compounds. However, 
human environmental exposure appears to be to 
several types of nitrosamines in contrast to single pur- 
ified compounds. It appears from these data that 
there is a significant interaction between nitroso com- 
pounds which merits further consideration. 
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Abstract—Adenosine stimulated cyclic AMP accumulation in guinea pig ventricular slice preparations. 
The response to adenosine was dose-dependent over the range 0.1 to 100 uM; half-maximal stimulation 
occurred at 25 uM. The response to the nucleoside was rapid; maximum levels of cyclic AMP were 
obtained in 3 min. Examination of a variety of adenosine analogues revealed that the 2’-, 3’-, and 
5’-hydroxyl groups of the ribose moiety were important for activity. Agonist activity also required 
an amino group in the 6-position. Substitution of one hydrogen atom on the primary amino nitrogen 
did not alter activity, but substitution of both hydrogens abolished activity. Replacement of the N 
in position 7 of the purine ring with a C atom, or substitution of the hydrogen atom on position 
8 with either an amino group or bromine atom abolished activity. Examination of the effect of several 
agents, papaverine, 5’-deoxyadenosine, 6-chloropurine riboside and 6-N[(p-nitrobenzyl)thio ]-9-f-p-ribo- 
furanosyl purine, which inhibited adenosine uptake into cardiac cells, provided evidence which suggested 
that the action of the nucleoside was mediated via interaction with a receptor on the external cell 
surface. Several phosphodiesterase inhibitors (papaverine, SQ 20009, RO-20-1724 and 3-isobutyl-1-meth- 
ylxanthine) potentiated the effect of adenosine; theophylline, on the other hand, antagonized adenosine 
stimulation of cyclic AMP levels. Hexobendine potentiated the stimulatory action of low (10 uM) 
concentrations of adenosine, and seemed to do so by preventing adenosine uptake. Lidoflazine poten- 
tiated the action of both low (10 uM) and high (100 uM) concentrations of adenosine and appeared 
to act primarily as a phosphodiesterase inhibitor. Dipyridamole potentiated the actions of both low 


and high concentrations of adenosine probably by blocking adenosine uptake and by inhibiting phos- 


phodiesterase. 


Adenosine has been shown to stimulate accumulation 
of cyclic AMP in brain slices [1, 2], platelets [3] and 
in a variety of cultured cells of both neuronal and 
non-neuronal origins [4-6]. This action seems to be 
effected by interaction of the nucleoside with an extra- 
cellular receptor [6-9]. Adenosine has a number of 
actions on the cardiovascular system. It relaxes 
smooth muscle resulting in dilation of coronary 
arteries, and much evidence suggests that the nucleo- 
side is a physiological regulator of coronary blood 
flow during hypoxia or increased myocardial oxygen 
demand [10, 11]. The vasodilators, dipyridamole, hex- 
obendine and lidoflazine, potentiate the effect of exo- 
genously applied adenosine on coronary blood flow; 
this action is attributed to inhibition of nucleoside 
uptake into blood cells and tissues [12-14]. These 
coronary dilators are also potent inhibitors of cyclic 
nucleotide phosphodiesterases from a variety of tis- 
sues including heart and coronary arteries and could 
potentially affect cyclic AMP levels in these tis- 
sues [15,16]. The negative chronotropic action of 
adenosine on the heart has been recognized for some 





*The following abbreviations have been used: pNBTRP, 
6-N[(p-nitrobenzyl)thio]-9-B-pD-ribofuranosyl purine; SQ 
20009, 1-ethyl-4-(iso-propylidenehydrazino-1H-pyrazolo- 
3,4-b)-pyridine-5-carboxylic acid ethyl ester HCl; 
RO-20-1724, pL-4-(3-butoxy-4-methoxy-benzyl)-2-imidazo- 
lidinone; IBMX,  3-isobutyl-l-methylxanthine; and 
AMP-PNP, 5’-adenylyl imidodiphosphate tetrasodium 
salt. 


time [17]; both rate and force of contraction of iso- 
lated atria are reduced by this nucleoside [18]. The 
above-mentioned coronary dilators potentiate these 
actions of adenosine on the intact heart [17], and in 
isolated atria[18,19]. From these observations it 
seemed possible that adenosine might affect cyclic 
AMP levels in cardiovascular tissues. In this study, 
we report the effects of adenosine and agents which 
affect its metabolism on cyclic AMP levels in ventri- 
cular slice preparations. 


MATERIALS AND METHODS 


5'-Deoxyadenosine, ethyl adenosine 5’-carboxylate, 
dipyridamole, hexobendine and lidoflazine were gifts 
from Dr. J. W. Daly, National Institutes of Health, 
Bethesda, Md., U.S.A. 2-Fluoroadenosine, N°-phenyl- 
adenosine, N°-(3-methyl-2-butenyl)-adenosine, N°- 
hydroxyadenosine, and pNBTRP* were provided by 
Dr. A. R. P. Paterson, McEachern Laboratory for 
Cancer Research, University of Alberta; 6-mercapto, 
6-methoxy- and 6-chloropurine  riboside and 
N°®-dimethyladenosine were obtained from Terochem 
Laboratories Ltd., Edmonton, Canada. Other nucleo- 
sides were obtained from Sigma Chemical Co., St. 
Louis, Mo. 3-Isobutyl-1-methyl-xanthine was _pur- 
chased from Aldrich Chemicals. RO-20-1724 was 
obtained through the courtesy of Dr. H. Sheppard, 
Hoffmann-La Roche Inc., Nutley, N.J., and SQ 20009 
through Dr. S. Hess, Squibb & Sons, Inc., Princeton, 
N.J., U.S.A. 
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The medium used for perfusion and for all incuba- 
tions was (concentrations in mM) NaCl, 122; KCl, 
3; MgSO,, 1.2; CaCl,, 1.3; KH,PO,4, 0.4; NaHCO,, 
25; and glucose, 10, gassed continuously with 95%, 
O,-5% CO. 

Preparation of tissue slices. Hearts were removed 
from female guinea pigs (350-500 g); each heart was 
perfused with 40 ml fluid at 37°, then placed on ice, 
and the atria and large vessels were removed. Slices 
(0.5 mm thick) were prepared from the ventricles 
using a Stadie—Riggs tissue slicer. Slices were further 
subdivided on a Mcllwain tissue chopper set at 500 
um, giving tissue cubes of approximately (0.5 mm)’. 

Incubation and measurement of cyclic AMP. All in- 
cubations were conducted at 37° in a Dubnoff meta- 
bolic shaker. Slices prepared from three ventricles 
were incubated in 30 ml medium for 15 min, washed 
three times with 30 ml of fresh medium by decan- 
tation, collected on fine nylon mesh and immediately 
dispersed in 24 ml medium. After 40 min of incuba- 
tion,* slices were washed as described above, trans- 
ferred to 60 ml medium and incubated for 10 min 
before being collected on a nylon mesh. Portions of 
the slice preparation, representing about 10 mg pro- 
tein, were equilibrated for 3 min in 5 ml medium 
in 25-ml beakers before the test substances (in 50 pl 
solution) were added. Preparations were then incu- 
bated for 3-5 min unless otherwise indicated. The 
reaction was terminated by collecting the slices on 
nylon mesh, transferring them rapidly to a glass hom- 
ogenizer tube containing | ml of ice-cold 8% 
trichloroacetic acid and homogenizing with a Teflon 


pestle. ['*C]cyclic AMP (2000 dis./min) was added 
to each extract to monitor recovery. After separation 
of denatured protein by centrifugation, the superna- 
tant was extracted four times with 1.5 vol. ether and 


subjected to chromatography on Dowex  1-x8 
(100-200 mesh, Cl” form) as described by Schultz and 





*This procedure was used because in some parallel ex- 
periments slices were prelabeled by incubation with 
[*H]adenine for 40 min, and [*H]cyclic AMP was 
measured chromatographically (see Ref. 2). Data from such 
experiments are not reported in this paper. 
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Daly [20]. Cyclic AMP was determined in quadrupli- 
cate samples of each lyophyllized col ::n effluent by 
the method of Gilman [21] using binding protein pre- 
pared from beef ventricle and inhibitor protein from 
rabbit leg muscle. Cyclic AMP content was expressed 
on the basis of tissue protein. Protein was determined 
from the trichloroacetic acid-precipitated residue after 
solubilization in 1 N NaOH using the method of 
Lowry et al. [22]. 

Measurement of uptake of ['*C]adenosine by ventri- 
cular slices. The procedure was similar to that used 
by Huang and Daly [7] for brain slices. Ventricular 
slices were incubated for 15 min and washed as de- 
scribed above. After incubation in fresh medium (20 
ml/g wet wt) for 10 min, slices were collected on nylon 
mesh and were divided into portions containing 4-5 
mg protein. Each portion was dispersed in 3.5 ml 
medium containing the test substance and 10 uM 
['*C adenosine (16 mCi/m-mole). After 20 or 40 min 
of incubation at 37°, the medium was decanted and 
12 ml of fresh medium was added to quench further 
uptake. The slices were rapidly washed two more 
times, collected on nylon mesh and homogenized in 
| ml of 8°, trichloroacetic acid. Denatured protein 
was separated by centrifugation, and 0.1-ml aliquots 
of the supernatant fluid were added to 10 ml Aquasol 
containing 2 ml of 50°, ethanol and 15 yl of 10 N 
H,SO,, and radioactivity was determined by liquid 
scintillation spectrometry. 


RESULTS 


Effect of adenosine on cyclic AMP levels. The basal 
level of cyclic AMP in guinea pig ventricular slices 
was 1.4 + 0.1 pmoles/mg of protein. When 0.1 mM 
adenosine was present in the medium, cyclic AMP 
levels rose rapidly to a maximum in 3 min and 
remained at this level for at least 12 min (Fig. 1A). 
Response to adenosine was dose-dependent between 
0.1 and 100 uM (Fig. 1B). The effect of several phos- 
phodiesterase inhibitors on the adenosine-elicited in- 
crease in cyclic AMP levels was examined (Table 1). 
Papaverine (0.5 mM), SQ 20009 (0.5 mM), 
RO-20-1724 (0.1 mM) and IBMX (1.0 mM) increased 
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Fig. 1. Effect of adenosine on cyclic AMP accumulation in guinea pig ventricular slices. Conditions 
are as described in Materials and Methods. Panel A: Time course of action of 100 uM adenosine; 
panel B: dose dependency of adenosine-elicited stimulation of cyclic AMP levels. Vertical bars represent 

S.E.M. of the number of experiments shown in parentheses. 





Effect of adenosine on cyclic AMP accumulation 


Table 1. Effect of phosphodiesterase inhibitors on adenosine-mediated accumulation 
of cyclic AMP in guinea pig ventricular slices* 





Phosphodiesterase Concn Adenosine Cyclic AMP 
inhibitor (mM) (0.1 mM) (pmoles/mg protein) 





1.4 + 0.1 (5) 
4.5 + 0.3 (5) 
6.8 + 0.6 (3) 
16.0 + 0.7 (3) 
2.4 + 0.1 (3) 
10.5 + 1.9(3) 
3.0 + 0.3 (6) 
13.3 + 0.8 (5) 
12.3 + 1.0(3) 
22.8 + 1.1 (3) 


None 

None 
Papaverine 
SQ 20009 
RO-20-1724 
IBMX 


Theophylline 


+i titi ti¢tit+i 





*:Slices were incubated in the presence of SQ 20009, IBMX or theophylline for 
3 min before addition of adenosine; papaverine or RO-20-1724 was added together 
with adenosine to slices which had been pre-incubated for 3 min. Otherwise, conditions 
are as described in Materials and Methods. Values are means from the number of 
experiments shown in parentheses +S.E.M. 


basal levels of cyclic AMP by 5-, 2-, 2.5- and 10-fold not affect basal levels of cyclic AMP and partially 
respectively. When 0.1 mM adenosine was present, inhibited the effect of adenosine. 

these compounds appeared to potentiate the effect of Structure-activity relationships of adenosine ana- 
the nucleoside. In contrast, theophylline (1 mM) did logues. Adenosine analogues modified in either the 


Table 2. Structure—activity relationships of adenosine analogues* 





Cyclic AMP 
(pmoles/mg protein) 


Analogue — Adenosine + Adenosine (0.1 mM) 





None 1.4 + 0.10(12) 4.2 + 0.19(14) 

Analogues with modified ribose moiety 
2'-Deoxyadenosine E ; 34 5. 0.3 (3) 
3'-Deoxyadenosine h .1§ ; 0.48 (3) 
Isopropylidine adenosine J . ' 5.8 + 0.7) (3) 
5'-Deoxyadenosine 1 ; .1§ (4 9 + 0.24 (4) 
Ethyl adenosine S’-carboxylate ; / .2§ (5 3. 0.3 (5) 
AMP-PNP . ; : 5 + 0.5§ (4) 

Analogues with modified purine moiety 


Adenosine N'-oxide 
2-Chloroadenosine 
2-Fluoroadenosine 
Isoadenosine 
N°-methyladenosine 
N°®-phenyladenosine 
N°-benzyladenosine 
N°®-(3-methyl-2-butenyl)-adenosine 
N°-dimethyladenosine 
N°-hydroxyadenosine 
6-Methoxypurine riboside 
6-Mercaptopurine riboside 
6-Chloropurine riboside 
Inosine 

Tubercidin 
8-Aminoadenosine 
8-Bromoadenosine 


3.6 + 0.44 (4) 
4.5 + 0.3 (3) 
1.8 + 0.2¢ (6) 
2.2 + 0.1¢ (5) 
4.1 + 0.3% (3) 
3.8, 4.6 

5.1 + 0.47 (4) 


+ 0.3§ (3) 

5 + 0.38 (3) 

+ 0.2% (5) 

3.4 + 0.1$(5) 

5 + 0.6§ (3) 
.2, 5.4 

+ 0.3 (3) 

5.9 + 0.34 (3) 

3 + 0.48 (4) 

+ 1.0% (3) 

5.1 + 0.6t (3) 

4.1 + 0.38 (3) 

3.7 + 0.18 (4) 

4.8 + 0.18 (4) 

3.2 + 0.34 (5) 

3.9 + 0.48 (3) 

4.3 + 0.28 (3) 





* Conditions are as described in Materials and Methods. Values are means +S.E.M. for the number of experiments 
indicated in parentheses. The significance of differences from basal levels (+ or — adenosine as appropriate) was 
determined by Student’s t-test and is indicated by the probabilities shown in the subsequent footnotes. 

+P < 0.001. 

tP < 0.05. 

§P> 0.1. 

P < 0.01. 
qP<0.1. 
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purine ring or sugar moiety were examined for poss- 
ible effects on cyclic AMP accumulation (Table 2). 
Modification of the ribose moiety greatly reduced 
agonist activity; 3’-deoxyadenosine, 5’-deoxyadeno- 
sine and ethyl adenosine 5’-carboxylate were inactive 
at the concentrations used. 2’-Deoxyadenosine, 
AMP-PNP and isopropylidine adenosine were weak 
agonists. Of these, 5’-deoxyadenosine (100 pM) 
strongly antagonized the stimulatory action of 100 
uM adenosine; ethyl adenosine 5’-carboxylate slightly 
decreased the effect of the nucleoside; the remainder 
were without significant effect. Modification of the 
purine moiety at N‘ did not significantly alter agonist 
activity: 100 uM adenosine N'-oxide was almost as 
effective as 100 nM adenosine. When present together, 
the effect was not greater than that of adenosine 
alone. 2-Chloroadenosine was an effective agonist and 
when present with adenosine, cyclic AMP levels were 
equivalent to those produced by adenosine alone. In 
contrast, 2-fluoroadenosine (100 4M) had virtually no 
agonist activity and antagonized the effect of adeno- 
sine. Isoadenosine behaved similarly. Analogues in 
which a single H on the amino nitrogen was substi- 
tuted retained agonist activity. Activity was not signi- 
ficantly different from that of adenosine whether the 
substituent was aliphatic (methyl- or 3-methyl-2- 
butenyl-) or aromatic (phenyl- or benzyl-), nor did 
these analogues affect the stimulation produced by 
100 uM adenosine. In contrast, N°-dimethyladenosine 
had no agonist action and did not affect the stimula- 
tory action of adenosine. N°-hydroxyadenosine at 100 


Table 3. Effect of various agents on uptake 
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uM was a more potent agonist than adenosine, and 
the effects of the two together were additive. With 
the exception of 6-methoxypurine riboside, which had 
marginal agonist activity, replacement of the 6-amino 
group with a mercapto-, chloro-, or hydroxyl group 
rendered the compound inactive at the concentrations 
examined and none of these affected the stimulatory 
action of adenosine. Similarly, at the concentration 
used, tubercidin (7-deazaadenosine) was devoid of 
agonist activity; 8-aminoadenosine had marginal 
agonist activity, 8-bromoadenosine was virtually inac- 
tive and neither of the two latter compounds affected 
the action of adenosine. 

Uptake of ['*C]adenosine by ventricular slices. Evi- 
dence from studies on brain slices[7] and plate- 
lets [9] suggested that adenosine stimulates cyclic 
AMP formation by interaction with a receptor on 
the exterior cell surface. The effect of phosphodiester- 
ase inhibitors, adenosine analogues and coronary 
dilators on uptake of 10 uM ['*C]adenosine into ven- 
tricular slices is shown in Table 3. Theophylline at 
1 mM and IBMX at 100 uM had no significant effect 
on uptake; IBMX at | mM produced a small but 
significant inhibition (~25 per cent). SQ 20009 was 
more potent, producing 47 per cent inhibition of 
uptake at 0.5 mM; papaverine was the most potent 
agent in this category, producing 68 and 80 per cent 
inhibition at 0.1 and 0.5 mM respectively. The potent 
phosphodiesterase inhibitor, RO-20-1724, had no sig- 
nificant effect. The adenosine analogues, 5’-deoxya- 
denosine and 6-chloropurine riboside, at 100 uM pro- 


of ['*C]adenosine by ventricular slices* 





Compound 


Per cent inhibition 
of adenosine uptake 


Concn 
(uM) 





Phosphodiesterase inhibitors 
Theophylline 
IBMX 


SQ 20009 
Papaverine 


RO-20-1724 

Adenosine analogues 
2-Chloroadenosine 
6-Chloropurine riboside 
2'-Deoxyadenosine 
3'-Deoxyadenosine 
5'-Deox yadenosine 
Ethyl adenosine 5’-carboxylate 


pNBTRP 


Coronary dilators 
Dipyridamole 


Hexobendine 


Lidoflazine 


1000 <4(3) 
100 <5(2) 
1000 24.6 + 1.9(5) 
500 47.2 + 3.4 (3) 
100 67.9 + 1.2(3) 
500 79.6 + 2.8 (3) 
100 <6 (4) 


500 24.3, 26.6 
100 75.9 + 3.8 (3) 
500 14.3, 15.4 
500 <6(2) 
100 76.0 + 0.7 (4) 
10 <9(2) 
100 <10(2) 
I 67.1 + 0.9 (3) 
10 86.5, 86.0 


l 36.3 + 0.8 (3) 
10 80, 75.3 

1 53.6, 52.4 
10 88.0 + 1.0(3) 

I <12(3) 
10 <14(4) 





*['*C adenosine (10 uM) (sp. act. 16 wCi/umole) was used and incubations were 
for 20 or 40 min as described in Materials and Methods. Values are means +S.E.M. 
from the number of experiments shown in parentheses; where only two experiments 
were performed, both values are given. Total incorporation of radioactivity under 
control conditions was 7 to 9 x 10° and 15 to 16 x 10° dis./min/mg of protein at 


20 and 40 min respectively. 
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duced 76 per cent inhibition; 2-chloroadenosine and 
2'-deoxyadenosine were less effective inhibitors while 
3’-deoxyadenosine and ethyl adenosine 5’-carboxylate 
were virtually inactive. By far the most potent agent 
was pNBTRP, which produced 67 per cent inhibition 
at 1 uM and 86 per cent at 10 uM. The coronary 
dilators dipyridamole and hexobendine at 100 uM 
strongly inhibited adenosine uptake (75 and 86 per 
cent respectively). Lidoflazine, on the other hand, had 
only marginal effects. When adenosine concentration 
was increased to 100 uM, dipyridamole (100 uM), 
hexobendine (10 4M), papaverine (0.5 mM), IBMX 
(1.0 mM), 6-chloropurine riboside (100 uM) and 
pNBTRP (10 uM) did not significantly affect uptake 
of the radioactive nucleoside (data not shown). 
Effects of vasodilators on adenosine-mediated ac- 
cumulation of cyclic AMP. The effects of hexobendine, 
dipyridamole and lidoflazine on myocardial cyclic 
AMP levels were examined in the absence and pres- 
ence of 10 and 100 uM adenosine. In additional ex- 
periments, RO-20-1724, a phosphodiesterase inhibitor 
which did not affect adenosine uptake, and/or 
pNBTRP, a potent inhibitor of adenosine uptake 
(Table 3) which does not inhibit phosphodiesterase, 
were present in the incubation mixture. The results 
are shown in Table 4. Dipyridamole at 10 and 100 
UM elevated cyclic AMP 2-fold and 4-fold, respect- 
ively, above the basal level. Hexobendine at 10 uM 
produced a smaller increase (1.5-fold). Dipyridamole 
(10 and 100 uM) potentiated the stimulatory effects 
of both 10 and 100 uM adenosine. At both concen- 
trations of dipyridamole, the degree of potentiation 
was greater with 10 uM adenosine than with the 


higher concentration (100 uM). Hexobendine at both 
10 and 100 uM stimulated the level of cyclic AMP 
elicited by 10 uM adenosine to that caused by 100 
LM adenosine alone and did not increase cyclic AMP 
levels further in the presence of the higher concen- 
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tration of the nucleoside. Lidoflazine potentiated the 
action of both concentrations of adenosine to a simi- 
lar extent. This latter agent also potentiated the 
adenosine effect when present at 1 uM. pNBTRP had 
little effect on basal levels of cyclic AMP; it increased 
the response elicited by 10 uM adenosine but had 
a lesser effect on the response produced by 100 uM 
nucleoside. RO-20-1724 increased the basal levels of 
cyclic AMP and potentiated the action of both con- 
centrations of adenosine to a similar degree. A com- 
bination of pNBTRP and RO-20-1724 elevated the 
basal levels of cyclic AMP as well as the responses 
of both 10 and 100 uM adenosine; the degree of 
potentiation was greater with 10 uM adenosine. 


DISCUSSION 


The data presented demonstrate that adenosine can 
augment intracellular cyclic AMP levels in ventricular 
myocardium. The phosphodiesterase inhibitors, papa- 
verine, SQ 20009, RO-20-1724 and IBMX, poten- 
tiated the effect of adenosine, but theophylline pro- 
duced inhibition. Inhibition by methylxanthines of 
either adenosine-mediated increases in cyclic AMP or 
adenosine-induced physiological responses has been 
observed in a number of systems [1, 23-26]. The 
studies with adenosine analogues provide some infor- 
mation on structural requirements for nucleoside 
action. In general, these requirements bear many simi- 
larities to those of brain preparations [7, 23]. Modifi- 
cations of the ribosyl moiety caused partial or com- 
plete loss of agonist activity. Thus, 2’-deoxyadenosine 
had only low activity at 0.5 mM (it was without acti- 
vity at 100 uM); the 3’-deoxy-, 5’-deoxy, and isopro- 
pylidine analogues and ethyl adenosine 5’-carboxylate 
were virtually inactive. Free hydroxyl groups in the 
2'-, 3’- and 5’-positions, therefore, seem necessary for 
agonist activity; AMP-PNP (which is resistant to 


Table 4. Effect of dipyridamole, hexobendine and lidoflazine on adenosine-mediated accumulation of cyclic AMP* 





Cyclic AMP 
(pmoles/mg protein) 





Agent(s) — Adenosine 


+ Adenosine (10 uM) + Adenosine (100 uM) 





— 
—_ 

\o 
— 


None 
Dipyridamole 


Hexobendine 


Lidoflazine 
pNBTRP 
RO-20-1724 
RO-20-1724 
plus pNBTRP 


HH H+ H+ H+ + 


2.3 + O.1F (11) 3.7 + 0.2(11) 

8.6, 7.0 8.9, 8.0 

14.2 11.6, 15.5 

3.2 + 0.2§,|| (3) 3.4 + 0.49 (3) 

3.5 + 0.5§, || (3) 3.7 + 0.49 (3) 

5.1 + 0.4**,+4 (3) 8.2 + 0.8** (3) 
3.8 + 0.2**,+F (4) 4.3 + 0.1§ (6) 

8.4 + 0.5+,** (5) 12.9 + 0.6** (7) 


10.3, 9.3 11.4, 10.8 





* Values are means +S.E.M. from the number of experiments indicated in parentheses. Where only two experiments 
were performed, both values are given. Significance of differences from basal levels (+ or — adenosine as appropriate) 
was determined by Student’s t-test and is indicated by the probabilities shown in footnotes {, §, { and **. Significance 
of differences from the levels in the presence of 0.1 mM adenosine is indicated by the probabilities shown in footnotes 


t, || and TT. 
+P < 0.001. 
tP < 0.05. 

§ P < 0.01. 

| P>O.1. 
“"“P>0.1. 

** P < 0.001. 
++ P < 0.05. 
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phosphatase), however, possessed activity. From the 
data presented, it is also possible to suggest that on 
the purine ring, a 6-amino group is important for 
activity. Thus, 6-methoxy-, 6-hydroxy-, 6-chloro-, and 
6-mercaptopurine riboside possessed very low acti- 
vity. One of the protons of the amino nitrogen could 
be substituted with either an aliphatic or an aromatic 
residue. However, N°-dimethyladenosine, in which 
both protons are substituted, was virtually inactive. 
Thus, either one exchangeable proton on the 6-amino 
group, or the proper exposure of the N atom is im- 
portant. The N atom at position 7 also appeared 
essential for activity; in addition, substitution at C-8 
greatly impaired agonist activity. 2~Chloroadenosine 
and 2-fluoroadenosine, which have similar negative 
chronotropic actions on the beating heart [27], had 
opposite effects on cyclic AMP formation in the slice 
preparation. The 2-chloro analogue, a potent vasodi- 
lator [28] and stimulator of cyclic AMP formation 
in brain slices [7,23] and human fibroblasts [8], pos- 
sessed agonist activity in heart slices while 2-fluoro- 
adenosine was inactive and actually inhibited adeno- 
sine-stimulated cyclic AMP formation. The two ana- 
logues, N°-hydroxyadenosine and ethyl adenosine 
5'-carboxylate, exhibited especially interesting actions. 
The former seemed to be a more potent agonist than 
adenosine and the combined actions of this analogue 
and adenosine were ddditive. This might imply differ- 
ent receptors for each. However, the action of the 
N°®-hydroxy compound was antagonized by theophyl- 
line (data not shown) as was adenosine (see Table 
1). They might, of course, be acting on different cell 
types. Ethyl adenosine 5’-carboxylate has been 
reported to be a potent vasodilator [29]; however, 
unlike the other vasoactive agents examined, it did 
not stimulate cyclic AMP accumulation in ventricular 
slices. We considered: it possible that the source of 
substrate for cyclic AMP formation by this analogue 
might be a discrete and minor component of the total 
adenine nucleotide pool, and thus small amounts of 
the cyclic nucleotide formed might escape detection 
when assaying for total tissue cyclic AMP. However, 
in experiments in which slices were prelabeled with 
[*H]adenosine and the accumulation of labeled cyclic 
AMP measured by the chromatographic technique of 
Shimizu et al. [2], we were unable to detect radioac- 
tive cyclic nucleotide, although it was readily demon- 
strated using adenosine, 2-chloroadenosine or 
N°-hydroxyadenosine. Recently it has been reported 
that the vasodilator action of ethyl adenosine 5’-car- 
boxylate appears different from adenosine in that it 
is not potentiated by dipyridamole [30]. 

Uptake of 10 uM ['*C]adenosine was inhibited by 
dipyridamole, hexobendine, papaverine, 5’-deoxya- 
denosine, 6-chloropurine riboside and pNBTRP while 
uptake of 100 uM adenosine was virtually unaffected 
by these agents. This could mean that different 
mechanisms might be involved in the uptake of high 
and low concentrations of this nucleoside analogous 
to those found in erythrocyte[31] and brain 
slices[7]. It could also mean that the uptake 
mechanism was saturated at 100 uM nucleoside so 
that the effect of these agents would not be apparent. 
pNBTRP (1 uM), which inhibited adenosine uptake 
by 67 per cent, potentiated the accumulation of cyclic 
AMP in response to 10 uM adenosine but did not 
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substantially augment the action of 100 uM nucleo- 
side. 6-Chloropurine riboside acted similarly (data not 
shown). If inhibition of adenosine uptake increases 
the effective concentration of nucleoside at a surface 
membrane site, the expected response would be no 
greater than the maximum response of adenosine. The 
observations with pNBTRP and 6-chloropurine ribo- 
side, therefore, are consistent with the idea that the 
site of adenosine action is at the external cell surface. 
The possibility can be considered, however, that these 
agents may be acting to inhibit the metabolism of 
adenosine intracellularly. In support of our feeling 
that their main action is to prevent entry of adenosine 
into the cell, it has been clearly shown that pNBTRP 
specifically blocks nucleoside transport [32, 33]. It is 
unlikely that the action of any of these agents could 
be accounted for by inhibition of adenosine de- 
aminase which might have leached from cells into the 
incubation medium, since this activity could not be 
detected in the media of control experiments after 
removal of the slices. 

Different mechanisms seemed to be involved in the 
potentiative action of hexobendine, lidoflazine and 
dipyridamole on adenosine-elicited cyclic AMP ac- 
cumulation in guinea pig ventricular slices, although 
all three compounds are known to inhibit phospho- 
diesterase [15, 16]. Hexobendine appeared to act by 
inhibiting adenosine uptake rather than by phospho- 
diesterase inhibition. Thus at 10 uM, this compound, 
which inhibited the uptake of 10 4M adenosine by 
88 per cent (see Table 3), potentiated the accumu- 
lation of cyclic AMP in response to 10 uM adenosine 
to a level equivalent to that caused by 100 uM nuc- 
leoside alone (see Table 4). This action is unlikely 
to be due to inhibition of phosphodiesterase because 
the drug did not potentiate the effect of 100 uM 
adenosine. Indeed, the action of hexobendine is simi- 
lar to that of pNBTRP, which inhibited adenosine 
uptake but did not inhibit phosphodiesterase at the 
concentration used. Lidoflazine did not significantly 
affect the uptake of adenosine but potentiated the cyc- 
lic AMP-accumulating action of both 10 and 100 uM 
adenosine to the same extent. This would be consis- 
tent with an inhibitory action on phosphodiesterase. 
In agreement with this, the potent phosphodiesterase 
inhibitor, RO-20-1724, which had virtually no effect 
on adenosine uptake, potentiated the effects of both 
concentrations of adenosine to a similar extent. 
Dipyridamole seemed to exert its action by inhibiting 
both phosphodiesterase and adenosine uptake. Thus 
it potentiated the cyclic AMP-accumulating action of 
100 uM adenosine but had no significant effect on 
uptake of the nucleoside at this concentration. This 
would be consistent with an inhibitory action on 
phosphodiesterase. However, the degree of potentia- 
tion of the effect of 10 4M adenosine was greater 
than that of 100 uM adenosine. This could result from 
inhibition of uptake since dipyridamole inhibited 
uptake of 10 4M adenosine by about 80 per cent. 
Indeed, the effects of dipyridamole could be mimicked 
by a combination of the phosphodiesterase inhibitor, 
RO-20-1724, and the nucleoside uptake inhibitor, 
PNBTRP; the two potentiated the effect of 10 uM 
adenosine to a greater extent than that of 100 uM 
nucleoside. It has been shown [18] that the potentia- 
tive effects of dipyridamole and hexobendine on the 
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action of adenosine on guinea pig heart could be cor- 
related with their actions on uptake of the nucleoside, 
but the action of lidoflazine could not be explained 
on the same basis. The present study confirms that 
lidoflazine is unlikely to inhibit adenosine uptake; 
however, all three vasodilators could potentiate the 
adenosine-elicited cyclic AMP accumulation in 
guinea pig heart slices but by apparently different 
mechanisms. 

Whether the actions of adenosine and vasodilators 
described here are related to the cardiovascular 
actions of these agents cannot be determined from 
this study. Nor has it been determined what contribu- 
tion to cyclic AMP levels was made by the smooth 
muscle cells of the coronary vasculature. In recent 
experiments we have shown that adenosine stimulates 
cyclic AMP formation in atrial slices, but we have 
not examined coronary vasculature as yet. Adenosine 
“receptors” in both coronary vasculature and myocar- 
dial cells seem to share certain basic features. Thus, 
both adenosine-induced vasodilation and negative 
chronotropism are potentiated by dipyridamole, hex- 
obendine and lidoflazine and inhibited by methylxan- 
thines. In a recent study, Kalsner [34] has shown that 
dipyridamole potentiated adenosine-induced relaxa- 
tion of beef coronary artery strips. Uptake of radioac- 
tive adenosine into isolated arterial strips was inhi- 
bited by dipyridamole. Thus there may be similarities 
between the cardiac and vascular systems. Studies 
similar to those reported here on the coronary arterial 
system could be of some value. 

In the presence of 0.1 mM IBMX or RO-20-1724, 
epinephrine and isoproterenol (10 4M) increased cyc- 
lic AMP levels in the ventricular slice preparation 
approximately 3-fold. Propranolol (10 uM) abolished 
the stimulatory action of the catecholamines. It will 
be of interest to determine what relationship, if any, 
exists between the catecholamine receptor and the sti- 
mulatory action of adenosine. 
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Abstract—Rat liver was previously shown to contain [V. G. Erwin and R. A. Deitrich, Biochem. Pharma- 
col. 21, 2915 (1972)] two aldehyde reductases (EC 1.1.1.2) in addition to alcohol dehydrogenase 
(EC 1.1.1.1). The present paper demonstrates that one of these aldehyde reductases also catalyzes rever- 
sible reduction of 3-ketosteroids of A/B cis configuration. The product of reduction appears to be 
3x-alcohol, rather than 3f-alcohol, the product of reduction of the same 3-ketone by rat liver alcohol 
dehydrogenase. This difference in the steric course of reduction may be useful for distinguishing alde- 
hyde reductase from alcohol dehydrogenase. Since 3a-alcohols of A/B cis configuration are universally 
distributed in the bile of vertebrates, the steroid activity of aldehyde reductase may be connected 


with its physiological function. 


At physiological pH values, reduction of biological 
aldehydes and ketones to alcohols can be easily 
accomplished by alcohol dehydrogenases (EC 1.1.1.1) 
which are universally distributed in animal tissues 
[1,2]. In addition to alcohol dehydrogenase, mam- 
malian tissues also contain a group of cytoplasmic 
enzymes with somewhat narrower substrate speci- 
ficity, called aldehyde reductases (EC 1.1.1.2) distri- 
buted in brain, liver, kidney, lung, heart and other 
tissues [3-5]. These enzymes were named aldehyde 
reductases on the assumption that they catalyzed an 
irreversible reaction [3]. Further studies, however, 
have shown that aldehyde reductases, like alcohol de- 
hydrogenase, catalyze reversible alcohol—aldehyde in- 
terconversion [4,5]. Unlike alcohol dehydrogenase, 
the majority of aldehyde reductases are specific for 
NADPH as coenzyme, but some can also utilize 
NADH. Ethanol and acetaldehyde are generally not 
substrates. Aldehyde reductases can be further dis- 
tinguished from alcohol dehydrogenases by the fact 
that they are not inhibited by pyrazole or isobutyra- 
mide but are susceptible to inhibitors such as barbitu- 
rates [4]. 

In 1972 Erwin and Deitrich [5] published a separ- 
ation profile of enzymes catalyzing aldehyde reduc- 
tion from livers of Sprague-Dawley rats. Employing 
a calcium phosphate gel-cellulose column, the 
enzymes catalyzing aldehyde reduction were eluted in 
three peaks numbered I, II and III in the order of 
elution. Enzyme activities were followed with m-nitro- 
benzaldehyde and propionaldehyde as substrates with 
NADH and NADPH as coenzymes. Peak III, active 
with m-nitrobenzaldehyde and propionaldehyde as 
substrates and NADH or NADPH as coenzymes, was 
identified as the classical alcohol dehydrogenase 
(EC 1.1.1.1). The enzymes eluted in peaks I and II 
were inactive with propionaldehyde and were identi- 
fied as aldehyde reductases (EC 1.1.1.2). Peak I 
enzyme was specific for NADPH while peak II could 
utilize both NADH and NADPH. 

From the data of Ris and von Wartburg [6] it 
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appears that aldehyde reductases, like alcohol de- 
hydrogenase, utilize longer chain and aromatic alde- 
hydes more effectively than the corresponding short- 
chain compounds as substrates. Alcohol dehydrogen- 
ase (EC 1.1.1.1) from rat liver can also ,catalyze reduc- 
tion of cyclohexanone (the simplest steroid analog) 
and of steroidal 3-ketones of A/B cis configuration 
[7-9]. Since alddehyde reductases seem to resemble 
alcohol dehydrogenases in substrate specificity [6], it 
appeared possible that steroids might also function 
as substrates for aldehyde reductases. The exper- 
iments described in this paper show that aldehyde 
reductase (EC 1.1.1.2) isolated by Erwin and Deitrich 
in peak II can catalyze reduction of cyclohexanone 
and is also a steroid dehydrogenase specific for the 
3-keto group of steroids of A/B cis configuration. 


MATERIALS AND METHODS 


3-Keto-4-androsten-17f-ol (testosterone), 4-preg- 
nene-3,20-dione (progesterone), 1,3,5(10)-estatriene-3- 
ol-20-one (estrone), 3f-hydroxy-5f-androstan-17- 
one  (etiocholan-3f-ol-17-one),  3-keto-5f-andros- 
tan-17f-ol (5f-dihydrotestosterone), 5-pregnene-3/- 
ol-20-one (pregnenolone) and 3f-hydroxy-5x-andros- 
tan-17-one (epiandrosterone) were obtained from 
Sigma Chemical Co. St. Louis, Mo. 3%-Hydroxy-5p- 
androstan-17-one (etiocholanolone), 3a-hydroxy-5z- 
androstan-17-one (androsterone) and 3-keto-5a- 
androstan-17f-ol (5z-dihydrotestosterone) —_ were 
obtained from Steraloids, Pawling, N.Y. 

Sprague-Dawley rats were used. The livers were 
removed immediately after decapitation and homo- 
genized in 0.1 M sodium phosphate, pH 7.4. The pro- 
cedure of extraction, centrifugation and ammonium 
sulfate fractionation was described by Erwin and Dei- 
trich [5]. Calcium phosphate gel—cellulose columns 
were prepared as described by Massey [10]. What- 
man cellulose powder (microgranular form CC31) was 
washed three times with each: 0.1 M NaOH, 0.1M 
HCl and deionized water. Cellulose (20g dry weight) 
was suspended in 200 ml of distilled water and mixed 
with 100 ml of a suspension of calcium phosphate gel 
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Fig. 1. Separation of enzymes reducing m-nitrobenzalde- 
hyde with NADH and NADPH as coenzymes on a cal- 
cium phosphate-cellulose column. Key: (@ ®) activity 
with m-nitrobenzaldehyde (1.3mM) as substrate with 
NADPH (170 4M) as coenzyme; and (x x) activity 
with 3-keto-5f-androstan-17/-ol (114 uM) as substrate with 
NADH (170M) as coenzyme. Fractions 1-24 eluted 
with 0.01M_ phosphate, pH 6.0. Fractions 25-60 
eluted with 0.1 M phosphate, pH 6.0. Fractions 61—106 eluted 
with 0.1M_ phosphate, pH 6.7. Fractions 107-120 
eluted with 0.1M phosphate. pH 6.7. containing 0.5 M 
sodium chloride. 


(Sigma Chemical Co. St. Louis, Mo.) diluted to 30 mg 
of solids/ml. A column (2.5 x 30cm) of calcium phos- 
phate gel-cellulose was prepared and washed succes- 


sively with 600 ml of 0.1 M sodium phosphate, pH 
6.0, and 0.01 M sodium phosphate, pH 6.0. All buffers 


contained 0.05mM ethylene diamine tetraacetate 
and dithiothreitol (30 mg/liter). Dialyzed 40-70% 
saturated ammonium sulfate fraction (5 ml) contain- 
ing 150-180 mg protein was placed on the column 
and eluted in the manner described by Erwin and 
Deitrich [5]. Column eluates were analyzed with 
NADH (170 uM) and NADPH (170 uM) as coen- 
zymes and with acetaldehyde (1.2mM), 3-keto-5f- 
androstan-17f-ol (114 4M), added to 3 ml volume in 
10 xl dioxan, and m-nitrobenzaldehyde (1.3mM) as 


substrates in 0.1M phosphate buffer, pH 7.0. The 
eluted enzymes were concentrated in vacuum dialysis 
concentrators (Schleicher & Schuell, Inc., Keene, 
N.H.). Coenzyme oxidation was followed at 340 nm 
in a Beckman DB-GT spectrophotometer. Protein 
concentrations were determined by employing the 
method of Lowry et al. [11] using bovine serum albu- 
min (Fraction V, Sigma Chemical Co.) as a primary 
standard. 


RESULTS 


Identity of enzymes in peaks I, II and III. The elu- 
tion profile was the same as that obtained by Erwin 
and Deitrich [5] in that m-nitrobenzaldehyde reduc- 
ing enzymes have been eluted off the calcium phos- 
phate-cellulose column in three major peaks as 
shown in Fig. 1. The enzyme peaks (separated repro- 
ducibly in three experiments) could be easily dis- 
tinguished by employing different substrates with 
NADH and NADPH as coenzymes. 

In addition to being active with all substrates and 
coenzymes used here (see Table 1), the enzyme iso- 
lated in peak III was inhibited by pyrazole and isobu- 
tyramide, the inhibitors of alcohol dehydrogenase. 
Peak III, therefore, in accordance with previous 
observation [5], is alcohol dehydrogenase 
(EC 1.1.1.1). 

Peaks I and II showed narrower substrate and 
coenzyme specificity (Table 1) and were not inhibited 
by pyrazole or isobutyramide at concentrations of 
30 mM. Peaks I and II are, therefore, aldehyde reduc- 
tases (EC 1.1.1.2). 

Coenzyme and substrate specificity of peak I enzyme. 
In accordance with the previous report [5], the 
enzyme eluted in peak I has been found to be specific 
for NADPH as coenzyme; of the substrates used, only 
m-nitrobenzaldehyde and cyclohexanone were 
reduced. Activity of aldehyde reductases (EC 1.1.1.2) 
with cyclohexanone as substrate was never reported 
previously. During this investigation, it was also 
observed that front and tail portions of peak I were 
eluted in phosphate buffers of different ionic 
strengths: peak Ia in 0.01 M phosphate, pH 6.0, and 
peak Ib in 0.1 M phosphate, pH 6.0 (see Fig. 1); it 


Table 1. Ratios of activity with acetaldehyde, cyclohexanone and 3-keto-5f-androstan-17f-ol with NADH and NADPH 
as coenzymes to the activity with m-nitrobenzaldehyde with NADPH as coenzyme* 





N-NADPH N-NADH A-NADPH 


A-NADH 


S-NADPH S-NADH C-NADPH C-NADH 





Before 
chromatography 
Peak I 

(EC 1.1.1.2) 


Peak Il 
(EC 1.1.1.2) 


Peak Ill 
(EC 1.1.1.1) 





*N = m-nitrobenzaldehyde (1.3 mM); 


A = acetaldehyde 


(1.2mM); S = 3-keto-5f-androstan-17f-ol (114 uM); 


C = cyclohexanone (12.8 mM) in phosphate buffer 0.1 M, pH 7.0, with NADPH (170 uM) or NADH (170 uM) as coen- 
zymes. All measurements were made in a Beckman DB-GT recording spectrophotometer at 25°C. The reaction was 
started by addition of enzyme. The specific activities with m-nitrobenzaldehyde as substrate and NADPH as coenzyme 
in ymoles NADPH oxidized/mg of protein/min were: 0.08 for peak Ia; 0.06 for peak Ib; 0.16 for peak II; and 0.08 
for peak III. 

+ Not determined. 

t Tests showed no activity. 
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appeared possible that the enzymes present in peaks 
Ia and Ib could be further distinguished. By employ- 
ing cyclohexanone as substrate it could be demon- 
strated that aldehyde reductases eluted in peaks Ia 
and Ib were different. The ratio of cyclohexanone to 
m-nitrobenzaldehyde activity has been found to be 
0.01 for peak Ia and 0.5 for peak Ib enzyme (Table 
1). 

The column fractions from peaks Ia and Ib were 
pooled and concentrated by vacuum dialysis. With 
NADPH as coenzyme, 3-keto-5f-androstan-17/-ol 
was inactive. Both peaks showed slight activity with 
testosterone and progesterone as substrates. The acti- 
vity was, however, less than 5 per cent of that with 
m-nitrobenzaldehyde as substrate. 

Steroid activity of aldehyde reductase eluted in peak 
II. Like peak I enzyme, aldehyde reductase eluted 
in peak II utilizes cyclohexanone as substrate (Table 
1), the activity being of the same magnitude as that 
with m-nitrobenzaldehyde. 

From the results presented in Fig. | and Table | 
it is evident that the activity of peak II enzyme with 
3-keto-5f-androstan-17-ol as substrate is also of ihe 
same magnitude as that with m-nitrobenzaldehyde. 
The ratio of steroid to m-nitrobenzaldehyde activity 
in various peak II fractions was constant, suggesting 
that the steroid and m-nitrobenzaldehyde activities of 
this peak are associated with the same enzyme. How- 
ever, this does not eliminate the possibility that a con- 
taminating steroid dehydrogenase is eluted in the 
same protein peak. To resolve this, comparison of 
reaction rates with m-nitrobenzaldehyde and 
3-keto-5f-androstan-17f-ol as substrates separately 
and in a mixture was attempted after concentration 
of peak II enzyme by vacuum dialysis (Table 2). With 
NADPH as coenzyme the rate with the mixture of 
these two substrates was equal to the rate of either 
substrate used singly, suggesting that the same 
enzyme was catalyzing steroid and m-nitrobenzalde- 
hyde reduction. With NADH as coenzyme the rate 
with the mixture of both substrates was greater than 
with m-nitrobenzaldehyde alone but less than with 
steroid alone, again suggesting that the same enzyme 
was catalyzing both reactions. When NADH and 
NADPH were used singly and in a mixture with 
3-keto-5f-adrostan-17f-ol as substrate, the results 
obtained with the mixture were not additive, suggest- 
ing that peak II probably contains a single enzyme 
which can function with either coenzyme (Table 2). 

Pentobarbital (4mM) and _— chlorpromazine 
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(0.2mM) inhibited activity with 3-keto-5f-andros- 
tan-17f-ol with NADH as coenzyme 40 and 22 per 
cent respectively. m-Nitrobenzyl alcohol (1 mM) inhi- 
bited reduction of 3-keto-5f-androstan-17f-ol by 35 
per cent. 

Reversibility and steric course of reduction of 
3-keto-5B-androstan-17f-ol. Since reduction of 
3-keto-5f-androstan-17f-ol can only occur at the 
ketone group in position 3, the product of the reduc- 
tion has to be either the corresponding 3-alcohol 
or 3f-alcohol. The product of reduction of 3-keto-5- 
androstan-17f-ol was not characterized directly by 
isolation. Instead, 3a-hydroxy-5f-androstan-17-one 
(50 uM) and 3B-hydroxy-5f-androstan-17-one 
(50 4M) were tested as substrates with NAD (500 uM) 
or NADP (500 uM) as coenzymes. Only 3a-alcohol 
was found to produce an increase of O.D.34 9 with 
both coenzymes. It appears, therefore, that 3a-alcohol 
rather than the corresponding 3f-alcohol is the prod- 
uct of the reduction of 3-keto-5f-androstan-17f-ol by 
aldehyde reductase isolated in peak II (Fig. 1). 

Substrate specificity of peak II enzyme. The results 
presented in Table 3 show that the enzyme eluted 
in peak II is specific for steroids of the A/B cis con- 
figuration. A steroid ketone of A/B trans configur- 
ation, 3-keto-5z-androstan-17-ol, is reduced at only 
ca. 5 per cent of the rate of reduction of 3-keto-5/- 
androstan-17f-ol (Table 3) with both coenzymes. 
When steroidal 3-alcohols were tested with NAD and 
NADP as coenzymes, it was observed that the A/B 
trans alcohol, 3«-hydroxy-5x-androstan-17-one, was 
oxidized at only 10 per cent of the rate obtained with 
the corresponding A/B cis compound, 3a-hydroxy-5f- 
androstan-17-one. Only negligible reaction rates were 
observed with testosterone and progesterone with 
NADPH as coenzyme. Estrone, 5-pregnene-20-one 
and 17-ketosteroids were inactive with NADH as 
coenzyme. These results indicate rather narrow sub- 
strate specificity, essentially confined to 3-ketosteroids 
of A/B cis configuration. 


DISCUSSION 


Although aldehyde reductases differ from alcohol 
dehydrogenases in molecular weight [6] and suspecti- 
bility to inhibition with pyrazole and isobutyramide 
[3,4], there appears to be a considerable overlap in 
their substrate specificity. Aldehydes of longer chain 
length and aromatic aldehydes are better substrates 
for both enzymes than the corresponding short-chain 


Table 2. Comparison of reaction rates with 3-keto-5f-androstan-17f-ol and m-nitrobenzaldehyde 
separately and in a 1:1 mixture in the presence of peak II enzyme.* 





m-Nitro- 
benzaldehyde 


Coenzyme (1.3 mM) 


3-Keto-5p- 
androstan- 
17B-ol (114 uM) 


m-Nitrobenzaldehyde (1.3 mM) and 
3-keto-5f-androstan-17-ol 
(114 uM) 





0.335 
0.112 


NADPH (170 uM) 
NADH (170 uM) 

NADPH (85 uM) t 
NADH (85 uM) t 


NADPH (85 uM) 
and NADH (85 uM) + 


0.319 
0.455 
0.293 + 
0.334 t 


0.312 
0.318 


0.323 t 





* The reaction was carried out in 0.1 M phosphate buffer, pH 7.0, in the presence of 10 yl dioxan/3 ml 
of cuvette volume. The rates of enzyme-catalyzed reactions are expressed as E/mg/min. 


+ Not determined. 
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Table 3. Steroid substrate specificity of the enzyme isolated from rat liver 
in peak II 





Substrate 


Coenzyme 





NADPH 





3-Keto-5f-androstan-17f-ol 
(5B-dihydrotestosterone) 
3-Keto-Sz-androstan-17f-ol 
(Sa-dihydrotestosterone) 
3-Keto-4-androsten-17-ol 
(testosterone) 
4-Pregnene-3,20-dione 
(progesterone) 
1.3.5(10)Estratriene- 

3-ol-20-one 

(estrone) 
5-Pregnene-3-ol-20-one 
(pregnenolone) 
3B-Hydroxy-5f-androstan-17-one 
(etiocholan-3f-ol-17-one) 
3f-Hydroxy-Sa-androstan-17-one 
(epiandrosterone) 
3a-Hydroxy-5f-androstan-17-one 
(etiocholanolone) 
3a-Hydroxy-5a-androstan-17-one 
(androsterone) 


100 





* No activity. 
+ Not determined. 


aldehydes (compare Refs. 2 and 6). Cyclohexanone, 
a classical alcohol dehydrogenase substrate [7], and 
3-keto-5f-androstan-17f-ol can now be added to this 
common substrate list. 

Activity with cyclohexanone of peak Ib and peak 
II enzymes is of similar magnitude to that with 
m-nitrobenzaldehyde (see Table 1), while that of peak 
la is low and may be uncertain, since only O.D.34 
was measured and no products were isolated. Because 
of considerable difference in activity with cyclohex- 
anone it is concluded that peaks 1a and 1b represent 
distinct enzymes; rat liver, therefore, contains three 
aldehyde reductases. 

Steroid activity of peak II enzyme appears to be 
associated with the enzyme sites catalyzing m-nitro- 
benzaldehyde reduction. The rate of coenzyme oxi- 
dation in the presence of a mixture of m-nitrobenzal- 
dehyde and 3-keto-5f-androstan-17f-ol was consider- 
ably less than the sum of rates with these substrates 
separately (see Table 2). Furthermore, steroid activity 
was inhibited by pentobarbital, chlorpromazine and 
m-nitrobenzyl alcohol. Therefore, aldehyde reductase 
(EC 1.1.1.2) isolated from rat liver in peak II is also 
a steroid reductase. In its activity with steroids it 
resembles alcohol dehydrogenase from rat liver and 
isozyme SS from the horse [9,12]. Aldehyde reduc- 
tase, isolated in peak II, like alcohol dehydrogenase 
is specific for steroids of A/B cis configuration. Ster- 
oids of A/B trans configuration are interconverted at 
rates less than 10 per cent of those with A/B cis com- 
pounds (see Table 3). 

The steric course of reduction of 3-keto-5f-andros- 
tan-17fh-ol appears, however, to be distinct from that 
established for alcohol dehydrogenase [9, 13]. Ster- 
oid-active alcohol dehydrogenases catalyze reduction 
of 3-ketosteroids of the A/B cis configuration to the 
corresponding 3f-alcohols. From our results it 
appears that the 3a-alcohol and not the 3f-alcohol 
is the product of reduction of 3-keto-5f-andros- 


tan-17f-ol by the aldehyde reductase isolated from 
rat liver in peak II. 

Since aldehyde reductases and alcohol dehydrogen- 
ases appear to have many substrates and inhibitors 
in common [1,2,6], steric course of reduction of 
3-keto-5f-androstan-17f-ol can serve as additional 
means of distinguishing between these enzymes. 

Activity with cyclohexanone and steroids as sub- 
strates appears to be a common property for three 
groups of enzymes: alcohol dehydrogenases 
(EC 1.1.1.1), steroid dehydrogenases (EC 1.1.1.50 and 
EC 1.1.1.51) [14] and aldehyde reductases (EC 1.1.1.2). 
Alcohol dehydrogenase from horse liver also resem- 
bles steroid dehydrogenases with regard to stereospe- 
cificity with certain bicyclic compounds [15]. In view 
of these considerations, it appears likely that although 
none of the steroids tested appeared to be good sub- 
strates for peak Ia and Ib enzymes, peak I aldehyde 
reductases may also be steroid dehydrogenases whose 
substrate has not yet been identified. 

The physiological significance of the steroid activity 
of alcohol dehydrogenase (EC 1.1.1.1) is uncertain. 
3f-Hydroxysteroids of A/B cis configuration do not 
occur naturally [16] thereby suggesting that the phy- 
siological role of this enzyme is not connected with 
its steroid activity. 3x-Hydroxysteroids of A/B cis 
configuration, however, occur naturally and are nor- 
mal metabolites. Cholic acid, which has 3a-hydroxy 
A/B cis structure, is the major bile acid component 
of most vertebrates. It. is conceivable, therefore, that 
aldehyde reductase (EC 1.1.1.2), isolated here, plays 
some role in steroid metabolism. 
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Abstract—Cyclic AMP (cAMP)-dependent stimulation of neutral and dibasic amino acid uptake by 
intestinal mucosa was investigated by the use of everted intestinal rings. B-adrenergic receptor sites 
on the mucosal cell itself were implicated, since epinephrine and isoproterenol stimulated uptake in 
vitro, which was blocked by propranolol. Glucagon, vasopressin and norepinephrine had no effect 
on tissue cyclic AMP levels or on amino acid uptake but cholera toxin given in vivo increased both 
parameters tested in vitro. Theophylline and isoproterenol caused an increase in cyclic AMP levels 
in the villus tip cells, where these drugs also stimulated amino acid uptake. Neither drug increased 
cAMP in crypt cells. Thus, the cyclic AMP-stimulated uptake of amino acids in vitro is a function 
of the villus tip cells. Moreover, when metabolic products, such as cAMP, are measured in whole 
intestinal mucosa, it cannot be assumed that the change is uniform throughout the tissue, but may 


involve only one type of cell on the intestinal villus. 


Cyclic 3’5’-AMP specifically and significantly stimu- 
lates the uptake of amino acids into a wide variety 
of tissues and nucleated cells, including bone [1], 
kidney cortex[2], myometrium [3] and _ liver [4], 
mostly in response to physiological doses of specific 
hormones. Previous work in this laboratory [5] estab- 
lished the presence of a cAMP-stimulated uptake of 
neutral amino acids in intestinal mucosa. The stimu- 
lated uptake correlated with the tissue level of cyclic 
AMP (cAMP), and a similar effect could be produced 
by incubation with cyclic AMP or dibutyryl cyclic 


AMP, or by elevating the tissue cAMP level by expo-. 


sure in vivo to cholera toxin. The present study was 
undertaken to define possible natural mediators of 
this response, and to see whether chemicals which 
elevate cAMP levels in other tissues had the same 
effect in intestinal mucosa. 


MATERIALS AND METHODS 


[°H]1-valine (4.3 mCi/umole) and [4,5-7H]1-leu- 
cine (5 mCi/umole) were purchased from New Eng- 
land Nuclear Corp. (Boston, Mass.). L-Norepineph- 
rine and isoproterenol bitartrate were obtained from 
Winthrop Laboratories (New York, N.Y.), epineph- 
rine from Wyeth Laboratories (Philadelphia, Pa.), glu- 
cagon from Lilly Laboratories (Indianapolis, Ind.), 
and vasopressin from Parke-Davis & Co. (Detroit, 
Mich.) as sterile solutions for injection, and were 
diluted in an isotonic lactate buffer just prior to use 
where necessary. Theophylline was a product of 
Sigma Corp. (St. Louis, Mo.). DL-Propranolol was the 
product of Ayerst Pharmaceuticals (New York, N.Y.). 





*Present address: GI Division, Medical College of Wis- 
consin, A425 Milwaukee County General Hospital, Mil- 
waukee, Wisc. 53226. 

+ To whom reprint requests should be sent. 


Cholera toxin (Crude, Wyeth Lot No. 001) was 
obtained through the courtesy of Dr. John Seale of 
the National Institutes of Health Cholera Advisory 
Committee. 


Studies in vitro of amino acid uptake 


Rats (150-200 g) were stunned and decapitated. The 
jejunum was removed, rinsed, everted and cut into 
rings (10-15 mg) or sacs (S—6 cm). Tissue was kept in 
oxygenated Krebs-Ringer bicarbonate buffer at 4° for 
no longer than 30 min before use. 

For each experiment, rings from three rats were 
randomly selected and placed in 2m! Krebs—Ringer 
buffer with and without test substance and/or 7mM 
theophylline, and gassed with 95°, O,/5% CO,. After 
a 20-min preincubation in a 37° shaking water bath, 
[*H]-leucine or [*H]valine was added to a final con- 
centration of 0.065 mM and incubation was continued 
for 40min as previously reported [5]. The medium 
concentration of amino acid (0.065 mM) was chosen 
because it was far below the K,,, for each amino acid. 
A steady state equilibrium for distribution ratio was 
always reached by 40min using the intestinal ring 
preparation. Although the rings include a full thick- 
ness of intestine (mucosa, lamina propria and muscle), 
only the mucosal cells take up amino acids [6]. More- 
over, by cell volume over 80 per cent of the ring is 
comprised of mucosal cells. The rings were removed, 
rinsed in normal saline containing the appropriate 
unlabeled amino acid, blotted and frozen for cAMP 
determination by radioimmunoassay as described by 
Steiner et al. [7], or boiled in distilled water for 7 min. 
Since cAMP values for mucosal scrapings were about 
ten times that of the underlying muscle, whole tissue 
slices were routinely used. Specific activity of media 
and tissue water was determined by liquid scintilla- 
tion counting in Bray’s solution[8] or Triton- 
toluene [9]. 
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The distribution ratio (counts in intracellular fluid/ 
extracellular fluid) was calculated, applying correction 
for the total tissue water and ['*C]insulin space [10]. 
Each value reported is the mean + one standard de- 
viation of four separate flasks, each one containing 
three jejunal rings. For studying the localization of 
cAMP along the intestinal villus, 5-cm everted rat 
jejunal sacs[11] were filled with 0.5ml of Krebs— 
Ringer bicarbonate buffer with and without 7mM 
theophylline, plus 8 u.M isoproterenol, and incubated 
in 9.5ml buffer containing the same additives for 
25 min, the time by which theophylline had achieved 
its maximum effect on amino acid uptake. The sacs 
were removed, rinsed, blotted and opened logitu- 
dinally. The intestinal strip was mounted on the block 
of a tissue planing device [12] and kept at 4° for the 
entire slicing procedure. The successive fractions 
obtained at 125-ym intervals from the villus tip were 
frozen immediately for subsequent cAMP assay. The 
entire rinsing and slicing procedure took 5 min. 
Values for control or theophylline- or isoproterenol- 
treated tissue obtained in this manner were similar 
to those obtained by freezing tissue immediately after 
incubation (11.6 + 1.8 vs 18.2 + 0.9 pmoles/mg of 
protein). Villus tip and crypt fractions were identified 
(a) by histological examination of punch biopsies 
taken from the tissue remaining after each slice was 
removed, and (b) by. sucrase activity. Crypt fraction 
contained less than 5 per cent of sucrase specific acti- 
vity of villus tip fractions. Because of the variability 
inherent in this technique, only the most extreme frac- 
tions (villus tip and crypt) were studied. 

Effect of cholera toxin. Rats (200 g) were fasted and 
anesthetized with pentobarbital (30 mg/kg), the 
abdomen was opened, and two 7-cm loops in the 
proximal jejunum were isolated with ligation of both 
ends. Five mg of either cholera toxin or boiled cho- 
lera toxin in 0.5 ml of 0.85% NaCl was injected into 
the loop via a 27-gauge needle. Two and one half 
hr later, when the maximum effect of cholera toxin 
on fluid secretion had been achieved[5], the 
abdomen was re-opened and tied off segments were 
removed without clamping the vascular pedicle. The 
sacs were opened, rinsed with cold saline, everted, cut 
into rings, and incubated as described above. 


RESULTS 


Effect of B-adrenergic agents. Because f-adrenergic 
agents are known to stimulate amino acid transport 
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in salivary gland [13, 14], an entodermally derived tis- 
sue, and appear to mediate their actions via 
cAMP [15, 16], we investigated the effects of these 
agents on isolated intestinal slices. Table 1 shows that 
pre-incubation. with isoproterenol results in a signifi- 
cant increase in L-valine uptake, but the effect was 
not additive to that concentration of theophylline 
(7mM) which maximally — stimulated valine 
uptake [5]. Blockade of the f-receptors with pro- 
pranolol completely eliminated the isoproterenol 
effect, but propranolol had no effect on valine uptake. 
Phentolamine, an «-blocker, was without effect in the 
presence or absence of isoproterenol. The response 
to isoproterenol and its complete blockade by pro- 
pranolol suggested that f-adrenergic receptors were 
present on the mucosal cells and that they mediated 
the stimulated uptake. When isoproterenol concen- 
tration was varied from 2 to 10 uM, the effect was 
maximal at 8 uM. At a lower concentration (0.8 uM), 
it could be potentiated by submaximal (1 mM) con- 
centration of theophylline (Table 1), again suggesting 
that its effects were mediated by a f-receptor via cyc- 
lic AMP. When hormonal agents which have been 
reported to modify water and solute flux in the intes- 
tine (including glucagon[17] and _ vasopres- 
sin [18, 19]) were used, all were found to be without 
significant effect on leucine uptake in vitro either in 
the presence or absence of theophylline (Table 2). 
Leucine was used in these experiments since it shares 
a common carrier mechanism with valine, and should 
be similarly affected. Similar results were obtained 
using ['*C]1-valine. Epinephrine [20,21] caused a 
significant stimulation of leucine uptake at a higher 
concentration, but had no detectable effects at less 
than 10 uM. Its effect was probably due to its f-acti- 
vity, since the slight increase in uptake was not 
blocked by phentolamine, an «-blocker. Propranolol 
did inhibit the increase in uptake by epinephrine 
(Table 2). L-Norepinephrine was ineffective in stimu- 
lating leucine uptake. 

Cholera toxin has been demonstrated to stimulate 
adenylate cyclase in a manner which is not additive 
to epinephrine [22] and is known to increase the level 
of cyclic AMP in intestinal cells [23,24]. As we have 
reported previously [5], tissue from closed rat jejunal 
loops 2 hr after injection of potent cholera toxin had 
a significantly increased uptake of leucine when com- 
pared to that taken from control loops (Table 2). In 
contrast to control, theophylline elicited no additional 
increment in uptake from the toxin-treated tissue, 


Table 1. Effect of isoproterenol and inhibitors on valine uptake in vitro by rat jejunum* 





Concn 


Distribution ratio 





Agent added (uM) Buffer 


+ Theophylline (7 mM) + Theophylline (1 mM) 





13.4 
18.6 
14.8 
13.6 
12.8 
13.6 
18.8 


None 

Isoproterenol 

Isoproterenol 

Propranolol 

Phentolamine 

Isoproterenol + propranolol 
Isoproterenol + phentolamine 


8 
08 
8 
20 
8 +8 
8 + 20 


HHHH HH EH 


7t 


23.3 
24.9 


4.5 
3.7 


16.1 + Ll 


+ I+ 


20.2 + 1.8t 
4.1 
3.1 
2.3 
3.9 


H+ +H I+ 





* Jejunal rings were prepared from three rats and incubated as 


outlined in Materials and Methods. 


[*H]valine (uniformly labeled) was added after a 20-min pre-incubation with the appropriate drug. 
The distribution ratio is the mean of four separate flasks, + one standard deviation, each containing 


three jejunal rings. 


+ Statistically significant differences compared with control values, using Student’s t-test (P < 0.05). 
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Table 2. Effect of adrenergic agonists and inhibitors on leucine uptake in vitro 
by rat jejunum* 





Concn 
(uM) 


Agent added 


Distribution ratio 





Buffer + Theophylline 





None 


Epinephrine 20 
20 + 8 7.3 


Epinephrine + propranolol 
Epinephrine + phentolamine 


Norepinephrine 60 
Glucagon 


Boiled cholera toxin control 
Cholera toxin 


20 + 20 
Vasopressin 4.7 
0.15 


1 mg/ml 5.1 
1 mg/ml 8.5 


7.0 
10.8 


10.8 
7.5 
7.0 
8.0 


He HEH HE EH 
t 
H I+ + I+ I+ 4 I+ 


+ I+ 
+ + 





* All experiments excepting those involving cholera toxins were performed 
as described in Table 1. [*H]leucine was the amino acid used. Pretreatment 
with cholera toxin was performed in vivo, as outlined in Materials and Methods. 

+ Statistically significant differences compared with control values, using Stu- 


dent’s t-test (P < 0.05). 


suggesting that the tissue levels of cAMP produced 
by cholera toxin are sufficient to fully stimulate leu- 
cine uptake. Similar observations have been made 
with regard to ion secretion in the ileal mucosa [25]. 

Relationship of stimulated uptake to cAMP levels. 
Both isoproterenol and epinephrine caused significant 
elevations in the mucosal level of cyclic AMP in incu- 
bated tissue (Table 3) when compared with controls, 
and both of these agents stimulated amino acid 
uptake. Similar elevations were observed when muco- 
sal scrapings were used as the source of cAMP. 
Actually, the addition of isoproterenol and epineph- 
rine prevented the fall in cAMP levels which occurs 
with time in intestinal slices in vitro [5]. cAMP levels 
remained fairly constant throughout the incubation 
period. Incubation with glucagon or vasopressin at 
a variety of concentrations did not affect the concen- 
tration of cAMP in jejunal slices, while exposure in 
vivo to cholera toxin markedly increased the cyclic 
AMP concentration. As was observed with amino 
acid uptake (Table 2), theophylline further stimulated 
cAMP levels in all cases except where cholera toxin 
was used. 

Although jejunal elevations of cAMP were associ- 
ated with increased amino acid uptake, the intestine 
is a heterogeneous tissue, comprised of relatively un- 


differentiated crypt cells and villus cells specialized 
for digestion and transport. Amino acid uptake has 
been shown to occur in the cells near the villus 
tip [26]. It seemed of interest to see whether theophyl- 
line and isoproterenol elevated cAMP levels in crypt 
as well as villus cells. To test the relationship of 
cAMP to amino acid uptake, we studied both par- 
ameters in the absorbing cells at the end of the villus 
and in the crypt cells. 

Sacs of everted rat jejunum were incubated with 
buffer, 7mM theophylline or 8 uM isoproterenol in 
the presence or absence of ['*C]valine and then emp- 
tied and mounted on a tissue-planing apparatus as 
described by Imondi et al.[12]. Fractions corre- 
sponding to villus tips and crypts were obtained by 
taking serial horizontal slices at 126-ym intervals, the 
first being made at 540 um from the base of the block, 
which results in a relatively pure preparation of villus 
tips. The appropriate fractions were weighed and 
assayed for distribution ratio or for cyclic AMP, 
expressed per mg of protein. When sacs incubated 
in 7mM theophylline were fractionated, the concen- 
tration of cyclic AMP in the villus tip cells was dou- 
bled and distribution ratio increased nearly 2-fold 
(Table 4). The increase after isoproterenol was about 
50 per cent and similar for valine uptake and cAMP 


Table 3. Effect of adrenergic agonists on rat jejunal cAMP concentration* 





Agent added 


cAMP 
(pmoles/mg wet weight) 





Buffer + Theophylline 





None 

Isoproterenol 

Isoproterenol + propranolol 
Epinephrine 

Glucagon 


Boiled cholera toxin control 
Cholera toxin 


+ 
1 mg/ml 1.41 + 0.09 (3) 1.81 


0.39 + 0.04 (11) 0.96 
0.60 + 0.08F (4) 1.11 
0.42 + 0.05 (4) 1.02 
0.74 + 0.2t (4) 1.22 
0.36 + 0.4 (4) 0.70 


0.42 + 0.06 (3) 1.02 


0.08 (15) 
0.1F (4) 
0.11 (4) 
0.12% (4) 
0.07* (4) 


0.13 (3) 
0.18 (4) 


+ + + 1+ + 


H+ + 





* Jejunal rings were prepared, incubated for 40 min, extracted and assayed 
for cAMP as described in Materials and Methods. Pretreatment with cholera 
toxin was performed in vitro, as in Table 2. The figure in parentheses refers 
to the number of individual flasks tested. One flask of three jejunal slices was 
tested for each separate experiment utilizing intestine from three rats. Reprodu- 
cibility of the cAMP radioimmunoassay is +5 per cent. 

+ Statistically significant differences (P < 0.05) reported as the mean + one 


standard deviation. 
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Table 4. Effect of theophylline and isoproterenol on cAMP and valine uptake in intestinal 
crypts and villi* 





Crypt 


Villus 





Valine uptake 


Agent added (D.R.) 


cAMP 
(pmoles/mg protein) 


cAMP 


Valine uptake (pmoles/mg protein) 





None + 0.6 15.8 
Theophylline + 0.9 13.2 + 
Isoproterenol 3+ 0.7 16.3 


11.3 + 21 11.6 + 18 
20.9 + 2.7+ 23.4 + 1.6t 
17.3 + 2.0+ 18.3 + 4.6+ 





* Jejunal sacs were incubated, processed and assayed for cAMP or for amino acid 
uptake, as outlined in Materials and Methods. Concentrations of drugs added were 7 mM 
(theophylline) and 8 4M (isoproterenol). Each valine uptake and cAMP value is the mean 
of three determinations from three separate experiments + one standard deviation. 

+ Statistically significant differences compared with control values (P < 0.05). 


levels. Since villus cells account for roughly 80 per 
cent of the total mucosal cell population, it is not 
surprising that the data in villus cells mimic those 
found in whole tissue (Tables 1 and 3). The fact that 
the differences are somewhat less than those found 
in whole tissue is probably due to the fact that we 
have analyzed only the cells on the outer half of the 
villus. These results suggest that the absorptive cells 
at the villus tip were stimulated by theophylline and 
isoproterenol, and that the increased amino acid 
uptake depends in large part on the level of cAMP 
in these mature cells. 


DISCUSSION 


Cyclic AMP-dependent or -mediated amino acid 
transport systems have been demonstrated in a var- 
iety of mammalian tissues. In some cases, the cyclic 
AMP.-associated amino acid response has been eli- 
cited by hormonal stimulation of specifically respon- 
sive adenylate cyclases, notably in the liver [4] and 
the kidney [2]. The mechanism by which cyclic AMP 
stimulates amino acid uptake is unknown, but in some 
tissues, the uptake may merely reflect the altered in- 
termediary metabolism of amino acids. Thus, in liver 
slices, the uptake of some amino acids is actually de- 
creased while the uptake of others [4] is increased. 
A second possibility, especially in an actively trans- 
porting epithelium, is that the changes observed are 
related to enhanced electrolyte transport, and merely 
reflect the altered electrochemical gradients across 
cells [27]. 

In mammalian intestine, Na* and amino acid 
transport are interrelated [28], and stimulation of one 
transport system may be responsible for diverse 
effects on others. However, it seems likely that cyclic 
AMP-stimulated amino acid transport is a specific 
effect in the rat jejunal mucosa, because it is a satur- 
able process specific for one class of amino acids [5]. 

B-adrenergic agents have been shown to act via the 
cyclic AMP “second messenger” in many systems in 
which their mechanism has_ been defined 
[ 15, 16, 29-31]. Amino acid transport stimulated by 
pure f-agonists is demonstrable in several glandular 
derivatives of entodermal origin, salivary 
glands [13,14] and liver [4]. The report of Gorman 
and Bitensky [22] that effects of cholera toxin and 
epinephrine are not additive in liver slices is interest- 
ing in this regard because cholera toxin was the only 
agent tested other than f-adrenergic agonists which 


produced enhanced amino acid uptake. Our incuba- 
tion data in vitro showing a rise in cAMP with isopro- 
terenol are evidence suggesting the presence of a cate- 
cholamine-sensitive adenylate cyclase in small intes- 
tinal mucosa. Other workers [31] have previously 
reported negative results in isolated intestinal mem- 
brane preparations. This may reflect the insensitivity 
of the assay procedures used, for the increases in 
amino acid uptake and tissue cAMP were modest, 
but significant. 

Epinephrine may not always mediate its effect 
through cAMP, however. The effect of epinephrine 
on ileal ion transport is opposite to that of cAMP 
in respect to short circuit current and Na and Cl 
fluxes [32]. Isoproterenol, a f-stimulator, had no 
effect in the rabbit ileum used by Field and McColl, 
whereas phentolamine, an a-blocker, inhibited the 
effect of epinephrine. Since the effects of epinephrine 
and isoproterenol reported here were blocked by pro- 
pranolol, a f-blocker, the two studies may not be 
comparable. Moreover, the ileum and jejunum are 
not identical tissues, especially in regard to electrolyte 
transport. 

The finding of elevated amino acid uptake in villus 
tip, but not crypt cells, was not surprising (see Table 
4). However, the lack of increase in cAMP levels in 
crypt cells after theophylline or isoproterenol was un- 
expected and is as yet unexplained. This finding sug- 
gests: (1) that the poorly differentiated crypt cells have 
no surface receptor for these drugs, (2) that they have 
an adenylate cyclase unresponsive to f-adrenergic 
stimulation, (3) that they do not allow the drug to 
cross the membrane, or (4) that the drugs do not 
reach the crypt cells in sufficient concentration to be 
effective. Even if the last more trivial reason is correct, 
the fact remains that addition of a drug known to 
stimulate at least two cellular functions does not do 
so uniformly throughout the intestinal mucosa. Since 
this tissue is composed of two major types (crypt and 
absorptive cells), the addition of a modifier of cell 
functicn cannot be assumed to act equally on both 
cell types. In the case of isoproterenol, the elevation 
of cAMP and stimulation of amino acid uptake both 
take place in the mature cells along the villus. 
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Abstract—Cyanamide (H,N—C=N) is effective as an agent to treat alcoholism presumably because 
it inhibits aldehyde dehydrogenase. In this study it was found that, in vivo, cyanamide is a very potent 
inhibitor of liver aldehyde dehydrogenases, but less effective against the brain enzymes. The EDso 
for liver was found to be 8 mg/kg when given intraperitoneally. The inhibition diminishes with time 
but is measurable for at least 24 hr, even though the bulk of the '*C-labeled cyanamide is excreted 
within 6 hr. Cyanamide is not effective when added to the assay mixture in vitro, suggesting that 
a metabolite is the inhibitor in vivo. A urinary metabolite has been isolated and partially characterized. 
It is an acid with a pKa’ of 3.9 and an extinction coefficient of 1.72 x 10° in base at 219 nm; the 
compound apparently retains the cyano group. However, it does not inhibit the enzyme in vitro. 


Cyanamide, as citrated calcium carbimide (Temposil), 
has been employed in man for treatment of alcohol- 
ism [1] because of its ability to increase blood acetal- 
dehyde levels after ethanol intake [2] and also to 
attempt to block the formation of oxalic acid in 
hyperoxaluria [3,4]. Previous studies have shown 
that inhibition of rabbit liver aldehyde oxidation 
could be obtained only after administration of cyan- 
amide in vivo [5]. A preliminary report described 
attempts at determination of the structure of the uri- 
nary excretion product of cyanamide [6]. 

The recent reawakening of interest in acetaldehyde 
and its metabolism as a component of some of the 
actions of ethanol [7] and our desire to utilize an 
aldehyde dehydrogenase inhibitor for studies of alco- 
hol withdrawal in mice [8] necessitated a more thor- 
ough investigation of the properties of cyanamide. 
This report describes the results of these studies. 


MATERIALS AND METHODS 


Cyanamide was obtained from Aldrich Labora- 
tories and was recrystallized from dry ether and 
stored desiccated at — 20°. The purity was ascertained 
by thin-layer chromatography on precoated cellulose 
or Silica gel plates (Distillation Products No. 6d5 or 
No. K301R). The solvent was butanol-ethanol—water, 
90:20:10. Cyanamide, dicyandiamide, thiourea and 
urea were located by spraying the developed plates 
with an acidic solution of p-dimethylaminobenzalde- 
hyde (Ehrlich’s reagent) as described by Milks and 
Janes [9]. Preparative plates of cellulose were pre- 
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pared and developed in the butanol-ethanol—water 
solvent system. 

Cyanamide, '*C-labeled (47 mCi/m-mole), was pur- 
chased from International Chemical and Nuclear 
Corp. Ten pCi was dissolved in 1 ml of absolute eth- 
anol and kept at —20°. A second lot of 100 wCi was 
packaged in 10-wCi lots in sealed glass ampules in 
ether with a trace of acetic acid. Only chromatogra- 
phically homogenous ['*C]cyanamide, as indicated 
by radioautography, was used. Saline (1 ml) with or 
without carrier cyanamide was added to the labeled 
cyanamide and the material injected intraperitoneally 
into experimental animals. Small aliquots of the in- 
jected material were weighed from a syringe by differ- 
ence and placed on planchets for thin window, gas 
flow counting. Other aliquots were spotted on thin- 
layer chromatograms along with aliquots of urine 
from the experimental animals which had received the 
labeled cyanamide. After development, the thin-layer 
chromatograms were air dried and overlaid with 
X-ray film and stored from 3 to 11 days depending 
upon the amount of radioactivity applied. The X-ray 
film was removed and developed and the chromato- 
gram sprayed with Ehrlich’s reagent. 

Animal experiments. Sprague-Dawley rats (150-250 
g) of both sexes were injected with 10 uCi/kg of 
'4C-jabeled cyanamide, as described above. In some 
experiments CO, was collected by drawing air 
through a metabolism chamber which contained the 
animal. The CO, was trapped in 1 N NaOH. Aliquots 
of the NaOH solution were added to Sml of satu- 
rated Ba (OH), in centrifuge tubes. The BaCO, was 
washed three times with small amounts of H,O, 
transferred to planchets, dried and counted. The 
metabolism chamber contained two screens to separ- 
ate the urine from the feces. Aliquots of urine were 
applied directly to planchets, dispersed with ethanol, 
dried and counted. 
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At the end of the experiment, the animals were 
anesthetized with ether and blood was drawn from 
the abdominal aorta into a heparinized syringe. Tis- 
sue and blood sampies were weighed and frozen until 
analyzed for '*C content. A combustion train was 
used to burn the tissue samples. The resultant CO, 
was collected in 1 N NaOH and converted to BaCO, 
and the radioactivity determined as described above. 

Male DBA mice (~ 25 g) were obtained from Jack- 
son Laboratories in Bar Harbor, Me., or from the 
Institute for Behavioral Genetics in Boulder, Colo. 
Animals were injected intraperitoneally with recrys- 
tallized cyanamide dissolved in normal saline. Brains 
and liver were taken at the times indicated in each 
table or figure and homogenized in 0.25M_ sucrose 
containing 1°, Triton X-100 to make 20% homo- 
genates for liver and 30%, homogenates for brain. 
When subcellular-fractionation studies were to be car- 
ried out, the Triton was omitted. The liver homo- 
genates were centrifuged for 60min and the brain 
homogenates for 90min at 100,000g and used im- 
mediately. 

Subcellular fractionation of liver was carried out 
in 0.25 M sucrose by standard techniques. The mito- 
chondrial and nuclear pellets were washed once and 
then resuspended in a volume of 0.25 M sucrose-1% 
Triton equal to the original wet weight of the tissue; 
the microsomal pellet was resuspended without wash- 
ing in the same fluid in one half this volume. All 
these suspensions were then centrifuged at 50,000 g 
for 1 hr. Aliquots of the homogenate and the post- 
microsomal supernatant were made to 1% Triton and 
also centrifuged in the same manner. Aldehyde de- 
hydrogenase was assayed spectrophotometrically uti- 
lizing 3.3 mM acetaldehyde, 1 mM NAD as substrate 
in 0.03 M pyrophosphate, pH 9.6. For liver 0.1 ml of 
the enzyme source in a 3-ml assay volume was used, 
while for brain 0.1 ml of the enzyme source in a 1-ml 
assay volume was employed. Protein was determined 
by the biuret method using bovine serum albumin 
as a standard. 

Isolation and characterization of the cyanamide 
metabolite. Preparative plates of cellulose were 
streaked with urine containing the ['*C]cyanamide 
metabolite, and developed using the butanol-ethanol- 
water solvent. Standards of urea and cyanamide were 
included. Radioautograms were made of the plates. 
Ehrlich’s reagent was used on a small portion of the 
plate to locate the urea and cyanamide standards. 
Exposed spots on the developed film were used to 
locate the radioactive metabolite on the plate. This 
band of material was scraped from the plate and 
eluted successively with water and ethanol. A band 
of similar size not containing '*C label or Ehrlich- 
reacting material was used as a blank. The ultra-violet 
spectrum of the water-eluted material was determined 
in acid and base and revealed a strong absorption 
at 219nm in base which disappeared in acid. The 
pK} and molar absorbency of the metabolite were 
determined by titration with standard acid and back 
titration with standard base by following the 219 nm 
absorption. 

Paper electrophoresis of the metabolite was carried 
out in 0.1 M phosphate buffer, pH 7.0, for 20 min at 
100 V. The ultraviolet spectrum of material isolated 
in this manner was determined. 


R. A. Derrricn, P. A. TROXELL, W. S. WorTH and V. G. ERWIN 


To obtain larger quantities of the metabolite, urine 
containing the '*C-labeled metabolite was applied to 
a 40cm x 20mm column of Amberlite IRA 401, H* 
form, and the column was washed with water. A 
linear gradient consisting of equal volumes of 0.15 N 
HCI in the reservoir and H,O in the mixing flask 
was then started. Fractions were collected and ali- 
quots taken for radioactivity determination and ultra- 
violet spectroscopic analysis. Tubes containing the 
radioactive metabolite were combined and the pH 
was adjusted to 10 with KOH. The solution was eva- 
porated to near dryness in vacuo. This solution was 
then made acidic in the cold and extracted with ether 
several times until most of the 219nm absorbing 
material was extracted into the organic phase. The 
ether was evaporated to a small volume and chilled. 
The frozen water layer was removed and the amount 
of metabolite present in the ether was approximated 
from the 219 nm absorption after extraction into base. 
The ether was extracted with a calculated amount 
of NaOH solution to remove the metabolite present. 
This material (pH 5.6) was then placed on a DEAE 
cellulose column (pH 7.0) and the column washed 
with water. The metabolite was eluted with 0.01 N 
NaCl, the pH of the eluate was adjusted to 10.0 and 
the solution concentrated, acidified and extracted 
with ether as above, then re-extracted into base. Large 
amounts of the metabolite were isolated in this man- 
ner by injecting 75 mg/kg of cyanamide IV into rab- 
bits and collecting the urine for 24hr. Metabolite 
from mice was obtained by injecting ten animals with 
75 mg/kg and collecting urine for 24 hr. The isolation 
procedure was the same as described above. Dogs 
could not be used for this portion of the study, since 
they are very susceptible to the toxic effects of cyana- 
mide. 


RESULTS 


Figure | presents the dose-response curves for inhi- 
bition of aldehyde dehydrogenase in mouse liver and 
brain. The marked difference in sensitivity of liver and 
brain enzyme is the most striking aspect of this study. 
In neither case, however, was complete inhibition 
obtained. 


Percent Inhibition s SEM(n) 








. A — n 
10 «615 2025 50 75 100 200 
Dose Cyanamide (mg/kg) 


Fig. 1. Dose-response curve for inhibition of total mouse 

liver and brain aldehyde dehydrogenase by cyanamide 

given intraperitoneally 1 hr before death. Brackets are stan- 

dard error and numbers in parentheses are the number 
of animals used. 
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Fig. 2. Time course of inhibition and recovery of total 

mouse liver aldehyde dehydrogenase after intraperitoneal 

administration of cyanamide at 50 mg/kg given at 0 time 

(arrow). At least two animals were used at each time point. 

Activity at time zero was 11.8nmoles NADH-mg 
protein” '-min~! 


The time course of inhibition in mice is presented 
in Fig. 2. The relatively short duration of the major 
part of the inhibition is contrasted by the very slow 
return toward control activity. Even after 48 hr the 
enzyme activity has not returned to control ‘evels. 
This agrees with observations made by Koe and 
Tenen [10]. 

There are a number of aldehyde dehydrogenase 
enzymes in the mitochondrial, microsomal and super- 
natant fractions [11,12]. The possibility of a differen- 
tial inhibitory effect of cyanamide on one of these 
enzymes was next investigated. As shown in Table 
1, there is a small but consistent difference in the 
inhibition of the supernatant enzyme activity as com- 
pared to inhibition of the mitochondrial and microso- 
mal enzymes of mouse liver. 

The relative immunity of the brain enzymes to in- 
jected cyanamide could be due to poor penetration 
of the active inhibitor into the brain. To circumvent 
this problem, cyanamide was injected directly into the 
lateral ventricle of the brain by the use of a Hamilton 
syringe. A small amount of blue dextran was added 
in order to verify placement of the injection. As 
shown in Table 2, however, when the amount of 
cyanamide which would be available to the brain, 
assuming complete distribution, was administered di- 
rectly into the brain, no inhibition of the brain or 
liver enzyme could be detected. When the dose of 
cyanamide was comparable to that given peripherally, 
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inhibition of only the liver enzyme was obtained and 
this inhibition was less than that observed when the 
same dose was given intraperitoneally. 

Previously we had found that cyanamide was inef- 
fective in vitro in inhibiting rabbit liver aldehyde de- 
hydrogenase [5]. This was repeated for the mouse 
enzymes and again no significant inhibition was 
observed even at 10°*>M cyanamide. Mixtures of 
enzyme from an animal! that had received cyanamide 
with similar enzyme from an animal that received no 
cyanamide, gave only additive results. Dialysis of liver 
homogenates from cyanamide-treated or control ani- 
mals for 18 hr against large volumes of 0.25 M sucrose 
did not achieve reversal of inhibition. 

Metabolite isolation. The '*C label from injected 
cyanamide is rapidly excreted in the urine of rats 
(Table 3). By the end of 6 hr virtually all of the label 
appears in the urine. Negligible amounts of label are 
found in the expired CO,. Only during hr 1 is there 
any significant amount of label in the liver and much 
less in the other tissues. ['*C]cyanamide that had 
been in aqueous solution for several days gave rise 
to large amounts of '*CO, in the expired air. 
Radioautograins made from thin-layer chromatogra- 
phy plates of the starting material after chromatogra- 
phy showed the presence of numerous radioactive 
spots but none that corresponded to the metabolite 
isolated from urine. 

As is apparent from Table 4, the '*C label in the 
urine is neither urea, dicyandiamide, thiourea nor 
cyanamide. In order to further show that the com- 
pound is not urea, urine was incubated with urease 
before spotting. Urea was destroyed by this process 
but the radioactivity remained unchanged. Differen- 
tiation of the metabolite from thiourea was further 
accomplished by use of a spot test for R, —-N—-C=N 
groups consisting of cuprous acetate and benzidine. 
This test was strongly positive on the metabolite [13]. 

The ultraviolet spectrum of the metabolite eluted 
from the chromatographic plate was determined. This 
material has an absorption peak at 219nm. With the 
addition of acid, the peak disappears. This is true 
for the metabolite from cyanamide-treated rats, mice 
and rabbits and for the metabolite isolated from the 
urine of rabbits treated with a combination of cyana- 
mide and ethanol. The elution patterns of radioacti- 
vity with 219 nm absorbing material from an Amber- 
lite anion exchange column is shown in Fig. 3. The 
curve for material absorbing at 208 nm is also in- 


Table 1. Subcellular distribution of liver aldehyde dehydrogenase and inhibition by cyanamide* 





Subcellular distribution 


Inhibition 





Fraction 


Per cent activity + S. E. M. (N) 


Per cent + S. E. M. (N) 





Homogenate 100 
Nuclei 25.3 + 2.9 
Mitochondria 28.3 + 2.6 
Supernatant 20.5 + 2.7 
Microsomes 5.6 + 0.6 
Recovery 99.7 


(8) : ; (8) 
(4) ’ y (4) 
(8) i E (8) 
(8) i j (8) 
(4) d ; (4) 





* Mice were injected intraperitonally with 75 mg/kg of cyanamide | hr before taking the livers. Subcellular fractionation 
was carried out on livers from both control and injected mice by standard differential centrifugation techniques. Triton 
(1%) was added to all fractions after separation to clear the solutions for assay of aldehyde dehydrogenase as detailed 


in the text. 
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Table 2. Intracranial injection of cyanamide into mice* 





Tissue 





Liver Brain 


Treatment (nmoles NADH/mg protein/min) 





Control 

Cyanamide 
(55.6 mg/kg) 

Cyanamide 
(0.6 mg/kg) 


12.3 + 0.70 (6) 1.17 + 0.09 (6) 


3.88 + 0.24 (6) 1.01 + 0.06 (4) 


11.75 + 1.29 (6) 1.11 + 0.08 (4) 





* Each animal received 15 yl cyanamide intracranially into the lateral 
ventricle. The average dosages were calculated based on the weight of 
the animals. The cyanamide concentrations were 83 mg/ml (55.6 mg/kg 
for an average weight of 22.4 g) and 1 mg/ml (0.6 mg/kg for an average 
weight of 25 g). Tissues were taken | hr after treatment. 


Table 3. Fate of administered ['*C]cyanamide 





Percentage of administered counts* 
Time 
(hr after ['*C]cyanamide) 





Expired CO, Urine Liver 





1 0.33 
4 0.39 
6 1.39 


67.8 6.7 
83.3 0 
93.9 0 





* Cyanamide, '*C-labeled, was injected intraperitoneally into rats (10 
uCi/kg) and the '*C content of expired CO , urine and various tissues 
was determined at the intervals given as outlined in the text. The 
radioactivity found in tissues other than the liver was negligible. 


cluded. Since the major radioactive material and 
219 nm absorbing material coincided in several differ- 
ent isolation procedures, it was possible to administer 
unlabeled cyanamide and identify the metabolite by 
its absorption at 219nm and the disappearance of 
the peak when the pH was lowered to 2.0. Urine col- 
lected from animals that had not received cyanamide, 
or urine to which cyanamide was added, did not con- 
tain the material absorbing at 219 nm. 

The behavior of the compound on paper electro- 
phoresis, on anion exchange columns, in solvent 
extractions and its u.v. spectra, suggested that it was 
an acid. The pK} was found to be 3.92 and molar 
absorbency of the metabolite in base has an average 
value of 1.7 x 10°. The calculation of the molar 
absorbency assumes that only one titratable group 
is present in the pH range 2-10. If more than one 
ionizable group is present, it is not apparent from 
the titration curves, which appear to be smooth. 

The compound is stable in dilute acid or base for 
prolonged periods. However, evaporation in vacuo 
under acidic conditions invariably led to destruction 
of the ultraviolet absorption at 219 nm. 

Neither the purified metabolite nor that in crude 
urine significantly inhibits rat or mouse liver NAD- 
linked aldehyde dehydrogenase in vitro. 


DISCUSSION 


There are no potent specific inhibitors of aldehyde 
dehydrogenase available. Disulfiram is a relatively 
potent inhibitor in vitro but it is not potent in vivo 


and lacks specificity [14]. While the specificity of 
cyanamide inhibition awaits further testing, it is a 
potent inhibitor in vivo of liver aldehyde dehydrogen- 
ase with an EDs, of 8mg/kg or about 2 x 10-*M, 
assuming complete distribution. After intraperitoneal 
injection our results show that, while there is a high 
concentration of ['*C]cyanamide in the liver immedi- 
ately after administration, it is rapidly removed. How- 
ever, the inhibitory effect is evident at least 24 hr later. 
Apparently the inhibition by cyanamide is essentially 
irreversible, since dialysis did not achieve reversal of 
the inhibition. Additionally, in experiments where 
liver homogenates from cyanamide-treated animals 
were mixed with similar preparations from control 
animals, only additive rates were observed. This 
would indicate the absence of a dissociable inhibitor 
in the homogenate from treated animals. 


Table 4. R, values of cyanamide, urea and the cyanamide 
metabolite with Silica and _ cellulose _ thin-layer 
chromatography* 





Compound Silica Cellulose 





0.38 
0.76 
0.42 


0.28 
0.65 
0.50 
0.44 


Urea 

Cyanamide 
Cyanamide metabolite 
Thiourea 


Dicyandiamide 0.65 





* The compounds were spotted on thin-layer plates and 
developed in butanol-ethanol-water, 9:2:1. The radioacti- 
vity was detected by radioautography and then the plates 
were sprayed with Ehrlich’s reagent. 
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Fig. 3. Elution of ['*C]cyanamide metabolite from IRA 401 column. 


The liver supernatant aldehyde dehydrogenase is 
more sensitive to inhibition than is the mitochondrial 
enzyme. Again the results of these experiments are 
consistent with a very tight binding of the inhibitor, 
since the mitochondria and nuclei were washed before 
solubilization. The inhibition remains high in these 
fractions, however. It is also of interest that we obtain 
a larger fraction of aldehyde dehydrogenase in the 
supernatant from the mice than is obtained in rats 
[12,15]. The mitochrondria contain a low K,, alde- 
hyde dehydrogenase which is most likely responsible 
for acetaldehyde oxidation during ethanol metabo- 
lism and also a smaller amount of a high K,, enzyme 
[12,15]. The assay utilized in the study employed ace- 
taldehyde concentrations that allow determination of 
the total activity in the mitochondria, although the 
majority of this activity is due to the low K,, enzyme. 

It is apparent that a product of cvanemide and 
not cyanamide itself is responsible for the inhibition. 
This inhibitory molecule apparently cannot be formed 
in the brain nor-gain easy access to it. Alternatively 
the brain enzyme may be less sensitive to inhibition. 
A urinary excretion product of cyanamide appears 
to be an acid with a low pK} and if the inhibitor 
also carries this group it would be expected to be 
excluded from the brain. To date, efforts of derivatiza- 
tion and analysis by gas chromatography—mass spec- 
trometry have been unsuccessful. 

Further studies are in progress to isolate and iden- 
tify this inhibitor. Presumably it should be a very 


potent and effective inhibitor of the aldehyde de- 
hydrogenase enzymes. 


REFERENCES 


. J. K. W. Ferguson, Can. med. Ass. J. 74, 793 (1956). 

. J. K. W. Ferguson and M. D. Warson, Q. JI Stud. 
Alcohol 16, 607 (1955). 

. C. C. Solomons, S. I. Goodman and C. M. Riley, New 
Engl. J. Med. 276, 207 (1967). 

. D. A. Gibbs and R. W. E. Watts, Archs Dis. Childh. 
43, 313 (1968). 

. R.A. Deitrich, Proc. west. Pharmac. Soc. 10, 19 (1967). 

. W. S. Worth and R. A. Deitrich, Fedn Proc. 27, 237 
(1968). 

. M. A. Korsten, S. Matsuzaki, L. Feinman and C. S. 
Lieber, New Engl. J. Med. 292, 386 (1975). 

. R. A. Deitrich and V. G. Erwin, Fedn Proc. 34, 1962 
(1975). 

. J. E. Milks and R. H. Janes, Analyt. Chem. 28, 846 
(1956). 

. K. B. Koe and S. S. Tenen, Biochem. Pharmac. 24, 
723 (1975). 

. R. A. Deitrich, Biochem. Pharmac. 15, 1911 (1966). 

. S. O. C. Tottmar, H. Pettersson and K-H. Kiessling, 
Biochem. J. 135, 577 (1973). 

. F. Feigl and V. Gentil, Mikrochim. Acta 1, 44 (1959). 

. R. A. Deitrich and V. G. Erwin, Molec. Pharmac. 7, 
301 (1971). 

. R. A. Deitrich and C. Siew, in Alcohol and Aldehyde 
Metabolizing Systems (Eds. R. Thurman et al.), p. 125. 
Academic Press, New York (1974). 








Biochemical Pharmacology, Vol. 25, pp. 2739-2745. Pergamon Press, 1976. Printed in Great Britain. 


RAT BRAIN ACETYLCHOLINESTERASE AND ITS 
ISOENZYMES AFTER INTRACEREBRAL 
ADMINISTRATION OF DFP* 


RAJAMMAL SRINIVASANT, ALEXANDER G. KARCZMAR and JOSEPH BERNSOHN 


Department of Pharmacology and Therapeutics, Loyola University Stritch School of Medicine, 
Maywood, Ill. 60152, and Neuropsychiatric Research Laboratory, 
V.A. Hospital, Hines, IL 60153, U.S.A. 


(Received 15 October 1975; accepted 21 May 1976) 


Abstract—Acetylcholinesterase (AChE) activity was followed in the synaptosomal and microsomal frac- 
tions of rat brains after intracerebral administration of diisopropyl phosphofluoridate (DFP). Fifteen 
days after DFP administration to 20-day-old rats, 47 dnd 41 per cent of the inhibited (phosphorylated) 
AChE activity was replaced in the synaptosomes and microsomes respectively. After correcting these 
values for ontogenic development of AChE in the young rats, post-DFP increase of AChE activity 
amounted to 16 and 43 per cent of controls in the microsomal and synaptosomal fractions respectively. 
In 58-day-old rats, 45 and 64 per cent, respectively, of the inhibited microsomal and synaptosomal 
AChE activity was replaced within 20 days after the administration of DFP; in the control 58-day-old 
rats the increase in AChE activity during the 20-day period was minimal. Both the microsomal and 
synaptosomal fractions showed four AChE isoenzymes. The two sets of isoenzymes differed in their 
DFP sensitivity and in the rate of the post-DFP return of activity; after DFP, each fraction reconsti- 
tuted its characteristic quantitative isoenzyme pattern. Altogether, the early and fast post-DFP appear- 
ance of AChE activity in the synaptosomal fraction and the early reconstitution of the synaptosomal 
isoenzyme pattern suggest that nerve endings are capable of AChE synthesis or repair apart from 


the similar microsomal process. 


Acetylcholinesterase (AChE; EC 3.1.1.7) is localized 
both post-synaptically and pre-synaptically; it may be 
concentrated at the pre-synaptic site in the sympathe- 
tic ganglia [1,2] and in the central nervous system 
(CNS) [3-6]. There may be several functional reasons 
for the pre-synaptic location of AChE [i]. 

The pre-synaptic enzyme may be formed locally as 
synaptosomes were shown to be capable of protein 
synthesis (cf. Ref. 7), or it may be synthesized in the 
cell body and migrate down the axon into the nerve 
terminals presumably via the microtubules [8,9]. 
Since the 1960s, these alternatives were studied at the 
periphery [10-13]. Recently, it has been suggested 
that the enzyme may be synthesized in the axon or 
the nerve terminal and that only a small portion of 
it may originate in the cell soma [14]. 

In the present study, we desired to evaluate the 
origin of the AChE of the brain nerve terminals. Di- 
isopropyl fluorophosphoridate (DFP) was utilized to 
irreversibly phosphorylate AChE, and the subsequent 
recovery of AChE activity was evaluated, after DFP, 
in synaptosomal and microsomal fractions represent- 
ing nerve terminals and soma respectively; the early 
appearance of AChE activity in synaptosomes as 
compared to the microsomes would argue for the 
nerve terminal synthesis of the enzyme. 





*This research was supported in part by the NIH 
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+ This paper is based on a Ph.D. dissertation submitted 
by R. Srinivasan in partial fulfillment of the requirements 
for the Ph.D. degree in the Department of Pharmacology 
and Therapeutics, Loyola University, Chicago, IIl. 


The second approach involved the evaluation of 
the action of DFP on the isoenzymes of AChE 
[15-17]. As microsomal and nerve ending AChE 
isoenzymes show characteristic patterns and differ in 
their sensitivity to DFP [18], the evaluation of iso- 
enzymes after DFP should constitute additional 
evidence as to the origin of the new, post-DFP 
enzyme. 


METHODS 


Male Sprague-Dawley rats 20 and 58 days of age, 
weighing 25-35 and 200-250 g, respectively, were used 
in these experiments. All animals were bred in the 
laboratory. 

DFP was obtained from Sigma Chemicals, St. 
Louis, Mo., dissolved (1 g/ml) in, propylene glycol. 
Thirty min prior to the administration of DFP the 
animals were given 6 mg/kg of atropine methyl nitrate 
intraperitoneally. The animals were anesthetized with 
ether, and 10 yl of the DFP solution was injected in- 
tracerebrally with a Hamilton syringe; appropriate 
dilutions of DFP were prepared in propylene glycol 
prior to administration. Doses of 105-115 yg 
(3.5 mg/kg) and of 350-500 yg (2.0 mg/kg) were used 
in 20- and 50-day-old rats respectively; control ani- 
mals were given 10 yl propylene glycol intracere- 
brally: Animals were sacrificed at various time inter- 
vals after the administration of DFP or of propylene 
glycol. The cerebral hemispheres were excised and 
bathed in 0.32 M sucrose in 25 mM Tris, pH 7.5, prior 
to homogenization. Excision was completed within 
20 sec after sacrifice of the animal. 

The subcellular fractions were isolated according 
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to the method of Autilio et al. [19]. Synaptosomal 
fractions were collected and diluted in 0.32 M sucrose 
in 25mM Tris buffer, pH 7.5, and centrifuged at 
40,000 g for 30 min. The pellets obtained by the isola- 
tion procedure were rewashed in sucrose—Tris buffer, 
pH 7.5 (0.4 mg/kg of original tissue), and stored at 
—40° until use. The protein content of the fraction 
was measured by the method of Lowry et al. [20]. 
NADPH-dependent cytochrome c reductase was 
assayed by the method of Sottocosa et al. [21]. 
Rotenone was added to the assay medium to elimin- 
ate mitochondrial contribution to the cytochrome 
reductase pool [21]. 

Unfrozen synaptosomal pellets were fixed for elec- 
tron microscopy in 0.1 M phosphate-buffered glutar- 
aldehyde (3.125%); washing and fixing were carried 
out by routine procedures. AChE activity of the 
synaptosomal and microsomal fractions was 
measured by the method of Ellman et al. [22]; acetyl- 
thiocholine iodide was used as the substrate and 
quinidine sulfate (1°) was employed to eliminate any 
activity of butyrylcholinesterase (BuChE) that may 
have been present. Specific activity of AChE is defined 
as pmoles acetylthiocholine iodide hydrolyzed/ 
min/mg of protein. 

Triton X-100 extraction was employed for the study 
of microsomal and synaptosomal isoenzymes. Known 
amounts (1 mg protein/ml) of synaptosomal and 
microsomal fractions were homogenized with an 
equal volume of 2°% Triton X-100 in sucrose-Tris 
buffer, pH 7.5, the final concentration of Triton being 
1%. At this concentration, Triton was found to be 
capable of complete or nearly complete extraction of 
AChE and its isoenzymes. This was indicated by the 
absence of AChE activity in the pellet as shown by 
the titrimetric procedure [22] as well as by the 
absence in the pellet of AChE staining ([23]; cf. 
below). Solutions were stored at 4° for 6hr and then 
centrifuged at 100,000 g for 30 min. Supernatant was 
used for the measurement of AChE activity as de- 
scribed above. Triton X-100 was found to be devoid 
of anti-AChE activity at concentrations of up to 
5% [24]. 

Polyacrylamide disc electrophoresis was performed 
as modified by Juul [23]. Equal amounts of protein 
were always applied to each gel. Both pre-incubation 
and incubation solutions included suitable inhibitors 
when required. Ambenonium (Mytelase; N:N-bis-3 
diethylamine ethyl oxamide bis-q-chlorobenzyl chlor- 
ide, 5 x 10°° M) and DFP (10°° M) were employed 
to inhibit differentially AChE and BuChE respect- 
ively. The isoenzymes of microsomes and synapto- 
somes were stained for AChE employing the modifi- 
cation by Juul [23] of the method of Koelle [1]. A 
Canalco model T microdensitometer without a filter 
was used to determine relative distribution of AChE 
activity in various isoenzymes. For heavier and 
‘weaker bands, the settings were 20 and 4mm7?/inte- 
gration respectively. The contribution of each peak 
to the total AChE activity was calculated in per cent 
of the latter. The specific AChE activity of the applied 
sample was obtained by the method of Ellman er al. 
[22]; relative specific activity of each isoenzyme was 
calculated from per cent contribution of each peak 
to total AChE activity. The relative recovery of 
enzyme activity of microsomal and synaptosomal 
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isoenzymes was calculated by comparing the values 
obtained in DFP-treated rats with controls (cf. Figs. 
5 and 6). 


RESULTS 


To ascertain the purity and authenticity of the 
synaptosomal fractions, electron microscopy analysis 
was employed. A typical electron micrograph of the 
fraction is shown in Fig. 1; as can be seen, the fraction 
contained intact synaptosomes with their vesicles, in- 
traterminal mitochondria and junctional complexes. 
This was the general finding in the case of all the 
micrographs studied at present; it is in good agree- 
ment with the available descriptions of the synaptoso- 
mal fractions [25]. To further ascertain the degree 
of microsomal contamination of the synaptosomal 
fraction, the NADPH-dependent cytochrome c reduc- 
tase was measured in the presence of rotenone. Mean 
reductase values were 0.255 and 0.028 unit/min/mg 
of protein for the microsomes and synaptosomes re- 
spectively; thus, it appeared that synaptosomes con- 
tained less than 11 per cent of microsomal contami- 
nation. 

The first series of experiments was carried out with 
20-day-old rats. First, the intracerebral dose of DFP 
capable of significant inhibition of cholinesterases was 
established. DFP doses of 45, 60, 75, 90, 105 and 
120 ug were employed in rats of 25 g of weight, three 
rats/dose; total cholinesterase (AChE and BuChE) 
activity was measured in the brain homogenates. The 
inhibition of brain ChE varied from 75 + 2.5 to 
95 + 2.3 per cent with doses of 45 and 120 yg respect- 
ively. The dose of 105-115yg (3.5 mg/kg) was 
employed routinely in the subsequent experiments. 

Table 1 summarizes the activity of control and 
DFP-treated rats at various intervals of time up to 
15 days after the administration of DFP, at which 
time the rats were 35 days old. Four hr after injection, 
DFP caused an inhibition of 76 and 60 per cent, re- 
spectively, of the microsomal and nerve ending AChE. 
Fifteen days later, the inhibition amounted to 35 and 
13 per cent respectively; this difference between the 
synaptosomal and microsomal AChE inhibition was 
statistically significant (Fig. 2). The times required for 
the 50 per cent return of the activities of the two 
enzymes (half-lives or T,,2 times) were approximately 
9 and 14 days for the synaptosomal and microsomal 
AChE respectively. As can be seen from Fig. 2, the 
recovery of enzyme activity was initiated at least as 
early in the nerve endings as in the microsomal frac- 
tion. 

As in this series of experiments DFP was adminis- 
tered at the time of rapid formation of AChE [26], 
it was critical to differentiate between the ontogenesis 
of AChE on the one hand and the post-DFP AChE 
activity on the other. The developmental increases in 
AChE activity were determined in control rats for 
the growth period of days 20-35 (Table 1) and the 
increments subtracted from the values for enzyme 
activity of DFP-treated rats at the pertinent time in- 
tervals (Fig. 3). As can be seen, the microsomes and 
the synaptosomes of the DFP-treated animals exhi- 
bited, in addition to postnatal increase in AChE, 16 
and 43 per cent increments of AChE activity respect- 
ively. The differences between the microsomal and 
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Fig. 1. Electron micrograph of the synaptosomal fraction of rat brain. Note the presence of intact 
synaptosomes, junctional complexes and intraterminal mitochondria and synaptic vesicles. 


synaptosomal AChE activities were highly significant 
and, in fact, more pronounced than those between 
the values representing the total increases for the two 
enzymes (compare Figs. 2 and 3). This was due to 
the fact that the correction was more pronounced in 
the case of microsomes than in that of synaptosomes, 
as the former exhibited, during the 15 days in ques- 
tion, a much higher increase in developmental AChE 
than the latter (Table 1). 

Studying protein synthesis in synaptosomes, Austin 
and Morgan [27] showed that the rate of incorpor- 
ation of ['*C]leucine decreases linearly with the age 
of the rat. The question arises as to whether AChE 
may appear early in the nerve endings after DFP 
administration only during the period of developmen- 
tal synthesis of proteins or also after the brain matu- 
ration has occurred. Fifty-eight-day-old rats were 
used for the pertinent study. 


It was first determined that indeed AChE activity 
of the two fractions increased only slightly after 58 
days of life. The mean specific activities of the synap- 
tosomal and microsomal AChE were 9.125 + 0.003 
and 0.179 + 0.004, respectively, in the case of 58-day- 
old rats, and 0.145 + 0.004 and 0.184 + 0.005, re- 
spectively, in that of 78-day-old rats (three rats/ 
group). These data are in agreement with those of 
Freedman and Himwich [28]. 

The intracerebral dose of 350-500 ug DFP was 
used, depending on rat weight; this dose sufficed to 
produce marked inhibition of microsomal and synap- 
tosomal AChE (cf. Fig. 4). Figure 4 shows AChE acti- 
vity of microsomes and synaptosomes of the control 
and treated rats on days 1—20 after the administration 
of either DFP or propylene glycol. As can be seen, 
80 and 86 per cent of microsomal and of the nerve 
ending AChE, respectively, was inhibited on the day 


Table 1. Activity of acetylcholinesterase in subcellular fractions of rat brain after inhibition of the enzyme by DFP 
(3.5 mg/kg) injected intracerebrally in 20-day-old rats 





Control 


DFP-treated group 





Microsomes 


(sp. act. 
of rats +S. E.M) 


Synaptosomes 
(sp. act. 
+S. E. M) 


Days Microsomes 


after 
injection 


(sp. act. 
+S. E.M.) 


Synaptosomes 
(sp. act. 
+S. E. M) 





0.109 + 0.002 
0.145 + 0.003 
0.187 + 0.005 
0.190 + 0.004 


0.0986 + 0.001 
0.1027 + 0.001 
0.122 + 0.002 
0.120 + 0.002 


0.0263 + 0.0001 
0.0618 + 0.0005 
0.0974 + 0.001 
0.125 + 0.003 


0.0399 + 0.0002 
0.0478 + 0.0004 
0.0864 + 0.0008 
0.104 + 0.002 
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Fig. 2. Effect of DFP on AChE activity of microsomal 
and nerve ending fractions. DFP was administered to 
20-day-old rats. Abscissa: days after intracerebral injection 
of DFP. Ordinate: activities of microsomal and nerve end- 
ing AChE in per cent of controls. The first two points 
represent the activities of microsomal and nerve ending 
AChE 4hr after DFP. The points represent means + S. E. 
(six rat brains/mean). Asterisks show significant differences 
between means, the P values varying between <0.05 and 
<0.01. 


of injection; 35 per cent of the microsomal AChE 
and 22 per cent of the synaptosomal AChE remained 
inhibited on day 20 after DFP (see Fig. 4). To facili- 
tate the comparison between the rate of increase after 
DFP, of the microsomal and synaptosomal enzyme, 


Fig. 4 also shows these increments after correcting 
for the slight difference between the inhibition of the 
synaptosomal and microsomal AChE (86 and 80 per 
cent respectively). Altogether, as in the case of 
younger animals, the synaptosomal AChE showed a 
more rapid rate of activity increase as compared to 
the microsomal enzyme; in fact, at any interval after 
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1 
15 
DAYS AFTER INJECTION OF DFP 


Fig. 3. Effect of DFP on microsomal and nerve ending 
AChE as corrected for developmental increment of AChE. 
DFP was given to 20-day-old rats; the subsequent inhibi- 
tion. of microsomal and nerve ending AChE is expressed 
in per cent of controls after correcting the post-DFP AChE 
activities for the developmental increase of the two 
enzymes in the control rats (cf. also text). For other 
explanations, see Fig. 2. 
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rf 10 15 

DAYS AFTER INJECTION OF DFP 
Fig. 4. Effect of DFP on microsomal and nerve ending 
AChE in 58-day-old rats. DFP was administered intracere- 
brally. Abscissa: days after injection of DFP; ordinate: ac- 
tivities of microsomal and nerve ending AChE in per cent 
of controls; notice the relatively slight difference between 
the initial inhibition of microsomal and nerve ending 
AChE (80 and 86 per cent respectively). In the inset, ab- 
scissa: days after injection of DFP: ordinate: AChE activi- 
ties, the microsomal activity taken as 1.0. In the case of 
both figures, the points represent means + S.E. (six rat 
brains/mean), the asterisks show significant differences 
between means, the P values varying between <0.05 and 
0.005, and the first two points represent the activities of 

microsomal and nerve ending AChE 4 hr after DFP. 


the administration of DFP the nerve endings always 
showed a higher enzyme activity than the micro- 
somes. The T,,. times were approximately 11 and 19 
days for the synaptosomal and microsomal enzyme 
respectively. These values did not differ essentially 
from those calculated for the 20-day-old animals. 
Thus, the post-DFP recovery of AChE activity of the 
nerve endings is not an age-dependent phenomenon. 

To be able to evaluate AChE isoenzymes and their 
patterns, it was necessary to solubilize all the isoen- 
zymes, since the major part of enzymatic activity is 
membrane-bound [24]. Triton X-100 (1%) was used 
to solubilize the membrane-bound AChE; the electro- 
phoretic pattern of the AChE isoenzymes obtained 
from the supernatant of Triton X-100-treated synap- 
tosomal and microsomal fractions was consistent and 
reproducibie [18]. 

The study was carried out in 20-day-old rats. 
Figures 5A and 6A show the pattern of the microso- 
mal and synaptosomal isoenzymes after their electro- 
phoretic separation; the bands were stained for AChE 
as described in Methods. In both cases, four isoen- 
zymes can be seen. The general pattern and intensities 
of staining of synaptosomal and microsomal isoen- 
zymes differed. For instance, the synaptosomal isoen- 
zymes generally separated better than the microsomal 
ones; furthermore, the synaptosomal isoenzymes 3 
and 1 seemed to contain higher percentages of the 
total synaptosomal AChE activity as compared to the 
microsomal isoenzymes 3 and 1 with respect to the 
total microsomal enzyme activity. Whether all or 
some of the isoenzymes of the two fractions represent 
common forms cannot be readily resolved (cf. Discus- 
sion); accordingly, they are referred to as microsomal 
isoenzymes M1-4 and synaptosomal isoenzymes 
S14. 
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Fig. 5. AChE isoenzymes from the Triton X-100 extract 
of rat brain microsomal preparation. The original photo- 
graphs of gels obtained in a single rat experiment were 
diagramatized to illustrate control pattern as well as the 
effect of DFP. Electrophoresis and AChE staining were 
carried out as described in Methods. Gel A: control isoen- 
zyme pattern; gels B-E: isoenzyme patterns 1, 3, 5 and 
15 days, respectively, after intracerebral injection of DFP 
(see also text). 
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Day 1 
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Day 15 


AChE activities of microsomal isoenzymes after intracere- 

bral DFP administration. Enzyme activities in’ per cent 

of controls were determined by densitometric scans (cf. 

Methods and text). The values are given as means of six 
experiments (six rats) per value. 


Synaptosomal and microsomal isoenzymes 
appeared to be differentially sensitive to the intracere- 
bral administration of DFP, 105-115 wg (3.5 mg/kg); 
furthermore, post-DFP increase in the activity of the 
isoenzymes proceeded at different rates, as demon- 
strated by the quantitative densitometric evaluation 
of the AChE activities (cf. Methods; see Figs. 5B and 
6B). In the decreasing order of their DFP sensitivity, 
the microsomal isoenzymes could be ranked as M4, 
2 and 3, M1 being insensitive to DFP. M3 showed 
the fastest return of activity after DFP; the approxi- 
mate half-lives were 3, 6 and 15 days, respectively, 
for M3, 4 and 2. Synaptosomal isoenzymes could be 
ranked as $4, 1 and 3 in the decreasing order of DFP 
sensitivity; S2 was little or not at all affected by DFP. 
$3 and S1 exhibited the fastest rates of return of acti- 
vity after DFP; the approximate half-lives were 4.5, 
5 and 8.5 days for $1, 3 and 4 respectively. Altogether, 
over the 15-day time period after DFP, the AChE 
activities of the inhibited microsomal and synaptoso- 
mal isoenzymes and their characteristic pattern 
gradually returned toward normal levels; there was 
no interchange of patterns (cf. Figs. SA and 6A). 


DISCUSSION 


AChE is inhibited irreversibly by organophos- 
phorus anti-AChE compounds (cf. for instance Ref. 
29); in the case of DFP this inhibition becomes irre- 
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Fig. 6. AChE isoenzymes from the Triton X-100 extract 
of rat brain synaptosomal preparation. The original photo- 
graphs of gels obtained in a single rat experiment were 
diagramatized to illustrate control pattern as well as the 
effect of DFP. Electrophoresis and AChE staining were 
carried out as described in Methods. Gel A: control isoen- 
zyme pattern; gels B-E: isoenzyme patterns 1, 3, 5 and 
15 days, respectively, after intracerebral injection of DFP 
(see also text). 
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AChE activities of synaptosomal isoenzymes after intra- 

cerebral DFP administration. Enzyme activities in per cent 

of controls were determined by densitometric scans (cf. 

Methods and text). The values are given as means of six 
experiments (six rats) per value. 


versible after the “aging” process of 30-60 min, and 
this fact was reflected in the experimental protocol 
used at present. The synthesis of AChE which follows 
the administration of DFP was exploited in the past 
[12,13,30,31] to resolve the question of the cell site 
of origin of the new enzyme. 

It should be pointed out that the dose of DFP 
needed to significantly inhibit brain AChE was rela- 
tively high, even though DFP was given intracere- 
brally (cf. Results). There may be several reasons for 
this, as DFP is bound irreversibly by non-ChE pro- 
teins and by proteolipids (cf. Ref. 29) and as it is 
relatively readily hydrolyzed enzymically [32] and in 
alkaline media. 

The present results demonstrate clearly that both 
in the growing (20-day-old) and older (58-day-old) 
rats the post-DFP recovery of activity of the synapto- 
somal AChE proceeds fast and early. This was par- 
ticularly pronounced in the younger rats when the 
post-DFP synthesis of AChE was corrected to 
account for rapid postnatal synthesis of the enzyme 
(cf. Refs. 26, 33 and 34); after DFP, 43 per cent of 
the control enzyme level was restituted in the synap- 
tosomes in addition to the ontogenetic AChE. 

The fast increase in the activity of synaptosomal 
AChE may be compatible with the concept that the 
enzyme is synthesized in the microsomes and carried 
to the nerve endings by the fast axoplasmic transport; 
indeed, the latter may proceed in certain peripheral 
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nerves at the rate of 430 mm/24 hr; however, a rela- 
tively small fraction of AChE is transported at this 
rate [14]. Furthermore, this explanation does not 
seem to account for several observations made at 
present. First, it is difficult to reconcile the microso- 
mal origin of the nerve terminal AChE with the 
earlier appearance of the latter as compared to the 
former. Second, it is difficult to explain, on this basis, 
the fact that the activity of the synaptosomal enzyme 
increased faster than that of the microsomal enzyme. 
If the enzyme had originated in the microsomes and 
had accumulated in the nerve terminals, the curves 
depicting the increase in the activity of the two 
enzymes should have crossed each other at some 
point in time, which was not the case (cf. Fig. 3 and 
insert of Fig. 4). Third, the pattern of the synaptoso- 
mal and microsomal isoenzymes, their DFP sensi- 
tivity, and the rate of the reappearance of their acti- 
vity after DFP differed, which again suggests their 
independent origin. Altogether, the present data sug- 
gest the existence of an independent mechanism for 
AChE synthesis in the nerve terminals; furthermore, 
this mechanism seems to be available both during 
postnatal ontogenesis and in mature animals. 

Similar conclusions were reached with respect to 
the origin of post-DFP AChE in the amphibian 
[10,14,31,32] and in the mammalian peripheral ner- 
vous system. For instance, Koenig [31] was able to 
demonstrate post-DFP synthesis all along the axon 
of the cut hypoglossal and cervical sympathetic 
nerves; he proposed that the axonal AChE and other 
proteins which are synthesized in the perikaryon 
become constituents of the axoplasm, whereas axo- 
lemma-bound proteins and enzymes such as AChE 
are synthesized by local axonal mechanisms. 

The nature of the AChE isoenzymes observed in 
the present study deserves a special consideration; 
particularly, do the microsomal and nerve ending 
isoenzymes represent ‘distinct and separate forms? 
First, it must be stressed in this context that the con- 
tamination of the nerve ending fraction by the micro- 
somal material was minimal, as indicated by the low 
nerve endings level of the cytochrome c reductase 
after rotenone pretreatment (cf. Methods). 

The heterogeneity of the mammalian AChE 
[ 15—-18,26,35,36] including that of the synaptosomal 
and mitochondrial enzymes [36,37] is well docu- 
mented; and in fact the S1-4 and M14 isoenzymes 
described at this time may represent different and dis- 
tinct forms. This may be consistent with the differ- 
ences in the pattern of the isoenzymes of the two 
fractions (cf. Figs. 5 and 6), with their differential sen- 
sitivity to DFP, and with the differences in the rates 
of the increments in their post-DFP activity. Finally, 
the differences in the half-life times of the various 
isoenzymes may support the notion of their distinc- 
tiveness. It should be added in this context that the 
return of activity may represent the repair of the mol- 
ecule rather than the synthesis; synthesis de novo of 
the whole structure after the DFP phosphorylation 
may not be necessary. 

On the other hand, some of the evidence presented 
earlier from this laboratory seems to suggest that only 
four identical isoenzymes are present in both frac- 
tions; thus, the four isoenzymes in question may be 
common to both sources. The measurement of the 
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mobilities of the isoenzymes would be pertinent 
although not decisive in this context: the differences 
may be small so that the use of markers for the 
measurement of the mobilities would not be helpful. 

The isoenzymes in question may actually constitute 
aggregates of the nomomeric form with the molecular 
weight of 80,000 [38, 39]; the microsomal and nerve 
ending isoenzymes described at this time may rep- 
resent the dimers which constitute the smallest active 
unit. Microsomal and synaptosomal isoenzymes 4 
may represent high concentrations of the dimers. Fur- 
thermore, in the cell, these isoenzymes may be present 
in the cellular compartment readily accessible to 
DFP. On the other hand, the other isoenzymes 
seemed less sensitive to the inhibitor; they may rep- 
resent dimers attached to the fragments of the cell 
membrane. Such attachment appears likely on the 
basis of difficulties encountered in solubilizing AChE 
in media not containing detergents [40]. Further- 
more, in vivo, the membrane-bound AChE forms may 
be less responsive to DFP as their complexing with 
the membrane may induce conformational changes 
and provide constraints which would decrease their 
capacity to combine with DFP. In fact, these forms 
of AChE may be also limited in their capacity to 
hydrolyze ACh, and this concept is consistent wiih 
the recent suggestion that cytoplasmic rather than 
vesicular ACh may be important for transmission 
[41]. 

The half-life of the microsomal and synaptosomal 
isoenzymes 4 was similar to that of the whole enzyme; 
thus, their high activity suggests that the isoenzymes 
4 contribute most to the total AChE activity of the 
brain neurons. Highly variable data were reported for 
the half-life of AChE. Depending on the species, site 
and inhibitor employed, half-lives varied from 3 hr 
[16] to 1-5 days [42,43], to 11 or even 16 days 
[44,45]. Our own figures are intermediate between 
half-times for the post-DFP recovery of total AChE 
of the rat brain [44] and the post-Soman recovery 
of synaptosomal and microsomal total AChE of the 
cat brain [43]. Indubitably, some isoenzymes show 
a rapid turnover. This may be related to the relatively 
fast return of function after DFP (cf., for instance Ref. 
46); these isoenzymes may also serve as precursors 
or “building blocks” with respect to isoenzymes char- 
acterized by a slow turnover value. 
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Inhibitors of hepatic mixed function oxidases—II* 
Some benzimidazole, benzoxazole and 
benzothiazole derivatives 


(Received 23 April 1976; accepted 8 July 1976) 


The activity of hepatic microsomal mixed function oxi- 
dases may be inhibited by a range of compounds including 
2-diethylaminoethyl 2,2-diphenylvalerate HCl (SKF 
525-A), methylenedioxyphenyl derivatives [1], thiono-sul- 
phur containing compounds [2], phenolic ketones [3], and 
imidazole derivatives [4-7]. The remarkable potency of 
many I- and 4(5)-arylimidazoles led to proposals that the 
investigation of series of imidazoles may yield information 
on the nature of the enzymes associated with oxidative 
drug metabolism. This report describes the effects of nine- 
teen benzimidazole and four structurally related benzoxa- 
zole and benzothiazole derivatives on aminopyrine 
N-demethylase (APDM) and aniline p-hydroxylase (AH) 
activities in rat liver microsomes, and on quinalbarbitone 
sleeping time in mice. 


MATERIALS AND METHODS 


2-Alkyl and 2-alkyl-5-methylbenzimidazoles were syn- 
thesized by the reaction of o-phenylenediamine or 
3,4-diaminotoluene with the appropriate organic acid 
[8,9]. Compounds 20 and 22 were purchased from East- 
man Kodak Co. Rochester N.Y., and compounds 2! and 
23 from Aldrich Chemical Co., Inc. Milwaukee,-Wis. A 
sample of SKF 525-A was supplied by Smith, Kline and 
French Laboratories (Australia) Ltd. Biochemicals were 
purchased from Sigma Chemical Co., St. Louis, Mo. All 
other chemicals were analytical grade. 

Microsomes were prepared from the livers of immature 
male Wistar rats (100-150 g) that had been pretreated with 
phenobarbitone. The livers were removed and homo- 
genized in phosphate buffer (0.1 M, pH 7.4, 7 volumes). 
The homogenate was centrifuged at 1000g for 10 min, 
9,000 g for 10 min and the resultant supernatant was centri- 
fuged at 105,000 g for | hr at 4° to sediment the microso- 
mal fraction. The microsomal pellets were resuspended in 
phosphate buffer (0.1 M, pH 7.4) using a Potter-Elvehjem 
homogenizer. Protein was determined by the biuret 
method [10] using bovine serum albumin as standard. For 
the determination of APDM _ activity aminopyrine 
1.5 pmole, MgCl, 7.5 umole, NADP 1.21 umole, semicar- 
bazide 22.5 umole, glucose-6-phosphate 12.5 wmole, glu- 
cose-6-phosphate dehydrogenase 10 units and microsomal 
protein 5.6 mg in phosphate buffer (0.1 M, pH 7.4, 3.0 ml) 
were used. For the determination of AH activity aniline 
15 umole, MgCl, 7.5 pmole, NADP 3.03 pmole, glucose-6- 
phosphate 12.5 zxmole, glucose-6-phosphate dehydrogenase 
10 units and microsomal protein 8.6mg in phosphate 
buffer (0.1 M, pH 7.4, 3.5 ml) were used. APDM activity 
was followed by the formation of formaldehyde [11] and 
AH activity by the formation of p-aminophenol assayed 
“by the method of Schenkman et al. [12] except that o0-cre- 
sol was used in place of phenol and the colour was 
measured at 610 nm. Incubation times for I;, determina- 
tions were 15 and 12min for APDM and AH activities 
respectively. The test compounds were added to the incu- 





* The first paper in this series was reference [3]. 


bation mixtures from stock solutions in 0.07 N HCl or 
DMSO: water (4:1 by vol). 2-n-Butylbenzimidazole was 
tested by introduction from each solvent and the I<, was 
identical in both cases. 

Quinalbarbitone sleeping time was determined in male 
Sydney-White mice (25 g), divided randomly into groups, 
and injected with quinalbarbitone sodium (0.07 mmol/kg, 
ip) in saline 5 min after receiving either the test compound 
(0.34 m-mole/kg, i.p.) in DMSO, or solvent alone. Mice 
were kept at 37° and sleeping time was recorded as the 
period between the quinalbarbitone injection and the 
return of the righting reflex. The significance of the results 
was calculated using Student's t-test. 


RESULTS AND DISCUSSION 


Table 1 shows the effects of nineteen benzimidazole 
(compounds 1-19), two benzoxazole (compounds 20-21) 
and two benzothiazole derivatives (compounds 22-23) and 
the reference compound 2-diethylaminoethyl 2,2-diphenyl- 
valerate hydrochloride (SKF 525-A) (compound 24) on 
aminopyrine N-demethylase (APDM) and aniline p-hyd- 
roxylase (AH) activities in rat liver microsomes. All com- 
pounds inhibited APDM activity with I;) values ranging 
from 108 x 10°° M (compound 2) to 1.5 x 10~° M (com- 
pound 13). AH activity was inhibited by all but four of 
the compounds and I,, values varied from 360 x 10°°M 
(compound 2) to 16 x 10°°M (compound 11). Com- 
pounds | and 20-22 stimulated AH activity. Compounds 
that were inhibitory to both reactions were all more potent 
(2-20 times) toward APDM activity; a similar difference 
was observed with SKF 525-A [24] which was approxi- 
mately fifty times more potent toward APDM activity. The 
I<, values of these inhibitors decrease with increasing lipo- 
philicity due to both extension of the alkyl side chain (com- 
pounds 2+ 3 4-6-8, etc.) and modification of the 
heterocyclic ring (compounds 17 — 21 — 23, APDM acti- 
vity only). 

The apparent relationship between lipophilicity and 
potency for these inhibitors was analysed by the multiple 
regression approach of Hansch [13-15] using partition 
coefficients derived from the literature [15,16]. Table 2 
shows the first and second order regression equations for 
the correlation of octanol/water partition coefficients with 
I;. values for the inhibition of APDM and AH activities 
by nineteen and seventeen benzimidazole derivatives re- 
spectively. The linear analyses (Eqs. | and 3) of the inhibi- 
tion of APDM and AH activities yield statistically signifi- 
cant (P < 0.01) correlation coefficients of 0.897 and 0.818 
respectively. The inclusion of a (log P)? term into the 
analysis (Eq. 2) produced a significant reduction in the 
residual sums of squares (P < 0.05) for the inhibition of 
APDM activity. Although the second-order term resulted 
in a lowering of the variance for the inhibition of AH 
activity, the improvement was not significant at P = 0.10. 
The second-order regression equations account for 94 per 
cent and 81 per cent of the variance of pls9 in equations 
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Table 1. The effects of benzimidazole, benzoxazole and benzothiazole derivatives on in vitro aminopyrine-N-demethylase 
(APDM) and aniline-p-hydroxylase activities in rat liver microsomes and in vivo quinalbarbitone sleeping time in mice 





Compound R, 





% Increase in 
sleeping time 





H 

CH, 
C,H; 
n-C3H, 
iso-C,H, 
n-C4Hy 
iso-C4Ho, 
n-CsH,, 
n-C,H,3 
cyclo-C,H, ; 
n-C5H, 5 
n-CgH, 7 
n-C,;H3 


SomerNAANhLWN— 
je oie oie ote ots oi oc ofa oie ofa age oye oye ope ofa > 


SSAC OCoS CTS Toe 


CH, 
SKF525-A 


45* 
83+ 
73+ 
101¢ 


1107 


96+ 
152t 


76% 
55} 
63+ 
57t 


+ 


Stimulates 

Stimulates 

Stimulates 
120 69+ 
45 





* Not significant, t P < 0.01, t P < 0.05, §N.S. Compound not sufficiently soluble in incubation mixture. 
Control values + standard errors (number of observations) were 4.64 + 0.75 nmoles formaldehyde formed/mg protein 
min (20) for APDM activity, 1.20 + 0.12nmoles p-aminophenol formed/mg protein/min (20) for AH activity, and 


29.9 + 2.1 min. (119) for quinalbarbitone sleeping time. 


2 and 4 respectively. The partition coefficient of the benz- 
imidazole derivatives is of major importance to the struc- 
ture—activity relationships of these inhibitors. The wide 
range of log P values (1.35 to 8.20) spanned by the benzimi- 
dazole derivatives revealed the importance of the (log P)? 
term in the relationship. 

The optimal partition coefficients (log Po) of the benz- 
imidazole derivatives as inhibitors of APDM and AH ac- 
tivities were 7.20 and 6.05 corresponding to alkyl chains 
of 11-12 and 9-10 carbon atoms respectively. Wilkinson 
et al. [6] found a parabolic relationship between inhibitory 
activity of l-alkylimidazoles towards aldrin epoxidation 
and the length of the alkyl chain, the optimum length being 


9-10 carbon atoms. The intercepts (kj) of the regression 
equations 2 and 4 are 1.62 and 1.06 respectively reflecting 
the greater intrinsic activity [17] of the benzimidazole deri- 
vatives as inhibitors of APDM. 

Wilkinson et al. [5] also studied the inhibition of ‘the 
epoxidation of aldrin, hydroxylation of dihydroisodrin and 
N-dealkylation of p-chloro-N-methylaniline in rat liver 
microsomes by a series of 4(5)- and 2-substituted imida- 
zoles and proposed that “at least one of the imidazole 
nitrogens must be free for inhibitory activity”. This pro- 
posal was supported by the findings that 1-alkylimidazoles, 
having such an unhindered nitrogen at position 3 flanked 
by unsubstituted ring positions, were more potent inhibi- 


Table 2. Correlation of octanol/water partition coefficient (P) with I; 9 values for the inhibition 
of aminopyrine-N-demethylase (APDM) and aniline-p-hydroxylase (AH) activities in rat liver 
microsomes 
log (1/159) = ko + k, log P + k,(log P)’ 





Microsomal 


Compounds activity ko 


Eq. 
k, “a st nf no. 





1-19 APDM 2.72 
1-19 APDM 1.62 


2-13, 15-19 AH 2.19 
2-13, 15-19 AH 1.03 


0.306 0 
0.875 


0.263 0 
0.881 


0.897 
0.969 


0.274 19 l 


— 0.061 0.158 19 2 


0.818 
0.899 


0.262 17 3 


--0.072 0.207 17 





* Multiple correlation coefficient, + Standard deviation from the regression, {| Number of com- 


pounds in analysis. 
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tors of APDM activity than the corresponding 2-alkyl- 
imidazoles [7], and that 1-(2-cyanophenyl)- and 1-(2-iso- 
propylphenyl)imidazole were exceptionally potent in vitro 
and in vivo inhibitors of hepatic microsomal oxidases [4]. 
In contrast, the benzimidazole derivatives cannot possess 
this unhindered ring nitrogen and are generally less potent 
inhibitors of microsomal oxidases than the imidazole deri- 
vatives. 

The correlation between log P and Iso values against 
APDM and AH activities of the benzimidazoles and that 
between K,, the spectral binding constant of cytochrome 
P-450, and I<;9 values against aldrin epoxidation and 
dihydroisodrin hydroxylation of imidazoles suggested that 
a correlation ought to be found between the K, values 
and I<, values, and K, and log P for the benzimidazoles 
studied. However, Dickens et al. [18] studying eight benz- 
imidazoles including compounds 1, 2, 3, 15 and 16, found 
no correlation between log P and K, for these compounds. 
This is perhaps not surprising because, although agreement 
was observed between K, values of the imidazoles and 
their I;g values against epoxidation and hydroxylation (5), 
no correlation was found with p-chloro-N-methylaniline 
demethylation activity. Since the present study examined 
a demethylation, absence of K, and log P correlation is 
reasonable in the presence of I. and log P correlations. 
Additionally, the oxidized cytochrome P-450 difference 
spectra of the benzimidazoles were of two types, both II 
and RI whereas the 1-, 2-, and 4(5)- substituted imidazole 
derivatives gave only type II difference spectra. The bind- 
ing spectra recorded for the present compounds* confirm 
the proposal of Dickens et al. [18] that the addition of 
2-alkyl substituents to benzimidazole alters the binding 
spectrum with oxidized cytochrome P-450 from type II 
to type RI. 

The I; values of the benzoxazoles (compounds 20 and 
21) and benzothiazoles (compounds 22 and 23) tested 
against APDM activity were found to be close to those 
predicted by substitution of the appropriate log P values 
into the regression equation (Eq. 2) established for benz- 
imidazole derivatives. 

Although compounds | and 20-22 were inhibitors of 
APDM activity, they stimulated AH activity. Compounds 
1 and 20 caused a gradual increase in AH activity (above 
control levels) as the concentration was increased from 
zero to saturating concentrations (approx. | mM); AH ac- 
tivities at 1 mM were 112 and 153 per cent of control acti- 
vity respectively. Compounds 21 and 22 showed maximum 
stimulation (113 and 123 per cent of control activity re- 
spectively) at 0.02 mM and were weakly inhibitory at con- 
centrations of 1 mM. This stimulation of AH activity is 
not without precedent. In addition to acetone [19], 
2,2'-bipyridyl [20], and compounds | and 20-22, benzoxa- 
zole and four other alkylbenzoxazoles* have been found 
to stimulate this microsomal reaction. 

Compounds which inhibit microsomal oxidases in vitro 
may prolong the pharmacological activity of drugs in vivo. 
Methylenedioxyphenyl derivatives such as _ piperonyl 
butoxide prolong hexobarbitone narcosis and zoxazola- 
mine paralysis in mice [1]. 1-Alkyl [6,7], l-aryl [4] and 
4(5)-substituted [5] imidazoles greatly prolong hexobarbi- 
tone sleeping time in mice without exhibiting any intrinsic 
hypnotic activity. Table 1 shows the per cent increase of 
sleeping time for mice administered (0.34 m-mole/kg, i.p.) 
of the test compounds 5 min before a dose of quinalbarbi- 
tone (0.07 m-mole/kg, i.p.) in saline. Compound 9 exhibited 
no hypnotic activity when administered (0.25 m-mole/kg, 
ip.) to untreated mice, or mice that had just regained the 
righting reflex following a hypnotic dose of quinalbarbi- 
tone; administered 5 min before quinalbarbitone, com- 
pound 9 caused a 152 per cent increase in the mean sleep- 
ing time. Apart from compounds | and 17, all the com- 





*P. J. Little and A. J. Ryan, unpublished data. 
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pounds tested caused a significant (P < 0.05) increase in 
quinalbarbitone sleeping time in mice; these benzimida- 
zole, benzoxazole and benzothiazole derivatives thus in- 
hibit hepatic microsomal oxidases in vivo as well as in vitro. 
Although the i-alkylimidazoles [6] are more potent than 
the 2-alkylbenzimidazoles toward the prolongation of bar- 
biturate narcosis, the structure—activity relationships for . 
the two homologous series are very similar. For both series 
the activity increases with increasing alkyl chain length 
to a maximum at 8 and 6 carbon atoms respectively, falls 
abruptly upon addition of the next carbon atom, and 
remains approximately constant for the four highest 
members tested for each homologous series. The prolonga- 
tion of barbiturate sleeping times caused by imidazole deri- 
vatives with an unhindered ring nitrogen are greater than 
those caused by the benzimidazole derivatives tested. This 
observation is compatible with the conclusions suggested 
by the in vitro results. 

The benzimidazoles described in this report represent 
another group of imidazole derivatives which have been 
shown to inhibit hepatic microsomal oxidases in vitro and 
in vivo. The replacement of the heterocyclic NH group of 
benzimidazoles by an oxygen or sulphur atom produces 
compounds which are more potent on a molar basis due 
to the increase of lipophilicity associated with the substitu- 
tion. The observation that imidazole derivatives with an 
unhindered ring nitrogen are the most potent inhibitors 
of microsomal oxidases so far discovered, suggests that 
oxazoles and thiazoles substituted only at position 5 
should be potent inhibitors. The stimulation of microsomal 
AH activity has received less interest than the inhibition 
of this and other microsomal reactions. That the two benz- 
oxazoles described in this report both stimulate AH acti- 
vity may allow a more intensive study of the relationship 
between compounds which inhibit, stimulate, or act as sub- 
strates for hepatic microsomal mixed function oxidases. 
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Response of microperoxisomes in rat small intestinal mucosa to 
CPIB, a hypolipidemic drug . 


(Received 19 January 1976; accepted 26 March 1976) 


Since their identification and chemical characterization, 
peroxisomes (microbodies) of rat liver have been studied 
rather extensively [1-4], while those in other organs and 
tissues have received relatively less attention. 

Peroxisomes were first discovered in rodent liver and 
kidney; subsequently they have been reported in a wide 
variety of tissues of vertebrates [5,6] as well as in plants. 
Recently, Novikoff and Novikoff [7] reported large 
numbers of peroxisomes in the duodenum, jejunum and 
ileum of guinea pigs and in rat duodenum. These authors 
pointed out that peroxisomes of intestinal absorptive cells 
lacked nucleoids, were of a smaller diameter than those 
of liver or kidney, and had numerous slender continuities 
with smooth endoplasmic reticulum membrane. Accord- 
ingly, these authors proposed the term “microperoxisome” 
for this smaller population of organelles. Connock and 
Kirk [8], using isopycnic centrifugation of homogenates 
of guinea pig intestinal epithelium, separated a fraction 
rich in catalase particles that sedimented more slowly than 
lysosomes and mitochpndria and which are probably iden- 
tical to intestinal microperoxisomes as described in this 
tissue by the Novikoffs. Pipan and Psenicnik [9] identified 
microperoxisomes in small intestinal epithelium of 13- to 
19-day mouse embryos and found that their number in- 
creased with increasing age of the animal and differentia- 
tion of the cells in which they were found. 

In the present paper, the terms “peroxisome” and “mic- 
roperoxisome” are used interchangeably and both are 
regarded as closely related to the term “microbody” as 
used in earlier literature as a purely morphological term 
describing hepatic or renal peroxisomes. 

It had been shown previously that, in male rat liver, 
peroxisomes increased in number and one of their princi- 
pal enzymes, catalase, increased in activity after administ- 
ration of ethyl alpha-chlorophenoxyisobutyrate (CPIB), a 
hypolipidemic drug. The results of a number of other 
studies suggested that peroxisomes may be related to lipid 
and steroid metabolism [10-15]. Because of the possible 
relationship of peroxisomes to lipid metabolism and in 
view of the fact that the intestinal tract may be the major 
site of cholesterol synthesis in the rat [16, 17], it was desir- 
able to study the response of intestinal peroxisomes to a 
hypolipidemic agent known to cause significant alterations 
in lipid metabolism and in hepatic peroxisomes and their 
enzymes. Moreover, Novikoff and Novikoff [7] suggested 
that, because of the abundance, size and structure of perox- 


isomes in intestinal epithelium, they might be favorable 


for biochemical study. Accordingly, the present study was 
undertaken as a preliminary step to compare intestinal per- 
oxisomes to those in the rat liver with regard to their re- 
sponse to CPIB. 


Materials and methods 

F-344 rats weighing 150-200 g were caged individually 
and given water ad lib. Fifteen males and ten females were 
fed 0.25°, CPIB in their diet for 3 weeks; ten rats of each 
sex served as controls. Animals were fasted overnight and 
sacrificed between 9:00 and 10:00 a.m. The livers were 
removed, weighed and samples taken for cytochemical and 
biochemical determinations. For samples of intestine, the 
first 10cm distal to the pyloric sphincter were omitted; 
the next 20-cm segment of small intestine was removed 
and designated jejunum. The 20-cm segment of small intes- 
tine proximal to the ileocecal valve was removed and 
designated ileum. Both segments of small intestine were 
opened longtitudinally and the lumen was flushed rapidly 
with cold saline. The segments were then placed serosa 
side downward on parafilm and the mucosa and submu- 
cosa were separated from muscularis by scraping gently 
with the edge of a glass slide. To insure the efficacy of 
this method for separation of mucosa from remaining in- 
testinal wall, microscopic sections were prepared from the 
mucosal scrapings and from the remaining tissue. 

Biochemical and cytochemical methods. One-g samples of 
liver and intestinal mucosa were homogenized in 4ml of 
M/150 phosphate buffer at 1-4° in Potter—Elvehjem 
homogenizer. Catalase activity was a:easured by the spec- 
trophotometric method of Liick [18]. Total proteins were 
determined on liver and intestine by the method of Lowry 
[19]. For cytochemical demonstration of peroxidatic acti- 
vity of catalase, small portions of liver and intestine were 
fixed in 2.5% glutaraldehyde buffered with 0.1 M sodium 
cacodylate, pH 7.4, for 4 hr:at 4°. Tissues were rinsed over- 
night in 0.1 M cacodylate buffer containing 0.2 M sucrose. 
Slices of minced tissue were incubated at 37° for 45-60 min 
in the 3,3’-diaminobenzidine medium of Novikoff and 
Goldfischer [20,21] modified from Graham and Kar- 
novsky [22]. The incubation medium contained 10 mg of 
3,3’-diaminobenzidine tetrahydrochloride (DAB, Sigma 
Chemical Co., St. Louis, Mo.) in 10ml of 0.05M 
2-amino-2-methyl-1,3-propanediol buffer, pH 9.4, and 
0.2 ml of 1% hydrogen peroxide. Controls consisted of: (1) 
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Table 1. Catalase activity in liver, jejunum and ileum of F-344 rats of both sexes who received 0.25°% CPIB (clofibrate) 
in ground chow diet for 3 weeks 





Catalase activity 
(units catalase/mg protein) 





Group 


Jejunum Tleum 





Male 
controls 
Males 
CPIB 
Student’s 
t-value 
Per cent increase 
over controls 
Significance 


Female 

controls 
Female 

CPIB 
Student’s 

t-value 
Per cent increase 

over controls 
Significance 


21 
>0.005 <0.001 


0.47 + 0.07 0.59 + 0.07 


0.89 + 0.05 1.13 + 0.05 
4.21 6.35 


82 
> 0.001 


92 
> 0.001 


0.70 + 0.02 0.73 + 0.03 


0.85 + 0.05 0.75 + 0.05 
3.06 0.33 


21 
>0.005 <0.001 


2.7 
>0.70 <0.60 





preincubation for 15 min in propanediol buffer containing 
0.02 M 3-amino-1,2,4-triazole followed by incubation in 
standard DAB medium also containing 0.02 M aminotria- 
zole, (2) perincubation for 10min in propanediol buffer 
containing 0.1 M KCN followed by incubation in standard 
DAB incubation mixture also containing 0.1 M KCN, and 
(3) incubation in the standard DAB incubation mixture 
lacking hydrogen peroxide. 


Results 


The biochemical results are given in Table 1. Consistent 
with previous findings [23, 24] in liver, the increase in cata- 
lase activity after CPIB was greater in males (61 per cent 
increase over control value) than in females (21 per cent 
over control value). Similarly, in the mucosa of jejunum 
and ileum of male rats, CPIB elicited an increased catalase 
activity over control value of 82 and 92 per cent respect- 
ively. In jejunum and ileum of female rats, on the other 
hand, the catalase activity increased only 21 and 2.7 per 
cent, respectively, over the controls. The increase in ileum 
is not significant. 

The morphological studies, for the most part, confirmed 
the biochemical findings. With routine electron micro- 
scopic methods, only an occasional structure compatible 
with a microperoxisone was apparent in control cells. In 
males given CPIB, the number of such organelles was in- 
creased and the increase was apparent by visual inspection 
of representative micrographs of jejunum and ileum as well 
as of liver. Similarly, with DAB incubation, the number 
of microperoxisomes, indicated by reaction product, was 
greater in CPIB-fed males than in controls. In females, 
no increase in microperoxisomes could be discerned in sec- 
tions of liver, jejunum or ileum. 

Discussion 

As pointed out by Novikoff and Novikoff [7] intestinal 
peroxisomes are generally smaller than those of liver and 
they lack interior crystalloids or nucleoids that are typical 
of hepatic peroxisomes of several species. Accordingly, the 
Novikoffs proposed the term “microperoxisome” for the 
small peroxisomes of intestinal absorptive epithelial cells. 
While conceding the morphological differences in peroxi- 
somes as emphasized by Novikoff, it seems reasonable to 


regard both hepatic and intestinal peroxisomes as belong- 
ing to the same class of cell organelles and, consequently, 
it is logical to compare the biological behavior of the 
organelles in different tissues despite apparently minor dif- 
ferences in their morphology. 

A number of studies have suggested that peroxisomes 
are related to lipid [11,25] metabolism or to the synthesis, 
storage or utilization of cholesterol [12, 13,26]. In this 
regard, it is noteworthy that the intestinal mucosa not only 
plays a role in lipid transport but recently it has been 
shown that, in rats, between 55 and 56 per cent of choles- 
terol synthesis takes place in the intestine [16, 17]. If mic- 
roperoxisomes are indeed involved in cholesterol metabo- 
lism, their presence in large numbers in intestinal mucosa 
of rats given CPIB may be related to alterations in intes- 
tinal cholesterol synthesis or transport induced by this 
hypolipidemic drug. 

It is noteworthy that the response of intestinal mucosal 
catalase activity is similar to hepatic catalase activity in 
male rats fed CPIB. Moreover, just as increased hepatic 
catalase activity and peroxisome proliferation in response 
to CPIB are greater in males than in females, the same 
is true for these responses in the intestinal mucosa. At 
present, the mechanisms that govern hepatic peroxisome 
proliferation in response to CPIB and other hypolipidemic 
drugs are not known but it would appear that, whatever 
the mechanism, a similar one influences intestinal mucosal 
microperoxisomes. In any case, some aspect of cholesterol 
metabolism may be common to both male liver and intes- 
tinal mucosa accounting for the similarity of catalase/per- 
oxisome response in these two tissues. 

In the liver, proliferation of peroxisomes and increased 
catalase activity are independent of thyroxin and adrenal 
hormones but require androgenic hormones [23]. It 
remains to be determined whether such endocrine factors 
similarly influence intestinal mucosal microperoxisomes. 

In view of the distribution of peroxisomes in a wide 
variety of vertebrate tissues and cell types, it will be of 
interest to determine whether, in addition to intestinal 
mucosal peroxisomes, those of other tissues respond to 
CPIB or other more potent hypolipidemic agents. If re- 
sponses of peroxisomes in different tissues are dissimilar 
in response to hypolipidemia or to endocrine hormones, 
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for example, it would support the suggestion of Hruban 
et al. [6] that peroxisomes probably have a variety of func- 
tions in vertebrates depending on the tissue in which they 
occur. 

In summary, feeding 0.25% CPIB, a hypolipidemic drug, 
caused significant increase in catalase activity and in the 
number of microperoxisomes in the intestinal mucosa of 
male rats. This increased catalase activity may be related 
to the important role of intestinal mucosa in cholesterol 
synthesis. 
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Dopamine—adaptive uptake changes in striatal 
synaptosomes after 30 sec of shock-induced fighting 


(Received 15 March 1976; accepted 12 May 1976) 


It has been found recently that adaptive kinetic changes 
in the neuronal uptake of norepinephrine (NE) take place 
in response to various forms of stress. These include elec- 
tro-convulsive shock similar to that used in the treatment 
of depression [1,2], acute head trauma,* and fighting 
[2-4]. 

In the latter instance, isolated mice subjected to chronic, 
daily fighting episodes exhibit an increased maximum vel- 
ocity (V,,,,) for NE uptake in synaptosome-rich homo- 
genates of cerebral cortex [3]. At the same time, there 
is a decreased carrier receptor affinity for this catechola- 
mine, as indicated by an increased value for the Michaelis 
constant (K,,). When apparent Michaelis-Menten kinetics 





*W. Adams, M. G. Hadfield, W. F. C. Rigby and D. 
P. Becker, manuscript in preparation. 


for NE uptake are also applied to acutely fighting isolated 
mice [2], there is little if any increase in V,,,,, but again 
the K,, is increased, a change which reverses itself after 
24 hr. However, both V,,,, and K,, for NE uptake are strik- 
ingly increased in synaptosomes isolated from retired male 
breeding mice that fight vigorously for only 5 min [4]. 

In the present study, we investigated dopamine (DA) 
uptake to see whether this, too, was altered by fighting. 
We used a more intense fighting model than those pre- 
viously referred to and we measured dopamine uptake in 
striatal synaptosomes after just 30sec of combat to see 
if kinetic changes like those described above occurred 
almost immediately. Finally, we tested the effects of 
diphenylhydantoin (DPH, Dilantin) on DA uptake in our 
fighting animals because it has already been shown that 
DPH inhibits the enhanced uptake of NE induced by fight- 
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ing in retired male breeding mice [4] and that it abolishes 
fighting in mice receiving electric foot-shock [5, 6]. 

We report that intense fighting produces virtually instan- 
taneous changes in DA uptake and that DPH alters DA 
uptake in both fighting and control animals. 

Adult (350 g) white male Wistar rats were individually 
caged for 1-3 weeks in an animal room where light, tem- 
perature and humidity were standardized. Before experi- 
mentation, the animals were transferred to the laboratory 
without removing them from their cages. After the move, 
they remained undisturbed for approximately 1.5 hr. Then 
they were quickly but gently lifted by pairs into a small 
plexiglass cage (21 x 21 x 13cm) with a wired grid floor 
(Psychological Instruments, Richmond, Va.). Without 
delay, they received a 25A foot-shock at 120 cps which 
lasted 30sec. This aversive stimulus produced extreme 
fighting characterized by repeated biting and swift comba- 
tive movements of all four extremities. Controls consisted 
of unshocked, non-fighting pairs. 

The moment treatment was completed, the animals were 
lifted from the test boxes (two workers) and decapitated. 
The brains were removed within 30 sec and placed on 
chilled dental wax over ice in a deep, broad container. 
The corpora callosa were split and the striate bodies were 
shelled out [7], stripped of white matter, and dropped in 
chiiled 0.32 M sucrose within 2 min. The cold, pooled tis- 
sue was rapidly blotted, weighed, and transferred to a glass 
homogenizing tube which contained chilled 0.32 M_ suc- 
rose. 

Synaptosome-rich homogenates were prepared from the 
pooled tissue and incubated with DA according to the 
modification by Welch, Hendley et al. [2,3] of the method 
of Snyder and Coyle [8]. The concentration of [7HG]DA 
HCI (sp. act. 8.6 Ci/m-mole, New England Nuclear Corp.) 
was held constant and cut with DA HCI (Sigma) to achieve 
four concentrations, 0.8, 0.4, 0.2 and 0.1 uM. DA uptake 
during 5 min was determined in triplicate at both 37° and 
0° by liquid scintillation spectrometry. Net uptake (the 37 
values less the 0° values) was used to determine kinetic 
constants. The incubation volume was 4 ml, and the ali- 
quots contained 4 mg of original tissue. All experiments 
were replicated three times at each of the four substrate 
concentrations with the exception of the 0.2 4M concen- 
tration of the fighter experiments with DPH and all con- 
centrations of the fighter experiments without DPH which 
were replicated twice. Identical incubations were also per- 
formed on the pooled striata of control resting rats and 
all experiments were again repeated after adding 0.1 mM 
DPH to the incubation medium. The experiments were 
carried out over a month and the control experiments were 
randomly distributed in relation to the treatment groups. 
V max and K,, were calculated from Woolf plots [9] derived 
by linear regression of the velocity (V) plotted against the 
velocity over the substrate concentration (V/[S]). 

The uptake for DA in striatal synaptosomes is increased 
in our fighting animals after just 30 sec of intense fighting, 
as compared with resting controls (Table 1 and Fig. 1). 
This is due to a significant increase in V,,,,. The K,, is 





V(nmoles DA /gm. TISSUE /5min.) 











‘20160 200 240 
v/[S](uM DA) 
Fig. 1. Woolf analysis of changes in dopamine uptake in- 
duced by intense fighting in male rats receiving electric 
foot-shock (broken lines) and non-fighting controls (solid 
lines). The ordinate represents net (active) uptake velocity 
(V) in nmoles DA/g tissue/5 min and the “y” intercept indi- 
cates V,,,,. The abscissa represents the velocity over the 
LM concentration of DA ([S]). Therefore, the slope, V over 
V/[S] is equal to [S] or the K,,. Plotted values are exper- 
imental averages derived from least squares regression cal- 
culated using four different concentrations of DA. Uptake 
velocity is measured with and without 0.1 mM DPH. Cor- 
relation coefficients for linearity and “t” values of slope (K,,,) 
and intercept (V,,,,,) data are all highly significant for each 

set of experiments (P < 0.001). 


not altered. On the other hand, DPH inhibits DA uptake 
in striatal synaptosomes obtained from both fighting and 
resting control animals (Table 1 and Fig. 1). However, this 
is accomplished by decreases both in (1) V,,,x, and (2) the 
membrane affinity for DA (increased K,,). 

The results demonstrate that adaptive changes in mem- 
brane transport for DA can be measured almost instan- 
taneously after intense fighting induced by electric foot- 
shock. To our knowledge, the shortest time interval pre- 
viously reported to modify the kinetics of neurotransmitter 
uptake incident to a stressful situation is 5 min [1,4]. In 
the present study, the increased V,,,, indicates that more 
DA receptor sites are available per unit time. This may 
reflect either unmasking or more efficient use of existing 
sites or creation of new ones. However, an alternate 
mechanism for the apparent change in V,,,, is exchange 
diffusion which could conceivably occur if DA levels were 
higher in the shocked fighting animals. Failure to ©. ~rve 
a change in K,, as was reported earlier for NE aici .in 
of fighting in mice [4] may simply mean that there was 
insufficient time to produce alterations in membrane 
affinity for DA. However, the present study also differs 


Table 1. Uptake of dopamine in synaptosome-rich homogenates of rat striatum* 





Experimental design N 


V naxt (nmoles/g/5 min) 


Apparent K,,* (uM) 





Non-fighters (NF) 12 
Fighters (F) 8 
Non-fighters + DPH (NFD) 2 
Fighters + DPH (FD) 1 


0.185 + 0.028t 
0.166 + 0.030 
0.279 + 0.023 
0.258 + 0.056 


31.08 + 2.08¢ 
38.25 + 2.90 
27.01 + 1.16 
28.25 + 3.26 





* Kinetic constants are derived from linear regression analysis; N indicates the number of determinations; and P 


is probability by t-test. 


+ For V.a,. the following parallel comparisons are significant: NF vs F, P < 0.05; NF vs NFD, P = 0.05; and 
F vs FD, P < 0.025. Significant parallel comparisons for K,, are: NF vs NFD, P < 0.01; and F vs FD, P < 0.05. 


t Mean + standard error of mean. 
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from our 5-min fighting interval study in terms of the ani- 
mal species used, the neurotransmitter employed, the areas 
of the brain examined and the intensity and induction of 
aggression, etc. 

These data on DA uptake in fighting may be important, 
since they fit with other evidence that DA metabolism 
plays a role in mediating or modulating fighting behavior. 
Though not all studies are so clearly supportive of the 
role of DA in aggression as those cited below, and even 
contrary results have been obtained, the evidence includes 
the finding of unusually high levels of DA in the striata 
of aggressive animals [10] and the fact that intraventricu- 
lar infusion of DA increases shock-induced fighting in rats 
[11]. Also, specific DA agonists such as apomorphine will 
induce aggressive behavior in rats [12-14] which can be 
subsequently abolished by administration of 6-hydroxydo- 
pamine, a DA antagonist. Finally, the direct precursor of 
DA, |-dopa, enhances fighting in experimental animals [10] 
and some patients who receive [-dopa for treatment of Par- 
kinson’s disease exhibit increased arousal and irritability 
[15]. 

The role of DA in fighting is of added interest, since 
this substance is richest in areas of the brain, such as the 
striate body and substantia nigra which are known to be 
the seat of the extrapyramidal system, a system which inte- 
grates and refines motor activity. Proper alterations in this 
system would be of obvious value to the intense motor 
activity of fighting. 

Now let us analyze the effect of DPH on DA uptake. 
It is apparent that DPH produces both competitive (in- 
crease in K,,) and non-competitive (decrease in V,,,,) inhi- 
bition of DA uptake (Table 1 and Fig. 1). Competitive 
inhibition implies that DPH may interfere with DA uptake 
by binding with the DA receptor of the uptake carrier 
molecule in the pre-synaptic membrane. In contradistinc- 
tion, we have previously reported that DPH inhibition of 
NE uptake is completely non-competitive, since in that 
instance V,,,, is decreased but the K,, is not changed. 

The fact that DPH also inhibits DA uptake in part by 
non-competitive means inplies that DPH interferes with 
the metabolic transport of DA or impedes its passage 
through the membrane in some other manner. Indeed 
DPH has been shown (1) to inhibit ATPase [16,17], an 
enzyme required for the active uptake of catecholamines 
[18], and (2) to alter ionic fluxes that may also effect 
neurotransmitter uptake [19, 20]. The present results con- 
firm our earliest findings that DPH inhibits DA uptake 
in caudate putamen tissue slices of resting rats [21]. It 
should be noted that the inhibitory effect of DPH on DA 
uptake is directly antagonistic to the increased uptake of 
DA produced by fighting. This may represent a mechanism 
by which DPH abolishes fighting in electro-shocked mice, 
as reported in the laboratories of others [5, 6]. 

In conclusion, we have demonstrated an increased V,,,,, 
for DA in rat striatal synaptosomes after just 30sec of 
intense electro-shock-induced fighting. This alteration in 
neurotransmitter uptake may represent a virtually instan- 
taneous plastic change in nerve ending membranes which 
could permit the central nervous system to respond im- 
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mediately to stress by modulating neuronal firing. We have 
also demonstrated both a competitive and a non-competi- 
tive inhibitory effect of DPH on DA uptake which occurs 
not only at resting rates but also if uptake has been stimu- 
lated by fighting. Knowledge of this particular DPH effect 
may prove useful to those seeking to alter DA kinetics 
for clinical purposes or in the research laboratory. 
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Inhibition by trimethoprim of some effects of epidermal 
growth factor on human fibroblasts in tissue culture 


(Received 17 May 1976; accepted 3 August 1976) 


Trimethoprim (2,4-diamino-5-(3',4’,5’-trimethoxybenzy]l) 
pyrimidine, TP) is an antibacterial chemotherapeutic agent 
with an affinity approximately 50,000 times greater for bac- 
terial dihydrofolate reductase than for the corresponding 
mammalian enzyme[1]. TP inhibits DNA synthesis in 
human lymphocytes stimulated to transform into blasts 
and divide by the plant mitogen concanavalin A [2] and 
there is some evidence for its efficacy as an immunosup- 
pressive agent [3]. We were therefore interested to deter- 
mine whether this inhibition is specific to lymphocytes or 
related to a more general phenomenon. Epidermal growth 
factor (EGF) is a small polypeptide, of mol wt 6500, 
extracted from mouse submaxillary gland which stimulates 
both DNA and RNA synthesis in contact-inhibited human 
fibroblast cultures in vitro [4]. Although evidence is lacking 
for a specific hormonal function of EGF, a substance with 
similar immunological properties has been detected in 
human urine [5] and it may thus be representative of fac- 
tors present in serum and tissues which promote and 
modulate normal cell growth. 

Normal human diploid fibroblasts, obtained from new- 
born foreskin or punch-biopsy specimens from adult fore- 
arm skin, were cultured in monolayer at 37° in Eagle’s 
minimal essential medium containing Earle’s balanced salts 
with 2mM glutamine supplemented with 10% (v/v) foetal 
calf serum. Cultures were incubated at 37° in 5% carbon 
dioxide in air. Cells were subcultured with 0.25% (w/v) 
trypsin which was diluted at least 1:40 after the dispersion 
of the parent monolayer and eliminated in subsequent 
feedings. No culture had undergone more than twenty 
passages before use. For experiments cells were subcul- 
tured into 16-mm disposable multi-well trays (Linbro 
Chemical Co. FB 16-25-TC), each well receiving approxi- 
mately 5 x 10* trypsinised cells in 1ml medium. After 
48-72 hr incubation the medium was replaced by one en- 
tirely free of trypsin and after a further 48-72 hr this was 
replaced by one containing only 5% (v/v) foetal calf serum. 
Experiments were carried out not earlier than 5 days sub- 
sequent to this final feeding after visual inspection of each 
well to ensure confluency and uniformity of growth. The 
appropriate EGF and drug concentration were added and 
the trays were then returned to the incubator. For each 
well 20 yl of a 1:200 dilution (v/v) in 5% albumin in saline 
(w/v) EGF was used. The EGF was an electrophoretically 
homogenous specimen prepared from fresh frozen male 
mouse submaxillary glands [6] containing 0.47 mg protein 
ml and was a kind gift of Dr. M. D. Hollenberg. In all 
experiments controls were run with the concentration 
of ethanol used as a vehicle for TP. Since the incuba- 
tion medium contained 10° foetal calf serum (v/v) TP 
would presumably be bound to the extent of 42-44%, [7]. 
After 22 hr incubation in the presence of EGF and drug, 
1 zCi of [*H]methyl thymidine (6.7 Ci/mM, New England 
Nuclear Corporation) was added. Following a further 2 hr 
incubation, the monolayers were washed three times with 
successive 2-ml aliquots of ice-cold Hank’s buffered saline, 
twice with 2-m! portions of ice-cold 5°, trichloracetic acid 
and once with 2 ml methanol. The remaining precipitated 
cellular material, which adhered firmly to the well, was 
solubilised at 70° for 15min in 0.5ml of 1M Hyamine 
(in methanol) and transferred to scintillation vials with 
3 ml ethanol. Radioactivity was measured by liquid scintil- 
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lation counting, the efficiency for tritium being approxi- 
mately 20°. 

TP at concentrations ranging from 1 x 10~’ to 
1 x 10°3M produced a concentration-dependent inhibi- 
tion of the increase in [*H]thymidine incorporation pro- 
duced by EGF as shown in Fig. 1. 

The concentration of EGF employed in these exper- 
iments produced an approximately 5-fold increase in [*H]- 
thymidine incorporation compared to control cultures not 
exposed to EGF. Cell viability was assessed by removal 
of the supernatant medium and replacement by 0.5 ml of 
0.04% trypsin (w/v) in 0.2% (w/v) versene. The cells were 
freed by agitation and 0.1 ml of 0.4% trypan blue in physio- 
logical saline (w/v) added, the viable cells which excluded 
dye were counted in a haemocytometer. Viability assessed 
by this technique proved to be in excess of 99 per cent 
in both control and TP-treated cultures. Cell numbers were 
estimated by vital staining of the trypsinised cells with 
crystal violet and counting in the haemocytometer. Each 
well contained approximately 10,500 cells and no signifi- 
cant difference was found between control cultures and 
those exposed to 5 x 10°* TP. 

Addition of TP 1 hr before [H]thymidine after incuba- 
tion of the monolayers for 21 hr, resulted in significant 
inhibition only at the highest drug concentrations tested, 
viz. 1 x 10°* and 5 x 10°*M, when the mean incorpor- 
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Fig. 1. Incorporation from a 2-hr pulse of [*H]thymidine 

into fibroblast cultures after 24 hr incubation in the pres- 

ence of EGF and different TP concentrations. Incorpor- 

ation expressed as percentage of the control incorporation 

in the absence of the drug. Points represent the means 
for 9-15 replicate cultures; bars represent S.E.M. 
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Table 1. Removal of TP from medium after 22 hr incubation and replacement by either 
plain medium or TP-containing medium followed by 2-hr incubation with 1 pCi 
[H]thymidine 





cpm S.E.M. 


Control 3016 605 





1165 281 
2337 206 
1848 400 
3687 617 


10°*MTP 
10°* MTP washed off 
10-> MTP 
10-°> MTP washed off 





ations were 62 and 38 percent of control (c.f. 43 and 
14 per cent when drug was present throughout incubation). 
This observation is also indirect evidence that TP does 
not inhibit thymidine uptake by competition for cellular 
transport for if this were the case then the inhibition in 
these two circumstances might be expected to be similar. 
The effect of TP is at least partially reversible. Cells were 
incubated in the presence of TP and then the drug-contain- 
ing medium removed and replaced by iresh medium which 
in some cultures contained the same concentration of TP 
as had been present for the preceding 22 hr, so that apart 
from the brief wash period TP had been present through- 
out. The results of subsequent labelling with a 2-hr pulse 
of [*H]thymidine are shown in Table 1. 

An early event in the stimulation of fibroblasts by EGF 
is the transport of amino acids into the cell which occurs 
some hours before thymidine incorporation becomes maxi- 
mal. This can be followed by determining the uptake of 
2-aminoisobutyric acid, which is not metabolised by the 
cell. In these experiments the fibroblast monolayers were 
washed with | ml of 0.1 M pH 7.4 Tris-HCI buffer in Earle’s 
balanced salt solution containing 0.1% albumin (w/v) and 
then incubated for 2 hr at 37°. This medium was aspirated 
and replaced by 0.5 ml of the same mixture containing a 
suitable EGF concentration. TP was added at this juncture 
and the cells again incubated for 2hr at 37°. One pCi 
[°H]aminoisobutyric acid (3.5 Ci/mM: New England Nu- 
clear Corporation) was added for a 12-min pulse in room 
air at 37°. Controls with and without EGF were inserted 
at the beginning and end of each series of experiments 
to allow for any possible alteration in pH resulting from 





the transfer from the incubator to room air which might 
alter the uptake of aminoisobutyric acid. The uptake was 
terminated by washing the monolayers three times with 
1 ml ice-cold Earle’s salt solution. The cells were dissolved 
by heating for 10min at 70° with 0.4ml 0.2M sodium 
hydroxide and the solution transferred to scintillation vials 
with 0.4 ml of 0.2M hydrochloric acid. The radioactivity 
was counted following addition of scintillation fluid and 
the results are shown in Table 2. 

In no case was the uptake of amino-isobutyric acid signi- 
ficantly affected by TP. 

Inhibition of dihydrofolate reductase would reduce the 
availability of thymidine for DNA synthesis and also block 
mitochondrial protein synthesis which requires formyl- 
methionyl-t-RNA. Both processes are prerequisites for nor- 
mal mitotic division in fibroblasts [8]. An indirect estimate 
of dihydrofolate reductase activity in vivo was made by 


Table 2. Effect of TP on amino-isobutyric acid uptake by 
human fibroblasts after 2 hr stimulation by EGF 





*%, Control uptake SEM 





x 109.5 5.1 
x 109.0 8.2 
x 114.9 4.5 
x 


108.9 10.6 





Results expressed as percentage of control uptake deter- 
mined during that experimental run. 





DU (uaiim!) 


Fig. 2. Incorporation of [*H]thymidine into EGF stimulated fibroblasts ih the presence of different 
deoxyuridine concentrations. Cultures were incubated for 1 hr with deoxyuridine in the presence of 


1 x 10°°M methotrexate (@——@), 1 x 10°*M TP (x— 


-x) or diluent (O——o). The ordinate 


is [*H]thymidine uptake expressed as a percentage of uptake in the absence of deoxyuridine; the 
abscissa is deoxyuridine concentration. Points are means of 4-6 replicate cultures; bars represent S.E.M. 
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the method of Metz et al.[9] in which varying concen- 
trations of 2-deoxyuridine were added ‘to monolayer cul- 
tures stimulated 22 hr previously with EGF in the presence 
of methotrexate or TP. After 1 hr incubation at 37°, 1 wCi 
(°H]thymidine was added and after a further 2 hr incuba- 
tion the cells were processed and harvested as described 
previously. The results are shown in Fig. 2. 

Methotrexate is a pseudo-irreversible inhibitor of dihyd- 
rofolate reductase with high affinity for the enzyme so that 
the synthesis of thymidylate from deoxyuridine is sup- 
pressed thereby reducing the size of the intracellular thymi- 
dine pool. Consequently the incorporation of the exo- 
genous [*H]thymidine is increased. TMP on the other 
hand, does not significantly change the incorporation of 
[H]thymidine in this system. In two studies on normal 
human bone marrow a small inhibitory effect on dihydro- 
folate reductase has been noted at 1 x 10°*M TP[10, 11] 
although another study only detected inhibition at 
1 x 10°-' M[12]. 

This preliminary data would indicate that TP does not 
act to inhibit thymidine incorporation into EGF-stimu- 
lated human fibroblasts by virtue of an inhibition of dihyd- 
rofolate reductase. TP is a lipophilic compound and could 
well act directly at the cell membrane: if this is the case 
however it apparently does not affect the active uptake 
of amino acids which occurs during cell stimulation by 
EGF. 
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Subcellular site of acetaldehyde oxidation in monkey liver 


(Received 17 March 1976; accepted 11 June 1976) 


Until recently acetaldehyde was believed to be oxidized 
in the cytosol of the liver [1,2]. Evidence has now accumu- 
lated indicating that its oxidation occurs in mitochondria. 
Mitochondrial activities have been demonstrated in quan- 
tity and with kinetic characteristics adequate to account 
for acetaldehyde oxidation under most conditions [3-6]. 
Parrilla et al.[7], from changes in the state of reduction 
of cytosolic and mitochondrial nucleotides when acetalde- 
hyde is utilized by perfused liver and isolated liver cells, 
concluded that acetaldehyde is oxidized to acetate pre- 
dominantly in mitochondria. Rognstad and Clark [8], 
using isolated liver cells, and our laboratory [9], using liver 
slices and tracing with *H the fate of the R and S hydro- 
gens of ethanol, have also arrived at this conclusion. Simi- 
larly Grunnet [10], from incorporation by hepatocytes of 
3H from [1,1-*H-]Jethanol into lactate and f-hydroxybu- 
tyrate, have concluded that acetaldehyde oxidation occurs 
in the mitochondria as well as in cytosolic compartments 
of the liver cell. In all these studies, the rat was the source 
for liver. Cytosolic and mitochondrial aldehyde dehydro- 
genases have been demonstrated to be in horse liver [11] 
and aldehyde dehydrogenases have been purified from 


livers of other species, including man and mouse [3], but 
their physiological role is uncertain. 

We have, using slices of monkey liver, now obtained evi- 
dence that in this primate acetaldehyde oxidation is also 
predominantly in the mitochondrial compartment. In our 
approach [9], the R hydrogen of ethanol is accepted to 
be transferred to NAD with the formation of acetaldehyde, 
catalyzed by cytosolic alcohol dehydrogenase, and the S 
hydrogen to be transferred to NAD by acetaldehyde de- 
hydrogenase either in the cytosolic and/or mitochondrial 
compartments. We have compared the incorporation of 
3H of [R1-*H]ethanol and [S1-*H]ethanol into lactate, 
lactate dehydrogenase being a cytosolic enzyme, and water, 
since NADH is oxidized via the electron transport system 
of the mitochondrion. 

Livers were removed from three Macaca fasicularis 
(monkeys 1-3 of Table 1) and one Macaca mulatta (mon- 
key 4 of Table 1). The first two monkeys were killed under 
ketamine anesthesia with a lethal dose of nembutal, the 
third was killed under ketamine anesthesia by exsanguina- 
tion, and the fourth was under nembutal anesthesia at the 
time the liver was removed. Each was fasted overnight and 
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Table 1. Metabolism by monkey liver slices of [R1-*H]ethanol and [S1-*H]ethanol 





°~ Ethanol 


°” Added 3H incorporated into: 





Hydrogen 


Monkey labeled uptake 


Lactate p/H Or 


Lactate H,O Lactate,/H,O, 





84.6 
80.3 


49.4 
48.6 
36.4 
29.4 
39.6 
36.5 


ARnARD AR ADR 


12.4 50.6 
1.1 31.8 


4.7 40.2 
0.6 48.8 9.5 


7.1 


48 19.7 
0.6 21.2 8.6 


4.0 25.8 
14 25.4 2.8 





was being used for other purposes. The livers were trans- 
ported in cold saline to the laboratory and slicing began 
within 20-40 min affter removal. The procedures were 
essentially those previously detailed using slices of rat 
liver [9]. 

Briefly, 5 g of slices from the liver of each monkey was 
distributed into each of two flasks. The contents of the 
flasks were identical, containing ethanol and glucose, each 
at a concentration of 100 mg/dl in 30 ml of a high potas- 
sium-bicarbonate buffer, except that in one flask the eth- 
anol was labeled with [R1-*H]ethanol and in the other 
[S1-°H Jethano] [12]. Two other flasks with identical con- 
tents, except without slices, were incubated and served as 
controls. After 2hr of incubation with shaking at 37°, 
perchloric acid was added. The slices and incubation media 
were homogenized and determinations made on the super- 
natants obtained after neutralization and centrifugation. 
Ethanol uptake was determined enzymatically using alco- 
hol dehydrogenase [13]. The supernatants were distilled 
and the radioactivity was determined in the ethanol in the 
initial fraction of the distillate. The ethanol was isolated 
as its p-nitrobenzoate derivative [14]. The *H activity was 
also determined in a final fraction of the distillate, and 
with correction for the small quantity of *H in ethanol 
in this fraction, this was taken as the measure of incorpor- 
ation into water. In later experiments, a known volume 
of water was added to, the supernatants so that there was 
a greater volume distilled between collection of the eth- 
anol-containing initial fraction and the final fraction. The 
final fraction was then essentially devoid of ethanol. Acidi- 
fied aliquots of the supernatants were extracted with ether 
and the lactate in the extracts was isolated as its phenacyl 
derivative [15]; this derivative was assayed for 3H activity. 
Radioactivity in the ethyl p-nitrobenzoates, phenylacyl lac- 
tates, and water fractions was determined by combusting 
them in an oxidizer (model 306, Packard Instrument Co., 
Inc., Downers Grove, Ill.). The water was collected and 
analyzed in a liquid scintillation counter (Series 720, Searle 
Analytic, Inc., Des Plaines, Ill.), using internal standard 
to correct to dis./min. 

The results for each of the four incubations are recorded 
in Table 1. In support of the adequate pairing, ethanol 
uptake was similar for both flasks of each pair. Of the 
3H in the ethanol taken up, a large percentage was re- 
covered in water. Relative to incorporation into water, 
there was 2.8 to 9.5 times as much incorporation in lactate 
from the R as from the § hydrogen, when as much of 
the S as of the R hydrogen was incorporated into water. 
Thus, the major portion of the S hydrogen is not oxidized 
in the environment of lactate formation as compared to 
the R hydrogen. This result is similar to that observed 
using slices of livers from rats, and indicates that the R 
hydrogen had much greater access to the cytosol than the 
S hydrogen in the course of their oxidation. The signifi- 
cance, if any, of the fact that the lowest ratio, 2.8, was 
obtained with the liver from the M. mulatta is unknown, 


but differences in aldehyde dehydrogenase activities have 
been observed among strains of rats [5]. 

It seems reasonable to conclude from these data and 
the reports of acetaldehyde dehydrogenase activities in 
mitochondria, although from other species, that in the 
monkey oxidation occurs under our conditions predomi- 
nantly via mitochondrial rather than cytosolic NAD- 
dependent acetaldehyde dehydrogenase(s). The alternatives 
remain that: (1) the oxidation of acetaldehyde occurs by 
other than NAD-dependent acetaldehyde dehydrogenase, 
although at least for rat liver the studies of Parrilla et 
al.[7] and Lindros et al.[16] would make this unlikely, 
or (2) the stereospecificity of the dehydrogenases are of 
the B rather than the A type, and the NADH has insuffi- 
cient turnover so that unlabeled hydrogen is transferred 
via lactic dehydrogenase, an A-type enzyme. This second 
possibility alsc seems unlikely in view of the relatively 
small quantity of the nucleotide present in liver [17] rela- 
tive to the quantity of ethanol utilized, and the fact that 
bovine liver aldehyde dehydrogenase is an A-type enzyme 
and the stereospecificity of a particular reaction is almost 
always independent of the source of the enzyme which 
catalyzes it [18]. 
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A simple micro-determination of type B monoamine oxidase 


(Received 7 April 1976; accepted 2 July 1976) 


The existence of type A and B monoamine oxidase [mono- 
amine: oxygen oxidoreductase (deaminating), EC 1.4.3.4] 
(MAO) is demonstrable both in vivo and in vitro by their 
substrate specificity and their selective inhibition [1-3]. 
Type A MAO preferentially deaminates 5-hydroxytrypta- 
mine and norepinephrine, while type B MAO deaminates 
B-phenylethylamine (PEA) and benzylamine. For the deter- 
mination of type A MAO, simple and sensitive methods 
are available [4,5], and for that of type B MAO, spectro- 
photometric method using benzylamine as substrate [6] 
and fluorometric method using PEA as substrate [7] are 
available. However, the method for the determination of 
type B MAO using benzylamine is not highly sensitive 
and that using PEA involves an extraction procedure with 
organic solvent. Therefore, we have intended to obtain a 
more simple and sensitive method. The present paper deals 
with the details of a new, simple and sensitive method 
for the determination of MAO activity towards PEA by 
measuring phenylacetaldehyde, the reaction product from 
PEA catalyzed by MAO. 

It has been shown by Samejima et al. [8,9] that phenyl- 
acetaldehyde reacts with ninhydrin and a primary amine 
to yield a highly fluorescent compound, and this can be 
adopted for a sensitive measurement of phenylacetalde- 
hyde. However, the substrate, PEA, can also react with 
ninhydrin to yield the same compound [10]. Accordingly, 
the reaction of PEA with ninhydrin should be suppressed. 
For this purpose, our previous finding that PEA does not 
react with ninhydrin below pH 6 [11] can be successfully 
adopted. 

In the case of crude enzyme preparation such as tissue 
homogenate, the enzymes which destroy phenylacetalde- 
hyde should be inhibited. The responsible enzymes are 
aldehyde dehydrogenase [12], aldehyde oxidase [13], alde- 
hyde reductase and alcohol dehydrogenase [14]. We tested 
the inhibitors of each enzyme, viz. chloral hydrate, sodium 
azide, sodium phenobarbital and pyrazole, by adding them 
to rat brain and liver homogenates. However, only the 
addition of chloral hydrate to liver homogenate was effec- 
tive, and the other inhibitors were not effective. It was 
confirmed that chloral hydrate has no effect on MAO acti- 
vity. 

When tissue homogenate was used as an enzyme source, 
the recovery of phenylacetaldehyde was found to be rather 
low. Taking into account the fact that aldehyde derivatives 
are adsorbed onto brain macromolecules [15], the low re- 
covery was considered to be ascribed to similar adsorption 


phenomenon in the tissue homogenate, and we tried to 
avoid such adsorption by adding organic solvents. Among 
the organic solvents tested, viz. acetone, methanol and eth- 
anol, methanol was found to be adoptable, since acetone 
inhibits ninhydrin reaction and ethanol causes turbidity, 
even though they seem to be effective. 

The fluorescence excitation and emission spectra of the 
fluorescent compound obtained from the product formed 
from PEA by liver homogenate were found to be identical 
with those of the compound obtained from authentic 
phenylacetaldehyde, having the excitation and emission 
maxima at 390 nm and 495 nm, respectively. 

On the basis of the above data, we propose the following 
procedure as a standard method for the determination of 
type B MAO in animal tissues. 

Tissue was homogenized with 0.9%, NaCl solution in 
a glass homogenizer fitted with a Teflon pestle. The incu- 
bation was carried out in a small centrifuge tube. To 0.5 ml 
of the homogenate containing 1-10 mg of the tissue, were 
added 0.15 ml of 0.5 M sodium phosphate buffer (pH 7.4), 
0.1 ml of 0.05M chloral hydrate solution, and 0.5 ml of 
PEA solution containing S50yg (final concentration, 
0.25 mM) of PEA-HCI. After incubation at 37° for 30 min, 
the enzyme reaction was stopped by adding 0.1 ml of 30°, 
trichloroacetic acid, then mixed with 2ml of methanol, 
shaken vigorously for 2min and centrifuged (3,000 rpm, 
5 min). A 0.5-ml aliquot of the supernatant was incubated 
with 1.5ml of 0.5M sodium phosphate buffer (pH 5.7), 
0.5 ml of 0.05 M ninhydrin solution and 0.5 ml of 3mM 
L-leucyl-L-alanine solution at 60° for 60 min in an oil bath, 
and left at room temperature for 15 min. The fluorescence 
intensity of the reaction product was measured with exci- 
tation at 390 nm and emission at 495 nm. As a blank test, 
the reaction mixture without substrate was incubated, and 
mixed with trichloroacetic acid and the same amount of 
PEA solution. Internal standard was taken by adding an 
appropriate amount of phenylacetaldehyde (Aldrich 
Chemical Co., Milwaukee, Wis.) to the assay mixture 
before incubation to permit direct calculation of results. 
The recovery of phenylacetaldehyde was over 80 per cent. 

Figure 1 shows the relationship between MAO activity 
and the enzyme concentration with liver and brain homo- 
genates as enzyme sources. The linear relationship was 
observed between MAO activity and the amount of 
enzyme in the range from 2.5 mg to 10 mg of the tissues 
in the assay mixture. 

Figure 2 shows that there is a linear relationship 
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MAO activity («zg phenylacetaldehyde formed/30 min) 








A it 
2.5 5.0 





Tissue (mg/1.25 mi) 
Fig. 1. Relationship between MAO activity and enzyme 
concentration. Solid circles: rat liver homogenate; open 
circles: rat brain homogenate. Assay method is described 
in the text. 


Table 1. MAO activity of selected tissues 





MAO activity 
(ug phenylacetaldehyde 


Tissue formed/g wet wt/30 min) 





404+ 24 
768 + 106 
79+ 24 


(2.4-3.4) 
(1.7-2.2) 
(5.1-8.4) 


Rat adrenal gland 
Rat pinea! body 
Chick retina 





Values were obtained from 3 experiments. Means + S.D. 
are given. Values in parentheses indicate the amount of 


tissue (mg wet wt) in the assay mixture (1.25 ml). 


between MAO activity and incubation time for at least 
45 min. 

Using this method, MAO activities in small tissues were 
determined. The results are shown in Table 1. 

As a criterion of the enzyme specificity, pargyline 
(4 x 10°*M), a potent inhibitor of MAO, was added to 
the assay mixture and the complete inhibition of the 
enzyme reaction was observed. 

The present method can be applied to a wide variety 
of animal tissues. However, if particular tissue contains 
strong activities of the above-mentioned phenylacetalde- 
hyde-destroying enzymes, the recovery of the internal stan- 
dard becomes low. In this case, appropriate inhibitors 
should be added. When some drugs such as EDTA and 
potassium cyanide are added into the reaction mixture, 
they disturb the ninhydrin reaction. In such cases, our pre- 
vious method for the determination of MAO by measuring 
PEA disappearance [7] should be used. 

The present method made it possible to determine type 
B MAO activity using PEA as substrate even with a small 
amount of samples (1-10 mg of wet tissue). As little as 





MAO activity (g phenylacetaldehyde formed) 








1 
30 45 





Incubation time (min) 
Fig. 2. Relationship between MAO activity and incubation 
time. The reaction mixture (1.25 ml) contained 5mg of 
fresh tissue. Solid circles: rat liver homogenate; open cir- 
cles: rat brain homogenate. Assay method is described in 
the text. 


0.2 ug of phenylacetaldehyde formed in the assay mixture 
could be measured accurately. 
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(Received 30 August 1976; accepted 24 September 1976) 


The theory of a 2-fold drug-receptor interaction developed from the observations of 

. Langley (1) that an increased concentration of nicotine could overcome the blocking effects 
of curare on the striated muscle. This theory states that there is an initial physical in- 
teraction of a drug with a discrete macromolecular component of the excitable membrane, 
followed by a conformational change in the molecular components of the membrane altering its 
permeability. A functional inhibition could thus be observed by either blocking the initial 
drug-receptor interaction or by preventing the necessary molecular conformational change 
from occurring. Neither the occupation theory of Stephensen (2) nor the rate theory of Paton 
(3) considers this possibility, but they suggest that the biologic response is a function of 


only the drug-receptor interaction. Based on their hypotheses, the competitive inhibition of 


acetylcholine by atropine is caused by atropine occupying the receptor and preventing acetyl- 


choline from binding. This occupation is a function of the relative affinity constants of 
acetylcholine and atropine for the receptor, and thus the inhibition could be reversed by 
simply increasing the concentration of acetylcholine. For the most part, this theory appears 
to hold, but several observations seem to contradict this view. 

Clark (4) found that high concentrations of acetylcholine failed to accelerate the 
recovery of the heart from the effects of atropine. Clark suggested that acetylcholine does 
not neutralize the effects of atropine nor does acetylcholine appear to replace atropine from 
the heart. He reasoned that atropine and acetylcholine appear to combine at different 
receptor sites in the heart, and thus their antagonism appears to be one of effects rather 
than direct combination. 

Some forty years later, Ariens (5) and Ellenbroek et al.(6) found that parasympathomimet- 
ic drugs and their antagonists interact only partially with a common receptor in the rat je- 
junum. Ariens and Simonis (7) suggested that receptors can be inhibited competitively in a 
functional manner by an antagonist even though the antagonist does not physically prevent the 
interaction of the agonist with the receptor. 
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More recently, Podleski and Changeux (8) have suggested that the "receptor-ionophore 
complex" exists in at least two conformational states: the "resting" state which has a high 
affinity for antagonists and the "active" state which has a high affinity for agonists. 

In our continuing study of the cholinergic receptors, we prepared a spin-labeled analog 
of acetylcholine, 4-[N,N-dimethy1-N-(ethan-2'-olacetate)amino]-2,2,6,6-tetramethy]piperidine- 


l-oxyl iodide (I)(Fia.1)(9,10). We noted, at that time (11), that this agent was a potent 


Me 
| q 
Me— NR Lod Me 


Fig. 1. Structures of the spin-labeled probes used in this investigation. 


antagonist of the muscarinic cholinergic receptors of the isolated frog heart but had minimal 
cholinolytic activity against the nicotinic receptors of the frog satorius muscle. X-ray 
crystallographic analysis indicated that this probe was in the muscarinic conformation (V2)... 
We report, herein, that this spin-labeled analog of acetylcholine has no cholinomimetic nor 
cholinolytic activity at the muscarinic receptor sites of the guinea pig ileum but that this 
agent blocks the action of atropine at these receptor sites. 

The’ guinea pig ileum was prepared by conventional methods (13,14). Contractions of the 
ileum were measured isotonically with a Harvard heart/smooth muscle transducer under a tension 
of 1g. Contractions were elicited at equilibrium by injecting acetylcholine into the tissue 
bath every 2 min. 

Figure 2 shows a dose-response curve for the guinea pig ileum with varying concentrations 
of acetylcholine (line a) and indicating that atropine (2 x 1079 M) antagonizes competitively 
the action of acetylcholine (line b). When the spin-labeled acetylcholine analog (1) 

(2 x 1078 M) is tested in combination with acetylcholine (line c), a greater response for the 
combination is elicited than from acetylcholine alone. This apparent increase in the activity 
of acetylcholine is probably due to the inhibition of the ileal acetylcholinesterases, since 

I is an inhibitor of this system (15). Second, Fig. 2 shows that I does not possess any 
cholinolytic activity against the acetylcholine receptors of this tissue. This was surprising, 
since wé earlier reported that I was a potent muscarinic antagonist on the isolated frog heart 
8 


(K, = 1 x10" 


d M) (see Ref. 11). This observation might suggest that, like the beta-adrenergic 
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system, muscarinic cholinergic receptors might possess slightly different conformations from 
tissue to tissue and that a specific agent, like I, can easily distinguish such differences 
in conformation. Third, if at this point the dose-response curve is repeated using the 
combination of atropine (2 x 1072 M) and I (2 x 10° M), competitive inhibition of the cho- 
linergic receptors is decreased by 50 per cent as compared to atropine alone. Furthermore, 
if I (2x 1078 M) is added after incubation with atropine, while generating line b, the dose- 
response curve depicted by line d is obtained when equilibrium is reached. If atropine 


(2 x 1079 M) is added after incubation with I (2 x 1078 M), line d is also obtained at 





equilibrium. 1.0 


Fig. 2. Log concentration-response 
curve for the contraction of the 
uinea pig ileum by acetylcholine 
(line s: in the presence of atropine 
(‘2 x 10-9 M, line b); in the pres- 


ence of the spin-labeled acetyl- 
choline analog (I) (2 x 10°° M, 
line c); and in the presence of 
atropine (2 x 1079 M) and I (2 


x 107° M) (line d). 











log dose 


In order to determine if the acetyl group of I is required for activity, the spin-labeled 
analog of choline, 4-[N-(2-hydroxyethy] )-N-dimethylamino]-2,2,6,6-tetramethy]piperidinooxy 
iodide (II), which contains only an anionic center, was found to possess no cholinergic 
activity. It may be noted that II is an inhibitor of acetylcholinesterase but is without 
effect at either the muscarinic cholinergic receptors of the isolated frog heart or at the 
nicotinic cholinergic receptors of the frog satorius muscle. Thus, for I, it appears that 
both the anionic and esterophilic centers are required for cholinergic activity. 

It is known that I is in the muscarinic conformation and it is thought that this conforma- 
tion is necessary for muscarinic cholinergic activity since we found that a related analog, 
4-trimethylaminomethy1-4-acetoxy-2,2,6,6-tetramethylpiperidinoxy] iodide (III), which cannot 
assume the muscarinic conformation, has no cholinergic activity. 

Our observations suggest that atropine and acetylcholine do not bind at the same receptor 


site but perhaps at adjacent or overlapping sites. With the guinea pig ileum, at least, atro- 
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pine can no longer be considered a specific competitive inhibitor of acetylcholine binding. 
These results indicate that an antagonism of an agonist must be considered to include a 
functional inhibition as well as a direct competition with the agonist at the receptor site. 
Antagonism of this kind presented here may be analogous to effects of inhibitors on enzymes. 
We found that the antagonism of atropine by I occurred with other parasympathomimetic drugs, 
e.g. carbachol and methacholine. 

We are presently conducting experiments to determine more about the nature of the atro- 
pine receptor and to determine if the antagonism exhibited by I is a general phenomenon. 


Acknowledgement-- This research was supported in part by Grant 10823 from N. I. H. G. M. 





Rosen is a recipient of a special fellowship from NINDS, No. 2697. E. J. Rauckman is sup- 


ported by a postdoctoral National Research Service Award in Toxicology, No. T 32ES07002. 


REFERENCES 
. Langley, J. Physiol., Lond. 33, 374 (1905). 
. Stephensen, Br. J. Pharmac. Chemother. 11, 379 (1956). 





. M. Paton, Proc. R. Soc. B. 154, 21 (1961). 
. Clark, J. Physiol., Lond. 61, 547 (1926). 


F. J. Ariens, in Molecular Pharmacology, Vol. 1, p. 120, Academic Press, New York (1964). 





E. W. J. Ellenbroek, R. J. F. Nivard, J. M. van Rossum and E. J. Ariens, J. Pharm. Pharmac. 





17, 393 (1965). 
E. J. Ariens and A. M. Simonis, Ann. N. Y. Acad. Sci. 144, 842 (1967). 


T. R. Podleski and J. P. Changeux, in Fundamental Concepts of Drug-Receptor Interactions, 





Proceedings of Third Annual Buffalo-Milan Symposium on Molecular Pharmacology, 1968 
(Eds. J. F. Danielli, J. F. Moran and D. J. Triggle), p. 93, Academic Press, New York 
(1970). 

9. G. M. Rosen, J. med. Chem. 17, 353 (1974). 

10. G. M. Rosen and M. B. Abou-Donia, Syn. Commun. 5, 415 (1975). 


11. G. M. Rosen, M. B. Abou-Donia, J. Z. Yeh and D. B. Menzel, Res. Commun. Chem. Path. 





Pharmac. 12, 317 (1975). 


A. T. McPhail, M. B. Abou-Donia and G. M. Rosen, Molec. Pharmac. 12, 590 (1976). 





N. Ambache, J. Physiol., Lond. 125, 53 (1954). 


. D. M. Paton and H. P. Rang, Proc. R. Soc. B. 163, 1 (1965). 


. B. Abou-Donia and G. i. Rosen, Int. J. Biochem. 6, 393 (1975). 





Biochemical Pharmacology, Vol. 25, p. i. Pergamon Press, 1976. Printed in Great Britain. 


ERRATUM 
SHEN K. YANG and Harry V. GELBOIN: Microsomal mixed-function oxidases and epoxide hydratase convert 
benzo[a]pyrene stereospecifically to optically active dihydroxydihydrobenzo[a]pyrenes. Biochem. Pharmac. 25, 
2221-2225 (1976). 


The correct structure shown on p. 2224 is as follows: 
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